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PREPARATION OF FLUTONIUM METAL

VIA THE CHLORIDE STATE

I. INTRODUCTION
The basic chemistry of the chloride route from plutonium nitrate to

plutonium metal was known in 194k4,{1)(2)(3) and has veen variously studied
since then.(%)(5)(6)(T}(8)(9)(10) ' s

e
In general, however, fluoride has been preferred to chloride in plutonium

metal p.eparation. An objection to a plutonium fluorifie is the high neutron
density resulting from intense alpha radiation of the fluorine atams. By
asing a halogen of higher atomic number, the neutron exposure of personnel
would be reduced more than by any reasonable shielding. Plutonium trichlo-

ride was the most promising substitute and would lessen the neutron radiation
by a factor of 100 in the dry salt.

A second advantage of a chloride process is a matter of purity. The
volatility of several metallic chlorides serves to remove or decrease these
impurities in the halide powder and the metal.

The process selected(1l) for further 3evelop;1'ent was the continuous
chlorination of plutonium dioxide powder by phosgens gas -in 8 heated vibrating
tube, foliowed by the conversion of plutonium trichloride to plutonium metal
by heeting with calcium in a hermetically sealed baomb.

Th:is chloride route for plutonium metal preparation is one of many varia-
tions possible in & general metnod proceeding from nitrate solution, to
oxalate .ad/or oxide, to hal'de, to the metal.(12)(13) mmig paper emphasizes
the chloride process selected, and substa.ntiall?' Beglects some excellent

“
development work performed by my colleagues ca steps before and after

chlorination. ¢
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II. EQUIPMENT AND FRCCEDURES
A. Oxalate Preparation

A stream of about one moler plutonium nitrate solution end anqther
containing one molar oxalic ascid solution and 0.25 molar hydrogen per-
oxide were pumped stcaidily into & four-inch diemeter precipitator. The
peroxide served to conver - the plutonium to the tetravalent state. An
air-driven stirrer prevepted settling of the oxalate precipltate a:;;’l
aided the overflow of slurry into a round bottom pan (Figure 1) in which
a moving blade kept the slurry agitated. Vacium (18 inches or more of
water) applied t> a rotating filter drum removad the flltrate from the
pen and deposited the preclpitate on synthetic fiber filter clotn. The
wet platoniua(IV) oxalate was scraped from the arum and dropped into a
salciner. Losses of plutonium into the filtrate tank were about two to
five percent. After destroylng excess oxalate with permanganate, this
solition was recycled in%to the process tv which the plutonium nitrate

was prepared.

B. Oxide Preparation

The screw calciner (Figure 1) received the wet oxalate, Pu(C20L)26H20,

passed it thr-ugh 30 inches of furnace, and converted it to free-flowing

oxide in about twenty-five minmutes. The two-inca diameter screv in this

e ——

calciner was made of Hastelloy C. Within the 30k stainless steel furnace
tube, the powder was pulverized in a device similar to & kitchen meat

grinder. Ususl calcining temperatures were 250 to 350 C,

C. Chloride Preparaticn

The chlorimator was in a gloved hood adjoining the calciner hood, but
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there was no ai...pberic flow between them. The chlorination hood was
supplied with & dry aumosphere.

The plutonium oxide dropped from the calciner into the. chlorinator
through two ball valves which opened and closed on cycles timed to prevent
gas flov between these unite. Carbon dioxide entering the valves swept the
phosgene downstream. A Tefion bellows isolated these valves from the
vibration of the chlorinator. Intermittent vibration was achieved by
an automatic timer and an F-115 Syntron Vibratory Feeder reted at six
tons of sand per hour. 7he intensity of vibration was adjustable. (Gases
left the reactor et a tee about eight inchee from the upper end. The
iilter nousing and ceramic filter mounted at this point were subject to
vibrations of the reactor. The vibrations served to clean the filter
and empty this powder back into the chlorinator. As the powder vibrated

down the Hastelloy B tube, it was heated during a forty-inch path to

temperatures rising to 500 C (Figure 2)., The temperature in the first 15
inches could become excessive and sinter the powder unless the electric
hest was adjusted downward as exothermic heat increased. Fhosgene gas
entered at both ends of the tube after being preheuted to about 200 C,
Typical operating details of the chlorinator are given in Table I.

