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TRITIUM SEPARATION FROM LIGHT AND HEAVY WATER 
BY BIPOLAR ELECTROLYSIS 

0. W. Ramey, M. Petek, R. Taylor, E. H. Kobisk, J. Ramey, C. Sampson 

ABSTRACT 

Use of bipolar electrolysis with countercurrent electrolyte flow to 

separate hydrogen isotopes was experimentally-^and theoretically investi-

gated to develop a process-for the removal of tritium from light water 

effluents from nuclear installations or,frost the'heavy water Moderator in 

nuclear reactors. Possible application of this technology to the separa­

tion of deuterium from natural light water also seems feasible. 

Deuterium-tritium and protium-tritium separation factors occurring on a 

Pd-252 Ag bipolar electrode were measured to be 2.05-2.16 and 11.6-12.4 

respectively, at current densities between 0.21-0.50 A cm - 2, and at 

35-90°C. Current densities up tot).3 A cm - 2 have been achieved in con­

tinuous operation, at 80-90°C, without significant gas formation on the 

bipolar electrodes. From the measured overvoltage at the bipolar elec­

trodes and the electrolyte conductivity the power consumption pef stage 

was calculated to be 3.0 kwh/feg H 20 at 0.2 A cm"2 and 5.0 kwh/kg H2O at 

0.5 A era"2 current density, compared to 6.4 and 8.0 kwh/kg H2O tor normal 

electrolysis, at the respective current densities, A mathematical model 

for hydrogen isotope separation by bipolar electrolysis, i.e., for a 

square cascade, was derived and proven to accurately describe the results 

for protium-tritium separation in two laboratory scale, multistage 
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experiments wich countercurrent electrolyte flow; the measured tritium 

concentration gradient through the cascade agreed with the calculated 

valuts. 

Generally, bipolar electrolytic separation of tritium appears 

feasible, however, further research, development, and engineering studies 

are required. This report contains discussions of pertinent literature 

and experimental data involving electrode materials, bipoirc cell design, 

bipolar electrolytic cell operations, powar requirements, separation fac­

tors, electrolyte maintenance, and ma..heraatical tteory. 

INTRODUCTION 

Tritium production is a natural consequence of fission or of neutron 

breeding iu light or heavy w&t.ev reactor moderatorf. Removal of this 

radioisotope to avoid discharge to tht environment and/or to minimize 

personnel exposure and ingestion are problems of a continuing and 

increasing nature* The purpose of this work is to develop a method 

suitable for continuous removal of tritium from aqueous effluents arising 

from the above noted souices. The appropriate tritium removal process 

must be capable of treating very large volumes of wrter having low tri­

tium content. Furthermore, the separative procest equipment must be as 

3maJJ as practicable to keep containment cost to a minimum. The approach 

taken in this work is to resiove tritium from contaminated light and heavy 

vrtet by an electrolytic process known as bipolar electrolysis (BP2). 

With the appropriate variations in the process design, BPE also may be 
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applied to heavy water production and possibly to the effluents from 

reactor fuel reprocessing. 

It is the character of the bipolar electrolytic process that 

multiple separation of hydrogen isotopes can be realized within a single 

electrolysis cell without the formation of gases, except at the terminal 

anode and cathode. This unique characteristic offers a much simplified 

material flow between separation stages as ruapared to conventional 

electrolysis, where gaseous products evolve from every separation stage 

and subsequently must be converted to water before entering the adjacent 

stages. An additional major adva-itage of the bipolar process is its 

potential ability to consume less power than conventional electrolysis 

having equivalent separative capability. 

Application of countercurrent electrolysis using hydrogen-permeable 

bipolar electrodes to separate hydrogen isotopes was proposed by Salmon 

in 1956 (1) and some aspects of the proposed process were discussed by 

Barr and Drews (2) in 1960 for its application to heavy water production. 

Drazic (3) and Ribnikar and Pupezin (4) suggested the method as a poten­

tial process for the removal of tritium from reactor coolant or other 

contaminated effluents. Ir. the proposed process, bipolar electrodes are 

placed between two terminal electrodes in an electrolytic cell (see 

Figure 1). The bipo'ar electrodes are fabricated from a material that is 

impermeable to the electrolyte but can be permeated by elemental hydro­

gen. Hydrogen produced at the cathodic surface of the bipolar electro­

des, diffuses through the electrode material to the anodic surface where 



ORNL-0W6 79-10636R 

STREAM 

TRITIUM 
ENRICHED 
STREAM 

vCOUNTERCURRENT 
ELECTROLYTE FLOW 

Figure 1. Schematic representation of the bipolar electrolysis cell with countercurrent electrolyte flow. 
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it is oxidized to water. Flow of hydrogen is established through the 

system from the terminal anode toward the terminal cathide, with gaseous 

hydrogen evolving only at the terminal cathode. The mechanism of hydrogen 

transport through the bipolar electrode consists of several processes: 

electro-reduction at the cathodic surface, permeation through the 

electrode, and electro-ox* ".ation at the anodic surface. All three pro­

cesses occur more rapidly for the lighter isotope, thus enrichment of the 

heavy isotope occurs in the electrolyte adjacent to the cathodic surface 

of each bipolar electrode and the net flow of tritium is towards the anode 

compartment. Electrolyte feed solution is added to the system con­

tinuously and the electrolyte is circulated countercurrer . to the hydt >fen 

mass flow from one compartment to the next; this results in a cascade 

system from which tritium-rich and tritium-poor streams can be withdrawn 

from opposite ends of the cell.. 

i'o operate such a system continuously in an effi«ent manner, several 

conditions must be fulfilled: 

1. The electrode material must be sufficiently permeable to 

hydrogen so that an appreciable current density can be applied 

without forming gaseous products (O2 and H2). This condition 

is necessary to minimize the cost of the electrodes and to 

achieve a compact cell design. This latter constraint of cell 

size is important to minimize the containment cost that will be 

incurred when the tritium content is enriched to a high level 

O200 Ci/liter). 
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2. Power losses, and hence the voltage drop across the individual 

compartments, must be comparable or less than that of con­

ventional electrolysis so as to keep the process economically 

feasible. 

3. Separation factors for protium-tritium aid deuterium-tritium 

must be known so that cascade design nay be optimized for 

maximum throughput. 

4. The parameters governing the efficiency of separation of 

hydrogen isotopes throughout the cascade require definition so 

that desired enrichment (or depletion) can be achieved with 

minimum power consumption. 

5. A continuous electrolyte maintenance system is necessary 

to assure a functionally constant electrolyte concentration 

throughout the cascade. 

6. A variety of analytical techniques require development to 

determine the isotope distribution throughout the cascade. 

In this report, the existing knowledge of the bipolar tritium 

separation process drill be discussed along with the results obtained in 

studies of electrode material, power consumption in the bipolar process, 

separation factor per stage, cascade design, and electrolyte maintenance. 

For each of these topics the present state of knowledge will be presented, 

our experimental results summarized, and appropriate future research acti­

vities suggested. Ceneral conclusions are presented in the summary. More 

detailed descriptions of specific problems are presented in Appendices. 
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ELECTRODE MATERIAL 

Introduction 

The capacity of palladium to dissolve hydrogen, i t s remarkable 

res istance to chemical attack, and i t s d u c t i l i t y ( that permits i t to be 

rol led into very thin , pinhole free f o i l s >0.0025 cm) makes palladium a 

prime candidate for use as a bipolar e lectrode . The s o l u b i l i t y , dif­

fusion, and nature of dissolved hydrogen in palladium have been studied 

both by gas-so l id phase experiments z~- well as by using in s i t u e l e c t r o l y -

t i c a l l y generated hydrogen. An extensive review of the palladium-hydrogen 

system is given in the monograph by Lewis ( 5 ) . 

Unless the metal surface has been suitably ac l iv iated ( 6 - 8 ) , the 

rate-control l ing step in the hydrogen permeation process is i t s adsorption 

from the gaseous phase, or i f produced e l e c t r o l y t i c a l l y , fr->m the metal 

surface into the bulk of the metal. For activated palladium membranes, 

the rate of diffusion and so lubi l i ty of hydrogen become the permeation 

rate-determining factors (8 -11) . 

At temperatures between 20 and 100°C (at 1 atm H2), which are of 

interest in the e l ec tro ly t i c production of hydrogen from aqueous solu­

t i o n s , there are two phases of palladium-hydrogen: the low hydrogen con­

tent a-phase with maximum H/Pd atomic rat io of 0.015 and the hydrogen-rich 

3~phase with H/Pd rat io of 0.7 at room temperature and 1 atm Hj ( 5 , 12, 

13) . Transition from the a-phase to the $-phase is accompanied by an 

increase in crystal l a t t i c e volume, and, consequently, repeated solution 
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anJ desorption o~ hydrogen leads to mechanical deterioration of the 

material (1?). Sich behavior is detrimental to long-term BPE application 

requiring mechanical stability. 

Problems associated with tne phase transition can be avoided by using 

a palladium-silver alloy containing 25-30% s.'lv*r, for which only one 

palladium-silver-hydrogen phase exists at temperatures 20-100°C (5, 12, 

15, 16). Deformation of the alloy lattice caused by sorption-desorption 

of hydrogen is considerably smaller as compared to pure palladium 

deformation; the alloy material remains mechanically stable over a pro­

longed period. 

There is, however, a lower solubility of hydrogen in palladium-

silver: 0.52 H/Pd at 25°C and 1 Atm K2 for Pd-25% Ag, compared to 0.7 

H/Pd for pure palladium under the same conditions (16), and a somewhat 

lower diffusion coefficient: Opd-25% Ag = ^ x '^"^ c m ^ sec-* (17) or 

7.3 x 10~ 7 (18) as compared to D = 1.4 x If)-6 (6) at 25°C. The maximum 

current density, i, achieviable for a Pd-25% Ag membrane can be calculated 

from Pick's first Law: 

dN « i . D dC , (1) 
q dt nF p d / A S dx 

where N * number of moles of H2, t s time, q = cross sectional area, 

n • number of electrons exchanged in the electrode reaction, F » faraday, 

D • diffusion coefficient, dC » concentration gradient through the 

membrane and dx is the membrane thickness. 
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From the diffusion coefficient and solubility of hydrogen in 

Pd-253 Ag, Kussner (17) calculated the ra.c.d.* to be 0.12C A cm"2, for a 

0.01 cm thick anode having one side exposed to the electrolyte and the 

other to hydrogen gas at 1 atm pressure and 20°C. Von Stackelberg and 

Ludwig (10) imposed a constant current through the cathodic interface of 

a bipolar electrode, keeping the anodic interface at such a potential 

that the only electroae reaction was the oxidation of the hydrogen dif­

fusing 'through the palladium. In these experiments 91-97* recovery of 

hydrogen at the anodic surface was achieved at current densities between 

0.060 and 0.Z70 A cm - 2 on 0.0104 cm thick palladium electrodes activated 

by surface oxidation. Palladium-silver alloy electrodes were not studied 

by Von Stackelberg and Ludwig. 

In an attempt to avoid the high cost of palladium, Drazic fabricated 

hydrophobic, porous, catalyst-impregnated carbon electrodes for use as 

bipolar electrodes for hydrogen isotope separation (3). This limited 

research effort resulted in a ci.c.d. of 0.07 A cm - 2. 

Experimental Results and Discussion 

Selection of the Bipolar Electrode Material. In the early stages of 

rese.ircn on the \ipolar process as performed at ORNL, an attempt was made 

*The term "maximum current density" - m.c.d. - will be used hereafter 

for a current density slightly below the current density at wnich gas 

jubbleu appear at the bipolar electrode surfaces. 
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to use hydrophobic, porous carbon electrodes produced by a method similar 

to that reported by Oracle (3). Although the electrodes appeared to be 

sufficiently hydrophobic and a value of 0.07 A cm~2 a.c.d. could be 

achieved, the anodic surfaces experienced oxidative degradation and failed 

mechanically. Further research using carbon electrodes was abandoned. 

The high current densities achievable with Pd and Pd-Ag alloys, as noted 

above, indicated that these Materials, although more expensive, could be 

economically used for the Dipolar process. Application of very thin foils 

at high current densities could lead to a very compact and efficient 

cascade cell design. 

