
US 20060131 l82Al 

(12) Patent Application Publication (10) Pub. No.: US 2006/0131182 A1 
(19) United States 

Mazanec et al. (43) Pub. Date: Jun. 22, 2006 

(54) SOLID MULTI-COMPONENT MEMBRANES, 
ELECTROCHEMICAL REACTOR 
COMPONENTS, ELECTROCHEMICAL 
REACTORS AND USE OF MEMBRANES, 
REACTOR COMPONENTS, AND REACTOR 
FOR OXIDATION REACTIONS 

(76) Inventors: Terry J. Mazanec, Solon, OH (US); 
Thomas L. Cable, Newbury, OH (U S); 
John G. Freye JR., Solon, OH (US); 
Wayne R. KlieWer, Solon, OH (US) 

Correspondence Address: 
CAROL WILSON 
BP AMERICA INC. 
MAIL CODE 5 EAST 
4101 WINFIELD ROAD 
WARRENVILLE, IL 60555 (US) 

(21) Appl. No.: 11/328,908 

(22) Filed: Jan. 10, 2006 

Related US. Application Data 

(60) Continuation of application No. l0/0l0,l2l, ?led on 
Dec. 6, 2001, now Pat. No. 7,033,470, which is a 
continuation of application No. 09/491,609, ?led on 
Jan. 26, 2000, now Pat. No. 6,332,968, which is a 
continuation of application No. 09/033,l68, ?led on 
Mar. 2, 1998, now Pat. No. 5,930,843, which is a 
continuation of application No. 08/487,945, ?led on 
Jun. 7, 1995, now Pat. No. 6,019,885, which is a 
division of application No. 08/394,925, ?led on Feb. 
24, 1995, now Pat. No. 5,591,315, which is a con 
tinuation of application No. 08/228,793, ?led on Apr. 
15, 1994, now abandoned, which is a division of 
application No. 07/618,792, ?led on Nov. 27, 1990, 
now Pat. No. 5,306,411, which is a continuation-in 
part of application No. 07/457,327, ?led on Dec. 27, 
1989, now abandoned, and which is a continuation 
in-part of application No. 07/457,340, ?led on Dec. 
27, 1989, now abandoned, which is a continuation 
in-part of application No. 07/025,5ll, ?led on Mar. 
13, 1987, now Pat. No. 4,933,054. 

Said application No. 07/ 618,792 is a continuation-in 
part of application No. 07/457,384, ?led on Dec. 27, 
1989, now abandoned, and which is a continuation 
in-part of application No. 07/5l0,296, ?led on Apr. 
16, 1990, now abandoned, which is a continuation 
in-part of application No. 07/357,3l7, ?led on May 
25, 1989, now abandoned. 

Publication Classi?cation 

(51) Int. C1. 
0251; 1/02 (2006.01) 

(52) U.S. c1. ............................................................ ..205/551 

(57) ABSTRACT 

Solid membranes comprising an intimate, gas-impervious, 
multi-phase mixture of an electronically-conductive mate 
rial and an oxygen ion-conductive material and/or a mixed 
metal oxide of a perovskite structure are described. Elec 
trochemical reactor components, such as reactor cells, and 
electrochemical reactors are also described for transporting 
oxygen from any oxygen-containing gas to any gas or 
mixture of gases that consume oxygen. The reactor cells 
generally comprise ?rst and second Zones separated by an 
element having a ?rst surface capable of reducing oxygen to 
oxygen ions, a second surface capable of reacting oxygen 
ions with an oxygen-consuming gas, an electron-conductive 
path between the ?rst and second surfaces and an oxygen 
ion-conductive path between the ?rst and second surfaces. 
The element may further comprise (l) a porous substrate, (2) 
an electron-conductive metal, metal oxide or mixture thereof 
and/or (3) a catalyst. The reactor cell may further comprise 
a catalyst in the Zone which comprises a passageway from 
an entrance end to an exit end of the element. Processes 
described which may be conducted with the disclosed reac 
tor cells and reactors include, for example, the partial 
oxidation of methane to produce unsaturated compounds or 
synthesis gas, the partial oxidation of ethane, substitution of 
aromatic compounds, extraction of oxygen from oxygen 
containing gases including oxidiZed gases, ammoxidation of 
methane, etc. The extraction of oxygen from oxidiZed gases 
may be used for ?ue or exhaust gas cleanup. 
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SOLID MULTI-COMPONENT MEMBRANES, 
ELECTROCHEMICAL REACTOR COMPONENTS, 
ELECTROCHEMICAL REACTORS AND USE OF 
MEMBRANES, REACTOR COMPONENTS, AND 
REACTOR FOR OXIDATION REACTIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This patent application is a continuation-in-part of 
US. patent application Ser. Nos. 07/457,327 ?led on Dec. 
27, 1989; 07/457,340 ?led on Dec. 27, 1989, Which is a 
continuation-in-part of US. patent application Ser. No. 
07/25,511 ?led on Mar. 13, 1987 and issued as US. Pat. No. 
4,933,054 on Jun. 12, 1990; Ser. Nos. 07/457,384 ?led on 
Dec. 27, 1989; and 07/510,296 ?led onApr. 16, 1990, Which 
is a continuation-in-part of US. patent application Ser. No. 
07/357,317 ?led on May 25, 1989, noW abandoned, Which 
are hereby fully incorporated herein by reference. 

TECHNICAL FIELD 

[0002] This invention relates to the ?eld of electrochemi 
cal reactors Which facilitate the transfer of oxygen. In 
particular, this invention relates to oxygen semipermeable 
membranes, components for electrochemical reactors com 
prising the oxygen semipermeable membrane, electrochemi 
cal reactors and reactor components comprising the oxygen 
semipermeable membranes and optional catalyst, and elec 
trochemical processes Which use the oxygen semipermeable 
membrane and optional catalyst to facilitate electrochemical 
processes Which utiliZe oxygen transport from an oxygen 
containing gas to a gas that consumes oxygen. 

BACKGROUND OF THE INVENTION 

[0003] Synthesis gas is composed primarily of hydrogen 
and carbon monoxide. Generally the H2/CO molar ratio is 
from about 0.6 to 6. The production of synthesis gas from 
light hydrocarbons such as methane and natural gas by 
partial oxidation is knoWn. The present invention describes 
an electrochemical reactor having a solid multi-component 
membrane, Which facilitates the electrocatalytic conversion 
of light hydrocarbons to synthesis gas. 

[0004] Numerous publications describe conventional fuel 
cells Which completely oxidiZe methane to carbon dioxide 
and Water. These fuel cells are not designed to conduct 
chemical processes, but rather to generate electricity from 
fuel gas and air (or oxygen). The processes conducted in fuel 
cells are selected for complete combustion rather than partial 
combustion and require completion of an external electric 
circuit for oxidation of fuel gas to proceed. 

[0005] Other uses for the electrochemical reactor of the 
present invention include the partial oxidation of hydrocar 
bons to form ole?ns, the partial oxidation of ethane, substi 
tution of aromatic compounds, extraction of oxygen from 
one or more oxygen-containing gases such as S02, S03, 
N20, NO, N02, steam, CO2, ammoxidation of methane, etc. 

[0006] Dehydrogenation processes for the conversion of 
saturated organic compounds to unsaturated compounds are 
Well knoWn. Continued efforts have been made in recent 
years to improve such processes in order to improve the 
conversion rate and selectivity to desired products. The 
present invention describes a continuous process for dehy 
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drogenation of saturated hydrocarbons such as ethane to 
ethylene and acetylene, and propane to propene and pro 
pyne. In this process of the present invention, Water is a 
by-product, and electricity may be generated. 

[0007] The commercial ethane dehydrogenation process, 
Which is an equilibrium limited thermal reaction, must rely 
on the use of high reaction temperatures to obtain reasonable 
per pass yields of ethylene. As a result of the high tempera 
tures required, rates of competing cracking and coking 
reactions are high enough to adversely affect product selec 
tivities. 

[0008] Conventional oxydehydrogenation processes, 
Which are not inherently equilibrium limited, also suffer 
from poor product selectivities at high ethane conversions. 

[0009] The present invention overcomes the disadvan 
tages inherent in the prior art processes in order to achieve 
high conversion to unsaturated hydrocarbons combined With 
loW rates of competing cracking and coking reactions. 

[0010] Processes for the substitution of aromatic com 
pounds are Well knoWn. Continued efforts have been made 
in recent years to improve such processes in order to 
improve the conversion rate and selectivity to desired prod 
ucts. The present invention describes a continuous process 
for the substitution of aromatic compounds such as benZene, 
With a second hydrogen-containing compound. In this pro 
cess of the present invention, Water is a by-product, and 
electricity can be generated. 

[0011] Sulfur and nitrogen oxides, for example, are Well 
knoWn noxious pollutants in gas streams emanating from 
stationary and mobile sources such as poWer plants, auto 
mobiles, ships, trains, etc. Sulfur oxides are knoWn to 
combine With Water vapor to form a highly corrosive vapor 
causing irritation to eyes and mucous membrane, damage to 
metal-containing structures, and environmental harm to veg 
etation due to acid rain. Nitrogen oxides are toxic irritants 
and are also damaging to the environment. Carbonyl sul?de 
(COS) is another toxic pollutant formed as a product of a 
reaction betWeen a sulfur-containing compound and carbon 
monoxide in a gas stream e?luent. Regulations on the 
discharge of these pollutants into the atmosphere have 
become increasingly stringent. The present invention 
describes an electrocatalytic process and electrochemical 
cell for removing sulfur and nitrogen oxides from gas 
streams Which utiliZe the chemical driving force of a fuel 
gas. 

SUMMARY OF THE INVENTION 

[0012] A solid multi-component membrane is described 
for use in the processes of the present invention. The solid 
multi-component membrane generally comprises intimate, 
gas-impervious, multi-phase mixtures of an electronically 
conductive phase and an oxygen ion-conductive phase and/ 
or gas impervious “single phase” mixed metal oxides having 
a perovskite structure and having both electron-conductive 
and oxygen ion-conductive properties. Solid multi-compo 
nent membranes are also described for use in electrochemi 
cal reactors comprising the aforementioned multi-phase 
mixtures and/or the aforementioned mixed metal oxides, 
provided that the mixed metal oxides are represented by the 
formula: 
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WhereinA represents a lanthanide or Y, or a mixture thereof; 
A' represents an alkaline earth metal or a mixture thereof; B 
represents Fe; B' represents Cr or Ti, or a mixture thereof; 
and B" represents Mn, Co, V, Ni or Cu, or a mixture thereof 
and s, t, u, V, W, and x each represent a number such that: 

[0013] s/t equals from about 0.01 to about 100; 

[0014] u equals from about 0.01 to about 1; 

[0015] V equals from 0.01 to about 1; 

[0016] W equals from Zero to about 1; 

[0017] x equals a number that satis?es the valences of the 
A, A', B, B' and B" in the formula; and 

O.9<(s+l)/(u+v+w)<l.l. 

[0018] An element is described for use in the processes of 
the present invention having a ?rst surface capable of 
reducing oxygen to oxygen ions, a second surface capable of 
reacting oxygen ions; With an oxygen-consuming gas, an 
electron-conductive path betWeen the ?rst and second sur 
faces and an oxygen ion-conductive path betWeen the ?rst 
and second surfaces. The element may also comprise (l) a 
porous substrate, (2) an electron-conductive metal, metal 
oxide or mixture thereof and/or (3) a catalyst. The porous 
substrate (1); conductive coating (2); and/ or (3) catalyst may 
be applied as separate materials or the functions of the 
porous substrate (1); conductive coating (2); and/or catalyst 
(3) may be combined in one or tWo materials. Elements are 
described for use in an electrochemical reactor as de?ned 
above Wherein the element comprises (1) a catalyst, such as 
a sulfur reducing catalyst at a surface thereof, or (2) (A) a 
solid multi-component membrane characterized by (1) an 
intimate, gas-impervious, multi-phase mixture of an elec 
tronically-conductive phase and an oxygen ion-conductive 
phase or (2) a mixed metal oxide material having a perovs 
kite structure and (B) a conductive coating, a catalyst, or a 
conductive coating comprising a catalyst. 

[0019] An electrochemical reactor cell for transporting 
oxygen from any oxygen containing gas to any gas that 
consumes oxygen is also described Which generally com 
prises the aforementioned elements having an entrance end, 
an exit end and a passage therebetWeen for the movement of 
one or more gases from the entrance end to the exit end. In 
one embodiment, the passage betWeen the entrance end and 
exit end may optionally comprise a catalyst, such as a 
discrete particle or ?ber catalyst packed in the passage 
betWeen the entrance end and the exit end of the reacter cell. 
This electrochemical reactor cell is placed in an environment 
containing an oxygen-containing gas on one side and an 
oxygen-consuming gas on the other side under reaction 
conditions of appropriate temperature and percentage of 
respective gases. 

