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0.0 ABSTRACT

Two revised Excer process flowsheets are presented for the
production of UFy from uranyl nitrate solution. In both, the
uranium is orbeé on a cation-exchange resin and eluted with
aqueous HF. In one, the resulting UO.F, in dilute HF is mixed
with dilute sulfuric or hydrochloric ;01d and electrolytically
W‘-~d;umcedt in a cation-exchange-membrane cell, and the precipitated

0. T5H.0 is dried and dehydrated to anhydroug UF, A cost

f 20¢ pef pound of reduced uranium is estimated, in the other,
ammonium fluoride is also added to the uranyl fluoride golubion
before the electrolytic reduction step, and the precipitate is
UF), 0. dﬂH F. A flowsheet for preparing UPI from raw ore is also
shown. The uranium is sorbed on an anion- exchanﬂe resin from a
sulfuric acid leach liguor and eluted with dilute HC1l. Ammonium
filuoride and HF are added to the UQ.CL.-HCl sclution before the
uranyl lon is electrolytically reduced to precipitate UIM 0. &ﬁHLF
Decontemination factors as high as 45 and 9 for gross beta and
gamps, activities snd of 10 to 5000 for light metal lmpurities
wers obtained in the electrolytic reduction step.

1.0 SUMMARY

The revised Excer process is presented for the production of pure UFh
from uvranyl nitrate solutions or raw ores by ion exchange and electrolytic re-
duction. Alternate proposed flowsheets for production of UFL'O.75HEO or
UF) "NH ¥ are given (figs. 1, 2, and 3). These flowsheets as units have
no* been demonstrated with ore or concentrate as the starting material,
since the development work used synthetic solutions and single-step
evaluations., In a demonstration run reactor grade metal was produced by
reduction of UF& prepared in the Bxcer cell from a synthetic feed contain-

ing 1000 ppm each of representative copntaminants,

Anode corrosion in the electrolytic reduction-precipitation step was
eliminated by the use of a cation-exchange membreone to separate the anode
from the Tluoride process solution. Since the product was protected from
the anode by the membrane, parbial reoxidation was avoided. Precipitation

of UF ’O 7)H O from a sclution containing a stoichiometric amount of fluoride
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using sulfuric acid to carry the current produced s denser and more
crystalline product which was more easily sepsrsted from the super-

natant than that formed in the presence of excess fluoride.

When the electrolyte contained a stoichiometric amount of fluoride,
exeess sulfuric or hydrochloric acid, and significant amounts of ammonium
ion, the precipitate was a double fluoride salt of tetravalent uranium
and aumonium,. Apparent advantages of double salt over hydrate precivitation
include ease of washing with less tendency to peptize; cell operation at 5000
rather than 9oa1@0°c so that membrane life should be longer; and the reputed
anhydrous character of the double salt so that bhydrolysis is nobt serious on
thermal decomposition at 400-500°C to form anbydrous UF,."

~ Current efficiencies as high as 95% at a current density of 2 amy/inw2
wvere obtalned with the hydrate system in a single-stage reduction of about
90% of the uranium. In two-stage operation with a current efficiency of
about 0%, reduction was complete in both the hydrate and double salt systems.
In the reduction~precipitation step in the membrane cell, decontemination was
particularly good for the transition elements, with factors ranging from 30

bo 5000 for Al, Cu, Co, Fe, Ni, 8Sn, V, Mo, Mn, Cd,and Cr, The decontamination
factor for Zr~Nb was 10, which was the highest obtained for any fission

product.

With the membrane cell, the estimated cogt of converting uranyl nitrate
e
golution to anhydrous UF& was reduced fram the 25.1¢ reported previously ™

to about 20¢ per pound of uranium,

2.0 INTRODUCTION

The Excer process has been proposed as a mebthod for producing uranium
tetraflucride from uranyl nitrate, ore concentrates, or ore pulp slurries,2
In this process uranyl nitrate is converted to the fluoride by ion exchange
at roow temperabture: the uranyl fluoride is reduced electrolytically st
1007¢ to UFu'O*?SHQO; and the tetrafliuvoride is dehydrated at 350n&OOOC.



The BExcer process should be cheaper than the dry process now in use, and,
unlike the dry process, it achieves considerable decontamination. A dis-
advantage of the process has been the rapid corrcsion of the anode during

3, b

electrolysis., Other workers had Tound that the UF4 wag partially re-
oxidized to UOEFP by contact with the anode. Also, the cell must be operated
at teumperatures above QOOC in order to obtain a dense precipitate; below 9OOC

the bulky UFA-QcSHQO is obtained.

Laboratory~scale experiments were carried out in an electrolytic cell
in which the anode was protected from the fluoride ion in the elecirolyte
by an ion-exchange membrane. The nature of the precipitate formed under
these conditions, the efficiency of the cell, and the decontamination
achieved were investigated. Precipitation of a double fluoride of uranium

and amnonium was studied for possible advantages.

On the basis of the results, two modified flowsheets for the Excer
process were prepared, and the cost estimate was revised. A flowsheet for
preparing anhydrous UFM directly from the ore is suggested.

