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THE FLOFREX PROCESS: A WEL CHEMICAL METHOD POR THE
PRODUCTION OF URANIC FLIORIRY, SALTS

W. W, Sehu1z(1), E, W, Newvar(1), 3. L. Carro11(2), R, 2, Burrall)
1. INTRODUCTION

Apnhydrous uranimm tetrafluoride 1s used as an intermediete in present in-
dustrial processes for the preparation of both uranium hexaflucride amd
uranim metal. Several recent investigations (4,5) have demonstrated that
alkali metal and ammonium uranim(IV) double fluorides of the general
formulas MUF, may alsc be used as intermediates. An electrodialytic proceass,
the Flurex case;, for the preparation of such uranic fluoride salts from
agqueous uranyl nitrate - the usual end product in uranim s ations
processes - vas proposed by Carson and co-workers in 1954 (2). Besential
features of the process, as presently conceived, together with pertirnent
developmental data and a chemical “lowsheet are briafly discussed in this
paper,

II. PROCESS CONCEPT

Twe major electrochemical steps are performed simultanecusly in the Flurex
Process; uranyl and nitrate ions of the feed solution are separated from
each other, and uranyl ions are reduced at a mercury cathode to the tetra-
valent state. Success of the reduction step les contingent on the previous
separation since nitrate ions are capable of oxidizing uranimm(IV) ionms.

The Flurex Process is shown in simple schematic form in Figure 1, The
basic element of the process 1s an electrolytic cell which is divided into
three compartments by an anion permeabls membrane and a cation permeabls
membrane. Uranyl nitrate is introduced into the center (feed) compartment
waich is bounded by the two membrenes, When a potential is applied
uranyl lons are transported through the cation membrane into the cathode
chamber which contains ammonium (or the appropriate alkall metal) ion and
Zluoride ion. Simultaneously, mitrate ioms migrate through the anion

(1) Hanford Laboratories Operation {2) Department of Chemistry
Hanford Atomic Products Operation University of Utah
General Electric Company Salt Lake City, Utah

Richland, Washington
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membrane to form nitric acid in the anode chamber. Water is alsc trans-
ported from the feed compartment with both ions. For reasons discussed
later, overall current efficiencies of 80-100 percent cannot be obtalned
feasibly with an acid anolyte, In practice; base ia continuously added
to the anode compartment, and the cell is operated with an alkaline anolyte.

In the cathode chamber uranium(VI) is reduced to the tetravalent state and
precipitated as a uranic double fluoride., In continuous operation solid
product is removed from the catholyte external to the cell. After product
removal a volume of catholyte equivalent to the volume of water introduced
during cell operation is removed as a "catholyte bleed", Uranium is re-
covered irom the bleed in a separate operation and the other constituents
:f the bleed are sent to waste, Altermatively, the catholyie may be
continuously concentrated to remove added water with a amall volume taken
as a bleed and sent to waste. In both cases, the bulk of the catholyte is
recycled to the cathode compartment, Hydrofluoric acid end ammonium
fluoride (or alkali metal fluoride) are continuously added to the recycled
catholyte.

The overall cell reaction is given in equation (1). Equation (2) represents
the anode reaction and equation {3) the cathode reactionm,

U0(NO3)y + 4 HF + NH;r — NH UF= + Hp0 + 2 HNO3 + 1/2 Op (2)
Hzo-ze"—-ﬁ2ﬂ* +1/2 03 (2)
uo;* +4 B +NF 22 D EEUFs + 2 HO (3)

Although the equations &1< wri.ien for the production of NH,UF., the
sodium and potassiun salts ar3s prepared in a similar faghion, “Greater
emphasis has been placed on prcduction of the ammonium salt since it can
be readily dscomposed to UF, (1) and ultimately conmverted to either metal
or UF6. The sodiun and potﬁusium saltg are suitable intermedlates for
praeparation of meta) Wt de not eppear particularly usefnl for preparation
of UF