[0020] An electrochemical reactor for reacting an oxygen 
consuming gas With an oxygen-containing gas is also 
described comprising a shell having an entrance end, an exit 
end and a passage therebetWeen for the movement of one or 
more gases from the entrance end to the exit end and at least 
one of the aforementioned reactor cells positioned Within the 
shell, so that the shell and the reactor cell together form a 
?rst Zone for introducing, reacting and expelling a ?rst gas 
or gas mixture and a second Zone (i.e., the aforementioned 
reactor cell passage) Within the reactor cell and separated 
from the ?rst Zone by the reactor cell for introducing, 
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reacting and expelling a second gas or gas mixture. In one 
embodiment, the ?rst Zone and or second Zone may option 
ally comprise a catalyst, such as discrete particle or ?ber 
catalyst packed betWeen the shell and the outer surface of the 
reactor cell or in the passage Within the reactor cell. 

[0021] Further included Within the scope of the present 
invention is an electrochemical process for oxidiZing a 
reactant gas. The term “reactant gas” is de?ned herein as a 
gas Which is capable of reacting With oxygen or oxygen ions. 

[0022] One aspect of the present invention is an electro 
chemical process for oxidiZing methane, natural gas or other 
light hydrocarbons to unsaturated hydrocarbons or synthesis 
gas. The electrochemical process generally comprises 

[0023] (A) providing an electrochemical cell comprising a 
?rst Zone and a second Zone separated from the ?rst Zone by 
the element de?ned above, 

[0024] (B) heating the electrochemical cell to a tempera 
ture of from about 3000 C. to about 14000 C., 

[0025] (C) passing an oxygen-containing gas in contact 
With the element in the ?rst Zone, and 

[0026] (D) passing methane, natural gas or other light 
hydrocarbon in contact With the element in the second Zone. 

[0027] The above process may further comprise 

[0028] (E) recovering the product from the second Zone. 

[0029] When the present invention is an electrochemical 
process for oxidiZing methane, natural gas or other light 
hydrocarbons to synthesis gas, the electrochemical process 
comprises 

[0030] (A) providing an electrochemical cell comprising a 
?rst Zone and a second Zone separated from the ?rst Zone by 
the element de?ned above, 

[0031] (B) heating the electrochemical cell to a tempera 
ture of from about 10000 C. to about 14000 C., 

[0032] (C) passing an oxygen-containing gas in contact 
With the element in the ?rst Zone, and 

[0033] (D) passing methane, natural gas or other light 
hydrocarbon in contact With the element in the second Zone. 

[0034] The above process may further comprise 

[0035] (E) recovering the synthesis gas from the second 
Zone. 

[0036] When the electrocatalytic process is for producing 
unsaturated hydrocarbon compounds from saturated hydro 
carbon compounds, the process generally comprises the 
steps of 

[0037] (A) providing an electrochemical cell comprising 
an element having a ?rst and second surface as de?ned 

above; 

[0038] (B) passing an oxygen-containing gas in contact 
With the ?rst surface While 

[0039] (C) passing a saturated hydrocarbon-containing gas 
in contact With a dehydrogenation catalyst adjacent to the 
second surface; and, optionally, 

[0040] (D) recovering unsaturated hydrocarbons. 
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[0041] When the present invention is an electrocatalytic 
process for reacting an aromatic compound With a second 
hydrogen-containing compound to form substituted aro 
matic compounds, this process comprises: 

[0042] (A) providing an electrochemical cell comprising 

[0043] (i) an element having a ?rst and second surface as 
de?ned above, 

[0044] (ii) a ?rst passageWay adjacent to the ?rst surface, 
and 

[0045] (iii) a second passageWay adjacent to the second 
surface; and 

[0046] (B) passing an oxygen-containing gas through the 
?rst passageWay While 

[0047] (C) passing an oxygen-consuming gas through the 
second passageWay Wherein the oxygen-consuming gas 
comprises a mixture of a hydrogen-containing aromatic 
compound and a second hydrogen-containing compound to 
produce the substituted aromatic compound. 

[0048] In one embodiment, the second passageWay of the 
electrochemical cell includes a catalyst distributed in the 
passageWay or on the second surface, or both. 

[0049] If it is desirable to recover the substituted aromatic 
compound, the above process may further comprise: 

[0050] (D) recovering the substituted aromatic compound 
from the second passageWay. 

[0051] Another aspect of the present invention is an elec 
trochemical process for extracting oxygen from an oxygen 
containing gas Which comprises 

[0052] (A) providing an electrochemical cell comprising a 
?rst Zone and a second Zone separated from the ?rst Zone by 
the element de?ned above, 

[0053] (B) passing an oxygen-containing gas in contact 
With the element in the ?rst Zone, and 

[0054] (C) passing a reactant gas in contact With the 
element in the second Zone. 

[0055] When the present invention is an electrochemical 
process for extracting oxygen from a gas containing oxygen 
other than as free oxygen such as S02, S03, N20, NO or 
N02, the electrochemical process comprises 

[0056] (A) providing an electrochemical cell comprising a 
?rst Zone and a second Zone separated from the ?rst Zone by 
the element de?ned above, 

[0057] (B) passing a gas containing an oxygen-containing 
gas Wherein oxygen is present in a form other than as free 
oxygen in contact With the element in the ?rst Zone, and 

[0058] (C) passing a reactant gas in contact With the 
element in the second Zone. 

[0059] This process may be used in a method for gas 
cleanup in Which the gas containing oxygen other than as 
free oxygen is a ?ue or exhaust gas. 

[0060] If a desirable product is obtained by the above 
oxygen extraction processes, such as synthesis gas, unsat 
urated hydrocarbons, elemental sulfur, or oxygen free gas, 
those processes may further comprise recovering the desired 
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product from the Zone in Which it is produced. Oxygen-free 
gas may, for example, be recovered from the ?rst Zone. 

[0061] When the present invention is an electrochemical 
process for oxidiZing methane and ammonia to hydrogen 
cyanide, the electrochemical process comprises 

[0062] (A) providing an electrochemical cell comprising a 
?rst Zone and a second Zone separated from the ?rst Zone by 
the element de?ned above, 

[0063] (B) heating the electrochemical cell to a tempera 
ture of from about 10000 C. to about 14000 C., 

[0064] (C) passing an oxygen-containing gas in contact 
With the element in the ?rst Zone, and 

[0065] (D) passing methane and ammonia in contact With 
the element in the second Zone. 

[0066] The above process may further comprise 

[0067] (E) recovering hydrogen cyanide from the second 
Zone. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0068] 
[0069] FIG. 1 is a side vieW, and cross-section of a ?rst 
embodiment of an electrochemical reactor of the present 

invention; 
[0070] FIG. 2 is a top vieW, and cross-section of a second 
embodiment of an electrochemical reactor of the present 
invention; 
[0071] FIG. 3 is a side vieW, and cross-section of the 
reactor shoWn in FIG. 2; 

In the annexed draWings: 

[0072] FIG. 4 is an electron photomicrograph back scat 
tered image of the surface of one embodiment of the solid 
multi-component membrane of the present invention at 500 
times magni?cation; and 

[0073] FIG. 5 is an electron photomicrograph of a cross 
section of the same solid multi-component membrane shoWn 
in FIG. 4 at 5,000 times magni?cation. 

[0074] FIG. 6 is a top vieW, and cross-section, of a third 
embodiment of an electrochemical reactor useful for carry 
ing out the processes of the invention. 

[0075] FIG. 7 is a side vieW, and cross-section, of the 
reactor shoWn in FIG. 6. 

[0076] FIG. 8 is a side vieW, and cross-section of an 
element suitable for carrying out the processes of this 
invention. 

[0077] FIG. 9 is a top vieW, and cross-section of another 
electrochemical reactor useful for carrying out the processes 
of the invention. 

[0078] FIG. 10 is a side vieW, and cross-section of the 
reactor shoWn in FIG. 9. 

[0079] FIG. 11 is a side vieW and cross-section of yet 
another embodiment of the present invention suitable for 
carrying out the processes of this invention. 

[0080] FIG. 12 is a top vieW and cross-section of another 
electrochemical reactor useful for carrying out the processes 
of the invention. 
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[0081] FIG. 13 is a side vieW and cross-section of the 
reactor shown in FIG. 12. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0082] This invention provides an electrochemical reactor 
for a continuous process for transporting oxygen from any 
oxygen-containing gas to any reactant gas that consumes 
oxygen. Processes Which may be conducted With the present 
invention are, for example, the combustion of hydrogen to 
produce Water, the partial oxidation of methane or natural 
gas to produce synthesis gas, the partial oxidation of meth 
ane and saturated hydrocarbon-containing gases to produce 
unsaturated hydrocarbons, the partial oxidation of ethane, 
substitution of aromatic compounds, extraction of oxygen 
from oxygen-containing gases (e.g., extraction of oxygen 
from NOX., Wherein x' has a value from 0.5 to 2, SOy, 
Wherein y has a value from 2 to 3, steam, CO2, etc.), 
ammoxidation of methane to hydrogen cyanide, etc. 

[0083] One embodiment of the electrochemical reactor of 
the present invention may be schematically represented as 
shoWn in FIG. 1, Wherein the side vieW, and cross-section 
of the reactor 1 shoWs a ?rst Zone 2 separated from a second 
Zone 3 by element 4. The outer perimeter of the ?rst Zone is 
de?ned by reactor tube 5 and the outer perimeter of the 
second Zone is de?ned by reactor tube 6. Reactor tubes 5 and 
6 form a gas-tight seal With element 4 by means of glass 
seals 7 and 8, respectively. Feed tubes 9 and 10 conduct the 
oxygen-containing gas 11 and oxygen-consuming gas 12 
into Zones 2 and 3, respectively. Exit ports 13 and 14 permit 
reacted gases 15 and 16 to escape Zones 2 and 3, respec 
tively. 

[0084] In practice, an oxygen-containing gas or gas mix 
ture, such as air, is passed in contact With the element in the 
?rst Zone, and the oxygen-consuming gas or gas mixture, 
such as a reactant gas-containing feed gas, is passed in 
contact With the element in the second Zone. As the oxygen 
containing gas or gas mixture contacts the element, oxygen 
is reduced to oxygen ions Which are transported through the 
element 4 to the surface facing the second Zone. At the 
second Zone, the oxygen ions react With the oxygen-con 
suming gas or gas mixture, oxidiZing the oxygen-consuming 
gas and releasing electrons. The electrons return to the 
surface facing the ?rst Zone via element 4. 

[0085] In one embodiment, the oxygen-consuming gas is 
methane or natural gas, and the oxygen-containing gas or 
gas mixture is air. As air contacts the element, the oxygen 
component of air is reduced to oxygen ions Which are 
transported through the element to the second Zone Where 
the oxygen ions react With the methane to produce synthesis 
gas or ole?ns, depending on the reaction conditions. 

[0086] In another embodiment, the oxygen-consuming gas 
is methane, natural gas, or hydrogen and the oxygen 
containing gas is a ?ue or exhaust gas containing NOXv 
and/or SOy, Wherein x' and y are de?ned as above. As the 
?ue gas contacts the element, the oxygen of NOXv and/or SOy 
is reduced to oxygen ions Which are transported through the 
element to the second Zone Where the oxygen ions react With 
the oxygen-consuming gas to produce carbon dioxide and 
Water, synthesis gas or ole?ns, depending on the reaction 
conditions. In one embodiment, nitrogen gas and elemental 
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sulfur are electrochemically produced from NOxv and SOy, 
respectively, in the ?rst Zone. 

[0087] In yet another embodiment of the present inven 
tion, the oxygen-containing gas is a gas containing steam 
(i.e., H2O gas). As H2O contacts the element, the oxygen of 
H20 is reduced to oxygen ions Which are transported 
through the element to the second Zone Where the oxygen 
ions react With methane or natural gas, for example. The 
H2O is reduced to hydrogen gas (H2) in the ?rst Zone. The 
hydrogen gas may be recovered and used, for example, to 
hydrogenate unsaturated hydrocarbons, provide fuel for an 
electrical current generating fuel cell, to provide fuel for 
heating the electrochemical cell of this invention or to 
provide a reactant gas for the electrochemical process for 
extracting oxygen from an oxygen-containing gas in accor 
dance With the present invention. 

[0088] Materials Which are copresent may participate in 
electrochemical reduction or oxidation taking place at the 
element of the present invention. When, for example, meth 
ane is present With ammonia in the second Zone and an 
oxygen-containing gas is present in the ?rst Zone, hydrogen 
cyanide and Water may be produced electrochemically in the 
second Zone. 

[0089] Other combinations of materials reactive With each 
other to produce a Wide range of products are possible and 
are contemplated as being Within the scope of the present 
invention. 

[0090] The terms “oxygen-consuming gas , reactant gas” 
and “oxygen-containing gas” herein include materials Which 
are not gases at temperatures beloW the temperature ranges 
of the pertinent process of the present invention, and may 
include materials Which are liquid or solid at room tempera 
ture. An example of an oxygen-containing gas Which is 
liquid at room temperature is steam. 

