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©  Multistage  cascade-sweep  process  for  membrane  gas  separation. 

©  A  cascade-sweep  process  for  the  production  of  a  high  purity  gas  using  too  or  more  membranes  in 
combination,  which  entails: 

a)  collecting  a  non-permeate  stream  of  a  stage  N  and  using  the  same  as  a  feed  stream  for  a  stage  N  +  1  , 
b)  collecting  a  permeate  stream  of  said  stage  N  +  1  and  feeding  the  same  to  a  permeate  stream  of  a  stage  N 
by  counter-current  sweep,  and 
c)  collecting  a  permeate  of  a  first  stage  and  a  non-permeate  of  a  last  stage. 
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BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention: 

5  The  present  invention  relates  to  permeable  membrane  systems  for  the  production  of  high  purity  gases. 

Description  of  the  Background: 

Membrane  processes  are  presently  employed  for  a  wide  variety  of  gas  separations.  Generally,  in  these 
io  processes,  a  feed  stream  is  brought  into  contact  with  the  surface  of  the  membrane,  wherein  the  more 

readily  permeable  component,  such  as  oxygen  in  the  case  of  air  separation,  is  recovered  at  low  pressure 
whereas  the  less  readily  permeable  component,  such  as  nitrogen  in  the  case  of  air  feed,  is  collected  as  a 
non-permeate  stream  at  a  pressure  close  to  feed  pressure. 

The  membrane  systems  manufactured  today  are  economically  viable  when  providing  a  non-permeate 
75  stream  which  is  enriched  in  one  of  the  feed  components  in  the  low  purity  range.  However,  gases  of  higher 

purity  are  required  on  the  market. 
Added  to  that,  in  many  cases,  membranes  exhibit  small  defects,  such  as  microleaks  or  flow  deviation 

from  ideality  because  of  manufacturing  difficulties.  Consequently,  module  performances  are  not  as  good  as 
would  be  expected  in  the  absence  of  such  defects.  Moreover,  the  deviation  from  ideal  performance 

20  becomes  greater  when  the  produced  gas  purity  increases,  which  makes  high  purity  gas  production  at  low 
cost  difficult. 

Conventional  systems  for  the  production  of  high  purity  gas,  which  satisfy  market  demand  are  either 
Pressure  Swing  Adsorption  devices  (PSA)  or  cryogenic  devices  or  hybrid  systems  using  both  membranes 
and  PSA,  or  membranes  or  PSA  associated  with  a  reactor,  for  example,  where  the  oxygen  residue  in  the 

25  nitrogen  permeate  (or  non-permeate)  is  reacted  with  hydrogen  to  form  water  which  must  then  be  eliminated. 
However,  such  hybrid  systems  are  complicated  and  costly  and  do  not  offer  the  simplicity  of  membrane 
systems. 

In  an  effort  to  improve  membrane  systems,  the  use  of  two  membrane  units  has  been  proposed. 
For  example,  a  simple  cascade  process  has  been  proposed  where  the  non-permeate  stream  of  a  first 

30  stage  is  employed  as  a  feed  stream  of  a  second  stage  permeator.  Such  a  system  is  illustrated  in  Figure  1  , 
and  is  disclosed  in  U.S.  patent  4,894,068. 

Also,  a  recycle  cascade  process  has  been  proposed  where  the  permeate  flow  of  a  second  stage  is 
mixed  with  a  feed  stream  of  a  first  stage  before  a  compression  step.  Such  a  system  is  illustrated  in  Figure 
2,  and  is  disclosed  in  U.S.  patents  4,180,388;  4,180,552;  and  4,119,417. 

35  On  the  other  hand,  other  multistage  processes  have  been  described  in  the  literature  for  the  recovery  of 
a  permeate  stream,  such  as  continuous  column  processes,  stripper  processes  and  parallel  processes. 

The  simple  cascade  process  of  Figure  1  does  not  take  advantage  of  the  permeate  stream  of  the  second 
stage  when  this  gas  is  enriched  in  less  readily  permeating  gas  when  compared  to  the  feed  air  or  with  the 
first  stage  permeate  stream.  As  applied  to  the  production  of  high  purity  nitrogen,  as  in  U.S.  4,894,068,  the 

40  simple  cascade  process  is  economically  limited  to  only  the  small  capacities  of  laboratory  scale  due  to  high 
energy  consumption. 

The  recycle  cascade  process  uses  the  permeate  stream  by  mixing  it  with  the  feed  stream  before 
compression  at  high  energy  cost,  and  increased  complexity. 

Hence,  a  need  continues  to  exist  for  a  membrane  process  for  the  production  of  a  high  purity  non- 
45  permeate  stream  which  reduces  the  required  investment  and  expenditure  of  energy.  In  particular,  a  need 

continues  to  exist  for  such  a  process  for  the  production  of  high  purity  nitrogen  on  a  large  scale. 

SUMMARY  OF  THE  INVENTION 

50  Accordingly,  it  is  an  object  of  the  present  invention  to  provide  a  membrane  process  for  the  production 
of  high  purity  gases. 

It  is  also  an  object  of  the  present  invention  to  produce  a  membrane  process  for  the  production  of  high 
purity  gases  which  requires  a  reduced  investment  and  expenditure  of  energy  for  operation. 

It  is  furthermore,  a  particular  object  of  the  present  invention  to  provide  a  membrane  process  for  the 
55  production  of  high  purity  nitrogen,  such  as  99%  or  higher  purity,  preferably,  collected  as  non-permeate  from 

the  last  stage  of  a  membrane  cascade  system. 
Accordingly,  the  above  objects  and  others  which  will  become  apparent  in  view  of  the  following 

disclosure  are  provided  by  a  process  for  the  production  of  gases  and  particularly  high  purity  gases  using 
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two  or  more  membranes  in  combination,  which  entails: 
a)  collecting  a  non-permeate  stream  of  a  stage  N  and  using  the  same  as  a  feed  stream  for  a  stage  N  +  1  , 
b)  collecting  a  permeate  stream  of  said  stage  N  +  1  and  feeding  the  same  to  a  permeate  stream  of  a 
stage  N,  and 

5  c)  collecting  a  permeate  of  a  first  stage  and  a  non-permeate  of  a  last  stage. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1  illustrates  a  conventional  simple  cascade  process  where  a  non-permeate  stream  of  a  first  stage 
io  is  the  feed  stream  of  a  second  stage  permeator. 

