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Sum 

1. POWER REACTOR FUEL PROCESSING 

Processes for Graphite-Base Fuels 

Cold laboratory and engineering development of 
four processes for uranium- and/or thorium-bearing 
graphite-base fuels is in progress. These include 
mechanical grinding and leaching with 13—15 M 
HNOg, combustion-ash dissolution, 90%-HNO3 
disintegration-leaching, and chloride volati l ization. 
Studies were made with both coated- and uncoated-
particle fuels, but the only aqueous-based process 
that is applicable to all graphite-base fuels 
appears to be the grind-leach. 

Mechanical grinding followed by leaching with 
nitric acid or fluoride-catalyzed nitric acid 
generally resulted in recovery of >99% of the 
uranium and thorium. Coated-particle fuels had to 
be ground fine enough (—200 mesh) to ensure 
rupture of the pyrolytic graphite or A L O , particle 
coatings. Combustion followed by dissolution of 
the ash in an acid reagent resulted in nearly 
quantitative recovery of the uranium and thorium 
except from fuels that contain ALO^-coated fuel 
particles, where the inertness of the sintered 
alumina precludes its dissolution in an aqueous 
reagent. The ignition temperature of graphite was 
lowered from about 700 to 300—400°Cby presoaking 
the fuel in lead acetate, KMnO,, or copper nitrate 
solutions. Simultaneous disintegration and leaching 
with 90% HNO3 recovered >99% of the uranium 
and thorium from fuels that did not contain coated 
particles. Both pyrolytic carbon and ALO^ 

coatings were impervious to boiling 90% HNO., 
but boiling 90% HNO-, slowly oxidized graphite. 
Most of the carbon that was oxidized was converted 
to carbon oxides, but about 10% was converted to 
water-soluble organic acids, 60—80% of which was 
mellitic acid. 

lary 

Processes for Uranium and Thorium 
Carbide Fuels 

Uranium monocarbide reacted at temperatures 
between 25 and 100°C with water, 6 N HCI, or 
20 N NaOH to yield principally methane, some 
hydrogen, and small quantities of saturated C„-
to Cg-hydrocarbons. The major products of the 
reaction of UC with 4 or 16 M HNO3 were carbon 
oxides and water-soluble polycarboxylic acids, 
including mellitic and oxalic. Water hydrolysis 
of thorium monocarbide, as of UC, yielded princi
pally methane. Hydrolysis studies with mixtures 
of the higher uranium carbides (U-C, and UC,), 
indicated that saturated C,- to Cg-hydrocarbons 
were a primary product of the sesquicarbide re
action, while the dicarbide yielded mostly non
volatile hydrocarbons and some free hydrogen. 
The hydrolysis studies indicated that the net 
result of heat-treating UC, - at 1600°C was 
disproportionation of UC to uranium metal plus the 
sesquicarbide, although stoichiometric UC was 
stable under the same heat-treatment conditions. 

Processes for UOj-BeO Fuels 

Uranium can be recovered from GCRE-type re
actor fuels, which are 70% UO2-30% BeO pellets 
clad in Hastelloy-X, either by chopping and dis
solving the pellets in 8 M HNO3-2 M HjSO^ or 
8 M HNO3-O.5 M HF, or by dissolving the cladding 
in 2 -4 M HNO3 containing 3 -5 M HCI and leaching 
the UO, from the pellets with the resulting de-
cladding solution. In simulated chop-leach ex
periments, Gas-Cooled Reactor Experiment fuel 
pellets dissolved completely in about 8 hr in 
boiling 8 M HNO3-O.5 M HF; the Hastelloy-X 
cladding was simultaneously attacked at a rate of 
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only 0.3 mg min~' cm~^. Dissolution of the 
30-mil cladding in 2-3 M HNO- containing 3—4 
M HCI required about 3 hr; leaching of the pellets 
with the resulting solution, which contained about 
40 g of Hostelloy per liter, for an additional 6-7 hr 
recovered 99.6—99.8% of the uranium. Fuels con
taining >90% BeO are best dissolved in boiling 
HjSO^ or HF-NH,F solutions. The initial rates of 
dissolution in 3 to 16 M H-SO. can be represented 
by 

log R (where R = rate expressed as mg min~ cm~ ) 

= 0.223 X molarity of H2SO4 -2.81 . 

In HF solutions, the initial dissolution rate in
creased from 0 to 1.5 mg min~ cm~ as the HF 
concentration increased from 0 to 20 M. 

Processes for Zirconium- and Stainless Steel-
Containing Fuels 

The Neuflex head-end treatment, a nitrate-free 
process for dissolving uranium-zirconium-tin alloy 
fuels containing up to 10% uranium, was developed 
in cold, small-engineering-scale tests. The dis
solvent is NH^F-HjOj , and the product is UO jF j 
solution, which is not amenable to TBP solvent 
extraction but which can be satisfactorily solvent-
extracted to recover uranium by the Dapex process, 
which uses D2HPA and DAAP. Ammonium car
bonate stripping yields a uranyl tricarbonate 
product. Dissolution rates were2—20mgmin~ cm~ 
at terminal free-fluoride-to-uranium ratios of 50 to 
100. The dissolution off-gas consists of 2 moles 
of H, , 4 moles of NH3, and traces of 0 , per mole 
of zirconium dissolved. The dissolver solution is 
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 10 . 

The Zirflex decladding process at full-activity 
level was demonstrated in 22 laboratory-scale 
hot-cell tests with PWR blanket, Zircaloy-clad 
UOj, fuel samples irradiated from 182 to 17,700 
Mwd/ton. The cladding dissolved in 6 M NH.F—1 
M NH4NO3 in 2.5 hr and the pellets in 4 M HNO3-
0.1 M AI(N03)3 in 5 hr. Lit t le fracturing of high-
density (96% of theoretical) pellets was noted. 
Uranium and plutonium average losses to the 
cladding solution were 0.01 and 0.09%, respectively. 
L i t t le 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 with titanium 
equipment, an instantaneous zirconium dissolution 
rate of 10 mg min~' cm~^ and a titanium corrosion 
rate of <0,1 mil/month in refluxing 3 M HNO3 —1.2 
M HF-0.4 M HBF4-O.6 M Cr( l l l ) -0.4 M Cr(VI) -
0.46 M 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—n At chloride solutions decreased 
the chloride content to 0,07 M. At chloride con
centrations below 3 M, hydrogen peroxide was 
<10% efficient, and complete removal of chloride 
was not possible. Development effort on chloride 
stripping from Darex solutions with NOj sparging 
was discontinued when chloride concentrations 
<0,01 M (350 ppm) were not achieved routinely 
with reasonable excesses of NO, even in a 20-ft-
high packed column. Initial tests with NO met 
with some success, 0.01 to 0,02 M chloride being 
achieved with 450% of theoretical NO required. 

Addition of HBF. or molybdic acid to the Darex 
dissolvent did not solubilize sil ica in fuels con
taining >0.5% si l icon. However, treatment of a 
solution of APPR fuel, containing 2% si l icon, 
produced a sil ica precipitate that did not plug 
lines and equipment as did that formed with un
treated APPR fuel solutions. With HBF^, 17% of 
the fluoride was volati l ized; addition of 0,01 M 
zirconium decreased the fluoride volati l i ty to 2%. 

A preliminary phase study of the constant-boiling 
system H-O-HCI-Zr showed a series of hydrated 
compounds with melting points of 68—110°C and 
boiling 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 
boiling, near azeotropic, HCI-Zr solutions appeared 
feasible. 

Corrosion Studies 

Haynes 25 and 21 were superior to titanium in 
resisting corrosion in boiling 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 at maximum 
rates of 2.83, 59.9, and 0.71 mils/month in 10 M 
HNO3-O.5 M HF at 60°C and at boiling without 
and with the addition of 0.75 M Al'^*, respectively. 
Titanium was corroded at a rate of 0.07 mil/month 
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in the latter so lu t ion . Rates of Corronel 230 in 

1 M H N O 3 - 3 M HF, at 60°C and at bo i l ing were 

4.97 and >2700 m i l s /mon th , respec t i ve ly . In 

bo i l ing 1 M HF w i th and wi thout the add i t ion of 

0.06 M H j O j , rates were 12.7 and 43.7 m i l s /mon th , 

respec t ive ly . 

In re f lux ing 20 to 23 M HNO3, maximum corrosion 

rates of t i tan ium and Corronel 230 were 0.07 and 

7.27 m i l s /mon th . In bo i l ing 20 M HNO3-5O g / l i t e r 

uranium solut ion conta in ing free graphi te, the 

corrosion rates for t i tan ium, mi ld s tee l , and type 

1100 aluminum were 0.03, 688, and 127 m i l s /mon th , 

respec t ive ly . In bo i l ing 23 M H N O 3 - I M HF , 

types 6061 aluminum and 309SNb sta in less steel 

were corroded at rates of 0.01 and 0.6 m i l /mon th , 

respec t ive ly . In 90% H N O 3 - 1 0 % H jSO^ , Nichrome 

V, Carpenter 20SNb, types 304 and 347 s ta in less 

s tee l , lNOR-8, LCNA, and CD4MCu were corroded 

at maximum rates of 0.20, 2.6, 4 . 1 , 3 . 1 , 0.17, 

0.52, and 1.74 m i l s /mon th , respec t i ve ly . 

In f low ing modif ied Z i r f l ex d isso lver solut ion at 

the bo i l ing point , welded type 347 s ta in less steel 

and ro l led , unwelded Haynes 21 were corroded at 

maximum rates of 6.45 and 0.68 m i l s /mon th , 

respec t ive ly . In modif ied Z i r f l e x so lvent -ext ract ion 

feed solut ions at 50°C, LCNA, Carpenter 20SNb, 

and types 304L and 347 s ta in less steel were 

corroded at maximum rates of 0.04 to 0.25, 0.08 to 

0.46, 0.38 to 0.49, and 0.10 to 0.19 mi l /month , 

respec t ive ly . In spent Z i r f l ex core d isso lvent 

(35°C) conta in ing 0 to 0.09 M uncomplexed f luor ide, 

t i tan ium and Has te l loy -F were corroded at maximum 

rates vary ing from 0 to 8.5 and from 0.08 to 0.69 

mi l s /month , respect ive ly . Type 347 sta in less steel 

was corroded at a maximum rate of 0.02 mi l /month 

in 1 M H N O 3 - 2 M acet ic a c i d - 4 5 g of U02(N03)2-6 

H^O/ l i te r under heat transfer cond i t ions . 

In ch lor ide vo la t i l i za t i on processing tes ts , 

lNOR-8, Nichrome V, and Haynes 25 were corroded 

at average rates of 0.7, 2, and 6 and 100, 800, and 

800 mi ls /month at 500 and 700°C, respect ive ly , in 

dry chlor ine gas. Rates in C C L - N , were about 

the same as those in ch lor ine . Rates in oxygen 

at 725°C 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 mi ls /month for Haynes 25, Nichrome V, lNOR-8, 

and Pyroceram 9608, respec t ive ly . 

Solvent Extraction Studies 

The U O , d isso lver solut ions prepared in the 

Z i r f l ex hot-ce l l tests were evaluated through one 

cyc le of 30% T B P solvent ex t rac t ion . Uranium and 

plutonium recoveries were nearly quant i ta t ive , and 

gamma decontaminat ion factors were 2 x 10 and 

7 X 10 , respec t i ve ly . In solvent recyc le tests 

wi th these feeds, solvent degradation was much 

less when w-dodecane was the d i luent than when 

Amsco 125-82 was used. 

The ac id Thorex process was sa t i s fac to r i l y 

modif ied to provide for simultaneous recovery of 

uranium and thorium from Consol idated Edison 

Darex c ladding and Thorex core so lu t i ons . Only 

1% of the f i ss 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 M HNO3. When a so lut ion conta in ing 

116 g of thorium per l i ter , 6.2 M HNO3, and 

3.76 X 10 counts m i n ~ m l ~ o f P a was passed 

through a column of unfired Vycor g lass, about 97% 

of the protact in ium and <0.01% of the thorium was 

adsorbed. The protact in ium was eluted wi th oxal ic 

ac id . In solvent ext ract ion wi th 30% T B P , about 

98% of the tracer concentrat ions of protact in ium 

and 99.9% of the thorium and uranium were ex

t rac ted. Decontaminat ion factors were 70 and 10 , 

respect ive ly , from ruthenium and ra re -ea r th e le 

ments, the pr inc ipal neutron poisons. Laboratory 

experiments wi th synthet ic solut ions indicated that 

thorium maybe removed from U product so lut ions 

by ei ther ion exchange or solvent ex t rac t ion 

processes. 

Modi f icat ions in the uranium-aluminum and 

uranium-zirconium a l loy fuel so lvent ext ract ion 

f lowsheets were developed which provide in

creased plant capaci ty and decreased waste 

volumes. No d i f f i cu l t i es were encountered in 

solvent ext ract ion of so lut ions made by the 90% 

HNO3 leachjng of Pebble Bed Reactor graphi te-

base fuel conta in ing tracer amounts of f i ss ion 

products, but about hal f the zirconium and niobium 

were adsorbed on the graphite dur ing leaching, and 

1% of the ruthenium vo la t i l i zed during the evapo

rat ion of the excess a c i d . In studies on the d i s t r i 

bution of Nb between 30% T B P in 7?-dodecane 

and aqueous n i t r ic ac id , the amount of niobium in 

the ext ractable form decreased from ' ^30% in 4 M 

HNO3 to =5% in 0.1 N ac id -de f i c ien t so lu t ion , and 

the d is t r ibu t ion coef f ic ient of the ext ractable 

port ion decreased from 0.05 to ' ^0 .008 . The 

presence of chemical degradation products of T B P 

and Amsco 125-82 increased the amount of ex

tractable niobium, the d is t r ibu t ion coef f i c ien t 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 M H N O , on z i rcon ia-

s i l ica-phosphate. F low capaci t ies and stage 

e f f i c ienc ies were determined for a var iety of 

f lowsheet cond i t ions. Tests of a d i lu te Purex 

f lowsheet , designed to e l iminate in tercyc le evapo

rat ion, in the 2-in.-diam pulsed columns showed 

considerably lower f low and uranium production 

capaci ty than expected. E lec t ros ta t ic treatment of 

solvent extract ion streams improved de-entrainment 

20- to 50- fo ld . 

Mechanical Processing 

The mechanical de jocket ing of the Core 1 fuel 

assembl ies from the Sodium Reactor Experiment, 

which were irradiated to 675 Mwd/ ton and decayed 

for 2 years, was successfu l ly completed, and the 

declod fuel was shipped to the Savannah River 

P lant . The irradiated fuel c ladding was h igh ly 

hardened and much more d i f f i cu l t to handle than 

the duc t i l e unirradiated assembl ies . The c ladd ing 

on about 7% of the fuel had to be chipped off w i th 

remotely operated hand too ls . The slugs were 

sa t is fac tor i l y steam-cleaned and recanned, and 

18 l i ters of NaK was destroyed wi th steam. Two 

NaK explosions occurred, but damage to equipment 

was minor and no injur ies or spread of ac t i v i t y 

occurred. 

Ins ta l la t ion of the cold shear-leach f ac i l i t y in 

bu i ld ing 4505 was completed and engineer ing 

demonstrat ion of th is process on unirradiated 

prototype power reactor fuels star ted. The shear 

and leacher were completely tested hydrau l ica l ly 

and mechanica l ly . The shear blade showed l i t t l e 

wear after 3000 cuts on s t a i n l ess - s tee l - c l ad 

porcela in mock f u e l . Par t ic le -s ize determinat ions 

indicated that smal l -s ize f ines were predominantly 

porcelain and large pieces most ly meta l . Less 

than 0 . 1 % of a l l par t ic les were <0.25 [i. It was 

determined that fuel could not be sheared to lengths 

<0.5 i n . w i thout c los ing the tub ing . An assembly 

can be sheared down to 1.5 in . terminal length. 

Sulfur ic acid d isso lu t ion of c ladding scrap from 

Yankee fuel samples irradiated to 8130 Mwd/ ton 

showed only 0.02% of the uranium and plutonium in 

the c lad after leaching and washing. 

Engineering Studies 

Designs of p i lo t plants for the Darex and Shear-

Leach processes were begun as a joint ORNL-

ICPP (Idaho Chemical Processing Plant) e f fo r t . 

The p i lo t plants were to be insta l led at the ICPP, 

but both projects were cancel led by the A E C in 

Apr i l 1962. Fu l l cr i ter ia were prepared for the 

Darex p i lo t plant and transmit ted to the ICPP, 

along wi th the half-completed Darex design formerly 

planned for ce l l 3, bui ld ing 3019. ORNL and the 

ICPP then jo in t l y prepared engineering f lowsheets , 

and design of process equipment was star ted. 

Cr i ter ia had been started for the Shear-Leach 

ins ta l la t ion and locat ion studies begun by an 

archi tect-engineer when it was cance l l ed . Ass i s t 

ance was provided the ICPP on their plans for a 

plutonium solvent ext ract ion and iso la t ion f a c i l i t y . 

Cr i ter ia were prepared by ORNL for a tr i laurylomine 

( T L A ) ext ract ion system that would permit the 

ICPP to compare th is w i th ex i s t i ng anion exchange 

methods. 

2 , FLUORIDE V O L A T I L I T Y PROCESSING 

Processing of Uranium-Zirconium Alloy Fuel 

Modi f icat ions to the F luor ide Vo la t i l i t y P i lo t 

Plant required to scrub the d isso lver off-gas w i th 

l iquid HF were completed, and the system performed 

exce l len t ly in a l l t es t s . The last f ive of a ser ies 

of f lowsheet demonstrat ion runs (TU-8 to TU-12) 

wi th nonirradiated fu l l y enriched zirconium-uranium 

al loy fuel elements were successfu l ly completed, 

and 5.2- to 6.5-yr-decayed uranium-zirconium a l loy 

fuel was successfu l ly processed in s ix runs. 

Automatic data logging and d ig i ta l computer 

techniques were rout ine ly used for processing data. 

Application to Stalnless-Steel-Contoinlng Fuels 

Stainless steel d isso lu t ion rates and component 

so lub i l i t i es were determined in 29-36-35 mole % 

L i F - N a F - B e F , , as were d isso lu t ion rates in 

40-49-11 and 36-44-20 mole % L i F - N o F - B e F ^ . 

Simulated EBR meltdown fuel conta in ing trapped 

NaK was d isso lved in molten N a F - L i F - Z r F . wi th 

HF wi th no d i f f i c u l t y . 

Application to Short-Decayed U O , Fuel and 
Other Oxides 

Uranium was successfu l ly recovered from un

irradiated Z i rca loy -c lad UO- pins which had 

decayed only 15—30 days. Overal l process decon-
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taminat ion factors var ied from the order of 10 for 

Mo y ac t i v i t y to 10 for Sr ft a c t i v i t y . Radio

ac t i v i t y from l ' • ^ ' y, Te /?, Mo ft, Nb y, and Ru y 

tended to disappear in the d isso lu t ion step. 

Scouting tests made wi th i rradiated BeO-UO, and 

T h O j - U O , fuels indicated the feas ib i l i t y of using 

the fused sal t vo l a t i l i t y process but a lso showed 

that more work is needed in developing the 

chemistry and the optimum sa l t system for each 

case. Paral le l slabs of z i rconium oxide were 

hydrof luor inated in 26-43-31 mole % N a F - L i F - Z r F . 

for rate comparisons wi th previous Z i rca loy -2 

d i sso lu t ions . 

General Process Development 

Comparison of the res is tance of INOR-8 vs 

A l l oy 79-4 in N a F - L i F wi th Z r F ^ and B e F j ind i 

cated the potent ial usefulness of the latter as a 

hydrof luor inat ion construct ion mater ia l . However, 

corrosion was high at the salt-vapor interface 

when d isso lv ing Z i rca loy -2 in 50.5-37.0-12.5 

mole % N a F - L i F - B e F j wi th HF at 650°C. A l l oy 

79-4 was more res is tant than ei ther L-n ickel or 

lNOR-8 in a N a F - L i F - Z r F ^ melt w i th and wi thout 

B e F , under f luor inat ion cond i t ions . General ly , 

the BeF j - con ta i n i ng melt was the more cor ros ive . 

INOR-8 corrosion data accumulated dur ing prototype 

hydrof luor inat ion rate studies were correlated 

wi th the kinematic v i scos i t y of molten sa l t . 

Resul ts were favorable when U F , was vo la t i l i zed 

from 29-36-35 mole % L i F - N a F - B e F ^ fused sal t 

(~350°C l iqu idus) ; such a low-mel t ing-point sa l t 

might be valuable in min imiz ing f luor inator 

corros ion. Nickel vessels were corroded rapid ly 

wi th 40-49-11 mole % L i F - N a F - B e F j at 600°C. 

Prototype equipment was rev ised for study of sa l t 

recycle in Z i rca loy-2 processing (for cost reduct ion) 

and to provide for inc lus ion of bery l l ium compounds 

in the study. The sodium f l uo r i de -UF , react ion 

k ine t ics study resul ted in a mathematical model in 

agreement wi th experimental observat ions. 

3, WASTE T R E A T M E N T AND DISPOSAL 

High-Activity Waste Treatment 

The design of a p i lo t plant for the demonstrat ion 

of the pot ca lc ina t ion process for convert ing h igh-

ac t i v i t y wastes to sol ids at the Idaho Chemical 

Processing Plant was carr ied through the prepa

rat ion of engineer ing f lowsheets in cooperat ion 

wi th personnel of Ph i l l i ps Petroleum Company. 

Th is p i lo t -p lant study w i l l be moved from Idaho to 

Hanford as a resul t of a recent AEC dec i s ion . 

Engineer ing-scale studies w i th s imulated 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 ca lc iners 

at rates of 10 to 25 l i t e r s /h r . The volume of non-

condensable off-gas from the process ranged from 

15 to 50 f t ^ / h r . Sol ids, deposited rad ia l l y in the 

pots during ca lc ina t ion , contained an average of a 

few tenths percent n i t rate and had bulk densi t ies 

of about 1.2 g /cc in the case of Purex and Darex 

and 0.7 g /cc in the case of TBP-25 waste. V o l a t i l 

izat ion of sul fate from the calc iner to the evapo

rator was l imited to < 1 % by the addi t ion of ca lc ium 

ni t rate so lu t ion . Mercury was completely v o l a t i l 

ized, together w i th 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 phosphi te. 

Design and procurement of mechanical equipment 

for remotely pos i t ion ing and connect ing the ca lc iner 

to process equipment in the p i lo t plant were com

pleted. The equipment was assembled and is 

being tested at Georgia Nuclear Laborator ies, 

Dawsonv i l le , Georgia. 

Simulated highly rad ioact ive wastes from the 

TBP-25 , Purex, and Darex processes were in

corporated in glassy or microcrys ta l l ine so l ids by 

adding phosphite or hypophosphite and other 

f l ux ing agents and ca l c i n i ng . Volume reduct ions 

varied from about 7 to 9.3 for TBP-25 and from 

about 2.9 to 6.6 for Darex. Corresponding dens i t ies 

var ied from about 2.35 to 2.84 g /cc and from about 

2.2 to 3.8 g /cc , respect ive ly , and sof tening points 

from 850 to 1000°C and from 850 to 900°C. The 

addi t ion of phosphite or hypophosphite to 1.5 to 

2.5 M not only provided a f l ux ing agent but a lso 

decreased the ruthenium vo la t i l i t y to < 0 . 1 % in 

batch and in small semicont inuous exper iments. 

Semiengineering-scale f i xa t ion of TBP-25 waste 

in a true glass incorporat ing 26 wt % simulated 

waste oxides was accompanied by vo la t i l i za t i on of 

12.5% of the ruthenium, wi th phys ica l entroinment 

of 0.02% or less . The thermal conduct iv i ty of th is 

glass varied from 1.05 to 1.60 Btu h r " ^ f t " ^ ( ° F ) - ' 

between 300 and 1050°F (sof tening point , 

' ^ n O O ° F ) . 

Vapor- l iqu id equi l ibr ium data and so lut ion den

s i t ies were determined for TBP-25 , Darex, and 

Purex wastes for concentrat ions from 0.5 to 1.5 
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to 2 t imes those of the expected waste so lut ions 

and at acid concentrat ions as high as 7 M when 

such solut ions were s tab le . 

In n i t rate so lu t ions, the logarithm of the ruthenium 

d i s t i l l a t i on factor was a l inear funct ion of the 

logarithm of the n i t r ic ac id molar i ty in the 

d i s t i l l a t e . D isso lved sal ts increased the re lat ive 

v o l a t i l i t y . Add i t ion of 0.1 M H3PO3 decreased the 

re la t ive vo la t i l i t y by factors vary ing from 38.8 for 

simulated Darex waste to 447 for 12 M HNO3, 

Add i t ion of 1.5 to 2.5 M phosphite or hypophosphite 

to simulated TBP-25 waste solut ion lowered the 

ruthenium vo la t i l i t y to 0 ,1% or less during 

ca lc ina t ion up to 900°C. 

Stainless steel appears to be a sat is factory 

construct ion material for both the calc iner pot and 

the waste storage tanks. Type 304L sta in less 

steel was corroded with average penetrations of 

0.14, 1.11, and 4.5 mi ls when exposed to TBP-25 , 

TBP-25 + glass add i t i ves , and Purex + glass 

add i t i ves , respect ive ly , for 19 to 24 hr, inc luding 

the evaporat ion-f ixat ion cyc le and f ina l heat ing to 

900°C. Intergranulor corrosion occurred in the 

Purex environment. Corrosion was maximum in a l l 

environments during the re la t ive ly short t ime at 

high temperature when the last water and ac id 

were being expe l led . L i t t l e further internal 

corrosion is expected during storage. Type 304L 

sta in less steel can be used for the ca lc inat ion pot 

if sul fate vo la t i l i t y from Purex waste is properly 

contro l led and if maximum f ixa t ion temperatures 

are kept below 900°C. Atmospheric corrosion in 

dry air at 900°C was <16.8 m i l s / y r . 

Stainless steels exposed in simulated Darex 

waste solut ion for 6082 hr at 80°C showed overa l l 

rates of about 0.9 mi l /month and grain-boundary 

attack but no intergranulor a t tack . The addi t ion of 

organic inhibi tors and lowering the temperatures 

40 to 50°C decreased the rate to a few hundredths 

of a mi l per month. These sta in less steel tanks 

are probably sat is factory for the storage of acid 

ni t rate wastes. 

Low-Activity Waste Treatment 

A scavenging—ion exchange process for removing 

trace amounts of f i ss ion products from process 

waste water was demonstrated wi th ORNL waste in 

a 600-gal /hr p i lo t p lant. When the feed is adjusted 

to a pH of 11.6 wi th caust ic in a f lash mixer, a 

precip i tate is formed which scavenges the co l lo ida l 

sol ids and part of the rad ioac t i v i t y . Af ter f l occu -

lo t ion, the sol ids are separated wi th a s ludge-

blanket c lo r i f ie r and po l ish ing f i l te r and are further 

concentrated for disposal by a sludge f i l t e r . The 

c la r i f ied l iqu id is passed through a bed of Duol i te 

CS-100 phenolic resin for sorption of most of the 

remaining a c t i v i t y . Af ter passage of 2000 bed 

volumes through the ion exchange column, the 

plant ef f luent contained <3% of the maximum 

permissible concentrat ion of Sr and Cs in 

dr ink ing water for continuous occupat ional ex

posure. The Sr decontaminat ion factors ranged 

from 2,047 to 12,160, represent ing >99.9% removal ; 

Cs decontamination factors ranged from 77 to 

3444 for the same operating t ime . Other tests in 

the p i lo t plant showed a 50% breakthrough point 

for Cs at 2800 resin-column volumes, demon

strated the feas ib i l i t y of the sp l i t -e lu t ion method 

wi th 0.5 M HNO3, and showed no ef fect from the 

var iat ion of the length-to-diameter rat io of the 

resin bed. 

Laboratory studies w i th top water showed (1) that 

ca lc ium hardness remaining in the c lo r i f i e r e f f luent 

can be decreased from 70 ppm to <10 ppm by the 

addi t ion of 25 ppm of lime at 25°C but that i t was 

inef fect ive w i th ORNL waste conta in ing com-

plexing agents, (2) that vermicul i te is not su i table 

for use w i th the high-caust ic head-end treatment of 

ORNL waste and, (3) that the treatment of 20,000 

bed volumes in a complete deminera l izat ion f low

sheet should be possible before regeneration of the 

resin is required, 

A conceptual design and cost est imate for a 

750,000-gal /day plant for t reat ing the tota l ORNL 

process waste stream indicated a capi ta l cost of 

$511,000 and an est imated operat ing cost of 54 

cents per 1000 g a l . 

Engineering, Economics, and Hazards Evaluations 

A study undertaken to evaluate the economics 

and hazards associated wi th a l ternat ive methods 

of waste management in a nuclear power industry 

showed that costs for convert ing ac id and re-

ac id i f i ed Purex and Thorex wastes to so l ids by pot 

ca lc ina t ion and for producing glass from ac id 

Thorex wastes ranged from 0,87 x 10~ m i l l A w h ^ 

for processing ac id Purex and Thorex wastes in 

24-in.-diam vessels to 5,0 x 10~ m i l l / k w h ^ for 

processing reac id i f ied Purex and Thorex wastes in 

6-in.-diam vesse ls . 
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A prel iminary conceptual design andcos t est imate 

for a sol ids d isposal f ac i l i t y in sa l t ind icated 

costs of 6 X 10-3 to 30 X 10-3 m i l l / k w h ^ . Of the 

tota l cos ts , 60 to 85% was at t r ibutab le to sa l t 

removal, ind icat ing that the best possible est imates 

of th is item w i l l be required for the more detai led 

f ina l study. 

Heat-transfer ca lcu la t ions of shipping containers 

for pot-calc ined wastes of var ious ages showed 

that as many as th i r ty -s ix 6- in.-diam pots of 

ca lc ined ac id Purex waste can be shipped in a 

s ingle- f inned carrier after 2.4 years ' decay wi thout 

mechanical coo l ing en route. Four 24-in.-diam 

pots of acid Purex waste can be shipped, per 

carrier, after 11 yr of decay. 

4, SOLVENT EXTRACTION TECHNOLOGY 

Final Cycle Plutonium Recovery by Amine 

Extraction 

Chemical and phys ica l performance of the 

chemical f lowsheet developed for f i na l - cyc le 

plutonium pur i f icat ion by ter t iary amine extract ion 

was demonstrated in countercurrent runs w i th 

simulated feeds and wi th Purex plant so lu t ions , 

Plutonium d is t r ibu t ions confirmed the previous 

equi l ibr ium measurements, w i th sat is fac tory re

cover ies and concentrat ion fac tors . Decontami

nation factors from the simulated solut ions wi th 

tracer zirconium-niobium were near or above 

ana ly t ica l l im i t s , but those from Purex solut ions 

were only 100—500, much lower than expected and 

than required for an acceptable plutonium product. 

In cold engineer ing tests in a 2- in.-diam pulsed 

column and in mixer-set t lers , f low capac i t ies and 

stage e f f i c ienc ies were determined for a var iety of 

f lowsheet cond i t ions. 

Extraction of Rare Earths by Tertiary Amines 

from Chloride Solutions 

Detai led examinat ion of the behavior of lantha

nides, y t t r ium, and scandium in the amine chlor ide 

extract ion method for separat ing t ransplutoniums 

from lanthanides showed yt t r ium less extractable 

than any lanthanide under a l l condi t ions tes ted . 

Scandium extract ion was higher than that of y t t r ium 

but varied great ly wi th extractant compos i t ion . 

The order of ex t rac tab i l i t y of the lanthanides 

varied wi th extractant and aqueous composi t ion. 

w i th maximum extract ion near the middle of the 

series from 11 N L i C l - 0 . 0 1 N HCI but, w i th most 

extroctants tested, at the high-weight end from 8/V 

L i C l - 2 N A l C l 3 . 

Metal Nitrate Extraction by Amines 

Continued studies on amine extract ion of f i s s i on -

product metal n i t rates showed marked var ia t ion in 

the ext ract ion of n i t rosy l ruthenium wi th age and 

contact t ime. Extract ion of n i t rato complexes 

(tetra- and penta- most extractable) passed through 

maxima ot ~3 M H N O , in the absence of n i t rate 

salts but cont inued to r ise wi th decreasing ac id i ty 

in the presence of sodium ni t rate ('^6 M N O 3 - ) 

down to <0.5 M HNO3; f ° ( R u ) was up to -^0.6 

wi th ~0 .25 M amine. Extract ions of n i t ro com

plexes were in a s imi lar range but rose wi th de

creasing ac id i ty both wi th and wi thout n i t ra te 

sal t present. 

Metal Chloride Extraction by Amines 

Extract ion of i ron( l l l ) from chlor ide so lut ions by 

several amines varied in the order quaternary > 

ter t iary > secondary » primary, and (with second

ary amine) aromatic d i luent > (a l iphat ic + a lcohol) 

d i luent . It increased throughout wi th increasing 

chlor ide concentrat ion (acid or sal t ) up to 10 M, 

except for s l igh t decreases at >8 M HCI wi th the 

quaternary and ter t ia ry . 

Acid Recovery by Amine Extraction 

A useful balance between ac id ext ract ion power by 

amines and amenabi l i ty to water s t r ipp ing of the ex

tracted acid was obtained by proper choice of the 

degree of ster ic hindrance from a Iky I branching c lose 

to the n i t rogen. N-Benzyld i (2-ethy lhexy l )amine, 

in part icular , was found capable of ex t rac t ing >90% 

of the su l fur ic ac id from Sulfex decladding process 

waste and re leas ing it to a s t r ipp ing so lut ion which 

can reach a concentrat ion of ~1 M H_SO,. 

Extraction Performance and Cleanup of 

Degraded Process Extroctants 

Continued tests of d i luent n i t ra t ion showed it to 

be more severe in the presence of T B P . The 

degradation as measured by tracer z i rconium-niobium 
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ext ract ion, by ni t roparaf f in determinat ion, or by 

total organic nitrogen determinat ion, was essent ia l l y 

the same from heating and from i r rad ia t ion, for ex

ample, 10 hr ref lux wi th 2 M HNO3 was equivalent 

to ~100 whr / l i t e r of Co gamma i r rad iat ion. Amsco 

125-82 was less suscept ib le to n i t ra t ion after 

being scrubbed wi th concentrated H-SO . . 

Of many scrubbing agents tes ted, ethonolamine 

proved most e f fect ive in removing z i rconium-

niobium—extracting impuri t ies from degraded 

so lvent . However, the economic value appears 

marginal because of appreciable loss of both T B P 

and ethonolamine and the re la t i ve ly high price of 

the lat ter . 

Continued search for d i luents more stable to 

n i t rat ion showed large var iat ions m s tab i l i t y w i th 

structure of a lky lbenzenes. D i - and cyc l oa l ky l -

benzenes were less stable than simple mono-

alky lbenzenes, wi th indicat ion that t r ie thy lbenzene 

was even more stable and monoalkylbenzenes more 

stable when iso-branched than when either more 

branched or normal. These comparisons apply only 

to s ide-chain n i t ra t ion , n i t ra t ion of the benzene 

r ing does not produce zirconium-niobium ext roct 

ants, al though it must s t i l l be considered in 

respect to physica l properties and safety . 

Suppression of Zirconium-Niobium and Ruthenium 

Extraction by TBP-Amsco from Aqueous Feeds 

Pretreated with Oximinoketones and 

Oxalic Acid 

Signi f icant suppression of z i rconium-niobium and 

ruthenium extract ion was demonstrated on treat ing 

aqueous feeds wi th certain ox iminoketones, a c lass 

of compounds previously proposed as intermediary 

m s imi lar suppressions by treatment wi th acetone 

plus n i t r i t e . Further study of oximinoketones 

showed that a part of their ef fect was due to oxal ic 

ac id , present as either a synthesis by-product or a 

decomposit ion product of the ox immoketone. 

Direct batch tests showed oxal ic acid more 

ef fect ive than oximinoketones in suppressing 

zirconium-niobium and ruthenium ext ract ion but 

indicated some l imi tat ions through impaired ex

tract ions or precip i tat ion of p lutonium, uranium, 

and thor ium. In spi te of such l im i ta t ions , the use 

of oxa l ic ac id feed treatment, in processing actual 

i rradiated-fuel so lu t ions, improved the decontami

nation of uranium from gross beta and gamma 

ac t i v i t y by a factor of 2 0 - 3 0 , wi thout any impair

ment of overal l uranium or plutonium recovery. 

New Extroctants 

In cont inu ing examinat ion of new potent ia l ex

troctants suppl ied by manufacturers, a commercial 

supply of d i -sec-buty l phenylphosphonate (DSBPP) 

compared we l l w i th the previous research prepa

rat ion, and a number of new or modif ied amines 

compared we l l w i th previously ava i lab le amines in 

assay and performance. Secondary amine con

taminat ion was removed from tert iary amines by 

column cat ion exchange in an isopropanol medium. 

Gel-Liquid Extraction 

Prel iminary evaluat ions of the ge l - l iqu id ex

t ract ion technique, which uses the ter t iary amine 

Alamine-336 absorbed in po lys ty rene-d ivmy l -

benzene beads, showed high separations but slow 

equ i l ib ra t ion in the transplutonium—lanthanide — 

l i th ium chlor ide system. While th is technique does 

not appear compet i t ive w i th convent ional solvent 

ext ract ion for separations in that system, the 

resul ts indicate possible advantages in systems 

offer ing only small separation factors and wi th 

extroctants l imi ted by poor m isc ib i l i t y w i th common 

d i luen ts . 

Solvent Extraction Equilibria and Kinetics 

Continued studies of a lka l ine earth ext ract ion by 

di(2-ethylhexyl)phosphate ( [ H X l j + NaX) in benzene 

showed E°(Sr ) " [ H ' ^ ] " ^ - ^ (average) at pH < 4 , 

passing through maxima near pH 4.5—5.5, and 

independent of pH at >7. The maxima occurred at 

lower pH wi th higher reagent concentrat ion (0.015 

to 0.5 M X ~ ) , in each case c lose to the pH where 

the mole rat io N o X / S X = 0.25. The ext ract ion 

maxima disappeared when a l l sodium n i t ra te was 

replaced wi th stront ium ni t ra te, E (Sr) o t [X~] at 

a l l levels of N a X / S X , suggest ing ext ract ion into 

micel les of the reagent. 

The re la t ive a f f in i t i es of the a lka l i ions for 

d i (2-ethylhexyl)phosphate in ext ract ion from n i t ra te-

hydroxide solut ions was Cs = Rb < K < No « 

L i « H. Results were s imi lar w i th 0.5, 0 . 1 , and 

0.05 M X~. The re la t ive a f f in i t y of l i th ium in 

part icular increased considerably wi th a decrease 

of aqueous pH and organic M X / S X . 

Water ext ract ion and the concomitant volume 

increase on conversion of [HX]_ to NaX was 

measured in deta i l in the system D2EHPA-benzene— 
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of magnetite concrete and a 54- in . - th ick compound 

window of o i l and lead glass w i l l provide su f f i c ien t 

sh ie ld ing . The interior wa l ls of the ce l l s are 

expected to read <1 r/hr from neutron ac t i va t ion 

ten days after credib le exposure to spontaneous 

f i ss ion neutrons. 

Tenta t ive maximum permissible environmental 

concentrat ions of the act in ides were ca l cu la ted . 

A hazard ana lys is based on these values indicates 

that the T R U fac i l i t y design meets current con

tainment c r i t e r i a . 

7. PLUTONIUM-ALUMINUM ALLOY 

FUEL PROCESSING 

Plutonium was recovered from 24 h ighly irradiated 

plutonium-aluminum a l loy rods. Object ives of the 

program included recovery of plutonium r ich in the 

higher isotopes, generation of feed material for 

future transuranic f lowsheet demonstrat ions, and 

the demonstrat ion of a f lowsheet for recovery 

of h ighly burned plutonium by anion exchange 

methods. A tota l of 675 g of plutonium meeting 

spec i f i ca t ions was recovered, w i th overage decon

taminat ion factors from f i ss ion products of 1 x 10* . 

Overal l losses averaged 1%, the bulk (80%) of 

which occurred in the f i rs t cyc le during the 

scrubbing s tep. The Permutit SK resin used was 

severely degraded after rece iv ing a dose of 4 x 10 

rod. 

8, PRODUCTION OF URANIUM-232 

A tota l of 32.9 mg of U for nuclear cross-

sect ion measurements was prepared by neutron 

i r radiat ion of Pa and chemical iso la t ion of the 

uranium. The pr inc ipal product so lu t ion contained 

21.58 mg of U wi th an isotopic composi t ion 

98.90% U232, 0.0127% U " 3 ^ 0.0095% U " 5 , and 

1.075% U^^^ . The remainder of the U " 2 product 

contains about 0.03% U " ^ and 0.003% U " 5 . 

Uranium-235 and U contaminat ion resul ted from 

^1 ppm of natural uranium in the P o - O - from 

which the U was produced and from traces of 

uranium in process reagents. 

Six A l -Pa ,Oc cermet targets conta in ing a 

total of 48.1 g Pa^'^^ were fabr ica ted. Two 

i r radiat ions were made. In the f i rs t i r rad ia t ion, 

one target conta in ing 7,35 g of Pa was ir

radiated to 4.7 X 10 nvt and processed for 

uranium recovery after 43-hr decay and again 

after 91-hr decay. In the second i r rad ia t ion, f i ve 

targets conta in ing a tota l of 40.6 g of Pa were 

irradiated to 4.1 x 10 ° nvt and processed for 

uranium recovery after 43-hr decay and again after 

77-hr decay. The irradiated slugs were processed 

by d isso lu t ion in HCI and HCl -HF and anion ex

change. The uranium was further pur i f ied by a 

second anion exchange cyc le and a TBP ex t rac t ion . 

Another 1 g of U^^-^ conta in ing about 1% U^-^-^ 

is being prepared by a longer re i r radiat ion of the 

P a " ' . 

9. URANIUM PROCESSING 

Uranium mi l l waste streams normal ly contain 

Ra at a concentrat ion too high to permit d i rec t 

discharge to the environment. The radium was 

removed to below spec i f i ca t ion l imi ts (10 x 1 0 " ' ^ 

cu r i e / l i t e r ) from simulated plant waste so lut ion by 

adsorpt ion on natural and synthet ic zeo l i t es . 

U O j par t ic les (<10 \i) were enclosed in BeO 

by dry ing and igni t ing a suspension prepared in a 

syrupy solut ion of basic bery l l ium formate or 

oxalate. The refractory BeO was obtained as 

a s l i gh t l y porous glassy mass, or (by a d ispers ion 

technique) as small spher ical beads, wh ich , 

however, were more porous and would require 

subsequent dens i f i ca t ion . 

10. PROTACTINIUM CHEMISTRY 

Present chemical processing methods are not 

adequate for large quant i t ies of Pa •̂  in thorium 

fue l s . To obtain basic protact in ium chemical 

information for future process development the 

chemistry of protact in ium in su l fur ic ac id solut ions 

is being invest igated by solvent ex t rac t ion , 

so lub i l i t y , and spectrophotometr ic methods. The 

so lub i l i t y is 0 .12 -0 .20 mg/ml in 2 7 - 3 3 /V su l fur ic 

ac i d , but increases below 20 /V ac id to as much as 

6 mg /m l . Protact in ium hydro lys is occurs at con

centrat ions below 10 /v. Organic amines w i l l 

ext ract protact in ium from su l fur ic ac id so lu t ions , 

the order of ex t rac t ion being ter t iary < secondary < 

primary. The ex t rac tab i l i t y increased approximately 

l inear ly w i th amine concentrat ion, and increased 

qui te rapidly w i th decreasing su l fur ic ac id con

cent ra t ion . A s ingle absorpt ion peak occurs at 

2250 A in sul fur ic ac id concentrat ions above 15 H, 

but the peak is d isp laced to <1950 A , the l im i t of 

measurement, in concentrat ions below 7.5 N. 
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11. THORIUM OXIDE IRRADIATIONS 

Code P-82 thorium oxide pellets (1650°C fired) 
showed l i t t le damage after being irradiated three 
months in the LITR under D^O at 250°C and dry 
in aluminum capsules under a helium atmosphere. 
Average weight loss as a result of the wet-
irradiation was 0.4% and of the dry, <0.05%. 
Irradiation markedly enhanced the wear resistance 
of the pellet surfaces, but, once the surface layers 
were removed during the first one or two hours of 
a standard spouting bed test, the wear rates of 
the irradiated materials were comparable to those 
of the unirradiated pellets. Irradiation in water 
also produced a small increase in void volume and 
a large number of small pores probably associated 
with individual fission events. Metallographs of 
the unirradiated and wet-irradiated pellets showed 
essentially no differences. 

Two series of thorium oxide powders fired at 
650, 800, 900, 1100, and 1500°C were irradiated 
dry in aluminum capsules for 16 and 22 months in 
the Low Intensity Test Reactor. The 650, 800, 
and 900°C-fired oxides became red and sintered 
into hard, glossy fragments. The nOO°C-fired 
materials formed off-white, chalky plugs, and the 
1500°C fired oxides were blue powders. The 
specific surface areas of oxide fired at =1100°C 
were markedly decreased by the irradiation although 
the estimated maximum temperatures of the powders 
during irradiation were <1000°C. Li t t le or no 
sintering and only slight particle damage occurred 
in the 1500°C-fired powders. The sintering 
probably resulted from recrystallization processes 
induced by fission fragment irradiation. 

12. GAS RECOMBINATION STUDIES 

A palladium-on-thoria catalyst was developed 
for use in aqueous reactor slurries to recombine 
radiolytic deuterium and oxygen. At low deuterium 
partial pressures and under oxygen in excess of 
the stoichiometric ratio the specific catalytic 
activity was more than sufficient to recombine the 
radiolytic gases rapidly with very small concen
trations of palladium. Under these conditions the 
reaction was first order with respect to the 
deuterium partial pressure and 0.5 order with 
respect to the oxygen partial pressures respec
t ively. The apparent activation energy for 
recombination in the temperature range 250-280°C 

was 19—26 kcal/mole. Most simulated fission 
product accumulations did not affect catalytic 
activity. 

Definitive correlations between catalytic activ
ities observed in laboratory autoclave experiments 
and those obtained in pump loop experiments or 
observed in in-pile autoclave experiments have not 
been obtained. However, the specific activity 
based on the palladium concentration of a slurry 
of solids irradiated in an in-pile pump loop experi
ment was as high as those obtained with other 
slurry-palladium catalyst systems which had not 
been irradiated, indicating that simultaneous 
reactor irradiation and pumping under 0 did not 
decrease catalytic activity. 

13. THORIUM FUEL CYCLE DEVELOPMENT 

The sol-gel process developed for preparing 
3—10 wt % mixed uranium-thorium oxide for use in 
fuel element fabrication by vibratory compaction. 
The process was simplified to a four-step operation 
and demonstrated on a scale of 7 kg of oxide per 
batch. The steam denitration step was demon
strated to be capable of close product control on 
batches of ThO„ up to 22.5 kg. Thoria spheroids 
of high attrition resistance were also prepared. 
Fifteen fuel irradiation capsules containing 
vibratorily compacted sol-gel oxide have given 
satisfactory performance under irradiation at heat 
fluxes up to 600,000 Btu hr"^ f t " ^ for irradiations 
of up to 17,000 Mwd per ton of thorium. Two 
instrumented pins were irradiated at center line 
temperatures of 3600 and 2800°F and cladding 
temperatures of 1300 and 1000°F for 3 months 
without significant change. The effective thermal 
conductivity compares favorably with pelleted 
fuels. 

Design of the Kilorod faci l i ty for fabricating 
metal-clad oxide reactor tubes for the BNL crit ical 
experiment by the sol-gel-vibratory compaction 
method was completed, and fabrication and 
installation are now in progress. 

14. THORIUM RECOVERY FROM ROCKS 

An extensive survey with a portable gamma-ray 
spectrometer of over 300 sq miles of surface out
crops of the Conway granite in New Hampshire 
indicate an overage thorium content of 56 ±6 ppm. 
If this concentration persists with depth, and this 
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w i l l be determined by d r i l l i ng during the next year, 

the thorium reserves in the Conway formation w i l l 

amount to tens of m i l l i ons of tons . The granite 

contains smaller but s ign i f i can t concentrat ions of 

uranium. Based on studies of 13 d i f ferent samples, 

est imated recovery costs of thorium plus uranium 

have ranged from $23 to $83 per pound. Several 

samples of less extensive granite formations from 

the New England states contain thorium at concen

t rat ions equivalent to the Conway. Vo lcan ic rock 

samples from I taly and Nevada contain 12 — 50 ppm 

thorium but res is t acid leaching. Sublater i t ic so i l 

samples from the southeastern United States con

tain only 5—16 ppm thor ium. 

15. RADIATION E F F E C T S ON CATALYSTS 

Conversion of Cyclohexanol to Cyclohexene w i th 

MgSO^ and MgSO^-NojSO^ Cata lys t 

Contrary to publ ished data, radioact ive MgSO. 

and MgSO. -Na,SO. were less e f fec t ive in the con

version of cyc lohexanol to cyclohexene than were 

the corresponding nonradioact ive ca ta lys ts . Both 

radioact ive and nonradioact ive ca ta lys ts lost 

ca ta ly t i c ac t i v i t y on ag ing. 

16. H IGH-TEMPERATURE CHEMISTRY 

Deta i led drawings were completed for the 

spectrophotometer system designed for operation 

at temperatures up to 330°C and pressures up to 

3000 ps i . A miniature loop system was designed 

and constructed for use at 150°C and 200 ps i . A 

method based on graphical summation of photon 

contr ibut ions from electron energy d is t r ibut ions 

was developed for ca lcu la t ing Cerenkov radiat ion 

in tensi ty from beta- and/or gamma-emittmg sources. 

17. MECHANISMS OF SEPARATIONS PROCESSES 

The d is t r ibu t ion of n i t r ic ac id between aque

ous and T B P - A m s c o 125-82 so lu t ions , for a i l 

d i i u e n t / T B P rat ios and up to ~ 5 M HNO3 in the 

aqueous phase, were descr ibed mathematical ly by 

an equat ion that can be interpreted in terms of the 

mean ac t i v i t y coef f ic ien ts of T B P + T B P - H - O 

and TBP.HNO3 + T B P . H N 0 3 - H 2 0 in the organic 

phase. The some descr ip t ion appl ies to many 

l i terature data. Prel iminary t ranspi rat ional meas

urements of the vapor pressure of T B P over nearly 

dry and over water-saturated T B P were obtained to 

help determine the thermodynamic equi l ib r ium 

constant for the d is t r ibu t ion of n i t r i c ac id between 

aqueous and T B P - A m s c o 125-82 so lu t ions . Par t ia l 

pressures of n i t r ic acid over aqueous solut ions of 

2 — 1 6 M H N O , were determined by the t ranspi ra t ional 

technique and used to obtain ac t i v i t y coef f ic ients 

and the thermodynamic constant for d issoc ia t ion of 

th is acid into the ions H and N O , . 

Fundamental and appl ied studies of the foam 

separation process were cont inued. Surface tensions 

of so lut ions of sodium dodecyjbenzene sulfonate 

conta in ing added H , No , Ca , or Ce ions gave 

essent ia l l y the same value of a (a = 1.4 x 10 

cm /mole) , which is a measure of the tendency of a 

surfactant to concentrate at the solut ion surface. 

Th is IS interpreted to mean that the surfactant-

cat ion complexes of a l l these ions have the some 

degree of surface ac t i v i t y when expressed in terms 

of the concentrat ion of the undissociated complex 

in so lu t ion . Screening tes ts , now essen t ia l l y 

complete, showed eight surfactants out of 107 

commercial products that warrant deta i led study. 

Each of these could be used over a range of 

ac id i t ies but &hows decreasing separation of 

strontium from solut ion as the ca lc ium concen

t rat ion exceeds ~ 1 0 M. 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 theoret ical 

transfer unit for stront ium removal is 1-2 cm of 

foam, thereby requir ing only ~ 1 ft of foam height 

for good decontaminat ion. Volumetr ic so lu t ion 

throughputs up to 1.65 gal m m " per f t of foam 

were ach ieved . A head-end precipi tator to remove 

calc ium and magnesium, prior to foam decontami

nation of low-oc t i v i t y - leve i waste, a lso gave a 

stront ium decontaminat ion factor of ~10 and a 

cesium decontaminat ion factor of 10—40 when 

grundite clay was added to the waste to a level of 

~0 .5 lb per 1000 g a l . 

18, EQUIPMENT DECONTAMINATION 

Samples of gas loop pip ing were spray decon

taminated wi th oxalate-perox ide. Cesium-137 and 

iodine-131 were deposi ted on metals from h igh-

temperature hel ium and decontaminated by various 

reagents. The behavior of hydrogen peroxide as a 

corrosion accelerator or inhibi tor in many types of 
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decontamination solut ions was s tud ied. Non-

corrosive mixtures ef fect ive for at least 12 hr at 

95°C in the presence of carbon steel were de

veloped. Other noncorrosive peroxide decontami

nation solut ions e f fec t ive at lower temperatures 

were found. The decontaminat ion ef fect iveness of 

ac id ic f luor ides, w i th corrosion inh ib i ted by per

oxide, was demonstrated wi th plutonium and 

americium ac t i v i t y on sta in less steel samples. 

19. RADIATION DAMAGE TO ION EXCHANGE 

RESIN 

After (0 .75-0 .77) x l O ' r ( 2 . 0 - 2 . 1 whr per g of 

dry resin) i r rad iat ion, 10—20% (dry basis) of the 

cation-exchange resin Dowex SOW was decomposed 

and d isso lved in a f lowing stream of water. The 

spec i f i c wet resin volume increased 10—15%, but 

there was no evidence of f issur ing or f ragmentat ion. 

The moisture content increased 10-15%. The 

resin lost 40—50% of i ts or ig ina l strong ac id 

capaci ty but gained ~ 5 % weak acid capaci ty . The 

sulfur loss was 1.0-1.2 atoms/100 ev, and only 

75 -80% of the sulfur remaining on the polymer was 

present as the act ive sulfonate group. Analyses 

of the co l lec ted ef f luents indicated that degradation 

products included su l fa te, sul fonate, and oxalate 

in the ac id form. 

Eighty percent of a sample of Dowex SOW X-8 

res in d isso lved in the water stream, and 95% of 

Its to ta l capaci ty was lost , after an exposure of 

3.9 X 10 r (13.8 whr per g of dry res in ) . Amber l i te 

200, a h ighly c ross- l inked, porous res in , lost 15% 

of Its weight by an i r radiat ion of 0.97 x 10 r 

(2.6 whr per g of dry res in) , and increased 20% in 

surface area and 25% in median pore diameter. The 

tota l capaci ty loss was 44%. 

20, FUEL SHIPPING STUDIES 

Prototype fuel shipping casks , weighing 1.5 to 6 

tons each, were dropped from heights of from 6 in. 

to 20 f t onto a drop pod. The casks were in 

strumented w i th Strom gages, accelerometers, 

compressometers, and inert ia swi tches to measure 

s t ra in , decelerat ion, and deformat ion. Data obtained 

in the tes ts ore being correlated for scoleup to fu l l 

s ized casks . 

The experimental program on d iss ipat ion of 

f i ss ion product heat from fuel shipping casks was 

completed. Mathematical methods developed for 

predict ing maximum temperatures up to 300°C gave 

resu l ts to w i th in 20°C of exper imental ly deter

mined values 

2 1 , GAS-COOLED REACTOR COOLANT 
PURIF ICATION 

In 0 k inet ic study of the ca ta ly t i c ox idat ion of 

smal l amounts of hydrogen, carbon monoxide, and 

methane wi th oxygen in a bulk hel ium stream, three 

empir ical equat ions were developed which correlate 

the data and are sui table for design purposes. A 

more fundamental study on the ox idat ion of these 

contaminants w i th copper oxide pel lets exper i 

mental ly ver i f ied mathematical models based on 

d i f fus ion through the pel let pores for hydrogen and 

carbon monoxide and a surface-dependent react ion 

for methane. The d i f ferent ia l equations from the 

models were solved numerical ly w i th a high-speed 

computer. 

The product water and carbon d iox ide could be 

eas i l y sorbed on a f ixed bed of molecular s ieves. 

The combinat ion of oxidat ion and sorpt ion is an 

exce l len t method for pur i fy ing gas coolants of gas-

cooled reactors . 

22, CHEMICAL ENGINEERING RESEARCH 

A folded 50-ft- long thermal d i f fus ion column w i th 

a cel lophane membrane, and w i th contro l led counter-

current f low, was successfu l ly used to separate 

cobal t and cupric ions in aqueous sulfate so lu t ion . 

Observed H T U ' s w i th a 1-ft-long column were less 

than those ca lcu la ted from a s lug-f low model. A 

modi f icat ion of the stocked-clone high-speed con

tactor incorporat ing cy l i nd r i ca l sect ions achieved 

40—75% stage e f f i c ienc ies at throughputs of 1200 

to 2000 cc /m in w i th the uranyl n i t rate —1 M 

NaN03(aq) -18 .3% TBP-Amsco system. 

23, CANE PROGRAM 

The sequenced gas samples funct ioned as de

signed in the Gnome tes t . Prel iminary work on the 

hyperveloc i ty je t t ing of uranium cones indicated 

that recovery of i rradiated uranium targets from an 

underground detonat ion may be poss ib le . Chemical 

studies of isotopic exchange of hydrogen isotopes 

in the hydrogen-water system, wi th either mater ials 
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from natural salt formations as ca ta lys ts or w i th 

high thermal energy from a plasma |et at 10,000— 

12,000°K, indicated that t r i t ium produced by a 

detonat ion in sal t w i l l be lost to environmental 

water. Studies of the ox idat ion of hydrogen to 

water by the sul fates in natural sal t show that th is 

mechanism also leads to mixing of t r i t ium wi th 

environmental water. 

24. ASSISTANCE PROGRAMS 

AHBR and MSCR Processing Plant Studies 

Conceptual fuel processing and reconst i tu t ion 

plant studies were made for the conceptual AHBR 

(Aqueous Homogeneous Breeder Reactor) power 

s ta t ion , based on a Thorex-sol -gel process, for 

capaci t ies of 266 and 1117 kg of thorium per day. 

A s imi lar study was made for the conceptual MSCR 

(Molten Salt Converter .Reactor) power s ta t ion, 

based on a f luor ide vo la t i l i za t i on process, for 

da i ly capac i t ies of 1.2 and 12 ft of fused-sol t fuel 

conta in ing 35 and 350 kg of thorium and 2.83 and 

28.3 kg of uranium, respec t ive ly . Process f low

sheets, equipment l i s t s , bu i ld ing layouts, and 

est imated capi ta l cos ts , were mode for each of the 

four cases. 

High-Radiation-Level Analytical Laboratory 

Design of the f ac i l i t y was completed and sub

mitted for b ids, 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 

near future and construct ion is scheduled to begin 

about August 1962. 

Plant Waste Improvements 

Cr i ter ia were completed and deta i led design of 

the f ac i l i t i e s by UCNC-ORNL and Poducah 

Engineering Departments was started. Consul tat ion 

and design review services were provided for an 

mtermedia te-act iv i ty - leve l waste evaporator and 

two h igh-ac t i v i t y - leve l waste storage tanks . The 

scope of the program was changed to subst i tute a 

Melton Va l ley waste co l lec t ion and transfer system 

for the low-ac t i v i t y - leve l waste treatment f ac i l i t y 

previously proposed. 

Thorium Fuel Cycle Development Facil ity 

The scope of th is project , formerly cal led the 

U Meta l lu rg ica l Development Laboratory, was 

increased to include f a c i l i t i e s for fuel processing 

as wel l as reconst i tu t ion and re fabr ica t ion . Two 

new ce l ls were added to the three formerly 

descr ibed, and sh ie ld ing for the ent i re f a c i l i t y was 

increased to 5.5 ft of normal concrete to accommo

date low-decontaminot ion process demonstrat ion. 

A new prel iminary study based on the revised 

cr i te r ia is being made by an archi tect-engineer. 

Metal Recovery Canal Cleanout 

Twenty- f ive tons of spent Brookhaven Reactor 

fuel that hod been stored in the Metal Recovery 

Bu i ld ing Canal for 1—2 years was removed, canned, 

and shipped. Radiat ion exposures of personnel 

conduct ing the operation averaged about 6 mrem 

per man-hr of work. The pr incipal contaminant in 

the ac t i v i t y burden (0.2—0.3 f i c /ml ) of the canal 

water was Cs , which accounted for >95% of the 

t o t a l . V i s i b i l i t y in the canal was improved and 

maintained by rec i rcu la t ing the water through a 

40-^-pore f i Iter. 

Safety and Containment 

Ass is tance work on plant safety and containment 

included (1) complet ion of the containment changes 

and addi t ions to bu i ld ings 4507 and 3508, (2) in

s ta l la t ion of an improved off-gas vent i la t ion system 

for the H R L A F c e l l s , (3) design and cost est imat ion 

of a contaminated off-gas f i l te r corner for general 

plant use; (4) complet ion of a new alpha laboratory 

m room 211 of bu i ld ing 3019; (5) complet ion of the 

relocated U so lu t i on ' storage fac i l i t y in ce l l 3 

of bu i ld ing 3019, (6) an independent hazards 

evaluat ion of the H R L E L , (7) a 16-hr course on 

radiochemical f ac i l i t y hazards evaluat ion prepared 

for and presented to the Off ice of Radiat ion Safety 

and Cont ro l . 

Criticality Studies 

Ass is tance efforts on c r i t i c a l i t y problems in
cluded (1) neutron mul t ip l i ca t ion measurements on 
the U233 storage tank in bu i ld ing 3019, (2) on 
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exhaust ive study on the f eas 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 con t ro l ; (3) design and ins ta l la t ion of a 

s to in less-s tee l -c lod borax- f i l led poison network for 

the Fluor ide V o l a t i l i t y Pi lot Plant caust ic f i l t e r ; 

(4) drop-test ing of the Pyrex- f i l led HRT fuel so lu

t ion carr ier . 

Carriers and Chargers 

A very thorough containment and safety review 

of the IWW carr ier, for shipment of ~100,000 curies 

of waste so lut ion from Hanford to ORNL, 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. 

Eurochemic Assistance 

ORNL cont inued to coordinate the Eurochemic 

program and to review and exchange pert inent 

technica l informat ion. Preproject study (scope) for 

the Eurochemic f ac i l i t i e s has been completed and 

deta i led design is in progress. The overal l project 

is about 40% designed and 10% constructed.. 

Current o f f i c i a l costs are $24,000,000 for con

s t ruc t ion, wi th $30,700,000 tota l investment. F ina l 

plutonium pur i f ica t ion w i l l be by 10% T L A ex

t ract ion fo l lowed by d i rect prec ip i ta t ion from the 

organic product. The f ina l preproject study has 

been prepared for modi f icat ions and addi t ional 

f ac i l i t i es needed for enriched uranium process ing. 

A prel iminary cost est imate indicates that 

$1,500,000 addi t ional cap i ta l investment w i l l be 

required. 
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1. Power Reactor Fuel Processing 

Laboratory- and engineer ing-scale development 

of processes for recovering f i ss ionab le and fe r t i le 

material from irradiated power reactor fuels is con

t i nu i ng . Work included cold chemical development 

of new head-end processes for s ta in less -s tee l - and 

Z i rca loy -c lad fuels and the more advanced graphite 

and ceramic fue ls . Process development for the 

Darex, Sulfex, and Z i r f l ex processes was com

ple ted, and work on head-end processes for graphite-

base, uranium and thorium carbide, and UOj -BeO 

fuels in tens i f ied . 

The extensive corros ion- test program on candi 

date mater ials of construct ion for the new head-end 

processes was cont inued. 

Cold and t racer- level solvent ext ract ion compat i

b i l i t y studies were conducted on many of the fuel 

so lut ions prepared in the head-end development 

program. 

The bui ld ing 4507 hot ce l l s were put back in 

operation after the complet ion of the extens ive 

containment modi f ica t ions, and ver i f i ca t ion tes ts 

of both the Z i r f l ex head-end and modif ied Purex 

solvent ext ract ion f lowsheets for the Z i rca loy -c lad 

U O j PWR blanket were completed w i t h fuel samples 

i rradiated to 16,000 Mwd/ ton . 

The Sodium Reactor Experiment fuel-decladding 

program was successfu l ly concluded, and the 250-

ton fuel shear, the rotary feeder, and rotary leacher 

complex were ins ta l led and completely checked 

out. 

In des ign, l ia ison w i th the Idaho Chemical Proc

essing Plant design of the Darex P i lo t Plant was 

we l l advanced, and cr i te r ia for the Chop-Leach 

P i lo t Plant were nearly completed when these 

p i lo t plants were canceled in Ap r i l 1962. 

1.1 PROCESSES FOR GRAPHITE-BASE FUELS 

Two classes of graphite fuels are being deve l 

oped: those in which uncooted uranium and/or 

thorium oxide or carbide par t ic les are dispersed 

homogeneously throughout the matr ix, and the 

coated-par t ic le fuels in which carbon-coated car

bide or A l203-coated oxide fuel par t ic les are d is 

persed throughout the matr ix. Processes being 

developed for recovering uranium and thor ium from 

these fuels are: (1) gr inding fo l lowed by acid 

leaching of the uranium and/or thorium from the 

resul tant powder, (2) combustion fo l lowed by d is 

solut ion of the oxide ash, (3) simultaneous d i s 

integrat ion and leaching in 90% HNO3, and (4) 

ch lor ide v o l a t i l i t y methods. 

Gr ind-Leach Process 

Grinding fo l lowed by leaching is appl icable to 

a l l types of graphite-base fuels and involves me

chanical gr inding of the f ue l , fo l lowed by leaching 

of the resul tant powder w i th a n i t r i c acid so lu t ion . 

The uranium recovery from fuels conta in ing un

cooted par t ic les increases wi th increasing uranium 

content of the fuel and w i th increasing n i t r ic acid 

concentrat ion in the leachont. ' Recoveries are 

a lso enhanced by finer gr inding (wi th fuel con

ta in ing 2% uranium, recoveries increased from 96 

to 99% on gr inding from 4 to 325 mesh).^ With 

fuels conta in ing both uranium and thor ium, the 

n i t r ic ac id leachont must contain about 0,05 M 

f luor ide ion to ensure d isso lu t ion of the thor ium. 

Leaching of -200-mesh ungraphit ized fuels (1 to 

2% uranium, 8 to 20% thorium) tw ice — 4 hr for 

each leach, w i th boi l ing 13 Al HNO3-O.O4 M N a F -

0.1 M AI (N03)3 - recovered at least 99,6% of the 

' M . J . Brad ley and L . M. Fe r r i s , Nucl. Sci. Eng. 8, 
432 (1960). 

2 
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). 

• ' L . M. Ferris, A. H. Kibbey, and M. J . Bradley, Proc
esses for Recovery of Uranium and Thorium from Graph
ite-Base Fuel Elements. Part II, ORNL-3186 (Nov. 16, 
1961). 
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uranium and thor ium. However, when the same 

techniques were applied to —200-mesh graphi t ized 

specimens conta in ing 1.5% uranium and 7.2% 

thor ium, recoveries were only about 90% (Table 1.1). 

Th i s behavior is unexplained at present. 

Coated-part ic le fuels must be ground f ine enough 

to ensure rupture of the part ic le coat ings i f ade

quate uranium and/or thorium recover ies are to be 

achieved. In prel iminary laboratory tests w i th 

specimens containing 100- to 200-fi par t i c les , ura

nium and thorium recoveries were greater than 99% 

when the specimens were ground to 200 mesh prior 

to leaching (Table 1.2). 

Combust ion-Dissolut ion Process 

Th is process is appl icable to a l l types of graph

i te fuels except, poss ib ly , those containing A L O j -

coated par t ic les . 

The ign i t ion temperature of most graphite fuels 

in oxygen is about 700°C, the actual combustion 

temperature being much higher. Carbon monoxide 

is the primary product formed unless there is an 

excess of oxygen. Select ion of a sui table grate for 

the carbon burner is d i f f i c u l t , and the oxide ash 

produced is s in tered. These condi t ions can be 

par t ia l l y mit igated by burning at temperatures be

low 500°C. Prel iminary experiments showed that 

the ign i t ion temperature can be lowered several 

hundred degrees by use of a cata lyst such as 

manganese, copper, or lead compounds. For ex

ample, as received, the United Carbon Products 

spectroscopic grade graphite does not ign i te below 

720°C in oxygen. The igni t ion temperature, how

ever, can be lowered to about 345°C by presoaking 

the graphite in 0.07 M lead acetate so lu t ion . The 

ca ta ly t i c ef fect is not iceable below the ign i t ion 

temperature for each cata lys t tes ted. Untreated 

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

Containing UO. and ThO. 

Specimens contained 1.5% uranium, 7.2% thorium, fuel particles uncoated; each leach, 4 hr 

Recoveries (%) 
Particle 

Size 

(mesh) 

Leaching Agent 
First LI each 

and 3 Washes 

U 

86.7 

84.0 

91.4 

86.4 

92.8 

Th 

84.0 

82.8 

88.0 

84.3 

88.7 

Second 

and 

U 

2.6 

6.1 

0.95 

1.3 

0.6 

1 

L 

W( 

each 

]sh 

Th 

5.7 

4.1 

1.6 

3.0 

1.4 

Gi 

R( 

U 

10.8 

9.9 

7.6 

12 

6.8 

raphi 

esidi 

te 

j e 

Th 

10.3 

14.2 

10.4 

13 

9.9 

-4 +8 15.8 M HNOj 

-16+30 15.8 M HNO3 

-200 15.8 Af HNO3-O.O4 M NaF-

0.04 M A K N O j l j 

-200 13 M HNO3-O.O4 M NaF-

0.1 M AKNOg)^ 

-200 15.8 M HNO, 

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

Fuel 

Fuel Compo
sition (%) 

U Th 

8.0 

9.7 33.8 

9.6 33.5 

Leachant 

15.8 M HNO3 

15.8 Af HNO3 

13 M HNO3-O.O4M 

NaF-0.1 M AI(NO ) 

Leaching 

Conditions 

Recov (%) 

Th 

Al203.coated UO^ 

C-coated UC_-ThC, 

C-coated UC^-ThCj 

One 6-hr leach 

Two 4-hr leaches 

Two 4-hr leaches 

99 

98.8 

99.4 

99.9 

99.9 



3 

g r a p h i t e s h o w e d at m o s t a 0 . 4 % w e i g h t l o s s w h e n 

e x p o s e d fo r 3 hr i n a s t r e a m o f o x y g e n a t 4 6 0 ° C , 

bu t a p i e c e o f g r a p h i t e t h a t had been s o a k e d 3 m in 

in 0 .25 Al K M n O ^ s o l u t i o n l o s t 3 4 % of i t s w e i g h t 

under t h e some c o n d i t i o n s ( T a b l e 1.3). F u r t h e r 

w o r k on s u c h c a t a l y s t s is now in p r o g r e s s . 

T h e a s h f r o m f u e l c o n t a i n i n g o n l y u r a n i u m and 

c a r b o n is r e a d i l y d i s s o l v e d in b o i l i n g n i t r i c a c i d ; 

t h e d i s s o l v e n t for t h o r i u m - b e a r i n g f u e l m u s t c o n 

t a i n f l u o r i d e i o n . I m p u r i t i e s or f u e l e l e m e n t c o a t 

i n g s s u c h as i r o n or S i C p r o d u c e a s h e s f rom w h i c h 

l e a c h i n g o f t he u r a n i u m is no t q u a n t i t a t i v e , ' bu t 

t h e a d d i t i o n o f o t he r r e a g e n t s s u c h as H F or H C l 

t o t h e n i t r i c a c i d a l l e v i a t e s t h i s p r o b l e m . 

T h e a s h f rom f u e l s c o n t a i n i n g c a r b o n - c o a t e d par 

t i c l e s i s r e a d i l y d i s s o l v e d in n i t r i c a c i d or f l u o 

r i d e - c a t a l y z e d n i t r i c a c i d , w h i l e t h a t f r o m f u e l s 

c o n t a i n i n g B e O - c o a t e d p a r t i c l e s c a n p r o b a b l y be 

d i s s o l v e d by one o f t he p r o c e s s e s d e v e l o p e d for 

s i n t e r e d B e O . P r o c e s s i n g o f f u e l s c o n t a i n i n g 

A l 2 0 3 - c o a t e d p a r t i c l e s by t h e c o m b u s t i o n - d i s s o l u 

t i o n t e c h n i q u e d o e s n o t -appear f e a s i b l e o w i n g to 

t he i n e r t n e s s of s i n t e r e d a l u m i n a t o a q u e o u s r e 

a g e n t s . 

Chem. Techno!. Div. Ann. Progr. Rept., Aug. 31, 
1961, ORNL-3153. 

^K. S. Warren, L. M. Ferr is , and A. H. Kibbey, Dis
solution of BeO- and Al-O^-Base Reactor Fuel Ele
ments. Part I, ORNL-3220 (Jan. 30, 1962). 

9 0 % . H N O 3 Process 

T h i s p r o c e s s is a p p l i c a b l e o n l y t o g r a p h i t e f u e l s 

t h a t do no t c o n t a i n c o a t e d f u e l p a r t i c l e s . ^ ' ^ U n 

c o a t e d f u e l s p e c i m e n s c o n t a i n i n g 0 .7 t o 13% U O , 

d i s i n t e g r a t e d in 10 hr in b o i l i n g 2 1 . 5 Al H N O 3 to 

p o w d e r s h a v i n g mean p a r t i c l e s i z e s of 100 t o 170 jU 

( F i g . 1.1). U n f u e l e d g r a p h i t e w a s d i s i n t e g r a t e d 

o n l y s l i g h t l y , t o a mean p a r t i c l e s i z e o f a b o u t 

9 0 0 0 p., i n t he same t i m e . F u e l e l e m e n t s c o a t e d 

w i t h p y r o l y t i c c a r b o n (or S i C ) w i l l t h e r e f o r e r e q u i r e 

a t l e a s t r o u g h c r u s h i n g p r io r t o t he 9 0 % - H N O 3 

t r e a t m e n t . 

U r a n i u m r e c o v e r i e s f rom b o t h g r a p h i t i z e d and 

u n g r a p h i t i z e d f u e l s w h i c h d i d no t c o n t a i n c o a t e d 

f u e l p a r t i c l e s w e r e g e n e r a l l y g r e a t e r t h a n 9 9 % a f te r 

t w o 4-hr l e a c h e s w i t h b o i l i n g 9 0 % H N O 3 ( T a b l e 

1.4). T h o r i u m r e c o v e r i e s , h o w e v e r , w e r e o n l y 

a b o u t 95% in t w o l e a c h e s , but i n c r e a s e d t o g r e a t e r 

t h a n 9 9 % w h e n t h e f u e l w a s l e a c h e d a t h i r d t i m e . 

T h e p r e s e n c e o f 0 . 0 5 Al H F in the l e a c h a n t d i d no t 

i n c r e a s e t h o r i u m r e c o v e r y . L e a c h i n g t e m p e r a t u r e 

w a s i m p o r t a n t . W i th H T G R - 2 f u e l s a m p l e s , u ra 

n i u m and t h o r i u m l o s s e s t o t h e g r a p h i t e r e s i d u e 

w e r e d e c r e a s e d f rom a b o u t 10 t o 0 .2% w h e n t h e 

l e a c h i n g t e m p e r a t u r e w a s i n c r e a s e d f rom 2 5 ° C t o 

t h e b o i l i n g p o i n t , a b o u t 9 3 ° C . T h e t w o t y p e s o f 

M. J . Brad ley and L . M. Fe r r i s , Ind. Eng. Chem. 53, 
279 (1961). 

Tab le 1.3. Ca ta l ys i s of Combust ion of Uni ted Carbon Products Graphi te 

React ion t ime 3 hr 

Ca ta lys t Ign i t ion Temperature (°C) Combust ion Temperature ( C) Weight Loss (%) 

None 720 

0.07 M Lead acetate 

0.25 M KMnO, 

3.15 M Cu(N03)2 

345 

482 

482 

311 

334 

459 

459 

471 

311 

334 

448 

459 

459 

471 

0.00 

0.00 

0.37 

0.05 

0.23 

3.2 

6.0 

33.6 

34.4 

13.5 

11.9 

Uni ted Carbon Products Co. U l t ra Pur i ty Spectroscopic graph i te , lot No. 5387, dens i ty 1.55 g / c c . 

Each specimen soaked 3 min in ind ica ted so lu t i on . 
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UNCLASSIFIED 
ORNL-LR-DWG 59487a 

Fig. 1.1. Effect of Time and Uranium Content on the 

Mean Part icle Size of the Residue from the Disintegra

tion of Grophite-UOj Fuel Specimens with Boiling 90% 

H N O , . 

fuel samples used in these studies were: (1) 
HTGR-1 (High-Temperature Graphite Reactor), 
which contained about 1.5% uranium and 7.2% 
thorium as oxide particles dispersed homogeneously 
throughout an ungraphitized matrix; and (2) HTGR-2, 
which contained about 1.2% uranium and 15% tho
rium as 150-fi dicarbide particles dispersed in a 
graphitized matrix. 

Neither the 90%-HNO3 method nor electrolytic 
disintegration appears applicable to the processing 
of fuels containing pyrolytic-carbon- or AI2O3-
coated particles. Although the graphite matrixes 
disintegrated readily in boiling 90% HNO3, less 
than 7% of the uranium and thorium were recovered 
in two 4-hr leaches (Table 1.5). In one experiment 
a fuel specimen containing carbon-coated UCj-
ThC2 particles was anodically disintegrated, but 
uranium and thorium recoveries were only 6.3 and 
2.1% respectively. Similar results were obtained 
at Battelle Memorial Institute (BMI) with fuel con
taining Al203-coated oxide particles. 

Since the coated particles were not markedly af
fected by boiling 90% HNO3, this method is being 
considered as a destructive test for determining 

R. A. Ewing, T . S. Ellemon, and R. B. Price, 
Am. Nucl. Sac. 4(1), 152 (1961). 

Trans. 

Table 1.4. Recovery of Uranium and Thorium from Uncoated Graphite Fuels by 90% H N O , 

Each leach 4 hr 

Content 

U 

1.5 

1.45 

1.47" 

1.50 

1.18 

1.28 

Th 

7.2 

6.95 

7.14 

7.21 

14.3 

15.0 

Temperature 

(°C) 

93 

93 

93 

93 

25 

93 

First 
and W 

U 

96.4 

98.6 

97.6 

97.7 

80.7 

95.3 

Leach 
ashes 

Th 

85.5 

86.2 

87.2 

85.5 

83.7 

99.0 

Second 

and W 

U 

2.6 

1.37 

2.37 

2.31 

8.0 

4.58 

Recoveries (%) 

Leach 

ashes 

Th 

7.7 

11.8 

7.98 

13.0 

5.8 

0.88 

Third Leach 

and Washes 

U Th 

0.10 1.17 

Res 

U 

1.1 

0.24 

0.16 

0.06 

11.4 

0.10 

due 

Th 

6.8 

1.93 

4.81 

0.25 

10.4 

0.16 

Leachant contained 0.05 M H F . 
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the ef fect of the fabr icat ion method, i t se l f , on the 

in tegr i ty of the par t ic les . The amount of uranium 

(and/or thorium) d isso lved during the acid treat

ment is re lated to the number of de'fective par t ic le 

coa t ings . In test ing of two types of carbon-coated 

U C j par t i c les , only about 2% of the uranium was 

d isso lved from batch 1 in two 6-hr leaches, ind i 

cat ing that the part ic le coat ings were quite im

pervious to n i t r i c ac id (Table 1.6). However, w i th 

batch 2, about 48% of the uranium was so lub i l i zed 

in two leaches. Since the corresponding weight 

loss was about that expected assuming that no 

carbon was ox id ized , i t was concluded that the 

coat ings on these par t ic les were de fec t i ve . Further 

eva luat ion of th is test ing technique is in progress. 

In the processing of graphite-base fuel elements 

by the 90%-HNO3 process (or the gr ind- leach 

process), the extent of graphite ox idat ion and the 

nature of the products formed are of in teres t . Pre

l iminary experiments indicated that the graphite 

was at tacked s l igh t l y or not at a l l when the n i t r ic 

acid concentrat ion is less than about 16 N, How

ever, in bo i l ing 90% HNO3, graphi te is s low ly 

ox id i zed , y ie ld ing mainly vo la t i l e carbon oxides 

but also small amounts of water-soluble organic 

ac ids . With powdered samples of type GBF graph

i te , less than 3% was ox id ized in react ion t imes 

up to 100 hr; even after 200 to 500 hr of d iges t ion , 

only 60 to 70% of the graphite had been ox id ized 

(Table 1.7). The color of the acid solut ion changed 

Table 1.5. Uranium and Thorium Recovery from Coated-Particle Fuels by 90%-HNO, 

and Electrolytic Disintegration Methods 

Each specimen leached twice, 4 hr each, with boiling nitric acid 

Disintegration 

Method Fuel 
HNO3 

Cone (M) 

Fuel 

Composition (%) 

U Th 

Recoveries (%) 

U Th 

90%-HNO, 

90%-HNO, 

90%-HNO, 

90%-HNO3 

Electrolytic 

Pyrolytic-corbon-

coated UC-

Pyrolytic-corbon-

coated UC« 

Pyrolytic-corbon-

coated UC2-ThC2 

ALOj-cooted UO2 

Pyrolytic-carbon-

coated UC2-ThC2 

21.5 

21.5 

21.5 

21.5 

15.8 

4.0 

8.0 

9.7 

8.0 

9.9 

33.5 

33.1 

1.5 

5.9 

6.5 

0.8 

6.3 

4.6 

2.1 

Specimen anodically disintegrated at 93 C; current density about 1 amp/cm^ 

Table 1.6. Evaluation of Carbon-Coated UCj Particles by 90%-HNO3 Method 

Each sample leached twice, 6 hr each, with boiling 90% nitric acid 

Batch No. 

