A Study of Mercury-Cathode Membrane Cells
for the Electrolytic Reduction of Uranyl Selutions*

By J. W. Kim** and R. Simard***
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Bench-scale horizontal cation-permeable mem-
brane cells were constructed to study the eifect
of cell dimensions on the efficiency of electralytic
reduction of uranyl sulphate solutions fowing
continuously over a mercury cathode. Current
efficiencies were determined for various cells
having length-to-width raties of 10/1 to 40/1, and
for catholyte solutions containing from 20 to 100 g
U30s/¢ in sulphuric acid. Optimum current density
and solution flowrate were determined under these
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conditions. The effects of the nitrate and chloride
ions were bricfly examined.

Intreduction

A study of new methods of preparation of
high-purity uranium dioxide pellets directly from
uranium leach plant products is a continuing
project of this Division. As part of this program
it was considered of interest to study a special
design of an electrolytic cell for the reduction of
purified uranyl solutions to the uranous state,

“Wet process” reduction of uranyl suiphate or
chloride for the production of UQ,. UF: and
uranium metal is an alternate route to the
currently used “dry process” whereby UQs, U,0, or

ammonium diuranate are reduced at temperatures



A Electrolytic Reduction of Urany! Solutions

arnging from 600°C-900°C with hydidgen or
cracked ammonia. Applications of the “‘wet
process” are limited at present o ome semi-
rommercial <cale installation in fapan.‘!' where
purified rznium solutions are treated in Excer
cells'2® to produce the tetrafluoride. Other wet
methods of reduction have been studied however.
Thus, purified uranyl chloride has been successfully
reduced in zinc-packed cotumns'*' to produce the
double salt NaUFs. and by the cupric sulphate-
sulphur dioxide couple® to produce dense tetraftu-
oride for subsequent metal production. Crystalline
uranous sulphate has been obtained by the
reduction of strong sulphuric acid solutions of
vranyl sulphate in the Excer cell.®®

While most of the above studies were directed
towards the precipitation of the tetrafluoride salt
for metal production, the current interest in UQ;
in the form of high-density pellets for use in
unclear reactors has directed our work to the
production of ammonium diuranate or some form
of reactive uranium oxide from which suitable
fuel elements can be made. While the diuranate
can be readily precipitated from purified uranyl
salt solutions, a subsequent hydrogen reduction
step is required to produce a UQ: powder that
will press and sinter to a high-density pellet.
The “wet process” reduction of uranyl solutions
from ion exchange or solvent extraction circuits,
to be later followed by the precipitation, filtering
and drying of an equally suitable UQ; powder, was
our final objective in the present study,

This report describes some basic design rela-
tionships determined for a horizontal mercury-
cathode, permeable-cation-membrane cell, of
simple construction, to be used in the reduction
step. Previously, a laboratory size Excer cell.
manufactured by Ionics Tnc., Cambridge, Mass,,
had been tested for this type of work, but the
design was relatively complex and required high
circulating loads of solution to carry off the small
volumes of hydrogen and oxygen gas inherent to
an electrolyticr eduction process.

The simplicity of the horizontal mereary-cathode
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cell appeared to justify a preliminary examination
of its operating characteristics as affected by the
general design.

Zpuipment

Blectrolytie Cell

In electrolytic reduction of acid solutions, where
a mercury cathode is used to take advantage of
the high hydrogen overvoltage of mercury, a
horizontat cathode cell is normally adopted. For
alkaline sotutions, mercury-wetted vertical cathodes
have been developed, taking advantage of Lhe
amalgamating - property of mercury in such a
system, but with acid solutions amalgamated
cathodes have not worked well. The necessity of
a diaphragm between anode and cathede for
efficient uranium reduction has also been well
established and the development of ion-selective
membranes by ion exchange resia manufacturers
has made a great improvcment over canvas,
asbestos or porous ceramic plate, in controlling
the diffusion of the electrolytes.

