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ABSTRACT

A process was developed to recover trans-
plutonium elements from the debris of a thermo-
nuclear device detcnated underground at the
Nevada Test Site of the AEC,
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INTRODUCTION

A major sclentific obJective of the Plowghare Program(l) is
the production of transplutonium ilsotopes by the contalned
detonation of a speecial thermonuclear device. Heavy lsotopes are
produced by lrradiaticon of a target element, such as uranlium, in
the intense neutron flux (~102 neutrons/cmé) produced by the
detonatlon of the device; successive neutron captures on the
target element result in the productlon of heavy lsotopes that
would normally require years of reactor irradiation.(e?

Recovery of the products requires mining the shot debrls,
and processing the debrls to recover the actinides. The cholce
of the medium for the detcnatlon strongly influences the chemleal
process; salt, limestone, dolomlte, granite, tuff, and alluvium
are all possible. Salt 1s the most convenlent for aqueous
chemical processing; 5} put others, such as tuff and alluvium,
are the major underground strata at the Nevada Test Site, and
the extra expense of processing thils materlal might be consider-
ably less than the cost of land acquilsition and establishment of
nuclear testing areas.

This report describes the development of a chemlcal process
for recovery of actinides from tuff and alluvium debris from the
Nevada Teat Site. Both tuff and alluvium are essentlally
potassium/sodium aluminum silicates. Tuff is a porous rock of
volcanle origln; alluvium ls a sedimentary deposlit produced by
the weathering of tuff. A representative chemlcal analysls of
both materials 1s shown in Table I.

TABLE I

Composition of Tuff and Alluvium Debrls

Fraction of Tuff, wt 4 TFractlon of Alluvium, wt %

5102(a) 61 65

A1505 11.1 12.7
K50 3.6 2.7
Na,0 3.3 1.8
Fe 1.0 2.0
cad 0.2 0.4
Mg0 0.1 1.5
T10,, 0.1 0.5
H20(b) 20 13

{a) Estimated from welght loss during treatment with HF,
(b) Data from Reference k).
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For chemical processing, the high silica content 1s a
serious problem because dissclution of a major portion cof the
debris is necessary to permit recovery of a substantial fractlon
of the actlinldes. Sillcates are normally difficult to dissolve;
moreover hydrated silica often precipitates 1n an erratie
fashlon from scolutions containing dissolved cor colloidal sillca.
In designlng the process, remcval of the silica from the debris
at the earliest practlcal stage was conslidered advisable, With
gllica eliminated, chemical processing of the d bfis could then
be carried out routlnely by exlsting processes. 3

Several chemical methods are frequently employed for removal
of siliea: (1) fuming with aqueous HF or treatment at a high
temperature wlth gaseous HF to remove sllica as volatile SiF;

(2) fuslon with sodium carbonate, and boiling the fused mass with
strong nitric acld to precipitate silica; (3) leachling the debrils
with a strong acid, and preclplitation of colleoidai silica elther
with gelatin or by bolling wilith strong acid. Treatment of
pulverlzed debrls wlth HF gas at high temperatures was consldered
to be the most attractive of these methods because of the simpler
equlipment required and the ease of adaptlon to large-scale
operation.

SUMMARY

The chemical process developed for recovery of heavy
actinides from the debris cof nuclear detonations 1n tuff and
alluvium conslsts of three major steps:

(1) Destruction of silicates by treating the debris
with gaseous HF to evolve S51F). '

(2) Dissolution of the hydrofluorinated residue in
boiling Al(NOB)B-HNO3 solution.

(3) Separation of actinide isotopes from the dissolved
debris by solvent extraction with 30% tributyl
phosphate (TBP).

The process was demonstrated with 30 grams of debrls from

the Nevada Test Site. Loss of actinlide 1sotopes to waste fractlons
amounted to 11%, due to incomplete hydrofluorination of the debrils.