These conditions yielded about 98 percent plutonium trichloride,
vhereas powder flowing at 400 g Pu/hr showed about 80 percent conversion.

The maximum throughput with acceptable product was not determined. t

D. Metal Preparation
The preparation of plutonium metal by calcium reduction of plutonium

trichloride was done in the same developmentel equipment as was ased for

A Ao S =
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TAELE I

TYPTCAL CFERATING DETAILS OF CONTINUOUS CHLORIRATOR

. Throughput Rate 250 g Pu/hr .
Residence Time 30 - 40 minutes ,
Bed Depth /b - 3/3"

Tube Inside liemeter oval, 1-1/4" x 2-1/4"
Heated Length ' ka::_

Fm'_na.ce Temperature 500 C maximum

Mlter Temperature 350 - 400 ¢

Chlorinator Slope b4 degreéa

Vibration Cycle 10 sec on, 25 gec off
Gas Pressure 1 - 20" of water vacuum
Fhoagene Flov § mols per mol of Pulp

Plutonium tetrafluoride. The pressure bomb and 1id with pressure gauge
may be seen in Figure 3. Also shown are containers of iodine, calcium,
and plutonium tricloride, a crucible in a can, and a typical plutonium
metal button.

A calcium and iodine reaction was used to boost the temperature of
the principal trichloride end calcium reaction. These chemicals were

. mixed and placed in a magnesia crucible in the stainless steel can.

This crucible had been previcusly sand-packed and fused into the can by
impregnating the magnesia with molten caleium chloride. "ne can was used
to prevent the molten chloride salts of a reduction from fusing the cru-

cible and sand into the bottom of the bomb. The slag and metal were
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eventually routed or broken out of the crucible, and the crucible was
reuscc many timee,

After a reduction bomb wae charged and the 1id bolted in place, it
was lesk-tested and purged at least two times with argon. Firing was
initiated by heating in a 10 kc induction coil for about 15 minutes to a
bomb skin temperature of wbout 700 C. Firing was normally indicated by
an upward change on the temperature chart and by a sudden drop in pressure.
Bomb pressures were usually 50 + 30 psig and rarely exceeded 100 psig.
About 200 psig was coneldered the maximum safe pressure. While the re-
duction charge was molten, the plutonium metal collected in the bottom of
the crucible, ecsentlally free of any slag and excess calcium.

The flow sheet in Figure 4 shows the relative amounts of chloride 3
iodine, and calcium. T. S. Soine(l%) recently discussed the variebles
in the calcium reduction of plutonium trichloride. Plutonium metal was
prepared in batches ranging from 30 to 1400 grame with good success. Slag
and broken crucibles from the metal raduction step contained plutonium
which had t- be recovered. FE. C. Smith(15) dsveloped the techniques for
dissclution of these wastes in nitric acid end recovery of the plutoniun
as nitrate solution. Small amounts of scrap plutonium metal, powders,
and liquid wers similarly recovered. Liguid and solid wastes from this

Tecovery work were sent to underground disposal along with other contami~

nated wastes.

DISCUSSION AND RESULTS

A, Process Discussion

The optimum conditions of oxalate preparation required an 0.1 molar
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excess of oxalic acid in the supernatant stream. Nitric acid in the plu-
topium nitrete stream was 3.5 to 5 molar. Under these conditions, the
plutonium losses to the filtrate were smallest and the filter cake was
easily handled. JIf these conditions were not maintained, the precipitate
would not filter readily azd/-r would cling to the trough rather than fall
freely into the calciner.

The oxide preparstion was stopped short of conversion to the stoichi-
metric plutonium dioxide. The powder could lose about 1O percent of its
weight on further heating to 1000 C. The objective was to produce a free-
floving powder which would be easily chlorinated. Calzining temperatures
vere varied from 150 to LOO C with noticeable changes in powder color
shade. All of the oxide powder was readily cklorinated, so optimum temper-
ature was not defined.

