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ABSTRACT 

Efficient production of uranous nitrate is important in 
nuclear fuel reprocessing because U(IV3 acts as a plutonium 
reductant in solvent extraction and can be coprecipitated with 
plutonium and/or thorium as oxalates during fuel reprocessing. 

Experimental conditions are described for the efficient 
electrolytic production of uranous nitrate for use as a re
ductant in the SRP Purex process. The bench-scale, continuous-
flow, electrolysis cell exhibits a current efficiency approach
ing 100% in combination with high conversion rates of U(VI) 
to U(IV) in simulated and actual SRP Purex solutions. High 
current efficiency is achieved with a voltage-controlled mercury-
plated platinum electrode and the use of hydrazine as a nitrite 
scavenger. Conversion of U(VI) to U(IV) proceeds at 100% 
efficiency. Cathodic gas generation is minimal. The low 
rate of gas generation permits a long residence time within 
the cathode, a necessary condition for high conversions on a 
continuous basis. 

Design proposals are given for a plant-scale, continuous-
flow unit to meet SRP production requirements. Results from 
the bench-scale tests indicate that an 8 kW unit can supply 
sufficient uranous nitrate reductant to meet the needs of the 
Purex process at SRP. 
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ELECTROLYTIC PRODUCTION OF URANOUS NITRATE 

INTRODUCTION 

An efficient electrolytic method for the production of 
uranous nitrate solutions is needed to support conceptual 
design changes in the Purex and related solvent extraction 
processes at the Savannah River Plant (SRP). 

In the SRP Purex process, plutonium and uranium are ex
tracted from an oxidizing nitric acid solution into an organic 
tributyl phosphate (TBP) phase as Pu(IV) and U(VI) nitrates. 
Partitioning of the plutonium and uranium is achieved by back-
extracting the plutonium into a reductive nitric acid solution 
as Pu(III). The Pu(III)-TBP complex is sufficiently less 
stable than other TBP complexes of U(VI), U(IV), or Pu(IV) 
that quantitative separations can be attained by multistage, 
countercurrent extraction. Ferrous sulfamate is utilized in 
the current SRP Purex process. The ferrous ion functions as 
the reductant for plutonium to produce Pu(III), and the 
sulfamate stabilizes the Pu(III) and Fe(II) ions in the nor
mally oxidizing nitric acid media. 

A large excess (MO fold) of ferrous sulfamate is commonly 
required to achieve acceptable separations efficiencies; there
fore, this reagent becomes the largest single source of solids 
in the waste from the process. Substitution of electrochemically 
prepared U(IV) as a reductant for plutonium(III) would eliminate 
the introduction of iron to the waste; and substitution of 
hydrazine for sulfamic acid would further reduce the waste 
solids, since hydrazine is converted to entirely gaseous pro
ducts upon heating, rather than forming nonvolatile sulfates 
as does the sulfamic acid. The economic costs of radioactive 
waste processing and storage will serve to justify the process 
changes. 

Uranous nitrate has been proposed as a reductant for use in 
solvent extraction processes since the inception of the Purex 
process.'̂  Numerous investigations of the electrolytic preparation 
of uranous nitrate have been reported.^"® However, none of the 
reported processes exhibited both high current efficiency and 
high conversion rates for converting uranyl ions to U(IV) ions. 
Indeed, the current efficiency for the in-situ electrolytic 
process to be used at the Allied-General Nuclear Services Plant 
at Barnwell, South Carolina, is estimated to be about 60%.^ 
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In-situ generation of uranous nitrate in existing SRP pro
cess equipment would be prohibitively costly because extensive 
modifications would be required. Thus, for SRP applications, 
a continuous process for the electrolytic generation of uranous 
nitrate from a diverted product stream is necessary. The pro
cess must be highly efficient to minimize power consumption 
and to ensure against excessive gassing and the production of 
excessive amounts of nitrites and other undesirable species. 
SRP requirements include a production rate of about 80 liters/ 
hour of a solution that is 0.95M in uranous nitrate. Thus, 
for a product stream that is IM in uranyl nitrate, a 95% con
version will be required. 