Since continuous cell operation does not require repetitive charging 

and removal of hydrogen from the bipolar electrodes, pure j .lladium was 

tested initially as the electrode material. Palladium foils, 0.0025-

0.0076 cm thick, were cleaned and annealed at 700°C in a hydrogen 

atmosphere for one hour. To establish an initial nydrogen concentration 

in the bipolar electrode, each palladium electrode was connected tem­

porarily as a cathode, Utile one of the terminal electrodes of the cell 

served as the anode (see Figure 2). The electrode was charged with 

0.05 A cm~2 until the generation of gas bubbles on both sides of the 

electrode Indicated saturation of the palladium with hydrogen. Hydrogen 

impregnation was then discontinued, and then only the terminal cathode and 

ano'te were connected to the power source. Current densities up to 

0.07 A cm"2 could be passed without bubble formation at the bipolar 

electrode. After operation for several days however, the palladium foil 

became distorted and peripheral areas were severely wrinkled where a mecha­

nical ^eal had been applied to the electrode. The apparent cause for the 
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Figure 2. Single bipolar electrolysis cell. 
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mater ia l d i s t o r t i o n was non-uniform d i s t r i b u t i o n of hydrogen within 

the e lec t rode ma te r i a l . 

Palladium - 25" s i l v e r i l loy e lec t rodes exhibi ted considerably less 

t l i s ro r t ion than those of pure palladium. This a l loy mater ia l is ava i l ab l e 

fr'.-n Matthey-Bishop, Inc. in pinhole-free f o i l s as th in as 0.0038 cm and 

11.^3-cm wide s t r i p s up to 122 m long. Using t h i s n a t e r i a l , d i f fe rences 

in composition or in the manufacturing process could be excluded as 

poss ible causes for va r i a t i ons in the e lec t rode behavior. Considering 

p rope r t i e s of Pd-25% Ag al loy and i t s commercial a v a i l a b i l i t y , t h i s 

material was selected for further experiments in studying the f e a s i b i l i t y 

of the hydrogen isotope separat ion process . 

Surface Act iva t ion . When the Pd-Ag fo i l s were pre t rea ted in the satae 

r.nr>.rf*r is was described for the Pd f o i l s , the m.c.d. was 0.07 A cm~^ a t 

~',i' '<'.. To increase th i s throughput, several surface a c t i v a t i o n procedures 

were t e s t e d . Pal ladiz ing both surfaces of the e lec t rode caused hydrogen 

babble formation at even lower current d e n s i t i e s than that for non-

pa ! ' --id ized e l e c t r o d e s . Electron micrographs of the pal ladized surfaces 

showed a dense coverage of sharp, spiny c r y s t a l l i t e s (F ig . 3 ) . I t was 

speculated that local super-sa tura t ion of hydrogen could occur at the 

p o i n t s , causing bubble formation at low current d e n s i t i e s . Therefore , the 

p a l l a t i z e d e lec t rode was passed through s t e e l r o l l e r s to f l a t t en the sharp 

edz*s of the c r y s t a l l i t e s , yet re ta ining the rough sur face . After t h i s 

'.'••'it-*nt hydrogen throughput was somewhat improved, but not in excess of 

.' ' - —~~. Spu t te r -e tch ing , followed by redeposi t ion of a thin layer of 

- - . J : : ~ - n ?d-252 Ag e lec t rode caused profuse hydrogen bubble evolu-

• - -v - ' •-- ;-.v --irrenr d e n s i t i e s (<0.07 A cm~2). 
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Figure 3. a. Electron micrograph of a Pd-25% Ag foil after palladizing. 10 K enlargement, 

b. The same foil after rolling. 10 K enlargement. 
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The surface activation method suggested by Serfass (19) was found to 

be a suitable procedure. After rigorous cleaning with detergent, followed 

by rinsing «*ith distilled water, acetone and CCI4, the electrode material 

was annealed at 700°C for one hour in a K2 atmosphere. After preheating 

••he electrode to 200°C in air, subsequent dipping for 5 sec. in molten 

NaOH at 700""C caused the bright metal surfaces to turn brownish-black. An 

electron micrograph of the electrode showed the surface to be etched, 

highlighting crystalline microfacets (Fig. 4). Electrodes treated in this 

manner were fotnd to operate at high current densities over continuous 

periods cf tlree weeks or more without loss of their enhanced protiuro and 

deuteri.'iHt permeability. 

The maximum current density achievable can be calculated, assuming 

that tl.o protfum concentration at the cathode surface approaches satura­

tion and at the anode surface approaches zero. Using the solubility data 

of protium in Pd-Ag alloys as reported by Brodowsky and Poeschel (16), 

and the diffusion coefficient for protium in Pd-25% Ag at temperatures 

f -)tn 0-90°C, as reported by Kussner (17) and Wicke and Holleck (18), the 

saturation concentration of protium was calculated using Equation (1) for 

various membrane thicknesses (see Figure 5). Details of these calcula­

tions are given in Appendix A. In the same manner the m.c.d. for the 

D2O-Pd-25% Ag-02 system may be calculated. However, neither the solu-

b?Hty data for deuterium in the Pd-25% Ag alloy nor its diffusion 

coefficients in the 25-IOO°C temperature range a a readily available. 

By analogy with the palladium-deuterium and palladiuc-protium 
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3.8 x JO - 3 and 7.6 x ! 0 " 3 cm thick Pd-25% Ag f o i l . 



17 

systems*, the solubility of deuterium would be expected to be less than 

that of protium. This would imply that a smaller ra.c.d. would be observed 

in the D2O system. However, some compensation may be realized by the fact 

that, according to some reports (5), deuterium diffuses through palladium 

faster than protium (although there is a seeming conflict in the 

literature on this point). 

A small thermostated cell, similar to that shown in Fig. 2, was used 

to study the voltage drop across the bipolar electrode and to determine 

the m.c.d. under various conditions. Palladium-hydrogen reference 

electrodes were used to monitor the anodic and the cathodic potential of 

the bipolar electrode as a function of current density, temperature, 

electrode thickness, and the electrolyte composition. Voltage measure-

lt-nts were taken after a 30-min. stabilization period at a specific 

current density. Either 3 N or 6 N NaOH was used for the electrolyte. No 

effect of NaOH concentration on the anodic or cathodic potentials of the 

electrode was found. Within the entire temperature range studied 

(40-90°C) the 2.5 x 10~3 cm thick electrodes remained completely permeable 

to hydrogen even at a current density of 0.4 A cm" 2 (see Fig. 6). At the 

same current density with a 7.6 x 10"^ cm thick bipolar electrode, gas 

bubble formation was observed at temperatures below 60°C, which ceased 

when the temperature was increased above this value. It was observed that 

gas formation at the anode surface was associated with a considerable 

increase in anode potential whereas the cathode surface potential 

The saturation concentration of protium at I atm. end 80°C is H/Pd * 0.63 

compared to D/Pd • 0.52 for deuterium under the same conditions. 
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Figure 6. Temperature dependence of the anodic and the cathodic surface potential of 

the bipolar electrode at 0.4 A cm"2 current density. Electrolyte: 6 N NaOH in H2O. 
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Figure 7. The effect of current density on the voltage drop through a 

7,6 x 10" 3 cm thick Pd-25Z Ag bipolar electrode at 40 and 84*C. Gas 

bubbles appear at the electrode at current densities >0.2 A cm~2 

at 40°C. Electrolyte: 6 N NaOH in H 20. ' 
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maintained its trend with temperature change, with or without gas for­

mation. A possible explanation of this phenomenon is that hydrogen gas is 

being formed simultaneously with Pd-H at the cathode surface, allowing the 

nature of the cathodic process to be essentially the same below and above 

the m.c.d. At the anodic surface, the supply of dissolved hydrogen in the 

electrode becomes insufficient, at currents exceeding m.c.d., to sustain 

the current flow. Therefore, another electrochemical process takes place 

simultaneously with hydrogen oxidation, namely, gaseous oxygen formation 

from water. This latter process results in an increased anode surface 

potential as compared to that observed where only hydrogen oxidation takes 

place. It should be noted that the anode surface voltage decreased simi­

larly to that predicted theoretically: the .'.c.d. curve for the 

7.6 x 10""3 cm thick electrode has the value of 0.4 A cm - 2 at 60°C (Fig. 5) 

exactly where the anode surface voltage decreases, as shown in Fig. 6. No 

gas formation was observed, as was predicted, for a 2.5 x 10"^ cm thick 

electrode through the entire temperature range at 0.4 A cm - 2. 

The effect of curreit density on the voltage drop across the bipolar 

electrode is shown in Fig. 7. The advantage of operating the cell at a 

high temperature is immediately apparent: the voltage drop across the 

bipolar electrode decreases as the temperature increases and the m.c.d. 

can be maintained at a high value. By comparing Fig. 5 and Fig. 7, it 

can be seen that the experimentally observed gas formation between 0.2 and 

0.3 A cm~2 at 40°C was theoretically predictable. 

Similar beh.ivlor to that described above was found In the NaOD-D20 

system (see Figs. 7 and 8), Gas formation at the bipolar electrode at low 

temperature (40°C) was accompanied by an Increased voltage across the 
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electrode. At high temperature (84°C) no gas formation was observed up to 

0.5 A cm - 7 current density. The effects of temperature and electrode 

thickness are shown in Fig. 9 for the h*2O-Na0H and the D20-Na0D system. 

Although the effect of electrode thickness i.s appreciable at low tem­

perature, at temperatures above 60°C it becomes less pronounced. 

A current density of 0.3 A cm-7- was applied successfully to a multi-

bipolar cell furnished with four 7.6 x 10"' cm thick bipolar electrodes 

at a temperature of 85°C for a period of 24 days without bubble formation. 

This experimental condition is found in Fig. 5 to lie below the m.c.d. 

curve, which further supports the theory. A series of experiments were 

performed at 0,210 A cm 2 and 0.350 A cm"2 in 992 D2O and at 35, 50 and 

90°C. At 0.210 A cm - 2 very tew bubbles were observed, but at 0.350 A cm"2 

significant bubble formation was observed. From measured mass balance 

data, however, it appeared that less than \% of tu<~ total current was con­

sumed in gas formation. This is an additional indication that the D2O 

system must be operated at a lower m.c.d. t'.dn the H2O system. 

Conclusions 

Surface- t rea ted Pd-252 Ag e lec t rodes appear to be su i t ab le for use in 

the bipolar hydrogen isotope separat ion process . A current density of 

0.3 A cm - 2 can be successful ly applied for a prolonged period without bubble 

formation at the b ipolar e lec t rode surfaces ; t h i s current density is a 

four-fold increase over the reported m.c.d. on carbon electrodes (3) and a 

70-fold improvement over the current dens i t i e s achieved by Salmon ( I ) with 

Pd e l e c t r o d e s . Calculat ions indicate that current dens i t i e s of I A cm"2 

can be expected to be reached with thinner e lec t rodes (2.5 x !0~ ' cm) 
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at temperatures above 60"C. Long-term hydrogen permeation experiments 

(one year or longer) still must be performed in order to study potential 

permeation poisons and to determine the most appropriate surface activa­

tion methods. 

Current densities in the range of 0*3 to 0.5 A cm~2, which have been 

demonstrated as being achievable for the bipolar cell, would permit the 

required compact cell design and relatively small amounts of the electrode 

material to be used, thus making the process economically attractive. 

The observed m.c.d.'s appear to be in reasonable agreement with calcu­

lated values. The increase in voltage drop across the bipolar electrode 

associated with the formation of bubbles may be used as an indicator of 

performance when visual observation is impractical. 