1 

1 

2 

2 

Uranium 

Content of 

Sample (%) 

69.24 

68.58 

44.00 

43.86 

Fi 

Uranium 

irst Leach 

0.34 

0.33 

11.8 

11.5 

Soli jbi l ized (%) 

Second Leach 

2,5 

1.0 

35.8 

36.4 

Wei 

Colcd 

1.9 

0.9 

21 

21 

ight Loss 

Ex| 

(%) 

serimental 

0 

0 

16.9 

17.2 
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Table 1.7. Reaction of Type GBF Graphite with Boiling 90% HNO3 

Run No. 

1 

2 

3 

4 

5 

R, 

Ti 

Boction 

ime (hr) 

50 

100 

212 

350 

475 

Total Cai 

Oxidized 

1.6 

2.3 

69 

56 

bon Amount of Carbon 

Solubilized (%) 

~ 0 . 1 

'^0 .2 

5.8 

3.0 

Neut. Eq. of 

Organic Acid 

Product (g/eq) 

89 

87.6 

62.7 

59.2 

Amount of 

Mel l i t ic Acid 

in Product (%) 

60 

57 

77 

from wine-red to ye l low as the react ion time in

creased from 100 to 500 hr. Of the carbon ox id ized, 

only about 10% was converted to organic ac ids . 

From 60 to 80% of the total acids was me l l i t i c 

acid (benzene hexacarboxyl ic ac id) . The neut ra l i 

zat ion equivalent of the acids decreased from 

about 89 to 59 g /eq as the react ion time increased 

from 50 to 475 hr, suggesting that the precursors 

to me l l i t i c ac id were high-molecular-weight poly-

nuclear ac ids . As expected, infrared analys is of 

the acids showed only C = 0 , 0 ~ H , and C—H 

bonding; there was no evidence of organo-nitro 

compounds. 

Since graphite is only s l igh t ly attacked by n i t r ic 

acid in normal processing t imes, most of the carbon 

found in solut ion on leaching fuels that contain 

carbides w i l l resul t from the carb ide-n i t r ic ac id 

react ion (see Sec 1.2). 

1.2 PROCESSES FOR URANIUM AND 

THORIUM CARBIDE FUELS 

Processing developments w i th these fuels in 

c luded studies on the hydro lys is of var ious ura

nium and thorium carbides w i th water, ac ids , and 

caus t i c . 

Hydro lys is of Uranium Monocorbide in 

Water, NaOH, H C l , and HNO3 

Near sto ichiometr ic uranium monocorbide reacted 

wi th water at temperatures between 25 and 100°C 

to produce a greenish-brown uranium(IV) prec ip i 

tate and 93 ml (STP) of gas per gram of carbide 

hydro lyzed, cons is t ing ch ie f ly of methane (86 

vo l %) and hydrogen (11 vol %), w i th small quant i 

t i es of saturated C j - to Cg-hydrocarbons. The 

gaseous products contained a l l the carbon o r ig in 

a l ly present in the carbide. Hydro lys is at 80°C 

of uranium monocorbide conta in ing 17% dispersed 

uranium metal y ie lded the expected gaseous prod

ucts and an addi t ional 2 moles of hydrogen per 

mole of uranium meta l . 

Scouting studies indicated that hydro lys is of UC 

at 80°C w i th 6 N HCl or 20 N NaOH y ie lded the 

same hydrocarbon products as water d i d , although 

the react ion rotes were much lower; complete re

act ion of a 4-g specimen required 3 hr in water, 

5 hr in 6 /V HC l , and 2 days in 20 N NaOH. When 

20 N NaOH was used, only 70% of the uranium in 

the product solut ion was te t rava lent , and the H/U 

atom rat io in the products was 4.32, compared w i th 

4.01 for water or 6 N H C l . 

When high-pur i ty uranium monocorbide was re

acted w i th bo i l ing 4 and 16 N HNO3, 32 and 2 1 % , 

respect ive ly , of the carbon was converted to a 

mixture of water-soluble polycarboxy l ic ac ids . 

The solut ions produced were deep wine-red in 

co lor . These acid mixtures were isolated by ex

t rac t ion of the uranium from the d isso lu t ion product 

so lu t ion w i th t r ibu ty l phosphate and evaporat ion of 

the resul t ing uranium-free so lu t ion . Each mixture 

hod a neutra l izat ion value of about 70 g per 

equivalent and was soluble only in polar so lvents . 

X-ray di f f ractometry indicated that both mixtures 

contained me l l i t i c acid (benzene hexacarboxyl ic 

acid) and oxal ic ac id . The mixture obtained by 

d isso lv ing UC in 16 N HNO3 contained about 50% 

mel l i t i c a c i d . Further character izat ion of these 

mixtures of organic acids is in progress. 

o 

M. J, Bradley and L. M. Ferris, "Hydrolysis of Ura
nium Carbides Between 25 and 100°C. 1. Uranium 
Monocorbide," to appear in Inorganic Chemistry, Aug. 
1962. 
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Preparation and Hydrolysis of Uranium 

Sesqulcarblde and Dicarbide 

A l l attempts to prepare pure U2C3 and UC2 have 

been unsuccess fu l . Arc melt ing of U C , c fo l lowed 

by heating at 1600°C for 60 hr y ie lded a material 

w i th the x-ray structure reported by Bat te l le for 

U j C g , but microscopy showed that the specimen 

ac tua l l y contained large amounts of three impuri ty 

phases. The best synthesis of U C j by the ORNL 

Metals and Ceramics D iv i s ion was a specimen 

w i th a combined-C/U rat io of 1.73 and a nominal 

composi t ion of U C , 03; however, after arc melt ing 

12 t imes , much of the carbon was s t i l l present as 

graphi te . Increasing the nominal C / U rat io above 

1.93 ac tua l ly decreased the combined-C/U ra t io ; 

that i s , the nominal U C j QQ specimen had a com

b ined-C /U rat io of 1.68, wh i le the nominal UC2 20 

mixture had a combined-C/U ra t io of only 1.55. 

At tempts to increase the amount of combined car

bon in UC2 Qo by increasing the number of arc 

melts from 12 to 24, increasing the t ime each was 

held molten from 2 to 4 min, and heating at 2000°C 

for 6 hr were a l l unsuccess fu l . 

Since pure specimens of U2C3 and U C j were not 

ava i lab le , the hydro lys is of several uranium car

bide mixtures was invest igated in hopes that some 

ind icat ion of the chemistry of the pure compounds 

would be obtained. For as-cast specimens, which 

should be mixtures of UC and UC2, according to 

the phase diagram, the volume of gas evolved and 

the methane concentrat ion decreased as the com

b ined-C /U rat io increased from 0.96 to 1.73, wh i le 

the quant i ty of free hydrogen, saturated C2- to 

Cg-hydrocarbons, unsaturated hydrocarbons, and 

nonvo la t i le hydrocarbons, inc luding waxes, in

creased (Table 1.8, rows 2, 4, 5, and 6) . The 

UC ] c specimen which had been heat-treated at 

1600°C to form the sesquicarbide y ie lded con

s iderably more saturated C2- to Cg-hydrocarbons 

than the as-cast specimens, and v i r t ua l l y no 

methane (Table 1 8, last row). The uranium in the 

so l id product was a lways te t rava lent ; therefore 

each uranium atom should y ie ld four hydrogen 

atoms upon hydro lys is . The experimental H /C 

atom ra t io for the saturated C2- to Cg-hydrocarbons 

was 2.73 in a l l cases, which is c lose to the 2.67 

Proceedings of the Uranium Carbide Meeting Held at 
ORNL, Oak Ridge, Tenn., Dec. 1-2, 1960, TID-7603, 
p 17. 

shown by Eq . (3) below. F i na l l y , the " m i s s i n g " 

hydrogen (assuming 4H per U) to " m i s s i n g " C 

(combined C minus gaseous C) ra t io was a lways 

1.6. Therefore, the primary react ions that occur 

in the hydro lys is of a uranium carbide mixture are: 

U + 2 H 2 O - U O 2 + 2 H 2 , (1) 

UC + 2 H 2 O - UO2 + CH4 , (2) 

U2C3 + 4H2O - 2UO2 + 3CH2.67 

(vo la t i l e , saturated hydrocarbons) , (3) 

UC2 + 2 H 2 O - U02 + 2CH,_^ 

(mostly nonvola t i le ) + O.4H2 , (4) 

For s imp l i c i t y , the water of hydrat ion was e l i m i 

nated from the above equat ions. The nonvo la t i le 

products from the UC2 hydro lys is have not been 

character ized. The est imated composi t ions of the 

fuel specimens, based on the above equat ions, are 

shown in Tab le 1.9. 

While the extent of side react ions cannot be 

estab l ished unt i l pure specimens of U2C3 and UC2 

are ava i lab le , the est imated composi t ions based 

on these ideal ized equations should be usefu l , 

qua l i t a t i ve l y , for s tudying carbide mix tures. These 

est imated composi t ions seem to indicate that heat

ing of arc-melted U C , , at 1600°C for 60 hr re

sul ts in the d ispropor t ionat ion of the uranium mono-

carb ide, 

3UC - U + U2C3 , 

wh i le the uranium dicarb ide is v i r t ua l l y unchanged. 

Thus , as-cast specimen 4B appeared to be about 

2% U, 33% UC, 29% U2C3, and 36% UC2, whereas, 

after being heated, specimen U2C3- IA seemed to 

be 13% U, 1% UC, 48% U2C3,and 37% UC2 (Tables 

1.8 and 1.9). Meta l lograph ica l ly , the heated speci 

men was a four-phase mixture. Stoichiometr ic UC 

was stable to 60 hr of heating at 1600°C; there

fore, the sol id state react ions involved in the 

heating of UC ] c are more complex than those in 

the s imple d isproport ionat ion of UC. 

Hydro lys is of Thorium Monocorbide 

The hydro lys is of thorium monocorbide was s im i 

lar to that of uranium monocorbide, y ie ld ing 93 ml 

(STP) of gas per gram of sample, cons is t ing p r inc i 

pal ly of methane and hydrogen (Table 1.8, rows 2 

and 3). The thorium monocorbide gave s l i gh t l y 



Tab le 1.8. React ion of Uranium and Thor ium Carbides w i t h Water at 80°C 

Mater ia l 

Reacted 

A s - c o s t " 

^ ^ 0 83 

^ ^ 0 96 

•^•^^0 98 

^ ^ 1 4 8 

" ^ 1 6 4 

U C i . 7 3 

Heated 60 hr 
at 1600°C 

UC, .47 

Specimen 

No. 

6B 

2A, B, C 

T h C - I A 

4B 

5B 

U C 2 - I A 

at 

U 2 C 3 - I A 

Carbide 

(mg 

Metal 

4.03 

4.01 

4.10 

3.91 

3.87 

3.83 

3.91 

Compos 

a toms /g 

To ta l 

C 

3.33 

3.87 

4 .01 

5.83 

6.69 

7.39 

5.77 

t i on 

Free 

C 

0.04 

0.34 

0.77 

0.03 

Volume 

of Gas 

Evo lved 

(m l /g ) 

105.8 

93.2 

93.1 

63.9 

49.6 

41.8 

57.3 

Free 

^^2 

3.43 

0.92 

1.28 

1.75 

1.33 

1.50 

2.94 

C^^4 

2.83 

3.58 

3.32 

1.29 

0.70 

0.25 

0.05 

Hydro ly 

Gas Composi t ion 

Saturated 

^2-^^ h 
Hydrocarbons 

0.48 

0.31 

0.41 

1.69 

2.03 

1.99 

2.72 

s is Products 

(mg a toms/g) 

C 

Unsaturated 

Hydrocarbons 

0.02 

0.28 

0.39 

0.43 

0.19 

To ta l 

Gaseous 

Carbon 

3.31 

3.89 

3.75 

3.26 

3.12 

2.67 

2.96 

Nonvo 

CarL 

Compo 

(mg aton 

Tota l 

0.26 

2.53 

3.23 

3.95 

2.78 

o t i le 

>on 

j nds 

IS C/g) 

Wox^ 

0.60 

1.33 

1.63 

Present 

Rat io of combined carbon to uran ium. 

A l l known isomers from C_H through C , H . 
2 6 6 14 

Ethy lene, bu tene-1 , cis- and / r an j - bu tene -2 . 

By d i f fe rence: combined carbon minus gaseous carbon. 

Af ter d i sso lu t i on of uranium res idue in 6 N H C l . 
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Table 1.9. Estimated Composition of Uranium Carbide Mixtures 

See tex t for assumpt ions 

Specimen No. 

6B 

2A, 2B , 2C 

4B 

UC2-4A 

U 2 C 3 . I A 

Rat io of 

Combined 

C to U 

0.83 

0.96 

1.48 

1.86 

1.47 

U 

21.3 

5.8 

2 

13 

UC 

70.8 

89 

33 

6.6 

1.2 

U2S 

8.0 

5.3 

29 

35 

48.5 

Amount (wt 

UC2 

36 

64 

37 

%) 

Free Carbon 

0.05 

0.05 

0.05 

0.30 

0.04 

Total 

100 

100 

100 

106 

100 

less methane, more hydrogen, and more higher hy

drocarbons. Th is was expected because the micro-

structure showed greater carbide impuri ty (and 

therefore more free metal) in the ThC than in the 

UC. 

1.3 PROCESSES FOR UOj-BeO FUELS 

Fuels wi th High U O j Content 

Two methods for processing Gas-Cooled Reactor 

Experiment (GCRE) fuel e lements, 70% UO2-30% 

BeO pe l le ts c lad in Haste l loy-X (46% N i , 22% Cr, 

17% Fe, and 10% Mo), are being developed on a 

laboratory sca le . In the f i r s t method, the fuel e le

ments are chopped to expose the mixed oxide core, 

which is then d isso lved in bo i l ing 8 Al H N O 3 - 2 Al 

H.,SO, or 8 Al H N O , - 0 . 5 Al H F . ' ° In the second 
2 4 -J 

method, a modif ied Darex process, the Haste l loy-X 

c ladding is d isso lved in bo i l ing 2 to 4 Al HNO3 

conta in ing 3 to 5 Al H C l , which a lso leaches the 

uranium and a small amount of the BeO from the 

core pe l le ts , leaving the bulk of the BeO as an 

insolub le res idue. 

To demonstrate the feas ib i l i t y of the chop-leach 

method, GCRE fuel pel le ts were d isso lved in bo i l 

ing 8 Al H N O 3 - 2 Al H2S0^ in the presence of a 

piece of Has te l loy -X . The pel le ts d isso lved com

p le te ly in 20 hr, but the Hoste l loy d isso lved at an 

average rate of only 2.8 x 10~ mg m i n " cm 

The f ina l so lu t ion contained about 4 g of uranium 

10 K. S. Warren, L . M. Fe r r i s , and A . H. K ibbey, Dis
solution of BeO- and Al-O^Base Reactor Fuel Ele
ments. Part I. ORNL-3220 (Jan. 30, 1962). 

per l i ter . In a s imi lar experiment, GCRE fuel 

pe l le ts d isso lved in bo i l ing 8 Al HNO3-O.5 Al NaF 

in 8 hr, wh i le the Hast« l loy d isso lved at a rote of 

about 0.3 mg min~ cm~ . In the absence of fuel 

pe l l e t s , the d isso lu t ion rate of Haste l loy-X in the 

latter d isso lvent was about 0.2 mg min~ cm~ . 

In modif ied-Darex-process studies w i th s imulated 

GCRE fuel elements (13 g of 66.5% U 0 2 - 3 3 . 5 % 

BeO pel le ts c lad in 23.8 g of Haste l loy -X tub ing) , 

about 3 hr was required to penetrate the 30-mil 

c ladding w i th 400 ml of bo i l ing 3 Al H N O 3 - 3 A I H C I . 

At th is po int , rapid leaching of the UO2 began. 

Leaching for 6 hr after decladding d isso lved 99.8% 

of the uranium but only 20% of the bery l l ium ox ide. 

Once d isso lu t ion of the uranium star ted, l i t t l e 

further at tack of the Hostel loy occurred. About 

20% of the or ig ina l c ladding remained as a res idue, 

mainly as so l id end-cops. In bo i l ing 2 M H N O . — 4 M 

H C l , 0 s imulated fuel element was declad in about 

3 hr, but in an addi t ional 7 hr in the resu l t ing so lu

t ion the uranium recovery from the pe l le ts was 

99.6%, w i th only 28% of the BeO matrix d i sso lved . 

The product solut ions from each experiment were 

essen t ia l l y the same: about 40 g of Has te l loy , 

20 g of uranium, and 0.5 to 1 g of be ry l l i um per 

l i te r . 

Fuels Contain ing <10% U O j 

Sintered U02-BeO fuels contain ing more than 

90% BeO are extremely d i f f i cu l t to d isso lve in 

aqueous reagents. The best solvents found 

were (1) concentrated sul fur ic ac id and (2) hydro

f luor ic ac id conta in ing ammonium f luor ide . Sintered 
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beryllio (density 2.87 g/cc, about 95% of theoret
ical) and BeO-5% UOj dissolved at about the 
same rotes in boiling sulfuric acid solutions, the 
init ial rotes increasing from about 0.01 to 3.5 mg 
min" cm" as the acid concentration was in
creased from 4 to 16 M (Fig. 1.2). Approximate 
values for the initial rates can be calculated from 
the equation: log R (where R = rate expressed as 
mg min~^ cm" ) = 0.223 x molarity of H2SO, 
- 2 . 8 1 . 

UNCLASSIFIED 
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Fig. 1.Z Initial Dissolution Rates of BeO and B e O -

5% UO2 in Boiling Sulfuric Acid and H 2 S O ^ - 0 . 2 M NoF 

Solutions. 

In boiling HF solutions the initial rote of dis
solution increased from 0 to about 1.5 mg min" 
cm" as the HF concentration increased from 0 to 
20 M (Fig. 1.3). Addition of NH^F to the solu
tions had only a slight beneficial effect on the 
dissolution rate when the HF concentration was 
<5 M; however, in 10 to 20 Al HF solutions the 
rote was nearly doubled when NH.F was present 
in concentrations of 3 to 5 M. 

5 10 5 

HF CONCENTRATION {M) 

Fig. 1.3. Effect of Ammonium Fluoride Concentration 

n the Init ial Dissolution Rates of I 

Boiling Mixtures with Hydrofluoric Acid. 

on the Init ial Dissolution Rates of B e O - 5 % U O j in 

1 ^ PROCESSES FOR ZIRCONIUM- AND 
STAINLESS-STEEL-CONTAINING FUELS 

Neuflex Process 

The Neuflex process (Fig. 1.4«) for recovering 
f issi le and fertile material from zirconium-con
taining power reactor fuels was developed as an 
alternative to the Z i r f l e x ' ' and Modified Zirflex 
methods (Table 1.10). The Neuflex process elimi
nates NH4NO3, which is used in the Zirflex dis
solvent, and uses water rather than HN03-AI(N03)3 
to dilute the dissolution product to a more stable 
neutral-fluoride solvent extraction feed. The zir
conium loading attainable is determined by the re
lation between the free fluoride and zirconium 
solubility and not by the degree of aluminum com-
plexing. Higher terminal free-fluoride concentra
tions can be used than in the Zirflex process. 

" j . L. Swanson, " T h e Zirflex P r o c e s s , " Proc. U.N. 
Intern. Conf. Peaceful Uses At. Energy, 2nd, Geneva, 
1958 17, 155 (1959). 

1 1 
T. A. Gens, Modified Zirflex Process for Dissolu

tion of 1—10% U-Zr Alloy Fuels in Aqueous NH.F-
NH.NOyli^O^: Laboratory Development. ORNL-2905 

(Mar. 4, 1960). 
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UNCLASSIFIED 
ORNL-LR-DWG 71431 

OFF-GAS 
12 moles H2 

25 moles N H , 

PWR-1 SEED 
~ 2 7o U 
~ 9 7 7„ Zr 
~ 1 7,, Sn 
5 9 0 gm 

CONTINUOUS ADDITION 
OF 1 0 % H202 , 10-5 
mole min-1 cm-2 OF FUEL 

INITIAL DISSOLVENT 

6 53 /W NH4F 
0 0\ M H j O j 
6 75 l i ters 

( o ) 

BATCH DISSOLUTION, 
REFLUXED ~ 5 hr AT 

~104'>C 

DISSOLUTION PRODUCT 
METASTABLE, HOLD AT ~ 9 0 ° C 

~ 7 liters 
81 3 g 2 r / l i t e r 
1 63 g U / l i t e r 
6 3 / 1 / TOTAL F 

H2O 

4 19 l i t e r s ' 

SOLVENT EXTRACTION 

11 0 9 1 
51 3 g 
1.03 g 
3 97 /1 / 

ters 
Z r / l i t e r 
U/hter 

TOTAL F 

FEED 

~02M 
N H , HF, 

NEUFLEX 
DISSOLVER 
SOLUTION 

BOILDOWN 
OR 

DILUTION 

0 3 - 0 5 M FREE NH4F-

(NH4)2ZrF5 

(HYDROCARBON DILUENT) 

( 6 ) 

~ 0 5 M 
AMMONIUM 
CARBONATE 

WASTE 

• - N H 4 X + R 

I 

i 
[ H X ] 2 + R 
(RECYCLE) 

(NH4)4U02(C03)3 
PRODUCT SOLUTION 

Fig. 1.4. Neuflex Process, (a) Dissolution of PWR-1 seed, (b) tentative extraction flowsheet. HX = di(2-

ethylhexyOphosphoric acid; R = trioctylphosphine oxide or diomyl amylphosphonate. 

which resul ts in shorter d isso lu t ion t imes. Ura

nium cannot be extracted by the convent ional T B P 

method, but the Dopex process reagents, d i (2-

ethylhexyOphosphor ic ac id (D2EHPA) and diomyl 

amylphosphonate (DAAP) , may be used. 

Four botch d isso lu t ions in small engineer ing-

scale equipment (6- in . diom) demonstrated the 

f e a s i b i l i t y of the Neuflex process for the d isso lu -

1 3 
Chem. Technol. Div. Chem. Dev. Sect. C Progr. 

Rept. April-July 1961, ORNL CF-61-7-76, p 6. 

t ion of uranium-zirconium-t in fuels having uranium 

contents as high as 8% (Table 1.11). The d is 

solvent was 6.5 Al N H . F , and H2O2 was added 

cont inuously to ox id ize U(IV) to the more soluble 

U(VI) immediately, thus preventing U(IV) pre

c ip i ta t ion from fuels contain ing more than 2% ura

nium. Instantaneous d isso lu t ion rates, which 

var ied from 2 to 20 mg m i n " c m " , were simi lar 

to those obtained in the modif ied Z i r f l ex process. 

Since ox id ized zirconium d isso lves by penetrat ion 

of the oxide f i lm and subsequent undercut t ing. 



Table 1.10. Comparison of Three Related Processes for Dissolution of Zirconium Alloys 

Decladding (Removing Zircoloy Cladding 

from UO Core Pe l le ts )" 

Zirfle Neuflex 

Integral Dissolution (Simultaneous Dissolution 

of Zircoloy Cladding and U-Zr Core Alloy) 

Neuflex Modified Zirf lex 

Uranium solubilized 

Extractant 

Dissolvent 

Stabilizer 

Gaseous products per 

mole of Zr dissolved 

Scrubbed off-gas 

Waste solution 

Small 

lost 

None 

NH^F. 
4 

H , 0 

amount. 

• N H . N O 
4 

U( IV ) , 

3 

Small amount. 

recovered by 

extraction 

Dopex 

N H ^ F - H j O j 

H^O 

U(V I ) ; 

so Ivent 

All present, U(VI ) ; 

recovered by solvent 

extraction 

Dopex 

N H ^ F - H j O j 

H , 0 

5 moles NH , 

traces H_ and 0 „ 

Small volume of 

flammable mixture 

of H j - l - O j 

Neutral fluoride 

4 moles NH , 2 moles H . 4 moles N H , , 2 moles H 

Large volume of H„ + 0 . ; Large volume of H . + 0 . ; 

H concentration above 

flammable range 

Neutral fluoride 

H . concentration above 

flammable range 

Neutral fluoride 

AH present, U(V I ) ; 

recovered by solvent 

extraction 

TBP 

N H ^ F - N H ^ N O j - H j O j 

HN03 -A I (N03 )3 

5 moles N H _ , traces 

H^ + O^ 

Small volume of 

flammable mixture 

of Hj + Oj 

Acid aluminum fluoride 

After decladding by either process, the U O . pellets ore dissolved in H N O . and the uranium is extracted with T B P . 
b ^ J 

If only TBP extraction were available it is felt that the small amount of uranium lost (0.0 to 0.5%) to the declodding solution would not be recov
ered since relatively large volumes of acid waste would be generated. 

Table 1 .11 . Summary of Neuflex Dissolutions in 6-in.-diom Botch Dissolver 

Run 

No. 

5 

7 

8 

9 

Disso 

N H , F 
4 

6.53 

6.53 

6.53 

6.53 

Ivent (M) 

NH4NO3 

0.00 

0.53 

0.15 

0.00 

Type 

8% U-Zr 

8% U-Zr 

8% U-Zr 

-^2% U-Zr 

Fuel 

(PWR seed) 

Plate 

Thickness 

(in.) 

0.122 

0.122 

0.122 

0.081 

F / Z r 

Ratio 

8 

8 

8.8 

7 

H j O j Addition 

Rate (moles 

m i n " c m " ) 

0.5 

1.2 

2.0 

1.1 

Dissolution 

Time (hr) 

2 

3 

2.3 

4.7 

Amount 

Dissolved 

(%) 

100 

99 

100 

> 9 9 

Solvent 

Zr 

(g/ l i ter ) 

31.9 

33.3 

32.3 

51.3 

Extraction 

U 

(g / l i ter ) 

2.8 

2.9 

2.65 

1.03 

Feed 

F - / U 

51 

82 

82 

115 
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the surface condi t ion of the material was on im

portant determinant of the t ime required for com

plete d i sso lu t i on . 

The F ~ / Z r ra t io in the so lut ion decreases stead

i ly OS d isso lu t ion proceeds, since each mole of 

z i rconium in solut ion complexes 6 moles of f luo

r ide . To minimize d isso lu t ion t ime and ensure 

so lut ion s tab i l i t y , a terminal f ree- f luor ide- to-

uranium ra t io of 50 to 100 must be mainta ined. For 

each value of the terminal ra t io se lec ted, a cor

responding minimum d i lu t ion w i th water is required 

to keep the zirconium in so lu t ion . 

The d isso lu t ion off-gas consisted of 4 moles of 

NH3 and 2 moles of H2/ w i th traces of O2 per mole 

of z i rconium d isso lved . The NH3 was removed 

quant i ta t ive ly by scrubbing wi th d i lu te n i t r ic ac id , 

which was rec i rcu lated through a packed tower. 

The remaining mixture of H2 and O j was H2-r ich 

and general ly above the l imi t of f lommobi l i ty for 

H2-O2 mixtures. Hydrogen evolut ion provided a 

convenient method of monitoring the d isso lu t ion 

progress. The addi t ion rate of H2O2 was not c r i t i 

cal so long OS the concentrat ion was suf f ic ient to 

ox id ize a l l uranium to ye l low U(VI ) ; excess H2O2 

only d i lu ted the product and contr ibuted oxygen to 

the off-gas ( F i g . 1.5). It should be poss ib le to 

maintain the oxygen concentrat ion in the off-gas 

at (3.5 ± 1.5)% by increasing the H2O2 addi t ion 

rate during the period of rapid d isso lu t ion and de

creasing it as d isso lu t ion approaches complet ion. 

The tentat ive extract ion f lowsheet ( F i g . 1.46) 

uses d i (2-ethy lhexyl )phosphor ic ac id (D2EHPA, 

HX) in synerg is t ic combinat ion w i th a phosphonate 

ester or a phosphine oxide to extract the uranium. 

The nearly neutral d isso lver solut ion is essen t ia l l y 

a mixture of ammonium f luoz i rconote and free am

monium f luor ide, w i th a low concentrat ion of uranyl 

f luor ide, pH about 6 (Table 1.12). D2EHPA pre

sumably ext racts the simple uranyl ion, in d i rect 

compet i t ion w i th i ts complexing by f luo r ide . Hence 

the ext ract ion coef f ic ients ore strongly dependent 

on the f ree-f luor ide concentrat ion ( F i g . 1.6a, nega

t ive slope ' ^3 .5) and somewhat on pH in the range 

5 to 7 ( F i g . ^.6b, negat ive slope < 1 ) . The per

miss ib le f luor ide concentrat ion var ies wi th both 

the D2EHPA concentrat ion and the synerg is t ic 

combinat ion chosen, but <0 .5 M appears sa t is 

factory for - ^0 .1 M D2EHPA -h 0.05 Al TOPO ( t r i 

octy lphosphine oxide) o r - ^O .SM D2EHPA-t- 0.15 Al 

DAAP (diomyl amylphosphonate). 

Table 1.12. Composition of Neuflex Dissolver 

Solutions from Unirradiated Prototype Fuel Samples 

Dissolver 

Solution 

No. 

Solution Concentration (M) 

NH. pH 
NH. 

Z l 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 
ORNL-LR-DWG 62e82A 

80 120 
DISSOLUTION TIME (mm ) 

200 

F ig . 1.5. Oxygen Concentration in Scrubbed Off-Gas from Neuflex Process as o Function of Dissolution T ime. 
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O EXTRACTION TESTS FROIVI DISSOLVER SOLUTION Z l , 
ADJUSTED BY DILUTION 

a SCRUBBING TESTS WITH NH4HF2 SOLUTION 

UNCLASSIFIED 
ORNL-LR-OWG 71432 

DISSOLVER SOLUTION C - Z r - 9 , UNADJUSTED, DILUTED, OR ADJUSTED 
WITH NH4OH 

O ACID FORM, [ H X ] 2 , D2EPHA 

• AMMONIUM SALT, NH4X, NHaDSEHP 

i ,03 

,02 

0 , M D2EHPA + 0 05 /W TOPO 
IN AMSCO , 2 5 - 6 2 

,02 

, 0 ' 

0 3 /W D2EHP + 0 ,5 /V/ DAAP IN 
AMSCO ,25-82 

FREE AQUEOUS FLUORIDE KM) FINAL AQUEOUS pH 

Fig. 1.6. Neuflex Extraction. Variation of uranium extraction with (a) aqueous free fluoride concentration 

and (fe) pH. 

The extraction coefficients are expected to vary 
with the square of the free D2EHPA concentration 
in extractions from complexing or noncomplexing 
solutions. This is confirmed for the present 
system by the agreement of extraction isotherm 
data (Fig. 1.7) with the predicted form of the ex
traction equation, E°(U) = E,(A1^^ _ 4Alu)^, where 
E^ is the value of the intrinsic extraction coeffi
cient extrapolated to 1 M free HX. 

The flowsheet has not been tested in 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 in one stage and >99.8% in three 
stages at A / 0 = \ , and the overall decontamina
tion factor of uranium from zirconium was ^10"*. 
The use of dilute ammonium bifluoride solution 
in the scrubbing section hod almost no effect on 
the extraction section operation. 

The ammonium carbonate stripping step has 
been studied in de ta iP^ ' ' * with either a dilute 

UNCLASSIFIED 
ORNL-LR-DWG 7,433 

C. F. Boes et al., " T h e Extraction of Uranium(VI) 
from Acid Perchlorote Solutions by Di(2-ethylhexyl)phos-
phoric Acid in n-Hexane," / . Phys. Chem. (tl, 129-36 
(1958). 

C. A. Bloke et al., Progress Report, Further Stud
ies of the Dialkylphosphoric Acid Extraction (Dapex) 
Process for Uranium. ORNL-2172 (Dec. 18, 1956), p 4 1 . 

F. J . Hurst and D. J . Crouse, Recovery of Uranium 
from Di(2-ethylhexyl)phosphonc Acid (Dapex) Extractant 
with Ammonium Carbonate, ORNL-2952 (June 30, 1960). 

< 3 

/ a 

/ 

/ 

' fo°(U)= 33 [C 

/ a 

3 - 4 Muf 

a 

/ 

0 0 , 0 2 0 3 0 4 
AQUEOUS URANIUM (g/liter) 

Fig. 1.7. Neuflex Extraction: Uranium Extraction 

Isotherm. From cascade test with 0.3 Af D2EHPA f 

0.15 M DAAP, dissolver solution Z l diluted 1:1 with 

water. 
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solution to produce an ammonium uranyl tricar-
bonote solution or with a more concentrated re
cycling solution to precipitate ammonium uranyl 
tricorbonate crystals. 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 port or all of the extractant 
before recycle. 

Zirflex Process Demonstration at Full 
Activity L e v e M ^ " ^ ' 

In 22 tests of the Zirf lex decladding process 
for Zircaloy-2-clad UOj fuel, PWR blanket pins 
irradiated to levels between 182 and 17,700 
Mwd/ton were successfully declad with boiling 
6 M N H , F - 1 M NH.NO, . Cladding dissolution 

4 4 3 

was complete, except for the end plugs, in 2.5 hr, 
in close agreement with results obtained with 
unirradiated specimens. Although some fuel-
pellet fracture was observed, specially prepared 
high-density (96% of theoretical) UOj pellets 
were largely intact after decladding, while the 
regular PWR pellets of lower density (93 to 95% 
of theoretical) were extensively shattered into 
k ,- to k-in.-diam fragments (Table 1.13, Fig. 1.8). 
In the latter cose 0.5 to 1% of the total UO^ was 
reduced to fines smaller than 10 mesh. Soluble 
uranium and plutonium losses to the decladding 
waste solution, 0.01 to 0.09%, were virtually 

' ^ J . H, Goode and M. G. Boillie, Hot-Cell Demon
stration of the Zirflex and Sulfex Processes. Report 
No. 1. ORNL TM-111 (Jan. 11, 1962). 

^^Ibid., Report No. 2, ORNL TM-130 (Jon. 26, 1962). 

^'/feiV.. Report No. 3, ORNL TM-187 (in press). 

Table 1.13. Uranium and Plutonium Losses During Decladding of Irradiated 

Zircoloy-clod UO2 in 6 M NH^F-1 Af NH^NOj 

Irradiation 

Level 

(Mwd/ton) 

Theoretical 

UOj Density 

(%) 

Pellet 

Condition 

S 

S 

S 

S 

s 
s 
s 
s 
IF 

IF 

IF 

IF 

IF 

IF 

IF 

IF 

IF 

IF 

IF 

IF 

IF 

Soluble 

U Loss 

(%) 

0.01 

0.04 

0.01 

0.04 

0.05 

0.04 

0.11 

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 

Soluble 

Pu Loss 

{%) 

0.01 

0.02 

0.03 

0.08 

0.03 

0.01 

0.08 

0.08 

0.06 

0.08 

0.01 

0.02 

0.02 

0.05 

0.01 

0.01 

0.04 

0.02 

0.01 

0.03 

Decladding 

Time (hr) 

1.5 

2.1 

2.5 

2.5 

2.5 

3.0 

2.5 

3.3 

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 

Dissolver 

Purge 

Gas 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Ai r 

A i r 

A i r 

None 

None 

^ 2 
N , 

182 

216 

262 

6,150 

7,100 

8,950 

13,100 

13,700 

14,600 

14,600 

16,800 

16,800 

16,800 

16,800 

17,400 

17,400 

17,400 

17,700 

17,700 

17,700 

17,700 

93-95 

96 

S= Shattered; IF = intact or fractured. 
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UNCLASSIFIED 
PHOTO 56619 

io) 

UNCLASSIFIED 
CDL NEC. 1104 

Fig. 1.8. UOj Pellets Declad by the Zirflex Process, (a) High-density pellets, 96% of theoretical, irradiated 

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

1-in. grids. 
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unaffected by variables such as the time of 
pellet exposure to the decladding solution and 
the presence or absence of on oxidizing atmos
phere (air). The uranium loss appears to be 
determined solely by the solubility of U(IV) in 
boiling 6A1 N H , F - 1 M NH.NO, . 

4 4 J 

About 99.5% of both high- and low-density fuel 
pellets subsequently dissolved in 4 M HNO. -
0.1 M AI(NO ) in 5 hr, which was slightly faster 
than the rote for unirradiated pellets. Subsequent 
solvent extraction experiments with these solu
tions ore described in Sec 1.6. 

Zirconium Dissolution in Titanium Equipment 

A flowsheet ' for continuous dissolution of 
Zircaloy-2 in a titanium dissolver was developed 
in which refluxing 3 M HNO3-I.2 Al HF-0.4 M 
HBF^-0.6 M Cr( l l l ) -0.4 M Cr(VI)-0.46 M Zr is the 
dissolvent (Fig. 1.9). An instantaneous dissolu
tion rote of 10 mg min~^ cm~^ and a titanium 
vessel corrosion rate of <0.1 mil/month are pre
dicted from botch laboratory experiments. Tests 
in a small-scale continuous titanium dissolver 
are now proposed. 

The dissolvent concentration is held constant 
by monitoring the product stream in order to adjust 
the rate of addition of dissolvent makeup, which 
is 5.5 M HNO3-O.4 M HBF^-0.5 M (NH^)2Cr207-

20 
T. A. Gens, Dissolution of Zirconium Reactor Fuels 

in Titanium Equipment, ORNL TM-22 (Oct. 1961). 
21 

W. E. Clark and T. A. Gens, A Study of Dissolution 
of Reactor Fuels Containing Zirconium in a Titanium 
Vessel, ORNL-3118 (Oct . 1961). 

UNCLASSIFIED 
ORNL-LR-DWG 6,893A 

Zr 

55 M HNO3 
0 4 M HBF 
05 M (NH4)2Cr207 
, 2 4^ HF 

FUEL—»-

CONTINUOUS 
DISSOLUTION 

0465 M Zr 
za M F 
3 M HNO3 
5 5 /V/ NO3 
04 M a 
0 6 M CrdU) 
0 4 M Cr(VI) 

,05°C 

" '>'" ' '3 '3-^"2" 

FEED PREPARATION 

TO SOLVENT 
EXTRACTION 

0 36 A/ Zr 
z^e M F 
07 M M 
2 3 /W HNO3 
OiMa 
0 4 6 M Cr(III) 
0 3 , M Cr(Vl) 

1.2 Al HF. The low titanium corrosion rote is 
achieved by pre-exposing the titanium to air and 
dissolvent in order to produce a protective surface 
fi lm. The dissolver solution is stable at all 
temperatures from 20°C to the boiling point. 
Adjustment of the solution to 0.7 Al Al to complex 
fluoride ion before solvent extraction produces a 
30% volume increase and yields a solution that 
is stable at room temperature but in which hy
drolysis and precipitation occur on warming. 

Another reagent investigated for use in contin
uous dissolution is 16 M HNO3-2.6 M F--0.025 M 
HBF, —1.4 M Zr. Short-term titanium corrosion 

4 

rates were 0.1 mil/month, and Zircaloy-2 dissolu
tion 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 Darex dissolver solutions made 
8 to 13 Al in nitric acid, and H_0 oxidation of 
Zircex^'' chloride solutions were studied. 

With NO gas at 25°C as the stripping medium 
for Darex dissolver product in a 20-ft-high column 
and with NO (gas) to Cl~ (liquid) mole ratios of 
4.5 and 7.5, chloride in the liquid effluent was 
decreased to 0.01 to 0.02 M. In small engineering-
scale tests with NOj at 50°C, in 3-, 6-, and 20-
ft-high packed columns, chloride removal was 
improved by greater column length, lower stainless 
steel concentrations, lower liquid rates, and 
higher vapor velocities. 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 with hydrogen per
oxide was not feasible for Darex solutions, since 
dissolved stainless steel catalyzes the decom
position of hydrogen peroxide and prevents its 
reaction with chloride, and chloride was only 
partially removed from chloride-zirconium systems. 
On addition of 50% of the stoichiometric amount 
of hydrogen peroxide to zirconium—11 M chloride 

Fig. 1.9. Process for Dissolution of Zirconium-Con

taining Reactor Fuels in Titanium Equipment. 

^^W. E. Clark, J . R. Flonory, and F. G. Kitts, The 
Darex Process: The Treatment of Stainless Steel Re
actor Fuels with Dilute Aqua Regia, ORNL-2712 (in 
press) . 

23 
T. A. Gens and R. L. Jolley, New Laboratory De

velopments m the Zircex Process, ORNL-2992 (Apr. 
1961). 
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solutions at 98°C, the reaction 2HCI -i- HjO^ -• CI2 
(gas) + 2H2O was 160% efficient (Fig. 1.10). 
However, the final chloride concentration was 
sti l l 2.6 M. Increasing the amount of hydrogen 
peroxide to 150% of the stoichiometric amount 
decreased the chloride concentration to 0.07 M, 
but the overall efficiency for hydrogen peroxide 
usage decreased to 66%. At chloride concentra
tions below 3 M, hydrogen peroxide was less 
than 10% efficient. The presence of zirconium 
ions in 11 Al chloride solution increased the 
efficiency by 33% over that for 11 M HCl alone. 

UNCLASSIFIED 
ORNL-LR-DWG 664,6A 

40 60 80 ,00 ,20 ,40 ,60 ,80 200 220 

STOICHIOMETRIC H jO j (%) 

Fig. 1.10. Removal of Chloride from Zircex Waste 

Solutions by the Reaction 2HCI + H2O2 ~^ Cl2(g) -̂

2H2O. Added H j O j OS 10 ,M. 

Solids Removal from Darex Solutions 

The presence of ~ 2 wt % of silicon in stainless 
steel—uranium dioxide cermet APPR fuel makes 
processing diff icult in a continuous Darex system. 
As the fuel is dissolved in boiling 5 Al HNO - 2 M 
HCl, 50 g (dry weight) of hydrous, gelatinous 
Si02'3H20 is precipitated per kilogram of fuel 
dissolved and then is deposited on the titanium 
equipment. The silica is removed from the solu
tion by vacuum filtration at an average filtration 
rate in laboratory equipment of only 0.04 ml 
min~^ cm~^. However, with the high-silicon-

(1) readily removed by vacuum filtration at an 
average rote of 0,5 ml min~ cm~^ or (2) passed 
through the chloride stripping column without 
f i l tration. About 87% of the solids passed through 
the column, and those solids that were held up 
were easily washed through with hot nitric acid 
or water. During chloride stripping, 17% of the 
fluoride was volatil ized and appeared in the nitric-
hydrochloric acid condensate. The presence of 
0.01 M zirconium decreased fluoride volatil ization 
to 2% during chloride stripping. 

The addition of fluoboric acid or molybdic acid 
to the nitric-hydrochloric acid dissolvent preyented 
the precipitation of si l ica by forming a soluble 
complex. Solubility was limited, however, and 
this approach would be practical only for stainless 
steel—uranium dioxide fuels containing =0.3 wt % 
sil icon. 

Zirconium Tetrachloride Desublimatlon 

In the chloride volati l i ty (Zircex) process in 
which zirconium-base fuel is reacted with HCl 
gas at ~ 500°C to produce nonvolatile UCI, and 
volatile Z rC I . , ^ ^ the collection of the sublimed 
zirconium tetrachloride has been a serious problem 
because of diff iculties in the remote operation 
of a solids condenser and plugging at the point 
at which the off-gas is cooled below the zirconium 
tetrachloride sublimation temperature, about 300°C. 
The conventional dry-condensation method used 
in zirconium plants^^ is unsuitable for use in 
remotely operated radiochemical plants. 

Laboratory-scale studies indicated the feasi
bil i ty of removing zirconium tetrachloride from the 
Zircex process off-gas by hydrolysis during pas
sage over boiling, near-ozeotropic hydrochloric 
acid—zirconium solutions. A preliminary phase 
study of this system showed a series of hydroted 
compounds whose melting points increased from 
about 68 to 110°C as the zirconium concentration 
increased from 0.5 to 4.2 M. The boiling points 
of the solutions ranged between 100 and 112°C. 
Disti l lation removed hydrogen chloride and water 
but no zirconium. 

content APPR fuel and the presence of as l i t t le 
as 0.005 M HBF during dissolution, a fluoride-
stabilized sil ica precipitate formed which was 

54 
W. A. Du Prow, "Problems in the Processing of 

Zirconium and Its Compounds," from First Conference, 
Analytical Chemistry in Nuclear Reactor Technology, 
November 4-6, 1957, T ID-7555 (August 1958), p 138. 
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Tests ore planned on zirconium chlor ide removal 

from off-gas over product solut ions as concen

trated OS 4 M z i rconium, fo l lowed by rec t i f i ca t ion 

of the wet hydrogen chlor ide product gas and 

recyc le of dry hydrogen ch lor ide. 

1.5 CORROSION S T U D I E S " 

Corrosion studies included evaluat ion of ma

ter ia ls of construct ion for the Darex, modif ied 

Z i r f l ex , HNO_-HF, and ch lo r ide -vo la t i l i t y f ue l -

processing methods. The containment of fuming 

n i t r ic acid for the d is in tegrat ion and leaching 

of graphite-base fue ls , and of fuming nitric— 

sul fur ic acid mixtures for d isso lv ing bery l l i o was 

invest igated. Other studies included the exposure 

of var ious mater ia ls in n i t r i c acid vapor for pos

sib le fuel -processing and waste-d isposal app l i 

ca t ions. 

Darex Process 

Equipment made of h igh-cobal t a l loys may pos

s ib ly be used for the processing of both s to in less-

steel-base fuels by the Darex process and zir

conium-base fuels by the Z i r f l ex or modi f ied 

Z i r f l e x processes. Welded specimens of Haynes 

a l loys 6B, 25, and 21 al l suffered intergranulor 

attack in in i t ia l Darex so lu t ion . Overal l maximum 

corrosion rates for the os-welded a l loys were 

3.64 (192 hr), 0.36 (408 hr), and 17.6 mi ls /month 

(192 hr), respect ive ly . Heat-treatment of Haynes 

21 lowered the rate to 3.27 m i l s /mon th , but the 

very low rates reported by Battel le Memorial 

Inst i tu te for unwelded, co ld- ro l led specimens 

were not approached. Lower ing the carbon content 

of the a l loy and/or adding a carbide s tab i l i zer 

should e l iminate or decrease the tendency toward 

intergranulor a t tack. 

A proposed change in the Darex f lowsheet may 

require the addi t ion of up to 0.1 M HBF in order 

to prevent p lugging of the chlor ide str ipping 

column by s i l i c a . T i tan ium was corroded at a 

Work done by members of the Reactor Chemistry 
Division. 

P. D. Miller et al,, "Evaluat ion of Container Ma
terials for Zircex and Dorex Nuclear Fuel Recovery 
Processes," BMI-1242, Dec. 11, 1957; cf. Ind. Eng. 
Chem. 5 1 , 32 (1959). 

maximum rate of 12.5 mi ls /month in a 120-hr ex

posure to spent Darex solut ion contain ing 0.1 M 

H B F . . The rate in the proposed i n i t i a l d isso lver 

solut ion (5 Al H N 0 3 - 2 A 1 H C I - 0 . 1 M H B F ^ - 0 . 0 2 5 M 

NOjB^O^) at 85°C was 60 m i l s /mon th . 

Modified Zirflex Process 

In modif ied Z i r f l ex d isso lu t ion tes ts , welded 

type 347 s ta in less steel and unwelded Haynes 21 

were corroded at maximum rates of 6.45 (500 hr) 

and 0.68 mi l /month (689 hr), respect ive ly , in 

f lowing 5.4 M N H ^ F - 0 . 3 3 M NH^NOj -O.OOl M 

H . O , at the bo i l ing point . The s ta in less steel 

suffered extensive edge corrosion and p i t t ing 

at tack. The Haynes 21 a l loy was free from any 

v i s i b l e loca l ized at tack. 

Both LCNA^^ and type 347 s ta in less steel ap

pear sat is factory for modif ied Z i r f l ex so lvent-

ext ract ion equipment. L C N A , Carpenter 20SNb, 

and types 304L and 347 sta in less steel were 

exposed at 50°C in a number of poss ib le modif ied 

Z i r f l ex feed solut ions wi th composi t ions varying 

from 0.75 to 1.5 Al H N O ^ , 0.6 to 1.0 M A\^*, 0.36 

to 0.49 M Zr'''*', and 2.44 to 3.33 M F " . Overal l 

maximum rates for a l l a l loys var ied 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 mi l /month for exposures of 336, 

336, 700, and 700 hr, respect ive ly . In general , 

rotes were higher in the higher ac id so lu t ions . 

Aluminum addi t ions (~0 .8 Al) d id not improve 

corrosion res is tance appreciably. Both the 304L 

and Carpenter 20SNb showed intergranulor at tack; 

the type 347 s ta in less steel showed a l ight p ick 

l ing , wh i le the LCNA showed some local e tch ing. 

Multipurpose Centrifuge Tests 

Tests designed to select a material of construc

t ion for a mult ipurpose centr i fuge for c la r i f i ca t i on 

of d isso lver solut ions at 3 5 ^ from the Darex, 

Sulfex, and Z i r f l ex processes were completed. 

In tests w i th U O , core d isso lver so lu t ion from 

the Z i r f l e x decladding process, the maximum 

corrosion rates of t i tan ium and Haste l loy F var ied 

A low-carbon nickel alloy similar to Ni-o-nel but 
with 0.005% carbon. 

28 
Chem. Technol. Div. Ann. Progr. Rept. May 31, 

1961, ORNL-3153. 
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from 0 to 8.5 and from 0.08 to 0.69 mils/month, 
respectively, depending on the concentration of 
uncomplexed fluoride, which varied from 0 to 
0.09 M. Hastelloy F is superior to titanium for 
this service unless the fluoride is complexed. 

Stainless Steel in Nitric-Acetic Acids 

In tests in nitric-acetic acid mixtures which 
result from the stripping of plutonium from tr i -
lourylomine, type 347 stainless steel showed 
excellent corrosion resistance under heat transfer 
conditions. The maximum rate was 0.02 mil/month 
for a 96-hr exposure in 1 M HNO3-2 M acetic 
acid-45 g/l i ter U02(N03)2 • 6H2O.29 The spec
imen was exposed as a steam tube through which 
heat was supplied to the solution at about 5000 
Btu hr~' f t~^. The solution temperature was 
about 103°C. 

Corronel 230 in Nitric-Hydrofluoric Acids 

Acid mixtures of fluoride and an oxidant ore 
among the most versatile of aqueous dissolvents. 
A container material other than expensive gold 
or the platinum metals would be of great value 
to the nuclear fuel processing program. 

Corronel 230, on alloy reputedly developed for 
nitrate-fluoride service, permits some extension 
of the use of uncomplexed fluoride solutions. 
Unwelded Corronel was corroded at maximum rates 
of 59.9 and 2.83 mils/month (96 hr) in refluxing 
10 M HNO3-O.5 M HF at -^116 and 60°C, respec
tively. Low-carbon Hastelloy F,^^ type 309SNb 
stainless steel, and Haynes experimental alloys 
EB4358 and EB5459 all showed rates > 200 
mils/month under the some conditions, accom
panied by aggressive localized attack. The 
Corronel suffered a severe but uniform acid etch 
in the boiling solution. When the fluoride was 

Uranium was used as a stand-in for plutonium in 
the tests. 

30 
D. M. Donaldson et al.. Reprocessing Fast Reactor 

Fuels at Dounreay, presented at the AIME Annual Meet
ing, Oct. 25, 1961. 

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

Maness at Hanford. 

complexed by the addition of 0.75 M AKNOj)^ , 
the Corronel rote (408 hr) was lowered to 0.71 
mil/month, compared with 0.28 mil/month for 
titanium. Corronel dissolved at rotes =2700 
mils/month in tests of 4 hr duration in boiling 
1 M HNO3-3 M HF; at 60°C the maximum rate 
was 4.97 mils/month and occurred in the vapor 
phase. In boiling 1 M HF, Corronel was corroded 
in the solution phase at a maximum rate of 43.7 
mils/month for a 48-hr exposure; in boiling 1 M 
HF-0.06 M H j O j the maximum rate was 12.7 
mils/month and occurred in the vapor phase. 

Nitric Acid Corrosion 

Titanium has been found to be the most resistant 
of the conventional materials of construction to 
boiling nitric acid in both solution and vapor 
phases. Tests in connection with the UO, core 
dissolution steps that follow the Darex, Sulfex, 
and Zirf lex decladding and the chloride-volatility 
processing schemes indicate that stainless steel 
and nickel alloys ore susceptible to intergranulor 
attack in the vapor phase. The maximum corrosion 
rote observed for titanium in a nitrate system 
was about 0.75 mil/month for a 1000-hr exposure.''^ 

Ni-o-nel suffered aggressive intergranulor attack 
in the vapor above boiling nitric acid. Maximum 
overall rates were 1.3 (1344 hr), 1.9, 3.4, 7.2, 
20.5, and > 36 mils/month (648 hr) in 4, 6, 8, 10, 
12, and 15.8 M HNO , respectively; overall rates 
increased with exposure time. LCNA and Hastel
loy F suffered intergranulor attack above boiling 
6 M HNO3; overall rates were 1.89 and 2.35 
mils/month, respectively, in a 672-hr exposure. 
Previously reported tests in which type 347 stain
less steel was compared with these two alloys 
in and above boiling Purex waste solution^" indi
cated its resistance value falls between them. 
Maximum rates for titanium, on the other hand, 
were 0.03 mil/month above refluxing init ial Purex 
waste solution (1000 hr) and 0.33 mil/fnonth above 
refluxing 15 M HNO3-I.O M H^SO^ (1145 hr). 
There was some localized attack in the heat-af
fected zone near weldments in the latter solution. 

In boiling 4 M HNO3, Nichrome V and lNOR-8 
were corroded at maximum rotes of 0.21 (672 hr) 
and > 295 (115 hr) mils/month, respectively. The 

^^Chem. Technol Div. Ann. Progr. Rept. Aug. 31. 
1960. ORNL-2993. 
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INOR-8 specimen in the solut ion d is in tegra ted, 

and the Nichrome V vopor-phase specimen showed 

inc ip ient grain boundary at tack, al though none 

was observed on the solut ion or interface spec i 

mens. Corronel 230 suffered intergranulor attack 

in re f lux ing 20 to 23 Al H N O , ; the maximum rate 

for 384 hr of exposure was 7.27 m i l s /mon th . The 

rate for t i tan ium in the same solut ion was 0.07 

mi l /month for 168 hr. In a bo i l ing mixture (50 g 

of uranium per l i ter , free graphi te, and 20 M in 

H N O , ) , t i tan ium, mi ld s tee l , and type 1100 a lu 

minum were corroded at rotes of 0.03 (164 hr), 

688 (24 hr), and 127 (24 hr) m i l s /mon th , respec

t i ve l y . The addi t ion of 300 ppm of f luor ide did 

not pass ivate the aluminum, but in bo i l ing 23 M 

HNO- —1 M H F , type 6061 aluminum was corroded 

at a maximum rote of only 0.01 mi l /month vs 

0.6 mi l /month for type 304SNb sta in less steel in 

144 hr of exposure. In 90% (21 N) HNO3-10% 

(36 N) H j S O ^ , Nichrome V, Carpenter-20SNb, 

types 347 and 304L s ta in less s tee l , INOR-8, 

L C N A , and CD4MCu were corroded at maximum 

rotes of 0.20, 2.6, 4 . 1 , 3 . 1 , 0.17, 0 .52 , and 1.74 

mi ls /month in exposures of 24, 24, 96, 96, 672, 

and 672 hr, respect ive ly . 

Chloride Volati l i ty Process 

Mater ia ls of construct ion ore ava i lab le for a 

chlor ide vo la t i l i t y process, but the approximate 

condi t ions and cyc le t imes must be known in 

order to make more de f in i t i ve corrosion tes ts . 

Specimens of Haynes 25, Nichrome V, and INOR-8 

exposed 24 hr to f lowing chlor ine at temperatures 

between 490 and 730°C showed average rates of 

6, 2, 0.7, and 800, 800, 100 mi ls /month at 500 and 

700°C, respect ive ly . There was considerable 

scatter in the data, probably because of small 

var ia t ions in temperature and gas- f low rates. 

Rates for Nichrome V and Haynes 25 in CCI . - N , , 

required for decomposing Z r O , , were ident ica l 

wi th those for ch lor ine w i t h i n the probable ex

perimental error. Rotes for 188-hr exposures in 

oxygen at 725°C were 0.02, 0 .01 , 0 .01 , and 0 

mi l /month for Haynes 25, Nichrome V, INOR-8, 

and Pyrocerom 9608, respect ive ly . Rotes for 

34-hr exposures of these some mater ia ls in dry 

HCl at 600°C were 5.30, 5.63, 16.4, and 1.2 

m i l s / m o n t h , respect ive ly , but poss ib ly would be 

lower wi th adequate temperature cont ro l . 

1.6 SOLVENT EXTRACTION STUDIES 

Zirflex Process Evaluation at Full Activity Level 

First-Cycle Solvent Extraction Tests. - Solvent 

ext ract ion runs were conducted in miniature mixer-

set t lers w i th h igh ly i r radiated (16,000 Mwd/ ton) 

pe l le t so lut ions obtained from the Z i r f l e x head-end 

experiments (Sec 1.4). A modif ied Purex process 

was used to test the compat ib i l i t y of uranium and 

plutonium recovery from the h ighly i r radiated fuel 

so lut ion by ext ract ion wi th 30% t r i -n-buty l phos

phate in Amsco 125-82. In one cyc le , uranium 

and plutonium were recovered nearly quant i ta t ive ly 

and decontaminated from gross f i ss ion product 

gamma ac t i v i t i es by factors of 2 x 10 and 7 x 10 , 

respect ive ly . No deleter ious ef fects on decon

taminat ion or recovery of uranium and plutonium 

were observed as a resul t of the increased level 

of i r radiat ion over that encountered in the standard 

Purex process. However, some solvent degrada

t ion was noted during recycle of the T B P di lu ted 

w i th Amsco 125-82. 

Solvent Degradat ion. — In an aux i l ia ry exper i 

ment to the Z i r f l e x solvent ext ract ion tests de

scribed above, the same solvent was recycled 

s ix t imes through a solvent ex t rac t ion system 

to determine the solvent degradation ef fects of 

mul t ip le contac t ing . Batch equ i l ib ra t ions were 

made in order to s imulate operat ion of the process 

in the mini-mixer set t lers through the s ix cyc les 

of ex t rac t ion , scrubbing, and s t r ipp ing, fo l lowed 

by two sodium carbonate washes and one n i t r i c 

ac id wash for solvent cleanup prior to recyc le . 

The feed-solut ion uranium concentrat ion was about 

100 g / l i t e r . A c t i v i t i e s were 10® gross alpha 

counts m i n " m l " , 10 plutonium alpha counts 

m i n " m l " , 10 gross gamma counts m i n " m l ~ \ 

and 10 gross beta counts m i n " ^ m l ~ \ which 

exposed the solvent to energies of about 0.6 

w h r / l i t e r per cyc le . The f i r s t tests mode wi th 

pur i f ied T B P d i lu ted w i th Amsco 125-82, a 

branched-chain hydrocarbon conta in ing about 7% 

unsaturates formed by the polymer izat ion of bu-

tenes and pentenes, showed radiat ion degradat ion, 

w i th the formation of uranium-retaining agents 

that could not be removed from the organic phase 

by the carbonate and ac id washes. Af ter s ix 

cyc les , the cleaned solvent retained between 

0.5 and 1.8 g of uranium per l i ter . In a second 

tes t , T B P d i lu ted wi th ra-dodecone or i ts com

mercial equivalent Adakane-12 did not show the 
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some degradat ion, and after s ix cyc les retained 

only 0.09 g of uranium per l i ter . Plutonium re

tent ion and decontamination from f i ss ion products 

did not appear to be affected by ei ther d i luent 

at these radiat ion leve ls . 

Development of Flowsheets 

for Thorium-Uranium Fuel 

The acid Thorex process for use w i th s ta in less-

steel -c lad UO, -ThO Consol idated Edison fuel 

was further modi f ied, and n i t r ic ac id leaching of 

T h O , slurry fuel as a means of removing f i ss ion 

products was evaluated. Other work included 

(1) the development of on adsorpt ion process wi th 

powdered unf i red Vycor g lass as the adsorbent 

and a solvent ext ract ion process w i t h 30% T B P 

OS the extractant for Pa recovery, (2) ion ex

change and solvent extract ion studies on c leanup 

of stored U^'^^, and (3) d i luent studies for the 

ac id Thorex process. 

Darex-Thorex Process. — Addi t iona l experiments 

were made w i t h the ac id Thorex process, 

designed for thorium-uranium fuels decayed for 

s ix months or thereabouts in order to avoid the 

necessi ty of Pa recovery. Results showed 

that the 2 to 3% uranium and thorium loss may 

be recovered from the solut ion (Darex-process-

d isso lved s ta in less steel c ladding) by adding 

chlor ide-free cladding solut ion to the lower sect ion 

of the acid Thorex extract ion column. Uranium 

and thorium losses were 0.001 and 0.4%, and 

decontamination factors for ruthenium, z i rconium-

niobium, and rare earths were 560, 9000, and 

2.5 X 10^, respect ive ly . These resul ts are not 

substant ia l ly d i f ferent from the values obtained 

w i th the usual ac id Thorex process where 13 Al 

H N O , is added below the extract ion feed p la te . 

T h O j Slurry Fue l . - In laboratory experiments 

wi th prepumped T h O , slurry from the Reactor 

Chemistry D iv i s ion in-p i le loop, < 1% of the f i ss ion 

product ac t i v i t y was removed by bo i l ing in 1 M or 

^^Chem. Technol. Div. Ann. Progr. Rept. May 31. 
1961, ORNL-3153. 

^^R. H. Rainey and J . Moore, Nucl. Sci. Eng. 10(4), 
367-71 (1961). 

^^ORNL-3155 (in press). 

^^Chem. Div. Sec. B Quart. Progr. Rept. Apr.-June 
1961, ORNL TM-1. 

5 M HNO for 6 hr. In s imi lar experiments re

ported in the l i terature, w i th T h O , to which 

C e ' ^ ' * hod been added to s imulate i r radiated 

mater ia l , >70% of the ac t i v i t y was removed. 

Recovery of Pa . - In processing of short-

decayed thorium-uranium fuel by present f low

sheets, the protact in ium is relegated to waste 

which is reprocessed several months later, after 

the Po-^-''' has decayed to U^'^' ', in order to re

cover the uranium. Two new methods were de

veloped, using tracer quant i t ies of Pa , for 

the separation and recovery of the protact in ium 

during the i n i t i a l process ing. 

In the f i rs t method, protact in ium was removed 

from aqueous n i t rate and hydrochlor ic ac id so lu

t ions by adsorpt ion on unf i red Vycor g loss powder. 

In the early experiments the protact in ium-con

ta in ing so lut ions were botch-mixed wi th the 

Vycor, but in later experiments the so lut ions 

were run through small Vycor-packed g loss co l 

umns. The adsorpt ion coef f ic ients were computed 

as fo l l ows : 

counts /min of Po^'^^per gram of Vycor 

counts /min of Po^^^ per m i l l i l i t e r of feed solut ion 

In 15-min batch contacts of n i t r i c ac id solut ions 

of Pa233 (6 X ]Q5 counts m i n " ' m l " ' ) w i th 10 g 

of 100- to 200-mesh Vycor per l i te r of so lu t ion , 

under nonequi l ibr ium condi t ions, the coef f ic ien ts 

increased from ' ^400 in 1 M HNO to a maximum 

of 1500 in 6 to 8 M HNO3 . No adsorpt ion was 

observed from a 0.1 N ac id-def ic ient so lut ion 

(Table 1.14). A l though the adsorpt ion capaci ty 

has not been measured, prel iminary experiments 

wi th 6 M HNO3 showed that > 6 fig of Pa^^^ 

(120 mc) may be adsorbed on 1 g of 100- to 200-

mesh Vycor, w i th no decrease in the adsorpt ion 

coef f ic ient . 

The adsorpt ion of protact in ium from ni t rate 

solut ions was d i rec t ly dependent on the contact 

t ime, the ni t rate sal t concentrat ion of the so lu t ion , 

and the part ic le s ize of the Vycor. Adsorpt ion 

was essent ia l l y at equi l ibr ium after 1 hr of contact . 

An adsorpt ion coef f ic ient of 3 x 10 was obtained 

on a 60-min contact ing of a 6 Af HNO3 so lu t ion 

contain ing 5 x 10^ counts m i n " m l " Pa w i th 

10 g of Vycor (100 to 200 mesh) per l i te r (Table 

1.14). Coef f ic ients were lower for so lut ions that 

D. G. Gardner, 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 
.ontoct z. 
^ ' " ' ' ° " ^ ' ^ 0.1 M HNO, 1 M HNO, 4 M HNO, 6 At HNO, 8 M HNO, 10 M HNO, 
(min) Acid Deficient J 3 3 3 3 3 

15 0 470 420 nOO 1500 1600 1400 

60 0.2 750 760 2150 3100 2900 2200 

240 0 1400 880 2400 3200 2900 2800 

were 0.1 N in HNO3 and 6 N in var ious n i t rates 

[e .g . , 2300, 1000, 1000, 820, 210, and 20 in the 

presence of 6 /V A I ( N 0 3 ) 3 , N a N 0 3 , N H ^ N 0 3 , 

Ca (N03 )2 , L i N O j , and T h ( N 0 3 ) ^ , respec t i ve ly ] . 

The ef fect iveness of the thorium in decreasing 

the adsorpt ion of Pa from n i t r i c ac id solut ions 

var ied inversely w i th the n i t r i c ac id concentrat ion. 

About 1.5 t imes as much thorium was required 

in 2 M HNO3 OS in 0.1 M HNO3 in order to de

crease the coef f ic ient by a factor of 10. 

In a column experiment, 97% of the Pa was 

adsorbed along wi th less than 0 .01% of the tho

r ium. The solut ion was 6.2 M in HNO3 , had a 

thorium concentrat ion of 116 g / l i t e r , and a Pa 

concentrat ion of 3.76 x 10 counts m i n " m l " ; 

250 ml was used. The column was 27 cm long, 

8 mm in diameter, and contained 80- to 100-mesh 

Vycor. The overage f low rote was 2.2 ml m i n " 

c m " . E ighty percent of the adsorbed a c t i v i t y 

was removed by passing 25 ml of 0.5 M oxa l i c 

ac id through the inverted column at a f low rate 

of 1.0 ml m i n " c m " . The product solut ion 

contained less than 0.05 mg/ml Th and 2.9 x 10^ 

counts m i n " m l " Pa , or 7.6 t imes the pro

tact in ium concentrat ion of the feed. Subsequent 

e luote contained a lower concentrat ion of pro

tac t in ium, but tf ie concentrat ion could be increased 

by increasing the contact t ime of the g lass w i th 

the eluont . 

In hydrochlor ic ac id solut ions Pa adsorpt ion 

maxima occurred at 0.1 and 4 At H C l , and a min

imum occurred at 1 Af. The coef f ic ien ts were 

430, 300, and 180, respect ive ly , and decreased 

to 71 OS the ac id concentrat ion was further i n 

creased to 10 Af H C l . The protact in ium tracer 

was added to the HCl so lut ions as i r radiated 

T h ( N 0 3 ) ^ , wh ich contr ibuted 0.06 M ni t rate to 

the so lu t ions . 

The second method developed for the recovery 

of Pa is a low-decontaminat ion solvent ex

t ract ion process, in which protact in ium, thor ium, 

and uranium are separated from neutron poisons 

by coextract ion wi th T B P . High decontaminat ion 

from low-cross-sect ion f i ss ion products such as 

zirconium and niobium is not necessary because 

the product must be remotely handled in subse

quent operat ions. F lowsheet condi t ions were: 

Feed Th, 40 g/ l i ter; U, 2.5 g/ l i ter; 5 M in HNO3 ; 

1 M in AI(N03)3; 0.04 M in F; 1 vol 

Scrub 5 M in HNO3; 1 M in AI(N03)3; 0.4 vol 

Extractant 30% TBP in Amsco 

Stages 5 extraction, 4 scrub 

About 98% of the protact in ium and >99 .9% of the 

uranium and thorium were separated from ruthenium 

and rare earths by factors of 70 and 10 , respec

t i ve l y . Most of the zirconium and niobium were 

extracted w i th the fue l . Protact in ium material 

balances were unsat is fac tory , ranging from 90 

to 170%. 

The quant i ty of protact in ium in fu l l y i r radiated 

Consol idated Edison Thorium Reactor fuel w i l l 

equal about 0 . 1 % of the weight of thorium at the 

t ime of d ischarge. Th is wou ld resul t in a protac

t in ium concentrat ion of about 20 ppm in the solvent 

ext ract ion feed i f processed 30 days after d is 

charge. Since the so lub i l i t y of protact inium' '®' 

in th is system is largely unknown, a complete 

study of i ts so lub i l i t y in n i t rate systems was 

started. 

•^''Thompson, AECD-2488, AECD-1897. 

• ^ ' H . F. McDuffie, HRP Quart. Progr. Rept., ORNL-
3061 and ORNL-3167. 
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Removal of Thorium from U Product. - In 
order to minimize the shielding requirements for 
the handling of U^^^ in fuel fabrication,^° the 
uranium is generally reprocessed just before use 
in order to remove the decay daughters of the 
contaminant U^"'^, principally Th^^®. This prob
lem is pertinent because of the forthcoming 
Brookhaven Notional Laboratory (BNL) Kilorod 
commitment. Both ion exchonge and solvent 
extraction processes removed >99% of the thorium 
from the uranium in 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 

liter and 0.25 N in HNO3 was passed through a 

50- to 100-mesh Dowex 50-8X ion exchange column 

at about 0.7 ml m i n " ' cm~^. After 8 g of uranium 

per millil iter of resin hod been passed through 

the column, the resin contained 99% of the thorium 

and 1% of the uranium. More than 99% of the 

uranium and 3% of the thorium adsorbed on the 

resin were eluted by 20 vol of 0.5 M HNO3 fed 

at a rate of 1 ml min" cm" . The remaining 

thorium, which contained about 0.01% of the 

original uranium, was eluted with about 20 vol 

of a mixture that was 3 M in ammonium acetate 

and 1.5 Af in acetic acid. The flow rate was 1 ml 

min" cm" . 

contaminated the product from thorium by a factor 
of about 10*. Flowsheet conditions were: 

Feed U, 5 g / l i ter ; 1.5 M T h ( N 0 3 ) ^ ; 0.8 M 

A I ( N 0 3 ) 3 , 0.075 N acid deficient; 1 vol 

Scrub 0.6 Al A I ( N 0 3 ) 3 , 0.075 N acid deficient; 

0.4 vol 

Extractant 2.5% di-sec-butyl phenyl phosphonate in 

diethyl benzene, 2.0 vol 

Stages 6 extraction, 3 scrub 

Diluent for Acid Thorex Process. — The use of 

sec-butyl benzene as a diluent for TBP in the 

acid Thorex process resulted in a fivefold in

crease in decontamination over Amsco 125-82 or 

Solvesso-100. However, when the solvents were 

degraded by 1 hr of refluxing in 6 M HNO3, the 

decontamination factor with. Amsco 125-82 was 

twice OS large as for the other diluents. Treat

ment of the degraded solvents with carbonate 

did not improve the decontamination. The distri

bution coefficient of thorium at the feed plate 

was 0.45 with Amsco 125-82, compared with 0.40 

for the other diluents. 

Uranium Recovery from Uranium-Zirconium 

and Uranium-Aluminum Alloy Fuels 

Several processes were developed for use in 

the Thorex Pilot Plant solvent extraction proc

essing equipment for cleaning up stored U 

for the BNL Kilorod program. A decontamination 

factor from thorium of 100 is adequate. The ad

dition of 0.03 M NaF to the 0.1 M A1(N03)3 scrub 

in a Purex-type flowsheet increased decontamina

tion from thorium by a factor of about 4 over the 

value obtained with 0.1 M AI (N03) alone. With 

a scrub 0.03 M in NoF and 0.3 M in N H ^ N 0 3 , 

thorium in the product was below analytical 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 static or countercurrent scrub were all 

satisfactory. 

The most satisfactory flowsheet, with 2.5% 

di-sec-butyl phenyl phosphonate extractant, de-

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

Laboratory countercurrent batch extraction ex

periments with unirradiated U-Zr alloy fuel solu

tions to which fission product tracers were added 

showed no variation in decontamination or uranium 

recovery between feeds prepared by the modified 

Zirflex or the HF dissolution process. Decon

tamination factors from ruthenium and zirconium-

niobium were 2.6 x 10^ and 2 x 10^, respectively, 

and the uranium loss was about 0.01%. Flowsheet 

conditions were: 

Feed 

Scrub 

Solvent 

Stages 

U, 3.3 g / l i ter ; Zr, 40 g / l i ter ; 1 M NH^"^, 

0.78 M A l ^ ^ 0.78 M H*, 3.3 M F " ; 1 v 

1 M H N O 3 , 0.2 vol 

5% T B P in Amsco 125-82, 1 vol 

7 extraction, 6 scrub 

In tests with synthetic U-Al alloy fuel solution, 

decontamination factors for ruthenium and zirco

nium-niobium were increased by about 2 by using 
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an acid-deficient instead of an acid feed and a 
nitric acid—water scrub instead of an aluminum 
nitrate scrub. This small improvement in de
contamination would probably not justify the 
modifications of the Idaho Chemical Processing 
Plant (ICPP) equipment that would be required 
in order to incorporate the proposed flowsheet 
changes. When the present U-AI fuel-solution feed 
was maintained but a nitric acid—water scrub was 
used, there was no increase in decontamination, 
but the volume of the concentrated aqueous waste 
was decreased 20%. 

Laboratory solubility experiments indicated that 
U-AI and U-Zr fuel solutions may be mixed to 
give a single solvent-extraction feed of the ap
proximate composition of the present ICPP U-Zr 
type of feed. Processing of this mixed feed would 
result in essentially doubling the capacity of 
the ICPP solvent extraction plant. Solutions of 
unirradiated U-AI and U-Zr fuel mixed at 80°C 
in the ratio of 2.5 to 3.0 vols of U-AI fuel solu
tion to one vol of U-Zr fuel solution contained 
a large amount of precipitate after 24 hr. Mixtures 
with volume ratios of 0.75, 1.0, 1.5, 2.0, and 3.5 
contained only a slight hazy precipitate after 
six weeks. 

Uranium Recovery from Graphite Fuels 

In solvent extraction tests on spiked low-ac
tivity-level (10 counts min" m l " ) fuel solutions 
prepared from unirradiated Pebble Bed Reactor 
fuel by the 90%-HNO, disintegration-leach proc
ess, no diff icult ies were encountered in the 
extraction of the uranium from the adjusted feed 
with 7% TBP in Amsco. Solvent extraction 
decontamination factors were 1700, 500, and 10^ 
from ruthenium, zirconium-niobium, and rare earths, 
respectively. During leaching, the graphite had 
adsorbed 1, 30, 50, and 5% of those elements, 
respectively. In evaporation of the dissolver 
solution to 3 Al HNO. for solvent extraction, 1% 
of the ruthenium volati l ized. 

" 'M. J . Bradley, Ind Eng. Chem. 53, 279 (1961). 

J. G. Moore and R. H. Rainey, Extraction of Nto-
bium-95 from Nitric Acid Solutions with Tri-n-butyl 
Phosphate, ORNL-3285 (in press) . 

Solvent Extraction of Niobium 

Laboratory studies according to the Martin pro
cedure'^^ for determining distribution coefficients 
of Nb'^ between 30% TBP in n-dodecone and 
aqueous nitric acid showed that the amount of 
niobium present in an extractable form decreased 
from ~30% in 4 M HNO3 to =5% in 0.1 N acid-
deficient solution. The distribution coefficient 
of the extractable portion decreased from 0.05 
to '^0.008 as the aqueous acidity decreased over 
the some range. The presence of 3% of chemically 
degraded TBP increased the distribution coef
ficient of the extractable niobium ten times or 
more and the amount of extractable niobium to 
greater than 80%. Distribution coefficients were 
minimum with 2.0 M HNO3. For solvents con
taining 3% of chemically degraded TBP and 7% of 
degraded Amsco, the amount of extractable niobium 
was =95%, and the amount of the extracted nio
bium retained by the organic phase increased 
from 6 to 50% as the aqueous acidity decreased 
from 4 to 0.1 Al HNO,. The maximum distribution 
coefficient for Nb between acid-deficient solu
tions and solvent containing degradation products 
was 0.008. The aqueous solubility of the niobium 
extracted in the degraded reagents varied in
versely with the acidity of the aqueous phase. 

Purex Process Studies 

Dilute Purex Flowsheet. — A modified Purex 
flowsheet designed to use first-cycle uranium 
product as feed for the second cycle without 
intercycle evaporation was evaluated on an engi
neering scale in 2-in.-diam pulsed columns. The 
flowsheet differs from the standard Purex process 
in that the uranium concentration in the feed is 
65 rather than 320 g/l i ter, and a higher feed-to-
organic flow ratio is required to maintain the 
some uranium loading in the organic. 

In nozzle-plate pulsed columns operated with 
the organic phase continuous, the total flow ca
pacity was lower and the uranium production ca
pacity only 30 to 40% of that obtained with the 
standard Purex flowsheet. The probable reasons 
for the poor performance ore the higher ratio of 

F. S. Martin and G. M. Gil l ies, The Chemistry of 
Ruthenium, Part I. The Formation and Examination of 
an Extractable Ruthenium Nitrate m Macroscopic 
Amounts. AERE-C/R-816 (1951). 
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dispersed-to-continuous flow in the dilute flow
sheet (a/o of 1.5 vs 0.45) and the lower density 
of the aqueous phase at the feed point. The 
cartridges in the extraction column had 0.125-in.-
diam holes, and with 10% free area the capacity 
was 350 gal hr" f t~^ at a pulse frequency of 
50 cpm and 560 gal h r " ' f t " ^ at 35 cpm; with 
23% free area, the capacity was 680 at 50 cpm 
and 880 at 35 cpm. 

Plutonium Adsorption. - Preliminary botch equi
libration experiments showed that 99% of the 
plutonium was removed from 50 ml of solution 
that contained approximately 1.8 g of uranium 
per liter, 0.5 M HNO3, 0.1 M NaN02, and 2.7 x 
10'* counts m i n " ' m l " ' of plutonium on contacting 
the solution with 0.5 mg of a zirconium-silicon-
phosphate exchanger. In a similar solution con
taining 4 M HNO,, only 12% of the plutonium 
was removed. The exchanger was prepared with 
a Z r02:S i02:P205 ratio of 1.0:4.8:0.7. The 
contact time was 17 hr. 

Attempts to adsorb plutonium from nitric acid 
solutions on unfired Vycor gloss were unsuc
cessful. 

Bottom Interface Control for Pulsed Column 

In engineering-scale tests in 2-in.-diam pulsed 
columns, the column was operated without on 
interface as on alternative to controlling the inter
face at the bottom of the column. A mixture con
taining all the heavy aqueous phase plus some 
light phase was let 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 with an 
air l i f t . Automatic control was demonstrated by 
operating the airl i f t with a constant air flow rote 
and using the solvent level in a small surge tank 
to control the pressure on the pressure pot, thereby 
regulating the flow rote of dispersion from the 
column to the phase separator. 

The main difficulty with this arrangement was a 
tendency for the flow rote of the dispersion to 
cycle as the ratio of aqueous to solvent changed. 
The frequency and amplitude of the cycle were 
minimized to less than 0.1 in./min in the column 
by using o solvent recycle rote sufficient to 
maintain the aqueous content of the dispersion 
at less than 40% and by using relatively sluggish 

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

Electrostatic De-entrainment of Solvent 
Extraction Streams 

In small-scale cold tests with a Petrolite Com
pany electrostatic unit, entrained aqueous phase 
was decreased to typical values of 0.001 to 0.002% 
for a Purex lAP Immi mixer-settler stream and 
to less than 0.001% for a 6% TBP lAP stream. 
Aqueous entrainment in the organic effluent from 
the unit with and without electric power was 
0.02% and 0.0095%, respectively, representing re
moval factors of 10 to 20 due to the electrostatic-
precipitation effect alone. Hot-cell testing of the 
effect of the precipitator on solvent extraction 
decontamination was not possible because of 
cell-scheduling diff icult ies. 