Conversion efficiency is a function of the mass transfer 
processes within the electrolytic cell, the electron transfer 
process for the uranyl ion, and the nature of the electron 
transfer processes which occur at the electrode surface. Com
peting processes such as nitrate reduction and hydrogen 
evolution must be minimized if high current efficiencies are 
to be realized. 

Several different electrode materials were evaluated for 
the electrogeneration of uranium(IV).^~® Except for platinum 
and mercury, none of the materials permitted current efficiencies 
approaching 100%. However, both platinum and mercury were 
considered undesirable as electrode materials. Platinum depends 
on the formation of a layer of hydrous uranous oxide^ to suppress 
hydrogen evolution. The stability of this layer is pH dependent, 
and very little is known concerning the effects of coprecipitated 
trace impurities. Mercury presents engineering design problems 
and a waste disposal and/or recovery problem if large quantities 
are involved. T. M. Florence^ has utilized in-situ plating of 
mercury to enhance the stripping analysis of trace metals. 
The amount of mercury involved was quite small, covering the 
electrode with a thin film 0.001 to 0.01 ym thick. It thus 
appeared than an in-situ, mercury-plated platinum electrode 
would combine the advantages of both mercury and platinum. 
Because the SRP electrolyte solution would contain hydrazine 
to stabilize uranium(IV) and prevent its reoxidation by nitrites, 
no difficulties from the catalyzed reduction of nitrites by 
trace metals deposited in the mercury layer was anticipated. 

Published studies were available on the electrochemistry 
of uranium, " the stability of uranous nitrate solutions, ' 
and the nature of mercury-plated platinum electrodes.^^ ^̂  How
ever, it was necessary to show the applicability of the mercury-
plated platinum electrode (MPPE) for use with plant uranium 
solutions and to demonstrate a bench-type model of a fully 
functional, continuous-flow electrolysis cell. 

- 6 ~ 



•Two types of electrochemical cells were evaluated: a 
conventional batch-type electrolysis cell with a large separator 
betÂ feen the-anode and cathode compartments, and a bench-scale, 
continuous-flow cell. 

EXPERIMENTAL 

Measuring Cell Efficiency 

For a typical electrolysis experiment, the extent of uranyl 
ion conversion efficiency and the current efficiency were deter
mined by a combination of electrochemical and chemical techniques. 
During the electrolysis, the potential difference between the 
working and reference electrodes was held constant by means of 
a potentiostat, and the electrolysis and integrated electrolysis 
currents were recorded on a strip chart recorder using an 
electronic integrator. The electronic integrator was fabricated 
at the Savannah River Laboratory (SRL) and was based on conven
tional operational amplifier circuitry. 

All potentials were referred to the mercury/mercurous 
sulfate (IM HaSOij) reference electrode (MSE) . This electrode 
had a potential of +0.41V vs. the saturated calomel electrode 
in 2M nitric acid solution. 

Reagents and Analytical Methods 

Reagent-grade chemicals were used throughout this study. 
Laboratory nitrogen (water-pump grade) was used when sparging 
the solutions. 

Chemical analysis for total uranium was based on reduction 
of all the soluble uranium in a lead column, followed by 
oxidative titration with ceric ammonium sulfate. The electrically 
generated uranous ion was determined by direct titration with 
ceric ammonium sulfate. The conversion efficiency was expressed 
as the ratio of the uranous content of the product stream to the 
total uranium content. Current efficiencies were expressed 
as the ratio of the uranous content as determined by titration 
to the theoretical maximum calculated from the integrated 
current. 

