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The present industrial processes for preparing both uranime hexaflucride and
uranium metal utilize aghydrous uranivm tetrafluoride as an intermediste,
Uranyl nitrate is calcined to wraniwmm triexide which is reduced by crecked smmomia
to the dloxide and then converted to the tetraflwor’de by reaction with aghydrous
hydrogern fluoride.

L]
Attempts have been made to prepare uranium tetrafluoride by precipitation Iethod.l(n ’
but, in geners., the resulti esses have not been wRolly satisfactory., The
principal difficulties are: bflg the nature of the precipitated product whilch tends .
t0 be difficult to wash and filter; and (2) the fact that the product is hydrated and
wust be dehydreuted in a stream of dry hydrogen tluorid: to prevent hydrolysis.
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In contrest to the properties of precipitated uranilm tetrafluworide, the alkali
uranium double fluorides exhibit excellent physical properties wvith respect to -
filtering and weshing; woreover, they precipitate as anl ydrates and can be readily
and completely dried im air.

Because of these superior qualities, the alkali uranic fluorides were cou!darod )
more desirable product than uranium tetraflucride as a possible intermediats for
production of uranium hexafluoride or wranium metal. In earlier methods of prep-
aration of uraniumm tetrefluoride from urenyl nitrt , the reduction has Bcg brought
about either chemically by the use of ferrous Lonil) or electrolytically\®s3) as
demomstrated by Oak Ridge investigators. This latter process, however, has the
disadvantage of being unable to use uranyl nitrate as a feed without its preliminary
conversion to the sulfate or fluoride,

¥rom the above considerctions, 1t appeared that a more ideal process would use uranyl
nitrate directly as a faed for en electrolytic reducticn proccss and have an alkali
urapic fluoride as a product. These principal objectives have been incorporated in
the design of the Flurex Process.

SUMMARY AND CONCLUSIONS .

The Flurex process, in a single unit operation, converts agueous ursnyl nitrate
into two products, an alkeli uranic fluoride and nitric acid. This is achieved

in an electrolytic cell whick is divided into three compartments by an anion
permeable membrane and a cation permeable membrare.® Uranyl nitrate is introduced
into the center (feed) compartment which is bounded by the two membrances. Uranyl
ion migrates electrolytically through the cation permeable membrane into the cathode
chamber which contains alkali and fluoride iors; here it is reduced at a wercury
cathode and alkalil wranic fluoride precipitates. The nitrate ion migrates through
the anion permeable membrane to form nitric acid in the mnode chamber.

Alkall uranic fluorides have been produced vith current efficiencies of 80 to 100
percent. These salts are anhydrous and are readily dried in air. The sodium
product has been redficed to uranium metal in a calcium-iodine bomb reaction with

yields of greater than 90 percent. Conversion to uranium hexafluoride remains to
be investigated,
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The preliminary flowsheet has been demonstrated in [arir-atory ecale experimects
with the cell under steady-state, continuous flow condltiors. All somporents
have been tested except concentration and recyc.lag of the feed efflueri and
reduction of the excess catholyte volume,

cmasm.ar THE FIXUREX PROCESS

Two major electrochewica: steps are performed similtanspusly in the Flurex process;
the uranyl snd pitrate lons of the feed solution are separated from eaca other, and
the uranyl ions are reduced at a mercury cathgde to uran{iwm{IV). The suczess of
the reduction step is contingent on the previsins separstinz since nitrate loune

are capable both of being reduced as the casrods and of ~xidizing uraniun(lV, ilous,

Salt-Splitting
[ ]

Saltesplitting is the decomposition of a sait Dy electromigration of the compenzzt
i{ous through permselective membranes., The membranes weel in Flurex process
experiments are commmrcially available lou-cxchange resaln pembranes®* which possess
high selectivity for ion transport through them, The aiTangement of wemwbranes for
salt-splitting in the Flurex process cell employs ar aulon mewbrane between Lhe
cathode and feed compartments., Upon electrolysis, the electric current is carried

by nitrate ion through the anion membrane, and by hydrogen and wsanyl ion through

the cation wembrane, A small fraction of the current through the anion membrane is '
carried Wy leakage of hydrogen ion. There does not seem to be any leakage of flucride
ion through the cation wembrane since no fluoride has beengletected in either the
feed or anode comparwment.