1.7 MECHANICAL PROCESSING 

The irradiated SRE-fuel-decladding program was 
satisfactorily completed, the facil i ty in Cell A of 
Building 3026 was decontaminated, and the equip
ment was dismantled. The declad uranium metal 
fuel slugs were shipped to the Savannah River 
Plant (SRP) for chemical processing. The 250-ton 
fuel shear was received from the manufacturer 
(the Birdsboro Corporation), installed on the 
third floor of Building 4505, and completely shaken 
down. The rotary feeder and leacher and their 
auxiliary equipment were installed in cells lA 
and IB of Building 4505 and checked out mechan
ically and hydraulically. A shearing and leaching 
demonstration on unirradiated prototype stoinless-
steel-clod UO, fuel was begun. In hot-cell tests, 
Yankee Atomic (stainless steel-clad UOj) fuel 
samples irradiated to 8130 Mwd/ton were sheared 
and then leached with nitric acid, and the metal 
residue was rinsed with nitric and dissolved in 
sulfuric acid to evaluate uranium and plutonium 
loss and fission-product retention on the nitric 
acid-leached cladding. The SRE fuel decladding 
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operation and the 250-ton shear operation were 

both documented in color moving p ic tures , ' 

DeJQcketing of the Sodium Reactor Experiment 

(SRE) Core 1 

Twenty -s ix seven-rod spent fuel c lus ters from 

the SRE Core I, which was i rradiated to ~ 6 7 5 

Mwd/ ton and decayed for two years, were suc

cess fu l l y dec lad, steam cleaned, recanned, and 

placed in temporary storage. After about s ix 

months' storage, the canned fuel was shipped 

to SRP for chemical recovery of uranium and 

plutonium. The decladding equipment was de

contaminated, encased in p las t i c , and stored in 

Bu i ld ing 3505. 

The fuel element is a c luster of seven 92- in . -

long, 7,-in.-diam rods , each conta in ing 12 NaK 

(22% Na, 78% K) bonded, 2.7%-enriched, 6- in.- long 

uranium metal slugs c lad in a 10-mil-wal l type 304 

sta in less steel tube. A he l ium- f i l led space, ' ^18 

in . long, at the top end of each rod a l lows for 

expansion of the NaK bond (~ TOO cc) and the 

co l lec t ion of f i ss ion gases. Each outer rod is 

wrapped wi th on external spiral spacer w i re . 

The operat ions involved in decladding an SRE 

fuel assembly included (1) transfer of the as

sembly from the shipping cask to the c e l l ; (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 

12 slugs per rod in an aluminum can for storage; 

and (5) the waste-handl ing operations of f la t ten ing 

and ro l l ing of the empty fuel tube into a spiral 

and destruct ion of the NaK wi th steam for d is 

posal to intermediate- level waste. A photograph 

of the assembled equipment in ce l l A of Bu i ld ing 

3026 is shown in F ig . 1.11, and a f lowsheet and 

t ime cyc le of the var ious steps in the operat ion 

are given in F i g . 1.12. 

The three mechanical decladding methods eva l 

uated were: (1) dejacket ing of the fuel rods by 

hydraul ic expansion of the jacket and hydraul ic 

"Mechanical Dejacketing of SRE Core 1 F u e l , " 
16 mm, color and sound, 12 min, ORNL Public Rela
tions Department. 

"Shearing of Reactor F u e l s , " 16 mm color, silent, 
4 min, ORNL Public Relations Department. 

expuls ion of NaK and fuel slugs under o i l ; (2) fuel 

dislodgement and expuls ion by a long mechanical 

screw that passed through the fu l l length of the 

fuel tube; and (3) t ransverse rol l cut t ing of the 

c lad near slug junctures into twe lve 6- in . lengths, 

each about one slug long, and longi tudinal ro l l 

cu t t ing in an o i l - f i l l e d aux i l ia ry decladder, after 

wh ich the s l i t c laddings were pried or cut from 

the slug w i th a special ch i se l . 

The second method was used only when the 

f i rs t was unsuccessfu l and the th i rd only when 

the f i r s t two fa i l ed . With unirradiated fuel rods, 

the f i r s t method was almost a lways success fu l ; 

however, w i th the i r radiated fuel the f i r s t method 

was successful w i th only 16% of the 175 rods 

processed. The second method was required for 

77% of the rods, and the th i rd procedure, which 

was very t ime-consuming, had to be used wi th 

7% of the rods. 

Based on tota l operat ional t ime, inc lud ing 

maintenance, the dejacket ing production rate was 

2.0 kg of uranium an hour. Near the end of the 

program, when ideal operating condi t ions pre

va i l ed , a rate of 9.2 kg /h r was reached. Of the 

830 hr of operat ion logged, 30% went for process

ing and the rest for repairs and maintenance. 

About half the downtime resulted from repairs 

to the NaK disposal system, which was damaged 

tw ice by explosions and f i res when water acc i 

dental ly contacted the NaK through leaky va lves . 

in general , the mechanical components of the 

decladding complex performed as planned. Abra

sive-saw removal of both the inert adapters and 

the fuel rod spacer w i res worked w e l l . The 

hardened fuel jackets put unexpectedly high 

stresses on some port ions of the complex. The 

inab i l i t y of the main hydraul ic decladder to expand 

the c laddings was d isappoint ing because duc t i le 

fuel prototypes had been eas i ly expanded and 

processed. The fue l -s lug e ject ion screw was 

general ly sat is fac tory . Roll cut t ing of c laddings 

was more d i f f i cu l t than expected. Rol l cutters 

w i th a 60° included angle, V-edge, made from 

Carpenter, Vega-KW tool steel hardened to Rock

wel l C-60 to 65 and ground under o i l , du l led and 

chipped when cut t ing on the i rradiated uranium 

rods. 

The two explos ions that occurred during de

struct ion of the NaK showed that a simpler, more 

foolproof method is required. Tests are planned 

to evaluate the del iberate formation of a NaK-o i l 

emulsion and i ts destruct ion by spraying i t through 
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Fig. 1.11. Mechanical Processing Equipment for Decladding the SRE Core I Fuel. Inter ior v i e w , ce l l A , ORNL Segmenting F a c i l i t y . 
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Fig. 1.12. Mechanical Decladding Flowsheet — SRE Core I Fuel . 

a nozzle into water. Handl ing of l iqu id-NaK-

bonded fuel under an o i l b lanket in a shielded 

cel l w i th an air atmosphere appears to be qui te 

pract ical when the amount of NaK handled at any 

t ime is s t r i c t l y l im i ted . 

Water-soluble po lyv iny l acetate paint mixed wi th 

whi te b i l lboard paint and sprayed onto s ta in less 

steel ce l l wa l l s decreased glare, increased l ight

ing, and expedi ted c leaning and decontaminat ion 

of wa l l s by bu i l t - in water sprays or portable steam 

lances. 

The cel l d ischarge-air absolute f i l t e rs and the 

c loth f i l t e rs in the portable .vacuum cleaner used 

for co l lec t ing f ines from abrasive-disk sawing 

became the most rad ioact ive areas in the c e l l , 

g iv ing readings of 200 and 10 r/hr at contact , 

respect ive ly . The ac t i v i t y on the ce l l air f i l t e rs 

is bel ieved to have resul ted from the NaK ex

p los ions and water spray from ce l l washdown. 

Contaminat ion of the cel l was contro l led eas i l y , 

permit t ing entry by appropriately dressed person

ne l . The ac t i v i t y level increased threefold after 

the NaK exp los ions. 

E lec t r i ca l motors on an overhead heavy-duty 

manipulator were a prime source of heavy-equip

ment fa i lu re . In one inc ident a dr ive 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 d isso lv ing ent i re clods in 3 M 

H C I - 4 M HNO3, was 0.02%; the maximum for any 

fuel c luster was 0.2%. The average and maximum 

plutonium losses were 2 x 10~^ to 2 x 10" '^%, 

respect ive ly (Table 1.15). Such losses apparently 

resul t from the formation of s ta in less steel—ura

nium react ion products or adherence of part ic les 

d is lodged from the s lugs, or both. 
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The primary method of decladding fa i led because 

the i rradiated c laddings were much harder than 

expected, and hydraul ic oi l pressures, which in 

tests on unirradiated rods had produced up to 

380 mi ls expansion before burst ing the tubes, 

expanded the i rradiated tubes only 0 to 5 mi ls . 

Meta l lurg ica l examinat ion of randomly selected 

samples of port ions of the type 304 s ta in less 

steel c laddings taken from the central rod and an 

outer rod of several fuel c lusters showed inter

granular attack of the cladding external surfaces 

(F ig . 1.13) from about the midpoint of a fuel rod 

Table 1.15. Typical Analysis of Dissolved SRE Core I Fuel Claddings 

Type 304 s ta in less steel c ladd ing , 10-mil wa l l 

Co l lapsed c o i l s , 280 g per batch 

3 M H C I - 4 M HNO3 decladding reagent, 6 l i te rs 

Element 

U 

Pu 

Cr 

C 

Gross gamma 

Concentrat ion 

0.0018 g / l i t e r 

292 counts m i n ~ m l " 

17% 

0.04% 

7.2 X 1 0 - ^ % 

Element 

Co 58-60 

Sr 89, 90 

Cs 137 

Ru 106 

Zr 95 

Concent ra t ion 

(counts m i n ~ m l ~ ) 

6.3 X 10^ 

6.0 X ID' ' 

1.7 X lO"* 

2.4 X 10"* 

< 1 X 10^ 

UNCLASSIFIED 
R-8197 

LU 
is: o < 
—3 

oo 
_ j O 

Fig. 1.13. Top Portion of Type 304 SS Fuel Cladding (10 Mils Thick) , Showing Intergranular Attack. 
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up to the top. Specimens were eas i l y broken 

( F i g . 1.14) when bent. An un ident i f ied meta l l i c 

layer was found on external c ladding surfaces 

on the lower port ions of the fuel rods, but spec

imens from these areas did not break on bending. 

Stainless s tee l -u ran ium react ion products (F igs . 

1.15, 1.16) were conf ined to extremely small 

areas but were d is t r ibuted fa i r l y uni formly over 

internal c ladding surfaces. 

The microhardness of the 10-mil- thick wal l of 

one c lad varied from 240 to 400 DPH (diamond 

pyramid hardness, 0.5-kg load). The hardness 

of unir radiated fuel c ladding was about 180 DPH. 

The uranium slugs were p i t ted and were bent as 

much as 7 to 20 m i l s , elongated 1 to 6%, and 

swol len 1 to 5%. Hardness measurements on a 

s ing le slug specimen ranged from 200 to 300 DPH 

for a 1-kg load. 

The 18 l i te rs of NaK handled during the program 

contained about 1 cur ie of Cs '̂  and traces of 

other f i ss ion products, uranium, and plutonium 

(Table 1.16). The NaK was co l lec ted and de

stroyed in 100-ml increments by react ion w i th 

steam in the NaK d isposal system. 

Meta l l i c and aqueous l iqu id waste resul t ing 

from the disassembly and dec ladding, steam 

cleaning of s lugs, and the destruct ion of NaK 

amounted to about 0.07 kg and 1.15 l i te rs per 

k i logram of uranium processed, respect ive ly . For 

each fuel c luster processed, the inert meta l l i c 

Fig. 1.14. Send Specimen from Type 304 SS Fuel Cladding Taken from Area Showing Sensitization, Inter

granular Attack, Cold Working, and Hardening. 
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,. UNCLASSIFIED 
••;}.- R-8693 

Fig. 1.15, Stainless Steel—Uranium Reaction Products 

on Interior Surface of 304 SS Cladding. 

por t ions, loosely packed, occupied about 3 ga l . 

The tota l l iqu id waste amounted to 22 gal per 

fuel c luster . 

The mechanical decladding program was com

pleted success fu l l y , but at production rates lower 

by a factor of about 2 to 3 than predicted from 

the processing of unirradiated prototype fue l . The 

sta in less steel—uranium react ion products on the 

interior surfaces of the c laddings is a potent ia l 

source of a high uranium loss and probably defeats 

those mechanical processing methods which 

phys ica l l y separate the fuel and cladding before 

chemical processing. 

The three mechanical methods evaluated in th is 

program could not adequately cope wi th hardened 

and/or embri t t led c laddings, bent and swol len 

slugs adhering to the jacket , or badly damaged 

fue l . The custom decladding method required 

for badly damaged fue l , and used when the two 

mam methods fa i l ed , is much too t ime-consuming 

for pract ical use. 

UNCLASSIFIED 
R-7777 

Fig. 1.16. Cross Section of Cladding (10 Mils Thick) , Showing Uranium-Stainless Steel Reaction Product. 
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Table 1.16. Typical Analysis of NaK from Irradiated SRE Core I Fuel Rod 

Element 

Gross gamma 

Gross beta 

Gross alpha 

T R E . b e t a 

Cs 137 

Concentration 

(counts m i n " g " ) 

3.9 X 10^ 

9 x 10* 

<100 

2.5 X 10^ 

8.6 X 10'̂  

Element 

u 
N 

C 

K 

Na 

Concentration 

< 1 X 1 0 - ' ' mg/g 

0.36 ppm 

148 ppm 

78% 

22% 

Shear and Leach Development 

The shearing and leaching program to determine 

the f eas ib i l i t y of (1) semicont inuously shearing 

s ta in less -s tee l - and Z i rca loy -c lad fuel assembl ies 

and (2) leaching the exposed UO or U O j - T h O 

core mater ial from the 0.25- to 1.5-in.-long sheared 

sect ions wi th n i t r ic ac id was cont inued. The hard

ware compris ing the mechanical shear-leach com

p lex was f i e l d tes ted, al tered as required, provided 

wi th an e lec t r i ca l in ter lock system, and ins ta l led 

on the third f loor and in ce l ls 1-A and 1-B of 

Bu i ld ing 4505. The chemical processing equipment 

w i l l be operated at rates of about 10 kg of uranium 

per hour. A mathematical model was developed 

from laboratory bench-scale leaching tests to pre

d ic t the operat ion of the fu l l - sca le leacher but has 

not yet been ver i f ied in engineer ing-scale tes ts . 

Wear test ing of the gibs and stepped blade of the 

shear with porce la in - f i l l ed ORNL Mark I fuel was 

sa t is fac to r i l y completed, and the par t ic le-s ize 

d is t r ibu t ions of var ious sheared lengths were 

determined. 

The mechanical shearing and leaching complex 

(F ig . 1.17), cons is ts of a s ta in less steel 250- to 

320-ton shear w i th a hor izonta l -act ing stepped 

blade and feeding system (F ig . 1.18), a spira l 

inc l ined rotary conveyer-feeder, a spira l inc l ined 

rotary leacher wi th va lv ing that w i l l pass sheared 

so l ids but seal against n i t r i c ac id fumes when 

c losed, and aux i l ia ry tanks, p ip ing, and inst ru

mentat ion. 

In operat ions now in progress, a fuel assembly 

is p icked up w i th a crane and inserted into the 

fuel-element envelope of the shear by means of 

a loading arm. A pusher arm is then moved into 

pos i t ion and pushes the fuel assembly into the 

shear against a stop beyond the shear blade to 

pos i t ion the fuel properly during each cut . A 

step-shaped blade shears the assembly into 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 is constrained during shearing by an 

inner and outer gag and the f ixed blade. Af ter 

the complete stroke of the shear, the gags are 

released and the fuel assembly is advanced for 

the next cut. The sheared sect ions are stored 

as d iscrete batches in the conveyer-feeder, which 

provides a surge storage capaci ty of up to 14 hr. 

The feed is del ivered to the leacher as required. 

The leacher, a combinat ion d isso lver and wash 

vesse l , contains four countercurrent leaching 

f l i gh t s , two discharge f l i gh t s , and four counter-

current wash f l i gh ts in which the empty jackets 

may be washed wi th water or n i t r i c ac id . The 

entire complex is sealed to contain a l l par t icu la te 

matter. 

F i f ty -one Kanigen- and Nicrobraz-50-brazed 

ORNL Mark I porce la in - f i l l ed prototype fuel as

sembl ies, each contain ing a 6- by 6-square array 

of th i r t y -s i x 0.5- in. s ta in less steel tubes, were 

sheared for par t i c le -s ize-d is t r ibu t ion measurements 

and blade-wear s tud ies. The shortest pract ica l 

length for shearing the prototype fuel was 0.5 in . 

Shearing to shorter lengths is eas i ly accompl ished, 

but severe f la t ten ing of the tubular jacket occurs, 

trapping s ign i f i can t amounts of ceramic fuel 

(F i g . 1.19). 

The sheared mater ial (F i g . 1.20) was segregated 

by length, and each group was analyzed for s ize 

d is t r ibu t ion of both ceramic and meta l l i c par t ic les 

(Table 1.17). Par t i c les > 2000 ju contained 70 to 

90% of the s ta in less s tee l , whereas porcela in 

comprised 85 to 99.6% of par t ic les <2000 fx. Braze 
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UNCLASSIFIED 
ORNL-LR-DWG 61938 

250- ton 
PROTOTYPE SHEAR 

^K^-lJ H2O 

DRAIN LIQUOR 
HNO3 + HjO 

LEACHED AND 
WASHED CLAD 

I L I Q U I D DRAIN 
PRODUCT OVERFLOW 

^0^f HNOj 1 BM UOjINOjjj 

Fig. 1. 

of Material 

17. Shear and Leach Complex, Indicating Relat ive Position of Major Equipment Components and Flow 

metal was present in the amount of 0.1 to 1.0% 
in all particle sizes measured, 9520 to <44 fi. 
No appreciable difference in particle-size distribu
tions 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 fi were 
11, 16, 33, and 69%, respectively; for the portion 
<44 fi, the fractions were 1.5, 2.4, 4.3, and 5.2%. 
The smallest particle measured was 0.25 fi, con
stituting 0.035 to 0.08% of the particles. 

Both ductile and carburi zed-hardened ORNL 
Mark I fuel prototypes were sheared without di f f i 
culty. Ductile fuel containing tube sheets at 
each end of an assembly was sheared equally as 

well 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-filled Mark I prototype fuel 
assembly was sheared, the stainless steel tubing 
shattered badly, exposing more of the core ma
terial than when the ductile 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 with l-in.-long sheared sections 
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Fig. 1. 18. 250.ton Prototype Shear and Feed Mechani 

UNCLASSIFIED 
PHOTO 56?59 

^mSk^^ 

O < 2 3 4 5 6 7 ""B'"^^"^'^,© n fe 

Fig. 1.19. Comparison of Product from Shearing ORNL Mark I Fuel into 0.25-, 0 .50- , and 1-in. Lengths, 
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UNCLASSIFIED 
PHOTO 55389A 

ISHORT SECTIONS OF PORCELAIN I 
iFILLED STAINLESS STEEL 

"ml:' 

PORCELAIN F INES! 
^ * r ^ | ^ 

'la";l END*PIECES ' 
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FLATTENED FERRULES 

Fig. 1.20. Composite Material Obtained from Shearing of a Porcelain-Fil led Mark I Prototype Fuel Assembly. 

of porce la in - f i l l ed , s ta in less-s tee l -c lad ORNL 

Mark I fuel show that the largest batch of s ta in less-

steel-c lad DO fuel that can be submerged in the 

counter f lowing ac id of the leacher is 6.5 kg of 

UO j or about 2.25 l i te rs per f l igh t . The s l ip 

angle of th is 2.25- l i ter fuel batch for the conveyer 

feeder and leacher is 28 to 32° and is independent 

of length of cut (0.25, 0.5, 0.75, 1 in.) or eleva

t ion of the uni t (5, 10, 15, 20°). The s l ip angle 

is def ined as the angle measured from the ver t ica l 

axis of the leacher or conveyer-feeder b isec t ing 

a batch of fuel at rest to the center of the batch 

of fuel at the moment s l ippage f i r s t occurs . For 

proper submergence of the fuel in ac id , the leacher 

is rotated 388° and reversed 28° each t ime fuel 

i s advanced against counter f lowing ac id . 

In hot-cel l laboratory tes ts , ° residues of sec

t ioned prototype type 304L s ta in less-s tee l -c lad 

UO Yankee Atomic reactor fuel specimens were 

J. H. Goode and M. G. Baillie, Leaching and Wash
ing of Sectioned, Irradiated WCAP Fuel Specimens, 
ORNL CF-62-3-77 (Mar. 28, 1962). 



Table 1.17. Porcelain, Stainless Steel, and Braze Metal Percentage Distribution at Various Particle Diameters Produced by the Shearing 

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

Horizontally actuated ORNL 250-ton shear with a stepped blade, operated at 1.22 in./sec and ^^4.2 cuts per minute 

Fuel: 3/-in.-square bundle of 36 type 304 stainless steel tubes, / . in. OD by 72 in. long, with spacer ferrules (0.25 X 1 in.) 

brazed on at '^12- in. intervals. The tubes ore f i l led with '^1600 g of porcelain sections, 0.42 in. OD by 3 in. long 

Particle 
Diameter 

9519-4760 

4759-2000 

1999-1190 

1189-590 

589-297 

296-149 

148-74 

73-44 

<44 

Porcelain 

31.0 

49.6 

85.0 

98.2 

99.1 

99.3 

99.2 

99.2 

98.6 

1-in. Cut 

Stainless 

Steel 

68.0 

49.8 

14.6 

1.3 

0.4 

0.3 

0.3 

0.4 

1.0 

Braze 

1.0 

0.6 

0.4 

0.5 

0.5 

0.4 

0.5 

0.4 

0.4 

Carburized 

Assembly 

1-in. 

Porcelain 

48.6 

43.6 

62.2 

74.1 

87.0 

89.7 

93.0 

92.4 

95.2 

Cut 

Stainless 

Steel 

51.4 

56.4 

37.8 

25.9 

13.0 

10.3 

7.0 

7.6 

4.8 

Amount (%) 

0.75-in. Cut 

Porcelain 

9.0 

60.0 

97.1 

99.0 

99.4 

99.4 

99.3 

99.4 

99.0 

Stainless 

Steel 

90.75 

39.5 

2.7 

0.9 

0.4 

0.3 

0.3 

0.2 

0.7 

Braze 

0.25 

0.5 

0.2 

0.1 

0.2 

0.3 

0.4 

0.4 

0.3 

0.50-

Porcelain 

59.0 

68.0 

95.0 

98.0 

99.2 

99.4 

99.5 

99.5 

99.6 

in. Cut 

Stainless 

Steel 

40.7 

31.4 

4.8 

1.9 

0.6 

0.4 

0.3 

0.3 

0.2 

Braze 

0.3 

0.6 

0.2 

0.1 

0.2 

0.2 

0.2 

0.2 

0.2 

0.25-in. Cut 

Porcelain 

9.2 

29.8 

90.2 

97.7 

98.9 

98.8 

98.6 

98.5 

98.2 

Stainless 

Steel 

90.6 

69.7 

9.7 

2.1 

0.8 

0.7 

0.6 

0.5 

0.8 

Braze 

0.2 

0.5 

0.1 

0.2 

0.3 

0.5 

0.8 

1.0 

1.0 

CO 

Distribution of single cut of carburized (1.7 to 2.7% C) ORNL Mark I assembly. 
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leached and washed in nitric acid, and the clad
ding was subsequently dissolved in sulfuric acid 
to simulate the extent of fission product, uranium, 
and plutonium residue on the scrap stainless steel 
shells from the chop-leach process. The sectioned 
fuel specimens, irradiated up to 8130 Mwd/ton 
and decayed for three years, were leached 5 hr 
with 4 M HNO to produce a modified Purex feed 
solution containing 100 g of uranium per liter and 
3 M HNO . After removal of this solution, the 
shells were washed three times with 4 M HNO., 
which removed the uranium, plutonium, and fission 
products, and then completely dissolved in 4 M 
H SO . Analysis of the dissolved stainless steel 
showed that <0.02% of the uranium and plutonium 
remained with the clad. Fission-product activity 
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 10' Co60 
gamma counts m i n " ' m l " ' , 0.003 mg of uranium 
per mil l i l i ter, and 10^ plutonium alpha counts 
m i n " ' m l " ' . 

1.8 ENGINEERING STUDIES 

The cooperative ORNL-ICPP pilot plant effort 
begun last year was extended to include (1) de
sign of a Darex Pilot Plant and of a Chop Leach 
Facility for installation at the ICPP and (2) con
sultation on the modification of ICPP solvent 
extraction facil i t ies and installation there of a 
plutonium solvent extraction and isolation faci l i ty 
to permit the processing of low-enrichment ura-
nium-plutonium fuels. The Darex and Chop Leach 
programs were canceled by the AEC in April 1962. 

Darex Pilot Plant 

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

to determine the feasibil ity of designing a Darex 
Pilot Plant that could demonstrate either batch 
or continuous processing. For it, the basic design 
previously planned for installation in cell 3 of 
Building 3019 was rearranged, extra vessels in 
the aqua regia preparation system were removed, 
and continuous chloride-removal equipment was 
added. The latter consists of an air l i f t feed 
system taking dissolver product from the feed 
adjustment tank to a chloride stripper tower, 
where the chloride is removed by 15.8 M HNO 
vapor stripping. Stripper column bottoms are con
tinuously evaporated to remove excess nitric acid 
and then diluted in a geometrically safe tank to 
the appropriate solvent extraction feed concen
tration prior to transfer to ordinary process 
equipment for sampling and possibly a solids 
removal step. The system as originally planned 
included provisions for low-temperature continuous 
stripping of chloride with NO, , but this feature 
was eliminated when further experiments indicated 
that this method of chloride removal was not 
feasible. 

Material balance flowsheets were prepared for 
the batch Darex processing of APPR and Con
solidated Edison fuels and the continuous Darex 
processing of APPR and Yankee Atomic fuel and 
used as the basis for a preliminary process flow
sheet prepared jointly by ORNL and ICPP. The 
flowsheet incorporated the integral chloride-
stripping-tower for the reboiler-feed evaporator 
system developed by ORNL during an analysis 
of control system dynamics and liquid-vapor 
equilibrium data for nitric acid in the presence 
of stainless steel salts. Preliminary results of 
cold engineering studies at ICPP of this chloride 
stripping system were favorable. 

The storage of dilute, chloride-bearing radio
active 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 directly to the plant 
stack. Excess chlorine compounds in the pilot 
plant system would be discarded by disti l lat ion 
and/or decomposition into this off-gas system. _ 

Tests to define the aqua regia composition 
necessary to prevent cyclic passivation of fuel 
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in the continuous dissolver in the presence of 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 specification design 
sheets and of detailed engineering flowsheets 
were under way when the project was terminated. 

Shear-Leach Pilot Plant 

Joint meetings of ORNL and ICPP Shear-Leach 
Groups were held in order to disseminate informa
tion useful in the design and installation of the 
chop-leach complex at ICPP for hot pilot-plant 
testing with spent power-reactor fuels. A brochure 
was prepared to provide ICPP with all data ac
cumulated to date, and the ICPP had engaged an 
architect-engineer to study the suitability of the 
several possible locations in existing facil i t ies 
when the project was canceled. 

2.1 PROCESSING OF URANIUM-ZIRCONIUM 
ALLOY FUEL 

Modifications to the Volati l i ty Pilot Plant re
quired to scrub the dissolver off-gas with liquid 
HF were completed. The off-gas solids were re
moved from the gas stream by impingement in a 
flash cooler (FV-lOOl, Fig. 2.1) followed by 
scrubbing with liquid HF. The HF was disti l led 
(FV-1005) for recycle, off-gas condensables were 
completely condensed (FV-2001), and the collected 
solids were flushed from FV-1003 to FV-1009 and 
then to the drain. 

Chem. Technol. Div. Ann. Progr. kept. May 31, 
1961. ORNL-3153, p 30. 

Plutonium Isolation Facility 

The ORNL-ICPP cooperative pilot plant program 
envisioned the providing of plutonium tail-end 
faci l i t ies at the ICPP so that fuels containing 
plutonium could be processed. Engineering in
formation on pulsed-column and mixer-settler per
formance and the design of plutonium load-out 
faci l i t ies was forwarded to ICPP in order to 
permit evaluation of the trilaurylamine extraction 
flowsheet for the proposed installation. Flowsheet 
tests with HAPO Purex IBP solution in mini-
mixer-settlers in a hot cell showed satisfactory 
plutonium recovery but much less fission product 
decontamination than expected from results shown 
with tracer levels of activity. The reason for this 
wi l l be investigated, and it was recommended that 
the ICPP group should defer consideration of the 
TLA extraction flowsheet for plutonium until the 
fission product decontamination deficiency had 
been resolved. 

Eight dissolution runs were completed with non-
irradiated simulated Zircaloy-2 and with zirconium-
uranium alloy. In the flowsheet used, the fuel 
elements were dissolved in equimolar molten NaF-
L iF containing 25 to 45 mole % ZrF . at 650— 
500°C, by means of HF, which converted the 
zirconium-uranium alloy to Z r F . and UF , , both 
soluble in the fluoride salt. Submicron-size solids 
generated during the dissolution were scrubbed 
from the off-gas by HF. The UF. was converted 
to volatile UF, by fluorination at 500°C with 
elemental fluorine, and the UF, was further decon
taminated from fission products by absorption on 
and desorption from a NaF bed at 100°C and400°C, 
respectively. The product UF, was collected in 
cold traps. 

2. Fluoride Volatility Processing 
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Of the eight nonirradiated fuel d isso lu t ion runs, 

three (T-8 through T-10, Table 2.1) were made wi th 

s imulated fue l , Z i rca loy -2 , to evaluate the new 

d isso lver off-gas scrubbing system. Sol ids removal 

e f f i c iency averaged >99% per run. Sol ids accumu

lated on the f i l te r (FV-7001C, F i g . 2.1) as an o i l y 

f i lm on the in le t face of the Yorkmesh cartr idge 

rather than as loose par t icu late mater ia l . D i sso lu . 

t ion rates for two of the three runs (T-9 and T-10) 

were equal to the rate in run T-7 (2.8 kg /h r ) , the 

only other run in which two simulated fuel elements 

were used per d isso lu t ion . Run T-8 was terminated 

at 70% complet ion because of acc identa l charging 

of high Z r F . content (42 mole %) sal t to the d is 

solver. The T-8 fuel heel and associated meta l l i c 

sludge (vessel corrosion products in reduced state ) 

G. I. Gathers, R. L. Jol ley, and E. C. Moncrief, 
Laboratory-Scale Demostration oj the Fused Salt Vola
tility Process, ORNL TM-80, p 7, (Dec. 1961). 

caused sal t transfer d i f f i cu l t i es during run T-9. 

The high d isso lu t ion rate in TU-8 was a t t r ibu ted, 

in part, to an abnormal fuel element submergence, 

which occurred when the fuel lodged at the top of 

the d isso lver 5- in. - lD lower sect ion and was in i 

t i a l l y only '^95% submerged in sa l t . 

In the other f i ve runs, wi th nonirradiated ura

nium-zirconium a l loy , average d isso lu t ion rates 

were 3.12 kg/hr for 9Q% complet ion (Tab le 2.1). 

Corre lat ion of the d isso lu t ion- ra te data from 22 

nonirradiated fuel p i lo t plant runs w i th sa l t k ine

matic v i scos i t y and HF mass ve loc i ty was general ly 

poor ( F i g . 2.2). A least-squares l ine was evaluated 

and the standard error of est imate and standard 

dev ia t ion were ca lcu la ted for evaluat ion of the 

l inear regression correlat ion coef f i c ien t . The best 

empir ica l corre lat ion obtained (corre lat ion coe f f i 

c ient 0.57) for the range of the HF f low was: 

0.068 + 0.0001 V • 1 / 3 

Table 2 . 1 , Summary of Dissolution Runs 

Runs T-8 through T -10 : Z i r c a l o y - 2 , '^SO kg per e lement , two e lements per run 

Runs TU-8 through T U - 1 2 : non i r rad ia ted f u l l y enr iched z i rcon ium-uran ium a l l o y f u e l , 

~ 1 % U, ~ 4 0 kg of f ue l per run 

Runs R-1 through R-6: 5.2 and 6.5 yr decayed enr iched z i rcon ium-uran ium a l l o y f u e l , 

' ^25 kg per e lement 

I n i t i a l mol ten sa l t : 28 to 3 9 - 3 0 to 4 2 - 2 3 to 42 mole % N o F - L i F - Z r F . 

Run No. 

T-8 

T-9 

T-10 

TU-8 

TU-9 

TU-10 
T U - l l 

TU-12 

R-1 

R-2 

R-3 

R-4 

R-5 

R-6 

Salt Te 

(°C) 

Max. 

640 

560 

640 

652 

665 

650 

665 

640 

650 

650 

645 

655 

660 

650 

mp. 

Min. 

500 

510 

490 

495 

480 

495 

495 

505 

500 

495 

490 

550 

500 

495 

Avg. Dissolution Rate 

(kg/hr) 

1.60* 

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 

T- a 1 ime 

(hr) 

23.2* 

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 

Avg. HF Flow Rate 

(g/min) 

150 

190 

162 

122 

180 

150 

150 

150 

150 

150 

75-150 

75-150 

75-150 

75-150 

Avg. HF Ut i l izat ion" 

(%) 

15.9* 

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% comp le t ion of d i s s o l u t i o n . 

Run terminated at 70% comp le t i on . 
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r = d isso lu t ion rate, lb hr~ f t ~ / 

Ty'= sal t k inematic v i scos i t y , f t /h r , 

U' = HF mass ve loc i ty , lb h r " ^ f t " ^ . 

The corre lat ion coef f ic ient decreased from 0.57 to 

0.35 when the HF mass ve loc i ty was modif ied by 

inc lus ion of a geometric constant, " ' Q . The low 

coef f ic ient was at t r ibuted pr imar i ly to two uncon

t ro l led d isso lu t ion factors: (1) the var iable rela

t ion between the vessel and the fuel which ex is ted 

during progressive d isso lu t ion of the matr ix fue l , 

and (2) the ef fect on the d isso lu t ion rate of the 

meta l l i c sludge from vessel corros ion. 

Average f luor ine u t i l i za t ion was 5.7% and f luo

r inat ion t ime 106 min (to obtain 10 ppm of uranium 

in the salt) in runs TU-8 through TU-12 (Tab le 

2.2). These values are below the overal l TU 

series averages of 6.3% and 91 min; the range of 

the TU series f luor inat ions was from 11.7% and 55 

min to 4.7% and 119 min. The spread in the f luo

r inat ion resul ts was at t r ibuted to the low uranium 

concentrat ions in the sa l t . 

Chem. Technol, 
1961, ORNL-3153. 

Div. Ann. Progr. Rept. May 31. 

The uranium product cat ion impuri ty levels 

during runs TU-8 to T U - l l f luctuated great ly (Table 

2.3). The run TU-9 product, w i th <49 ppm tota l 

ca t ions, was the c leanest ; increases were s ign i 

f icant in run TU-10 for a l l impur i t ies except molyb

denum. The high copper content is unexpla ined. 

The f luor inat ion react ion products appear to have 

been channeled through the NaF bed of the tem

perature-zoned absorber in 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 f l ash ing , 

and the i n i t i a l value was probably a factor of 

5—10 greater. 

Decontaminat ion of uranium from f i ss ion pro

ducts was demonstrated in s ix runs w i th 5.2 and 

6.5-yr-decayed (>15% burnup) zirconium-uranium 

a l loy fuel (ana ly t ica l resul ts for several runs are 

incomplete). The average fuel element d isso lu t ion 

rate (3.39 kg/hr) for runs R-2 to R-6 (Tab le 2.1) 

was greater than the TU-ser ies average (2.90 

kg /h r ) . During the R-1 d isso lu t ion , ~50% longer 

was required for complete d isso lu t ion for unex

p la ined reasons. The low R-series average f luo

rine u t i l i za t i on (3.5% excluding run R-3) was 

at t r ibuted to the low in i t i a l uranium levels in the 

sal t . The average product cat ion impuri ty level 

(636 ppm) for runs R-1 to R-3 (Tab le 2.3) was 
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Table 2.2. Summary of Fluorination Studies 

R u n 

I n i t i a l molten sa l t : 28 to 3 7 - 2 6 to 3 2 - 3 8 to 40 mole % N a F - L i F - Z r F ^ , con ta in ing U F . as below 

F luo r ina t i on temperature: 4 9 5 — 5 1 ^ C 

Salt U Cone. Fo FI F luo r i na t i on Mole Rat io F luo r ina t ion 

(ppm) (standard - p , ^ ^ U t i l i z a t i o n " of F^ T ime to Obta in 

° - l i t e rs per j ^ , ^ , (%) U s e d " to 10 ppm U _ U _ l - ° 
I n i t i a l F ina l 

To ta l 

Non recoverable 

mm) Or ig ina l U in Salt (mm) (g) (wt %) 

TU-8 2430 2.0 

TU.9 2455 5.0 

TU-10 2250 6.3 

T U - l l 3000 2.2 

TU-12 2560 4.0 

R-1 

R-2 

R-3 

R-4 

R-5 

R-6 

1473 12.5 

2252 0.8 

1564 7.3 

938 3.0 

1116 4.0 

1400 0.8 

6 

16 

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 

101 

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 

111 0.415 0.08 

20.5 

69.0 

27.9 

29.2 

46.2 

89 1.360 0.20 

119 0.887 0.28 

106 

103 

81 

94 

100 

134 

0.245 0.07 

1.270 0.16 

7.020° 2.20 

0.143 0.03 

240" 1.438 0.45 

0.681 0.32 

0.773 0.36 

0.134 0.06 

Based on t ime required to obtain 10 ppm U in waste sa l t . 

L o s s due to excess i ve NaF d ischarge from temperature-zoned absorber. 

' A t t r i b u t e d to lower than normal f luor inator sa l t in ter face temperatures. 

lower than the TU-ser ies average (732 ppm), but 

higher than s ix ind iv idual runs of the TU-ser ies . 

F iss ion-product decontaminat ion factors for the 

uranium recovery system ( f luor inat ion and sorpt ion-

desorpt ion steps) were 10^ -10^ ° for C s ^ " , S r ' ° , 

and rare earths, and lO^ ' - lO^ for R u ^ ° * , S b ^ " , 

and Nb (Tab le 2.4). A l l spec i f ic f i ss ion product 

ac t i v i t i e s were below the ana ly t ica l l im i ts of de

tect ion in the products. Contaminat ion of the 

product wi th Pu, Np, and Tc was less than in 

laboratory studies, averaging < 1 ppb, <86 ppm. 

and < 7 2 ppm, respect ive ly , for the f i r s t four runs. 

Uranium and f i ss ion product entrainment during 
d isso lu t ion IS also presented in Table 2.5 based 

on burnup ca lcu la t ions assuming no spec i f ic 

f i ss ion product decay prior to reactor shutdown. 

Co l lec t ion of p i lot plant data by a data logger 

and processing by a d ig i ta l computer (the Oracle) 

G. I. Gathers, R. L. Jolley, and E. C. Moncrief, 
Laboratory-Scale Demonstration of the Fused Salt Vola
tility Process, ORNL TM-80, p 16(December 1961). 
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Table 2.3. Cation Impurities of UF , Product of Volat i l i ty Process 

TU-8 

TU-9 

TU-10 

T U - l l 

R-1 

R-2 

R-3 

R-4 

Cr 

<1 

<1 

188 

< 1 

130 

12 

<80 

<1 

Cu 

< 1 

<1 

1005 

1 

83 

12 

17 

27 

Fe 

<1 

<1 

180 

<1 

24 

40 

6 

13 

L i 

<1 

<1 

< 5 

< 1 

<1 

< 1 

<1 

Mo 

100 

19 

23 

47 

32 

350 

130 

560 

Amo 

Na 

12 

10 

440 

420 

155 

180 

96 

unt (ppn 

Ni 

15 

14 

910 

3 

52 

15 

1 

< 5 

. of UF 

Sn 

<1 

< 1 

460 

<1 

<1 

<5 

< 4 

<10 

6)" 
Zr 

< 1 

<1 

24 

<1 

<1 

<3 

< 4 

<5 

Np 

157 

177 

8 

3 

Tc 

< 1 

69 

59 

159 

Pu 

< i o - 3 

<10~^ 

< 1 0 " ^ 

Total 

<133 

<49 

<3235 

<476 

<637 

<864 

<406 

Run TU-12 product was collected without sampling; complete R-series analytical results not available. 

Table 2.4. Uranium Recovery System Approximate Decontamination Factors 

Fuel: 5.2 to 6.5-yr-decayod enriched zirconium-uranium alloy fuel 

Run No. 

R-1 

R.2 

R.3 

R.4 

Gross /3 

5 K 10* 

5 x 10* 

10* 

10* 

Gross y 

10^ 

108 

5 x 10^ 

10« 

TRE(8 

108 

io'° 

~ 1 0 ^ 

~ i o ' 

Decontamination Fc 

Csl37 

~ 5 x l o ' 

~ i o ' 

~ i o ' 

Ru 

~ 5 x 10^ 

~ 1 0 * 

-^10^ 

~ 1 0 ^ 

a ictors 

Z r " 

~ 5 x 10* 

~ 5 x 10^ 

' ^ lO ' ' 

N b " 

~ 1 0 ^ 

~ 1 0 * 

~ 1 0 ^ 

Sr'O 

~ i o ' 

~ 5 x l o ' 

Sbl25 

~ 1 0 ^ 

^ 1 Q 7 

~ 1 0 ^ 

~ 1 0 * 

Complete R-series analytical results not available. 

Table 2.5. Activity Entrainment to Dissolver Off-gas System 

Fuel: 5.2 to 6.5-yr-decayed enriched zirconium-uranium alloy fuel 

Feed salt: 28 to 39-30 to 42-23 to 42 mole % NoF-LiF-ZrF^ 

Run No. 

R-1 

R-2 

R-3 

R-4 

Gross ft 

~0.09 

~0.09 

~0.005 

~0.05 

Gross y 

~0 .2 

'^0.2 

~ 0 . 2 

~ 0 . 4 

Ai mount (% 

U 

<0.02 

<0.02 

<0.02 

<0.03 

of total in Dissol 

Ru l ° * 

~ 2 . 6 

~0 .3 

~0.03 

~ 0 . 2 

Iver Salt") 

N b " 

<0.6 

<5.0 

<0.1 

<0.02 

S b l « 

~5 .4 

~12.0 

'^14.5 

~ 3 0 

Csl37 

<0.6 

Complete R-series analytical results not available. 
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was demonstrated success fu l l y , and 8500 data 

logs were processed and permanently stored on 

magnetic tape during the f i r s t twe lve months. 

Photographic curves were the most pract ica l and 

e f f i c ien t veh ic le for data d isseminat ion. 

The value of automatic data logging and curve 

p lo t t ing of the V o l a t i l i t y P i l o t Plant condi t ions 

is g raph ica l ly i l lus t ra ted in a typ ica l curve made 

during autoresistance heating of a process pipe 

l ine ( F i g . 2.3a). Since th is process temperature 

was not cont inuously recorded at the panel board, 

the temperature excursion at 9 - 1 0 hr was com

p le te ly missed w i th manual logging. An example 

of a mul t ip le -var iab le curve showing three process 

temperatures of the d issolver off-gas scrubbing 

system in run T-8 is given in F i g . 2.3b. 

U—347 SS-Zr ) . The maximum so lub i l i t y of s ta in

less steel f luor ides in th is system appears to be 

in the composi t ion region which includes the 26-

37-37 % eutec t ic . Approximately eutect ic L i F -

N a F - B e F j (ref 7) and eutect ic (46-12-42 mole %) 

L i F - N a F - K F also have an appreciable so lub i l i t y 

for s ta in less steel f luor ides. If such systems 

should be used, a compromise would have to be 

made between optimum hydrof luor inat ion rate and 

maximum sta in less steel so lub i l i t y . 

Tests w i th 29-36-35 mole % L i F - N a F - B e F j 

( l iqu idus temperature '^350°C) showed F e F j 

so lub i l i t i es of 6 . 1 , 6 . 1 , and 2.2 wt % at 600, 500, 

and 400°C, respect ive ly , w i th corresponding N iF -

so lub i l i t i es of 2.6, 1.3, and 0.22 wt %, and C r F j 

so lub i l i t i es of 0.90, 0.82, and 0.43 wt %. Hydro

f luor ina t ion d isso lu t ion rates for type 347 s ta in less 

2.2 A P P L I C A T I O N TO STAINLESS-STEEL-

CONTAINING FUELS 

Disso lu t ion of fuels contain ing type 347 sta in

less steel in molten L i F - N a F - Z r F . appears 

feas ib le and is the basis of one f lowsheet for 

processing the EBR-1 Core 2 fuel (88-10-2 wt % 

E, C, Moncrief and M, C. Hill, Digital Computer 
Processing of Pilot Plant Data, ORNL TM-95, (Dec. 
1961). 

Chem. Technol. Div. Ann. Progr. Rept. May 31, 
1961, ORNL-3153, p 34, 

R. E. Thoma (Ed.) Phase Diagrams of Nuclear 
Reactor Materials, ORNL-2548, p 43. 

U N C L A S S I F I E D 

O R N L - L R - D W G 6 4 6 3 7 A 

Fig . 2 .3 , Oracle Curve Plots of Volat i l i ty Pilot Plant Operations, (a) P lo t of mo l ten -sa l t au to res i s tance -

heated l ine showing temperature excurs ion at 10 hr . (b) Plot of off-gas system temperatures dur ing a t y p i c a l r u n . 
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steel in 29-36-35 mole % L i F - N a F - B e F j fused sal t 

were 0 .012,0 .43, and0.13 mg min~ cm~ , respec

t i ve l y , at 400, 500, and 600°C in 5-hr tes ts . Rates 

in 40-49-11 and 36-44-20 mole % L i F - N a F - B e F , 

at 600°C were 2.5 and 1.9 mg min ' 
t i ve l y . 

1 
cm , respec-

Disso lu t ion of EBR meltdown fuel conta in ing 

trapped NaK coolant would probably cause no 

d i f f i c u l t i e s . Simulated fue l , a 10-mi l -wal l type 

304 s ta in less steel tube containing 8 cc of NaK, 

was immersed in molten N a F - L i F - Z r F , and HF 

was admitted at 0.25 Ib /hr . The temperature was 

held at 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, at an 

average penetrat ion rate of 2 m i l / h r . The NaK 

react ion d id not cause any not iceable change 

other than the sal t sp lash, which was probably due 

to a sudden release of hydrogen and/or NaK vapor. 

2.3 A P P L I C A T I O N TO SHORT-DECAYED 

UO2 FUEL AND OTHER OXIDES 

Process Tests with Irradiated U O , Decayed 

15-30 Days 

In s ix laboratory tes ts , the fused sa l t - f luor ide 

v o l a t i l i t y process ( F i g . 2.4) was success fu l l y 

used w i th Z i rca loy-c lad UO- pins that had de

cayed 15 to 30 days, ind icat ing that the process 

is po tent ia l l y as useful w i th short-decayed fuel 

as w i th fuel that has decayed >100 days usual ly 

used in aqueous processing. Radioact ive iodine 

and te l lu r ium, which form vo la t i l e f luor ides , were 

separated from U F , product in the NaF absorpt ion 

UNCLASSIFIED 
ORNL-LR-DWG 67264A 

.LINE AT~150°C 

HF 
GAS 

FUEL-

DISSOLVER-
SALT 

u 

HF-HjO TRAP 
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SALT 
TRANSFER 
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1 / 

Fj GAS FOR 
DESORPTION 

UFg + Fj + FP F'S DESORBED 
UFg+Fj 

• WASTE 
SALT 

NaF BED-1 
100°-400°C 

HYDROFLUORINATOR 
650° C 

FLUORINATOR 
500°C 

NoCI TRAP FOR 

NaF BED-2 
400°C 

_ 

n 
^ 1 

PRODUCT UFg 

TRAP IN DRY ICE 

F i g , 2.4, Schematic of Flowsheet Used in Processing Short-Decayed Uranium Fue l , 
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step operated at 100°C. Radioact ive n iobium, 

ruthenium, and zirconium behaved in accordance 

wi th previous work, resul t ing a lso in good decon

taminat ion of the U F , product from their respect ive 

f luor ides . 

The behavior in the NaF step of Mo F , (hal f 

l i f e of 6,7 hr) was in agreement w i th work which 

determined that the decomposi t ion temperature of 

the MoF^-NaF complex is 230°C at 760 mm Hg 

pressure compared to 360°C for the more stable 

U F , - N a F complex system. The disappearance of 

rad ioact ive iod ine, te l lu r ium, n iobium, ruthenium, 

and molybdenum in the fused sal t d isso lu t ion step 

indicated prec ip i ta t ion or vo la t i l i za t i on and con

densat ion at the top of the d isso lu t ion reactor, 

w i th not much of any of these f luorides being 

carr ied out of the vessel w i th the excess H F . 

D isso lu t ion rates for the i rradiated U O . fuel were 

approximately the same as those w i th unirradiated 

mater ia l . 

The tests (Tab le 2,6) were made w i th s l i gh t l y 

enr iched, short -decayed, U0_ fuel w i th a gross 

burnup of 0,05 to 0,10%, Approximately 31,5 g of 

U O , and 15.4 g of Z i rca loy-2 c ladding were d is -

Chem. Technol. Div. Ann. Progr. Rept. May 31, 
1961. ORNL-3153, 

solved by hydrof luor inat ion at 650°C in 1 kg of 

31-24-45 mole % L i F - N a F - Z r F . , resu l t ing in a 

f ina l composi t ion of approximately 30-23-45-1.1 

mole% L i F - N a F - Z r F ^ - U F . . Uranium was recovered 

by vo la t i l i za t i on of the U F , formed by f luor inat ion 

a t 6 0 0 ° C . The d isso lu t ion rate of U O j was 11,5 

mg m i n " cm~ in cold tes ts ; rates w i th the irra

diated fuel var ied from 8.2 to 16,5 mg m in~ c m " , 

due to experimental d i f f i cu l t i es in manipulat ion of 

the ho t -ce l l equipment. 

F iss ion-product ac t i v i t i es in the U F , product 

var ied less than that of natural uranium for Sr ft 

to 50-fold that of natural uranium for Mo y (Table 

2,7). Overa l l process decontaminat ion factors 

var ied from the order of 10 for Mo y to 10 for 

Sr ft (Tab le 2.8). Overal l decontaminat ion factors 

were high for Ru y , Nb y, I y, and Te ft a c t i v i t i e s , 

which are of more concern than Mo w i th i ts 

short ha l f - l i f e of 6.7 hr. Decontaminat ion was 

par t icu la r ly high from Zr y , Sr ft, Ba ft, and Cs y 

as expected from the low v o l a t i l i t y of their f luo

r ides. 

The ch ie f d i f ference between processing of 

long- and short-decayed fuel is the presence of 

P-'^ ac t i v i t y in the lat ter . More than 99% of the 

I y ac t i v i t y disappeared in the d isso lu t ion step 

( F i g . 2.5), as did a lso the Te ft, Mo ft, Nb y, and 

Table 2.6. Conditions and Results in Processing of Short-decayed UO2 

Run 

No. 

1 

2 

3 

4 

5 

6 

Time 

(hr) 

7 

6.5 

9 

7 

8 

7 

HF Flow 

Rate, 

STP 

(ml/min) 

750 

1000 

1000 

1000 

1000 

1000 

Dissolution at 

Uti 

Eff 

HF 

lization 

iciency 

(%) 

5.0 

7.7 

4.4 

5.1 

4.3 

3.9 

65(fC 

HF 

Reaction, 

(%) 

59 

90 

118 

78 

98 

82 

UO, 

Dissolution 

Rote 

(mils/hr) 

8.2 

14.3 

12.0 

16.5 

12.9 

^^6 
h Volati l ization, 

(%) 

98.8 

99.0 

99.7 

99.7 

90.0 

64.9 

Recovery, 

(%) 

98.8 

99.1 

99.7 

96.3 

89.3 

74.3 

Based on uranium concentration in salt . 

Based on init ial and final uranium concentrations in salt ; fluorination at 5(X)°C for 3 hr, 300 ml of F_ per minute, 

and absorption on first NaF bed. 

"^Based on recovered U F , and waste salt loss, loss in NaF beds being negl igible. Desorption from first NaF bed 
o 

through second NaF bed to U F , trap with 100 ml of F» per min for 1 hr. 



Table 2,7, Activities in Product UP, from Fluoride Volatility Tests with Short-Decayed Fuel 

Corrected to basis of time of final process desorption step 

Ratio of Act iv i ty Found to That of Natural U 

Run 
No. Zr y SrjS Ba;8 C s y Ruy Nb y l y Te/S Mo/3 U'^-''ft 237 U " 7 y 

Calc. P.P. 

Gross ft Gross y 

0.45 

1.3 9.0 X 10" 

28 

8.0 2.1 X 10" 

•1-2 0.55 <io-

1.5 5 . 5 x 1 0 - 3 

<10~ 

<10~^ 

<io-

2.4 X 10" 

<io-

<0.1 22 

1.9 <0.1 

<0.1 

<0.1 

0.26 

1.1 2.6 

12 

3.8 

13 

3.4 

23 

2.2 21 

2.6 120 

19 16 

< 1 0 ' 

<10 - 2 

1.3 4.1 X 10" 

5.9 X 10 - 3 

1.9x 10" 

7.5 X 10 - 2 

56 2,5 X 10^ 1.6 X 10^ 

48 1.2 X 10^ 7.8 X 10^ 

3.2 4.1 X 10^ 2.9 X 10^ 

70 3.0 X 10^ 2,1 X 10^ 

12 1.6 X 10^ 9.8 X 10^ 

9.2 9.0 X 10^ 6.4 X 10^ 

56 

48 

3.2 

70 

12 

9.2 

47 

10 

52 

31 

124 

40 

0 0 

Natural uranium activi ty taken as 80 ft cpm and 8 y cpm per mg U, 
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Table 2.8. Decontamination Factors in Fused Salt-Fluoride Volat i l i ty Process 

Laboratory Runs on Short-Decayed Fuel 

Run 

No. 

Overa l l Process Decontamina t ion Fac to rs 

Z r y Sr/3 Baft Cs y Ru Y N b y l y T e ^ Mo/3 

5.3 X 10^ 

2.0 X 10* 

9.0 X lO'' 4 . 2 x 1 0 ^ 3 . 2 x 1 0 ^ 8 . 3 x 1 0 ^ 4 . 3 x 1 0 ^ 8 . 3 x 1 0 * 

1 . 1 x 1 0 ' 4 . 5 x 1 0 ° 4 . 3 x 1 0 ' 8 . 4 x 1 0 ^ 

,8 

2.3 X 10' ,8 

5.3 X 1 0 ' 9.1 X 1 0 ' 

o8 

1.2 X 10' 

6.2 X 10^ 

2.7 X 10^ 

6.2 X 10^ 3.3 X 10* 

9.1 X 10^ 5.3 X 10^ 

7.0 X 10^ 4.8 X 10* 

5.9 X 10° 3.2 X 10° 

4.8 X 10' 1.2 X 10' 1.9 X 10^ 4.8 X 10' 

1 . 5x10 ' 1 .3x10° 5 . 6 x 1 0 ' 3 . 2 x 1 0 ^ 4 . 0 x 1 0 ° 1 .2x10° 1.9x10' ' 9 .1x10^ 

3.1 X 10^ 

77 

1.5 X 10-̂  

7 . 7 x 1 0 ^ 6 . 3 x 1 0 * 2 . 0 x 1 0 ^ 1.2x10^ 1.2x10^ 

40 

3.2 X 10^ 

UNCLASSIFIED 
ORNL-LR-DWG 67257A 

HF 

1 

HF 

H 

HF 
TRAP 

F ACTIVIT Y 

RUN ( 3 4 x l O " ' ' 

2 8 5 y-m'" 

3 2 0 x t O " 3 
4 2 7 x ( 0 - 5 

5 2 6 x 1 0 - 5 

6 G 4 x 1 0 " 5 

F? 

1 

F . + UFg 

BE 

NoF 
BED 1 

D 1 ACT! 

Cl2 

CONVERTER 
ACTIVITY 

RUN 1 0 18 

2 0 1 5 

3 0 11 

4 0 16 
5 0 17 

6 3 8 x l Q - ^ 

my BE 

NoF 
BED 2 

D 2 ACTIV TY 

RUN 1 2 5 X 1 0 ^ ^ RUN 1 1 4 x 1 0 ^ ^ 

2 7 6 x l 0 ^ 5 2 3 3 x l O " ^ 

3 7 0 x 1 0 - 5 3 3 8 x 1 0 - 5 
4 2 0 X m~^ 4 4 2 X 1 0 - 5 
5 9 7 X 1 0 - 5 5 9 , x l O - 5 

6 1 5 X I Q - ' ' 6 4 2 x l O - 5 

' 
WASTE SALT 

CONTAINER 

KOH 

SCRUBBER 
ACTIVITY 

RUN 1 5 1 X 1 0 - ^ 

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

4 0 4 0 
5 0 13 

6 6 1 X 10-2 

u F e 
TRAP 

RUN 1 2 4 X l O - ' ' 

2 1 4 x l O - " 

3 f 7 x l O - 5 

4 5 1 X 1 0 - ' ' 

5 5 3 X 1 0 - 5 

6 5 3 x l O - " 

ACTIVITY LOSS 

IN DISSOLVER 

RUN 1 

2 

3 

4 

5 

6 

> 9 9 

i - 9 9 

> 9 7 

> 9 9 

> 9 9 

> 9 9 

ACTIVITY LOSS 

IN FLUORINATOR 

RUN 1 

2 

3 
4 

5 

6 

~ 0 

~ 0 

2 6 

~ 0 

~ 0 

0 0 8 

WASTE SALT 

ACTIVITY 

RUN 1 

2 

3 

4 

5 

6 

5 2 x l O - 2 

UNDETECTABLE 

8 3 X 1 0 - 2 

UNDETECTABLE 
7 7 x l O - 5 

7 7 X 1 0 - 5 

F i g . 2 .5 . Iodine Gamma Activity Distribution in Fused S o l t - F l u o r i d e V o l a t i l i t y Process Laboratory Runs on 

Short -Decoyed H igh l y I r radiated U O j F u e l . Values are g iven as percentages of feed a c t i v i t i e s . 
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Ru y. The I y that remained, presumably vola

t i l i zed w i th the U F , as IF_ , was separated from 
the U F , in the NaF absorption system. The 

molybdenum and ruthenium disappearance in the 

d isso lu t ion step is at tr ibuted to a reduct ion 

mechanism which resulted in p lat ing out of these 

substances on the wa l l s of the n icke l d isso lu t ion 

vesse l . From 1 to 10% of the Nb y ac t i v i t y accom

panied the excess H F , the remainder being either 

condensed on the wa l l s in the upper vapor space 

or prec ip i ta ted in the sal t . The absence of Mo ft and 

I y ac t i v i t i es in the waste HF indicates that these 

substances d id not v o l a t i l i z e to any extent from 

the sa l t . The anomalous f i ss ion product behavior 

would perhaps be s ign i f i cant in operation of a 

mol ten-sal t reactor or in processing of i ts f ue l . 

The high Cs y ac t i v i t y found (Tab le 2.9) was due 
to prior use of the equipment in processing very 

high burnup fuel w i th a long decay per iod. 

Process Tests with irradiated BeO-UOj and 

Th02-U02 Fueli 

The resu l ts of tests w i th i r radiated BeO-UO_ 

and T h O j - U O j fuels general ly indicated the feas i 

b i l i t y of th is approach for such fue ls , but more 

work is needed in developing the chemistry and 

the optimum sal t system in each case. 

Irradiated BeO-UO, fuel conta in ing Y - O - was 

hydrof luor inated at 650°C in 40-49-11 mole % L i F -

N a F - B e F , in two runs and in 36-32-32 mole% L i F -

N a F - Z r F , in one run, F luor inat ion of the products 

at 500°C vo la t i l i zed only 60 to 95% of the total 

uranium, probably because of incomplete d isso lu 

t i on . Ana lyses of the hydrof luor inated sal ts ind i 

cated that only 8 and 29% of the BeO had d isso lved 

in the f i r s t two runs, in contrast to 79% in the th i rd 

run. Presumably, in d isso lu t ion some preferent ial 

leaching of the U O , occurred. The high resu l t of 

Table 2,9. Act ivi t ies in Feed U O - and Dissolution Salt in Fluoride Volat i l i ty 

Laboratory Runs on Short-Decayed Fuel 

Run 

No. 
Z r y Sr/3 B a ^ Cs y Ru y N b y l y left Mo ft 

^8 

1.8 X 10 8 

Calculated in Feed (cpm/mg U) 

1.1x10° 3 . 6 x 1 0 ' 4 . 9 x 1 0 ' 8 . 8 x 1 0 " 5.6 x 10' 8.8 x lO' 4 , 0 x 1 0 ' 6 . 5 x 1 0 ° 1 .4x10° 

1.1 X 10^ 3.3 X 10^ 3.5 X 10^ 9.8 x 10^ 5.0 x 10^ 9.0 x 10^ 2.2 x 10^ 3.9 x 10* 

1.2x10^ 4 . 2 x 1 0 ^ 9 . 7 x 1 0 ^ 1 .1x10* 7 .0x10^ 9 . 8 x 1 0 ^ 6 . 0 x 1 0 ^ 1 .1x10^ 

1.3x10^ 3 . 8 x 1 0 ^ 5 .0x10 ' ' 1 ,0x10* 6 ,2x10^ 

,,8 

1,1 X 10 ,8 3.3 X 10' 5.7 X 10° 

2 .3x10° 7 . 3 x 1 0 ' 5 . 2 x 1 0 ' 2 .4x10° 1 .0x10° 2 . 5 x 1 0 ° 1 .8x10 7 . 1 x 1 0 ° 3 . 9 x 1 0 ,8 r>8 

5 .7x10 ' ' 4 . 4x10 ' ' 1 .6x10* 8 . 2 x 1 0 ^ 1.9x10^ 2 . 4 x 1 0 5.7 X 10° 

3.0 X lO'' 

3.8 X 10* 

6.5 X 10^ 

2.4 X lO"" 

Found in Dissolution Salt (% of that in feed) 

1 

2 

3 

4 

5 

6 

76 

83 

140 

90 

96 

110 

77 

94 

96 

101 

250 

107 

94 

130 

71 

87 

107 

83 

3800 

1300 

330 

190 

570 

175 

1.6 

3.6 

8.2 

4.2 

11 

12 

28 

27 

57 

56 

52 

67 

0.20 

1.7 

1.6 

4.3 

11 

8.2 

« 1 

« 1 

« 1 

« 1 

« 1 

Procedure of ORNL-2127, Part I, Vo l . I; act ivi t ies corrected to time of desorption and obtaining of U F , product; 

conversion of dis/min to cpm based on recommended geometry and counting efficiencies for different radioisotopes. 

Radionuclides used: 63-d Z r ' ^ ; 54-d Sr^ ' ,28 -y Sr ' ° ;12 ,8 -d Ba^'*°; 2.0-y Cs^^'*, 13-d Cs^^* ,26 .6 -y C s ^ " ; 4 1 - d R u ' ° ^ , 

1.0-y Ru^° * ; 35-d N b " . g.O-d l ' ^ ^ 90-d T e ' ^ ^ ' " , 33-d T e ^ " m ^ 77,^ ^^132 . ^7.^, ^^99_ 
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the last run possib ly means that Z r F . promotes 

the hydrof luor inat ion of BeO, perhaps through 

metathes is . Decontaminat ion of the recovered U F , 
o 

in each run was high. Irradiated T h O . - U O , , in 

two runs, was hydrof luor inated at 650°C in 36-24-

40 mole % L i F - N a F - Z r F . , and the product was 

f luor inated at 600°C. As in the BeO-UO^ runs, 

both d isso lu t ion and U F , vo la t i l i za t i on were in

complete. The most notable feature of th is work 

was observance of the behavior of Pa . In the 

second run 10.6% of the protact in ium was vola

t i l i z e d (probably as PaF_) w i th the excess HF 

over a 19-hr period at 650°C; in the f i rs t run, which 

was probably not carr ied as near complet ion, 

< 0 . 0 1 % vo la t i l i zed . In both tes ts , PaF^ vola

t i l i z a t i o n was neg l ig ib le (0.01 to 0.03%) in the 

3-hr f luor inat ion period at 600°C. The contrast 

between the 600 and 650°C vo la t i l i za t i on behavior 

is s t r i k i ng , although the resul ts agree w i th the 

observat ion that PaF^ has low vo la t i l i t y , w i th a 

subl imat ion or bo i l ing point as high as 500 to 

600° C ' 

ZrO- Hydrofluorination 

3 5 

3 0 

~ 25 
E 

6 2 0 

1 0 

UNCLASSIFIED 
ORNL-LR-DWG 71436 

O ZIRCALOY-2, Cu-LINED DISSOLVER 

A Z r O g , INOR-8 DISSOLVER 

• ZIRCALOY-2, INOR-8 DISSOLVER, 
AMMONIUM OXALATE TREATED 

/ 

A DO-2 

/ 

DO-6 
> • ADO-7 

/ 
/ 

J^DO-b 

/ 
A ' D O - 3 

DS-6p 

DO-4 ^ / 

/ D-24 

-1' 
DO-8 

P 137 

r< • D O - 1 

4 0 

Zirconium oxide in an array of 2 by 4 by /^ in , 

para l le l s labs reacted w i th HF in molten 26-43-31 

mole % N a F - L i F - Z r F ^ in an INOR-8 reactor (Tab le 

2.10, F i g . 2.6) at about tw ice the rate of Z i rca loy -

2 s imulated fuel elements. In a copper- l ined d is 

solver, where meta l l ic par t ic les resu l t ing from 

vessel corrosion are not present, the rate curve 

for Z i r ca loy -2 d isso lu t ion is smooth. These cond i 

t ions are nearer those for z i rconium oxide d is

solut ion than to the d isso lu t ion of Z i r ca loy -2 in an 

INOR-8 vesse l . 

Par t ia l d isso lu t ion of the Z i r ca loy -2 left a 

deposi t of meta l l i c par t ic les on the element be

cause of z i rconium metal reduct ion of n icke l 

f luor ide formed by vessel corros ion. Immersion 

of the par t ia l l y d isso lved Z i rca loy -2 elements 

from runs DO-4 and DO-8 in bo i l ing ammonium 

oxalate solut ion removed meta l l ic par t ic les before 

the f ina l we igh ing . No ammonium oxalate treat

ment was used in run DO-1 , which may par t ia l ly 

account for i ts low apparent d isso lu t ion rate. The 

low d isso lu t ion rate in run DO-8 is due to the low 

F ig , 2,6, Comparison of Dissolution Rotes of Zircaloy-2 

and ZrO., . 

spec i f ic HF feed rate. The rate for Z i rca loy -2 , 

after being cleaned in Run DO-4, was ident ica l 

to that in a copper- l ined vessel w i th very s imi lar 

HF f low and temperature cond i t ions . 

Pre l iminary resul ts of corrosion studies ind i 

cated that w i th BeO at 570°C corrosion should not 

be a problem under the condi t ions studied. Further 

work (Tab le 2.11), in which Z r O . was d isso lved 

in 43-57 mole % N a F - L i F at 700°C for comparison 

wi th resu l ts of an earl ier study on corrosion in 

melt alone and in the presence of d i sso lv ing 

2 r c a l o y - 2 indicated that in d isso lu t ion of Z rO j 

corrosion should be s imi lar to that w i th melt a lone. 

F. T . Miles et al., " A Continuously Separating 
Breeder Blanket Using ThF . , " Nucleonics, pp 26—29, 
July 1954. •* 

^°Chem. Technol. Ann. Progr. Rept. May 31, 1961, 
ORNL-3153, p 35. 



Table Z 10. Dissolution Ratio of Zircaloy-2 and Z r O - in Different Dissolvers 

Run No. 

D-2 

D-24 

DS-6 

DO-4 

DO-1 

DO-8 

DO-5 

DO-6 

DO-7 

DO-2 

DO.3 

D i sso lu t i on 
Specimen 

Z i r c a l o y - 2 

Z r O , 

D isso lve r 

Cu l ined 

Cu l ined 

Cu l i ned , w i t h 

draf t tube 

INOR-8, 3 .5 - in . d iam, 

24 - in . h igh 

INOR-8, 3 .5 - in . d iam, 

13.5- in .h igh 

Cross SI 

Area 

D isso l ve r 

0.179 

0,0935 

0.0451 

0.0666 

0.0666 

0.0666 

0.0666 

0.0666 

0.0666 

0.0666 

0.0666 

ac t iona l 

( f t2) 

Element 

0.0274 

0.0256 

0.0152 

0.0152 

0.0152 

0.0152 

0.0053 

0.0053 

0.0053 

0.0053 

0.0053 

H F 

Ib /h r 

1.06 

ZO 

1.0 

1.12 

1.06 

0.25 

1.12 

0.56 

0.60 

1.51 

0.23 

Feed Rate 

lb h r - ^ f t - 2 

7 

29 

39 

21.8 

ZO 

4.9 

18.3 

9.1 

9.8 

29 

4.5 

Temp ( °C) 

650 

600 

600 

615 

600 

615 

615 

615 

615 

700 

600 

Salt Comp. 

NaF 

55 

68 

24 

26 

26 

26 

26 

26 

26 

26 

26 

L i F 

42 

43 

43 

43 

43 

43 

43 

43 

43 

(mole %) 

^ ' f ^ 4 

45 

32 

34 

31 

31 

31 

31 

31 

31 

31 

31 

D isso lu t i on 

Rate 
1 -2> 

(mg mm cm ) 

0.27 

1.3 

1.5 

1.3 

0.5 

0.4 

Z 5 

1.9 

1.8 

3.13 

1.24 

to 
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Table 2.11. Corrosion of INOR-8 in Molten Fluoride During Hydrofluorination of Fuel Components 

HF flow rate: 10 g/hr 

Sample 

Location 

Maximum Penetration Rate, mils/month 

53-47 mole % NaF-ZrF^, 

570° C, 300 hr, 

BeO Dissolved 

43-57 mole % NaF-L iF, 700°C 

ZrO 

200 hr, 

2 Disso 

44 

97 

34 

ved 

214 hr, 

Zircaloy-2 

Dissolved 

Slight 

31 

Slight 

93 hr, 

Salt Alone 

-^43 

-^60 

~ 4 3 

Vapor 

Interface 

Liquid 

1 

5 

0.1-1.6 

2.4 GENERAL PROCESS D E V E L O P M E N T 

Hydrofluorination Corrosion 

Further laboratory-scale studies (Table 2.12) 

showed the potent ia l usefulness of A l l oy 79-4 

(79% n i c k e l , 4% molybdenum, plus iron and trace 

elements) as a hydrof iuor inator construct ion mate

r ia l and indicated the high corrosion rate to be 

expected a t t he interface when d isso lv ing Z i rca loy -

2 in 50.5-37.0-12.5 mole % N a F - L i F - B e F , w i th 

HF at 650°C. The latter melt was developed in 

an attempt to provide a cheaper i n i t i a l mixture for 

a nonrecycle d isso lu t ion scheme than the equimolar 

N a F - L i F - 2 5 mole % Z r F , now being used in the 

F luor ide V o l a t i l i t y P i lo t P lant . Intergranular 

corrosion was noted on A l l oy 79-4 exposed to 

N a F - L i F - Z r F ., which would have to be balanced 

against the s l i gh t l y less favorable resul ts obtained 

wi th INOR-8 under f luor inat ion condi t ions (see 

below) for a vessel to be used for both hydro

f luor inat ion and f luor ina t ion . 

Corre lat ion of corrosion data accumulated during 

prototype hydrof luor inat ion rate studies wi th the 

k inemat ic v i scos i t y of molten sal t showed the 

re lat ion R = kv~ In HF rate, where R is the 

corrosion rate of INOR-8 in HF-sparged sodium-

l i th ium-z i rconium f luor ide, fe is a constant , and 

v is the kinematic v i scos i t y ( F i g . 2.7). A t on 

HF rate of 40 Ib/hr per square foot of reactor 

cross sect ion, the corrosion rate was 5.2 m i l s / 

month at a k inemat ic v i scos i t y of 0.0950 f t ^ / h r 

UNCLASSIFIED 
ORNL-LR-DWG 600(8A 

- 2 5 (ft7hr) 

Fig. 2.7. Correlation of INOR-8 Corrosion Rate with V, 

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

(23 mole % Z r F ^ , 650°C) and was less than a 

measurable amount after 40-hr exposure at a 

k inemat ic v i scos i t y of 0.1860 f t ^ / h r (33 mole % 

Z r F , , 550°C) . 

Fluorination Corrosion 

The super ior i ty of A l l oy 79-4 as a f luor inator 

construct ion material over INOR-8 and L-n icke l 

in N a F - L i F - Z r F . melts alone and w i th BeF_ was 
19 I 

also shown (Tab le 2.13). However, the higher 

Made at Battel le Memorial Institute under sub
contract. 

12 
P. D. Miller et al.. Construction Materials for the 

Hydrofiuorinator of the Fluoride Volatility Process, 
BMI-1348, (June 3, 1959). 
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Table 2. I Z Corrosion of 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, mils/month 

(37.5-37.5-25 Mole %) NaF-L iF-ZrF. 

INOR-8 

Alloy 79-4 

Basis 

Max i.g. 

Max wt loss 

Max i.g.^ 

Max wt loss 

23 g/hr 

V 

0 

0.1 

0.9 

0.5 

HF 

1 

0.3 

5.5 

0.3 

L 

Gain 

2.7 

0.6 

(50.5-37.5-12.5 Mole %) NaF-L iF-BeF, 

9.6 g/hr HF 

Basis I 

wt 

wt 

7 

0.6 

3 

0.5 

110" 

88" 

r 
Gain 

•.d 

V = vapor; 1= interface; L = l iquid. 

Intergranular. 

Microscopic measurement of metal remaining. Losses too low for measurement with micrometer. 

Maximum of micrometer and microscopic measurements. 

Table Z13. Corrosion of INOR-8 Alloy 79-4, and 

L-Nickel in Molten Fluoride During Fluorination 

U F . added periodically as source of UF, 

Temperature: 500° C 

Maximum Penetration Rate, 

mils/month 

27.8-20.4-6.8-
27.5-27.5-45 mole % 45 ^ „ , e % NaF-

NoF-L iF-ZrF, , L iF-BeF^-ZrF^, 
Metal 

148 hr F„ 162 hr F., 

INOR-8 

Alloy 79-4^" 

L-Nickel 

V 

3 

1 

8 

1 

11 

4 

25 

L 

11 

2 

28 

V 

9 

7 

11 

1 

38 

13 

31 

L 

6 

5 

22 

V = vapor; I = interface; L = l iquid. 

* N i , 79%; Mo, 4%; Fe, balance. 

corrosion of the BeF j -con ta in ing melt is ev ident . 

More deta i led data presented elsewhere show 

that the L-n icke l corrosion under f luor inat ion 

condi t ions is a lmost ent i re ly intergranular a t tack. 

Since A l l oy 79-4 contains no chromium, i t would 

be expected to have rather poor res is tance to air 

ox idat ion at elevated temperatures. Tota l corro

sion rates at t r ibutab le to high-temperature oxida

t ion of as-received A l loy 79-4, L -n i cke l , and 

INOR-8 were 1.1, 1.6, and 1.6 m i l s /mon th , res

pec t i ve ly , compared to rates of 2.2 and 0.0 

mi ls /month for aluminum-coated and chromium-

coated A l l o y 79-4. Thus, uncoated A l l oy 79-4 is 

probably usable, but chromium treatment g ives 

essen t ia l l y complete protect ion. 

In exploratory studies in the F luor ide V o l a t i l i t y 

P i l o t Plant f luor inator , in which tes t rods were 

exposed to actual operating condi t ions during a l l 

nonradioact ive runs, no s ign i f i can t improvements 

were noted from a f luor ine precondi t ion ing treat

ment of L -n icke l or from the use of h igh-pur i ty 

vacuum-melted n i cke l . Neither were essent ia l 

d i f ferences noted from the exposure of b inar ies of 

n icke l and the fo l lowing a l l oys : 2% Mn; 5, 10, and 

20% Fe; 5 and 10% Co; 1 and 3% A l ; and 0.05, 

0 . 1 , and 1%Mg. 

13 
F. W. Fink et al., BMI, "Corrosion Investigation 

of ' L ' Nickel Under Fluorination Condit ions," letter 
to R. P. Milford, ORNL, Sept. 15, 1961. 

P. D. Miller et al.. Corrosion Investigation of HyMu 
80, INOR-8, and 'L' Nickel Under Fluorination Condi
tions and Under Air Oxidation Conditions, BMI-X-I92, 
(Feb . 26, 1962). 
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Volatilization of UF^ from BeF2 Salt 
Compositions at Low Temperatures 

Laboratory-scale work with 29-36-35 mole % 
LiF-NaF-BeFj fused salt (~350°C liquidus) gave 
favorable UF , volatil ization results, indicating 
the possibil ity of using this or similar low melting 
salt systems at low temperatures to minimize 
fluorination corrosion. In separate tests at 400, 
450, and 500°C with salt containing '^1 wt % UF^, 
the corresponding residual concentrations after a 
1-hr fluorination were 0.67, 0.19, and 0.04 wt %; 
after a 2-hr period the concentrations were 0.19, 
0.03, and 0.04; and after a 3-hr period they were 
0.04, 0.05, and 0.03. Al l the concentrations 
eventually decreased only to the 0.03-0.05% range, 
apparently as the result of insufficient care being 
taken in cross-contamination in sampling, but 
further work is needed in this area. 

Fluorination of UF, from melts with a high alkali 
fluoride content has resulted in the past in severe 
corrosion (e.g., in the eutectic sodium-potassium-
lithium fluoride system). This seemed also the 
case in fluorination tests with 40-49-11 mole % 
LiF-NaF-BeFj salt at 600°C, where the nickel 
corrosion rate was >10 mils/hr. However, cursory 
corrosion results with 20 and 35 mole % BeF-
indicated insignificant attack. 

Recycle and One-Vessel Process Testing 

A program of recycle testing in prototype equip
ment with provisions for dilution and purification 
by chemical reaction and settling has been estab
lished (Fig. 2.8). The most costly component of 
the NaF-L iF-ZrF. solvent salt used for dissolu-

4 

tion of fuel containing Zircaloy-2 is the Z r F . . 
Since large quantities of this material are formed 
in the dissolution reaction, recycled waste salt 
can be diluted with NaF-LiF to provide starting 
salt at a considerably lower cost. The recycle 
process wi l l concentrate all soluble or suspended 
impurities in the waste salt, and this concentra
tion might interfere with subsequent dissolutions. 
A number of recycle rflethods are possible if the 
use of both a one-vessel and two-vessel (hydro
fiuorinator and fluorinator) process is considered. 
The simplest systems (cases I and IV, Fig. 2.9) 
require new fuel elements to be charged to a vessel 
containing molten salt. Since this is considered 
an undesired complexity, the equipment setup 

shown in Fig. 2.8 is designed to suit case V, 
which is a single vessel modification of case I I I . 

UF. Absorption 

The temperature and concentration dependence 
of the rate of absorption of UF , on NaF was 
established from studies with single layers of 
NaF pellets in a fixed bed. With increased tem
perature, the init ial absorption rate increased, with 
absorption confined more nearly to the periphery 
of the pellet. However, due to the physical block
age of the pores in the NaF, this effective capac
ity was lower than at lower temperatures. With 
an increase in the UF, concentration in the flowing 
stream, there was a straight-forward increase in 
the absorption rate. The density of the complex 
UF.'3NaF was measured as 3.88 g/cm at 26°C. 

A mathematical model predicting the experi
mentally observed characteristics of the absorption 
process was devised. The associated partial 
differential equations were coded for solution with 
a digital computer, and preliminary agreement 
between calculated and experimental results was 
observed. Future work wi l l include calculations 
for a multilayer bed of NaF with provision for 
removal of fluorides other than UF , , for example, 
MoFg ondNbFs. 

F. Disposal 

Two methods of destroying waste fluorine were 
investigated experimentally. In one case fluorine 
was reacted with picnic grade charcoal at rates 
up to 2.25 standard liters/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 in the charcoal, and a small amount of 
resinous solid (probably polymerized fluorocar
bons) condense in the off-gas line. The second 
method was reaction of sulfur dioxide and fluorine 
to form sulfuryl fluoride (SOjF,) . The entering 
gases were preheated to ~200°C and reacted in a 
3-in.-diam pipe. At 1.7 standard l i ters/min of 
fluorine the reaction zone temperature was 270° C 
without cooling. In future tests the off-gas com
position wi l l be evaluated for completeness of 
reaction at various flow rates. 
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Molten-Salt Atomizer 

The use of a molten-salt atomizer as a means of 
fluorination or as a means of producing particles 
suitable for a fluid or fixed bed process was 
investigated. A heated nozzle discharging about 
0.3 ft /hr of NaF-LiF-ZrF, salt was surrounded 

by a concentric vapor phase nozzle delivering 
~5000 ft /hr of air. Spherical particles ranging 
from 25 to 100 \i in diam were produced (Fig. 
2.10). The particle diameter was varied by 
changing the volumetric ratio of the liquid and 
gas phases. A relatively low pressure drop ('^10 
psig) across the molten-salt nozzle was required. 
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F i g . 2.10. Atomized Salt. 