Multi-Component Membrane 

[0091] As mentioned above, the solid multi-component 
membrane used in the electrochemical reactor of the present 
invention may be an intimate, gas-impervious, multi-phase 
mixture of any electronically-conducting material With any 
oxygen ion-conducting material and/or a gas impervious 
“single phase” mixed metal oxide having a perovskite 
structure and having both electron-conductive and oxygen 
ion-conductive properties. The phrase “gas-impervious” is 
de?ned herein to mean “substantially gas-impervious or 
gas-tight” in that the mixture does not permit a substantial 
amount of the above-described oxygen-consuming or oxy 
gen-containing gas to pass through the mixture as a gas (i.e., 
the mixture is non-porous, rather than porous, With respect 
to the relevant gases). In some cases, a minor degree of 
perviousness to gases might be acceptable or unavoidable, 
such as When hydrogen gas is present. 

[0092] The term “mixtures” in relation to the solid multi 
component membrane includes materials comprised of tWo 
or more solid phases, and single-phase materials in Which 
the atoms of the various elements are intermingled in the 
same solid phase, such as in the yttria-stabiliZed Zirconia 
mentioned beloW. The examples of preferred metal-doped 
metal oxides are single-phase materials Whereas the phrase 
“multi-phase mixture” refers to a composition Which con 
tains tWo or more solid phases interspersed Without forming 
a single phase solution. 
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[0093] In other Words, the multi-phase mixture is “multi 
phase”, because the electronically-conductive material and 
the oxygen ion-conductive material are present as at least 
tWo solid phases in the gas impervious solid membrane, such 
that the atoms of the various components of the multi 
component membrane are, for the most part, not inter 
mingled in the same solid phase. 

[0094] (1) Multi-Phase 

[0095] The multi-phase solid membrane of the present 
invention differs substantially from “doped” materials 
knoWn in the art. A typical doping procedure involves 
adding small amounts of an element, or its oxide (i.e., 
dopant), to a large amount of a composition (i.e., host 
material), such that the atoms of the dopant become perma 
nently intermingled With the atoms of the host material 
during the doping process, Whereby the material forms a 
single phase. The multi-phase solid membrane of the present 
invention, on the other hand, comprises an oxygen ion 
conductive material and an electronically conductive mate 
rial that are not present in the dopant/host material relation 
ship described above, but are present in substantially dis 
crete phases. Hence, the solid membrane of the present 
invention, rather than being a doped material, may be 
referred to as a tWo-phase, dual-conductor, multi-phase, or 
multi-component membrane. 

[0096] The multi-phase membrane of the present inven 
tion can be distinguished from the doped materials by such 
routine procedures as electron microscopy, X-ray diffraction 
analysis, X-ray adsorption mapping, electron diffraction 
analysis, infrared analysis, etc., Which can detect differences 
in composition over a multi-phase region of the membrane. 
An example of such physical evidence of multi-phase com 
position is the electron photomicrographs shoWn as FIG. 4 
and FIG. 5. A detailed explanation of FIG. 4 and FIG. 5 
folloWs Examples 1-5 beloW. 

[0097] Typically, the oxygen ion-conducting materials or 
phases are solid solutions (i.e., solid “electrolytes”) formed 
betWeen oxides containing divalent and trivalent cations 
such as calcium oxide, scandium oxide, yttrium oxide, 
lanthanum oxide, etc., With oxides containing tetravalent 
cations such as Zirconia, thoria and ceria or the oxygen 
ion-conducting materials or phases comprise an oxygen 
ion-conductive mixed metal oxide of a perovskite structure. 
Their higher ionic conductivity is believed to be due to the 
existence of oxygen ion site vacancies. One oxygen ion 
vacancy occurs for each divalent or each tWo trivalent 
cations that are substituted for a tetravalent ion in the lattice. 
Any of a large number of oxides such as yttria stabiliZed 
Zirconia, doped ceria, thoria-based materials, or doped bis 
muth oxides may be used. Some of the knoWn solid oxide 
transfer materials include Y2O3-stabiliZed ZrO2, CaO-stabi 
liZed ZrO2, Sc2O3-stabiliZed ZrO2, Y2O3-stabiliZed Bi2O3, 
Y2O3-stabiliZed CeO2, CaO-stabiliZed CeO2, ThO2, Y2O3 
stabiliZed ThO2, or ThO2, ZrO2, Bi2O3, CeO2, or HfO2 
stabiliZed by addition of any one of the lanthanide oxides or 
CaO. Many other oxides are knoWn Which have demon 
strated oxygen ion-conducting ability Which could be used 
in the multi-phase mixtures, and they are included in the 
present concept. 

[0098] Preferred among these solid electrolytes are the 
Y2O3-(yttria) and CaO-(calcia) stabiliZed ZrO2 (Zirconia) 
materials. These tWo solid electrolytes are characterized by 
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their high ionic conductivity, their oxygen ion conduction 
over Wide ranges of temperature and oxygen pressure, and 
their relatively loW cost. 

[0099] In addition, the inventors have found that mixed 
metal oxides having a perovskite structure (at operating 
temperatures) can have very good oxygen ion conductivity. 
The term “perovskites” refers to a class of materials Which 
have a structure based upon the structure of the mineral 
perovskite, CaTiO3. In its idealiZed form, the perovskite 
structure has a cubic lattice in Which a unit cell contains 
metal ions at the corners of the cell, another metal ion in its 
center and oxygen ions at the midpoints of the cube’s edges. 
This is referred to as an ABO3-type structure, in WhichA and 
B represent metal ions. 

[0100] In general, perovskite structures require that the 
sum of the valences of A and B ions be 6, and the relation 
ship betWeen the radii of the ions in an ABO3 structure 
containing tWo metal ions may be expressed by the formula 

I (I) 

Wherein r A, rB and r0 are the radii of the A ions, B ions and 
oxygen ions, respectively, andt is a “tolerance factor” Which 
may lie Within the approximate range of 07-10. In general, 
compounds having the perovskite structure have A ions With 
a radius of betWeen about 1.0 to about 1.4 angstrom and 3 
ions With a radius of betWeen about 0.45 to about 0.75 
angstrom. The inventors ?nd generally that When mixed 
metal oxides of a perovskite structure contain A ions having 
radii approaching the loW end of the A ion radius range for 
a given B ion as determined by the above formula, then 
oxygen ion conductivity generally increases. This trend 
toWard increased oxygen ion conductivity can, hoWever, be 
limited by greater instability of the perovskite structure at 
operating temperatures as A ion radii approach the loWer 
limit of the desired radii for perovskites having a given B 
1on. 

[0101] A Wide variety of metals and oxides of metals may 
be used to form perovskites useful in the present invention. 
In general, any combination of metals Which satisfy the 
requirements of a perovskite may be used. Typical examples 
of such metals are the lanthanides, the metals of Groups Ia 
and IIa, the transition metals Al, Ga, Ge, etc. Examples of 
preferred metals include La, Co, Sr, Ca, Fe, Cu, Ni, Mn, Cr, 
Y, Ba, Ti, Ce, Al, Sm, Pr, Nd, V, Gd, Ru, Pb, Na, W, Sc, Hf, 
Zr, oxides thereof, and mixtures thereof. Bi and/or Ce are 
typically not required in the preferred embodiments, but 
may be present if desired. In one embodiment, Bi and/ or Ce 
are present in amounts less than 13 mol %. 

[0102] Preferred examples of A metals in the ABO3-type 
materials useful in the present invention include the lan 
thanides (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Yb, and Lu), yttrium and the alkaline earth metals, 
particularly Mg, Ca, Sr, and Ba. 

[0103] Preferred B metals in the ABO3 materials for the 
present invention include the ?rst roW of transition metals, 
namely Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn. Among 
these metals, Co, Mn, Fe and Cr are more preferred. 
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[0104] The perovskite structure is tolerant of a Wide 
variety of multiple cation substitutions on both the A and B 
sites, so that a variety of more complex perovskite com 
pounds containing a mixture of A metals and B metals are 
useful for this invention. Perovskite materials containing 
more than tWo metals besides oxygen are preferred. 

[0105] Increased oxygen ion conductivity may be 
achieved by using a mixture of metals as theA ions that have 
such stable oxidation states Which are different such as When 
some A ions are stable in the +3 oxidation state and others 
are stable in the +2 oxidation state at the operating tempera 
ture of the process in Which the membrane is utiliZed. 
Although the inventors do not Wish to be bound by any 
particular theory, it is believed that the presence of metal 
ions in a loWer stable oxidation state among metal ions in a 
higher stable oxidation state creates oxygen ion vacancies in 
the ionic lattice Which facilitate migration of oxygen ions 
through the perovskite material. 

[0106] The inventors have also discovered that the pres 
ence of chromium and/or titanium in the B sites of the 
perovskite ionic lattice may be used to increase the stability 
of the perovskite structure under the conditions of electro 
catalytic processes, and With chromium they observe 
increasing electron conductivity as further described beloW. 

[0107] Preferred mixed metal oxides having a perovskite 
structure may be represented by the formula: 

Wherein A represents a ?rst A ion, A' represents a second A 
ion, B represents a ?rst B ion, B' represents a second B ion, 
B" represents a third B ion and s, t, u, v, W and x each 
represent a number such that: 

[0108] s/t equals from about 0.01 to about 100, preferably 
from about 0.1 to about 20; 

[0109] u equals from 0.01 to about 1, preferably from 
about 0.5 to about 1; 

[0110] v equals from 0.01 to about 1, preferably from 
about 0.05 to about 0.5; 

[0111] W equals from Zero to about 1, preferably from 
about 0.01 to about 0.5; 

[0112] x is a number that satis?es the valencies of the other 
elements present in formula (II); and 

[0114] In one embodiment, A represents a lanthanide or Y, 
or a mixture thereof; A' represents an alkaline earth metal or 
a mixture thereof; B represents Fe; B' represents Cr or Ti, or 
a mixture thereof; and/ or B" represents Mn, Co, V, Ni or Cu, 
or a mixture thereof in Which u, and optionally W, are greater 
than Zero. In a preferred embodiment, A represents La or Y, 
or a mixture thereof; A' represents Ca or Sr, or a mixture 
thereof; B represents Fe; B' represents Cr; and/or E repre 
sents Mn or Co, or a mixture thereof. Minor amounts of 
other elements may be present, such as those present as 
impurities. 

[0115] Examples of mixed metal oxides having a perovs 
kite structure Which are useful as solid oxygen ion-conduc 
tive electrolyte in vie present invention include lanthanum 
strontium cobaltite, lanthanum-strontium ferrite, lanthanum 
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strontium-iron chromite, lanthanum-strontium-iron 
chromium cobaltite, lanthanum-strontium-iron-chromium 
manganite, lanthanum-strontium manganite, lanthanum-cal 
cium cobaltite, lanthanum-calcium-iron chromite, lantha 
num-calcium-iron-chromium cobaltite, lanthanum-calcium 
iron-chromium manganite, lanthanum-calcium manganite, 
yttrium-strontium ferrite, yttrium-strontium cobaltite, 
yttrium-strontium-iron chromite, yttrium-strontium-iron 
chromium cobaltite, yttrium- strontium-iron-chromium man 
ganite, yttrium-strontium manganite, strontium-cobalt fer 
rite, strontium-iron cobaltite, gadolinium-strontium 
cobaltite, etc., and mixtures thereof. Speci?c examples are 
LaaSrbCoOX, LaaSrbFeOX, LaaCabCoOX, SrCoaFebOX, 
GdaSrbCoOX, etc., Wherein a, b, and x are numbers, the sum 
of a and b equals 1, and x is de?ned the sane as in formula 
(II) above. The molar ratio betWeen the respective metals 
represented by a:b may cover a Wide range. Typical doping 
ratios of a:b are 4:1, 3:1, 1:4, 1:3, etc. 

[0116] The electronically-conducting material or phase of 
the membrane can be any material Which exhibits suf?cient 
electronic conductivity under the conditions of the reaction. 
Typically, the electronically-conducting phase is comprised 
of one or more metals or metal oxides Which display 
appreciable electronic conductivity at reaction temperatures. 
Suitable metals include silver, gold, platinum, rhodium, 
ruthenium, palladium, nickel, cobalt, copper, etc., among 
Which palladium and platinum are preferred. Examples of 
suitable metal oxides include bismuth oxides, tin-indium 
oxide mixtures, praeseodymium-indium oxide mixtures, 
cerium-lanthanum oxide mixtures, niobium-titanium oxide 
mixtures, electron-conductive mixed metal oxides of a per 
ovskite structure, etc., among Which the metal-doped metal 
oxides, such as praeseodymium-doped indium oxides, tin 
doped indium oxides, cerium-doped lanthanum oxides, nio 
bium-doped titanium oxide mixtures, electron-conductive 
mixed metal oxides of a perovskite structure including the 
electron-conductive perovskites described above in connec 
tion With perovskites suitable as the oxygen ion-conductive 
component, etc., are preferred. Among the metal-doped 
metal oxides, praeseodymium-doped indium oxides and the 
mixed metal oxides are the most preferred. 

