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ABSTRACT 

The o b j e c t  of t h i s  program was t o  develop novel  and unique membranes f o r  

separa t ing  ac id  gases from c o a l  g a s i f i c a t i o n  streams. .Many candidate  membranes, 

inc luding c a t i o n i c ,  hydrophi l ic ,  and s i l i c o n e ,  w e r e  t e s t e d .  Optimum separa t ion  

p r o p e r t i e s  were possessed by membranes formulated from cross l inked methyl 

c e l l u l o s e  coated 'on polysulfone support  f i lms.  The observed separa t ion  p r o p e r t i e s  

,were explained t h e o r e t i c a l l y  by t h e  s o l u b i l i t y  o f . t h e  va r ious  gases i n  t h e  water  

contained wi th in  t h e  membranes r a t h e r  than by a c t i v a t e d  t r anspor t .  The optimum 

membrane compositions were no t  economical f o r  the  proposed separa t ions  but  they 
\ 

may be economical f o r  o t h e r  app l i ca t ions .  



SUMMARY 

The o b j e c t i v e  of t h t s  r e s e a r c h  and development program was t o  develop 
novel  and unique polymer membranes and apply  them t o  t h e  removal of  a c i d  
gases  from raw gas s t reams i n  c o a l  g a s i f i c a t i o n  processes .  I n i t i a l l y ,  t h i s  . 

o b j e c t i v e  was t o  be  accomplished through development of weakly c a t i o n i c  
membranes, such as c r o s s l i n k e d  polye thylen imine ,  d e p o s i t e d  a s  v e r y  t h i n  f i l m s  
on porous suppor t  media. L a t e r  program e f f o r t s  i nc luded  e v a l u a t i o n  o f . v a r i o u s  
o t h e r  h y d r o p h i l i c  polymer membranes. 

The. fo l lowing  t a s k s  were completed d u r i n g  t h i s  program: 1) an  i n i t i a l  
c r i - t i c a l  assessment  of  t h e  economics of c u r r e n t  a c i d  gas removal systems,  
i n c l u d i n g  e s t i m a t e s  f o r  membrane p roces ses ;  2) s c r e e n i n g  of p o t e n t i a l  membrane 
composi t ions;  3) s e l e c t i o n  and o p t i m i z a t i o n  of  t h e  most promising membrane 
composi t ion;  4 )  thorough - c h a r a c t e r i z a t i o n  o f  t h e  f i n a l  membrane formula t ion  
f o r  gas s e p a r a t i o n s ;  and 5) an e v a l u a t i o n  of t h e  f e a s i b i l i t y  and economics 
of  t h i s  f i n a l  membrane system i n  a gas p u r i f i c a t i o n  t r a i n  o f  a c o a l  g a s i f i c a t i o n  
p l a n t .  

The membranes developed du r ing  t h i s  program d i d  n o t  perform w e l l  enough 
a t  h i g h  p r e s s u r e s  t o  b e  u s e f u l  i n  a c o a l  g a s i f i c a t i o n  a p p l i c a t i o n .  I n  a d d i t i o n  
they  were l e s s  economical than  t h e  conven t iona l  p roces ses  now i n  use. These 
fo rmula t ions ,  however, a r e  s t i l l  promising f o r  a p p l i c a t i o n s  a t  lower p r e s s u r e s ,  
such a s  removal o f  s u l f u r  c o n t a i n i n g  gases  from s m a l l  b iogas  c o n v e r t e r s  f o r  
which conven t iona l  p roces ses  may b e  unusable  o r  uneconomic. 



INTRODUCTION . 

0b jecti  ve 

The o b j e c t i v e  of t h i s  r e sea rch  and development program was t o  develop 
novel  and unique polymer membranes and app ly  them t o  t h e  removal of a c i d  gases  
from r a w  gas s t reams i n  c o a l  g a s i f i c a t i o n  p roces ses .  I n  p a r t i c u l a r ,  membranes 
were sought t h a t  would demonstrate  s e l e c t i v e  removal of carbon d iox ide ,  hydrogen 
s u l f i d e ,  and o t h e r  s u l f u r - b e a r i n g - g a s e s  from t h e  f e e d  gas .  S ince  t h e  raw gases  
e x i t  from c o a l  g a s i f i e r s  a t  h igh  p r e s s u r e s ,  membrane p u r i f i c a t i o n  of t h e s e  raw 
gases  could  p o t e n t i a l l y  be c a r r i e d  o u t  a t  ve ry  low o p e r a t i n g  c o s t s ,  w i t h  no 
c o s t  i n p u t  f o r  gas  compressors.  

I n  prev ious  r e s e a r c h  programs, t h e  North S t a r  D iv i s ion  of Midwest Research 
I n s t i t u t e  had developed a unique composite membrane technology f o r  h i g h  pe r fo r -  
mance r e v e r s e  osmosis membranes. T h e ' b a s i s  f o r  t h i s  technology was t h e  i / n  ~ i t u  
condensat ion of p o l  e r i c  m a t e r i a l s  on t h e  s u r f a c e  of  microporous po lysu l fone  
suppor t  m a t e r i a l s .  (E Thi s  approach gave e x c e p t i o n a l l y  t h i n  b a r r i e r  f i l m s  of 
a lmost  any chemical  composi t ion d e s i r e d ,  b u t  i n  a form e a s i l y  handled and 
app l i ed .  The a b i l i t y  t o  achieve  h i g h  gas f l u x e s  through t h e s e  composite f i l m s  
appeared w e l l  s u i t e d  f o r  a p p l i c a t i o n  i n  t h e  p u r i f i c a t i o n  of r a w  gas from c o a l  
g a s i f i e r s .  

Scope of the Proqram 

The scope of  t h i s  program involved  t h e  fo l lowing  s p e c i f i c  t a s k s :  

Explora tory  s c r e e n i n g  of  membrane cand ida t e s  f o r  gas  
s e l e c t i v i t y  and £ lux;  

Opt imiza t ion  of  promising membranes f o r  maximum , 

performance ; 

Thorough c h a r a c t e r i z a t i o n  of a f i n a l ,  op t imized  
membrane ; 

C r i t i c a l  assessment  of t h e  economics of c u r r e n t  
a c i d  gas removal p roces ses ;  

Eva lua t ion  of t h e  economic f e a s i b i l i t y  of exper imenta l  
gas  separat ion,membranes vis-a-vis  c u r r e n t  processes .  

I f  gas s e p a r a t i o n  membranes were demonstrated t o  b e  economical ly a t t r a c t i v e  
i n  c o a l  g a s i f i c a t i o n  a p p l i c a t i o n s ,  a second phase was planned f o r  t h i s  program. 
Th i s  second phase would have involved  t h e  scale-up of membrane development t o  
dev ices  such a s  33-square-foot-membrane-area s p i r a l  wrap modules f o r  c h a r a c t e r -  

C i z a t i o n  and f i e l d  t e s t i n g .  R e s u l t s  of t h i s  r e s e a r c h  program d i d  n o t  war ran t  
c o n t i n u a t i o n  i n t o  t h e  second phase .  u 



EXPERIMENTAL METHODS 

Membrane Fabr i  ca t ion  Techniques 

Experimental  membranes were f a b r i c a t e d  f o r  t e s t i n g  by a t h i n  f i l m  
composite membrane technology p rev ious ly  developed i n  r e s e a r c h  on r e v e r s e  
osmosis membranes. These composite f i l m s  c o n s i s t e d  of  u l t r a t h i n  (one- t o  
three-micron-thick) b a r r i e r  l a y e r s  c a s t  on to  asymmetric, microporous polymer 
suppor t  f i l m s .  The microporous suppor t  l a y e r  c o n t r i b u t e d  s t r e n g t h  and hand l ing  
q u a l i t i e s ,  w h i l e  t he  extreme t h i n n e s s  of t h e  b a r r i e r  l a y e r  a l lowed f o r  r a p i d  
permeat ion c h a r a c t e r i s t i c s .  

Two types  of  microporous suppor t s  were used i n  t h i s  work: Celgard micro- 
porous polypropylene f i l m  (Celanese Corporat ion)  having  e l l i p t i c a l  po re  
dimensions of about  300 x 1000 angstroms,  and polysul fone  s u p p o r t s  having  
c i r c u l a r  po re  dimensions of about  25 t o  125 angstroms. The po lysu l fone  s u p p o r t s  
were hand-cast a t  MRI f o r  most of t h e  expe r imen ta l  membrane f a b r i c a t i o n  s t u d i e s ,  
b u t  commercially a v a i l a b l e  microporous po lysu l fone  samples were a l s o  eva lua t ed .  
Hand-made suppor t  f i l m s  were prepared  by c a s t i n g  a seven-mil-thick l a y e r  of 
1 5  pe rcen t  po lysul fone  (P-3500, Union Carbide Corpora t ion)  s o l u t i o n  i n  
dimethylformamide onto a smooth g l a s s  p l a t e ,  t hen  quenching t h e  l i q u i d  f i l m  
i n  water .  These f i l m s  had a sh iny  s u r f a c e  ( a i r  s i d e )  w i t h  a 125 angstrom o r  
less pore  s i z e ;  t h e  back s i d e  was d u l l  and conta ined  pore dimensions of 
30,000 t o  40,000 angstroms ( 3  t o  4 microns)  . 

' ~ e m b r a n e s  f o r  a c i d  gas s e p a r a t i o n s  were f a b r i c a t e d  by c o a t i n g  t h e  micro- 
porous f i l m s  w i t h  d i l u t e  s o l u t i o n s  of  polymers compounded w i t h  r e a c t i v e  
c r o s s l i n k i n g  agen t s  and c a t a l y s t s .  Usual ly ,  microporous. po lysu l fone  was used 
i n  t h e s e  s t u d i e s .  I n  some c a s e s  similar f i l m s  of p o ~ y a c r y l o n i t r i l e  were used., 
Coat ings were a p p l i e d  t o  t h e  upper ,  microporous s u r f a c e  of  t h e  polysul fone  
f i l m s  which had t h e  125 angstrom pores .  The coa ted  s h e e t s  were then  heat-cured 
t o  form t h i n ,  c r o s s l i n k e d ,  semipermeable b a r r i e r  f i l m s  on t h i s  upper s u r f a c e .  
Appl icable  c o a t i n g  s o l v e n t s  were water ' ,  heptane ,  o r  t h e  lower a l c o h o l s .  Any 
o t h e r  s o l v e n t s  would s w e l l  and s e a l  o f f  t h e  125 angstrom pores  i n  t h e  
polysul fone  s u b s t r a t e s .  Where o t h e r  s o l v e n t s  w e r e  r e q u i r e d ,  microporous 
polypropylene (Celgard)  suppor t s  w e r e  sometimes used ,  a l t hough  Celgard was n o t  
a s  e f f e c t i v e  as' microporous polysul fone  i n  t h i s  a p p l i c a t i o n .  I n  some cases ,  
such a s  c e l l u l o s e  a c e t a t e ,  i t  w a s  u s e f u l  t o  f l o a t - c a s t  a n  u l t r a t h i n  f i l m  of 
t h e  polymer on a water  s u r f a c e  us ing  water -so luble  s o l v e n t s .  The pre-formed 
u l t r a t h i n  membrane w a s  t hen  lamina ted  t o  t h e  microporous po lysu l fone  s u b s t r a t e .  

The above techniques  were l a r g e l y  developed d u r i n g  e a r l i e r  r e s e a r c h  work 
on r e v e r s e  osmosis membranes under sponsorsh ip  of t h e  former O f f i c e  of S a l i n e  
Water, U.S. Department o f  t h e  I n t e r i o r .  Such composi t ions w e r e  r e p e a t e d l y  

. shown t o  perform s a t i s f a c t o r i l y  a t  1500 p s i g  i n  r e v e r s e  osmosis a p p l i c a t i o n s .  
V a r i a b i l i t y  due t o  p inho le  leakage  can  occur  i n  t h e s e  membrane systems,  b u t  
can be e l i m i n a t e d  by j u d i c i o u s  cho ice  of  c o a t i n g  weight  and c a r e  i n  t h e  
I a b r i c a t i o n  of m i c r o p o ~ o u s  po lysu l fone  ~ u b o t r a t e s .  



Membrane Test  Procedures 

Experimental  membranes were eva lua t ed  by t e s t i n g  t h e i r  p e r m e a b i l i t i e s  
t o  s e l e c t e d ,  humidi f ied  gases ,  e i t h e r  s e p a r a t e l y  o r  as mixtures .  Most test 
d a t a  were genera ted  a t  200 p s i g ,  b u t  some test d a t a  were a l s o  ob ta ined  a t  
h i g h e r  p re s su re s .  

A membrane t e s t  appa ra tus  w a s  s p e c i f i c a l l y  designed and assembled f o r  
t h i s  r e s e a r c h  program. F igure  1 i s  a schemat ic  diagram showing t h e  v a r i o u s  
components i n  t h e  test  appa ra tus .  The t e s t  l i n e  was des igned  s o  t h a t  gases  
from two h igh  p r e s s u r e  c y l i n d e r s  could  be  f e d  through c o n t r o l  v a l v e s  t o  mass 
flowme ters , then  mixed and humidi f ied  be£ o r e  e n t e r i n g  t h e  membrane test  c e l l s .  
T y p i c a l l y ,  t h r e e  test c e l l s  were on- l ine  a t  one t ime,  b u t  each c e l l  could  b e  
i n d i v i d u a l l y  i s o l a t e d  from t h e  system i f  d e s i r e d .  A back p r e s s u r e  r e g u l a t o r  
c o n t r o l l e d  t h e  system p res su re .  Quick d i sconnec t s  were provided f o r  removing 
t h e  t e s t  c e l l s  and f o r  sampling t h e  h i g h  p r e s s u r e  feed  gas.  F igu re  2 c o n t a i n s  
photographs of  t h e  test l i n e  i n  o p e r a t i o n .  

S p e c i f i c  components of t h i s  t e s t  l i n e  i nc luded  t h e  fo l lowing:  two Airco 
h igh  p r e s s u r e  gas r e g u l a t o r s ;  two Nupro "S" s e r i e s  ve ry  f i n e  me te r ing  v a l v e s  
f o r  gas  e n t r y  i n t o  t h e  system; two Thermo Systems Model 1352-2G mass fl'ow- 
meters  (w i th  f i l t e r  s c r e e n s  i n s t a l l e d  ups t ream);  e l e c t r o n i c s  f o r  powering 
and r ead ing  t h e  mass f lowmeters ,  i n c l u d i n g  Thermo-Systems Models 1050 and 
1051-6 and a   air child' Model 7050 d i g i t a l  mul t imeter ;  a  Whitey Model ORF-2 
va lve  p l u s  quick  d i sconnec t  f o r  f eed  gas  sampling;  a  o n e - l i t e r  s t e e l  t ank  
humid i f i ca t ion  chamber ( f i l l e d  w i t h  wet g l a s s  wool) having a check v a l v e  a t  
t h e  i n l e t  t o  p r o t e c t  t h e  m a s s  f lowmeters from backwash; a  U.S. Gauge Supe r f run t  
s t a i n l e s s  s t e e l  gauge w i t h  a 1000 p s i  d i a l ;  t h r e e  Whitey Model SS-43-YF2 
two-way va lves ;  t h r e e  s t a i n l e s s  s t e e l  t e s t  c e l l s ;  and a Tescom 1500 p s i g  back 
p r e s s u r e  r egu la to r -Mode l  25-1725-2Y. S t a i n l e s s  s t e e l  tub ing  and connectors  ' 

were used throughout .  

The membrane Lest  c e l l s  c o n s i s t e d  of M i l l i p o r e  47-mm-diameter p r e s s u r e  
f i l t e r s  (Cat .  No. XX4504700) which were modif ied by d r i l l i n g  and th read ing  
a second h o l e  i n  t h e  top-half of each c e l l .  The gas i n l e t  and o u t l e t  on t h e  
top  of each c e l l  were bo th  f i t t e d  w i t h  quick  d i sconnec t s  t o  f a c i l i t a t e  removal 
of  c e l l s  from t h e  test l i n e  f o r  membrane changes. The s i n g l e  o u t l e t  on t h e  
permeate s i d e  o f  each c e l l  was f i t t e d  w i t h  nylon c a p i l l a r y  t u b i n g  which l e d  
t o  a  gas  flowmeter.  The t h r e e  c e l l s  were immersed du r ing  o p e r a t i o n  i n  a 
c o n s t a n t  tempera ture  water b a t h  equipped w i t h  a  Sargent  H e a t e r / C i r c u l a t o r  and 
a Sargent  Thermonitor Model ST. 

The mass f lowmeters  were c a l i b r a t e d  f o r  each t e s t  gas  used i n  t h e  system. 
This  was accomplis.hed by means o f  a  w e t  t e s t  gas  flowmeter a t  t h e  system 
o u t l e t .  

A gas  chromatograph was i n s t a l l e d  n e a r  t h e  t e s t  appa ra tus  t o  b e  used f o r  
a n a l y s i s  of  gas mixtures .  This  w a s  a Hcwlett-Packard Model 5710A equipped w i t h  
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F i g ~ r e  1. Schematic Drawing of the Membrane Permeability Test System 



a. Entire Test Line 

b. Gas Cylinder, Constant Temperature Bath and Controls, 
Flow Control Valves, Mass Flow Meter Controls and 
Readout, High Pressure Sampling Port, and Humidification 
Chamber 

Figure 2 .  Photographs of the Test Line in Operation 
- 7- 



c. Mass Flow Meter Controls and Readout, Constant 
Temperature Bath Controls , Check Valve, and 
Humidif ication Chamber 

d. System Pressure Gauge, Back Pressure Regulator, 
Bypass Valves , Constant Temperature Bath Control s , 
Membrane Test Cells i n  Constant Temperature Bath, 
and Permeate Sampl i ng Equipment 

Figure 2. Photographs o f  the Test Line i n  Operation 
(Continued) 
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f. Membrane Test Cel ls i n  Constant Temperature . 
Bath, and Permeate Sampl ing Equipment 

g. Gas Chromatograph, ~ e c o r c k r  , adipermeate 
Sampl i ng Equi pment 

Figure 2. Photographs o f  the Test Linc i n  
Operation (Concl uded) 
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e.  Membrane Test Cel ls i n  Constant Temperature 
Bath 

Figure 2. Photographs o f  the Test Line i n  
Operation (Continued) 

-1 0- 



a Poropak N column f o r  gas  f r a c t i o n a t i o n .  It employed a thermal  c o n d u c t i v i t y  
d e t e c t o r .  It w a s  c a l i b r a t e d  f o r  each gas i n d i v i d u a l l y .  For hydrogen-containing 
gases ,  t h e  c a r r i e r  gas c o n s i s t e d  of  hel ium c o n t a i n i n g  8.5 pe rcen t  hydrogen, 
a v a i l a b l e  from Matheson Gas Products .  

