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Summary 

1. POWER REACTOR FUEL PROCESSING 

Processes for Graphite-Sase Fuels 

Cold laboratory and engineering development of 
four processes for uranium- and/or thorium-bearing 
graphite-base fuels i s  in  progress. These include 
mechanical grinding and leaching wi th  13-15 A,! 
HNO,, combustion-ash dissolution, 90%-HNO, 
disintegration-leaching, and chloride volat i l izat ion. 
Studies were made wi th  both coated- and uncoated- 
part icle fuels, but the only aqueous-based process 
that i s  applicable to  a l l  graphite-base fuels 
appears t o  be the grind-leach. 

Mechanical grinding fol lowed by leaching wi th  
n i t r ic  ac id  or f luoride-catalyzed n i t r i c  ac id  
generally resulted in  recovery of >99% of the 
uranium and thorium. Coated-particle fuels had t o  
be ground f ine enough ( -200 mesh) to ensure 
rupture of the pyrolyt ic graphite or AI,O, part icle 
coatings. Combustion followed by d isso lut ion of 
the ash in an ac id reagent resulted in  nearly 
quantitative recovery of the uranium and thorium 
except from fuels that contain Al,O,-coated fuel 
particles, where the inertness o f  the sintered 
alumina precludes i t s  dissolut ion in an aqueous 
reagent. The ignit ion temperature o f  graphite was 
lowered from about 700 t o  300-400°C by presoaking 
the fuel in lead acetate, KMnO,, or copper nitrate 
solutions. Si  mu I taneous di  sin tegra ti on and leaching 
with 90% HNO, recovered >99% of the uranium 
and thorium from fuels that d id not contain coated 
particles. Both pyrolyt ic carbon and AI,O, 
caotings were impervious to  bo i l ing  90% HNO,, 
but bo i l ing 90% HNO,, slowly oxidized graphite. 
Most of the carbon that was oxidized was converted 
to carbon oxides, but about 10% was converted t o  
water-soluble organic acids, 60-80% of which was 
mel l i t ic  acid. 

Processes for Uranium and Thorium 
Carbide Fuels 

Uranium monocarbide reacted a t  temperatures 
between 25 and 100°C with water, 6 N HCI, or 
20 N NaOH to  y ie ld  pr inc ipa l ly  methane, some 
hydrogen, and small quantit ies of saturated C,- 
to C8-hydrocarbons. The maior products of the 
reaction o f  UC wi th  4 or 16 M HNO, were carbon 
oxides and water-soluble polycarboxylic acids, 
including mel l i t ic  and oxalic. Water hydrolysis 
of thorium monocarbide, as of UC, yielded princi- 
pal ly methane. Hydrolysis studies wi th  mixtures 
o f  the higher uranium carbides (U,C, and UC,), 
indicated that saturated C,- t o  C8-hydrocarbons 
were a primary product of the sesquicarbide re- 
action, whi le  the dicarbide yielded mostly non- 
vo lat i le  hydrocarbons and some free hydrogen. 
The hydrolysis studies indicated that the net 
resul t  of heat-treating UC,., a t  16OOOC was 
disproportionation o f  UC t o  uranium metal plus the 
sesquicarbide, although stoichiometric UC was 
stable under the same heat-treatment conditions. 

Processes for U0,-Be0 Fuels 

Uranium can be recovered from GCRE-type re- 
actor fuels, which are 70% U0,-30% B e 0  pel lets 
c lad  i n  Hastelloy-X, either by chopping and d is-  
solving the pel lets in 8 M HN0,-2 ,A! H,SO, or 
8 h! HN0,-0.5 M HF, or by d isso lv ing the cladding 
in 2-4 HNO, containing 3-5 ($1 HCI and leaching 
the UO, from the pel lets wi th  the result ing de- 
cladding solution. In simulated chop-leach ex- 
periments, Gas-Cooled Reactor Experiment fuel 
pel lets dissolved completely in about 8 hr in 
boi l ing 8 M HN0,-0.5 h! HF; the Hastel loy-X 
cladding was simultaneously attacked a t  a rate of 
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only 0.3 mg min- ’  ~ m - ~ .  Dissolut ion of the 
30-mil cladding in  2-3 ,\f HNO, containing 3-4 
,%I HCI required about 3 hr; leaching of the pel lets 
with the result ing solution, which contained about 
40 g of Hastel loy per l i ter, for an addit ional 6-7 hr 
recovered 99.6-99.8% of the uranium. Fuels con- 
taining >90% B e 0  are best dissolved i n  bo i l ing 
H,SO, or HF-NH,F solutions. The in i t ia l  rates of 
dissolut ion in 3 to 16 hf H,SO, can be represented 

by 

log I? (where R = rate expressed as mg min” ’  cm-’) 

= 0.223 x molarity of H,SO, -2.81 . 
In HF solutions, the in i t ia l  dissolut ion rate in- 
creased from 0 to 1.5 mg min- ’  cm-2 as the HF 
concentration increased from 0 to 20 ,M. 

Processes for Zirconium- and Stainless Steel- 
Conta in ing F u e l s  

The Neuflex headend treatment, a nitrate-free 
process for dissolving uranium-zirconium-tin a l loy 
fuels containing up to 10% uranium, was developed 
in  cold, small-engineering-scale tests. The d is-  
solvent is  NH,F-H,O,, and the product i s  UO,F, 
solution, which i s  not  amenable to TBP solvent 
extraction but which can be satisfactori ly solvent- 
extracted to  recover uranium by the Dopex process, 
which uses D2HPA and DAAP. Ammonium car- 
bonate str ipping yields a uranyl tricarbonate 
product. Dissolut ion rates were2-20mg min- ’  cm-, 
at  terminal free-fluoride-to-uranium rat ios of 50 to 
100. The dissolut ion off-gas consists of 2 moles 
of H,, 1 moles of NH,, and traces of 0, per mole 
of zirconium dissolved. The dissolver solut ion i s  
diluted with water prior to  solvent extraction. In 
laboratory-scale batch cascade extractions uranium 
recovery was good and separation from zirconium 
was by a factor of io4.  

The Z i r f lex decladding process at  fu l l -act iv i ty  
level was demonstrated in 22 laboratory-scale 
hot-cel l  tests wi th  PWR blanket, Zircaloy-clad 
UO,, fuel samples irradiated from 182 to  17,700 
Mwd./ton. The cladding dissolved in  6 M NH,F-l 
M NH,NO, in  2.5 hr and d ie  pe l le ts  in 4 M HN0,- 
0.1 hf AI(NO,), in 5 hr. L i t t l e  fracturing of high- 
density (96% of theoretical) pel lets was noted, 
Uranium and plutonium average losses to  the 
cladding solut ion were 0.01 and 0.09%, respectively, 
L i t t l e  difference in  losses and rates was noted 
between cold and hot tests. 

In laboratory studies on development of a process 
for zirconium-base fuels compatible wi th  titanium 
equipment, an instantaneous zirconium dissolut ion 
rate of 10 rng min-.’ cmW2 and a titanium corrosion 
rate of t0.1 mil/month in ref lux ing 3 .41 t-1N03-1.2 
(11 HF-0.4 iZ.1 HBF,--0.6 ($1 Cr(lll)-O.4 iz.2 Cr(VI)- 
0.46 lu Zr were obtained. 

Two methods for removing chloride from nitrate 
solutions were evaluated. The addition of 150% 
of the stoichiometric amount of hydrogen peroxide 
to zirconium-1 1 M chloride solutions decreased 
the chloride content t o  0.07 M. At chloride con- 
centrations below 3 M, hydrogen peroxide was 
<lo% efficient, and complete removal of chloride 
was not possible. Development effort on chloride 
stripping from Darex solutions w i th  NQ, sparging 
was discontinued when chloride concentrations 
<0.01 M (350 ppm) were not achieved routinely 
wi th  reasonable excesses of NO, even in a 20-ft- 
high packed column. In i t ia l  tests wi th  NO met 
wi th  some success, 0.01 to 0.02 M chloride being 
achieved wi th  450% of theoretical NO required. 

Addit ion o f  HBF, or molybdic ac id  t o  the Darex 
dissolvent did not so lub i l ize s i l i ca  in  fuels con- 
taining > O S %  sil icon. However, treatment of a 
solution o f  APPR fuel, containing 2% si l icon, 
produced a s i l i ca  precipitate that d id not plug 
l ines and equipment as did that formed wi th  un- 
treated APPR fuel solutions. With HBF,, 17% of 
the fluoride was volati l ized; addit ion of 0.01 M 
zirconium decreased the fluoride vo la t i l i t y  to 2%. 

A preliminary phase study of the constant-boil ing 
system H,O-HCI-Zr showed a series of hydrated 
compounds wi th  melt ing points of 68-110°C and 
boi l ing points of 100-112°C between 0.5 and 
4.2 .M Zr. Removal of zirconium tetrachloride from 
off-gas streams by hydrolysis during passage over 
boil ing, near ozeotropic, HCI-Zr  solutions appeared 
feasible. 

Corrosion Studies 

Haynes 25 and 21 were superior to  titanium in  
res is t ing corrosion in boi l ing Darex dissolvent 
containing 0.1 M HBF,. Maximum rates were 
0.36, 2.4, and 60 mils/month, respectively. Un- 
welded Corronel 230, a new alloy, developed for 
HF-oxidant service, was corroded a t  maximum 
rates of 2,83, 59.9, and 0.71 mils/month in  10 M 

HNO,-0.5 ,hl HF a t  60°C and a t  bo i l ing without 
and with the addition of 0.75 ,%I AI3’, respectively. 
Titanium was corroded a t  a rate of 0.07 rnil/msnth 
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in the latter solution. Hates of Corronel 230 in  
1 hl HN0,-3 M HF, at  60°C and a t  bo i l ing were 
4.97 and >2700 mils/month, respectively. In 
bo i l ing 1 hf HF wi th  and without the addit ion of 
0.06 hf H,O,, rates were 12.7 and 43.7 mils/month, 
respectively. 

In ref luxing 20 to 23 h! HNO,, maximum corrosion 
rates o f  t itanium and Corronel 230 were 0.07 and 
7.27 mils/month. In bo i l ing 20 HN0,-50 g l l i t e r  
uranium solut ion containing free graphite, the 
corrosion rates for titanium, mi ld  steel, and type 
1100 aluminum were 0.03, 688, and 127 mils/month, 
respectively. In bo i l ing 23 M HNO,-l M HF, 
types 6061 aluminum and 309SNb stainless steel 
were corroded a t  rates o f  0.01 and 0.6 millmonth, 
respectively. In 90% HN0,-10% H,SO,, Nichrome 
V, Carpenter 20SNb, types 304 and 347 stainless 
steel, INOR-8, LCNA, and CD4MCu were corroded 
a t  maximum rates o f  0.20, 2.6, 4.1, 3.1, 0.17, 
0.52, and 1.74 rnils/month, respectively. 

In f lowing modified Z i r f lex  dissolver solut ion a t  
the boi l ing point, welded type 347 stainless steel 
and rolled, unwelded Haynes 21 were corroded at  
maximum rates of 6.45 and 0.68 mils/month, 
respectively. In modified Z i r f lex  solvent-extraction 
feed solutions a t  5OoC, LCNA, Carpenter 20SNb, 
and types 304L and 347 stainless steel were 
corroded at  maximum rates of 0.04 t o  0.25, 0.08 t o  
0.46, 0.38 to 0.49, and 0.10 to  0.19 mil/inonth, 
respectively. In spent Z i r f lex core d issa lvent  
(35°C) containing 0 t o  0.09 21 uncomplexed fluoride, 
t itanium and Haste l loy-F were corroded a t  maximum 
rates varying from 0 t o  8.5 and from 0.08 to 0.69 
mils/month, respectively. Type 347 stainless steel 
WCIS corroded a t  a maximum rate of 0.02 mi l lmonth 
in 1 ,U HNO,-2 41 acetic acid-45 g of U02(N0,),.6 
H,O/liter under heat transfer conditions. 

In chloride vo lat i l izat ion processing tests, 
INOR-8, Nichrome V, and Haynes 25 were corroded 
at average r i t e s  of 0.7, 2, and 6 and 100, 800, and 
800 mils/month at 500 and 700°C, respectively, in  
dry chlorine gas. Rates in CCI,-N, were about 
the same as those i n  chlorine. Rates in  oxygen 
at  725OC and in anhydrous HCI a t  600°C were 
0.02, 0.01, 0.01, 0 and 5.30, 5.63, 16.4, and 
1.2 mils/month for Haynes 25, Nichrome VI INOR-8, 
and Pyroceram 9608, respectively. 

Solvent Extraction Studies 

The UO, dissolver solutions prepared i n  the 
Z i r f lex  hot-cel l  tests were evaluated through one 

cyc le of 30% TBP solvent extraction. Uranium and 
plutonium recoveries were nearly quantitative, and 
gamma decontamination factors were 2 x 10, and 
7 x io3, respectively. In solvent recycle tests 
wi th  these feeds, solvent degradation was much 
less when n-dodecane was the di luent than when 
Amsco 125-82 was used. 

The acid Thorex process was satisfactori ly 
modified to  provide for simultaneous recovery of 
uranium and thorium from Consolidated Edison 
Darex cladding and Thorex core solutions. Only 
1% of the f iss ion product ac t i v i t y  was removed 
from irradiated Tho, slurry by 6 hr of leaching 
wi th  1 to  5 ($1 HNO,. When a solut ion containing 
116 g of thorium per l i ter, 6.2 ,h! HNO,, and 
3.76 x 106counts min- '  m l - '  of Paz3, was passed 
through a column of unfired Vycor glass, about 97% 
of the protactinium and <O.Ol% of the thorium was 
adsorbed. The protactinium was eluted wi th  oxal ic 
acid. In solvent extraction wi th  30% TBP, about 
98% of the tracer concentrations of protactinium 
and 99.9% of the thorium and uranium were ex- 
tracted. Decontamination factors were 70 and lo5,  
respectively, from ruthenium and rare-earth ele- 
ments, the principal neutron poisons. Laboratory 
experiments wi th  synthetic solutions indicated that 
thorium may be removed from U 2 3 3  product solutions 
by either ion exchange or solvent extract ion 
processes. 

Modifications in the uranium-aluminum and 
uranium-zirconium a l lay fuel solvent extraction 
flowsheets were developed which provide in- 
creased plant capacity and decreased waste 
volumes. No d i f f icu l t ies were encountered i n  
solvent extraction of solutions made by the 90% 
HNO, leaching of Pebble Bed Reactor graphite- 
base fuel containing tracer amounts of f iss ion 
products, but about ha l f  the zirconium and niobium 
were adsorbed on the graphite during leaching, and 
1% of the ruthenium volat i l ized during the evapo- 
rat ion of the excess acid. In studies on the d is t r i -  
bution of Nb95 between 30"; TBP i n  n-dodecane 
and aqueous n i t r ic  acid, the amount of niobium in  
the extractable form decreased from -230% i n  4 M 
HNO, to 25% i n  0.1 h' acid-deficient solution, and 
the distr ibution coeff icient o f  the extractable 
portion decreased from 0.05 to --0.008. The 
presence of chemical degradation products of TBP 
and Amsco 125-82 increased the amount of ex- 
tractable niobium, the distr ibution coeff icient of 
the extractable form, and the amount of niobium 
retained by the organic phase. Plutonium was 
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strongly adsorbed from 0.5 21 I-IN0, on zirconia- 
silica-phosphate. F low capacit ies and stage 
ef f ic iencies were determined for n variety of 
flowsheet conditions. Tests of a di lute Pu(ex 
flowsheet, designed t o  eliminote intercycle evapo- 
ration, in  the 2-in.-diam pulsed columns showed 
considerably lower f low and uranium production 
capacity than expected. Electrostnt ic treatment of 
solvent extract ion streams improved de-entrainment 
20- to 50-fold. 

Mechaniea I Processing 

The mechanical dejacketing of the Core 1 fuel 
assemblies from the Sodium Rcactor Experiment, 
which were irradiated to  675 Mwdlton and decayed 
for 2 years, was successful ly completed, and the 
der lad fuel was shipped to the Savannah River 
Plant. The irradiated fuel cladding was highly 
hardened and i-ni~ch more d i f f i cu l t  to  handle than 
the duct i le unirradiated assemblies. The cladding 
on about 7% of the fuel had to be chipped off wi th 
remotely operated hand tools. The ;lugs were 
satisfactori ly steam-cleaned and recanned, and 
18 l i ters of NaK was destroyed with steam. Two 
NaK explosions occurred, but damage to equipment 
was minor and no injuries or spread o f  act iv i ty 
occurred, 

Instal lat ion of the cold shear-leach fac i l i t y  in 
bui ld ing 4505 was completed and engineering 
demonstration of th is  process on unirradinted 
prototype power ieactor fuels started. The shear 
and leacher were completely tested hydraul ical ly 
and mechanically. The shear blade showed l i t t l e  
wear after 3000 cuts on stainless -steel-clad 
porce la i n mock fuel . Parti c le-s i ze determ i natioils 
indicated that sinal I-size f ines were predominantly 
porcelain and large pieces mostly metal. L e s s  
than 0.1% of a l l  part icles were <0.25 11. It was 
determined that fuel could not be sheared t o  lengths 
<0.5 in. without c losing the tubing. An asseinbly 
can be sheared down to 1.5 in. terminal length. 
Sulfuric acid dissolut ion of cladding scrap from 
Yankee fuel samples irradiated to 8130 Mwdlton 
showed only 0.02% of the uroniiim and plutonium in 

the c lad after leaching and washing. 

Engineer i TI g Stud ie 5 

Designs of p i lo t  plants for the Darex and Shear- 
Leach processes were begun as a joint ORNL- 

ICPP (Idnho Chemical Processing Plant) effort. 
The pilot  plants were to be instal led at the ICPP, 
but both projects were cancelled by the AEC in 
Apr i l  1962. F u l l  cr i ter ia were piepared for the 
Darex pi lot  plant and trniismifted i o  the ICPP, 
along with tho half-completed Darex design formerly 
planned for ce l l  3, bui lding 3019. ORNL and the 
ICPP then jo int ly prepared engineering flowsheets, 
and design of process equipment was started, 
Criterio had been started for the Shear-Leach 
instol lat ion and location studies b e p i ?  by ai7 
architect-engineer when i t  was concelled. Cassist- 
an te  was provided the IOPP on their plans for a 
p I u to II i u 11.1 sol vzn t extract ion and i so I a t  i on fa c i I i t y  . 
Criteria were prepared by ORNI.. for a tii laurylamine 
(TLA) extraction system that would permit the 
ICPP to compare t h i s  wi th ^xist ing anion exchange 
method 5. 

Modif icat ions to the Fluoride Vo la t i l i t y  P i lo t  
Plant required to scrub thz dissolver off-gas with 
l iquid HF Here completed, and the system performed 
excel lently in a l l  tests. The last  f ivn of a se:ies 
of flowsheirt demonstration runs (TU-8 to TU-17) 
with nonirradiated fu I l y  enriched zirconium-uran iurii 
al loy fuel elements were successful ly completed, 
and 5.2- to 6.5 yr-decoyed uranium-zirconium ol loy 
fuel was successful ly processed in  s i x  runs. 
Automatic: data logging and digi ta l  computer 
techniqucs were routinely used for processing data,  

Stainless steel dissolut ion rates and component 
solubi l i t ies were determined in  29-36-35 1~1ole l"0 
LiF-NaF-Bel',, as were dissolut ion rates in 
40-49-1 1 and 36-44-20 mole "0 LiF-NaF-BeF,. 
Simulated E O R  meltdown fuzl containing trapped 
NaK was dissolved in molten NaF-LiF-ZrF, with 
HF with no di f f icul ty,  

Applicaficn to Short-Decayed UO, Fuel and 
Other Oxides 

Uranium was successful ly recovered from un- 
irradiated 2ircaloy-clad UO, pins which had 
decoyed only 15-30 days. Overall process decon- 
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tamination factors varied from the order o f  l o 2  for 
Ma y act iv i t y  t o  l o 8  for Sr p activi ty. Radio- 
act iv i ty  from Il3’ y, Te p, Mo /3, Nb y, and Ru y 

tended to  disappear in the dissolut ion step. 
Scouting tests made with irradiated BeO-U02 and 
ThQ,-UQ, fuels indicated the feas ib i l i ty  o f  using 
the fused sa l t  vo la t i l i t y  process but also showed 
that more work is  needed i n  developing the 
chemistry and the optimum sa l t  system for each 
case. Paral lel slabs of zirconium oxide were 
hydrofluorinated i n  26-43-31 mole % NaF-L iF-ZrF,  
for rate coinparisons wi th  previous Zircaloy-2 
dissolut ions 

General Process Development 

Comparison of the resistance of INOR-8 vs 
A l loy  79-4 in N a F - L i F  wi th  ZrF, and BeF, indi- 
cated the potential usefulness of the latter as a 
hydrofluorination construction material. However, 
corrosion was high a t  the salt-vapor interface 
when d isso lv ing Zircaloy-2 in 50.5-37.0-12.5 
mole 76 NaF-LiF-BeF, wi th  HF a t  65OOC. Al loy  
79-4 wa5 more resistant than either L-n icke l  or 
INOR-8 in  a NaF-LiF-ZrF, melt wi th  and without 
BeF, under f luorination conditions. Generally, 
the BeF,-containing melt was the more corrosive, 
INOR-8 corrosion data accumulated during prototype 
hydrofluorination rate studies were correlated 
wi th  the kinematic v iscos i ty  of molten salt. 
Results were favorable when UF, was vo lat i l ized 
from 29-36-35 mole % L iF -NaF-BeF2  fused sa l t  
(-350°C liquidus); such a low-melting-point sa l t  
might  be valuable i n  minimizing fluorinator 
corrosion. Nickel  vessels were corroded rapidly 
with 40-49-11 mole “6 LiF-NaF-BeF, o t  600°C. 
Prototype equipment was revised for study o f  sa l t  
recycle i n  Zircaloy-2 processing (for cost reduction) 
and to provide for inclusion of beryl l ium compounds 
i n  the study. The sodium fluoride-UF, reaction 
k inet ics  study resulted i n  a mathematical model i n  
agreement w i tl i  ex per i menta I observations. 

3. WASTE TREATMENT AND DISPOSAL 

Hi  gh-Acti vi ty Waste Treatment 

The design o f  a p i lo t  plant for the demonstration 
of the pot calcination process for converting high- 
ac t i v i t y  wastes to  sol ids a t  the Idaho Chemical 
Processing Plant  was carried through the prepa- 

rat ion of engineering flowsheets in cooperation 
wi th  personnel o f  Ph i l l i ps  Petroleum Company. 
This pi lot-plant study w i l l  be moved from Idaho to  
Hanford as a result of D recent AEC decision. 

Engineering-scale studies wi th  siniuloted Purex, 
TBP-25, and Darex wastes demonstrated the 
operabi l i ty of both continuous and batch evaporators 
in  feeding 8-in.-diam by 90-in.-high pot calciners 
at  rates of 10 t o  25 l i t e r s h r .  The volume of nori- 
condensable off-gas from the process ranged from 
15 to  50 ft3/hr. Solids, deposited rad ia l ly  in the 
pots during calcination, contained an average of a 
few tenths percent nitrate and had bulk densities 
of about 1.2 g/cc in the case of Purex and Darex 
and 0,7 g/cc in  the cose o f  TRP-25 waste. Volat i l -  
izat ion of sulfate from the calciner to the evapo- 
rator was l imited t o  <1% by the addit ion of calcium 
nitrate solution. Mercury was completely volat i  I- 
ized, together with up to  50% of  the ruthenium. 
Ruthenium vo la t i l i t y  can be decreased by adding 
reducing agents such as NO or phosphite. 

Design and procurement of mechanical equipment 
for remotely posit ioning and connecting the calciner 
to process equipment in  the p i lo t  plant were com- 
pleted. The equipment was assembled and i s  
being tested at Georgia Nuclear Laboratories, 
Oawsonvi Ile, Georgia. 

Simulated highly radioactive wastes from the 
TBP-25, Purex, and Darex processes were in- 
corporated in glassy or microcrystal l ine sol ids by 
adding phosphite or hypophosphite and other 
f lux ing agents and calcining. Volume reductions 
varied from about 7 to  9.3 for TBP-25 and from 
about 2.9 to 6.6 for Dorex. Corresponding densit ies 
varied from about 2.35 to 2.84 g/cc and from about 
2.2 t o  3.8 glee, respectively, and softening points 
from 850 to  lOOoOC and from 850 to  900°C. The 
addition o f  phosphite or hypophosphite to 1.5 to  
2.5 hf not only provided a f luxing agent but also 
decreased the ruthenium volat i l i ty  to  <:0.1% i n  
batch and in  small semicontinuous experiments. 
Semiengineer ing-scale f ixat ion of TBP-25 waste 
in a true glass incorporating 26 wt 5% simulated 
waste oxides was accompanied by vo lat i l izat ion of 
12.5% of the ruthenium, with physical entrainment 
of 0-02% or less. The thermal conductivi ty of th is  
gloss varied from 1.05 to1.60 Btuhr - ’  f t - ’  (OF)-’ 

between 300 and 105OOF (softening point, 

Vapor-l iquid equil ibrium data and solut ion den- 
s i t ies  were determined for TBP-25, Darex, and 
Purex wastes for concentrations from 0.5 to 1.5 

-1 100” F). 
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to 2 times those of the expected waste solutions 
and a t  ucid concentrations as high as 7 when 
such solutions were stable. 

In nitrate salutions, the logarithm of the ruthenium 
d is t i l l a t ion  factor was a linear function o f  the 
logarihrri of the n i t r i c  uc id  molarity i n  the 
dist i l late.  Dissolved salts increased the relat ive 
volat i l i ty .  .4ddition of 0.1 ,hl H,PO, decreased the 
relat ive vo la t i l i t y  by factors varying from 38.8 for 
simulated Darex waste to 447 for 12 ‘$1 HNO,. 
Addit ion of 1.5 to 2.5 !\,I phosphite or hypophasphite 
to simulated TBP-25 waste solut ion lowered the 

rutheniuiii vo la t i l i t y  to  0.1% or less during 
calcination up to 900°C, 

Stainless steel appears to be a satisfactory 
construction rnGterial for both the calciner pot and 
the waste storage tanks. Type 304L stainless 
steel WGS corroded with weruglo penetrations of 

TBP-25 + glass additives, and h r e x  + glass 
additives, respectively, for 19 to 24 hr, including 
the evaporation-fixation cycle and f inal heating to  
900OC. Intergranular corrosion occurred in  ihe 
Purex environment. Corrosion wus maximum in  a l l  
cnvlronments during the relat ively short time a t  
high temperature when the last water and acid 
wzre being expelled. L i t t l e  further internal 
corrosion is  expected during storage, Type 304L 
stainless steel can be used for the Calcination pot 
i f  sulfate volat i l i ty  from Purex waste i s  properly 
controlled and i f  maximum fixation temperatures 
are kept below 900OC. Atmospheric coriosion in  
dry air a t  900’C was <16.8 mi ls ly r .  

Stainless steels exposed in  simulated Darex 
waste solution for 5052 hr a t  80°C showed overul l  
rates of about O.? miI/inonih and grain-boundary 
attack but no intergranular attack, The addit ion of 
organic inhibitors and lowering tho temperatures 
128 t o  500C decreased the rate to  a few hundredths 
of a mi l  per month. These stainless steel tanks 
oie probably satisfactory for the storage of acid 
nitrate wastes. 

0.14, 1.11, ond 4.5 11ii ls when exposed to TBP-25, 

Low-Activi ty  Waste Treatment 

A scavenging-ion exchange process for removing 
trace amounts of f iss ion products from process 
waste water was demonslruted with ORNL waste in  
a 500-gal/hr p i l o t  plant. When t h 3  feed i s  adjusted 
to a pH of 11.6 wi th  caustic in  CI f lash mixer, a 
precipitate i s  formed which scavenges the col lo idal  

sol ids and part of the radioactivi ty. After f loccu- 
lation, the sol ids ore separated with a s ludge -  
blanket c lar i f ier  and pol ishing f i l ter  and are further 
concentrated for disposal by a sludge filter. The 
clur i f ied l iquid i s  passed through a bed of  Duol i te 
CS-lo0 phenolic resin for sorption of most  of the 
remaining activi ty. After passage of 2000 bed 
volumes through the ion exchangc column, ihe 
plant eff luent contained <3% of the inaximum 
permissible concentration of Sr9’ and C s 1 3 7  i n  
dt inking water for continuous occupational ex- 
posure. I h e  Sr9’ decontainii1ation factors ranged 
from 2,047 t o  12,160, representing >99.904 removal; 
C s 1 3 7  decontamination factors ranged from 77 to  
3444 for the same operating time. Other tes ts  i n  
the p i lo t  plant showed n 50”; breakthrough point 
for Cs13’ at  2800 resin-column volumes, demon- 
strated the feasjbi l i iy  of the spl i t-elut ion method 
with 0.5 :Lf HNO,, and shawed no effect from ;lie 
variation of the length-to-diameter rat io of the 
resin bed. 

Laboratoiy studies wi th tap water showed ( 1 )  that 
calcium hardness remaining in the c lar i f ier  eff luent 
can be decreased from 70 ppm t o  <10 ppm by the 
addition of 25 ppiii of l ime at 25°C but that i t  was 
ineffect ive wi th ORNL waste containing c o m -  
plexing agents, (2) that vermicul i te is not suitable 
for use with the high-caustic head-end treatment of 
ORNL. waste and, (3) that the trecltinent of 20,000 
bed volumes in a complete demineralization f low- 
sheet should be possible before regeneration of the 
resin i s  required, 

P, conceptual design and cost estimate for a 
750,000-ga!/day plant for treating the total ORNL. 
process waste stream indicated a capital cost of 
$511,000 and an estimated opernting cost of 54 
cents per 1000 gal. 

- 

Engineering, Economics, and Hazards Evaluations 

A study undertaken t o  evaluate the economics 
and hazards associated with alternative methods 
of waste nianagement in a nuclear power industiy 
showed that costs for converting ucid and re- 
acidi f ied Purex and Thorex wastes to  sol ids by pot 
calcination and for producing glass from ac id  
Thorex wastes ranged from 0.87 x m i l l / k w h e  
for processing acid Puiex and Thorex wastes in  
24-in.mdiam vessels to  5.0 x lo--’ i i i i l l /kwhe for 
processing reacidif ied Purex and Thorex wastes in  
6-in.-diam vesse Is. 
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A preliminary conceptual design andcost estimate 
for a sol ids disposal fac i l i ty  in  sa l t  indicated 
costs of 6 x l o w 3  to 30 x lo-? mil l /kwhe.  Of the 
total costs, 60 to  85% was attr ibutable to sal t  
removal, indicating that the best possible estimates 
of this item w i l l  be required for the rnore detai led 
f ina l  study. 

Heat-transfer calculat ions o f  shipping containers 
for pot-calcined wastes of various ages showed 
that as many as thirty-six 6-in.-diam pots of 
calcined acid Purex waste can be shipped in  a 
single-finned carrier after 2.4 years' decay without 
mechanical cool ing en route. Four 24-in.-diam 
pots of acid Purex waste can be shipped, per 
carrier, after 1 1  yr of decay. 

4. SOLVENT EXTRACTIQN TECHNOLOGY 

F ina l  Cyc le Plutonium Recovery by Amine 
Extraction 

Chemical and physical performarice of the 
chemical f lowsheet developed for f ina l -cyc le  
plutonium purif icat ion by tertiary amine extraction 
was demonstrated in  countercurrent runs wi th  
siniulated feeds and wi th  Purex plant solutions. 
Plutonium distr ibutions confirmed the previous 
equil ibrium measurements, wi th  satisfactory re- 
coveries and concentration factors. Decontami- 
nation factors from the simulated solutions wi th  
tracer zirconium-niobium were near or above 
analyt ical l imits, but those from Purex solutions 
were only 100-500, much lower than expected and 
than required for an acceptable plutonium product. 
In cold engineering tests in a 2-in.-diam pulsed 
column and in mixer-settlers, f low capacit ies and 
stage eff iciencies were determined for a variety o f  
f lowsheet conditions" 

Extraction of Rare Earths by Tertiary Amines 
from Chloride Solution5 

Detai led examination of the behavior of lontha- 
nides, yttrium, and scandium in the amine chloride 
extraction method for separating transplutoniums 
from lanthanides showed yttr ium less extractable 
than any lanthanide under a l l  conditions tested, 
Scandium extraction was higher than that of yttr ium 
but varied greatly with extractant composition. 
The order of extractabi l i ty of the lanthanides 
varied wi th  extractant and aqueous composition, 

wi th  maximum extraction near the middle of the 
series froin 1 1  N LiCI-0.01 N HCI but, with most 
extractants tested, a t  the high-weight end from 8 ,V 
LiCI-2 N AICI,. 

Metal Nitrate Extraction by Amines 

Continued studies on amine extraction of f ission- 
product metal nitrates showed marked variation in  
the extraction of n i t rosy l  ruthenium wi th  age and 
contact time. Extraction o f  nitruto complexes 
(tetra- and penta- most extractable) passed through 
maxima at -3 i M  HNO, in the absence of nitrate 
salts but continued to  r ise wi th  decreasing ac id i ty  
in  the presence o f  sodium nitrate (-4 kf NO,-) 
down to  <0.5 M HNO,; E t ( R u )  was up to -0.6 
wi th  -0.25 ($1 amine. Extractions of n i t ro  com- 
plexes were in  a similar range but rose with de- 
creasing acidity both with and without nitrate 
sa l t  present. 

Metal Chloride Extraction by Amines 

Extraction of iron(1 11) from chloride solutions by 
several amines varied i n  the order quaternary > 
tertiary > secondary >> primary, and (with second- 
ary amine) aromatic di luent > (aliphatic -1- alcohol) 
diluent. It increased throughout wi th  increasing 
chloride concentration (acid or salt) up to 10 M, 
except for sl ight decreases ut >8 M HCI wi th  the 
quaternary and tertiary. 

Ac id Recovery by Amine Extraction 

A useful balance between ac id extraction power by 
amines and amenabil i tyto water str ipping of the ex- 
tracted ac id was obtained by proper choice of the 
degreeof steric hindrance fromalkyl branching close 
t o  the nitrogen. N-Benzyld i(2-ethylhexyI)omine, 
in particular, was found capable of extract ing >9OW 
of the sulfuric ac id  from Sulfex decladding process 
waste and releasing it to a stripping solut ion which 
can reach a concentration of -1 AI H2S04. 

Extraction Performance and Cleanup of 
Degraded Process Extractants 

Continued tests of di luent nitrat ion showed it t o  
be more severe in  the presence of TBP. The 
degradation as measured by tracer zirconium-niobium 
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extraction, by nitroparaffin determination, or by 
totoil organic nitrogen determination, was essential ly 
the same froin healing and from irradiation, for ex- 
oniple, 10 hr ref lux wi th 2 !\! HNO, was equivalent 
t o  -100 whr l l i te r  of Co6' gamma irradiation. Amsco 
125-82 was less  susceptible to ni t iat ion after 
being scrubbed with concentrated H,SO, 

Of many scrubbing agents tested, cthonolaiiiine 
proved most effect ive in removing zirconium- 
niobium-extracting impurities from degraded 
solvent. However, the economic value appears 
marginal because of appreciable loss of both TBP 
nnd ethanolamine and the relat ively high price of 
the lotter. 

Continued search for diluents inore stable to  
nitrot ion showed large voaiations i n  stabi l i ty  wi th 
structure of olkylbenzenes. DE- and cycloalkyl-  
benzenes were less stable than simple mono- 
a I kylbenzenes, with indication that tr iethy Ibenzene 
\"/OS even more stable and monoalky1benzer:es more 
stohle when iso-branched than when either more 
branched or normal. These comparisons apply only 
to side-chain nitration; n i t rat ion of thc benzene 
r ing does not produce zirconium-niobium extract- 
ants, although i t  must s t i l l  be considered in 
respect to  physical propsrties and safety. 

Swppaes s ion of Zi  rconi urn-N i &ium and Ruthen;  urn 
Extaoction by TBP-Amsco  from Aqueous Feeds 

Pretreated w i t h  Oximinoketanes und 
Q X G l i C  A s i d  

Signif icant suppression of zirconium-iiiobium and 
ruthenium extraction was demonstrated on ireating 
aqueous feeds with certain oximinoketones, a c lass 
of compounds previously proposed as interinediary 
in similar suppressions by treatment wi th acetone 
plus nitr i te. Further study of oxiniinoketones 
showed that a part of their effect was due to oxal ic 
acid, present as either a synthesis by-product or a 
decomposition product of the oximinoketone. 
Direct  botch tests showed oxal ic acid inore 
ef fect ive than oximinoketones i n  suppressing 
zirconiuin-niobium and ruthenium extraction but 
indicated some l imitat ions through impaired ex- 
Prnctions or precipitat ion of plutoniurri, uranium, 
and thorium. In sp i te  of such l imitat ions, the use 
of oxal ic acid feed treatment, in processing actual 
i rrad ioted-fue I solutions, improved the decontam i - 
nation of uranium from grass beta arid gamma 
ac t iv i t y  by a factor of 20-30, without any iinpnir- 
ment of overall uranium or plutonium recovery. 

In continuing examination of new potential ex- 
tractants supplied by manufacturers, a commercial 
supply of di-sec-hutyl phenylphosphonate (DSBPP) 
compared w e l l  wi th the previoi~s research prepa- 
ration, and a number of new or modified ciinines 
compared w e l l  wi th previously avai lable ninines i n  
assay and perfoimance. Secondary amine con- 
tamination was rcmoved frorn tertiary amines by 
column cation exchange in an isopropanol medium, 

Gel-Liquid Extract ion 

F'reIiminciry evaluations of the gel- l iquid cx-  
traction technique, which uses the tert iary amine 
A 1 ami ne-336 absorbed i n po I y styrene-d iv  i ny I -  
benzene beads, showed high separations but s low 
equil ibrat ion in  the transplutonium-lanthanide-.. 
l i thium chloride system. 'C(hile th is technique doer, 
not appear competitive wi th conventianul solvent 
extraction for separations in that system, the 
results indicate possible advantages i n  systems 
offering only small separation factors and with 
extractants l imited by pour misc ib i l i t y  wi th common 
diluents. 

Solvent Extraction Equilibria and  Kinet ics  

Continued studies of a lkal ine earth extaoctisn by 
di(2-ethylhexyl)phospt~ate ([MX], :-. NaX) in  benzene 
showed E:(Sr) ..[H+]-'*' (average) at pH <4, 
passing through maximcr near pH 4,5--5.5, and 
independent of pH at >7. The maxima occurred a t  
lower pH with higher reagent concentration (0.015 
to 0.5 X-) ,  in  each case close to  the pH where 
the mole rat io NaX/'C,X 1 0.25. The extraction 
maxima disoppeored when a l l  sodium nitrate :vas 
replaced with strontium nitrate, E,O (Sr) = [x-I a t  
a l l  levels of NaX iXX,  suggesting extraction into 
micel les of the reagent. 

The relat ive af f in i t ies of the a lku l i  ions for 
di (2-ethy I hexy 1)phosphate in  extrnct ion from nitrate- 
hydroxide solutions was C s  = Rb < K < No << 
Li << H. Results were similar wi th 0.5, 0.1, and 
0.05 .hl X-. The relat ive af f in i ty of l i th ium i n  
particular increased considerably w i th  a decrease 
of aqueous pH and organic MX/CX. 

Water extract ion and the concomitant volume 
increase on conversion of [HXI,  to NaX was 

measured in  detai l  in the system D2EHPA-benzene- 
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4 ,"11 NaN03--NcOH. The organic volume increase 
was w M N a X  a t  constant NaX/CX. Extracted water 
expressed as H,O/NaX varied as a linear function 
of NaX IXX.  

The vapor pressures of a series of water-saturated 
solutions of [HX],,-NaX mixtures i n  benzene indi-  
cated average aggregation numbers of 3 t o  8 a t  
mole rat ios NaX/CX = 0,25 to 0.75 a t  CX = 0.4 hf. 

Transfer-rate measurements of tagged sulfate 
from amine solut ion to  aqueous sulfate solution, 
wi fh and without simultaneous extraction of uranyl 
sulfate from the aqueous solution, fa i led to  show 
any evidence of actual U02(S04)22--S042- ex- 
change, thus strengthening previous indications 
that neutral U02S04 i s  the species actual ly 
transferred under the condit ions examined. 

5. FISSION PRODUCT RECOVERY SOLVENT 
EXTRACTION 

The solvent extract ion process for recovering 
and separating strontium and mixed rare earths 
w i th  d i(2-ethy Ihexy I)phosphoric acid was demon- 
strated successful ly in  hot ce l l  tests wi th actual 
Purex concentrated waste in continuous miniature 
mixer-settler equipment. Th is  process was further 
developed and modified a t  Hanford to  recover 
megacurie quanti t ies o f  Sr'O. The same solvent 
can be used to  recover zirconium and niobium. 
New solvent extract ion processes, using certain 
phenols, were developed for select ive recovery of 
cesium from Purex wastes and tank farm super- 
natants, and amine extraction processes were 
developed for pretreating the wastes to remove 
n i t r i c  acid, iron, sulfate, zirconium-niobium, and 
ruthenium and produce a better feed liquor for 
recovery of other f i ss ion  products. The same 
process may be useful for isolat ing zirconium- 
niobium and rare earths. In Combination wi th the 
TBP process for promethium separation developed 
sever01 years ago, these new developments offer a 
versa t i  le, integrated solvent extract ion f low sheet 
for recovery and purif icat ion o f  a l l  f iss ion products 
of principal importance from waste liquor. 

Ion Exchange 

A procedure is  proposed for recovering strontium 
from Purex waste by a head-end double precipitat ion 
step prior to ion exchange. Sulfate ion i s  removed 

from the waste wi th 5 5 4 0 %  HNO,, and strontium 
i s  recovered from the almost pure ni t rate f i l t rate, 
85% HNO,, Radiochemical and wet analyses of the 
product solut ion of a test run indicated that 75-8006 
of the strontium was recovered together w i th  1% 
each o f  Fe3 ', AI3 ', No', and SO,,-. 

6. TRANSURANIUM ELEMENT PROCESSING 

The HFlR and TRU Fac i l i t ies  are being bu i l t  to  
produce gram quanti t ies of the heavier transuranium 
elements for research uses. As part of t h i s  
program, the Chemical Technology D iv is ion  is  
developing chemical separation processes and 
TRU Fac i l i t y  design. Laboratory development of 
methods for isolat ing the various transuranium 
elements and process-equipment design and test ing 
were continued. The high-activi ty- level develop- 
ment fac i l i t y  in bui ld ing 4507 was designed, and 
construction in  ce l l  4 was begun. TRU Fac i l i t y  
T i t l e  I design was completed. 

About 3% of the aluminum in  HFlR targets w i l l  
be converted to  s i l icon during an 18-month 
irradiation. The dissolut ion rate of aluminum 
containing 0.1-3% S i  in 1 to  6 h! HCI was inversely 
proportional t o  the s i l i con  content, and direct ly 
proportional t o  the cube of the ac id  concentration. 
The rate doubled for every 8 or 9OC increase i n  
temperature. An al loy containing 3% Si dissolved 
a t  a rate of 10 mg min-1 cm-2 in  4 M HCI a t  
80' C . 

In demonstration runs of the Tramex process 
(tert iary amine extraction process for separating 
actinides and lanthanides) w i th  4 extraction, 
6 scrub, and 4 str ipping stages, total  americium 
losses were ~0 .01% and the decontamination 
factor from rare earths was >lo4 .  The ions Pd2+,  
F e 3  ', Ti4', Ru4', Tc04-, Zr4', Mood2-, and Ni2' 
were extracted with the americium but rare earths 
Ru3+, Y3', Bo2', and Sr" were not. The ex- 
tracted contaminants except Ti4'  and Ni2' w i l l  
remain i n  the organic phase when Am3' i s  stripped 
with 5-10 ,hf HCI. Ruthenium behavior i s  not 
completely predictable since it exists as both 
tri- and tetravalent ions in these solutions. Both 
act in ide and lanthanide distr ibut ion coeff ic ients 
increase rapidly w i th  increasing nitrate ion in the 
system. However, lanthanide extruction increases 
more rapidly, and the americium-europium separation 
factor decreases from 100 for 0.01 NO,' to  1 a t  
-0.7 !M NO,-. 
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In countercurrent demonstration runs of the 
phosphonate extraction process for separajing 
transcurium elements from americium and curium 
with 4 extraction, 3 scrub, and 3 str ipping stages, 
total  cal i fornium losses were -0.1%, and the 
americiuin decontamination factor from cal i fornium 
was lo3. In runs made with europium a s  a substi-  
tute for berkelium, wi th 3 extraction and 8 scrub 
stages operating a t  -50"6 eff iciency, 99.9% of the 
europiuiii was extracted, and the americium de- 
contamination factor was 2 x lo3. The separation 
factor of 30 between berkelium and curium makes 
th i s  an ideal system for separating the trans- 
curium elements from americium and curium. H a w -  
ever, separation factors for other adjacent act inides 
range from 1.3 to 3.3, Distr ibut ion coeff icients are 
direct ly proportional to the cube of the pliosphonate 
concentration and inversely proportional to the 
cube of the acidi ty over the range 0.5 to  4 .\i HCI. 
Extraction decreases to a minimum at  5.5-7 11 

HCI concentration. Distr ibution coeff icients are 
greater w i th  al iphatic diluents than with aromatic 
diluents. The fol lowing contaminant ions were 
quanti tat ively extracted: Z r 4  ', T i3  ', Fe3  ', Mod2-, 
arid Pu4'. The contaminants Si2', Wu3+, and Ni2 '  
remained with the americiiJm and curium. 

An anion exchange process for recovery of 
americium, curium, and rare earths from plutonium 
process waste was developed and tested on a 
laboratory scale. With a feed containing 2.34 .\I  
,41(NQ?),, 1.5 g of rare earths per liter, orid tracer 
americiiim, a product containing 8.5 g of rare 
earths per I i tcr  and 0.05 !\,I AI was obtained. No 
americium losses were detectable a i d  desnn- 
tamination from iron was essent ia l ly  complete. 
Americium losses increased with increasing resin 
size, wi th decreasing resin cross l inkage, and 
with increasing f low rates. 

Conversion from a nitrate system to  a chloride 
system by tertiary amine extraction of HNO, from 
a mixed HCl-WNO, solution was successful ly 
demonstrated. 

Berkelium in  8 !\,I HNQ, can be oxidized t o  
Bk4' with ozone or KBrO, and then extracted with 
30% di(2-ethylhexyl)phosphonic acid in decane or 
hexane di luent. Toluene, diethyl benzene, and 
Amsco 125-82 di luei l t  reduced the berkelium back 

When americium and curium hydroxides were 
dissolved in 3 ,h4 K,CO, and the solutiorr w a s  

oxidized to form Am5+, 80% of the americiuin, but 
only 1% of the curium precipitated, 

to 8k3+. 

When CI column of Dowex 50-12X (200-400 mesh) 
resin loaded with 0.4 pg of C f 2 5 2  0.26 nanograln of 
E s 2 5 3 ,  and 0.3 p i c o g r a i ~  Fn,254 was eluted with 
0.4 hl arninonium nthydi-oxyisobutyrate a t  p t l  4.1, the 
f i rs t  column cu t  contained 0 3 %  of the californium, 
20% of the einsteinium, and 60% of the fermium. 
M y  the time 10% of the cal i fornium wcis eluted, 
80% of the einsteinium and 90% of the feri-nium 
were also eluted. In a second test, a small  amolrnt 
of gassing disrupted the resin bed and gave paor 
separat i ons. 

Scouting tests w i th  chloride solwt isns containing 
20 g of per l i ter (2 w l l i t e r )  i i idicatcd no 
direct effects on corrosion rate from alpha radiation. 
Secondary effects attr ibutable to H2Q, from 
radiolysis were noted. 

Equipment was designed and i s  being constructed 
in ce l l s  3 and 4 of bui ld ing 4507 to test  the solvent 
extract ion processes for transuranium slement 
isolat ion at f u l l  nct iv i t y  levels. 

Calculat ions indicate that the dissolut ion rate of 
aluminum in  I-ICl con be adequately control led by 
tenipernture and acid concentfation. Oracle COIICU- 
lat ions wi th laboratory data confirmed that it i s  
practical to separate americium-curium from the 
heavier lanthanides, but not berkelium from 
ca I i forn i um. 

A inixer sett ler wi th improved impeller and 
interface weirs performed sat isfactor i ly  wi th the 
amine extraction flowsheet, and a stage height of 
18 in. wi th a capacity of 120 gal h r - '  f t -2  a t  
50°C: was obtained i n  ci pulsed column with th is 
same flowsheet. 

A piping discannaci designed for renmte operation 
was satisfactory. Leakage was less than l o - *  c c  
of helium per second after ten makes and breaks 
and after simulated mechanical damage or m is -  
a I ignment. 

A pressurized-water f i re ext inguishing system for 
glovebox f ires \NOS developed and demonstrated. 

Conceptual design studies to  determine the 
cri teria to  be fol lowed in TRIJ equipment design 
were completed, Included were teilt-ativi. i rradiat ion 
and processing schedules and equipment f low-  
sheets. Conceptual layouts of a l l  TRU process; 
equipment were completed, and detai led design of 
l ine penetration and disconnect wel ls was started. 

The conceptual design and T i t l e  I engineering of 
the TRU Fac i l i t y  was completed and detai led 
design started. It i s  scheduled for completion i n  
December 1964 and for full operation in  December 
1965, Shielding calculat ions indicated h o t  54 in. 
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o f  magnetite concrete and a 54-in.-thick compound 
window of o i l  and lead glass w i l l  provide suff icient 
shielding. The interior wal ls  of the ce l l s  are 
expected to  read <l r/hr from neutron activation 
ten days after credible exposure t o  spontaneous 
f iss ion neutrons. 

Tentative maximum permissible environmental 
concentrations of the actinides were calculated. 
A hazard analysis based on these values indicates 
that the TRU fac i l i t y  design meets current con- 
ta inment criteria. 

7. PLUTONIUM-ALUMINUM ALLOY 
FUEL PROCESSING 

Plutonium was recovered from 24 highly irradiated 
plutonium-aluminum al loy rods. Objectives of the 
program included recovery o f  plutonium r ich  i n  the 
higher isotopes, generation of feed material for 
future transuranic f l  owshect demonstrations, and 
the demonstration of a flowsheet for recovery 
o f  highly burned plutonium by anion exchange 
methods. A to ta l  of 675 g of plutonium meeting 
specif icat ions was recovered, wi th  average decon- 
tamination factors from f iss ion products o f  1 x l o 6 .  
Overal l  losses averaged 1%, the bulk (80%) of 
which occurred in the f i rs t  cyc le  during the 
scrubbing step. The Permutit SK res in  used was 
severely degraded after receiv ing a dose of 4 x l o 8  
rad. 

8. PRODUCTION OF URANIUM-232 

A to ta l  of 32.9 mg of U232 for nuclear cross- 
section measurements was prepared by neutron 
irradiat ion of Pa231 and chemical isolat ion of the 
uranium. The principal product solut ion contained 
21.58 mg of U 2 3 2  with an isotopic composition 
98.90% U232, 0.0127% U233, 0.0095% U235, and 
1.075% U238. The remainder of the U232 product 
contains about 0.03% U233 and 0.003% U235.  
Uranium-235 and U238 contamination resulted from 
-7 ppm of natural uranium i n  the Pa20, from 
which the U232 was produced and from traces o f  
uranium in  process reagents. 

Six  AI-Pa,O, cermet targets contci i i ing a 
total of 48.1 g P a z 3 '  were fabricated. Two 
irradiations were made. In the f i rs t  irradiation, 
one target containing 7.35 g of was ir- 
radicted t o  4.7 x 1 0 l 8  nut and processed for 
uranium recovery after 43-hr decay and aguin 

after 91-hr decay. In the second irradiation, f i ve  
targets containing a total of 40.6 g of Pa231 were 
irradiated to 4.1 x 10 l8  nut and processed for 
uranium recovery after 43-hr decay and again after 
77-hr decay. The irradiated slugs were processed 
by dissolut ion in HCI and HCI-HF and anion ex- 
change. The uranium was further purif ied by a 
second anion exchange cyc le and a TBP extraction. 

Another 1 g of U 2 3 2  containing obout 1'; U 2 3 3  
i s  being prepared by a longer reirradiat ion of the 

9. URANIUM PROCESSING 

Uranium m i l l  waste streams normally contain 
R a 2 2 6  a t  a concentration too high t o  permit direct 
discharge to the environment. The radium was 
removed to  below specif icat ion l imi ts  (10 x 
cur ie l l i te r )  from simulated plant waste solut ion by 
adsorption on natural and synthetic zeolites. 

UO, part icles (<lo p) were enclosed in B e 0  
by drying and ignit ing a suspension prepared in  a 
syrupy solut ion of basic beryl l ium formate or 
oxalote. The refractory B e 0  was obtained 05 

a s l ight ly  porous glassy mass, or (by a dispersion 
technique) as small spherical beads, which, 
however, were more porous and would require 
subsequent densification. 

10. PROTACTINIUM CHEMISTRY 

Present chemical processing methods ore not 
adequate for large quanti t ies of P a 2 3 3  i n  thorium 
fuels. T o  obtain basic protactinium chemical 
information for future process development the 
chemistry of protactinium in  sulfuric ac id  solutions 
i s  being investigated by solvent extraction, 
solubi l i ty, and spectrophotometric methods. The 
so lub i l i ty  i s  0.12-0.20 mg/ml in 27-33 N sulfuric 
acid, but increases below '20 N acid t o  as much as 
6 mg/ml. Protactinium hydrolysis occurs at con- 
centrations below 10 iv. Organic amines w i l l  
extract protactinium from sulfuric ac id  solutions, 
the order of extract ion being tert iary < secondary < 
primary, The extractabi l i ty increased approximately 
I inearly w i th  amine concentration, and increased 
quite rapidly wi th  decreasing sulfuric ac id  con- 
centration. A single absorption peak occurs at 
2250 A i n  sulfuric ac id  concentrations above 15 N, 
but the peak i s  displaced to  <1950 A, the l im i t  of 
measurement, in concentrations below 7.5 N. 
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Code P-82 thorium oxide pel lets (1650°C fired) 
showed l i t t l e  damage after being irradiated three 
months in  the LlTR under D,O a t  250°C and dry 
in  aluminum capsules under a hel ium atmosphere. 
Average weight loss as o resul t  of the wet- 
irradiat ion was 0.4% and of the dry, <0.05%. 
Irradiation markedly enhanced the wenr resistance 
of the pel let  surfaces, but, once the surface layers 
were removed during the f i rs t  one or two hours od 
a standard spouting bed test, the weas rates of 
the irradiated materials were comparable t o  those 
of the unirradiated pel lets. Irradiation in  water 
also produced a small increase i n  void volume and 
a large number of small  pores probably associated 
with individual f iss ion events. Metallographs of 
the unirradiated and wet-irradiated pel lets showed 
essent ia l ly  no differences. 

Two series of thorium oxide powders f ired at 
650, 800, 900, 1100, and 1500°C were it-sadiuted 
dry in  aluminum capsules for 16 and 22 months i n  
the Low Intensity Test Reactor. 'The 650, 800, 
and 900"C-fired oxides hecame xed and sintered 
into hard, glossy fragments. l h e  1 100°C-fired 
materials formed off-white, chalky plugs, and the 
150OOC fired oxides were blue powders. The 
specif ic surface areas of oxide f i red a t  Sll00"C 
were markedly decreased by the irrndiation although 
the estimated inaximunl temperatures of the powders 
during irradiat ion were <lOOO°C. L i t t l e  or no 
sintering and only s l ight  part ic le daincage occurred 
in  the 1500°C-fired powders. The sintering 
probably resulted froin recrystal I izat ion processes 
induced by f i ss ion  fragment irradiation. 

12. GAS RECOMB NATION STUDiES 

A palladium-on-thoria catalyst  w a s  developed 
for use in  aqueous reactor slurr ies to recombine 
radiolyt ic deuterium and oxygen. A t  low dewterium 
part ia l  pressures and under oxygen in excess of 
the stoichiometric ra t io  the specif ic catalyt ic 
ac t i v i t y  was more than suff ic ient  to  recombine the 
radiolyt ic gases rapidly wi th very small  concen- 
trat ions of palladium. Under these conditions the 
reaction was f i r s t  order w i th  respect tn the 
deuterium part ial pressure and 0.5 order w i th  
respect to the oxygen part ial  pressures respec- 
t ively. The apparent act ivat ion energy for 
recombination in  the temperature range 259-280°C 

was 19-26 kcal/mole. Most simulated f i ss ion  
product accumulations d id  not affect catalyt ic 
act ivi ty. 

Def in i t ive correlations between catalyt ic nc t i v -  
i t ias  observed in laboratory autoclave experiments 
and thosn obtained in  pump loop experiments or 
observed in  in-pi le autoclave experiments have not 
been obtained. However, the specif ic ac t i v i t y  
based on the pal ladium concentration of a slurry 
of sol ids irradiated i n  an in-pi le pump loop cxperi- 
ment was as high as  those obtained w i th  other 
slurry-palladium cntalyst  systems which had not 
been irradiated, indicating that s~multoneous 
reactor irradiation and pumping under 0, did not 
decrease catalytic act iv i ty.  

13. Tt-iORIIUM F U E L  CYCLE DEVELOPMENT 

The sol-gel process developed for preparing 
3-10 wt  % mixed uranium-thorium oxide for ~ J S C  iii 
fuel element fabrication by vibratory compaction. 
The proce5s was simpli f ied to a four-step operation 
and demonstrated on a scale of 7 kg of oxide per 
batch. The steam denitration step was dernori- 
strated to  be capable c f  close product control on 
batches of Tho, up to  22.5 kg, Thoria spheroids 
of high at t r i t ion resistance were also prepared. 
Fif;ean fuel irradiat ion cnpsirles containing 
vibratori ly compacted sol-gel oxide have given 
satisfactory performance under irradiat ion at heat 
f luxes up to 600,800 E3tu h r - '  f t - ,  for irradiations 
of up to 17,000 Mwd per ton of thorium. TWQ 
instrumented pins were irradici+ed a t  center l ine 
tempmntures of 3600 and 2800OF and cladding 
temperatures of 1360 and 1000°F for 3 months 
without s igni f icant change. The ef fect ive thermol 
conductivi ty compares favorably w i th  pel leted 
fuels. 

Design of the Ki lorod fac i l i t y  for fabricating 
metal-clad oxide reactor tiuties for the BNL cr i t i ca l  
experiment by the sol-gel-vibratory compaction 
method was campletcd, and fabrication and 
instal lat ion w e  now in  progress. 

14. THQRiUM RECOVERY FROM ROCKS 

An extensive survey with a portable gamrnu-ray 
spectrometer of over 300 s q  miles of surface out- 
crops of the Conway granite in New Harnpshirc 
indicate an average thorium content of 56 i6 ppm. 
I f  t h i s  concentration persists wi th depth, a n d  th is 
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w i l l  be determined by dr i l l i ng  during the next year, 
the thorium reserves in the Conway formation w i l l  
amount t o  tens of mi l l ions  of tons. The granite 
contains smaller but s igni f icant concentrations of 
uranium. Based on studies of 13 dif ferent samples, 
estimated recovery costs of thorium plus uranium 
have ranged from $23 t o  $83 per pound. Several 
samples of less extensive granite formations from 
the New England states contain thorium at concen- 
trat ions equivalent t o  the Conway. Volcanic rock 
samples from I ta ly and Nevada contain 12-50 ppni 
thorium but res is t  acid leaching. Sublateri t ic so i l  
samples from the southeastern United States con- 
ta in only 5-16 ppm thorium. 

15. RADIATION EFFECTS ON CATALYSTS 

Conversion of Cyclohexonol to  Cyclohexene with 
MgSO, and MgSO4-Na,SO, Catalyst  

Contrary t o  published data, radioactive MgSO, 
and MgSO,-Na,SO, were less effect ive i n  the con- 
version of cyclohexanol to  cyclohexene than were 
the corresponding nonradioactive catalysts. Both 
radioactive and nonradioactive catalysts lost 
cata!yt ic ac t i v i t y  on aging. 

16. HIGH-TEMPERATURE CHEMISTRY 

Detai led drawings were completed for the 
spectrophotometer s ys tem des ig  ned for operation 
at temperatures up t o  33OOC and pressures up t o  
3050 psi. A miniature loop system was designed 
and constructed for use at 15OOC and 200 psi. A 
method based on graphical summation of photon 
contr ibutions from electron energy distr ibutions 
was developed for calculat ing Cerenkov radiat ion 
intensity from beta- and/or gamma-emitting sources. 

17. MECHANISMS OF SEPARATIONS PROCESSES 

The distr ibut ion of n i t r i c  ac id  between aque- 
ous and TBP-Amsco 125-82 solutions, for a l l  
diluent/LTBP rat ios and up to  *5 M HNO, in the 
aqueous phase, were described mathematically by 
on equation that can be interpreted in  terms of the 
mean ac t iv i t y  coeff ic ients of TBP -1 TSP.H,O 
and TBP.HN0, t TBP.HNO,.H,O in the organic 
phase. The same descript ion applies to  many 
I itsrature data. Preliminary transpirat ional meas- 

urements of the vapor pressure of TBP over nearly 
dry and over water-saturated TBP were obtained t o  
help determine the thermodynamic equi l ibr ium 
constant for the distr ibut ion of n i t r i c  acid between 
aqueous and TBP-Amsco 125-82 solutions. Part ia l  
pressures of n i t r i c  acid over aqueous solutions of 
2-16 M HNO, were determined by the transpirat ional 
technique and used to obtain ac t iv i t y  coeff icients 
and the thermodynamic constant for dissociat ion of 
t h i s  acid into the ions H' and NO,-. 

Fundamental and applied studies of the foam 
separation process were continued. Surface tensions 
of solut ions of sodium dodecylbenzene sulfonate 
containing added H', Nu', Ca2', or Ce3' ions gave 
essent ia l ly  the same value of cz ( a  = 1d x lo6 
cm3/mo1e), which i s  a measure of the tendency of a 
surfactant to concentrate a t  the solut ion surface. 
Th is  i s  interpreted t o  mean that the surfactant- 
cation complexes of all these ions have the same 
degree of surface ac t iv i t y  when expressed in terms 
of the concentration o f  the undi ssociated complex 
i n  solution. Screening tests, now essent ia l ly  
complete, showed eight surfactants out of 107 
commercial products that warrant detai led study. 
Each of these could be used over a range of 
acidi t ies but shows decreasing separation of 
strontium from solut ion as the calc ium concen- 
trat ion exceeds hi. Studies of some of the 
parameters of countercurrent foam columns showed, 
wi th dodecylbenzene sulfonate surfactant and 
ORNL tap water, that the height of a theoretical 
transfer unit  for strontium removal i s  1-2 cm of 
foam, thereby requiring only -1 ft of foam height 
for good decontamination. Volumetric solut ion 
throughputs up to 1.65 gal  min- '  per f t3  of foam 
were achieved. A head-end precipitator t o  remove 
calcium and magnesium, prior t o  foam decontami- 
nation of low-act iv i ty- level  waste, a lso  gave a 
strontium decontamination factor of -lo2 and a 
cesium decontamination factor of 10-40 when 
grundite c lay was added to the waste to  a level of 
-0.5 Ib per 1000 gal, 

18. EQUIPMENT DECONTAMINATION 

Samples of gas loop piping were spray decon- 
taminated with oxa late-peroxide. Cesium-137 and 
iodine-131 were deposited on metals from high- 
temperature hel ium and decontaminated by various 
reagents. The behavior of hydrogen peroxide as a 
corrosion accelerator or inhibitor in  many types of 
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decontamination solutions was studied. Non- 
corrosive mixtures effect ive for at least 12 hr at 
35OC in  the presence of carbon steel were de- 
veloped. Other noncorrosive peroxide decontaini- 
nation solutions ef fect ive a t  lower temperatures 
were found. The decontamination effectiveness of 
acidic fluoridos, wi th corrosion inhibited by per- 
oxide, was dewionstrated with plutonium and 
americium ac t iv i t y  on stainless steel samples. 

19. RADlATiON DAMAGE TO 80141 Z'XCB-BANGE 
RESIN 

Aftei- (0.75-0.77) x lo9 r (2.0-2.1 whr per g of 
dry resin) irradiation, 10-209; (dry basis! of the 
cation-exchange resin Dowex 50W was decomposed 
and dissolved i n  a f lowing stream of water. The 
specif ic wet resin volume increased 10-15%, but 
there was no evidence of f issuring or fragmentation, 
The moisture content increased 10-15% The 
resin lost 40-50% of i t s  original strong acid 
capacity hut gained -5% weak acid capacity. The 
sulfur loss was 1.0---1.2 atoms/100 cv, and only 
75-807; of the sulfur remaining on the polymer was 
present ws the active sulfonate group. Analyses 
of the col lected eff luents indicated that degradation 
products included sulfate, sulfonate, and oxalate 
in  the acid form. 

Eighty percent of a sample of Dowcx 50W X-8 
resin dissolved in the water stveam, and 950; of 
i t s  total  capacity WQS lost, after an Pxposure of 
3.9 x I O 9  r (13.8 whr per g of dry resin). Amberlite 
200, a highly cross-linked, porous resin, lost 15% 
of i t s  weight by an irradiat ion of 0.97 x l o 9  r 
(2.6 whr per 9 of dry resin), atid increased 20% i n  
surface area and 25% in  iiiedian pore diameter. The 
total  capocity loss was 44%. 

20, FUEL SHIPPING STUDlES 

Prototype fuel shipping c a s k s ,  weighing 1.5 t o  6 
tons each, were dropped from heights of from 6 in. 
t o  20 f t  onto a drop pad. The casks were in -  
strumented with strain gages, accelerometers, 
compressorrieters, and inert ia swi tches to  measure 
strain, deceleration, and deformation. Data obtained 
in  the tests are being correlated for scaleup to  fu l l  
sized casks. 

The experimental program on dissipation of 
f iss ion product heat f r o m  fuel shipping casks was 

completed, Mathsmatical methods developed for 
predict i i jy maximum temperatures up t o  300°C gave 
results t o  wi th in 20OC of experimentally deter- 
mined voliJes. 

21. &hS.*C@rOF..ED REACTOR COOLANT 
P U R 1  F16ATIO 

In a k inet ic 5tiidy of the catalyt ic oxidation of 
small amounts of hydrogen, carbon monoxide, and 
methane with oxygen in a bulk hel ium stream, three 
empir ical equuiions were developed which correlate 
the data and are suitable for design purposes. A 
more fundamental study on the oxidation of thase 
contaminants wi th copper oxide pel lets experi- 
mentally ver i f ied mathematical inodels based on 
dif fusion through the pel let pores for hydrogen cnd 
carbon moiiox ide and a surface-dependent reaction 
for methane. The dif ferential equations from the 
models were solved numerically wi th a high-speed 
computer. 

The product water and carbon dioxide could be 
easi ly sorbed on a f ixed bed of molecular sieves. 
'The cornhination 04 oxidation and sorption i s  an 
excel lent method far puri fying gas coolants of gas- 
cooled reactors. 

27. CH EMICAl.. ENGINE E R1c.15; W ESE ARCH 

A folded 50-tt-long thermal dif fusion column wi th  
o cellophane membrane, and with controlled counter- 
current flow, was successful ly used t o  separate 
cobalt and cupric ions i n  aqueous sulfate solution. 
Observed HTU's with a 1-ft-long column were less 
than those colculated frni-n a slug-flow model. A 
modi f i ca t im of the stacked-clone high-speed con- 
tnctor incorporating cyl indr ical  sections achieved 
40-7576 stage e f f i c i en i  ies a t  throughputs of 1200 
t o  2000 cc/min wi th the uranyl nitrate-1 M 

NablO3(aq)- 18.3% TBP-Amsco system. 

23. CANE PROGRAM 

The sequenced gas samples functioned OS de- 
signed in  the Gnome test. Preliminary work on the 
hypervelocity jett ing of uranium cones indicated 
that recovery of irradiated uranium targets from on 
underground detonation may be possible. Chemical 
studies of isotopic exchange of hydrogen isotopes 
in  the hydrogen-water systeril, wi th either materials 
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from natural salt  formations as catalysts or w i th  
high thermal energy from a plasma ie t  Qt 10,000- 
12,00PK, indicated that t r i t ium produced by a 
detonation in  sal t  w i l l  be lost t o  environmental 
water. Studies of the oxidation of hydrogen t o  
water by the sulfates in  natural sa l t  show that t h i s  
mechanism a lso  leads to mixing of t r i t ium wi th  

env ironmenta I water. 

24. ASSISTANCE PROGRAMS 

Thorium Fuel Cycle Development Fac i l i t y  

The scope of th is  project, formerly cal led the 
U 2  Metal lurg ica I Deve lopinent Laboratory, was 
increased to include fac i l i t i es  for fuel processing 
as we l l  as reconsti tut ion and refabrication. Two 
new ce l l s  were added to the three formerly 
described, and shielding for the entire fac i l i t y  was 
increased t o  5.5 f t  of normal concrete to  accommo- 
date low-decontamination process demonstration. 
A new preliminary study based on the revised 
cr i ter ia i s  being made by an architect-engineer. 

AHBR and MSCR Processing Plant Studies 
Metal Recovery Canal Cleanout 

Conceptual fuel processing and reconsti tut ion 
plant studies were made for the conceptual AtiBR 
(Aqueous Homogeneous Breeder Reactor) power 
station, based on a Thorex-sol-gel process, for 
capacit ies of 266 and 11 17 kg of thorium per day. 
A similar study was made for the conceptual MSCR 
(Molten Salt Converter .Reactor) power stat ion, 
based on a fluoride volat i l izat ion process, for 
da i l y  capocit ies of 1.2 and 12 ft3 of fused-salt fuel  
containing 35 and 350 kg  of thorium and 2.83 and 
28.3 kg of uranium, respectively. Process f low- 
sheets, equipment l is ts,  bui ld ing layouts, and 
estimated capi ta l  costs, were made for each of the 
four cases. 

Twenty-f ive tons of spent Brookhaven Reactor 
fuet that had been stored in the Metal Recovery 
Bui ld ing Canal for 1-2 years was removed, canned, 
and shipped. Radiation exposures of personnel 
conducting the operation averaged about 6 mreni 
per mon-hr of work. The principal contaminant i o  
the ac t iv i t y  burden (0.2-0.3 pc/ml) of the canal 
water was C S ’ ~ ~ ,  which accounted for >95% of the 
total. V i s ib i l i t y  in  the canal was improved and 
maintained by recirculat ing the water through a 
40-p-pore f i  Iter. 

Safety and Containment 
H igh-Rod io ti on-leve I Ana l y t i co l  Lobora tory 

Design of the fac i l i t y  was completed and s u h -  
mitted for bids, and, after review of the bids, the 
project budget was increased from $2,000,000 to  
$2,500,000. The contractor w i l l  be selected in  the 
n e w  future and construction i s  scheduled t o  begin 
about August 1962. 

Piant Waste Improvements 

Cr i ter ia were completed and detai led design of 
the fac i l i t i es  by UCNC-ORNL and Paducah 
Engineering Departments was started. Consu l tat i on 
and design review services were provided for an 
intermediate-activi ty- level waste evaporator and 
two high-act iv i ty- level  waste storage tanks. The 
scope of the program was changed t o  substitute a 
Melton Val ley waste col lect ion and transfer system 
for the low-activi ty- level waste treatment fac i l i t y  
prev i ou s I y proposed . 

Assistance work on plant safety and containment 
included (1) completion of the containment changes 
and addit ions t o  bui ld ings 4507 and 3508; (2)  in- 
stal lat ion of an improved off-gas venti lat ion system 
for the HRLAF cel ls; (3) design and cost estimation 
of Q contaminated off-gas f i l ter  carrier for general 
plant use; (4) completion of a new alpha laboratory 
in  room 21 1 of bui ld ing 3019; (5) completion of the 
relocated u~~~ solut ion’storage fac i l i t y  in c e l l  3 
of bui ld ing 3019; (6) an independent hazards 
evaluation of the HRLEL; (7) a 16-hr course on 
radiochemical fac i l i t y  hazards evaluation prepared 
for and presented to the Off ice of Radiation Safety 
and Control. 

Cr i t i ca l i t y  Studies 

Assistance efforts on c r i t i ca l i t y  problems in- 
cluded (1) neutron mult ip l icat ion measurements on 
the U233 storage tank i n  bui ld ing 3019; (2) on 



x v i i i  

exhaustive study on the feasibi l i ty  and safety of 
using soluble nuclear poisons as a primary 
c r i t i ca l i t y  control; (3) design and instal lat ion of a 
sta i n less-stee I-c lad borax-f i l led poi son network for 
the Fluoride Vo la t i l i t y  P i lo t  Plant caustic f i l ter; 
(4) drop-testing of the Pyrex-f i l led HRT fuel solu- 
t ion carrier. 

Carriers and Chargers 

A very thorough containment and safety review 
of the I W W  carrier, for shipment of -100,000 curies 
of waste solut ion froin Hanford to  OHNL, was 
made. Th is  review was requested by Hanford and 
the AEC and was made under the proposed AEC 
shipping standard, CFR T i t l e  10, Part 72. 

Eumc hem i s  A s s  i sto nse 

QRNL continued t o  coordinate the Eurochemic 
program and to review and exchange pertinent 
technical information. Prepraject study (scope) for 
the Eurochemic fac i l i t i es  has been completed and 
detai led design i s  in progress. The overal l  p ro j t c t  
i s  about 40% designed and 10% constructed. 
Current o f f i c ia l  costs are $24,000,000 for con- 
struction, with $30,700,000 total investment. F ina l  
plutonium purif icat ion w i l l  be by 10% TLA ex- 
tract ion fol lowed by direct precipitat ion from the 
organic product. The f inal  preproject study has 
been prepared for rnodificutions and addit ional 
fac i l i t i es  needed for enriched uranium ptocessing. 
A preliminary cost estimate indicates that 
$1,500,000 addit ional capital investment w i l l  be 
required. 
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1. Power Reactor Fwel Processing 

Laboratory- and engineering-scale development 
of processes for recovering f issionable and fer t i le  
material from irradiated power reactor fuels i s  con- 
tinuing. Work included cold chemical development 
of new head-end processes for stainless-steel- and 
Zircaloy-clad fuels and the more advanced graphite 
and ceramic fuels. Process development for the 
Dorex, Sulfex, and Z i r f lex  processes was com- 
pleted, and work on head-end processes for graphite- 
base, uranium and thorium carbide, and U0,-Be0 
fuels intensified. 

The extensive corrosion-test program on candi- 
date materials of construction for the new head-end 
processes was continued. 

Cold and tracer-level solvent extract ion compati- 
b i l i t y  studies were conducted on many of the fuel 
solutions prepared i n  the head-end development 
program. 

The bui lding 4507 hot ce l l s  were put back i n  
operation after the completion of the extensive 
contai nmen t modifications, and ver i f icat ion tests  
of both the Z i r f lex  head-end and modified Purex 
solvent extroct ion flowsheets for the Zircaloy-clad 
UO, PWR blanket were completed w i th  fuel samples 
irradiated t o  16,000 Mwd/ton. 

The Sodium Reactor Experiment fuel-decladding 
program was successful ly conc luded, and the 250- 
ton fuel sheor, the rotary feeder, and rotary leacher 
complex were insta l led and completely checked 
out. 

In  design, l ia ison w i t h  the Idaho Chemical Proc- 
essing Plant design of the Darex P i l o t  Plant wos 
wel l  advanced, and cri teria for the Chop-Leach 
P i lo t  Plant were nearly completed when these 
p i lo t  plants were conceled in Apr i l  1962. 

1.1 PROCESSES FOR GRAPHITE-BASE FUELS 

Two classes of graphite fuels are being devel- 
oped: those in which uncoated uranium and/or 
thorium oxide or carbide part icles are dispersed 

homogeneously throughout the matrix, and the 
coated-particle fuels in  which carbon-coated car- 
bide or Al,O,-coated oxide fuel part icles are dis- 
persed throughout the matrix. Processes being 
developed for recovering uranium and thorium from 
these fuels are: (1) grinding followed by acid 
leaching of the uranium and/or thorium from the 
resultant powder, (2) combustion followed by d i s -  
solut ion of the oxide ash, (3) simultaneous dis- 
integration and leaching in 90% HNO,, and (4) 
chloride vo la t i l i t y  methods. 

Grind-Leach Process 

Grinding followed by leaching i s  appl icable to  

a l l  types of graphite-base fuels and involves me- 
chanical grinding of the fuel, followed by leaching 
of the resultant powder w i th  a n i t r ic  acid solution. 
The uranium recovery from fuels containing un- 
coated part icles increases wi th  increasing uranium 
content of the fuel and wi th  increasing n i t r ic  acid 
concentration i n  the leachant. l n 2  Recoveries are 
a lso  enhanced by finer grinding (with fuel con- 
taining 2% uranium, recoveries increased from 96 
t o  99% on grinding from 4 t o  325 mesh).' With 
fuels containing both uranium and thorium, the 
n i t r ic  ac id  leachant must contain about 0.05 $1 
ftuoride ion t o  ensure dissolut ion of the thorium. 
Leaching of -200-mesh ungraphitized fuels (1 to  
2% uranium, 8 to  20% thorium) twice - 4 hr for 
each leach, wi th  boi l ing 13 hZ HN0,-0.04 AI NaF- 
0.1 M AI(NO,), - recovered a t  least 99.6% of the 

'M. J. Bradley and L. M. Ferris, Nucl. Sci. Eng.  8, 
432 (1960).  

'M. J. Bradley and L. M. Ferris, Recovery  of Uranium 
and Thorium from Graphite Fuels .  I. Laboratory De- 
velopment  of a Grind-Leach Process, ORNL-2761 (Mar. 
17, 1960). 
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'L. M. Ferris, A. H. K i b b e y ,  and M. J. Bradley, Proc-  
esses for Recovery of Uranium and Thorium from Gtaph- 
ire-Base Fuel  Elements. Part 11, ORNL-3186 (Nov. 16, 
1961). 
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uranium and t h ~ r i u m . ~  However, when the same 
techniques were applied to -200-mesh graphitized 
specimens containing 1.5% uranium and 7.2% 
thorium, recoveries were only about 90% (Table 1.1). 
Th is  behavior i s  unexplained a t  present. 

Coated-particle fwsls must be ground fine enough 
to  ensure rupture of the part icle coatings i f  ade- 
quate uranium and/or thorium recoveries are to be 
achieved. In preliminary laboratory tests w i th  
specimens containing 100- t o  200-p part icles, ura- 
nium and thorium recoveries were greater than 99% 
when the specimens were ground to  200 mesh prior 
t o  leaching (Table 1.2). 

Cembarstiain-Oissslution Process 

Th is  process i s  applicable t o  a l l  types of graph- 
i t e  fuels except, possibly, those containing AI,O,- 
coated part icles. 

The igni t ion temperature of most graphite fuels 
i n  oxygen i s  about 70O"C, the actual combustion 
temperature being much higher. Carbon monoxide 
i s  the primary product formed unless there is an 
excess of oxygen. Selection of a suitable grate for 
the carbon burner i s  dif f icult ,  and the oxide ash 
produced i s  sintered. These conditions can be 
part ia l ly  mitigated by burning a t  temperatures be- 
low 500°C. Preliminary experiments showed that 
the igni t ion temperature can be lowered several 
hundred degrees by use of Q catalyst such as 
manganase, copper, or lead compounds. For ex- 
ample, as received, the United Carbon Products 
spectroscopic grade graphite does not ignite below 
720°C in  oxygen. The ignit ion temperature, how- 
ever, can be lowered to  about 345°C by presoaking 
the graphite i n  0,07 M lead acetate solution. The 
catalyt ic effect i s  noticeable below the igni t ion 
temperature for each catalyst tested. Untreated 

Table 1.1. Recovery of Uranium and Thorium by Leaching of Ground Graphitized Fuels  

Containing UBp and Tho2 

Specimens contained 1.5% uranium, 7.2% thorium, fuel port ie les uncoated; each leach, 4 hr 

Par t ic le  

Size 

(mesh) 

-4 t 8  

- 16 +3Q 

-200 

-200 

-200 
__. ......... 

Recoveries (%) 

Graphite 

and 3 Washes and 1 Wash Residue 

IJ Th U Th U Th 

F i r s t  Leach Second Leach 
Leaching Agent 

. ___..- .~ _ 

15.8 M HN03 86.7 84.0 2.6 5.7 10.8 10.3 

15.8 M HNQ3 84.0 82.8 6.1 4.1 9.9 14.2 

15.8 M HN03-0.04 M NRF- 91.4 88.0 0.95 1.6 7.6 10.4 
0.04 M AI(N03)3 

13 M HN0,-0.04 M NaF-  86.4 84.3 1.3 3.0 12 13 
0.1 M AI(N03)3 

15.8 M HN03 92.8 88.7 0.6 1.4 6.8 9.9 
~ 

Table 1.2. Recoveries by Acid  Leaching of -200-Mash Coated-Particle Fuels  

Fuel  Compo- 

sit ion (7%) 

U Th 

Leaching Recoveries (%) 
_____._ 

Conditions U Th 
Leachant Fuel 

Al2O3-c0ated UO, 8.0 15.8 M HN03 One 5-hr leoeh 99 

C-coated U C2-ThC2 9.7 33.8 15.8 M HN03 Two 4-hr leaches 98.8 99.9 

C-coated U C 2 - T h C 2  9.6 33.5 13 M HN03-0,04 M Two 4-hr leaches 99.4 99.9 
NaF-0.1 M AI(N03)3 
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graphite showed at most a 0.4% weight loss when 
exposed for 3 hr in  a stream of oxygen a t  46OoC, 
but a piece of graphite that had been soaked 3 min 
i n  0.25 M KMnO, solution lost 34% of i t s  weight 
under the same conditions (Table 1.3). Further 
work on such catalysts is  now i n  progress. 

The ash from fuel containing only uranium and 
carbon i s  readi ly dissolved in boi l ing n i t r ic  acid; 
the dissolvent for thorium-bearing fuel must con- 
ta in  fluoride i ~ , . ~  Impurit ies or fuel element coat- 
ings such as iron or Sic produce ashes from which 
leaching of the uranium i s  not q~ant i ta t i ve , , '~  but 
the addition of other reagents such as HF or HCI 
to  the n i t r i c  ac id  al leviates th is  problem. 

The ash from fuels containing carbon-coated par- 
t i c les  i s  readi ly dissolved i n  n i t r ic  acid or f luo- 
ride-catalyzed n i t r ic  acid, whi le  that from fuels 
Containing BeO-coated part icles can probably be 
dissolved by one of the processes developed for 
sintered B ~ o . ~  Processing of fuels containing 
AI 203-coated part icles by the combustion-dissolu- 
t ion technique does not appear feasible owing to  
the inertness of sintered alumina to aqueous re- 
agents. 

4Chem. Technol. Div .  Ann. Progr. Rept. .  Aug. 31, 

'K. 5. Warren, L. M. Ferris, and A. H. Kibbey, D i s -  
solution of BeO-  and AI2O3-Rnse Reactor Fuel E l e -  

ments. 

1961, ORNL-3153. 

Part I ,  ORNL-3220 (Jan, 30, 1962). 

90%-HNO, Process 

This  process i s  applicable only to graphite fuels 
that do not contain coated fuel Un- 
coated fuel specimens containing 0.7 to  13% UO, 
disintegrated in  10 hr in  boi l ing 21.5 12.1 HNO, to 
powders having mean part icle sizes of 100 to 170 1.1 
(Fig. 1.1). Unfueled graphite was disintegrated 
only  sl ightly, to  a mean part icle size of about 
9000 11, i n  the same time. Fuel elements coated 
wi th  pyrolyt ic carbon (or Sic) w i l l  therefore require 
at least rough crushing prior to  the 90%-HNO, 
treat men t . 

Uranium recoveries from both graphitized and 
ungraphitized fuels which did not contain coated 
fuel part icles were generally greater than 99% after 
two 4-hr leaches wi th  boi l ing 90% HNO, (Table 
1.4). Thorium recoveries, however, were only 
about 95% in two leaches, but increased to greater 
than 99% when the fuel was leached a third time. 
The presence of 0.05 M HF i n  the leachant did not 
increase thorium recovery. Leaching temperature 
was important. With HTGR-2 fuel samples, ura- 
nium and thorium losses to  the graphite residue 
were decreased from about 10 to 0.2% when the 
leaching temperature was increased from 25°C t o  
the boi l ing point, about 93°C. The two types o f  

6M. J. Bradley and L. M. Ferris,  Ind. Bng. C h m .  53, 
279 (1961), 

Table 1.3, Cata lys is  of Combustion of United Carbon Products Graphitea 

Reaction t ime 3 hr 

Cata lyst  b Ignit ion Temperature ("C) Combustion Temperature ("C) Weight L o s s  (X) 
__ ........ ....... 

I___ 

None 720 31 1 0.00 
334 0.00 
459 0.37 
459 0.05 
47 1 0.23 

0.07 iM Lead acetate 

0.25 M KMn04 

345 

48 2 

4a 2 

311 
334 

440 
459 

459 
47 1 

3.2 
6.0 

33.6 
34.4 

13.5 
11.9 

I_... .............. ..__.I-. ...... 

RUnited Carbon Products Co. Ultra Purity Spectroscopic graphite, lot No. 5387, density 1.55 g/cc. 

bEacR specimen soaked 3 min in  indicated solution. 
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U YCL ASS1 F l E D  
ORNL-LR-DWG 59487A 

0 20 40 
T I M E  ( h r  ) 

Fig. 1.1. Ef'act of T i m e  and LJrola;~rn Content on the 
Mcon Pilrticle Size of the Residue froin the Disintegra- 

tion of Grephite-U02 Fuel Specirnmc; with Boil ing 90% 
H N 0 3 .  

fuel samples used in these studies were: (1) 
t i  TGR-1 (High-Temperature Graphite Reactar), 
which contained about 1,5% urcrniurn and 7.2% 
thorium a s  oxide part icles dispersed homogeneously 
throughwt an ungiaphitized matrix; and 12) H'TGR-2; 
which contained ahovt 1.2% uranium and 15% tho- 
r ium as 150-p dicarbide part icles dispersed i n  o 
graphitized matrix. 

Neither ths? 90%HNO, rilethod nor electrolyt ic 
disintegration appears appl icable t o  the processing 
of fuels containing pyrolytic-carbon- or AI,O3- 
coated part icles. Although the graphite matrixes 
disintegrated readi ly i n  boi l ing 90% HNQ,, I ~ S S  
than 7% of the uranium and thorium were recovered 
in  two 4-hr leaches ( ' iable 1.5). In one nxpariment 
a fuel specimen containing carbon-coated 96,- 
ThC, part icles was nnsdiccllly disintegrated, but 
uranium and thiaiiurn racovaries were only 6.3 and 
2.1% respectively. Similar results were obtained 
at Botfelle Memorial inst i tute (BMI) with fuel cn ia -  
taining A1,Q3-cmted oxide 

Since the  coated part icles were not markedly af- 
fected by boi l ing 90% HNO,, th is  method i s  being 
considered u s  a destructive test for determining 

..... __. . . . . . . . __ 
- 
'R.  A. E w i n g ,  'r. S. ~ i ~ e m a n ,  and R.  B. ?:ice, Trans. 

Am. N u c L  SOC. 4(1), 152 (1967). 

Table 1.4, 8ecavc;y of Uianirrm and Thorium From Uncoated Gmg;hi:s FMBS by 90% HNOQ 

Each leach 4 hr 

Recoveries (%) 

Conten: (%I T~~~~~~~~~~ First Leech Second Leach 'Third I..eocbi Residue __ 
U Th and Washes and Woshes and '.Yoshes 

IJ I h  U Th I J  Th 
U Th (OC) _._I 

1.5 7.2 93 96.4 85.5 2.6 7.7 1.1 6.8 

1.45 6.95 93 90.6 86.2 1.37 11.8 0.24 1.93 

1 .4Ja 7.14 93 97.6 87.2 2.37 7.98 0.16 4.8 1 

1.50 7.41 93 97.7 85.5 2.31 13.0 0.10 1.17 0.06 0.25 

1.18 14.3 25 80.7 83.7 8.0 5.8 11.4 10,A 

1.28 15.0 93 95.3 93.0 4,58 0.88 0.10 0.16 

'Leachant contained 0.05 M HF. 
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t h e  effect of t h e  fabricat ion method, i tself ,  on t h e  
integri ty  of t h e  par t ic les .  The amount of uranium 
(and/or tho r ium)  d i s s o l v e d  during t h e  ac id  t reat-  
ment is related to t h e  number of de'fective par t ic le  
c o a t i n g s .  In t e s t i n g  Q f  two t y p e s  of carbon-coated 
UC, par t ic les ,  only about  2% of t h e  uranium w a s  
d i s s o l v e d  from batch 1 in t w o  6-hr leaches ,  indi- 
ca t ing  t h a t  the par t ic le  c o a t i n g s  were  qui te  im-  
pervious t o  ni t r ic  a c i d  ( T a b l e  1.6). However, with 
batch 2, about  48% of t h e  uranium w a s  so lubi l ized  
in two leaches .  S ince  t h e  corresponding weight  
loss w a s  about  tha t  expec ted  assuming tha t  no 
carbon w a s  oxidized,  it w a s  concluded tha t  the 
c o a t i n g s  on these p a r t i c l e s  were d e f e c t i v e .  Further  
eva lua t ion  of t h i s  t e s t i n g  technique  i s  in progress .  

