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SUMMARY 

P A R T  I .  P O W E R  R E A C T O R  FUEL 
R E P R O C E S S I N G  

1. Head-End and Solvent Extraction Processing 

Development of the continuous Darex process 
for complete dissolut ion of stainless-steel-con- 
taining fuels on a small  engineering scale was 
concluded. Th is  process is  appl icable primari ly 
t o  low-enrichment fuels because the 1 t o  2% s i l i ca  
in highly enriched APPR fuels fouls the d is t i l l a t ion  
column in  -10 hr. Of several batch chloride d i s t i l -  
lat ion processes tested, countercurrent addit ion of 
n i t r ic  acid through two  boi ldowns gave the best 
chloride removal, to 28 t o  51 ppm. Air-sparging 
during d is t i l l a t ion  improved chloride removal. A 
gaseous ni t r ic  oxide sparge a t  room temperature 
removed chloride from dissolver solut ion to  171 
PPm. 

Various methods were evaluated for removing 
s i l i ca  from Darex-APPR feed solutions. Sand bed 
f i l t rat ion and centrifugation were satisfactory, but 
hydrocloning and sett l ing plus decantation were 
not. Removal of s i l i ca  before chloride d is t i l l a t ion  
was found feasible i f  the s i l i ca  i s  f i r s t  coagulated 
w i th  gelat in and fluoride ion. Removal at th is  
stage has the advantage of considerably smaller 
amounts of cake, since s i l i ca  becomes highly 
hydrated during the chloride removal boi Idowns. 

The Darex dissolvent declad stainless-steel-clad 
U0,-Tho, fuels in tests wi th nonirradiated fuel. 
Maximum uranium and thorium losses were 0.4 and 
0.0472, respectively, i n  Q 2-hr decladding treatment. 
Chloride holdup by the oxide pel lets was suff ic ient ly 
low after water washing t o  produce uranium-thorium 
feed solutions containing <300 ppm chloride. 

Corrosion tests on t i tanium a s  a material of 
construction for the standard Barex process were 
completed. The maximum rate under normal oper- 
at ing condit ions was tl mil/month, and WQS 

usual ly -0.1 mil/month. Scouting tests on the use 
of t i tanium as a container for 13 M HNO,-0.04 M 
NaF-0.1 M .41(NO,), used i n  Tho,-UO, dissolu- 
t ion indicated a vapor-phase corrosion rate of 0.8 
mil/month; substi tut ion of H,BO, for AI(NO,), 
decreased th is  rate t o  0.33 mil/month. Solutions 
containing 3 I.I HN0,-60 g of stainless steel per 
l i ter  and <800 ppm chloride did not corrode types 
304L or 347 stainless steel at room temperature 
after two years of exposure, but produced severe 

intergranular attack a t  boi l ing temperatures. Darex 
dissolver solut ion severely attacked type 304L 
stainless steel a t  125OF. 

In  Sulfex process studies the passivation of 
stainless steel that occurs when stainless-steel- 
c lad UO, (Yankee Atomic type fuel) was declad 
w i th  6 M H,SO, was found t o  be caused exclusively 
by ni t r ic  acid carried over from prior UO, core 
dissolut ions. Passivation was produced by  as 
l i t t l e  as h! HNO, i n  6 AI H,SO,. Addit ion of 
formic ac id  to  destroy the n i t r i c  acid resulted in  
rapid in i t iat ion of the sulfuric acid-stainless steel 
reaction. Decladding was achieved i n  1.75 to  2 hr. 
Uranium losses observed i n  decladding of stainless- 
steel-clad UO, fuels increase w i th  the degree of 
fuel pel let fragmentation and exposure time t o  the 
sul fur ic acid. The rate of dissolut ion of UO, i n  
H,SO, varied from 0.04 t o  0.8% per hour under 
various processing conditions. Uranium and 
plutonium losses in a 2-hr decladding of a Yankee 
Atomic fuel pin irradiated to  1440 Mwd/t were 
0.045 and 0.052%, respectively. Irradiated UO, 
dissolved much more rapidly in  n i t r i c  ac id  than 
did unirradiated UO,. 

In  the decladding of Consolidated Edison (stain- 
less-steel-clad Th0,-4% UO,) fuel w i th  6 M 
H,SO,, uranium losses were highly dependent on 
the amount of U,O, in the UO,; losses from air-  
f i red (predominantly U,O,) and hydrogen-fired UO, 
varied by foctors of 10 to  30. With 200% excess 
sulfuric ac id  the uranium losses for 6 h r  decladding 
of unirradiated Tho,-U,O, Consolidated Edison 
fuel pins were 0.1 t o  0.2% vs (0.02% for Tho,- 
UO, pellets. Radiation-induced losses of uranium 
i n  Sulfex decladding solut ions were inversely 
dependent on temperature. The maximum uranium 
and thorium losses during a 3-hr exposure of f inely 
pulverized Tho,-UO, irradiated t o  5600 Mwd/t and 
decayed for four years were 3 and 0.3%, respec- 
t ively.  The dissolut ion rate of Tho,  i n  6 iM H,SO, 
decreased w i th  exposure t ime since a relat ively 
insoluble layer of Th(SO,), formed on the pellets. 
Th i s  coating a lso  decreased pel let  dissolut ion 
rates in  13 &I HN0,-0.04 41 NaF-0.1 M Al(NO,),, 
and the presence of 0.1 M H,SO, i n  th is  dissolvent 
decreased the dissolut ion rate by a factor of 8. 
Treatment of Consolidated Edison fuel solut ion 
w i th  s i l i ca  gel  gave a zirconium-niobium decon- 
tamination factor of 5 to  37. 
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Ni-0-Ne1 was found t o  be the best material of 
construction for the Sulfex process. Corrosion 
rates under process conditions were -,1 mil/month. 

In the Z i rcex process, zirconium-clad uranium- 
zirconium and uranium-zirconium-niobium fuels are 
hydrochlorinated at  -500°C t o  produce vo lat i le  
ZrCI, and nonvolat i le UCI,, thereby effect ing a 
uranium-zirconium separation. For high zircon ium- 
uranium (STR) fuels, a ZrO,-UO, sol id solut ion 
was formed which resulted in  -1.5% insoluble 
uranium loss during HNO, leaching of the IJCI,. 
When the residue was contacted wi th  gaseous 
CCI,-N,, a t  600T, IICI, and ZrCI, were formed, 
which, when desublimed, were to ta l ly  soluble i n  
HNO,. The result ing STR fuel solut ion contained 
10 males of zirconium pei  mole of uranium but only 
2% of the zirconium or ig inol ly present in the fuel. 

In  studies on the Z i r f l ex  process for Zircaloy- 
clad UO, fuels uranium losses t o  the 6 NW,F-1 811 
NH,NO, decladding reagent were <0.2% from PWR 
pins irradiated t o  1100 Mwd/t. The maximum cor- 
rosion rate o f  Ni-0-Ne1 in 6 !$I NH,F-l \? NH,NO, 
was 12 mils/month. Addi t ion of  0.05 $1 9,0,’-- or 
0.05 i t 1  SiO,-- halved the above rate. The cor- 
rosion rates of Haynes 21 al loy and type 309Cb 
stainless steel in  NH,F-NM,NO, were 2.3 and 
8.5 mi  Is/mon th, respectively. 

Several f lowsheets were developed to  permit 
extension of the Z i r f lex process to  reprocessing 
o f  zirconium-clad STR (1% U--Zr) and EBWR (93.570 
U-5% Zr-1.5% Nb) fuels. In the f i rst  flowsheet 
the fuels are dissolved i n  6 ,41 NH,F-1 ill Nt-i,NO, 
t o  produce a solution o f  ZrF, nnd a precipitate of 
ammonium uranous fluoride. A solut ion of 2.7 41 
HN0,-1.8 .\f AI(NO,), (and 0.034 hl CrO,-- for 
STR fuel) i s  added to  the dissolver solut ion to  
so lub i l ize the uranium. The fuel solut ion i s  
centrifuged t o  remove Nb,O, (EBWR core only) 
and then sent t o  solvent extraction. In a second 
flowsheet, developed t o  decrease the volume of 
solvent extraction feed, fuel solut ion obtained in 
the NH,F-NH,NO, dissolut ion is metathesized 
w i t h  NW,Ot-i t o  produce uranium, zirconium, and 
niobium hydrous oxides. These are f i l tered from 
the residual solut ion and redissolved in n i t r ic  
acid, whi le  the f i l t rate i s  recycled a s  dissolvent 
for additional fuel. A th i rd flowsheet variat ion for 
EBWR fuel, which uses minimum fluoride, involves 
d isso lut ion of  the Zircaloy-2 cladding i n  6 M 

HNO, fol lowed by addit ion of 8 it1 HN0,-0.8 ‘41 
AI(NO,), t o  dissolve the uranium-zirconium-niobium 
a l loy core in the some solution. 

The  Perf lex process dissolvent, HF-H,O,, 
readi ly dissolved 7% uraniurn-93% zirconium fuel 
samples. Neither Monel nor INOR-8 showed ade- 
quate corrosion resistance t o  MF-kI,O, for use as 
process containers. 

Process flowsheet development for UC2-graphite 
and ThC,-UC,-graphite fuel compacts indicated 
that the uranium can be recovered quanti tat ively 
(93.8%) from the former b y  grinding the compact t o  
200 mesh and leaching w i th  bo i l ing 15.8 ill HNO,. 
Grinding and leaching of the latter fuel in 13 kf 

HN0,-0.04 .2? NaF--0.1 $61 AI(NO,), resulted con- 
sistently i n  -,lo% uranium and thorium insoluble 
losses; however, burning i n  ai r  or oxygen permitted 
recovery of >99.9% of both uranium and thorium 
when the ash was dissolved in the lat ter  dissolvent. 

Foreign research reactor fuel  (84% AI-15% U-1% 
Si)  solutions i n  7.5 :I1 HNO,-0.005 M Hg(NO,), 
contain large amounts of h igh ly  hydrated si l ica;  
a satisfactory procedure for preparing the solut ion 
for f i l t ra t ion was t o  add 100 mg of gelat in per l i ter  
of  feed and t o  digest a t  8 5 T  for 1 hr. The solution 
was then f i l tered on 30-mesh Ottawa sand, wi th  
Cel i te  545 used as the f i l ter  aid. 

A modified three-step dissolut ion flowsheet was 
developed for the BORAX IV fuel (U 0 -Tho2 clad 
w i t h  AI-1% Ni) in order t o  cope w i th  the lead 
used as a bonding agent. The aluminum is dis-  
solved i n  2 !&I NaOH-1.8 hf NaNO,, the lead (and 
nickel) in 1.5 M HNO,, and the U,08-Th0, i n  
13 M HN0,-0.04 M NaF-0.1 AI(NO,),. The 
use of  neither 8 M tlNO,-0.005 it! Hg(NO,), t o  
dissolve AI, Ni, and Pb n w  13 M HNO,-0.04 .!I 
NaF-0.1 Al(NO,), t o  dissolve lead and IJ,O,- 
Tho, was satisfactory. 

In  tests on mechanical processing methods, 
abrasion-disk sawing of end boxes was done u t  
rates up t o  60 in./min although 25 t o  30 in./min was 
optimum. At th is  rate about 7 g of metal i s  pro- 
duced per grnm of abrasive consumed. Only f r ic t ion 
sawing appeared t o  be adequate for simultaneously 
sawing metal and oxide. Removal of ferrules from 
fuel bundles was studied; Nicrobraz 50 joints, 
which are quite britt le, can readi ly be broken by 
slabbing, but the more ducti le Coast Metal braze 
inaterial i s  more d i f f icu l t  t o  rupture. 

Mechanical processing methods were developed 
for single-tube metal-clad Na-K-bonded a l loy fuels 
and for multitube metal-clad oxide fuels. A device 
was designed, fabricated, and satisfactori ly tested 
o n  unirradiated Na-K-bonded fue l  tubes for dis-  
charging the a l loy fue l  slugs from the stainless 
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steel cladding b y  hydraul ic means. T h i s  device 
i s  being instal led i n  ce l l  A of Bui ld ing 3026 and 
w i l l  be used t o  declad the Core 1 fuel from the 
SRE. T h i s  technique i s  a lso  applicable t o  the 
fuel from the Consumer's Pub l ic  Power D is t r i c t  
reactor and to the Power Reactor Development 
Corporation blanket . 

Tests a t  ORNL and under subcontract t o  Birdsboro 
Steel Foundry and Machine Company and to Clear- 
ing Machine Corporation of U.S. Industries, Inc., 
demonstrated the feas ib i l i t y  of shearing stainless- 
steel-clad UO, fuel bundles assembled w i th  
ferrules without prior disassembly of the bundles. 
Shearing of 0.4-in.-dia tubes t o  lengths of 0.5 in. 
or less was satisfactory, and tube closures were 
consistent ly <50%. The sheared pieces were 
leached i n  8 to  10 M HNO, at satisfactory rates 
(70 t o  200 mgan-2.min-') .  A 250-ton shear, a 
batch dissolver, and two types of continuous 
leachers are now being fabricated. 

In Hermex process studies the so lub i l i t y  of ura- 
nium in  mercury increased from 0.0067 t o  1.18 wt % 
as the temperature was increased from 40 to  356%. 
The calculated heat of solut ion for uranium in 
mercury was 6.6 + 0.1 kcal/rnole. Thorium solu- 
b i l i t y  increased from 0.0021 t o  0.0295 wt % with a 
temperature increase from 40 t o  3566c. A heat of 
solut ion of about 3 kcab'mole of thorium was 
calculated. 

Satisfactory solvent extract ion flowsheets were 
developed for Yankee Atomic-Darex, APPR-Darex, 
and foreign research reactor fuel solutions. The 
f i rs t  uses a modified 30% TBP Purex flowsheet, 
and the other two use unmodified TBP-25 f low- 
sheets. Prel iminary tests indicated that F e t t t  
sal t ing i s  equivalent t o  AI sal t ing and that an 
aluminum-free waste can be produced in  APPR- 
Darex-2.5% TBP solvent extract ion processing 
and a waste containing >0.1 iZ.1 AI i n  Consolidated 
Edison Thorex or Interim-23 processing. 

Several Consolidated Edison (stainless-steel- 
clad U0,-Tho,) flowsheets were developed for 
both stainless-steel-free and stainless-steel-con- 
taining fuel solutions, using both the  Thorex 
process (42.5% TBP), which permits recovery of 
uranium and thorium, and the Interim-23 (2.5 t o  6% 
TBP) process for recovery of uranium only. 

In a 0.1 hl acid def ic ient  2.5% TBP Interim-23 
f lowsheet demonstration using a 1 M Th, 15 g o f  
uranium per liter, 0.8 M AI t t t  feed, the f irst-cycle 
decontamination factor was 3.5 x lo5 and that for 
the second cycle 7.6 x lo4.  In  tests w i th  >5% 
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TBP i n  Amsco an Interim-23 flowsheet containing 
only 0.1 hi AI +" (required i n  dissolut ion) appeared 
feasible. 

Although n i t r i c  acid alone cannot be used for 
sal t ing in a Thorex flowsheet using 42.5% TBP 
i n  Amsco, substi tut ion of 42.5% TBP in  Decal in 
gave flowsheet conditions where n i t r i c  acid salt ing 
was possible without formation of a second organic 
phase. 

A new protactinium removal flowsheet using 
di i sobutyl carbinol was demonstrated. About 
99.5% removal of protactinium was achieved; 
decontamination factors for uranium, thorium, z i r -  
conium-niobium, ruthenium, and rare earths were 
l o2  t o  io3. 

A new solvent recovery system using successive 
KOH, lime, and n i t r i c  acid washing was demon- 
s t rat ed. 

In a program using both unirradiated and act iv i ty-  
spiked Darex and N i f lex  feeds, a considerable 
number of packed column-Redox runs were made. 
Data OR decontamination factors, uranium losses, 
and column flooding and HETS values for a number 
of feed compositions and column operating charac- 
ter ist ics are reported. 

2. Power Reactor Fuel Reprocessing P i l o t  Plant 

Operations of the former Metal Recovery and 
Thorex pi lot  plants were combined by the instal-  
lat ion of interconnecting pipe l ines. T h i s  combined 
fac i l i t y  i s  the Power Reactor Fuel  Reprocessing 
P i l o t  Plant. Generally, feed preparation and f i rst-  
cyc le  solvent extract ion are performed i n  the 
Thorex plant, and second and third cycles of 
solvent extract ion i n  the Metal Recovery Plant. 
T h i s  change permits processing of h ighly irradiated 
fuels a t  ORNL which could not be done i f  the 
plants were operated independently, owing t o  the 
individual l imi tat ions in  each plant. Each plant 
can be operated independently on special programs 
i f  des ired. 

Among the materials processed were irradiated 
Th for U233 recovery, irradiated U and Pu-AI al loy 
for U and Pu recovery, Paducah fluorinator ash 
for U and Np recovery, and weapons debris for U 
and Pu recovery. 

One Thorex process development run was com- 
pleted in  which the effect of b isu l f i te  addit ion to 
the feed on ruthenium decontamination was demon- 
strated; th is addit ion resulted i n  increases i n  
ruthenium decontamination by  a factor of 100. 
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Approximately 900 g of uranium at  extremely low levels. Tes ts  are 
U233 was recovered from an isolated fract ion of  
Pa233. T h i s  uranium product, containing principal ly 
U 2 3 4  as an isotopic contaminant, was further 
pur i f ied by the Isotopes D iv is ion  b y  electromagnetic 
separation, producing 12.4 g of U 2 3 3  containing 
< 2  ppm U234 and a to ta l  isotopic contamination 
<5  ppm. 

An additional 216 g of Np237 was recovered from 
Paducah fluorinator ash and converted t o  oxide 
for irradiation. Two  ndditional demonstrations of  
the chemical f lowsheet for the separation of 
neptunium from thorium were made, confirming the 
previously reported separation factor of about 200. 
The interim production program o f  recovering 
neptunium from fluorinator ash a t  ORNL was termi- 
nated wi th  instal lat ion o f  a production plant at the 
Paducah site. 

3. Fused Salt-Fluoride Vo la t i l i t y  Process 

Seventy-two kilograms of fu l ly  enriched uranium 
was recovered from fluoride used i n  cr i t ica l  experi- 
ments wi th  a loss of about 0.01%. In  runs spiked 
t o  study decontamination from f iss ion product and 
plutonium decontamination, the gross gamma 
act iv i ty  of the feed sal t  was 9 x lo4 counts/min 
per mg of  U, but the UF, product contained no 
detectable f iss ion products and no ac t i v i t y  other 
than that attr ibutable t o  the uranium i tsel f .  Pluto- 
nium decontamination was satisfactory. 

P i l o t  plant modifications and the associated 
process development required t o  process zirconiuiii- 
uranium fuel  elements are in progress. The dis-  
solut ion capacity w i l l  be three S I W - 1  or S2W-1 
17-plate subassemblies per botch. 

4. Molten-Salt Reactor Fuel Processing 

Development o f  molten-salt reactor fuel process- 
ing methods has shown that  a vo la t i l i t y  procedure 
coupled w i th  anhydrous HF solution leads to  
adequate recovery of uranium and Li F. 7 

5. Homogeneous Reactor Fuel Processing 

Development of  hydroclone systems for separating 
insoluble f iss ion and corrosion products from the 
aqueous uranyl sulfate fuel of the Homogeneous 
Reactor T e s t  continued. In 2700 hr of operation 
w i th  a s ing le hydroclone, only 10% of the 22 kg 
of corrosion products formed i n  the reactor were 
collected. Competing mechanisms, mainly depo- 
s i t ion on pipe walls, hold circulat ing so l ids 

in progress w i th  a mult iple hydroclone system 
containing 13 hydroclones in  paral le1 t o  determine 
i f  higher processing rates can incrense sol ids 
co l lect ion rates suf f ic ient ly t o  make th i s  processing 
concept feasible. Per i  od ic c he m i ca I d i ss  0 1  uti on 
o f  accumulated sol ids appears as the most attrac- 
t i v e  alternative processing method, and develop- 
ment work toward finding suitable reagents and 
operating conditions i s  i n  progress. 

F iss ion  product behavior predicted from labo- 
ratory studies was, in general, confirmed in reactor 
operations. Solubi l i ty of the important rare-earth 
poison group was somewhat lower than that measured 
i n  out-of-pile I ight-water tests. Iodine behavior 
i s  s t i l l  not completely understood. The ro le  of the 
tel lur ium precursor and an apparent equi l ibr ium 
adsorption on corrosion products are factors which 
must be resolved. Performance of the charcoal 
f iss ion gas adsorber beds was satisfactory, and 
addit ional basic data were obtained t o  permit 
design of  beds for ful l-scale reactors. 

Decontamination of samples of HRT fuel solut ion 
by UO, precipitation was demonstrated. E lectro- 
l y t i c  removal of  n icke l  and manganese from UO,SO,- 
M,SO, solutions by  use of a mercury cathode was 
shown t o  be a possible method for control l ing 
n i c  ke I UO, SO,-s o I u t  ion-f ue led 
reactors. 

Studies of UO,SO,-I-{,SO, solutions a t  elevated 
tempercstures showed that high n icke l  concen- 
trations (>0.005 M )  or low H,SO, concentrations 
(<0.005 (AT)  can lead t o  sol ids formation at  tempera- 
tures in the range 250 t o  3 5 O O C .  Boi l ing  of such 
solutions i n  contact w i th  hot metal surfaces even 
wh i le  the solut ion temperature i s  less than 320°C 
can produce sol ids at  the metal-l iquid interface. 

6. Waste Treatment and Disposal  

c on centra t ion in 

Evaporation and calcination are being studied 
as a means of converting high-level chemical 
reprocessing wastes t o  a sol id state for permanent 
disposal. Synthefic waste solutions of the type 
expected from reprocessing of power reactor fuels 
were studied from the standpoint of the volumes 
and compositions of the off-gases and the physical 
and thermal properties of the so l id  residues ob- 
tained on evaporation and calcination. Cnlcinafion 
of  high-level neutralized and ac id ic  wastes resulted 
i n  less than 0.01% of the ac t i v i t y  reporting t o  the 
off-gas. Pot calcination experiments w i th  synthetic 
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Darex, Purex, and TBP-25 waste solut ions i n  an 
$-in.-dia b y  18-in.-deep pot at feed rates of up t o  
9 l i ters/min gave volume reductions t o  one-twelfth 
the volume of the feed. 

The maximum temperature r i se  in radioactive 
sol id cylinders, separated from an in f in i te  sol id 
medium by a 1-in. air space, was calculated over 
a range of cavi ty rad i i  of 5 to  30 in. w i th  heat 
generation rates of up to  2000 Bt~.hr - ’ . f t -~ .  The 
thermal conductivi ty of the radioactive cyl inders 
was varied from 0.1 t o  1.0 Btu.hr-l-ft’l.(oF)-l. 
A maximum temperature r ise of IOOO’F would be 
produced w i th  an in i t ia l  heat generation rate of 
1300 to 1600 B t ~ . h r - ’ . f t - ~  for the 5-in.-radius 
case, 350 t o  450 B t ~ . h r - ’ * f t - ~  for the 10-in.- 
radius case, and 175 to  210 B t ~ . h r - ’ - f t - ~  for the 
15-in.-radius case, wi th the thermal conductivi ty 
of the radioactive cyl inder assumed t o  be 0.1 
Btu-hr” ’ e f t -  ’.(OF)- ’. 

7. F u e l  C y c l e  Developments 

Prel iminary cr i ter ia for evaluating fuel materials 
were established. 

Two  methods were developed for estimating the 
surface area and sinterabi l i ty  of ceramic-grade 
UO,, one based on ac id  t i t rat ion of the hydroxyl 
ion adsorbed on the UO, part icle surfaces and the 
other based on adsorption of methylene blue. With 
both methods correlations were good. 

P A R T  II. RAW M A T E R I A L S  E X T R A C T I O N  

8. Amex Process 

Several new amines were shown to be suitable 
extractants for uranium recovery from sulfuric acid 
liquors. A new quaternary ammonium compound 
a lso  showed promise for extract ing uranium from 
sodium carbonate liquors. 

Two  new uranium stripping methods, one using 
ni t rate sa l t  solut ion and the other ammonium 
sulfate solution, were tested, The concentrated 
uranyl nitrate solut ion product of the f i rs t  method 
is  more desirable as feed t o  subsequent pur i f i -  
cat ion operations than are the usual so l id  concen- 
trates. The second method has extremely low 
reagent requirements and produces a sodium-free 
product which i s  a desirable feed for ref ineries 
using the reduct ion-hydrof luor ination-fluor inat ion 
flows heet 

Study of the effect of s i l i ca  on amine sulfate- 
aqueous sulfate phase separation suggested that 
aqueous-continuous emulsions are stubl ized by  

hydrogen bonding of s i l i c i c  ac id  networks in  the 
aqueous phase t o  amine sulfates at the surface of 
the organic droplets. 

Engineering studies t o  provide scale-up data for 
design of both the extraction and stripping cycles 
i n  Amex mixer-settler plants were completed. The 
Amex process was instal led in f i ve  American 
mil ls, i n  one Canadian mil l ,  and in  one Austral ian 
mi l l .  

Processes were a lso  developed for thorium re- 
covery from monazite and from Canadian uranium- 
thorium ores. Two Canadian mi l l s  successful ly 
pi loted the Amex thorium process. In demonstrations 
of an economical two-cycle process for recovering 
both thorium and uranium from monazite liquors, 
>99.9% of the thorium was recovered. Uranium 
was 99.5% recovered. 

9. D a p e x  Process 

An ammonium carbonate str ipping method was 
devised which shows advantage over the usual 
sodium carbonate method i n  providing a sodium- 
free product at lower reagent costs. A Dapex 
flowsheet i n  which ammonium carbonate stripping 
i s  used was successful ly appl ied t o  uranium 
recovery from sulfuric acid leach slurry (20 wt % 
sol ids) of reduction-bomb liner slag. Reagent costs 
were considerably below those for the present ion 
exchange process. 

Engineering studies on scale-up design of mixer- 
sett ler plants were completed. The Dapex process 
for uranium recovery has been instal led i n  f i ve  
m i l l s  i n  the United States; two of these have 
instal led the process for vanadium recovery. 

P A R T  111. F E E D  M A T E R I A L S  P R O C E S S I N G  

10. F luorox Process 

The development program of the F luorox process 
was terminated at the end of FY 1959. A continuous 
f luidized-bed reactor was developed in  which the 
primary reaction, 2UF, + O,-+ UF,T + UO,F,, 
was carried out at 700 t o  850°C i n  a bed of UO,F,. 

In the f inal  runs w i th  pure UF, and air  or 0, 
feed, more than 90% of the theoretical y ie ld  of 
UF, was col lected i n  cold traps, the only signif icant 
product impurity being HF. The rate of corrosion 
of the lnconel reactor was low, 0.1 to  0.7 in./year. 
In tests w i th  crude UF, from ore concentrates, 
UF, was produced and col lected a t  700 to 725oC, 
but lnconel corrosion rates were prohibit ively high. 
In laboratory experiments the feasibi l i ty  of the 
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hydrogen reductiori - UO,F, t o  UO, for recycle 
t o  hydrofluorination L , ; d  oxidation was established, 
and kinet ics data were collected with a thermo- 
ba I an ce. 

11. Production of Uranium Metal by Reduction 
wi th A lka l i  Metals 

Uranium metal was produced by direct reduction 
of UF, wi th  l i th ium amalgam at 25°C with a metal 
y ie ld  of more than 80%. Tota l  impurit ies due t o  
processing were 417 ppm. In preliminary experi- 
ments UO, was 100% reduced t o  metal w i th  mag- 
nesium amalgam. 

In experimental studies of the chemistry of the 
one-step Bruhm vocess  UF, was completely re- 
duced t o  uranium metal wi th an excess of sodium. 
The in i t iat ion temperature for the reaction is  in 
the range 140 t o  200oC. The adiabatic flame 
temperature was calculated t o  be 1980’K. As yet, 
a satisfactory reactor l iner has not been found and 
efforts to develop an operable UF, in let  nozzle 
have been only part ia l ly  successful. 

P A R T  I V .  G E N E R A L  R E S E A R C H  

12. Equipment Decontamination Studies 

Equipment decontamination research was reacti-  
vated as a formal project. Chromous sulfate was 
used t o  descale a pump from the HRT chemical 
plant, and several other descalers w i th  low cor- 
rosion rates were demonstrated on HRT specimens. 
Tr ivalent uronium at very low ac id i ty  looks 
promising as a descaler. In  general decontamination 
work, the proprietary Turco 4501 process was 
found superior t o  most of the older processes, and 
was successfully used t o  decontaminate Thorex 
pi lot  plant equipment. Successful procedures for 
decontaminating equipment used in  the Fused 
Salt-Fluoride Vo la t i l i t y  process were developed. 

13. Thorium Oxide Slurry Development 

In oxide preparation development studies, diges- 
t ion  of thorium oxalate precipitates v i r tual ly 
el iminated caking in  oxide produced by their 
thermal decomposition. The addition of certain 
bi-  and polydentate organic compounds, pr incipal ly 
amines, t o  the oxalate precipitat ion system caused 
freshly precipitated thorium oxalate t o  grow on 
digestion into square-faced, more or less cubic 
part icles, 1 to  20 p on an edge, whose charac- 
ter ist ics were essent ia l ly  retained i n  the oxide 
product. Thor ia spheres were produced by jett ing 

a thoria sol  through an or i f ice along w i th  an 
aqueous isopropyl nlcohol solution, causing the 
so1 t o  set into beads, 

T w o  methods were developed for adding uranium 
t o  the thorium oxide in the production of engineering 
quantit ies of mixed oxide of controlled part icle 
s ize for fuel slurry studies: coprecipitation of the 
thorium-uranous oxalates wi th subsequent de- 
composition, and precipitat ion of the uranium onto 
a 650T- f i red thorium oxide From aiiimon ium uranyl 
carbonate solution w i th  subsequent f i r ing t o  in- 
corporate the uranium in the solid. A 4-hr f i r ing 
at 1000°C incorporated the bulk of the uranium in 
the so l id  from the second preparotion method and 
gave Q fa i r ly  homogeneous distr ibut ion of uranium 
in the solid. 

Spherica I thor i urn-a lurninum-urani um oxide par- 
t i c l es  wi th a U/Th ra t io  of 0.08 and alumina 
contents of 2.5, 5, and 10 wt  % were produced by 
flame denitration of methyl alcohol solutions of 
the nitrates. Fluidized-bed denitration of thorium 
ni t rate solutions produced parous agglomerates of 
smal l  thorium oxide part icles instead of dense, 
spherical particles. 

In the thorium oxide slurry development studies, 
hydroclones were successfully used on aqueous 
thoria slurr ies for separation of 0.5- t o  5-p Tho, 
particles, for batch col lect ion of slurry from a 
circulat ing system into an induced underflow 
receiver, and for slurry transfer t o  effect concen- 
t rat ion control. A ro l l ing-bal l  viscometer of 6-ml 
volume was constructed and successful ly used t o  
determine the coeff icient of r ig id i ty  and y ie ld  
stresses of thorium oxide slurries. Adsorption- 
desorption studies of boric ac id  in  slurr ies o f  
1 100oC-fired thorium oxide indicated that the 
addition of bor ic ac id  to  such a slurry might be 
a means of c r i t i ca l i t y  control during startup. 
Studies on the effect of e lectrolyte concentration 
on leaching of uranium from f ired mixed thorium- 
uranium oxide preparations by aqueous solutions 
at  reactor temperature showed negl ig ib le uranium 
dissolut ion i n  pure water, but appreciable quantit ies 
were solubi l ized by a few hundred ppm o f  chromate. 

In  out-of-pile studies t o  develop a catalyst  for 
the internal recombinntion of rad io ly t i c  deuterium 
and oxygen i n  a ieactor slurry, pumping studies at  
280°C were carried out w i th  slurr ies of 650°C-fired 
ThO,-5% UO,.H,O containing palladium and of 
1600T-f i red Tho, containing MOO,. Samples of 
the slurry coistoining palladium pumped under a 



reducing atmosphere in the temperature region 
150 t o  20OT showed high but temporary act iv i t ies  
which appeared t o  be associated wi th  reduced 
uranium species. Cata ly t ic  act iv i t ies  of the slurry 
samples at  280T were not signif icantly affected 
by pumping under a reducing atmosphere but were 
lowered somewhat by pumping under an oxidizing 
atmosphere. Pumping the slurry containing the 
MOO, under an 0, atmosphere impaired i t s  cata ly t ic  
act ivi ty, but subsequent pumping in a reducing 
atmosphere reactivated the catalyst. 

Radiolyt ic gas production and recombination 
rates were measured in  the ORNL Graphite Reactor 
w i th  heavy-water slurries of Tho, containing 2.8% 
highly enriched uranium. Less than one molecule 
of D, was produced per 100 ev of energy absorbed 
under both oxygen and deuterium atmospheres. In 
11 slurry irradiations carried out in Hole C-44 of 
the LlTR at  Q thermal-neutron f lux  of 2.7 x 
neutrons,crn-’.sec- ’, three methods of cool ing 
in-pile autoclaves wi th  water were investigated: 
varying the composition of a helium-air mixture in  
an annulus between the autoclove and a boi l ing 
water bath, inject ing water into an a i r  stream 
passing over the autoclave, and pumping water a t  
high pressures through a capi l lary wound around 
the autoclave, 

14. Surface Chemistry 

Studies on surface chemistry indicated that the 
technique of observing f low through a porous-plug 
e lect ro ly t ic  c e l l  i s  the most feasible method for 
use wi th  aqueous systems at high temperatures. 

15. Neptunium Recovery Process Development 

Process methods were developed and used for 
f ina l  puri f icat ion of the Np237 product from 
processing of Paducah Feed Plant f luorination 
ash. A total of 663 g of Np237 contaminated w i th  
200 g of Th230, 700 g of uranium, 80 g of alumi- 
num, and 150 g of corrosion products (iron, chro- 
mium, n icke l )  was processed, g iv ing a f ina l  product 
of 660 g of Np237 containing less than 0.5% 
impurit ies. The purif icat ion method was based on 
the so lub i l i t y  of hexavalent neptunium fluoride 
and the inso lub i l i ty  of tetravalent neptunium 
fluoride. Thorium and chromium were removed by 
fluoride precipitat ion while the neptunium was 
held in the hexavalent state. Treating the f i l t ra te  
w i th  SO, gas reduced the neptunium and precipitated 
NpF 4, leaving aluminum, uranium, iron, and n icke l  
in solution. 

16. Transuranic Studies 

The first. cyc le  of a proposed recovery process 
for plutonium, americium, curium, and rare earth 
f iss ion products consists in: extraction of these 
elements from neutral aluminum nitrate feed into 
40% TBP; selective str ipping of americium, curium, 
and rare earths with n i t r ic  ac id  containing an 
oxidizing agent; and stripping of plutonium wi th  
d i lu te  n i t r ic  acid containing a reducing agent. 
Batch countercurrent extractions w i t h  tracers indi- 
cate that satisfactory plutonium, americium, and 
curium recoveries can be obtained. Solvent extrac- 
t ion  of rare earths in to  0.5 M mono-2-ethylhexyl- 
phosphoric ac id  from 10.5 hf LiCl-1.5 M HCI is a 
promising method for removing rare earth f iss ion 
products from the less extractable americium and 
curium. In batch countercurrent extractions using 
macro rare earths and tracer americium, the aque- 
ous raff inate contained 99.96% of the americium, 
0.1% of  the neodymium, 2.2% of the cerium, and 
12% of  the lanthanum. 

17. Uses of Depleted Uranium 

Information was col lected and a program organized 
t o  develop and promote nonnuclear uses for uranium 
deplefed i n  U235. Nonreactor uses are insignif i-  
cant, and possible nuclear use in fast breeders 
would use only a small fraction of the depleted 
uranium which w i l l  be produced i n  the next 40 
years. A summarizing report i s  being prepared 
which w i l l  include the status of related programs 
a t  other sites. 

18. Solvent Extraction Technology 

Selected neutral organophosphorus reagents, par- 
t icu lar ly  the d ia lky l  phenylphosphonates, showed 
potential advantage over TBP as process ex- 
tractants wi th  respect to one or more of the fol- 
lowing: ab i l i t y  t o  extract uranium (or uranium with 
plutonium and/or thorium) more selectively from 
f iss ion products; ab i l i ty  t o  achieve th is  extraction 
from aqueous phases containing lower n i t r i c  ac id  
and/or salt ing reagent concentrations; greater 
s tab i l i ty  t o  hydrolysis and radiation; better sepa- 
ra t ion of uranium from thorium. 

Chemical flowsheets were proposed far recovery 
of uranium and plutonium from sulfuric acid solu- 
t ions used for the removal of stainless steel 
cladding. The uranium and plutonium are extracted 
w i th  a primary amine or a dialkylphosphoric acid. 

Chemical f lowsheets were proposed for recovery 
and separation of plutonium and neptunium from 
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irradiated neptunium by extraction wi th a tert iary 
amine from acidic aluminum nitrate solution. 

Study was concluded of the separation of natural 
rare earths, requiring an extraction system of high 
throughput capacity. 

A chemical flowsheet was proposed for isolat ion 
of promethium from a fission-product rare earth 
concentrate by distr ibution between 12 N nit r ic 
acid and undiluted TBP. 

The dialkylphosphoric acid extraction of iron(ll1) 
perchlorate appeared consistent at low iron loading 
with a formation of a chelate complex wi th singly 
ionized dialkylphosphoric acid dimers, Fe(X2H)3, 
i n  conformity wi th other I I - ,  I l l - ,  and IV-valent 
cations studied. At higher loadings polynuclear 
complexes formed, involving OH- and Cl0,- in 
addit ion t o  the dialkylphasphate anion. 

Metastable equi l ibr ia were demonstrated in  the 
extraction of uranyl sulfate by amine sulfates, 
which may resolve anomalies noted in  the depend- 
ence of extract ion coeff ic ient  on reagent concen- 
trat ion and be signif icant i n  other extract ion 
systems. Equil ibrat ion through a quiescent inter- 
face between slowly stirred phases showed power 
dependences of extract ion coeff icient on reagent 
Concentration closer to  theoretical than d id  
equi l ibrat ion by the usual v io lent shaking. Both 
sets of equi l ibr ia were reproducible in successive 
equil ibrat ions alternating between the two methods 
of contact. Measurement of the k inet ics of acid 
and uranium extraction by amines suggested rate 
control by dif fusion through stationary layers ut a 
quiescent interface and indicated that 

in  transfeir ing uranium t o  the organic phase. The 
inab i l i t y  of aggregate formation t o  account for the 
anomalies was emphasized by I ight-scattering meas- 
urements that showed even lower degrees of 
aggregation in  an al iphatic di luent than i n  benzene. 

The practical ac t i v i t y  coeff icient for di(2-ethyl- 
hexy1)phosphoric acid dimer in  n-octane was evalu- 

0.04 < m < 0.12. On this basis, isopiestic data 
gave estimates of the practical ac t i v i t y  coeff icients 
of tri-n-octylphosphine oxide and of tr iphenyl- 
methane in n-octane as 

1 / 3  ated log Y ( D 2 E H P  A ) 2  = 10*6432m(D2EHPA)2 '  

and 

log y.,. = -0.737~~., P M  . 
Studies on radiat ion decomposition of solvents 

showed the number  of molecules of acid produced 
from tr ibuty l  phosphate per 100 ev of energy 
absorbed t o  be a linear function of the PBP concen- 
trat ion in  Amsco. At a 400 whr/liter irradiat ion 
level the y ie ld of unsaturated hydrocarbon in  T 5 P -  
Amsco decreased l inear ly wi th increasing TBP 
concentration. Both di-n- and di-sec-butyl phenyl- 
phosphonate were more resistant t o  radiat ion 
damage than T B P .  

Emulsion di f f icul t ies in solvent extract ion sys- 
tems i n  the presence of s i l i c i c  acid were prevented 
by control l ing the mixing t o  forin solvent-continuous 
dispersions. The u t i l i t y  of solvent-continuous 
mixing has been demonstrated in  uranium m i l l s  
where feed liquors containing 2 g of s i l i ca  per 
l i ter have been successful ly processed. Con- 
t inued engineering study of phase disengagement 
included promi sing preliminary test ing o f  elec- 
t r ical  phase coalescence. 

19. Ion Exchange Yechno!ssgy 

Equipment development achievements include 
operation of continuous ion exchange contactors 
at higher solut ion on$ resin f low rates, up t o  3000 
and 225 gph/ft2, respectively, and at higher solu- 
t i o d r e s i n  f low ratios, up to  1000/1, than heretofore 
demonstrated. Use of water-main pressure t o  move 
the resin, instead of using a pump or hydraul ic 
accumulator as in  the past, was demonstrated and 
a small contactor was relocated in an interrnediafe- 
level radioactive ce l l  fo i  study of problems of 
remote operation. Rate and equil ibr ium studies 
were made of the sorption of uranium(V1) on strongly 
basic anion exchangers from di lute sulfate solu- 
tions, of uranium(lV) and plutonium(lV) on weakly 
basic anion exchangers from concentrated sulfate 
solutions, and of cesium on phenolic cation ex- 
changers from a I kal  ine soluf ions. 

Volumetric distr ibution coeff icients for U( IV) 
and Pu(IV) on weakly basic polyamine resins i n  
3 sulfuric acid were 4.5 and 8.5, respectively. 
The phenolic resin Duol i te S-30 had about the 
same cesium distr ibution coeff icient i n  alkal ine 
solutions as the phenolic-methylenesulfonic Duol i te 
C-3 resin but a better cesium-sodium separation 
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factor and lower regeneration-acid requirements. 
Equil ibr ium loadings of U(IV) on Dowex 21K from 
0.025 t o  0.6 M sulfate solutions at  pH 2 were f i t ted 
by Langmuir sorption isotherms, wi th  in i t ia l  slopes 
approximately inversely proportional t o  the sulfate 
concentration, which extrapolated t o  a maximum 
loading of 1 mole of uranium t o  about 4.8 moles of 
resin. The loading rates of U(VI) on Dowex 21K 
from similar d i lu te  sulfate solutions could be 
correlated by the model of d i f fus ion in to a sphere 
of a single species w i t h  a d i f fus ion coeff icient of 
1.3 x cm2/sec. 

20. I n - l i n e  Instrumentation 

In-l ine instruments are being developed for 
measuring high and low concentrations of uranium, 
plutonium, acid, gamma activi ty, l iquid-f low rate, 
and neutron population i n  process streams. 

21. Chemical Engineering Developments 

A method of measuring interfacial areas using a 
l iqu id  sc in t i l la tor  was developed. The specif ic 
interfacial area measured i n  an agitated vessel 
was shown t o  be a function of the Weber number. 
Measurements of surface area made on photographs 
agreed wi th  the results obtained b y  the sc in t i l -  
la t ion technique. 

The apparent integral d i f fus iv i ty  of uranium from 
an aqueous uranyl nitrate solution (50 g/l i ter) into 
30% TBP i n  Amsco was determined t o  be 6.7 x 10’’ 
cm2/sec. 

Sintered n icke l  tubes wi th  7- t o  10-p pores were 
protected, by transpirationa I f low o f  deminera I ized 

water, from corrosion y aqueous ferr ic chloride. 
Corrosion rates were one-sixtieth of those without 
transpiration. A method o f  measuring concentration 
at a point on a porous wall, using Ag-AgCI elec- 
trodes in KCI solution, was developed. As de- 
termined by th is  method, i n  a water transpiration 
experiment w i th  a porous glass f r i t  in  slabgeometry, 
a 0.1 M KCI bulk solution showed 3- t o  100-fold 
di lut ions at the wall, depending on the  bulk- 
solut ion mixing rate and transpiration rate. 

A nonmechanical pulsing system for solvent- 
extract ion columns, consist ing of a boi ler and, 
d i rect ly  below it, a condenser connected to a 
column b y  a suitable transmission line, i s  being 
developed. I t  has been made t o  operate as a heat 
engine a t  pulse frequencies o f  60 cprn and am- 
pl i tudes of 10 in.3. The length and size o f  the 
transmission l ine must be tuned wi th  the vapor 
space in the boi ler to y ie ld  the desired frequency. 

In  fhermal dif fusion studies, CoSO, and CuSO, 
in aqueous solut ion were separated from each other 
by a factor of 1.05 in  a horizontal column. 

22. Eurochemic Assistance Program 

As part of the USAEC program of assistance i n  
construction of a European plant for chemical 
processing of irradiated fuels, ORNL has assigned 
a design engineer t o  the program, has transmitted 
500 USAEC-originated documents to  Eurochemic, 
and has distr ibuted 40 o f  their documents i n  the 
Uni ted States for information or for review and 
corn men t . 
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Part I 
POWER REACTOR FUEL PROCESSING 





1. HEAD-END AND SOLVENT EXTRACTION PROCESSING 

Processes are being developed for uranium, 
plutonium, and thorium recovery by solvent ex- 
t ract ion from reactor fuels containing aluminum, 
stainless steel, and zirconium. Fuel elements 
containing stainless steel may be dissolved by 
the Darex and Sulfex processes; those containing 
zirconium, by the Zircex, Zirf lex, and Perf lex 
processes. For some fuel elements the jackets 
may be removed mechanical ly or the whole element 
may be chopped and the fer t i le  and f issionable 
materia I leached. 

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

CONTAINING F U E L S  
Darex Process 

The Darex process, appl icable to  a l l  stainless 
steel-uranium (and aluminum-uranium) fuels, in- 
volves complete dissolut ion of the fuel i n  5 M 
HN0,-2  M HCI, quantitative d is t i l l a t ion  of  the 
chloride from dissolver solution butted to 10 M 
HNO,, and adjustment of the chloride-free d is t i l -  
la t ion heel t o  correct metals and HNO, concen- 
t rat ions for solvent extraction. The process i s  
a lso usable as a decladding method for stainless- 
steel-c lad U0,-Tho, fuels. Flowsheet develop- 
ment has been done pr incipal ly for APPR (stain- 
less-steel-clad U02-s ta in less  steel cermet), 
Yankee Atomic (stainless-steel-c lad UO,), and 
Consolidated Edison (stainless-steel-c lad U0,- 
ThQ,) fuels. Small engineering-scale development 
of a continuous Darex process on unirradiated 
prototype fuels has been completed; labaratory- 
and engineering-scale development of a semi- 
continuous-dissolut ion batch chlor ide-dist i l lat ion 
Darex process i s  continuing, and design of  a 
p i l o t  p lant  fac i l i t y  wi th  a capacity of  5 to 8 kg of 
fu l l y  enriched U2350r 70 kg of  low (<3%) enriched 
fuel i s  i n  progress. 

Continuous Process. - The continuous Darex 
process loop, incorporating continuous dissolution, 
chlor ide stripping, and feed adiustment, was 
successful ly operated for up to 10 hr wi th  auto- 
matic control instrumentation on unirradiated 
prototype APPR and for longer t imes wi th  Yankee 
Atomic fuel (Fig. 1.1). With APPR fuel the 
dissolut ion rate was 25 g of U2,’ per hour; 
chlor ide was removed to  40 ppm. However, the 
accumulation of  s i l i ca  during feed preparation 
rendered the equipment inoperable after 10 hr of  

operation. The s i l i ca  was eas i ly  removed from 
the glass and titanium equipment w i th  bo i l ing 10% 
NaOW. NO further work on continuous stripping 
w i th  APPR feed i s  planned because of  the s i l ica 
problem. The Darex APPR feed preparation sys- 
tem can be operated on a batch basis without 
major d i f f i cu l ty  from s i l i ca  deposition. 

With Yankee Atomic fuel the rate was 600 g of 
uranium per hour and the f ina l  product contained 
10 ppm of chloride; no s i l i ca  problem developed 
wi th  Yankee fuel. 

Batch Process. - The major Darex effort was 
on the development of a semi coni inuous-di sso 1 ution 
batch chloride-di s t i  l la t ion and feed-adi ustment 
flowsheet. Sufficient data were accumulated on 
dissolution, chloride removal, and sol ids sepo- 
rat ion to permit start o f  t he  design of a p i lo t  
p lant  foci I ity. 

Continuous dissolut ion of  up to three unirradiated 
prototype APPR assemblies was demonstrated in 
a 6-in.-dia x 10-ft-high column dissolver. At a 
dissolvent (5 M HN0,-2 M HCI) feed rate of  
4.5 I i t e rdmin ,  the dissolut ion rate at boi l ing 
was maintained at 12 t o  18 mg.cm-*.min-’; the 
dissolver product contained 60 to 80 g of  metal 
per l i ter. The total d issolv ing t ime for three 
elements was approximately 1 hr. 

In  batch laboratory tests wi th  APPR fuel plates 
the stainless steel cladding became passivated 
when the chloride content o f  the dissolvent fe l l  
below 1 M; reaction was usual ly restarted by 
increasing the dissolvent HCI concentration to 
2 h1, and i n  a l l  cases by addi t ion of  small amounts 
of meta l l ic  copper to  the reaction mixture. Dis- 
solution of  braze-free samples resulted i n  0.2% 
insolubles, which were sat isfactor i ly  removed on 
a 20- to  40-mesh Ottawa sand f i l ter. These in- 
solubles contained about 0.006% of the uranium 
i n  the fuel. Braze a l loy containing -13% si l icon 
i s  insoluble i n  par t ia l ly  depleted dissolvent (5 M 
Ht-1.7 M CI‘-27 g of  stainless steel per l i ter )  
but d issolves readily i n  5 M HN0,-2 M HCI. 
The SiO, remains as an insoluble residue with a 
par t ic le  s ize range of 0.06 to 26 p. 

In  batch chloride removal studies three flow- 
sheets were developed i n  which either 95% or 
61% HNO, was used. The 61% HNQ, f lswsheets 
involve boi lo f f  of  a waste cut to purge excess 
water from the system, addition of concentrated 
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HNO,, bo i lo f f  o f  a mixed ac id cut  for re-use after 
concentration adjustment as fuel dissolvent, and 
f ina l  bo i lo f f  o f  excess HNO, prior t o  addit ion of 
water and f ina l  feed adjustment for solvent ex- 
traction. The flowsheets for 95% HNO, are similar 
except that no excess water i s  added to  the 
system, and therefore no waste cut  i s  required. 
However, the  use o f  95% HNO, was abandoned to 
avoid the handling o f  a dangerous reagent and to  
avoid the poss ib i l i ty  o f  a pyrophoric reaction' 

- 

'A. Fitch, Jr., Use of 95% Ni t r i c  Acid in Titanium 
Vessels ,  ORNL CF-58-9-63 (Sept. 5, 1958). 

between t i tanium and 97 to  100% HNO,. The three 
flowsheets using 61% HNO, dif fer pr inc ipa l ly  i n  
the method of n i t r ic  ac id  addit ion and recyc le 
(Fig.  1.2, Table 1.1). The reference flowsheet 
(Fig. 1.3) i s  a compromise between the recyc le 
and the ref lux flowsheets and i s  superior to  both 
in that i t provides maximum chloride removal and 
involves the lowest maximum metal concentration 
at  any point in  the evaporation step. The ref lux 
flowsheet produces the minimum waste cwt volwme. 
The reference flowsheet operated equally wel l  
w i th  Yankee Atomic and MTR prototype fuels; the 
chloride in  these fuel solutions i s  64 and 23 ppm, 
respect i ve l  y . 

IJNCL C S  S I Fl ED 
O R N L - L R - C V G  40493 

Fig. 1.2. Comparison of HN03 Addition Methods for Darex Reflux, Recycle, and Reference CI- Removal 
Flowsheets. 

Table 1.1. Comparison of Three Batch Darex Flowsheets Using 61 w t  X H N 0 3  

Reference Reflux Recycle 

27 19 32 Waste volume, % of aqua regia volume 

First H N 0 3  addition Continuous 12 M Botch 13.3 M Continuous 13 M 

Second HN03 addition (13.3 M) Batch Batch Continuous 

HNO, in acidified concentrate, M 11.1 9.0 9.2 

Chloride in acidified concentrate, iM 0.1-0.2 0.5-0.9 0.12 

Reflux If needed Necessary No provision 

V o l u m e  of acid returned, % of aqua regia volume 167 90 225 

Maximum meta ls  loading, g of APPR fuel 170 
per l i ter  

290 200 

Chloride in solvent extraction feed, ppm 28-51 135-330 2 20 
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UNCLASSIFIED 
ORNL-LR-DWG 36672R2 

I MAKE-LJP 4.0311ters 
42 4 M HCI 
0.38 liter 

f 3 3 M l i N O j  
0.09 Iller 

f 47M HN03 
! 75 M HCI 

MIXED ACID 7 5  l i te rs  
5 3 5 V H Y 0 3  070MHCI 

REFLUX Z h r  
- 

SOLVEV I 

FEED 
9 8 l i ters  

CONCFNTRATE EX lHACTlON 

14 07 M HNCI. 