Other analyses employed in this study were total acidity 
(utilizing fluoride complexation of the uranium), hydrazine (by an 
iodometric procedure), and nitrite ion concentration (by 
potentiometry). Attempts to determine hydrazoic acid were 
unsuccessful; however, the results of hydrazine analyses showed 
that negligible amounts of this substance were consumed under 
the optimum operating conditions. 
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ELECTRODE PREPARATION 

The following procedure was employed to electroplate mercury 
onto the cathodes prior to use. The electrodes were first 
immersed in a IM nitric acid - 0.5M nitrous acid solution with 
agitation until the surface of the platinum appeared shiny and 
bright. The cathode compartment was then rinsed thoroughly and 
filled with 0.2M solution of hydrazine in 2M nitric acid. This 
solution contained sufficient mercuric nitrate to coat the 
cathode with about 150 yg/cm^ of mercury.* The solution was 
immediately electrolyzed at -0.7 V vs. the mercurous sulfate 
electrode (MSE) with agitation until the background current 
had decayed to a constant value. 

Electrodes prepared in this manner could be left standing 
in dilute nitric acid solution for short periods and used 
repeatedly without loss of hydrogen overvoltage. Occasionally, 
due to the loss of potential control, an electrode would become 
discolored and excessive gassing would result. These electrodes 
were readily returned to service by repeating the cleaning-
plating procedure. 

DESIGN OF THE CONVENTIONAL, BATCH-TYPE, ELECTROLYSIS CELL 

A conventional, batch-type, electrolysis cell (Figure 1) 
was designed and operated to test the characteristics of the 
mercury-plated platinum (MPPE) electrodes. This cell had a 
reductive volume of 15 mL, and contained a relatively large 
separator between the anode and cathode compartments. The 
porous separator was fabricated from unfired Yyoov® glass 
(Corning Glass Works, Corning, NY), Both the cylindrical 
anode and cathode were fabricated from 45-mesh platinum screen 
suspended from 14~gage platinum bus wires. The reference 
electrode used to monitor the cathode potential was positioned 
in a region of minimum current-flux within the cathode. Mass 
transfer within the cathode compartment was assisted by a small 
paddle-wheel stirrer. 

ELECTRODE AND SYSTEM PERFORMANCE CHARACTERISTICS 

The batch-type cell was used to determine characteristics 
of the MPPE as well as the electrochemistry of simulated pro-

* The amount of mercury (yg/cm^) for preparing the mercury-
plated platinum electrode should be minimal because of the 
associated waste disposal problems and the possible explosion 
hazard from the formation of mercurous azide at the electrode. 
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cess solutions. The following dependent and independent 
variables were investigated: 

® Hydrogen overvoltage and mercury deposition. 

® Optimum surface coverage of mercury. 

m Reduction of uranyl ions. 

® Effect of trace metals. 

® Possible reduction of nitrite and nitrate ions. 

® Possibility of forming mercurous azide. 

Hydrogen Overvoltage 

Overvoltage is defined as the difference between the 
observed potential of the electrode at a given current density 
and the reversible potential for the reaction. We find, in 
agreement with other workers, ̂  ̂  ~ •'• ̂  that the overvoltage for 
hydrogen at the mercury-plated platinum electrode (MPPE) is 
intermediate between that for hydrogen-on-platinum and that for 
hydrogen-on-mercury, and is dependent on the amount of mercury 
deposited. 

The overvoltage behavior of the MPPE as a function of the 
amount of deposit (mg/cm^) is illustrated in Figure 2. The 
overvoltage was measured at a current density of i mA/cm^ and 
corrected for the potential of the untreated platinum electrode. 
The change in overvoltage with coverage was indicative of a 
nonuniform deposit. Other investigators have reported that: 
mercury is deposited as discrete droplets,''^ a PtHgi+ inter-
metallic compound forms with time at the mercury-platinum inter
face,^^ and the overvoltage for hydrogen-on-PtHgi* is only 100 to 
150 mV cathodic to that for hydrogen-on-platinum.''^ Thus, the 
observed overvoltages were attributed to the fractional surface 
coverages of platinum, PtHgi*, and mercury. The overvoltages 
increase in the order platinum < PtHgi+ < mercury. 

