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TRITIUM SEPARATION FROM LICHT AND HEAVY WATER
BY BIPOLAR -ELECTROLYSIS

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

ABSTRACT

Use of bipolar electrolysis with countercurrent electrolyte fl&v b&jf“

separate hydrogen isotopes was experingnta1l{}§nd,theoreticailyJiqvgfii%
ga;ed to develop a proceSg:fbr the” removal éf*i;itiﬁi f*diyiight i&té;i*
Aeffluents from nuclear ;nsfallations orlfro-vthé”heavf uater,-ndetatbrrin
nuclear reactors. Possible appliéatxéﬁ of this technology to-thg separa-
tion of deuterium from natural lig#t wvater also seems feasible. -
Deuterium-tritium and protium-tritium separation factors occurring ou’a
?d~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 to‘0f3 A cm~2 have been achieved in con-
tinuous operation, at 80-90°C, withou£ significant gas formation on the
bipolar electrodes. From the measuréd overvoltage at the bipolar 2lec-
trodes and the electrolyte conductivity the power consumption per stage
was calculated to be 3.0 kwh/kg Hy0 at 0.2 A cm~2 and 5.0 kwh/kg H,0 at
0.5 A cm™2 current density, compared to 6.4 and 8.0 kwh/kg H90 J‘or normal
electrolysis, at the respective current densities., A mathematical model
for hydrogen isotope separstion by bipolar electrolysis, i.e., for a
square cascade, was derived and proven to accurately describe the results

for protium-tritium sep-,ration in two laboratory scale, multistage




exﬁeriments wich countercurrent electrolyte flow; the measured tritium
concentration gradient throhgh the cascade agreed with the calculated
walues.

Gener;lly, bipolar electroiytic separation of tritium appears
’féasible, however, Eurthér,résearch, development, and éngineering studies
afé required. This repoct contains discussions of pertinent literature
4 354 experimental d;;aﬁid§olving electrode materials, bipéicc cell design,
,blpblar electrulytic cell operations, pow:r requirements, separation'fyc—

tors, electrolyte maintenunce, and ma.hematical tieory.

INTRODUCTION -

Tritium produ;tian is a naéural éoﬁsequence of fission or of neutron
breeding iu 1igﬁt or heavy wa.er reactor moderatorr. Removal of this
radioisotope to avoid discharge to tﬁt environment and/or to minimize
x\personnel exposure and ingestion are pfoblems of a continuiné and
'incréabihg nature. The purpcse of this work is to develop a method
suitable for contihuéus removal of tritium from aqueous effluents arising
from the above noted souices. The appropriate tritiwm removal process
must be capable of treating very large volumes of wrter having low tri-
tium -ontent. Furthermore, the separative proces: equipment must be as
- 3mal) as practicable to keep containment cost to a minimum. The approach
taken in this work is to remove tritium from contaminatedrlight and heavy
wrter by an electrolytic process known as bipolar electrolycis (BPE).

With the appropriate variations in the process design, BPE slso may be




applied to heavy water production and possidbly to the effluents from
reactor fuel reprocessing.r

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 charac;eristic offers a much siﬁpli[ied
material flow between separation stages as cumpared to conventional
electrolysis, where gaseous products evolve from every separation stage
and subsequently must be comverted to water before entering the adjacent
stages. An additional major advaitaze of the bipolar process is\its
potential ability to consume less power than coaventional electrolysis
having equivalent separative capability.

Application of countercurrent electrolysis using hydrogen-permeable
bipolar electrodes to séparate 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 bipoiar electro-

des, diffuses through the electrode material to the anodic surface where
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it is oxidized to water. Flow of hydrogen is established through the
system from the terminal anode toward the terminal cathude, with gaseous
hydrogen evoiving only at the terminal cathode. The wechanism of hydrogen
transport through the bipolar electrode consists of severa: processes:
electro-reduction at the cathodic surface, permeation throuéh the
electrode, and electro-ox?.atiom at the anodic surface. All three pro-
cesses occur more rapidly for thellighter 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 tke system con-
tinuouslv and ihe electrolyte is circulated countercurrer. to the hydren
mass flow from one compartment to the next; this results in a cascade
system from which tritium-rich and tritiumpoor streams can be withdrawn
from opposite ends of the cell.
Yo operate such a system continuocusly in an effi - iont mar.ner, several
conditions must be fulfilled:
1. The electrode material must be sufficiently permeablc to

hydrogen so that an appreciable current density can be applied

without forming gaseous products (02 and H;). 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

(>200 Ci/liter).



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 protiumtritium a1d deuterium—tritium
must be known so that cascade design may be optimized for
maxiwmum 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
minimvm power consumption.

5. A continuous electrolyte maintenance system is necessary
to ;ssure a functionally constant electrolyte concentration
throughout tae 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 will 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. General conclusions are presented in the summary, More

detailed descriptions of specific problems are presented in Appendices.



ELECTRODE MATERIAL

Introduction

The capacity of palladium to dissoive hydrogen, its remarkable
resistance to chemical attack, and its ductility (that permits it to be
rolled into very thiun, pinhole free foils >0.0025 cm) makes palladium a
prime candidate for use as a bipolar electrode. The solubility, dif-
fusion, and nature of dissolved hydrogen in palladium have been studied
both by gas-solid phase experiments 2~ well as by using in situ electroly-
tically generated hydrogen. An extensive review of the palladiumhydrogen
system is given in the wonograph by Lewis (5).

Unless the wetal surface has been suitably aciiviated (6-8), the
rate-controlling step in the hydrogen perméation process is its adsorpticn
from the gaseous phase, or if produced electrolytically, from the metal
surface into the bulk of the metal. For activated palladium membranes,
the rate of diffusion and solubility of hydrogen become the permeation
rate-determining factors (8-11).

At temperatures between 20 and 100°C (at 1 atm Hy), which are of
interest in the electrblytic production of hydrogen from aqueous solu-
tions, there are two phases of palladium-hydrogen: the low hydrogen con-
tent a-phase with maximum H/Pd atomic ratio of 0.01% and the hydrogen-rich
B-phase with H/Pd ratio of 0.7 at room temperature and 1 atm H, (5, 12,
13). Transition from the a-phase to the B-phase is accompanied by an

increase in crystal lattice volume, and, consequently, repeated solution



and desorption o- hydrogen leads to mechanical deterioration of the
material (1?). Sich behavior is detrimental to long-term BPE application
requiring mechanical stability.

Prohlems associated with tne phase transitiou can be avoided by using
a palladium-silver alloy con:caining 25-30%7 s lv.r, for which only one
pailadium-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 comparzd to pure palladium
deformation; the alloy material remains mechanically stable over a pro-
longedé period.

There is, however, a lower solubility of hydrogen in palladium-
silver: 0.52 H/Pd at 25°C and 1 Atm Ko for Pd-25% Ag, compared to 0.7
H/Pd for pure palladium under the same conditions (16), and a somewhat
lower diffusion coefficient: Dpg_57 ag = 3 x 10°7 em? sec™l (17) or
7.3 x 1077 (18) as compared to Dg = 1.4 x 1078 (6) at 25°C. The maximum
current density, 1, achieviable for a Pd-257 Ag membrane can be calculated
from Fick's first Law:

dN = i

=D dC » (l)
q dt nF Pd/Ag  dx

where N = number of moles of Hy, t = 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.



From the diffusion coefficient and solubility of hydrogea in
Pd-25% Ag, Kussmer (17) calculated the m.c.d.” to be 0.12¢ A cw~2, for a
0.0]1 cm thick anode havipy one sicde exposed to the electrolyte and the
other to hydrogen gas at 1 atm pressure and 20°C. Von Stackelberg and
Ludwig (10) imposed a constamt current through the cathodic interface of
a bipoiar electrode, keeping the anodic interface at such a ;ctential
that the only electroce reaction was the oxidatiom of the hydcogen dif-
fusing ‘through the palladium. In these experiments 91-97Z recovery of
hydrogen at the anodic surface was achieved at current densities between
0.060 aud 0.270 A ca~2 on 0.0i04 cm thick palladium electrodes activated
by surface oxidation. Pallédiun—silver alloy electrodcs were not studied
by Von Stackelberg and Ludwig.