Fig. 1.3. Dorex Process Reference Flowsheet for Batchwise Operation with 61 wt % HN03 (Run No. APF'R-66). 

In  reference flowsheet development tests, a i r  
or nitrogen sparging and ref luxing during the f inal  
boi ldown were shown to  enhance chloride removal. 
For equal in i t ia l  HNO, concentrations and ref luxing 
times, air  sparging produced a 10- to  75-fold 
increase in  chloride removal; maximum improve- 
ment occurred a t  12 iZI HNO,. 

A t i tanium convective boi l ing loop evaporator, 
simulat ing the proposed p i lo t  plant unit, was 
operated to determine heat transfer coeff icients. 
Steam-to-boiling l iqu id  coeff ic ients of  170 t o  320 
Btushr- ' -ft-2.(oF)- ' were obtained in ,  the range 
25 to 64°F for the vaporization of HN0,-HCI 
mixtures. Coeff icients for vaporization of water 
under the same conditions were 350 to 460 
Stu-hr-  '.ft-2-("F)- '. 

Low-Temperature Chloride Removal. - In  pre- 
l iminary equilibrium tests wi th the hydrochloric 
acid-ni t r ic  acid-nitr ic oxide-water system, chlo- 
r ide was removed from chloride-nitrate solut ions 

a t  25°C by sparging with n i t r i c  oxide. In  a typical  
experiment wi th a Darex feed solut ion containing 
28 g of stainless steel per l i te r  odjusted to  10 AI 

HNO,, the chloride was decreased from an in i t ia l  
concentration of 1.23 M to 171 ppm; the total  
n i t rate was simultaneously decreased from 10 M 
to  3.5 M .  The chloride volat i l ized, as ni t rosyl  
chloride, was recovered as 3 M HCI by scrubbing 
the off-gas with wute: i n  an 11-plate bubble-cap 
column. 

The mechanism by which chloride removal i s  
enhanced by gaseous n i t r i c  oxide involves the 
reoction o f  n i t r i c  oxide with n i t r i c  acid to  form the 
intermediate oxides o f  nitrogen, which a re  con- 
siderably more effect ive in  producing vo la t i le  
ni t rosyl  chloride. The results o f  equi l ibrat ion 
studies (Fig. 1.4) indicate that the vo la t i l i t y  of 
chlorides relat ive t o  that of nitrogen oxides in- 
creases from 0.068 at 2.5 hl HNO, to 9.0 at  
8.5 .hl MNO,, thereby establ ishing the need for 
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UNCL&SSIFIED 
ORNL-LR-UWG 35636A 

5 

0.2 

2 A 6 8 10 

EQuiLimurA N I ~ H I C  A C I D  CONCENTRATION (14 )  

Fig. 1.4, Vo la t i l i ty  Rat io of Chloride to Total Labile 
Nitrogen as a Function o f  Ni t r ic  Acid  Concentration. 

Conditions: 25OC. 740 mm Hg. 

fa i r l y  high n i t r i c  acid concentrations for good 
chloride removal. 

A tentat ive batch flowsheet for low-temperature 
chloride removal i s  shown i n  Fig. 1.5. 

Feed Solids Separation. - Laboratory studies 
are being conducted to determine possible tech- 
niques for s i l i ca  removal from Darex solutions of 
APPR fuel. Immediately after batch dissolut ion 
of h igh-s i l ica APPR fuel, the SiO, i s  <50% 
hydrated and i s  a f ine granular precipitate. During 
chloride removal the s i l i ca  becomes h igh ly  hydrated 
and the bulky gelatinous precipitates that form 
after chloride removal contain about 3 wt % SO,, 
p lus trace metals, the remainder being water o f  
hydration. 

Forty per cent o f  the SiO, was removed by a 
medium-frit g lass f i l te r  immediately after dis- 
solut ion but before chloride removal, and 60% 
after 16 t o  20 hr of standing. None was removed 
by a 30-mesh sand bed, even after standing for 
24 hr. Addit ion o f  0.4 g o f  ge lat in  per l i ter  o,f 
dissolver product resulted i n  removal of 50% of 
the si l ica, as a precipitate (which was 23 wt % 
SiO,) on a Celite-coated sand f i l ter. Fluoride 
ions were the most successful coagulant o f  several 

tried; 98% of the SiO, treated wi th  0.01 M HF was 
removed, as 3% SiO,, by coated sand beds. With 
0.005 A! HF 40% was removed immediately as 
>50% SiO,, and the remainder, after two days with 
no further treatment, as 9% SiO,. Ammonium 
molybdate and ammonium tungstate were less 
ef fect ive as coagulants, and Celi te, alumina, 
aluminum nitrate, and s i l i ca  gel were a l l  ineffec- 
t ive. 

A number of methods were t r ied for removing 
s i l i c a  from Darex-APPR feed solutions after 
chloride removal. F i l t ra t ion and centrifugation 
were successful; the use o f  a hydroclone and 
gravity settl ing-decantation were not. Sand bed 
f i l t ra t ion was tested on the supposition that a 
sand bed f i l ter  could be developed that could be 
remotely cleaned by f lo ta t ion or jett ing of the bed. 
Sintered stainless steel f i l ters  o f  20 p mean pore 
s ize appeared to be better than sand f i l ters  because 
o f  equal performance and because considerably 
more f i l te r  area can be obtained wi th  star f i l ters  
in  the same f i l ter  equipment volume. With both 
types o f  f i l ter, the f i l t ra t ion rat? was doubled by 
increasing the vacuum across the f i l ter  from 5 t o  
20 in. Hg and was doubled again by preheating 
the feed slurry to  60T. Ten grams of f i l ter  a id  
per l i ter  o f  feed slurry was required to  achieve 
the maximum over-all f i l t ra t ion rate. The best 
over-all rates were achieved by sett l ing the 
s i l iceous material, decanting and f i l ter ing the 
supernatant f i r s t ,  and then f i l ter ing the sett led 
slurry. The APPR f i l t ra te  contained 10 t o  30 ppm 
of soluble SiO,, 43 g of stainless steel, and 5.5 g 
of uranium per liter. The f i l te r  cake, containing 
3 to  6% SiO,, occupied 25 to  30 cc (15 to 20 g o f  
sol ids) per l i ter  of feed slurry. Uranium losses 
on the cake were decreased t o  0.1% wi th  a single 
water wash one-fifth the volume of the f i l t ra te  and 
t o  0.07% wi th  two washes. The sintered stainless 
steel f i l te rs  were eas i ly  cleaned by immersion in 
boi l ing 20 to  30% NaOH. Average f i l t ra t ion rates 
were 100 l i ters  of feed slurry per hour for both 
sand bed and porous metal f i l ters. 

Sand was removed from sand bed f i l ters  by a 
steam iet, by a water eductor, and by pressurized 
water from a blow case; a steam ie t  was the most 
satisfactory. The optimum procedure was to 
f lu id ize  the bed wi th  a water backwash and im- 
mediately steam-jet the f lu id ized bed. With th is  
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U N C L A S S I F I E D  
0 R N L - L R -- D WG 4 0 4 9 9 

STbINLESS S T E E L  CCUTblNIUG FIJEL 

I 

N I T R I C  A C D  
C O N D E N S E P  

AMD 
PEFLUX zO_urdrd 

N I T R I C  OXIDE 
P L L l P  1 

L 

-NO 

Fig. 1.5. Tentative Flowsheet  for Batch Chloride Removal from Darex Dissolver Solution 

procedure a 12-in.-dia x 10-in. bed of 20- to 30- 
mesh Ottawa sand was removed in  15 gal  of water 
in 2 to 3 min 97 successive times without failure. 

Separation of sol ids was a l s o  good on centr i fu- 
gation i n  a $-in. bowl centrifuge of 315 cc  capacity. 
No so l ids  over 1 p were observed in the eff luent 

2 

R e m o t e l y  Removing the 
613 (Nov. 20, 1958). 

when the centrifuge was operated at  500g w i th  
a 1-min feed residence time. (Jraniurn losses i n  
t h e  centrifuge cake were 0.1% after four water 
washes, each one-twentieth the f i l t rate volume. 

A conical  hydroclone was unsatisfactory for 
c la r i f i ca t ion  of Darex feed; the very turbulent 
condi t ions in the clone resul ted in h igh a t t r i t ion  
of the si l iceous material and l i t t l e  or no sol ids  
separation. Sedimentation ‘NOS shown experi- 
mentally to  be too slow. Further, it i s  probable 
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thot f iss ion product heating o f  the sedimentary 
so l ids would resul t  i n  thermal convection currents 
which would prevent the sett l ing of or would 
resuspend the s i l i ca  particles. 

Decladding of Stainless-Steei-Clad UO,-ThG, 
Fuels. - Mixed U0,-96% Tho, i s  re la t ive ly  
insoluble i n  bo i l ing fluoride-free 5 M HN0,-2 M 

HCI. Darex solution may therefore be used for 
decladding of Consolidated Edison and Rural 
Cooperative stainless-steel-clad mixed-oxide-core 
fuels (Fig. 1.6). In laboratory tests  w i t h  unirradi- 
oted simulated Consolidated Edison fuel the 
maximum uranium and thorium losses to  Darex 
decladding solutions were 0.42 and 0.04%, respec- 
t ively, when the f ina l  dissolved stainless steel 
concentration was 50 g/liter. Losses appeared 
to be independent of reaction t ime up to  2 hr. 
Similar tests on a small engineering scale resulted 
in average uranium and thorium losses o f  0.21 and 
0.019%, respectively. Washing tests  on the declod 
mixed-oxide pel le ts  indicated that three water 
washes, each one-sixth the volume of the de- 
jacketing solution, were suff icient to  decrease 

the crossover chloride content of the f ina l  core 
dissolver product to  90 to 300 ppm, T h i s  concen- 
trat ion o f  chloride i s  safe in stainless steel equip- 
ment a t  high nitrate concentrations; a chloride 
removal step i s  unnecessary. Dorex decladding 
appears to  be superior to  Sulfex i n  overcoming the 
poss ib le  passivation o f  stainless steel and in 
cross-contaminating cladding and core dissolvents, 
but gives higher uranium losses. 

When unirradiated Consolidated Edi son Th0,-4% 
U,O, pel le ts  were exposed for 3 hr to 5 M 
HN0,-2 h! HCI in a Co60 gamma field, radiation- 
induced uranium losses were inversely dependent 
on temperature. After exposure in 5 f ie ld  of 1 
w/liter at 35°C the loss was 40% greater than i n  
the absence of radiat ion (0.14% vs 0.10%); at  75°C 
i n  a 10-w/liter f ie ld  the l o s s  was 0.27% i n  both 
cases. 

Corrosion Tests. - Corrosion test ing of t i tanium 
as a material of construction for the Darex process 
has proceeded for a maximum of 4483 exposure 
hours and i s  now completed. Maximum rates under 
any foreseeable fluoride-free process conditions 

UNCLASSI FIE0 
ORNL-LR-DWG 40500 

CORE DISSOLVENT 
CORE DISSOLVENT 30 l i ters  

OFF-GAS 
NO, NO, CONSOI.IOATED EDISON 

FUEL SUBASSEMBLY 

PRODUCT OF 
FIRST CORE 

DECLADDING DISSOLUTION 

FEED SOL.IITION 

U , 0.035 M 

151.4 liters 

5 M  I i M O 3 ,  2 M  HCI 
180 l i ters U , O . 4 % L O S S  

Th, 0.05% LOSS 
216 liters 

Fig. 1.6. Flowsheet  for Reprocessing of Consolidated Edison Fuel, Darex Declodding. 
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are less  than 1 mil/month and usually nearer 0.1 
mil/month. Tests were made under nunierous 
conditions. Both stressed and unstressed welded 
specimens were exposed i n  the liquid, interface, 
and vapor posit ions for up to  2008 hr; the speci- 
mens were cleaned weekly wi th boi l ing 10% NaOH. 
Selected specimens were scratched dai ly to break 
protective f i l m s .  Metallographic examination of 
samples d id  not show any local attack. A welded 
hairpin tube through which steam at 135°C was 
passed for 2000 hr showed no appreciable attack. 

Type 3041. stainless steel exposed to  Darex 
dissolver product solution at 105 to 125°F normally 
exhibi ted good corrosion resistance but was 
occasional ly depassivated with subsequent serious 
attack. Boi l ing 3 41 HNO, containing 60 g of 
stainless steel per l i ter  and 0 to 800 ppm of 
chloride produced severe intergranular attack on 
both types 3041.. and 347 stainless steel; th is  
attack appeared t o  be independent of chloride 
concentration in  the 0 to 800 range. Similar two- 
year tes ts  wi th type 347 stainless steel at room 
temperature resulted in  negl igible corrosion; no 
stress corrosion cracking was observed. 

Exploratory tests were started on the corrosion 
of t i tanium by 13 ,M HNO,-O.04 :M HF-0.1 151 

AI(NO,), and 13 i l l  HNO3-O.05 ,I.I HF-0.1 8 2 . 2  ti,BO,. 
Af ter  s ix  runs, total ing 44 hr, wi th the f i rst  solu- 
tion, the vapor phase corrosion rate was 0.6 to 
0.8 mil/month; no l iquid phase corrosion was 
observed. With the latter solution, after 253 hr, 
the l iqu id  phase corrosion rate was 0.58 mil/month 
and the vapor phase rate was 0.33 mil/month. The 
use o f  boron, primari ly as a c r i t i ca l i t y  control 
soluble poison, was expected to resul t  in  lower 
vapor phose corrosion because of the formation of 
vo la t i le  BF,, thereby decreasing the amount o f  
H F  i n  the vapor phase. 

Sulfex Process 

In the Sulfex process for stainless-steel-clad 
uranium and thorium oxide and al loy fuels the 
stainless steel i s  dissolved in  boi l ing 6 hl H,SO, 
and the core i s  dissolved by conventional methods: 
8 t o  10 151 HNO, for uranium and UO, and 13 M 

HN0,-0.04 t1.1 NaF-0.1 AI(NO,), for thorium, 
Tho,, and ThO,-UQ,. Development work has been 
concerned pr imari ly with appl icat ion of the process 
to  Yankee Atomic (stainless-steel-clad LJO,) and 
Consolidated Edison (stainless-steel-clad U0,- 

I hO,) fuels. 
- 

Yankee Atomic Fuel. - In dissolut ion tests wi th 
type 304L stainless steel samples and unirradiated 
Yankee fuel p ins (stainless-steel-clad LJO,) no 
passivation of stainless steel W Q S  noted i n  boi l ing 
6 M H,SO,. However, seven out o f  nine fuel p in  
samples irradiated to  800 to 1440 Mwd/t were 
passive for at least 1 hr in  boi l ing 6 M H,SO,. 
These pins were supported in  a platinum basket. 
Metal l ic  zinc and sulfarnic acid added to  the 
sulfuric acid d id  not break the passivation. Ex- 
posure of the pins to  0.8 M CrSB,-O.S A! H,SO, 
a t  85°C was part ia l ly  effective, but only wrapping 
of the pins wi th iron wire prior t o  sulfuric acid 
addit ion broke passivation consistently. 

That the passivation increases with increasing 
amounts o f  n i t r i c  acid remaining in  the process 
vessel from the preceding core dissolut ion WCIS 

shown by ref luxing passivated samples in  6 M 

H,SO, containing varying amounts of n i t r i c  acid. 
The depassivation times were direct ly proportional 
to the n i t r i c  acid concentration (Fig. 1.7). The 
depassivation time was much more dependent on 
temperature than on the sulfuric acid concentration. 
A t  a constant temperature of 9 7 . E  the depassi- 
vation t ime decreased by n factor of 4 as the 

1 1 -  - ~ 

PURE H2S04) 
~+ H2S04 + 0 001 P I  H N 0 3  

4 6 8 10 12 14 16 
h z S O q  CONCEYTRATION ( M I  

Fig. 1.7. Depassivation T ime o f  Type  304 Stainless 

Steel in Ref luxing Sulfuric Acid. Possivation treat- 

ment: 1 hr i n  boil ing 15.8 M t iN03-0 .025 AI  C r ( l l l )  
[circled p o i n t s  only, 0.25 M Cr( l l l ) l .  
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sulfuric ac id  concentration was increased from 5 
to 10 M, but by a factor of 200 at  the boi l ing point, 
which increased from 105 t o  148°C wi th  these 
sulfuric ac id  concentrations (Fig. 1.8). When 
0.1 iM formic ac id  was added t o  the boi l ing sulfuric 
acid-nitr ic ac id  mixtures, depassivation times 
were nearly equal to  those in HN03-free H,SO,. 
Passivated samples for study were prepared by 
ref lux ing type 304L stainless steel samples for 
1 hr  i n  10 t o  15.8 M HN0,-0.025 M Cr(ll l). 

Samples o f  type 304L stainless steel Nicrobrazed 
together and passivated by the standard 1-hr 
HN0,-Cr(l I I )  procedure began to  react immediately 
when immersed in  bo i l ing 6 M H,SO,, both the 
braze material and the stainless steel. 

Uranium and plutonium decladding losses did 
not increase w i t h  irradiat ion from 250 to 1440 
Mwd/t (Table 1.2) except when the UO, surface 
area increased greatly as a resul t  o f  fragmentation 
of the pel lets. All decladdings, done under a 
nitrogen blanket, were complete i n  1.75 to  2 hr 

40,000 

5000 

2000 

- : 1000 

s 
._ 
w 

500 
z g 
z 
w w 

w 
&I 200 

n 

I00 

50 

20 
4 5 6  7 8 9 10 11 

H p  SO4 CONCENTRATION [ M )  

Fig. 1.8. Comparison o f  Depassivation Times of T y p e  

304 Stainless Steel in Sulfuric Acid at the Boi l ing Point  

und at 97.5 t 0.5'C. Passivat ion treatment: 1 hr in 
boil ing 15.8 M HN03-0.025 M Cr(lll). 

except for the  stainless steel end plugs. The 
decladding operation can be monitored by observing 
the hydrogen evolut ion rate, which drops sharply 
when the  cladding (except the end plugs) i s  com- 
p le te ly  dissolved. 

The minimum rate of UO, dissolut ion (expressed 
as per cent uranium loss per hour) for oxide irradi- 
ated t o  -1000 Mwd/t was 0.04% per hour. This 
rate was obtained by boi l ing oxide pel let fragments 
under a nitrogen blanket i n  6 M H,SO, containing 
35 g of stainless steel per l i ter  and in the absence 
of dissolving stainless steel. The rate for the 
same solution wi th  dissolving stainless steel 
present was 0.2% per hour and i n  the absence of 
dissolving stainless steel but air-sparged was 
0.81% per hour. Th is  high rate i s  attributed t o  the 
depletion of ferrous ion by the air sparging. The 
rate i n  nitrogen-blanketed fresh 6 M H,SO, and in  
the absence of dissolving stainless steel was 
0.30% per hour. These tests emphasize the need 
of removing the decladding solut ion as soon as 
decladding is completed and of keeping a l l  air out 
of the dissolut ion vessel. 

Consolidated Edison Fuel. - In tests3 in which 
unirradiated Consolidated Edison (stainless-steel- 
c lad  U0,-96% Tho,) fuel samples were declad in 
200% excess of boi l ing 6 M H,SO,, a loss dif- 
ferential factor of 10 t o  30 was noted between air- 
and hydrogen-fired mixed-oxide pellets. From the 
air-f i red pellets, which were predominantly Tho,- 
U,O,, uranium losses were 0.1 to0.2% i n  decladding 
exposures of 1 t o  6 hr. With 300% excess H,SO, 
the uranium loss increased t o  0.34 t o  0.41%. From 
hydrogen-fired oxide, predominantly Tho,-UO,, 
the uranium loss was <O.M% i n  5 hr decladding 
i n  200% excess of 6 M H,SO,. A comparison of 
loss for UO, and U,O, vs exposure time t o  H,SO, 
i s  given in Fig. 1.9. 

Radiation-induced losses i n  decladding tests 
were simulated by performing the tests  in a Co60 
gamma field; the increase in loss over that in  the 
absence of radiat ion was inversely dependent on 
temperature. With 6 M H,SO,, after 3 hr the loss 
increased 70% a t  35°C i n  a gamma f ie ld  of 1 w/liter, 
but increased only 40% a t  75°C in  a 10-w/liter 
f ield. In order t o  determine the effect of a large 
UO, surface area, a pel let irradiated t o  5600 

'L. M. Ferris and A. H. Kibbey, Sulfex Process for 
t h e  Dissolution of Consoliduted Edison Power Keartor 
Fuel: Laboratory Development, ORNL-2714 (in press) .  

11 



C H E M l C A L  T E C H N O L O G Y  P R O G R E S S  R E P O R T  

Table 1.2. Uranium and Plutonium Losses During Sulfex Decladding of Irradiated Prototype 
Yankee Atomic Fuel Pins 

Fuel pins:  42 g of sintered U 0 2  pellets encased in 20 g of type 304L stainless steel, 

30 mils wall thickness,irradiated for 250 t o  1440 mwd per ton of U and 
decayed for four months 

Decladding solution: 370 ml of boiling 6 M H2S04 

u L o s s  (%) Pu L o s s  (%) 
Irradiation 

(Mwd per ton of  U) 
In 2-hr* In 4-hr In 2-hr* In 4-hr Pellet Form 

Decladd ing Reflux Decladding Ref lux 

0 

250 

450 

6 50 

800 

1000 

1440 

0.005 Intact 

(0.003) (0.06) Intact  

0.003 0.005 0.04 0.05 Intact 

0.003 0,005 0.009 0.05 Intact 

0.005 0.03 0.02 0.07 Fraymen ted** 

0.03 0.29 0.03 0.34 Fragmented * *  
0.045 1.41 0.052 0.60 Frogmen ted** 

*S ta in less  s t e e l  cladding was dissolved in “-1.75 hr. 
**Caused by thermal c y c l i n g  a t  higher irradiation levels. 

UNCLASSIFIED 
ORNL-LR-DWG 40503 

4 - - I  

TYPE OF PELLET SOLUTION 
0 U02-Th02 6M H2S04 

U308-1h02 6M HrS04 -- 

A U,08-Th02 6 M V 2 S O q - 0 1 M H N 0 3  ~ 

A U,Og-ThO2 6 M H 2 S 0 4 - 0  5 M H N 0 3  ~ 

- 

- 

L 
4 r 

= 0 0 2  

0 01 

0 009 
0 1 2 3 4 5 6 7 8  

TIME ( h r )  

Fig. 1.9. Effect o f  Uranium Valence, Time, and Nitric 
Acid Concentration on Uranium Losses  from Sintered 
95.5% Thorium Oxide-Uranium Oxide Pellets Exposed 
to  Solutions (5  ml of Acid per Gram of 
Pellets). 

6 M H 2 S 0 4  

Mwd/t and decoyed for 3.8 years WQS crushed to  
powder and boi led in  6 ($1 H2S04 for 3 hr; the 
uranium loss was 3% and the thorium loss 0.3%. 
The uranium loss increased relat ively uniformly 
wi th t ime after 3 hr, being 15% at 50 hr, whereas 
the soluble thorium loss occurred completely 
w i th in  the f i rs t  hour of exposure. Copious quanti- 
t ies of insoluble thorium sulfate were precipitated, 
preventing further soluble losses. 

The use of good washing techniques and the 
avoidance of cross Contamination of decladding 
and dissolving solut ion in  the Consolidated 
Edison-Sulfex flowsheet are extremely important, 
not only in  order t o  avoid stainless steel passi- 
vation but a l so  to avoid a decrease in the already 
low Tho,-UO, dissolut ion rates.4 Carry-over Qf 
0.1 M sulfate decreased the amount of Tho, d i s -  
solved in  1 hr i n  200% excess of 13 M HNQ,-O.O4 M 
NaF-0.1 M .Al(NO,), b y a  factor of 8. The decrease 
in  dissolut ion rate was apparently caused by the 

4W.  D. Bond, Dissolution of Sintered Thorium-Uranium 
Oxide Fuel  in Nitric Acid Fluoride Solut ions,  O R N L -  
2519 (Oct. 28, 1958). 
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formation of a f i l m  of Th(SQ,), on the Tho, 
pellets, which is  very s lowly  soluble i n  the dis- 
solvent . 

In order t o  determine the value of s i l i ca  gel 
treatment for Con sol idated Ed i son feed solution, 
a core solut ion (1 M Th, 0.6 M AI, 4 M HNO,) at  
50°C spiked wi th  f iss ion product zirconium-niobium 
was decontaminated b y  s i l i c a  gel by a factor of 37 
in i t ia l ly ;  after 50 volume changes the decontami- 
nation factor was 5. Pretreatment of the bed w i th  
thorium or thorium and phosphate did not increase 
the decontamination. 

An investigation of semicontinuous Sulfex-Thorex 
decladding and core dissolut ion was made because 
of the c r i t i ca l i t y  control advantages which would 
accrue from the use of a geometrically safe d i s -  
solver. Semicontinuous decladding rates w i th  
6 M H,SO, on individual pins were about ha l f  the 
batch rate of 8 t o  11 mg.crn-2.min-'. The semi- 
continuous decladding solut ion loadings were 25 
t o  53 g of stainless steel per l i ter, compared with 
50 t o  100 g/l iter i n  batch decladding. Average 
uranium losses i n  both batch and semicontinuous 
decladding were the same, -0.1%. In tests  in  
which stainless steel tubing completely f i l l ed  the 

ALL DIMENSIONS ARE IN INCHES 

I - - -  12 __ 

reaction zone, the decladding rates for semicon- 
tinuous and batch operation were approximately 
equal. In batch dissolut ion tests, 6 hr was required 
for complete dissolut ion of the Tho,-UO, in 
55% excess of dissolvent [13 hl HNO,-0.04 h! 

NaF-0.1 1M AI(NO,),I; with only 30% excess dis- 
solvent 12 to  16 hr was required. In semicontinuous 
tests  considerably longer times were needed for 
complete dissolution; for example, wi th  80% excess 
dissolvent, dissolut ion was complete only after 
9 to  12 hr. 

The feas ib i l i ty  of hydraul ical ly transferring 
(Fig. 1.10) chemically declad pel le ts  from one 
vessel t o  another was demonstrated wi th  brass 
pel lets ('/4 in. dia x '/2 in.) whose density (8.4 g/cc) 
was approximately the same as that of the Con- 
solidated Edison U0,-Tho, pellets. F lu id izat ion 
was necessary to cause the pellets t o  f low from 
the decladding vessel in to  the pel le t  transfer line. 

Corrosion Tests. - In determining the best 
material of construction for the Sulfex process, a 
number of al loys were cycled between boi l ing 
6 iM H,SO,, with and without dissolved stainless 
steel, and 13 M HNQ,-O.ab M F--0.1 M AI(NO,),, 
with and without dissolved thorium. Alloys tested 

UNCLASSIFIED 
ORNL-1.R-DWG 40504 

----I W 

W A l  TA P 

\NOZZLE 

Fig.  1.10. Pellet Transfer Unit. 
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were Ni-0-Ne!, Carpenter 20Cb stainless steel, 
l l l ium 98, l l l ium "R," Hastel loys C and F, 
lncoloy 804, titanium, zirconium, types 329, 319, 
and 17 PH stainless steels, Haynes al loys 21 and 
25, high-cobalt a l loys S-816 and 5-590, and lnconel 
700, Only Ni-0-Ne! was corroded at  a rate of t 3  
rniIs/month. In the presence of dissolved stainless 
steel, the rates i n  the two reagents were approxi- 
mately 1 mi I/month. Satisfactory corrosion resist-  
ance of weld zones was achieved by heat-treating 
t o  1950'F after welding and either water- or a i r -  
quench i ng . 

In boi l ing 6 !\I H,SO, the corrosion rate of 
t i tanium was 500 t o  4000 mi Is/month. 

1.2 P R O C E S S E S  FOR ZIRCONIUM-  
C O N T A I N I N G  F U E L  

Zircex Process 

The basic Z i rcex process for Zirconium fuels 
involves the gas phase reaction at -2500T of 
anhydrous HCI with zirconium and uranium5 t o  
produce vo lat i le  ZrCI, and nonvolat i le UCI,. The 
UCI, is dissolved in ni t r ic  acid, the chloride is 
d i s t i l l ed  off as i n  the Darex process (Sec l . l ) ,  and 
the chloride-free uranium ni t rote solut ion is solvent- 
extracted by conventional methods. Since UO, 
does not react with gaseous HCI, the Z i rcex 
process can be used as n decladding process for 
zirconium-clad UO, fuels. 

With high zirconium-uranium (STR) fuel the n i t r ic  
acid-insoluble uranium loss  i n  the hydrochlori- 
nation residue leaching i s  2 t o  3%. T h i s  l oss  has 
been attributed t o  the existence of a n i t r ic  acid- 
insoluble ZrO,-UO, so l id  solution. Attempts t o  
decrease th is  loss by  using hydrogen chloride in  
which oxygen and carbon dioxide were only 0.02 
and t0.01 mole %, respectively, resulted in losses 
of 1.1 and 1.996, considerably greater than the 
0.1 t o  0.2% loss expected from the known oxygen 
content of the fuel a l loy.  When EBWR fuel (93.5% 
U-5% Zr-1.5% Nb) was hydrochlorinated, the 
n i t r ic  acid-insoluble loss was only 0.021%. 
However, a crust of uranium chloride formed on 
the fuel plates, resulting in  an unacceptably low 
f ina l  reaction rate. The average hydrochlorination 
rate i n  a 10-hr test  was 3.3 my.cm-2.rnin-'. 

The use6 of CCl,-saturaPed nitrogen as a f ina l  
chlorination agent a t  550 t o  600°C has shown 
considerable promise as a means o f  decreasing 
the STR fuel  n i t r ic  acid-insoluble uranium losses 
t o  acceptable l imi ts.  About 38% of the zirconium 
in  the fuel i s  vo la t i l ized by thP basic Z i rcex 
procedure, and then the ZrO,-U0,-UCI, residue 
i s  contacted w i th  the CCI,-N, gas mixture a t  550 
t o  6OOT, which converts the L O ,  t o  vo lat i le  
PrCI, and the UO, and UCI, to vo lat i le  UCI, 
(Fig.  1.11). Th is  gas mixture i s  passed to a 
desublimer and cooled t o  below 300T, and the 
ZrCI, and UCI, are separated from the N, and 
CO,  off-gas. The desublimed residue i s  t o ta l l y  
soluble i n  HNO,. For  S I R  fuel the result ing 
solut ion contains about 10 moles of zirconium pes 
mole of  uranium but only 2% of the zirconium 
or ig ina l ly  present in the fuel. Both ZrCI, and 
Zr(NO,), are soluble in  n i t r ic  acid. A method of 
removing the f iss ion products remaining in the 
hydrochlorinator would hove to  be  developed be- 
cause of their  extremely high heat-producing 
capacity. In  addit ion t o  solving the n i t r ic  acid- 
insoluble loss problem, the modified process 
circumvents the construction material problem by 
permitting the hydrochlorinator and dssubl imer- 
n i t r ic  ac id  dissolver t o  be made of lnconel and 
t i t  ani urn, res pect ive 1 y. 

Zirflex Process 

The Z i r f l ex  process for zirconium-containing fuels 
was or ig inal ly developed as a method for decladding 
zircon iuni-c lad UO, fuels (PWR b Ian ket, Cornmon- 
wealth Edison) w i th  6 AI NH,F-7 tI.1 NH,NO,. The 
undissolvcd UO, i s  subsequently dissolved i n  
8 t o  10 it1 HNO, by conventional means. The  
process has been modified t o  extend i t s  use to  the 
tota 1 d i ssol ut i  on of  z i rconi  urn-c I ad uran i urn-z ir- 
conium-niobium fuels of the STR (high zirconium, 
highly enriched uranium) and EBWR (5% Zr-1.5% 
Nb-93.5% U) types. 

Prototype PWR pins, both unirradiated and irradi- 
ated up t o  2500 Mwd/t, were declod in 3 hr w i th  
boi l ing 6 M NH,F-1 M NH,NO, i n  an amount 
suf f ic ient  t o  provide an F/Zr ra t i o  of 6.5. Thc 
ammonium ni t rate is used to  so lub i l ize the t i n  i n  

___. . ... . . _.- 
6T. A. G e n s ,  Recovery of L'raniurrr /rom Res idues  P ~ o -  

dured in Hydrochlorznntion of Nuclear h'uel Alloys,  
ORNIL CF-59-4-9 (Apri l  10, 1959). 

5J.  J. Perono et  al., Status of the Development o /  the 
Zircew Process ,  ORNL-2631 (Mnrch 17, 1959). 
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Fig. 1 . 1 1 .  
Tetrachloride. 

Modified Zircex Process: Gas-Phase Hydrochlorination Followed by Chlorination with Carbon 

the Zircaloy-2  ladd ding,^ which i s  insoluble i n  
NH,F alone, and t o  decrease the amount o f  hydrogen 
evolved during decladding.' Uranium losses t o  
the decladding solut ion were unaffected by  am- 
monium nitrate in concentrations below 1 M .  
Uranium losses from unirradiated pins weregeneral ly 
<O.O%; losses from pins irradiated up t o  1100 
Mwd/t were general ly <0.2%. On cooliag, the 
decladding solut ion must be di luted about fourfold 
t o  avoid precipitat ion9 of (NH,),ZrF,. 

Hydrogen-fired UO, pellets exposed t o  6 M 
NH,F-1 M NH,NO, a t  35T for 3 hr in a I -w/ l i ter  

Co60 gamma f ie ld  lost 0.00074% of the uranium to 

'L. M. Ferris, Decladding 01 PWR Blanket  Fuel 
Elements  with Aqueous Ammoniurn Fluoride Solutions, 
ORNL-2558  (Sept. 25, 1958). 

'L. P. Bupp, Monthly Report,  November 1957, Chemi- 
c a l  Resenrch and Development Operation, HW-53961 
(Dec. 9, 1957). 

' G .  V. Hevesy, J. A. Christiansen, and V. Berglund, 
Z. anorg. a l lgem.  Chem. 144, 69 (1925). 

the solution; the loss in the absence of radiat ion 
was only 0.00018%. Declad UO, pel lets absorbed 
suff ic ient  fluoride t o  make the f ina l  core dissolver 
solut ion 0.1 t o  0.2 /\I in fluoride, but when the 
pel lets were washed w i th  0.05 hZ AI(NO,),, the 
dissolver product was consistently <0.1 M in 
fluoride. In both cases aluminum nitrate must be 
added t o  the dissolver solut ion t o  inh ib i t  corrosion 
of stainless steel equipment i n  subsequent process 
steps. 

In corrosion tests made b y  exposing al loy samples 
alternately to  6 M NH,F-1 M NH,NO, and t o  boi l -  
ing 10 M HNO, for a to ta l  of 72 hr, the most 
resistant material found, Haynes 21, showed cor- 
rosion rates in the two dissolvents of 2.3 and 2.8 
mils/month, respectively, and type 309Cb stainless 
steel showed ratessof 8.5 and 3.7 mils/month. In a 
24-hr test  Ni-0-Ne1 showed rates of 12 mils/month 
in NH,F-1 M NH,NO,, and of 40 and 87 mils/month 
i n  the l iqu id  and vapor phases, respectively, of 
5 M HF. Addi t ion of 0.05M B,O,-- or 0.05M 
SiO,-- to the  bo i l ing  ammonium fluoride-ammonium 
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nitrate solution reduced the Ni-0-Ne1 corrosion 
rate t o  6 mils/month and the type 309Cb stainless 
steel rate to  4 mils/month. 

Several variations of the Z i r f lex  process were 
developed for dissolut ion of STR and EBWR fuels 
(1% U-2% Sn-97% Zr and 93.5% U-5% Zr-1.5% Nb 
alloy, both clad in  Z i r ~ a l o y - 2 ) . ’ ~ ~ ”  The STR fuel 
i s  dissolved in boilirrg 6 i t l  NM,F, a t  an F/Zr rat io 
of 6.5, t o  produce a precipitate of ammonium 

’OJ. S .  Swanson, Dejacketing o/ Zircaloy Clad Fuel 
Elements  with Ammonium Fluoride Solutions - Interim 
Progress  Report,  1-IW-49633 (Apri l  15, 1957). 

’ IT.  A. Gens and F. G. Baird, Modified Zirflex Process  
/or Dissol~ction of Zirconium and Niobium-bearing 
Nuclear Fuels  in Aqueous Fluoride Solutions: Laho- 
ratory Development, ORNL-2713  (in process). 

. . ~ ~ ~  ~ ..... . 

STR FUEL O F F - G A S  
U 0.76 kg  H2 2100 moles 

Lr 9 3  kg NH3 4200 moles 

Sn 1.9 kg t 

6M NH4F 
1140 l i t e r s  

uranous fluoride (Fig. 1.12). A solut ion of 2.7 M 
HNO, containing 0.0334 hf CrO4-.-- and 1.8 ,M 

Al(NO,), i s  added t o  the dissolver solut ion to  
solubi l ize the uranium by converting U(IV) t o  
U(VI). The chromate assures complete oxidation 
of uranium at room temperature in  1 hr. The 
aluminum nitrate i s  added to  inhibi t  corrosion of 
stainless steel by the result ing solution. The 
uranium concentration in the f inal  dissolver solu- 
t ion for 1% uranium al loy fuel i s  0.0018 M. The 
flowsheet for EB”R fuel (Fig. 1.13) i s  similar 
except that no chromate is  required for oxidation 
of uranium to  U(vI) and an F/Zr rat io of 20 i s  
required for complete dissolut ion of a fuel  assembly 
in  28 hr. The insoluble niobic oxide i s  separated 
from the solution with a uranium l o s s  of 0.03%. 
The uranium concentration in the f inal  dissolver 

UNCLASSIFIED 
O R I L - - L R  - D W G  40266 

1 MNH,OH WASH 
14 9 M  NH40H 4140 liters 4 M  HN03 

E3311tterr , J , 4037 mer5 , 
. ~ .. ... , 

EVAPORATIONd k O +  NOp <30 moles 
A N D  R E C Y C L E  

0 014 rd C r  
1 4 M  N H 2  
1 1 8 4  HNO 1 1300 I d  

SOLVENT 
EXTRACT ION 

FEED 

00018 M U  
0 55 I?? z i  

000EM Sn 

0 7 5 M  AI  (NO,) 
j 3 6 M F  

Fig. 1.12. 
nium Fluoride. 
oxidation. 

Modif ied Z i r f lex  Process for Dissolution o f  Low-Uranium (STR) Fuel Elements i n  Aqueous Ammo- 

Solvent extraction feed preparation by ( a )  metathesis and nitr ic acid oxidasion and ( b )  chromic ac id  
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1.6M NH40H 1 _"""9 liters 
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FEED 
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Fig. 1.13. Modif ied Z i r f lex  Process for Dissolution o f  High-Uranium (ESWR Cote 1) Fue l  in Aqueous Ammo- 
Solvent extraction feed preparation by (a) metathesis and ni tr ic  acid oxidation and ( b )  nitr ic  acid nium Fluoride. 

ox idation. 

solut ion i s  0.074 M ;  the volume per fuel element 
(57.4 kg of uranium) i s  3250 liters. 

With either fuel the volumes of f ina l  dissolver 
solut ion may be decreased by metathesis of the 
raw dissolver solution wi th  ammonium hydroxide 
t o  precipitate uranium, zirconium, and niobium 
hydrous oxides, which are f i l tered and redissolved 
i n  bo i l ing n i t r ic  acid. The STR fuel solut ion 
volurve is lowe: by a factor of 2 and the EBWR 
fuel solut ion by a factor of 20 than in the oxidation 
and/or digestion method. The metathesis step 
regenerates ammonium fluoride, which i s  re-used 
in subsequent dissolutions. In  the STR flowsheet 
three successive ammonium hydroxide metatheses 
are required t o  remove 97% of the uranium. The 
NH,F-NH,OH filtrate, containing 3% of the uranium, 
is  evaporated t o  6 M NH,F and recycled. The 

hydrous oxides of uranium and zirconium, after 
redissolut ion in  4 M HNO,, contain 2.3 M f luoride 
and have an F/Zr mole rat io  of 2.3, which i s  
believed t o  be low enough t o  el iminate the need 
for addition of aluminum nitrate t o  inhibit  cur- 

rosion. The EBWR flowsheet requires s i x  am- 
monium hydroxide metatheses t o  remove 99% of the 
fluoride, which i s  recycled. The hydrous oxides, 
after dissolut ion i n  boi l ing 7 At HNO,, are f i l tered 
or centrifuged t o  remove the insoluble Nb,O,, 
which contains 0.04% of the to ta l  uranium. The 
uranium-zirconium f i l t ra te  contains 0.8 M f luoride 
and has an F/Zr ra t io  of 0.5. 

A third flowsheet variat ion (Fig. 1.14),for EBWR 
fuel only, uses just enough 6 M NH,F t o  dissolve 
the zirconium cladding. The uraniurn-zirconiurn- 
niobium core is dissolved, i n  the presence of the 
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WASTE 
0.9 k.4 Nb AS NS2C5 

0.03% U 

U N C L A S S I F I E O  
O A N L - L R - D ' W G  4 0 5 0 6  

SOLVENT 
EXTRACTION 

FEED 

0 3  M u 
0.8 ll;i i 
0.8 M Ai 
0.17 M Z r  
3.4 M N H ~ +  

Fig.  1.14. Modified Z i r f lex  Process for Two-step Dissolution o f  High-Uranium (EBWR Core 1) Fuel in Aqueous 

Fluoride. 

decladding solution, by the further addit ion of 
8 M HNO,-0.8 ($1 AI(NO,),. The insoluble Nb,O, 
i s  f i l tered off, w i th  a uranium l o s s  of 0.03%. The 
time required i s  12 hr. The result ing dissolver 
solut ion volume is  f ive times that w i th  the 
metathesis step but only one-fourth that wi th the 
digestion step. Although this flowsheet uses 
minimum fluoride, i t  may be unfeasible because 
of the chance o f  explosive reactions of n i t r ic  acid 
wi th epsilon-phase zirconium i f  fluoride concen- 
trations are too low, and because of high corrosion 
rates i n  the core dissolut ion step. 

Perflex Process 

In the Perf lex process zirconium-uranium al loy 
fuel  in an HF-H,02 solu- 
tion." In laboratory tests unirradiated 7% ura- 
nium-93% zirconium al loy fuel was immersed 
i n  water, and 34.4 HF-1.7 c1 H202 was added 

is  to ta l l y  dissolved 

18 

continuously unt i l  the fuel was completely dis- 
solved, producing a solut ion containing 0.032 !M U, 
1.1 M Zr, and 6.6 M F. Aluminum nitrate and 
ni t r ic  acid were then added to  y ie ld  solvent ex- 
tract ion feed containing 0.016 , h ~  U, 0.55 ,hf Zr, 
0.7.5 M AI, 1 M Ht, and 3.3 hl F. No uranium or t i n  
was precipitated even when the result ing solution 
stood o t  room temperature for one month. The 
hydrogen peroxide rapidly dissolved the t i n  and 
uranium, the latter by oxidation of U(IV) t o  U(VI), 
which has a wide solubi l i ty  range1, in  HF. Niobium 
dissolved in i t i a l l y  a t  0.7 rng*cm-2.rnin.-1 in  1 ($1 
HF-1 M H20,. 

12Personal communication from M. Fortenbery ond 
J. Perry, Y-12, Feb. 9, 1959, 

13J. J. Katz  and E. Robinowitch,  The Chemistry o/ 
Umniztm, NNES-VIII-5, p 571, McGraw-Hill, New York, 
1951. 
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The Perf lex process dissolvent i s  extremely 
corrosive t o  both Monel and INOR-8. The maximum 
corrosion rate for Monel in 4-, lo-, and 24-hr tests 
was 157, 111, and 24 mils/month, respectively, 
when a l l  hydrogen peroxide was added at the start 
of the tests. The decreasing rate i s  bel ieved t o  
resul t  from hydrogen per oxide decompos it i on. 
Rates w i th  a nitrogen blanket and i n  the presence 
of d issolv ing zirconium were about ha l f  these. The 
rate for 1 (V HF on Monel wi th a nitrogen blanket 
was 2.5 mils/month. Rates of INOR-8 in hydrogen 
f I uor ide- hydrogen a p pr ox i mate I y 
50% greater than those of Monel. Maximum rates 
of Hastel loy C over these exposures of 18 to  24 hr 
each varied between 4 and 5 mils/month. 

per oxi de were 

1.3 PROCESSES F O R  G R A P H I T E -  
CONTAINING FUEL 

Process studies were started on UC2-graphite 
and UC,-ThC,-graphite fuel mixtures. The former 
were readi ly processed by grind-and-leach methods, 
but grinding and leaching of the latter resulted i n  
-10% uranium and thorium losses. Only burning 
fol lowed by  leaching appeared capable of circum- 
venting the loss problem with uranium-thorium 
fuels. 

UC,-Graphite Studies 

In laboratory-scale grind-leach experiments ura- 
nium recovery from uranium-graphite mixtures in- 
creased w i th  increasing uranium content, increasing 
n i t r i c  acid concentration, and decreasing part icle 
s ize t o  200 mesh. The highest uranium recovery, 
99.8%, was achieved w i th  -200-mesh part icles and 
15.8 ,hf HNO,. First- leach uranium recoveries 
varied from 98.4 t o  99.8% (Fig. 1.15) and second- 
leach recoveries from 0.2 t o  0.8% of the original 
uranium. Samples of 2 t o  14% uranium-graphite 
mixtures for dissolut ion studies were prepared by 
mixing UO,, graphite flour, and a binder, baking 
under vacuum a t  800"c, and graphit izing a t  2400 
to 2800°C. The samples were then ground, c lassi-  
fied, and leached twice, usual ly 4 hr for each 
leach, wi th ni t r ic  acid. The solutions were f i l tered 
from the graphite and the cake was washed after 
each f i l t rat ion wi th water one-half the volume of 
the f i  Itrate. 

14M. J. Bradley and L. M. Ferris, Recovery  of Uranium 
and Thorium f r o m  Graphite  Fue l s .  I. Laboratory De-  
velopment o/ a Grznd-Leach f'rocess,  ORNL-2761 ( in  
press) .  

/li 8'1, 'J-GRAPHITE 
I 

..... 

0 4 8 12 16 20 
HNOj CONCENl RArlON (M) 

- . . . . . . . . . . 

- . . . . . . . . . 

. . . . . .~ 

...... ~ 

4 hr LEACHING TIME A:_.- 
4 8 12 16 20 

URANIUM CONCENTRfifION IN GRAPHITE (70) 

Fig. 1.15. Ef fect  of Par t ic le  Size ond ( a )  Nitr ic  Ac id  
Concentration of L e a c h  and ( b )  Uranium Content of 
Solid on Uranium Recovery from Uronium-Graphite Fuel. 

Ten-gram specimens leached with 50 ml of boi l ing w i d .  

T w o  methods for the disintegration of graphite 
fuels b y  chemical means are being investigated: 
the use of swell ing agents such as bromine, and 
formation of interlamellar compounds, for example, 
w i th  potassium, and their subsequent reaction wi th 
steam and/or aqueous leaching agents. A sample 
of 9% uranium-graphite fuel was disintegrated at 
25°C i n  l iquid bromine i n  5 hr t o  produce a powder 
w i th  the fol lowing part icle size distr ibution: + 10 
mesh, 6%; -10 +20 mesh, 21%; -20 +200 mesh, 
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73%. After leaching w i th  two  portions of boi l ing 
15.8 iM HNO,, 99.8% of the uranium was recovered. 
The same recovery can be obtained without the 
use of bromine by mechanically grinding t o  only 
-4 + 8  mesh before leaching. Graphite fuels con- 
ta in ing less than 1% uranium d id  not disintegrate 
i n  brom i ne. 

UC2-ThCZ-Graphite Flowsheet Studies 

Samples of proposed High Temperature Gas 
Cooled Reactor fuel (1.5% uranium-7.2% thorium 
i n  graphite) i n  laboratory-scale experiments were 
ground t o  -325-mesh and leached w i th  boi l ing 
15.8 .M HNO, and 13 hl HN0,-0.04 #&! NaF-0.04 M 
AI(N0,):. With both dissolvents about 10% of 
the uranium and thorium remained insoluble. Fuel  
samples were then burned in oxygen, and, after 
cooling, the U,O, and ThO, were dissolved in 
13 M HN0,-0.04 21 NaF-0.04 hl AI(NO,),. Re- 
covery of both oxides was >99.9%. 

Combustion of graphite fuels in air  or 0, would 
present an operating problem. Estimates show that 
the volume of gas to  be processed would be 100 
times greater than for conventional dissolution. 
In addition, the gas may contain as much as 10% 
of the total f iss ion product act ivi ty, including a l l  
Xe, Kr, I,, and T e  and some Cs,  as we l l  as small 
amounts of less volat i le f iss ion products. 

1.4 PROCESSES F O R  ALUMINUM- 
CONTAINING F U E L  

fore ign Research Reactor Fuel 

Foreign research reactors use ch ie f l y  oluminum- 
clad uranium-aluminum a l loy  plate fuels containing 
1 t o  2% si l icon. The uranium i s  20’6-enriched 
U235,  and at a burnup of 15% contains enough 
plutonium t o  require separation in order t o  meet 
U235 specifications and possibly t o  be economically 
recoverable. T h i s  fuel  (8401, 141-1501, U-1% Si)  
d issolves readi ly i n  7.5 b7 HNG, containing 0.005 itl 
Hg(NO,), catalyst  to produce 1.5 it1 AI(NO,),- 
1.3 M HNO, dissolver solution. This i s  adjusted 
t o  1.0 41 AI(NO,),-0.5 M HNO, for use i n  solvent 
extraction. The large quantity of hydrous, col lo idal  
s i l i ca  produced i n  dissolut ion can be dehydrated 
by extended ref luxing at high acidity,” but i s  
more simply reodied for removal by the addition 

of 100 mg of gelat in per l i ter and digest ion at  85T 
for 1 hr. l 6  The result ing gelat in-s i l ica polymer 
can be readi ly f i l tered or centrifuged and the cake 
washed free of uranium and plutonium wi th  0.1 M 
HNO,. The polymer was stable in radiation f ie lds 
up t o  2 t o  4 whr/liter. In solvent extraction tests 
subsequent t o  the gelat in treatment for s i l i ca  
removal, phase separation times of approximately 
20 sec were obtained w i th  6% TBP in Amsco for 
both unirradiated and irradiated extraction feeds, 
which i s  adequate for pulsed column use. 

A sand f i l ter  using 30-mesh Ottawa sand, w i th  
1- t o  2-g/liter Cel i te 545 i n  the feed slurry, gave 
optimum f i l t rat ion of the gelat in-s i l ica polymer 
w i th  rates of 1 t o  2 ml.cm-2.min-’. The use of 
vacuum in f i l t rat ion was not required. The f i l te r  
bed was eas i l y  regenerated by backwashing w i th  
water, provided that the bed and cake were not 
al lowed t o  dry before being backwashed. 

The use of 0.05 1z.1 boric ac id  as a c r i t i ca l i t y  
control poison was satisfactory in that it was not 
removed by any head-end operation and was not 
extracted by 6% TBP. 

BORAX IV Fuel 
The BORAX IV reactor experiment used an M-388 

c lad  (9% Al-1% Ni), lead-bonded multiplate fuel 
element wi th a Tho,-U,O, core. The optimum 
dissolut ion technique was a three-step Gperation 
i n  which the aluminum was dissolved in 2 t o  6 M 
NaOH (ref 17) or 2 (1.2 NaOH-1.8 NaNO, (ref 18), 
the lead (and nickel)  dissolved i n  1.5 M HNO, at  
a rate of 3 t o  16 mg.cm-2.min-’, and the Tho,- 
U,O, dissolved in 13 hl HNO,-0.04 M NaF-0.1 M 
AI (NO,),. The use of mercuric nitrate-catalyzed 
n i t r i c  ac id  for aluminum ond lead removul was 
unsatisfactory because of the high concentration 
of mercury (>0.5 hl) required and because of the low 
so lub i l i t y  of divalent lead in concentrated ni t r ic  
acid. Dissolut ion of lead and Tho,-U,O, sii i iul- 
taneously in 200% excess of 13 M HN0,-0.04 iM 
NaF-0.1 M Al(NO,), following caust ic dissolut ion 
of the aluminum jacket was a l s o  unsatisfactory 
because t he  Tho,-U,O, dissolut ion rate i s  greatly 
decreased at  the Pb/Th mole ra t i o  of 0.77 required, 

16H. J .  Groh, Reinoval oj  Si l ica from Solutions of 

17R. G. Wymer and R .  E. Blanco, Ind. Eng. Chem. 49, 
Nuclear Fuels ,  DP-293 (June 1958). 