Solvent extraection recovery of 2khen from the dissolver solution
adjusted to 5M NOB'-O.lM HNO3 was 99% efficient 1n slx simulated

contactor stages.
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DISCUSSION

PROCESS DESCRIPTION

Because of the high silicate content of tuff and alluvium,
the recovery process depends on the inltilal removal of sillcates i
from the debris to avold the problems assoclated wilth the L
dissolution and aqueous processing of slliceous material. The
process flowsheet for thils lnitial treatment 1s glven in Figure 1,

Debris » Crush to
| Ton -30 Mesh :
SiFg, Ho0 Cooler Cooler SiFs
™ 0°C -20°C ™ o
Excess HF Waste
HF, HaO
HF F_"_HF !
Reactor Recgﬁery
550°¢C Still
Dryer f—H0
L 8T
16 Tons/ Ton 0.8 Ton
of debris ¥ 0.8 Ton Anhydrous HF
800 Ib Solids (Fluorides) }
A -
M ](N03)3 M HNO »-| Dissolver siDecanter »—Evaporator
{1200 Gals/Ton)
100 Ik
— Solids NaOH
(DiSCCIrd) k 4
%
Filter jue Mixer jaeSglatin

TO SOLVENT EXTRACTION

000 Gallons/ Ton of Debris
4.8M NOg~ O.IM H*

FIG. 1 RECOVERY OF ACTINIDES FROM TUFF AND
ALLUVIUM-DEBRIS TREATMENT FLOWSHEET
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Destruction of the sillcates is accomplished by erushing the
mined debris to -30 mesh, and treating at 500 to 550°C wlth an
excess of gaseous HF; thls converts the alllcates to metal
fluorides, veolatlle 8iF,, and steam. The excess HF and steam
are condensed from the gas stream in a serles of coclers, and
fractionally distilled to recover the HF. Most of the SiF),
passea through the coolers and 1s discarded.

_ The realdue from the HP treatment contains the metallie
elements in the debris as a mixture of fluorides and oxides. A
bolling sclution of 1M Al(NOB)j—lM HNO, readily dissolves
approximately 85% of this resldue and 35 to 90% of the actinlde
elements 1n the residue. The undissolved sollds after this
treatment consist mainly of unreacted silicates. Increasing
the hydrofluorlination efficiency by further reducing the particle
size of the debrls would decrease the amount of insoluble residue.

The undissolved solids and the dissolved slllca must be
removed from the solutlion to avold the formation of emulsicns
during the subsequent solvent extractlon steps. The scllds that
gsettle rapidly are removed by decantation of the turbid supernate,
then rinsed and discarded with an attendant loss of about 10% of
the actinides 1n the debrlis., The decanted sclutlon and rinse are
evaporated and partially neutrallzed with concentrated NaOH to
5.0M NO, -1M HNO_. The suspended sclids are ccagulated by
digestidon with gglatin, then flltered and discarded. The
filtrate from this step is sufficlently clarified for feed to
the solvent extractlion process.

This extensive clarificatlion procedure is necessary because
of the colloidal nature of part of the undissolved sollds. Since
remcval of all of the soclids by flltration may be impractical in
large-scale operations, most of the sollds are separated by
decantation of the supernate; however the settling rate ¢f the
colloldal sollds 1s probably too slow for practlcal processing.
Also, during neutralization of the excess HNO,, dissolved siliea
precipitates from the solutlion. The suspendeé solids and the
precipitated silica should be coagulated and removed at the same
time.

The solvent extraction procedure for purifying and concen-
trating the actinides from the clarified dissolver solutlon is
the same as that developed for use with the debrls of nuclear
exploslons in salt. 3) The process, shown in Flgure 2, requlres
a clarified feed solution containing approximately 5M NO and a
maximum of ©.15M HNO_. Lower nitrate concentrations do got glve
sufficlent salting s%rength for extraction of Cm3+, Bk>t, and
o3t and hence produce high losses; higher nitrate concentrations
glve tooc much salting and cause coextraction of other cations,
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such as Fe’t. Too much HNO, in the feed results in poor actinide
extractlon because of "backZsalting" from the organlc phase by

the exfracted HNOB.