Optimum Surface Coverage with Mercury 

Figure 2 shows that the overvoltage for hydrogen increases 
rapidly with surface coverage up to a maximum of 75 mg/cm^, and 
that an increase in coverage to 150 mg/cm^ results in very little 
improvement in overvoltage. Nevertheless, a coverage of 150 
mg/cm^ was selected to ensure against loss of overvoltage with 
time due to the slow conversion of mercury to PtHgi*. •̂  ̂  No 
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serious deterioration of the MPPE with time was observed during 
this study except as noted in the experimental section. Other 
investigators report lifetimes for the MPPE which ranged from 
days to weeks.^^ 

Reduction of Uranyl Ions 

The uranyl ion was rapidly reduced at the MPPE in stirred 
solution with a current efficiency of essentially 100%, The 
effects of dissolved TBP, dissolved oxygen, and trace impurities 
were minimal. 

The electrochemical reduction of uranium(VI) in acid solution 
has been the subject of numerous investigations. The reaction 
proceeds in two steps, a reversible electrochemical process 
followed by a rapid disproportionation; 

UOâ "*" + e -> UO2* (1) 

2U02'̂  + 4H'^ ->• u'*'*' + U02^* + 2H2O (2) 

Thus, in highly acid solution the overall reaction is 

U02^* + 4H* + 2e -̂  U'** + 2H2O (3) 

The oxidation of u"* involves the formation of oxygen bridges; 
therefore, Equation 3 is highly irreversible. 

A typical voltammetric curve for the reduction of 0.2M 
uranyl nitrate in 0.2M hydrazine-2M nitric acid solution is shown 
in Figure 3. The curve exhibits a limiting current plateau of 
M50 mV where the uranium(VI) reduction proceeds at essentially 
100% current efficiency. Indeed, current efficiencies of 100 ±1 
percent were observed when the electrolysis potential was within 
the plateau range (-0.65 to -0.8 volts). 

The effects of the uranium concentration, acidity, dissolved 
oxygen, and suspended organic matter (TBP) on the reduction rate 
for the uranyl ion were determined from graphs of the logarithm 
of the electrolysis current vs. electrolysis time (Figure 4). 
These electrolyses were carried out in the conventional cell 
(Figure 1). According to the coulometric equation,'̂ '* the 
intercept of the log of current vs. time curve is proportional 
to the initial uranium concentration, and the slope of this 
curve is a measurement of the reaction rate. 

Thus, these results indicate: (1) that the initial 
electrolysis current (at constant acidity) is proportional to 
the uranium concentration, (2) that the reaction rate increases 
with acidity in agreement with Equation 3, (3) that dissolved 
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oxygen produces a small increase in residual current, and (4) that 
suspended organic matter can effectively lower the reaction rate, 
although a similar electrolysis with SRP lEU (uranium product 
from solvent extraction) solution showed no deleterious effects 
from dissolved TBP. 

The effect of acidity on the initial limiting current at 
constant uranium concentration is caused by the disproportionation 
process (Equation 3). At high acidities (>4M), the disproportion
ation process is fast compared to the rate for the uranyl mass 
transfer process. The uranyl ion reduction appears as a two-
electron process (Figure 4c). Aside from improved reaction 
kinetics, a high feed acidity is also necessary because the H* ion 
is consumed in the reduction of uranyl ion, and a minimum (1 molar) 
acidity is required in the product to prevent hydrolysis of uranous 
nitrate. Thus, acidity of a IM uranyl nitrate solution must be 
>3M initially if the final product is to be no less than IM in 
free acid. 

Effect of Trace Metals 

Although no operational difficulties were encountered during 
work with SRP uranium product solutions, the concentration of 
trace metals at the MPPE by electrolysis can significantly reduce 
the operating lifetime of the MPPE. 