POWER CONSUMPTION IN THE BIPOLAR PROCESS 

Introduction 

To achieve hydrogen isotope separation by conventional electrolysis, 

one must electrolyze water into its components: hydrogt" and oxygen* 

In an equilibrium situation, i.e., where there is no net current flowing 

through the cell, the change in free energy (AG0) of the overall chemical 

reaction may be expressed as 

- AC* - nPE°, (2) 

where E° represents the standard potential of the electrochemical 

reaction (20). For electrolysis of water at 25*C, E* • 1.229 V (21), 

which means that for an infinitestimally slow rate of water electrolysis 

the applied voltage must be greater than 1.229 V for the reaction to 

proceed: 



Z3 

H2O -- 1/2 0 2 + H 2. (3) 

In terns of partial electrode reactions, Equation 3 can be separated into 
the cathodic process: 

2 H2O + 2 e" -* H 2
 + 2 0 H ~ E ° " -0*828 V (4) 

and the anodic process: 
C 2 O T + 1/2 O2 + 2 e" + H 20 E° = -0.401 V. (5) 

At the bipolar electrode the separation of hydrogen isotopes is 
accomplished by the reduction and oxidation of hydrogen. At 
equilibrium, Kith no net current flowing through the system, the 
reaction at the cathode surface (22) is: 

H20 + e" •*- H(Pd) + OH" E° (red) = -0.8 V. (6) 
By definition (20), the reverse reaction, i.e., oxidation of hydrogen 
from the palladium surfaces, is as follows: 

Pd (H) + OH" •* H 20 + e" E° (ox) = + 0.8 V. (7) 
On summing equations (6) and (7), no net reaction results, AG° = 0, nnd 

the standard potential E° « 0. In other words the reaction can prcc««d 
at a voltage slightly greater than zero, as compared to conventional 
electrolysis where the voltage must be >1.23 V, This difference lr ;-." 
permits considerable power savings when using hydrogen permeable h'pM •>.< 
electrodes as compared Kith normal electrolysis. 

Voltage Distribution in the Electrolytic Cell 
When current flows through an electrolytic cell, a voltage groar.fr 

than E° must be applied to cause the reaction to proceed at some desirable 
rate. The magnitude of the cell voltage increases with current dens ; ry 
and depends on the nature of the electrochemical processes at the anod<-, 
at the cathode, and on the resistance of the electrolyte between th<< 

http://groar.fr


7ft 

electrodes. Diagraaaatic representation of typical cell voltage 

components is shown in Figure 10. 

A highly conductive electrolyte must be used to ainiaize the IR 

drop; for the bipolar cell, 6N NaOH appears to be satisfactory. 

Potassium hydroxide has a slightly higher conductivity between 80 and 

100°C than does KaOH, but the conductivity as a function of concentration 

for NaOH has soae advantages over that of ROH (23,24). Although a strong 

acid would have a higher conductivity than NaOH, fewer corrosion problems 

occur with the alkaline mediua. In Figure 11, the calculated IR drop for 

6N NaOH electrolyte and at 1 ci electrode spacing is shown for current 
c 

dens i t i e s of 0.2 and 0.5 A ca~ 2 (which i s within the expected range for an 

operating c e l l ) . 

The electrode reaction contribution to the c e l l voltage can be 

expressed in terms of polarization or overvoltage. In general, polariza­

t ion at an electrode under current flow i s 

H - E(i) - E(0) (8) 

where E(0) i s the voltage measured against a standard electrode with no 

current flowing and E(i) i s the voltage at current density i« If only one 

electrode reaction takes place and the properties of the electrode do 

not change with current density then, 

H - E(i) - E* (9) 

and n i8 called overvoltage (25 ) . For the case of Pd-25Z Ag e lectrodes , 

i t i s expected that the only electrochemical reactions which take place 

are hydrogen oxidation and reduction; however, E* of Pd-25Z Ag i s also a 

function of the hydrogen content of the al loy and can change by approxima­

t e l y 0.250 v o l t s as hydrogen content varies from 0 to 0*26 H/metal (26) . 
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Figure II. Voltage drop between two parallel electrodes at 1 cm distance 

caused by the electrolyte resistance. Electrolyte * 6N NaOH, current 

density 0.5 and 0.2 A cm'2 (NaOH conductivity data from Ref. 23). 



29 

The cathodic surface overvoltage at the Pd-25Jf Ag membrane is 

expected to vary linearly with the logarithm of current density: 

n - a + b log | i | (i < 0 for cathodic process) (10) 

The slope, b, depends on the overall stoichioaetry of the rate—determining 

reaction and on the number of electrons involved. Polcaro et al. (26) 

proposed the following reaction sequence to describe the cathodic reaction 

of hydrogen on Pd-25Z Ag: 

v H diff 

" ^ d L ^ Hads + «2° + »+ + 

+ «adS 

H2 

H2 

(ID 

At low current densities, reaction "b", i.e., the diffusion of hydro­

gen from the cathode surface into the bulk metal was found to be the rate-

controlling process. As a consequence, there was found to be a non-linear 

dependence of overvoltage on the logarithm of current density, since a 

simultaneous change in E° took place because of initial increasing hydro­

gen content of the alloy with time. As the cathode surface became 

saturated with hydrogen, E° reached a constant value, reaction "c" became 

race determining, and a linear slope of approximately 0.12 V was found. 

Studies of anodic overvoltage of a hydrogei<-8aturated Pd-25X Ag electrode 

showed an exponential dependence on the logarithm of current density ine'I-

nting that the diffusion of hydrogen out of the metal (reversed reaction 

I and 3) was the rate-determining step at the anode surface. 
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The current density-voltage relationship for a Pd-252 Ag electrode 

has not been studied in the bipolar system. Some studies done on pure 

palladium electrodes in acid solutions, relating to the permeability of 

hydrogen through the electrode (9,10,27), can be related to the Pd-25Z Ag 

system. Von Stackelberg and Ludwig (10), in experiments described in the 

previous chapter, found that the voltage drop across the bipolar electrode 

was >1.4 V at a current density of 0.27 A cm~2 (exact numbers were not 

given). 

Hoare aid Schuldiner (27) studied the effect of electrode thickness 

on the palladium bipolar electrode behavior in sulfuric acid solutions and 

found that t.c 0.01 A cm~2 the voltage drop across the electrode changed by 

0.075 V when tne electrode thickness was changed from 2.5 x 10~3 to 

9.2 x 10~^ cm. ipwever, at higher current densities, this difference was 

much larger and mcst of the increase occurred at the anodic surface. Such 

behavior can be explained by a-hydrogen concentration gradient through trie 

palladium electrode: it vaix.es linearly with distance into the electrode 

as shown in Figure 12 (if only one phase of hydrogen palladium is 

present)*. At the anode surface of a thin electrode there would be an 

appreciable amount of dissolved hydrogen available. Since the potential 

at the electrode is not a linear function of the concentration of the 

electroactive species at the surface, a small change in hydi.ogen content 

at the anode surface can cause a large change in overvoltage. 

This is particularly valid for the palladium-silvcr-hydrogen system 

where only one phase exists in the entire hydrogen concentration 

range. 

http://vaix.es
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ure 12. Hydrogen concentration prof i le in a Pd-25Z Ag bipolar 
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i • current density (A cm"?) 
t * time (sec) 
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Experimental Results and Discussion 

Experiments with a small theroostated bipolar cell (Fig. 2), as 

described in the previous chapter, will now be discussed from a power con­

sumption point of view. The temperature dependence of the anode surface 

voltage and the cathode surface voltage was measured at a constant current 

density of 0.4 A cm"? (Fig. 6). Two electrode thicknesses were tested. 

At an electrode thickness of 2.5 x 10~3 cm, both anode and cathode surface 

voltages showed a slight decrease with increasing temperature; with 

7.6 x I0~3 cm thick electrodes, the anode surface voltage was high at low 

temperatures (2.3 V vs. PJ-H electrode in the same electrolyte at 40°C) 

and diminished quickly with increasing temperature. Practically the same 

voltage values were reached with the thicker electrode as with the thinner 

one at temperatures above 60°C. The cathode surface voltage for the 

thicker bipolar electrode was about 0.1 V more negative than the other. 

The high voltage at the anode surface at low temperature was accompanied 

by bubble formation on both sides of the bipolar electrode. This indi­

cated that the m.c.d. value had been exceeded; more hydrogen was formed at 

the cathode surface than was able to penetrate through the electrode and 

the surplus was evolved in the form of gas. An equivalent amount of oxy­

gen was evolved at the anode surface. For reasons described earlier 

(p.20), when oxygen was generated at the anode surface, the anode poten­

tial assumed a value between the hydrogen and the oxygen evolution 

potential. It is therefore important to operate the cell at enhanced 

temperature and with thin electrodes so as to have total hydrogen per­

meability and minimum power consumption. 
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These experiments are of a preliminary character. However, data pre­

sented in Figs. 6, 7, 8, and 9 are reproducible within the error limit 

t*3°C, +10 mV) and can be used to judge electrode performance. 

In Figs. 7-9 the total voltage drop across the bipolar electrode (the 

sura of the anode and cathode surface voltages) was plotted as functions of 

current density and temperature, respectively. From these data it was 

concluded that the minimum power needed to operate the process would be 

achieved at temperatures above 70°C with thin electrodes. Electrolysis in 

the D£0 system would require somewhat higher voltage and consequently more 

power than for the H2O system. 

During continuous cell operation using multibipolar electrodes, the 

total voltage drop through one bipolar membrane (after several hours at 

0.3 A cm"2 and at 60°C) was measured to be 1.77 +0.06 V, while after three 

weeks of operation it was found to have increased to 1.88 +0.06 V. In this 

case the bipolar electrodes were 7.6 x 10~$ c m thick and the electrolyte 

was 2 N NaOH. The relatively high voltage drop at the bipolar electrode 

during continuous operation can be attributed to the low operating tem­

perature (60°C), electrode thickness, and gradual accumulation of traces of 

impurities at the electrode surface. In early experiments it was observed 

that current reversal in the cell for a few seconds re-established a 

reduced bipolar voltage. 

Power consumption associated with the bipolar process can be assessed 

provided two basic parameters are established: the total amount of water 

needed to be electrolyzed in order to achieve a given enrichment (or 

depletion) and the electric power consumed in the process per unit amount 

of water electrolyzed. The first parameter depends on the specific 
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application, i.e., whether tritiun is to be removed from light or from 

heavy water (difference in separation factor) and also on the tritium 

concentration in the feed stream, as well as the desired tritium con­

centration in the enriched and depleted streams leaving the cascade. 

This parameter will be discussed later. 

Electric power consumption is dependent on the current density; the 

greater the current density the higher the voltage drop in the electrolyte 

and the higher the overvoltage at the electrode surface. To minimize 

power consumption, it would be best to operate the cell at low current 

density, but from the standpoint of capital investment and containment 

cost, high current densities must be achieved. For each particular appli­

cation, the most appropriate operating current density must be determined. 

Most noruial electrolytic processes do not operate at current den­

sities exceeding 0.2 A cm - 2 at which the corresponding power consumption 

is approximately 6.4 kwh/kg H2O (28-31). Using measured overvoltage 

at the currently developed bipolar electrodes, power consumption for one 

stage of bipolar electrolysis at 0.2 A cm-? was estimated to about 

3 kwh/kg H2O (0.9 V at a 2.5 x 10" 3 cm thick bipolar electrode, and 

0.12 V resistive loss between the electrodes using 6 N NaOH, 90°C and a 

0.6-cm electrode spacing). At a current density of 0.5 A cm"2, the power 

consumption of one bipolar electrolysis stage would increase to about 

5 kwh/kg H2O (1.2 V at the electrode, a* shown in Fig. 9, and 0.3 V 

resistive loss between electrodes). Large scale electrolyses usually do 

not operate at such high current density. If the reported voltage 

requirements for normal electrolyses are extrapolated to a current density 

of 0.5 A/cm2, then power consumption would increase to about 8 kwh/kg 
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H 20. This estimate of BPE power consumption does not include cell voltage 

increases with time which usually occur caused by changes in electrode 

surface activation during continuous operation. The amount of such tfme-

dependent increase must be studied experimentally and its cause determined 

so as to prevent or reduce its effect on power consumption. 

Conclusions 

Measurements of voltage drop across the bipolar electrode indicate 
i 

that the power consumption associated with a single bipolar stage at a 

current density of 0.2 A cm~2 is only about 45Z of that requiret for nor­

mal electrolysis of the same amount of water; for a current density of 

0.5 A cm~2, the power consumed would be about 60Z of that required for 

normal electrolysis. These power estimates require confirmation in long-

term experiments. Total power consumption of the BPE process can be esti­

mated by combining the estimated power consumption per kilogram of water 

with the total amount of water required to be electro!yzed as determined 

by the application. 

SEPARATION FACTORS 

Introduction 

The hydrogen isotope separation factor is defined as 

a - I ; or a - J.'<1 ~ vj H2> 

X x/(l - x) 

where Y * mole ratio of the light isotope to heavy isotope in 

the heavier isotope-depleted phase (gas phase 

for conventional electrolysis; hydrogen penetrating 

the bipolar membrane for bipolar electrolysis) 
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X = mole ratio of the light over the heavy isotope in the 

remaining phase (aqueous phase remaining in the 

electrolytic cell for conventional electrolysis; 

aqueous phase remaining in the interelectrode 

compartment for bipolar electrolysis) 

y,x = mole fractions of the light isotope in the depleted and 

remaining phase, respectively. 