In the process ing  of graphi te -base  fue l  e l e m e n t s  
by t h e  90%-HNO, p r o c e s s  (or t h e  gr ind-leach 
process) ,  t h e  ex ten t  of graphi te  oxidat ion and t h e  
na ture  of t h e  products  farmed a r e  od in te res t .  Pre- 
liminary exper iments  indicated t h a t  t h e  graphi te  
w a s  a t t a c k e d  s l igh t ly  or not  a t  all when the  ni t r ic  
ac id  concentrat ion is less than  about  16 N. How- 
ever ,  in boi l ing 90% HNO,, graphi te  is s lowly 
oxidized,  yielding mainly vola t i le  carbon o x i d e s  
but also small  amounts  of water-soluble  organic  
a c i d s .  With powdered samples  of type  GBF graph- 
ite, less than 3% w a s  oxidized in reac t ion  times 
up t o  100 hr; e v e n  a f t e r  200 to 500 hr of diges t ion ,  
on ly  60 t o  70% of the graphi te  had been oxidized 
( T a b l e  1.7). The color of t h e  acid solut ion changed  

Table 1.5, Uranium and Thorium Recovery from CoatedcPorticle Fue ls  by 90%-HN03 
and E lec t ro l y t i c  D is in tegra t ion  Methods 

Each specimen leached twice,  4 hr each, w i th  bo i l i ng  n i t r i c  oc id  
_I_--____ __I-- 

Disintegrat ion 

Method 
Fue l  

Fue l  

Composi t ion (%) 

U Th 

l_l_--l 

HN03 
Conc (M) -_ 

U T h  

Recover ies ( W )  

90%-HN03 Pyrolyt ic-carbon- 21.5 4.0 1.5 

90%-H NO Pyrolyt ic-carbon- 21,5 8.0 5.9 

90%-HN03 Pyrolyt ic-carbon- 21.5 9.7 33.5 6.5 4.6 

coated UC2 

coated U C z  

coated UC2-ThCZ 

90%-HNQ3 AI2O3-coated U 0 2  21.5 8.0 0. a 
E lec t ro ly t i cU Pyrolyt ic-carbon- 15.8 9.9 33.1 6.3 2.1 

coated UC2-ThC2 
~~ 

uSpecimen onod ica l l y  dis integrated at 93OC; current densi ty about 1 arnp/cmz. 

Table 1.6. Evo luo t ion  of Carbon-Coated UC2 Par t i c les  by 90%-HN03 Method 

Each sample leached twice, 6 hr each, w i t h  bo i l i ng  90% n i t r i c  ac id  

Uranium Solubi l ized (%) Weight Loss  (75) Uranium 
-...______^I____...-._ Batch No. Content of 

Sample (X) F i r s t  L e a c h  Second Leach Ca lcd  Experimental 

1 69.24 0.34 2.5 1.9 0 

1 68.58 0.33 1 .o 0.9 0 

2 44.00 11.8 35.8 21 16.9 

2 43.86 11.5 36.4 21 17.2 
-__.. ____ l__l__l_ __ 
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Table 1.7. Reaction of Type EBF Graphite with boi l ing 90% HN03 
--...__-..-..__....I_ l_...l___...__.__ ..... ~ . . _ _ _ _  .... __-_ .... 

N e u t ,  E q .  of Amount of 

Organic Acid Mel l i t ic  Acid Reaction Total  Carbon Amount of Carbon 

Time (hr )  Oxidized (%) Solubilized (%) Product (g/oq) in  Product (%I 
Run No, 

- ~~ 

1 

2 

3 

4 

5 

50 1.6 

100 2.3 

212 69 

350 

475 56 

-0.1 

-0 .2  

5.8 

3.0 

89 

87.6 

62.7 

59.2 

60 

57 

77 

from wine-red t o  yel low as the reaction time in- 
creased from 100 t o  560 hr. Of the carbon oxidized, 
only about 10% wus converted to oignnic acids. 
Frow 60 to  80% of the total acids was mel l i t i c  
acid (benzene hexacarboxylic acid), The neutral i-  
zcltion equivalent of the acids decreased from 
about 89 t o  59 g/eq as the reaction time increased 
from 50 to  475 hr, suggesting that the precursors 
to mel l i t i c  acid were high-molecu~ar-wei$ht poly- 
nuclear acids. As expected, infrared analysis of 
the acids showed only &=Q, 0-H, and C-H 
bonding; there was no evidence of organo-nitro 

Since graphite is only s l ight ly attacked by n i t r i c  
acid i n  normal processing times, most of the carbon 
found i n  solution on leaching fuels that contain 
carbides w i l l  result: f r o m  the carbide-nitric acid 
reaction (see Sec 1.2). 

corn pound 5 ~ 

1.2 PROCESSES FOR u 
THORIUM CARBIDE FUELS 

Processing developments w i th  these fuels in- 
cluded studies on the hydrolysis of VCW~OUS ura- 
nium and thorium carbides with water, acids, and 
caustic. 

Hydrolysis of Uranium Monocarbide i n  
Water, NaOW, HCl, and HNO, 

Near stoichiometric uranium monocarbide reacted 
with  water a t  temperatures betweere 25 and 100GC 
t o  produce a greenish-brown urnnium(lV) precipi- 
tate and 93 ml (STP) of gas per gram of carbide 
hydrolyzed, consist ing ch ie f l y  of m e t h a n e  (86 
vol %) and hydrogen (11 vol a),* with small quanti- 
t i es  of saturated C,- t o  C8-hydrocarbons. The 

gaseous products contained a l l  the carbon origin- 
a l l y  present in the carbide. I l ydro lys is  at  80°C 
o f  uranium ninnucarbide containing 17% dispersed 
uranium metal yielded the expectcd gaseous prod- 
ucts and an additional 2 n~cplss of hydrogen per 
rnale of uranium metal. 

Scouting studies indicated that hydrolysis of UC 
at 80GC wi th  5 N HCI or 20 N NaOH yielded the 
suine hydrocarbon products as water did, al tho~rgh 
the reaction rates were much lower; complete re- 
act ion of n 4-9 specimen required 3 hr in  water, 
5 hr in  6 A’ HCI,  and 2 days in 20 N NaOM. When 
20 N NaOH was used, only 70% of the uranium i n  
the product solut ini i  was tetravalent, and the H/1J 
atom rat io in  h e  products was 4-32, cawpared w i tb  
4.01 Cor voter  or 6 N WCI. 

When high-purity uranium monocarbide was re- 
acted wi th  bo i l ing  4 and 16 h‘ IINO,, 32 and 21%) 
respsctively, of the carbon was converted t o  a 
mixture of water-soluble palycarbaxyl ic acids. 
The solvticpns produced were deep wine-red in 
color. These acid mixtures were  isolated by ex- 
t ract ion of the uranium from the dissolut ion product 
solut ion w i t h  tr ibt i tyl  phosphate and evaporation of 
the result ing erannium-free solution. Each mixture 
had a neirtralization value of about 7’0 g pes 
equivalent and WCJS soluble only i n  polar solvents. 
X-ray diffractometry indicated that both mixtures 
contained rricIIitic acid (benzene hexacarboxylic 
acid) and oxal ic acid. The mixture obtained by 
dissolv ing UC in  16 N HNQ, contained about 5Q% 
mel l i t i c  acid. Further characterization of these 
mixtures of organic acids i s  i n  progress. 

‘M. J. Bradley and L, M. Ferris, ‘‘Hydrolysis of Urs- 
nium Carbides Between 25 and 100°C. I .  Uranium 
Monocarbide,” to nppsar in  lno7gnnic Chernisfoy, Aug. 
1962. 
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Preparation and Hydrolysis of Uranium 
Sesquicarbide and Dicarbide 

A l l  attempts t o  prepare pure U,C, and UC, have 
been unsuccessful. Arc melting of UC,., fol lowed 
by heating a t  1600°C for 60 hr yielded a material 
w i th  the x-ray structure reported by 5a t te l le  for 
U,C,, but microscopy showed that the specimen 
actual ly  contained large amounts of three impurity 
phases. The best synthesis of UC, by the ORNL 
Metals and Ceramics D iv is ion  was a specimen 
w i th  a combined-C/U ra t io  of 1.73 and a nominal 
composition of UC,.,,; however, after arc melting 
12 times, much of the carbon was s t i l l  present as 
graphite. Increasing the nominal C/U ra t io  above 
1.93 actual ly decreased the combined-C/U ratio; 
that is, the nominal UC,.oo specimen had a com- 
bined-6/11 rat io  of 1.68, while the nominal UC,.,, 
mixture had a combined-C/U ra t io  o f  only 1.55. 
Attempts t o  increase the amount of combined car- 
bon in UC,.,, by increasing the number of arc 
melts from 12 to 24, increasing the time each was 
held molten from 2 t o  4 min, and heating a t  2000°C 
for 6 hr were a l l  unsuccessful. 

Since pure specimens of U,C, and UC, were not 
available, the hydrolysis of several uranium car- 
bide mixtures was investigated i n  hopes that some 
indication of the chemistry o f  the pure compounds 
would be obtained. For as-cast specimens, which 
should be mixtures of UC and UC,, according t o  
the phase diagrarnt9 the volume of gas evolved and 
the methane concentration decreased as the com- 
bined-C/U rat io  increased from 0.96 to 1.73, while 
the quantity of free hydrogen, saturuted C,- to  
C *-hydrocar bon s, unsaturated hydrocarbons, and 
nonvolat i le hydrocarbons, including waxes, in- 
creased (Table 1,8, rows 2, 4, 5, and 6). The 
UC,., specimen which had been heat-treated at 
16OO0C t o  form the sesquicarbide yielded con- 
siderably mare saturated C,- t o  C8-hydrocarbons 
than the as-cast specimens, and v i r tua l ly  no 
methane (Table 13, last  row). The uranium i n  the 
sol id product was always tetravalent; therefore 
each uranium atom should y ie ld  four hydrogen 
atoms upon hydrolysis. The experimental H/C 
atom ra t io  for the saturated C,- t o  C8-hydrocarbons 
was 2.73 in a l l  cases, which i s  close to  the 2.67 

9Proceed ings  of the Uranium Carbide Meeting Held at 
ORNL, Oak Ridge ,  7enn., D e r .  1-2, 1960, TID-7603, 
p 17. 

shown by Eq. (3) below. Final ly, the “missing” 
hydrogen (assuming 4H per U) t o  “missing” C 
(combined C minus gaseous C) ra t io  was always 
1.6. Therefore, the primary reactions that occur 
i n  the hydrolysis of a uranium carbide mixture are: 

U + 2H20 - UO, + 2H, , (1) 

UC + 2H,O --* UO, + CH, , 

U,C, + 4H,O -, 2U0, + 3CH,s6, 
(volati le, saturated hydrocarbons) I (3) 

UC, + 2H20 -. UO, + 2CH , , 6  

(mostly nonvolati le) + 0.4H2 , (4) 

For simplicity, the water of hydration was e l imi -  
nated from the above equations. The nonvolat i le 
products from the UC, hydrolysis have not been 
characterized. The estimated compositions of the 
fuel specimens, based on the above equations, are 
shown in Table 1.9. 

While the extent of side reactions cannot be 
establ ished until pure specimens of U,C, and UC, 
are available, the estimated compositions based 
on these idealized equations should be useful, 
qualitatively, for studying carbide mixtures. These 
estimated compositions seem t o  indicate that heat- 
ing of arc-melted UC,., a t  1600°C for 60 hr re- 
su l ts  i n  the disproportionation o f  the uranium mono- 
carbide, 

3uc + u + u,c, , 
while the uranium dicarbide i s  v i r tua l ly  unchanged. 
Thus, as-cast specimen 45 appeared to be about 
2% U, 33% UC, 29% U,C,, and 36% UC,, whereas, 
after being heated, specimen U,C,-IA seemed t o  
be 13% U, 1% UC, 48% U,C,, and 37% UC, (Tables 
1.8 and 1.9). Metallographically, the heated speci- 
men was u four-phase mixture. Stoichiometric UC 
was stable to  60 hr of heating a t  1600OC; there- 
fore, the solid state reactions involved i n  the 
heating of UC,., are more complex than those i n  
the simple disproportionation of UC. 

Hydrolysis of Thorium Monocorbide 

The hydrolysis of thorium manocarbide was simi- 
lar to that of uranium monocarbide, yielding 93 m l  
(STP) of gas per gram of sample, consist ing princi- 
pa l ly  of methane and hydrogen (Table 1.8, rows 2 
and 3). The thorium monocarbide gave s l ight ly  



Tabie 1.8. Reaction of U r a n i u m  a n d  Thorium Carbides w i t h  Water 01 SO°C 

Hydro lys i s  Products 

Nonvolatile 
Carbon 

d 

Carbide Composition V o i u m e  Gas Composition (mg atoms/g) 

C (mg atoms/gj  
h9o:erial Specimen of Gas Free 

‘ree F v o l v ~ r l  H Compounds 

- ------- 
Ccrbon Total  Waxe 

As-casta 

UCo.83 60  4 0 3  3.33 105.5 3.43 2.83 0.48 3.31 
“3.96 2A, B, C 4.01 3.87 93.2 0.92 3.58 G.31 3.89 
ThC0.98 ThC-1A 4.:G 4.01 93.9 1.28 3.32 9.41 0.32 3.75 0.26 

2.53 0.60 uc1”48 48 3.91 5.83 0.04 63.9 1.75 1.29 1.69 0.28 3.26 
“1.64 58  3.87 6.69 0.34 49.6 1.33 8.70 2.03 0.39 3.12 3.23 ’1.33 
“1.73 UC,-lA 3.83 7.39 0.77 47.8 1.50 0.25 9.99 0.43 2.67 3.85 1.63 

Heared 60 h r  a t  
a i  16GO‘C 

0.19 2.96 2.78 Present u c 1.47 U2C3-1A 3.91 5.77 0.03 57.3 2.94 0.05 2.72 

aRa?io o f  combined  carbon t o  uraniurn .  
’All known isomers f r o m  C2H6 t h r o u g h  C6H,4.  
‘Eyhyiene, bu tene - I ,  cis- and trans-butene-2. 

m 

d B y  difference: combined carbon m i n u s  gaseous  carbon. 
eAker dirsolutlon of u r a n i u m  r e s i d u e  i n  6 N HCi. 

I 
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Table  1.9. Estimated Composition of Uranium Carbide Mixtures 

See text  for assumptions 

Ratio of 

Specimen No. Combined 

c to  u 

6 0  0.83 

2A, 28, 2C 0.96 

4 0  1.48 

UC2-4A 1.86 

U2C3-1A 1.47 

Amount (wt  %) 

Free Carbon Total 
I_.-__._ 

UC "2'3 u c 2  U 
.___._ ........- 

21.3 70.8 8.0 0.05 100 

5.8 89 5.3 0.05 100 

2 33 29 36 0.05 100 

6.6 35 54 0.30 106 

13 1.2 48.5 37 0.04 100 

less methane, more hydrogen, and more higher hy- per l i ter. In a similar experiment, GCRE fuel 
drocarbons. Th is  was expected because the micro- pel lets dissolved i n  boi l ing 8 hf HNO,-0.5 IQ NaF 
structure showed greater carbide impurity (and i n  8 hr, while the H a s k l l o y  dissolved at  a rate o f  
therefore more free metal) in  the ThC than i n  the about 0.3 mg m i n - '  cm-,. In the absence of fuel 
UC. pellets, the dissolut ion rate of Hastel loy-X i n  the 

latter dissolvent was about 0.2 mg min- '  cm". 

1.3 PROCESSES FOR UQ,-BeO FUELS 

F u e l s  with High UO, Content 

Two methods for processing Gas-Cooled Reactor 
Experiment (GCRE) fuel elements, 78% U0,-30% 
B e 0  pel le ts  clad in  Hastel loy-X (46% Ni, 22% Cr, 
17% Fe, and 10% Mo), are being developed on Q 

laboratory scale. In the f i rs t  method, the fuel ele- 
ments are chopped t o  expose the mixed oxide core, 
which i s  then dissolved i n  boil ing 8 121 HN0,-2 hf 
H250, or 8 12.2 HN0,-0.5 M HF.'* In the second 
method, a modified Darex process, the Wastelloy-X 
cladding i s  dissolved i n  boi l ing 2 to  4 M HNO, 
containing 3 to  5 rtf HCI, which a l so  leaches the 
uranium and a small amount of the Be0  from the 
core pellets, leaving the bulk of the Be0 as an 
insoluble residue. 

To demonstrate the feas ib i l i ty  of the chop-leach 
method, GCRE fuel pel lets were dissolved in boi l -  
ing 8 M HN0,-2 M H,SO, in the presence of a 
piece of Hastelloy-X. The pel lets dissolved com- 
p le te ly  in  20 hr, but the Hastel loy dissolved at  an 
average rate of only 2.8 x io-, mg m i n - '  cm-2. 
The f ina l  solut ion contained about 4 g of uranium 

'OK. S. Warren, L. M. Ferris, and A. H. Kibbey, Dis- 
solution of 13e0- and AI2O3-Base  Renctor Fuel  E l e -  

ments. Part I ,  ORNL-3220 (Jan. 30, 1962). 

In modified-Darex-process studies wi th  simulated 
GCRE fuel elements (13 g of 66.5% U02-33.5% 
Be0 pellets c lad in 23.8 g of Hastel loy-X tubing), 
about 3 hr was required t o  penetrate the 30-mil 
cladding w i th  400 rnl of boi l ing 3 12.1 HN0,-3 HCl. 
At th is  point, rapid leaching of the UO, began. 
Leaching for 6 hr after decladding dissolved 99.8% 
of the uranium but only 20% of the beryl l ium oxide. 
Once dissolut ion of the uranium started, l i t t l e  
further attack of the Hastel loy occurred. About 
20% of the original cladding remained as a residue, 
main lyas solid end-caps, In boi l ing 2 iw HN0,-4M 
HCI, a simulated fuel element was declad i n  about 
3 hr, but i n  an additional 7 hr i n  the result ing solu- 
t ion the uranium recovery From the pel le ts  was 
99.6%, with only 28% of the B e 0  matrix dissolved. 
The product solutions from each Experiment were 
essent ia l ly  the same: about 40 g of Hastelloy, 
20 g of uranium, and 0.5 to 1 g of bery l l ium per 
l i ter. 

Fuels Containing < 10% UO, 

Sintered UO,-BeO fuels containing more than 
90% B e 0  are extremely d i f f i cu l t  t o  dissolve in 
aqueous reagents. l o  The best solvents found 
were (1) concentrated sulfuric ac id  and (2) hydro- 
f luoric ac id  containing ammonium fluoride. Sintered 
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beryl l ia (density 2.87 g/cc, about 95% of theoret- 
ical) and BeQ-5% UO, dissolved at about the 
same rates in  boi l ing sulfuric acid solutions, the 
in i t ia l  rates increasing f r o m  about 0.01 to  3.5 rng 
min- '  cmR2 as  the acid concentration was in- 
creased from 4 t o  16 bl (Fig. 1.2). Approximate 
values for the in i t ia l  rates can be calculated from 
the equation: log R (where R = rate expressed as 
mg m in - '  an-?) = 0.223 x molarity of H,SO, 
- 2.8 1. 

UNCLASSIFIED 
ORNL-LR D h G  64865A 

MATERlAl -  NaF  CONC ( M I  ~ 

3 5 7 9 11 i 3  15 

H F  CONCENTRATION ( M )  

Fig. 1.2. In i t ia l  Dissolution Wotes of  B e 8  and BeO- 
5% U 0 2  in Boi l ing Sulfuric Acid and H25Q4-0.2 M N a F  

Solution 5. 

In bo i l ing  HF solutions the in i t ia l  rate of d i s -  
1 solut ion increased from 0 to about 1.5 rng miri- 

cm as the HF concentration increased from 0 to 
20 [\.I (Fig. 1.3). Addit ion of NH,F to  the solu- 
t ions had only a s l ight  beneficial ef fect  on the  
dissolut ion rate when the HF concentration was 
<5 M ;  however, in 10 t o  20 M MF solutions the 
rate was nearly doubled when NH,F was present 
in  concentrations of 3 to  5 M .  

- 2  
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f i g .  1.3. Effect of Ammonium Fluoride Concentrution 

on the In i t ia l  Dissolution Rates of BeQ--5% UO, in 
Boi l ing Mixtures wi th  Hydrofluoric Acid. 

l A  PROCESSES FO ZIRCONIUM- AND 
S~AlNbESS-STEEL-CONTAINING F 

Neuflex Process 

The Neuflex process (Fig. 1.4a) for recovering 
f i ss i l e  and fert i le material from zirconium-con- 
taining power reactor fuels was developed as an 
alternative to  the Z i r f l e x l '  and Modif ied Z i r f lex12 
methods (Table 1.10). The Neuflex process el imi-  
nates NH,NO,, which i s  used i n  the Z i r f lex  dis-  
solvent, and uses water rather than HN0,-AI(NO,), 
to d i lu te  the dissolut ion product to  a more stable 
neutral-fluoride solvent extract ion feed. The zir- 
conium loading attainable i s  determined by the re- 
lat ion between the free fluoride and zirconium 
solubi l i ty  and not by the degree of aluminum com- 
plexing . Higher termina I free-fl uor ide concen tra- 
t ions can be used than in  the Z i r f lex  process, 

"J. L. Swnnson, "The  Zirf lex Process," Proc. U.N. 
lntem. Conf. Peaceful U s e s  A t .  Energy, 2nd, Geneva.  
1958 17, 155 (1959). 

12T. A. Gens, Modified Zir l lex P~ocers for Disso lu-  
tion of 1-10% U-ZT Alloy  Fuels  in Aqueous N H  4 F- 
NM4N03-H2Q2: Laboratory Development ,  ORNL-2905 
(Mor. 4, 1960). 
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UNCLASSIFIED 
ORNL-LR-DWG 74431 

OFF-GAS 
12 moles H Z  

25  moles N H 3  

t . ... P W R - 1  SEED 
- 2 %  u - 9 7  % Z r  - 1 9% Sn 
5 9 0  g m  

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

BATCH DISSOLUTION, 
b REFLUXED - 5  hr A1 

- 1 0 4 o c  
CONTINUOUS ODDITION 
OF 10% H z O p ,  ( 0 - 5  I_) 

mole min-f  cm-2 OF FUEL 

IN IT I AL  D I SS 0 LVE N T 
6.53 M N H 4 F  - 
0.01 M HpO? - .  
6.75 l i ters  

( U )  
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0.3-0.5 M FREE NHqF- 

(NH4)2ZrF6 

u o 2  F2 

[HX], + R-----o 
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METASTABLC, HOLD AT -9O’C 

-7  l i t e rs  
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163 g LJ/l i ter 
6.3 M TOTAL F 

SOLVENT E X T I ~ A C  rioN FLED 
1t.09 l i t e r s  
51.3 g Z r / l i t e r  
1.03 g U / l i t e r  
3.97M TOTAIL F 

- - L N H q X  + R 
I 

i -ACID 

t 
[HX], + R 
IRECYCLE) 

1 
WASTE (rdI-14)q uo,(co,), 

PRODUC i SOLUTION 

Fig. 1.4. Neuf lex  Process. ( a )  Dissolution of PWR-1 seed, ( b )  tentative extraction flowsheet. HX = di(2- 
sthylhexy1)phosphoric acid; R = trioctylphosphine oxide or diainyl amylphosphonate. 

which results in shorter dissolut ion times. Ura- 
nium cannot be extracted by the conventional TBP 
method, but the Dapex l 3  process reagents, di(2- 
ethylhexyl)phosphoric ac id  (D2EHPA) and diamyl 
amylphosphonote (DAAP), may be used. 

Four batch dissolut ions in small engineering- 
scale equipment (6-in. diam) demonstrated the 
feas ib i l i ty  of the Neuflex process for the dissolu- 

I3Chem. Technol. Diu. Chem. Dev.  Sect. C Progr. 
Repl. Apri l -July  1961, ORNL CF-61-7-76, p 6. 

t ion  o f  uranium-zirconium-tin fuels having uranium 
contents as high as 8% (Table 1.11). The dis- 
solvent was 6.5 M NH,F, and H,O, was added 
continuously t o  oxidize U(IY) to  the more soluble 
U(VI) immediately, thus preventing U(IY) pre- 
c ip i ta t ion from fuels containing more than 2% wra- 
niwm. Instantaneous dissolut ion rates, which 
varied from 2 to 20 mg min- ’  were similar 
to  those obtained in  the modified Z i r f lex process. 
Since oxidized zirconium dissolves by penetration 
of the oxide f i l m  and subsequent undercutting, 



Table .I. lO. Comparison 08 Three Related Processes for Dissolur ion of Z i rconium Alloys 

Decl adding (Removing Z i rco loy Cladding 

from iio2 Core Peilets)' 

Integral  Dissolut ion (Simultaneous Dissolut ion 

of Z i rca loy  Cloddins and U-Zr Core Al loy) 

Z i r f l c x  Neuf lex Neuf I ex Modif ied Z i r f l ex  
~- 

Uranium solub i l ized Small omoun!, U(IV), Small amount, U(V1); A l l  present, U(VI); Al l  present, U(VI); 
l os t  recovered by solvent 

extract ion extraction extraction 

recovered by solvent re t o  Y e r ed by 5 Q I v e n t 

Extractant None Dapex Dapex TBP b 

N H 4 F - H  0 N H 4 F - H 2 0 2  N H 4 F - N H 4 N 0 3 - H 2 0 2  NH4F-NH4N03 2 2  D i  sso (vent 

Stabil izer H2° z3  H2B HN93-AI?N03i3 

5 moles NH3,  traces 2 4 moIcs NH,, 2 moles H 2 4 moles NHg, 2 moles H 
3 '  

Gaseous products per 5 moles NH 
mole of Zr  dissolved traces H2 and O2 H2 -t O 2  

Small volume of 2 ;  Scrubbed off-gas Smali volume of Large volume of H + 0 2 ;  Large volume o f  HZ  + 0 

f lammable mixture H2 concentrat ion above H concentrat ion above flammable mix?ure 2 
of H2 + o2  flammable range flammable range OF H2 + o2 

Waste solut ion Neutral f iuor ide Neutral i l uo r ide  Ncutrol f luor ide Ac id  aluminum f luor ide tu 

'After decladding by ei ther process, the U 0 2  pel le ts  are d isso lved in HN03 and the  uranium i s  extracted w i th  TBP. 
' I f  only TBP extraction were avai lab ie i t  i s  f e l t  :hat the srnoi i  amount of uranium los t  (0.0 PO 0.5%) to  the declodding solut ion would not  be recov- 

ered since re la t ive ly  large volumes o f  ac id  w a s t e  would be generated. 

Table 1.11. Summary of Neufiex Dissolut ions in 6-in.dicrm BoPch Dissolver  

~ ~~ 

5 6.53 0.00 8% U-Zr  0. '122 8 Q.5 2 100 31.9 2.8 5i 

7 6.53 0.53 8% U-Zr  0.122 8 1.2 3 99 33.3 2.9 82 

8 6.53 0.15 8% U-Zr  0.122 8.8 2.0 2.3 100 32.3 2.65 82 

9 6.53 3.00 "2% U-Zr  0.087 7 1.4 4.7 > 99 51.3 9.03 I45 
(PWR seed) 
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the surface condit ion of the material was an im- 
portant determinant of the time required for com- 
p lete d i sso I ut i  on. 

The F- /Zr  ra t io  i n  the solut ion decreases stead- 
i l y  as d isso lut ion proceeds, since each mole of 
zirconium in solut ion complexes 6 moles of fluo- 
ride. To minimize dissolut ion time and ensure 
solut ion stabil ity, o terminal free-fluoride-to- 
uranium rat io  of 50 to 100 must be maintained. For 
each value of the terminal ra t io  selected, a cor- 
responding minimum di lu t ion w i t h  water i s  required 
t o  keep the zirconium in solution. 

The dissolut ion off-gas consisted of 4 moles of 
NH, and 2 moles of H,, with traces of 0, per mole 
of zirconium dissolved. The NH, was removed 
quanti tat ively by scrubbing wi th  d i lu te  n i t r i c  acid, 
which was recirculated through a packed tower. 
The remaining mixture of H, and 0, was H,-rich 
and generally above the l im i t  of f lammability for 
H,-0, mixtures. Hydrogen evolut ion provided a 
convenient method of monitoring the d isso lut ion 
progress. The addition rate of H,O, was not c r i t i -  
ca l  so long as the concentration was suff icient t o  
oxidize a l l  uranium to yel low U(VI); excess H,O, 
only d i lu ted the product and contributed oxygen t o  
the off-gas (Fig. 1-5). It should be possible t o  
maintain the oxygen concentration in the off-gas 
at  (3,5 k 1.5)% by increasing the H,O, addition 
rate during the period of rapid dissolut ion and de- 
creasing it as dissolut ion approaches completion. 

The tentative extraction flowsheet (Fig. 1.4b) 
uses di(2-ethylhexyl)phosphoric acid (DZIEHPA, 

HX) in synergistic combination wi th  a phosphonate 
ester or a phosphine oxide to extract the uranium. 
The nearly neutral dissolver solut ion i s  essent ia l ly  
a mixture of ammonium fluozirconote and free am- 
monium fluoride, wi th  a low concentration of uranyl 
fluoride, pH about 6 (Table 1.12). D2EHPA pre- 
sumably extracts the simple uranyl ion, i n  direct 
competit ion w i th  i t s  complexing by fluoride. Hence 
the extraction coeff icients are strongly dependent 
on the free-fluoride concentration (Fig. 1.6a, nega- 
t i ve  slope “3.5) and somewhat on pH i n  the range 
5 t o  7 (Fig. 1.6h, negative slope <l). The per- 
missible fluoride concentration varies wi th  both 
the D2EHPA concentration and the synergistic 
combination chosen, but < O S  M appears satis- 
factory for “0.1 M D2EHPA i O0O5 TOP0 (tr i-  
octylphosphine oxide) or -80.3 M D2EHPA -1- 0.15 M 
DAAP (diamyl amylphosphonate). 

Table  1.12. Composition of Neuflex Dissolver 

Solutions from Unirradiated Prototype Fuel Samples 

Dissolver Solution Concentration ( M )  

Free pH 
NH4 NH4 

U Zr F Solution 

No. 
_..__._I..........--.--..- __ 

z1 0.004 0.34 2.7 1.5 0.7 ’ ”6 

C-Zr-9 0.006 0.55 3.4 1.6 0.5 6.0-6.4 

UNCLASSIFIED 

ORUN C Z r - 8  2 ~ 1 0 . ~  mole min-’ ~ r n - ~  H202 (AV 

0 40 80 120 160 200 

DISSOLUTION TIME ( m i n )  

Fig.  1.5. Oxygen Concentration in  Scrubbed Off-Gas from Neuf lex  Process a s  a Function o f  Dissolut ion Time. 
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0 EXTRACTION TESTS FROM DISSOLVER SOLUTION 21, 

0 SCRUBBING TESTS WITH NHqHFz SOLUTION 
ADJUSTFD BY DILUTION 

~ 

Fig. 1.6. 
and ( b )  pH. 

M 

FREE AQlJFOUS FLUORIDE ( M  1 

TOP0 

UYCLASSIF  IED 
ORNL-LR-OWG 71132 

DISSOLVER SOLUTION C-Lr-9, UNADJUSTED, OILUTED, OX ADJUSTED 
WITH NHqOq 
0 ACID FORM, [ H X I p  DZEFHA 
8 AMMONIUM SALT, NH4X, NHqD7EHP 

~ 

10 
10' 

5 

~~ ~~~ 

IN A V V O  125 8 2  

t 

AMSCO 125-82 

X PARTIAL PRECIPITATION 

Ib) 

6 7 

FINAL AQUEOUS p ; i  

Neuiflex Extraction. Variation of uranium extraction with ( a )  aqueous free fluoride concentration 

The extraction coeff icients are expected to  vary 

in  extractions from complexing or noncomplexing 
solutions. l4 This  i s  confirmed for the present 
system by  the agreement of extract ion isotherm 
data (Fig. 1.7) wi th the predicted form of the ex- 
tract ion equation,  VI = F l ( f ~ ~ H x  - 4 ~ , ) ~ ,  where 
E ,  i s  the value of the  intr insic extract ion coeff i-  
c ient  extrapolated to 1 M free MX. 

The flowsheet has not been testcd i n  counter- 
current operation, but the extraction, scrubbing, 
and stripping steps have been tested together in  
batch cascade (cross current) tests. In a typical  ' 
test (Fig. 1.7), 99% of the extracted uranium % 
was stripped i n  one stage and >99.8X i n  three y 
stages at A/O - ';, and the overal l  decontamina- $ 
t ion factor of uranium from zirconium was -io4. 
The use of di lute arntiioniuin bif luoride solut ion 
in  the scrubbing section had olmost no  effect on 

the extraction section operation. 

been studied i n  d e t a i 1 l 5 ~ l 6  w i t h  either a di lute 

wi th the square of the free D2EHPA concentration 6 

5 

~ 

m 

\ 
m 

$ 3  

0 

2 

The ammonium carbonate stripping step has 1 

14C. F. Baes e t  a l . .  "The Extraction o f  UraniurnlVII 
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from Acid Perchlorate ioly?ions by n i (2 -sthylh+xyl )~hus:  0 
horic Acid in n-Hexane, 1. P h y s .  Chem. 62 ,  129-36 0 04 0 2  0 3  

p1958). AQUEOUS UXANIUM ( g / l  ter i  

15C. A. Blake e t  a / . .  Pronress Report,  Further Stud- 
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ies of the DialkylphosphorTc A c i d  Extraction (Dapex)  Fig. 1.7. Neuf lex  Extraction: Uranium Extraction 
/oruranium, 0RNL-2172 18# 1956)# P 41*  Iso+herm, From tes t  0.3 ,+I D2EHp.h + 

16F. J. Hurst  and D. J. Crouse, Recovery  o/ Uranium 
from D i ( 2 - e t h y l h e w y f , p b o s p b o ~ ~ ~  Acid  (Dapex)  
wi th  Ammonium Carbonate,  ORNL-2952 (June 30, 1960). water. 

0.15 M DAAP, dissolver solut ion 21 diluted 1: 1 with 



solution to  produce an ammonium uranyl tricar- 
bonate solution or with a more concentrated re- 
cyc l ing solution to  precipitate ammonium uranyl 
tricarbonate crystal s. The extractant leaves the 
stripping section as  the ammonium salt. Depend- 
ing on the concentrations and volume ratios used, 
it may be expedient either to  recycle the ammonium 
salt or to reacidify part or a l l  of t h e  extractant 
before recycle. 

Z i r f lex  Process Demonstration at Full 
Activity b e ~ e l ' ~ ' ' ~  

was complete, except for the end plugs, in 2.5 hr, 
in c lose agreement with results obtained with 
unirradiated specimens. Although some fuel- 
pel le t  fracture was observed, spec id ly  prepared 
high-density (96% of  theoretical) UO, pel le ts  
were largely in toct  after decladding, while the 

R pel le ts  of lower density (93 to  95% 
o f  theoretical) were extensively shattered in to 
t6 -  to  t- in.-diam fragments (Table 1*13, Fig. 1.8). 
In the latter case 0 3  t o  1% of the total UO, was 
reduced to  f ines smaller than 10 m e s h .  Soluble 
uranium and plutonium losses to  the decladding 
waste solution, 0.01 to 0.09%, were v i r tua l ly  

In 22 tests  o f  the Z i r f lex  decladding process 
for Zircaloy-2-clad U02 fuel, PWR blanket pins 
irradiated to  leve ls  between 182 and 17,700 
Mwd/ton were successful ly declad w i th  bo i l ing 
6 M NH,F-l hi NH,NO,. Cladding dissolut ion 

"J. H. Goode and M. G. Bai l l ie ,  Hot-Cell Demon- 
Report 

"lbid., Report  No. 2, O R N L  TM-130 (Jan. 26, 1962). 

191bid.. Report No. 3, ORNL TM-187 ( i n  press). 

sfrfrtion oh ;he Z i r f l e r  and Srrlfex Processes. 
No 1, OR L IM-111 (Jan. 11, 1962). 

Table 1.13. Uranium and Plutonium Losses During Decladding of irradiated 

Z l rca loy-c lad U02 i n  6 M NH4F-l hl N H 4 N 0 3  

Irradiat ion Theoret ical  Soluble Soluble 

Leve l  U 0 2  Densi ty u L o s s  Pu Loss Pe l le t  

Condit iona 
(Mwd/ton) (%I (% (%) 

~ .......___ 

182 9 3-95 S 0.01 0.01 
216 S 0.04 0.02 
26 2 S 0.0 1 0.03 

6,150 S 0.04 0.08 

8,950 S 0.04 0.01 
7,100 S 0,05 0.03 

13,100 S 0.08 
13,700 S 0.11 0.08 

14,600 
14,600 
16,800 
16,800 

16,800 
17,400 
17,400 
17,400 
17,700 
17,700 
17,700 
17,700 

16,800 

96 IF  
IF 
I F  
I F  
IF 
IF 
IF  
IF  
IF 
IF 
IF 
I F  
I F  

0.04 
0.09 
0.08 
0.03 
0.07 
0.04 
0.07 
0.09 
0.08 
0.05 
0.06 
0.04 
0.04 

0.06 
0.08 
0.01 
0.02 
0.02 

0.05 
0.0 1 
0.01 
0.04 
0.02 
0.0 1 
0.03 

Dissolver  

Purge Decladding 

Time (hr) Gas 
.-....... 

1.5 None 

2.1 None 

2.5 None 

2.5 None 

2.5 None 

3.0 None 

2.5 None 

3.3 None 

3.5 
2.5 
2.0 

10.0 
8.0 
6.0 
3.5 
4.1 
3.0 
4.0 
3.0 
3.0 
3.0 

None 

None 

None 

None 

None 

None 

Air 

Air  
A i r  

None 

None 

N2 
N2 

= Shattered; IF  = in tac t  or fractured. 
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Fig. 1.8. UO, P e l l e t s  Declad by the Z i r f l e x  Process. ( a )  High-density pel lets,  96% of  theoretical, irradiated 

Photos token on to 16,800 Mwd/ton; ( b )  low-density pellets, 93-95% of theoretical, irradiated to 6150 Mwd/ton. 

1-in. grids. 
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unaffected by variables such as the t ime of  
pe l le t  exposure to the decladding solution and 
the presence or absence of  an oxidiz ing atmos- 
phere (air). The uranium loss appears to be 
determined solely by the so lub i l i ty  of  U(IV) in  
boi l ing 6 M NH,F-1 M NH,NO,. 

About 99.5% of both high- and low-density fuel 
pel lets subsequently dissolved in  4 M HN0,- 
0.1 M AI(NO,), i n  5 hr, which was s l ight ly  faster 
than the rate for unirradiated pellets. Subsequent 
solvent extraction experiments wi th  these solu- 
t ions are described i n  Sec 1.6. 

CONTINUOUS Al (NO3I39H~O 
DISSOLUTION 
0.465 M Zr 
2.8 M F 
3 M HN03 
5.5 M NO3 
0.4 M B 
0.6 M C d l l I l  
0.4 M Cr(Vl1 

1 0 5 ° C  

TO SOLVENT 
EXTRACTION 

0.36 M Zr 

0.3 M B 
046  M Cr(l1l) 
0.3t M C r ( Y I 1  

Zirconium Dissolut ion i n  Titanium Equipment 

A flowsheet2Ot for continuous dissolut ion of 
Zircaloy-2 in  a titanium dissolver was developed 
i n  which ref luxing 3 M HN0,-1.2 M HF-0.4 M 

HBF,-0.6 M Cr(lll)-O.4 M Cr(VI)-0.46 M Zr i s  the 
dissolvent (Fig. 1.9). An instantaneous dissolu- 
t ion rate of 10 mg min” and a titanium 
vessel corrosion rate of <0.1 mil/month are pre- 
dicted from batch laboratory experiments. Tests 
in  a small-scale continuous titanium dissolver 
are now proposed. 

The dissolvent concentration i s  held constant 
by monitoring the product stream i n  order to adjust 
the rate of addition of  dissolvent makeup, which 
i s  5.5 M HN0,-0.4 M HBF,-0.5 M (NH,),Cr,O,- 

,OT. A. Gens, Dissolut ion of Zirconium Reactor  F u e l s  
in Titanium Equipment,  ORNL TM-22 (Oct. 1961). 

,’W. E. Clark and T. A. Gens, A Study o/ Disso lut ion 
of Reactor  Fue l s  Containing Zirconium in a Titanium 
V e s s e l ,  ORNL-3118 (Oct. 1961). 
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1.2 M HF. The low titanium corrosion rate i s  
achieved by pre-exposing the titanium to air and 
dissolvent in  order to produce a protective surface 
f i lm. The dissolver solution i s  stable at a l l  
temperatures from 20°C to the boi l ing point. 
Adiustment of the solution to 0.7 M AI3+to complex 
fluoride ion before solvent extraction produces a 
30% volume increase and y ie lds a solution that 
i s  stable at room temperature but i n  which hy- 
drolysis and precipi tat ion occur on warming. 

Another reagent investigated for use i n  contin- 
uous dissolut ion i s  16 M HN0,-2.6 M F--0.025 M 
HBF,-1.4 M Zr. Short-term titanium corrosion 
rates were 0.1 mil/month, and Zircaloy-2 dissolu- 
t ion rates were 3 mg min-’  cm-,. 

Removal of  Chloride from Darex and Zircex 
Dissolver Solution 

As alternatives to chloride dist i l lat ion,  NO and 
NO, stripping of Darex2, dissolver solutions made 
8 to 13 M i n  n i t r i c  acid, and H,O, oxidation of  
Z i r ~ e x , ~  chloride solutions were studied. 

With NO gas at 25°C as the stripping medium 
for Darex dissolver product i n  a 20-ft-high column 
and with NO (gas) to  CI- (l iquid) mole ratios of 
4.5 and 7.5, chloride in  the l iqu id  effluent was 
decreased to 0.01 to 0.02 M.  In small engineering- 
scale tests w i t h  NO, at 5OoC, in  3-, 6-, and 20- 
ft-high packed columns, chloride removal was 
improved by greater column length, lower stainless 
steel concentrations, lower l iqu id  rates, and 
higher vapor veloci t ies.  However, even with NO, 
in  amounts greater than 400% of stoichiometric in  
the 20-ft-high column, the chloride concentration 
in  the effluent was not decreased to the specified 
(350 ppm (0.01 M). Oxidation wi th hydrogen per- 
oxide was not feasible for Darex solutions, since 
dissolved stainless steel catalyzes the decom- 
posi t ion of hydrogen peroxide and prevents i t s  
reaction w i t h  chloride, and chloride was only 
part ia l ly  removed from chloride-zirconium systems. 
On addition of  50% of the stoichiometric amount 
of  hydrogen peroxide to zirconium-11 M chloride 

,,W. E. Clark,  J. R. Flanary, and F. G. Kitts, T h e  
Darex P r o c e s s :  The Treatment of Stainless  S tee l  R e -  
ac tor  Fue l s  w i th  Dilute Aqua Regia ,  ORNL-2712 ( in 
press). 

A. Gens and R. L. Jolley, New Laboratory De- 
velopments in the  Zircex  Process, 0 ~ ~ ~ - 2 9 9 2  ( A ~ ~ .  
1961). 

Fig. 1.9. Process for Dissolution of Zirconium-Con- 

taining Reactor Fue ls  in Ti tanium Equipment. 
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solutions a t  98T, the reaction 2HCI + H,O, + CI, 
(gas) + 2H,O was 160% ef f ic ient  (Fig. 1.10). 
However, the f inal chloride concentration was 
s t i l l  2.6 M .  Increasing the amount o f  hydrogen 
peroxide to 150% of  the stoichiometric amount 
decreased the chloride concentration to  0.07 M ,  
but the overal l  eff iciency for hydrogen peroxide 
usage decreased to 66%. A t  chloride concentra- 
t ions below 3 M ,  hydrogen peroxide was less 
than 10% efficient. The presence o f  zirconium 
ions in 11 M chloride solution increased the 
eff iciency by 33% over that for 11 M HCI alone. 

UNCLASSIFIED 
ORNL-LR-DWG 66416A 
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1.10. Removal of Chloride from Zircex Waste 

Solutions by the Reaction 2HCl t H 2 0 2  + CI2(g) t 
2H20.  Added H202 (IS 10 M. 

Solids Removal from Darex Solutions 

The presence of - 2  wt % of s i l icon in stainless 
steel-uranium dioxide cermet APPR fuel makes 
processing d i f f i cu l t  i n  a continuous Darex system. 
As the fuel i s  dissolved in boi l ing 5 M HN0,-2 M 
HCI, 50 g (dry weight) o f  hydrous, gelatinous 
SiO,. 3H,O i s  precipitated per kilogram o f  fuel 
dissolved and then i s  deposited on the t i tanium 
equipment. The s i l i ca  i s  removed from the solu- 
t ion by vacuum f i l t ra t ion at  an average f i l t ra t ion 
rate in laboratory equipment of on ly  0.04 ml 
min- '  ern-,. However, wi th  the high-si l icon- 
content APPR fuel and the presence of as l i t t l e  
as 0.005 M HBF, during dissolution, a fluoride- 
stabi l ized s i l i ca  precipitate formed which was 

(1) readi ly removed by vacuum f i l t ra t ion at an 
average rate of 0.5 ml min- '  cm-' or (2) passed 
through the chloride stripping column without 
f i l tration. About 87% of the sol ids passed through 
the column, and those solids that were held up 
were eas i ly  washed through with hot n i t r i c  ac id  
or water. During chloride stripping, 17% of  the 
f luoride was vo lat i l ized and appeared i n  the n i t r ic -  
hydrochloric ac id  condensate. The presence of 
0.01 M zirconium decreased fluoride vo lat i l izat ion 
to  2% during chloride stripping. 

The addition of f luoboric acid or molybdic ac id  
to the nitric-hydrochloric acid dissolvent preyented 
the precipitat ion o f  s i l i ca  by forming a soluble 
complex. Solubi l i ty was limited, however, and 
th is  approach would be practical on ly  for stainless 
steel-uranium dioxide fuels containing =0.3 wt % 
s i  I icon. 

< 

Zirconium Tetrachloride Desublimation 

In  the chloride vo la t i l i t y  (Zircex) process in 
which zirconium-base fuel i s  reacted wi th  HCI 
gas at -5OOOC to  produce nonvolat i le UCI, and 
vo lat i le  ZrCI, ,', the col lect ion of the sublimed 
zirconium tetrachloride has been a serious problem 
because of d i f f icu l t ies i n  the remote operation 
of a sol ids condenser and plugging at  the point 
a t  which the off-gas i s  cooled below the zirconium 
tetrachloride sublimation temperature, about 300°C. 
The conventional dry-condensation method used 
i n  zirconium p lants24 i s  unsuitable for use i n  
remotely operated radiochemical plants. 

Laboratory-scale studies indicated the feasi- 
b i l i t y  of removing zirconium tetrachloride from the 
Zircex process off-gas by hydrolysis during pas- 
sage over boil ing, near-azeotropic hydrochloric 
acid-zirconium solutions. A preliminary phase 
study of th is  system showed a series o f  hydrated 
compounds whose melt ing points increased from 
about 68 to  110°C as the zirconium concentration 
increased from 0.5 to 4.2 M .  The boi l ing points 
of the solutions ranged between 100 and 112OC. 
D is t i l l a t ion  removed hydrogen chloride and water 
but no zirconium. 

,,W. A. Du Prow, "Problems in the Processing of 
Zirconium and Its Compounds," from F i r s f  Con erence,  

November 4-6, 1957, TID-7555 (August 1958), p 138. 
Analy t ica l  Chemistry  in Nuclear Reactor  T e c  b nology,  

. 
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Tests  are planned on Zirconium chloride removal 
from off-gas over product solutions as concen- 
trated as 4 M zirconium, fol lowed by rect i f icat ion 
of the wet hydrogen chloride product gas and 
recycle of dry hydrogen chloride. 

1.5 CORROSION STUDIESz5 

Corrosion studies included evaluation o f  ma- 
ter ia ls  of construction for the Dcrrex, modified 
Zirflex, HNQ,-MF, and chloride-volat i l i ty fuel- 
processing methods. The containment of fuming 
n i t r ic  ac id  for t h e  disintegration and leaching 
o f  graphite-base fuels, and o f  fuming nitr ic-- 
sulfuric acid mixtures for dissolving bery l l ia  was 
investigated. Other studies included the exposure 
of various materials i n  n i t r ic  acid vapor for pos- 
sible fuel-processing and waste-dispasal appli- 
cations. 

[Barex Process 

Equipment made of high-cobalt a l loys may pos- 
sibly be used for the processing o f  both stainless- 
steel-base fuels by the Darex process and zir- 
conium-base f u e l s  by the Z i r f lex  or modif ied 
Zirf lex processes. Welded specimens of Haynes 
a l loys SB, 25, and 21 a l l  suffered intergranular 
attack in in i t ia l  Darex solution. Overall maximum 
corrosion rates for the us-welded a l loys were 
3.44 (192 hr), 0.36 (408 hr), and 17.6 m i l d m o n t h  
(192 hr), respectively. Heat-treatment of Haynes 
21 lowered the rote to 3-27 mils/month, but the 
very low rates reported by Bat tc l le  Memorial 
Inst i tu tez6 for unwelded, cold-rolled specimens 
were not approached. L O V E T ~ I J ~  the carbon content 
o f  the a l loy and/or adding (I carbide stabi l izer 
should el iminate or decrease the tendency toward 
intergranular attack. 

A proposed change in the Darex flowsheet may 
require the addition of up to 0.1 M HBF, i n  order 
to  prevent plugging o f  the- chloride stripping 
column by s i l ica.  Titanium was corroded at o 

maximum rate af  12.5 mils/month i n  a 120-hr ex- 
posure to spent Darex solution containing 0.1 M 
HEIF,. The rate in  the proposed in i t ia l  dissolver 

Na,B,Q,) at 85°C was 60 mils/month. 
solut ian(5 M HNO,-2 M MCI-0.1 M HBF4-0.025 M 

Modified Z i r f i e x  P r o c e s s  

In modified Zirf lex dissolut ion tests, welded 
type 347 stainless steel and unwelded Haynes 21 
were corroded at  maximum rates of 6.45 (500 hr) 
and 0.68 mii/month (689 hr), respectively, i n  

H202 at the boi l ing point. The stainless steel 
suffered extensive edge corrosion and p i t t ing 
attack. The Haynes 21 al lay was free f rom any 
v is ib le  local ized attack, 

Bath LCNAZ7 and type 347 stainless stecl ap- 
pear satisfactory for modified Zir f lex solvent- 
extraction equipment. LCNA, Carpenter 20SNb, 
and types 304L and 347 stainless steel were 
exposed at  5QT in  a number of possible modified 
Z i r f lex  feed solutions wi th  Compositions varying 
from 0.75 to 1.5 M HNO,, 0.6 to 1.0 (la AI3+, 0.36 
to  0.49 A4 Zr4+, and 2.44 to 3.33 M F”. Overall 
maximum rates for all al loys varied from 0.04 to 
0.25, from 0.08 to 0.46, from 0.38 to 0.49, and 
from 0.10 to 0.19 mil/rnonth for exposures o f  336, 
336, 700, and 700 hr, respectively. In general, 
rates were higher in the higher acid solutions. 
Aluminum additions (-0.8 M )  did not improve 
corrosion resistance appreciably. Both the 304. 
and Carpenter 2OSNb showed intergranular attack; 
the type 347 stainless steel shiJwed n l ight  p ick-  
ling, w h i l e  the LCNA showed some local etching. 

flowing 5.4 M NH4F-0.33 M NH,NO,-0.001 M 

Multipurpose Centrifuge Tests 

Tests designed to select a material of construc- 
t ion for a multipurpose centrifuge for c lar i f icat ion 
o f  dissolver solutions at  3 5 T  froni the Barex, 
Sulfex, and Z i r f l s x  were complcted. 
In tests w i th  u8, core dissolver sollation from 
the Z i r f lex  decladding process, the maximum 
corrosion rates of t itanium and Ciastalloy F varied 

”Work done b y  members of t h e  Reactor Chemistry 
Division.  

“P. D. Mi l le r  e t  a/., “Evaluation o f  Container Ma- 
terials for Z i rcex and Darex Nuclear Fuel Recovery 
Processes,” BMl-1242, Dec. 11, 1957; cf. lnd. Eng. 
Chem. 51, 32 (1959). 

_._._._ 

27A low-carbon nickel  a l l o y  similar t o  Ni-o-ne1 but 
with  0.005% carbon. 

28Chern. Technol .  
1961, ORNL-3153. 

Diu. Ann. ProgF. Rept .  May 31, 
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from 0 to 8.5 and from 0.08 to 0.69 mils/month, 
respectively, depending on the concentration of 
uncornplexed fluoride, which varied from 0 to 
9.09 M. Hastel loy F i s  superior to  titanium for 
th is  service unless the f luoride i s  complexed, 

Stainless Steel in Nit r ic -Acet ic  Ac ids 

111 tests i n  nitr ic-acetic ac id  mixtures which 
result from the stripping of plutonium from t r i -  
laurylamine, type 347 stainless steel showed 
excel lent corrosion resistance under heat transfer 
conditions. The maximum rate was 0.02 mil/month 
for B 96-hr exposure i n  1 M HNO3-2 M acetic 
acid-45 g/\iter U02(NQ3)2*6H,6,29 The spec- 
imen was exposed a s  a steam tube through which 
heat was supplied to the solution at  about 5000 
 tu hr- '  ft-'. T R ~  solut ion temperature was 
abou t 103T. 

Cowonel 230 in Nitr ic-Hydrofluoric Acids 

Acid mixtures o f  f luoride and an oxidant are 
orriong the mast versati le of oqusous dissolvents. 
A container material other than expensive gold 
or the platinum metals would be o f  great value 
to the nuclear fuel processing program. 

Corronel 230, an al loy reputedly developed for 
nitrate-fluoride ~ e r v i c e , ~ "  permits some extension 
o f  the use of uncomplexed fluoride solutions. 
Unwelded Corronel was corroded at  maximum rates 
of 59.9 and 2.83 mils/month (96 hr) in ref luxing 
10 M HN0,-0.5 M HF at  * 116 and 6OT,  respec- 
t ively. Low-carbon Hastel loy F,31 type 309SNb 
stainless steel, and Haynes experimental a l loys 
EB4358 and E05459 all showed rates >200 
mils/month under the same conditions, accom- 
panied by aggressive local ized attack, The 
Corronel suffered a severe but uniform ac id etch 
i n  the boi l ing solution. When the f luoride was 

" ~ r a n i u m  was  used as a stand-in for plutonium in  
the tests.  

30D. M. Donaldson et al., Reprocessing Past Reactor 
Fuels  af Dounreay, presented at the AlME Annual Mset- 
ing, Oct. 25, 1961. 

31A special  vacuum-melted heat obtained from R. F. 
Maness at Hanford. 

complexed by the addition of 0.75 M AI(N03)3, 
the Corronel rate (408 hr) W Q S  lowered to 0.71 
mil/month, compared with 0.28 rnil/month for 
titanium. Carronel dissolved a t  rates >= 2700 
niils/month i n  tests of 4 hr duration i n  bo i l ing 
1 M HN03-3 iz1 HF; at 6 0 T  the maximum rate 
was 4.97 mils/month and occurred i n  the vapor 
phase. In  bo i l ing 1 M HF, eorrone! was corroded 
i n  the solution phase a t  a maximum rate of 43,7 
mils/month for a 48-hr exposure; i n  boi l ing 1 112 
HF-0.06 M W,O, the maximum rate was 12.7 
rnils/manth and occurred in the vapor phase. 

Nitric Acid Corrosien 

Titanium has been found to be the most resistant 
04 the conventional materials of  construction to 
bo i l ing n i t r ic  ac id  i n  bath solut ion and vapor 
phases. Tests  i n  connection with the UO, core 
dissolut ion steps that fo l low the Dasax, Sulfsx, 
and Zir f lex decladding and the chloride-volat i l i ty 
processing schemes indicate that stainless steel 
and n icke l  a l loys are susceptible ta intergranular 
attack i n  the vapor phase. The maximum corrosion 
rate observed for t i tanium in  a nitrate. system 
was about 0.75 rniI/month for a 10OO-h~. exp0sure.~2 

Ni-a-ne1 suffered aggressive intergranular attack 
in the vapor above boi l ing n i t r ic  acid, Maximum 
overal l  rates were 1.3 (1344 hr), 1.9, 3.4, 7.2, 
20.5, and >36 mils/month (648 hr) i n  4, 6, 8, 10, 
12, and 15.8 M HNO,, respectively; overall rates 
increased with exposure time. LCNA27 and Hastel- 
loy F suffered intergranular attack above boi l ing 
6 M HNO,; overall rates were 1.89 and 2.35 
mils/month, respectively, in a 672-hr exposure. 
Previously reported tests i n  which type 347 stain- 
less steel war  compared wi th  these two al loys 
i n  and above boi l ing Purex waste solut ion2* indi- 
cated i ts  resistance valve falls between them, 
Maximum rates for titanium, on the other hand, 
were 0.03 mil/nionth above ref luxing in i t ia l  Purex 
waste solut ion (1000 hr) and 0.33 r n i l h o n t h  above 
ref luxing 15 M HNO,-l.O M H2S0, (1145 hr). 
There wcls some local ized attack in the heat-af- 
fected zone near weldrnents in the latter solution. 

In boi l ing 4 111 HNQ,, Nichrome Y and INOR-8 
were corroded a t  maximum rates of 0.21 (672 hr) 
and > 295 (1 15 hr) mils/rnoath, respectively. The 

32Chern, Technol. Riv.  Ann. Progr. R e p t .  Arig. 31. 
1960. ORNL-2993. 
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INOR-8 specimen i n  the solution disintegrated, 
and the Nichrome V vapor-phase specimen showed 
incipient grain boundary attack, although none 
wc~s observed on the solut ion or interface speci- 
m e n s .  Cowonel 230 suffered intergranular attack 
in  ref luxing 20 to  23 M HNO,; the maximum rate 
for 384 hr of exposure wqs 7.27 mils/month. The 
rate for t itanium in  the same solut ion was 9-07 
miI/month for 168 hr. In a boi l ing mixture (50 g 
o f  uranium per l iter, free graphite, and 20 M i n  
HNO,), titanium, mi ld  steel, and type 1100 alu- 
minum were corroded o t  rates of 0.03 (164 hr), 
688 (24 hr), and 127 (24 hr) mils/month, respec- 
t ive ly .  The addition of 300 ppm o f  f luoride did 
not passivate the aluminum, but in  bo i l ing 23 M 
H N 0 3 - 1  M HF, type 6061 aluminum was corroded 
a t  a maximum rate of only 0.01 mil/month vs 
0.6 mil/month for type 304SNb stainless steel i n  
144 hr of exposure, In 90% (21 N )  HNQ3.-.10% 
(36 N )  H2S0, I Nichrome V, Carpenter-20SNbt 
types 347 and 304b stainless steel, INOR-8, 
LCNA, and CD4MCu were  corroded at  maximum 
rates of 0.20, 2.6, 4.1, 3.1, 0.1 7, 0.52, and 1.74 
mils/manth i n  exposures of 24, 24, 96, 96, 672, 
and 672 hr, respectively. 

Cklo ri de Volat i  I i t y  Process 

Materials o f  construction are available for a 
chloride vo la t i l i t y  process, but the approximate 
conditions and cyc le times must be known i n  
order to  make more def in i t ive corrosion tests. 
Specimens o f  Haynes 25, Nichrome V, and INOR-8 
exposed 24 hr to f lowing chlorine at temperatures 
between 490 and 730OC showed average rates of 
6, 2, 8.7, and 800, 800, 100 mils/month at  500 and 
78o“c, respectively. There was considerable 
scatter in the data, probably because of small 
variations in  tempbrature and gas-flow rates. 
Rates for Nichrome V and Haynes 25 i n  CCI,-N,, 
required for decomposing ZrO,, were identical 
with those for chlorine w i th in  the probable ex- 
perimental error. Rates for 188-hr exposures i n  
oxygen at 725OC were 8.62, 0.01, 8.81, and 0 
mil/nionth for Haynes 25, Nichrome V, INOR-8, 
and Pyrocerarn 9608, respectively. Rater foi 
34-hr exposures of these same materials i n  dry 
HCI at  60PC were 5.30, 5.63, 16.4, and 1.2 
mils/month, respectively, but possibly would be 
lower with adequate temperature control. 

1.6 SOLVENT EXTRACTION STUDIES 

Zir f lex Process Evaluation at Ful l  Ac t iv i t y  Leve l  

F i rs t -cyc Ie  Solvent Extraction Tests. - Solvent 
extraction runs were conducted in miniature mixer- 
settlers w i th  h igh ly  irradiated (16,000 Mwd/ton) 
pe l le t  solutions obtained from the Z i r f lex  head-end 
experiments (Sec 1.4). A modified Purex process 
was used to test the compatibi l i ty of uranium and 
plutonium recovery from the highly irradiated fuel 
solut ion by extraction with 30% tri-n-butyl phos- 
phate i n  Arnsco 125-82. In one cycle, uranium 
and plutonium were recovered nearly quanti tat ively 
and decontaminated from gross f iss ion product 
gamma act iv i t ies  by factors of 2 x lo4 and 7 x lo3, 
respectively. No deleterious effects on decon- 
tamination or recovery of uranium ond plutonium 
were observed as  a result of the increased level 
o f  irradiat ion over that encountered i n  the standard 
Purex process. However, some solvent degradn- 
t ion was noted during recycle of the TBP di luted 

Solvent Degradation. -- In an auxi l iary expwi-  
rnent to  the Zi r f lex  solvent extraction tes ts  de- 
scribed above, the same solvent was recyc!ed 
s ix  times through a solvent extract ion system 
to determine the solvent degradation effects of 
mult iple contacting. Batch equil ibrat ions were 
made i n  order to simulate operation of the process 
in the mini-mixer settlers through the s i x  cycles 
of extraction, scrubbing, and stripping, followed 
by two sodium carbonate washes and one n i t r i c  
ac id  wash for solvent cleanup prior to recycle. 
The feed-solution uranium concentration was about 
100 g/liter. Ac t iv i t ies  were lo8 gross alpha 
counts inin-’ ml- ’ ,  10’ plutonium alpha counts 
min- l  rnl-’, 10’’ gross garnma counts min- l  ml - ’ ,  
and 10” gross beta counts min” m l - ’ ,  which 
exposed the solvent to energies o f  about 0.6 
whr/l iter per cycle. The f i r s t  tests mode wi th  
puri f ied TBP di luted wi th  Amsco 125-82, a 
branched-chain hydrocarbon containing about 7% 
unsaturates formed by the polyinerization of bu- 
tenes and pentenes, showed radiation degradation, 
with the formation of  trraniurn-retaining agents 
that could not be removed from the organic phase 
by the carbonate and acid washes. After s ix  
cycles, the cleaned solvent retained between 
0.5 and 1.8 g of uranium per l i ter. In a second 
test, TBP diluted wi th  n-dodecone or i t s  com- 
mercial equivalent Adakane-12 did not show the 

wi th  A ~ S C O  125-82. 



22 

same degradation, and after s i x  cycles retained 
only 0.09 g o f  uranium per l iter. Plutonium re- 
tention Bind decontamination from f iss ion products 
did not appear to be affected by either dilwent 
at these radiation levels, 

Development of  Flowsheets 
for Thorium-Uranium Fuel 

The acid Thorex process for use w i th  stainless- 
steel-clad UO,-Tho, Consolidated Edison fuel 
wa5 further modified, and n i t r i c  ac id  leaching of 
ThO, slurry fuel as n means o f  removing f iss ion 
products was evaluated. Other work included 
(1) the development of an adsorption process wi th  
powdered unfired VYCOK glass as the adsorbent 
and a solvent extraction process wi th  30% TBF’ 
as the extractant for Pa2,, recovery, (2) ion ex- 
change and solvent extraction studies on cleanup 
of stored U233, and (3) diluent studies for the 
acid Thorex process. 

Darex-Thorrx Process. - Addit ional experiments 
were made w i t h  the acid Thorex p r ~ c e s s , ~ ~ - ~ ’  
designed for thorium-uranium fuels decayed for 
s i x  months or thereabouts in order t o  avoid the 
necessity of recovery. Results showed 
that the 2 to  3% uranium and thorium loss may 
be recovered from the so1 ution (Darex-process- 
dissolved stainless steel cladding) by adding 
chloride-free cladding solution to the lower section 
of the ac id  Thorex extraction Uraniuni 
and tharium lasses were 0.001 and 0.4%, and 
decontamination factors for ruthenium, airconium- 
niobium, and rare earths were 560, 9000, and 
2.5 x los, respectively. These results are not 
substantially different from the values obtained 
with the usual ac id  Thorex process where 13 M 
HNO, i s  added below the extraction feed plate. 

Tho, SIwrry Fuel. - In laboratory experiments 
with prepumped ThO, slurry from the Reactor 
Chemistry Div is ion in-p i le  loop, < 1% of the f iss ion 
product ac t i v i t y  was removed by boi l ing i n  1 M or 

33Chem. Technol. Div .  Ann. Progr. R e p t .  May 31. 

34R. H. Rainey and J. Moore, Nucl. Sci. Eng. 10(4), 
1961, ORNL-3153. 

367-71 (1961). 
350RNL.3155 (in press).  

36Chem. Div,  Sec. B Quart.  Progr. R e p t .  APT.-June 
1961, ORNL TM-1. 

5 M HNO, for 6 hr. In similar experiments re- 
ported in the ~i te ra tu re ,~ ’  with T ~ O ,  to w6~ic11 

had been added to simulate irradiated 
material, >70% of the ac t iv i t y  was removed. 

~ e c o v e r y  af  - i n  processing o f  short- 
decayed thorium-uranium fuel by present f low-  
sheets, the protactinium i s  relegated to waste 
which i s  reprocessed several months later, after 
the Pa233 has decayed to U233, i n  order to re- 
cover the uranium. Two new methods were de- 
veloped, using tracer quanti t ies of for 
the separation and recovery of the protactinium 
during the i n i t ia l  processing. 

In  the f i rs t  method, pratactiniuni was removed 
from aqueous nitrate and hydrochloric ac id  sslv- 
t ions by adsorption on unfirad Vycos glass p o ~ d e r .  
In the early experiments the protactinium-can- 
taining solutions were batchmixed wi th  the 
Vycor, but in later experiments the solutions 
were run through small Vycar-packed gloss col- 
umns. The adsorption coefficieiits were computed 
as follows: 

counts/min of paZ33 per warn nfvycoi .  

In 15-min batch contacts of n i t r ic  acid solutions 
of P a 2 3 3  (5 x lo5 counts min- ’  m1-l) wi th  10 g 
of 100- to 200-mesh Vycos per l i ter  o f  solution, 
under noneqtailibrium conditions, the coeff icients 
increased from -480 i n  1 M HNO, t o  a maximum 
of 1500 in 6 to 8 M HNO,.  No adsorption was 
observed from a 0.1 N acid-deficient solut ion 
(Table 1.14). Although the adsorption capacity 
has not been measured, preliminary experiments 
with 6 M HNO, showed that > 6  yg of Pa233 
(120 mc) may be adsorbed on 1 g o f  100- to 200- 
mesh Vycor, wi th  na decrease i n  the adsorption 
coefficient. 

The adsorption of protactinium from nitrate 
solutions wus directly dependent on the contact 
time, the nitrate sa l t  concentration of the solution, 
and the particle size  of  the Vycor. Adsorptiois 
was essential ly at equil ibrium after 1 hr of contact, 
An adsorption coeff icient of 3 x lo3 was obtained 
on a 60-min contacting o f  a 6 hf HNQ, solut ion 
containing 5 x  10’ counts m i n - ’  m1-l with 
10 g o f  Vycor (100 to 200 mesh) per l i ter  (Table 
1.14). Coeff icients were lower for solutions that 

37D. G. Gerdnsr ,  Nucl .  Sci, Eng.  10, 228-34 (1961). 
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Table 1.14. Adsorption of Protactinium on 100-200 Mesh Unfired Vycor 

- Adsorption Coefficient __ Contact __.__I._ 

Time 0.1 M 0.1 M HNO, 1 M HNO, 4 AI HNOg 6 M HNO, 8 M HNO, 10 M H N 0 3  
(min) Acid Deficient 

15 0 470 420 1100 1500 1600 1400 

60 0.2 750 760 2150 3100 2900 2200 

240 0 1400 880 2400 3200 2900 2800 
____._......._...__ _..__.... ~ ..~ 

were 0.1 N i n  HNO, and 6 N i n  various nitrates 
[e.g., 2300, 1000, 1000, 820, 210, and 20 i n  the 
presence of 6 N AI(NO,),, NaNO,, NH4N0,, 
Ca(NB,), LiNO, , and Th(NO?), , respectively]. 
The effectiveness of the thorium i n  decreasing 
the adsorption o f  Pa2,, from n i t r ic  ac id  solutions 
varied inversely wi th  the n i t r i c  acid concentration. 
About 1.5 t imes as much thorium W Q S  required 
in 2 M HNO, a s  in 0.1 M HNO, in order to de- 
crease the coeff icient by a factor o f  10. 

In a column experiment, 97% of the Pa2,, was 
adsorbed along wi th  less than 0.01% of the tho- 
rium. The solut ion WQS 6.2 M in HNO,, had a 
thorium concentration o f  116 g/liter, and a Pa233 
concentration of 3.76 x l o 6  counts min- ’  ml - ’ ;  
250 ml was used. The column was 27 cm long, 
8 mm in diameter, and contained 80- to 100-mesh 
Vycor. The average f low rate was 2.2 rnl  m i n - l  
crnm2. Eighty percent of the adsorbed ac t iv i t y  
WQS removed by passing 25 ml o f  0.5 it! oxa l ic  
ac id  through the inverted column a t  a f low rate 
o f  1.0 m l  min- ’  ~ r n - ~ .  The product solution 
contained less than 0.05 mg/ml Th and 2.9 x lo7 
counts min- ’  rn1-l Pa233, or 7.6 times the pro- 
tuctinium concentration of the feed. Subsequent 
eluate contained a lower concentration of pro- 
tactinium, but the concentration could be increased 
by increasing the contact t ime of the glass wi th  
the eluant. 

In hydrochloric ac id  solutions Pa2,, adsorption 
maxima occurred a t  0.1 and 4 M HCI, and a min- 
imum occurred a t  1 M. The coeff icients were 
430, 300, and 180, respectively, and decreased 
to 71 as the ac id  concentration was further in- 
creased to  10 M HCl. The protactinium tracer 
was added t o  the HCI solutions as  irradiated 
Th(NO,),, which contributed 0.06 IM nitrate t o  
the solutions. 

The second method developed for the recovery 
of i s  a low-decontamination solvent ex- 
tract ion process, i n  which pratactiniurn, thorium, 
and uranium are separated from neutron poisons 
by coextraction wi th  TBP. High decontamination 
from low-cross-section f iss ion products such as 
zirconium and niobium i s  not necessary because 
the product must be remotely handled in subse- 
quent operations. Flowsheet ccmditions were: 

Feed Th, 40  g/liter; U, 2.5 g/liter; 5 M in HNO,; 
1 M in AI(N03),; 0.04 iM in F; 1 VOI 

5 M in tiN0,; 1 M in A I ( N 0 3 ) , ;  0.4 VQI  Scrub 

Extractant 30% TBP in Amsco 

Stages 5 extraction, 4 scrub 

About 98% of  the protactinium and >99.9% of the 
uranium and thorium were separated from ruthenium 
and rare earths by factors of 70 and lo5, respec- 
t ive ly .  Most o f  the zirconium and niobium were 
extracted wi th  the fuel. Protactinium material 
balances were unsatisfactory, ranging from 90 
to  170%. 

The quantity o f  protactinium i n  fu l ly  irradiated 
Consolidated Edison Thorium Reactor fuel w i l !  
equal about 0.1% of the weight of thorium at  the 
time of discharge, Th is  would result in a protac- 
t inium concentration of about 20 ppm i n  the solvent 
extraction feed i f  processed 30 days after d is-  
charge. Since the so lub i l i ty  of p r o t a ~ t i n i u r n ~ ~ ~ ~ ~  
in  th is  system i s  largely unknown, a complete 
study o f  i t s  so lub i l i ty  in nitrate systems was 
started. 

3aThornpson, AECD-2488, AECD-1897. 
39H. F. McDuffie, N R P  Quart. Progr. R e p f . ,  ORNL- 

3061 and ORNL-3167. 
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Removal ef ~ h a r i u m  from u~~~ Product. - ~n 
order to  minimize the shielding requirements for 
the handling o f  U233 in fuel f a b r i ~ a t i o n , ~ '  the 
uranium i s  generally reprocessed just before use 
i n  order to  remove the decay daughters of the 
contaminant U232,  principal ly Th228. This prob- 
lem i s  pertinent because of the forthcoming 
Brookhaven National Laboratory (BPIL) Ki lorad 
commitment. Both ion exchange and solvent 
extraction processes removed > 99% of  the thorium 
from the uranium i n  laboratory experiments with 
synthetic solutions. 

In the ion exchange experiments a solution con- 
taining 25 g of uranium and 0.25 g of thorium per 
l i ter  and 0.25 N i n  HNQ, was passed through a 
50- to  100-mesh Dowex 50-8X ion exchange column 
at  about 0.7 mi min- '  After 8 g of uranium 
per mi l l i l i te r  of resin hod been p ~ s s e d  through 
the colornn, the resin contained 99% o f  the thorium 
and 1% o f  the uranium. More than '79% of the 
uranium and 3% of the thorium adsorbed on the 
resin were eluted by 20 vol of 0.5 M HNQ, fed 
a t  a rate of 1 rnl min" '  The remaining 
thorium, which contained about 0.01% of the 
original uranium, was eluted wi th  about 20 vo l  
o f  a mixture that was 3 M in ammonium acetate 
and 1.3 ht i n  acetic acid, The flow rate was 1 ml 
min- '  ~ m - ~ .  

Several processes were developed for use in  
the Thorex Pi lo t  P lant  solvent extraction prac- 
essiny equipment far cleaning up stored ~~~3 
for the BNL Kilorod program, A decontamination 
factor from thorium o f  100 i s  adequate. The ad- 
d i t ion of 0.03 M N0F to the 0.1 M AI(NO,), scrub 
i n  a Pusex-type flowsheet increased decontamina- 
t ion from thorium by c1 factor o f  about 4 over the 
value obtained wi th  0.1 M Al(N03), alone. With 
a scrub 0.03 M in  NaF and 0.3 M i n  NH,NO,, 
thorium in the product w0s below analyt ical de- 
tection. Processes using 2.5% TBP or 2.5% di- 
sec-butyl phenyl phosphonate as extractant, alu- 
minum nitrate or thorium nitrate as salting agent, 
and either stat ic or countercurrent scrub were a l l  
satisfactory. 

The most satisfactory flowsheet, w i th  2.5% 
di-set-butyl phenyl phosphonate extractant, de- 

40A. T. Gresky and E. D. Arnold, Products  Produced 
in Continuous Neutron lrrudiation of Thorium, ORNL- 
1817 (Feb. 6, 1956). 

contaminated the product from thorium by a factor 
of about lo6. F I W H S ~ ~ C ~  conditions were: 

Feed U, 5 g/liter; 1.5 M T ~ I ( N O ~ ) ~ ;  0.8 M 

AI(NO,),, 0.075 N acid deficient; 1 voI 

0.4 vol 
Scrub 0.6 M AI(N03),, 0.075 N acid deficient; 

Extractant 2.5% di-sec-butyl phenyl phosphonate in 
diethyl benzene, 2.0 vol  

Stages 6 extraction, 3 scrub 

Di luen t  for Acid TRorex Process.  .- The use of 
sec-butyl benzene as a di luent for T B P  i n  the 
acid Thorax process ieswlted in a f ivefold in- 
crease i n  decontamination over Amsco 125-82 or 
Solvesso-100. Howrver,  when the solvents were 
degraded by 1 lir of ref luxing In 6 M HNO,, the 
decontamination factor with. Aniscn 125-82 wads 
tw ice os large a s  for the other diluents. Treat- 
ment of the degraded solvents wi th  carbonate 
did not improve the decontamination. The d is t r i -  
bution coeff icient o f  thorium a t  the feed plate 
was 0.45 wi th  Amsco 125-82, conspored with 0.49 
for the other diluents. 

Laboratory countercurrent batch extraction ex- 
periments with unirsadioted U-Zr al loy fuel solu- 
t ions to which f iss ion product tracers were added 
showed no variat ion i n  decontamination or uranium 
recovery between feeds prepared by the modified 
Zirflex or the HF' dissolut ion process. Decon- 
tamination factors from ruthenium and zirconium- 
niobium were 2.6 x lo3 and 2 x lo5, respectively, 
and the uranium lass was about 0.01%. Flowsheet 
conditions were: 

+ Feed LJ, 3.3 g/liter; Zr, 40 y/liter; 1 iL1 NH4 , 
4 0.78 M AI3.', 0.78 M H , 3.3 M F-; '1 vol  

Scrub 

Solvent 

Stages 7 extraction, 6 scrub 

1 M HNO,, 0.2 vol  

5% TBP in  Amsco 125-82, 1 vol 

In tests with synthetic U-AI a l loy fuel solution, 
decontamination factors for ruthenium and zireo- 
nium-niobium were increased b y  abaut 2 by using 
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an acid-deficient instead of an ac id  feed and a 
n i t r i c  acid-water scrub instead of an aluminum 
nitrate scrub. Th is  small improvement i n  de- 
contamination would probably not ius t i f y  the 
modif icat ions o f  the Idaho Chemical Processing 
P lan t  (ICPP) equipment that would be required 
i n  order to incorporate the proposed flowsheet 
changes. When the present U-AI fuel-solut ion feed 
was maintained but a n i t r i c  acid-water scrub was 
used, there was no increase i n  decontamination, 
but the volume of the concentrated aqueous waste 
was decreased 20%. 

Laboratory so lub i l i ty  experiments indicated that 
U-AI and U-Zr  fuel solutions muy be mixed to  
g ive a single solvent-extraction feed o f  the ap- 
proximate composition of the present ICPP U-Zr 
type o f  feed. Processing o f  th is  mixed feed would 
result in essential ly doubling the capacity of 
the lCPP solvent extraction plant. Solutions of 
unirradiated U-AI and U - 2 r  fuel mixed a t  80°C 
in the rat io o f  2.5 to 3.0 vo ls  o f  U-AI fuel solu- 
t ion to one vol of U-Zr  duel solut ion contained 
Q large amount of precipitate after 24 hr. Mixtures 
wi th  volume rat ios of 0.75, 1.0, 1.5, 2.0, and 3.5 
contained only  a s l ight  hazy precipitate after 
s ix  weeks. 

Uranium Recovery from Graphite Fuels 

In  solvent extraction tests on spiked low-ac- 
t iv i ty - leve l  (IO* counts min- ’  m I - ’ )  fuel solutions 
prepared from unirradiated Pebble Bed Reactor 
fuel by the 9Q%-HN03 disintegration-leach pioc- 
e ~ 5 , ~ ’  no d i f f icu l t ies were encountered in the 
extraction of the uranium from the adjusted feed 
wi th  7% TBP i n  A m ~ c o . ~ ~  Solvent extraction 
decontamination factors were 1700, 500, and IO5 
from ruthenium, zirconium-niobium, and rare earths, 
respectively. During leaching, the graphite had 
adsorbed 1, 30, 50, ond 5% of those elements, 
respectively. In evaporation of the dissolver 
solut ion to 3 (M HNO, for solvent extraction, 1% 
of the ruthenium volat i l ized. 

-_-. 

“M. J. Bradley, Ind. E n p .  Chem. 53,  279 (1961). 

42J. G .  Moore and R. H. Rainey, Extract ion o/ Nio-  
bium-95 from Nitr ic  A c i d  Tolutions w i t h  ‘l’ri-n-butyl 
PhOSphate, ORNL-3285 ( in press) .  

Solvent Extraction o f  Niobium 

Laboratory studies according to  the Martin pro- 
~ e d u r e ~ ~  for determining distr ibution coeff icients 
o f  Nb95 between 30% TBP in n-dodecane and 
aqueous n i t r ic  ac id  showed thot the amount o f  
niobium present i n  an extractable form decreased 
from -30% i n  4 M HNO, to 55% in 0.1 N acid- 
deficient solution. The distr ibution coeff icient 
of the extractable port ion decreased from 0.05 
to -0.008 as  the aqueous ac id i ty  decreased over 
the same range, The presence of 3% af  chemically 
degraded TBP increased the distr ibution coef- 
f ic ient  of  the extractable niobium fen times or 
more and the amount o f  extractable niobium to 
greater than 80%. Di sfribution coeff icients were 
minimum with 2.0 M HNO,. For solvents con- 
taining 3% of chemical ly dsgruded TBP and ?% of 
degraded Arnsco, the amount of extractable niobium 
wus =95X, and the amount of the extracted nio- 
bium retained by the organic phase increased 
from 6 t o  50% as the aqueous ac id i ty  decreased 
from 4 to  0,l  M HNO, . The maximum distr ibution 
coeff icient for Nb95 between acid-deficient solu- 
t ions and solvent containing degradation products 
was 0.008. The aqueous so lub i l i ty  of  the niobium 
extracted i n  the degraded reagents varied in- 
versely wi th  the ac id i ty  of the aqueous phase. 

> 

Purex Process Studies 

Dilute  Purex Flowsheet. - A modified Purex 
flowsheet designed to use f i rst-cycle uranium 
product as feed for the second cyc le without 
intersycle evaporation was evaluated on an etigi- 
neering scale i n  2-in.-diam pulsed columns. The 
flowsheet dif fers from the standard Purex process 
in that the uranium concentration in the feed i s  
55 rather than 320 g/liter, and a higher feed-to- 
organic f low rat io i s  required to  maintain the 
same uranium loading in the organic. 

In nozzle-plate pulsed columns operated wi th  
the organic phase continuous, the total f low ca- 
pac i ty  was  lower and the uranium production ca- 
pacity only 30 to  40% o f  that obtained wi th  the 
standard Purex f low sheet. The probable reasons 
for the poor performance are the higher rat io o f  

43F. S. Martin and G. M. Gill ic ls ,  ‘The Chemis try  o/ 
Ruthenium, Por t  I .  The Formation iind Examination o/ 
an Extractable  Ruthenium Nitrate  in Mucroscopic  
Amounts ,  AERE-C/R-816 (1951). 
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dispersed-to-continuous f low in  the d i lu te  f low- 
sheet (a/o of 1.5 v s  0.45) and the lower density 
of the aqueous phase a t  the feed point. The 
cartridges i n  the extraction column had 0.125-in.- 
diam holes, and wi th  10% free area the capacity 
was 350 gal hr" ft", a t  a pulse frequency of 
50 cpm and 560 gal hr" f te2 at  35 cpm; wi th  
23% free area, the capacity was 680 at  50 cpm 
and 880 at 35 cpm. 

Plutonium Adsorption. - Preliminary batch equi- 
l ibrat ion experiments showed that 99% o f  the 
plutonium was removed from 50 ml of solution 
that contained approximately 1.8 g of uranium 
per liter, 0.5 M HNO , 0.1 M NaNO,, and 2.7 x 
104 counts min-1 m ~ - ~ i  o f  plutonium on contacting 
the solution wi th  0.5 mg of a zirconium-sil icon- 
phosphate exchanger, In a similar solution con- 
taining 4 !d HNO,, only 12% of the plutonium 
was removed. The exchanger was prepared w i th  
a ZrO, : S O ,  : P,O, rat io of 1.0: 4.8 : 0.7. The 
contact t ime was 17 hr. 

Attempts to adsorb plutonium from n i t r ic  ac id  
solutions on unfired Vycor glass were unsuc- 
cessful. 

Bottom Interface Control for Pulsed Column 

In engineering-scale tests i n  2-in.-diam pulsed 
columns, the column was operated without an 
interface as an alternative to control l ing the inter- 
face a t  the bottom of the column. A mixture con- 
taining a l l  the heavy aqueous phase plus some 
l ight  phase was le t  down through a standard pres- 
sure pot  to an external phase separator where 
the interface was controlled simply by using a 
jackleg for the aqueous outlet. The solvent was 
recycled to  the bottom of the column wi th  an 
a i r l i f t .  Automatic control was demonstrated b y  
operating the a i r l i f t  with a constant a i r  f low rate 
and using the solvent level in Q small surge tank 
to control the pressure on the pressure pot, thereby 
regulating the flow rate o f  dispersion from the 
column to  the phase separator. 

The main d i f f icu l ty  wi th  th is  arrangement was a 
tendency for the f low rate of the dispersion to  
cyc le  a s  the rat io  o f  aqueous to solvent changed. 
The frequency and amplitude o f  the cyc le  were 
minimized to  less than 0.1 in./rnin in the column 
by using a solvent recycle rate suff icient to 
maintain the aqueous content o f  the dispersion 
a t  less than 40% and by using relat ively sluggish 

gain and reset settings on the controller. The 
response during transients caused by startup and 
step changes o f  the controller was fast enough 
to  maintain control without f looding or loss o f  
interface in the phase separator. 

Electrostatic De-entrainment o f  Solvent 
Extraction Streams 

In small-scale cold tests w i t h  a Petro l i te  Com- 
pany electrostat ic unit, entrained aqueous phase 
WQS decreased to  typical values of 0.001 to 0.002% 
for a Purex IAP lmmi mixer-settler stream and 
to  less than 0.001% for a 6% TBP IAP stream. 
Aqueous entrainment i n  the organic eff luent from 
the unit wi th  and without electr ic power was 
0.02% and 0.0095%, respectively, representing re- 
moval factors of 10 to 20 due to  the electrostatic- 
precipitat ion effect alone. Hot-cell test ing of the 
effect of the precipitator on solvent extraction 
decontamination was not possible because of 
cel I -schedul ing di f f icu I ties. 

1.7 MECHANICAL PROCESSlNG 

The irradiated SRE-fuel-decladding program was 
satisfactori ly completed, the fac i l i t y  in Ce l l  A of 
Bui ld ing 3026 was decontaminated, and the equip- 
ment was dismantled, The declad uranium metal 
fuel slugs were shipped to the Savannah River 
P lant  (SRP) for chemical processing. The 250-ton 
fuel shear was received from the manufacturer 
(the Birdsboro Corporation), instal led on the 
third floor of Bui lding 4505, and completely shaken 
down. The rotary feeder and leacher and their 
auxi l iary equipment were instal led i n  c e l l s  1A 
and 1B of Bui lding 4505 and checked out mechan- 
i ca l l y  and hydraul ical ly. A shearing and leaching 
demonstration on unirradiated prototype stainless- 
steel-clad UQ, fuel was begun. In ho t - te l l  tests, 
Yankee Atomic (stainless steel-clad U6,) fuel 
samples irradiated to 8130 Mwdhon were sheared 
and then leached wi th  n i t r ic  acid, and the metal 
residue w a s  r insed w i th  n i t r i c  and dissolved in 
sulfuric acid to evaluate uranium and plutonium 
loss and fission-product retention on the n i t r i c  
acid-leached cladding. The SRE fuel decladding 
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operation and the 250-ton shear operation were 
both documented in  color moving  picture^.^^,^^ 

Dejacketing o f  the Sodium Reactor Experiment 
(SRE) Core 1 

Twenty-six seven-rod spent fuel clusters from 
the SRE Core I, which was irradiated to -675 
Mwd/ton and decayed for two years, were ~ U C -  

cessful ly declad, steam cleaned, recanned, and 
placed i n  temporary storage. After about s ix  
months' storage, the canned fuel was shipped 
to  SRP for chemical recovery o f  uranium and 
plutonium. The decladding equipment was de- 
contaminated, encased i n  plastic, and stored in 
Building 3505. 

The fuel element i s  a cluster of seven 92-in.- 
long, $-in.-diam rods, each containing 12 NaK 
(22% No, 78% K) bonded, 2.7%-enriched, 6-in.-long 
uranium metal slugs c lad i n  a 10-mil-wall type 304 
stainless steel tube. A hel ium-fi l led space, -., 18 
in. long, a t  the top end of each rod a l lows for 
expansion of the NaK bond (Q 100 cc) and the 
co l lect ion of f iss ion gases. Each outer rod i s  
wrapped wi th  an external spiral spacer wire. 

The operations involved i n  decladding an SRE 
fuel assembly included (1) transfer of the as- 
sembly from the shipping cask to  the cell; (2) re- 
moval of the assembly end hardware and the tube 
spacer wires by abrasive disk sawing; (3) removal 
of the fuel slugs and NaK from the fuel tube (see 
below); (4) steam cleaning of NaK and o i l  from 
the fuel slugs and subsequent recanning of the 
1 2  slugs per rod i n  an aluminum can for storage; 
and (5) the waste-handling operations of f lattening 
and ro l l ing o f  the empty fuel tube into a spiral 
and destruction of the NaK wi th  steam for d is-  
posal to intermediate-level waste. A photograph 
o f  the assembled equipment in ce l l  A of Bui lding 
3026 i s  shown i n  Fig. 1.11, and a flowsheet and 
time cyc le of the various steps i n  the operation 
are given i n  Fig. 1.12. 