The main problem in the operation of horizontal
membrane cells is the trapping of hydrogen gas
underneath the horizontal membrane surface, and
the consequent high cell resistance and poor
current distribution. Mechanical agilation through
a central hollow shaft was provided in the
development of the Excer cell.’?: This design was
effective but led to a complicated construction
which would probably result in maintenance
problems. The alternative is a long and narrow
cell with a shallow catholyte space to achieve
fluid flow at high linear velocities so that the
hydrogen formed will be continuously swept out
of the cathode compartment. The sweeping action
of the flowing catholyte would be assisted by
inclining the membrane, but the inclination angle is
limited by the depth of the catholvte compartment
which must be kept small 10 reduce cell voltage.

The choice of materials and general cell
dimensions was governed by thesc considerations.
Cathode arcas were chosen (0 suit the proposcl

scale of operation, with an available D.C. supply
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of 30 amp and a possible maximum current density
of 3 amp per sq. in. (46.5amp per dm?. Four
cclls, having widths and lengths respectively of
I in. by 10 in. 3/4in. by 15in.. 172 in. by 10 in.
and 1/2 in, by 20 in., were constructed from 3/8
in. Plexiglas. Construction features are shown in
Figure 1. The mercury level could be varied Ly
an adjustable glass sleeve in a Saran nipple (o
obtain from .08 in. to 0.2 in. of catholyte depth.
The cation permeable membrane, Zcralit C-20
Permaplex, was uscd for all tcsts and was supplied
in sheet form by the Permutit Co. of England.
The anode was made from pure lead sheet 0.1 in.
thick, and the mercury of the cathode was of
high purity.

Accessory Equipment

Direct current was supplied from a 12-volt
battery or . from a Northern Electric 550-V,
3-phase selenium rectifier with three step D.C.
supply rated at 6 V-100 amp, 12 V-50 amnp and
120 V-10 amp. A coarse rheostat control at the
rectifier or batiery was supplemented by a high
capacity Ni-chrome wire with sliding contact. The
flowrate of catholyte was measured with a suitable
Fischer-Porter rolameter.
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Fig. 1 - Llectrolylic reduction cell.
A - Anode ~ompartment
R - Rubber gasket
M - Cation exchange membrane
C - Cathode compartment
Q - Overflow trough
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Procedure

Electrolytes

The catholyte was prepared from refined UQ,
dissolved in sulphuric acid to oblain various
concentrations of uranyl ion and free acid. One
mole of sulphuric acid is theoretically required
per mole of uranyl ion for reduction to the uranous
sulphale. In these expcriments, however, an excess
was used since it was known thai some acid
would be consumed through hydrogen discharge
and that this could cause hydrolysis of the reduced
salt. Any precipitate forming at the surface
of the mercury would decrease its hydrogen
overvoltage. On the other hand, too high an
acidity would cause a decrease in current efficiency
and increase the ammonia required for the
subsequent neatralization.

The anolyte used was 1.0 M H,SO,, at which
concentration the cell resistance is ncar the
minimum.

In all experiments the rate of flow of catholyte
is expressed as a fraction of theoretical flow.
Theoretical flow is defincd as the rate of flow at

.which, undcr conditions of 100% current efficiency,

100% of the contained uranium would be reduced
from U® to U4, The fraction of theoretical fow
is calculated by the formula:

(g UfOn/! catholyte) x (flowrate, !/min)
0.0872 X (current, amp)

The electrochemical equivalent for reduction of
Us to Ut is 0.0872g U304 per amp min (Sce
Appendix 2 for calculations).

Cell Operation (see Fig. 2)

The cell was placed horizontally and the cathode
compariment filled with mercury to the overflow
point. The lead anode was then placed on the
diaphragm and the anode compartment filled with
1M H SO, The electrolytes were then fed by
gravity at a constant rate and the current adjusted.
‘The anolyte overflow was coliected, and cooled
bhefore recycling to the fecd end, The catholyte
was sampled at intervals and the samples kept in
bottles under nitrogen until analyzed for U, Ut
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and [P The analytical - procedure is My
described in Appendix 1. B

l:l.i.
The temperature of the anolyte was maintained

at near 30°C.by external cooling, while ghgt of
the “catholyte ranged from 30 to 45°C accgrding
to the current density and flowrate used. Cigrrent

. density in al). cases was calculated - as .}mﬁéres-

per sq. in. c;a'thode area.
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Fig. 2 - Flow diagram of electrolytic cireuit.