In an attempt to avoid the high cost of pzlladium, Drazic fabricated
hydrophobic, porous, catalyst-impregnated carbon electrodes fér use as
bipolar »lectrodes for hydrogen isotope separation (3}. This limited

research effort resulted in a m.c.d. of 0.07 A em~2,

Experimental Results and Discussion

Selection of the Bipolar Electrode Material. 1In the early stages of

researcn on the tipolar 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

subbles appear at the hipolar electrode surfaces.
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to use hydrophobi:, porous carbon electrodes produced by a method similar
to that reported by Drazic (3). Although the electrodes a#peared to be
sufficiertly hydrophobic and a value of 0.07 A a2 a.c.d. could be
achieved, the anodic surfaces experienced oxidative degradation and fajled
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 pipolar process. Aﬁplication 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-.!ladium 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 initi2l nydrogen concentration
in the bipolar electrode, each palladium electrode was connected tem—
porarily as a cathode, vhile one of the terminal electrodes gf 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 hoth sides of the
electrode indicated saturation of the palladium with hydrogen., Hydrogen
impregnation was then discontinued, and then only the terminal cachode and
anore were connected to the power source. Current densities up to
1.07 A cm~2 could be passed without bubble formation at the bipolar
electrode., After operation for several days however, the palladifum foll
hecame distorted and peripheral areas were severely wrinkled where a mecha-

n{~al seal had been applied to the electrode., The apparent cause for the
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material distortion was non-uniform distribution of hydrogen within
the electrodz material.

Palladium - 257 silver alloy electrodes exhibited considerably less
sistortien than these of pure palladium. This alloy material is available
from Matthev-Bishop, Inc. in pinhole-free foils as thin as (0.0038 cm and
il.43-cm wide strips up to 122 m long. Using this material, differences
in composition or in the manufacturing process could be excluded as
possible causes for variations in the electrode behavior. Comsidering
praperties of Pd-25% Ag alloy and its commercial availability, this
material was selected for further experiments in studying the feasibility
of rhe hvdrogen isotope separatiom process,

Surface Activation. When the Pd-Ag foils were pretreated in the saue

manrer as was described for the Pd foils, the m.c.d. was 0.07 A em™2 at
i, To increase this throughput, several surface activation procedures
wers tested., Palladizing both surfaces of the electrode caused hydrogen
Lukhle formation at even lower curvent densities than that for non-
pallsdized electrodes. FElectron micrographs of the palladized surfaces
showsd a dense coverage ol sharp, spiny crystallites (Fig. 3). It was
speculated that local super-saturation of hydrogen could occur at the
puints, causing bubble formation at low current densities. Therefcre, the
paliadized electrode was passed through steel rollers to flatten the sharp
rdzes of the crystallites, yet retaining the rnrugh surface. After this

-

srait=ent hydrogen throughput was somewhat improved, but not in excess of
"+ -=~1, Sputter-etching, followed by redeposition of a thin layer of
“i4i:= w3 P24-257 Ag electrode caused profuse hydrogen bubble evolu-

~- av Tnw current densities (<0.07 A em™2),
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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 w4ith distilled water, acetone and CCl,;, the electrode material
was annealed at 700°C for one hour in a Hy atmosphere. After preheating
*he electrode te 200°C in air, subsequent dipping for 5 sec. in molten
NaDH at 7N00°C caused the bright metal surfaces to turmn brownish-biack. An
electron micrograph of the electrode showed the surface to be etched,
highlighting crysfalline microfacets (Fig. 4). Electrodes treated in this
‘manner were foind to operate at high current densities over continuous -
perinds ¢f trree weeks or more without loss of their enhanced protium and
deuteri-u permeabhility,

The maximum current density achievable can be calculated, assuming
that tho protium concentration at the :athode 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 -om N-90°C, as reported bv 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. 1In the same manner the m.c.d. for the
Ny0-Pd-257 Ag-Ny system may be calculated. However, neither the solu-
bfifry data for deuterium in the Pd-25% Ag alloy nor {ts diffusion
coefficients in the 25-100°C temperature range a 2 readily available.

By analogy with the pallad{um-deuterium and pallad{uc-protium
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systems*, the solubility of deuterium would be expectod to be less than
that of protium. This would imply that a smaller m.c.d. would be observed
in the D20 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 puint).

A small thermostated cell, similar to that shown in Fiz. 2, was used
to study the voltage drop across the bipolar electrode and to deterwmine
the m.c.d. under various conditicns., Palladium-hydregen 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. Vcltage messure-
r-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
efgect 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 103 cm thick electrodes remained completely permeable
to hydrogen even at a current density of 0.4 A cﬁ'z (see Fig. 6). At the
same current density with a 7.6 x 10~3 cm thick bipolar electrode, gas
bubble formation was observed at temperatures below 60°C, which ceased
wvhen 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 1 atm. end 80°C is HW/Pd = 0.63

compared to D/Pd = (.52 for deuterium under the same conditions.
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m;intained 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
g;multaneously with hydrogen okxidation, 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 ¢m thick electrode has the value of 6.4 A em~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 10-3 em 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, {t
can be seen that the experimerrally observed gas formation between 0.2 and
N.3 A ecm~2 at 40°C was theoretically predictable.

Similar behavior to that described above was found in the NaOD-D,0
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 (B4°C) nu gas formation was obsarved up to
0.5 A cm~’ current density. The effects of zemperature and electrode
thickness are shown in Fig. 9 for the Hyp0-NaOH and the D)0-NaOD system.
Although the effect of electrode thickness (s appreciable at low tem—
perature, at temperatures above 60°C it becomes less pronounced.

A current density of 0.3 A cm~2 was applied successfully to a multi-
bipolar cell furnished with four 7.6 x 1073 cm thick bipolar electrodes
af 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 D0 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 17 of thr total current was con-
sumed in gas formation. This is an additional indication that the D,0

system must be operated at a lower m.c.d. t'.an the Hy0 system,

Conclusions

Surface-treated Pd-257 Ag electrodes appear to be suitable for use in
the bipolar hydrogen isotope separation process. A current density of
0.3 A em~2 can be successfully applied for a prolonged period without bubble
formation at the bipolar electrode surfaces; this 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 densities achieved by Salmon (1) with
P4 electrodes. Calculations ndicate that current densities of | A em™2

can he expected to be reached with thinner electrodes (2.5 x 1073 cm)
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at temperatures above 60°C. Long-term hydrogen permeation experiwments
(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~Z, 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
;aterial to be used, thus making the process economically attractive.

The observed m.c.d.’'s appear to be in te;conable 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 couventional electrolysis,
one must electrolyze water into its components: hydroger and oxygen.
In an equilibrium situation, i.e., where there is no net current flowing

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

reaction may be expressed as o

- AG® = nFE°, (2)
whece L° represents the standard potential of the electrochamical
reaction (20). For electrolysis of water at 25°C, E® = 1,229 Vv (21),
vhich means that for an infinitestimslly slow rate of water electrolysis
the applied voltage must be greater than 1.229 V for the reaction to

proceed:



Hy0 > 1/2 09 + Hy, 1)
In terms of partial electrode reactions, Equation 3 can be separated into

the cathodi& process:

2H)0 +2e” > Hy +2 OH E° = -0.828 V ' (%)
and the anodic process:
2000 > 1/20p+2e” +H0 E° =-0.401V. {3)

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

Hj0 + e~ +  R(Pd) + -  E° (red) ¥ 0.8 v. (6)
By definition (20), the reverse reaction, f.e., oxidation of hydrozen
from the palladiuﬁ surfacesg, is as folloss:

Pd (H) + O~ + Hy0 + e~ E° (ox) ~ + 0.8 V. (7
On summing equations (6) and (7), no net reaction results, AG® = 0, and
the standard potential E® = 0. In other words the reaction can precend
at a voltage slightly greater than zero, as &ompared to conventional
electrolysis where the voltage must be >1.23 V., This difference ir °
permits considefable poser savings when using hydrogen permeable binala;

electrodes as compared with normal electrolysis.