59 I 1  957). 
”J. R. Flanory et al., Chemtral D e v e l o p m e n t  of the 

TBP-25 Process ,  ORNL-1993 (revised) (March 20,1959). 
’8, mposium on the R e  rocessing o j  Irradiatpd  fuel.^, 

TID-&34, p 25 (May 1958. 
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and because the low-solubi l i ty  lead nitrate pso- 
h ib i ts  the preparation of stable solut ions w i th  a 
thorium concentration greater than 0.1 to  0.2 M. 
Uranium losses i n  the two-step decladding pro- 
cedure were less than 0.15%. 

1.5 M E C H A N I C A L  PROCESSING 

Mechanical head-end treatment may be required 
for several reasons: to remove non-fuel-containing 
sections from the fuel elements before processing, 
thus decreasing the quantity of material processed; 
t o  disassemble the fuel sections for ease of dis- 
solver loading; and t o  remove or rupture the fuel 
jackets to expose the core material for chemical 
attack. Sowing, disassembly, slug removal from 
Na-K-bonded fuel tubes, and shearing of oxide 
fuels have been studied. The mechanical processing 
equipment now under development w i th  nonirrcrdi- 
ated material w i l l  be instal led in the recently 
completed segmenting faci l i ty ,  which is  pasvided 
w i th  6 ft o f  concrete shielding and i s  equipped t o  
handle ful l- length and fu l l y  irradiated power reactor 
assemblies. Fac i l i t ies  for handling fuel element 
carriers weighing 50 tons and for horizontal 
charging of fuel  assemblies t o  the segmenting 
fac i l i t y  have been provided, A preliminary sketch 
of the layout of the largest of the three ce l l s  in  
the fac i l i t y  is shown in Fig. 1.14. In o second 
ce l l  various leaching devices w i l l  be tested; a 
preliminary layout i s  given in Fig. 1.17. 

~ 5 w i ~ g  

Extensive abrasive-disk sawing tests, run t o  
simulate end-box remo#al from fuel elements, 
were made on single and mult iple stainless steel 
fuel bundles. A 16-in,-dia Manhattan No. 239 
blade operated i n  air  was used i n  these tests. In 
sawing through a triangular bundle of three 
0.5-in.-dia type 347 stainless steel rods a t  a 
blade speed of 10,450 surface ft/min, the feed 
rate was varied from 10 t o  60 in,/min; smoothest 
cuts, fewest burrs, and best operation were ob- 
served a t  a feed rate of 25 t o  30 in./min. At rates 
above 60 in./min, blade damage and a n  excessive 
amount of metal sl ivers were produced. At 10 
in./min the volume and weight rat ios of metal 
removed t o  blade consumed were 4 and 11.9, 
respectively; at 40 in./min the rat ios  were 2.5 
and 7.7. About 43% of  all particles produced in 
sawing were <150 p i n  diameter; 1.6% were 
>200O p. Based on these data, the volume a d  
weight of sawing debris produced i n  removing end 

boxes from o Gas Cooled Reactor and a Consoli- 
dated Edison fuel element were cnlculated t o  be 
1&3 and 184 cc  and  123 and 1252 g per ossernbly, 

pt?Ct i V e  1 y. 

Disassembly 

Since many of the proposed power reactor fuels 
are assemblies of cyl indr ical  tubes ~ p - ~ s e d  by 
ferrules and ioined by various brazing alloys, a 
number of tools for removing the ferrules or spl i t -  
t ing the fuel  tube bundles W Q T ~  bu ih  n ~ d  tested. 
A mult ihole drawing die was unsuccessful bcxriuse 
of buckl ing of the tubes during the drawing. An 
air-hammer-driven impact wedg.: sp l i t  pmtotype 
Consolidated Edisori assemblies i n f a  quarter 
sections, planes, and individual tubes when &e 

ferrules and tubes were brazed w i th  Nicrobros 58, 
the 10% phosphorus in which irnpurts consid.xcbIe 
britflenezs t o  the braze. However, this terhnicjue 
d id  not break icints made wi& Coast Metals 50 
brazing compound, which is  mare ductile fhan 
Nicrobraz 50. 

Slug Wcmoval from ~ ~ - ~ - ~ ~ ~ ~ ~ ~  Fuel Tubes 

A device was designed, constructed, arid t ss fed  
on unirradiated prototype Sodium Reactor Expsari- 
ment fuel tubes for removal of the Na-M-Aonded 
uranium s lugs  from the stnEn8ess steel tubes. The 
end sections of single fue l  tubes nse f i r s t  rut nii" 
w i th  the abrasion saw. The slug removal sequeirce 
starts with the plugging of one end of the fuel, 
fol lowed by application of hydtuulic presswe t o  
expand the jacket away from the core, The plug 
i s  then relrsioved and core slugs are discharged 
wi th  hydmwlic pressure or by a rarnrcd, n screw 
folIower for use when the slugs jam in +he tube. 
The dciacketed slugs are freed f r o m  o i l  crnd Ha-K 
by exposure t o  l i r e  sleani under careful ly con- 
trol led conditions. 

The decladder and i t s  ouxi l inry equipment are 
being instal led in ce l l  A of the segmenting fac i l i t y  
(Bui lding 3026) und w i l l  be used to rnerhoniir?lly 
disassemble the fuel from the SRE Care 1 (expected 
in December 1959). The declad slugs w i l l  be 
recanned i n  aluminum and t runsported to  BuiIding 
3019 far chemical dissolution rand so?vent sxtwc-  

tion. 

Shearing of Oxide Fuels 
A large number of shearing tes ts  have been mode 

on whole fuel tube bundles, quartered n s s o m b l k s ,  
and individual tubes both a t  ORNL and under  

2 %  
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t 
1 - OFF bAS TO STAc r: 

CAClSTlC SCR,,l”;BEIR 

- crr-ms i o  STACK 

PCLLFT CDRRIFI? 

CEI I 6-1 

PLilR VIEW 

Fig. 1.17. Preliminary Layout  of Leaching Cell in High-Level  Segmenting Facility. 

subcontract w i th  Birdsboro Steel Foundry and 
Machine Company and with Clearing Machine 
Corporation of U.S. Industries, Inc. These tests 
indicate that shearing of a Yankee assembly w i l l  
require a shear w i th  a thrust of 270 tons and one 
adequate to shear an NS “Savannah” element wi l l  
require a thrust of 370 tons. We have decided that a 
270-ton thrust should be set as the upper l imit,  
and that assemblies larger than those used by 
Yankee should be quartered longitudinal ly before 
shearing . 

In shear blade tests performed by Clearing 
Machine Corporation, l 9  0.5-in. stainless steel 

’ 9 F i n a l  Reporf  on Designing und Testing of a F u e l  
Element  Shear, U.S. Industries, Clearing Machine 
Division,  59-12, July 10, 1959; D. E .  Wil l is ,  ’Trip 
Report to Clearing Division of [I. S. Industries to Witness  
Shear Blade Tests, O R N L  CF-59-7-96. 

tube porcelain (stand-in for UO,) bundles, blade 
speeds of 55-2 and 0.833 in./sec were shown to 
be applicable, but gal l ing and scaring were greater 
at the higher speed; longer blade l i f e  can be 
expected a t  lower speeds. The end ~ p i i i n g s  of 
a l l  cut pieces produced during the t e s t  exceeded 
20% of the original cross-sectional area. Rounding 
of the cutt ing edge of the shear blade iracrcused 
power requirements b y  about 25%, but the blade 
produced satisfactory cuts. Althooyh blade life 
cannot be predicted by the resul ts  of these tests 

(only 300 cuts made per test  blade), i f  i s  probable 
that greater than 10,000 cuts coln be made w i t h ~ w t  
changing the shearing characterist ics. 

In order to provide minimum-cost materials f o ~  
fuel disassembly and shewing tests ,  a profotyps 
fuel assembly (Figs.  1.18 and 1.19), a 4 x 4 in. 
square containing 35 stainless steel tubes ,  was 
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UNCLASSlFtEO 
ORNL-LR-DWG 34850 

4 

Fig. 1.18, Pratutype Fuel Element Mark 1. 

)- 
PHOTO 46842 

Fig. 1.19. Typical Sheared Sections of Mark 1. 
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manufactured in  quanti ty a t  a cost  of -$SO0 each, 
1 t o  10% of the cost o f  rejected power reactor 
assemblies. Most of the simulated assemblies 
were f i l l ed  w i th  sol id porcelain rods; a few, for 
use i n  leaching tests, were f i l l ed  wi th UO, and 
Tho,-UO, pellets. 

Shearing tests were made w i th  a Buf fa lo  Forge 
shear, a 60-ton Manco shear, a 125-ton Manco 
shear, and a 150-ton Clearing shear. A variety of 
blade shapes were evaluated. Under optimum con- 
di t ions cuts could be made t o  produce pieces w i th  
less than 50% closure of the tube area. Ferrules 
brazed t o  the tubes w i th  Nicrobraz 50 were broken 
loose during shearing. Fines were produced by  
the act ion of the shear, mostly of oxide but also 
containing some of the stainless steel clad; the 
to ta l  amount of pulverized core material varied 
w i th  the length of the cut section. 

The quantity of f ines produced i n  shearing single 
0.4-in.-dia stainless-steel-clad UO, rods varied 
l inear ly from 30% for y2-in. cut lengths to 2% for 
those 5 in. long w i th  a 6O-ton shear (Manco) and 
a line-of-contact blade. The f ines produced can 
be estimated empir ical ly by  the fol lowing expres- 
sion, appl icable t o  cut  lengths from /2 t o  5 in.: 

% f ines = 13(cut length)-", . 
The UO, f ines from $-in. cuts were 30% <40 p, 
64% <200 p, 98% <lo00 p, and 99.99% (2000 p. 

Because fine fragments of cladding metal are 
produced by shearing action, as indicated by  tests 
w i th  stainless steel tubes, it i s  possible that 
shearing of zirconium-alloy-clad fuels prior t o  an  
ac id  leach might produce l imi ted explosions or 
violent reactions between f inely div ided freshly 
cut zirconium; for th is  reason, shearing o f  z i r -  
conium-metal-containing assemblies may be un- 
wise. 

1 

Leaching of Sheared Fuel 
The leaching of unirradiated PWR UO, pel lets 

i n  stainless-steel-clad fuel tubes sheared into 
1-in. lengths required 2 to  4 hr for completion. A 
150% excess of boi l ing 10 M HNO, was used. 
The dissolut ion t ime for the unclad PWR pellets (g in. d ia  x 3 in. long) was 20 t o  40 min under 
the same condit ions (Fig. 1.20). The range i n  
dissolut ion rates was due t o  variat ions in individual 
pe I lets. 

Both batch- and continuous-leaching equipment 
designs were completed, and a batch leacher 

(Fig. 1.21) and a continuous vibrat ing spiral 
leacher (Fig. 1.22) were constructed and instal led 
and are now being tested w i th  unirradiated sheared 
fuel. An  inclined-drum leacher i s  being fabricated. 
The capacity of the batch dissolver i s  130 kg of 
uranium. The sheared fuel i s  transferred i n  screen 
or porous metal (1000 p)  baskets t o  the c r i t i ca l l y  
safe 9-in.-dia out-riggers, where the UO, i s  leached 
from the stainless steel w i th  8 t o  10 M HNO,. 
The stainless steel r ings are removed i n  the 
porous basket. Insoluble fines (<lo00 p), which 
fa l l  t o  the bottom of the out-riggers, are eas i l y  
removed by f lu id iz ing and jetting. The vibrat ing 
spiral leacher i s  a modified Syntron conveyer. 
Cut fuel tubes are thrown up the 30" slope counter- 
currently t o  n i t r i c  acid f lowing downward. The 
vibrat ion amplitude upward i s  /,6 ir,.; the return 
vibrat ion is  damped. The device w i l l  hold about 
53 Ib of 0.5-in.-dia x 1-in.-long stainless steel 
tubes i n i t i a l l y  containing 164 Ib of UO,. Adequate 
l iquid coverage of the tubing is  maintained at a 
nit r ic acid f low of -1 gpm; higher f low rates tend 
t o  wash the tubing down hill. 

1 

1.6 H E R M E X  P R O C E S S  

In the Hermex process, uranium or thorium metal 
fuel i s  dissolved in mercury t o  separate the uranium 
from f ission products. Uranium so lub i l i t y  i n  
mercury increased from 0.0067 t o  1.18 wt % as the 
temperature was increased from 40 t o  356°C. The 
heat of uranium solut ion was calculated t o  be 
6.6 k 0.1 kcal/mole. In  0.1 wt % magnesium 
amalgam the uranium solubi l i ty  was 0.0056 wt % 
at 20T,  increasing t o  1.41 wt % at 356°C. The 
so lub i l i t y  of thorium in  mercury increased from 
0.0021 wt % at 40°C t o  0.0295 wt % at 356°C. A 
heat of solut ion of approximately 3 kcal/mole of 
thorium was calculated. 

Because of the great difference in the solubi l i t ies 
of uranium and thorium in mercury it was thought 
that a method of separation could be devised. 
However, extract ion of uranium from thorium was 
incomplete because of coprecipitat ion of UHg, 
w i th  ThHg, and coating of the a l loy  wi th an  in-  
soluble layer of ThHg,, preventing further attack 
by mercury. In  a mutually saturated solut ion of 
uranium and thorium, uranium solubi l i ty  was 
approximately unchanged at the boi l ing point of 
mercury, but at 25°C the uranium solubi l i ty  was 
only 20% of that i n  pure mercury. Thorium solu- 
b i l i t y  a t  2 5 T  was ha l f  that at 356°C. The decrease 
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Fig. 1.20b. Effect  of Nitrate Ion Concentration on UO2 Dissolution Rates a t  Various Uranium Concentrations. 
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i n  solubi l i t ies i s  bel ieved due t o  coprecipitat ion 
of the mercurides. From these data it was calcu- 
lated that the uranium/thorium ra t io  in  a single 
mercury extraction would be >400 times that i n  
irradiated fuel of 4000 g of uranium per ton o f  
thorium. In actuol extract ion experiments, how- 
ever, th is  rat io i n  the mercury extract from a 
single extraction was greater by a factor of only 
50 for a 0.4 wt % uranium-thorium mixture and by 
a factor of only 6 for an al loy of the same pro- 
port ions . 

1.7 S O L V E N T  E X T R A C T I O N  F L O W S H E E T  
D E V E L O P M E N T  

Feeds prepared by the various head-end methods 
described in the previous sections were solvent- 
extracted t o  evaluate decontamination from f ission 
products, recoveries of uranium, thorium, and 
plutonium, flooding and HETS values, and inter- 
facial  sol ids and emulsion formation. Most of the 
work was with TBP systems. Four basic f low- 
sheets were studied and modified as required: the 
Purex system for high and intermediate uranium 
concentrations (and plutonium) using 15 to  30% 
TBP and ni t r ic  acid or stainless steel salting; the 
TBP-25 system using 2.5 t o  10% TBP and aluminum 
or stainless steel salting; the Interim-23 system 
for recovery of uranium using 2.5 t o  10% TBP and 
aluminum or thorium salting, in  which the thorium 
reports t o  the waste stream; and the Thorex system 
for simultaneous uranium and thorium recovery 
using 42.5% TBP and aluminum salting. 

Purex Process Flowsheei 

Feed prepared from unirradiated prototype Yankee 
Atomic fuel by Darex dissolut ion and chloride 
removal was successful ly processed with 30% 
TBP in Amsco i n  a 2-in. glass pulsed column. 
Flooding occurred at 615 gph/ft2 a t  a pulse 
frequency of 60 cpm;at 75% of flooding the uranium 
loss was 0.13% in  8 f t  of extract ion height; the 
HETS was 3.6 ft. The feed contained 30 g of 
stainless steel and 126 g of uranium per l i ter and 
<50 ppm of chloride and was 2.16 M i n  HNO,. The 
feed/scrub/solvent rat io was 10/2/15. 

TBP-25 Process Flowsheet 

Satisfactory flowsheets were developed for 20%- 
enriched U235  foreign research reactor uranium- 
aluminum fuel and for APPR-Darex fuel solutions. 
The f i rst-cycle solvent extract ion feed for foreign 

research reactor fuel i s  1.0 AI(NO,),-0.5 M 
HNO, and contains gram quantities of uranium and 
mil l igram quantities of plutonium per liter. A 6% 
TBP flowsheet was selected (over 2.5%) t o  obtain 
maximum extraction ef f ic iency consistent wi th 
c r i t i ca l i t y  control. The uranium E," i s  20 for 6% 
TBP vs 2.7 for 2-54", TBP at 0.5 M HNO,. N i t r i te  
was added to  the unirradiated feed (which was 
spiked w i th  plutonium) t o  obtain maximum plutonium 
extraction [E," for Pu(IV) of 7.61 and 0.03 M 

Fe(NH,SO,), added t o  the part i t ioning zone scrub 
t o  achieve maximum uranium separation from 
Pu(ll1). N i t r i c  acid was unsatisfactory as an 
extraction scrub, the distr ibution coeff icients for 
uranium and plutonium being 0.05 and 0.003, 
respectively, vs 1.15 and 0.04 when aluminum 
salt ing was used. The total  uranium loss was 
0.004%; the plutonium loss t o  waste was 0.03% 
and t o  the uranium product < 1%. 

For better c r i t i ca l i t y  control, a 2.5% TBP flow- 
sheet was developed for APPR fuel solut ion from 
the Darex process. Extraction conditions were 
as fol lows: 

Feed 100 volumes; 5.65 g of U per liter, 3 M 

HNO,, 1 M Fe(NO,),, 0.21 M Cr(NO,),, 
0.14 M Ni(NO,), 

Scrub 40 volumes; 3 M HNO,, 0.75 M AI(NO,),, 
0.03 M Fe(NH2S03), 

Solvent 

Strip 

200 volumes; 2.5% TBP in Amsco 

50 volumes; 0.01 M HNO, 

Addit ion of ferric nitrate t o  the feed suff icient to  
increase the iron content of the feed from i t s  
original value of 0,63 t o  1 M assisted material ly 
in  decreasing uranium losses. The distr ibution 
coeff ic ient  for uranium, which was 1.6 a t  0.63 hI 
Fe+++, was increased t o  3.8 a t  1 M Fe+++, thereby 
decreasing the number of stages required for good 
uranium extraction t o  more practical values. 
Experiments were started in  which ferr ic nitrate 
i s  used exclusively as scrub, which would el iminate 
aluminum from the extraction waste completely. 

Thorex and Interim-23 Process 
Flaw sheet Development 

Solvent extract ion flowsheets were studied for 
use w i th  stainless-steel-clad Tho,-UO, (Consol i- 
dated Edison) fuel. In one, uranium only i s  re- 
covered by an Interim-23 flowsheet wi th 2.5 to 7% 
TBP; i n  the other both uranium and thorium are 
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recovered by a Thorax system using 42.5% TBP 
and n i t r i c  acid, n i t r ic  acid-aluminum nitrate, or 
stainless steel nitrate salting. T w o  types of 

Consolidated Edison fuel  solvent extract ion fecds 
were investigated. The first, prepured by Sulfex 
or Darex decladding fol lowed by Thorex dissolu- 
t ion of the UQ,-'fhO,, produced a UO,(NO,),- 
HNO, feed containing 0.04 M f luoride and 
>0.1 M A!"'. The second, prepared by combining 
Darex decladding solut ion w i th  the Thorex dis-  
sol&ion product, i s  similar except that it a lso  
contains stainless steel nitrutes. 

A two-cycle 2.5% TBP Interim-23 ac id  flowsheat 
was developed in  which the f i rst-cycle feed con- 
ta ins 15 g of uranium per liter, 1 M Th(NO,),, 
1.2 M AI(NO,),, and 1.0 M HNO, and the scrub i s  

0.8 M Al(N03),-0.5 M HNO,; the second- iycle 
feed contains 21 g of uranium per l i ter  and 6.8 M 
AI(NO,), ond i s  0,1 M acid-deficient; the scrub 
contains 1.0 M AI(NO,), and i s  0.1 Macid-deficient. 
Decontamiriotion factors for uranium for the  f i r s t  
and second cycles were 3.5 x lo5 and 7.6 x lo4, 
respectively. The high decontamination factors 
were obtained by providing high TBP saturation. 

In tests w i t h  a feed L1.5 M Th, 4 M HNO,, 0.1 M 
AI(NO,),, and 0.04 M f luoride] t o  which no alumi- 
num was added beyond that i n  the dissolvent, a 
satisfactory Interim-23 flowsheet using >5% TBP 
in Amsco now appears feasible. The scrub is  
5 ($1 HNO,, 0.003 M phosphate, and 0.01 M ferrous 
sulfamate and the fecd/solvent/scsub ra t i o  i s  
5/10/2. The feed-plate iiraniuni extract ion factor 
was 1.3 at 50% solvent saturation. 

Earl ier Thorex studies indicated that thorium 
could not be extracted by 42,595 TBP-Amsco 
solvent wi th ni t r ic  ac id  sal t ing without formarion 
of a second organic phase i f  solvent saturation is  
suff icient1 y h igh to  provide acce ptab le  decontanii- 
nation factors. Recent laboratory-scale tests  with 
42.5% TBP iri Decal in indicaked that use of Decal in 
di luent w i l l  permit n i t r i c  ac id  salting, thereby 
el iminating the addit ion of aluminum beyond that 
needed for f luoride corrosion inhibi t ion i n  dissolu- 
tion. The Th(N03),.2TISP complex has a higher 
so lub i l i t y  in  Decal in than in Amsco. A Icboratary- 
scale test of the f i rst-cycle flowsheet was made 
w i th  f ive extraction and s i x  scrub stages used 
under the fol lowing stream conditions: 

Feed 20 volumes; 1.5 AI Th(N03),, 4 M H N 0 3 P  

0.1 M lal(N03)3, 0.04 M 7 -  

Extvortant 100 volumes; 42.SX I B P  in Decal in 

Scrub 20  volumes; 3.2 AI HNQ,, 0.003 M POg, 
and 0.01 M ferrous sulfamate 

Prel iminary data indicate a thorium loss of <0.07%, 
and zirconium-niobium, ruthenium, arid total-rare- 
earth decontamination factors o f  300, 93, and 
5.3 x IO,, respectively. ~ h e s e  decontamination 
factors are generally lower by a factor of 10 than 
those nchieved with the p i lo t -p lan t -den ions t~at~d 
TRorex flow sheet. 

In prel iminmy t e s t s  with Consolidated Edison 
fuel solut ion containing stainless steel nitrnte, 
ferric nitrate acted simi lar ly to olurniraurn nitrate 
as a sal t ing agent and had distr ibut ion coeff icients 
c lose t o  those of AI"'. No decoritamination 
factors have been obtained for th is  systemi but 
iron, chromium, and nickel  were removed PO below 
the l imi t  of analyt ical  detection (<0.1 g/liter). 
Use of ferr ic nitrate salt ing appears satisfactory 
for both Interim-23 (2.5% TBP) and Thorex (42,5% 

A s  noted i n  Sec 1.4, the use of soluble poisorls 
for c r i t i ca l i t y  control in  Consolidated Edison fuel 
reprocessing was satisfactory in a l l  head-end 
operations. The decontnrnination factors for boron, 
cadmium, and rare earths wi th an Interim-23 flcjw- 
sheet (acid, 25% TBP) were  4000, 500, and 3000, 
respectively; corresponding values for ail acid- 
deficient Interim-23 f lowshest were 9000,1000, and 
15,000, respective I y. 

TBP) types of flowshects. 

A new flowstreek using di isobutyl  carbinol was 
demonstrated at 50°C on a tracer level  for removal 
of protactinium from usnnium, thorium, and f ission 
products. The f low ra4ios and stream compositions 
VJere as follows: 

Feed 100 VOIUIIWS; 1.0 M Th(N03)4r 0.6 M 
A I ( N O ~ ) ~ ,  4 M m a 3  

Solvent 

Scrub 75 ~ o l u m e s ;  diisohutyl carbinol 

Strip 

40 volumes; 0.6 M A I ( N 0 3 ) 3 ,  2.0 M HN03 

8 volumes; 1.0 M H N 0 3 ,  O L 5  ??i $ -  

Under these condit ions 99.5% of the protactirrium 
was extracted; decontaminatian factors for uranium, 
thorium, zirconium-niobivm, ruthenium, and rare 
earths w e r ~  6 x lo2, 6 x lo4,  2.5 x lo2, 5 x IO3, 
and 4 x l o3 ,  respectively. 
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Solvent Recovery 

The most satisfactory of several solvent recovery 
systems tested involves successively contacting 
the solvent wi th two 0.2 volumes of 0.1 iZ.1 KOH, 
slurrying w i th  20 g of CaO per liter, removing the 
lime w i th  two 0.2 volumes of water, and removing 
the last traces of lime w i th  one 0.2 volume of 
n i t r ic  acid. Th is  treatment i s  more effect ive in  
removing thermal degradation products than irradi- 
at ion products and was effect ive for 2.5% TBP- 
Amsco irradiated t o  300 whr/liter and 50% TBP- 
Amsco that was 5% thermally hydrolyzed. The 
use of vacuumdist i l lat ion toconcentrate degradation 
products was unsuccessful because addit ional 
decomposition occurred during th is  operation. 

Phosphorus-32-labeled TBP was used t o  study 
the solubi l i ty  of TBP i n  the Thorex f i rst-cycle 
product stream and i t s  subsequent removal by  
Amsco washing or steam stripping. Under con- 
di t ions duplicating those at the product end of the 
Thorex f irst-cycle str ip column (aqueous phase, 
40 g of Th per liter, 0.008 81.2 AI(NO,),; organic 
phase, 7 g of Th per liter, 42.5% TBP in Amsco), 
the solubi l i ty  of TBP and of TBP acidic degradation 
products i n  the aqueous phase was 1.08 x 
and 7 x (1.1, respectively. About 93% of the 
TBP was removed by two 0.1 volumes of Amsco 
washes, and 88% by steam dist i l lat ion.  

Contrary t o  what was anticipated, the addit ion 
of 0.05 hl DBP to  either freshly puri f ied or used 
pi lot  plant solvent (42.5% TBP i n  Amsco) did not 
perceptibly increase the extraction of f iss ion 
products from Thorex feed, probably because of 
the formation of thorium-DBP complexes in  prefer- 
ence t o  similar f iss ion product complexes. About 
75% of the f iss ion product ac t i v i t y  was removed 
from solvents that contained added DBP when the 
thorium was stripped w i th  a solut ion containing 
0.008 M Al(NO,),, and about 80% was removed 
from the solvent that did not contain added DBP. 
Under similar conditions about 1% of the DBP was 
removed from the solvent. F i l te r ing  of stripped 
solvent did not remove any addit ional f i ss ion  
product ac t i v i t y  and only 0.1% of the DBP. A t  

least 99% of the DBP was removed from the stripped 
solvent by  contacting w i th  two equivalents of 
Na,CO,. When used f i l tered pi lot  plant solvent 
was treated w i th  a 0.2-volume of 0.2 M Na,CO, 
and f i l tered again, the organic f i l t ra te  contained. 
1.6% of the f iss ion products. About 18% of the 
f i ss ion  products were distr ibuted as sol ids in the 
two phases. If insuff ic ient  carbonate i s  used to  
remove DBP, f ission products are a lso  incompletely 
removed. It was concluded that washing w i th  
Na,CO, removes DBP completely and can decon- 
taminate solvent from f i ss ion  products by  factors 
of “5, but that sol ids removal i s  required t o  
a ch iev e higher decontamination cons i s  te nt I y . 
Decontamination factors were 150 on solvent that 
had been washed with carbonate and filtered. 

Redox Appl icat ion to Darex and Niflex Feed 
Extraction tests were made in  packed 2-in. glass 

and stainless steel columns on Darex and N i f lex  
feed solut ions (Tables 1.3 and 1.4). (The N i f lex  
process uses 1 M HN0,-2 M HF t o  dissolve both 
stainless steel and zirconium-containing fuel.) 
The tests included a study of the effect of sal t ing 
strengths and solvent f low rat ios on decontamina- 
t ion  and uranium losses and o f  the ef fect  of 
s i l i con  content on column flooding. Darex-Redox 
performance was, in general, more satisfactory 
than that of Niflex-Redox. With Darex feed, 
decontamination factors were generally twice those 
w i th  N i f lex  feeds; however, the highest Darex 
decontamination factors were only about 16% of  
those w i th  a standard Redox flowsheet. The 
decontamination factor was markedly increased, 
whereas uranium extraction ef f ic iency was de- 
creased, by decreasing the feed salt ing strength. 
The uranium extraction ef f ic iency was improved 
without s igni f icant effect on the decontamination 
factor by increasing the solvent flow ratio. With 
increased s i l i con  content flooding values were 
greatly decreased. However, addit ion o f  Mistron, 
a calcium magnesium si l icate, or acidi f icat ion of 
the feed markedly increased the f looding values. 
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Tab le  1.3. E f f i c i ency  and Decontaminat ion Run Summary 

concenrror ion 

of Feed TY Pe 

( M  1 

Nominal  
Sta in less Steel A I  

Ex t rac t i on  So I ven t U ran i u m Scrub Decontaminat ion H E TS Concentrat ion Scrub/So lven t ,- . - , .  

F low  Loss A c i d  i ty Section 

(M) 

F!ow Ra t io  Fac to r  (f:) 
(%) ([MI 

of Feed b Ac id i tya Ra t io  
(M 1 

Standard' 1.18 -0.2 1 2.26 0.0017 2 .o 

Darex 1.3 -0.07 2.47 0.00 1 a 3.6 

0.9 -0.26 1.99 0.0027 1.4 

0.8 

0.8 

d S tandard 

Darex 1.2 

1.2 

1.2 

0.9 

1.09 

-0.1 8 2.83 0.0128 

-0.18 2.53 0.0373 

-0.16 3.50 0.0322 0.07 0.2e 1802 

-0.18 2.44 0.0019 0.13 0.2 59 

-0.14 2.54 0.0004 0.20 0.2 35 

0.40 2.66 0.0040 0.20 0.2 24  

-0.27 1.49 0.1886 0.19 -0.15 221 1.2 

0.4 0.45 -0.04 1.95 0.0097 0.39 -0.15 283 

N i f l ex  0.25 0.84 0.24 1.34/ 0.0018 0.30 -0.15 34 

0.25 0.84 0.19 1.68 0.001 0 0.20 -0.15 27  

0.16 0.8 3.08 1.80 0.0089 0.28 -0.15 53 

O.1Sg 0.75 0.15 1.67 0.1622 0.10 -0.12 135 

'Minus denotes ac id  def ic iency.  

bRelot ive ro feed = 1. 
CEx:raction he igh t  for U n i t  Operations runs = 21.3 f r .  
dEx+rac+ion height  for p i l o t  p lan t  runs = 17 ft. 
'Scrub length = 2 1 ft. 
/Hexone for the run a c i d i f i e d  to 0.1 M. 
gFeed a l s o  contained 0.009 M Mo. 

W 
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Table  1.4. Flooding Rate Determination Summary 

Feed Composition 

TY Pe 
Aqueous/Organ ic  

Flow Ratio 

Solvent 

Flow 

Ratio* 

A I  + 
Stainless 

Steel 

(M 1 

Mistron 

(PPm) 

Nominal 

Extract ion 

Section 

Acidity 

(M ) 

Flood ing 

Rate 

(!3Ph/ft2) 

Stand a rd 0.50 2.27 1.24 1.18 -0.22 581 

Do rex 0.60 2.50 0.66 1.3 0,0005 

0.62 2.00 0.66 1.3 0.0005 

0.62 2.08 0.54 0.9 0.01 1 

0.50 2.50 0.48 0.8 0.016 

Nif lex  

Da rex 

0.65 

0.60 

0.41 

0.50 

0.50 

0.50 

0.50 

0.50 

1.85 0.56 1.46 

1.90 0.14 0.84 

3.00 0.40 0.8 

2.50 0.40 0.8 

2.50 0.40 0.8 

2.50 0.40 0.8 

2.50 0.40 0.8 

2.50 0.40 0.8 

0.001 

0.0027 

0.01 5 

0.004 

0.015 100 

100 

57 

0.004 

-0 -07 594 

-0.12 >644 

-0.25 3 70 

-0.23 333 

0.23 

1.61 

-0.1 8 

-0.1 8 

-0.18 

-0.18 

-0.18 

0.38 

6 94 

692 

378 

4 84 

815 

>741 

481 

778 
__ 
*Relat ive  to feed = 1. 
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PER105 ENDING AUGUST 31. 1959 

2.1 THORIUM P R O C E S S I N G  

Thorex process development was completed. 
High-purity (99.6 isotopic X) U233 was separated 
from decayed protactinium solutions obtained i n  
the short-decayed Thorex runs, a l l  the avai lable 
thorium was processed according to  the Interim-23 
flowsheet far U233 recovery, and the U 2 3 3  product 
was reprocessed to remove the radioactive daugh- 
ters of u~~~ decay. 

TRQWX Process Development. - The last  of a 
series of tuns to evaluate the effect of b isu l f i te  
addition to irradiated thorium feed on ruthenium 
decontamination’ was completed. The plant was 
operated according to  the one-cycle flowsheet. 
Dissolved thorium feed solutions were made 0.01 M 
i n  n i t r i te  by batch addit ion of  NaNO,, simulating 
the feed conditions found i n  processing 30-day- 
decayed, 3000-4000 g/ton thorium metal. Ru- 
thenium decontamination factors of 2-4, observed 
wi th  n i t r i ted feed, increased t o  400-500 when the 
n i t r i te  was destroyed by continuous addit ion of 
0.06 it1 .NaHS03 to the feed stream as  i t  was 
metered to  the extraction column. Solvent e x -  

tract ion losses were not increased by the addit ion 
of b isu l f i te  to the feeds i n  the range 0.04 to  
0.06 M. Mercury in the feed catalyzed the de- 
struction of bisulf i te. Satisfactory dissolut ion of 
aluminum-canned irradiated thorium slugs was dem- 
onstrated by using only 0.04 M F-  a5 cutulyst. 

High-Purity U233. - The f i rs t -cyc le  raff inates 
col lected during three short-decay processing runs 
were combined and reprocessed for high-purity 
U 2 3 3  recovery, A to ta l  of 885 g of uranium as- 
saying 99.6% U233  was recovered and transferred 
to  the Isotopes D iv is ion  for the preparation of 
extreme! y h igh-puri ty U 3 3 .  

Interim-23 Processing. - A total o f  10.5 tons of 
irradiated long-decayed thorium was processed 
according t o  the Interim-23 flowsheet for U233 
recovery only. The  use of the Interim-23 flowsheet 
increased the thorium processing rate to  400 
kg/day, as compared wi th  180 kg/day wi th  the 
Thorex process. The rote was l imited by the 

’Cbern. Tech. Ann. Ppog. R e p .  Aug. 3 1 ,  1958, ORNL- 
2576, la .  

dissolver capacity. The thorium w a s  discharged 
t o  waste storage, and the uranium was isolated 
by cation exchange. The uranium solvent e x -  

tract ion loss totaled 1.3%. 
u~~~ Reprocessing. - A to ta l  of 27 kg of ~ 2 3 3  

WCIS reprocessed t o  rernove the radioactive daugh- 
ters of U232 decay. Approximately 20 kg of th is  
material was processed for use by the Neutron 
Physics D iv is ion  i n  measurements of nuclear prop- 
ert ies of pure U 2 3 3 .  The addit ional 7 kg of U233, 
consist ing of f I uor ide-contam inated material, was 
processed for f luoride removal and decontami- 
not i on. 

2.2 U R A N I U M  PROCESSING 

Approximately 56,000 kg of irradiated uranium 
containing 30 kg of plutonium, from BNL, NRX 
(AECL), and SRO reactors, was processed. The 
BNI. and NRX fuel WQS dissolved in the Metal 
Recovery Plant  continuous dissolver. With 260% 
metal hea!, uranium was dissolved at n rate of 
about 500 kg/day, using 7.5-8.0 M n i t r i c  ac id  a5 
dissolvent, These conditions produced a solution 
containing 350-400 g of uranium per l i ter in ap- 
proximately 1.0-1.5 M ni t r ic  ocid. In dissolution, 
3.8-4-2 moles of n i t r ic  ac id  was  consumed per 
mole of uranium dissolved. Aluminurn cladding 
was dissolved wi th the uranium. A standard 
Purex flowsheet was used for the recovery and 
decontamination o f  uranium and plutonium from 
f iss ion products. Product recoveries for uranium 
and plutonium exceeded 99%, based on measured 
losses from the plant, Equil ibr ium solvent ex- 
tract ion losses for uranium and pli i tonium were 
l e s s  than 0.25% for three cyc les of solvent ex- 
traction. Some trouble was experienced in ob- 
ta in ing satisfactory decontamination of uranium 
from f iss ion products, pr i ncipa I l y  z irconium-nio- 
bium, Chemical f lowsheet changes were made i n  
an attempt t o  improve decontamination, but no 
signif icant improvement was observed unt i l  fhc 
f i rs t -cyc le  extraction column was operated wi th  
the organic phose continuous. A tenfold increase 
i n  gross decontamination i n  the co-decontamination 
cyc le  resulted from th is  change. Cuirei3t plans 
include converting a l l  plant extraction columns 
to  organic-continuous contactors, 
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2.3 PLUTONIUM-ALUMINUM ALLOY 
PROCESSING 

F i v e  AECL NRX Pu-AI alloy fuel assemblies 
containing 1150 g of plutonium were dissolved i n  
6.0 M n i t r ic  ac id  containing 0.05 M mercuric nitrate 
t o  catalyze the aluminum dissolution. The average 
dissolut ion rate of the a l loy was in  excess of 
10 mg-min-1-cm-2, and the f ina l  concentration 
of the dissolver solut ion was 0.5 M aluminum 
nitrate and 4.0 hZ n i t r i c  acid. These fuel as- 
semblies had been exposed to less than 1 Mw of 
irradiation and did not have the low rate of dis- 
solut ion that has been observed on highly irradi- 
ated fuels of th is  type. A modified Purex second 
plutonium cyc le extraction flowsheet was used 
for the recovery and decontamination of plutonium 
from f iss ion products, and a gross gamma decon- 
tamination factor of lo3 was demonstrated for one 
complete solvent extraction cycle. Product re- 
covery was 99.8%. 

2See a lso s e c  15. 

2.4 NEPTUNIUM R E C O V E R Y ~  

Approximately 12.0 tons of selected Paducah 
fluorinator ash from the recycle of uranium was 
processed to  recover uranium and NP’,~. The 
flowsheet3 for recovery and purif icat ion of nep- 
tunium and uranium provides for dissolut ion i n  
1.8 M AI(N0 ),-1.O HNO, and one solvent 
extraction cycfe, using 15% TBP as extractant. 

Product recoveries for uranium and neptunium 
were 98 and 9996, respectively, and neptunium was 
separated from the uranium by a factor of lo4. 
Two addit ional runs were made to  further test  the 
chemical f lowsheet’  for separation o f  neptunium 
and Th230, which results from the decoy of U234 
in  naturol uranium. In these two runs, neptunium 
was separated from thorium by factors of 268 and 
21 1, and neptunium recovery exceeded 99%. This  
program for recovering neptunium from fluorinator 
ash was terminated. 

3 J .  R. Flanary et ul., Recovery of Np-237 b y  the 
Neptex  Solvent E x f r a c t i o n  Process, ORN L-2235 (March 
1957). 

3. FUSED SALT-FLUORIDE VOLATILITY PROCESS 

In the Fused Salt-Fluoride Volat i l i ty  process, 
uranium i s  recovered from fused-salt reactor fuels 
and from reactor fuels soluble i n  fused salts. In  
th is  process, uranium fuel elements are dissolved 
by HF in a molten f luoride mixture. The fused 
sa l t  i s  f luorinated to  vo lat i le  UF,, which i s  ab- 
sorbed in  NaF traps, and i s  then desorbed and 
col lected in co ld  traps. Process development for 
the recovery of uranium from fused sa l t  has been 
described.’-3 Further development has been 
primari ly concerned wi th  the dissolut ion of zir- 
conium-containing fuel i n  fused salt. 

3.1 P I L O T  P L A N T  PROCESSING OF F U S E D -  
SALT C R I T I C A L I T Y  F U E L  

The fused sa l t  (similar t o  ARE fuel) used i n  
c r i t i ca l i t y  studies was processed i n  nine runs 
i n  the Vo la t i l i t y  P i l o t  Plant. The chemical and 

engineering flowsheets4 have been published pre- 
viously. The feed sa l t  contained 72 kg of fu l l y  
enriched uranium, of which 99.21% was recovered 
as UF, product and 1.2% was contained in re- 
coverable aqueous solut ion of the adsorption bed 
and f ina l  equipment washes. The unrecoverable 
loss  in waste sa l t  was 0.0196, wi th  an over-all 
material balance of 100.4%. 

Some of the runs were spiked with highly irradi- 
ated material and/or plutonium to extend the l imi ts  
of decontamination detection. The feed sa l t  

’Chem. T e c h .  Seminnn. Prog .  Rep. Sept. 30, 1955, 
ORNL-2000; Aug. 31,  1956, ORNL-2169; A24g. 31, 1957, 
ORNL-2392; Aug. 31, 1958, ORNL-2576. 

2G. I.  Cathers, Nucleur Sci .  and Eng.  2, 768-77 

,R. P. Milford, Ind Eng.  Chem. 50, 187-91 (1958). 
4 W .  H. Carr et nl.,  Chem. Tech. Monthly Prog. Rep. 

Nov. 1957, ORNL-2447, F igs.  10. la and b: Der.  1957. 
OKNL-2.168, F i g .  9.1. 

(1957). 
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act iv i t y  in run L-7, the run wi th  the highest beta- 
gamma activi ty, i n  counts per minute per mil l igram 
of uranium, was as follows: 

Gross gamma 9.26 io4 
Gross beta 

C s  galnma 

Nb gamma 

Zr gamma 

4.14~ l o 5  

6.75 lo4 

2.0 lo4 
1.1 i o 4  

R u  gammo (40  

'TRE beta 3.41 lo5 

The UF, product had a gross gamma act iv i ty  of 
on ly  8.4 counts/min per mg of U, which i s  at- 
tr ibuted t o  the ac t iv i t y  of the fu l l y  enriched 
uranium itself .  There were no detectable f iss ion 
products in the UF, product, 

I n  order t o  determine whether or not highly 
irradiated fuel could be processed without ex- 
cessive plutonium contamination of the UF, 
product, three runs were spiked w i th  approximately 
0.01, 1, and 10 g of plutonium, respectively. The 
plutonium concentration in the product o f  the run 
wi th  the 10-g spike was only 3-4 ppb, which i s  
wel l  w i th in  tolerance. The plutonium was 99% 
accounted for: 

Feed sal t  10.25 g 

Waste s a l t  10.08 

Complexib le rad iaactive 0.054 

products trap 

F i r s t  absorber 0.006 

Line  washings 0.003 

Fluorinator w a l l s  0.002 

Product 0.00003 

10.15 9 

Modif icat ions t o  the Vo la t i l i t y  P i l o t  P lant  re- 
quired for processing zirconium-uranium fuel ele- 
ments are in progress. The new design provides 
for dissolut ion of two S1W-1 or S2W-1 subassem- 
b l ies per batch in a fused sa l t  w i th  in i t ia l  compo- 
s i t ion 37.5-37.5-25 mole % N a F - L i F - Z r F 4  and a 
melt ing point of 605°C. The f ina l  melt composition 
i s  27.5-27.5-45.0 mole "6 w i th  a melting point of 
453OC and a volume of 50.5 l i ters  at 500°c (see 
Sec 3.5). After successful operation of the plant 
on a batch basis, the capacity can be increased 

t o  three subassemblies per disso(ution by in- 
creasing the in i t ia l  melt volume, drawing off only 
parf of the melt, and leaving a heel of ZrF, for 
the next d i s ~ o l u t i o n . ~  

3.2 DISSOLUTION S T U D I E S  

The reaction of HF wi th  r i rconium in fused-salt 
dissolut ions was determined to be predominantly 
gas-phase. T h i s  accounts also for the fact that, 
in a l l  studies made t o  date, the reaction rate 
continual ly increases wi th  increasing HF sparging 
rats. A laboratory study of the reaction of gaseous 
HF w i t h  Zircaloy metal was mode i n  which tempcr- 
ature and gas composition were kept constant by 
l imi t ing the amount of zsposed metal surface. 
Sincc the vo lat i l izat ion of the product ZrF, i s  
not complete even at 700"C, bare metal reaction 
rates for Zircaloy-2 wcre obtained by extsapn!otion 
t o  zero reaction time. These W P ~ P  found to  be 
35, 17, and 8 mg.cm-2-min-1 wi th  35% HF at 
725, 695, and 659"C, rcspeetively, and 19 and 
12 mg.cm-2.n,in-' w i th  100% HF at 650 and 
600"C, respectively. 

The hydrogen produced in the hydrofluorination 
reaction results i n  hydriding of Zircoloy-con- 
taining fuel. N i t r id ing  occurs similarly and com- 
pl icates the off-gas problem by subsequent for- 
mation of vo la t i le  ammonium fluoride. Both 
hydriding and n i t r id ing increase the reaction rate 
w i th  tiF. An WF-H,O azeotrope i s  formed which 
w i l l  cause a serious corrosion problem in  handling 
the off-gas in the processing of oxide fuels. Study 
of sludge present i n  the hydrofluorination process 
before reoction i s  complete indicated the existence 
of f ine ly  divided n icke l  metal whi le  reaction wi th  
zirconium i s  proceeding. Dissolut ion i s  always 
accompanied by formation of nickel  scale on  the 
reactor wall. The hydrogen produced by the 
hydrofluorination reaction probably decreases the 
corrosion rate of the reactor. Corrosion results 
wi th  hydrogen present confirmed th is  observation.6 

3.3  FLOWSHEET TEST' WITH S T R  F U E L  

In on in i t ia l  test  of the flowsheet wi th  STR-typc 
fuel, the gross beta and gamma act iv i t ies  of the 

-..- 

's. Mann, V P P  Hydroflrrortnarion: Chotce of Various 
Na-Lt-Zr Fluorzdr Salt  Mixtures  and Modt/zPd P p o c e d ~ t e r  
to  Redirre Operatmg Tempetaturr  and Cormston, ORNL 
CF-59-5-74 (May 19, 1959). 

Rela i zng  to rzvtlzan Appl tca trons  Durlrzg 'Progress 
APvI  1959, BMI-1340, p 75-76. 
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product were wi th in  the l im i t  of ac t i v i t y  of the UY 
daughter of U235 (Th23 '). The in i t ia l  dissolut ion 
sa l t  composition was 57-43 mole ?6 L iF-NaF, with 
the f ina l  salt  composition being 31-24-45 mole % 
LiF-NaF-ZrF, (Fig. 3.1). The a l loy fuel was 
hydrofluorinated at  700-6OO0C, the higher temper- 
ature being used in i t ia l l y  because the in i t ia l  
l iquidus temperature i s  690°C. Uranium i s  f luori- 
nated t o  UF, i n  the range 450-500°C t o  minimize 
corrosion and to achieve maximum product decon- 
tamination. 

Over-al l  decontamination factors were as follows: 

R u  gamma 

Z r  gamma 

Nb gamma 

Cs gamma 

Sr beta 

TRE beta 

Pu alpha 

> 5  10' 

> 3 x  106 

> 6 x  10, 

> 6 x  l o 8  

> 2  x 108 

8.5 103 

1.5 x 10, 

None of ttra barnma act iv i t ies  were detectable in  
the product. Molybdenum and chromium appeared 
to be the major ionic impurit ies i n  the product, 
although the chromium content was decreased by 
operating wi th  the second NaF bed at  400OC. 
Molybdenum hexafluoride passes through the NaF  
absorption-desorption step wi th  the UF, p r o d ~ c t . ' , ~  

'W. A.  Brooksbank e t  a l . .  Vola t i l i t y  Studies  of Scme 
Fi s s ion  Product Fluorides, ORNL CF-58-6-86 (June 
1958). 

'Houdry Process Corporation, Fluoride Vola t i l i t y  
P r o c e s s  - Third Quarterly Report, 1958, 58-OCR-52 
(September 1958). 

3.4 P R O T O T Y P E  DISSOLVER STUDY 

The dissolut ion of zirconium prototype Zr-U fuel 
elements by hydrogen fluoride i n  fused fluorides 
i s  a result of reaction between the gas and the 
metal. Maximum dissolut ion rates were obtained 
under conditions of mixing which promoted maximum 
contact between gas and metal and maximum 
reaction product removal by fused salt. The 
maximum dissolut ion found by optimizing these 
conditions was 3 mg per min per cm2 of to ta l  
surface present. The d isso lut ion rate for to ta l ly  
and par t ia l ly  submerged elements increased rapidly 
w i th  increasing superf icial ve loc i ty  of hydrogen 
fluoride, as a result of higher l iqu id  phase mixing 
rates (Fig. 3.2). Par t ia l l y  submerged elements 
reacted more rapidly than to ta l ly  submerged ele- 
ments because of increased gas phase reaction 
rates. The gas phase renctions were carried t o  
completion at 650°C because of continuous re -  
act ion product removal by fused salt. Variations 
in salt  compositions had only small effects. I n  
successive dissolut ions in the same NaF-ZrF, 
bath the increased ZrF, concentration (from 38 
t o  44 mole '% ZrF,) did not affect the rate sig- 
nif icantly. 

The dissolut ion rate studies were made wi th  
prototype fuel elements ranging from 0.6 t o  6.0 kg 
in weight; in i t ia l  salt  compositions of 38-62 
mole % ZrF,-NaF and 57-43 mole '% LiF-NaF; 
sa l t  temperatures of 600, 650, and 700OC; and 
hydrogen fluoride feed rates of 1 to  6 Ib/hr. Three 
vessel configurations were used (Fig. 3.3). In  a l l  
cases the anhydrous hydrogen f luoride was in- 
troduced below the fuel support plate; fuel as- 
semblies were placed ver t ica l ly  on the support 

UNCLASSIFIED 
O R N L - L R - D W G  40509 

WF 
( 4 4 0  k g ,  
IO%EFF)  

S T H  FUEL 

DISSOLUTION BY VOLATILIZATION 
OF UF6 BY 

FLUORlNATION U-SALT 
(2.4 k g )  (500°C)  NO. I 

L i F - N a F  HYDROFLUORINATION 
(57-43 mole %) 700- 6oooc 

(0.47 k g )  4 
.......... . __ (0.15 k g )  

( 31 - 2 4  - 4 5  - 0 5 mole%) 

>WASTE SALT ABSORPTION UF, PASSAGE 
W I T H  ;.99% F.P AT 100°C. AT 400°C 

( 2 . 4  k g )  OESORPTION 
AT 400°C 

Fig. 3.1. Fused Salt-Fluoride Volat i l i ty  Process for  STR Fuel. 
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plate. In  the modified copper-,lined dissolver the 
decreased cross section at  the point where ac id  
contacted the fuel assembly submerged i n  sa l t  
made possible high gas velocit ies and good mixing 
i n  th is  region, wi th  good de-entrainment in  the 
upper portion. High gas ve loc i t ies i n  the original 
vessel had resulted in carry-over of salt into the 
off-gas system. The INOR-8 dissolver was de- 
signed t o  provide a high-velocity region and in- 
cluded a draft tube intended to  promote circulat ion 
of fused sa l t  past the fuel assembly. The highest 
dissolut ion rates and oc id ut i l izat ion rates were 
obtained i n  this vessel. 

