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No.  3,410,783  to  Tomter  discloses  electrochemical 
processes  for  separating  oxygen  from  air  by 
means  of  either  two-  or  four-electron  transfers. 

Another  disclosure  of  electrochemical  pro- 
cesses  for  separating  oxygen  from  air  is  contained 
in  French  Patent  Specification  FR—  A—  1,460,767. 
In  this  specification,  group  VIII  metals  such  as 
platinum,  and  various  metal  oxides  are  used  as 
electrodes  or  electrode  coatings  to  favor  2-  and  4- 
electron  reductions  of  oxygen  to  peroxide  and 
water,  respectively.  European  Patent  Publication 
EP—  A—  98  376  discloses  2-  and  4-electron  reduc- 
tions  of  oxygen  for  use  in  fuel  cells  and  other 
electrolytic  cells.  This  specification  does  not  teach 
oxygen  separation  per  se;  the  conditions  there 
employed  are  unsuitable  for  the  productions  of 
any  superoxide  ion.  Further,  the  electrochemical 
processes  disclosed  therein,  which  are  directed  to 
passing  as  much  current  as  possible  for  each 
oxygen  molecule  reduced  at  the  cathode,  are 
unsuitable  for  the  separation  of  oxygen.  Efficient 
electrochemical  separation  of  oxygen  dictates  the 
passage  of  as  little  current  as  possible  for  each 
oxygen  molecule  reduced.  Electrochemical  reduc- 
tion  of  oxygen  to  superoxide  ion  in  organic 
solvents  is  disclosed  by  M.  E.  Peover  and  B.  S. 
White  in  "Electrolytic  Reduction  of  Oxygen  in 
Aprotic  Solvents:  The  Superoxide  Ion,":  Elec- 
trochimica  Acta,  Vol.  11,  1966,  pages  1061—1067. 
However,  there  is,  in  this  article,  no  mention  or 
suggestion  of  reoxidation  of  the  superoxide  so 
generated  to  form  oxygen  and  similarly,  no  means 
provided  to  collect  oxygen  at  an  anode. 

The  specification  and  claims  distinguish  the 
present  invention  from  the  art  referred  to. 

This  invention  provides  a  process  in  which  an 
electrochemical  cell  is  used  to  separate  oxygen 
from  a  mixture  of  gases. 

In  afirst  embodiment,  the  process  comprises  the 
steps  of  contacting  the  cathode  of  an  electrochem- 
ical  cell  with  a  gaseous  mixture  comprising 
oxygen  to  thereby  reduce  such  oxygen  by  a  single 
electron  to  its  superoxide  ion; 

transporting  such  a  superoxide  ion  across  the 
cell  from  the  cathode  to  the  anode  through  an 
electrolyte  contained  therein;  and 

oxidizing  the  superoxide  ion  to  oxygen  at  the 
anode  where  said  oxygen  is  discharged  as  oxygen 
gas. 

In  a  second  embodiment,  the  process  of  this 
invention  comprises  the  steps  of: 

adding  a  transition  metal  complex  to  the  electro- 
lyte  contained  in  the  cell,  such  a  transition  metal 
complex  being  capable  of  being  reduced  at  a 
potential  more  positive  than  oxygen  reduction; 

providing  a  potential  across  the  cell  to  reduce 
the  transition  metal  complex  at  the  cathode  to 
form  a  complex  capable  of  reversibly  binding 
oxygen; 

introducing  a  gaseous  mixture  comprising 
oxygen  into  the  electrochemical  cell  to  contact  the 
reduced  transition  metal  complex  so  that  oxygen 
is  bound  to  said  complex;  and 

transporting  the  oxygen-containing  complex  to 
the  anode  where  the  complex  is  reoxidized  at 

Description 

Field  of  the  invention 
This  invention  relates  to  a  process  and 

apparatus  in  which  an  electrochemical  cell  pro- 
vided  in  accordance  with  this  invention  is  used  for 
separating  oxygen  from  air  or  other  gaseous 
mixture. 

Background  of  the  invention 
Oxygen  gas  has  many  uses.  For  example,  it  can 

be  used  for  treatment  of  patients  in  the  medical 
field,  for  various  industrial  processes,  and  for 
breathing  in  an  environment  in  which  oxygen  is 
deficient.  As  a  result  of  the  variety  of  uses  for 
oxygen  gas,  there  is  currently  a  substantial 
demand  for  such  gas  and  also  for  a  process  by 
which  it  can  be  produced  economically,  efficiently 
and  safely.  Preferably  such  a  process  can  be 
carried  out  in  relatively  large  units  and  also  in 
relatively  small  units,  e.g.  portable  units. 

One  process  that  is  presently  used  to  produce 
oxygen  gas  is  electrolysis  of  water.  There  are, 
however,  several  problems  associated  with  elec- 
trolysis  that  make  it  unattractive.  For  example, 
electrolysis  requires  a  large  consumption  of  elec- 
trical  energy  and  the  oxygen  gas  produced  can 
contain  small  amounts  of  hydrogen  gas  which 
must  be  removed  before  the  oxygen  can  be  used. 
Additionally  the  concomitant  production  of  hydro- 
gen  along  with  oxygen  during  electrolysis 
presents  serious  safety  hazards. 

In  addition  to  electrolysis  of  water,  processes  are 
available  in  the  art  for  producing  pure  oxygen  gas 
by  separating  oxygen  from  a  gaseous  mixture 
such  as  air. 

The  most  widely  used  oxygen  separation  pro- 
cess  is  cryogenic  liquefaction  and  distillation  of  air. 
Such  cryogenic  processes  have  several  draw- 
backs,  however;  they  are  energy  intensive  with 
overall  efficiencies  of  less  than  about  35  —  40%  and 
they  must  be  run  in  plants  whose  capacities 
exceed  about  1  00  tons  per  day  to  take  advantage  of 
economy  of  scale.  Because  cryogenic  units  must 
be  quite  large  to  be  economically  feasible,  smaller 
and/or  portable  units  based  on  this  technology  are 
not  available.  Therefore,  when  a  cryogenic  pro- 
cess  is  used,  the  resulting  oxygen  usually  must  be 
shipped  from  a  large  central  production  facility  to 
the  end  user.  In  this  case  the  product  oxygen  is 
often  transported  as  a  liquid  in  expensive  vehicles 
equipped  with  cryogenic  dewars.  The  cost  of  the 
cryogenic  process  is  further  increased  since  the 
transport  and  storage  of  liquid  oxygen  is  hazard- 
ous  and  thus,  special  precautions  must  be  taken. 

In  addition  to  the  above  described  cryogenic 
processes,  oxygen  can  be  separated  from  air  by 
means  of  known  electrochemical  processes  which 
are  based  either  on  a  two-electron  reduction  of 
oxygen  or  a  four-electron  reduction.  For  example, 
US  Patent  No.  3,888,749  to  Chong,  US  Patent  No. 
4,061,554  to  Chillier-Duchatel  et  al  and  US  Patent 
No.  4,300,987  to  Tseung  et  al,  disclose  elec- 
trochemical  processes  for  separating  oxygen  from 
air  by  means  of  a  two-electron  transfer.  US  Patent 
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that  the  components  of  the-electrochemical  cell 
comprising  this  invention  can  be  provided  in 
various  configurations  as  are  well  known  in  the 
art  of  cell  design.  Furthermore,  although  this 
invention  is  discussed  in  terms  of  only  a  single 
electrochemical  cell,  the  apparatus  provided  in 
accordance  with  this  invention  can  include  a 
plurality  of  such  cells. 

The  electrochemical  cell  10  of  this  invention 
includes  a  cathode  12,  an  anode  14  and  an 
electrolyte  16  extending  between  the  cathode  and 
anode.  Briefly,  in  accordance  with  the  process  of 
this  invention,  the  cell  10  is  operated  to  separate 
oxygen  from  air  (or  from  another  gaseous  mix- 
ture  comprising  oxygen)  by  impressing  an 
appropriate  potential  across  the  anode  and 
cathode  and  by  introducing  air  into  a  chamber  18 
in  fluid  communication  with  the  cathode.  The  air 
contacts  the  cathode  surface  where  oxygen  in  the 
air  is  reduced  by  one  electron  to  its  superoxide 
ion  (O2~).  (Excess  air  is  vented  from  the  chamber 
18  via  a  vent  20  or  the  like).  The  superoxide  ions 
produced  at  the  cathode  migrate  into  the  electro- 
lyte  and  travel  through  the  electrolyte  under  the 
influence  of  diffusion,  convection  and  electromig- 
ration  to  the  anode  where  such  ions  are  reox- 
idized  (by  one  electron)  to  oxygen.  Oxygen  is 
liberated  from  the  anode  as  oxygen  gas  and  is 
collected  in  an  oxygen  chamber  22  from  which  it 
is  withdrawn  for  use  through  a  vent,  such  as  the 
vent  24. 