Permeation r a t e s  of gases  through t h e  membranes were measured by t h e  
soap bubble column technique.  Movement of a soap bubble  upwardthrough a 
b u r e t  a t t a c h e d  t o  t h e  low p r e s s u r e  s i d e  of  a membrane ' t e s t  c e l l  w a s  timed. 
For pure gas feeds t reams,  t h e s e  d a t a  were d i r e c t l y  conver ted  i n t o  membrane 
f l u x  va lues .  For mixed gas feeds t reams t h e  permeate gas  was f i r s t  analyzed 
by gas chromatography t o  determine i t s  composition. 

The method of  conve r t ing  t h e  gas chromatograph peaks i n t o  membrane f l u x e s  
was s t r a i g h t f o r w a r d . *  For t h e ' p a r t i c u l a r  column and d e t e c t o r  i t  was observed 
t h a t  t h e  peak h e i g h t  m u l t i p l i e d  by t h e  a t t e n u a t i o n  was a l i n e a r  f u n c t i o n  of 
t h e  mass of  t h e  gas  i n j e c t e d .  This  r e l a t i o n s h i p  w a s  observed f o r  a l l  f o u r  
pu re  gases  (hydrogen, carbon d iox ide ,  methane, and hydrogen s u l f i d e )  i n  t h e  
gas mixtures  employed i n  t h i s  program. The same r e l a t i o n s h i p  w a s  observed 
f o r  each component of  s e v e r a l  s t a n d a r d  mixtures  of t h e s e  compone;lts. Thus 
i t  was p o s s i b l e  from t h e  s i z e  of  t h e  gas  chromatograph peaks t o  o b t a i n  t h e  
mass f r a c t i o n  of  each component i n  a gas mixture.  Because t h e  molecular  weight  
of each-component was known, t h e  mole f r a c t i o n s  of each component i n  t h e  mix tu re  
could a l s o  be determined. I n  o r d e r  t o  c a l c u l a t e  t h e  f l u x  of each component 
t h e  p r e s s u r e  on each s i d e  o f  t h e  membrane and t h e  r a t e  a t  which t h e  mixed 
gases  w e r e  permeating t h e  membrane must a l s o  b e  known. The h i g h  p r e s s u r e  was 
r ead  from a p r e s s u r e  gauge and t h e  low p r e s s u r e  was assumed t o  b e  t h e  average  
ba rome t r i c  p r e s s u r e  a t  t h i s  a l t i t u d e ,  74 cm Hg. The r a t e  a t  which mixed gases  
permeated t h e  membrane was measured w i t h  a soap bubble flowmeter and a t imer.  
From t h e  mole f r a c t i o n s  and the  p r e s s u r e s ,  t h e  p a r t i a l  p r e s s u r e s  of each  gas 
component on each s i d e  of t h e  membrane could  be  caS.culated. From t h e  r a t e  
a t  which mixed gas permeated t h e  membrane and t h e  mole f r a c t i o n s ,  t h e  amount 
o f  each component permeating t h e  membrane could  be  c a l c u l a t e d .  Then t h e  f l u x  
Ior each component is g ivcn  by1 

r a t e  a t  which"'iW i s  permeat ing 
f l u x  o f  "it' = 

( d r i v i n g  f o r c e  f o r  " i")  x a r e a  

- - r a t e  a t  which "i" i s  permeat ing .  
( d i f f e r e n c e  i n  p a r t i a l  p r e s s u r e s  of  "i") x a r e a  

- - ' r a t e  a t  which "it' i s  permeat ing 
( p a r t i a l  p r e s s u r e  of  "i" on h i g h  p r e s s u r e  s i d e  
minus p a r t i a l  p r e s s u r e  of  "in on low p r e s s u r e  
s i d e )  x a r e a  



The permeat ion r a t e s  were u s u a l l y  measured i n  ml/min, t h e  p r e s s u r e s  i n  
p s i g  o r  cm Hg and a r e a s  a s  s q  mm. These w e r e  conver ted  t o  f t 3 / h r  f o r  permeat ion 
r a t e s ,  f t 2  f o r  a r e a  and 100 ' s  o f  p s i  f o r  p a r t f a l  p r e s s u r e  d i f f e r e n c e .  The f l u x e s  
have been t a b u l a t e d  as f t3 / f t2-hr -100  p s i  of d i f f e r e n c e  i n  t h i s  r e p o r t .  In  a l l  
ca ses  t h e  gas volumes used. i n  c a l c u l ' a t i n g  f l u x e s  have been normalized t o  a  
s t a n d a r d  c o n d i t i o n  of 60°F and 30.0 i n  Hg by mean,s of t h e  i d e a l  gas  law. Th i s  
a l lows  convenient  comparison on t h e  same b a s i s  f o r  experiments  run under 
d i f f e r e n t  c o n d i t i o n s .  

The r a t i o  o f  any .two f l u x e s , ' e s p e c i a l l y  of  C02 t o  H z ,  is  c a l l e d  t h e  
s e l e c t i v i t y  i n  t h i s  r e p o r t .  

The computer program MEMPER which pe r fo rmed . the  f l u x  c a l c u l a t i o n s  i s  g iven  
i n  Table B-2 o f  t h e  Appendix. 

The e n t i r e  system w a s  assembled and ope ra t ed  w i t h i n  a l a r g e  fume hood 
because of  t h e  presence  of hydrogen s u l f i d e  as one of t h e  t e s t  gases .  

Choice of Gases . f o r  Permeabi 1 i t y  Tests 

The molar composi t ion of  t h e  r a w  gas s t r eam from a c o a l  g a s i f i e r  can vary  
widely depending upon t h e  type  of g a s i f i e r  employed. For a Hygas p roces s  
o p e r a t i n g  on a h i g h  s u l f u r  c o a l ,  t h e  gas  composi t ion on a  d ry  b a s i s  was 
e s t ima ted  t o  comprise approximately 29 p e r c e n t  hydrogen (Hz), 26 pe rcen t  
carbon monoxide (CO), 25 pe rcen t  methane (CHI+) (and some e thane ) ,  17.5 pe rcen t  
carbon d iox ide  (C02), 2.5 pe rcen t  hydrogen. s u l f i d e  (H2S), and s m a l l  amounts 
of  carbon o x y s u l f i d e  (COS), methyl mercaptan- (CH3SH), and thiophene.  Naphtha, 
ammonia, p a r t i c u l a t e s  and  o t h e r  m a t e r i a l s  would be p r e s e n t  a s  w e l l .  

By s h i f t  convers ion  and gas p u r i f i c a t i o n  p roces ses ,  t h i s  r a w  gas s t ream 
w a s .  t o  b e  rendered s u i t a b l e  f o r  methanat ion t o  p roduce ' a  p i p e l i n e  q u a l i t y ,  
h igh  Btu product  stream. The primary o b j e c t i v e  of  t h i s  r e s e a r c h  program was 
t o  develop membrane p roces ses  f o r  removal of a l l  su l fu r -bea r ing  gases  b e f o r e  

.me thana t ion .  Most o f  t h e  C02 was a l s o  t o  b e  removed; a r e s i d u a l  of two mole 
pe rcen t  o r  l e s s  i n  t h e  p u r i f i e d  g a s . b e f o r e  methanat ion was set as a t a r g e t  
i n  t h i s  . program {for  C02 removal. 

P re l imina ry  work a t  MRI had i n d i c a t e d  t h e  fo l lowing  gas permeat ion r a t e s  
f o r  t h e  p r i n c i p a l  gas f eed  components, expressed  as r a t i o s  based on methane? 

carbon monoxide 8 .6  
m e  thane  1.0 
11y dtogen 3.0 
carbon d iox ide  1 5  
hydrogen s u l f i d e  4 5  

These r a t e s  were measured f o r  c r o s s l i n k e d  polye thylen imine  membranes us ing  
humidi f ied  gas s t reams a t  5 t o  80 p s i g  transmembrane p r e s s u r e  d i f f e r e n c e .  It 



was apparent  t h a t  t h e  c r u c i a l  s e p a r a t i o n  was t h e  H2/C02 s e p a r a t i o n .  Under 
cond i t i ons  of good carbon d iox ide  f l u x ,  removal of  H2S (and o t h e r  s u l f u r -  
b e a r i n g  gases)  would b e  e f f e c t i v e l y  achieved.  Membrane r e s e a r c h  had t o  
c o n c e n t r a t e  on ach iev ing  t h e  h i g h e s t  possible 'C02/H2 s e l e c t i v i t y  s o  
t h a t  hydrogen l o s s e s  would b e  minimized. 

I n i t i a l l y  t h e r e f o r e ,  membrane pe rmeab i l i t y  tests were conducted w i t h  
C02 and H2 s e p a r a t e l y  o r  a s  mixtures .  These two gases  were used i n  s c r e e n i n g  
a v a r i e t y  of i n d i v i d u a l  membrane composi t ions wi th  minimum expend i tu re  of t i m e .  
L a t e r ,  as program e f f o r t s  concen t r a t ed  on t h e  most promising membrane composi t ions,  
su l fu r -bea r ing  gases  and complex gas mix tu re s  were a l s o  u t i l i z e d  i n  membrane 
pe rmeab i l i t y  t e s t s .  

To s i m u l a t e  t h e  complex gas mix tu re  t h a t  would be  encountered from a 
c o a l  g a s i f i e r ,  a s p e c i a l  o r d e r  gas  mix tu re  w a s  ob ta ined  from Matheson G a s  
Products  which conta ined  hydrogen (H2) , cdrbon ' d i o x i d e  .. (C02) ; m e t h a ~ e  (CH4),  
and hydrogen s u l f i d e  (H2S) i n  a  mole r a t i o  of 5 6 . 5  : 2 5 . 2  :15.7 : 2 . 6  r e s p e c t i v e l y .  
This  c o m p o s i t i ~ n , i f  mixed w i t h  a proper  p ropor t ion  of carbon monoxide (CO) 
from a second tank ,  could  g ive  a five-component.gas mixture  t h a t  s imula ted  
raw s y n t h e t i c  gas  from a c o a l  g a s i f i e r .  



SCREE-NING OF EXPERIMENTAL MEMBRANES 

The membrane approach t o  t h e  c leanup of r a w  s y n t h e t i c  gas  from c o a l  
g a s i f i c a t i o n  p roces ses  was based on e a r l i e r  work on r e v e r s e  osmosis membranes. 
A r e v e r s e  osmosis membrane c a l l e d  NS-100, which was developed a t  t h e  North 
S t a r  Div is ion  o f  MRI,  appeared t o  show s e l e c t i v i t y  f o r  a c i d  gases  i n  p re l imina ry  
gas pe rmeab i l i t y  experiments .  The NS-100 membrane w a s  based on c r o s s l i n k e d  
polyamines suppor ted  on microporous po lysu l fone  s h e e t i n g .  These composi t ions 
were weakly c a t i o n i c .  The theo ry  seemed p l a u s i b l e  t h a t  weakly c a t i o n i c  membranes 
would s e l e c t i v e l y  pas s  a c i d i c  such as carbon d iox ide ,  hydrogen s u l f i d e ,  
carbon oxysu l f ide ,  and carbon d i s u l f i d e .  

Beginning e f f o r t s  on t h e  program c e n t e r e d  on v a r i o u s  c r o s s l i n k e d  polyamine 
membrane composi t ions,  most ly based on polye thylen imine  (Tydex, Dow Chemical 
Company). L a t e r  e f f o r t s  s h i f t e d  t o  h y d r o p h i l i c  membrane systems i n  g e n e r a l  
when i t  was found t h a t  wa te r  con ten t  of t h e  membranes was a c o n t r o l l i n g  
f a c t o r  on a c i d  gas  t r a n s p o r t ,  n o t  t h e  presence.  of weakly c a t i o n i c  groups. Of 
t h e  v a r i o u s  composi t ions.  t h a t  were examined, membranes' based on m e t h y l c e l l u l o s e  
proved t o  have t h e  b e s t  combination of s e l e c t i v i t y  and pe rmeab i l i t y  f o r  a c i d  
gases  . 

. . C a t i . o n i c  M e m b r a n e s  

The f i r s t  s e r i e s  of  membranes f a b r i c a t e d  and t e s t e d  i n  t h i s  program 
c o n s i s t e d  of t h i n  c o a t i n g s  of  po lye thylen imine  (Tydex 12 ,  Dow Chemical Company) 
coa t ed  onto .microporous  polysul fone  suppor t  s h e e t s  and i n s o l u b i l i z e d  by v a r i o u s  
cu re  methods. Represen ta t ive  d a t a  f o r  s e l e c t e d  examples of  t h e s e  membranes 
are l i s t e d  i n  Table 1. Many fo rmula t ions  i n  a d d i t i o n  t o  t hose  i n  Table  1 were 
f a b r i c a t e d  b u t  gave poor r e s u l t s  o r  w e r e  t oo  f r a g i l e ,  and s o  a r e  n o t  inc luded .  
Two such examples were a polyethylenimine-Gantrez p o l y s a l t  c o a t i n g  and a 
polyethylenimine-fhnaldehyde c o a t i n g  t h a t  was .no t  heat-cured. 

In  general., carhon d iox ide  f l u x e s  f o r  polyethylenimine-based composi t ions 
were i n  t h e  range of  1 t o  2 f t3 / f t2-hr -100  p s i .  Hydrogen p e r m e a b i l i t i e s  were 
n a t u r a l l y  lower i n  a l l  c a ses  except  t h o s e  where membranes proved d e f e c t i v e .  
The ~ 0 2 1 ~ 2  s e l e c t i v i t y  r a t i o s  of  t h e  membranes t y p i c a l l y  ranged from 5 t o  12 ,  
w i t h  o c c a s i o n a l  examples of up t o  14. There w a s  no p a r t i c u l a r  advantage gained 
i n  terms of c o a t i n g  c o n c e n t r a t i o n  o r  c r o s s l i n k i n g  agen t .  Room tempera ture  
c u r e s  f o r  a ldehyde-crossl inked membranes gave d e f e c t i v e  membranes, and 
compositions cured  a t  1 3 5 ' ~  and h i g h e r  o f t e n  e x h i b i t e d  l i t t l e  o r  no s e l e c t i v i t y  
f o r  CO2 v e r s u s  H2. 

Coat ing  weights  were v a r i e d  by c o a t i n g  t h e  po lysu l fone  s u b s t r a t e  w i t h  
v a r i o u s  concen t r a t ions  of po lye thylen imine  i n  aqueous s o l u t i o n .  Typ ica l ly ,  
0.67 and 3 . 3  p e r c e n t  by weight s o l u t i o n s  were used. I n  some c a s e s ,  po lysu l fone  
suppor t s  were coa t ed  twice  o r  t h r e e  t i m e s  t o  a s s e s s  t h e  e f f e c t  of m u l t i p l e  
l a y e r s  on C02/H2 s e l e c t i v i t y .  No c o n s i s t e n t  t r e n d  was no ted  i n  t h e s e  
experiments .  



Table 1. Gas Permeability Data for Polyethylenimine-Based Membranes 

Membrane 

1B 

1C 

1C 
( r e p e a t )  

ID 

2  A 

2C 

.L 

T e s t  Condi  

Conlpos i t ion  ( A l l  o n  l ' o lysu l fone  Baclcing) 

0 .67% P o l y e t h y l e n i o ~ l n e ,  1% CllaO, 110'~ c u r e  

Same a s  a b o v e ,  b u t  t r i p l e - c o a t e d  

0 .67% P o l y e  t l ~ y l e n i ~ n i n e . ,  1% f o r m a l d e h y d e  
p r e - r e a c t e d ,  t r i p l e - c o a t e d ,  1 1 0 ~ ~  c u r e  

NS-I01 r e v e r s e  os lnos i s  nie~nbrane 

3.3% P o l y t l ~ y l e n i m i n e ,  110°C c u r e  

3 . X  P o l y e t l ~ y l e n i ~ ~ l i n e , ,  3 .3% f o r m a l d e l ~ y d e ,  
p r e - r e a c t e d ,  1 1 0 ' ~  c u m  

3 . 3 2  P o l y e t h  l e n i n ~ i n e ,  4X g l y o x a l ,  p r e -  b r e a c t e d ,  1 1 0  C  c u r e  

3.3: P o l y e t h y l e n i m i n e ,  4 X g l y o x a 1 ,  n o t  
p r e - r e a c t e d ,  1 1 0 ~ ~  c u r e  

3.32, ~ o l ~ e ' t h ~ l e n i n l i n e ,  4% g l y o x a l ,  n o t  
p r e - r e a c t e d ,  1 3 5 ' ~  c u r ?  

0.67% P o l y e t h y l e n i m i n e ,  1% CllaO, n o t  
p r e - r e a c  t e d ,  d o u b l e  c o a t i n g ,  1 3 5 ' ~  c u r e  

0 . 6 ? %  P o l y e t h y l e n i r n i ~ l e ,  3 . 3 %  e p i c h l o r o h y d r i n ,  
p r e - r e a c t e d ,  110'~ c u r ?  