In cther experiments5"( on electrolytic reduction of the uranyl ion to
uranous, reduction efficiency was found to be increased by simultancous
precipitation of UF“ in excesgs HF. Reduction without precipitation was

caryried out in the U02019~HCl and UOQ SOthESOM systems to study the reduction

2
atep alone.

A portion of the laboratory work was carried out by L. L. Ammas and A, F,
Giuffrida. F. E. Harringbton was responsible for a major part of the eco-
nomic study reported in Sec. 7.0. Analyses were made under the supervision

of G. ¥, Wilsoun, J. Bdgerton, W. Laing, and C. Feldman.

3.0 EQUIPMENT AND PROCEDURE

3.1 Description of Cell

The cell used in the reduction-precipitation experiments had an Ionics CR-61
cabion-exchange membrane hydraulically sealed between the electrode comparitmeant

(Figs. 4 and 5). The mewbrane was backed with teflon or saran cloth and was



supported by a 9- by 10-in, haveg plate, 1/h in. thick, containing 1/2-in.
holes closely spaced in a 5~ by 6-in. section in the center. A l/2~in.
saran fitting was screwed through the plate. The membrane was copnected
firmly to the haveg support by tightening o rubber-gasketed feflon nut

onto the saran coupling. The coupling extended beyond the membrane surface

through a 5/8-in. hole in its center.

The ancde compartment contained a 1/8~in.-thick lead plate anode
sapdwiched between two 1- by 9- by 10-in. polywvinyl chloride blocks. Sections
5 by 6 in. were cut out of their centers* to colncide with the perforated
section of the haveg plate, and 1/2-in. holes evenly spaced 1/2 in. apart
were cut inbto the corresponding section of the lead plate. A hole about
1-1/2 in. in diameter was drilled into the center of the lead plate., An
inlet and outlet for the anolyte solubion were provided by two separate
l/h~in& holes drilled into the center of one edge of each polyvinyl chloride
frame. The top of the anode compartment was a solid polyvinyl chloride
block, 1 by 9 by 10 in., with a 5/8-in. hole in its center to provide con-

venlent access to a stirrer shaft.

The cathode compartment was also defined by two 1- by 9- by 10~in.
polyvinyl chloride blocks with 5- by 6-in. cutouts in their centers., Two
1/li~in, holes were drilled through opposite edges of one block, and a single
1/h-in, hole was put through an edge of the second block. The two holes were
inletes for components of the catholyte solution, and the single hole in the
lower polyvinmyl chloride frame provided an entry Tor mercury. RElectrical
coptact for the mercury cathode was a 9- by 10-in. monel sheet, 1/16 in.

- thick, which was held in place between the lower polyvinyl chloride frame
and a solid 1~ by 9- by 10~in, block of polyvinyl chloride. A 3/8~in. hole
in the center of the monel sheet coincided with ancther 3/8-in. hole in

the center of the polyvinyl chloride block for convenient withdrawal of

the mercury.
# PR . . : .
& second cell used in this program had a 5-in.-~dla comparitment instead

of 2 5- by 6-in. rectangle.
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Fig. 4. Electrolytic Reduction Cell.
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A monel stirrer with a twisted 3/32- by 1/2- by 4-in. blade welded to
a 1/4-in. shaft extended from the cathode compartment into the fitting
holding the membrane to its haveg support and through the anode compart-
ment into the chuck of a Mix-Master motor outside the cell. The shaft
was hydraulically sealed from the anolyte by a sheath of 3/8-in. saran
tubing connected to the saran fitting fastened to the haveg plate. The
thick UFM slurry produced percolated up around the spinning shaft of the
stirrer and left through a saran tubing fitted perpendicularly to the
sheath.

During assembly the component parts of the cell were compressed
between two 9- by 10-in. plates, 3/8 in. thick, by means of threaded
stainless steel tie rods extended through 1/2-in. holes drilled in each
corner of the end plates, the polyvinyl chloride blocks and frames, the
membranes, and the haveg support. To ensure hydraulic seals between all
the component parts, rubber or neoprene gaskets were used wherever needed.

The tie rods were electrically insulated by tygon sleeves.

A narrow-channel cell was used to study the efficiency of the reduction
step alone. A 0.0002-in,-thick platinum anode was used rather than a lead
anode since expansion of lead oxide film into the channels could have plugged
the anode compartment. The cathode and anode compartments were defined by
channels in l/8-in,-thick plastic gaskets that provided a hydraulic seal
between the cation-exchange membrane and the platinum anode and the lead
cathode. The electrode area exposed to the current was 0.23 fte. The
platinum anode was cemented to a 1- by 9- by 10-in. block of lucite, and
the 1/8- by 9- by 10-in. lead cathode plate was supported by another 1- by
9~ by 10-in. lucite block. Access of solution to each electrode compartment
was through a 3/8—in. hole in the lucite blocks. On assembly, the unit was
compressed between two 3/8— by 9- by 10-in. steel plates by means of tie rods
extended through the four corners of the cell. The tie rods were insulated

with tygon tubing.

Rapid recirculation of solution was used in place of stirring to provide
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optimum mass transfer characteristics, and air traps were placed in the
solution lines Just before the entry of the recirculalting streams into

the unit to absorb the pulsation caused by the steel fingers of the

Sigma pump kneading the rubber tubes. Pressure gages were inserted in

the lines between the cell and pulse absorber, Welr type overflow devices
emptied the influent solutions after they were completely mixed with the

recirculating solutions held up in the system piping.