The  overall  process  of  this  invention  is  shown 
as  the  sum  of  two  half  cells  by  equations  3  and  4 
below: 

which  time  said  complex  releases  the  bound 
oxygen  for  recovery. 

In  a  third  embodiment  the  process  comprises 
the  steps  of: 

adding  a  transition  metal  complex  of  the  for-  5 
mula  LxCo  (lll)(n~1)+  to  the  electrolyte  of  the  elec- 
trochemical  cell,  where  L  designates  a  ligand,  x 
designates  the  number  of  such  ligands  associated 
with  the  Co  ion.  III  represents  the  Go  ion  valence 
and  n  is  the  total  charge  of  the  complex,  the  w 
ligand  being  selected  to  provide  that  Co(lll)  is 
reduced  to  Co(ll)  at  potential  more  positive  than 
oxygen  reduction; 

providing  a  potential  across  the  cell  to  thereby 
reduce  the  Co(lll)  to  Co(ll)  at  the  cathode  to  15 
provide  a  complex  of  the  formula  LxCo(ll)n+; 

introducing  a  gaseous  mixture  comprising 
oxygen  into  the  electrochemical  cell  to  contact  the 
LxCo(ll)n+  complex  so  that  such  oxygen  is  bound 
to  the  complex;  and  20 

transporting  the  oxygen  containing  complex  to 
the  anode  where  the  Co(ll)  comprising  the  com- 
plex  is  oxidized  to  Co(lll),  at  which  time  the 
complex  releases  the  bound  oxygen  for  recovery. 

An  electrochemical  cell  for  carrying  out  the  first  25 
embodiment  of  the  process  comprises: 

In  one  embodiment  a  cathode  having  thereon  a 
coating  comprising  quinoline  or  a  polymer  and 
capable  of  reducing  oxygen  in  the  gaseous  mix- 
ture  to  its  superoxide  ion,  the  coating  being  30 
relatively  impermeable  to  water  and  relatively 
permeable  to  superoxide  ion; 

an  anode  at  which  such  a  superoxide  ion  is 
reoxidised  to  oxygen;  and 

an  aqueous  electrolyte  having  a  pH  greater  than  35 
about  7  the  electrolyte  transporting  such  a 
superoxide  ion  across  the  cell  from  the  cathode  to 
anode. 

In  another  embodiment  a  cathode  capable  of 
reducing  oxygen  in  the  gaseous  mixture  to  its  40 
superoxide  ion; 

an  anode  at  which  such  superoxide  ions  are 
reoxidized  to  oxygen;  and 

an  electrolyte  comprising  a  solid  polymer  and 
transporting  such  a  superoxide  ion  across  the  cell  45 
from  the  cathode  to  the  anode. 

Drawing 
These  and  other  features,  aspects  and  advan- 

tages  of  the  present  invention  will  be  more  fully  so 
understood  when  considered  with  respect  to  the 
following  detailed  description,  appended  claims 
and  the  accompanying  drawing  which  is  a 
schematic  of  one  exemplary  embodiment  of  an 
electrochemical  cell  provided  in  accordance  with  55 
practice  of  principles  of  this  invention  for  separ- 
ating  oxygen  from  air  by  means  of  a  one  electron 
transfer. 

Detailed  description  60 
Although  the  process  and  apparatus  provided 

in  accordance  with  practice  of  principles  of  this 
invention  are  both  described  below  with  ref- 
erence  to  the  schematic  electrochemical  cell  10 
shown  in  the  drawing,  it  should  be  understood  65 

O2+1e--^O.f  (cathode);  (3) 

02-"->C>2  f  +1e"(anode)  (4) 
and 

As  is  described  below  in  greater  detail,  a  key 
feature  of  the  process  and  apparatus  of  this 
invention  is  the  transport  of  the  superoxide  ions 
from  the  cathode,  where  they  are  formed, 
through  the  electrolyte  to  the  anode  for  reoxida- 
tion  to  oxygen,  without  a  significant  number  of 
such  superoxide  ions  being  reduced  further  to 
peroxide.  Thus,  the  apparatus  and  process  of  this 
invention  provide  for  oxygen  to  be  separated 
from  air  by  means  of  a  single  electron  transfer 
instead  of  the  two-  or  four-electron  transfers 
known  previously  in  the  art. 

This  invention  is  unique  in  that  it  can  result  in 
higher  efficiencies  than  were  previously  achiev- 
able  with  electro  separation  cells  i.e.,  elec- 
trochemical  cells,  based  on  two-  or  four-electron 
transfers.  It  is  also  unique  in  that  no  expensive 
electro  catalysts  are  required  for  either  the  anode 
or  cathode.  Further,  since  the  superoxide  ion  is 
not  a  strong  oxidant,  it  does  not  oxidatively  attack 
the  electrodes  or  other  cell  components  as  does 
the  peroxide  ion  used  in  prior  art  processes. 
Additionally,  the  potentials  required  at  the  elec- 
trodes  of  the  instant  invention  are  more  reducing 
than  the  normal  hydrogen  electrode  (NHE), 
whereas  in  the  two-  and  four-electron  processes 
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and  yields  superoxide  ion  as  its  main  product. 
This  article,  however,  does  not  (1)  provide  for  the 
reoxidation  of  any  superoxides  so  generated  to 
form  oxygen,  (2)  discuss  the  possibility  of  collect- 
ing  oxygen  formed  by  such  reoxidation,  or  (3) 
even  discuss  which  anodic  processes  occur  in  the 
electrochemical  cell. 

In  accordance  with  practice  of  this  invention 
such  cathode  coatings  can  be  provided  by  adding 
a  compound  (hereinafter  referred  to  as  a  surfac- 
tant)  to  the  electrolyte  which  is  capable  of  being 
adsorbed  from  the  electrolyte  onto  the  cathode 
surface.  When  such  a  surfactant  is  used  it  is 
desired,  although  not  necessary,  that  the  aqueous 
electrolyte  is  saturated  with  the  surfactant. 
Alternatively,  if  desired,  the  coating  can  be  a 
polymer  applied  directly  to  the  cathode  surface. 
Non-limiting  examples  of  surfactants  contem- 
plated  for  use  in  accordance  with  this  invention 
include  quinoline,  triphenylphosphine  oxide, 
pyridine  and  substituted  pyridines,  substituted 
quinolines,  trialkyl  amines,  thiols  and  thioethers, 
cetyltrialkylammonium  salts,  benzyltrialky- 
lammonium  salts  and  other  cationic  surfactants, 
sodium  lauryl  sulfate,  alkyl  sulfates  and  sul- 
fonates,  alkyl  phosphates  and  phosphonates  and 
other  anionic  surfactants,  polyethylene  glycols, 
polypropylene  glycols,  and  other  non-ionic  sur- 
factants. 

Non-limiting  examples  of  polymers  that  are 
contemplated  for  use  in  coating  the  cathode  are 
polyvinylpyridine,  polyacrylonitrile,  polyacry-. 
lamide,  and  their  copolymers. 

Once  the  superoxide  ion  is  formed  on  the 
cathode  and  migrates  through  the  cathode  coat- 
ing  (which  is  permeable  to  the  superoxide  ion) 
into  the  aqueous  electrolyte  it  is  inhibited  from 
being  further  reduced  to  peroxide  in  accordance 
with  practice  of  this  invention  by  providing  that 
the  electrolyte  has  a  pH  greater  than  10  and 
preferably  greater  than  12.  For  example,  having  a 
relatively  high  pH  reduces  the  probability  that  the 
superoxide  ions  will  react  with  protons  and 
undergo  disproportionation  according  to  the 
following  reaction: 

the  electrodes  are  set  at  more  positive  potentials. 
Because  the  required  potentials  are  lower,  the 
electrodes  in  the  one-electron  process  of  this 
invention  are  not  exposed  to  as  harsh  an  environ- 
ment  as  in  the  two-  and  four-electron  processes 
and  thus,  are  less  subject  to  oxidative  degrada- 
tion. 

Electrodes  contemplated  for  use  in  accordance 
with  practice  of  this  invention  can  be  carbon  in 
the  form  of  graphite,  vitreous  or  glassy  carbon, 
carbonblack,  carbonized  cloth,  carbon  fibers  or 
other  forms  of  carbon  known  in  the  art.  Alterna- 
tively,  the  electrodes  can  be  non-noble  metals, 
e.g.  mercury  or  lead,  conducting  inert  borides, 
carbides,  nitrides,  silicides,  phosphides,  and  sul- 
fides  or  noble  metals,  e.g.  platinum  or  gold. 