0 .67% P o l y e t h y l e n i ~ o i n e ,  3 .3% r p i c h l o r o h g d r i n ,  
1% p i p e r a z i n e ,  p r e - r c a s t e d ,  110'~ c u r e  

3 . 3 2  P o l y e t h y l e l ~ i n ~ i n e ,  2% p o l y v i n y l  a l c o h o l  
, :;. 1.1% f o r t r a l d e l ~ y d e ,  p r e - r e a c t e d ,  

i35Oc c u r e  

6A s a t u r a t e d  w i t h  a r s e n i c  t r i o ~ i d e  

2% 1 C t h y l c e l l u l o s e  (G-511). 2' p o l y e t l r y l -  
eni l l l ine,  1 3 5 ' ~  c u r e ,  i n  2 - n ~ e t h o x y e t h a n o l  

3 .3% P o l y e t l r y l e n i u ~ i ~ r c ,  3 .3X a c r o l e i n  
b i s u l f i t e ,  1 3 5 ' ~  c u r e  

R e p e a t  o f  2A 

0.67% P o l y e t h y l c o i m i n e ,  2% 5 - f o r ~ n y l - 2 -  
f u r a n s u l f o n i c  a c i d  NA s a l t ,  1 1 0 ~ ~  c u r e  

0.67"/.olyetliylenin1ine, 2X d i c l ~ l o r o a c e t i c  
I a c i d ,  2"/,,2-dichloroetl1a11e, 1 4 0 ' ~  c u r e  

O.G7% P o l  e t h y l e n i ~ o i n e .  2% d i c l r l o r o a c e t i c  8 a c i d ,  140  C  c u r e  

,011s: l lun l id i f i ed  g a s  f e e d  a t  2 0 0  p s i g ,  t e s t  c e  
roonl te l l lperat l l rc  < a b o u t  74 CIII tlg and  20 

Type o f  
'Yes t 

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  C a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

P u r e  C a s e s  

, P u r e  G a s e s  
I 

1 P u r e  G a s e s  

COa /Ha 

I Mixture  1 P u r e  C a s e s  

P u r e  G a s e s  

P u r e  G a s e s  

R a t i o  o f  C02/112 
F l u x e s  

is a t  2 5 ' ~  a n d  200 p s i g ,  p e r ~ n e a t e  a t  a t m o s p h e r i c  p r e s s u r e  and  ' 

, 2 5 ' ~ ) .  l7lux n o r m a l i z e d  t o  60°F and  3 0 . 0  i n  Hg. 



I n s o l u b i l i z a t i o n  of t h e  polye thylen imine  w a s  achieved s imply by h e a t i n g  
a t  a minimum temperature of 110°C i n  a i r  f o r  1 5  minutes .  Condensation r e a c t i o n s  
between polye thylen imine  segments w i t h  e v o l u t i o n  of  ammonia o c c u r . a t  t h i s  
tempera ture .  I n  o t h e r  c a s e s ,  r e a c t i o n  w i t h  a ldehydes  w a s  u t i l i z e d  f o r  
i n s o l u b i l i z a t i o n .  Aldehydes t h a t  w e r e  used inc luded  formaldehyde, g lyoxa l ,  
and a c r o l e i n  b i s u l f i t e .  I n  some c a s e s ,  a ldehydes were pre- reac ted  w i t h  
polyethylenimine i n  t he  c o a t i n g  s o l u t i o n ,  producing s o l u b l e  prepolymers w i t h  
N-methyl01 groups;  i n  o t h e r  c a s e s ,  a ldehydes  were mixed i n t o  t h e  c o a t i n g  
s o l u t i o n ,  and r e a c t i o n  took p l a c e - i n  s i t u  i n  t h e  c o a t i n g  d u r i n g  h e a t i n g  i n  an  
oven. Again, no advantage w a s  gained by any p a r t i c u l a r  choice  of  t h e s e  
cond i t i ons .  

Example 1 D  c o n s i s t e d  of an  NS-101 r e v e r s e  osmosis membrane i n  which t h e  
s u r f a c e  of t h e  polyethylenimine c o a t i n g  .is i n t e r f a c i a l l y  r e a c t e d  w i t h  
isophthaloylchloride/hexane s o l u t i o n  t o  p rov ide  an u l t r a t h i n  c r o s s l i n k e d  
polyamide b a r r i e r  l a y e r  on t h e  s u r f a c e .  This  was then  g iven  a h e a t  c u r e  a t  
llO°C i n  a n  oven. Its C02/H2 s e l e c t i v i t y  and C02 f l u x  were below t h e  average.  . 

Examples 4A, 4B, 104B, and 107E r e p r e s e n t e d  i n s t a n c e s  i n  which qua te rna ry  
ammonium s a P t s  would be present.  i n  t h e  membranes. I n  t h e  case of d ich loro-  
a c e t i c  a c i d  i n c o r p o r a t i o n  (Examples 104B and 107E) some h i g h  C02/H2 s e l e c t i v i t i e s  
were achieved a t  C02 f l u x e s  above t h e  average.  

Example 6C rep resen ted  a c a s e  i n  which a r s e n i c  t r i o x i d e  w a s  i nco rpora t ed  
i n t o  t h e  membrane. Arsenic  i o n  a c t s  as a c a t a l y s t  f o r  carbon d iox ide  convers ion  
t o  carbonic  a c i d  i n  aqueous media. (2) It would thus  promote i n c r e a s e d  absorp- 
t ion  rates f o r  C02 i n t o  membranes a t  t h e  i n t e r f a c e ,  Example 6C d i d  show h i g h e r  
C02/H2 s e l e c t i v i t i e s  and h i g h e r  f l u x  than  t h e  c o n t r o l ,  Example 6A, b u t  t h e s e  
r e s u l t s  w e r e  n o t  above t h e  o v e r a l l  average.  

Lack of  r e p r o d u c i b i l i t y  was a problem throughout  t h e  s e r i e s  of  t e s t s  'on 
polye thylen imine  membrane systems.  The s i m p l e s t  formula t ion ,  r ep re sen ted  by 
Example 2A which involved  only  polye thylen imine  i n  t h e  c o a t i n g  and a l l O ° C  
heat-cure f o r  i n s o l u b i l i z a t i o n ,  was f a i r l y  r ep roduc ib l e ,  however. Th i s  i s  
shown by l a t e r  r e p e a t  experiments  w i t h  Examples 8C and 47D. 

Table 2 c o n t a i n s  r e s u l t s  of two misce l laneous  c a t i o n i c  membranes made 
w i t h  a l t e r n a t i v e  polyamines. The f i r s t  membrane, Example 3B, was made by 
coa t ing  microporous polysul fone  w i t h  a n  aqueous s o l u t i o n  of  meta-phenylenediamine 
( n e u t r a l i z e d  w i t h  s u l f u r i c  a c i d ) ,  and r e a c t i n g  t h i s  w i t h  formaldehyde vapors  
t o  produce a polymeric coa t ing .  T'he second membrane, Example 3C, w a s  made 
w i t h  polyepiamine ( 3, ( t h e  r e a c t i o n  product  of e thylenediamine  w i t h  polyepich loro-  
hydr in)  and formaldehyde. Both membranes gave average  t o  below average  C02/H2 
s e l e c t i v i t i e s  compared t o  polye thylen imine  composi t ions.  The polyepiamine 
composition showed twice t h e  f l u x  of po lye thylen imine  composi t ions,  however. 



Table 2. Gas Permeability Data for Other Cationic Membranes 

' . Ratio of.' I Flux (f t3/ft2-hr-100 psi)* 
Membrane . Composition C02/~2 Fluxes C02 '; 1 H2 

2% M2taphenylenediamine sulfate, 
formaldehyde, llO°C cure 

I I I I 1 

*Test Conditions: Humidified gas feed at 200 psig, test cells at 25OC and 200 psig, permeate at 
atmospheric pressure and room temperature (about 74 cm Hg and 20 to 25OC). 
Pure gases used. Flux normalized to 60°F and 20.0 in Hg. 

2% E?iamineResin, 2% formalde- . 
hyde, coated twice, llO°C cure 

1.5 - 6.6 

4.6 - 7.2 

1.1 - 1.3' 0.17 - 0.88 

2.0 - 4.3 0.33 - 0.63 



Various Hydrophilic Membranes 

During the fabrication and testing of polyethylenimine membranes, it 
became apparent that the presence of water in the membranes and/or the feed 
gas affected the gas flux and selectivity characteristics. In recognition 
of this behavior, similar membranes were fabricated from other polymers that 
were water-sensitive. It became quickly apparent that some of these hydrophilic - 
membranes were capable of matching or exceeding the cationic membranes in 
terms of both gas flux and ~ 0 2 1 ~ 2 .  selectivity. A variety of different 
hydrophilic polymers wa/s thus examined, and results of this screening effort 
are described below. 

Experimental Mxthylcel lulose Composi tions 
v 

Table 3 contains screening data for several experimental methylcellulose 
membranes. Composite membranes containing methylcellulose exhibited C02 fluxes 
of 1.5 to 3.8 ft3/ft2-hr-100 psi. Typical fluxes were about twice the level 
experienced for polyethylenimine membranes. The C02/H2 selectivities varied 
from 2 to 12, with several membrane compositions showing ratios at around 10. 
The best example was a membrane consisting of microporous polysulfone coated 

. with an aqueous solution of 2 percent w/v methy~cellulose and 2 percent w/v . 
.glyoxal (Example 16B). W/V refers to a percentage calculated on the basis of 

. weight of solute per volume of solvent, in grams/100 milliliters. The coated 
membrane was drained, air-dried, then heated to 13S°C for 15 minutes to 
insolubtlize the coating. Carbon dioxide fluxes were 3.5 to 3.8 ft3/ft2-hr-- 
100 psi at C02{H2 selectivities of 9.9 to 12.2. While this result was not 
matched in any-of the other exploratory methylcellulose membranes, including 
one repeat case (Example 17E), optimization efforts on methylcellulose membranes 
would presumably improve on this situation. 

Experimental Polyvinyl Alcohol Membranes 

Table 4 contains gas permeability data for exploratory polyvinyl alcohol 
composite membranes. This hydrophilic polymer gave highly variable results, 
with c02/H2 selectivities occasionally above 10. The C02 fluxes were generally 
less than 1 f t3/f t2-hr-100 psi, although a polyvinyl alcohol/polyvinyl 
pyrrolidone blend exhibited a C02 flux of 2 ft /ft2-hr-100 psi at a C02/H2 
selectivity of 8 to 8.6. In general, polyvinyl alcohol membranes are possible 
that would mtch the performance of polyethylenimine membranes, but average 
perf oimaace would be lower. 

Experimental Cellulosc.Acetate Membranes 

Table 5 contains gas permeability data for exploratory membranes based 
on cellulose acetate coatings. The first example in Table 5 consisted of an 
ultrathin cellulose acetate (39.8 percent acetyl content) membrane prepared 
by float-casting a film of the polymer on the water surface from its solution 
in cyclohexanone, then laminating it to a microporous polysulfone support. 



Table ?. Gas Pe rmeab i l i t y  Data f o r  Explora&ry Methylcel luJoge Membranes 

\ 

normalized to 6 0 ° r  and 30.0 i n  Hg. 
p r e s s u r e  and room temperature  (about 74 cm Hg and 20 t o  2S°C). Pure  g a s e s  used. Flux 

Rat io  of c02/H2 
P e r m e a b i l i t i e s  

7 .1  - 8 . 1  

3 .1  - 4.3 

7.7 - 8.4 

9.9 - 12.2 

6.7 - 10.1  

9.4 - 10.1  

8.8 

2.9 - 11.3 

181 

5.6 - 7.3 

4.7 - 7.0 

6;l - 7.5 

4.4 - 8.3  

5.0 - 7.8 

About 2  

c e l l s  ac LD G and ZUU 

* 

I 
P 
Lo 
I 

Flux (f t 3 / f  t2-hr-100 p s i )  
co2 

2.3 - 2.4 

2.3 - 2.5 

1 .6  - 1 . 8  

3.5 - 3.8 

1 . 7  - 1 . 9  

1 .9  - 2.4 
, 

2 .1  

1 . 5  - 1.8 

Very s low 

1.7 - 2.0 

1.3 - 1.7 

2.2 - 2.5 

2.2 - 2.9 

2.2 - 2.4 

Not Cal- 
' c u l a t e d  

p s i g ,  permeate 

Membrane 
, \ 

140 

15C 

16A 

16B 

16C 

16D 

16E 

17A 

17 B 

17C-1 

17C-2 

17D 

17 E 

18A 

2 1 D  

T e s t  Condi t ions:  

H2 

0.28 - 0.33 

0.54 - 0.75 

0.20 - 0.22 

0.31 - 0.36 

0.17 - 0.36 

0.21 - 0.24 

0.24 

0.13 - 0.50 

Very slow 

0.24 - 0.32 

0.24 - 0.29 

0.23 - 0.34 

0.33 - 0.63 

0.29 - 0.46 

Not Calcu- 
l a t e d  

a t  a tmospheric  

Composition 

2% Methy lce l lu lo se ,  2% g lyoxa l ,  135' c u r e  

2% Methylce l lu lose ,  2% a c r o l e i n ,  
1% hydroch lo r i c  a c i d ,  135OC c u r e  

2% Methy lce l lu lo se ,  2% g lyoxa l ,  2% hydro- 
c h l o r i c  a c i d ,  135°C s u r ~  

2% Methy lce l lu lo se ,  2% glyoxal ,  a i r - d r i e d ,  
135°C c u r e  

2% Methy lce l lu lo se ,  2% g lyoxa l ,  5% 
ammonium hydroxide, s o l u t i o n  allowed t o  , 
s t and  1 6  h r s  and f i l t e r e d ,  135°C c u r e  

2% Methy lce l lu lo se ,  2% formaldehyde, 
135,"C c u r e  

2% M e t l ~ y l c e l l u l o s e ,  2% g lyoxa l ,  1% 
sodium s u l f i t e ,  135OC c u r e  

Membrane 16B s a t u r a t e d  w i t h  10% sodium, 
a r s e n i t e  s o l u t i o n  

1-mil- thick me thy lce l lu lo se  withcsut 
suppor t  f i l m ,  c r o s s l i n k e d  wi th  g lyoxa l ,  
150°C c u r e  

Repeat of 14B 

Membrane 17C-1 s a t u r a t e d  w i t h  5% 
sodium a r s e n i t e  s o l u t i o n  

2% Methy lce l lu lo se ,  2% epich lorohydr in ,  
1% sodium hydroxide, 1 3 5 " ~  c u r e  

Repeat of 16B 

1% Methylcel luPose,  1% glyoxal ,  1 3 5 ' ~  c u r e  

2% M e t h ~ l c e l l u l o s e ,  2% glu ta ra ldehyde/  
s u l f u r  d iox ide ,  a i r - d r i e d ,  135°C c u r e  

Humidified gas  feed  a t  ZUU p s l g ,  test 



Table 4. Gas Permeability Data f o r  Exploratory Polyvinyl Alcohol Membranes 

Membrane Composition 

Polyvinyl acohol 

Polyvinyl alcohol ,  g lyc idol  

Polyvinyl a lcohol ,  ac ro le in  b i s u l f i t e  

Polyvinyl  alcohol ,  ac ro le in  b i s u l f i t e ,  
higher r a t i o  

Polyvinyl alt2oho1, ac ro le in  b i s u l f i t e ,  
even higher r a t i o  

1% Polyvinyl a lcohol  crosslink>=d with 
1 ac ro le in  b i s u l f i t e ,  formaldehyde and 

s u l f u r i c  ac id  

1% Polyvinyl  alcohol ,  2% glutaraldehyde 

2% Polyvinyl  alcohol ,  0.4% glyoxal,  
0.4% hydrochloric ac id ,  135°C cure  

1% Polyvinyl alcohol ,  .0.2% sodium 
hydroxide, 1% d iv iny l  sulfone,  
135°C cure  

2% Polyvinyl alcohol ,  0.4% glyoxal,  
0.4% hydrochloric ac id ,  50% isopropanol, 
135°C cure  

Repeat of 43C, 1% Carbowax 20M added t o  
t h e  coat ing  so lu t ion  

I 2% Polyvinyl alcohol ,  2% polyvinyl 
pyrrolidone, 2% hydrochloric ac id ,  
4% formaldehyde, 135°C cure  

2% Polyvinyl alcohol ,  2% triethanolamine 
4% glyoxal,  135°C cure 

Type of 
Test  

Pure Gases 

Pure Gases 

pure Gases 

Pure Gases 

Pure Gases 

COp/Hp 
Mixture 

C02/H2 
Mixture 

C02/H2 
Mixture 

Four Gas 
Mixture 

C02/H2 
Mixture 

C02/H2 
Mixture 

C02 /H2 
Mixture 

Mixture 

Ratio of 
C O ~ / H ~  Fluxes 

2 - 3.5 

about 1.5 

3.9 - 5.5 

10.8 - 13.0 

3.3 - 4.5 

6.9 - 9.1 

8 - 8.6 

5.9 - 7.7 

Flux (ft3/ft2-hr-100 p s i )  * 
co2 '42 

not calcu- I not ca lcula ted  
l a t e d  

not  calcu- 
l a t ed .  

not calcu- 
l a t  ed 

0.39 - 1.3 

'not ca lcula ted  

not  ca lcula ted  

0.03 - 0.12 

0.079 - 0.18 

.--- * 
Test  Conditions: Humidified gas feed a t  200 psig,  test c e l l s  a t  25°C and 200 ps ig ,  permeat a t  atmospheric pressure  

and room temperature (about 74 cm Hg and 20 t o  25°C). Flux normalized t o  60°F and 30.0 i n  Hg. 



