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I. INTRODUCTION

11,

A survey of the literature of pyrochemical processing has been made with
the intent to present the theory, status, and application to future HAPO
technology. It has been found that most pyrochemical processes-under
investigation today are direct extrapolations of early A:ges work on ,
fission product volatility and molten meta% xi;raction(l s or the regulds
of efforts to confirm Brewer's predictions 2) as vegards the scavenging
power of oxides, nitrides, carbides, and halides. :

In general, the promise or predictions of these earlier investigations
have been substantially confirmed. Unfortunately, the results do not
lead to confidence that these processes are of potential value to HAPO,

The writer finds, in the majority of pyrochemical processes, molten
uranium metal is almost inveriably one of the phases, Thus, operating
temperatures are in the range 1150-1200 C, or higher. Materials required
to contain the reacting system are few in nizpbé’i: and never ideal for con-
struction of large scale equipment. In the:fjﬁgrt‘qgr's opinion, an indefinite
period of development of suitable refractory"*a\gd fghemice.lly inert materials
mist be awaited before these proceiggs\can be a‘@%l}j{hed on & large scale.

& v LY

s

An srea of pyrochemical processiné\.szi}cl;} seems to have been entirely

RY F

ignored by laboratories engaged in this work concerns the pyrochemistry
of fused Helides, The m}éz‘ﬁ?ﬁ;ﬂis aware ‘of only one proposed process in~
volving the pyrochete%ﬁtry of fused salts. This is the result of studies
by Gibson, et. &l., n\\Eng\ELaﬁg, who proposes to dissolve urenium in

molten PbC anc},,-then redx(x?:“s ﬁgk to metal with magnesium. Following
this work, ede:p,-‘;qu\. 21.(% ) hafe shown that ZnClp also dissolves wranium.

AN TP .

There is a substé.n%k&amount of fundament?% %gformation on the properties
of uranium and plutonifm halides evailable'’?°’/ end a wealth of Jnfgrma-
tion on halide pyrometallurgical processes in general, by Kroll( ",
From this infermation, the writer has found it possible to devise sevéral
processes of potential or, possibly, immediate interest %o HAPO, These
are presented here for the purpose of stimulating interest in the pyro=-
chemistry of molten halides as applied to HAPQO separations problems,

In an earlier report(9), it was proposed that laboratory research be
initisted to develop & pyrochemical dissolution and head-end process to
be ¢oupled with solvent extraction decontamination cycles., It is the
purpose of this report to show that the previous proposal is merely a
specific example of a very general process, ' .

SUMMARY

Pyrochemicel processes can be limited to dissolution only, or extended to
complete pyrochemical processing with fully decontaminated UFg and par-
tially decontaminated plutonium nitrate the products. As a dissolution
and head-end process, the proposed process is believed to be applicable

comame (O ASSIFED
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to the dissolution of all fuel element and cladding materials which ere
available today, except those high in molybdenum, %o yield an agueous
nitrate solution suitable for solvent extraction processing. A maximum
operating temperature of 500 C can be achieved in the head-end process,
so that operation in equipment fabricated from molybdenum or its alloys
is possible without excessgive corrosion.

(1) A pyrochemical dissolution and head-end process to be coupled with
convenbional solvent extraction decontamination cycles is outlined
in detail., In brief, the process consists of the dissclution of
fuel and cledding in molten BiBry, with separation of bismuth metal
containing Ru, Rh, Pd, Mo, and Te fission products. In the initial
phase of the dissolution, where essentially only the cladding is
dissolving, an assist from free bromine will probably be required
to attain a high rate of dissolution on refractory cladding. Free -
bromine also assures formation of the higher and most volatile
halides of the cladding elements fecilitating their removel in the
dissolution step. The salt phase containing the fuel constituents
is distilled to recover excess solvent-forirecycle, and the result-
ing UBrg (and UBry) containing plutoniug*aﬁ% fission product bro-
mides i oxidized with oxygen gas to liberate bromine and yield
nitric acid soluble Uz0g, etc.The liberé%gdabromine is employed
to convert bismuth mé%a badé'ﬁp}BiBr3 for recycle,

This process is considered to ﬁaﬁq th?9gollowing advantages over
the similar process{ppgﬁqfed eariiers
\\,\“x, o .

(a) Bismuth metal is iﬁ%é%corrosive than cadmium or zinc
metals, ™In this procéss, bismuth metal does not require
distﬁ%l&%ion,

\\ ,‘\'3

(b) Operatfhg‘%§%peratures attain & maximum of about 500 C,
approximatély 300-400 C lower than in the preceding
process., This results in marked reduction in energy
requirements and substentially reduces the corrosion
problem.