The three mechanical decladding methods eval- 
uated were: (1) dejacketing of the fuel rods by 
hydraulic expansion of the jocket and hydraulic 

44arMechanical  Dejacketing o f  SRE Core 1 Fuel," 
16 rnm, color and sound, 12 min, ORNL Public Rela- 
t ions Department. 

45'15hearing of Reactor Fuels," 16 rnrn color, silent, 
4 m i n ,  ORNL Publ i c  Relations Department. 

expulsion of NaK and fuel slugs under oil; (2) fuel 
dislodgement and expulsion by a long mechanical 
screw that passed through the fu l l  length of the 
fuel tube; and (3) transverse ro l l  cutt ing of the 
c lad near slug junctures into twelve 6-in. lengths, 
each about one slug long, and longitudinal ro l l  
cut t ing i n  an o i l - f i l l ed  auxi l iary decladder, after 
which the s l i t  claddings were pried or cut from 
the slug wi th  a special chisel. 

The second method was used only when the 
f i rs t  was unsuccessful and the third only when 
the f i rs t  two failed. With unirradiated fuel rods, 
the f i rs t  method was almost always successful; 
however, with the irradiated fuel the f i rs t  method 
was successful wi th  only 16% of the 175 rods 
processed. The second method was required for 
77% o f  the rods, and the third procedure, which 
was very time-consuming, had to  be used wi th  
7% of the rods. 

Based on total operational time, including 
maintenance, the dejacketing production rate was 
2.0 kg of uranium an hour. Near the end of the 
program, when ideal operating conditions pre- 
vailed, a rate of 9.2 k g h r  was reached. Of the 
830 hr of operation logged, 30% went for process- 
ing and the rest for repairs and maintenance. 
About ha l f  the downtime resulted from repairs 
to the NaK disposal system, which WQS damaged 
twice by explosions and f ires when water acc i -  
dentally contacted the NaK through leaky valves. 

In general, the mechanical components of the 
decladding complex performed as planned, Abra- 
sive-saw removal of both the inert adapters and 
the duel rod spacer wires worked well .  The 
hardened fuel jackets put unexpectedly high 
stresses on some portions of the complex. The 
inabi l i ty  of the main hydraulic decladder to expand 
the claddings was disappointing because ducti le 
fuel prototypes had been eas i ly  expanded and 
processed. The fuel-slug eject ion screw was 
generally satisfactory. Ro l l  cutt ing of claddings 
was more d i f f i cu l t  than expected. Roll cutters 
wi th  a 60" included angle, V-edge, made from 
Carpenter, Vega-KW tool steel hardened to  Rock- 
well C-60 to 65 and ground under oil, dulled and 
chipped when cutt ing OR the irradiated uranium 
rods. 

The two explosions that occurred during de- 
struction of the NaK showed that a simpler, more 
foolproof method i s  required. Tests are planned 
to  evaluate the deliberate formotion of a NaK-oi l  
emulsion and i t s  destruction by spraying i t  through 
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Fig. 1.11. Mechanical Processing Equipment far Decladding the SRE Core I Fuel, Interior view, ce l l  A, ORNL Segmenting Faci l i ty .  
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Fig.  1.12. Mechanical Decladding Flowsheet - SRE Core I Fuel. 
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a nozzle into water. Handling o f  l iquid-NaK- 
bonded fuel under an o i l  blanket i n  a shielded 
ce l l  w i th  an a i r  atmosphere appears to  be qui te  
practical when the amount of NaK handled at  any 
time i s  s t r ic t ly  l imited. 

Water-soluble po lyv iny l  acetate paint mixed wi th  
white bi l lboard paint and sprayed onto stainless 
steel ce l l  wal ls  decreased glare, increased l ight- 
ing, and expedited cleaning and decontamination 
o f  wa l ls  by bu i l t - in  water sprays or portable steam 
lances. 

The ce l l  discharge-air absolute f i l ters  and the 
c lo th f i l ters  i n  the portable rvacuum cleaner used 
for co l lect ing f ines from abrasive-disk sawing 
became the most radioactive areas in the cell, 
g iv ing readings of 200 and 10 r/hr a t  contact, 
respectively. The ac t iv i t y  on the ce l l  a i r  f i l ters  
i s  bel ieved to have resulted from the NaK ex- 
plosions and water spray from c e l l  washdown. 

Contamination o f  the ce l l  was controlled easily, 
permitting entry by appropriately dressed person- 
nel. The ac t iv i t y  level increased threefold after 
the NaK explosions. 

E lect r ica l  motors on an overhead heavy-duty 
manipulator were a prime source of heavy-equip- 
ment failure. In one incident a drive gear was 
sheared on the 3-ton crane. Several minor repairs 
were required on the model-8 manipulators, such 
as replacement of torn boots and broken tapes. 

The average uranium loss during the program, 
as determined by dissolving entire clads i n  3 M 
HCI-4 M HNO,, was 0.02%; the maximum for any 
fuel cluster was 0.2%. The average and maximum 
plutonium losses were 2 x to  2 x 
respectively (Table 1.15). Such losses apparently 
result from the formation o f  stainless steel-ura- 
nium reaction products or adherence o f  part icles 
dislodged from the slugs, or both. 
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The primary method o f  decladding fa i led because Metallurgical examination of randomly selected 
the irradiated claddings were much harder than samples o f  portions of the type 304 stainless 
expected, and hydraulic o i l  pressures, which i n  steel claddings taken from the central rod and an 
tests on unirradiated rods had produced up to outer rod of several fuel clusters showed inter- 
380 mi ls  expansion before bursting the tubes, granular attack of the cladding external surfaces 
expanded the irradiated tubes only 0 to  5 mils. (Fig. 1.13) from about the midpoint of a fuel rod 

Table 1.15. Typical Analysis of Dissolved S R E  Core I Fuel Claddings 

Type 304 s ta in less  steel  cladding, 10-mil w a l l  

Collapsed coils, 280 g per batch 
3 M HCI-4 M HN03 decladding reagent, 6 l i te rs  

II 

Element 
Concentrat ion 

Concentration / I  Element (counts min- ’  m i - ’ )  

U 0.0018 g/liter 

Pu 292 counts min- ’  m1-l 

Cr 17% 

C 0.04% 

Gross gamma 7 . 2 ~  

CO 58-60 

Sr 89, 90 

Cs 137 

Ru 106 

Zr 95 

6 . 3 ~  lo7 
6.0 lo4 
1.7 lo4 
2 . 4 ~  l o 4  
< 1 l o 3  

UNCLASSIFIED 

e- .(.c 

\ 

Fig. 1.13. Tap Portion of  Type 304 55 Fuel Cladding (10 Mils Thick), Showing lntergronular Attack. 
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up t o  the top, Specimens were eas i ly  broken 
(Fig. 1.14) when bent. An unidenti f ied meta l l ic  
layer was found on external cladding surfaces 
on the lower portions o f  the fuel rods, but spec- 
imens from these areas did not break on bending. 
Stainless steel-uranium reaction products (Figs. 
1.15, 1.16) were confined to extremely small 
areas but were distr ibuted fa i r ly  uniformly over 
internal cladding surfaces. 

The microhardness o f  the 10-mil-thick wall  of 
one c lad  varied from 240 to 400 DPH (diamond 
pyramid hardness, 0.5-kg load). The hardness 
of unirradiated fuel cladding was about 180 DPH. 
The uranium slugs were pit ted and were bent as 
much as 7 to 20 mils, elongated 1 to  6%, and 

swollen 1 to 5%. Hardness measurements on a 
single slug specimen ranged from 200 to 300 DPH 
for a 1-kg load. 

The 18 l i ters  of NaK handled during the program 
contained about 1 curie o f  and traces o f  
other f iss ion products, uranium, and plutonium 
(Table 1.16). The NaK was col lected and de- 
stroyed i n  100-ml increments by reaction wi th  
steam in the NaK disposal system. 

Meta l l ic  and aqueous l iqu id  waste result ing 
from the disassembly and decladding, steam 
cleaning of slugs, and the destruction of NaK 
amounted to about 0.07 kg and 1.15 l i te rs  per 
kilogram o f  uranium processed, respectively. For 
each fuel cluster processed, the inert meta l l ic  

Fig. 1.14. Bend Spec imen  from T y p e  304 SS Fuel  Cladding Taken from Area Showing Sensitization, Inter- 

granular Attack, Cold Working, and Hardening. 
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portions, loosely packed, occupied about 3 gal. 
The total l i qu id  waste amounted to 22 gal per 
fuel cluster. 

The mechanical decladding program was com- 
pleted successfully, but  at production rates lower 
by a factor of  about 2 to 3 than predicted from 
the processing of unirradiated prototype fuel. The 
stainless steel-uranium reaction products on the 
interior surfaces of  the claddings i s  a potential 
source of  a high uranium loss and probably defeats 
those mechanical processing methods which 
physical ly separate the fuel and cladding before 
chemical processing. 

The three mechanical methods evaluated in  th is  
program could not adequately cope with hardened 
and/or embritt led claddings, bent and swollen 
slugs adhering to  the iacket, or badly damaged 
fuel. The custom decladding method required 
for badly damaged fuel, and used when the two 
main methods failed, i s  much too time-consuming 
for practical use. 

Fig. 1.15. Stainless Steel-Uranium Reoction Products 

on Interior Surface of 304 SS Cladding. 

L 

UNCLASSIFIED 

NICKEL PLATING 

Fig. 1.16. Cross Section of Cludding (10 M i l s  Thick) ,  Showing Uranium-Stainless Steel Reaction Product. 

I 
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Table  1.16. Typica l  Analysis of  N a K  from Irradiated SRE Care I Fue l  Rad 

Element II Concentration 

(counts min-’ g-’) 

Gross gamma 

Gross beta  

Gross alpha 

TRE, beta  

3.9 10’ 

9 x  lo6 

2.5 lo5 
< 100 

Element Concentration 

U < 1 x 1 0 - ~  mg/g 

0.36 ppm N 

C 

K 

148 ppm 

78 % 

Cs 137 8.6 x lo6 No 22% 

Shear and Leach Development 

The shearing and leaching program t o  determine 
the feas ib i l i ty  o f  (1) semicontinuously shearing 
stainless-steel- and Zircaloy-clad fuel assemblies 
and (2) leaching the exposed UO, or U0,-Tho 
core material from the 0.25- to 1.5-in.-long shearea 
sections wi th  n i t r i c  ac id  was continued. The hard- 
ware comprising the mechanical shear-leach com- 
p lex  was f ie ld  tested, altered as required, provided 
wi th  an electr ical interlock system, and insta l led 
on the third floor and in ce l l s  1-A and 1-B o f  
Bui lding 4505. The chemical processing equipment 
w i l l  be operated at  rates o f  about 10 kg o f  uranium 
per hour. A mathematical model was developed 
from laboratory bench-scale leaching tests to  pre- 
d ic t  the operation o f  the fu l l -sca le leacher but has 
not yet  been veri f ied i n  engineering-scale tests. 
Wear test ing o f  the gibs and stepped blade of the 
shear with porcelain-f i l led ORNL Mark I fuel was 
satisfactori ly completed, and the part icle-size 
distr ibutions o f  various sheared lengths were 
determined. 

The mechanical shearing and leaching complex 
(Fig. 1.17), consists o f  a stainless steel 250- to 
320-ton shear w i th  a horizontal-acting stepped 
blade and feeding system (Fig. 1.18), a spiral 
inc l ined rotary conveyer-feeder, a spiral inc l ined 
rotary leacher wi th  valving that w i l l  pass sheared 
so l ids but seal against n i t r i c  ac id  fumes when 
closed, and auxi l iary tanks, piping, and instru- 
mentation. 

In  operations now in progress, a fuel assembly 
i s  picked UP wi th  a crane and inserted in to the 
fuel-element envelope of the shear by means of 
a loading arm. A pusher arm i s  then moved in to 
posit ion and pushes the fuel assembly in to  the 

shear against a stop beyond the shear blade to 
posit ion the fuel properly during each cut. A 
step-shaped blade shears the assembly in to  sec- 
t ions 0.25 to 1.5 in. long. The stop and the stepped 
blades are mounted on a movable ram. The fuel 
assembly i s  constrained during shearing by an 
inner and outer gag and the f ixed blade. After 
the complete stroke o f  the shear, the gags are 
released and the fuel assembly i s  advanced for 
the next cut. The sheared sections are stored 
as discrete batches in the conveyer-feeder, which 
provides a surge storage capacity o f  up to 14 hr. 
The feed i s  delivered to  the leacher as required. 
The leacher, a combination dissolver and wash 
vessel, contains four countercurrent leaching 
flights, two discharge fl ights, and four counter- 
current wash f l ights  in which the empty jackets 
may be washed with water or n i t r ic  acid. The 
entire complex i s  sealed t o  contain a l l  part iculate 
matter. 

F i fty-one Kan igen- and Ni crobraz-50-brazed 
ORNL Mark I porcelain-f i l led prototype fuel as- 
semblies, each containing a 6- by 6-square array 
of  th i r ty-s ix  0.5-in. stainless steel tubes, were 
sheared for part i c I e- s i ze-di str i but i on mea sur ement s 
and blade-wear studies. The shortest practical 
length for shearing the prototype fuel was 0.5 in. 
Shearing to shorter lengths i s  eas i ly  accomplished, 
but severe f lattening of the tubular jacket occurs, 
trapping signif icant amounts of ceramic fuel 
(Fig. 1.19). 

The sheared material (Fig. 1.20) was segregated 
by length, and each group was analyzed for size 
distr ibution of both ceramic and metal l ic part icles 
(Table 1.17). Par t ic les >2000 p contained 70 to  
90% of  the stainless steel, whereas porcelain 
comprised 85 to  99.6% of part icles <2000 p. Braze 
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UNCLASSIFIED 
OWL-LR-DWG 61938 

id 
~LICIUIO DRAIN 

PRODUCT OVERFLOW 
Z . O M H N O J .  f . E M U 0 2 ( N 4 ) 2  

Fig. 1.17. Shear and L e a c h  Complex, Indicating R e l a t i v e  P o s i t i o n  o f  Major Equipment Components and Flow 
of Materials. 

metal was present in  the amount of  0.1 to  1.0% 
i n  a l l  par t ic le  sizes measured, 9520 to <44 F. 
No appreciable difference i n  part ic le-s ize distr ibu- 
t ions from Nicrobraz-50- or Kanigen-brazed ele- 
ments was noted. For 1-, 0.75-, 0.5-, and 0.25-in.- 
long cuts, the fractions of material <9520 p were 
11, 16, 33, and 69%, respectively; fo r  the portion 
<44 p, the fractions were 1.5, 2.4, 4.3, and 5.2%. 
The smallest part ic le measured was 0.25 p, con- 
st i tut ing 0.035 to 0.08% of the particles. 

Both duct i le and carburized-hardened ORNL 
Mark I fuel prototypes were sheared without diff i- 
culty. Duct i le  fuel containing tube sheets at  
each end of  an assembly was sheared equally as 

wel l  but produced undesirable chunks of tubing 
at  the tube sheets, rather than discrete pieces. 
When a highly embrittled, carburized (1.7 to 2.7% 
carbon), porcelain-f i l led Mark I prototype fuel 
assembly was sheared, the stainless steel tubing 
shattered badly, exposing more of  the core ma- 
terial than when the duct i le  tubing was sheared. 

The terminal portion of  a fuel assembly can be 
held during shearing by a combination of two 
independently acting inner and outer gags. The 
shortest practical terminal length appears to be 
1.5 in., including end caps. 

Component equipment testing of  the conveyer 
feeder and leacher wi th  1-in.-long sheared sections 
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Fig. 1.18. 250-ton Prototype Shear and Feed Mechanism. 

UNCLASSIFIED 
PHOTO 56759 

Fig. 1.19. Comparison of Product from Shearing O R N L  Mark I Fuel into 0.25., 0.50-, and 1-in. Lengths. 
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Fig. 1.20. Composite Material Obtained from Shearing o f  o Porcelain-Filled Mark I Prototype Fuel Assembly. 

of porcelain-fi Iled, stainless-steel-clad ORNL 
Mark I fuel show that the largest batch of  stainless- 
steel-clad UO, fuel that can be submerged in  the 
counterflowing acid of  the leacher i s  6.5 kg of 
UO, or about 2.25 l i ters  per fl ight. The s l ip  
angle of th is  2.25-liter fuel batch for the conveyer 
feeder and leacher i s  28 to 320 and i s  independent 
of  length of  cut (0.25, 0.5, 0.75, 1 in.) or eleva- 
t ion o f  the un i t  (5, 10, 15, 20O). The s l ip  angle 
i s  defined as the angle measured from the vert ical  
axis o f  the leacher or conveyer-feeder bisect ing 

a batch o f  fuel at rest to the center of the batch 
of fuel at the moment slippage f i rs t  occurs. For 
proper submergence of  the fuel in  acid, the leacher 
i s  rotated 388O and reversed 2 8 O  each time fuel 
i s  advanced against counterflowing acid. 

In hot-cell laboratory tests,46 residues of sec- 
tioned prototype type 304L stainless-steel-clad 
UO, Yankee Atomic reactor fuel specimens were 

46J. H. Goode and M. G. Boi l l ie ,  Leaching and Wash- 
ing of Sect ioned ,  Irradiated WCAP Fuel Specimens, 
ORNL CF-62-3-77 (Mor. 28, 1962). 



Table 1.17. Porcelain, Stainless Steel, and Braze Metal Percentage Dis t r ibut ion a t  Various Par t ic le  Diameters Produced by the Shearing 

of ORNL Mark I Fuel in to  1-, 0.75-, 0.50-, and 0.25-in. Lengths 

Hor izonta l ly  actuated ORNL 250-ton shear w i th  a stepped blade, operated at  1.22 in./sec and -4.2 cuts  per minute 

Fuel: 3%-in.-square bundle o f  36 type 304 sta in less steel tubes, p2 in. OD by 72 in. long, w i th  spacer ferrules (0.25 x 1 in.) 

brazed on at -12-in. intervals. The tubes are f i l l e d  wi th  -1600 g of porcelain sections, 0.42 in. OD by 3 in. long 

Amount (%) 

Carburized 

1-in. Cut Assembly' 0.75-in. Cut 0.50-in. Cut 0.25-in. Cut 
Par t ic  le 
Diameter 1-in. Cut 

Braze Porcela in  Stainless Braze Porcela in  Stainless Braze Porcelain Stainless 
(cl) 

Porcelain Stain'ess Braze Porcela in  Stainless 
Steel Steel Steel Steel Stee I 

~ ~~ ~ ~~ ~ ~~~~ 

9519-4760 31.0 68.0 1.0 48.6 51.4 9.0 90.75 0.25 59.0 40.7 0.3 9.2 90.6 0.2 

4759-2000 49.6 49.8 0.6 43.6 56.4 60.0 39.5 0.5 68.0 31.4 0.6 29.8 69.7 0.5 

1999-1 190 85.0 14.6 0.4 62.2 37.8 97.1 2.7 0.2 95.0 4.8 0.2 90.2 9.7 0.1 

1189-590 98.2 1.3 0.5 74.1 25.9 99.0 0.9 0.1 98.0 1.9 0.1 97.7 2.1 0.2 

589-297 99.1 0.4 0.5 87.0 13.0 99.4 0.4 0.2 99.2 0.6 0.2 98.9 0.8 0.3 

0.7 0.5 296-149 99.3 0.3 0.4 89.7 10.3 99.4 0.3 0.3 99.4 0.4 0.2 98.8 

148-74 99.2 0.3 0.5 93.0 7.0 99.3 0.3 0.4 99.5 0.3 0.2 98.6 0.6 0.8 

98.5 0.5 1.0 

0.8 1.0 

73-44 99.2 0.4 0.4 92.4 7.6 99.4 0.2 0.4 99.5 0.3 0.2 

< 44 98.6 1.0 0.4 95.2 4.8 99.0 0.7 0.3 99.6 0.2 0.2 98.2 

'Distribution of s ing le cut of carburized (1.7 to  2.7% C) ORNL Mark I assembly. 
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leached and washed in n i t r ic  acid, and the clad- 
ding was subsequently dissolved i n  sulfuric acid 
to simulate the extent o f  f iss ion product, uranium, 
and plutonium residue on the scrap stainless steel 
shel ls from the chop-leach process. The sectioned 
fuel specimens, irradiated up to  8130 Mwd/ton 
and decayed for three years, were leached 5 hr  
wi th  4 M HNO, to produce a modified Purex feed 
solution containing 100 g of uranium per l i ter  and 
3 M HNO,. After removal of th is  solution, the 
shel ls were washed three times with 4 M HNO,, 
which removed the uranium, plutonium, and f iss ion 
products, and then completely dissolved i n  4 M 
H,SO,. Analysis of the dissolved stainless steel 
showed that <0.02% o f  the uranium and plutonium 
remained wi th  the clad. Fission-product act iv i ty  
retained by the clad was negligible and was 
completely masked by the cobalt-60 and other 
activated stainless steel constituents. Typical 
decladding solution analyses were: 2.44 M H,SO, , 
55 g of stainless steel per liter, 6.77 x 109 cob0 
gamma counts min- l  ml-’ ,  0.003 mg o f  uranium 
per mi l l i l i ter ,  and lo3 plutonium alpha counts 
m in- ’ mi - ’. 

1.8 ENGINEERING STUDIES 

The cooperative ORNL-ICPP p i l o t  plant effort 
begun last  year was extended to include (1) de- 
sign o f  a Darex P i l o t  P lan t  and o f  a Chop Leach 
Fac i l i t y  for instal lat ion at the ICPP and (2) con- 
sultat ion on the modif icat ion o f  ICPP solvent 
extraction fac i l i t ies  and insta l la t ion there o f  a 
plutonium solvent extraction and isolat ion fac i l i t y  
to permit the processing o f  low-enrichment ura- 
nium-plutonium fuels. The Darex and Chop Leach 
programs were canceled by the AEC in Apr i l  1962. 

Darex P i l o t  Plant 

The objective of t h i s  design was to develop a 
high-throughput process suitable for future com- 
mercial application. Flowsheet studies were made 

to determine the feas ib i l i ty  of designing a Darex 
P i l o t  Plant that could demonstrate either batch 
or continuous processing. For it, the basic design 
previously planned for insta l la t ion i n  ce l l  3 o f  
Bui lding 3019 was rearranged, extra vessels i n  
the aqua regia preparation system were removed, 
and continuous chloride-removal equipment was 
added. The latter consists of an a i r l i f t  feed 
system taking dissolver product from the feed 
adiustment tank to a chloride stripper tower, 
where the chloride i s  removed by 15.8 hi HNO, 
vapor stripping. Stripper column bottoms are con- 
tinuously evaporated to  remove excess n i t r i c  acid 
and then di luted i n  a geometrically safe tank t o  
the appropriate solvent extraction feed concen- 
trat ion prior t o  transfer t o  ordinary process 
equipment for sampling and possibly a sol ids 
removal step. The system as or ig ina l ly  planned 
included provisions for low-temperature continuous 
stripping o f  chloride wi th  NO,, but th is  feature 
was eliminated when further experiments indicated 
that th is  method of chloride removal was not 
feasible. 

Material balance flow sheets were prepared for 
the batch Darex processing o f  APPR and Con- 
solidated Edison fuels and the continuous Darex 
processing o f  APPR and Yankee Atomic fuel and 
used as the basis for J preliminary process f low- 
sheet prepared jo in t ly  by ORNL and ICPP. The 
flowsheet incorporated the integral chloride- 
stripping-tower for the reboi ler-feed evaporator 
system developed by ORNL during an analysis 
o f  control system dynamics and liquid-vapor 
equil ibrium data for n i t r i c  ac id  i n  the presence 
o f  stainless steel salts. Preliminary results of 
cold engineering studies at  ICPP of  th is  chloride 
stripping system were favorable. 

The storage o f  dilute, chloride-bearing radio- 
act ive waste such as might originate from off-gas 
scrubbers or  system cleanout was to  be eliminated 
by providing a chloride-proof vessel off-gas dis- 
posal system discharging direct ly to  the plant 
stack. Excess chlorine compounds in the p i l o t  
p lant  system would be discarded by d is t i l l a t ion  
and/or decomposition in to  th is  off-gas system. 

Tests  to define the aqua regia composition 
necessary to prevent cyc l ic  passivation o f  fuel 

. 
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i n  the continuous dissolver i n  the presence o f  a 
large fuel charge indicated that 4 M HNO,-3 M 
HCI would be required rather than the previously 
considered 5 M-2 M dissolvent. 

Preparation of equipment specif icat ion design 
sheets and of detai led engineering flowsheets 
were under way when the project was terminated. 

Shear-Leach Pi lot  Plant  

Jo in t  meetings of BRNL and ICPP Shear-L-each 
Groups were held i n  order to  disseminate informa- 
t ion useful i n  the design and instal lat ion of the 
chop-leach complex a t  ICPP for hot p i lot-plant 
test ing wi th spent power-reactor fuels. A brochure 
was prepared to provide ICPP with a l l  data ac- 
cumulated ta date, and the ICPP had engaged an 
architect-engineer to  study the sui tabi l i ty  of the 
several possible locations i n  exist ing fac i l i t i es  
when the project was canceled. 

Plutonium Isolat ion Facility 

The ORNL-ICPP cooperative pi l o t  p lant  program 
envisioned the providing of plutonium tai l-end 
fac i l i t i es  a t  the ICPP so that fuels containing 
plutonium could be processed. Engineering in-  
formation on pulsed-column and mixer-sett ler per- 
formance and the design o f  plutonium load-out 
fac i l i t i es  was forwarded to ! cPP  i n  order to 
permit evaluation of the tr i laurylamine extraction 
flowsheet for the proposed instal lat ion. Flowsheet 
tests wi th HAP0 Purex IBP solut ion i n  mini- 
mixer-settlers i n  a hot ce l l  showed satisfactory 
plutonium recovery but much less f iss ion product 
decontamination than expected From results shown 
with tracer levels of act iv i ty.  The reason for th is  
w i l l  be investigated, and i t  was recommended that 
the ICPP group should defer consideration of the 
TLA extraction flowsheet for plutonium unt i  I the 
f iss ion product decontamination deficiency had 
been resolved. 

uoride Volatility Processing 

2.1 PROCESSING OF URANIUM-ZIRCONlldM 
ALLOY FUEL 

Modif icat ions'  to  the Vo la t i l i t y  P i l o t  Plant re- 
quired to  scrub the dissolver off-gas with l iqu id  
HF were completed. The off-gas sol ids were re- 
moved from the gas stream by impingement in  o 
f lash cooler (FV-1001, Fig. 2.1) fol lowed by 
scrubbing w i th  l iqu id  HF. The HF was d is t i l l ed  
(FV-1005) for recycle, off-gas condensables were 
completely condensed (FV-2001), and the col lected 
sol ids were f lushed from FV-1003 to FV-1009 and 
then t o  the drain. 

'Chem. Technol. Diu. Ann. P r o p .  R e p t .  May 31, 
1961, ORNL-3153, p 30. 

Eight dissolut ion runs were completed w i th  non- 
irradiated simulated Zircaloy-2 and w i th  zirconium- 
uranium al loy. In the flowsheet used, the fuel 
elements were dissolved in  equimolar molten NaF- 
LiF containing 25 to  45 mole '& ZrF, at 650- 
5OO0C, by means of HF, which converted the 
zirconium-uranium al loy to  ZrF, and UF,, both 
soluble in  the f luoride salt. Submicron-size sol ids 
generated during the dissolut ion were scrubbed 
from the off-gas by HF.' The UF, was converted 
to vo la t i le  UF, by fluorination a t  500°C wi th  
elemental fluorine, and the UF, was further decon- 
taminated from f ission products by absorption on 
and desorption from a NaF bed a t  100°C and 4OO0C, 
respectively. The product UF, was col lected in  
cold traps. 
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O f  the eight nonirradiated fuel d issolut ion runs, 
three (T-8 through T-10, Table 2.1) were made with 
simulated fuel, Zircaloy-2, to evaluate the new 
dissolver off-gas scrubbing system. Solids removal 
ef f ic iency averaged >99% per run. Solids accumu- 
lated on the f i l ter  (FV-7001C, Fig. 2.1) as an o i l y  
f i lm on the in le t  face of the Yorkmesh cartridge 
rather than as loose part iculate material. Dissolu. 
t ion rates for two of the three runs (T-9 and T-TO) 
were equal to the rate i n  run T-7 (2.8 kg/hr), the 
only other run in  which fwo simulated fuel elements 
were used per dissolution. Run T-8 was terminated 
a t  70% completion because of accidental charging 
of high ZrF, content (42 mole %) sal t  to the dis- 
solver. The T-8 fuel heel and associated metal l ic  
sludge (vessel corrosion products i n  reduced state ) 2 

2G. I. Cathors, R. L. Jol ley,  and E. C. Moncrief, 
Laboratoty-Scale Demostration of the Fused Salt Vola- 
t i l i t y  Process, ORNL TM-80, p 7, (Dec, 1961). 

caused sa l t  transfer d i f f i cu l t ies  during run T-9. 
The high dissolut ion rate in  TU-$ was attributed, 
in  part, to an abnormal fuel element submergence, 
which occurred when the fuel lodged a t  the  top of 
the dissolver 5-in.-ID lower section snd was in i -  
t i a l l y  only -95%submerged in  salt. 

In  the other f ive runs, wi th nonirradiated ura- 
nium-zirconium alloy, average dissolut ion rates 
were 3.12 kg/hr for 90% completion (Table 2.1). 

Correlat ion of the dissolut ion-rate data from 22 
nonirradiated fuel p i lo t  plant runs w i th  salt  kine- 
matic v iscosi ty and HF mass veloci ty was generally 
poor (Fig,  2.2). A least-squares l ine  wasevaluated 
and the standard error of estimate and standard 
deviat ion were calculated for evaluation of the 
l inear regression correlation coeff icient. The best 
empir ical correlation obtained (correlat ion coeff i-  
c ient  0.57) for the range of the HF f law was: 

r = 0.068 + 0.0001 v-''~ [I' , 

T a b l e  2.1. Summary o f  Dissolut ion Runs 

Runs T-8 through T-10: 
Runs TU-8 through TU-12: nonirrodiated ful ly  enriched zirconium-uranium a l l o y  fuel, 

Zircaloy-2, '"30 kg per element, two elements pea run 

'"1% U, "'40 kg of fue l  per run 

Runs R-1 through R-6: 5.2 and 6.5 yr decayed enriched zirconium-uranium a l loy  fuel, 

'"25 kg per element 

In i t ia l  molten salt: 28 to 39-30 to 42-23 to  42 mole % N a F - L i F - Z r F 4  

Salt Temp. 
Avg. Dissolut ion Ratea Time' Avg. HF F l o w  Rate Avg. HF Uti l izat iona 

(g/m in) (%I 
Run No. (O C) 

(ks/hr) ( h r )  I_-.___ 

Max. Min. 

T-8 
T-9 
T-10 

TU-8 
TU-9 
TU-10 
TU-1 1 
TU-12 

R- 1 
R-2 
R-3 
R-4 
R-5 
R-6 

640 500 
560 510 
640 490 

652 495 
665 480 
650 495 
665 495 
640 505 

650 500 
650 495 
645 490 
655 550 
660 500 
650 495 

1 .60b 
2.90 
2.75 

4.80 
2.70 
2.50 
2.30 
3.30 

1.80 
3.10 
3.18 
5.34 
2.86 
2.48 

23.2b 
11.0 
17.5 

7.4 
14.1 
14.5 
16.0 
11.2 

26.4 
14.0 
12.3 
8.0 

14.0 
17.4 

150 
190 
162 

122 
180 
150 
150 
150 

150 
150 

75-150 
75- 1 50 

75-150 
75- 150 

1 5.9b 
22.3 
25.8 

52.0 
20.6 
24.5 
23.5 
32.0 

17.1 
29.8 
31.2 
54.6 
30.3 
27.6 

'Based on 90% completion of  dissolution. 

bRun terminated a t  70% completion. 
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Fig .  2.2. Correlation of  Volat i l i ty  Pilot Plant Dissolution Data. 

where 

T = dissolut ion rate, Ib h r - '  ft-*, 

V =  sal t  kinematic viscosity, ft2/hr, 

W = HF mass velocity, Ib h r - '  f t -2.  

The correlation coefficient decreased from 0.57 to  
0.35 when the HF mass ve loc i ty  was modified by 
inclusion of a geometric constant, l t '0 .3  The low 
coeff icient was attributed primari ly to  two uncon- 
t ro l led di ssolution factors: (1) the variable rela- 
t ion between the vessel and the fuel which-existed 
during progressive dissolut ion o f  the matrix fuel, 
and (2) the effect on the dissolut ion rate of the 
metal l i t  sludge from vessel corrosion. 

Average fluorine ut i l izat ion was 5.7% and fluo- 
r ination time 106 m i n  (to obtain 10 ppm of uranium 
in  the salt) in runs TU-8 through TU-12 (Table 
2.2). These values are below the overall TU 
series averages of 6.3% and 91 min; the range of 
the TU series fluorinations was from 11.7% and 55 
min to  4.7% and 119 min. The spread i n  the fluo- 
r ination results was attributed to  the low uranium 
concentrations in  the salt. 

'Chern. Technol. 
1961, ORNL-3153. 

Div.  Ann. Progr. Rept. May 31, 

The uranium product cation impurity levels 
during runs TU-8 to  TU-1 1 fluctuated greatly (Table 
2.3), The run TU-9 product, wi th  (49 ppm total 
cations, was the cleanest; increases were signi- 
f icant i n  run TU-10 for a1 I impurit ies except molyb- 
denum. The high copper content i s  unexplained. 
The f luorination reaction products appear to  have 
been channeled through the NaF bed of the tem- 
perature-zoned absorber i n  run TU-10. The increase 
in  the sodium content from 10 to 440 ppm indicates 
NaF  dust entrainment. The molybdenum content 
of 23 ppm was that after HF removal by flashing, 
and the in i t ia l  value was probably a factor of 
5- 10 greater. 

Decontamination of uranium from f iss ion pro- 
ducts was demonstrated in  s ix  r u n s  with 5.2 and 
6.5-yr-decayed (> 15% burnup) zircon i urn-ur an i um 
al loy fuel (analyt ical results for several runs are 
incomplete). The average fuel element dissolut ion 
rate (3.39 kg/hr) for runs R-2 to R-6 (Table 2.1) 
was greater than the TU-series average (2.90 
kg/hr). During the R-1 dissolution, -50% longer 
was required for complete dissolut ion for unex- 
plained reasons. The low R-series average fluo- 
r ine ut i l izat ion (3.5% excluding run R-3) was 
attributed to  the low in i t ia l  uranium levels in  the 
salt. The average product cation impurity level 
(636 ppm) for runs R-1 to R-3 (Table 2.3) was 

. 
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Table  2.2. Summary o f  Fluorination Studies 

In i t ia l  molten salt: 

Fluorination temperature: 495-51 5” C 
28 to 37-26 to 32-38 to 40 mole % N a F - L i F - Z r F 4 ,  containing UF a s  below 4 

_.._...._I._ I._._..____._ 

Total  
Mole Rat io  Fluorination 

F2 a Time to Obtain Nonrecoverable Salt U Conc. F2  Fluorination 

- I i ters per (min) ( X) Useda to 10 ppm U 
In i t ia l  F ina l  

(standard T ime Ut i l i za t ion  of F2 Run 

N 0. (PP.l) u Losses  

min) Original U in  Salt (min) (9) ( w t  %) 

TU-8 2430 

TU-9 2455 

1TLJ-10 2250 

.Tu-ii 3000 

TU-12 2560 

R- 1 1473 

R-2 2252 

K-3 1564 

R-4 938 

R-5 1116 

R-6 1400 

2.0 

5.0 

6.3 

2.2 

4.0 

12.5 

0.8 

7.3 

3.0 

4,O 

0.8 

6 
16 

6 

6 
14 

6 
14 

6 
14 

6 
10 
14 

6 
14 

6 
14 

6 
14 

6 
13.4 

6 
13 

100 
20 

100 

100 
23 

100 
20 

100 
20 

101 
9 

15 

101 
19 

202 
58 

101 
19 

101 
19 

10 1 
49 

5.2 

7.8 

4.7 

4.7 

6.3 

’”2.7 

4.9 

1.5 

3.6 

3.4 

2.2 

19.3 

12.8 

21.5 

21.5 

16.0 

20.5 

69.0 

27.9 

29.2 

46.2 

111 

89 

119 

106 

103 

81 

240c 

94 

100 

134 

0.415 

1.360 

0.887 

0.245 

1.270 

7.020b 

0.143 

1.430 

0.68 1 

0.773 

0.134 

0.08 

0.20 

0.28 

0.07 

0.16 

2.20 

0.03 

0.45 

0.32 

0.36 

0.06 

.. ... . . . .. . . .. . _.___._. ._. . . . ...._....._I _.._ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

nBased on time required to obtain 10 ppm IJ in waste salt. 

b L o s s  due to excessive NnF discharge from temperature-zoned absorber. 

=Attributed to lower thun normol fluorinator sal t  interface temperatures. 

lower than the TU-series average (732 ppm), but 
higher than s i x  individual runs of the TU-series. 

Fi ssion-product decontainination factors for the 
uranium recovery system (f luorination and sorptian- 
desorption steps) were 108-10’o for Cs13’, Sr90, 
and rare earths, and 104-108 for Ru106, SblZ5, 
and  Nb95 (Table 2.4). A11 specif ic f iss ion product 
ac t i v i t ies  were below the analyt ical  l im i ts  of de- 
tect ion in  the products. contamination of the 
product w i i h  Pu, Np, and T c  was less than in 
laboratory ~ t u d i e s , ~  averaging < 1 ppb, <86 ppm, 

and <72 ppm, respectively, for the f i rs t  four runs. 
Uranium and f ission product entrainmeiit during 
dissolut ion i s  also presented in  Table 2.5 based 
on burnup calculat ions assuming no specif ic 
f iss ion product decay prior to reactor sliutdown. 

Col lect ion of pi lot  plant data by a data logger 
and processing by a digi ta l  computer (the Oracle) 

4G. I. Cathers, R. L. Jal lcy,  and E. C. Moncrief ,  
Laboratory-Scale Demonstration of the Fused Salt Vola- 
t i l i t y  Process, ORNL TM-aQ, p 16(Decernber 1961). 
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Tab le  2.3. Cat ion Impuri t ies of UF6 Product o f  Vo la t i l i t y  Process 

__I__...-- 

Amount (ppm of UF6)a 
Run Nu. 3 

Cr Cu  F e  L i  Mo Na Ni Sn Zr  Np Tc P u  Total  

'Run TU-12 praduct W Q S  co l lec ted  wi thout  sampling; complete W-series ana ly t i ca l  resu l ts  not avai lable. 

l n b l e  2,4. Uianium Recovery System Approximate Decontnrnination Factors 

Fuel: 5.2 t o  6.5-yr-decayed enriched zirconium-uranium a l l oy  fuel  

___I..- 

aeconta mi nat ion  ~ a c t o r s '  --. I....... ~ 

Run N ~ .  Gross 0 ~ r ~ s s y  T R E P  ~s~~~ RU106 Zr95 Nb9' Sr90 Sb'25 
_I...__. ._-I 

R- 1 s X  lo6 l o 7  lo8 - s X  lo9 - s X  lo5  - 5 X  lo6  - l o 5  - l o9  - l o 7  

aComplete R-series ana ly t i ca l  resu l ts  not avai lable. 

Tab le  2.5. Ac t i v i t y  Entrainment t o  Dlssalver Off-gar  System 

Fue l :  5.2 to  6.Syr-decayed enriched zirconium-uranium a l l o y  fuel 

Feed salt: 28 t o  39-30 t o  42-23 to 42 mole 76 N a F - L i F - Z r F 4  

Amount (X of total in D isso lver  Saltn) __..._.._....__I__ 
Gross 0 Gross y U Ru106 Nb95 Sb125 cs137 

Run Na, 

R- 1 * 0.09 '"0.2 < 0.02 '" 2.6 < 0.6 '" 5.4 

R-2 L' 0.09 -0.2 < 0.02 - 0.3 < 5.0 '" 12,o (0.6 

R-3 '"0.005 '"0.2 < 0.02 ""0.03 (0.1 - 14.5 

R-4 -0.05 '" 0.4 < 0.03 -0.2 < 0.02 '" 30 

. 

aComplete R-series ana ly t i ca l  resu l ts  not avoi lable. 
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was demonstrated successfully, and 8500 data 
logs were processed and permanently stored on 
magnetic tape during the f i rs t  twelve months. 
Photographic curves were the most pract ical  and 
ef f i c ien t  vehic le for data d i ~ s e m i n a t i o n . ~  

The value of automatic data logging and curve 
plot t ing of the Vo la t i l i t y  P i l o t  Plant condit ions 
i s  graphicalty i l lustrated i n  a typical  curve made 
during autoresistance heating of a process pipe 
l ine  (Fig. 2 .3~~) .  Since this process temperature 
was not continuously recorded at the panel board, 
the temperature excursion at 9-10 hr was com- 
pletely missed with manual logging. An example 
of a mult iple-variable curve showing three process 
temperatures of the dissolver off-gas scrubbing 
system i n  run T-8 i s  given i n  Fig. 2.3b. 

2.2 APPLICATION TO STAINLESS-SIEEL- 
CONTAINING FUELS 

Dissolut ion of fuels containing type 347 stain- 
less steel i n  molten LiF-NaF-ZrF, appears 
feasible6 and i s  the basis of one flowsheet for 
processing the EBR-1 Core 2 fuel (88-10-2 wt % 

U-347 SS-Zr). The maximum solubi l i ty  of stain- 
less steel f luorides i n  this system appears to  be 
in the composition region which includes the 26- 
37-37 % eutectic. Approximately eutectic Li  F- 
NaF-BeF, (ref 7) and euteci ic (46-12-42 mole %9 
L iF -NaF-KF  also have an appreciable so lub i l i t y  
for stainless steel fluorides. I f  such systems 
should be used, a compromise would have to  be 
made between optimum hydrofluorination rate and 
maximum stainless steel solubi l i ty. 

Tests wi th 29-36-35 mole Olo LiF-NaF-BeF, 
( l iquidus temperature -350°C) showed FeF, 
solubi l i t ies of 6.1, 6.1, and 2.2 wt “0 a t  600, 500, 
and 406”C, respectively, wi th corresponding Ni F2 
solubi l i t ies of 2.6, 1.3, and 0.22 wt %, and CrF, 
solubi l i t ies of 0.90, 0.82, and 0.43 wt %. t-lydro- 
f luorination dissolut ion rates for type 347 stainless 

5E. C. Moncrief and M. C. Hill, Digital  Computer 
Process ing  oj Pi lo t  Plant  Data, ORNL TM-95, (Qec .  
1961). 

6Chem. Technol .  Diu. Ann. Progr. Rept .  May 31, 

’R. E, Thoma (Ed.) P h a s e  Diagrams o j  Nuclear 

1961, ORNL-3153, p 34. 

Reactor  Materials ,  ORNL-2548, p 43. 

U N C L A S S  I F l E D  
O R N L - L R - D W G  64637A 

Fig .  2.3. Oracle Curve Plots of Volati l i ty P i lot  Plant Operotions. ( a )  Plot  of molten-salt autoresistance- 

( b )  Plot of off-gas system temperatures during a typical run. heated l ine showing temperature excursion a t  10 h r ,  
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steel in  29-36-35 mole % LiF-NaF-BeF, fused salt  
were 0.012,0.43, and0.13 mg min- ’  cm-2, respec- 
t ively, a t  400, 500, and 600°C i n  5-hr tests. Rates 
in  40-49-11 and 36-44-20 mole ‘76 LiF-NaF-BeF, 
a t  600OC were 2.5 and 1.9 mg m i n - ’  CITI-~, respec- 
t i  vel y . 

Dissolut ion of EBR meltdown fuel containing 
trapped NaK coolant would probably cause no 
di f f icul t ies.  Simulated fuel, a 10-mil-wall type 
304 stainless steel tube containing 8 cc of NaK, 
was immersed in molten NaF-LiF-ZrF, and HF 
was admitted a t  0.25 Ib/hr. The temperature was 
held a t  500°C for 4 hr and raised to 600°C. The 
tube wa l l  was penetrated at the end of 5 hr as 
evidenced by a salt  splash in  the reactor, a t  an 
average penetration rate of 2 mil/hr. The NaK 
reaction did not cause any noticeable change 

LINE AT - 150°C 

\ 

DISSOLVER 
SALT 

other than the sal t  splash, which was probably due 
to  a sudden release of hydrogen and/or NaK vapor. 

2.3 APPLICATION TO SHORT-DECAYED 
UO, FUEL AND OTHER OXIDES 

Process Tests wi th  irradiated UO, Decayed 
15-30 Days 

HF-H20 T R A P  
I N  DRY ICE F2 G.AS FOR 

DESORPTION 

I 

In s i x  laboratory tests, the fused salt-f luoride 
vo la t i l i t y  process (Fig. 2.4) was successful ly 
used w i th  Zircaloy-clad UO, pins that had de- 
cayed l §  to 30 days, indicating that the process 
i s  potent ia l ly  as useful wi th short-decayed fuel 
as w i th  fuel  that has decayed > lo0 days usual ly 
used i n  aqueous processing. Radioactive iodine 
and tellurium, which form volat i le fluorides, were 
separated from UF, product i n  the NaF  absorption 

G 

HYDRO FLUO R I N A T 0  R FLUO R I N  ATOR 
6 5 0 ° C  5OO0C 

c I 
UNCLASSIFIED 

ORNL-LR-DWG 67264.4 

C12 GAS -+-K 
f 

NaCI T R A P  FOR 
F2 -400°C 

1 
‘ KOH 

S C R U B B E R  

PRODUCT UFs 
1 R A P  I N  DRY ICE 

400T 

Fig.  2.4. Schematic of Flowsheet Used in Processing Short-Decayed Uranium Fuel. 



47 

step operated at  100OC. Radioactive niobium, 
ruthenium, and zirconium behaved i n  accordance 
wi th  previous. work, result ing a lso  i n  good decon- 
tamination of the UF, product from their respective 
fluorides.* 

The behavior in the NaF  step of M o ~ ~ F ,  (half  
l i f e  of 6.7 hr) was i n  agreement w i th  work which 
determined that the decomposition temperature of 
the MoF,-NaF complex is 23OOC a t  760 iiim Hg 
pressure compared to 36OoC for the more stable 
UF,-NaF complex system. The disappearance of 
radioactive iodine, tel I uri um, niobi um, ruthenium, 
and molybdenum i n  the fused sa l t  dissolut ion step 
indicated precipitat ion or volat i l izat ion and con- 
densation at  the top of the dissolut ion reactor, 
wi th  not much of any of these fluorides being 
carried out of the vessel wi th  the excess HF. 
Dissolut ion rates for the irradiated UO, fuel were 
approximately the same as those w i th  unirradiated 
materia I - 

The tes ts  (Table 2.6) were made wi th  s l ight ly  
enriched, short-decayed, Uta, fuel wi th  a grass 
burnup of 0.05 t o  0.10%. Approximately 31.5 g of 
UO, and 15.4 g of Zircaloy-2 cladding were! dis- 

‘Chem. Techno!. Diu. Ann. Ptogr. Rept. May 31, 
1961, ORNL-3153. 

solved by hydrofluorination at  65OoC in 1 k g  of 
31-24-45 mole % LiF-NaF-ZrF,, result ing in  a 
f inal Composition of approximately 30-23-45-1.1 
mole % Li F-NaF-ZrFa-UF4. IJronium was recovered 
by vo lat i l izat ion of the UF, formed by f luorination 
a t  600OC. The dissolut ion rate of UO, was 11.5 
mg min- ’  cm-’  in  cold tests; rates wi th  the irra- 
diated fuel varied from 8.2 t o  16.5mg min- ’  c i ~ ~ ,  
due to experimental d i f f icu l t ies i n  manipulation of 
the hat -ce l l  equipment. 

Fission-product act iv i t ies  i n  ihe UF, product 
varied less than that of natural uranium for Sr /3 
to 50-fold that o f  natural uranium for Mo y (Table 
2.7). Overal l  process decontamination factors 
varied from the order of 10’ for Mo y to 108 for 
Sr /3 (Table 2.8). Overall decontamination factors 
were h igh for R u  yI Nb y,  I y, and Te fi activi t ies, 
which are o f  more concern than Mo99 with i t s  
short ha l f - l i fe  o f  6.7 hr. Decontamination was 
part icularly high f rom Zr y, Sr p, Ba /?, and Cs y 

as expected from the low vo la t i l i t y  of their f luo- 
rides. 

The ch ief  difference between processing of 
long- and short-decayed fuel i s  the presence of 

ac t i v i t y  i n  the latter, More than 99% of the 
y act iv i t y  disappeared in  the dissolut ion step 

(Fig. 2.5), as did a lso the T e  0, Mo 0, Nb y, and 

Table  2.6. Conditions and Results in  Processing of Short-decayed UO, 
~____- 

Dissolut ion a t  65pC 

M F  Flow HF 11 O2 
Dissolut ion 

Rata Ef f ic iency Reaction,a 
UF6 U F, 

(in I/m in) (%I (%I (mils/hr) (%I 

H F  Run Time Rate, Ut i l i zat ion 

No. (hr) STP Volati  l izotion, 

1 7 750 5.0 59 8.2 98.8 98.8 

2 6.5 1000 7.7 90 14.3 99.0 99.1 

3 9 1000 4.4 1 i a  99.7 99.7 

4 7 1000 5.1 78 12.0 99.7 96.3 

5 8 1000 4.3 98 16.5 90.0 89.3 

6 7 1000 3.9 82 12.9 64,9 74.3 

ai3ased an uranium concentration in salt. 

bBased on in i t ia l  and f ina l  uranium concentrations in salt; fluorination a t  500OC for 3 hr, 300 ml of F, per minute, 

and absorption on f irst N a F  bed. 

‘Bosed on recovered UF and waste sa l t  loss, loss i n  NaF b e d s  baing negligible. Desorption from first N a F  bed 6 
through second NaF bed to UF6 trnp with 100 ml of F2 per min for 1 hr. 



T a b l e  27. Activi t ies in Product UF6 from Fluoride Voiot i l i ty  Tests with Short-Decayed Fuel  

Corrected to basis of time of final process desorption step 

~~ 

Ratio of Act ivi ty  Found to That  of Natural Ua 

Run Calc. F.P. 

Gross !!? Gross y 
No. Zr y Sr P B a p  C s y  R u y  Nby  1 y T e @  M o p  U 2 3 7 / j  U237 Y 

~~ ~ 

47 

10 

52 

31 

5 0.55 <lo-’  2 . 4 ~  0.26 2.6 120 1 . 9 X  12 1 . 6 ~  lo3 9 . 8 ~  l o2  12 124 

6 1.5 5 . 5 ~  <10” 1 . 1  2.6 19 16 7 . 5 ~  lo-’ 9.2 9 . 0 ~  10’ 6 . 4 ~  lo2 9.2 40 

< l o - ’  56 2 . 5 ~  lo3 1 . 6 ~  l o3  56 1 0.45 (0.1 22 13 ; 12 

1 . 2 ~  lo3 7.8X i o 2  48 

c0.1 2.2 21 5 . g X  70 3 . 0 ~  lo3 2.1 lo3 70 

2 1.3 9 . 0 ~  1.9 (0.1 3.4 ’ 3.8 (lo-’ 48 

3 28 < (0.4 23 1.3 4.1 x 3.2 4.1 x IO3 2 . 9 ~  IO3  3.2 

4 8.0 2.1x 

‘Natural uranium act ivi ty  token a s  80 1-3 cpm and 8 y cpm per mg u. 

, . , 
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Table  2.8. Decontamination Factors in Fused Salt-Fluoride Volatility P B D C ~ ~ S  
Laboratory R u n s  on Short-Decayed f u e l  

____ ... I____.. .......... ........ 
OvcraII Process Decontamination Factors 

............ ______ s__l. 
Run 

NO, Z r  Y Sr p Ba Cs Y R U Y  N b Y  l Y  T e  P Mo P 

1 9 . 0 ~  105 4,2x io7 3 . 2 ~  i o 5  8.3 i o 5  4 , s X  i o 5  8 . 3 ~  io6 3.1 io2 

2 l . l x  lo7 4 . 5 ~  IO6 4 . 3 ~  lo7 8 . 4 ~  lo5 6 . 2 ~  lo7 3 . 3 ~  IO6  7.0~ lo5 4,8x IO6 77 

3 5~~ io5 1.2x lo8 9.1 io7 5.3x io5 5,gX i o 6  3 . 2 ~  io6 1 . 5 ~  io4  

4 2,Ox lo6 2.3 x lo8 6 , 2 x  I O 7  7~~ lo7 6.3 x io6 2.0 x io5 1.2 io7 1.2 io2  

5 5 . 3 ~  lo7 9.1 x 107 2,7x lo8 4.8 lo7 1.2 lo7 1.9 lo4  4.8 lo7 40 

.__ _-__ 

6 1.5 x lo7 1.3 x lo8 5.6 x IO7 3.2 x lo5 4.0 x lo6 1.2 x lo6 1.9 x lo5 9.1 x lo5  3.2 x 10' 

:-IF ACTIVITY 

R U N  I 3 4  x ~ 0 - 4  
2 8.5 10-4 
3 2.0 x ~ o - 3  

s 2.6 x ~ o - J  
4 2 7 ~ 1 0 - ~  

6 6 4 x 

1 1 DISSOLVER 
I .......... I 
ACTIWTY LOSS 
IN DISSOLVEW 

I U N  I > 9 9  
2 > 9 9  
3 > 9 7  
4 > 9 9  
5 >99 
6 > 9 9  

U N C L A S S ' F I E D  
O R N L - t R - D W G  67257A 

..... 

...... ___._ 

... 

SCRUBBEK 
ACTIVITY 

R U N  1 o i a  RUN 1 5.1 x 

CONVERTER 
ACTIVITY 

2 0 1 5  2 8 3 x 1 0 - 3  
3 011 3 1 9 x 1 0 - 2  

6 3 a x i w 2  

a 0.16 4 0 4 0  
5 017 5 0.13 

6 6 1 x i O - '  

......... I .......... 
BED I A C T I V I I Y  BED 2 ACTIV:TY 

RUN 1 2.5 x RU'V 1 I ~ X < , O - ~  RL,N 1 2.4 x i 0 - 4  
2 7 6 ~ 1 0 - ~  2 3 3 x 1 0 - 5  2 1.4 x 1 0 - 4  
3 7 . 0 ~ 1 0 . ~  3 3 a X ~ O - 6  3 1.7 x i 0 - 5  
4 2 0 x 1 0 - 5  4 4 2 x 1 0 - 6  4 5.1 10-4 
5 9 7 x 1 0 - 5  5 9 1 x 1 0 - 6  5 5 3 x 1 0 - 3  
6 i .5 x ~ o - 4  6 4 2 ~ 1 0 . ~  6 5 3 x 

FLUORINATOR 

ACTlVlT" LOSS 
In  FLUORINATOR 

RUN 1 - 0  
2 -0 
3 2 6  
4 -0 
5 -0 
6 ooa  

- ~ WASTE SALT I 
CONTAINER 

I I 

W,ASTE SALT 
BCTIVITY 

RUN 1 5 2 x 1 0 - '  
2 UNDETECTABLE 
3 E 3 X I O - ~  
4 UNDETECTABLE 

6 7 7  x ~ O - ~  
5 7 7 10-3 

Fig. 2.5. Iodine Camma Activi ty  Distribution in Fused Salt-Fluoride Volat i l i ty  Process Laboratory Runs on 

Short-Decayed Highly Irradiated UO, Fuel. Values are given a s  percentages of feed act iv i t ies .  
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Ru y. The I y that remained, presumably vola- 
t i l i zed  wi th  the UF, as IF,, was separated from 
the UF, i n  the NaF  absorption system. The 
molybdenum and ruthenium disappearance i n  the 
dissolut ion step i s  attributed to  a reduction 
mechanism which resulted i n  plat ing out o f  these 
substances on the wal ls  of the n icke l  dissolut ion 
vessel. From 1 to 10% of the Nb y act iv i t y  accom- 
panied the excess HF, the remainder being either 
condensed on the wal ls  i n  the upper vapor space 
or precipitated i n  the salt. The absence of Mo and 
I y act iv i t ies  i n  the waste HF indicates that these 
substances did not vo la t i l i ze  to  any extent from 
the salt. The anomalous f iss ion product behavior 
would perhaps be signif icant i n  operation of a 
molten-salt reactor or in processing of i t s  fuel. 
The high Cs y act iv i ty  found (Table 2.9) was due 
to prior use o f  the equipment in  processing very 
high burnup fuel wi th  a long decay period. 

Process Tests with Irradiated BeQ-UQ, and 
ThQ,-UQ2 Fuels 

The results of tests wi th  irradiated BeO-UO, 
and Tho,-UO, fuels generally indicated the feasi- 
b i l i t y  of th is  approach for such fuels, but more 
work i s  needed in developing the chemistry and 
the optimum sal t  system i n  each case. 

Irradiated Be0-U02 fuel containing Y ,03 was 
hydrofluorinated at  650OC i n  40-49-11 mole “0 L iF- 
NaF-BeF, i n  two runs and in  36-32-32 mole% LiF- 
NaF-ZrF, i n  one run. Fluorination of the products 
at 500°C volat i l ized only 60 to  95% of the total 
uranium, probably because of incomplete dissolu- 
tion. Analyses of the hydrofluorinated salts indi- 
cated thatonly  8 and 29%of the B e 0  had dissolved 
i n  the f i r s t t w o  runs, i n  contrast to79% i n  the third 
run. Presumably, in dissolut ion some preferential 
leaching of the UO, occurred. The high resul t  of 

Table 2.9. Activities in Feed UQ, and Dissolution Salt in Fluoride Volatility 
Laboratory Runs on Short-Decayed Fuel‘ 

1 

2 

3 

4 

5 

6 

1 

2 

3 

4 

5 

6 

1.1 x lo8 
1.1 x lo8 
1.2x lo8 
1 . 3 ~  lo8 

2 . 3 ~  lo8  
1.8 x l a 8  

74 

83 

140 

90 

96 

110 

3 . 6 ~  107 

3.3x lo7  
4 . 2 ~  lo7  
3.8 l o7  
7.3x 10, 

5 . 7 ~  lo7 

77 

94 

96 

101 

2 50 

107 

Calculated in Feed (cpm/mg U) 

4.9 X l o7  8.8 X l o 5  5.6 x lo7 8.8 x l o7  4.0 x lo7 
3.5 lo7 9.8 x i o 5  5.0 x l o7  9.0 x 10’ 2.2 lo7 
9 . 7 ~  l o 7  1.1 x l o 6  7.0 x lo7 9.8 x 10’ 6.0 x lo7 
5.0 x lo7 L O X  i o 6  6 . 2 ~  107 1.1 lo8  3.3x lo7 

4 . 4 ~  lo7  1.6 x i o6  8 . 2 ~  107 1 . 9 ~  i o 8  2 . 4 ~  l o 7  
5 . 2 ~  lo7 2 . 4 ~  IO6 1 . 0 ~  lo8 2 . 5 ~  lo8 1 . 8 ~  lo7 

Found in Dissolution Salt (% o f  that in feed) 

94 3800 1.6 28 0.20 

130 1300 3.6 27 

71 330 8.2 57 1.7 

87 190 4.2 56 

107 570 11 52 

83 175 12 67 

6 . 5 ~  lo6 

3.9x l o 6  

5.7x lo6  
7.1 x l o 6  
5.7x 10, 

7 1.1 x 10 

1.6 

4.3 

11 

8.2 

1 . 4 ~  lo6  
3 . 0 ~  l o 5  
3.8 x io6 
6 . 5 ~  l o 5  
3.9 l o 4  
2 . 4 ~  l o 5  

<< 1 

<< 1 

<< 1 

<< 1 

<< 1 

nProcedure of ORNL-2127, Part I, Val. I; act iv i t ies corrected to  time o f  desorption and obtaining af UF product; 
conversion of dis/min t o  cpm based on recommended geometry and counting efficiencies for different rodioisotopes. 
Radionuclides used: 63-d Zr95; 54-d Sr89, 28-y Sr90; 12.8-d Ba14’; 2.0-y Cs13,, 13-d Cs136, 26.6-y C S ’ ~ ~ ;  41-d Ru103, 
1.0-y Ru106; 35-d Nb9’; 8.0-d 90-d Te’”‘“, 33-d Te’29m,  77-d Te13’; 67-h 

6 
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the las t  run possibly means that ZrF, promotes 
the hydrofluorination of Be6, perhaps through 
metathesis. Decontamination o f  the recovered UF, 
in each run was high. Irradiated Tho,-UO,, i n  
two runs, W Q S  hydrofluorinated a t  650°C i n  36-24- 
40 mole % LiF-NaF-ZrF,, and the product was 
f luorinated at 600°C. As i n  the BeO-UO, runs, 
both dissolut ion and UF, volat i l izat ion were in- 
complete. l h e  most notable feature of t h i s  work 
was observance of the behavior of Pa233. In  the 
second run 10.6% of the protactinium was vola- 
t i l i zed  (probably as PaFJ w i th  the excess HF 
over a 19-hr period a t  650°C; i n  the f i rs t  run, which 
was probably not carried as near completion, 
<0.01% volat i l ized. In both tests, PaF, vola- 
t i l i za t ion  was negl ig ib le (0.01 to  0.03%) i n  the 
3-hr f luorination period a t  600°C. The contrast 
between the 600 and 650°C volat i l izat ion behavior 
i s  str iking, although the resul ts agree with the 
observation that PaF, has low volat i l i ty ,  w i th  a 
sublimation or boi l ing point C I S  high as  500 to 
400°C.9 

z Ro2 H yr]lrOf! MC4 r i nhl ti On 

Zirconium oxide i n  an array of 2 by 4 by '/, in. 
paral lel  slabs reacted with HF i n  molten 26-43-31 
mole % NaF-L iF-ZrF ,  in an INOR-8 reactor (Table 
2.10, Fig. 2.6) a t  about twice the rate of Zircaloy- 
2 simulated fuel elements. In  a copper-lined dis- 
solver, where metal l ic part icles result ing from 
vessel corrosion are not present, the rate curve 
for Zircaloy-2 dissolut ion i s  smooth. These condi- 
t ions are nearer those for zirconium oxide dis- 
solut ion than to the dissolut ion of Zircaloy-2 in  an 
INQR-8 vessel. 

Part ia l  dissolut ion of the Zircaloy-2 le f t  a 
deposit of metal l ic  part icles on the element be. 
cause of zirconium metal reduction of n ickel  
f luoride formed by vessel corrosion. Immersion 
sf the part ia l ly  dissolved Zircaloy-2 elements 
from runs 00-4 and BO-8 in  boi l ing ammonium 
oxalate solut ion removed metal l ic  part icles before 
the f inal  weighing. No ammonium oxalate treaf- 
rnent was used i n  run DO-1, which may part ia l ly  
account for i t s  low apparent dissolut ion rate. The 
low dissolut ion rate i n  run DO-8 is due to  the low 

9 ~ .  T. ~ i l e s  et a[., * * A  Continuously Separating 
Breeder Blunket Using ThF4," Nucleonics,  pp 26-29, 
J u l y  1954. 

3 .5  

3.3 

2.5 
E 

N 

6 , 
cr 
E 2 . 0  - 
W 

G 

0 1.5 

X 
z 
+ 
2 1 

0 m 

0 
?? 

1.0 

0.5 

0 

UNCLASSIFIED 
ORNL-LR-DWG 74436 

I I l l  

0 L RCAL3Y-2 ,  CU-LIVED DISSOLVLR i i 

4 6 6 10 20 40 

HF VELOCITY ( I b  h r - '  f t - ' )  

Fig .  2.6. Comparison of Dissolution Rotesof  Ziscnloy-2 

and L O Z .  

speci f ic  HF feed rate. The rate for Zircaloy-2, 
after being cleaned in  Run DO-4, was identical 
to that  i n  u copper-lined vessel w i th  very si ini lor 
HF f low and temperature conditions, 

Ccsrrosion 

Prel iminary results of corrosion studies" indi- 
cated that wi th Be0 a t  570°C corrosion should not 
be a problem under the condit ions studied. Further 
work (Tab le  2*11), i n  which ZrO, was dissolved 
i n  43-57 mole % NaF-L iF  a t  700'C for comparison 
with resul ts of an earlier study'' on corrosion i n  
melt alone and i n  the presence of d issolv ing 
Zircaloy-2 indicated that in  dissolut ion of ZaO, 
corrosion should be similar to that w i th  melt alone. 

"Chem. Technol. Ann.  Progr. Rept .  Muy 31, 1961, 
ORNL-3153, p 35. 
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Table 2.11. Corrosion of INQR-8 i n  Molten Fluoride During Hydrofluorination of Fuel Components 

H F  f low rate: 10 g/hr 

-_ 
Maximum Penetrat ion Rate, mils/month 

- - - ~  
43-57 mole '$6 N a F - L i F ,  7o0°c 

Sample 53-47 mole % NaF-ZrF, ,  _..l._._l_.__ ~ 

214 hr, 
200 hr, Zirca I oy-2 93 hr, Locat ion 57OoC, 300 lir, 

Be0  Dissolved Zr02 Dissolved Dissolved Salt Alone 

Vapor 

Interface 

L i q u i d  

1 

5 

0.1 -1.6 

44 

97 

34 

Slight - 43 

31 60 

Slight n., 43 

2.4 GENERAL PROCESS DEVELOP 

Hydrofl uori nation Corrosion 

Further laboratory-scale studies ' '  (Table 2.12) 
showed the potential usefulness of A l l oy  79-4 
(79% nickel, 4% molybdenum, plus iron and trace 
elements) as a hydrofluorinator construction mate- 
r ia l  and indicated the high corrosion rate t o  be 
expected a t  the interface when dissolv ing Zircaloy- 
2 in 50.5-37.0-12.5 mole % NoF-LiF-BeF, w i th  
HF a t  65OOC. The latter melt W Q S  developed i n  
an attempt to  provide a cheaper in i t ia l  mixture for 
a nonrecycle dissolut ion scheme than the equimolar 
NaF-LiF-25rnole % ZrF, now being used i n  the 
Fluor ide Vo la t i l i t y  Pi lot  Plant. Intergranular 
corrosion was noted on A l l oy  79-4 exposed to 
NaF-LiF-ZrF,, which would have to be balanced 
ayainst the s l igh t ly  less favorable resul ts obtained 
w i t h  INOR-8 under f luorination conditions (see 
below) for a vessel to be used for both hydro- 
f luorination and fluor inat ion. 

Correlat ion of corrosion data accumulated during 
prototype hydrofluorination rate studies w i th  the 
kinematic v iscos i ty  of molten sa l t  showed the 
relat ion K = k v - 2 * 5  In HF rate, where R i s  the 
corrosion rate of INOR-8 i n  Hf-sparged sodium- 
l i thium-zirconium fluoride, k i s  a constant, and 
v i s  the kinematic v iscosi ty (Fig. 2.7). At an 
HF rate of 40 Ib/hr per square foot of reactor 
cross section, the corrosion rate W Q S  5.2 m i l s /  
month a t  a kinematic v iscosi ty of 0.0950 ft2/hr 

"Made at  Batte l le  Memorial Institute under sub- 
contract, 

UNCLASSIFIED 
ORNL-ILR-OWG 60048A 

0 0.5 1 .o 1.5 2.0 

v-2.5 (f+?hr) 

Fig .  2.7. Correlation ~f INOR-8 Corrosion Rate  wi ih V, 

Kinematic Viscosity,  at HF Rate of 4.0 Ib/hr. 

(23 mole % ZrF,, 65OOC) and wcls less than a 
measurable amount after 40-hr exposure at a 
kinematic v iscosi ty of 0.1860 ft2/hr (33 mole % 
ZrFd, S50°c). 

F I uori nation Corrosion 

The superiori ty of A l l oy  79-4 as a fluorinator 
construction material over INOR-8 and L-n icke l  
in NaF-LiF-ZrF, melts alone and w i th  5eFs  was 
also shown l 2  (Table 2.13). However, the higher 

12P. D. Mil ler  et al.. Constmction MntePiaZs / O r  the 
Hydrofluotiriator o/ the Fluoride Vola t i l i t y  Process, 
BMI-1348, (June 3, 1959). 
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Table 2.12 Corrosion o f  INOR.8 and Alloy 79-4 in Molten Fluoride During Hydrofluorination 

Zircaloy-2 added periodically to  simulate continuous dissolution conditions 

Run Time: 200 hr 
Temperature: 650°C 

Penetration Rate, rnils/month 
I- - 

(37.5-37.5-25 Mole %) NaF-LiF-ZrF4 

23 g/hr HF 

(50.5-37.5-12.5 Mole %) NaF-LiF-BaF2 

9.6 g/hr H F 
Metal 

- 
Basis  V R  I L Basis V 1 L 

_I___.-...-.. 

I NO R-8 Max i.g. b 0 C 7 110d 7= 

AI IOY 79-4 Max i.g. 0.9 5.5 2.7 ‘ 3 88d 3d 

Max w t  loss  0.1 0.3 Gain wt 0.6 Gain 

b 

Max wt l o s s  0.5 0.3 0.6 wt 0.5 

- 
‘V= vapor; I = interface; L = liquid. 

‘Microscopic measurement of metal remaining. L o s s e s  too low for measurement with micrometer. 

dMctximum of micrometer and microscopic measurements. 

lntergran utar. 

Table 213. Corrosion o f  INOR-8 Alloy 79-4, and 
L-Nickel in Molten Fluoride During Fluorination 

UF4 added periodically as source o f  UF6 

Tcmperat ure: 500° C 

Maximum Penetration Rote, 
mils/month 

27.8-20.4-6.8- 
27.5-27.5-45 mole % 45 mole % N ~ F -  Metal 

F-Li F-ZrF4, L i F-8eF2-ZrF4, 
148 hr F2 162 hr F2 

V U I L V I L  

~~ 

INOR-8 3 11 11 9 38 6 

Alloy 79-4b 1 4 2 7 1 3 5  

L-Nickel 8 25 28 11 31 22 

aV = vapor; I = interface; L = liquid. 
bNi, 79%; Mo, 4%; Fe, balonce. 

Since A l loy  79-4 contains no chromium, i t would 
be expected to have rather poor resistance to  a i r  
oxidation at  elevated temperatures. Total corro- 
sion rates attributable to high-temperature oxida- 
t ion of as-received Al loy 79-4, L-nickel,  and 
INOR-8 were 1.1, 1.6, and 1.6 mils/month, res- 
pectively, compared to rates of 2.2 and 0.0 
mils/month for aluminum-coated and chromium- 
coated A l l o y  79-4. Thus, uncoated Al loy 79-4 is 
probably usable, but chromium treatment gives 
essential ly complete protection. 

In exploratory studies in the Fluoride Vo la t i l i t y  
P i l o t  Plant fluorinator, i n  which test  rods were 
exposed to actual operating conditions during a l l  
nonradioactive runs, no signif icant improvements 
were noted from a fluorine preconditioning treat- 
ment o f  L-n icke l  or from the use o f  high-purity 
vacuum-melted nickel. Neither were essential 
differences noted from the exposure of binaries of 
n icke l  and the fol lowing alloys: 2% Mn; 5, 10, and 
20% Fe; 5 and 10% Co; 1 and 3% AI; and 0.05, 
0.1, and 1% Mg. 

1 4  

corrosion of the BeF2-containing melt i s  evident. 
More detai led data presented elsewhere13 show 
that the L-nickel corrosion under f luorination 
conditions i s  almost entirely intergranular attack. 

13F. W. Fink at  al., BMI, “Corrosion Investigation 
of ‘L’ Nickel Under Fluorination Conditions,” letter 
to R. P. Milford, ORNL, Sspt. 15, 1961. 

14P. D. Miller et al., Cortosion Investigntion 01 HyMu 
80. INOR-8.  and ‘L’ N i c k e l  Under Fluorination Condi- 
iidns and z n d e r  Air Oxidat ion Conditions, RMI-X-192. 
(Feb. 26, 1962). 
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Volat i l izat ion of UF, from BeF, Salt 
Compositions a t  Low Temperatures 

Laboratory-scale work wi th  29-36-35 mole % 
LiF-NaF-BeF, Fused sa l t  (-350OC l iquidus) gave 
favorable UF, volat i l izat ion results, indicating 
the poss ib i l i t y  of using th is  or similar lowmel t ing 
sa l t  systems at  low temperatures to  minimize 
f luorination corrosion. In separate tests  a t  400, 

, and 500°C wi th  sa l t  containing -21 wt % $IF,, 
the corresponding residual concentrations after a 
I -hr  f luorination were 0.67, 0.19, and 0.04 wt %; 
after a 2-hi. period the concentrations were 0-19, 
0.03, and 0.04; and after a 3-hr period they were 
0.04, 0.05, and 0.63. A l l  the concentrations 
eventual ly decreased only to  the 0.03-0.05% range?, 
apparently as the resul t  of insuf f ic ient  care being 
taken i n  cross-Contamination in  sampling, but 
further work i s  needed in  th is  area. 

Fluorination of UF, from melts wi th  a high a lka l i  
f luoride content has resulted i n  the past i n  severe 
corrosion (ens., in the eutectic sodium-potassium- 
l i thium f luoride system). Th is  seemed also the 
case in fluorination tests wi th  40-49-11 mole % 
LiF-NaF-BeF, sa l t  a t  600°C, where the n icke l  
corrosion rate was >RO mi I s h r .  However, cursory 
corrosion results wi th  20 and 35 mole % BeF, 
indicated insignif icant attack, 

Recycle and One-Yessel Process Testing 

A program of recycle test ing in prototype equip- 
iiisnt w i t h  provisions for d i lu t ion and purif icat ion 
by chemical reaction and set t l ing has been sstab- 
l ished (Fig. 2.8). The most cost ly  component of 
the NGF-LiF-ZrF,  solvent sa l t  used for dissolu- 
t ion of fuel containing Zircaloy-2 i s  the ZrF,. 
Since large quantit ies of th is  material are formed 
in the d isso lut ion reaction, recycled waste sa l t  
can be di lu ted wi th  N a F - L i F  to  provide starting 
sa l t  a t  a considerably lower cost. The recyc le 
process w i l l  concentrate a l l  soluble or suspended 
impurit ies i n  the waste salt, and th is  concentra- 
t ion might interfere wi th  subsequent d i  ssolutisns. 
A number of recyc le fiethods are possible i f  the 
use of both a one-vessel and two-vessel (hydro- 
fluorinator and fluorinator) process i s  considered. 
The simplest systems (cases I and IV, Fig. 2.9) 
require new fuel elements to  be charged t o  a vessel 
containing molten salt. Since th is  i s  considered 
an undesired complexity, the equipment setup 

shown in Fig. 2.8 i s  designed t o  suit case V I  
which i s  a single vessel modificatian of case Ill. 

The temperature and concentration dependence 
of the rate 3f absorption of' UF, on NaF was 
establ ished from studies wi th  single layers of 
NaF pel le ts  in  a f ixed bed. W i t h  increased tern- 
perature, the i n i t i a l  absorption rate increased, with 
absorption confined more nearly to  the periphery 
of the pellet. However, due to  the physical block- 
age o f  the pores in the NaF, th is  e f fect ive capac- 
i t y  was lower than at  lower temperatures. With 
an increase in the UF, concentration in the f lowing 
stream, there was a straight-forward increase in 
the Qbsorption rate. The density of the complex 
UF,*3NaF was measured as 3.88 g/cm3 at  26'6. 

A mathematical model predicting the experi- 
mental ly observed characteristics of the absorption 
process was devised. The associated part ial  
dif ferential equations were coded for solut ion with 
a d ig i ta l  computer, and preliminary agreement 
between calculated and experimental results was 
observed. Future work w i l l  include calculat ions 
for a mult i layer bed of NaF  wi th  provision for 
removal o f  f luorides other than UF,, far example, 
MnF, and NbF,. 

F, Disposal 

Two methods of destroying waste f luorine were 
investigated experimentally. In one case f luorine 
was reacted wi th  p icn ic  grade charcoal a t  rates 
up t o  2.25 standard l iters/min in  a 4-in.-diam bed. 
The effluent gas contained less than 100 ppm of 
fluorine, and was composed largely of CF, and 
other fluorocarbons. Significant amounts of HF 
and water were formed, apparently from compounds 
present i n  the charcoal, and a small amount of 
resinous sol id (probably polymerized fluorocar- 
bons) condense in the off-gas l ine, The second 
method was reaction of sulfur dioxide and fluorine 
to form sulfuryl f luoride (SO,F,). The entering 
gases were preheated to -200'6: and reacted in a 
3-in.-diam pipe. At  1.7 standard I i t e r d m i n  of 
f luorine the reaction zone temperature was 270' C 
without cooling. In future tests the off-gas com- 
posit ion w i l l  be evaluated for completeness of 
reaction a t  various f low rates. 



56 

U N C L L S S I f I E D  
ORNL-L4-DWC 71437 

FLUO?!DE VOLATILITY PROCESS 
O N t  VESSFI. AND SALT RECYCLE 
EQU I P M E  Y T STU D I ES 

BUILDING 
EX H A U S1 

r 

DISSOLUTION FLJORI NATION 
OFF CPS OFF-GAS , 

VENT 

s 
r - -  Ir - - -  

RCVR. L 

,- ii F OR F2 
FEED 

FILTER - 
ill 

RF4CTOR 

. 

TRANSFER 

BUILDING 
EXHAUST 

I.t..... 
SODA I L IME 

I  LINE^ iI 

Sal T TRANSFER 
L I N E  WELDE3 TO 
VESSEL WALL 

SALT DISCHARGE 
q AtJTO-RESISTANCE 

HEATED L NES 

I I  

1 
~ A U - I O - R E S I S T A N C L  

HEATED, SALT 
TRANSFER L INES 

INCONEL 
SALT 

MAKEUP 
A N D  

SUPPLY 
TANK 

. 

Fig. 2.8. Single-Vessel Process with Recycle. 
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UNC L ASS I F I ED 
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I 
I CASE I I I  

HF, I H2 
I 

NaF-LiF 

WASTE 

CASE I V  

CASE V I 
HF, I 1 i 2  

I 

Fig. 2.9. Salt  Recyc le  Flow Diagrams. For a l l  cases 

percentages refer t o  the volume of a batch. 

Mo I ten- So I li At0 m i x er by a concentric vapor phase nozzle del ivering 
Spherical part icles ranging 

The use of a motten-salt atomizer as a means of from 25 to 100 /r i n  diom were produced (Fig, 
f luorination or as o means of producing part icles 2.10). The part icle diameter was varied by 
suitable for a f lu id  or f ixed bed process was changing the volumetric ra t io  of the liquid and 
investigated, A heated nozzle discharging about gas phases. A re la t ive ly  low pressure drop (-10 
0.3 ft3/hr of NaF-LiF-ZrF, sa l t  was surrounded psig) across the molten-salt nozzle was required. 

-5000 ft3/hr of air. 
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Fig. 2.10. Atomized Salt. 

. 

3. Waste Treatment and Disposal 

This  program i s  concerned w i th  the development 
and demonstration on a pi lot-plant scale o f  proc- 
esses for the treatment and f ina l  disposal of radio- 
act ive wastes result ing from reactor operations 
and reactor fuel processing in the forthcoming 
nuclear power industry. In  addit ion to  the normal 
desire for improvement i n  present methods of 
waste management, a major incentive for pursuing 
th is  work arises from the different types o f  wastes 
to be expected from a nuclear power industry, 
compared w i th  those now being produced, Waste 
management w i l l  grow more complex both because 

of a greater variety of reactors and fuel types and 
because of more stringent health and safety re- 
quirements demanded by an expanding population. 

Pr inc ipa l  emphasis has been on high- and low- 
ac t iv i t y  l iqu id  wastes. A process has been ad- 
vanced through the laboratory and nonradioactive 
engineering stage for converting h igh-act i v i ty  
wastes to  sol ids by high-temperature pot calcina- 
tion. The wastes are evaporated to  dryness, and 
the residual sol ids are calcined in  a cy l indr ica l  
stainless steel pot which, when sealed, a lso serves 
as the f inal storage container. The process i s  not 
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only suitable for handling a var ie ty  of waste types, 
but a lso offers the poss ib i l i ty  o f  f ix ing the f iss ion 
products i n  glassy materials o f  very low solubi l i ty. 
A p i lo t  plant was designed, i n  cooperation wi th  
Ph i l l i ps  Petroleum Company, to  demonstrate the 
process wi th  actual wastes at the Idaho Chemical 
Processing Plant  (ICPP). At the end of FY 1962, 
the D iv is ion  of Reactor Development, 'dashington, 
decided to  move th is  program t o  Hanford; design 
studies are now being in i t ia ted for this change. 

A combination process (scavenging plus ion 
exchange) for decontaminating very d i lu te  sa l t  
solutions such as cool ing water and canal water 
has been developed and demonstrated wi th  ORNL 
process waste in a 600-gab'hr p i lo t  plant. Based 
on the performance of th is  p i l o t  plant, design 
cr i ter ia  can be specif ied for a 75OFO00-ga1/day 
p lant  t o  decontam i note the tota I proces s-waste 
stream to <3% of the maximum permissi$le con- 
centration of radionuclides i n  drinking water 
(MPC),, for continuous occupational exposure, 

FEED 
CONCFhI I HATED 

t i lC ' i - LEVEI  A C I D I C -  
WASTE 

A n  economic and hazards evaluation of alterna- 
t i v e  methods for the treatment and disposal of 
highly radioactive l iqu id  and so l id  wastes was 
undertaken joint ly w i t h  the Health Phys ics D iv i -  
sion. Fol lowing a cost study of interim l iquid 
storage in  tanks, the economics of pot calcination 
were investigated and preliminary costs for sol id- 
waste shipment and disposal i n  sa l t  formations 
estimated. 

3,1 HIGH-ACTIVITY W 

In  the pot-calcination process, radioactive waste 
i s  evaporated as m u c h  as possible without pre- 
c ip i ta t ion of sol ids and i s  then pumped to  an 
external ly heated vessel i n  which it i s  thermally 
decomposed to metal oxides and sulfates a t  tem- 
peratures up to  900°C (Fig. 3.1). After the calc i -  
nation i s  complete, the vessel i s  disconnected 
from the system, sealed, and transported to a 
permanent storage site. The gaseous nitrogen 

UNCLASSIFIED 
ORNL- LA-DWG 6j618 A 
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F U R N f i C F  
9OO"C 

C A L C I M F R  POT' S0I.IDS TO F'EERMANEIUT S T O R A G F  

Fig.  3.1. Flowsheet  for Converting H i g h - l e v e l  Wastes to Solids. 
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oxides produced by the high-temperature decompo- 
s i t ion of nitrates are recycled to  the evaporator 
and then to a rectif ier. During passage through 
the evaporator and rectif ier, i n  which there i s  
excess oxygen, the nitrous and n i t r i c  oxides are 
reabsorbed to form n i t r ic  acid. A small volume 
of noncondensable gas is  passed through a York- 
mesh or impingement plate de-entrainer t o  remove 
f iss ion products and then i s  vented through f i l ters  
to  a stack. The n i t r ic  ac id  thus decontaminated 
i s  concentrated by dist i l lat ion, and the concen- 
trated ac id  i s  recycled t o  the fuel processing 
plant. The dist i l late, part of which i s  recycled 
to  the evaporator to  str ip n i t r ic  acid, i s  subse- 
quently handled as low-activi ty waste. The 
volume of off-gas discharged i s  small, being only 
that from instrument bubblers and system leokage. 
The system can be made essential ly continuous, 
w i th  one evaporator feeding a number of ca lc in ing 
pots operating in  sequence. 

The diameter of the pot i s  determined by the 
heat-generation rate in  the calcined radioactive 
solids, the maximum al lowable wal l  temperature 
of the pot, and the thermal conductivi ty of the 
$eposited solids. Further, it i s  necessary that 
the temperature of the waste solids remain below 
the calcination temperature during long-term stor- 
age. Otherwise, residual nitrate OF sulfate may 
be decomposed during transportation and storage, 
causing pressurization o f  the pot and possibly 
accelerated corrosion. The pots w i l l  vary in s ize 
from 6 to  24 in. i n  diam and from 8 to 15 f t  in  
height, the diameter being l imited by the ab i l i t y  
to  lose decoy heat under storage conditions and 
the length by the size and weight of shipping cask. 

The design of a p i lo t  plant for the demonstration 
of the pot-calcination process has progressed 
through the process- and engineering-flowsheet 
stages, and remotely operated mechanical equip- 
ment has been designed and built. Work on both 
engineering and laboratory scales wi th  synthetic 
Purex, TBP-25, and Darex wastes (Table 3.1) 
was performed i n  support of the p i lo t  plant design. 
Engineering studies were concerned wi th  the 
operabi l i ty of both continuous and batch evapo- 
rators in  series wi th  the pat and wi th  obtaining 
information required to  construct chemical and 
material-balance flowsheets. Laboratory work was 
devoted to studies of vapor-l iquid equil ibria, ru- 
thenium volat i l i ty, preparation of glasses for 
f ixat ion o f  the f iss ion products and measurement 
of their thermal conductivit ies, and corrosion under 
process conditions. 

Table 3.1. Compositions of Simulated High-Activity 

Wastes 

Concentration (moles/liter) 

Purex TRP-25 Dorex 
Component 

 AI^+ 
Fe3+ 

~r~~ 

N i2+  

No + 

H +  

H 9 2 +  
+ Nt14 

Mn2' - 
N O 3  

s o 4 2 -  

CI - 

0.1 

0.5 

0.01 

0.01 

0,6 

5.6 

6.1 

1 .o 

1.72 

0.003 1.2 

0.4 

0.2 

0.1 

1.26 2.0 

0,02 

0,05 

0.04 

6,6 7.2 

0.026 

0.001 

Chemical f lowsheets for batch and continuous 
processing of TBP-25 and Purex wastes and for 
the continuous processing of Darex waste were 
completed, and, i n  conjunction w i th  P h i l l i p s  
personnel, ce l l  layouts and process and engi- 
neering flowsheets were prepared. A subsequent 
decision by the AEC changed the intended location 
of the p i lo t  plant from ICPP t o  Hanford, wi th  the 
expectation that as much as possible of the 
original design be retained. 

A simpli f ied process flowsheet w i th  equipment 
capacit ies based on maximum f low rates i s  given 
in  Fig. 3.2. The rates w i l l  be maximum when 
feeding 12-in.-diam pots, but provisions were made 
for the plant to accommodate a lso 6- or 8-in.-diam 
pots when processing wastes wi th  high f ission- 
product heat evolution. The plant w i l l  use either 
continuous or batch evaporation, and the calciner 
w i l l  be fed either by gravity from the concentrated 
feed tank or by pump. 

The equipment w i l l  be made of type 304L stain- 
less steel, except for the evaporator, colciner 
condenser, and fractionator, which w i l l  be of 
titanium. Titanium was selected for these vessels 
because of i t s  resistance to chloride and Cr(VI) 
attack from Darex wastes, resistance to boiling, 
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concentrated HNO, solutions, and the absence 
of grain boundary corrosion, which i s  observed 
when Purex solutions are contacted wi th  stainless 
steel. 

Engineering-Sea le Studies 

Engineering-scale studies were made on the 
evaporation and calcination steps of the pot- 
calcination flowsheet. The studies were performed 
wi th  a continuous evaporator and a batch evapo- 
rator i n  series wi th  an 8-in.-diam by 90-in.Jong 
stainless steel calciner pot. Both units have 
d is t inct  advantages. The continuous evaporator 
combines the advantages of small s ize and low 
holdup and permits a somewhat more compact and 
ef f ic ient  process. The batch evaporator, w i th  a 
simpler control system, a l lows more precise 
control ob calciner feed composition and density 
and, because of i t s  long holdup time, affords an 
opportunity for the decomposition of any organic- 
solvent degradation products that might be present 
before they are fed to the calciner. 

The continuous evaporator i s  a thermosyphon 
type, equipped wi th  a 22-ft external heat exchanger 
that uses 100-psi steam for heating (Fig, 3.3). 
The evaporator has a boi lup rate of 4 to  6 
liters/min and operates normally w i th  25 to  30 
l i ters  o f  holdup. A bottom drawoff from the evapo- 
rator connects to  a pump loop that f lows past the 
calciner pat and returns to  the evaporator. To  
decrease chances o f  plugging and to maintain a 
constant feed t o  the calciner, a 10-gpm f low i s  
maintained in  th is  loop by a canned-rotor pump. 
The p ips for the small sidestream o f  l iqu id  drawn 
of f  through a control valve in to  the calciner pot 
is  kept as short as possible, 2 ft, and the control 
valve i s  placed as near the operating loop as 
possible. A water purge bled into the feed stream 
downstream of the control valve a t  1 l i ter/hr de- 
creases the frequency of plugging. 

