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ABSTRACT 
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An electrochemical process and electrochemical cell 
for reducing a metal oxide are provided. First the oxide 
is separ11,ted as oxygen gas using, for example, a Zr02 
oxygen ion conductor anode and the metal ions from 
the reduction salt are reduced and deposited on an ion 
conductor cathode, for example, sodium ion reduced on 
a ,8-alumina sodium ion conductor cathode. The gener-

. ation of and separation of oxygen gas avoids the prob­
lem with chemical back reaction of oxygen with active 
metals in the cell. the method also is characterized by 
a ·seque~ce of two steps where an inert cathode elec­
trode is inserted into the electrochemical cell in the 
second step and the metallic component in the ion con-

. ductor is then used as the anode to cause electrochemi­
cal reduction of the metal ions formed in the first step 
from the metal oxide where oxygen gas formed at the 
anode. The use of ion conductors serves to isolate the 
active.components from chemically reacting with cer­
tain chemicals in the cell. While applicable to a variety 
of metal oxides, the invention has special importance for 
reducing CaO to ea• used for reducing UO2 and PuO2 
to U and Pu. 
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USE OF ION CONDUCTORS IN THE 
PYROCHEMICAL REDUCTION OF OXIDES 

CONTRACTUAL ORIGIN OF THE INVENTION S 

The United States· Government. has rights in this 
invention pursuant to Comract No. W-31-109-ENG-38 
bet~een the U.S. Department of Energy and the Uni­
versity of Chicago as operators of Argonne National 10 Laboratory. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to an electrochemical process 15 

and apparatus to disassociate metal oxides into oxygen 
and the metal or metals; and more particularly . to a 
process and apparatus for electrochemical generation of 
metals or metals from metal oxides including ion con­
ductors to isolate the activity at the electrodes from 20 
chemical reaction and the regeneration of the metal 
which acts io electrochemically displace the metal of 
the metal oxide. 

2. Background of the Invention 
A number of solid ion conductors have been devel- 25 

oped recently. Solid ion conductors may be either anion 
or cation conductors; Zr02 is an example of the former, · 
and /3-aluniina is _an example of ihe latter. For the most 
part, thel!e have been applied as sensors. Applications of 
these sensors include measuring parts per million of 30 
levels of oxygen in inert gases and the oxygen activity in. 
molten steel. An example of a cation conductor used at 
high current density_H; the /3-alumina used in the Na,S 
battery. The scientific principles for solid ion conduc­
tors are well establisl}ed. Finding new conductors or 35 
using some modifications of known conductors for new 
applications such as for reducing metal oxides is an 
endeavor worthy of support. 

When normal oxide reductions are carried out by 
pyrochemical means, a waste oxide byproduct is pro- 40 
duced by the chemical combination of the reductant 
metal and metal oxide. The development of ion conduc­
tors and electrochemical metal oxide reduction systems 
which utilize the ion conductors could have wide appli­
cation not only in the nuclear industry, but also in the 45 
metals production industry since the waste product can 
be easily regenerated producing an oxygen gas stream, 
which.can be vented, and new reductant metal. 

the disadvantages of known arrangements for reducing 
metal oxides. 

It is another object of the invention to provide an 
electrochemical process and associated apparatus used 
t.o di~associate reductant metal oxides into oxygen and 
the reductant metal or metals, for example to generate 
ca• from Cao, using ion conductors to isolate the activ­
ity at . the electrodes from chemical reaction and the 
regeneration of the reductant metal which acts to chem­
ically displace the metal of the metal oxide. 

It is another object of the invention to use ion con­
ductors applied in electrochemical processes to separate 
oxygen from the waste product and to regenerate the 
reductant metal for recycle. 

It is another obj~ct of the invention to use ion con­
ductors applied in electrochemical processes to clean up 
waste salts, for example, produced in the weapons pro­
gram, which are contaminated with actinide oxides. 

