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Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

ABSTRACT OF THE DISCLOSURE 
A process for concentrating heavy water using suc 

cessive stages by electrolyzing a mixture of water and 
heavy water to produce hydrogen and deuterium gas at the 
cathode and oxidizing the gas mixture at the anode. The 
cathode and anode are separated by a diffusion barrier 
which prevents instantaneous mixing of the electrolyte 
surrounding the electrodes. The electrolyte at the cathode 
becomes enriched by preferential evolution of the hydro 
gen and is further enriched by being fed to the cathode 
compartment of the next stage of concentration. 

-wmanum 

The present invention generally relates to the production 
of heavy water. More specifically, the present invention 
is concerned with a process for increasing the concentra 
tion of heavy water in natural water by electrochemical 
CS, 
Heavy water (DO) is present in natural water (H2O) 

in concentrations of about 1 part in 7,000. It is known that 
in the electrolysis of water the ratio of hydrogen (H) to 
deuterium (D) in the gas evolved at the cathode is higher 
than that in the electrolyte and as a result, the heavy water 
content of the electrolyte is increased. This principle has 
been utilized in the production of heavy water and water 
enriched in heavy water by carrying out electrolysis of 
water in a series of stages, the enriched water from the 
first stage, which is fed with ordinary water, being trans 
ferred to the second stage where further enrichment takes 
place and then to a third stage and so on until the desired 
degree of enrichment is attained. The deuterium content 
of the gas evolved in each stage is proportional to the 
heavy water content of the electrolyte and therefore in 
creases with each successive stage of electrolysis. This 
deuterium is recovered and returned to the process by 
converting the hydrogen and deuterium evolved in each 
stage, except the first, into water which is then passed 
back to the electrolyte in the preceding stage. One method 
of converting the hydrogen and deuterium gas mixtures 
to water is by burning it in an atmosphere containing 
oxygen, cooling the water and returning it to the process. 
While this method of producing heavy water is used in 
some areas where electric power is both plentiful and in 
expensive, it is not widely used because of the enormous 
amounts of electric power required by the process. 
The amount of electric power required for the produc 

tion of heavy water by electrolysis may be reduced by the 
utilization of a process described by Eduard Justi in his 
German Pat. No. 1,051,820. This process uses gas diffusion 
electrodes of the fuel cell type as anodes and cathodes in 
the electrolytic cells. Hydrogen enriched in deuterium is 
consumed at the anode and hydrogen depleted in deute 
rium is evolved at the cathode. The electrolyte is enriched 
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in heavy water and fed to a succeeding stage where fur 
ther enrichment takes place. The electrolytic cells in this 
process have much lower potentials than the electrolytic 
cells of the conventional type and therefore a considerable 
saving in energy cost is achieved by this technique. It has 
been calculated that the voltage of an electrolytic cell in 
the Justi process with two gas diffusion electrodes would 
require between 50 and 200 millivolts as compared with 
at least 1.8 volts for the conventional hydrogen-oxygen 
cell. Additional energy recovery is obtained by consuming 
the waste hydrogen in a hydrogen-oxygen fuel cell to pro 
duce electrical energy for the process. While in a con 
ventional electrolytic heavy water separation plant the 
feed stages are the largest in size and capacity and the 
stages decrease in size as the product portion of the process 
is reached, it is inherent in the Justi process that all stages 
in the process be of the same size. This not only increases 
the capital cost, but also the operating costs of the process. 
In addition, since oxygen evolution is inherent in the last 
stage of the Justi process, the over-voltage associated 
therewith is also an integral part of the process. 

It is an object of the present invention to provide a new 
and improved method for producing heavy water which is 
characterized by the utilization of gas consuming elec 
trodes and the reduced energy requirements achieved 
thereby in which there is no net hydrogen production and 
no oxygen evolution, thus eliminating the expense as 
sociated with the electrolytic production of oxygen. 