(¢) The kinetics of gas-solid phase oxidation are almost
certain to be better than solid-solid phase oxidation.

(4) A1l other adventages of the previous process are retained,

In this process, all but one to five per cent of the bismuth metal
recycles., This small loss is accepted to permit the confinement of
Ru, Rh, Pd, Mo, and Te fission products in compact solidified bismuth
metal,  Halogen is consumed in irrecoverable form as cladding element
halides., Oxygen is consumed to convert uranium to U30g and regenerate
halide combined with uranium for recycle (after reaction with bismuth
metal to form BiBr3)° Nitric acid is consumed to comnvert U30g to
uranyl nitrate. :

~cammmae aeet ASSIFIED
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The cladding elements are separated from the fuel elements as
volatile halides which can be condensed and solidified for storage
in compact form. With stainless steel cladding, non=volatile nickel
and chromium halides accompany uranium and are converted tro innocuous
nitrates:

(2) It is shown that the dissclution and head-end process can be extended
to produce UFg with decontamination anticipated to meet diffusion
plant specifications, Plutonium is separated and recovered in aqueous
npitric acid solution for further decontamination by solvent extraction.

This process is summerized as follows:
(a) Dissolution as above with partial decontamination.
(v) Conversion of UBr3 to UBr) by bromination at koo c.

(ec) Distillation of UBr), at 766 C. Non-vyolatile PuBry is
collected in BaBro %or eriticality. control, Substantial
decontamination of the uwranium phase is anticipated.

(d) Metathesis of UBrj to UFy With BiFy obtgined by reaction
of HF with bismuth metsl séparated during dissolution.
Volatile BiBrg is generated gt 453 C to drive the reaction
to completion, ~The latter recycles to the dissolver.

?r T, 41"\ \%‘,} i

(e) Fluorination of UFy o UFg and distillation of the latter

to effect final"\gé\c:‘gn}amination and yield a specification

prodg’é‘g\%:} S
%, AN ey
(£) Oxida‘b:j:&;é:pfi‘ PuBrsy and BaBrp mixture with oxygen.

(g) Solution 5f plutonium and barium oxides in nitric acid to
provide feed for solvent extraction decontamination cycles.
Note that this solution has a "built in® Redox type saliing
agent, Ba(R’03)2.

The process possesses advantages over solvent extraction enumerated belows
(a) Tt is more compact, leading to low capital investment.
(b) It is simple in concept. The number of steps leading to
fully decontaminated UFg is approximately equal to the
number required to produce fully decontaminated 60 per
cent uranyl nitrate,
(e) Criticality calculations will probably show that the

process is much less sensitive to criticality hazards
than conventional solvent extraction,

e DECLASSIID
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_ (&) The fission products, Mo, Te, Ru, Rh, and P4, are retained
in and confined by solidified bismuth. Zirconium and
niobium, as well as the cladding elements, are stored as-
solidified halides., Long lived fission products, the
alkali-metals, alkaline earths, and rare earths, accompany
plutonium and are isolated in smaller volumes of neutral-

_ized wastes than currently attained by solvent extraction
where these elements are separated from the combined
uraniun and plutonium stream. '

(e) The inherent capacity for recycle of process chemicals is
probably high enough to keep chemical costs as low as is
presently achieved.

(3) Possible variations on these processes are indicated briefly to
illustrate the general nature of the process itself and the concepts
behind it.

(%) Pertﬁen‘b pyrchemistry, basic to these "pg;ﬁ%gsses s is outlined in some
detail.,

q, ~
(5) Although initially conceived\_ﬂ.,‘a‘.'{fé\x,process fq;\;f' dissolution (and sub-
sequent processing) of zirconidm clad urenium metal fuels, for which
it is ideal, it has been shown,that, with minor changes in the pature
of and order of addition of rea\n\g‘ehjss , uraniun oxide fuels and zircalloy
and, probably, staiﬁl;e‘ss‘\steel cladding can be handled in the same
equipment with a hi‘glg\gngﬁgbility of success. Highly enriched fuels
present no problem td’\thé ?issolution and head-end process itself; but
present tkfé Aushal problem-¥when the process is coupled with conventional
solvent eﬁ@r@éi}fj@n processing.