60

III. PROCESS DESCRIPTION
A. MEMBRANE PROPERTIES

Ion exchange membranes for use in the process should desirably exhibit
high electrolytic conductivity, high permselectivity, low hydraulic permea-
bility. and a lonz useful life. A satisfactory combination of these
properties is found in Permutit 3142 cation, Permutit 3148 anion (Permutit
Company, New York) and in Nepton AR 111 enion (Ionics Incorporated,
Cembridge, Massachusetts) membranes. The selectrical resistance cf thesa
manbrangs under typical process conditions is in the range five to 40
ohms/cm“, These membranes are also chemically stable in process solutions
and appear to retain their electrical properties upon prolonged cell
operation at temperatures as high as 60 C., The membrane property of
greatest plgnificance to overall process performance is permselectivity -

_ RELRSHED
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the property of the membrane to permit passage, under a potential gradient,
of anions to the exclusion of cations, or the reverse. Cations which leak
from the anolyte compartment across the anion membrane into the feed com-
partment compste with uranyl lon for transport to the cathode chamber.
¥When the cell .s at equilibrium anolyte cations are transported to the
cathode compartment at the same rate at which they enter the feed compart-
ment, Thus, the net result of such leakage is a decrease ln the current
efficiency for uranium transport. The same principles apply to leakage of
anions from the catholyte compartament to the feed compartment, Experience
showa, howaver, that the leakage rate of fluoride ion through the cation
membrane under typical operating conditions is too small to be significant
with respect to cell current efficienc;.

Current efficiency decreases in the range three to 50 percent have been
observed as the result of leakage of cations through the anion membrane.
The rate of such leakage is known to be a function of anolyte composition
end ccncentration, cell temperaiure, and membrane current density., In
general, the leakage rate of a particular caticn increases with increasing
concentration and membrane current density and decreases with increasing
cell temperatur>, The effect of elevated cell temperature in decreasing
leskage rates i3 one of the important comsiderations in establishing a cell
operating temperature of 60 C,

The relative leakage rates of ammonium, sodium, and calcium ilons from
alkaline nitrate anolytes (pi 8-9) and hydrogen ion from a nitric acid
anolyte and the corresponding decreases in current efficlency for uranium
iransport are shown in Figure 2, These data vere obtained with Permutit
3148 anion membrane; comparable rates were cbtained with Neptom AR 211 and
Nalfilm 2 (Rationsal Aluminate Company, Chicago, Illinois) anion membranes.
At comparable ccncentrations, leakage rates for hydrogen ion are about ten
times higher than those for sodium, calcium, and mmonivm ions, You will
pote that even at 0.01 M HNO, (a concentration undesirably low from con-
ductivity and anolyte flow comsiderations) about an 11 percent loss in
current efficlency is experienced. Attalmment of a feasible cell current
efficiency at a practical anolyte cation concentration (> 0.1 M) thus
requires operation with an alkaline anolyte. -

The inoreased leakage of cations through the anion membrane associated
with increased membrane current demsities must be considered in establish-
ing an operating current demsity. Another factor which must be borme in
rind is cation membrane polarization which occurs under Flurex Process
oonditions, Catlon membrane polarization is believed to be amalogous to
S20NT WS winisit atliua pulacisaiiva (3) wud is iilusirabed for Fermuiii
3142 cation membrane in Figure 3. For the conditions shown the maximum
or limiting mmbrans current density obtainable without polariszation was
about three amps/in®. Attemptls to further inerease membrane current
densily by application of more voltsge resulted ia a sharp increase in
membraue resistance and a decrease in membrane current density., Similar
behavior was noted for Nepton CR €1 and Nalfilm 1 caticn membranes except
that limiting membrane current densities under Flurex Process conditions
wers less than one amp/inz. For Permutit 3142 membrane a uniform membra: e
cwrent den.ity of one amp/in“ is considered a satisfactory compromise to
offect maximum utilization of evailable membrane ares and the realisation

~ ELASSIF
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70 + Conditions:
Anolyte - 1,0 M UNH
60 - Catholyte - 0,2 K UU,F,,

0.05 M NHAF, 1.0 M
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Figure 3 - POLARIZATION OF PERMUTIT 3142 CATION MEMBRANE

# Reaistance and potential values represent tctal
resistance and total potential drop across the electrolytic
cell., Considering that electrolyte composition, concen-
tration, and temperature were maintained constant, the
resistance increase is a reflection of the change in
membrane resistance.
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of a suitable overall cell current efficiency without lnterference from
polarization effects.