Figure  2  illustrates  a  conventional  recycle  cascade  process  where  the  permeate  flow  of  a  second  stage 
is  mixed  with  a  feed  stream  of  a  first  stage  before  a  compression  step. 

Figure  3  illustrates  the  membrane  system  of  the  present  invention  where  the  permeate  stream  is  fed  to 
a  permeate  of  a  first  stage  membrane  unit  in  a  sweep  counter-current  process  so  as  to  take  advantage  of 

is  the  enriched  gas  without  expending  energy  to  recompress  the  same. 
Figure  4  illustrates  the  flow  pattern  in  a  typical  hollow  fiber  bundle. 
Figure  5  illustrates  in  graphic  form  the  performance  or  recovery  of  a  membrane  as  a  function  of 

nitrogen  purity  for  a  conventional  system. 
Figure  6  illustrates  in  graphic  form  a  comparison  of  the  present  membrane  system  and  a  conventional 

20  system  for  the  performance  or  recovery  of  a  membrane  as  a  function  of  nitrogen  purity. 
Figure  7  illustrates  the  use  of  low  performance  bundles  for  a  first  stage,  and  high  performance  bundles 

for  a  second  stage  in  accordance  with  the  present  invention. 
Figure  8  illustrates  the  use  of  differential  stage  temperatures  in  accordance  with  the  present  invention. 
Figure  9  illustrates  the  use  of  a  compressor  on  the  permeate  side  between  second  and  first  stages  in 

25  accordance  with  the  present  invention. 

DETAILED  DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 

The  present  invention  provides  a  multistage  membrane  system  wherein  a  permeate  stream  is  fed  to  a 
30  permeate  of  a  first  stage  membrane  unit  in  a  sweep  counter-current  process  so  as  to  use  the  enriched  gas 

advantageously  so  as  to  avoid  the  expenditure  of  energy  to  recompress  the  same.  The  present  invention  is 
quite  advantageous  in  the  production  of  a  high  purity  non-permeate  stream  as  both  investment  and  energy 
cost  are  reduced.  The  present  invention  is  particularly  advantageous  in  the  production  of  high  purity 
nitrogen  on  large  scale. 

35  Membrane  systems  are  capable  of  selectively  permeating  a  more  readily  permeable  component  from  a 
feed  gas  mixture  containing  the  same  and  a  less  readily  permeating  gas.  Membranes  for  effecting  this 
result  may  be  of  any  type  of  chemical  composition  known  by  the  artisan,  such  as  polyimides,  polyamides, 
polycarbonates,  polysiloxanes,  polyolefins,  polysulfones  and  cellulose  acetate,  or  inorganic  membranes, 
such  as  ceramic,  glass  or  carbon,  for  example,  and  are  commonly  arranged  in  symmetric  or  asymmetric  or 

40  composite  hollow  fibers  or  in  spiral  wound  bundles. 
Moreover,  different  types  of  bundles  and  module  configurations  have  been  developed  where  the 

permeate  and  non-permeate  streams  may  have  concurrent,  countercurrent  or  cross-flow  patterns  or  a 
combination  thereof.  However,  whatever  intrinsic  membrane  characteristics  are  used,  the  complete  counter- 
current  flow  pattern  is  the  theoretical  optimum  flow  pattern  while  membrane  performance  is  generally 

45  affected  by  any  deviation  from  such  a  flow  pattern,  such  deviation  has  all  the  more  effect  on  membrane 
performance  when  high  purity  gas  products  are  produced. 

However,  in  practice  it  is  extremely  difficult  to  impose  such  an  ideal  flow  pattern  both  on  the  permeate 
side  and  on  the  non-permeate  side  of  the  membrane.  In  the  case  of  hollow  fibers,  the  flow  pattern  outside 
the  fiber  will  very  often  differ  significantly  from  ideality,  particularly  if  the  low  pressure  permeate  side  is 

50  outside  the  fiber. 
As  a  consequence,  at  the  product  end  of  the  bundle  where  the  permeate  flow  is  minimum,  it  is  very 

likely  that  longitudinal  mixing  will  occur  meaning  that  an  ideal  countercurrent  flow  pattern  will  not  be 
observed  in  this  area.  This  phenomena  has  been  well  described  particularly  in  an  article  by  A.G  Narinsky, 
"Applicability  Conditions  of  Idealized  Flow  Models  for  Gas  Separation  by  Asymmetric  Membranes",  Journal 

55  of  Membrane  Science,  55,  1991,  pp.  333-347). 
Regardless  of  the  flow  pattern  used,  high  purity  performances  of  a  membrane  module  very  often  can  be 

limited  by  the  ability  of  present  manufacturing  technologies  in  assembling  tens  to  hundreds  of  thousands  of 
hollow  fibers  without  any  leaks  or  breakage.  Macroscopically,  the  performance  e.g.,  recovery,  for  a 
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membrane  module  can  be  graphically  depicted  in  Figure  5. 
In  general,  the  present  invention  entails  using  several  membrane  units  in  combination,  including 

combination  in  parallel  with  the  cascade  system  itself,  in  order  to  take  advantage  of  all  streams  produced 
by  each  unit  to  enhance  the  performance  of  the  others  in  a  countercurrent  flow  pattern  mode  while  also 

5  limiting  the  consequences  of  any  defects  of  any  bundles.  In  accordance  with  the  present  invention,  the  units 
size  and  chemical  composition  can  be  identical  or  different. 