If  desired,  the  cathode  can  be  in  the  form  of  a 
gas  diffusion  electrode  to  increase  the  electrode 
surface  available  for  contacting  the  air  and  thus, 
the  oxygen  contained  in  the  air.  The  particulars  of 
construction  of  such  gas  diffusion  electrodes  are 
well  known  to  those  skilled  in  the  art  and  do  not 
provide  any  part  of  the  instant  invention. 

As  is  described  in  greater  detail  below,  the 
electrolytes  contemplated  for  use  in  accordance 
with  practice  of  this  invention  can  be  aqueous 
electrolytes,  non-aqueous  electrolytes  or  mix- 
tures  thereof. 

As  was  mentioned  previously,  key  features  of 
this  invention  are  the  reduction  of  oxygen  in  air  to 
the  superoxide  ion  at  the  cathode  and  inhibiting 
the  superoxide  ion  from  being  reduced  further  to 
peroxide  as  it  travels  from  the  cathode  to  the 
anode  through  the  electrolyte. 

In  one  embodiment  of  the  cell  10  of  this  inven- 
tion,  an  aqueous  electrolyte  is  provided  and  the 
cathode  includes  a  coating  26  (shown  schemati- 
cally  in  the  drawing)  that  is  relatively  imperme- 
able  to  water  while  being  relatively  permeable  to 
the  superoxide  ion. 

If  an  aqueous  electrolyte  is  used  and  no  such 
coating  is  provided,  peroxide  is  formed  at  the 
cathode,  i.e.,  it  is  thought  that  the  superoxide  ion 
originally  formed  at  the  cathode  is  reduced  fur- 
ther  on  the  cathode  surface  to  peroxide.  A  discus- 
sion  of  this  reaction  and  of  coating  a  mercury 
electrode  with  quinoline  to  prevent  peroxide 
formation  can  be  found  in  J.  Chevalet  et  al, 
Electrogeneration  and  some  Properties  of  the 
Superoxide  Ion  in  Aqueous  Solutions,  J.  Elect- 
roanal.  Chem.,  39  (1972). 

This  article  describes  the  electrochemistry  of 
oxygen  in  water  at  high  pH,  both  with  and  without 
quinoline.  As  is  well  known,  oxygen  is  reduced  by 
two  electrons  at  a  mercury  cathode  in  water  at  pH 
14  and,  as  followed  by  polarography  or  cyclic 
voltammetry,  the  two-electron  process  is  revers- 
ible.  If,  as  found  by  Chevalet,  et  al.,  (at  page  205), 
the  solution  is  nearly  saturated  with  quinoline,  a 
reversible  1  -electron  reduction  to  superoxide 
occurs.  As  is  summarized  on  page  215  of  the 
article,  presence  of  surfactants  such  as  quinoline, 
which  can  form  compact  hydrophobic  films, 
inhibits  the  polarographic  reduction  of  oxygen  by 
selectively  blocking  the  second  electron  transfer. 

w 

15 

20 

25 

30 

35 

40 

45 

2O2-+2H+^O2+H2O2;  (5) 

2O2-+H2O^O2+HO2-+OH-  (6) 
or 

50 
Thus,  by  providing  an  aqueous  electrolyte  sol- 

ution  with  a  pH  greater  than  10  and  preferably 
greater  than  12,  the  superoxide  ions  which  are 
produced  at  the  coated  cathode  travel  through  the 
electrolyte  to  the  anode  where  they  are  reoxidized 
by  a  single  electron  transfer  to  oxygen.  The 
oxygen  gas  liberated  at  the  anode  is  then  col- 
lected  for  use. 

In  addition  to  the  above  described  technique  of 
maintaining  the  aqueous  electrolyte  at  a  relatively 
high  pH  to  stabilize  the  superoxide  ion,  further 
stabilization  can  be  provided  in  accordance  with 
this  invention  by  adding  one  or  more  nitriles  to 
the  electrolyte.  Non-limiting  examples  of  nitriles 
contemplated  for  use  in  accordance  with  practice 

55 

60 
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(Mg(OH)2,  Ca(OH)2,  Ba(OH)2),  alkali  silicates,  alkali 
borates,  alkali  and  alkaline  earth  phosphates, 
alkali  sulfates,  alkali  and  alkaline  earth  halides  or 
combinations  and  mixtures  of  the  above. 

When  an  aqueous  electrolyte  is  included  in  the 
electrochemical  cell  provided  in  accordance  with 
this  invention  it  is  preferred  that  the  process  of 
this  invention  includes  the  step  of  removing 
carbon  dioxide  from  the  inlet  air.  Such  carbon 
dioxide  removal  prevents  precipitation  of  car- 
bonates  and  is  particularly  important  when  the 
nature  of  the  electrolyte  would  result  in  precipita- 
tion  of  insoluble  carbonates. 

As  was  mentioned  above,  in  another  embodi- 
ment  of  this  invention  the  electrolytic  cell  10 
includes  non-aqueous  electrolyte.  Such  non- 
aqueous  electrolytes  contemplated  for  use  in 
accordance  with  practice  of  this  invention  are 
high-boiling  (b.p.  greater  than  about  100°F),  apro- 
tic  polar  solvents  that  contain  an  inert  salt  which 
dissolves  to  form  at  least  a  0.1  molar  solution. 
Preferably  such  solvents  are  selected  from  those 
that  have  little  or  not  toxicity,  especially  when  the 
product  oxygen  gas  is  intended  for  medical  use. 

Aprotic  high-boiling  solvents  contemplated  for 
use  in  accordance  with  this  invention  include,  but 
are  not  limited  to:  pyridine,  N,N-dimethylfor- 
mamide,  N,N-dimethylacetamide,  acetonitrile, 
benzonitrile,  quinoline,  substituted  pyridines, 
non-limiting  examples  of  which  are  methyipy- 
ridine,  f-butylpyridine,  di-f-butylpyridine,  tri-t- 
butylpyridine,  N-methylpyridinium  salts,  N-ethy- 
Ipyridinium  salts,  and  pyridinecarboxamides,  also 
N-methylpyrrolidinone,  dipyridylether,  butyronit- 
rile,  propionitrile,  adiponitrile,  chlorocarbons, 
fluorocarbons  and  chlorofluorocarbons,  perfluori- 
nated  amines  and  perfluorinated  ethers. 

Salts  that  are  contemplated  for  use  in  combina- 
tion  with  the  aprotic  solvents  to  provide  the 
electrolyte  of  this  invention  include,  but  are  not 
limited  to:  tetraalkylammonium  halides,  where 
the  alkyl  groups  are  preferably  hydrocarbons 
having  1  to  16  carbon  atoms,  preferably  tet- 
ramethyl  ammonium  chloride,  methylpyridinium 
halides,  ethylpyridinium  halides,  tetraalky- 
lammonium  sulfates,  perchlorates,  acetates  and 
trifluoroacetates,  where  the  alkyl  group  is  a 
straight  chain  hydrocarbon  preferably  having  a 
length  of  1  to  4  carbon  atoms,  alkali  metal 
acetates  and  trifluoroacetates. 

When  an  aprotic  solvent  electrolyte  system  is 
included  in  the  electrochemical  cell  of  this  inven- 
tion,  no  coating  is  required  on  the  cathode 
because  no  protons  are  available  to  catalyze 
further  reduction  of  the  superoxide  ion  formed  on 
the  cathode.  However,  to  maintain  the  aprotic 
solvent  free  of  protons,  i.e.,  to  maintain  the 
solvent  free  of  water,  the  inlet  air  is  preferably 
dried  in  a  drying  step  before  it  is  introduced  into 
the  cell.  Alternatively,  or  in  addition  to  drying  the 
air  before  it  is  introduced  into  the  cell,  a  drying 
agent  such  as  molecular  sieves  or  activated  silica 
can  be  added  directly  to  the  aprotic  solvent 
electrolyte. 

Another  feature  of  the  present  invention  is 

of  this  invention  include  benzonitrile,  propionit- 
rile,  butyronitrile,  malononitrile,  succinonitrile, 
adiponitrile,  cyanoacetate,  2-cyanoethyl  ether,  the 
cyanopyridines,  polyacrylonitrile  and  acrylonitrile 
co-polymers,  polycyanoacrylate  and  cyanoacry-  5 
late  co-polymers. 