[0117] In many ABO3-type mixed metal oxide com 
pounds, the actual structure is a continuum of a pseudosym 
metric variant derived from the perfectly symmetrical 
simple cubic structure by small displacements of the ions. In 
some cases these displacements result in a slight distortion 
of the unit cell, the symmetry of Which is accordingly 
reduced to tetragonal or orthorhombic, and in others the 
deformation is such that adjacent cells are no longer pre 
cisely identical so that the true unit cell comprises more than 
one of the smaller units. The ferroelectric properties of many 
of these oxides are due to such departures from an ideal 
structure. 

[0118] Electron-conductivity of mixed metal oxides hav 
ing a perovskite structure generally increases When theA ion 
is partially substituted, or “doped”, With a divalent metallic 
cation, such as Ba, Ca, or Sr. This trend toWard greater 
electron-conductivity is often accompanied by greater insta 
bility at operating temperatures. Perovskites partially 
decomposed into a different structure might have electron 
conductivity which differs substantially from that of the 
original perovskite structure. 
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[0119] As mentioned above, the inventors have discovered 
that the presence of chromium and/or titanium at the B sites 
of the perovskite ionic lattice increases the stability of the 
perovskite structure, and that the presence of chromium has 
the additional bene?t of increasing electronic conductivity 
even though chromium is in the +4 oxidation state. 

[0120] Although the inventors do not Wish to be bound by 
a particular theory of Why the presence of certain metal ions 
increases electron conductivity, the inventors have found 
that the presence of metal ions that are capable of changing 
from one oxidation state to another Without requiring a high 
redox potential generally increase electron conductivity. 
Examples other than chromium include iron, cobalt, and 
manganese. 

[0121] Speci?c examples of mixed metal oxide materials 
include lanthanum-strontium manganite, lanthanum-stron 
tium cobaltite, lanthanum-strontium-iron chromite, lantha 
num-strontium-iron-chromium cobaltite, lanthanum-stron 
tium-iron-chromium manganite, lanthanum-calcium-iron 
chromite, lanthanum-calcium-iron-chromium cobaltite, 
lanthanum-calcium-iron-chromium manganite, lanthanum 
magnesium chromite, lanthanum-chromium ferrite, lantha 
num cobaltite, yttrium-strontium-iron chromite, yttrium 
strontium-iron-chromium cobaltite, yttrium-strontium-iron 
chromium manganite, yttrium-barium cuprite (e.g., 
YBa2Cu3OX Wherein x is de?ned the sane as in formula (II) 
above, etc., and mixtures thereof. 

[0122] Useful ABO3-type compounds and hoW to make 
them are described in DoW-Chemical Company’s PCT 
Application No. 89085506, published on Mar. 9, 1989 under 
Publication No. WO 89/01922; Muller and Roy, “The Major 
Ternary Structural Families”, pp. 175-201 (1974); Lines, M. 
E. and Glass, A. M., “Principles and Applications of Ferro 
electrics and Related Materials”; pp. 280-92 and Appendix 
F, pp. 620-32 (Clarendon Press), Oxford (1977); and Evans, 
R. D., “An Introduction to Crystal Chemistry”, Cambridge 
Univ. Press., Cambridge, 2nd ed. (1964), pp. 167-71. Each 
of these references is hereby incorporated by reference for 
their disclosure relating to perovskites. 

[0123] These multi-phase multi-component membranes 
may contain from about 1 to about 75 parts by volume of an 
electron-conductive material and from about 25 to about 99 
parts by volume of an oxygen ion-conductive material. The 
elements Bi, Ce, and Ti, individually or collectively, may be 
excluded in the preferred embodiments. 

[0124] The multi-phase multi-component membranes may 
be fabricated by combining at least one of the electronically 
conducting materials With at least one of the oxygen ion 
conducting materials and shaping the combined materials to 
form a dense, gas-tight, multi-phase solid membrane. In 
particular, the solid membrane may be prepared by a process 
Which comprises the steps of 

[0125] (A) preparing an intimate mixture of at least one 
material Which is electronically-conductive and at least one 
oxygen ion-conductive material, 

[0126] (B) forming the mixture into a desired shape, and 

[0127] (C) heating the formed mixture to a temperature of 
at least about 5000 C. to form a dense and solid membrane. 

[0128] The solid membrane may also be prepared from at 
least one metal oxide, the metal of Which is electronically 
conductive, by a process Which comprises the steps of 
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[0129] (A) preparing an intimate mixture of at least one 
metal oxide, the metal of Which is electronically-conductive, 
and at least one oxygen ion-conductive material, 

[0130] (B) heating the mixture at an elevated temperature 
in a reducing atmosphere to reduce the metal oxide to metal, 

[0131] (C) forming the reduced mixture into a desired 
shape, and 

[0132] (D) heating the formed mixture to a temperature of 
at least about 5000 C. to form a dense and solid membrane. 

[0133] (2) Single-Phase Mixed Metal Oxide 

[0134] As mentioned above, the solid multi-component 
membrane used in the electrochemical reactor of the present 
invention may, as an alternative to a multi-phase multi 
component membrane or in addition to the multi-phase 
material, comprise a gas impervious “single phase” mixed 
metal oxides having a perovskite structure and having both 
electron-conductive and oxygen ion-conductive properties. 
Many of the aforedescribed perovskite-type materials are 
suitable for this aspect of the present invention. Speci?c 
examples of perovskite materials Which are useful include, 
but are not limited to, the folloWing materials: 

[0135] LaCoOX; 
[0136] La4Sr4CoOX; 
[0137] LaZSrSCoOX; 
[0138] YCoOX; 
[0139] YBa2Cu3OX 
Wherein x is a de?ned as in formula (II) above, etc. 

[0140] The above-described mixed metal oxides repre 
sented by the formula ASA'tBuB'vB"WOX (formula II) are 
Well suited for use as a single phase mixed metal oxide 
membrane of the present invention, because they have the 
advantage of stability under electrocatalytic conditions as 
Well as electron- and oxygen ion-conductivity. The preferred 
embodiments of formula I set forth above apply to this 
aspect of the present invention as Well. 

[0141] Mixtures of perovskites With additional conductive 
metal or metal oxide are also useful in preparing the multi 
component membrane used in the present invention. The 
additional conductive metal or metal oxide may be the same 
as, or different from, the elements present in the perovskite. 
The additional conductive metal or metal oxide has been 
found to form a separate phase from the perovskite material 
upon heating, providing additional conductive materials 
through the perovskite to form electron-conductive path 
Ways through the membrane. In a preferred embodiment, the 
multi-component membrane comprises a mixture of a per 
ovskite, such as lanthanum cobaltite, lanthanum-strontium 
cobaltite, and an excess of a conductive metal or metal 
oxide, such as an excess of cobalt metal in a cobalt 
containing perovskite. 

[0142] In another embodiment, the multi-component 
membrane comprises a mixture of tWo or more perovskites, 
each perovskite having advantages in electron-conductivity 
or oxygen ion-conductivity, and may include additional 
conductive metal or metal oxide as discussed above. 

[0143] A variety of poWder preparation methods may be 
used to prepare a solid membrane having electron-conduc 
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tive and oxygen ion-conductive properties such as the 
above-described perovskites. Suitable methods include (a) 
preparation from oxides, (b) thermal decomposition of 
nitrates and/or acetates, and (c) a citric acid preparation 
method. 

[0144] (a) Preparation From Oxides Method 

[0145] As one example, the solid membrane may be 
prepared from the oxides by a process Which comprises the 
steps of: 

[0146] (A) preparing perovskite poWder containing the 
above-described A and B metals, 

[0147] (B) forming the mixture into a desired shape, and 

[0148] (C) heating the formed mixture to a temperature 
su?icient to form a dense and solid membrane having 
electron-conductive and oxygen ion-conductive properties. 
Typically, the temperature for this step is at least about 500° 
C., and is generally at least about l,000° C. 

[0149] (b) Preparation by Thermal Decomposition of 
Nitrates and/or Acetates 

[0150] Preparation of mixed metal oxide compositions by 
thermal decomposition of nitrates and/or acetates comprises 
the steps of: 

[0151] (A) dissolving nitrate and/or acetate salts of the 
desired elements in a polar solvent such as Water, 

[0152] (B) heating the solution obtained in step (A) to 
remove the polar solvent until a solid poWder is obtained, 

[0153] (C) heating the dried solid to a temperature suffi 
cient to decompose the nitrate and/or acetate salts, 

[0154] (D) forming the mixture into a desired shape, and 

[0155] (E) heating the formed mixture to a temperature 
su?icient to form a dense and solid membrane having 
electron-conductive and oxygen ion-conductive properties. 
Generally, the temperature for steps (C) and (E) is at least 
about 500° C., step (C) is typically conducted at a tempera 
ture of at least about 900° C. and step (E) is typically 
conducted at a temperature of at least about 1000° C. 

[0156] (c) Preparation by a Citric Acid Preparation 
Method 

[0157] Preparation according to the citric acid preparation 
method includes 

[0158] (A) mixing nitrate and/or acetate salts of the 
desired elements in a polar solvent, such as Water, containing 
citric acid in solution, 

[0159] (B) heating the mixture to an elevated temperature 
to form a solid poWder, 

[0160] (C) forming the mixture into a desired shape, and 

[0161] (D) heating the formed mixture to a temperature 
su?icient to form a dense and solid membrane having 
electron-conductive and oxygen ion-conductive properties. 
Again, typically, the temperature for this step is at least 
about 500° C., and is generally at least about 1000° C. 

[0162] In the above processes for making the multi-com 
ponent membrane, a binding agent is generally added to the 
mixture prior to the ?nal heating step to aid in binding the 
metal and/or metal oxide particles to form a desired shape. 
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The agent is preferably a material Which does not interfere 
With the formation of a dense and solid membrane in the 
?nal step of heating the formed mixture to a temperature of 
at least 500° C. and is capable of being easily dispersed in 
the mixture. Such a binding agent may, for example, be a 
Wax or paraf?nic hydrocarbon dispersed or dissolved in an 
appropriate solvent. A speci?c example of a binding agent is 
CarboWax 20MTM (Supelco) dissolved in suf?cient chloro 
form to distribute a binding amount of Wax on the electroni 
cally-conductive and oxygen ion-conductive particles. 

[0163] Modi?cation and/ or additional formation of per 
ovskite structures may occur under reaction conditions in the 
reactor cell comprising the mixed metal oxides of perovskite 
structure. 

The Element 

[0164] The “element” referred to above preferably com 
prises: 
[0165] (A-l) a solid electrolyte having a ?rst surface 
coated With metal, metal oxide or a mixture thereof capable 
of reducing oxygen to oxygen ions and a second surface 
coated With metal, metal oxide or mixtures thereof capable 
of reacting oxygen ions With an oxygen-consuming gas, 
provided that both coatings are stable and electron-conduc 
tive at operating temperature and are connected to an 
external electron-conductive circuit. 

[0166] (A-2) a solid multi-component membrane having a 
?rst surface ad a second surface and comprising an intimate, 
gas-impervious, multi-phase mixture of an electronically 
conductive phase and an oxygen ion-conductive phase. 

[0167] Element (A-l) is described in further detail beloW. 

[0168] The solid electrolytes of (A-l) can be any material 
Which is stable and can transfer oxygen ions under operating 
conditions, especially at temperatures above 300° C. Pref 
erably, the solid electrolyte is selected from among the 
oxygen ion-conductive materials described above in con 
nection With the multi-component membranes of the present 
invention. Preferably the solid electrolyte is a substantially 
non-porous gas-impervious solid. 

[0169] Preferred solid electrolytes are the Y2O3-(yttria) 
and CaO-(calcia stabiliZed ZrO2 (Zirconia) materials and 
electrolytes having the perovskite structure. These solid 
electrolytes are characterized by their high ionic conductiv 
ity, their oxygen ion conductivity over Wide ranges of 
temperature and oxygen pressure, and their relatively loW 
cost. 

[0170] The conductive coating on the cathode side may be 
any material capable of facilitating reduction of oxygen to 
oxygen ions by supplying electrons at the cathode surface 
and Which is stable under the operating conditions. 
Examples of metals and metal oxides useful in the prepa 
ration of the cathode include silver, platinum, nickel, gold, 
bismuth, palladium, copper, cobalt, chromium, iron, nio 
bium-titanium, lanthanum-manganese mixtures, indium-tin 
oxide mixtures, praeseodymium-indium oxide mixtures, 
combinations of any tWo metals or metal oxides used to 
prepare the above-described perovskites, electron-conduc 
tive perovskites, and mixtures of said metals, metal oxides 
and combinations used to prepare perovskites. 