Prior to use of the chlorinator described here, several other cﬁlorin-
ating agents were tried. Hydrogen and hydrogen chloride, gaseoue carbon
tetrachloride, and chlorine-carbon monoxide mixture were all compared
wvith phosgene and fowd less reactive. Use of phosgene permitted a choice
of & hundred degrees lower temperatur=s for an equivalent resction rate, or
else s higher chlorination rs e at the same teaperature as the other
reagents.

The vibrating tube was selected as the reactor because of other local
experience with vibrating tubes, and also because it has no moving parts
exposed to high temperature and corrosive atmosphere. ‘The minor nickel
impurity found in the chlorinated powder indicates the possibilities of
using moving parts and higher temperature in s Hastelloy B chlorinator.

As poted earlier, in Teble I, the phosgens flow was six mols per mol

at b

- " . '”

DECLACSIFIED et




o DECLASSFIED

of plutonium, or three times the stoichiometric requiremen:. This may
have beer more than was necessary. Under the specified conditions, the
principal and minor chemical reactic_vns were as follows:

FuOp + 2C0Clp —»PuClz + 2002 + 1/201p (principel).

Pudp + CUClz—FPudCl + CO2 * 1/2Clz (minor).

PuOCL + COClp—PPuCl3 + CO2 ‘minor).

CoCk2 —» €O + Cl2 (minor).

§20 + COCl2 —»2HCL + CO2 (mino?).

The phosgene hy.rolysis ‘ndicried in the last equation occurred when
aoisture entered with th® plutonium dioxide or when moist air leaked into
the gas exhaust system. Chlorination d.id not occur when air leaked into
the reactor tube. Small air l.eak; wvere the cause of mcaayplete chlorina-~
tion on several occasions. The rartly-chlorﬂinated powders from such runs
were recycled through the chlorination step with good results.

The comversion of plutonium trichloride to the dioxide by high tempera-
ture air m ucilized in the handling of some impure powders such as hood
sweepings. Some of these were freed of chlorid.e.by heating in air at |
40O - 500 ¢, then dissolved by acids in stainless steel equipment. 'mesé
may also be recovered as l:.ubimd earlier.

Most of the time the plutonium trichloride formed in lumps which were
largely pulverized by the vibration in the tube and in the product re-
ceiver. The lunside of tb: lump: we=re chlorinated and offered no problem
in reduction to metal. Whon the r.ac-ion tube was plugged by the lumps, -
it was due to experimental conditions. Three things vere done to eliminate

any serious problem from plugging: (1) the best operating conditions vére

-
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defined, (2) the chloride exit was made oversize to prevent jinterference

with flow, and (3) the tube end was aitered to persit essy rodding of the
tube if a plug developed.

Powder flow control in the vibrating tube was more & provlem than
merely lumps. The resonance of the tube was influenced by suspensica
poicts, powder lc=wd, filter housing weight, v‘ibrator mounting, etc. Ex-
perimenting was neces:iry to eliminate standing waves which interfered
with powder flow.

The vibrating tube served its purpose in producing high quality plu-
torium trichloride which wes readily reduced to plutonium metal.

4 study of the variables in tihe metal preparat:lon(lh) showed that gocd
aixing of the charge was not always necessary. The charge could be un-
mixed if Lhe plutonium trichloride was on top.

The presence of moisture in the reduction could lead to hazardous-
voml pressures. It was found that 0.5 percent water was permissible in
the trichloride. Because the reductioa work wes performed in a gloved
hood at 40 percent relative humidity, the uate of hydration of the tri-
chloride was of concern.,

Several powder samples of 3/h-inch depth were exposed to air at
controlled humidities. The rates of weight increase are shown in Flgure 5.
Less than 0.0l percent increase was observed inm 10C. hours at dew point
=18 C. There was no evidence of hydration at dew points -20 and -28 C,
The permissitle time of expos .re at various humidities may be approximated
from the graphs. Hydration is accompanied by a powder volume increase and
a chenge %0 bright-vlue color. Relative exposed area is critical in the
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Thesgene has been used for over two years without harmful incident.
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B. Gasges

Procedures for safz handling of hydrogen fluoride are adequate for

thosgene. Some psychological resistance was experienced.

In cold weather, the phoiggene cylinders must be allowed to warm to

rcox temperature to provide the normal 3C psig pressure. The gas flow

control valve was heated to eliminate liguifying the phosgene by the
yress e drop from 30 psig to telow atmospheric normal.

