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INTRODUCTION 

It has been recognized for  many years  that non-porous polymer f i l m s  
exhibit a higher permeability toward some gases  than towards others .  
ear ly  as 1831 (1) , investigations were  reported on the phenomenon of enrichment 
of air with rubber membranes;  however, not until 1950 (2)  had the prac t ica l  
possibility of this and other gas  separations with permselect ive membranes  been 
ser iously studied. 
the feasibility of separating oxygen f r o m  a i r  and described prac t ica l  p rocesses  
for separation of hydrogen and helium from methane. 
were  highly valuable in the development of the science of membrane separation, 
the calculated membrane a r e a  requirements  for  industrial p rocesses  were  
enormous. 

As 

Weller and Steiner (2, 3) in their  c lass ic  papers ,  demonstrated 

Although the i r  resu l t s  

The technical breakthrough in the application of membranes  t o  gas  separation 
came with the development of a process  for  preparing cellulose acetate  membranes 
in a s ta te  which retains  the permselective charac te r i s t ics  of ord inary  cellulose 
acetate  but which yields vastly increased gas  permeability. These cellulose 
acetate  membranes a r e  prepared f rom a solution of the polymer which is cas t  
on a smooth surface, partially dr ied then set  o r  gelled i n  a n  ice-water  bath. At 
this stage the membranes a r e  heated in  water  to improve their  select ivi ty  char-  
ac te r i s t ics  and a r e  then dr ied by a solvent exchange technique. The reason for  
the highly permeability values, together with the permselect ive charac te r i s t ics  
of ordinary cellulose acetate, is  the formation of a n  "active" layer  on the a i r -  
d r ied  surface of the membrane. This active layer  has charac te r i s t ics  s imilar  
to  those of ordinary cellulose acetate  and has a thickness of the order  of 0.1 
micrometer  ( p m )  o r  less, whereas the total membrane thickness may range f r o m  
approximately 75 to  125 pm. 
The major portion of the membrane is a n  open-pore sponge-like support s t ructure  
through which gases  may flow freely. 
t e r i s t ics  of these membranes are functions of casting solution composition, 
f i lm casting conditions, and post-treatment and a r e  relatively independent of 
total membrane thickness. 

GAS SEPARATION THEORY 

Thus, the membranes are  said to  be asymmetr ic .  

The permeability and selectivity charac-  

The steady s ta te  m a s s  flux (Ji) of component i through a homogeneous 
f i l m  of uniform thickness separating two gaseous phases is given by Fick ' s  
"Fi rs t  Law" of diffusion: 

Ji = -Di dCi/dx = constant 

Di = local  diffusivity (cm /sec)  

C. = local concentration of component i 

x = the distance through the film 

2 where 
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This  relationship c a n  be simplified when the gases  do not chemically associate  
with each other and when the  gases  a r e  sparingly soluble in  the membrane 
material. 
the film and the solubility of the gas  a t  the membrane surface is essentially 
direct ly  proportional t o  i ts  par t ia l  p r e s s u r e  in  the gas  phase adjacent to that 
surface, i. e., Henry's Law applies: 

In such cases ,  the  diffusivity of the permeating gas is constant through 

C. = k.P.  
1 1  

where k. is the solubility parameter  and Pi i s  the par t ia l  
p r e s  sure. 

If we l e t  superscr ipt  I r e f e r  t o  the high p r e s s u r e  o r  upstream side of the 
membrane and superscr ipt  I1 refer  to the low p r e s s u r e  pr downstream side of 
the membrane, Equation 1, a f te r  integration between C .  a t  x = 0 and C I1 a t  
x = 1 .  becomes: i 

kiDi (Pi I - Pi I1 ) 

J. = 
P 

3) 

The product kiDi is t e r m e d  t h e  permeability coefficient ( P .  ) of the membrane 
for  component i. 
s u r e  differential and the frequently used units a r e ,  cc(STP)-cm/cm2-sec-cm Hg. 
Another parameter  of in te res t  is the permeability rate, defined as P./P, which 
is  a measured charac te r i s t ic  of a given membrane with units, cc(ST$)/ 
c tnZ-sec-cm Hg 
Pi1 + P.I and PJ1 + PjII, respectively. 

J 

This  coefficient i s  independent of membra'ne thickness and pres-  

The  total p r e s s u r e s ,  P I  and PII, a r e  given by the sums, 

The ratio of fluxes of two gases  through a membrane i s  given by: 

1 
P. (P.1 - P I1 ) 

J J  j 

4) 

The ratio P./P.  is  defined a s  the ideal separation factor for  component i with 
respect  to ckrnbonent j in the membrane and is  written cy. .. 