® *
During the splitting of uranyl nitrate, some vater 13 lost from the feed compartment
by trarnsport through the membramnes, This transfer of water occurs only during the
transport cof lcons, and the amount of watar involved sppears 4o be a funcilca ?ﬁ the
nature of the ion, its concentration, and the current density at the mewmbrans ).
The smount of water transported in splitting uranyl nitrate 1s approximately 500
milliliters per mble of uranium transported, and 250 miliiliters per mole of
nitrate transported. For feeds of 0.2 molar uranyl nitrate, this amount of wvater
represents 15 percent of the fe=d stream volume,

* Ion-exchange resin memb 8 are avsliasble in either cat_on or anioz forms, The
cation form offers low resistance to the transport of cations s Such a& uranyl
and hydrogen ions, but offers a Ligh resistance to the transport of anions, The
anion form offers low resistance to the cransport of anions, such as aitrate,
but offers a high resistance to the trausport of cations, The permselectiv:ty
is not one hundred percent; in particuiar, nydroxy~ apd hydrogen lons temd to
"leak"” through the membranes by amigration counter to the mwain flow of iozms,

With these two exceptions, however, the permselsctivity of commercial resin
merbranes appears to be close %o one hundred percent. Rohm and Haas "Amberplex”
membranes are being used in Plurex exper-ime: s,
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The overall cell reaction is given in equatiom (1). Equation (2) represents the
snode reaction and equation (3) the cathode reaction. Although the equations
indicate the use of sodium fluoride, potassium or ammonium salts way also be used.
Sodium fluoride tends to form appreciable amounts of disodium uranic fluoride
(KaoUFg) unless ,the sodius lon concentration 1s kept at.or below about 0.05 molar.

W, (N03), + b HP + NaF —>Haur ¥ ¢ 50 2 =RO, + 1/2 o} (1)
B20-2 &= —>2 B +1/2 04 * (2)
UO* * 44 HF « HaF + 2 e~ —) NaWs¥ + 2 Hy0 (3,

Uranius Reducticn ®
The rate ¢? reduction of uraniwm is c'>prop¢.>z't::f.cn:nn..’r. to the product of the current and
the current efficiency. Preliminary experiment.s on the reduction hadz shown es-
sential agreement with tbe conclusions and results for cowmparable electrolytic
reductions reported by Osk Rldge investigators (2,. The density of current
actually causing uranium reduction at the cathode surface is the factor which
dictates the physical size of plant equipment for any given rate of uraniunm
producticn., To obtain ma‘.um prodaction from & plant of 3 given size, the product
of current and current efficiency must be a maximm. This means that cwrrent ef-
ficlency of one hundred percent is mot necessarily a maximigisg condition.

2

The relation between current density and current efficiency is complex. Generally,
the use of highey current densities under a given set of conditions resuvlts in
lower gurrent efficiencies, although theit is often a range of current densitlies
over which the current efficlency changes very slowly. A study is being made of
the factors that enter into the relatvionship of current density and current ef-
ficlency for the Flurex process; the results will be 1eported later., Among the
faccors are: composition of the electrode, compositions of the catholyte and
anoclyte, stirring rates, celi resistance, shape and location of the electrodes

in the cell, and temperature,

Preiiminary experiments indicate the following are desirable conditions for the
cathode compartment: a mercury cathode, a uranyl ion concentrstion of at least
0.2 molar, and a hydrofluoric acld concentration of about one molar. If these
conditions are met, the physical factors become the important variables for study
of the relation between current density and current efficiency.

Another efficiency figure of significance for an electrochenical process is the

Pover Efficiency (F. E.). This is the ratio of the useful work performe¢ in the

process to the total amount of energy :xpended, For a practical process 1t can
be taken as:

P.E. = ¢ + 'a
Ve

)
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vhere V. and V, are the voltages observed across the electrode-3olution inter-
faces at the cathode aud anode, respectively, and V, is the total applied cell
voltage. The expenditure of energy At both electrodes is the inescapable price
of accomplishing the desired result; voliage drops across other parts of the cell
and its contents hould,. of course, be raduced to the minimum practical lerel. o

Mgst of the wasted work appears as heal, and results from the IR losses in the
cell., The remsinder of the wasted work may be attributed to the evolution of
hydrogen from the cathode and to reduction of small amounts of nitrate that
wigrate through the catlon membrane as a nitrate complex of uranium,

FLOW_SHEET

A prgposed flow sheet for the process 1s outlined briefly in Figure 1. Production
of the sodium double salt is shown; the potassium and ammonium salts can be obtained
by replacing the sodium hydroxide and fluori.d.e with the appropriategpotasaium or
aggronium compounds,

Feed Cog‘oa.rtnent

[ J
The uranium feed to the Flurex process is intended to be the uwranlum product stream
from the Redox, Purex, or TBF process. It 1s possible to remove the uranium from
the feed stream completely by salt-splitting along, Put it remains to be shown
whether this would be more or less efficilent than the 90 percent depletion and
subsequent uranium concerntrating and recycling indicated on the flow sheet, A
variation under study is the use of concentrated feeds; this would eliminate the
recycle step since at feed concentraticns of 1.8 molar and above the water transport
hecomes oms hunmdred percsat of the feed sirssm volume. Diluble feeds from other pro-
cesses would have to be concentrated prior to use under these conditionsn,

Cathode Compartment

The uranyl ions passing from the feed stream through the cation exchange membrane
appear in the cathode chamber, where most of them are reduced to uranium(IV) and
precipitate as the double fluoride. The catholyte slurry thus formed is re-
circulated through a filter or centrifuge at a volume rate vwhich will give ef-
ficient removal of the solid product.