E xtroctant
330 Gal, 30% TBP

Lb- A Bank

First Cycle Feed
1000 Gal {Fig. 1)

Aqueous Waste
[O00 Gal

NaOH

r 6 Stages

Spent Extractant
(Washed & Reused)

l——>1 B Bonk

A

First Cycle Product

65 Gallons
1.6M  HNOjy
Actinides
Rare Earths

Y

Evgporator

A

Blender

¥

Second Cycle Feed

13 Galions
6.9M NOz~
O0.M HNO4

h |

Second Cycle Extroction

Identical to First Cycle

v

Evaporated Product

<Q.2 Gollons
8M HNOj
85% of Am, Cm, Cf

r 4 Stages

4_‘_ Strip_Solution
66 Gal, O.IM HNO3

FIG. 2 RECOVERY OF ACTINIDES FROM TUFF AND ALLUVIUM-
SOLVENT EXTRACTION FLOWSHEET
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Two cycles of alternating solvent extraction and evaporation
concentrate the actinide solutlons to less than 200 gallons per
kiloton of debris. In each eycle the feed solution 1s extracted
with 30% TBP in n-dodecane in a six-stage mixer-settler. The
organic raffinate from the first mixer-settler bank is stripped
wlth a dilute HNO; solution in a second, four-stage mixer-settler.
The aqueous product solution from the first cycle is evaporated,
and the excess HNO, is neutralized to prepare a 6 to 7M NO3'

-0, 1M HNO, feed so?ution for the second eycle of solvent

extraction. ¥

SILICA VOLATILIZATION TESTS

The major effort in this investigation was the develcopment
of the method for removing silica from the debris by velatiliza-
tion as 3iFy. The effects of particle size, temperature, and HF
flow were explored; and two methods of treatlng the powdered
debris were tested. This study establlshed that (1) a minimum
particle size reacts most efficlently with HF, (2) 400°C 1s the
minimum temperature for an effective HF treatment, and (3} 100%
stoichiometric excess of HF is suffilclent to remove >95% of the
810.. Tests of two arrangements for exposing the powdered debris
to HF gas demonstrated that a system in which the HF gas flowed
through a bed of crushed debris is more efficlent than a system
in which the HF flowed over a bed of powdered debris.

Hydrofluorination tests were carried out in the apparatus
illustrated in Figure 3, which was constructed of nlckel plpe
joined with copper tubing. The apparatus was evacuated, and then
flushed with nitrogen gas. The reaction chamber was positioned
in a horizontal tube furnace in which it could be heated to 1000°cC.
Reaction temperatures were measured by a thermocouple in a nickel
well positioned above the sample boat. A smaller reaction chamber
(a 6-inch section of l-inch ID nickel pipe) was wrapped wilth
heating tape, fitted with a sample basket of 100-mesh nickel
gsereen, and closed with a threaded nickel cap. This smaller
chamber was mounted vertically and replaced the horlzontal
chamber shown in PFigure 3. The same gas lnlet system and product
gas collectlon system were used with both reaction chambers.

* Higher NO,.~ concentration 1s required in the second cycle

because aNO3 18 a poorer salting agent than Al(NO3)§.




"Teflon' Gasket Thermocouples

. /
T Oven ! / /Coolling
Y "4 Coils
1II l/
HF 2 |
. i 2L T
Oven / ¢ i
7
Ni |Sample Boat
{2"or 4" long) :
Ny Ni Reaction Chamber :
{26" long) :
To Second Cold Trop, _ p’:ﬂi, -
and Vent Trap

FIG. 3 HYDROFLUORINATION APPARATUS

When a sample of debris waa belng treated with HF, an
auxiliary N. stream flowed at equal rate through the chamber to
sweep the excess HF and the reactlion products into a collectlon
system - a chemical trap and two cold traps. The chemical trap
held two cartridges filled with pellets of NaF, which removed
part of the HF and H,0 from the stream. The remainder of the HF
and H20 was condenseg from the stream by cooling the cold traps
with a dry lce-trichloroethylene bath. The time clted below for }
a glven experiment was the time during which HF flowed 1nto the
reaction chamber.