3.2 Operating Procedure

In the study of the reduction-precipitation step, the cathode compart-
ment was half-filled with mercury by means of a Sigma pump. In the experi-
ments on precipitation of the 3/4 hydrate of UFM’ the cathode compartment
was Tilled with 2 I HF and the onode compartment with 0.5 M HESOM’ The
voltage was applied, rapid stirring of the catholyte was begun, and the
anolyte flow was continued at a coubrolled rate by an Ionics constant~
displacement pump. The systﬂm was heated by the current, and, vhen the
Tenperature had reached 90 >, continuous pumping of 0.0 M U0252~~l.0 M HF
solutlion containing 0.5 M HQSOM vas started into the cathode compartment
by a Sigma pump. In the double~fluoride experiments, because of the low
solubllity of these salts, 1.0 M U02F9~~l -0 M HF containing 0.5 M H SO)
and smmonium fluoride solutions were fed separately to the cathode com-
pariment at equal rates in order to maintain the uranium concentration at
0.5 M. The uranyl ion concentration during steady-state operation was always
much lower than 0.5 M, so that the solubility of the salt UOQEE'NHuF wa.s
not exceeded. When the uranium concentrstion was 0.25 M or lower, solutions
containing no more then.0.25 M NHAF vere stable for several hours, and in

tudies of the double-fluoride system at this concentration, the catholyte

0

feed was uranyl fluoride sclution containing ammonimm fluoride. For
the double~fluoride systewn, where high temperatures were not required,
aad in bthe second-gtage experiments the catholybe and anolyte feeds were

both started as soon as the current was hurned on,
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An experiment was continued until steady state was approached, the
current being kept constant. Influent and effluent catholyte flow rates
were determined by the volumes collected in l-liter polyethylene graduates
in known times. Density and weight measurements made on samples collected
over a specified time interval provided a more accurate measurement of
flow rates, Anolyte flow rates were determined periodically from the
volumes collected in 500-ml glass graduates. Representative samples were
collected at the start and during steady-state operation for analysis.
During the course of a run, the time, cell current, cell voltage, and

flow rates were recorded at intervals.

In experiments on the reduction step in the absence of precipitation,
operation was similar, but rapid recirculation of anolyte and catholyte
streams through the channels of the electrode compartments was used as a
substitute for the stirring used in the other cell. The pressure drop

across each compartment was equalized at 5-6 psi.

3.3 Preparation of Catholyte Solutions

Uranyl fluoride feed solution was prepared by dissolving a weighed
amount of UO3 in a mixture of hydrofiuoric and sulfuric or hydrochloric

acids and diluting with water to the desired uranium fluoride, hydrogen,

and sulfate or chloride concentrations.

Feed solution to test second-stage operation in both systems was the
supernatant liquid separated from the slurry produced during reduction-

precipitation of hydrated tetrafluoride and double fluoride.

Studies of the reduction step alone were carried out with 0.5 M UOPSOh

and with 0,5 M UOESOu made 1.3 N in acid by dissolving UO3 in a calculated

excess of acid., For one experiment, a solution about 0.k M in uranyl

chloride and 0.7 N in acid was prepared from uranium recovered in the Higgins

8 .
contactor™ from low-grade Los Ochos uranium ore.
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4,0 MEMBRANE CELI, PERFORMANCE

Rapid agitation of the mercury surface was necessary for successful
operation of the reduction-precipitation eell. The efficiency of operation

was not directly dependent on slurvry density, as was the case in earlier

wor§6 where agitation of the mercury surface was inefficient and 4id not

eep the surface free of the precipitate.

The most serviceable membrane used in the study was the Ionics (R-61
cation-exchange membrane, which is backed with teflon cloth. It did not
become distorted at temperatures above 9006, as 4id a saran-backed CR-61
membrane, However, 1t did tend to erode. After 50 hy of operation ab the
higher temperatures (BExpt., 22), combinuous impact of the membrane against
the haveg support during stirring of the mercury resulted in removal of
all ion-exchange material at the points of contact, In the area vhere
the membrane was exposed only to current, it was physically unchanged. The
teflon-backed membrane could therefore probably be used for long periods
of time in an electrochemical cell designed to provide continuously a clean
weroury surfaece, such as mercury flowing over a screen, without stressing

the membrane surface.

The teflon-backed membrane also appesred to provide a surface to which
the UFA°0675H20 and the UF4°O.4NHaF precipitate did not stick., The double-

fiveride precipitate adbersd Lo the saran-backed membrane and also to a

mambrane backed with a saran-teflon mat.

Loss of uranium to the ancde compartment was less than 0.01% in a
P /

properly operated cell.
%1 Corrosion

In the earlier studiesg the unproteched platinum ancde was corroded
at a vats of about 0.9 mg/ampmhrg Under these conditions the loss of
platinum would result in excessive processing costs. With the protected
1&&3ﬁﬁe corrasion was slight during an experiment, although some

corrosion did cecur betwveean experiments when hydrofluoric acid diffused
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into the anode compartment from the cathode compartment. It was estimated
that a 1/8-in. leed anode would have to be replaced three or four times a

year in a cell that was operated continuously.