Voltage Distribution in the Eleétrolytic Cell

When current flous through an electrolytié cell, a voltage greater
than E° must be applied to cause the reaction to proceed at some desirable
rate. The magnitude of the cell voltage increases with current densiry
and depends on the nature of the electrodhemildal processes at the anod.,

at the cathode, and on the resistance of the electrolyte hetueen the
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electrodes. Diagrammatic representation of typical cell voltage
components is shown in Figure 10.

A highly conductive electrolyte must be used to minimize the IR
drop; for the bipolar cell, 6K NaOH appears to be satisfactory.

Potassium hydroxide has a slightly higher conductivity between 80 and
100°C than does NaOH, but the conductivity as a functiun of comcentration
for NaOH has some advantages over that of KOH (23,24). Although a strong
acid would have a higher conductivity than RaOH, fewer corrosion problems
occur with the alkaline medium. In Figure 11, the calc;iated IR drop for
6N NaOH electrolyte and at 1 cm electrode gpaciné is showm for current
densities of 0.2 and 0.5 A cm~2 (which is vithin the expected range for amn
operating cell).

The electrode reaction contribution to the cell voltage can be
expressed in terms of polarization or overvoltage. In general, polariza-
tion at an electrode under current flov is

n = E(i) - E(0) (8)
where E(0) is the voltage measured against a standard electrode with no
current flowing and E(i) is 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,

n = eg(i) - E° (9)
and n is called overvoltage (25). For the case of Pd-252 Ag electrodes,
it is expected that the only electrochemical reactions which take place
are hydrogen oxidation and reduction; however, E® of Pd-25% Ag is also a
function of the hydrogen content of the alloy and can change by approxima-

tely 0.250 volts as hydrogen content varies from 0 to 0.26 H/metal (26).
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The cathodic surface overvoltage at the Pd-25Z Ag membrane is
" expected to vary linea-ly with the logaritﬁy of current density:
n= a+b logl il ii < 6 for cathodic process)r 0)
The slope, b, depends on the overall stoichiometry of the rate—determining ’
reactida and on the rmber of electrons involved. Polcaro et al. (26§‘
proposed the following reaction séquence to describe the cathodic reaction , ?

of hydrogen on Pd-25X Ag:

A diff .
- b > :
,“30-'. + ea— “ads + Hzo +w+ eb ‘ > Hz (ll)
‘ a- c \
+ Hagg Ho -
2
3 - >

-
~

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

gen from the cathode surface into the bulk metal was found to be the rate-
controlling process. As a conseqégnce, there was found to be a non-iinear
dependence of overv;ltage 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

rate determining, and a linear slope of approximately 0.12 V was found. -
Studies of anodic overvoltage of a hydrogei~saturated Pd-25% Ag electrode

showed an exponential dependence on the logarithm of current density indi-

cating that the diffusfon of hydrogen out of the uetgi (reversed reaction

1 and 1) was the rate-determining step at the anode surface.
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The current density-voltage relationship for a Pd-251 Ag electrode
has not been studied in the bipolar system. Some studies domne 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-25% Ag
systém. Von Stackelberg and Ludwig (10), in experiments described in the
previous chaprer, 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 a.d Schuldiner (27) studied the effect of electrode thickness
on the ;alladium bipolar electrode behavior_iﬁ sulfuric acid solutions and
found that at_0.0l A cm’zrtﬁé voltage droﬁlacross the electrode changed by
0.075 v when\tne electrode thickness was changed from 2.5 x 10-3 to -
9,2 x 1073 cm, aqowever, at higher current densitieé, this difference was
“much larger and mcst of the increase occurred at the anodic surface. Such

behavior can be explzjned by a hydrogen concentration gradient through (ne
palladium electrode: it varies 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 eiectrode there would be an
appreciable amount of dinsolved 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 hydingen 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,
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n = number of electrons transferred/mole
i = current density (A cm~2)

t = time (sec)
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Experimental Results and Discussion

Experiments with a2 small thermostated bipolar cell (Fig. 2), as
described in the previous chapter, will now be discussed from a power con-
sumption point of view. The ténperature dependence of the anode surface
voltage and the cathode surface voltage was measured at a constant curreunt
density of 0.4 A cw~2 (Fig. 6). Two electrode thicknesses were tested.

At an elactrode thickness of 2.5 x 103 cm, both anode and cathode surface
voltages showed a slight decrease with increasing temperature; with

7.6 x 10”3 cm thick electrodes, the anode surface vqltage wvas high at low
temperatures (2.3 V vs. Pi-R 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.] V more negative than the other.
The high voltage at the anode surface at low ’‘emperature was accompanied
by bubble formation on both sides of the bipolar electrode. This indi-
cated that th2 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 asrumed a8 value between the hydrogen and the oxygen evolution
potential. It is therefore important to operate the cell at enhanced
temperature and with thin electréde: 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
Q:}’C,V:}O mV) and can be used to judge electrode p:rformance.

In Figs. 7-9 the total voltage drop across the bipolar electrode (the
sum of the amode and cathode surface voltages) was plotted as fungtions of
current density and temperature, respectively. Froﬁ 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 D70 system would require somevhat higher voltage and consequently more
power than for the Hy0 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. 1In this
case the bipolar electrodes were 7.6 x 10~3 cm thick and the electrolyte
was 2 N NaOH. The relatively high voltage drop atréﬁeAbipolar 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. 1In 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., vhether tritium 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 eariched 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 invesiment and containcent
cost, high current densities must bLe achieved. For each particular appli-
cation, the most appropriate operating current demsity must be determined.

Most normal‘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 H,0 (28-31). Using measured overvoltage
at the currently developed bipolar electrodes, power consumption for one
stage of bipolar electrolysis at 0.2 A cm~2 was estimated to about
3 kwh/kg Hy0 (0.9 V at a 2.5 x 103 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'z, the power

consumption of one bipolar electrolysis stage would increase to about

‘S kwh/kg H90 (1.2 V at the electrode, as 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/cm?, then power consumption would increase to about 8 kwh/kg
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H,0. This estimate of BPE power consumption does not include cell voltage
increases with time which usually nccur caused by changes in electrode

surface activation during cortinuous operation. The amount of such time-
dependent increase must be studied experimentally and its cause determined

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

Conclusions

Measurements of voltage drop across the bipolar electrode indica;e
that the power consumption associated with a single bipolar stage at §
current density of 0.2 A cw™2 is only about 45% of that requirec for nor-
mal electrolysis of the same amount of water; for a current density of
0.5 A cl'z, the power consumed Hou}d be about 607 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 eleétrolyzed as determined

by the application.

SEPARATION FACTORS

Introduction

The hydrogen isotope separation factor is defined as

= Y = Yy -y) (12)
oy P T e

where Y = mole ratio of the light isotope to heavy isotope in
the heavier iso‘ope-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 bipoiar electrolysis)

y,x = mole fractions of the light isotope in the depleted and
remaining phase, respectively.

The electrolytic protium—deuterium separation factor, agp, is of
interest mainly because of the possible application of BPE to heavy water
production. 'ﬂistorically, the necessity of determiﬁing the protium—
tritium separation factor, apr, arose when the concentration levéls of
naturally occurring tritium was of interest to a variety of researchers,
Tritium concentration levels in nature are too low to be determined b:
direct radiation counting, and thus concentration by batch-type electroly-
ses was required for such determinaticns. The original tritium content
only could be determined by this technique when agr was known (33).