The flow of anhydrous HF to the reaction chamber was
‘approximately 90 ml (STP)/min in each experiment. The gas
pressure in the reactlion chamber was maintained at one atmosphere
during treatment of the debrils.

The temperature inside the reaction chambers could not be
controlled closely during treatment of a debris sample with HF,
A fluctuation of about #*50°C was noted in most runs, and the
reaction temperatures therefore are reported with thls degree of
uncertainty. Usually, the chamber temperature began rising
sharply about 10 to 15 minutes after the start of the flow of HF
into the chamber. The rise in temperature resulted from the heat
of reaction of HF with the debris. Automatlic, as well as manual,
control of the oven power prevented higher temperature excurslons.




The reactlion bemperature also varied across the length of
the large chamber, as shown by the profile in Figure 4, However,
the variation across a 2-1inch reaction boat in the center of the
chamber was only ~10°C. The profile was measured with a movable
thermocouple inside a nickel well that extended the full length
of the chamber interlor.

The hydroflucrination reaction is not very sensitive to
temperature above L00°C. As shown in Figure 5, the reaction of
debris with HF was incomplete below 400°C in a serles of 25-
minute tests. However, at temperatures above 400°C, the reaction
was very nearly complete — more than 90% of the residue from
the HF treatment dissolved in the A13+—HNO3 golution in the
subsequent process step.

00— T T T T T T 1T 1 1 T T 1

SO0 — .
400— -
O
(]
&
5
5 300 -
&
o
£
@
'_
2001~ _ -
’ Reoction Gven
Boat Insulation
/ / Reaction
oo v Chﬂi’nberj_
o i ] | ] | | | i | | | |

2 16 8 6 4 2 0 2 4 6 8 0 (@
Distance From Center Of Reaction Chamber, inches

FIG.4 TEMPERATURE PROFILE IN THE REACTION CHAMBER
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100 | | T T T |

Sampies: t g Tuff Debris {~30+50 mesh)
9ol Reaction Time: 25 minutes -

BO— —

70|- —

50— —

Residue, wt %

Restdue from
— "1 - ]
40 HF Treatment

Residue from
- A) (N03}3_HN03
Disso ar

Q 00 200 300 400 500 €00 700 800 i

Reaction Temperature, °C e

FIG, 5 EFFECT OF TEMPERATURE ON HYDROFLUORINATION
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As expected, the particle size of the debris 1s of major i
importance in obtaining acceptable hydrofluorination efficlency ég
and consequently in recovering actinides from the debris. Test i
results {Table II) show that for each particle size there is a e
corresponding amount of sample that remalns unaffected, B
irrespective of the time of exposure to HF. Apparently, HF does §¥
not diffuse rapidly through the fluorides formed initlally on the i
outer shell of each partlcle to react with the inner kernel of
silicates. The results indicate that -30+50 mesh 13 an accept-
able particle size for the debrls.

TABLE 1T

Effect of Particle Size on Si0, Removal by HF

(Conditions: 1 to 2 hours at 500 %o 600°0)

Tuff, wt % of original charge Alluvium, wt % of original charge

Mesh HF Residue Insoluble* HF Resldue Insclubie*
Lump 48 19 T3 52
-30 +50 40 3.5 39 T4
-50 +100 41 2.2 =8 2.3
-100 +200 39 <2.2 39 0.7

* In 1M A1(N03)3_1M HNO, .

A 15 to 20-minute treatment at 5509C with HF flowing at
90 ml/min was adequate to remove >95% of the S:LO2 from a serles
of l-gram samples of -30+50 mesh debrls. These samples were
treated for various times in the vertical reactlion chamber;
however reaction times longer than 20 minutes preduced no
significantly greater reduction in residue. The results are
shown in Flgures 6 and 7.

The small laboratory equipment used in the development tests
on thls process restrlcted the extent to which the engineering
problems could be explored, However, limlted conclusicns were
inferred. Of the two hydrofluorlnation chambers tested, the
vertical arrangement is the more efficient. In the vertical
arrangement the debrls presents a constant cross section to the
flow of HF with 1little opportunity for channellng of the gas.
Also, the excess of HF required for the vertical chamber 1s less
than that for the horizontal chamber, in which HF diffusion to
the bottom of the debris in the reaction boat 18 necessary.