3.5 HY D R O F L U O R I N A T O R  CORROSION 
STUDiES 

T h e  Vo la t i l i t y  P i l o t  P lan t  hydrofluorinator was 
fabricated from INOR-8 with o wall corrosion 
al lowance of 125 mils. A penetration rate of 
25 mils/month during exposure to HF-NaF-L iF  at  
20 Ib/hr a t  an average temperature of 600°C i s  pre- 
dicted, assuming that corrosion i s  proportional t o  
the to ta l  amount of HF introduced in to the vessel. 
Th is  predicted rate was based on results of cor- 
rosion measurements of a draft tube in  on ORNL 
prototype hydrofluorinator in  which the penetration 
rate was 1 miI/month a t  600°C and greater by a 
factor of 13 a t  700°C. 
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Fig. 3.3. Dissolver Vessels: (a) Original Copper- l ined Dissolver,  ( b )  Modified Copper-Lined Dissolver, 

(c) INOR-8 Dissolver.  
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Laboratory-scale corrosion studies were made 
a t  Battel le Memorial Inst i tute9 with low HF flow 
rates and in  the prototype hydrofluorinator a t  
ORNL in  which HF velocit ies are 100 times 
greater than those used a t  Battel le and approach 
those expected in the p i lo t  plant. Tests a t  both 
locations substantiated the fol lowing conc I us ions: 
( 1 )  The corrosion rate increases with increasing 
temperature and increasing rate of f low of HF 
through the melt; (2) the corrosion rate decreases 
when the concentration of ZrF, in the rnelt i s  
increased and when zirconium is  being dissolved 

9P. D. Miller et al.. Construction Material for the 
Hydrofluorinator the Fluoride-Volatility Process, 
BMl-1348 (June 3,O/959). 

in 
are at the melt-vapor interface. 

the melt; and (3) the highest corrosion rates 

An average ORNL prototype hydrofluorinator wa l l  
corrosion rate of approximately 36 mils/month was 
found wh i le  dissolv ing Zircaloy-2 a t  700°C with 
the HF rate at 4-6 I b h r  for ha l f  the run and a t  
1-3 Ib/hr for the other half .  Because of the large 
ef fect  of temperature on corrosion rate, pi lo t  plant 
f I ows heet in it io  I and f i na I d i s s o I ut  ion temperatures 
were decreased from 700 and 600°C, respectively, 
to  650 and 50OOC. The lower dissolut ion temper- 
ature was accomplished by changing the i n i t i a l  
melt composition from 57-43 mole % L iF -NaF  
(nip 652°C) to  25-37-5-37.5 mole % ZrF,-NaF-LiF 
(mp 605"C), 

4. MOLTEN-SALT REACTOR FUEL PROCESSING 

The Molten-Salt Reactor fuel, uranium f luoride 
dissolved in  a mixture of fluorides, i s  processed 
by f luorination to  recover the uranium (Fig. 4.1), 
and the solvent sa l t  i s  puri f ied by dissolut ion in 
concentrated aqueous HF. Uranium recovery by 
f luorination was reported previously.' Plutonium 
i s  not volat i l ized from the sa l t  by f luorination at 
temperatures up to  750°C. 

The fuel studied was 62 mole % LiF-37 mole % 
BeF,-l mole % ThF, containing less than 1 
mole !% UF,. The LiF-BeF, was separated from 
the major neutron poisons (rare earths and nep- 
tunium) by dissolut ion in essential ly anhydrous 
HF, fol lowed by d is t i l l a t ion  of the HF, The  LiF 
and BeF, solubi l i t ies varied wi th the HF concen- 
tration, being 60 to 80 g/kg for each in 90% HF. 
A s  the HF concentration increased to  loo%, the 
L iF solubi l i ty  increased to 110 g/kg and the BeF, 
decreased to  about 30. Evaporation of a solut ion 
of sa l t  in 90% HF fol lowed by fusion of the sal t  
regenerated the Li F- BeF, without s igni f icant 
hy droly s is. 

The rare-earth solubi l i ty  in  such HF solut ions 
(based on dissolved L iF  + BeF,) increased from 
lo-, mole % i n  100% HF to 0.003 mole % in 80% 
HF. The decontamination factor was l inearly 
dependent on the rare-earth concentration in the  

'Chem. Tech. Ann .  Prog .  R e p .  Aug. 31, 1958. ORNL- 
2576, p 43. 
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fuel and therefore on the processing cyc le  time; 
with a one-year cyc le  the decontamination factors 
were found to be 50 and 16 for 100 and 80% HF, 
respectively. The solubi l i ty  of neptunium was 
approximately the same as that of the rare earths, 
but decontamination was lower because of a lower 
in i t ia l  fuel concentration. Neptunium(ll1) was less 
soluble than Np(lV), and the solubi l i ty  decreased 
further when uranium, thorium, rare earths, and 
plutonium were present. When a l l  these elements 
were present in  concentrations expected i n  the 
fuel salt, the neptunium solubi l i ty  was about 
5 x loe5 mole %. It appears l i ke ly  that the 
tr ivalent metals - rare earths, plutonium, and 
probably neptunium - behave as a single group, 
so that the presence of a l l  w i l l  repress the solu- 
b i l i t y  of each. The tetravalent elements - uranium, 
thorium, and zirconium - behave similarly. 

Investigation of alternative methods that might 
simpli fy or improve the process was started. 
Addi t ion of 5 wt % CIF, to anhydrous HF resulted 
i n  appreciable solubi l i ty  of uranium, 3 to  6 g/kg, 
along w i th  the LiF and port of the BeF,; without 
CIF, the uranium solubi l i ty  was of the order of 
0.01 g/kg. Prel iminary experiments indicated the 
feasibi l i ty  of recovering L iF decontaminated from 
f ission product cesium by dissolut ion of the fuel 
sa l t  i n  90% HF fol lowed by part ial  d is t i l l a t ion  of 
HF to  leave a 40-50% HF solution. The L iF was 
precipitated, the CsF remaining in solution, 
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5. HOMOGENEOUS REACTOR FUEL PROCESSING' 

The development of a scheme for processing the 
aqueous uranyl sulfate fuel of the Homogeneous 
Reactor Test  by continuous centrifugation wi th  
hydroclones was continued. In  the HRT chemical 
processing plant, f iss ion and corrosion product 
solids col lected in  the hydroclone underflow re- 
ceiver are periodical ly discharged t o  the low- 
pressure system for dissolution, sampling, and 
decay storage. Uranium associated wi th  the sol ids 
w i l l  be recovered in  ex is t ing solvent extraction 
fac i l i t ies  at  ORNL. Disposal of a l l  waste streams 
from the reactor, including the gaseous f iss ion 
products he ld up on charcoal adsorber beds for 
decay, i s  an associated function of the processing 
plant. 

Operation of the processing plant i s  governed 
largely by reactor operation. In  the past year three 
major runs, the last  s t i l l  in progress, were made. 
In September the reactor was operated 1100 hr a t  
power levels up to  4 Mw (run 17) wi th  a corrosion 
specimen holder i n  the core. Very high core-tank 
corrosion rates were apparent from the large in- 
crease in  zirconium content of the sol ids collected, 
but the reasons for the increase were not known. 
The power-dependent fuel instab i l i ty  problem was 
again confirmed. In December and January a 
1250-hr run (run 18) devoted to  fuel instabi l i ty 
studies was terminated by the only reactor dump 
t o  date, which was in i t ia ted when act iv i ty  backed 
up in an instrument l ine. A maximum power of 
1.6 Mw was achieved i n  th is  run. Fai lure of both 
reactor c i rcu la t ing pumps at  the beginning of the 
next run resulted in an extended maintenance 
period before the current run, which was started 
in  June. 

The hydroclone system was operated about 75% 
of the time during these runs. The only mechanical 
fai lure of chemical plant ce l l  equipment occurred 
in  run 18, when the small circulat ing pump rotor 
locked and could not be started. The pump was 
replaced by normal underwater maintenance tech- 
niques. 

5.1 R E M O V A L  OF INSOLUBLE C O R R O S I O N  
P R O D U C T S  

In a l l  runs up t o  run 20, a bypass stream of 
1.3 gpm was circulated through the 0.56-in. hydro- 
clone original ly instal led in  the chemical plant. 
When it seemed apparent that processing a t  a 

faster rate would increase the sol ids removal 
rates, a mult iple hydroclone assembly was in- 
stal led in  the reactor cel l ,  since connecting l ines 
to  the processing ce l l  were not large enough t o  
handle the increased flow. A primary f low of 
10 gpm i s  circulated through the mult iple clone, 
and the concentrated underflow stream (1.3 gpm) 
i s  routed to  the original hydroclone for sol ids 
collection. 

Performance of Single Hydroclone. - In labo- 
ratory and loop development work prior to operation 
of the HRT-CP hydroclone system, i t  became 
apparent that competing mechanisms for sol ids 
removal would seriously l im i t  the fraction of cor- 
rosion product sol ids removed by a hydroclone 
system. In 2670 hr operating time w i th  the HRT 
through run 18, 2.2 k g  of corrosion product sol ids 
was collected, which i s  about 10% of those pro- 
duced in the core system. The over-all average 
removal rate of 0.8 g/hr (compared with normal 
corrosion rates of -3 g/hr) i s  largely a resul t  of 
high removal rates in  the f i rs t  200 hr of reactor 
runs. Rates varied from 0.6 to  2.6 g/hr i n  th is  
in i t ia l  period, but under a l l  conditions dropped to  
and remained consistently a t  0.3 g/hr after 250 hr 
of operation. The  only factor that has signif icantly 

,a f fected removal rates i s  reactor shutdown and 
startup. Two  periods of high carrosion rate pro- 
duced substantial quanti t ies of sol ids above those 
normally expected, but the sol ids removal rate 
was not s ign i f icant ly  higher in these periods. 
Other variables, such as reactor power and total 
accumulated solids inventory, have not appeared 
to have a marked effect on removal rates. 

In  laboratory studies, changing the geometry of 
the loop and hydroclone to  several configurations 
had no effect on the fraction o f  sol ids col lected 
by the hydroclone. Increasing the processing rate 
by using a 3-in.-dia hydroclone did not increase 
the amount of sol ids collected, possibly because 
of the lowered eff iciency of the larger hydroclone 
for co l lect ing part icles smaller than 5 p. In  a l l  
tests only about 10% of the corrosion product 
sol ids calculated to have been formed were re- 
moved. 

'Reported in  more de ta i l  in Homogeneous Reactor 
Project quarterly reports, e.g., ORNL-2696. 
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Solids Removal at  Faster Processing Rates. - 
Data from the single hydroclone indicate that the 
circulat ing so l ids concentration i s  essential ly in- 
dependent of hydroclone operation; that is, c i r -  
culat ing sol ids concentrations are control led more 
by the competing mechanisms than by the hydro- 
clone. Solids removal rates would therefore be 
proportional t o  processing rates, and, wi th in  
l imits, removal rates can be increased t o  any value 
by faster processing. A mult iple hydroclone 
system containing thirteen 0.6-in. hydroclones i n  
paral lel was designed, fabricated, and insta l led 
prior to  the present run (reactor run 20) to  test 
th is  theory, The removal rates w i l l  not be direct ly 
proportional to  the number of hydroclones, since, 
as installed, the f low rate through the 13 clones 
i s  10 gpm compared wi th  1.3 gpm wi th  the single 
unit. Addit ional losses are incurred in the over- 
f low stream from the single clone, which i s  used 
as a f ina l  sol ids col lector from the multiclone 
underflow stream. In  the f i r s t  two short runs wi th  
the multiclone, the predicted increase i n  removal 
rate of three to four times that w i th  the s ing le 
clone was realized. Approximately 300 g was 
col lected in each of the runs, which were of 50 
and 95 hr  duration. Removal rates were 4 and 
3 g/hr, whi le  rates of 0.6 to  2.6 g/hr were obtained 
in  comparable runs wi th  the s ing le hydroclone. 

Theory of Solids Behavior and Alternat ive Re- 
moval Methods. - If the predicted removal rates 
wi th  the mult iple hydroclone are borne out, proc- 
essing w i th  hydroclones appears practical for 
scaleup to large systems. If, however, the rates 
drop of f  to values as low as w i th  the single hydro- 
clone, the process w i l l  not  be feasible and alter- 
nc t i ve  sol ids removal methods must be sought. 

The most a t t ract ive alternative scheme i s  batch 
chemical dissolut ion of accumulated solids. Scale 
on corrosion specimens examined to  date indicates 
that a substantial fract ion of a l l  corrosion products 
not removed are deposited more or less uniformly 
on a l l  surfaces of the high-pressure system outside 
the core. Zirconium oxide from core tank corrosion 
i s  rapidly transported to  regions outside the core, 
where it forms an integral part of the f i l m  wi th  
iron and chromium oxides. The dump tanks contain 
a substantial amount of solids, estimated at  up 
t o  25% of the total, but no accumulation of loose 
sol ids has been noted a t  any place in the high- 
pressure system. In the heat exchangers some 

lowering of heat transfer coeff icients has been 
noted, which eventually may necessitate chemical 
descal ing to  restore performance. 

Laboratory- and loop-scale dissolut ion studies 
have shown markedly different results wi th  dif- 
ferent scales. Most scales from nonradioactive 
loops have no zirconium oxide and are more easi ly 
dissolved than reactor scale. Both chromous 
sulfate and uranous(ll1) sulfate have removed scale 
from any specimen tested, including some from the 
reactor i tse l f .  However, both are rather corrosive, 
and the question of whether hydrogen pickup by 
Z i rca loy-2 i s  excessive in  the reducing atmosphere 
has not been resolved. Many other reagents have 
been tested, and the studies are continuing in  
conjunction w i th  decontamination studies. 

In every hydroclone loop run since the period 
of high core tank corrosion in run 17, the chemical 
composition of so l ids col lected has been re- 
markably consistent, wi th  Z r  running 38-43%, F e  
19-22%, and Cr 5 7 % .  Since the core tank cor- 
rosion i s  known to be low during low power runs, 
a large fraction of the so l ids being col lected are 
those formed in  previous runs. From removal rates 
and known hydroclone eff iciencies the long-term 
equil ibr ium c i rcu lat ing sol ids concentration i n  the 
reactor i s  calculated t o  be only about 2 ppm, 
corresponding to  a to ta l  circulat ing inventory of 
only 1 g, and the maximum concentration a t  the 
beginning of a run i s  n o  more than an order of 
magnitude higher. T h i s  concentration of sol ids 
can be of no consequence to  reactor operations, 
but the long-term buildup or accuniulation i n  such 
places as the reactor core or small l ines may 
cause d i f f icu l t ies as yet  uncovered. Since even 
wi th  the present accumulation of 20 k g  of sol ids 
the removal rates are only one-fourth of normal 
corrosion rates, i t  does not appear that the single 
hydroclone could ever maintain an acceptable 
equi l ibr ium sol ids inventory. 

Solids col lected in  the HRh Chemical P lant  were 
satisfactori ly dissolved by alternate treatments 
wi th  boi l ing 10.8 ($1 sulfuric ac id  and 4 M sulfuric 
acid. The uranium was decontaminated by ion 
exchange techniques and analyzed for isotopic 
composition i n  an effort to account for the dis- 
appearance of uranium during power operation of 
the HRT. Part ic le  s ize nnalysis of two batches 
of sol ids from the HRT Chemical Processing Plant  
showed that about 85% of the sol ids are smaller 
than 5 p and that 50% are smaller than 1 p. 
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5.2 FISSION P R O D U C T  B E H A V I O R  

The long-l ived radioactive isotopes except 
cesium are relat ively insoluble. A large group, 
including zirconium-niobium, ruthenium, and tel- 
lurium, are very insoluble, are intimately associ- 
ated wi th  the corrosion products, and are removed 
in  approximately the same proportion as the cor- 
rosion products. 

Iodine. - When laboratory and loop studies 
showed that iodine i s  easi ly vo lat i l ized from HRT 
fuel solutions, an iodine trap was instal led i n  
the reactor low-pressure systeni t o  remove iodine 
let down from the core. The primary objectives 
of iodine removal from the HRT were to minimize 
b io log ica l  hazards and to prevent poisoning of the 
low-pressure recombiner catalyst. In power re- 
actors, iodine removal on a 45-min processing 
cyc le  would effect ively control xenon poisoning. 

The discrepancy reported, from analyzing iodine 
data from the reactor by two methods has not been 
resolved. The mass of iodine in  samples indicates 
removal a t  the letdown rate equivalent to an age 
of 2 hr, but the 1 ' 3 3 / 1 1 3 '  act iv i ty  rat io indicates 
an age up to 24 hr. If the latter analysis i s  
correct, control of xenon by iodine removal w i l l  
not be feasible. From a study of a l l  factors 
affect ing iodine data, the role of the tellurium 
precursors appears to  be the most important. A 
poorly known fract ion of the 131 chain i s  held up 
by the T e 1 3 1 m  isomer, and the part ial  so lub i l i ty  
of tellurium further complicates calculat ions of 
the effect on iodine analyses. The exact effect 
of tel lur ium w i l l  be defined from analyses obtained 
in the present run a t  times designed to maximize 
the specif ic effects. 

L imi ted laboratory studies showed that iodine 
i s  held up in  an equil ibrium condition by corrosion 
product solids, but the studies were not suff icient 
to define the variables involved. A further compli- 
cation in the HRT is  the presence of up t o  50 g 
of s i lver  dissolved from the low-pressure iodine 
trap and circulated with the fuel in  the early part 
of each run. The effect th is  may have on holdup 
of iodine i n  the system i s  completely unknown. 

Laboratory experiments indicated that radiation 
has l i t t l e  or no effect on the valence state of 
iodine under a variety of conditions, but the 
presence of hydrogen peroxide (0.01 A!) resulted 

'Chern. Tech. Ann. Prog. R e p .  Aug. 31, 1958. O R N L -  
2576, p 49. 

i n  signif icant transfer of iodine from solut ion to  
the rubber closures used wi th  the HRT sample 
containers. In laboratory experiments, sol ids 
produced in stainless steel corrosion loops ad- 
sorbed iodine a t  250°C. In other experiments 
adsorbed iodine exchanged w i th  iodine in solution. 
W i t h  the particular apparatus and sol ids used in 
these experiments, isotopic exchange equil ibr ium 
was reached i n  less than 5 min at 270°C. 

Rare Earths. - Very l imited data from radio- 
chemical analyses indicate that  the important rare- 
earth poison group may be even less soluble than 
anticipated from laboratory studies. The typ ica l  
and important element neodymium appears to have 
a so lub i l i ty  of only 5 ppni. Th is  level w i l l  result 
i n  a total poisoning from this group (excluding the 
very-h igh-cross-section rare earths) of less than 
1.5% in a large reactor. To ta l  mass levels from 
normal f iss ion product buildup are not suff iciently 
high for the data to be checked by the more d i rect  
spectrographic analyses. A gross addition of four 
major rare earths is  to  be made in the present run 
t o  minimize these analyt ical problems, 

5.3 W A S T E  SYSTEM 

Charcoal Fission Gas Aelsorbers. - Performance 
of the HRT charcoal adsorber beds has demon- 
strated that the capacity of the beds i s  adequate 
at  f low rates up to  f ive times the original design 
value. Heating in  the beds is  less than ant ic i -  
pated, mainly because the thermal conductivity 
of the charcoal measured experimentally was found 
to  be four times the value used in  the original 
design. A f i re  in i t ia ted in one bed by the recombi- 
nation of D, vented from the reactor resulted in 
a minor act iv i ty  breakthrough due to  elut ion of 
krypton and xenon by the CO, formed. However, 
damage to the bed was minor, and after a short 
time for decay the bed has been used with no 
apparent signs of a lowered capacity. Extensive 
laboratory studies of the possible cause and 
effects of a f i re  confirmed that this i s  not a maior 
hazard. Beds for large reactor systems have not 
been designed, but suff icient information i s  
avai lable to permit an adequate design. In  dynamic 
laboratory experiments it was shown that when 

CO, was used as the carrier gas instead of 0, 
to carry radioactive krypton through a charcoal- 
f i l l e d  trap, the holdup t ime for krypton in  the trap 
was reduced 50%. In mixtures of 0, and CO,, 
holdup t ime was intermediate between the values 
for pure 0, and pure CO, sweep gas. 
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In laboratory experiments, act ivated charcoal a t  
temperatures up t o  100°C showed no cata ly t ic  
e f fect  on the reaction between H, and 0,. How- 
ever, when a combustible mixture of these two 
gases (30-7804 H2) contained in o long tubular 
pipe f i l l e d  wi th  charcoal was ignited a t  one end 
of the tube, the explosion front was rapidly propo- 
gated through the length of the tube. As a resul t  
of the explosion, hot spots were created at  many 
points throughout the bed. Upon introduction of 
0, these hot spots served as foci for combustion 
of the charcoal throughout the trap. 

Decontamination of Shield Water. - Over 300 
curies of act iv i ty  has been discharged to  the 
waste retention pond fo l lowing periods of ce l l  
maintenance. A n  ef fect ive means for decontami- 
nating th is  water before release to  the environment 
was developed i n  the laboratory and demonstrated 
at  the reactor site. Successive addit ions of 100 Ib 
of trisodium phosphate to the 300,000-gal pond 
resulted in a f ine precipitate of calcium phosphate 
which carried down the act iv i ty .  Decontamination 
factors were 1.5 to  3 w i t h  each addit ion unt i l  
levels were down to 100-200 counts.min-’-ml- ‘, 
which i s  acceptable for drainage. 

Transfer of Initial Fuel  Batch. - The f i r s t  6-kg 
fuel batch, which becar’e unsuitable for reactor 
use because of high n icke l  concentrations, WQS 

transferred without incident to a solvent extract ion 
fac i l i t y  where the uranium was decontaminated, An 
avai lable 33-gal sh ie ld  carrier was made cr i t ica l ly  
safe by adding Gd,(SO,), as a nuclear poison to 
the fuel. 

5.4 URANIUM D E C O N T A M I N A T I O N  

Conventional solvent extract ion processes could 
be used to remove such f i ss ion  and corrosion 
product elements os cesium and n icke l  from 
aqueous UO,SO, solutions i f  a suitable plant was 
avai lab le and a long decay period prior t o  proc- 
essing was not too costly. A n  alternative method 
which would a l low for processing fuel solutions 
only a few days after discharge from the reactor 
and while s t i l l  in the D,O system and which 
would use UO, precipitat ion as the basis of sepa- 
rat ion was tested wi th  actual HRT fuel solution. 
Uranium losses during processing were less than 
0.1%, and decontamination factors were as follows: 
Cu, 86; Ni, 14; gross beta, 5; Sr, 151; Ba, 72;  
Ce, 2.2; to ta l  rare earths, 11; Cs, 7; Ru, 6. Since 
the uranium so processed w i l l  be returned direct ly 

to the reactor, such decontamination factors are 
adequate. 

However, experience gained during operation of 
the HRT together wi th  further laboratory studies 
on the stabi l i ty of uranyl sulfate-sulfuric acid 
fuel solutions indicotes that the n icke l  content of 
such solutions may determine the maximum temper- 
ature or power a t  which such fue l  solutions can 
be used. Methods for mointaining a nickel  concen- 
tration of 0.005 v? or less in HRT fuel solut ion 
were therefore investigated, the most promising 
being e lect ro ly t ic  removal of nickel, copper, and 
manganese from the D,O fuel solution by a mercury 
cathode. In laboratory and small-scale runs a l l  
three elements were > 99% removed. With so l id  
metal cathodes, such os stainless steel or nickel, 
removal of copper from solution was rapid and 
complete, but the n icke l  concentration in the 
electrolyte was not decreased below 4 g/liter and 
manganese was not removed at al l .  Prior to use 
in the electrolyt ic c e l l  the fuel solution was 
concentrated to about 60 g of U per kg of D,O, 
producing a solut ion about 0.25 hl in D,SO,. A t  
lower ac id i t ies  reduced uranium was hydrolyt ical ly 
precipitated, whi le  a t  higher ac id i t ies  removal of 
the desired ions was impaired. The mercury 
cathode was regenerated by contacting it wi th  
1 M HNO,-1.5% H,O, solutions both wi th  and 
without an applied emf, nlthough the latter pro- 
cedure gave faster regeneration rates a t  a potential 
of 0.4 v. The fuel solut ion after being discharged 
from the c e l l  was treated w i th  an oxygen-ozone 
mixture a t  25OC to regenerate UO,SO,. The 
process was developed through engineering scale, 
but there are at  present no plans for continued 
study. 

5.5 F U E L  S O L U T I O N  S T A E l L l T Y  

The uncertainties in uranium inventory experi- 
enced during operation of the HRT and the apparent 
loss of uranium from solut ion a t  high power led 
to further investigation of the behavior of simulated 
HRT fuel solutions under a variety of conditions 
that could ex is t  during reactor operation. In quartz 
tube experiments, solutions containing only small 
amounts of su l fur ic  ac id  (< 10% free H,SO,), when 
heated to  a temperature suff iciently high to result 
in the formation of a second phose a t  approxi- 
mately 33OoC, produced a uranium-containing red 
so l id  which could be subsequently redissolved 
wi th  d i f f icu l ty .  
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Simulated fuel solut ions containing more than 
1200 ppm of n icke l  produced a second l iqu id  
phase, of unknown composition but presumably 
uranium-rich, which crystal l ized in to  a green so l id  
phase. When this so l id  phase was cooled, it 
underwent a transformation, producing sol id nickel  
sulfate which redissolved only slowly a t  25°C. 
Other sol ids were observed under various con- 
dit ions but could not be isolated from the l iqu id  
system. 

When simulated fuel  solutions were heated i n  
the presence of corrosion product solids, the 
temperature of second-phase formation was not 
lowered by more than 1 or 2°C. However, when 
metal pins immersed i n  fuel solut ion contained i n  
quartz tubes were inductively heated, second- 
phase formation on the surface of the metal was 
observed even when the bulk of the fuel  solut ion 
was below the temperature a t  which a second 
phase would form i n  the solution. 

6. WASTE TREATMENT AN5 DISPOSAL’ 

The objective of the waste treatment program i s  
the development and demonstration of processes 
suitable for management of wastes produced i n  the 
power reactor economy o f  the future. Present 
methods o f  containment and disposal of reactor 
fuel reprocessing wastes are not generally con- 
ceded t o  be satisfactory for purposes of an ex- 
panding nuclear power economy. Storage of the 
high-act iv i ty l iqu id  wastes in tanks i s  a temporary 
expedient which w i l l  suf f ice only un t i l  permanent 
means of containment w i th  greater safety can be 
devised. Disposal of large volumes o f  low- and 
intermediate-activi ty l iqu id  and gaseous wastes by 
di lut ion and dispersal in the environment w i l l  
become more restr icted with population growth and 
w i th  the future l ikel ihood of chemical reprocessing 
plants being located i n  areas of higher population 
density. In  the cuse of high-act iv i ty l iqu id  wastes, 
that is, those containing ac t iv i t ies  in excess of 
I O 4  times their maximum permissible concen- 
trat ions (MPC), the objective is  to  convert t o  
sol ids by evaporation and calcination. It i s  
thought that the encapsulated sol ids could be 
permanently stored in special ly prepared caves or 
concrete vaults on the plant site. 

Low-act iv i ty l iqu id  wastes (ac t iv i t ies  between 
10’ and IO4 MPC) o f  high inert sal t  content, such 
as decladding wastes, could be converted by 
addi t ion of proper reagents t o  sol ids such as gels 
or gypsum and stored in less expensive under- 
ground vaults or tanks. The larger volumes of 
low-act iv i ty waste containing smal I amounts of 
dissolved salts can best be handled by simple 
chemical treatment designed to  decontaminate the 
water t o  levels that would permit discharge t o  
the environment. 

Emphasis has been placed on the treatment of 
h igh-act iv i ty wastes by evaporation und ca lc i -  
nation (Fig, 6.1). In  the proposed process, waste 
i s  f i r s t  evaporated to a very concentrated solut ion 
or slurry and then fed t o  a stainless steel cy l in -  
drical pot i n  which it i s  calcined to the oxides. 
After being sealed, the pots would be removed 
from the furnace and stored in  appropriate areas. 
The off-gas from the calciner, consist ing prin- 
c ipa l l y  of steam, nitrogen oxides, and f i ss ion  
products, must be decontaminated, possibly by 
scrubbing, before discharge to  the environment. 
A concentrated solut ion of n i t r ic  ac id  and f i ss ion  
products would be recycled t o  the evaporator feed, 
To date, synthetic solutions representing wastes 
expected from reprocessing of power reactor fuels 
have been characterized from the standpoint o f  
their evaporation to  dryness and the nature of the 
sol ids produced by calc inat ion of the residues. 
Calc inat ion studies were performed w i th  200-mi 
samples of radioactive w a s t e s  containing ac- 
t i v i t ies  up ta  2 x 10’ ’ counts-min-’.ml-’ and w i th  
synthetic waste solut ions i n  an electr ic furnace 
equipped w i th  an B-in.-dia stainless steel liner. 
A computer analysis was made af the problem of 
heat dissipat ion from calcined sol ids during 
storage. 

6.1 E V A P O R A T I O N  A N D  C A L C I N A T I O N  
OF A C I D I C  WASTES 

The behaviors of four simulated high-activi ty 
fuel reprocessing solutions during evaporation 
and calc inat ion were studied: Darex, Purex, 

‘See a l s o  secs  18 and 19. 
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Thorex, and TBP-25. Each waste was evaporated 
and then ca lc ined to about 4OOOC i n  glass equip- 
ment. A l l  so l id  residues were of high porosity, 
with volume reduction factors varying from 3 to  
11 (Table 6.1). Ni t ra te recovery i n  the condensate 
ranged from 81% t o  better than 99%. In experi- 
ments on ac t iv i t y  distr ibution during evaporation 
and calcination, greater than 99.94% of the radio- 
ac t i v i t y  remained wi th  the residue (Table 6.2). 

HNO, 
R E C Y C L E D  TO 

REPROCESSING PLANT 
7 _.. ~. 

ACID WASTE 
( HNO, t 7 1 

Synthetic l iqu id  waste was processed at  feed 
rates as high a s  9 l i ters/hr in an 8-in.-dia by 
18-in.-high stainless steel e lect r ica l ly  heated pot 
calciner. The wastes were evaporated to  25 to 
50% of their original volumes before being fed 
to  the calciner, which was operated a t  900 t o  
1000°C. The off-gases were withdrawn continu- 
ously, and on passage through a water-cooled 
condenser yielded 6 t o  12 M HNO,, NO,, and 0,. 

UNCLASSIFIED 
ORNL-LR-OWG 3 4 8 3 0 A  

NONCONDENSABLES 
~ . . . ~  ............. 

OFF-GAS -.......)WATER 
T RE. AT ME NT 

STEAM t HNO, t 
FISSION PRODUCTS 

SOLIDS 
TO 

STORAGE ........ C ALCl  N AT ION ___r . 

WATER + HNO, t FISSION PRODUCTS L..... ......... II ............ ....... 

Fig.  6.1. General F lowsheet  for Reduction of Radioact ive  Waste to Solids. 

Tob le  6.1. Evaporation and Calc inat ion of Wastes 

Solid Residue 
Condensate 

(% of Original)  Densi ty  Volume 

( d c c )  (%I Factor 

Ni t rate  Reduction Wuste  Consistency o+ 240c Porosity 

(% of Original)  Volume Weight and Color 

Darex (acidic) Crumbly, dark .0.85 83 a 0.79 99.1 91.3 

Purex (ac id ic)  F a i r l y  hard, l ight 0.75 80 6.7 0.13 96.8 89.5 

Thorex (ocid- Crumbly, off- 0.3 1 92 11.4 4,O 101 97.5 

TBP-25 (acidic) Crumbly, off- 0.56 86 3.3 16.8 95.7 84.5 

brown 

brown 

deficient)  white 

white 
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Table 6.2. Act iv i ty  Distribution During Evoporatlon and Calclnation 

Act iv i ty  (caunts/million counts in  feed) 
Act iv i ty  in Woste _...__I 

Waste (counts/min/ml) Condensate ~~~ Off-Gas 

Beta Gammo Beta Gamma Beta Gamma 

~ 

Darex (neutral ized) 9 x  109 g x  l o 9  20 60 0.5 0.5 

Purex (acidic) 8 x  lo9 8 x  l o9  400 600 1 .o 2.0 

2 x l o l l  2 x l o 1 ’  10 10 1 .o 2 .o 

2 x l o l l  2 x 1O1l 50 100 0.07 0.2 

Purex (neutral ized) 8 x l o 9  8 x  lo9 30 20 0.3 0.8 

._.. - ~ - .  -.... 

The volume reduction from the unevaporated waste 
to  the calcined so l id  was eight- to  twelvefold, 
Densit ies of the sol ids were 0.8 to  0.9 g/cc for 
Darex waste, 0.6 to 0.8 g/cc for Purex, and 0.4 to 
0.5 g/cc for TBP-25. 

6.2 H E A T  G E N E R A T I O N  I N  S T O R E D  WASTES 

For satisfactory storage of calcined high-activi ty 
wastes the heat generated by f iss ion product decay 
would have to  be removed since excessive temper- 
ature r i ses  could adversely affect the safety of 
disposal by th is  method. The thermal Conductivity 
of the solid, one of the most important factors 
affect ing the temperature r i s e  i n  stared so l id  
wastes, may be measured by steady-state2 or 
transient3 temperature methods. Steady-state 
measurements showed thermal conductivi t ies of 
calcined TBP-25 waste varying from 0.396 
Btu.hr- ’.ft- ’ .(” F)- ’ at 1575OF t o  0.065 Btu-  
hr- ’ . f t- ’ .(”F)- ’  at 235°F. The waste was cal- 
cined a t  870OC and had a density of 0.402 g/cc 

and a porosity of 89.9%. Transient-temperature 
measurements of calcined Darex waste gave 
thermal conductivi ty values of 0.042 to  0.110 
Btu.hr-’.ft- ’.(OF)-’ i n  the temperature range 70 
t o  500°F. These measurements were made wi th  
a resistance-heated tube in a cylinder of the 
calcined waste, in si tu.  

2H. W. Godbee ond J. T. Roberts, Suwe  o/ the 
Measurement of Thermal Conduct iv i ty  of S o z d s  Pro-  
duced by Evaporation Calcinat ion of Synthet ic  Fue l  
Reprocess ing  Solutions, ORNL-2769 ( in  press). 

3H. 5. Cars law and J. C. Jaeger, Conduction o/ Heat 
in Solids, 2d ed., p 339, Oxford Press, New York, 1959. 

Calculationr of Temperature Rise ! R  Deeply 
Buried Radioactive Cylinders 

The temperature r i se  in deeply buried radioactive 
cyl inders was calculated as a f i rs t  step i n  in-  
vestigating the poss ib i l i ty  of ult imate storage of 
the so l id  wastes. The results indicated that 
storage of cyl inders of so l id  radioactive waste 
of a practical s ize and act iv i ty  level i s  feasible 
without excessive temperature rise, that the 
maximum temperature r ise increases l inearly wi th  
heat generation rate over the ranges of parameters 
used i n  th is  study, and that the f iss ion product 
spectrum i s  not s ign i f icant  i n  the determination 
of the maximum temperature rise. 

The storage model studied was an in f in i te ly  long 
cylinder of radioactive so l id  i n  an in f in i te  so l id  
medium wi th  an air space between them (Fig. 6.2). 
Th is  model i s  pessimist ic in  that most other 
methods o f  storage would result in u lower temper- 
ature rise. Nevertheless, storage of waste c y l -  
inders of a practical s ize appears feasible even 
wi th  the chosen model, The calculat ion was per- 
formed in  two parts: (1 )  the problem of an in f in i te  
cy l indr ica l  cav i ty  in an in f in i te  so l id  medium wi th  
a decaying heat f lux at  the boundary was reduced 
t o  a set of difference equations which were solved 
on the Oracle and (2) the temperature differences 
from the ax is  t o  the surface of the radioactive 
cyl inder and across the a i r  space were calculated 
from analy t ica l  expressions. Over the ronges of 
thermal properties of interest, calculat ions wi th  
unsteady-state equations showed that steady-state 
temperature differences from the ax is  t o  the 
surface of the cyl inder and across the air space 
consistent wi th  the instantaneous heat generotion 
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Fig.  6.2. Model for Temperature R ise  Calculations. 

rate were good approximations. Thermal properties 
were assumed to be independent of temperature, 
and the energy of f iss ion product decay was 
assumed t o  be dissipated uniformly wi th in  the 
radioact ive solid. The temperature difference 
across the air space was assumed to be determined 
by the instantaneous heat f lux through two a i r  
films, and calculat ions were carried out wi th heat 
generation rates up to 2000 B t ~ . h r - ’ - f t - ~  so l id  
for bur ia l  in an in f in i te  sol id medium of “average 
soil,” “average rock,” and salt. 

For cavi ty rad i i  ranging from 5 t o  30 in. the 
maximum temperature at the cav i ty  surface was 
rmched  i n  about three months wi th  one-year- 
decayed waste, i n  s ix  months wi th three-year- 
decoyed waste, and in six years wi th  eight-year- 
decoyed waste. The properties for the in f in i te  
solid medium of “average soil,’’ “average rock,” 
and salt  were used wi th  thermal conduct iv i t ies of 
0.56, 1.0, and 2.80 Btu.hr-’.ft-’.(”F)-’ and 
thermal d i f fus iv i t ies  of 0.0178, 0.0457, and 0.101 
ft2/hr, respectively. 

The maximum temperature r i se  in  radioactive 
so l id  cylinders, separated from an in f in i te  so l id  
medium by a 1-in. a i r  space, was calculated over 
a range of cavi ty rad i i  of  5 to 30 in. wi th  heat 
generation rates of up to 2000 Btu.hr-1.ft-3 (F ig ,  
6.3). The thermal conduct iv i ty o f  the radioact ive 
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Fig. 6.3. Maximum Temperature R ise  in o Cylinder of  
I -yr-Decayed Waste a s  a Function of Thermal Conduc- 

t iv i ty  and of the Thermal Convection Coefficient in the 

Air Space o f  a Salt Medium (Qo = 700 B t t ~ h r - ’ * f t - ~ ;  

Cavity Radius = 5 in.). 

cyl inders was varied from 0.1 to  1.0 Btu-hr- ’ .  
f t- ’ .(OF)-’ .  A maximum temperature r ise of 
1000°F would be produced wi th  an in i t ia l  heat 
generation rate of 1300 to  1600 B t ~ . h r - ’ - f t - ~  for 
the 5-in.-radius case, 350 to  450 B t u - h ~ - - l . f t - ~  
for the lO-in.-radius case, and 175 to 210 
Btu.hr-1.ft-3 for the 15-in.-radius case, assuming 
a thermal conduct iv i ty of the rad imct ive cylinder 
of  0.1 Btu*hr- ’ - f t - ’ * ( ’  F)-’. The maximum temper- 
ature r i se  at the ax is  of the cylinder increased 
sharply Q S  the thermal conductivity of the radio- 
act ive cylinder decreased below 0.2 Btu-hr- ’ .  
f t - ’ . ( ” F ) - ’ .  The convection coeff ic ient  i n  the 
air space was varied from 0.7 to 1.3 Btu-hr-’e 
ft-*-(’F)-’. It can be seen that maximum allow- 
able temperatures (130OOF) arbitrari ly set lower 
than the calc inat ion temperature are not exceeded 
with one-year-decayeA wastes i n  IO-in.-dia cans 
i f  the thermal conduct iv i ty of the waste i s  greater 
than 0.15 Btu.hr-’.ft-’.(’F)-’. 

The speci f ic  heat generation rate of a radio- 
act ive material can be decreased prior t o  ult imate 
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storage by al lowing the material t o  decay or by 
d i lu t ing wi th  a nonradioactive material. B y  manip- 
ulat ing these two alternatives, wastes wi th  dif- 
ferent f iss ion product spectra but the same specific 
heat generation rate can be produced. The woste 
wi th  the lower decay rate would be expected t o  
show a higher maximum temperature r ise upon 
storage, but over the range of conditions studied 
the effect was found t o  be small. The difference 
in maximum temperature r i se  between one- and 
three-year-decayed wastes was about 2% and 
between one- and eight-year-decayed wastes was 
about 7%. 

The effects of storage i n  media of different 
thermal properties are shown in Fig. 6.4. For a 
given in i t ia l  heat generation rate and cylinder 
radius the maximum temperature r i s e  for storage 
in “average so i l ”  was 25 i o  30% higher than for 
storage in sa l t  and was 10 to  20% higher than for 
storage in “average rock.” A s  the thermal con- 
ductivi ty of the cyl inder increases, the choice of 
storage medium becomes more important because 
a larger fract ion of the total al lowable temperature 
r i se  occurs in  the in f in i te  sol id medium, 

U NCLASSlFlED 
ORNL -LR-DWG40513 

1400 

7200 

1000 

800 

600 

400 

200 

0 
0 400 800 1200 1600 zrmo 

INITIAL. HEAT GENERATION R4TE ( B t ~ - h i ’ - f t - ~ )  

Fig. 6.4. Maximum Axial Temperature Rise a5 a 

Function o f  Heat Generation Rate and of Radioactive 

Cylinder Radius for Various Storage Media. 

6.3 M A R I T I M E  R E A C T O R  WASTE D 1 5 P 0 S A L  
S f  u DIE  5 

Methods of converting ion exchange resins, 
radioactive gases, and other radioactive wastes 
generated on nuclear merchant ships of the NS 

Savannah” type to a form suitable for disposal 
t o  the ocean are being studied. A stainless steel 
loop capable of c i rcu lat ing water at a rate of 10 
to  20 ml/min under conditions simulating those of 
the RS “Savannah” reactor cool ing system (1750 
psi, 550°F) was constructed. Operation of th is  
loop w i l l  furnish information on corrosion products, 
corrosion rates, effect of corrosion scale on ion- 
exchange resins, l i f e  o f  demineralizers, s iz ing of 
demineralizers, and reactor water cl-iemishfy. 
Radioactive tracers w i l l  be added t o  the feed to  
determine ac t iv i t y  bui ldup on demineralizers, 

Disposal of demineralizer resins by mixing wi th  
cement to form concrete blocks of low leachabil i ty 
i s  under investigation. A conciete block con- 
ta in ing 200 mi of mixed-bed res in  from the APPR 
demineralizers was placed i n  a bath and contacted 
wi th  circulat ing synthetic sea water. After 117 hr, 
0,27% of the ac t iv i t y  was leached from the block. 

6.4 P R E P A R A T I O N  O F  D E T A I L E D  S T A T E M E N T  
ON WASTE M A N A G E M E N T  A I  O R N L  

F O R  C O N G R E S S I O N A L  H E A R I N G S  

I 1  

A report on radioactive wastc rnuiiagernent a t  
Oak Ridge National Laboratory (OHNL-2601) was 
prepared in cooperation wi th  the Health Physics 
and Operations Div is ions to  serve as the Labo- 
ratory’s detai led statement before the public 
hearings on industr ial waste disposal of the Jo int  
Committee on Atomic Energy, Congress of the 
United States, January 28 through February 3, 
1959. The report discusses the philosophy and 
history of waste management at  ORNL and de- 
scribes the collection, treatment, disposal, and 
monitoring of radioactive wastes (solid, liquid, 
and gaseous). The report constitutes an evalu- 
at ion of OHNL waste management, concluding that 
the low degree of radioactive contamination of 
the air and water by ORNL does not represent a 
hazard to the local environment or population. 
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7. FUEL CYCLE DEVELOPMENTS 

7.1 F U E L  M A T E R I A L  S E L E C T I O N  CRITERIA 

Many uranium, plwtonium, and/or thorium coin- 
pounds, alloys, cermets, intermetallics, and dis- 
persions have been considered as possible power 
reactor fuels. In order t o  screen materials thot  
are worthy of preliminary development and testing, 
rough economic select ion cri teria based on material 
properties are being developed (Table 7.1). The 
ef fect  of uranium density on the fuel cyc le  cost  
i s  more d i f f i cu l t  to  define than the other cri ter ia, 
IBM-704 calculat ions are being made t o  determine 
th is  ef fect  and to check the other factors. 

7.2 P L U T O N I U M - T H O R I U M  REACTOR SYSTEM 
CALCULATIONS 

React iv i ty l i fet ime values for plutonium-thorium 
reactors and U235 thorium reactors have been 

calculated wi th  the IBM-764. Modif ied thermal 
group cross sections were used t3 determine the 
ef fect  of heavy isotope poison buildup. These 
ef fect ive cross sections were obtained by ad- 
justing the thermal valves upward with a cor- 
rect ion factor for resonance neutron density. Th is  
resonance neutron density was obtained as a 
function of the assumed resonance escape proba- 
bi l i ty .  React iv i ty l i fet ime resul ts were obtained 
for both systems using (1) batch irradiation 
methods and (2) continuous unmixed irradiation 
methods. In batch operation o reactor i s  com- 
pletely charged wi th  a loading of fresh fuel and 
then discharged whan its excess react iv i ty i s  
zero (Kerf  = 1.0). With continuous unmixed oper- 
ation, only a fraction of the fuel i s  charged and 
discharged during each scheduled shutdown so 
that a steady-state operation is achieved and 

Tab le  7.1. Se lec t i on  C r i t e r i a  for Fuel  In C y l i n d r i c a l  Geometry 

Property Cr i ter ion*  A l l o w a b l e  Values and Remarks 

Speci f ic  power 

Thermal  e f f i c i ency  

Heat  generation per length 

of e lement  

D i l u e n t  po ison 

Atomic uranium dens i t y  

Tc - 310 

u a N p  barns 

N, f e r t i l e  atom 

P 

0.3 minimum, 0.6-1.5 preferred; va lue of 0.7 
represents  -0.4 mi l l / kw l i r  Inventory; 

m i l l s / kwhr  propor t ional  to  p/KAT 

mi l l s / kwhr  propor t ional  t o  ?; / (Tr  - 310) 

mi l l s / kwhr  propor t ional  t o  fab r i ca t i on  

cos t  /f t / K h T  

Thermal  reactor  (3 barns / fe r t i l e  atom, fas t  

reactor  (0.1 barn (at  0.2 Mev) / fe r t i l e  atom; 

va lue  of  3 (thermal) or 0.1 ( fas t )  equ iva len t  

t o  h, 1 m i l l / kwhr  

A f fec ts  resonance escape p robab i l i t y  and 

convers ion rat io ;  l i m i t i n g  va lue y e t  t o  be 

determined 

*Nomenclature:  

K = thermal conduct iv i ty ,  cal*cm.°C/sec, u = mic roscop ic  cross section, barns/atom, 

N = a t o m  density, atom/crn , 3 ! I T -  a l l owab le  temperature d i f ference (center 

/ =  fer t i le  atom, 

T = coo lan t  temperature, O K ,  p = poison atom, 

to  sur face of  fuel), OC, 

p = f e r t i l e  ma te r ia l  densi ty ,  g of  fe r t i le  a = absorption. 

mater io l /cc ,  
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k e f f  i s  constantly kept at a value only s l ight ly 
greater than 1.0. Calculat ions were performed for 
resonance escape probabil i t ies of 0.9, 0.85, 0.80, 
0.75, 0.70, and 0.65, and k e f f  values (based on 
fresh fuel) of 1.0 to  1.2. The plutonium studies 
assumed an isotopic analysis for plutonium of 
56% Pu239, 25% P u ~ ~ ' ,  14% Pu,~', and 5% Pu242 
(equivalent to lO,OOO-Mwd/ton plutonium dis- 
charged from irradiation of 2%-enriched uranium). 

Several examples of the maximum al lowable 
irradiat ion exposures are l isted i n  Table 7.2. The 
results indicate that, for the same in i t i a l  fuel 
enrichment, higher exposures may be achieved 
by using U235. With low resonance escape proba- 
bi l i t ies,  exposure may be increased by using high 
plutonium concentrations and continuous irradi- 
ation. 

These reactor systems w i l l  be compared by using 
the 32-group GNU-II Burnup Code for the IBM-704 
in order to  get a more exact analysis of the al low- 
able exposures for thorium irradiation and t o  
compare the results of th is more exact reactor 
computation model w i th  the modified thermal model. 
The modified thermal model i s  intended as a quick 
check for a proposed reactor system since approxi- 
mately 50 cases can be run in 1 hr. The output 
consists of exposure, conversion ratios, specif ic 
power, and isotopic composition for a l l  important 
heavy isotopes through Pu242  plus f ission products. 

7.3 M A C H I N E  C A L C U L A T I O N S  FOR PLUTONIUM 
AND U 2 3 3  R E C Y C L E  

Calculat ions of the bui ldup of higher isotopes 
during many recycles of U233 and plutonium in  

power reactors using spiked or seed regions were 
made w i th  the IBM-704. Isotopic contents were 
obtained for many cycles (1-400 and inf in i ty)  as 
a function of burnup per cycle, isotopic analysis 
of the plutonium or U233 fed, and fraction of 
plutonium or uranium discarded fol lowing chemical 
processing, These studies are s imi lar  to  those 
reported for U235  in ORNL-2104, 

The results of the plutonium calculat ions have 
been analyzed in l igh t  of the effects of Pu2", 
P L I ~ ~ ' ,  and Pu242 bui ldup on plutonium handling 
problems. Because o f  their h igh spontaneous 
f ission rates, high P u ~ ~ '  and Pu242 contents can 
seriously l im i t  the permissible methods for fabri- 
cation of plutonium fuel elements. The bui ldup 
of P u 2 4 0  and Pu242  after inf in i te recycle can be 
reduced 30 to 80% by discarding (for possible sale 
t o  a fast-reactor operator) 5% of the total  plutonium 
each pass. 

The ef fect  of th is discarded fraction i s  i l lustrated 
by the values given in  Table 7.3 (basis: 10% 
P u 2 4 0  in in i t ia l  plutonium feed), Similar results 
for the U 2 3 3  recycle have been obtained but have 
not been fu I l y  ana lyzed. 

7.4 DETERMINATION OF SURFACE A R E A  
O F  U 0 2  

The total  surface area of UO, is one of the most 
important factors in i t s  s interabi l i ty  to  high density, 
but  the method used for determining the surface 
area, the BET nitrogen adsorption method, re- 
quires 4 to  8 hr per determination. Two methods 
were developed for determining the surface area 
of UO, powders, one based on acid t i t rat ion of 

Table  7.2. Examples of Maximum Al lowable Radiat ion Exposures 
-_I- 

In i t ia l  Enrichment, Resonance Escape Exposure Net  Conversion 
Type  Fuel U235 or Pu in Th "ff Probability (Mwd/ton) Rat io 

..____.___.- 

"235  0.0308 1.084 0.8 28,396 0.61 

0.0308 1.084 0.8 52,510 0.56 

0.0469 1.089 0.8 10,387 0.54 

0.0469 1.089 0.8 22,045 0.58 

"235 0.0536 1.085 0.7 85,620 0.61 

0.0536 1.085 0.7 152,784 0.53 

0.181 1.085 0.7 71,990 0.56 

0.181 1.085 0.7 192,012 0.52 

Batch 

Continuous u~~~ 
Batch P u  

Continuous P u  

Batch 

Continuous u~~~ 
Batch P u  

Continuous Pu 
_- ___- 
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T a b l e  7.3. E f fec t  of Discord Fract ion on Buildup of Pu240 and Pu242 After Infinite Recycle 

Isotopic Ratios After Infinite Recycles Burnup sf Pu239 Discard Fraction 

per Cyc le  (%) N4 dN 4 9 N41'N49 N4 2lN49 

42.61 0 0.744 0.272 1.11 

42.61 1 0.721 0.264 0.858 

42.61 5 0.641 0.235 0.423 

67.04 0 0.555 0.250 1.02 

67.06 1 0.547 0.248 0.898 

67.06 5 0.518 0.236 0.593 
-- 

the hydroxyl ions bel ieved' to  be a primary ad- 
sorbed layer on the UO, and the other based on 
adsorption of methylene blue. 

I n  the f i rs t  method a 10-9 sample of UO, i s  
refluxed wi th  50 rnl  of 0.1 N NaOH for 2 hr and 
i s  then t i trated potentiometrically wi th  0.1 N HCI 
from pH 7 to 3. The signif icant inf lect ion points'  
in potentiometric t i trat ions of 110, slurries by 
ac id  are a t  pH 3 and 7, but i t  was shown that the 
ac id  required to change the pH of UO, slurries 
from 7 to  3 varies and that anionic impurities, 
such as carbonate and fluoride, in the UO, powders 
a lso produce inflections. When the experimental 
results were corrected for f luoride interference, 
the mil l iequivalents of ac id  used correlated w e i l  
w i th  the sintered densit ies and surface areas o f  
s ix  ceramic-grade powders (Fig. 7.1). 

The methylene blue adsorption method i s  quicker, 
easier to  carry O I J ~ ,  and more accurate for est imating 
sintered densities. Two grams o f  UO, i s  added 
to  a bo i l ing solut ion containing 0.001 IV N a 4 P 2 0 7 ,  
as a dispersing agent, and 0.16 g of methylene 
blue per l i ter, buffered a t  pH 8 by phosphate 
(0.095 M NaOH + 13.6 g/l iter of KH,P04). The 
mixture (50 ml) is centrifuged, and the cbange in 
optical density ( in i t ia l l y  30.1) a t  6700 A of the 
methylene blue supernatant is  then determined. 
I n  experimental work the change in  optical density 
correlated w e l l  w i th  sintered density and surface 
area (Fig. 7.2). 

attempt t o  correlate the potential of UO, 
slurries for reduction of ferr ic ion to  ferrous w i th  
sintered density and surface area was unsuccessful. 