4,2 Hydrofluoric Acid Recycle

Because of the presence of the membrane, sulfuric or hydrochloric acid

can be used instead of hydrofluoric acid to carry the current when uranium

and fluoride ions have been removed in the precipitation. There is therefore

no excess hydrofivoric acid in the supernatant from the final product to
be recycled. The cell performed equally well with sulfuriec, hydrochloric,
or excess hydrofluoric acid. Since the supernatant from the UFH°O°75H20
precipitation contains only traces of fluoride, the uranyl fluoride re-
waining in the supernatant may be reéovered and concentrated by recycling

this liquid through a cation~exchange column,

k.3 Reoxidation of UF)

The high current efficiencies obtained at the high current densities
used in these studies indicated that there was no reoxidation of the UFH'
These high current efficiencies were obtained in the absence of excess HF.
In the uwnprotected system excess HF is reguired to keep the U(1vV) out of

sclution (precipitated) and unavailable for reoxidation.

b Nature of UFy, -0.75H,0

The dark-green UFh°O,75H20 precipitated at 9000 in the presence of
gsulfuric or hydrochloric acid was more crystalline and was denser, with
a dry tap density of 3.2 g/cc, than that precipitated in the presence of
excass HF, which bhas & tap density of 2.7-3.0 g/cce2 The denser precipitate
settled rapidly, and the supernatant could be easily decanted without loss
of product.

In part of one run (Expt. 22) with sulfuric acid present, a bulky,
lighter greenprecipitbate formed, probably as a result of the temperature
dropping below 9000. The voltage remained constant during this 50-hyr run

except when the stirrer slipped and had to be readjusted.
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4,5 Precipitation of Uranium Ammonium Fluoride

When the electrolyte contained botlh uranium and ammonium ions, a
dense, crystalline double fluoride, 2.h g/cc, precipitated at moderats
temperatures (25~6GOC) as well as at the elevated temperature of 9000
(Table 1). The double fluoride 1s easily cenbrifuged or Filtered ang,
unlike UF&°O.75H20,does not tend to peptize when washed with water. The
uranium ammonium fiuorides are reportedl 1o be anhbydrous. They may be
decomposed in vacuum atb hSO—BOOOC after being washed with ether and air-
dried. UFH°O°75H20 can be dehydrated at 350w40000 in a dry nitrogen
atmosphere with « 1% hydrolysis.

Current efficlencies of up to 87% were obtained with 84% reduction of
a 0,5 M U0,S0, solution at 70 and 90°C (Expts. 33 and 3h). The efficiency
of the reductlon-precipitation step was essentially unchanged by increasing
the current density from 1.5 to 2.0 amp/in.,2 However, at the higher current
density and higher temperature, the precipitate contained less waler and
less ammonivm fluoride. Nelther product was a true double salt, UF4°On75NH4F
being Tormed at the lower current density and UFH°O.6NHEF at the higher,

The physical propertles of the two precipitaies vere similar,

During reduction~precipitation of a 0.25 M U02F2 solution, the current
efficiency 41d not vary with the amount of excess HF. The amount of swmoniua
fluoride in the precipitate did vary with HF concentrstion, bowever. The
true double salb UFk”NHMF was formed at 40-60°C when there was a large excess
of HF (Expt. 52), but the quasi-double salt, UF), 0. 35N, F Tormed when the
HF/U vatio was spproximately stoichiometric (Expt. 56). The doubls galt
UFu°O°5NHMF precipitated from the wranyl fluoride~hydrochloric acid system
in the presence of excess HF (Expt, 40), and‘UFhoo,MNHhF formed when
stoichiometric amounts of HF were used in the HF-HCL system (Exphs, 42 and M),
The precipitate formed in these systems contained as much as 2.7% water
(Bxpts. B2 and 93). A swall amcunt of ammonium uranyl fluoride slowly
crystallized and settled out from those feed solubions that contained more

than stolchiometric amounts of HF.



Sunmary of Reduction- Precipitation Runs

Time; Runs 53 and 56, 30-40 hr; run 22, 50 ar;
all others, 2-6 hr.

Current Current Reduc- Precipitate Composition
Feed Solution Composition (M) Density, Temp. Voltage BLf.  tion Tut 4) N {ppm)

Bxpt, U0 F, F MO F 50, HECT (axp/in. { ey (volts) (%) (%) Totel U T 0 W 500 UMW) Eg 50, C1 Formula
33 0.50 1.2 0.73 0.26 -~ 1.5 ~ 70 8.2 87 8l 68.3 254 ~-- 3.8 L.2 180 <« 50 300 --- UF 0. TA‘HLF
34 0.50 1.1 0.67 0.28 -— 2.0 90 9.6 86.5 83.5 69.5 25,7 0.27 3.3 0.9 -~- ¢ 50 800 --- UF +0. 6N~I,
£2 0.24  1.25 0.28 0.21 - 1.0 ho-60 0.2 gi 91 6h,6 26,3 --- L.7 - -—- 200 <« 10 --- UF {7