The calciner vapor i s  condensed i n  a 15-ft2 
downdraft heat exchanger and returned d i rect ly  to 
the evaporator. The l iqu id  is  supercooled to  
recover 85-95% of the nitrogen oxides and de- 
crease the gas volume for better decontamination. 
Recycled water and feed are added to the evapo- 
rator through their individual control valves from 
head tanks. The evaporator vapor passes through 
a de-entraining section consist ing of 24 in. of 

Yorkmesh packing and then to  a 34-ft2 heat ex- 
changer that operates downdraft. The condensable 
fraction of the vapor goes t o  a condensate re- 
ceiver, where i t i s  measured and discharged 
through a pressure seal. The noncondensoble 
vapor goes to the off-gas system, where it i s  
f i l tered, and the volume i s  measured in  a wet test  
meter. 

The batch evaporator system (Fig. 3.3) consists 
of a submerged-coil evaporator and feed holdup 
tank capable of processing a 150-gal batch of 
waste solution. The 22-ft2 steam c o i l  i s  designed 
to  operate a t  a boi lup rate of 3 l iters/min w i th  
a 200% freeboard. .A, feed batch i s  concentrated 
i n  the evaporator a t  the same time that a previ- 
ously evaporated batch i s  fed to  the calciner from 
the feed holdup tank; either o canned-rotor pump 
or a submerged centrifugal pump (Nagle type 
CWO-CS) i s  used. Condensote from the calciner 
i s  recycled continuously to the evaporator, where 
it i s  combined wi th  the new batch of material 
being prepared for the subsequent run. After 
passing through an impingement baff le f0r de- 
entrainment of particulates, the evaporator over- 
heads are condensed, measured, and discharged 
similarly to the overheads from the continuous 
unit. 

The impingement entrainment separator (Fig. 3.4) 
designed for the batch evaporator was based on 
the work of Schlea and Walsk.’  Of the two in- 
pingement plates provided, the f i rs t  removes the 
bulk of the entrained l iqu id  a t  impingement ve- 
loc i t ies up to 33 Qps. The second p la te i s  de- 
signed to remove part icles i n  the 3- to 10-11 
range a t  impingement ve loc i t ies up to 90 fps. At 
higher velocities, re-entrainment w i l l  occur. Pres- 
sure differences across th is  device of as much 
as 5 in. H 2 0  have been observed during operation. 

The calciner pots (Fig. 3.5) were made of &in.- 
diam sched-5 stainless steel pipe wi th  an overal l  
height of about 90 in. and w i th  an internal baff le 
about 6 in. from the top. A 3-in. flange on Grayloc 
coupling a t  the top of the pot permitted connection 
of the feed and off-gas l ines in a single operation. 
The pots were suspended i n  a 54-kw electr ic 
resistance furnace which was divided into s ix  
sections, each about 13 in. high. Twenty-four 

’C, S. Schlea and J. D. Walsh, “De-entrainment in 
Evaporators,” paper presented at AIChE, 42d National 
Meeting, Feb. 21-24, 1960. 
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Fig. 3.5. Waste-Calciner Vessels. 

thermocouples were used for experimental pur- 
poses. These thermocouples were i n  s i x  sets, 
each se t  including one attached t o  the exterior 
of the pot, one inside the pot 1 in. from the wall ,  
one inside the pot a t  the center line, and one i n  
each furnace section. In  addition, there was one 
thermocouple for a dif ferential l iquid-level control 
sys tem. 

The calciner pot had a nominal water boi lup rate 
of 1 l i ter/min a t  the full 54-kw heat input. As 
the sol ids were rad ia l ly  deposited on the wal ls  
of the vessel, the heat transfer to the pot de- 
creased. The external wa l l  of the calciner was 
held at  a maximum of 900°C by the furnace, which 
was divided into s i x  sections, each about 13 in. 
high. The furnace temperature could go to 105OOC 
before there was danger of burnout. 

The variables that must be controlled in the 
process are l is ted below. 
1. Ac id i ty  in  the evaporator. The evaporator i s  

operated w i th  an ac id i ty  of 6 M or less to  
decrease ruthenium volat i l i ty .  Th is  concen- 
trat ion i s  maintained by adding water to the 

2. 

3. 

4. 

evaporator, the amount being controlled by 
the n i t r ic  ac id  concentration of the l iqu id  when 
metal ions are present i n  varying concen- 
trations. The vapor temperature and l iqu id  
density are related, and the preferred operating 
range i s  between 0.5 and 0.7 M iron and be- 
tween 4 and 6 M hydrogen ion for Purex waste. 
Increasing the rate of water addit ion increased 
the vapor volume and therefore the required 
capacity of the evaporator. 
Metal ion concentration i n  the evaporator. The 
metal ion concentration in the evaporator i s  
kept a t  a maximum, l imited by solut ion sta- 
bility, by control l ing the l iqu id  density, which 
i s  done by control l ing the amount of steam 
used to  vaporize the liquid. 
L i q u i d  leve l  in the evaporator. The l iqu id  
level in the evaporator i s  controlled by the 
amount of evaporator feed added to  the system. 
Pressure in  the evaporator. The pressure i n  
the evaporator i s  kept below atmospheric, to  
prevent outleakage of radioactive off-gas, by 
regulating the off-gas vacuum pump. 



66 

5. Calciner-pot l iqu id  level. A satisfactory 
dif ferential temperature device consisted of a 
rod down the center of the calciner pot ex- 
tending 9 t o  12 in. below the l iqu id  level 
(Fig. 3.6). When the l iqu id  leve l  was above 
the top center thermocouple in the pot but not 
a t  the control rod itself, the rod was heated 
by radiat ion from the wal ls  of the pot. When 
l iqu id  reached the end of the rod, the rod began 
t o  transfer i ts  heat t o  the l iquid. The tempera- 
ture a t  the thermocouple point i s  a function 
of the height of l iqu id  on the thermocouple rod, 
and, by maintaining a temperature difference 
of 100°C between the two thermocouples, it 
i s  possible t o  maintain a l iqu id  level 4 in. 
lower than the thermocouple i n  the rod. A 
dif ferential pressure bubbler was unsatisfactory 
because it gave a high-liquid signal when, 
toward the end of a test, the bubbler tubes 
plugged. 

Experimental Results. - Twenty-eight tests were 
made wi th  synthetic Purex, TBP-25, and Darex 
wastes (Table 3.1). Of these, seven were made 
w i th  the batch evaporator, and in four runs, 1 ml 
each of monobutyl phosphate (MBP) and d ibuty l  
phosphate (DBP) was added t o  the feed t o  simulate 
solvent-degradation products possibly present in 

'' [ - B A F F L E  
84 

I 

I 7 6  - 
0 

0 m 
6 8  ~ 

I 

E 64 

E 7 2 -  

- 

W 60 - 

2 56 
0 52 

V 
z 

v) 

- 

- 

48 - 
44 - 

some high-activi ty wastes. The best average 
results from Purex tests are shown i n  a material 
balance flowsheet (Fig. 3.7). 

Calc ium nitrate, calcium hydroxide, and mag- 
nesium nitrate were added t o  the calciner feed 
and d i rect ly  t o  the calciner to  suppress sulfate 
vo lat i l i ty .  The direct addit ion of calcium nitrate 
to  the calciner was most satisfactory. When a 
stoichiometric excess of calcium or magnesium 
plus sodium (wi th  respect to  sulfate) was main- 
tained, less than 1% of the sulfate was detected 
i n  the calciner. Analysis of the cake indicated 
a poor sulfate material balance (Table 3.2). Cal- 
c ium i s  preferable t o  magnesium because of i t s  
higher thermal stabil ity. ' 

Feed rates ranged from 60 to  5 l i t e r s h r  and 
averaged 25 liters/hr for Purex, 15-20 Iiters/hr 
for TBP-25, and 10-15 l i t e r s h r  for Darex waste. 
Feeding was generally terminated when the feed 
rate dropped below 5-10 l i t e r s h r .  Organic com- 
pounds in the feed resulted i n  severe foaming i n  
the pot, decreased the flow rates 30-300%, and 
decreased the bulk densit ies of calcined sol ids 
25-50%. The volume of water required t o  str ip 

'Chem Technol. Diu. Ann. Progr. Rept. May 31, 
1961, ORNL-3153. 
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...... . ~~~ ...... 
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0.004 M SO4 0.1 % OF = 1200 

0 . 2 %  D i =  700 0.001 M Fe 
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60 I i trrs 

BULK DENSITY= 4.25 u / c c  
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Fig.  3.7. Purex Wuste Material Distr ibut ion Flowsheet. 

ni t r ic  ac id  from die evapora t~r  solut ion varied 
from factors of 2 t o  almost 8 times the vo!ume of 
the feed, ond the concentration of the major non- 
vo lat i le  salts i n  the wastcs was maintained wi th in  
acceptable ranges, The noncondensable off-gas, 
including air leakage t o  the system and instrument 
purge air, ranged from about I to  3,s f t 3  pcr l i ter  
of feed, or 15 to  50 ft3/hr. Residual n i t ra te i n  
the calcined sol ids ranged from a few hundreths 
to  several percent by weight, the higher values 
representing samples taken near the top of the 
pot, where temperatures of 9QQ"C had not been 
attained. Bulk  densit ies of the sol ids averaged 
1.3 g/cc for Purex, 0.7 g/cc for TBP-25, and 1.2 
g/cc  for Darex W Q S ~ ~ .  

The radial deposition i j f  sol ids during calcina- 
t ion resulted i n  the formation of a l iquid core clown 
the center of the pot, which produced a f inal 
longitudinal void space representing about 10% 
of  the pot capacity (Figs. 3.8-3.10). 

An indication of the ef f ic iency of the entrainment 
separator i n  the batch evaporator was obtained 
from the concentration of nonvolat i le ~ e ~ +  i n  the 
overhead condensate (Table 3.3). Runs 46 crnd 51 
indicated an increase i n  entrainment (presumably 
due t o  re-entrainment) a t  boi lup rates above 408 

Ib/lir (velocity above 90 fps). This ef fect  w a s  
not apparent in  run (50. 

Decontamination factors ocross t h e  Yoskmesh 
de-entrainer i n  thc continuous evaporator were 
about 1000. Since this evaporator was not opti- 
mized f i x  de-entrainment, a larger factor could be 
expected in a special ly designed uni t  w i th  l a rger  
freeboards 

While decontamination o f  the calciner off-gas i s  
of less importance because it i s  recycled to  the 
evaperator, ruthenium and mercury pose potential 
problems because of their vo la t i l i t y  under process 
conditions. In runs containing nonradioactive 
ruthenium i n  concentrations expected with clctwnl 
wastes (0.15 g/liter), 2 t o  3% of the ruthenium 
was vo lat i l ized from the evaporator and 2-5W 
volat i l ized from the pot to  the evaporator (Table 
3.4), These results w e  i n  general agreement with 
laboratory results, which showed that 50 t o  70% 
of the ruthenium volat i l ized i n  the absence of 
reducing agents. Mercury decomposed and vola- 
t i l i zed  i n  the calcination pot and concentrated i n  

the rvaporator (Table 3*4), More mercury than 
was expected remained wi th  the calcined solids 
i n  some cases, probably because of incomplete 
calcination. Complete vo lat i l izat ion of mercury 



Table 3.2. Summary of E n g i n e e r i n g - S c a l e  T e s t s  

B a t c h  e v a p o r a t o r  u s e d  in r u n s  m a r k e d  w i t h  o s t e r i s k ;  o t h e r s  c o n t i n u o u s  

T y p e  o f  

F e e d  R u n  K O o  

Of f - G a  s 

b 
Sulfate in V o l L m e / F e e d  E v a o o r a t o r  W a t e r - y o -  F e e d  A v  S y s t e m  F e e d  

2 a t i o  

( f t 3 / l i t e r )  

F e e d  R a t e  V o l u m e  V o ; u m e  ~e or A I  C o n c ' l  S o l i d s  

( i i t e r s / h r )  ( : i ? e r s )  (g/ l  i t e r )  (% of i e e d )  

36 
37 

38 
3P 
40 
41 
42 
43 
44 
45* 
46* 
47 
45 
49 
50 
51 * 
52 * 
5 4 
55 

56 
57 
58 
59* 
60* 
6 ' *  
62 
63 
64 

P u r e x e  

P u r e x i  

TBP-25 
T5?-25 
P u r e x f  

Pu :exg  

P u r e x g  

P u r e x e  

P u r e x g  

P u r e x g  

P u r e x f i  

TBP-25 
TBP-25 
T B P - 2 5  
TB?-25h 
TBP-25" 
TBP-25h 

TBP-25 
TBP-25 
D a r e x  

D o r e x  

D a r e x  

TBP-25' 
D a r e x  

D a r e x  

TBP-25 
TBP-25 
T I3 P -25 

20,5 
21,o 
27-6 
3036 
26-6 
65.2 
49,O 

S y s t e m  l e a k  

40"9 
25,2 
25.8 
30,6 
i 5-0 
i 7.6 
11,5 

7,0 
9,Ei 

> 7.2 
19,4 

.i3.6 
8,9 

16'5 

12,4 
8,6 

10.6 
16.6 
16,: 
11,6 

456 
404 
442 
489 
373 
39: 
495 
594"5 
409 
329 
325 
429 
668 
478 

346 
308 
443 
423 
469 
383 
64 1 
576 
397 
336 
307 
446 
42 1 
560 

2,5 
2,4 
3.3 
7,4 
5,6 
3.7 
4,4 

7,s 
3,9 
4d 1 
3.4 
2,E 
2,6 
2,4 
2-5 
2,3 

2.7 
3,5 
4": 
3,2 
3,O 

5.5 
3"8 
4.5 
2,3 
2"O 

32-22 
35-22 
58-i4 
78-30 
36-21 
58-20 
56-33 
61 -36 

106-36 
37-27 
35-27 

102-54 
72-42 
56-36 
66-35 
62-53 
65-49 
52-36 
50-35 
82-47 
99-53 

120-98 

129-76 
1 2-93 
70-36 
55-39 
54-31 

92 

132 
66 
92 
79 
9 i  
93 
i 40 

0 , l S  
5>97 
3,25 

0,27 
0"55 

2>02 
2,2 

3.5 
1.9 
3.5 
1.9 
2.4 
3 ,2  
2"4 

1.6 
1.4 
1.4 
2>2 
Oa84 
1.3 
1 o 8  

1.0 
0.9 

1.19 

0.3-0,l 
0,15-0.03 
3,5-0.1 
3,2-0,05 

0.: 5-0,03 
4.1 -0.8 
2.3-0,02 
0.9-00008 

O.14-OO06 
4.7-0031 
3.7-0,Ol 
6,0-0.36 
600-0m;0 
6.0-0.36 
4 , i  -0,OS 
6,0-0,08 

0. I 8-0,36 

0065-0,1 
0,56-0,1 
0,09-0,02 
0.53-0.01 

1 J0-0a07 

2-0*1 

2,0-0>2 
002-0.002 

1.29 
1.15 
0.56 
0,56 
1,:7 
1.33 

1.53 

1,14 
1,17 

I .55 
0,57 

0.77 
0.83 
0,52 
0.59 
G,44 

G065 

0060 
0,56 
1.4 
1 " 4 2  

0.61 
.29 

1413 
0,63 
g,61 

OaSB 

a R a n g e  of c o n c e n t r a t i o n  d u r i n g  c a l c i n e r  f e e d i n g .  

' I n c l u d e s  i 3  to  20 f t 3 / i i r  s y s t e m  l e a k a g e ,  

'NiTvate r a p g e  f r o m  top  :o b o t t o m  o? pa:, 

d D e n s i i y  b a s e d  on f u l ;  ?of  v o i u m e  o! 60 l i t e r s ,  

eNo a d d i t i v e  f o r  s u l f a t e ,  
[ M a g n e s i u m  a d d e d  to  f e e d  s u c h  t h a t  N a ' +  Mg2' w a s  10% e x c e s s  a b o v e  SO 2- 

2-4 
4 "  

g C o i c ; u r n  n i t r a t e  s o l u t i o n  a d d e d  d i r e c t l y  t o  c u l c i r e r  i n  e x c e s s  o f  :ree SO 
'One m i i l i l i t e r  oi MBP a n d  D 3 P  adt ie r '  t o  e a c h  l i t e r  o i  f e e d  before p r o c e s s i n g ,  
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Fig.  3.8. Purex Calcined Waste with Calcium. 

Fig. 3.9. TBP-25 Calcined Waste. 
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Fig.  3.10. Darex Culcined Waste. 

Tab le  3.3. Efficiency of Impingement Entrainment 

Sepurator i n  the Batch Evaporator 

F e 3 +  Concentrations 
Boilu;, 

46 Purex 32-38 1-3 0-360 

28-33 5-7 440-500 

51 TBP-25 0.19-0.36 Up to 1 

0.22 -0 o 2 6 2 

52 TBP-25 0.23-0.44 Up t o  1 

60 Darex 96-131 u p  to 1 

0-390 

504-570 

0-430 

0-500 

61 Darex 0.90-2.4a u p  to 2 

aEvaporation of only the calciner condensate during 
runa 

i s  expected a t  900°C. A trap for removing mercury 
compounds by condensation near 3OOOC was de- 
signed and bui l t  for test ing wi th  this equipment. 
Nozzles are provided i n  the trap for spraying the 
deposited sol ids w i th  n i t r ic  acid after each run 
in  order t o  dissolve them for disposal to waste 
tanks. The f inal mercury and ruthenium concentra- 
t ions i n  the pot ( l is ted i n  Table 3.4), and the 
amount of ruthenium volat i l ized (Fig. 3.7), may 
be low because in  the experimental equipment it 
was possible to  raise the top of the pot to  only 
700°C rather than to  the desired 900. 

Mecha nica I Development 

The mechanical development program i s  being 
carried out i n  three phases at the Lackheed 
Nuclear Products fac i l i t y  a t  Georgia Nuclear Labo- 
ratory, and it includes: (1) Heliarc welding and 
mechanical closure tests to develop a permanent 
seal for the pots, (2) remote mechanical equipment 
tests to  demonstrate the posi t ioning of the pot 
and the connecting of it to  i ts feed and off-gas 
lines, and (3) demonstration of  a remote welding 
machine should the welded seal developed in the 
f i rs t  phase (see below)appear promising. 

Phase 1. - Seal welding of a series of f i ve  
permanent pot closures was completed, and the 
closures are being leak-tested under simulated 
pot-storage cond i tians, involv ing cyc I i ng the 
temperature between 25 and 300°C at 150-ps i 
internal pressure. To  date, leak rates on three 
of the specimens have been less than 0.2 standard 
cc of hel ium gas per year, determined by a hel ium 
mass-spectrometer leak detector. The speci f ied 
maximum permissible leak rate i s  32 cc/year. 

The in i t ia l  leak test  on a Grayloc mechanical 
seal was unsuccessful because of a v is ib le  n ick 
in  the r ing which l imited the maximum obtainable 
vacuum to 40 p Replacement of the seal r ing 
permitted a vacuum of 10 p to  be obtained. Leak  
rates w i l l  be determined as above. 

Phase 2. - A c e l l  mockup w i l l  be used to 
demonstrate the posi t ioning of a pot calciner plus 
connecting it t o  and disconnecting it from the 
process lines. The pot w i l l  be lowered into the 
furnace mounted on a dol ly  (Fig. 3.11), positioned 
beneath i ts f i l l i n g  cap, l i f ted  along wi th  the 
furnace by iacks mounted on the dolly, and 
clamped to the process l ines by a screw clamp 
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Table  3.4. Final  Inventory and Mater ial  Balance for Ruthenium and Mercury 

Inventory in Output via 

Evaporator Condensate In Calcined Solid Bolance Input to System 

(9) 
T e s t  No. 

(9) (%) (9) (9) 

42 

43 

44 

50 

51 

52 

54 

55 

59 

61 

47 

48 

49 

50 

51 

52 

54 

55 

59 

62 

63 

64 

Ruthenium (Feed: 0.15 g Inact ive Ruthenium per L i ter )  

79.28 5.9 

74.84 2.55 

50.31 7.73 8.72 

83.04 6.675 1.58 

64.68 55.8 2.87 

114.4 37,5 

81 -32 5.05 1.51 

89.1 6.73 1.79 

79.4 6.65 

81.355 1.628 1.53 

38.7 

31.36 

22,77 

41.85 

60.1 8 

58.08 

68.25 

45,6 

44.35 

1857 

2049 

2772 

1591 

1232 

3190 

151 0.8 

2875 

1627.7 

1908.8 

1957 

2565 

Mercury (Feed: 0.01 M Hg) 

192 197 

270 164 

162 56 

206 60 

1889,6 83.65 

951 

522.5 41 -9 

442.5 81.87 

1273 

440 39.14 

127 46.9 

211.25 142,89 

356 

756 

310 

2154 

53 1 

21 1.2 

278.85 

95 

720.4 

1086 

693.7 

276.48 

56.24 

45.41 

78 

60.34 

183.74 

83.55 

92.1 

60.76 

8.38 

58.38 

40.0 

58 

19 

150.7 

203.1 

36.4 

55.83 

21.55 

122.47 

82.05 

44.3 

24.47 

operated remotely or by a shaft extending through 
the c e l l  wal l .  A gasketed connector (Fig. 3.12) 
w i l l  seal the vapor, feed, and probe l ines from 
each other and the environment. It incorporates 
the weld design tested i n  phase 1 for permanent 
seal ing of the pots. The Grayloc connector w i l l  
a lso  be demonstrated. 

After the pot has been f i l led, the clamp w i l l  be 
opened and the pot and furnace lowered sl ightly. 
During th is  operation, air from exhaust ports i n  
the connector assembly w i l l  sweep across the 

seal face to prevent c e l l  contamination. A tem- 
porary metal plate cap w i l l  then be dropped on 
top of the pot connector by means of the sl ide 
mechanism. The pot and furnace w i l l  be lowered 
to  the mobile posit ion and moved to  the sealing 
station, where a permanent seal w i l l  be attached. 
After being sealed i n  the radioactive p i lo t  plant, 
the pots w i l l  be removed from the furnace and 
stored for observation of pressure and temperature 
buildup. A vent on the caps w i l l  permit re l ie f  of 
any excess pressure that may bu i ld  up. 
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Fig.  3.1 1. Radioactive Pi lot-Plant  Pot-Calciner Arrangement. 
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EXHALJST SYSTEM 
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GUIDE PIN ( A L S O  SERVE 

POT SUPPORT RING 
ON TOP OF FURNACE RING NUT 10 PERMIT REMOVAL 

F THERMOCOUPLES FROM 'WELL 
POT CALCINER VESSEL 

Fig. 3.12. Gasketed Connector Assembly for Colciner Pots.  

The furnace mockup and dol ly were made and 
del ivered to  Georgia Nuclear Laborotory. The 
f i l l i n g  stat ion orad calcination-pot design was 
completed at  ORNL and sent out for bids, Com- 
plet ion of the program i s  scheduled for Nov, 1, 
1952. 

Fixation in Glassy Soiids. - Simulated TBP-25, 
Pwrex, and Darex waste oxides were incorporated 
into glassy sol ids by f luxing w i th  phosphite p l u s  
one or more other f luxing agents (borax, si l ica, 
sodium hydroxide, aluminum phosphate, and the 
oxides of lead, calcium, and magnesium). 

The products formed from TBP-25 waste ap- 
peared to  be true glasses over a fa i r l y  wide range 
o f  compositions314 (Tatale 3.5). In i t ia l  softening 
points varied from about 825 to  1000°C. After 
in i t ia l  melting, softening points were as much 
as 200 to  300OC lower than their in i t ia l  values. 
The waste oxides in the glass varied from about 
26 to 35 wt %. Densit ies ranged from 2.4 to  3.8 

3R, E. Blanco and E. G. Struxness, Waste Tieatmeni 
and Disposal ,  Progr.  Rep t .  J u n e - J u l y  1961,  ORNL-  
ri+-is. 

41b1da. Arrg.-Sepl. 1961, ORNL-'1-M-49. 

g/cc, and volume reduction factors (from the con- 
centrated waste solution) varied from 3.2 to  9.3. 
The leach rate for a typical glass (nominal compo- 
s i t ion  26% waste oxides, 40.5% P,O,, 15.9% PbO, 
18.1% Na,O) spiked w i th  &s317 decreased f r o m  

2-1 x after one week to 2.5 x IO-' g c m - 2  
day- '  a t  the and of the f i f th  week when leached 
i n  a stream of d is t i l l ed  water. When the glass 
was produced on a semiengineering scale (in a 
pot 24 in. long and 4 in. i n  diam, scmicontinuous 
operation), the density and volume reduction were 
the same as for the small  sample. X-FQY analyses 
showed amorphous patterns. Thermal conductivi ty 
varied from 1.05 Btu  h r - '  f t - ?  OF-' a t  300°C 
to 1.60 a t  11050°F, factors of about 10 greater than 
thot of the calcined product without f luxing 
agents (see below). 

The glassy sol ids from the f ixat ion of Purex- 
waste oxides wee& often microcrystal line, par- 
t icular ly when prepared in  a large batch that 
coo led s I ow I y . Sat i s factory products incorporated 
36-45 wt 74 waste oxides, had densit ies of 2.6- 
2.8 g/cc, volumes representing 4.8-6.9 gal of 
glass per ton of uranium, and i n i t ia l  softening 

'11. Vi, Godbce and J. T. Roberts, LnboratoTy Develop- 
meni of a Pot  Calr tnat ion  Process  /or Converting 
Lzqtrzd W Q Y ~ P S  to Solzdr, ORNL-2986 (Aug. 30, 1961). 
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Table 3.5. Composit ions of Glasses Incorporating Waste Oxides 
____ .. 

P urex Waste Darex Waste TBF-25 Waste 

(H i y h Sul fa?e) (Sta in  le 5 s  Stee I N itrutes -HNO 3) [AI  (NO 3) ,-HNOJ 
- ............ ~ ............ ~ - ......... 

Compound (wt %) 

Fe203 

A'2°3 

NiO 

C r 2 0 3  

NQ 20 

p205  

so3 
PbO 

M n 0 2  

Mi l0  

'2'3 

S i O z  

CaO 

R u 0 2  

Waste oxides 

Density, g/cc 

Volume reduction 

Approximate i n i t i a l  softening 

point, OC 

806-1 1 a9 

1.1-126 

-0.2 

-0,2 

1505-3404 

2569-32,s 

17,3-23.9 

0-13.3 

0-1L6 

0-.12.0 

-0.1 

31.4-4&5 

2,47-2,78 

605-803 

830-950 

points of 840-975"C6e7 (Table 3.5). The addit ion 
of the extra acid anions necessary for glass 
formotion necessitated careful control of tempera- 
ture during the calcination-f ixat ion process i n  
order to  avoid loss of SO, by volat i l izat ion.  
Therniogrevirnetric analysis of a typical  Purex 

glass" (wi th a nominal composition of 41.6% 
waste oxides, 30.9% P20,, 3.4% R203,  9.2% MgO, 
14.9% added Na20, and an in i t ia l  softening point 
of about 850°C) indicated that SO, WQS volat i l ized 

,, 

6R. E. Blanco and E, G. Struxness, Waste Treatment 
and Disposal,  Progr. Rep t .  Apr.--May 1961. O R N L  
C F-61-7-30 

7Although the i n i t i a l  softening point  of the g lass as 
formed by evaporation, calcination, and mel t ing i s  
about 950°C, the softening point  of t h e  gloss  after 
being formed i s  about 6OO0C. 

9e2-20.0 

0-23,s 

1e2-3,Q 

2.7-6.4 

17.2-21,7 

21,1-45.9 

0-33.1 

0.3-0>8 

0-20a8 

0.003 -0.0 1 

13-32 

2.7-3.8 

209-6.4 

850-900 

OoQ6--@.09 

2500-33.8 

18.6-25a5 

38.9-48,l 

0-1509 

0-0.2 

0-1 106 

0-995 

- 0.01 

27.1 -35.2 

2.41 -2,84 

702-963 

850-1000 

slowly, i f  a t  a l l ,  below 990°C and rapidly above 
1000°C. It appears feasible to operate tat tempera- 
tures high enough to  produce glassy products and 
yet low enough to avoid substantial l oss  o f  SO,. 

G h s s y  products containing 13 to 32% of Barex 
waste sol ids were prepared. Densit ies varied 
from 2,7 to  3.8 y/ccl volume reductions from 2,9 
to 6.6, and in i t ia l  softening points from 850 to 
900°C (Table 3-5). The production of true g lasses 
incorporating >20% Darcx-waste oxides i s  d i f f i cu l t  
owing t o  the exceptional ly high content of iron, 
nickel, and chromium, vh i chda  not form glasses. 

The thermal conductivi ty k of a glass incor- 
porating 26% TBP-25 waste oxides, measured in 
si tu in the or ig inal  24-in.-high by 4-in.-diam stain- 
less steel pot, increased f rom 1.05 a t  300°F to 
1.60 Btcr hr-' f t - '  OF- '  a t  1050°F (Fig. 3.13). 
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Fig. 3.13. Thermal Conductivity of a Phosphate- 

Leod  Glass Incorporating 26% TBP-25 Wuste Oxides.  

Soda-lime-silica gloss curve shown for comparison. 

Sodium hypophosphite and lead oxide had been 
added to  the waste to prevent ruthenium vo la t i l i t y  
and t o  serve as glass formers and modifiers. The 
positive, nonlinear, temperature coeff ic ient  of 
thermal conductivi ty for the phosphate-lead glass 
i s  characterist ic of amorphous solids. Since the 
l iqu id  state represents u more disordered state, 
the thermal conduct iv i ty of the glass should be 
s l igh t ly  less after softening begins a t  about 
1100°F (-6QO"C).7 Measured values were 11.51 
a t  1145°F and 1.40 a t  1150°F. Since the con- 
duct iv i ty apparatus was not constructed for meas- 
urements on flwids, no values were determined 
a t  higher temperatures. 

Ruthenium Vola t i l i ty .  - The separation of n i t r i c  
acid from f i ss ion  product ruthenium by d is t i l l a t ion  
i s  favored by (1) low acid concentration, (2) dis-  
t i l l a t ion  under reduced pressure, and (3) the 
presence of phosphite i n  the s t i l l  pot. 

The vo la t i l i za t ion  of ruthenium from n i t r i c  acid 
depends largely on the post history of the solution. 
To provide a basis for studies of comparative 
ruthenium vo la t i l i t y  from various acid nitrate 
s ol ut i  on s , so I ut i  ons were s p i ked w i th  rad i oa c t i ve 
ruthenium (Ru'06) chloride and then d i s t i l l ed  i n  
n Gil lespie equi l ibr ium st i l l .  Under these con- 

di t ions the vo la t i l i t y  of ruthenium from otherwise 
pure ni t r ic  acid (510 M )  was reproducible and 
could be expressed by the empir ical equation: 

(Fig. 3.14).* The presence of 1.7 h! AI(NO,),  at  
a given n i t r i c  acid concentration in  the s t i l l  pot 
appreciably increased the relat ive vo la t i l i t y  of 

I H N O ~ ,  I 7~ A I   NO^)^, o O C Z M  ~ u , - i 4 8 m m  H g  , 

10-4 IO0 $0' 

HN031N DISTILLATE (MI 

Fig. 3.14. Volat i l i zot ion o f  Ruthenium from Acid  

Nitrate Solutions. 

the ruthenium, lowering the d is t i l l a t ion  pressure 
to -570 mm Hg, thereby reducing the relat ive 
vo la t i l i t y  of the ruthenium t o  approximately the 
same ~ a l u e  as for the corresponding n i t r i c  acid 
solut ion without aluminum (Fig.  3.14). Lowering 
the d is t i l l a t ion  pressure of pure HN03-RuCI, 
solut ions had a negligible effect on the relat ive 
vo la t i l i t i es  of ruthenium and HNO,. 

*Re  E. Blanco nnd E. G. Struwness, Wasie Treatme71t 
and Disposal,  Progr. Rep t .  0ct.--Nou. 1962. ORNIL- 
TM-133. 
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The separation factor t o  a Combination of air leakage into the equipment 
and to  local overheating i n  the larger-scale ex- 
periments. 

Corrosion. - Stainless steel appears to  be a 
Satisfactory material of construction for the cal- 
cination-f ixat ion pot and for the interim waste 
storage tanks. Stainless steel undergoes inter- 
granular attack during long exposures in  ref luxing 
n i t r ic  acid; t i tanium i s  therefore preferred for the 
condenser, rectif ier, and other overhead equipment 
that w i l l  be exposed to hot HNO, from the evapora- 
t ion  and f ixat ion processes. 

Stainless steel exposed i n  simulated waste 
solutions subiected to a single batch evaporation- 
f ixat ion cyc le  was corroded aggressively for a 
brief period during the expulsion of the las t  
amounts o f  acid, water, and nitrate from the system 
a t  temperatures higher than 90OOC. With further 
exposure a t  the maximum temperature, the cor- 
rosion rate continued to  decrease, and long-term 
internal corrosion rates should be negligible. 
External atmospheric corros ion after f ixat ion 
(maximum estimated temperature 3OOOC) should 
a lso be negligible; corrosion of type 304L stain- 
less steel in air a t  815°C i s  l is ted as less than 
5 r n i l ~ / y r . ~ ’  Type 304L stainless steel was COF- 

roded a t  overal l  rates o f  5.10 and 1.59 mils/manth 
when exposed to  a single TBP evaporation- 
calcination cyc le  followed by a “sotk ing period” 
a t  -900°C for total exposure times of 24 and 
168 hr, respectively (Table 3.7). Corresponding 
rates for previously reported Purex tests without 
addit ives were 6.7-7.9 mi Is/month. The addit ion 
of glass-forming f luxes increased the container 
corrosion to  42.2 and 120-145 mils/month for 
TBP-25 and Purex wastes, respectively, for D 

single evaporation-fixation cycle. Stainless steel 
shauld be Q satisfactory container for both waste 
types provided that the additivuls are selected 
so as to minimize OF eliminate the vo lat i l izat ion 
of sulfate and i f  the maximum fixation temperature 
does not exceed 95OOC. 

Tanks of types 304L and 347 stainless steel 
can be used for the interim storage of simulated 
Darex-Purex waste? solutions. Exposure in simu- 
lated Darex waste solut ion (5 M HNO_,, 1.82 M 
dissolved stainless steel, 100 ppm GI ) at 80°C 

9 

c H N 0 ,(v0 por)/CH N 0 ,(s o I uti  on)  

C R u ( v a  p or ) I C  R u ( s o I ut i  o n  

for n i t r ic  ac id  from ruthenium by d is t i l l a t ion  was 
varied from about 10 to 100 for the HNO,-RuCI, 
solut ion and from about 5.5 to about 100 for the 
AICI, solut ion over the acid concentration range 
1 to 10 M (Fig. 3.15). The addit ion of 0.1 M 

-I 

UNCI ASSIFIEO 
ORNL-LR-DWG 65456R 

~~ 6 x 1 0 ’  

,002 M Ru, - 7481nrn r ig  

.? n.raloJo3~,, 0.002 S4 Ru -748mm tig 

7 

Fig. 3.15. Separation Factor  for HN03 from Ru-  
thenium by Dist i l la t ion .  

H,PO, to various nitrate solutions of interest 
lowered the vo lat i l i ty  of ruthenium by factors 
which varied from 420 for 12 (2.1 HNO, to 38.4 for 
simulated Darex waste. Separation factors for 
HNQ, from ruthenium were proportionately in- 
creased (Table 3.6). 

phosphite was required to  lower 
ruthenium vo la t i l i t y  to 0.1% i n  small-scale batch 
experiments wi th  TBP-25 (aluminum) waste carried 
to  900°C (Fig. 3.16) vs 1.5 M when carried to  
500°C.6 About 3 to  12% was vo la t i l i zed  in semi- 
engineer ing-sca le f ixat ion ex per iment s with pots 
4 in. i n  diam and 24 in. high, in which glass- 
making addit ives were used as well as phosphite. 
These high vo lat i l i t ies  are tentat ively attr ibuted 

About 2 to  2.5 

9D. T. Gillespie,  Ind Eng. C h e m ,  Anal. Ed. 18, 
575-77 (1946). 

’OH. H. Uhlig, pp 730-40 in  Corrosion Handhook, 
Wiley, New York, 1955. 



Toble 3.6. Effect  of 0.1 M H 3 P 0 3  on Ruthenium Vola t i l i ty  During D is t i l l a t ion  of Nitrote Solutions 

Act ivi ty  of Ru in D is t i l l a te  Separation Factor,n 

(counts min- ’  m1- l )  Reduction H N 0 3  from R u  

Factor 
No H3P03  0.1 /M t i 3 P 0 3  No H 3 P 0 3  0.1 M H3P03 
- Solution 

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

12 IM H N 0 3  2.78 lo5  662 420 0.956 378 

3.76 x l o5  145 2593 0.126 364 6 :M I i N 0 3  

1.7 M AI(N03)3-2 ,M H N 0 3  1.77 x l o 4  85 208 11.1 2055 

T 8 P-25 9.08 103 40 227 13.8 4920 

Purex 3.17 l o 4  650 48.8 2.22 117 

b 

Darcx 9.64 x l o 4  2.51 l o 3  38.4 1.50 57.5 

CHN03(vapor) /CHN03(solu+ion) 

R u (v a por 1’‘ R u (s o I uti  on 

“Defined a s  _____ ......... I ~ 

b R u  added a s  the nitrosyl hydroxide. 
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Fig.  3.16. Effect  of Phosphorous Acid on Ruthenium 

Vola t i l i ty  f rom TBP-25 Waste an Batch Calcinat ion to 

1 0OO0C. 

resulted i n  maximum overal l  rates o f  0.80 and 
0.89 mil/month, respectively. Grain-boundary 
attack did not develop into intergranular attack. 
Small amounts of certain organics (e.g., glycerol 
and plast ic izers leached from polyethylene) de- 
creased this rate to a few hundredths of a mi l  per 
month. Lowering the acid concentration to 2 hI 
and the temperature to  50°C also  reduced the 
corrosion rate. 

Vapor-Liquid Equilibrium, - Vapor-liquid equi- 
l ibr ia were measured for simulated T8P-25, Purex, 
and Darex wastes over concentration ranges 
varying from ha l f  to twice those of normal waste. 
Ac id  concentrations were varied from 0.5 to  5.0 M 
for TBP-25 ond from 2.0 to 7.0 for Purex and 
Darex wastes. Some roncentroted TBP-25 and 
Darex solutions could not be prepared because 
of solubi l i ty  l imitat ions. D is t i l l a t ions  were carried 
out i n  Gi l lespie s t i l l s 9  a t  atmospheric pressure 
(740-750 mm Hg) and at about 565 mrn Hg. S t i l l -  
bottom densities, measured at 25, 59, 75, and 
100°C for each stable solut ion studied, are given 
elsewhere. ’ ’  

Design of Radioactive-Cell Equipment. - Equip- 
ment i s  being designed and constructed for a 
small-scale pot-calcination experiment to be run 
w i th  batches of actual waste solut ion from ICPP 

‘’Bimonthly Repi. At<g,-Sepi .  1961. ORNL-TM-49, 
pp 15-16, 18-23. 
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Table  3.7. Corrosion Data  for Stainless Steel Containers U s e d  in the Evaporation-Fixation Step 

A p prox i mo te 

Stainless Steel Environment Temperature l i m e  Corrosion Rate  Penetration 

Exposure Overo I I Average T o t a l  Type  of Maximum 

(hr) (mi I s/m on t h ) (mils) e C )  
-_ ............................ .._....__........... 

304 L Purex plus additives' 900 24 1 20-145b#C 4-0-4.8 

304L Purex plus additives' 110 -2 0 0 
(exposure interrupted and 850 1 0 0 
carrosion determined as 950 2 1330" 4,O 
indicated) 95 0 75 19 2.0 

Overoll  - 80 57 6.0 

304 L Purex plus additives' 900 78 8 0' 8.68 

304 L TBP-2.5 900 24 5.10 0.17 
900 168 1.59 0.37 

304L TBP-25 plus additives' 920 19 42.2 1.11 
910 34 5 5.4 2.59 

347 TBP-25 900 24 10,5 0.35 
900 168 1.93 0.45 

'Additives: to Purex, 49.4 g/liter o f  Na2B407-10H20 ,  105 g/liter of N a H 2 P 0 4 - H 2 0 ,  167.3 g/liter of 30% H3POg,  
8.72 g/liter of NaOH, 80.1 g/liter of Ca(OH)2; to TBP-25, 112.1 g/liter of NaH2PO2* I - i20 ,  11.6 g/liter of PbO. 

"Duplicate specimens exposed. 

'Intergranular corrosion noted. 

and Hanford and w i th  batches o f  "spiked" syn- 
thetic waste solution. Information to  be obtained 
from th is  experiment w i l l  include the vo la t i l i t y  of 
f i ss ion  products during evaporation and colcina- 
tion, the pressure buildup i n  the calciner pot after 
calc inat ion i s  completed, and the extent to  which 
the segregation of nonvolat i le f i ss ion  products 
occurs. 

In this experiment (Fig. 3.17) waste solut ion 
w i l l  be charged from the carrier on the roof of 
the ce l l  and be moved from the transfer tank io 
the feed tank to the calciner pot by air  l i f ts. The 
vapor frcrn the calciner pot w i l l  travel through a 
jacketed section of l ine  to the condenser and to a 
ssrubber and w i l l  be recycled through a gas pump 
to the calciner pot. Calcined wastes w i l l  be 
removed into the carrier on the roof, 

3.2 LOW-ACTIVITY WASTE T ~ ~ A ~ ~ ~ N ~  

The development of a scavenging-ion exchange 
process (Fig. 3.18) for the routine removal of trace 
amounts of f iss ion products from large volumes 
of process water has progressed through the labo- 
ratory, design, and pi lot-plant phases. In a series 
of runs in a 600-gal/hr p i l o t  plant (Figs. 3.19 and 
3.20) the econoniic, chemical, and equipment 
factors of the process were measured. In th is 
process the contamination i s  removed in two basic 
steps: (1) scavenging of a portion sf the ac t iv i t y  
w i th  sodium hydroxide and an iron coagulant, 
fol lowed by solut ion c lar i f icat ion and f i l t rat ion, 
and (2) sorbing of Cs13' and Sr90 on carboxyl ic- 
phenolic resin. 
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Fig. 3.17. Hot-Cell Pot Calc ina t ion  Experiment. 

Pilot-Plant Process Description 

Sl ight ly radioactive waste water from the mi l l ion- 
gal lon ORNL equalization basin i s  pumped in to  
the plant a t  10 gal/min, where it i s  adjusted to 
0,01 M NaQH in a f lash mixer wi th an 18-sec 
holdup. Ferrous sulfate i s  added t o  the mixer as 
a coagulant in amount suf f ic ient  to make the 
solut ion 5 ppin with respect to iron. The solut ion 
then flows by gravity t o  a l igh t ly  agitated 270-gal 
f lacculator where the l igh t  f loc o f  insoluble 
carbonates, algae, foreign sediment, and ferr ic 

L 

VOG 

hydroxide agglomerates into large particles, which 
carry a s igni f icant fract ion of the f i ss ion  products. 
The solut ion and f loc flow, again by gravity, to 
a 1980-gal clari f ier, where the solut ions pass up 
through a 4- to 5-ft sludge blanket. The sludge, 
containing 60% of the Sr9', i s  continuously wi th-  
drawn, filtered, and packaged for disposal. The 
clar i f ier  ef f luent i s  transferred to  CI surge drum and 
then pumped through a sand or anthracite pol ishing 
f i l te r  for addit ional hardness and turbidity removal. 
The f i l tered solut ion is  pumped throwgh one of 
two resin columns f i l l ed  with 28 gal of Duol i te 
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Fig. 3.18. Process-Water Decontamination wi th  Carboxylic-Phenolic Ion Exchange Resin,  

CS-100 cation exchange resin for removal of the 
remaining hazardous f iss ion products, pr inc ipa l ly  
Cs 1 3 7  and Sr90 .  

When 2000 resin-bed volumes, or 56,000 gal of 
waste water, have been passed through the bed, 
the feed flow i s  stopped, the f iss ion products are 
eluted wi th  10 vo l  of 0.5 h1 HNO,, and the res in  
i s  washed wi th  water and regenerated w i th  0.1 M 

NaQH. 

Pilot-Plant Operation 

Nine demonstration runs were completed. Vol- 
umes of 50,000 to 90,000 gal o f  QRNL process 
waste water were treated per run, representing 
1800 to 3000 res in bed volumes; run durations 
varied from 71 to  146 hr of continuous operation. 
At  the 2000-bed-volume level, the plant eff luent 
contained <3% of current (MPC)w values for Sr90 

1 2  and Cs' 37 for continuous occupational exposure, 
and overal l  decontamination factors were a t  least 
three times greater than those obtained i n  the 
laboratory and semi-pilot plant. Decontamination 
factors from Sr9' (Table 3.8) ranged from 2047 
to  12,160, representing more than a 99.9% removal 
i n  up to 2000 bed volumes, and those from Cs137  
ranged from 77 to 3444 for the same operating 
period. 

The sixth run in  the series (HR-6)13 was made 
in order to ascertain the resin-column breakthrough 
point. Cesium was the f i rs t  to break through a t  
the 56% level after 2800 bed volumes. At  2916 

"Nt3S Handbook 69, iMaxirnum P z n i s s i h l e  Body 
Burdens and Mniimum Permiss ib l e  Concenimfions in  
Air and i n  Water for Occupational Exposure,  June 5, 
1959. 

13R. E. Brooksbonk, Low Level Waste Treatment 
P i l o t  P lan t  - R i m  HR-6 Srrrrrrnary ( in preparation). 



SLUDGE FILTER 

Fig. 3.19. Low-Activity Waste Treatment P i lo t  P lant  - Pretreatment Equipment. 
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Table 3.8. Overall Removal of Activity from ORNL Waste 

I * 

~ ~~ 

Gross /? Gross y sr90 CSl3’ CO6O TRE - Bed 
Volumes Percent Percent Percent Percent Percent Percent Run No. 

DF Removed DF Removed Removed DF Removed DF Removed DF Removed DF 

HR-1 

HR-2 

HR-3 

HR-4 

HR-5 

HR-6a 

HR-7 

HR-8b 

HR-9 

2000 30 

2086 46 

1959 42 

1789 37 

2046 

31 18 12 

2086 34 

2000 4 

2131 26 

96.70 

97.80 

97.6 

97.30 

91.96 

97.04 

71.43 

95.40 

44 

25 

10 

16 

5 

19 

3 

14 

97.70 

96.10 

89.90 

93.80 

77.92 

94.71 

65.21 

93.1 0 

2,956 

2,047 

4,982 

5,588 

2,316 

20 

12,160 

4,200 

> 8,196‘ 

> 99,99 

>99,9 

> 99.9 

> 99.9 

99.96 

95.11 

99.99 

99.98 

99.99 

288 99.7 

246 99.6 

429 99.8 

2520 >99.9 

543 99.82 

6 82.30 

451 99.78 

3444 99.90 - 77 98.70 

16 

11 

6 

4 

5 

121 

3 

12 

93.9 

91.3 

82.8 

74.3 

80.91 

91.80 

63.33 

91.20 

4 

28 

22 

31 

21 

24 

21 

56 

71.6 

96.5 

95.6 

96.8 

95.33 

95.77 

95.22 

98.20 

W 
0 

’Breakthrough run. 

bHigh-activity run. 

‘None o f  this i s o t o p e  found in  plant effluent. 
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bed volumes, Sr9’ i n  the p lant  effluent was 11.5 
d is  min” ml-’, representing 520% of (MPC)w or 
17% of the Sr9’ level in the feed. Removal 
factors14 for SI’’ and Cs13’ from the saturated 
resin were 3.1 x l o 3  and 1.8 x lo3,  respectively. 

Ion Exchange Column Performance. - The use 
of the “split-elution’’ procedure to  decrease the 
volume of waste was adequately demonstrated. 
In  this procedure, f ive volumes of 0.5 M HNO, 
eluent from the ta i l  end of the previous e lu t ion 
i s  used as the in i t ia l  removal solution. The 
second f ive volumes, containing almost no f iss ion 
product contamination, i s  he ld for the subsequent 
e lu t ion cycle. 

Two ion exchange columns (10 in. in diam by 
8 ft high, and 18 in. in diam by 32 in. high) were 
tested to  provide scaleup data for a ful l-scale 
plant. A ful l-scale plant would use a 4-ft-diam by 
8-ft-high column. The 10-in.-diam column was 
scaled down a t  constant l iqu id  ve loc i ty  from the 
proposed plant bed. The 18-in.-diam by 32-in.- 
h igh bed has the same height-to-diameter rat io 
as that i n  the proposed plant and was designed 
to determine whether the‘data obtained from the 
8-ft-high bed would require correction for a lower 
ra t io  when scal ing up to f u l l  plant size. Two 
demonstration runs were made w i th  the short bed 
and the rest  wi th  the 8-ft bed, w i t h  no differences 
in performance. A total of 403,000 gal of process 
waste was put through the same inventory of res in  
in the 8-ft res in  column without noticeable de- 
crease i n  res in performance. 

Clar i f ier  Operation. - Supersaturation of the 
c lar i f ier  eff luent wi th  calcium and other a lka l i -  
metal carbonates resulted i n  postprecipitation and 
formation of a scale on p ip ing and equipment. The 
average total hardness of th is  stream varied be- 
tween 60 and 70 ppm (as CaCO,), and i t s  decrease 
would substantial ly increase the on-stream l i f e  
of the pol ishing f i l ters  and resin. 

Minor changes were made i n  the precipitat ion 
equipment and reagents in order t o  induce complete 
precipitation. The addit ion o f  25 ppm of slaked 
lime to the f lash mixer decreased the eff luent 
hardness from 70 to  56 ppm, but the f locculated 
precipitate was less dense, making control of the 
sludge-blanket level dif f icult .  Recycl ing of sludge 
from the bottom of the clarif ier, a t  various rates, 

14Removol factor = (peak act ivi ty  of isotope during 
elution cycle)/(activity of isotope after 10 bed volumes 
of eluant). 

to  the flocculator in order to provide additional 
nuclei to a id  i n  precipitat ion d id  not decrease 
the hardness but produced a denser sludge w i t h  
better f i Iter i ng characteristics. Recent laboratory 
development work (see below) indicated that 
supersaturation can be decreased by increasing 
the feed temperature from 18 to 24OC, along wi th  
the addit ion of lime, and that addit ion of the 
coagulant (FeS04.7H,0) to  the f locculator rather 
than to  the f lash mixer should precipitate more 
o f  the carbonates. 

Sludge Fi l trat ion. - Fi l te r ing  the sludge from 
the bottom of the c lar i f ier  i s  d i f f i cu l t  because 
the de-watered sludge i s  s l i c k  and slimy, due to 
the presence of algae, organic contaminants, and 
detergents that are dumped into the retention basin 
during decontamination operations. Pressurized 
sludge f i l t ra t ion was demonstrated wi th  a single- 
frame Eimco-Burwel I plate-and-frame pressure 
fi l ter. The f i l tered sludge cake was enclosed i n  
a canvas f i l te r  bag completely contained wi th in  
the cav i ty  formed by the frame and the two end 
plates i n  order to  eliminate the necessity of 
insta l l ing elaborate containment around the f i l ter, 
the pressure drop now being across the f i l te r  bag 
and not across the rubber seal gaskets between 
the frame and end plates. Pressure f i l ters  us ing 
th is  enclosed-bag method are not avai lable com- 
mercially; addit ional design and development work 
w i l l  be necessary i f  this approach is used. 

An Ol iver  rotary-drum vacuum f i l te r  was not 
suitable for processing the sludge. A small 
portion of the sludge penetrated the precaated 
surface o f  diatomaceous earth, forming an imper- 
vious layer through which the avai lable pressure 
drop (25-28 in. Hg) across the drum was insuff i-  
c ient  t o  force water a t  an acceptable rate. 

Pressure f i l t ra t ion has advantages over vacuum 
fi l trat ion: better volume reduction, more compact 
cake; less auxi l iary equipment (vacuum pump, 
vacuum condensate receiver, condensate draw-off 
pump, and a variable-speed drive mechanism); less 
maintenance and less attention from operating 
personnel; absence of any effect from erratic 
sludge composition and feed rate; shorter pre- 
coating time; and less waste of precoating ma- 
terial. The disadvantages are the additional 
containment required, the longer air-drying t ime 
necessary to ensure a firm, compact f i l te r  cake, 
and somewhat more d i f f i cu l t  cleanup after cake 
removal. 
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-Filter Operation. - The clar i f ier  ef- 
f luent i s  pumped through an anthracite or sand 
f i l ter  for pol ishing prior t o  entering the ion ex- 
change columns. Th is  pol ishing f i l ter  not only 
removes col lo idal  calcium carbonate hut also 
assists in the precipitat ion of cashonates from 
the supersaturated stream, thereby decreasing the 
hardness from 70 t o  10 ppm. In a l l  runs the f i l t ra te  
W Q S  sparkl ing clear, wi th a turbidity of 1-2 ppm. 

ihexe are two f i l te rs  i n  parallel, each w i th  a 
33-in.-deep bed and a cross-sectional area of 
3.14 ft2, which results in  a f low rate of 3.2 gal 
m i n - '  f t - 2  a t  the design feed rate of 10 gal/min. 
One f i l ter  contains quartz sand (28-30 mesh) 
and the other anthracite coal of an ef fect ive s ize  
of 0.89 mrn and a uniformity coeff ic ient  of 1.58. 

Although sand gave an average f i l t ra te  hardness 
of 5-6 ppm, cornpared with 8-14 for anthracite, it 
was more d i f f i cu l t  to  backwash, and accumulated 
carbonates could not be removed by s lowly back- 
wnshing with 0.5 hf HNO,. The anthracite, after 
the same on-stream service as the sand, was clean 
and evenly distr ibuted after being backflushed 
w i th  wc'ter, although there was evidence o f  a 
COCO, layer after 12 runs. The on-straam l i fe  
of the anthracite f i l te r  ranged from 80 t o  98 hr, 
which i s  greater than the equivalent of 2000 resin- 
bed volurnes, and i t  i s  regarded as a satisfactory 
f i l ter  for th is process. The two f i l te rs  cost about 
the same. 

c 

Process Improvement 

Prior to construction and operation of the 600- 
gnl/hr pi lot-plant unit, a 60-liters/hr semi-pi lot 
model was operated through eight f l ~ w s h e e t ' ~  
cycles to  demonstrote the process w i th  ORNL 
waste under continuous operating condit ions and 
to  veri fy design data required in  process scaleup, 
Decontamination factors of a t  least 1000 from 
strontium and 100 from cesium, overal l  ef f luent 
radioact iv i t ies of < 10% (MPC)w, and overal l  
volume reductions of about 3000 were consistent ly 
obtained, veri fying results obtained i n  batch 
laboratory studies. 

__ .. . .- .- 

"R. R. Holcoinb and J, T. Rober t s ,  Low-Level Waste  
Treatmeni b y  Ion Exchange. 11. Use  of n Weak Arid.  
Carboxyl ic -Phenol ic ,  Ion-Exchange Res in ,  ORNL-TM-5 
(Sept. 2 5 ,  1961). 

La bora tory P i  I ot- B la nt Support 

The laboratory development prograin provided 
support for the pi lot-plant operation by prescribing 
simple control analysis and routine makeup pro- 
cedures. A continuous-stream turbidimeter wi th 
a 0-5 or 0-25 ppm range on the c la r i f ie r  overflow 
stream gave turbidity values within i-1 ppm of 
those obtained by two other laboratory methods. 
A continuous total-hardness analyzer w i th  0-10 
ppm range, used t o  determine hardness in  the 
ion exchange column effluents, could not be 
corrected t o  y ie ld  quanti tat ive results because of 
the high pH of the eff luent stream; however, a 
hardness breakthrough of > 5  ppn1 could be de- 
tected. Since calcium breaks through before 
strontium, the detection of calcium w i l l  be useful 
i n  determining when to terminate a cyc le  prior to 
stronti  um breakthrough, 

The head-end or scavenging precipitat ion steps 
were studied extensively i n  standard iar tests 
w i th  ORNL tap water. Various treatments such 
as lime, caustic, lime-caustic i n  various ratios, 
and each of these w i th  various amounts of iron 
as coagulant, were compared for the effects of 
f lash mixing t i m e ,  f locculat ion time, and tempera- 
ture. The optimum procedure cal led for a combina- 
t ion  of 0.01 hf caustic and 25 ppm lime a t  24- 
26"C, producing a residual hardness of about 
15 ppm without c lar i f icat ion (Table 3.9). Tr ia l  
o f  th is method in  a continuous laboratory clari f ier, 
including the substi tut ion of 5% sludge recirsula- 
t ion for the lime addit ion and adding 5 ppm of iron 
for f loc formation, decreased the residual hardness 
to  less than 10 ppm with less than 1 min of f lash 
mixing and - 1  min of flocculation. Jar tests 
indicated that a flash-mixing time of 15-30 min 
w i l l  a t  least  halve this residual hardness. Al- 
though th is  method was ef fect ive wi th tap water 
i t was not as successful on ORNL low-act iv i ty 
waste that contained trace amounts of complexing 
agents. 

The laboratory sludge-blanket sett ler w i th  an 
inner cone was operated successful ly a t  250 
ml/min w i th  a 10-min holdup in  the inner-cone 
sludge blanket. Th is  represents an equipment- 
s ize reduction of 10 to 20 over the present p i l o t  
plant c lar i f ier  cquiprnent and would decrease the 
capital cost of a ful l-scale plant correspondingly. 

Other Laboratory Studies. - 58-4 vermicul i te 
was not promising as a substi tute exchanger i n  
the scavenging-ion exchange process, Tests were 
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7 made in columns ( 4  in. in inner diam and 6 in. 
high) a t  f low rates of 1, 5, 15, and 50 ml/min, 
The fine-mesh vermiculite was preceded by a 
5-p f i l ter  since it was subject to plugging, which 
resulted in  high pressure drops and even complete 
stoppage. Cesium and strontium breakthrough or 
leakage occurred at or prior t o  1500 bed volumes 
in  a l l  cases except a t  a f low rate of 0.25 ml min- ’  
cm-2. After 1500 bed volumes had passed through 
the vermiculite at th is  low f low rate, an indicated 
strontium decontamination factor of 1000 was 

of > lo00 far calcium up t o  -2000 bed volumes, 
Assuming that demineralized water could be re- 
circulated through a plant and that it would regain 
only 10% of the in i t ia l  hardness during reuse, a 
mixture of weak- and strong-acid cation exchangers 
could operate for 20,000 bed volumes before re- 
quir ing regeneration. 

Comparative Design Study of Low-Act iv i ty  
Wasfe Treatment Processes 

retained, The very low flow rates w i t h  treated 
vermiculite make it unusable for low-activi ty waste 
treatment. 

Several processes for treating ORNL process 
waste water were reviewed to determine the 
optimum technique for a plant t o  treat the fu l l  
750,000 gal/day produced. Criteria adopted for 

Table  3.9. Comparison of Variows Methods for establ ishing a satisfactory process are l is ted 
below. Decreasing Hardness of ORNL Tap Watera 

Residual Potol  Hardness 

Treat  men t 
With Fe3+  Without FeJt 

Jar Tests  Without Clarif ication a t  Room Temperature 

100 pprn 75-80 95-100 

0.01 M N a O H  60-65 50-55 

0,Ol M N a O H  and 50 ppm 35-40 20-25 
Ca(0t-l) 

0.01 M N a O H  and 25 pprn 30-35 13-15 
Co( OH) 

0,Ol LM N a O H  and 25 ppm 

COCO3 

Continuous Laboratory Clar i f ier  

0.01 M NaOH and sludge 8-13 
recirculation 

35-40 

aTota l  hardness in  the tap water varied f r o m  on ex- 
treme high of 110 ppm to an  extreme low of about 75 
pDm. The usual value was between 95 and 105 ppm. 

A study t o  determine the feas ib i l i ty  of complete 
demineralization and recycle of ORNL process 
waste was init iated. A strong-acid cat ion res in  
(TCD-1) reduced the concentration of calcium i n  
ORNL tap water by a factor of 1000 at  750 bed 
volumes throughput. A weak-acid cation res in  
(IRC-50) reduced the calcium concentration in i -  
t i a l l y  by a factor of 1000, but of only 3 a t  1000 
bed volumes. A combination of weak- and strong- 
ac id  res in  i n  series gave a concentration reduction 

1. Eff luent from the treatment process should 
contain no greater than the “environmental” 
(IVPC)~ of radionuclides; the control l ing concen- 
trat ion for average ORNL low-activi ty waste is, 
for sr9’, 

2. The process must be suf f ic ient ly  f lex ib le  to 
handle a wide range of chemical compositions in 
the waste fed to  it and must not be seriously 
affected by complexing and chelat ing agents 
commonly found in  the waste. 

3. Capital and operating costs of the treatment 
plant must be the lowest for achieving the de- 
sired decontamination. Processes reviewed in- 
cluded expansion and pracess improvement of the 
ex is t ing lime-soda treatment plant, addit ion of 
a second stage (verrnicul i te  adsorption columns) 
to  the lime-soda plant, evaporation, so i l  adsorp- 
tion, Qnd the scavenging-cation exchange process 
wi th  either n i t r ic  ac id  or HCI for resin regenera- 
tion. The other processes were less ef f ic ient  
than the scavenging-ion exchange process, either 
because of high costs (evaporation) or inadequate 
decontamination and operating problems (improved 
lime-soda or vermiculite). Soil adsorption seems 
impractical because of the very large area required 
for the volumes of water to be treated. 

The scavenging-cation exchange procedure of- 
fers the advantages of (1) volume reduction factors 
of 1500 t o  2000 (raw waste feed t o  radioactive 
e x i t  streams); (2) decontamination factors from 
strontium of >2000 and from cesium of 300, both 
demonstrated repeatedly on actual waste; (3) rela- 
t i ve ly  low capital investment required (about 
$500,000) and IQW operating costs (about 54 cents 

pc per cc of water. 



87 

per 1000 gal); (4) high probabil i ty of automatic 
operation. The main disadvantage i s  that  rather 
precise chemical adjustments are required a t  
several points, imposing more than ordinary care 
i n  operation. 

Besign Project ion OB Scavenging-Ion Exchange 
Process t o  Full-Scale Plant 

A. design proposal for a 750,000-gal/day treat- 
ment plant was projected from early laboratory- 
scale experiments w i th  a 5 M HCI-regeneration 
scavenging-ion exchange f lowsheet (Fig. 3.21), 
and estimates of capi ta l  investment and operating 
costs were based on t h i s  projection. A later cost  
study to determine any major difference between 
the HCI and HNO, flowsheets (Fig. 3.22) indicated 
that capi ta l  and operating costs for the two proce- 
dures are w i th in  a few percent of each other. For 
treating ORNL low-activiby waste, the HNO, 
f lowsheet offers the attract ion of requir ing standard 
reagents and materials of construction (stainless 
steels) that are compatible w i th  exist ing equip- 
ment-decontami nati  on methods. Also,  th is f I ow- 
sheet might a l low signi f icant savings by el imi-  
nating the regenerant-acid evaporator i f  the 
intermediate-activity waste evapora’tor currently 
being designed for ORNL can be part ly assigned 
to  handle th is stream. The decision t o  el iminate 
the smaller evaporator would be an administrat ive 
rather than a technical one, a s  i t  must depend on 
the scheduling of operations and al locat ion of 
costs for the intermediate-activity evaporator. 

The ful l -scale plant would be similar to the 
p i l o t  plant described i n  Sec 3.2 (P i lo t  Plant 
Process Description), except that a l l  f lows would 
be about 50 times greater. The 750,000 gnl/day 
o f  process waste water would be fed from the 
present equalization basin to  a f lash mixer where 
394 gal/day of 50% NaOH would be added by a 

metering pump controlled by a pH meter to raise 
the pH to about 12 (approximately 0.01 .‘I1 NaOH). 
The flocculator could probably be eliminated, i n  
which case  the eff luent from the f lash mixer wcruld 
go t o  a sludge-blanket clari f ier. The 4700 gal,’dny 
of sludge separated from the waste water i n  the 
c lar i f ier  would be pumped t o  on Eimco moving- 
be l t  f i l ter, which would y ie ld 176 gal/doy of 
dewatered sludge cake for disposal by  burial, 
tank storage, or calcining. An enclosed pressure 
f i l te r  might be substituted for the moving-belt 
sludge filter. 

F f f luen t  from the clar i f ier  would be pumped 
through a pol ishing f i l ter  (1J.S. Fslter 60. “Auto- 
Jet”  or similar pressure leaf f i l ter)  to remove the 
last traces of sol ids, g iv ing high decontamination 
factors and preventing the plugging of the ion 
exchange resin columns. Suetess wi th  sand and 
anthracite f i l ters ip  the p i lo t  plant may indicate 
substi tut ion of these for the proposed precoated 
leaf f i l ter. The pol ishing-f i l ter eff luent passes 
downward through an ion-exchange coliimn 4.5 f t  
in diameter, 16 f t  high, containing 117 f t 3  (bed 
height, 7.6 ft)  of phenolie resin (Duoli te C-3 for 
the HCI flowsheet OF CS-100 for the HNO, f low- 
sheet). Two coluiiins are proposed i n  order to 
provide for a 3.5-day cyc le  (3 days loading and 
ha l f  o day for regenerating). Each loading can 
handle 1,313,000 gal of waste water or 300 gal/min 
based on a 1500 bed-volume capacity for the 
r e s in .  ‘The >2000 bed-volume resin capacity 
demonstrated in  the p i l o t  plant i l lustrates the 
conservative basis of the design project ion and 
indicates that better volume reduction (smaller 
volumes of radioactive eff luents and sol ids) can 
be expected than are shown on the flowsheets. 
The pressure drop through eaeh column i s  expected 
t o  be 39 psig. The unusually deep bed i s  used 
t o  achieve uniform f low distr ibut ion and high 
ac t iv i t y  removal. Cation radioact iv i ty i s  removed 
from the waste by the resin, and the softened 
water from the column discharged to the creek. 

Regeneration of the resin by the spl i t -e lut ion 
method proceeds as  fol lows (as numbered in  se- 
quence in  Fig. 3.22): 

l a .  Waste water remaining in  the resin i s  d i s -  
placed to the equalization basin by passing 0.5 
bed volume (438 gal) of 0.5 N HNO, from a re- 
cycle-acid storage tank upward through the column. 

1h. The f i r s t  elut ion of contaminated salts and 
ac id  i s  forced to  o regenerant-acid evaporator feed 
tank by passing 4.5 bed volumes of 0.5 N HNO, 
upward through the column. 

2a. One-half bed volume of  fresh 0.5 N HNO, 
is  passed through the resin to  displace contami- 
nated acid to  the evaporator feed tank. 

2b .  Then, 4.5 volumes of fresh 0.5 N HNO, i s  
passed through the column to  the recycle-acid 
storage tank to complete the elution, 

3a.  The acid remaining i n  the resin i s  displaced 
to  the recycle storage tank by passing 0.5 vo l  of 
demineralized water through the bed. 
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3b. The resin i s  rinsed w i t h  0.5 vol of dernin- 
eral ized water, which is s e n t  to the equa l i za t ion  
has in. 

4. T h e  r e s in  i s  f inal ly  backwnshed and restored 
to the  sodium form by 20 bed volumes of 0.1 N 
NUOH, which is s e n t  to the equal iza t ion  basin.  
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In the HNO, flowsheet the regenerant ac id  i s  
too d i lu te  to make recovery for reuse worthwhile, 
and the condensate from the evaporation is  sent 
t o  the equalization basin. The flowsheet l i s ts  
only a 10-to-1 volume reduction in the evaporation, 
but laboratory tests indicate that the volume re- 
duction may be 20 or 30 to 1 i f  the evaporation 
is  made before the contaminated ac id i s  neu- 
tral ized for storage i n  the ex is t ing ORNL concrete 
tanks. In the HCI flowsheet the 5 N regenerant 
ac id  i s  too concentrated t o  discard; it i s  estimated 
that 90% of  the HCI from the f i rs t  e lu t ion step 
can be recovered by evaporation. The remaining 
lo%, containing the radioactive salts removed 
from the waste plus inert sol ids i n  the solution, 
must be drained from the evaporator as bottoms 
and neutralized for storage in the concrete tanks. 

Cost Estimates for 750,0Q0-gaI/day Scavenging- 
Ion Exchange Treatment P lant  

Capital and operating costs were estimated for 
a ful l-scale treatment plant for ORNL low-activi ty 
waste, based an the flowsheet projected by an 
engineering study from laboratory-scale experi- 
ments before pi lot-plant data were available. The 
estimated capi ta l  costs, including a l l  equipment 
insta I led, pi ping, instruments, electr ico I wiring, 
and a building t o  house a l l  equipment except the 
s I udge blanket prec ip i  tator (c lar i  fi er), were a bout 
$393,000 (Table 3.10). Engineering costs a t  10% 
of th is  total and contingencies at  20% bring the 
estimate of capital costs t o  about $51 1,000, There 
appears t o  be no signif icant cost difference be- 
tween the HNO, and the HCI f lowsheets unless 
the regenerant-acid evaporator con be eliminated 
from the HNO, f lowsheet by use of the proposed 
stainless steel 600-gal/Car ORNL intermediate- 
ac t i v i t y  waste evaporator. The HCI flowsheet 
requires a separate regenerant-acid evaporator 
because of different materials of construction. 
El imination of the 150-galhr  evaporator, i t s  con- 
densate catch tank, bottoms storage tank, con- 
tinuous newtralizer, and neutralized bottoms stor- 
age tank would reduce the capital cost  of the 
low-activi ty waste-treatment p lant  t o  approximately 
$400,000, but some fraction of the capi to l  cost  
of the intermed iate-activi ty evaporator should be 
charged against the low-activi ty plant i f  the large 
evaporator processes regenerant acid. Th is  charge 
could be a disadvantage PO the low-activi ty waste 

treatment costs, as heavier shielding and other 
factors in  the intermediate-activity-level evapo- 
rator design may impose a much higher capi ta l  
cost per gallon of capacity than the small evapo- 
rator requires. 

Operating costs for a ful l-scale scavenging-ion 
exchange treatment plant (Table 3.1 1) were est i -  
mated to  be about 54 cents per 1000 gal, exclusive 
of amortization charges. Amortization of the 
$511,000 investment over 20 years adds 9 cents 
per 1000 gal to the operating cost. The u t i l i t i es  
cost  of 4 cents per 1000 gal could be decreased 
to 2 cents i f  the regenerant-acid evaporator i s  
eliminated. The labor and supervision charge i s  
based on 1.5 men per sh i f t  (part time for one man, 
w i th  one supervisor operating the whole ORNL 
waste system) and includes plant overhead charge. 
The solid-waste removal cost is  based on pack- 
aging the f i l te r  sludge in plastic- l ined fiber drums 
and burying them in the ORNL waste-disposal 
area. The cost of disposal of the concentrated 
acid to evaporator bottoms or to waste tanks or 
burial has not been estimated. 

3.3 E ~ G I N E E R ~ ~ ~ ~  ECONOMICS, AND HAZARDS 
EVAbU AT! ONS 

A study was undertaken i n  cooperation w i t h  
the ORNL Health Physics D iv is ion  to  evaluate 
the economics and hazards associated w i th  al- 
ternative methods for the ultimate disposal of 
h igh ly  radioactive l iqu id  and sol id wastes. A l l  
steps between fuel processing and ult imate stor- 
age w i l l  be considered, and the study should 
define an optimal combination of operations for 
each disposal method and indicate the most prom- 
is ing methods for experimental study. 

A 6-tonnc/day fuel processing plant i s  assumed, 
processing 1500 tonnesiyear of wranium converter 
fuel a t  a burnup of 10,000 Mwd/tonne, and 270 
tonnes/year of thorium converter fuel a t  a burnup 
of 20,000 Mwd/tonne. Th is  hypothetical plant 
would process a l l  the fuel froin a 15,000-Mwe 
nuclear economy, which may be in  existence by 
1975. The preliminary operations to be evaluated 
are interim l iquid storage, conversion to sol ids 
by pot calcination, interim storage of so l ids i n  
pots, and shipment of calcined sol ids. The 
ultimate disposal methods t o  be evaluated include 
the storing of calcined sol ids i n  sa l t  deposits, 
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Tab le  3.10. Est imated Capi ta l  Costs for 750,000-gal/day Scavenging-Ian Exchange 

L o w - A c t i v i t y  Waste Treatment P lan t  
.I__ -.-. ____ ......... 

Cost  of c o s t  o f  To ta l  

Equipment Insta l  lo t ion Cost  I tem 

.......... . ........... I_ 

Sludge-blanket precipitator (29-ft diam, 15-ft height) and 

water meter 

Automatic chemical feeders and blowdown 

Concrete pad 

F lash  mixer 

2 Po l i sh ing  f i l ter ,  250 f t  

E imcobel t  vacuum f i l t e r  

(U.S. F i l t e r  Co.) 

Vacuum receiver, wet  vacuum pump, f i l t ra te  pump 

4000-gal carbon s tee l  storage tank for 50% NaOH, 9 f t  
high, 9 f t  i n  diam 

2 ion exchange columns, 16 f t  high, 4.5 f t  i n  diam, 

Saran l ined 

3 3 of  Duol i te  C-3 fes in  for columns a t  $22 per f t  234 f t  

I X  automatic controls and va lves 

10,000-gal recyc le storage tank, 12 f t  high, 12 f t  i n  

diam, Saran l ined 

10,000-gal evaporator feed tank, 12 f t  high, 12 f t  i n  

diam, Saran l ined 

Continuous evaporator, package unit, 150 gal/hr ra t ing 

5000-gal condensate catch tank, 10.5 f t  high, 9 f t  i n  

diam, Saran l ined 

5000-gal butt-up tank, 10.5 f t  high, 9 f t  i n  diam, Saran 

l ined 

2000-gal HCI storage tank, 7 f t  high, 7 f t  i n  diam, Saran 

l ined 

1600-gal neutral ized-bottoms storage tank, 6.5 f t  high, 

6.5 f t  in diam, Saran l ined 

1250-gal bottoms-storage tank, 6 f t  high, 6 f t  i n  diam, 

Saran l ined 

Continuous neutra l izer  

P ip ing  

Instrumentation 

E lec t r i ca l  w i r i ng  

Building, 52 f t  long, 44 f t  wide, 24 f t  h igh  (55,000 ft3), 

a t  $2 per cubic foot  

To ta l  

$25,000 

2,500 

500 

17,000 

7,000 

1,200 

3,300 

9,600 

5,150 

3,600 
(ins to I I ed) 

11,000 

11,000 

50,000 

7,500 

7,500 

5,000 

4,000 

3,700 

4,000 

$78,600 

$ 9,200 

1,200 

200 

1,000 

2,500 

70 0 

500 

1,500 

1,500 

20,000 

1,000 

1,000 

600 

600 

500 

1,000 

$39,300 

$ 37,900 

700 

18,000 

10,700 

4,000 

36,000 

5,650 

3,600 

12,500 

12,500 

70,000 

8,500 

8,500 

5,600 

4,600 

4,200 

5,000 

20,000 

5,000 

10,000 

1 10,000 
-- 
$392,950 
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Table  3.1 1. Scavenging-Ion Exchange Process: 

Operating Costs for 756,000-gal/day Treatment Plant 

Cost  per 11000 gal 

of Feed (cents) 

Chemicals, f i l ter  aid and resin 

Ut i l i t i es  (steam, electr ic  power, 4 

20 

and water) 

Labor and supervision 17 

Solid waste removal and burial 4 

Mointenunce (5% per yr of in i t ia l  9 
capital  cost)  

Toto I 54 

i n  vaults, and in vert ical shafts, and l iquids i n  
sa l t  deposits, in  porous geologic formations by  
deep-well injection, i n  impermeable formations 
by hydrofracture, and i n  tanks. 

A cost study of interim l iquid storage W Q S  com- 
pleted for the storage of acid Purex (50 gaI/tonne 
of uranium processed), neutral ized Purex (60 
gal/tonne), acid conventional Thorex (400 ga I/ 
tonne), and neutralized Thorex (640 gal/tonne) 
wastes. For storage times of 0.5 t o  30 years, 
costs ranged from 2.0 x t o  9.3 x 
mil l /kwhe for storage of acid wastes and from 

1.5 x to 4.7 x l o m 3  mil l /kwhe for alkal ine 
wastes. Detai ls are given elsewhere. l 6  

A cost study on the conversion of high-activi ty 
solut ions to  sol ids by pot calc inat ion W Q S  corn- 
pleted. Costs were calculated for processing 
Purex and Thorex wastes in acid and reacidi f ied 
(after a lkal ine storage) forms and for producing 
Thrarex glass from acid wastes. Calcination- 
vessel designs provided for r ight  circular cyl inders 
similar t o  those used in the engineering develop- 
ment studies. The vessels studied were 6, 12, 
and 24 in. in diameter, made of sched-40 type 347 
stainless steel pipe, 10 f t  high. Vessel  costs, 
based on estimates from private industry, were 
$500, $855, and $2515. Costs were calculated 
for wastes decayed 120 days and 1, 3 ,  10, and 
30 years after reactor discharge prior to calcina- 
tion. Aging had negligible ef fect  on cos ts  for 

_I.I. . . .._. 
16R. L. Eradshaw e t  al., Evaluat ion o/ Ult imate  Dis -  

posal Methods for Liquid  and Solid Radioact ive  Wastes .  
I. Interim Liquid  Storage, ORNL-3128 (Aug. 7, 19611, 

processing i n  a given vessel s ize  because vessel 
and operating casts were much higher than capi ta l  
costs i n  a l l  cases. Aging permits larger vessels 
to  be used, however, and costs for processing in 
B-in.-diam vessels were 2 to  3 times as high as  
for processing in 24-in.-diamvesseIs. 

The lowest cost  was 0.87 x rnill/kwhe for 
processing acid Purex and Thorex wastes i n  24- 
in.-diam vessels, and the highest was 5.0 x l o - '  
mill/kwhe for processing reacidif ied Purex and 
Thorex wastes in S-in.-diam vessels (Table 3.12). 
About 7 y e w s  of interim l iquid storage would he 
required before acid Purex waste cowld be proc- 
essed i n  24-in.-diam vessels. Detai ls of th is 
study are given elsewhere. 

Shipping costs for calcined sol ids were calcu- 
lated, assuming cyl indr ical  carriers of iron, lead, 
and uranium, w i th  an inside diameter of 5 ft. The 
vessels containing the calcined sol ids are the 
6-, 12-, and 24-in.-diam cyl inders used for pot cal- 
cination. Carriers would contain thirty-six 6-in.- 
diam vessels, nine 12-in.ediam vessels, or four 
24-in.-d i am ve s se I s. 

A minimum age for each waste before shipping 
is  necessary because the temperature of the waste 
must not be al lowed to  r i se  above the maximum 
Calcination temperatures and because the tennpera- 
ture of the lead (for thecase of lead carriers) must 
not approach its melt ing point. The carriers are 
air- f i l led and have no mechanical cool ing equip- 
ment. Minimum ages for shipping in 5- and 24- 
in.-diam cyl inders were 2.4 and 11 years for acid 
Purex, 1.0 and 3.0 years for reacidif ied Purex, 
0.66 and 3.4 years for acid Thorex, 0.33 and 0.82 
year for reacidif ied Thorex, and 0.33 year for acid 
Thorex g l a s s  i n  6-in.-diom cylinders. 

Weights and costs for carriers a t  minimum ages 
were about 100 tons and $50,000 for iron carriers, 
80 tons and $120,000 for lead carriers, and 65 tons 
and $650,000 for uranium carriers. The shipping 
costs calculated for round-trip distances o f  1000, 
2000, and 3000 miles were the sums of cariier, 
ra i l  freight, and handling charges. Shipping costs 
were lowest in  a l l  eases for lead carriers, but 
in  some cases the USE of lead carriers required 
higher minimum ages. At 1000 miles the use of 
iron carriers costs less than that of uranium 

17 

17J. J, Perona e t  al., Evaluat ion of Ult imate  D i s p o s a l  
Meth0d.s for Liquid and .Solid Radioact ive  W a s t e s ,  11. 
Conversion to Solid by  Pot Calcination. ORNL-3192 
(Sept. 27,  1961). 
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Table 3.12. Pot Calcination Costs as Affected by Waste Types and Vessel S i res  
____l_-....-l . ____. 

Total Processing C o s t  (mills/kwhe) 

1 24 n. -d i a m Ve s se I s 

__ Waste Type 
64  n.-d i a m  Ves s e  I s 24-i n .-d i a m Ves se 1 s 

Acid Purex-acid Thorex 1.6 x 0.98 x 0 . 8 7 ~  

Acid Purex-acid Thorex g l a s s  2.2 

Acid Purex-reacidified Thorex 3.8 1.9 1.5 

Reacidified Purex-acid 'Thorex 2.8 1.5 1.2 

Reacidified Purex-acid Thorex 3.4 
g l a s s  

Reacidified Purox-reacidified 5.0 2.4 1.9 
Thorex 

carriers, but a t  3000 miles the cost of uranium 
carriers i s  less than that of iron carriers and 
approaches that of lead carriers (Figs. 3.23 and 
3.24). Costs for lead carriers range from 0.70 x 

rnill/kwhe for acid Purex i n  four 24-in.-diarn 

0 1000 2000 3000 4000 

R O U N D  TRIP DISTANCE (miles) 

Fig. 3.23. Shipping Costs for Carriers Containing 
Thirty-six 6-in.-diam Cylinders or Nine 12-in.diam 
Cy S inders of Ca I C  ined Wastes. 

cyl inders per carrier a t  1000 miles to 32.3 x l o - '  
rnill/kwhe for reacidif ied Thorex in  smaller cy l -  
inders a t  3000 miles (Table 3.13). 

Tentative costs were calculated for storage o f  
cyl inders of calcined waste buried in  a vert ical 
posi t ion i n  the f loors of rooms i n  salt  mines. The 
distance between the vert ical  axes of the cyl inders 
i s  determined by the need for dissipat ing the heat 
o f  f i ss ion  product decay without exceeding the 
calc inat ion temperature in  the cyl inders or a 
temperature of 20OOC in  the salt. Ac id  Purex 
waste requires the largest spacing, ranging from 
20 f t  a t  2.3 years to 11 f t  a t  30 years for 6-in.-diam 
cylinders; from 36 ft a t  5.5 years to 23 f t  a t  30 

ROUND TRIP DISTANCE (mi les )  

Fig. 3.24. Shipping Costs for Carriers Containing 
Four 24-in.-diam Cylinders of Calcined Wastes. 
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Table 3.13. Shipping Costs in 5-f t -ID Lead Carriers as a Function of Round-Trip-Distance Casts 
~ 

Cost ( m i  Ils/kwhe) - .. ... 
Thirty-Six 6-in.diarn Cylinders per 

Carrier or Nine 12-in.-diam Cylinders 
per Carrier 

1000 Miles 2000 Miles 3000 Miles 

Four 24-in.-diam Cylinders per Carrier . ~ _ _  Waste Type 

_____ 1000 Miles 2000 Miles 3000 Miles 

Acid Purex 1.23 2.02 2.80 0.64 1.00 1.35 

Reacidified Purex fi l led 2.90 4.86 6.83 1-55 2.58 3.76 
t w i c e  

Acid Thorex 4.83 8.12 11.8 3.00 4.83 6.69 

Reacidified Thorex fi l led 13.3 22.5 32.2 7.29 12.2 17.1 
t w i c e  

Acid Thorex g lass  (6-in. 6.09 10.7 15.0 
cylinders only) 

UNCLAS51FIFD 
ORNL-  LR-DWG 67287 

10 20 3 0  0 3  0 5  i 2 5 
VJASTF AGE 41 B U 2 l A L  ( y e a r s )  

Fig. 3.25. Mined-Space Requirements in  Sal t  Mines for Calcined Wastes in 12-in.-diam Cylinders Buried in  

Vertical Arrays. 

years for 12-in.-diatn cylinders; and 56 f t  a t  30 plotted i n  Fig. 3.25 as a function of waste age. 
years for 24-in.-diam cylinders. Corresponding Space requirements were also calculated for stor- 
areas of mined space range from about 20 to  2 age above the floor of rooms in a salt mine and 
acres/year. As an example, mined-space require- were roughly the' same as for burial in arrays in 
rnents for the disposal of 12-in.-diarn vessels are the floor. Space requirements for storage as 



95 

l iquids were about 2.3 times as large, owing 
primari ly to the lower l imi t ing temperatures. 

In the conceptual design of the disposal opera- 
tion, the waste-container shipping cask i s  re- 
moved from a ra i l  car and carried into a hot cel l ,  
which encloses the top of the waste shaft. TSe 
contuiners are then unloaded into a storage area 
from which they are removed for lowering down 
the shaft into a iiiotorized carrier at the working 
level of the mine. The carrier moves out t o  the 
disposal area, lowers the container into a hole 
i n  the floor, arid backf i l ls  the hole wi th f ine 
crushed salt. Concurrently, sa l t  i s  being mined 
in  anather corridor. A one-mile-square area i s  
assumed to be served by a waste shaft. The 
operations w i l l  be conducted on one quadrant of 
the mine at a time, completely isolat ing the sa l t  
mining from the disposal operations. Disposnl- 
operations personnel and equipment w i l l  use the 
mining shaft for entering and leaving, however. 

Vent i lat ing air  w i l l  come down a compartment 
in  the mining shaft, wi th a port ion being sp l i t  off 
into the disposal tunnel. The disposal-tunnel 
a i r  w i l l  travel completely around the quadrant and 
e x i t  up the waste shaft. The air w i l l  be drawn 
from the shaft, through the hot cel l ,  through o n  
absolute filter, and up a 200-ft-high stack. In 
order that vent i lat ing air w i l l  never pass a f i l l ed  
storage area before i t  reuches the current working 

area, disposal operations w i l l  start a t  the mast 
remote point  and work back toward the shaft. The 
cr i ter ia for isolat ion and vent i lat ion require that 
a double tunnel be driven completely around the 
quadrant and that the rooms on the outside of 
the peripheral tunnel be excavated before disposal 
operations start. 

Cost figures were calculated for disposal a t  a 
depth of 1000 f t  for two condit ions of stabi l i ty, 
one w i th  very sinall structural f low and 2.5% 
dimensional closure due to thermal flow, and one 
w i th  considerable structural f low and 100% thermal 
closure of the rooms. These figures for typical  
waste combinations are shown i n  Table 3.14 for 
waste ages a t  burial of 1, 3, 10, and 30 years. 
The costs of developing peripheral tunnels and 
storage space are based on an assumed cost of 
$2 per ton for sa l t  removal. Shafts and l i fe-of- 
shaft items were amortized over the t ime required 
to f i l l  the entire square mile (8.5 years for 1-year 
cool ing wi th 2.5% closure to  89 years for 30-year 
cool ing w i th  100% closure), 

milI/kwhe for 
100% room closure w i th  30-year-cooled wastes to 
30 x l o A m 3  miII /kwhe far 1-year cool ing and 2.57 
closure. Sixty to eighty-f ive percent of the costs 
were for ,sal t  removal, indicating that i t  i s  im- 
portant to have more accurate figures for th is 
operation. 

Total  costs ranged from 6 x 

Table  3.14, Costs of  Ult imate Storage of Calc ined Wastes i n  Salt a t  a Depth of 1000 f t  
-~ -- ............................. ......... -. 

C o s t  (rnills/kwhe) 

2.5% Closure 100% Closure 

_I_ 

Age of ‘Nilste Diameter of Cyl inder 
(in.) 

.................... Type o f  Waste 
(yr) 

1 Reacidif ied Purex 

Acid  Thorex 

3 Acid Purex 

Acid Thorex 

10 Reocidif ied Purex 

f i l led  twice 

Acid Thorex 

30 Acid Purex 

Acid  Thorex 

6 

6 

6 

12 

12 

12 

12 

24 

3.06 x lom2 1.60 x loe2 

1.54 0.84 

1.25 0.70 

1 .oo 0.60 
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4. Solvent Extraction Technolo 

New solvent extraction agents are being de- 
veloped for wider application of solvent extrac- 
t ion technology, particularly i n  radiochemical 
processing. A number of  new extractants de- 
veloped in  the ORNL raw materials program are 
now commercially used for extracting uranium and 
other metals from acid ore leach liquors. Solvents 
that extract iiranium by cation or anion exchange 
offer a new technology i n  which the pr inciples of 
ion exchange are used on a l iqu id- l iqu id  basis 
wi th the inherent engineering advantages of l iquid- 
l iqu id  systems. Extraction, by th is  and other 
mechanisms, of  a large number of  metals from a 
wide variety o f  different aqueous compositions i s  
possible i f  extraction properties are controlled by 
the appropriate choice of reagent structure. A 
systematic experimental survey i s  in  progress to 
explore their u t i l i t y  in  fuel processing, waste 
treatment, f iss ion product recovery, transuranium 
recoveries, and other heavy-metal separations. 

Fundamental investigations, aimed at  under- 
standing the mechanisms of  metal extraction by 
the various reagents, are i n  progress, and reagents 
intended for use with highly radioactive solutions 
are being examined for radiation stabi l i ty and 
methods o f  removing deleterious degradation 
products, 

Information already obtained about extractants 
containing different functional groups also suggests 
u t i l i t y  outside the f ie ld  of l iqu id- l iqu id  extraction. 
Some of the functional groups may be used 
prof i tably in  ion exchange resins or in the “ l i qu id  
gel” technique in which the solvents are held in  
beads of microporous plast ics.  