The  proposed  process  is,  in  general,  a  multistage  process  entailing  two  or  more  membrane  units,  where 
the  non-permeate  stream  of  the  stage  N  is  collected  and  used  as  the  feed  stream  of  the  stage  N  +  1  ,  the 
permeate  stream  of  stage  N  +  1  is  collected  and  fed  to  the  permeate  stream  of  the  stage  N,  preferably  in  a 

io  counter-current  sweep  way,  and  the  permeate  of  the  first  stage  and  the  non-permeate  of  the  last  stage  are 
collected. 

That  is,  the  present  invention  is  generally  practiced  with  two  or  more  membrane  units  in  combination, 
by  1)  collecting  a  non-permeate  stream  of  a  stage  designated  N  and  using  this  collected  stream  as  a  feed 
stream  of  a  stage  N  +  1,  i.e.,  a  subsequent  stage;  2)  collecting  a  permeate  stream  of  stage  N  +  1  and 

is  feeding  the  same  to  a  permeate  stream  of  a  stage  N,  i.e.,  a  preceding  stage,  preferably  in  a  countercurrent 
sweep  manner;  and  3)  collecting  the  permeate  of  the  first  stage  and  the  non-permeate  of  the  last  stage. 

According  to  various  embodiments  of  the  present  invention,  the  non-permeate  stream  of  stage  N  can  be 
used  as  a  feed  stream  for  stage  N  +  1  and/or  N  +  2,  etc,  bearing  in  mind  that  there  is  usually,  in  practice,  a 
small  pressure  drop  between  stage  N,  stage  N  +  1  and  stage  N  +  2,  etc.  This  means  that  the  pressure  on  the 

20  non-permeate  or  feed  side  of  stage  N  is  greater  than  the  pressure  on  the  feed  side  of  any  subsequent 
stage,  such  as  stage  N  +  1  or  stage  N  +  2. 

On  the  contrary,  the  permeate  of  stage  N,  which  sweeps  the  permeate  side  of  stage  N-1  can  be  used  to 
sweep  stage  N-1  and/or  N-2,  etc.  This  means  that  the  permeate  of  stage  N  always  has  a  pressure  which  is 
greater  than  the  pressure  of  at  least  one  of  the  permeates  of  stages  1  to  N-1  in  order  to  be  able  to  sweep 

25  the  permeate  side  of  the  membrane.  This  also  means  that  the  pressure  drop  through  stage  N  between  the 
non-permeate  and  the  permeate  is  greater  than  that  of  stage  N  +  1  . 

The  use  of  a  serial  system  with  a  sweep  stream  on  the  permeate  coming  from  the  next  stage  permeate 
results  in  an  increase  in  performances  as  compared  to  the  performances  of  N  similar  separators  operated  in 
parallel  or  in  series  without  sweep  or  recycle,  or  compared  to  the  performances  of  one  larger  separator 

30  having  a  membrane  surface  area  comparable  to  the  sum  of  the  areas  of  the  N  smaller  separators.  By 
collecting  and  homogenizing  the  permeate  flow  at  stage  N  +  1  and  using  it  as  a  sweep  gas  for  stage  N,  any 
defects,  such  as  non-ideal  flow  pattern  or  microleaks,  for  example,  on  bundle  N  +  1  will  have  a  much  smaller 
effect  than  in  the  case  of  non-cascade  process  or  a  cascade  process  without  permeate  sweep. 

In  accordance  with  the  present  invention,  it  has  been  discovered  that  the  present  cascade-sweep 
35  multistage  system  provides  a  surprising  improvement  over  a  single  stage  and  other  multistage  systems 

both  with  respect  to  energy  consumption  and  membrane  area  required.  For  example,  the  simple  cascade 
system,  affords  a  lower  energy  consumption  at  the  cost  of  a  higher  area  being  required  to  satisfy  a  given 
demand,  as  compared  to  the  simple  parallel  system.  Also,  the  cascade-recycle  process  affords  both  area 
and  energy  savings.  However,  the  present  cascade-sweep  system  requires  much  less  area  than  all  other 

40  systems.  Further,  in  using  the  present  cascade-sweep  system,  energy  consumption  is  also  advantageously 
lowered. 

In  accordance  with  the  present  invention,  the  high  purity  gas  produced  is  preferably  nitrogen,  and  the 
feed  stream  may  be  either  atmospheric  air  or  mixtures  of  oxygen  and  nitrogen,  however,  it  is  preferably 
atmospheric  air  which  is  fed  to  the  first  stage. 

45  The  membranes  may  be  arranged  in  any  form,  such  as  symmetric  hollow  fibers,  asymmetric  hollow 
fibers  or  spiral  wound  bundles. 

Additionally,  the  various  stage  membranes  may  be  advantageously  of  different  performance  bundles. 
For  example  the  first  stage  membrane  may  be  made  of  low  performance  bundles  and  the  last  stage 
membrane  may  be  made  of  high  performance  bundles.  Further,  each  stage  may  be  operated  at  a 

50  temperature  different  from  the  others.  For  example,  the  first  stage  membrane  may  be  operated  at  a  higher 
temperature  than  another  stage  membrane,  such  as  the  last  stage  membrane. 

In  accordance  with  the  present  invention,  the  permeate  stream  from  at  least  one  stage  membrane  may 
be  compressed  prior  to  feeding  the  same  to  at  least  one  preceding  stage. 