\\4 \.
RN
III. FUNDAMENTAL PYRWMSTRY

Dissolution in & fused salt has an advantage over pyrdmetallurgical processes,
wherein uranium is handled throughout as metal, "in that the choice of solvent
salt automatically determines the range of operating temperatures, In the
example chosen to illustrate the processes of concern here, BiBr, (M.P. -

218 C, B.P. ~ 453 C) was selected with BiClj (M.P, - 232 C, B.P, - Ll7 C)

the alternate, Fortunately, the volatility of the higher bromides and
chlorides of cladding elements to be dissolved, in the main, is greater than
that of these solvents, while the bromides and chlorides of uranium and plu-
tonium are much less volatile than the solvent. These physical. properties
of the system, outlined in Table 1, set the stage for a process which permits
sepsration of cladding elements, solvent, and fuel elements providing all
cen be converted to chlorides or bromides. The probability that this can

be achieved is dependent, in turn, upon the chemical properties of the
system, and presented below are the documented chemical reactions which

show that the chemical properties are indeed such as to predict the success
of the process, as conceived.
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(1) Dissolution Reactionss

(a) With free halogens: All free halogens conv% uranium
(snd, indeed, most metals) to halide salts, Mo, W,
the-platinum metals, Cu, and Ni are resistant, with the
degree of resistance a function of temperature. With

- free halogen; molybdenum is unattacked below 300 C, with
the rate of attack increasing above this temperature, 12)
Note that the range of fluidity of Bibry and BiCl3 con~
veniently overlaps this temperature. Further, the use

of these solvents would not preclude simuitaneous use of
free halogens to supplement their solvent power as needed.

Reaction of free halogens with zirconium yields the
tetrahalide, with iron, FeX3, with nickel, NiXp, with
chromium, CrXs (unless oxygén is also present when. CrOXa
may forms » wi%h tin, SnX), with ?,%vjminmng,,m:,;, with
niobium (as with tantalum, NbXs.' ;2 All are volatile
with-respect to BiX,, with the e;;ée:gﬁq:on of NiXo and CrXs3.

Free halogens form monovalent alkalf"*\n,_lefh\gl halides, divalent
alkaline earth metal halddés, and, prédominantly, trivalent
rare earth halides which &ie mon-volatile with respect to
BiX. o N

3 P AN\, "\« i\‘t .
Uranium forms [volatile UFg (B.P. - 56 C) with fluorine,
UClg (B.P. - SY7°C), UCLs (B.P. - 427 C), and UCLy (B.P.-
787C) with chlokine} u§r3 (B.P. - 1567 C} and UBr), (B.Po- -
766 ) with bromine, >

A 7%
Signifidafitly, plutonium forms only Pubrs (B.P. - 1512 C).
PuBr), Is, unkrnown an? Eilieved'too unstable to exist even
in the vapor phase. L This affords a basis for the
distillation separation of uranium and plutonium. by dis-
tillation of UBr). Similarly, with chlorine, plutonium
forms PuClsy (B.P, - 1767 C). PuCly is unknown in the
solid phasé, but moderate pressures of PuCly are calcu- (14)
lated to exist when chlorine is passed over heated PuClsz.
In general, reactions of free halogens with metals are
characterized by what amounts to ignition followed by an
exothermic reaction, Unfortunately, data do nol appear
to be available on the ignition temperatures .of concern.
_This point is of process interest, however; and it should
be noted that, while free halogens may have to be employed
occasionally to achieve a desired reaction product or
suitable dissolution rate, this is done in BiX3 media which
serves as a heat control device as well as solvent,
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(b)

{e)

Fluorine conyer?g)uo to UFg, whereas chlorine reacts
to form UO e wri er has been unable to find
direct evi%ence that bromine reacts with an to form
UO,Br,3 however, it is not unreasonable to assume that
the réaction occurs at sufficiently high temperatures,

With anhydrous halogen acids: Anhydrous halogen acids
can also be-used to supplement the solvent power of the
fused salt or alter the nature of the dissolution prod-

. ucts, Hydrogen is, of course, a hazardous byproduct of

netal dissolution.

In general, the behavior of the halogen acids is similar
to0 that of the free halogen except that the oxidizing

‘power is not as great and the highest oxidation state is

not formed in meny cases. With HCL, zirconium forms
72C1), and uranium forms UCLy.(?) Plntonium doubtless
forms PuCls.