53 0.24 1.0 0.24 0,26 - 1.0 L4o-60  5.2-7.0 87 87 68.8 26,2 --- 3.2 2.1 - 505  am= =aa UF“-O.%NH 7
56 0.26 0.6 0.23 0,29 ~—— 1.0 Lo-60  6.5-8.1 90 90 66.7 2h,2 -—- 1.8 _— - 35 2300 --- UF#-0,35N%, F
40 0.23  1.25 0.26  --- 1.3 L0 Lo-60 6.1 90 90 68.1 25.3 === 2.5 == - 50 amw -e- UFLL 0. 5»@{1%
b1 0.23  0.75 0.29 ~-- 0.8 1.0 Lo-60 6.1 88 88 Tho4C 21,5¢ - 0.2¢ 0.3 670 -=- ---<500 UF, - 0. .ObH ¥
Lo 0.22 0.5 0.35 =--- 0.8 1.0 Lo-60 6.0 90 90 72.9 2,3 --- 2.1 2.7 590 ——- eem ee- UF, *0. 4R 7
Ll 0.23 0.5 0.25 --- 0.8 1.0 40-50 6.1 85 as 7.3 25,2 --- 2.2 -— 530 T T JFu-o.ALNHhF
55 0.27 1.25 0.05 0.30 - 1.0 ~. 25 6.7 86 86 66.0 22,6 --- 0.8 12.5 - 309 L4200 --- UF), 2. 56,0

51 0.49  1.85 --- 0.28 - 2.0 » 90 10.2 g2 a2 57.5 23,2 o= -e- k.0 e L 25 e e u’F <0.7 ‘5? 0
L9 0.50 1.0 0,07 0.28 -—- 2.0 > 90 9.h 90.5  90.5 59.9 23.2 --- 0.k 5.9 -—- N L 0., ’(5H 0
22 0.50 1.0 === 0.50 - 2,0 - 90 8.2 9k 9k T2.9 22,9 --n - e ae K25 emm e UF -0, 75lxgo
4s 0.6 1.5 <o.o7d -— 1.3 2.0 - 90 §.0 93 93 3.5 23.7 =--- 0. 1.0% 490 ¢35 aee e UF), 0. 75H,0
L6 0.5 2.5 <0,071¢ - 1.3 2.0 =90 8.2 ok ol 3.6 23.9 --- 0.3 1.0¢ 180 25 eem -ee UFu'o.75z-120
%Me fiuoride concenmtration of representative samples was determined by back-titrating the standerd alkali used To absorb the HF that was steam-distilled

during complete hydrolysis of the sampies. The values given are corrected for neutralizetion of the HF by

ammonia also evolved during the hydrolysis.

b. L . R . v N X . N . . o
Water was determined by direct absorption in Anhydrone of water evolved into a nitrogen stream from samples heated in a sodium carbonate bed to 500°C.

The values are corrected for absorption of ammonia by Anhydrone.

Crhis sample was analyzed after ignition for 2 hr in air at 3OO—L'OOOC to volatilize the ammonium fluoride.
no significent conversion of UF2P to UOE'

The samples remained uniformly green, indicating

dTTo amnonium fluoride was added., The ammonium ion in the supernatant waste solution and the precipitated product probably came from residual ammonium

filuoride used in earlier experiments.

®The low water content is not easily explained; a 0.75 hydrate is expected under the conditions of Expts. U5 and 46,

- o1 -



In the presence of trace amounts of ammonium ion, the precipitate
was the same hydrated UF% that would have formed with no ammonium ion
present. At 25°C, the bulky UF,, 2.5H,0 precipitated (Expt, 55), while
above 90°C the precipitate was UF), *0. T5H,0 (Bxpts.22, 49, and 51). The
smaller percentage of water observed in the UF# product in Bxphts, 45 and

46 could not be repeated in Expt. 49.

Most of the runs lasted 2-6 hr, In two runs (Expts. 53 and 56) which
lasted 30-40 hr, the voltage rose steadily. Disassembly of the uwait after
the runse showed that the incresse in resistance was due fo precipitate
sticking to the cathode face of the membrane. Three different types of
precipitate were obtained in these runs. In Expt. 56, there were two
different crystalline precipitates, one dark green and dense and the other
lighter green and more bulky (Table 2). Both precipitates settled rapidly
and could be washed and filtered eeslly. The operating parasmeters during
the formation of these precipitates were idenbtical, end there was no dif-
ference in their chemical composition (Table 2). The third type of pre-
cipitate (Expt. 53) was gelatinous, aund its formation may be atiributable
to a more than 10% decrease in the flow rate of the feed solution, as a
result of which more current than was reguired for 100% rsduction of uranyl
ion was passed contlnuously through the system. At the beginning of Expt.
53, when feed flow was fasber, a dark-green, dense, crystalline precipitate
formed. The gelatinous precipitate contained 15% less ammonium fluoride

than the crystalline.