Table.5.  Gas Permeabi l i ty  Data f o r  Exploratory Ce l lu lose  Aceta te  Membranes 

*Test Condit ions:  Humidified feed  a t  room temperature and 200 p s i g ,  c e l l s  a t  25OC and 200 p s i g , '  
permeate a t  room temperature and atmospheric  p r e s s u r e  (about 2S0c and 74 cm Hg). 
Pure  gases  used. Flux normalized t o  60°F and 30.0 i n  Hg. . 

**I40 p s i g  t e s t  p ressure .  

Ra t io  of c O ~ / H ~  
P e r m e a b i l i t i e s  

8 .1  

4 .1  - 4.5 

5.3 - 5.4 

1.2 - 1.9  

2.9 - 3.3 

3.5 - 5.4 

Membrane 

-- 

18B-1 

18B-2 

18C 

18D 

18E 

Flux (f t 3 / f  t2-hr-100 p s i ) *  
cop H2 Composition 

U l t r a t h i n  c e l l u l o s e  a c e t a t e  membrane f l o a t  
c a s t  on water  from cyclohexanone s o l u t i o n  

2% C e l l u l o s e  a c e t a t e  i n  g l a c i a l  a c e t i c  
a c i d ,  a i r -d r i ed  

C e l l u l o s e  membrane made by hydro lys i s  of 
18B-1 i n  NH40H 

C e l l u l o s e  t r i a c e t a t e ,  made by i ? z  s i tu  
a c e t y l a t i o n  of 18B-1 w i t h  a c e t i c  anhydride 
and hydrochlor ic  a c i d  

2% C e l l u l o s e  a c e t a t e  i n  g l a c i a l  a c e t i c  
a c i d ,  1% paraformaldehyde, 135OC c u r e  

C e l l c l o s e  a c e t a t e  (36% a c e t y l  c o n t e n t ) ,  
prepared as i n  18B-1 

5.4** 

0.73 - 0.88 

0.63 - 0.88 

0.63 - 1.5 , 

0.50 - 0.60 

0.34 - 0.83 

0.67** 

0.17 - 0.20 

0.12 - 0.16 

0.46 - 0.88 

0.17 - 0.20 

0.067 - 0.21 



This membrane, which was approximately 200 angstroms thick, exhibited very 
good C02 flux (5 ft3/ft2-hr-100 psi at 140 psig), and the C02/H2 selectivity 
ratio was promising at 8. 

When cellulose acetate was dissolved in glacial acetic acid and coated 
directly onto microporous polysulfone substrates, selectivities were lower, 
and C02 flux was typically less than 1 ft3/ft2-hr-100 psi. In Example 18B-2, 
the cellulose acetate coating was hydrolyzed to cellulose by soaking in 
concentrated ammonium hydroxide overnight. No significant improvement in flux - 
or selectivity over the cellulose acetate control (Example 18B-1) was noted 
in this test. 

Experimental Polyacrylamide Membranes 

Table 6 contains gas permeability data for exploratory membranes made 
from polyacrylamide and acrylamide copolymers. Examples 13A through 14D all 
consisted of polyacrylamide coated onto microporous polysulfone and crosslinked 
by various means. In this series, little or no C02/H2 selectivity was achieved. 
Thus, though polyacrylamide is a hydrophilic polymer, it produced membranes 
with poor separation characteristics for C02 versus H2. 

In Example 19A, the copolymer of acrylamide with vinyl acecate was synthesized 
in our laboratory and fabricated into a membrane. It exhibited a c02/H2 . .  

selectivity that met the low average value. for po.lyethySenimine,membranes; its 
602 flux was good, however, at ' 2.9 to 3.2' ft3;/ft2-hr-1:00'psi',' similarly, 
acrylamide-vinyl pyrrolidone copolymer was synthesized, but its c02/H2 
'selectivity was not as favorable. 

1n.Example 48B, an emulsion was prepared containing the crosslinked . 

copolymer of acrylamide, with N,N'-methylene-bis-acrylamide. Membranes made 
by coating this emulsion on microporous.polysulfone gave high C02 fluxes, but 
C02/~2 selectivity was poor. 

Miscellaneous Hydrophilic Polymer Membranes 
\ 

Table 7 contains gas permeability data for a number of miscellaneous 
exploratory hydrophilic membranes. 

Example 7B represents a non-hydrophilic membrane prepared from ethyl- 
cellulose, which exhibited selectivity for H2 versus C02. When the ethylcellulose 
was pre-reacted with acrolein, giving a more hydrophilic membrane, the 
selectivity was shown to reverse and favor C02 by a factor of 3 to 4. 

Two membranes were tested that contained crosslinked carboxymethyl 
hydroxyethyl cellulose coatings. One gave fair C02 flux and selectivity; 
the other behaved poorly. 

A commercial sample of vinyl pyrrolidone-vinyl acetate copolymer gave 
membranes with a C C ~ ~ / H ~  selectivity ratio as high as 12, -. at a C02 flux of 



Table 6. Gas Permeability Data for Membranes from Acrylamide Polymers 

Test Conditions: Humidified gas feed at 200 psig, test cells at: 25OC and 200 psig, permeate at atmospheric pressure 
and room temperature (about 74 cm EPg and 20 to 25OC). Flux normalized to 60°F and 30.0 in Hg. 

Ratio of 
C02/H2 Fluxes 

< 1 

<1' 

1.4 

1.2 

< 1 

2.0 

<l 

1.6 

1.8 

6.1 - 6.9 

2.6 - 2.9 
3.5 - 4.2 

1.1 - 3.7 

Flux (ft 3/f t2-hr-100 psi) Typeof 
Test 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

Pure Gases 

C02 /H2 
Mixture 

C02 /H2 
Mixture 

co2 

very high 

very high 

0.68 

2.8 

--- 

1.7 

--- 

1.8 

0.78 

2.9 - 3.2 

5.5 - 5.8 

1.6 - 2.5 

3.2 - 12.2 

I , 

i 
I 

Membrane Composition H2 

very high 

very high 

0.47 

2.3 

--- 

0.83 

-- - 

1.1 

0.44 

0.45 - 0.53 

2.0 - -2.2 
0.40 - .0.69 

0.85 - 10.6 

13A 

13B 

2% Polyacrylamide, 2% formaldehyde, pre- 
reacted, 135OC cure 

Same as 13A, sulfuric acid catalyst 

13C . ' 
13D 

13E 

13F 

14A 

14C 

14D 

19A 

19B 

2 OD 

48B 

2% Polyacrylamide, 1% formaldehyde, 
2% hydrochloric acid, 135OC cure 

2% Polyacrylamide, 1% formaldehyde, 
1% glyoxylic acid, 135OC cure 

2% Polyacrylamide, 2% glyoxal, 135OC 
cure 

2% Polyacrylamide, 2% glyoxal, 2% 
hydrochloric acid, 135OC cure 

2% Polyacrylamide, 2% glyoxal, 1% 
piperazine, 2% hydrochloric acid, 
135OC cure 

2% Polyacrylamide, 2% acrolein 
bisulfite, 135OC cure 

4% Polyacrylamide, 2% acrolein 
bisulfite, 3% sulfuric acid, 135OC 
cure 

2% Acrylamide-vinyl acetate copolymer, 
2% formaldehyde, pre-reacted, 135OC 
cure 

Same as 19A but with 2% sulfuric acid 

4% Acrylamide-vinyl pyrrolidone copoly- 
mer, 2% formaldehyde, 135°C cure 

2% Acrylamide/methylene-bis-acrylamide 
copolymer emulsion, 2% formaldehyde, 
2% hydrochloric acid, 135OC cure 



Table 7. Gas Peneability Data for Miscellaneous Hydrophilic Membranes 

- 
Membrane 

7  B 

11C 

90 

11A 

10D 

19D 

200 

ioe  
18F 

230-1 

238-2 

28C-1 

- - 

42k 

45C 

460-1 

468-2 

40C 

I 

Composit:ion 

2% E thy lcc l luLose  coa ted  from 2-methoxyccl~anol,  
a i r - d r i e d  

2% E t h y l c e l l u i o s e  p re - r eac t ed  wi th  2% acyo le in  
i n  t - b u t a n o l ,  2% hydroch lo r i c  a c i d ,  135O1: cu re  

2% Carboxymetiyl l~ydroxye thy  1 c e l l u l o s e .  2% 
g l y o x a l ,  2% l ~ y d r o c h l o r i c  a c i d .  1 3 5 ' ~  c u r ?  

2% Carboxymethyl l iydroxyethyl c e l l u l o s e ,  2% 
a c r o l e i n  b l s u l f l t e ,  2% hydroch lo r i c  a c l d ,  
1 3 5 ~ ~  c u r e  

5% Vinyl  p y r m l i d o n e - v i n y l  a c e t a t e  copolymer, 
2-112%. tlaS04 ,, 2% Eormaldel~ydc, 1 3 5 ' ~  c u m  

2% Vinyl  p y r m l i d o n e - v i n y l  a c e t a t e  copolymer, 
2% formaldehyde, 2X IlaS04, p re - r eac t ed ,  1 3 5 ' ~  
cu re  

2% Vinyl  py roo l idoae -v iny l  a c e t a t e  copolynler. 
2% a c r o l e i ~  t i s u l f i t e ,  3% IlaSOe, 1 3 5 ' ~  cu re  

5% Carbose t  525, 2-112% NH4011, 1 3 5 ' ~  c u r e  

2% Po lyv iny l  a c e t a t e  i n  g l a c i a l  a c e t i c  ~ c i d ,  
a i r - d r i e d  

2.5% Sulfonaced po lysu l fone ,  coated on goly-  
a c r y l o n i t r i l e  suppor t  from CIIC13, a i r - d r i e d  

Same a s  230-!, inorplloline s a l t  

Repeat o f  233-2 

Block copolytier o f  poly(echy1ene oxide)  and 
polycarhona t., colnnercla 1 membrane 

5% Block copolymer of poly(etliy1eoe oxide)  and 
polycarhonate  coa ted  on p o l y a c r y l o n i t e i k e  
suppor t  from cliloroform, a i r - d r i e d  

U l t r a t h i n  f i l m  of b lock  copolymer of poly  
( e t h y l e n e  oxide)  and po lyca rbona te  c a s t  on 
g l a s s  p l a t e  from 5% w/v c l ~ l o r o f o r n ,  a i r - d r i e d  

U1tratlll.n f i l m  c a s t  from s o l u t l o n  oC 45C wi th  
4% wlv s u l f c l a n e  added, n o t  d r i e d  b e f o m  t e s t i n g  

I Same a s  460 excep t  a i r - d r i e d  he fo re  t e s t i n g  

I i Poly(etliy1eoe ox ide ) -po ly  ( e thy lene  
t e r e p h t h a l a l e )  b lock copolymer (70"X PEC) 1 dense membrsne c a s t  on g l a s s  from 10% u l v  

F lux  ( f t 3 / f t a - h r - 1 0 0  p s i )  
COa Ila 

no t  c a l c u l a t e d  . 

1.2 - 1 . 3  

no t  c a l c u l a t e d  

0.093 - 0.31 

I 577 Poly (e thy1  111eKhacrylate) i n  cyclohe:c.anone, I COa/lla 1 2.7  - 5.7  I 0.90 - 1.2  
f l o a t - c a s t  ~ n  wa te r ,  a i r - d r i e d  Hix tu re  0 .91  - 0.03 (500 p s i g )  17 - . 3 2  (500 ps  

' 47A 

- - - -- - . 

! r a t u r e  and 

i n  DFlF 

5% Polyvinylformal  Crom g l a c i a l  a c e t i c  a c i d .  
a i r - d r i e d  

4  7C Same a s  470, Ileat-cured a t  1 3 5 ' ~  COa Illa I 1 . 0  - 1 . 1  0 .79  - 1 . 1  
NLxture 

COallla 
MLxture 

*Test Cond i t ions :  humidif ied feed gas  a t  room tempsrature  aild 200 p s i &  t e s t  c e l l s  a t  2 5 O ~  and 200 p s i g ,  permeate s t  room t, 
a tmospher ic  p r e s s u r e  (about  20°c and 74 cm Ilg). Flux normalized t o  60°F and 30 .0  i n  tlg. 

3 .9  - 5 . 4  0 .061 - 0.075 



approximately 2 ft3/ft2-hr-100 psi. Low to moderate C02/H2 selectivities 
were seen for Carboset (a commercial, self-crosslinking hydrophilic polymer), 
polyvinyl acetate, sulfonated polysulfone (synthesized in our laboratory), and 
polyvinyl formal. A membrane made from morpholine salt of sulfonated polysulfone 
gave C02/H2 selectivities. of as. high. as 13.8 at C02 fluxes of 1.2 to 1.3 ft3/ft2- 
hr-100 psi, but this high selectivity was not easily reproduced. 

Excellent CO2{H2 selectivity-was shown by a commercial hemodialysis 
membrane made from.the block copolymer of polyethylene oxide and polycarbonate, 
when tested directly as received; When a portion of this membrane was dried, 
dissolved in chloroform, and cast-into a thin film on glass or coated onto a 
microporous polyacrylonitrile support, i.ts high C02/H2 selectivity was easily 
reproduced. However, its measured C02 fluxes were uniformly low--less than 
1 ft3/ft2-hr-100 psi--and improvements in i.ts permeability were not readily 
obtained. 

A 70130 block copolymer of polyethylene oxide and polyethylene terephthalate, 
synthesized in our laboratory, was also tried as a thin, dense film. It also 
showed good to excellent C02/H2 selectivity, but again at low C02 flux. 

A poly(ethy1 methacrylate) coating on polysulfone was tested because of 
information that it showed very high C02 fluxes at high pressures. This 
membrane exhibited a Cop flux of about 1 ft3/ft2-hr-100 psi at 200 psig feed 
gas pressure. Its C02 flux indeed increased by a factor of 15 to 25 at 500 psig 
pressure. However, comparison tests with H2 showed similar large increases and 
loss of membrane selectivity. The poly(ethy1 methacrylate) coating apparently 
deformed alld opened up pinholes a t  the 500 psig test pressure. Although its 
glass transition temperature is listed as 65OC, it behaves somewhat like a 
rubber at room temperature. 

Conclusions from the Membrane Screening Effor t  

The gas permeability test results in Tables 1 through 7 showed that a 
variety of membrane compositions were capable of selectively passing C02 
versus Hz, . The, permeation rates were. .not dependent on. the presence of catlonic 
groups in the coating. Rather, hydrophilicity of the.coating and the presence 
of water in the membrane were important to the selective permeation of C02 and 
rejection of H2. 

However, the nature of the polymer also played a role. While polyacrylamide 
is basically a very hydrophilic polymer for example, its membranes routinely 
showed very low C02/H2 selectivity. 

The highest C02 fluxes at favorable C02 selectivities were shown by 
methylcellulose compositions. Apparently, the rather rigid backbone of the 
methylcellulose polymer results in an open structure for C02 permeation that 
does not collapse under pressure. 



The h ighes t  o v e r a l l  C02 s e l e c t i v i t i e s  w e r e  shown by t h e  polyethylene  
oxide-polycarbonat& block copolymer. However, C02 f l u x e s  were low, presumably 
because t h e  f l e x i b l e  :.rubbery polyethylene oxide segments 'undergo compaction 
a t  t h e  h igh test pressures .  

Considering t h e s e  va r ious  f a c t o r s ,  s e l e c t i o n  of me thy lce l lu lose  a s  a 
membrane m a t e r i a l  f o r  opt imizat ion  seemed appropr ia t e ,  based on i t s  super io r  
combination of f l u x  and s e l e c t i v i t y  i n  t h e s e  explora tory  t r i a l s .  



. .  MEMBRANE OPTIMIZATION STUDIES 

The goal  of t h i s  t a s k  was t h e  opt imizat ion of t h e  membrane composition 
judged t o  be b e s t  as  found i n  t h e  screening tests repor ted  i n  t h e  previous 
s e c t i o n  of t h i s  r e p a r t .  Methycellulose was chosen on t h e  b a s i s  of i t s  s u p e r i o r  
gas f l u x  p r o p e r t i e s  r e l a t i v e  t o  o the r  membrane compositions. On t h e  b a s i s  
of gas s e l e c t i v i t y  f o r  C02 versus H2, i t  a l s o  showed good behavior,  o f t e n  g iving 
C02/H2 s e l e c t i v i t y  r a t i o s  of 10 t o  12. Optimization s t u d i e s  on t h e  methyl- 
c e l l u l o s e  membranes covered s e v e r a l  v a r i a b l e s ,  inc luding molecular weight 
( v i s c o s i t y  grade) ,  concentra t ion,  na tu re  of t h e  so lven t  system, n a t u r e  
and concentra t ion of c ross l ink ing  agents and c a t a l y s t s ,  t h e  type of micro- 
porous support f i lm,  t h e  degree of h e a t  cure,  and t h e  c a s t i n g  technique. 

Highest Fluxes Achieved with Methylcellulose Membranes 

High carbon dioxide f luxes ,  up t o  7 f t3/f t2-hr-100 p s i , .  a t  good C02/H2 
s e l e c t i v i t y  (a = 7 t o  11) were achieved i n  gas mixtures us ing cross l inked 
methylcel lu lose  membranes. These high-flux formulat ions a r e  l i s t e d  i n  Table 8. 
A few lower f l u x  membranes a r e  a l s o  l i s t e d  f o r  comparison t o  f a c i l i t a t e  
d iscuss ion of t h e  optimum f a b r i c a t i o n  v a r i a b l e s .  The parameter & represen t s  
t h e  C02/H2 s e l e c t i v i t y  i n  t h i s  r epor t .  

The methycellulose membranes t h a t  provide t h e  maximum observed C02 f l u x  
were made by coat ing a polysulfone support  f i l m  with a water  s o l u t i o n  conta in ing 
equal  weights each of 100 cps methylcel lu lose  and glyoxal.  A heat-cure a t  
135' was used t o  fo rce  r e a c t i o n  of t h e  glyoxal  wi th  unsubs t i tu ted  hydroxyl 
groups of methylcel lulose.  