The  present  invention  also  provides  a  cascade-sweep  process  for  the  production  of  a  gas  from  a  gas 
55  mixture  using  two  membranes  in  combination,  which  entails: 

a)  feeding  a  gas  mixture  to  the  feed  side  of  a  first  membrane, 
b)  collecting  a  non-permeate  stream  of  the  first  membrane  and  passing  the  non-permeate  stream  to  a 
second  membrane  as  a  feed  stream, 

4 
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c)  collecting  a  permeate  stream  from  the  second  membrane  and  feeding  the  same  to  a  permeate  stream 
from  the  first  membrane,  and 
d)  collecting  the  permeate  stream  from  the  first  membrane  and  the  non-permeate  stream  of  the  second 
membrane. 

5  In  accordance  with  this  process,  the  gas  produced  is  preferably  nitrogen,  and  the  feed  gas  mixture  is 
preferably  atmospheric  air  or  a  mixture  of  oxygen  and  nitrogen. 

Further,  it  is  advantageous  to  feed  the  permeate  stream  of  the  second  membrane  to  the  permeate 
stream  from  the  first  membrane  by  counter-current  sweep.  It  is  also  advantageous  if  the  permeate  of  the 
second  membrane  has  a  pressure  which  is  higher  than  the  pressure  of  the  permeate  of  the  first  membrane. 

io  It  is,  moreover,  also  advantageous  if  the  first  membrane  has  a  pressure  drop  which  is  higher  than  the 
pressure  drop  through  the  second  membrane. 

In  general,  the  present  invention  also  provides  a  cascade-sweep  process,  wherein  m  membranes  are 
used  in  combination,  and  wherein  at  least  one  permeate  stream  at  stage  n,  wherein 

15  1   ̂ N  <  m 

is  fed  to  at  least  one  permeate  stream  at  stage  p,  wherein 

1  <  P   ̂ n. 
20 

The  present  invention  also  provides  a  nitrogen  generator,  having  two  or  more  membranes  in  combina- 
tion,  which  contains: 

a)  means  for  collecting  a  non-permeate  stream  of  a  stage  N  and  using  the  same  as  a  feed  stream  for  a 
stage  N  +  1  , 

25  b)  means  for  collecting  a  permeate  stream  of  the  stage  N  +  1  and  feeding  the  same  to  a  permeate 
stream  of  a  stage  N  by  counter-current  sweep,  and 
c)  means  for  collecting  a  permeate  of  a  first  stage  and  a  non-permeate  of  a  last  stage. 
The  nitrogen  generator  is  advantageously  used  by  feeding  a  mixture  of  oxygen  and  nitrogen  to  the  first 

membrane,  and  recovering  or  venting  an  oxygen-enriched  gas  mixture  on  the  permeate  side  of  the  first 
30  membrane  and  recovering  nitrogen  on  the  feed  side  of  the  last  membrane. 

The  nitrogen  generator  also  may  advantageously  contain  heating  means  in  order  to  heat  at  least  one 
membrane  stage,  and/or  cooling  means  in  order  to  cool  at  least  one  membrane  stage. 

Generally,  two  or  more  membrane  steps  are  used  in  accordance  with  the  present  invention.  Most 
commonly  two  or  three  membrane  stages  are  used.  However,  more  than  three  membrane  stages  may  be 

35  used,  if  desired. 
Furthermore,  the  permeate  of  the  first  stage  and  the  non-permeate  of  the  last  stage  are  recovered  or 

collected  as  product  gases. 
The  invention  also  relates  to  a  cascade  sweep  process  for  producing  nitrogen  gas  from  air,  using  a 

plurality  of  stages  of  membrane  units  each  containing  a  plurality  of  hollow  fiber  membranes,  at  least  one  of 
40  the  plurality  of  membrane  units  comprising  a  sweep  input  to  inject  a  sweep  gas  longitudinally  on  the 

external  surface  of  the  hollow  fiber  membranes,  the  process  comprising  : 
a)  moving  compressed  air  into  a  stage  N  membrane  unit,  said  unit  being  adapted  to  selectively  permeate 
oxygen  and  not  to  permeate  nitrogen; 
b)  maintaining  a  pressure  differential  between  a  bore  surface  of  the  hollow  fiber  membranes  and  an 

45  external  surface  of  the  hollow  fiber  membranes; 
c)  moving  the  resulting  non-permeate  gas  longitudinally  through  the  bores  of  the  hollow  fiber  membranes 
and  out  the  ends  of  the  hollow  fiber  membranes  and  from  the  stage  N  membrane  unit; 
d)  moving  said  resulting  non-permeate  gas  into  the  stage  N  +  1  membrane  unit,  said  N  +  1  membrane 
unit  being  adapted  to  selectively  permeate  oxygen  and  not  to  permeate  nitrogen; 

50  e)  moving  the  non-permeate  gas  longitudinally  through  the  bores  of  the  hollow  fiber  membranes  and  out 
the  ends  of  the  hollow  fiber  membranes  and  from  the  said  N  +  1  membrane  unit; 
f)  collecting  the  nitrogen  gas  from  the  last  stage  of  membrane  units; 
g)  collecting  at  least  a  portion  of  the  permeate  stream  from  at  least  one  of  stages  N  +  1,  N  +  2,  etc...  to 
feed  said  permeate  stream  to  the  sweep  input  of  one  of  the  previous  stage  N  membrane  units,  said 

55  sweep  gas  being  injected  longitudinally  and  preferably  countercurrent  to  the  non-permeate  gas  on  the 
external  surface  of  the  hollow  fiber  membranes,  the  sweep  gas  being  mixed  with  the  gas  permeating 
through  the  hollow  fiber  membranes  to  make  the  permeate  stream;  and 
h)  venting  or  feeding  at  least  a  portion  of  said  permeate  stream  to  another  sweep  input  of  a  previous 
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stage. 
The  invention  also  relates  to  a  cascade  sweep  generator  for  producing  nitrogen  gas  from  air,  said 

generator,  comprising  at  least  first  and  second  stage  membrane  units,  N  and  N  +  1,  respectively,  each 
containing  a  plurality  of  hollow  fiber  membranes,  and  wherein  at  least  the  second  membrane  unit,  N  +  1  , 

5  comprises  a  sweep  output  to  inject  a  sweep  gas  of  permeate  stream  from  said  second  stage,  N  +  1, 
longitudinally  on  the  external  surface  of  the  hollow  fiber  membranes  to  a  sweep  input  of  said  first  stage 
membrane  unit  N. 