These experiments were first designed to
determine the preferred cell dimensions. for
meXimum current efficiency of the uranium
reduction. Following these experiments, the effect
on current efficiency of varying current density
at various concentrations of urany] sulphéte in
sulphuric acid was ¢xamined, using the preferred
cell deSign. A few experiments were made with
uranyl chloride in hydrachioric. acid; and" uranyl
nitrate in nitric acid, to m_uip'ate the behaviour
Of these salts with that of uranyl sulphate.

T Results

Rédﬁction of Uranyl Sulphate Bolutions
Effect of Cell Dimensions -
A series of tests was first epmpleted atl .the

relatively high uranium concentration of '.98g :

UDy/s and 51.7 g RS04/, with the four cells of
different shapes described earlier, the current
density being maintained at 2 Amp per sq. in.
The results are summarized in Table I and
Figures 3 and 4, from which it will be seen that
the cell with 1/2in. width and 20in. length gave
the highest current efficiency. However, because

" Catholyte: _

AREP N

of the difficulty of maintaining an even current’
density at the-'loli'g_nnd rarrow jead anode, the
172in by 10in. cel). was chosen for subsequent
eXperiments. As.-shown in Figure 4, the lesy in.
current eﬂicieq';':_;_'r”{p' going from a 40 to o 1)

letigth-to-width raio is only 3 to 45,

e Tame I
Effect of Cell Dirhensions
388 UOy/i. 51. 7 g free H,S0
Anolyte: - 1M HS0,
Current Density: 2 amp per sq. in.

Temperature: - . 30°- 45°C in cathalyte
--39°C ia anclyte
AR e —y
(inches) ~ Flow (%) %) olts)
1/2x20 138 ' g7 3 49
1/2x20 1.20 9.5 80 5.0
1/2x20 .97 95.5 93 5.1
1/2X20 on 82.5 98.5 5.2
1/2x10 1.37 94 67 5.4
1/2x10 1.20 92.5 77 5.6
T12x1y  gge 94 . 4.5 5.8
12316 ¢.87 86.5 99 6.0
3/4x15 1.35 90.5 63.5 5.8
3/4X15 1.65 '80.5 86 5.9
3/4x15 0.89 88 98.5 5.9
/4%15 o138 795 . g9 6.0
1%10 1.31 8 - 62 5.8
1x1p 1.15 88 ' 72 5.9
1x10 0.9¢ 9 g 6.0
1X10 0.79 5 9 6.0
_— TN
) cathoLYTE Comant Density » 2 omp /9g, in.
U0, ¢4 =98 '
o0 Fres 1,50,.9/ « 817

8
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Fig. 3 - Effect of cell dimensiong
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mamum current efficiency.

Effect of Dapth of Catholyte

A third dimension, the depth of catholyte. was

also varied ina series of tests reported in Tablt_s 1
and Figure 5, The results show that the depth of
the catholyte has no appréciable effect on cutrent
efficiency within the range tested. However, as

expected, a slightiy__ higher va:rlf_age accom:,:.b;l:ﬂ.fad :

the increase in depth of ¢atholyte.

. Tane }
Effect of Depth of Catholyte
" 20.3g UyOy/d, 32g free H,so.ﬂ
1 M HyS0;,

Catholyte:
Anolyte:.

Current Denﬂiy 0-7&1!01’8‘“1 in. [

Temperature: ~ 30°C"

i

Cell

Dept, of Frucion of g%g.;?c, Reducton il
() Flow %) . % (yohe)
0.08 126 &8 52 =4—'.§;"'
0.68 . 1.05- . . 849 : 80 RY N
0.08 087 8. - 925 4k
0.08 06 68 99 4%
0.17 124 . 82 65.5 i{'s
0.17 008 ~ '8S 77 46,
0.17 0.88 8- 95 4T
0.17 065 - 858 99 - 48

Effects of Current Density and Flowrate | -+

The results of this series of tests are presented

‘in Table 8 and graphically in Figures 6 mtl

: Fractlon of Tho:etwal Flow
Fis.s Effect of depl‘hof catholyt&

Flgure k4 15! the translatlon fmm Figure 6 of the
constgnt ﬁowrate mtewepts ‘expressed as %
reduetion. Figures 9 and -1k are simitarly derived

[rom 8 and 16.