The electrolytic protiun-deuterium separation factor, ORD, 1 S o f 

interest mainly because of the possible application of BPE to heavy water 

production. Historically, the necessity of determining the protlum-

tritium separation factor, an?, arose when the concentration levels of 

naturally occurring tritium was of interest to a variety of researchers. 

Tritium concentration levels in nature are too low to be determined by 

direct radiation counting, and thus concentration by batch-type electroly­

ses was required for such determinations. The original tritium content 

only could be determined by this technique when a^j was known (33). 

A mathematical relationship between the protium-deuterlum and protlum-

tritium separation factors was derived by Bigeleisen (34): 

l n 0 t HT . 1.38 +0-06 . (13) 
Tno lna 

HD HD 

This relationship has been confirmed for a wide range of experimental con­

ditions (33,35). Thus, the deuterium-tritium separation factor can be 

calculated if CXHT and â n are known: 

o D T - f̂ HT. (14) 
aHD 
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Consequently, by knowing one of the separation factors under specific 

experimental conditions, the other two may be estimated adequately from 

Eqns. 13 and 14. The values of hydrogen isotope separation factors are 

found to va-y over a broad range depending upon the electrode Material, 

current density (or overvoltage), and temperature. Some reported values 

for <*HD» OffT and ajyr vsing normal electrolysis are given in Table la. In 

•ost cases, the hear* isotope concentration in the electrolyte was very 

low as coapared to the protiur content, but in some experiments comparable 

concentrations of protium and deuterium were used (14, 36, 37). The dif­

ference in hydration energy for an isotope hydrated predominantly with 

H2°» DHO, or D 20 can be an additional source of variance in a^n values 

(38,39). The effect of the electrode reaction mechanism on separation 

factor as a function of hydrogen evolution at inetal electrodes was studied 

by Conway (38), and Bockris (39). 

In conventional electrolysis the hydrogen evolution mechanism can be 

described by the following reactions: 

H3O++ e" + M -• M H a d s + H 20 (15) 

H 3 0 + + e~ + M H a d s -• H 2 + H 20 + M (16) 

"ads + "ads - «2 < I 7> 

H 20 + e~ + M -• H M a d 8 + OH" (18) 



Table la. Electrolytic Hydrogen Isotope Separation Factors 

Electrode 
Material 

Fc Foil 
Fe Sinter 
Fe-Ni Sinter 
Pt 
Hg 
Mild Steel 
Carbon 
Pt 
Pd-25?! AR Tubes 

Current 
Density 
(A cm"-) Electrolyte 

0.1 
0.1 
0.1 
0.1 

Var. 
Var. 
0.02 

Pd-25S AR Tubes 0.02 

Pd-25? AR Tubes 0,02 

Pd-25?! Ag TUPCS 0.02 
Mild Steel 0.01 
Mild Steel 0.01 
Mild Steel 0.01 
Mild Steel 0.01 
Stainless Steel Var. 
or V Screen 

KOH 
KOH 
KOH 
KOH 
H 2S0 4 

KOH 
NaOH 
NaOH 
K->C03 in 
80-90?: D 20 
K2CO3 in 
80-90?: n 2o 
K 2C0 3 in 
80-90?! D2O 
K 2C0 3 in 
80-90?: D 20 
KOH 
KOH 
KOH 
KOH 
KOH in H 20-
D 20 Mixture 

Temperature 
°C 

20 
20 
20 
20 
20 

25-35 
25-60 
25-60 

0 
20 

40 

60 

0, 
22. 
40 
60 

»HD 

7.3 
6.1 
7.7 
7.7 
3.3 
8-9 

13.1 

10.3 

9.1 

7.8 

11.7 
9.6 
8.0 
6.7 
4.0 

a H T 

12.0 
U . l 
16.2 
17.1 

5.1 
mm 

16-22 . 
17-21.5 

31.8 
24.9 
19.5 
15.0 
6.9 

'DT 

1.64* 
1.82* 
2,10* 
2.22' 
1.54* 

2.7* 
2.6* 
2.4* 
2.2* 
1.7 

Reference 

(37) 
(37) 
(37) 
(37) 
(37) 
(42) 

(3) 
(3) 

(14) 

(14) 

(14) 

(14) 

(35) 
(35) 
(35) 
(35) 
(36) 

u 
09 

•Calculated from <*nT o H T 

lVD 
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With different electrodes and different current densities the mechanisms 

may vary, causing variations in the separation factor. Lewis and co­

workers (40) determined the electrolytic separation factors for various 

metal electrodes and found that the separation factors were a non­

monotonic function of applied overvoltage. 

From the temperature dependence of the separation factors, the dif­

ferences in the activation energy for the discharge of a particular iso­

tope pair can be calculated (35): 

AH 
d lnq = q f (19) 
d T R T 2 

where T is the temperature in °K, R is the gas constant and a is the 

separation factor for the particular pair of hydrogen isotopes. By 

plotting In a vs. 1/T, straight lines were obtained and from their slopes 

the related AH could be determined. Roy (35) found the following values: 

AH(°W * -1680, AH(a H T) - -22M), and AH(anT) • -580 cal mol - 1 at a current 
density of about 0.01 A cm -?. From the data of Brodowsky et al. (14), a 

value of AH(oi|{n) * -1534 cal mol'* was calculated (applied current density 

of 0.02-0.023 A cm-2). 

The only studies of isotope separation factors arising in bipolar 

electrolysis were performed by Salmon (1) and Drazic (3) (see Table lb). 

Drazic (3) determined the protium-tritium gas evolution separation factor 

for simple electrolysis on composite carbon electrodes and found a maximum 

value of about 22.5 (at 25°C and low overpotential). The separation fac­

tor for a single -jpolar electrode for protium-tritium was much lower 

(about 8), which was attributed to dilution occurring by isotope exchange 



Table lb. Hydrogen Isotope Separation Factors on Bipolar Electrodes 

Electrode 
Material 

Current 
Density (A cm'h 
0,006 

Electrolyi 

H 2S0 A 

T 
ce 

emperature 
°C aHD 

Pd 

Current 
Density (A cm'h 
0,006 

Electrolyi 

H 2S0 A 

T 
ce 

25 4.5 
Carbon 0.06 NaOH Room? -

Pd-25X Ag 0.21-0.5 NaOH in 
or NaOD 
D 20 

H 20 
in 

35 ™ 

Pd-252 Ag 0.21-0.5 NaOH in 
or NaOD 
D 20 

H 20 
in 

55 5.9' 

Pd-25Z Ag 0.21-0.5 NaOH in 
or NaOD 
o 2o 

« H T 

H 20 
in 

90 5.7' 

* Calculated using O0-j> • 

NaOH in 
or NaOD 
o 2o 

« H T 

H 20 
in 

90 

^HD 

°HT 

12.4 

11.6 

aDT Reference 

- (1) 
- (3) 

2.16 This work 
0RNL 

2.11 This work 
ORNL 

2.05 This work 
ORNL 

o 
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in the vapor phase within the porous electrode. (The values for the 

separation factors are Merely stated by Drazic with no explanation of how 

these values were Measured. Little experiaental data were given and the 

current density was <0.07 A ca~2.) Salmon (1) obtained values of the 

protium-deuterium separation factor between 4 and 5 using a palladium 

bipolar electrode at room temperature in a sulfuric acid solution at 

0.006 A ca~2. Wicke and co-workers (14) examined partial separations 

taking place during the transport of hydrogen through a Pd-25Z Ag membrane: 

1. Electrochemical reduction at the cathode surface, 

2. Diffusion of hydrogen through the bipolar membrane, and 

3. Reoxidation of hydrogen. 

The first two steps noted above are Identical to reactions (15) or (IB), 

and "b" in Equation (11). Wicke and co-workers performed the following 

sequence of experiments: 

1. A Pd-25Z Ag foil was used as a cathode in contact with 

electrolyte on only one side; :he electrolyzed protium-

deuterium Isotope mixture was diffused through the 

electrode into the gas phase. Separation factors were 

determined from the isotopic composition of the aqueous 

phase and from the composition of the permeating gas. 

Values of the cathodic separation factor were found to 

be 13.1 and 7.8 at 0 and 70°C, respectively. 

2. The above experiment (1) was reversed such that the 

hydrogen Isotope mixture was diffused from the gas phase 
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through a Pd-252 Ag membrane, acting as an anode, and was 

subsequently oxidized at the anode-electrolyte interface. 

The anodic separation factor was found to be independent 

of temperature and varied between 1.64 and 1.84. 

3. Values for <*HD of about 1.7 were obtained when a 1:1 H/D 

mixture was diffused through a Pd-25Z Ag membrane (gas 

phases only on each side of the membrane). 

Consequently, it would appear that the largest separation factor is 

associated with the electrochemical reduction mechanism and this may be 

somewhat enhanced by diffusion and reoxidation mechanisms. 

Experimental Results and Discussion 

Early in our studies of the bipolar process, separation factors 

arising at the bipolar membrane were measured. The experimental procedure 

used is illustrated in Fig. 2; the electrolyte solution containing a tri­

tium tracer was placed in both the anode and cathode compartments. 

Initial conditions were determined, i.e., the total amount of water, con­

centration of KOH in both compartments and the initial tritium activity in 

both compartments. During electrolysis, a mixture of hydrogen isotopes 

passed from the anode compartment into the cathode compartment through the 

bipolar membrane. The exit "stream" of hydrogen leaving the anode com­

partment IMS found enriched in the light isotope and thus tritium was 

being concentrated in the anode compartment. Figure 13 illustrates the 

change in anode and cathode compartment compositions for a typical 

protium-tritium separation experiment. From changes in water volume and 
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Figure 13. Change* in anode and cathode compartment competition for a typical 

protium-tritium bipolar electrode icparation experiment. 
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t r i t i um a c t i v i t y level in the anode compartment, the separation factor was 

ca lcu la ted using the Rayleigh (41) formula: 

<xa = 1/ 
ln(A /A ) 1 

a ao I 

ao a J 

ln(A 
1 - a a o I , (20) 

where A a o and Ag are the initial and final tritium activity levels and 

W a o and W a are the initial and final moles of the lighter isotope in the 

anod^ compartment. Small errors in determining either A or V resulted in 

very large errors in a. The determination of x from changes in the isoto­

nic composition of the cathode compartment is complicated by two processes 

operating simultaneously: the influx of an isotopic mixture through the 

bipolar membrane and the removal of a different isotopic mixture at the 

terminal cathode. The net change in Isotope composition in the electro­

lyte is affected by both separation processes. To circumvent this 

problem, hydrogen gas produced at the terminal cathode was continuously 

converted into water and returned to the cathode compartment, thus 

nullifying the isotope separation co.itri >uted by the terminal cathode. 

Under these conditions, a could be determined from the change in the iso­

topic composition of both anodic and cathoi'ic compartDents according to 

the relationship 

In W - In W * 
«t * - - (2D 

In1A a o W a c - AgWc + A c o W c oJ - In A a o W a o 

*Df»rtvation of Equations (20) and (21) is given in Appendix B. 
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Using Equation (21) rather than Equation (20), the separation factors 
could be determined with much greater precision. This is illustrated in 
Figure 14 for a hypothetical experiment in which fixed values for all 
variables except W a were assumed. It is evident that a small error in 
W a causes large variation in a when Equ£*"ion (20) is used. 

O 
Most of our experiments emphasized the measurement of apr, the separa­

tion factor on a single bipolar electrode for the deuterium-tritium isotope 
pair. The results obtained at three different temperatures at current 
densities of 0.21, 0.36, and 0.50 A cm - 2 are given in Table 2. These data 
represent the average values of twenty-five individual experiments. The 
value of AHp-r- calculated from the temperature dependence of aD-j- was 
-190 cal mol'I, which is considerably lower than the reported value of 
-580 cal" 1 (14). It is not clear whether this difference is caused by 
much higher current densities applied in our experiments (0.21-0.50 A cm"? 
compared to 0.01 A cm' 2 in [14]), or to the bipolar process. More 
experiments are needed to clarify this difference. No significant depen­
dence of an? on current density was found. Several measurements of am* 
were also made and the results are preejnted in Table 2; these values 
agree reasonably well with those predicted by Equation 13* 

Table 2. Hydrogen Isotope Separation Factors on a Single Bipolar Electrode 

<x D T a m 
Temperature (0.21, 0.35, aHT Calculated 

*C 0.50 A cm"2) (0.35 A cm" 2) From Onr 

35 2.16 +_ 0.06 
55 2.11 +.0.05 12.4 +_ 1.3 12.5 
90 2.05 + 0.06 11.6 • 0.7 10.7 
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In order to compare separation factors as measured using normal 

electrolysis and bipolar electrolysis, one half of Che cpll, as shown in 

Fig. 2., was filled Kith electrolyte (sodium hydroxide) containing a trace 

quantity of tritium. Palladiunr-25Z silver foil served as the cathode. 

