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COMPARISON OF PHOSGENE, CHLORINE, AND HYDROGEN CHLOR{DE
AS REAGENTS FOR CONVERTING MOLTEN Sag.gaCIZ TO 9:912

Keith W. Fife
. David F. Bowersox
Egan D. McCormick

Plutonium Metal Technology Group
Division of Materials Science and Technology
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

One method at Los Alamos for preparing im-
pure plutonium metal from the impure oxide is by
batch reduction with calcium metal at 850°C in a
CaCl, solvent. The solvent salt from this re-
duct%on is currently discarded as low-level ra-
dioactive waste only because it is saturated with
the CaO byproduct, We have demonstrated & pyro-
chemical technique for converting the CaO to CaCl
thereby incorporating solvent recycle into the
batch reduction process. We will discuss the ef-
fectiveness of HC1, Cl,, and COCl, as chlorinating
agents and present inigial data on regenerating
and recycling actual spent process solvent salts,

2

Introduction

Iupure plutonium metal is produced by the pvrochemical reduction
of impure plutonium dioxide using molten calcium metal {u a liquid
calcium chloride solvent (1).

Puo, + 2ca® 1919 pu + 2ca0.11cac1, (1)

g )

This direct oxide reduction process (DOR) is a batch operat.on
where the solveni salt performs a varietv of functions during the
reaction: it acts as a heat sink during the exothermic reduction of
Pu0,_, it provides a medium to control the reaction, and it dis-
|013ca the Ca0 hyproduct to 18 molX (10 wtX) which permits good
plutonium metal coalescence after the reduction is complete.

Recause cf the limited solubility of Ca0 fn CaCl_, the solvent
salts are discarded as low-level radiocactive waste nfgcr each reduc-
tion, There are numerous advantagea (2) for developing a procedure
to regenerate the spent salts; briefly they include



reduction of process waste from DOR

improvement in overall process yields

potential for producing a pure solvant salt

potential for producing a pure plutonium product from pure
reagents

potential for optimizing the DOR process

potential for oxidizing excess calcium aetal to weet WIPP
disposal criteria

0000

o0

We have initiated a program to define a process that addresses
each of the advantages listed above and also determined the feas-
ibility of DOR salt regeneration and recycle. This summary details
our experience in salt recycle, both from radiocactively hot and cold
viewpoints.

In theory, the regeneration of spent DOR salts could be ac~
complished through any of three approaches: the electrolytic reduc-
tion of Ca0 and subsequent recovery of the calcium metal (3), pre-
cipitation of CaO, or by the chemical conrversion of Ca0 to Ca(ll
usirg an appropriate chlorinating agent. Preliminery wnrk at
Argonne National Laboratory investigating the electrolytic ie.uction
of a0 was promising, but it was felt too much time was required for
proper cell design and development. Precipitation studies were also
unsuccessful because of poor phase separation and incomplete Ca0 so-
lute removal from the CaCl, solvent. The final approach, Cal cunver-
sion to CaCl, by chlorinatgon. however, appeared very promising from
initial small scale experiments.

This initial success encouraged us to scale the system to near
full scale (3-5 kg spent salt) and to begin a program investigating
the parameters necessary for spent salt recycle,

Because of our long-range goal to conver.: DOR {rcm a purely
batch to a semi-continuous operation by regenerating end recvcling
spent salts, we felt it necessary to accouplish regenerarion of a
5 Kg salt in aprroximately two hours. This would provide the basis
for further process development.

The success of this recycle program depends on maintaining or
improving salt quality during regeneration. Plutonium is a very ac-
tive metal snolvent and trends to strip metal impurities from salt
(Table 1). This is the principle reason the DOR process has not
been able to produce a "pure" metal (> 99.9%) from "pure' reagents.
If we can regenerate a salt while maintaining or improving its qnal-
ity, then pure metal production irom this process is more feasible.
We have nelectad three major analytical determinations to uielp eval-
uate the final salt: it will be necessarv to maximize Ca0 rechlorin-
ation, to minimize residual oxides present in the galt (oxygen is a
calcium corsumer in DOR), and tn minimize or eliminate tha iutsuduc-
tion of metallic impurities into the saltr.