Catalytic and other processes induced by trace metal deposits 
are well known.'̂ ^ A typical process involving trace nitrites in 
the diffusion layer at the electrode surface would be 

M^* + Hg + 2e -> M(Hg) (4) 

M(Hg) + 2HN02 + 2HNO3 "> 2N0 + M(N03)2 + 2H2O (5) 

2N0 + HNO3 + H2O -> 3HN02 (6) 

followed by another cycle of electroreduction to give 

M(N03)2 + Hg •!• 2e ̂  M(Hg) (7) 

The net result of this catalytic process would be the 
production of increasing amounts of nitrous acid, which would 
eventually dissolve the mercury coating and thus lead to early 
failure. No such difficulties due to impurities were experienced 
with SRP-type uranium solutions. 
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Absence of Nitrite-Nitrate Reduction 

Neither nitrite or nitrate were reduced at the MPPE in the 
potential range of interest. This behavior is shown in Figure 
3 where a 0.2M hydrazine-2M nitric acid solution containing 
10 '*M nitrite ion was scanned from the voltage necessary for 
mercury dissolution to the cathodic limit for hydrogen evolution. 

The absence of interferences from nitrites and/or nitrates 
within the working range for the MPPE can be attributed to the 
presence of hydrazine in the electrolyte and to the irreversible 
nature of the nitrite and nitrate reactions.^^ Hydrazine 
scavenges nitrites by the following process^" 

N2H5"̂  + HNO2 -> HN3 + H3O* + H2O (8) 

and 

HN3 + HNO2 -> N2 + N2O + H2O (9) 

Thus, the equilibrium concentration of nitrous acid in a 0,2M 
hydrazine-2M nitric acid solution will be quite small. In 
addition, the irreversible nature'̂  ̂  of the nitrite and nitrate 
reactions at the mercury electrode are such that any reduction 
currents due to these processes will be masked by the hydrogen 
evolution reaction. •'•̂  

Possibility of Azide Formation 

Azide is produced as an intermediate in the destruction of 
nitrites by hydrazine,-̂ " and it forms an insoluble salt at the 
mercury electrode. •'̂  Although azide behaves as a pseudohalogen 
and can be determined by stripping analysis,^® the potential for 
the reduction of mercurous azide is about 400 mV anodic to the 
electrolysis potential for the reduction of uranium(VI). There
fore, no mercurous azide should be formed under the conditions 
in these experiments. No difficulties from azide formation 
were experienced, nor could the presence of azide be detected 
in the cell off-gas or in the space above an aged solution of 
uranous nitrate in nitric acid containing 0.2M hydrazine. 

CONTINUOUS-FLOW ELECTROLYSIS CELL 

Cell Design 

The design and construction of the bench-scale, continuous-
flow, electrolysis cell were carefully considered so as to 
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represent a feasible engineering design. The cell body was con
structed from acrylic polymer for easy observation of cathodic 
and anodic processes such as gassing and color changes. The 
cathode consisted of three 1-in. x 4-in. layers of 40-gage 
platinum mesh. A single 1-in. x 4-in. piece of 40-gage 
platinum mesh served as the anode. 

The cathode and anode compartments were separated by a 
flexible Nafion® membrane. A positive-pressure differential 
(0.5 psi) across the Nafion® membrane held it in close contact 
with the cathode, thereby confining the flow in the cathode 
compartment to the channels within the platinum mesh. Dual 
salt bridge connections were provided for the reference electrode 
to minimize loss of potential control in case one of the bridges 
became blocked by a gas bubble. In operation, the feed stream 
to the cathode compartment was pulsed to improve the conversion 
efficiency and to assist in dislodging gas bubbles from the 
platinum mesh. The cell assembly is shown in Figure 5. 