One run (not reported in Table 1) was made in which NaF was used instead
of NHAF, The precipitate, UFu'YaF, was bulky. and current efficiency was

79% at 0% wreduction.

b6 Efficiency of Membrane Cell

Single-Stage Operation. Current efficilency during precipitation of

UF4°Oa75H?O was not alfected when sulfuric or hydrochloric acid was substituted

for excess hydrofluoric (Fig. 1). The highest current efficiency was
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Table 2

Composition of Different UF, xNH, F Precipitates Formed

During Electrolytic Reduection

" Precipitate

Solution Composition (M) Composition (wt %) Density

Description of

Expt. UOF, HF NI F Hy,80, F Ni, U (g/ce) Precipitate
56  0.26 0.6 0.23 0.29 22.1 1.8 66.8 2.4 Crystalline, dark
green
22.6 1.8 66.6 2.1 Crystalline, light
green
53 0.2k 1.0 0.2h% 0.26 25,6 k.1 65.3 1.4 Gelatinous, light
green
2k.3 3.5 65.8 1.8 Crystalline, dark

green
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obtained in reduction-precipitation of the hydrated betrafluoride, with
oT7% efficiency at 80% reduction and 91% at 95% reduction. In reduchtion-
precipitation of uranlum ammoniuw fiworide, the current efficiency was
87% with 849 reduction. Lowest current efficiency was obtained in the
reduction-precipliation of UF) *NaF (Fig. 6). In studies on the reduchion
step alone, a current efficiency of 87% was obtained with the uranium
chloride-hydrochloric acid system. A turrent efficiency value wag nob
obtained for the vranium sulfste-—sulfuric acid system, but it was con-
sidered low because of gas evoluticn at the lead cathode in one experiment

designed o reduce only 40% of the uranyl sulfate,

Since the products of the anode reaction were ilsolated, current densities
.2 X . : . ;
of 2 amp/xn, were possible, which ave higher than any reported in previous
studies, With chloride and sulfate systems, current densities were 1.8 and

1.6 amp/iﬁ,g, respechively.

With the fluoride~chloride system; the operaiting voltage was T.l volts,
while with the fluoride-sulfate system The volbage required Lo precipitate
UFQ°O°?5H20 was 7.9-8.4. Voltages recorded during steady-state operation
were 9.6, 8.6, 6.2, and 6.6 volts, respectively, Tor the formation of
UFa°Oc7NHuF, UF4°NaF, Uﬁl#, and U(SOM)E’ respectively. The lower voltages
with the chloride and sulfaté systems were a result of the somevhat lower
current densities used in these systems and the smeller distances belbween

electrodes in the parrow-channel cell that was used.

Two-Stage Operation. About 99% of the uranium should te reduced and

precipitated in the electrolyiic reduction step in order to minimize uranium
recycle, This reduction was not achieved with high current efficiency in

a single-stege operation (Figs. 6 and 7 and Table 1), bub it was in two-
stage operaticn {Table 3)., Reduction and current efficiency values of

more than 90% were obbalned during the second-sbage reduction, giving an
oversll reduction of about 99% in the double fluoride system when s
stoichiometric amount of HF was avallable (BExpts. 35 and 36). In the

presence of excess HF, as much ag 97.5% of the uranium was precipitated
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Table 3

Surmary of wo-Stage Reduction-Pr cilpitation Puns

o
Temperature: L40o-50%%

Run 57, 30-40 hr; run 54, 20-30 hr;
runs 35, 36, 38, about 2 hr

Current Current Precipitate Composition
Feed Solution Composition (1) Density o Voltage BEff. 2nd Over {wt 9,
Expt. UO F,  HF NH), F H,50,, (amp/ir.<) (volts) a) stage all U ¥ NH), H,0 Formulea
35% 0.075 ~0.2 0.32  0.26 0.25 3.9 93 93 98.8 - o . ___ -
362 0.082 0.1 0.38 0.30  0.30 e g 90.5 98.5 .- . . ___ -
555 0,031 0.45 0,10 0.25 .30 k.3 4 Sk 99.7  65.2 26.k L., 2.8 UF4-0,8NHhF
572 0.028 £ C.17 0.27 0.10 3.5 &k 97.5 98.2 65.9 21.8 0.4 —-— UFu'0.0SNHuF =
388 0.053 ~0.05 - 0.3k 0.20 3.6 88 8l T T UF, 2,580

Sreeq was supernatant sclution Ffrom Expt. 33.
EFeed was supernatant solution from BExpt. 34.

~Feed was supernstant solution from Expt, 53,

[x}

gMuch more current was passed than was necessary Tor this reduction teo.
e ) , .

—Feed was supernatant solution from Expt. 56,

f - = A . -

—Feed was deficient in Hr.

=Feed was supernatant solusion from Expt, 22,
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in the second stage as the double salt (Expt. 54), giving an overall
reduction of greater than 99%. When there was a deficiency of HF
(Bxpt. 57), the second-stage reduction dropped to 84% at 84% current

efficiency.

The current efficiency was 88% for 84% reduction in precipitation
of the 2.5 hydrate of UF) (Bxpt. 38). This is less than would be expected
on the basis of the efficlency of the first-stage reduction to the 3/h
hydrate. Operation at a high enough tewperature 1o produce the 3/h hydrate
might improve the second-stage reduction efficiency. However, an overall
reduction of 98.4% was obtained in precipitation of the higher hydrate,

which is sufficient to demonstrate the effectiveness of two-stage operation.