Preferably  such  nitriles  are  added  to  the  electro- 
lyte  in  an  amount  to  provide  at  least  about  1  %  by 
weight  of  the  nitrile  to  the  total  weight  of  the 
electrolyte  solution.  w 

In  addition  to  adding  a  nitrile  to  the  aqueous 
electrolyte  to  stabilize  the  superoxide  ion,  or  as  an 
alternative  to  such  nitrile  addition,  it  is  thought 
that  Lewis  acids  can  be  added  to  such  an  aqueous 
electrolyte  for  stabilizing  the  superoxide  ion.  For  15 
example,  it  is  thought  that  the  superoxide  ion  will 
associate  with  cations,  especially  multivalent 
cations  such  as  Ca++,  Ba++,  Zn++  and  Al+++, 
making  the  superoxide  ion  less  susceptible  to 
disproportionation.  Preferably  such  Lewis  acids  20 
are  added  to  the  electrolyte  in  an  amount  suffi- 
cient  to  provide  at  least  about  a  0.01  molar  (M) 
solution. 

In  addition  to  the  foregoing  techniques  for 
stabilizing  the  superoxide  ion  in  aqueous  elec-  25 
trolytes  or,  as  an  alternative  thereto,  the  superox- 
ide  ion  can  be  stabilized  by  adding  organic 
cations  such  as  tetraalkyiammonium,  alkylpy- 
ridinium,  phosphonium,  cetyltrialkylammonium, 
alkyltriethanolamine,  and  quatemized  polyviny-  30 
Ipyridines  or  polyethyleneimines  to  the  electro- 
lyte.  Preferably,  such  organic  cations  are  added  to 
the  electrolyte  in  an  amount  sufficient  to  provide 
at  least  about  a  0.1  molar  solution. 

Alternatively  or  in  addition  to  the  foregoing,  the  35 
superoxide  ion  can  be  stabilized  in  an  aqueous 
electrolyte  in  accordance  with  this  invention  by 
adding  to  the  electrolyte  certain  macromolecules 
such  as,  for  example,  the  crowns  and  cryptands. 
Preferably,  such  crowns  and  crypstands  are  anion  40 
binding  crowns  and  cryptands  and  are  added  to 
the  electrolyte  in  an  amount  sufficient  to  provide 
at  least  about  a  0.01  molar  solution. 

Some  transition  metals,  e.g.  iron  and  copper, 
are  known  to  catalyze  the  disproportionation  of  45 
the  superoxide  ion  in  aqueous  electrolytes.  Since 
however,  it  is  also  known  that  certain  ligands  will 
act  to  suppress  superoxide  ion  disproportionation 
by  such  transition  metal  ions,  it  is  contemplated, 
in  accordance  with  this  invention,  that  when  an  so 
aqueous  electrolyte  is  used,  various  ligands  can 
be  added  to  the  electrolyte  to  increase  the  stab- 
ility  of  the  superoxide  ion.  Ligands  contemplated 
for  such  use  include,  for  example, 
ethylenediaminetetraacetate,  nitrilotriacetate,  55 
triphosphate  and  ethylenediamine  and  the  like. 

The  amount  of  such  ligands  desired  to  be 
added  to  the  electrolyte  can  be  determined  by  one 
skilled  in  the  art  based  on  the  amount  of  con- 
taminants,  such  as  iron  and/or  copper,  present  in  60 
the  electrolyte. 

Non-limiting  examples  of  aqueous  electrolytes 
contemplated  for  use  in  accordance  with  this 
invention  include  alkali  hydroxides  (LiOH,  NaOH, 
KOH,  RbOH,  CsOH),  alkaline  earth  hydroxides  65 
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air  and  the  bound  oxygen  will  be  transported 
across  the  cell  to  the  anode  on  the  Co(ll)  complex. 
Because  the  binding  is  reversible  the  bound  and 
unbound  oxygen  can  equilibrate.  At  the  anode  the 
free  Co(ll)  complex  is  oxidized  to  Co(lll)  in  which 
state  it  can  no  longer  bind  oxygen  and  thus,  the 
oxygen  is  released  at  the  anode.  The  cobalt(lll) 
complex  then  returns  to  the  cathode  to  complete 
the  cycle. 

The  above  described  process  of  this  invention 
is  shown  by  the  equations  8,  9  and  10  below: 

1e-+LxCo(lll)(n+1)+^LxCo(ll)n+;  (9) 
(Cathode  reaction) 

based  on  the  reactions  of  certain  transition  metal 
complexes,  especially  of  cobalt,  which  can  bind 
superoxide  ions  reversibly  in  accordance  with  the 
following  one-electron  transfer  reactions: 

O2-+LxCo(lll)n+*±LxCo(lll)O2(n-1)+  (7) 
and 

02-+LxCo(ll)n+«^LxCo(II)02(n-1)+ (8) 

where  L  designates  a  ligand,  x  designates  the 
number  of  such  ligands  associated  with  a  cobalt 
ion,  n  is  the  total  charge  of  the  complex,  and  II  and 
III  represent  the  cobalt  ion  valence. 

In  accordance  with  practice  of  this  invention,  if 
desired,  such  transition  metal  complexes  can  be 
added  either  to  the  above-described  aqueous  or 
non-aqueous  electrolytes  comprising  the  elec- 
trochemical  cell  of  this  invention  to  further 
stabilize  the  superoxide  ions.  Because  the  binding 
of  such  a  superoxide  ion  by  the  transition  metal 
complex  is  reversible,  the  complex  can  act  to 
increase  the  "effective  concentration"  of  the 
superoxide  ion  in  solution.  Said  another  way,  the 
total  concentration  of  bound  and  unbound 
superoxide  ion  in  the  electrolyte  can  be  greater 
than  the  concentration  of  superoxide  ion  that  can 
be  obtained  with  only  unbound  superoxide  when 
such  a  complex  is  not  used.  Having  a  higher 
superoxide  ion  concentration  can  result  in  higher 
current  densities  and  smaller  electrode  surface 
areas  thereby  increasing  the  efficiency  of  the 
process. 

When  one  or  more  transition  metal  complexes 
are  used,  oxygen  is  reduced  to  its  superoxide  ion 
at  the  cathode  and  both  free  and  bound  superox- 
ide  ions,  the  relative  amounts  of  which  are  deter- 
mined  by  the  binding  constant  of  the  complex, 
are  transported  across  the  cell  to  the  anode  where 
the  free  superoxide  is  oxidized  to  oxygen. 
Additionally  the  superoxide  bound  to  the  com- 
plex  is  released  at  the  anode  and  is  oxidized  to 
oxygen.  The  complex,  free  of  the  superoxide  ion, 
then  returns  to  the  cathode  to  pick  up  superoxide 
ions  being  newly  formed. 

Preferably,  such  transition  metal  complexes  are 
added  to  the  electrolyte  in  an  amount  sufficient  to 
provide  at  least  a  0.01  molar  solution.  More 
preferably  at  least  a  0.1  molar  solution  is  pro- 
vided. 

In  another  exemplary  embodiment  of  practice 
of  principles  of  this  invention,  a  redox  active 
transition  metal  complex  can  be  added  to  the 
aqueous  or  non-aqueous  electrolyte  16  of  the  cell 
10  of  this  invention.  Although  such  use  of  redox 
active  transition  metal  complexes  results  in  a 
different  mechanism  for  separating  oxygen  from 
air  than  was  described  previously,  both 
mechanisms  accomplish  oxygen  separation  by 
means  of  a  one-electron  transfer.  For  example, 
when  cobalt  transition  metal  complexes  are  used, 
if  the  characteristics  of  the  ligand  are  such  that 
Co(lll)  is  reduced  to  Co(ll)  at  potentials  more 
positive  than  oxygen  reduction,  the  reaction  at 
the  cathode  will  be  the  production  of  Co(ll).  The 
Co(ll)  complex  will  then  bind  the  oxygen  from  the 

10 

15 
O2+LxCo<ll)n+*±LxCo(ll)  O2n+;  (10) 

(Cobalt(ll)  complex  binding  oxygen) 

LxCo(ll)02n+^LxCo(lll)(n+1)++1e-+02  (11) 
(Anode  reaction) 

and 

20 

When  redox  active  transition  metal  complexes 
are  used,  as  described  above,  preferably  such 
transition  metal  complexes  are  added  to  the 
electrolyte  in  an  amount  sufficient  to  provide  at 
least  a  0.01  molar  solution.  More  preferably,  at 
least  a  0.1  molar  solution  is  provided.  It  is  thought 
that  if  less  than  a  0.01  molar  solution  is  provided 
the  process  will  not  be  as  economical  as  desired. 