An 

'T. L. Mockay and M. E. Wadsworth, Trans. Am Inst. 
Mining, Met. Petrol .  E n g ~ s .  212, 597 (1958). 
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Fig.  7.1. Relation of Ac id  T i te r  to Sintered Density 

and Surface Area of UO,. 

Relation of Par t ic le  Size Distr ibution to Sintered 
Density and Surface Area. - As the percentage of 
part icles less than 1 p in s ize increased from 1 to 
22%, bath sintered density and surface area in- 
creased sharply from 76 t o  93% and from 0.5 t o  
4.4 m2/g (Fig. 7.3). Sintered density and surface 
area increased further w i th  further increase in  
percentage of part icles < 1 p in size, but the effect 
was not so pronounced. For this work the part icle 
s ize  distr ibution of e ight  UO, powders was 
measured by a neutron activation method. 
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Fig. 7.2. Correlation o f  Methylene Blue Adsorption 

by U 0 2  Powders with Surface Area and Sintered Density. 

Precipitat ion Studies, - Methods of precipitat ing 
intermediate compounds of uranium as source 
materials in  the production of UO, are being 
studied t o  determine the effects of precipitat ion 
variables on the properties of UO, produced from 
the precipitates. Precipitat ion of UO, from 0.15 M 

UO,(NO,), solutions w i th  2 N H,O,-0.2 N HNO, 
solutions a t  85 to  95OC i n  which the UO,(NO ) / 
H,O,/HNO, rat io was 1/2/0.2 produced spheroida I 
aggregates of needles of 5 to 20 p part icle size. 
These were sintered to  UO, of high powder density 
(>10.5 g/cc). The mixture filtered rapidly, and 
the precipitate was decontaminated from uranium 
daughters by a factor of 125. Similar aggregates 
were precipitated from simulated UF, solutions. 
The precipitat ion variables studied were temper- 
ature, concentration of reagent, order of addition, 
rate of addition, and aging of nuclei.  The above 
conditions were those found optimum for production 
of clean, f i  Iterable, spheroidal aggregates. 
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t icles to Surface Area and Sintered Density. 

Fast-settling, fast-f i l ter ing ammonium diuranates 
were precipitated from 0.15 M uranyl nitrate so- 
lut ion a t  95°C by slow addit ion of 7 M NH,OH. 
The dry precipitate was free-flowing. 

Miscellaneous Studies. - In studies to  increase 
thermal conductivi ty of UO, and to  develop in- 
d iv idual  part icle cladding, n icke l  phosphide 
coating was plated from an Electroless nickel  
solut ion onto UO, pellets and powder. The 
coating resisted the attack of 3 N HNO, for 24 hr. 

Thorium perfluorobutyrate was prepared from 
perfluorobutyric ac id  and thorium nitrate. This 
sa l t  is ether-soluble, and w i l l  be used t o  coat 
UO, wi th  Tho, in  a study of methods of preventing 
reaction between thorium metal matrix and dis-  
persed UO,. 
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8. AMEX PROCESS 

In the Amex process the principles of anion 
res in  exchange are applied on a l iquid-l iquid basis. 
The wide range of control obtainable through 
choice of reagent structure and di luent type is  
combined w i th  the inherent advantages of l iquid- 
l iqu id  techniques. The amines, dissolved in 
hydrocarbon diluents, f i r s t  react (during extraction 
from ac id ic  l iquors) to  form the alkylammonium 
salts, Subsequent extraction of metal or other 
ions follows c losely  the pattern for sorption w i t h  
weak-base anion exchange resins and is  assumed 
t o  occur by a mechanism analogous t o  anion ex- 
change. The Amex process' was original ly de- 
signed for recovering uranium from ore leach 
liquors, but has been shown t o  be useful for 
thorium, vanadium, molybdenum, and rare earths 
also. 

Uranium mi l l s  now using the Amex process are 
Eldorado Mining and Refining, Ltd., Post Radium, 
Canada; Texas-Zinc Minerals Company, Mexican 
Hat, Utah; Kermac Nuclear Fuels Corporation, 
Ambrosia Lake, New Mexico; Fretnont Minerals 
Corporation, Riverton, Wyoming; Lakeview Mining 
Company, Lakeview, Oregon; V i t ro  Uranium 
Compuny, Salt Lake City, Utah; United Uranium, 
Coronation H i l l  d is t r ic t ,  Australia. Two Canadian 
mi I I s  have successful ly pi loted the Amex process 
for thorium recovery. 

8.1 URANlUM STUDIES 

Evaluation of New Amines. - Several new 
amines - including Amberlite XE-204, di(1-hep- 
tylocty I), d i (1-nonyldecy I), N-( 1-undecyl laury I)ben- 
zyl ,  and N-(1-nonyldecy1)benzyl - performed favor- 
ably in  process tests. The last  two compounds 
gave exceptional ly high uranium extraction CO- 

eff icients, typica I of the N-benzyl-branched-a lky l  
secondary amines. 

Sulfate and Nitrate Stripping Studies. - Con- 
tinuous countercurrent tests of uranium str ipping 
from a tertiary amine (Alamine 336) by contacting 
wi th  1 to 1.5 ,hl ammonium sulfate solut ion adjusted 
t o  pH 3.5 to  4.5 wi th  ammonia were part ial ly suc- 
cessful. This str ipping method has the potential 
advantage of producing a sodium-free concentrate 

' K .  8. Brawn and C. F. Coleman, Progr .  in Nuclear 
E n e r g y .  Ser. I l l  2, 3 ( 1 9 5 8 ) .  

a t  low reagent cast. However, some emulsion 
d i f f icu l t ies were encountered in continuous tests, 
part icularly a t  pH 4 to  4.5 where stripping was 
most eff icient. Also, separations from molybdenum 
were poorer than are obtained by the chloride or 
nitrate str ipping methods, Other tertiary amines, 
such as Amberlite XE-204 and triisooctylamine, 
which are weaker bases than Alamine 336, showed 
better response to  th is  stripping method in  batch 
tests but have not been evaluated in continuous 
equ i pmen t. 

The results of survey tests indicated the possible 
use of a low-cost str ipping method which produces 
a relot ively pure uranyl nitrate solut ion instead 
of the conventional so l id  uranium product. A 
loaded tertiary amine extract i s  contacted wi th  
2.5 hi calcium nitrate to precipitate sulfate and 
convert the uranium in the solvent to an amine 
nitrate-uranyl nitrate complex. The uranium i s  
stripped readi ly from the solvent w i t h  water, and 
nitrate is recovered from the amine, for recycle, 
by contoct w i t h  a lime slurry. Shipment of the 
concentrated uranyl nitrate solut ion t o  the refinery 
offers potential cost savings since it would 
eliminate product precipitation, ca Icining, and 
packaging a t  the mil l ,  s impl i fy  the transfer of 
uranium between m i l l  and refinery, and eliminate 
n i t r i c  ac id  dissolut ion a t  the refinery. It would 
a lso  al low production of pure UO, or UO, a t  the 
m i l l  site, either d i rect ly  from the s t r ip  solut ion 
or after further puri f icat ion by tr ibutyl phosphate 
extraction. 

Uranium Recovery from Carbonate Solutions. - In- 
terest in the recovery of uranium from sodium 
carbonate leach liquors by solvent extraction' 
was renewed upon the acquisit ion of a new 
commercial quaternary ammonium compound (Al iquat 
336), which has better phase-separation properties 
than compounds studied previously. In preliminary 
tests effect ive uranium extractions were obtained 
by 0.1 11.1 Al iquat  336 in kerosene-alcohol diluent. 
Uranium may be recovered inexpensively from the 
solvent by d i rect  precipitation wi th  1 M NaOH- 
0.5 M Na,CO, solution. Possible l imit ing problems 
i n  this flowsheet are the separation of vanadium 
and the interference of organic matter contained 

'K. 8. Brown et al., Progress R e p o r t  on R a w  Materials 
for  February, 1957, ORNL-2269. 
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i n  the aqueous leach liquors. These problems are 
currently being evaluated by tests on actual m i l l  
so I u t  ions. 

Emulsion Stabi l izat ion by S i l i c ic  Acid. - A study 
was made of the effects of s i l i ca  on emulsion 
formation in  the Amex processes for uranium, w i th  
a view to  predict ing and test ing speci f ic  re me die^.^ 
With a given amine (vs an aqueous phase contain- 
ing s i l i c i c  acid) the stabi l i ty  of the oil-in-water- 
type emulsion formed was dependent on the 
anion present i n  the order SO,-- (most stable) 
> CI-  > CIQ,- ( least stable), Emulsion stabi l i ty  
increased with s i l i ca  concentration and with the 
age of the s i l i c i c  ac id  solution. Other organic 
solutes that a lso  had electron-donating tendencies 
(e.g., oxygen atoms) showed smaller but real  
emu is ion-forming obi  l i t i es  when contacted with 
s i l i c i c  acid liquors. Organic addit ives wi th active 
hydrogen atoms decreased phase separation times 
of a typical  s i l i ca  liquor-amine sulfate solut ion 
dispersion by factors of 2 or more, presumably by 
competing w i th  the s i l i c i c  acid hydrogen atoms 
for bonding sites on the amine sulfate oxygens. 
I t  is suggested that s i l i c i c  acid stabi l izes oi l- in- 
water-type emulsions by hydrogen bonding to elec- 
tron-donating groups adsorbed on the surfaces of 
the organic droplets and by farming typical  s i l i c i c  
ac id  networks in  the aqueous phase. 

Solvent Extraction Mixer Settler Study. - Batch 
studies of the k inet ics of uranium extraction from 
sulfate solut ion showed that the rate of extract ion 
i n  the Amex process is about one order of magni- 
tude faster than in  the Dapex process (Sec 9). 
Tests over a wide range of turbulence and inter- 
facial  area indicated that the extraction rate is 
direct ly dependent on area and vir tual ly inde- 
pendent of turbulence. This i s  not usually the 
case for dif fusion-control led extractions but i s  
in  l ine w i th  an ion exchange mechanism. 

Continued studies of phase separation in the 
extraction c i rcu i t  have shown settler flow ca- 
pacit ies to increase nearly l inearly w i th  increased 
temperature over the range 15 to  45OC, being ap- 
proximately doubled by the 30°C temperature r i se  
for both solvent-continuous and aqueous-continuous 
dispersions, Because of th is relat ively large 
temperature ef fect  on sett ler flow capacity, the 
sett ler s ize must be designed for the minimum 

3K. A.  A l l e n  and W. J. McDowell ,  Emulsion Stabi l i -  
za t ion  by  Si l i c i c  A c i d ,  ORNL-2771 (in press). 

temperature expected, or faci l i t ies for heating to 
the design temperature must be provided. 

Flow capacities of gravity sett lers in the uranium 
str ipping c i rcu i t  were investigated w i th  1.0 M 
sodium chloride solut ion containing 0.05 M sul fur ic 
acid as the str ipping agent. Mixing was controlled 
t o  produce solvent-continuous dispersion a t  a 
1/6 (a/.) phase ratio, which is  in the range ~f 
typical  m i l l  str ipping circuits. Qnly a thin dis- 
persion band was discernible and the thickness 
increased very l i t t l e  w i th  increased flow. How- 
ever, the entrainment of aqueous in  the solvent 
increased sharply between solvent flow rates of 

2.5 and 3.0 gpm/ft2. Flooding was reached a t  
only s l igh t ly  higher flows. On this basis the 
maximum practical flow capacity should be de- 
signed a t  about 2 gpm/ft2. 

8.2 THORIUM R E C O V E R Y  

Owing to the large variations in the relat ive 
extraction power of thorium and uranium by amines 
of different types and structure, the Amex process 
can be used for separate recovery of these two 
elements from sulfate solutions i n  which they 
coexist. f lowsheets have been devised for the 
treatment of Canadian Blind River ore leach liquors 
and monazite sul fur ic acid digest  liquor^.^ 

Monazite. - An economical two-cycle process 
for recovering thorium and uranium from monazite 
liquors was demonstrated in  bench-sca le (3 l i ters 
of liquor per hour) continuous equipment. In the 
f i rs t  cycle, >99.9% of the thorium was recovered 
in  four mixer-settler stages with Primene JM as 
extractant. The extract was scrubbed with di lute 
sul fur ic acid, stripped w i th  ammanium ni t rate 
solution, and precipitated w i th  ammonia. The 
product, which analyzed 91.4% Tho,, <10 ppm U, 
0.1% total rare earths, and <0.1% PO,, i s  more 
amenable to f inal  puri f icat ion by tr ibutyl phosphate 
extraction than products obtained by the usual 
precipitat ion methods. Uranium was >99.5% re- 
covered from the liquor, in eight stages, by tri- 
isooctylamine. Rare earths were recovered by 
adding sodium chloride or sodium sulfate to the 
thorium- and uranium-barren liquor to precipitate 
the sodium rare-earth sulfate or by extraction wi th 
a primary amine. Sulfuric acid (3-4 M )  and di lute 
solut ions of chloride, nitrate, or carbonate were 

4D. J .  Crouse and K. B. Brown, Recowry of Thorium, 
Uranium, and Rare Earths from Moizaztte Sulfute Liquors  
by the  Amine Extract ion ( A m e x )  Process ,  ORNL-2720. 
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ef f ic ient  agents for stripping rare earths from the 
amine. 

Blind River €kea. - In Bl ind River mi l ls  using 
anion exchange and nitrate elut ion for uranium 
recovery the ion exchange effluent contains nitrate 
ion which severely impaired extraction of thorium 
w i th d i (tridecy /)ami ne. Ex tractions w i  th pr i niary 
amines (Primene 3.4 and I-nonyldecylaminc) were 
unaffected by nitrate. The latter compound, 
recently made avai lable commercially, has neg- 
l ig ib le  so lub i l i ty  loss to  aqueous liquars and thus 
appreciable economic advantage over Prirnene JM 
for this application. In mi l l s  using chloride for 
elut ing uranium, di(tridecy1)ainine i s  CI favorable 

extractant for recovering thorium from the ion 
exchange eluate. Stripping this amine wi th  - 4  M 
sulfuric ac id  and heating to  precipitate a thorium 
sulfate product showed promise in preliminary 
tes ts .  

In extractions from sulfate solutions the selec- 
t i v i t y  of primary amines for thorium over metal 
contaminants was greatly improved by addit ion of 
a long-chain alcohol to  the kerosene diluent. For 
example, extraction coeff icients for cerium( Ill) 
and iron(ll1) decreased by a factor of 6 and 20, 
respectively, on addition of 15 vol  % tridecanol 
to  0.08 M Primene JM-kerosene, whereas thorium 
coeff icients were virtlsa I l y  unaffected. 

The Dapex process' se lect ive ly  recovers uranium 
from ore acid leach l iquors b y  extraction wi th  a 
kerosene solut ion of di(2-ethylhexyl)phosphoric 
acid (D2EHPA). Metal ions are extracted by cation 
exchange wi th  the hydrogen ion in the d io lky l -  
phosphoric acid. To avoid excessive extraction of 
iron, most of the iron i s  reduced t o  ferrous. The 
loaded solvent i s  usual ly  stripped w i th  1 M Na,CQ,, 
and the uranium i s  recovered by ac id i f icat ion of the 
str ip solut ion and precipitat ion w i i h  ammania. The 
solvent i s  modified with a long-chain alcohol or a 
neutral organophosphorus compound, such as t r i -  
butyl phosphate ar a phosphonate, t o  prevent sepa- 
rat ion of the sodium sal t  of D2EWPA from the 
d i luent  as a th i rd  l iqu id  phase during stripping. 
The alcohols depress the uranium extraction some- 
what, whereas the neutral organophosphorus com- 
pounds operate synergist ical ly wi th  D2EHPA to 
enhance uranium extraction, The Dapex process 
can be modified for the recovery of vanadium and 
possibly o f  thorium. 

Uranium is being recovered by the Dapex proc- 
ess by Kerr-McGee Oi l  Industries, Shiprock, N.M.; 
ClimQX Uranium Co., Grand Junction, Colo.; Gwnni- 
son Mining Co., Glinnison, Colo.; Union Carbide 
Nuclear Company, Rif le, Colo.; and Mines Develop- 
ment, Inc., Edgemont, S.D. Vanadium i s  being 
recovered by Union Carbide a t  R i f l e  and by Kerr- 
McGee. 

'K .  B. Brown and C. F. Coleman, Progr .  in Nuclew 
Energy. Ser. Ill 2, 3 (1958). 

9.1 URANIUM STUDIIES 

Ammonium Carbonate Stripping. - An ammonium 
carbonate stripping method (Fig. 9. l),  developed 
through bench scale (1.2 Ib of uranium per day), 
has shown advantage over the usual sodium carbon- 
ate stripping method i l l  providing a sodium- and 
molybdenum-free uranium product a t  lower reagent 
costs. The system i s  operated at  1.2-1.5 M 
ammonium carbonate Concentration and wi th  strip- 
solut ion recycle i n  order t o  continuously precipi- 
tate uranium as ammonium uranyl tricarbonate, 
which has excel lent sett l ing and f i l t ra t ion charac- 
terist ics. Calcination at 5OOOC eliminates the 
ammonia and carbonate from the product. 

Uranium Recovery from Reduction-Bomb Liner 
Slag. - A Dapex flowsheet for the recovery o f  ura- 
nium from sulfuric acid leach slurry (20 wt % solid) 
of  magnesium reduction slag was successful ly 
demonstrated.2 In continuous countercurrent tests 
w i th  0.24 M di(2-ethylhexyl)phosphoric acid i n  
kerosene (modified wi th  5 vol % t r ibuty l  phosphate), 
using f ive extraction and three stripping stages, 
uranium recovery was 99.8% and the product con- 
tained no more than 500 ppm of any one impurity. 
The solvent loss was less than 0.5 gal pea 1000 gal 
o f  slurry. The cost of chemicals for extraction, 
stripping, precipitation, and solvent loss was 13$ 
per pound of uranium recovered. 

-- .- 

2A. 0. Ryon and F. L ,  Daley, Solvent Ewtmct ion  of 
Uranium from Reduct ion Slag Slurry. ORNL-2744  (July 
13, 1959). 
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Fig. 9.1. Ammonium Carbonate Stripping of Uronium from Dapex Organic Solvent (0.1 M Di(2-ethy1hexyl)phos- 

phoric Ac id  + 0.05 M Diornyl Amylphosphonote i n  Kerosene). 

Solvent-Extraction Mixer-Settler Study. - In con- 
tinued study of phase separation, the effect of tem- 
perature on the f low capacity of gravity settlers 
was found to be similar to  that measured for the 
Amex system (Sec 8). Increasing the temperature 
from 15 t o  45OC approximately doubled the f low 
capacity of the settler for both orgcnic-continuous 
and aqueous-continuous dispersions. 

Small-scale phase separation tests  o f  the ura- 
nium-stripping c i rcu i t  using Dapex solvents and 
10% sodium carbonate solution were made a t  a 
phase rat io o f  1/6 (a /o )  with organic-continuous 
dispersions. Only a th in  dispersion band was 
discernible, and the thickness increased very l i t t l e  
w i th  increased flow. However, entrainment of 
aqueous in the organic increased sharply and ap- 
proached the flooding point a t  an organic f low rate 
of between 2.4 and 3.2 gprn/ft2. On th is  basis a 
f low o f  2 gpm/ft2 would be acceptable for plant de- 

sign. Although scaleup tests o f  the settler for the 
stripping c i rcu i t  wefe not  made, in uranium-mill 
Dapex c i rcu i ts  phase separation was satisfactory 
in 7-ft sett lers at a solvent f low rate o f  1.8 gprn/ft2, 
i n  good agreement wi th  results o f  laboratory tests. 

The effect o f  phase rat io (do), a t  a constant 
power input, on the rate o f  extract ion o f  uranium 
from sulfate l iquors was investigated. Organic- 
continuous mixing at  phase rat ios (a/o)of 1/1 to 
1/49 and aqueous-continuous mixing a t  phase rat ios 
( d o )  of 49/1 to  1/1 were examined. Preliminary 
evaluation of the data indicates that the extraction 
rate increases for both types of mixing as the 
proportion o f  the dispersed phase i s  increased. In 
other k inet ic  studies the rate o f  uranium extraction 
from perchlorate solutions was observed to be about 
ten times as high as that from sulfate solutions, 
indicating the large effect from sulfate complexing 
of uranyl ion in the latter case. 
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10. FLUOROX PROCESS 

In the Fluorox process, UF, i s  prepared by 
ox id iz ing UF, wi th  dry 0, or a i r  a t  700-850°C in 
a fluidized-bed reactor. The uranyl f luoride by- 
product i s  recycled back to  the UF, feed stream 
by a two-step process. The experimental program 
was completed and evaluation of experimental data 
and economic studies are i n  progress. 

10.1 F L U I D I Z E D - B E D  REACTOR D E V E L O P M E N T  

The chief engineering development work was 
aimed at the design and test ing o f  a continuous 
fluidized-bed reactor for the primary oxidation re- 
action, P U F ,  + 0, -9 UF,? + UO,F,. Sized 
UF, was continuously fed into a UO,F, bed, which 
WQS f luidized wi th  dry 0, or ai r  a t  700-850°C. 
The  UF, produced was removed i n  the off-gas 
stream and subsequently recovered i n  co ld traps. 

The f inal design of the al l- lnconel reactor (Fig. 
10.1) included a 4-in.-dia constant-volume fluidized- 
bed section in which o constant bed height was 
maintained by an averflaw line, four porous metal 
f i l te rs  for removing entrained sol ids from the off- 
gas stream and returning them to  the fluidized-bed 
section, and a UF, feeder made from a Jabsco 
pump adapted t o  meter UF, in to the bottom o f  the 
reactor o s  f lu id ized UF,. The off-gas system was 
composed of 8-in. co ld traps for col lect ing the UF, 
product, chemical traps for removing trace amounts 
o f  UF, from the off-gas, and a condensation pres- 
sure analyzer for measuring the UF, concentration 
in the reactor off-gas. 

During operation the reaction temperature was 
maintained in the fluidized-bed section by a com- 
bination of external heaters and gas preheaters. 
The f luidizing gas was predried i n  molecular sieves. 
The UF, concentration i n  the f lu id ized bed was 
maintained below 10% t o  decrease sintering and 
caking o f  UF, above 8OOOC and to  retard formation 
of uranium fluoride intermediates such as U,F, 7. 
With 10% UF, in  the bed, approximately 5% of the 
feed i s  sent to  the recycle stream before reaction 
occurs. 

F i v e  runs were made w i th  pwre UF, and both 0, 
and air. The use of  either 0, or air as the oxidiz- 
ing agent i s  feasible i n  the system, and more than 
90% of the theoretical amount of UF, was recovered 
from or measured i n  the reactor off-gas. The re- 
mainder o f  the theoretical amount o f  UF, was ac- 
counted for by various side reactions (Fig. 10.2) 

in which the product UF, reacted wi th  water and 
uranium oxides introduced in the feed and wi th  the 
metal wal ls  o f  the reactor to  form corrosion 
products: 

2H,O + UF, ---+ L'O,F, + 4HF 
Uranium oxides + UF, -+ UO,F, + 0, 
Metal + UF, -+ lJF, + metal f luorides 

The UF, feed rate in these runs varied from 985 to 
1600 g/hr and the to ta l  f lu id  bed weight was ap- 
proximately 6000 g. Analys is  o f  the UF, product 
showed that it did not meet specifications. How- 
ever, the only contaminant, HF, may be eas i ly  re- 
moved by vo lat i l izat ion (the boi l ing point of HF i s  
19"C, whereas that o f  UF, i s  56OC). 

Two  runs were made in the 4-in. f lu id ized bed 
system wi th  crude UF, (prepared from unpurif ied 
m i l l  concentrate) as the feed material. Th is  ma- 
ter ia l  contained up to  10% impurit ies, which re- 
sulted in re la t ive ly  low melting (-73OOC) and 
sintering (-690°C) points, necessitat ing operation 
a t  low temperatures (700-725°C) and low feed 
rates (300-400 g/hr). The product UF, was h igh ly  
contaminated w i th  vo lat i le  fluorides, mainly vana- 
dium and chromium fluorides and HF, and corrosion 
o f  the lnconel reactor was prohib i t ive ("5 in./year). 
Use o f  th is  type of UF, feed may be possible i f  a 
suitable material o f  construction can be found. 

Reaction-rate constants, in which the specif ic- 
surface-area term was eliminated, were determined 
for each run. At steady-state operation the reoc- 
tion-rate constant in units of the reciprocal o f  time 
can be determined thus: 

(IF, reacting to UF, per un i t  time k = _ _ _ _ _ ~ _ _ _ . _ _ _ l _ l _  

UF, holdup in the bed 

Campari son of reaction-rate constants for the 
primary Fluorox reaction determined from both 
laboratory and batch fluidized-bed reactor data in- 
dicated a constant discrepancy equivalent to  
20-40"C in reaction temperature (Fig. 10.3). 
However, there i s  good agreement between labora- 
tory and continuous fluidized-bed data i n  the tem- 
perature range 700-8OO0C. The avai lable reaction- 
rate data appear suf f ic ient ly  precise for design o f  
I a rg er reactors. 
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Fig. 10.1. F luorox Fluidized-Bed Reactor Equipment. 

64 



PERIOD ENDlNG A U G U S T  31, 1959 

UNCLASSIFIED 
ORNL-- L R - O W G  35898R 

TO CONDENSATION 
PRESSURE ANALYZER EXHAUST 

FEED, t2,620 g U $  

(85.47') 

METAL -- URANIUM OXIDES 

UNREACTED 
OXYGEN 

UF6 MEASIJREO IN REACTOR OFF-GAS STREAM BY CONDENSATION PRESSURE ANALYZER 

TOlAL UF6 ACCOUNTED FOR 5529 g OR 9 f  2 %  OF THEORETICAL (BASED ON UF6 ACTUALLY 1 RAPPED 
FROM OFF-GAS STREAM ) 

TRAPS 

5963 g O R  98 4% OF THEORETICAL (CASED ON UFs ME4SURED IN 
REACTOR OFF-GAS BY CONDENSATION PRESSURE ANriLYZEH I 

Fig. 10.2. Sample Run in Fluidized-Bed Reactor. 

Available experimental data indicate that lnconel 
w i l l  be a suitable material of construction for the 
reactor. Corrosion rotes of 0.1 t o  0.9 in./year were 
measured i n  the fluidized-bed section of the re- 
actor during experimental runs at  800-850°C with 
temperature excursions in some runs. If the tem- 
perature i s  kept below 850"C, corrosion can be 
apparently kept to the lower values. Corrosion in 
the gas phase of the reactor i s  insignif icant. A 
report summarizing the f luidized-bed reactor de- 
velopment program i s  being prepared. 

10.2 F E E D  P R E P A R A T I O N  

The proper s ize range o f  UF, for the Fluorox 
4-in. f luidized-bed reactor i s  -20 +150 mesh 

(U.S. standard sieve). Since UF, feed from gas- 
eous d i f fus ion plants i s  much finer (80% -100 
mesh), the size must be increased. The up- 
grading was done i n  two steps by compacting the 
f ine material in a Chilsonator compactor to  +8 
mesh and decreasing the size of th is  material to 
the feed-size range by a granulating rnochine. 

UO,F, Recycle. - Since a t  least 50% of the 
uranium from the UF, oxidation wi th  0, results i n  
uo,F,, a complete process w i l l  require a method 
of recycl ing the UO,F, back to  the UF, feed 
stream. A two-step recyc le i s  possible, in  which 
the UO,F, i s  seduced w i th  H, t o  LJ02,  which i s  
hydrofluorinated to  UF4 wi th  HF. This  recycle 
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I 

UNCLA551FIED 
O R N L - L R - D W G J ~ ~ ~ ~ R  scheme would g ive a complete process wi th  UF4 

as the feed and UF, as the product, wi th  some 
850 800 750 700 650 600 addit ional by-product gas streams (Fig. 10.4). 

The reduction of UO,F, wi th  H, was investigated 
in the laboratory, and the hydrofluorination of UO, 
to  UF, i s  a well-known' reaction in  feed process- 
ing. 

TEMPERATURE ("C) 

Reduction of U02F, with H,. - The reaction o f  
UO,F, w i th  hydrogen a t  700-850°C was investi-  
gated in the laboratory.2 The reaction in th is  tem- 
perature range proceeds according t o  the equation 
UO,F, + H, -+ UO, + 2HF. Rates of the chemi- 
ca l  reaction were not obtained, since, w i th  the 
thermogravimetric technique used, the rate-con- 
t ro l l ing  prmess was bed diffusion. However, the 
rate of chemical reaction i s  suf f ic ient ly  high for 
the desired application. No signif icant amount of 
UF, was formed by the back reaction, UO, + 
4HF 4 UF, + 2H,O. 

'Ma Benedict  and 1. H. Pigford, Nuclear Chernzcal 

'L. M. Ferris and R .  P .  Gardner, Recyc le  of UOzFa 
React ion o/ 002F2 wzth H2, 

85 90 95 to0 !05 140 If5(x10-4) 
l /TQK Engzneenng, p 149, McGraw-Hill, N e w  York, 1951. 

Fig. 10.3. Comparison of Reaction Rote Constants 
for the Reaction 2UF4 + 0 2  = UO2Fz t UF,, Deter- 
mined from Laboratory and Fluidized-Bed Reactor Data. 

zn the Fluorox Process .  

ORNL-2690 (June 25, 1959). 

LJNCLISSIFIED 
ORNL-LR-DWG 3 1 9 6 4 1  

il 

Fig. 10.4. Fluorox Flowsheet  with UF4 a s  Feed. 
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11 .1  WEDUCTBON O F  U F g  WITH LITHIUM 
A M A L G A M  O R  SODIUM A M A L G A M  

The laboratory study' of uranium production by 
l i th ium amalgam or sodium amalgam reduction of 
UF, was completed. In  the preferred process 
(Fig. ll.l), a slurry of 2 moles of l i thium per l i ter  
o f  mercury i s  mixed a t  25OC, under high-shear 
conditions, wi th  UF, vapor carried in argon. Ap- 
proximately 86% of  the uranium i s  converted t o  
UHg4 by the reaction UF, + 6hiHg, -+ UHg, -+ 
6LiF + 14Hg. The UHg, i s  wetted and protected 
from oxidants by the excess mercury. The produet 
amalgam, a slurry of 0.5% uranium as IJHg,, un- 
reduced UF,, and by-product L iF  i n  0.7 M l i thium 
ainalgam, i s  vacuum-filtered. The solids, with 
some excess amalgam, are retained; the l i thium 
amalgam passes through and i s  recycled to  the 
reactor together wi th  enough 6 12.2 L i (Hg)  from the 
electrolyt ic ce l l  to  g ive 2 M Li (Hg)  i n  the reactor. 
The UF, and L i F  are water-washed from the ura- 
nium amalgam concentrate and recovered. The 

'Chem.  Tech. Ann. Prog. R e p .  Aug. 3 1 ,  1958, ORNL- 
2576. 

r- --- - - - - r"" 

washed uranium quasi amalgam, which makes up 
-25% of the mercury stream and contains n,3 wt % 
uranium, i s  vacuum-dried or decanted from amalgam- 
ated phase separators to remove residual impurit ies 
mid water. The mercury i s  separated from the ura- 
nium by vacuum d is t i l l a t ion  at  400°C in the upper 
section o f  a combined crucible and melting furnace; 
uranium sponge i s  produced. A s  the charge moves 
ver t ica l ly  down the furnace to  the crucible, the 
sponge melts, a t  -1200°C, and may be tapped o f f  
as molten uranium metal. 

Suspended lithium-uranium f luoride and small 
par t ic les o f  suspended mercury are removed from 
the ornolgam wash slurry by centrifugation. Water 
and mercury are separated from the sol ids by ca lc i -  
nation at 400°C; UF, i s  seporated from LiF by 
f luorination to UF,. Residual Li F, reslurried wi th  
the supernatant I i F  solution from the centrifugation 
step, i s  reconverted to  LiOH by treatment wi th  
lime. After settl ing, the supernatant L iOH solu- 
t ion  i s  concentrated by evaporation and recycled 
to the amalgam cell. 

Six-molar l i thium amalgam coneentrate i s  pro- 
duced by a combination of e lect ro lys is  of 2 M LiOH 

UNCILASSIFIED 
ORNL-LR- DWG 30moa 

.............. .- 
REACTOR 6 M  Li(Hq1 - - - l - -~S!M~~-P--  3 M  L i ( H g )  -4p ... 

L ..~ _ _  -Ba 0.8M L l (Hg)  

11 (Hg) 

...... 

5% U QUASI LiOH 
fi20 - 

......... 
UFa + Hg f I I F  (AQ) CALCINER 

UFq +LiF 

........ 

......... 
...... .................... 

................ . 

AMALGAM 

____ 

U METAL 

Fig.  11.1. Production of Uraniwm Metal f rom UF, by Reduction with Lithium Amalgam. 
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over mercury and skimming. The so lub i l i ty  of 
LiHg, i n  mercury at 25°C i s  0.83 M. With a ce l l  
potential of 8 v, a slurry of 3 M Li(Hg) i s  produced. 
The LiHg, f loats and i s  skimmed off, producing a 
sludge of -6 M Li(Hg). 

One run was carried through t o  a 13-9 uranium 
button. With the exception of mercury, the con- 
centration of contaminants ( in  ppm) attributable to  
the processing was lower than for electrolyt ic- 
grade metal: 

L i thi urn 10 
Fluoride 20 

Iron 10 
Oxygen 17 

Mercury 282 

Hydrogen 2 
Nitrogen 76 

The high mercury content was thought t o  be due to  
recontamination from the vacuum-retort atmosphere 
on cooling. 

When sodium amalgam was used as a reducing 
agent the maximum reduction y ie ld  was 40%. From 
experimental evidence it was thought that NaF 
complexed the UF, intermediate product to  irre- 
duc ib le  Na,UF,, thus divert ing a major portion of 
the uranium stream from the primary product. 

11.2 REDUCTION OF U02 WITH 
MAGNESIUM A M A L G A M  

Amalgam reprocessing of high-fired uranium 
dioxide fuels i s  being investigated. In  two runs, 
1700’C-fired UO, was reduced w i th  magnesium at  

1000OC under argon in  the presence o f  magnesium 
chloride2 with apparently 100% reduction yield. 
In  the f i rs t  experiment 93% of the uranium was ex- 
tracted from the reaction mixture by mercury as the 
mercuride, whi le  the remaining 7% was retained by 
a hard crust above the mercury surface. In the 
second run, 100% of  the reduced uranium was re- 
covered in the mercury. 

11.3 DRUHM PROCESS 

The reduction o f  UF, to uranium wi th  sodium 
metal i n  the vapor phase i s  being studied. The 

- 
2R. G. Eel lamy and J. H. Euddery, The Produrtion o/ 

Uranium Powder b y  the  U02-Mg Route, A E R E  M/R-1049 
(Oct. 28, 1952). 

possible advantages of the process are: con- 
tinuous operation with a primary iiranium feed ma- 
terial i n  a low-pressure reactor; lower reagent 
costs  than those o f  the calcium or magnesium re- 
duction process; and lower operating and capitol 
costs than those of ex is t ing processes for con- 
version of UF, to  metal. 

After approximately a year of experimental work 
a satisfactory reactor l iner has not been developed, 
efforts t o  develop an operable nozzle to feed UF, 
gas to the reaction chamber have been only part ial ly 
successful, and, as a result o f  many factors, high 
y ie lds of consolidated uranium metal have not been 
obtained consistently. However, some results have . 
been encouraging: (1) after the NaF  slag melting 
temperature was lowered by the addit ion of L iF in 
a laboratory reduction o f  UF, wi th  100% molal 
excess Na, reduction to metal was complete, the 
uranium crystals were large, and uranium sett led to 
the bottom o f  the F W X ~ O ~ ,  thus indicating that by 
operation at elevated temperature Q high y ie ld  o f  
consolidated, nonpyrophoric metal can be produced; 
(2) a helium-cooled copper in le t  i iozzle for UF, was 
operated successful ly at temperatures above 12OO0C; 
(3) MgO and grcsphite reactor l iners were sometimes 
sati sfactary at  operating temperatures above the 
boi l ing point of Na; (4) i n  one run high recovery of 
massive metal was observed. 

Laboratory Studies of  the Reduction of UF, with 
Sodium. ~- A series of batch experiments i n  which 
UF, and 100% excess sodium were heated in 
sealed n icke l  reactors WQS performed to determine 
the y ie lds and rates for the reactions 

UF, + 2Na + UF, + ’LblaF 

UF, + 4Na -+ U -t 4NaF 

at  25 to  7OO0C, At 25’C, the rate for both reac- 
t ions appeared to be zero. The rate for the f i rs t  
reaction was signif icant a t  lOO’C, and it increased 
wi th  increasing temperature, In a l l  experiments at  
temperatures above loo°C, a “f ir ing point” was 
observed at  14Q--18OoC as the reactors were heated 
for the  f i rs t  reaction. The sate o f  the second reac- 
t ion did riot become signif icant unt i l  the tempera- 
ture exceeded SOOOC. The second reaction was 
therefore considered t o  be the slower and l imi t ing 
step. It wos also noted that the presence of NnF 
appeared to  retard the f i rs t  reaction. 
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Laboratory Stwdies of the Reduction of UF, with 
Sodium. - A series o f  ten experiments was per- 
formed to study y ie lds  and reaction rates o f  the 
second reaction at  temperatures from 800 to  1200°C. 
When a mixture of UF, and NQF in a 1:2 mole rat io 
was reacted for 1-2 hr wi th  100% excess sodium 
at  temperatures from 800°C to  the melt ing point of 
the N a F  slag (99OoC), reduction t o  metal was 
79.7% complete, but the uranium metal was pyro- 
phoric and did not separate from the slag, When a 
UF,-NaF-LiF mixture in a 1:5:8 mole rat io  (mp 
7 1 O O C )  was reacted wi th  100% excess sodium a t  
800°C, the reduction t o  metal was complete, the 
uranium crystals were large and nonpyrophoric, and 
70% of them settle$ to  the bottom of the reactor. 
The results indicated that conversion of UF, to  
metal i s  complete in  operation w i th  100% excess 
sodium above 8QOoC, and that operation obove the 
melt ing points of the N a F  slag (990°C) and the 
uranium metal ( 1  13OOC) i s  required for separation 
o f  slag from metal. 

Consolidation of  Uranium Metali and Evaluation 
eactor Refractories. - In the above seductions 

o f  UF, wi th  sodium, the feas ib i l i ty  o f  consolida- 
t ion of the uranium metal and the performance of 
reactor l iner materials were studied. In a l l  runs, 
reactor l iners  corroded, spalled, or cracked (Table 
11.1); these effects l imi ted the conclusions that 
can be drawn from the consolidation study. In runs 
where effects on l iners were less severe, i n  which 

the loss  of uranium due to these side reactions was 
less than 25%, consolidation to small beads was 
observed, In one run, where 100 g o f  f inely divided 
uranium was heated a t  1200°C under vacuum for 
7 hr wi th  50 g of NaF, 64% of the metal was re- 
covered i n  a single button. The remainder reacted 
with MaF to  produce UF, + NQ, which vaporized 
and condensed on the reactor wa l ls  or reacted 
wi th  the MgO l iner to produce MgF, + UO,. The 
latter was expected under V Q C U W ~ ,  since sodium 
vapor pressure reaches 760 mm at 880°C and UF, 
has a signif icant vapor Presswe a t  1000°C. 

In  the same series of UF,-NaF reductions 
wi th  sodium, n icke l  reactor l iners were severely 
corroded, and a l l  ceramic materials were cor- 
roded, eroded, or cracked under the operating con- 
dit ions. In two special series the l iners  were 
heated with bo i l ing sodium and wi th  fused UF,- 
NaF mixtures. It was concluded that cracking, 
spalling, and disintegration were due t o  the pres- 
ence of l iqu id  sodium, which penetrated pores and 
cracked the ceramic on f lashing to vapor wi th in  
the pores. In addition, the sodium reduced ZrF, 
and AIF,  formed by the exchange o f  UF, with 
ZrO, and AI,O,. The formation of  acetylene on 
contact of ceramic product wi th  water indicated 
some chemical act ion between sodium and graphite. 
Magnesia and 3%-porosity graphite were least 
affected. 

Table  11.1. Performance of  Refroctory Mater ials os Liners in the Reactor for t h e  Reduction o f  Fluoride with Sodium 

Refractory material used in the form of  a crucible o s  contoiner for the reactants 
_ _ .  

.___i_..l_ Performance 
_..._ 

Refractory L i n e r  Mater ial  In Sodium Alone, In  UF, -t N a F  In  No + N a F  -i UF, 
a t  880°C at 1200DC a t  1200°C 

_..____ _.__I 
__I_ 

Norton Magnorite (fused magnesia, Cracked and spalled Chemical exchange Cracked, chemical exchange 
20% porosity) U02 -t- MgF, U 0 2  + MgF2 + No 

Nat ional  RH 0200 (graphite, 3% Cracked, produced Spolled, no Cracked, produced acetylene 

porosity) acetylene cracking 

Norton Alundum, 99% fused Chemical exchange Disintegrated, produced 

U02 + AIF, UO, t AI 

Norton 5% l ime-stabi l ized zirconia Cracked and spalled Chemical exchange, Disintegrated 

spalled 

High-density graphite, 20% Shattered, produced Spnlled, no Shattered 

porasity acetylene crack ing 
_-.... ..l_l ..... --- ...___-.. .._____. 
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Reduction Reactor Development. - Uranium hexa- 
fluoride was reduced wi th  sodium in a 6-in.-dia 
reactor, which i s  essent ia l ly  fu l l -scale equipment 
for processing of  highly enriched uranium. The 
equipment included a system for vaporizing and 
metering UF,, a system for melting and metering 
sodium, and an lnconel reactor l ined with graphite 
or a ceramic. An off-gas system was included for 
trapping out excess sodium and cleaning up the 
off-gas before it was sent to the radioactive off- 
gas system. The reactor was induction-heated to 
operating temperatures prior to feed introduction. 

UF, vapor and sodium l iqu id  were metered con- 
tinuously into the reaction zone, where the sodium 
flashed to vapor and the reaction occurred in  the 
vapor phase. The adiabatic flame temperature for 
the reactants at 100°C was calculated to be 
198OOC. Reduction products were col lected as a 
batch i n  the bottom of  the reaction chamber. 

Engineering development has been aimed at  
design and test ing of  suitable reactor components. 
Some operational data ref lect ing optimum operating 
conditions were also obtained. The two most 
serious problems in  the development of  the Druhm 
process have been the design of  a suitable in le t  
nozzle for UF, and the development of a satis- 
factory l iner to  contain the reaction and reaction 
products (molten uranium and sodium fluoride) at 
temperatures as high as 1200OC. 

Thirty-four experimental runs were made in the 
semicontinuous reactor system. During the f i rs t  
16 runs, various types o f  nozzles o f  Inconel, 
Lavite, magnesia, Monel, graphite, and tungsten 
were tried, but in a l l  cases the nozzles either 
plugged or were consumed. In some of the late 
runs, a copper nozzle cooled internal ly with 
helium (Fig. 11.2) was used successful ly at reactor 
temperatures above 1200OC. Although there have 
been occasional nozzle fa i lures since, the basic 
nozzle design pr inciple has been established. In 
future test  models other materials, including lnconel 
and uranium, w i l l  be evaluated. Nozzle types that 
were found unsatisfactory included simple tubes 
and massive-metal and sodium-cooled nozzles 
fabricated from each o f  the materials tested. 

Both magnesia and graphite were used success- 
fu l l y  as reactor l iners during the development runs. 
The MgO used was sl ip-cast  or pressed with sub- 
sequent f ir ing to 18OO0C, and the graphite was a 
commercial grade. Both thin MgO ( Y 8  in.) and 

1 UF6 (400°C I 

t 

He GAS IN -c 

UNCLASSIFIED 
O R N L - L R - D W G  40548 

He COOLING 
GAS OUT 

--.- 3/,6-in. COPPER TUBE 

_ _  ... 3/8-in. C O P P E R  T U B E  

#-- 5/s-in C O P P E R  T U B E  

Fig. 11.2. Helium-Cooled UF6 Nozzle for Druhrn 
Reactor. 

graphite (t to 1 in. th ick) tended to crack badly 
when the reaction-zone temperature was al lowed 
to cycle up through the boi t ing point o f  sodium 
during the reaction. However, when the reaction- 
zone temperature did not go below the boiling point  
o f  sodium during the actwal reaction, no cracks de- 
veloped. There was some chemical attack on Mg0 
during the reduction. T h i s  was especially true 
when there was a deficiency or low excess of  
sodium. In future development runs, graphite w i l l  
probably be used for the l in ing  material because of 
i t s  ava i lab i l i ty  and ease o f  fabrication. 

In one semicontinuous reduction run, 88,3% of 
the uranium introduced a s  UF, was recovered as 
massive uranium metal wi th a pur i ty of 99.6%. 
There was also unconsolidated uranium metal in 
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the slag and in  the l iner walls; recovery of th is  sodium (>!io%) w i l l  be necessary to ensure com- 
uranium wawld have increased the efficiency, p le te reduction to the metal. 
These experimental runs have shown the desira- Since design of the UF, nozzle and choice a f  
b i l i t y  of  operating wi th  the reaction zone above the l iner material are complete, subsequent engi- 
the melt ing point of uranium metal (-,1130°C) so neering work w i l l  be directed toward determining 
that the  product can be consolidated and sepa- optimum operating condit ions and test ing of a com- 
rated. It also appears that a substantial excess of pletely continuous system. 
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GENERAL RESEARCH 





Decontamination research was concerned chief ly 
wi th  developing methods for descal ing and decon- 
tamination o f  the  HRT with minimum corrosion. 
The chromous sulfate method o f  Boybarz’ was 
used t o  descale a pump that had fa i led in  service 
in the HRT chemical plant. Bescal ing was fol- 
lowed by f lushing wi th  d i lu te  HNO, mixed with 
hydrogen peroxide, which i s  superior to  the older 
a lka l ine tartrate peroxide for removing residual 
niobium. Decontamination was suff icient t o  permit 
disassembly and examination. 

A simple and cheap method o f  preparing chromous 
sulfate i n  large quanti t ies consis ts  i n  heating 
s l ight ly  ac id i f ied chromic sulfate over mossy zinc 
i n  an inert atmosphere. The corrosion rate was 
somewhat decreased, without signif icant decrease 
i n  descaling power, by lowering the ac id i ty  to 
about 0.1 hl H’SO,. 

Several other reagents were used successfully to 
descale pieces o f  p ipe from the HRT: a lka l ine 
periodate, which was also an ef f ic ient  decon- 
taminating reagent,’ a lka l ine hypophosphite pre- 
ceded by a short ox idat ive treatment wi th  alkal ine 
permanganate or periodate, a l  kat ine periodate 
mixed with permanganate, pyrophosphoric acid, 
and concentrated n i t r i c  ac id  wi th  long boil ing. 
Deoxidine 170 (an inhibited phosphoric acid 
marketed by AmChem) and the Turco 4501 process 
(Turco Products Inc.) were also successful in 
HRT scale removal, although the latter process 
f laked scale off the steel instead of dissolving it 
cleanly. Turco 4512 i s  an inhibited phosphoric 
ac id  somewhat similar to  Deoxidine 170. A de- 
scal ing reagent of part icular interest, s t i l l  under 
development, i s  tr ivalent uranium, produced in s i tu  
by circulat ion o f  s l ight ly  ac id i f ied uranyl sulfate 
through zinc. Descal ing o f  HRT specimens at  
fiRT fuel concentration was demonstrated, wi th  

corrosion rates of less than 1 mib’rnonth. In addi- 
t ion to descal ing research, decontamination effort 
was also directed toward removal of  the stubbornly 
he ld niobium that remains on stainless steels after 
most other contaminants have been r e m o ~ e d . ~  It 
was found that hydrogen peroxide wi th  d i lu te  n i t r ic  
ac id  was superior to  peroxide w i tha lka l ine  tartrate, 
besides being cheaper and more stable. The best 
decontaminants for niobium were a lka l ine periodate 
( 1  M KIO, i n  2 M KOH at 90°C for 1 hr) and the 
Turco 4501 process. Both methods decontaminated 
stainless steels from niobium by factors o f  up to 
several hundred, compared to  <S for the controls 
bo i led wi th  n i t r i c  acid. 

The  corrosiveness o f  the o ld  “3-20” reagent de- 
scribed by Bennett,4 3% HF in 20% HNO,, was 
lowered without loss i n  effectiveness by the in- 
c lus ion o f  enough aluminum to complex the fluo- 
ride. In the Fused Salt-Fluoride Vo la t i l i t y  proc- 
ess,  an adequate decontamination method involving 
ammonium oxalate and HN0,-aluminum nitrate 
was developed by Jo l ley et nl.’ ‘The effect iveness 
o f  the Turco 4501 decontamination process was 
demonstrated in the Thorex p i lo t  plant by Parrott,6 
who found the process to  be the best and cheapest 
ever used by that group on plant-scale equipment. 

’ R. 0. Boybarz, Decontamination of n Homogeneous 

’1-1. 5. Whetsel, private communication, Nov. 10, 1958. 
3D. 0 .  Campbell, Decontamination o/ Stainless  Steel, 

‘M, R. Bennett, Evaluation of Reagent Decontamina- 
tion - Quarter1 Report for Period 8-10-51 to 11-10-51, 
ORNL C F - 5 1 - l l 1 2 3  (Nov. 21, 1951). 

’K. L. Jol ley et a/ . ,  Equipment Decontamination 
Methods or the Fused Salt-Fluoride Volat i l i ty  Process, 
ORNL-2J50 (Aug. 19, 1958). 

6J. R. Parrott ,  Evaluation of the TUTCO 4501 Process  
/ o r  Decontamination of / h e  Thorer DiSSolUeT, O R N L  
CF-59- 1-23 (Jan. 12, 1959). 

Reactor, ORNL CF-59-9-59 (Sept. 9, 1957). 

ORNL-1826 (Feb. 17, 1955). 
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13. THORIUM OXIDE SLURRY DEVELOPMENT' 

Chemical development o f  an aqueous thorium 
oxide slurry for homogeneous reactor use was 
continued. The long-range aspects s t i l l  empha- 
sized the ult imate use o f  the slurry as a breeder 
blanket, but some attention was given to  incor- 
porating uranium i n  the sol id and evaluating the 
characteristics o f  thoria-urania as a possible 
slurry fuel. The preferred method of preparing 
thorium oxide for slurry use i s  precipitat ion and 
thermal decomposition o f  thorium oxalate, and 
further work was done on the effect of precipitat ion 
conditions on part icle s ize and shape and the ad- 
aptation of the method t o  the production o f  thorium- 
uranium oxide. 

Approximately 4700 Ib o f  thorium oxide and 
3000 Ib o f  thorium-uranium oxide with U/Th rat ios 
o f  0.005, 0.08, and 0.16 were prepared for slurry 
engineering studies - the thoria by the oxalate 
method, and the thoria-urania by adsorption o f  
uranium on preformed thoria sol ids and subsequent 
firing. 

The preparation of thorium-uranium oxides by 
flame denitration o f  alcohol solutions o f  the 
nitrates, o f  thorium oxide by f luidized- and agitated- 
bed denitration, and o f  thoria spheres by a gel 
technique were also studied. 

Slurry development studies included the use o f  
hydroclones for sol ids c lass i f icat ion and transport, 
the development and evaluation of a small rol l ing- 
ba l l  viscometer for use wi th  slurries, the use o f  
boric acid as a soluble poison in  cr i t ica l i ty  con- 
trol, the leaching o f  uranium from mixed oxide 
sol ids by aqueous solutions at  high temperatures, 
and the coating o f  thoria wi th  s i l icate to  keep it 
dispersed at  elevated temperatures. 

Further work was carried out wi th  MaO, and 
palladium as cata lysts  for rad io ly t ic  gas recom- 
bination in slurries. Slurry irradiation studies 
continued, with particular emphasis on in-p i le  gas 
production and recombination. Improved methods 
o f  cool ing the small stainless steel autoclaves 
used in the studies were also investigated, to 
permit irradiation at higher levels. 

13.1 O X I D E  P R E P A R A T I O N  D E V E L O P M E N T  

Thorium Oxalate Precipitat ion. - Some proper- 
t ies  of Tho, slurries appear t o  depend part ial ly 
on the conditions o f  preparation of the thorium 
oxalate from which the thoria i s  made. Digestion 

o f  the oxalate did not change the average part icle 
s ize o f  the oxide, and there was no change in the 
x-ray crysta l l i te  s ize o f  either the oxalate or oxide 
prepared from it as a resul t  of  the digestion o f  the 
oxalate up to 48 hr at  75OC. Crysta l l i te  sizes of 
the oxalate hexahydrate and dihydrate a n i  the 
800°C-fired oxide were 750, 300, and 150 A, re- 
spectively. Caking of the oxide product, as in- 
dicated by a high cake resuspension index, was 
eliminated by digestion o f  the oxalate for 6 hr at 
75°C or for >24 hr at  28°C. The surface areas o f  
the oxides prepared from digested oxalates were 
about twice as great as those from the undigested. 
There were no consistent changes i n  water content 
o f  the oxalate as determined therniogravimetrically, 
or i n  adsorbed nitrate or water as determined by 
infrared absorption as a function o f  the oxalate 
digestion time. 