- 10 -
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FIG. 7 Si0, VOLATILIZATION FROM ALLUVIUM AND DISSOLUTION OF RESIDUE
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DISSOLVING TESTS

The optimum solution composition for dlssclving the HP-
treated debris was 1M A15%-1M HNO,. Several variations in
dissolver solution were tested, as shown in Table III. Test
samples were refluxed for 2 hours. With solutions containing
less than 1M‘A13+, the amount of debrls dissclved decreased
gignificantly. In each test shown 1n Table III the samples had
been treated with an excesg of HF in the larger reaction chamber;
gubsequent treatment of the 1lnsoluble residues lndlcated that 90
to 95% dissolutlon wasz the maximum that could be achleved,
Analysis of the inscluble resldues showed 8102, plus traces of
Fe and Al.

TABLE IIT

Effect of Solutlon Concentratlon on Residue Dissoluticn

Disscolvent/Resldue HF-Treated Residue(?)
Ratio, Composltlon of Dissolvent(a) Digselived, %
nl/g AL3Y, M HNOx, M Tuff Alluvium

10 Q 6.0 34 24
10 0.3 1.0 42 L6
10 1.0 3.5 91 89
10 1.2 1.0 93 91
50 1.1 1.0 94 89

(a) HF-treated samples refluxed 1ln dissolvent for two hours.
(b) Debris samples treated with HF at 500-8600°C for one hour.

A minimum ratio of 10 ml of dlssolver solution per gram of
HF-treated residue was used in these tests. With lower ratlos
the undlssolved sollds were increasingly more difficult to remove
from the solution. Although centrifugation alded 1n removing
suspended solids from the more concentrated sclutions, coagula-
tion of the dissolved sllica with gelatin was less effectlve;
and the resulting feed solutions formed emulslons durlng solvent
extraction with TBP. 1In tests of the l-gram samples that had
been treated with HF in the smaller reaction chamber, the large
ratioc of 50 ml/g was used to ensure complete dissolutlion of the
soluble constituents of the resldue.

The aluminum content of the debrls was determined from
speclal samples of HF-treated residue that were dissolved in a
bolling solution of O.4M H,BO,-4M HNO,. About 95% of these
residues dissolved during the one-hou? treatment. No other tests
were made with H3BO3 as a dlssolvent.

- 13 -
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PROCESS DEMONSTRATION

Followlng the prelliminary investigations of process variables,
an 1lntegrated test was made of the proposed debris treatment flow-
sheet (Figure 1) with the largest sample of debrls that could be
efficiently treated in the experlmental hydrofluorinaticn
apparatus, The test procedure is detailed in Figure 8., A

NTS VOLCANIC TUFF DEBRIS
30649, ~30+50 mesh

HYDROFLUQRINATION
100 mI/min HF for 2 hr
at 500 to 600°C

|
12.09
¥
M A= 1M HNO, DISSOLUTION
150 mi Reflux Z2hr

DECANTATION |

135 mi
0.1M HNOy RINSE =8  EVAPORATION
50 ml
b
DECANTATION NaOH
TRALIZATION
53 ml — NEU 79 millimols
DIGESTION Gelatin
A
FILTRATION 2 br ot 70°C iml Solution
Decanter Heel
{waste)
FILTRATION
Undissolved Solids

20g (waste)

Coagulated Solids
0.1lq {waste)

Clarified Solvent Extraction Feed

120 mi
{see Table Vv for composition)