.It  is  notable  i n  Table 8 d a t a  t h a t  e i t h e r  t h e  add i t ion  of isopropanol t o  
t h e  coat ing s o l u t i o n  o r  t h e  soaking of t h e  membrane i n  water  f o r  s e v e r a l  hours 
gave exce l l en t  C02 f luxes  of about 5 t o  7 f t3/f t2-hr-100 p s i  a t  high separa t ion  
r a t i o s .  E i t h e r  1 o r  2 percent  methylcel lu lose  may be used. Membranes c a s t  
without  use of isopropanol appeared q u i t e  hydrophobic when f i r s t  immersed i n  
water. However, a f t e r  24 hours i n  water ,  t h e  cross l inked methylcel lu lose  
coat ing absorbed water  wi th  s u b s t a n t i a l  swell ing.  The membrane i n  t h e  
water-swollen s t a t e  exh ib i t ed  i ts  maximum f l u x  of about 7 f  f 3/ft2-hr-100 p s i .  

I f  t h e  membrane was no t  f i r s t  s a t u r a t e d  wi th  water ,  t h e  separa t ion  r a t i o  
was about the  same, bu t  t h e  f l u x  was genera l ly  lower and more v a r i a b l e .  This 
is i l l u s t r a t e d  by the  Examples 34A-1 and 34A-2 i n  Table 8. 

The degree of swel l ing  of t h e  f i l m  i n  water  was reduced by add i t ion  of 
a  v o l a t i l e  ac id  c a t a l y s t  (hydrochloric a c i d ) ,  which probably increased t h e  
degree of cross l inking.  (A non-volat i le  ac id  c a t a l y s t  such a s  s u l f u r i c  ac id  
could not  be used because i t  hydrolyzed t h e  methylcel lu lose . )  Addition of 
0.4 percent  hydrochloric ac id  t o  the  methylcel lu lose  coat ing s o l u t i o n  served 
t h i s  purpose. The t i g h t e r  membranes t h a t  r e s u l t e d  were charac te r i zed  by 50 
percent lower f l u x ,  a s  i l l u s t r a t e d  by Example 35F i n  Table 8. 



Table 8.. Examples of High Flux Methylcellulose Membranes 

Membrane .Composition 

Approximate 
CO, /H, 

L L C02Flux* Flux Ratio 

2% methylcellulose, 2% glyoxal, 
25% .isopropanol, heat cured 

1% methylcellulose , 1% glyoxal, 
20% isopropanol, heat cured in 
humidified oven. 

1% methylcellulose, 1% glyoxal, 
heat cured at high humidity, 
soaked in water for a few 
minutes 

Same as 34A-1 but soaked for 
21 hours. 

1% methylcellulose, 1% glyoxal, 
20% isopropanol, on wet support, 
heat cured in humidified oven 

1% methylcellulose , 1% glyoxal, 
0.4% hydrochloric acid, 50% iso- 
propanol, on wet support, hcat 
cured in humidified oven 

1% Dow F-50, 1.2% glyoxal, 
50% isopropanol, 0.4% 
hydrochloric acid, heat cured 
in humidified oven 

1% Dow F-50 ,. .2% .glyoxal, 50% 
isoprop&ol, heat cured in 
humidified oven 

0.85 methylcellulose, 1.3% 
glyoxal, 26% isopropanol, 
filtered, 0.6% hydrochloric 
acid, heat cured in 
humidified oven. 

- ... , . . . .. . - - - 

2 
*?t3/ft -hr-100 psi, normalized to 60°F, and 30.0 H ~ .  



The use  of hydroxypropyl d e r i v a t i v e s  of methylcel1,ulose r a t h e r  than 
methylcel lu lose  i t s e l f  y ie lded membranes with lower f luxes .  The b e s t  of 
these ,  Dow F-50, had a f l u x  of up t o  5 f t2/f t2-hr-100 p s i  a t  a C02/H2 
separa t ion  r a t i o  of 8.5. Again, a s  shown by Example 39B i n  Table 8 ,  the  f l u x  
was lowered by t h e  add i t ion  of hydrochlor ic  ac id .  

Example 51E of Table 8 showed t h a t  t h e  ' f l u x  of methylcel lu lose  membranes 
could s t i l l  be q u i t e  r espec tab le  even i f  t h e  formulat ion was not  q u i t e  optimum. 
Flux appeared t o  b e  broadly r a t h e r  than sharply  r e l a t e d  t o  key f a b r i c a t i o n  
parameters such as concentra t ion,  heat-cure temperatures and c ross l ink ing  a ids .  
I n  Example 51E, t h e  low r a t i o  of methylcel lu lose  t o  glyoxal  and t h e  presence 
of hydrochloric ac id  should both tend t o  reduce the  membrane f lux .  Both agents  
would l ead  t o  a. t i g h t e r  membrane network l e s s  l i k e l y  t o  absorb water  and t o  
permeate gases. Despite these  f a c t o r s ,  a very respec tab le  f l u x  of 5 f t2/f t2-hr-100 
p s i  was s t i l l  achieved. 

Other Methyl cell ulose Membrane Test Resul t s  

Many o t h e r  t e s t s  of methylcellulose~membranes were made a s  p a r t  of t h i s  
opt imizat ion study.  Test d a t a  on these  a r e  compiled i n  Table 9. Many of 
t h e s e  membranes gave.very good separa t ion  r a t i o s  b u t  none approached t h e  high 
C02 f1uxe.s of those  i n  Table 8. Example 46C i n  Table 9 was i n t e r e s t i n g  i n  t h a t  
i t  was a dynamically formed methylcel lu lose  membrane. It was f a b r i c a t e d  by 
exposing polysulfone supports  t o  d issolved methylcel lu lose  (4000 cps) i n  a 
r everse  osmosis l i n e  under pressure .  It exh ib i t ed  good gas separa t ion  p r o p e r t i e s  
b u t  low f lux .  

Results on .Related Ce.11 ulose Derivatives 

I n  a d d i t i o n  t o  cross l inked methylcel lu lose  membranes, tests w e r e  made on 
o t h e r  c lose ly  r e l a t e d  d e r i v a t i v e s  of c e l l u l o s e  and, f o r  comparison, upon 
c e l l u l o s e  i t s e l f .  This was considered a necess,ary p a r t  of t h e  opt imizat ion 
e f f o r c ,  slnce s tandard  methylcel lu lose  was n o t  n e c e s s a r i l y  t h e  p e r f e c t  
c e l l u l o s e  d e r i v a t i v e  f o r  t h i s  app l i ca t ion .  Resul ts  of these  i n v e s t i g a t i o n s  
a r e  shown i n  Table 10. 

Methylcel lulose d e r i v a t i v e s  modified by react ion.  wi th  propylene oxide 
. w e r e  commercially ava i l ab le .  Two products were s e l e c t e d  t h a t  contained a low 

and a h igh degree of hydroxypropoxyl s u b s t i t u t i o n :  

Methocel F-50, 1.7-1.9 methoxyl D.S. ,  0.1-0.2 hydroxypropoxyl M.S., 
Methocel 5JMS;l.l-1.6 methoxyl D.S., 0.7-1.0 hydroxypropoxyl M.S., 
(D.S. = degree of s u b s t i t u t i o n ,  M.S. = molar s u b s t i t u t i o n . )  

Membranes made from these  d e r i v a t i v e s ,  Examples 39B and 39C were s i m i l a r  i n  
f l u x  t o  a methylcel lu lose  c o n t r o l  ( 3 9 A ) ,  b u t  had b e t t e r  s e l e c t i v i t i e s ,  a s  
i l l u s t r a t e d  i n  Table 10. The advantages of these  modified polymers were i n  
t h e i r  ease  of s o l u t i o n  and the g r e a t e r  physica l  s t r e n g t h  of t h e  r e s u l t i n g  
membranes i n  t h e  water-swollen condi t ion .  
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T a b l e g .  Variat ion i n  Methylcellulose Membrane Fabricat ion Conditione 
and Resulting Gas Permeability Data 

Ratio of co2/H2 
Permeab i l i t i e s  

3.5 - 5.5 

4.2 - 6.2 . 

4.6 - 7.6 

8.0 - 9.2 

' 1.3 - 1 . 4  

2.2 

3.8 - 18.6 

1.9 - 2.7 

6.1 - 6.7 

2.4 - 2.7 

Flux * 

Type of 
Tes t  

C021H2 
mixture 

C02 /H2 
mixture 

CO2/H2 
mixture - 

CO2/H2 
mixture 

Co2 /HZ 
mixture 

C O ~ / H ~  
mixture 

C O ~ / H ~  
mixture .  

Pure 
Gases 

Pure 
Gases 

Pure 
Gases 

Memb r ane 

24A 

24B 

2 4C 

24D 

2 8A 

2 8B 

29A 

29B 

29C 

30A 

( f t 3 / f  t2-hr-100 

C02 

Not ca lcula ted  

1.7 .- 2.2 

2.4 - 2.7 

2.0 - 2.5 

3.6 - 7.0 . 

6.7 

1.9 - 2.2 

2.0 - 2.2 

3.0 - 3.1 

3.1 - 3.6 

Composition 

2% methylcel lulose (15 cps) , 0.4% 
g,lyoxal, coated on w e t  polysulfone . 

support f i lm,  135OC cure 

Same a s  24A, glyoxal 1% 

Same as  24A, ,slyoxal 2% , 

Same a s  24C bu t  coated onto dry 
polysulfone support f i l m  

0.5% methylcel lulose (4000 cps ) ,  
0.4% glyoxal,  135DC cure 

Same as  28A, 0.7% benzenedisulf on ic  
ac id  c a t a l y s t  added 

2% methylcel lulose (15 cps) , 2% . . . 

glyoxal,  135OC cure i n  humidified oven 

Same a s  29A, coating so lu t ion  aged 
24 hours. 

Same a s  28B, 5% calcium chlor ide  
c a t a l y s t  added 

2% methylcelPulose (15 cps) ,  22 
glyoxal,  135'C cure i n  an aluminum 
t r a y  

p s i )  

H2 

Not ca lcula ted  

0.34 - 0.41 

0.34 - 0.57 

0.25 - 0.28 

2.7 - 5.0 

3.0 

0.10 - 0.57 

0.80 - 1.1 

0.44 - 0.51 

1.21 - 1.5 



rable 7 ,  V a ~ ~ + , i o r .  -... M~L.., -el ---- se ran_  ; .;br , , ;on . l i t  
, and Resul t ing Gas P,ermeability (continued) 

Rat io  of C02/H2 
Pe rmeab i l i t i e s  

5.7 - 7.7 

-6 .3  - 7.4 

3.2 - 8.8 

8.4 - 11.6 

1.4 - 10.4 

6.4 - 14;5 

8.4 - 15.5 

5.7 - 9.3 

6.7 - 8.4 

6.4 - 7.6 

Flux 

Type of 
Tes t  

Pure . 
~ a s e s  

.Pure  . 
Gases 

Pure 
~ a s e s ,  

Pure 
Gases 

Pure 
Gases 

Pure 
Gases 

C02/H2 
mixture 

Pure 
Gases 

Pure 
Gases 

Pure 
Gases 

I 
W 
P ' 

(f t 3/f  t2-hr-100 

C02 

2.6 - 3.1 

2.2 2.8 

L 

3.0 - 3.2 . 

2.9 - 9.5 

1.9 - 2.7 

2.6 - 3.1 

3.2 - 5.2 

2.6 - 4.1 

1.8 - 2.6 

- 
1.8 - 2.2 

p s i )  

H2 

0.34 - 0.37 

0.41 - 0.48 

0.33 - 0.99 

0.24 - 0.42 

0.19 - 1.9 ' 

0 . 2 i  - 0.41 

0.20 - 0.51 

0.28 - 0.63 

0.22 - 0.38 

0.23 - 0.30 

Membrane 

30B 

30C 

3 1 A  

31B 

31C 

32A 

32C 

32D 

33A 

33B 

Compos i t i o n  

2% methylce l lu lose  (15 cps) 2% g&yoxal, 
excess  wiped o f f  wi th  a  rubber r o l l e r ,  
135°C cure  

Same a s  30B except  used a  glass ' ,  rod 

2% methylce l lu lose  (15 cps) , 2% .: . ' : .  . 

glyoxal ,  1% glyce ro l ,  135OC cure  i n  
aluminum t r a y  (very hydrophil ic)  

Same a s  31A, 1% magnesium ch lo r ide  
c a t a l y s t  added 

22 methylce l lu lose  (15 cps) 2% 
glyoxal ,  20% isopropanol,  135OC cure  
i n  aluminum t r a y  

Same a s  31C b u t  no t r a y  

1% methylce l lu lose  (100 cps) 1% 
glyoxal ,  135°C cure  

Same a s  32C, humidified oven 

Same a s  32D, 135O.C cu re  a t  very high 
humidity 

Same a s  32D, 135OC cure  i n  dry w e n  



Table 9. Variation in Methylcellulose Membrane Fabrication Conditions 
and Resulting Gas Permeability (Continued) 

C 

Membrane Composition 

34B 1% nethylcellu~ose (100 cps) 1% 
glyoxal, 20% isapropanol, coated unto 
dry polysulfone support film, 135O~ 
cure, humidified oven 

Type of 

Gases 

1% methylcellulcse (100 cps), 2% Pure 
glutaraldehyde, 50% isopropanol, . Gases 
0.4% hydrochloric acid, 135,OC cure, 
humidified oven 

I 

I Gases 
39A 1% Dow A15 methylce~lulose, 1% glyoxa1,Pure 

50% isopropanol, 135OC cure; Gases 
h d d i f  ied oven 

2% methylcellulose (100 cps), 0.2; CO2 /IJ2 
sodium hydroxide, 1X divinyl mixture 
sulfone, 135OC cure (very soft when 

4000 cps methylcellulose membrane C02 /Hz 
formed dynamically In a reverse mixture 
osnosis system 

0.85% methylcellulore (100 cps) , 26% C O ~ / H ~  
isopropanol, 1.3% glyoxal, filtered, mixture 
115OC cure 

I 51C I 0.85% methylcellulose (100 cps) 1.3% co2/H2 
glyoxal, 1.3% Pstro BA (sodium xylene mixture 
sulfonate solution), 120°C cure I 



Table 9. Variation in Methylcellulose Membrane Fabrication Conditions 
and Resulting Gas Pennsability (Continued) 

C 
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. . Table 10. . Membrane perrn&ability Test Results on Related ce l lu lose  Derivatives 
C 

Ratio of co2/H2 
Permeabi l i t ies  

2.1 - 2.6 

9.2 - 11 ; 

6.6 - 14 . 

1 0 . 3 - 1 1 . 4 ,  

6.2 - 6.8 

4.6 - 9.4 

4.3 - 10.3 

8.5 - 8.6 

7.1 - 8.8 

- 

Flux 

Type of 
Test 

pure 
Gases 

Pure Gases 

C02 /HZ 
mixture 

c02/H2 
mixture 

CO (H 2 2 
mixture 

C02/H2 
mixture 

co2/H2 
mixture 

C02fH2 
mixture 

c02/H2 
mixture 

Memb r ane 

398 
I '  

39 B 

39C 

41A 

41B 

41C 

4 1 D  

4 7E 

4 8A 

. (f t3/ft2-hr-100 

C02 

2.3 - 2.5 

2.5 - 3.3 

1.9 - 2.1 

0.38 - 0.50 

0.52 - 0.53 

0.35 - 0.51 

0.35 - 0.51 

2.0 - 5.1 

1.3 - 1.8 

Composition 

1% Dow A15 (standard methylcellulose, 
methoxyl D.S. 1 .6  t o  1.9) ,  1% glyoxal, 
5OX isopropanol, 0.4% hydrochloric 
ac id ,  13S0C cure,  hamidified oven. 

Same as 39A but  used Methocel F50 . 
' 

Same a s  39B except used ~ e t h o c e l  
J5MS 

, 

Cellulose (2% WL 398-10 i n  formic ac id  
coated on polysulfone, air-dried and 
hydrolyzed with a m ~ n i u m  hydroxide), 
a i r  dried.  

Same a s  41A but  a f t e r  a i r  drying cured 
i n  oven a t  135OC 

Same a s  41B but used 2% glyoxal ,  0.4% 
hy?rochloric ac id ,  2-methoxyethanol a s  
solvent  

Sane a s  41B but used 2% glyoxal clone 
(as cross l inking agent) ' . 

1% Methocel F50, 50% isopropanol, 2% 
glyoxal,  135OC cure,  humidified oven 

1% Methocel JMS, 2% glyoxal,  a few . 

drops of concentrated ammonium 
hydroxide, 135OC cure,  humidified oven 

ps i )*  

H2 

0.90 - 1.2 

0.27 - 0.28 

0.15 - 0.28 

0.037-0.043 

0.076-0.086 

0.038-0.092 

0.049 - 0.082 

0.23 - 0.60 

0.18 - 0.21 



Table 10. Membrane Permeability Test Results on Related Cellulose Derivatives 
( cant inue d) 

to 60°F and- 30.0 in. Hg., 



I n  l a t e r  t e s t s  w i t h  t h e s e  m e t h y l c e l l u l o s e  d e r i v a t i v e s ,  t h e  a d d i t i o n  of 
i sop ropano l  i n c r e a s e d  t h e  f l u x  of a Dow F-50 membrane, as shown by Example 47E, 
t o  about  5 f t3 / f t2-hr -100  p s i ,  a lmost  t h e  l e v e l  a t t a i n e d  by t h e  opt imized 
me thy lce l lu lose  membrane. Considering t h e i r  o t h e r  u s e f u l  p r o p e r t i e s  t h e s e  
s u b s t i t u t e d  me thy lce l lu lose  membranes showed promise f o r  a c i d  gas  cleanup 
a p p l i c a t i o n s .  