In  yet  another  embodiment,  the  electrochemi- 
cal  cell  of  this  invention  can  include  mixtures  of 
aqueous  and  non-aqueous  electrolytes.  For 
example,  the  superoxide  ion  is  thought  to  have  an 
appreciable  lifetime  in  mixtures  of  acetonitrile 
and  water.  Such  mixed  solvents  can  provide 
stability  to  the  superoxide  ion  that  is  comparable 
to  the  stability  provided  by  non-aqueous  solvents 
while  eliminating  the  necessity  to  dry  the  inlet  air. 
Preferably  the  mixture  comprises  at  least  about 
1%  acetonitrile  by  weight  compared  to  the  total 
weight  of  the  electrolyte. 

When  mixtures  of  aqueous  and  non-aqueous 
electrolytes  are  used,  such  mixtures  can  be 
treated  as  described  above  for  stabilizing  the 
superoxide  ion,  for  example  by  adding  nitriles, 
Lewis  acids,  organic  cations,  certain  macro- 
molecules  such  as  crowns  and  cryptands  and/or 
ligands  such  as  ethylenediaminetetraacetate,  nit- 
rilotriacetate,  triphosphate  and  ethylenediamine. 
Further,  if  desired,  the  transition  metal  complexes 
described  above  can  be  added  to  the  mixed 
electrolyte. 

In  addition  to  the  above  described  non-aqueous 
electrolytes  the  electrolyte  provided  in  yet 
another  exemplary  embodiment  of  practice  of 
principles  of  this  invention  can  be  a  solid  polymer 
electrolyte.  Solid  polymer  electrolytes  useful  in 
practice  of  this  invention  must  be  resistant  to 
nucleophilic  attack  and  oxidation,  must  be  stable 
in  the  presence  of  the  superoxide  ion  and  have  a 
low  resistance  to  superoxide  migration.  Such 
solid  polymer  electrolytes  contemplated  for  use 
in  accordance  with  this  invention  include  but  are 
not  limited  to:  polyvinylpyridine,  polyvinylpy- 
ridine-vinylpyridinium  salts,  polyethyleneimine 
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pyridine  containing  0.1  molar  tetraethy- 
lammonium  chloride.  Air  dried  by  passage  over 
anhydrous  calcium  sulfate  and  activated  mole- 
cular  sieves  is  bubbled  into  a  first  electrode 
compartment.  A  potential  of  0.5  volts  is  applied  to 
the  electrodes  with  the  electrode  in  the  first 
compartment  held  negative  with  respect  to  the 
electrode  in  the  second  compartment.  The 
oxygen  in  the  air  is  reduced  by  one  electron  on 
the  electrode  in  the  first  compartment  (the 
cathode)  to  its  superoxide  ion.  The  superoxide 
ions  formed  at  the  cathode  travel  through  the 
electrolyte  to  the  electrode,  i.e.,  the  anode  in  the 
second  compartment.  The  superoxide  ions  are 
oxidized  to  oxygen  at  the  anode  and  released 
from  the  anode  as  oxygen  gas. 

The  second  or  anode  compartment  is  fitted  with 
a  suitable  means  for  collecting  any  gas  evolved  at 
the  anode  in  such  a  manner  that  it  is  not  mixed  or 
contaminated  with  air.  The  collected  gas  evolved 
at  the  anode  is  found  to  be  substantially  enriched 
in  oxygen  compared  to  the  air  introduced  into  the 
first  cathode  chamber.  The  evolved  oxygen  gas  is 
cleaned  of  entrained  pyridine  by  passage  over 
activated  charcoal. 

The  above  descriptions  of  preferred  embodi- 
ments  of  an  apparatus  and  process  for  separating 
oxygen  from  air  are  for  illustrative  purposes. 
Because  of  variations  which  will  be  apparent  to 
those  skilled  in  the  art,  the  present  invention  is 
not  intended  to  be  limited  to  the  particular 
embodiments  described  above.  The  scope  of  the 
invention  is  defined  in  the  following  claims. 

Claims 

1.  A  process  in  which  an  electrochemical  cell  is 
used  to  separate  oxygen  from  a  mixture  of  gases, 
the  process  characterised  by  the  steps  of: 

contacting  the  cathode  of  an  electrochemical 
cell  with  a  gaseous  mixture  comprising  oxygen  to 
thereby  reduce  such  oxygen  by  a  single  electron 
to  its  superoxide  ion; 

transporting  such  a  superoxide  ion  across  the 
cell  from  the  cathode  to  the  anode  through  an 
electrolyte  contained  therein;  and 

oxidizing  the  superoxide  ion  to  oxygen  at  the 
anode  where  said  oxygen  is  discharged  as 
oxygen  gas. 

2.  The  process  according  to  claim  1  charac- 
terised  in  that  the  electrolyte  is  an  aqueous 
solution  having  a  pH  greater  than  7  and  the 
cathode  has  a  coating  thereon,  the  coating  being 
relatively  impermeable  to  water  and  relatively 
permeable  to  the  superoxide  ion. 

3.  The  process  according  to  claim  2  charac- 
terised  in  that  the  coating  comprises  quinoline  or 
a  polymer. 

4.  The  process  according  to  claim  2  charac- 
terised  in  that  the  electrolyte  contains  acetonitrile. 

5.  The  process  according  to  claim  3  charac- 
terised  in  that  the  polymer  is  selected  from  the 
group  consisting  of  polyvinylpyridine,  polyacry- 
lonitrile,  polyacrylamide  and  .  co-polymers 
thereof. 

and  alkylated  polyethyleneimine,  copolymers 
whose  components  are  chosen  from  vinylpy- 
ridine,  vinylpyridinium  salts,  ethyleneimine, 
ethylene  oxide,  propylene  oxide,  acrylonitrile, 
cyanoacrylates,  methyl  methacrylate,  methyl  aery-  s 
late,  styrene,  divinylbenzene,  divinylpyridine, 
cumene,  pyridylisopropylene  and  maleic  anhyd- 
ride. 

In  operation  of  the  electrolytic  cell  10  of  this 
invention,  temperatures,  which  are  generally  in  10 
the  range  of  from  about  0°to  100°C,  are  limited  by 
the  choice  of  the  electrolyte. 

Inlet  and  outlet  pressures  of  the  cell  10  may 
vary  from  a  partial  vacuum  of  about  20  torr  (2.67 
kPa)  to  several  atmospheres.  Preferably  the  inlet  is 
pressure  will  be  maintained  at  one  atmosphere  or 
ambient  pressure  and  the  outlet  pressure  will  be 
maintained  from  about  5  to  10  psi  (34.5  to  68.9 
kPa)  above  the  inlet  pressure.  It  is  understood  that 
a  higher  pressure  differential  across  the  cell  will  20 
normally  require  an  increase  in  the  applied  poten- 
tial.  Appropriate  pressure  regulating  systems  for 
use  on  the  electrochemical  cell  10  of  this  inven- 
tion  are  known  in  the  art. 

In  accordance  with  practice  of  the  invention  the  25 
rate  at  which  oxygen  is  separated  from  air  or 
other  gaseous  mixture  can  be  controlled  by 
adjusting  the  flow  of  air  into  the  cell,  the  inlet  and 
outlet  cell  pressure,  and  either  the  voltage  across 
the  cell  or  the  current  density.  If  desired  the  30 
oxygen  given  off  at  the  anode  can  be  cleaned  of 
contaminants  by  methods  known  in  the  art. 

The  following  non-limiting  Examples  illustrate 
the  separation  of  oxygen  from  air  in  accordance 
with  the  process  of  this  invention.  35 

Example  1 
A  plexiglas  electrolytic  cell  is  divided  into  two 

compartments  by  means  of  a  polyethylene  frit 
and  each  compartment  is  fitted  with  mercury  40 
electrodes.  Both  compartments  are  filled  with  1 
Normal  (N)  NaOH  solution  containing  1%  (by 
weight)  quinoline.  A  voltage  of  0.5  volts  is  applied 
across  the  cell  and  a  stream  of  air  which  has  been 
depleted  of  CO2  by  bubbling  it  through  a  gas  45 
washing  bottle  filled  with  5  molar  NaOH  is 
directed  into  the  cathode,  or  negative  compart- 
ment.  The  oxygen  in  the  air  is  reduced  by  one 
electron  to  its  superoxide  ion  at  the  cathode.  The 
superoxide  ions  formed  at  the  cathode  migrate  so 
through  the  quinoline,  which  has  adsorbed  onto 
the  cathode  to  form  a  coating,  and  thence  through 
the  NaOH  solution  to  the  anode.  The  superoxide 
ions  are  oxidized  to  oxygen  at  the  anode  and 
released  from  the  anode  as  oxygen  gas.  The  55 
anode  or  positive  compartment  is  protected  from 
air,  and  gas  evolved  from  the  anode  is  collected 
by  displacement  of  electrolyte  in  an  inverted 
chamber  or  by  some  other  means.  The  gas 
evolved  at  the  anode  is  found  to  be  substantially  60 
enriched  in  oxygen  compared  with  the  inlet  air. 