Cubic Part icles. - The addit ion of certain hi- 
and polydentate organic compounds, principal ly 
amines, to  the oxalate precipitat ion system caused 
freshly precipitated thorium oxalate to grow on 
digestion into square-faced, more or less cubic 
particles, 1 to  20 p on an edge, whose charac- 
te r is t i cs  were essential ly retained i n  the oxide 
product. The rat io o f  thickness to  length o f  edge 
o f  the square face varied from about 0.2 to 1.0 and 
increased wi th  decreasing thor i urn concentration; 
the rat io a lso increased wi th  increasing oxalate- 
to-thorium ratio, complexing-agent-to-thori um ratio, 
and strength of the complexing agent. The effect 
o f  n i t r ic  ac id  depended on the nature of the com- 
p lex ing agent. A f inal Concentration of  1.0 to 
2.0 M HNO, was necessary to  produce any effect 
w i th  urea, ethy I enediami ne, and propy lened iamine, 
while triethanolamine affected the precipitat ion to 
about the same extent whether n i t r i c  ac id  was 
added or not; c i t r i c  ac id  showed less effect wi th  
added n i t r i c  ac id  and an enhanced effect w i th  
added ammonia. The rate o f  recrystall ization, in 
general, was increased by the conditions which 
increased the rat io  of thickness to  length o f  edge. 
The complexing agents, in  order o f  effectiveness, 
were urea < guanidine < pentaerythritol < c i t r i c  
ac id  < ethylenediamine < propylenediamine < t r i -  
ethanolamine < Yersene. 

'Reported in more deto i l  in Homogeneous Reactor 
Project quarter ly reports, e .g . ,  ORNL-2696. 
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Thoria Spheres. - A n  improved method o f  pse- 
paring Tho, spheres by a gel technique i s  under 
development. A thoria sol produced by part ial  
neutral izat ion o f  a thorium n i t ra te solution with 
ammonia (NH4/Th 2 3.5) was jetted through an 
or i f i ce  along wi th  an isopropyl alcohol solut ion 
containing 12 to  14 vol  % H,O, causing the sol to 
set into beads, the  s ize  depending on the flow 
rates through the ori f ice. The beads were washed 
wi th  more isopropyl alcohol, f i l tered, vacuum-dried, 
and slowly brought to  1000°C. The product had an 
average par t ic le  size o f  4.5 p, a surface area of 
0.65 m2/g, and a density, as measured pycnometri- 
cally, o f  6.8 g/cc. 

Thorium-Uranium Oxide. - Two methods of in- 
corporating the uranium i n  thorium oxide in  the 
production of engineering quanti t ies of mixed oxide 
for fuel slurry studies were investigated: co- 
Precipitation o f  the thorium-uranous oxalates and 
precipitat ion of uranium onto a 650°C-fired thorium 
oxide from ammonium uranyl carbonate solution, 
both methods fol lowed by f i r ing of the mixed solids. 
To coprecipitate the oxalates, uranous oxalate 
complexed wi th  ammonium oxalate was added to 

the oxal ic  ac id  used as the precipitat ing agent. 
In the second method, a 4-hr f i r ing a t  1000°C was 
suff icient to  incorporate the bulk of the uranium in 
the mixed oxide solid. The product retained the 
part iculate properties o f  the oxide used. The  upper 
f i r ing temperature for the product from either method 
was determined by the effect of uranium i n  lower- 
ing the sintering temperature (i.e., 13OOoC for a 
U/Th rat io  of 0.005; 1000°C for a U/Th rat io  of 
0.05). 

Par t i c le  s ize was control led i n  the coprecipita- 
t ion method by control l ing the temperature, pre- 
c ip i ta t ion rate, and reagent concentration during 
the  precipitation. For the production of mixed 
ox ide wi th  a U/Th rat io o f  0.05, total precipitat ion 
times o f  4s to  60 min, Precipitation temperatures 
of 30 to 50°C, and the  use of 0.5 M thorium nitrate 
and oxal ic  ac id  gave mixed oxides of average 
par t ic le  sizes between 1.6 and 4.2 p. With 0.7 M 
reagents the average par t i c le  sizes were 1.1 to  
2.0 p. The production of mixed oxides wi th  U/Th 
rat ios >0.05 by t h i s  method was somewhat dif f icult ,  
and uranium losses resul t ing from oxidation o f  the 
uranium oxalate during precipitat ion were hard to 

control. The most e f fect ive means of minimizing 
the uranium losses were metering o f  the uranous 
ammonium oxalate spike through a ie t  mixer into 

the oxal ic  ac id  precipitat ing reagent just upstream 
from the point of addit ion to the thorium n i t ra te 
solut ion and carrying out the precipitat ion as 
quick ly  as possible. 

Thorium-uranium oxides wi th  U/Th ratios from 
0.005 to 0.33 were readi ly prepared by the adsorp- 
t ion method. In Q typ ica l  preparation 65O'C-fired 
thorium oxide was slurried in ammonium uranyl 
carbonate solut ion (so lub i l i ty  -0.15 m) and the 
solution boi led unt i l  a l l  the uranium had deposited 
on the thoria. The sol ids were filtered, washed, 
and refired. When a 1000°C-fired sample was 
autoclaved at 300'C for 24 hr as an aqueous slurry 
with an oxygen overpressure, the recovered super- 
natant contained only 0,2% of the total uranium; 
ref luxing the so l ids 1 hr wi th  8 M HNQ, removed 
only an addit ional 0.07%. The  uranium was dis- 
tr ibuted uniformly in the solids, 01s shown by suc- 
cess ive ref luxing with 8 WNO,, 4 nf HNO, eon- 
ta in ing 5% ti202, and 4 ,\[ HNO, containing 10% 
H 2 0 2 ,  The thorium dissolved i n  the successive 
leaches amounted to 0, 25, and 40%, respectively, 
and U/Th rat ios i n  the ac id  leaches and f inal 
sol ids were 0.1, 0.13, 0.12, and 0.89. 

F I ame Den  i trotion. - Sphes i ca l  thor i urn-uran i um- 
aluminum oxide par t ic les wi th  a U/Th mass rat io 
o f  0.08 and an alumina content o f  2.5, 5, and 
10 wt  % were produced by flame denitration o f  
methyl alcohol solutions o f  the nitrates (Fig, 13.1). 
Product was col lected at reflector temperatures of 

880 to 1500°C to  g ive 120-9 samples o f  c lass i f ied 
product (95% < 5  p). Specific surface areas of the 
products were 2.0 to 3,1 m2/g. Y ie ld  stresses of 
2-g/ml aqueous slurries were 0.02 to  0.05 psf. At 
1% alumina a par t ia l ly  rounded shape was obtained, 
but a lLblackberryDt surface appeared on the elec- 
tran micrograph. Otherwise the 1% material QP- 
peared similar t o  the material of other alumina 
concentrations (Table 13.1). 

Mixed thorium-uranium oxides (U/Th = 0.08) con- 
taining no alumina were a lso prepared by flame 
denitration a t  800 to l5OO'C reflector tempera- 
tures. These showed mean par t ic le  diameters after 
c lass i f icat ion of 1.6 to  2.5 pl surface areas o f  
6.2 to  7.7 m2/g, and toroid erosion-corrosion rates 
(oxygen overpressure, 280"C, 26 ips, 200 g o f  
Th-U per kg of D20)  on stainless steel of 2.7 to  
7.0 nipy, which are acceptable and comparable to 
characterist ics of oxides prepared by precipitatian. 
Par t i c le  degradation during toroid tests was s1 ighf. 
Calculat ions indicate an economic advantage in 
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OXIDE PROPERTIES CONDITIONS 

U/Th MASS RATIO = 0.08 
OUTSIDE R E F L E C T O R  TEMP = 15OO0C 
CLASSIFICATION = 95% < 5 p 

SURFACE AREA = 2.4 m2/g 

Y I E L D  STRESS @ = 2 g/ml) - 0.02 Ib/ft 
MEAN PARTICLE SIZE = 1.7 p 

2 

Fig.  13.1. Flame-Calcined Thorium-Uranium Oxide Containing 2.55'0 A12Q3. 
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T a b l e  13.1. F lame Calcinat ion Experiments: Characteristics of  F lame Denitrated Thorium-Uranium 

Oxides Containing Alumina 

U/Th rat io = 0.08 for a l l  samples 

Fir ing temperature, 1500°C 

Nominal Y i e l d  Stress of Slurry 
Surface Area (p = 2 g/cc)  Mean Part ic le Size Run No. A lumina Concentrat ion 

(wt  X) OL) ( P S f )  ( m 2 / s )  

62 

63 

66 

69 

5 

2.5 

1 

10 

1.5 

1.7 

2.0 

1.6 

< 0.02 

0.02 

0.026 

0.05 

2.0 

2 -4 

2.6 

3.1 

using flame denitration for producing large amounts 
of mixed oxide or thorium oxide, but no signif icant 
economic gain for the present scale o f  ? i lo t  plant 
production. 
Fluidized Bed Denitration. - Denitration of tho- 

rium nitrate solut ion in  a f luidized bed was studied 
in an attempt t o  produce dense 50- to  500-p thorium 
oxide particles. Production o f  porous agglomera- 
t ions of small thorium oxide par t ic les was observed 
under a l l  conditions tested, instead o f  growth by 
addition of dense thorium oxide layers on particles. 
When temperatures were lowered t o  lower the rate 
of denitration, bed caking occurred at  a l l  tempera- 
tures tested for a Tho, bed used wi th  1.5 M 

Th(NO,), in H,O. With 1.5 t o  1,8 M Th(NO,), in 
CH,OH-H,O mixtures, heat supplied by combus- 
t ion of the CH,OH i n  the f lu id iz ing a i r  eliminated 
caking problems. With 1.85 M Th(NO,), i n  H,O, a 
f lu id ized sand bed operated wel l  a t  7OO0C, poorly 
a t  5OOoC, and caked quick ly  a t  400°C. The forma- 
t ion  of Tho, f ines was a lso indicated by rapid 
plugging o f  the off-gas f i l ters  when CH,OH-H,O 
or H,O solution feeds were used a t  700°C. The 
Tho, produced from operation wi th  a sand bed 
contained 550, 3400, and 5100 ppm of n i t ra te a t  
temperatures o f  700, 500, and 400°C. About 75% 
of  the Tho, formed at  700OC was present in 20- to 
270-mesh fractions, but these agglomerations were 
eas i ly  broken up i n  E,O t o  release 0.5- to 20-p 
particles. 

The  system was operated wi th  uranyl nitrate 
solut ion feed and a sand bed at  390OC. The UO, 
coating formed on s m d  par t ic les was re la t ive ly  
dense and homogeneous a s  compared wi th  the 

Tho,, the part icles were not eas i ly  broken up i n  
water, and the rate o f  f i l ter  plugging by fines was 
much lower. 

13.2 SLURRY D E V E L O P M E N T  

The Use of Hydroelones, - Hydroclones were 
successful ly used on aqueous thoria slurries for 
separation of 0.5- to 5-p Tho, particles, in batch 
col lect ion of the slurry from a circulat ing system 
into an induced-underflow receiver, and i n  transfer 
o f  slurries to effect Concentration control. Hydro- 
clones commercially avai lab le as 0.40-in.-dia un i ts  
can be used for c lass i f icat ion of  Tho, with sepa- 
rat ion points o f  l to 3 p or to remove oversize and 
undersize part icles with separation points o f  up to 
5 p or down to  0.5 p (Fig. 13.2). In a typical 
c lass i f icat ion over 60% of the <0.6-p-dia material 
and l e s s  than 6% o f  the > 1-p-dia material was 
recovered. 

Hydroclones may be used to concentrate the 
slurry i n  one part of a system while maintaining 
constant fluid inventories throughout the system. 
Thoria slurr ies were col lected in induced-under- 
f low receivers by single hydroclones at rates o f  
up to 2000 g of  Th8, per minute. For th is  batch 
co l lect ion the hydroclone was valved into the s y s -  

tem so that it could be put into use with 40 to 
200 ft o f  pressure drop. No f low control i s  re- 
quired for th is  type o f  operation. Slurry transfer 
rates were higher wi th  continuous underflow in 
hydroclone cascades. Starting with a l l  the Tho, 
slurry in one tank, tests demonstrated equil ibrium 
concentrations o f  0.5 g of Tho, per l i ter i n  the 
other tank. Constant l iqu id  leve ls  and thorough 

79 



C H E M I C A L  T E C H N O L O G Y  P R O G R E S S  R E P O R T  

UNCLASSIFIED 
ORNL-LR-DWG 33799 

0 1 2 3 4 5 

DIAMETER (pi) 

Fig.  13.2. Typ ica l  Separation Curve for a Single 
0.4-in.-din Hydroclone and a Thorium Oxide-Water 

Slurry. 

agitat ion were maintained i n  both tanks throughout 
th is  test. Mul t ip le  hydroclones which have been 
fabricated could transfer 2- to 5-p Tho, between a 
reactor system and high-pressure dump tanks at  
rates over 100 kg/min wi th  no net transfer o f  D,O. 

Small-Volume Slurry Viscometer. - A rol l ing-bal l  
viscometer o f  6-ml volume was constructed to de- 
termine the v iscos i ty  properties o f  small samples 
of irradiated thoria slurries. The terminal velocity 
of fa l l  o f  a steel bal l  through f lu id  i n  a cyl indrical 
tube i s  detected magnetically. Slurry i s  stirred by 
lett ing the bal l  roll freely whi le  rocking the v is-  
cometer. The bal l  i s  suspended magnetically at 
the upper end o f  the tube unt i l  the viscometer i s  
f ixed i n  the chosen angle of incl ination with re- 
spect to horizontal. 

Room-temperature tests  of the v i  scometer having 
a tube body o f  0.2425 hy 6 in. and bal l  diameters 
from 0.1885 to 0.2250 in. were made with Newtonian 
f luids o f  v iscos i ty  from 0.25 to 500 centipoises 
and on 650OC-fired thoria slurr ies at concentra- 
t ions up to 800 3 of thoria per l i ter. 

Typica l  curves of terminal ba l l  velocity v s  effec- 
t i v e  force fraction o f  gravity on the bal l  are shown 

for angles of inc l inat ion from 5 to  90' i n  Fig. 13.3. 
For an 0.1885-in.-dia ba l l  in  a 0.2425-in.-dia tube 
at  23 to 27OC, a sample calculat ion of the y ie ld  
stress of a 600-g/kg slurry i s  given: 

Extropolote to zero velocity 

s i n  0: 0.46 
AP - 
P 

B a l l  wt = 0.986 x I b  

Boll  and paral le l  tube area - 1.77 x l r 3  ft' 

0.75 L-" sin 01 
u-Q 

Yie ld  stress = - 
.4reo of bal l  A tube 

2 0.185 psf 

If the transit ion from Iarriinar to turbulent f low 
occurs in  the range o f  the instrument, the coeff ici-  
ent of r ig id i ty  may be estimated from the point of 
in i t ia l  curvature on the graph by use of the cr i t ica l  
Reynolds number and Hedstrom's S factor. 

Criticality Control in Slurries.  - One method o f  
keeping a slurry reactor noncrit ical during startup 
would be to add boric ac id  to the slurry, which 
would be removed when operating conditions were 
achieved. Calculations based on a slurry reactor 
with o 2.5-ft core, 400 g of  Th per l i ter and 0.1 g o f  
U235 per g of Th, indicate that the mole ratio o f  
boron to thorium and uranium required for non- 
cr i t ica l i ty  under a l l  condit ions should be 0.02. 
Boron removal eff iciency (i.e., desorption) for 
successful reactor operation after startup requires 
that less than 0.029 mg o f  boron per gram of sol id 
remain with the sol id (i.e., equivalent to  1% neu- 
tron l o s s  to the boron) after removal of the  boric 
ac id  from the system. 

Experiments w i t h  a slurry of 650OC-fired thorium- 
uranium oxide indicate that the adsorption o f  boron 
by the sol id and boron removal eff iciency are such 
that boric acid could not be used as a soluble poi- 
son for c r i t i ca l i t y  control. It appears, however, that 
i n  a slurry of 1100OC-fired thorium-uranium oxide 
such a method o f  operation i s  feasible. In a slurry 
(270 g o f  Th per kg o f  H20) o f  the 1100OC-fired 
mixed oxide with an in i t ia l  boron Concentration 33% 
greater than that required for noncrit ical i ty (370 ppm 
boron i n  the supernatant), less than 0.029 mg of  
boron per gram o f  so l id  was adsarbed on the thoria 
sol id on autoclaving above 60°C. Some 60% of the 
adsorbed boron could be desorbed from the sol id in 

80 



P E R I O D  E N D 9 N G  AUGUST 31, 1959 

UNCLASSIFIED 
O R N L - L R - D W G  40519 

4.00 

0.75 

- 
u) 
a 

>- 
0 

W > 

a 
_1 

c ._I 

k 

s 
-j 0.50 

m 

a 
z 
z 
W 
I- 

0.25 

0 
0 0.2 0.4 0.6 0.8 r.0 

Fig. 13.3. Force Fraction vs Terminal Velocity of Boll Fa l l ing Through Thoria Slurry. 

fresh supernatant a t  100°C in less than 2 hr. When 
enough boric ac id  was added to  a slurry (233 g of  
Th per kg of H,O) of the llOO°C-fired mixed oxide 
to give 100% excess o f  boron required for non- 
c r i t i ca l i t y  (713 ppm boron in  the supernatant), the 
sol id adsorbed less than the l i m i t  o f  0.029 mg of 
baron per y a m  of  sol id a t  240°C and above. 

Uranium Leaching Siudies. - Appreciable quanti- 
t ies  of uranium were leached from thorium-uranium 
oxides pumped as aqueous slurries in high-tempera- 
ture loop studies, presumably the resul t  of a buildup 
o f  soluble chromium and a decrease i n  pH ac- 
companying the corrosion process. A laboratory 
study wi th  a thorium-uranium oxide having a U/Th 
rat io  of  0.08, fired 72 hr at  105Q°C, indicated that 

a negl ig ib le quantity of uranium was solubi l ized 
by treating the mixed oxides with water alone at  
280°C but that a solution containing a few hundred 
ppm o f  chromate (added a s  chromic acid) leached 
uranium from the sol id at 28OoC, the amount in- 
creasing with increasing chromium concentration 
from 125 to 1330 ppm. The rat io  of ppm.U to ppm 
Cr i n  the supernatant over th is  concentration range 
was about 2.6. The amount o f  uranium leached 
depended to some extent on the oxide f i r ing condi- 
tions. There was also evidence from the labora- 
tory studies that the past history o f  the autoclave, 
toroid, or loop in  which the thorium-uranium oxide 
slurry i s  handled may considerably affect the 
amount of uranium that appears i n  the supernatant 
during high-temperature operation. 
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Silica-Coated Thorium Oxide. - Thorium oxides 
with chemical ly bonded s i l i cg te  surfaces were 
prepared by treatment wi th chlorosilane vapors 
(G-E Dr i -F i lm Sc-77), washing to remove chloride 
ion, and ref i r ing to remove organic groups and 
leave a s i l i ca te  surface. Thoria so treated showed 
no c rys ta l l i te  growth on being f ired as high as 
1000°C. At 1200°C pronounced sintering of the 
si1 icated oxide occurred, wi th consequent increase 
i n  crystal l i te size and decrease in  specif ic sur- 
face area. 'The product from 160OOC f i r ing was a 
completely sintered, dense cake, The si l icated 
thoria f ired at 1000°C or lower was completely 
dispersed as ari aqueous slurry a t  temperatures 
up to  280°C. 

13.3 R A D I O L Y T I C  G A S  P R Q D U C T I B N  
AND RECOMB161ATlON 

The  aqueous phase o f  a reactor slurry w i l l  be 
decomposed radiolyt ical ly into deuterium and 
oxygen. The amount o f  recombination necessary 
to  prevent excessive gas pressure may be esti-  
mated from the fact that 0.2 to 0.4 mole o f  D2 and 
equivalent 0, w i l l  be produced per kilowatt-hour 
o f  energy absorbed. Both out-of-pi le and in-pi le 
experiments have indicated that MaO, and pal la- 
dium, either a s  the metal or hydrous oxide, are 
suitable for use in slurr ies for the liquid-phase 
recombination of the radiolyt ic gas. The MOO, 
appears restr icted to use i n  slurries o f  thorium 
oxide and thorium-uranium oxide with U/Th rat ios 
of 0.005 or lower, f i red at or above 1000°C. Higher 
uranium concentrations appear to deactivate the 
MOO,. The palladium was an ef fect ive gas re- 
combination catalyst i n  slurr ies of oxide or mixed 
oxide f ired a t  a l l  temperatures (650 to 1600°C) and 
appeared suitable for use i n  slurr ies of simple 
oxide mixtures. 

Assuming that 100 psi i s  an acceptable radiolyt ic 
deuterium part ial pressure a t  280"C, a l i ke ly  re- 
actor operating temperature, the natural catalyt ic 
ac t i v i t y  o f  a thorium or thorium-uranium oxide 
slurry was found suff icient to maintain a reactor 
power level of a few tenths o f  a k i lowatt  per l i ter. 
The  MOO, appeared capable o f  maintaining about 
1 kw/l i ter per mi l l imole concentration i n  slurr ies 
o f  the pure oxide (f ired a t  1000°C or higher) and 
o f  maintaining a power density an order of muyni- 
tude lower in  the thorium-0.5% uranium oxide 
system. Higher uranium concentrutions appear to 

deactivate the MOO, catalyst; with .5% UO,, the 
recombination rate i s  less  by a factor o f  approxi- 
mately 100 Than with pure Tho, for a given catalyst 
concentration. The pol lodium w i l l  maintain a power 
density of 2 to 3 kw/ l i ter  per mi l l imole concentra- 
t ion in  slurries o f  oxides or mixed oxides f ired at 
all  temperatures (650 to 1600°C). It appears 
suitable also for slurries of simple mixtures o f  
oxides o f  thorium and uranium. 

Out-of-Pile Studies. - The out-of-pi le work in- 
cluded studies on the effect of pumping a t  28OoC, 
under both oxidiz ing and reducing etmospheres, on 
the catalyt ic ac t i v i t y  of a slurry containing pal la- 
dium and o f  one containing Moo,, The pumping 
studies were carried out a s  a joint  effort between 
the Chemical 'Technology and the Reactor Experi- 
mental Engineering Div is ions,  

The slurry used i n  the pal ladium pumping study 
contained 454 g o f  Th per kg  o f  D,O of a 650°C- 
f ired thoria to  w h i c h  uranium (LJO,.H,O) and 
palladium catalyst  were added in  the rat ios of 
5.15 mcj of uranium and 0.158 rng of palladium per 
gram of thorium. The pal ladium was deposited on 
a 650'C-Pired thorium oxide by heating an alcohol- 
acetona--~palJodiuni n i t rate solut ion in which thoria 
was suspended. In  the f i rs t  phase of the study 
the loop was pregsurized with argon and the slurry 
pumped 478 hr a t  280°C. A part ial  pressure o f  
deuterium gradually developed c1s a result of cor- 
rosion. In the second phase, 0, was substituted 
for the argon-deuterium atmosphere and pumping 
continued a t  280°C for an addit ional 526.8 hr. 
Samples of the slurry w e r e  withdrawn from t ime to 
t ime and used i n  gas recomhinetion experiments. 

I he slurry pumped under argon showed Q high 
catalyt ic act iv i ty,  >5 moles of 173, per l i ter  per 
hour a t  100 ps i  D, part ial pressure in  the region of 

150 to 2OO0C, which was o f  temporary duration and 
probably associated with reduced uranium species. 
A t  reactor temperatures above 250°C and pumping 
times o f  200 or more hours, recombination rates 
were 0.1 to  0.4 mole o f  D, per l i te r  per hour at 
100 ps i  D, pnrt inl  pressure. A t  280°C and a D, 
part ial  pressure of 100 psi, the recombination rates 
o f  the slurry pumped under 0, were 0.04 ta 0.08 
mole of D, per l i ter  per hour. Very l i t t l e  ac t i v i t y  
was observed for these samples in  the region 550 
to 200OC. 

The sluriy containing 450 g o f  Th per k g o f  D,O 
was prepared from 1600°C-fired oxide and pumped 

- 
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for 200 hr under an 0, atmosphere before the addi- 
t ion  of MOO, to a concentration of 0.008 m. Sub- 
sequently, the slurry containing MOO, was pumped 
an additional 3011 hr under O,, some 500 hr under 
D,, and f ina l ly  300 h r  again under an 0, atmos- 
phere. After about 800 hr to ta l  pumping, the MOO, 
concentration was increased to 0.012 m. The 
pr incipal  ef fect  noted during the pumping o f  the 
slurry under an 0, atmosphere after the MOO, 
addition was the development o f  an “ induction 
period” before maximum cata ly t ic  act iv i ty  was 
achieved. The slurry was apparently deactivated 
on pumping under 0, and reactivated when placed 
in a D, and 0, atmosphere (0, + \02) i n  the 
recombination tests. Substitution of  a D, atmos- 
phere for the 0, atmosphere i n  the loop eliminated 
the induct icn period. The second pumping under 
0, appeared to have but l i t t l e  effect on recombina- 
tion act iv i ty,  the induction period, i f  present a t  all, 
being of  only a few seconds’ duration. Al l  rates 
observed after maximum cata ly t ic  act iv i ty  was 
achieved in  the out-of-pi le tests were i n  excess o f  
2 moles o f  D, per hour per l i ter  o f  slurry a t  100 ps i  
D, part ial pressure and <=28OoC, which i s  a satis- 
factory rate for an internal recombination catalyst. 

In-Pile Studies. - Radiolyt ic gas production and 
recombination rates were measured in the ORNL 
Graphite Reactor with heavy-water slurries o f  
Tho, containing 2.8% enriched uranium prepared 
without catalyst  addi t ion by f i r ing the coprecipi- 
ta ied oxalates at  650 or 1000°C. Two experiments 
were run after sealing the in-p i le  autoclave in  air, 
two after adding 250 ps i  excess D,, and two w i th  
250 ps i  excess 0,. The gas production rates i n  a 
l ight-water slurry sealed i n  air indicated a G value 
of  about 0.8 (i.e., molecules of H,O decomposed 
per 100 ev of energy adsorbed); they were 50% 
higher in  the D,O system. Under a deuterium 
atmosphere the gas production was in i t ia l l y  sup- 
pressed sharply, but the effect was not reproduci- 
ble. The production rate under oxygen was sl ight ly 
lower than that under air. Recombination rates 
(Fig. 13.4) measured during reactor shutdowns 
were slower under excess deuterium than under a i r  
or oxygen. The a i r  and oxygen rates were nearly 
the same, although a s l ight ly  increased tempera- 
ture dependence was observed when oxygen was 
used. 
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UNCL.ASSIFIFD 
ORNL-LR-DWG 40240 

TEMPERATLJHE ( “ C )  
300 250 
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%., 

Fig. 13.4. First-Order Rate  Constants for D2-0, Re- 
action over Calc ined Th02-2.8% U235 (500 g o f  Th p e r  

kg of D2O) in  the ORNL Graphite Reactor. 

13.4 S L U R R Y  I R R A D I A T I O N  STUDIES 

Eleven slurry irradiations were carried out in  
dash-pot bombs located in  Hole C-44 of the LlTR 
at  a thermal-neutron flux of 2.7 x I O i 3  neu- 
trons.cm-2-sec-1. F i v e  of these tests were on 
slurries of thorium oxide containing 5% natural 
uranium prepared by f ir ing the coprecipitated oxa- 
late at  1000°C. In four tests, a l l  irradiated more 
than 300 hr ,  the slurry concentrations were varied 
from 250 to 500 g of Th per k g  of  D,O, with a D, 
gas overpressure in  one case. In  the other test  
the slurry contained 750 g of  Th per kg of  H,O; 
the run was terminated by a leak after only 49 hr 
of irradiation. Two similar tests were made on 
slurries containing 250 and 500 g of Th per kg of 
D,O as thoria-8% natural uranium prepared by 
adsorbing uranium on thoria and ref ir ing to 1050°6. 
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The purpose o f  these irradiat ions was to determine 
whether any radiolyt ic gas was formed. No catalyst 
was added to any o f  these slurries, and in no case 
was radiolyt ic gas bui ldup observed even a t  tem- 
peratures as low as  230°C. 

The remaining four tests were on materials 
supplied by Westinghouse i n  connection with the 
PAR program. T w o  samples n f  pumped slurry and 
two of unpumped material were irradiated. The 
pumped material contained 3% natural uraiiiwn and 
was irradiated under an oxygen gas pressure in 
one test and a deuterium gas pressure in  the other. 
The unpumped material was a 650°C-calcined Tho, 
and was irradiated under oxygen only. In a l l  four 
tests, 122 to 145 ppm palladium was added as ci 

gas recombination catalyst, and 0.5% U 2 3 5  was 
added to  each slurry to  raise the power density 
during irradiation. No radiolyt ic gas wns observed 
i n  the tests wi th the pumped slurry a# a concentra- 
t ion o f  500 g of  Th per kg  o f  D,O. With the un- 
pumped material a t  th is  concentration -285 psi  of 
radiolyt ic gas pressure was observed at 300OC. 
At a concentration of 250 g o f  I h  per kg of D,O of 
the same material no excess pressure was observed. 

All the slurr ies irradiated were recovered and 
examined. The f ission products, corrosion prod- 
ucts, palladium, and uranium were found predomi- 
nantly associated with h e  sol ids as i n  previous 
tests. ’The presence o f  5% uranium seem5 to  de- 
crease sl ight ly the amount o f  iodine adsorbed on 
the solids, and i n  one case, the unpumped 650°C 
oxide supplied by Westinghouse, the supernatant 
could not be clar i f ied and contained appreciable 
amounts o f  thoria and f ission products in suspen- 
sion. 

A sample o f  1600°C-calcined Tho, was irradi- 
ated at  280°C (autoclave sealed i n  air) os a settled 
slurry for 3235 hr in  the C-43 fac i l i t y  o f  the 6..ITR 
a t  a thermal-neutron f lux of -2.8 x 1013 neu- 
trons.cm-2.sec-’. During th is  t ime Qs22% of the 
material was converted to mass-233 isotopes. 
This corresponds to an ef fect ive cross section for 
LITR neutrons o f  10.3 barns. The material was 
recovered as dark grainy particles, which were 
ref luxed for 3 min in 4 A’ HNO, and then i n  4 N 
HNO, containing 1.5% l-i20z. Th i r ty -s ix  pel- cent  

o f  the Lf233,  4004 of  the Pa, and only 0.2% of the 
thoria were dissolved in  the f i rs t  acid leach. The 
n i t r i c  acid-peroxide leach dissolved an addit ional 
52, 35, and 36% of  the lJ233, Pa, and Th, respec- 
t ively.  Sixty-f ive par cent o f  each o f  the gross 
gamma and beta ac t iv i t ies  was removed from the 

solid by the two acid leaches (70 to 88% of the 
Si-, Zr, Cs, Fe; 58% of the Cr; 47% of the Nb; and 
25% of the H i ) .  Thir ty per cent o f  the Cs  and 39% 
o f  the  Hu appeared on the residual solids. Per- 
centages leached were calculated on total ac t i v i -  
t ies recovered (leaches plus residual sol id) and 
not on theoretica! y ie lds  o f  act iv i t ies.  

Cooling Methods for Slurry Irradiation Auto- 
claves. - The slurry irradiat ions are carried out at 
present i n  small  stainless steel autoclaves about 
7 in. long and in. OD a t  their largest diameter. 
Heat i s  removed by air cooling. Three methods o f  
cool ing wi th water were investigated. Heat loads 
fo r  a slurry i n  the \..!TR are about 0.4 kw and in  
the O R R  about 5 kw. 

F i v e  k i lowatts of heat removal from a 1-in.-dia 
by 10-in.-long stcsinless steel bomb a t  300°C was 
achieved out-of-pi l e  with good temperature control 
by varying the composition of a helium-air mixture 
in a uniform 8 - m i l  annulus between the bomb and a 
boi l ing water bath. The useful range o f  heat re- 
moval control w a s  1 to 5 kw. The lower l im i t  of 
control i s  extended to 0.5 k w  by substi tut ing Freon- 
112 for air. However, t h i s  method o f  control i s  
not easi ly adapted to the present in -p i le  bomb 
pr incipal ly because the &mil  annulus dimension i s  
c r i t i ca l  and d i f f i cu l t  to obtain wi th any simple 
adaptation. 

I l ia  use of avnter  i n  a 3 0 - I b - s e ~ - ’ . f t - ~  cool ing 
air  stream passing 13 1-in.-dia by 10-in.-long bomb 
at 300°C gave a heat removal o f  5 k w  a t  a water/air 
weight rat io o f  0.43. Although the heat dissipn- 
t ion rate was adequate, uncontrol lable temperature 
excursions, presumably the resu l t  o f  vapor binding 
a t  the bomb wall, were observed for boinb tem- 
peratures in excess o f  200°C. 

A heet r m o v a l  o f  1.8 kw w a s  obtained from the 
present slurry i rradiat ion bomb (7 in. long by in. 
OD) a t  3OOOC by using a t igh t ly  wound 20-mil-ID 
by 35-mil-OD stainless steel coi l  aloiig the entire 
bomb length. Temperature control was good with 
pumping raies up to 80 ml/min and steady flow, 
Temperature cyc l ing  was observed when an inter- 
mittent-f low pump w a s  used. A t  a heat dissipation 
o f  0.4 kw, a fempeaature gradient o f  4OoC existed 
along the bomb when water was introduced into the 
co i l  a t  the bottom o f  the bomb a i d  flowed upward. 
When water w a s  introduced a t  the top o f  the co i l  
and f lowed downward, however, no temperature 
gradient was detscted. The minimum heet genera- 
t ion rate that can be control led cst 300°C i s  ap- 
proxin1ately 100 w. 
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14. SURFACE CHEMISTRY 

14.1 A D S O R P T I O N  E Q U I L I B R I A  ON T H O R I U M  
O X I D E  POWDERS 

A group at the Universi ty of Utah (M. E. Wads- 
worth et nl.) under subcontract have continued 
their studies o f  the adsorption of  various ions on 
thorium oxide surfaces. Isotherms below 100°C 
have been obtained for sulfate, phosphate, and 
s i l icate ion adsorption, and i n  the case of sil icate, 
to about 3OGOC. The adsorption of  sulfate and 
s i l icate ions increases with increasing tempera- 
ture, whi le  that o f  phosphate ion decreases. 
Enthalpy and entropy values have been estimated. 
In the case o f  s i l icate adsorption a surprisingly 
h igh pos i t ive entropy led to the proposal o f  a 
micel lu lar  mechanism for the adsorption process.' 

116.2 THE Z E T A  P O T E N T I A L ,  S U R F A C E  
C O N D U C T A N C E ,  A N D  P E R M E A B I L I T Y  

OF T H O R I U M  O X I D E  POWDERS 

Of the several avai lable methods o f  studying 
electrokinet ic transport, the technique o f  observing 
flow through a porous-plug, electrolyt ic ce l l  seems 
most feasible for extension to high-temperature 
observations with aqueous systems. The trans- 
port phenomena through a porous plug with laminar 
f l ow  can be described by the simultaneous trans- 
port equations for current and for f low (the Onsager 
reciprocal re1 at i  on s): 

v = rdeE + L ~ ~ P  I 

i n  which E and I-' are, respectively, the electr ic 
potential gradient and the pressure gradient. The 
L's are the respective conductivit ies, L ,  , being 
the electr ical  conductance, L e  the electrokinetic 
conductance, and L22 the permeability. The t ' s  
are each expressed i n  c lass ica l  theory i n  terms 
o f  a speci f ic  conductance (A)  and a suitable ce l l  
constant (k); E i s  the d ie lect r ic  constant, ( i s  the 
zete potential, and 7 i s  the v iscosi ty:  

h 

k L , ,  = -  I ( 3 4  

'M. E .  Wodsworth, private communication. 

These equations are correct without modification 
only i f  experimental factors meet the requirements 
o f  the assumptions involved i n  their  derivation. 
There are several assumptions required; for in- 
stance, Eq. ( 3 ~ )  must be modif ied to  include a 
paral le l  c i rcu i t  i f  surface conductance i s  present 
( R  = bulk, S = surface): 

If the conductance L ,  , i s  measured wi th  increasing 
electrolyte concentration, the bulk conductance 
wil l ,  a t  suf f ic ient ly high concentration, overwhelm 
the contribution o f  the surface conductance, and 
each term o f  the r ight  side of  Eq. (4) may be sepa- 
rately estimated. A graph o f  I, , , plot ted against 
AB, should approach a straight l ine at  suf f ic ient ly 
high values o f  A,. The departure o f  the experi- 
mental points from th is  l ine  at  low values o f  AB i s  
a measure o f  the contribution o f  surface con- 
ductance. The value o f  k, determined in  th is  way 
can then be used, along wi th  the experimentally 
determined L e  and L,,,  i n  Eqs. (3b)  and (3c)  to 
estimate the zeta potent ia l  and the specific 
per meabi I i ty. 

Experimental. - The apparatus currently being 
used consists o f  a thermostatted glass ce l l  con- 
ta in ing a porous plug of the thorium oxide sample 
con fi ried between porous p I at  i n i zed platinum el ec- 
trodes. A separate pair o f  p la t in ized platinum 
electrodes i s  used to apply a d-c potential across 
the plug. The side arms of  the ce l l  are constant- 
bore glass tubing, vert ical  and parallel. 

An experiment i s  performed by observing the 
rate of  change of the difference in  heights ( h )  of 
the l iqu id  i n  the side arms (of  radius R )  with a 
constant potential gradient. Equation (2) may be 
rewritten i n  di f ferent ia l  form as 

where p i s  the densi ty o f  the l iquid. A graph of 
dh/dt (actually Ah/At)  against h should y ie ld  a 
straight line, the slope and intercept ( h  = 0) of 

85 

..... -- ~ ._........ __ . . . . . . . . . . . . . . . . 



C H E M l C A L  T E C H N O L O G Y  PROGRESS R E P O R T  

which are determined by and L e ,  respectively, 
other quantit ies i n  the equation being known or 
measured constants. A determination o f  the re- 
sistance o f  the c e l l  a t  some time during the ex- 
periment, when E and p are known, makes possible 
the calculat ion of L ,  , by virtue o f  Eq. (1). Thus 
a l l  three conductivi t ies are exp l i c i t l y  measured in 
a single experiment. 

Preliminary experiments, i n  which no speciol 
precautions concerning the chemical integri ty o f  
the thoria and the solutions were taken, sub- 
stantiate the  va l id i ty  and appl icabi l i ty  of fhe 
method. Continued work w i l l  involve well-charac- 
terized and careful ly puri f ied thoria samples i n  
water and a wide voriety o f  d i lu te  electrolyte solu- 
t ions at X ° C ,  and construction o f  a pressure ce l l  
to  permit analogous studies at  elevated tempera- 
tures. A much more detai led discussion o f  the 
theory involved i n  th is  work, the early experimental 
results, and the interpretation o f  the data w i l l  be 
presented i n  a forthcoming topical report. 

14.3 C A L O R I M E T R I C  S U R F A C E  S T U D I E S  

Direct measurement o f  the heat involved in  sur- 
face reactions, as i n  any chemical or physical 
process, i s  the foundation on which the thermo- 
dynamics o f  the processes rests. A program in-  
volving, i n  general, high-temperature aqueous- 
system calorimetry and, m u r e  specifically, the 
determinaiiun o f  heats o f  wetting and dif ferential 
heats of adsorption of various materials on thorium 
oxide surfaces has been init iated. A preliminary 
design and cost estimate for a precision adiabatic 
calorimeter for th is  purpose was prepared, 

Design and thexina! factors w i l l  l im i t  the opera- 
t ion of the calorimeter to temperatures less than 
about 300°C, the range of interest i n  aqueous re- 
actor system applications. The design l im i t  of 
detectabi l i ty i s  (2 x lOS5)"C with an energy equiv- 
alent of 75 cal/deg ar less, thus permitting the 
detection o f  1.5 x l o n 3  calorie. 

14.4 S U R F A C E  P O T E N T I A L  OF T H O R I A  

A s  part of the surface-chemistry program, Q study 
o f  the adsorption equil ibr ium between the Tho, 
surface siid various d i lu te  aqueous solutions i s  
planned. Simple Gouy-Chapman theory o f  the dif- 
fuse double layer can be used to calculate the 
electr ical potential o f  the surface from such ad- 
sorption data. The par t ic les of  Tho, suitable for 
such experiments should be nonporous and of a 
size that gives appreciable surface area but yet  
not much curvature of  the surface, In i t ia l  experi- 
ments directed toward preparing such part icles by 
use o f  homogeneous precipitat ion have given 
prom i si  ng resu Its. 

I f  the surface potential i s  known, the degree of 
peptization o f  a ThO, suspension can in pr inc ip le  
be calculated by using ex is t ing theories of f loccula- 
t ion rates and o f  attract ive and repulsive forces 
between suspended part icles. These theories have 
already been used to calculate the surface po- 
tential required to g ive a particular degree of 
peptization under a variety o f  temperatures, par t ic le  
radii, electrolyte valences, electrolyte concentra- 
tions, and suspension concentrations. . 2 

2 ~ .  ti. Svrscton, Calmlat ion of Suspension P e p t i -  
zation, ORNL-2791 (in preparation). 
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15. NEPTUNIUM RECOVERY PROCESS DEVELOPMENT 

Np REOUCTION Th AND Cr AND 

PRECIPITATION 
8fd HN03 

FRECIPITATION 

3 M  HF 
DlSTl LL A T €  

__I__ 3M HF WASTE 5min AT 23°C 

A flowsheet was developed and used for f inal 
pur i f icat ion o f  Np237 product from the Metal Re- 

Neptunium-237 feed contaminated with 11% thorium, 
39% uranium, 4% aluminum, and 5% corrosion 
products (iron, chromium, nickel)  was processed 
to g ive a f inal product containing 99.5% of the 
neptunium contaminated with less than 0.5% im- 
purit ies. 

covery Plant processing o f  f luorination ash. 1 

The Metal Recovery Plant neptunium product was 
concentrated to 200 l i te rs  by evaporation and was 
pur i f ied i n  30- to 200-9 batches. The process 
used (Fig. 15.1) was (1)  evaporatioh in glass 
equipment for volume reduction and ac id removal, 
(2) f luoride precipi tat ion o f  thorium and chromium 
after oxidation of neptunium to the hexavalent 
state wi th NaBrO,, (3) fluoride precipi tat ion of 
neptunium i n  the f i l t ra te  by reduction to the tetra- 
valent state wi th  SO, gasl (4) dissolut ion o f  
neptunium fluoride i n  8 M HN03-0.5 M H,BO,, 
(5) precipi tat ion of neptunium oxalate, and (6) 
calc inat ion o f  the oxalate at 75O0C to produce 

FLUORIDE - F II-TRITE 
RECYCLE 
Fe,  A I ,  U 

' C h e m  Tech. Ann. Pros. 
2576, p 61. 

Rep. Aug. 31.  1958, ORNL- 

neptunium oxide. This procedure gave 92% nep- 
tunium recovery containing less than 0.4% im- 

purit ies. Product contamination was as follows: 

Amount (mg per g o f  Np) 

Feed Product 
Con t a m  in an t 

A I  120 <0.2 

Cr 40 <0.1 

Fe 180 c0.7 

N i  15 <0.5 

Pu 3 1 

Th 290 0.9 

U 1000 0.6 

Process losses were as follows: 

Waste Stream 

D is  t i I fate 

ThF precipitate 4 
NpF4 filtrate 

Neptunium oxalate filtrate 

Loss (%) 

0.15 

5.29 

0.75 

1.66 

Tota I 7.85 

I NH4 l 2  C204 HzO OXALATE 
FILTRATE 

, 1 1 RECYCLE 
__I - 

D[C:L?rION OXALATE I 9 ~~~~~ 

1 hr AT 350°C - 
3 hr  AT 750°C 

PRECIPITATION 

0.5 M ( NH412 C204 
8 f? H N 0 3  1M H N O j  

0 . 5 M  H 3 8 0 3  

-NEPTUNILJM OXIDE 
PKOOUCT 

Fig .  15.1. Neptunium Isolation Flowsheet. Numbers in circles indicate relative volumes, 
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The neptunium recycle flowsheet (Fig. 15.2) w a s  
used in recovering neptunium froni the thorium 
fluoride prec ip i  tats, the neptun i um fluoride f i  1 tratc, 
and the neptunium oxalate fi l trute. The Np237 
treated by these methods was recovered as a 
chloride product containing < 1% impurities. 

The program demonstrated that the oxidofion- 
reduction fluoride precipitat ion method is satis- 
factory for neptunium purif icat ion i f  the amount of  
impurit ies i s  not too greot. When the amount o f  

F L U O R I D E  F I L T R A T E  
R E C Y C L E  

thorium p lus chiomiurii i s  more than twice the 
amount of neptuniurri, th is  method i s  not prnctical 
because of the large amount of neptunium carried 
on the thorium fluoride-chromium fluoride pre- 
cipitate, The product of the solvent extraction 
sepcration of thorium and neptunium in the Metal 
Recovery Plant (Sec 2.4) provided satisfactory 
feed for this  f inal puri f icat ion step. Th is  method 
i s  especially attract ive for processing a single 
butch or a small amount of neptunium, since only 
ordinary laboratory equipment is required. 

U N C L A S S I F I E D  
O R N L - L R - D W G  40521 

IhF,- Cr F, O X A I L 4 T E  F I L T R A T E  
R E C Y C L E  R ECY C I- E 

4 M I iNO, 
8 M  I-INO 

ThF, 
F I L T R A T E  WASTE 
W A S T E  

Ca F2 
F I ILTR AT E 

Vl4STE 

+ 
H Y C R G X I D E  

PRECIP ITATION 

M E T A r H E S l S  F I L T R f i l F  
--T-.-. W A S T E  

SO R P T I 0 N ELUTION 
.- -- - .- - ...~ - 

'1; 
E F F L U E N T  

W A S T E  

"i! 
-4 NpCI, PRODUCT 

Fig.  15.2.  N e p t u n i u m  !solcation Recyc le  Flowshee t .  
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The purpose of  the transuranic studies program 
i s  to develop processes for the separation o f  the 
transuranium elements from f iss ion products and 
from each other. The program schedule i s  de- 
termined by the need for processes and fac i l i t i es  
to recover plutonium, americium, and curium from 
highly irradiated 8u239  by July 1962. Chemical 
process development was carried out on a labo- 
ratory scale, preliminary design of a Transuranic 
Processing F a c i l i t y  was initiated, and i r radiat ion 
of  plutonium-aluminum fuel elements i n  the B R R  
was started to provide a supply of  irradiated 
plutonium containing trace quantit ies of americium 
for process development, 

16.1 PROCESS D E V E L O P M E N T  

Transplutonium elements up to Cf252 can be 
produced by long-term neutron irradiation of P u * ~ ~ .  
Because of the large amount of heat generated 
during fission, the in i t ia l  irradiation must be 
carried out at moderate neutron fluxes un t i l  niore 
than 99% of the f iss ionable plutonium ( P u 2 3 9  and 
Pu14’) i s  consumed. The Pu242, americium, and 
curium formed during this in i t ia l  irradiation can 
then be irradiated at  the highest neutron f lux 
avai lable for rapid formation of the higher isotopes. 
Chemical processing i s  required after each irradi- 
ation. To date, development studies have been 
l imi ted to methods for processing after the f i rs t  
irradiation. This process must separate Pu , 
americium, and curium from f ission products, major 
neutron poisons, and gross impurit ies SO they can 
be fabricated into compact capsules for insertion 
into a neutron Flux possibly as high as 5 x 10’’ 
n e ~ t r o n s * c m - ~ . s e c - ’  as proposed for the High- 
F lux  Isotopes Reactor. 

The proposed process uses two solvent ex- 
traction cycles followed by ion exchange for f inal 
purif ication. The americium-curium product i s  to 
be precipitated and calcined for conversion to the 
oxide: for reirradiation. In the preliminary flow- 
sheet, p I utoni um, amer i cium, cur i urn, and rareear th 
f iss ion products are simultaneously extracted from 
a neutral aluminum ni t ra te solution into 40% TBP. 
Americium, curium, and the rare earths are stripped 
wi th  n i t r i c  ac id  containing an ox id iz ing agent, 
and the plutonium i s  stripped wi th  d i lu te  n i t r i c  
ac id  containing a reducing agent. Successful 
operation of th is  system depends on careful control 

2 4 2  

of the plutonium valence state. Since tetravalent 
plutonium w i l l  hydrolyze i n  neutral aluminum 
ni t rate solutions, plutonium i s  reduced to the 
t r ivalent form during extraction. In  the ac id  
part i t ioning column, plutonium i s  converted to the 
more extractable tetravalent form in  order to keep 
it i n  the organic phase, Plutonium i s  stripped 
after reduction to the less extractable t r ivalent 
form. 

Batch countercurrent extraction tests were made 
wi th  synthetic feed containing tracer plutonium, 
americium, and yttrium according to the flowsheet 
conditions i n  Fig. 16.1, Typical  d istr ibut ion 
coeff ic ients (o/a) for Pu(l l l ) ,  americium, and 
yttrium in  the extraction section were 5.3, 8.5, 
and 14.5, respectively. With s ix  extraction and 
four scrub stages, these tracers were quant i tat ively 
extracted, only about 0.01% remaining in the 
aqueous phase. Typical  d istr ibut ion coeff ic ients 
for Pu(IV), americium, and yttrium i n  the par- 
t i t ion ing column were 56, 0.05, and 0.07, respec- 
tively. With three part i t ioning and two organic 
scrub stages, only 0.5% of the americium and 
yttrium remained in the organic phase and about 
0.001% o f  the plutonium was lost to the aqueous 
phase. In the plufonium stripping column, Pu(ll1) 
d istr ibut ion coeff ic ients were approximately 0.01, 
and four stages le f t  only 0.005% of the plutonium 
i n  the organic phase. Although this flowsheet was 
not tested wi th  curium tracer, satisfactory recovery 
i s  predicted, since distr ibut ion coeff ic ients for 
curium are s l ight ly higher than those for americium. 
L i t t l e  i s  known about the behavior of other f iss ion 
products as yet; however, ruthenium and zirconium 
decontamination factors were greater than 100 in  
tests wi th very law levels  of  these act iv i t ies.  

Extraction of rare earths into mono-2-ethylhexyl- 
phosphoric ac id  from concentrated chloride so- 
lut ions i s  a promising method for removing rare- 

1 earth f iss ion products from americium and curium. 
In th is  system the lanthanides are more extractable 
than americium and curium, AI though separations 
can be made from 12 M HCI, the distr ibut ion 
coeff ic ients for lanthanum and cerium are low. 
By subst i tut ing LiCi for most of  the HCI, d is t r i -  
bution coeff ic ients are increased by a factor of 

F. Peppard et aZ*, “Application of Phosphoric 
Acid Esters to the \so la t ion  of Certain Transplutonics 
by Liquid-Liquid Extroction,” I .  Inorg. 6 Nuclear Cbern. 
(to be published).  
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UNCLASSIFIED 
ORNL-LR-DWG 40522 

N PARTITION 

r;l, 

L 
Fig.  16.1. Flowsheet  for Simultaneous Extraction o f  Am, Pu, and Rare Earths. Numbers in circles indicate 

re  lot ive vol  umes. 

5 to  8; hc-wever, separation factors remain es- 
sential l y  constant, Distr ibution coeff icients (o /a )  

for tracer amounts o f  neodymium, cerium, lanthcjnum, 
and americium between 0.5 ,%I mono-2-ethylhexyl- 
phosphoric acid i n  xylene and 10.5 ,h1 LiCi-1.0 ,M 
HCI are 0.60, 0.50, 0.40, and 0.15, respectively. 