[0171] The conductive coating on the anode side can be 
any of a Wide variety of conductive materials capable of 
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facilitating the reaction of oxygen ions With an oxygen 
consuming gas, provided that the material is also stable 
under the operating conditions. Examples of metals and 
metal oxides useful in forming the anode coating include the 
materials described above as useful in preparing the cathode, 
but more particularly include silver, gold, nickel, bismuth, 
manganese, vanadium, platinum, rhodium, ruthenium, pal 
ladium, copper, Zinc, cobalt, chromium, and iron metals and 
metal oxides, any mixtures of said metals and metal oxides, 
and other mixtures such as silver-bismuth oxide mixtures, 
tin-indium oxide mixtures, praeseodymium-indium oxide 
mixtures, cerium-lanthanum oxide mixtures, etc., and mix 
tures thereof. Among these, silver, gold, and mixtures of 
silver and gold are preferred. 

[0172] Each conductive coating may be present as a thin 
?lm and/or as a porous conductive coating. The conductive 
coating is preferably porous. The porous conductive coating 
can provide advantages in increasing the contact area 
betWeen the membrane or coated electrolyte and the gas(es) 
to be treated, thereby increasing the rate of electrocatalysis. 
The electrochemical reaction rate can be accelerated by 
impressing an electrical potential on this external circuit to 
increase the How of electrons in the direction of the con 
ductive surface in contact With the oxygen-containing gas. 
When the conductive coating comprises a catalyst, the rate 
of the electrochemical process may be increased even more. 

[0173] The element may further comprise a porous sub 
strate (l). The porous substrate (1) is porous to the reactant 
or product gases and functions as a support for the solid 
electrolyte having conductive coatings (A-l) and/ or the solid 
multi-component membrane (A-2). It may be any material 
Which achieves the desired objective as long as it does not 
interfere With the reaction process under reaction conditions. 
Any of a large number of oxides, including yttriastabiliZed 
Zirconia, doped ceria, thoria-based materials, or doped bis 
muth oxides mentioned as oxygen-conducting materials and 
various other metal oxides may be used. Examples include 
CaO-stabiliZed ZrO2; Y2O3-stabiliZed ZrO2; Sc2O3-stabi 
liZed ZrO2; Y2O3-stabiliZed Bi2O3; Y2O3-stabiliZed CeO2; 
CaO-stabiliZed CeO2; ThO2; Y2O3-stabiliZed ThO2; ThO2, 
ZrO2, Bi2O3, CeO2 or HfO2 stabiliZed by the addition of any 
one of the lanthanide oxides or CaO; A1203; etc. 

[0174] The solid electrolyte having conductive coatings 
(A-l) and multi-component membranes (A-2) may be 
applied to a supporting substrate by any technique such as 
vapor deposition onto a porous substrate, impregnating a 
porous substrate, co-impregnating a porous support sub 
strate, or any other technique commonly used to prepare 
ceramics. Alternatively, such elements may be prepared by 
tape casting of a slurry mixture, slip-casting, or other 
techniques. Another technique is heat treating the formed 
coated solid electrolyte or membrane precursor to form a 
stable structure, or until it is gas-tight, and attaching the 
resulting coated solid electrolyte or membrane to a support 
structure and further heat treating to achieve the ?nished, 
supported coated solid electrolyte or membrane. Other tech 
niques are possible so long as the supporting substrate 
permits an oxygen-containing gas and an oxygen-consum 
ing gas to come into contact With the coated solid electrolyte 
or membrane of the present invention. 

[0175] The present invention may further be exempli?ed 
by reference to FIGS. 2 and 3 Which illustrate an embodi 
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ment of an electrochemical reactor of the invention. FIG. 2 
is a top vieW of an electrochemical reactor of the present 
invention different from the electrochemical reactor shoWn 
in FIG. 1, and FIG. 3 is a side vieW, and a cross-section, of 
the same reactor as that shoWn in FIG. 2. In both FIGS. 2 
and 3, the electrochemical reactor comprises a shell 20 in 
Which is placed a circular solid cylindrical reactor cell or 
core 21 comprising a solid multi-component membrane. As 
can be seen from the construction illustrated in FIGS. 2 and 
3, the reactor contains an inner passage 22 Within the core 
21 traversing the entire length of the core 21 and an outer 
passage 23 betWeen the outside surface of the core 21 and 
the inside surface of the shell 20. 

[0176] In practice, the processes of the present invention 
are conducted With an apparatus such as illustrated in FIGS. 
2 and 3 by passing, for example, an oxygen-consuming gas 
through the inner passage 22 and an oxygen-containing gas 
through the outer passage 23. The oxygen-containing gas 
Which contacts the outside surface of the dual-conductor 
core 21 is converted to oxygen ions Which migrate through 
the solid core 21 to the inside surface of the core 21. At the 
inside surface of the core 21, the oxygen ions react With the 
oxygen-consuming gas contacting the inside surface. During 
this reaction, each oxygen ion loses tWo electrons Which 
travel from the inside surface of the core 21 to the outside 
surface of the core 21. 

[0177] The above process can, of course, be reversed by 
passing an oxygen-containing gas through the inner passage 
22 and an oxygen-consuming gas through the outer passage 
23. Oxygen ions then migrate through the solid core 21 to 
the outside surface of the core 21 and electrons travel to the 
inside surface. 

[0178] Typically for a process in Which synthesis gas is 
made, one or more light hydrocarbons are in the inner 
passage 22, and if the element comprises a porous support 
for the membrane of solid core 21, the porous support 
normally is on the outside surface of the membrane. HoW 
ever, the decision as to Which Zones to use for the oxygen 
consuming gas and the oxygen-containing gas, and the 
location of a porous support, if any, Will depend on Which 
arrangement is most suitable for the particular application of 
the present invention. Determination of the most appropriate 
arrangement is Well Within the ability of one of ordinary skill 
to determine Without undue experimentation. 

[0179] Perovskite and multi-phase membranes of the ele 
ment also have varying degrees of stability With regard to the 
presence of a reducing gas and other reactive gas compo 
nents. Since the process of the present invention exposes the 
membrane surface to such reactive components, it may be 
desirable to protect the surface of the multi-component 
membrane by formulating the surface of the membrane, or 
coating the membrane, With metal, metal oxide, or perovs 
kite Which has stability toWards the gas in Which it Will be 
in contact When in use. The inventors have discovered that 
making the ?nal layer of a perovskite or multi-phase multi 
component membrane a layer Which contains a lanthanide 
and chromium, for example, Would be one Way to help 
preserve the stability of the surface exposed to a reactive gas 
such as a reducing gas or a corrosive gas containing oxides 
of sulfur and nitrogen. 

[0180] In one embodiment, the element comprises a multi 
component membrane coated on one or both sides With 
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conductive metal, metal oxide or mixture thereof (2). Each 
conductive coating may be present as a thin ?lm and/or as 
a porous coating as described above in connection With the 
element comprising (A-l). When such an element comprises 
a ?rst surface coated With a conductive metal, metal oxide 
or mixture thereof capable of facilitating the reduction of 
oxygen to oxygen ions and a second surface also coated With 
a conductive metal, metal oxide or mixture thereof, the ?rst 
and second conductive coatings may be connected by an 
optional external circuit as in (A-l) above for facilitating the 
transfer of electrons from the second conductive surface to 
the ?rst conductive surface. The conductive coatings may 
comprise a catalyst and an electrical potential may be 
impressed upon this external circuit to increase the electro 
chemical reaction rate even more as in (A-l) above. 

[0181] An element of the present invention is schemati 
cally represented in FIG. 8 Wherein a core 41 comprising a 
multi-component membrane or a solid electrolyte is coated 
on one surface 42 With a material 43 useful for reducing 
oxygen to oxygen ions. This coating provides the cathode 
side of the cell. On a second surface 44 of the core 41 is 
another coating of material 45. This coating is the anode. 
The tWo coatings may optionally be connected by an exter 
nal circuit through Wire leads 46 and 47. When the core does 
not comprise an electrically conductive material, the exter 
nal circuit is required. An ammeter 48 may be included in the 
circuit. A battery may also be included in the circuit for 
applying an electric potential betWeen the tWo conductive 
coatings (electrodes). 

[0182] The present invention may be further exempli?ed 
by reference to FIGS. 9 and 10. FIG. 9 is a top vieW of an 
electrochemical reactor of the present invention, and FIG. 
10 is a side vieW of the same reactor. In both FIGS. 9 and 
10, the electrochemical reactor comprises a shell 50 in Which 
is placed a circular solid cylindrical electrochemical cell 
comprising a core 51 comprising a multi-component mem 
brane or a solid electrolyte. The inside surface of the core 51 
is coated With an electrically conductive metal or metal 
oxide Which serves as the anode 52. The outer surface of the 
core is coated With an electrically conductive material 53 
Which serves as the cathode. Optionally, a Wire lead 56 is 
attached to the inside coating 52, and a second Wire lead 57 
is attached to the outside coating 53, and the tWo Wire leads 
are connected to form an external circuit through ammeter 
58. A battery may be connected in series With the ammeter. 
As can be seen from the construction illustrated in FIGS. 9 
and 10, the reactor contains an inner open space 54 through 
the center of the cell and an outer open space 55 betWeen the 
outer coating 53 or anode of the cell and the shell 50. 

[0183] The element may, independent of the foregoing, 
also comprise a catalyst (3). The catalyst may be present as 
a ?lm over the surface of the element, dispersed or inter 
mingled at the surface of the solid multi-component mem 
brane (e.g., by doping the solid membrane surface), or 
dispersed or intermingled in a conductive coating. The 
catalyst, for example, may be a sulfur reducing catalyst on 
the cathode side of the element or may be a dehydrogenation 
or oxidative coupling catalyst on the anode side as further 
discussed beloW. 

[0184] The porous substrate (1); conductive coating (2); 
and/or (3) catalyst may be applied as separate materials or 
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the functions of the porous substrate (1); conductive coating 
(2); and/or catalyst (3) may be combined in one or tWo 
materials. 

[0185] The electrochemical cell utiliZed in the processes 
of the present invention may optionally contain a catalyst 
adjacent to the element. When the electrochemical cell is 
used for gas cleanup, for example, the inventors have found 
that the presence of a catalyst can facilitate reduction of 
oxides of sulfur and nitrogen and/ or facilitate decomposition 
of carbonyl sul?de at the ?rst conductive surface (i.e., 
cathode) of the electrochemical cell. When the electro 
chemical cell is used for converting saturated hydrocarbons 
to unsaturated hydrocarbons, the presence of a dehydroge 
nation catalyst adjacent to the second surface of the element 
can increase the conversion rate and selectivity over that 
obtained Without the dehydrogenation catalyst. When the 
process is used for making substituted aromatic compounds 
from aromatic compounds and a second hydrogen-contain 
ing compound, the inventors have discovered that the pres 
ence of a catalyst, such as a dehydrogenation catalyst or 
oxidative coupling catalyst, may be used to increase selec 
tivity for the desired substitution of the aromatic compound. 

[0186] The catalyst may be present in the form of discrete 
particles or ?bers packed adjacent to the surface of the cell 
membrane. 

[0187] In one embodiment shoWn in FIGS. 6 and 7, the 
electrochemical cell comprises a solid core 33 comprising a 
solid multi-component membrane having a ?rst surface 32 
Which is capable of reducing oxygen to oxygen ions. The 
core 33 has a second surface 34 capable of reacting oxygen 
ions With an oxygen-consuming gas in a second passageWay 
36. Adjacent to the second surface 34 is a second passage 
Way 36 containing the catalyst 35. 

[0188] In practice, processes of the present invention such 
as the production of unsaturated hydrocarbons or the pro 
duction of substituted aromatic compounds may be con 
ducted With an apparatus such as illustrated in FIGS. 6 and 
7 similarly to the processes using the apparatus of FIGS. 2 
and 3. The catalyst 35 can be positioned adjacent to the ?rst 
surface 32 instead of the second surface 34 by placing the 
catalyst 35 in a ?rst passageWay adjacent to the ?rst surface 
32 or by reversing the ?rst surface 32 and second surface 34 
such that 32 is the second surface and 34 is the ?rst surface. 
These last tWo arrangements may, for example, be used in 
processes for extraction of oxygen from oxygen-containing 
gases. 