4.1 FINAL CYCLE PLUTONIUM RECOVERY 
BY AMINE EXTRACTION 

The chemical flowsheet proposed,’ f 2  for pur i f i -  
cation o f  plutonium by amine extraction after 

typical  Purex extraction and separation from 
uranium, was tested with simulated feed in  batch 
countercurrent runs and with actual Purex solutions 
in con ti nuous countercurrent runs, Plutonium 
distributions were as predicted, wi th satisfactory 
recoveries and concentration factors, and physical 
performance was excel lent, bu t  decontamination 
factors from the actual Purex solutions were much 
lower than expected and lower than required for an 
acceptable plutonium product, Decontamination i s  
being studied further. 

B a k h  Countercurrent Tests 

Plutonium distributions under various extraction, 
scrubbing, and stripping conditions (Table 4.1) 
and the physicol performance o f  the system were 
checked at fu l l  plutonium concentration levels, in  
a bank of stirred sepasabory funnels, with Alomine 
304 (trilaurylaniine, TLA) in diethylbenzene as the 
extractant. The plutonium prof i les agreed wel l  
with the predicted extraction isotherms (Fig. 4.1). 
Plutonium refluxing was negl ig ib le when 6 HNO, 
was used for scrubbing and was measurable, but 
less than predicted from the di stributisn coeff i -  
cients, when 0.5 M HNO, was used. This suggests 
somewhat slow reequil ibration o f  plutonium in  the 
scrubbing section. The raffinate loss with four 
extraction stages was about 0,3% of the plutonium 
in the feed, and about 0.01% remained in the 
stripped extractant. 

Z i  rconium-95-niobium-95 tracer (% 60% Nb-407o 
Zr y act iv i ty)  added to  the feed solution at % l o 6  
gainmo counts min- ’  m l - ’ ,  the highest level  

’Chem. Technol .  D i v .  Ann, Progr. R e p t .  May 31, 

’C, F. Coleman, Final Cyc le  Plutonium Recovery b y  

1961, ORNL-3153, p 1050 

Amine Erttaction, O R N L  CF-61-5-74 (May 24, 1961). 

. 
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Table 4.1. Flowsheet Canditians i n  Batch Cauntercurrent Tests of Plutonium Purif ication C y c l e  

SI M LJ LATED 
FEED SCRUQ STRIP 

-. . . .-. ... . . . ...... . . . . . . . 

EXTRACTION 4 STAGES SCRUBBING 6 STAGES STRIPPING 6 STAGES 

R AFF I N ATE 

I 

I 
PRODLJC 1 STRl PPEO 

EXTRACTANT 

Stream Relat ive  Volume Composition 

Extractant 

Feed 

Scrub 

Strip 

5, 15 

60 

3,  6 

3, 4 

0.1, 0.16, 0.3 M T L A  in  diethylbenzene 

1 g Pu/liter, "'105 M HNOg, 0.2 M NoNOZ ( in i t ia l )  

0.25, 0.5, 6 M HNO3 

2, 3, 4 h21 @H3C00H 

zoasidered completely safe in the unshielded 
glove boxes used, could not be dist inguished from 
background gamma in  the product, Th is  indicated 
n decontamination factor o f  lo3 ,  and radiochemical 
analyses indicated decontamination factors of  the 
order of IO4 each From zirconium and niobium. 

Continuous Countercurrent Tests 

~n processing o f  Purex IBP s o ~ u t i o n , ~  physical 
operation of KAPL Mini  mixer-settlers was 
excellent. Run samples and the l imited prof i le  
samples obtainabl e indicated cons i stency with the 
batch tests, The indicated eff iciency o f  the ex- 

, t ract ian mixer-settlers was c lose t o  5076, i n  agree- 
ment wi th  experience i n  other extraction systems. 
Flowsheet conditions (Table 4.2) were varied 
wi th in  the ranges checked in  the batch tests, wi th  
feed point varied to d iv ide the 16-stage A-bank 
into either 5 extraction and 1 1  scrub or 9 ex- 
tract ion and 7 scrub stages. 

Gamma decontamination factors were only 100- 
500 (Table 4,3), much lower than expected and than 
needed for plutonium purif ication. The number o f  
scrub stages was the only variable o f  those tested 
that had an unquestionable affect on decontorni- 
nation from z i rcon i urn-n io5 i urn. D ~ c o n t a m  i notion 

'Plant solution obtained through the cooperotion o f  
11, (3, Rathvon, HAPO, and E, M. Shank, ORNL. 

was not improved hy decreasing the amine concen- 
tration, which suggests that u small  fraction, 
perhaps 0.576, of the zirconium-niobium was in cd 

form that was completely extracted by the 0.16 M 
amine (and might have been completely extracted 
at  a s t i l l  lower concentration}. T h i s  fraction of 
amine-extractable species might have been present 
in  the dissolver solut ion i n  small but persistent 
(metastable) amounts and concentrated in to the 
IBP, or it may have been formed either during 
Purex processing by complexing wi th  organic 
degradation products of the TBP or diluent or 
slowly during the t i m e  (6 and 1 1  weeks) between 
withdrawal and use o f  the samples. 

Decontamination from ruthenium WQS higher from 
feed TLA-3 than from feed TL-A-2, presumably due 
to a difference in  the ruthenium species or com- 
plexing agents present. Th is  effect was larger 
than any that may have res~ltedl from changing the 
extractant concentration or scrub acidity. 

Cold Engineer ing Tests 

In co ld engineering tests in  both pulsed columns 
and mixer-settlers, f looding was measured with 
feed containing 1.5 M n i t r i c  acid, scrub 0.5 $1 
HNO,, solvent 0.3 ,hf Alamine 304, str ip 2 A,f acetic 
acid, and solvent regeneration 1 M sodium car- 
bonate at  f low rat ios o f  100/10/25/5/;p,5. E f f i -  
ciency was measured wi th  uranium as a stand-in 
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Fiy ,  4.1, Prof i le  and Mccabe-Th ie le  Diagram for f'lutoniuiii Puri f icat ion Cycle. Botch countercurrent run 2C 
with simulated 1BP feed; 0.155 Ed T L A  in diethylbenzene, 0.5 ,M HN03 scrub, and 3 hf CH3COOH strip; volume 

rotigs, 60/15/6/3. Points in  parentheses from material balance. 

for plutonium, and the salt ing and stripping agents 
were adjusted to maintain the same f low ratio a s  

the plutonium flowsheet. The solvent vias treated 
for recycle by contacting with 1 M sodium car- 
bonate. 

The f low capacity of  a 2-in.-diorn-glass pulsed 
extract ion -scrub co I umn , contain i n CJ s i eve pl ates 
(0.125-in.-diam holes, 23% free area, 2-in. spacing) 
with the interface at the top o f  the column, ranged 
from 1200 to >2400 gal ft-2 hr-'  as the pulse 
frequency was decreased from 90 t o  50 cpm at  
1-in. amplitude (Fig. 4.2). A nozzle p la te (0.125- 
in.-diam holes, 10% free area, 2-in. spacing) 
column, with the interface at the bottom, had f low 

capacit ies about ha l f  these values, The flaw 
capacity far stripping and solvent treatment was 
nearly the same for each column and ranged fram 
130 to 560 gal ft-' hr-' as  the pulse: frequency 
was decreased from 70 to  25 cpm. Except for the 
sieve-plate extraction-scrub column, the f low 
capacity o f  equal-diameter coluinns a t  constant 
pulse frequency match the re la t ive flow require- 
ments for extraction, strip, and solvent treatment. 

The stage eff iciency of pulsed columns W Q S  

measured wi th  uranium as a stand-in for plutonium 
and the salt ing arid stripping agents adjusted to 
maintain the some  f low ratio as the plutonium 
f lowsheet .  The HETS for uranium extraction WBS 
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Table 4.2. F’Snvrshert Condi t ions in Continuous Countercurrent Tests of  Plutonium Purification Cyc le  

SCRUB (AS)  
EXTRACTANT PUREX I B P  

( A X )  FEED ( A F )  STRIP ( B X )  

Nalu 

EXTRACTION 5--3 STAG STRIPPING (5 STAGES 

I 

STRl ??ED 
EXTRACTANT 

( B W )  

PRODUCT 
(E?) 

Stream Nnn ina l  F l o w  
( m l / m  in) 

Composit ion 

Ext ractant  0,74 0.16, 0,2 M TLA i n  diethylbenzene 

Feed 

Scrub 0.29 0.5, 5 M M N 0 3  

St r ip  0.29 3, 4 M CH3COOt-l 

2,96 Purex l B P ,  1.3 M HN03, 0.1 M N a N 0 2  ( i n i t i a l )  

. ............ ...... _____--___ __ .... ._ ...... 

l o h l e  4.3. Decontamination Factors  in Continuous C O I P ~ P ~ R C U W C ~ I ~ .  T e s t s  of Plutor~iwrn Pur i f i co t i on  C y c l e  

Feed to  Product D.F. 
Run Gross y T L A  Scrub“ HN03 Extract ion Scrub __ .............................. ~ 

NO. (counts m in - ’  n21- l )  ( M )  ( h i )  Stag.js Stages Gross y Z r - N b y  R u  y 

2a 1.91 10’ 0.198 0.5 5 11 500 500 160 

2b 0.198 0.5 9 7 135 135 100 

2c 0.16 OU5 9 7 135 135 135 

3a 2.90 10’ 0.16 0.5 9 7 200 2 40 500 

3b OS16 5 5 1 1  470 4.10 750 

nPlutonium s ~ t i p p e d  w i t h  3 M CH3C00H after 0,5 M HN03 scacrh and w i t h  4 M CH3COOH after 5 M I-fN03 scrub. 

4.2 Ft at 70 cprn and 6.6 FI cat 53 cpm in  the sieve- 
pla:e column and 4.2 f t  at 70 cpm in  the nozzle- 
plate column. HET’S values for uranium str ipping 
decreased from 3.8 ft at 51) cpm to 3.2 ft a t  90 cpiii 
in the sieve-ptote colurni: and w a s  3.0 ft ~t 50 cpm 
i n  the nozzle-plate column. 

The flow capacity of a pump-type mixer-sett ler 
for h e  ominc-plutonium flowsheet \.vas a function 

of mixer speed  (Fig.  4.3). A t  low speed5 flooding 
was caused by insuff ic ient  pumping of the aqueous 
interstilge stream, and at high specds the capocity 
was l imi ted by flooding of the dispersion out of the 
settlers. rhe tnaxirnum flow capacity was 3.85 gal 
inifl ’ f t - 2  at 1600 rpm foi  extraction, 1.71 gal 
i i i i t i - ’  f t - *  a t  1200 rprn for stripping, and 1.85 gal 
rn in- ’  f t - 2  a t  1400 rprn for solvent t reotncnt .  In 
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Fig. 4.2. F l o w  Copacityof  2-in.-diam Pulsed Columns 
with the Amine-Plutonium Flowsheet. 

equal-s i re mixer-settler uni ts the f low capacity of  
the extraction section I imits the production 
capacity o f  the plant. 

The stoge ef f ic iency of a pump-type mixer- 
settler for the amine plutonium flowsheet, using 
uranium as a stand-in for plutonium, was not very 
satisfactory. The overall ef f ic iency for extraction 
was 50%, and for stripping, efficiency was only 
30-40%. This d i f f icu l ty  was caused by not being 
able to balance the mixer speed required for 
adequate mixing and pumping. At the high speed 
required for good indiv idual  mixer efficiency, 
backmixing, due to either too much aqueous 
pumping or flooding o f  the settlers, lowered the 
overall efficiency. The low ef f ic iency i s  not 
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Fig. 4.3. F l o w  Capacity of Pump-type Mixer-Settler 

with Amine-Plutonium Flowsheet. 

believed to be characteristic o f  the flowsheet, and 
other types o f  mixer-settlers would assuredly give 
better performance since satisfactory stage heights 
were obtained i n  pulsed columns and batch mixer- 
rate tests demonstrated rapid transfer. 

Acet ic Acid Stripping 

The poss ib i l i ty  of  eliminating acetic ac id  from 
the plutonium product solution in the above flow- 
sheet by d is t i l l a t ion2  i s  still being tested. 
Measurements o f  liquid-vapor equi l ibr ia i n  a 
modified Gi lespie s t i l l  confirmed the higher 
vo lat i l i ty  of acetic acid than that of  n i t r i c  over 
the range of aqueous solutions concerned, at least 
in  the absence of  metal ions. Figure 4.4 shows 
equil ibrium ac id i t ies resul t ing from total in i t ia l  
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Fig. 4.4. Vnpor-Liquid Phase Equi l ib r ia  of  A c e t i c  Acid-Nitr ic Acid-Water Mixture. 

acid i t ies o f  4 and 0.5 17; the curves at intermediate 
ac id i t ies  are similar. Data from u modif ied Wiley- 
Harder s t i l l  were in good agreement. 

4.2 EXTRACTION OF R A R E  EARTHS BY 
T E R T I A R Y  AMINES FROM CHLORIDE 

SOLU T I ONS 

The proposed method for separating trans- 
p lu  toniums from lanthanides, by extract ioi i  with 
te i t iory  amines, from l i thium chloride solut ions4 
was studied with respect to separating lanthanides, 
ytfi ium, and scandium. Yttrium was less ex- 
tractable than any of the Innthanides under a l l  

4R, D, Baybarz and 9. Weaver, S e p n r a f r ~ n  o/ Trans-  
plutoniurns from Lanthanides  by  Tertirxsy Amine E x -  
traction. O R N L - 3 1 8 5  (Dec. 4 ,  1961). 

conditions tested, and seporation of i t  from the 
lanthanides by CI single-cycle multistage extraction 
process appears feasible. It i s  certain that yttrium 
w i l l  be separated even more completely than the 
Ian thani des from the tran spl uton ium elernen ts .  

The order of extractabi l i ty of the lanthanides 
and their differences from yttr ium varied w i th  
the composition of t he  amine, diluent, and 
aqueous solut ion (Fig. 4.5). In extractions from 
11 v LiCI-0.01 A! HCI, maximum extraction WQS 

near the middle of the lanthanide series. From 
8 ,Y LiCI-2 '\' AICI,, the heaviest elements were 
usually the most  extractable. Extraction o f  yttrium 
and the Innthanides was proportional to approxi- 
mately the square o f  the ornine concentration in  
aromatic hydrocarbons, either pure or modified by 
tr idecyl alcohol in  constant rat io t o  the amine. 

Extractions of  americium had previously been 
found to  be proportional to about the 18th power of 
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Fig. 4.5. Tert iary Amine Extraction of  Lanthanides 

Compared with Yttrium. 

the chloride concentration under various con- 
ditions. In extractions by tri- iso-octylamine i n  
diisopropylbenzene, extractabi l i ty of europium was 
proportional to  the 24th power of the l i thium 
chloride concentration, compared wi th  the 16th 
power for yttrium, thus permitting a higher sepa- 
ration between these elements at higher chloride 
concentrations (Fig. 4.6). Scandium was more 
extractable than europium at  low chloride concen- 
trations, but less extractable a t  high chloride 
concentrations. Scandium extraction varied greatly 
with amine composition and was higher from 8 N 
LiCI-2 N AIGI, than from LiCI-0.01 N HCI 
solutions, the reverse of the behavior o f  yttrium, 
the lanthanides, and the transplutoniurns. 

4.3 METAL NITRATE EXTRACTlON 
BY AMINES' 

The study o f  amine extraction characterist ics of 
f ission- and corrosion-product metals of interest in 

'Work done by the Department of Nuclear Engineering, 
MIT, under subcontract. 
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Fig. 4.6. Extraction Dependence on LiCl Concentra- 

tion. Init ial  HCI, 0.01 N. 

nitrate solutions was concentrated principal ly on 
extraction o f  the nitro and nitrata n i t rosy l  ruthenium 
complexes by tri laurylamine (TLA, Eastman 
No. 7727).6 As anticipated from reported experi- 
ence i n  other extraction Systems, ruthenium extrac- 
t ion varied markedly both with the age of the aque- 
ous solution, measured from t ime o f  dissolut ion o f  
RuNO(N03),.2H,0 or RuNO(N02),0H.2H,0, and 
with contact t ime in extraction (Figs, 4.7 and 4.8). 
Two-minute extractions of the nitrato complexes 
from <1.5 M HNO, and of the nitro complexes a t  
a l l  ac id i t ies  tested were lower from month-old 

~ ~ 

6E. A. Mason and R. E. Skavdahl, "Equi l ibr ium Ex- 
traction Characteristics of Alky l  Amines and Nuclear 
Fuels Metals in Nitrate Systems," Progr. Rep t .  X, 
J u l y  1 -Dec .  31, 1961. Subcontract 1327, MITNE-14. 
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Fig. 4.7. Extraction o f  Nitrato Nitrosyl  Rutheniuiii 

by 0.25 hl T L A  in Toluene. Ini t ia l  aqueous ruthenium 

concentration -6 a/liter. 

Fig. 4.8, Extraction o f  Nitro Nitrosyl  Ruthenium 

by 0.26 M T L A  in  Toluene. Ini t ia l  aqueous ruthenium 

concentration "'5 g/liter. 

solutions than from fresh ( 1  -2 hr) solutions, but 
24-hr extract ions from the month-old solutions were 
higher. Extraction coeff icients varied with the 
1 to 1.5 power o f  the amine concentration, and 
those of the nitro complexes with about the 1.2 
power of the f inal aqueous ruthenium concentration. 

In the presence of sodium nitrate, which was 
used to  maintain the total aqueous n i t ra te concen- 
tration at  -6 (tf, extractions o f  the nitrato com- 
plexes were similar to  those in Fig. 4.7 at  high 
ac id i t ies but rose with decreasing acidity down 
to  an ac id i ty  o f  <O.S HNO,, instead o f  level ing 
off and dropping at < 3  M HNO, as when no sa l t  
W G S  present. The effect o f  sodium n i t ra te on ex- 
ttcsction of the n i t ro  complexes was less  marked, 
g iv ing curves approximately paral lel to those 
without sodium nitrate (Fig. 4.8). With two-min 

extraction times extractions were somewhat lower 
with than without sodium nitrate, but with 24-hr 
contact times, they were higher. Extractions with 
and without nitrate salt  showed better correlation 
with excess n i t r i c .  ac id  extracted by the amine 
nitrate solution (presumably a direct function o f  
the aqueous n i t r i c  ac id  act iv i ty )  than with the 
aqueous n i t r ic  ac id  concentration. 

Work now reaching completion, wi th both spectro- 
photometric measurements and distr ibution meas- 
urements at various ruthenium loading levels, 
promises to g ive a complete dif ferentiat ion of the 
nitrnlo complexes and evaluation of  their separate 
extroction coefficients, The results indicate that 
the tetra- and penta-nitrata complexes ore the most 
amine-exfractable ones of  th is  series, and suggest 
that they ore extracted GS un-ionized nitrato acids 
rather than a5 onions. 
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4.4 METAL CHLORIDE EXTRACTION 
BY AMINES 

Extraction o f  iron(ll1) from hydrochloric ac id  and 
chloride salt  solutions with typ ica l  primary, 
secondary, tertiary, and quaternary amines was 
studied preliminary to  a larger program surveying 
extraction o f  many metals in  these systems. In 
tests with a secondary amine, Amberlite LA-I,  
iron extraction coeff icients were several t imes 
higher in  diethylbenzene than i n  Amsco 125-82- 
alcohol diluent, and higher from L iC l  solutions 
than from solutions of other chloride salts. With 
a l l  amine types, extraction of  iron increased with 
an increase in chloride concentration (Fig. 4.9). 

0 2 4 6 8 100  2 4 6 8 40 
TOTAL CHLORIDE ( N )  HCI CONCENTRATION ( M )  

Fig. 4.9. Extraction of Fe(lll) from Chloride Solu- 

tions. Organic: 0.1 M amine chloride in diethylben- 

zene (97% diethylbenzene-3% tridecanol diluent for 

Aliquut 336). Aqueous: 0.01 ,&I Fe(lll) in (a) LiCI- 
0.2 hf HCI and ( b )  HCI. Contact: 10 min a t  1/1 phase 

ratio. 

The extraction power varied i n  the order A l iquot  
336 (quaternary ammonium) > Alamine 336 (tertiary 
amine) > Amberlite LA-1 (secondary amine) >> 
Primene JM (primary amine). 

4.5 ACID RECOVERY BY AMINE EXTRACTION 

Preliminary tests indicate the appl icabi l i ty  o f  
sterical ly hindered tert iary amines for solvent 
extraction recovery o f  sulfuric ac id  from Sulfex 
process waste. Removal o f  the ac id  for recycle 

would signif icantly decrease the volume of waste 
from the Sulfex process. 

The ac id extraction ab i l i t y  of the long-chain 
a lky l  amines has been known for many years, but 
their use as ac id  recovery agents has been dis- 
couraged by the d i f f icu l ty  o f  recovering the ex- 
tracted acid from the solvent. It wus found 
recently, however, that tert iary amines with a lky l  
branching c lose to the nitrogen are suff iciently 
weak bases that they can be stripped ef f ic ient ly  
with water. Excessive branching cannot be 
tolerated since the amine i s  then too weak a base 
to  g ive acceptable performance in the extraction 
cycle. Of the compounds tested, results were best 
wi th  tri(2-ethylhexyI)amine, di(2-ethylhexy1)hexyI- 
amine, and N-benzyldi(2-ethyIhexyl)amine, the last  
seeming t o  represent the best compromi se between 
extraction ab i l i t y  and ease o f  stripping. Isotherms 
for extraction of ac id  from simulated Sulfex waste 
wi th  the latter two compounds showed that >90% 
recovery o f  ac id  could be obtained in 3-4 ideal 
stages whi le  loading the amine to -., 1 mole H,SO, 
per mole of amine (Fig. 4,lO). Stripping isotherms 
indicated that - 1  hf H,SO, could be recovered 
from N-benzy Idi(2-ethyIhexyI)amine, but only 
-0.5 M t-I,SO, from di(2-ethylhexyl)hexylamine 
(Fig. 4.1 1). 
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Fig. 4.10. Isotherms for Extraction o f  Sulfuric Acid 

from 1 M FeS04-2 .5  M H 2 S 0 4  Solution with 0.2 M 
Amine in  16% IsodecanoI-84% Amsco 125-82 (a) V- 
benzyldi(2-ethylhexyI)umine. ( b )  Di(2-ethylhexy1)hexyl- 

amine. 
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( a )  V - benz y I d i ( 2 -et h y I hex y I ) hexy l  a mi ne. 

4.6 EXTRACTRON PERFOR 
CLEANUP OF DEGRADED PROCESS 

E XT RACTANTS 

Many o f  the d i f f icu l t ies encountered i n  the use of 

plant-degraded YBP-Arnsco 125-82 solvent stem 
from deyrndotion products o f  the Amsco 125-82 
di luent. Nitroparaffins (FINO,) g ive the same 
infrared spsctrum as, and perform in, extraction 
tests simiiarly to a nitrogen-bearing component 
separated from n i t r i c  acid-degraded diluc3.nt.7 
Testing of solvent degradation (by both heating 
und irradiation), of solvent cleanup, and of new 

d i l l i en t s  was continued. 

Solvent Degradation 

Degradation o f  the Amsco 125-82 was shown' t o  
be I n o r e  severe when TBP was present than wheo 
it was not, Degradations by irradiation and by 
h e i t i n g  were essential ly equivalent with respect to 
effects detected by Zr95-Nb95 extraction, by toto! 
orgonic nitrogen determinations, and by spectro- 

photometric nitroparaff in determinations. [he in- 
creased degradation i s  probahly a consequence o f  
n i t ra te and n i t r i te  extraction by TBP, which in- 
creases the opportunity for nitration, and perhaps 
also o f  stabi l izat ion o f  the nitroparoffin compounds 
by complexing with T3P. The u l t rav io le t  spectrn 
o f  simple nitroparaffins g ive an intense band at  
around 200 mp, as did a number of samples of 
Amsco or Amsco-TBP thut had been exposed for 
various times to bo i l ing n i t r i c  acid or t o  irradiat ion 
in  the presence of n i t r i c  ac id  (Fig. 4.12). The 
absorbance, ond therefore the concentrotion, o f  
nitroparaffin increased l inearly wi th  exposure for 
both Amsco and TBP-Amsco, \ h i s  was true 
whether the exposure was to ir iadiat ion or  to 
bo i l ing n i t r i c  acid. The irradiation dose scale at 
the top o f  Fig. 4.12n was arbitrari ly ail iusted to 
make the slope o f  the diluent radiation damage 
curve mat& that of the diluent chemical damage, 
and t h i s  resulted in good agreenient of the single 
TBP-di luent chemical dainaye point wi th  the r3P-  
diluent radiation damage. The slopes of the 
di luent and T8P-d i luent  damage curves indicate 
that nitrat ion was at least tw ice  os fast i n  'the 
presence of fSP.  Chemical analyses of the 
organic-phase nitrogen for o few o f  the degruded 
T3P-Amsco samples (Fig, 4,12h) indicated a fa i r ly  
constant ratio of n i t ro  groups (determined From 
ultraviolet mtasurements) to  total nitrogen, 
regardless o f  the type of degradation. Not all 
nitrogen-containing degradation products are 
f iss ion product extractants; e.g., nitro groups on 
tert iary carbon atoms or on aromatic r ings cannot 
enoli ze t o  the extracting f o r n ~ . ~  Further, although 
the ultraviolet absorption data indicate that most 
o f  the nitrogen cornpounds arc nitroparaffins and 
the chcmicoI behavior of the solvent i s  consistent 
with nitroparaff in properties, other types o f  
degradution products may have been formed, 

- 

Solvent Clccpnup Tests 

Efforts were continued to  develop l iquid-scrubbing 
methods for removing degradation products from 
used SoIzpents, since these would be more con- 
venient than the currently used solids-handling 

'Chern. Technol. Drv.  Ann. Fsmgr. R e p t .  Muy 71, 

'Chem. Tecbnol. Dzv., Chev~. Dev. Sec. C, Progr. 

1961, ORNL-3153, p 109. 
'Chem. Technol ,  Drv .  An?,. Progr .  R e p t .  May 31. 

R e p t .  Aug.--Sept. 1961, O R N L  TM-27, p 14, 1961, ORNL-3153. p 1 1 1 .  
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Fig. 4.12. Correlation with Absorbance of ( a )  Type of Degradation and ( b )  Organic Phase Nitrogen. 

method.'0 Of nearly one hundred l iquids or l iquid- 
sol id Combinations tested, the most effect ive was 
ethanolamine (Table 4.4). After four stages o f  
scrubbing wi th  ethanolamine the extractant's 
z i  rcanium-n io bium extraction abi I i ty was indi s- 
t inguishable from that o f  fresh Ti3P-Amsc0, whi le  
ofter four caustic scrubbing s t o p s  the extraction 
was s t i l l  several t imes that level. Apparently the 
amine sa l t  o f  the aitroparaffin has appreciable 
so lub i l i ty  in the amine scrub solution, Unfortu- 

'OG. L o  Richardson, Purex Solvent Washing with 
Bnsic  Potassium Pemangnnate,  HW-50379 (May 29, 
19571, 

nately, there i s  a tendency for the TBP to  dis- 
tr ibute t o  the amine phase and the amine to the 
T3P phase. The amine, on a volume basis, costs 
s l ight ly  more than 1 M TBP, so that the economy 
o f  the process depends on the severity o f  reagent 
degradation and the phase rat ios required for 
effect ive cleanup. 

New Dilwents 

Al iphat ic  hydrocarbons wi th  l i t t l e  or no chaii i 
branching have long been known to be relat ively 
stable to attack by n i t r i c  ac id  and recently the 
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Toblc 4.4. Comparison of Sodium Hydroxide and Ethanolamine Cleanup of Q Degraded Solventa 

In each test  series a volume of the organic phase was scrubbed w i t h  success ive equal-volumc 

batches of fresh scrub solution; the organic phase thus treated was tested by ext ract ing Zr95-Nb95 

from a 2 Iti tracer solut ion. 

Zr-Nb Extract ionc by Organic Phase After Cleanup w i t h  _._.__..__. ._ 
0.5 N Sodium Hydroxide 100% Ethanolamine - ____- b Scrub Stage 

A s  Scrubbed 

(counts sec- '  min- ' )  

As  Scrubbed 

(counts sec mtn ) -1  . - 1  

1 800 400 

2 325 200 

3 300 150 

4 300 70 

Blank Extract ion by Fresh 1 M THP in Fresh Amsco 125-82 

70 70 

'Arnsco 125-82 boi led 7 hr under to ta l  re f lux  w i th  an  equal volume of 8 M HNO3* T h i s  was then d i l u ted  10-fold 

bEqual volumes degraded so lvent  and scrub solution, 10 min, room temperature, 

'Extraction from 2 iM HN03, l o 4  counts s e c - l  inl-' Zr-Nb, equal phase ratio, 10 min contact, room temperature, 

w i t h  fresh Amsco and made t o  1 M w i t h  f resh TBP. Ni t rogen in fino1 so lvent  20.2 M. 

Savannah River Plant has been operating with 
n-dodecane. In laboratory degradation tests, a1 I 
the simple a1 iphatic hydrocarbons tested were 
riiore stable than Amsco 125-82 (Table 4 . 3 ,  which 
in  turn i s  known to  be more stable than di luents 
previously used in  processing plants. Pur i f icat ion 
o f  such di luents by scrubbing with concentrated 
sulfuric acid has been common practice i n  the 
preparation of  materials for physicochemical 
studies. Th is  treatment o f  Amsco 125-82 improved 
i t s  stabi l i ty, in 1 M TBP solution, to degradation 
by boi l ing n i t r ic  acid. 

The s tab i l i ty  of the aromatic di luents tested 
varied widely with structure. Alkylbenzenes with 
two side chains were less stable than the 
corresponding monoa I k y I ben zen e. Apparently on e 
group directs and enhances the oxidation of  the 
other. A similar effect was noted when a single 
side chain was cyc l i c  (tetrahydronaphthalene and 
cyclohexylbenzene). There was indication i n  the 
monoalkylbenzenes that those with iso-branched 
side chains may be more stable than other 
corresponding isomers, n-Hexy I-, n-nonyl-, and 
dodecy I ben Zen es r i rcon i um -n i ob i um- 
extracting species, and their f lash points are 

fo rrned few 

acceptable for use i n  most ptants. The good 
stab i l i ty  o f  the one test wi th  triethylbenzene 
suggests that further test ing of the polya lky l -  
benzenes is merited. Although nitrat ion of the 
benzene r ing does riot form zirconium-niobium 
extractants, the factors in  FI uencing such nitrat ion 
and the result ing effect on di luent properties, 
including safety, need further study. 

4.7 SUPPRESSION OF ~ ~ ~ ~ ~ N ~ ~ ~ - ~ l O 5 ~ ~ M  
AND ~~T~~~~~~ EXTRAC 

AMSCO FROM AQUEOUS FEEDS PRETREATED 
WITH OXIMINOKETONES AND OXALIC AClD 

Decontamination o f  uranium from zirconiurn- 
niobium and ruthenium was improved b y  treating 
the aqueous nitrate feeds with nitrous ac id  and 
acetone before solvent extraction with phosphates 
or phosphonates. A proposed' explanation for 
th is  i s  that the acetone reacts wi th  nitrous ac id  to  

"Chem Technol. Diu. Ann. P r o p  R e p t .  May 31. 
1961, ORNL-3153, p 112. 
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Tab le  4.5. Performance of Degraded Di luents  

Ext ract ion by 1 A1 TBP in d i luent  after chemical degradation w i t h  2 M HN03 for 4 hr at -lOO°C 
(total re f lux)  and removal of low-molecular-weight ac ids by carbonate scrubbing, Tracer so lut ion 

i n i t i a l l y  1 x 10 counts sec- ’  m l ” ’  Z r95-Nb95y,  i n  2 iM HN03; ext ract ion at equal phase rat ios. 4 

Di luent  

Zr95-Nb95 Extracted i n  Ca lc ium 

F lash  Po in t  ( O F )  Hydroxide Testa 
(Counts See- ’  ffl1-l) 

Arnsco 125-82 
Arnsco 125-82 

n-Decane 

2,2,5-Trimethylhexane 

n-Dodecane 

n- Hexadeca ne 

Solvcsso-100 

Solvesso-150 

Benzene 

Toluene 

Xylene 

Ethy l  benzene 

Diethy l  benzene 

Tr ie thy l  benzene 

Propyl  benzene 

Isopropyl benzene 

Di isopropyl  benzene 

n-Buty l  benzene 

ser-Butylbenzene 

fert-Buty lbenzene 

Isobutyl  benzene 

Tetrahydronaphthalene 

ser- Amyl benzene 

n- Hex y I benzene 

Cyclohexyl  benzene 

n-Nonyl benzene 

Dodecylbenzene (branched) 

1, l -Diphenylethylene 

h 
128 
128 

115 

165 

118 
150 

12 
40 
63 

59 
138‘= 

86 
102 
1 7OC 

1 6OC 
126 
1 4oc 

- 1 5OC 

4000 
<loo 

1000 
80 

125 
140 

>6000 
> 6000 

160 
110 
100 

535 
> 6000 

140 

80 
30 

>6000 

125 
130 
120 
45 

Decomposes 

1500 

120 
>6000 

180 

220 

Decomposes 

aModif icat ion of calc ium hydroxide test  described previously (Chem. Technol. Div.  Ann. Progr. Repb. May 31, 

After carbonate scrubbing, organic phase was shaken fan 1 hr w i t h  50 g sol id C ~ ( 0 l - l ) ~  per 

bArnsco 125-82 scrubbed w i th  an equal volume of concentrated H2S04 before making 1 M i n  f resh ‘TBP and sub- 

‘-Open cup, other entr ies c losed cup. 

1961. ORNL-3153, p 110). 

l i te r  of organic extract. 

jec t ing to  HN03 degradation as above, 
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form an oximinoketone, isonitrosoacetone, which i s  
an aqueous complexing agent: 

F1 
CH,-C -CH, t I-iONO 

9 
CH,-- C - Cti-NOH i- H,O. 

Tests with the most readily avai lable homolog, 
diacetylmonoxime, showed signi f icant suppress ion 
of z i  rconium-n iobium and ruthenium extraction from 
ni t rate solutions by both fresh and degraded 
IBP-Amsco 125-82 solutions, with no depression 
of U(VI) and Pw(IV) extraction coeff ic ients and 
sl ight  depression o f  the thorium coefficient. 
However, further tests  also establ ished that oxal ic  
acid, and, to a lesser extent, 2,3-butanedione, both 
formed during synthesis or decomposition of the 

- 5000 

1 .. 
E 

1 

a, 
4000 

(n + 
c 
2 0 

.- 
I-- 3000 
U 

iT !. . 
X 
w 

a 

2 2000 z 
4 
W 
cc 
0 

5 
> 4000 
t 
z 
a 
t 
V 

n 

diacetylrnonoxime, accounted for n large port of 
the benef ic ia l  results. Other possible reaction 
products tested but found not to contribute 
s igni f icant ly to suppression of zirconium-niobium 
and ruthenium extraction included simple ketones, 
simple oximes, and pyruvic, g lycol ic,  and a- 
l iydroxyi sobutyric acids. 

Oxalic ac id  was more ef fect ive than diacetyl-  
monoxime or 3-oximino-2,4-pentanedione in  sup- 
pressing zirconium-niobium and ruthenium ex- 
traction (Fig. 4.13). The difference i s  even greater 
than indicated by these overall curves, since a 
part of  the apparent effect of the oximinoketones 
i s  presumably due to oxal ic acid formed from 
them. In separate tests, 0.003 ($1 oxal ic acid 
was formed in  0.1 ,$I diacetylmonoxime, and 0.007 
11 oxal ic ac id  was formed in 0.1 41 3-oximino-2,4- 
pentanedione. These concentrations of oxal ic acid 

UNCLASSIFIED 
ORNL-LR-DIVG 71468 

~~ D IACETYLMONOXIME,  C H 3 C  (O)C( Noli) C H 3  
- -- 3-OXIMINO-2,4-PEr.ITANEDIONE, C H 3 C [ O ) C ( N O H ) C ( O ) C I i 1 3 ,  PREPARED BY W H. BALDWIN,  O R N L  CHEM.DIV .  

O X A L I C  ACID -----I-- 

4000 

800 

600 

400 

200 

0 - 
0 0.02 0.04 0.06 0.00 0.10 0 0.02 0.04 0.06 0.08 0.io 

AQUEOUS PHASE A D D I T I V E  ( M  1 AQUEOUS PHASE ADDITIVE ( M ) 

Fig, 4.13. Ef fect  o f  Oximinaketone or Oxa l i c  A c i d  Concentrat ion in Aqueous Phase on Zr95-Nb95 and Ru  106 
Ext ract ion with 1 M TBP-Amsca. Extract ion b y  1 hf T 5 P  i n  n i t r i c  acid-degraded Amsco 125-82 scrubbed w i t h  

0.2 .+I N a 2 C 0 3  and 50 g so l id  Ca(OH)2 per l i t e r  of organic phase (Arnsco was degraded b y  bo i l i ng  under re f lux  w i t h  

8 ,&I HN03 for 7 hr and then d i l u t i ng  1OX wi th  fresh Amsco). TBP i n  f resh Ainsco 125- 
82 scrubbed w i th  0.2 M No2C03  and 2 M HNQ3. A l l  extractions were made for 10 rnin a t  room ternperature w i t h  

rnl.-' tracer ion. Treated ruthenium so lu t i on  warmed a t  8OoC for 2 hr before extraction. 

(a) 

( b )  Ex t rac t i on  by fresh 1 

equal volumes of  aqueous and organic phases. Aqueous phase was i n i t i a l l y  2 M HN03 w i th  104y counts sec-' 1 
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are suff icient to affect extraction signif icantly in  
the presence o f  the oximinoketones. 

Oxalic ac id  i t s e l f  i s  probably a feasible addit ive 
to improve decontamination under some conditions 
not yet specifiable. In preliminary batch ex- 
tractions wi th  30% TBP-Amsco the U(VI) ex- 
traction coeff icient was depressed 20%, thorium 
was completely precipitated, and the Pu(IV) 
coeff icient was depressed by 65% wi th  probably 
some precipitat ion when 0.02 M oxal ic  ac id  was 
added to  2 M HNO, containing the metal ions at  
0.5-1 g/liter. In contrast, 0.05 M oxal ic  ac id  i n  a 
2 M HNO, dissolver solut ion o f  irradiated fuel did 
not impair uranium and plutonium recovery by con- 
tinuous countercurrent extraction wi th  30% TBP- 
Amsco, In th is  test, decontamination o f  uranium 
from gross /? and y f iss ion product act iv i ty  was 
improved 20-30 fold over corresponding runs 
without the oxal ic  acid. With 0.1 M diacetyl- 
monoxime i n  a similar countercurrent test, uranium 
decontamination was improved 3-4 fold and, again, 
there was no adverse affect on uranium orplutonium 
recovery. 

4.8 NEW EXTRACTANTS 

The continuing examination o f  potential ex- 
tractants supplied by reagent manufacturers in- 
cludes consideration o f  new types o f  extractants, 
new structures of established types, improved 
quality o f  specif ic compounds, and new sources, 
especial ly for commercial quanti t ies o f  reagents 
previously avai lable only as specialt ies. 

Cammercial Supply of DSBPP 

A s  a result o f  the demonstrated superiority o f  
special ly synthesized di-sec-butyl phenylphos- 
phonate (DSBPP) i n  uranium-thorium se’paration, ’ 
a i n a n u f a c t u ~ e r ’ ~  has prepared th is  reagent i n  
commercial supply. The commercial reagent 
performed equally as wel l  as the research batches 
and w i l l  be used at ORNL in  a p i lo t  demonstration 
of UZ3, purif ication. The experiments were made 
with 1 $1 OSBPP i n  xylene, U or  Th a t  1 g/l i ter i n  

12A. T. Grcsky  and R, G. Mansfield, Uranium-Thorium 
Separation by Di-sec-butyl Phenylphosphonate Extrac -  
tion,\ORNL CF-59-11-25 (Nov. 10, 1959). 

13\tictor Chemical Works, Div, of Stouffer Chemieal 
Coo,iC hicogo, I I  I .  

2 
room temperature. 

HNO.,, and A/Q = 1/1 wi th 10 min contact a t  

OP 524, commercial 38 0.09 420 

OP 521, research 42 0.12 350 

New Amines and Acids 

Some 30 new or modified amines, diamines, and 
quaternary ammoniums and four carboxyl ic acids, 
submitted by nine different manufacturers, were 
assayed and tested for performance in  one or more 
standardized extraction tests. While none was 
outstandingly better than previously known com- 
pounds in  the extractions tested, several ( including 
some now commercially available) were commen- 
surate in performance. 

Amine Purif icat ion 

An analyt ical procedure for separating amines 
from neutral impurit ies by column cation exchange 
in  isopropanol medium’ was adapted to separating 
tert iary amines from primary and secondary amines, 
u t i l i z ing  their appreciable differences in base 
strength. Provisional procedures with either 
free-base amine or free base mixed with sulfate 
sa l t  improved two tri laurylamine samples from 
93 and 91 mole % to >98 mole % tertiary, 
principal ly by decreasing the secondary amine 
contents from - 2 6  and -8  mole % to  < 1 mole %. 

4.9 GEL-LIQUID EXTRACTION 

Evaluations are being made of a newly proposed 
separations technique l5 i n  which organic extract- 
ants are absorbed in  microporous p last ic  beads. 
The product has physical characterist ics similar 
to those of ion exchange resins, but, since extrac- 
t ion o f  ions i s  due entirely to  the organic l iquid 

14J. P. Nelson, I... E. Peterson, and A, J. Milun, 
“Determination af Nonarnines in High Molecular Weight 
Fat ty  Amines,‘’ Anal. Chem. 33, 1882-84 (1961). 

The Extract ion 
and Separation of Some Metal Salts Using Tri-n-butyl 
Phosphate Gals,” 1. ]nor@ Nucl. Cbem 18, 232-44 
(1961). 

”H. Small, “Gel-Liquid Extraction. 

i 
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in the gel, properties such o s  separation factors 
are s imi lar  to those of the l iqu id  extractant. In 
principle, it should be possible to use any solvent 
extract ion reagent i n  a packed column. 

In  in i t ia l  tests, gel columns were tested for 
appl icat ion to  the tert iary amine--lithium chloride 
extraction system i n  which transplutonium elements 
are separated from the lanthanides and other im- 
puri t ies. l 6  In a typical  test, about 7 w t  72 Alamine 
336 was absorbed i n  polystyrene-djvinylbenze~e 
beads, provided by H. Small o f  Dow Chemical Co., 
the amine was converted t o  the chloride form with 
2 N HCI, and a mixture of A m 2 4 '  and E u 1 5 2  
tracers was charged t o  the top o f  a 43-cm-high 
column. Slow elut ion by 13 N LiCI-Q.OQ3 N HCI 
gave complete separation o f  the mixture (Fig. 
4.14). The Am241 was eluted more slowly than 
Eu 52. 
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Fig. 4,14. Amine Gel Separation of Am241-Eu152. 

In spite of the excel lent separations, this tech- 
nique was not a good choice for th is  part icular 
application, since the polystyrene-divinylbenzene 

16R. D. Baybarr and 8, Weaver, Separation of Trans- 
7'ertiary Amine Extrrac- plutoniurns from Lanthanides b 

tron, ORNL-3185 (Dec. 4, 1961; 

beads had a low capacity for the amine and tlirough- 
put was l imited by slow equil ibrat ion rates. Con- 
ventional l iquid- l iquid extraction, wi th i t s  separa- 
t ion factor of 100, appears to  be a better process. 

There are other extraction systems, however, 
w i th  low separation factors where the short column 
stage heights could be an advantage, E q t ~ ~ i l l y  
pert inent is that, i n  previous work, several poten- 
t ia l l y  useful extractants have been prepared for 
which suitable l iqu id  di luents have not been found. 
Also, other microporous plast ics, of greater 
solvent capacity, are now being prepared by manu- 
facturers. For example, Winsten laborator ies h a s  
produced microporous pol yethy lene granu I es which 
absorb extractants, 

4.19 SOLVENT EXTRACTlO 
AND MlNETlCS 

Alkaline Earth Extraction by 
Di(2-ethylhexyl)phosphote 

Continued study o f  strontium extraction from 
4 !21 sodium ni t ra te solutions by mixtures of sodium 
di(2-ethylhexy1)phosphate (NaD2EHP, NaX) plus 
di(2-ethylhexyl)phosphoric ac id  (D2EHPA, [HX],) 
i n  benzene was expedited by establ ishing that the 
measured glass-electrode pH i s  a linear function 
of log [H'] i n  those systems, wi th in experimental 
error, for pH < 4  and >7  (Fig. 4.15). The relat ion 
i s  pH + 0.6 = - log  [Hfl. Thus the slopes of 
E:(Sr) vs pt-l curves (Fig. 4.16) are meaningful 
in  interpreting the hydrogen ion dependence of the 
strontium extraction. The slopes of the low-pH 
portions o f  the curves i n  Fig. 4.16 average -1.7. 
These curves were obtained by pH t i t rat ion of the 
two-phase system, w i th  strontium distr ibut ion de- 
termined at each step by counting SrB5 in samples 
removed temporarily and returned without loss. 
In paral le l  tests wi th strontium nitrate replacing 
a l l  sodium nitrate, the pH dependence wos again 
c lose to two. 

The maxima of the curves i n  Fig. 4.16 shi f t  w i th  
pH i n  the same way that the NaX/SX mole rat io 
does, occurring i n  each curve near the point where 
the NaX/CX = 0.25. Th is  i s  emphasized i n  a plat  
of Ez(Sr) vs NaX/% (Fig. 4.17). Extraction 
maxima were not found i n  strontium extractions 
from solut ions in  which strontium nitrate replaced 
a l l  the sodium nitrate, or found i n  sodium extrac- 
t ions w i th  or without strontium present. Th is  
indicates that the maxima i n  strontium extraction 
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Fig. 4.15. (H’1 vs  Glass-Electrode pM for 4 .J1 NaN0, 
Solutions. 

from sodium nitrate solutions are associated with 
a part icular organic phase composition containing 
gross sodium, perhaps a specif ic adduct of mole 
rat io NoU’CX = ’/. 

The dependence of strontium extraction on 
aqueous sodium nitrate activi ty, ufNaNo3, has 

been establ ished (under condit ions where > 10% 
of the organic reagent i s  i n  the sodium form) as 
E,, 0~ i Z f K ~ N o ,  Up to  QtNaNO3 = 1.5 (“3.5 841 

NaNO,). Th is  dependence changes gradually to  
inverse f i rs t  power at higher [NaN03] (Fig.  4.18). 
These results taken w i th  the hydrogen ion de- 
pendence mentioned above suggest the general 
equation, ~ r ” +  ( n / y ) ( ~ ~ ) ~  + SrX2-(ZX)n-2 + 2 2 +  

(where Z = H or No). On the basis of th is  equa- 
tion, reagent dependence for th is system has been 
examined a t  several constant percent NaD2EHP 
values by plot t ing the log of [H?:q E,, vs  the log 
of X[D2EHPA]. The slopes of the l ines obtained 
( n / y  i n  the above equation) varied from - 3  at  100% 
acid form to  0.95 a t  100% NaD2EHP. This  sug- 
gests on in i t ia l  reaction 

S r 2 + +  3(HR), + SrR2.4HR -i- 2M’ 

since D2EHPA i s  a dimer. Diminishing values of 
n / y  may ref lect  dhanges i n  n or y, or both, as more 
of the reagent i s  converted to  the sodium salt. 

Alkal i  Extraction by Dil2.ethylhexyl)phosphade 

The re lat ive af f in i t ies of the alkali metal ions 
for D2EHP in benzene were measured by equi l i -  
brating extractant solut ions wi th aqueous solutions 
containing I ithi um, sodium, potassium, rubidium, 
and cesium simultaneously, each a t  1 M, as 
mixtures of nitrate and hydroxide. The hydroxide 
contents were adjusted to give equil ibr ium organic 
phase mole rat ios MX/xX of 0.1, 0.25, 0.5, 0.75, 
and 1. The extracts were stripped w i th  hydro- 
chloric acid for analysis by flame photometry. 

With 0.5 ($1 D2EHP the order of aff ini ty, ex- 
pressed as M,,prs/M,s 7 E : ( M ) / E : ( C s )  = sep- 
aration factor, increased from cesium and rubidium 
(about the same wi th in  experimental scatter) 
through potassium and sodium to  l i th ium (Fig. 
4.19). Results w i th  0.1 and 0.05 A I  D2EMP were 
very similar. The separation factor for l i thium 
over cesium increased considerably w i th  the in- 
crease of hydrogen content in  the extractant; for 
the other metals the spread was less and may have 
been w i th in  experimental scatter. T i t ra t ion  tests 
indicated that the a f f in i t y  for hydrogen was greater 
than that for l i th ium by a factor of about lo4.  

While these resul ts apply s t r i c t l y  only to  the 
system measured, th is  same order of preference 
would be expected i n  D2EHPA extraction of the 
a lka l i  ions from any system not shif ted by specif ic 
aqueous phase complexing of the ions. Consid- 
ering systems of reasonably similar aqueous ionic 
concentration and organic phase composition, the 
rat ios shown i n  Fig. 4.17 can probably give o 

useful estimate of the exchange constant between 
pairs: 

8 
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Fig. 4.17. E: vs Fraction o f  DZEHPA i n  Sodium Form. 
Concentrations o f  0.0625, 0.031, and 0.0156 ,21 reagent 

gave the same result. 

The foregoing relat ions did not involve the 
spacing chosen for the ions along the abscissa 
of Fig. 4.19. The spacing used i n  th is f igure i s  
according to the quotient (gaseous ionizat ion 
potential)/(crystnl r a d i ~ s ) ~ ,  plotted log-log for 
convenience. This parameter was tried, empiri- 

cal ly, as ref lect ing some function of a charge 
density, and i s  of interest i n  that it shows far 
smoother correlation wi th the relat ive a f f in i t ies  

( including hydrogen, Fig. 4.20) than do the param- 
eters ordinari ly used in  ion exchange, such as 
hydrated ion  radius or t h e  Debye-HPckel Z term. 
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Fig. 4. la, Dependence of DPEHPA Strontium Extrac- 

tion on Aqueous Sodium Nitrate Activity.  

Waser Extract ion by Sodium Di (2-ethylhexyl)phos- 
phate 

The previously reported ” water extract ion and 
volume increase on conversion of D2EHPA t o  i t s  
sodium sal t  W Q S  measured i n  more detai l  i n  the 
equil ibrat ion of D2EHPA i n  benzene w i th  aqueous 
4 M NaNB, plus NaBH. 

Direct measurement of phase volume changes 
during incremental t i trat ions showed that, a t  con- 
stant value of the mole rat io  NaX/CX, the organic 
volume increase is  a direct linear function of the 
NaX concentration reached (Fig.  4.21). 

Direct determination of water i n  the equil ibr ium 
organic phases showed the mole ratio of water to 
sodium ions extracted to  be independent of the 
total D2EHP concentration and t o  be a linear 

”C. A. Blake et al., Progress  Report. Further Studies 
of the Oinlkylphasphoric  Acid Extrac t ion  (Dapex) 
P r o c e s s  for Uranium, ORNL-2172, p 41 (Dec. 18, 1956). 
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NaDZEHPA CONCENTRATION ( M I  

Fig. 4.21. Volume Increase on  Extraction of Sodium 

Ion by D Z E H P A  i n  Benzene. 

function of NaXfiX rather than of the NaX con- 
centration (Fig. 4.22). 

Kinet ics of Sulfate Transfer During Amine 
Extraction of Uranium 

The rote of tagged sulfate transfer from organic 
to aqueous solut ion during amine sul fate extraction 
of uranyl sulfote was measured to a id  in  dist in-  
guishing between two  possible mechanisms of 
uranium transfer, 

x(R,NH),SO, + UO,SO, ............ 

x(W,NH),SO, + U0,(S0, ) ,2 -  ............ 

where the dots indicote the organic phase. The 
mechanisms cannot be dist inguished by equi Ii brium 
mea s ure me n t s . 

Di-n-decylamine sulfate (0.1 N) was  used, wi th 
the total-system ac id i ty  adjusted to maintain the 
extractant essent ia l ly  a l l  in  the normol sulfate 
form, thus ovoiding any complication from dis- 
placement of b isul fate ion. Tronsfer of S 3 5 0 4 2 -  
from organic to  aqueous phase was measured 
during extraction of uronium from 0,0001 M H,SO,- 
0.012 M UO,SO, and 0.5 AI Na,S04-0.0001 M 

0 0125 M I: X 
A 0 1 7 5 M I X  

0 175 M 7: X 
1 2- 

0 5  06 0 7  0 8  0 9  
MOL E RATIO. N o X  / BX 

Fig. 4.22. Woter Extraction Accompanying Sodium 

Extraction by DZEHPA i n  Benzene. 

H,SO,-0.012 151 UO,SO, solutions, and during 
equil ibrat ion w i tha  series of x hl No,SO,-0.0001 .AI 
t-i,SO, solutions matching the total  sulfate i n  the 
solut ion a t  successive stages of the uranium 
extraction. 

No increased S3’ transfer from organic to aqueous 
phase during uranium extraction was observed. 
Such an increase would have been strong evidence 
for an important contr ibution by reaction (2). I ts 
absence does not rule out this reaction but does 
support previous evidence ’* suggesting that the 
uranium is  transferred as a neutral (or possibly 
cationic) rather than anionic species under the 
solut ion condit ions examined. 

Solvent Extraction System Act iv i t y  Coeff icients 

In  continued direct measurement of di luent vapor 
pressure differences, for use i n  determining 
organic-phase ac t iv i t y  coeff icients, the vapor 
pressure lowering of benzene was measured over 
wet solutions containing mixtures of di(2-ethyl- 
hexy1)phosphoric acid (HX) and i t s  sodium sa l t  
(NaX). Results indicated considerable associat ion 
at mole rat ios N a X n X  = 0.25, 0.5, and 0.75 wi th  
XX = 0.4 M, corresponding to average aggregation 
numbers (calculated according to Raoult’s law) 
of 3, 5, and 8, respectively. 

’ *KO A. Al len,  “ T h e  Relat ive Effects of the Uranyl 
Sulfate Complexes on the Rote of Extruction of Uranium 
from Ac id ic  Aqueous Sulfate Solutions,” j .  P h y s .  Chenz, 
64, 667-70 (1960). 
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5. Fission Product 

The obiective of the f iss ion product recovery 
program i s  the development of processes for re- 
covering and purifying megacurie quantit ies of 
f iss ion products from reactor-fuel processing 
wastes. Large quantit ies of certain o f  these ele- 
ments are now being requested for industrial, 
space, and other applications, and there i s  evi- 
dence that the demand w i l l  increase. Since sol- 
vent extraction shows promise o f  great versati l i ty, 
pr inc ip le  emphasis i s  being placed th is  tech- 
nique. Thus far, Q solvent extraction process 
using d i (2-eth y I h exy I )  phas ph ori c a c i  d (D2 E H P A) 
to  recover strontium-90, for which there i s  a large 
demand, has been developed and further modif ied 
and operated successful ly on a plant scale a t  
Hanford, The same process can be used to  re- 
cover rare earths, and the same solvent, under 
dif ferent conditions, can be used t o  recover 
zirconium-niobium, New solvents have been de- 
veloped which are effect ive cesium extractants. 
In combination wi th  the T5P process for prome- 
ttiiurn separation, ’ a versatile, integrated solvent 
extraction flowsheet can now be visual ized for the 
recovery and purif icat ion of all f iss ion products 
o f  pr inc ip le  importance from waste liquors. 

5.1 SOLVENT EXTRACT1 

Strontium and Rare Earths 

The solvent extraction flowsheet2 for recovering 
und separating strontium and mixed rare earths 

‘B. Weaver and F. A. Kappelmann, Purification of 
Promethium b Liquid-Liquid Extraction, QRN L-2863 
(Jan. 29, 19605: 

’Chern. Technol. Diu. Ann.  Prog7. R e p t .  Aug. 31, 
1960, ORNL-2993, F ig .  14.1. 

with 
(Fig. 

Recovery 

D2EHPA WQ s demon strated success fu I l y 
5.1) in continuous miniature mixer-settler 

equipment wi th  Purex I W W 3  waste solution from 
Hanford. Results, in general, confirmed the per- 
formance predicted on the basis of earl ier batch 
and continuous tracer runs. 

Iron and other cations were complexed with 
tartrate and the solution, after pH adiustment to 
6, was fed to the f i rs t  cycle, where strontium and 
rare earths were coextracted wi th  0.3 M D2EHPA 
(one-third in  Na sal t  form)-0.15 M TBP-Amsco 
125-82 and then costripped wi th  2 M HNO,. Stron- 
t ium recovery was 99.7% i n  extraction and > 99.95% 
in stripping, for an overal l  f i rs t  cycle recovery 
of 99.7%. Recovery of rare earths, based an 
to ta l  rare-earth activi t ies, was less efficient. 
Approximately 94% of  the total rare earths was 
extracted and -86% of that extracted was stripped 
for an overal l  recovery of 80%. I n  subsequent 
batch extractions, rare-earth extraction from 
tartrate-cornplexed feed was slow (Fig. 5-21, and 
a longer mixer residence time might improve re- 
coveries. I n  batch stripping tests, yttr ium was 
stripped wi th  more di f f icu l ty  than the rare earths 
(Fig. 5+3), which may account for the apparent 
high rare-earth loss i n  the continuous run. The 
part ial  stripping might be an advantage, since 
it provides a means for separating yttr ium from 
the rare earths o f  chief interest, Ce144 and 
Pin 147. Overall decontamination factors for stron- 
tium in  the f i r s t  cyc le  were 45 from Cs, 170 from 
Ru, 3000 from Zr-Nb, 2000 from Fe, 2000 from U, 
and 30 from Pu. Some emulsif icat ion occurred 
in the f i rs t  extraction cyc le  owing t o  the forma- 
t ion of a small amount of sol ids in  the feed but 
d id not seriously interfere wi th  extractor opera- 
tion. 

.. .. .._ .- 

3 ~ u r e x  first-cycle extraction c o l u m n  raffinats, HAW, 
i s  evaporated 30-fold to g ive  1WW. 
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Fig. 5.1. Flowsheet for Hot  C e l l  Strontium-Rare Earth Recovery Run. 

In the second cycle, rare earths were selectively 
extracted from the f irst-cycle str ip product ad- 
justed to  pH 2. The extract was scrubbed wi th  
1.2 M NaNO,, to improve the separation from 
strontium, and stripped of i t s  rare-earth content 
wi th  2 12.1 HNO,. Recovery o f  rare earths in  the 
second cyc le  was > 9975, with < 1% of the strontium 
reporting to the rare-earth product solution. De- 

contamination factors were -80 from Sr, 120 from 
Cs, 100 from Ru, 45 from Zr-Nb, and 170 from Na. 

Third-cycle feed was prepared by adjusting the 
second-cycle raff inate to  pH 6 wi th  caustic. Stron- 
t ium was 99% recovered in seven extraction and 
eight stripping stages wi th  decontamination factors 
of 90 from Cs, 90 from Ru, and 170 from Zr-Nb. 
The product str ip solut ion contained * 1.2 g o f  
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Fig. 5.2. Rate of Rure Earths and Yttrium Extraction 
from Tartrate Complexsd Simulated Purex Waste Concen- 

trate Solution a t  pH 6. Temperature, 23OCc; orgunic, 

0.3 M D2EHPA (1% sodium salt form)-0.15 .M TBP- 
Arnsco 125-82; organic/oqueous phase ratio, 21'1. 

Sr, 1.4 g of Ni, and 20 g of Na per liter. Sdbse- 
yuerat batch tests indicated that a nickel-free 
strontium product could be obtained by adding a 
smal I amount of rthylenediarninetetsoucetic ac id  to 
the third-cycle fced to prevent extract ion of nickel. 
Because of pump limitations, thc organic/aqueovs 
f low rat ios used in  the second- and third-cycle 
stripping were 2/1 rather than the 5'1 specif ied 
for h e  f lowsheet  and the rare-eatth and strontium 
product solutions were corirspondingly more di- 
lute, 

Further studies aimed a t  irnprnv;ng the eff iciency 
of the strontium-rorcearth flowsheet included 
batch tests on ac id  scrubbing of the strontium 
extract, to  improve separations from sodium, and 
a study of extraction and stripping of individual 
rare earths. These studies indicated that (1) a 
two-stage n i t r i c  acid scrub of the third-cycle ex- 

tract would ii7crecisc the %/Ha separation factor 
for the th i rd cycle by a factor of 10-100 over 
that obtained in the continuous demonstration run 
described above, and (2) the proposed organic to 
aqzscous str ip rat io for the th i rd cycle can be in- 
creased by an order of magnitude to provide a 
much more concentrated strontium product solu- 
tion. Strontium stripping was quanti tat ive with 

1.5 M HNO, in  two stages at  phase rat ios as high 
as 75/1. Extraction of individual rare earths from 
tartrate-complexed simulated Purex waste con- 
centrate at pW 6 W O S  slow, wi th  the extraction 
coeff icients s t i l l  increasing beyond 30 rnin con- 
tact  time. However, i n  a l l  case5 the mass transfer 
i n  1 rnin w a s  90-95% o f  that in 30 rnin. The order 
of extractability, a t  least up to 30 min contact 

Fig.  5.3. Stsipping of Rare Earths and Yttrium w i t h  

H N 0 3 .  Organic, 0.3 M B2EHPA (!: sodium salt forin)- 

0.15 it1 TBP-Amsco 125-82 loaded from adiusted 5imu- 

lated Purex waste; phase ratio, 1/1; contact time, 5 min. 
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L 

time, was Pm > Ce > Eu > Y. In  contrast, equi- 
l ibrium was reached i n  < S  min in  extractions from 
sodium nitrate--nitr ic ac id  solut ion and the order 
o f  extractabi l i ty over a wide pH range was W > 
Eu > Ce, P m  (Fig. 5.4). In  stripping rare earths 
from D2EHPA, with 0.2-4.0 iM HNO,, equil ibr ium 
was reached rapidly (<5 min) and the re la t ive 
order o f  stripping was, as expected, inverse to  
that obtained i n  extractions from NaN0,-HNO, 
solwtion, that is, stripping coeff icients were Ce, 
Prn > E u  > Y. 
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Fig. 5.4. Ext ract ion of R a r e  Earths and Ytt r ium from 

N e N Q 3 - H N Q 3  Solution (2  iVi To ta l  Nitrate).  Organic, 

0.3 M D2EHPA (!$ sodium sa l t  form)-0.15 M TBP- 
Amsco 125-82; organic/aqueous phase ratio, 2/1; con- 

tact  time, 6 min. 

Strontium Extraction wi th  Other Organophosphorus 
Acids 

Comparison of strontium extractions from 0.5 M 

NaNO, solut ion wi th  a number of organophos- 
phorus acids (0.1 hi), including mono- and di- 
alkylphosphoric acids and phosphinic acids, 
showed large differences i n  extraction power 
(Fig. 5.5). Because of solubi l i ty l imitations, dif- 
ferent diluents were used for the various com- 
pounds, which may explain some of the perfor- 
mance variations noted. With the exception of 
dicyclohexylphosphinic acid, which gave stron- 
t ium coeff icients <0.1 over the pH range 3-11, 
a l l  the compounds extracted strontium effectively, 
but only one, pheny I (  1-hydroxy-2-ethy lhexy I)phos- 
phinic acid, showed extraction power greater than 
di(2-ethyIhexyl)phosphoric acid (D2EHPA). The 
coeff icient wi th  phenyI(1-hydroxy-2-ethyIhexyl)- 
phosphinic ac id  reached a maximum of  170 a t  pH 
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3 Fig. 5.5. Extroct ian of Strontium from 0.5 M NoNO 
Solution wi th  Various organophosphorus Ac ids  (0.1 hi).  

(a) Di(2-ethylhexyl)phosphoric ac id  (DZEHPA) i n  Amsco 

125-82 p lus 3 vol % TBP, ( b )  bis(diisobuty1rnethyl)phos- 

phoric ac id  i n  Arnsco 125-82 p lus  3 vol  % TBP, (c) 

heptadecylphosphoric ac id  (HDPA) in  kerosene, (d) 
phenyl(1-hydroxy-2-ethylhexyl)phosphinic acid in ben- 
zene, (e) di(n-hexy1)phosphinic ac id  i n  Amsco 125-82 
p lus  5 vol % TBP, ( I )  di(2-ethylhexyl)phosphinic acid i n  

Amsco 125-82 p lus 10 V a l  % TBP, (g) d icyc lohexy l -  

phosphinic ac id  in  benzene. 
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4-5 and then decreased to  95 at pH 4.9. In com- 
pesison, the Coefficient wi th D2EHPA. reached a 
maximum of -130 a t  pH 5-6, wheieas most of the 
other compounds reached maximum Extraction iri 
the pH range 6.5-7.5. 

Ce s i UlPP 

A new process has been outl ined for recovering 
cesium from Purex waste solut ions a t  pH 12 by 
extraction wi th substituted phenols (Fig. 5.6). 
Most of the s t ~ d i e s  on which t h i s  i s  based were 
mode with tartrate-complexed simulated and 
tartrate-complexed formaldehyde-treated Purex 
waste concentrates, but the process i s  also ap- 
pl icable to  treatment of Hnnford tank form super- 
natants. Of ttie compounds examined thus far, 
resul ts were  best w i t h  p-dadecylphenol (PDP) and 
especial ly o-phenylphenol ( O P P )  and I-chloro-2- 
phenylpheno!. These compounds have adcquo'ie 
extract ion power for cesium recovery, g ive good 
decontamination from f i ss ion  products and other 
components of the waste, and arc easi ly stripped 
with n i t r i c  acid. 

The phenol extractants are weak!y ocidic nrpd 
not suf f ic ient ly ionized at p t I  values below 10 
to give s igni f icant cesium extraction. In the pH 
range 11-12, however, coeff icients for extraction 
of cesium from tartrate-comploxcd w a s t e  conten- 
trate w i th  1 M solutinns of OPP and 4-chloro-7- 
phenylphenol were 1-3, wi th the latter compound 
showing the higher extract ion power (Table 5.1). 
The sodium sal ts of these two phenols have s 

high aqueous solubi l i ty, and, in  the extraction 
contact, the fract ion of the phenol converted to  the 
sodium salt  distr ibutes almost quanti tat ively to 
the aqueous phase. With OPP, th is  reagent loss  
(organidoqueous rat io of 3/11 increased from 
< 1% to 1.5% with on increase in feed liquor pH 
from 10 to 13. The high distr ibution of the sodium 
sa l t  to  the aqueous al lows attairiment of high de- 
contamination factors (> io3) from sodium.  he 
relat ively high loss of  phenol from the solvent 
phase causes lower than expected cesiuiii ex- 
tract ion coeff icients in  batch tests, since the 
coeff ic ient  has a high (probably third) power dc- 

pendencc on phenol concentration. This effect  
was effect ively counteracted in a countercurrent 

UNCLASSIFIED 
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Table 5.1. Extraction of Cesium from Adiusted Waste 

Organic: 

Aqueous: 

1 ;C1 OPP in xylene or 1 .&I 4-chl~ro-2-phenylphenol in diisopropylbenzene 

simulated Purex lWW,Q tartrate-complexed (2 rnoles/mole Fc), diluted threefold with 

caustic to various excess NaOW concentrations 

Contact: 2 min a t  organic/aqueous phase ratio of 311 
__l_̂ __-___l_l____ 

Organic No C e s i u m  L O S S  of 
Con centre t i  on Extraction Phenol to the 

( g/ I i tcr) Coefficient,  E: Aqueous (%) 

PH 

In i t ia l  f i n a l  

Excess 

(hf 1 
N ~ O H , ~  

__ 
Extraction with OPP 

0.2 

0.5 

0.6 

0.7 

0.8 

0.9 

1 .0 
1.2 

3.8 
10.0 
11.9 
12.2 
12.3 
12.4 
12.4 
12.7 

3.5 
9.9 

11.2 
11.8 
11.8 
11.8 
12.0 
12.0 

0.02 
0.02 
0.01 
0.0 1 
0.02 
0.04 
0.04 
0.05 

0.002 
0.16 

0.20 
0.55 
1.0 
1.2 
1.3 
1.3 

< 1  
< 1  

1 
4 
5 
9 

1 1  
15 

Extraction with 4-chloro-2-phenylphenol 

0.4 6.9 6.9 < 0.005 0.0 1 
0.6 12.1 11.1 0.02 1.3 
0.8 12.6 11.6 0.07 3.3 
1 .o 12.9 11.7 0.08 3.2 
1.2 13.0 11.8 0.08 2.5 

I_ - 
t 

nThe simulated Purex waste contained (moles per l i ter):  

bCaust ic  in excess of that required to neutral ize the ac id  (1.33 iW) in threefold diluted waste. 

4.0 H , 4.45 total  NO3, 1.0 SO,, 0.6 Na,  0.5 Fe, O a l  AI, 
0.005 U, 0.01 Ni, 0.01 Cr, 0.01 PO4, 0.0028 fs, 0.0066 21, 0.0019 Sr, 0.0034 Ce(l l l ) ,  0.0058 Sm, 0.0029 Ru. 

system (see below) by lowering the pH in  the lost  
extract ion stage t o  7-9, thereby converting the 
sodium phenate in the aqueous t o  phenot which 
distr ibuted back to  the solvent phase. T h i s  pro- 
cedure prevented loss of extractant and main- 
tained the phenol concentration in the solvent 
throughout the extraction system ot the desired 
leve l  (- 1 hf orid higher), which ensured high ex- 
tract ion eff iciency. PDP i s  a weaker ac id  than 
OPP or 4-chloro-2-phenylphenol and i t s  sodium 
sal t  distr ibutes less t o  the aqiieous. Therefore it 
requires a higher pH feed for effect ive cesium ex- 
tract ion and gives less favorable separation from 
sodium. 

Of the diluents used w i th  the phenols, best re- 
su l ts  were obtained wi th  substituted benzenes, for 
exnmple, xylene and diisopropylbenzene, although 
favorable results but wi th  somewhat lower cesium 
extraction coeff icients were obtained w i th  tr i-  

chloroethylene, carbon tetrachloride, 80% Amsco 
125-82-20% t r i  decano I, and 1,2-d i ch loroethane. 
Cesium extraction coeff icients with nitrobenzene 
di luent were higher than wi th  the substituted 
benzenes but phose separation was relat ively poor. 

The selectivi ty of the phenols for cesium over 
other f iss ion prodwcts i s  excellent. Coeff icients 
for extraction o f  Sr, Ru, Zr-Nb, and E u  from 
tartrate-comp lexed P urex waste con centrate wi th  
OPP and PDP were < under conditions where 
cesium coeff icients ranged from 0.3 to 1, 

The process flowsheet (Fig. 5.6) has been 
demonstrated successful ly in Latch countercurrent 
tests wi th  adjusted simulated Purex waste con- 
centrate. With 1 ,1.i dchloro-’)-phenyIphenol in di- 
isopropylbenzene, 98.6% cesium recovev was 
obtained, from waste adjusted t o  pH 12.6, in six 
extraction stages at an organic/aqusous ra t io  of 
11’1 (Tabie 5.21, The pH in the last extraction 
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Yable 5.2. Batch Countercurrar: K e 5 t  with Q?!’ 

Organic: 

Aqueous: 

1 M 4-chlbrc-7-phnnylphcnol in diisopropylbenzene 

s i m u l a t d  Purex 1WVJ, tartrate-complexed (2 moles/mole Fe], diluted thrcefn!d with caustic t o  O”4 M 
excess NaOH, contained 0.12 g Cs/liter and tracer 

Scrub solution: 0.3 M NaOH 

Acid ( to 6th extraction stage): 3 M HNO, 
Contact: batch countercurrent; 2 min contacts 

Kelat ive flows: organic/faed/scrub/ocid = 1/1/0.2/0.08 

Cs y-Act ivi ty  
(counts min- ’  ml - ’ )  Ccaiurn Extraction 

Coefficient, E* Sregt? PM -. .......................... 

Organic Aqueous 

Scrub-2 

Scrub- 1 

Aqueous feed 

Extraction- 1 

E x  fro cti  on-2 

Extre ction-3 

E x  fro ct  i on -4 

Extract ion- 5 

Extracti on-6 

10.7 

11.1 

12,6 

11.5 

11.5 

11.5 

11.5 

11.5 

6.7 

1-40 i o 5  
1 . 4 4 ~  l o 5  

1 . 4 4 ~  lo5  
6.71 i o 4  
3.08 i o 4  
i . 3 2 ~  i o 4  

4 . 2 5 ~  10, - 10 

2.15 x lo4  

1.94 x lo4 

1.39 x l o5  

5.66 x 104 

2 . 6 5 ~  lo4 

1 . 2 3 ~  i o 4  

5.28 10, 

1.8Tx lo3 
1 . 8 9 ~  IO3 

6.5 

7.4 

2.5 

2.5 

2.5 

2.5 

2.3 

(0.01 

stage was control led at -37 by addition 04 n i t r i c  
acid. The extract, after being scrubbed in two 
stages with 0.2 vnl o f  0.3 ,\I NaOH, w a s  stripped 
>99.8% by G single contact with 0.05 vol o f  0.05 
($1 HNO, to  give a product solution containing 2.5 
g of cesium and 0.21 g of sodium per liter. The 
overalll Cs/Na decontamination factor for the ex- 
periment WQS -6000. Under the same flowsheet 
conditions, but w i th  feed adiustsd t o  0.8 ,+I in- 
stead of 0.6 M excess NaQH, results were approxi- 
mately equivalent w i th  1 M OPP i n  diisopropyl- 
benzene. 

Other C e s i u m  Extractants 

Other phenols of different structures ore being 
evaluated for possible superior cesium extraction 
potential. Prel iminary tests wi th a benzyl-sub- 
st i  tuted phenol, dsec-buty 1-2-( a-methyl benzy I) in  
diisapropylbenzene showed a high Cs/Na separa- 
t ion factor, similar t o  OPP, a lower aqueous solu- 
b i l i t y  of the sodium salt, and o much greater 

cesium extiaction power ( E :  - 8  From modif ied 
simulated Purox waste concentrate compared to 
-2.7 far OPP). F r o m  undiluted Hanford bonk farm 
supernatants the cesium extraction coeff icients 
were about 24 and 0.13, respectively. 

Cesium extraction ( E :  = -0.6) w a s  moderate 
from tartrate-compl exed s imulaSed forma Idehyde- 
treated Pwrex waste over the pti range 1.4-11.5 
w i th  O . S M  dinonylnaphthalenesulfonic acid(DNNS.4) 
i r i  hexone. The select iv i ty of th is reagent foi 
cesium over iron(l l l ) ,  aluminum, zirconium-niobium, 
ccrium(lll), europium, and ruthcniurn w a s  rela- 
t i ve ly  poor in  the pH tnnge 1-3 but good above 
pH 5. Cesium was stripped e f f e c t i w l y  wi th 1-3 
M HNQ,, Al thwgh DNNSA has shown some 
promise as a cesium extractant, i t  does riot appear 
to  be competit ive wi th the phenols. 

In extract ion from 0.5 M NaNO, solution with 
0.S ,hi monoheptadecylphosphori c acid (HBPA) in  
Aiusco 12542 the cesium extraction coeff icient 
w a s  - 2  and the Cs/Na separation factor ranged 
20-451 over the pH range 1-11. Potential applica- 
t ion of HDPA for cesium r e c o v q  appears l imited 
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. 

t o  treatment of re la t ive ly  simple solutions, pos- 
s ib ly  i n  a secondary puri f icat ion cycle, since 
results i n  tests  w i th  Purex 1WW waste solutions 
were not promising. Coeff icients w i th  0.4 AI HDPA 
i n  Amsco 12582 from waste a t  pH -0.5 were 
<0.05, and stable emulsions formed in  equil ibra- 
t ions with tartrate-complexed waste ranging in  
pH from 2 t o  8. 

Zireoni urn-Ni obi urn 

Addit ional tests confirmed that zirconium and 
niobium are extracted slowly from ac id ic  (4 M H t )  
simulated Purex waste concentrate by 0.3 M 
D2EHPA-0.15 TBP in Amsco 125-82, a hydro- 
carbon diluent. About 35% was extracted in  1 hr 
contact with an equal volume of solvent. Strip- 
p ing w i th  1 M oxal ic  ac id  solution was effective. 
The presence of TBP in the solvent greatly im- 
proved the stripping but did not affect the ex- 
traction. Other, less sterical ly hindered, dialkyl- 
phosphoric ac id  extractants are being prepared in 
an attempt to  increase the extraction rate. Other 
potential extractants, for example, amines and 
hydroxamic acids, are also being evaluated. 

Extractions from Plsrex Waste Concentrate 
wi th  Amines 

In  preliminary testing, amine extraction removed 
n i t r i c  acid, iron sulfate, and certain f iss ion 
products from Purex waste. Th is  treatment would 
greatly decrease the amounts of caustic and so- 
dium tartrate needed to  adjust the waste t o  condi- 
t ions suitable for strontium and cesium extraction 
(see above), and the adjusted feed, owing t o  i t s  
lower salt content, would be more amenable to  
treatment by these processes. 

In  batch single-contact tests  w i th  0.26 M Pr i -  
mene JM i n  Amsco 125-82, extraction of iron SUI- 
fate from simulated Purex waste concentrate 
(Table 5.1) was negligible un t i l  suff icient amine 
was supplied t o  extract most of the nitrate (Fig. 
5.7). Iron extraction became signif icant a t  or- 
ganidaqueous phase rat ios higher than 15/1, 
increasing t o  >96% a t  a phase rat io  of 26/1. At 
th is  ratio, 96% of the nitrate and 43% of the sul- 
fate were a lso extmcted. Para l le l  extraction 
tests  wi th  f iss ion product tracers added to  the 
simulated waste showed 96, 82, and 18% extraction 
of Zr-Nb, Ru, and Ce(ll l), respectively, a t  an 

100 

75 

50 

25 

0 

UNCLASSIFIED 
ORNL-LR--0WG 71480 

13 18 23 2a 

ORGANIC/AQUEOUS PHASE RATIO 

Fig. 5.7. Extraction of Nitr ic  Acid, Iron Sulfate, and 
Fiss ion  Products from Purex Waste Solutian with 

Prirnene JM (0.26 M) in Amsco 125-82. Mixture of cimine 

and amine sulfate salt used i n  tests with phase ratios 

>16 tocontrol f inal  pH f low below 2. 

organic/aqueous rat io  of 22/1; these values in- 
creased t o  99, 90, and 62% at a ra t io  of 2811. 
At a rat io  of 261’1, only -3% of the cesium and 
1.5% of the strontium were taken into the solvent 
phase, apparently mostly by aqueous entrainment. 
Scrubbing the extract wi th  water or 0.3 M HNO, 
removed the rare earths but not the Zr-Nb or Ru. 

These data suggest a single extraction contact 
to remove >95% of the n i t r i c  ac id  and iron, .98% 
of the Zr-Nb, and the bulk  of the ruthenium and 
rare earths from Purex wastes without removing 
important amounts o f  strontium or cesium from the 
solution. Extraction of rare earths can be pre- 
vented, i f  desired, by accepting less eff icient re- 
moval of iron, that is, by operating a t  a lower 
organic/aqueous rat io  and/or by scrubbing the 
extract. Use of a multistage system would im- 
prove the eff iciencies o f  the separation. The data 
also suggest methods for removing and iso la t ing 



124 

certain f i ss ion  products, for exanplc, Zr-Nb aipd cop r e c p i t  at ion of i r o n and a I u 111 i n urn t e n i n  i n i 11 g 
rare earths, and these possibi l i t ies are being ex- i n  solution 
amined. 5. The mixture i s  f i l tered *hilt warm and the 

strontium precipitate dissolved in  I ,hi HNO, 
for ion o.r&ange processing. 5.2 tal4 EXCHANGE 

4. f lowsheet (Fig. 5.8) was developed, on a 
laboratory scale, for recovering strontium from 
Pesrex l'N"ry4 waste solut ion by a double precipi- 
tat ion as a head-end step prior to ion exchange. 
Sulfate ion i s  removed froin f h c  waste by addition 
of iron and n i t r i c  a t i d  t o  5.5-60'4 HNB,, and 
strontium i s  recovered from ail almost pure nitrate 
system, >85% HNO,. The proposed procedure is:  

1. Excess ferr ic (Fc3+) ion i s  added to Purey 
1WW os freshly precipitated !"c23, . x H 2 0  or 
part ia l ly  dchydrated (boi l ing temperature of 

n, 135°C) Fe(lvOJ3 *8H20.  
2. The solution i s  di luted with 90% HNO, t o  

55-60"4 HNO,, which precipitates the sulfate 
as Fe,(SO,),. 
The iron sulfate i s  f i l tered off and the filtcate 
concentrated by evspaiotisn to a residue boi I- 
ing  temperature of 135°C. 

4. This residue i s  made >85% I1N0, with 90% 
HNO, to  precipitate Stroiitium, the mixture i s  
kept o t  -27OoC for a t  least 12 hr5 to  minimize 

3. 

4 ~ u r e x  f irst-cycle extraction column raffinete, HAW, 
is  evaporated 30-fold to g ive  1WW. 

In 700-nll batch ~ p e r i n i e n t s ,  75-80% of the 
original stiontiurn was recovered, c u ~ t a n i v o t c d  
with < 1% ench of Fe3', A.13', Na', and SO,2'- 
(Table 5.3). The strontium y ie ld  could probcibly 
be increased 5-10'4 by rninirni7ing the ralurne of 
l iqu id  used to precipitate stron:ium a: ;85% 
WO,, Extrapolated solubi l i ty  data6 of the sys- 
tem Sr(NO3),-t1NO,-H,O indicated that > 15% of 
the 26125% strontium not recovered had dissolved 
i n  the large w lun ie  (1.7 l i ters) of >85% I-INO, 
sol u t i  on. 

An Inorganic ion cxchanger, zirconium phosphate, 
adsotbed c=sii~rn strongly frurri siinuloted P o r c x  

waste solutions in  the original acid state (4 21 
M') or after ciddition of tarirat- nnd adiustmer:t to 
pH 10 with caustic, l lowcver the rnaximuiii uttnira- 
able loaeding i s  not more than 0.1 ineq pei g of 

solid. Since the capacity of the zirconium plaas- 
phnte for c c ~ ; ~ r n  fioni pure solutions i s  > 1 meq/g, 
prior iemoval o f  one or more interfcr ing constib 
uents rnay permit greater loadings. 

-.... 
5E.  Glueckowf, Improvements  in or Rela t ing  to  ,"ilrthod 

o/ Separatin Strontium /rain Other Fission Products, 
B r i t .  P a t e n t  fi44,376 (Aug. 10, 1956). 

'Chern. Techno[. A n n .  Progr. Rept .  at fay 31, 1961, 
ORNL-3153, scc  14.3, 
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-90% 2F SO,:' 
AS Fe2 (S041j  
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F:LTRATE 
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NO+ 8 3 %  

sr'+ 99.9% 

 AI^+ 55% 

3.2 VO; 

2.9 VOL 90% H N 0 j  
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STHONTIUM EISSOLVED 

' 
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FILTER - 
3.8 VOL 

EVAP3QATE TO 
RESIDUE E V l Q  

0- 135°C 

-0.3 VOL 

"0 1 ;Ok EXCkAhGE 
PU9IFICATIOk 

0.3 VOL 

WASTE 50~135  c1% TOTAL 

Fig. 5.8. Proposed F l o w  Diagram for Radioactive Strontium Recovery from Evaporated Purex Waste Solution. 

of iron in 190 m l  o f  synthetic Purex concentrated waste; i.e., 5.6 M Ht, 6.1 M HN03-, 1.01M 5Od2-,0.5 ftl Fe3+, 0.1 1'4 

hI Nip, 0.01 M Cr3*, 0.03 M U022i, w i t h  stable elements equivalent t o  3.75 g o f  gross f ission products per liter. 

Percentages are based on toto1 amount 

0.5 M Na , 0.002 itl Sr', 0.01 
t 
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. .. I able 5.3. Strontium k?covsr.y by a Mead-End h b b ! e  PiecipitoDian 

from Fpurox Waste toqcea:rate-Yitr is A c i d  Solutions 

Feed solution: 100 rnl o f  Purew 1 W  (-30% HNO ) conta in ing 2.9 x 10 5 couilts/min Sra5, 
t 9.49 g of  S O A 2 - ,  2.93 g of Fe3’, 0.30 g o f  AI3’? 1.43 g of No 

Material Analyzed 
. . . . . . . __ ~ : i l c u a t  oresent  (% of  original)= 

sra5 SOq?-  F e 3 +  A i3 ’  No t  

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

F i i t ra teb from SO4’- pptn, 383 m l  99.9 7 290 55 83 
of 59% I iN03 

FiS;rci?e f r o m  SR ppl’n, 1720 nl 20-35 7 130 55 70 

Sr p p F  75-80 0.1 0.5 0.3 0.2 

of  86% :{NO3 

?ra5 deteimincd by y sc in t i l l a t i on  counting, oihor i ons  by s t a n d a d  we t  chernicnl analyses. 

bSulfate precipitated by ndding “90 g of  froshly prepoisr! ~ - c ~ O ~ ~ X I ~ ~ O  to  100 m l  o f  P u r e i  l’W#, s i i l i i n g  2 1  hr 
to ensure the presonca s f  excess re3’, d i l u t i ng  to 59% H N 0 3  wi th  30% HN03, and st i r r ing a t  I m s t  48 hr  toapproach 
equi l ibr iu i i i  condi;ions. 

CStrontium prec ip i ta t ion prr fcrmcd by !1) rcducing the filtra;; Y Q I U ~ O  of the sulfa+- prec ip i ta t ion step by evapn- 
ra t ion to  a residue tempcro:ure of 140“C, (2) adding water  and 90% n i t r i c  ac id  to  red i sso l v r  th -  residue, ( 3 )  d i l u t i ng  
to  86% HN03  w i th  90% n i t r i c  acid, (4) heating the inia:t.we and ,, iGintaining i t  a t  7 O y  for  12 hr, (5)  f i l t e r i ng  wh i le  
worin,and (6) d i sso l v ing  the prec ip i ta te i n  ‘-30 ml 1 N HN03. 

,I? very high nmt ion- f lux  reactor, thc High F l u x  
Isotopc Heastot, and a special ized chemical 
proc+s=irig Foci liqi, h c  Transuranium Processing 
or TRU Fac i l i t y  arc being h i l t  a t  Oak Ridge 
Nationnl I aborafory for the production of gram 
qjlicintities of the trrriiq,rianidin elcil3ct;ts. I heir  
prnrluct;on in qiiai l t i ty .*);!I s impli fy resonrch ~ 4 3 ; t l - i  

these imtc r ia ls .  W;th thes? larger quantities, it 
w i l l  be possih!e t o  grwtly  ealarge our knwvrledyc 
a f  t h e i r  geasrcl &em;stly, sol id state physics, 
and nretallurgy. 

Isotopes of Cm, Bk,  Cf, E,, and Fm \ h J i ! !  resu l t  
from ths i trodiat ioi i  sf 500 g sf Pb’” qfid a 300-g 
mixiura o f  /2n1243 vitt, ~ i t i ~ ” ’ .  Thzse feed ma- 
t x i a l s  are bc;ns produc-d by dt: lono 
dici?ion of 10-kg bdc l i -s  of P u ’ ~ ~  in  c Scivaanah 
River PIoii: reactor. I hp ’--adiatss! vu239 w i l l  
b e  processed o t  Savannah K l v r -  ~ i i d  $10 products 

shipped to  9 a k  Ridcjc C F  Pi-10, an$ eii A:n-Cm 
solution containiag h e  wi-2 carth f iss ion pioductq 
IRc rare a r f h s  u ~ ; l l  bc removed ond the actinide 
oxides fahi icated into #FIR tarqrfs i n  the TRi: 
Foc i l i t y .  

Aft@, irrndiat iov ifi the !!FIR, ;lis targets . + r i I I  

b r  rctdrned i s  TRU for proccssirig to remver  
Ciii, Bk, cf, and Fs. ]-he CiliiuiTr isotn?c: 
t h m  b~ refabricated into tar for production o f  
hsov ie i  e!et,Imts. I h is  rcport summari icr thz de, 
v ~ l o p n w t  sf che i , i l a I  sepnrntion processes, equip- 
ment dcvclopmsnt, and &sign of i l ic  TRL’ rcTcility. 

- 
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waste, and for the  recovery o f  Am, Cm, Bk, Cf, 
Es, and Fm f rom irradiated HFlR targets has con- 
tinued. The method proposed for americium- 
curium recovery from plutonium process waste 
(Fig. 6.1) consists i n  Am-Cm-RE concentration by 
anion exchange, conversion to  a chloride system 
by amine extraction o f  HNO and separation from 

3.' rare earths by amine extraction from concentrated 
L iC l  solution. The main-line HFlR target proces- 
sing method (Fig, 6.2) consists in target dis- 
solut ion in  HCI; act in ide separation from f iss ion 
products and aluminum by tertiary amine extraction 
from concentrated b iC l  solution; Bk, Cf, Es, 

UNCLASS I Fl ED 
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NITRP.TE WASTE FROM 
Pu RECOVERY 

~ _. ............ 