The experiments were carried out with supernatant solution from the
slurry produced in the first-stage reduction. 8Since the efficiency of the
reduction was not expected to vary with the degree of hydration of UF% and
temperature is unimportant in precipitation of the double fluoride, no

attempt was made to control the temperature.

A current density of about 0.2 amp/in.2 was used in the second-stage
reduction of 0.5 M UOQFQ. Uranium was produced at a rate of about 1.35 lb/hr
per square foot of mercury cathode during two~stage reduction, and 1 kwhr
of energy per pound of uranium reduced was reguired at this rate of reduction.
For 99% reduction of 0.25 M UOQFé, the current density was halved; 0.75 kvwhr
was required for reduction of 0.7 1b of uranium per sguare foot of mercury
cathode,

4.7 Decontemination

In the earlier studie32 the uranium was separated from fission and
corrosion products by large factors in the Excer process. With the revised
cell; exclusive of deconbamination achieved in the preceding ion exchange
step, factors for decontemination from corrosion products were as high as
5000. Gross beta and gross gamma decontamination factors of up to 45 and
9, respectively, were obtained (Table 4), The maximum decontemination from
the light elements was obtained with the fluoride-chloride system (Expts.'h



Table &

Deconbanination Bfficlency of the Bxcer Process

Ton Reduction - Precipitation

Exchange Run Run Run Run Run Run Run Run Run Run Overall
Element Max Min 51 52 33 3k Lk L5 53 5h 56 57 Max Min
Gross B 16 -- 1.2 Ls -- -- -- - -- - - -- 720 20
Gross ¥ 27 16 i 9 -- -- - - -- -- - - 240 110
R.E.'s 300 70 1 5 -— - -- - -- -- - - 1,500 70
Sr 5000 - 1 2 - - - - - - - - 10,000 5000
Cs 500 -- 3 1 - - -- -- -- -- - - 500 -
zr-No 50 - 8 18 - -- -- -- -- - -- -- 900 koo
Ru 20 - 3 3 - - -- -- - - - -- 60 60
Na. 3 - -- - -- - - -- - - -- - - -
Al 1k i -- -- 30 30 L3 230 - - - -- 3,200 30
Cu 400 - - - - -- - - - - - -- - -
Co 29 -- - - - -- >5  >350 ==y - c "o - 1,450 -— '
Fe 3 - - - 200 130 2000 2000 92,15~ 64 13-,24- 118 6,000 27 &
Po Lo - - -- - - - -- - - -- - -- - '
Mg 9 -- - - - - -- -- - - -- -- -- -
Hg 2000 - - -- - -- - -- - - e "7b - 514,000 >1100
Ki >28 - .- -- - - =500 >500 38 500 34=, 5k~ > 770 5 1,600 —
Sn 25 - -- - - -~ > 65 > 65 -- - - -- -- -
Zn 22 - - - - - - - o - c "o - > 600 30
v 3 -- - --  >50 >50 >200  >200 10=,L0— L5 13=,15- 295 -- -
Si >77 - -- -- - - -- - - -- - - - -—-
Mo - - - -- - - --  >500 >T70 300 140 2950 - -—-
Mo - - - - -- -- 5000 5000 -- - - -- - ———
ca - - - - - -- >200 _>200 >55 >265 74O, >280 - -
Cr -- -- - - -- -~ 5000 Looo 180 760 383,975’- > 580 - -

ZGelatinous precipitate.

b S
—Dense precipitate.

EFluffy precipitate,
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and 45). The minimum decontamination factors were obtained with the
gelatinous and fiulfy precipitates. Spectrographic analysis of uranium
metal prepared from the Excer UFM product indicated that it was of metal~
grade purity (Table 5). On the basis of these results the solvent-extraction
step might be eliminsted in preparation from ores of uranium metal for use

in reactors, and the second and/or third solvent-extraction cycle mighh be

eliminated in reprocessing of spent fuel.

The test to determine whether metal-grade wranium could be prepared

from the Excer product was made with a solution 0.25 M in UO 0.25 M in

s
NHMF’ and 0.25 M in HESOA which was contaminated with irom, iogalt, nickel,
vanadium, manganese, tin, chromium, cadmium, molybdemm, and boron. The
impurity level of these components was 1000 to 2000 ppm with respect to

the uranium. The uranyl ion was reduced in two-stage operation of the
menbrane cell to UF) *0.3NH)F (Expts. 56 and 57). The precipitate was washed
with water and absoclute alcohol and dried under a heat lamp. The double

salt was decomposed atb 400°C in an atmosphere of HF, and the precipitate was
reduced with caleium in a thermal-bomb reduction step, The final product

was 84% uranium metal and 16% CaF, slag. The high slag content was attributed
to the small charge (about 1 kg) that was available for the reduction step

(Table 5).