SUMMARY OF THE INVENTION 

In brief, these.and other objects and advantages of the 
invention are provided by an electrochemical process of 
converting reductant metal oxides where the oxide is 
converted to oxygen gas, using for example, a Zr02 
oxygen ion conductor anode, and the reductant metal 
ion from the oxide remains unreduced and dissolves in 
the electrolyte, while a second metal ion in the electro­
lyte is discharged and deposited as metal on an ion 
conductor cathode, for example, a /3-alumina sodium 

· ion conductor cathode. The generation of oxygen and 
isolation of oxygen gas using the oxygen ion conductor 
a-voids the problem of chemical back reaction with 

. active metals present in the electrolyte. The method 
ajso is characterized by a sequence of two steps where 
an· inert cathode electrode is inserted into the electro­
chemical cell in the second step and the second metal, 
isolated from the system by, for instance, a /3-alumina 
sodium ion conductor, is. used as the anode to cause 
electrochemical reduction of the metal ion formed in 
the first step from the metal oxide where oxygen gas 
formed at the anode. The use of ion conductors serves 
to isolate the active components from chemically react­
ing with certain chemicals in the cell. While applicable 
to a variety of metal oxides, the invention has special 
importance for regenerating CaO to Ca0 used as a re­
ductant for U02 and Pu02. 

BRIEF DESCRIPTION OF THE ORA WING 

FIG.-1 is a schematic representation of an electro­
chemical cell using a first anode-cathode pair of ion 
conductor electrodes for performing a first step of the 
two step process of the invention; and 

As used in the specification and appended claims, the 
terms metal oxide and reductant are defined as follows. SO 

Metal oxide is the oxide of a metal from which the 
desired metal product is to be obtained. For example: 

FIG; 2 is a schematic representation of the electro­
chemical cell using an inserted inert electrode with the 

55 first cathode ion conductor electrode serving as an 
anode for performing a second step of the two step 
process of the invention. 

Reductant is the metal (a different metal) which 
chemically reacts with the metal oxide to produce re­
ductant metal oxide and metal products. For example: 

Ca(reductant) + i U02-+CaO+ U<,product)· 

Accordingly, it is an object of the present invention 
to provide an electrochemical process and an electro­
chemical cell for reducing a metal oxide using ion con-

60 

ductors. 65 
It is another object of the invention to provide an 

improved electrochemical process and an electrochemi­
cal cell for reducing a metal oxide overcoming some of 

DETAILED DESCRIPTION OF THE 
INVENTION 

In accordance with the invention, an electrochemical 
process is used to disassociate reductant metal oxides 
into oxygen and the metal or metals, for example to 
generate ca• from CaO, using ion conductors to isolate 
the activity at the electrodes from chemical reaction 
and the regeneration of the reductant metal which acts 
to chemically displace the metal of the metal oxide. It is 
understood that the use of Zr02 at the oxygen electrode 
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4 
is particularly important. With regard to the specifics of 
the. reduction of CaO, the process could include the 
displacement ofUand Pu in their oxides by ca• and the 
sep~ation of U and Pu from the electrolyte. 
· An example of the recovery of oxide waste using ion 5 

conductors in the. process of the invention is described 
below for re(?OVery of the Oxide waste from the chemi­
cal reduction ofUO2-PuO2. 1n·the production of urani­
um-plutonium III.eta! from their oxides, calcium metal in 
a· molten salt is ~ as the reductant. Calcium oxide is 
formed. Both the calcium metal and the calcium oxide 
are soluble in the salt to some degree. This makes an 

10 

from the system in Step 1 of FIG. 1. The calcium metal 
is the original reductant used to reduce the actinide 
oxides. The cell io in FIGS. 1 and 2 illustrates the two-
step process and the operation of ion conductors 14, 16 
and 18 in the electrochemical cell. 

It should be understood that a separate step for the 
reduction of the UO2-PuO2may not be needed. This can 
be illustrated by modification of the system discussed 
above, as provided by the following example: 

EXAMPLE2 

electrochemical method feasible. The two-step process Step 1 • U02(Pu02 Reduction and o 2 Separation 
of the invention is. best illustrated by FIGS. 1-2. Anode Cell Electrolyte Cathode In FIG. 1 there is shown an electrochemical cell 15 _________ ....... ________ _ 

generally_designatcd by reference character 10 for car- zr02, oxygen ion Salt containing Na" or Na" alloy 
· conductor soluble ea•, Cao in ,8-alumina sodium 

rying out a first step of the process of the invention. NaCl, and contact• ion conductor 
Initially, a liquid electrolyte 12 contains Ca2+, Na+, ing uo2 -Pu02 
CI-,and ea•. An oxygen ion conductor anode 14, pref- eao-ea2+ + i Ci+ 2e- NaCl+ e--Na" + 

c1-
erably a_Zr02 anode 14, provides oxidation of O-2 to 20 ea2+ + 2c1- CaCl 
o• at an inner surface 14A and gives rise to an Q-2 --~-----.;:;

2
-------------

concentration gradient across this ionic conductor. An 
ion concjuctor cathode 16, such as, for example, a /3-
alumina sodium ion ·cathode 16, provides reduction of 
Na+and gives rise to an Na+concentration gradient 25 
across this ionic conductor. A cell voltage of about 2.8 
volt is required with a current flow from the anode 14 
to the cathode 16 of the first step of the process forms 
Na", CaC]iand O2and removes Q-2and Na+. 