Am, Cm, RARE EARTH 
RECOVERY 

ANION EXCHANGE FROM 
NEUTRAL NITRATE SOLUTION 

+ 
CONVERSION FROM 

NITRATE TO CHLORIDE 

TERTIARY AMI NE EXTRACTION 
OF NITRATE FROM MIXED 
HCI -HN03 SOLUTION 

Am-Crn RECOVERY 

TERTIARY AMINE EXTRACTION 
OF Am-Cm FROM CONCENTRATED 
L i C l  SOLUTION 

t 
Am-Cm PRODUCT 

Fig.  6.1. Summary Flowsheet  for Americium-Curium 

Recovery from Plutonium Process  Waste. 
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I RRA DI ATED 
HFIR TARGET 

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

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

DISSOLVE AI-ACTINIDE 
OXIDE TARGET IN HCI 

___ ................ 1.. 
AC-IINIDE RECOVERY 

TERTIARY AMINE EXTRACTION 

TRATED LiCl  SOLUTION 
OF ACTIIVIDES FROM CONCEN- 

- ................ t ..... .- .... 

TRA NSCURI UM EL€ M ENT EXTRACTION 
.................... 

2-ETHYLHEXYLPHENYCPHOSPHORlC 
ACID EXTRACTION OF B k ,  C f ,  E s ,  F-m 
FROM iM HCI 

Am-Cm 

__ ............... 

9 k  DI-2-ETHYLH EXYCPHOSPI-IORIC 
ACID EXTRACTION OF Bk(IV) 
FROM (OM HN03 

Cf, Es, Frri RECOVERY 
- 
CtiROM ATOGRAPHIC ELUTION Fm 

FROM CATION EXCHANGE RESIN ES 
WITH COMPLEX1 NG ELUENT 

C f  

Fig. 6 .2  Summary Flowsheet  for HFlR Target  Prot. 
essing. 

and Fm separation from Am-Cm by phosphonate 
extraction from d i lu te  HCI; Bk separation from 
Cf, Est and F m  by d ia lky l  phosphate extraction 
of  Bk(lV) from concentrated HNQ,; and Cf, Es, 
and Fm separation from each other by chroma- 
tographic elut ion from cation exchange resin. 
Development studies of these process steps were 
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LNC-AZSIC tD 
9 9 N L - L Q - 3 h G  71481 msd: iii labom:ary-scale eupc;;i;;mts . ~ ~ i t h  syi- 

thet jc snliitinns c0nta;lii i ig trac-r ~ ~ n o e n t s  o f  the 

ca i i i cd  out ts invrttigc:- the effect of high ulplii; 
act iv i ty IcvcIs on corrnsioii aiid to study the 

I aiid Cnl h, converting ,&.>I: t o  
higher ox id  i zati  cn stutes. 

- -1 
- ~~ 

i- 

F 
" i-- I-_ I ru l i~uran iu l r i  c!c~~izz:z. Scoutiiiy \~,t-? w,-s itlso 

I 
A!uinIEii:J+Silic~~ h ! ! y  Pissalution ia  

Hy$;ac !? ! a: i c A c  i d 

When aIua;nuiii ; s  irrndintc-l in a nuclc i t i  r a c t o r ,  
sonic of it i s  transniuted t o  si l icon, and, thenreti- 
cally, apprsxinstz!y 3% of +!IC alurninuiii ;i? HFiR 
torgzts w i l l  b r  c3nqx t -d  to  s i l i c m  du;ing an 18- 
iiiotrth irradiation. Sincc thc proposed process 
calls for taigz: dissolut ion iii hydrorhlor ic acid, 
thc cffcct of the qi l icon content on ih, dissolut ion 
rotc i s  be ing  studied, rJ iz ! in inary  investigation '5 

of hydrochlnrir  ac id  dissolL,t;oii o f  a1um;i lm r7 

a l loys rontaining various anorlnts of s i l i con  were E 
fmcidil witlr threr, al loys: X-8001 eontaininy obaut 
0.1% si, ai7 1100 series al loy contctniiiy about 
0.3% Si, and a spc:ic!ly p r e p a d  nl loy containing 

- 
0 
E 

- /  

E 

' - 
1 
1 

t - -  3 c 5  
97% AI and 3"T 51. 

In thz hydrochloric ac id  conca:tration rcrnge 1 5 
to  6 Vi, thc d issn lu t ;o~ i  io tz  of al l  thrcc a l l oys  
w s s  propnrtiofio! to ilie cube o f  the a c i d  con- 
c e n t r d i m  (Fig.  6.3). For a giver crcidity, the 

s i l icon content of the a l loy.  PIIF dissolut ion rote 
of the 1100 seri-s alloy, which csi i tains about 
0.3% Si, \*'as app;aximately 10 times that of  
aluminum containing 3% Si, and the dissolut ion 
 in?^ of Y-8001 alumincx, which contciins about 
0.1% Si, \&/as about 4 tirnps thnt o f  h e  1100 series 
ol!rmintm. I h e  dissolution rate of 97% AI.-3% S i  
a l loy in 6 ,$I i iC l  in  +he temperature raarge 25 :o 

?UT doubled for etei-y 8 - 9 T  increcise i n  tern- 
PF!E?PLI~C. Even t h =  37-S;  alloy can bc d i s s - 1 4  
a t  acceptablz rates; for C X O ~ ~ I ~ ,  at  8OT, in 
6 il' HCI t h e  l a te  w a s  10 mg mit i - '  cin-?. 

s dissolut ion rntc wcls inversely prcpoft ionnl to tho il 2 

I 

I -  

I 
I 

t -  

SLOPE = 3 

31 

- 
3 25 

I - 
I T B P ~ G X  F'ioc:55 D P V ~ I ~ ~ P C Z I ~  I 

3 c1 1 ! I  1 
The f lowsheet for thc Trarnex prnc-ss 5howC: i n  2 5 11 20 

Fry. 6.4 i s  essential ly thc F U ~ E  cis tho; ii.poiied HCI  COYCEhTHATION ' /VI  

last year.' Trivalenf act i , i idcs orc extracted 

r i g .  6.3. t f t a c t  of .Acid Concentration a t  5OoC 03 -~ 
1 -  Lhen. Ann. Plogr. R e p t .  :,lnY of Dissolution o f  4lsminurn A l l ~ y s  in  :Hydrochloric 

196 1, OR N L-3 153. Acid. 
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Fig. 6.4. Tramex Process  for Separation of A c t i n i d e s  
from Loni l ionides  by Tertiary Amine Extraction. 

from 1 1  M L iC l  containing 0.02 M HGI in to 0.6 M 
blamine 336 (a mixture of acty l  and decyl tertiary 
amines) in  diethylbenzene. The scrub solut ion i s  
a lso 1 1  M LiCl containing 0.02 lbl HCI, and the 
stripping solut ion i s  5 M HCI. The effects of 
variables such as LiCl concentration, ac id  con- 
centration, and amine concentration were recon- 
firmed. Distr ibution coeff icients of Am, Cm, Cf, 
Es, Fm, and rare earths were redetermined and 
agreed w i th  those previously reported. ' Some 
work was carried out t o  demonstrate feed prepara- 
tioq, and a number o f  laboratory-scale mixer-settler 
runs wi th  synthetic feed solutions were made in  
order to demonstrate the flowsheet. Most of the 
recent development was directed at  studying de- 
ta i l s  of th is  system. The behavior of contaminant 
cations was determined, and the effects o f  various 
anions on americium and europium distr ibution co- 
e f f ic ients  were studied. The addit ion of surfact- 
ants and variat ions i n  temperoture were investi- 
gated as means for improving phase separation. 
Most of th is  work has been reported e l ~ e w h e r e . ~ ' ~  

Laboratory-scale mixer-settler runs were made 
w i th  synthetic feeds containing tracer americium 
and nonradioactive rare earths to demonstrate 
separations that can be obtained wi th  the f low- 

sheet conditions given in  Fig. 6.4, With 6 ex- 
traction, 6 scrub, and 6 str ipping stages, total 
americium losses were about 0.01% and the de- 
contamination factor from rare earths was greater 
than 704. Feed containing 1 1  M LiCI and low 
ac id  concentration can be prepared from hydro- 
ch lor ic  ac id  solutions of act inides and lantha- 
nides by adding LiCI, evaporating to a pot tem- 
perature of 13SoC, and d i lu t ing w i th  n smalil 
amount o f  water. The detai led procedures for 
th is  feed adjustment step are not yet  complete. 

From distr ibution coeff icients determined for 
expected contaminants, i t  was concluded that the 
Tramex process w i l l  provide the desired separa- 
t ion from all except T i 4 +  and Ni2+, which w i l l  
fo l low the tr ivalent act inides through the process, 
Those expected contaminants above Ru3' in 
Table 6.1 w i l l  be extracted along wi th  the actinides, 
but of those extracted, only T i 4 +  and H i2+  w i l l  be 
completely stripped with actinides, especial ly 
i f  Q solvent scrub i s  used on the s t r ip  column. 
Ruthenium behavior i s  not completely predictable 
from these data since it ex is ts  as both tr i -  and 
tetravalent ions i n  these solutions. 

Sy choosing the correct ac id i ty  for the str ip 
column, it i s  possible to separate most of the 
extracted contaminants (Fig. 6-5).  The d is t r i -  
bution coeff icient (o/a) for A m 3 +  was less than 
0.001 over the ac id  range 0.5 t o  10 liI HC1. The 
distr ibution coeff icients for Ti *+  and Ni2' were 
less than 0.01 over th is  same range, and they 
w i l l  be stripped wi th  the actinides. I f  the ex- 
tracted Ru4+ i s  reduced t o  Ru3' in the str ip 
column, it will  tend to  fol low the actinides. 

The effects o f  anion contaminants on d is t r i -  
bution coeff icients were studied w i th  A m 3  '- 
representing actinides and € ~ ~ + - r e p r e s e n t i n g  
lanthanides. Trace amounts o f  f iss ion product 
bromide and iodide and trace amounts of f luoride 
added during processing had l i t t l e  effect on 
americium and europium behavior. The effects 
became appreciable at  concentrations greater than 
0.1 N .  Both americium and europium distr ibution 
coeff i c i  ent s increased rap i dly wi th  increa sing 

2R. D, Boybarz and Soyd Weaver, Sepazaf ion o/ 
r r a n ~ p l u t o n i u m s  /?om 1,nnthanides b y  Tezt iary Amine 
Extrac t ion ,  ORNL-3185 (Dec. 4, 1961). 

D. Boyborz and H .  8. Kinsar, Sepataf ion o/ 
Transplutoniums ana' Lanthanides b y  Tert iary Amine 
Ex t rac t ion .  II. Contaminant [anf, ORNL-3244 (Feb, 
20, 1962). 

3R. 
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n i t ru t r  coacznti-etion ( f ' iy .  6.6). klovve~sr, zwro- 

p ; ~ m  extrat-:ioir inc rmsed mole rapidly than 
amc;irizriii zr t tsct ion.  As a rzsult, the atrisr;ciuix- 
e u : o p ; r ~ ~ i ~  SPpGFG:iOil factor decrczscil from mare 
than 100 for 0.01 Y NO,- to 1, or iic, s 
fnr ahaot 0.7 V NO3-. Br:c;ise of th is adve:se 
effect, it i s  importcint that a l l  n i t ratn be removed 
whzn plutonium process wnz:ss or= cmvcr ted  to 
a rhlor idc 5ysteiil for amcr:=ium and curiurii te- 
covery . 

- i h e  t i lne required for 0.6 ($1 Alnnnine 336 i n  
dicthylbznze2o onJ 11 AI LiCl  to  sepnrot.: n f l s r  
i n t i n i ck  i i l ix ing :',"os about 3 m;n a t  3o°C. I h i s  
is too long for cfF;cient mixer-settler opxat ion.  
Separation t ime win% decreascd Sy thz addition 
of a serifactant a n d  by incrtasing the terrsgcrahrre. 
Minnesota Mining and Man\,fnc:uiing CO.'S FX- 
170 wns one of the most e f fec f i v r  surfactniits 
tested. l h i s  i s  a nonionic fluorochelnicnl wi th a 

1 

Fig. 6.5. Di+tt;Lution CoefCcieats  of  Various Ions 

beitueon 0.6 \ I  hl9;iine 336 i n  Diethylbenzene mi: 

HCI Solut ions as a Funct ion of tlC! Cnn+entrotion. 
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Fig. 6.6.  Ef fec t  of Ni t ra te  Concentration on Extrac- 

tian of Americium and Europium into 0.6 M Alamine 336 
i n  Xylene from 1 1  hf LiCI. 

Separation of Transcurium E lernents from 
A m e r i c i u m  and Curium by Phosphonate Extraction 

The flowsheet in  Fig. 6.7 i s  essential ly 
the same as that presented last  year. Trans- 

F L E D  

Am-Crn-Bk-Cf 
f MHCI - 

1.0 M 2-EHtQP)A 
IN DIETHYLBENZENE-' 

1 
4 N H C I  

0.5 
I 

il, 

WASTE 
--D- so LVE r u  

PRODUC-r PRODUCT 

1.25 N HCI 
Am-Cm Bk --Cf 

4 N H C I  

Fig.  6.7. Flowshaet of Process far Separating Trans- 
curium Elements from Americium and Curium by Phos- 
phonate Extraction. 

curium elements are extracted from 1 it! HCI feed 
into 1 Evi 2-ethylhexylphenylphosphonic acid [Z 
EH(@P)AI in diethylbenzene (DEB). The scrub i s  
1.5 ?VI HCI, and the s t r ip  i s  4 M HCI. Batch 
countercurrent runs were made in  order to demon- 
strate americium and californium separation. Dis- 
tr ibution coeff icients o f  the actinides were re- 
determined, and they agreed with those previously 
reported. ' Distr ibution coeff icients of the lan- 
thanides were a lso determined. The effects of 
variables such as ac id  concentration, phosphonate 
concentration, and solvent di luent were studied. 
Behaviors of a number o f  contaminant ions were 
investigated. The results, summarized here, are 
reported in  more detai l  e l ~ e w h e r e , ~  

Batch countercurrent rvns were made wi th  
synthetic feeds containing tracer americium and 
cal i fornium to  demonstrate separations obtainable 
wi th  the process shown in Fig. 6.7. With 4 ex- 
traction, 3 scrub, and 3 str ip stages, to ta l  cal i-  
fornium losses were about 0.176, and the americium 
decontamination factor was greater than IO3. Other 

4R.  D. Baybarz, Separation of Transplutonium Ele- 
m e n t s  b y  Phosphomte  Fxtruction, ORNL-3273 (to b e  
issued). 
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tuns were made i n  a mixer-settler to test  me- 
chanical operation of this system. Because of 
a l imited supply of californiutn and berkelium, 
synthetic feeds were used which contained 
europium tracer 0 5  a substi tute for &leskeliwrn, and 
americium tracer. With 8 extraction and 8 scrub 
stages operating at about 501 efficiency, 99.9% 
of the europium was extracted, and the decontami- 
nation factor from americium was 2 x io3. 

Distr ibution coeff icients (o/a) found for tr ivalent 
act inides and tr ivalent lanthanides between 1.0 /w 
2-EH(@P)A in  diethylbenzene and 2 AI HCI are 
given i n  Fig.  6-8. The major break i n  extract- 
ab i l i t y  between berkelium and curium, separation 
factor o f  30, makes this an ideal system for sep- 
arat ing the transcurium elements from anericierrri 
and curium. 

UNCLASSIFIED 
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F i g .  6,8. Distribution of Actinides and Lonthanides 
between 1 {M 2.EH(cbP)A in BFR and 2 M MCI. 

Scparation factors for other adjacent act inides 
ranged from 1.3 to 3.3. For the lanthanide series 
there was a more uniform increase i n  distr ibution 
coeff icient with atomic number. Separation factors 
between adjacent lanthanides were about 2.5. 
Distr ibut ion coeff icients of both actinides and 
lanthanides were direct ly proportional to  the cube 
of the 2-EH(@P)A concentration, and inversely 
proportional t o  the cube of the acidi ty over the 
range 0.5 to 4 41 HCI. Extraction decreased to a 
minimum at 5.5 to 7 M llCl and then increased 
with increasing acidity. Selected examples of 
act in ide and lanthanide extraction os a function 
o f  acidi ty are given in  Fig, 6.9. The diluen: that 
caryied the 2-EH(pIP)A also affected the distr i -  
bution coeff icients. Table 5.2 l i s t s  europium d is -  
t r ibut ion coeff icients &!ween 1 M 2-FH(@Pjh 
in various di luents a n d  2 (AI IICI. Extraction was 
considerably greater wi th al iphat ic diluents than 
w i th  aromatic diluents. 

Rehoviars of contaminant ions that may he 
present in  the feed for th is separation were brief ly 

UNCLASSIFIED 
ORNL-LR-DWG 71487 

2 < 6 8 10 

IHCI CONCENTRATION ( M )  

Effect of A r i d  Concentration on Extanction 
of Act inides and Lanthanides into 1 M %Ef+(dP)ba in 

DEB from HCI Solutions. 
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Table 6.2. Effect o f  Diluent on Europium Extraction 

2 M H C I  v s  1.0 M 2-EH($P)A 

Diluent Europium Distribution 
Coefficient (o/a) 

tz-heptane 4.8 

AITISCQ 125-82 3.5 

n-dodecone 

Deca I i t i  

Cy c 1 oh ex an e 

Triethy lbenzene 

Diathy lbenzene 

Carbon tetrachloride 

Solvesso-100 

Xylene 

Toluene 

Benxene 

3.4 

2.1 

2.0 

0.89 

0.6 1 

0.52 

0.42 

0.40 

0.37 

0.31 

investigated. Results indicate that Z r 4  +, T i  3', 
Fe3',  MOO,^-, and Pu4'  w i l l  be quanti tat ively 
extracted w i th  transcurium elements. When the 
transcurium elements are stripped from the organic 
phase wi th  '/4 volume of 4 M HCI, most of these 
ions w i l l  remain in  the organic phase. However, 
decontamination from Fe3' and Ti3' w i l l  be poor 
since both extraction factors (o/a) are only 2.4. 
The Contaminants, Si2', Ru3', A13', and Ni2' 
w i l l  not be extracted but w i l l  remain in the aque- 
ous phase wi th  americium and curium, 

Americium-Curium Recovery from Plutonium 
Process Wuste by Anion Exchange 

Studies on separation of americium and curium 
from rare earths by anion exchange were discon- 
t inued in v iew of the encouraging results obtained 
wi th  amine extraction. However, the study of 
americium-curium behavior i n  concentrated n i t ra te 
solut ion was continued, and an anion exchange 
process for recovering americium and curium from 
plutonium-processing raff inates was developed and 
tested on a laboratory scale. The results sum- 
marized here are reported in more detai l  else- 
where.' 

In th is  process (Fig. 6.10) americium, curium, 
and rare-earth f iss ion products are sorbed from 
neutral concentrated aluminum ni t ra te solutions. 
While the process has general application, it 
was developed specif ical ly to  recover americium 
and curium present in  highly irradiated plutonium- 
aluminum alloy, which i s  being processed here 
for plutonium recovery. 

The feed i s  prepared by evaporating the plu- 
tonium raffinate to a solut ion temperature o f  140°C 
and then d i lu t ing with water to  an aluminum con- 
centration o f  2.6 M .  The solution w i l l  be trans- 
ferred by steam iet, which results in  a minimum 
feed d i lu t ion of 10%. Fi f teen column displacement 
volumes o f  feed are pumped through the column, 
which i s  packed wi th  50-100 mesh Dowex 1-10X 
resin a t  70% Aluminum and iron are washed 
from the column wi th  5 displacement volumes o f  
8 M LiNO,, and the product is eluted wi th  3 dis- 
placement volumes of 0.65 M HNO,. I n  laboratory 
demonstrations, products containing 8.5 g of rare 
earths per l i ter  and 0.05 AI3'  were obtained 
from feeds containing 2.34 M AI3'. No americium 
losses were detectable, and decontamination from 
iron was essential ly complete. 

The effects of resin part icle size, feed flow 
rates, aluminum concentration, resin cross linkage, 
and temperature on sorption were investigated. 
Americium losses w i th  27 column volulnes of feed 
and Dowex 1-1OX resin were less than 1% for 
50-100 mesh resin, 2.3% for 50-60 mesh, and 
35% for 10-50 mesh (Fig. 6.11). Decreasing the 
resin cross l inkage from 10 to 4% increased 
americium losses from 0.9 to 11% for 27 column 
volumes o f  feed. In  experiments wi th  europium 
tracer, losses increased from 0.1 t o  23% for 15 
column volumes o f  feed when the f low rate was 
increased from 2 to 4 ml min- '  ~ r n - ~ ,  and were 
o f  the order o f  0.12, 0.27, 2.2, and 16% when 
aluminum feed concentrations were 2.7, 2.3, 2.0, 
and 1.8 M ,  respectively. Column temperature did 
no t  appear to be crit ical; results were satisfactory 
in the temperature range 60 to  85oC. Results wi th  
coarse Permutit SK resin were comparable to 
those wi th  Dowex 1-1OX. 

'M. H. Lloyd, Anion Exchange Recovery  of Americium 
and Curium from PIutonium Process Waste, ORN L-3291 
( to be issued). 



134 

U h C L A S S l F l E O  
C R N L - L R - C W S  '1488 

Pu RAFFIRATE 

0 .775  M AI  
5 .79  ,M HNC3 --. 

...... ~. ~. 

ANION EXCHANGE 
I co-ubird 

DCWEX 1-10X 
5 0 - 1 C 3  MESH 

PRODUCT 

0 6 5  M P N O j  
aimc3!3 A m - L r r - 9 E  
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Waste. 

Conversion from itrate to Chloride Solution 
by Amine Extraction 

Conversion from a nitrate to  a chloride system 
by extraction of HNO, in to tertiary amine was 
demonstrated in laboratory-scale experiments with 
synthetic solutions. Feed containing 1 M HNQ,, 
4 M HCI, 5 g/Iiter rare earths, 0.5 g/Iiter ru- 
thenium, and tracer americium was contacted wi th  
2.5 vol of 0.6 $1.2 Alomine 336 in  diethylbenzene. 
Testing was carried out i n  a 16-stage rnixer- 
settler operated as on extraction section only. 
The aqueous product contained 99.95% of the 
americium, less than 10% of the ruthenium, a n d  
l e s s  than 0.01 M HNO,. This nitrate concentra- 
t ion i s  low enough that it wil l  not interfere wi th  
subsequent separation of americium from rare 
earths by amine extraction from concentrated 
l i thium chloride solution, 

Dialkylphosphate Extraction od Bk4+ 

In a brief investigation of B k 4 +  extraction, both 
aaone and KBrQ, were satisfactory oxidants for 
preparing Bk4' i n  concentrated n i t r ic  ac id  solu- 
t ions prior to  extraction. Attempts to  extract i t  
from 8 M HNO, into 30% di-2-ethylhexylphosphoric 
ucid (D2EHPA) in  toluene, diethylbenzene, or 
Amsco 125-82 diluent were unsuccessful because 
o f  reduction by the diluent. Distr ibution coeffi- 
cients (o/a) between 30% U2EHP.4 i n  decane or 
hexane di luent and 8 nf  HNO, were IO3  for Bk4' 
and lo-, for Cm3+; 2 r 4 +  had almost the same 
extraction properties as 3k4+. 

Separation of Californium, Einsteinium, and 
Fermium by Cation Exchange 

Separation of Cf, Es, and Fm by chromatographic 
e lu t ion wi th  ammonium a-hydroxyi sobutyrate from 
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cation exchange resin'" was tested. Irradiation 
of 0.4 p g  of Cf252 i n  the Oak Ridge Reactor for 
28 days produced 0.26 nanogram of and 
about 0.3 picogram o f  After 1 day's de- 
cay, most af the f iss ion products and target im- 
puri t ies were removed by union exchange from 
concentrated HCI and L iC l  solutions. The Cf, 
Es, and Fm were loaded on a column of  Dowex 
50-12X (200-400 mesh) resin, which hod a cross 
sectional area of 0.03 cm2 and a length of 20 cm. 
Elut ion wi th  0.4 :\I ammonium a-hydroxyisobutyrate 
a t  pH 4.1 was carried out a t  80OC and at a f low 
rate o f  0.6 ml min- '  ~ m - ~ .  

During elut ion fermium i s  removed first, fol lowed 
by einsteinium and then californium. By the time 
0.3% of  the californium was eluted, 20% of the 
einsteinium and 60% of the fermium were re- 

6G. R. Choppin,  B. G, Hotvey, and S. G. Thompson, 

7H. Louise  Smith and Darleone C. Hoffrnon, /. Inorp. 

J .  Inorg. Nucl. Chem. 2, 66 (1954) .  

Nzicl. Chetn. 3, 243 (1956). 

covered. When 10% of the californium was eluted, 
80% of  the einsteinium and 90% of  the fermium 
were eluted. 

The condit ions needed for good separations are 
a perfect column wi th  no channeling, very s low 
f low rates, and col lect ion of small product frac- 
tions. During such a run a bubble developed near 
the bottom of the column and disturbance of the 
ind i v i  dua 1 bands prevented separation, Cons i d- 
erable d i f f i cu l ty  would probably be experienced 
in  processing of large quanti t ies o f  californium 
because of rad io ly t ic  gas bubbles. 

The Use of Higher Americium Oxidization States 
to Separate Americium from Curium 

In a brief investigation o f  methods of separating 
americium and curium based on oxidation of 
americium, Am4' was readily produced by heating 
freshly precipitated Am(Ol-1)3 in  0.2 hl NaOH- 
0.2 AI NaOCl at  90°C for 30 min. The pink 
Am(OH), changed t o  black Am(OH)4, which was 
dissolved in 15 M NH,F, wi th  a so lub i l i ty  of 
about 5 g/l iter. Curium remained trivalent, with 
a so lub i l i ty  of less than 1 mg per liter. 

Treatment of freshly precipitated Am(OH), wi th  
ozone in  0.05 M NaOW oxidized the americium to 
Am6+ and formed a soluble hydroxide complex 
wi th  a so lub i l i ty  o f  more than 100 mg per l iter. 
Again, curium remained tr ivalent and was in- 
so I u ble. 

When americium and curium hydroxides were d i  s- 
solved in 3 M K,CO, and treated wi th  ozone, 
the americium was rapidly oxidized and formed 
an intense red-brown soluble Am6' carbonate 
complex. Upon standing for 24 hr, the red-brown 
color disappeared and a precipitate of Am5+ 
carbonate formed, leaving the curium in solution. 
The precipitate contained 80% of  the americium 
and less than 1% of the curium. 

Separation by Inorganic Ion Exchangers 

A systematic survey i s  being made o f  the pos- 
s ib le  u t i l i t y  of inorganic ion exchangers in ra- 
diochemical processing, especial ly in the recovery 
and separation of f iss ion products and elements 
encountered in the production of transplutonium 
elements. The greater radiation s tab i l i ty  of in- 
organic, compared wi th  organic, exchangers offers 
a s ign i f icant  advantage. 
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In preliminary tests, americium and europium 
were completely separated by elut ion of the 
europium from zirconium phosphate wi th a con- 
centrated l i th ium chloride solut ion (Fig. 6.12); 
the americium was subsequently completely eluted 
with 1 N HCI, Separation of americium from 
cerium in similar experiments was small. Thus 
th i s  technique does not provide a means of sepa- 
rat ing the transplutoniums from the f iss ion product 
lanthanide group. 

Zirconium phosphate, zirconium tungstate, and 
ammonium rnolybdophosphate differed considerably 
in  the order of their  adsorption of elements in 
the lanthanide series (Fig. 6.13). Single-stage 
separation factors between adjoining lanthanides 
were less than 1.4. A column elut ion from z i r -  
conium phosphate indicated no greater separation 
between americium and curium. Comparative ad- 
sorption and elut ion of other f iss ion products and 
process-derived contaminunts are being studied to 
determine the possibi l i ty  of separating them from 
the transplutonium elements. 

Effect of Alpha Radiation on Corrosion 

Scouting corrosion tests8 were made on g l a s s  
and welded specimens of tantalum, Hastel loys 3 
and C, titanium 4 5 4  and 71rcaloy-2 exposed to 
chloride solutions containing A m z 4 ’  (20 g,’liter). 
Th is  represents a power density o f  2 w/l i ter. 
No direct effects of alpha radiation on corrosion 
were found. Secondary effects, which are a t t r i b  
uted to  thc presence of H,O, produced by ia-  
diolysis of water, were noted for Hastel loys €3 
and C and for t i tanium 45A. l lnder conditions that 
al lowed appreciable bui ldup of H202 concentra- 
tion, the corrosion rates of Hastel loys B and C 
were increased, and the corrosion of t i tanium was 
drast ical ly decreased. Corrosion rates of glass 
and tantalum were l e s s  than 1 rnil/yr, and the 
corrosion of Zircaloy-2 was l ess  than 10 Ini ls/yr  
for a l l  conditions tested. 

The tests were mode by immersing corrosion 
specimens ( 1  em x 2 em x k 2  to !$ in. thick) in  
Pyrex g lass test tubes containing 10 ml o f  solu- 
tion. Other specimens were suspended in the 
vapor phase on a tantalum wire. Solutions used 

8R. D. Bnybarz, T h e  Ef ect of H i g h  Alpha Radiai ion 
on the  Corrosion of Meia iy  Exposed  io Chloride Solu- 
l ions ,  ORNL-3265 (Mar. 27, 1962). 
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Fig. 5.13. Adsorption of  Lonfhanides from 10 .V 
LiCl 0.01 .A‘ HCI, 

were 6 IM HCI and 10 M CiCi-0.5 M HCI, each 
containing a t  a concentration of 20 g/~i ter .  
Control solut ions were identical except that non- 
radioactive lanthanum w a s  substituted for 
Tests were made a t  45°C and a t  near boi l ing for 
7 days. Carrosion rates were determined by 
weighing the specimens both before and orher 
exposure to  +he chloride solution. 
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The TRU Processing Plant chemical flowsheets 
developed during the past few years were tested 
at radiat ion levels l imi ted by the containment 
standards and shielding avai lable in an alpha 
laboratory. Equipment in ce l l s  3 and 4 of bui ld ing 
4507 w i l l  provide fac i l i t i es  for test ing the proc- 
esses discussed in  Sec 6.1 a t  radiat ion levels 
to  be encountered in the f inal  processing plant. 
Americium-curium w i l l  be separated from rare- 
earth f i ss ion  products and irradiated materials 
processed to  isolate cal i fornium in these cel ls. 

Figure 6.14 i s  the schematic equipment f low- 
sheet far the f inal  solvent extract ion isolat ion o f  
americium and curium from the plutonium proc- 
essing raffinate. The bulk o f  the aluminum and 
f ission products w i l l  be removed by ion exchange 
and the Am-Cm-rare-earth solut ion evaporated to 
100 l i ters i n  ce l l  1, bui ld ing 4507 in  preparation 
for solvent extract ion processing in ce l l  4. 

Figure 6.15 i s  the schematic equfpment f low- 
sheet, including head-end equipment for the dis-  
solut ion of a 6-month-irradiated HFlK target for 
carrying out act in ide recovery and the separation 
o f  Am-Cm, Bk, Cf and higher-isotope fractions. 
Th is  dissolut ion equipment and the equipment re- 
quired for the separation of berkelium f r o m  cal i -  
fornium and higher isotopes w i l l  be instal led in 
ce l l  3. 

Equipmemt Descript ion and Arrangement 

The equipment w i l l  be instal led so that it may 
be removed by heavy-duty manipulators, an im- 
pact wrench, and a crane mounted in the large 
equipment-removal cubic le located on the top of 
the ce l l  bank. The equipment w i l l  be in a modular 
arrangement t o  al low relocation or replacement of 
a l l  ce l l  tanks in  a standard support frame (Fig. 
6.16). The piping between tanks and racks w i l l  be 
joined with disconnects similar to those to be 
used i n  the TRU Faci l i ty ,  which w i l l  be operable 
wi th a manipulator. The solvent extract ion equip- 
ment and other miscellaneous items w i l l  be lo- 
cated in  racks supported on top of the tankage 
framework. These racks w i l l  a lso be removable 
through the roof hatch. 

Figure 6.17 i s  an elevation v iew through the 
ce l l  and service areas, and Fig. 6.18 i l lustrates 
a typi  caI tank-piping arrangement. 

Shielding 

The highest neutron sources proposed for use 
i n  the ce l l s  w i l l  be in a 6-month-irradiated, 30- 
day-decayed HFlR target, whose properties are: 

~f~~~ content, p g  350 

~f~~~ content, % of  C f  0.52 252  

Cf neutron source, neu i rondsec  3.5 i o 9  
1.7-Mev gamma source, Mev/sec - 2  

The calculated dose rates from th i s  target are: 

F i s s i o n  product g a m m a  dose rate through (0.01 
window or wall ,  rnr/hr 

Neutron dose rate through barytes wall, 0.026 
mrem/hr 

Neutron dose rata through window, 3.3 
mrem/h r 

These dose rates are expected t o  be accurate 
wi th in a factor of 2, assuming that the neutron- 
source strengths are correct. 

The f ission product gamma attenuation through 
the wal l  and window, and the neutron attenuation 
through the wall, were calculated from measured 
attenuation coeff icients and removal cross sec- 
tions. The neutron attenuation through the window 
was determined w i th  the Renupak neutron trans- 
port code on the IBM 7090 computer. 

Schedule 

The new Am-Cm-rare-earth storage tanks were 
instal led in ce l l  4 p i t  in July. Process equipment 
instal  lat ion and ce l l  containment modif icat ion are 
scheduled to be essential ly complete for in i t ia l  
cold checkout runs beginning in November 1962. 

6.3 PROCESS DESIGN 

When the TRU Fac i l i t y  i s  ready for fu l l -sca leop-  
eration i n  January 1966, the f i rst  HFlR loading 
o f  31 rods w i l l  have been irradiated about 16 
months, discharged from the reactor, and be 
await ing processing. The chemical processing 
system is designed for a throughput rate of one 
target per day, which w i l l  permit processing 10 
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Fig. 6.16. Cell Equipment Plon. 

f i rst-cycle plutonium rods per month on a semi- 
continuous basis; thus, approximately three months 
w i l l  be required t o  process the f i rs t  loading and 
fabricate the curium isotopes into recycle rods 
for further irradiation. A t  the design capacity, no 
more than 50% of the time w i l l  be required for 
main-line processing. The remainder i s  reserved 
for special separations, equipment modifications, 
and maintenance. On a long-term basis, about 
40 target rods will  be processed per year, ha l f  
of which are f irst-cycle and the remainder recyc le 
rods. One hundred mil l igrams of californium w i l l  
be recovered from the in i t ia l  HFlR loading, and 
two years after startup of the TRU F a c i l i t y  the 
californium inventory should reach 1 g. 

Dissolution of Aluminum 

The d isso lut ion rate of the aluminum targets 
must be kept below 1 mg min- ’  ern-* in order 
t o  control the rate of evolution of hydrogen, the 
volume of which, plus purge gas t o  d i lu te  it below 
the explosive level, could otherwise exceed the 
design capacity of the off-gas system. Calcula- 
t ions  have shown that th is  can be done by tem- 
perature control of the dissolut ion rate because 
of the  large heat transfer coeff icient and the 
re la t ive ly  modest temperature coeff icient of the 
dissolut ion rate. Measurements o f  the heat  
transfer from d isso lv ing aluminum showed effec- 
t i ve  heat transfer coeff icients for a vert ical rod 
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Fig. 6.17. Sectional View: Cell No. 4, Building 4507. 

varying from 508 to  1300 Btu  h r - ’  f t - 2  (OF)-’, 
depending on the dissolut ion rate. Evidently the 
strong evolut ion of hydrogen from the aluminum An Oracle code, KREMSER-MURPHREE, was pre- 
surface creates as much c i rcu la t ion of the bulk pared and used to calculate the behavior of f ive 
l iqu id  as a draft tube does. Heat transfer i s  actinide elements in the second solvent extraction 
probably further improved by the scouring oction cyc le  o f  T R U  f lowsheet and from distr ibution co- 
a f  the hydrogen bubbles as they agitate the ef f ic ient  data. Results of four calculat ions (Fig. 
stagnant surface f i  Im. 6.19) showed that  i f  the normalit ies of the feed 

Solvent Extraction Ca?culations 
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Fig. 6.18. Typical  Cell Tank Pip ing Arrangement. 

and scrub a ie  less than 1.55, berkelium w i l l  be 
preferential ly extracted and can be separated 
from curium. At an acid normality o f  1.0, berke- 
l ium recovery would bc greater than 99.95, with 
curium contamination reduced by a factor of more 

A further set af calclJlationS was made for the 
same feed except that the Seed acidi ty was con- 
stant a t  0.5 iZ.1 and the  scrub acidi ty was varied. 
The resul ts (Fig. 6.20) indicate an increase in 
over-all performance, wi th both an increase in  
berkelium recovery and a decrease in curium con- 
tamination of: the berkelium product. 

At higher acidi t ies the berkelium w i l l  tend to 
rernoiii in the raff inate and hence can be s e p -  
rated from californium, but the separation i s  
probably not pract ical  because o f  the smaller dif -  
ference in  distr ibution coeff icients. 

A part i t ioning solut ion with as; acidity of 1.9 1%' 

and a feed of berkelium and cal i fornium i n  the 
organic phase were assumed. A berkelium r8- 

covery of 95% with the californium contamination 
decreased by a factor o f  100 was specified. The 
scrub and extractant f low rat ios were varied, and 

than 105. 

the number of stages required t o  achieve the 
specif ied separation were computed, The calcu- 
lat ions (Fig. 6.2.1) showed that the separation of 

berkelium and californium by th is  system i s  very 
rnargi nnl" 

A siriyle calculat ion indicated that  the separa- 
t ion of americium from curium is  not practical. 
Condit ions  ere probably not optimal, but 32 
stages (70% eff iciency) gave 99.6% curium re- 
caveyy, w i th  only half the oma;jciurn renmved. 

HFBR Targef Design 

A preliminary HFlR target design has been de- 
veloped i n  cooperation wi th groups 11-1 the Reactor 
D iv is ion  nnd the Metals and Ceramics Division. 
The act ive portion of the target consists of a 20- 
in.-long column of 0.25-in.-diam x O.SO-in.-long 
pel lcts, which are fabricated by pressing about 18 
vol 76 actinide oxide-82 vol 7, aluminum powdcr in-  
side an aluminum can to a density (89 : 3)% of  
theorr t ical .  The 35-in.-long target i s  fabricated by 
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0.5 1.0 1.5 2.0 2.5' 
FEED A N D  SCRUB ACIDITY ( N )  

Fig. 6.19. Calcu lated Ac t i n ide  Recovery and Decon- 

tamination i n  Phosphonate Ext ract ion from HCl Solution 

by 1.0 ,tl 2-EH($P)A i n  DEB. Hydrochlor ic  a c i d  con- 

centrat ion i n  scrub same as that i n  feed, Ext ract ion 

section: 8 stages, 70% Murphree ef f ic iency.  Scrubbing 

section: 8 stages, 70% Murphree ef f ic iency.  Scrub/feed 

f low ra t io  = 1; extract ion/fced f low ra t io  = 2, Either 
ordinate can  be used for a l l  curves in Figs. 6.19 and 

6.20. The one on the to ta l  expresses the  resu l t s  as a 
ra t io  of the amount of a component i n  the feed to  the 

amount of that component lost. The other ordinate 

expres ses the percentage recovery of that  cornponent. 

hydrostat ical ly col lapsing a finned, type X-8001 
aluminum tube, sealed by welded end caps, onto 
the pe l le t  column and tack-welding a hexagonal 
type X-8001 aluminum can to  the fins. 

The target i s  designed for irradiation to a total 
nut of  1.5 x i o z 3  (1.5 yr at 3 x 1015 flux), witt i  
hot-spot heat f luxes of lo6 Btu  h r - ?  ft-2. Fis -  
sion gas release in the target i s  t o  be accommo- 
dated by providing n reinforced vo id  at each end 
of the pel let  column. 

The al lowable transferable alpha Contamination 
on the target surface was calculated to be approxi- 

UNCLASSIFIED 
ORNL-LR-DWG 6 8 4 7 4 ~  

---- FEED ACIDITY = SCRUB AClOlTY 
CONSTANT 0.5 MACID FEED 

10' 
0.5 1.0 1.5 

I- 

2 .o 
SCEUB ACIDITY [ N )  

Fig. 6.20. Ef fec t  of Feed A c i d i t y  on Dis t r ibut ion o f  
Berkel iwm and Curium between Raf f inate and Extractant. 

(See Fig. 6.19. 

15 __ 
0 5  06 07 0 8  0 9  10 t i  1 2  

EXTRACTANT/SCRUB RATIO 

Fig. 6.21. Number of Stages Required to Par t i t i on  

Berkel ium from Cali fornium as a Funct ion of Extract- 

ant/Scrub Rat io  w i th  Vary ing Scrub/Feed Ratio. Speci- 
f icat ions: 95% berkel ium recovery, ca l i forn ium decon- . .  

motely lo4 d is lm in  per 100 cm2 by considering the taminat ion foctor of 100. 
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allowable f iss ion product and act in ide concentra- 
t ion i n  the HFlR coolant and the possible effects 
o f  an accident during transfer of the target From 
TRU to  HF1R. 

The separcrtion ~f transuranium elements from 
f i ss ion  products and from each other requires 
several solvent extract ion systems of widely 
divergent physical  properties. A box type mixer- 
settler was modif ied to fac i l i ta te  the test ing o f  
flowsheets and possible production application. 
The modif icat ions were: a change in  impeller 
design to  improve mixing and instal lat ion of an 
interface control weir between stages to al low 
a wider range of mixer speed without causing 
excessive pumping and l o s s  of interface, which 

resul ts i i i  loss of eff iciency due t o  bockiiiixing. 
The modif ied mixer-settler was demonstrated 
hyd Tau I i ca I I y w i  th  sol vent-uqueou s pa ir s hav in g 
density differences ranging f rom 0.051 to  0.48 
g/cc and viscosi t ies from 0.81 to  6.0 centipoises 
(Table 6.3). The speed required for good d is-  
persion and for loss of interface increased with 
density difference. The f low capacity decrea5ed 
w i th  increased viscosi ty of the organic (the con- 
tinuous) phase but was nearly iridcpendent of the 

viscosi ty of the aqueous phose. 
Stage ef f ic iency was greatcr than 90% in the 

modif ied mixer-setfler wi th a 30% 1"3?--1.5 M 
Al(NO,), system and w i t h  u 30% tert iary anine- 
11 \I L iC l  system, both of which have a relat ively 
high viscosi ty aqueous phose and represent dif- 
f i cu l t  extract ion systems. 

The development of small  pulsed columns i s  
also underway for the T R U  fac i l i t y  because of 
their  s impl ic i ty and better adaptabi l i ty to  remote 

f a b l e  6.3. Mixer-Settler Hydraulic Data 

M i xe r S peed 

Mixer Speed Required to 

Viscosity krqui red Maxi mumn Pump out 

(centipoises) Dispersion (ml/min) Inteiface YP no 

(rpin) Aqueous Flow 

Spocific 

Gravity 

Difference, 

Aqueous-Qrganic 

Spaei f i  c 

a t  25OC 
T e s t  Solutions Gravity a t  3 0 0 ~  for Good Flow R a t e  Aqueous-Organic 

h m )  

1 wt % HN03, 1.00513 0.807 20 

10 w t  % HNO,, 1.0335 0.826 20 

85% TBP in Amsco 0.9547 0.0506 3.3 1 1000 20 > 1000 

85% T B P  i n  Amsco 0.3547 Q,Q788 3.31 1000 20 > 1000 

1.5 M HCI, 1 .O 168 0.872 10 

1.5 M HCI, 1.0 168 0.873 35 

30% Alamine-336 in DEB 0.8713 0,1455 6.05 1300 10 1400 

Diet  h y I ban zene 0.8663 0,1565 0.924 1300 35 1700 

1 wt  % HNO,, 1.0053 0.807 20 
5% T B P  in Amsco 0.7648 0.2405 1.26 1850 30 2150 

1 1  ,'M LiCI, 1.2420 5.96 8 
30% Alaminc-336 i n  DEB 0.8713 0.3707 6.05 1600 8 > 2000 

5% T B P  i n  Amrcn 0.7648 0.4772 1.26 2770b 30 > 2770 
11  M Li21,  1.2420 5.96 20 

~ . .  -l__l_ 

iiiixer speed rsqrrired to g ive  good dispersion. 

bPoor dispersion. 
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operation. Tests wi th  the 30% amine-11 ,M L iCI  
system demonstrated 18 in. stage height in  a 
sieve plate column wi th  b-in. plate spacing and 
a pulse frequency of 100 t o  190 cpm. The f low 
capacity was approximately 60 gal f t W 2  h r - I  a t  
25OC and 120 gal f t - 2  hr - '  a t  SOT. Pulsed 
packed columns have a lower f low capacity and 
stage eff iciency but are simpler in construction, 

xylene air mixture just inside the explosive ronge 
produced pressure suff icient t o  rupture the window 
seals. 

Tests  of f ire-extinguishing system components 
indicated h a t  an optimal protection system would 
consist of a standard, commercial water-spray 
nozz le w i th  a small reservoir containing 2 to 3 
gal o f  water under a rel iable pressure force such 
as a spring or dead weight. 

Disconnects 
6.5 TRU FAClLlTY DESIGN 

A test  program to select a disconnect design 
for use in  the TRlJ processing ce l l s  was com- 
pleted. An area seal between a female ha l f  o f  
Bo included angle and a male hal f  o f  18" angle 
appears superior to  the l ine contact seal obtained 
wi th  lower seal ing forces. These seals leaked 
less than lo-* cc of helium per second after 
ten makes and breaks. Leak-t ight closures were 
a lso obtained for interchanged halves, for up 
to 0.5" misalignment, for 2-4 mi l  deep center 
punch marks t o  simulate mechanical damage, and 
for dimensional variat ions exceeding those neces- 
sary for economical manufacture. A continuous 
scratch across the sealing surface did cause 
leakage. In accelerated corrosion tests wi th  aqua 
regia, the \,-in.-thick-wall tubing was com- 
p le te ly  penetrated by the acid without any leakage 
a t  the disconnect seal. A moment force of as 
much as 390-lb-in. from the connecting tubing 
wi  II not prevent leak-tight closure. 

The or ig ina l  design of the disconnect cal ls for 
welding the disconnect parts and the Hastel loy 
l ines. Heat treatment of the disconnect, which 
increases the corrosive resistance of the weld, 
prevented a leak-tight closure. Other means o f  
fastening the disconnect to  the connecting tubing 
are being investigated. 

Glovebox Fire Tests 

F i r e  tests  conducted i n  the proposed Trans- 
uranium glovebox demonstrated the necessity for 
promptly ext inguishing the f ire t o  prevent contain- 
ment loss due t o  possible burn-through of the 
rubber gloves and to prevenf heat buildup in  the 
glovebox floor, which in each test  produced an 
explos ive mixture due t o  the increased evaporation 
rate of the  solvent. Explosion tests demonstrated 
the necessity for preventing explosive concentra- 
t ions in  the glovebox; the ignit ion of an ortho- 

The ce l l  bank o f  the Transuranium Fac i l i t y  WQS 

decreased from twelve to nine ce l l s  (Fig. 6.22), 
and back access was provided for the two ana- 
ly t ica l  cel ls. The p i t  area behind these cel ls i s  
covered with 4-ft-thick shielding plugs. 

A preliminary issue of the conceptual report 
was made on March 2, 1962. All T i t l e  I drawings 
were completed by the architect-engineer and re- 
v iewed by ORNL. A to ta l  o f  105 drawings were 
required. 

T i t l e  I1 engineering was in i t ia ted i n  May t o  be 
completed i n  mid-April 1963 (Fig. 6.23). About 
one year i s  a l lo t ted for process equipment instal- 
lat ion and break-in, wi th  i n i t i a l  hot operation 
scheduled for January 1, 1966. 

Schematic flowsheets developed from chemical 
f lowsheets for the main-line processing (Figs. 
6.24 and 6.25) provide for dissolution, feed adiust- 
ment, and f i rs t -cyc le  solvent extraction in  c e l l  7. 
Americium and curium w i l l  be separated from the  
higher actinides by solvent extraction, and Bk, 
Cf, Es, and Fm w i l l  be separated by ion exchange 
in  ce l l  6. Flowsheets for product puri f icat ion and 
special product separations ( in c e l l  5)  have not 
been developed. 

In c e l l  4, curium w i l l  be pur i f ied and precipitated 
for subsequent calcination and fabrication into 
recyc le rods. Tankage for the various processes 
i s  located, where possible, in  tank p i t s  of the 
respective ce l ls  where the solvent contactors or 
ion exchange columns are located. Tank-pit 
space in ce l ls  1, 2, and 3 behind the target f a b  
r icat ion cubicles must be used for some product 
storage tanks and rework systems. 

Conceptua I Layouts  

All vulnerable process equipment w i l l  be lo- 
cated on removable racks in  the cubicles, wi th  
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Fig. 6.23. TRU Engineering and Construction Schedule. 

three racks about 36 in. long, 18 in. wide, and cubicle cei l ing and are joined to  the equipment 
6 ft high in  each cubicle (see Fig. 6.26). In- a t  the rear of  each rack w i t h  a standard T R U  dis- 
corporated into the lower ha l f  of h e  back rack connect (Fig. 6.27). Process jumper lines, pro- 
i s  a sampler system containing diaphragm p u m p s  vided with similar disconnects, join the va~ iows 
i n  order to  p u m p  solut ions through the needle equipment racks, samplers, and hot-di sconnect 
block assembly and the mechanisms far handling w e l l s  through which solufions ore routed to the 
s a m p l e  bottles. Sesvicc l ines enter through the tank p i ts  behind the cubicles. Maintenance to b e  
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Fig. 6.24. Target Process ing  Equipment  Flowsheet ,  Cell 7. 

performed by the in-cel I master-s lave manipulators 
includes replacement o f  individual components 
such as pumps, valves, and sample needle blocks 
and instol  lat ion o f  entirely new equipment racks. 
Conceptual layouts (e.g., Fig.  6.28) of a l l  main- 
l ine  process equipment were made t o  ensure that 
adequate space was avai lable for a l l  required op- 
erati on s. 

Al l  tanks (Figs.  6.29 and 6.30), which should 
require only infrequent maintenance, are located in 
the tank p i t s  behind the cubicles. Because of the 
high probabil i ty of corrosion fai lures OR$ the 
necessi ty for designing a f lexible system that 
can be modified i f  desired, a l l  tanks and piping 
in  the tank p i ts  are designed to  be replaceable 
with the use of water-shielding and overhead- 
maintenance techniques. Service l ines penetrate 

the rear wa l l  and contain a disconnect a t  the 
inner cel l  wall. Process jumper lines, which 
connect the various tanks, waste and off-gas 
headers, and cubic le hot well, may be replaced 
or rerouted as required. Tank elevations are such 
that a minimum of 3 f t  of water shielding covers 
a l l  tanks when the p i t  i s  flooded to the maximum 
level. Al l  disconnects are located above th is  
water level  s o  that  the tanks w i l l  not  f i l l  when 
the ce l l  i s  flooded. 

D e t a i l e d  Design Features 

H o t  Disconnect  Well. - Spare l ines w i l l  be in- 
corporated in to  the two l ine bundles connecting 
cubicles and tank pits, but  complete rel iance on 
a permanent nonreplaceable instal lat ion does not 
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drawn back into the l ine by condensing steam 
functioned properly i n  engineering tests. A con- 
tinuous a i r  purge of 200 cc/rnin i s  discharged in to 
the steam l ine from a 100-psi a i r  header through 
a 500-cc accumulator. Fo l lowing a jett ing op- 
eration, residual steam i s  purged from the l ine 
before suff icient condensation occurs t o  suck 
solut ion more than a few inches up the steam 
line. Such a system i s  cheap, requires no elab- 
orate instrumentation and thus should be essen- 
t i a l l y  foolproof. The to ta l  purge rate through a l l  
jets (about 10 I i ters lmin)  w i l l  not  tax the capacity 
o f  the off-gas system. Optimal purge rates and 
accumulator s ize were determined. 

P last ic  Materials of Construction 

The decrease in the expected radiat ion levels 
i n  the TRU Faci l i ty ,  owing t o  the lower Cf254 

Fig .  6.26. Typical Cubicle  Layout Plan. 
UNCLASSIFIED 

ORNL-LR-D'NG 65271 K l A  

appear logical. Therefore these l ine bundles with 
the i r  hot-disconnect wel l  i n  the cubicle f loor and 
disconnect terminal block on the tank p i t  were 
designed for remote replacement (Fig. 6.31). After 
removal of a l l  process jumper l ines connected to 
both ends o f  this bundle, the wel l  in  the f loor 
o f  the cubicle i s  unbolted from the cubicle and 
the assembly dropped onto tracks suspended from 
the cubic le  floor. The entire un i t  i s  then with- 
drawn into the tank p i t  by a cable and pul ley 
arrangement. A new bundle i s  i ns ta l led  by re- 
versing these operations. 

Tank-Pi t  Service Plug. - Service l ines to  the 
tank p i ts  w i l l  be brought i n  through stepped con- 
crete plugs (Fig. 6.32). Al l  l ines t o  any tank 
will  be brought through the same plug. Present 
plans ca l l  for only one disconnect in each service 
line, t o  be located a t  the c e l l  side o f  the plug. 
The female half o f  the disconnects on the tank 
end of the service l ines w i l l  be mounted in a 
suppor~  bracket, which bolts to  the face of the 
p lug and at  the same time al igns both halves o f  
the disconnects. The O.!j-in.-diam I ines are offset 
1.5 in, in the plug to minimize streaming. 

Vents on Steam Supply Lines t o  Process Jets. - 
A system designed t o  vent steam supply l ines to  
process jets and thus prevent solution from being 

HOUSING 

MATING SURFPCES 

Fig. 6.27. TRU Process Disconnect. 
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TO A h 3  
OTHER 

Fig. 6.29. Typical  Tank  Pit Piping Layout, Plan. 

production sate now expected, permits considera- 
t ion  o f  organic compounds for certain appl icat ions 
in  the cells and cubicles. A l i terature survey 
showed the fo l lowing p last ic  materials to have 
the best probabil i ty o f  combining radiation re- 
sistance and resistance to chemicals used in the 
TRU chemical processing flowsheet: 

Exposure Result ing 

in  Significant 

Damage, whr/g 

Contoiner and tubing materials 

Glass-fiber reinforced epoxy 
resins 

Acry l ic  butadiene styrene 

A l l y l  d ig lyco l  carbonate 

(Homalite) 
Polyethylene 

Chlorinated polyether 

(Penton) 

Gasket and booting rnaterjals 

Acryl ic  nitrilss: 
Hypa Ion 

Neoprene 

20 

> 0.25 
0.25 

0.25 
-0.1 

0.4 
0.1 
0.1 

Shielding Stwdics 

TRU shielding design i s  based on sources con- 
s t i tu ted by a solution containing 2 x lo5 curies 
of Ce144-Pr144 from burnup of 10 kg of 
and by a f i f th-cycle target, composed of residual 
act inides from successive High Flux Isotope Re- 
actor irradiations, which contains 305 rng of 
californium and spontaneously emits 3 x 10” 
f iss ion neutrons per second, During the process- 
ing of these sources the radiation dose rate in 
normally occupied areas i s  t o  be n o  greater than 
0.75 mremhr,  wi th  permissible hot spots around 
penetrations no greater than 2.5 mremhr.  

With Renupak, a code for moments method solu- 
t ion  of the neutron transport equation, and SDC, 
a gamma penetration code, i t  was determined that 
a ce l l  shielding wall of 54 in. of magnetite con- 
crete, of water content 12.2 Ib/ft3, density 210 
Ib/ft3, satisf ies the dose-rate criteria. The dose 
rate i s  controlled by fast  neutrons from the f iss ion 
source and i s  increased by factors o f  5 and 50 
i f  the water content i s  decreased t o  6.1 and 3.0 
Ib/ft3, respectively. 
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SHIELD WALL 
BETWEEN CUBlCl E AND PIT 

---- _- _.---- CABLE FOR REMOVING 
L I N E  BUNDLE 

I WlhDOW 

I 
DISCONNECTS FOR TRACK 
CONNECTIONS TO 

TANKS ANCl HFADERS 

Fig. 6.31. Hat Disconnect W e l l  Replacement Method. 
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SINGLE 

ALL SERVICE LINES V z -  in OD 
0049-in WALL TUBING ~ -- 

/- 

DISCONNECT 

ELEVATION - CELL END 

SHIELD PLUG-MAGNETITE CONCRETE 

~~ . 

. 

....... - 2 f t -0  in. __ ~ 

..................... ........... * 
PLAN VIEW 

Fig. 6.32. Tank Pit Service Plug, 

A 54-in.-thick c e l l  shielding window, consist ing 
of laminations of o i l  and 2.7-, 3 . 3 ,  and 6.2-g/cc 
glass, was tested a t  the ORNL L id  Tank Shielding 
Faci  lily, Fission-neutron-removol cross sections 
of window components were determined t o  be 
0.076, 0.080, and 0.095 k 0.004 cm- '  for PPG 
4966, Corning 8362, and Corning 8363 glasses, 
respectively. The effects of thickness and ar- 
rangements of laminations on neutron and gamma 
attenuation were studied. Dose rates measured 
through a full- length mockup of the window and 
calculated wi th  Niobe, a code for numerical in- 
tegration of the Boltzmann equation, indicate that 
the window i s  equivalent to magnetite concrete 

for f iss ion source attenuation and has s l ight ly  
less attenuation for pure hard-gamma sources. 

Renupak and SDC were used to  evaluate f is- 
sion source carrier shields composed o f  concrete 
or combinations of lead or iron with borated 
paraffin. 

Neutron Activation Calculotians. - A computer 
program was prepared to determine the neutron 
act ivat ion o f  TRU components as a function of 
flux, exposure time, and decay time, Muhigroup 
transport and dif fusion codes were used t o  de- 
termine the neutron f lux spectrum within cells. 
Concrete walls, windows, manipulators, and 
process vessels w i l l  survey less than 1 r/hr due 
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to  neutron activation ten days af ter  credible cx- 
posure to TRU f ission sources. 

Maximum Permissible Concentrations. The 
relat ive hazards of the various nucl ides produced 
by long-term irradiat ion of plutonium must be 
known for use in preparing hazards summary re- 
ports, evaluating waste treatment and disposal 
schemes, computing necessary decontamination o f  
various components from each other, and f inal ly, 
a t  the t ime of operation, for guides to al lowable 
exposures ond for judging whether operating 
practices are safe, The I-lealth Physics Hand- 
book does not l i s t  a number of important isotopes 
that w i l l  be encountered by the Transuranium 
Project, and the Health Physics D iv is ion  i s  now 
evaluating hazards from these other isotopes. 
For use in  the meantime, unoff ic ia l  maximum per- 
missible concentrations (Table 5.4) were caI- 
culoted by the exact rules given in  lCKP Pukli- 
cation 2.9  The maior differences in  the method 
of obtaining these results from the method used 
to obtain those presented in  Publication 2 ure: 

1. La tes t  information on half- l ives and decay 
schemes were taken froin Landolt-Bornstein, 
Numericnl Data and Functional Relationships in 
Science and 'Technology, ;Jew Series (GTOZIP  I ,  
Niiclear i'hysic.5 and Technology, Vol. 1, E n e r g y  
I,eveL- 01 Nucleii  .4 = 5 = 2 5 7 )  and recent ANL 
pub I i cat ions. 

2. No account was taken o f  photon obsorption. 
3. The relat ive biological effect iveness ( R B E )  

was assumed t o  be 20 for spontaneous f ission 
fragments, and a weighting factor ( n )  equal to 
5 was used for absorption in bone. 

4. The to ta l  energy absorbed i n  the wal ls o f  
the gastrointestinal t ract  from f ission fragments 
i s  assumed to be 1% of the k ine t ic  energy. T h i s  
same assumption i s  usually made for alpha par- 
t i c l es  because experiments have shown that they 
do not penetrate the mucosa appreciably. 

Hazards Evaluation 

Hazards evaluation studies indicate that down- 
wind personnel exposures and fal lout  levels 
ar is ing from the maximum credible occidents i n  
TWU w i l l  be acceptable. Since the secondary 
containment region, which surrounds the alpha 
laboratories and cel ls, i s  to  be maintained a t  a 
vacuum of -0.3 in. (water gage) a t  a l l  times, 
there i s  essential ly no mechanism for the release 
of ac t i v i t y  t o  the atmosphere except through 
f i l te red  venti lat ion streams, even in  the maximum 
credible rupture of a glovcbox or cel l  cubicle. 
The f i l ter  removal eff iciency and atmospheric 
di lut ion factors are adequate to protect the en- 
vironment in there  maximum credible accidents. 

AI though the hazard presented to the environ- 
ment by TRU is small, the potential hazard t o  
TRU operating personnel i s  large. Alpha-labora- 
tory personnel could inhale a lethal quantity of 
act inides in a single breaih i n  the event of the 
maximum credible glovebox rup:ure or a sp i l l  
from a carrier rupture. Th is  hazard w i l l  be mini- 
mized by l im i t ing  glovebox and transfer operations 
to  those which have an adequately low probabil i ty 
for dispersing acti-vity in the building. 

During normal operation of the faci l i ty ,  rare 
gases, I l 3  ', and alpha-emitting actinides w i l l  
be released a t  average rates o f  less than 22, 
0.07, and curies/day, respectively. These 
releases w i l l  cawse maximum downwind air  con- 
centrations equivalent to 0.25 rnrern/hr and maxi- 
mum beta and alpha ground deposits o f  1000 and 
4.5 dis/miri per 100 cm2, respectively. 

._ -. .____--- 

9Report  of Commit tee  I1 on Permissible  Dose for 
Internal Radia f ion  ('1959). ICRP Publication 2. 
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Tab le  6.4. Maximum Permissible Concentrations (Unof f i c ia l )  

. 

Water A i r  Body Burden 
Speci f ic  

Value Ac t i v i t y  Nuc l ide  C r i t i c a l  (MPCIW Cr i t i  cat (MPCIa Cri t i ca  I 

Organ 01 c/cm 3, Organ b c / c m 3 )  Organ k c )  (cur ie s/g ) 

Pu238 
Pu239 
PU240 
P”241 
Pu242 
Pu243 
P”244 
Pu245 

Am24’ 

Am242 

Am243 
Am244m 

Am244 

Am245 

Crn242 
~m~~~ 

~m~~~ 
245 Cm 

~ m 2 4 6  

~m~~~ 

~m~~~ 

Cm249 

Bk249 
Bk256 

Cf249 
c f 250 
Cf251 
Cf2S2 
Cf253 
Cf2S4 

Es253 

E5254 
25 5 

~m~~~ 
255 Fm 
256 F m  

2f4m 

Es 

Bone 

Bone 

Bone 

Bone 

Bone 

GI Trac t  

Bone 

GI Trac t  

Bone 

Bone 

GI Trac t  

Bone 

GI Troc t  

GI Trac t  

GI Trac t  

GI Trac t  

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

GI Trac t  

GI Trac t  

GI Trac t  

Bone 

Bone 

Bone 

GI Trac t  

GI Trac t  

GI Trac t  

GI Trac t  

GI Trac t  

GI Tract  

GI Trac t  

GI Trac t  

GI Trac t  

G I  T rac t  

1 . 5 3 ~  
1.35 x 
1 . 3 5 ~  1 0 - ~  
7.14 x 1 0 - ~  
1.42 
1.21 x l o r 2  
1.27 1 0 - ~  
1.35 

1.27 
1 . 2 7 ~  1 0 - ~  
2 . 7 3 ~  
1.26 
m a x  io-2 
9.10 

7.05 x 

2.14 
1.02 
1 . 0 2 ~  
1 . 0 7 ~  
1 . 3 2 ~  10-5 

9.62 10-3 

1.24 
3 . ~ 3 ~  
1 . 1 7 ~  
2 . 5 3 ~  
4 . 1 4 ~  

6 . 3 5 ~  lo-$ 
5 . 4 0 ~  

6.91 

1 . 9 0 ~  

1.25 

1 . 6 7 ~  

1.57 x lo-‘ 

8 . 2 5 ~  

0.140 

6.70 x 

7.72 x lo-‘ 

Bone 

Bone 

Bone 

Bone 

Bone 

GI Trac t  

Bone 

GI Trac t  

Bone 

Bone 

L i ve r  

Bone 

Bone 

Bone 

GI Trac t  

L i v e r  

Bone 
Bone 
Bone 

Bone 

Bone 

Bone 

L i ve r  

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

GI Trac t  

2.02 x 10-’2 
1 . 7 9 ~  
1 . 7 9 ~  
9.42 x 
1.88 x 
2.14 x 
1.68 x 
2.39 x 10”’ 

5.57x 
5.57x 10-l2 
3.93 x 10-8 
5.56 x 
3.99x 

2.96 x 

1 . 1 9 ~  IO-” 
6 . 8 8 ~  
9.40 x 
4.50 x 

4.71 x 

1.73 

4.49 x 10-12 

5.81 1 0 - l ~  
7.511 x 10-6 

1 . 3 7 ~  
7.96 x 10-l’ 

1.64 x 
4.66 x 
1.55 x 

8.24 x lo-’’ 
5.42 x 

6.83 x io -  l 2  

9.44x 10-’O 
4 . 8 7 ~  
1 A4 x lo-’ 
6 . 0 7 ~  TO-’’ 

6,03x IO”* 
1 . 6 3 ~  
2.21 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

L i v e r  

Bone 

Bone 

Bone 

L i v e r  

L i v e r  

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

L i ve r  

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

0.046 
0.045 
0.045 
0.990 
0.048 
7.23 
0.043 
3.04 

0.054 
0.067 
0.064 
0.044 
0.179 
0.180 

11.6 

0.04’1 
0.092 
0.104 
0.043 
0.043 
0.044 
0.0055 
0.827 

0.600 
0.045 

0.04 1 
0.04 1 
0.039 
0.0 15 
0.036 
0 .O 0 07 5 

0.0368 
0.0196 
0.0219 
0.036 1 

0.0202 
0.0362 
0.00076 

17.4 
0.06 1 
0.229 

112 
3.90 10-3 

1.21 x 106 

2 . 5 9 ~  lo6 
1.93 x lo-’ 

3.24 
9.73 

0.192 
2 . 9 7 ~  I O 7  
1 . 2 7 ~  lo6 
6 . 4 0 ~  l o 6  

8 . 1 0 ~  105 

3.32 x i o 3  
52.6 
83.3 
0.157 
0.265 

3.62 10-5 
3 . 0 7 ~  
1.18 10’ 

3.89 x 106 
1.67 x I O 3  

3.59 

1.78 
1.31 x l o 2  

5.57x 102 
2.87 lo4 
9.19x 103 

2.58 i o 4  
3 . 1 7 ~  105 
1 . 0 7 ~  i o 3  
2 . 1 4 ~  l o 4  

5.72 l o 5  
4.59x 106 

3.81 x lo6 
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lwminu 

A program to  recover the plutonium contained i n  
24 high I y irradiated p I uton i urn-a I urn i num f ue I rods 
W Q S  carried out in  ce l l  1, Bui ld ing 4507, The 
objectives of the program were: to provide material 
for the determination of the nuclear properties of 
the higher isotopes of plutonium, the feed material 
for future transuranium flowsheet studies, and to  
demonstrate the recovery of highly burned plu- 
tonium by anion exchange methods. 

l h e  5-ft-long by 0.94-in.-diam fuel rods were 
dissolved in  boi l ing 6.0 M HNO, catalyzed with 
0.05 M Hg(NO,), and 0.03 M fluoride, and plu- 
tonium was recovered from the solution by two 
cycles of anion exchange. Approximately 680 g 
of plutonium was processed, from which 675 g was 
isolated as specif icat ion grade material. Overal l  
decontamination factors for the two anion exchange 
cycles wi th Permutit SK resin averaged 1 x lo6. 
Losses from the operation totaled 0.9%, most of 
which occurred during scrubbing of the loaded 
resin beds. 

contained i n  one rod, and then periodical ly charg- 
ing 0 fresh rod. The maximum plutoiiium dissolu- 
t ion  rate was 1.6 g h r .  After the bulk of the 
plutonium metal heel had dissolved, two addit ional 
plutonium-aluminurn a l l oy  dissolut ion methods were 
attempted. The addit ion of 3 hi HNO,-2 ib1 NaOH 
followed by neutral izat ion and adjustment of the 
solut ion to  2-6 M w i th  ni t r ic  acid grave a dissolu- 
t ion  rate essent ia l ly  twice that of the standard 
procedure, Amalgamation of the rod surfose by 
treating w i th  1 hi HNO,-0.015 M Hg2'-0.01 M 

NH,F fol lowed by rapid addit ion of nit r ic acid to 
raise the acidi ty to 6 M gave no noticeable in- 
crease i n  the dissalut ion rate (0.1 g/hr). 

The dissolut ion rate was insensit ive to  changes 
in  acid concentration over the range 4-6 M ,  fluo- 
r ide concentration over the range 0-0.05 M ,  and 
solut ion temperature over the range 95 to 107°C. 

7.1 DISSOLUTION 

Fuel rods were dropped from the shielded carrier- 
charger into the dissolver vessel and then con- 
tacted with a solut ion containing 6 ,%! HNO, and 
0.05 hi Hg(NO,), (Fig. 7.1). Enough f luoride ion 
(0.03 hi) was added to the solut ion t o  prevent 
polymerization of plutonium. 

In order t o  obtain information about the condit ion 
of the plutonium (isotopic content, burnup, poly-  
merization) the f i rs t  d issolut ion run was conducted 
with one fuel rod. An overall dissolut ion rate of 
0.85 mg min- '  ~ r n - ~  was obtained over a 200-hr 
period a t  boi l ing temperature; two 65-l i ter portions 
of fresh dissolvent were used. Thereafter, the 
dissolut ion rate wc15 increased by charging s i x  
fuel elements, d issolv ing the equivalent plutonium 

'The valence of the plutonium WQS adjusted to 
the IV state i n  two steps: ferrous sulfamate W Q S  

added to 0.03 hi Fe2+ and then sodium n i t r i te  to 
0.05 iM nitr i te. The preferred method of acid ad- 
justment after valence adjustment was batch addi- 
t ion of 13 iM HNO, to a f inal acidi ty of 6-9 M. 
Continuous f lowing stream acid adiustment was 
used early i n  the progratn, but degassing of the 
solut ion was insuff ic ient  prior to  passage through 
the resin bed with the result that gas-f i l led voids 
appeared i n  the bed and channeling increased 
plutonium losses. 

A l l  feed solut ion was passed through a sand-bed 
f i l ter  before ion exchange to remove undissolved 
solids. 
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................. 

1 SRF ROD 

69 moles A I  
1 mole Fe 
0.4 mole Ni 

<0.2 1110le S i  
23.5 g  Pu 
63.5 g FP 
47 w a t t s  

~ .......... DISSOLVENT NO 1 

6.0 M t i N 0 3  

RhW FEED 

, 

0.9 M AI 
0.023 M Fe 
0.002 M Ni 
0.06 M lig 
0.004 M Si 
0.03 24 HF 
4.1 P I  i iwj 
0.3 g Pu/iiter 
0.9 g F: P/liter 

- .............. 

ox I c A rd-r 

REDUCTANT 

3.0 M F e ( N H 2 S 0 3 ) 2  

~ 

FILTERED 
RAVd FEED 

0.6 hr A;  

0.022 M So; 

0.029 M Fe 
0.007 M Ni  

O.OG5 Id No 
0.05 M H F  
7.0 M Y N 0 3  
0.2 g Pu/liter 
0.6 g FP/Iiter 
0.004 M H g  

IFIRST ANION EXCHANGE CYCLE 

PRIME INPUT 
POIN r 

Fig.  7.1. Tentat ive Chemical  Flowsheet  for Feed Preparation in Processing of Plutonium-Aluminum Assem- 

blier;. Circled numbers are volumes i n  liters; "M" = measurement point. *Sampling impractical; cake w i l l  he  

w i s h e d  to negl igible plutoniuin content  in washes before discharge. 

7.3 ION EXCHANGE specif icat ions prior t o  passage to  the second-cycle 
columns. Decontamination factors averaged 
1 x lo4  and 100, respectively, across the f i r s t  

were used, the only  difference being 6.2 g of and second cycles. The second-cycle-product 
plutonium per l i ter and 0.5 itl aluminum in the f i r s t  contaminants were pr inc ipa l ly  Zr-Nb but the /3 
cyc le  feed and 1.7 g of plutonium per liter and and y act iv i t ies  were essential ly those of highly 
0-01 h! aluminum i n  the second (Figs. 7.2 and 7.3). puri f ied plutonium of the isotopic composition 
The f i rs t -cyc le  product was batch adjusted t o  feed typ ica l  of this program. 

Two essent ia l ly  identical ion-exchange cycles 
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'1/ 
S E C O N l  
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EXCHANGE CYCLE 

F ig.  7.2. Tentat ive Chemical F lowsheat  for F i r s t  Anion Exchange Cycle i n  Processing of Plutonium-Aluminum 

Second anion exchange cyc le  product is he ld i n  T-10 u n t i l  material frsm about 8 rods has been eluted 

*Column held at low ac id i t y  and iaom temperature un t i l  regenerated w i t h  

Assernbl ies ,  

and then adjusted for second cyc le  feed, 

hot  wash so lut ion just  prior to loading next botch. 

dNCCAS51FIED 
ORNL-LR-3WG 571256 

F ig.  7.3. Tentat ive Chemical F l c w r h e e t  for Second Anion Exchange Cycle i n  Processing of  Plutonium-Alu-  

m inum Assernbl  i e s .  
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Sorption 

Plutonium was sorbed on two 4-in.-diam by 42- 
in.-high beds o f  20-50 mesh Permutit SK anion 
exchange res in  held at  60°C. The f low rate was 
maintained at 1 to  2 m l  m in- ’  cm-’ for minimum 
plutonium losses. Increasing the f low rate t o  
4-5 ml min- ’  cm-, increased the losses a factor 
of 3. Sorption losses across two cycles averaged 
1%; 80% o f  the losses occurred during f i rs t -cyc le  
scrubbing. 

Scrubbing 

Sorbed f iss ion products and gross ionic con- 
taminants were washed from the f irst-cycle loaded 
res in  wi th  7 M HNO, containing 0.05 M f luoride 
and 0.05 h4 aluminurn a t  2 ml m i n - l  cm-2 and 
6Q”C. Fina l  washing of the second-cycle column 
W Q S  w i th  7 M HNO, t o  remove fluoride and alu- 
minum. 

Fluoride i n  the wash solut ion improved Zr-Nb 
decontamination b y  a factor of 5 t o  10 a t  the 
expense o f  increased plutonium losses. 

E lut ion 

After loading and washing of the loaded resin 
bed, plutonium was eluted w i th  0.7 M HNO, a t  

r o o m  temperature. The maximum plutonium con- 
centration in the f inished product was 14 g/liter 
and the f inal ac id  concentration was 2 h!. The 
plutonium product from several resin-bed loadings 
was combined, mixed, and sampled, after which 
it was stored i n  geometrically safe shipping con- 
tainers. All product met puri ty and radiat ion 
specifications. 

Resin Degradotion 

Degradation from radiat ion exposure and/or 
chemical attack was observed by increased column 
pressure drop and losses about halfway through 
the program. The dose received by the resin, 
when the pressure drop across the bed became 
prohibit ive (28 in. H,O) and sorption losses were 
greater than l%, was 4 x lo8 rad, -90% of which 
was a radiation. Solids in the f ina l  plutonium 
product proved to be degraded res in  and corrosion 
products (iron). S i l ica was not present. The 
sol wble degradation products extracted from the 
clear plutonium praduct consisted of a mixture of 
esters, ketones, amines, and pyridine character- 
i s t i c  of the resin; < 5  ppm of nitro compounds was 
found. It was concluded that the plutonium product 
w i l l  be stable in  storage, but caution should be 
exercised i n  evaporation of the solut ion unt i l  it 
can be examined completely. 

8. Production of Uranium-232 

A total of 32.9 mg of high-purity U232 was 
prepared for use i n  nuclear cross-section measure- 
ments. I ts  isotopic composition varied from 98.49 
to 99.66% U232, with 0.0127-.0.0311% U233, 
0.032-0.0109% U2,’, and 0.31-1.47% U238 .  The 
principal product contained 21.58 mg of U2,’ with 
an isotopic composition of 98.9% U232, 0.0127% 
U233, 0.0095% U235, and 1.075% U238. The 
material was prepared from s i x  AI-Pa,O, cermet 
targets, which were fabricated wi th  a to ta l  o f  
48,1 g of P a z 3 ’  and irradiated to  - 4  x lo ’*  nut 

i n  the ORR. The targets were processed by d i s -  
solut ion of the aluminum i n  8 h! HCI, dissolut ion 
of the irradiated Pa,O, i n  8 tM HCI-6 M HF, 
selective sorption of the uranium on an anion 
exchange res in  from 8 h.2 HCI-0.6 M HF, elut ion 
by 0.5 hf HCI, and purif icat ion by a second HCI-HF 
anion exchange cyc le followed by t r ibuty l  phos- 
phate extraction from 6 it1 HNO,. 

Another 1 g of U 2 3 2  containing 1% U233 w i l l  
be prepared by re-forming the Pa231 in to  targets, 
irradiat ing for the appropriate time, and processing 
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for uranium-protactiniwm separation. 'lhe protac- 
233 t iniuin w i l l  be stored for o year t o  al low the Po 

formed during irradiat ion t o  decay and then puri- 
fied, converted to  the oxide, and returned to 
UKAEA, who loaned it for th is  program. 

8.1 URANIUM CONTENT OF Pa,Q, 

Because of the large neutron cross section of 
u 2 3 5  , appreciable amounts of th is  isotope in  the 
U232 samples would interfere wi th some of the 
cross-section measurements t o  be made. The 
natural uranium content of the original W Q S  

determined to be 6.1 and 7.7 ppm by two inde- 
pendent determinations, both based on di lut ion 
methods. I n  the first, U233 was added to  a solu- 
t ion  sample of the Pa231, and the uranium was 
separated from the P a 2 3 1  and mass analyzed. In  
the second, about 80 pg of U232  was produced i n  
244 rng of Pa,O, by neutron irradiation, and the 
isolafed uranium product was mass analyzed. This 
amount of natural uranium contamination would be 
equivalent to 85-10.5 ppm of U235 i n  the 30 mg 
of 1J232 produced from 51) g of P a 2 3 1  and was 
considered low enough for the intended use. 

8.2 TARGET FA 

The irradiat ion targets were welded aluminum 
cans, in. diam by 3 4  in. long, containing three 
or four AI-Pa,O, pel lets 0,45 in. in  diam. The 
pel let  column i n  each target was 2.15 to  2.50 in. 
long and contained 7,35 t o  8.34 g of Pa231. 

Because of alpha and gamma ac t iv i t y  ussocioted 
w i th  P u 2 3 1 ,  a semiremote fabrication method was 
developed for operation in glove boxes. Three 
boxes were required: one box W Q S  shielded with 
2 in. of lead and equipped w i th  both cast le manip- 
ulators and gloves, n standard alpha glove box 
containing a small laboratory press, and another 
standard box for welding (Fig, 8.1). 

A total  of 56.6 g of Pa205 was mixed with 
46.1 g of aluminum powder by tumbling i n  a poly- 
ethylene bottle i n  the lead-shielded box. The 
mixed powder was dispensed by volume ineasure- 
ment through double stopcocks into th in aluminum 
shells, the tops of which were crimped shut to 
prevent dusting and spi l l ing. Cast le manipulators 

1 

were used in  order to l im i t  hand exposure during 
these operations. The loaded shel ls were trans- 
ferred with uni t  shielding into the pressing box, 
where each pe l le t  was pressed at 30 tons/in. 
in a die lubricated with stearic acid. 

2 

Pressed pel lets were cleaned in  acetone, dried 
a t  250°C for 4 hr, and loaded into aluminum target 
cans tor welding. By  enclosing the cans so that 
only the inner surface was exposed to the alpho- 
contaminated pressing box, the cans were kept 
free o f  external contamination, Aluminum caps 
were welded to these cans i n  the welding box 
without contamination of either the outer surface 
of the cans or the inner surface of the glove box. 
All s ix  targets prepared by t h i s  procedure passed 
both helium leak and dye penetrant tests. 

8.3 PRQTACflNIUM IRRADIATION 

A single capsule containing 7.35 g of Pa 2 3  1 

was irradiated 10 hr i n  the ORB hydraul ic tube 
No. 1 (core posit ion F-8) at u calculated perturbed 
thermal neutron f lux  of 1.31 x Approximately 
f i ve  weeks later, f ive capsules containing 40-6 g 
of P a 2 3 1  were irradiated simultaneously for 10 hr 
in  the O R R  hydraul ic rabbit tubes Nos. 1, 2, and 3 
at an average perturbed thermal neutron f lux  of 
1.13 x 1014. For these irradiations the resonance 
integral contr ibution to the effect ive neutron 
cross section i s  l e s s  than 2 barns. With an 
ef fect ive P a 2 3 1  cross section of 212 barns, the 
quantity of U 2 3 2  and corresponding I J 2 3 1  concen- 
trat ion from the two irradiations was calculated 
to be;  

4,7 x 1ol8 0-43 4,81 223 

43-91 1.62 354 

4, l  x lo1' 0-43 23.1 181 

43-97 6.17 290 

The culculated values agreed we l l  wi th the actual 
amount of U232 produced (Sec 8.5)  but the culcu- 
loted U233  contents were about 30% higher than 
actual ly observed. 
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8.4 CWEM1CAQ PROCESSING QF URANIUM 

uranium-232 low in  u~~~ was prepared in  one 
run from a target Containing 7.35 g of P a 2 3 1  about 
43 hr and again about 91 Iir after irradiation. In  
a second run, uranium was separated from f ive 
targets containing 40.7 g of Pa231  abaut 43 and 
77 hr after irradiation (Table 8.1). The method 
was essential ly the same as that reported 

The aluminum cans and matrix were 
dissolved by s low addit ion of 7 M HCI, leaving 
most of the Pa,O,, uranium, and f ission products. 
The f ina l  aluminum dissolver solution, about 1 ill 
AICL, and 4 hi HCI, contained 0.14 mg of protac- 
t inium and 0.11 p3 of uranium per mi l l i l i ter .  T h i s  
solut ion was passed through a 400-ml column of 
Dowex 1-4X (50-100 m e s h )  resin 0.t 0.8 m l  mi " - '  
cms2 t o  sorb the traces of dissolved protactinium 
and uranium as  chloride complexes. The dissolver 
and resin column were washed w i th  8 M HCI to 
remove residual aluminum. The sol id residue, 

'Chem. 'I'echnol. Diu. Ann. Progr, R e p i ,  May 31, 
1961 (ORNL-3153). 

2 32 ,J. M. Clliltiln and N ,  Jackson, Preparation of U 

from Pa231. Part 1. Preliminary Work, A E R E - K  3727 
(June 1961). 

primari ly P u 2 0 , ,  was dissolved by adding 7 M 
MCl-6 ,I1 t d F  and st irr ing a: 70°C for 1 hr. The 
result ing solution, which contained 100 y of protac- 
t inium pes l i ter, was diluted 1 : l O  wifh 7 !\I HCI. 
About 43 hr after the end of the irradiation, the 
pr i ma ry pro ta c t i n i u m- ur c1 n i um se pa ra ti on wa s tm ad e 
by passing t h i s  sollsfian through the same resin 
column previously used to  sorb protactinium and 
uranium from uluminum dissolver solution, l l ndes  
these condit ions uranium i s  sorbed on the resin, 
on$ the protactinium Fluoride complex passes 
through the column wi th  the solution. The dis- 
solver and resin were washed w i t h 7  iZI HCI.-0.6 .\1 
!-IF to remove residual protactinium. Crude k1232 
product was eluted from the column with 0.5 ill HCI 
at  a flow rate of  0.8 rng min- '  cm-'. After addi- 
t ional  LJ2 , ,  had grown into the protactinium solu- 
t ion  by paz3'  decay, the ion exchange separation 
was repeated. 

Typical  curves showing protactinium and uranium 
content of column eff luents are given i n  Fig. 8-2. 
A l l  protactinium and uranium concentrations were 
determined by n combination of gross a and a- 
pulse ancrlyses. Losses in h e  aluminum dissolver 
solut ion were low, but  could not be determined 
accurately because o f  the a-nctive Pa2,' and 
Ua3' dnwghters i n  th is  stream and because of 

Table 8.1. Summary of U232 Prodtiction Runs 

.. - Run 2 -. .. . . . . . . __. ~ ~ .. . . . . . . . . . . . . . . . . 
Run 1 

Solution Volume Total  Pa  Tota l  U Volume Tota l  P u  Torol 1J 

(I iterr;) (9)  (mg) ( l i ters)  (9)  (w) 

A I  dissolver solution 

AI  waste 

Pa dissolver solution 

Pa product 

1 s t  U product 

1st  U ta i l ings 

2nd U product 

2nd U tail ings 

0,4 

3.0 

1.4 

3.6 

0,9 

2,2 

0.9 

2-2 

0.060 0,046 
b 0.008b -0 

6,4 3.3clc 

7.6 0.001 1 

5,o 

2 0.004 

1.9 

2 0.002 

6.2 

9-0 

4.0 

5.8 

0.9 

2.7 

0.9 

1.8 

a a 

0.021b 0.050b 

42.8 13.5' 

42.7 6.7d 

0.06 20.2 

5 3 

5,9 

4 0.03 

' N o t  determined. 

'5ased on total counts in the energy range of and Pa2310 However, no U232 or peaks WCPB observed 
as such. 

'At the time of analysis, -40-hr decay. 

dCalculated value grown i n  from P a 2 3 2  decay after final processing = 6.9 mg. 
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20 30 40 50 6 0  

COLUMN DlSPl  ACEMENT VOCUMES 

Fig .  8.2. Protactinium and Uranium Content of Column 

Effluent During F i r s t  Uranium Product Separation of the 

40.8 g P a  Run. 

small amounts of U232 act iv i t y  i n  the protactinium 
product and o f  protactinium ac t iv i t y  i n  the U232 
product. 

The targets were processed i n  polyethylene 
equipment insta l led in a concrete-shielded c e l l  
equipped wi th  AMF model 8 heavy-duty manipu- 
Inlnrc.  The nrinrinnl niece< n F  eniiinment iicerl 

were (1)  a jacketed dissolver, (2) Kel  F f i l ters  
i n  two solut ion transfer lines, (3) a small ion 

exchange column for uranium decontamination, 
(4) a modified model T8 finger pump wi th  tygon 
tubing used for a l l  solut ion transfer, (5) remotely 
operated micropipetter for making in-cel l  dilutions, 
(6) manipulator detonger, and (7) one-liter poly- 
ethylen: bott les for solut ion storage. 

The Cerenkov radiat ion from the decay o f  P a 2 3 2  
was intense. In  a photograph of the interior o f  
the c e l l  made during the primary protactinium- 
uranium separation (about 40 hr after irradiation) 
wi th  only l ight  from the radioactive solutions 
(Fig. 8.3), the dissolver, f i l ter, ion exchange 
column, and product bott les are seen. After 5 
days' decay, the hard radiation from 40 g of protac- 
t inium in solut ion was about 6000 r/hr a t  1 ft. 
The nominal half  l i f e  of P a 2 3 2  i s  1.3 days. 

Uranium Purif icat ion 

The uranium was f ina l ly  puri f ied by a second 
anion exchange cyc le  t o  remove traces of protac- 
t inium and tr ibutyl phosphate extraction from n i t r ic  
acid to remove iron. A tert iary amine extraction 
method of separation of protactinium and uranium 
was developed (see Protactinium Chemistry, this 
report). 

Uranium solutions in  1-l iter polyethylene bott les 
were transferred from the shielded c e l l  to the lead- 
shielded glove boxes (Fig. 8.1), where they were 
evaporated to reduce the volume and to increase 
the HCI concentration to 6 hf. Concentrated HCI 
and HF solutions were added to adjust the solut ion 
to 8.0 M HCI-0.6 M HF. Th is  solut ion W Q S  passed 
through a 35-ml column of Dowex 1-4X (50-100 
mesh) resin t o  se lect ive ly  sorb the uranium. The 
loaded res in  was washed wi th  8.0 iZ.1 WCI-0.6 tZ.1 

HF to  remove a l l  traces of protactinium, and the 
uronium was eluted wi th  0.5 M HCI. The uranium 
solut ion was converted from a hydrochloric acid 
solut ion t o  a 6 M HNO, solution by fuming to 
dryness wi th  concentrated n i t r ic  ac id  several 
times, from which the uranium was quanti tat ively 
extracted by several passes of 20% tr ibuty l  phos- 
phate. The organic solut ion was scrubbed wi th  
6 M HNO, and stripped withwater, and the uranium 
product solutions were evaporated to <25 ml. 
Gross a and a-pulse analyses of the f ina l  product 
solutions showed U232 as 96% of the total CI 

radiation, w i th  the remaining ac t iv i t y  apparently 
U232 daughters. Isotopic puri ty (Table 8.2) WCIS 

determined by mass analysis. 
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Fig .  8.3. Process Vessel  I l luminated by Cerenkov Radiation During Processing of U232.  T h e  radioact ivi ty  

i s  primarily that of Pa232 .  Th is  picture was taken through the 4.5-ft-thick lead-glass window of the hot cel l .  