The back of the cathode foil was painted to prevent hydrogen from dif­

fusing through the foil. Current density of 0.35 A cm-** *as applied to 

this "half-cell**. Hydrogen gas evolving from the cathode was converted to 

water, and the H-T separation factor calculated from the isotopic com­

position of the reconstituted water as compared with the composition of 

the water remaining in the cell. Separation factor values of 8.6+0.2 

and 8.1 +_ 0.2 for 55° and 90°C, respectively, were measured. These 

results show that under identical experimental conditions, the H-T separa­

tion factors for the bipolar process (see Table 2)_ were about 25-30% 

greater than that observed for the simple electrolytic process. 

Since it has been shown that the mathematical relationship between the 

three separation factors (d H D, a O T , a H T ) l s v a l i d f o r ^ ^ bipolar and 

normal electrolysis, it is anticipated that apj and (*HD will also be about 

25-30% greater for the bipolar process. 

Conclusions 

The bipolar hydrogen isotope separation factors (OL^J, otnx) were found 

to be within the expected range (see Table 1) under experimental condi­

tions as required in the proposed bipolar process: Pd-25% Ag electrode 

composition, high current density (0.2-0.5 A cm~2), electrolyte concentra­

tion of 6 N MaOH, and a cell temperature of 60-90°C. The fact that the 

deuterium-tritium separation factor does not change appreciably with 
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neither temperature (between 35 and 90°C) nor current density, (between 
0.21 and 0.50 A cm'?) is a very important positive feature: incidental 
fluctuations in either current density or temperature would not result in 
significant changes in the separative process. Mathematical relationships 
between the three separation factors, valid for simple electrolysis 
(Equations 13 and 14), were found to be valid for bipolar electrolysis as 
well. For preliminary calculations of the cascade design, an dnr = 2 and 
aHT = 11 c a n be used. 

Further studies are required to understand completely the difference 
in temperature dependence of separation factors as measured in bipolar and 
simple electrolytic systems. 

INTERSTAGE SEPARATION 
I 

Introduction 
Steady-state cascade theory is concerned with the prediction of the 

stage requirements for the separation of a given isotope mixture into 
products of specified composition. Such calculations give the number of 
stages needed for desired separation, the local interstage flowrates and 
compositions, total separation for a given cascade, and other design 
details. 

The bipolar electrolysis cascade is inherently "square"; the 
electrode area of each stage is the same throughout the cascade. Due 
to subtle differences between bipolar cascade design and conventional 
cascade modeling, it is necessary to derive design equations specifically 
for bipolar electrolysis. Appendix C gives a detailed derivation of these 
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equations for the enriching section of a BPE square cascade for one type 

of flow scheme. 

Total enrichment (i.e., tot-I increase in teavy isotope concentration 

from feed to product) for the enriching section of a square BPE cascade 

with the flow schema as noted in Appendix 3 may be expressed as 

"F - &V 

(22) 

where 

• mole fraction of heavy isotope in the feed, 

°p = mole fraction of heavy isotope in the product, 

a " 1 . 
1 - P/F 

* single stage bipolar separation fa<tor, 

P = molar flowrate of product, has the units of total moles of 

hydrogen /unit time, 

F * molar flowrate of feed; has the units of total moles of 

hydrogen/unit time, 

J * total number of separation stages in a square section with 

stage number one being the bipolar electrode opposite the 

terminal anode. 

Equation (22) nny be used to calculate the number of stages (J) necessary 

to enrich a heavy isotope to a desired concentration. Also, equation (22) 

Total moles of hydrogen—the total molar flowrate of any two hydrogen 

pairs: H2 • T2, fy * D2 or D2 • T2. 

J I 
6 = (i/a<i» r • F 

1 - q/q$ r 
1 - (l/a* ) 



so 
•ay be used to calculate the interstage isotope composition in the 

electrolyte throughout a square cascade with a given product composition 

(°p)> single stage separation factor (a), and product-to-feed ratio (P/F). 

To use Equation (22) in calculating interstage composition, the term 

aip may be considered as the feed composition of stage J_, which is in 

reality the interstage composition between the J^and J + 1 stages (see 

Fig. 15). 

It is of particular interest to examine interstage composition ("p) 

with respect to variations in a and P/F. Figure 16 is a family of curves 

which illustrates the interstage compositional variation with respect to 

change in separation factor for a constant P/F. It should be noted that 

each curve exhibits a point of inefficient operation at which no appre­

ciable enrichment occurs with the addition of more separative stages. For 

large separation factors (a _>_ 10), it can be seen that this point of 

Inefficient operation is reached in a very few stages. 

Figures 17 and 18 show a family of curves which illustrate the 

interstage compositional variations with respect to changes in P/F at 

a constant separation factor. Ratios (P/F) of 1 x 10~* to 2 x 10"^ imply 

a product withdrawal rate 10 to 50 times less than the feed rate. This 

P/F range is appropriate for both laboratory and large-scale applications. 

For a given separation factor, the smaller the value of P/F the greater is 

the number of stages that can be efficiently utilized in a square cascade, 

and for a large separation factor (i.e., protium-tritium or protium-

deuterium) relatively few stages can be efficiently utilized in any single 

square section of a cascaded system. 
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Figure 15. Stage to stage nomenclature i l l u s t r a t i n g that the 

enriched product of the J • 1 stage i s the feed for the J ' th stage. 
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Cascade theory dictates that an ideal separation cascade is 

tapered (43) from stage to stage (maximum cross section at the feed point). 

This size tapering is theoretically more efficient than a square cascade 

because total cascade volume and energy requirements are minimized. If a 

tapered cascade is not possible, its efficiency can be approximated by a 

"squared-off" tapered cascade consisting of a series of square cascade 

sections of diminishing size (from the feed point) connected in a series 

arrangement. Designing such a squared-off tapered cascade can be 

accomplished by using the expression for the enrichment factor for each 

square section of the taper (Equation 22) along Kith simple material and 

heavy isotope balance relationships. 

Experimental Results And Discussion 

Several laboratory experiments have been performed in small multi-

bipolar cells operating continuously with a steady supply of MaOH-

containing feed and a continuous product removal. In a typical multi-

bipolar cell experimei.t, the cell is initially filled with feed of the 

same tritium concentratioi as would be fed to the cell during the duration 

of the experiment. The multibipolar cell was then operated at constant 

current until steady state conditions were obtained (i.e.. a constant tri­

tium activity in the product stream is achieved). One such experiment was 

performed with the following cell parameters: five separation stages (four 

bipolar electrodes plus the terminal cathode), electrodes with an area of 

6.0 cm' each, and 0,3 A cm~2 current density. This multistage system was 

fed with 3.3 N NaOH to the cathodi compartment at a rate of 1.105 moles 

H2/day (19.43 ml/day of 3.3 N NaOH) and had a P/F - 0.2268. The tritium 
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content in the feed was 4.747 pCi/mole ft^. This multistage system was 

operated for a total of 24 days, 8 days of which were at steady state. 

Cell temperature was maintained et an average of 85 •_ 5°C by circulating 

65°C water through heat exchanger tubes in the cell body. 

The single stage separation factor for the above-described experiment 

waj found by a trial-and-error solution of Equation (22). The separation 

factor per stage for protium-tritium was calculated to be <X|rr = 6.3. At 

the end of this experiment, "saples were taken from each interstage 

compartment and analyzed for tritium. Figure 19 gives the measured con­

centration profile through the cascade for this particular experiment. It 

can be seen from Fig. 19 that the experimentally observed tritium con­

centration between individual stages (circles) closely followed that pre­

dicted by Equation (22). Note that nearly all enrichment has taken place 

in the first two stages. The other three stages would have been better 

utilized if a smaller P/F ratio could have been used. However, without a 

means of continuously removing electrolyte from the anode compartment, the 

P/F ratio was limited to a relatively high value. The sodium hydroxide 

normality in the anode compartment (Np) was governed by the feed normality 

(N F) and by the P/F ratio [i.e., N p = NP/(P/F)J, 

Further experimental evaluations were made with a larger electrode 

area (26.4 cm^ each) multistage system. This system contained three 

separation stages (2 bipolar electrodes) and was operated with a current 

density of 0.3 A cm~2. A continuous electrolyte removal system was 

attached to the anode compartment of this larger system; addition of the 

electrolyte removal system resulted in a slightly longer time needed to 

reach (as compared to the earlier experiment) steady state conditions 

because of the additional effective volume of the anode compartment (30Z 
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increase for this particular system). However, this same electrolyte 

removal system, as described, could accommodate a multistage system 

approximately 25 times larger than the one to which it was applied, and 

thus would not result in a significant increase in the anode volume and 

NaOH concentration. 

With the larger multistage system, the cell was filled with 

6.7 N NaOH which had a tritium concentration of 6.98 yCi/mole H2. The 

system was then operated at 0.3 \ cm~2 current density and tritiated water 

of the same NaOH and tritium content was fed to the cathode compartment. 

The feed rate was 3.54 moles n^/day (62.6 ml/day of 6.7 N NaOH) with an 

average cell temperature of 88.5 +2°C. To hasten the rate of increase in 

tritium concentration in the multistage system, no product was withdrawn 

'̂ during the initial part of the experiment except for 0.5 ml/day necessary 

for analytical purposes. In 49 days of operation the anode compartment 

reached a maximum tritium activity of 77.76 yCi/mole H2 (an enrichment of 

11.14 times the feed concentration). At this point in time the system was 

forced to a steady state condition by withdrawing more product (5.2 

ml/day) And ct the same time increasing the feed rate by the amount being 

withdrawn (feed rate increased to 67.8 ml/day). 

The system was operated for 8 days under these conditions to assure 

steady state composition throughout the cascade. The waste stream (stream 

depleted in tritium) tritium concentration during the entire experiment 

was 1.18 JiCi/mole H2 which yields a total separation factor between the 

product and waste streams of 65.9. Using the tritium concentrations at 

steady state, Equation (22) was solved by trial and error to determine 

the protium-tritiuv separation factor; this solution gave an a^j * 6.9 
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for the single stage separation factor. At the end of the experiment, 

samples were taken from each interstage compartment and analyzed for 

tritium; Fig. 20 shows the measured concentration profile through the 

cascade. Once again the experimentally observed tritium concentration 

between individual stages closely followed that predicted by Equation 

(22). Note in Fig. 20 the more efficient utilization of all stages. This 

is a direct result of the lower P/F ratio (7.58 x 10~2) as compared to the 

previous multistage experiment (see Fig. 19). 

Conclusions 

Single bipolar cell experiments have indicated that at 90°C the 

protium-tritium separation factor, an?, should be 11. In the multistage 

experiments, the single stage separation factors were found to be 6.3 and 

6.9 as compared with about 8.0 for regular electrolysis. No definitive 

reason for these lower separation factors can be given at this time. 

Possible reasons could ir~lude loss of tritium by evaporation or cell 

leakage. 

Two multistage c*. :periments with countercurrent electrolyte flow 

established that Equation (22) is an adequate mathematical model for iso­

tope separation by bipolar electrolysis since the measured concentration 

gradient throughout the cascade agrees well with calculated values. 

Future multistage experiments with countercurrent electrolyte flow should 

include larger cells which would better facilitate the use of necessary 

auxiliary systems (e.g., electrolyte removal) and improve the temperature 

control throughout the system. It is evident that bipolar electrolytic 

separation of hydrogen isotopes is a viable concept but requires further 

experimental study to determine its economic and engineering feasibility. 
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ELECTROLYTE MAINTENANCE 

Introduction 

The operation of a bipolar cascade requires ancillary processes for 

the maintenance of the lesired concentration of electrolyte throughout the 

system. Electrolyte must be added to the primary aqueous feed stream at 

the head of the cascade, and excess electrolyte in the terminal anode cu -

partment, being concentrated as a result of dissociation of water, must be 

removed. If the excess electrolyte is not removed from the anolyte, the 

concentration in the anode compartment would increase to an equilibrium 

value which is proportional to the feed concentration by the factor F/P, 

where F_ and P_ are the volumetric flow rates of the aqueous feed and pro­

duct streams, respectively. \L present, sodium hydroxide serves as the 

electrolyte for the bipolar process., but potassium hydroxide has been con­

sidered as an alternative and may be preferred under some operating con­

ditions. 