FIG. 2 illustrates the second step of the process of the 30 
invention with an inert cathode electrode 18 inserted 
into the cell 10 and current flow reversed from the 

Step 1 produces: Na metal, CaCh, and 02 which is 
purged from the cell. 

Overall cell reaction for the above step is: 

U02 + 2Ca" ~2Ca0 + U 
+ Ca0 + 2NaCI~ CaC)i + 2Na" + l02 

U02 + 2Ca' + 4NaCI~ U' + 2CaCl2 + 4Na' + 02 

cathode 16 now operating as an anode to the cathode 
electrode 18. Ca• is regenerated using the inert cathode Step 2 · Salt Regeneration 
electrode 18 and Na+is regenerated at anode 16 in step 35 _A_nod_e ____ ee_11_E_1ec_tro_I_yt_e __ ea_th_od_e _____ _ 
2 of the process. A cell voltage of about 0.02 volts is Na in NaAJ02 Reduction salt 
generated in step 2 of the process. Na" - Na+ + e- containing soluble 

Iron Rod 
ea2+ + 2e- .... Ca' 
CaCI2- Ca'+ 2c1-

EXAMPLE 1 

--------------------Step 1 • 02 Separation 
Anode Cell Electrolyte Cathode 
Zr02, oxygen ion Reduction salt 
conductor containing soluble 

Ca', Ca0, and 
added NaCl 

eao - ea2+ + i 02 + 2e-
ea2+ + 2c1- - eac12 

Na in ,8-alumina sodium · 
ion conductor 

NaCl + e- -+Na' + c1-

40 

ea•, Ca0, and 
added NaCl 

Step 2 produces: ca•, NaCl. 
Overall cell reaction is 2Na0 +CaC]i-,.2NaCI+ca• 
It should be understood that an actinide oxide reduc­

. tion system similar to the above examples and with the 
45 illustrated system of FIGS. 1 and 2, except based on 

lithium/lithium salts, is also theoretically possible. Its 
potential advantage over the calcium/calcium salt sys­
tem is a lower operating temperature. 

Also, a potential payoff of the process of the inven-
Step 1 produces: Na metal, CaCh, and 02 which is 50 tion is that the oxide reduction can be a substantially 

purged from the cell. Overall cell reaction is: continuous or semi-continuous operation, so that the 

Ca0+2NaCI-C.C12+2Na"+i02 
oxide waste can be destroyed as it is generated. 

Obviously many modificatio~s and variations of the 
present invention are possible in light of the above 

55 teachings. Thus, it is to be understood that, within the 
_______ S_te_p_2 ___ S_al_t -R-eg-e-ne-ra-ti-on_______ scope of the appended claims, the invention may be 

Cell Electrolyte Cathode practiced otherwise than as specifically described Anode 
Na in ,8-alumina Reduction salt 
Na'--+ Na+ + e- containing 

soluble 
ea•, Ca0, and 
added NaCl 

Step 2 produces: ca•, NaCl. 

Iron Rod 
eac12 + 2e- -ea• + 2c1-
eac12 - ea· + 2c1-

above. 
What is claimed and desired to be secured by Letters 

60 Patent of the United States is: 
1. An electrochemical process of reducing a metal 

oxide comprising the steps of: 

Overall cell reaction is: 2Na0 +CaC]i-,.2NaCl+Ca0 65 

providing an electrochemical cell including a first 
anode-cathode pair of ion conductor electrodes 
and an electrolyte containing a molten salt which is 
comprised of a reductant, a reductant oxide and 
NaCl and the metal oxide, both said anode and said 
cathode of said first anode-cathode pair having an 

The sum of the two steps converts Cao to calcium 
metal, which is recycled, and oxygen, which is purged 
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inner surface and an outer surface and only said 
. outer surface beingin contact with said electrolyte; 