Regeneration Procedure

All research and process development was conducted in radioac-
tively cold settings using synthetic spent DOR salt
(CaCl,.10 WtZ Ca0.1 WtZ Ca®). We did not make any attempt to vimu-
late the trace plutoniunf metal that would be present in the actual
salts.

TABLE I, ESTIMATES OF ELEMENT SOLUBILITIES IN PLUTONIUM
AT 800°C (4)

Element Atom 7 wel Flemert Atom 1 Wt
Silver 6.5 2.6 Nickel 45.0 16.7
Aluminum 10.0 1.2 Lead 14.0 12.4
Gold 7.0 5.8 Platnium 9.0 4.2
Bervllium 7.0 0.3 Rhenium 2.4 1.8
Bismuth 8.5 7.5 Rhodium 19.0 9,2
Carbon 2.3 0.1 Silicon 7.5 c.9
Cadmium 1.0 0.5 Tin 0.9 0.4
Cobalt 38.0 13.1 Tantalum 0.2 0.1
Chromium 3.3 0.7 Titanium 22,5 5.5
Copper 52.0 22.4 Thulium 4.1 2.9
Iron 27.0 8.0 Vanadium 1.5 0.3
Gallium 23.0 8.0 Tungsten 0.01 0.01
Hafnium 11 8.4 Yttrium 16.0 6.6
Magnesium 22.5 2,9 Zinc 30.0 10.5
Manganse 30.8 9.3 Zirconium 5.4 2.1
Molvbdenum 2.8 1.1

Niobium 1.5 0.6

The method used in all experimentation was to place the 3,0 kg
salt in a 15-cm-0D by 38-cm-tall vitrified magnesia crucible that
was nested in a stainless oteel containment can inside a stainlens
wteel furnace tube (Fig. 1). After placing an argon atmosphere
above the salt, the apparatus was resistance heated to 350°C using
a Lindberg Model 60155 furnace. The melt was sparged with a chlor-
inating agent (HC1l, Cl, or COCl,) for a fixed time at a fixed flow-
rate. Samples were wiZhdrawn fgom the melt initially and at selec-
ted intervals during the regeneration cycle to determine Ca0 con-
version profiles and residuei oxvgen profiles as functions of gas
contact time. After chlorination, the system was purged with argon
und the salt cooled. All off-gam from the system was directed
through a caustic scrubher system befora venting to the atmosphere.

Regulte

Tt is possible to write several thermodynamically stable chem-
ical reactions describing the atoichiomecry of Ca0, and calcium met-
al conversion to CaCl, using HCl, C12. and COC1, (5,6). Tha kinet-
ics of these rclctionz. however, are not undersfood nor do we
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anticipate any future investigations into this area. For the three
regenerant gases, general relationships can be written to help des-
cribe the reactions:

Ca + Ca0 + 4HC1 » 20&012 + H20 + ﬂz -136 Kcal/molCsa0 (2)
Ca + Cal + 3Cl2 + 3CaC12 +0 - 71 Kcal/molCa0 3)
Ca + Ca0 + 3C12 + 2cac1? + cf.0 -154 Kcul/molCa0  (4)

Ca + 4Ca0 + 6C1. » SCacfz + 2810 — 47 Kcal/molCa0  (5)
Ca + Ca0 + 2COCE. +2CaC12 + €0, ¥ O ~249 kcal/molCa0  (6)
Ca + 2Ca0 + 2cocf2 - 2Ca312 + E.co3 + CO -211 kcal/molCal  (7)

Additional phosgene reactions can also be written that incorporate
the oxy-chloro and uxygen products from the chlorine reactions.