Example  2 
A  glass  two  compartment  electrolytic  cell  is 

fitted  with  graphite  electrodes  and  filled  with  dry  65 
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18.  A  process  in  which  an  electrochemical  cell  is 

used  to  separate  oxygen  from  a  mixture  of  gases, 
the  process  characterised  by  the  steps  of: 

adding  a  transition  metal  complex  to  the  elec- 
5  trolyte  contained  in  the  cell,  such  a  transition 

metal  complex  capable  of  being  reduced  at  a 
potential  more  positive  than  oxygen  reduction; 

providing  a  potential  across  the  cell  to  reduce 
the  transition  metal  complex  at  the  cathode  to 

w  form  a  complex  capable  of  reversibly  binding 
oxygen; 

introducing  a  gaseous  mixture  comprising 
oxygen  into  the  electrochemical  cell  to  contact  the 
reduced  transition  metal  complex  so  that  oxygen 

15  is  bound  to  said  complex;  and 
transporting  the  oxygen-containing  complex  to 

the  anode  where  the  complex  is  reoxidized  at 
which  time  said  complex  releases  the  bound 
oxygen  for  recovery. 

20  19.  A  process  in  which  an  electrochemical  cell  is 
used  to  separate  oxygen  from  a  mixture  of  gases, 
the  process  characterised  by  the  steps  of: 

adding  a  transition  metal  complex  of  the  for- 
mula  LxCo(lll)(n"1)+  to  the  electrolyte  of  the  elec- 

25  trochemical  cell,  where  L  designates  a  ligand,  x 
designates  the  number  of  such  ligands  associated 
with  the  Co  ion,  III  represents  the  Co  ion  valence 
and  n  is  the  total  charge  of  the  complex,  the 
ligand  selected  to  provide  that  Co(lll)  is  reduced  to 

30  Co(ll)  at  potentials  more  positive  than  oxygen 
reduction; 

providing  a  potential  across  the  cell  to  thereby 
reduce  the  Co(lll)  to  Co(ll)  at  the  cathode  to 
provide  a  complex  of  the  formula  LxCo(ll)n+; 

35  introducing  a  gaseous  mixture  comprising 
oxygen  into  the  electrochemical  cell  to  contact  the 
LxCo(ll)n+  complex  so  that  such  oxygen  is  bound 
to  the  complex;  and 

transporting  the  oxygen  containing  complex  to 
40  the  anode  where  the  Co(ll)  comprising  the  com- 

plex  is  oxidized  to  Co(lll),  at  which  time  the 
complex  releases  the  bound  oxygen  for  recovery. 

Patentanspriiche 
45 

1.  Verfahren,  bei  dem  eine  elektrochemische 
Zelle  benutzt  wird,  urn  Sauerstoff  von  einem 
Gasgemisch  zu  trennen,  wobei  das  Verfahren 
durch  die  folgenden  Verfahrensschritte  gekenn- 

50  zeichnet  ist: 
Inkontaktbringen  der  Kathode  einer  elektroche- 

mischen  Zellen  mit  einem  Sauerstoff  enthalten- 
den  Gasgemisch,  urn  diesen  Sauerstoff  uber  ein 
einzelnes  Elektron  zu  seinem  Superoxid-lon  zu 

55  reduzieren; 
Transportieren  eines  solchen  Superoxid-lons 

durch  einen  in  der  Zelle  enthaltenen  Elektrolyten 
von  der  kathode  zu  der  Anode;  und 

Oxidieren  des  Superoxid-lons  zu  Sauerstoff  an 
60  der  Anode,  an  der  der  besagte  Sauerstoff  als 

Sauerstoff-Gas  freigesetzt  wird. 
2.  Verfahren  nach  Anspruch  1,  dadurch  gekenn- 

zeichnet,  daB  der  Elektrolyt  eine  wassrige  Losung 
mit  einem  pH-Wert  groBer  als  7  ist  und  dalS  die 

65  Kathode  eine  Beschichtung  aufweist,  wobei  die 

6.  The  process  according  to  claim  2  charac- 
terised  in  that  the  aqueous  solution  has  a  pH 
greater  than  about  10. 

7.  The  process  according  to  claim  1  charac- 
terised  in  that  the  electrolyte  is  a  solid  polymer  or 
an  aprotic,  polar  solvent  containing  a  salt  which  is 
capable  of  dissolving  in  the  solvent  to  provide  at 
least  a  0.1  molar  solution. 

8.  The  process  according  to  claim  7  charac- 
terised  in  that  the  salt  is  selected  from  the  group 
consisting  of  tetraalkylammonium  salts  and  alky- 
Ipyridinium  salts. 

9.  The  process  according  to  claim  1  charac- 
terised  in  that  the  electrolyte  contains  a  transition 
metal  complex  or  a  Lewis  acid  or  a  nitrile  which  is 
capable  of  stabilizing  the  superoxide  ion  against 
disproportionation. 

10.  The  process  according  to  claim  9  charac- 
terised  in  that  the  transition  metal  complex  is  a 
cobalt  complex  which  is  primarily  in  the  II  oxida- 
tion  state  at  the  oxygen/superoxide  reversible 
potential. 

11.  The  process  according  to  claim  1  charac- 
terised  in  that  the  cathode  is  a  gas  diffusion 
electrode. 

12.  An  electrochemical  cell  for  carrying  out  the 
process  of  Claim  1,  the  cell  being  characterised 
by- 

a  cathode  having  thereon  a  coating  comprising 
quinoline  or  a  polymer  and  capable  of  reducing 
oxygen  in  the  gaseous  mixture  to  its  superoxide 
ion,  the  coating  being  relatively  impermeable  to 
water  and  relatively  permeable  to  superoxide  ion; 

an  anode  at  which  such  a  superoxide  ion  is 
reoxidised  to  oxygen;  and 

an  aqueous  electrolyte  having  a  pH  greater  than 
about  7  the  electrolyte  transporting  such  a 
superoxide  ion  across  the  cell  from  the  cathode  to 
the  anode. 

13.  An  electrochemical  cell  as  claimed  in  claim 
12  characterised  in  that  the  cathode  comprises 
mercury. 

14.  An  electrochemical  cell  as  claimed  in  claim 
12  characterised  in  that  the  aqueous  electrolyte 
has  a  pH  greater  than  about  12. 

15.  An  electrochemical  cell  as  is  claimed  in 
claim  12  characterised  in  that  the  polymer  is 
selected  from  the  group  consisting  of  polyviny- 
Ipyridine,  polyacryionitrile,  polyacrylamide  and 
co-polymers  thereof. 

16.  An  electrochemical  cell  as  is  claimed  in 
claim  12  characterised  in  that  the  aqueous  elec- 
trolyte  contains  a  transition  metal  complex  or  a 
Lewis  acid  or  a  nitrile  which  is  capable  of  stabiliz- 
ing  the  superoxide  ion  against  disproportiona- 
tion. 

17.  An  electrochemical  cell  for  carrying  out  the 
process  of  Claim  1,  the  cell  characterised  by: 

a  cathode  capable  of  reducing  oxygen  in  the 
gaseous  mixture  to  its  superoxide  ion; 

an  anode  at  which  such  superoxide  ions  are 
reoxidized  to  oxygen;  and 

an  electrolyte  comprising  a  solid  polymer  and 
transporting  such  a  superoxide  ion  across  the  cell 
from  the  cathode  to  the  anode. 
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Beschichtung  verhaltnismaBig  undurchlassig  fur 
Wasser  und  verhaltnismaBig  durchlassig  fur  das 
Superoxid-lon  ist. 

3.  Verfahren  nach  Anspruch  2,  dadurch 
gekennzeichnet,  daB  die  Beschichtung  Chinolin  5 
oder  ein  Polymer  umfaBt. 

4.  Verfahren  nach  Anspruch  2,  dadurch 
gekennzeichnet,  daB  der  Elektrolyt  Acetonitril 
enthalt. 

5.  Verfahren  nach  Anspruch  3,  dadurch  10 
gekennzeichnet,  daB  das  Polymer  aus  einer 
Gruppe  ausgewahlt  wird,  die  Polyvinylpyridin, 
Polyacrylnitril,  Polyacrylamid  und  Kopolymere 
von  diesen  enthalt. 