A mathematical relationship between the protium-deuterfum and protium—

tritium separation factors was derived by Bigeleisen (34):

1na

HT _ 1.38 + 0.06 . (13)
Tﬁa_;; 1na

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 ayr and ayp are known:

apr ~ CHT. ' J (14)
%HD
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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 aver a broad range depending upon the electrode material,
current density (;r overvoltage), and temperature. Some reported values
for agp, agy and apy vsing normal electrolysis are given in Table Ia. 1Im
most cases, the heavy isotope concentrition in the electrolyte was very
low as compared to the protiur content, but in some experiments comparable
concentrations of protium and deuterium were used (14, 36, 37). The dif-
ference in hydrat}on energy for an isotope hydrated predominantly with
Ho0, DHO, or Dzo.;an be an additional source of variance in ayp values
(38,39). The effect of the electrode reaction mechanism on separation
factor as a function of hydrogen evolution at wetal electrodes was studied
by Conway (38), and Bockris (39). c

In conventional electrolysis the hydrogen evolution mechanism can be

described by the following reactions:

H30t + e~ + M + MH, 4 + Hp0 (15)
Haot + 7 + Mg +  Hy + H)O + M (16)
Hads + Hags + Hy (17)

HyO + e~ + M, HMyq, + OH (18)



Table la. FElectrolytic Hydrogen lsotope Separation Factors

Current
Electrode Densit Temperature
Material (A cm™2) Electrolyte °C “np %ur pT . Reference
Fe Foil - KOH 20 7.3 12,0 1.64" (37)
Fe Sinter 0.1 KOH 20 6.1 1.1 1.82% (37)
Fe-Ni Sinter 0.1 KOH 20 7.7 16,2 2,10% (37)
Pt 0.1 KOH 20 7.7 17,1 2,22% (37)
g 0.1 HoS0, 20 3.3 5.1 1.54" (37)
Mild Steel - KOH 25-135 8-9 - - (42)
Carbon Var. NaOH 25~60 - 16=22 . - (3)
Pt Var. NaOH 25=60 - 17=21.5 - (3)
Pd-25% Ag Tubes 0,02 KoCO3 in 0 13.1 - - (14)
80-90% Dy0
Pd-25% AR Tubes 0.02 KoCO3 in 20 10.3 - - (14)
80-90% Ny0
Pd-257 Ag Tubes 0.02 KyCOq 1in 40 9,1 - - (14)
80=-90% Dy0
Pd~25% Ag Tuocs 0,02 KoCO0q in 60 7.8 - - (14)
80-90% Dy0
Mild Steel 0.01 KOH 0.5 11.7 31.8 2.7 (35)
Mild Steel 0.01 KOH 22.5 9,6 24,9 2.6% (35)
Mild Steel 0.01 KOH 40 8.0 19,9 2,4" (3%)
Mild Steel 0.01 KON 60 6.7 15.0 2,2% (38%)
Stainless Steel Var. KOH in Hy0- 4.0 6.9 1.7 (36)
or ¥’ Screen 020 Mixture

*Calculated from apt = QHT .
%ep

8t
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With differeat electrodes and different current densities the mechanisms
may vary, causing variations in the separation factor. Lewis and co-
vorkers (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):

d Ina = Ana . (19)
dT g2

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 Iln 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(Oyp) = -1680, AH(ayy) = ~2260, and AH(apy) = -580 cal mol™! at a current

density of about 0.01 A cm~2, From the data of Brodowsky et al. (14), a
value of AH(ayp) = ~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 Ib).
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 ~ipolar electrode for protium-tritium was much lower

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



Table 1lb. Hydrogen Isotope Separation Factors on Bipolar Electrodea

Current
Electrode Densitg Temperature
Material . (A cm™¢) Electrolyte °C “HD e ) ¥ Reference
Pd 0,006 HaSO04 25 4.5 - - (1)
Carbon 0.06 NaOH : Room? - 8 - (3)
Pd-25X Ag 0.21-9.5 NaOH in Hy0 35 - - 2.16 This work
or NaOD in ORNL
D50
Pd-252 Ag 0.21-0,5 NaOH in Hy0 55 5.9% 12,4 2.1 This work
or NaQD in ORNL
D90 '
Pd-25% Ag 0.21-0.5 NaOH in Hy0 90 5.7% 11.6  2.08 This work
or NaOD in ORNL
Ny0

*Calculated using app = “HT

YHD

oY
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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 explamation of how
these values were measured. Little experimental data were given and the
current density was <0.07 A cm2,) Salmon (1) obtained values of the
prétiu-—deuteriu- separation factor between & and 5 using a palladium
bipolar electrode at room temperature in a sulfuric acid solution at

0.006 A cm2, Wicke and co-workers (14) examined partial separations
taking place during the tramsport of hfdrogen Ehrough a Pd-252 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 (18),
and "b" in Equation (11). Wicke and co-workers performed the following
sequence of experiments:

1. A Pd-257 Ag-foil was used as a cathode in contact with
electrolyte én only one side; -he electrolyzed protium-
deuterium fsotope mixture was diffusgg 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-25%1 Ag membrane, acting as an anode, and was
subsequently oxidized at the anode-electrolyte interface.
The anodic separatiocn factor was found to be independent

of temperature and varied between 1.64 and 1.84.

3. Values for Oy of about 1.7 were obtained when a 1:1 H/D
-ixtureruas diffused through a Pd~25% 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 biﬁolar membrane were measured. The experimental procedure
used is 1llustrated in Fig. 2; the electrolyte sclution 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 initfal tritfum 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 w18 found enriched in the light isotope and thus tritium was
being concentrated in the anode compartment, Figure 13 {llustrates the
change in anode and cathode compartment compositions for a typical

protium~tritium geparation experiment. From changes in water volume and

(\
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tritium activity level in the anode compartment, the separation factor was

‘calculated using the Rayleigh (41) formula:

: o =1/|1 - 8 a0 || (20)

ao

where A,, and A, are the initial and final tritium activity levels and
© Wgzo and W, are the iritial and final moles of the lighter isotope in the
anodc coﬁpartméhfl émall ecrors in determinirg either A or W resulted in

Qefy large errors in a., The determination of 1 from changes in the isoto-

pic composition of the.cathdde compartment is complicated by two processes
operating simultane;usly: the influx of an isotopic mixture through the
_bipolar membrane and the removal of a different isotopic mixture at the
S termiﬁal cathode. The net change in isotope composition in the electro-
lyte is affected by both eeparation“processes. To circumvent this
problem, hydrogen gas produced at the terminal cathode was continuously

converted into water and returned to the cathode compartment, thus

ﬁullifying the isotupe sr.paration conatriuted by the terminal cathode.
Under these conditions, o could be determined from the change in the iso-
+opic composition of poth anodic and cathocic compartments according to

the relatfoaship

- In H; - In wao %
0 = (21)
In[Ago Wa, = AcWe + Agp Weol - In Agg Wy,

*Derivation of Fquations (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, were assumed. It is evident tkat a small error in
W, causes large variation in a when Equstion (20) is used.

Most of our experiments emphasized the measurement of apy, the sepzu-a(i
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 em 2 are given in Table 2. These data
represent the average values of twenty-five individual experiments. The
value of AHpr calculated from the temperature dependence of apy was
~190 cal mol~l, which is considerably lowar than the reported value of
~580 cal~l (14). It is not clear whether this difference is caused by
much higher c;;rent densities applied in our experiments (0.21-0;50 A cm2
compared to 0.01 A em~2 in [14]), or to the bipolar Vprocess. More
experiments are needed to clarify this difference. No significant depen-
dence of apr on current dens_.ty was found. Several measurements of apr

were also made and the results are prec:nted in Table 2; these values

agree reasonably well with those predicted by Equatio; 13.

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

GpT ayT
Temperature (0.21, 0,35, Ggr Calculated
°c 0.50 A cm~2) (0.35 A cm~2) From Opr

35 2016 :_ 0006 - -

55 2,11 + 0.05 12,4 + 1.3 12.9

90 2,05 + 0,06 11.6 + 0.7 10.7
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In order to compare separation factors as measured gsing normal
electrolysis and bipolar electrolysis, one half of the ¢ell, as shown in
Fig. 2., was filled with electrolyte (sodium hydroxide) containing a trace
quantity of tritium. Palladium-257 silver foil served as the cathode.

The baék of the cathode foil was painted to prevent hydrogen from dif-
fusing through the foil. Cutrent density of 0.35 A em~2 was applied to
this "half-cell”. Hydrogen gas evolving from the cathode was converted to
sater, and the H-T separation factor é&éalculated from the isotopic com-
position of the reconstituted water as compared sith 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 shox that under identical experimental conditions, the H-T separa-
tion factofs for the bipolar process (see Table 2} were about 25-30%
greater than that observed for the simple electrolytic process.

Since it has been shosun that the mathematical relationship betueen the

three separation factors (%yp, apr, OHT) is valid for both bipolar and
normal electrolysis, it is anticipated that apr and ayp will also be about

25-307 greater for the bipolar process.