Reageneration experiments with phosgene, chlorine, and anhy-
drous hydrogen chloride indicate that Ca0 alkalinity car be effec-
tively reduced by any of the three reagents (Fig. 2). But since
residual oxygen in final salt will react with calcium metal in the
recycle step to form CaO, the residual oxygen profiles shown in
Fig. 3 are a better indicator for regeneration efficiency. These
profiles 1llustrate the difficulty in removing residual oxvgen
from the system. Regeneration with chlorine results in the best
performance followed by HC1l and then COCl,. Possible explanations
for these results may be with the oxygenaged byproducts from the
rotential reactions. In most cases, they byproducts have low
boiling points (<100°C) so that their vapo:r pressures at 850°C
would be very large. Their solubilities in molien CaCl,, however,
are unknown. This sciubility or the possibility of secOndary re-
action may contribute to the slower oxygen removal rates exhibi-
ted by the HC1 or COCl?.

When considering COCl, as the regenerant, CO, and CaCO, are
proposed byproducts in tlie“conversion reactions. Originally, we
felt the carbonate reacrion was predominsnt because of the slow
oxygen removal rate and also beceuse of the carbonate profiles
shown in Fig. 4. This figure showa the depeudence of carbonate
concentation (as determined by carbonate specific ion electrode) on
the repenerant gas flowrate. We ialt the carbonate concentations
peaked during regeneration as a result of CaCO, formstion and then
decomposition (calcite decomnoues 900°C)., It was onlv after x-ray
diffraction analysis on the eolt indicated the absence of CaCO
that ve considered dissolved CO. as both the carbon and oxygen
source {llustrated in Fig, 13 muﬁ Fig. 4. Additional tests are be-
ing conducted to help verify this new asssumpt.on.

In either case, the presence of carbon in reagents is deteri-
mental to the succegs of pyrochemical operation because of the
ability to form plutonium carbide, a high melting alloy at rela-
tively low carbon concentrations. This compound ls extremely dif-
ficult to separs&te pyrochemically. The resulting stability of cer-
bon and oxygen in phosgene~regenerantcd salts and also the extreme
toxicity and corrusiveness of the reagent have encouraged us to
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eliminate phosgene as a candidate for DOR salt regeneration experi-
ments, Hydrogen chloride and chloride, howsver, were evaluated
further and are currently undergoing comparison in regenerating the
actual spent DOR salts.

Because of the desire to rapidly regenerate the salt (15 kg,
inv2 hr), we initiated an optimization program for HC1l and Cl, to
maximize regeneration and minimize residual oxygen. Since we felt
constrained to use existing equipment (our reactior. vessel config-
uration was therefore fixed), we concentrated on optimizing our
gas/solution contact mechanism. Operating at high gas flowrates
vhile minimizing solution splashing would give us efficient regen-
eration in the minimum time and with minimum salt loss. We are
currently using an openend ceramic tube for gas introduction and
have been able to effectively regenerate 5+ kg in 2 hours using
chlorire at flowrates between 3-5 {/min, Before deciding on
openend tubing, we made several attempts at constructing suit-
able gas dispersion devices. Our high-porosity metal frits and
perforated metal and ceramic tubes all suffered from mechanical
failure or severe corrosion.

Figures 5 and 6 illustrate the effect of HCl flowrate on Cal
conversion and residual oxygen during the course of typical re-
generations. The trend of these curves is not surprising with an
increase in flowrate resulting in quicker regeneration. Profiles
using chliorine are similar, though its performance is much improved
over HCl1 as was showa previously in Fig., 2,

Semi-qualitative metal analyses were performed on all of our
regenerated salts to determine the extent of dissolution of wetted
parts and other internal portions of the apparatus shown in Fig. I,
In all cases there was evidence of salt contamination by constitu-
ents of the apparatus. Figures 7 and 8 show the corrosive effects
of HC1l, C1,, and COCl, on the wetted ceramic parts. For the gas
introductofy tube we 4Gsed alumina or vitrified magnesia, and the
reaction vessel was alwavs vitrified magnesia. Also in many cases
we have seen high levels (500-1000 ppm) of stainless steel compo-
nents present in the salt (Fe, Cr, Ni, Cu, Mn, etc). We feel this
is due, in part, to the circulation of corrosive off-gas in the
vapor space above the salt before it actually vents from the sys-
tem.