Preferably,  the  generator  is  capable  of  feeding  a  mixture  of  oxygen  and  nitrogen  to  a  first  membrane 
stage,  recovering  or  venting  an  oxygen-enriched  gas  mixture  on  the  permeate  side  of  the  first  membrane 

io  and  recovering  nitrogen  on  the  feed  side  of  a  last  membrane. 
The  cascade  sweep  generator  of  the  invention  might  also  comprise  heating  means  and/or  cooling 

means  in  order  to  heat  at  least  one  membrane  stage  and/or  cool  at  least  one  membrane  stage. 
Preferably,  said  generator  comprises  means  to  control  the  temperature  of  the  heating  and/or  cooling 

means  and/or  at  least  one  of  the  membrane  stage,  said  control  being  continuous  or  not. 
is  The  nitrogen  flow  and/or  the  purity  of  the  nitrogen  flow  can  thus  be  controlled  according  to  the  customer 

request  (whether  continuous  modifications  are  necessary  or  from  time  to  time)  by  controlling  the  tempera- 
ture  of  at  least  one  membrane  stage  (cooling  and/or  heating).  The  information  relating  to  the  temperature  is 
then,  e.g.,  sent  to  a  control  device  such  as  a  PID  type  control  which  controls  the  flow  of  the  incoming  air  in 
order  to  control  either  the  flow  of  nitrogen  or  the  purity  of  nitrogen  or  both. 

20  Although  the  present  invention  may  be  advantageously  used  to  separate  nitrogen  from  atmospheric  air 
or  mixtures  of  oxygen  and  nitrogen,  the  present  invention  is  applicable  to  any  type  of  gas  mixture  with 
adapted  membranes,  i.e.,  with  a  membrane  which  is  more  permeable  to  one  species  than  the  other. 

The  Figures  provided  will  now  be  described  in  more  detail.  Figures  1,  2  and  3  have  already  been 
described  above. 

25  In  Figures  1-3,  the  following  abbreviations  and  their  respective  definitions  are  used:  F  =  feed,  F1  = 
feed  1  ,  F2  =  feed  2,  N  =  non-permeate,  P  =  permeate,  R  =  recycle  and  S  =  sweep. 

Figure  4  illustrates  the  ideal  counter-current  flow  pattern  in  a  hollow  fiber  bundle. 
Figure  5  illustrates  the  performance  or  recovery  of  a  membrane  as  a  function  of  nitrogen  purity  for  a 

conventional  membrane  system.  In  particular,  in  the  case  of  nitrogen  Figure  5  shows  that  for  high  purity 
30  gases,  bundle  defects  control  membrane  performance.  However,  for  gases  of  lower  purity,  bundle  defects 

degrade  membrane  performance,  but  are  not  fatal. 
Figure  6  illustrates  a  comparison  of  the  present  membrane  system  and  a  conventional  membrane 

system  for  the  performance  or  recovery  of  a  membrane  as  a  function  of  nitrogen  purity.  In  particular,  Figure 
6  shows  that  in  using  a  conventional  standard  process  design,  bundle  defects  control  membrane  perfor- 

35  mance  even  at  only  moderately  high  gas  purities.  However,  in  using  the  present  invention;  bundle  defects 
control  membrane  performance  only  at  higher  gas  purities.  That  is,  by  using  the  present  invention, 
degradation  of  membrane  performance  is  initially  observed  only  at  higher  gas  purities,  and  then  less 
dramatically. 

Figure  7  illustrates  the  use,  in  accordance  with  the  present  invention,  of  both  low  average  and  high 
40  average  performance  bundles  while  maintaining  optimum  performances. 

In  accordance  with  the  present  invention,  more  bundles  may  be  deemed  acceptable  than  before.  This 
may  be  accomplished  by  using  low  performance  bundles  for  a  first  stage  and  high  performance  bundles  for 
a  second  stage.  This  affords  both  maximum  bundle  usage  and  excellent  overall  performance. 

As  used  herein,  the  term  "low  performance  bundle"  generally  means  more  than  10%  off  from  standard 
45  specification  of  productivity  and/or  air  flow.  The  term  "high  performance  bundle"  generally  means  less  than 

10%  off  from  standard  specification  of  productivity  and/or  air  flow. 
Figure  8  illustrates  the  use  of  differential  stage  temperatures  in  accordance  with  the  present  invention. 

As  a  rule,  for  most  polymer  membranes,  selectivity  decreases  with  temperature  while  productivity  increases. 
In  accordance  with  the  present  invention,  by  differentiating  the  operating  temperature  of  first  stage  and 

50  second  stage,  such  as  a  heater  on  the  first  stage  or  a  cooler  on  the  second  stage,  it  is  possible  to  benefit 
from  both  and  to  obtain  overall  optimal  performance.  The  temperature  of  each  stage  may  be  varied  to 
achieve  optimal  performance,  however,  for  cascade  processes,  it  is  generally  desirable  for  the  final  stage  to 
operate  at  the  highest  possible  selectivity,  while  the  first  stage  the  highest  possible  productivity  is  important. 
As  a  rule,  for  most  polymer  membranes,  selectivity  decreases  with  temperature  while  productivity  increases. 