B. CELL DESIGN CONSIDERATIONS

An important feature of cell design is a satisfactory arrangement of mem-
branes and liquid mercury cathode. The choice of geometrical configuration
is largely determined by the desirability of operating with minimum power
requirgusnis al am approximately unlfomm membrane cwrent demsily of ous
amp/in“, Attaimment of uniform membrane current density requires = parallel
arrangement of membranes and electrodes. With vertical membranes a parallel
arrengement can be approximated by construsting the cathode as a gserie= of
stacked trenches, parallel to, and equidistant from the cation membrans. A
laboratory model of a cell incorporating this cathode design i1s shown in

Figure 4.

To demonstrate that a uniform membrans current density could be approximated
with such a cathode arrangement. the laboratory ceil was fitted with a speclal
compartmented feed chamber as shown in Figure 5, Each of the five identical
feed compartments was filled with 0.6 M UNH, Anolyte and catholyte chambers
were filled with solutions corresponding to typical Flurex Process condi-
tiona, and the cell was operated under & d.c. potential for a specified
time. The contents of each feed compartment vere then removed and analyzed
for uranium. With this experimental arrangement the amount of uranium
migrated from each feed compartwent is a measvre of membrars current density.
Results in Table I show that when only the bottom trench was used, current
density on the uppermost portion of the m-ubrens was only 43 percant of that
on the loweat portion of the membrane. By contrast, when all three trenches
were used, membrane current density was esse-.iially .aiform.

TABLE 1

ATTATNMENT OF A UNIFORM MEMBRANE CURRENT DENSITY WITH A
STACKED_TRENCH CATHODE

Number of Trenches Jnits of Uranium .
d & 3 4 3
Bottom Only 2% 31 32 60 61
All three 41 35 37 37 39

* Feed compartments are numbered starting at top of feed chamber,
of. Figure 5,

The degree of uniformity of memhrans current dsnsity obtained with atacked
trenches is determined by the vertical distance between successive trenches
and by the distances batween cation membrana and tranchaz. When tranchas
are close to the membrane, attaimment of a desired degree of uniformity of
membrane current density requires that the vertical distance between

- 7.
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Figure 4 - LABCRATORY CELL
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succesaive trenches be smaller than when the trenches are farther from the
membranae, On the other hand, zell reailstance and veltage requirements
increase as thes treanches are moved farther from the membrane. Thus, a
satisfactory compromise must be effected between voltage requirements and
the degree of uniformity of membrane current density required. In this
latter connection it should be noted that the particular configuration used
in the laboratory model (Figure 5) may not represent the best compromiss,

The materials of construction of cell components must be raosistant te
attack by any of the individual compartment solutions or by mixtures of
these at temperatures at least as high as 6C C, Lucite, used in laboratory
cells, appears ‘o be =uitabla for construction of the cell body.

Provielons must be made in cell dessign for agitation of the mercury surface
in each trench, 1In the laboratory model each trench was fitted with a
paddle stirrer ocperated by a gear traln external to the cell. Provisicro for
agitation in each of the cell cempartments to inaure unifoirmity of sclution
composition also appeers desirable, Means must also be provided to either
dissipate hea' gencrated in each cell ~owpartment or to supply heat, ce-
pending on the specified operating vcanditiona.

C. CELL OPERATING CONDITIONS
1 ANCLYTE COMPARTMENT

Because of excessive leakage of hydrogen ion through ani:n membranss (see
Section B), the anolyte is malntained above pH 7 by continucus addition »°
base. Choice of the base 1a dictated by the product desir 1, Amonis =ist
be used for the¢ production of pure NHAUF and, similarly, . dium uydroxide
for the production of NaUF., This restrzction is n consequencs of the
leakage of anolyte cations”through the anion membrare, In ad?ition to leak-
age rates of cations through the anlon membrane, electrical conduetivit: and
anolyte effluent volumes must be considered in selecting a satisfactory
anolyte concentration. Anolyte cation concentrationa imn the renge 0.1 to
0.5 M are satisfactory.