Pu re ,  u n s u b s t i t u t e d  c e l l u l o s e  membranes (Examples 41A through 41C) were 
a l s o  examined f o r  comparison. They were made by hydro lyz ing  c e l l u l o s e  a c e t a t e  
membranes w i t h  ammonium hydroxide. They gave s e l e c t i v i t i e s  as h igh  as 9 t o  
11, b u t  a t  q u i t e  low f l u x e s  ( such  as  0.5 f  t3/f t2-hr-100 p s i ) .  These fo rmula t ions  
were n o t  promising i n  t h i s  a p p l i c a t i o n .  

A membrane w a s  made from a sample of e t h y l  hydroxyethyl  c e l l u l o s e  ob ta ined  
from Hercules ,  Inc .  This  membrane gave a h i g h  f l u x ,  a lmost  8  f t 3/f t2-hr-100 p s i ,  
a l b e i t  a t  a somewhat low C02/H2. s e l e c t i v i t y  of  about  4. 

, M e t h y l c e l l u l o s e  a c e t a t e  was of i n t e r e s t  because i t  w a s  n o t  water s o l u b l e  
( t h u s ,  r e q u i r e d  no c r o s s l i n k i n g  t r e a t m e n t ) ,  was n e v e r t h e l e s s  h y d r o p h i l i c ,  and 
could p o t e n t i a l l y  be  f a b r i c a t e d  i n t o  asymmetric membranes ( u n l i k e  m e t h y l c e l l u l o s e  
i t s e l f ) .  

A t h i c k  f i l m  of  m e t h y l c e l l u l o s e  a c k i a t e ,  Example 36A, was prepared  and 
gave an  appa ren t ly  very  h igh  s e l e c t i v i t y  of 40, a l b e i t  a t  a ve ry  low C 0 2  
f l u x  of 0 .1  f t3 / f t2-hr -100  p s i .  An u l t r a t h i n  f i l m  of  t h e  polymer f l o a t - c a s t  
on a water s u r f a c e  from cyclohexanone a l s o  showed good s e l e c t i v i t y  (Example 
29D, c02/H2 s e l e c t i v i t y  = 11-12), and a t  a r e l a t i v e l y  good C02 f l u x  of  3.0 
t o  4.8 f t3 / f t2-hr -100  p s i .  When t h e  polymer w a s  d e p o s i t e d  d i r e c t l y  on a 
porous po lysu l fone  suppor t  from a t -bu tano l  s o l u t i o n ,  bo th  s e l e c t i v i t y  and 
f l u x  were lower. 

Asymmetric Methyl ce l l  ul ose Acetate Membranes 

E a r l i e r  i n  t h e  program, an asymmetric d i a 1 y s . i ~  membrane composed of  a 
b l o c k  copolymer of po lye thylene  oxide  and. po lycarbonate  had been t e s t e d  f o r  
gas  s e p a r a t i o n  p r o p e r t i e s .  It e x h i b i t e d  C02/H2 s e l e c t i v i t i e s  t h a t  w e r e  
c o n s i s t e n t  from one sample t o  t h e  n e x t ,  and approached t h e  t h e o r e t i c a l  limits 
f o r  water-mediated C02/H2 s e l e c t i v i t y .  Its f l u x ,  however, was too  low f o r  
economic use. Neve r the l e s s ,  i t  served .  t o  i n d i c a t e  t h e  p o t e n t i a l l y  h igh  
performance of asymmetric membranes i n  t h i s  a p p l i c a t i o n ,  i f  h igh  f l u x  
membranes could be 'deve loped .  Microporous suppor t s  would n o t  be  neces sa ry  
i n  t h i s  approach. 

Me thy lce l lu lose  a c e t a t e  was of i n t e r e s t  because of t h e  promising 
r e s u l t s  shown by i t  i n  Table 10. Because m e t h y l c e l l u l o s e  a c e t a t e  w a s  a l s o  
i n s o l u b l e  i n  water, i t  could  be  cast as a n  asymmetric membrane. A series 
of me thy lce l lu lose  a c e t a t e  membranes were f a b r i c a t e d  and t e s t e d  du r ing  t h i s  
per iod .  



Synthesis  of methylcel lu lose  a c e t a t e  i n  s u b s t a n t i a l  q u a n t i t i e s  proved 
not  t o  be s t ra ight forward.  The r e a c t i o n  between methylcel lu lose  and a c e t i c  
anhydride required  an ac id  c a t a l y s t .  But ac ids  a l s o  very r e a d i l y  s p l i t  the  
c e l l u l o s e  backbone, e spec ia l ly  a t  h igher  temperatures. Traces of pe rch lo r ic  
a c i d  a s  t h e  a c e t y l a t i o n  c a t a l y s t ,  f o r  example, caused extens ive  depolymerization 
of t h e  methylcel lu lose  a t  35OC. Eventually,  use. of s u l f u r i c  ac id  under t i g h t l y  
con t ro l l ed  temperature condi t ions  l e d  t o  good polymer product,  a s  follows. 

A solvent  composed of t h r e e - p a r t s  by weight of a c e t i c  a c i d  t o  one of 
a c e t i c  anhydride was preheated t o  65 t o  70°C, b u t  no higher .  One t o  t h r e e  
drops of 94 percent  s u l f u r i c  a c i d  were added f o r  each 100 grams of solvent .  
The methylcel lu lose ,  15 percent  of t h e  t o t a l  weight ,  was added i n  s m a l l  
po r t ions  with vigorous s t i r r i n g .  I n i t i a l l y ,  the  a c e t y l a t i o n  r e a c t i o n  w a s  very  
exothermic. It w a s  important t o  maintain t h e  temperature i n  t h e  range of 
65 t o  70°C t o  avoid c e l l u l o s i c  chain  s c i s s i o n .  La te r  add i t ions  of t h e  
methylcel lu lose  were character ized by slower r e a c t i o n  and by build-up of 
unreacted,  ge la t inous  p a r t i c l e s  i n  suspension. Af ter  t h e  methylcel lu lose  
had a l l  been added, t h e  mixture was heated i n  an oven a t  70 t o  100°C u n t i l  
t h e  s o l u t i o n  became c l e a r  and f r e e  of gel .  The s o l u t i o n  was then poured 
i n t o  vigorously s t i r r e d  water. The polymer was recovered f o r  washing 
and p u r i f i c a t i o n  by r e p r e c i p i t a t i o n  from acetone. 

/ 

To form an asymmetric membrane, it  was necessary t o  f i n d  a s u i t a b l e  
solvent  system. A combination of a t  l e a s t  one each of a  so lven t  and a 
nonsolvent was required .  By necess i ty ,  t h e  b e s t  so lven t  formulat ion would 
be  t h e  most v o l a t i l e .  The composition of t h e  c a s t i n g  s o l u t i o n  would be 
chosen s o  t h a t  evaporat ion of a  smal l  amount of so lven t  would g e l  a  t h i n  
l a y e r  on t h e  s u r f a c e  i n  contact  with a i r .  The bulk  of t h e  polymer s o l u t i o n  
would g e l  l a t e r  by a phase invers ion process.  The t h i n  upper l a y e r  would 
be  dense and would have t h e  p r o p e r t i e s  of a  b a r r i e r  f i l m  while t h e  t h i c k  
porous lower l a y e r  would provide support  and permit t h e  rapid  escape of t h e  
gas permeating t h e  upper l ayer .  

Data were gathered on t h e  s o l u b i l i t y  of methylcel lu lose  a c e t a t e  i n  
var ious  l i q u i d s .  Resul ts  a r e  l i s t e d  i n  Table 11. Of t h e  l i q u i d s  t e s t e d ,  
only water  and a lcohols  d id  no t  d i s so lve  t h e  methylcel lu lose  a c e t a t e .  
Dioxane, i sopropyl  a lcoho l ,  morpholine, and propylene carbonate were 
in termedia te ,  behaving a s  poor so lven t s .  A l l  of t h e  o t h e r s  behaved a s  
t r u e  so lven t s ,  and could be  used a s  t h e  primary polymer so lven t  i n  a c a s t i n g  
s o l u t i o n ,  depending upon t h e  s u i t a b i l i t y  of t h e i r  evaporat ion r a t e s .  The 
broad s o l u b i l i t y  of methylcel lu lose  a c e t a t e  i n  water  misc ible  so lven t s  
represented a drawback i n  the  formulat ion of asymmetric membranes. Typical 
c a s t i n g  dope rec ipes  f o r  c h l l u l o s e  a c e t a t e  could no t  be borrowed and 
appl ied  t o  methylcel lu lose  a c e t a t e .  I 

To make an asymmetric membrane, a  q u a n t i t y  of t h e  polymer s o l u t i o n  was 
poured onto a g l a s s  c a s t i n g  p l a t e  and then drawn ou t  t o  a uniform th ickness  
wi th  a doctor blade.  'The f i l m  of s o l u t i o n  was e x p 0 s e d . t ~  the a i r  long 



Table 11. Water-Miscible Solvents and Nonsolvents 
for Methylcellulose Acetate 

True Solvents 

Acetic acid 
Acetone 
Acetonitrile 
Bis- (2-methoxyethyl) ether 
Butyl cellosolve 
Dimethylformamide 
Ethyl lactate 
Formamide 
Formic Acid 

Furfuryl alcohol 
Methyl cellosolve 
2-butanone 
2-methoxyethyl acetate 
Nitromethane 
Tetrahydrofuran 
Tetramethylurea 
Triethylphosphate 

Intermediate Solvents (gave hazy solutions) 

Dioxane 
Isopropyl alcohol 

Nonsolvents 

Water 
Ethanol 

Morpholine 
Propylene carbonate 

Methanol 
Tert-butyl alcohol 



enough t o  allow t h e  upper su r face  of t h e  s o l u t i o n  t o  ge l .  The p l a t e  was then 
submerged in 'water  u n t i l  t h e  membrane f l o a t e d  f r e e .  The c a s t i n g  technique 
and t h e  exposure t i m e  t o  t h e  a i r  w e r e  a s  important t o  t h e  p r o p e r t i e s  of t h e  
membrane a s  t h e  composition of t h e  solvent .  

The separa t ion  r a t i o  and f l u x  d a t a  obtained from t h e  asymmetric membranes -. 
as w e l l  a s  t h e i r  compositions a r e  l i s t e d  i n  Table 12. I n  genera l  t h e  r e s u l t s  
w e r e  below expectat ion.  S e l e c t i v i t i e s  f o r  C!I2/~2 of a s  high a s  8 t o  11 were 
seen,  bu t  i n  only a few ins tances ,  Fluxes of C02 f o r  these  ins tances  were 

* t y p i c a l l y  i n  t h e  range 0.2 t o  0.4 f t3/f t2-hr-100 p s i ,  i , e . , . v e r y  low. It 
was d i f f i c u l t  t o  obta in  asymmetric membranes f r e e  of d e f e c t s .  The low 
s e l e c t i v i t i e s  observed i n  most of t h e  tests probably r e f l e c t e d  t h i s  f a c t o r .  

A t h i c k  f i l m  of methylcel lu lose  a c e t a t e  c a s t  from acetone exh ib i t ed  a 
carbon dioxide  f l u x  of 0.07 t o  0.08 f t3/f t2-hr-100 p s i .  Since t h i s  f i l m  
was 0.9 t o  1.0 m i l s  t h i c k  and f l u x  was inverse ly  p ropor t iona l  t o  th ickness ,  
it  was concluded t h a t  t h e  ac t ive> l a y e r s  of t h e  asymmetric membranes w e r e  
probably one-fourth t o  one-tenth of a m i l  t h i ck .  High-flux asymmetric 
c e l l u l o s e  a c e t a t e  membranes f o r  r everse  osmosis, by comparison, have an 
a c t i v e  l a y e r  about 0.01 m i l  th ick .  Any f u r t h e r  work on these  methylcel lu lose  
a c e t a t e  compositions would have t o  be d i r e c t e d  toward achieving a t h i n  upper 
l ayer .  

Severa l  of t h e  asymmetric membranes w e r e  a i r -d r i ed  be fore  t e s t i n g .  The 
C02/H2 s e l e c t i v i t i e s  of t h e  a i r -d r i ed  membranes,we,re always lower than those 
of t h e  membranes kept  w e t  u n t i l  t e s t ed .  The a i r -d r i ed  membranes were a l s o  
q u i t e  v a r i a b l e  i n  f l u - c o m p a r e d  t o  those  kept wet. Opening up of micropores 
i n  t h e  membranes c e r t a i n l y  occurred i n  some cases ,  a s  ind ica ted  by co2/H2 
s e l e c t i v i t i e s  of' less than one. 

T e s t  on Membranes Us ing  Commerci a1 S u p p o r t s  

Most of t h e  methylcel lu lose  membranes were formed i n  si tu  on hand c a s t  
s h e e t s  of microporous polysulfone o r  p o l y a c r y l o n i t r i l e  support  f i lms.  Eventual 
development of t h i s  membrane i n t o  a s p i r a l  wrap module would be f a c i l i t a t e d  
i f  commercially produced support  f i lms  could b e  used. Various membrane 
formulat ions coated on d i f f e r e n t  commercial suppor ts  were t h e r e f o r e  t e s t e d .  
The r e s u l t s  a r e  l i s t e d  i n  Table 13. 

Of primary i n t e r e s t  i n  t h i s  t a b l e  a r e  r e s u l t s  f o r  four  i d e n t i c a l  
methylcel lu lose  membranes coated on commercial polysulfone-on-cloth backings. 

C These were t e s t e d  and compared t o  t h e  same formulat ion coated on a hand-cast 
polysulfone support  f i lm. Support f i lms  t e s t e d  wi th  cross l inked methyl- 
c e l l u l o s e  coat ings  w e r e :  

35A Hand-cast polysulfone support  f i l m  
35B UOP polysulfone support  on s a i l c l o t h  
35C Envfrogenics polysulfone support  on s a i l c l o t h  
35E Osmonics polysulfone support  on s a i l c l o t h  
35D Osmonics polysulf  one support  on nonwoven f a b r i c  



T a ~ l e  12. Gas r r r l n e a b ~ ~ ~ t y  uaLa f c ~ r  & ~ L ~ S L L  i c  I . I ~ L L L ~ ~ C ; = L L J ~ O ~ =  

Acetate Membranes 

Ratio of C02/H2 
Permeabilit  i e s  

0.97 - 2.4 

4.5 - 11 
3.2 - 4 .4 t t  ' 

8.5 - 9.5 
2.6 - 5.2 tt . 

1.4 - 1.5 
0.27 - 0 . 4 3 t t .  

7.8 - 9.4 
0 . 2 2 - 0 . 4 1 t t  

0.49 - 1.7 

. 0.18 - 2.7 . 

2.4 - 3 .8 t t  

4.6 - 11 
1.6 - 2 .3 t t  

1 .3  - 6.5t-t 

0.59 - 6 .2 t t  

4.2 - 4 .6 t t  

Memb ran e 

5 5E 

55G 

5 5H 

5 8-A 

59-B 

59-C 

5 8-D 

5 8-E 

5 8-F 

58-G 

5 8-H 

Flux 
(ft3/ft2-hr-100 

C02 

0.79 - 1.8 

0.30 - 0.33 
0.38 - 0.39 

0.38 - 0.58 
2 . 1  - 3.9 

0.16 - 0.19 
0.49 - 4.0 

0.32 - 0.35 
0 . 5 4 - 3 . 4  

0..39 - 1.1 

0.16 - 0.8-7 
0.10 - 0.11 

0.29 - 0.34 
0.17 - 0.24 

0.19 - 0.21 

0.16 - 0.23 

0.07 - 0.07 

Composition 

20% methylcellulose ace ta te  i n  1:l:l acetone. : 
isopropanol : formamide, f i l t e r e d  

Same a s  55E bu t  exposed t o  aPr longer 

Same a s  55E 

20% methylcellulose ace t a t e  (from 400 cps methyl- 
c e l l u lo se ) ,  20% dioxane, 60%. acetone (very cloudy 
membrane) 

20% methylcellulose ace ta te ,  10% dioxane, 50% . 

acetone, 20% isopropanol (very c l ea r  membrane) 

One-to-one mixture by weight of 58-A and 58-B 
(made- intermediate membrane), 

25% methylcellulose ace ta te ,  19% dioxane, 50% 
acetone, 6% isopropanol 

22% methylcellulose ace t a t e ,  17% dioxane, 44% 
acetone, 17% isopropanol 

21% methylcellulose acetate,.. 16% dioxane, 51% 
acetone, 5% isopropanol, 7% f ormamide 

20% methylcellulose ace ta te ,  15% dioxane, 50%. 
acetone, 15% fsopropanol 

Thick f i lm of methylcellulose ace ta te  ca s t  from 
acetone, one m i l  th ick.  

p s i )  

H2 

0.34 - 1.8 

0.03 - 0.07 
0.09 - 0.11 

' 0.04 - 0.06 
0.41 - 1.5 

0.11.- 0..13 
1.2 - 14 

0.03 - 0.04 
2.5 - 8.3 

0.23 - 2.2 

0.06 - 3.4 
0.03 - 0.05 

0.03 - 0.06 
0.10 - 0.11 

0.03 - 0.17 

0.03 - 0.39 

0.02 



Table , 12, Gas Permeability Data for Asymmetric Methylce~lulose 
Acetate .Membranes. (Continued) 

t Test Conditions: Humidified feed gas at room temperature and 200 psig, test cells at 25OC and 200 psig, 
permeate at room temperature and atmospheric pressure (about.20°C and 74 cm Hg). Pure 
gases used: Flux was normalized to 60°F and 30.0 in. Hg. 

Membrane 

58-1 

tt These samples were air dried before testing. All others were kept wet until tested. 