Several possibilities have been evaluated for cascade electrolyte 

maintenance. The most suitable processes appear to be electrodialysis for 

preparation of the caustic feed solution and conversion of hydroxide to 

carbonate followed by water evaporation for the removal of excess electro­

lyte in the terminal anode compartment. Condensed water vapor from this 

latter proc-: - is returned to the terminal anode compartment. 

Electrolyte Preparation 

Electrodialysis cells utilizing cation exchange .nembranes, such as 

NAFION*, are currently being operated for the commercial production of 

^Registered trademark of E. I. duPont deNemours & Co. (Inc.) for its 

perflcurosulfonic acid products. 
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caustic from salt brines (42-49). This technology can readily be applied 

to the preparation of electrolyte feed solution for the bipolar electrolysis 

cascade. 

The principles of electrodialysis are schematically represented in 

Fig. 21 for the production of sodium hydroxide from concentrated salt 

solutions. The cation exchange membrane, which separates the caustic 

catholyte from the anolyte, is selectively permeable to excess sodium 

cations (Na+) resulting from the oxidation reaction at the anode, but 

rejects most hydroxyl ions (0H~) formed by the reduction of hydrogen at 

the cathode. Therefore, most of the current is carried by sodium cation 

transfer through the membrane which then combines with hydroxyl ions to 

form product caustic. 

The efficiency of the dialysis cell is determined by the percentage 

of hydroxyl ions remaining in the catholyte to form caustic. If the 

efficiency were 1002, the production of one mole of NaOH would require 

26.8 A-hours. An efficiency of 80% is typical in a cell producing 

30% NaOK solution at a current density of 0.3 A cm"?. Efficiency and cell 

voltage vary with membrane composition, temperature, current density, and 

solution compositions (47, 48, 52, 53). 

Experimentally, "deuteroxide" (NaOD) solutions with concentrations 

up to 25% have been prepared from solutions of Na2C03 in D2O using small 

test cells with NAPION membranes. These solutions were produced in 

batches for subsequent experimentation to determine D-T separation factors 

in single bipolar electrolysis cells, but continuous operation for direct 

feed to a cascade should be achievable, but engineering development is 

required. 
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Electrolyte Removal 

In ord«-r to maintain a uniform concentration of sodium hydroxide 

throughout the bipolar electrolytic cascade, a quantity of electrolyte 

must be removed from the terminal anode compartments 3t a rate propor­

tional to the rate of water electrolysis. 

Electrodialysis was originally considered a feasible method for the 

direct transfer of sodium from the electrolyte solution in the terminal 

anode compartment of the cascade back to the feed stream. This direct 

transfer method was rejected, however, because of excessive water migra­

tion through the membrane which impaired the separative efficiency of the 

cascade. However, for a feed preparation process disjoint from contact 

with the anolyte of the cell, water migration is not a deleterious factor 

since the water source is the sama as that used for the caustic catholyte 

product. 

Alternately, the removal of sodium from an aqueous hydroxide solution 

can be achieved by reaction with CO2 to form sodium carbonate, and sub­

sequent evaporation of the water, leaving the sodium behind as dry car­

bonate (^2^03) (53). During one experiment with a bipolar cascade, an 

electrolyte stream was withdrawn from the anode compartment for the 

purpose of removing sodium by this process. The flow rate of this recycle 

stream was made equivalent to the rate of water electrolysis, i.e., the W 

stream of the cascade. 

Possible reaction products of sodium hydroxide with CO2 are anhydrous 

or hydrated sodium carbonate and sodium bicarbonate according to the 

equation 

NaOH( a q) + C0 2 •*• Na2C03 • X(H20) + NaHC03 • Y(H 20). 
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Evaporation at elevated temperatures yields anhydrous crystals, cnJ above 

270"C, sodium bicarbonate decomposes to form anhydrous sodium carbonate by 

the reaction 

2HaHC0 3 ( s ) - Ha 2C0 3 ( s) • H 20( g) * C0 2( g), 

so that theoretically all of the hydrogen isotopes can be recovered as 

vater for recycling. This sodium removal technique is particularly well 

suited for application to the bipolar cascade separation of tritium since 

no hydrogen isotopes are removed from the system as a result of the 

electrolyte maintenance process. 

The recovered carbonate may be used for the electrodialytic production 

of hydroxide solution for feed to the cascade so that the sodium remains in 

a closed process loop, or a portion of it n»jy be discarded to remove con­

centrated impurities from the sytem if this becomes necessary. 

A spray-drying unit appeared to be a suitable approach for the con­

tinuous removal of sodium (54). Aqueous hydroxide is atomized in a stream 

of CO2 and heated to yield a gaseous effluent of vater vapor, excess 

CO2 and a solid product of dry carbonate powder. A small spray reactor 

was operated discontinuously in the laboratory in conjunction with trial 

experiments of the bipolar cascade test cell (described earlier) to 

demonstrate the applicability of the technique. Results were generally 

satisfactory with an achieved conversion to carbonate of up to 992. For 

the bench-scale bipolar cascade cell, a small apparatus for the continuous 

removal of excess sodiun from the terminal nocte compartment was assembled 

and successfully operated for the duration of the experiment. The system 

in its final configuration is schematically shown in Pig. 22. 
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4. HEATING MANTLE 

5. PRIMARY CONDENSOR 
6. WARMING JACKET 
7. SECONDARY CONDENSOR 
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EXCESS 
C0 2 

CO, 

Figure 22. Schematic representation of the experimental sodium 

removal system. 
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Aqueous electrolyte was pumped from the terminal anode compartment of 

the cell (2) to a carbonation/evaporation reactor (3), which was exter­

nally heated by an electric mantle (4). Carbon dioxide was introduced 

into the reactor and water vapor extracted. As the water vapor and excess 

CO2 passed through the primary condenser, most of the water was condensed 

and collected in a reservoir (6), which was heated to about 70°C to mini­

mize the amount of dissolved CO2 in the recycle water and product stream. 

Gas and residual water vapor passed through the vertical branch of 

the manifold to a high-speed condenser (7), where most of the remaining 

water was condensed. Finally, gas proceeded into a cold trap (8) to 

freeze out any residual water being carried by the OO2 stream. The ice 

which collected in the cold trap was occasionally melted and returned to 

the reservoir. 

The carbonation/evaporation reactor did not employ the spraying mode 

of operation, as conceptualized, but instead the aqueous electrolyte 

dripped into a vessel in which a OO2 atmosphere was maintained. The 

average aqueous flow rate was about 3 ml/hr and that of the entering 

CO2 stream was 200 seem. Reactor temperature was maintained at 350°C. 

Almost all of the water vapor was recovered in the primary and secondary 

condensers, with less than IX of the total flow reaching the cold trap. 

After one month of operation, a sample of the solid residue collected in 

the reactor was analyzed and determined to be completely converted to 

anhydrous sodium carbonate (^2003). 

One disadvantage of this sodium removal system was the addition of 

about 30 ml to the effective anode compartment volume of the bipolar 

cascade test cell, which had the effect of increasing the time required 
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for attainment of a steady state equilib ium within the cell. However, 

this system was capable of handling approximately twenty-five times the 

sodium removal rate required in this experiment; as the cascade size 

increases, the relative volumetric contribution to the anode compartment 

by the sodium removal system would decrease. 

- -~v-—- Conclusions 

Electrodialysis appears to be an effective method for the prepara­

tion of aqueous hydroxide feed solution for the bipolar cascade without 

significantly alterating the isotopic distribution. Anolyte hydroxide con­

centration can be maintained by reacting the aqueous hydroxide with CO2 and 

subsequently evaporating the water for recycle to the anode compartment, 

leaving excess sodium behind as anhydrous carbonate (Na2C03>. Engineering 

scale-up of both of these processes should be in the realm of existing 

technology, and, unless impurities interfere with cell efficiency, would 

permit recycle of sodium in the system, thus avoiding large build-up of 

waste electrolyte. Impurity concentrations can probably be controlled by 

discarding part of the sodium carbonate. 

SUMMARY 

The present status of Che hydrogen isotope separation process using 

bipolar electrolysis with countercurrent electrolyte flow indicates that 

the electrode material requirements are sufficiently met by using the 

Pd-25% Ag alloy foil. However, other electrode materials should be in­

vestigated with the goals of lowering the electrode cost and reduction of 

overvoltage. The measured value of separation factor, aQj, using the 
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Pd-25? Ag bipolar electrode is sufficient to permit tritium removal from 

D2O. The discrepancy in the protium-tritium separation factor as deter­

mined from the two multibipolar electrode experiments with that measured 

in single cell experiments (6.3 and 6.9 versus 11 respectively) requires 

investigation. 

The small temperature dependence of the deuterium-tritium separation 

factor and the lack of any dependence on current density is a very impor­

tant positive feature of the bipolar electrode. Experiments to determine 

the protium-tritium and protium-deuterium separation factor dependence on 

temperature and current density need to be conducted to verify the postu-

lation that these isotope pairs exhibit a similar behavior to that of 

deuterium-tritium. Current density of 0.3 A cm"2 n a s been achieved in a 

continuous mode, and 0.5 A cm~2 should be possible for future continuously-

fed systems of larger scale. Although, in the above described multi-

bipolar electrode experiments, heat was added to the cell in order to 

maintain a constant temperature, heat addition or removal associcted with 

a higher current density (>0.3 A cm~2) and/or larger area cells will 

require further study. 

Methods of fabrication and assembly of large area thin mosaic 

electrodes also need to be developed. The estimated power consumption for 

BPE isotope separation seems suitable for an economic process. The pre­

sent status of power consumption for normal electrolysis and for the bipo­

lar process is summarized in Figure 23 (55). The "future goal" line 

essentially represents the present performance of the Solid Polymer 

Electrolyte process developed by General Electric Company. However, this 

process exhibits a very low hydrogen isotope separation efficiency 
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Figure 23. Comparison of power consumption in normal electrolysis with 

that of a bipolar Pd-25% Ag electrode. The power required to electrolyze 

1 kg of water in normal electrolysis is shown using data from References 

28-31 and 55. The line for power consumption in bipolar electrolysis is 

calculated for an amount of hydrogen equivalent to I kg of water when 

transferred through the bipolar electrode from one compartment to the 

next one. 
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(ajH) = 1.6) (56). Further research on power consumption needs to be done 

to yield more quantitative long-term evaluation. More detailed studies 

are needed to understand the individual processes occurring during hydro­

gen reduction, permeation and reoxidation at the bipolar membrane so as 

to reduce the voltage drop through the electrode to a minimum. 

Technology associated with electrolyte removal from the terminal 

anode compartment, which has been investigated only in a preliminary 

manner, requires development of an automated system and a suitable method 

of attachment to the terninal anode compartment so as to form an integral 

part of a large-area electrode, multistage system. Construction of a 

physically larger cell would permit more suitable study of this problem. 

Feed pretreatment with respect to the removal of contaminants as well as 

what contaminants can be tolerated in the bipolar process require investi­

gation. 

Although studies necessary to establish complete scientific 

understanding of the many aspects of bipolar electrolysis are, at present, 

insufficient, the information that has been obtained indicates that the 

concepts are sound. The operation of raultibipolar cells, under a limited 

range of conditions, shows unequivocally that he process is viable. 
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APPENDIX A 

CAi.O'l.ATION OF THE MAXIMITM Ci'RRENT DENSITY AT THE BIPOLAR ELECTRODE 

'*'.•• en .1 constant current is applied through a bipolar electrode, it 

r.jrt *)•• assumed that i linear concentration ?r»dient of protium will he 

established along the electrode thickness dimension when a steady state 

condition is attained. The maximum current density can he calculated 

under -;te.idy state conditions using Fick's first law: / 

dt nF dx 
(AI) 

m.c.d. = 2. = nFD ^cmax 
q x 

dCm ax ^max ~ co 

fA2) 

(A3) 

where Cmax is the saturation concentration of protium at the cathode 

surface and C 0 = 0 at the anode surface of the bipolar electrode. When 

the electrode is made of Pd-2S7; Ag alloy, Cmax can be found from data in 

Ref. 16 and the protium diffusion coefficient from Ref. !7. 