With an acidic anolyte platinum is the most satisfactory anode material yet
tested. With an alkaline anolyte, however, stainless steels 304L and 347

are also satisfactory anode materials, Anodic dissolution studles indicete
that the dissolution rate of SS 304L undar typical Flurex process conditi-ne
‘3;3 about 25 mg/amp-hr as oompared to the platinw: dissolution rate of about

" /mv\- » T D ] + &£ 43 g JOL SOV R - ~ an »
> ™o L} =0 TI2W 2T TAL TUTTLAD TOaAVLIT® wusva vl VIO OT WG VAL LULD )y

c&nsi&:};gie‘;éonomic galn in materlal cost ls po-+ible by using SS 304L.
2. FEED COMPAETMENT

In the present concept of the process a feed inf).sat containing only
uranyl nitrste and nitric anid as the major cons!: .uents has been assumed.
In particular the feed is assumed to have beer iecontaminated from fission

products. The Flurex process does, however, appeer to be capable of giving
some decontamination from fission products and other iomie imenrities 4n

DECLISSFED
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the feed, The decontamination potentialities of the process have not yet
been studied in detall.

Operation of the feed compartment is most conveniently discussed in terms of
factors which affect transpurt of uranium and of water. Three variables of
importance with respect to the current efficiency for transport cof uranium
are (a) the free HNU-/U ratio in the influent feed, (b) feed compartment
operating temperaturc, and (c)} leakage of cations through the anion membrane,
The effects of the latter variable have been discussed earlier, The effacts
of feed acidity and temperature are shown in Figure 4. Note that the current
efficiency for uranium transport increases slightly at elevated temperatures
and decreases with an increasge in feed =2~idity, The acidity range shown in
Figure 6 is tha! expec*ed fcr probable feeds for the process.

VWater 1s transported from the feed by electroosmotic transfer and as hydration
water of the mobile ions, The amount of water transferred with the uranyl
ions increases from about two to four ml/g U as the feed compartment uranium
concentratlion decrsases from 1.5 to 0,1 M. The amount of water tranaspcrted
with the nitrate lons 1s about ten percent that transported through the cation
membrane,

It 1e possitle tc sslect opsrating conditlons under which all the uraniwm and
waler added are transferred from the feed compartment and no effluent is
necessary, However, becausc such opera*ion would require precise ad ‘usiment
of influent uranium concentration end flow rates, it appears more r nctical to
operate with a small effiuent from the feed compartment. Operati_u with a
feed compartment uranium concentration of 1.5 M to decrease cell resistance
and water tramsport, and with a feed effluent corresponding tc sbout cne per-
cent of the iufluent uranium appears feasible. This feed effluent may be
recycled to some previous poipt in the uraniux separations process or pro-
cessed in a separate fa:ility for recovery of the uranium.

3.  CATHOL.TE COMPARTMENT

In the catholyte compasrimeut uranium transported from the feed compartment is
reduced at a mercury cathode. Of many materials tried mercury has proved to
be the only suitable cathode material at which high reduction efficiencies
can be obtained at practical cathode current densities. Continuous renewal

of the mercury surface by stirring or by flow ia eassential to achieve high
reduction efficiencies,

Current efficiency for uranium reduction is primarily a function of uranium
concentration and cathode current density as 11inatratad 4m Piovme 7 ma.
est. current i:fficiencies are obtained at high uraniwm concentrations and
low cathode current densities, It is evident that with an all fluoride
catholrﬁe the cathode current density must be restricted to about two
amps/in“ to obtain greater than 30 percent efficlency, Operation at 60 C
in the presence of a slight excess of fluoride and smmonium (or metal) ioms
over stoichiometric requirements also increases reduction efficiencies,

 IRUSSF
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11 continuous operation with -ecirculation of tha cathelyte the eq:ilibrium
2atholyte urarnium concentration i5 determined by the relationships among ~ur-
rent efficizncy for uranium transport, currernt efficiency for urarium
reducticn, and the catholyte bleeu rate, Al 25 rercent current efficiency for
uraniun transport, one amp/in< cathode current dinsity, and with a bleed rate
equivalant !'s the rite of water addition to the .utholyte during cell operation,
the aquilibrium catl>lyte uranium concentration will be approximately 0,05 M.
Undsr similar condi?ions except © two amps/in? cathode current density the
equilibriwz uranium conceniratic will be approximately 0.1 M. In both cases
satisfactory operation can be rialized at C.1 M ammonium iomn ard 0,3-0.4 M
fluoride ion in the equilibrium catholyte,