It is another object of the present invention to provide 
a new and improved process for producing heavy water by 
electrochemical means utilizing gas consuming electrodes 
in which each succeeding stage decreases in size and 
capacity as the product stage of the process is reached. 

In accordance with the present invention there is pro 
vided a process for the concentration of heavy water by 
successive stages, in which each Stage consists of an elec 
trolytic cell having an anode and a cathode separated 
from each other by an electrolyte permeable diaphragm 
which defines an anode compartment and a cathode com 
partment and which prevents the instantaneous mixing of 
the electrolyte in these compartments. Both the anode and 
the cathode may be of the porous gas consuming type, 
however, the cathode may be of the conventional elec 
trolytic type. The cathode compartment of the first stage 
is fed with water with a natural abundance of heavy water. 
This water is partially electrolyzed at the cathode and the 
electrolyte in the cathode compartment is consequently 
enriched in heavy water by the preferential evolution of 
hydrogen. The hydrogen and deuterium gas mixture 
evolved at the cathode is completely consumed at the 
anode of the electrolytic cell of the same stage, producing 
water. The electrolyte in the cathode compartment of 
each stage which is enriched in heavy water is fed to the 
cathode compartment of the succeeding stage where the 
heavy water concentration is further increased. Since the 
electrolyte from the anode compartment of each stage 
has a heavy water concentration which is less than that of 
the electrolyte in the cathode compartment of the stage, 
it is returned as additional feed to the cathode compart 
ment of the preceding stage. The process is continued for 
as many stages as needed to produce the desired heavy 
water concentration desired and each stage in the process 
may be made smaller in size and capacity than the pre 
ceding stage. Hydrogen is completely recycled within the 
process and the only feed necessary after operation has 
begun is natural water feed. The cathode in each stage 
performs the enrichment while the anode serves only to 
provide a second electrode to complete the circuit. This 
results in the preferential evolution of hydrogen at a 
potential which is about one-tenth that necessary for the 
conventional electrolysis process producing hydrogen and 
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oxygen. Since the hydrogen is recycled within each stage, 
the capacity of the plant is dependent only on the size of 
the stages. 
A better understanding of the present invention may be 

had from the following description when read with refer 
ence to the accompanying drawing which is a schematic 
diagram of the heavy water enrichment process in ac 
cordance with the present invention. 

Referring now to the drawing, there is schematically 
illustrated a plurality of similar stages designated A, B, 
C, through N. Each of the stages is essentially similar, 
but as indicated, decreases in size and capacity as the 
product stage of the process is reached. As will be under 
stood by those skilled in the art, the number of stages 
employed will depend upon the degree of heavy water con 
centration desired in the product. Similar reference nu 
merals with appropriate letter subscripts have been used 
to designate the components of the stages. Each of the 
stages comprises an electrolytic cell I containing an elec 
trolyte 2 which may be either alkaline or acid. In general, 
alkaline electrolytes are preferred, inasmuch as Suitable 
electrodes for use therewith are more readily available. 
Each of the electrolytic cells 1 is divided into an anode 
compartment 3 and a cathode compartment 4 by means of 
an electrolyte permeable diaphragm 5 which is operative 
to prevent the instantaneous mixing of the electrolyte in 
the cell compartments. Microporous membranes such as 
those utilized as separators in storage batteries and elec 
trodialysis cells have been found suitable for use as the 
diaphragms 5. lllustrative of such materials is micro 
porous thermoplastic resin such as polyethylene, micro 
porous rubber, and the like. 
The anode compartment 3 of each cell houses a gas 