*N • number of moles 
t • time in seconds 
I • current in amperes 
n » number of electrons pvc'.ianged per molecule 
F » faraday * 96500 coulombs per equivalent 
0 * diffusion coefficient in cm* sec"* 
q * cross section area in cm? 
C * concentration in mols cm"3 

x * thickness in the direction of diffusion in cm 



roncer- f ra t t-'-r! of prottitir. in the e l ec t ron ic s.iCv-li be c -cpresse i in 

r o l e s or - of the a l l o v , hut the _i.it-i in R->f. 1* ar ; ' stivon in terms of 

moles K ' n o i e s M £ m e t a l > . There fo re 

[moles • cm"' 1 = I/a'-5 [ u n i t * c=s~ \! x 4 [atom-; M ' u n i t ) x FT"{"moles.- H/mt'les Mj 

x I,'A [^soles M/atons Mj** or C H = 0 .15? H [moles H cro'1}. 

The ra.c.d. v a l u e s c a l c u l a t e d for t h r e e . i i f f e r e n t e l e c t r o d e t h i c k n e s s e s and, 

t e m p e r a t u r e s from 30 t o 90°C a r e g iven in Table IAI . 

. Table \h\ "~ •_-•/'' 

Maximun C u r r e n t Dens i ty Values as a Funct ion of Electroi** 1 . 
Th ickness anJ Tempera ta re 

i.c . d . i.\ cfn"'} 

Temperature 
(°C) 

B 
(H/M) (mole * cm"') cm* sec ' 

30 0.396 0.0418 ..-.0.383 

40 0.388 0.0410 0.479 

50 0.381 0.0403 Q.619 

60 0.3/1 0.0392 0.774 

70 0*361 0.0381 0.95 

80 0.352 0.0372 1,20 

90 0.343 0.0362 1.62 

. r ' l e ' .. - ,v;e rf-iekriess 
vr-JO""* (cm) 

2 . 5 .;.,-• 3.J5 ? . £ 

0;609 0^406 0.-20 

0.74^ 0.497. 0.24 

0.^47 0.631 0.31 

l,t55 0.768 0.38 

1.377 0.918 0.45 

1.700 1.13 0.56 

2.230 1,49 0.74 

**a » 3.975 % lattice parameter (16) 

4 » factor resulting from the face centered structure of Prf-25% Afc 

B • concentration of protium expressed in moles H/moles M (16) 

K * 6.023 x. 10^3 atoms mola"' (Avogadro's number) 

http://_i.it
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APPENDIX B 

SEPARATION FACTOR EQUATIONS 

i-l 

A£T) 

A At) 
a 

K 
w a(t) 

ORNL-OWG 79 10631R 

-ANODE CHAMBER 

( . * 

^ CATHODE SURFACE Q£ 
BIPOLAR ELECTRODE 

Figure Bl. Variables associated with the anode chamber of a cell having 

a single bipolar electrode: 

W a(t) = moles of hydrogen in anode chamber 3t titnf t, 

Aa(t> = curies of tritium per mole of hydrogen at time t, 

uW = incremental molar quantity of hydrogen transported, 
thruugh the bipolar electrode, 

AT = incremental molar quantity of tritium transported 
through the bipolar electrode. 

Anode Chamber Analysis 

Suppose at time £ there are Va(t) moles of water ir« the anode chamber 

of a bipolar electrolysis cell, and assume the water consists of a binary 

mixture of either H2O and T2O or l>2<> and Tj® with a tritiisn activity 

concerrtrat J on of A^Ct) curies of tritium per mol<> of hydrogen. At this 

same time, an incremental molar quantity of water is electrolysed and the 
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hydrogen produced from this electrolysis (AW) IS transported through the 

bipolar electrode to the adjacent cathode chamber. The tritium balance in 

the anode chamber then becomes 

(tritium at time t + At) • (tritium at time t) - (tritium contained 

in increment AW) 

or 

T a (t + At) - T a (a) - AT. (Bl) 

Further, assume that the incremental molar quantity which was transferred 

through the electrode has a tritium activity concentration, a(t), such 

that "'. " '•>-.: "' ,'_•," 

a(t> ÂW - AT. (B2) 

The separation factor for Any binary isotope system can be defined 

as 

a = Y. or a - *K* ' y> (B2a) 
X x/(l - x) 

where; Y -mole ratio of the light isotope to the heavy isotope 

in the new phase (i.e., through the bipolar electrode) 

X •» mole ratio of the light to the heavy isotope in the 

remaining phase (i.e., in the anode electrolyte) 

y»x * sale ftaction of the light isutope in the new and the 

remaining phases, respectively. 

In terms of the heavier isotope sole fraction 

y + n m i ^ y . J . n t 

x + m • I : > x • I - - m , 
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where n and m are mole fractions of the heavier isotope in the new and 

the remaining phase, respectively. Substituting these values into 

Eq. (B2a) for y and x, 

(I -»)ll -'(1 *-n)] nil -w) * 
For low tritium mole concentrations^, (1 -m) - (1 - n ) and (1 -n)/(l - w) 

-1, aad the separation factor may be expressed by the approximation 

et - m/n. (B3) 

The mole fractions (iijandn) for tritium are related to tritium activity 

concentration by a simple proportionality relationship: ~ 

A * km > m » A/k 

a - kn ^ n » a/k 

where k has the units of Ci tritium/mole tritium. Substituting these 

values in Eq. (B3) for m and n, we have 
A/k . . a » - ^ » A/a or a « A/o. 

For the bipolar separative process, tritium activity concentration changes 

with time such that 

a(t) - A(t)/ tt. (B4) 

Substituting Eq. (B4) into Eq. (B2) we have 

AW 
A a(t) ZL - AT. 

o 

^It can be shown that this simplifying assumption produces less than 

IX error with a tritium content as large as 0.55 moles T20/L (0.01 mole 

fraction or 3.2 x 10* (Ci/mole of hydrogen). 
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Using this result for AT in Bq. (1), we have 

Ta(t + At) - T a(t) - V t ) *_ 

Noting that In general T a(t) « A^Ct) W a(t), we have 

AW A a(t + At) W a(t + At) - AgCt) W a(t) - -A a(t) £* . (B5) 

CI 

Adding and subtracting A ^ t + At) V a(t) froa the left side of Bq. (B5) we 

obtain 

AgCt + At) [Wa(t + At) - Wa(t)J + W a(t) [AaCt + At) - A,(t)I - -AgCt) AW 

Dividing both sides by At and In the Halt, as At •*• 0: 

l i a Aa(t + At) - Aa(t), 
At -»• 0 

11a W a(t + At) - W a(t) . dW a(t) . w £ ( t ) f 

At -*• 0 At dt 

and 

or 

" • Aa(t + At) - Aa(t) . ^ ( t ) . A a(t) , 
At + 0 At ~3f 

A a(t) W a(t) + W a(t) A a(t) - -Aa(t) (1/a) i H . 
dt 

where ' denotes the derivative with respect to £. Here dW is the sole 

quantity of hydrogen passing from the anode to the cathode chaaber In 

time, d_t, and if we assuae the process to go at a constant rate, then 

dW/dt - K. Also, 



wa<t) = Wao " Rt; V.U) - -K, 

C 

and 

Wc(t) - W c o + Kt; W,f(t) » K. 

Thus, Eq. (B6) becomes 

Aa(t) (-K) +W a(t) A a (t) - -(K/a)Aa(t), 

Aa(t) = [K - K/al Aa(t) IWa(t)]-l, 

and 

A^(t) CAa(t)]-I - Kd IWaCt)!"1, 
where 6 = i - 1/a. Since Wa(t) • W a o - Kt, then 

t t 
A^(t) _ /" dt 
V^ d t K 5 / <W a o - Kt) 

t 

I* 
Integrating, we have 

In Ad(t) K6 (-1/K) in (W a o - Kt) 

0 

Noting that Aa(0) « A a o, Aa(t) • A a, and W a o - Kt • Wa(t) - W a, we have 

In 
_ nao_ «-[£' 

Aa'Aao • (W a o/W a) , and 

A a • A a o (W a o/W a) * (B7) 

Noting that 6 • 1 - 1/a and solving for a explicitly, then 

r 
a. - 1 1 - a ao 

ln(Wao/Wa) 
(B7a) 
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where \ a denotes r K e b ipo la r separation factor JS derived fros the 

i n i t i a l anode t r i t i u n Salance at t i r e , t . 

ORNL-DWG 79 10630R 

AW iMe) 

CATHODE 
CHAMBER 

Figure B2. Variables associated with the cathode chamber of a cell 

having a single bipolar electrode: 

W c(t) = moles of hydrogen in the cathode chamber 
at time t, 

A c(t) = curies of tritium per mole of hydrogen 
at time t, 

AT e = incremental molar quantity of tritium 
exiting the cathode chamber, 

cte * terminal cathode separation facqor. 
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Cathode Chamber Analysis 

The chance In tritium activity in the cathode chamber with time, for 

a cell having a single bipolar electrode-, is influenced by two mass 

transfer processes. In one case hydrogen Isotope atoms are introduced 

into the cathode chamber through the bipolar electrode. At the same time, 

an equivalent number of atoms are lost by the electrolytic production of 

isotope molecules at the terminal cathode. Both processes favor the 

transport of the lighter Isotope. In effect the process at the terminal 

cathode enriches: the cathode chamber electrolyte in tritium (or the 

heavier isotope). 4!he rate of enrichment for this process is a function 

of the separation factor at the terminal cathode (<*e). The rate of change 

of tritium content in the cathode chamber is, simultaneously, affected by 

flow of tritium into the chamber via the bipolar electrode. The rate of 

tritium flow through the bipolar electrode is a function of the tritium 

content in the anode chamber, Ag(t), and the bipolar separation factor, £. 

The tritium balance in the cathode chamber at time (t 4- At) is as 

follows: 

(tritium at time t + At) - (tritium at time t) - (tritium in 

tu removed by cathode action) + 

(tritium in AW Introduced through 

the bipolar electrode), 

or 

T c(t + At) - T c(t) - AT t + AT. (B8) 

In Eq. (B8), AT e is a function of A c(t) and o e, and AT Is a function 

of A,(t) and a; thus, further substitution in Eq. (B8) will result in one 
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equation with two unknown separation factors, a and Og. To eliminate 

this mathematical impass, we will assume that the cell is operated in a 

total cathode reflux mode (see Figure B3). In this mode of operation all 

cathode gas is burned, condensed, and returned to the cathode chamber 

(total reflux). 

ORNL-OWG 79-10632R 

AW Li 
-ft. 

CATALYTIC FURNACE 

Ac(t) 
• S - - . . w c < t > - J 

*+- AW 
(AT) 

Aa(t) 
Wa(t) 

(+) 

Figure B3. Schematic representation of a cell having a single bipolar 

electrode operating under a total reflux condition. 
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Under total reflux conditions the cathode tritium; balance 

expressed as 

•ay be 

/ / 
T c(t + At) - T c(t) - AjTe + AT + AT e 

r 

T c(t + At) - T c(t) + AT. <B9) 

As with t'ae anode trltlua balance 

and 

AT - A.(t) *» , 
a 

Tc(t + At) - Ag(t + At) Wc(t + At), 

T c(t) - A c(t) W c(t), 

such that Eq. (B9) becoaes 

AW Ac(t + At) Wc(t + At) - Ac(t) W c(t) + AgCt) £*L . 
a 

Dividing both sides of the equation by W c(t + At) and noting that 

W c(t + At) - W c(t) + AH, we have 

A c(t + At) 
A c(t) W etc) + A a(t) -g. 

W c(t) + AW 

Dividing numerator «».d denominator of the right side of the equatloi by 

W c(t) and simplifying, we have 

A c(t + At) Ac(t) + -i 
A (t) AW 

«Wc(t) 
1 + AW 

W c(t) 

-1 
(BIO) 

Since fl + xj-l - 1 - x + x2 - therefore 
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[1 + AW/Wc(t)]-l - 1 - AW/Wc(t) - lAW/W c(t)] 2 -. 