[0189] In an embodiment of an electrochemical reactor 
shoWn in FIG. 11, the electrochemical cell comprises a solid 
core 61 comprising a solid multi-component membrane or 
solid electrolyte coated With a material 62 to form a ?rst 
electron-conductive surface 63 Which is capable of facili 
tating the reduction of oxygen to oxygen ions. A passageWay 
71 is adjacent to the ?rst surface 63. First electron-conduc 
tive surface 63 comprises the cathode of the cell. The solid 
core 61 is coated With a material 4 to form a second 
electron-conductive surface 65 capable of facilitating the 
reaction of oxygen ions With an oxygen-consuming gas. A 
catalyst 69 is present in second passageWay 70 adjacent to 
second surface 65. Second electron-conductive surface 65 
comprises the anode. The reactor has optional lead Wires 66 
and 67 Which form an external circuit. An ammeter 68 may 
be included in the external circuit. 
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[0190] The present invention may be further exempli?ed 
by reference to FIGS. 12 and 13. In both FIGS. 12 and 13, 
the reactor comprises a shell 80 in Which is placed a circular 
solid electrochemical cell comprising core 81 comprising a 
multi-component membrane or solid electrolyte. One sur 
face of the solid core 81 is coated With an electrically 
conductive metal, metal oxide, or mixture thereof forming 
the ?rst conductive surface 82. The other surface of the solid 
core 81 is coated With an electrically conductive material 
forming the second conductive surface 83. An optional Wire 
lead 87 is attached to the ?rst surface 82, and an optional 
second Wire lead 88 is attached to the second surface 83, and 
the tWo Wire leads are connected to form an external circuit 
through optional ammeter 89. A battery may be connected in 
series With the ammeter. As can be seen from the construc 
tion illustrated in FIGS. 12 and 13, the cell contains a ?rst 
passageWay 86 adjacent to the ?rst surface 82. A second 
passageWay 84, Which comprises a catalyst 85, is betWeen 
the second surface 83 and the shell 80. 

[0191] The particular catalysts Which may be utiliZed With 
the processes of the present invention are described in detail 
in the process descriptions Which folloW. 

[0192] The preferred embodiments of the electrochemical 
process folloW. 

[0193] (1) Production of Synthesis Gas 

[0194] The electrochemical process for oxidiZing a reac 
tant gas to form synthesis gas utiliZing the electrochemical 
reactor of the present invention is conducted at a tempera 
ture of from about 10000 C. to about 14000 C. In one 
embodiment the process is conducted at temperatures Within 
the range of 1000 to 13000 C. The electrolytic cell may be 
heated to the desired temperature and the temperature may 
be maintained during the reaction by external heating and/ or 
the exothermicity of the reaction. 

[0195] The oxygen-containing gas Which is passed in 
contact With the solid membrane on the side facing the ?rst 
Zone can be air, pure oxygen, or any other gas containing at 
least 1% free oxygen. In another embodiment, the oxygen 
containing gas contains oxygen in other forms such as N20, 
NO, N02, S02, S03, steam, CO2, etc. Preferably, the oxy 
gen-containing gas contains at least about 1% free oxygen 
(i.e., dioxygen), and more preferably the oxygen-containing 
gas is air. 

[0196] The feed gases Which are treated in accordance 
With this process for making synthesis gas may comprise 
light hydrocarbons such as methane, natural gas, ethane, or 
other light hydrocarbon mixtures. The natural gas can be 
either Wellhead natural gas or processed natural gas. The 
composition of the processed natural gas varies With the 
needs of the ultimate user. A typical processed natural gas 
composition contains about 70% by Weight of methane, 
about 10% by Weight of ethane, 10% to 15% of CO2, and the 
balance is made up of smaller amounts of propane, butane 
and nitrogen. 

[0197] The light hydrocarbon gas feed can be mixed With 
any inert diluent such as nitrogen, helium, neon, argon, 
krypton, xenon, or any other gas, including steam, Which 
does not interfere With the desired reaction. Nitrogen and 
steam are diluents of choice. 

[0198] The synthesis gas produced by this process of the 
invention at the solid membrane surface facing the second 
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Zone is substantially nitrogen-free and comprises a mixture 
of hydrogen and carbon monoxide, and may contain some 
acetylene or ethylene or both. The synthesis gas also con 
tains only small amounts of carbon dioxide. The synthesis 
gas can be converted to liquids using the Fischer-Tropsch 
process and can be converted to methanol by commercial 
processes. 

[0199] (2) Production of Unsaturated Hydrocarbons 

[0200] The saturated hydrocarbon-containing gases Which 
are treated in accordance With the process of the present 
invention may comprise any fully or partially saturated 
hydrocarbon susceptible to dehydrogenation Which prefer 
ably are stable at operating temperatures in either its satu 
rated or unsaturated form. Examples of saturated hydrocar 
bons Which may be treated in accordance With the present 
invention include aliphatic hydrocarbons containing from 1 
to about 6 carbon atoms, cycloaliphatic hydrocarbons con 
taining 5 or 6 carbon atoms, an aromatic compound having 
an aliphatic hydrocarbon substituent of 2 to about 6 carbon 
atoms, a cycloaliphatic hydrocarbon having an aliphatic 
hydrocarbon substituent of from 2 to about 6 carbon atoms, 
a saturated or partially saturated heterocyclic compound 
containing a 5- or 6-membered heterocyclic ring Wherein 
each hetero atom is nitrogen, oxygen or sulfur, a heterocy 
clic compound containing a 5- or 6-membered unsaturated 
heterocyclic ring Wherein each hetero atom is nitrogen, 
oxygen or sulfur having an aliphatic hydrocarbon substituent 
of 2 to about 6 carbon atoms, and mixtures thereof. Preferred 
saturated hydrocarbons are aliphatic hydrocarbons contain 
ing from 2 to about 6 carbon atoms and aromatic compounds 
having an isolated or fused six membered aromatic ring and 
at least one aliphatic hydrocarbon substituent having from 2 
to about 6 carbon atoms. More preferred saturated hydro 
carbons treated in accordance With the process of the present 
invention are ethane, ethane-containing feed gases, propane, 
propane-containing feed gases, ethylbenZene, or ethylben 
Zene-containing feed gases. 

[0201] The ethane-containing feed gas can be natural gas, 
a methane pyrolysis exit gas, an oxidative coupling exit gas, 
or any other gas Which contains at least 1% ethane. The 
natural gas can be either Wellhead natural gas or processes 
natural gas. The composition of the processed natural gas 
varies With the needs of the ultimate user. A typical pro 
cessed natural gas composition contains about 70% by 
Weight of methane, about 10% by Weight of ethane, 10% to 
15% of CO2, and the balance is made up of smaller amounts 
of propane, butane and nitrogen. 

[0202] In another embodiment of this invention, ethane is 
mixed With other saturated aliphatic hydrocarbons such as 
propane, butane, isobutane and/or pentane. The saturated 
hydrocarbon gas feed can be mixed With any inert diluent 
such as nitrogen, helium, neon, argon, krypton, xenon, or 
any other gas, including steam, Which does not interfere With 
the oxidative dehydrogenation of the hydrocarbon. Steam, 
nitrogen and methane are diluents of choice, and steam and 
methane are preferred. 

[0203] This process of the present invention generally is 
conducted at an elevated temperature of at least about 300° 
C., and generally at least about 500° C., and the process Will 
generally be conducted at a temperature not greater than 
about 11000 C. In a preferred embodiment, for example 
When the saturated hydrocarbon gas is ethane, the reaction 
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is conducted at a temperature of about 600° C. to about 
1000° C. and more preferably at a temperature from about 
700° C. to about 950° C. 

[0204] This process of the present invention generally is 
conducted at a pressure of from about 0.1 to about 100 
atmospheres, and more preferably betWeen about 0.5 to 
about 10 atmospheres. A particularly preferred pressure is 1 
atmosphere. 
[0205] One aspect of the present invention is an electro 
chemical process for oxidizing methane, natural gas or other 
light hydrocarbons to unsaturated hydrocarbons conducted 
utiliZing the electrochemical reactor of the present invention 
at a temperature of about 300° C. up to but not including 
1000° C. In one embodiment the process is conducted at 
temperatures Within the range of about 550° C. to about 950° 
C., and more speci?cally Within the range of 750° C. to 950° 
C. The electrolytic cell may be heated to the desired tem 
perature and the temperature may be maintained during the 
reaction by external heating and/or utiliZing the exothermic 
ity of the reaction. 

[0206] The feed gases Which are treated in accordance 
With this aspect of the process of the present invention may 
comprise light hydrocarbons such as methane, natural gas, 
ethane, or other light hydrocarbon mixtures. A methane 
containing feed gas, for example, can be methane or natural 
gas or any other gas Which contains at least 50% methane. 
The natural gas can be either Wellhead natural gas or 
processed natural gas. The composition of the processed 
natural gas varies With the needs of the ultimate user. A 
typical processed natural gas composition contains about 
70% by Weight of methane, about 10% by Weight of ethane, 
10% to 15% of CO2, and the balance is made up of smaller 
amounts of propane, butane and nitrogen. 

[0207] The light hydrocarbon gas feed can be mixed With 
any inert diluent such as nitrogen, helium, neon, argon, 
krypton, xenon, or any other gas, including steam, Which 
does not interfere With the desired reaction. Nitrogen and 
steam are diluents of choice. 

[0208] The unsaturated hydrocarbons produced by this 
aspect of the process of the invention at the solid membrane 
surface facing the second Zone are, for example, ethylene, 
acetylene, propylene, butylene, isobutylene, and mixtures 
thereof. 

[0209] The oxygen-containing gas Which is passed in 
contact With the solid membrane on the side facing the ?rst 
Zone can be air, pure oxygen, or any other gas containing at 
least it free oxygen. In another embodiment, the oxygen 
containing gas contains oxygen in other forms such as N20, 
NO, N02, S02, S03, steam, CO2, etc. Preferably, the oxy 
gen-containing gas contains at least about 1% free oxygen 
(i.e., dioxygen), and more preferably the oxygen-containing 
gas is air. 

[0210] In a preferred embodiment of the process of the 
present invention, the saturated hydrocarbon-containing gas 
is passed in contact With the dehydrogenation catalyst adja 
cent to the second surface of the element (anode), to provide 
improved unsaturated hydrocarbon yield and selectivity. In 
one embodiment, the process provides for continuous dehy 
drogenation of ethane to ethylene or acetylene at high rates 
of conversion and selectivity, and at loW rates of coking. 
Another preferred process provides for continuous conver 
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sion of ethylbenZene to styrene, also at high rates of con 
version and selectivity. The process may also be used to 
generate an electric current, if desired. 

[0211] The process of the present invention is conducted 
in a cell Which has an element having a ?rst surface capable 
of reducing oxygen to oxygen ions, a second surface capable 
of reacting oxygen ions With an oxygen-consuming gas, an 
electron-conductive path, and an oxygen ion-conductive 
path. A dehydrogenation catalyst is present in a passageWay 
for the unsaturated hydrocarbon-containing gas adjacent to 
the second surface. 

[0212] Turning to FIG. 11, an oxygen-containing gas or 
gas mixture is passed through passageWay 71 and into 
contact With the ?rst electron-conductive surface 63 (cath 
ode), and a saturated hydrocarbon compound-containing gas 
is passed through passageWay 70 and into contact With the 
second surface 65 (anode) and dehydrogenation catalyst 69. 
As the oxygen-containing gas contacts the ?rst surface 63, 
oxygen is reduced to oxygen ions Which are transported 
through core 61 to the anode side. At the anode (second 
surface 65), the saturated hydrocarbon contacts the dehy 
drogenation catalyst to produce hydrogen and the unsatur 
ated hydrocarbon, and the oxygen ions react selectively With 
hydrogen to produce Water, releasing electrons. The elec 
trons may return to the cathode side via the external circuit 
through lead Wires 66 and 67. In this manner, the reactor can 
generate a current in addition to converting the saturated 
hydrocarbons to unsaturated hydrocarbons. 

[0213] This process of the present invention may also be 
conducted With an electrochemical reactor cell such as 
illustrated in FIGS. 12 and 13 similarly to the process using 
the apparatus of FIG. 11. 

[0214] In another embodiment, the ?rst conductive surface 
82 and second conductive surface 83 of FIGS. 12 and 13 are 
reversed, so that the dehydrogenation catalyst 85 is present 
in the ?rst passageWay 84 adjacent to the ?rst conductive 
surface 82. In practice, the oxygen-containing gas is passed 
through the second passageWay 86 and a saturated hydro 
carbon compound-containing feed gas is passed through the 
?rst passageWay 84 Which has the dehydrogenation catalyst 
85. The saturated hydrocarbon-containing compound(s) 
is/are converted to one or more unsaturated hydrocarbons in 
the manner described above. 

[0215] Preferred conductive coatings on the surface of the 
electrocatalytic reactor cell element are any of a Wide variety 
of conductive materials capable of catalyZing the conversion 
or dehydrogenation of saturated hydrocarbons to unsatur 
ated hydrocarbons, or capable of promoting the selective 
oxidation of hydrogen. Examples of metals useful in form 
ing these preferred anode coatings include silver, nickel, 
gold, bismuth, manganese, vanadium, platinum, palladium, 
ruthenium, copper, Zinc, cobalt, chromium, iron, indium 
praeseodymium mixtures, or indium-tin mixtures, oxides 
thereof, and mixtures of said metals and metal oxides. Silver 
and gold are particularly useful in the present invention. 

[0216] The preferred electron-conductive materials com 
prise silver-containing and gold-containing metal composi 
tions. In another preferred embodiment, the second surface 
is a conductive coating comprising a platinum-containing 
metal composition. 