E:haust gases from the process were filtered to prevent losses of en-
treined plutonium powders and contamination of the environment.

The gases from the calciner were kept hot through a cyclone which
trapyed some of the oxide dust. A filter of glass cloth and then a water
vapor condenser further prepared the off-gasce for release into the
generel laboratory vacuum system.

Emagn gases from the chlorinator were filtered through a heated
ceranic filter. Pilter cylinders cut iato five-inch lengths from products
of the Carborundum Cowpany and of the Selaes Corporation were both used
with such success that no efforts were mads to use more expensive Hastelloy
Tilters. At the flow rates used, pressure drop across a filter wvas near
7 %o 10 inches of water. Filter characteristics are shown in Table II,

The filters permiited the "bdleeding” of some fine dust until a cake
formed. In X or 4O hours of test operation, there was less than O.1 gram
of plutomium Pass either of these filters. When a filter was oper: ted
cold, it became plugged by condemsation of volatile chiorides. When a
filter was heatad to 350 - 400 C, these chlorides passed through, and
condensed beyond the filter.

-—
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TABLE II

CERAMIC FILTER CHARACTERISTICS

Carborundum Selas
Grade 5 =
Porosity ca 0.25 0.28
Pore Size ca 65 pn dia. 100 p die.
wall Thickness 7/8" 3/16"
Material "Aloxite" Unglazed porcelain

Sjectrographic analyses of these condensates showed significant amounts
of the following elements (listed in approximate decreasing order of con-
centration): iron, phosphorus, molybdenum, chromium, zinc, boror, bismuth,
aluminum, nickel, silicon, potsssium, titanium, manganese, -and sodium.
Most (but not &ll) aof these are explsined ly the volatil:ity of their
chlorides and carbonyls.

After a second filtration and cooling of the exhaust stream, the gases
for disposal were found{16) to be phosgene, carbon dioxide, chlorime,
hydrogea chlor (de, and carbon monoxide. The boiling points of thLese make
it easy to separate the phosgepe (B.P. 8.3 C) in & cold trap. FPhosgene
thus recovered was reused with succeas. The economics of this step have
not been evaluated.

Direct release of the filtered exhaust gases to atmosphere via a large
dilution with other gases in the exhaust stack appeared feagible, but was

ixpractical for this development program due to the long run of PVC pipe

needed to reach the stack. A second-best method of gas disposal was

DECLASSIFIED ©
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adopted.

The filtered gases were carried into the bottom of a sodium hydroxide
scrubber towe. by eppiying vacuum to the top of the tuwer. The caustic
from e 2J-~galion reservolr was recsirculated continuously through the tower
which contained graphite Raschig rings. 7The initial sodium hydroxide con-
ceptration ves six molar. More cbncent-aved solution was impractical due
to carbonate rrecipitation in the towsr. The cumustic was discarded whea
yet ©.5 to 1.0 molar in NaCH due to impending cartonate precipitation.
This scrubbler effectively removed corrosive gases and permittéd release

of the remalning gases into 'the hood exhaust sysiem.

C. Materiels

Most of the problems in selecting meterials for th}s process were due
to the chemical reactivity of phosgene and hydrogen chloride. When dry
and at room tempgrature , Fhoagene is safely contained in dlack ‘iron,
copper, monel, stalnless £c¢ecl, 2tc. When hot, none of these are satis-
factory. Table III, taken fr’cm unpudblished deta of W, L, Walker, shows
five materials suitable for use in phosgeaie at 500 O, but .much less sult-
sble st 600 C. The high corcosion rates at 90 - 100 C show the effect
of woisture and phosgene (essentially hot hydrochloric acid) at condense-
tion temperatures. Several noa:metallic materials are satisfactory at
this temperctture. At room temperature, the norrosion of 304L stainless
steel was much less.

Phosgene and plutonium trichloride were used for two years in one '
gloved hood whers the air was usually 4o *o 60 percent relative humildity,

without serious damage to the 2341, stainless steel.