Y\
.
\ ‘r K

With oxxdes, the following equilabria must be considered:

uo, + b Ex.w__.UX;*_ A+ a :aao, w,> (1)
When the halogen is fluorine’ the equilibria fav rs ghe
right below 700-C~and the 1eft side above 800 C,

Other halogen ac&ds are reported not to attack UO
which doubtless, mgans that the left side of the equilibria
is fayored at even' v}er temperatures with these acids.

f O, " S
Halogenxacids are, therefore, not likely to be employed
in the\procgbs considered here, They are ineffective
(EF excépted) in dissolution of U0y, and present a hydrogen
hazard upon dissolution of metals,

Reduction halogenation: Should direct halogenation of
oxide fuels fail to yield an adequately soluble ur ?% 8
oxynalide, reduction halogenation can be resorted to. )

By pre-reduction with carbon, it would be possible to
liberate uranium so it can be halogenated:

U0, + C + 2 XpT" UKy, + COgo° ' (2)

Bromine has been sh?w? to dissolve UOp in accordance with
the above equation.

The carbon can just as well be employed in a mixture with
‘the free halogen, e.g., as 0, o§ as a halogenated com-
pound, esg., COClp or CCly. 557,8) These reactions and
some in section IXI-l-a lead to confidence that oxide
fuels will not constitute an insoluble dissolution problem.

e DERIASSTYN




G-1532, 2~DS Biﬁm:ggi% %2‘}}

GENERAL @ ELECTRIC commam—s BW-1:8503

COMPANY

(d) Fused salt dis?o ution: Evidence has been presented in
a prior report 9) that zirconium and uranium are adequately
soluble in the salts of & number of more noble metals,
including BiX,. Dissolution usually resulis, however, in
formation of The lower (and least volatile) halldes which
will require further halogenstion to permit removal by
distillation. W J. Kroll cites numerous instances of
molten salt dissolution reactions and their applica’bions.(a)

Many metal oxides-are appreciably soluble in the fused
chloride of the metal. For -example, %8 per cent by weight
of Ca0 will dissolve in molten CaCls. )" It is interesting
to speculate on the possibility that UO, might have appre-
ciable solubility in BiXz solutions con%ain‘ing UX3 or UX).

Meny metals dissolve in the halides of other metals,

possibly forming sub<halides or dissolved metal with

powerful reducing potential., Metals'such as Ba, ?r Ca,

Ne, K, Mg, Zn, Cu, Cd, and Pb bebave in this way. 7]

The behavior of bismuth in this respect will be of primary

interest. ‘ ENIRN

(e) Summary of dissolution veaddtions: From the reactions
outlined in (a), (b), (c), and (&), it is possible to
concludes’ o ‘
{ N XV‘:?

1. Aluminum clahturanium metal fuels are best dissolved
in molten BiX.“aléne. -
7R 3 o

2. lZ‘if'c_E‘;édmniym-clad , zircalloy-clad, and (with certeinty)
sﬁg\inieé steel-clad fuel elements can best be dis-
solved with assistance of free halogen to ensure
formation and volatilization of the higher halides,
ZrXy, SnXy, FeX,, and CrXs3. With stainless steel
cladding, the free halogen may be required to per-
mit an adequate dissolution rate., With zirconium-
clad or zircalloy-clad elements, free halogen may
best be employed only during initial stages of
dissolution, as in a cladding removal .step.

3, Oxide fuel elements can probably be dissolved, with
Pree halogen assistance, providing the resulting
oxyhalide has sufficient solubllity in the melt,
Reduction halogenation might also be employed,
following removal of the cladding as above. Con-
siderable solubilization of UOp or UO,Cl, might be
achieved by dissolving uranium simultaneously to
yield UX3 or UXh in solution.

DECLASSIFED
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(2) Oxidation Reactionss

Following solution of the fuel element, separation of the
cladding elements, and lsolation of fuel constituents as
halides, & method is needed to convert the fuel constituents
to nitric acid soluble form. Of course, the anydrous chlor-
ides. or bromides are appreciably soluble in water and, if
desired; could be dissolved directly in nitric acid. The
halogens could then be distilled off as nitrosyl halide.
This method results in a net consumption of halogen in the
stoichiometric quantities required to combine with uranium,
etc., since the nitrosyl halide would have to be reduced to
the anhydrous halogen for recycle.

Oxygen is about the cheapest reagent that could be found to

substitute for halogen so as to permit halogen recycle.

Further, the oxides of the fuel constituents should be

readily soluble in nitric acid. For the.oxidation of halo-

gens, the following reactions are availables

(a) With water vapor: Water ‘(-apors oxidize's hot halides by
the equilibrium reactions 5)7 TN

; PR Y .