55  Generally,  the  present  invention  may  be  operated  advantageously  in  a  temperature  range  of  from  -20  °  C 
to  90  °  C,  however,  preferably  from  +  20  °  C  to  60  °  C.  More  particularly,  however,  it  is  more  preferred  if  the 
first  stage  membrane  is  operated  at  about  +  40  °  C  to  +  60  °  C,  and  the  last  stage  membrane  is  operated  at 
about  120°C  to  +40°C.  In  general,  it  is  preferable  to  operate  stage  N  between  the  preferred  range  of  stage 
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N-1  and  N  +  1. 
Furthermore,  in  order  to  ensure  the  highest  possible  selectivity  for  the  final  stage,  it  is  generally 

advantageous  to  operate  the  final  stage  of  from  +  20  °  C  to  60  °  C. 
It  is  more  preferred,  however,  to  utilize  the  following  conditions: 

5 

Selectivity  02/N2  First  Stage  4-6  N  Stage  4.5-7  Last  Stage  5-8 

Productivity  200-400  100-300  50-100 

Generally,  for  the  production  of  nitrogen,  the  present  invention  is  operable  without  flow  rate  limits. 
However,  it  is  preferred  if  a  flow  rate  of  from  about  0.2  m3/h  to  2,000  m3/h  is  used. 

Figure  9  illustrates  that  the  use  of  a  compressor  on  the  permeate  side  between  first  and  second  stages 
in  accordance  with  the  present  invention  affords  at  least  two  advantages. 

First,  as  the  permeate  contains  less  than  21%  oxygen,  a  standard  compressor  (air  compressor)  may  be 
used  instead  of  an  oxygen  compressor,  which  is  far  more  expensive,  when  the  oxygen  concentration  of  the 
gas  mixture  is  greater  than  21%. 

Second,  by  operating  with  a  permeate  at  atmospheric  pressure,  the  performance  of  the  second  stage  of 
the  membrane  is  not  reduced.  This  is  particularly  important  if  a  high  purity  non-permeate  stream,  such  as 
nitrogen,  is  simultaneously  required. 

The  above  features  are  very  advantageous.  For  example,  for  conventional  air  separation  it  is  necessary 
either  to  recompress  the  permeate  stream  if  it  is  at  atmospheric  pressure,  which  requires  special  expensive 
compressors  because  the  oxygen  content  is  higher  than  21%,  or  the  entire  permeate  stream  must  be 
maintained  at  above  atmospheric  pressure,  which  very  significantly  reduces  the  entire  membrane  perfor- 
mance  particularly  for  the  production  of  the  non-permeate,  such  as  nitrogen. 

Macroscopically,  the  benefit  of  the  present  invention  can  be  represented  and  seen  from  the  graph 
illustrated  in  Figure  6. 

The  present  invention  will  now  be  further  illustrated  by  reference  to  certain  examples  which  are 
provided  solely  for  purposes  of  illustration  and  are  not  intended  to  be  limitative. 

EXAMPLE  1 

In  the  following  example,  separation  of  nitrogen  from  air  using  a  polyimide  membrane  is  considered. 
The  membrane  system  is  designed  to  produce  100  Nm3/h  of  98%  pure  nitrogen.  The  bundle  imperfections 
are  represented  by  a  decrease  in  the  apparent  selectivity  of  the  fiber  as  purity  increases.  The  bundles  are 
arranged  in  parallel  or  using  one  of  the  previously  described  multistage  systems  or  using  the  cascade- 
sweep  process  of  the  present  invention. 

All  systems  have  been  studied  and  the  cascade-sweep  multistage  system  provides  a  surprising 
improvement  over  a  single  stage  system  and  other  multistaged  systems,  both  in  terms  of  energy 
consumption  or  in  terms  of  membrane  area  required  (Table  1).  These  advantages  are  illustrated  below. 

Parallel  Simple  Cascade  Recycle  Cascade  Sweep  Cascade 

Area  100  103.5  94.4  91.4 

Energy  100  97.6  88.8  89.9 

The  simple  cascade  system,  when  compared  to  the  simple  parallel  system,  offers  the  advantage  of  a 
lower  energy  consumption  at  a  price  of  a  higher  area  required  to  satisfy  a  given  demand  (+  3.5%  area,  - 
2.4%  energy  savings).  The  cascade-recycle  process  allows  for  both  area  savings  (-5.6%)  and  energy 
savings  (-1  1  .2%). 

As  seen  in  the  Table,  the  present  cascade-sweep  system  requires  much  less  area  than  all  other 
systems  (-8.6%  for  the  cascade-sweep  process  versus  -5.6%  for  the  recycle  cascade).  Further,  the  energy 
consumption  is  also  lower  than  the  simple  cascade  process  and  equivalent  to  the  recycle  cascade. 

This  example  illustrates  that  the  present  cascade-sweep  process  affords  savings  in  both  area  and 
energy  to  a  much  greater  extent  than  the  previously  described  systems. 

EXAMPLE  2 
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Permeation  bundle  reproducibility  is  often  a  major  difficulty.  For  any  particular  polymer,  if  high 
specifications  for  the  final  product  are  set  out,  there  may  be  high  rates  of  off  spec,  bundles.  The  present 
invention  enables  more  bundles  to  be  considered  as  acceptable,  with  an  evident  manufacturing  cost  benefit, 
while  still  maintaining  optimum  performances.  Indeed,  by  using  low  performance  bundles  for  a  first  stage 

5  with  the  present  process  and  high  performance  bundles  for  a  second  stage,  a  high  overall  performance  and 
maximum  usage  of  manufactured  bundles  is  obtained.  This  is  illustrated  in  Figure  7. 

EXAMPLE  3 

io  For  most  polymers,  selectivity  decreases  with  temperature  while  productivity  increases.  In  a  cascade 
process,  it  is  fundamental  for  the  final  stage  to  operate  at  the  highest  possible  selectivity  while  for  the  first 
stage  productivity  is  usually  more  determinant. 

Therefore,  with  the  present  invention  by  differentiating  the  operating  temperature  of  the  two  stages, 
such  as  a  heater  on  the  first  stage  or  a  cooler  on  the  second  stage,  one  can  benefit  from  both  and  obtain 

is  global  optimum  performances. 