. said cathode being a sodium ion selective cathode 
and said anode being an oxygen ion selective an-
ode; S 

impressing a voltage across said sodium ion selective 
cathode and said oxygen ion selective anode 
whereby Na30 cations· migrate from said electro­
lyte. to an iruier surface of. said cathode to be re­
duced into Na• and Q-2 anions migrate from said 10 
electrolyte to an inner surface of said anode to be 
oxidized to 02 with the reduction of the metal 
'oxide to form metal and reductant chloride; 

inserting an inert electrode into the electrochemical 
cell; and 15 

generating a voltage 1,,etween said sodium ion selec­
t.ive cathode and said inserted inert electrode 
whereby said reductant is regenerated into said 
electrolyte. 

2. An electrochemical process as recited in claim 1 20 
wherein the metal oxide is an oxide of U or Pu. 

3. An electrochemical process as recited in claim 1 
wherein said molten salt contains soluble ca•, CaO and 
NaCl. 

4. An electrochemical process as recited in claim 3 25 
wherein said regenerated reductant includes ea•. 

5. An electrochemical process as recited in claim 1 
whex:ein said step of impressing a voltage across said 
sodium ion selective cathode and said oxygen ion selec­
tive anode includes applying a cell voltage of approxi- 30 
mately 2.8 volts. 

6. An electrochemical process as recited in claim 1 
wherein said step of generating a voltage between said 
sodium ion selective .cathode and said inserted inert 
electrode includes generation of a cell voltage of ap- 35 
proximately 0.02 volts. 

7. An electrochemical process as recited in claim 1 
wherein said sodium ion selective cathode is a /3-
alumina sodium ion conductor. 

8. An electrochemical process as recited in claim 1 40 
wherein said oxygen ion selective anode is a ZrO2 oxy­
gen ion conductor. 

9. An electrochemical process as recited in claim 1 
wherein said molten salt includes calcium metal and 
said metal oxide includes an actinide oxide. 45 

:io. An electrochemical process as recited in claim 1 
wherein said molten salt includes calcium metal and 
said metal oxide includes an oxide of uranium or pluto­
nium. 

so 

55 

60 

65 

6 
11. An electrochemical process as recited in claim 1 

wherein said molten salt includes lithium metal and 
lithium chloride and said metal oxide includes an acti­
nide oxide. 

12. An electrochemical cell for reducing a metal 
oxide from an electrolyte containing a molten salt 
which is comprised of a reductant, a reductant oxide 
and NaCl ani:1 the metal oxide; said electrochemical cell 
comprising: 

a first anode-cathode pair of ion conductor elec­
trodes; both said anode and said cathode of said 
first anode-cathode pair having an inner surface 
and an outer surface and only said outer surface 

• being in contact with said electrolyte; said cathode 
being. a sodium ion selective cathode and said 
anode being an oxygen ion selective anode; 

means for impressing a voltage across said sodium ion 
selective .cathode and said oxygen ion selective 
anode whereby Na+ cations migrate from said 
electrolyte to art inner surface of said cathode to be 
reduced into Na• and Q-2anions migrate from said 
electrolyte to an inner surface of said anode to be 
oxidized to 02 with the reduction of the metal 
oxide to form metal and reductant chloride; 

an inert electrode for insertion into the electrochemi­
cal cell; and 

means for generating a voltage between said sodium 
ion selective cathode and said inserted inert elec­
trode whereby said reductant is regenerated into 
said electrolyte. 

13. An electrochemical cell as recited in claim 12 
wherein said oxygen ion selective anode is a Zr02 oxy­
gen ion conductor. 

14. An electrochemical cell as recited in claim 12 
wherein said sodium ion selective cathode is a /3-
alumina sodium ion conductor. 

15. An electrochemical cell as recited in claim 12 
wherein said molten salt includes lithium metal and 
lithium chloride and said metal oxide includes an acti­
nide oxide. 

16. An electrochemical cell as recited in claim 12 
wherein said molten salt includes calcium metal and 
calcium chloride and said metal oxide includes an acti­
nide oxide. 

17. An electrochemical cell as recited in claim 12 
wherein said metal oxide includes an actinide oxide, an 
oxide ofU or Pu and said molten salt includes Ca", Cao 
and NaCl. 

• • • • • 
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