We have been successful, however, in minimlizing contamination
from stainless steel by gold-plating the top furnace flange: by
raising the magnesia reaction vessel as high in the furnace tute
as poscible; and by introducing an argon 'flusii' line to the system
to sweep the vapor space and force the off-gas out of the system as
quickly as possible. The alumina contamination can be eliminated
by changing to a magnesia sparge tube. The magnesia contamination,
however, is inevitahle but does not pose a major problem at this
time. It reduces to magnesium during the recycle step by reacting
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with the calcium, volatilizing, and collecting in the cooler vapor
space of the furnace tube.

Results of actual DOR Salt Regeneration and Recycle.

As a result of the development experiments using syuthetic
spent salts, we have adapted gloveboxes in our plutonium facility
and are currently demonstrating DDOR salt recycle on a full-scale
batch basis, We regenerate a 5.0 to 5.5 kg salt in A2 hr with
chlorine or HCl at flowrates between 3 and 5 ¢ /min. At these
flowrates, both reagents effectively regenerate the sclt. Chlor-
ine, however, produces the better quality salt as indicated by its
regeneration performance and subsequent recycle
performance.

The presence of trace plutonium in the salts does not eppear
to effect regeneration in any way. The excess free calciuvm metal,
however, does not behave as we expected. We felt the free cal-
cium would react quickly with the regenerant gas and be converted
to CaCl, early in the process. Our experienre is that the buoyant
calcium™1is effectively pushed to the wall of the reaction vessel by
the zas bubbling through the salt. As this occurs, its ability to
contact the chlorinating agent i3 severely reduced and it goes
throngh the regeneration procedure partially intact. This is not a
major problem; it only reduces the possibility of relying on this
tect 'que to fix or oxidize the calcium to meet WIPP criteria for
multimate disvposal.

Plutonium metal produced from the recvcle step has proven to
be of better quantity and quality than we originally expected. Me-
tal yields from our recycle 5-kg have averaged slightly better
than in production DOR (96% vs 94%Z). This is due in part to our
using a consistent, high quality Pu0O, as opposed to production DOR
using the lesser quality foundry grade Pu02.

We are using the high quality feed to minimize variables in
the process and allow us to better evaluate regeneration and re-
cyle and also to evaluate the potential for pure metal production
from pure reagents. Several DOR runs using this feed material
have produced metal products whose plutonium content exceed 997%.
Metal impurities are essentially the ones we previously discussed -
stainless steel components and ceramic components, This product
frowm DOR does not meet plutonium product specifications and will
nead further treatment, We are currently generating several kilo-
gramg of this metal tc evauluate in subsequent processing steps.

Conclusions

0 Regeneration of actual spent DOR gsalt can be effectively
accomplished hv either HC1 or chlorine.



4 Based on synthetic spent salt regeneration experiments,
phosgene was eliminated from further consideration as a
regenerant gas because of carbon and oxygen stability in
the product salt.

o We have demonstrared the ability to effectively regenerate

5+ kg of spent DOR .salt in 2 hr using chlorine at flowrates
of 3-5 £ /min.

o Calcium metal appears to be incompletely converted to CaCl2
during regeneration,
o Plutonium metal yields and metal quality using recycled salt

are very comparable to results from production DOR,

Future Topics

Tor the short term (calendar 1985), we are planning our first
series of tests into converting DOR from a purely batch system to
a semi-continuous system. We will also continue with our mater-

ials compatibilicy studies and our modest equipment development
progran.

For the longer term, we expect to have determined the feasi-
bility of our initial concepts regarding the evolution of DOR; we
should have an answer to our materials compatibililty concerns; and
will have determined if our equipment .'evelopment program can sup-
port our DOR optimization goal.
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