MX), + 2 Hy0 ‘;fnz)‘ajﬁ l;'HX / (3)
This reaction{f gpggﬁ‘%to the \'x:‘:}j‘ght at temperatures above
800 C with fluorides, The same is probably true at
still Jower temperatures with chlorides and bromides.
The résction is ‘thé bBasis for an analybical me’ghod for
deté’;gn"i’i:na)tion of halogens in metal nalides,(10

N, N

~(b) With oxyge X‘\r}}s _ Oxygen displaces iodine, bromine, chlorine,

and sometimes fluorine f owg netal halides with a facil-
ity in the order listed. T} The multivelency of uranium
and the variable stability of its halides combine %o
meke the reaction more complex than with many elements:

With UF), (the lowest fluoride which can readily be formed),
the oxidation prdéceeds as indicated by the following

equeationss
800 C A
2 U, + Op——> UFg + UOgFpe" ()
2 UOFp —>U0p + Uy + Op. - (5)
YOFy —> U0, + Fa.o (6)
4 UOpFp —>Us0g + UF) + 2 Fpoo - (7)

=== DECLASSIED
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The major products with oxygen in excess are, therefore,
UFg and U,0g, plus fluorine,' For the process envisioned
here, the volatile UFg byproduct would be lost (similarly
with plutonium); hencé, the fluoride system cannot be
regarded as suitable,

In the chloride system, both UCl3 and UClLy must ?e
considered. - UCLly reacts with oxygen as follows:

>250 C

UCLy + 023 U001,y + Clp, (8)
3 001y + 0p 22208 Us0g + 3 Clpe: ¢ (9)

The chloride system would appear to be satisfactorys
_however, at temperatures in excess of 250 C,; side re~
actions such as (10) and (11) can occurs

2 ucy, + 01,2298 2 uels, (10)
2 UcL; + €1, 22224 2 ueig. (11)

Small losses of uranium mey ’*occur in this manner.
Plutonium would not behayve: an?lg§ous3.y due to the in-
stability of PuCl5 and PuC Its oxidetion would
probably lead dmcﬁ.y to oxide and free halogen.

With UCl3 s ox::.dation s’cart;s according to the equation°(5)
\\ % \ 3

c:n3 + 02——> U02012 +UCLy, (12)

Whereup{m, ;bhe same sequence of reactions may be
assumed ‘as 'with UClh.

Inasmuch as the higher bromides of urani ?m
and believed t0 be too unstable to existl? the ox:i.-
dation of uranium bromides (end iodides) is comparatively
simple and yields the oxide and halogen in two steps.
With UBr), €.g.:

UBry, + Op — U0, Bry + Bry, ° - (13)
and

3 U0gBrp + 0> U30g + Brp. * (.14)
Similarly, with UBrj:

2 UBry + 0y=> UOgBry + UBry, - - o (15)

and this reaction is followed by the same sequence as

QECLASSIFED
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(¢) With metal oxides: As indicated in an e%§}ier report,(9)
the oxygen carrier may be a metal oxide, The reactions
- may be represented by the following equilibrias

UX), + MOg=> UOX+MKo (16)
UOXp + MOZ== U0y + MX, (a7}

Clearly, where the halide MXy is volatile at the reaction
temperature employed, the equilibrie will be displaced
markedly to the right.

(@) Selection of optimum oxidation reaf§§onss The oxidation
of UBr, begins at room temperature and proceeds in &
straightforward manner. In the bromide system, oxygen
(or air) is the preferred oxidant. Any of the reactions
mentioned should, however, be satisfactory.

In the chloride system, oxygen mgi#hﬁﬁ be satisfactory
as a result of volatile UClg formetion, Either steam
or metal oxides should be satisfactory glternates.

IV. DESCRIPTION OF POTENTIAL PYROCHEMICAL PROCESSES

Ian an earlier report,(9)ja”parochemfhﬁﬁxdissolntion and head-end process was
proposed which was based on: the criterias

% t,
, %

Y
(1) The solvent.must be i§§hi&$latile than cladding element halides,
but more volatile than*uranium and plutonium halides.

(2) The solventymust be more volatile than its oxide, so that distil-
lation of thé. golvent drives the reaction.

(3) The metal (zinc or cadmium) must be sufficiently volatile to
permit decontamination by distillation.

Tt is now recognized that only the first of these criteria is necessary to
a successful process., Thus, a much wider choice of conditions is allowed.