T a b l e  8.2. Svmrnary of U232 Product Solutions 

Uranium Products Irradiation Data  

"232 Isotopic Analysis (at, %) 
Run No, P a  Decay Time ......_...... . 

(hr) (ms) "232 1.1233 "235 (J238 
Flux  

(9) 

1 7,35 3 x 10I8 0-43 4,29 98.90 OaO206 0.0090 1.068 

43-91 1.51 98,49 0,03 1 1 0.01 09 i.46a 

2 40.6 3 x lOl8 0-43 21.58 98.90 0.0127 0.0095 1.075 

43-77 5.49 99,66 0.0204 0.0032 0,312 
.......... ......... .................... .................... ......_.__ ~ 
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9.  Uranium Processing 

9.1 RADIUM REMOVAL FROM URANIUM MILL 
WASTE STREAMS 

Eff luents from uranium mi l l s  normally contain 
certain radioisotopes (e.g., Ra226, Ra223, Th230)  
at concentrations too high to  legal ly  permit their 
direct discharge t o  the environment, and consider- 
able study has been devoted to  el iminating th is  
health hazard. With the exception of radium, a l l  
the isotopes can be removed adequately by l ime 
neutral izat ion of the acid waste, and the residual 
radium can be reduced to the specif icat ion l imi t  by 
adsorption on barytes.’ Recently, a study was 
in i t ia ted on some of the newer natural and syn- 
thetic zeol i tes t o  test  possible advantages over 
barytes as radium adsorbers. 

In preliminary batch tests, several materials, 
including cl inopti lol i te, L inde Molecular Sieves 
13X9A and AW-500, Decalso, and barium phytate, 
removed radium ef fect ive ly  from simulated lime- 
neutralized acid waste solution (pH 7.8) which 
contained in  grams per liter, 0.5 Ca, 0.08 Mg, 
1 No, 1 CI, and 2.5 SO, along wi th  Ra226 tracer. 
All the above adsorbents except the last  were 
a lso tested in columns w i th  favorable results, 
but the tests were not of suff icient duration t o  
reach the radium breakthrough point. In the longest 
test, wi th  a 6-in.-deep bed of 20-50 mesh c l ino-  
p t i lo l i te  and a f low rate of 90 gal hr - ’  ft-’, the 
Ra226 act iv i ty  in  the f i rs t  500 column volumes of 

effluent was less than the specif icat ion l imit, 10 
picocuries/liter (1 picocurie = curie). After 
passage of 2200 column volumes, the eff luent ac- 
t i v i t y  was s t i l l  less than 5% that of the head solu- 
tion. The solution used for the column test was 
of the same composition as described above, spiked 
w i th  2300 picocuries of per l i ter  which i s  
* 20 t imes the concentration normally expected in 
l ime-neutralized plant waste solution. The ad- 
sorbed radium was eluted ef f ic ient ly  wi th  1.8 I C ~  
NH,CI-0.2 hf HCI. 

9.2 COATING UQ, PARTICLES WITH BeO 

A s l ight ly  porous glass of beryl l ium oxide con- 
taining dispersed part icles of UO, (< 10 p) was 
produced by suspending the UO, i n  a syrupy SQIU- 
t ion of basic beryll ium formate or oxalate, which 
was then dried and ignited to  refractory BeO. 

Small spherical beads of B e 0  containing the UO, 
part icles were produced by dispersing the syrupy 
mixture i n  toluene containing a wetting agent 
(Aerosol OT) and part ial ly drying them in sitzi by 
addit ion of acetone and then anhydrous ammonia. 
After acetone washing, vacuum desiccation, and 
oven drying, the beads can be ignited to B e 0  with- 
out sintering or distort ion. However, the result ing 
refractory beads are porous and would require 
further densif icat ion to provide a continuous coat- 
ing around the UO, part icles. 

’EA. H. Feldrnon, .Summ~i/ry Report  1959-1961. WIN- 125 
(Sept. 30, 1961). 

2W. J. McDowelI, Coating oj’ u02 P a r t r c l e s  u i th  ne0 
by Solution Methods, ORNL IM-220. 
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rotactinium Ch 

The objective of the protactinium chemistry pro- 
gram has been to  study the nature of the protac- 
t inium complexes i n  systems in  which protactinium 
i s  reasonably soluble. Stable aqueous solutions 
of protactinium generally contain fluoride, sulfate, 
or organic cornplexing agents. For th is work, 
sulfuric acid solutions were used, since the sulfate 
system i s  more amenable to  avai lable methods of 
investigation than fluorides and are more likely to 

have practical appl icat ion than the organic com- 
plexing agents. Protactinium solubi l i t ies and dis-  
tr ibution coeff icients w i th  some amines were mea- 
sured, and spectrophotometric studies were made. 

Solubi l i ty nieasureinents confirmed that protac- 
t inium solubi l i t ies are low, 0.12-0.20 mg/ml, in  
27 t o  33 V sulfuric acid. In the 20 to  26 N range 
the results scattered badly, varying from 0.8 to 
2 mg/mI. The results of each set of measurements 
were fai r ly constant through th is  acid range, but 
the sets were not consistent wi th one another. 
Below 20 V acid the solubi l i ty  increased smoothly, 
wi th decreasing acid concentration, t o  abaut 6 
rng/ml in 10 N acid. Below 9-10 !V acid, repro- 
duc ib i l i t y  of resul ts was much poorer, about an 
order of magnitude at 5 1V acidity. However, in  the 
range 10-20 N H,SO,, stable solutions w i th  a 
protactinium concentration of 1 mg/ml were ob- 
tained, and these may we l l  be of practical interest. 

10.2 SOLVENT E 

Scouting tests indicated that aniines were good 
extractants for protactinium in  sulfuric acid solu- 
tions, the order of extract ion being tert iary < sec- 
ondary < primary amines. The extractabi l i ty  in- 
creased approxiinately l inearly wi th amine concen- 
trat ion at low concentrations, and increased quite 

rapidly with decreasing suI furic acid concentration 
(Fig.  10.1). A plot of the distr ibution coeff icient 
(o/a) as a function of the acid concentration (Fig. 
10.2) shows a much steeper S l O F e  at acidi t ies 
i 9 . 4  b' than at t7.6 K .  Further study of th is  transi- 
t ion  region i s  planned. I n  these tests the Po 23 1 

i n  the organic phase (4-5 x mg/mil). 
The distr ibution coeff icient data were reasonably 

reproducible even down to the range 3-4 N acid, 
although solubi l i ty  data were not. The difference 
in  behavior i s  probably due to  the much lower 
protactinium concentration in  the aqueous phose 
during D.C. measurements. At  low acidi t ies the 
D.C.'s are large, wi th the result that, i f  protactinium 
concentrations in the organic phase are in  the 
range convenieilt far measurement by a counting 
(105--106 counts m in - '  m l -  '), the concentration in  
the aqueous phase w i l l  be low mg/ml) 
compared to  the concentrations observed i n  the 
solwbi l i t y  work. The decrease in the protactinium 
D.C. wi th 3.3 R' acid and 0.3 .V amine, compared to  
0.1 ,V amine (Fig. 10.1) was duplicated and ap- 
peared to be a real effect. 

A few measurements wi th Primene JM-T and 
Alamine 336 and 306 indicate 0 generally similar 
behavior. Extraction by Alamine i s  lower by an 
order of magnitude or more, and w i th  Prirnene the 
D.C.'s are larger by at least an order of magnitude. 
Extraction wi th Giimene JM-T i n  the lower sulfuric 
acid concentration range i s  so large that the D.C.'s 
could not be determined accurately, primari ly be- 
cause of the presence of a-act ive daughters of 
P a z 3 '  which complicate the analysis. 

concentration was 2-2.5 x I O  5 counts min-e ' mI"' 

10-3 SPECTROPHOTOMETRIC STUDIES 

Protactinium in  15 to 34 fi' H,SO, solution showed 
a single, rather broad absorption peak in the ultra- 
violet  region, at about 2250 A. Absorption in  the 
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0.01 0 . i  0.3 

n-BENZYLHEPTADECYLAFINE CONCENTRAl-ION ( N )  

Fig. 10.1. Protactinium Distribution Coefficients,  

Sulfuric Acid vs  N-Benzylheptadecyl Amine in DEB. 

sulfuric acid solvent precluded measurements below 
about 1950 A, at which point the absorption had 
decreased to 70% of the peak value. In 5 and 7.5 !V 
acid the peak was shifted t o  shorter wave lengths, 
below the 1950 A cutoff, so it could not be wel l  
determined. Previously reported ’ results w i th  HCI 
solutions indicated a peak at about 2120 A, but 
HCI absorption increases so rapidly in  th i s  region 
that the protactinium peak was not clearly defined. 
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log HzS04 CONCENTRATION ( N )  

Fig.  10.2. Dependence of Protactinium Distribution 

Coefficient on H2S04 Concentration. 

Further work in the 5 to 15 N H2S0, concentration 
range is  required to determine the change in  the 
absorption peak that must occur in th is  region. It 
i s  hoped that these data w i l l  correlate wi th the  
solvent extract ion data discussed above. 

’A. T. Cosey and A. G. Moddock, 1. Inorg. G. Niicl. 
Chern. 10, 58 (1959). 
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10-4 SEPARATION FROM HCII-HF SOLUTION 

Tests on separation of ururiium and protactinium 
from t1CI-l-IF solutions wi th Aiamine 306 in  diethyl  

benzene indicated that separation factors gicater 
than l o4  could be obtained under a wide variety of 
condit ions but were best from 8 ,A' HCI-1 t' t i F  
(Fig. 10.3). 

HF CCNCENTRATION (N)  

Fig.  10.3. Dependence of Uranium and Protuctiniurn 

D is t r ibu t ion  coe f f i c i en ts  on HF Concentration. Aqueous 

phase, 8 N (HCI i- HF); organic phase, 0.1 N Aloiii ine 
306 i n  diethylbenzene. 
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91. Thorium Oxide Irradiations 

The successful use of thorium oxide i n  a nuclear 
reactor requires that changes in  i t s  properties be- 
cause of irradiation be predictable. The purpose 
o f  the thorium oxide irradiat ion studies i s  to de- 
termine the stabi l i ty  of thoria pel lets and powders 
under reactor irradiat ion both dry and i n  water. 

Because of its crystal l ine s imi lar i ty t o  UO, 
(ref 1) which i s  part icularly resistant to  radiat ion 
damage, bulk Tho, should also res is t  radiat ion 
damage wel l .  Experiments have already demon- 
strated that structural defects reach a maximum 
i n  UO, at exposures of 1-5 x 1015 fissions/g. At 
th is  point the UO, contains about 1% interst i t ia l  
atoms and shows a sl ight increase in  lat t ice dimen- 
sion. From this exposure up to 1 x 10,' f issions/g 
damage does not increase signif icantly, but above 
1 x 10" fissions/g, dimensional changes occur 
and the lat t ice breaks down because it can no 
longer hold the impurities introduced by the f i s -  
sion process., Hence, no great change in the 
structural strength of Tho, during radiat ion ex- 
posures up to 1 x 10,' f issions/g i s  expected. 
However, material may spall of f  as a result of f i s -  
sion fragment recoi ls or the wear resistance may 
decrease. 

11.1 THORIUM OXIDE PELLETS IRRADIATIONS 

Code P-82 thorium oxide pel lets (Fig.  11.1) 
prepared3 from pressed powders w i th  a f inal f i r ing 
at 1650"C, which had shown the highest wear re- 

'H. R. Hockstra, "Phase Relationships in the Ura- 
nium-Oxygen and Binary Oxide Systems," in Urunzum 
Dzoxzde: Proper tws  and Nurlertr ,Ippizcatzons (ed. by 
J. Bel le) ,  pp 230-31, Naval  Reactors, D iv is ion  of Re- 
actor Development, USAEC, 1961. 

2B. Lustman, "lrradiotion Effects in Uranium Di- 
oxide," zbrd., p 569. 

3R.  A. McNees et al., l l R P  Quart. Progr. R e p f .  Nou. 
30, 1960, ORNL-3061,  p 101- 

sistance of any pel let  p r e p a r a t i ~ n , ~  were irradiated 
under D,O at 250°C and dry in aluminum capsules 
under a hel ium atmosphere (estimated interior dry 
pel let temperature 15OoC) for - 3  months (2 x lo2' 
nvt ;  7 x 10l6 fissions/g) w i th  l i t t l e  The 
color of the wet irradiated pel lets changed from a 
glossy tan t o  a du l l  gray black (Fig.  11.2). The 
dry-irradiated pel lets from one capsule were black; 
those from another were port ly covered by a 
metal l ic- l ike coating as yet unidenti f ied (Fig. 
11.3). Since the capsules were welded under 
hel ium with argon, the atmospheres may have been 
different, result ing i n  a different pel let  tetnperature 
and hence a different postirradiation appearance. 
A s  received, the pel lets showed a density o f  
9.16 g/cc. After 2 days' autoclaving under water 
a t  250"C, the undried pel lets had a density of 
9.25 g/cc. The density of the irradiated pel lets 
was 9.45 g/cc before drying and 9.34 g/cc after 
drying. Pe l le ts  from a control experiment had 
densit ies of 9.68 g/cc before drying and 9.40 
g/cc after drying. Average weight loss  as a re- 
sult  of the wet irradiation was 0.404, and from the 
dry irr ad i at i on, < 0 .05%. 

Pel le ts  prepared by the technique used in pre- 
paring the P-82 pel lets ordinari ly have a wear- 
resistant, vitreous surface layer. In standard 
spouting bed tes ts t6  th is layer i s  worn away in  
the f irst hour or two and then the wear rate in- 
creases. Irradiation in  woter markedly enhanced 
the wear resistance of th is layer (Table 11.1). Once 
the surface layer was removed, however, wear 
rates of the irradiated materials were comparable 
t o  those of the unirradiated materials. 

4S. A. Reed et al., ?bid., pp 86-87. 
5J, R. Parrott, Postirradiation Examination Group, 

6S. A. Reed, "Out-of-pile Evaluat ion of Thoria Pe l -  

Metals and Ceramics Division,  ORNL. 

lets," to be published as an O R N L  report. 
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F i g .  11.3. Code P-82 Thoria Pellets Dry-Irradiated f o r  3 Months. ( a )  Homogeneous black color; ( b )  Metoll ic-  

1 i l C . e  surface coating. 
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Toble 11 .1 .  Spouting Bed Wear Rates far Unirrodiated and Irradiated P-82 Pellets 

Exposure: 2 x 10,' nut,  7 x 10l6  f iss ions/g 
.......... ......... _.__.I_. .................... ............ 

Weight L o s s  ( W h r )  
............... ......... -. -. .... -. . ....... Pe l l e t s  

1st 2d 3d 4t h 5th 6th 7th 8th 9th- 13th 
............. ~ _ _ _ _ _ _ _ _ _ _ _ _  

Original pe l le ts  0.06 0.08 0.07 0.17 0.15 0.43 0.20 0.30 0.32 

Control pe l le ts  0.11 

Dry-i rrad i ated 0.03 0.22 0.22 0.32 0.37 0.22 0.37 0.27 0.33 

Wet-irradiated 0.0 1 0.0 0,07 0.11 0.12 0.38 0.92 0.43 0,48 
......... __ _. ......... 

Nitrogen-adsorption pore size distr ibution data 
for the irradiated pel lets and some treated for an 
extended time in  260°C water in  a loop7 indicated 
that irradiat ion in  D,O produced a small increase 
i n  void volume and a large number of small pores 
probably associated with individual f iss ion events. 
Dry-irradiation d id  not increase the vo id  volume 
signi f icant ly and produced a much smaller number 
of small pores. Porosity data on the material 
after the extended wear tests indicated the pores 
and enhanced void volume t o  be associated mainly 
wi th the surface shel l  rather than the bulk sol id. 
Since both the irradiated and unirrodiated material 
had densit ies less than 9700 of theoretical, most 
of the void volume may be associated with pores 
of > 1100 A radius, which cannot be measured by 
the nitrogen-adsorption technique, Mercury poro- 
simeter data for the original pel lets showed pores 
as large as 2 p.8 The larger pores in  the irrodi- 
ated materials w i l l  be measured after a longer 
cool ing or upon the development of the proper 
equipment. 

Metallographs9 of the original eode P-82 thoria 
pel lets and those irradiated in  D,O showed es- 
sential ly no differences. Both the original and 
irradiated pel lets were composed of heterogeneous 
structures wi th large dense and less dense re- 
gions, some 100 p across, 1- to  2-LL pores,occa- 
sional pores 25-50 p long and 10 p wide (probably 
result ing from the manufacturing process), and 

some impurities. The interiors of the irradiated 
pel lets showed a uniform, mottled gray-black 
colorat ion similar to  that of the exterior surfaces. 

11.2 IRRADlATlQN EXPERIMENT 

Several different thoria powder and pel let  prepa- 
rat ions (50 r~ total)  are being irradiated in  D 2 0  in  
h e  LlTR C-43 air-cooled fac i l i t y  at 250 t o  3OO0C 
i n  an autoclave especial ly designed for mult iple- 
sample irradiations. The purpose of the experi- 
ment i s  to determine whether OF not any thorium 
oxide preparation i s  resistant enough to  radiat ion 
damage in water to be considered for use in  the 
blanket of a breeder-type reactor. The prepara- 
t ions include the code P-82 thoria pellets, sintered 
thoria powder compacts (prepared by a different 
method than the P-82 pellets), l o  shaped arc-fused 
thoria pellets, fired sol-gel thoria particles, 
f i red sol-gel thoria spheres (44-74 p), arc-fused 
thor io fragments (44-74 p), and 1600°C-fired thoria 
powder (DT-46). The preparations are separately 
contained i n  thin-walled annular stainless steel 
tubes designed to  permit thermal convection of 
D,O past the pellets. The slurry or smaller par- 
t i c l e  oxides are enclosed in  single thin-walled 
tubes, Each sample i s  exposed to a common gas 
phase by  means of sintered stainless steel clo- 
sures with a 5-11 mean pore size. The experiment 

1 1  

7P. G. Doke, Special Analy t ica l  Services, Technica l  
Div is ion,  QRGDP. 

8s. A. Read et a/. ,  H K P  uunr t .  P r o g r .  i2ept .  ,+jay 31,  
1961, QRNL-3167, p 81, 

9R. J. Gray et ai., Metal lography Group, Metols and 
Ceramics Div is ion,  ORNL. 

'OR. A. M C N ~ ~ S  et  ni., H R P  Quart .  ProgT. R e p t .  :\lay 
31, 1961. ORNL-3167, p 112. 

" 0 .  E. Ferguson et ai., "Preparation and Fabrica- 

t ion of I -h02 Fue ls , "  QRNL-3225, in press (see  also 

chap. 13, th is  report). 
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has been operating since .June 1961 and should 
continue unt i l  August 1962, at which time the 
thoria wi l l  have been exposed to n f lux of - 8  x 
l o 2 *  nut and the U 2 3 3  concentration wi l l  be -0.5 
wt  %. 

Samples of the mult iple oxide preparations are 
also being irradiated dry in  the LITR, the oxides 
are contained separately in  welded aluminum cap- 
sules wi th I iel ium atmospheres, and a wet aut-of- 
p i le control expejimeilt i s  i n  progress. 

The resul ts of dry irradiat ion in  the LITR of 
thoria powders fired at various temperatures were  
mentioned in part i n  a previous report12 and are 
presented in  detai l  i n  a topical report.13 The fal- 
lowing i s  a summary of the information contained 
in  the topical report. 

Thoria powders were prepared by ref i r ing 650°C- 
f ired D-16 thorium oxide ld in  platinum crucibles 
i n  air for 24 hr at 650, 800, 900, 1100, and 1500°C. 
Two series (C and D) were canned (air atmosphere) 
i n  aluminum capsules and irrodiated in thc L ITR 
to  an exposure of 1.5 x IO'* f i ss ions /g . l5 ' l6  
Estimated muximum possible temperatures of the 
650, 800, and 900°C-fired powders under irradia- 
t ion were < 1000°C; of the 1100°C-fired powders, 
600°C; and of the 1500°C-fired powders, 400°C. 

12J. P. McRride and 0. 0. Yarhro, IIRF' Quart .  Ptogr. 
K e p t .  Apr .  30. 1960, QRNL-2947, p 8 2  ( see  a l s o  Chem.  
I'et-hnol. D t v .  Ann. Progr. R e p t .  .que. 3 1 ,  1360, ORNL-  
2993, p 124). 

13J. P. McRride and S. D. Clinton, Radiat ion Induced 
Cinter ing  o/ I'horiu f'owders. OKNL-3275. 

About 0.4% mass 233 isotopes was produced in 
each series w i th  about 0.1% bvrnup of the original 
thorium atoms. 

A s  a resul t  of the irradiation, powders f ired at 
5 1100°C lost considerable surface area (Table 
1 1.2), the 650, 800, and 900OC-fired oxides forniing 
hard, red fragments, and the 1100"Gfired oxides 
chalky, off-white plugs, The 1500°C-fired mn- 
ter ia ls lost l i t t l e  surface and were recovered as 
blue powders. 

Crys tn l l i t c  size measurements by x-ray dif frac- 
t ion l ine broadening on the irradiated series D 
powders as recovered and after annealing 4 hr at 
900°C (Table 11.2) showed no correlation w i th  the 
speci f ic  surface areas. Lack of change in the 
x-ray-diffraction l ine broadening of the 1100 and 
1590OC-fired rriaterials as a result of the 900°C 
annealing indicates that the l ine broadening d id  
not result froin strain. The 900°C annealing re- 
moved the blue color of the centers of the 1500°C- 
fired oxide but did not change the color of the 
lower fired materials. The radiation-induced sinter- 
ing in  the lower f ired muierials probably resulted 
from recrystal l izat ion processes and mcrterial truns- 
port induced by f iss ion fragment damage. Absence 
of sintering in the 1500°C-fired material, which 
had an original c rys ta l l i te  Size of aboot 2000 A, 
shows that the effect was essent ia l ly  confined to 

a volume of material of about 2000 A diam. 

14W. H. Carr, "Pilot Plant Preparation af  -I horiuin 
Oxide," in R e n r t o r  Handbook, Voi 1, ?-liLterzul>, 2d ed. ,  
p 390, Interscience Publishers, N.Y., 1960. 

15J. P. McRride and 0. 0. Yurbro, I I R P  Quart. f'rogr. 

16J. P. M c R r i d e ,  HRP Quart .  Progr. Rept .  j u l y  32. 

R e p f .  APT. 30. 1960, QRNL-2947, p 82. 

1960. ORNL-3004, p 82. 



Table 31.2. L l J R  Thoria Powder l r radiar ians 

Temperature: 2 IOOOOC 

X-Ray Crys ta l l i t e  Size (A)  
2 Average Par t ic le  Size ( p )  Specific Surface Area (m /g) 

Thermal -Neu tron Oxicie 

F i r ing After 489 cays' i r radiat ion 
Before Fiux" A f fe i  After After After - 

489 days, 659 days, 489 days, 659 days, i r radiat ion As Annealed 
Series Series I r radiat ion 

aefore 1 einp aeiore 
(oc) Series D Series C irradiation 

Series U Series C Recovered 4 hr at 900°C 

x 

650 2.6 2.4 1.3 28 1.0 (0.5 120 25gb 390 

aoo 1.6 1. i 2.7 3.5 15 (0.5 (0.5 2 20 400 446 

900 1.7 1.0 2.4 'I. 7 8 <0.5 (0.5 500 560 440 

11oc 1.5 I. : 3. 1 2.9 1.4 3.3 1.9 0.6 1140 540 570 8 '/ 

150C 1.4 1. 1 4.7 3.3 2.4 E. 8 0. a 0.8 2000 &50' 6 23 

a F o s t  flux, '"5.0 MeV, Tid6(,, p ) S c d 6 ,  cu 1.5 x lo3 nu; 469 days' i r radiat ion = 1.5 x 30 ' *  f,ssions/y. 

bProbobly low becouse of sample loading. 
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12. Gas Recombination Stwdies 

12.1 CATALYST DEVELOPMENT 

Detai led work on the development o f  a pallladium- 
on-thoria cata lyst  for use i n  aqueous reactor 
slurries to recombine the radiolyt ic deuterium and 
oxygen is reported elsewhere. ' The results ind i -  
cate that under breeder blanket conditions a t  low 
deuterium par t ia l  pressures and under oxygen i n  
exce55 of the stoichiometric rat io the specif ic 
cata ly t ic  ac t i v i t y  i s  more than suff icient t o  recom- 
bine the rad io ly t ic  gases rapidly w i th  very small 
concentrations o f  palladium. The experiments 
were made i n  gas-inject ion equipment2 developed 
for the work, 

Studies3 of the effect of oxygen and deuterium 
pressures on the i n i t i a l  reaction rate showed that 
the reaction was f i r s t  order wi th  respect t o  the 

D, pressure and 0.5 order wi th  respect t o  the 
0, pressure (Figs. 12.1 and 12.2): 

This relat ion appeared to  be va l id  only when 

PD2/P, < 1 and when the oxygen was injected 

first. A t  higher P D2/f'02 rat ios or when the order 

o f  in ject ing the gases in to the system was reversed, 
the k inet ic  expression no longer held and the 
reaction rates were much faster than would be 
predicted by i t s  use. 

'L. E. Morse, Initid1 React ion  R a t e s  o/ Deuterium- 
Oxygen Mixiures  in Aqrteoris Thorium Oxide Slurries 
Contninirig a Palladium on Thoria Caia lys i ,  ORNL- 
3295 (in preparation). 

2J. P. McBride and L. E, Morse, HRP Q7~nrt.  Progr. 
Repl .  Oct .  31, 1959, ORNL-2879, p 175. 

3J. P. McBride, L. E. Morse, and W. L. Pattison, 
N R P  Quart. Progr.  Rept. May 31, 1961, ORNL-3167, 
p 79. 
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Fig.  12.1. Effect  of In i t ia l  D2 Pressure on the Re-  
action Rate of D 2 - 0 2  Mixtures in an Aqueous Thorium- 

0.3% Uranium Oxide Slurry. Slurry, 483 g Th per kg 

D20; cata lyst ,  640 pprn Pd (based on total Th); init ial  

0, pressure, 320 psi; reaction temperature, 28OOC. 

The apparent act ivat ion energy o f  the reactian 
over the temperature range 250-280'6 and wi th  
excess 0, was 26 kcal/mole i n  a slurry containing 
300 ppm Pd based on total thorium and 19 kcal/mole 
in a slurry containing 1000 ppm Pd (Fig. 12.3). 
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diat ion (5  x thermal neutron flux) wi th  con- 
tinuous processing4 did not affect the cata ly t ic  
ac t i v i t y  of n slurry containing 1000 ppm Pd based 
on total thorium and 100 g Ph/kg D,O. There 
was some enhancement of act iv i ty  after the nddi- 
t ion o f  iodine and tel lur ium coiiipaunds. 

Def in i t ive correlations between cata ly t ic  act iv- 
i t ies  o b s e r v ~ d  i n  laboratory autoclave experiments 
and those observed i n  pump loop experiments hove 
not yet been obtained. In general, in i t ia l  specif ic 
act iv i t ies  obtained i n  a pump loop appeared much 
lower than those observed i n  autoclave experi- 
ments and i n  addit ion catalyt ic act iv i t ies  in  a 
pump loop appeared to decrease with time wi th  a 
ha l f  l i f e  of several hundred hoursa5 Laboratory 

6 experiments wi th pumped slurries in m e  case 
gave quali tat ive confirmation of n large decl ine of 
act iv i ty  wi th  time and in  others' showed rela- 
t i ve ly  l i t t l e  change. 

Specific cata ly t ic  act iv i t ies  measured wi th  
slurries projected for use in  in-pi le autoclave 
corrosion experi ments and slurries from mock-ups 
of such experiments were comparable to  those 
obtained routinely wi th  other slurry-catalyst 
systems. Recombination rates obtained during 
in-p i le  tests i n  general did not correlate well wi th  
the laboratory An experiment described 
below appears to indicate the lack of  a deleterious 
radiation effect, but further studies are required 
for a def in i t ive answer. 

Fig. 12.2. Effect  of Oxygen Part ia l  Pressure on the 

In i t ia l  Reaction Rate of B 2 - 0 2  Mixtures in an Aqtmotis 

Thoriuiii--Q.5% Uranium Slurry. Slurry, 438 g Th per kg 

D20; catalyst, 640 pprn Pd (based o n  total  Th); reaction 

tern per at ur E, 28 0°C: 

I 
130qTh/kg D20  
9 3 3 ~ p m  D3/TOTALL-h 

k m  - 3 5 3 x 40' e x  p [ l8,70O/RT j 

, 
3 95 S q  rh/kg D 2 0  

344 ppm Pd/T@TCL T h  
km =7 3 9  x 10" e x p  1-25 ,500 /RT)  

I 

1 80 182 i 8 4  186 188 130 1 9 2  

'@00/710K) 

Fig. 12.3. 
Rate Constant. 

Temperature Dependence of Molar Reaction 

The decrease i n  apparent act ivat ion energy with 
the higher palladium concentration may indicate 
that the reaction was i n  part dif fusion controlled, 

F iss ion product accumulation simulated by the 

addition of rare earth, cesiumi, and barium com- 
pounds in  amounts equal to or greater than those 
expected to be present after about 1 year of irra- 

12.2 EFFECT OF IRRADIATION ON 
PALLADIUM-THORIA CATALYST" 

The cata ly t ic  act iv i ty  for the H,-0, combination 
was deternsinad for a slurry prepared from some of 

'A. T. Gresky and E, 0. Arnold, Products  Proditced 
in the  Continuous Neutron Irradiation of Thorium, ORNL- 
1817, (Feb. 16, 1956). 

5E. L. Compere et al., H R P  Quart. Piogr .  Rept.  A p r .  

'J, P. McBride and L. E, Morse, op. cit., p 88. 

'J. 

30, 1960, ORNL-2947, p 107. 

P. McBride, L. E. Morse, ond W. L, Pottison, 
H R P  Quarf. Progr. Rept. .You. 30, 1960, ORNL-3061, 
p 78. 

8E, L. Compere e t  a [ , ,  H R P  Quart. Progr. Rept.  

9 ~ ,  L. Compere et a/.. I I R P  ~ u a r t .  Progr. R e p t .  

'OJ. P. McBride and W. L. Pattison, G a s  Reco,)lbino- 
tion Act iu i ly  of Irradiated Slurry /rom Loop 1.-2-2TS, 

Apr. 30, 1960, ORNL-2917, p 99. 

J u l y  31,  1960, ORNL-30Q4, p 93. 

ORNL. CF-52-2-88 (Feb. 12, 1962). 
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the dried, irradiated sol ids recovered from loop 
L-2-27s." The material was a portion o f  that 
recovered from the loop dump tank. The specif ic 
ac t i v i t y  a t  280°C based on pallodium concentration 
was a t  least as high as that obtained w i th  other 
slurry-palladium catalyst systems that had not 
been irradiated6 and more than suff icient to  
account for the low radio ly t ic  gas pressures ob- 
served during in-p i le  operation of the loop i f  the 
postulated gamma-induced recombination should 
not be operative. 

The experiments were carried out on the gas- 
in ject ion equipment used in the catalyst develop- 
ment work.2 The specif ic ac t i v i t y  (normalized t o  
0.001 712 Pd concentration) under a large excess of 
oxygen was equivalent to that obtained wi th  unirra- 
diated slurries [CPI (catalyst performance index) 
= 19 w/ml]. With H,/O, rat ios 20.7 ac t iv i t ies  

"H. C. Savage e t  a[.. ln-pi le  ~ o o p  Irrudiutzon o/ 
Aqueous  Thorra-Urania Ylurry at Eleuaied  T e m p e r a t u r ~ .  
D e c i g n  and In-p i l e  Operation of 1-oop 1.-2-27Y. ORNL- 
3222. 

were much higher (CPI = 25 to 96 w/mI). In an 
experiment that fol lowed one in  which a residual 
H, par t ia l  pressure remained at  the completion of 
reaction, a CPI of -4600 w/ml was observed. The 
very high ac t iv i t ies  a t  the higher H,/O, rat ios and 
after H, pretreatment are i n  accord wi th  previous 
experience wi th  unirradiated palladium catalyst- 
slurry systems. 

Hence one can conclude that the combination of 
simultaneous reactor irradiation and pumping under 
0, did not resul t  i n  any deleterious effect on 
slurry cata ly t ic  act ivi ty, and drying of the irra- 
diated slurry and subsequent resuspension in  
water of the dried so l ids had no apparent effect 
on cata ly t ic  behavior. Whether or not irradiation 
had induced a cata ly t ic  act iv i ty  independent o f  the 
palladium i s  not known since no experiments have 
been made on irradiated slurry containing no 
catalyst. The conditions under which the above 
experiments were made and the excel lent agree- 
ment in specif ic ac t i v i t y  based on palladium con- 
centration make it un l ike ly  that irradiation effects 
alone are responsible for the cata ly t ic  act ivi ty. 

7 

13. Thorium Fuel Cycle Development 

The sol-gel process' was developed t o  make 
dense UO,-Tho, part icles for the fabrication of 
fuel elements by vibratory compaction. Because 
of the rad ioact iv i ty  associated wi th  thorium and 
U233 recycled from power reactors,2 i t  i s  necessary 
to prepare the oxide and fabricate elements by 
remote operation behind shielding; hence process 
s impl ic i ty  i s  highly  desirable, The combination 
of the sol-gel process and vibratory compaction 
provides a simple economical system for processing 

' 0 .  E. Ferguson et al., Preparat ion and Fabrication 

,D. E. Ferguson el al , .  Preparat ion and Pnbricntion 

of T h o 2  F u r l s ,  ORNL-3225 ( i n  press). 

of T h o Z  Frr~l.7, ORNL CF-61-6-114, p 2. 

and refabricating U0,-Tho, fuels. Th is  procedure 
i s  being developed in  a jo in tef for t  by the Chemical 
Technology and Metals and Ceramics Divisions, 
wi th  Chemical Technology primari ly responsible 
for the fuel material preparation. 

Emphasis in the oxide preparation program was 
primari ly on sol-gel process development, engi- 
neering equipment development, and construction 
of a fac i l i t y  for preparation of 1000 fuel tubes for 
use in  c r i t i ca l  experiments at  Brookhaven National 
Laboratory. The sol-gel process was a lso used 
to prepare uranium-thorium oxide part icles con- 
taining up to 10 wt % uranium, thorium oxide 
spheroids o f  high attr i t ion resistance for moving 
beds, 4 wt  % plutonium thorium oxide dense frag- 
ments, and large, dense UO, particles. 
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13.1 SOL-GEL PRQCESS DEVELOPMENT 

The process (Fig. 13, l )  consists of four simple 
steps: preparation of Tho, f rom thorium nitrate 
by hydrothermal denitration, preparation of a sol 
by dispersion o f t h e  Tho, in d i lu te  HNO, oruranyl 
nitrate solution, evaporation of the sol to  a gel, 
and densi f i  cation by low-temperntipre calcination. 

UNCLASSIFIED 
ORNL-LR-DWG 71501 

T n 1 N O J ) q  

I 

,i20 + H"03 
S T E A M  

DENITHAT ON 1 185 - 4 7 5 o c  

STEAM 
350-450°C. 1 atrn-.". 

, SCCUTION ?REPARATION, 
JO$NO3)2 , BCEVOING. 
SOLUTION -' 1 iY A3JUSTMnENT 

80°C ! ..... . . . . . ..... 

80 - 90°C 

100 - 4150°C 
AIR, H z - A  4 hr. 

COOL. ARGON 
. .. . . . . .. . 

I 
t 

DFhSF i n 0 2 - U O 2  
FRAGMENTS 

Fig.  13.1. Sol-Gel Process for ThO2- lJO2,  

In previous work,' a highly reactive Tho,, 
crysta l l i te  size 70 A and surface area 80 m2/g.  
was prepared by steam denitration of Th(NO,),. 
For engineering scale tests, 30 kg of h r i u m  
nitrate was charged to a rotary steam k i ln .  A s  
the k i l n  rotated, the wal l  temperature was raised 
PO 1853C before steam was admitted at 359-45Q0@ 
and 1 atm. Dehydration of thorium nitrate, and 
some denitration, began by the t ime 185°C was 
reached, but >%I% of the nitrate was remcrvcid by 
the steam a s  the temperature increased t o  475'C. 
The residual nitrate contert of the product oxide 

depended on batch size and time at  475OC and 
was decreased to o s  low a5 10 mmoles pes mole 
of Tho, by air-drying after steam denitration. In 
the latest 13 runs, close control of specif icat ions 
for the product was demonstrated, producing Tho ,  
that was completely dispersible i n  d i lu te  n i t r i c  
ac id  or uranyl nitrate solution (Tnble ?3.i). 

Preparation of  Sol 

When properly prepared, ?he steam-denitration 
Tho, product was easi ly  dispersed to a stable 
sol i n  d i lu te  n i t r i c  acid and/or urnnyl nitrate, by 
adding h e p o w d c r  to  the l iqu id  to  makea 2 izz Tho, 
suspension. I he mixture WQS agitated a t  80-90°C 
by recirculat ion through a centrifugal pump for 
-2 hr. The total nitrate needed for opt imum dis- 
persion varied wi th  the surface urea of the ThQ,, 
and could be calculated from the crysta l l i te  s i r e  
as determined by x-ray l ine broadening. It amounted 
to 0.0052 rnmole of nitrate pes square meter ,  corre- 
sponding to -50% of the calculated Tho, surface- 
act ive s i tes3 being occupied by nitrate, An in- 
f lect ion i n  thc p lo t  of pH vs ni t r ic  ac id  added 
occurred in  sols at th is  nitrute concentration, 
a t  a pH of 3.1-3.3. Likewise, inf lect ions i n  
plots of conductivi ty vs NO,-/ThU, ratiooccurred 
at th is  same nit tate/thoria surface ratio, At  pH 
3.2, Tho, or ThO,-UB, sols behaved as though 
buffered, that is, the pH changed only very l i t t l e  
with changes in  ConceiPtrotion. The latter behavior 
i s  important i n  maintaining sorption of uranium on 
the Tho, surface during evaporation to  a gel, I f  
the pM i s  <3 . l ,  uranium i s  dissolved from the 
sol id Tho, surface a s  the sol i s  evaporated, 
which causes the gel to be nonuniform with respect 
to uranium content. At pH >3.3, the uranium 
segregated o s  an independent phase, which a l s ~  
produced nonuniformity. Knowledge of the total  
nitrate requirement and desired pt i  for a Tho, sol 
enables the cperator to determine roughly the 
optimum concentration of the uranyl nitrate- 
HNO, solution t o  be used for dispersion of a 
given Tho, batch. The f inal pH cidiustment can be 
made by addit ion of eithe; n i t r ic  ac id  or ammonia. 

.~" 

3G. .I. Spaepcn, R. T. Wimbar, and M. E. Wadsworth, 
Adsorptioi; of Sil ic ia  Ac id  on ThoTia, Determined b y  
Infra Red Spectioscopy, I lniv. of Utah  Tech. Report V, 
Subcontract 1075 (June 30, 1959). 
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Eva porotion Calcination 

After the Tho,-UO, sol has been adjusted to 
t h e  optimum pH and NO,/ThO, ratio, it i s  evapo- 
rated to Q gel a t  atmospheric pressure, in  stainless 
steel trays, at  80-90OC to avoid boi l ing. Ba i l ing  
induced voidage in to the gel, which WQS not re- 
moved by calcination. Use o f  temperatures below 
80°C decreased par t ic le  densit ies and prolonged 
the step unnecessarily. The 3 wt '36 U-Tho, gel 
had a density of 6 to 7 g/cc and was eas i ly  sized 
by grinding. F i v e  batches of sol-gel oxide sized 
a t  the gel stage were vibrated to  a density of 8.7 
g/cc i n  fuel tubes. Off-specif icat ion sizes a t  fhe 
gel stage were readi ly recycled by sedispersing 
to sol by agitat ion in  water. 

The dried gel was successfully densif ied by 
increasing the temperature at <30QuC per hour  to  
1 1 5 O O C  and ca lc in ing 1 hr in air at t h i s  tempera- 
ture, fol lowed by calcining an additional 4 hr i n  
argon containing 4% hydrogen (a  noncooibustible 
mixture) to reduce the uranium oxide to  UO,. The 
oxide was then cooled in argon to maintain the 
reduced uranium state and avoid absorption of H, 
and N,. The density of oxide thus prepared was 
>79% of theoretical wi th  an O/U rat io 2.02 f0.01 
(Table 13.2). 

Table 13.1. Hydrothermal Deni t ra t ion of Thorium N i t ra te  Crys ta l s  

Rotary ca lc iner  12 in. d iamx  48 in. long; WOIIS preheated to l85'C; steam a t  350'C. 
1 atni, 20 Ib/hr; ca lc iner  temperature increased to  475'C 

Steam Ai  r Co I c i nat ion Product 
No. of .............. -~ .- ................ ___ 
Runs Tota l  T ime  T ime  at  4 7 9  C l i m e  Temp Wt N03/Th02 

(hr) (hr) (hr) (" C) (k9) mole ra t io  

5 6 

5 4 

3n 6.5 

2 0 15 0.027 t 0.009 

0.1 1 47 5 1.5 0.059 f0,005 

2.5 0 22.5 0.050 :! 0.006 

n l n i t i a l  steam 30 Ib/hr far 2 hr n t  4 0 9 C .  

Tab le  13.2. Propert ies o f  Sal-Gel Uranium-Thorium Oxide 

........ . -. ... - ___I 

Compacted 

(g/cc) 

U235 Enrichment Ba tch  Size Method o f  U Uranium Content O/U Vo la t i l e  Matter Density Batch 
( %) (k9) Add it i on' (w t  %) Rat io  (CC/9) 

Sol-gel D 93 1 ADU 2.4 2.0 1 0.012 8.7' 

Sal-gel E 93 1 ADU 4,2 2.01 0.027 8.8' 

u-3 93 4.5 ADlJ 5.0 2.01 0.055 a d  
u-5 0.7 7 ADU 3.0 2.02 0.005 9.0e 

U-6 0.7 7 U0,(N03), 3.0 2.03 0.004 8.9@ 

aArnrnoniurn diuronate ond UO, added as s lur ry  and UO 
b V o l a t i l e  matter released i n  vacuum a t  1200'C. 

CStoinless steel tube 5/ in. diam b y  11 in. long. 

dS+ainless steel tube $: in. diam by 48 in. long. 

eStainless steel tube > in. diam by 48 in. long. 

as solution. 
2 

2 
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13.2 PROPERTIES OF SOL-GEL OXIDES 

More than 50 kg  of uranium-thorium oxides has 
been prepared by the sol-gel process, in which 
2.4-5.0 wt % uranium was added as ammonium 
diuranate, uranium trioxide, or uranyl n i t rate solu- 
tion. The calcined, reduced oxide part icles 
appear to be monoli thic sol id solutions in prepora- 
t ions containing up to  10 wt % uranium, showing 
only one phase in  optical photomicrographs of 
etched and pol ished specimens. X-ray l ine- 
broadening data arid electron micrographs indicate 
the material to  be polycrystal l ine wi th crystal 
sizes > 2500 A. 

Typical  preparations (Table 13.2), some con- 
taininy enriched uranium for irradiat ion testing, 
had properties favorable for use in  reactors. Sur- 
face areas of a l l  the oxides were (0.01 iii2/g, 
consistent w i th  the high part ic le densities, > 9.9 
g/cc. Excess oxygen was especial ly low i n  view 
of the low percentage of uranium. The residual 
vo la t i le  matter steadi ly decreased with improved 
ca I cinati  on techniques. 

Eight fuel pins, 11 in. long and 5/16 in. OD 
containing sol-gel ThO, performcd satisfactori ly 
i n  die NRX reactor from Apri l  1961 to May 1962. 
The peak cladding heat f lux was 300,000 Btu  h r - '  
f t - *  a t  the start of the irradiation. A t  discharge 
the sol-gel fuel p ins had accumulated between 
10,000 and 17,000 Mwd per ton of thorium. They 
were replaced by  s i x  fuel p ins 39 in. long con- 
taining sol-gel ThQ,-UO, (Table 13.2, iJ-3), and 
three fuel p ins 11 in. long, each containing ThQ,- 
PuO, (4.0 wt '% Pu239) at a bulk density o f  7.5 
g/cc (not vibratori  l y  compacted). 

Seven 11-in.-long capsules were inserted in  the 
MTR la te  i n  1961. These specimens contained 
sol-gel E (Table 13.2) and arc-fused Tho,-UQ, 
(-4.0 vrt % fu l l y  enriched uranium) vibrated to 
bulk densit ies between 8.6 and 8.7 g/cc. At the 
start of the irradiat ion the peak cladding heat 
f lux was -600,000 Btu h r - '  ft-2. Two of these 
capsules were removed i n  Apr i l  1962 after 12,000 
to 14,000 Mwd per ton of thorium for future post- 
irradiat ion examination. The irradiation of the 
remaining f i ve  i s  s t i l l  i n  progress. 

T w o  capsules, each containing sol-gal prepared 
Th02-U0, (Sol-Gel D, Table 13.2) wi th a central 

thermocouple have been irradiated i n  the Q R R  
pool-side fac i l i t y  a t  an unperturbed thermal neutron 
f lux  of 3 x 1013 since January 1952. Each capsule 
was pneurnatisally vibrated to  a bulk density of 
8.6 g/cc and designed to  operate a t  a l inear heat 
output of 40,000 Btu  h r - '  ft- ' .  Average cladding 
temperatures are 1300 and 1000° F, respectively. 
During the three months of in-pi le operation, the 
central temperature of the higher temperature cap- 
sule has decreased steadi ly from an in i t i a l  3600OF 
to  2.2800"F. This decrease may be attributed t o  
thermocouple drift, fuel sintering, or a combina- 
t ian o f  the two effects. The central tfierrnocouple 
o f  the other capsule has remained essent ia l ly  con- 
stant at 2900OF. Based on the design heat genera- 
t ion rote, the ef fect ive thermal conductivi ty of the 
TRO,-UO, (center l ine  t o  cladding surface) i s  1.2 
to 1.5 Btu h r - '  f t - l  (OF)-', which compares 
favorably w i th  that of pel let  fuels, 

13.4 KILOROD FACILITY 

The Chemical Technology and the Metals and 
Ceramics D iv is ions  are designing urid bui ldi i jg an 
experimental faci l i ty ,  the Ki lorod faci l i ty ,  to  test 
and demonstrate the sol-gel-vibratory compaction 
procedure for manufacturing metal-clad oxide re- 
actor fuel. Although designed primari ly for expcri- 
mental use, th is fac i l i t y  w i l l  a lso be used to  
manufacture 1000 L i r c n  loy-cl ad Th0,-U23 30, duel 
tubes for a Brookhaven National I..ahoratory c r i t i -  
cal experiment. The Chemical Technology D iv i -  
sion i s  responsible for removing ( J Z 3 ,  decay 
daughters from the IJ233 by solvent extract ion 
and for preparing a mixed axide, by the sol-gel 
process, suitablc for sizing operations. The 
Metals arid Ceramics D iv is ion  will  size the oxide 
particles, compact them iii Zircaloy tubes by 
vibration, and weld the tubes closed. 

The U233  from U 2 3 2  decay daughters w i l l  be 
purif ied in  the Thorex P i l o t  Plant solvent extrac- 
t ion equipment i n  ce l l s  5, 6, and 7 of bui lding 
3019. The f lowsheet used will  be the thorium 
reject ion type (Interim-23) with either t r ibuty l  
phosphate or di-ser-butylphenyl phosphonate as 
solvent. The latter solvent i s  expected to  provide 
improved seporation of uranium from thorium, thus 
better removing T h 2 2 8 ,  the f i rs t  daughter product 
in  the U 2 3 2  decay chain. Cr i t i ca l i t y  w i l l  be 
avoided by various combinntions of batch size, 
geometry, f ixed poisons, and concentration control. 
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Modif icat ions to the Thorex P i l o t  P lan t  equipment 
are in  progress. 

Thorium oxide prepared i n  bui ld ing 4501 i n  the 
rotary steam denitrator w i l l  be  transferred to ce l l  
4 of Bui ld ing 3019, where the sol-gel and fuel 
refabrication equipment i s  being located. The 
Tho, and uranyl n i t rate solution w i l l  be mixed in 
a blend tank located i n  n shielded cubic le on the 
thi rd level  inside the cell, and the sol w i l l  be 
pumped t o  a tray dryer. Four drying trays w i l l  be 
used per 15-kg batch, each tray being 27 in. square 
by 1 in. deep. The containment cubicles w i l l  be 
shielded with 4 in. o f  steel or 8 in. of 3.3-g/cc 
concrete. Because of the relat ively low level  of 
radiat ion inside the cubic le and the infrequency of 
operations i n  it, it i s  feasible to use the gloved 
hand with tongs for manipulation. However, a l l  
gloved ports w i l l  normally be shielded. The f inal 
oxide will  be transferred through a chute to  a 
lower level in  ce l l  4 for s iz ing and fuel tube manu- 
facture. 

Design of a l l  equipment i s  now completed, and 
fabrication and instal lat ion are in progress. Qpera- 
t ion i s  scheduled to begin i n  September 1962. 

13.5 THORIA PELLET PREPARATION 
BY SOL-GEL PROCESS 

By rounding the part ic les whi le in  the gel state 
i t  i s  possible to make spheres of Tho,  by the 
basic sol-gel process. Such spheres are desirable 
a s  a blanket material for reactors wi th a stat ic or 

f lu id ized thoria bed in  direct. contact wi th water. 
For such on application the thorium oxide spheres 
must be L - 9  in. diam and be at t r i t ion resistant 
and stable in water a t  h igh temperatures. 

Seven batches of rounded thoria part ic les i n  the 
4-8 mesh range prepared by the sol-gel process 
had attrition losses of <0.1'% per hour as tested 
in  a hydraul ic spouted bed. Th is  test  was bused 
on an average weight loss from the f lu id izat ion of 
10 g of pel lets i n  three consecutive I-hr tests. 
The pel lets were made from three thoria sources: 
oxalate-preci p i  fated 925" C-fi red ThO standard 
steam-deni trated thorium oxide, which was ref ired 
i n  air for 4 hr. Pe l l e t  preparation consisted of 
dispersion o f thor ia  t o  sols wi thn i t r i c  ac id  s l ight ly 
in  excess of the quanti ty required for maximum 
dispersion, pH adjustment to the optimum with 
ammonia, evaporation t o  the gel, rounding the gel 
part icles by tumbling in a high-f ired thoria powder, 
and f ina l l y  calc inat ion t o  obtain densif icat ion and 
strength, For the steam-denitrated oxides t h e  
optimum pH was 3.1-3.3. For the high-f ired 
oxalate-derived oxide i t w a s  about 2. The optimum 
calcination temperature to obtain maximum attr i t ion 
resistance was 14003C. One batch of rounded 
pel lets made from the 925°C-fired oxalate had 
in i t i a l  at t r i t ion rates of 0.04 wt "0 per hour; after 
they had been autoclaved in  water at 26YC for 
72 hr the at t r i t ion rate was 0.025 wt % per hour. 
Two pe l le t  preparations containing 3 w t  7 uranium 
showed at t r i t ion rates of O.OS1 and 0.054 w t  % per 
hour. Therefore i t  appears that both pure thoria 
and thoria-urania pel lets wi th high at t r i t ion resis-  
tance and good stabi l i ty  in  water at high tempera- 
tures can be made by the sol-gel technique. 

a. 4 
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In  the long-range future, nuclear fuel supplizs 
for power production w i l l  inevitably depend on 
low-grade sources, since high-grade reserves of 
uranium and thorium are extremely limited. Infor- 
mation on the extent and probable treatment costs 
of low-grade thorium sources i s  being obtained. 
After tests of a large variety of granit ic rocks 
froiii di f ferent locations, ' 1 '  current interest has 
centered pr incipal ly on the Conway granite for- 
mations i n  New Hampshire which are higher-than- 
average i n  thorium content. Cursory tests have 
also been made with other granites and other types 
of thorium-bearing rocks. 

14.1 GRANITE SAMPLE COLLECTION 
AND EXPLORATION 

Addit ional analyses of granite samples col lected 
from major granit ic bodies throughout the United 
States and Canada continued to  support eorlier 
ihdicat ions'  that the Conway granite in  New 
Hampshire i s  one of the more important reserves 
of thorium and uranium. The Conway formation 
was extensively surveyed in  the summer of 1961 
with a portable transistorized gamma-ray spectrom- 
 et^.^ From radiometric data (Fig. 14,l) obtained 
at  several hundred outcroppings, the accessible 
surface of the main mass of the Conway granite 
was estimated to average 56 t 6 ppm thorium. Th is  
compares with 12 ppm thorium in  average grade 

'Chem.  Technol. A n n .  Progr.  Rept .  May 31, 1961.  
ORNL-3153. 
2H. Brown and I-, T. Silver, "The  Possib i l i t ies  of 

Securing Long-Range Supplies of Uranium, Thorium, 
and other Substances from Igneous Rocks," Proc. 
Intern. Con/. Peacelul U s e s  At.  Energy ,  Geneva.  
1 9 j 5  8, 129 (1956). 

3By Rice University under subcontract to ORNL. 

granite. The main mass of the Conway granite 
includes an area of a t  least 300 sq miles, and, 
ossuming that the thorium concentration persists 
wi th depth, the reserves of thorium in  the Conway 
formations are estimated at tens of mil l ions of 
tons. D r i l l i ng  of the Conway formation during the 
summer of 1962 i s  planned to  obtain information 
on the vert ical  d istr ibut ion of thorium. 

Several samples From less  extensive granite 
formations i n  New Hampshire, Maine, Vermont, 
Massachusetts, and Rhode I sland contained thorium 
in  concentrations zquivalent to the Conway for- 
mation. These areas w i l l  be explored further. 

14.2 GRANITE MtNERALQGY 

Prel iminary studies3 of autoradiographs and 
photomicrographs suggest that a substantial frac- 
t ion of the thorium ond uranium in  Conway granite 

UNCLASSIFIED 
ORNL-LR-DWG 7t502 

THORIUM CONCENTRATION ( pprn) 

FIELD MEASUREMENT (counts/min) 

Fig .  14.1. Frequency Plot  o f  F i e l d  Determinations 

an Conway Granite. 
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i s  contained i n  ”hot grains” enclosed in  b io t i te  
and that many of the “hot grains” are pyrochlore, 
conventional ly NoCoNb,O6 F, but commonly con- 
ta in ing large amounts of other elements, including 
actinides and lanthanides. To the extent that 
these observations are true, physical  beneficiat ion 
methods may be considered to  concentrate the 
b io t i te  fract ion and thus the thorium. There should 
also be a posi t ive correlation between the thorium 
and niobium content of these granites. 

14.3 6RANlTE PROCESSlNG AND COSTS 

The Conway granite, i n  addition to  having a 
relat ively high thorium content, i s  generally more 
amenable to ac id  leaching than granite from most 

other formations studied. Recoveries i n  acid 
leaching of Conway granite from 13 widely scat- 
tered locations ranged from 52 to 85% for thorium 
and 26 t o  75% for uranium (Table 14.1). The head 
samples contained 36-106 (av58) ppm thorium and 
6-19 (av 11) ppm uranium. ?he fineness of grind- 
ing in the range -20 to -200 mesh had no signi f i -  
cant ef fect  on recovery o f  thorium from Conway or 
from P ikes  Peak granite samples. 

Prel iminary estimates of recovery costs for 
the 13 samples by a countercurrent sulfuric acid 
leach-amine extraction flowsheet ranged from $23 
to $83 per pound o f  thorium plus uranium recovered 
(Table 14.1). These costs are considered accept- 
able for breeder reactor systems. I f  single-stage 
rather thoti countercurrent leaching must be used, 
costs would average about 10% higher due to the 

Table 14.1. Est imated Costs for Recovering Thorium and Uranium from Conway Granite 

Pulver ized ore or -48 mesh, leached 6 hr  at  room temperature w i t h  2 N H SO , 50% pulp densi ty  2 4  
_- 

Head Recovery i n  
Est imated 

Recovery Cost‘ 

(8  per Ib Th i- U) 

H zSO Consumption 
4 

Concentrat ion Leo  c h i ng 

( P P 4  ( %) (Ib per ton o f  ore) Sample Loca t ion  

Th U Th U 

North Conway quadronge, N. H. 

Crawford No tch  quad., N. H. 

Plymouth quad., N. H. 

Nor th  Conway quad., N. H. 

Plymouth quad., N. H. 

Franconia quad., N. H. 

North Conway quad., N. H. 

Nor th  Conway quad., N. H. 

Crawford No tch  quad., N. H. 

Ossipee L a k e  quad., N. H. 

Mt. Ascutney, Vt. 

Nor th  Conway quad., N. H .  

Mt. Chocorua quad., N. H. 

50 

48 

54 

56 

64 

76 

70‘ 

45 

52 

106‘ 

36 

46 

51 

13 

12 

12 

7 

12 

14 

14’ 

6 

12 

1 3c 

6 

10 

8 

60 

52 

84 

53 

a4 

78‘ 

58 

67 

67 

a 2‘ 
80d 

85d 

81d 

26 

39 

73 

51 

60 

50 

60‘ 

49 

65 

7 F  

49 

61 

69 

93  

109 

80 

66 

60 

72 

80’ 

93 

1 1 1  

8 0‘ 

55 

77 

86 

70 

83 

42 

64 

34 

42 

34 

7 0  

58 

23 

64  

49 

49 

Average 52 
- 

‘Includes d i rect  operating costs  for mining (68$/ton) and mil l ing, overiieod, contingency al lowance, amort izat ion 
(10 yr), and 14% annual return on cap i ta l  investment. 

’Average for f i ve  samples from Redstone Quarry, 
CAverage resu l t s  obtained w i th  t w o  samples from Band Ledge Quarry. 

dLeaching tests  at 60% pulp density. 
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higher acid consuriipfion. Bases for the estimates4 rocks f r o m  I ta ly  and Nevada indicated that these 
were the same as described earlier.’ materials represent less promising sources of 

thorium than granites. The volcanic rocks con- 
tained 12-50 ppm thorium but were resistant to 
acid leaching. The sublateri t ic soi l  samples 
were uniformly low i n  thorium, that is, 5-16 ppm. 

14.4 LATERlC SOSbS AND VOLCANlC 
ROCKS 

~ 

4Made in cooperation w i t h  A. H. R o s s  and Associates. Prel iminary analyses and tes ts  of sublateri t ic 
soi ls from southeastern United States and volcanic of Toronto, Canada. 

15. diation Effects on Catalysts 

It has been reported that when small amoun s of 
radioactive S 3 5  are incorporated i n  MgSO, and 
MgS0,-Na,SO, catalysts, their catalyt ic ac i  v i ty 
for the dehydration of cyclohexannl i s  enhanced.’i2 
In i t ia l  experiments appeared to substantiate these 

but d i f f i cu l t ies  were encountered i n  
measuring the specif ic surface areas of the cata- 
l y s t ~ . ~  These di f f icul t ies were resolved by de- 
signing equipment so that atmospheric exposure 
of the catalyst was avoided. In  subsequent ex- 
periments, in  which comparisons were made on 
the basis of un i t  surface area, the radioactive 
catolystsweae b u n d  to be less act ive catalyt ical ly 
than their nonradioactive counterparts. 

Measurements of in i t ia l  reaction rates wi th 
MgSO, catalysts showed the radiooctive catalysts 
to he about ha l f  as act ive as the nonradioactive. 
After 9 to 12 hr use, the radioactive catalysts 

’ A .  A. Bolandin et al., Dokl .  Akad,  Nauk S S S K  121, 
495 (1958). 

2A.. A. Balnndin et al., i l c t e s  Congr. 172tem. Cata lyse ,  

3Chem. Techno:. Diu. Ann. Progr. Rept .  Aug. 31, 

4Chem. Technoi .  D i v .  Ann. Progr.  Rept. May 31,  

2e.  Paris, 1960 2, 1415 (1961). 

1960, ORNL-2993, chap. 17. 

1961, ORNL-3153, chap. 18. 

were one-half to one-third as active, depending on 

the temperature (Fig. 15.1~) .  In i t ia l ly ,  both ma- 
ter ia ls showed the same apparent energy o f  act iva- 
tion, but on aging the radioactive catalysts showed 
a greater increase in  activation energy, wi th 6 
kcal  /mole difference a t  steady state, 

Typical  results wi th MgSB,-Na,SO, catalysts 
cantairling 2.5 svt 76 Na showed the radioactive 
catalysts to he less active than the nonradioactive, 
both before and after aging (Fig. 15.Ih) .  With 
fresh catalyst  the effect was greater than in the 
case o f  pure MgSO,, even though the radioactivi ty 
WQS only about a th i rd as much. After aging, 
the magnitude o f  the effect was the some. In 
general, the sodium-coniaining catalysts werc 
less act ive per unit  surface area than the MgSO, 
catalysts and showed higher apparent energies 
of act ivct ion except for fresh nonradioactive ma- 
terial. Results were similar wi th  a sodium con- 
centration of 0.98 wt  %. 

Aging curves for MgSO, catalysts showed a 
relat ively sharp decrease i n  catalyt ic ac t i v i t y  
after about 5 hr USF (Fig. 15.2), which i s  riot ax, 
plained. Cutves for MgS0,-Na2S04 were similar. 
The effect oppeurs to be irreversible and to require 
the presence of the reacting vapors. The surface 
area decrease of  < 10% during aging cannot account 
fo i  the loss of  ac t i v i t y  observed. Infrared, x-ray, 
and thermogravimetric studies of MgSO, surfaces 
showed that no phase change i s  involved and 
that even in  the presence o f  water vapor no mono- 
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Fig. 15.1. Dehydration of Cyclohexanol on ( a )  MgS04 Catalysts and (6) MgS04-Na2S04 Catalysts.  

hydrate can ex is t  a t  the temperatures used.’ 
Dehydration o f  the monohydrate proceeded ac- 
cording to the equation 

2 MgSO, * H,O + Mg(HS04), - Mg(OH), 

_1 -- 2 MgSO, t 2H,O . 
The radioactive catalysts a lso los t  cata ly t ic  

ac t i v i t y  wi th  time i n  storage. This has been in- 
terpreted in the l i terature as unequivocal evidence 
that the level o f  radioactivi ty o f  the catalyst, 
which was decreasing w i th  time, was the con- 

’Work done by University of Utah under subcontract. 

trol l ing factor.2 However, it was found that non- 
radioactive catalysts also lose cata ly t ic  act iv i ty  
wi th  t ime (Fig. 15.3), showing that the l o s s  i s  not 
related to the radioactivi ty but i s  a property o f  the 
catalyst surface. For n given drying treatment, 
radioactive catalysts genera I I y showed sma I I er 
crysta l l i te  sizes and larger specif ic surface areas 
than their nonradioactive counterparts. Th is  phe- 
nomenon i s  bel ieved to be responsible for the er- 
roneous reports of enhanced cata ly t ic  act iv i t ies  on 
the addition o f  radioactive sulfur to these mate- 
r ials. All the evidence avai lable indicates that 
any effect of the radioactivi ty i s  due only to i t s  
presence during the catalyst preparation stage and 
that i t s  presence at the time o f  reaction i s  of no 
significance. Th is  conclusion i s  supported by the 
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16. Hig h-Tern pe ratu re C h e rn i s  try' 

16.1 HI GH-T EMP E RATU R E HI GH-P RESSU RE 
SPECTROPHOTOMETRIC SYSTEM 

Detai led drawings for the spectrophotometer 
system2 for operation a t  temperatures up to 330T 
and a t  pressures up to 3000 psi were ~ o m p l e t e d . ~  

'Joint program with the Analyt ica l  Chemistry Div i -  
sion. For addit ional detai ls  see  Anal. Cham. Diu. Ann. 
Prugr. Rep t .  Dee. 31. 1961. ORNL-3243, p 20. 

2Chern. Technol. Diu. Ann. Progr. R e p f .  May 31, 1961. 

3 5 y  Applied Physics  Corporotion, Monrovia, Calif., 

ORNL-3153, p 130. 

under subcontract. 

It i s  anticipated that wi th th is system it w i l l  be 
possible to make measurements up to near the 
c r i t i ca l  point  (-2372°C) i n  both water a n d  deuterium 
oxide. The major parts o f  the system (Figs. 16.1 
and 16.2) are: Cory model 14 PM spectrophoiom- 
eter redesigned to provide a 20-cin opt ical  path 
length and larger optical and cel l  components; 
opt ical  bench; chopper and beam-alternator system 
and compartment; phototube and source cornpart- 
ment; high-pressure high-temperature ce l l  com- 
partment; cel l  assemblies; heating system; high- 
vacuum system; main spectrophotometer cart; and 
control console. Among the important features 
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of  the system are an automatic d ig i ta l  data-readout 
system that reads out on IBM cards; a viewing 
port and mirror arrangement to permit visual ob- 
servation of the test  solut ion at  a l l  operating 
temperatures and pressures; and a variable, ver- 
t ical, auxi l iary s l i t  system to permit spectral 
measurements on individual phases o f  two-phase 
systems. The absorption ce l l s  can be rocked 
whi le  the system i s  operated a t  the maximum 
conditions o f  temperature and pressure in order 
to mix  the solutions (or separate phases), to 
equil ibrate the gas and l iqu id  phases i n  the ab- 
sorption cell, and to fac i l i ta te  removal o f  bubbles 
that form on the windows. 

16.2 MINIATURE CIRCULATING-LOOP SYSTEM 
FOR A CARY MODEL 14 PM 

SPECTROPHOTOMETER 

A miniature loop system (Fig. 16.3) was designed 
and constructed for use wi th  an unmodified Cary 
model 14 PM spectrophotometer for operation at 

moderate pressures (200 ps i )  and a t  temperatures 
up to about 150°C. The loop contains an in- l ine 
variable-porosity f i l ter  system and a sample con- 
tainer system that permits exposing corrosion 
specimens, ion exchange resins, and other sol ids 
to the c i rcu la t ing l iquid. 

16.3 MATHEMATICAL RESOLUTION OF 
SPECTRAL FINE STRUCTURE AND 

OVERLAPPING ABSORPTION SPECTRA BY 
MEANS OF HIGH-SPEED DIGITAL COMPUTING 

Computer programs for the mathematical resolu- 
t ion of overlapping absorption spectra by the IBM 
7090 computer are being written, and codes for 
the Oracle and IBM 704 are being converted for 
operation on the IBM 7090. The conversion in- 
cludes the writ ing of curve-plotting programs for 
plott ing IBM 7090 output on the curve-plotting 
fac i l i t y  o f  the Oracle. Use o f  a recently insta l led 
automatic, digital, data-output (on I BM cards) 
system for the Cary Model 14 PM spectrophotometer 
w i l l  implement the spectrophotometry program. 
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16.4 CALCULATED EFFECT OF CERENKOV 
RADIATION ON ABSORPTION 

SPECTROPHOTOMETRIC MEASUREMENTS ON 
INTENSELY RADIOACTIVE SOLUTIONS 

Extraneous l igh t  from Cerenkov radiation i s  a 
potential source of interference i n  absorption 
spectrophotometric and other I i ght-dependent mea s- 
urements made on radioactive solutions, and the 
extent o f  the interference can be evaluated i f  the 
intensity o f  the Cerenkov radiation i s  known. A 

method based on graphical summation of photon 
contributions from electron energy distr ibutions 
was developed for calculat ing the intensity o f  
Cerenkov radiation from specif ied beta- or gamma- 
emitting sources or from mixtures o f  such sources 
over the v is ib le  and near-ultraviolet spectral re- 
gions. 

4 

4R.  G. Wymer and R. E. Biggers, Cerenkov Radiation 
Intensity Calculations for  Sr" and CoG0 in Water, 
ORNL-3180 (Sept. 5, 1961). 

. 
17. Mechanisms of Separations Processes 

17.1 DISTRIBUTION OF NITRIC ACID 

DILUENT SOLUTIONS 
BETWEEN AQUEOUS AND TBP-HYDROCARBON 

Single-stage equil ibrium data on the distr ibution 
of n i t r ic  ac id  between aqueous and TBP-Amsco 
125-82 solutions, for a l l  d i luent/TBP rat ios and 
for aqueous ac id i t ies o f  up to -5 M were found", 
to be described by 

= l o g ( B 1  + B,(Y;,, + Yo ) I  
2O 

where brackets refer to act ivi t ies; parentheses 
refer to concentrations; the superscript c desig- 
nates molar concentrations; subscripts org and aq 

W. Davis, Jr., "Thermodynamics of Ext rac t ion  of  
Nitr ic Ac id  by Tri-n-Butyl Phosphate-Hydrocarbon Di I -  
uent Solutions. Part I," t o  be published in Nuclear 
Science and Engineering. 

'/bid., Part  11 .  
,/bid., Pa r i  I l l .  

designate the organic and aqueous phases, re- 
spectively; B , ,  B,, and B ,  are constants; Yo,,, 
and Y o  are the mole fractions o f  TBP and H,O 
in the water-saturated, but acid-free, organic solu- 
tion; and (TBP,) i s  the stoichiometric molari ty 
o f  TBP i n  the organic solution. The ac t iv i t y  
[HNO,]zq was calculated as the product (C,Y,)~, 
where C, and y ,  are the stoichiometric molari ty 
and act iv i ty  coeff icients o f  HNO, i n  aqueous solu- 
tions. The appl icabi l i ty  o f  Eq. (1) to values o f  
( H N 0 3 ) Z r g / ( T B P S )  up to nearly 0.75 and the re- 
sults o f  analyses for water i n  the organic phase 
suggest that the extraction of n i t r i c  acid may be 
described by 

H 2 0  

2 

[TBP + TBP. H2010rg + (HN03)aq 

e [TBP . HNO, + TBP HNO, . H2OIorg 

the equil ibrium constant for which i s  K ;  i n  molar 
units. Th is  implies that neither TBP and the so- 
cal led complex TBP.H ,O nor TBP-HNO, and 
TBP .HNO,. H,O are distinguishable species. 
On th is  basis y ,  may be defined as the mean molar 
act iv i ty  coeff icient o f  TBP and TBP.H,O, and 
similarly, y T N  as a mean molar act iv i ty  coeff icient 
of the species TBP - HNO, and TBP -HNO,. H,O. 
From such a definit ion, the terms on the right-hand 
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side of the equali ty sign i n  Eg. (1) describe the 
quanti t ies K;yT and y T N  : 

and 

Many l i terature data4-’ may be described by  
Eq. (1). Constants A , ,  E, ,  and n3 (Table 17.1) 
determined for Amsco 125-82 i n  the present work3 
are also applicable to the odorless kerosene o f  
refs 5 and 7; the corresponding constants for the 
diluent 12-hexane, determined from the data o f  ref 6, 
are also applicable to ref 5 and are nearly the 
same a s  those determined for Amsco 125-82 (Table 
17. I). 

Equation (2) expresses the product K F y  . For 
diluent-free TBP i t s  value i s  about 1.5; but neither 
K ; ,  nor y T ,  the ac t iv i t y  coeff icient of TUP i n  
H20-saturated TBP referred to un i t  ac t i v i t y  co- 
ef f ic ient  for anhydrous TBP, can be calculated 
from the p r e s e n t  work. The quantity y T  can be 
calculated from part ial pressures o f  TUP over 
the anhydrous and water-saturated system. Pre- 
l iminary values o f  these pressures, measured by 

the transpirational vapor pressure technique i n  
coniunction wi th P32-lcsbeled TBP,9 were -0.8 p 
Hg for 4BP containing 0.2 w t  % H 2 0  and 0.51 
p H g  for TBP saturated with H2Q, containing 
-6.5 wt 76 H,, or having a mole fract ion of H 2 0  
equal to  0.511 (ref 2). The 0.8 p Hg pressure 
over nearly anhydrous TBP i s  lower by  a factor 
of about 10 than the value for pure TBP ccllculated 
by extrapolation of ttie data o f  ref 10. A prel imi- 
nary value of y T  for H20-saturated TBP is, there- 
fore, 0.5110.8 or -0.64 i f  the sum of mole fract ions 
(TRP + TBP.H,O) i s  used, as suggested by  the 
interpretation above that TBP and TBP.  H 2 0  are 
not thermodynamically di st inguishablc species. 

Previous c a l c ~ l a t i o n s ~ ~ ~  of the distr ibution of 
HNQ, between aqueous and TBP-di luent solutions 
were l imi ted to aqueous acidi t ies below -5  ,hI 

due to the discrepancy between the n i t r i c  ac id  
ac t iv i t y  coeff ic ients given in  the Landolt-Bornstein 
tables and those extrapolated from the data o f  
Hartmann and Rosenfeld” for acidi t ies above 
above - 3  M. N i t r i c  acid vapor pressure data of 
Pot ier”  and o f  Vundoni and Laudy13 give further 
support to the existence of a discrepancy (Fig.  
11.1) even though the lowest concentration 0 4  the 
vapor pressure measurements was - 8  M .  To help 
establ ish the ac t iv i t y  coeff icients of HNQ, more 

9 A .  Faure and ’N. Davis,  Jr., ORNL-3236 (Nov. 29, 

’OD. P. Evans, W. C. Davies,  and W. J. Jones, J .  

”F. Iiortmann and P. Kosenfeld, %. Phys ik .  Chem. 

12A. Potier, Ann.  Fac .  Sci. Univ. Toulouse Sci. Math. 

13M. R. Vondoni and M. Laudy, J .  Chim. Phys.  49, 

1961). 

Chem. Soc. 1930, 1310. 

164, 377 (1933). 

Sci. Phys.  20, 1-98 (1956). 

99 (1952). 

‘3. W. Codding, W. 0. Hous, Jr., and F. K. Heurnunn, 

5T. V. l i ea ly  and P. E. Brown, A E R E  C/R 1970 (June 

6D. K. Olander, L. Donadieu, and M. Benedict, 

‘N. R. Geary, UKAEA-8142 (August 1955). 
‘A. T. Gresky el al., ORNL-1367 (Dec. 17, 1952). 

Ind. Eng. Chem. 50, 145 (1958). 

6, 1956). 

A.1. Ch. E. J .  7, 152 (1961). 

Tab le  17.1. Values of Parameters of Eq. (1) 

( m o l e s  TBP/mole HNO,) 
____ ................ __ 

D i  luent * 1  u* 1 B 2  OB 2 
R 3  3 

..................... .- ____.. 

Arnsco 125-82 0.2295 0.0076 1.2470 0.0405 - 1.6497 0.0370 

0.0468 n-Hexane” 0.2767 0.0125 1.4544 0.0550 - 1.8788 

“The constants for n-hexane are based on the assumption that the molar valume of water in the organic phase i s  
zero; this assumption was made because water concentrations i n  the organic phases were not measured (see ref 6). 
The resulting bias o f  the constants i s  small ( s e e  ref 3). 
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Fig.  17.1. Nitric Acid Activity Coefficients. 

unambiguously, part ial  pressures o f  HNO, at 25.0T 
over i t s  aqueous solutions at concentrations down 
to - 2  AI were measured by  the transpiration tech- 
nique. Although the precision of these measure- 
ments becomes poor below -6  M, the data give 
further evidence that the Landolt-Sornstein table 
values o f  n i t r i c  acid ac t iv i t y  coeff icients are 
incorrectly low a t  concentrations above ” 2  A I .  
The combined vapor pressure data and the freezing 
point data o f  Hartmann and Rosenfeld are con- 
sistently correlated i f  the constant for the d is -  
sociat ion o f  n i t r i c  acid, given as HNO, 4 t i t  + 
NO,-, is, i n  molar units, and with the subscript u 
to emphasize reference to undissociated n i t r i c  
acid, 

- ... .. .. .- 

cs 63.016 p, 

where 1504 cj i s  the mass of 1 l i ter  o f  anhydrous 
ni t r ic  ac id  at 25°C and 63.016 i s  i t s  moleciilnr 
weight. 

Ac t iv i t y  coeff icients of n i t r i c  acid, obtainable 
from Fig. 17.1, are being used at concentrations 
up to 16 AI i n  studies of the distr ibution o f  n i t r i c  
acid and uranyl n i t rate between aqueous and TBP- 
Amsco 125-82 solutions. 

17.2 FOAM SEPARATlON 

Physical  Chemistry of Foams 

Measured surface tensions o f  aqueous solut ions 
containing the surfactant RWA-100, III sodium butyl-  
phenylphenolsdfonate, and varying quanti t ies of 
one o f  the ions Ht (lo-* to 1 M), Na’ (5 x lo-’ 
to  1 M ) ,  Ca2+ to lo-’  M ) ,  and Ce3+ (5 x lo-’, 
to 1.75 x lou2 M) a l l  can be described by the 
equation, ’ 

y = y 0 - 1.’ 7n RT In  ( 1  -1- a x ) ,  ( 6 )  

where yo and yare  the surface tensions,dynes/cm, 
of water and the solution, respectively; $,, i s  the 
satu rated (rnonomolecu I ar) surface concentration 
o f  surfactant-cation complex, moIes/cm2; R i s  the 
gas constant, 8.3144 x lo7 ergs mole-’  ( O K ) - ’ ;  ’ I ‘  
the absolute temperature, ‘K; x i s  the bulk phase 
concentration of the surfactant-cation complex, 
moles/cm3; and CL i s  a constant, cin3//n101e, that 
i s  descript ive o f  the tendency of the surfactant- 
cation complex to concentrate at the surface. 
Values of a were within f10% of  1.4 x lo6 
cm3/mole for a l l  cations, indicating that for Q 

constant bulk phase Concentration o f  the undis- 
sociated surfactant-cation complex, the surface 

The molar stoichiometric ac t i v i t y  coefficient, y ,  
i s  related to the part ial  pressures p and p,  of  

14Chern. Techno/. Diu. Ann. Progr .  R e p t .  May 31, 
1961, ORNL-3153. 



193 

ac t iv i t y  i s  independent o f  the nature of the cation. 
However, because the surfactant-cation complex 
dissociates to varying degrees i n  the solution, 
the concentration of the undissociated surfactant- 
cation complex i s  strongly dependent on the total 
cation concentration, cation valence, and pH. 
Changes i n  these variables therefore result in 
separation o f  cations from each other wi th the 
same surfuciant. 

The quantity Tm was determined for sodium 
dodecylbenzene sulfonate by both surface: tension 
measurements and by single-stage total-recycle 
foam-column separation measurements. The ugree- 
ment between the values, 3.2 x lo-’’ moles/cm2 
i n  both cases, adds strong support to the previ-  
ously proposed use14 of the Gibbs-Langmuir equa- 
t ions i n  correlat ing foam separation results. 

Surfactant Screening Teats 

The p r 0 g r a m ’ ~ 3 ~ ~  to screen a representative 
sample, 107 i n  number, o f  commercially avai lable 
surfactants was essent ia l ly  completed. From these 
tests the fol lowing materials were selected for 
more intensive study for appl icat ion to speci f ic  
problems, such as low-act iv i ty waste decontamina- 
tion: Aerosol os, sodium dodecylbenzene sulfo- 
nate, lgepon T43, lgepon TC-42, RWA-100, Sipon 
LT-6, Tergi to l  7, and Veripon 4C. Sodium dodecyl- 
benzene sulfonate gave the highest distr ibution co- 
eff icient, ~ ’ / x =  5 x  (moles/cm2)/(mo~es/crn3), 
for strontium of any observed to date. In terms of 
a 50 A bubble f i lm thickness, 7, the quanti ty 
r/(,Tx), which i s  similar i n  meaning to  the d is t r i -  
bution coeff ic ient  of solvent extraction, i s  io5.  

Various chemical factors, such as Not and Ca2+ 
concentrations and pH, changed the ef f ic iency of 
separating cs or sr2+ from solutions. Calcium 
interference (Fig. 17.2) i s  important i n  the foam 
decontamination of low-act iv i ty wastes from 
strontium since the strontium distr ibution coeff i -  
cient starts to decrease when the Ca2+ cancen- 
trat ion exceeds % h!, even w i th  the better 
surfactants. Generally, the pH effect i s  not too 
important since the strontium distr ibut ion coef- 
f i c ien t  remains high with one or more of the sur- 
factants i n  the range pH = 2-12 (Fig. 17.3). 

+ 

15J. J. Weinstock et al., Radiation Applications, Inc., 
Foam Separation,” RAI-100 (ac t .  1, 1961). I ,  
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Countarcusrent Foam Column Parameters  

The decontamination factor, volume reduction, 
volumetric throughput rate, and distr ibution coef- 
f ic ient  are some o f  the more important variables 
o f  countercurrent foam column operation. To es- 
tablish some of  the relat ions between these 
paraineters, c1 series o f  experiments was performed 
i n  which foam density and l inear foam veloci ty 
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were varied. It was found that the height o f  o 
theoretical transfer un i t  for removal of strontium 
tracer i n  2- or 6-in.-diam columns was only  1-2 cm 
when the feed consisted of  ORNL tap water 
(simulated low-activi ty- level waste) that had been 
made basic to pH = 11.8 by the addition of lo-’ 

NaOH and whose calcium concentration had 
thereby been reduced from -27 to 3.3 ppm. With 
such a low theoretical transfer un i t  value, the 
foam height needed to obtain good decontamination 
was only  about 1 ft. No efforts have yet been 
made to maximize solution throughput rates; how- 
ever, values o f  1.65 gal min- ’  f t -3 o f  foam were 
obtained. 

Ap pli  cati an s 

Two o f  the potential appl icat ions o f  foam separa- 
t ion studied during the past year were removal of 
cesium from 6 ,h! NaNO, solutions (such as evap- 
orated neutralized Purex waste solution, IWW) and 
deco n t a in i n a t i on of 0 R N L I ow-a c t i vi t y - I eve I w a s te  I 
In the f i rs t  application copper ferrocyanide was 
added to 6 ,hf NaN03  solution to  form the insoluble 
cesium copper ferrocyanide, which was removed, 
with gelat in as the surfactant, by a combination 
of foaming and flotation. In a nonaptimum batch 
experiment, 96% of the tracer cesium was recovered 
with a volume reduction ,300 and a cesium radio- 
act iv i ty  distr ibution coeff icient of 3 x lo5 (counts 
per g o f  solid)/(counts per m l  of  solution). 

Studies o f  the decontamination o f  ORNL low- 
act iv i ty  waste were directed primari l y  toward 
removal o f  strontium since Sr90 i s  the most dele- 
terious component o f  th is  waste. Further, since 
calcium interferes wi th  strontium removal ( Fig. 
17.3), a head-end precipitator was bui l t  to remove 
t h i s  cation as CaCO, and magnesium as Mg(OH), 
(Fig. 17.4). By adding 5 x M each of NaOH 
and Na,CO, to simulated ORNL low-act iv i ty  
waste, an equi I ibrium strontium decontamination 
factor of 10’ and 97.5% calcium removal were 

achieved. The distr ibution coefficient, K ,  , for 
strontium between so l id  and solution WQS 1.4 Y lo6 
(counts per g o f  solid)/(counts per ml of solution). 
Operation o f  o continuous precipitator without 
f i l t ra t ion and with upflow agitation o f  the sludge 
produced a clear solution having only - 2  ppm total 
hardness as COCO,, with a strontium DF of - 150. 
Cesium decontamination factors o f  10-40 were 
achieved by adding grundite clay to the precipi- 
tator i n  quantit ies of -0.5 Ib per 1000 gal. With 
sodium dodecylbenzene sulfonate as the surfactant, 
a solution similar to that produced from the pre- 
cipitator (Fig. 17.3) was decontaminated from 
strontium by factors UP to 5000 i n  a 6- in .d iam 
countercurrent foam t o  lumn . Volume reductions, 
which were not optimized, ranged from 25 to 1000. 
Further tests showed that the resulting foam con- 
densate can be evaporated to dryness (volume 
reduction > lo3) b y  the addition of a few pprn o f  
si l icone anti foaming agent. 

UNCLASSIFIED 
ORNL-LR - 0 W G  71507 

CONCENTRATE 

i--- 

FEED --r3 
f NoOH,  No2C03  

G A S  y 
Fig. 17.4. Proposed Flowsheet for ORNL Low- 

Act ivi ty-Level  Waste Decontamination. 
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18. Equipm nt Decontamination 

Detai I s  of  decontamination research are given 
A in  the Gas Cooled Reactor quarterly reports.’ 

topical report i s  in  press. 2 

Thirteen stainless steel samples o f  heliurn-ond- 
air gas loop piping from Brookhaven were decon- 
taminated by spraying them wi th  0.4 M ammonium 
oxalate-0.1 M amrnonium citrate-0.35 M hydrogen 
peroxide at  pH 4.0, In 2 hr at 95OC, the gross y 
decontamination factor from irradiated UO,, S r S 9 ,  
Y9 ’, Zr95-Nb95, Rulo6,  5a140-La140,  and Ce ’44  
averaged about 210. 

18.2 ~ ~ ~ ~ ~ A ~ I O ~  OF EGCR 
TAMINATION, 1131 AND ~ 1 3 7 ~  

Carrier-free was vo lat i l ized i n  750OC helium 
from iodide residues after f i rs t  drying the iodide 
mixed wi th  H,02. In  a second method, was 
l iberated by heating neutron-irradiated tellurium. 
The helium was then passed over steels and alumi- 
num a t  lower temperatures. The best decontamin- 
ant for the steels was boil i i ig’29% NaBH (D.F. 
-.,lo3 i n  20 min). Oxalate-peroxide at  95°C decon- 
taminated the aluminum to background level in  1 
hr, but was no tas  effect ive as NaQH on the steels. 

’ G C R  Quart .  Progr. Rept. Dec. 31, 1961, ORNL-3254. 

2A. B. Meservey, necontunzination S tudies  /or Appl i -  
cation to the  Experinienial Gas-Cooled Reactor:  A 
Status Report ,  ORNL-3308 ( in p r e s s ) .  

’M. F. Osborne,  J. A. Conlin, and A. R. Meservey, 
F i s s i o n  Product Deposi t ion and Decontamination o/ 
o/ R,VL Gas-Cooled I.oop, CF-51-7-49 (July 20, 1961). 

4P. S. Lawson, Decontamination S tudies ,  ORNL TM- 
5 (Sept. 20, 1961). 

Carrier-free Cs13’ was similarly vo lat i l ized in 
helium by melt ing calcium metal wi th  C5.l3’ chlo- 
ride. Decontamination o f  metals contaminated i n  
the gas phasewas about 1 x l o 3  i n  20 niin a t  95°C 
wi th  oxalate-peroxide solution. 

Corrosion of carbon steel by 0.4 M ammonium 
oxalate solut ions at pH 4.0 and 95°C was increased 
by hydrogen peroxide i n  concentrations up to  about 
0.1 M, but the steel wa5 passivated at  higher 
peroxide concentrations. Studies of the passiva- 
t ion phenomenon resulted in  the development of 
mi ld ly  ac id ic  and h igh ly  effect ive decontaminating 
solutions containing oxalate, sulfate, phosphate, 
citrate, and fluoride ions, which corroded carbon 
steel at  0.01 mil/hr or less at  9 5 O C .  The gradual 
oxidation o f  oxalate when mixed with hydrogen 
peroxide, catalyzed by ferr ic ions i n  solution, 
raised the pH continuously, keeping the solutions 
i n  the range of passivity. A typical decontami- 
nating solution of th is  type, w i th  a useful l i fet ime 
of at least 12 hr a t  95OC in  contact wi th  carbon 
steel, was 0.40 M ammonium oxalate-0.16 M 
ammonium citrate-0.34 hf hydrogen peroxide at  a 
pH of 4.0, At lower temperatures, carbon steel 
remained passive at lower pH’s, but decontami- 
nation W Q S  less effective. Another appl icat ion o f  
the pass iv i ty  phenomenon was the use of solutions 
which when rubbed a t  room temperature onto mild 

5A. R. Meservey, Corrosion Inhibi t ion b y  Hydrogen 
Peroxide i n  Decontamination Solutions. ORNL TM-120 
(Jan. 23, 1962). A l s o  presented at the American Chemi- 
cal  Society, 141 st  National Meeting, Washington, D.C., 
ktar.27, 1962. 