In this flowsheet (Fig. 3) an anion-exchange resin column is used to sorb
uranium from sulfuric acid leach solution of the raw ore. The uranium iz
eluted as uranyl chloride with water after pretreatment with 8 M HCl. The
rest of the flowsheet is the same as illustrated for the double-szalt system
until the uranium recovery step from the supernatant catholyte from the
centrifugation. The uranium, after sorption on a cation-exchange resin column,

is eluted with 8 M HCL and is resorbed on the anion-exchange resin column.,

In all three processes, impurities separated from the uranium during the
reduction-precipitation step should be removed by the resin column during
the wasbte recovery step. Impurities which remain with the traces of uranium

are those not removed by the first ion-exchange step. In each case, the
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Table 5

Spectrographic Analysis of Uranium Metal Prepared from

Excer UF, Product

Electrolyic cell feed initial metal content:
1000-2000 of each per million
parts of uranium

Amount in Metal Amount in Metal

Element (ppm) Element (ppm)
Al 30 Mn 35
B < 1 Se 35
Ba <10 P <100
Be £ 0.3 Sn 20
(ia >l600 i £ 25
Cr - 18 Na < 10
Cu Z 2 v 2 1
Fe 58 Cd.i 5
g < 1 Co= 3
i <2 Mo® <2
Mg 30

Shese impurities arve as reported for the double salt., They were not reported
for the metal.
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two ion~exchange steps involve use of oppositely charged resin beds and
impurities not picked up by the cation exchanger, for example, should

be removed by the anion exchanger.

5.0 MODIFICATION OF EXCER PROCESS

Twe modifications of the Excer process for use with uranyl nitrate
solutions, to reduce costs and to improve the operation, are suggested

as a result of this study.

In the first flowsheet (Fig. 1) the modifications which derive solely
from the use of a membrane to separate catholyte and anolyte are incorporated.
The still used to recover HF is eliminated, and an anion-exchenge resin
column is added te recover uranium from the anolyte and from the supernatant
solution exiting from the catholyte. Because a more dense UF4'0.75H20
precipitate is formed in the presence of dilute sulfuric acid, the cenbrifuge

is replaced by a decantatlon tank.

The second flowsheet (Fig. 2) incorporates those changes which result
from use of the double-salt system., The still to recover HF again 1s
eliminated. The centrifuge is retﬁrned to the operating scheme because it
is believed that the double~salt is not dense enough to permit use of de-
cantation. An anion-exchange resin column is used to recover uranium from
the anolyte and from the supernatant catholyte. No scrubbing tower and
no anhydrous HF are required during the dehydration step, but a cold trap

is added to recover the ammonium fluoride that is volatilized.

A more drastic modification of the Excer process is proposed for the
handling of rav ores (Fig. 3). In this case the cation-exchange column
Tor conversion of UOE(NO3)2 to U02F2 and removal of chloride was eliminated.
It was assumed that the anion-exchange product would be sufficiently pure

and that excessive chloride corrosion could be prevented in succeeding steps.



- 2'! -

6.0 MODIFICATION OF COST ESTIMATE

In an earlier detailed cost estimate2 the cost to produce UFA by
the Excer process was estimated to be 25.l¢ per pound of uranium, Con-
tinuous operation at a uranium production rate of 22 tons per day, 7 days

a week and 315 days per year, was assumed.

Subtraction of those cost items which no longer exist as a result
of major modifications, i.e., eliminatlion of anode corrosion and HF
recovery problems, gives a cost estimate of about 20¢ per pound of uranium.
The items eliminated are a still for HF recovery and labor to operate this
st1ll, anode replacement costs, and the replacement cost of anode stockings

that were used to sheath the anodes.

The estimated basic equipment costs are given in Table 6 and the
detailed costs are converted to totel capital investment in Table 7. The
building cost was estimated by making a rough bullding layout in a cubical
shepe and charging $1.00 per cubic foot. The estimated annual operabing

costs are also summarized in Table 7.



Table 6

Capital Investment

A Basic equipment costs $L456,000% $358, 000
B Installed equipment costs (140% A) $638,L400 $501,000
C Piping (50% B) 319,200
D Instruments (10% B) 63,800
Total physical without building $1,021,400 $501,000
F  Engineering and construction
supervision (35% E) 357,500 175,000
G Building 220,000
H Totsl physical $1, 378,900 $896,000
T Contingenciles (30% H) 413,500 268,800
J Total $1,792,400 $1,164,800
Grand total $2,957,000

*Includes $351,800 for general equipment; $82,500 for electrolytic cells and
membranes; and $21,700 for rubber-lined-steel ion-exchange system.

Pneiudes $300,000 for power supply and $58,000 for bus bars.
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Table 7

Annual Operating Costs

22 tons/day,
315 days/year

Labor
Operators, 6 men per shift $100,000
Foreman, 1 man per shift 2,000
Other, 25% of above 2 items 31,000
Maintenance labor, 6% of total capital investment 177,500

Matberials

Chemicals 987,000
Utilities 429,000
Electricity at $0.007/kwhr $108,000
Steam at $0.68/1000 1b 306,000
Water at $0.028/1000 gal 2,000
Demineralized H0 at $0.015/1000 13,000
gal.
Miscellaneous 188,000
Pb anodes and membrenes 30,000
Maintenance, 4% of total 118,000
capital investment
Other 40,000

Decontanination, 30% of maintenance material costs

Overhead, 100% total labor cost

Depreciation
Frocess equipment 358,500
Electrical equipment 58,500

Total annual costs

Excluding depreciation
Tnciuding depreciation

Cost of UF) = 19.95¢ per pound of uranium

$332, 500

1,604,000

35,000
332,500

417,000

$2, 304,000
2,721,000
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