A, Discussion of Dissolution and Head-End Process

For this example, BiBrs is chosen as the solvent. BiCl3 is, of course;
a suitable alternate, A schematic flow diagram of the pro%eis is
shown in Figure 1. The dissolver design suggested earlier\9) may be

satisfactory. It could be constructed of molybdenum which is resiit-
ant to bismuth metal to 1010 c(11) ana very resistant to halogens. 12)

The molten solvent containing UBrj could be distilled as shown in a
fluidized bed using nitrogen or argon as a fluldizing gas. In case
removal of ZrBr) or NbBr5 was incomplete during dissolution, & trace of

om0 ASSIFIED
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bromine could be added to the fluidizing gas to complete conversion
of lower halides to volatile higher halides. These would distill
and recycle to the dissolver and then volatilize to waste.

The fluidized bed still would operate at about 500 C. The effluent
BiBr, vapor would be condensed at about 400 C to permit recycle of
the §luidlzing gas,

Solid UBro would be discharged to a reactor where it is burned in
oxygen {(or air) to Uzx0q with liberation of bromine. The bromine

. effluent is coudenseg go permit oxygen recycle and is then vaporized
over molten bismuth coming from the dissolver to regenerate BiBr3
for recycle, A heel of bismuth metal is always retained in this’
reactor to-contain Mo, Te, Ru, Rk, and P4 fission products, Period-
ically, this heel is sent to waste where it solidifies to provide safe,
low volume storage for these fission products,

A scrubbing tower (possibly a spray tower) is inserted between the
dissolver and the bismutb-bromine reactorox Molten BiBr, coming from
its condenser passes through this tower. enroute to the dissolver and
removes any entrained uranium and plutonium Yrom the bismuth metal.
Finally, U30g, etc., is dissolved in nltric acid° Residual halogen,
if any, is removed- by dis?‘illation°

It is intriguing to{speculate on the possibility that oxidation of
UBr, and distillation“of BiBr (including the excess) could be done
in The same reactorok\BzBr should be markedly more resistant to
oxidation than the otheQMQOmpounds present, If this could be done;
oxygen (or aif? would be substituted for the inert fluidizing gas;
and Ux0 would fecharge from the fluldized bed still. Two con-
densers in serig;! one for BiBr3 and one for bromine, would permit
recycle of the Ooxygen fluidizing gas. With air, recycle might not
be required. .

As outlined here, t?is process has certain advantages over the process
proposed earlier:

(1) Bismuth is less corrosive than cadmium or zine,(11)

(2) Operating temperatures are 300 to 400 C lower, with
consequent reduced corrosion and energy requirements,

(3) The kinetics of gas-solid phase oxidation will probably
be better than those of solid-solid phase oxidation,

The process retains all the advantages of that previously proposed
over aqueous methods, It is compact, provides safe, low volume
storage of solld wastes, and yields substantial decontamination from
Zr, Nb, Mo, Tey, Ru, Rh, and Pd.
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Complete Pyrochemical Process

The proceSS‘&escribed‘in the preceding section is essentially &

- dissolution and head-end process, Decontamination is completed
 after conversion to an aqueous phase using conventional solvent

extraction processing. An alternate path is to go all the way
to UFg, the most loglcal HAPO uranium bearing product, and to
use  solvent extraction only for the low volume plutonium cycles,

A schematic flow diagram of a proposed process to achieve this
objective is shown in Figure 2. The dissolver is identical 1o
that described previously, and BiBrjy is again the solvent. The’
selt phase leaving the dissolver is, as before, distilled in a
fluidized bed, but here, sufficient bromine is employed in the
fluidizing gas to ensure conversion of UBrj to UBry, (M.P. ~ 519 C).

_ The distillation temperature must be carefully controlled between

4153 C and 510 C to prevent melting of UBry.

UBr), leaving the bottom of the flnidized, bed still is fed to a
heat exchanger where it melts and flows to 'a bed of BaBrp fluid-
ized by an inert gas containing a trace of bromine. UBry (BJPs =
766 C) distills, leaving a deposit of PuBry, (B.P, ~ 1512 C) on the
BaBr, (M.P. _ 847 C) particlesy, The BaBry bed is necessary as a
diluent for plutonium from a”hrigfcality standpoint and as a
collector for PuBrz (M.P. - 681X0Q which is molten at these temp~
eratures. . ! e %\\ NN .