Composition 

15% methylcellulose acetate, 18% dioxane, 37% 
acetone, 30% acetonitrile (hazy, greyish white 
memb r ane) 

Ration of C O ~ / H ~  
Permeab ilit ies 

5.9 - 7.7 
0.33 - 4.3tt 

, 

Flux 
(f t3/fti2-hr-100 psi)' 

(302 

0.11 - 0.13 
0.14 - 3.2 

H2 

0.01 - 0.02 
0.03 - 0.86 



Table 13. ,Gas Permeabi l i ty  Data f o r  Methylcellulose,Membranes on Commercial Supports ' 

Memb r ane 

28C-1 

28C-2 

35A ' 

35B 

35C 

35D 

35E 

44c 

45A 

Composition 

Sul fona ted  polysu l fone ,  morpholhne 
sa l t ,  hand-cast pa lyac ry lon i t r iXe  
suppor t  f i l m  

So lu t ion  from 28C-1 coated on an 
Acropor AN-450 p o l y a c r y l o n i t r i l e  
suppor t  

Methylce l lu lose  membrane on hand-cast 
po lysu l fone ,  See Table 

Same a s  35A b u t  UOP polysu l fone  
suppor t  used 

Same a s  35A b u t  Envfrogenics poly- 
s u l f o n e  suppor t  used 

Same a s  35A b u t  Osmonics po lysu l fone  
suppor t  on a non-woven backing was 
used 

Same a s  35A b u t  Osmonics po lysu l fone  
suppor t  on s a i l c l o t h  backing was used 

1% methy lce l lu lo se  (100 cps) 50% 
isopropanol ,  2% g lyoxal  , 0.4% hydro- 
chlo ' r ic  a c i d  on Abcor suppor t  f i lm ,  
cured a t  135OC, humidif ied oven 

2% Dow Methocel F-50, 1.3% glyoxal ,  
1.3% hydroch lo r i c  a c i d  on UOP poly- 
s u l f o n e  suppor t ,  135OC cu re ,  
humidif ied oven 

Q p e  of  
Tes t  

C02/H2 
mixture  

CO, /H2 
mixture  

Pure  gases  

Pure  gases  
1 

Pure gases  

Pure gases  

C02 /H2 
mixture  

Co2 /H2 
mixture  

C02/H2 . 

Rat io  of  C02/H2 
P e r m e a b i l i t i e s  

No s e p a r a t i o n  

10.7 -. 13.5 

9.4.- 14.4 

F lux  
( f  t 3 / f  t2-hr-100 p i ) *  

1.6 - 6.5 ' 

' 1 .8  - 2.9 

Progress ive  f a i l u r e  

C02 

pr .oper t ies  

2.4 - 2.7 

1 .4  2 ' 1 . 9  

H2 

0.19 - 0.24 

0.0093-0.20 

2.1 - 3.1 

1 .6  - 2.8 

of membrane 

0.32 - 2.0 

0.85 - 1.0 

dmerved  . 



Table 13.' Gas Permeability Data f o r  Methylcellulose Membranes on Commercial Supports 
(Continued) 

*Test Conditions: humidified feed- gas a t  room temperature and 200' ps ig ,  test c e l l s  a t  2S°C and 20'0 ps ig ,  permeate 
a t  room temperature and atmospheric pressure (about 20°C and 74 cmHg). Flux normalized t o  
60°F and 30.0 i n .  He. 

~ a t i o  of C02/H2 
Permeab i l i t ies 

14.2 

No separa t ion 

. .  3.9 - 5.4 

Flux 

Type of 
Test  

C O ~ / H ~  
mixture 

Co2/H2 
mixture. 

c02/H2 
mixture 

c 

Memb rane 

45C 

45D 

47A 

(f t 3/ f  t2-hr-100 

C02 

' 0.083 - 0.10 

proper t ies  I 

0.061-0.075 

Composition 

Ul t ra th in  f i l m  of block copolymer of 
polycarbonate and polyethylene oxide 
c a s t  from 5% w/v  chloroform, air-dried 

Solution of 45C coated on Gelman 
Acropor AN-450, a i r  dr ied  

~ o l ~ v i n ~ l ~ o r m a l  on UOP polysulfone . 

support ,  a i r -dr ied  

/ 

I 

psi)" 

.0.0059 - 0.0071 

0.011 - 0.019 



Reference t o  Table 1 3  shows t h a t  only t h e  UOP support  proved func t iona l  
f o r  t h e  methylcel lu lose  coating.  Compared.to Example .35A, u s i n g  a  hand-cast 
polysulfone suppor t ,  a l l  of the  o t h e r  t h r e e  commercial suppor ts  gave membranes 
t h a t  leaked.  This can b e  seen from t h e  much lower s e l e c t i v i t i e s  i n  Table 13. 
These support  f i lms  had v i s i b l e  p inholes  and de fec t s  when inspected  a g a i n s t  
s t r o n g  backl ight ing.  The UOP commercial polysulfone support  maintained t h e  
same o v e r a l l  s e l e c t i v i t i e s  a s  -Example 35A bu t  exh ib i t ed  gas f l u x e s  t h a t  were 
lower by 30 t o  50. percent .  This would r e s u l t  i n  g r e a t e r  membrane a r e a  and 
higher  c o s t s  f o r  gas cle'anup. 

La te r  t e s t s  wi th  t h e  UOP backing, Examples 4 5 A  and 47A, reconfirmed 
these  conclusions . 

Two o t h e r  commercial suppo.rts w e r e  obtained.  One was Acropor AN 450 from 
Gelman ~nskrument  Company; the  o t h e r ,  an u l t r a f  i l t r a t i o n  membrane from Abcor, 
Inc .  Membranes w e r e  formed on these  f i lms  and compared t o  s i m i l a r  membranes 
fromed on l abora to ry  microporous s h e e t s .  Resul ts  included i n  Table 1 3  on these  
examples ind ica ted  t h a t  t h e s e  l a t t e r  two suppor ts  were t o t a l l y  inadequate. These 
two suppor ts  always l e d  t o  de fec t ive  membranes. 

I n  conclusion,  UOP microporous polysulfone support  f i lms  could b e  
used i n  t h e  f a b r i c a t i o n  o'f these  gas separa t ion  membranes. However, they l e d  
t o  lower f luxes  than observed wi th  ' l abora to ry  t e s t  ma te r i a l s .  These f l u x  
values  would have t o  be entered i n t o  economic f e a s i b i l i t y  c a l c u l a t i o n s  i f  
t h i s  support  ma te r i a l  were. used. 



CHARACTERIZATION OF OPTIMIZED MEMBRANE COMPOSITIONS 

During t h e  screening and opt imizat ion of gas separa t ion  membranes, most 
of t h e  test measurements w e r e  made wi th  carbon dioxide  and hydrogen at  200 p s i g  
p ressure  and room temperature. An important p a r t  of t h e  program was t o  t e s t  
t h e  b e s t  membrane systems under a v a r i e t y  of condi t ions  t o  c h a r a c t e r i z e  t h e i r  
performance. These t e s t  d a t a  would be  necessary t o  p r e d i c t  t h e i r  performance 
i n  t h e  f i e l d  and t o  proper ly  assess  t h e  economic f e a s i b i l i t y  of these  membranes. 

A s  p a r t  of t h i s  effort, .membrane f l u x  and gas ' separa t ion p r o p e r t i e s  
were t e s t e d  a t  temperatures of 25 t o  70°C, a t  p.ressures of 200 t o  700 p s i g ,  and 
i n  contact  wi th  var ious  gases t h a t  included pure.methy1 mercaptan and a 
quaternary mixture of H2,  COa., CHI,, and H2S. 

Four membrane~formulations were examined i n  t h i s  work. These a r e  l i s t e d  
i n  Table 14. They c o n s b t e d  of two hydroxypropoxylated methylcel lu lose  
membranes, a commercial hemodialysis membrane, and, f o r  comparison, a poly- 
e thylenimine membrane . 

Table 14. Composition of Membranes Chosen f o r  
Various Character iza t ion Tests  

Membrane Composition 

3.3% Tydex 12,  llO°C cure  i n  an aluminum 
t r a y  

1% Methocel F50, 50% isopropanol,  2% 
glyoxal ,  135OC cure ,  humidified oven 

1% Methocel 5JMs, 2% glyoxal ,  a few 
drops of concentrated ammonium hydroxide, 
135OC cure,  humidified oven 

Dia lys i s  Membrane Block copolymer of polycarbonate 'and poly- 
. (ethylene oxide) :(.commercial . asymmetric 
membrane) 

Tests w l  th Four-Component Gas Mixtures 

The four  membrane compositions were t e s t e d  a t  25OC and 200 p s i g  wi th  a 
quaternary gas mixture t h a t  contained,  by volume: 56.5-percent  hydrogen, 25.2 
percent  carbon dioxide ,  15.7 percent  methane, and 2.6 percent  hydrogen s u l f i d e .  



The t o t a l  gas f l u x  through each of t h e  membranes was measured us ing 
soap bubble flowmeters. The product gases w e r e  analyzed f o r  composition by 
gas chromatography. From these  d a t a ,  t h e  ind iv idua l  f l u x  and permeabil i ty 
of each of the  four  gases was ca lcu la ted .  

The r e s u l t s ,  l i s t e d  i n  Table 15,  confirmed i n  genera l  previous test 
r e s u l t s  wi th  ind iv idua l  gases,  though f luxes  w e r e  not  q u i t e  up t o  expecta t ion.  
Generally, t h e  hydrogen f l u x  was s l i g h t l y  h igher  and t h e  carbon dioxide  f l u x  
s i g n i f i c a n t l y  lower than i n  t h e  runs wi th  t h e  b inary  carbon dioxide-hydrogen 
mixtures. The hydrogen s u l f i d e  f l u x  was about two t o  t h r e e  t i m e s  t h e  carbon 
dioxide f lux .  The methane f l u x  was lower than t h e  hydrogen f l u x ,  a s  
expected. 

Tests w i t h  Methyl Mercaptan 

These f o u r  membrane compositions were a l s o  t e s t e d  wi th  pure methyl 
mercaptan a t  5 p s i g  and room temperature. The r e s u l t s  are presented i n  
Table 16. The f luxes  a t t a i n e d  w e r e  genera l ly  equivalent  t o  those  f o r  H2S 
i n  gas mixtures. The r e s u l t  on Example 48A appears t o  be  erroneously high,  
however, and the  r e s u l t  f o r  Example 47E. to  be  somewhat low. 

Methyl mercaptan is an e a s i l y  condensable gas and should e x h i b i t  high 
s o l u b i l i t y  i n  t h e  membrane compositions. This h igh s o l u b i l i t y  would 
counterbalance its lower d i f f i s i v i t y  based on molecular s i z e ,  l ead ing  t o  
favorable  permeation r a t e s  through membranes. 

No evidence of f a c i l i t a t e d  t r a n s p o r t  of methyl mercaptan through t h e  
polyamine membrane was evident .  Thus, t h e  concept of f a c i l i t a t e d  t r a n s p o r t  
due t o  acid-base a f f i n i t i e s  was n o t  opera t ive  wi th  t h e  weakly a c i d i c  methyl 
mercaptan. This agrees wi th  t h e  l a c k  of such i n t e r a c t i o n s  a l ready noted 
f o r  C02 and H 2 S  i n  contact  with t h e  polyamine membrane. 



Table 15. Membrane Permeability Test Results Using Four-Component Gas Mixtures 
a 

*Test conditions: humidifi~d feed gas at room temperature and 200 psig, cells at 25'C and 200 psig, permeate at 
room temperature and atmospheric,pressure (about 20°C and 74 cm Hg). Flux normalized to 60°F 
and 30.0 in. Hg. 

, 
For CO /H mixture the feed composition was 33% C02; for four gas mixture the feed composition 2 2 
was 56.5: H 25.16% CJ2, 2.60% H2S, and 15.74% CH4 

0 2' - 

Mer.b r ane 

4 7D 
(polyethylenimine) 

47E 
(Methocel F 50) 

4 8A 
(Mezhocel 5JMS) 

Dialysis Machine 

Type of Test 

CO? /H2 mixture 
£031- gas mixture 

co2/H2 mixture 
four gas mixture 

coZ/H2 mixture 
four gas mixture 

C O ~ / H ~  mixture 
£cur gas mixture 

Flux 
3 2 

H2 

0.11 - 0.16 
0.16 - 0.18 

0.23 - 0.60 
0.28 - 0.65 

0.18 - 0.21 
0.18 - 0.20 

0.054 - 0.064 
0.054 - 0.068 

(ft /ft 

C02 

0.81 - 1.2 
0.64 - 0.78 
2.0 - 5.1 
1.3 - 2.7 

1.3 - 1.8 
1.0'- 1.2 

0.55 - 0.66 
0.45 - 0.55 

-hr-100 psi)* 

-- 
1.2 - 1.6 

-- 
2.9 - 5.0 

-- 
1.9 - 2.6 - 

-- 
1.1 - 1.4 

cH4 

-- 
0.066 - 0.080 

-- 
0.13 - 0:27 , 

-- 
0.10 - 0.12 

-- 
0.04 - 0.05 



. . 
Membrane 

Table 16. Membrane Permeabil i ty Test  Resul ts  
Using Methyl Mercaptan 

Flux 
( f  t 3/f  t G - 1 0 0  p s i )  * 

47D (polyethylenimine) 2.9 

47E (Methocel F-50) 0.77 

48A. (Methocel 5JMS) 

Dia lys i s  Membrane 

*Test Conditions: humidified feed gas ,  c e l l  a t  room temperature and 
5 ps ig ,  permeate a t  room temperature and atmospheric 
pressure  (about 20°C and 74 cm Hg). Flux normalized 
t o  60°F and 30.0 i n  Hg. 

Tests of the Effect of Temperature 

The four  membrane compositions w e r e  a l s o  t e s t e d  wi th  C02/H2 mixtures a t  
25"C, 50°C, and about 70°C. The r e s u l t s  are repor ted  i n  Table 17. A s  a genera l  
s ta tement ,  s e l e c t i v i t y  dropped a s  temperature increased.  The s e l e c t i v i t y  
a t  about 70°C was much lower than t h a t  a t  25°C. I n  t h e  cases  of t h e  47D 
( t h e  polyethylenimine membrane) and t h e  asymmetric d i a l y s i s  f i l m ,  t h e r e  was a 
smal l  drop i n  t h e  C02/H2 s e l e c t i v i t y  a t  50°C and a l a r g e r  one a t  70°C. 
However, f o r  t h e  two methylcel lu lose  d e r i v a t i v e s  (membranes 47E and 48A), 
t h e  drop i n  s e l e c t i v i t y  was r a t h e r  l a r g e ,  even a t  5U°C. I n  a l l  cases  t h e  
C02 f l u x  dropped a t  70°C. The propoxylated methylcel lu lose  membranes behaved 
poorly i n  t h a t  hydrogen f luxes  became q u i t e  h igh a t  70°C. 

These r e s u l t s  ind ica ted  i n  genera l  t h a t  one must opera te  a t  o r  below 
.50°C t o  maintain good s e l e c t i v i t i e s  a t  200 p s i g  f o r  these  gases. 

Tests of the Effect of Pressure 

The four  membrane compositions w e r e  a l s o  t e s t e d  a t  600 t o  700 p s i g  a t  
room temperature. These tests were compared t o  s tandard  t e s t s  a t  200 ps ig ,  
Resul ts  are shown i n  Table 18. I n  a l l  cases  t h e r e  was a decrease  of t h e  
C02/H2 s e l e c t i v i t y  a t  t h e  h igher  pressure .  An inc rease  i n  C02 f l u x  wi th  
pressure  was observed i n  only two of t h e  membranes, and d id  n o t  meet 
expecta t ions  i n  t h i s  regard. 



Table 17. Membrane Permeability Test' Results as a Function'of Temperature 

*Test Conditions: humijified feed g ~ s  at 200 psig, test cells at 200 psig, permeate at room 
tempsrature and atmospheric pressure (about 20°C and 74 cm Hg). Mixed 33:67 
co2/H2 gas feed used. Flux normalized to 60°F and 30.0 in. Hg. 

Membrane . 

47D 
(pblyethylenimine) 

47E 
(Methocel F-50) . 

4 8A 
(Methocel 5JMS) 

. 
Dialysis 
Membrane 

Flux 
(ft3/ft2-hr-100 psi)* 

Temperature 

25OC 
50°C , 

68OC 

t 

. 25'~ 
50 O c 
70°C 

25'~ 
50°C 

72 - 73OC 
2j°C 
50°C 

aboxt 70°C 

C02 

0.81 - 1.2 
0.88 - 1.3 
0.19 - 0.32 

2.0 5.1 
0.93 - 1.6 
1.6 - 3.3 . . 

1.3 ,-, 1..8 
0.82 - 1.1 
1.0 - 1.8 

0.55 - 0.66 
0.54 - 0.65 
0.11 - 0.32 

Ratio of C02 /H2 
Permeabilities ' ' 

7.4 - 7.6. . 

. 5.6 - 6.1 
1.8 - 4.9 

8.5 - 8.6 
0.88 - 3.5 
0.64 - 1.2 

7.1 - 8.8 
1..3 - 1.4 
0.74 - 0.81 
10.1 - 10.7 
7.0 - 7.9 
2.3 - 4.7 , . 

H2 

0.11 - 0.16 
0.16 - 0.23 

, 0.04 - 0.18 
. . 

0.23 - 0.60 
0.44 - 1.1 
1.3 - 3.9 

0.18 - 0.21 
0.61 - 0.84 : 
1.3 - 2.5 
0.054 - 0.064 
0.077 - 0.084 
0.024' - 0.11 



Table 18. Membrane Permeabi l i ty  Tes t  Resu l t s  as a F u n ~ t i o ~  of P r e s s u r e  

R a t i o  of C O ~ / H ~  ' 

l e r m e a b i l i t  ies 
. 8 

47D 
(po l y e  thy  lenimine)  

D i a l y s i s  
Membrane 

200 p s i g  
700 p s i g  

200 p s i g  
700 p s i g  

200 p s i g  
600 p s i g  

200 p s i g  
700 p s i g  

j 
I;? 