' Tm: | S
Effect of Uranyl Sulphate C'anntrauon
and Current Dens’ y-. .
Cell: - 126w x 10in.
Anolyte: M HgSOg
" Temperature: . Anolyte: 30°C
- Catholyte: 30-—45°C

Catholyte ¢ ont Fraction Cwrrent oo ol

- F ' Density of The- Eflicie-- Vi

U 30s Hg& {amp/ oreuoal %) (v cd't:t-
@ (e ) F . <%_1 Bt
20.3 _3’2&0 04 ,r31 - 8 63 4.0
20,3 320 04 A - 79 . 86.5 41

203 20 04 032 63.5 96 4.2

203 320 07 126 . 835 52 43
203 328 07 LOG 84 80 . 44

203 320 0.7 087 81 ' 925 - 45
203 20 07 084 635 99 - 46
203 320 1.0 114 BOS 70 4.8
203 3206 36 0B 805 9} 43

203 320 10 079 770 975 4.4
203 320 1.0 0%- 735 99 44
203 320 16 © 144 730 64+ 47
203 320 16 . 090 ' 720 795 48
203 320 16 077 675 865 4.9
203 320 16. 066 645 985 5.0
203 320 20 - 123 675 535 52
203 320 20 . 1.0 66 65 53
203 320 208 083 . 65 785 54
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203 520 20 065 6] 94 55
40.7 340 0.7 119 84 70 3.9
40.7 340 0.7 1.01 84 84 3.9
40.7 340 0.7 088 82 935 4.9
40.7 340 0.7 075 74 99.5 4.0
40.7 340 1.0 1.34 87 64 4.2
40.7 340 1.0 122 86 695 4.2
407 340 1.0 088 g3 95 42
407 34.06 20 060 70 99 4.3
40.7 3.0 16 121 83 695 4.7
40.7 340 16 1.0 83 82 4.8
0.7 4.0 16 08 .85 935 48
407 340 16 077 78 99 4.9
407 3.0 20 120 805 .5 51
407 340 20 095 795 835 52
40.7 340 20  0.84 7 o4 5.3
407 340 20 074 74 99 5.4
929 520 1.2 1.41 90 59 A8
92.9 520 12 1.04 885 845 4.9
929 520 1.2 084 &4 98 5.0
929 520 1.2 0.7 76 29 5.1
929 520 20 139 o4 7.5 50
929 520 20 108 03 865 5.1
929 520 20 087 8.5 g9 5.3
929 520 20 069 77 100 5.4
929 520 24 131 95.5 725 52
929 520 24 102 94 94 5.3
929 520 24 092 915 99 5.4
92.9 520 24 Q.81 87 995 55
929 520 28 133 945 705 54
929 520 28 1.0 92 84 5.5
929 520 28 089 88 985 5.6
929 520 28 078 83 99 5.7
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Fig. 6 - Effect ot Howrate on current cfficiency at
a given current density. Catholyte: U30,. 40.7 g/i.
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Fig. 7 - Effect of current density on % reduction
at a given flowrate. Catholyte: U048, 40.7 g/1,
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Fig. 8 ~ Effect of flowrate on current efliciuncy at a
wiven current density. Catholyte: U0, 20.3 g/t
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Fig. 10-Effect of Qowrate on current efficiency at

_a given curvent deusity. Catholyte: UsQs. 92.9 &/4.
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Fig. 11 - Effect of current density on % reduction
at a given flowrate. Cathalyte: UgQOg, 92.9 g/l

Reduction of Chloride and Nitrate Solutions
Since chloride or nitrate salts can also be used
in ion exchange or solvent ecxtraction processes
for the production of concentrated uranyl solutions,
a brief examination was made of the effect of
these ions on the efficiency of reduction. .
Uranyl chloride solutions acidifi ed with HCl
could not be reduced beyond 80% U4, but a mixed
solution, as shown in Table ¥ and Figure 12, was
reduced to near 103% UL

Tase ¥
Reduction of Uranyl Chloride Solution
Catholyte {g/0): U;0y. 40.4; HCL 10.2; H,S0,, 200
Anotyte (g/f):  H:S0, 100. Temperatare, 36°C
Current Density: 1.6 amp per ¢q. in.