3. Waste Treatment and Disposal 

Th is program is concerned w i t h the development 

and demonstrat ion on a p i lo t -p lant scale of proc

esses for the treatment and f ina l d isposal of radio

act ive wastes resul t ing from reactor operat ions 

and reactor fuel processing in the forthcoming 

nuclear power industry. In addi t ion to the normal 

desire for improvement in present methods of 

waste management, a major incent ive for pursuing 

th is work ar ises from the di f ferent types of 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 var ie ty of reactors and fuel types and 

because of more str ingent health and safety re

quirements demanded by an expanding populat ion. 

Pr inc ipa l emphasis has been on h igh- and low-

ac t i v i t y l iqu id wastes. A process has been ad

vanced through the laboratory and nonradioact ive 

engineering stage for convert ing h igh-ac t i v i t y 

wastes to so l ids by high-temperature pot ca lc ina

t i o n . The wastes are evaporated to dryness, and 

the residual sol ids are ca lc ined in a cy l i nd r i ca l 

s ta in less steel pot wh i ch , when sealed, a lso serves 

as the f ina l storage container. The process is not 
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only suitable for handling a variety of waste types, 
but also offers the possibil ity of fixing the fission 
products in glassy materials of very low solubility. 
A pilot plant was designed, in cooperation with 
Phil l ips Petroleum Company, to demonstrate the 
process with actual wastes at the Idaho Chemical 
Processing Plant (ICPP). At the end of FY 1962, 
the Division of Reactor Development, Washington, 
decided to move this program to Hanford; design 
studies are now being initiated for this change. 

A combination process (scavenging plus ion 
exchange) for decontaminating very dilute salt 
solutions such as cooling water and canal water 
has been developed and demonstrated with ORNL 
process waste in a 600-gal/hr pilot plant. Based 
on the performance of this pilot plant, design 
criteria can be specified for a 750,000-gaI/day 
plant to decontaminate the total process-waste 
stream to <3% of the maximum permissible con
centration of radionuclides in drinking water 
(MPC) , for continuous occupational exposure. 

An economic and hazards evaluation of alterna
tive methods for the treatment and disposal of 
highly radioactive liquid and solid wastes was 
undertaken jointly with the Health Physics Divi
sion. Following a cost study of interim liquid 
storage in tanks, the economics of pot calcination 
were investigated and preliminary costs for solid-
waste shipment and disposal in salt formations 
estimated. 

3.1 HIGH-ACTIVITY WASTE TREATMENT 

In the pot-calcination process, radioactive waste 
is evaporated as much as possible without pre
cipitation of solids and is then pumped to an 
externally heated vessel in which it is thermally 
decomposed to metal oxides and sulfates at tem
peratures up to 900°C (Fig. 3.1). After the calci
nation is complete, the vessel is disconnected 
from the system, sealed, and transported to a 
permanent storage site. The gaseous nitrogen 

UNCLASSIFIED 
ORNL- LR-OWG 61618 A 
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Fig. 3 . 1 . Flowsheet for Converting High-Level Wastes to Solids. 
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oxides produced by the high-temperature decompo
sition of nitrates are recycled to the evaporator 
and then to a rectifier. During passage through 
the evaporator and rectifier, in which there is 
excess oxygen, the nitrous and nitric oxides are 
reabsorbed to form nitric acid. A small volume 
of noncondensable gas is passed through a York-
mesh or impingement plate de-entrainer to remove 
fission products and then is vented through filters 
to a stack. The nitric acid thus decontaminated 
is concentrated by dist i l lat ion, and the concen
trated acid is recycled to the fuel processing 
plant. The dist i l late, part of which is recycled 
to the evaporator to strip nitric acid, is subse
quently handled as low-activity waste. The 
volume of off-gas discharged is small, being only 
that from instrument bubblers and system leakage. 
The system can be made essentially continuous, 
with one evaporator feeding a number of calcining 
pots operating in sequence. 

The diameter of the pot is determined by the 
heat-generation rate in the calcined radioactive 
solids, the maximum allowable wall temperature 
of the pot, and the thermal conductivity of the 
deposited solids. Further, it is necessary that 
the temperature of the waste solids remain below 
the calcination temperature during long-term stor
age. Otherwise, residual nitrate or sulfate may 
be decomposed during transportation and storage, 
causing pressurization of the pot and possibly 
accelerated corrosion. The pots wi l l vary in size 
from 6 to 24 in. in diam and from 8 to 15 ft in 
height, the diameter being limited by the abil ity 
to lose decay heat under storage conditions and 
the length by the size and weight of shipping cask. 

The design of a pilot 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 with synthetic 
Purex, TBP-25, and Darex wastes (Table 3.1) 
was performed in support of the pilot plant design. 
Engineering studies were concerned with the 
operability of both continuous and batch evapo
rators in series with the pot and with obtaining 
information required to construct chemical and 
material-balance flowsheets. Laboratory work was 
devoted to studies of vapor-liquid equilibria, ru
thenium volat i l i ty, preparation of glasses for 
fixation of the fission products and measurement 
of their thermal conductivities, and corrosion under 
process conditions. 

Table 3.1. Compositions of Simulated High-Activity 

Wastes 

Component 

A|3^ 

Fe3 + 

Cr^^ 

Ni2^ 

N o " 

H ^ 

Hg2^ 

N H / 

Mn2^ 

NO3-

^or 
CI 

Concentration (moles/1 

Purex 

0-1 

0.5 

0.01 

0.01 

0.6 

5.6 

6.1 

1.0 

TBP-25 

1.72 

0.003 

0.1 

1.26 

0.02 

0.05 

6.6 

0.026 

iter) 

Darex 

1.2 

0.4 

0.2 

2.0 

0.04 

7,2 

0.001 

Pilot Plant Design 

Chemical flowsheets for batch and continuous 
processing of TBP-25 and Purex wastes and for 
the continuous processing of Darex waste were 
completed, and, in conjunction with Phil l ips 
personnel, cell layouts and process and engi
neering flowsheets were prepared. A subsequent 
decision by the AEC changed the intended location 
of the pilot plant from ICPP to Hanford, with the 
expectation that as much as possible of the 
original design be retained. 

A simplified process flowsheet with equipment 
capacities based on maximum flow rates is given 
in Fig. 3.2. The rates wil l be maximum when 
feeding 12-in.-diam pots, but provisions were made 
for the plant to accommodate also 6- or 8-in.-diam 
pots when processing wastes with high fission-
product heat evolution. The piqnt wi l l use either 
continuous or batch evaporation, and the calciner 
wi l l be fed either by gravity from the concentrated 
feed tank or by pump. 

The equipment wi l l be made of type 304L stain
less steel, except for the evaporator, calciner 
condenser, and fractionator, which wi l l be of 
titanium. Titanium was selected for these vessels 
because of its resistance to chloride and Cr(VI) 
attack from Darex wastes, resistance to boiling. 
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concentrated H N O , so lu t ions , and the absence 

of grain boundary corros ion, which is observed 

when Purex solut ions are contacted w i th s ta in less 

s tee l . 

Engineering-Scale Studies 

Engineer ing-scale studies were made on the 

evaporat ion and ca lc ina t ion steps of the pot-

ca lc ina t ion f lowsheet . The studies were performed 

w i th a cont inuous evaporator and a botch evapo

rator in series w i th an 8-in.-diam by 90- in.- long 

sta in less steel calc iner pot. Both units have 

d i s t i nc t advantages. The continuous evaporator 

combines the advantages of small s ize and low 

holdup and permits a somewhat more compact and 

e f f i c ien t process. The botch evaporator, w i th a 

simpler control system, a l lows more precise 

control of ca lc iner feed composi t ion and densi ty 

and, because of i ts long holdup t ime, affords on 

opportunity for the decomposit ion of any organic-

solvent degradation products that might be present 

before they are fed to the calc iner . 

The continuous evaporator is a thermosyphon 

type, equipped w i th a 22-ft external heat exchanger 

that uses 100-psi steam for heat ing (F ig . 3.3). 

The evaporator has a boi lup rate of 4 to 6 

l i t e r s /m in and operates normally w i th 25 to 30 

l i ters of holdup. A bottom drawoff from the evapo

rator connects to a pump loop that f lows past the 

calc iner pot and returns to the evaporator. To 

decrease chances of plugging and to maintain a 

constant feed to the calc iner , a 10-gpm f low is 

maintained in th is loop by a canned-rotor pump. 

The pipe for the smal l s idestream of l iqu id drawn 

off through a control va lve into the calc iner pot 

is kept as short as poss ib le , 2 f t , and the control 

va lve is placed as near the operat ing loop as 

poss ib le . A water purge bled into the feed stream 

downstream of the control va lve at 1 l i t e r /h r de

creases the frequency of p lugging. 

The calc iner vapor is condensed in a 15-ft 

downdraft heat exchanger and returned d i rec t 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 decontaminat ion. 

Recycled water and feed are added to the evapo

rator through their ind iv idua l control va lves from 

head tanks. The evaporator vapor passes through 

a de-entraining sect ion cons is t ing of 24 i n . of 

Yorkmesh packing and then to a 34-f t heat ex

changer that operates downdraft . The condensable 

f rac t ion of the vapor goes to a condensate re

ce iver , where i t is measured and d ischarged 

through a pressure sea l . The noncondensable 

vapor goes to the off-gas system, where it is 

f i l t e red , and the volume is measured in a wet tes t 

meter. 

The batch evaporator system ( F i g . 3.3) cons is ts 

of a submerged-coil evaporator and feed holdup 

tank capable of processing a 150-gal batch of 

waste so lu t ion . The 22-ft steam co i l is designed 

to operate at a boi lup rate of 3 l i t e r s /m in w i th 

a 200% freeboard. A feed batch is concentrated 

in the evaporator at the same t ime that a prev i 

ously evaporated batch is fed to the ca lc iner from 

the feed holdup tank; either a canned-rotor pump 

or a submerged centr i fugal pump (Nagle type 

CWO-CS) is used. Condensate from the calc iner 

is recycled cont inuously to the evaporator, where 

i t is combined wi th the new batch of material 

being prepared for the subsequent run. Af ter 

passing through an impingement baff le for de-

entrainment of par t icu la tes, the evaporator over

heads are condensed, measured, and discharged 

s im i la r l y to the overheads from the cont inuous 

un i t . 

The impingement entrainment separator ( F i g . 3.4) 

designed for the batch evaporator was based on 

the work of Schlea and Walsh. Of the two im

pingement plates provided, the f i r s t removes the 

bulk of the entrained l iqu id at impingement ve

loc i t ies up to 33 fps. The second plate is de

signed to remove par t ic les in the 3- to 10-/.t 

range at impingement ve loc i t i es up to 90 fps . A t 

higher ve loc i t i es , re-entrainment w i l l occur. Pres

sure di f ferences across th is dev ice of as much 

as 5 in . H-O have been observed during operat ion. 

The calc iner pots ( F i g . 3.5) were made of 8- in . -

diam sched-5 s ta in less steel pipe w i th on overal l 

height of about 90 in . and w i th an internal baf f le 

about 6 in. from the top. A 3- in. f lange on Grayloc 

coupl ing at the top of the pot permitted connect ion 

of the feed and off-gas l ines in a s ingle operat ion. 

The pots were suspended in a 54-kw e lec t r i c 

res is tance furnace which was d iv ided into six 

sect ions, each about 13 in . h igh . Twenty- four 

C. S. Schlea and J. D. Walsh, **De-entrainment in 
Evaporators," paper presented at AlChE, 42d National 
Meeting, Feb. 21-24, 1960. 
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thermocouples were used for exper imental pur

poses. These thermocouples were in s i x se ts , 

each set inc lud ing one attached to the exter ior 

of the pot, one inside the pot 1 i n . from the w a l l , 

one inside the pot at the center l ine , and one in 

each furnace sect ion . In add i t i on , there was one 

thermocouple for a d i f fe rent ia l l iqu id- leve l control 

system. 

The calc iner pot had a nominal water boi lup rate 

of 1 l i t e r /m in at the fu l l 54-kw heat input. As 

the sol ids were rad ia l l y deposi ted on the wa l l s 

of the vesse l , the heat transfer to the pot de

creased. The external wa l l of the ca lc iner was 

held at a maximum of 900°C by the furnace, which 

was d iv ided into s ix sect ions, each about 13 in . 

h igh. The furnace temperature could go to 1050°C 

before there was danger of burnout. 

The var iables that must be contro l led in the 

process are l is ted below. 

1. A c i d i t y in the evaporator. The evaporator is 

operated w i th an ac id i t y of 6 Al or less to 

decrease ruthenium v o l a t i l i t y . Th is concen

t ra t ion is maintained by adding water to the 

4 . 

evaporator, the amount being contro l led by 

the n i t r ic ac id concentrat ion of the l iqu id when 

metal ions are present in vary ing concen

t ra t ions . The vapor temperature and l iqu id 

densi ty ore re la ted, and the preferred operating 

range is 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 addi t ion increased 

the vapor volume and therefore the required 

capac i ty of the evaporator. 

Metal ion concentrat ion in the evaporator. The 

metal ion concentrat ion in the evaporator is 

kept at a maximum, l imi ted by so lu t ion s ta

b i l i t y , by cont ro l l ing the l iqu id dens i t y , wh ich 

is done by cont ro l l ing the amount of steam 

used to vaporize the l iqu id . 

L iqu id level in the evaporator. The l iqu id 

level in the evaporator is contro l led by the 

amount of evaporator feed added to the system. 

Pressure in the evaporator. The pressure in 

the evaporator is kept below atmospher ic, to 

prevent out leakage of rad ioact ive of f -gas, by 

regulat ing the off-gas vacuum pump. 



66 

5. Calc iner-pot l iqu id leve l . A sat is factory 

d i f ferent ia l temperature device consisted of a 

rod down the center of the calc iner pot ex

tending 9 to 12 in . below the l iqu id level 

(F i g . 3.6). When the l iqu id level was above 

the top center thermocouple in the pot but not 

at the control rod i tse l f , the rod was heated 

by radiat ion from the wa l l s of the pot. When 

l iquid reached the end of the rod, the rod began 

to transfer its heat to the l i qu id . The tempera

ture at the thermocouple point is a funct ion 

of the height of l iquid on the thermocouple rod, 

and, by maintaining a temperature di f ference 

of 100°C between the two thermocouples, i t 

is possible to maintain a l iqu id level 4 in . 

lower than the thermocouple in the rod. A 

d i f fe rent ia l pressure bubbler was unsat is factory 

because it gave a h igh- l iqu id s ignal when, 

toward the end of a tes t , the bubbler tubes 

plugged. 

Experimental Results. — Twenty-e ight tests were 

made w i th synthet ic Purex, TBP-25 , and Darex 

wastes (Table 3.1). Of these, seven were made 

w i t h the botch evaporator, and in four runs, 1 ml 

each of monobutyl phosphate (MBP) and d ibuty l 

phosphate (DBP) was added to the feed to s imulate 

solvent-degradat ion products possib ly present in 

DCT A r = 600°C-(20°C= 480°C 
TOP BOTTOM 

CONTROL RANGE = 50-150°C FOR 

some h igh-ac t i v i t y wastes. The best average 

resul ts from Purex tests are shown in a material 

balance f lowsheet ( F i g . 3.7). 

Ca lc ium n i t ra te , ca lc ium hydrox ide, and mag

nesium ni trate were added to the calc iner feed 

and d i rec t ly to the calc iner to suppress sul fa te 

v o l a t i l i t y . The d i rect addi t ion of ca lc ium ni t rate 

to the calc iner was most sat is fac tory . When a 

sto ichiometr ic excess of ca lc ium or magnesium 

plus sodium (wi th respect to sul fate) was main

ta ined , less than 1% of the sul fate was detected 

in the ca lc iner . Ana lys is of the coke indicated 

a poor su l fa te material balance (Table 3.2). Ca l 

cium is preferable to magnesium because of i ts 

higher thermal s tab i l i t y . 

Feed rates ranged from 60 to 5 l i ters/4ir and 

averaged 25 l i t e r s / ^ r for Purex, 1 5 - 2 0 l i t e r s /h r 

for TBP-25 , and 10 -15 l i t e rs /h r for Darex waste. 

Feeding was general ly terminated when the feed 

rate dropped below 5 - 1 0 l i t e rs /h r . Organic com

pounds in the feed resulted in severe foaming in 

the pot, decreased the f low rotes 30—300%, and 

decreased the bulk dens i t ies of ca lc ined so l ids 

25 -50%. The volume of water required to str ip 

Chem. Technol. Div, Ann, Progr, RepU May 31, 
1961, ORNL-3153. 

UNCLASSIFIED 
ORNL LR DWG 6 3 ( 9 2 R 

DCT A r = 220°C-12O°C = 1OO°C 
TOP BOTTOM 

0-100% CONTROL OUTPUT 

Fig . 3.6. Dual-Thermocouple Temperature Control System. 
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EVAPORATOR WATER 

H2O RECYCLE 
2000 liters 

EVAPORATOR FEED 

6 f M NO 3 
I 0 M SO4 
0 5 * ; Fe 
015 g /h te r Ru 

4 0 0 liters 

I EVAPORATOR I 

D F FROM EVAPORATOR 

1 PER CENT OF CALCINER FEED 

UNCLASSIFIED 
ORNL-LR-DWG 63286R 

EVAPORATOR VAPOR 

1 OM HNO3 100 7„ 
0001/1^304 0 1 7o DF=(200 
0 001 M fe 0 2 7„ DF= 700 
0 0 0 0 2 g/hter Ru 0 157„ DF" 1000 

2400 liters 

CALCINER VAPOR », 

3-10/K NO3 95 7o 

0 01 / l^ SO4 0 8 7„ 
0 05 /V/ Fe 7 0 7„ 
0 0 1 g/hter Ru 8 0 7o 

300 liters 

CALCINER FEED 

6 0 /K NO3 
t 2 M SO4 
0 7/1^ Fe 
0 2 g/hter Ru 

300 liters 

Ca(N03)2 
60 M 

CALCINER SOLID 

NO3 0 05 wt 7o 500 ppm 
SO4 51 wt 7o 
Fe 19 wt 7o 
Ru 0.06 w t7 „ 

60 liters 
BULK DENSITY^ 1 25 g/cc 

F i g . 3 . 7 . Purex Was te M a t e r i a l D i s t r i b u t i o n F l o w s h e e t . 

ni t r ic ac id from the evaporator so lu t ion varied 

from factors of 2 to almost 8 t imes the volume of 

the feed, and the concentrat ion of the major non

vo la t i l e sal ts in the wastes was maintained w i th in 

acceptable ranges. The noncondensable of f -gas, 

inc lud ing air leakage to the system and instrument 

purge ai r , ranged from about 1 to 3.5 ft per l i ter 

of feed , or 15 to 50 f t V h r . Residual n i t rate in 

the ca lc ined sol ids ranged from a few hundreths 

to several percent by weight , the higher values 

represent ing samples taken near the top of the 

pot, where temperatures of 900°C had not been 

a t ta ined. Bulk densi t ies of the so l ids averaged 

1.3 g / cc for Purex, 0.7 g /cc for TBP-25 , and 1.2 

g /cc for Darex waste. 

The radial deposi t ion of sol ids during ca lc ina

t ion resulted in the formation of a l iqu id core down 

the center of the pot, which produced a f ina l 

longi tudinal void space represent ing about 10% 

of the pot capac i ty (F igs . 3.8—3.10). 

An ind icat ion of the e f f i c iency of the entrainment 

separator in the batch evaporator was obtained 

from the concentrat ion of nonvola t i le Fe in the 

overhead condensate (Table 3.3). Runs 46 and 51 

indicated an increase in entrainment (presumably 

due to re-entrainment) at boi lup rates above 400 

Ib/hr (ve loc i ty above 90 fps) . Th is ef fect was 

not apparent in run 60. 

Decontaminat ion factors across the Yorkmesh 

de-entrainer in the continuous evaporator were 

about 1000. Since th is evaporator was not op t i 

mized for de-entrainment, a larger factor could be 

expected in a spec ia l l y designed unit w i th larger 

freeboard. 

While decontaminat ion of the ca lc iner off-gas is 

of less importance because it is recycled to the 

evaporator, ruthenium and mercury pose potent ia l 

problems because of their v o l a t i l i t y under process 

cond i t ions . In runs conta in ing nonradioact ive 

ruthenium in concentrat ions expected w i t h actual 

wastes (0.15 g / l i t e r ) , 2 to 3% of the ruthenium 

was vo la t i l i zed from the evaporator and 2—50% 

vo la t i l i zed from the pot to the evaporator (Tab le 

3.4). These resul ts are in general agreement w i th 

laboratory resu l t s , which showed that 50 to 70% 

of the ruthenium vo la t i l i zed in the absence of 

reducing agents. Mercury decomposed and vo la 

t i l i zed in the ca lc ina t ion pot and concentrated in 

the evaporator (Table 3.4). More mercury than 

was expected remained w i th the ca lc ined so l ids 

in some cases, probably because of incomplete 

ca l c ina t i on . Complete vo la t i l i za t i on of mercury 



Table 3.2. Summary of Engtneering-Scale Tests 

Batch evaporator used in runs marked wrth aster isk, others continuous 

Run No. 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45* 

46* 

47 

48 

49 

50 

5 1 * 

52* 

54 

55 

56 

57 

58 

59* 

60* 

6 1 * 

62 

63 

64 

Type of 

Feed 

Purex^ 

Purex^ 

TBP-25 

TBP-25 

Purex^ 

Purex'^ 

Purex^ 

Purex'' 

Purex^ 

Purex^ 

Purex^ 

TBP-25 

TBP-25 

TBP-25 

TBP-25* 

TBP-25* 

TBP-25* 

TBP-25 

TBP-25 

Darex 

Darex 

Darex 

TBP-25* 

Darex 

Darex 

TBP-25 

TBP-25 

TBP-25 

Av System 

Feed Rate 

( l i ters /hr) 

20.5 

21.0 

27.6 

30.6 

26.6 

65.2 

49.0 

System leal< 

40.9 

25.2 

25.8 

30.6 

15.0 

17.6 

11.5 

7.0 

9.8 

17.2 

19.4 

13.6 

8.9 

16.5 

12.4 

8.6 

10.6 

16.8 

16.3 

11.6 

Feed 

Volume 

(l i ters) 

456 

404 

442 

489 

373 

391 

495 

594.5 

409 

328 

325 

429 

468 

478 

346 

308 

440 

428 

469 

383 

641 

576 

397 

336 

307 

446 

421 

560 

Water-to-Feed 

Volume Ratio 

2.5 

2.4 

3.3 

7.4 

5.6 

3.7 

4.4 

7.8 

3.9 

4.1 

3.4 

2.8 

2.6 

2.4 

2.5 

2.3 

2.7 

3.5 

4.1 

3.2 

3.0 

5.5 

3.8 

4.5 

2.3 

2.0 

Evaporator 

Fe or Al Cone 

(g / l i te r ) 

32 -22 

35 -22 

58 -14 

78 -30 

36-21 

58 -20 

56 -33 

61 -36 

106-36 

37 -27 

35 -27 

103-54 

72-42 

56 -36 

66-35 

62-53 

65 -49 

52 -36 

80-35 

82-47 

99-53 

120-98 

128-76 

112-93 

70 -36 

55 -39 

54-31 

Sulfate in 

Solids 

(% of feed) 

92 

102 

66 

92 

79 

91 

93 

140 

Off-Gas 

Volume/Feed 

Rat io* 

(ft V l Iter) 

0.18 

0.97 

0.25 

0.27 

0.55 

2.02 

2.2 

3.5 

1.9 

3.5 

1.9 

2.4 

3.2 

2.4 

1,8 

1.4 

1.4 

2.2 

0.84 

1.3 

1.8 

1.0 

0.9 

1.19 

N O j " m Solids^ 

(wt %) 

0.3-0.1 

0.15-0.03 

0.5-0.1 

0.2-0.05 

0.15-0.03 

4.1-0.8 

2.3-0.02 

0.9-0.008 

0.14-0.06 

4.7-0.01 

3.7-0.01 

6.0-0.36 

6.0-0.10 

6.0-0.36 

4.1-0.08 

6.0-0.08 

0.18-0.06 

0.85-0.1 

0.56-0.1 

0.09-0.02 

0.53-0.01 

1.0-0.07 

2-0.1 

2.0-0.2 

0.2-0.002 

Solids 

Density 

(g /cc) 

1.29 

1.15 

0.56 

0.56 

1.17 

1.33 

1.50 

1.14 

1.17 

1.55 

0.57 

0.77 

0.83 

0.52 

0.59 

0.44 

0.65 

0.60 

0.86 

1.4 

1.42 

0.61 

1.29 

1.13 

0.63 

0.61 

0.80 

Range of concentration during calciner feeding^ 

Includes 10 to 20 ft /h r system leakageo 

Nitrate range from top to bottom of poto 

Density based on fu l l pot volume of 60 liters^ 

No addit ive for sulfate^ 

^Magnesium added to feed such that Na + Mg was 10% excess above SO , 

^Calc ium nitrate solut ion added d i rect ly to calciner in excess of free SO-
h 

One mi l l i l i te r of MBP and DBP added to each liter of feed before processing. 
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UNCLASSIFIED 
PHOTO 56043 

Fig 3 8. Purex Ca lc ined Waste w i t h Ca lc iun 
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Fig 3 9 TBP-25 Ca lc ined Waste. 
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Fig, 3.10, Darex Cotcined Waste. 

Table 3.3. Efficiency of Impingement Entrainment 

Separator in the Batch Evaporator 

Run 

No. 

46 

51 

52 

60 

61 

Waste 

Purex 

TBP-25 

TBP.25 

Darex 

Darex 

Fe Concentrations 

Evaporator 

(g/l i ter) 

32-38 

28-33 

0.19-0.36 

0.22-0.26 

0.23-0.44 

96-131 

0.90-2,4" 

Evaporator 

Overhead 

(ppm) 

1-3 

5 - 7 

Up to 1 

2 

Up to 1 

Up to 1 

Up to 2 

Boilup 

Rotes 

(Ib/hr) 

0-360 

440-500 

0-390 

504-570 

0-430 

0-500 

Evaporation of only the calciner condensate during 

is expected at 900°C. A trap for removing mercury 

compounds by condensation near 300°C was de

signed and bui l t for tes t ing w i th th is equipment. 

Nozzles are provided in the trap for spraying the 

deposited sol ids w i th n i t r ic acid after each run 

in order to d isso lve them for d isposal to waste 

tanks. The f ina l mercury and ruthenium concentra

t ions in the pot ( l is ted in Table 3.4), and the 

amount of ruthenium vo la t i l i zed ( F i g . 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. 

Mechanical Development 

The mechanical development program is being 

carr ied out in three phases at the Lockheed 

Nuclear Products f ac i l i t y at Georgia Nuclear Labo

ratory, and it inc ludes: (1) Hel iarc we ld ing and 

mechanical c losure tests to develop a permanent 

seal for the pots , (2) remote mechanical equipment 

tests to demonstrate the pos i t ion ing of the pot 

and the connect ing of i t to i ts feed and off-gas 

l ines , and (3) demonstrat ion of a remote we ld ing 

machine should the welded seal developed in the 

f i r s t phase (see below)appear promis ing. 

Phase 1. - Seal welding of a ser ies of f i ve 

permanent pot closures was completed, and the 

closures ore being leak-tested under s imulated 

pot-storage cond i t ions , invo lv ing cyc l i ng the 

temperature between 25 and 300°C at 150-psi 

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 spec i f ied 

maximum permissib le leak rate is 32 cc /yea r . 

The in i t i a l leak test on a Grayloc mechanical 

seal was unsuccessful because of a v i s i b l e n ick 

in the r ing which l imited the maximum obtainable 

vacuum to 40 \L. Replacement of the seal r ing 

permitted a vacuum of 10 \L to be obta ined. Leak 

rates w i l l be determined as above. 

Phase 2. - A ce l l mockup w i l l be used to 

demonstrate the pos i t ion ing of a pot ca lc iner plus 

connect ing it to and d isconnect ing it from the 

process l ines . The pot w i l l be lowered into the 

furnace mounted on a do l ly (F ig . 3.11), pos i t ioned 

beneath its f i l l i n g cap, l i f ted along w i th the 

furnace by jacks mounted on the do l l y , and 

clamped to the process l ines by a screw clamp 
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Table 3.4. Final Inventory and Material Balance for Ruthenium and Mercury 

Tes t No. Input to System 

(g) 

Inventory in Output v ia 

Evaporator Condensate 

(g) (g) 

In Ca lc ined Sol id 

(g) 

Balance 

(%) 

42 

43 

44 

50 

51 

52 

54 

55 

59 

61 

Ruthenium (Feed: 0.15 g Inactive Ruthenium per Liter) 

79.28 

74.84 

50.31 

83.04 

64.68 

114.4 

81.32 

89.1 

79.4 

81.355 

47 

48 

49 

50 

51 

52 

54 

55 

59 

62 

63 

64 

1857 

2049 

2772 

1591 

1232 

3190 

1510.8 

2875 

1627.7 

1908.8 

1957 

2565 

5.9 

2.55 

7.73 

6.675 

55.8 

37.5 

5.05 

6.73 

6.65 

1.628 

8.72 

1.58 

2.87 

1.51 

1.79 

1.53 

Mercury (Feed: 0.01 M Hg) 

192 

270 

162 

206 

1889.6 

951 

522.5 

442.5 

1273 

440 

127 

211.25 

197 

164 

56 

60 

83.65 

41.9 

81.87 

39.14 

46.9 

142.89 

38.7 

31.36 

22.77 

41.85 

60.18 

58.08 

68.25 

45.6 

44.35 

56.24 

45.41 

78 

60.34 

183.74 

83.55 

92.1 

60.76 

8.38 

58.38 

356 

756 

310 

2154 

531 

211.2 

278.85 

95 

720.4 

1086 

693.7 

276.48 

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 ce l l w a l l . A gasketed connector ( F i g . 3.12) 

w i l l seal the vapor, feed, and probe l ines from 

each other and the environment. i t incorporates 

the weld design tested in 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 l e d , the clamp w i l l be 

opened and the pot and furnace lowered s l i gh t l y . 

During th is operat ion, air from exhaust ports in 

the connector assembly w i l l sweep across the 

seal face to prevent ce l l contaminat ion. A tem

porary metal plate cap w i l l then be dropped on 

top of the pot connector by means of the s l ide 

mechanism. The pot and furnace w i l l be lowered 

to the mobile pos i t ion and moved to the seal ing 

s ta t ion , where a permanent seal w i l l be a t tached. 

After being sealed in the rad ioact ive p i lo t p lant , 

the pots w i l l be removed from the furnace and 

stored for observat ion of pressure and temperature 

bui ldup. A vent on the cops 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 .11 . Radioactive Pi lot-Plant Pot-Calciner Arrangement. 



73 

UNCLASSIFIED 
ORNL-LR-DWG 59664A 

FEED AND ADDITIVE TUBES 

CONNECT TO 
EXHAUST SYSTEM 

FILLING CAP 

CALCINER VAPOR LINE 

FLOATING EXHAUST MANIFOLD 

TEMPORARY CAPS 

SLIDE ASSEMBLY (CAP 
-^LOADER) CAP RELEASED 

AUTOMATICALLY AT END 
OF SLIDE STROKE 

POT SUPPORT RING 
ON TOP OF FURNACE 

POT CALCINER VESSEL 

1-in-THICK HIGH-TEMPERATURE 
RIGID INSULATION 

RING NUT TO PERMIT REMOVAL 
OF THERMOCOUPLES FROM WELL 

Fig. 3.12. Gasketed Connector Assembly for Calciner Pots. 

The furnace mockup and do l ly were made and 

del ivered to Georgia Nuclear Laboratory. The 

f i l l i n g s tat ion and ca lc inat ion-pot design was 

completed at ORNL and sent out for b ids . Com

ple t ion of the program is scheduled for Nov. 1 , 

1962. 

Laboratory-Scale Studies 

Fixation in Glassy Solids. - Simulated TBP-25 , 

Purex, and Darex waste oxides were incorporated 

into g lassy so l ids by f lux ing w i th phosphite plus 

one or more other f lux ing agents (borax, s i l i c a , 

sodium hydroxide, aluminum phosphate, and the 

oxides of lead, ca lc ium, and magnesium). 

The products formed from TBP-25 waste ap

peared to be true glasses over a fa i r l y wide range 

of composi t ions ' (Table 3.5). In i t ia l sof tening 

points var ied from about 825 to 1000°C. Af ter 

in i t ia l mel t ing, softening points were as much 

as 200 to 300°C lower than their i n i t i a l va lues. 

The waste oxides in the glass var ied from about 

26 to 35 wt %. Densi t ies ranged from 2.4 to 3.8 

R. E. Blanco and E. G. Struxness, Waste Treatment 
and Disposal, Progr. Rept, June-July 1961, ORNL-
TM-15. 

^Ibid,, Aug.-Sept, 1961, ORNL-TM-49. 

g / c c , and volume reduct ion factors (from the con

centrated waste solut ion) var ied from 7.2 to 9.3. 

The leach rate for a typ ica l glass (nominal compo

s i t i on 26% waste ox ides, 40.5% P2O5, 15.9% PbO, 

18.1% No jO) spiked w i th Cs decreased from 

2.1 X 10~ after one week to 2.5 x 10~ g cm~ 

d a y " at the end of the f i f t h week when leached 

in a stream of d i s t i l l ed water. When the g lass 

was produced on a semiengineering scale ( in a 

pot 24 in . long and 4 in. in d iam, semicont inuous 

operat ion), the densi ty and volume reduct ion were 

the same as for the small sample. X-ray analyses 

showed amorphous patterns. Thermal conduc t iv i t y 

var ied from 1.05 Btu hr - 1 ff • 1 o p - l at 300°C 

to 1.60 at 1050°F, factors of about 10 greater than 

that of the ca lc ined product w i thout f l ux ing 

agents (see below). 

The g lassy so l ids from the f i xa t ion of Purex-

woste oxides were often m ic roc rys ta l l i ne , par

t i cu la r l y when prepared in a large batch that 

cooled s low ly . Sat isfactory products incorporated 

36—45 wt % waste ox ides, had dens i t ies of 2.6— 

2.8 g / c c , volumes represent ing 4.8—6.9 gal of 

glass per ton of uranium, and in i t i a l sof tening 

H. Wu Godbee and J. T. Roberts, Laboratory Develop
ment of a Pot Calcination Process for Converting 
Liquid Wastes to Solids, ORNL-2986 (Aug. 30, 1961). 
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Table 3.5. Compositions of Glasses Incorporating Waste Oxides 

Purex Waste Darex Waste 

(High Sulfate) (Stainless Steel Nitrotes-HNO-) 

TBP.25 Waste 

[AKNOjjg-HNOg] 

Compound (wt %) 

'=^2°3 

^ ' 2 ° 3 

NiO 

Cr jO j 

NojO 

P2°5 

SO3 

PbO 

MnOj 

MgO 

B2°3 

SiOj 

CaO 

RuOj 

Waste oxides 

Density, g/cc 

Volume reduction 

Approximate init ial softening 

point, C 

8.6-11.9 

1.1-1.6 

'^.0.2 

'v.0.2 

15.5-34.4 

25.9-32.5 

17.3-23.9 

0-

0-

0-

'̂ .C 

31.4-

2.67-

6.5-

830-

-13.3 

-15.6 

-12.0 

1.1 

-44.5 

-2.78 

-8.3 

-950 

9.2-20.0 

0-23.5 

1.2-3.0 

2.7-6.4 

17.2-21.7 

21.1-45,9 

0-33.1 

0.3-0.8 

0-20.8 

0.003-0,01 

13-32 

2.7-3.8 

2.9-6.6 

850-900 

0.06-0.09 

25.0-33.8 

18.6-25.5 

38.9-48.1 

0-15,9 

0-0.2 

0-11.6 

0-9.5 

^0 .01 

27.1-35,2 

2.41-2.84 

7.2-9.3 

850-1000 

points of 840-975°C*' ' ' (Table 3.5). The addition 
of the extra acid anions necessary for glass 
formation necessitated careful control of tempera
ture during the calcination-fixation process in 
order to avoid loss of SO, by volati l ization. 
Thermogravimetric analysis of a typical Purex 
" g l a s s " (with a nominal composition of 41.6% 
waste oxides, 30.9% PjO^, 3.4% B j O j , 9.2% MgO, 
14.9% added Na.O, and an initial softening point 
of about 850°C) indicated that SO, was volatil ized 

R. E. Blanco and E, G. Struxness, Waste Treatment 
and Disposal, Progr, Rept, Apr,-May 1961, ORNL 
CF-61-7-3. 

Although the init ial softening point of the glass as 
formed by evaporation, calcination, and melting is 
about 95() C, the softening point of the glass after 
being formed is about 600°C. 

slowly, if at a l l , below 900"C and rapidly above 
1000°C. It appears feasible to operate at tempera
tures high enough to produce glassy products and 
yet low enough to avoid substantial loss of S0_. 

Glassy products containing 13 to 32% of Darex 
waste solids were prepared. Densities varied 
from 2.7 to 3.8 g/cc, volume reductions from 2.9 
to 6.6, and initial softening points from 850 to 
900°C (Table 3.5). The production of true glasses 
incorporating >20% Dorex-woste oxides is diff icult 
owing to the exceptionally high content of iron, 
nickel, and chromium, which do not form glasses. 

The thermal conductivity ^ of a glass incor
porating 26% TBP-25 waste oxides, measured tn 
situ in the original 24-in.-high by 4-in.-diam stain
less steel pot, increased from 1.05 at 300°F to 
1.60 Btu h r - ' f t - ' ° F - ' at 1050°F (Fig. 3.13). 
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F ig . 3.13. Thermal Conduct iv i ty of a Phosphate-

Lead Glass Incorporating 26% TBP-25 Waste Oxides. 

Soda-l ime-sl l ica glass curve shown for comparison. 

Sodium hypophosphite and lead oxide hod been 

added to the waste to prevent ruthenium v o l a t i l i t y 

and to serve as glass formers and modi f iers . The 

pos i t i ve , nonl inear, temperature coef f i c ien t of 

thermal conduct iv i ty for the phosphate-lead glass 

is character is t ic of amorphous so l ids . Since the 

l iqu id state represents a more disordered s ta te , 

the thermal conduc t iv i t y of the glass should be 

s l i gh t l y less after softening begins at about 

1100°F ('>.600°C).' ' Measured values were 1.51 

at 1145°F and 1.40 at 1150°F. Since the con

duc t i v i t y apparatus was not constructed for meas

urements on f l u ids , no values were determined 

at higher temperatures. 

Ruthenium Volati l i ty. — The separat ion of n i t r ic 

ac id from f i ss ion product ruthenium by d i s t i l l a t i o n 

is favored by (1) low acid concentrat ion, (2) d i s 

t i l l a t i on under reduced pressure, and (3) the 

presence of phosphite in the s t i l l pot. 

The vo la t i l i za t i on of ruthenium from n i t r i c ac id 

depends largely on the past h istory of the so lu t ion . 

To provide a basis for studies of comparat ive 

ruthenium v o l a t i l i t y from various ac id ni t rate 

so lu t ions , solut ions were spiked w i t h rad ioact ive 

ruthenium (Ru ) chlor ide and then d i s t i l l e d in 

a G i l l esp ie equi l ib r ium s t i l l . Under these con

d i t ions the v o l a t i l i t y of ruthenium from otherwise 

pure n i t r ic ac id (=10 M) was reproducible and 

could be expressed by the empir ica l equat ion: 

I^^Ru(vapor) ^ ^ p^ | ogM^^^ , , - 2 . 23 
^ u ^ H N O , ( v a p o r ) ,M R u(l iquid) 

8 ( F i g . 3 .14) . " The presence of 1.7 Al A I (NO- ) at 

a given n i t r ic ac id concentrat ion in the s t i l l pot 

appreciably increased the re la t ive v o l a t i l i t y of 

U N C L A S S I F I E D 
O R N L - L R DWG 6 5 3 4 5 A 

10 ' 10" 

HNO.IN DISTILLATE [M) 

Fig . 3.14. Vo la t i l i za t i on of Ruthenium from Ac id 

Nitrate Solut ions. 

the ruthenium, lowering the d i s t i l l a t i o n pressure 

to '\.570 mm Hg, thereby reducing the re la t ive 

v o l a t i l i t y of the ruthenium to approximately the 

same value as for the corresponding n i t r ic ac id 

so lu t ion wi thout aluminum ( F i g . 3.14). Lower ing 

the d i s t i l l a t i o n pressure of pure H N O j - R u C l j 

so lut ions had a negl ig ib le ef fect on the re la t ive 

v o l a t i l i t i e s of ruthenium and H N O , . 

0 

R. E. Blanco and E. G. Struxness, Waste 'Treatment 
and Disposal, Progr, Rept. Oct.-Nov. 1962, ORNL-
TM-133. 



76 

The separation factor 

r / r 
H N 0 3 ( v a p o r ) ' ^ HN 0 3 ( s o l u t i o n ) 

c /c 
Ru(vapor) Ru(so lu t ion) 

for nitric acid from ruthenium by disti l lat ion was 
varied from about 10 to 100 for the HNOg-RuClj 
solution and from about 5.5 to about 100 for the 
A I C L solution over the acid concentration range 
1 to 10 M (Fig. 3.15). The addition of 0.1 Al 

UNCLASSIFIED 
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HNO3 IN FEED W) 

Fig. 3.15. Separation Factor for H N O , from Ru

thenium by Dist i l la t ion. 

HgPOj to various nitrate solutions of interest 
lowered the volatil ity of ruthenium by factors 
which varied from 420 for 12 Al HNO3 to 38.4 for 
simulated Darex waste. Separation factors for 
HNOg from ruthenium were proportionately in
creased (Table 3.6). 

About 2 to 2.5 M phosphite was required to lower 
ruthenium volati l i ty to 0.1% in small-scale batch 
experiments with TBP-25 (aluminum) waste carried 
to 900°C (Fig. 3.16) vs 1.5 Al when carried to 
500°C.* About 3 to 12% was volati l ized in semi-
engineering-scale fixation experiments with pots 
4 in. in diam and 24 in. high, in which glass-
making additives were used as well as phosphite. 
These high volati l i t ies are tentatively attributed 

to a combination of air leakage into the equipment 
and to local overheating in the larger-scale ex-

0 
penments. 

Corrosion. - Stainless steel appears to be a 
satisfactory material of construction for the cal
cination-fixation pot and for the interim waste 
storage tanks. Stainless steel undergoes inter
granular attack during long exposures in refluxing 
nitric acid; titanium is therefore preferred for the 
condenser, rectifier, and other overhead equipment 
that wi l l be exposed to hot HNO, from the evapora
tion and fixation processes. 

Stainless steel exposed in simulated waste 
solutions subjected to a single batch evaporation-
fixation cycle was corroded aggressively for a 
brief period during the expulsion of the last 
amounts of acid, water, and nitrate from the system 
at temperatures higher than 900°C. With further 
exposure at the maximum temperature, the cor
rosion rate continued to decrease, and long-term 
internal corrosion rates should be negligible. 
External atmospheric corrosion after fixation 
(maximum estimated temperature 300°C) should 
also be negligible; corrosion of type 304L stain
less steel in air at 815°C is listed as less than 
5 mils/yr. Type 304L stainless steel was cor
roded at overall rotes of 5.10 and 1.59 mils/month 
when exposed to a single TBP evaporation-
calcination cycle followed by a "soaking period" 
at ~900°C for total exposure times of 24 and 
168 hr, respectively (Table 3.7). Corresponding 
rates for previously reported Purex tests without 
additives were 6.7-7.9 mils/month. The addition 
of glass-forming fluxes increased the container 
corrosion to 42.2 and 120—145 mils/month for 
TBP-25 and Purex wastes, respectively, for a 
single evaporation-fixation cycle. Stainless steel 
should be a satisfactory container for both waste 
types provided that the additives are selected 
so OS to minimize or eliminate the volati l ization 
of sulfate and if the maximum fixation temperature 
does not exceed 950°C. 

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 solution (5 M HNO3, 1.82 M 
dissolved stainless steel, 100 ppm CI ) at 80°C 

D, T. Gil lespie, Ind, Eng, Chem,, AnaL Ed, 18, 
575-77 (1946), 

' " H , H . Uhlig, pp 730 -40 in Corrosion Handbook, 
Wiley, New York, 1955. 
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Table 3.6. Effect of 0.1 M H . P O - on Ruthenium Volat i l i ty During Dist i l lat ion of Nitrate Solutions 

A c t i v i t y of Ru in D i s t i l l a t e Separat ion Fac tor , 

Solut ion 
(counts 

N 0 H 3 P O 3 

2.78 X 10^ 

3.76 X 10^ 

1.77 X 10' ' 

9.08 X 10^ 

3.17 X 10"* 

9.64 X lO ' ' 

min m l ~ ) 

0.1 M H3PO3 

662 

145 

85 

40 

650 

2.51 X 10^ 

Reduct ion 

Factor 

420 

2593 

208 

227 

48.8 

38.4 

HNO3 

No H3PO3 

0.956 

0.126 

11.1 

13.8 

2.22 

1.50 

from 

0. 

Ru 

1 M H3PO3 

378 

364 

2055 

4920 

117 

57.5 

12 M HNO 

6 M H N O , 

1.7 M A I ( N 0 3 ) 3 - 2 M HNO3 

TBP-25 

Purex 

Darex 

Def ined as 

' - •HN03(vapor )^ ' ^HN03(so lu t ion) 

c /c 
Ru(vapor) Ru(so lu t ion) 

Ru added as the n i t rosy l hydrox ide . 
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Fig . 3.16. Effect of Phosphorous Acid on Ruthenium 

Volat i l i ty from TBP-2S Waste on Batch Calcination to 

1000°C. 

resul ted in maximum overal l rates of 0.80 and 

0.89 m i l /mon th , respect ive ly . Grain-boundary 

at tack did not develop into intergranular a t tack. 

Small amounts of cer ta in organics (e .g . , g lycerol 

and p las t i c izers leached from polyethylene) de

creased th is rate to a few hundredths of a mil per 

month. Lower ing the ac id concentrat ion to 2 Al 

and the temperature to 50°C a lso reduced the 

corrosion rate. 

Vapor«Llquid Equilibrium. — Vapor- l iqu id equ i 

l ibr ia were measured for s imulated T B P - 2 5 , Purex, 

and Darex wastes over concentrat ion ranges 

vary ing from hal f to tw ice those of normal waste. 

Ac id concentrat ions were varied from 0.5 to 5.0 M 

for TBP-25 and from 2.0 to 7.0 M for Purex and 

Darex wastes. Some concentrated TBP-25 and 

Darex solut ions could not be prepared because 

of so lub i l i t y l im i ta t ions . D i s t i l l a t i o n s were carr ied 

out in G i l l esp ie s t i l l s at atmospheric pressure 

(740-750 mm Hg) and at about 565 mm Hg. S t i l l -

bottom dens i t i es , measured at 25, 50, 75, and 

100°C for each stable so lu t ion s tud ied , are g iven 

elsewhere. 

Design of Radioactive-Cell Equipment. — Equip

ment is being designed and constructed for a 

smal l -sca le pot -ca lc inat ion experiment to be run 

w i th batches of actual waste solut ion from ICPP 

^^Bimonthly kept. Aug.-SepU 1961, ORNL-TM-49, 
PP 15 -16 , 1 8 - 2 3 . 
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Table 3.7. Corrosion Data for Stainless Steel Containers Used in the Evaporation-Fixation Step 

Type of 

S ta in less Steel 

304L 

304 L 

304 L 

304L 

304 L 

347 

Environment 

Purex plus add i t i ves 

Purex plus add i t i ves 

(exposure in terrupted and 

corros ion determined as 

indi cated) 

Overa l l 

Purex plus add i t i ves 

TBP .25 

TBP-25 plus a d d i t i v e s ^ 

TBP-25 

Approx imate 

Maximum 

Temperature 

ec) 

900 

110 

850 

950 

950 

900 

900 

900 

920 

910 

900 

900 

Exposure 

T ime 

(hr) 

24 

^2 

1 

2 

75 

'^.80 

78 

24 

168 

19 

345 

24 

168 

Overa l l 

Corros ion Rate 

(m i l s /mon th ) 

120-145^ ' ' ^ 

0 

0 

1330^" 

19 

57 

80"^ 

5.10 

1.59 

42.2 

5.4 

10.5 

1.93 

Average T o t a l 

Penet ra t ion 

(mi ls ) 

4 . 0 - 4 . 8 

0 

0 

4.0 

2.0 

6.0 

8.68 

0.17 

0.37 

1.11 

2,59 

0.35 

0.45 

A d d i t i v e s : to Purex, 49.4 g / l i t e r of N a j B ^ O ^ - l O H j O , 105 g / l i t e r of N a H j P O ^ - H j O , 167.3 g / l i t e r of 30% H3PO3, 

8.72 g / l i t e r of NoOH, 80.1 g / l i t e r of C a ( 0 H ) 2 ; to T B P - 2 5 , 112,1 g / l i t e r of N a H j P O j - H j O , 11.6 g / l i t e r of PbO. 

Dup l i ca te specimens exposed, 

Intergranular corros ion noted. 

and Hanford and with batches of " sp i ked" syn
thetic waste solution. Information to be obtained 
from this experiment wi l l include the volati l i ty of 
fission products during evaporation and calcina
tion, the pressure buildup in the calciner pot after 
calcination is completed, and the extent to which 
the segregation of nonvolatile fission products 
occurs. 

In this experiment (Fig. 3.17) waste solution 
wi l l be charged from the carrier on the roof of 
the cell and be moved from the transfer tank to 
the feed tank to the calciner pot by air l i f ts. The 
vapor from the calciner pot wi l l travel through a 
jacketed section of line to the condenser and to a 
scrubber and wil l be recycled through a gas pump 
to the calciner pot. Calcined wastes wi l l be 
removed into the carrier on the roof. 

3.2 LOW-ACTIVITY WASTE TREATMENT 

The development of a scavenging—ion exchange 
process (Fig. 3.18) for the routine removal of trace 
amounts of fission products from large volumes 
of process water has progressed through the labo
ratory, design, and pilot-plant phases. In a series 
of runs in a 600-gal/hr pilot plant (Figs. 3.19 and 
3.20) the economic, chemical, and equipment 
factors of the process were measured. In this 
process the contamination is removed in two basic 
steps: (1) scavenging of a portion of the activity 
with sodium hydroxide and an iron coagulant, 
followed by solution clarification and f i l t rat ion, 
and (2) sorbing of Cs and Sr on carboxylic-
phenolic resin. 
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F i g . 3.17. Ho t -Ce l l Pot Ca l c i na t i on Exper iment . 

Pilot-Plant Process Description 

Sl ight ly rad ioact ive waste water from the m i l l i on -

ga l lon ORNL equal izat ion basin is pumped into 

the plant at 10 g a l / m i n , where i t is adjusted to 

0.01 M NaOH in a f lash mixer w i th an 18-sec 

holdup. Ferrous sul fate is added to the mixer as 

a coagulant in amount su f f i c ien t to make the 

so lut ion 5 ppm wi th respect to i ron. The so lut ion 

then f lows by grav i ty to a l igh t l y ag i ta ted 270-gal 

f loccu la tor where the l ight f loe of inso luble 

carbonates, a lgae, foreign sediment, and ferr ic 

hydroxide agglomerates into large par t i c les , wh ich 

carry a s ign i f i can t f ract ion of the f i ss ion products. 

The so lut ion and f loe f low, again by g rav i t y , to 

a 1980-gal c la r i f i e r , where the so lut ions pass up 

through a 4- to 5-ft sludge blanket. The s ludge, 

conta in ing 60% of the S r ' ° , is cont inuous ly w i t h 

drawn, f i l t e red , and packaged for d i sposa l . The 

c la r i f ie r e f f luent is transferred to a surge drum and 

then pumped through a sand or anthraci te po l i sh ing 

f i l t e r for addi t ional hardness and tu rb id i t y removal . 

The f i l tered so lut ion is pumped through one of 

two resin columns f i l l ed w i th 28 gal of Duol i te 
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PROCESS WATER WASTE 
1500-2000 RESIN BED VOLUMES" 

PER 3 5 - 7 DAY CYCLE 

NaOH TO MAKE 
WASTE 0 01 / I / • 

COPPERAS TO MAKE 
WASTE 5 ppm IN IRON 

-9 5 vol CONDENSATE RECYCLE -
-0.5 vol DISPLACEMENT RECYCLE 
•0 5 vol RINSE RECYCLE 

CONC, TECH HNO3 

WATER 

WATER RINSE 
( vol 

BACKWASH 
20 m\ 0 \ M NoOH 

- 0 3 vol WET CAKE 

i 
-0 I vol DRY CAKE 

i 
STORAGE 

Fig. 3,18. Process-Water Decontamination with Carboxylic-Phenolic Ion Exchange Resin. 

CS-100 cat ion exchange resin for removal of the 

remaining hazardous f i ss ion products, p r inc ipa l l y 

C s ' 3 7 a n d S r ' ° . 

When 2000 resin-bed volumes, or 56,000 gal of 

waste water, have been passed through the bed, 

the feed f low is stopped, the f i ss ion products are 

eluted w i th 10 vol of 0.5 Al HNO3, and the res in 

is washed w i th water and regenerated w i th 0.1 M 

NaOH. 

Pilot-Plant Operation 

Nine demonstrat ion runs were completed. V o l 

umes of 50,000 to 90,000 gal of ORNL process 

waste water were treated per run, representing 

1800 to 3000 resin bed volumes; run durat ions 

var ied from 71 to 146 hr of cont inuous operat ion. 

A t the 2000-bed-volume leve l , the plant e f f luent 

contained <3% of current (MPC) values for S r ' ° 

and Cs for cont inuous occupat ional exposure, 

and overal l decontaminat ion factors were at least 

three t imes greater than those obtained in the 

laboratory and semi-p i lo t p lant . Decontaminat ion 

factors from Sr (Table 3.8) ranged from 2047 

to 12,160, representing more than a 99.9% removal 

in up to 2000 bed volumes, and those from Cs 

ranged from 77 to 3444 for the same operat ing 

per iod. 

The s ix th run in the series (HR-6) was made 

in order to ascerta in the resin-column breakthrough 

point. Cesium was the f i r s t to break through at 

the 50% level after 2800 bed volumes. A t 2916 

12 
NBS Handbook 69, Maximum Permissible Body 

Burdens and Maximum Permissible Concentrations in 
Air and in Water for Occupational Exposure, June 5, 
1959. 

13 
R. E. Brooksbank, Low Level Waste Treatment 

Pilot Plant — Run HR-6 Summary (in preparation). 
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Fig. 3.19. Low-Activi ty Waste Treatment Pilot Plant - Pretreatment Equipment. 
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Fig . 3.20. Low-Activi ty Waste Treatment Pilot Plant — Ion Exchange Columns. 



Table 3.8. Overall Removal of Activity from ORNL Waste 

Run No, 

HR-1 

HR-2 

HR-3 

HR.4 

HR-5 

HR.6'' 

HR.7 

HR-8^ 

HR.9 

Bed 

Volumes 

2000 

2086 

1959 

1789 

2046 

3118 

2086 

2000 

2131 

DF 

30 

46 

42 

37 

12 

34 

4 

26 

Gross fi 

Percent 

Removed 

96.70 

97,80 

97.6 

97.30 

91.96 

97.04 

71.43 

95.40 

DF 

44 

25 

10 

16 

5 

19 

3 

14 

Gross y 

Percent 

Removed 

97.70 

96.10 

89.90 

93.80 

77.92 

94.71 

65.21 

93.10 

DF 

2,956 

2,047 

4,982 

5,588 

2,316 

20 

12,160 

4,200 

>8,196^ 

Sr'° 

Percent 

Removed 

>99,99 

>99.9 

>99.9 

>99.9 

99.96 

95.11 

99.99 

99.98 

99.99 

DF 

288 

246 

429 

2520 

543 

6 

451 

3444 

^11 

C s ^ " 

Percent 

Removed 

99.7 

99.6 

99.8 

>99.9 

99.82 

82.30 

99.78 

99.90 

98.70 

DF 

16 

11 

6 

4 

5 

121 

3 

12 

Co'° 

Percent 

Removed 

93.9 

91.3 

82.8 

74.3 

80.91 

91.80 

63.33 

91.20 

DF 

4 

28 

22 

31 

21 

24 

21 

56 

TRE 

Percent 

Removed 

71.6 

96.5 

95.6 

96.8 

95.33 

95.77 

95.22 

98.20 

oo 

Breakthrough run . 

n igh-actr VI ty run . 

None of th is isotope found In p lant e f f l uen t . 
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bed volumes, Sr in the plant ef f luent was 11.5 

dis m i n " m l " , representing 520% of (MPC) or 

17% of the Sr level in the feed. Removal 

factors for Sr and Cs from the saturated 

resin were 3.1 x 10 and 1.8 x 10 , respect ive ly . 

Ion Exchange Column Performance. - The use 

of the " s p l i t - e l u t i o n " procedure to decrease the 

volume of waste was adequately demonstrated. 

In th is procedure, f ive volumes of 0.5 M HNO3 

eiuent from the ta i l end of the previous e lu t ion 

is used as the in i t ia l removal so lu t ion . The 

second f ive volumes, conta in ing almost no f i ss ion 

product contaminat ion, is held for the subsequent 

e lu t ion cyc le . 

Two ion exchange columns (10 in . in diam by 

8 f t h igh , and 18 in . in diam by 32 in . high) were 

tested to provide scaleup data for a f u l l - sca le 

plant. A fu l l - sca le plant would use a 4-f t-diam by 

8-ft-high column. The lO-in.-diam column was 

scaled down at constant l iqu id ve loc i ty from the 

proposed plant bed. The 18-in.-diam by 32- in . -

high bed has the same height-to-diameter rat io 

as that in the proposed plant and was designed 

to determine whether the data obtained from the 

8-ft-high bed would require correct ion for a lower 

rat io when sca l ing up to fu l l p lant s i ze . Two 

demonstrat ion runs were made w i th the short bed 

and the rest w i th the 8-ft bed, w i th no d i f ferences 

in performance. A total of 403,000 gal of process 

waste was put through the same inventory of res in 

in the 8-ft resin column wi thout not iceable de

crease in resin performance. 

Clarifier Operation. - Supersaturation of the 

c la r i f ie r e f f luent w i th ca lc ium and other a l k a l i -

metal carbonates resulted in postprec ip i ta t ion and 

formation of a scale on p ip ing and equipment. The 

average total hardness of th is stream var ied be

tween 60 and 70 ppm (as C a C O , ) , and i ts decrease 

would substant ia l ly increase the on-stream l i fe 

of the po l ish ing f i l te rs and res in . 

Minor changes were made in the prec ip i ta t ion 

equipment and reagents in order to induce complete 

p rec ip i ta t ion . The addi t ion of 25 ppm of s laked 

l ime to the f lash mixer decreased the ef f luent 

hardness from 70 to 56 ppm, but the f loccu la ted 

precip i tate was less dense, making control of the 

sludge-blanket level d i f f i cu l t . Recyc l ing of sludge 

from the bottom of the c la r i f i e r , at var ious ra tes. 

Removal factor = (peak activity of isotope during 
elution cycle)/(act ivi ty of isotope after 10 bed volumes 
of eluant). 

to the f locculator in order to provide addi t ional 

nucle i to aid in prec ip i ta t ion d id not decrease 

the hardness but produced a denser sludge w i th 

better f i l t e r i ng charac ter is t i cs . Recent laboratory 

development work (see below) indicated that 

supersaturat ion can be decreased by increasing 

the feed temperature from 18 to 24°C , a long w i th 

the addi t ion of l ime, and that add i t ion of the 

coagulant (FeSO. '7H20) to the f loccu la tor rather 

than to the f lash mixer should prec ip i ta te more 

of the carbonates. 

Sludge Filtration. - F i l t e r i ng the sludge from 

the bottom of the c la r i f ie r is d i f f i c u l t because 

the de-watered sludge is s l i c k and s l imy , due to 

the presence of a lgae, organic contaminants, and 

detergents that are dumped into the retent ion basin 

dur ing decontaminat ion operat ions. Pressur ized 

sludge f i l t r a t i on was demonstrated w i th a s ingle-

frame Eimco-Burwel l plate-and-frame pressure 

f i l te r . The f i l tered sludge cake was enclosed in 

a canvas f i l t e r bag completely contained w i th in 

the cav i ty formed by the frame and the two end 

plates in order to e l iminate the necess i ty of 

i ns ta l l i ng elaborate containment around the f i l t e r , 

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 p lates. Pressure f i l te rs us ing 

th is enclosed-bag method are not ava i lab le com

merc ia l l y ; addi t ional design and development work 

w i l l be necessary i f th is approach is used. 

An Ol iver rotary-drum vacuum f i l t e r was not 

su i table for processing the sludge. A smal l 

port ion of the sludge penetrated the precoated 

surface of diatomaceous ear th, forming an imper

v ious layer through which the ava i lab le pressure 

drop (25 -28 in . Hg) across the drum was insu f f i 

c ient to force water at an acceptable rate. 

Pressure f i l t ra t i on has advantages over vacuum 

f i l t r a t i on : better volume reduct ion, more compact 

cake; less aux i l ia ry equipment (vacuum pump, 

vacuum condensate receiver, condensate draw-off 

pump, and a var iable-speed dr ive mechanism); less 

maintenance and less at tent ion from operating 

personnel; absence of any ef fect from errat ic 

sludge composi t ion and feed rate; shorter pre-

coat ing t ime; and less waste of precoating ma

te r i a l . The disadvantages are the addi t ional 

containment required, the longer a i r -dry ing t ime 

necessary to ensure a f i rm, compact f i l t e r cake, 

and somewhat more d i f f i cu l t cleanup after cake 

removal. 
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Polishing-Fiiter Operation. — The c la r i f i e r ef

f luent is pumped through an anthraci te or sand 

f i l t e r for po l ish ing prior to entering the ion ex

change columns. Th is po l i sh ing f i l t e r not only 

removes co l lo ida l ca lc ium carbonate but a lso 

ass is ts in the prec ip i ta t ion of carbonates from 

the supersaturated stream, thereby decreasing the 

hardness from 70 to 10 ppm. In a l l runs the f i l t ra te 

was spark l ing c lear, w i th a turb id i ty of 1—2 ppm. 

There ore two f i l t e rs in pa ra l l e l , each w i th a 

33-in.-deep bed and a cross-sect ional area of 

3.14 f t , wh ich resul ts in a f low rate of 3.2 gal 

m i n " f t " at the design feed rate of 10 g a l / m i n . 

One f i l te r conta ins quartz sand (28—30 mesh) 

and the other anthraci te coal of an e f fec t ive s ize 

of 0.89 mm and a uni formity coef f i c ien t of 1.58. 

Al though sand gave an average f i l t ra te hardness 

of 5—6 ppm, compared w i th 8—14 for anthrac i te , it 

was more d i f f i cu l t to backwash, and accumulated 

carbonates could not be removed by s lowly back-

washing wi th 0.5 M H N O - . The anthrac i te , after 

the same on-stream service as the sand, was c lean 

and evenly d is t r ibuted after being backf lushed 

w i t h water, al though there was evidence of a 

C a C O j layer after 12 runs. The on-stream l i fe 

of the anthraci te f i l t e r ranged from 80 to 98 hr, 

wh ich is greater than the equiva lent of 2000 res in-

bed volumes, and it is regarded as a sat is fac tory 

f i l t e r for th is process. The two f i l te rs cost about 

the same. 

Process Improvement 

Prior to construct ion and operat ion of the 600-

ga l /h r p i lo t -p lan t un i t , a 60 - l i t e rs /h r semi-p i lo t 

model was operated through e ight f lowsheet 

cyc les to demonstrate the process w i th ORNL 

waste under continuous operat ing condi t ions and 

to ver i fy design data required in process scaleup. 

Decontaminat ion factors of at least 1000 from 

stront ium and 100 from ces ium, overal l e f f luent 

rad ioac t i v i t i es of <10% (MPC) , and overal l 

volume reduct ions of about 3000 were cons is ten t ly 

obta ined, ver i fy ing resul ts obtained in batch 

laboratory s tudies. 

R. R. Holcomb and J. T. Roberts, LowLevel Waste 
Treatment by Ion Exchange, II, Use of a Weak Acid, 
Carboxylic-Phenolic, Ion-Exchange Resm. ORNL-TM-5 
(Sept. 25, 1961). 

Laboratory Pilot-Plant Support 

The laboratory development program provided 

support for the p i lo t -p lant operation by prescr ib ing 

simple control analys is and rout ine makeup pro

cedures. A cont inuous-stream turbidimeter w i th 

a 0—5 or 0—25 ppm range on the c la r i f i e r overf low 

stream gave turb id i ty values w i th in ±1 ppm of 

those obtained by two other laboratory methods. 

A continuous total-hardness analyzer w i th 0 — 10 

ppm range, used to determine hardness in the 

ion exchange column e f f luents , could not be 

corrected to y ie ld quant i ta t ive resul ts because of 

the high pH of the ef f luent stream; however, a 

hardness breakthrough of > 5 ppm could be de

tected. Since calc ium breaks through before 

st ront ium, the detect ion of ca lc ium w i l l be useful 

in determining when to terminate a cyc le prior to 

stront ium breakthrough. 

The head-end or scavenging prec ip i ta t ion steps 

were studied ex tens ive ly in standard jar tests 

w i th ORNL tap water. Var ious treatments such 

as l ime, caus t i c , l ime-caust ic in var ious ra t ios , 

and each of these w i th var ious amounts of iron 

OS coagulant , were compared for the ef fects of 

f lash mixing t ime, f loccu la t ion t ime, and tempera

ture. The optimum procedure cal led for a combina

t ion of 0.01 M caust ic and 25 ppm lime at 24— 

26°C , producing a residual hardness of about 

15 ppm wi thout c l a r i f i ca t i on (Table 3.9). T r ia l 

of th is method in a continuous laboratory c la r i f i e r , 

inc lud ing the subst i tu t ion of 5% sludge rec i rcu la

t ion for the l ime addi t ion and adding 5 ppm of iron 

for f loe format ion, decreased the res idual hardness 

to less than 10 ppm wi th less than 1 min of f lash 

mix ing and -x-1 min of f l occu la t ion . Jar tests 

indicated that a f lash-mix ing t ime of 15—30 min 

w i l l at least halve th is residual hardness. A l 

though th is method was e f fec t ive w i th tap water 

i t was not as successful on ORNL low-ac t i v i t y 

waste that contained trace amounts of complexing 

agents. 

The laboratory s ludge-blanket set t ler w i th on 

inner cone was operated success fu l l y at 250 

m l /m in w i th a 10-min holdup in the inner-cone 

sludge b lanket . Th is represents an equipment-

size reduct ion of 10 to 20 over the present p i l o t 

plant c la r i f ie r equipment and would decrease the 

capi ta l cost of a fu l l - sca le plant correspondingly. 

Other Laboratory Studies. — BO-4 vermicu l i te 

was not promising as a subst i tu te exchanger in 

the scavenging—ion exchange process. Tests were 
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made in columns ( Z in . in inner diam and 6 in . 

high) at f low rates of 1 , 5, 15, and 50 m l / m i n . 

The f ine-mesh vermicul i te was preceded by a 

5-/X f i l t e r s ince i t was subject to p lugging, wh ich 

resul ted in high pressure drops and even complete 

stoppage. Cesium and stront ium breakthrough or 

leakage occurred at or prior to 1500 bed volumes 

in a l l cases except at a f low rate of 0.25 ml m i n " 

c m " . After 1500 bed volumes had passed through 

the vermicu l i te at th is low f low rate, an indicated 

stront ium decontaminat ion factor of 1000 was 

re ta ined. The very low f low rates w i th treated 

vermicu l i te make it unusable for low-ac t iv i t y waste 

treatment. 

Table 3.9. Comparison of Various Methods for 

Decreasing Hardness of ORNL Tap Water 

Residual Total Hardness 

Treatment _, -
With Fe'^ Without Fe-* 

Jar Tests Without Clarification at Room Temperature 

100 ppm Ca(0H)2 75-80 95-100 

0.01 M NoOH 60-65 50-55 

0.01 M NoOH and 50 ppm 35-40 20-25 

Ca(0H)2 

0.01 M NaOH and 25 ppm 30-35 13-15 

Ca(0H)2 

0.01 M NaOH and 25 ppm 35-40 

CaCOg 

Continuous Laboratory Clarifier 

0.01 M NoOH and sludge 8-13 

recirculation 

Total hardness in the tap water varied from an ex
treme high of 110 ppm to an extreme low of about 75 
ppm. The usual value was between 95 and 105 ppm. 

A Study to determine the f eas ib i l i t y of complete 

deminera l izat ion and recyc le of ORNL process 

waste was in i t i a ted . A strong-acid cat ion res in 

(TCD-1) reduced the concentrat ion of ca lc ium in 

ORNL tap water by a factor of 1000 at 750 bed 

volumes throughput. A weak-acid cat ion res in 

( lRC-50) reduced the ca lc ium concentrat ion i n i 

t i a l l y by a factor of 1000, but of only 3 at 1000 

bed volumes. A combinat ion of weak- and strong-

ac id resin in series gave a concentrat ion reduct ion 

of >1000 for ca lc ium up to ^ 2 0 0 0 bed volumes. 

Assuming that demineral ized water could be re

c i rcu la ted through a plant and that i t would regain 

only 10% of the in i t i a l hardness dur ing reuse, a 

mixture of weak- and strong-acid cat ion exchangers 

could operate for 20,000 bed volumes before re

quir ing regenerat ion. 

Comparative Design Study of Low-Activity 
Waste Treatment Processes 

Several processes for t reat ing ORNL process 

waste water were reviewed to determine the 

optimum technique for a plant to t reat the fu l l 

750,(X)0 ga l /day produced. Cr i te r ia adopted for 

es tab l i sh ing a sat is factory process are l is ted 

below. 
1. Ef f luent from the treatment process should 

contain no greater than the " e n v i r o n m e n t a l " 

(MPC) of rad ionuc l ides; the cont ro l l ing concen

t ra t ion for average ORNL low-ac t iv i t y waste i s , 

for Sr , 1 0 " ^c per cc of water. 

2. The process must be su f f i c ien t l y f l ex ib l e to 

handle a wide range of chemical composi t ions in 

the waste fed to i t and must not be ser ious ly 

affected by complexing and chelat ing agents 

commonly found in the waste. 

3. Capi ta l and operating costs of the treatment 

plant must be the lowest for ach iev ing the de

sired decontaminat ion. Processes reviewed in 

cluded expansion and process improvement of the 

ex is t ing l ime-soda treatment p lant , addi t ion of 

a second stage (vermicul i te adsorpt ion columns) 

to the l ime-soda p lant , evaporat ion, so i l adsorp

t i o n , and the scaveng ing-ca t ion exchange process 

wi th either n i t r ic ac id or HCI for resin regenera

t i on . The other processes were less e f f i c ien t 

than the scavenging—ion exchange process, either 

because of high costs (evaporation) or inadequate 

decontaminat ion and operat ing problems (improved 

l ime-soda or vermicu l i te ) . Soil adsorpt ion seems 

impract ical because of the very large area required 

for the volumes of water to be t reated. 

The scaveng ing -ca t ion exchange procedure of

fers the advantages of (1) volume reduct ion factors 

of 1500 to 2000 (raw waste feed to rad ioact ive 

ex i t streams); (2) decontaminat ion factors from 

stront ium of >2000 and from cesium of 300, both 

demonstrated repeatedly on actual waste ; (3) re la

t i ve l y low capi ta l investment required (about 

$500,000) and low operating costs (about 54 cents 
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per 1000 ga l ) ; (4) high probabi l i ty of automatic 

operat ion. The main disadvantage is that rather 

precise chemical adjustments are required at 

several po in ts , imposing more than ordinary care 

in operat ion. 

Design Projection of Scavenging—Ion Exchange 

Process to Full-Scale Plant 

A design proposal for a 750,000-gaI /day t reat

ment plant was projected from ear ly laboratory-

scale experiments w i th a 5 M HCI-regenerat ion 

scavenging—ion exchange f lowsheet ( F i g . 3.21), 

and est imates of cap i ta l investment and operating 

costs were based on th is pro jec t ion. A later cost 

study to determine any major di f ference between 

the HCI and HNO3 f lowsheets (F ig . 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 

t reat ing ORNL low-act iv i ty waste , the H N O , 

f lowsheet offers the at t ract ion of requi r ing standard 

reagents and materials of construct ion (s ta in less 

steels) that are compatible w i th ex is t ing equip

ment-decontamination methods. A l s o , th is f low

sheet might a l low s ign i f i can t savings by e l im i 

nat ing the regenerant-acid evaporator if the 

in termediate-act iv i ty waste evaporator current ly 

being designed for ORNL can be part ly assigned 

to handle th is stream. The dec is ion to e l iminate 

the smaller evaporator would be an admin is t ra t ive 

rather than a technical one, as i t must depend on 

the schedul ing of operations and a l loca t ion of 

costs for the in termediate-act iv i ty evaporator. 

The fu l l - sca le plant would be s imi lar to the 

p i l o t plant descr ibed in Sec 3.2 (P i lo t Plant 

Process Descr ip t ion) , except that a l l f lows would 

be about 50 times greater. The 750,000 ga l /day 

of process waste water would be fed from the 

present equa l iza t ion basin to a f lash mixer where 

394 ga l / day of 50% NaOH would be added by a 

metering pump contro l led by a pH meter to raise 

the pH to about 12 (approximately 0.01 Al NaOH). 

The f locculator could probably be e l im ina ted , in 

which case the ef f luent from the f lash mixer would 

go to a sludge-blanket c la r i f i e r . The 4700 ga l /day 

of sludge separated from the waste water in the 

c la r i f i e r would be pumped to an Eimco moving-

bel t f i l t e r , which would y ie ld 176 ga l /day of 

dewatered sludge cake for d isposal by bur ia l , 

tank storage, or ca l c in ing . An enclosed pressure 

f i l t e r might be subst i tuted for the moving-bel t 

sludge f i l t e r . 

Ef f luent from the c la r i f ie r would be pumped 

through a po l ish ing f i l te r (U.S. F i l t e r Co. " A u t o -

J e t " or s imi lar pressure leaf f i l te r ) to remove the 

last traces of so l i ds , g iv ing high decontaminat ion 

factors and prevent ing the p lugging of the ion 

exchange resin columns. Success w i th sand and 

anthraci te f i l t e rs in the p i lo t plant may indicate 

subst i tu t ion of these for the proposed precoated 

leaf f i l t e r . The po l i sh ing- f i l te r e f f luent passes 

downward through an ion-exchange column 4.5 f t 

in diameter, 16 f t h igh, conta in ing 117 ft (bed 

height , 7.6 ft) of phenolic resin (Duol i te C-3 for 

the HCI f lowsheet or CS-100 for the HNO3 f low

sheet). Two columns are proposed in order to 

provide for a 3.5-day cyc le (3 days loading and 

hal f a day for regenerat ing). Each loading can 

handle 1,313,000 gal of waste water or 300 g a l / m i n 

based on a 1500 bed-volume capac i ty for the 

res in . The >2000 bed-volume resin capac i ty 

demonstrated in the p i lo t plant i l l us t ra tes the 

conservat ive basis of the design pro ject ion and 

indicates that better volume reduct ion (smaller 

volumes of radioact ive ef f luents and so l ids) con 

be expected than ore shown on the f lowsheets . 

The pressure drop through each column is expected 

to be 37 ps ig . The unusual ly deep bed is used 

to achieve uniform f low d is t r ibu t ion and high 

ac t i v i t y removal. Cat ion rad ioac t i v i t y is removed 

from the waste by the res in , and the softened 

water from the column discharged to the creek. 

Regeneration of the resin by the sp l i t -e lu t ion 

method proceeds as fo l lows (as numbered in se

quence in F i g . 3.22): 

]a. Waste water remaining in the res in is d is 

placed to the equal iza t ion basin by passing 0.5 

bed volume (438 gal) of 0.5 N H N O , from a re-

cyc le -ac id storage tank upward through the column. 

]h. The f i r s t e lu t ion of contaminated sal ts and 

ac id is forced to a regenerant-acid evaporator feed 

tank by passing 4.5 bed volumes of 0.5 N H N O , 

upward through the column. 

2a. One-half bed volume of fresh 0.5 N HNO3 

is passed through the res in to d isp lace contami

nated ac id to the evaporator feed tank. 

2h. Then, 4.5 volumes of fresh 0.5 N HNO3 is 

passed through the column to the recyc le-ac id 

storage tank to complete the e lu t ion . 

3a. The acid remaining in the resin is d isp laced 

to the recycle storage tank by passing 0.5 vol of 

demineral ized water through the bed. 
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Fig. 3 . 2 1 . HCI Flowsheet. Scavenging-ion exchange process for low-activity waste treatment. 
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2h. The resin is r insed w i th 0.5 vol of demin
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bas in . 

4 . The resin is f i na l l y backwashed and restored 

to the sodium form by 20 bed volumes of 0.1 N 
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http://Ti.11
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In the HNO- flowsheet the regenerant acid is 
too dilute to make recovery for reuse worthwhile, 
and the condensate from the evaporation is sent 
to the equalization basin. The flowsheet lists 
only a 10-to-l volume reduction in the evaporation, 
but laboratory tests indicate that the volume re
duction may be 20 or 30 to 1 if the evaporation 
is made before the contaminated acid is neu
tralized for storage in the existing ORNL concrete 
tanks. In the HCI flowsheet the 5 N regenerant 
acid is too concentrated to discard; it is estimated 
that 90% of the HCI from the first elution step 
can be recovered by evaporation. The remaining 
10%, containing the radioactive salts removed 
from the waste plus inert solids in the solution, 
must be drained from the evaporator as bottoms 
and neutralized for storage in the concrete tanks. 

Cost Estimates for 750,000-gal/day Scavenging-
Ion Exchange Treatment Plant 

Capital and operating costs were estimated for 
a full-scale treatment plant for ORNL low-activity 
waste, based on the flowsheet projected by an 
engineering study from laboratory-scale experi
ments before pilot-plant data were available. The 
estimated capital costs, including all equipment 
installed, piping, instruments, electrical wiring, 
and a building to house all equipment except the 
sludge blanket precipitator (clarifier), were about 
$393,000 (Table 3.10). Engineering costs at 10% 
of this total and contingencies at 20% bring the 
estimate of capital costs to about $511,000. There 
appears to be no significant cost difference be
tween the HNO, and the HCI flowsheets unless 
the regenerant-acid evaporator can be eliminated 
from the HNO, flowsheet by use of the proposed 
stainless steel 600-gal/hr ORNL intermediate-
activity waste evaporator. The HCI flowsheet 
requires a separate regenerant-acid evaporator 
because of different materials of construction. 
Elimination of the 150-gal/hr evaporator, its con
densate catch tank, bottoms storage tank, con
tinuous neutralizer, and neutralized bottoms stor
age tank would reduce the capital cost of the 
low-activity waste-treatment plant to approximately 
$400,000, but some fraction of the capital cost 
of the intermediate-activity evaporator should be 
charged against the low-activity plant if the large 
evaporator processes regenerant acid. This charge 
could be a disadvantage to the low-activity waste 

treatment costs, as heavier shielding and other 
factors in the intermediate-activity-level evapo
rator design may impose a much higher capital 
cost per gallon of capacity than the small evapo
rator requires. 

Operating costs for a full-scale scavenging-ion 
exchange treatment plant (Table 3.11) were esti
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 uti l i t ies 
cost of 4 cents per 1000 gal could be decreased 
to 2 cents if the regenerant-acid evaporator is 
eliminated. The labor and supervision charge is 
based on 1.5 men per shift (part time for one man, 
with one supervisor operating the whole ORNL 
waste system) and includes plant overhead charge. 
The solid-waste removal cost is based on pack
aging the filter sludge in plastic-lined 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 ENGINEERING, ECONOMICS, AND HAZARDS 
EVALUATIONS 

A study was undertaken in cooperation with 
the ORNL Health Physics Division to evaluate 
the economics and hazards associated with al
ternative methods for the ultimate disposal of 
highly radioactive liquid and solid wastes. Al l 
steps between fuel processing and ultimate stor
age wi l l be considered, and the study should 
define an optimal combination of operations for 
each disposal method and indicate the most prom
ising methods for experimental study. 