F r o m  the previous d iscus  ion it can be seen that, i f  component i is  the 
m o r e  permeable, increasing P . f  either by increasing the total p r e s s u r e  or  the 
concentration of component i, &ll resul t  in a higher membrane permeability 
rate. In addition, higher values for  cyiIj resul t  in grea te r  efficiency in gas  
separation. 

113 

If we define a permselect ivi ty  of the membrane to  component i with respect  
to component j by u .., 

I I1 1J 

5) 
Pj Pi 

0..  = 
1J - 

J 
i t  can  be shown f r o m  Equations 4 and 5 that: 

u.. = 9' (Pi I - Pi I1 ) 
1J (Pt - P..II) J 
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It c a n  be seen from Equation 6 that as P I1 & 0 o r  P1/P1'+ a, the permselectivity 

of the membrane approaches the ideal separation factor, i. e. : 

l i m  cr.. = * 
ij i / j  

PI1+ 0 
7 )  

It i s  evident then that by increasing the feed p r e s s u r e  to product p r e s s u r e  ratio, 
P1/PII, an increase in the efficiency of the separation of the gas  mixture is 
obtained. 

Other system vetriables that will have a n  effect on the separat ion process  
Usually a n  increase  in tem- 

The 
a r e  temperature  and relative humidity of the gas. 
pera ture  increases  the permeability and decreases  the separat ion factor. 
effect  of relative humidity is variable and has not been reported in the l i t e ra ture  

\ to any great  extent. 
\ 

\ 

MEMBRANES AND MEMBRANE SYSTEMS 

The casting solutions for  preparation of the membranes discussed 
herein contain cellulose diac etate, cellulose triacetate, acetone, dioxwe,  
methanol and acetic acid o r  maleic acid. 
of 0. 010 in. and i s  gelled in ice  water. 
t reated in water a t  85 to 98'C for severa l  minutes and a r e  then d r i e d  by solvent 
exchanging the water  with organic solvents followed by evaporation of the 
remaining solvent. Drying is necessary for  application to gas  separat ion and 
this procedure s e r v e s  t o  prevent the membrane f r o m  shrinking and losing i ts  
asymmetr ic  charac te r  upon removal of water. 

The solution i s  c a s t  at a thickness 
The resulting membranes  a r e  heat- 

The gas  permeability measurements  for  the flat membranes  were  made in 
c i rcu lar  (2.93 cm2 membyane a r e a  o r  0.0316 ft2) tes t  cells. Single dases  a t  
23 to 25°C were brought into contact with the dense active layer  side of the 
membrane at  a regulated p r e s s u r e  of 15 to 750 psig, causing a portion of the 
gas  to  permeate  through the membrane. The permeate  gas  was removed f r o m  
the opposite side of the membrane a t  a tmospheric  pressure .  The permeation 
ra tes  were measured either by the displacement of a soap bubble in a 5 mP gas 
buret  o r  with a wet-test meter .  
factors  for the single gases  with flat-sheet membranes a r e  shown in Table 1, 
measured at  100 ps i  p r e s s u r e  differential, along with l i t e ra ture  values for  
0.001-in. cellulose acetate films. It can be seen t h t  the permeat ion r a t e s  of the 
asymmetr ic  membranes range from 600 to over 1000 t imes those of the films 
while essentially retaining the selectivity for  gases .  The membranes exhibit 
a n  exceptionally high permeation ra te  for hydrogen and helium and a r e  par t icular ly  
permselective for  hydrogen relative to carbon monoxide and methane. 
evidence confirms the continuity of the thin active layer  and demonstrates  the 
improvement in membrane separation technology. 

The measured permeation r a t e s  and separation 

This  

Cellulose acetate  membrane modules have been manufactured in our  faci l i t ies  
for  several  years  now for use  in  water  desalination. These modules have a spiral-  
wound configuration (6) that has the advantage of compactness and low cost. 
example, the dimensions of such a module a r e  4-in. in diameter  by 3-ft in  length 
containing approximately 70 f t2  of membrane. 
with d r y  membrane f o r  gas separation will provide gas permeabi l i ty  r a t e s  of the 
order  of 3200 - 9500 SCFH a t  750 psig for  hydrogen. 

F o r  

Development of s imi la r  modules 

\ 
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APPLICATION O F  MEMBRANE SYSTEM TO COAL UTILIZATION PROCESSES 

The feasibility of adapting permselect ive membranes t o  coal utilization 
processes  i s  described in the following paragraphs. 
f r o m  contract reports  to  the U. S. Department of Inter ior  (7, 8). 