Facion ol Coment  pogion il
Flow (%) i {vo]tsg)
1.15 76.0 65.5 4.5
1.05 . 740 74.5 4.6
0.81 73 90.5 4.7
0.68 43.5 99.5 4.8

s e = N

4
mbﬂ//\“nﬂl—ga»“ e =
. S U, oA 929,

&#%x - R. Simard 7

Solutions containing 20 to 100 g UsOg// as uranyl
sulphate acidified with nitric acid were reduced
only slightly, due to the preferential reduction of
the nitrate ion.

Cathonta: - (0 ’404 q/h
el K2 gl
HySQy 200 ¢/
Tamparoivre; 30°C
§ [Curraat Density: |6 amp/eq. in.

-
g1 - —_—

& , <L ;
% ~ so.mmmmuu-o

4 ~ A 1 A L

or o8 o9 13 M ¥ ]
FRACTION OF TWEOWETICAL FLOW

———

Fig. 12 - Reduction of chioride solution. Effect of
flowrate on current efficiency at a fixed current denaity.
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Cell Voltage

This was in part a function of acidity, current
density, temperature, and uranium concentration.
Other factors were held constant by using a thin
ion exchange membrane of 0.025 in. thickness for
all tests and setting the anode directly on the
membrane.

Table ¥ shows cell voltages required to maintain
current density that will give near 95% reduction
under the above conditions.

TasLe ¥

Celt Voltage at 9595 Reduction
Temperature of Anolyte: 30°C

amct-.ntration C nrrc.m l.-'raction of Cell
of Catholyte Density Theoretical  Voltage
(g Uy0/8) (amp/sq.in.) Flow (volts}
20.3 0.8 0.8 4.6
40.7 1.0 0.8 4.3
92.9 2.4 0.9 4.5

Cell Temperature
This was maintained at 30 to 35°C in the anolyte
but should higher uranium concentrations be used,
which would require higher current densities for
optimum results, better cooling of the cell would
be required to maintain the temperature within
the limits set by the materials of construction.
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Cell Performance -

‘Within the conditions of the present tests, the
cell performed satisfactorily,

A slight corrosion of the Jead was noticed but
this would not affect the purity of the catholyte.
A flat tube with colling water is suggested, in
order to increase the life .of the lead anode.

The membrane showed no signs of wear or
cracking and was kept at all times under weak
sulphuric acid to avoid drying and shrinkage.
In practice, where larger dimensions would be
used a heavier Fiberglas or Teflon reinforcement
is suggested.

There was no noticeable drop of the hydrogen
overvoltage at the mercury surface over the
period it was used. Where small quantities of
uranous sulphate were formed,
entrained in the catholyte overflow,

these were

Dlseusnion

The reactions which occur in the electrolysis of
uranyl sulphate-sulphuric acid solutions, due to
the passage of two faradays, are as follows:
Cathode: UOSO, + 4(H)* + (80, + 2¢

~ (SO, + 2H,0 .. LD
Anode: (SO~ + H,0 — H:SO+ 1/20;5 + 26-..2)

Sum: UO-SO+ H2S0, — U180, -+ [1,0+1/2 0,...3)

However, because of the depletion of uranyl
ions at the mercury surface a small amount of
hydrogen is evolved. In the cation-permeable
membrane cell, uranium migration to the anode
as the UQO; cation is prevented by the cell voltage
while any uranyl sulphate a‘ﬁion is stopped by the
membrane. n the anode compartment, the reaction
is essentially as in 2). Any variation current
efficiency and degree of reduction will be caused
by the conditions in ‘the . cathode compartment
and attention has therefore been directed to the
conditions in this part of the cell.