Conélusions

The bipolar hydrogen isotope separation factors (ayr, apr) 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
¢omposition, high current density (0.2-0.5 A em—2), electrolyte concentra-
tion of 6 N NaOH, 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~2) is a very important positive feature: incidental
fluctuations in either curreat 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 Qpy = 2 and
Qyr = 11 can 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

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 electrolvsis 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 specificslly

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 ome type
of flow scheme.

Total enrichment (i.e., tot.l increase in heavy isotope coucentration
from feed to product) for the erriching section of a square BPE cascade

vith the flow schem: as noted in Appendix 3 may be expressed as

Bp = B-ps
; Plr-armey ),
B = (1/a$ )" + ¢ |1 - (1/ab) (22)
wvhere
®p = mole fraction of heavy isotope in the feed,
My, = mole fraction of heavy isotope in the product,
a = 1,
1 - P/P
= gingle stage bipolar separation far 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) may be used to calculate the number of stages (J) necessary

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

*Total moles of hydrogen--the total molar flowraste of any two hydrogen

pairs: Hy + T3, Hy # Dy or Dy + Ty,
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may be used to calculate the incerstage isotope composition in the
electrolyte throughout a square cascade with a given product composition
(my), single stage separation factor (@), and product-to-feed ratio (P/F).
To use Equation (22) in calculating interstage composition, the term

By may be considered as the feed composition of stage J, which is in
reality the interstage conpositionﬁbetween the J and J + 1 stages (see
Fig. 15).

It is of particular interest to éxanine interstage composition (&)
with respect to variations in @ 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 (@ > 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 -onstant separation factor. Ratios (P/F) of 1 x 10~} to 2 x 102 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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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 caséade voiune and energy requiremenis are minimized. If a
tapered cascade is not possible, its efficiency ¢an 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 (EquationVZZ) along with 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 NaOH-
containing feed and a continuous product removal. 1In a typical mulci-
bipolar cell experimert, the cell is initfally filled with feed of the
same tritium concentratfior as would be fed to the cell during the duration
of the experiment. The multipipolar c¢ell was then operated at &onstant
current until steady state conditions were ohtained (1.e.. a c¢onstant tri-
tium activify 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 em™2 current density., This multistage system wuas
fed with 3.3 N NaOH to the cathod: compartment at a rate of 1,105 moles

Hp/day (19.43 ml/day of 3.3 N NaOH) and had a P/F = 00,2268, The trit{um
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content in the feed was 4.747 uCi/mole Hy. This multistage system was
operated for a total of 24 days, 8 days of which were at steady state.
Cell temperature vas maintained zc 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
vas found by a trial-and-error solution of Equation (22). The separation
factor per stage for protium-tritium was calculated to be agr = 6.3. At
the end of this experiment, ramples were taken from each interstage
compartment and analyzed for tritium. Figure 19 gives the measured con—
centration profilé through the cascade for this particular experiment. It
can be seen from Fig. l9ythat the experimentally observed tritium con-
centration between individual étages (circles) closely‘folloued 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 ﬁodium hydroxide
normality in the anode compartment (Np) was governed by the feed normality

(Ng) and by the P/F ratio [i.e., Np = Np/(P/F)].

Further experimental evaluations were made with a larger electrode
area (26.6 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 syitém; addition of the
electrolyte removal system resulted in a slightly longer time needed to
reach (as compared to the esrlier experiment) steady state conditions

because of the additional effective volume of the anode compartment (30%
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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 uCi/wole Hy. The

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

of the same NaOH ané tritium content was fed to the cathode compartment.
The feed rate was 3.54 moles Hi/day (62.6 ml/day of 6.i N NaOH) with an
average cell temperature of 88.5 +2°C. To hasten the rate of increase in
_tritium concentraticn in the multistage system, no product was withdrawn
éﬁuring the initial part of the experiment except for 0.5 ml/day necessary
for analytical purposes. 1In 49 days of operation the anode compartment
reached & maximum tritium activity of 77.76 uCi/mole Hy (an enrichment of
11,14 timeg the feed concentration). At this point in time the system was
<f;rced to a sLeady state condition by withdrawing more product (5.2
ml/day) and 2c 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
depletéd in tritium) tritium concentration during the entire experiment
was 1.18 uCi/mole Hy which yields a total separation factor between the
product and waste streams of 65.9. Using the tritium concentrations at
steady state, vquation (22) was solved by trial and error to determine

the protium-tritiuws separation factor; this solution gave an ayr = 6.9
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for the single stage separation factor. At the end of the experiwent,
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 concentrziion
between individual stages closely folioued 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 1072) as coipared to the

previjus multistage experiment (see Fig. 19).

Coaclusions

Single bipolar cell experiments have indicated that at 90°C the
pro;iun-tritium separation factor, agr, 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
ieakage.

Two multistage c. . .:ﬁeriments 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 clectrolytic
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 desired 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 co -
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
vaiuve 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-

7 duct streams, respgctively. A. present, sodium hydroxide serves as the
electrolyte for the bipolar proces:, but potassium hydroxide has been ¢on-
sidered as an alternative and may be preferred under some operating con—
ditions.

Several possibilities have been evaluated for cascade electrclyte
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 proce- - 18 returned to the terminal anode compartmen:.

Eleétrolyte Preparation

Electrodialysis cells utilizing cation exchange amembranes, such as

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

*Registered trademark of E, 1. duPont deNemours & Co. (Inc.) for its

perflrurosulfonic acid products.
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caustic from salt brine; (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. 2] 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 ion§ (OH~) formed by the reduction of hydrogen at
the cathode, :Therefore, most of the current is carried by sodium cation
tra;sfer 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 100%, the production of one mole of NaOH would require
26.8 A-hours. An efficiency of 80Z is typical in a cell producing
307 NaOk solution at a current density of 0.3 A cm~2, 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 so.utions of Na;C03 in D70 using small
test cells with NAFION membranes. These solutions were produced in
batches for subsequent experimentation to determine D-T separation factors
in singie 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 order 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 at a rate propor-
tional to the rate of water electrclysis.

Electrodialysis was originally considered a feasible method for tie
direct tramsfer 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-
tivn through the membrane vwhich 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 same as that used for the caustic catholyte
product.

Alternately, the removal of sodium from an aqueous hydroxide solution
can be achieved by reiction with COp to form sodium carbonate, and sub-
sequert evaporation of the water, leaving the sodium behind as dry car-
bonate (NasCD3) (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 reantion products of sodium hydroxide with CO, are anhydrous
or hydrated sodium carbonate and sodium bicarbonate according to the
equation

NaOH(gq) + CO2 NayC03 * X(Hp0) + NaHCO3 ° Y(H,0).
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Evaporation at elevated temperatures yields anhydcous crystals, 25l above
270°C, sodium bicarbonate decomposes to form anhydrous sodium carbonate by
the reactinn

ZNalCO3(e) + NayCly(g) + RZO(g) + COz(g),
so that theoretically ali of the hydrogen isotopes can be recovered as
water for recycling. This sodium removal techaique is particularly well
suited for ap;lication to the ﬂgfblar cascade separation of tritium since
no hydrogen isotopes are removed from the syste; 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 wiy be discarded to r:move con-
centrated impurities from the system if this becomes necessary.

A spray~drving unit appeared to be a suitable approach for the con-
tinuous removal of sodium (54). Aqueous hydroxide is atomized in a stream
of COy and heated to yield a gaseous effluent of water vapor, excess
COy and a solid product of dry carbonate powdur. 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 99%. For
the bench-scale bipola; cascade cell, a small apparatus for the continuous
removal of =2xcess sodium from the terminal -node compartment was assembled
and successfully operated for the duration «f the experiment, The system

in its final ccnfiguration is schematically shown in Fig. 22,
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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), vhich 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
C0y 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-
wmize the amount of dissolved COy in the recycle water and product stream.

Gas and residhal 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 (0, stream. The ice
which collected in the cold trap was occasionally melted and returned to
the reservoir.