A 6-tonne/day fuel processing plant is assumed, 
processing 1500 tonnes/year of uranium converter 
fuel at a burnup of 10,000 Mwd/tonne, and 270 
tonnes/year of thorium converter fuel at a burnup 
of 20,000 Mwd/tonne. This hypothetical plant 
would process all the fuel from a 15,000-Mw^ 
nuclear economy, which may be in existence by 
1975. The preliminary operations to be evaluated 
are interim liquid storage, conversion to solids 
by pot calcination, interim storage of solids in 
pots, and shipment of calcined solids. The 
ultimate disposal methods to be evaluated include 
the storing of calcined solids in salt deposits. 
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Tab le 3.10. Estimated Capital Costs for 750,000-gal /day Scavenging—Ion Exchange 

Low-Activi ty Waste Treatment Plant 

Iter 
Cost of 

Equipment 

$25,000 

2,500 

Cost of 

Instal lotion 

$ 9,200 

Total 

Cost 

Sludge-blanket p rec ip i ta tor (29-ft d iam, 15-ft height) and 

water meter 

Automat ic chemica l feeders and blowdown 

Concrete pad 

F lash mixer 

Po l i sh ing f i l t e r , 250 f t ^ (U.S. F i l t e r Co.) 

E imcobel t vacuum f i l t e r 

Vacuum rece iver , wet vacuum pump, f i l t r a te pump 

4000-gal carbon s tee l storage tank for 50% NaOH, 9 ft 

h igh , 9 ft in diam 

2 ion exchange co lumns, 16 ft h igh , 4.5 f t in d iam, 

Saran l ined 

3 3 
234 f t of Duo l i te C-3 res in for columns at $22 per f t 

IX automat ic cont ro ls and va lves 

10,000-gal recyc le storage tank, 12 ft h igh , 12 ft in 

d iam, Saran l ined 

10,000-gal evaporator feed tank, 12 f t h igh , 12 ft in 

d iam, Saran l ined 

Cont inuous evaporator , package un i t , 150 g a l / h r ra t ing 

5000-gal condensate catch tank, 10.5 ft h igh , 9 ft in 

d iam, Saran l ined 

5000-gal butt-up tank , 10.5 ft h igh , 9 f t in d iam, Saran 

l ined 

2000-gal HCI storage tank, 7 f t h igh , 7 ft in d iam, Saran 

l ined 

1600-gal neut ra l ized-bot toms storoge tank, 6.5 ft h igh , 

6.5 ft in d iam, Saran l ined 

1250-gal bot toms-storage tank , 6 f t h i g h , 6 ft in d iam, 

Saran l ined 

Cont inuous neut ra l i zer 

P ip ing 

Inst rumentat ion 

E l e c t r i c a l w i r i ng 

B u i l d i n g , 52 f t long, 44 ft w i de , 24 ft h igh (55,000 f t '^) , 

at $2 per cubic foot 

To ta l 

500 

17,000 

7,000 

1,200 

3,300 

9,600 

5,150 

3,600 

( insta Med) 

11,000 

11,000 

50,000 

7,500 

7,500 

5,000 

4,000 

3,700 

4,000 

9,200 

1,200 

200 

1,000 

$ 37,900 

700 

18,000 

2,500 

700 

10,700 

4,000 

36,000 

$78,600 

500 

1,500 

1,500 

20,000 

1,000 

1,000 

600 

600 

500 

1,000 

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 

110,000 

$39,300 $392,950 
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Table 3.11. Scavenging—Ion Exchange Process: 
Operating Costs for 750,000-gal/day Treatment Plant 

Cost per 1000 gol 

of Feed (cents) 

Chemicals, fi l ter aid and resin 20 

Uti l i t ies (steam, electric power, 4 

and water) 

Labor and supervision 17 

Solid waste removal and burial 4 

Maintenance (5% per yr of init ial 9 
capital cost) 

Total 54 

in vau l t s , and in ver t ica l shaf ts , and l iqu ids in 

sa l t depos i ts , in porous geologic formations by 

deep-wel l i n jec t ion , in impermeable formations 

by hydrofracture, and in tanks. 

A cost study of interim l iquid storage was com

pleted for the storage of ac id Purex (50 ga l / tonne 

of uranium processed), neutral ized Purex (60 

ga l / tonne) , ac id convent ional Thorex (400 g a l / 

tonne), and neutral ized Thorex (640 ga l / tonne) 

wastes. For storage t imes of 0.5 to 30 years, 

costs ranged from 2.0 x 1 0 " ^ to 9.3 x 1 0 " ^ 

m i l l / k w h for storage of ac id wastes and from 

1.5 X 1 0 " - ' to 4.7 X 1 0 - ^ m i l l / k w h for a l ka l ine 

wastes . Detai ls are given elsewhere. 

A cost study on the conversion of h igh-ac t i v i t y 

solut ions to sol ids by pot ca lc ina t ion was com

ple ted. Costs were calculated for processing 

Purex and Thorex wastes in ac id and reac id i f ied 

(after a lka l ine storage) forms and for producing 

Thorex glass from acid wastes . Ca lc ina t ion -

vessel designs provided for r ight c i rcu lar cy l inders 

s imi lar to those used in the engineer ing develop

ment s tud ies . The vessels studied were 6, 12, 

and 24 in . in diameter, made of sched-40 type 347 

sta in less steel p ipe, 10 ft h igh . Vesse l cos ts , 

based on est imates from pr ivate industry, were 

$500, $855, and $2515. Costs were ca lcu la ted 

for wastes decayed 120 days and 1, 3, 10, and 

30 years after reactor discharge prior to ca lc ina

t i on . Ag ing had negl ig ib le ef fect on costs for 

R. L. Bradshow et aU, Evaluation of Ultimate Dis
posal Methods for Liquid and Solid Radioactive Wastes, 
I. Interim Liquid Storage. ORNL-3128 (Aug. 7, 1961). 

processing in a given vessel s ize because vessel 

and operat ing costs were much higher than cap i ta l 

costs in a l l cases. Aging permits larger vesse ls 

to be used, however, and costs for processing in 

6- in.-diam vessels were 2 to 3 t imes as high as 

for processing in 24- in . -d iamvesse ls . 

The lowest cost was 0.87 x 1 0 " ^ m i l l / k w h ^ for 

processing ac id Purex and Thorex wastes in 24-

in.-diam vesse ls , and the highest was 5.0 x 1 0 " 

m i l l / k w h for processing reac id i f ied Purex and 

Thorex wastes in 6- in.-diam vessels (Table 3.12). 

About 7 years of interim l iqu id storage would be 

required before acid Purex waste could be proc

essed in 24- in.-diam vesse ls . Deta i ls of th is 

study are given elsewhere. 

Shipping costs for ca lc ined so l ids were ca lcu

la ted, assuming cy l i nd r i ca l carr iers of i ron, lead, 

and uranium, w i th an inside diameter of 5 f t . The 

vessels conta in ing the ca lc ined so l ids are the 

6-, 12-, and 24-in.-diam cy l inders used for pot ca l 

c ina t ion . Carr iers would contain th i r t y -s i x 6- in . -

diam vesse ls , nine 12-in.-diam vesse ls , or four 

24-in.-diam vesse ls . 

A minimum age for each waste before sh ipping 

is necessary because the temperature of the waste 

must not be a l lowed to r ise above the maximum 

ca lc ina t ion temperatures and because the tempera

ture of the lead (for the case of lead carr iers) must 

not approach i ts melt ing point . The carr iers are 

a i r - f i l l ed and have no mechanical coo l ing equip

ment. Minimum ages for shipping in 6- and 24-

in.-diam cy l inders were 2.4 and 11 years for ac id 

Purex, 1.0 and 3.0 years for reac id i f ied Purex, 

0.66 and 3.4 years for acid Thorex, 0.33 and 0.82 

year for reac id i f ied Thorex, and 0.33 year for ac id 

Thorex glass in 6-in.-diam cy l inders . 

Weights and costs for carr iers at minimum ages 

were about 100 tons and $50,000 for iron car r ie rs , 

80 tons and $120,000 for lead car r ie rs , and 65 tons 

and $650,000 for uranium carr iers. The shipping 

costs ca lcu la ted for round-tr ip d is tances of 1000, 

2000, and 3000 miles were the sums of carr ier , 

ra i l f re ight , and handl ing charges. Shipping costs 

were lowest in a l l coses for lead car r ie rs , but 

in some cases the use of lead carr iers required 

higher minimum ages. At 1000 miles the use of 

iron carr iers costs less than that of uranium 

J. J . Perono et al.. Evaluation of Ultimate Disposal 
Methods for Liquid and Solid Radioactive Wastes. II, 
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 Sizes 

Waste Type 

To ta l Process ing Cost ( m i l l s / k w h 

6- in . -d iam Vesse l s 12- in.-d iam Vesse ls 24- in . -d iam Vesse ls 

Ac id Purex —acid Thorex 

Ac id Purex —acid Thorex g lass 

Ac id Purex —reacid i f ied Thorex 

Reac id i f i ed Purex —acid Thorex 

Reac id i f i ed Purex—acid Thorex 

g lass 

Reac id i f i ed Purex —reac id i f ied 

Thorex 

1.6 X 10" 

2.2 

3.8 

2.8 

3.4 

5.0 

0.98 X 10 ' 

1.9 

1.5 

2.4 

0.87 x 10" 

1.5 

1.2 

1.9 

carr ie rs , but at 3000 miles the cost of uranium 

carr iers is less than that of iron carr iers and 

approaches that of lead carr iers (F igs . 3.23 and 

3.24). Costs for lead carr iers range from 0.70 x 

10~ m i l l / k w h for ac id Purex in four 24- in.-diam 
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Fig. 3.23. Shipping Costs for Carriers Containing 

Thirty-six 6-in.-diam Cylinders or Nine 12-in.-diam 

Cylinders of Calcined Wastes. 

cy l inders per carr ier at 1000 miles to 32.3 x 10 

m i l l / k w h for reac id i f ied Thorex in smaller c y l 

inders at^3000 miles (Table 3.13). 

Tentat ive costs were ca lcu la ted for storage of 

cy l inders of ca lc ined waste buried in a ver t ica l 

pos i t ion in the f loors of rooms in salt mines. The 

distance between the ver t i ca l axes of the cy l inders 

is determined by the need for d iss ipa t ing the heat 

of f i ss ion product decay wi thout exceeding the 

ca lc ina t ion temperature in the cy l inders or a 

temperature of 200°C in the sa l t . Ac id Purex 

waste requires the largest spac ing, ranging from 

20 ft at 2.3 years to 11 f t at 30 years for 6- in.-diam 

cy l inders ; from 36 ft at 5.5 years to 23 f t at 30 

(x10-=>) 
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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-ft-ID Lead Carriers as a Function of Round-Trip-Distance Costs 

Waste Type 

Cost (mil ls/kwh ) 

Thirty-Six 6-in.-diam Cylinders per 

Carrier or Nine 12-in.-diam Cylinders 

per Carrier 

1000 Mil 2000 Miles 3000 Miles 

Four 24-in.-diam Cylinders per Carrier 

1000 Miles 2000 Miles 3000 Miles 

Acid Purex 

Reacidified Purex f i l led 

twice 

Acid Thorex 

Acid Thorex glass (6-in. 

cylinders only) 

1 .23x10"^ 2 . 0 2 x 1 0 " ^ 2 . 8 0 x 1 0 " ^ 0 . 6 4 x 1 0 " ^ 1.00x10""^ 1 .35x10 "^ 

2.90 

4.83 

Reacidified Thorex f i l led 13.3 

twice 

6.09 

4.86 

10.7 

6.83 

15.0 

1.55 2.58 3.76 

8.12 

22.5 

11.8 

32.2 

3.00 

7.29 

4.83 

12.2 

6.69 

17.1 

UNCLASSIFIED 
ORNL-LR-DWG 67287 

2 5 
WASTE AGE AT BURIAL (years) 

30 

Fig. 3.25. Mined-Space Requirements in Salt Mines for Calcined Wastes in 12-in.-diam Cylinders Buried in 

Vertical Arrays. 

years for 12-in.-diam cy l inders ; and 56 f t at 30 

years for 24-in.-diam cy l inders . Corresponding 

areas of mined space range from about 20 to 2 

acres/year . As an example, mined-space require

ments for the d isposal of 12-in.-diam vessels are 

plot ted in F i g . 3.25 as a funct ion of waste age. 

Space requirements were a lso ca lcu la ted for stor

age above the floor of rooms in a sa l t mine and 

were roughly the' same as for bur ia l in arrays in 

the f loor. Space requirements for storage as 
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l iqu ids were about 2.3 t imes as large, owing 

pr imar i ly to the lower l im i t ing temperatures. 

In the conceptual design of the d isposal opera

t i on , the waste-container shipping cask is re

moved from a ra i l car and carr ied into a hot c e l l , 

which encloses the top of the waste shaft. The 

containers are then unloaded into a storage area 

from wh ich they are removed for lowering down 

the shaft into a motorized carrier at the work ing 

level of the mine. The carr ier moves out to the 

d isposal area, lowers the container into a hole 

in the f loor, and back f i l l s the hole w i th f ine 

crushed sa l t . Concurrent ly , sa l t is being mined 

in another corr idor. A one-mile-square area is 

assumed to be served by a waste shaft . The 

operations w i l l be conducted on one quadrant of 

the mine at a t ime, completely i so la t ing the sa l t 

mining from the disposal operat ions. D isposa l -

operations personnel and equipment w i l l use the 

mining shaft for entering and leav ing, however. 

Ven t i l a t i ng air w i l l come down a compartment 

in the mining shaft , w i th a port ion being sp l i t off 

into the d isposal tunnel . The d isposal- tunnel 

air w i l l t ravel completely around the quadrant and 

ex i t up the waste shaft . The air w i l l be drawn 

from the shaft , through the hot c e l l , through an 

absolute f i l t e r , and up a 200-f t-high stack. In 

order that ven t i la t ing air w i l l never pass a f i l l ed 

storage area before i t reaches the current work ing 

area, d isposal operations w i l l start at the most 

remote point and work back toward the shaft . The 

cr i te r ia for i so la t ion and ven t i la t ion require that 

a double tunnel be dr iven completely around the 

quadrant and that the rooms on the outs ide of 

the peripheral tunnel be excavated before d isposal 

operations star t . 

Cost f igures were ca lcu la ted for d isposa l at a 

depth of 1000 ft for two condi t ions of s t a b i l i t y , 

one w i th very small s t ructural f low and 2.5% 

dimensional c losure due to thermal f l ow, and one 

w i th considerable structural f low and 100% thermal 

c losure of the rooms. These f igures for typ ica l 

waste combinat ions are shown in Tab le 3.14 for 

waste ages at 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 ent i re square mile (8.5 years for 1-year 

cool ing wi th 2.5% closure to 89 years for 30-year 

coo l ing w i th 100% closure) . 

To ta l costs ranged from 6 x l O " m i l l / k w h for 

100% room closure w i th 30-year-cooled wastes to 

30 x 10~ m i l l / k w h for 1-year coo l ing and 2.5% 

c losure. Sixty to e ighty- f ive percent of the costs 

were for sa l t removal , ind icat ing that i t is im

portant to have more accurate f igures for th is 

operat ion. 

Table 3.14. Costs of Ultimate Storage of Calcined Wastes in Salt at a Depth of 1000 ft 

Age of Waste 

(yr) 
Type of Waste 

Diameter of Cy l inder 

( in . ) 

Cost ( m i l l s / k w h ) 

2.5% Closure 100% Closure 

Reac id i f i ed Purex 

Ac id Thorex 

3.06 X 1 0 " ^ 1.60 X 1 0 " ^ 

A c i d Purex 

Ac id Thorex 

6 

12 

1.54 0.84 

10 Reac id i f i ed Purex 

f i l ied tw i ce 

Ac id Thorex 

12 

12 

1.25 0.70 

3 0 Ac id Purex 

A c i d Thorex 

12 

24 

1.00 0.60 
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4. Solvent Extraction Technology 

New solvent extraction agents are being de
veloped for wider application of solvent extrac
tion technology, particularly in 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 uranium by cation or anion exchange 
offer a new technology in which the principles of 
ion exchange are used on a liquid-liquid basis 
with the inherent engineering advantages of liquid-
liquid systems. Extraction, by this and other 
mechanisms, of a large number of metals from a 
wide variety of different aqueous compositions is 
possible if extraction properties are controlled by 
the appropriate choice of reagent structure. A 
systematic experimental survey is in progress to 
explore their ut i l i ty in fuel processing, waste 
treatment, fission 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 in progress, and reagents 
intended for use with highly radioactive solutions 
are being examined for radiation stability and 
methods of removing deleterious degradation 
products. 

Information already obtained about extractants 
containing different functional groups also suggests 
uti l i ty outside the field of liquid-liquid extraction. 
Some of the functional groups may be used 
profitably in ion exchange resins or in the " l iqu id 
ge l " technique in which the solvents are held in 
beads of microporous plastics. 

4.1 FINAL CYCLE PLUTONIUM RECOVERY 
BY AMINE EXTRACTION 

The chemical flowsheet proposed, ' for purif i
cation of 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 continuous countercurrent runs. Plutonium 
distributions were as predicted, with satisfactory 
recoveries and concentration factors, and physical 
performance was excellent, but decontamination 
factors from the actual Purex solutions were much 
lower than expected and lower than required for an 
acceptable plutonium product. Decontamination is 
being studied further. 

Batch Countercurrent Tests 

Plutonium distributions under various extraction, 
scrubbing, and stripping conditions (Table 4.1) 
and the physical performance of the system were 
checked at full plutonium concentration levels, in 
a bank of stirred separatory funnels, with Alamine 
304 (trilaurylamine, TLA) in diethylbenzene as the 
extractont. The plutonium profiles agreed well 
with the predicted extraction isotherms (Fig. 4.1). 
Plutonium refluxing was negligible when 6 M HNO, 
was used for scrubbing and was measurable, but 
less than predicted from the distribution coeffi
cients, when 0.5 M HNO, was used. This suggests 
somewhat slow reequilibration of 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 extractont. 

Zirconium-95-niobium-95 tracer (~60% Nb-40% 
Zr y activity) added to the feed solution at '^10 
gamma counts min~^ m l ~ ' , the highest level 

Chem, Technol, Div. Ann, Progr. Rept, May 31, 
1961, ORNL-3153, p 105. 

2 
Co F. Coleman, Final Cycle Plutonium Recovery by 

Amine Extraction. ORNL CF-61-5-74 (May 24, 1961). 
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Table 4 . 1 . Flowsheet Conditions in Batch Countercurrent Tests of Plutonium Purif ication Cycle 

EXTRACTANT 
I 
I 

SIMULATED 
FEED SCRUB STRIP 

H NaNO-

EXTRACTION 4 STAGES SCRUBBING 6 STAGES STRIPPING 6 STAGES 

RAFFINATE PRODUCT STRIPPED 
EXTRACTANT 

Stream Re la t i ve Volume Compos i t ion 

Ex t rac ton t 

Feed 

Scrub 

Strip 

5, 15 

60 

3, 6 

3 , 4 

0 . 1 , 0 .16, 0.3 M T L A in d ie thy lbenzene 

1 g P u / l i t e r , ' ^ 1 . 5 M HNO3, 0.2 M NoNO^ ( i n i t i a l ) 

0.25, 0.5, 6 M HNO3 

2, 3, 4 M CH3COOH 

considered completely safe in the unshielded 
glove boxes used, could not be distinguished from 
background gamma in the product. This indicated 
a decontamination factor of 10 , and radiochemical 
analyses indicated decontamination factors of the 
order of 10 each from zirconium and niobium. 

Continuous Countercurrent Tests 

In processing of Purex IBP solution, physical 
operation of KAPL Mini mixer-settlers was 
excellent. Run samples and the limited profile 
samples obtainable indicated consistency with the 
batch tests. The indicated efficiency of the ex
traction mixer-settlers was close to 50%, in agree
ment with experience in other extraction systems. 
Flowsheet conditions (Table 4.2) were varied 
within the ranges checked in the batch tests, with 
feed point varied to divide the 16-stage A-bank 
into either 5 extraction and 11 scrub or 9 ex
traction and 7 scrub stages. 

Gamma decontamination factors were only 100— 
500 (Table 4.3), much lower than expected and than 
needed for plutonium purification. The number of 
scrub stages was the only variable of those tested 
that had an unquestionable affect on decontami
nation from zirconium-niobium. Decontamination 

Plan t so lu t i on obtained through the coopera t ion of 
H. Co Rathvon, H A P O , and E. M. Shank, O R N L . 

was not improved by decreasing the amine concen
tration, which suggests that a small fraction, 
perhaps 0.5%, of the zirconium-niobium was in a 
form that was completely extracted by the 0.16 M 
amine (and might have been completely extracted 
at a st i l l lower concentration). This fraction of 
amine-extractable species might have been present 
in the dissolver solution in small but persistent 
(metastable) amounts and concentrated into the 
IBP, or it may have been formed either during 
Purex processing by complexing with organic 
degradation products of the TBP or diluent or 
slowly during the time (6 and 11 weeks) between 
withdrawal and use of the samples. 

Decontamination from ruthenium was higher from 
feed TLA-3 than from feed TLA-2, presumably due 
to a difference in the ruthenium species or com
plexing agents present. This effect was larger 
than any that may have resulted from changing the 
extractont concentration or scrub acidity. 

Cold Engineering Tests 

In cold engineering tests in both pulsed columns 
and mixer-settlers, flooding was measured with 
feed containing 1.5 M nitric acid, scrub 0.5 M 
HNO3, solvent 0.3 M Alamine 304, strip 2 M acetic 
acid, and solvent regeneration 1 M sodium car
bonate at flow ratios of 100/10/25/5/7.5. Eff i
ciency was measured with uranium as a stand-in 
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Fig. 4 . 1 . Profile and McCobe-Thiele Diagram for Plutonium Purif ication Cycle. Batch countercurrent run 2C 

w i t h s imulated I B P feed ; 0.155 M T L A in d ie thy lbenzene , 0.5 M HNO3 scrub, and 3 M CH3COOH s t r i p ; volume 

ra t i os , 6 0 / 1 5 / 6 / 3 . Po in ts in parentheses from mater ia l ba lance. 

for plutonium, and the salting and stripping agents 
were adjusted to maintain the same flow ratio as 
the plutonium flowsheet. The solvent was treated 
for recycle by contacting with 1 M sodium car
bonate. 

The flow capacity of a 2-in.-diam-glass pulsed 
extraction-scrub column, containing sieve plates 
(0.125-in.-diam holes, 23% free area, 2-in. spacing) 
with the interface at the top of the column, ranged 
from 1200 to >2400 gal f t - ^ hr-^ as the pulse 
frequency was decreased from 90 to 50 cpm at 
1-in. amplitude (Fig. 4,2). A nozzle plate (0,125-
in.-diam holes, 10% free area, 2-in. spacing) 
column, with the interface at the bottom, had flow 

capacities about half these values. The flow 
capacity for stripping and solvent treatment was 
nearly the same for each column and ranged from 
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 flow 
capacity of equal-diameter columns at constant 
pulse frequency match the relative flow require
ments for extraction, strip, and solvent treatment. 

The stage efficiency of pulsed columns was 
measured with uranium as a stand-in for plutonium 
and the salting and stripping agents adjusted to 
maintain the same flow ratio as the plutonium 
flowsheet. The HETS for uranium extraction was 
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EXTRACTANT 
(AX) 

I 
1 

Table 4.2. Flowsheet Conditions in Continuous Countercurrent Tests of Plutonium Purification Cycle 

SCRUB (AS) STRIP (BX) 
PUREX IBP 
FEED(AF) 

NaNO-

EXTRACTION 5 - 9 STAGES 

RAFFINATE 
(AW) 

SCRUBBING 11-7 STAGES 
(AP) 

STRIPPING 15 STAGES 

PRODUCT 
(BP) 

I 

t 
STRIPPED 

EXTRACTANT 
(BW) 

Streon Nominal Flow 

(ml/min) 
Composition 

Extractont 

Feed 

Scrub 

Strip 

0.74 

2.96 

0.29 

0.29 

0.16, 0.2 M TLA in diethylbenzene 

Purex IBP, 'X.3 M HNO3, 0.1 M NoNOj ( init ial) 

0.5, 5 M HNO3 

3, 4 M CH3COOH 

Table 4.3. Decontamination Factors in Continuous Countercurrent Tests of Plutonium Purification Cycle 

Run 

No. 

2a 

2b 

2c 

3a 

3b 

Gross y 

(counts m in " ml~ 

1.91 X 10^ 

2,90 X 10^ 

TLA 

(M) 

0.198 

0.198 

0.16 

0.16 

0.16 

Scrub" HNO3 

(M) 

0.5 

0.5 

0.5 

0.5 

5 

Extraction 

Stages 

5 

9 

9 

9 

5 

Scrub 

Stages 

11 

7 

7 

7 

11 

Feed 

Gross 

500 

135 

135 

200 

470 

y 

to Product 

Zr -Nby 

500 

135 

135 

240 

440 

D F. 

Ru y 

160 

100 

135 

500 

750 

Plutonium stripped with 3 M CH3COOH after 0.5 M HNO3 scrub and with 4 M CH3COOH after 5 M HNO3 scrub. 

4.2 ft at 70 cpm and 6.6 ft at 50 cpm in the s ieve-

plate column and 4.2 ft at 70 cpm in the nozz le-

plate column. HETS values for uranium str ipping 

decreased from 9.8 ft at 50 cpm to 3.2 ft at 90 cpm 

in the s ieve-plate column and was 3.0 ft at 50 cpm 

in the nozzle-p late column. 

The f low capaci ty of a pump-type mixer-set t ler 

for the amine-plutonium f lowsheet was a funct ion 

of mixer speed ( F i g . 4.3). At low speeds f looding 

was caused by insuf f i c ien t pumping of the aqueous 

interstage stream, and at high speeds the capaci ty 

was l imi ted by f looding of the dispers ion out of the 

set t le rs . The maximum f low capaci ty was 3.85 gal 

m in~ f t~ at 1600 rpm for ext ract ion, 1.71 gal 

m i n " f t~ at 1200 rpm for s t r ipp ing, and 1.85 gal 

min~ f t " at 1400 rpm for solvent t reatment. In 
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equal-size mixer-settler units the flow capacity of 
the extraction section limits the production 
capacity of the plant. 

The stage efficiency 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 efficiency for extraction 
was 50%, and for stripping, efficiency was only 
30-40%. This difficulty was caused by not being 
able to balance the mixer speed required for 
adequate mixing and pumping. At the high speed 
required for good individual mixer efficiency, 
backmixing, due to either too much aqueous 
pumping or flooding of the settlers, lowered the 
overall efficiency. The low efficiency is not 

believed to be characteristic of the flowsheet, and 
other types of mixer-settlers would assuredly give 
better performance since satisfactory stage heights 
were obtained in pulsed columns and batch mixer-
rate tests demonstrated rapid transfer. 

Acetic Acid Stripping 

The possibility of eliminating acetic acid from 
the plutonium product solution in the above flow
sheet by dist i l lat ion^ is st i l l being tested. 
Measurements of liquid-vapor equilibria in a 
modified Gilespie st i l l confirmed the higher 
volati l i ty of acetic acid than that of nitric over 
the range of aqueous solutions concerned, at least 
in the absence of metal ions. Figure 4.4 shows 
equilibrium acidities resulting from total initial 
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Fig. 4.4. Vapor-Liquid Phase Equil ibria of Acetic Acid—Nitric Acid —Water Mixture. 

acidities of 4 and 0.5 M; the curves at intermediate 
acidities ore similar. Data from a modified Wiley-
Harder st i l l were in good agreement. 

4.2 EXTRACTION OF RARE EARTHS BY 
TERTIARY AMINES FROM CHLORIDE 

SOLUTIONS 

The proposed method for separating trans-
plutoniums from lonthanides, by extraction with 
tertiary amines, from lithium chloride solutions 
was studied with respect to separating lonthanides, 
yttrium, and scandium. Yttrium was less ex-
tractable than any of the lonthanides under oil 

R. D. Baybarz and B. Weaver, Separation of Trans-
plutoniums from Lanthanides by Tertiary Amine Ex
traction, ORNL-3185 (Dec. 4, 1961). 

conditions tested, and separation of it from the 
lonthanides by a single-cycle multistage extraction 
process appears feasible. It is certain that yttrium 
wil l be separated even more completely than the 
lanthanides from the transplutonium elements. 

The order of extroctability of the lanthanides 
and their differences from yttrium varied with 
the composition of the amine, diluent, and 
aqueous solution (Fig. 4.5). In extractions from 
11 N LiCI—0.01 N HCI, maximum extraction was 
near the middle of the lanthanide series. From 
8 N L i C l - 2 N AICI3, the heaviest elements were 
usually the most extractable. Extraction of yttrium 
and the lanthanides was proportional to approxi
mately the square of the amine concentration in 
aromatic hydrocarbons, either pure or modified by 
tridecyl alcohol in constant ratio to 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. Tertiary Amine Extraction of Lanthanides 

Compared with Yttrium. 

the chloride concentration under various con
ditions. In extractions by tri-iso-octylamine in 
diisopropylbenzene, extractability of europium was 
proportional to the 24th power of the lithium 
chloride concentration, compared with the I6th 
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 at high chloride 
concentrations. Scandium extraction varied greatly 
with amine composition and was higher from 8 N 
L iC I -2 n AICI3 than from LiCI-0.01 N HCI 
solutions, the reverse of the behavior of yttrium, 
the lanthanides, and the transplutoniums. 

4.3 METAL NITRATE EXTRACTION 
BY AMINES^ 

The study of amine extraction characteristics of 
fission- and corrosion-product metals of interest in 

So, 0.8 M ALAMINE 3 3 6 - D I P B 

Eu, 0.8 M T IOA-D IPB 

Eu, 0 .8 M ALAMINE 3 3 6 - D I P B 

Y , 0 . 8 M T I O A - D I P B 
Y, O.QM ALAMINE 3 3 6 - D I P B 

0.004 
9 10 i1 

LiCI CONCENTRATION (/V) 

Fig, 4,6. Extraction Dependence on L iC I Concentra

tion. Initial H C I , 0,01 N. 

nitrate solutions was concentrated principally on 
extraction of the nitro and nitrato nitrosyl ruthenium 
complexes by trilaurylamine (TLA, Eastman 
No. 7727).* As anticipated from reported experi
ence in other extraction systems, ruthenium extrac
tion varied markedly both with the age of the aque
ous solution, measured from time of dissolution of 
RuNO(N03)3.2H20 or RuNO(N02)20H.2H20, and 
with contact time in extraction (Figs. AJ and 4.8). 
Two-minute extractions of the nitrato complexes 
from < l . 5 M HNO, and of the nitro complexes at 
all acidities tested were lower from month-old 

Work done by the Department of Nuclear Engineering, 
MIT , under subcontract. 

E, A. Mason and R, E. Skavdahl, "Equi l ibr ium Ex
traction Characteristics of Alkyl Amines and Nuclear 
Fuels Metals in Nitrate Systems," Progr, Rept. X, 
July 1-Dec. 31, 1961. Subcontract 1327, M ITNE-14 . 
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solutions than from fresh (1-2 hr) solutions, but 
24-hr extractions from the month-old solutions were 
higher. Extraction coefficients varied with the 
1 to 1.5 power of the amine concentration, and 
those of the nitro complexes with about the 1.2 
power of the final aqueous ruthenium concentration. 

In the presence of sodium nitrate, which was 
used to maintain the total aqueous nitrate concen
tration at '^6 M, extractions of the nitrato com
plexes were similar to those in Fig. 4.7 at high 
acidities but rose with decreasing acidity down 
to an acidity of <0.5 M HNO3, instead of leveling 
off and dropping at <3 M HNO3 as when no salt 
was present. The effect of sodium nitrate on ex
traction of the nitro complexes was less marked, 
giving curves approximately parallel 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 nitric acid extracted by the amine 
nitrate solution (presumably a direct function of 
the aqueous nitric acid activity) than with the 
aqueous nitric acid concentration. 

Work now reaching completion, with both spectro-
photometric measurements and distribution meas
urements at various ruthenium loading levels, 
promises to give a complete differentiation of the 
nitrato complexes and evaluation of their separate 
extraction coefficients. The results indicate that 
the tetra- and penta-nitrato complexes ore the most 
omine-extractable ones of this series, and suggest 
that they are extracted as un-ionized nitrato acids 
rather than as anions. 
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4.4 METAL CHLORIDE EXTRACTION 
BY AMINES 

Extraction of iron(lll) from hydrochloric acid and 
chloride salt solutions with typical primary, 
secondary, tertiary, and quaternary amines was 
studied preliminary to a larger program surveying 
extraction of many metals in these systems. In 
tests with a secondary amine, Amberlite LA-1, 
iron extraction coefficients were several times 
higher in diethylbenzene than in Amsco 125-82-
alcohol diluent, and higher from LiCI solutions 
than from solutions of other chloride salts. With 
all amine types, extraction of iron increased with 
an increase in chloride concentration (Fig. 4.9). 
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0,2 M HCI and {b) H C I . Contact : 10 min at 1/1 phase 

ra t io . 

The extraction power varied in the order Aliquot 
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 applicability of 
sterically hindered tertiary amines for solvent 
extraction recovery of sulfuric acid from Sulfex 
process waste. Removal of the acid for recycle 

would significantly decrease the volume of waste 
from the Sulfex process. 

The acid extraction abil ity of the long-chain 
alkyl amines has been known for many years, but 
their use as acid recovery agents has been dis
couraged by the difficulty of recovering the ex
tracted acid from the solvent. It was found 
recently, however, that tertiary amines with alkyl 
branching close to the nitrogen are sufficiently 
weak bases that they can be stripped efficiently 
with water. Excessive branching cannot be 
tolerated since the amine is then too weak a base 
to give acceptable performance in the extraction 
cycle. Of the compounds tested, results were best 
with tri(2-ethylhexyl)amine, di(2-ethylhexyl)hexyl-
omine, and N-benzyldi(2-ethylhexyl)amine, the last 
seeming to represent the best compromise between 
extraction abil ity and ease of stripping. Isotherms 
for extraction of acid from simulated Sulfex waste 
with the latter two compounds showed that >90% 
recovery of acid could be obtained in 3—4 ideal 
stages while loading the amine to ~ 1 mole H-SO, 
per mole of amine (Fig. 4.10). Stripping isotherms 
indicated that '^1 M H-SO. could be recovered 
from N-benzyldi(2-ethylhexyl)amine, but only 
'^0.5 M HjSO. from di(2-ethylhexyl)hexylamine 
(Fig. 4.11). 
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4.6 EXTRACTION PERFORMANCE AND 
CLEANUP OF DEGRADED PROCESS 

EXTRACTANTS 

Many of the difficulties encountered in the use of 
plant-degraded TBP—Amsco 125-82 solvent stem 
from degradation products of the Amsco 125-82 
diluent. Nitroparoffins (RNO,) give the same 
infrared spectrum as, and perform in, extraction 
tests similarly to a nitrogen-bearing component 
separated from nitric acid—degraded diluent. 
Testing of solvent degradation (by both heating 
and irradiation), of solvent cleanup, and of new 
diluents was continued. 

Solvent Degradation 

Degradation of the Amsco 125-82 was shown to 
be more severe when TBP was present than when 
it was not. Degradations by irradiation and by 
heating were essentially equivalent with respect to 
effects detected by Z r ' ^ -Nb ' ^ extraction, by total 
organic nitrogen determinations, and by spectro-

Chem. Technol. Div. Ann, Progr, Rept. May 31, 
1961, ORNL-3153, p 109. 

Q 

Cherru Technol. Dtv., Chem. Dev. Sec. C, Progr. 
Rept. Aug.-Sept. 1961, ORNL TM-27, p 14o 

photometric nitroparaffin determinations. The in
creased degradation is probably a consequence of 
nitrate and nitrite extraction by TBP, which in
creases the opportunity for nitration, and perhaps 
also of stabilization of the nitroparaffin compounds 
by complexing with T3P. The ultraviolet spectra 
of simple nitroparoffins give an intense band at 
around 200 m^, as did a number of samples of 
Amsco or Amsco-TBP that had been exposed for 
various times to boiling nitric acid or to irradiation 
in the presence of nitric acid (Fig. 4.12). The 
obsorbance, and therefore the concentration, of 
nitroparaffin increased linearly with exposure for 
both Amsco and TBP-Amsco. This was true 
whether the exposure was to irradiation or to 
boiling nitric acid. The irradiation dose scale at 
the top of Fig. 4.12a was arbitrarily adjusted to 
make the slope of the diluent radiation damage 
curve matcli that of the diluent chemical damage, 
and this resulted in good agreement of the single 
TBP-diluent chemical damage point with the T3P-
diluent radiation damage. The slopes of the 
diluent and TBP-diluent damage curves indicate 
that nitration was at least twice as fast in the 
presence of TBP. Chemical analyses of the 
organic-phase nitrogen for a few of the degraded 
TBP-Amsco samples (Fig. 4.12^) indicated a fairly 
constant ratio of nitro groups (determined from 
ultraviolet measurements) to total nitrogen, 
regardless of the type of degradation. Not all 
nitrogen-containing degradation products ore 
fission product extroctants; e.g., nitro groups on 
tertiary carbon atoms or on aromatic rings cannot 
enolize to the extracting form.' Further, although 
the ultraviolet absorption data indicate that most 
of the nitrogen compounds ore nitroparoffins and 
the chemical behavior of the solvent is consistent 
with nitroparaffin properties, other types of 
degradation products may have been formed. 

Solvent Cleanup Tests 

Efforts were continued to develop liquid-scrubbing 
methods for removing degradation products from 
used solvents, since these would be more con
venient than the currently used solids-handling 

Cherru Technol. Dtv. Ann. Progr. Rept, May 31, 
1961, ORNL-3153, p 111. 



106 

UNCLASSIFIED 
ORNL-LR-DWG 71467 

D, • EXPOSURE TO BOILING ZM HNO3 (EQUAL vol AQUEOUS AND ORGANIC PHASES UNDER TOTAL REFLUX ) 

O, • EXPOSURE TO C0^° y WHILE IN CONTACT WITH 2 M HNO3 (EQUAL vol AQUEOUS AND ORGANIC PHASES 
MIXED DURING IRRADIATION ) 

n , 0 \M TBP AMSCO 125-82 

• , • AMSCO125-82 

SQUARES SHOW CHEMICAL TREATMENT AND CIRCLES RADIATION DOSAGE WITH CLOSED POINTS REPRE
SENTING TREATMENT OF DILUENT ABOVE AND OPEN POINTS TREATMENT IN THE PRESENCE OF TBP. 

EXPOSURE (whr/hter) 
0 50 100 

2.0 

o 
I -

X 
o o 
in 

a, 
E 
in 
o 

< 
m 
Q: o 
CO 
m 
< 

1.0 

A 
/ 

. / 

/ 

/ 
/ 

/ Kb] 

/ 

^ 

y / 

10 

REFLUX TIME (hr) 

20 0 0.1 0.2 

NITROGEN CONCENTRATION (A') 

Fig. 4.12. Correlation with Absorbance of {a) Type of Degradation and (&) Organic Phase Nitrogen. 

method. Of nearly one hundred liquids or liquid-

solid combinations tested, the most effective was 

ethanolamine (Table 4.4) . After four stages of 

scrubbing with ethanolamine the extractant's 

zirconium-niobium extraction ability was indis

tinguishable from that of fresh TBP-Amsco, while 

after four caustic scrubbing stages the extraction 

was still several times that level. Apparently the 

amine salt of the nitroparaffin has appreciable 

solubility in the amine scrub solution. Unfortu-

G. L. Richardson, Purex Solvent Washing with 
Basic Potassium Permanganate, HW-50379 (May 29, 
1957), 

nately, there is a tendency for the TBP to dis
tribute to the amine phase and the amine to the 
TBP phase. The amine, on a volume basis, costs 
slightly more than 1 M TBP, so that the economy 
of the process depends on the severity of reagent 
degradation and the phase ratios required for 
effective cleanup. 

New Diluents 

Aliphatic hydrocarbons with little or no chain 

branching have long been known to be relatively 

stable to attack by nitric acid and recently the 
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Table 4.4. Comparison of Sodium Hydroxide and Ethanolamine Cleanup of a Degraded Solvent 

In each tes t ser ies a volume of the organic phase was scrubbed w i t h success i ve equal -vo lume 

ches of f resh scrub so l i 

from a 2 M tracer so lu t i on . 

95 95 
batches of f resh scrub so lu t i on ; the organic phase thus t reated was tested by ex t rac t i ng Zr -Nb 

Scrub Stage 

Zr -Nb Ex t rac t i on by Organic Phase After C leanup w i t h 

0.5 N Sodium Hydrox ide 

As Scrubbed 

(counts s e e " m i n ~ ) 

100% Ethanolamine 

As Scrubbed 

(counts s e c ~ m i n ~ ) 

800 

325 

300 

300 

400 

200 

150 

70 

Blank Extraction by Fresh 1 M T B P in Fresh Amsco 125-82 

70 70 

Amsco 125-82 bo i led 7 hr under to ta l re f lux w i t h an equal vo lume of 8 M H N O , , T h i s was then d i l u t ed 10-fo ld 

w i t h f resh Amsco and mode to 1 M w i t h f resh T B P . N i t rogen in f i na l so lven t %0 .2 M. 

Equal volumes degraded so lven t and scrub so lu t i on , 10 min , room temperature. 

Ex t rac t ion from 2 M H N O , , 10 counts s e c ~ m l ~ Z r -Nb , equal phase ra t i o , 10 min con tac t , room temperature. 

Savannah River Plant has been operating with 
72-dodecane. In laboratory degradation tests, all 
the simple aliphatic hydrocarbons tested were 
more stable than Amsco 125-82 (Table 4.5), which 
in turn is known to be more stable than diluents 
previously used in processing plants. Purification 
of such diluents by scrubbing with concentrated 
sulfuric acid has been common practice in the 
preparation of materials for physicochemical 
studies. This treatment of Amsco 125-82 improved 
its stability, in 1 M TBP solution, to degradation 
by boiling nitric acid. 

The stability of the aromatic diluents tested 
varied widely with structure. Alkylbenzenes with 
two side chains were less stable than the 
corresponding monoalkylbenzene. Apparently one 
group directs and enhances the oxidation of the 
other. A similar effect was noted when a single 
side chain was cyclic (tetrahydronophthalene and 
cyclohexylbenzene). There was indication in the 
monoalkylbenzenes that those with iso-branched 
side chains may be more stable than other 
corresponding isomers. w-Hexyl-, w-nonyl-, and 
dodecylbenzenes formed few zirconium-niobium-
extracting species, and their flash points are 

acceptable for use in most pfants. The good 
stability of the one test with triethylbenzene 
suggests that further testing of the polyolkyl-
benzenes is merited. Although nitration of the 
benzene ring does not form zirconium-niobium 
extroctants, the factors influencing such nitration 
and the resulting effect on diluent properties, 
including safety, need further study. 

4.7 SUPPRESSION OF ZIRCONIUM-NIOBIUM 
AND RUTHENIUM EXTRACTION BY TBP-

AMSCO FROM AQUEOUS FEEDS PRETREATED 
WITH OXIMINOKETONES AND OXALIC ACID 

Decontamination of uranium from zirconium-
niobium and ruthenium was improved by treating 
the aqueous nitrate feeds with nitrous acid and 
acetone before solvent extraction with phosphates 
or phosphonates. A proposed explanation for 
this is that the acetone reacts with nitrous acid to 

Chem, Technol, Div, Ann, Progr, Rept, May 31, 
1961. ORNL-3153, p 112. 
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Table 4.5. Performance of Degraded Diluents 

Ext rac t ion by 1 M T B P in d i l uen t af ter chemica l degradat ion w i t h 2 M H N O , for 4 hr at ' \ . 100°C 

( tota l re f lux) and removal of low-molecu la r -we igh t ac ids by carbonate scrubb ing . Tracer so lu t i on 
4 . - 1 — 1 95 9 S 

i n i t i a l l y 1 X 10 counts sec m l ~ Zr -Nb y , in 2 M H N O , ; ex t rac t i on at equal phase ra t i os , 

Zr -Nb Ext rac ted in Ca lc ium 

D i luen t F lash Po in t ( ° F ) Hydrox ide T e s t " 

(counts s e e " m l " " ) 

Amsco 125-82 128 4000 

Amsco 125-82' ' 128 < 1 0 0 

n-Decone 115 1000 

2 ,2 ,5-Tr imethy lhexane 80 

n-Dodecane 165 125 

n-Hexodecane 140 

Solvesso-100 118 >6000 

Solvesso-150 150 >6000 

Benzene 12 160 

To luene 40 110 

Xy lene 63 100 

Ethy lbenzene 59 535 

D ie thy lbenzene 138"^ >6000 

Tr ie thy lbenzene 140 

Propylbenzene 86 80 

Isopropylbenzene 102 30 

D i i sopropy l benzene 170*^ >6000 

n-Buty lbenzene 160"^ 125 

sec-Buty lbenzene 126 130 

<erNButylbenzene 140"^ 120 

Isobuty lbenzene 45 

Tetrahydronophthalene Decomposes 

sec-Amylbenzene '^'150'^ 1500 

n-Hexylbenzene 120 

Cyc lohexy lbenzene >6000 

n-Nonylbenzene 180 

Dodecylbenzene (branched) 220 

1,1-Diphenylethy lene Decomposes 

Mod i f i ca t ion of ca lc ium hydrox ide tes t descr ibed p rev ious ly (Chem. Technol. Div. Ann. Progr. Rept, May 31. 

1961. ORNL-3153 , p 110). Af ter carbonate sc rubb ing , organic phase was shaken for 1 hr w i t h 50 g so l i d Ca(OH)_ per 

l i te r of organic ex t rac t . 

Amsco 125-82 scrubbed w i t h on equal volume of concentrated H_SO . before making 1 M in f resh T B P and sub

jec t ing to H N O . degradat ion as above. 

Open cup, other ent r ies c losed cup. 
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form on oximinoketone, isonitrosoacetone, which is 
on aqueous complexing agent: 

0 
C H 3 - C - C H 3 + HONO 

0 
^ C H 3 - ( : - C H = N O H + H20. 

Tests with the most readily available homolog, 
diacetylmonoxime, showed significant suppression 
of zirconium-niobium and ruthenium extraction from 
nitrate solutions by both fresh and degraded 
TBP-Amsco 125-82 solutions, with no depression 
of U(VI) and Pu(IV) extraction coefficients and 
slight depression of the thorium coefficient. 
However, further tests also established that oxalic 
acid, and, to a lesser extent, 2,3-butanedione, both 
formed during synthesis or decomposition of the 

diacetylmonoxime, accounted for a large port of 
the beneficial results. Other possible reaction 
products tested but found not to contribute 
significantly to suppression of zirconium-niobium 
and ruthenium extraction included simple ketones, 
simple oximes, and pyruvic, glycolic, and a-
hydroxyisobutyric acids. 

Oxalic acid was more effective than diacetyl
monoxime or 3-oximino-2,4-pentanedione in sup
pressing zirconium-niobium and ruthenium ex
traction (Fig. 4.13). The difference is even greater 
than indicated by these overall curves, since a 
part of the apparent effect of the oximinoketones 
is presumably due to oxalic acid formed from 
them. In separate tests, 0.003 M oxalic acid 
was formed in 0.1 M diacetylmonoxime, and 0.007 
A1 oxalic acid was formed in 0.1 M 3-oximino-2,4-
pentanedione. These concentrations of oxalic acid 
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are sufficient to affect extraction significantly in 
the presence of the oximinoketones. 

Oxalic acid itself is probably a feasible additive 
to improve decontamination under some conditions 
not yet specifiable. In preliminary batch ex
tractions with 30% TBP-Amsco the U(VI) ex
traction coefficient was depressed 20%, thorium 
was completely precipitated, and the Pu(IV) 
coefficient was depressed by 65% with probably 
some precipitation when 0.02 M oxalic acid was 
added to 2 M HNO3 containing the metal ions at 
0.5-1 g/ l i ter. In contrast, 0.05 M oxalic acid in a 
2 M HNO3 dissolver solution of irradiated fuel did 
not impair uranium and plutonium recovery by con
tinuous countercurrent extraction with 30% T B P -
Amsco. In this test, decontamination of uranium 
from gross ;S and y fission product activity was 
improved 20-30 fold over corresponding runs 
without the oxalic acid. With 0.1 M diacetyl
monoxime in 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 of potential ex
troctants supplied by reagent manufacturers in
cludes consideration of new types of extroctants, 
new structures of established types, improved 
quality of specific compounds, and new sources, 
especially for commercial quantities of reagents 
previously available only as specialties. 

Commercial Supply of DSBPP 

As a result of the demonstrated superiority of 
specially synthesized di-sec-butyl phenylphos-
phonate (DSBPP) in uranium-thorium separation, ̂  ^ 
a monufacturer has prepared this reagent in 
commercial supply. The commercial reagent 
performed equally as well as the research batches 
and wi l l be used at ORNL in a pilot demonstration 
of U purification. The experiments were made 
with 1 M DSBPP in xylene, U or Th at I g/ l i ter in 

A, T. Gresky and R, G. Mansfield, Uranium-Thorium 
Separation by Di-sec-butyl Phenylphosphonate Extrac
tion. ORNL CF-59-11-25 (Nov, 10, 1959). 

13 
Victor Chemical Works, Div. of Stauffer Chemical 

Co., Chicago, I I I , 

2 M HNO3, and A / 0 = l / I with 10 min contact at 
room temperature. 

Botch E°(U) H°(Th) SF^^(calc) 

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 corboxylic 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 Purification 

An analytical procedure for separating amines 
from neutral impurities by column cation exchange 
in isopropanol medium'"* was adapted to separating 
tertiary amines from primary and secondary amines, 
uti l izing their appreciable differences in base 
strength. Provisional procedures with either 
free-base amine or free base mixed with sulfate 
salt improved two trilaurylamine samples from 
93 and 91 mole % to >98 mole % tertiary, 
principally by decreasing the secondary amine 
contents from ~ 6 and '^8 mole % to < 1 mole %. 

4.9 GEL-LIQUID EXTRACTION 

Evaluations are being made of a newly proposed 
separations technique in which organic extroct
ants are absorbed in microporous plastic beads. 
The product has physical characteristics similar 
to those of ion exchange resins, but, since extrac
tion of ions is due entirely to the organic liquid 

' J. P, Nelson, L. E, Peterson, and A. J. Milun, 
"Determination of Nonomines in High Molecular Weight 
Fatty Amines," Anal, Chem, 33, 1882-84 (1961), 

H, Small, "Gel-Liquid Extraction. The Extraction 
and Separation of Some Metal Salts Using Tri-n-butyl 
Phosphate Gels , " / . Inorg, Nucl. Chem. 18, 232-44 
(1961). 
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in the gel, properties such as separation factors 
are similar to those of the liquid extractant. In 
principle, it should be possible to use any solvent 
extraction reagent in a packed column. 

In initial tests, gel columns were tested for 
application to the tertiary amine—lithium chloride 
extraction system in which transplutonium elements 
ore separated from the lanthanides and other im
purities. In a typical test, about 7 wt % Alamine 
336 was absorbed in polystyrene-divinylbenzene 
beads, provided by H. Small of Dow Chemical Co., 
the amine was converted to the chloride form with 
2 N HCI, and a mixture of Am^"*' and E u ' ^ ^ 
tracers was charged to the top of a 43-cm-high 
column. Slow elution by 13 N L iCI-0.005 N HCI 
gave complete separation of the mixture (Fig. 
4.14). The Am was eluted more slowly than 
E u ' " . 
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F i g . 4.14. Amine Gel Separat ion of Am -Eu 

In spite of the excellent separations, this tech
nique was not a good choice for this particular 
application, since the polystyrene-divinylbenzene 

R. D. Boybarz and B. Weaver, Separation of Trans
plutoniums from Lanthanides by Tertiary Amine Extrac
tion. ORNL-3185 (Dec. 4, 1961). 

beads had a low capacity for the amine and through
put was limited by slow equilibration rotes. Con
ventional liquid-liquid extraction, with its separa
tion factor of 100, appears to be a better process. 

There are other extraction systems, however, 
with low separation factors where the short column 
stage heights could be an advantage. Equally 
pertinent is that, in previous work, several poten
tial ly useful extroctants have been prepared for 
which suitable liquid diluents have not been found. 
Also, other microporous plastics, of greater 
solvent capacity, are now being prepared by manu
facturers. For example, Winsten Laboratories has 
produced microporous polyethylene granules which 
absorb extroctants. 

4.10 SOLVENT EXTRACTION EQUILIBRIA 
AND KINETICS 

Alkaline Earth Extraction by 
Di(2-ethylhexyl)phosphate 

Continued study of strontium extraction from 
4 M sodium nitrate solutions by mixtures of sodium 
di(2-ethylhexyl)phosphate (NaD2EHP, NoX) plus 
di(2-ethylhexyl)phosphoric acid (D2EHPA, [HX]^) 
in benzene was expedited by establishing that the 
measured glass-electrode pH is a linear function 
of log [Hi in those systems, within experimental 
error, for pH <4 and >7 (Fig. 4.15). The relation 
is pH + 0.6 = - l o g [H ^ . Thus the slopes of 
^"(Sr) vs pH curves (Fig. 4.16) are meaningful 
in interpreting the hydrogen ion dependence of the 
strontium extraction. The slopes of the low-pH 
portions of the curves in Fig. 4.16 overage '\.1.7, 
These curves were obtained by pH titration of the 
two-phase system, with strontium distribution de
termined at each step by counting Sr in samples 
removed temporarily and returned without loss. 
In parallel tests with strontium nitrate replacing 
all sodium nitrate, the pH dependence was again 
close to two. 

The maxima of the curves in Fig. 4.16 shift with 
pH in the some way that the NoX/SX mole ratio 
does, occurring in each curve near the point where 
the NaX/SX = 0.25. This is emphasized in a plot 
of E°(Sr) vs NaX/SX (Fig. 4.17). Extraction 
maxima were not found in strontium extractions 
from solutions in which strontium nitrate replaced 
all the sodium nitrate, or found in sodium extrac
tions with or without strontium present. This 
indicates that the maxima in strontium extraction 
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Fig. 4,15. [ H ^ I vs Glass-Electrode pH for 4 M NoNOj 

Solutions. 

from sodium nitrate solutions are associated with 
a particular organic phase composition containing 
gross sodium, perhaps a specific adduct of mole 
ratio NoX/SX = \ . 

The dependence of strontium extraction on 

aqueous sodium nitrate activity, "^ îNgmo ' ^ ° ^ 

been established (under conditions where >10% 

of the organic reagent is in the sodium form) as 

Er « fliJ^Kin up to a±^ ^_ = 1.5 (-^3.5 M 
Sr N a N O , f̂  N a N O , 

NaNO,). This dependence changes gradually to 
inverse first power at higher [NaNO^] (Fig. 4.18), 
These results taken with the hydrogen ion de
pendence mentioned above suggest the general 
equation, Sr^^ + (n/y)(ZX) - SrX2-(ZX)„_2 + 2Z* 

(where Z = H or No). On the basis of this equa
t ion, reagent dependence for this system has been 
examined at several constant percent NaD2EHP 
values by plotting the log of [H"1^ F^^ vs the log 
of S[D2EHPA], The slopes of the lines obtained 
{n/y in the above equation) varied from ^3 at 100% 
acid form to 0.95 at 100% NaD2EHP. This sug
gests an initial reaction 

Sr2V3(HR)2-SrR2-4HR + 2H ̂  

since D2EHPA is a dimer. Diminishing values of 
n/y may reflect (Changes in n or y, or both, as more 
of the reagent is converted to the sodium salt. 

Alkali Extraction by Di(2-ethylhexyl)phosphate 

The relative affinities of the alkali metal ions 
for D2EHP in benzene were measured by equil i
brating extractant solutions with aqueous solutions 
containing lithium, sodium, potassium, rubidium, 
and cesium simultaneously, each at 1 M, as 
mixtures of nitrate and hydroxide. The hydroxide 
contents were adjusted to give equilibrium organic 
phase mole ratios MX/SX of 0 .1 , 0.25, 0.5, 0.75, 
and 1. The extracts were stripped with hydro
chloric acid for analysis by flame photometry. 

With 0.5 M D2EHP the order of aff inity, ex
pressed as M^^^^/M^ = E°(M)/£°(Cs) = sep-
oration factor, increased from cesium and rubidium 
(about the same within experimental scatter) 
through potassium and sodium to lithium (Fig. 
4.19), Results with 0.1 and 0.05 M D2EHP were 
very similar. The separation factor for lithium 
over cesium increased considerably with the in
crease of hydrogen content in the extractant; for 
the other metals the spread was less and may have 
been within experimental scatter. Titration tests 
indicated that the affinity for hydrogen was greater 
than that for lithium by a factor of about 10 . 

While these results apply strictly only to the 
system measured, this same order of preference 
would be expected in D2EHPA extraction of the 
alkali ions from any system not shifted by specific 
aqueous phase complexing of the ions. Consid
ering systems of reasonably similar aqueous ionic 
concentration and organic phase composition, the 
ratios shown in Fig. 4.17 can probably give a 
useful estimate of the exchange constant between 
pairs: 
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Concent ra t ions of 0,0625, 0 ,031 , and 0,0156 VI reagent 

gave the same resu l t . 

The foregoing relations did not involve the 
spacing chosen for the ions along the abscissa 
of Fig, 4.19. The spacing used in this figure is 

according to the quotient (gaseous ionization 
potential)/(crystal radius) , plotted log-log for 
convenience. This parameter was tried, empiri
cally, as reflecting some function of a charge 
density, and is of interest in that it shows for 
smoother correlation with the relative affinities 

(including hydrogen. Fig. 4.20) than do the param
eters ordinarily used in ion exchange, such as 
hydrated ion radius or the Debye-Huckel % term. 
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Fig, 4.19. Relative Extraction of Alkal i Metal Ions 

by 0,505 M D2EHP in Benzene. Simultaneous extraction 

from nitrate hydroxide so lu t ions conta in ing each metal 

ion a t 1 M. 

Water Extraction by Sodium DI(2-ethylhexyl)phos-

phote 

The previously reported water ex t rac t ion and 

volume increase on conversion of D2EHPA to i ts 

sodium sal t was measured in more deta i l in the 

equ i l ib ra t ion of D2EHPA in benzene w i th aqueous 

4 M NaNOg plus NaOH. 

Direct measurement of phase volume changes 

during incremental t i t ra t ions showed that , at con

stant value of the mole rat io N a X / S X , the organic 

volume increase is a direct l inear funct ion of the 

NoX concentrat ion reached ( F i g . 4.21). 

Direct determinat ion of water in the equi l ib r ium 

organic phases showed the mole rat io of water to 

sodium ions extracted to be independent of the 

tota l D2EHP concentrat ion and to be a l inear 
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Fig. 4 .21 . Volume Increase on Extraction of Sodium 

Ion by D2EHPA in Benzene. 

function of NaX/SX rather than of the NoX con
centration (Fig. 4.22). 

Kinetics ofSulfate Transfer During Amine 
Extraction of Uranium 

The rote of tagged sulfate transfer from organic 
to aqueous solution during amine sulfate extraction 
of uronyl sulfate was measured to aid in distin
guishing between two possible mechanisms of 
uranium transfer, 

x(R3NH)2S04 + U02S04 

^=^U02 (R3NH)2yS0 , ) ^ , , , (1) 

%(R3NH)2S04 + U02(S04)22-

where the dots indicate the organic phase. The 
mechanisms cannot be distinguished by equilibrium 
measurements. 

Di-w-decylamine sulfate (0.1 N) was used, with 
the total-system acidity adjusted to maintain the 
extractant essentially all in the normal sulfate 
form, thus avoiding any complication from dis
placement of bisulfote ion. Transfer of S'^^O,^" 

4 

from organic to aqueous phase was measured 
during extraction of uranium from 0.0001 M H_SO .— 
0.012 M UOjSO and 0.5 M Na2S0 -0.0001 M 

o 0 1 2 5 Â  2 X 

A 0 125 /l^ I X 

0 6 0 7 0£ 

MOLE RATIO, NaX / SX 

1 0 

Fig. 4.22. Water Extraction Accompanying Sodium 

Extraction by D2EHPA in Benzene. 

H2SO4-0.012 M UOjSO^ solutions, and during 
equilibration witho series of x M Na.SO,—0.0001 M 
H.SO. solutions matching the total sulfate in the 
solution at successive stages of the uranium 
extraction. 

No increased S transfer from organic to aqueous 
phase during uranium extraction was observed. 
Such on increase would have been strong evidence 
for an important contribution by reaction (2). Its 
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 
solution conditions examined. 

Solvent Extraction System Activity Coefficients 

In continued direct measurement of diluent vapor 
pressure differences, for use in determining 
organic-phase activity coefficients, the vapor 
pressure lowering of benzene was measured over 
wet solutions containing mixtures of di(2-ethyl-
hexyl)phosphoric acid (HX) and its sodium salt 
(NoX). Results indicated considerable association 
at mole ratios NoX/SX = 0.25, 0.5, and 0.75 with 
SX = 0.4 M, corresponding to overage aggregation 
numbers (calculated according to Rooult's law) 
of 3, 5, and 8, respectively. 

'^K. A. A l len , " T h e Relative Effects of the Uranyl 
Sulfate Complexes on the Rate of Extraction of Uranium 
from Acidic Aqueous Sulfate Solutions," / . Phys, Chem, 
64, 6 6 7 - 7 0 (1960). 
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5. Fission Product Recovery 

The objective of the fission product recovery 
program is the development of processes for re
covering and purifying megocurie quantities of 
fission products from reactor-fuel processing 
wastes. Large quantities of certain of these ele
ments are now being requested for industrial, 
space, and other applications, and there is evi
dence that the demand wi l l increase. Since sol
vent extraction shows promise of great versatil ity, 
principle emphasis is being placed on this tech
nique. Thus far, a solvent extraction process 
using di(2-ethylhexyl)phosphoric acid (D2EHPA) 
to recover strontium-90, for which there is a large 
demand, has been developed and further modified 
and operated successfully on a plant scale at 
Hanford. The same process can be used to re
cover rare earths, and the same solvent, under 
different conditions, con be used to recover 
zirconium-niobium. New solvents have been de
veloped which are effective cesium extroctants. 
In combination with the TBP process for prome-
thium separation, a versatile, integrated solvent 
extraction flowsheet can now be visualized for the 
recovery and purification of all fission products 
of principle importance from waste liquors. 

5.1 SOLVENT EXTRACTION 

Strontium and Rare Earths 

The solvent extraction flowsheet for recovering 
and separating strontium and mixed rare earths 

B. Weaver and F. A. Kappelmann, Purification of 
Promethium by Liquid-Liquid Extraction, ORNL-2863 
(Jan. 29, I960). 

2 
Chem. Technol. Div. Ann. Progr. Rept. Aug. 31, 

1960, ORNL-2993, F ig . 14.1. 

with D2EHPA was demonstrated successfully 
(Fig. 5.1) in continuous miniature mixer-settler 
equipment with Purex IWW'̂  waste solution from 
Hanford. Results, in general, confirmed the per
formance predicted on the basis of earlier batch 
and continuous tracer runs. 

Iron and other cations were complexed with 
tartrate and the solution, after pH adjustment to 
6, was fed to the first cycle, where strontium and 
rare earths were coextracted with 0.3 M D2EHPA 
(one-third in No salt form)—0.15 M TBP-Amsco 
125-82 and then costripped with 2 M HNO3. Stron
tium recovery was 99.7% in extraction and >99.95% 
in stripping, for on overall first cycle recovery 
of 99.7%. Recovery of rare earths, based on 
total rare-earth activit ies, was less efficient. 
Approximately 94% of the total rare earths was 
extracted and '^86% of that extracted was stripped 
for an overall recovery of 80%. In subsequent 
botch extractions, rare-earth extraction from 
tortrote-complexed feed was slow (Fig. 5.2), and 
a longer mixer residence time might improve re
coveries. In batch stripping tests, yttrium was 
stripped with more difficulty than the rare earths 
(Fig. 5.3), which may account for the apparent 
high rore-eorth loss in the continuous run. The 
partial stripping might be an advantage, since 
it provides a means for separating yttrium from 
the rare earths of chief interest, Ce and 

Pm . Overall decontamination factors for stron
tium in the f irst cycle were 45 from Cs, 170 from 
Ru, 3000 from Zr-Nb, 2000 from Fe, 2000 from U, 
and 30 from Pu. Some emulsificotion occurred 
in the first extraction cycle owing to the forma
tion of a small amount of solids in the feed but 
did not seriously interfere with extractor opera
tion. 

Purex f irst-cycle extraction column raffinate, HAW, 
is evaporated 30.fold to give IWW. 
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RECOVERY 
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RECOVERY 

Sr PRODUCT 
SOLUTION 

UNCLASS FIED 
O R N L - L R - D W G 71474 

FIRST CYCLE 
Sr-RE COEXTRACTION 

SECOND CYCLE 
(SELECTIVE RE EXTRACTION) 

THIRD CYCLE 
(CONCENTRATION OF Sr 

AND SEPARATION FROM No) 

'SOLVENT 02 M D 2 E H P A - 0 1 M D2EHP-N0 S A L T - 0 15 M TBP IN AMSCO 1 2 5 - 8 2 , SOLVENT USED 
ON A ONCE THROUGH BASIS IN THIS TEST 

FLOW RATES, ml /mm FIRST CYCLE 1 AF 1, 1 A X , 2 1 B X , 0 4 

SECOND CYCLE 2 AF 3 2 AX 0 5 2 AS, 0 5, 2 BX, 0 25 

THIRD CYCLE 3AE, 3, 3AX, 0 5, 3BX, 0 25 

Fig . 5 . 1 . Flowsheet for Hot Cell Strontium —Rare Earth Recovery Run. 

In the second cycle, rare earths were selectively 
extracted from the first-cycle strip product ad
justed to pH 2. The extract was scrubbed with 
1.2 M NoNO-, to improve the separation from 
strontium, and stripped of its rare-earth content 
with 2 M HNO3. Recovery of rare earths in the 
second cycle was >99%, 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 No. 

Third-cycle feed was prepared by adjusting the 
second-cycle raffinate to pH 6 with caustic. Stron
tium was 99% recovered in seven extraction and 
eight stripping stages with decontamination factors 
of 90 from Cs, 90 from Ru, and 170 from Zr-Nb. 
The product strip solution contained ~ 1.2 g of 
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Fig . 5.2. Rate of Rare Earths and Yttrium Extraction 

from Tartrate Complexed Simulated Purex Waste Concen

trate Solution at pH 6. Temperature, 23 C; organic, 

0.3 M D2EHPA (\ sodium salt form)-0 .15 M T B P -

Amsco 125-82; organic/aqueous phase ratio, 2 / 1 . 

Sr, 1.4 g of Ni , and 20 g of No per liter. Subse
quent botch tests indicated that a nickel-free 
strontium product could be obtained by adding a 
small amount of ethylenediaminetetraacetic acid to 
the third-cycle feed to prevent extraction of nickel. 
Because of pump limitations, the organic/aqueous 
flow ratios used in the second- and third-cycle 
stripping were 2/1 rather than the 5/1 specified 
for the flowsheet and the rare-earth and strontium 
product solutions were correspondingly more di
lute. 

Further studies aimed at improving the efficiency 
of the strontium-rare-earth flowsheet included 
botch tests on acid 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 nitric acid scrub of the third-cycle ex
tract would increase the Sr/Na separation factor 
for the third cycle by a factor of 10-100 over 
that obtained in the continuous demonstration run 
described above, and (2) the proposed organic to 
aqueous strip ratio for the third cycle can be in
creased by an order of magnitude to provide a 
much more concentrated strontium product solu
t ion. Strontium stripping was quantitative with 

1.5 M HNO3 in two stages at phase ratios as high 
OS 75 /1 . Extraction of individual rare earths from 
tortrote-complexed simulated Purex waste con
centrate at pH 6 was slow, with the extraction 
coefficients st i l l increasing beyond 30 min con
tact time. However, in all coses the mass transfer 
in 1 min was 90—95% of that in 30 min. The order 
of extractability, at least up to 30 min contact 

UNCLASSIFIED 
ORNL-LR-DWG 71476 

Fig. 5.3. Stripping of Rare Earths and Yttrium with 

H N O 3 . Organic, 0.3 M D2EHPA ( k sodium salt form)-

0.15 M T B P - A m s c o 125-82 loaded from adjusted simu

lated Purex waste; phase ratio, 1 / 1 ; contact t ime, 5 min. 
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t ime, was Pm > Ce > Eu > Y . In contrast, equi

l ibr ium was reached in < 5 min in extract ions from 

sodium n i t r a t e - n i t r i c ac id so lu t ion and the order 

of ex t rac tab i l i t y over a wide pH range was Y > 

Eu > Ce, Pm ( F i g . 5.4). In str ipping rare earths 

from D2EHPA, w i th 0 . 2 - 4 . 0 M HNO3, equi l ibr ium 

was reached rapid ly (<5 min) and the re la t i ve 

order of s t r ipp ing was, as expected, inverse to 

that obtained in extract ions from N a N 0 - - H N 0 3 

so lu t ion , that i s , s t r ipp ing coef f ic ien ts were Ce, 

Pm > E u > Y . 
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F i g . 5 . 4 . E x t r a c t i o n of R a r e E a r t h s a n d Y t t r i u m from 

N a N O j - H N O j S o l u t i o n ( 2 M T o t a l N i t r a t e ) . O r g a n i c , 

0 . 3 Al D 2 E H P A {}/^ s o d i u m s a l t f o r m ) - 0 . 1 5 M T B P -

A m s c o 1 2 5 - 8 2 ; o r g a n i c / a q u e o u s p h a s e r a t i o , 2 / 1 ; c o n 

t a c t t i m e , 6 m i n . 

Strontium Extraction with Other Organophosphorus 

Acids 

Comparison of stront ium extract ions from 0.5 ,M 

N o N O j solut ion wi th a number of organophos

phorus acids (0.1 M), inc lud ing mono- and d i 

a lky lphosphor ic acids and phosphin ic ac ids , 

showed large di f ferences in ext ract ion power 

( F i g . 5.5). Because of so lub i l i t y l im i ta t ions , dif

ferent d i luents were used for the var ious com

pounds, which may expla in some of the perfor

mance var ia t ions noted. With the except ion of 

d icyc lohexy lphosph in ic ac i d , which gave stron

t ium coef f ic ien ts < 0 . 1 over the pH range 3 - 1 1 , 

a l l the compounds extracted strontium e f fec t i ve ly , 

but only one, pheny l( l -hydroxy-2-ethy IhexyOphos-

phin ic ac id , showed ext ract ion power greater than 

d i (2-ethy lhexyl )phosphor ic ac id (D2EHPA) . The 

coef f ic ient w i th pheny l ( l -hydroxy-2-e thy lhexy l ) -

phosphin ic ac id reached a maximum of 170 at pH 
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F i g . 5 . 5 . E x t r a c t i o n of S t r o n t i u m f rom 0 . 5 M N a N O , 
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z e n e , (e ) d i ( n - h e x y l ) p h o s p h i n i c a c i d i n A m s c o 1 2 5 - 8 2 

p l u s 5 v o l % T B P , (/) d i ( 2 - e t h y l h e x y l ) p h o s p h i n i c a c i d i n 

A m s c o 1 2 5 - 8 2 p l u s 10 v o l % T B P , (g) d i c y c l o h e x y l 

p h o s p h i n i c a c i d i n b e n z e n e . 
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4.5 and then decreased to 95 at pH 4.9. In com
parison, the coefficient with D2EHPA reached a 
maximum of "" 130 at pH 5—6, whereas most of the 
other compounds reached maximum extraction in 
the pH range 6.5-7.5. 

Ces 

A new process has been outlined for recovering 
cesium from Purex waste solutions at pH '^ 12 by 
extraction with substituted phenols (Fig. 5.6). 
Most of the studies on which this is based were 
mode with tortrote-complexed simulated and 
tortrote-complexed formaldehyde-treated Purex 
waste concentrates, but the process is also ap
plicable to treatment of Hanford tank form super-
natants. Of the compounds examined thus far, 
results were best with f-dodecylphenol (PDP) and 
especially o-phenylphenol (OPP) and 4-chloro-2-
phenylphenol. These compounds hove adequate 
extraction power for cesium recovery, give good 
decontamination from fission products and other 
components of the waste, and ore easily stripped 
with nitric acid. 

The phenol extroctants are weakly acidic and 
not sufficiently ionized at pH values below 10 
to give significant cesium extraction. In the pH 
range 11-12, however, coefficients for extraction 
of cesium from tartrate-complexed waste concen
trate with 1 M solutions of OPP and 4-chloro-2-
phenylphenol were 1—3, with the latter compound 
showing the higher extraction power (Table 5.1). 
The sodium salts of these two phenols have a 
high aqueous solubility, and, in the extraction 
contact, the fraction of the phenol converted to the 
sodium salt distributes almost quantitatively to 
the aqueous phase. With OPP, this reagent loss 
(organic/aqueous ratio of 3/1) increased from 
< 1% to 15% with on increase in feed liquor pH 
from 10 to 13. The high distribution of the sodium 
salt to the aqueous allows attainment of high de
contamination factors (> 10 ) from sodium. The 
relatively high loss of phenol from the solvent 
phase causes lower than expected cesium ex
traction coefficients in botch tests, since the 
coefficient has o high (probably third) power de
pendence on phenol concentration. This effect 
was effectively counteracted in a countercurrent 

TARTRATE COMPLEXED IWW 
FROM STRONTIUM AND RARE 
EARTH RECOVERY OPERATIONS 

ADJUSTMENT 
TO pH -12 5 

0 2 - 0 3 / 1 * NoOH 

0 

- 0 12g Cs/hler 

SCRUB 
(2 STAGES) 

EXTRACTION 
(6 STAGES) 

10 

*SOLVENT-

UNCLASSIFIED 
ORNL-LR-DWG 71479 

015/1* HNO3 

I© 
STRIP 

(1-2 STAGES) 

- 6 g Cs/l i ter 

RAFFINATE 

"SOLVENT 1/K SOLUTION OF OPP OR 4-CHL0R0-2-PHENYLPHEN0L IN DIISOPROPYLBENZENE 

Fig. 5.6. Recovery of Cesium from Purex Waste by Extraction with Substituted Phenols. C i r c led numbers show 

re la t i ve volume f l o w s . 
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Table 5 . 1 . Extraction of Cesium from Adjusted Waste 

Organic: 1 M OPP in xylene or 1 M 4-chloro-2-phenyIphenol in diisopropylbenzene 

Aqueous: simulated Purex IWW," tartrate-complexed (2 moles/mole Fe ) , diluted threefold with 

caustic to various excess NaOH concentrations 

Contact: 2 min at organic/aqueous phase ratio of 3 /1 

Excess 

NaOH,^ 

(M) Initial 

pH 

Final 

Organic No 

Concentration 

(g / l i ter ) 

Cesium 

Extroction 

Coefficient, E° 

Loss of 

Phenol to the 

Aqueous (%) 

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 

Extraction with OPP 

0.02 

0.02 

0.01 

0.01 

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 

11 

15 

0.4 

0.6 

0.8 

1.0 

1.2 

6.9 

12.1 

12.6 
12.9 

13.0 

6.9 

11.1 

11.6 

11.7 

11.8 

Extraction with 4-chloro-2-phenyIphenol 

<0 .005 0.01 

0.02 

0.07 

0.08 

0.08 

1.3 

3.3 

3.2 

2.5 

"The simulated Purex waste contained (moles per l iter): 4.0 H , 4.45 total NO3, 1.0 SO^, 0.6 No, 0.5 Fe , 0.1 A l , 

0.005 U, 0.01 N i , 0.01 Cr, 0.01 PO^, 0.0028 Cs, 0.0066 Zr, 0.0019 Sr, 0.0034 Ce( l l l ) , 0.0058 Sm, 0.0029 Ru. 
b /- i . _ . _f ^ L _ . ;„_J i_ . !;__ .L_ _ _ ! J / I OO **\ :_ .1 X - I J J : l . . * - J *_ Caustic in excess of that required to neutralize the acid (1.33 M) in threefold diluted waste. 

system (see below) by lowering the pH in the lost 
extraction stage to 7—9, thereby converting the 
sodium phenate in the aqueous to phenol which 
distributed bock to the solvent phase. This pro
cedure prevented loss of extractant and main
tained the phenol concentration in the solvent 
throughout the extraction system at the desired 
level ("̂  1 M and higher), which ensured high ex
traction efficiency. PDP is a weaker acid than 
OPP or 4-chloro-2-phenylphenol and its sodium 
salt distributes less to the aqueous. Therefore it 
requires a higher pH feed for effective cesium ex
traction and gives less favorable separation from 
sodium. 

Of the diluents used with the phenols, best re
sults were obtained with substituted benzenes, for 
example, xylene and diisopropylbenzene, although 
favorable results but with somewhat lower cesium 
extraction coefficients were obtained with t r i -

chloroethylene, carbon tetrachloride, 80% Amsco 
125-82-20% tridecanol, and 1,2-dichloroethane. 
Cesium extraction coefficients with nitrobenzene 
diluent were higher than with the substituted 
benzenes but phase separation was relatively poor. 

The selectivity of the phenols for cesium over 
other fission products is excellent. Coefficients 
for extraction of Sr, Ru, Zr-Nb, and Eu from 
tartrate-complexed Purex waste concentrate with 
OPP and PDP were < 10~ under conditions where 
cesium coefficients ranged from 0.3 to 1. 

The process flowsheet (Fig. 5.6) has been 
demonstrated successfully in botch countercurrent 
tests with adjusted simulated Purex waste con
centrate. With 1 M 4-chloro-2-phenyIphenol in di
isopropylbenzene, 98.6% cesium recovery was 
obtained, from waste adjusted to pH 12.6, in six 
extraction stages at an organic/aqueous ratio of 
1/1 (Table 5.2). The pH in the lost extraction 
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Table 5.2. Batch Countercurrent Test with OPP 

Organic: 1 M 4-chloro-2-phenyIphenol in diisopropylbenzene 

Aqueous: simulated Purex IWW, tartrate-complexed (2 moles/mole Fe) , diluted threefold with caustic to 0.6 M 

excess NaOH, contained 0.12 g Cs/ l i ter and Cs tracer 

Scrub solution: 0.3 M NaOH 

Acid (to 6th extraction stage): 3 M HNO3 

Contact: batch countercurrent; 2 min contacts 

Relative flows: organic/ feod/scrub/acid = 1 / 1 / 0 . 2 / 0 . 0 8 

Stage 

Scrub.2 

Scrub-1 

Aqueous feed 

Extraction-1 

Extraction-2 

Extraction-3 

Extraction-4 

Extra ction-5 

Extraction-6 

pH 

10.7 

11.1 

12.6 

11.5 

11.5 

11.5 

11.5 

11.5 

6.7 

( 
Cs y-Ac 

counts min 

Organic 

1.40 X 

1.44 X 

1.44 X 

6.71 X 

3.08 X 

1.32 X 

4.25 X 

105 

los 

10= 

10^ 

10" 

10" 

103 

-^10 

tivlty 

- ' m l - 1 ) 

Aqueous 

2 . 1 5 X 

1.94 X 

1.39 X 

5.66 X 

2.65 X 

1.23 X 

5.28 X 

1.87 X 

1.89 X 

104 

10^ 

105 

lO'' 

10" 

10" 

103 

103 

103 

Cesi 

Ĉ  

ium Extraction 

oofficient, E ° 
a 

6.5 

7.4 

2.5 

2.5 

2.5 

2.5 

2.3 

< 0 . 0 1 

stage was controlled at ~ 7 by addition of nitric 
acid. The extract, after being scrubbed in two 
stages with 0.2 vol of 0.3 M NaOH, was stripped 
>99.8% by a single contact with 0.05 vol of 0.05 
M HNO3 to give a product solution containing 2.5 
g of cesium and 0.21 g of sodium per liter. The 
overall Cs/No decontamination factor for the ex
periment was ~6000. Under the some flowsheet 
conditions, but with feed adjusted to 0.8 M in
stead of 0.6 M excess NoOH, results were approxi
mately equivalent with 1 M OPP in diisopropyl
benzene. 

Other Cesium Extroctants 

Other phenols of different structures ore being 
evaluated for possible superior cesium extraction 
potential. Preliminary tests with a benzyl-sub
stituted phenol, 4-sec-butyl-2-(a-methylbenzyl) in 
diisopropylbenzene showed a high Cs/No separa
tion factor, similar to OPP, a lower aqueous solu
bil i ty of the sodium salt, and a much greater 

cesium extraction power {E° '^8 from modified 
simulated Purex waste concentrate compared to 
~2.7 for OPP). From undiluted Hanford tank form 
supernatonts the cesium extraction coefficients 
were about 24 and 0.13, respectively. 

Cesium extraction [E" = ~0.6) was moderate 
from tartrate-complexed simulated formaldehyde-
treated Purex waste over the pH range 1.4—11.5 
with 0.5 Mdinonylnophtholenesulfonic acid (DNNSA) 
in hexone. The selectivity of this reagent for 
cesium over iron(ll l), aluminum, zirconium-niobium, 
cerium(lll), europium, and ruthenium was rela
tively poor in the pH range 1-3 but good above 
pH 5. Cesium was stripped effectively with 1—3 
M HNO3. Although DNNSA has shown some 
promise as a cesium extractant, it does not appear 
to be competitive with the phenols. 