The total catholyte volume tends to increase because of the sddition of concentrated
hydrofluoric acid and caustic solutions as make-up reagente, and because of transport
of water from the feed stream. This must be counteracted either by use of (a) &
stripping cell where the uranyl present in the excess catholyte is reduced completely
to ursnium(IV}, or (b) a concentrator, which will simply remove excess water from

the recirculating catholyte. The former method has the advantage of providing an
escape route for impurities,

-
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A secnnd effect cf the tendency toward increase of catholyte volume is the
consequert dilution of the uranyl fluoride,® The uranyi concentration couid be
maintaind by operating at less than one hundired percent cuxrrent efficiency,
since this produces a net increade in the amownt of uranium in the catholyte
system. In practice, the concentration of uranium will tend to stabilize since
the effect of dilution will be to lower the current efficiency to the point where

the net increase in uranium transported balances the dilution. This has been shomm

%0 occur at a uranium concentration of about 0.2 molar.

Apode Compartment . * L4
)

Nitrle acid is produced as a by-product in the anode compartment, a.ng can be drawn

off at any concentraticn upgto about four moliazr; theglimiting factor is tae water

trgnsported through thd l*nion exchange membrang with the nitrate ions,

The concentration of nitric acid in the anolyte is kept at two molar as a compromise

between increase of solution resistance as the councentration is decreased, znd the
ircrease in hydrogen ion lkakage into the feed compartment as the hydrogen lon
concentratior in the anolyte is increased. The éatter results ingy loss of ef-
ficlency in the salt-splitting step, since the overall reaction in this case is
merely the transport of hydrogen ion from the anode to the cathode comparfnents.
The feasibility of operation with two molar nitric acid has been demonstrated in
the laboratory cells; however, this is not necessarily the optimmm conceniration
for greatest overall ’efﬁciency of the process, ® °

Product Recoveg Py

[
Tone aikali uranic fluoride is removed as a catholyte siwrry and is collected by
settling, filtration, or centrifugation, The precinitats mnt he washed and
dried. The drying can be done in alr at 150 to 200 C without oxidation, The e
product in experimental runs has been a freely flowing dense powder that is
readlly filtered and washed.

The wash liquids from the product recovery step will coatain appreciable amounts

of uranium in solution too dilute for efficient electrolytic recovery. The relative

costs will determine wheth®r this material will be® reclaimed by concentration folw
lowed by electrolytic etripping ," or by precipitation at pH 10 of the alkali tetra-
uranate followed By dissolution in hydrofluoric acid and return to the cathcﬁ.yte.

(-] Y
SCOPE OF THE FLUREX EXPERIMENTS

Call %rations ® °

Over twenty separate runs have been carried out, each on a continuous process basis,
with solution being fed and withdrawn from each of the three cell compartments.
Amponium, potassium and sodium fluorides nave emch been used in & number of the
ruos in this serles, A few of the runs have baeen coutinued as long as fouxr days
(90 to 100 consecutive hours); most lasted apcosivately two days, although a
few were interrupted in less than elght hours. Turee different celis have been

used, ranging in capacity from about thirty %raus to about’ one-half kllcgran of
alrall uranic fluoride,rer day (24 hours).

-
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2 Production of Metallic Uranium » e

Bomb reduction experiments on a 25 grawm scale using calcium-iodine booster hawve
been carried ow’ 1 six different product batches, among which both sodium and
potassium uranic fluorides were represented. The recoveries of the metal in
the charge haveg ranged from practically zero to better than 9C percent; to date,
sodiwm sslts have produced better results than potassium salts, but it is felt
that proper adjustments dn the conditions Ih the electrolytic cell a.nd/ or the
reduttion comb would improve the yleld from potessium salts, %o
Future Considerations e * . ®

]

s 9 Numercus aspects of the Flurgx process, itself, and potential utilizationc of its
produgts deserve further development, Much remains to be done with the physical
design of the®ell in order to achieve the best chemical performance consistent
with economical operation. Little is yet known about théWfinal distributions of

o the fission products which may be present in small amounts in the feed stream.
One of the most lmportant projects to be undertaken is the stuE of several pos-
sible methods of utilizing Flurew product materials in the®production of uranium
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