FIG. 8 PROCESS DEMONSTRATION FLOWSHEET

- 14 -




%0.6-gram, -30+50 mesh sample of NTS tuff debris was heated at
500 to 600°C in the horizontal reaction chamber for 2 hours in a
stream of anhydrous HF and Np. The hydroflucrinated seolids,
amounting to 39% of the 1initlal sample weight, were refluxed for
2 hours in 150 ml cof 1.0M Al(NOB)Bwl.OM HN03 soiution. The heavy
fraction of the undissolved sollds in the resulting slurry
settled at a rate of 1.2 inches/hr. About 135 ml of turbid,
brown supernate was decanted after 24 hours. The sollds were
then rinsed with 0.1M HNO,, and settled at about the same rate.
The rinse solution (53 mlg was decanted; and the "heel" of

sclids was analyzed. Thils and later analyses of the decanted
solution showed that 7% of the original sample contalning ~11%

of the actinldes remalined undissolved. About 10 ml of rinse
solution, containing only 0.2% of the actinldes, was retalned

by the solids in the "decanter heel." These results are shown 1n

Table IV.
TABLE IV

Process Demonstraticon Test

Weight o d/m

Fraction g % Grogs A Cm
Tuff debris %0.6 100 2.7x105 100 8.3x10"
Undissolved solids 2.0 6.5 2.7x105 10 7x103

Coagulated solids 0.11 0.4 2.0x104 0.8 -

Decanter heel - - 4x10° 0.2 -
Clarifled solvent g 4
extraction feed - - 2.4x10 89 7.2%10

The decanted solution and the rinse were mixed and evaporated
to 99 ml to coagulate the suspended solids further. The HNO3 con-
centration was next reduced to 0.10M with concentrated NaOH
solution. Gelatin was added to 100 ppm, and the solution was
stirred at T70°C for twec hours, according to the procedure cof
Groh,(5) to complete the coagulation of the silica. As the
solution cooled, most of the coagulated sclids settled out; the

solution was then fliltered.

A gseries of tests was made to determine the sultabllity of
the filtrate as a feed solution for solvent extraction. The
solution gave a barely detectable Tyndall beam effect, indicating
enly a trace of suspended solids., When a sample was mixed with
30% TBP sclutlon, no permanent emulsilcon formed and the organle-
aqueous Iinterface appeared clean after the emulsion had broken.
The breaking time of the transient emulslon was the same {~23
seconds) as that fer an emulsion of 30% TBP with a solution of
Al(NOB)j-HNOB—NaNOB with the same specific gravity (1.34}. A
complete analysls of the feed solution 1s given in Table V.

- 15 -
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TABLE V

Composition of Clarifled Feed Sclution
(from 30.6g NTS Tuff Debris)

1.8M a1-t 5, kM N03_ Gross g = 2.0xlc}4 d/m/m1
0.94M Nat 0.95M F~ 239%u = 3.0x10° d4/m/ml
0.036M Feo© 0. 10M HNO, Cm = 6x10° d/m/ml
0.018M Mg2* 43 ppm $10,

0.001M Ca®t

To simplify analyses, the feed was adJusted to approximately
106 g Quucm/(min)(ml), and the solvent extraction of trivalent
actinides from the feed was tested by successively contacting a
slngle sample of the 244Cm—spiked feed solution with silx equal-
volume portions of 30% TBP-70% n-dodecane~0,3M HNO,. The con~
centration of HNO. 1n the organic phase approximatgd that for a
continuous mixer-settler bank with a feed-to-extractant flow
rate ratio of 3. > The results, shown In Flgure 9, indicate an
extraction coefficient for 2+iCm of 3.5, and a recovery
efficiency >99% for the 2%%cm,
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FIG. 9 2%Cm EXTRACTION FROM DISSOLVED TUFF DEBRIS
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Since the transplutonlum elements in the solvent extractlon
feed are expected to be 1n the 3+ oxidation state, extraction
tests for Cmot provide adequate indication for the recovery
efficiency for these elements. If recovery of Pu and Np is also
required, appropriate treatments to the solvent extractlon feed
solution would be necessary to divert them from the aqueous
waste stream of the extraction bank and from the organlc waste
gtream of the stripplng bank.

CORROSION PROBLEMS IN PLANT-SCALE PROCESSING

The scope of this project included only the laboratory
development and demonstration of a chemlecal process for actinide
recovery from a sillcate debris. Additional problems would be
ineurred in the scale-up to a plant that could process several
tong of debrls per day. One serious problem 1s the correslon of
equipment exposed to fluorides, both in solutlon and as HF gas.