The carbonation/evaporation reactor did not employ thé spraying mode
of operation, as conceptualized, but instead the aqueous electrolyte
dripped into a vessel in which a COy atmosphere was maintained. The
average aqueous flow rate was about 3 ml/hr and that of the entering
CO, stream was 200 sccm. Reactor temperature was maintained at 350°C,
Almost all of the water vapor was recovered in the primary and secondary
condensers, with less than 1% 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 determin:d to be completely converted to
anhydrous sodium carbonate (Na,;CO03).

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



68

for attainment of a steady state equilibt-ium within the cell. However,
this system was capable of handliug approximately twenty-five times the
sodium removal rate required in this experiment; as the cascade size
increases, the relative volumetric contribution to the anode cowpartment

by the sodium rewoval system would decrease.

= Conclusions

Electrodialysis appears ;o 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 b. maintained by reacting the aqueous hydroxide with C0, and
subsequently evaporating the water for recycle to the anode compartment,
leaving excess sodium behind as anhydrous carbonate (NajyCO3). 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 controllea by

discarding part of the sodium carbonate.
SUMMARY

The present status of the hydrogen isotope separation process using
bipolar electrolysis with countercurrent electrolyte flow indicates that
._.4' e - ~'~." .
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, Qpy, using the
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Pd-252 Az bipolar electrode is sufficient to permit tritium removal from
D20. 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 !l respectively) requires
investigation.

The small temperature dependen:e of the deuteriumtritium separation
factor and the lack of any dependence on current density is a very impor-
tant positive feature nf the bipolar electrode. Experiments to determine
the protium~-tritium and protium-deuterium separation factor dependence on
temperature and current density need to be condr-ted to verify the postu-
lation that these i§5t0pe pairs exhibit a similar behavior to that of
deuterium-tritium. Current density of 0.3 A cm~Z has 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 em~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 Pigure 23 (55). The "future goal” line
essentially represents the present performance of the Solid Polymer
Blectfolyte 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-257 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 bipolarkelectrode from one compartment to the

next one,
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(agp = 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 beenr investigated only in a preliminary
manner, requires development of an automated system and a suitable method
of attachment to the teraminal anode coqpé?tueﬁf so a; to form an integral
part of a large-area electrode, multist;ée sisten. 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 obtaiﬁed indicates that the

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

range of conditions, shows unequivocally that he process is viable.
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APPENDIY A
CALUVLATION OF THE MAXIMI™ CURRENT DENSITY AT THE BIPOLAR ELECTRODE

Woen a constaat currear is applied through a bipolar electrode, it
san be assumed that a linear concentration pradient of protium will be
established along the electrode thickness dimension when a steady state
condition is attained. The maximum current density can he calcuiated

under steady state conditions using Fick's first law: S
h g /.

dN = L = pg d¢* (A1)
de nF dx
m.cod. = 1 = nFp dCrax (A2)
q X
dChax = Cmax - Co (A3)

where Cpa. is the saturation concentration of protium at the cathode
surface and C, = 0 at the anode surface of the bipolar electrode. When
the electrode is made of Pd-25% Ag alloy, Cp,ay can be found from data in

Ref. 16 and the protium diffuston coefficient from Ref. 17.

*N = m‘mbex‘- of moles _,‘mmm..‘
t = time in seconds

I = current in amperes

n = pumber of elortrons ev-lianged per molecule

F = faraday = 96500 coulombs per equivalent

D = diffusion coefficient in cm? sec~!

q = cross section srea in em?

C = concentration in mols cm~3

x = thickness in the direction of diffusion in cm



Concentration of profiun in the clecirode shiculd be expressed in

roles om7 0 o the aliav, but the data in Ref, is are civen 1n terms of
' N - e

males Ymoles M imetall, Therefore
fmoles * cm™ 3] = 1fa> lunit = c=~°) x 4 latoms #'unit] x & [meles: H/moles M}

®i

x 17A [moles Mfatoms M! or Cg-= D157 B imoles H e 1.

The m.c.d. values calculated for three different electrode thicinesg_é and.

temperatures from 30 to 90°C are given infTabIe lA3.
. .Table 1A}

Maximum Current Pensity Values as a Function of Electrods:
Thickness and Temperatirs S

. B CoF
mecede £A caml}

Elaclprie Throkpess

Tewperature . B . " Ch Bﬂ:x 1oh 1073 (em)d
(°C) H/M)  (mole = =m™ %) ;cm3'5e§”1 ;i‘ 2.5 F;,TE.S .ft;'ﬁ_
30 - 0.396 0.04l8 ic:zaaﬂggﬁ '0:559_;qi£06 020
40 0.388  0.0619 0.57"9:-' “o.?z.ré 0.-(.97.' 0.74
50 9,381 0.0403 . 0.6)6__ / 9.547 0.63F .31
60 0.1 0.0392 0.776 1,553 0.768 n.38
70 6.361 0.0381 Cnes - 1aan 0.918  0.45
80 0352 0.032  1.23 1,700 1.3 0.56
90 0.3%3  0.0%2 162 2.2 149 0.7
*xg = 1,975 } lateice pafametér {16)

4 = factor resulting from the face centered structure of Pd=25% Ag
B = concentration of protium expressed in moles H/moles M (16)

L= 6.023 % 1023 atoms mote~! (Avogadro's number)
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APPENDIX B

SEPARATION FACTOR EQUATIONS

ORNL-DWG 79-10631R

——1—ANODE CHAMBER

S D R R |

i = W) —- .

~ T

N GATHODE SURFACE OF o
. BIPOLAR ELECTRODE A

I Figure Rl. Variables associated with the anode chamber of<5 cell having

a single bipolar electrode: . o

W,(t} = moles ot hydrogen invanodé,chamber-af time ¢,

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

uy = incrementa!l molar quantity of tydrogen transported
through the bipolar electrode,

AT = incremental molar quantity of tritium tranaported

through the bhipolar elecirode.

-~ Anode Chamber Analysis

Suppose at time t there are W (t) moles of water in the anode chamber
of a bipolar electrolysis cell, and assume the water consists of & binary
mixture of either Hy0 and T0 or bzo and T70 with a tritium activity

concentration of A (t) curies of tritium per mole of hydrqgen. At this

same time, an incrumental molar quantity of water is electrolyzed and the



co
e

hydrogen produced from this electroulysis (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)

Ol’rv:r

—~Z

© Ta (t +At) =T, (a) - AT. : (B1)

Fu;ther,';géune fhat‘the iﬁérquntal molar quagtity which was transferred

thf&hﬁh the eiectfode has a. tritium activity concentration, a(t), such

Lz -

e
LA

" a(t) AW = AT. . (B2)

The separatfon factor for any binary isotope system can be defined

as

a = Y. or a = Y/(l - )’) ’ (BZa)

X B x/{1 ="x)

;h;re;” Y = mole -atio of tﬁe light i;qtopé:to tiie heavy isotope
in the new phase ({i.e., tﬁ%bughrthe”bipolar electrode)
X = mole ratio of the light :;»tﬁe'heavy isotobe in the
remaining phase ({.e., iqffhé,anode eiectrolyte)
;t\, - 7+%. = mole fraction of the light $€Q§°P° in the new and the

rematining phases, reopectively{

" In terms of the heaviér feotope mole fraction
Y+p=l ——> y=1-n,

X+meal] —————> x =l -m,



82

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,
Q-1 -U-n)) _m-n)
(1 - - (1 =2n)] n(l -m)

a

-For low tritium mole comcentrationsl, (1 =m) = (1 =2) and (1 =n)/(1 =p)
'-‘='l, aad the separation factor may be expressed by the approximation
a=m/mn. g (B3)

The mole fractions (mandp ) for tritium are related to tritium activity
concentration by a simple proportionality relationship: -

A=km ———————> n = Ak

a=kt ————>n =alk
where k has the units of Ci tritium/mole tritium. Substituting these
values in Eq. (B3) for m and n, we have

Alk Car
a-m-A/a or a =: Aja.

For the bipolar separative process, tritium activity concentration changes

with time such that
a(t) = A(t)/ qa. (B4)
Substituting Eq. (B4) into Eq. (B2) we have

A
Ag(t) {. - aT.