The bench-scale, continuous-flow, electrolysis cell was 
evaluated for use with high acid ('̂̂3 to 4M HNO3) feed solutions 
where the uranyl ion reduction rate is governed by a pseudo 
first-order, two-electron process. The effects or uranium 
concentration, electrode area, electrode length, flow rate, and 
catholyte pulsing were described in terms of a mathematical 
model, and the results were used to estimate the size and power 
requirements for a plant-scale unit. The applicability of the 
bench-scale cell for processing SRP uranium solutions was shown 
in a demonstration run that lasted eight days. 

Mathematical Model 

The response of the bench-scale, continuous flow, electrol
ysis cell was best described in terms of a modified form of 
of the equation of Chu, Fleischmann, and HiU.'^^ 

For a packed-bed electrode, where the residence time is 
much greater than the half-time for the electrode reaction, the 
exit concentration of the electroactive species is given by 

C^ = C^ exp(-VA) (10) 

where: 

C. = exit concentration, moles/cm^ 

Registered tradename of E. I. du Pont de Nemours S Co. (Inc), 
Wilmington, Delaware. 
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"C = initial concentration, moles/cm 

i = electrode length, cm 

X = effective length, cm 

The effective length, X, is given by 

X = (6u/eaDa) (11) 

where: 

6 = diffusion layer thickness, cm 

u = flow rate, cm^/sec 

£ = porosity factor, dimensionless 

a = electrode area per unit volume, cm ̂  

D = diffusion coefficient, cm /sec 

a = cross-sectional area of cell, cm^ 

Because 6 is a function of volume flow rate (u), it was 
convenient to have an expression for 6 in terms of u. For 
stirred solutions, it has been shown^** that 

î  = P.R'̂  (12) 

where: 

i„ = limiting current 

R = stirrer speed 

p = a constant 

k = a constant 

For stirred solutions, i. is proportional to 6~^; therefore, 
a similar relationship also should apply to packed-bed electrodes, 
A graph of X vs. u for the data on packed-bed electrodes from 
Reference 12 gave 

X = 0.12u°'^^^ (13) 

Thus, by assuming a similar relationship between S and u for 
the bench-scale unit, Equation 10 was written as 
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C./C„ = exp[-(eaDa5,)/pu'^)] (14) 

where p and k are constants. The conversion efficiency is 
defined as 

Thus Equation 14 can also be written 

cj) = 1 - exp[~(eaDa£)/(pu^)] (16) 

where cj) is the conversion efficiency of the bench-scale unit. 

Effect of Uranium Concentration 

Equation 16 indicates that the conversion efficiency is 
dependent on the uranium concentration of the feed. This behavior 
is evident in the results of Table 1. These results also indicate 
that the electrolysis current at constant flow rate is directly 
proportional to the uranyl ion concentration. This behavior 
is consistent with a diffusion-controlled, first-order, reduction 
process for high-acid feed solutions. 

TABLE 1 

Effect of Uranium Concentration on Conversion Efficiency 

UCVI) in Feed;, Flow Bate, U(IV) in Effluent, Current, Conv, 

moles mL/hr moles amperes ^ff's % 

0.205 20 0.184 0.191 89.8 

1.002 20 0.901 0.987 91.3 

Effect of Electrode Area 

Equation 14 indicates that at constant flow, the 
logarithm of the fraction not electrolyzed, C^/CQ, is proportional 
to the electrode area. This behavior is illustrated in Table 2 
for wire-mesh and foil electrodes. The ratio of the geometric 
areas was 7.07. 
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TABLE' 2 

Effect of Electrode Area 

Ft Wire Mesh:, 
Potential, Pt Foil, 13 m^ 92 am^ Ratio, 
mV vs MSE C^/C^ %nlC^/C^^ C^/C^ ln[Cj^/C^] In (mesh)/ln( foil) 