A Y
The UBry effluent fgbm“tyé}plutonium separation step is substan-
tially decontaminated frow alkali, alkaline earth, and rare earth
bromides which are non-volatile and accompany plutonium. As such,
UBr), is anﬁyﬁ@égirable product and may require additionsl decon-
tamination. %, 7

The Pluidizing ges containing UBrj vapor is allowed to cool below,
e.g., 600 C, and passed into a bed of BiFj (M.P, - T27 C) where
conversion to UF) and distillation of BiBrj results. BiBry is re-
cycled to the dissolver, and the UF),~BiF3 mixture emerging from this
reactor is fluorinated to UFg, the BiF; remains unchenged and is
permitted to recycle. Final distillat%on of UFg completes its de-
contamination and separation from fluorine, wereupon it may be
shipped to the diffusion batteries.

It should be noted that the reaction:

3 UBry + b BiFg %0600 G 3 ym) + b BiBr (18)

has a “built in" driving force, in that volatile BiBr3 is formed.
Further, BiF3 is furnished by reaction of anhydrous HF vapor with
molten Bi emérging from the dissclver. As with the previous pro- -
cess, a heel of molten bismuth is maintained as a repository for
Mo, Te, Ru, Rh, and Pd fission elements. Unfortunately, the BiFs3
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(M.P. - 727 C) must be transferred as & molten phase from this
reactor and cooled and solidified before being fed to the reactor
where conversion of UBr) occurs. :

Returning now to the PuBri-BeBr, phase, this is reacited with
oxygen-to liberate bromine for process use and convert the bromides
to oxides soluble in nitric acid.- Ba(NOz)}o formed in this way
serves as a portion of the required salting strength in & Redox

or TTA type series of solvent extraction.cycles. An lon exchange
process could also be used.

As- in the preceding process, all bismuth is recycled except the
discarded heel. . Anhydrous HF is consumed at the rate of four moles/
mole of uranium (with EF at $0.20/1b, this is $128/ton of uranium),
 Fluorine requirements are identical with those of the present pro-
cess. . Aside from the initial inventory (as ~13:§,Br3)‘9 all bromine
requirements to meke up losses of cladding element bromides are
furnished by bromine recolriﬁd from BaBr:g}j(currently qucted at
$0.53/1b in 100 lb drums) or free bromine (at $0.30/ib). A
portion of this cost can be charged to“agueous decontamination

. cycles as cost of salting agent. Other chemical costs include the
cost of fluidizing (inert) gasés™and small ‘amounts of nitric acid
and hexone., On the whole, the Wrifer doubts that chemical costs
will greatly exceed those of combined aqueous processing and UFg
production., o "N - .

RSN A

The path of fission‘products in this process differs markedly from
that of present prOcé‘s\ség .;}' Cladding elements and fission product
zirconium-niobium are Storéd as solid bromides. Solid bismuth
metal (oné%\%o;‘"f‘ﬁ;.a,\(e per cent of the total) is used to confine Mo,
Te, Ru, Rh,\ahd, Pd, Any of these, plus Zr-Nb, reaching the fluoride
volatility s“tgggf“will be accommodated as neutralized wastes.

Alkali metals, alkaline earths, and rare earths stay in low volume
plutonium cycles., These will eventually appear as neutralized
waste, but of smaller volume than presently obtained.

In comparing this process with an all fluoride volatility process,
note that a substantially better decontamination potential exists.
Decontamination from about 99 to 99.9 pexr cent of Zr, Nb, Mo, Te,
Ru, Rh, and P4 is obtalned during dissolution. Decontamination of
uranium from alkali metals (Cs, Rb), alkaline earths (Sr, Ba), and
rare earths during distillation of UBr) should be very substantial
(>103). Additional decontemination of UBr) from Zr, Nb, Ru, Rh,
Pd, Mo, and Te is also poseible at this point. The final UFg dis-
tillation step would have to achieve a decontamination factor of
only 103 to loh to yield a specification product. This is readily
attainable, '
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Mo and Te are troublesome- elements in the all fluoride volatility
process, - Here ‘the ~concentration of these elements is markedly
reduced in advance of UF6 distillation. In addition, troublesome
plutonium is separated prior to conversion to fluworide. This is
done - to- avoid problems of PuF) and PuFg instability.

The process offers advantages over conventional solvent extraction
as followss

(1) Due to the high density of process streams, the process
is more compact, leading to low capital investment,

(2) It is simple in concept. The number of processing steps
leading to UFg production is approximately equal to the
nugpber required to produce decontaminated uranyl nitrate
by solvent extraction. Thus, UO3 production and conver-
sion to UFg is entirely eliminated.