[0217] The process may be conducted in a reactor such as 
shoWn in FIGS. 6 and 7, Wherein the oxygen ion-conduc 
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tive path and electron conductive path coexist in the solid 
core 33. The core 33 has a ?rst surface 32 Which is capable 
of reducing oxygen to oxygen ions. A passageway 31 is 
adjacent to the ?rst surface 32. The core 33 has a second 
surface 34 capable of facilitating conversion of oxygen 
consuming gases. Adjacent to the second surface 34 and 
containing the dehydrogenation catalyst 35 is passageWay 
36. 

[0218] In practice, the process of the present invention is 
conducted With an apparatus such as illustrated in FIGS. 6 
and 7 similarly to the process using the apparatus of FIGS. 
12 and 13. 

[0219] Dehydrogenation catalysts include those Which are 
useful in promoting oxidative dehydrogenation and thermal 
(i.e., non-oxidative) dehydrogenation. Oxidative dehydro 
genation catalysts facilitate binding hydrogen atoms to an 
oxidizing agent, such as oxygen, While thermal dehydroge 
nation catalysts do not require the presence of the oxidizing 
agent to accomplish dehydrogenation. Preferred oxidative 
dehydrogenation catalysts are those Which promote dehy 
drogenation of monoole?ns, such as molybdates or tung 
states of bismuth, cobalt, tin and titanium, tellurium, phos 
phoric acid deposited on aluminum oxide, phosphates of 
bismuth, iron, strontium, nickel, chromium and calcium, 
tungsten, vanadium, indium, bismuth phosphomolybdate 
and phosphotungstate, mixed oxides of molybdenum and 
vanadium, mixed oxides of molybdenum, vanadium, and 
niobium, mixed oxides of antimony and tin, titanium, mixed 
oxides of tin and arsenic With selenium and tellurium, mixed 
oxides of iron With aluminum and chromium, mixed oxides 
of iron and chromium in the presence of potassium carbon 
ate, basic halides of iron, cobalt, magnesium, manganese, 
gold and platinum, etc. 

[0220] Speci?c examples of useful dehydrogenation cata 
lysts are Shell 105 catalyst, Which comprises about 90% iron 
oxide, 4% chromium oxide and 6% potassium carbonate, 
calcium nickel phosphate catalysts having the composition 
Ca8Ni(PO4), mixed With about 2% chromium oxide, and 
Union Carbide’s Ethoxene process catalyst Which is a 
molybdenum, vanadium and niobium based oxide. 

[0221] Methods for making and using these catalysts are 
Well knoWn in the art. Examples of references describing 
these catalysts include V. K. Skarchenko, “Oxidative Dehy 
drogenation of Hydrocarbons,” INTERNATIONAL 
CHEMICAL ENGINEERING, Vol. 9, No. 1, pp. 1-23 
(1969); C. N. Satter?eld, Helerogenous Catalysis in Prac 
lice, pp. 199-279 (McGraW-Hill Inc., 1980); US. Pat. Nos. 
4,315,864, 4,350,835, 4,410,752, 4,524,236, and 4,524,236; 
and Thorsteinson et al, “Oxidative Dehydrogenation of 
Ethane over Catalysts Containing Mixed Oxides of Molyb 
denum and Vanadium”, J. Catalysis 52, pp. 116-132 (1978); 
Which are each incorporated fully herein by reference. 

[0222] The oxidative dehydrogenation-type catalysts are 
preferably applied directly to the anode surface of the 
electrochemical cell element, since oxygen provided on that 
surface may be used as the oxidizing agent to conduct 
oxidative dehydrogenation. 

[0223] In another approach, the oxidative dehydrogena 
tion-type catalyst is not applied directly to the anode surface 
of the electrochemical cell element, but is distributed in the 
second passageWay either as a supported or unsupported 
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catalyst, and an oxidizing agent other than oxygen, such as 
iodine, is introduced into the second passageWay With the 
reactants to provide the conditions necessary for oxidative 
dehydrogenation. 
[0224] Preferably, the dehydrogenation catalysts are sup 
ported or unsupported catalysts Which are useful in promot 
ing thermal dehydrogenation. These catalysts include 
rhodium, ruthenium, palladium or platinum metal, metal 
oxides thereof, and mixtures thereof. Among these catalysts, 
platinum is most preferred since in addition to its role as a 
dehydrogenation catalyst, platinum also acts to minimize the 
formation of carbonaceous deposits. Reduction in the for 
mation of carbonaceous deposits is presumed to be due to 
hydrogen chemisorbed onto the platinum Which di?fuses 
along the surface of the catalyst, hydrogenating coke pre 
cursors on the surface to facilitate desorption from the 
surface. The inventors, hoWever, do not Wish to be bound by 
this theory, since the particular theory for the advantages 
With platinum metal is not critical to practicing the present 
invention. 

[0225] Preferably, the catalyst is supported on a support 
medium. The support medium is any material Which does 
not interfere With the process of the present invention. 
Examples of support media include quartz Wool, silica, 
alumina, titania, and zirconia, With quartz Wool preferred. 
Quartz Wool may be packed easily, reducing the possibility 
of damage to the cell caused by the force used to pack the 
cell passageWay. 

[0226] The dehydrogenation reaction Which occurs over 
the catalyst is relatively fast, and contact times of about 0.1 
to about 100 seconds are sufficient to produce the desired 
conversion to unsaturated hydrocarbons. Contact times of 
about 1 to 20 seconds are generally su?icient and preferred. 

[0227] In one embodiment of the invention, the conver 
sion of saturated hydrocarbons to unsaturated hydrocarbons 
is improved by applying an electric potential betWeen the 
anode and cathode. Generally, a potential of up to about 4 
volts can be applied betWeen the electrodes, preferably about 
0.1 to about 2 volts. The desired electric potential can be 
applied by the use of a battery installed in the external circuit 
formed by 26, 27 and 28 in FIGS. 12 and 13. 

[0228] In another preferred embodiment, the rate at Which 
the reaction proceeds at the anode can be increased by 
reducing the distance the oxygen ions must travel betWeen 
the ?rst and second surfaces. In other Words, performance of 
the cell may be increased by using elements having a thin 
cross-section relative to the surface area of the element. 

[0229] (3) Production of Substituted Aromatic Com 
pounds 

[0230] This process of the present invention is conducted 
With any electrochemical cell comprising the element and 
?rst and second passageWays according to the above 
description of (A). These types of electrochemical cells are 
also referred to as electrolytic cells, electrogenerative cells 
or fuel cells. An important feature of the electrochemical cell 
is that it is capable of transferring oxygen ions from a ?rst 
surface of an element in contact With an oxygen-containing 
gas to a second surface of the element Which is in contact 
With an oxygen-consuming gas While transferring electrons 
from the second surface back to the ?rst surface. These 
functions can be accomplished by more than one type of 
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electrochemical cell. Preferred embodiments include those 
Which comprise a solid oxygen ion-conductive electrolyte 
coated on tWo sides With metal, metal oxide or a mixture 
thereof (the “extemal circuit cells”) and those Which com 
prise a solid multicomponent membrane having an electron 
conductive path “built in” (the “intemally short-circuited 
cells”). These tWo types of electrochemical cells of this 
invention are described in detail above. 

[0231] When the element comprises a conductive coating 
on a solid electrolyte utiliZed as a cathode, silver, platinum 
and mixtures of silver and platinum are preferred as con 
ductive coating metals and metal oxides. 

[0232] In one embodiment, the anode can also contain, in 
addition to any of the above-identi?ed conductive metals, an 
alkali and/or alkaline earth metal or metal oxide such as 
lithium, sodium, potassium, rubidium, cesium, beryllium, 
magnesium, calcium, strontium, barium and the correspond 
ing oxides. The combination of lithium and magnesium is 
particularly useful. The amount of alkali and/or alkaline 
earth metal included in the coating (anode) may be varied 
over a Wide range such as from about 1% to about 50% by 
Weight and preferably betWeen about 5% to about 20% by 
Weight. Speci?c examples of such mixed anodes include 
Cu/Li/Mg, Ag/Li/Mg, Ag/Sm/Li/Mg, and Ag/Bi/Li/Mg. 

[0233] The alkali and/or alkaline earth metal or metal 
oxides may be included in the conductive material either 
before or after the conductive material is deposited on the 
surface of the solid electrolyte. It is also possible to dope, 
coat, or otherWise treat the anode With additional materials 
to in?uence its stability, structure and/or reactivity for sur 
face interactions With saturated hydrocarbons. 

[0234] Speci?c examples of conductive coatings useful in 
the invention, and a method of preparing such coatings are 
as folloWs: 

[0235] Ag: A tube is coated With silver ink (Engelhard A 
3148). 
[0236] Ag/Li/Mg: Atube is coated sequentially With silver 
ink (A3148), and then With a slurry of magnesium oxide 
(MgO) and lithium carbonate [Li2CO3] (14.6% W lithium) in 
Water. 

[0237] Pt: A tube is coated With platinum ink from Engel 
hard (# 6926). 

[0238] Pt/Bi: A platinum anode prepared as above is 
coated With a slurry of bismuth oxide [Bi2O3] in Water. 

[0239] In one embodiment, electron-conductive materials 
comprise silver-containing metal compositions. In one pre 
ferred embodiment, the material comprises silver-containing 
metal compositions Which also contain bismuth and option 
ally, an alkali and/or alkaline earth metal or metal oxide. In 
another preferred embodiment, the second surface is a 
conductive coating comprising a platinum-containing metal 
composition. 

[0240] In one embodiment of the invention, the conver 
sion of the aromatic compound to an aromatic compound 
substituted With a second compound in the mixture is 
improved by applying an electric potential betWeen the 
anode and cathode. Generally, a potential of up to about 4 
volts can be applied betWeen the electrodes. The desired 
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electric potential can be applied by the use of a battery 
installed in the external circuit formed by 66, 67, and 68 in 
FIG. 11. 

[0241] HoWever, the inventors have also found that a high 
rate of conversion can also be achieved by selecting a solid 
electrolyte With a small thickness (i.e., a small volume per 
unit area) betWeen the ?rst surface and the second surface, 
relative to the exposed surface area of the electrolyte, Which 
reduces the distance the average oxygen ion must travel 
through the electrolyte per unit area. This conversion rate 
enhancing effect does not require attaching an external direct 
current poWer source, making this a preferred approach for 
increasing the conversion rate economically. 

[0242] The electrochemical cell utiliZed in the process of 
the present invention may optionally contain a catalyst in the 
second passageWay. The inventors have found that the 
presence of a catalyst in the second passageWay can facili 
tate obtaining a desired product selectivity and conversion 
rates for the present invention process. The catalyst may be 
present as a thin ?lm over the second surface of the element 
of electrochemical cell or may be present in the form of 
discrete particles or ?bers packed in the second passageWay 
of the same. The catalyst may be used in combination With 
either external circuit cells or internally short-circuited cells. 

[0243] This continuous process is practiced in a manner 
similar to the process for producing unsaturated hydrocar 
bons described above, except that a mixture of a hydrogen 
containing compound and a second hydrogen-containing 
compound are substituted for the saturated hydrocarbon 
compound and the catalyst may be an oxidative coupling 
catalyst as Well as a dehydrogenation catalyst as further 
explained beloW. 

[0244] In a preferred embodiment of the present invention, 
the catalyst in the second passageWay is a dehydrogenation 
catalyst or oxidative coupling catalyst and the oxygen 
consuming gas mixture preferably comprises a saturated 
hydrocarbon. The inventors have found that selectivity for 
substitution of the aromatic compound With the saturated 
hydrocarbon is generally increased in the presence of such 
a catalyst. 

[0245] The presence of a dehydrogenation or oxidative 
coupling catalyst in the second passageWay can also be used 
to enhance selectivity for aromatic compounds substituted 
With an unsaturated hydrocarbon, even When the reaction 
mixture contains only saturated hydrocarbons as the second 
hydrogen-containing compound. The process of converting 
a mixture of benZene and ethane can, for example, be made 
more selective for producing styrene, as opposed to produc 
ing ethylbenZene or biphenyl, by the presence of a dehy 
drogenation or oxidative coupling catalyst. 

[0246] Dehydrogenation catalysts include those Which are 
useful in the above-described process for production of 
unsaturated hydrocarbon compounds. 

[0247] Some dehydrogenation catalysts are preferred 
When used in the presence of halogen- or sulfur-containing 
additives in the reaction Zone, Which decompose under 
reaction conditions to form halogens or sulfur dioxide. 
Examples of such catalysts are those comprising oxides of 
iron, cobalt, nickel, manganese, vanadium, molybdenum, 
bismuth, tin, cadmium and copper, magnesium phosphate, 
etc., including mixtures thereof. Halogen-containing addi 
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tive systems are described, for example, in Us. Pat. Nos. 
3,207,807, 3,207,808, 3,207,809, 3,207,810, 3,207,811, 
3,210,436 and 3,211,800; British Patent No. 988,619; 
French Patent No. 1,397,284; Neth. Application No. 6,500, 
024; and Belgian Patent No. 658,368 and sulfur-containing 
additive systems are described in Belgian Patent No. 617, 
892; British Patent Nos. 998,784 and 984,901; and French 
Patent No. 1,407,830, each of Which is fully incorporated 
herein by reference. 