6.  Verfahren  nach  Anspruch  2,  dadurch  is 
gekennzeichnet,  daB  die  wassrige  Losung  einen 
pH-Wert  groBer  als  10  aufweist. 

7.  Verfahren  nach  Anspruch  1,  dadurch 
gekennzeichnet,  daB  der  Elektrolyt  ein  festes 
Polymer  oder  ein  protonenfreies,  polares  20 
Losungsmittel  ist,  das  ein  Salz  enthalt,  welches 
in  einem  MaBe  in  dem  Losungsmittel  losbar  ist, 
daB  eine  mindestens  0,1-molare  Losung  geschaf- 
fen  wird. 

8.  Verfahrens  nach  Anspruch  7,  dadurch  25 
gekennzeichnet,  daB  das  Salz  aus  der  Gruppe  der 
Tetraalkylammoniumsalze  und  der  Alkylpyridi- 
niumsalze  gewahlt  wird. 

9.  Verfahren  nach  Anspruch  1,  dadurch 
gekennzeichnet,  daB  der  Elektrolyt  einen  Ober-  30 
gangsmetall-Komplex  oder  eine  Lewis-Saure 
oder  ein  Nitril  enthalt,  mit  denen  das  Superoxid- 
lon  gegen  Disproportionierung  stabilisierbar  ist. 

10.  Verfahren  nach  Anspruch  9,  dadurch 
gekennzeichnet,  daB  der  Ubergangsmetall-Kom-  35 
plex  ein  Kobalt-Komplex  ist,  de  sich  an  de  Sauer- 
stoff/Superoxid-Reaktionsumkehrpotential  vor 
allem  in  dem  Il-Oxidationszustand  befindet. 

11.  Verfahren  nach  Anspruch  1,  dadurch 
gekennzeichnet,  daB  die  Kathode  eine  Gasdiffu-  40 
sionselektrode  ist. 

12.  Eine  elektrochemische  Zelle  zum  Durchfuh- 
ren  des  Verfahrens  nach  Anspruch  1,  wobei  die 
Zelle  gekennzeichnet  ist  durch: 

eine  Kathode,  die  eine  Bschichtung  aufweist,  45 
die  Chinolin  oder  ein  Polymer  enthalt,  und  die 
fahig  ist,  Sauerstoff  in  dem  Gasgemisch  zu  sei- 
nem  Superoxid-lon  zu  reduzieren,  wobei  die 
Beschichtung  verhaltnismaBig  undurchlassig  fur 
Wasser  und  verhaltnismaBig  durchlassig  fur  das  50 
Superoxid-lon  ist; 

eine  Anode,  an  der  ein  solches  Superoxid-lon 
zu  Sauerstoff  reoxidiert  wird;  und 

einen  wassrigen  Elektrolyten,  dessen  pH-Wert 
groBer  als  ungefahr  7  ist,  wobei  der  Elektrolyt  55 
solch  ein  Superoxid-lon  durch  die  Zelle  hindurch 
von  der  Kathode  zu  der  Anode  transportiert. 

13.  Eine  elektrochemische  Zelle  nach  Anspruch 
12,  dadurch  gekennzeichnet,  daB  die  Kathode 
Quecksilber  enthalt.  60 

14.  Eine  elektrochemische  Zelle  nach  Anspruch 
12,  dadurch  gekennzeichnet,  daB  der  wassrige 
Elektrolyt  einen  pH-Wert  groBer  als  12  aufweist. 

15.  Eine  elektrochemische  Zelle  nach  Anspruch 
12,  dadurch  gekennzeichnet,  daB  das  Polymer  65 

aus  einer  Gruppe  ausgewahlt  ist,  die  Polyvinyl- 
pyridin,  Polyacrylnitril,  Polyacrylamid  und  Kopo- 
lymere  von  diesen  umfaBt. 

16.  Eine  elektrochemische  Zelle  nach  Anspruch 
12,  dadurch  gekennzeichnet,  daB  der  wassrige 
Elektrolyt  einen  Ubergangsmetall-Komplex  oder 
eine  Lewis-Saure  oder  ein  Nitril  umfaBt,  mit 
denen  das  Superoxid-lon  gegen  Disproportionie- 
rung  stabilisierbar  ist. 

17.  Eine  elektrochemische  Zelle  zum  Durchfuh- 
ren  des  Verfahrens  nach  Anspruch  1,  wobei  die 
Zelle  gekennzeichnet  ist  durch: 

eine  Kathode,  mit  der  der  Sauerstoff  in  dem 
Gasgemisch  zu  seinem  Superoxid-lon  reduzier- 
bar  ist; 

eine  Anode,  an  de  solche  Superoxid-lonen  zu 
Sauerstoff  reoxidierbar  sind;  und 

einen  Elektrolyten,  der  einen  festen  Polymer 
aufweist  und  mit  dem  ein  solches  Superoxid-lon 
durch  die  Zelle  von  der  Kathode  zu  der  Anode 
transportierbar  ist. 

18.  Verfahren,  bei  dem  eine  elektrochemische 
Zelle  benutzt  wird,  urn  Sauerstoff  von  einem 
Gasgemisch  zu  trennen,  wobei  das  Verfahren 
gekennzeichnet  ist  durch  die  Verfahrensschritte: 

Hinzufugen  eines  Ubergangsmetallkomplexes 
zu  dem  in  der  Zelle  enthaltenen  Elektrolyt,  wobei 
ein  solcher  Ubergangsmetallkomplex  bei  einem 
Sauerstoff-Reduktion  reduzierbar  ist; 

Anlegen  einer  Spannung  an  die  Zelle,  um  den 
Ubergangsmetallkomplex  an  der  Kathode  zu 
reduzieren,  so  daB  ein  Komplex  gebildet  wird, 
der  reversibel  Sauerstoff  binden  kann; 

Einleiten  eines  Sauerstoff  umfassenden  Gasge- 
misches  in  die  elektrochemische  Zelle,  um  es  mit 
dem  reduzierten  Ubergangsmetallkomplex  in 
Verbindung  zu  bringen,  so  daS  Sauerstoff  an  den 
besagten  Komplex  gebunden  wird;  und 

Transportieren  des  Sauerstoff  enthaltenden 
Komplexes  zu  der  Anode,  an  der  der  Komplex 
unter  gleichzeitiger  Freisetzung  des  gebundenen 
Sauerstoffs  zu  seiner  Ruckgewinnung  reoxidiert 
wird. 

19.  Verfahren,  bei  dem  eine  elektrochemische 
Zelle  benutzf  wird,  um  Sauerstoff  von  einem 
Gasgemisch  zu  trennen,  wobei  das  Verfahren 
gekennzeichnet  ist  durch  die  Verfahrensschritte: 

Hinzufugen  eines  Ubergangsmetallkomplexes 
der  Gestalt  von  LxCo(lll)(n"1)+  zu  dem  Elektrolyten 
der  elektrochemischen  Zelle,  wobei  L  einen 
Liganden  bezeichnet,  x  die  Anzahl  von  solchen 
dem  Co-Ion  zugeordneten  Liganden  bezeichnet, 
III  die  Wertigkeit  des  Co-Ions  anzeigt  und  n  die 
Gesamtladung  des  Komplexes  ist,  wobei  der 
Ligand  derart  ausgewahlt  wird,  daB  Co(lll)  zu 
Co(ll)  bei  positiveren  Potentialen  als  das  der 
Sauerstoff-Reduktion  reduziert  wird; 

Anlegens  einer  Spannung  an  die  Zelle,  um  das 
Co(lll)  zu  Co(ll)  an  der  Kathode  zu  reduzieren  und 
um  einen  Komplex  der  Formel  LxCo(ll)n+  zu 
schaffen;  "  . 

Einleiten  eines  Sauerstoff  enthaltenden  Gasge- 
misches  in  die  elektrochemische  Zelle,  um  den 
LxCo(ll)n+-Komplex  zu  kontaktieren,  so  daB  dieser 
Sauerstoff  an  den  Komplex  gebunden  wird;  und 

10 
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Transportieren  des  Sauerstoff  enthaltenden 
Komplexes  zu  der  Anode,  an  der  das  in  dem 
Komplex  enthaltene  Co(II)  zu  Co(lll)  oxidiert  wird, 
wobei  der  Komplex  zu  seiner  Riickgewinnung  den 
gebundenen  Sauerstoff  abgibt. 