6 A ,  0. Meservey, chap. 5-1 in Progress  zn Nuclear 
Energy, ser I V ,  vol 4, Pergamon, NEW York, 1961. 
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steel wi th a sponge were s l igh t ly  corrosive, but 
to which the steel became passive when rubbing 
ceased. A solut ion of th is  type was 0.4 rl.2 ammo- 
nium oxalate-0.2 M ammonium acetate-0.7 iM 

H20, a t  pH 2.0. 
Acetate vapors corroded carbon steel i n  the gas 

phase when acetate was used as a buffer i n  oxalate- 
peroxide solutions, but when the steel was wet 
intermittently by the solution, such as by spraying, 
the metal surface was not corroded, 

Neither stress corrosion cracking nor crevice 
corrosion was observed on m i ld  steel coupons 
after as much as 36 hr a t  95OC i n  an oxalate- 
peroxide-citrate formula. Fluor ide complexed w i th  
aluminum was permissible i n  acidic formulas for 
carbon steel when the peroxide concentration was 
above 0.4 M to provide passivity. Fluoride i n  
oxa late-peroxide solut ions 
nurn, but the corrosivity 

was corrosive to alumi- 
was decreased through 

the addition of uluminum ni f rate to complex the 
fluoride, 

18.4 DECONTAMINATION FROM PLUTO- 
NIUM AND AMERICIUM 

When type 347 stainless steel samples, from a 
Thorex process ce l l  contaminated w i th  tenacious 
plutonium, were treated 30 min a t  9OoC i n  acidic 
fluorides, corrosion-inhibited w i th  hydrogen per- 
oxide, decontamination factors were 1000 to 3000. 
Solutions were 0.1 M NaF i n  1 iM HNO,; 0.4 M 
oxal ic acid, or 0.3 M H,SO,, a l l  containing 1 M 
H,O,. Other stainless steel coupons contaminated 
with nonsmearable americium were decontaminated 
in 20 min a t  95OC by factors of 23 to 635 by various 
acidic reagents, Fluor ide aided the decontami- 
nation from americium also. 

19. Radiation Damage to Ion Exchange 

Individual samples of tapped 8, 12, 16, and 20% 
cross-linked Dowex 50W cation exchange resin 
decreased i n  volume 8.7, 6.0, 0.7, and 0.740, re- 
spectively, after an irradiat ion of 0.75 x l o 9  r 
("2 whr per g of dry resin) i n  a f lowing stream of 
water. Analyses (Table 19.1) of the exposed 
saiiiples indicated an average specif ic volume 
(mi of wet resin perg o f  oven-dried resin) increase 
of (14.15 t2.44)%, which part ia l ly  compensated 
for the 10-20% weight loss (oven-dried basis) 
caused by decomposifion and dissolut ion in the 
water. The radiation-induced swel l ing of resin 
part icles did not cause any apparent f issuring or 

fragmentation. Structual ly, a 2-4% polymer de- 
cross-l inking was indicated by a 10-136 increase 
i n  nioi sture content. 

The samples lost  40-50% of their strong acid 
capacity but gained 5% i n  weak acid capacity 
(Table 19.1). These resul ts dif fer from those of 
stat ic experiments, where, after a dose of the 
same order of magnitude, 12% cross-linked Dowex 
SOW maintained i t s  total capacity by a compensat- 

ing effect, i.e3, replacement of los t  strong-acid 
groups by  weak-acid groups. ' Analysis of Dowex 
50W X-12 resin used by the Isotopes D iv is ion  for 
promethium-147 recovery i n  an essential ly stat ic 
system indicated also that the total capacity was 
retained after a calculated beta-energy dose o f  
4.4-4-8 x lo9 r (12-13 whr per g o f  dry resin).' 

The concentration of sulfur i n  the exposed 
resin, as determined by t i t rat ion o f  strong acid 
capacity, was only 7 5 4 0 %  of  that found by actual 
resin analysis. Th is  suggests that only 75430% 
of the total sulfur remaining i n  the exposed resin 
wos present as the act ive sulfonate (t-ISO,-) group. 

Analyses of the col lected eff luents from each ex- 
posed resin bed indicate that degradation products 
included sulfate, sulfonate, and oxalate ions in  

'L. L. Smith and H. J. Groh, The Effect o/ Gamma 
Ratiation on Ion Exchange  Res ins ,  DP-549 (February 
1961). 

'Chern. Terhnol .  Diu. Ann. Progr.  Rep t .  Aug. 31, 
1960, ORNL-2993, sec 78.1. 



Table 19.3. Propert ies o f  Irradiated Dowex 50W Resin 

I r radiat ion f ie ld:  0.012 w per g o i d r y  resin. 

Pr ior  t o  use, resin samples treated w i t h  1 \ I  NaOH, C2H50H, and 1.4 21 HtuOg, w i th  

water ~ i r , s e s  between each two  reagents. 

Capacity' Sulfur Content 

Specif ic Wet Specific, 
-? 

Mo i s t ure 
Vo I ume W t  L o s s  Voi  Rario, Content i otai Specif ic Specific, Strong 

/m i  wet  res in \  Loss Totalb Strong Ana lys i s  G(-S)' l (%) Exposed/Originai (wi 
\ g dry res in  / (% (rneq/g: Ac idb Equiv. 

(meq/g) (w t  %) 

Crass L inkage Materia! 

(w t  %) i 

-~ 
X-8 Orig i na I 2.506 50.3 4.80 4.80 15.4 15.4 

(20-53 mesh) ~~~~~~d 2.565 20.1 0.9: 3 54.7 45.2 3.42 3.18 10.2 13.7 '1.0 
0.76 10% 

x-12 Or i g  i no I 2.208 44.5 4.85 4.85 15.5 14.9 

Exposed 2.538 '18.2 0.940 49.2 43.3 3.53 3.38 10.8 13.5 1.1 (20-50 mesh! 

0.77 x IO-' r 

X-16 Origina I 2.119 42.7 4.8 1 4.8 7 15.4 15.5 

(20-50 mesh! Exposed 2.347 13.3 0.993 46.0 35.1 3.69 3.47 11.1 '14.5 1.2 
0.75 x r 

x-20 Original 1.786 35.6 4.59 4.59 14.7 14.2 

(20-150 mesh) Exposed 2.583 14.9 0.993 41.8 36.7 3.41 3.27 10.5 12.9 1.6 
0.77  IO-^ 

'Determined by  titration. 

b ~ r y  basis. 
'Sulfur atoms l o s t  per 100 w o f  energy absorbed. 



198 

the ac id  form. Sulfur determinations on the exposed 
resin sampler gave Q G(-S) value of 1.0-1.2 atoms 
5 per 100 ev of energy absorbed. A G(-S) of about 
0.5 was calculated from analyses of degradation 
products sorbed ofi the anion exchange resin 
columns. Expressed in terms of I-i2SO4 specif ic 
c o n d ~ c t a n c e , ~  these G(-S) values, which are rneas- 
uras of the loss  of ac t i vc  sulfonate groups froin 
the resin matrix, correspond to 50-100 umho/cm. 
This i s  only ?0-25% of the maximum specif ic con- 
ductance to be accounted for i n  the resin column 
eff luent (Fig. 19.1). Thus organic radiat ion de- 
gsada&m praducts of the resin polymer appear to 
contribute the major amount o f  acidity. 

I n  other experiments, 80 wt % of o sample of 8 4  
cross-linked Dowex 50yY dissolved in  the water 
stream, and i t  las t  95% of i t s  total capacity after 
an exposure of 3.9 x l o 9  r (13.8 whr per g of dry 
resin). Arnberlite 200, a porous resin considered 
to be >20% cross-linked, after CI dose of 0.97 x 
l o 9  r (2.6 whr per g of dry resin) showed an 8% 
increase in  moisture, 20% in surface area, and 25% 
i n  median pore diameter. The 15% mass loss and 
44% total  capacity loss showed by th is  resin may 
be compared with the 18.2% iiinss l oss  and 43% 
total capacity loss of the nonpnrous DQWeX 50W, 
1%"" cross-linked, resin (Table 19.1). 

The experiments were made by  circulat ing dernin- 
ernl ized water (< 1 w m h d c m )  through f ixed beds of 
the resin expased to a 10,000-curie cobalt-60 
source.4 The resin column eff luent solution was 
passed through a series of ce l l s  that continuously 

monitored the solut ion pH and electr ical conduc- 
t i v i t y  and a strong base onion exchange resin 
column that concentrated the sorbable products 
from cation resin degradation. 
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'M. Hlosko and A. Salitowno, "Measurement of  the 
Eiccfrol vt ic  Conductivitv of Extremelv Di lute Solutions." 
Bull .  in;er,i. acad. polan. sci.. Classe  sci. math. nut., 
1935A, 189 (1935). 

4Che,n. Technol. Diu. Ann. Progr .  R e p t .  May 31, 
1961, ORNL-3153, sec 19.1. 

Fig.  19.1. Voriotion of Specific Conductance of 
Aqueous Solution Effluent from Dowex 5QW Resins, H t  
Farm. Crosslinkoge as  indicated. Data points are 

plotted for 12%-crosslinked resin to indicate experi- 

mental uncertainty. 
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20. Fuel Shipping Stwdies 

The AEC i s  attempting to  develop practical 
cr i ter ia to govern the shipment of h ighly radio- 
act ive materials, such as spent fuel elements. As  
part of the ORNL Reactor Evaluation Program, 
studies were made on damage ( to protype casks) 
result ing f rom impact loading and on the dissipa- 
t ian o f  self-generated heat from fuel in  casks. 

EL CARRIER DR 

In order to  provide some guarantee that reactor 
fuel casks have a high degree o f  integri ty to high- 
impact loading that could resul t  in  a transportation 
accident, die AEC specif ies ( i n  proposed fuel 
shipping regulat ion CFW T i t l e  10, Par t  72) that a 
cask must maintain i t s  shielding integri ty after a 
15-ft free fa l l  onto a so l id  unyielding obiect. Since 
most fuel shipping casks are composite structures 
and data on possible cask damage cannot be cal- 
culated with any degree of certainty, data are being 
obtained experimentally on inexpensive scale 
models which should permit scaleup to actual cask 
sizes. 

Eight model casks of three designs have been 
bu i l t  and are being drop tested. All have an inner 
and outer steel shel l  and a lead-f i l led annulus. 
F ive  casks are 36 in. long, 18 in. OD, 10 in. ID, 
and weigh 2725 Ib; two are 60 in. long, 30 in. OD, 
18 in. ID, and weigh -11,760 Ib; and one i s  35 
in. long, 31 in. OD, 27 in. ID, and weighs “3750 
Ib. 

In preliminary tes ts ’  two of the smallest casks 
were coated w i th  a b r i t t le  lacquer (Stresscote) nnd 
dropped i n  a horizontal att i tude from heights of 
from 6 in. to 4 ft. Cracks i n  the lacquer appeared 
where the strain i n  the steel shel ls exceeded 
0.012 in./in. (Fig. 20.1). The maximum strain 
l ines were perpendicular to h e  observed cracks, 

In subsequent tes ts ’  of the f i rs t  series the casks 
were instrumented (Fig.  29.2). Compressometers 
indicated the maximum deflect ion in  the cavity a t  
impact, and aecrlerorneters measured the decelera- 

’Made a t  the Univers i ty  of T e n n e s s e e  under a sub- 
contract. 

t ion of the point on the cask to  which they were 
attached. Inert ia switches were preset to function 
under a certain shock load and were used to  check 
the information obtained from the accelerometers. 
The strain gages were posit ioned to measure the 
strain at a point of interest. 

The second series of tests’ was made by dropping 
the casks in a horizontal at t i tude from heights of 
from 6 to 16 f t  (Table 20.1). Strain gages and com- 
pressometers (Fig. 20.3) were located simi lar ly to  
those in  the f i r s t  series. 

The casks have also been dropped w i th  tlinaxes 
vert ical and a t  an angle, but the data have no t  yet 
been analyzed. After the largest casks have been 
dropped, the data w i l l  be correlated with the data 
obtained from dropping the smallest casks to indi- 
cate whether the data from model test ing can be 
satisfactori ly scaled up and help i s  sett ing some 
of the important parameters in  cask design. 

Data 
f iss ion 
during 
heated 
s tud i ed 
heated 

20.2 HEAT TRA 

on the probable temperature r ise due to 
product decay heat i n  spent fuel elements 
shipping was obtained with electr ical ly 
fuel rods. The simulated fuel bundles 
contained from 4 to 64 tubes and were 

in  a i r - f i l l ed  casks 24 in. long and either 
12 or 16 in. ID. By assuming t h a t  the bulk of the 
heat i s  transferred by radiation, i t  was generally 
possible to  predict the temperatures of the center 
pins wi th in 20°C (at  temperatures between 200 
and 300°C). In  order to  be able to  predict the 
temperature distr ibution wi th in the bundle accurate 
values were obtained of the configuration (or shape) 
factors for radiant heat transfer between various 
tubes in square arrays, but a semiempirical method 
was used PO obtain the overal l  gray-body radiation 
factors from these configurations. The calculnt ion 
of the predicted temperature distr ibution i n  the 
array was coded for use on an IBM 7090 computer. 

2Made a t  O R N L .  
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LNCI ASSIFIED 
Pt:OTO 5h907 . 

Fig.  20.1. Crock Pottern, on the Line of Impact, in Lacquer Coating on 2725-lb Cask Dropped from a Height  of 

4 f t .  
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Fig. 20.2. Schematic Arrangement of Cask Drop Tesf  

Equipment and Instrumentation. 
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SECTION A-A EL EVAT I 0 N 

Fig. 20.3. Locat ion of Strain Cages and Cornpres- 

sameter Used in 6 -  and 8-ft Drop Tes ts  of 2725-lb 
Cask. 

Table 20.1, Strain und Def lect ion a t  Various Pos i t i ons  an the 2725-113 Cosk Dropped from 6 and 8 f t  

I ... 
Def lec t i on  Measured by Cornpressorneters 

Nos. 1-6 (in.) Drop Strain Measured b y  Goges Nos. 1-10 (uin./in.) 
.... ~ ~ ~ _ _ _ _ _ _  ........... .......... 

No. Height  ( f t )  1 2 3 6 7 8 9 1 0  1 2 3 4 5 6 
......... .......... ........ ......... ..... - .......... 

Maximum 

1 6 140 2050 370 760 940 800 1600 0.161 0.126 0.132 0.118 0.105 0.047 

2 6 280 2075 330 2280 490 640 1090 

3 7.85 600 3000 1040 2900 2350 1040 940 660 0.130 0.158 0.173 0.160 0.123 0.104 

Permanent 

1 6 50 720 370 760 565 490 1350 0.050 0.061 0.099 0.073 0.062 0.011 

2 6 410 200 560 280 320 820 

3 7.85 140 1040 780 840 2020 440 520 90 0.053 0.058 0.059 0.059 0.047 0.029 

Note: Accelerometer readings i n  tes ts  1, 2, and 3 were 1100, 470, and 1475g. respectively. I t  i s  in terest ing to  

note the consis tency of s t ra in  gages 2 and 6 wh ich  were placed opposi te  each other i n  the cask cavity. 
n 
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21. Gas-Cooled Reactor Coolant Purificatism 

Anticipated contaminants of the helium coolant 
i n  gas-cooled reactors are nonradioactive gases 
such as H,, CO, CO,, H,O, and hydrocarbons; 
radioactive gases such as Xe and Kr; and par- 
ticulates. These contaminants are to be main- 
tained a t  low levels by continuous purif icat ion of 
a t  least  a portion of the coolant. 

21.1 REMOVAL OF NONRADIOACTIVE 
CONTAMINANTS 

The proposed method of removing nonradioactive 
gaseous contaminants i s  oxidation of a l l  oxidiz-  
able contaminants (H,, CQ, and hydrocarbons) to 
H 2 0  and CO, and removal o f  the H,Q and CO, 
by sorption. Oxidation of the contaminants by 
oxygen i n  c1 fixed-bed catalyst  and by a f ixed bed 
of CUQ and cosorption of H20 and CO, by f ixed 
beds of tiiolecular sieves were investigated. 

Kinet ics of the Catalyzed Oxidation of Id2, 
co, and CH, 

A kinet ic study was niade of the catalyzed m i -  
dation of H,, CO, and CH, by 0, in a flowing 
stream of hel ium passing through a f ixed bed of 
American Metals Products Ni-Cr-Pd ribbon cata- 
lyst. The catalyst, which i s  the type to be used 
by the EGCR,’ was evaluated for a range of 
operating parameters which should cover EGCR 
operation. 

Empir ical correlations suitable for design pur- 
poses were determined for the effects of tempera- 
tures of 40O-60O0C, of total  gas mass flow rates 
of 0.083 t o  1.0 g-moles cm-’ min-I,  and con- 

...... 

‘C, D. Scott, Evaluat ion  of the EGCR Catalyt ic  Oxi- 
d i zer  for Oxidrction of Hydrogen, Carbon Monoxide. and 
Methane, OHNL TM-61 (1961). 

tamination levels of -8.5 to  2.0 vol %. The 
design equations developed were: 

for hydrogen, 

for methane, 

where 

V , ,  V , ,  vCH = volume, C C ,  of catalyst  i n  re- 
actor necessary for reaction of 
H,, CO, and CH,, 

F = gas feed rate, cc/min, 

= inlet mole fraction of H,, Y H o ‘ ~ c o ~ ~ c H o ~ ~ o ,  
CO, CH,, and O,, 

y H f , y C  , y C H  , y o /  = eff luent mole fraction of 
H,, CO, CH,, and O,, 

G = moss f low rate, g-moles cm-’ 

f f  

min-’, 

T = temperature, O K ,  

R = gas constant, 1.99 cal  ( O K ) - ’  

g-mole- ’. 
The oxidation preference i n  the catalyt ic bed 

was hydrogen f irst,  carbon monoxide second, and 
methane last. When simultaneous oxidation of two 
or more contaminants i s  contemplated, necessary 
reactor volumes are addit ive for the contaminants, 
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and the oxygen mole fract ion to be used i s  the 
total  unused oxygen in  the gas stream. 

Oxidation of ti,, CO, and CN, by Fixed Beds 
of CuO Pel lets 

A kinet ic study on the oxidation of H CO, and 

of nominal 1/-in.-diam right-circular cyl inders of 
CuO WQS made with the fo l lowing ranges of oper- 
at ing conditions: 

CH, from a f lowing stream of He by 2: f ixed beds 

Temperature 400-600°6 

Pressure  10.2-30.0 atm 

Gas mass f low r i t e  

Cantaminant concen- 0.0008-1.21 v o l  % 

0.0058-0.850 g cm-, sec-’ 

tration 

The reaction mechanisms of each reaction were 
determined, and dif ferential equations were de- 
veloped to describe the gas-phase contaminant 
concentration i n  the f i xed  bed as a function of 
t ime and bed height. Mass transfer of the H, or 
CQ f r o m  the bulk gas stream to  the CuO reaction 
s i te i s  the rate-controlling mechanism for the H, 
and CO oxidation. The rate of CH, reaction was 
control led by the amount of avai lable Cu-CuO 
reaction surface in  the indiv idual  CuO part icles. 

The mathematical model for each type of reac- 
t ion  may be described by dif ferential equations, 
which must be solved simultaneously for a solut ion 
o f  the contaminunt concentration as a function of 
t ime and bed position. For the H, and CQ reac- 
tions:‘ 

D. Scott, T h e  Ra te  of Reac t ion  of H y d ~ o g e n  from 
Hydrogen-Helium Streams w i t h  Fired B e d s  of Copper  
Oxtde .  ORNL-3292 (19152)~ 

For the CH, reaction: 

where 

C = gas-phase contaminant concentration, g- 
mo I e s/cc, 

t = reaction time, sec, 

z = bed height measured from gas i n le t  point, 

cm, 

u = interst i t ia l  gas velocity, cm/sec, 

E = external bed porosity, void volume per total 

n = molecular density of c u  i n  pe l le t  per un i t  

volume, 

vol of bed, g-rnoles/cc, 

k = mass transfer coeff ic ient  across external 
gas film, cm/sec, 

and CuO pel lets, cm ’/cm 3, 
a = effect ive mass transfer area between f lu id 

re : radius of equivalent CuO pe l le t  sphere, cm, 

ri = radius o f  Cu-CvO reaction interface i n  the 
pellet, cm, 

a = effect ive internal pe l le t  porosity, rat io o f  
ef fect ive internal void volume to  total  pel let  
volume, dimension less, 

D = molecular d i f fus iv i t y  of H, or CO in  gas 
phase, c m  '/set, 

7 -  specif ic average CuO pel let  density, pel- 
Iets/cm3, 

b = in i t ia l  CuO density i n  pellet, g-moles/cc, 

k’ = reaction rate constant for CH, reaction, 

K = constant dependent on physical  properties 
o f  CuO pellets. 

The above sets of equations were solved by 
f in i te  difference methods on a high-speed digi ta l  
computer, From the solutions the gas-phase con- 
centration, of any contaminant i n  the eff luent o f  

3Md E. Whatley, e t  al.,  Unit O p e ~ a t i o n s  Sec t ion  
Monthly Progress  Report,  Oc tober  1961, ORNL TM-121 
(1 962). 
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a f ixed bed o f  CuO through which contaminated 
He was flowing, could be predicted. 

Cosorption of H,O and CO, from F lowing  Streams 
of Helium by Fixed Beds of Molecular Sieves 

A series of k inet ic tests was made on the sorp- 
t ion of H,O and CO,, indiv idual ly and together, 
from f lowing streams of hel ium by f ixed beds of 
L inde type 5-A molecular sieves. Operating con- 
di t ions were 25-30°C, 10.2-30.0 atm, gas mass 
f low rates of 0.0058-0.017 g cm-2 sec- l ,  and 
contaminant concentration -0.01 to 0.2 vo l  %. 

Results have not been ful ly evaluated; however, 
molecular sieves can remove H 2 0  and CO, down 
to a level <10 pprn and, in  cosorption, the H,O 
tends to displace sorbed CO,. 

21.2 MEASUREMENT OF PARTICULATE SIZE 
DISTRIBUTION AND CONCENTRATION 

BY LIGHT SCATTERING 

An experimental investigation was started on the 
measurement of part iculate s ize distr ibution and 
concentration i n  gas streams by a l ight-scattering 
technique, that is, measurement of the frequency 
and intensity of l ight  ref lected from a 90" source 
by the individual part icles i n  a gas stream. An 
experimental device consist ing of a l i gh t  source, 
necessary optics, and l ight  detector was designed 
and built, and instrumentation i s  i n  progress. The 
in i t ia l  phase of the experimental progrum w i l l  be 
directed toward generation of a gas stream con- 
taminated with known part iculate concentration 
and size distr ibution to  be used as  a standard for 
the light-scattering device. 

22. Chemical Engineering Rese 

22.1 THERMAL DIFFUSION IN AQUEOUS 
SALT SOLUTIONS' 

,/ 

UNCLASSIFIED 
ORNL-LR-DWG 71510 

Work on thermal dif fusion in aqueous sa l t  solu- 
tions was completed with runs on a folded SO-ft- 
long Jury column. The column i s  assembled l i ke  
a sandwich consist ing of an upper and lower 
copper plate to conduct heat to and from the solu- 
tions, an upper and lower gasket about '/B in. th ick 
through which the folded channel i s  cut, and a 
central cellophane membrane which separates the 
hot- and cold-side l iquids (Fig. 22.1). It was 
necessary to  bond a O.OO4-in.-thick Tef lon coating 
to  the solution sides of the copper plates to 
el iminate the electr ical  path between the in le t  
and outlet. The concentration ce l l  between in let  
and outlet produced anomalous dif fusion results, 

Data from the most recent 50-ft-column run (Fig. 
22.2), although the column was not yet a t  steady 
state, show good concentration rat ios at the rela- 

COPPER PLATE 

0004- in TEFLON COATING 

I&-in GASKET AND CHANNEL 

CEl LOPHANE MEMBRANE 

LOW t i  GASKETAND CLlAN'ICL 

TEFl O N  

COPPER PLATE 

___._ Fig. 22.1. Components  of the 50-ft-long Thermal 
Diffusian Column Used for Studying Separation of Ions  'Work done by University of Tennessee under sub-  

contract.  in Aqueous Salt Solut ions .  
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UNCL P5SIFIED 
ORNl -1.R DWG 71541 

P 1100- r - 1 1  __ ~ 

z 0 4828M C U S 0 4  

c 
4 IN IT IAL  COMPOSITION a 

Q 1050 ~~ 

0 4802M CaSO, 

HOT S l C E  125°F 

J 

24 32 
k 0300 - 
w 0 8 16 

ELAPSE0 T l M r  ( d a y s )  

Fig. 22.2. Thermal-Diffusion Column Operation at 

Totol Reflux, 24.3 rnl/hr. Cold side 65”F, hot side 
125OF. Ini t ia l  solution composition 0.4828 M CuS04, 
0.4802 M C o S 0 4 .  

t i ve ly  high (for th is type of device) f low rate o f  
24.3 ml/hr. The reason for the i n i t i a l  d ip in  
concentration rat io i s  not known, but these minima 
occurred several weeks after startup in  runs made 
before the plates had been Tef lon coated. Ex- 
trapolat ion of the data from 1-ft-long column runs 
(Fig. 22.3) indicates that a 50-ft-long column w i l l  
have about 16 stages with th is f low rate. The 
theoretical HTU’s for a f low rate of 6 ml/hr are 
based on the slug-flow model. HTU’s calculated 
from the laminar-flaw mathematical model are about 
twice as large. The reason for the disagreement 
between the theoretical HTU’s and those observed 
experimentally i n  the 1-ft-long column i s  not ye t  
known, but could be due i n  some way to  the dis-  
tort ion of the f low prof i le by the v iscos i ty  gradient 
produced by the temperature distr ibution. The 
very large error in  the point for copper sulfate 
(2 ml/hr) i s  a ref lect ion of the error i n  est imating 
the point  of intersection of two very nearly paral lel 
l ines i n  the graphical computation of the point. 

22.2 HIGH-SPEED CONTACTOR 

The Mark I I  stacked clone contactor was re- 
ported2 to give a very high throughput but gen- 
eral ly low ef f ic iencies w i th  the system 0.08 i’d 
HN0,-benzoic acid-Amsco. It was surmised a t  
the t ime that backmixing of one or both phases 
was responsible for the poor eff iciencies. In  sub- 
sequent studies w i th  the 1 M NoN03-uranyl n i -  
tra te- 18.3% T BP- Am sco, e ff i c i  enc i es were even 
lower. Calculat ions on the IBM 7090 computer in 
conjunction w i th  tracer in ject ion tests on the 
contactor w i th  L iCl  showed that the degree of 
backmixing could not account for the low eff i-  
ciencies. The contactor produced a def in i te ly 
demarcated cyl indr ical  vortex consist ing of a very 
f ine aqueous-con t i nuous d i s per s i on surrounded by 
a relat ively clear aqueous region. Th is  suggested 
that although l iquid shear was adequate to form 
extremely f ine organic droplets, gross mixing was 
inadequate to give good approach to equilibrium; 
that is, aqueous bypassing was occurring. 

A hydroclone stage was designed incorporating 
a 0.5-in.-diam cyl indr ical  section (Fig. 22.4). 
Four d is t inc t  variat ions of th is general type with 
di f fer ing underflow geometries and dif fering transi- 
t ion sections between the 0.5-in.-diam cyl inder 
and the l.lj-in.-diam spin section were bu i l t  and 
tested for extract ion ef f ic iency in  conjunction wi th 
f ive variat ions of vortex finder arrangements. The 
best two operated a t  stage ef f ic iencies o f  40-75% 
and throughputs of 1200-2000 cc/min of both 
phases. The system was 1 hl NaN03-uranyl 
nitrate- 18.3% T BP-Am sco. 

2Chcm Techno!. Diu. Ann. Pro,+ Rept. Mrry 31, 
1961, ORNL-3153, p 1250 
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Fig .  223. HTU’s D e v e l o p e d  in o 1-ft-long Thermal Dif fus ion Column with A q u e o u s  Solut ions  o f  Cobolt  and 
The dotted  l ine  on the left s h o w s  t h e  error in the copper s u l f a t e  v a l u e  a t  o throughput of 2 ml/hr. Copper Sulfates.  

F i g .  22.4. Mark IV Stocked Clone  Contactor.  
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23. CANE Program 

The Chemical Applications o f  Nuclear Explo- 
sives (CANE) Program a t  ORNL included the 
fo l lowing areas of investigation: (1) part icipation 
i n  the Lawrence Radiation Laboratory radioisotope 
recovery experiment in the Project Gnome nuclear 
event at Carlsbad, New Mexico, on December 10, 
1961, by the inclusion of f ive ORNL-designed 
experiments; (2) a study of hypervelocity jet for- 
mation for target-materials and shock-chemistry 
tests i n  support work a t  Frankford Arsenal; and 
(3) laboratory chemical studies on tritium-hydrogen 
exchange reactions. 

23.1 PROJECT GNOME PARTICIPATION 

ORNL part icipation i n  the Lawrence Radiation 
Laboratory radioisotope recovery experiment of 
Pro ject  Gnome consisted of experiments on se- 
quenced gas sampling, hypervelocity iet, shock 
chemistry, and study of samples from the detona- 
t ion zone and samples of gas from the power 
measuring experiment. The purpose o f  these ex- 
periments was to obtain chemical data on radio- 
isotope production i n  contained nuclear detonations 
and on means for sampling and recovering radio- 
isotope products. 

In  the prompt sampling experiment, an LRL- 
designed f i l ter  sampler for part iculate matter and 
an integral gas sampler and the ORNL sequenced- 
gas-sampling equipment were located a t  the earth's 
surface direct ly above the nuclear device and con- 
nected to  the detonation chamber wi th  a 12-in. 
pipe evacuated to 50 p Hg absolute pressure. The 
seven chambers of the ORNL sampler were de- 
signed to  take samples over the fo l lowing post- 
shot times: 0 to 50 msec, 40 to  75 msec, 60 to 
90 msec, 75 to 150 msec, 150 msec to  1 sec, 1 

to 10 sec, and 0 to 10 sec. Small quantit ies of 
radioisotopes - H3, TI2O4, Po2'', ThZ3', U 2 3 3 ,  
P I J ~ ~ * ,  Am244, and Cm242 - were placed in  the 
nuclear detonation chamber. Six o f  the seven 
sample chambers operated successfully; however, 
the sampling pipe was broken approximately mid- 
way between the detonation chamber and the 
earth's surface before any signif icant quantity o f  
detonation products could pass through to  the 
LRL and ORNL sampling equipment. The se- 
quenced sampler i s  undamaged and uncontaminated 
and can be used for a radioisotope recovery ex- 
periment being considered for the next Plowshare 
experiment. 

In the relat ively crude hypervelocity jet experi- 
ment o f  Project Gnome, a l in ing of zinc amalgam 
was applied as a tracer inside the lower end of 
the vert ical pipe a t  the detonation chamber. No 
evidence was found that material was jetted to 
the f i l ter  sampler before the pipe parted. The 
sampling pipe was not prepared to produce a iet, 
but probably a jet of some type forms in  the pipe 
where the p ipe leaves the detonation chamber. 

Specimens from ORNL were included i n  the LRL 
experiment and were instal led i n  the sa l t  medium 
near the detonation chamber t o  determine the effect 
of nuclear shock on chemical reactions and metal- 
lurgical properties. The specimens include mix- 
tures of N, + H,, N, + 0,, and N, + C at  several 
thousand ps i  pressure and the metals aluminum 
and thorium. These specimens w i l l  be recovered 
in  the near future by mining. Samples for study 
of the detonation zone debris were obtained by 
core dr i l l i ng  and mining into the detonation zone 
and by sampling the steam withdrawn from the 
detonation zone i n  the power measuring experi- 
ment. They w i l l  be delivered to ORNL for further 
testing. 
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23.2 HYPERVELOCITY JET E X P E R I M E N T S ' ~ ~  

Uranium and uranium-coated copper cones, made 
a t  Y-12, were tested successful ly w i th  high ex- 
plosives. The uranium jets formed were jetted 
a t  speeds o f  10 to 100 km/sec. A t  100 f t  the 
diameter of the jet was less than 1 in. Therefore 
it appears feasible to produce satisfactory jets 
and control them without cumbersome and ex- 
pensive electr ical focusing devices. 

In  a chemical shock experiment w i th  high ex- 
plosives, sodium chloride specimens underwent 
about 0.1% decomposition when shocked to about 
2 megabars. 

23.3 TRITIUM-HYDROGEN EXCHANGE 

Chemical studies were made on tr i t ium exchange 
i n  the reaction H, + HTO -, HT + H,O and on the 
kinet ics and stoichiometry o f  the hydrogen reduc- 
t ion of calcium sulfate and of magnesium sulfate. 
Tr i t ium exchange was catalyzed a t  600°C by a 
number of oxygenated salts that occur i n  natural 
sa l t  formations. Calcium sulfate, which i s  the 
most abundant impurity, was the best catalyst. 
Sodium chloride did not catalyze the exchange. 
Exchange was not necessari ly optimized but 
values as high as 53 and 93% of stat ist ical  ex- 
change were achieved with pure CaSO, and 
Drier i te i n  deep bed tests. Even under dif fusion- 
control led conditions, where reactant gases were 
passed over layers of f ine  CaSO, powder, ex- 
change percentages were 28% of stat ist ical  ex- 
change. In  high-temperature studies of the ex- 
change i n  a plasma jet a t  10,000-12,000"K, wi th 
D, as a stand-in for T,, exchange was very rapid. 
For 40-msec residence t ime and a D,/H,O rat io 
o f  l O / l ,  82% of  the water-hydrogen exchanged with 
deuterium. The results of a l l  exchange experi- 
ments suggest that tr i t ium produced by a contained 
nuclear explosion w i l l  be los t  to environmental 
water. 

- 

'Made at Frankford Arsenal, Philadelphia. 
,Chem. Technol. Diu. Ann. P r o p  R e p t .  M a y  31. 

1961. ORNL-3153, p 131. 

The reductions of calcium sulfate and of mag- 
nesium sulfate were found to involve the fol lowing 
reactions: 

MeSO, + H, + MeSO, + H,O , (1) 

(2 )  

(3) 

(4) 

(5) 

(6) 

(7) 

MeSO, -+ Me0 + SO, , 

4Me0 + 2S, -+ 3MeS + MeSO, , 

4Me0 + 4S0, --+ MeS + 3MeS0, , 

MeS + H ,O + Me0 + H ,S , 

7H, + 350, + 6t1,O + H,S + S, , 

MeS + 250, + MeSO, + S, , 

where Me = Ca or Mg. 

The reductions were studied over temperature 
ranges where the rates were easi ly measurable. 
Magnesium sulfate was studied a t  temperatures of 
734 and 784"C, and calcium sulfate was studied 
a t  885 and 915°C. The f inal  products for MgSO, 
reductions were MgO, SO H,S, H,O, and S,. MgS 

2.' was detected i n  the sol id residue to the extent 
of 11 ppm, which i s  negligible. At  734OC, the 
mole percentages of the original sulfate converted 
to H,S, SO,, and S were 43.4, 31.4, and 25.2, 
respectively, whereas a t  784°C the values were 
14.7, 44.4, and 40.4. The consumption of H, per 
mole o f  MgSO, was 2.8 moles a t  734°C and 2.3 
moles a t  784°C. The f inal  products of CaSO, 
reductions are Cas, COO, SO,, H,S, H,O, and S. 
The products COO, SO,, H,S, and S are formed 
only i n  small amounts a t  885°C; the mole percent- 
ages of the original sulfate converted t o  COO, SO,, 
H,S, and S were 6, 1.9, 2.0, and 1.0, respectively. 
Measured hydrogen consumption per mole o f  CaSO, 
was 3.9-4.0 a t  885 and 915°C. 

The reductions of f ixed beds o f  MgSO, and of 
CaSO, w i th  hydrogen were autocatalytic. The 
reduction rate was maximum when approximately 
ha l f  of the original sulfate was reduced. An 
apparent act ivat ion energy of 18 kcal/mole was 
calculated for the reduction of MgSO, when the 
variat ion i n  the maximum observed reduction rate 
wi th temperature was used for the calculations. 
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. Assistance Programs 

24.1 AHBR AND MSCR PROCESSING PLANT 
STUDIES 

At  t h e  request of the Reactor Division, several 
conceptual plant studies and estimates were made 
for on-site fuel processing and reconsti tut ion 
fac i l i t i es  for the AHBR (Aqueous Homogeneous 
Breeder Reactor) and the MSCR (Molten Salt Con- 
verter Reactor), both of which are based on o 
Th- lJ233 fuel cycle. The proposed power output of 
each reactor i s  1000 Mw,. Conceptual designs 
and cost estimates for both reactors were prepared 
by the Reactor D iv is ion  and Sargent and Lundy. 
The Chemical Technology D iv is ion  provided 
suff ic ient  supplementary data to obtain total  fuel 
cyc le  costs for both reactors. For each reactor two 
irradiat ion t ime cycles were evaluated, and, for 
each of the four fuel processing situations, f low- 
sheets, equipnient l ists, bui ld ing layouts, and 
operating requirements were prepared. Only the 
i n i t i a l  capital investment was estimated for a 
remote-maintenance foci  l i t y  located at the reactor 
site. It was assumed that certain foci l i t ies,  
services, and u t i l i t i es  provided for the reactor 
would be shared by the processing plant. AHBR 
fuel processing was based on the Thorex-sol-gel 
process and MSCR fuel  recovery on the f luoride 
volat i I i t y  process. 

AHBR Fuel Processing Study 

The AHRR fuel processing flowsheet i s  based on 
the dai ly removal and processing of a fraction of 
the UO,SO,-D,O core solut ion and the Tho, 
blanket pel lets. The core solut ion is  continuously 
run through a hydroclone in  the reactor fuel circuit .  
A small  part of the overflow is  continuously bled 
off, evaporated t o  75 g of uranium per liter, and 
decayed 7 days. The uranium i s  then precipitated 
as  UO,, which is  f i l tered off, and the precipitate 

i s  redissolved in  D,SO, and returned t o  the reactor 
core. The f i l t rate i s  evaporated t o  a concentrated 
slurry for D,O recovery and then di luted to 4 ,W 
sulfate. The slurry underflow from the hydroclone 
i s  evaporated for D,O recovery, the result ing 
sol ids are dissolved, in  a two-step procedure, in  
10.8 M H,SO,, and then combined w i th  the f i l t rate 
from the UO, f i l t rat ion for 90 days' decay before 
solvent extraction. The blanket thoi ia pel lets 
decay 10 days and are then dissolved in  13 h! 
HN0,-0.04 41 HF-0.1 hf Al(NO,),. Th is  solution, 
the 90-day-decayed dissolved clone bottoms, and 
the UO, f i l i rate solut ion ore combined and solvent- 
extracted to  ef fect  Th-U-Pa separation. The re- 
covered thorium nitrate i s  converted to  Tho, by 
the sol-gel process, repelleted, and returned t o  
the reactor blanket. 'The uranium nitrate from 
solvent extract ion i s  converted to  U02S0, in 
D,O by UO, precipitat ion and cake dissolut ion i n  
B2S0, and returned to  the reactor core. The 
protactinium stream from solvent extract ion i s  
stored for 200 days and then processed through the 
mainl ine extraction equipment for u~~~ recovery. 
A hot c e l l  fac i l i t y  i s  pravided to  process breediny 
gain for sole. 

In the reactor that has a core-to-blanket thermal 
power rat io of 60:40, the processing plant blanket 
capacity i s  266 kg  of thorium per  day containing 
2.84 kg  of uranium. The core hydroclone overflow 
(2400 l i tcrs/day) contains 3-6 kg of uranium, and 
the underflow (173 Iitera/day) contains 0.26 kg of 
uranium i n  2.6 kg of total  solids. In the alternative 
case, where the core-to-blanket thermal power rat io 
i s  90:10, 1117 kg  of Tho, containing 3.00 kg of 
uranium i s  processed dai ly. The core hydroclone 
overflow (2400 l i ters/day) contains 3.6 kg  of 
uranium, the same as the previous case, and the 
underflow (213 l i ters/doy) contains 320 g of 
uranium in 2.6 kg of solids., 

A l l  process equipment items for the smaller 
processing plant are located in o remotely main- 
tained canyon 257 f t  long by 29 f l  wide. The 
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canyon contains six processing cel ls, three main- 
tenance service cel ls, and a crane maintenance 
urea. The maximum shielding required, through 
f i rst-cycle extraction, i s  6.5 ft. An air  lock to  
hold a ra i l  car i s  located a t  r ight angles t o  one 
end of the canyon. Samples for control analysis 
are taken i n  three sampling caves, serviced by 
remote manipulators, and located in  o regulated 
corridor that runs the length of the canyon. 

A single-story auxi l iary area, 190 by 70 ft, 
houses the cold chemical makeup, warehouse, 
shop, process control room, hot and cold analyt ical 
laboratories, offices, and change faci l i t ies.  A 
second story, 72 by 60 ft, houses bui lding services 
and laboratory fans and f i l ters. 

The larger plant i s  the some as the smaller 
except that the canyon area i s  277 by 31 f t  and the 
maximum shielding i s  7 ft. 

The total  capital investment for the smaller 
processing plant was estimated t o  he 513,918,000. 
The estimated investment for the larger plant was 
$15,7 18,000. 

MSCR Fuel Processing Study 

Preliminary process designs of two fluoride 
vo la t i l i t y  plants, capable of recovering decon- 
taminated uranium from spent molten fluoride sult  
fuel, were completed in  suff icient detai l  to develop 
supplenientary capi ta l  cost data for two MSCR 
conceptual design estimates. The smaller plant 
processes 1.2 f t3/day of fuel containing 35 kg Th, 
2.83 kg IJ, and 61 g of Pa233. The capacity of the 
larger plant i s  12 ft3/day of fuel containing 350 kg  
o f  Th, 28.3 kg IJ, and 65 CJ of Pa. 

The reactor for which the chemical plants were 
designed i s  fueled with 1780 f t3  of 68-23-9 mole ’% 
LiF-BeF,-ThF, containing suff ic ient  UF,, about 
0.66 mole %, t o  maintain c r i t i ca l i t y  and has a 
power production rate of 2500 Mwth (1000 Mw,). 
The to ta l  uranium inventory, which includes a l l  
isotopes from U 2 3 3  to U238, i s  about 4200 kg; of 
t h i s  total, the f issionable components, U233 plus 
U 2 3 5 ,  are i n  the range 2627 t o  2815 kg, depending 
on the processing rate. In addition, the system 
contains 52,000 kg of Th and 90.7-96 kg of Pa233  
A nominal conversion rat io of 0.8 was assumed 
for the system; the remainder of the fuel being 
supplied by purchase of fu l l y  enriched U23’. 

Design bases for the chemical processing plant 
included on-site processing, the use of exist ing 
technology except when extrapolation was abso- 

lutely necessary, and recovery of uranium only, 
wi th the Th and LiF-BeF, carrier sal t  discarded as 
waste. Storage of the spent fuel for  4.5 days and 
27.5 days prior to f luorination for the 1.2- and 
12-ft3/day plants, respectively, i s  included. The 
UF, i s  removed from the sa l t  by fluorination and i s  
further puri f ied by NaF sorption-desorption, co l -  
lected in cold traps, l iquefied and drained to 
product receivers, converted t o  UF, i n  a reduction 
tower of conventional design, added to  fresh cart-ier 
salt  containing thorium and addit ional f i ss i le  
material, and returned to the reactor. The waste 
salt  from the f luorination is  held for protactinium 
decay unti  I the undecayed protactinium amounts t o  
only 0.1% of the bred U2”. For the l.2-ft3/day 
plant, the time i s  130 days, and for the 12-ft3/day 
plant, 175 days. After protactinium decay, the 
sal t  i s  again fluorinated and the recovered UF, is  
added to the main stream without the NaF sorption- 
desorption cycle. Fol lowing the second f luor i -  
nation, the waste sal t  i s  stored for 1000 days; 
un t i l  the heat evolut ion rate i s  low enough to  al low 
i t  to be transferred t o  permanent waste storage, 

The two plant layouts are similar in  both s ize 
and arrangeriient to  the AH5H processing plants. 
The ce l l  area of the smaller plant i s  5700 f t2  and 
the auxiliaryarea33,400 ft2. The ce l l  and auxi l iary 
areas for the larger plant are 13,400 and 38,800 ft2, 
respectively. The large difference i n  the two ce l l  
areas results from the large area required for 
protactinium decay storage and the 1000-day f inal-  
waste storage equipment. 

One of the most troublesome features of the 
MSCR fuel processing plant designs was that of 
making suitable provision for removing the f i ss ion  
product decay heat. In Table 24.1 are summarized 
the heat evolut ion rates for both plants during 
prefluorinotion, P a 2 3 3  decay, and interim waste 
storage. In the l.2-ft3/day plant, heat i s  reinwed 
from the two 4-f t3 prefluorination salt-storage 
tanks by a design similar to that planned for the 
MSRE drain-and-f i l l  tank. Ph is  system involves 
the use of tr iple-walled bayonets submerged in 
the salt. Water i s  introduced into the center of 
each bayonet, i s  vaporized, and i s  ejected into a 
stream dome through the center annulus. An air 
gap i s  provided i n  the outer annulus t o  control 
thermal stresses. In the 12-ft3/day plant, a similar 
but s l ight ly more elaborate design i s  used for the 
f i rs t  two 30-ft3-capacity tanks. Each of approxi- 
mately 300 1.5-in. NPS sched 40 bayonets w i l l  be 
positioned in  a 2.5-in. NPS sched 10 pipe located 
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Table 24.1. Average T o t a l  Heat Release 

Processing Rate  1.2 ft3/day, 

Irradiation 1483 days 

Decay" Heat  Release 
Type  of Storage 

(days 1 (MW) 

Processing Rate 12 ft3/day, 

Irradiation 148.3 days 

Prefluorination 6 

Pa233 decay  132 

Interim waste 1006 

0.097 

0.678 

1.025 

25 

175 

1002 

0.985 

1.568 

1.037 

Tota I 1144 1.800 1202 3.590 

a D o y s  i n  each type o f  storage.  

i n  tube sheets. Hence, the storage volume avai lable 
w i l l  be only tlre annuli  between these two pipes 
and the volume of the lower head of the vessel not 
occupied by bayonets. The other four prefluori- 
nation storage tanks in the 12-1.t3/day plant and 
a l l  of the Pa233  decay storage tanks in  both plants 
w i  II be located in  water-iacketed thimbles. Interim- 
waste storage vessels i n  both plants w i l l  be 
located in  thimbles submerged in  a water-f i l led 
c a m  I. 

The total  capi ta l  investment of the smaller plant 
was estimated t o  be $12,556,000. The estimated 
cost of the larger plant i s  $25,75O,OOQ. 

-LE PIE L ANALYTl CAL 
LABORATORY 

At the request of the QRNL Analyt ical  Chemistry 
Division, coordination of the design of the High- 
Radiat i on-Leve I Ana lyf  i ca l  Laboratory ( H R  LAL) 
w a s  continued. F ina l  design of the HRLAL by the 
V i t ro  Engineering Company was completed in 
December 1961. The fac i l i t y  consists of one 
unloading cel l ,  one storage sell, s ix  work cells, 
three laboratories, an operating area, ce l l  access 
area, decontamination area, service equipment 
areo, change room, and offices. The entire fac i l i t y  
i s  housed in  a two-floor structure wi th a gross 
f loor area of 18,100 i t2  (ref I ) .  

The T i t l e  I design, completed June 10, 1961, 
consumed 130 man-weeks in  the preparation of 
17 drawings and 103 pages of specifications. The 
T i t l e  [ I  effort, completed Dec. 8, 1941, required an 
effort of 550 man-weeks to  produce 63 drawings and 
595 pages of specifications, 

The design was submitted t o  nine construction 
contractors for bid i n  January 1961, and bids were 
opened Mar. 1, 1962. The low bid, $1,739,000, 
was a $375,000 overrun of the project at the f inal  
design 5% contingency level. About 70% of the 
overrun was attributed to conventionnl construction 
items and 30% t o  the special Hastel loy C and 
type 304L stainless steel l iquid and gaseous 
waste disposal systems. In March 1942 approval 
w a s  obtained to increase the project cost from 
$2,000,000 t o  $2,500,000 t o  cover the overrun and 
s l igh t ly  increase tlhe contingency. The construction 
contract has not yet been awarded. 

24.3 PLANT WASTE IMPROVEME 

Approval and funds for the design and con- 
struction of the ORNL Plant Waste Modif icat ions2 
Project, a t  a cost  of $1,700,000, were received, and 
design of the foc i l i t y  from cri teria supplied by the 
Chemical Technology D iv is ion  was begun by the 
UCNC-ORNL and Paducah Engineering Deportments. 
The project includes (1) a separate Melton Val ley 

I I__ 

'Chern.  Technul .  Diu. Ann. Progr. Rept .  May 31, 1961. 
ORNL-3153, p 135. 

2Frank Srowder, A Study 01 Proposed Modifications 
t o  the OK,%']. Process  '>baste Sys t em,  ORNL-3332 ( in 
press). 
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low- and i ntermediate-act iv i ty- level  waste col lect ion 
and transfer system to  the waste fac i l i t i es  i n  the 
main plant area, (2) an intermediate- and high- 
act iv i ty- level  waste evaporator, and (3) a pair of 
50,000-ga I h i g h-act iv i t  y -leve I wa ter-cool ed s to i n I ess 
steel acid-waste storage tanks. The latter two 
fac i l i t i es  are to  be located at the s i te  formerly 
designated for bui ld ing 2527- During the past 
year the term “Melton Val ley waste system” was 
o f f i c ia l l y  substituted for the “Low Leve l  Treatment 
Faci l i ty . ”  The new fac i l i t ies  have been described 
previously? 

Consulat ion on design of the project was provided, 
and a l l  drawings and specif icat ions are being 
reviewed in  considerable de ta i l  as an assistance 
effort t o  the ORNL Operations Division. The 
Melton Val ley col lect ion and transfer system i s  
scheduled t o  be completed in February 1963, and 
the waste evaporator and storage tanks i n  Apr i l  
1964. 

24.4 THORIUM FUEL CYCLE DEVELOPMENT 
F ACI LI TY 

ORNL has proposed that a Thorium Fuel  Cycle 
Development Fac i l i t y  be bu i l t  in  Melton Valley, 
start ing in  FY 1964, for joint development use by 
the Chemical Technology and Metals and Ceramics 
Divisions. The f i rst  preliminary design and cost 
estimate, prepared by Vi t ro Corporation in 1961, 
indicated a fac i l i t y  cost of $4,000,000. Design 
of the faci l i ty ,  which W Q S  cal led the U 2 3 3  
Metal lurgical Development Faci l i ty ,  ’ was based 
on the premise that thorium and uranium would be 
supplied t o  the fac i l i t y  as a nitrate solut ion or i n  
some other appropriate form and that i t s  f iss ion 
product radioact iv i ty would be small  re lat ive t o  the 
radioact iv i ty contributed by the decay of U 2 3 2  and 
i t s  daughters. The fac i l i t y  was to  consist of three 
maior ce l l s  w i th  a total  inside area of -1250 i t 2  
plus supporting structures wi th *20,000 f t 2  f loor 
area. 

Subsequently, the AEC decided that the scope of 
the project should be expanded to  provide a fac i l i t y  
i n  which the entire thorium fuel cycle, including 
fuel processing and reconsti tut ion and assembly 

3Chem. Technol. Div .  Ann. Progr. Rept .  May 31. 1961, 
ORNL-3153 ,  p 137. 

4Cor7reptual D e s i g n  Repor t  on U233,  Metal lurgical  
Laboratory,  KLX-1835. 

fabrication, could be studied on an engineering 
scale. The new faci l i ty, which has been naiiied 
the Thorium Fuel  Cycle Development Fac i l i t y  
(TFCDF), i s  t o  be fu l l y  flexible, w i th  suff icient 
shielding to  permit development of processes that 
produce l i t t l e  decontamination from f ission products, 
and is  t o  be designed so that an inert atmosphere 
may be provided for certain ce l l s  a t  a later date. 
A new architect-engineer, Gi f fe ls and Rossetti, 
Inc., of Detroit, Mich,, i s  completing a conceptual 
design and cost estimate for the expanded faci l i ty .  
Ear ly scoping studies indicate a cos to f  $6,000,000, 
The new luyout shows f ive major ce l l s  wi th a 
combined inside area of -2500 f t 2  plus a con- 
taminated equipment storage ce l l  wi th an area of 
-500 f t 2 .  The floor space in the associated 
bui lding i s  -24,000 ft2. The shielding wal ls are 
5.5 f t  of normal concrete, which i s  suff icient t o  
reduce the radiat iol i  dose rate t o  one-tenth of 
tolerance for a fu l l y  irradiated (23,000 Mwd/ton) 
quarter section of a Consolidated Edison Thorium 
Reactor fuel assembly 90 days after removal from 
the reactor. 

€qui pment to  fabricate sta inless-steel-clad 
Tho,-UO, fuel  elements by the sol-gel-vibratory 
compaction process w i l l  be instal led in i t ia l l y  as 
part of the project; however, the fac i l i t y  i s  designed 
i n  modular fashion t o  accommodate a wide variety 
of processes. In four of the f i ve  cells, remote 
means w i l l  be provided to instal l ,  maintain, and 
remove process equipment. Only the c e l l  that i s  
to  house equipment for operations on the closed 
and cleaned fuel tirbes w i l l  use contact main- 
tenance exclusively. 

24.5 METAL R E C O V E R Y  CANAL CLEAN0 

The removnl, canning, and shipment of 25 tons 
of Brookhaven Reactor fuel began in Jonuary 1962 
and was completed July 1. Th is  fuel, which had 
been stored i n  the Metal Recovery Bui ld ing canal 
for 1 t o  2 years, consists of 1.05-in.-OD by 4-in.- 
long irradiated natural uranium pieces that had 
been assembled in I O - f t  aluminum cans f i t ted wi th 
0.125-in. f ins. After i rradiat ion i n  the reactor and 
1-2 year5’ decay at the reactor site, tho f ins on 
the cans were col lapsed and the cans sheared into 
4-in. lengths and shipped t o  ORNL for storage and 
recovery. Storage was in 2- by 2- by 2-ft stainless 
steel bins stacked three deep over ha l f  the canal 
length. During storage the exposed fuel W‘JS 
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attacked Ly the canal water, result ing in f inely 
divided, eas i l y  dispersed part icles of uranium 
oxide, and marine growth in  the canal water 
produced undesirable col lect ions of si l t ,  which 
aggravated handling the fuel pieces. The ac t iv i t y  
burden of the canal water, which i n i t i a l l y  was 
-1 pc/ml wi th C S ’ , ~  accounting for >95% of the 
total, was decreased t o  0.2 pc/ml by intermittent 
purging with process water. 

The fuel pieces were transferred with tongs 
under 7 ft of water from the storage bins t o  11- by 
12- by 39-in.-long all-aluminum containers cal led 

bundles,” which held -350 pieces. After the 
bundles had been f i l led, aluminum covers were 
bolted on with aluminum bolts, and the bundles 
were leak-tested. The loaded bundles were then 
transferred, under water, to  15-ton shipping casks 
(each holding two bundles), and the loaded cask 
was raised from the canal and purged with pracess 
water. The cavi ty water level was adiusted and 
the exterior of the cask was decontaminated for 
shipment, to  a processing sitc, on a trai ler equipped 
w i th  a heated enclosure t o  prevent freezing i n  cold 
weather. 

Personnel exposures during the operation 
averaged -6 mrem per man-hr of work. A i r  ac t i v i t y  
remained below the level  requir ing respiratory 
protection during loading operations but rose above 
th i s  level for unidenti f ied alpha and beta-gamma 
ac t iv i t y  when normally wet wa l ls  were exposed and 
al lowed t o  dry during canal purging. Intermittent 
purging was necessary t o  maintain the overoge 
ac t iv i t y  burden of the canal water a t  0.2-0.3 
p c / n l  and the radiat ion levels in  the working 
areas in the range 25-35 mr/hr. 

After the storage bins were emptied, they were 
raised near the surface and the bulk of the s i l t  
was dredged out, leaving the larger fuel fragments. 
These were discharged to  the canal floor and the 
b in  was raised t o  a stainless steel drain pan where 
the  remaining s i l t  and fragments were r insed away. 
I he bins were then transported t o  the burial ground 

far permanent disposal. 
The use of Cu2’ for riiarine l i fe  control was 

successful but was later abandoned when i t  
appeared that metals such as iron and perhaps 
uranium were reacting wi th copper,thereby reducing 
v i s ib i l i t y  and increasing the ac t iv i t y  burden of the 
canal water. Thereafter, v i s ib i l i t y  in  the canal 
water was control led by continuously f i l ter ing the 
water through a 40-p sintered stainless steel f i l ter  
(Fig. 24.1). Material on the f i l ter  was removed 

I 1  

_ .  

from the unit by frequent backwashing with water 
and intermittently soaking with 13 M HNO,. All 
backwash water and canal water purged from the 
system were sent t o  intermediate-act.ivity-level 
waste disposal tanks . 

A loading rate of -2000 fuel pieces per week 
could be maintained after instal lat ion of the f i l ter  
improved v is ib i l i t y ,  compared with *lo00 when 
v i s ib i l i t y  was poor. 

Under the canal abandonment program, the canal 
area was fenced off from the rest of ttie Metal 
Recovery Fac i l i t y  grounds, a new jet and l ine 
were instal led t o  permit emptying of the canal to  
waste tank W-5, and a closed-circuit  pump and 
f i l ter  system was instal led on the canal t o  permit 
removal of part iculate matter from the waber t o  
reduce contamination and improve v is ib i l i t y .  The 
f i l ter  or ig inal ly used a 10-/L pore size f i l ter  unit; 
the i n i t i a l  f low rate of >lo0 gpm was slowed t o  
-10 gpm in  20 min by the f i l ter  cake. Substitution 
of 4O-,u pore size f i l ter  media resulted in a f inal  
rate of -30 gpm after 8 hr. 

The shipment of BNL. fuel t o  SRP was completed 
the end of May 1962, and decontamination of the 
canal i s  expected t o  be f inished by July 31, 1952. 

24.6 SAFETY AND CO 

Assistance work on plant safety and containment 
included (1) completion of the containment changes 
and addit ions to  bui ldings 4507 and 3508; (2) 
shipment of a l l  BNl. fuel  i n  the bui lding 3505 
canal t o  SRP and subsequent cleanup and abnndon- 
ment of the canal; (3) instal lat ion of an improved 
off-gas venti lat ion system for the H R L A F  cel ls; 
(4) design and cost est imation of a contomiriated 
off-gas f i l ter  carrier for general plant use; (5) 
completion of the new alpha laboratory in  room 211 
of bui ld ing 3019; (6) completion of the relocated 
U233 solut ion storage fac i l i t y  in ce l l  3 of bui lding 
3019; (7) an independent hazards evaluation of the 
HRLEL for the Metals and Ceramics Division; 
(8) a 16-hr course on Radiochemical Fac i l i t y  
Hazard Evaluation” prepared far and presented to  
the Off ice of Radiation Safety and Control. 

Modif icat ions were made to  bui lding 3508 t o  
ensure conformance with Laboratory standards for 
containment and hazard control. These rnodifi- 
cat ions included expansion and modif icat ion of the 
laboratory venti  latiora supply and exhaust systems, 
provision for emergency power and instrurnentation 

I I  
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Fig. 24.1. Metal Recovery Building Canal Fi l ter  System. 

t o  ensure hazard control of the bui ld ing attic, and 
other changes to  ensure proper distr ibution and 
f low of bui lding air. The changes t o  bui lding 4507 

1961. 
An ex i t  uir f i l t rat ion system with a capacity of 

18,000 cfm for cleaning the exhaust air from the 
HRLAF ce l l s  in  bui ld ing 3019 WGS instal led i n  the 
ducting t o  the 3020 stack and placed in operation. 
Th is  fac i l i t y  consists of a bank of roughing f i l ters 
(American Air Fi l ter  deep-bed pocket type f i l ters 
using two beds of filterdown, FG-25 and FG- 
50) and a bonk of f inal  f i l ters (standard fire- 
resistant AEC-type absolute f i l ters)  in series. 
The f i l ter  housing consists of 1-ft-thick concrete 
for shielding. Minor modifications to  exist ing 
ductwork and the purchase of a new exhaust fan 
were required t o  complete the instal lat ion. 

A preliminary design cost and estimate of a 
shielded carrier for generol plant use in  removing 
radioactive f i hers from the several ORNL shielded 
off-gus f i l ter  fac i l i t i es  was prepared. I t  may be 
used with the Radiochemical Processing P i lo t  
Plant and HRLAF f i l te r  fac i l i t i es  at bui lding 3019 
and the ce l l  vent i lat ion f i l te rs  for bui ld ings 4501, 

described pev ious  ly  1 were completed in September 

4505, arid 4507, TWQ 3-in.-thick steel plate shields 
w i th  removable top and bcttom are proposed, one 
for removing the prefi l ters and a larger one for 
reimoviny the absolute f i l ters. Each shield con- 
ta ins a disposable alpha-tight sheet metal can, 
The prefi l ter shield i s  estimated to  weigh 5 tons 
and the absolute f i l ter  shield 8 tons, The fabri- 
cation cost of both shields i s  estimated i o  be 
912,000 k 25% 

'The conversion of room 211 of building 3019 from 
a u~~~ isolat ion laboratory t o  an alpha research 
laboratory w a s  completed. The room was f i rs t  
stripped and decontaminated and then refurbished 
as an alpha laboratory for chemical development 
use. Changes included addit ion of n stainless 
steel floor, an air lock entrywoy, ci srnaoh hung 
ce i l ing  wi th recessed lighting, glove boxes, a 
glove box venti lat ion system, and venti lat ion of 
the room to the pi lot  plant ce l l  off-gas system to 

ensure that reduced pressure i s  Q I W Q ~ S  maintained 
in  the room. Radiation monitors and other devices 
were added t o  comply wi th containment standards. 

Relocation of the U 2 3 3  solut ion storage system 
froni the pipe tunnel to  ce l l  3 in bui ld ing 3019 was 
completed, A new cr i t i ca l l y  safe storage tank was 
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fabricated and instal led and i s  now in service, 
The storage tank i s  a unit-shielded, 3-ft-diam, 
225-gal tank completely packed w i th  1.5-in. Pyrex 
Raschig r ings t o  a glass volume of -23%. The 
glass r ings contain 11.6 wt % B,O,. The tank was 
designed t o  hold up t o  40 kg of U 2 3 3  aqueous 
solut ion at a concentrat ion of 100-200 g l l i te r .  

Assistance was given t o  the Metals and Ceramics 
D iv is ion  in  the preparation of a hazards evaluation 
report For the ti i gh -Rad ia t ion- Leve 1 Exam i not i on 
Laboratory (HRLEL), now nearing completion. 
Quanti t ies of radioactive and hazardous materials 
t o  be handled in the fac i l i t y  and properties of the 
H K L E L  containment and venti  lot ion systems were 
summarized. HRLEL shields were evaluated with 
the PHOEBE code for determination of f iss ion 
product sources, SDC for determinotion of gamma 
attenuation, and RENUPAK for determination of 
neutron penetration. An Oracle program was writ ten 
for calculat ion of the pressure and temperature 
transients that would resul t  from a f ire i n  a cel l .  
The analyses indicate that the fac i l i t y  i s  we l l  
equipped t o  withstand credible f ires and explosions 
without serious damage to  the cell, intolerable 
personnel exposures from escaping gases or 
aerosols, or hazardous levels of downwind ground 
contaminat ion. 

A quanti tat ive hazard evaluation course consist ing 
of 16 hr of instruct ion was presented t o  members of 
the Off ice of Radiation Safety and Control. The 
topics covered were meteorology; effects of f i res 
and chemical, mechanical, and nuclear explosions; 
and evaluation of personnel dose and fal lout  
fo l lowing a credible accident. Two reports, ORNL 
TM-16, “Radiochemical Foc i  l i t y  Hazard Evalu- 
ation,” and ORNL TM-19, “The Evaluation of 
Radioactive Releases from Chemical Plants,” 
were prepared t o  aid i n  hazard evaluation studies. 

24.7 CRlflCALITY STUDIES 

Assistance efforts on c r i t i ca l i t y  problems in- 
cluded (1) neutron mult ip l icat ion measurements on 
the U 2 3 3  storage tank i n  bui ld ing 3019; (2) an 
exhaustive study on the feas ib i l i t y  and safety of 
using soluble nuclear poisons as a primary 
c r i t i ca l i t y  control; (3) design and instal lat ion of a 
stainless-steel-clad borax-fi I led poison network for 
the Vo la t i l i t y  P i lo t  Plant caustic filter; and (4) 
drop-testing of a model of the Pyrex-f i l led HRT 
fuel  solut ion carrier. 

Neutron mult ip l icat ion measurements made on 
the Pyrex-Raschig-ring-fi l led U23 storage tank 
as it W Q S  slowly f i l l ed  w i th  11 kg of aqueous 
u~~~O,(NO,), solut ion at a concentration of IO0 g 
of uranium per l i ter indicated that the tank was 
c r i t i ca l l y  safe for >150 l i ters of aqueous solution 
w i th  a U233  concentration of 115 g l l i te r .  However, 
un t i l  more U 2 3 3  i s  avai lable for storage i n  the 
tank, the effect iveness of the r ings as a f ixed 
poison for U233 solut ions cannot be rea l i s t i ca l l y  
assessed, 

Studies of the feasibi l i ty  of using soluble neutron 
poisons as a primary c r i t i ca l i t y  control i n  shielded 
radiochemical foci l i t i es  included multigroup machine 
calculat ions of the required content and concen- 
trat ion of poisons in solut ions of f i ss i le  and fert i le 
material; a compilat ion of data on the detection, 
stabi l i ty, decontamination, and costs of soluble 
neutron poisons; and an assessment of the possible 
ef fects of a nuclear excursion. It was concluded 
that the use of soluble poisons i s  a feasible method 
of control in  view of the many advantages and the 
tolerable effects of a possible accident in  a heavi ly 
shielded area. It i s  bel ieved that soluble poison 
control may be made as rel iable as any other 
method of control through adequate process de- 
velopment work and provision of niult iple inde- 
pendent s of e y uard s . 

A f ixed nuclear poison lat t ice for the Fluoride 
Vo la t i l i t y  P i lo t  Plant caustic f i l ter, which i s  
16 in. diam by 36 in. high, was designed, evaluated, 
and installed. The lat t ice consists of paral lel 
plates of stainless-steel-clad borax, which extend 
t o  w i th in  1 in. of the vessel wa l l  and are spaced 
such that the maximum borax-to-borax separation i s  
2 k  in. The borax thickness in  the individual 
plates varies from t o  in. A motheniatical 
analogy with ORNL Pyrex pipe c r i t i ca l i t y  experi- 
ments indicates that the poisoned vessel may 
safely contain a t  least 3.5 kg of U235 at any 
concentration. 

Drop tests were made w i th  a steel container 
f i l l ed  wi th water and 1.5-in.-OD by 1.75-in.4ong 
by 0.125-in.-wol I boros i I icate glass Raschig r ings 
t o  obtain qual i tat ive information on the effects of 
accidental dropping of the HRT fuel transfer 
carrier, which i s  a lead-shielded, 120-liter vessel 
containing approximately 24 VOI % 19% B203-  
borosi l icate glass as Raschig rings. The test 
container was chosen such that a drop from an 
equivalent height would resul t  in more shock in  the 
test  container than in the fuel transfer carrier. A 
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single drop from a height of 3 f t  onto a steel 
surface resulted in breakage of -207; of the r ings 
into two or more pieces and -5% decrease in  
packcd hcight. F ive  successive drops from a 
height of 5 f t  resulted in breakage of *50"0 of the 
r ings and a 20% decrease i n  the packed height. 

The carrier subsequently was used to  transfer 
H K T  fuel solution containing 11 kg of U235 at a 
concentration of approximately 200 g l l i t c r  from the 
HRT t o  the F iss ion  Product Development Laboratory 
for uranium recovery, 

24.8 CARRIERS AND CHARGERS 

Carriers and chargers that were designed and 
bu i l t  included the 1WW carrier for shipment of 4.5 
gal of waste solution from Hanford and Idaho t o  
ORNL, a carrier far transporting the declad SRE 
fuel to  SRP, a carrier far shipping 14-in.-long 
irradiated fuel samples from the MTR, ETR, and 
NRX reactors to  ORNL for hot ce l l  experiments, 
and an analyt ical  transfer cask for use a i  the 
HRLAF. A 40-in.-long icradiated fuel sample 
carrier and an analyt ical  transfer cask for use at 
the HRLAF, t o  avoid continued contamination of 
the bui lding 4507 analyt ical carrier, were designed 
blJt have not yet  been bu i l t  . The analyt ical and 
the SRE fuel carriers used lend for shielding; a l l  
the others used depleted uranium. The carrier for 
transporting plutonium-aluminum fuel from SRP t o  
ORNL, which was designed over a year ago, was 
completed and i s  now in  use. 

The 1WW carrier design was intensively evaluated 
for safety wi th the proposed AEC regulation CFR, 
T i t l e  10, Port 72 as a basis of review, This 
carrier, which weighs three tons, i s  designed to  
contain ~100,000 curies of f iss ion product act iv i ty 
in  aqueous solution. The solut ion i s  contained in 
a stainless steel tank 12 in. diam by 14 in. high 
and i s  shielded with 5 in. of depleted uranium. 
The shield has an outer and inner stainless steel 
liner; the inner liner i s  separated f rom the tank by 
a mercury film. Appropriate f i l l ing,  emptying, and 
vent l ines penetrate hie top of the cask and are 
shielded with a second shielded dome cover. 

Review of the design indicated that the carrier 
has f u l l  double containment. The method of 
fastening the carrier t o  the gondola car i s  suf f ic ient  
to  withstand 60 g deceleration. A f i re shield 

provides complete protection in case the cask 
should be involved i n  a gasoline or o i l  f i re for 
1 hr. The cask can adequately dissipate 1000 
Btu/hr of f iss ion product heat at an ambient tem- 
perature af 100°F without the solut ion temperature 
exceeding 175*F. Experimental data indicate that 
there w i l l  be no pressure bui ldup from radiolyt ic 
dissociat ion of the solution; iiowever, the cask i s  
designed to withstand 20  psig internal pressure. 
The carrier shielding is more than adequate to  
meet the ICC regulat ion of 200 nir lhr a t  the surface 
and 10 iilr/hr at 1 meter, In i t s  proposed use 
c r i t i ca l i t y  i s  of no  concern. 

24.9 EUROCHEMSC ASSISTANCE 

OKNL's contribution t o  the Eurochemic Assist-  
ance Program consisted in  coordination of the 
program and review and exchange of pertinent 
tec hn i ca I i 11 formation on rad i oc he m i  ica I proce s s i ng 

of irradiated fuels. About 280 USAEC-originated 
documents and 55 riiiscellaneous items were sent t o  
Eurochemic. The 25 Eurochemic documents previ- 
ously received were edited and reproduced, and 
l imited distr ibution was mads pending resolut ion 
of the US-Eurochemic document exchange agree- 
ment. Forty-faur Eurochemic documents were 
reproducsd and distr ibuted without editing, and 
14 were translated and distributed. 

The US technical advisor who was at Eurochemic 
lef t  on May 10, 1962. The replacement advisor is 
E. M. Shank, ORNL. 

The preproject study (scope) for the various 
Eurochemic. fac i l i t i es  a t  Mol, Belgium, has been 
completed, and detai led design i s  in  pragress. 
Construction has started on several of the main 
buildings, Foundation work i s  in progress for the 
main processing bui [ding; the rcsearch laboratory 
structure i s  w e l l  above grade level; and the general 
services structure i s  nearing completion. The 
overal l  project i s  about 40% designed and 10% 
constructed. Current o f f i c ia l  costs are $24,000,000 
for construction, wi th a $30,700,000 total invest- 
ment. 

Processing conditions for the f inal plutonium 
purif icat ion step have been frozen. Th is  step w i l l  
use u 10% TLA extraction followed by direct 
precipitat ion from t h e  organic product. Engineering 
floivsheets and equipment layouts have not yet 
been started. 
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The f ina l  preproject study has been prepared for expected un t i l  November, pending the results of 
the modif icat ions and the addit ional fac i l i t i es  negotiat ions w i th  the USAEC and Euratom. A 
required t o  permit enriched uranium processing. preliminary cost estimate indicates that an 
Th is  study w i l l  be submitted t o  the board of addit ional $1,500,000 in  capi ta l  investment w i l l  be 
directors in  June 1962. A f ina l  decision is  not required. 
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Part 11, ORNL-3185 (Nov. 16, 1961). 
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Gens, T. A., “Chloride Volat i l i ty  Processing of Nuclear Fuels,” presented a t  54th Annual AlChE Meet- 

Gens, T. A, The Chemistry of Niobium in Processing of Nuclear Fuels ,  ORNL-3241 (January 1962). 
Moore, J. G., and R. M. Rainejj, Extraction of Niobium-9S from Nitric A c i d  Solutions with Tri-n-butyl 

Dilute Aqua-Kegia, ORNL-2712 ( M Q ~  23, 1962). 

actor Fuel ,  QRNL-3065 (November 1961). 

in Aqueous NH4F-NH4N03-H202,” Nucl. Sci. Eng. 11, 267-73 (1961). 

ing, New Y ork, Qec. 2-7, 196 1 (ORNL CF-6 1-3-43). 

Phosphoric Acid ,  ORNL-3295 ( in  press). 
Baybarz, R. D., T h e  Ef fect  of High Alpha Radiation on the  Corrosion of Metals I:‘rposed to Chloridp 

Solutions, ORNL-3265 (Mar. 23,  1962). 
I 1  Moore, J. G,, The Removal of Niobium-95 from Zirconium Solutions with Vycor Glass,” 1. Inorg. Nucl. 

Moore, J. G., and R. H. Rainey, “The Chemical Feasibil i ty of Nuclear Poisons in the U-Th Fuel Proc- 
Chem. 20, 166-67 (196 1). 

essing Systems,” NucZ. Sci. Enp. 

Consolidated Edison  Thorium Reactor Fuel ,  BRNL-3155 (Apr. 27, 1962). 

11, 278-85 (1961). 
Rainey, R. H., and J. G. Moore, Laboratory Development of the  A c i d  Thorex Process f o ~  Recovery of 

Rainey, R. H., and J. G. Moore, “Laboratory Development of the Acid Thorex Process for Recoveryof 
Thorium Reactor Fuels,” Nucl. Scz. F:’ng. 10, 367-71 (19611, 

Adams, J. B., A. M. Bemis, and C. D. ‘?/atson, Comparative Cos t  S f u d y  of Processing S ta in less  S tee l -  
jackc7ted UO,: Mechanical Shear-l,each u s  Sulfex-Core Dissolution, QRNL-3227 (Apr. 6, 1962). 

Watson, @. D., €3. C. Finney, and S. Sinichak, Mechanical Dejacketing of S R E  Core 1 Fuel,  12 rnin, 
16 mm color movie, in sound, September 1961. 

movie, silent, September 1961. 

(July 31, 1961). 

Watson, C. D., 8. C. Finney, and S. Sinichak, Shearing of Power Reactor Fuels,” 4 rnin, 16 mm color 

Adams, J. B., A Survey a/ the I fazards Involved in Processing Liquid Metal Bonded Fuels ,  QRNL-3147 

FLUORIDE VQLATlLlPY PROCESSING 

Carr, W. H., S. Mann, and E. C. Moncrief, “Uranium-Zirconium Alloy Fuel Processing in the ORNL Vola- 
t i l i ty  P i lo t  Plant,” presented at  the 54th Annual AlChE Meeting, New York, Dec. 2-7, 1961 ( 0 9 N L  
CF-6 1-7- 13, AlChE preprint 150). 

Cathers, G. I., M. R. Bennett, and R. L. Jolley, “The Application of Fused Salt Fluoride Volati l i ty 
Processing to Various Reactor Fuels,” presented at 54th Annual AIChE Meeting, New York, Uec. 
2-7, 1961 (AIChE preprint 148). 

Litman, A. P., and R. P. Milford, “Corrosion Associated with the Qak Ridge National Laboratory Fused 
Salt-Fluoride Volati l i ty Process,” presented a t  Symposium on Fused Salt Corrosion, Fal l  Meeting 
of the Electrochemical Society, Detroit, Michigan, Oct. 1-5, 196 1. 

Milford, R. P., Sydney Mann, J. 6. Ruch, and W. I--I. Carr, Jr., “Recovering Uranium Submarine Fuels,” 

Guthrie, C. E., “Recent Developments in the ORNL Volati l i ty Process,” presented at  the Nuclear Fuels 
Znd. Bng. Chem. 53, 357 (1961). 

Symposium, Fal l  Meeting of AIME, Detroit, Michigan, Oct, 24, 1961. 
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Horton, 2. W., S. H. Stainker, and M. E. Whatley, “Correlation of  Fused Salt Dissolution Data,” pre- 
sented at the 54th Annual AlChE Meeting, New York, 9ec. 2-7, 1961 (04NL CF-61-4-14, AlChE pre- 
print 149). 

Cather;, G. I . ,  “Dissociat ion Pressure of MoF,-NaF Complex and the Interaction of Ofher Hexafluorides 

Cathers,  G. I., “Fluoride Vo‘lati l i ty Processing of  Highly Enriched Uraniurii Fuels,” presented a t  Ameri- 

Cathers, G. I., and R. L. Jolley, Recover): of Pup6 by Fluorination of Fused Fluoride salts,” ORNL- 

Cathers, G. I., R. L. Jolley, and H. F. Soard, Use of Fused  Salt-Fluoride Volat i l i ty  Process  wi th  Ir- 
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3298 ( in  press). 
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Cathers, G. I., X. L. Jollcy, and E, C. Moncrief, Laboratory-Scale Demonstration of t h e  Fused Salt 

Volat i l i ty  Process ,  ORNL TM-80, Dec. 6, 1961; Nrrclpar Science and Fngineering ( in  press). 

EATMENT AND 

Hancher, C. W., and J. &. Suddilth, “Pot Calcination of Simulated Radioactive Waste with Continuous 
Evaporation,” ORNL TM-’I 17, December 1961, presented at  AlChE Meeting, Los Angeles, February 
1962. 

Pesona, J. J., T h e  Ef fec ts  of Internal Heat Generation on Pot Calcination Rates  for Radiouctive V‘Jastes, 
ORNL-3163 (Oct. 9, 1961). 

Godbee, H. W., and W. E. Clark, T h e  Use of Phosphite and fiypophosphite t o  Fix  Ruthenium from High- 

Clark, Vi.  E., “Fixat ion of High Level  Wastes in Glass,” presented a t  meeting of 3252nJ U.S. Army Re- 

Activi ty  \Bastes in Solid I fsdia,  ORNL TM-125 (Jan. 30, 1962). 

search and Development Unit, Oct. 4, 1961. 

Perona, J. J., ri. L. Srodshaw, J. T. qoberts, and J. 0. Blomeke, “Evaluation of Ultimate Disposal 
Methods for L iqu id  cnd Solid Radioactive Wastes: Status Report,’’ presented a t  Second A € @  Working 
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Perona, J. J., R. L. Sradshaw, J. T. Roberts, and J. 0. Slomeke, Evaluation of Ultimate Disposal  
,Methods for Liquid and Solid Radioactive Wastes .  11. Conversion to  Solid by Pot  Calcination, 
ORNL-3192 (Sept. 27, 1961). 

SOLVENT EXTRACTION RESEARCH 

Coleman, C. F., C. A. Blake, Jr., and K. 3, Brown, “Separations by L iqu id  Ion Exchange,” presented 
at the American Chemical Society, Div is ion of Annly t ica l  Chemistry, Summer Symposium, Cleveland, 
Ohio, June 22, 1961. 
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Coleman, C. F., C. A. Blake, Jr., and K. B. Brown, “Analytical Potential of Separations by Liquid Ion 
Exchange,” Talanta 9, 297-323 (1962). 
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Davis, W., Jr., Thermodynamics of Extraction of Ni t r ic  Ac id  by Tri-n-Butyl Phosphate-Hydrocarbon 
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HN03-t.1,0 Solutions,” Nucl. Sci. Eng. ( in press). 
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I 8  
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McDowell, W. J., and K. A. Allen, “Thorium Extraction by Di-n-Becylamine Sulfate in Benzene,” /. 
Phys.  Chem. 65, 1358 (1961). 

T R A N ~ ~ R A ~ I U M  ELEMENT PW 

Klima, 13. B., “Transuranium Development Facility,” 7 r a n s .  Am. N u c ~ .  SOC.  4(2) (1961), presented at 

Lloyd, M. H,, and R. E. Leuze, “Anion Exchange Separation of Trivalent Actinides and Lanthanides,” 

Boybarz, R. D., and R. E. Leune, “Separation of Transplutonium and Rare Earth Elements by Liquid- 

Saybarz, R. D., and Boyd Weaver, Separation of Transp/utoniums from Lanthanides by Tertiary Amine 

American Nuclear Society Meeting, Chicago, Nov. 7-9, 1961. 

RiucI. Sci. Eng. 11, 274-77 (1961). 

L iqu id Extraction,” NucZ. Sci. Eng.  11, 90-94 (1961). 
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Boybarz, R. D., Separation of ‘I‘ransplutonium Elements  by Phosphonate Extraction, ORNL-3273 (July 

Ferguson, D. E., ‘I‘ransuranium Quarterly Progress Report fo r  Period Ending Feb. 28, 1962, ORNL-3290. 

G i l t o n ,  J. M., and N. Jackson, Preparation of U 2 3 2  from Pa231.  I .  Preliminary WIork, AERLR3727 
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THORIUM QXilDE IRRAQIATIQ 

McBride, J. P., and S. D. Clinton, Radiation-Induced Sintering of Thoria Powders,  ORNL-3275 (in press). 
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E COM 51 N AT I dab4 STU DI ES 

McSride, J. P., Radiation Stability of Aqrieous Thoria and Thoria-Uranin Sluir ies ,  QRNL-3274 ( in  press). 

McBride, J. P., ,Metbod o f  Combining Hydrogen and Oxygen, U.S. Patent 3,023,085, 

THORIUM FUEL CYCLE 

4 1  Ferguson, 9. E., 0. C. Dean, and P. A. t-laas, Preparation of Oxide Fuels for Vibratory Compaction by 
the Sol-Gel Process,” presented at the AEC-Sponsored Symposium on Powder-Packed Utanium Dioxide 
Fuel Elements, Hartford, Conn., Nov. 29-Dec. 1, 1961 (ORNL TM-53). 

Ferguson, D. E., E. D. Arnold, W. S. Ernst, Js, ,  and 0. C. Dean, “Preparation and Fabrication of Tho,  
Fuels,” presented at  the  CNEN Symposium on Thorium Fuel Cycle, Sixth Nuclear Congress, Rome, 
Italy, June 13-15, 1961 (ORNL-3225, June 1962). Pr inted originally as ORNL CF-61-6-114. 

Ullmann, J. C‘J., “Some Maios Fuel-Cycle Problems,” presented at Small and Medium Power Reactors 
Maeting, IAEA, Vienna, 196 1. 

Carter, W. L., L, G. Alexander, R. H. Chapman, B. VI. Kinyon, J, W. Miller, and R. Van Winkle, “Thorium 
Reactor Evaluation: Fuel  Y ie ld  and Fuel Costs in Five ‘Thermal Breeders,” Trans.  Am. 1Yucl. Soc. 
4(2) (1961), presented a? American Nucleor Society Meeting, Chicago, Nov. 7-Y, 1961. 

Ferguson, D. E., 0. C. Dean, and P. A. Haas, “Preparation of Oxide Fuels for Vibratory Compaction by 
Sol-Gel Process,” presented at AEC-Sponsored Symposium on Powder-Packed Uranium Dioxide 
Fuel flernonts, Hartford, Conn., Nov. 29-Dec 1, 1961 (ORNL TM-53)- 

EFFECTS QN CATALYSTS 

Krohn, N. A., and H. A. Smi th  (University of Tennessee), “The Influence o f  X-!hys on Catalyt ic Ac- 
t i v i t y  ari Related to  Incorporated Radioactivity,” 1. Phys.  Chern. 6 5 ,  1919 (1961). 

Krohn, N. A., and R. G. Wymer, “X-Ray Method for Determining L iqu id  Densif ies at  High Temperatures 

Krohn, 4. A., and 3. G. Wymer, ”Measuring Liquid Densi t ies a t  High Temperatures and Pressures,” 
contribution to the Enryclopedio of Y- and Gamma Rays ,  in preparation, Rheinhold, G. L. Clark, ed, 

Wyrner, q.  6., and R. E. Siggers, Cereizkuu Radiation Iri tmcity CaIcuZatzons for Sr90  and Co60 zn Water, 
OYNL-3184 (Sept. 5, 1961). 

and Pressures,’’ 4naZ. Chem. 34, 121 (1962). 

EQUIPMENT DECQNTAMINATIO 

Meservey, A. S., “Procedures and Practices for the Pecontorniriation of Plant and Equipment,” in 

Meservey, A. B., “Corrosion Inhibi t ion by Hydrogen Peroxide in Pecontamination Solutions,“ presented 

Progress in ,Yr~clenr Energy, series 4, vol  4, I-’ergavon, London (1961). 

a t  the 141st Meeting, American Chemical Society, March 1962, 

FUEL SHlPPDNG STUDIES 

Shappert, L, 5., “Shipping Container Drop Test Program a t  O W L , ”  presented a t  Evaluation and Plan- 
ning Meeting at U.S. Atomic Energy Commission, Germantown, Maryland (Mar. 26, 19h2), 
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Shappert, I-. B., ibid., at Working Meeting on AEC Shipping Container Testing Programs a t  Johns 
Hopkins Llniversity, Baltimore, sponsored by Johns Hopkins University and U.S. Atomic Energy 
Commission, May 3, 1962. 

CHEMICAL ENGINEERING RESEARCH 

Watson, J. S., A Study of the Kinet ics  of Uranyl Sulfate Exchange w i t h  a Strong Rase  Anion Res in ,  
ORNL-3295 ( lune 1962). 

P PURlFlCATlON 

Scott, C. D., “Kemoval of Hydrogen, Carbon Monoxide, and Methane from Gas-Cooled Reactor Helium 
Coolants,” presented at 7th AEC Air Cleaning Conference a t  Brookhaven National Laboratory, 
Oct. 10-12, 1961 (ORNL TM-20, Oct. 6, 1961). 

Scott, c. D., The Rate  of Reaction of Hydrogen from Hydrogen-Helium Streams with Fixed Beds  of 

Copper, ORNL-3292 (May 1962). 

CHEMICAL A ~ ~ L ~ ~ A ~ I ~ ~ S  OF NUCLEAR EXPLOSIONS 

Landry, J. W., “Proiect Plowshare - Peaceful Uses of Nuclear Explosives,” presented to: Civitan 
Club, Clinton, Tenn., Nav. 1, 1961; Rotary Club, Clinton, Tenn., September 1961; U.S. Navy Nuclear 
Science Seminar, Oak Ridge, Tenn., November 1961; and U.S. Army Nuclear Science Seminar, Oak 
Ridge, Tenn., June 1961, 

Tenn., June 1961. 
Londry, J. W., “Excavation with Nuclear Explosives,” presented to U.S. Navy Reserve, Oak Ridge, 

Landry, J. W., “Proiett Gnome,’’ presented to U.S. Army Reserve, Oak Ridge, Tenn., January 1962. 
Landry, J ,  W., Peaceful Uses of Nuclear Explosives,” presented to  ORNL Electronucleor Division, I I  

May 8, 1962, 

MlSC ELLANEOUS 

Perona, J. J., W. E. Dunn, and H. F. Johnson, Calculated Transient  Pressures  Due to  Impulse and Ramp 
Perturbations to Vent i lat ing Sys tems  in Buildings 3019, 4026, 3508, and 4507, ORNL-3085 (Aug. 1, 
196 1). 

Eiresee, J. C., and J. T. Long, “Design Philosophy for Direct-Maintenance Radiochemical Processing 
Plants,” presented a t  Nuclear Congress, New Yark, June 4-7, 1962 (ORNL TM-153). 

Nichols, J. P., “The Seventh AEC Air Cleaning Conference,” report given at ORNL Nuclear Safety 
Seminar (Dec. 15, 1961). 

Nichols, J. P., E. D. Arnold, and A. T. Gresky, “The Evaluation of Radioactive Releases from Chemical 
Plants,” presented a t  the Seventh AEC Air Cleaning Seminar, Srookhaven National Laboratory, 
Oct. 10-12, 1961. 

Nichols, J .  P., ”Idaho Chemical Processing Plant Crit icality Incident of January 25, 1961, Nucl .  Sa fe t y  
3(2) (December 1961). 

Nichols, J. P., and E. D. Arnold, “Hazards Analysis of Chemical Processing Facil it ies, Nucl. Sa fe ly  
3( 1) (September 196 1). 
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Nichols, J. P., “Radiochemical Fac i l i ty  Hazard Evaluation Course,” given at  ORNL Office of Radiation 

Holmes, J. M., “Removal of Contaminants from Gas Streams,” Nucl. Sn/‘ety 2(4) (June 1961). 
Burch, W. D., and L, B. Shappert, “Behavior of Iodine and Xenon in  the Homogeneous Reactor Test,” 

Trans. Am. Nr~cl. SOC. 4(2) (November 1961), presented at  American Nuclear Society Meeting, Chi- 
cago, Nov. 7-9, 1961. 

Gamma Monitor, Uranium Colorimeter,” presented at  Instrument 
Society of America, Fa l l  Instrument-Automation Conference and Exhibit, Los Angeles, Sept. 11-15, 
196 1 (Preprint No. 3-LA-61). 

Moncrief, E. C., and M. C. Hil l, “Digital Computer Processing of P i lo t  Plant Data,” presented a t  Nu- 
clear Congress, New York, June 4-7, 1962 (ORNL TM-95). 

Scott, C. D., “Direct Reduction of Uranium Hexafluoride to Uranium Metal by Use of Sodium,” presented 
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