DECLASSIFED
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TABLE I1I

CORROSION OF MATERTALS IN FHoscENe(e)(v)

Corrosion Rates In Mils Penetrstion Per Month

Temperature

Material 90 - 100 C %00 C 500 C 600 C
Hastelloy B 7.0 0.02 0.9 7.2
Hastelloy C 9.0 0.02 0.6 6.1
Rickel 11 - 0.6 L.y
Chlorimet-2 11 - 0.8 5.6
N1-0-Nel 19 - 0.9 12
304L Stainless 68.5 67 - -

(a) Phosgere plus 50 percent water-saturated air, flowing at two liters/

hour.

(v) Unpublished data by W. L. Walker, Hanford Laboratories Operation.

The atteck of steel by phosgeze and trichloride powder at room
conditions is through hydrolyeis and the formation of hydrogen cinloride.
The effect of various humidities was investigated as a means of limiting
corrosion.

At a relative humidity of 40 percent or higher, thin films of powder
deliquesced (formed puddles). This is a corrosive situation. A group
of test coupons showed that ccrrosion decreased as .umidity decreased.

At dew point -20 C, there was negligible corrosion to test coupons of 304
stainless steel when in contact with plutonium trichkloride. A dry atmos-

phere of -20 C dew point or better is readily available with commercisl
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supply units. Such an atmosphere serves to prevent both corrosion and
hydration of powder from carrying moisture into the reduction sitep.

A number of materials were tested in phosgene and are classified
- loosely in Table IV as useful or unsuitable for vise in this program.
Clessification s subject o change with change in enviromment. For
example, although "Krene" bages are unsuitable in phosgene, these bags
gave satisfactory service on the chlorination hood because phofgene was

generally confined to the process lines.

D. Product Quality

The quality of the finel product is tied to the qualities of the
intermediates. Some impurity comcenirations in the process sre shown
later. Significant impurity removal was achieved in the precipitaticn
of plutonium oxslate from the nitrate solution. Impurities in the oxalate
may ve assumed to correspond to those in the oxide.

The plutonium oxide was of olive-green c~lor, entirely free of lumps,
and of particle size about one micron or less. Its bulk density was
spproximately 1.5 - 2.0 g/cc. Normal plutonium content was 80 - 85
percent.

™e nlutonium trichloride color wes various shades of greenish-blue
when 90 percent or more chlorinated. When chlorination was incamplete,
the oxide present was visible us a brownish tinge. From this color, a
trained person umsy estimate the unculorinated portion with accuracy of a

factor of two.

Laboratory analyses of the chlorinated powd:r was approached in the

DECLASSIFIED
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TABLE IV
MATERIALS TERTED FOR USE IN PHOSGENE

g!gggrature useful Unsuitable
500 C Nickel Gold

Hastelloy B Platinum
Rastelloy C Inconel

Glass Baker U413
Vycor 304L Stainless
Porcelain

Quartz

Ni-0-Nel

Chlorimet - .

Asbestos

200 ¢ Teflon
Kel-F

3041, Stainless (for
short life)

25 C PVC (rigid) Krene (plastic bag)
Saran Tygon ¢z Nalgon Tubing

(plasticized PVC-PVA)

Folyethylere
Silicone Rubber
Heoprene
Gum Rubber
Korosaal
Krylon Paint
Kylon
Brass (moisture present)
Monel (dry)

Aluminum or Al-Di
Black Iron (dry)

Zin~ (gsalv. coating)
Copyer ‘dry)
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content. The results were expressed as & ratio, C1/Pu. 1This served
to confirm that the material was primarily PuCl3 (Table V). This
expression was insensitive to trace amounts of unchlorinated powder.
The analytical method failed when oxide ia th2 sample failed tc dis-
solv- a8 in Runs 22 and 23. 1In these runs, a much higier chlorimator

flow rate was atteupted. G
TABLE V

ANALYSES OF PLUTONIUM CHLORIDE POWDERS

Run Ratlo Percent
Number Cl/P1 Water Insoluble
16 previous runs Average 2.99 -

17 2.96 -

18 2.62 -

19 2.9% -

20 2.97 -

21 <.98 -

22 2.97 8

23 2.98 13, 12.k4

24 3.7, 4.7, 7.4

a5 0.03, nil

26 M1, 1.5

27 w1, 1.5

28 N1, ni1

29 , 2.9
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The second analytical spproach wes more satisfactory for detection

o unchlorinated powder. A weighed semple was stirred into water,

and the inc.,uble portio. determined. The percent weter insoluble in-

cluded all of t = Pu02 and most, if not all, of any PuGCl. This method

has not been the .ghly investigated, but the agreement between some
duplicate samples are seen in Table V. The trichloride from numerous
other runs was not analyzed in the laboratory, but the water-insoluble
content wae visually determined to be less thaa five percent by ~—om-
parison with other samples.