In extraction from 0.5 M NoNOj solution with 
0.5 tA monoheptodecylphosphoric acid (HDPA) in 
Amsco 125-82 the cesium extraction coefficient 
was ~ 2 and the Cs/No separation factor ranged 
20—40 over the pH range 1-11. Potential applica
tion of HDPA for cesium recovery appears limited 
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to treatment of relatively simple solutions, pos
sibly in a secondary purification cycle, since 
results in tests with Purex IWW waste solutions 
were not promising. Coefficients with 0.4 M HDPA 
in Amsco 125-82 from waste at pH '^0.5 were 
<0.05, and stable emulsions formed in equilibra
tions with tartrate-complexed waste ranging in 
pH from 2 to 8. 

Zirconium-Niobium 

Additional tests confirmed that zirconium and 
niobium ore extracted slowly from acidic (4 M H ; 
simulated Purex waste concentrate by 0.3 M 
D2EHPA-0.15 M TBP in Amsco 125-82, a hydro
carbon diluent. About 95% was extracted in 1 hr 
contact with on equal volume of solvent. Strip
ping with 1 M oxalic acid solution was effective. 
The presence of TBP in the solvent greatly im
proved the stripping but did not affect the ex
traction. Other, less sterically hindered, dialkyl
phosphoric acid extroctants are being prepared in 
an attempt to increase the extraction rote. Other 
potential extroctants, for example, amines and 
hydroxomic acids, are also being evaluated. 

Extractions from Purex Waste Concentrate 
with Amines 

In preliminary testing, amine extraction removed 
nitric acid, iron sulfate, and certain fission 
products from Purex waste. This treatment would 
greatly decrease the amounts of caustic and so
dium tartrate needed to adjust the waste to condi
tions suitable for strontium and cesium extraction 
(see above), and the adjusted feed, owing to its 
lower salt content, would be more amenable to 
treatment by these processes. 

In botch single-contact tests with 0.26 M Pri
mene JM in Amsco 125-82, extraction of iron sul
fate from simulated Purex waste concentrate 
(Table 5.1) was negligible until sufficient amine 
was supplied to extract most of the nitrate (Fig. 
5.7). Iron extraction became significant at or
ganic/aqueous phase ratios higher than 15/1, 
increasing to >96% at o phase ratio of 26 /1 . At 
this ratio, 96% of the nitrate and 43% of the sul
fate were also extracted. Parallel extraction 
tests with fission product tracers added to the 
simulated waste showed 96, 82, and 18% extraction 
of Zr-Nb, Ru, and Ce(ll l), respectively, at on 
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Fig . 5.7. Extraction of Nitric Acid, Iron Sulfate, and 

Fission Products from Purex Waste Solution with 

Primene JM (0.26 M) in Amsco 125-82. Mix ture of amine 

and amine su l fa te sal t used in tes ts w i th phase rat ios 

>16 to control f ina l pH f low below 2. 

organic/aqueous ratio of 22 /1 ; these values in
creased to 99, 90, and 62% at a ratio of 28/1. 
At a ratio of 26 /1 , only ~ 3% of the cesium and 
1.5% of the strontium were taken into the solvent 
phase, apparently mostly by aqueous entroinment. 
Scrubbing the extract with water or 0.3 M HNO3 
removed the rare earths but not the Zr-Nb or Ru. 

These data suggest a single extraction contact 
to remove >95% of the nitric acid and iron, >98% 
of the Zr-Nb, and the bulk of the ruthenium and 
rare earths from Purex wastes without removing 
important amounts of strontium or cesium from the 
solution. Extraction of rare earths con be pre
vented, if desired, by accepting less efficient re
moval of iron, that is, by operating at o lower 
organic/aqueous ratio and/or by scrubbing the 
extract. Use of a multistage system would im
prove the efficiencies of the separation. The data 
also suggest methods for removing and isolating 
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certain fission products, for example, Zr-Nb and 
rare earths, and these possibilit ies ore being ex
amined. 

5.2 ION EXCHANGE 

Head-End Precipitation 

A flowsheet (Fig. 5.8) was developed, on a 
laboratory scale, for recovering strontium from 
Purex IWW waste solution by a double precipi-
totion as o head-end step prior to ion exchange. 
Sulfate ion is removed from the waste by addition 
of iron and nitric acid to 55—60% HNO3, and 
strontium is recovered from an almost pure nitrate 
system, >85% HNO3. The proposed procedure is: 

1. Excess ferric (Fe ) ion is added to Purex 
IWW as freshly precipitated Fe203«xH20 or 
partially dehydrated (boiling temperature of 
'-135°C) Fe(N03)3.9H20. 

2. The solution is diluted with 90% HNO3 to 
55-60% HNO3, which precipitates the sulfate 
OS Fe2(S04)3. 

3. The iron sulfate is filtered off and the filtrate 
concentrated by evaporation to a residue boil
ing temperature of 135°C. 

4. This residue is made >85% HNO3 with 90% 
HNO- to precipitate strontium; the mixture is 
kept at '^70°C for at least 12 hr^ to minimize 

Purex first-cycle extraction column raffinate, HAW, 
Is evaporated SO-fold to give IWW. 

E. Glueckauf, Improvements in or Relating to Method 
of Separating Strontium from Other Fission Products, 
Brit. Patent 844,376 (Aug. 10, 1956). 

coprecipitotion of iron and aluminum remaining 
in solution. 

5. The mixture is filtered while warm and the 
strontium precipitate dissolved in 1 M HNO, 
for ion exchange processing. 

In lOO-ml batch experiments, 75-80% of the 
original strontium was recovered, contaminated 
with <1% each of Fe^\ A\^\ Ha\ and SO^^-
(Toble 5.3). The strontium yield could probably 
be increased 5—10% by minimizing the volume of 
liquid used to precipitate strontium at >85% 
HNO3. Extrapolated solubility data of the sys
tem Sr(N03)2-HN03-H20 indicated that > 15% of 
the 20—25% strontium not recovered hod dissolved 
in the large volume (1.7 liters) of >85% HNO3 
solution. 

Ion Exchange 

An inorganic ion exchanger, zirconium phosphate, 
adsorbed cesium strongly from simulated Purex 
waste solutions in the original acid state (4 M 
H ; or after addition of tartrate and adjustment to 
pH 10 with caustic. However the maximum attain
able loading is not more than 0.1 meq per g of 
solid. Since the capacity of the zirconium phos
phate for cesium from pure solutions is > 1 meq/g, 
prior removal of one or more interfering constit
uents may permit greater loadings. 

Chem. Technol. Ann. Progr. Rept. May 31, 1961, 
ORNL-3153, sec 14.3. 
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Fig. 5.8. Proposed Flow Diagram for Radioactive Strontium Recovery from Evaporated Purex Waste Solution. Percentages are based on to ta l amount 

f iron in 100 ml of synthet ic Purex concentrated was te ; i .e . , 5.6 Af H ^ 6.1 M H N O , ~ , 1.0 M S O . ^ " , 0 . 5 Al Fe'''*', 0.1 Al Ap'*', 0.6 Al No'*', 0.002 M Sr'*', 0.01 
. . . r . U , . . , k l _ _ r * _ : . . _ ! . . _ T 7 " ; _ _ t £ : - , ; . _ I . . 

l l of synthet ic Purex concentrated was te ; i .e . , 5.6 Af H , 6.1 M H N O , ~ , 1.0 M SO . ^ ~ 

M Ni , 0.01 M Cr , 0,01 M UO,^ , w i th stable elements equ iva lent to 3.75 g of gross f i s s i on products per l i ter 
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Table 5.3. Strontium Recovery by a Head-End Double Precipitation 

from Purex Waste Concentrate-Nitric Acid Solutions 

Feed solution: 100 ml of Purex IWW (~30% HNO^) containing 2,9 X 10^ counts/min Sr^^, 

9.49 g of S O ^ ^ - , 2.93 g of F e ^ ^ 0.30 g of A l ^ * , 1.43 g of N o * 

Material Analyzed 
Sr 85 

Amount Present (% of original)" 

SO^ Fe 3 + Al 3 + No 

Fi l t rote* from SO^^" pptn, 383 ml 99.9 

of 59% HNO3 

Fi l t rate from SR pptn, 1720 ml 2 0 - 2 5 

of 86% HNO3 

Sr ppt"^ 7 5 - 8 0 

290 

130 

0.1 0.5 

55 

55 

0.3 

83 

70 

0.2 

ar .85 85 Sr determined by y scinti l lation counting, other ions by standard wet chemical analyses. 

^Sulfate precipitated by adding ~ 9 0 g of freshly prepared F e j O g ' x H j O to 100 ml of Purex IWW, stirring 24 hr 

to ensure the presence of excess Fe , diluting to 59% H N O , with 90% H N O , , and stirring at least 48 hr to approach 
: I : L . : . 1:^: -̂  "̂  equilibrium conditions 

6. Transuranium Element Processing 

A very high neutron-flux reactor, the High Flux 
Isotope Reactor, and o specialized chemical 
processing faci l i ty, the Transuranium Processing 
or TRU Facil ity are being built at Oak Ridge 
Notional Laboratory for the production of gram 
quantities of the transuranium elements. Their 
production in quantity wi l l simplify research with 
these materials. With these larger quantities, it 
wi l l be possible to greatly enlarge our knowledge 
of their general chemistry, solid state physics, 
and metallurgy. 

Isotopes of Cm, Bk, Cf, Es, and Fm wi l l result 
from the irradiation of 600 g of Pu^^^ and o 300-g 
mixture of Am^'*'' with Cm^^^. These feed ma
terials ore being produced by the long-term irra
diation of 10-kg batches of Pu in a Savannah 
River Plant reactor. The irradiated P u ^ ' " wi l l 
be processed at Savannah River and the products 

shipped to Oak Ridge as PuOj and on Am-Cm 
solution containing the rare earth fission products. 
The rare earths wi l l be removed and the octinide 
oxides fabricated into HFIR targets in the TRU 
Facility. 

After irradiation in the HFIR, the targets wi l l 
be returned to TRU for processing to recover 
Cm, Bk, Cf, and Es. The curium isotopes wi l l 
then be refabricated into targets for production of 
heavier elements. This report summarizes the de
velopment of chemical separation processes, equip
ment development,and design of the TRU Facil i ty. 

6.1 CHEMICAL PROCESS DEVELOPMENT 

The development of methods for the recovery of 
omericium and curium from plutonium process 
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w a s t e , and for t h e recovery of A m , C m , Bk , C f , 

E s , and Fm from i r r a d i a t e d H F I R targets has con

t i n u e d . T h e method proposed for a m e r i c i u m -

curium recovery from plutonium process w a s t e 

( F i g . 6 .1 ) c o n s i s t s in A m - C m - R E concentra t ion by 

an ion e x c h a n g e , convers ion to a ch lo r ide system 

by amine e x t r a c t i o n of H N O , , and separat ion from 

rare ear ths by amine ex t rac t ion from concent ra ted 

L i C I s o l u t i o n . T h e m a i n - l i n e H F I R target proces

sing method ( F i g . 6 .2 ) cons is ts in target d is 

so lut ion in H C I ; a c t i n i d e separat ion from f i ss ion 

products and a luminum by ter t ia ry amine e x t r a c t i o n 

from concent ra ted L i C i s o l u t i o n ; Bk , C f , E s , 
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essing. 

and Fm separa t ion from Am-Cm by phosphonate 

ex t rac t ion from d i l u t e H C I ; Bk separa t ion from 

C f , E s , and Fm by d i a l k y i phosphate e x t r a c t i o n 

of B k ( I V ) from concent ra ted H N O 3 ; and Cf , E s , 

and Fm separat ion from each other by chroma

tographic e lu t ion from ca t ion exchange r e s i n . 

D e v e l o p m e n t s tud ies of t h e s e process steps w e r e 
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made in laboratory-scale experiments with syn
thetic solutions containing tracer amounts of the 
transuranium elements. Scouting work was also 
carried out to investigate the effect of high alpha 
activity levels on corrosion and to study the 
separation of Am and Cm by converting Am to 
higher oxidization states. 

Aluminum«Silicon Alloy Dissolution in 
Hydrochloric Acid 

When aluminum is irradiated in a nuclear reactor, 
some of it is transmuted to si l icon, and, theoreti
cally, approximately 3% of the aluminum in HFIR 
targets wi l l be converted to silicon during an 18-
month irradiation. Since the proposed process 
calls for target dissolution in hydrochloric acid, 
the effect of the silicon content on the dissolution 
rate is being studied. Preliminary investigation 
of hydrochloric acid dissolution of aluminum 
alloys containing various amounts of silicon were 
made with three alloys: X-8001 containing about 
0.1% Si, an 1100 series alloy containing about 
0.3% Si, and a specially prepared alloy containing 
97% AI and 3% Si. 

In the hydrochloric acid concentration range 1 
to 6 M, the dissolution rate of all three alloys 
was proportional to the cube of the acid con
centration (Fig. 6.3). For a given acidity, the 
dissolution rate was inversely proportional to the 
silicon content of the alloy. The dissolution rate 
of the 1100 series alloy, which contains about 
0.3% Si, was approximately 10 times that of 
aluminum containing 3% Si, and the dissolution 
rate of X-8001 aluminum, which contains about 
0.1% Si, was about 4 times that of the 1100 series 
aluminum. The dissolution rate of 97% AI-3% Si 
alloy in 6 M HCI in the temperature range 25 to 
70"^ doubled for every 8—9^ increase in tem
perature. Even the 3%-Si alloy can be dissolved 
at acceptable rates; for example, at 80*^, in 
6 N HCI the rate was 10 mg min~ cm" . 

Tromex Process Development 

The flowsheet for the Tramex process shown in 
Fig. 6.4 is essentially the same as that reported 
last year. Trivalent actinides are extracted 

50 
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from 11 M LiCI containing 0.02 ,M HCI into 0.6 -M 
Alamine 336 (a mixture of octyl and decyl tertiary 
amines) in diethyIbenzene. The scrub solution is 
also 11 M LiCI containing 0.02 M HCI, and the 
stripping solution is 5 M HCI. The effects of 
variables such as LiCI concentration, acid con
centration, and amine concentration were recon
firmed. Distribution coefficients of Am, Cm, Cf, 
Es, Fm, and rare earths were redetermined and 
agreed with those previously reported. Some 
work was carried out to demonstrate feed prepara
tion, and a number of laboratory-scale mixer-settler 
runs with synthetic feed solutions were made in 
order to demonstrate the flowsheet. Most of the 
recent development was directed at studying de
tails of this system. The behavior of contaminant 
cations was determined, and the effects of various 
anions on americium and europium distribution co
efficients were studied. The addition of surfact
ants and variations in temperature were investi
gated as means for improving phase separation. 
Most of this work has been reported elsewhere. ' 

Laboratory-scale mixer-settler runs were made 
with synthetic feeds containing tracer americium 
and nonradioactive rare earths to demonstrate 
separations that can be obtained with the flow

sheet conditions given in Fig. 6.4. With 6 ex
traction, 6 scrub, and 6 stripping stages, total 
americium losses were about 0.01% and the de
contamination factor from rare earths was greater 
than 10 . Feed containing 11 M LiCI and low 
acid concentration can be prepared from hydro
chloric acid solutions of actinides and lantha
nides by adding L iC I , evaporating to a pot tem
perature of 135°C, and diluting with a small 
amount of water. The detailed procedures for 
this feed adjustment step are not yet complete. 

From distribution coefficients determined for 
expected contaminants, it was concluded that the 
Tramex process wi l l provide the desired separa
tion from all except Ti and Ni , which wi l l 
follow the trivalent actinides through the process. 
Those expected contaminants above Ru in 
Table 6.1 wil 1 be extracted along with the actinides. 
but of those extracted, only Ti and Ni wil l be 
completely stripped with actinides, especially 
if a solvent scrub is used on the strip column. 
Ruthenium behavior is not completely predictable 
from these data since it exists as both t r i - and 
tetravalent ions in these solutions. 

By choosing the correct acidity for the strip 
column, it is possible to separate most of the 
extracted contaminants (Fig. 6.5). The distri
bution coefficient (o/a) for Am was less than 
0.001 over the acid range 0.5 to 10 M HCI. The 
distribution coefficients for Ti and Ni were 
less than 0.01 over this same range, and they 
wi l l be stripped with the actinides. If the ex
tracted Ru is reduced to Ru in the strip 
column, it wi l l tend to follow the actinides. 

The effects of anion contaminants on distr i
bution coefficients were studied with Am -
representing actinides and Eu -representing 
lanthanides. Trace amounts of fission product 
bromide and iodide and trace amounts of fluoride 
added during processing had l i t t le effect on 
americium and europium behavior. The effects 
became appreciable at concentrations greater than 
0.1 /v. Both americium and europium distribution 
coefficients increased rapidly with increasing 

R. D. Baybarz and Boyd Weaver, Separation oj 
Transpluloniums from Lanthanides by Tertiary Amine 
Extraction, ORNL-3185 (Dec. 4, 1961). 

R. D. Baybarz and H. B. Kinser, Separation of 
Transplutoniums and Lanthanides by Tertiary Amine 
Extraction. II. Contaminant Ions, ORNL-3244 (Feb. 
20, 1962). 
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Table 6 .1 . Distribution of Various Ions Between 0.6 H 

Alamine-336 in DEB and 10.85 M LiCI 

Distribution 

Ion Source Coefficient 

Pd2^ 

Fe^^ 

T i " * 

R u " * 

T c O , -

Z r " * 

Am 

MoO^^~ 

N i 2 * 

Ru3* 

Eu3^ 

C e 3 * 

Y3+ 

Ba2* 

Sr2* 

Fission product 

Target contaminant 

Corrosion product 

Fission product 

Fission product 

Fission + corrosion product 

Neutron capture of Pu 

Fission product 

Target contaminant 

Fission product 

Fission product 

Fission product 

Fission product 

Fission product 

Fission product 

(o /a ) 

530 

410 

150 

54 

53 

15 

14 

6.0 

4.3 

0.40 

0.12 

0.10 

0.020 

0.008 

0.006 

ni t rate concentrat ion (F ig . 6.6). However, euro

pium extract ion increased more rapidly than 

americium ext rac t ion. As a resul t , the americium-

europium separation factor decreased from more 

than 100 for 0.01 N N O ^ " to 1, or no separat ion, 

for about 0.7 N N 0 - ~ . Because of th is adverse 

ef fect , i t is important that a l l n i t rate be removed 

when plutonium process wastes are converted to 

a chlor ide system for americium and curium re

covery. 

The t ime required for 0.6 M Alamine 336 in 

diethy I benzene and 11 M L i C I to separate after 

int imate mixing was about 3 min at 30°C. Th i s 

is too long for e f f i c ien t mixer-set t ler operat ion. 

Separation t ime was decreased by the addi t ion 

of a surfactant and by increasing the temperature. 

Minnesota Mining and Manufacturing Co. ' s FX-

170 was one of the most e f fec t ive surfactants 

tes ted. Th is is a nonionic f luorochemical w i th a 

so lub i l i z i ng funct ional group. Add i t ion of 100 

to 1000 ppm of FX-170 to the aqueous phase de

creased the phase separat ion t ime to about 30 

sec. The surfactant had no ef fect on d is t r ibu t ion 

coef f ic ients or separation factors. Increasing the 

temperature from 30 to 50°Q. decreased the phase 

separation t ime from 3 mm to 70 sec, and to 

QQPC, to 20 sec. 

UNCLASSIFIED 
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Fig. 6.5. Distribution Coefficients of Various Ions 

between 0.6 M Alamine 336 in Diethylbenzene and 

HCI Solutions as a Function of HCI Concentration. 
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Separation of Tronscurium Elements from 

Americium and Curium by Phosphonate Extraction 

The f lowsheet in F i g . 6.7 is essent ia l l y 

the same as that presented last year. Trans-
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curium elements are extracted from 1 M HCI feed 

into 1 M 2-ethylhexyIphenyIphosphonic ac id [2-

EH(0P)A ] in d iethylbenzene (DEB) . The scrub is 

1.5 M H C I , and the st r ip is 4 M HCI . Batch 

countercurrent runs were made in order to demon

strate americium and cal i forn ium separat ion. Dis

t r ibut ion coef f ic ients of the act in ides were re

determined, and they agreed w i th those previously 

reported. D is t r ibu t ion coef f ic ients of the lan

thanides were a lso determined. The ef fects of 

var iab les such as ac id concentrat ion, phosphonate 

concentrat ion, and solvent d i luent were studied. 

Behaviors of a number of contaminant ions were 

invest igated. The resu l ts , summarized here, are 

reported in more detai l e lsewhere. 

Batch countercurrent runs were made wi th 

synthet ic feeds conta in ing tracer americium and 

ca l i forn ium to demonstrate separations obtainable 

wi th the process shown in F ig . 6.7. With 4 ex

t rac t i on , 3 scrub, and 3 str ip stages, to ta l ca l i 

fornium losses were about 0 .1%, and the americium 

decontamination factor was greater than 10 . Other 

R. D. Baybarz, Separation of Transplutonium Ele
ments by Phosphonate Extraction, ORNL-3273 (to be 
issued) . 
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runs were made in a mixer-settler to test me
chanical operation of this system. Because of 
a limited supply of californium and berkelium, 
synthetic feeds were used which contained 
europium tracer as a substitute for berkelium, and 
americium tracer. With 8 extraction and 8 scrub 
stages operating at about 50% efficiency, 99.9% 
of the europium was extracted, and the decontami
nation factor from americium was 2 x 10^. 

Distribution coefficients (o/a) found for trivalent 
actinides and trivalent lanthanides between 1.0 M 
2-EH(0P)A in diethylbenzene and 2 M HCI are 
given in Fig. 6.8. The major break in extract-
ability between berkelium and curium, separation 
factor of 30, makes this an ideal system for sep
arating the tronscurium elements from americium 
and curium. 
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Fig. 6,8. Distribution of Actinides and Lanthanides 

between 1 M 2 . E H ( 0 P ) A in DEB and 2 M HCI . 

Separation factors for other adjacent actinides 
ranged from 1.3 to 3.3. For the lanthanide series 
there was a more uniform increase in distribution 
coefficient with atomic number. Separation factors 
between adjacent lanthanides were about 2.5. 
Distribution coefficients of both actinides and 
lanthanides were directly proportional to the cube 
of the 2-EH(0P)A concentration, and inversely 
proportional to the cube of the acidity over the 
range 0.5 to 4 M HCI. Extraction decreased to a 
minimum at 5.5 to 7 M HCI and then increased 
with increasing acidity. Selected examples of 
actinide and lanthanide extraction as a function 
of acidity are given in Fig. 6.9. The diluent that 
carried the 2-EH(0P)A also affected the distri
bution coefficients. Table 6.2 lists europium dis
tribution coefficients between 1 M 2-EH(0P)A 
in various diluents and 2 M HCI. Extraction was 
considerably greater with aliphatic diluents than 
with aromatic diluents. 

Behaviors of contaminant ions that may be 
present in the feed for this separation were briefly 
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Table 6.2. Effect of Diluent on Europium Extraction 

2,M HCI vs 1.0 M 2 - E H ( / P ) A 

_ . , Europium Distribution 
Diluent 

Coefficient (o /a ) 

n-heptane 4.8 

Amsco 125-82 3.5 

n-dodecane 3.4 

Decalin 2.1 

Cyclohexane 2.0 

Triethylbenzene 0.89 

Diethylbenzene 0.61 

Carbon tetrachloride 0.52 

Solvesso-lOO 0.42 

Xylene 0.40 

Toluene 0.37 

Benzene 0.31 

invest igated. Resul ts ind icate that Zr , T i ^, 

Fe , MoO. , and Pu w i l l be quant i ta t ive ly 

extracted w i th t ronscur ium elements. When the 

t ronscur ium elements are str ipped from the organic 

phase w i th /. volume of 4 M H C I , most of these 

ions w i l l remain in the organic phase. However, 

decontaminat ion from Fe'^ and T i w i l l be poor 

s ince both extract ion factors (o/a) are only 2.4. 

The contaminants, S i ^ ^ R u ^ ^ A\^*, and N i^ ' ^ 

w i l l not be extracted but w i l l remain in the aque

ous phase wi th americium and cur ium. 

Americium-Curium Recovery from Plutonium 

Process Waste by Anion Exchange 

Studies on separation of americium and curium 

from rare earths by anion exchange were d iscon

t inued in v iew of the encouraging resu l ts obtained 

w i th amine ex t rac t ion. However, the study of 

americium-curium behavior in concentrated n i t rate 

so lu t ion was cont inued, and an anion exchange 

process for recover ing americium and curium from 

plutonium-processing raf f inates was developed and 

tes ted on a laboratory scale. The resul ts sum

marized here are reported in more detai l e lse

where. 

In th is process ( F i g . 6.10) amer ic ium, cur ium, 

and rare-earth f i ss ion products are sorbed from 

neutral concentrated aluminum ni t ra te so lu t ions. 

While the process has general app l i ca t ion , i t 

was developed spec i f i ca l l y to recover americium 

and curium present in highly i r radiated plutonium-

aluminum a l loy , wh ich is being processed here 

for plutonium recovery. 

The feed is prepared by evaporat ing the p lu

tonium raff inate to a so lu t ion temperature of 140^^ 

and then d i lu t ing wi th water to an aluminum con

centrat ion of 2.6 M. The solut ion w i l l be trans

ferred by steam je t , which resul ts in a minimum 

feed d i lu t ion of 10%. F i f teen column displacement 

volumes of feed are pumped through the column, 

which is packed w i th 50 — 100 mesh Dowex 1-10X 

resin at 70°C. Aluminum and iron are washed 

from the column w i th 5 displacement volumes of 

8 M L i N O - , and the product is e luted w i th 3 d is 

placement volumes of 0.65 A1 H N O - . In laboratory 

demonstrat ions, products conta in ing 8.5 g of rare 

earths per l i ter and 0.05 M Al were obtained 

from feeds conta in ing 2.34 M Al . No americium 

losses were detectable, and decontamination from 

iron was essent ia l l y complete. 

The ef fects of resin par t ic le s ize , feed f low 

rates, aluminum concentrat ion, resin cross l inkage, 

and temperature on sorption were invest igated. 

Amer ic ium losses w i th 27 column volumes of feed 

and Dowex 1-lOX resin were less than 1% for 

5 0 - 1 0 0 mesh res in , 2.3% for 5 0 - 6 0 mesh, and 

35% for 10-50 mesh ( F i g . 6.11). Decreasing the 

resin cross l inkage from 10 to 4% increased 

americium losses from 0.9 to 11% for 27 column 

volumes of feed. In experiments wi th europium 

tracer, losses increased from 0. 1 to 23% for 15 

column volumes of feed when the f low rate was 

increased from 2 to 4 ml m in~ c m " , and were 

of the order of 0.12, 0.27, 2.2, and 16% when 

aluminum feed concentrat ions were 2.7, 2.3, 2.0, 

and 1.8 M, respect ive ly . Column temperature d id 

not appear to be c r i t i c a l ; resul ts were sat is factory 

in the temperature range 60 to 85°C. Resul ts wi th 

coarse Permuti t SK resin were comparable to 

those wi th Dowex 1-10X. 

M. H. Lloyd, Anion Exchange Recovery of Americium 
and Curium from Plutonium Process Waste, ORNL-3291 
(to be i ssued) . 
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Conversion from Nitrate to Chloride Solution 

by Amine Extraction 

Conversion from a n i t rate to a ch lor ide system 

by ext ract ion of HNO3 into ter t iary amine was 

demonstrated in laboratory-scale experiments w i th 

synthet ic so lu t ions. Feed containing 1 M HNO3, 

4 M H C I , 5 g / l i t e r rare earths, 0.5 g / l i t e r ru

thenium, and tracer americium was contacted wi th 

2.5 vol of 0.6 M Alamine 336 in d iethylbenzene. 

Tes t ing was carr ied out in a 16-stage mixer-

sett ler operated as an extract ion sect ion on ly . 

The aqueous product contained 99.95% of the 

amer ic ium, less than 10% of the ruthenium, and 

less than 0.01 M HNO3. Th is n i t rate concentra

t ion is low enough that i t w i l l not interfere w i th 

subsequent separation of americium from rare 

earths by amine extract ion from concentrated 

l i th ium chlor ide so lu t ion . 

Diolkylphosphate Extraction of Bk 

In a br ief invest igat ion of Bk ex t rac t ion , both 

ozone and K B r O j were sat is factory ox idants for 

preparing Bk in concentrated n i t r ic ac id so lu 

t ions prior to ex t rac t ion . At tempts to ext ract i t 

from 8 M HNO3 into 30% di -2-ethy lhexylphosphor ic 

ac id (D2EHPA) in to luene, d iethy lbenzene, or 

Amsco 125-82 d i luent were unsuccessfu l because 

of reduct ion by the d i luent . D is t r ibut ion coef f i 

c ients (o /a) between 30% D2EHPA in decane or 

hexane d i luent and 8 M HNO3 were 10^ for Bk '** 

and 1 0 " ^ for Cm'^'*'; Zr^'*' had almost the same 

extract ion propert ies as Bk . 

Separation of Californium, Einsteinium, and 

Fermium by Cation Exchange 

Separation of Cf, Es , and Fm by chromatographic 

e lu t ion w i th ammonium a-hydroxyi sobutyrote from 
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cat ion exchange resin ' was tested. I r radiat ion 

of 0.4 fig of Cf^^^ in the Oak Ridge Reactor for 

28 days produced 0.26 nanogram of Es and 

about 0.3 picogram of F m " ' * . Af ter 1 day 's de

cay, most of the f i ss ion products and target im

pur i t ies were removed by anion exchange from 

concentrated HCI and L i C I so lu t ions . The Cf, 

Es , and Fm were loaded on a column of Dowex 

50-12X (200-400 mesh) res in , which had a cross 

sect ional area of 0.03 cm and a length of 20 cm. 

E lu t ion w i th 0.4 M ammonium a-hydroxy isobutyrate 

at pH 4.1 was carr ied out at 80°C and at a f low 

rate of 0.6 ml m in~ cm~ . 

During elut ion fermium is removed f i r s t , fo l lowed 

by e inste in ium and then ca l i fo rn ium. By the t ime 

0.3% of the cal i forn ium was e lu ted, 20% of the 

e ins te in ium and 60% of the fermium were re-

G . R . C h o p p i n , B . G . H a r v e y , a n d S. G . T h o m p s o n , 
; . Inorg. Nucl. Chem. 2 , 66 ( 1 9 5 6 ) . 

H . L o u i s e Smith a n d D o r l e a n e C . H o f f m a n , / . Inorg. 
Nucl. Chem. 3 , 2 4 3 ( 1 9 5 6 ) . 

covered. When 10% of the cal i forn ium was e lu ted, 

80% of the e ins te in ium and 90% of the fermium 

were e lu ted. 

The condi t ions needed for good separat ions are 

a perfect column wi th no channel ing, very s low 

f low rates, and co l lec t ion of small product frac

t ions . During such a run a bubble developed near 

the bottom of the column and disturbance of the 

ind iv idua l bands prevented separat ion. Cons id

erable d i f f i cu l t y would probably be exper ienced 

in processing of large quant i t ies of ca l i forn ium 

because of rad io l y t i c gas bubbles. 

The Use of Higher Americium Oxidization States 

to Separate Americium from Curium 

In a br ief invest igat ion of methods of separat ing 

americium and curium based on ox idat ion of 

americ ium. Am was readi ly produced by heat ing 

f reshly prec ip i ta ted Am(0H)3 in 0.2 M N a O H -

0.2 M NaOCl at 90°C for 30 min. The pink 

Am(0H)3 changed to block Am(OH)^, wh ich was 

d isso lved in 15 M N H . F , w i th a so lub i l i t y of 

about 5 g / l i t e r . Curium remained t r i va len t , wi th 

a so lub i l i t y of less than 1 mg per l i ter . 

Treatment of f reshly prec ip i ta ted Am(0H)3 w i th 

ozone m 0.05 M NaOH ox id ized the americium to 

Am and formed a soluble hydroxide complex 

w i th a so lub i l i t y of more than 100 mg per l i ter . 

Aga in , curium remained t r i va len t and was i n 

so lub le . 

When americium and curium hydroxides were d is 

solved in 3 M K j C O j and treated w i th ozone, 

the americium was rapidly ox id ized and formed 

an intense red-brown soluble Am carbonate 

complex. Upon standing for 24 hr, the red-brown 

color disappeared and a p rec ip i ta te of Am 

carbonate formed, leaving the curium in so lut ion. 

The prec ip i ta te contained 80% of the americium 

and less than 1% of the cur ium. 

Separation by Inorganic Ion Exchangers 

A systemat ic survey is being made of the pos

s ib le u t i l i t y of inorganic ion exchangers in ra

d iochemical process ing, espec ia l ly in the recovery 

and separat ion of f i ss ion products and elements 

encountered in the production of t ransplutonium 

elements. The greater radiat ion s tab i l i t y of in

organic , compared wi th organic, exchangers offers 

a s ign i f i can t advantage. 
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In prel iminary tes ts , americium and europium 

were completely separated by e lut ion of the 

europium from zirconium phosphate wi th a con

centrated l i th ium chlor ide solut ion ( F i g . 6.12); 

the americium was subsequently completely eluted 

w i th 1 N HC I . Separation of americium from 

cerium in s imi lar experiments was smal l . Thus 

th is technique does not provide a means of sepa

rat ing the transplutoniums from the f i ss ion product 

lanthanide group. 

Z i rcon ium phosphate, z i rconium tungstate, and 

ammonium molybdophosphate di f fered considerably 

in the order of thei r adsorption of elements in 

the lanthanide series ( F i g . 6.13). Single-stage 

separation factors between ad jo in ing lanthanides 

were less than 1.4. A column elut ion from zir

conium phosphate indicated no greater separation 

between americium and cur ium. Comparative ad

sorpt ion and e lu t ion of other f i ss ion products and 

process-derived contaminants are being studied to 

determine the poss ib i l i t y of separating them from 

the transplutonium elements. 

Effect of Alpha Radiation on Corrosion 

Scouting corrosion tes ts were made on g lass 

and welded specimens of tantalum, Haste l loys B 

and C, t i tanium 45A, and Z i rca loy-2 exposed to 

chlor ide solut ions conta in ing Am (20 g / l i t e r ) . 

Th is represents a power densi ty of 2 w / l i t e r . 

No d i rect e f fects of alpha radiat ion on corrosion 

were found. Secondary e f fec ts , which are at t r ib

uted to the presence of H j O , produced by ra-

d io l ys i s of water, were noted for Haste l loys B 

and C and for t i tan ium 45A. Under condi t ions that 

a l lowed appreciable bui ldup of H - O , concentra

t i o n , the corrosion rates of Haste l loys B and C 

were increased, and the corrosion of t i tan ium was 

d ras t i ca l l y decreased. Corrosion rates of g lass 

and tantalum were less than 1 m i l / y r , and the 

corrosion of Z i rca loy-2 was less than 10 m i l s / y r 

for a l l condi t ions tested. 

The tests were made by immersing corrosion 

specimens (1 cm x 2 cm x ^ 2 ^° 'a ' " • th ick) in 

Pyrex glass tes t tubes conta in ing TO ml of so lu

t i o n . Other specimens were suspended in the 

vapor phase on a tantalum wi re . Solut ions used 

UNCLASSIFIED 
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R. D. Baybar i , The Effect of High Alpha Radiation 
on the Corrosion of Metals Exposed to Chloride Solu
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were 6 M HCI and 10 M L i C I - 0 . 5 M H C I , each 

conta in ing Am at a concentrat ion of 20 g / l i t e r . 

Control so lu t ions were ident ica l except that non

rad ioact ive lanthanum was subst i tu ted for Am . 

Tes ts were made at 45°C and at near bo i l ing for 

7 days. Corrosion rates were determined by 

weighing the specimens both before and after 

exposure to the chlor ide so lut ion. 
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6.2 DESIGN OF EXPERIMENTAL FACILITIES 

The TRU Processing Plant chemical flowsheets 
developed during the past few years were tested 
at radiation levels limited by the containment 
standards and shielding available in an alpha 
laboratory. Equipment in cells 3 and 4 of building 
4507 wi l l provide faci l i t ies for testing the proc
esses discussed in Sec 6.1 at radiation levels 
to be encountered in the final processing plant. 
Americium-curium wi l l be separated from rare-
earth fission products and irradiated materials 
processed to isolate californium in these cells. 

Figure 6.14 is the schematic equipment flow
sheet for the final solvent extraction isolation of 
americium and curium from the plutonium proc
essing raffinate. The bulk of the aluminum and 
fission products wi l l be removed by ion exchange 
and the Am—Cm—rare-earth solution evaporated to 
100 liters in cell 1, building 4507 in preparation 
for solvent extraction processing in cell 4. 

Figure 6.15 is the schematic equipment flow
sheet, including head-end equipment for the dis
solution of a 6-month-irradiated HFIR target for 
carrying out actinide recovery and the separation 
of Am-Cm, Bk, Cf and higher-isotope fractions. 
This dissolution equipment and the equipment re
quired for the separation of berkelium from cali
fornium and higher isotopes wi l l be installed in 
cell 3. 

Equipment Description and Arrangement 

The equipment wi l l be installed so that it may 
be removed by heavy-duty manipulators, an im
pact wrench, and a crane mounted in the large 
equipment-removal cubicle located on the top of 
the cell bank. The equipment wi l l be in a modular 
arrangement to allow relocation or replacement of 
all cell tanks in a standard support frame (Fig. 
6.16). The piping between tanks and racks wi l l be 
joined with disconnects similar to those to be 
used in the TRU Faci l i ty, which wi l l be operable 
with a manipulator. The solvent extraction equip
ment and other miscellaneous items wi l l be lo
cated in racks supported on top of the tankage 
framework. These racks wi l l also be removable 
through the roof hatch. 

Figure 6.17 is an elevation view through the 
cell and service areas, and Fig. 6.18 illustrates 
a typical tank-piping arrangement. 

Shielding 

The highest neutron sources proposed for use 
in the cells w i l l be in a 6-month-irradiated, 30-
day-decayed HFIR target, whose properties are: 

Cf^^^ content, /ig 350 

Cf^^^ content, % of Cf^^^ 0.52 

Cf neutron source, neutrons/sec 3.5 X 10 

13 
1.7-Mev gamma source, Mev/sec ~ 2 X 10 

The calculated dose rates from this target are: 

Fission product gamma dose rate through < 0 . 0 1 

window or w a l l , mr/hr 

Neutron dose rate through borytes w a l l , 0.026 

mrem/hr 

Neutron dose rate through window, 3.3 

mrem/hr 

These dose rates are expected to be accurate 
within a factor of 2, assuming that the neutron-
source strengths are correct. 

The fission product gamma attenuation through 
the wall and window, and the neutron attenuation 
through the wal l , were calculated from measured 
attenuation coefficients and removal cross sec
tions. The neutron attenuation through the window 
was determined with the Renupok neutron trans
port code on the IBM 7090 computer. 

Schedule 

The new Am—Cm—rare-earth storage tanks were 
installed in cell 4 pit in July. Process equipment 
installation and cell containment modification are 
scheduled to be essentially complete for initial 
cold checkout runs beginning in November 1962. 

6.3 PROCESS DESIGN 

When the TRU Facil i ty is ready for full-scale op
eration in January 1966, the first HFIR loading 
of 31 rods wi l l have been irradiated about 16 
months, discharged from the reactor, and be 
awaiting processing. The chemical processing 
system is designed for a throughput rate of one 
target per day, which wi l l permit processing 10 



138 

ALAMINE 336 IN DEB 

F i g . 6 .14 . Americium-Curium Recovery: Equipment Flowsheet. 
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first-cycle plutonium rods per month on a semi-
continuous basis; thus, approximately three months 
wi l l be required to process the f irst loading and 
fabricate the curium isotopes into recycle rods 
for further irradiation. At the design capacity, no 
more than 50% of the time wi l l be required for 
main-line processing. The remainder is reserved 
for special separations, equipment modifications, 
and maintenance. On a long-term basis, about 
40 target rods wi l l be processed per year, half 
of which are first-cycle and the remainder recycle 
rods. One hundred milligrams of californium wi l l 
be recovered from the init ial HFIR loading, and 
two years after startup of the TRU Facil i ty the 
californium inventory should reach 1 g. 

Dissolution of Aluminum 

The dissolution rate of the aluminum targets 
must be kept below 1 mg min~ cm" in order 
to control the rate of evolution of hydrogen, the 
volume of which, plus purge gas to dilute it below 
the explosive level, could otherwise exceed the 
design capacity of the off-gas system. Calcula
tions have shown that this can be done by tem
perature control of the dissolution rate because 
of the large heat transfer coefficient and the 
relatively modest temperature coefficient of the 
dissolution rate. Measurements of the heat 
transfer from dissolving aluminum showed effec
tive heat transfer coefficients for a vertical rod 
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varying from 500 to 1300 Btu hr" ^ f t " ^ ( ° F ) - ' , 
depending on the dissolution rate. Evidently the 
strong evolution of hydrogen from the aluminum 
surface creates as much circulation of the bulk 
liquid as a draft tube does. Heat transfer is 
probably further improved by the scouring action 
of the hydrogen bubbles as they agitate the 
stagnant surface fi lm. 

Solvent Extraction Calculations 

An Oracle code, KREMSER-MURPHREE, was pre
pared and used to calculate the behavior of five 
actinide elements in the second solvent extraction 
cycle of TRU flowsheet and from distribution co
efficient data. Results of four calculations (Fig. 
6.19) showed that if the normalities of the feed 
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and scrub are less than 1.55, berkelium wi l l be 
preferentially extracted and can be separated 
from curium. At an acid normality of 1.0, berke
lium recovery would be greater than 99.9%, with 
curium contamination reduced by a factor of more 
than 105. 

A further set of calculations was made for the 
same feed except that the feed acidity was con
stant at 0.5 M and the scrub acidity was varied. 
The results (Fig. 6.20) indicate an increase in 
over-all performance, with both an increase in 
berkelium recovery and a decrease in curium con
tamination of the berkelium product. 

At higher acidities the berkelium wi l l tend to 
remain in the raffinate and hence can be sepa
rated from californium, but the separation is 
probably not practical because of the smaller dif
ference in distribution coefficients. 

A partitioning solution with an acidity of 1.9 N 
and a feed of berkelium and californium in the 
organic phase were assumed. A berkelium re
covery of 95% with the californium contamination 
decreased by a factor of 100 was specified. The 
scrub and extractant flow ratios were varied, and 

the number of stages required to achieve the 
specified separation were computed. The calcu
lations (Fig. 6.Z1) showed that the separation of 
berkelium and californium by this system is very 
marginal. 

A single calculation indicated that the separa
tion of americium from curium is not practical. 
Conditions were probably not optimal, but 32 
stages (70% efficiency) gave 99.6% curium re
covery, with only half the americium removed. 

HFIR Target Design 

A preliminary HFIR target design has been de
veloped in cooperation with groups in the Reactor 
Division and the Metals and Ceramics Division. 
The active portion of the target consists of a 20-
in.-long column of 0.25-in.-diam x 0.50-in.-long 
pellets, which are fabricated by pressing about 18 
vol % actinide oxide-82 vol % aluminum powder in
side an aluminum can to a density (89 + 3)% of 
theoretical. The 35-in.-long target is fabricated by 
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hydrostatically collapsing a finned, type X-8001 
aluminum tube, sealed by welded end caps, onto 
the pellet column and tack-welding a hexagonal 
type X-8001 aluminum can to the fins. 

The target is designed for irradiation to a total 
nvt of 1.5 X 1 0 " (1.5 yr at 3 X 10^^ flux), with 
hot-spot heat fluxes of 10* Btu h r " ' f t " 2 . Fis
sion gas release in the target is to be accommo
dated by providing a reinforced void at each end 
of the pellet column. 

The allowable transferable alpha contamination 
on the target surface was calculated to be approxi
mately 10'* dis/min per 100 cm by considering the 
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allowable fission product and actinide concentra
tion in the HFIR coolant and the possible effects 
of an accident during transfer of the target from 
TRU to HFIR. 

6.4 PROCESS EQUIPMENT DEVELOPMENT 

Solvent Extraction Contactors 

The separation of transuranium elements from 
fission products and from each other requires 
several solvent extraction systems of widely 
divergent physical properties. A box type mixer-
settler was modified to facil i tate the testing of 
flowsheets and possible production application. 
The modifications were; a change in impeller 
design to improve mixing and installation of an 
interface control weir between stages to allow 
a wider range of mixer speed without causing 
excessive pumping and loss of interface, which 

results in loss of efficiency due to bockmixing. 
The modified mixer-settler was demonstrated 
hydraulically with solvent-aqueous pairs having 
density differences ranging from 0.051 to 0.48 
g/cc and viscosities from 0.81 to 6.0 centipoises 
(Table 6.3). The speed required for good dis
persion and for loss of interface increased with 
density difference. The flow capacity decreased 
with increased viscosity of the organic (the con
tinuous) phase but was nearly independent of the 
viscosity of the aqueous phase. 

Stage efficiency was greater than 90% in the 
modified mixer-settler with a 30% TBP-1.5 M 
AI(NO-), system and with a 30% tertiary amine-
11 M LiCI system, both of which have a relatively 
high viscosity aqueous phase and represent dif
f icult extraction systems. 

The development of small pulsed columns is 
also underway for the TRU facil i ty because of 
their simplicity and better adoptability to remote 

Table 6.3. Mixer-Settler Hydraulic Data 

Test Solutions 

1 Wt % HNO3, 

85% T B P in Amsco 

10 wt % HNO3, 

85% TBP in Amsco 

1.5 M H C I , 

30% Alamine-336 in 

1.5 M H C I , 

Diethylbenzene 

1 wt % HNO3, 

5% TBP in Amsco 

^^lM L i C I . 

30% Alamine-336 in 

11 M L i C I , 

5% T B P in Amsco 

DEB 

DEB 

Specific 

Gravity 

at 25°C 

1.00513 

0.9547 

1.0335 

0.9547 

1.0168 

0.8713 

1.0168 

0.8603 

1.0053 

0.7648 

1.2420 

0.8713 

1.2420 

0.7648 

Specific 

Gravity 

Difference, 

Aqueous-Organic 

0.0506 

0.0788 

0.1455 

0.1565 

0.2405 

0.3707 

0.4772 

Viscosity 

at 3CPC 

(centipoises) 

0.807 

3.31 

0.826 

3.31 

0.872 

6.05 

0.873 

0.924 

0.807 

1.26 

5.96 

6.05 

5.96 

1.26 

Mixer Speed 

Required 

for Good 

Dispersion 

(rpm) 

1000 

1000 

1300 

1300 

1850 

1600 

2770* 

Maximum 

Fl . 

in 
Dw Rate 

i l /min) 

20 

20 

20 

20 

10 

10 

35 

35 

20 

30 

8 

8 

20 

30 

Mixer Speed 

Required to 

Pump out 

Aqueous-Organic 

Interface at no 

Aqueous Flow 

(rpm) 

> 1 0 0 0 

> 1 0 0 0 

1400 

1700 

2150 

> 2 0 0 0 

> 2 7 7 0 

At mixer speed required to give good dispersion. 
Poor dispersion. 
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operation. Tests with the 30% amine—11 M LiCI 
system demonstrated 18 in. stage height in a 
sieve plate column with /^-in. plate spacing and 
a pulse frequency of 100 to 190 cpm. The flow 
capacity was approximately 60 gal f t~ hr~ at 
25°C and 120 gal f f ^ h r " ' at 50°C. Pulsed 
packed columns have a lower flow capacity and 
stage efficiency but are simpler in construction. 

Disconnects 

A test program to select a disconnect design 
for use in the TRU processing cells was com
pleted. An area seal between a female half of 
20° included angle and a male half of 18° angle 
appears superior to the line contact seal obtained 
with lower sealing forces. These seals leaked 
less than 10~^ cc of helium per second after 
ten makes and breaks. Leak-tight closures were 
also obtained for interchanged halves, for up 
to 0.5° misalignment, for 2—4 mil deep center 
punch marks to simulate mechanical damage, and 
for dimensional variations exceeding those neces
sary for economical manufacture. A continuous 
scratch across the sealing surface did cause 
leakage. In accelerated corrosion tests with aqua 
regia, the /,^-in.-thick-wall tubing was com
pletely penetrated by the acid without any leakage 
at the disconnect seal. A moment force of as 
much as 390-lb-in. from the connecting tubing 
wi l l not prevent leak-tight closure. 

The original design of the disconnect calls for 
welding the disconnect parts and the Hastelloy 
lines. Heat treatment of the disconnect, which 
increases the corrosive resistance of the weld, 
prevented a leak-tight closure. Other means of 
fastening the disconnect to the connecting tubing 
are being investigated. 

Glovebox Fire Tests 

Fire tests conducted in the proposed Trans
uranium glovebox demonstrated the necessity for 
promptly extinguishing the fire to prevent contain
ment loss due to possible burn-through of the 
rubber gloves and to prevent heat buildup in the 
glovebox floor, which in each test produced an 
explosive mixture due to the increased evaporation 
rate of the solvent. Explosion tests demonstrated 
the necessity for preventing explosive concentra
tions in the glovebox; the ignition of an ortho-

xylene air mixture just inside the explosive range 
produced pressure sufficient to rupture the window 
seals. 

Tests of fire-extinguishing system components 
indicated that an optimal protection system would 
consist of a standard, commercial water-spray 
nozzle with a small reservoir containing 2 to 3 
gal of water under a reliable pressure force such 
as a spring or dead weight. 

6.5 TRU FACILITY DESIGN 

The cell bank of the Transuranium Facility was 
decreased from twelve to nine cells (Fig. 6.22), 
and back access was provided for the two ana
lytical cells. The pit area behind these cells is 
covered with 4-ft-thick shielding plugs. 

A preliminary issue of the conceptual report 
was made on March 2, 1962. Al l Tit le I drawings 
were completed by the architect-engineer and re
viewed by ORNL. A total of 105 drawings were 
required. 

Tit le II engineering was initiated in May to be 
completed in mid-April 1963 (Fig. 6.23). About 
one year is allotted for process equipment instal
lation and break-in, with init ial hot operation 
scheduled for January 1, 1966. 

Schematic flowsheets developed from chemical 
flowsheets for the main-line processing (Figs. 
6.24 and 6.25) provide for dissolution, feed adjust
ment, and first-cycle solvent extraction in cell 7. 
Americium and curium wil l be separated from the 
higher actinides by solvent extraction, and Bk, 
Cf, Es, and Fm wi l l be separated by ion exchange 
in cell 6. Flowsheets for product purification and 
special product separations (in cell 5) have not 
been developed. 

In cell 4, curium wi l l be purified and precipitated 
for subsequent calcination and fabrication into 
recycle rods. Tankage for the various processes 
is located, where possible, in tank pits of the 
respective cells where the solvent contactors or 
ion exchange columns are located. Tank-pit 
space in cells 1, 2, and 3 behind the target fab
rication cubicles must be used for some product 
storage tanks and rework systems. 

Conceptual Layouts 

All vulnerable process equipment wi l l be lo
cated on removable racks in the cubicles, with 
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Fig. 6.23. TRU Engineering and Construction Schedule. 

three racks about 36 in. long, 18 in. wide, and 
6 ft high in each cubicle (see Fig. 6.26). In
corporated into the lower half of the back rack 
is a sampler system containing diaphragm pumps 
in order to pump solutions through the needle 
block assembly and the mechanisms for handling 
sample bottles. Service lines enter through the 

cubicle ceiling and are joined to the equipment 
at the rear of each rack with a standard TRU dis
connect (Fig. 6.27). Process jumper lines, pro
vided with similar disconnects, join the various 
equipment racks, samplers, and hot-disconnect 
wells through which solutions are routed to the 
tank pits behind the cubicles. Maintenance to be 
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performed by the in-cell master-slave manipulators 
includes replacement of individual components 
such as pumps, valves, and sample needle blocks 
and installation of entirely new equipment racks. 
Conceptual layouts (e.g.. Fig. 6.28) of all main
line process equipment were made to ensure that 
adequate space was available for all required op
erations. 

All tanks (Figs. 6.29 and 6.30), which should 
require only infrequent maintenance, are located in 
the tank pits behind the cubicles. Because of the 
high probability of corrosion failures and the 
necessity for designing a flexible system that 
can be modified if desired, all tanks and piping 
in the tank pits are designed to be replaceable 
with the use of water-shielding and overhead-
maintenance techniques. Service lines penetrate 

the rear wall and contain a disconnect at the 
inner cell wal l . Process jumper lines, which 
connect the various tanks, waste and off-gas 
headers, and cubicle hot wel l , may be replaced 
or rerouted as required. Tank elevations are such 
that a minimum of 3 ft of water shielding covers 
all tanks when the pit is flooded to the maximum 
level. Al l disconnects are located above this 
water level so that the tanks wi l l not f i l l when 
the cell is flooded. 

Detailed Design Features 

Hot Disconnect Well. - Spare lines wi l l be in
corporated into the two line bundles connecting 
cubicles and tank pits, but complete reliance on 
a permanent nonreplaceable installation does not 
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drawn back into the l ine by condensing steam 
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a 500-cc accumulator. Fo l low ing a je t t ing op

era t ion , residual steam is purged from the l ine 

before su f f i c ien t condensation occurs to suck 

solut ion more than a few inches up the steam 

l ine . Such a system is cheap, requires no elab

orate instrumentat ion 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 l i t e rs /m in ) w i l l not tax the capaci ty 

of the off-gas system. Optimal purge rates and 

accumulator s ize were determined. 

Plastic Materials of Construction 

The decrease in the expected radiat ion levels 

in the TRU F a c i l i t y , owing to the lower Cf 

Fig. 6.26. Typical Cubicle Layout Plan. 
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appear l og i ca l . Therefore these l ine bundles wi th 

thei r hot-d isconnect wel l in the cubic le f loor and 

d isconnect terminal block on the tank pit were 

designed for remote replacement ( F i g . 6.31). Af ter 

removal of a l l process jumper l ines connected to 

both ends of th is bundle, the we l l in the f loor 

of the cubic le is unbol ted from the cub ic le and 

the assembly dropped onto t racks suspended from 

the cub ic le f loor . The ent i re uni t is then w i th 

drawn into the tank p i t by a cable and pul ley 

arrangement. A new bundle is ins ta l led by re

vers ing these operat ions. 

Tank-Pit Service Plug. — Service l ines to the 

tank p i ts w i l l be brought in through stepped con

crete plugs (F ig . 6.32). A l l l ines to any tank 

w i l l be brought through the same p lug . Present 

plans cal l for only one disconnect in each service 

l ine , to be located at the ce l l side of the p lug . 

The female hal f of the d isconnects on the tank 

end of the serv ice l ines w i l l be mounted in a 

support bracket , wh ich bol ts to the face of the 

plug and at the same t ime al igns both halves of 

the d isconnects . The 0.5- in.-diam l ines are of fset 

1.5 in . in the plug to min imize streaming. 

Vents on Steam Supply Lines to Process Jets. — 

A system designed to vent steam supply l ines to 

process jets and thus prevent solut ion from being 

MATING SURFACES 

CLAMP HOUSING 

Fig. 6.27. TRU Process Disconnect. 
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production rate now expected, permits considera
tion of organic compounds for certain applications 
in the cells and cubicles. A literature survey 
showed the following plastic materials to have 
the best probability of combining radiation re
sistance and resistance to chemicals used in the 
TRU chemical processing flowsheet: 

Exposure Resulting 
in Significant 

Damage, whr/g 

Container and tubing materials 

Glass-fiber reinforced epoxy 

resins 

Acrylic butadiene styrene 

Al ly ! diglyco! carbonate 

(Homaiite) 

Polyethylene 

Chlorinated polyether 

(Penton) 

Gasket and booting materials 

Acrylic nitri les 

Hypalon 

Neoprene 

20 

>0.25 
0.25 

0.25 
~0.1 

0.4 

0.1 

0.1 

Shielding Studies 

TRU shielding design is based on sources con
stituted by a solution containing 2 x 10^ curies 
of Ce^^^-Prl '*" from burnup of 10 kg of P u ^ ^ ' 
and by a fifth-cycle target, composed of residual 
actinides from successive High Flux Isotope Re
actor irradiations, which contains 305 mg of 
californium and spontaneously emits 3 x 10 
fission neutrons per second. During the process
ing of these sources the radiation dose rate in 
normally occupied areas is to be no greater than 
0.75 mrem/br, with permissible hot spots around 
penetrations no greater than 2.5 mrem/hr. 

With Renupak, a code for moments method solu
tion of the neutron transport equation, and SDC, 
a gamma penetration code, it was determined that 
a cell shielding wall of 54 in. of magnetite con
crete, of water content 12.2 lb/ f t , density 210 
lb/ f t , satisfies the dose-rate criteria. The dose 
rate is controlled by fast neutrons from the fission 
source and is increased by factors of 5 and 50 
if the water content is decreased to 6.1 and 3.0 
lb/f t , respectively. 
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A 54-in.-thick cell shielding window, consisting 
of laminations of oil and 2.7-, 3.3-, and 6.2-g/cc 
glass, was tested at the ORNL Lid Tank Shielding 
Faci l i ty. Fission-neutron-removal cross sections 
of window components were determined to be 
0.076, 0.080, and 0.095 ± 0.004 c m " ' 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 with Niobe, a code for numerical in
tegration of the Boltzmann equation, indicate that 
the window is equivalent to magnetite concrete 

for fission source attenuation and has slightly 
less attenuation for pure hard-gamma sources. 

Renupak and SDC were used to evaluate f is
sion source carrier shields composed of concrete 
or combinations of lead or iron with borated 
paraffin. 

Neutron Activation Calculations. — A computer 
program was prepared to determine the neutron 
activation of TRU components as a function of 
f lux, exposure time, and decay time. Multigroup 
transport and diffusion codes were used to de
termine the neutron flux spectrum within cel ls. 
Concrete walls, windows, manipulators, and 
process vessels wi l l survey less than 1 r/hr due 
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to neutron activation ten days after credible ex
posure to TRU fission sources. 

Maximum Permissible Concentrations. — The 
relative hazards of the various nuclides produced 
by long-term irradiation of plutonium must be 
known for use in preparing hazards summary re
ports, evaluating waste treatment and disposal 
schemes, computing necessary decontamination of 
various components from each other, and f inally, 
at the time of operation, for guides to allowable 
exposures and for judging whether operating 
practices are safe. The Health Physics Hand
book does not l ist a number of important isotopes 
that wi l l be encountered by the Transuranium 
Project, and the Health Physics Division is now 
evaluating hazards from these other isotopes. 
For use in the meantime, unofficial maximum per^ 
missible concentrations (Table 6.4) were cal
culated by the exact rules given in ICRP Publi
cation 2. The major differences in the method 
of obtaining these results from the method used 
to obtain those presented in Publication 2 are: 

1. Lates t information on half-lives and decay 
schemes were taken from Landolt-Bomstein, 
Numerical Data and Functional Relationships in 
Science and Technology, New Series (Group 1, 
Nuclear Physics and Technology, Vol. 1, Energy 
Levels of Nucleii A = 5 = 231) and recent ANL 
publications. 

2. No account was taken of photon absorption. 
3. The relative biological effectiveness (RBE) 

was assumed to be 20 for spontaneous fission 
fragments, and a weighting factor {n) equal to 
5 was used for absorption in bone. 

4. The total energy absorbed in the walls of 
the gastrointestinal tract from fission fragments 
is assumed to be 1% of the kinetic energy. This 
same assumption is usually made for alpha par
t icles because experiments have shown that they 
do not penetrate the mucosa appreciably. 

Hazards Evaluation 

Hazards evaluation studies indicate that down
wind personnel exposures and fallout levels 
arising from the maximum credible accidents in 
TRU wi l l be acceptable. Since the secondary 
containment region, which surrounds the alpha 
laboratories and cells, is to be maintained at a 
vacuum of —0.3 in. (water gage) at all times, 
there is essentially no mechanism for the release 
of activity to the atmosphere except through 
fi ltered ventilation streams, even in the maximum 
credible rupture of a glovebox or cell cubicle. 
The fi l ter removal efficiency and atmospheric 
dilution factors are adequate to protect the en
vironment in these maximum credible accidents. 

Although the hazard presented to the environ
ment by TRU is small, the potential hazard to 
TRU operating personnel is large. Alpha-labora
tory personnel could inhale a lethal quantity of 
actinides in a single breath in the event of the 
maximum credible glovebox rupture or a spill 
from a carrier rupture. This hazard wi l l be mini
mized by limiting glovebox and transfer operations 
to those which have an adequately low probability 
for dispersing activity in the building. 

During normal operation of the faci l i ty, rare 
gases, I , and alpha-emitting actinides wi l l 
be released at average rates of less than 22, 
0.07, and 10~^ curies/day, respectively. These 
releases wi l l cause maximum downwind air con
centrations equivalent to 0.25 mrem/hr and maxi
mum beta and alpha ground deposits of 1000 and 
4.5 dis/min per 100 cm , respectively. 

Report of Committee U on Permissible Dose for 
Internal Radiation (1959). ICRP Publication 2. 
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Table 6.4. Maximum Permissible Concentrations (Unoff ic ial ) 

Nuclide Cr i t ica l 

Organ 

Bone 

Bone 

Bone 

Bone 

Bone 

Gl Tract 

Bone 

Gl Tract 

Bone 

Bone 

Gl Tract 

Bone 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Gl Tract 

Gl Tract 

Gl Tract 

Bone 

Bone 

Bone 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Gl Tract 

Water 

(MPC)^ 

(/ic/cm^) 

1.53 X 

1.35 X 

1.35 X 

7.14 X 

1.42 X 

1.21 X 

1.27 X 

1.35 X 

1.27 X 

1.27 X 

2.73 X 

1.26 X 

5.08 X 

9 . 1 0 X 

1.67 X 

7.05 X 

1.57 X 

2.14 X 

1.02 X 

1.02 X 

1.07 X 

1.32 X 

8.25 X 

l o - ' ' 
1 0 - 4 

1 0 - 4 

1 0 - 3 

1 0 - 4 

1 0 - 2 
1 0 - 4 

1 0 - 3 

1 0 - 4 

1 0 - 4 

1 0 - 3 

1 0 - 4 

1 0 - 2 

1 0 - 3 

1 0 - 2 

1 0 - 4 

1 0 - 4 

1 0 - 4 

10 -4 

1 0 - 4 

1 0 - 4 

10 -5 

1 0 - 2 

0.140 

9.62 X 

1.24 X 

3.53 X 

1.17X 

2.53 X 

4.14 X 

1.22 X 

6.35 X 

5.40 X 

6.70 X 

6.91 X 

1.70 X 

7.72 X 

1.25 X 

1 0 - 3 

1 0 - 4 

1 0 - 4 

1 0 - 4 

1 0 - 4 

1 0 - 3 

1 0 - 5 

1 0 - 4 

1 0 - 4 

1 0 - 4 

10 -4 

1 0 - 4 

10 -4 

10-5 

Cri t ical 

Organ 

Bone 

Bone 

Bone 

Bone 

Bone 

Gl Tract 

Bone 

Gl Tract 

Bone 

Bone 

Liver 

Bone 

Bone 

Bone 

Gl Tract 

Liver 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Liver 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Gl Tract 

Air 

(MPC)^ 

(/Xc/cm3) 

2.02 X 

1.79 X 

1.79 X 

9.42 X 

1.88 X 

2 . 1 4 X 

1.68 X 

2.39 X 

5.57 X 

5.57 X 

3.93 X 

5.56 X 

3.99 X 

1.73 X 

2.96 X 

1.19X 

6.88 X 

9.40 X 

4.50 X 

4 .49 X 

4.71 X 

5.81 X 

7.51 X 

7.76 X 

1.37X 

1.64 X 

4.66 X 

1.55 X 

6.83 X 

8.24 X 

5.42 X 1 

7.44 X 

4.87 X 

1.84 X 

6.07 X 

6.03 X 

1.63 X 

2.21 X 

0 - 1 2 

0 - 1 2 
0 - 1 2 

0 - 1 1 
0 - 1 2 

0 - 6 

0 - 1 2 

0 - 7 

0 - 1 2 

0 - 1 2 

0 - 8 

10-12 

io-« 
10-7 
0 - 6 

0-10 

0-12 
0-12 

10-12 

10-12 
10-12 
10-13 

io-« 
0 - 1 0 

0 - 7 

0 - 1 2 

10-12 
0 - 1 2 

10-12 

0 - 1 ° 

0 - 1 2 

10-10 

1 0 - ' 

10 -11 
0 - 1 0 

10 -8 

10 -8 

10 -9 

Body 

Cr i t ica l 

Organ 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Liver 

Bone 

Bone 

Bone 

Liver 

Liver 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Liver 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Bone 

Burden 

Value 

0.046 

0.045 

0.045 

0,990 

0.048 

7.23 

0.043 

3.04 

0.054 

0.067 
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Activity 

(curies/g) 

17.4 
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0.227 
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7. Plutonium-Aluminum Alloy Fuel Processing 

A program to recover the plutonium contained in 
24 highly irradiated plutonium-aluminum fuel rods 
was carried out in cell 1, Building 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. 

The 5-ft-long by 0.94-in.-diam fuel rods were 
dissolved in boiling 6.0 M HNO, catalyzed with 
0.05 M Hg(N03)2 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 specification grade material. Overall 
decontamination factors for the two anion exchange 
cycles with Permutit SK resin averaged 1 x 10 . 
Losses from the operation totaled 0.9%, most of 
which occurred during scrubbing of the loaded 
resin beds. 

7.1 DISSOLUTION 

Fuel rods were dropped from the shielded carrier-
charger into the dissolver vessel and then con
tacted with a solution containing 6 M HNO, and 
0.05 M Hg(N03)2 (Fig. 7.1). Enough fluoride ion 
(0.03 M) was added to the solution to prevent 
polymerization of plutonium. 

In order to obtain information about the condition 
of the plutonium (isotopic content, burnup, poly
merization) the first dissolution run was conducted 
with one fuel rod. An overall dissolution rate of 
0.85 mg min" c m " was obtained over a 200-hr 
period at boiling temperature; two 65-liter portions 
of fresh dissolvent were used. Thereafter, the 
dissolution rate was increased by charging six 
fuel elements, dissolving the equivalent plutonium 

contained in one rod, and then periodically charg
ing a fresh rod. The maximum plutonium dissolu
tion rate was 1.6 g/hr. After the bulk of the 
plutonium metal heel had dissolved, two additional 
plutonium-aluminum alloy dissolution methods were 
attempted. The addition of 3 M HNO3-2 M NaOH 
followed by neutralization and adjustment of the 
solution to 2 -6 M with nitric acid gave a dissolu
tion rate essentially twice that of the standard 
procedure. Amalgamation of the rod surface by 
treating with 1 M HNO3-O.OI5 M Hg2*-0.01 M 
NH.F followed by rapid addition of nitric acid to 
raise the acidity to 6 M gave no noticeable in
crease in the dissolution rate (0.1 g/hr). 

The dissolution rate was insensitive to changes 
in acid concentration over the range 4 - 6 M, fluo
ride concentration over the range 0—0.05 M, and 
solution temperature over the range 95 to 107°C. 

7.2 FEED ADJUSTMENT 

The valence of the plutonium was adjusted to 
the IV state in two steps: ferrous sulfamate was 
added to 0.03 M Fe and then sodium nitrite to 
0.05 M nitrite. The preferred method of acid ad
justment after valence adjustment was batch addi
tion of 13 M HNO3 to a final acidity of 6 -7 M. 
Continuous flowing stream acid adjustment was 
used early in the program, but degassing of the 
solution was insufficient prior to passage through 
the resin bed with the result that gas-filled voids 
appeared in the bed and channeling increased 
plutonium losses. 

Al l feed solution was passed through a sand-bed 
filter before ion exchange to remove undissolved 
solids. 
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F i g . 7 . 1 . T e n t a t i v e C h e m i c a l F low^sheet for F e e d P r e p a r a t i o n in P r o c e s s i n g of P l u t o n i u m - A l u m i n u m A s s e m 

b l i e s . C i r c l e d numbers are v o l u m e s in l i t e r s ; • M ' m e a s u r e m e n t p o i n t . * S a m p l i n g i m p r a c t i c a l ; c a k e w i l l be 

w a s h e d to n e g l i g i b l e p l u t o n i u m c o n t e n t in w a s h e s b e f o r e d i s c h a r g e . 

7.3 ION EXCHANGE 

Two essentially identical ion-exchange cycles 
were used, the only difference being 0.2 g of 
plutonium per liter and 0.5 M aluminum in the first 
cycle feed and 1.7 g of plutonium per liter and 
0.01 M aluminum in the second (Figs. 7.2 and 7.3). 
The first-cycle product was batch adjusted to feed 

specifications prior to passage to the second-cycle 
columns. Decontamination factors averaged 
1 X 10 and 100, respectively, across the first 
and second cycles. The second-cycle-product 
contaminants were principally Zr-Nb but the /3 
and y activities were essentially those of highly 
purified plutonium of the isotopic composition 
typical of this program. 
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Sorption 

Plutonium was sorbed on two 4- in.-diam by 42-

in.-high beds of 20—50 mesh Permuti t SK anion 

exchange res in held at 60°C. The f low rate was 

maintained at 1 to 2 ml m in~ c m ~ for minimum 

plutonium losses. Increasing the f low rate to 

4 - 5 ml m i n ~ c m " increased the losses a factor 

of 3. Sorption losses across two cyc les averaged 

1%; 80% of the losses occurred during f i r s t - cyc le 

scrubbing. 

Scrubbing 

Sorbed f i ss ion products and gross ionic con

taminants were washed from the f i r s t -cyc le loaded 

resin w i th 7 M H N O , conta in ing 0.05 A) f luor ide 

and 0.05 M aluminum at 2 ml m in~ cm~ and 

60°C. F inal washing of the second-cycle column 

was w i th 7 M H N O - to remove f luor ide and a lu 

minum. 

Fluor ide in the wash solut ion improved Zr-Nb 

decontaminat ion by a factor of 5 to 10 at the 

expense of increased plutonium losses. 

Elution 

After loading and washing of the loaded resin 

bed, p lutonium was eluted w i th 0.7 M H N O - at 

A tota l of 32.9 mg of h igh-pur i ty U^^^ was 

prepared for use in nuclear cross-sect ion measure

ments. Its isotopic composi t ion var ied from 98.49 

to 99.66% U " ^ w i th 0 .0127-0 .0311% U " ^ 

0.032-0.0109% U " ^ and 0 .31-1 .47% U^^^ . The 

pr inc ipa l product contained 21.58 mg of U w i th 

an isotopic composi t ion of 98.9% U ^ ^ ^ 0.0127% 

U " 3 , 0.0095% U " 5 , and 1.075% U " 8 . j h e 

material was prepared from s ix A l - P a . O , cermet 

targets, wh ich were fabr icated wi th a tota l of 

48.1 g of P a ^ ^ ' and irradiated to ^4 x 1 0 ' ^ nvt 

room temperature. The maximum plutonium con

centrat ion in the f in ished product was 14 g / l i t e r 

and the f ina l ac id concentrat ion was 2 M. The 

plutonium product from several resin-bed loadings 

was combined, mixed, and sampled, after which 

it was stored in geometr ica l ly safe shipping con

ta iners . A l l product met pur i ty and radiat ion 

spec i f i ca t ions . 

Resin Degradation 

Degradation from radiat ion exposure and/or 

chemical at tack was observed by increased column 

pressure drop and losses about halfway through 

the program. The dose received by the res in , 

when the pressure drop across the bed became 

proh ib i t i ve (28 in . H-O) and sorpt ion losses were 

greater than 1%, was 4 x 10^ rod, ' \ '90% of which 

was a rad ia t ion. Solids in the f ina l p lutonium 

product proved to be degraded resin and corrosion 

products ( i ron). S i l i ca was not present. The 

soluble degradation products extracted from the 

clear plutonium product consisted of a mixture of 

esters , ketones, amines, and pyr id ine character

is t ic of the res in ; < 5 ppm of ni tro compounds was 

found. It was concluded that the plutonium product 

w i l l be stable in storage, but caut ion should be 

exercised in evaporat ion of the so lu t ion unt i l i t 

can be examined complete ly . 

in the ORR. The targets were processed by d i s 

so lut ion of the aluminum in 8 Al H C l , d i sso lu t i on 

of the i rradiated Pa205 in 8 M H C I - 6 M H F , 

se lec t ive sorpt ion of the uranium on an anion 

exchange res in from 8 M HCl—0.6 M H F , e lu t ion 

by 0.5 M H C l , and pur i f i ca t ion by a second HCI-HF 

anion exchange cyc le fo l lowed by t r ibu ty l phos

phate ext ract ion from 6 Al H N O , . 

Another 1 g of U " ^ conta in ing 1% U " ^ w i l l 

be prepared by re-forming the Pa into targets , 

i r radiat ing for the appropriate t ime, and processing 

8. Production of Uranium-232 
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for uranium-protact inium separat ion. The protac

t in ium w i l l be stored for a year to a l low the Pa 

formed dur ing i r radiat ion to decay and then pur i 

f i ed , converted to the ox ide , and returned to 

U K A E A , who loaned i t for th is program. 

8.1 URANIUM CONTENT OF Pa^Oj 

Because of the large neutron cross sect ion of 

U , appreciable amounts of th is isotope in the 

U samples would interfere w i th some of the 

cross-sect ion measurements to be made. The 

natural uranium content of the or ig ina l Pa ^ was 

determined to be 6.1 and 7.7 ppm by two inde

pendent determinat ions, both based on d i l u t i on 

methods. In the f i r s t , U was added to a solu

t ion sample of the Pa , and the uranium was 

separated from the Pa and mass ana lyzed. In 

the second, about 80 jig of U was produced in 

244 mg of P a - O . by neutron i r rad ia t ion , and the 

isolated uranium product was mass ana lyzed. Th i s 

amount of natural uranium contaminat ion would be 

equivalent to 8 5 - 1 0 5 ppm of U in the 30 mg 

of U produced from 50 g of Pa and was 

considered low enough for the intended use. 

8.2 TARGET FABRICATION 

The i r radiat ion targets were welded aluminum 

cans, \ i n . diam by 3/- i n . long, conta in ing three 

or four A l - P o j O g pel le ts 0.45 in . in d iam. The 

pe l le t column in each target was 2.15 to 2.50 in . 

long and contained 7.35 to 8.34 g of Pa 

Because of alpha and gamma a c t i v i t y assoc ia ted 

w i th Pa , a semiremote fabr icat ion method was 

developed for operat ion in glove boxes. Three 

boxes were required: one box was shie lded w i th 

2 in . of lead and equipped w i th both cas t le manip

ulators and g loves , a standard alpha g love box 

conta in ing a small laboratory press, and another 

standard box for weld ing ( F i g . 8.1). 

A to ta l of 56.6 g of P a - O , was mixed w i t h 

46.1 g of aluminum powder by tumbl ing in a poly

ethylene bott le in the lead-shielded box. The 

mixed powder was dispensed by volume measure

ment through double stopcocks into th in aluminum 

she l l s , the tops of which were crimped shut to 

prevent dust ing and s p i l l i n g . Cast le manipulators 

were used in order to l imi t hand exposure dur ing 

these operat ions. The loaded shel ls were trans

ferred w i th uni t sh ie ld ing into the pressing box, 

where each pe l le t was pressed at 30 t o n s / i n . 

in a die lubr icated w i th stearic ac id . 

Pressed pel le ts were cleaned in acetone, dr ied 

at 250°C for 4 hr, and loaded into aluminum target 

cans for we ld ing . By enc los ing the cans so that 

only the inner surface was exposed to the alpha-

contaminated pressing box, the cans were kept 

free of external contaminat ion. Aluminum caps 

were welded to these cans in the weld ing box 

wi thout contaminat ion of either the outer surface 

of the cans or the inner surface of the glove box. 

A l l s ix targets prepared by th is procedure passed 

both hel ium leak and dye penetrant tes ts . 

8.3 PROTACTINIUM IRRADIATION 

A single capsule conta in ing 7.35 g of Pa 

was i rradiated 10 hr in the ORR hydraul ic tube 

No. 1 (core pos i t ion F-8) at a ca lcu lated perturbed 

thermal neutron f lux of 1.31 x 10 . Approx imate ly 

f i ve weeks later, f i ve capsules conta in ing 40.6 g 

of Pa were irradiated s imul taneously for 10 hr 

in the ORR hydraul ic rabbit tubes Nos. 1 , 2, and 3 

at an average perturbed thermal neutron f lux of 

1.13 X 10 . For these i r radiat ions the resonance 

integral cont r ibut ion to the e f fec t ive Pa neutron 

cross sect ion is less than 2 barns. With an 

e f fec t ive Pa^ '^ ' cross sect ion of 212 barns, the 

quant i ty of U and corresponding U concen

t rat ion from the two i r radiat ions was ca lcu la ted 

to be: 

Perturbed Flux Time 

(nvt) 

4 . 7 x 1 0 ^ ^ 

4.1 X l o ' ^ 

Decay 

(hr) 

0-43 

43-91 

0-43 

43-77 

U''-'' ' 

(mg) 

4.81 

1.62 

23.1 

6.17 

u ' " 
(ppm) 

223 

354 

181 

290 

The calcu lated values agreed we l l w i th the actual 

amount of U produced (Sec 8.5) but the ca lcu 

lated U contents were about 30% higher than 

ac tua l ly observed. 
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8.4 CHEMICAL PROCESSING OF URANIUM 

Uranium-232 low in U was prepared in one 

run from a target conta in ing 7.35 g of Pa about 

43 hr and again about 91 hr after i r rad ia t ion . In 

a second run, uranium was separated from f ive 

targets contain ing 40.7 g of Pa about 43 and 

77 hr after i r radiat ion (Table 8.1). The method 

was essent ia l l y the same as that reported 

ear l ier . ' The aluminum cans and matrix were 

d isso lved by s low addi t ion of 7 M H C l , leaving 

most of the P a . O j , uranium, and f i ss ion products. 

The f ina l aluminum disso lver so lu t ion , about 1 Al 

A I C L and 4 M H C l , contained 0.14 mg of protac

t in ium and 0.11 ^g of uranium per m i l l i l i t e r . Th i s 

solut ion was passed through a 400-ml column of 

Dowex 1-4X (50 -100 mesh) resin at 0.8 ml m i n " ' 

c m " to sorb the traces of d isso lved protact in ium 

and uranium as chlor ide complexes. The d isso lver 

and resin column were washed w i th 8 M HCl to 

remove residual aluminum. The so l id res idue. 

Chenu Technol. Div. Ann. Progr. Rept. May 31, 
1961 (ORNL-3153). 

2 2^2 
J. M. Chilton and N. Jackson, Preparation of U 

from Pa'^^K Part I. Preliminary Work, AERE-R 3727 
(June 1961). 

pr imar i ly P a - O - , was d isso lved by adding 7 Al 

H C I - 6 Al HF and st i r r ing at 70°C for 1 hr. The 

resu l t ing so lu t ion , wh ich contained 100 g of protac

t in ium per l i te r , was d i lu ted 1:10 w i th 7 M H C l . 

About 43 hr after the end of the i r rad ia t ion , the 

primary protact inium-uranium separat ion was made 

by passing th is so lu t ion through the same resin 

column prev iously used to sorb protact in ium and 

uranium from aluminum disso lver so lu t ion . Under 

these condi t ions uranium is sorbed on the res in , 

and the protact in ium f luor ide complex passes 

through the column w i th the so lu t ion . The d is 

solver and res in were washed w i th 7 Al H C I - 0 . 6 Al 

HF to remove residual protact in ium. Crude U 

product was eluted from the column w i th 0.5 Al HCl 

at a f low rate of 0.8 mg m i n " c m " . Af ter add i 

t iona l U had grown into the protact in ium so lu

t ion by Pa decay, the ion exchange separat ion 

was repeated. 

Typ ica l curves showing protact in ium and uranium 

content of column ef f luents are given in F i g . 8.2. 

A l l protact in ium and uranium concentrat ions were 

determined by a combinat ion of gross a and a -

pulse ana lyses. Losses in the aluminum d isso lver 

solut ion were low but could not be determined 

accurate ly because of the a-ac t ive Pa 23 1 

U 232 daughters in th is stream and because of 

232 
Table 8 . 1 . Summary of U Production Runs 

Solution 

Al dissolver solution 

At waste 

Pa dissolver solution 

Pa product 

1st U product 

1 St U tail ings 

2nd U product 

2nd U tail ings 

Volume 

(liters) 

0.4 

3.0 

1.4 

3.6 

0.9 

2.2 

0.9 

2.2 

Run 1 

Total Pa 

(g) 

0.060 

0 .008* 

6.4 

7.6 

2 x 1 0 " ' * 

2 X 10" ' * 

Total U 

(mg) 

0.046 

^ 0 * " 

3.30' ' 

0.0011 

5.0 

0.004 

1.9 

0.002 

Volume 

(l i ters) 

6.2 

9.0 

4.0 

5.8 

0.9 

2.7 

0.9 

1.8 

Run 2 

Total Pu 

(g) 

a 

0 .021 ' ' 

42.8 

42.7 

0.06 

5 x 1 0 " " 

4 x 1 0 " * * 

Total U 

(mg) 

a 

0.050* 

13.5'^ 

6.7"^ 

20.2 

3 X 1 0 " ^ 

5.9 

0.03 

Not determined. 
h 0*^0 7^1 'i'i'i Oil 

Based on total counts in the energy range of U and Pa . However, no U or Pa peaks were observed 

OS such. 