Two processes  were  chosen 

In the two processes ,  the membrane separation units descr ibed a r e  assumed 
to have the permeability and separation propert ies  of the asymmetr ic  cellulose 
acetates  described previously in Table 1. 
gas  s t r e a m s  will have been pretreated for  removal of acid gases. 
feed gases  may then be considered to be a two-component system of hydrogen and 
methane-carbon monoxide (carbon monoxide and methane have s imi la r  permeabi-  
l i t ies)  and a computer program can  be used to  predict  the permeate  stream 
compositions. 

It is a l so  assumed throughout that all 
The resulting 

Hydrogasification of Lignite 

Figure 1 is a schematic diagram showing how membrane gas  separa tors  
could be y e d  to  advantage in processing the gas  f r o m  the  hydrogasification of 
lignite. In this c a s e  the des i red  product i s  high Btu pipeline g a s  and the mem- 
brane separations a r e  incorporated into the Institute of Cas  Technology overal l  
P r o c e s s  Block Flow Diagram (7)  in order  to reduce the s ize  of severa l  pieces of 
equipment and to produce 470 more  methane with a higher Btu value. 

The Prepurification Unit I effluent gas  is cooled to  l O O ' F  to remove water  
and is then fed (Figure 1) into a sp i ra l  wound membrane separat ion unit which 
separates  a lmost  all of the hydrogen f r o m  the carbon monoxide and methane. 
carbon monoxide and methane s t ream then has  about 65% of the volume of the 
original s t r e a m  and can be fed to a carbon monoxide shift reac tor  where  the low 
concentration of hydrogen enables the reaction to be shifted fur ther  t o  the right 
(GO t HZO e CO 
wise required. '%he overal l  resul t  is that the carbon monoxide shift reac tor  s ize  
is reduced and the heat load of the waste heat recovery unit is reduced. 
hydrogen-bearing permeate  s t r e a m  comes f r o m  the membrane unit at low pres-  
s u r e  and must  be compressed and cooled before it is sent t o  the Prepurification 
Unit 11. 
hydrogen s t r e a m  is fed to  the methanation unit where carbon monoxide is converted 
into methane. 

The 

t HZ), therefore  consuming considerably l e s s  s t e a m  then other- 

The 

After removal  of carbon dioxide and the t r a c e  of hydrogen sulfide, the 

The second membrane separation unit p rocesses  the effluent gas  af ter  waste 
heat recovery by removing most  of the 4.4% hydrogen and recycling it back to  the 
methanation unit. 
volume of methane produced and a n  increase  in the Btu value of the  pipeline gas. 

The cost  of the membrane units is believed to  be smal l  in comparison with 
the savings to be gained by reducing the s ize  of the carbon monoxide shift reactor  
and waste heat recovery unit and reducing the amount of s team consumed so that 
the overall plant should be l e s s  costly. 
brane separa tors  should allow grea te r  variation in operating conditions and 
compositions of intermediate gas  s t reams.  

The recovered hydrogen allows about a 470 increase  in the 

In addition, the incorporation of the mem- 

Coal Oil Hydrogenation 

Membrane gas  separation may a l so  be applied to coal  oi l  hydrogenation such 
as the Coal Oil Energy Development (C. 0. E. D. ) process  (8). 
unit i s  fed C. 0. E. D. oil f r o m  the pyrolysis unit along with a mixture  of f r e s h  
and recycle hydrogen. 

The hydrogenation 

The membrane separator  removes most of the methane 
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and heavier hydrocarbons f rom the recycle hydrogen s t r e a m  a t  high pressure ,  
The one-pass membrane  unit operating a t  1050 psig increases  the recycle  hydro- 
gen concentration f r o m  4370 to over 90%, with the accompanying improvement in 
the hydrogenation efficiency and reduction in s ize  of the hydrogenation unit. The 
methane and hydrocarbon gas  s t r e a m  contains l e s s  than 270 hydrogen and af ter  
extraction of the higher  hydrocarbons would be ideal for  pipeline gas. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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c T'LT Prcpu~ 11'1cetion I 
Effluent Can (7) 

H2 31.11% C2+ 3.3% - 
CO 24.9% C02 2.G 
CH4 36.1): 3 s  Trace 

240°F 1080 P S l g  

Membrane Separation Unit I 

I 

\ 

CO Shift Reactor 
(smaller) 

W?.stc Heat Recovery 
+120°F, lo50 psig (smaller) 

f v 
Repur i f i ca t ion  U n i t  I1 
(&me s ize)  

Metlanation Unit I 
(%me s i z e )  

Waste Heat Hecovery 
(Samr: size) t o  Dryer 

(49 more CHI,) 

I 
Fjgure 1. SCHENA'J'JC - APPJJCATJOII OF MF3llBANE G A S  SEPAMTIONS 

IN A LIGNI'JX IM)HCCA5IPICATION PROCESS 