diffusion electrode 6 of the porous fuel cell type. The gas 
diffusion anodes 6 may conveniently be made of porous 
sintered bodies of finely divided metals known to be cat 
alytically active in promoting the oxidation of hydrogen. 
A double skeleton catalyst electrode such as described and 
claimed in U.S. Pat. No. 2,928,891, issued Mar. 16, 1960, 
to E. Justi et al., of Raney-nickel catalyst granules is 
illustrative of an electrode suitable for this application. 
Porous electrodes fabricated of silver, nickel, palladium 
and other metals of the platinum group have also been 
found to make excellent electrodes for this purpose, pro 
viding an electrolyte-gas-catalyst interface which efficient 
ly promotes the oxidation of hydrogen to water at low 
polarization potentials. The cathode compartment 4 of 
each all house a cathode 7 which may also be of the 
porous fuel cell type such as described in connection 
with the anode 6, however, the cathode 7 may also be a 
cathode of the type utilized in conventional electrolytic 
cells for the electrolysis of water. In addition, the cathodes 
7 need not be made of highly catalytically active metals 
since less noble metals such as iron are adequate for the 
purpose. It should be noted that in this respect that a 
higher separation factor will be obtained using electrodes 
of this latter type, but at a sacrifice of a higher electrode 
potential and therefore higher energy costs. As shown, 
the electrodes 6 and 7 of the electrolytic cells 1 are con 
nected in series and to a suitable source of direct current 
8 by means of the conductors 9 and 10 such that the anode 
in each cell is at a more positive potential than the cath 
ode. As shown, the electrodes 6 and 7 of the electrolytic 
cells 1 are connected in parallel or to individual power 
supplies; the drawing shows the cells having a parallel con 
nection to a suitable source of direct current 8 by means 
of the conductors 9 and 10 such that the anode in each 
cell is at a more positive potential than the cathode. 
Water having a natural abundance of heavy water is fed 

to the cathode compartment 4a of the first stage of con 
centration, stage A, by means of an input feed line 11a. 
This feed is partially electrolyzed in the cathode compart 
ment 4a and the electrolyte therein is consequently en 
riched in heavy water. The enriched electrolyte from the 
compartment 4a is fed to the cathode compartment 4b 
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4 
of the next stage concentration, stage B, by means of a 
feed line 12a and input feed line 11b of that stage where 
the heavy water concentration is further increased. The 
electrolyte in the anode compartment 3a has a lower heavy 
water concentration than the electrolyte in the cathode 
compartment 4a and is consequently discharged as waste 
by means of the feed line 13a. The electrolyte in the 
anode compartment 3b of the second stage, stage B, whose 
heavy water concentration is less than that in the cathode 
compartment 4b of the stage is returned as an additional 
feed to the cathode compartment 4a of stage A by means 
of a feed line 13b. The feed arrangements for each of the 
Subsequent stages are similar and similar reference nu 
merals with appropriate letter subscripts have been used 
to designate these components. The hydrogen-deuterium 
gas mixtures evolved at the cathodes 7 of each of the 
stages is fed by means of a gas feed line 14 to the gas 
diffusion anode 6 of the stage where it is completely con 
SLimed. The product is withdrawn from the cathode com 
partment 4n of the last stage by means of the product feed 
line 12n. 
The process of the present invention is based upon the 

cathodic evolution of hydrogen and deuterium gas mix 
tures from an electrolyte and anodic oxidation of hydrogen 
and deuterium gases in the same stage. When the electro 
lyte is electrolyzed, thereby evolving gas, an enrichment of 
heavy water in the electrolyte is achieved. The evolved gas 
is poor in deuterium and this can be oxidized electro 
chemically to produce water. Thus, the process utilizes the 
separation of the hydrogen isotopes obtained by electro 
lysis, the separation factor, S, being defined as the ratio 
of hydrogen to deuterium in the gas, divided by the same 
ratio in the liquid. This factor is generally expressed as 