EXAMPLE  4 

In  certain  applications,  it  may  be  desirable  to  use  both  permeate  and  non-permeate  products.  The 
20  problem  usually,  in  the  case  of  air  separation,  is  generally  that  either  it  is  necessary  to  recompress  the 

permeate  stream  if  it  is  at  atmospheric  pressure,  which  requires  special  expensive  compressors  because 
the  O2  content  is  higher  than  21%,  or  the  whole  permeate  stream  is  maintained  at  above  atmospheric 
pressure  which  reduces  very  significantly  the  performances  of  the  whole  membrane  particularly  for  the 
production  of  the  non-permeate,  such  as  nitrogen. 

25  Furthermore,  by  including  a  compressor  on  the  permeate  side  between  the  two  stages,  the  present 
invention  offers  at  least  two  advantages. 

As  the  oxygen  content  in  the  permeate  stream  between  the  two  stages  is  lower  than  21%,  a  standard 
compressor  can  be  used  to  recompress  the  same.  Also,  by  operating  with  a  permeate  at  atmospheric 
pressure,  the  performance  of  the  second  stage  is  not  compromised.  The  latter  advantage  is  particularly 

30  important  where  a  high  purity  non-permeate  stream,  such  as  nitrogen,  is  simultaneously  required. 
Having  described  the  present  invention  it  will  be  apparent  to  one  of  ordinary  skill  in  the  art  that  many 

changes  and  modifications  may  be  made  to  the  above-described  embodiments  without  departing  from  the 
spirit  and  the  scope  of  the  present  invention. 

35  Claims 

1.  A  cascade  sweep  process  for  producing  nitrogen  gas  from  air,  using  a  plurality  of  stages  of  membrane 
units  each  containing  a  plurality  of  hollow  fiber  membranes,  at  least  one  of  the  plurality  of  membrane 
units  comprising  a  sweep  input  to  inject  a  sweep  gas  longitudinally  on  the  external  surface  of  the  hollow 

40  fiber  membranes,  the  process  comprising  : 
a)  moving  compressed  air  into  a  stage  N  membrane  unit,  said  unit  being  adapted  to  selectively 
permeate  oxygen  and  not  to  permeate  nitrogen; 
b)  maintaining  a  pressure  differential  between  a  bore  surface  of  the  hollow  fiber  membranes  and  an 
external  surface  of  the  hollow  fiber  membranes; 

45  c)  moving  the  resulting  non-permeate  gas  longitudinally  through  the  bores  of  the  hollow  fiber 
membranes  and  out  the  ends  of  the  hollow  fiber  membranes  and  from  the  stage  N  membrane  unit; 
d)  moving  said  resulting  non-permeate  gas  into  the  stage  N  +  1  membrane  unit,  said  N  +  1 
membrane  unit  being  adapted  to  selectively  permeate  oxygen  and  not  to  permeate  nitrogen; 
e)  moving  the  non-permeate  gas  longitudinally  through  the  bores  of  the  hollow  fiber  membranes  and 

50  out  the  ends  of  the  hollow  fiber  membranes  and  from  the  said  N  +  1  membrane  unit; 
f)  collecting  the  nitrogen  gas  from  the  last  stage  of  membrane  units; 
g)  collecting  at  least  a  portion  of  the  permeate  stream  from  at  least  one  of  stages  N  +  1  ,  N  +  2, 
etc...  to  feed  said  permeate  stream  to  the  sweep  input  of  one  of  the  previous  stage  N  membrane 
units,  said  sweep  gas  being  injected  longitudinally  and  preferably  countercurrent  to  the  non- 

55  permeate  gas  on  the  external  surface  of  the  hollow  fiber  membranes,  the  sweep  gas  being  mixed 
with  the  gas  permeating  through  the  hollow  fiber  membranes  to  make  the  permeate  stream;  and 
h)  venting  or  feeding  at  least  a  portion  of  said  permeate  stream  to  another  sweep  input  of  a  previous 
stage. 

8 



EP  0  521  784  A1 

2.  A  cascade-sweep  process  for  the  production  of  nitrogen  gas  from  air  using  two  membranes  in 
combination,  which  comprises  : 

a)  feeding  a  compressed  air  mixture  to  the  feed  side  of  a  first  stage  N  membrane  unit,  the  unit  being 
adapted  to  selectively  permeate  oxygen  and  not  to  permeate  nitrogen; 

5  b)  collecting  a  non-permeate  stream  of  said  first  stage  N  membrane  unit  and  passing  the  non- 
permeate  stream  to  a  second  stage  N  +  1  membrane  unit,  the  second  stage  N  +  1  membrane  unit 
being  adapted  to  selectively  permeate  oxygen  and  not  to  permeate  nitrogen; 
c)  collecting  nitrogen  gas  from  the  second  stage  N  +  1  membrane  unit;  and 
g)  collecting  at  least  a  portion  of  the  permeate  stream  from  the  stage  N  +  1,  N  +  2,  etc...  to  feed 

io  the  permeate  stream  to  the  sweep  input  said  first  stage  N  membrane  unit,  the  sweep  gas  being 
injected  longitudinally  and  preferably  counter  current  to  the  non-permeate  gas  on  the  external 
surface  of  the  hollow  fiber  membranes. 

3.  The  cascade-sweep  process  of  Claim  1  or  2,  wherein  said  membranes  are  made  of  a  material  selected 
is  from  the  group  consisting  of  polyimides,  polyamides,  polycarbonates,  polysiloxanes,  polyolefins, 

polysulfones,  cellulose  acetate,  ceramic,  glass  and  carbon. 

4.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  3,  wherein  said  membranes  are  arranged 
in  the  form  of  symmetric  hollow  fibers,  asymmetric  hollow  fibers  or  spiral  wound  bundles. 