Countercurrent extraction studi cs were made 
wi th  one volume o f  a 10-y'liter rare-earth feed 
that was 11 41 in L iC l  and 0.2 $1 in  HCI, four 
volumes of 0.5 ,%I mono-2-ethylhexylphosphoric ac id  
extractant, and one volume o f  10 M LiCI-2 M HCI 
scrub. After equil ibrium W Q S  reached, americium 
tracer was added to each stage to determine 
americium distr ibution coeff icients throughout the 
system. With eight extraction stages and seven 
scrub stages, the aqueous raff inate contained 
99.96% of the americium, 0.1% of the neodymium, 
2.2% o f  the cerium, 12% of the lanthanum, and 
<0.1% of the samarium, europium, and gadoliniurn. 
Further development of th is  extraction process i s  
needed to  set optimum conditions and to  make 

certain that satisfactory curium ieCQ'V€%y con be 
o btai ned. 

16.2 T R A N S U R A N I C  P W O C E S S ? N G  F A C I L I T Y  

Preliminary design of ai l  addition to the Isolat ion 
Bui ld ing w a s  started. Th is  oddit ion w i l l  provide 
laboratories for work with alpha-active materials 
and ce l l s  far work wi th  alpha-, gamma-, nnd 
neutron~act ive materials, The completed bui lding 
w i l l  house essential ly a l l  the laboratory-scnle 
alpha work of the Chemical Technology Div is ion 
and the principal Analyt ical Chemistry Div is ion 
laboratories for highly  alpha-active samples. 

16.3 S P E C I A L  PLblTBP31UM I R R A D I A T I O N S  

F i v e  plutonium fuel elements for the ORR are 
avuilable. Irradiation of three of these has been 
started. They w i l l  be irradiated to greater than 
90% burnup and w i l l  furnish material for process 
testing. 
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Information was col lected and a progrum organ- 
ized to develop and promote nonnuclear uses for 
usanirpm depleted i n  U’”. A summarizing report 
i s  being prepared which w i l l  include the status 
o f  related programs a t  other sites. Nonreactor 
uses ore insignificant, and fast breeders would 
use only  a small fraction of the depleted uranium 
that w i l l  be produced i n  the next 40 years. 

The toxicology and radiology o f  uraniurn were 
reviewed to  establ ish the Ieost rest r ic t ive safe 
handling and aCeounAability l imits, An i l lus t ra t ion 
of the restr ict ion pI<aced on handling depleted 

uranium i s  that the maximum permissible concen- 
trations for uranium or i t s  compounds i n  a i r  are 
greater than those o f  mercury or lead. 

L i terature reviews indicated the most promising 
large-scale uses of depleted uranium to be in these 
catsgor ies: 
1. metallurgy, part icularly in a l loys and as sac- 

r i f i c i a l  electrodes for cathodic protection, 
2. O W  dressing, for example, to form heavy media, 
3. processing, for example, as a catalyst, 
4. ceramics, 
5. inorganic ion exchange work, 
6. shielding. 

Acid, basic, and neutral extractants wi th  an in- 
creasing range of structures ware examined in  
conti twing chemical and engineering studies of  
their extraction behavior, and some of the many 
potcn t ia I a ppl icat ions were investigated. Funda- 
mental chemical reactions and the ef fect  of irradia- 
t ion on severa! solvents were studied, 

18.1 U R A N  IUM-THORIUM SE PARATICIN 

In extractions from n i t r i c  ac id  solutions, phos- 
phates and phosphonates w i th  secondary a lky l  
side chains gave uranium-thorium separation 
factors 15-40 times greater than TBP (Table 18.1). 
Reagents with branching further along the chain 
(e.g,, 2-ethylhexyl, 2-methylbutyl) or with a mix- 
ture of normal und  cyclohexyl or phenyl groups 
were only s l ight ly  better than TBP, wi th  separation 
factors about threefold greater. Phosphonates w i th  
straight a lky l  chains showed separation factors 
dawn t o  half h o s e  with TBP. 

The wide spread in  uranium-thorium separation 
factors is a r e s u l t  of the large ef fect  which reagent 
structural changes have on thorium extraction CIS 

contrasted to uroniurn extraction. Thus, the 
reagents l i s ted  in Table 18.1 showed a 104-fold 
variation in thorium extraction coefficient, but 
only a 40-fold variation in uranium coefficient. 
The uranium-thorium separation factor wi th  TBP in 
xylene was about three times higher than wi th  TBP 
in Amsco 125-82* Similar differences have also 

been observed w i t h  f iss ion products. Di(sec-butyl) 
phenylphosphonate (DSBPP) and dibutyl phenyl- 
phosphonate (DBPP) require di luents of appreciable 
aromatic content in order t o  achieve suff icient 
organic phase so lub i l i t ies  of the uranium-organo- 
phosphorus complex. 

18.2 URAN IUM-P LU TONiUM E X  TRACTION 

DSBPP and DBPP showed higher extraction than 
TBP for uroniurn and plutonium (Table 18.2) and 
better separation factors for uranium from f iss ion 
products (Table 18.3) from n i t ra te solution. 
Countercurrent tests under conditions simulating 
the usual Purex codecontamination eycle confirmed 
that both uron ium recovery and decontamination 
from f ission products are better w i th  DSBPP in 
xylene than wi th  TBP in Amsco 125-82 (Tables 
18.4 and 18.5). The DSBPP has also been demon- 
strated to  have higher s tab i l i ty  t o  radiolysis than 
TBP (Table 18.6) (see a lso Sec 18.8). 

From Sulfuric A c i d  Decladding Solutions. - De- 
velopment continued of solvent extraction methods 
to recover plutonium and uranium lost from fuel 
cores t o  sulfuric ac id  decladding solutions. The 
two most promising flowsheets were tested through 
continuous countercurrent extraction in laboratory- 
scale mixer-settlers. These used successive ex- 
traction of uranium(1V) and plutonium(il l) or (IV) 
w i t h  0.1-0.3 M primary amine, followed by str ipping 
of both together from the combined extracts 
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Table 18.1. Uronium-Thorium Seporotion Factors in Extraction from 4.0 M Nitric Acid 
w i th  1.0 M Organophosphorus Reagent 

.1_1. --- 

Reagent 
Cn lculated Separation Factor 

Arnsco 125-82 Diluent Xylene Diluent 
..___...- - .I.__ ..... 

~ -. ~- ~ 

Secondary Alkyl 

Di(octy 1-2) phenylphosphonate 

Di(sec-butyl) phenylphosphonate 

Tri(octy 1-2) phosphate 370 

Tri(sec-butyl) phosphate 240 

Di(isopropy1) 2-ethy lhexy lphosphonate 100 

D i (octy 1-2 ) 2-e thy I hex y I pha s p h ana te 55 

Branched Piirnery Alkyl  

Di(2-ethylhexyl) 2-ethylhexylphosphonnte 27 

Tri(2-ethylhexyl) phosphate 26 

Tri(2-methy Ibutyl) phosphate 17 

Tri(isobuty I )  phosphate 20 

n-Alkyl + Cyclohexyl 

Di(n-buty I )  c y c  lohexy lphos phono te 22 

%-Alkyl L Phenyl 

D i(n-buty I )  phenylphosphonate 

Straight Ptimary Alkyl  

Tri (n-buty i) phosphate 

Di(n-hexyl) n-hexy lphos phona te 

Di(n-pentyl) n-pcnty lphos phona te 

D i (n-bu ty I )  n-buty lphosphonate 

11 

8 

6 

13 

980 

370 

19 

26 

(Fig. 18.ln), and extraction of uraniwm(Vl) alone 
with 0.3 M di(2-ethylhexyl)phosphoric acid-0.15 M 
TBP (Fig. 18 , lb ) .  Simulated decladding solut ions 
were used at. the expected concentrations ’ of 2-3 
M H,SO, plus 1 M stainless steel sulfates, w i th  
addit ion of either 3 g of uranium and 0.001 g of 
plutonium or 2 g of thorium and 0.1 g of  uranium 
per liter. 

‘ J .  R .  Flanary et  ai., Development of the Sulfex 
P r o c e s s  / o r  tlecladdzng Staznless-Steel Clad Power 
Reactor F u e l  Elements  wzlh Sulfutic Aczd, ORNL-2461 
(March 13, 1959). 

00th uranium(lV) and plutonium(1V) are strongly 
extracted by primary amines from sulfate solut ion 
even a t  high ac id i ty  (E: > 1000 from 3 M H,SO, 
with 0.1 M Primene JM-T). In  the presence of 
uranium(IV) and iron(ll), the plutonium is expected 
t o  be reduced to Pu(ll l), which is inuch less ex- 
tractable. However, under the conditions shown 
i n  Fig. 18.la plutonium was extracted with coeff i -  
cients of 100. This ab i l i t y  to extract plutonium(l l l )  
i s  tentat ively ascribed to enhancement of oxidation 
from Pu( l l l )  t o  (IV), during extraction, by the com- 
plexing action of the sulfate and the amine. The 
addition of a relat ively smal l  amount of oxidant 
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[0.01 iki Fe( l l l )  added to the -0J M Fe(l l ) I  after 
the uranium extraction aided the plutonium ex- 
traction. Over 99% of the uranium and plutonium 
were recovered i n  continuous countercurrent tests, 

Tab le  18.2. Uranium and P lu ton ium Ex t rac t i on  by 

DSBPP and DBPP 

For IJ: 11.3 g o f  U per liter, 5.03 g of Th per l i ter; 

o/a r a t i o  = 1 .O 

For Pu: 0.000055 M Pu(IV); o/n r a t i o  = 1.0 

Ex t rac t i  on Coe f f i c i en t  
I--- 

HNQ3 
C"nCentra*ion in 1.01 M TBP 1.11 M 1.11 izI 
Aqueous Phose in Amsco  DSBPP in DRPP i n  

) 125-82 Xylene Xy lene  

wi th  a concentration factor of -2-5 i n  the extroc- 
t ion step. 

A promising flowsheet similar t o  that in Fig. 18, lu  
combines the uranium and plutonium extraction 
sections into a single section. I t  is based on the 
ab i l i t y  of the plutonium, once extracted, to be 
retained i n  the organic phase whi le  relat ively iarge 
amounts of uraniurn(lV) are extracted in the upper 
stages. When the flow ratio was set to give 
uranium loading >95% of the maximum, plutonium 
was lost because of excessive ref luxing in the 

upper stages. With the flow rutio adjusted to give 
4 0 %  of the maximwrn uranium loading, plutonium 

Table 18.4. Uranium Ex t rac t i on  factors (E'') 

Counter- 1 M  1 M  1 M TBP 
Usaniirrn E x t r a c t i o n  current DSBPP in DBPP in 20% i n  Antsco 

Sta ge Xylene Xy'ene-aO% 125-82 
3.0 31.0 37.8 52 -7 A ~ S C O  125-82 

0.8 6.2 16.5 19.4 

0.2 2.9 7.5 11.1 

Pluton ium( II V) Extrac t ion 

3.0 15.0 19.0 34 .O 

1.5 4.9 6.8 12.0 

0.6 0.20 0 3 2  0.57 

0.2 0.016 0.045 0.093 
~ 

Tab le  18.3, Separation Factors for Uranium from 
3.0 M H N 0 3  with DSBPP, DBPP, and TBP 

in Batch Equ i l i b ra t i ons  

For U: 11.3 g of U per l i ter, 5.03 g of  Th per l i ter; 

o / n  ratio = 1.0 

F a -  Pu: 0.000055 M Pu(IV); G/LZ ra t io  = 1.0 

Separation Fa c tor 
N u c l i d e  

T B P  

(1 M in 

Amsco 

Separated DSBPP DBPP 
(1.1 M in (1.1 M in 

Uranium Xylene)  Xy lene)  

from 

125-82) 

Pu ( I  V) 2,l 2.0 1.6 

6-Sc 28.4 31.0 17.6 

1-Ex 8.2 12.5 3.3 

3-Ex 84.0 63.6 43 .o 
- 

Tab le  18.5. Gross Beta Beeontarninatian Fac to rs  

1 fM TBP 

125-82 

1 M  

Xylene-80% 

Amsco 125-82 

1 M  Counter-  

current DSBPP in DBPP in *'% in ~ m s c o  

Stage Xylene 

6-SC 3900 840 1500 

4-sc 3380 570 1000 

2-sc a25 233 800 

1-Ex 6 06 88 346 

Tab le  18.6. Rad io i i on  Damage to Solvents 

Yield, G 
Product  --- 

DSBPP D B P P  TBP 

Ru 720 1400 1550 Go s 0.33 0.49 1.87 

Zr-Nb 890 i i a o  1000 0.13 >1.00 

Gross 0 2000 5800 2400 Mono ac id  0.54 0.78 2.07 -- I 
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ref luxing was considerably decreased. More than 
99% of the uranium and plutonium were recovered, 
w i th  a concentration factor of -2.5 in the extrac- 
t ion step. 

The combined extractant D2EHPA-TBP extracts2 
uraniurn(V1) (E: - 10 from 3 M H2S0, with 0.3 M 

D'ZEHPA-0.15 ($1 TBP), but the extraction coeff i-  
cients for plutonium(lV) are not high enough to  
overcome Competition by high concentrations of 

iron(ll1). When plutonium is  absent or negl igible, 
the iron can be reduced to ( 1 1 )  and uraniurn(V1) 
extracted according to the flowsheet of Fig. 18.lb. 
Over 95% of the uranium was recovered in con- 
tinuous countercurrent tests, wi th a concentration 

2C. A .  Blake,  D. E. Horner, and J. M. Schmitt, 
Synergistic Uranium Extractants: Combination of 
Neutral Organophosphorus Compounds with Dialkyl- 
phosphoric Acids, ORNL-2259 (Feh. 10, 1959). 

UNCLASS'FIFD 
ORNL-LR-DWG 40523 

D ~ C L A D D I N G  SOLL~ ria!- 
2 - 3  iM H,SO, 

5 3  2 OF l J  PER l i t e r  
1 M SS SULFA.rES 5 M 

h ?10 3 

RECYCL-E 
EX-r RACTA NT 

___.~ EXTRACTANL - 

PROD LIC T~ 
u, Pu - 2 ?il HN03 

-2.5 M SO4 

~ _ _ _ ~  4LCOHOt. D I L U E N T  

EX 'L H A  CT I 0 N 

(0) 

0.3 M D2EtiPA I I \  
t0.15 M TBP IN I I I I C3* \ Si SIPPING E .x 77 A CTI 0 N 

I HY3ROCA930N 3lLUENl~ 
I 

PRODUCT 
13 q CF U PER l i t e r  

IRACE T h  
4 M N o  ?do3 

> 1  M HNOj 
< 0.3 44 SO4 

Fig. 18.1. Recovery from Sulfuric Acid Declodding Solution of ( a )  Uranium ond Plutonium by Extraction wi th  
Circled numbers are f low Primary 

ratios. 

A m i n e  and (6) Uranium by Extraction with Di(2-ethylhexyl)phosphoric Acid.  
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. 

factor of 10 in the extraction step. About 2% of 
the thorium was extracted. 

Uranium can a lso  be recovered from uranium- 
thor iu m-bearing dec ladd ing solutions by ex traction 
wi th  a primary amine by the uranium portion of the 
flowsheet of Fig. 1 8 . 1 ~ ~ .  The thorium w i l l  a lso  be 
completely recovered. If there is much thorium in  
the decladding solut ion the relat ive product volume 
cannot be held as low as i t can be i n  the absence 
of thorium because of the l imited aqueous solu- 
b i l i ty  of thorium (on the order of 10 g of Th p e r  
l i ter )  in sulfate s o ~ u t i o n s . ~  

1 8 . 3  PLUTONIUM AND NEPTUNIUM RECOVERY 

Study continued on extraction of plutonium and 
neptunium by amines, trialkylphosphine oxide, and 
dialkylphosphoric acid. Most attention was given 
to  the h igh ly  extractable IV  oxidation state from 
nitrate solutions, for appl icat ion to  the processing 
of neptunium and plutonium from irradiated neptu- 
nium, and to recovery of traces from waste streams. 

31. C. Waggener, "Thorium Sulfate Solubilities," 
letter to A.  M .  Weinberg, ORNL, April  17, 1953. 

The extraction coeff icients for Np(lV) were gen- 
era l ly  lower than those for Pu(IV) by factors o f  
5 t o  10. However, their variation w i th  the major 
extraction voriables was c losely  paral lel over 
considerable ranges. This proved useful in inter- 
polation and extension of plutonium nitrate ex- 
tract ion data by comparison w i th  neptunium ex- 
tract ion curves, which are more readi ly established 
in deta i l  w i th  the use of Np238 tracer, 

Certain aspects o f  Pu(IV) and Np(lV) extraction 
were similar wi th  acid, phosphine oxide, and amine 
extractants. The extraction coeff icients (./a) 
passed through maxima near 1 M HNO, and de- 
creased sharply a t  lower ac id i t ies  when no nitrate 
was added, but continued to increase w i th  de- 
creasing ac id i ty  down to  -0.2 N HNO, i n  the 
presence of -6 M NaNO, (Fig, 18.2). With d ia lky l -  
phosphoric ac id  the lower extraction at  low ac id i ty  
in the absence of sa l t  is  attributed t o  hydrolysis 

4 

4B. Weaver and D. E. Horner, "Distribution Behavior 
of Neptunium and Plutonium Between Acid Solutions 
and Some Organic Extractonts," paper presented at the 
135th Nat ional  Meeting of the American Chemical 
Society, Boston, Apri l  1959. 

UNCLASSIFIED 
ORNL-LR-DWG 40524  

~ --- ~l ............... 

0 HN03 VARIEO, C N 0 3 =  H N 0 3  
e H N 0 3  VARIED, I N 0 3  = 6 M ( H N 0 3 +  NaN03) 

-. ...... .____ 1 A = N  
E,"= 0 . 0 0 2  
AT 0.05 M H N O j  

I 

VARIED, H N 0 3 =  1 M 
............... __ ........ .. 

E;= 0 .08  €; = 0.001 

0.01 0.1 1 IO 0.1 1 10 0.1 1 10 0.01 0.1 1 

M H N O j  OR M TOTAL NO3 

Fig. 18.2. Effect  a f  Nitr ic  Acid  and Total Nitrate Concentrations on Extraction of Neptunium(lV) by: (u) 0.01 M 

Di(2-ethylhexy1)phosphoric Acid; ( b )  0.01 M Tri-n-octylphosphine Oxide; (c) 1 M Tributylphosphotc; (4 0.1 M Triiso- 

octy I am i n e. 
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of the metal ion; wi th the phosphine oxide and 
amine it i s  attributed to  both hydrnlysis and insuf- 
f ic ient  n i t iatc complex ing. Extraction coeff icients 
varied with approximately h e  square of the con- 
centiofion of each r m : p i t .  Neptunium-237 loading 
tests indicotcd saturation a t  an Np(lV)/D2EHPA 
mole rat io of -1/3 (0.001 M D2EHPA) and a t  an 
Np(lV)/clmirw irlolc rat io o f  -1/3 (0,025 ,A! Alamine 
336). 

Extraction coeff icients for Np(lV) from sulfate 
solutions were considerably higher than those far 
Pu(IV), the opposite 3f their relat ive extracta- 
b i l i t i ns  from nitrate solidtions. 'The extiact ion 
behnvior o f  iieptunium was generally similar to  that 
of plutoniuiii, but less c losely paral lel than in the 

strongly extracted by piimeigi amines, they re- 
spondcd oppositc!y to varying ac id i ty  (Table 88.79. 
W i t h  Loth d ia I ky I phos plior ic acid i i i t d  trio I ky Iphos- 
phirre Oxide, extract ion was high a t  low sulfate con- 
centrations and sanerally decreased with increasing 
sulfate. Extraction by phosphine oxide w a s  im- 
paired least w h e n  the sulfate was all present as 
sulfuric acid. Extraction by dialkylphosphoric 
acid was Letter iit low acidi ty for Np(lV), but 
s l igh t ly  better a t  higher acidi ty for Pu(IV). 

Extraction of both Pu(IV) and Np(lV) varied w i th  
aminc class in the oc&r quaternary, tertiary >> sec- 
ondnry > priiiiaiy fioiir niTixitc solutioi-er and pri- 
riioIy >> secondary > tertiary from sulfate solutions, 
the some orders a s  fa most othei Ill- and IV-valent 
metal ions.5 ~ i t h  aI I  his extrnctants examined, 
the re!ot ivc extractabi l i ty  of the dif ferent oxidation 
states w a s  Pu(lV) > P u ( V I )  >> Pu(lll) and Np(lV) > 
Np(VI) >> Np(V). Even Pu( l l l )  was extracted, 
either as such  or after col-inficed oxidntian to  IV, 
by primary amities from sulfate solutions and by 

i l i l i a th  SyStcms. ['Ut CXC?" .iBiple, whi le both were 

5C. 
(1958). 

F. Coleman et al . ,  I d .  Ezg. Chern. 50, 1756 

tertiary amines from nitrate solutions at high sa l t  
concentration and low ucidi ty.  

As previously d e s ~ r i b e d , ~  the misc ib i l i t y  of 
amine sal ts w i th  organic di luents depends on the 
anion, on the class, structure, and size of the 
amine, and on the type of diluent. The sulfate, 
bisulfate, and nitrate salts of a l l  the amines6 used 
in  the foregoing studies are miscible a t  concentra- 
tions a t  least up t o  04.5 M wi th  aromatic hydro- 
carbons and w i th  either al iphat ic hydrocarbons or 
al iphat ic hydrocarbon-heavy a lcohal mixtures. 
However, 0.025 M t i i isooctylamine nitrate in xylene 
or 95% xylene-5% tridecanol separated into t v o  
organic phases when Np(lV) concentrations of the 
order of 0.005 M were extracted. Trilaurylarriine a t  
0.02.5 M and Alamine 336 a t  0.02.5 and 0.1 M i n  
xylene each extracted Np(lV) up t o  saturation 
(1 mole Np to -4 moles amine) withuu'i separation 
of an extra phase. The higher solubi l i ty  is at- 
tributed to the longer a l ky l  chains in  Alamine 336 
(n-octy I-n-decy 1 tertiary amine) and tr i  lcrury lami ne 
than in  triisooctylnmine. 

Recovery Procedure. - A possible process for 
plutonium and neptunium recovery from irradiated 
neptunium was developed (Fig. 18.3) using tert iary 
ciniinc extraction. The dissolver solut ion con- 
taining -6 N aluminum nitrate i s  adjusted to 
<0.1 M HNO,. The neptunium i s  reduced to Np(lV), 
for example, with ferrous sulfamate, which also 
reduces the plutonium to Pu(ill). Both are ex- 
tracted by 0.3 M t r ia lky l  amine, for example, 
trilaurylamine or Alamine 336. The extraction 
coeff icient of neptunium i s  >>loo. That of Pu( l l l )  
i s  more variable and much lower than that of 
Pu(lV), but high enough (>lo) for extractian, The 

I n c I ud i ng , e .g ', t r  i I a ury la 111 i ne, t r i -n-octy I ami ne, tri - 
iso-octylamine, A lamine  336, Amine 5-24, N-benzyl- 
heptadecylamine, ditridecylamine, Primene JM. 

Tab le  18.7. Extrnction o f  Ncp'iunium and Plutcniuni from Sulfate Solutions by Primsne JM 

Extraction Coefficient, E: 
m__ 

Concentration of 
Cons t i  t u e n  t 

Extractant 0.5 M H2S04- 
Extracted 0.5 M H 2 S 0 4  2.5 M H2S04 

(M 1 2 (NH4I2SQ4 
,- ................ .......... ................... .................... ............ .... ~ 

N P ( l V )  0.001 50 600 80 

P d ( i V )  0.0 1 35 8 2 00 
~ .......... .- Î. 
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SCRUB 
2 M AI (NO313 
eo.! N HNO3 

FEED 
2 MA1 (NO313 
< 0.1 N HNO 3 

-- 

0.04M Np - 
0.004 A4 Pu 

REDUCED TO 
Np( IV ) ,  Pu(II1) 

2 N  HNO3 + 
Fe ( N Ii 2 SO3 )2  

......... 

0.01 N 
H2SO4 

UNCLASSIFIED 
ORNL-LR-DWG 40525 

-TO soLvErrr TREATMEN r 
AND RECYCI. E 

EXTRACTION STRIPPING 

EXTRACTANT 
0 . 3 M R 3 N  IN 4 5 '4 1-7 'riN[ + 

HYDROCARBON- 
ALCOHOL DILUENT 

WASTE 

Fig. 18.3. Recovery and Separation of Plutonium and Neptunium by Tert iary Amine Extraction. 

plutonium is  stripped w i th  2 M n i t r i c  ac id  con- 
taining ferrous sulfamate as a reductant. The 
neptunium is  then stripped w i th  water containing 
enough sulfuric ac id  to  prevent precipitation. 

Two other methods examined a lso appeared 
promising for plutonium-neptunium recovery: 
(1) extraction f i rs t  of Np(lV) from n i t r ic  ac id  
solution, leaving Pu(ll l), and then of Pu(IV) after 
oxidation, and (2) simultaneous extraction of Np(lV) 
and Pu(IV) from low-acid aluminum nitrate solution. 
I n  the latter case, the presence of 6 N Al(N0 ) 

3. 3 a ids reduction of neptunium t o  I V  and prevents i t s  
reoxidation when Pu( l l l )  i s  oxidized to  I V  wi th  
nitr i te. Sodium or ammonium nitrate (6 N )  was 
sometimes, but not  always, effect ive in  reducing 
and protecting h e  Np(lV). 

Recovery from Wastes. - The high extraction 
coeff icients obtainable wi th  several different ex- 
tractants (cf, Fig. 18.2) may be useful in re- 
covering traces of neptunium and plutonium from 
ac id ic  n i t ra te waste streams. Either 0.3 (M t r i -  
isooctylarnine or 0.01 M tr i-n-octylphosphine oxide 
extracted Np(lV) wi th  distr ibution coeff icients of  
-20 from 8 M HNO,, -50 from 1 M HNO,, and 
>200 from 1 hf HNO, salted to 6 M total nitrate. 
Di(2-ethylhexyl)phosphoric ac id  at  0.01 M ex- 
tracted neptunium wi th  distr ibution coef f ic ients  
m-500 from 1 M HNO, and 3000 from 0.4 M HNO, 

salted to 6 hf total nitrate. The extracted metals 
can be stripped from a l l  three extractants by 
d i lu te  sulfate, oxalate, or carbonate solutions. 

18.4 FISSION P R O D U C T  RECOVERY 

Strontium. - As previously reportedI7 D2EHPA 
extracts strontium from sodium nitrate solutions 
of pH  - 3  to >12, wi th  maximum extraction near 
pH 5. The fol lowing reactions (where the dots 
indicate the organic phase) account for a maximum 
i n  the E: vs  pH curve and for the observed slopes 
o f  - 2  below pH 5, %(-2) from pH 5 to  7, and 
-0 above pH 7: 

2Na' + [HR,PO,I, e 2NaR,PO, + 2Ht . . . . . . . .  . . . . . . .  
Sr" + 2[HR,P041, Sr[R,PO,I,H, + 2H' . . . . . . . .  . . . . . . . . .  

2Na' + Sr[R,PO,l,H, e Sr[R2P0412 + . . . . . . . . .  . . . . . . .  
t 2NaR,PO, + 2Ht . . . . . . .  

Srtt + 2NaR,PO, 6 Sr[R,PO,I, + 2Nat . . . . . . .  . . . . . . .  

7K. B. Brown, P r o g r e s s  R e  ort on Raw Marerials /or 
December, 1957, ORNL-2486 (%pril 17, 1958). 
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They are also consistent with the concentration 
dependences near the strontium extraction maximum 
and i n  the presence of excess aqueous sodium 
ion: 

Phenyl( 1-hydroxy-2-ethyl hexy1)phosphinic ac id  
also extracted strontium but a t  lower pH, ex- 
traction starting at pH -2.5, with a maximum at  
pH -4.5. Bis(diisobutylmethy1)phosphoric and 
di(2-ethylhexyl)phosphinic acids showed only 
sl ight extraction maxima, near pH 7, but at pH 12 
gave coeff icients two to three times os high as 
D2EHPA, that is, -30, from 0.5 M NaNO, so- 
lut ion with 0.1 M extractant. 

Separation of Rare Earths from Wastes. - Rare 
earth f ission products were extracted from 5.6 N 
AI(NO,), solution containing no added n i t r i c  ac id  
by di-n-butyl phenylphosphonate, TBP, and di- 
sec-butyl phenylphosphonate with extraction co- 
eff icients of 800, 270, and 100. Extraction of 
individual rare earths differed only slightly; for 
exampl e, europium extract ion coeff icients were 
only about three times those for cerium(ll1). 

The extraction coeff icient was greatly affected 
by the salt ing agent (Table 18.8). Extraction from 
aluminum nitrate solution was about 30 times 
higher than from sodium nitrate, and more than 
100 times higher than from ammonium nitrate, each 
at 5.6 N nitrate, Addit ion of 0.1 N HNO, a t  

constant total nitrate decreased coeff icients to  
about I ;  of those wi th  no added acid. 

A tentat ive flowsheet for recovery and concen- 
tration of  rare earths, including cerium(llI), uses 
extraction v i  th d i lu te  diamyl amylphosphonate 
(DAAP) from 5-6 N AI(NO,), or NaNO, solution, 
or with d i lu te  TBP from 5-6 N AI(NO,), solution, 
containing not more than -0.1 N HNO,. The 
extracted rare earths can be stripped readi ly by 
very d i lu te  (unsalted) n i t r ic  acid, 

Separations of Rare Earths. - A s  previously 
reported,' rare earth distr ibution between di luted 
TBP and 14 N HNO, nearly saturated with rare 
earth nitrates gave the theoretical separation 
factor between yttrium and erbium, 1.08 per stage, 
throughout an 86- stage extraction system operated 
at total reflux. Operation was also feasible at 
a 10 to 1 ref lux ratio, with nearly constant con- 
centrations being maintained through the ex- 
traction system although the separation foctor 
dropped to 1.044 per stage. Attempts to operate 
wi th  10 N HNO, were unsuccessful. At the lower 
acidity the rare earths became concentrated 
beyond the solubi l i ty l imi ts  a t  one end or the 
other of the extraction system, so that steady 
state a t  total ref lux was not attained. Th is  part 
of the rare earth separations study - separations 
requiring high throughput capacity - was termi- 
nated. 

'Chern. Tech. Ann.  Prog. R e p .  Sepi. 23, 1958, ORNL- 
2576, p 113. 

Table 18.8. Effect ob Salting Agents on Extraction of Europium Nitratu 

Salting agent 5.6 N with no added acid 

Eu Extraction Coefficient, E: 

LiNO, NaN03 NH,NO, AI(N03), Mg(NO,), Ca(N03)2 Zn(N03)2 Cu(NO,), Fe(N0,)3 
I ._._. . . __..__._.. __.._..._ Reagent (1 M )  

_._ .. .....__I__ -. .. _. -. ......._.._.... 

Tributyl phosphate* 140 10 2 270 250 10 150 60 10 

Diamyl omylphos- 1800 230 50 3000 1400 40 1200 1200 90 
phonate 

Dibutyl buty I- 1500 230 50 3000 
phosphona te 

Di-n-butyl phenyl- 320 25 7 800 
phos phona te 

Di-sec-butyl 75 3 0.7 100 
phenyl phosphona te 

*Diluent for TBP was Amsco 125-82; for phosphonates, 80% Amsco 125-82-20% xylene. 
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The use o f  a continuous multistage TBP-n i t r i c  
ac id  extraction system i s  at t ract ive for the sepn- 
ration of f iss ion product rare earths, which di f fers 
from the macro separation o f  natural rare earths 
in that high throughput (on a weight basis) i s  not 
needed. Separations of yttrium from the f ission 
product lanthanons and of  promethium from the 
l ighter lanthanons and samarium by distr ibut ion 
between 12 N HNO, and TBP were demonstrated. 
Distr ibut ion coeff ic ients and separation factors 
from 12 N HNO, were essent ia l ly  the same wi th  
undiluted DAAP as with TBP. DAAP has a 
s l ight ly  lower density than TBP, and appeared 
to give better phase separation. 

A process (Fig. 18.4) for isolation of  promethium 
from a f ission product rare earth concentrate was 
developed, based on experience with the natural 
rare earths, using ideal d istr ibut ion and separation 

TBP EQUILIBRATED FEED013 N HNO, 
WITH 12 N HNO, 
23 Iiters/hr 

I 

0.5 Iiter/hr 

L---- 1 ,--I__ 

factors. The operating conditions were tested 
ond optimized f i rs t  in the laboratory mixer-settler 
system used for the natural rare earths and then 
i n  the Knol ls- type mixer-settlers obtained for use 
in the plant. The latter test  work was done in  
cooperation with Isotopes Div is ion personnel. 
The flowsheet uses distribution between 12 N 

HNO, and undiluted TBP to sp l i t  the f iss ion 
product rare earths f i rs t  between promethium and 
neodymium, then between promethium and sa- 
marium. The separation factor between neodymium 
and samarium was 1.85 per stage. Promethium 
recovery wi th the 20 f i rs t -cyc le  and 34 second- 
cycle stages avai lable for the plant was 90%, at 
80% purity, from a 6% promethium feed. Recovery 
and pur i ty could be considerably higher w i t h  more 
stages. F ina l  tests wi th tracer neodymium, 
promethium, and samarium i n  the plant equipment 
corroborated the chemical flowsheet. 

U N C L A S S I F I E D  
ORNL-LR-DWG 10926 

THP TO RECYCLE 4 N HNO, 

4 c I 

7 STRIPPER STRIPPER ---- 
WASTE 12 N HNOj 4 N HNO3 

14.5 liters/hr 8 literslhr 

FIRST CYCLE - 2 0  STAGES 
--I_.-_ 

910 g R E  IN 72 hr 

ELEMENT 

La 
Pr 
Nd 
Pm 
Sm 
EU 
Gd 
Y 

TOTAL 

FEED 

129 
130 
489 

57 

9a 
3.3 
0.6 
3 

910 

RARE EARTH DISTRIBUTION (9 )  

FIRST- INTER- SECOND- 
CYCLE CYCLE CYCLE PRODUCT 
WASTE PRODUCT WASTE 

129 
130 
480 9.4 9.4 

5.7 51 0.04 51 
0.4 97.6 94.6 3 

3.3 3.3 3 %  10-6 
0.6 0.6 
3 3 

745 165 102 63 

EVAPORATOR 

12 N'HNO, 
1.9 liters/hr 

SECOND C Y C L E - 3 4  . . . - . ~  STAGES 
165 g RE I N  40 hr I -  

DILUTE -OXALATE + 
O X I D E  PRODUCT 

__.-._I_.. ___ 
60% PITI, 90% RECOVERY 

Fig. 18.4. Isolation of Promethium from Fission Product Rore-Earth Concentrate. 

99 



CHEMICAL TECHNOLOGY P R O G R E S S  R E P O R T  

18.5 SOLVENT E X T R  A C  TlON E Q U l  L I  B R  1 A 

Iron Extraction b y  Dialkylphosphcric Acid. 
Study continued of cation extraction by dialkyl- 
phosphoric acids, wi th  principal attention to 
iron(ll1) distr ibution between ac id ic  perchlorate 
so I utions and di (2-ethyl hexyl )phosphoric ac id  
(D2EHPA) solutions in  n-octane. The extraction 
isotherm for the system i s  complex, wi th  in- 
f lect ions at  metal/reagent mole rat ios of 1/6 and 
3/8 and saturation at 5/8. At low iron leve ls  
(metal/reagent < 1/10) the extraction complex 
Fe(R,PO,),H, i s  indicated, corresponding to 
the complexes of uranyl and several other cations 
previously studied.' At higher iron leve ls  poly- 
nuclear complexes are formed, analyses of which 
together w i t h  isopiestic and viscosity measure- 
ments suggest the formulas 

and 

The iron extraction coeff icients at  low iron leve ls  
varied with the cube of the aqueous ac id i ty  and 
between the square and cube of the free extractant 
concentration: 

These data also provided a basis for estimating 
act iv i ty  coeff icients for D2EHPA i n  n-octane (Sec 
18.7). 

Thorium Sulfate Extraction by Amines, - Thorium 
sulfate extractions from weakly acidic (pH 2) 
aqueous sulfate solutions by di(tridecy1 P) amine 
sulfate i n  benzene indicated, from the isotherm 
plateau, a complex containing three amine sulfates 
per thorium, in  c lose analogy with corresponding 
rat ios for uranium loading by a number of the 
amine extractants. Di-n-decylamine and di( 1- 
isobutyl-3,5-dimethylhexyI)amine behaved simi- 
larly. In addition, the latter two amines showed 
lower extraction coefficients, more favorable for 
anolyt ical purposes. Since it i s  avai lable in a 
pure form, di-n-decylamine w i l l  be used for the 
remainder o f  the thorium work. 

9C. A. Bloke e t  al.. PTOC. U.N. Intern. Con!. Peaceful  
Uses Atomic Energy.  2nd, Geneva, 1958 28, 289. 

Anomalous Equi l ibr ia  in Uranium Extraction by 
Amine Sulfates. - Uranium extraction coeff icients 
obtained by the usual violent agitat ion procedures 
vary approximately l inearly with the uncoiiipl exed 

ol though the amine sulfate concentrations, 
mol ar as s o t  i at  ion rat ios (ami ne su I fate/u ran i urn) 
have been in the range 2/1 to 3/1, never os low 
as 1/1. Par t ic le  size determinations led to the 
prediction13 that th is  dependence would be zero 
power with di-n-decylamine sulfate (DDAS) and 
second or th i rd  power wi th  tri-n-octylamine sulfate 
(TOAS). A hypothesis which could account for 
these anornal ies i s  that metastable conditions are 
induced by the agitation itself, such as organic 
droplets suf f ic ient ly  small that a l l  the extractant 
i s  adsorbed a t  the interface. On coalescence, 
the clear phase analyses obtained would thus 
ref lect an interfacial adsorption equil ibrium rather 
than a true extraction equilibrium, because of the 
slowness wi th  which true equil ibrium i s  estab- 
l ished through the  quiescent interface. In order 
to test th is  hypothesis, long-term equil ibrations 
through quiescent interfaces were made, With 
DDAS the coeff icients remained constant, wi th in  
experimental error, over a 32-fold range of DDAS 
concentration, and wi th  TOAS the dependence 
varied from third power below 0.05 N to nearly 
f i rs t  power a t  higher concentrations (Fig. 18.5).14 
The slow equil ibration technique has thus defi- 
n i te ly  established metastabi l i ty due to violence 
of agitation as an important factor i n  the anomalous 

equil ibr ia" observed in at least one def in i t ive 
parameter in the amine extractant systemse AI SO, 

i t  has replaced the previously anomalous de- 
pendences wi th  nearly theoretical ly ideal results 
over a considerable range, and it shows promise 
of becoming a new and generally valuable tool 
in obtaining true thermodynamic equiliibrin i n  any 
extraction system where violence of agitat ion 
during equil ibration may be leading to spurious 
results. 

10-12 

1 1  

'OK. A. Allen, J .  Am. Chern. SOC. 80. 4133 (1958). 
"W. J. McDowel l  and C. F. Baes,  Jr., J .  Phys .  

Chem. 62, 777 (1958). 
12K. 6. Brown et al., AECD-4142 (May 27, 1954); 

AECD-4145 (June 24, 1955). 

1 3 K .  A. Al len,  J .  Phys. Chem, 62 ,  1119 (1958). 
14K. A.  Al len and W .  J .  McDowell ,  "Agitation Rate  

Ef fec ts  in Anomalous Solvent Extraction Equilibria," 
J. Phyr. Chern. (1959) (to b e  published). 
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18.6 KINETIC B E H A V I O R  OF THE A M I N E  
E X T R A C T A N T S  

In view o f  the rather start l ing resul ts obtained 
on slow equil ibration through quiescent interfaces 
(Sec 18.5), a k inet ic  study was made o f  ac id  and 
uranium extraction by amine sulfates i n  benzene, 
using an al l -g lass apparatus i n  which the phases 
could be stirred separately i n  opposite directions 

IJ’NCLASSIFIED 
~ ......... r̂ - 0RNL-LR-OWi 40527 

I 
I 105 

at controlled speeds. A l l t h e  extractions run so 
far appear to be f i rs t  order, suggesting that the 
rate-controll ing step i s  F i ck ’ s  f i rs t  law di f fusion 
through the stationary layers at the interface. 
Under constant mechanical conditions, and at  
constant amine, uranium, and ac id ac t iv i t y  but 
varying aqueous sul fate ion concentration, a 
series of  uranyl sul fate extractions by tri-n- 
octylamine sulfate in benzene has shown that the 
uranyl ion i s  three times as ef fect ive as the 
neutral monosulfate complex in transferring 
uranium to the organic phase, and that the neutral 
complex, i n  turn, i s  twice as ef fect ive as the 
dinegative disul fate complex. 

18.7 STUDY OF T H E  QRGANIC PHASE 

Aggregation in the Amine Extractant Systems. - 
In continued study of  the aggregation behavior 
of the amine sulfate extractants in  hydrocarbon 
di luents, I ight-scattering measurements were ex- / I  0 EOUII-IBRATICN T H R O W 4  QUIESCEYT INTERFPCF tended to solven+s other than benzene, Table i 18.9 shows molecular weights and aggregation 

BFTWEEN SLOWLY STIRRED PHASES ” I ~ 1 EQUILIQRATION BY SHAKIhG 

~ r l i E O R E T l C A L  SLOPES (WITH TOAS = 3 AND 1 
4 0.00f 0.01 0.1 1 

numbers for s ix  amine Salts in  n-nonane Containing 
3% tridecanol, along with the previous results i n  
benzene for comparison. Except for the I-undecyl- 
dodecylamine sulfate, for which measurements 
were made on dry solutions and therefore do not 
apply to the corresponding two-phase equilibria, 
the part ic les were too small to provide a basis 

WllTti DDAS = 0) 
1 ....... L_ A-..-~A L ........ --L--_.i ........ _1 L L- 
0.001 0.01 0.1 

NORMALITY OF TOAS NORMAL.ITY OF DDAS 

F ig .  18.5. E q u i l i b r i a  Obtained w i t h  Quiescent  and 

D ispers ion  Contact i n  Urany l  Sul fa te Ex t rac t i on  w i t h  

(a)  Tr i -n -oc ty l -  and ( b )  Di-n-decy lomine Sulfate. 

T a b l e  18.9. Aggregat ion of Amine Sul fates i n  Benzene and in n-Nonane 

n-Nonane 

(+ 3% Tr idecano l )  
Benzene 

Solute 
Molecular Aggregat ion Molecular A g gre go ti on 

Weight No. Weight NO. 

Tr  i-n-oc ty la mine su l fa te 900 1 900 1 

T r i  laury lamine su l fa te  1,100 1 1,300 1 

Di(l-isobutyl-3,5-dimethylhexyl)amine su l fa te  3,600 4 1,800 2 

1-(3-ethy Ipentyl)-4-ethy l oc ty  lamine su l fa te  8,000 11 4,200 6 

30,000 40 3300-81 00* 5-12 Di-n-decy larnine su l fa te  

1-undecyldodecylamine su l fa te * *  140,000 180 800,000 1000 

* T h e  DDAS resu l t s  in  mod i t ied  nonane showed a smooth curvature corresponding to  a cont inuous change in  the 
average molecu la r  we igh t  from 3300 a t  c = 0.005 g / m l  to  8100 a t  c = 0.036 g/rnl. 

* * T h e  I -undecy ldodecy lamine su l fa te  measurements were made on dry solut ions,  and the n-nonane did n o t  con ta in  
t r idecanol .  
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for the apparent (and probably spurious) constant 
act iv i ty  observed i n  some o f  the equil ibr ia pre- 
v i  ou sly studied. 

In a preliminary study16 of the dielectr ic be- 
havior of these solutes i n  benzene, the absence 
of a frequency dispersion for the large di-n- 
decylamine sulfate par t ic le  suggests that the 
individual molecules rather than the entire ag- 
gregates respond to the electr ic field. This, i n  
turn, indicates that the bonds holding the micel les 
together may be quite weak, possibly only a few 
ki localories per mole. At a fixed frequency of 
1 Mc, the dependences o f  the dipole moments o f  
th is  and other amine sulfates on concentration 
indicated that aggregation results i n  some can- 
ce l la t ion of the moments due to the individual 
mol ecu I e5. 

Activity Coeff icients in the Organic Phase. 
Isopiestic measurements of solutions of tri-n- 
octylphosphine oxide (TOPO) and of D2EHPA i n  
n-octane showed deviations from Raoul t 's law 

17 with either solute even at low concentration. 
Ac t iv i t y  coeff icients could not be calculated 
direct ly from these results, since the act iv i ty  of 
the reference solute, triphenylmethane, had not 
been established in n-octane. However, iron 
extraction data by D2EHPA (Sec 18.5) permitted 
evaluation o f  the practical act iv i ty  coeff icient of 

15 

dimerized D2EHPA in n-octane as 

1/ 3 
log Y ( D 2 E H P A ) 2  =-o'6432m(D2EHP A), 

in  the range 0.04 to 0.12 rn. On th is  basis, 
isopiestic measurements gave estimates o f  
practical act iv i ty  coeff icients of both TOPO 
triphenylmethane i n  n-octane: 

log y T O P O  = - 1.886mTOpo i -  0.245m~,,, 

logy,,, =---0.737m.,.PM . 
In addition to their qeneral application to 

the 
the 
and 

ex- - 
traction systems, these act iv i ty  coeff icients w i l l  
permit improved calculat ion of adduct formation 
constants i n  the interaction between D2EHPA 
and TOPO i n  synergistic extraction systems. 18 

18.8 R A D I A T I O N  D A M A G E  TO 

Radiation causes the decomposition of TBP to  
dibutylphdsphoric acid (DBPA) and monobutyl- 
acid (MBPA), which can form stable compounds 
with thorium, plutonium, uranium, zirconium, and 
niobium. The y i e l d  of total acid, Gacid,  in 

molecules per 100 ev of energy absorbed, was 
found to be a linear function of the TBP concen- 
tration,20 expressed as electron fraction F: B p  
or weight fraction V i T B p l  for solutions o f  TBP 
in Amsco 12.5-82. The concentration of total 
acid, Macid,  i n  moles per l i ter  i n  a solut ion 2 1  
irradiated to a dose of  D whr/liter is given 

bY 

By use of th is  equation and knowing that the 
so lub i l i ty  of thorium dibutyl phosphate in TBP- 
Amsco solutions i s  less than 0.04 g/liter,22 i t 
can be shown that precipitat ion of thorium w i l l  
start, i n  a n i t r i c  acid-free system, at  a dose of 
0.4 whr/liter. Correlation of uranium retention 
with dibutylphosphoric acid concentrations in 
TBP-Amsco solutions, after extraction of uranium 
from aqueous 2 ,1.4 HN03-0.2 M U 0 , ( N 0 3 ) 2  so- 
lutions and subsequent stripping with 0.01 M 
HNO,, showed that 1 mole of uranium was retained 
i n  the organic phase pes mole of DBPA, rather 
than a maximum of 0.5 mole expected from stoi- 
chiometry. At the 400 whr/l iter level, the y i e l d  
of unsaturated hydrocarbon in TBP- Amsco so- 
lut ions decreased I inearly wi th  increasing TBP 
concentration, from about 3.4 double bonds per 

15C. F. Coleman et n l , ,  Inda Eng.  Chem. 50, 1736 
( 1 958). 

16W. J. McDowel l  and K .  A. Allen, J .  Phys .  C h e m  
6 3 ,  747 (1959). 

"C. F. Boer ,  Jr., An l sop ie s t i c  Inves t iga t ion of 
Di(2-ethy1hexyl)phosphoric  A c i d  and Tr i -n-oc ty lphos-  
phine Ox ide  in n-Octane, ORNL-2737 (in press), 

T. Raker and C, F. Baes, Jr., "Infrared and 
lsopiestic Investigation of the Interaction between 
Di(2-ethylhexyl)phosphoric Acid and Tri-n-octylphos- 
phine Oxide in Octane," paper presented a t  the 134th 
Nat ional  Meeting of the American Chemical Society, 
Chicago, September 1958. 

1 9 W o r k  done by Stanford Research Institute under 
s ubcontract . 

2oR. M. Wagner and L. H. Towle, "Radiation Sta- 
b i l i ty  of Organic Liquids," Stanford Research Insti tute 
Semi-Annual Report No. 4 on Subcontract 1081 (January 
5 ,  1959). 

21W. Davis,  Jr. (ORNL.) and R. M. Wagner (SRI), 
"Some Effects of Radiation on Solvent Extraction 
Processes," paper presented at the 135th Nat ional  
Meeting of the American Chemical Society, Boston, 
Apri l  5-10, 1959; ORNL CF-59-1-90. 

M. Wagner and L. H. Towle ,  "Radiation Sta- 
b i l i ty  of Organic Liquids," Stanford Research Insfztzte 
Semi-Annual Report No. 3 on Subcontract 1081 (June 
3 0 ,  1958). 

'*H. 

22R. 
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100 ev for pure Amsco 125-82 to 1.0 for pure 
TBPS2’ Other studies2, have shown that whereas 
the rat io  DBPA/MBPA i s  about 10 when TBP 
i s  irradiated i n  the absence o f  n i t r i c  acid, i n  the 
presence o f  n i t r i c  acid i t i s  only about 2. Since 
the total ac id  y i e l d  i s  affected only s l ight ly  by 
n i t r i c  acid, th is  change in  rat io indicates that 
the mineral ac id  accelerates the hydrolysis o f  
d ibuty l  pho sphor i c ac id  to rnonobu ty l  pho sphor i c  
acid. Addi t ion o f  aromatic hydrocarbons, such 
as isopropylbiphenyl, amylnaphthalene, and meth- 
ylbiphenyl as 5 or 10 vol % solutions in  Amsco 
containing 300 g of TBP per l iter, had very l i t t l e  
effect on the MBPA yields during radiolysis to 
the 200 to 400 whr/liter levels, These tests  were 
performed w i th  solutions that had been equi l i -  
brated with 2 M HNO,. 

The radiation decomposition y ie ld  o f  an ex- 
tractant i s  one measure o f  i t s  potential value i n  
nuclear fuel reprocessing; a second measure i s  
the degree to which the decomposition products 
form complexes wi th  uranium and f ission products. 
Both di-n-butyl phenylphosphonate2* and di-sec- 
butyl p h e n y l p h ~ s p h o n a t e ~ ~  are more resistant to 

23R.  M. Wagner and L. H. Towle, “Radiation Sta- 
b i l i ty  of Organic Liquids,” Stanford Research Insti tute 
Semi-Annual Report No. 5 on Subconitact 1081 (June 
30, 1959). 

radiation damage than TBP. At 200 to 400 
whr/liter, comparative values of  Gacid for the 
three compounds are 0.78, 0.54, and 2.07 mole- 
cules per 100 ev o f  energy absorbed, respectively. 
These compounds as extractants for irradiated 
uranium have been compared by Gresky and 
Mansfield2* (see Sec 18.2). 

Diethyl  carbonate” and f ive amines25 were 
irradiated to 200 to 400 whr/liter and subsequently 
tested as extractants. Even with these high 
irradiation levels the extroction of  f iss ion products 
by any of  the irradiated organic solvents tested 
was only s l ight ly different from that by the control 
(Table 18.10). 

18.9 E N G I N E E R I N G  DEVELOPMENT 

Phase Separation in the Presence of Silicic 
Acid. - Emulsion dif f icult ies, caused by s i l i c i c  
acid i n  the feed solution, have been encountered 
in  a number of  solvent extroction systems i n  which 
mixing i s  aqueous-continuous. Although some 

24A.  T. Gresky and R. G. Mansfield, Cornpurisons 
of O r g m i c  Extractants for Irradiated Urnriium: Triblrtyl 
Phns bote  US. E - s e c - B u t y l  Phenylphosphonate,  Di-n- 
B u t y f  Phenylphosphonate, Tricapryl Phosphate,  and 
Tri-sec-Butyl Phosphate,  ORNL CF-59-6-15 (June 5, 
1959). 

2 5 ~ .  F. Coleman, uranium and Fission Product EX- 
fraction b y  Irradiated Amines, ORNL CF-59-3-12 (March 
3, 1959). 

Table 18.10. Radiolysis Yields and Fission Product Extraction 

Each extractant was irradiated as the pure compound 
Each aqueous phose contained fission products 

Ratio of Activity in Irradiated 
Samples to  That in Control 

Gross Gamma Gross Beta 

Dose 
(whr/l iter) 

De c omp 05 i t  i on 

(molecules per 100 ev) 
Compound 

Diethyl carbonate 392 5.5 4.3* 1.3* 

Pr i men e JM- T 400 2.25 1** 3.4** 

N-benry lheptadecy lamine 200 2.14 7.5** 8.7** 

Triisooctylamine 400 11* *  lo** 

Alamine 336 400 3.49 1.5** 0.1** 

Tri Iaurylamine 400 0.13** 0.86** 

*Pure diethyl carbonate contacted w i t h  aqueous 0.172 M U02(N0,),-1 .57 hl AI(N03)3-0.99 M HN03. 