[0248] Oxidative coupling catalysts Which may be used in 
the present invention include those Which are used for 
oxidative coupling betWeen hydrocarbons in the reaction 
mixture. Oxidative coupling catalysts useful for coupling of 
methane to form ethane and ethylene may be used in order 
to use methane as the second hydrogen-containing com 
pound of the oxygen-consuming gas, and oxidative coupling 
catalysts may be used to facilitate the reaction betWeen the 
hydrogen-containing aromatic compound and a second 
hydrogen-containing compound. Examples of oxidative 
coupling catalysts include oxides of lead, bismuth, tin, 
antimony, tellurium, cadmium, gallium, germanium, 
indium, zinc, calcium, and rare earth metals such as 
samarium, halmium, gadolinium, erbium, thulium, ytter 
bium, yttrium, lanthanum, neodymium, europium, dyspro 
sium, lutetium, praseodymium, and terbium. A variety of 
doped magnesium oxides are also useful as oxidative cou 
pling catalysts. Alkali metal-doped magnesium oxides, such 
as sodium-, potassium- or cesium-doped magnesium oxides 
are effective oxidative coupling catalysts. 

[0249] Preferably, these catalysts are supported catalysts. 
The support material is any material Which does not interfere 
With the process of the present invention. Examples of 
support materials include quartz Wool, silica, alumina, tita 
nia, and zirconia, With quartz Wool preferred. Quartz Wool 
may be packed easily, reducing the possibility of damage to 
the cell caused by the force used to pack the passageWay of 
the cell. 

[0250] The process of the present invention is generally 
conducted at a temperature of at least about 300° C., and 
preferably at a temperature of at least about 5000 C. The 
temperature is preferably no greater than about 1100° C., 
and more preferably no greater than about 950° C. The 
temperature for a particular electrochemical cell/feed gas 
composition system can easily be optimized by one of 
ordinary skill in the art by checking conversion rates at 
different temperatures for the optimum conversion rate 
temperature. The upper limit to operating temperature is 
generally just beloW the temperature at Which a substantial 
amount of the desired products or reactants decompose into 
undesired fragments or byproducts. 

[0251] The oxygen-containing gas Which is passed in 
contact With the ?rst surface or cathode can be air, pure 
oxygen, or any other gas containing at least 1% oxygen. In 
another embodiment, the oxygen-containing gas does not 
contain dioxygen, but rather contains oxygen in other forms 
such as N20, CO2, S02, N02, NO, etc. Preferably, the 
oxidizing gas is a dioxygen-containing gas such as air. 

[0252] The hydrogen-containing aromatic compounds 
may be any aromatic ring-containing compound Which has 
hydrogen as a substituent, including substituted or unsub 
stituted mono- or polycyclic aromatic compounds. The 
aromatic ring or rings may contain one or more hetero atoms 
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or hetero atom-containing groups as substituents or as ring 
members, so long as the aromatic compound retains a 
predominantly aromatic hydrocarbon character. Typical het 
ero atoms include nitrogen, oxygen and sulfur. 

[0253] The hydrogen-containing aromatic compounds are 
generally selected from among those Which are gaseous and 
reasonably stable (i.e., resistant to decomposition) at the 
operating temperature of the electrochemical cell. Examples 
of such aromatic compounds include thiophene, thiazole, 
pyrazole, benzene, toluene, ethylbenzene, xylene, phenol, 
benzyl alcohol, benzaldehyde, acetophenone, pyridine, ben 
zoic acid, phenylbenzene, indene, indole, benzothiophene, 
benzothiazole, naphthalene, quinoline, cinnoline, 
anthracene, anthraquinone, phenanthrene, pyrene, carba 
zole, etc. Among these, monocyclic aromatic compounds 
having a 6-membered aromatic ring are preferred, and 
benzene is most preferred for its stability at operating 
temperature and for economic reasons. 

[0254] The second hydrogen-containing compound may 
be selected from a Wide range of compounds containing 
hydrogen Which are capable of oxidative coupling With the 
aromatic compound introduced to the second passageWay of 
the electrochemical cell. These compounds include saturated 
or unsaturated, substituted or unsubstituted hydrocarbon 
aceous compounds, such as substituted or unsubstituted, 
saturated or unsaturated aliphatic hydrocarbons, and hydro 
gen-containing inorganic compounds, such as methane, sub 
stituted methane, hydrogen cyanide, ammonia, hydrogen 
halides, such as hydrogen chloride and hydrogen iodide, 
etc., or mixtures thereof. Substituted methane includes halo 
gen-substituted methane, methanol, methylamine, methyl 
cyanate, methyl isocyanate, etc. One of ordinary skill can 
easily identify additional hydrogen-containing compounds 
suitable as substituents for aromatic compounds in accor 
dance With the spirit and scope of the present invention. 

[0255] The substituents derived from the second hydro 
gen-containing compound are simply the second compound 
less at least one hydrogen atom. From the above examples, 
hydrocarbyl, cyano, amino, halo, etc., can be mentioned as 
examples of substituents on the substituted aromatic com 
pound produced by the process of this invention. 

[0256] When more than one hydrogen atom is removed 
from the site Where the second compound is coupled to the 
aromatic compound, further possibilities exist, such as 
unsaturation of the second compound, so that if the second 
compound is a hydrocarbon, it may form a double bond, for 
example, Where none previously existed. This occurs When, 
for example, the mixture entering the second passageWay of 
the electrochemical cell is benzene and ethane. Not only can 
ethylbenzene be produced, but also styrene (i.e., vinyl 
benzene). Styrene is Well knoWn as a starting material for 
commercial production of polystyrene and many copoly 
mers having styrene as one of its monomer units. 

[0257] Preferred second hydrogen-containing compounds 
are substituted or unsubstituted methane and substituted or 

unsubstituted, branched or straight chain, saturated or unsat 
urated aliphatic hydrocarbons, particularly those having 
from 2 to about 5 carbon atoms, such as methane, methyl 
methacrylate, ethane, ethylene, propane, propylene, butane, 
butylene, pentane, 2-methyl butane, etc. Particularly pre 
ferred among these aliphatic hydrocarbons are those having 
from 2 to 4 carbon atoms, such as ethane, ethylene, propane, 
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propylene, butane, isobutane, l-butene, 1,4-butadiene, etc., 
since they are relatively stable and can be dehydrogenated 
somewhat more easily than many other hydrocarbons. 

[0258] The process of the present invention generally is 
conducted at a pressure of from about 0.1 to about 100 
atmospheres, more preferably betWeen about 0.5 to about 10 
atmospheres, and even more preferably about 1.0 atmo 
sphere. 

[0259] The ?oW rate of the reaction mixture through the 
cell may be varied as desired so long as there is su?icient 
contact by the reaction mixture With the anode to produce 
the desired substituted aromatic compound. Contact times of 
from 0.1 to about 100 seconds may be used, and contact 
times of from 1 to 20 seconds are generally su?icient. 

[0260] (4) Extraction of Oxygen From Oxygen-Contain 
ing Gas 

[0261] The electrochemical process for extracting oxygen 
from an oxygen-containing gas in accordance With the 
present invention is conducted utiliZing the electrochemical 
cell of the present invention. The process is generally 
conducted at a temperature Within the range of about 300° C. 
to about 1400° C. In one embodiment, the process may be 
conducted in the range from about 5000 C. to about 1400° 
C. In another embodiment the process is conducted Within 
the range of about 700° C. to about 1100° C. In a preferred 
embodiment, the process is conducted at a temperature of at 
least about 400° C. and is preferably no greater than about 
1000° C., and even more preferably no greater than about 
900° C. The electrochemical cell may be heated to the 
desired temperature and the temperature may be maintained 
during the reaction by utiliZing a hot ?ue gas, external 
heating, and/or utiliZing the exothermicity of the reaction. 

[0262] The oxygen-containing gas Which is treated in 
accordance With the process of the present invention may be 
any gas Which contains free oxygen and/or contains oxygen 
in other forms such as N20, NO, N02, S02, S03, H2O(g) 
(i.e., steam), CO2, or a mixture of oxygen-containing gases, 
such as a ?ue gas, etc. 

[0263] The reactant gas comprises any gas Which is 
capable of reacting With oxygen or oxygen ions, including 
one or more hydrocarbons Which are in the gas phase and 
capable of reacting With oxygen or oxygen ions under 
process conditions such as saturated and unsaturated loWer 
aliphatic hydrocarbons such as methane, natural gas, ethane, 
ethene, acetylene, propane, propene, propyne, butane, 
butene, butyne, isobutane, isobutene, etc., saturated and 
unsaturated loWer cyclic hydrocarbons such as cyclopro 
pane, cyclobutane, cyclobutene, etc., aromatic hydrocarbons 
such as benZene, naphthalene, etc., and mixtures thereof; 
natural gas; hydrogen; carbon monoxide; hydrogen sul?de; 
methanol; ammonia; etc.; and mixtures thereof. Selecting 
one or more gases Which are capable of reacting With oxygen 
or oxygen ions under the reaction conditions of the present 
invention is Within the purvieW of those skilled in the art. 

[0264] Preferred reactant gases or gas mixtures for use in 
this process are those that are inexpensive per unit of 
volume, are a by-product of an industrial process, and/or 
form useful products When they react With oxygen or oxygen 
ions. A particularly preferred gas for use as a reactant gas is 
natural gas. 
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[0265] In one embodiment of this process of the present 
invention, at least one electrochemical cell is provided in the 
path of ?ue or exhaust gases for cleaning, purifying or 
recycling ?ue or exhaust gas emissions. The electrochemical 
cell in his process separates a fuel gas Zone from a Zone 
containing ?ue or exhaust gas. 

[0266] The gas containing oxides of sulfur and/or nitrogen 
Which is passed in contact With the ?rst surface or cathode 
can contain S02, S03, N02, NO, N20, etc., in amounts as 
loW as about 0.001 mol % up to 100 mol %. Preferably, the 
amount of sulfur and/or nitrogen in the gas stream to be 
treated is in the range from about 0.005 to about 5 mol %, 
and more preferably in the range from about 0.1 to about 1 
mol %, since typical ?ue and exhaust streams contain oxides 
of sulfur and/or nitrogen in this more preferred range of 
operation. 

[0267] In practice, a gas mixture containing one or more 
oxides of sulfur and/ or nitrogen is passed in contact With the 
?rst surface of the element (the cathode), and the reducing 
gas is passed in contact With the second surface of the 
element (anode). As the pollutant-containing gas contacts 
the ?rst surface, oxygen is reduced to oxygen ions Which are 
transported through the element to the anode side. At the 
anode siZe (second surface), the oxygen ions react With the 
reducing gas and electrons are released. The electrons return 
to the cathode side. 

[0268] In one embodiment, the process of the present 
invention is conducted With an apparatus such as illustrated 
in FIGS. 9 and 11 by passing a reducing gas through the 
inner open space 55 and a gas stream containing oxides of 
sulfur and/ or nitrogen through the outer open space 55. The 
oxides of sulfur and nitrogen Which contact the outside 
conductive coating 53 are reduced, releasing oxygen ions 
Which migrate through the core 51 to the inside conductive 
coating 52. At the surface of the inside coating 52, the 
oxygen ions react With the reducing gas contacting the inside 
conductive coating 52. During this reaction, the oxygen ion 
loses tWo electrons Which travel from the inner conductive 
coating 52 to the outer surface coating 53 through the core 
51 and, optionally, through the circuit formed by leads 56 
and 57 and the ammeter/battery 58. 

[0269] In yet another embodiment, the anode and cathode 
are reversed. That is, inside conductive coating 52 is the 
cathode and the outer conductive coating 53 is the anode. In 
this embodiment, the fuel gas is passed through the outer 
open space 55, and the gas stream containing oxides of 
sulfur and/or nitrogen is passed through the inner or central 
open space 54. OtherWise, the process in this embodiment is 
the sane as the embodiment discussed above. 

[0270] In the last tWo embodiments of the invention, the 
rate of gas cleanup is improved by applying an electric 
potential betWeen the anode and cathode. Generally, a 
potential of up to about 4 volts can be applied betWeen the 
electrodes. The desired electric potential can be applied by 
the use of a battery installed in the external circuit formed by 
56, 57 and 58 in FIG. 10. 

[0271] HoWever, the inventors have also found that a high 
rate of gas cleanup can also be achieved by selecting a solid 
membrane or electrolyte With a small thickness betWeen the 
?rst surface and the second surface, relative to the exposed 
surface area of the electrolyte (i.e., a small electrolyte 






