Revendicatlons 

1.  Procede  selon  lequel  une  cuve  d'electrolyse 
est  utilisee  pour  separer  de  I'oxygene  d'un 
melange  de  gaz,  procede  caracterise  par  les  opera- 
tions  suivantes: 

mettre  en  contact  la  cathode  d'une  cuve  electro- 
chimique  avec  un  melange  gazeux  comprenant  de 
I'oxygene  pour  reduire  ainsi  cet  oxygene  d'un  seul 
electron  en  son  ion  superoxyde; 

transporter  cet  ion  superoxyde  a  travers  la  cuve 
de  la  cathode  a  I'anode  au  sein  d'un  electrolyte  qui 
y  est  contenu,  et 

oxyder  I'ion  superoxyde  en  oxygene  a  I'anode 
ou  cet  oxygene  est  evacue  en  tant  qu'oxygene 
gazeux. 

2.  Procede  selon  la  revendication  1,  caracterise 
en  ce  que  I'electrolyte  est  une  solution  aqueuse 
ayant  un  pH  superieur  a  7  et  la  cathode  a  une 
couche  qui  la  couvre,  cette  couche  etant  relative- 
ment  impermeable  a  i'eau  et  relativement  permea- 
ble  a  I'ion  superoxyde. 

3.  Procede  selon  la  revendication  2,  caracterise 
en  ce  que  la  couche  comprend  de  la  quinoline  ou 
un  polymere. 

4.  Procede  selon  la  revendication  2,  caracterise 
en  ce  que  I'electrolyte  contient  de  I'acetonitrile. 

5.  Procede  selon  la  revendication  3,  caracterise 
en  ce  que  le  polymere  est  choisi  dans  le  groupe 
compose  des  corps  suivants:  polyvinylpyridine, 
polyacrylonitrile,  polyacrylamide  et  des  copoly- 
meres  de  ces  corps. 

6.  Procede  selon  la  revendication  2,  caracterise 
en  ce  que  la  solution  aqueuse  a  un  pH  superieur  a 
10  environ. 

7.  Procede  selon  la  revendication  1,  caracterise 
en  ce  que  I'electrolyte  est  un  polymere  solide  ou 
un  solvant  aprotique  polaire  contenant  un  sel  qui 
est  capable  de  dissolution  dans  le  solvant  pour 
donner  au  moins  une  solution  molaire  a  0,1. 

8.  Procede  selon  la  revendication  7,  caracterise 
en  ce  que  le  sel  est  choisi  dans  le  groupe  compose 
des  sels  de  tetraalkylammonium  et  des  sels  d'al- 
kylpyridinium. 

9.  Procede  selon  la  revendication  1,  caracterise 
en  ce  que  I'electrolyte  contient  un  complexe  d'un 
metal  de  transition  ou  un  acide  de  Lewis  ou  un 
nitrile  qui  est  capable  de  stabiliser  I'ion  supe- 
roxyde  contre  la  disproportionation. 

10.  Procede  selon  la  revendication  9,  caracterise 
en  ce  que  le  complexe  du  metal  de  transition  est  un 
complexe  de  cobalt  qui  est  principalement  a  I'etat 
11  d'oxydation  au  potentiel  reversible  oxygene/ 
superoxyde. 

11.  Procede  selon  la  revendication  1,  caracterise 
en  ce  que  la  cathode  est  une  electrode  a  diffusion 
de  gaz. 

1  2.  Cuve  electrochimique  pour  la  mise  en  oeuvre 
du  procede  de  la  revendication  1  ,  caracterisee  par: 

une  cathode  ayant  sur  elle  une  couche  compre- 
nant  de  la  quinoline  ou  un  polymere  et  etant 
capable  de  reduire  I'oxygene  du  melange  gazeux 
en  son  ion  superoxyde,  cette  couche  etant  relative- 

5  ment  impermeable  a  I'eau  et  relativement  permea- 
ble  a  I'ion  superoxyde, 

une  anode  a  laquelle  un  tel  ion  superoxyde  est 
reoxyde  en  oxygene,  et 

un  electrolyte  aqueux  ayant  un  pH  superieur  a  7 
to  environ,  cet  electrolyte  transportant  cet  ion  supe- 

roxyde  a  travers  la  cuve  de  la  cathode  a  I'anode. 
13.  Cuve  electrochimique  selon  la  revendication 

12,  caracterisee  en  ce  que  la  cathode  comprend  du 
mercure. 

is  14.  Cuve  electrochimique  selon  la  revendication 
12  caracterisee  en  ce  que  I'electrolyte  aqueux  a  un 
pH  superieur  a  12  environ. 

15.  Cuve  electrochimique  selon  la  revendication 
12,  caracterisee  en  ce  que  le  polymere  est  choisi 

20  dans  le  groupe  compose  des  corps  suivants: 
polyvinylpyridine,  polyacrylonitrile,  polyacryla- 
mide  et  des  copolymeres  de  ces  corps. 

16.  Cuve  electrochimique  selon  la  revendication 
12,  caracterisee  en  ce  que  I'electrolyte  aqueux 

25  contient  un  complexe  d'un  metal  de  transition  ou 
un  acide  de  Lewis  ou  un  nitrile  qui  est  capable  de 
stabiliser  I'ion  superoxyde  contre  la  disproportio- 
nation. 

17.  Cuve  electrochimique  pour  la  mise  en  oeuvre 
30  du  procede  de  la  revendication  1  ,  caracterisee  par: 

une  cathode  capable  de  reduire  I'oxygene  du 
melange  gazeux  en  son  ion  superoxyde, 

une  anode  a  laquelle  ces  ions  superoxydes  sont 
reoxydes  en  oxygene, 

35  un  electrolyte  comprenant  un  polymere  solide  et 
transportant  cet  ion  superoxyde  a  travers  la  cuve 
de  la  cathode  a  I'anode. 

18.  Procede  selon  lequel  la  cuve  electrochimique 
est  utilisee  pour  separer  I'oxygene  d'un  melange 

40  de  gaz,  ce  procede  etant  caracterise  par  les 
operations  suivantes: 

ajouter  un  complexe  d'un  metal  de  transition  a 
I'electrolyte  contenu  dans  la  cuve,  ce  complexe 
d'un  metal  de  transition  etant  susceptible  de  subir 

45  une  reduction  a  un  potentiel  plus  positif  que  la 
reduction  de  I'oxygene, 

etablirun  potentiel  a  travers  la  cuve  pour  reduire 
le  complexe  du  metal  de  transition  a  la  cathode 
afin  de  former  un  complexe  capable  de  lier 

so  I'oxygene  de  maniere  reversible, 
introduire  dans  la  cuve  electrochimique  un 

melange  gazeux  comprenant  de  I'oxygene  pour  le 
mettre  au  contact  du  complexe  reduit  du  metal  de 
transition  de  sorte  que  cet  oxygene  se  lie  a  ce 

55  complexe,  et 
transporter  le  complexe  contenant  I'oxygene  a 

I'anode  ou  le  complexe  est  reoxyde,  moment 
auquel  ce  complexe  libere  pour  recuperation 
I'oxygene  lie. 

60  19.  Procede  selon  lequel  une  cuve  electrochimi- 
que  est  utilisee  pour  separer  I'oxygene  d'un 
melange  de  gaz,  ce  procede  etant  caracterise  par 
les  operations  suivantes: 

ajouter  a  I'electrolyte  de  la  cuve  electrochimique 
65  un  complexe  d'un  metal  de  transition  de  formule 

11 
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LxCo(lll)(n-1)+  dans  laquelle  L  designe  un 
ligand,  x  indique  le  nombre  de  ces  ligands 
associes  a  I'ion  Co,  III  represente  la  valence  de 
I'ion  Co  et  n  est  la  charge  totale  du  complexe, 
le  ligand  etant  choisi  de  telle  sorte  que  Co(lll) 
subit  une  reduction  en  Co(ll)  a  des  potentiels 
plus  positifs  que  la  reduction  de  I'oxygene, 

etablir  un  potentiel  a  travers  la  cuve  pour 
red  u  ire  ainsi  Co(III)  en  Co(ll)  a  la  cathode  et 
obtenir  un  complexe  de  formule  LxCo(ll)n+, 

introduire  dans  la  cuve  electrochimique  un 
melange  gazeux  comprenant  de  I'oxygene 
pour  le  mettre  au  contact  du  complexe 
LxCo(ll)n+  de  sorte  que  cet  oxygene  se  lie  a  ce 
complexe,  et 

transporter  le  complexe  contenant  I'oxygene 
a  I'anode  ou  Co(ll)  composant  le  complexe  est 
oxyde  en  Co(lll),  moment  auquel  le  complexe 
libere  pour  recuperation  I'oxygene  lie. 
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