Previous experience of industrial plants in handllng large
volumes of hot HF gas in chemical processes has demonstrated that
HF can be handled wlth adequate protectlon to personnel and with
reasonable equlpment lifetime. For example, HF 1s made commer-
clally by heating CaF, (fluorspar) with H,S0 é vessels of
cast ilron, steel, brass, or alloys of nickel.( The Volatility
Plilot Plant at ORNL uses a gaseous HF process at temperatures up
to 650°C to re?o er uranium from zirconium- and Zircaloy-2-clad
fuel elements. For thils service, the hydrofluorlnator at
ORNL is 1/4"-thick INOR-8 (71% Ni, 16% Mo, T% Cr, 5% Fe). After
40 process rung, measurements indicated that the vessel was
capable of at least 28 additional runs.

Corrosion problems in other process equlpment are not as
severe as in the hydrofluorination chamber because of lower
operating temperatures. Also, the dissolver, feed preparation
vessels, and mixer-settlers can be protected from fluoride
corrosion by complexing the fluoride lon wlth excess alumlnum.
Under these condltlons stainless steel is a satisfactory materlal
of construction. The system of recoverlng and recycling excess
HF from the hydrofluorinator should be a comblnation of materlals,
compatible with the temperature of the gas. INOR-8 or "Monel'*
would probably be required for the inlet piping, the tubes in the
first cooler, and the bottom of the HF recovery still. Less
expensive materials, such as iron, copper, or their alloys, could
be used(8) for the secondary and subsequent cooclers in the waste
gas line, the condenser for the recovery still, and the HF dryer.

*Tpademark of International Nickel Co.

- 17 -




BIBLIOGRAPHY

R. W, Hoff and D. W, Dorn. Produgtion of Transuranium
Elements in a Thermonuclear Explosilon -- Anacostia. USAEC
Report UCRL-T314 (Rev. I), University of California, Lawrence
Radiation Laboratory, Livermore, Calif. (1961).

D. W. Dorn. "Heavy Isotope Production by Nuclear Devices."
p. 11-20 of Engineering with Nuclear Explosives (Proceedings
of the Third Plowshare Symposium, April 21, 22, 23, 1964).
USAEC Report TID-7695, U. 3. Atomlc Energy Commlssion,
Division of Technical Information (1964).

D. @. Karraker and W. C. Perkins. Recovery of Actlnides
Produced by a Nuclear Detonatlon in Salt Formations. USAEC
Report DP-956, E. I. du Pont de Nemours & Cc., Savannah River
Laboratory, Ailken, 3. C. (1965).

C. R. Boardman, D. D. Rabb, and R. D. McArthur, '"Contalned
Nuclear Detonatlions in Four Medla-~Geologlcal Factors in
Cavity and Chimney Formation." p. 109-123 of Engineering
with Nuclear Explosives (Proceedings of the Third Plowshare
Symposium, April 21, 22, 23, 1964). USAEC Report TID-7695,
U. 8. Atoemle Energy Commisglon, Division of Technical
Information (1964).

H. J. Groh. Removal of Silica from Solutliong of Nuclear
Fuels. USAEC Report DP-293, E. I. du Pont de Nemours & Co.,
Savannah River Laboratory, Aiken, S. C. (1958).

R. E., Kirk and D. F. Othmer. Encyeclopedla of Qhemical
Technology §, p. T01l-3. Intersclence Publishers, New York,
1951.

E. L. Youngblocd, R. P. Milford, R. @. Nichol, and J. B. Ruch.
Corrosion of the Volatility Pilot Plant INOR-8 Hydrofluorinator
and Niekel 201 Fluorinator during Forty Fuel-Processing Runs
with Zirconium~-Uranium Alloy. USAEC Report ORNL-3623, Union
Carbide Corp., Oak Ridge National Laboratory, Oak Ridge, Tenn.

(1965).

J. H. Simons, Fluorine Chemistry 1, p. 248 and 264. Academic
Press, New York, 1950.

- 18 -

T R WA A T T I