(HYetroit T) clectrolyte 
The evolution of hydrogen using porous gas diffusion elec 
trodes of the fuel cell type results in small irreversible 
voltage losses. With such electrodes a cathodic separation 
factor S can be as high as 7. The electrochemical oxidation 
of hydrogen and deuterium gas simultaneously on a simi 
lar porous gas diffusion electrode also results in small 
voltage losses. When all of the evolved gas is electro 
chemically oxidized, the anodic separation factor is 1. 
The net result of such a system is an electrochemical volt 
age for the production of hydrogen and the consumption 
of hydrogen which is not more then one-tenth of the volt 
age required for the standard technique of electrolysis with 
hydrogen and oxygen production, since no oxygen evolu 
tion is involved. 
As illustrated, the process of the present invention can 

consist of N number of stages, each stage being smaller 
than the preceding one as the concentration of heavy water 
in the cathode compartment electrolyte and evolved gas 
is increased. The diaphragm 5 separating the anode com 
partment 3 and cathode compartment 4 of each stage 
prevents the instantaneous mixing of the electrolyte of 
the stage. The operation of each stage is identical, the feed 
to the cathode compartment of each stage being partially 
electrolyzed and the electrolyte in the cathode compart 
ment of the stage being consequently enriched in heavy 
water. The evolved gas mixture is deuterium poor. The 
electrolyte from the cathode compartment 4 is then fed 
to the cathode compartment 4 of the succeeding stage. In 
the anode compartment 3 the hydrogen gas produced at 
the cathode compartment 4 is anodically consumed by the 
gas diffusion anode 6 producing water which dilutes the 
electrolyte in the anode compartment 3. This electrolyte 
has a lower heavy water content than the electrolyte in 
the cathode compartment 4 of the stage. In the first stage, 
stage A, electrolyte in the anode compartment 4a is dis 
charged as waste, but the electrolytes in the anode com 
partments of subsequent stages are fed back as additional 
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feeds to the cathode compartment of the preceding stage, 
resulting in a maximum deuterium recovery. This process 
is continued until the desired degree of heavy water con 
centration is achieved in the cathode compartment of the 
last stage. 

It should be noted that higher separation of the isotope 
can be achieved at the anode if excess feed gas is fed to 
that electrode and this feed gas is only partially oxidized 
at the anode. Under such conditions, hydrogen is oxidized 
preferentially to deuterium and the effluent gas contains 
a higher concentration of deuterium than the feed gas. 
The overall separation between the anode compartment 
and the cathode compartment may be increased in this 
manner by approximately 20-40%. This can be accom 
plished by a rearrangement of the hydrogen flow lines in 
a manner analagous to the flow path of the isotopes as 
used in conventional gaseous diffusion isotope separation 
plants. 

It should be understood that the process of the present 
invention for the concentration of heavy water differs 
materially from that proposed in the aforementioned pat 
ent to E. Justi et al. In this prior art process the hydrogen 
anodes and cathodes are located in the same compart 
ments, the electrolyte is common to both electrodes, and 
hydrogen flow is from stage to stage. In this process of 
the present invention a diaphragm is utilized to separate 
the compartments to allow a heavy water gradient between 
the compartments and hydrogen flow is within each stage. 
This provides for a total recycle of hydrogen gas within 
each stage not heretofore contemplated. Thus, there is 
eliminated the need for electrolysis of water evolving 
both hydrogen and oxygen to provide hydrogen reflux 
and the cost inherent therein. In addition, it permits the 
decreasing of the size and capacity of the stages as the 
product stage of the process is reached, thereby reducing 
the capital investment requirements of the process. 

Having described the present invention, that which is 
claimed as new is: 

1. A process for the concentration of heavy water by 
successive stages, the process of each stage comprising 
the evolution of a hydrogen and deuterium gas mixture 
by electrolysis at the cathode of an electrolytic cell from 
an electrolyte containing mixtures of water and heavy 
water and consuming said gas mixture by electrochemical 
oxidization at the anode of said cell, said cathode being 
separated from said anode by a diffusion barrier which 
prevents the instantaneous mixing of the electrolyte sur 
rounding said electrodes, an enrichment of the electro 
lyte taking place at said cathode by a preferential evolu 
tion of hydrogen, said enriched electrolyte being fed to 
the cathode compartment of the next stage of concentra 
tion for further enrichment. 