11t can be shown that this simplifying assumption produces less than
1% error with a tritium content as large as 0.55 moles T70/L (0.0l mole

fraction or 3.2 x 10% (Ci/mole of hydrogen).
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Using this result for AT in Eq. (1), we have
T,(t + &) = To(t) — Ay(t) ;i.
Noting that in general T,(t) = A,(t) Wy(t), we have
Mgt + AE) Wa(t + At) - Ay(t) Wa(t) = -A,(t) “T" . (85)

Adding and subtracting A,(t + At) Wa(t) from the left side of Eq. (B5) we

obtain

Ag(t + At) [Wa(t + At) = Wa(£)] + Wa(t) [Ag(t + At) - Ag(r)] = -A (t) AW,
a

Dividing both sides by At and in the limit, as At + O:

lim
At > O

Ay(t + At) = A4(L),

1lim "a(t + At) - wa(t) = dwa(t) g ";(t) ’
At > 0 At de

and 1im Ag(t + At) - Ag(t) = ga (t) , AQ(Y) ,
At + 0 At dt

or

Ag(t) Wa(t) + Wa(t) AS(t) = =Ag(t) (/o) ¥,
dt

vhere / denotes the derivative with respect to t. Here dW is the mole
quantity of hydrogen passing from the anode to the cathode chamber in
time, dt, and if we assume the process to go st a constant rate, then

d"/dt = K, Allo,
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Wa(t) = W0 - Kt; Wi(t) = K,
and
W.(t) =Woo + Ke; W) = K.
Thus, Eq. (B6) becomes
At (=K) + W (t) AL (t) = —(K/2)A,(¢),
ALCE) = (K - K/al Ag(t) [Wa(e)1-t,
and
Az t) {Aa(t)l'l = K& {Wa(0)]7L,

where § = i - 1/a. Since Wy(t) = W,, - Kt, then

t t
AfCe) dt .
J/f.Aa ry 9t = K -j/f (Mg - KD)
0 0

Integrating, we have

In A, ()| = K§ (-1/K) In (Wao - Ke) | .
0 0

Noting that A, (0) =~ A5, Aj(t) = A,, and Wy, - Kt = W,(t) = W,, we have

A W
In|__2 | = & |__2° ,
Ay Wa

hgl/Ago = (Wao/Wa)®, and
)
Ag = Ayo (Wao/Wa) o (87)
Noting that § = 1 ~ 1/a and solving for a explicitly, then

In(A /A )
ag = 1 1 -2 221 (B7a)
In(Wgyo/Wa)
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where 1, Jdenotes the bipolar separatior factor as derived from the

initial anode tritiws dalance at time, t.

- ORNL—DWG 79-10630R
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Figure B2. Variables associated with the cathode chamber of a cell

having a single bipolar electrode:

Weit)

Ac(D)

AT

moles of hydrogen in the cathode chamber
at time t,

curies of tritium per mole of hydrogen
at time t, '
incremental molar quantity of tritium
exiting the cathode chamber,

terminal cathode separation factor.



Cathode Chamber Analysis

'The chanee in tritium activity in ;he cathode chamber with time, for
a cell having a single bipolar electrode; is influenced by two mass
ttansfe; processes. In one case hydrogen isotope atoms are introduced
1nt6-;he.caghode ~hamber through the bipolar electrode. At the same time,
an eéuivnlent number of atoms are lost by the eleétrolytic production of
~ isotope molecules at the tet;inal cathode. Both processes favor the
transport éf the liéhtet ?sotope.itin effect the process at the terminal
cathode enriches the cathode chamber electrolyte in tritium (or the -
heavier isotope). “The rate of enrichment for this process is a function
of the separation factor at the terminal cathode (a,). The rate of change
of tritiui content in the cathode éhaibet is, simultaneously, affected by
flow of tritium into the chgﬁber via the bipolar electrode. The rate of
tritium flow through the biﬁ%}ar electrode is a function of éhe tritiux
content in the anode chanber.:ia(t); and the bipolar separation factor, a.
The tritium balance in the cathode chamber at time (t + At) is as
follows:
(tritium at time % + At) = (tritium at time t) - (tritiums in
tW removed by cathode act;on) +
(tritium in &W introduced through
the bipolar electrode),

or
Te(t + At) = T.(t) - AT, + AT. (B8)

In Eq. (B8), AT, 1s a function of A.(t) and ae, and 4T is a function

of Ay(t) and a; thus, further substitution in Eq. (B8) will result in one
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equation with two unknown separation factors, @ and G,. 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 réturned to the cathode chamber

(total reflux).
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Figure B3. Schematic representation of a cell having a single bipolar

electrode operating under s total reflux condition.
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Under total reflux condition3 the cathode tritium balance may be

expressed as

~

Te(E + A) = Te(e) - 9te/+ AT + AT,

To(t + At) = T () + AT (89)

As with tae anode tritium balance
AT = A () BN |
a

To(t + At) = A (t + At) W (¢t +4t),
¢
and

T (1) = AL() W (D),

such that Eq. (B9) becomes
Ac(t + At) Wo(t + 8t) = A(t) Wo(t) + Ag(c) AV |
a
Dividing both sides of the equation by W.(t + At) and noting that

W.(t + At) = H (t) + AW, we have

. AW
A (t) W (c) +A(t) =~
At +4ar) = S € 2 :.

Wo(t) + &V

Dividing numerator snd denominator of the righct side of the equation by

W.(t) and simplifying, we have

A (t) aw “] -1
A(t + 4t) = | Ap(e) + o |1+ . (810)
aWc(t) Hc(tj

Since [l + xl-l - l -x+ xz = eeereey ther’fof’
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[+ AW ()]l = 1 - aW/w () = [AW/W.(v))2 -..... .

Using this expression to expand Eq. (B10), we have

Ag(t) AW AL(t) AW A (t)(aw)-

Ac(t + At) = A(e) + = *
. () We(t) a [We(t)]2
A(t) (a2
e + L A N J L d
(W (t))2 N

‘Bringing Ac(t) to the left hand side and dividing both sides of the

equality by At, we have

Ac(r + Ar) - A () A, (t) - A (t) R
At aw.(t) at We(e) At
(v) (t)

ha . (a2, .A°_ . @ o, (B11)

alW.(t)]12 At W (t))2 At
In the limit as At approaches zero, we have
[Ac(t + At) - Ac(tfl dA (t)

11 | = = Al(v),

e + 0 l_ at j dt

lim ﬂ - dl s K

&t » O At de ’

and
1lim (w2 11ae ). Um Y
at + 0 [ 3 l st + 0 |ae]” s » 0 (=g -0=0

Since in the limit as At approaches zero, (Aw)p/At = 0 for p > 2, Eq. (Bll)

reduces to the exact expression,
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Noting thar Wy(t) = Wy, ~ Kt, we have

- . .
K/a / A (t) dt = (R/a)A,, wao“ / (Wpo - Kke)=S ae
‘ 0 ‘ ()}
t
= (K/a)Aqq "306 [:I/K_] (Wgo - k)~ +1 |
=s+1
' 0

Substituting § — 1 = -1/5 and W4 - Kt = Wy, the expression becomes

t

1
K/a / Ag(t) dr -A“,[wm,]l a [u,o”“_ "a”aJ .
0

Substitution of these solutions into Eq. (Bl2) we have
1 -1 1/ 1
AcWe = Aco¥co = Aan{‘ao] a ["ao % Wy /a] .
Finally, solving for o explicitly,

in V. - 1In H.o

In{AgoWao = AcWe + AcoWeol = 1n AggWgo
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[a,c0)
Al(t) =K l_ — - Ac(t); We(e) .

Upon rearranging terms, the expression becomes

AZ(t) Wo(t) + AL(t) K = (K/a) Ay(t), and

noting that K = Hc'(t), we have

AL(t) W (t) + AL(t) WI(t) = (K/a) Ay(t)
or

(Ac(t) ¥ (1)) = (Kfa) Ag(t) .
Integrating with respect to t, we have

t

t :
/[Ac(t) We(t)) dr = a / Ag(t)de . (B12)
)

0

Noting that A.(0) W.(0) = A, W., and A.(t) W.(t) = A W., the solution

of th. left side of Eq. (B12) is as follows:

t

[ [Ac(t) ."’c(t))ldt = AWe = Acg Weo »

“0

Using the previously derived expression for A (t) [Eq. (B7)], the solution

of the right side of Eq. (Bl2) can be found, since

t t

K/« / Ag(t) dt = K/a / Ago Waol [W, (2178 ar .