600 0.960 -0.0408 0.742 -0.298 7.3 

650 0.930 -0.0726 0.601 -0.509 7.0 

700 0.915 -0.0888 0.533 -0.629 7.1 

These data were obtained by electrolyzing a 0.2M uranyl 
nitrate solution with l/2~in, x 4-in. wire mesh and foil elec
trodes installed in the bench-scale, continuous-flow, electrol
ysis cell. The flow rate was held constant at 5 mL/min through
out the experiment, and neither electrode was plated with 
mercury. The results indicate that the geometric area of the 
electrode is an effective measure of the working area, and that 
wire mesh electrodes have an effective surface area which is 
several times that of of a foil electrode of equivalent size. 

Effect of Electrode Length 

The effect of electrode length is also given by Equation 14. 
This equation shows that at constant flow rate, the ratio of 
An[C.C ] for two electrodes of different lengths should be 
proportional to their lengths, and that the ratio is independent 
of flow rate. This result is evident in Table 3, where the 
ratio of ITX{CI^/CQ\ was determined as a function of flow rate 
for 1/2-in. x 2-in. and 1/2-in. x 4-in. foil electrodes. 

TABLE 3 

Effect of Electrode Length 

Log of Fraction Not Analyzed [i^nfCi/CQ)] 
Flow Rate, Eleatrode A Fleatrode B "~ 
mL/min 1/2" x 2" Mesh 1/2" x 4" Mesh Ratio, A/B 

50 -2.81 -1.51 1,86 

100 -1.71 -0.967 1.77 

200 -1.05 -0.580 1.88 
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Effect of Flow Rate 

The effect of flow rate was also determined by means of 
Equation 14. Equation 14 can be written to give 

u'̂  = -£aDail/[p.iin(C,/C )] (17) 

because 0 < (CL/CQ) <l, £n(CL/C ) is negative and the right-hand 
term is positive. Taking logarithms of both sides of Equation 
17 gives 

k £n(u) = iln(eaDa£/p) - £nZ (18) 

where Z is the absolute value of iln[C,/C ]. A graph of 
£n|£n(C./C )| vs. in (u) is shown in Figurl* 6, 

The data points illustrated in Figure 6 were fitted to 
Equation 19: 

iln|£nCĵ /Co| "" ̂ n(£aDa£/p) - k . £n u (19) 

D is known to be '̂ 6̂ x io~^ cm^/sec; therefore, £, a, a, and 
Z could be easily measured, and the value for P was readily 
calculated. Thus the values for p and k were 1.6 x lO"^ and 
0.514, respectively. 

Figure 7 illustrates the dependence of conversion ratio 
upon the flow rate for the bench-scale cell. The conversion 
ratio is almost linearly proportional to the log of the flow 
rate over the range of 'v20 to 90%. Thus, this relationship can 
be used as a first approximation of cell performance. 

Effect of Feed Pulsing 

Superimposing a reciprocating motion upon the unidirectional 
flow of uranium solution through the cathode reduced the diffusion 
path and thus increased the reduction rate. Though the data 
reported here were obtained with only the minimal pulsing imparted 
by the metering pump, other tests demonstrated that increased 
turbulence to the solution within the cathode was beneficial. 
Not only was the conversion rate increased for a given flow 
rate, but the higher solution velocities dislodged gas bubbles 
from the cathode surface and maintained a more constant effective 
residence time. 
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FIGURE 6. Graph of Equation 18 for Reduction of a 0.3M 
Uranyl Nitrate Solution in the Bench-Scale, 
Continuous-Flow Electrolysis Cell 
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FIGURE 7. Conversion of Uranyl N i t ra te to Uranous Ni t ra te 
in a Bench-Scale, Continous-Flow, E lect ro lys is 
Cell 
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However, this effect was difficult to quantize in a cell 
having a flexible membrane that dampened the imposed pulses. 
The additional expense required to design a cell with catholyte 
pulsing may not be justified by increased throughput alone. 
But pulsing as a means of dislodging gas bubbles from the cathode 
structure may be necessary for consistent operation. 