At the time of analysis, '\/40-hr decay. 

Calculated value grown in from Pa decoy after final processing = 6.9 mg. 
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Fig . 8 .2 . Protactinium and Uranium Content of Column 

Effluent During First Uranium Product Separation of the 

40.6 g Pa Run. 

small amounts of U activity in the protactinium 
product and of protactinium activity in the U 
product. 

The targets were processed in polyethylene 
equipment installed in a concrete-shielded cell 
equipped with AMF model 8 heavy-duty manipu
lators. The principal pieces of equipment used 
were (1) a jacketed dissolver, (2) Kel F filters 
in two solution transfer lines, (3) a small ion 

exchange column for uranium decontamination, 
(4) a modified model T8 finger pump with tygon 
tubing used for all solution transfer, (5) remotely 
operated micropipetter for making in-cell dilutions, 
(6) manipulator detonger, and (7) one-liter poly
ethylene bottles for solution storage. 

The Cerenkov radiation from the decay of Pa 
was intense. In a photograph of the interior of 
the cell made during the primary protactinium-
uranium separation (about 40 hr after irradiation) 
with only light from the radioactive solutions 
(Fig. 8.3), the dissolver, f i lter, ion exchange 
column, and product bottles are seen. After 5 
days' decay, the hard radiation from 40 g of protac
tinium in solution was about 6000 r/hr at 1 ft. 
The nominal half life of Pa is 1.3 days. 

Uranium Purification 

The uranium was finally purified by a second 
anion exchange cycle to remove traces of protac
tinium and tributyl phosphate extraction from nitric 
acid to remove iron. A tertiary amine extraction 
method of separation of protactinium and uranium 
was developed (see Protactinium Chemistry, this 
report). 

Uranium solutions in 1-liter polyethylene bottles 
were transferred from the shielded cell to the lead-
shielded glove boxes (Fig. 8.1), where they were 
evaporated to reduce the volume and to increase 
the HCl concentration to 6 Al. Concentrated HCl 
and HF solutions were added to adjust the solution 
to 8.0 Al HCI-0.6 M HF. This solution was passed 
through a 35-ml column of Dowex 1-4X (50-100 
mesh) resin to selectively sorb the uranium. The 
loaded resin was washed with 8.0 Al HCI-0.6 Al 
HF to remove all traces of protactinium, and the 
uranium was eluted with 0.5 Al HCl. The uranium 
solution was converted from a hydrochloric acid 
solution to a 6 Al HNO, solution by fuming to 
dryness with concentrated nitric acid several 
times, from which the uranium was quantitatively 
extracted by several passes of 20% tributyl phos
phate. The organic solution was scrubbed with 
6 Al HNO- and stripped with water, and the uranium 
product solutions were evaporated to <25 ml. 
Gross d and a-pulse analyses of the final product 
solutions showed U^''^ as 96% of the total a 
radiation, with the remaining activity apparently 
U^^^ daughters. Isotopic purity (Table 8.2) was 
determined by mass analysis. 
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232 F i g . 8.3. Process Vesse l I l l umina ted by Cerenkov Rad ia t ion During Process ing of U . The r a d i o a c t i v i t y 

is p r imar i l y that of Pa . T h i s p ic ture was token through the 4 .5 - f t - th i ck lead-g lass window of the hot c e l l . 

239 
Table 8.2. Summary of U Product Solutions 

Run No . Po 

(g) 

I r rad ia t ion Data 

Decay T ime 

(hr) 

^ 2 3 2 

(mg) 

Uranium Products 

Iso top ic A n a l y s i s (at. %) 

,232 ,233 1235 ,238 

7.35 

40.6 

3 x 10 

3 x 10 

18 

18 

0 - 4 3 

4 3 - 9 1 

0 - 4 3 

4 3 - 7 7 

4.29 

1.51 

21.58 

5.49 

98.90 

98.49 

98.90 

99.66 

0.0206 

0.0311 

0.0127 

0.0204 

0.0090 

0.0109 

0.0095 

0.0032 

1.068 

1.468 

1.075 

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 normal ly contain 

cer ta in radioisotopes (e.g. , Ra , Ra , Th ) 

at concentrat ions too high to legal ly permit their 

d i rect discharge to the environment, and consider

able study has been devoted to e l iminat ing th is 

health hazard. With the except ion of radium, al l 

the isotopes can be removed adequately by lime 

neut ra l izat ion of the acid waste, and the residual 

radium can be reduced to the spec i f i ca t ion l imi t by 

adsorpt ion on barytes. Recent ly , a study was 

in i t ia ted on some of the newer natural and syn

thet ic zeol i tes to test poss ib le advantages over 

barytes as radium adsorbers. 

In prel iminary batch tes ts , several mater ia ls, 

inc luding c l i n o p t i l o l i t e , L inde Molecular Sieves 

13X9A and AW-500, Decalso, and barium phytate, 

removed radium e f fec t i ve ly from simulated l ime-

neutra l ized acid waste solut ion (pH 7.8) which 

contained in grams per l i ter , 0.5 Ca, 0.08 Mg, 

1 Na, 1 C I , and 2.5 SO^ along w i th R a " * t racer. 

A l l the above adsorbents except the last were 

a lso tested in columns w i t h favorable resu l ts , 

but the tests were not of su f f i c ien t durat ion to 

reach the radium breakthrough point . In the longest 

tes t , w i th a 6-in.-deep bed of 20—50 mesh c l ino

p t i l o l i t e and a f low rate of 90 gal h r " f t " , the 

Ra ac t i v i t y in the f i rs t 500 column volumes of 

' M . H. Feldman, Summary Report 1939-1961, WIN-125 
(Sept. 30, 1961). 

ef f luent was less than the spec i f i ca t ion l im i t , 10 

p icocur ies / l i te r (1 p icocur ie = 10 " cur ie ) . After 

passage of 2200 column volumes, the e f f luent ac

t i v i t y was s t i l l less than 5% that of the head solu

t i on . The solut ion used for the column test was 

of the same composi t ion as described above, spiked 

w i th 2300 picocur ies of Ra per l i ter which is 

"^20 t imes the concentrat ion normally expected in 

l ime-neutral ized plant waste so lu t ion . The ad

sorbed radium was eluted e f f i c ien t l y wi th 1.8 Al 

N H , C I - 0 . 2 A 1 H C l . 

9.2 COATING U O j PARTICLES WITH BeO ^ 

A s l i gh t l y porous glass of bery l l ium oxide con

ta in ing dispersed par t ic les of U O j (< 10 //) was 

produced by suspending the U O j in a syrupy solu

t ion of basic bery l l ium formate or oxalate, which 

was then dried and igni ted to refractory BeO. 

Small spherical beads of BeO containing the U O , 

par t ic les were produced by d ispers ing the syrupy 

mixture in toluene conta in ing a wet t ing agent 

(Aerosol OT) and par t ia l ly drying them in situ by 

addi t ion of acetone and then anhydrous ammonia. 

After acetone washing, vacuum des icca t ion , and 

oven dry ing , the beads can be ignited to BeO w i th 

out s inter ing or d i s to r t i on . However, the resul t ing 

refractory beads are porous and would require 

further dens i f i ca t ion to provide a cont inuous coat

ing around the U O , pa r t i c les . 

W. J. McDowell, Coating oj UO^ Particles with BeO 

by Solution Methods, ORNL TM-220. 
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10. Protactinium Chemistry 

The object ive of the protact in ium chemistry pro

gram has been to study the nature of the protac

t in ium complexes in systems in which protact inium 

is reasonably so lub le . Stable aqueous solut ions 

of protact inium general ly contain f luor ide, su l fate, 

or organic complexing agents. For th is work, 

su l fur ic acid solut ions were used, since the sul fate 

system is more amenable to ava i lab le methods of 

invest igat ion than f luor ides and are more l i ke ly to 

have pract ical appl icat ion than the organic com

plexing agents. Protact in ium so lub i l i t i es and d i s 

t r ibut ion coef f ic ients w i th some amines were mea

sured, and spectrophotometric studies were made. 

10.1 SOLUBILITY MEASUREMENTS 

Solub i l i ty measurements confirmed that protac

t in ium so lub i l i t i es are low, 0 .12-0 .20 mg/ml , in 

27 to 33 N sul fur ic ac i d . In the 20 to 26 N range 

the resul ts scattered badly, varying from 0.8 to 

2 mg /m l . The resul ts of each set of measurements 

were fa i r ly constant through th is acid range, but 

the sets were not consistent w i th one another. 

Below 20 N acid the so lub i l i t y increased smoothly, 

w i th decreasing ac id concentrat ion, to about 6 

mg/ml in 10 N ac id . Below 9—10 N ac id , repro

duc ib i l i t y of resu l ts was much poorer, about an 

order of magnitude at 5 /V ac id i t y . However, in the 

range 10-20 N H2SO4, stable solut ions w i th a 

protact in ium concentrat ion of 1 mg/ml were ob

ta ined, and these may we l l be of pract ical in terest . 

10.2 SOLVENT EXTRACTION 

Scouting tests indicated that amines were good 

extractants for protact in ium in sul fur ic acid solu

t i ons , the order of ext ract ion being ter t iary < sec

ondary < primary amines. The extractabi l i t y in

creased approximately l inear ly wi th amine concen

t rat ion at low concentrat ions, and increased quite 

rapid ly wi th decreasing su l fur ic ac id concentrat ion 

( F i g . 10.1). A plot of the d is t r ibu t ion coef f ic ient 

(o/a) as a funct ion of the ac id concentrat ion ( F i g . 

10.2) shows a much steeper slope at ac id i t ies 

>9.4 N than at <7.6 N. Further study of th is t rans i 

t ion region is planned. In these tes ts the Pa 

concentrat ion was 2 - 2 . 5 x 10 counts m i n " m l " 

in the organic phase (4—5 x 10 " mg/ml ) . 

The d is t r ibu t ion coef f ic ient data were reasonably 

reproducible even down to the range 3—4 N ac id , 

although so lub i l i t y data were not. The dif ference 

in behavior is probably due to the much lower 

protact in ium concentrat ion in the aqueous phase 

during D.C. measurements. At low ac id i t ies the 

D.C. 's are large, w i th the resul t that , if protact in ium 

concentrat ions in the organic phase are in the 

range convenient for measurement by a. count ing 

(10—10 counts m i n " m l " ), the concentrat ion in 

the aqueous phase w i l l be low ("^ 1 0 " mg/ml) 

compared to the concentrat ions observed in the 

so lub i l i t y work. The decrease in the protact in ium 

D.C. wi th 3.3 N acid and 0.3 N amine, compared to 

0.1 N amine ( F i g . 10.1) was dupl icated and ap

peared to be a real e f fec t . 

A few measurements wi th Primene JM-T and 

Alamine 336 and 306 indicate a general ly s imi lar 

behavior. Extract ion by Alamine is lower by an 

order of magnitude or more, and w i th Primene the 

D.C. 's are larger by at least an order of magnitude. 

Extract ion w i th Primene JM-T in the lower sul fur ic 

acid concentrat ion range is so large that t h e D . C . ' s 

could not be determined accurate ly , pr imar i ly be

cause of the presence of a -ac t i ve daughters of 

Pa which compl icate the ana lys i s . 

10.3 SPECTROPHOTOMETRIC STUDIES 

Protact in ium in 15 to 34 N H jSO^ solut ion showed 

a s ingle, rather broad absorpt ion peak in the ul t ra

v io le t region, at about 2250 A. Absorpt ion in the 
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F ig . 10.2. Dependence of Protactinium Distribution 

Coefficient on H_SO. Concentration. 
2 4 

sul fur ic ac id solvent precluded measurements below 

about 1950 A, at which point the absorpt ion had 

decreased to 70% of the peak va lue . In 5 and 7.5 N 

acid the peak was shif ted to shorter wave lengths, 

below the 1950 A cutof f , so it could not be wel l 

determined. Previously reported resul ts w i th HCl 

solut ions indicated a peak at about 2120 A, but 

HCl absorpt ion increases so rapid ly in th is region 

that the protact in ium peak was not c lear ly def ined. 

Further work in the 5 to 15 N H2SO4 concentrat ion 

range is required to determine the change in the 

absorpt ion peak that must occur in th is region. It 

is hoped that these data w i l l correlate wi th the 

solvent ext ract ion data d iscussed above. 

A. T. Casey and A. G. Maddock, / . Inorg. & Nucl. 
Chem. 10, 58 (1959). 
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10.4 SEPARATION FROM HCI-HF SOLUTION 

Tests on separation of uranium and protactinium 
from HCI-HF solutions with Alamine 306 in diethyl 

001 0 0 2 0 0 5 010 0 2 0 5 10 2 5 

HF CONCENTRATION (/V) 

Fig. 10.3. Dependence of Uranium and Protactinium 

Distribution Coefficients on HF Concentration. Aqueous 

phase, 8 N (HCl + HF) ; organic phase, 0.1 N Alamine 

306 in diethylbenzene. 

benzene indicated that separation factors greater 
than 10 could be obtained under a wide variety of 
conditions but were best from 8 N HCI -1 N HF 
(Fig. 10.3). 
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11. Thorium Oxide Irradiations 

The successful use of thorium oxide in a nuclear 

reactor requires that changes in i ts propert ies be

cause of i r radiat ion be pred ic tab le . The purpose 

of the thorium oxide i r radiat ion studies is to de

termine the s tab i l i t y of thoria pe l le ts and powders 

under reactor i r radiat ion both dry and in water. 

Because of i ts c rys ta l l ine s im i la r i t y to U O , 

(ref 1) which is par t icu lar ly resistant to radiat ion 

damage, bulk T h O , should also res is t radiat ion 

damage w e l l . Experiments have already demon

strated that structural defects reach a maximum 

in U O , at exposures of 1—5 x 10 f i s s i o n s / g . At 

th is point the U O j contains about 1% in ters t i t ia l 

atoms and shows a sl ight increase in la t t ice dimen

s ion . From th is exposure up to 1 x 10 f i s s i ons /g 

damage does not increase s ign i f i can t l y , but above 

1 x 10 f i s s i o n s / g , dimensional changes occur 

and the la t t ice breaks down because it can no 

longer hold the impuri t ies introduced by the f i s 

sion process. Hence, no great change in the 

structural strength of T h O , during radiat ion ex

posures up to 1 x 10 f i s s i ons /g is expected. 

However, material may spall off as a resul t of f i s 

sion fragment recoi ls or the wear resistance may 

decrease. 

n . l THORIUM OXIDE P E L L E T S IRRADIATIONS 

Code P-82 thorium oxide pel lets ( F i g . 11.1) 

prepared 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. Hocks t ra , " P h a s e Re la t i onsh ips in the Ura
n ium-Oxygen and Binary Oxide S y s t e m s , " in Uranium 
Dioxide: Properties and Nuclear Applications (ed. by 
J . Be l l e ) , pp 230—31, Naval Reactors , D i v i s i o n of Re
actor Development , USAEC, 1961. 

B. Lus tmon, " I r r a d i a t i o n E f fec ts in Uranium D i 
o x i d e , " ibid., p 569. 

•̂ R. A. McNees et al., HRP Quart. Progr. Rept. Nov. 
30, 1960, ORNL-3061, p 101. 

sistance of any pel let preparation, were irradiated 

under D j O at 250°C and dry in aluminum capsules 

under a hel ium atmosphere (estimated inter ior dry 

pel let temperature 150°C) for "^3 months (2 x 10^° 

nvt) 7 X 10 f i ss ions /g ) w i th l i t t l e damage. The 

color of the wet irradiated pel le ts changed from a 

g lossy tan to a dul l gray black ( F i g . 11.2). The 

dry- i r radiated pe l le ts from one capsule were b lack; 

those from another were part ly covered by a 

meta l l i c - l i ke coat ing as yet unident i f ied ( F i g . 

11.3). Since the capsules were welded under 

hel ium wi th argon, the atmospheres may have been 

d i f ferent , resul t ing in a di f ferent pel let temperature 

and hence a di f ferent post i r radiat ion appearance. 

As received, the pe l le ts showed a densi ty of 

9.16 g / c c . After 2 days ' autoclaving under water 

at 250°C, the undried pel le ts had a densi ty of 

9.25 g / c c . The densi ty of the irradiated pe l le ts 

was 9.45 g /cc before drying and 9.34 g /cc after 

d ry ing . Pe l le ts from a control experiment had 

dens i t ies of 9.68 g /cc before drying and 9.40 

g / cc after d ry ing . Average weight loss as a re

sult of the wet i r radiat ion was 0.4%, and from the 

dry i r rad ia t ion, <0.05%. 

Pe l le ts prepared by the technique used in pre

paring the F-82 pel le ts ord inar i ly have a wear-

res is tant , v i t reous surface layer. In standard 

spouting bed tes ts , th is layer is worn away in 

the f i rs t hour or two and then the wear rate in

creases. Irradiat ion in water markedly enhanced 

the wear resistance of th is layer (Table 11.1). Once 

the surface layer was removed, however, wear 

rates of the irradiated mater ials were comparable 

to those of the unirradiated mater ia ls . 

*S. A. Reed et al., ibid., pp 8 6 - 8 7 . 

J . R. Parrof t , Pos t i r rad ia t i on Examinat ion Group, 
Metals and Ceramics D i v i s i o n , O R N L . 

S. A. Reed, " O u t - o f - p i l e Eva lua t i on of Thor ia Pe l 
l e t s , " to be pub l ished as an ORNL report . 
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Fig. 11 .1 . Code P-82 Thoria Pel lets . 

F ig . 11.2. Code P-82 Thorie Pellets Wet-Irradiated for 3 Months. 
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UNCLASblFIEt. 
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UNCLASSIFIED 
PIE-1318 

F i g . 11.3. Code P-82 Thor ia Pe l l e t s Dry - I r rad ia ted for 3 Months. (a) Homogeneous b lack co lo r ; (b) Me ta l l i c -

l i ke surface coa t i ng . 
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Table 11.1. Spouting Bed Wear Rotes for Unirradiated and Irradiated P-82 Pellets 

Exposure: 2 x \0^° nvt, 7x lo'*^ f issions/g 

Pellets 

Original pellets 

Control pellets 

Dry-irradiated 

Wet-irradiated 

1st 

0.06 

0.11 

0.03 

0.01 

2d 

0.08 

0.22 

0.0 

3d 

0.07 

0.22 

0.07 

4th 

0.17 

0.32 

0.11 

Wei ght Loss 

5th 

0.15 

0.37 

0.12 

(%/hr) 

6th 

0.43 

0.22 

0.38 

7th 

0.20 

0.37 

0.92 

8th 

0.30 

0.27 

0.43 

9th-13th 

0.32 

0.33 

0.48 

Nitrogen-adsorpt ion pore size d is t r ibu t ion data 

for the irradiated pe l le ts and some treated for an 

extended t ime in 260°C water in a loop indicated 

that i r radiat ion in D-O produced a small increase 

in vo id volume and a large number of small pores 

probably associated w i th indiv idual f i ss ion events . 

Dry- i r radiat ion did not increase the vo id volume 

s ign i f i can t l y and produced a much smaller number 

of small pores. Porosi ty data on the mater ia l 

after the extended wear tests indicated the pores 

and enhanced void volume to be associated mainly 

w i th the surface shel l rather than the bulk so l i d . 

Since both the irradiated and unirradiated material 

had densi t ies less than 97% of theore t ica l , most 

of the vo id volume may be associated w i th pores 

of >1100 A radius, which cannot be measured by 

the nitrogen-adsorpt ion technique. Mercury poro-

simeter data for the or ig inal pe l le ts showed pores 

as large as 2 /x. The larger pores in the i r radi 

ated materials w i l l be measured after a longer 

cool ing or upon the development of the proper 

equi pment. 

Metal lographs of the or ig inal code P-82 thor ia 

pe l le ts and those irradiated in D j O showed es

sent ia l l y no d i f ferences. Both the or ig inal and 

irradiated pel le ts were composed of heterogeneous 

structures wi th large dense and less dense re

g ions, some 100 fi across, 1- to 2-/x pores, occa

sional pores 25—50 fi long and 10 ju wide (probably 

resul t ing from the manufacturing process), and 

some impur i t ies . The inter iors of the irradiated 

pe l le ts showed a uniform, mott led gray-black 

colorat ion simi lar to that of the exterior surfaces. 

11.2 IRRADIATION EXPERIMENT 

Several d i f ferent thoria powder and pel le t prepa

rat ions (50 g to ta l ) are being i rradiated in D-O in 

the L I T R C-43 air-cooled f ac i l i t y at 250 to 300°C 

in an autoclave espec ia l ly designed for mul t ip le-

sample i r rad iat ions. The purpose of the exper i 

ment is to determine whether or not any thorium 

oxide preparation is 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 pe l le ts , sintered 

thor ia powder compacts (prepared by a di f ferent 

method than the P-82 pe l le ts ) , shaped arc-fused 

thor ia pe l le ts , f i red sol-gel thor ia par t i c les , 

f i red sol-gel thoria spheres (44—74 /x), arc-fused 

thoria fragments (44—74 fi), and 1600°C-f ired thoria 

powder (DT-46) . The preparations are separately 

contained in th in-wal led annular s ta in less steel 

tubes designed to permit thermal convect ion of 

D j O past the pe l le ts . The slurry or smaller par

t i c l e oxides are enclosed in s ingle th in-wal led 

tubes. Each sample is exposed to a common gas 

phase by means of sintered sta in less steel c lo 

sures wi th a 5-/H mean pore s i ze . The experiment 

P. G. Dake, Special Analytical Services, Technical 
Division, ORGDP. 

^S. A. Reed et al., HRP Quart. Progr. Rept. May 31. 
1961, ORNL-3167, p 84. 

R. J. Gray et al.. Metallography Group, Metals and 
Ceramics Division, ORNL. 

^°R. A. McNees et al., HRP Quart. Progr. Rept. May 
31, 1961, ORNL-3167, p 112. 

l l r 'D. E. Ferguson et al., "Preparation and Fabrica-

lOj Fuels," 

chap. 13, this report). 

tion of ThO Fuels," ORNL-3225, in press (see also 
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has been operating since June 1961 and should 

continue unt i l August 1962, at which t ime the 

thoriG w i l l have been exposed to a f lux of '^ 8 x 

10'^° nvt and the U^'^"^ concentrat ion w i l l be ' ^0 .5 

wt %. 

Samples of the mul t ip le oxide preparations are 

a lso being irradiated dry in the L I T R , the oxides 

are contained separately in welded aluminum cap

sules wi th hel ium atmospheres, and a wet out-of-

p i le control experiment is in progress. 

11.3 RADIATION- INDUCED SINTERING OF 

THORIA POWDERS 

The resul ts of dry i r radiat ion in the L ITR of 

thoria powders f ired at var ious temperatures were 

mentioned in port in a previous report and are 

presented m detai l in a topical report. The fo l 

lowing IS a summary of the information contained 

m the topical report. 

Thor ia powders were prepared by re f i rmg 650°C-

f ired D-16 thorium oxide in plat inum cruc ib les 

in air for 24 hr at 650, 800, 900, 1100, and 1500°C. 

Two series (C and D) were canned (air atmosphere) 

in aluminum capsules and irradiated in the L I T R 

to an exposure of 1.5 x 10 f i s s i o n s / g . ' 

Est imated maximum possib le temperatures of the 

650, 800, and 900°C-f i red powders under i rradia

t ion were < 1000°C, of the n 0 0 ° C - f i r e d powders, 

600°C, and of the 1500°C-fired powders, 400°C. 

^ J . P. McBride and 0 . 0 . Yarbro, HRP Quart Progr 
Rept Apr 30, 1960, ORNL-2947, p 82 (see also Chem 
Technol Div Ann Progr Rept Aug 31. 1960, ORNL-
2993, p 124). 

J. P. McBride and S. D. Clinton, Radiation Induced 
Sintering of I bona Powders, ORNL-3275. 

About 0 4°o mass 233 isotopes was produced in 

each series wi th about 0. l°o burnup of the or ig ina l 

thorium atoms. 

As a resul t of the i r rad iat ion, powders f i red at 

= 1100°C lost considerable surface area (Table 

11.2), the 650, 800, and 900°C-f i red oxides forming 

hard, red fragments, and the nOO°C-f i red oxides 

cha lky , of f -whi te p lugs. The 1500°C-f ired ma

ter ia ls lost l i t t l e surface and were recovered as 

blue powders. 

Crys ta l l i t e size measurements by x-ray d i f f rac

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 correlat ion wi th the 

spec i f ic surface areas. Lack of change m the 

x- ray-d i f f ract ion l ine broadening of the 1100 and 

1500°C-f ired materials as a resul t of the 900°C 

anneal ing indicates that the l ine broadening did 

not resul t from st ra in . The 900°C anneal ing re

moved the blue color of the centers of the 1500°C-

fired oxide but did not change the color of the 

lower f ired mater ia ls . The rod lat ion-mduced sinter

ing in the lower f i red materials probably resulted 

from recrystal I izat ion processes and material trans

port induced by f i ss ion fragment damage. Absence 

of s inter ing in the 1500°C-f ired mater ia l , which 

hod an or ig inal c rys ta l l i t e size of about 2000 A, 

shows that the ef fect was essent ia l l y conf ined to 

a volume of material of about 2000 A diam. 

W. H. Carr, "P i l o t Plant Preparation of Thorium 
Oxide," in Reactor Handbook, Vol 1, Materials, 2d ed., 
p 390, Interscience Publishers, N.Y., 1960. 

' ^ J . P. McBride and 0. 0. Yarbro, HRP Quart Progr 
Rept Apr 30, 1960, ORNL-2947, p 82. 

' * J . P. McBride, HRP Quart Progr Rept July 31. 
1960, ORNL-3004, p 82. 



Tab le 11.2. L I T R Thor ia Powder I r rad ia t ions 

Temperature: = 1000 C 

Oxide 

F i r ing 

Temp 

(°C) 

650 

800 

900 

1100 

1500 

Thermal-Neutron 
c i a Flux 

Series D Series C 

x l 0 - ' 3 

2.6 

1.6 1.1 

1.7 1.0 

1.5 1.1 

1.4 1.1 

Average 

Before 

I r rad ia t ion 

2.4 

2.7 

2.4 

3.1 

4.7 

Par t i c le S 

After 

489 days . 

Series D 

2.9 

3.3 

l ize (^) 

Af ter 

659 days . 

Series C 

1.3 

3.5 

1.7 

1.4 

2.4 

Speci f ic 

Before 

I r rad ia t ion 

28 

15 

8 

3.3 

0.8 

Surface Area 

After 

489 days . 

Series D 

1.0 

< 0 . 5 

< 0 . 5 

1.9 

0.8 

(mVg) 

After 

659 days. 

Series C 

< 0 . 5 

< 0 . 5 

< 0 . 5 

0.6 

0.8 

X- Ray 

Before 

I r rad iat ion 

120 

220 

500 

1140 

>2000 

Crys ta l l i te 

After 489 d. 

As 

Recovered 

255* 

400 

560 

540 

850* 

Size (A) 

ays' I r rad iat ion 

Annealed 

4 hr at 900°C 

390 

446 

440 

570 

820 

' ' F a s t f lux , - ^5 .0 Mev, Ti'* '^(n , p )Sc ' *^ - ^ l . S x 10^ nv, 489 d a y s ' i r rad ia t ion = 1.5 X 10^^ f i s s i o n s / g . 

Probably low because of sample load ing . 



175 

12. Gas Recombination Studies 

1Z1 CATALYST DEVELOPMENT o..Tl'.%'il'S°,..s 
1000 I ' : ' ^ 1 

4 U 
•1 

100 200 300 400 

INITIAL Dj PRESSURE ( psi ) 

Detailed work on the development of a pallodlum-

on-thoria catalyst for use in aqueous reactor 

slurries to recombine the radiolytic deuterium and 

oxygen is reported elsewhere. The results indi

cate that under breeder blanket conditions at low 

deuterium partial pressures and under oxygen in 

excess of the stoichiometric ratio the specific 

catalytic activity is more than sufficient to recom

bine the radiolytic gases rapidly with very small 

concentrations of palladium. The experiments 

were made in gas-injection equipment developed 

for the work. 

Studies of the effect of oxygen and deuterium 

pressures on the initial reaction rate showed that 

the reaction was first order with respect to the 

D, pressure and 0.5 order with respect to the 

O2 pressure (Figs. 12.1 and 12.2): 

This relation appeared to be valid only when 

Pp. /P_ <1 and when the oxygen was injected 
"2 "2 

first. At higher P^ /P^, ratios or when the order 
2 ^2 

of injecting the gases into the system was reversed, 

the kinetic expression no longer held and the 

reaction rotes were much faster than would be 

predicted by its use. 

L, E. Morse, Initial Reaction Rates of Deuterium-
Oxygen Mixtures in Aqueous Thorium Oxide Slurries 
Containing a Palladium on Thoria Catalyst, ORNL-
3295 (in preparation). 

^ J . P. McBr ide and L . E. Morse, HRP Quart. Progr. 
Rept. Oct. 31, 1959. ORNL-2879 , p 175. 

• ' j . P. McBr ide , L . E. Morse, and W. L . Po t t i son , 
HRP Quart. Progr. Rept. May 31, 1961, ORNL-3167, 
p 7 9 . 

Fig . 1 2 . 1 . Effect of Init ial D- Pressure on the Re

ac t ion Rate of D - - 0 - Mixtures in an Aqueous Thor ium — 

0.3% Uranium Oxide Slurry. Slurry, 483 g Th per kg 

D „ 0 ; ca ta l ys t , 640 ppm Pd (based on to ta l T h ) ; i n i t i a l 

0_ pressure, 320 p s i ; reac t ion temperature, 280 C. 

The apparent activation energy of the reaction 

over the temperature range 250-280°C and with 

excess 0_ was 26 kcal/mole in 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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UNCLASSIFIED 
ORNL-LR-DWG 71499 

to 15 20 25 30 

INITIAL O2 PRESSURE (psi'''2) 

Fig . 12.2. Effect of Oxygen Partial Pressure on the 

Init ial Reaction Rate of D j - O . Mixtures in an Aqueous 

Thorium—0.5% Uranium Slurry. Slurry, 438 g Th per kg 

D - 0 ; catalyst, 640 ppm Pd (based on total Th); reaction 

temperature, 280 C. 

UNCLASSIFIED 
ORNL-LR DWG 71500 

TEMPERATURE (°C) 

280 265 250 

1 80 1 82 1 84 1 86 188 1 90 192 

*ooo/rrK) 

Fig. 12.3. Temperature Dependence of Molar Reaction 

Rate Constant. 

The decrease in apparent activation energy with 
the higher palladium concentration may indicate 
that the reaction was in part diffusion controlled. 

Fission product accumulation simulated by the 
addition of rare earth, cesium, and barium com
pounds in amounts equal to or greater than those 
expected to be present after about 1 year of irra

diation (5 K 10 thermal neutron flux) with con
tinuous processing did not affect the catalytic 
activity of a slurry containing 1000 ppm Pd based 
on total thorium and 100 g Th/kg DjO. There 
was some enhancement of activity after the addi
tion of iodine and tellurium compounds. 

Definitive correlations between catalytic activ
ities observed in laboratory autoclave experiments 
and those observed in pump loop experiments have 
not yet been obtained. In general, init ial specific 
activities obtained in a pump loop appeared much 
lower than those observed in autoclave experi
ments and in addition catalytic activit ies in a 
pump loop appeared to decrease with time with a 
half life of several hundred hours. Laboratory 
experiments with pumped slurries in one case° 
gave qualitative confirmation of a large decline of 
activity with time and in others showed rela
tively l i t t le change. 

Specific catalytic activities measured with 
slurries projected for use in in-pile autoclave 
corrosion experiments and slurries from mock-ups 
of such experiments were comparable to those 
obtained routinely with other slurry-catalyst 
systems. Recombination rates obtained during 
in-pile tests in general did not correlate well with 
the laboratory data. ' An experiment described 
below appears to indicate the lack of a deleterious 
radiation effect, but further studies are required 
for a definitive answer. 

12.2 EFFECT OF IRRADIATION ON 
PALLADIUM-THORIA CATALYST'" 

The catalytic activity for the H j -O j combination 
was determined for a slurry prepared from some of 

A. T. Gresky and E. D. Arnold, Products Produced 
in the Continuous Neutron Irradiation of Thorium, ORNL-
1817, (Feb. 16, 1956). 

E. L. Compere et al., HRP Quart. Progr. Rept. Apr. 
30, 1960, ORNL-2947, p 107. 

^ J . P. McBride and L, E. Morse, op. ciu. p 88. 

^ J . P. McBride, L, E. Morse, and W. L . Pattison, 
HRP Quart. Progr. Rept. Nov. 30, I960. ORNL-3061 , 
p 78. 

^E. L. Compere et al., HRP Quart. Progr. Rept. 
Apr. 30, 1960, ORNL-2947, p 99. 

E. L. Compere et al., HRP Quart. Progr. Rept. 
July 31, 1960, ORNL-3004, p 93. 

J. P. McBride and W. L. Pattison, Gas Recombina
tion Activity of Irradiated Slurry from Loop L-2-27S, 
ORNL CF-62-2-88 (Feb. 12, 1962). 
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the dried, irradiated solids recovered from loop 
L-2-27S. The material was a portion of that 
recovered from the loop dump tank. The specific 
activity at 280°C based on palladium concentration 
was at least as high as that obtained with other 
slurry-palladium catalyst systems that had not 
been irradiated and more than sufficient to 
account for the low radiolytic gas pressures ob
served during in-pile operation of the loop if the 
postulated gamma-induced recombination should 
not be operative. 

The experiments were carried out on the gas-
injection equipment used in the catalyst develop
ment work. The specific activity (normalized to 
0.001 m Pd concentration) under a large excess of 
oxygen was equivalent to that obtained with unirra
diated slurries [CPI (catalyst performance index) 
= 19 w/ml l . With H j / O j ratios =0.7 activities 

H. C. Savage et al., In-pile Loop Irradiation of 
Aqueous Thoria-Urania Slurry at Elevated Temperature. 
Design and In-pile Operation of Loop L-2-27S, ORNL-
3222. 

The sol-gel process was developed to make 
dense UOj-ThO, particles for the fabrication of 
fuel elements by vibratory compaction. Because 
of the radioactivity associated with thorium and 
U^^"'recycled from power reactors, it is necessary 
to prepare the oxide and fabricate elements by 
remote operation behind shielding; hence process 
simplicity is highly desirable. The combination 
of the sol-gel process and vibratory compaction 
provides a simple economical system for processing 

D. E. Ferguson et al.. Preparation and Fabrication 
of ThO^ Fuels, ORNL-3225 (in press). 

D. E. Ferguson et al.. Preparation and Fabrication 
of ThO^ Fuels. ORNL CF^61-6-114, p 2. 

were much higher (CP! = 25 to 96 w/ml). In an 
experiment that followed one in which a residual 
H_ partial pressure remained at the completion of 
reaction, a CPI of '^4600 w/ml was observed. The 
very high activit ies at the higher H . / O , ratios and 
after H_ pretreatment are in accord with previous 
experience with unirradiated palladium catalyst-
slurry systems. 

Hence one can conclude that the combination of 
simultaneous reactor irradiation and pumping under 
0 , did not result in any deleterious effect on 
slurry catalytic activity, and drying of the irra
diated slurry and subsequent resuspension in 
water of the dried solids had no apparent effect 
on catalytic behavior. Whether or not irradiation 
had induced a catalytic activity independent of the 
palladium is 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 excellent agree
ment in specific activity based on palladium con
centration make it unlikely that irradiation effects 
alone are responsible for the catalytic activity. 

and refabricating UO.-ThO- fuels. This procedure 
is being developed in a joint effort by the Chemical 
Technology and Metals and Ceramics Divisions, 
with Chemical Technology primarily responsible 
for the fuel material preparation. 

Emphasis in the oxide preparation program was 
primarily on sol-gel process development, engi
neering equipment development, and construction 
of a faci l i ty for preparation of 1000 fuel tubes for 
use in crit ical experiments at Brookhaven National 
Laboratory. The sol-gel process was also used 
to prepare uranium-thorium oxide particles con
taining up to 10 wt % uranium, thorium oxide 
spheroids of high attrition resistance for moving 
beds, 4 wt % plutonium thorium oxide dense frag
ments, and large, dense UO. particles. 

13. Thorium Fuel Cycle Development 
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13.1 SOL-GEL PROCESS DEVELOPMENT depended on batch size and time at 475°C and 
was decreased to as low as 10 mmoles per mole 

The process (Fig. 13.1) consists of four simple of ThO„ by air-drying after steam denitration. In 
steps: preparation of ThO, from thorium nitrate 
by hydrothermal denitration, preparation of a sol 
by dispersion of the ThO, in dilute HNO, oruranyl 
nitrate solution, evaporation of the sol to a gel, 
and densification by low-temperature calcination. 

the latest 13 runs, close control of specifications 
for the product was demonstrated, producing ThO, 
thot was completely dispersible in dilute nitric 
acid or uranyl nitrate solution (Table 13.1). 

UNCLASSIFIED 
ORNL-LR-OWG 71501 

Th(N03)4 

STEAM _ 
350-450°C, 1 aim 

U02(N03)2 

SOLUTION" 

STEAM 
DENITRATION 
185-475°C 

H ,0 -

H->0+ HNO, 

ThO, 

SOLUTION PREPARATION, 
BLENDING, 

pH ADJUSTMENT 
80°C 

Th02-U03 
SOL 

EVAPORATION 
80 - 9 0 X 

ThO2-U03 
GEL 

CALCINATION 
100-1150°C 

AIR, H2-A 4 hr, 
COOL, ARGON 

DENSE T h 0 2 - U 0 2 
FRAGMENTS 

Fig. 13.1. Sol-Gel Process for ThOj-UOj , 

Steam Denitration of Thorium Nitrate 

In previous work, a highly reactive ThO,, 
crystall ite size 70 A and surface area 80 m^/g, 
was prepared by steam denitration of Th(NO,). . 
For engineering scale tests, 30 kg of thorium 
nitrate was charged to a rotary steam ki ln. As 
the kiln rotated, the wall temperature was raised 
to 185°C before steam was admitted at 350-450°C 
and 1 atm. Dehydration of thorium nitrate, and 
some denitration, began by the time 185°C was 
reached, but >90% of the nitrate was removed by 
the steam as the temperature increased to 475°C. 
The residual nitrate content of the product oxide 

Preparation of Sol 

When properly prepared, the steam-denitration 
ThO, product was easily dispersed to a stable 
sol in dilute nitric acid and/or uranyl nitrate, by 
adding the powder to the liquid to make a 2 M ThO. 
suspension. The mixture was agitated at 80—90°C 
by recirculation through a centrifugal pump for 
~2 hr. The total nitrate needed for optimum dis
persion varied with the surface area of the ThO,, 
and could be calculated from the crystall ite size 
as determined by x-ray line broadening. It amounted 
to 0.0052 mmole of nitrate per square meter, corre
sponding to ~50% of the calculated ThO, surface-
active sites being occupied by nitrate. An in
flection in the plot of pH vs nitric acid added 
occurred in sols at this nitrate concentration, 
at a pH of 3.1-3.3. Likewise, inflections in 
plots of conductivity vs NO^ ' /ThO^ ratiooccurred 
at this same nitrate/thoria surface ratio. At pH 
3.2, ThO, or ThOj-UO- sols behaved as though 
buffered, that is, the pH changed only very l i t t le 
with changes in concentration. The latter behavior 
is important in maintaining sorption of uranium on 
the ThOj surface during evaporation to a gel. If 
the pH is <3 .1 , uranium is dissolved from the 
solid ThO, surface as the sol is evaporated, 
which causes the gel to be nonuniform with respect 
to uranium content. At pH >3.3, the uranium 
segregated as an independent phase, which also 
produced nonuniformity. Knowledge of the total 
nitrate requirement and desired pH for a ThO, sol 
enables the operator to determine roughly the 
optimum concentration of the uranyl nitrate— 
HNO, solution to be used for dispersion of a 
given ThO, batch. The final pH adjustment can be 
made by addition of either nitric acid or ammonia. 

G. J . Spaepen, R. T. Wimber, and M. E. Wadsworth, 
Adsorption of Silicia Acid on Thoria. Determined by 
Infra Red Spectroscopy. Univ. of Utah Tech, Report V, 
Subcontract 1075 (June 30, 1959). 
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Evaporation Calcination 

After the ThO,-UO- sol has been adjusted to 
the optimum pH and NO. /ThO, ratio, i t is evapo
rated to a gel at atmospheric pressure, in stainless 
steel trays, at 80—90°C to avoid boiling. Boiling 
induced voidage into the gel, which was not re
moved by calcination. Use of temperatures below 
80°C decreased particle densities and prolonged 
the step unnecessarily. The 3 wt % U—ThOj gel 
had a density of 6 to 7 g/cc and was easily sized 
by grinding. Five batches of sol-gel oxide sized 
at the gel stage were vibrated to a density of 8.7 
g/cc in fuel tubes. Off-specification sizes at the 
gel stage were readily recycled by redispersing 
to sol by agitation in water. 

The dried gel was successfully densified by 
increasing the temperature at <300°C per hour to 
1150°C and calcining 1 hr in air at this tempera
ture, followed by calcining an additional 4 hr in 
argon containing 4% hydrogen (a noncombustible 
mixture) to reduce the uranium oxide to DO,. 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 
>99% of theoretical with an O/U ratio 2.02 ±0.01 
(Table 13.2). 

Table 13.1 . Hydrothermal Denitration of Thorium Nitrate Crystals 

Rotary ca lc iner 12 i n . d iam K 48 i n . l ong ; w a l l s preheated to 185 C; steam a t 350 C, 

1 a tm, 20 I b /h r ; ca lc ine r temperature increased to 475 C 

No. of 

Runs 

5 

5 

3 " 

Total Ti 

(hr) 

6 

4 

6.5 

me 

Steam 

T ime .at 4 7 ^ C 

(hr) 

2 

0.1 

2.5 

A i r 

Time 

(hr) 

0 

1 

0 

Co Icinotion 

Temp 

(°C) 

475 

Wt 

(kg) 

15 

15 

22.5 

P roduct 

NO j /ThO j 
mole ratio 

0.027 ±0.009 

0.059 +0.005 

0.050 ±0.006 

' ' i n i t i a l steam 30 Ib /h r for 2 hr at 4 0 5 ° C . 

Table 13.2. Properties of Sol-Gel Uranium-Thorium Oxide 

Botch 

Sol-gel D 

Sol-gel E 

U-3 

U-5 

U-6 

U235 Enrichment 

(%) 

93 

93 

93 

0.7 

0.7 

Batch Size 

(kg) 

1 

1 

4 .5 

7 

7 

Method of U 

Addit ion" 

ADU 

ADU 

ADU 

ADU 

U02(N03)2 

Ui ranium Content 

(wt %) 

2.4 

4.2 

5.0 

3.0 

3.0 

O/U 

Ratio 

2.01 

2.01 

2.01 

2.02 

2.03 

Vo! latile Matter^ 

(cc/g) 

0.012 

0.027 

0.055 

0.005 

0.004 

Compacted 

Density 

(g/cc) 

8.7^ 

8.8'^ 

s.s-̂  

9.0^ 

8.9'' 

Ammonium diuranate and U O , added as s lur ry and UO_(NO_)- as so lu t i on . 
I o 2 J 2 

V o l a t i l e matter released in vacuum at 1200° C. 

S ta in less steel tube / , i n . d iam by 11 in 16 l ong . 

Sta in less steel tube / , , i n . d iam by 48 i n . long. 

S ta in less steel tube / i n . d iam by 48 i n . l ong . 
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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 nitrate solu
tion. The calcined, reduced oxide particles 
appear to be monolithic solid solutions in prepara
tions containing up to 10 wt % uranium, showing 
only one phase in optical photomicrographs of 
etched and polished specimens. X-ray line-
broadening data and electron micrographs indicate 
the material to be polycrystalline with crystal 
sizes >2500 A. 

Typical preparations (Table 13.2), some con
taining enriched uranium for irradiation testing, 
had properties favorable for use in reactors. Sur
face areas of all the oxides were <0.01 m / g , 
consistent with the high particle densities, >9.9 
g/cc. Excess oxygen was especially low in view 
of the low percentage of uranium. The residual 
volatile matter steadily decreased with improved 
calcination techniques. 

13.3 SOL-GEL PRODUCT IRRADIATIONS 

Eight fuel pins, 11 in. long and 5/16 in. OD 
containing sol-gel ThO, performed satisfactorily 
in the NRX reactor from April 1961 to May 1962. 
The peak cladding heat flux was 300,000 Btu hr~^ 
f t " at the start of the irradiation. At discharge 
the sol-gel fuel pins had accumulated between 
10,000 and 17,000 Mwd per ton of thorium. They 
were replaced by six fuel pins 39 in. long con
taining sol-gel ThOj-UOj (Table 13.2, U-3), and 
three fuel pins 11 in. long, each containing ThO,-
PuOj (4.0 wt % P u " 9 ) at a bulk density of 7.5 
g/cc (not vibratorily compacted). 

Seven l l - in.- long capsules were inserted in the 
MTR late in 1961. These specimens contained 
sol-gel E (Table 13.2) and arc-fused ThOj-UO^ 
('^4.0 wt % fully enriched uranium) vibrated to 
bulk densities between 8.6 and 8.7 g/cc. At the 
start of the irradiation the peak cladding heat 
flux was -^600,000 Btu hr"^ f t " ^ . Two of these 
capsules were removed in April 1962 after 12,000 
to 14,000 Mwd per ton of thorium for future post-
irradiation examination. The irradiation of the 
remaining five is st i l l in progress. 

Two capsules, each containing sol-gel prepared 
ThOj-UO (Sol-Gel D, Table 13.2) with a central 

thermocouple have been irradiated in the ORR 
pool-side faci l i ty at an unperturbed thermal neutron 
flux of 3 >< 10 since January 1962. Each capsule 
was pneumatically vibrated to a bulk density of 
8.6 g/cc and designed to operate at a linear heat 
output of 40,000 Btu h r " ' f t " ' . Average cladding 
temperatures are 1300 and 1000°F, respectively. 
During the three months of in-pile operation, the 
central temperature of the higher temperature cap
sule has decreased steadily from an init ial 3600° F 
to ~2800°F. This decrease may be attributed to 
thermocouple drift, fuel sintering, or a combina
tion of the two effects. The central thermocouple 
of the other capsule has remained essentially con
stant at 2700°F. Based on the design heat genera
tion rate, the effective thermal conductivity of the 
ThO,-UO, (center line to cladding surface) is 1.2 
to 1.5 Btu h r " ' f t " ' ( ° F ) " ' , which compares 
favorably with that of pellet fuels. 

13.4 KILOROD FACILITY 

The Chemical Technology and the Metals and 
Ceramics Divisions ore designing and building an 
experimental faci l i ty, the Kilorod faci l i ty, to test 
and demonstrate the sol-gel-vibratory compaction 
procedure for manufacturing metal-clad oxide re
actor fuel. Although designed primarily for experi
mental use, this faci l i ty wi l l also be used to 
manufacture 1000 Zircaloy-clod ThO^-U^^^Oj fuel 
tubes for a Brookhaven National Laboratory cr i t i 
cal experiment. The Chemical Technology Divi
sion is responsible for removing U decay 
daughters from the U^'' ' ' by solvent extraction 
and for preparing a mixed oxide, by the sol-gel 
process, suitable for sizing operations. The 
Metals and Ceramics Division wil l size the oxide 
particles, compact them in Zircaloy tubes by 
vibration, and weld the tubes closed. 

The U^-''^ from U^'^^ decay daughters wi l l be 
purified in the Thorex Pilot Plant solvent extrac
tion equipment in cells 5, 6, and 7 of building 
3019. The flowsheet used wil l be the thorium 
rejection type (lnterim-23) with either tributyl 
phosphate or di-sec-butylphenyl phosphonate as 
solvent. The latter solvent is expected to provide 
improved separation of uranium from thorium, thus 
better removing Th , the first daughter product 
in the U^"'^ decay chain. Crit icality wi l l be 
avoided by various combinations of batch size, 
geometry, fixed poisons, and concentration control. 
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Modi f ica t ions to the Thorex P i l o t P lant equipment 

are in progress. 

Thorium oxide prepared in bu i ld ing 4501 in the 

rotary steam denitrator w i l l be transferred to ce l l 

4 of Bu i ld ing 3019, where the sol-gel and fuel 

refabr icat ion equipment is being located. The 

T h O , and uranyl n i t ra te solut ion w i l l be mixed in 

a blend tank located in a shielded cub ic le on the 

third level ins ide the c e l l , and the sol w i l l be 

pumped to 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 cub ic les w i l l be 

shielded wi th 4 in . of steel or 8 in . of 3.3-g/cc 

concrete. Because of the re la t i ve ly low level of 

radiat ion ins ide the cub ic le and the infrequency of 

operat ions in i t , i t is feas ib le to use the gloved 

hand wi th tongs for manipulat ion. However, a l l 

g loved ports w i l l normal ly be shie lded. The f inal 

ox ide w i l l 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 is now completed, and 

fabr icat ion and ins ta l la t ion are in progress. Opera

t ion is scheduled to begin in September 1962. 

13.5 THORIA P E L L E T PREPARATION 

BY SOL-GEL PROCESS 

By rounding the par t ic les wh i le in the gel state 

i t is poss ib le to make spheres of T h O , by the 

basic sol-gel process. Such spheres are desi rable 

as a blanket material for reactors wi th a s tat ic or 

f l u id ized thoria bed in d i rect contact w i th water. 

For such an appl icat ion the thorium oxide spheres 

must be / ,—/, i n . diam and be a t t r i t ion res is tant 

and stable in water at high temperatures. 

Seven batches of rounded thoria par t ic les in the 

4—8 mesh range prepared by the sol-gel process 

had a t t r i t ion losses of <0.^% per hour as tested 

in a hydraul ic spouted bed. Th is test was based 

on an average weight loss from the f l u id i za t ion of 

10 g of pe l le ts in three consecut ive 1-hr tes ts . 

The pe l le ts were made from three thoria sources: 

oxa la te-prec ip i ta ted 925°C-f i red T h O , standard 

steam-denitrated thorium ox ide, which was ref i red 

in air for 4 hr. Pe l l e t preparation consisted of 

d ispers ion of thor ia to sols w i t h n i t r i c ac id s l i gh t l y 

in excess of the quant i ty required for maximum 

d ispers ion, pH adjustment to the optimum wi th 

ammonia, evaporat ion to the ge l , rounding the gel 

par t ic les by tumbl ing in a high-f i red thoria powder, 

and f i na l l y ca lc ina t ion to obtain dens i f i ca t ion and 

strength. For the steam-denitrated oxides the 

optimum pH was 3.1 — 3.3. For the high-f i red 

oxalate-der ived oxide i t was about 2. The optimum 

ca lc ina t ion temperature to obtain maximum at t r i t ion 

res is tance was 1400°C. One batch of rounded 

pel le ts made from the 925°C-f i red oxalate hod 

in i t i a l a t t r i t ion rates of 0.04 wt % per hour; after 

they had been autoclaved in water at 265°C for 

72 hr the a t t r i t i on rate was 0.025 wt % per hour. 

Two pe l le t preparat ions contain ing 3 wt % uranium 

showed a t t r i t ion rates of 0.051 and 0.054 wt % per 

hour. Therefore it appears that both pure thor ia 

and thor ia-urania pe l le ts wi th high a t t r i t ion res is

tance and good s tab i l i t y in water at high tempera

tures can be made by the sol-gel technique. 
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14. Thorium Recovery from Rocks 

In the long-range future, nuclear fuel suppl ies 

for power production w i l l inevi tably depend on 

low-grade sources, s ince high-grade reserves of 

uranium and thorium are extremely l im i ted . Infor

mation on the extent and probable treatment costs 

of low-grade thorium sources is being obtained. 

After tests of a large var iety of grani t ic rocks 

from di f ferent locat ions, ' current in terest has 

centered p r inc ipa l l y on the Conway granite for

mations in New Hampshire which are higher-than-

average in thorium content. Cursory tests have 

a lso been made wi th other granites and other types 

of thorium-bearing rocks. 

grani te. The main mass of the Conway grani te 

includes an area of at least 300 sq mi les , and, 

assuming that the thorium concentrat ion pers is ts 

w i th depth, the reserves of thorium in the Conway 

formations are est imated at tens of m i l l i ons of 

tons. D r i l l i ng of the Conway formation during the 

summer of 1962 is planned to obtain information 

on the ver t i ca l d is t r ibu t ion of thorium. 

Several samples from less extensive grani te 

formations in New Hampshire, Maine, Vermont, 

Massachuset ts , and Rhode Island contained thorium 

in concentrat ions equivalent to the Conway for

mation. These areas w i l l be explored further. 

14.1 GRANITE SAMPLE COLLECTION 
AND EXPLORATION 

Addi t iona l analyses o fgran i te samples co l lec ted 

from major grani t ic bodies throughout the United 

States and Canada continued to support ear l ier 

i 'ndications that the Conway granite in New 

Hampshire is one of the more important reserves 

of thorium and uranium. The Conway formation 

was ex tens ive ly surveyed in the summer of 1961 

wi th a portable t rans is tor ized gamma-ray spectrom

eter. From radiometr ic data ( F i g . 14.1) obtained 

at several hundred outcroppings, the access ib le 

surface of the main moss of the Conway granite 

was est imated to average 56 ± 6 ppm thor ium. Th is 

compares wi th 12 ppm thorium in average grade 

Chem. Technol. Ann. Progr. Rept. May 31, 1961, 
ORNL-3153. 

2 
H. Brown and L . T . S i lver , " T h e P o s s i b i l i t i e s of 

Securing Long-Ronge Suppl ies of Uranium, Thor ium, 
and other Substances from Igneous R o c k s , " Proc. 
Intern. Conf. Peaceful Uses At. Energy, Geneva, 
i 9 5 5 8, 129(1956) . 

By Rice Un i ve rs i t y under subcontract to O R N L , 

14.2 GRANITE MINERALOGY 

Prel iminary studies of autorodiographs and 

photomicrographs suggest that a substant ia l frac

t ion of the thorium and uranium in Conway grani te 

UNCLASSIFIED 
ORNL-LR-DWG 71502 
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is contained in " h o t g r a i n s " enclosed in b io t i te 

and that many of the " h o t g r a i n s " are pyrochlore, 

convent ional ly N a C a N b - O . F , but commonly con

ta in ing large amounts of other elements, inc lud ing 

act in ides and lanthanides. To the extent that 

these observat ions are true, phys ica l benef ic ia t ion 

methods may be considered to concentrate the 

b io t i te f ract ion and thus the thor ium. There should 

also be a pos i t i ve correlat ion between the thorium 

and niobium content of these grani tes. 

14.3 GRANITE PROCESSING AND COSTS 

The Conway grani te, in addit ion to having a 

re la t i ve ly high thorium content, is general ly more 

amenable to ac id leaching than granite from most 

other formations studied. Recoveries in ac id 

leaching of Conway granite from 13 w ide ly scat

tered locat ions ranged from 52 to 85% for thorium 

and 26 to 15% for uranium (Table 14.1). The head 

samples contained 36 -106 (av 58) ppm thorium and 

6 — 19 (av 11) ppm uranium. The f ineness of gr ind

ing in the range - 2 0 to - 2 0 0 mesh had no s i gn i f i 

cant ef fect on recovery of thorium from Conway or 

from P ikes Peak grani te samples. 

Prel iminary est imates of recovery costs for 

the 13 samples by a countercurrent su l fur ic ac id 

leach—amine ext ract ion f lowsheet ranged from $23 

to $83 per pound of thorium plus uranium recovered 

(Tab le 14.1). These costs are considered accept

able for breeder reactor systems. If s ingle-stage 

rather than countercurrent leaching must be used, 

costs would average about 10% higher due to the 

Table 14.1. Estimated Costs for Recovering Thorium and Uranium from Conway Granite 

Pu lve r i zed ore or —48 mesh, leached 6 hr at room temperature w i t h 2 iV H,SO ., 50% pulp dens i t y 

Sample Loca t i on 

Head 

Concent ra t ion 

(ppm) 

Th U 

Recovery in 

Leach ing 

(%) 

Th U 

H,SO . Consumpt ion 

( lb per ton of ore) 

Est imated 

Recovery Cost 

($ per lb Th -I- U) 

North Conway quodrange, N. H. 

Crawford Notch quod, , N. H. 

P lymouth quod. , N. H. 

Nor th Conway quod. , N. H. 

P lymouth quad. , N. H. 

Fronconia quad. , N . H, 

North Conway quod. , N. H. 

Nor th Conway quad. , N. H. 

Crawford Notch quad. , N, H. 

Oss ipee Lake quod, , N. H. 

Mt. Ascu tney , V t . 

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 

13" 

6 

10 

8 

60 

52 

84 

53 

84 

58 

78^ 

67 

67 

82" 

80̂ ^ 

85^ 

81̂ ^ 

26 

39 

73 

51 

60 

50 

60' 

49 

65 

75' 

49 

61 

69 

93 

109 

80 

66 

60 

72 

80^ 

93 

111 

80" 

55 

77 

86 

70 

83 

42 

64 

34 

42 

34 

70 

58 

23 

64 

49 

49 

Average 52 

Inc ludes d i rec t operat ing costs for min ing (68^ / ton ) and m i l l i n g , overhead, cont ingency a l l owance , amor t i za t ion 
(10 y r ) , and 14% annual return on cap i ta l inves tment . 

Average for f i ve samples from Redstone Quarry. 

'Average results obta ined w i th two samples from Bond Ledge Quarry. 

Leach ing tes ts at 60% pulp dens i t y . 



184 

higher ac id consumption. Bases for the est imates 

were the same as described earl ier.^ 

14,4 L A T E R I C SOILS AND VOLCANIC 

ROCKS 

Prel iminary analyses and tests of sub la ter i t i c 

so i ls from southeastern United States and volcanic 

15.1 CONVERSION OF CYCLOHEXANOL 

TO CYCLOHEXENE WITH MgSO^ 

AND MgSO^-NojSO^ CATALYST 

It has been reported that when small amounts of 

radioact ive S are incorporated in MgSO. and 

MgSO.-Na,SO. ca ta lys ts , their ca ta ly t i c ac t i v i t y 

for the dehydrat ion of cyclohexanol is enhanced. '•^ 

In i t ia l experiments appeared to substant iate these 

resul ts , but d i f f i cu l t i es were encountered in 

measuring the spec i f ic surface areas of the cata

l ys t s . These d i f f i cu l t i es were resolved by de

signing equipment so that atmospheric exposure 

of the co ta lys t was avoided. In subsequent ex

periments, in which comparisons were made on 

the basis of un i t surface area, the rad ioact ive 

cata lys ts were found to be less act ive ca ta l y t i ca l l y 

than their nonradioact ive counterparts. 

Measurements of i n i t i a l react ion rates wi th 

MgSO, cata lys ts showed the radioact ive ca ta lys ts 

to be about hal f as act ive as the nonradioact ive. 

Af ter 7 to 12 hr use, the radioact ive cata lys ts 

'A. A. Balondin et al., Dokl. Akad. Nauk SSSR 121, 
495 (1958). 

A. A. Bolandin et al., Actes Congr. Intern. Catalyse. 
2e, Pans, 1960 2, 1415 (1961). 

Chem. Technol. Div. Ann. Progr. Rept. Aug. 31, 
1960, ORNL-2993, chap. 17. 

Chem. Technol. Div. Ann. Progr. Rept. May 31, 
1961, ORNL-3153, chap. 18. 

rocks from I ta ly and Nevada indicated that these 

mater ia ls represent less promising sources of 

thorium than grani tes. The volcanic rocks con

ta ined 12—50 ppm thorium but were res is tant to 

acid leaching. The subla ter i t ic soi l samples 

were uni formly low in thorium, that i s , 5—16 ppm. 

Made in cooperation with A. H. Ross and Associates 
of Toronto, Canada. 

were one-hal f to one-third as act ive , depending on 

the temperature ( F i g . 15.1fl). I n i t i a l l y , both ma

te r ia ls showed the some apparent energy of ac t iva

t ion , but on aging the radioact ive ca ta lys ts showed 

a greater increase in ac t iva t ion energy, w i th 6 

kca l /mo le di f ference at steady state. 

Typ ica l resul ts wi th MgSO.-Na-SO. ca ta lys ts 

conta in ing 2.5 wt % No showed the rad ioact ive 

ca ta lys ts to be less ac t ive than the nonradioact ive, 

both before and after aging (F ig . 15.1^1). With 

fresh ca ta lys t the ef fect was greater than in the 

case of pure MgSO. , even though the rad ioac t iv i t y 

was only about a th i rd as much. After aging, 

the magnitude of the ef fect was the same. In 

general , the sodium-containing ca ta lys ts were 

less ac t ive per unit surface area than the MgSO. 

cata lys ts and showed higher apparent energies 

of ac t iva t ion except for fresh nonradioact ive ma

te r ia l . Resul ts were s imi lar w i th a sodium con

centrat ion of 0.98 wt %. 

Aging curves for MgSO. cata lys ts showed a 

re la t ive ly sharp decrease in ca ta ly t i c ac t i v i t y 

after about 5 hr use (F ig . 15,2), wh ich is not ex

p la ined. Curves for MgSO,-Na,SO. were s imi la r . 

The ef fect appears to be i r revers ib le and to require 

the presence of the react ing vapors. The surface 

area decrease of < 10% during aging cannot account 

for the loss of ac t i v i t y observed. Infrared, x-ray, 

and thermogravimetr ic studies of MgSO. surfaces 

showed that no phase change is involved and 

that even in the presence of water vapor no mono-

15. Radiation Effects on Catalysts 
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F ig . 15 .1 . Dehydration of Cyclohexanol on (a) MgSO, Catalysts and (b) M g S O , - N a , S O , Catalysts. 

hydrate can exist at the temperatures used. 
Dehydration of the monohydrate proceeded ac
cording to the equation 

2 MgSO^ • HjO ^=^ Mg(HS0^)2 • Mg(0H)2 

^=^ 2 MgSO^ + 2H2O . 

The radioactive catalysts also lost catalytic 
activity with time in storage. This has been in
terpreted in the literature as unequivocal evidence 
that the level of radioactivity of the catalyst, 
which was decreasing with time, was the con-

Work done by University of Utah under subcontract. 

trolling factor. However, it was found that non
radioactive catalysts also lose catalytic activity 
with time (Fig. 15.3), showing that the loss is not 
related to the radioactivity but is a property of the 
catalyst surface. For a given drying treatment, 
radioactive catalysts generally showed smaller 
crystallite sizes and larger specific surface areas 
than their nonradioactive counterparts. This phe
nomenon is believed to be responsible for the er
roneous reports of enhanced catalytic activit ies on 
the addition of radioactive sulfur to these mate
rials. All the evidence available indicates that 
any effect of the radioactivity is due only to its 
presence during the catalyst preparation stage and 
that its presence at the time of reaction is of no 
significance. This conclusion is supported by the 
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previously reported observation that externally 
supplied radiations are without effect on the de
hydration reaction. ' Possibly the beta-particle 
tracks provide nucleation sites for crystallization. 

or perhaps small surface charges generated as a 
result of beta decoy affect the growth and sintering 
properties of the crystall ites. 

UNCLASSIFIED 
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16. High-Temperature Chemistry' 

16.1 H IGH-TEMPERATURE HIGH-PRESSURE 

SPECTROPHOTOMETRIC SYSTEM 

Detai led drawings for the spectrophotometer 

system for operat ion at temperatures up to 330°C 

and at pressures up to 3000 psi were completed. 

Jo in t program w i th the A n a l y t i c a l Chemist ry D i v i 
s i on . For add i t iona l de ta i l s see Anal. Chem. Div. Ann. 
Progr. Rept. Dec. 31, 1961, ORNL-3243 , p 20. 

2 
Chem. Technol. Div. Ann. Progr. Rept. May 31, 1961, 

ORNL-3153, p 130. 

By App l ied Phys i cs Corpora t ion , Monrovia, Ca l i f . , 
under subcont rac t . 

It is ant ic ipated that w i th th is system i t w i l l be 

poss ib le to make measurements up to near the 

c r i t i ca l point ('^ 372°C) in both water and deuterium 

oxide. The major parts of the system (F igs . 16.1 

and 16.2) are: Gary model 14 PM spectrophotom

eter redesigned to provide a 20-cm opt ica l path 

length and larger opt ica l and cel l components; 

opt ica l bench; chopper and beam-alternator system 

and compartment; phototube and source compart

ment; high-pressure high-temperature cel l com

partment; cel l assembl ies ; heating system; h igh-

vacuum system; main spectrophotometer cart ; and 

control console. Among the important features 

UNCLASSIFIED 
ORNL-LR-DWG 54564A 
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F i g . 16 .1 . Schematic Plan for High-Temperature High-Pressure Ce l l s and Vacuum and Heat ing System. 
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Fig. 16.2. ORNL High-Temperature High-Pressure Spectrophotometer Cell Assembly. 

of the system are an automatic d ig i ta l data-readout 

system that reads out on IBM cards; a v iewing 

port and mirror arrangement to permit v isual ob

servation of the test solut ion at a l l operat ing 

temperatures and pressures; and a var iab le, ver

t i c a l , aux i l ia ry s l i t system to permit spectral 

measurements on indiv idual phases of two-phase 

systems. The absorpt ion ce l l s con be rocked 

whi le the system is operated at the maximum 

condi t ions of temperature and pressure in order 

to mix the solut ions (or separate phases), to 

equi l ibrate the gas and l iqu id phases in the ab

sorption ce l l , and to fac i l i t a te removal of bubbles 

that form on the windows. 

16.2 MINIATURE CIRCULATING-LOOP SYSTEM 

FOR A C A R Y M O D E L 14 PM 

SPECTROPHOTOMETER 

A miniature loop system ( F i g . 16.3) was designed 

and constructed for use w i th an unmodif ied Cory 

model 14 PM spectrophotometer for operation at 

moderate pressures (200 ps i ) and at temperatures 

up to about 150°C. The loop contains an in - l ine 

var iable-porosi ty f i l t e r system and a sample con

tainer system that permits exposing corrosion 

specimens, ion exchange resins, and other so l ids 

to the c i rcu la t ing l i qu id . 

16.3 MATHEMATICAL RESOLUTION OF 

SPECTRAL FINE STRUCTURE AND 

O V E R L A P P I N G ABSORPTION SPECTRA BY 

MEANS OF HIGH-SPEED DIGITAL COMPUTING 

Computer programs for the mathematical resolu

t ion of over lapping absorpt ion spectra by the IBM 

7090 computer are being wr i t ten, and codes for 

the Oracle and IBM 704 are being converted for 

operat ion on the IBM 7090. The conversion in 

cludes the wr i t ing of curve-plot t ing programs for 

p lo t t ing IBM 7090 output on the curve-plot t ing 

f ac i l i t y of the Oracle. Use of a recent ly ins ta l led 

automatic, d i g i t a l , data-output (on IBM cards) 

system for the Gary Model 14 PM spectrophotometer 

w i l l implement the spectrophotometry program. 
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16.4 C A L C U L A T E D E F F E C T OF CERENKOV 

RADIATION ON ABSORPTION 
SPECTROPHOTOMETRIC MEASUREMENTS ON 

INTENSELY RADIOACTIVE SOLUTIONS 

Extraneous l ight from Cerenkov radiat ion is a 

potent ia l source of interference in absorpt ion 

spectrophotometric and other l ight-dependent meas

urements made on radioact ive so lu t ions, and the 

extent of the interference can be evaluated i f the 

in tens i ty of the Cerenkov radiat ion is known. A 

17.1 DISTRIBUTION OF N ITRIC ACID 

BETWEEN AQUEOUS AND T B P - H Y D R O C A R B O N 

D ILUENT SOLUTIONS 

Single-stage equi l ibr ium data on the d is t r ibu t ion 

of n i t r ic acid between aqueous and TBP—Amsco 

125-82 solut ions, for a l l d i l u e n t / T B P rat ios and 

for aqueous ac id i t ies of up to ' ^ 5 M were found 

to be descr ibed by 

(HNOj)^^^ 

' ° ' [ H N 0 3 ] = ^ i ( T B P J ° - ( H N 0 3 ) ^ ^ ^ ! 

= l o g ! B , + B , ( Y ° , p + y ° ^ , ) ! 

^ R lY° -1- V° 1^/2 3'org ,... 
+ ^ 3 ^ ^ T B P + '^HjO^ (TBP ) ' ^'^ 

where brackets refer to ac t i v i t i e s ; parentheses 

refer to concentrat ions; the superscript c desig

nates molar concentrat ions; subscr ipts org and aq 

W. Davis, Jr., "Thermodynamics of Extraction of 
Nitric Acid by Tri-n-Butyl Phosphate—Hydrocarbon Di l
uent Solutions. Port I , " to be published in Nuclear 
Science and Engineering. 

hbid., Part II. 

'^Ibid., Part III. 

method based on graphical summation of photon 

contr ibut ions from electron energy d is t r ibu t ions 

was developed for ca lcu la t ing the in tens i ty of 

Cerenkov radiat ion from speci f ied beta- or gamma-

emit t ing sources or from mixtures of such sources 

over the v i s i b le and near-u l t rav io let spectral re

g ions. 

R. G. Wymer and R. E. Biggers, Cerenkov Radiation 

Intensity Calculations for Sr and Co m Water, 
ORNL-3180 (Sept. 5, 1961). 

designate the organic and aqueous phases, re

spec t ive ly ; B ^ , B j , and B^ are constants; V y g p 

and Y° „ are the mole f ract ions of TBP and H j O 

in the water-saturated, but acid-free, organic solu

t i on ; and (TBP ) is the sto ichiometr ic molar i ty 

of T B P in the organic so lu t ion . The ac t i v i t y 

[HNO-]*^ was ca lcu la ted as the product {C^y)^, 
3 aq . I . 

where C and v are the s to ich iometr ic molar i ty 
s "̂  s ' 

and ac t i v i t y coef f ic ients of HNO in aqueous so lu

t ions. The app l i cab i l i t y of Eq. (1) to values of 

(HNOJ'^ / ( T B P ) up to nearly 0.75 and the re-
o org s n 

suits of analyses for water in the organic phase 

suggest that the extract ion of n i t r i c ac id may be 

descr ibed by 

[ T B P + T B P . H ^ 0 ] ^ ^ ^ + (HN03)^^ 

^ = i [ T B P . H N O , + T B P . H N 0 , . H . , 0 ] 
o i 1 org 

the equi l ibr ium constant for which is K'i in molar 

un i ts . Th is impl ies that neither T B P and the so-

ca l led complex T B P . H ^ O nor T B P . H N O 3 and 

TBP • HNO • H O are d is t ingu ishab le species. 

On th is basis y may be def ined as the mean molar 

ac t i v i t y coef f ic ient of TBP and TBP • H j O , and 

s imi la r ly , y-r^ as a mean molar ac t i v i t y coef f ic ient 

of the species T B P • HNO3 and T B P • HNO3 • H j O . 

From such a de f in i t i on , the terms on the r ight-hand 

17. Mechanisms of Separations Processes 
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side of the equal i ty sign in Eq. (1) descr ibe the 

quant i t ies K^ y^ and y j ^ , : 

K - y , - B , T B 2 ( y ° g p + y ° ^ o ! 

l ° g y T N = ' ^ 3 ( ^ T B P + ^ H . O 
\ l / 2 3 org 

2- (TBP J ^ 

(2) 

(3) 

Many l i terature data may be descr ibed by 

Eq. (1). Constants B , , B ^ , and B3 (Table 17.1) 

determined for Amsco 125-82 m the present work 

are also app l icab le to the odorless kerosene of 

refs 5 and 7, the corresponding constants for the 

di luent n-hexane, determined from the data of ref 6, 

are also appl icab le to ref 5 and are nearly the 

same as those determined for Amsco 125-82 (Tabl§ 

17.1). 

Equation (2) expresses the product K^ y_ . For 

d i luent- f ree T B P i ts value is a b o u t ! 5, but neither 

K^, nor y_ , the ac t i v i t y coef f ic ient of TBP in 

H.O-saturated TBP referred to uni t ac t i v i t y co

ef f ic ient for anhydrous T B P , can be ca lcu la ted 

from the present work. The quant i ty y_ can be 

ca lcu lated from part ia l pressures of T B P over 

the anhydrous and water-saturated system. Pre

l iminary values of these pressures, measured by 

the t ranspirat ional vapor pressure technique in 

con|unct ion wi th P'^^-labeled T B P , ' were ' ^0 .8 p. 

Hg for TBP contain ing 0.2 wt % H j O and 0.51 

^L Hg for T B P saturated wi th H.O, contain ing 

' ^ 6 . 5 wt % H „ , or having a mole f ract ion of H.O 

equal to 0.51 1 (ref 2). The 0.8 ^ Hg pressure 

over nearly anhydrous T B P is lower by a factor 

of about 10 than the value for pure TBP ca lcu la ted 

by extrapolat ion of the data of ref 10. A pre l imi 

nary value of y_ for H O-saturated TBP is, there

fore, 0 .51/0.8 or ^^0.64 i f the sum of mole f ract ions 

(TBP + T B P - H j O ) is used, as suggested by the 

interpretat ion above that T B P and T B P - H . O are 

not thermodynamical ly d is t ingu ishab le species. 

Previous ca lcu la t ions ' of the d is t r ibu t ion of 

H N O . between aqueous and TBP-d i luen t solut ions 

were l im i ted to aqueous ac id i t ies below ^^5 M 

due to the discrepancy between the n i t r i c ac id 

ac t i v i t y coef f ic ien ts given m the Lando l t -Borns te in 

tables and those extrapolated from the data of 

Hartmann and Rosenfeld for ac id i t ies above 

above ' ^ 3 \ 1 . N i t r i c ac id vapor pressure data of 

Potior and of Vandoni and Laudy g ive further 

support to the ex is tence of a d iscrepancy ( F i g . 

17.1) even though the lowest concentrat ion of the 

vapor pressure measurements was ' ^ 8 Al. To help 

estab l ish the ac t i v i t y coef f ic ients of H N O . more 

J. W. Codding, W. 0 . Haas, Jr., and F. K. Neumann, 
Ind. Eng Chem 50, 145 (1958). 

^T. V. Healy and P. E. Brown, AERE C/R 1970 (June 
6, 1956). 

D. R. Olonder, L. Donadieu, and M. Benedict, 
A I Ch I J 7, 152 (1961). 

^N. R. Geary, UKAEA-8142 (August 1955). 

^A. T. Gresky et al., ORNL-1367 (Dec. 17, 1952). 

A. Foure and W. Davis, Jr., ORNL-3236 (Nov. 29, 
1961). 
10 D. P. Evans, W. C. Davies, and W. J. Jones, /. 

Chem Soc. 1930, 1310. 
1 1 F. Hartmann and P. Rosenfeld, / Physik Chem. 

164, 377 (1933). 

1 2 
A. Potier, Ann Fac Sci Univ. Toulouse Sci. Wath. 

Sci Phys 20, 1-98 (1956). 
1 3 

M. R. Vandoni and M. Loudy, / . Chim. Phys. 49, 
99 (1952). 

Table 17.1. Values of Parameters of Eq. (1) 

Di luent 
(moles TBP/mole HNO3) 

Amsco 125-82 

?2-Mexane 

0.2295 

0.2767 

0.0076 

0.0125 

1.2470 

1.4544 

0.0405 

0.0550 

-1.6497 

-1.8788 

0.0370 

0.0468 

The constants for n-hexane are based on the assumption that the molar volume of water in the organic phase is 
zero, this assumption was mode because water concentrations in the organic phases were not measured (see ref 6). 
The resulting bias of the constants is small (see ref 3). 
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Fig. 17.1. Nitric Acid Activity Coefficients. 

unambiguously, partial pressures of HNO3at25.0°C 
over its aqueous solutions at concentrations down 
to '^ 2 M 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-Bornstein table 
values of nitric acid activity coefficients are 
incorrectly low at concentrations above '^2 M. 
The combined vapor pressure data and the freezing 
point data of Hartmann and Rosenfeld are con
sistently correlated if the constant for the dis
sociation of nitric acid, given as HNO3 ^ ^ H -F 
N 0 . ~ , is, in molar units, and with the subscript u 
to emphasize reference to undissociated nitric 
acid. 

^ , ^ [ H l [ N 0 3 - ] 

[HNO 
1.169 X 10'* (4) 

a'u 

The molar stoichiometric activity coefficient, y 
is related to the partial pressures p and p of 

HNO- over the solution and over pure (anhydrous) 
HNO, and to the stoichiometric concentration, C , 

C. = (HNOJ„ + (H^) = (HNOJ„ + (NO - ) 
3'u 3'u 

(K c \ l / 2 

c 

1504 p 

63.0167 
(5) 

where 1504 g is the mass of 1 liter of anhydrous 
nitric acid at 2 5 ^ and 63.016 is its molecular 
weight. 

Activity coefficients of nitric acid, obtainable 
from Fig. 17.1, are being used at concentrations 
up to 16 M in studies of the distribution of nitric 
acid and uranyl nitrate between aqueous and TBP — 
Amsco 125-82 solutions. 

17.2 FOAM SEPARATION 

Physical Chemistry of Foams 

Measured surface tensions of aqueous solutions 
containing the surfactant RWA-100, a sodium butyl-
phenylphenolsulfonate, and varying quantities of 
one of the ions H^ (10" " to 1 M), Na"^ (5 x l O ' ^ 
to 1 M), Ca^^ (10-2 ^^ ^Q-} ^)^ g^d Cg3+ (5 ^ 10-3 

to 1.75 X 10""^ M) all con be described by the 

equation. 14 

y=yQ - r ^ RT\n (1 + ax). (6) 

where y. and yare the surface tensions, dynes/cm, 
of water and the solution, respectively; F^ is the 
saturated (monomolecular) surface concentration 
of surfactant-cation complex, moles/cm ; R \s the 
gas constant, 8.3144 x 10^ ergs mo le " ' ( °K)- \ - T 
the absolute temperature, °K; x is the bulk phase 
concentration of the surfactant-cation complex, 
moles/cm ; and a is a constant, cm /mole, that 
is descriptive of the tendency of the surfactant-
cation complex to concentrate at the surface. 
Values of a were within ±10% of 1.4 x lO ' 
cm /mole for all cations, indicating that for a 
constant bulk phase concentration of the undis
sociated surfactant-cation complex, the surface 

14 Chem. Technol. Div. Ann, Progr. Rept. May 31, 
1961, ORNL-3153. 
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ac t i v i t y is independent of the nature of the cat ion. 

However, because the surfactant-cat ion complex 

d issoc ia tes to vary ing degrees m the so lu t ion, 

the concentrat ion of the undissoc iated surfactant-

cat ion complex is strongly dependent on the tota l 

cat ion concentrat ion, cat ion valence, and pH. 

Changes in these var iab les therefore resul t in 

separation of cat ions from each other wi th the 

same surfactant. 

The quant i ty V was determined for sodium 
^ ' m 

dodecylbenzene sul fonate by both surface tension 

measurements and by s ingle-stage to ta l - recyc le 

foam-column separation measurements. The agree

ment between the values, 3.2 x 1 0 - moles/cm 

in both cases, adds strong support to the previ 

ous ly proposed use of the Gibbs-Langmuir equa

t ions in corre lat ing foam separation resul ts . 
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Fig. 17.2. Effect of Calcium Concentration on Sepa

ration of Strontium in the Presence of Various Surfact

ants. 

Surfactant Screening Tests 

The program ' to screen a representat ive 

sample, 107 in number, of commercial ly avai lab le 

surfactants was essent ia l l y completed. From these 

tests the fo l lowing mater ia ls were selected for 

more in tens ive study for app l ica t ion to spec i f i c 

problems, such as low-ac t i v i t y waste decontamina

t i on : Aerosol OS, sodium dodecylbenzene sul fo

nate, Igepon T43, Igepon TC-42, RWA-100, Sipon 

L T - 6 , Terg i to l 7, and Veripon 4C. Sodium dodecy l 

benzene sulfonate gave the highest d is t r ibu t ion co

e f f i c ien t , r / x - 5 x 10 - (moles/cm ) / (mo les /cm ), 

for strontium of any observed to date. In terms of 

a 50 A bubble f i lm th ickness , r, the quant i ty 

V/{TX), which is s imi lar in meaning to the d i s t r i 

bution coef f ic ient of solvent ext ract ion, is 10 . 