0 0



and rcting that Ay Wy = T;, then

In Ha - 1n H;o
a.c = . — (313)
In [Tag = Te + Tecl — In Ty

whoere o, denotes bipolar separation factor derived from the cathode

tritium balance.

Comparison of aga and ac

Although a, and g, were .derived from analysis of different chambers
of the bipolar cell and result in different expressions, a, and a, should
be equal since both are a measure of thc separation associated with the
tipolar electrode. Using Eq. (B13) together with the fact that
Ti = Ay Wy, we have

1n Ha - 1In uao )

Qe = . (B14)
In [Ayg Wao = Ac W + Ago Weol = In 455 Wy,

Orerating a bipolar cell in the total reflux mode results in the simple

tritium balance
Tao = Ta = Te = Teo
or
Aao Wao = Ag Wg = Ac We = Aco Weo (B15)

Equation (B15) simply states that the amount of tritium lost by the anode
chamber i{s in turn gained by the cathode chamber. Solving for A, W, In

Fq. (BI5) we have

Ag Wa = Ago Wag = Ac We 7 Ao Weg »


file:///B15J
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Substituting this result into Eq. (Bl4) results in the expression

lunW - InW
o, = a ao .
InfA; W) = InfAyg Wae

By manir slating logarithmi~ terms we have

-1r uaol "a

L A .
-In_80 + In_2

Wa Aao

Now dividing numerator and denominator by the tere -In (W,,/W;) 4o have

(B16)
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APPENDIX C
MATHEMATICAL DESCRIPTICN OF THE BIPOLAR ELECTROLYSIS SQUARE CASCADE

Steady-state cascade theory is concerned with the prediction of the
stage requirements necessary for separa®ion of a given isotope mix"ure
into products’of specified composition. From the theory, calculations
should preﬂict_the mumber of stages needed for a desired separationm, the
local intets{s»ﬁ flovrates 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 cascsie
modeling, it is necessary to derive the design equations specifically for
bipolar electrolysis. A square bipolar cascade may be illustrated as

shown in Figure Cl,

DORNL-DWG 79-10634R
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Figure Cl. A Square Cascade Bipolar Electrolytic System
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Transformation of Fig. Cl into a more conventional cascade diagram is

fllustrated in Fig. C2.

ORNL- DWG 79- 10635
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' 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 my denote the composition
(mole fraction) of the Ly stream. Let Wy denote the molar flow rate of
the stream depleted in the heavier isotope leaving the j'th stage, and let
nj denote the composition (mole fraction) of the wj stream. Performing a
mater{al balance (for “he heavy isotope) at the product end of the cascade

(stage 1) and stage j,

I‘j"'l mj+l'wj"j"'P”'P' (Cl)
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A molar flow rate balance around stage 1 gives
Ly = W + P. (c2)
For a square cascade (f.e., a square section of a bipolar cascade) we have
Wp=Wp= ... W;=W, and
therefore, Eq. (C2) becomes
Ly =W + P, _ (c3)
‘Now from a molar flow rate halance around the entife cascade we have
F=W+P, | | (ca)
 and comparing Eq. (C3) and (C4), it is seen that
Ly = F;
- Similar analysis around stages 1 and 2 yields
L3 =F,
and repeacing the analysis we find that
Ly=1Ly= eoeljsgq=F.
Therefore, Eq. (Cl1) becomes
Fmy4)=Wny+ Fmp,
or
my 4+ 1= (WFng + (P/7)mp. (c5)

Letting p = (P/P) and using Fq. (C4) we see that

1 = (W/F) + (P/F) > 1= (W/F) + p
or V

(W/F) =1 -p,

Substitucing these results into Eq. (C5) we have

my 4 1= (1 =p)ny+ omp. : (Cc6)
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By rewriting Eq. (C6} formj 4 5,

and subtracting Eq. (C7) from (C6) then ylelds

my 4 1 ‘f"j +2=0-p) 5-n5,4 - (c8)

GCRNL - CWG. 79 - 10632

Figure C3. Single Stage Flow Scheme . Y

Referrirg to Fig. C3, the separation factor for any stage is defined
as |

. mi(1 = n;)
51 - My

Fo: small coacentratiors of the heavier-isotope, (i.e., <0.01 mole
fraction) the quartity (1 - nyd /(1 = my) ~ 1, Using this aporoximation,
the separation factor may Le written as

a . (C9)

From Eq. (C9)

nj = (1/a) Mj and nj + 1" (1/a) mi + 1

and using these results in Eq. (CB) we have

”’j+l"”j+2'_(_l._'_"_).(’”j-mj+1). (c10)
a
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Letting

: a 1 -9 b
2 =m )(l/fl)-'—; , the

Eq. (\(‘10) becomes

M1t My = (D) (my-omy ),

upon rearfanging terms
. My 2= 741 = (1/2) Ony 4 17~ my) (e

Mow let 3 = 2,1, ...J and noting that j = 1, my = = = my, Eq. (C11)
- - - ) st . c

"'i,auit“'th‘e, ‘fﬁll&ﬁn.? array of aquations:

e

(1/2) (my - mp) = (1/Q) (my - m))

A (3- 2% my-1y= (LR (M - M) = (/D2 (my - m)

(3=3); Mg-m = (1/2) (7 - my)

(1/2)3 (my ~ my)’

(3= Tya2=Ty4 1= 1R (M5 44 = mp) = (/) (my ~ my).
With the identity (My - M,) = (M) - M,) added at the top of the left
and right columns, the sum o all the equat’ons yie‘lds,
Myw2=Mp = (L+1/0+1/22 + ...+ 1/07) (my -mp) (c12)
Using Equation (CA) and letting j = 1, we have
My = (1 =p) My + pmy (c13)
g Noting from Equatfon (C9) that 7y = (1/a) my) = (1/u) Moy Eqe (CI3)
becomes

m, = S.!;D) Mo+ omp = (1/Q) Mo+ omp. (c14)
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Subtracting mp from both sides of Equation (Cl4),
my - iy = [p + (1/9) - 1] M (c15)
Substituting Eq. (C15) into Eq. (c12),
mpy =My = (L+ 1%+ 1R+ ... +1/20) [p + (1/2) - 1] m,. (C16)

Now we note that
1 -y +1
?

1+1/2+1/92+ ... +1/2) =
\ 1 -1/2

and Eq. (C16) then becomec

_1-ya+1

m -
J + 2 Mp
1-1/92

o+ (/) - 1) my . (c17)
Expressing Eq. (.117) in terms of J + 1, rather than J + 2, and
rearvanging terms

my .y .mplP+(l/9)-l] a-uydy)y+1-1/0

1-1/9
or e
(1 -1/
m - SN +p T, (c'8)
T+l mP[ 1-1/%

Comparing the nomenclature of Eq. (C18) with the cascade shown in

1
Fig. C2, see that my 4 1 1s My, the mole fraction of the feed to the
cascade. Therefore, Eq. (C18) becomes

(1 - 1/9) . (€19)

- /e + p
" "» [ (1 -1/9) <
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Converting to more coaventional variables,

n o= a = Q 1 a 1
1 -p ) O 1 - P/F
and letting
R
then
R =oad ,

and Eq. (C19) becomes

mp = B m,
with
B = (1/ o)) 4+ B [1 = (1/ae ) (c20)
F {1 -~ (1/a¢ )
iwhere
e = Mole ffaétion of the heavier isotope in the feed
stream,
o mp = Mole fraction of the heavier isotope in the product
stream,
¢ = 1 , -
T-Pp/F
a = Single stage bipolar separation factor,
P = ﬁolar flow rate of product and has the units of total

moles of hydrogenl/unit time,

F = Molar flow rate of feed; has the units of total moles

of hydrogen/unit time, and

J = Totair number of separation stages in a square sect{on,

1Total moles of hydrogen = the total molar flow rate of any two
hydrogen pairs as Hp + Ty, Hy + Dy or Dy + Ty