**0.1 M amine in xylene as organic phase; 0.2 M U02(N03)2-8 M HN03 as aqueous phase. 
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rel ief from th is  problem can be obtained by either 
adding complexing agents or precipitat ing the 
s i l i ca  wi th  gelatin, the simplest remedy i s  control 
of the mixing to  form a solvent-continuous dis- 
persion, which i s  not stabi l ized by sil ica, so 
that primary separation i s  rapid and solvent loss 
i s  low. The importance and u t i l i t y  of controlled 
mixing i n  handling feed solutions Containing 
s i l i ca  has been demonstrated i n  uranium inil ls, 
which have successfully processed solutions 
containing of the order o f  2 g of s i l i ca  per l i ter 
o f  solution. 

Electr ica l  Accelerat ion of P h a s e  &descence. - 
The use o f  electr ical coalescence of water-in- 
oi l- type dispersions in the petroleum industry 
suggested i t s  usefulness in solvent extraction, 
both to improve phase separations i n  normal oper- 
ation and to attain minimum contact times and 
volumes by means of high-speed separations. In 
preliminary tests with a small electr ical source 
(150,000 cps, 50,000 v, low amperage), electr ical 
coalescing of a 1/1 (do) phase rat io water-in- 
oi l- type dispersion increased the f low capacity 
of a 0.2-ft2 gravity settler abogt f ive times. A 

IO-kv, 30-ma-maximum a-c OF d-c source has now 
been constructed, and further tests are under way. 

Prevention of Si l ica-Stabi l ized Emulsions by 
Solvent-Continuous Mixing. - A number o f  sulfuric 
ac id  leach l iquors from uranium m i l l s  contain 
emu! sifying agents which s tab i l ize ail- in-water- 
type dispersions when mixed with either A n e x  
or Dapex process solvents. Emu1 sion d i f f i cu l t ies  
are avoided by control l ing the mixing to  form 
water-in-oi I -  type (organ i c-continuous) di spersions 
which are not stabilized. Batch phase-separation 
tests (Table 18,ll) show the re la t ive ef fect  o f  
type of dispersion on primary break time for 
different plant l iquors vs typical 0.1 izt solvents 
at  a 1/1 phase ratio. 

With organic-continuous mixing, primary break 
times were less than 300 sec. Although the breuk 
times for each solvent varied wi th  different 
liquors, there was no apparent dependence on 
si I ica concentration. With aqueous-continuous 
mixing, emulsion formation appeared to be a 
function of the Concentration in the l iquor of 
soluble si l ica, which cannot be removed by 

Table 18.11. Batch Break Time of Plant Liquars Containing Sil ica vs 0.1 M Solvents 

Settler: 3 ~ 3 3 ~  in. 

Phase ratio: 1/1 

Plant 
Liquoi 

Slime' 

KM-11 

Sh iprock 

Sect l o c  
Hol lyc  

C- 19" 

Old Rifled 

St. AnthonyC 

New Rifled 

....__I...__ .__-_ 
Break Time (sec) ____ .... __.__ 

Di(2-cthylhexy1)phos- Rohm and Haas Lo-1 Di(tridecy1 P)amine, 
phoric Acid, 3% TBP Amine 336, 3% I D A  

AqlJeous Organic Aqueous Organic Aqueous Organic Aqueous Organic 
Continuous Continuous Continuous Continuous Continuous Continuous Continuous Continuous 

.- -. -___- Amine, 3% TDA 5% TDA .- (g/l i ter) 

.__..___... .___ _.-.___-. 
<0.1 81 53 120 110 120 100 

< 0.1 64 79 120 160 110 130 73 120 

0.3 110 68 110 130 96 130 

0.7 120 80 150 130 120 80 

1.0 ? 300 62 ? 300 170 130 110 

1 .o ? 300 87 > 300 > 300 > 300 120 

1.6 > 300 54 300 120 150 51 

2.2 > 300 62 >300 130 210 1 30 

2.5 > 300 75 > 300 160 > 300 77 > 300 150 
- ~ ~ 

"Climax Uranium Co., Grand Junction, Colo. 

&Kerr-McGee O i l  Indusirles, Shiprock, N.M. 
CKerinac Nuclear Pi lo t  Plont, Golden, Cob .  
'Union Carbide Nuclear Co., Rlfle, Colo. 
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f i l t ra t ion or centrifugation, No d i f f i cu l ty  was 
encountered a t  s i l i c a  concentrations less than 
0.7 g/l iter. At concentrations greater than 
1.0 g/liter, the break time was 24 hr or more; 
some stable emulsion was formed, the amount 
generally increasing with increased s i l i ca  con- 
centration. Addit ion of s i l i c i c  ac id  to sodium 
sulfate solutions caused similar emulsification, 
demonstrating that s i l i ca  is probably the main 
cause o f  d i f f icu l ty  wi th  plant liquors. 

Emu1 sion formation was less wi th  di(tr idecyl 
P)amine than wi th  other solvents. With only  two 
l iquors were break times greater than 300 sec, 
and the amount o f  stable emulsion was much less 
than that formed wi th  either Rohm and Haas LA-1 
amine or di(2-ethylhexyl)phosphoric acid. The 
reason for th is  i s  not known, and the data are 

not conclusive enough to recommend that dit tr i-  
decyl P)amine be used for aqueous-continuous 
mixing wi th  si l ica-containing liquors. Rather, i t s  
use would provide an additional safeguard over 
the other solvents in case inversion occurred in 
a p lant  designed for solvent-continuous mixing. 

The importance and u t i l i t y  of controlled mixing 
for handling feed l iquors containing of the order 
of 2 g of  s i l i c a  per l i ter  has been successful ly 
demonstrated in uranium mil ls. The organic/ 
aqueous rat io  in the mixer i s  usually maintained 
in  the range 1/1 to 2/1 to  prevent inversion to 
aqueous-continuous i n  case of surges in f low 
rates. I n  the usual case, where the rate o f  
aqueous feed to the plant i s  greater than that 
o f  the solvent, proper phase rat io in the mixer 
i s  attained by recyc l ing solvent from each settler. 

19. ION EXCHANGE TECHNOLOGY 

The purpose o f  this program i s  t o  study ion 
exchange as a chemical-engineering u n i t  operation 
wi th  the goals of improving present AEC uses of 
ion exchange and of developing new uses. 
Present and potential uses o f  ion exchange 
include the recovery and/or puri f icat ion of fer t i le  
el emen ts, f i s s i I e e l  emen ts, radi o i  sotopes, reactor 
coolant water, and other materials o f  interest to 
the AEC, as wel l  as removing f iss ion products 
from waste streams prior to  discharge. In  spite of 
the wide application of ion exchange, basic 
engineering-design information i s  very incomplete 
in most cases. The scope of th is  program 
includes mathematical analysis, laboratory-scale 
rate and equil ibr ium measurements and process 
devel opmen t, and engineer ing-s cole equ ipmen t 
development. 

19.1 D E V E L O P M E N T  O F  CONTINUOUS ION 
EXCHANGE EQUIPMENT 

Two US. AEC plants and one Japanese AEC 
plant are using the Higgins continuous ion ex- 
change contactor i n  uranium production. At  Y-12 
a 50-ft-high 12-in.-dia column operated success- 
fully for a year on the recovery of s l ight ly  
enriched uranium from reduction residues and, 
after the loading section was enlarged to 24 in. 

in diameter to increase production rate, now has 
operated satisfactori ly for several months on 
natural uranium. ’ At  Hanford plutonium i s  
processed through a contactor of c r i t i ca l l y  safe 
dimensions to give a product of higher puri ty than 
was hitherto attainable.2 The f i rs t  Japanese 
uranium processing plant i s  now producing 
reactor-grade uranium tetrafluoride from ore 
 concentrate^,^ us ing the Excer4 chemical and 
equipment flowsheet. The ore concentrate i s  
dissolved in hydrochloric ac id  and the solut ion i s  
processed by continuous anion exchange to give 
high-purity uranyl chloride, from which UF, i s  

’J. M. Googin, G. B.Marrow, and N. J. Setter, “The 
Recovery of Uranium from Reduction Residues by 
Semicontinuous Ion Exchange,” paper presented a t  
the American Chemical Society Meeting in Boston, 
April 6, 1959. 

’J. L. Ryan and E. J. Wheelwright, The Recovery ,  
Purification and Concentration of Plutonium by Anion 
Excbange in  N i t r i c  Acid, HW-55893 (Jan. 2, 1959). 

3‘*Process Pair Whittles Uranium Costs,” Chemical 
Week,  July 11,,,1959, p 35-38; “Novel Process Tools  
Win F i r s t  Job, Chemical  Engineeting, July 13, 1959, 
p 84-88. 

4 1 .  R.  Higgins, W. J. N e i l l ,  and L. E. McNeese, 
‘“The Excer Process - An Aqueous Method for 
Production of Pure Uranium Tetrafluoride from Crude 
Uranium Sources,” Proc. U.N. Intern. Conf. Peacefrd 
Uses Atomic  Enmgy,  2nd, Geneva,  1958 4, 113 (1959). 
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subsequently prepared by electrolyt ic reduction 
and precipitation. 

Development of continuous ion exchange equip- 
ment has been aimed a t  extending the range of 
pract ical  operating conditions and test ing simpler 
and more rel iable components. A 2-in.-dia column 
ha5 been operated for several months as a 
hydrogen-cycle water softener wi th solut ion f low 
rates greater than 2000 gph/Ft2 and resin rates 
less than 7.5 gph/ft2 (12 in.hr) .  Operation for 
shorter times a t  solut ion and resin rates of 3000 
and 3 gph/ft2, respectively, was satisfactory 
mechanically but the softening performance was 
substandard. These rates are the highest and 
lowest, respectively, known to  have been used 
simultuneously in any moving-bed ion exchange 
equipment on a practical process basis. 

The upper l im i t  on solut ion throughput rate 
appears to be set by plast ic deformation of the 
resin when the pressure drop plus stat ic head 
across a contactor section exceeds a c r i t i ca l  
value characterist ic of the resin used. With 
Dowex 50-X8 in the 2-in.edia by 20-ft-high 
contactor and with Dowex 21K in the 12- and 
24-in.-dia by 50-ft-high Y-12 contactor, and when 
the pressure drop plus stat ic head across the 
loading section exceeds 60 psi, the resin packs 
so t ight ly that i t i s  d i f f i cu l t  to move around the 
loop; stresses on the resin part icles break enough 
of them that the pressure drop r ises s t i l l  higher 
a t  the same solut ion f low rate unless the broken 
part icles are backwoshed out of the system. 

There is  no reason to believe that there i s  a 
lower l im i t  on either resin or solut ion f low rates. 
The upper l im i t  on resin f low rate appears to be 
set for practical purposes by the fraction of the 
time cycle that can be al lowed for resin move- 
ment. A I-in.-dia by 20-ft-high contactor wos 
operated for several days a t  a solution f low rate 
o f  1500 gph/ft2 and a resin rate of 225 gph/ft2. 
The resin was moved 6 in. every minute wi th a 
gross resin movement time of 8 sec. Th is  i s  the 
highest resin movement rate known to  have been 
demonstrated on any type of moving-bed ion 
exchange equipment except a t  very low solut ion 
rates, It appears that i f  ha l f  the cyc le  time, as 
an upper limit, i s  a l lot ted to resin movement a 

The 1-in.-dia by 20-ft-high contactor was 
re1 ocated in an intermedia te-l eve1 rad ioac t ive 
ce l l  and arranged to simulate remote operation in 
a radiochemical processing canyon in  order to 
study operational problems that inight arise in 
such an application. Hanford and Savannah River 
have process applications for remotely operated 
continuous ion exchange but have postponed 
instal lat ion o f  them because of lack o f  practical 
operating experience with remote control and 
maintenance of th is type of equipment. The main 
difference between remote operation of  pulsed 
solvent extraction columns and the ion exchange 
contactor are the large resin valves in the ion 
exchange and the greater d i f f i cu l ty  in  metering 
sol id resin as compared with l iquid solvent. In  
the experimental contactor the resin movement 
was actuated by water-main pressure rather than 
by a pump or a hydraul ic accumulator as in all 
previous models, for several months without any 
trouble. Operation of the contactor for long 
periods without visual observation of the resin 
movement W Q S  reasonably satisfactory when the 
rate-time characterist ic of the pulse-water in- 
ject ion was adjusted at  intervals to  keep i t  wi th in 
predetermined l imits. A te levis ion camera and 
sight glass were used to observe resin movement 
in  the large Y-12 contactor wi th fa i r ly  satis- 
factory results. The only s igni f icant problem 
encountered with valves in  the resin c i rcu i t  has 
been leakage around the stem, requir ing an 
occasional t ightening of the O-ring seal. 

19.2 R E c a v E R Y  O F  U R A ~ ~ I U M ,  PLUTONIUM, 
A N D  CESIUM F R O M  WASTES 

Flowsheets proposed5 for the ion exchange 
recovery of uranium und plutonium from stainless 
steel sulfate decladding solutions require di lut ion 
of the decladding solution, Volumetric distr i -  
bution coeff icients for these elements on weakly 
basic polyamine resins in undiluted Sulfex 
decladding solut ion were found to be about 4.5 
for U(lV) and 8.5 for Pu(IV) on either Dowex 3 or 
Anibsrlite IR45. These values are higher than 
those for previously tr ied resins but are much 
lower than those obtained with l iqu id  primary 

resin f low rate of 900 gph/ft2 could be achieved, -- ___L 

However practical ly a1 I process requirements 5W.  J. Neil1 and I. R.  Higgins, The Recovery  o/ 
studied to date have fallen in range of Uranium and Plutonium jrom Stainless Steel  Sulfate 

Decladdin Solutions by Ion Exchange, ORNL-2592 
10- 1 00 gph/ft ’. (Nov. 19, f958). 
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amines (Sec 18). Primary amine resins are not 
comm erc ia I I y avai la bl e. 

Continuation of previous efforts6 on the 
sorption of  cesium from alkal ine solutions by 
phenolic cation exchange has been directed at  
evaluating the use of Duol i te 5-30 resin instead 
of the previously proposed Duol i te C-3. The 
5-30 contains only phenolic exchange groups 
whereas the C-3 contains methylene sulfonic 
groups also. The 5-30 has about the some cesium 
capacity as the C-3 but a lower sodium capacity, 
g iv ing a better separation factor. The S-30 re- 
quires much less acid for regeneration, g iv ing 
higher concentration factors and lower chemical 
costs, Based on batch and fixed-bed laboratory 
tests wi th this resin, the volumetric distr ibut ion 
coeff ic ient  for cesium from neutralized waste 

In order to  specify the exact solution concen- 
trations wi th  which the resin approached equi- 
librium, a f low rather than botch method was 
used to  contact the resin and solution. Between 
4 and 8 l i ters  of the loading solution was al lowed 
to flow slowly through a fr i t ted glass f i l ter  con- 
ta in ing approximately 1 g of resin, Th i s  method 
of contacting required 3 to 6 days to ensure that 
the resin had approached equil ibrium with the 
solution. The loaded resin was centrifuged for 
30 min to remove any solution that remained on 
the surface of  the beads. The resin was then 
eluted wi th  1 l i ter  of  1 M NaCl solution, and the 
loading was determined by potentiometric anal- 
ys is  of the eluate. The resin in  the chloride form 
was washed with water, dried 3 days a t  55OC, 
and weighed, 

supernatants o f  the type discharged to the 
seepage p i ts  by the Q R N L  tank farm i s  about 
100, the cesium-sodium separation factor i s  about 
100, and the over-all solution-phase height of  a 
transfer un i t  a t  a 1500-gph/ft2 solution f low rate 
i s  about 3 in. In 1 N acid regenerant solutions 

19.4 MEASUREMENTS OF THE RATES OF 
SORPTION O F  URANYL SULFATE ON DOWEX 

21K F R O M  SULFATE SOLUTIONS 

A technique was developed for studying the 
rate of  uranium sorption on an ion exchange resin 

the cesium distr ibut ion coeff ic ient  drops to less 
than 1. The 1-in. contactor in  the intermediate- 
level  radioact ive ce l l  mentioned above has been 
arranged to demonstrate a recovery flowsheet on 
actual ORNL waste. 

19.3 EQUILIBRIUM URANIUM LOADING 
O F  DOWEX 2 1 K  FROM SULFATE SOLUTIONS 

The equil ibrium uranium loading of  Dowex 21K 
was determined for solutions 0,020 M i n  sul fur ic 
acid, between 0.0005 and 0.005 M i n  uranium, and 
between 0.25 and 0.60 M in total sulfate. The 
data were correlated (Fig. 19.1) with these three 
concentrations as parameters since ca I cu lot ion s 
of concentrat ions of  the various uranium com- 
plexes had been made previously on th is  basis. 
The resul ts extrapolated by f i t t ing  them t o  a 
Langmuir sorption isotherm indicate a maximum 
loading of 1 mole of uranium to 4.8 moles of 
resin, A sul fur ic ac id  concentration of 0.020 M 
was suff ic ient  to prevent hydrolysis of the UO," 
ion. The desired total sulfate concentrations 
were obtained by adding the appropriate quantity 
of sodium sulfate. 

by radiochemical determinations of the resin 
loading as a function o f  time. Approximately 
100 beads are dropped into a stirred 1-liter bath 
containing the loading solution. Beads are re- 
moved after various exposures, washed, and 
counted in  a gamma spectrometer to determine 
the uranium loading. The diameters o f  the beads 
are measured with a calibrated microscope. 
With enriched uranium enough act iv i ty  can be 
obtained in  a single bead for an accurate de- 
termination. Th is  technique eliminates the 
problem o f  obtaining quantit ies of  corefully sized 
beads. 

By th is  technique s ix  runs were made with 
1200-p Dowex 21K resin beads and loading so- 
lutions wi th  uranium and sulfuric ac id  concen- 
trations maintained at  0.005779 iM and 0.020 M, 
respectively. The total sulfate concentration 
was varied between 0,026 and 0.201 M. The 
data were correlated by means of the equation 
for di f fusion of  a single species into a sphere 
with a constant surface c ~ n c e n t r a t i o n . ~  The 
equation would apply to the di f fusion of an un- 
charged molecule (e.g., UO,SQ,) into the sphere - .  
or to the counter di f fusion of  two sDecies -- 

* I .  R. Higgins and A. F. Messing, DsveIoprnent of a 
Continuuus Ion Exchange P r o c e s s  for the Reinovul und 
Rer-or~ey  of High-purity Cesium from Alkaline Waste, 
ORNL-2491 (Qct. 23, 1958). 

7J. Crank, T h e  Mathematics of Diffusion,  p 85-91, 
Oxford Universi ty Press,  New York, 1956. 
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UNCLASSIFIED 
ORNL-LR-ObVG 39027 

~ _ _ _ . ~  ..... 1- ...... -L.--L... ..... /---..--___ 

0.004 0.005 0.001 0.002 0.003 0 
SOLUTION CONCENTRATION (rnmoles of U per liter) 

Fig. 19.1. Equilibrium Sorption of Uranium on Dowex 21K from SIJlfote Solutions (0.020 M H2S04) at  25OC. 

[e.g., U02(S0,)2-- and SO,--] with identical 
charges and d i f fu s i v i t i es 

Ttie equation may be written: 

*-1/2 + 

+ 

where 

M = resin uranium loading, g/cc of resin, 

MOO = equilibrium resin loading, 

D = diffusion coef f ic ient  (or d i f fus iv i ty ) ,  
cm 2/secl 

t = time, sec,  

r = resin bead radius, cin, 

ierfc = imaginary 
8 

error function of the com- 
plernen t, 

n = term number in an inf in i te  series. 

*ti. S. Corslow and J. C. Jaeger, Conduction o/ 
Heat in Solids, 2d ed., p 482, Oxford Universi ty Press ,  
New York, 1959. 
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. 

A p lo t  of  the di f fusion equation with the 
fraction loading (M /Mw)  vs the reduced time, 

m, would resul t  in a family of  curves with the 
diffusion coeff ic ient  D as the only parameter. 
For the experimental data col lected in th is in- 
vestigation, a l l  results for total sulfate concen- 
trations from 0.050 to 0.201 M were correlated 
with a single curve and a single di f fusion 
coeff ic ient  o f  1.3 x IOw7 cm2/sec (Fig. 19.2). 
In only one run a t  0.026 M total sulfate, the 
correlating curve differed and the di f fusion 
coeff ic ient  was 1.0 x cm2/sec. This dif fer- 
ence may have been due to experimental error or a 
deviation from the simple diffusion model for low 
sulfate concentrations. 

For a l l  runs the in i t ia l  f i t  of the data to the 
curve predicted by the model was poor (e.g., 

100% error a t  10% loading). The agreement 
became progressively better; it was within the 
experimental scatter of the data after the resin 
was ha l f  loaded. 

One possible explanation for the in i t ia l  lack of 
f i t  i s  that a t  the in i t ia l l y  high diffusion rates a 
s ign i f icant  resistance existed across the l iqu id  
film, and the surface concentration was not 
constant. To test th is  hypothesis, two runs were 
made with the same solutions but with different 
stirrer speeds (1250 and 1650 rpm). The results 
of the two runs were identical. Equations for 
different di f fusion models w i l l  be studied in an 
ef for t  to explain or predict the in i t ia l  deviation. 
The f i rs t  to be studied w i l l  be an equation which 
would al low for the difference in d i f fus iv i t ies  of  
UO,(SO,),-- and SO,--. 
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20. INaLINE ~ ~ S T ~ ~ ~ ~ ~ T A ~ ~ ~ ~ '  

The purpose of the in-l ine instrumentation 
program i s  to  develop instruments that w i l l  de- 
termine process stream compositions in situ, 
thereby improving process and hazard control and 
reducing an c1 I y t ica I costs. 

20.1 URANIUM C O L O R I M E T E R  

An in- l ine colorimeter (Fig. 20.1) for contin- 
uously recording uran ium-ion concentrations greater 
than 1 g/Iiter in  either aqueous or organic 
process streams was fabricated and i s  being 
instal led in  the organic product stream of the 
Metal Recovery Plant extraction column. A 
carriage with a Iaiiip, beam-splitter, filters, and 
phototubes moves between three transparent ce l l s  
containing the product stream, the in le t  solvent 
stream, and Q standard solution. A dual-beam 
model (Fig, 20.2), which uses a single phototube 
and uses f i l ters mounted on a motor-driven 
shutter, i s  being developed. 

20.2 S INGLE-BEAM G A M M A  A B S O R P T I O M E T E R  

An in-l ine single-beam gamma absorptiometer 
to  continuously record uranium-, plutonium-, or 
thorium-ion concentrations of greater than 50 

UNCLASSIFIZD 
ORNL-LR-DWG 40529 

3 INLET SOLVFNT STRrbM 
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CONCENTRATION A' In 
4 

Fig. 20.1. 

ConcentraPion. 

I n - L i n e  Colorimeter for Measuring Uranium 

g/liter was tested on a simulated f lowing process 
stream. I t  gives Q l inear plot  of gamma-ray count 
rate vs heavy-metal-ion concentration on semi log 
paper for concentrations of 0 to 350 g/liter. The 
instrument uses the 60-kev gamma ray from a 
IO-mg source. A dual-beam model i s  being 
designed for laboratory and plant test ing in 
streams of high uranium-ion concentration (50 and 
300 g/I iter). 

20.3 A-C P O L A R Q G R A P H  

A prototype model of on in- l ine a-c polarograph 
was constructed for continuously recording 
uranium-ion concentrations as low as a few parts 
per mi l l ion  in process raff inate streams. Design 
features are: 

1. A three-electrode cell consist ing of a plat i-  
num working electrode, a saturated calomel 

'Cooperative program wi th  the Analyt ica l  Chemistry 
and Instrumentation and Controls Divisions. 

UNCLASSli l iO 
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4 INLET SOLVENT STREAM 

R tST4NDnRD 

Fi 9. 20.2. Experimental Dual-Beam I n - l i n e  Colorim- 

eter for Measuring Uranium Concentration. The alter- 

nat ing and direct currents are separated with a condenser. 

The instrument measures in per cent of the reading of 
the standard and reads in grams per mi l l i l i ter .  
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reference electrode, and a dropping mercury 
electrode. 

2. A controlled-potential system, based on 
computer operati ona I amp1 i f  iers, that controls the 
potential of the dropping mercury electrode wi th  
respect to  the saturated calomel electrode a t  
every instant regardless o f  c e l l  values. 

3. A current ampli f ier wi th  negative-feedback 
el imination of a high-valued current-measuring 
resistor in the c e l l  circuit. Current ranges are 
from 1 0 - ~  to  2000 pa. 

4. Phase discrimination reject ion of the 90" 
component of the ce l l  current. The 0-c method i s  
preferred for th is  polarograph application because 
it presents a derivative type of curve, i s  
re la t ive ly  free from interference of the dif fusion 
current from irreversible chemical systems, and i s  
highly sensit ive because the charging current i s  
rei ec ted ' 

20.4 P L U T O N I U M  A L P H A  M O N I T O R  

Development of an alpha monitor for determining 
low pluton ium- ion concentrations by con tact in g 
an immiscible l iqu id  sc in t i l lant  wi th  a f lowing 
stream was discontinued. Small quanti t ies o f  
entrained radioactive solvent in  process streams 
were mixed wi th  the sc in t i l lant  and contaminated 
it. Gaseous sc in t i l lants  are being investigated 
fcr the monitoring of plutonium in process 
raff inote streams. 

An alpha monitor i s  being tested wi th  a mockup 
stream i n  which a very thin layer of the stream 
contacts D L u c i t e  disk containing ZnS phosphor 
in the f i r s t  few mil l imeters o f  thickness. Th is  
monitor i s  being tested for possible appl icat ion 
as an in-l ine monitor for plutonium-ion concen- 
trations in process raff inate streams. 

Monitoring for plutonium by means o f  alpha- 
induced neutrons was found to  be suf f ic ient ly  
sensit ive for rneosuring plutonium losses o f  the 
order of a few parts per b i l l ion in process 
raff inate streams. 

20.5 E L E C T R O L Y T E  C O N C E N T R A T I O N  
M O N I T O R  

Work wi th  the in-l ine radio-frequency monitor 
was resumed because it i s  an attract ive means of 
performing an e I ectr i ca I conductivi ty ineasurement 

on a f lowing stream wi th  high electrolyte concen- 
trat ion (2.5 M HNO,) and wi th  no electrodes 
contacting the stream. The 300-Mc osci l lator 
developed a t  ORNL operated stably on streams o f  
high electrolyte concentration wi th  good response 
to  n i t r i c  ac id  concentration. However, in the 
presence o f  high sa l t  concentration there was 
poor response to changing ac id concentration. 

20.6 GAMMA MONITOR 

A plant  model of an in-l ine sc in t i l la t ion gamma 
monitor, which uses o free-fal l ing cylinder of the 
process liquid, was tested in  the Metal Recovery 
Plant  extraction-column product stream. After a 
week o f  operation the instrument became in- 
operable because h igh ly  radioactive sol ids accu- 
mulated i n  a reservoir that supplied the cyl inder 
and produced excessive background reading in  the 
instrument. The reservoir and shielding are being 
modified. 

A plant  mode! o f  a sc in t i l la t ion gamma monitor, 
which uses a 12-in. length of 0.5-in. fluorothene 
tubing wi th  a IO-pin. f inished bore to contain the 
stream, has been operating for s ix  months in  the 
Power Reactor Fuel  Reprocessing P i l o t  P lant  
extraction-column product stream. The background 
reading s tab i l izes a t  approximately 25% of the 
instrument reading and, with background readings 
made every 48 hr, corrected readings agree 
wi th in  550% with laboratory analysis of stream 
samples. Valves are provided in the instrument 
so that the fluorothene tube can be emptied for 
background measurement and also can be purged 
with decontaminating solution, I f  the tube i s  
decontaminated once dai ly the background re- 
mains 4 0 %  of  the instrument reading and the 
instrument accuracy i s  improved. The instrument 
i s  used for monitoring gross gamma octivi ty; 
Compton scattering effects l im i t  i t s  possible use 
as a spectrometer. The fast response of this 
instrument has enabled P i l o t  P lant  operations 
personnel to correct a number of incipient 
operational ma I functions. 

A test  model of a continuous-scanning spec- 
trometer, in which the volume of the stream sample 
and the posit ion of the standardizing source are 
varied for subtraction of background and for 
stabi l izat ion o f  the instrument, i s  being fabri- 
cated. Fabrication ond test ing are complete for 
the continuous-scanning system. 
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20.7 E V A L U A T I O N  O F  P O T T E R  F L O W - R A T E  
M E T E R  

One of two Potter turbine flow-rate meters in  
the Metal Recovery Plant operated in an 8 M 

HNO, stream at  0.25 gpm and fai led after s ix  
months. The other has been in use for a year and 
a hal f  in a 13.4 M HNO, stream a t  3 gpm. Plant 
operations personnel are of the opinion that, for 
nonpulsed f low rates greater than 1 gpm and for 
appl icat ions where a pressure drop of a few 
pounds per square inch i s  acceptable, th is i s  a 
superior flow-rate meter. The Potter meters 

instal led in Thorex p i lo t  plant streams operated 
satisfactori ly i n  nonpulsed streams but were 
unsatisfactory in pulsed streams since the agree- 
ment wi th tank depletion rates was only wi th in 
+25%. 

20.8 N E U T R O N  M O N I T O R  

An in-l ine neutron monitor was tested in which 
a BF, counter plus moderator was used to 
measure plutonium concentration. The sensi t iv i ty 
of the test  model was not suf f ic ient  for direct use 
on waste streams. 

21. CHEMICAL ENGINEERING DEVELOPMENTS 

21.1 I N T E R F A C I A L - A R E A  M E A S U R E M E N T S  
WITH A L I Q U I D  S C I N T I L L A T O R  

A method of measurement of interfacial area 
was described previously,' in  which a solution of 
polonium-210 ni t rate was contacted with a l i qu id  
fluorocarbon and the neutron f lux generated a t  the 
interface due to the (a ,n)  reaction of was 
measured with an external counting device. 
Although the method had the advantage of being 
applicable to  opaque or remote systems where 
normal photographic techniques could not be 
applied, it had the disadvantage of using as an 
alpha source an extremely hazardous isotope 
which was chemically unstable and had a tend- 
ency to  deposit on metal surfaces. A much more 
convenient method has been developed for 
measuring interfacial area between an aqueous 
uranyl n i t rate solut ion and a l iquid scint i l lator 
(trans-stilbene in  phenylcyclohexane). The 
technique consists in measuring the l igh t  
produced a t  the interface by the excitat ion of the 
l iqu id  sc in t i l l an t  by uranium alpha particles. 

Studies were carried out in  a 2-in. mixer 
(Fig. 21.1) over the range of Weber numbers from 
approximately 20 to 2,000. The Weber number 
( D 3 m 2 p S / o i g c )  i s  a rat io of the shear forces i n  a 
l iquid caused by turbulent mixing to the inter- 
facial tension forces between two l iqu id  phases. 
Thus, the interfacial surface area would be ex- 
pected to be proportional to the Weber number in 
a mixing vessel containing two l iquid phases. 

For Weber numbers of 100 or less the area 
measured by the l iqu id  scint i l lator agrees qui te 

wel l  wi th areas measured photographically (Fig. 
21.2). A t  these low values of Weber number there 
was Q cubic dependence of the specif ic interfacial 
area on the Weber number. Th is  resul t  indicates 
that, in  a small mixing vessel, measurements o f  
interfacial surface areas made a t  the bottom o f  
the vessel to the depth of only a few mil l imeters 
are probobly not representative of the average 
interfacial surface area throughout the vessel, 
due to a thick viscous boundary layer and 
coalescence of the heavy phase. 

At Weber numbers between 100 and 200 the 
results of th is study agree with the speci f ic  
interfacial area predicted by the Rodger corre- 
lation.2 Above a Weber number of 200 results of 
th is work deviate sharply from Rodger's results, 
and the exponential dependence of the area on 
Weber number i s  0.8 compared with 0.4 from h i s  
results, The reason for this difference i s  not 
known. Unfortunately, the avai lable photoflash 
equipment was not suf f ic ient ly fast  to produce 
satisfactory photographs a t  the higher Weber 
number, so the area measured by the l iqu id  
scint i l lator could not be checked photographically. 

The interfacial area was calculated from the 
signal from a mult ipl ier phototube opt ical ly 
coupled to  the transparent bottom o f  the mixing 

Rep. August 31 ,  1958, ' G e m  Tech. Ann. Prog. 

2W. 
ORN 1.-2576. 

A. Rodger, Interfacial Area in Liquid-Liquid 
Dispers ion Re la ted  to Fluid Motion in Mixing V e s s e l ,  
ANI..-5575 (June 1956) .  
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Fig. 21.1. Apporatus Used in Interfacial Area Meas- 

urement by L iqu id  Scin t i  I lator. 

vessel. The relat ion between interfacial area 
and the tube signal, or count rate, i s  

4PN a = -_I_ 

SAF - 4aN 
where 

= speci f ic  interfacial area, cm2/cm3, 

p = emulsion l igh t  absorbency due to uranyl 
ion, an-’, 

1 N F count rate from tube, min- , 
S = source strength, alpha part icles per cm 3 

per min, 

i! 
LL 
w w 

Fig.  21.2. Specif ic Interfacial Area (Measured by 

Liquid Scintil lator) vs  Weber Number. 

A = photocathode area, cm2, 

F = a complicated function of alpha energy 
and pulse-height-selector sett ing which i s  
constant for any one experiment, cm, 

a = light-scattering factor due to interfaciul 
area (dimensionless). 

The technique requires that a l igh t  absorber 
(uranyl ion in th is  case) be included in the 
emulsion. Otherwise, because o f  l igh t  attenuation 
from scattering by droplets, the l igh t  output, and 
hence the tube signal, would be independent of 
interfacial area. The absorber l imited the depth 
of emulsion observed by the photocathode to a few 
m i  I I imeters. 
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21.2 MEASUREMENT O F  R E S I S T A N C E  
A T  A N  I N T E R F A C E  

An experiment01 study is being carried out to  
measure the resistance t o  mass transfer of the 
l iquid- l  iquid interface between tr ibuty l  phosphate 
(TBP) i n  Amsco and aqueous uranyl nitrate. The 
purpose of the study i s  t o  ver i fy the assumption, 
used i n  conventional chemical engineering colcu- 
lations, of negl ig ib le resistance t o  mass transfer 
at the interface. While the resistance of a chemi- 
ca l l y  pure system moy be extremely small, certain 
impur i t ies (particular Iy surface-active impurities) 
may signi f icant ly affect the transport of uranium 
across a solvent extract ion interface, and a further 
purpose of t h i s  study is  t o  determine quanti tat ively 
the effect of impurities on the kinet ics of inter- 
facial  mass transfer. 

Using a dif fusion ce l l  described in last year's 
report, atfempts were made t o  measure photometri- 
ca l l y  a steady-state concentration gradient across 

an interface in  the presence of dif fusing uranyl 
nitrate. In order t o  interpret the photometric 
results, it i s  necessary t o  knaw the d i f fus iv i t y  
of uranyl nitrate a t  various temperatures and 
concentrations in  aqueous and organic phases. 
In preliminary experiments i n  which Qn aqueous 
uranyl nitrate solut ion (50 g/l i ter) dif fused from 
n copi l lory tube into an essent ia l ly  inf in i te sink 
of either 0.02 t o  0.1 N nit r ic acid or 30% TBP i n  
. h s t o ,  the apparent integral d i f fus iv i t y  of uranium 
was 6.7 x cm2/sec (Fig. 21.3). There was 
no difference between the uranium d i f fus iv i t y  
measured when the sink was aqueous and when 
i t  WCIS organic. Th is  means that, w i th in  the 
precision of these d i f fus iv i t y  measurements, there 
was no resistance to  mass transfer at the interface. 

When 10 ppm of a detergent (Tide) was added t o  
the organic phase, the apparent uranium dif fus i v i t y  
decreased from 6.7 x t o  4.4 x cm2/sec. 
This indicates that the interface was part ia l ly  

UNCLASSIF IED 
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Fig. 21.3. Diffusion o f  Uranyl Nitrate in Aqueous Solution from Capillary Tubes into Inf ini te Sink. F = frac- 

tion of U02(N03)2 diffused from a capil lary L cm long in T sec; 50 g of U02(N03)2 per liter. T h e  slope of each 

l ine i s  the integral diffusivity.  
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blocked by  the detergent and a resistance, equiva- 
lent t o  approximately 1 cm of di f fusion length i n  
water, was developed. Measurements of interface 
resistance due t o  the presence of surface-active 
impurities w i l l  be extended t o  those impurities 
normally encountered i n  solvent-extraction oper- 
a t  ions. 

These preliminary uranium d i f fus iv i t y  data are 
lower by a factor o f  about 4 than those at room 
temperature reported in the literature. The reason 
for the discrepancy i s  not known. In order t o  
determine whether there was a fundamental error 
in the design of the capi l lary di f fusion equipment, 
the d i f fus iv i t y  of cesium ions containing the tracer 
C S ’ ~ ~  was measured i n  the same experiment. A 
5-gAiter cesium chloride solut ion w i th  5 x 10 
counts/min per ml of tracer was dif fused into 
water. The d i f fus iv i t y  under these condit ions 
was 1 x l o M 5  cm2/sec, which agrees quite c lose ly  
w i th  literature values for other a l ka l i  metals, such 
as potassium and rubidium. 

The experimental procedures for a l l  d i f fusion 
measurements involved the use of a gamma spec- 
trometer w i th  which the concentration o f  the 
di f fusing ion was measured direct ly i n  the capi l lary 
os a function of t i m e .  In  the uranium-diffusion 
experiments, fu l l y  enriched uranium was used in 
order that i t s  concentration could be measured b y  
a gamma-counti ng technique. 

5 

21.3 CORROSION P R O T E C T I O N  B Y  
T R A N S P I R A T I O N  

A n  experiment was described previously’ i n  
which a nickel  tube was protected from corrosion 
b y  a peroxide-catalyzed n i t r i c  or hydrochloric acid 
solut ion f lowing through a porous n icke l  tube. 
The protection was achieved by transpirat ion of 
demineralized water through the wal l  of the tube. 
In a continuation of these  experiment^,^ using a 
n icke l  tube with 7- t o  10-p pores and containing a 
0.5 M ferr ic chloride solution, corrosion rates of 
the n icke l  tube were decreased t o  1/60 of those 
without transpiration of demineralized water. 

A fundamental study of transpirat ional protection 
was undertaken in  order t o  measure the transport 
k inet ics for d i f fusion of any corroding ion from the 
bulk of the f lowing solut ion to  the wa l l  without 

3S. H. Jury and C. R. Sirnpkins, A Study of Tmn- 
spirat ional  Corrosion Protect ion in P o ~ o u s  Nickel  
Tubes,  ORNL CF-58-10-18 (Oct .  23, 1958). 

a simultaneous chemical reaction whose kinet ics 
might be control l ing under certain conditions. A 
direct physical measure of the concentration of 
migrating ions a t  the surface was made through 
the use of a 1-mm-dia electrode placed exact ly a t  
the surface of a porous plate. For the purpose of 
th is experiment, the porous plate or d isk  was 
made of glass. The surface concentration was 
determined by the use of the Nernst equation for 
a si lver-si lver chloride electrode in  a potassium 
chloride concentration cel l .  The potential dif- 
ference between a s i lver-s i  lver chloride electrode 
i n  the bulk solut ion and one a t  the surface was an 
exact measure of the concentration rat io from the 
bulk to  cihe surface. The Nernst equation i s  as 
fo  I I ows: 

2T,R1’ y , C ,  
E =- In- , 

E = concentration ce l l  potential, v, 

T ,  =transference number for cation, 

F y2 c2 

R =gas  constant, 

T = absolute temperature, 

F = Faraday’s constant, 

y = mean ac t iv i t y  coefficient, 

C = molal concentration. 

The appl icabi l i ty  of the Nernst equation t o  the 
experimental system was determined by  c e l l  
potential measurements w i th  known concentration 
rat ios (Fig. 21.4). Over a concentration rat io 
change of three orders of magnitude, the maximum 
deviat ion from the theoretical curve was only 12%. 

An 18-gage 
pure si lver wire was coated with an adhesive and 
mounted through the center of a porous glass plate 
as shown in  Fig. 21.6. The exposed surface 
(1 mrn dia) of the wire was covered w i th  s i lver 
chloride and the porous glass plate was mounted 
i n  the mixing tank. Potential differences were 
measured a t  various rotation rates of the plast ic 
d isk  st irrer and various f low rates of demineralized 
water through the porous glass surface. In all 
cases the potassium chloride concentration of the 
solut ion was 0.1 M. 

The resul ts are shown i n  Fig. 21.7. As the 
rotat ion speed was increased a t  a constant tran- 
spirat ional f low rate, the concentration rat io 
decreased. That is, the surface concentration 
approached that of the bulk concentration. Th is  

The system i s  shown in Fig. 21.5. 
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Fig.  21.5. Schematic Assembly for Slab G e o m e t r y  Transpiration Experiment. 
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18-go PURE SILVER WIRE 
COATED WITH EASTMAN 910 

-PLASTIC INSULATING TlJBlNG 

TUBE VENT 

-FRITTED GL.ASS FILTER 
WITH END CUT OFF 

\- POROUS GLASS SURFACE EXPOSED SILVER CliLORlDE SURFACE I - m m  DIA 

Fig. 21.6. Silver-Silver Chloride Electrode in Porous Glass Disk. 
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would be expected since the turbulent boundary 
layer would become thinner, and transport of the 
bu lk  solut ion t o  the surface would become faster 
at higher mixing rates. A t  a constant mixing rate, 
increasing the transpirational f low rate gradually 
increased the concentration rat io. T h i s  would be 
expected since the transpirat ional f low opposes 
the dif fusion of the sal t  from the bu lk  solution to  
the wall .  

The slab geometry used in  these experiments 
was chosen since it i s  more susceptible t o  mathe- 
matical analysis than the two-dimensional f law 
patterns i n  a tube. The results of these experi- 
ments and others of the type described wil l  be 
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Fig. 21.7. Woll Dilution Factor Y S  Tronspirotionol 
Velocity,  a t  Various Reynolds Numbers (Run D-6). 
D i s k - t o - p o r o u s - p l a t e  spocing d ,  2.54 cm; t e m p e r a t u r e ,  
298'K. 

subjected to  rigorous analysis i n  an effort t o  
determine the quanti tat ive effect o f  bulk turbulence 
and transpiration velocit ies on surface concen- 
trations of various ions w i th  dif fering di f fusiv i t ics.  
From t h i s  correlation it should be possible to  
predict the surface reaction rates under various 
transpirational conditions that can be veri f ied 
experimentally w i th  porous metal surfaces. 

21.4 R E S O N A T I N G  S T E A M  B U L S E W  

The resonating steam pulser, a nonrnechanical 
puIser system' (Fig. 21.8) for solvent extract ion 
columns, is being developed i n  an attempt to 
replace mechanical pulser systems t o  reduce 
mai ntenance problems i n  rod iochemica I reprocess- 
ing plants. The boi lers used i n  a resonating steam 
pulser must provide a high heat input i n  a small 
volume. In further studies a t  ORNL a small 
shell-and-tube heat exchanger of conventional 
design was used with Dowtherm as the heating 
medium; concurrently, studies under subcontract 
were being conducted a t  Clemson College with a 
gas-fired boi ler. 

Dswtherm-Heated Boiler. - The Dowtherm-heated 
boi ler operated sat isfactor i ly  at pulse frequencies 

BOILER 

7 
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) E A D  V O L U M E  
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C O L U M N  O f  
LIQUID 

OR I F l  CE 
R E S I S T I V E  

LOAD 

Fig. 21.8. Resonating Steam P u l s e r .  
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up t o  60 cpm wi th  amplitudes of 10 in.3. The 
working f lu id  for this un i t  was in  the shel l  side 
of the two Ross 200-8 heat exchangers, and the 
heating and cool ing f lu ids were in  the tube side. 
The shel ls  o f  the heater and cooler were connected 
by a c lose nipple. Inductance (fhe e lect r ica l  
analog o f  the length of a l iqu id- f i l led pipe) was 
varied by connecting additional lengths of tubing 
into t h e  transmission line. The change in fre- 
quency was linear wi th  the reciprocal of inductance 
(Fig. 21.9). 

Gas-Fired Boiler. - Typ ica l  volume traces from 
the gas-f ired boi ler (Fig. 21.10) are shown in 
F ig.  21.11. The iagged traces from runs 10 and 
13 are characteristic of the high wal l  temperatures 
and low surface area of the gas-fired heater. The 
smoother trace in  run 12 was obtained by inserting 
i n  the heater a cruciform surface extender made 
of &-in. copper plate which extended the length 
of the vapor space. The pulse frequency was 
observed t o  fo l low the predicted inverse relotio,: 

\ T  
FIRE BRICK-- 

TRANSITE 

w i th  capacitance (the electr ical analog of vapor- 
space volume). In a l l  cases, increasing the 
res is t ive load on the system increased the fre- 
quency and decreased the pulse volume. 

It was concluded from these experiments tha t  a 
solvent-extraction-column pulser i s  feasible wi th  
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Fig.  21.9. Frequency-Inductance Correlation. 
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Fig. 21.10. Gas-Fired Resonating Steam Pulser: Preliminary Experimental Configuration. 
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Fig. 21.11. Sanborn Traces of Pulse Volume in Gas-Fi red Steam Pulser. One vertical d iv is ion i s  1-in. pulse 
in  2-in. column. 

no moving parts, depending only on a heat engine 
operating a t  the system's natural resonance. The 
control of such systems must necessarily be 
indirect and by variation in the system resonance. 
A simple control system would be a regulating 
valve in the pulse-transmission l ine  which could 
be opened ond closed to  increase and decrease 
the frequency-amplitude product of the column 
pulse wave. 

21.5 T H E R M A L  DIFFUSION4 

Studies of thermal di f fusion in a horizontal 
column are being made to advance the basic under- 
standing of th is  re la t i ve ly  new chernical-engineer- 
ing unit operation. A cellophane membrane i s  

_______ 
4Carried out under subcontract at the University of 

Tennessee, Knoxv i I le. 
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used to separate the hot and co ld  sides t o  prevent 
bu lk  mixing of the streams and permit control of 
circulation, not possible in  the ver t ica l  Clusius- 
D icke l  column now in common use. The  system 
studied was a 0.3-0.5 m aqueous solut ion of 
CoSO, and CuSO, i n  a 22.75-in.-long column 
(Figs. 21.12 and 21.13). 

The t w o  salts were separated by a factor of 
1.05 at  to ta l  re f lux wi th  the co ld wal l  a t  40°F 
and the hot wal l  a t  140'F. The length of a transfer 
unit  (LTU) in the column was about 1 ft. The 
logarithm of the separation ratio, defined as the 
rat io  of the concentration of a particular sa l t  in 
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Fig. 21.12. Schematic of Thermal Diffusion F l o w  
System. 

the ex i t  co ld  stream t o  that i n  the ex i t  hot stream, 
was l inearly proportional t o  the reciprocal of the 
f low rate (Figs. 21.14 and 21.15). The separation 
rat io  of either sa l t  from water was independent of  
the presence of the other salt. 

Work w i l l  be continued wi th  longer columns t o  
veri fy the LTU values at to ta l  re f lux and wi th  
feed and product withdrawal. The studies w i l l  
a lso be extended to  pairs of metal l ic ions of 
interest i n  atomic energy t o  determine the applica- 
b i l i t y  of the uni t  operation to  radiochemical 
separa t i ons . 
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Fig .  21.14, Logarithim of Separation Rat io  vs  Re- 
ciprocal of F l o w  Rate  for Total  Reflux Separation of 

CoSO, from H20. 

Fig. 21.15. Logarithim of Separation Ratio v s  Re- 
ciprocal of F low Rate for Total Reflux Separation of 

CuSO, from H20. 

The United States Atomic Energy Cornmission 
has entered into a Drogram of assistance to The 
European Company for the Chemical Processing 
of Irradiated Fuels (Eurochemic). Assistance 
w i l l  take two principal forms: the loan of one t o  

f ive technical people for periods o f  several weeks 
to  several years and the exchange of technical 
and engineering data pertinent to the radiochemical 
reprocessing of irradiated fuels. The Eurochemic 
plant, which w i l l  be at Mol, Belgium, i s  t o  be used 
t o  process the various types of fuels from European 
research and test reactors. It w i l l  serve as a 
pi lot  plant for the construction, possibly on o 
joint basis, of the larger plants that w i l l  be neces- 
sary after 1965. 

The plant w i l l  have suff icient versat i l i ty  t o  be 
able to handle a variety of fuel elements of 

natural and s l igh t ly  enriched uranium, and w i l l  be 
designed for 100 tons/year capacity. I t  w i l l  
probably cost about $12,000,000. The estimated 
annual operating cost  i s  $3,000,000, w i th  an annual 
earning of $1,500,000 during periods of fu l l  oper- 
ation. The staff w i l l  consist of 400-450 people, 

and the startup i s  schedu!ed for 1961. Arnple 
research fac i l i t i es  w i l l  be available. 

As coordinator for the program, ORNL has 
assigned a design engineer t o  the program, has 
trans m i t ted approximate 1 y 5 00 USA E C-or i g i nat ed 
documents, has received, issued, and distr ibuted 
about 40 Eurochemic documents for information 
or for review and comment (18 documents required 
translat ion prior to  issue, and a l l  documenfs were 
part ia l ly  edited), and has issued, through the 
assistance of several USAEC contractors,  bout 
20 speci f ical ly prepcared documents far release 
and transmit ial to  Eurochemic, 

A single-cycle, almost full-scale, nonrndioactive 
solvent extraction pi lot  plant (described i n  Euro- 
chemic Technical Reports 5, 8, 19, and 34) w i l l  
be installed. The pi lot  plant w i l l  consist of ex- 
tract ion and stripping coluinns with the necessary 
tanks, evaporatois, and solvent-recovery faci l i t ies.  
The design f low rate i s  50 l i ters of uranium feed 
per hour t o  t h e  extraction column (75% of the flow 
anticipated for the production plant). Completion 
i s  scheduled in  seven months. 
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A laboratory has been se i  up for alpha work, 
and studies on anion exchange are t o  be started 
short ly t o  ver i fy  the data presented on this system. 

The original design capacity was set at 100 tons 
of uranium per year, based on the predicted annual 
spent-fuel load that would be avai lable in  1965. 
No allowance was made for fuels enriched more 
than 5% or for Euratom fuels. The fuel-canning 
materials being considered are aluminum, Magnox, 
stainless steel, and Zircaloy. It i s  estimated that 
100 d a y d y e o r  should be al lowed for maintenance 
and decontamination, and that 100 days/year to ta l  
would be required t o  prepare the plant and clean 
i t  for the 20 different fuel batches. The indicated 
on-stream processing time was 150 days, g iv ing 
0.67 ton per on-stream operating day. The extrac- 
t ion columns were designed t o  operate a t  40% of 
f looding at  th is  throughput. Th is  capacity was 
selected as a reasonable da i l y  throughput t o  
operate ef f ic ient ly  on the interim load o f  100 
tons/year, t o  permit expansion t o  1.5 t o n d d a y  
for the second-stage load, and, ult imately, when 
the maximum capacity was exceeded, to become 
the central European highly-enriched-fuel re-  

processing center. A second design bas is  of 
350 kg uranium/day (maximum) is  a lso being 
investigated. 

A research laboratory w i l l  be bui l t  as a sup-  
porting fac i l i t y  for the plant, to  perform invest i -  
gations i n  the f ields o f  applied chemistry, chemical 
engineering, and instrumentation. 

The proposed solvent extraction process w i l l  
use the best avai lable technology of the Purex 
process. The solvent extraction separation fa- 
c i l i t i e s  w i l l  include a co-decontamination f irst 
cyc le  wi th  exhaustive scrubbing; a partit ioning 
cycle; f inal uranium and plutonium cycles; and a 
f ina l  puri f icat ion treatment for each product. 
Backcycl ing of ac id  waste evaporator concentrates 
t o  the extraction column and of uranium evaporator 
condensate to s t r ip  makeup i s  planned, Solvent 
recovery is  t o  be accomplished wi th  turbine-mixer 
contactor units. A c i d  w i l l  be recovered i n  a small 
batch evaporator, which w i l l  use concentrate from 
the aqueous waste of each cyc le  as feed so that 
both ac id i ty  und volume of the fission-product- 
bearing wastes can be decreased as much as 
possible. 
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