Endurance Test with SRP Uranium Process Solution 

The mercury-plated cathode structure was shown to maintain 
its enhanced overvoltage toward hydrogen reduction under con
tinuous operation for 8 days, using actual reclaimed uranium 
solution from nuclear fuel. The feed solution for this test 
was the lEU product stream obtained directly from the SRP 
second uranium cycle of solvent extraction. This lEU solution 
has a maximum concentration of 80 g U/L and is normally 
less than O.IM in nitric acid. The concentration of the 19-L 
batch of lEU solution obtained for this test was 80 g U/L, 

After conditioning the lEU solution for electrolysis by the 
addition of concentrated nitric acid and hydrazine, the feed 
composition was 64 g U/L (0.27M), 3M HNO3, and 0.2M BzHn. Over 
17 liters of this feed were passed through the electrolytic 
cell over an 8-day period at an average rate of 1.5 mL/min. 

The current efficiency was calculated to be 100% within 
experimental error for each simultaneous determination of flow 
rate, reduction current, and U(IV) concentration. However, the 
percent conversion of U(VI) •> U(IV) varied throughout the test 
because: (1) the feed rate was changed several times, (2) 
gases accumulated on the mesh cathode, and (3) the potential 
of the reference electrode drifted over the period of the test. 
Observed conversions ranged from 30 to 99%. No change in the 
visual appearance of the cathode structure was observed over 
the test. 

To obtain stable operation over extended periods, duplicate 
reference electrodes should be provided as well as the duplicate 
salt bridges used in this test. The drift of the reference 
electrode experienced in this test resulted in a less-cathodic 
potential being applied to the cathode. Thus, no loss of current 
efficiency due to hydrogen reduction was experienced. However, 
a drift in the opposite direction would have generated excessive 
gases and caused premature termination of the endurance test. 

DESIGN PARAMETERS FOR A PLANT-SCALE, CONTINUOUS-FLOW, ELECTROLYSIS 
CELL 

Assuming an 80 L/hr supply of 95%-reduced IM uranium solution 
is required, then Equation 16 can be modified to estimate the 
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total cathode area of a plant-scale cell. In Equation 16, the 
cathode volume represented by the product a-£ can be as easily 
represented by the product of the cathode area (A) and the 
cathode thickness (t): 

cj) = 1 ~ exp[(eaDtA)/pu J (20) 

Though the actual construction and design will determine the 
values of the specific surface area (a), the fractional void 
volume (e), and the cathode thickness (t) required, these values 
can be estimated as 10 cm^, 0.8 cm^, and 0.5 cm, respectively, 
for the conservative 5-layer design illustrated in Figure 8. 
Using these values with the estimates of p and k found in 
this study, a cathode having 984 cm^ of area would be required. 
Though this area could be achieved in a single cathode 20 cm x 
50 cm (1000 cm^), a stack of alternating anodes and cathodes is 
favored as an alternative design. Such a cell would draw MOOO 
amperes at about 2 volts, consuming about 8 kilowatts of power. 
However, only a small portion of the voltage is due to IR 
drops; therefore, the Joule heating in such a cell should be 
small enough to require no more than air cooling of the cir
culating anolyte solution. 

1-mm dia. Spacer Wires 
2-inch Spacing 

Vertical 
Edges 
(Fused) 

Where A ss the Center Solid Foil, and BSC 
are Perforated(50% open area) Foils 

Specific Area of Foils: A = 4 cm /̂cm^ 
B = 2 cm /̂cm^ 

Inside Surface Only C = 1 cm /̂cm^ 

' 5 mm Inside 

FIGURE 8, A Proposed Cathode Design f o r a P l a n t - S c a l e , 
Continuous-Flow E l e c t r o l y s i s Cel l f o r Reducing 
U(VI) to U(IV) 
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