Effect of Uranyi Sulphate Concentration
and Current Density :

The limits of concentration were set by the
solutions obtained from jon exchange or. solvent

Electrolytic Reduction of Uranyl Solut.ions -_.:

;uan:&t&

"extract:on processa m use of proposed for the-
uranium industry: G‘engrally.

the higher ’t_he
concentration the more:. eﬁc:ent is the reduction
process.

Looking back to Flg, 7.9 and 11. which express
the relation between current density and per cent
reduction, it will bé seen that for a given flowrate
a specific current derisity exists which will give the
maximum per cent reduction, and that the
maximum depends on ‘the uranium concentration
in the catholyte. These conditions are summarized
in Table . _

- Taste Y
Current Density for Maxmum Efficiency
at Theorencal Flpw

Concentrations Optimum Current
in Catholyte Current Density Efficiency
(g UsOs/B (amp/sq. in.) %)

20.3 s or 82
40.7 _ 1.0 85.5
92.9 2.4 93.%

These maxima can be. explained from the effect
of two conflicting trends. For a given fraction of
theoretical flow, increased current density will
require a higher absolute flowrate, which will
favor turbulence and ion diffusion. This. will
increase reduction efficiency to a point where
diffusion becomes limiting. A further increase in
current density will then cause a drop in the
averall efficiency. The maxima are more noticeable
for lower uranium concentrations, which confirms
the previous explanation, The maxima are also
displaced towards higher current densities with
increase in uranium concentration,

In order to achieve a high degree of reduction .
(95%) of the uranyl ion for the subsequent
precipitation of near stoichiometric UQ,. the
conditions set forth in Tabie 5 can then be used
for this purpose.

Effect of Temperature
Higher temperature in electrolytic processes

will reduce hydrogen overvoltage slightly (2 mv-

per degree C). On the other hand, ~overall



resistance is reﬁmd and Ion djﬁ'usmn i xmpmved
- It would thérefors. havé been advantagéou

operate at hlghetxempmtures. but bemuse of :

the limit set By the materials of construction in
tha present atudx,, and in order to control the
.corrosion of thp lea.d anode, the tests were carried
out near ronm tamperatm-e It is felt that in
practice, if the. extra cost of anodes of greater

. resistance can ba justified, cell” temperatu:e wouid .

be limited msil;lgr by the materials of canstruction.

Conclusion -

Eﬂiment red&uoh of uranyl sulphate :and
chloride solutam has been achieved in a horizontal
membrane, mawrmthode ctll designed for this
purpose. In a siugle-stage opersgmw% reducaon
of UP to U%, or beiter, at 8 t 95% current
eﬂic:enc:r was cibtamed for 4 tathoiyte solutmn
containing from 20.to 100 ¢ U:@J! ‘Excess acid
is necessary tp prevent hydro[ysis. and coolmg
devices are suggested for hlghar capacities,
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: APPENDIX [ | |
Determnatmn of Us, U+ nd w
in Catholyte Solntions

I, Total uramum is detemuned by . the atan
Jones reductar»femc iron-dichromate utrauou me

" thod.. -

2.. Total U'+U3 is detemuned ag Ut by aeratmg
the sample before a fefric iron-dighromate titration,

3, Total Ut L3 ig determined by dichromate titration

without prior aeration, using deaerated ferric &nd .l"""F

sulphuric acid solutions.
The difference between Titrationsl and 2 is reported

as US, The difference between Titrations 2 and 3, 1

after taking. into account the eql.uvalent is reported
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'lheoretlcal flowrate l/m ’

tcurrent amp) (0. 087'? g Usog/a.mp min) -
catholyte 8 UsQy/?

'l-;.u .

.,

as U*, The Ut is then calculated by differepce.

(5 8q."in.)

Catholyte Current Total _
Uy Density Current Flowrate‘ .
@)  (amp/sq. in) (amp) (ml/mm)i

203 04 . 20 © 86 *!v
20.3 17 . 35 150 %
3 1.0 5.0 25 %
03 1.6 8.0 KEW RS o
T Y I 07. - 35 w5
07 - 10 . 50 0.7
40.7 . 16 . 88 17.1
40.7 20 100 2k4
929 1.2 6.0 56
ise 2.0 10:0 9.4
S iigpg 24 120 ir2
929 = 28 14.0 13.1