The specific resistance of catholyles of the composition 0,05~0.1 M W 29
0.2 ¥ NH,F, C.1 M HF is about 997 ohm~cm; the resistance contribution of such i
cath>lytes represenia a large fraci! n of the overall cell resistance, Resis- ki
tan.c of the vatholyte can be d. creased by minimizing the cution membrane-
catncte dicionrs ~r by adding to tre catliolrte a reagent other than a fluoride
co.,pound to eavcid increasing the amount of fluoride in the catholyte bleed.
Sulfuric acid is *ho most siitable additive of aseveral investigated bacausa 1t
does not inierrere ' iun bl electroshemi zal reductiosa of urinium and bucause
tae Jagkage wats  © ~m1fata dom govazx the cation mombrans 1s a~ceptatly low,
Howaver, at catuclyvia lluoride coacentrations in the range 0.16 to 0.3 M, high
concentraticrns ol sddfate icns lalerfare with precipitation of the reduced
uranium., This laiter effect is 1llustrated by the data in Figure 8, At 0,3 M
fluoride *th: sulfats copcen.ration must be limited %o about 1,1 M and the
cathode cu-rent densiiy nust not exceed about one amp/in2 to achieve product
Yields greater than 85 percent. The specific resistance of a catholyte cof the
compoaitice 0.1 ¥ UC2F2, 0,1 M NH.F, 0.1 M HF, and 0,10 ¥ H2S0, is about 20
chm-cm,

4, PRODUCT RECOVERY

Process steps associated with product recovery and extsrnal cathclyte treat~
ment have not yet becn studi=d ia detail, A tentative procedure is as follows:
Product is removed =z e 22ttolyte slurry aud collected by filtration, settling,
or centrifugation, The prodvct is then washed and dried. After product re-
moval e voluma of catholyte equivalent to the volume of water imtroduced turough .
the cation membrens, in the product washing step and in reagent addition 1s
removed as a catholyte bleed. Alternatively, the cathoiyte may be continu-
ously concentrated to remove added water with a small volume taken as s hleed
and sent to waste, Ir both cases the bulk of the catholyte is recycled to the
cathode coupartwent, In continuous operation hydrofluorie ecid, ammonium
fluoride (or alkali metal fJuoride) and, possibly, esulfuric acid are added to

recycled catholyle ¢ mainlaln ccrstaut composilion,

the
Waen the catholyte is continuously concentrated, the small amount of uranium
vhich can be sent to we e econcmically necessitates a relatively low catho~
lyte bleed rate, This has the advantage of decreasing the amount of fluoride
sent to waste. An important disadvantege, however, is that ionic impurities
(fission products and stainless s*eel corrosion products) tramsfarred from the
feed compartment will bulld up in the catholyte to a concentration which could
adversely affent the decontaminstion potential of the process. The decontami-
nation potential of the process is incroased when the catholyte bleed is
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equivalent to the amount of water ad’ed during c~11 cperaiion, 'inder these
conditions, howeve-, more fluoride is sent to waste and additional proceasing
steps to recover u~anium from the bleed are required. The amount of uranium
in the bleed wi.nuld be expected to correspond to 5-10 percent of the influent
uranium to the fee: compartment depending on operating parameters. 7Tt is
tentatively believed that .ranium may be effectively recovered from the catho-
lyte bleed either by solvent extraction or ion exchange techniques,

D, CHEMICAL ¢ ICWSHEET

A simplified flowsheet for the preparation of the ammonium salt is shown in
Figure 9. For the conditions shown, cverall current efficiencies in the
range 85 to 90 percent are obtained, The cuncentration of ammonium nitrate
shown in the feed compartment is that obtained at equilibrium as the result
of leakage of ammonium ions from the anolyte., Although not indicated, traces
of fluoride ion will be present in both the feed ana anolyte compartments as
the result of leakage of fluoride ion from the catholyte.

IV, SIMM:RY

4n electrodialytic process, the Flurex procsss, fo- the preparaticn cf alksll
metal and amonium uranium(IV) double fluorides from aqueous uranyl nitrate
has been investigated. DUevelopmeni studies nave damonsiraied the feasibility
of the process and indicate that it has potential “or becoming economically
competitive, in certain applications, with present methods of converting
uranyl nitrate to wranium tetrafluorilde,
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