2. A process for the concentration of heavy water by 
successive stages the process in each stage comprising the 
evolution of a hydrogen and deuterium gas mixture at 
the cathode of an electrolytic cell from an electrolyte con 
taining mixtures of water and heavy water and consum 
ing said gas mixture by electrochemical oxidation at the 
anode of said cell, said anode and said cathode being 
separated from each other by an electrolyte permeable 
barrier which prevents the instantaneous mixing of the 
electrolyte surrounding said electrodes and which defines 
an anode compartment and a cathode compartment in 
said cell, the electrolyte in the cathode compartment being 
enriched by the preferential evolution of hydrogen and 
feed to the cathode compartment of the next succeeding 
stage for further concentration. 

3. The process of claim 2 wherein the cathode compart 
ment of each stage is additionally fed by electrolyte from 
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the anode compartment of the succeeding stage of con 
centration. 

4. A process for producing multistage concentration 
of heavy water in feed water containing a mixture of 
water and heavy water which consists in supplying the 
feed water to the cathode compartment of an electrolyte 
containing electrolytic cell comprising the first stage of 
the process, electrolyzing said feed water at a cathode in 
said cathode compartment to evolve a mixture of hydro 
gen and deuterium gas, the electrolyte in said compart 
ment being enriched by the preferential evolution of 
hydrogen, feeding said hydrogen and deuterium gas mix 
ture to a gas diffusion anode in an anode compartment 
of said cell and oxidizing said gas mixture at said anode 
to produce water, said anode compartment and said 
cathode compartment being separated by an electrolyte 
permeable diffusion barrier which prevents the instanta 
neous mixing of the electrolytes in said mixture, feeding 
the electrolyte from the cathode compartment to the 
cathode compartment of the next stage, repeating the 
electrolyzing to further enrich said electrolyte in a series 
of similar electrolytic cells in which the hydrogen and 
deuterium gas mixture evolved in the electrolyzing is con 
sumed at the anode of said cell. 

5. The process of claim 4 wherein the electrolyte from 
the anode of each stage except the first is fed back to 
the cathode compartment cf the succeeding stage. 

6. A process for producing multistage concentration of 
heavy water in feed water containing a mixture of water 
and heavy water which consists in supplying the feed 
water to the cathode compartment of an electrolytic cell 
having a cathode compartment and an anode compartment 
defined by an electrolyte permeable diaphragm prevent 
ing the instantaneous mixing of the electrolyte in said 
compartments, electrolyzing said feed water at a cathode 
in said cathode compartment to evolve a mixture of hy 
drogen and deuterium gas, the electrolyte in said com 
partment being enriched by the preferential evolution 
of hydrogen feeding said hydrogen and deuterium gas 
mixture to a gas diffusion anode in the anode compartment 
of said cell and oxidizing said gas mixture at said anode 
to produce water, repeating the process in a series of simi 
lar electrolytic cells to achieve further enrichment, the 
feed to the cathode compartments of said series of elec 
trolytic cells being derived from the cathode compart 
ment of the electrolytic cell of the preceding stage and 
the anode compartment of the electrolytic cell of the 
Succeeding stage, and withdrawing the product from the 
cathode compartment of the electrolytic cell of the last 
Stage, 

References Cited 

The following references, cited by the Examiner, are 
of record in the patented file of this patent or the original 
patent. 

UNITED STATES PATENTS 
2,928,891 3/1960 Justi et al, ---------- 204-101 
3,124,520 3/1964. Juda -------------- 204-1.06 
3,256,163 6/1966 Winsel et al. ------- 204-101 

FOREIGN PATENTS 
194,368 1/1958 Austria. 
216,470 7/1961 Austria. 

TA-HSUNG TUNG, Primary Examiner. 
U.S. C. X.R. 

204-151, 180 