20 
5.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  4,  wherein  the  first  stage  membrane  is 

made  of  low  performance  bundles  and  the  last  stage  membrane  is  made  of  high  performance  bundles. 

6.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  5,  wherein  the  first  stage  membrane  and 
25  the  last  stage  membrane  are  maintained  at  temperatures  such  that  the  first  stage  membrane  tempera- 

ture  is  higher  than  the  second  stage  temperature. 

7.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  6,  wherein  at  least  one  stage  membrane 
is  made  of  a  polymer  which  is  different  from  the  polymer  of  another  stage  membrane. 

30 
8.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  7,  wherein  at  least  one  stage  membrane 

is  at  a  temperature  which  is  different  from  that  of  another  stage  membrane. 

9.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  8,  which  further  comprises  compressing 
35  the  permeate  stream  from  at  least  one  stage  membrane  prior  to  feeding  the  same  to  at  least  one 

preceding  stage. 

10.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  9,  wherein  nitrogen  is  produced  having  a 
purity  of  at  least  99%. 

40 
11.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  10,  which  is  operated  at  a  temperature  in 

the  range  of  about  -20  °  C  to  90  °  C. 

12.  The  cascade-sweep  process  of  Claim  11,  which  is  operated  at  a  temperature  in  the  range  of  about 
45  20  °  C  to  60  °  C. 

13.  The  cascade-sweep  process  of  Claim  12,  wherein  a  first  stage  membrane  is  operated  at  about  +40°  C 
to  +  60  °  C,  and  a  last  stage  membrane  is  operated  at  about  +  20  °  C  to  +  40  °  C. 

50  14.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  13,  wherein  a  flow  rate  of  about  0.2m3/h 
to  2,000  m3/h  is  used. 

15.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  14,  wherein  the  permeate  stream  of  the 
second  membrane  is  fed  to  said  permeate  stream  from  said  first  membrane  by  counter-current  sweep. 

55 
16.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  15,  wherein  said  permeate  of  said  second 

membrane  has  a  pressure  which  is  higher  than  the  pressure  of  the  permeate  of  the  first  membrane. 
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17.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  16,  wherein  said  first  membrane  has  a 
pressure  drop  which  is  higher  than  the  pressure  drop  through  the  second  membrane. 

18.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  17,  wherein  m  membranes  are  used  in 
5  combination,  and  wherein  at  least  one  permeate  stream  at  stage  N,  wherein  : 

1   ̂ N  <  m 

is  fed  to  at  least  one  sweep  input  of  a  stage  P,  wherein  : 
10 

1  <  P   ̂ n. 

19.  The  cascade-sweep  process  according  to  one  of  Claims  1  to  18,  wherein  a  mixture  of  oxygen  and 
nitrogen  is  fed  to  the  first  membrane,  an  oxygen-enriched  gas  mixture  is  recovered  or  vented  on  the 

is  permeate  side  of  the  first  membrane  and  nitrogen  is  recovered  on  the  feed  side  of  the  last  membrane. 

20.  A  cascade  sweep  generator  for  producing  nitrogen  gas  from  air,  said  generator,  comprising  at  least  first 
and  second  stage  membrane  units,  N  and  N  +  1,  respectively,  each  containing  a  plurality  of  hollow 
fiber  membranes,  and  wherein  at  least  the  second  membrane  unit,  N  +  1  ,  comprises  a  sweep  output  to 

20  inject  a  sweep  gas  of  permeate  stream  from  said  second  stage,  N  +  1  ,  longitudinally  on  the  external 
surface  of  the  hollow  fiber  membranes  to  a  sweep  input  of  said  first  stage  membrane  unit  N. 

21.  The  cascade  sweep  generator  of  Claim  20,  which  is  capable  of  feeding  a  mixture  of  oxygen  and 
nitrogen  to  a  first  membrane  stage,  recovering  or  venting  an  oxygen-enriched  gas  mixture  on  the 

25  permeate  side  of  the  first  membrane  and  recovering  nitrogen  on  the  feed  side  of  a  last  membrane. 

22.  The  cascade  sweep  generator  of  Claim  20  or  21  ,  further  comprising  heating  means  in  order  to  heat  at 
least  one  membrane  stage. 

30  23.  The  cascade  sweep  generator  according  to  one  of  Claims  20  to  22,  further  comprising  cooling  means 
in  order  to  cool  at  least  one  membrane  stage. 

24.  The  cascade  sweep  generator  of  one  of  Claims  20  to  23,  further  comprising  compressor  means 
between  the  sweep  output  of  one  stage,  N  +  1  and  the  sweep  input  of  a  previous  stage,  N. 

35 
25.  The  cascade  sweep  generator  according  to  anyone  of  Claims  20  to  24  comprising  both  heating  and 

cooling  means  in  order  to  heat  at  least  one  membrane  stage  and  to  cool  at  least  one  membane  stage. 

26.  The  cascade  sweep  generator  according  to  anyone  of  Claims  22  to  25  which  further  comprises  means 
40  for  controlling  the  temperature  of  the  heating  and/or  cooling  means  and/or  at  least  one  of  the 

membrane  stage. 

27.  The  cascade  sweep  generator  according  to  claim  26  wherein  said  means  for  controlling  the  tempera- 
ture  are  continuously  controlling  said  temperature. 

45 
28.  The  cascade  sweep  generator  according  to  claim  25,  26  or  27,  wherein  the  nitrogen  flow  of  the 

generator  is  modified  by  controlling  the  temperature  in  accordance  to  the  modified  demand  of  the 
customer. 

50  29.  The  cascade  sweep  generator  according  to  claim  25,  26,  27  or  28,  wherein  the  purity  of  the  nitrogen 
flow  is  modified  by  controlling  the  temperature  in  accordance  to  the  modified  demand  of  the  customer. 
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