(3) The process is less sensitive to.;cx?ﬁ,ﬁicality considerations
in view of the absence of water (hydrogen). The plutonium
eycles (solvent extraction), if designed "always safe”,
would permit this type plant, to process natural or enriched

e

fuels at will. \ R

(4) Fission products;-€.g., Ru, Rh, Pd, Mo, and Te, are, in the
main, confined within compact; solid metal. Zirconium and
niobium, along with the cladding elements, are stored as
solid halides. ‘Welspes from low volume plutonium cycles
contdin. long 1ived fission products, but these will consti-
tute \substantially smaller volume than similar wastes
currently stored.

(5) Recycle of process chemicals can probably keep chemical
costs about as low as in the present solvent extraction

process .

C. Process Variations of Interest

Alternate processes can be devised using oxygen or steam or metal
oxides as oxidents. Solvents such as CdBrp, CdCly, ZnBrp, ZnCly,
or other salts can be used, ,

Metal separating in the dissolver can be distilled for deentrainment
or decontamination or can be reacted with either free halogen or
halogen acids, produced in the process, to regenerate the solvent.
V. CONCLUSIONS
The processes outlined here appear %o have a sound theoretical and chemical

basis., They appear to have four singular advantages over presently con~
ceived pyrochemical processes elsewhere considereds:
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(1) Moderate operating temperatures can be employed pexrmitting use
of metal egquipment, co

(2) The process can be integrated rather simply with existing solvent
extractlon facilities.

A (3) The process is potentially capable of processing all or most of
' the fuel elements and cladding materials of any significance.

(4) As a complete pyrochemical process, the decontemination potential
for the uranium product exceeds that of any pyrochemical process
proposed to date, Plutonium separation from granium is simule
taneously achieved. ‘
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Comgound

BiBr3
BiC 1“3
UBI’B
uc 13
UBr),
uc 114
P'QBI'3
PuCl3
ZyBrp

ZrBr),
ZrCl),
NbBro
NbCla
NbBr5
NbCls
AlBr3
AlC 13
SnBroy
8nClyp
. Sn'BI'u
SnClh
SiBr)
8iCl),
NiBra
NiCla
F eBr3
FeCl3
Cr’.Br3
CI’C:L3
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TABLE I

VOLATILITY DATA OF PROCESS INTEREST

Melting Point, °C

HW-48503

Boiling Point, °C

218
229
752
835
519
590
681
760
627
127

Nt or”

453
Wiyl
1567
1727
766
787
1512
1767
1227
1477
357 (sublimes)
331 (sublimes)

non-volatile

272
2h6
263.3
180 (sublimes)
620
652
207
113
153
5T
977 (sublimes)
987 (sublimes)
627
319
927 (sublimes)
947 (sublimes)
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FIGURE 1

SCHEMATIC FLOW DIAGRAM FOR DISSOLUTION AND HEAD-END PROCESS WITH NO METAL DISTILLATION
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PROBLEMS IN HANDLING SUBLIMATES IN

PYROCHEMICAL PROCESSING

In the pyrochemical dissolution and head-end process proposed here, problems
mey arise in the handling and disposal of cladding element halides which
sublime from the dissolver. These will be accompanied by volatile fission
praduct halides and fission product permanent gases, In addition, free
halogen gases of appreciable value may be present,; if necessary for coantrol
of oxidation state or dissolution rate.

The subliming cladding element and fission product halides must be removed

from the dissolver off-gases to permit lodine removal prior to dispersion of
permenent gases in the atmosphere via the stack, It is proposed here to

utilize a fluidized bed as a condenser and collector*for the subliming materials.
Air could be used as the fluidizing gas. N

The bed medium could be varied to sult the- circumstances. If zirconium is the
cladding element and its eventual recovery is desired, “the bed can be the zir-
conium halide issuing from the dlssolver. J

The bed must be cycled through a heat exchanger so that the particles of the
bed rather than the wall of the‘unit serve as a heat transfer surface, Oper~
ated in this way, the flnadized bed §v01ds difficulties with clogging and
variable heat transfer in condensers of more, c?nventional design. Its opera-
bility, using ZrClh, has bsen demonstrated. -
"-’1-. '*\ S %
A portion of the bed can*be continuously discharged to waste containers to be
sealed and stored. Radioactive heating during storage can be controlled by
varying the ratio of non-radicactive bed make-up material to radicactive

meterisal condensing.
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