Using this expression to expand Eq. (BIO), we have 

A.(t) AW Ac(t) AW Aa(t)(AW)-
Ac(t + At) - Ac(t) + + 

<* c(t) W c(t) a [Wc(t)J2 

Ac(t) (AW)2 
— + ... , 

[Wc(t)l2 

Bringing A<.(t) to the left hand side and dividing both sides of the 

equality by At, we have 

A<.(t «• At) - A,.(t) Ag(t) 

At »W-(t) 
AW _ 
At 

Mt) 
_ . AW_ 
W c(t) it 

yt) (AW) 2 
Ac(t) 

a[Wc(t)j2 At [Wc(t)j2 At 
+ ... 

In the limit as At approaches zero, we have 

Ajt + At) - Ac(t)| dAc(t) 
11a 
At 

(Bll) 

At J dt 
A£(t), 

111 
At 

AW 
At 

dW 
dt K , 

and 
lis 
At •*• 0 

(AW) 2 

At 
11a 
At •*• 0 

fel. llB 

[At J At o C - O - S - • 0 - 0. 

Since in the Halt M At approaches zero, (AW)p/At • 0 for p > 2, Eq. (Bll) 

reduces to the exact expression, 
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Noting that W a(t) - W a o - Kt, ve have 

/ 
K/a / A , ( t ) dt - ( K / o ) ^ W a o

6 / (W a o - K t ) - 6 dt r c«a 

( K / o ) ^ W a o

6 R/K | (Wao - Kt)- 6 + 1 

- i[-L_j A^V. . 6 [(wao - *tr 6 + 1 - v a o " 6 + »] 

Substituting 6 - 1 •* -l/o and W a o - Kt * W a, the expression becoaes 

K/a f A.Ct) 4« - A a o [ w a o ] ! " i [ w a o
1 / o . W a

1 / o ] 

Substitution of these solutions Into Eq. (B12) we have 

A CW C - A C 0 V C 0 - AA(ffa0J o jl 4- L l/o „ 1/al Wao " *a 

Finally, solving for a explicitly, 

i. w a - i, w a o 

ln[AgQW a o «• AgWg + ĉo**co> "* "* ̂ ao**ao 
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A^(t) - K 
A (t) 
a - AcitVl / Wc(t) 

Upon rearranging terns, the expression becoaes 

*£(t) Wc(t) + Ac(t) K - (K/a) A^t), and 

noting that K * v£(t)t we have 

A£(t) Wc(t) + V t ) »£<t) - (K/a) Aa(t) 

or 
Uc<t) Wc(t)l' - (K/a) Aj(t) . 

Integrating with respect to £, we have 

t t 

/ lA^t) Vc(t)]' dt - </a / Aa(t)dt . (B12) 

Noting that Ac(0) WC(0) - A ^ W c o and A^t) Wc(t) - A CW C, the solution 

of tlu. left side of Eq. (B12) is as follows: 

/ lAc(t) Wc(t)J/dt - AcWc - A,.,, W c o . 

Using the previously derived expression for Ag(t) [Eq, (B7)J, the solution 

of the right side of Eq. (B12) can be found, since 

K/a / AgCt) dt - K/a / A a o W a 0* [W,(t>J-* dt . 
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and noting that Aj V^ * Tj, then 

in W - In W 
a _ja 

In [T a o - T c + T C CJ - In T a o 

a c = * «2 (B13) 

where ctc denotes bipolar separation factor derived from the cathode 

trlti'JTa balance. 

Comparison of a a and a c 

Although a a and a c were derived froa analysis of different chambers 

of che bipolar cell and result in different expressions, a a and o c should 

bo equal since both are a measure of the separation associated with the 

Mpolar electrode. Using Eq. (B13) together with the fact that 

Ti = A{ Wj, we have 

In W - In W 
1 £2 (B14) 'c 

In IA a o W a o - A c w c + Ago *£o> ~ * n '"ao "ao 

Operating a bipolar cell in the total reflux mode results in the simple 

trltiun balance 

Tao ** ̂ a * *c ~ ^co 

or 

^ao ao ~" *a a ™ ^c c ~ ^co •'co • \B15J 

Equation (B15) simply states that the amount of tritium lost by the anode 

chamber Is in turn gained by the cathode chamber. Solving for Ag W a in 

F.q. (BI51* we have 

Ag W a - A a o Uao - A c W c
 J A c o V/co , 

file:///B15J
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Substituting this result into Eq. (B14) results in the expression 

In W - In W a ao 
ln{Aa WaJ - ln[Aa 0 W a o ] 

By aanirj lat lng logarithmic terns we have 

- l r W /W ao a 

W k 
•In ao «- ln_£_ 

Now dividing nunerator and denominator by the tent -In (W a o/W a) we have 

°c« 1 
ln(A M o a ao; 

1 -
ln(Wao/Wa) 

(B16) 

Comparing Eq. (B16) with Eq. (B7a) we see that Indeed 

°c " aa • 



94 

APPENDIX C 

MATHEMATICAL DESCRIPTION OF THE BIPOLAR ELECTROLYSIS SQUARE CASCADE 

Steady-state cascade theory is concerned with the prediction of the 

stage requirements necessary for separa^on of a given isotope mixture 

into products of specified composition. From the theory, calculations 

should predict the number of stages needed for a desired separation, the 

local intersf •»*» flowrates and compositions, totil separation for a given 

cascade, and other details necessary for cascade design. 

The bipolar cascade is an inherently square cascade. Because of 

subtle differences between bipolar cascade design and conventional cascade 

modeling, it is necessary to derive the design equations specifically for 

bipolar electrolysis. A square bipolar cascade may be illustrated as 

shown in Figure CI. 

ORNL-DWG 79-10634R 

W_ WjW 

Figure CI. A Square Cascade Bipolar Electrolytic System 
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Transformation of Fig. CI into a more conventional cascade diagram is 

illustrated in Fig. C2. 

ORML- DWG 79-10635 

"V "W 
F L J * 1 

"» , - ' , V. 
w W J - I 

m. 

Figure C2. Bipolar Electrolysis Cascade and Flow Scheme 

Let Lj denote the molar flow rate of the strean enriched in the 

heavier isotope leaving the j'th stage, and let m* denote the composition 

(mole fraction) of the Lj stream. Let W* denote the molar flow rate of 

the stream depleted in the heavier isotope leaving the j'th stage, and let 

rtj denote the composition (mole fraction) of the W* stream. Performing a 

material balance (for the heavy isotope) at the product end of the cascade 

(stage 1) and stage j, 

Lj + i Wj + i - Wj *j + PWp . (CI) 
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A molar flow rate balance around stage 1 gives 
L 2 = Wj + P. (C2) 

For a square cascade (i.e., a square section of a bipolar cascade) we have 
Wj = V2 = ... Wj = tf, &nd 

therefore, Eq. (C2) becomes 
L 2 = W + P. (C3) 

Now from a molar flow rate balance around the entire cascade we have 
F = W + P, (C4) 

and comparing Eq. (C3) and (C4), it is seen that 
L 2 = F. 

Similar analysis around stages 1 and 2 yields 
L 3 = F, 

and repe?cing the analysis we find that 

t-2 = L3 = ••• LJ + 1 * F» 
Therefore, Eq. (CI) becomes 

F m* + i » W nj + P mp, 
or 

mi + l « (W/F)nj + (?/?)m?. (C5) 
Letting p = (P/F) and using Eq. (C4) we see that 

I - (W/F) + (P/F) > 1 - (W/F) + p 
or 

(W/F) - I - P. 

Substituting these results Into Eq. (C5) we have 
Wj + i - (1 - p) nj + pw p. (C6) 
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By rewriting Eq. (C6> for TO j + 2» 

Wj + 2 - (1 ~P ) » j + i + PWp (C7) 

and subtracting Eq. (C7) from (C6) then y i e l d s 

iBj + i - nij + 2 - (1 - P ) ( « j - » j + !>• CC8) 

0«w.-CWCr9-i065S 

V 

Figure C3. Single Stage Flow Scheae _ , 

Referring to Fig. C3, the separation factor for any stage i s defined 

as 

miO - n ; ) 

»j(l - mj) 

Fo: snail concentrations of the heavier isotope, (i.e., <0.01 mole 

fraction) the quantity (1 - n«)/(l - m*) * 1. Using this approximation, 

the separation factor may Le written as 

a * m±. (C9) 

Fron Eq. (C9) 

«j - (l/o) Wj and nj + I " 0/«) ml -t- I» 

and using these results in Eq. (C8) we have 

mi + 1 " mi + 2 - ° ~ p ) («j - Wj + j). (CIO) 
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Letting 

a - ci4l) > «'« - 4 P ' t h e 

Eq. (CIO) becomes 

m j + 1 " mi + 2 " (I/O) ('"j ~ «*j + x ) , 

upon rearranging terns 

W J + 2 " w j + 1 - (I /A) X*j + x - n i ) (Cl l ) 

Mow l e t j - 2 , 1 , . . . J and noting that j « 1, « j « tfj = n^, Eq. (C l l ) 
•" c 

"generates the followiv array of equations: 

<j - 3-); W3 - w 2 . (i/a) (B^ - Mj) = (i/ft) (^ _ nip) 

(j " 2); m 4 - ̂ 3 = (l/n> (m3 - m 2) « (i/a)2 (m2 _ m p\ 

(j - 3); m y - m 4 - (l/a) (n4 - m 3) . (i/n)3 (TO2 _ OTp) 

(j - J> mj + 2 " OTJ + 1 " C1/") (WJ + 1 " mJ> « (l/ f l) J <m2 ~ V * 
With the identity (m2 - m

p) - (m2 ~ w
p ) added at the top of the left 

and right columns, the sum of all the equations yields, 
mJ * 2 " mp " (1 + 1/fl + I/O2 + ... + l/fiJ) 0"2 -»Jp) (C12) 

Using Equation (CJ>) and letting j • 1, we have 

m2 - (i -p) n x + p m p (C13) 

Noting from Equation (C9) that "j - (l/a) Wj " (*/») ^p. Eq. (C13) 

becomes 

»»2 - C! - P) W p + pmp - (1/Q) m + m (C14) 
a 
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Subtracting m p from both sides of Equation (C14), 

">2 - wp » [p + (1/8) - l] V (C15) 
Substituting Eq. (C15) into Eq. (C12), 

mJ + 2 - *p " < r + !/" + */*'+ — + V*1) IP + Cl/O) - U V ( C 1 6 ) 

Now we note that 
l + l /a + usfi + . . . + i/»J - 1 " 1 / g J * I , 

i - i/a 
and Eq. (C16) then becomes 

m J + 2 " "p - - " U Q J * * IP + (1/°) - 1) Wp • CC17) 

1 - 1/fl 

Expressing Eq. (017) in terms of J + 1, rather than J -I- 2, and 

rearranging terms 
[p + (1/fl) - 1] (1 - i/ftJ) + 1 - 1 / 8 

WJ + 1 " OTp 
1 - 1/0 

or 

»I + 1 - "» [ 1/&1 + P ( 1 ** 1 / f t T ) l . (CJ.8) 
I 1 - 1/8 J 

Comparing the nomenclature of Eq. (C18) with the cascade shown in 

Fig. C2, see that Wj + j i s "hp, the mole fraction of the feed to the 

cascade. Therefore, Eq. (C18) becomes 

n* - % f 1/aJ + P ( 1 ~ 1 / p T ) l . (ci9) 
I (1 - 1/8) J C. 
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Converting to more conventional variables, 

- a 1 = a
 l 

1 - p 1 - P 1 - P/F 

and letting 

then 

and Eq. (CI9) becomes 

1 - P/F 

fi = a* , 

"ip " 8 "i p 

with 

g - ( l / » T ) J + l / I - < l / , * > J l . 

F \1 ~ (l/a+ ) J 

where 
nY = Mole fraction of the heavier isotope in the feed 

stream, 
mp » Mole fraction of the heavier isotope in the product 

stream, 
A 1 

* 1 - P/F 

a « Single stage bipolar separation factor, 

P • Molar flow rate of product and has the units of total 

moles of hydrogen1/unit time, 

P » Molar flow rate of feed; has the units of total moles 

of hydrogen/unit time, and 

J * Total number of separation stages in a square section. 

(C20) 

*Total moles of hydrogen • the total molar flow rate of any two 
hydrogen pairs as H 2 + T 2, H 2 + D 2 or D 2 + T 2 