The bulk density of plutonium trichloride vexrisd {rom two to three
Z/cc. The average particle size was found to be 4.1 and 6.1 microns in
two determinations by & Fisher Sub-Sieve 3izer.

The trichloride powder may be safely stored indefinicely at roam

temperature in containers sesled sgeinst acisture. Glass jars with

Neorrene-lined caps were adequate, whereas psper-lined caps or poly-
ethylene iars permitted water vapor to reach .he powder. The powder is
not stable against oxidation at room temjerature if moisture is present.
The greenish-vlue trichloride turns to the bright-blue hexshydrate; and
after about four Asys, an oxide layer is visitle on the surface. At
higher tempersturesa, che oxidatior .n air is more vrapid.

In the reduction step, about \9: - 99 percent, of the plutonium col-
lected ss & metsl bution which hed a density of iffg,..c or higher.
Impurities in the metal usually total .ess thar 0.2 percent (Table VI).
The totals indicate within a factor of two the g\‘nerai‘l;‘.-’v;; of im-
purities at each step of the process. The rise and fall of nickel im-

puarity indicate tie corrosion of the chlorinmstor tvbe and the partial

saparation of metal from impurities in the reduction step. The
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TABLE VI

MYPICAL IMPURITIES IN CHLORIDE PROCESS

Parte Impurity Per Miiiic: Pevta Plutonium Determined By Emission Spectrograph

Impurity Nitrate Oxide _ Chloride Metal
Ag Lo L2 LS L5
- AL 150 L50 15 5
As - - - -
B f L10 L5 LS L2
k - - - -
Bi he - - L/
Ca 5C 10 20 S
* Cd v - - -
er 1,000 200 50 50
~a 20 10 10 10
v 5,000 300 T0 200
e - - - -
e 200 50 100 -
Le - - - -
Li - o - -
Mg 100 50 50 100
Mo - - B -
Mn 5C 50 50 50
Ra 500 200 200 L10
N 200 100 500 200
P - - - -
3] 20 50 20 10
81 SQ 50 50 20
8n 5 5 - 15
ol - - - -
v - - - -
Zn L20 20 120 L20
Total. ca 7,000 ca 1,100 ca 1,100 ca 700

L = lLeas than
- = Not detected
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values result from the chloride volstilizaticn and the effect of using
steel equi;mnt in metal preparstion and sampling.

The relatively-high purities found, together with the demonstration
of a workasbles process, le:;.d. to the conclusion that plutonium metal
preparation via the chloride state is e practical method. The exposure
of personnel- to neutrons mey not decresse by a factor of 100; hut on a
single comparison of egual amounts of plutonium, the fluoride was chown

+0 emit neutron radistion 64 times that of plutonium trichloride.
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GENERAL ELECTRIG
PHOTOGRAF:!Y OPERATIOX
700 AREA, BLDG 717-4
HANFORD ATOMIC PRODUCTS OPERATION
REQUEST NO. /274 - 35
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FIGURE &

FLOW SHEET FOR BATCH REDUCTION OF PLUTONIUM TRICHLORITE
Scale: 1 kilogram Pu o

.~<- -\'g *”‘v'.
Booster Reductant +V Charge
Ca 33.5 g Ca Nh g PuCly 1445 g
Iz 213.0
i _ _ |
Sand
and {5 Slag
Crucible Borb Reduction T =
Cavly 7 g
Calp 246
Ce T
Button Pickling S10p 12
HyC 1 liter Tu 26.2
v ¥ —_ Total 105%.5 g
Button Pickle Solutian J
to
Pu 973.5 g Recovery Slag to
Recovery
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FICURE =

FICGURE 2

EYTRATION BATES OF PLUTCIUM TRICHLORIIE
AT CONTROLLED HUMIDITIES
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