Various chemical factors, such as No and Co 

concentrat ions and pH, changed the e f f i c iency of 

separating Cs or Sr from so lu t ions. Calc ium 

interference (F ig . 17.2) is important in the foam 

decontamination of low-ac t iv i ty wastes from 

strontium since the strontium d is t r ibut ion coe f f i 

c ient starts to decrease when the Co concen

trat ion exceeds ' ^ 1 0 " M, even wi th the better 

surfactants. General ly, the pH effect is not too 

important s ince the strontium d is t r ibu t ion coef

f i c ien t remains high wi th one or more of the sur

factants in the range pH = 2 - 1 2 (F ig . 17.3). 

2 x 1 0 " 2 

1 0 - 2 
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15 , J . J . Weinstock et al.. Rad ia t ion A p p l i c a t i o n s , Inc. , 
'Foam Sepa ra t i on , " RAl -100 (Oct . 1, 1961). 

Fig . 17.3. Effect of pH on Separation of Strontium In 

the Presence of Various Surfactants. 

Countercurrent Foam Column Parameters 

The decontaminat ion factor, volume reduct ion, 

volumetr ic throughput rate, and d is t r ibu t ion coef

f i c ien t are some of the more important var iab les 

of countercurrent foam column operat ion. To es

tab l i sh some of the re lat ions between these 

parameters, a series of experiments was performed 

in which foam densi ty and l inear foam ve loc i t y 
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were var ied. It was found that the height of a 

theoret ical transfer un i t for removal of strontium 

tracer in 2- or 6-in.-diam columns was only 1—2 cm 

when the feed consis ted of ORNL top water 

(simulated low-ac t iv i t y - leve l waste) that had been 

made basic to pH = 11.8 by the addi t ion of 1 0 - ^ 

M NoOH and whose calc ium concentrat ion had 

thereby been reduced from ' ^27 to 3.3 ppm. With 

such a low theoret ical transfer uni t value, the 

foam height needed to obtain good decontamination 

was only about 1 f t . No efforts have yet been 

mode to maximize solut ion throughput rates; how

ever, values of 1.65 gal m i n - H~ of foam were 

obta ined. 

Appl ica t ions 

Two of the potent ial app l icat ions of foam separa

t ion studied during the past year were removal of 

cesium from 6 M NaN03 solut ions (such as evap

orated neutra l ized Purex waste so lut ion, IWW) and 

decontamination of ORNL low-ac t iv i ty - leve l waste . 

In the f i rs t appl icat ion copper ferrocyanide was 

added to 6 M N o N O , solut ion to form the inso lub le 

cesium copper ferrocyanide, which was removed, 

with ge la t in as the surfactant, by a combination 

of foaming and f lo ta t ion . In a nonoptimum batch 

experiment, 96% of the tracer cesium was recovered 

wi th a volume reduction > 300 and a cesium radio

ac t i v i t y d is t r ibut ion coef f ic ient of 3 x 10 (counts 

per g of so l id ) / (counts per ml of solut ion) . 

Studies of the decontamination of ORNL low-

ac t i v i t y waste were directed pr imar i ly toward 

removal of strontium since Sr is the most dele

ter ious component of th is waste. Further, s ince 

calc ium interferes wi th strontium removal ( F i g . 

17.3), 0 head-end precipi tator was bu i l t to remove 

th is cat ion as C o C O , and magnesium as Mg(OH)_ 

(F ig . 17.4). By adding 5 x 1 0 " ^ M each of NaOH 

and N a . C O , to simulated ORNL low-ac t iv i t y 

waste, an equi l ibr ium strontium decontamination 

factor of 10 and 97.5% calc ium removal were 

achieved. The d is t r ibu t ion coef f i c ien t , /C_ , for 

strontium between so l id and solut ion was 1.4 x 10^ 

(counts per g of so l id ) / (counts per ml of so lu t ion) . 

Operat ion of a continuous prec ip i ta tor wi thout 

f i l t ra t ion and wi th upf low agi tat ion of the sludge 

produced a clear solut ion having only ' ^ 2 ppm total 

hardness as C o C O . , wi th a strontium DF of "^ 150. 

Cesium decontamination factors of 10—40 were 

achieved by adding grundite clay to the prec ip i 

tator in quant i t ies of ' ^ 0 . 5 lb per 1000 g a l . With 

sodium dodecylbenzene sul fonate as the surfactant, 

a solut ion s imi lar to that produced from the pre

c ip i ta tor (F ig . 17.3) was decontaminated from 

strontium by factors up to 5000 in a 6- in.-diam 

countercurrent foam column. Volume reduct ions, 

which were not opt imized, ranged from 25 to 1000. 

Further tests showed that the resul t ing foam con

densate can be evaporated to dryness (volume 

reduction > 10 ) by the addi t ion of a few ppm of 

s i l i cone ant i foaming agent. 
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Fig. 17.4. Proposed Flowsheet for ORNL Low-

Act iv i ty -Level Waste Decontamination. 
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18. Equipment Decontamination 

Deta i ls of decontaminat ion research are given 

in the Gas Cooled Reactor quarterly reports. A 

topical report is in press. 

18.1 DECONTAMINATION OF GAS 

LOOP PIPING^ 

Thir teen s ta in less steel samples of hel ium-and-

air gas loop p ip ing from Brookhaven were decon

taminated by spraying them w i th 0.4 M ammonium 

o x a l a t e - 0 . 1 M ammonium c i t r a t e -0 .35 M hydrogen 

peroxide at pH 4.0. In 2 hr at 95°C, the gross y 

decontamination factor from i r radiated U 0 - , Sr , 

Y 9 \ Zr 's .Nb" , Rul°«, Ba^^O-La^r and Ce^^" 
averaged about 210, 

18.2 SIMULATION OF EGCR 

CONTAMINATION, l ' ^ ' AND C s ' " 

Carr ier-free l ^ ' ' ^ was vo la t i l i zed i n750°C hel ium 

from iodide residues after f i r s t drying the iodide 

mixed w i th H . O j . In a second method, P ^ was 

l iberated by heating neutron- i rradiated te l lu r ium. 

The hel ium was then passed over steels and o lumi-

num at lower temperatures. The best decontomin-

ant for the steels was bo i l i ng 29% NaOH (D .F . 

~ 1 0 ^ in 20 min). Oxalate-peroxide at 95°C decon

taminated the aluminum to background level in 1 

hr, but was not as e f fec t ive as NaOH on the steels . 

'CCR Quart. Progr. Rept. Dec. 31. 1961, ORNL-3254. 

A, B, Meservey, Decontamination Studies for Appli
cation to the F xperimental Gas^Cooled Reactor: A 
Status Report, ORNL-3308 (m press) . 

M. F. Osborne, J . A . Con l i n , and A . B. Meservey, 
Fission Product Deposition and Decontamination of 
of BSL Gas-Cooled Loop, CF-61-7-49 (July 20, 1961). 

P. S. Lawson, Decontamination Studies, ORNL TM-
6 (Sept. 20, 1961). 

Carrier-free Cs was s im i la r l y vo la t i l i zed in 

hel ium by mel t ing calc ium metal wi th Cs chlo

r ide. Decontaminat ion of metals contaminated in 

the gas phase was about 1 x 10 in 20 min at 95°C 

wi th oxalate-peroxide so lu t ion . 

18.3 HYDROGEN PEROXIDE AS 

CORROSION INHIBITOR^'* 

Corrosion of carbon steel by 0.4 M ammonium 

oxalate so lut ions at pH4 .0 and95°C was increased 

by hydrogen peroxide in concentrat ions up to about 

0.1 M, but the steel was passivated at higher 

peroxide concentrat ions. Studies of the passiva

t ion phenomenon resul ted in the development of 

mi ld ly ac id ic and h igh ly e f fec t ive decontaminat ing 

solut ions conta in ing oxa la te , su l fa te , phosphate, 

c i t ra te , and f luor ide ions, which corroded carbon 

steel at 0.01 m i l / h r or less at 95°C. The gradual 

oxidat ion of oxalate when mixed wi th hydrogen 

peroxide, cata lyzed by ferr ic ions in so lu t ion, 

ra ised the pH cont inuous ly , keeping the solut ions 

in the range of pass i v i t y . A typ ica l decontami

nat ing solut ion of th is type, w i th a useful l i fe t ime 

of at least 12 hr at 95°C in contact w i th carbon 

s tee l , was 0.40 M ammonium oxalate—0.16 M 

ammonium citrate—0.34 M hydrogen peroxide at a 

pH of 4.0. A t lower temperatures, carbon steel 

remained passive at lower pH 's , but decontami

nat ion was less e f fec t ive . Another appl icat ion of 

the pass iv i t y phenomenon was the use of solut ions 

which when rubbed at room temperature onto mi ld 

A. B. Meservey, Corrosion Inhibition by Hydrogen 
Peroxide in Decontamination Solutions. ORNL TM-120 
(Jan. 23, 1962). Also presented at the American Chemi
cal Society, l 4 l s t Notional Meeting, Washington, D.C., 
Mar.27, 1962. 

A. B, Meservey, chop. 5-1 in Progress in 'Suclear 
Energy, ser IV, vol 4, Pergamon, New York, 1961. 
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steel w i th a sponge were s l i gh t l y corrosive, but 

to which the steel became passive when rubbing 

ceased. A solut ion of th is type was 0.4 M ammo

nium oxalate—0.2 M ammonium ace ta te -0 .7 M 

H j O j a t p H 2.0. 

Acetate vapors corroded carbon steel in the gas 

phase when acetate was used as a buffer in oxalate-

peroxide so lut ions, but when the steel was wet 

in termi t tent ly by the so lu t ion , such as by spraying, 

the metal surface was not corroded. 

Neither stress corrosion cracking nor crevice 

corrosion was observed on mi ld steel coupons 

after as much as 36 hr at 95°C in an oxalate-

peroxide-c i t rate formula. F luor ide complexed w i th 

aluminum was permiss ib le in ac id ic formulas for 

carbon steel when the peroxide concentrat ion was 

above 0.4 M to provide pass iv i t y . F luor ide in 

oxalate-peroxide solut ions was corrosive to a lumi

num, but the cor ros iv i t y was decreased through 

Indiv idual samples of tapped 8, 12, 16, and 20% 

cross- l inked Dowex 50W cat ion exchange resin 

decreased in volume 8.7, 6.0, 0.7, and 0.7%, re

spect ive ly , after an i r radiat ion of 0.75 x 10 r 

('^2 whr per g of dry resin) in a f lowing stream of 

water. Analyses (Tab le 19.1) of the exposed 

samples indicated an average speci f ic volume 

(ml of wet resin perg of oven-dried resin) increase 

of (14.15 +2.44)%, which par t ia l ly compensated 

for the 10-20% weight loss (oven-dried basis) 

caused by decomposit ion and d isso lu t ion in the 

water. The radiat ion- induced swel l ing of resin 

par t ic les did not cause any apparent f issur ing or 

fragmentat ion. Structual ly , a 2 - 4 % polymer de-

cross- l ink ing was indicated by a 10—15% increase 

in moisture content. 

The samples lost 4 0 - 5 0 % of their strong ac id 

capaci ty but gained 5% in weak ac id capacity 

(Tab le 19.1). These resul ts di f fer from those of 

stat ic experiments, where, after a dose of the 

same order of magnitude, 12% cross- l inked Dowex 

SOW maintained i t s tota l capaci ty by a compensat-

the addi t ion of aluminum n i f ra te to complex the 

f luor ide. 

18.4 DECONTAMINATION FROM PLUTO

NIUM AND AMERICIUM 

When type 347 s ta in less steel samples, from a 

Thorex process ce l l contaminated w i th tenacious 

plutonium, were treated 30 min at 90°C in ac id ic 

f luor ides, corros ion- inh ib i ted w i th hydrogen per

oxide, decontamination factors were 1000 to 3000. 

Solutions were 0.1 M NoF in 1 M HNO3, 0.4 M 

oxa l ic ac id , or 0.3 M H SO^, a l l contain ing 1 M 

H - O , . Other s ta in less steel coupons contaminated 

w i th nonsmearable americium were decontaminated 

in 20 min a t 9 5 ° C by factors of 23 to 635 by var ious 

ac id ic reagents. F luor ide aided the decontami

nation from americium a lso . 

ing ef fect , i .e. , replacement of lost strong-acid 

groups by weak-acid groups. Ana lys i s of Dowex 

50W X-12 resin used by the Isotopes D iv is ion for 

promethium-147 recovery in an essent ia l l y s tat ic 

system indicated a lso that the tota l capaci ty was 

retained after a ca lcu la ted beta-energy dose of 

4 . 4 - 4 . 8 X 10 ' r (12-13 whr per g of dry res in) .^ 

The concentrat ion of sulfur in the exposed 

res in , as determined by t i t ra t ion of strong ac id 

capaci ty , was only 7 5 - 8 0 % of that found by actual 

resin ana lys is . Th is suggests that only 75—80% 

of the total sulfur remaining in the exposed resin 

was present OS the ac t ive sul fonate ( H S O . - ) group. 

Analyses of the co l lec ted ef f luents from each ex

posed resin bed ind icate that degradation products 

included sul fate, sul fonate, and oxalate ions in 

' L . L . Smith and H. J. Groh, The Effect of Gamma 
Ratiation on Ion Exchange Resins. DP-549 (February 
1961). 

Chem. Technol. Div. Ann. Progr. Rept. Aug. 31. 
1960. ORNL-2993, sec 18.1. 

19. Radiation Damage to ion Exchange Resin 



Tab le 19. 1. Proper t ies of I r rad iated Dowex SOW Resin 

I r rad ia t ion f i e l d : 0.012 w per g o fd ry res in . 

Pr ior to use, res in samples treated w i t h 1 M NaOH, C - H j O H , and 1.4 M H N O - , w i t h 

water r inses between each two reagents. 

Spec i f i c Wet 

Volume 
Cross L inkage Mater ia l / r . 

" / m l wet resm 

g dry res in 

Wt L o s s Vol Rat io, 

(%) Exposed /Or ig ina l 

X-8 Or ig ina l 2.506 

( 2 0 - 5 0 mesh) Exposed 2.865 20.1 0.913 

0.76 X I Q - ' r 

X-12 Or ig ina l 2.208 

( 2 0 - 5 0 mesh) Exposed 2.538 18.2 0.940 

0.77 X 1 0 ~ ' r 

X-16 Or ig ina l 2.119 

( 2 0 - 5 0 mesh) Exposed 2.347 10.3 0.993 

0.75 X 1 0 " ' r 

X-20 Or ig ina l 1.786 

( 2 0 - 1 0 0 mesh) Exposed 2.083 14.9 0.993 

0.77 X 1 0 ~ ' r 

Moisture 

Content 

(wt %) 

50.3 

54.7 

44.5 

49.2 

42.7 

46.0 

35.6 

41.8 

Tota l 

L o s s 

45.2 

43.3 

35.1 

36.7 

Capac i ty 

Spec i f ic 

Tota l ^ 

(meq/g) 

4.80 

3.42 

4.85 

3.53 

4.81 

3.69 

4.59 

3.41 

Spec i f ic , 

Strong 

A c i d ^ 

(meq/g) 

4.80 

3.18 

4.85 

3.38 

4.81 

3.47 

4.59 

3.27 

Sulfur 

Spec i f i c , 

Strong 

A c i d 

Equiv . 

(wt %) 

15.4 

10.2 

15.5 

10.8 

15.4 

11.1 

14.7 

10.5 

Content 

A n a l y s i s 

(wt %) 

15,4 

13.7 

14.9 

13.5 

15.5 

14,5 

14.2 

12.9 

G{-sy 

1.0 

1.1 

1.2 

1.6 

Determined by t i t r a t i o n . 

Dry bas i s . 

Sulfur atoms lost per 100 w of energy absorbed. 
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the ac id form. Sulfur determinat ions on the exposed 

resin samples gave a G(-S) value of 1.0-1.2 atoms 

S per 100 ev of energy absorbed. A G(-S) of about 

0.5 was ca lcu lated from analyses of degradation 

products sorbed on the anion exchange resin 

columns. Expressed in terms of H .SO. speci f ic 

conductance, these G(-S) va lues, which are meas

ures of the loss of ac t ive sul fonate groups from 

the resin matr ix, correspond to 50 -100 t imho/cm. 

Th is is only 10—25% of the maximum spec i f ic con

ductance to be accounted for in the resin column 

eff luent ( F i g . 19.1). Thus organic radiat ion de

gradation products of the resin polymer appear to 

contr ibute the major amount of ac id i t y . 

In other experiments, 80 wt % of a sample of 8% 

cross- l inked Dowex 50W d isso lved in the water 

stream, and i t lost 95% of i ts total capacity after 

an exposure of 3.9 x 10 r (13.8 whr per g of dry 

resin) . Amber l i te 200, a porous resin considered 

to be > 20% cross- l inked, after a dose of 0.97 x 

10 r (2.6 whr per g of dry resin) showed an 8% 

increase in moisture, 20% in surface area, and 25% 

in median pore diameter. The 15% mass loss and 

44% total capaci ty loss showed by th is resin may 

be compared w i th the 18.2% mass loss and 43% 

total capaci ty loss of the nonporous Dowex SOW, 

12% cross- l inked, resin (Tab le 19.1). 

The experiments were made by c i rcu la t ing demin-

eral ized water (< 1 (imho/cm) through f ixed beds of 

the resin exposed to a 10,000-curie cobalt-60 

source. The resin column ef f luent solut ion was 

passed through a series of ce l l s that cont inuously 

monitored the solut ion pH and e lec t r ica l conduc

t i v i t y and a strong base anion exchange resin 

column that concentrated the sorbable products 

from cat ion resin degradat ion. 
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M. HIasko and A. Sal i towna, "Measurement of the 
E lec t ro ly t i c Conduc t i v i t y of Extremely D i l u te S o l u t i o n s , " 
Bull, intern, acad. polan. sci., Classe sci. math, not., 
1933A. 189 (1935). 

Chem. Technol. Div. Ann. Progr. Rett, '^ay 31, 
1961. ORNL-3153, sec 19.1, 

Fig. 19 .1 . Variation of Specific Conductance of 

Aqueous Solution Effluent from Dowex SOW Resins, H 

Form. Cross l inkage as i nd i ca ted . Data points are 

p lot ted for 12%-crossl inked res in to ind icate exper i 

mental uncer ta in ty . 
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20. Fuel Shipping Studies 

The AEC is attempting to develop pract ical 

cr i ter ia to govern the shipment of h ighly radio

ac t ive mater ia ls , such as spent fuel elements. As 

part of the ORNL Reactor Evaluat ion Program, 

studies were made on damage (to protype casks) 

resu l t ing from impact loading and on the d iss ipa

t ion of self-generated heat from fuel in casks. 

20.1 FUEL CARRIER DROP TESTS 

In order to provide some guarantee that reactor 

fuel casks have a high degree of in tegr i ty to high-

impact loading that could resu l t in a transportat ion 

accident , the AEC spec i f ies ( in proposed fuel 

shipping regulat ion CFR T i t l e 10, Part 72) that a 

cask must maintain i ts sh ie ld ing in tegr i ty after a 

15-ft free fa l l onto a so l id uny ie ld ing object . Since 

most fuel shipping casks are composite structures 

and data on poss ib le cask damage cannot be ca l 

culated wi th any degree of cer ta in ty , data are being 

obtained exper imental ly on inexpensive scale 

models which should permit scaleup to actual cask 

s izes . 

Eight model casks of three designs have been 

bui l t and are being drop tes ted. A l l 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 lb; two are 60 in . long, 30 in . OD, 

18 in . ID, and weigh ~11,760 lb; and one is 35 

in . long, 31 i n . OD, 27 in . ID, and weighs ~3750 

lb. 
In prel iminary tests two of the smal lest casks 

were coated w i th a b r i t t l e lacquer (Stresscote) and 

dropped in a hor izontal a t t i tude from heights of 

from 6 in . to 4 f t . Cracks in the lacquer appeared 

where the strain in the steel shel ls exceeded 

0.012 i n . / i n . ( F i g . 20.1). The maximum strain 

l ines were perpendicular to the observed cracks. 

In subsequent tests of the f i r s t series the casks 

were Instrumented ( F i g . 20.2). Compressometers 

indicated the maximum def lec t ion in the cavi ty at 

impact, and accelerometers measured the decelera

t ion of the point on the cask to which they were 

at tached. Inert ia swi tches were preset to funct ion 

under a certain shock load and were used to check 

the information obtained from the accelerometers. 

The strain gages were posi t ioned to measure the 

strain at a point of interest . 

The second ser ies of tes ts was made by dropping 

the casks in a hor izonta l a t t i tude from heights of 

from 6 to 16 f t (Tab le 20.1). Strain gages and com

pressometers ( F i g . 20.3) were located s im i la r l y to 

those in the f i r s t ser ies. 

The casks have a lso been dropped w i th the axes 

ver t ica l and at an angle, but the data have not yet 

been ana lyzed. Af ter the largest casks have been 

dropped, the data w i l l be correlated wi th the data 

obtained from dropping the smal lest casks to ind i 

cate whether the data from model tes t ing can be 

sa t is fac to r i l y scaled up and help is sett ing some 

of the important parameters in cask design. 

20.2 HEAT TRANSFER STUDIES 

Data on the probable temperature r ise due to 

f i ss ion product decay heat in spent fuel elements 

during shipping was obtained w i th e lec t r i ca l l y 

heated fuel rods. The simulated fuel bundles 

studied contained from 4 to 64 tubes and were 

heated in a i r - f i l l ed casks 24 in . long and either 

12 or 16 i n . ID. By assuming that the bulk of the 

heat is transferred by rad ia t ion, i t was general ly 

possib le to predict the temperatures of the center 

pins w i th in 20°C (at temperatures between 200 

and 300°C). In order to be able to predict the 

temperature d is t r ibu t ion w i th in the bundle accurate 

values were obtained of the conf igurat ion (or shape) 

factors for radiant heat transfer between various 

tubes in square arrays, but a semiempir ical method 

was used to obtain the overa l l gray-body radiat ion 

factors from these conf igurat ions. The ca lcu la t ion 

of the predicted temperature d is t r ibu t ion in the 

array was coded for use on an IBM 7090 computer. 

Mode at the Un i ve rs i t y of Tennessee under a sub
con t rac t . ^Made at ORNL. 
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F i g , 2 0 . 1 . Crack Pattern, on the Line of Impact, in Lacquer Coating on 2725.|b Cask Dropped from a Height of 
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Fig . 20.2 . Schematic Arrangement of Cask Drop Test 

Equipment and Instrumentation. 
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Fig. 20.3. Location of Strain Gages and Compres-

someter Used in 6- and 8-ft Drop T e s t s o f 2725- lb 

Cask. 

Tab le 20 .1 . Strain and De f lec t ion at Var ious Pos i t i ons on the 2725- lb Cask Dropped from 6 and 8 f t 

Drop Strain Measured by Gages Nos . 1—10 ( u i n . / i n , ) 

No , Height (ft) 1 10 

De f lec t ion Measured by Compressometers 

Nos , 1-6 ( in . ) 

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 t e s t s 1, 2, and 3 were 1100, 470, and 1475g, r espec t i ve l y . It is in te res t ing to 

note the cons is tency of s t ra in gages 2 and 6 wh ich were placed oppos i te each other in the cask c a v i t y . 
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21. Gas-Cooled Reactor Coolant Purification 

Ant ic ipa ted contaminants of the hel ium coolant 

in gas-cooled reactors are nonradioact ive gases 

such as H - , CO, C O , , HJD, and hydrocarbons; 

radioact ive gases such as Xe and Kr; and par

t i cu la tes . These contaminants are to be main

tained at low levels by continuous pur i f i ca t ion of 

at least a port ion of the coolant . 

21.1 REMOVAL OF NONRADIOACTIVE 
CONTAMINANTS 

The proposed method of removing nonradioact ive 

gaseous contaminants is ox idat ion of a l l ox id i z -

able contaminants ( H , , CO, and hydrocarbons) to 

H j O and C O , and removal of the H , 0 and C O , 

by sorpt ion. Oxidat ion of the contaminants by 

oxygen in a f ixed-bed ca ta lys t and by a f ixed bed 

of CuO and cosorpt ion of H , 0 and C O j by f ixed 

beds of molecular sieves were invest igated. 

Kinetics of the Catalyzed Oxidation of H_, 

CO, and CH^ 

A k inet ic study was made of the cata lyzed o x i 

dat ion of H j / CO, and C H , by 0^ in a f lowing 

stream of hel ium passing through a f ixed bed of 

American Metals Products Ni-Cr-Pd ribbon cata

lyst . The ca ta lys t , which is the type to be used 

by the EGCR, was evaluated for a range of 

operat ing parameters which should cover EGCR 

operat ion. 

Empir ical correlat ions sui table for design pur

poses were determined for the ef fects of tempera

tures of 400 -600°C , of to ta l gas mass f low rates 

of 0.083 to 1.0 g-moles c m ~ m in~ , and con-

C. D. Scott, Evaluation of the EGCR Catalytic Oxi
dizer for Oxidation of Hydrogen, Carbon Monoxide, and 
Methane, ORNL TM-61 (1961). 

taminat ion levels of ~ 0 . 5 to 2.0 vol %. The 

design equations developed were: 

for hydrogen, 

^ H = -

5 .12x l0 -7Fe(2200 /Rr ) y^y 

G"-^'(yH - 2 y o ) 
" ^ ^ (1) 

for carbon monoxide, 

5.77xlO-7Fe(2400/Rr) y^y^ 
V . = ,r^ , : In / ° , (2) ^0,34, 

(^c ~2>'o ) >'c ^0 
'-O 0 0 " / 

for methane, 

2.45xlO-6Fe("50/RT) y c H / o „ 

where 

V | . , V ^ , Vj_u = volume, cc , of ca ta lys t in re

actor necessary for react ion of 

H j , CO, and C H ^ , 

F = gas feed rate, c c / m i n , 

in le t mole f ract ion of H , , 
"o 0 0 0 CO, CH4, and O j , 

Vu lyr- lyru lyn = ef f luent mole f ract ion of 
I I f I H j , CO, CH4, and O j , 

G = mass f low rate, g-moles cm~ 

m in~ , 

T = temperature, ° K , 

R = gas constant, 1.99 col ( ° K ) ~ ^ 

g-mole~ . 

The ox idat ion preference in the ca ta ly t i c bed 

was hydrogen f i r s t , carbon monoxide second, and 

methane last . When simultaneous ox idat ion of two 

or more contaminants is contemplated, necessary 

reactor volumes ore add i t i ve for the contaminants. 
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and the oxygen mole f ract ion to be used is the 

tota l unused oxygen in the gas stream. 

For the CH . react ion: 
4 

dc 

IT 
dc 1 dn 

4e\dt 
(7) 

Oxidation of H^, CO, and CH^ by Fixed Beds 
of CuO Pellets 

A k ine t ic study on the ox idat ion of H , , CO, and 

CH . from a f lowing stream of He by f ixed beds 

of nominal k- in , -d iam r ight -c i rcu lar cy l inders of 

CuO was made w i th the fo l l ow ing ranges of oper

at ing condi t ions: 

Temperature 

Pressure 

Gas mass flow rate 

Contaminant concen

tration 

400-600°C 

10.2-30.0 atm 

0.0058-0,050 g cm~^ s e c " ' 

0,0008-1,21 vol % 

The react ion mechanisms of each react ion were 

determined, and d i f ferent ia l equat ions were de

veloped to describe the gas-phase contaminant 

concentrat ion in the f ixed bed as a funct ion of 

t ime and bed height. Mass transfer of the H , or 

CO from the bulk gas stream to the CuO react ion 

s i te is the rate-contro l l ing mechanism for the H , 

and CO ox ida t ion . The rate of CH , react ion was 

contro l led by the amount of ava i lab le Cu-CuO 

react ion surface in the ind iv idual CuO par t i c les . 

The mathematical model for each type of reac

t ion may be described by d i f fe rent ia l equat ions, 

wh ich must be solved s imul taneously for a solut ion 

of the contaminant concentrat ion as a funct ion of 

t ime and bed pos i t ion . For the H , and CO reac-
2 t ions : 

/dC 

— = kaC 
dt 

dc 

1 -

1 

e\dt 

kair — r ) 
^ e i' 

ArrarDr r + kair — r ) 
e I ^ e I 

1 dn 

dt J Arrhr^TXdt 

(4) 

, (5) 

(6) 

dn 
-k'KC, 2/3 

(n) (8) 

C = gas-phase contaminant concent ra t ion, g-

mo les /cc , 

/ = react ion t ime, sec, 

z = bed height measured from gas in le t point , 

cm, 

u = in te rs t i t ia l gas ve loc i t y , cm/sec , 

e = external bed poros i ty , vo id volume per total 

volume, 

w = molecular densi ty of Cu in pe l le t per un i t 

vol of bed, g -moles /cc , 

k = mass transfer coef f ic ient across external 

gas f i lm , cm/sec , 

a = e f fect ive mass transfer area between f lu id 

and CuO pe l le ts , cm / c m , 

T = radius of equivalent CuO pe l le t sphere, cm, 

T = radius of Cu-CuO react ion interface in the 
I 

pe l le t , cm, 

a = e f fec t ive internal pe l le t poros i ty , rat io of 

e f fec t ive internal vo id volume to tota l pe l le t 

volume, d imension less, 

D = molecular d i f f us i v i t y of H , or CO in gas 

phase, cm / s e c , 

T = spec i f ic average CuO pe l le t dens i ty , pe l 

l e t s / cm , 

b = in i t ia l CuO densi ty in pe l le t , g -moles /cc , 

k' = react ion rate constant for CH . react ion, 

K = constant dependent on phys ica l propert ies 

of CuO pe l le ts . 

The above sets of equations were solved by 

f in i te di f ference methods on a high-speed d ig i ta l 

computer. From the solut ions the gas-phase con

cent ra t ion, of any contaminant in the ef f luent of 

C. D. Scott, The Rate of Reaction of Hydrogen from 
Hydrogen-Helium Streams with Fixed Beds of Copper 
Oxide, ORNL-3292 (1962). 

M. E. Whatley, et ah. Unit Operations Section 
Monthly Progress Report, October 1961, ORNL TM-121 
(1962). 
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a f ixed bed of CuO through which contaminated 

He was f l ow ing , could be predic ted. 

21.2 MEASUREMENT OF P A R T I C U L A T E SIZE 

DISTRIBUTION AND CONCENTRATION 

BY LIGHT SCATTERING 

Cosorption of H.O and C O . from Flowing 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 C O , , ind iv idua l l y and together, 

from f lowing streams of hel ium by f ixed beds of 

L inde type 5-A molecular s ieves. Operat ing con

d i t ions were 25—30°C, 10.2—30.0 atm, gas mass 

f low rates of 0 .0058-0.017 g c m - ^ s e c " ' , and 

contaminant concentrat ion 'vO.OI to 0.2 vol %. 

Results have not been fu l l y evaluated; however, 

molecular sieves can remove H-O and C O , down 

to a level <10 ppm and, in cosorpt ion, the H , 0 

tends to d isp lace sorbed C O , . 

An experimental invest igat ion was started on the 

measurement of par t icu late s ize d is t r ibu t ion and 

concentrat ion in gas streams by a l ight -scat ter ing 

technique, that i s , measurement of the frequency 

and intensi ty of l ight re f lected from a 90° source 

by the indiv idual par t ic les in a gas stream. An 

experimental device cons is t ing of a l ight source, 

necessary op t i cs , and l ight detector was designed 

and bu i l t , and instrumentat ion is in progress. The 

in i t i a l phase of the experimental program w i l l be 

directed toward generation of a gas stream con

taminated wi th known par t icu la te concentrat ion 

and s ize d is t r ibut ion to be used as a standard for 

the l ight -scat ter ing dev ice. 

22. Chemical Engineering Research 

22.1 THERMAL DIFFUSION IN AQUEOUS 

SALT S O L U T I O N S ' 

Work on thermal d i f fus ion in aqueous sa l t solu

t ions was completed wi th runs on a folded 50-f t-

long Jury column. The column is assembled l i ke 

a sandwich cons is t ing of an upper and lower 

copper plate to conduct heat to and from the so lu

t i ons , an upper and lower gasket about k in . th ick 

through which the folded channel is cut , and a 

central cel lophane membrane which separates the 

hot- and cold-side l iqu ids ( F i g . 22.1). It was 

necessary to bond a 0.004- in.- th ick Tef lon coat ing 

to the solut ion sides of the copper plates to 

e l iminate the e lec t r ica l path between the in le t 

and out le t . The concentrat ion ce l l between in let 

and out let produced anomalous d i f fus ion resu l ts . 

Data from the most recent 50-ft-column run ( F i g . 

22.2), although the column was not yet at steady 

state, show good concentrat ion rat ios at the rela-

UNCLASSIFIED 
ORNL-LR-DWG 71510 

COPPER PLATE 

0004 in TEFLON COATING 

Vg-in GASKET AND CHANNEL 
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LOWER GASKET AND CHANNEL 

COPPER PLATE 

Work done by Un ive rs i t y of Tennessee under sub
cont rac t . 

Fig. 2 2 . 1 . Components of the 50-ft-long Thermal 

Diffusion Column Used for Studying Separation of Ions 

in Aqueous Salt Solutions. 
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Fig. 22.2. Thermal-Diffusion Column Operation at 
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125 F. I n i t i a l so lu t ion compos i t ion 0.4828 M C u S O . , 

0.4802 M C o S O , . 
4 

tively high (for this type of device) flow rate of 
24.3 ml/hr. The reason for the init ial dip in 
concentration ratio is not known, but these minima 
occurred several weeks after startup in runs made 
before the plates had been Teflon coated. Ex
trapolation of the data from 1-ft-long column runs 
(Fig. 22.3) indicates that a 50-ft-long column wi l l 
have about 16 stages with this flow rate. The 
theoretical HTU's for a flow rate of 6 ml/hr are 
based on the slug-flow model. HTU's calculated 
from the laminar-flow mathematical model are about 
twice OS large. The reason for the disagreement 
between the theoretical HTU's and those observed 
experimentally in the 1-ft-long column is not yet 
known, but could be due in some way to the dis
tortion of the flow profile by the viscosity gradient 
produced by the temperature distribution. The 
very large error in the point for copper sulfate 
(2 ml/hr) is a reflection of the error in estimating 
the point of intersection of two very nearly parallel 
lines in the graphical computation of the point. 

22.2 HIGH-SPEED CONTACTOR 

The Mark II stacked clone contactor was re
ported to give a very high throughput but gen
erally low efficiencies with the system 0.08 M 
HNO-—benzoic acid—Amsco. It was surmised at 
the time that backmixing of one or both phases 
was responsible for the poor efficiencies. In sub
sequent studies with the 1 M NaNO,—uranyl ni
trate—18.3% TBP-Amsco, efficiencies were even 
lower. Calculations on the IBM 7090 computer in 
conjunction with tracer injection tests on the 
contactor with LiCI showed that the degree of 
backmixing could not account for the low eff i
ciencies. The contactor produced a definitely 
demarcated cylindrical vortex consisting of a very 
fine aqueous-continuous dispersion surrounded by 
a relatively clear aqueous region. This suggested 
that although liquid shear was adequate to form 
extremely fine 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 cylindrical section (Fig. 22.4). 
Four distinct variations of this general type with 
differing underflow geometries and differing transi
tion sections between the 0.5-in.-diam cylinder 
and the 1.5-in.-diam spin section were built and 
tested for extraction efficiency in conjunction with 
five variations of vortex finder arrangements. The 
best two operated at stage efficiencies of 40—75% 
and throughputs of 1200-2000 cc/min of both 
phases. The system was 1 M NaNO, —uranyl 
nitrate-18.3% TBP-Amsco. 

Chem. Technol, Div. Ann. Progr. Rept. May 31, 
1961, ORNL-3153, p 125. 
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23. CANE Program 

The Chemical App l i ca t ions of Nuclear Explo

s ives (CANE) Program at ORNL included the 

fo l low ing areas of inves t iga t ion : (1) par t ic ipa t ion 

in the Lawrence Radiat ion Laboratory radioisotope 

recovery experiment in the Project Gnome nuclear 

event at Car lsbad, New Mexico, on December 10, 

1961, by the inc lus ion of f ive ORNL-designed 

experiments; (2) a study of hyperve loc i ty jet for

mation for ta rge t -mater ia ls and shock-chemistry 

tests in support work at Frankford Arsena l ; and 

(3) laboratory chemical studies on tr i t ium-hydrogen 

exchange react ions. 

23.1 PROJECT GNOME P A R T I C I P A T I O N 

ORNL par t ic ipat ion in the Lawrence Radiat ion 

Laboratory radioisotope recovery experiment of 

Pro ject Gnome consisted of experiments on se

quenced gas sampl ing, hyperve loc i ty je t , shock 

chemist ry , and study of samples from the detona

t ion zone and samples of gas from the power 

measuring experiment. The purpose of these ex

periments was to obtain chemical data on radio

isotope product ion in contained nuclear detonat ions 

and on means for sampling and recovering radio

isotope products. 

In the prompt sampling experiment, an L R L -

designed f i l te r sampler for par t icu la te matter and 

an integral gas sampler and the ORNL sequenced-

gas-sampling equipment were located at the earth 's 

surface d i rec t ly above the nuclear dev ice and con

nected to the detonation chamber w i th a 12-in. 

pipe evacuated to 50 /x Hg absolute pressure. The 

seven chambers of the ORNL sampler were de

signed to take samples over the fo l l ow ing post-

shot t imes: 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 quant i t ies of 

radioisotopes - H^, T I ^ O ^ P o ^ l " , T h " 0 , u " 3 , 

P u " 8 , A m ^ ' ' ^ and Cm^^^ _ ^ ^ ^ ^ placed in the 

nuclear detonation chamber. Six of the seven 

sample chambers operated success fu l l y ; however, 

the sampling pipe was broken approximately mid

way between the detonat ion chamber and the 

earth's surface before any s ign i f i can t quant i ty of 

detonat ion products could pass through to the 

L R L and ORNL sampling equipment. The se

quenced sampler is undamaged and uncontaminated 

and can be used for a radioisotope recovery ex

periment being considered for the next Plowshare 

experiment. 

In the re la t ive ly crude hyperve loc i ty jet exper i 

ment of Pro jec t Gnome, a l in ing of z inc amalgam 

was appl ied as a tracer ins ide the lower end of 

the ver t i ca l pipe at the detonat ion chamber. No 

evidence was found that material was jetted to 

the f i l te r sampler before the pipe parted. The 

sampling pipe was not prepared to produce a jet , 

but probably a jet of some type forms in the pipe 

where the pipe leaves the detonat ion chamber. 

Specimens from ORNL were included in the L R L 

experiment and were ins ta l led in the sal t medium 

near the detonation chamber to determine the ef fect 

of nuclear shock on chemical react ions and metal

lurg ical propert ies. The specimens inc lude mix

tures of N j -I- H j , N j + O j , and N j -I- C at several 

thousand psi pressure and the metals aluminum 

and thor ium. These specimens w i l l be recovered 

in the near future by min ing. Samples for study 

of the detonat ion zone debris were obtained by 

core d r i l l i ng and mining into the detonat ion zone 

and by sampling the steam wi thdrawn from the 

detonat ion zone in the power measuring exper i 

ment. They w i l l be del ivered to ORNL for further 

testing. 
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23.2 H Y P E R V E L O C I T Y JET EXPERIMENTS^'^ 

Uranium and uranium-coated copper cones, made 

at Y-12, were tested successfu l ly w i th high ex

p los ives . The uranium jets formed were jetted 

at speeds of 10 to 100 km/sec . A t 100 f t the 

diameter of the jet was less than 1 in . Therefore 

i t appears feasib le to produce sat is factory jets 

and control them wi thout cumbersome and ex

pensive e lec t r ica l focusing dev ices . 

In a chemical shock experiment w i th high ex

p los ives , sodium chlor ide specimens underwent 

about 0 . 1 % decomposit ion when shocked to about 

2 megabars. 

23.3 TRIT IUM-HYDROGEN EXCHANGE 

Chemical studies were made on t r i t ium exchange 

in the react ion H . + HTO ~* HT -i- H.O and on the 

k inet ics and stoichiometry of the hydrogen reduc

t ion of calc ium sulfate and of magnesium su l fa te . 

Tr i t ium exchange was catalyzed at 600°C by a 

number of oxygenated sal ts that occur in natural 

sal t formations. Calc ium sul fa te, which is the 

most abundant impur i ty, was the best ca ta lys t . 

Sodium chlor ide did not cata lyze the exchange. 

Exchange was not necessar i ly opt imized but 

values as high as 53 and 93% of s ta t i s t i ca l ex

change were achieved wi th pure CaSO, and 

Dr ier i te in deep bed tes ts . Even under d i f fus ion-

contro l led condi t ions, where reactant gases were 

passed over layers of f ine CaSO. powder, ex

change percentages were 28% of s ta t i s t i ca l ex

change. In high-temperature studies of the ex

change in a plasma jet at 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 

of 1 0 / 1 , 82% of the water-hydrogen exchanged w i th 

deuterium. The resul ts of a l l exchange exper i 

ments suggest that t r i t ium produced by a contained 

nuclear explosion w i l l be lost to environmental 

water. 

Made at Frankford Arsenal, Philadelphia. 

Chem. Technol, Div. Amu Progr. Rept. May 31, 
1961, ORNL-3153, p 131, 

The reduct ions of calc ium sul fate and of mag

nesium sul fate were found to invo lve the fo l l ow ing 

react ions: 

MeSO.-hH, 
4 2 

MeSOj 

7H2 + 3S02 

4MeO + 2S2-

4MeO-p4S02-

MeS + 2SO2 • 

MeS + HjO-

- ^ M e S 0 3 - F H 2 0 , 

^ M e O + S O j , 

^ 6 H 2 0 - F H 2 S + S 2 , 

—> 3MeS + MeSO^ , 

—> MeS + 3MeS04 , 

-^ MeSO^ + S2 , 

-^MeO + H^S , 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

where Me = Ca or Mg. 

The reduct ions were studied over temperature 

ranges where the rates were eas i ly measurable. 

Magnesium sul fate was studied at temperatures of 

734 and 784°C, and calc ium sul fate was studied 

at 885 and 915°C. The f ina l products for MgSO^ 

reduct ions were MgO, SO2, H2S, H2O, and Sj. MgS 

was detected in the sol id residue to the extent 

of 11 ppm, which is neg l ig ib le . A t 734°C, the 

mole percentages of the or ig inal sul fate converted 

to H2S, SO j , and S were 43.4, 31.4, and 25.2, 

respect ive ly , whereas at 784°C the values were 

14.7, 44.4, and 40.4. The consumption of H2 per 

mole of MgSO . was 2.8 moles at 734°C and 2.3 

moles at 784°C. The f ina l products of CaSO. 

reduct ions ore CaS, CaO, SO2, H2S, H2O, and S. 

The products CaO, SO2, H2S, and S are formed 

only in small amounts at 885°C; the mole percent

ages of the or iginal sul fate converted to CaO, SO2, 

H j S , and S were 6, 1.9, 2.0, and 1.0, respect ive ly . 

Measured hydrogen consumption per mole of CaSO. 

was 3 .9 -4 .0 at 885 and 915°C. 

The reductions of f ixed beds of MgSO . and of 

CaSO. wi th hydrogen were au toca ta ly t i c . The 

reduct ion rate was maximum when approximately 

hal f of the or ig inal sul fate was reduced. An 

apparent ac t iva t ion energy of 18 kca l /mo le was 

ca lcu la ted for the reduct ion of MgSO^ when the 

var ia t ion in the maximum observed reduct ion rate 

wi th temperature was used for the ca lcu la t ions . 
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24. Assistance Programs 

24,1 AHBR AND MSCR PROCESSING PLANT 
STUDIES 

At the request of the Reactor D i v i s i on , several 

conceptual plant studies and est imates were made 

for on-site fuel processing and reconst i tu t ion 

f ac i l i t i e s for the AHBR (Aqueous Homogeneous 

Breeder Reactor) and the MSCR (Molten Salt Con

verter Reactor) , both of which are based on a 

Th-U fuel cyc le . The proposed power output of 

each reactor is 1000 Mw . Conceptual designs 

and cost est imates for both reactors were prepared 

by the Reactor D iv i s ion and Sargent and Lundy. 

The Chemical Technology D i v i s i on provided 

suf f ic ient supplementary data to obtain tota l fuel 

cyc le costs for both reactors . For each reactor two 

i r radiat ion t ime cyc les were evaluated, and, for 

each of the four fuel processing s i tua t ions , f low

sheets, equipment l i s t s , bu i ld ing layouts, and 

operating requirements were prepared. Only the 

i n i t i a l capi ta l investment was est imated for a 

remote-maintenance f ac i l i t y located at the reactor 

s i te . It was assumed that cer ta in f a c i l i t i e s , 

serv ices, 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 luor ide 

v o l a t i l i t y process. 

AHBR Fuel Processing Study 

The AHBR fuel processing f lowsheet is based on 

the da i ly removal and processing of a fract ion of 

the U O _ S O , - D - 0 core so lut ion and the ThO„ 2 4 2 2 
blanket pe l l e t s . The core solut ion is cont inuously 

run through a hydroclone in the reactor fuel c i r cu i t . 

A small part of the overf low is cont inuously bled 

off, evaporated to 75 g of uranium per l i ter, and 

decayed 7 days. The uranium is then precipi tated 

as U O . , which IS f i l tered off, and the precip i tate 

IS redissolved in D_SO. and returned to the reactor 2 4 
core. The f i l t ra te is evaporated to a concentrated 

slurry for D.O recovery and then d i lu ted to 4 M 

su l fa te . The slurry underf low from the hydroclone 

IS evaporated for D2O recovery, the resul t ing 

so l ids are d isso lved , in a two-step procedure, in 

10.8 M H2SO., and then combined w i th the f i l t ra te 

from the UO. f i l t ra t ion for 90 days ' decay before 

solvent ex t rac t ion . The blanket thoria pel le ts 

decay 10 days and are then d isso lved in 13 M 

HNO3-O.O4 M H F - 0 . 1 M A I (N03 )3 . Th is so lu t ion , 

the 90-day-decayed d isso lved clone bottoms, and 
the UO. f i l t ra te solut ion are combined and solvent-4 
extracted to ef fect Th-U-Pa separa t ion . The re

covered thorium ni trate is converted to T h O j by 

the sol-gel process, repe l le ted, and returned to 

the reactor b lanket . The uranium ni trate from 

solvent ext ract ion is converted to U O . S O . in 
2 4 

D.O by UO. prec ip i ta t ion and cake d isso lu t ion in 

D.,SO. and returned to the reactor co re . The 
2 4 

protact in ium stream from solvent ext ract ion is 

stored for 200 days and then processed through the 

mainl ine ext ract ion equipment for U recovery. 

A hot ce l l f ac i l i t y is provided to process breeding 

gam for sa le . 

In the reactor that has a core-to-blanket thermal 

power rat io of 60:40, the processing plant blanket 

capaci ty is 266 kg of thorium per day contain ing 

2.84 kg of uranium. The core hydroclone overf low 

(2400 l i t e rs /day) contains 3.6 kg of uranium, and 

the underflow (173 l i t e rs /day) contains 0.26 kg of 

uranium in 2.6 kg of to ta l so l ids . In the a l ternat ive 

case, where the core-to-blanket thermal power ra t io 

IS 90.10, 1117 kg of T h O j conta in ing 3.00 kg of 

uranium is processed da i l y . The core hydroclone 

overf low (2400 l i t e rs /day ) contains 3.6 kg of 

uranium, the same as the previous case, and the 

underflow (213 l i t e rs /day ) contains 320 g of 

uranium in 2.6 kg of sol ids. 

A l l process equipment items for the smaller 

processing plant are located in a remotely main

tained canyon 257 ft long by 29 ft wide. The 
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canyon contains six processing ce l l s , three main

tenance service c e l l s , and a crane maintenance 

area. The maximum shie ld ing required, through 

f i r s t -cyc le ex t rac t ion, is 6.5 ft. An air lock to 

hold a ra i l car is located at r ight angles to one 

end of the canyon. Samples for control analys is 

are taken in three sampling coves, serviced by 

remote manipulators, and located m a regulated 

corridor that runs the length of the canyon. 

A single-story aux i l ia ry area, 190 by 70 f t , 

houses the cold chemical makeup, warehouse, 

shop, process control room, hot and cold ana ly t ica l 

laborator ies, o f f i ces , and change f a c i l i t i e s . A 

second story, 72 by 60 f t , houses bui ld ing services 

and laboratory fans and f i l t e r s . 

The larger plant is the same as the smaller 

except that the canyon area is 277 by 31 f t and the 

maximum shie ld ing is 7 f t . 

The tota l capi ta l investment for the smaller 

processing plant was est imated to be $13,918,000. 

The estimated investment for the larger plant was 

$15,718,000. 

MSCR Fuel Processing Study 

Prel iminary process designs of two f luor ide 

v o l a t i l i t y p lants, capable of recovering decon

taminated uranium from spent molten f luor ide salt 

f ue l , were completed in suf f ic ient deta i l to develop 

supplementary capi ta l cost data for two MSCR 

conceptual design es t imates . The smaller plant 

processes 1.2 f t /day of fuel containing 35 kg T h , 

2.83 kg U, and 61 g of P a ^ ^ ^ . The capaci ty of the 

larger plant is 12 ft /day of fuel containing 350 kg 

of T h , 28.3 kg U, and 65 g of Pa. 

The reactor for which the chemical plants were 

designed is fueled w i th 1780 f t ^ of 68-23-9 mole % 

L i F - B e F _ - T h F , conta in ing suf f i c ien t U F , , about 

0.66 mole %, to maintain c r i t i ca l i t y and has a 

power production rate of 2500 Mw , (1000 Mw ). 

The to ta l uranium inventory, which includes a l l 

isotopes from U " ^ to U " 8 ^ is about 4200 kg, of 

th is t o ta l , the f iss ionable components, U '^^ plus 

U^"'^, are m the range 2627 to 2815 kg, depending 

on the processing ra te . In add i t ion , the system 

contains 52,000 kg of Th and 9 0 . 7 - 9 6 kg of Pa^^^ 

A nominal conversion rat io of 0.8 was assumed 

for the system, the remainder of the fuel being 

suppl ied by purchase of fu l l y enriched U . 

Design bases for the chemical processing plant 

included on-si te processing, the use of ex is t ing 

technology except when extrapolat ion was abso

lutely necessary, and recovery of uranium only, 

w i th the Th and L i F - B e F ^ carrier sa l t d iscarded as 

waste. Storage of the spent fuel for 4.5 days and 

27.5 days prior to f luor inat ion for the 1.2- and 

12-ft /day p lants, respect ive ly , is inc luded. The 

U F , IS removed from the sal t by f luor inat ion and is 

further pur i f ied by NaF sorpt ion-desorpt ion, c o l 

lected in cold t raps, l iquef ied and drained to 

product receivers, converted to UF . m a reduction 

tower of convent ional des ign, added to fresh carrier 

salt contain ing thorium and addi t ional f i s s i l e 

mater ia l , and returned to the reactor. The waste 

salt from the f luor inat ion is held for protact in ium 

decay unt i l the undecayed protact inium amounts to 

only 0 .1% of the bred U " ^ . For the 1.2- f tVday 

plant, the time is 130 days, and for the 12-ft /day 

plant, 175 days. Af ter protact in ium decoy, the 

sal t IS again f luor inated and the recovered U F , is 

added to the mam stream wi thout the NaF sorpt ion-

desorpt ion cyc le . Fo l low ing the second f l uo r i 

nat ion, the waste sa l t is stored for 1000 days, 

unt i l the heat evolut ion rate is low enough to a l low 

It to be transferred to permanent waste storage. 

The two plant layouts are s imi lar in both size 

and arrangement to the AHBR processing p lants . 

The ce l l area of the smaller plant is 5700 ft and 

the auxi l iary area 33,400 f t ^ . The ce l l and aux i l ia ry 

areas for the larger plant are 13,400 and 38,800 f t^ , 

respec t ive ly . The large dif ference m the two ce l l 

areas resul ts from the large area required for 

protact inium decay storage and the 1000-day f i n a l -

waste storage equipment. 

One of the most troublesome features of the 

MSCR fuel processing plant designs was that of 

making sui table provis ion for removing the f i ss ion 

product decay hea t . In Table 24.1 ore summarized 

the heat evolut ion rates for both plants during 

pref luor inat ion. Pa decay, and inter im waste 

storage. In the 1.2-ft /day plant, heat is removed 

from the two 4-ft pref luor inat ion sal t -storage 

tanks by a design s imi lar to that planned for the 

MSRE dra in-and- f i l l tank. Th is system involves 

the use of t r ip le -wa l led bayonets submerged in 

the sa l t . Water is introduced into the center of 

each bayonet, is vapor ized, and is e jected into a 

stream dome through the center annulus. An air 

gap IS provided in the outer annulus to control 

thermal s t resses. In the 12-ft /day plant, a s imi lar 

but s l igh t l y more elaborate design is used for the 

f i rs t two 30-ft -capaci ty tanks . Each of approxi 

mately 300 1.5-in. NPS sched 40 bayonets w i l l be 

posi t ioned in a 2.5- in, NPS sched 10 pipe located 
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Table 24.1. Average Total Heat Release 

Type of Storage 

Processing Rate 1.2 ft /day. 

Irradiation 1483 days 

Processing Rate 12 ft /day. 

Irradiation 148.3 days 

Decay'' 

(days) 

6 

132 

1006 

Heat Release 

(Mw) 

0.097 

0.678 

1.025 

Decay'' 

(days) 

25 

175 

1002 

Heat Release 

(Mv,) 

0.985 

1.568 

1.037 

Prefluorination 

Pa^^^ jg^gy 

Interim waste 

Total 1144 1.800 1202 3.590 

Days in each type of storage. 

in tube sheets. Hence, the storage volume ava i lab le 

w i l l be only the annul i between these two pipes 

and the volume of the lower head of the vessel not 

occupied by bayonets. The other four pref luor i 

nat ion storage tanks in the 12-ft / day plant and 

a l l of the Pa decay storage tanks in both plants 

w i l l be located in water- ]acketed th imbles . Inter im-

waste storage vessels in both plants w i l l be 

located in th imbles submerged in a water - f i l led 

cana l . 

The to ta l cap i ta l investment of the smaller plant 

was est imated to be $12,556,000. The est imated 

cost of the larger plant is $25,750,00Q 

24.2 H IGH-RADIAT ION-LEVEL A N A L Y T I C A L 
LABORATORY 

At the request of the ORNL Ana ly t i ca l Chemistry 

D i v i s i o n , coordinat ion of the design of the High-

Rad ia t ion-Leve l Ana l y t i ca l Laboratory ( H R L A L ) 

was cont inued. F inal design of the H R L A L by the 

V i t r o Engineering Company was completed in 

December 1961. The f ac i l i t y consis ts of one 

unloading c e l l , one storage c e l l , s ix work c e l l s , 

three laborator ies, an operating area, ce l l access 

area, decontaminat ion area, service equipment 

area, change room, and o f f i ces . The ent ire f ac i l i t y 

IS housed in a two-f loor structure wi th a gross 

f loor area of 18,100 f t ^ (ref 1 ) . 

The T i t l e I des ign, completed June 10, 1961, 

consumed 120 man-weeks m the preparation of 

17 drawings and 103 pages of spec i f i ca t ions . The 

T i t l e II e f for t , completed Dec, 8, 1961, required an 

effort of 550 man-weeks to produce 63 drawings and 

595 pages of spec i f i ca t ions . 

The design was submitted to nine construct ion 

contractors for bid in January 1961, and bids were 

opened Mar. 1, 1962. The low b id , $1,739,000, 

was a $375,000 overrun of the pro|ect at the f ina l 

design 5% cont ingency l eve l . About 70% of the 

overrun was at t r ibuted to convent ional construct ion 

Items and 30% to the specia l Haste l loy C and 

type 304L s ta in less steel l iquid and gaseous 

waste d isposal systems. In March 1962 approval 

was obtained to increase the project cost from 

$2,000,000 to $2,500,000 to cover the overrun and 

s l igh t l y increase the cont ingency. The construct ion 

contract has not yet been awarded. 

24,3 PLANT WASTE IMPROVEMENTS 

Approval and funds for the design and con

struct ion of the ORNL Plant Waste Mod i f i ca t ions^ 

Project , at a cost of $1,700,000, were received, and 

design of the f ac i l i t y from cr i te r ia suppl ied by the 

Chemical Technology D iv i s ion was begun by the 

UCNC-ORNL and Paducah Engineering Departments. 

The project includes (1) a separate Melton Va l ley 

Chem, Technol. Div. Ann, Progr, Rept. May 31, 1961, 
ORNL-3153, p 135. 

Frank Browder, A Study of Proposed Modifications 
to the ORNL Process Waste System, ORNL-3332 (in 
press) . 
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low-and in termediate-act iv i ty - leve l waste co l lec t ion 

and transfer system to the waste fac i l i t i es in the 

mam plant area, (2) an intermediate- and high-

ac t i v i t y - leve l waste evaporator, and (3) a pair of 

50,000-gal h igh-ac t i v i t y - leve l water-cooled s ta in less 

steel acid-waste storage tanks. The latter two 

f ac i l i t i e s ore to be located at the s i te formerly 

designated for bu i ld ing 2527. During the past 

year the term "Me l ton Va l ley waste s y s t e m " was 

off i c io l l y subst i tuted for the " L o w Leve l Treatment 

F a c i l i t y . " The new fac i l i t i e s have been described 

previously . 

Consulat ion on design of the project was provided, 

and a l l drawings and spec i f ica t ions ore being 

reviewed in considerable deta i l as an ass is tance 

effort to the ORNL Operations D i v i s i on . The 

Melton Va l ley co l lec t ion and transfer system is 

scheduled to be completed in February 1963, and 

the waste evaporator and storage tanks in Apr i l 

1964. 

24.4 THORIUM FUEL CYCLE DEVELOPMENT 
FACIL ITY 

ORNL has proposed that a Thorium Fuel Cyc le 

Development Fac i l i t y be bu i l t in Melton Va l ley , 

start ing in FY 1964, for jo int development use by 

the Chemical Technology and Metals and Ceramics 

D i v i s i ons , The f i rs t prel iminary design and cost 

est imate, prepared by V i t ro Corporat ion in 1961, 

indicated a f ac i l i t y cost of $4,000,000, Design 

of the f ac i l i t y , which was ca l led the U 

Meta l lurg ica l Development F a c i l i t y , was based 

on the premise that thorium and uranium would be 

supplied to the f ac i l i t y as a ni t rate solut ion or in 

some other appropriate form and that i ts f i ss ion 

product rad ioac t iv i t y would be small re la t ive to the 

rad ioac t iv i t y contr ibuted by the decay of U and 

Its daughters. The fac i l i t y was to consist of three 

mojor ce l l s w i th a to ta l inside area of ~1250 ft 

plus support ing structures wi th ~20,000 ft f loor 

area . 

Subsequently, the AEC decided that the scope of 

the project should be expanded to provide a f ac i l i t y 

in which the ent ire thorium fuel cyc le , including 

fuel processing and reconst i tu t ion and assembly 

Chem, Technol. Div. Ann. Progr Rept. May 31, 1961, 
ORNL-3153, p 137. 

Conceptual Design Report on U , Metallurgical 
Laboratory, KLX-1835. 

fabr ica t ion, could be studied on an engineering 

sca le . The new f ac i l i t y , which has been named 

the Thorium Fuel Cyc le Development Fac i l i t y 

( T F C D F ) , IS to be fu l l y f l ex ib le , w i th suf f ic ient 

shie ld ing to permit development of processes that 

produce I i t t le decontaminat ion from f i ss ion products, 

and IS to be designed so that an inert atmosphere 

may be provided for certain ce l l s at a later date, 

A new archi tect-engineer, Gi f fe ls and Rosse t t i , 

I n c , of Detro i t , M ich , , is complet ing a conceptual 

design and cost est imate for the expanded f a c i l i t y . 

Early scoping studies indicate a cos to f $6,000,000, 

The new layout shows f ive major ce l l s w i th a 

combined inside area of ~2500 ft plus a con

taminated equipment storage ce l l w i th an area of 

~500 f t ^ . The floor space in the associated 

bui ld ing is ~24,000 ft . The sh ie ld ing wal ls are 

5.5 ft of normal concrete, which is suf f ic ient to 

reduce the radiat ion dose rate to one-tenth of 

tolerance for a fu l l y irradiated (23,000 Mwd/ton) 

quarter sect ion of a Consol idated Edison Thorium 

Reactor fuel assembly 90 days after removal from 

the reactor. 

Equipment to fabr icate s ta in less-s tee l -c lad 

T h O j - U O j fuel elements by the so I-gel—vibratory 

compaction process w i l l be insta l led i n i t i a l l y as 

part of the project , however, the f ac i l i t y is designed 

in modular fashion to accommodate a wide var ie ty 

of processes. In four of the f ive c e l l s , remote 

means w i l l be provided to i n s ta l l , mainta in, and 

remove process equipment. Only the ce l l that is 

to house equipment for operations on the closed 

and cleaned fuel tubes w i l l use contact main

tenance exc lus i ve l y . 

24,5 METAL RECOVERY CANAL CLEANOUT 

The removal , canning, and shipment of 25 tons 

of Brookhoven Reactor fuel began m January 1962 

and was completed July 1, Th is fue l , which had 

been stored in the Metal Recovery Bui ld ing canal 

for 1 to 2 years, cons is ts of l ,05- in, -OD by 4 -m , -

long irradiated natural uranium pieces that had 

been assembled in 10-ft aluminum cans f i t ted wi th 

0,125- in. f i n s . After i r radiat ion in the reactor and 

1—2 years ' decay at the reactor s i te , the f ins on 

the cans were co l lapsed and the cons sheared into 

4 - m , lengths and shipped to ORNL for storage and 

recovery. Storage was in 2- by 2- by 2-ft s ta in less 

steel bins stacked three deep over hal f the canal 

length. During storage the exposed fuel ."as 
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attacked by the canal water, resu l t ing in f ine ly 

d iv ided , eas i l y dispersed par t ic les of uranium 

ox ide, and marine growth in the canal water 

produced undesirable co l lec t ions of s i l t , which 

aggravated handl ing the fuel p ieces. The ac t i v i t y 

burden of the canal water, which i n i t i a l l y was 

~ 1 / i c /m l wi th Cs^'^^ account ing for >95% of the 

t o ta l , was decreased to 0.2 /xc/ml by intermit tent 

purging wi th process water. 

The fuel pieces were transferred w i th tongs 

under 7 ft of water from the storage bins to 11- by 

12- by 39- in,- long a l l -a luminum containers ca l led 

" b u n d l e s , " which held ~350 p ieces. After the 

bundles hod been f i l l e d , aluminum covers were 

bolted on wi th aluminum bo l ts , and the bundles 

were leak- tested. The loaded bundles were then 

t ransferred, under water, to 15-ton shipping casks 

(each holding two bundles), and the loaded cask 

was raised from the canal and purged wi th process 

water. The cav i ty water level was adjusted and 

the exter ior of the cask was decontaminated for 

shipment, to a processing s i t e , on a t ra i ler equipped 

w i th a heated enclosure to prevent freezing in 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 

protect ion during loading operations but rose above 

th is level for unident i f ied alpha and beta-gamma 

ac t i v i t y when normally wet wa l l s were exposed and 

al lowed to dry during canal purging. Intermittent 

purging was necessary to maintain the average 

ac t i v i t y burden of the canal water at 0,2—0,3 

juc/ml and the radiat ion levels in the working 

areas in the range 25—35 mr/hr . 

After the storage bins were empt ied, they were 

ra ised 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 f loor and the 

bin was raised to a s ta in less steel drain pan where 

the remaining s i l t and fragments were r insed away. 

The bins were then transported to the bur ial ground 

for permanent d i sposa l . 

The use of Cu for marine l i fe contro l was 

successfu l but was later abandoned when it 

appeared that metals such as iron and perhaps 

uranium were react ing wi th copper, thereby reducing 

v i s i b i l i t y and increasing the ac t i v i t y burden of the 

canal water. Thereafter, v i s i b i l i t y in the canal 

water was contro l led by cont inuously f i l te r ing the 

water through a 40-/x sintered sta in less steel f i l te r 

( F i g , 24,1). Mater ial on the f i l te r was removed 

from the unit by frequent backwashing wi th water 

and in termi t tent ly soaking wi th 13 M HNO3, A l l 

backwash water and canal water purged from the 

system were sent to in termediate-act iv i ty - leve l 

waste d isposal tanks . 

A loading rate of ~2000 fuel pieces per week 

could be maintained after ins ta l la t ion of the f i l te r 

improved v i s i b i l i t y , compared w i th ~1000 when 

v i s i b i l i t y was poor. 

Under the canal abandonment program, the canal 

area was fenced off from the rest of the Metal 

Recovery Fac i l i t y grounds, a new jet and l ine 

were insta l led to permit emptying of the canal to 

waste tank W-5, and a c losed-c i rcu i t pump and 

f i l te r system was ins ta l led on the canal to permit 

removal of par t icu late matter from the water to 

reduce contaminat ion and improve v i s i b i l i t y . The 

f i l te r o r ig ina l l y used a 10-^ pore size f i l te r uni t ; 

the in i t i a l f low rate of >100 gpm was slowed to 

~ 1 0 gpm in 20 min by the f i l te r c a k e . Subst i tut ion 

of AO-jx pore s ize f i l te r media resul ted in a f ina l 

rate of ~30 gpm after 8 hr. 

The shipment of BNL fuel to SRP was completed 

the end of May 1962, and decontaminat ion of the 

canal is expected to be f in ished by July 3 1 , 1962. 

24,6 SAFETY AND CONTAINMENT 

Ass is tance work on plant safety and containment 

included (1) complet ion of the containment changes 

and addi t ions to bui ld ings 4507 and 3508; (2) 

shipment of a l l B N L fuel in the bui ld ing 3505 

canal to SRP and subsequent cleanup and abandon

ment of the cana l ; (3) ins ta l la t ion of an improved 

off-gas vent i la t ion system for the H R L A F c e l l s ; 

(4) design and cost est imat ion of a contaminated 

off-gas f i l te r carrier for general plant use; (5) 

complet ion of the new alpha laboratory in room 211 

of bui ld ing 3019; (6) complet ion of the relocated 

U solut ion storage f ac i l i t y in ce l l 3 of bui ld ing 

3019; (7) an independent hazards evaluat ion of the 

H R L E L for the Metals and Ceramics D i v i s i o n ; 

(8) a 16-hr course on "Rad iochemica l F a c i l i t y 

Hazard E v a l u a t i o n " prepared for and presented to 

the Of f ice of Radiat ion Safety and Con t ro l , 

Modi f icat ions were mode to bui ld ing 3508 to 

ensure conformance wi th Laboratory standards for 

containment and hazard cont ro l . These modi f i 

cat ions included expansion and modi f icat ion of the 

laboratory ven t i la t ion supply and exhaust systems, 

provis ion for emergency power and instrumentat ion 
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to ensure hazard control of the bui ld ing a t t i c , and 

other changes to ensure proper d is t r ibu t ion and 

f low of bui ld ing air . The changes to bui ld ing 4507 

descr ibed previously were completed in September 

1961, 

An ex i t air f i l t ra t ion system wi th a capaci ty of 

18,000 cfm for c leaning the exhaust air from the 

H R L A F ce l ls in bu i ld ing 3019 was insta l led in the 

duct ing to the 3020 stock and placed in opera t ion . 

Th is f ac i l i t y cons is ts of a bank of roughing f i l te rs 

(American Air Fi l ter deep-bed pocket type f i l te rs 

using two beds of f i l te rdown, FG-25 and FG-

50) and a bank of f inal f i l te rs (standard f i re-

res is tant AEC-type absolute f i l te rs ) in ser ies. 

The f i l te r housing consis ts of 1-ft-thick concrete 

for sh ie ld ing . Minor modi f icat ions to ex is t ing 

ductwork and the purchase of a new exhaust fan 

were required to complete the ins ta l la t ion , 

A prel iminary design cost and est imate of a 

shielded carrier for general plant use in removing 

rad ioact ive f i l te rs from the several ORNL shielded 

off-gas f i l te r f a c i l i t i e s was prepared. It may be 

used wi th the Radiochemical Processing Pi lo t 

Plant and H R L A F f i l te r f ac i l i t i e s at bu i ld ing 3019 

and the ce l l ven t i la t ion f i l te rs for bu i ld ings 4501, 

4505, and 4507, Two 3- in,- th ick steel plate sh ie lds 

w i th removable top and bottom are proposed, one 

for removing the pref i l ters and a larger one for 

removing the absolute f i l t e r s . Each shie ld con

ta ins a d isposable alpha-t ight sheet metal can . 

The pref i l ter shield is est imated to weigh 5 tons 

and the absolute f i l te r sh ie ld 8 tons. The fabr i 

cat ion cost of both shields is est imated to be 

$12,000 ±25%, 

The conversion of room 211 of bu i ld ing 3019 from 

a U iso la t ion laboratory to an alpha research 

laboratory was completed. The room was f i r s t 

str ipped and decontaminated and then refurbished 

as an alpha laboratory for chemical development 

use. Changes included addi t ion of a s ta in less 

steel f loor, an air lock entryway, a smooth hung 

ce i l i ng w i th recessed l igh t ing , glove boxes, a 

glove box vent i la t ion system, and vent i la t ion of 

the room to the pi lot plant ce l l off-gas system to 

ensure that reduced pressure is a lways maintained 

in the room. Radiat ion monitors and other devices 

were added to comply w i th containment standards. 

Relocat ion of the U solut ion storage system 

from the pipe tunnel to ce l l 3 in bu i ld ing 3019 was 

completed. A new c r i t i ca l l y safe storage tank was 
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fabr icated and ins ta l led and is now in serv ice. 

The storage tank is a un i t -sh ie lded, 3-f t-diam, 

225-gal tank completely packed w i th 1.5-in. Pyrex 

Raschig r ings to a g lass volume of ~23%. The 

glass rings contain 11.6 wt % B j O , . The tank was 

designed to hold up to 60 kg of U^'^"' aqueous 

solut ion at a concentrat ion of 100—200 g / l i t e r . 

Ass is tance was given to the Metals and Ceramics 

D iv i s ion in the preparation of a hazards evaluat ion 

report for the H igh-Rad ia t ion-Leve l Examinat ion 

Laboratory ( H R L E L ) , now nearing complet ion. 

Quant i t ies of radioact ive and hazardous mater ials 

to be handled in the f a c i l i t y and propert ies of the 

H R L E L containment and vent i la t ion systems were 

summarized. H R L E L shields were evaluated wi th 

the PHOEBE code for determinat ion of f i ss ion 

product sources, SDC for determinat ion of gamma 

at tenuat ion, and RENUPAK for determination of 

neutron penetrat ion. An Oracle program was wr i t ten 

for ca lcu la t ion of the pressure and temperature 

t ransients that would resul t from a f ire in a c e l l . 

The analyses indicate that the f ac i l i t y is we l l 

equipped to wi thstand credib le f i res and explos ions 

wi thout serious damage to the c e l l , intolerable 

personnel exposures from escaping gases or 

aerosols , or hazardous levels of downwind ground 

contaminat ion. 

A quant i tat ive hazard eva luat ion course cons is t ing 

of 16 hr of inst ruct ion was presented to members of 

the Off ice of Radiat ion Safety and Cont ro l . The 

topics covered were meteorology; ef fects of f i res 

and chemica l , mechanica l , and nuclear exp los ions ; 

and evaluat ion of personnel dose and fa l lou t 

fo l lowing a credible acc ident . Two reports, ORNL 

TM-16, "Rad iochemica l Fac i l i t y Hazard Eva lu

a t i o n , " and ORNL TM-19, " T h e Evaluat ion of 

Radioact ive Releases from Chemical P l a n t s , " 

were prepared to aid in hazard evaluat ion studies. 

24,7 C R I T I C A L I T Y STUDIES 

Ass is tance efforts on c r i t i c a l i t y problems in

cluded (1) neutron mul t ip l i ca t ion measurements on 

the U^^^ storage tank in bu i ld ing 3019; (2) an 

exhaust ive study on the f eas ib i l i t y and safety of 

using soluble nuclear poisons as a primary 

c r i t i c a l i t y cont ro l ; (3) design and ins ta l la t ion of a 

s ta in less-s tee l -c lad borax- f i l led poison network for 

the Vo la t i l i t y P i lo t Plant caust ic f i l t e r ; and (4) 

drop-test ing of a model of the Pyrex- f i l led HRT 

fuel so lu t ion carr ier . 

Neutron mul t ip l i ca t ion measurements made on 

the Pyrex-Raschig-r ing- f i l ied U storage tank 

as it was s lowly f i l l ed w i th 11 kg of aqueous 

U23 3o^(|s|0^)^ solut ion at a concentrat ion of 100 g 

of uranium per l i ter indicated that the tank was 

c r i t i c a l l y safe for >150 l i ters of aqueous so lut ion 

wi th a U concentrat ion of 115 g / l i t e r . However, 

unt i l more U is ava i lab le for storage in the 

tank, the ef fect iveness of the r ings as a f ixed 

poison for U solut ions cannot be rea l i s t i ca l l y 

assessed. 

Studies of the feas ib i l i t y of using soluble neutron 

poisons as a primary c r i t i c a l i t y control in shielded 

radiochemical faci l i t ies included mult igroup machine 

ca lcu la t ions of the required content and concen

t rat ion of poisons in so lut ions of f i s s i l e and fer t i le 

mater ia l ; a compi la t ion of data on the detect ion, 

s tab i l i t y , decontaminat ion, and costs of soluble 

neutron poisons; and on assessment of the possib le 

ef fects of a nuclear excurs ion . It was concluded 

that the use of soluble poisons is a feasib le method 

of control in v iew of the many advantages and the 

to lerable ef fects of a poss ib le accident in a heavi ly 

shielded area. It is bel ieved that soluble poison 

control may be made as re l iab le as any other 

method of control through adequate process de

velopment work and provis ion of mul t ip le inde

pendent safeguards, 

A f ixed nuclear poison la t t ice for the Fluor ide 

Vo la t i l i t y P i lo t Plant caust ic f i l te r , which is 

16 i n , diam by 36 in . h igh , was designed, evaluated, 

and ins ta l led . The la t t ice consis ts of paral le l 

plates of s ta in less-s tee l -c lad borax, which extend 

to w i th in 1 in . of the vessel wa l l and are spaced 

such that the maximum borax-to-borax separation is 

2 k in . The borax th ickness in the ind iv idual 
1 7 

plates var ies from /„ to Z in . A mathematical 

analogy w i th ORNL Pyrex pipe c r i t i c a l i t y exper i 

ments indicates that the poisoned vessel may 

safely contain at least 3.5 kg of U^^^ at any 

concentrat ion. 

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.-long 

by 0.125- in.-wal l boros i l i co te glass Raschig r ings 

to obtain qua l i ta t i ve information on the ef fects of 

acc identa l dropping of the HRT fuel transfer 

carr ier , which is a lead-shie lded, 120-l i ter vessel 

contain ing approximately 24 vol % 19% B - O j -

boros i l i ca te glass as Raschig r ings. The test 

container was chosen such that a drop from on 

equivalent height would resul t in more shock in the 

test container than in the fuel transfer carr ier . A 
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single drop from a height of 3 ft onto a steel 

surface resulted in breakage of ~20% of the r ings 

into two or more pieces and ~ 5 % decrease in 

packed height. Five successive drops from a 

height of 5 f t resul ted in breakage of ~50°o of the 

r ings and a 20% decrease in the packed height . 

The carrier subsequently was used to transfer 

HRT fuel solut ion containing 11 kg of U at a 

concentrat ion of approximately 200 g / l i t e r from the 

HRT to 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 IWW carrier for shipment of 4.5 

gal of waste solut ion from Hanford and Idaho to 

ORNL, a corner for t ransport ing the declad SRE 

fuel to SRP, a carrier for shipping 14-in,-long 

irradiated fuel samples from the MTR, ETR, and 

NRX reactors to ORNL for hot ce l l experiments, 

and an ana ly t i ca l transfer cask for use at the 

H R L A F , A 40-in,- long irradiated fuel sample 

carrier and on ana ly t ica l transfer cask for use at 

the H R L A F , to avoid continued contaminat ion of 

the bui ld ing 4507 ana ly t ica l carr ier, were designed 

but hove not yet been bui l t , The ana ly t ica l and 

the SRE fuel carr iers used lead for sh ie ld ing, a l l 

the others used depleted uranium. The carrier for 

transport ing plutonium-alummum fuel from SRP to 

ORNL, which was designed over a year ago, was 

completed and is now in use. 

The IWW carrier design was in tensive ly evaluated 

for safety wi th the proposed AEC regulat ion CFR, 

T i t l e 10, Part 72 as a basis of rev iew. Th is 

carr ier, which weighs three tons, is designed to 

contain ~100,0(X) curies of f i ss ion product ac t i v i t y 

m aqueous so lu t ion. The solut ion is contained in 

a s ta in less steel tank 12 i n , diam by 14 m, high 

and IS shielded wi th 5 m. of depleted uranium. 

The shield has an outer and inner sta in less steel 

l iner, the inner liner is separated from the tank by 

a mercury f i lm . Appropriate f i l l i n g , empty ing, and 

vent l ines penetrate the 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 to the gondola cor is suf f ic ient 

to wi thstand 60 g decelerat ion. A f i re shield 

provides complete protect ion in case the cask 

should be involved in a gasol ine or o i l f i re for 

1 hr. The cask can adequately d iss ipate 1000 

Btu /hr of f i ss ion product heat at on ambient tem

perature of 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 rad io ly t ic 

d issoc ia t ion of the so lu t ion , nowever, the cask is 

designed to wi thstand 20 psig internal pressure. 

The carrier sh ie ld ing is more than adequate to 

meet the ICC regulat ion of 200 mr/hr at the surface 

and 10 mr/hr at 1 meter. In its proposed use 

c r i t i c a l i t y is of no concern. 

24,9 EUROCHEMIC ASSISTANCE 

ORNL ' s contr ibut ion to the Eurochemic Ass i s t 

ance Program consisted in coordinat ion of the 

program and review and exchange of pertinent 

technica l information on radiochemical processing 

of i rradiated fue ls . About 280 USAEC-or igmoted 

documents and 55 miscel laneous items were sent to 

Eurochemic. The 25 Eurochemic documents previ

ously received were edi ted and reproduced, and 

l imited d is t r ibut ion was made pending resolut ion 

of the US-Eurochemic document exchange agree

ment. Forty-four Eurochemic documents were 

reproduced and d is t r ibuted wi thout ed i t ing , and 

14 were t ranslated and d is t r ibu ted. 

The US technica l advisor who was at Eurochemic 

left on May 10, 1962. The replacement advisor is 

E, M, Shank, ORNL . 

The preproject study (scope) for the various 

Eurochemic. f ac i l i t i es at Mol , Belg ium, has been 

completed, and detai led design is in progress. 

Construct ion has started on several of the mam 

bu i ld ings . Foundation work is in progress for the 

mam processing bu i ld ing , the research laboratory 

structure is we l l above grade leve l , and the general 

services structure is nearing complet ion. The 

overa l l project is about 40% designed and 10% 

constructed. Current o f f i c ia l costs are $24,000,000 

for construct ion, w i th a $30,700,000 total invest

ment. 

Processing condi t ions for the f ina l plutonium 

pur i f icat ion step have been frozen. Th is step w i l l 

use 0 10% T L A extract ion fo l lowed by d i rect 

prec ip i ta t ion from the organic product. Engineering 

f lowsheets and equipment layouts have not yet 

been started. 
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The f ina l preproject study has been prepared for expected unt i l November, pending the resul ts of 

the modi f icat ions and the addi t ional f ac i l i t i es negot iat ions wi th the USAEC and Eurotom. A 

required to permit enriched uranium processing. prel iminary cost est imate indicates that on 

Th is study w i l l be submitted to the board of addi t ional $1,500,000 in capi ta l investment w i l l be 

directors in June 1962, A f ina l decis ion is not required. 
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Godbee, H. W., and W. E. Clark, The Use of Phosphite and Hypophosphite to Fix Ruthenium from High-
Actwity Wastes in Solid Media, ORNL TM-125 (Jan. 30, 1962). 
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A c i d i t i e s , " Nucl. Sci. Eng. ( in press). 

Dav is , W., Jr . , ibid.. Por t I I . " D e n s i t i e s , Molar Volumes, and Water So lub i l i t i es of TBP-Amsco 125-82-

HNO3-H2O S o l u t i o n s , " Nucl. Sci. Eng. ( in press). 

Dav is , W., Jr. , ibid,. Part I I I . "Compar ison of L i te ra ture D a t a , " Nucl, Sci. Eng, ( in press). 

Weaver, Boyd, Extraction of Neptunium from Acidic Solutions by Organic Nitrogen and Phosphorus Com-
pounds. ORNL-3194 (Oct. 5, 1961). 

Wischow, R. P., and D. E. Horner, Recovery of Strontium and Rare Earths from Purex Wastes by Solvent 
Extraction." ORNL-3204 (Jan. 15, 1962). 

Seeley, F. G., F. J. Hurst, and D. J. Crouse, Solvent Extraction of Uranium from Carbonate Solutions," 
ORNL-3106 (Aug. 16, 1961). 
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