1: 

Flux' 
( f t 3 / f t2 -h r -100  p s i ) *  

*Test Condit ions:  humidi f ied  f,eed gas  a t  room temperature,  c e l l . a t  25OC, permeate a t  room 
temperature and atrr.ospheric p re s su re  (about  20°C and 74 cm Hg). Mixed 33:67 C 0 2 / ~ 2  
Flux normalized t o  6 0 ° ~ , a n d  30.0 i n .  Hg. 

C02 H 2 



The b e s t  o v e r a l l  behavior  was e x h i b i t e d  by t h e  commercial d i a l y s i s  membrane, 
a  block copolymer of poly(ethy1ene oxide) wi th  polycarbonate.  The C02/H2 s e l e c t i v i t y  
decreased only moderately from about  10 t o  about  8. Its C02 f l u x  dropped by 60 
pe rcen t ,  however. Combined wi th  i t s  i n i t i a l l y  low f l u x ,  t h i s  drop i n  f l u x  
r u l e d  ou t  t h i s  membrane f o r  c o a l  g a s i f i c a t i o n  a p p l i c a t i o n s  on t h e  b a s i s  of 
economic i n f e a s i b i l i t y .  

The propoxylated methylce l lu lose  d e r i v a t i v e s  showed mixed behavior ,  i n  
t h a t  C02 f l u x  a lone  changed on one (decreased) ,  and hydrogen f l u x  increased  on 
t h e  o the r .  Each showed about  a  40 pe rcen t  drop i n  t h e  s e l e c t i v i t y  f o r  CQ2/H2. 

The polyethylenimine membrane exh ib i t ed  a  seve re  drop i n  s e l e c t i v i t y  a s  
hydrogen f l u x  rose  very s i g n i f i c a n t l y .  

A second series of t e s t s  was l a t e r  run t o  examine f u r t h e r  t h e  e f f e c t s  of 
ope ra t ing  p ressu re  on t h e s e  gas s e p a r a t i o n  membranes. These l a t e r  t e s t s  were 
run w i t h  me thy lce l lu lose  r a t h e r  than propoxylated me thy lce l lu lose  membranes, and 
t e s t s  were conducted wi th  t h e  quaternary  gas mixture.  

Membranes were prepared d u p l i c a t i n g  Example 51E of Table 8  and Example 51F 
of Table 9. I n  t h e  p repa ra t ion  of t h e  51E membranes, a  0.85-percent s o l u t i o n  of 
me thy lce l lu lose  (100 cps)  i n  75:25 water  : i sopropano lwas  prepared. J u s t  b e f o r e  
use,  i t  was modified by a d d i t i o n  of 1 . 3  percent  by weight of glyoxal ,  f i l t e r e d ,  
and f u r t h e r  modified wi th  0.6 percent  hydroch lo r i c  a c i d  by weight. A wet 
polysul fone  s u b s t r a t e  was immersed i n  t h i s  s o l u t i o n  f o r  two minutes,  then  was 
dra ined  f o r  two minutes. It was then heat-cured i n  an oven at  135OC f o r  15 
minutes. The g lyoxal  and hydrochlor ic  a c i d  served t o  c r o s s l i n k  t h e  me thy lce l lu lose  
A coa t ing  th ickness  corresponding t o  approximately 1.5 micron of c ross l inked  
me thy lce l lu lose  (dry) was achieved i n  t h i s  process .  

The p repa ra t ion  of t h e  51F membranes was e s s e n t i a l l y  t h e  same except  t h a t  
use of fsopropanol  (used a s  a  co-solvent f o r  t h e  methylce l lu lose)  was e l iminated .  
The func t ion  of the  isop.ropano1 was p r imar i ly  t o  achieve  a more t r u e  s o l u t i o n  
of methylce l lu lose  ( a  s o l u t i o n  thereby con ta in ing  l e s s  c o l l o i d a l  ma t t e r )  t o  
hopeful ly  achieve t h i n n e r ,  more uniform d e p o s i t s  on t h e  polysul fone  s u b s t r a t e  
s u r f  ace. 

The above membranes, obta ined  i n  t h e  dry s t a t e  from t h i s  p r e p a r a t i v e  
procedure, were wetted i n  water  before  i n s e r t i o n  i n t o  t e s t  c e l l s .  They w e r e  
mounted i n  t h e  t e s t  c e l l s ,  maintained a t  25OC, and exposed t o  a  humidif ied s t ream 
of t h e  quaternary  gas mixture. Each sample of membrane w a s  t e s t e d  n i n e  times: 
a t  200,400, 600, 800, 1000, 800, 600, 400 and 200 p s i g ,  i n  t h a t  order .  The 
f i r s t  f i v e  t e s t s  a t  i nc reas ing  p ressu res  were conducted t o  determine i f  t h e r e  
were any d i f f e r e n c e s  i n  gas f l u x e s  o r  s e l e c t i v i t i e s  a t  d i f f e r e n t . p r e s s u r e s .  
The l a s t  f o u r  tests a t  decreas ing  p ressu res  were conducted t o  see i f  s h o r t  
term exposure of a  methylce l lu lose  membrane t o  a ' h i g h  p r e s s u r e  such a s  1000 
p s i g  would have any e f f e c t  on t h e  gas f l u x  o r  t h e  s e l e c t i v i t y .  



Two of t h e  membrane specimens (Type 51E) p a r t i a l l y  f a i l e d  a t  800 t o  1000 
psig.  Data from t h e  remaining four '  specimens were combined and graphed as 
shown i n  F igu re  3. The d a t a  i n d i c a t e d  s u b s t a n t i a l  f l u x  d e c l i n e  f o r  t h e  water- 
i n t e r a c t i n g  gases  (C02 and H2S), b u t  n o t  f o r  t h e  w a t e r - i n s e n s i t i v e  gases  
(H2 and CH4). 

The membranes d i d  n o t  behave a s  expec ted  i n  t h i s  t e s t .  F i r s t ,  H2 and 
CHq f l u x e s  d i d  n o t  i n c r e a s e  i n  p r o p o r t i o n  t o  i n c r e a s e s  i n  p r e s s u r e ;  f l u x e s  of 
the a c i d  gases  a c t u a l l y  d e c l i n e d . '  Second, t h e  o r i g i n a l  f l u x e s  of t h e  membranes 
were below t h e  normal range  f o r  t h e s e  membranes. The d a t a  would seem t o  be 
c o n s i s t e n t  w i t h  a p rog res s ive  d ry ing  out  and d e n s i f i c a t i o n  of t h e  membrane 
du r ing  t h e  t e s t  s e r i e s ,  These r e s u l t s  i n d i c a t e  t h a t  t h e  membranes behaved 
b e s t  a t  low p r e s s u r e s  (200 t o  400 p s i g ) ,  and t h a t  they  may n o t  b e  a p p l i c a b l e  
f o r  o p e r a t i n g  p r e s s u r e s  exceeding 400 ps ig .  

Long Term Performance Tests 

The performance of  t h e  opt imized m e t h y l c e l l u l o s e  membranes i n  shor t - te rm 
( h a l f  day) t e s t s  had been determined under a v a r i e t y  of cond i t i ons .  The 
ques t ion  remained as t o  whether shor t - te rm t e s t  d a t a  would a c c u r a t e l y  r e f l e c t  
l onge r  term performance under ope ra t ing .  c o n d i t i o n s  of h igh  p r e s s u r e  (1000 p s i g ) .  
A long-term, high-.pressure t e s t  w a s  performed on crosslinked.methylcellulose 
membranes. . 

The membranes chosen f o r  t h e  t e s t  were of two c r o s s l i n k e d  m e t h y l c e l l u l o s e  
coa t ings  which i n  p rev ious  t e s t s  had g iven  h igh  carbon d i o x i d e  f l u x  a t  h igh  
C02/H2 s e l e c t i v i t i e s  (Examples 31D and 51E). The composi t ions of t h e s e  membranes 
were as fo l lows:  

Membrane Composition 

31D Type 

51E Type 

1.5% me thy lce l lu lose  (100 c p s ) ,  1.5% g lyoxa l ,  
19% i sop ropano l  coa ted  on a  wet po lysul fone  
suppor t  s a t u r a t e d  w i t h  80:20 water : i sop ropano l ,  
oven-cured at  1 3 5 ' ~ .  

0.8% me thy lce l lu lose  (100 cps)  , 1.3% g lyoxa l ,  
0.6% hydroch lo r i c  a c i d ,  25% i sop ropano l ,  f i l t e r e d ,  
coa t ed  on a ,  d ry  po lysu l fone  suppor t ,  oven-cured 
a t  135°C. 

Two samples of each were t e s t e d .  The h igh  p r e s s u r e  w a s  s u p p l i e d  by 1000 
ps'ig n i t r o g e n  (humidi f ied)  throughout  t he '  t e s t  pe r iod .  The' C02 f l u x  of  t he '  
membrane was p e r i o d i c a l l y  monitored by purg ing  t h e  t e s t  system with.  C02, t hen  
measuring i t s  permeat ion r a t e  a t  500 ps ig .  A t  t h e  b e g i n n i n g  and end of t h e  
long term t e s t s ,  H2 f l u x e s  were a l s o  measured t o  de te rmine  t h e  C02/H2 s e l e c t i v i t y .  
A l l  g a ses  were humidi f ied .  The average  tempera ture  d u r i n g  t h e s e . : t e s t s  was about  ,a 30°c. 



TEST PRESSURE SEQUENCE (psig) 

Figure 3. Pressure Effects on Fluxes of Various 
Gases Through Methylcellulose Membranes 



Data from t h i s  test are shown. i n  Table 19. Rapid i n i t i a l  f l u x  dec l ines  
w e r e  evident  during t h e  f i r s t  day. Beyond one day the-CO2 f l u x  of t h e  Type 
31D membranes approached 1.9 f t 3 / f  t2-hr-100 p s i  a s  a s t a b l e  f l u x  pla teau.  This 
is f u r t h e r  i l l u s t r a t e d  by t h e  graph i n  Figure 4. dne of t h e  Type 51E membranes 
showed con t inua l  f l u x  dec l ine  through t h e  140 hour t e s t  per iod;  t h e  o t h e r  one 
f a i l e d  a f t e r  50 hours a t  1000 ps ig .  

Table 19. Methylc.ellulose Membrane Flux Data 
f o r  140-Hour High Pressure  Tes t  

*Test Conditions: humidified carbon dioxide  feed and c e l l s  a t  
room temperature and 500 p s i g ,  permeate a t  
room temperature and atmospheric p ressure  
(about 30°C and 74 cm Hg f o r  th i s .  t e s t ) .  Flux 
normalized t o  60°F and 30.0 i n .  Hg. 

Time of Exposure 
t o  1000 p s i g  . - 

I n i t i a l  
25 hours 
50 hours 
80 hours 
115 hours 
140 hours 

i Membrane f a i l e d .  

The s e l e c t i v i t y  of t h e  membranes t o  C02 versus  H 2  a l s o  dropped during 
t h e  140-hour t e s t  period.  The H 2  f l u x  e s s e n t i a l l y  doubled during t h i s  t i m e ,  
whi le  t h e  C02 f l u x  was dropping by 50 percent  and more. Result ing s e l e c t i v i t i e s  
a t  140 hours were i n  t h e  3.4 t o  4.0 range. S e l e c t i v i t y  d a t a  a r e  shown i n  
Table 20. 

Carbon Dioxide Flux* 

( f  t 3 / f  t2-hr-100 p s i )  

Compressibi l i ty of t h e  hydrophi l ic  membranes a t  h igh p ressure ,  presumably 
combined with water  e l imina t ion  from t h e  membrane s t r u c t u r e ,  very l i k e l y  
occurred,  leading t o  t h e  observed r e s u l t s .  

Long term t e s t i n g  was repeated i n  approximately t h e  same manner, b u t  f o r  a 
longer per iod (360 hours ) ,  and wi th  membranes of t h e  fol lowing comp,osition: 

C e l l  4 
'51E 

2.6 
1 .8  
1.6 
1 .4  
1.1 
1.2 

C e l l  3 
5 1 E  

4.6 
2.5 
1.7 
i 

--- 
--- 

Cell 1 
31D 

1.3  
1.4 
1 .5  
1.9 
1 .8  
1 . 8 .  

C e l l  2 
3 1 D  

4.0 
2.1 
1 . 8  
2.1 
1.7 
1.9 



TIME AT IQOOpsig NITROGEN (HR.) 

F.%gure 4. Carbon Dioxide Flux Decl ine  Curves f o r  
Methylce l lu lose  Membranes 



Memb r ane Composition 

108C.. 1.5% methylcel lu lose  (100 cps ) ,  1.5% glyoxal ,  
19% isopropanol,  coated onto both  su r faces  of 
a w e t  polysulfone suppor t  f i lm,  oven cured a t  
150°C. 

The carbon dioxide  w a s  measured a t  500 p s i g  a t  . in te rva l s  throughout t h e  
test. The n i t rogen  f l u x  w a s  also-'measured a t  d i f f e r e n t  p ressures  s e v e r a l  times 
during t h e  test ,  The hydrogen f l u x  was measured a t  t h e  end of t h e  t e s t .  

Table 20. Membrane Flux and S e l e c t i v i t y  Before and 
After  140 Hours a t  High Pressure  

Test  Conditions: humidified feed gas and c e l l s  a t  room temperature and 
1000 p s i g  except when t e s t e d  a t  t h e  s p e c i f i e d  p ressure ,  
permeate a t  room temperature and atmospheric p ressure  
(about 30°C and 74 cm Hg f o r  t h i s  t e s t ) .  Data repor ted  
i n  f t3/f t2-hr-100 p s i  normalized t o  60°F and 30.0 i n .  Hg. 

t Membrane had;''f a i l e d  during test . 

C e l l  4 
5 1 E  

2.6 

0.15 

17.2 

1.0 

0.31 

3.4 
I 

The carbon dioxide f l u x  throughout t h e  test is  shown i n  Table 21. It w i l l  
be seen t h a t  t h e  genera l  t rend i n  a l l  t h r e e  c e l l s  was a decrease  of the carbon 
dioxide  f l u x .  Smooth represen ta t ions  of t h e  carbon dioxide  f l u x  dec l ine  may 
be  found i n  Figure 5. From the  graph i t  appears t h a t  membrane was s t i l l  undergoing 
a dec l ine  i n  f l u x  a f t e r  360 hours.  The p l a t e a u  f o r  t h i s  membrane formulat ion 
appears t o  be 0.2 t o  0.4 f t3/f t2-hr-100 p s i .  

S t a t e  

Before 
Long- 
Term 
Test  

Af ter  
Long- 
Term 
Test  

C e l l  1 
. 31D 

1 . 3  

0.10 

13.4 

1.7 

0.45 

3.8 

Pressure  

500 p s i g  

200 p s i g  

-- 

200 p s i g  

200 p s i g  

200 p s i g  

C e l l  2 
31D 

4.0 

0.20 

19.7 

1.6 

0.40 

4.0 

Parameter 

C02 f l u x  

H2 f l u x  

C02/H2 f a t i o  

CO2 f l u x  

H; f l u x  

C02/H2 r a t i o  

C e l l  3 
5 1E 

4.6 

0.26 

18.2 

t 

t 

t 



Table 21. Carbon Dioxide Flux  During 360-Hour 
. ,High P r e s s u r e  Tes t  

F lux  normalized t o  60°F,. 30.0 i n .  Hg. 

Time i n t o  Tes t  
(Hours) ,~~~ ~~~ 

0 
6.0 

11.2 
17.4 
35.8 
42.1 
54.2 
60.7 
77.3 
83.6 

146.1 
151.4 
175.2 
181.5 
198.9 
205.2 
221.0 
227.4 
292.4 
298.7 
335.7 
342.0 
354.3 
360.6 

- - 

Table  22 shows t h e  C02/N2 s e l e c t i v i t y  du r ing  t h e  test and t h e  C 0 2 / ~ 2  
s e l e c t i v i t y  a t . t h e  end. The C O ~ / N ~  s e p a r a t i o n  r a t i o  dropped t o  one-third i t s  

+ i n i t i a l  v a l u e  dur ing  t h e  f i r s t  80 hours  b u t  t h e r e  is only  a s m a l l  d e c l i n e  
$ f t e r  t h a t .  The C a 2 / H 2  s e p a r a t i o n  r a t i o  a t  t h e  end of t h e  t e s t  was about  f i v e ,  
lower than  u s u a l  f o r  a me thy lce l lu lose  formula t ion ,  bu t  f a r  b e t t e r  t h a n  i n  t h e  
previous  140 hour t e s t .  It was presumed t o  have decreased  throughout  t h e  test 
i n  t h e  same way t h a t  t h e  C02/N2 s e l e c t i v i t y  decreased.  Th i s  test showed t h a t  a 
h i g h l y  c ross l inked  me thy lce l lu lose  having a low carbon d iox ide  f l u x  i n i t i a l l y  
w i l l  s t i l l  s u f f e r  a f l u x  and s e l e c t i v i t y  d e c l i n e  when exposed t o  h igh  p res su re .  
The f l u x  d e c l i n e  probably occurred because t h e  p r e s s u r e  compacted t h e  a c t i v e  
me thy lce l lu lose  layer and t h e  gas stream tended t o  dry t h e  membrane o u t ,  
Because t h i s  membrane w a s  more h i g h l y  c ross l inked  than  t h o s e  t e s t e d  f o r  140 

C02 Flux,  
p s i )  

C e l l  3 

1.26 
0.785 -- 
0.682 
-- 

0.477 -- 
0.661 -- 
0.524 -- 
1.18 
-- 

1.01  -- 
1.07 -- 
-- 
-- 

0.498 -- 
0.476 - 
0.337 

C e l l  1 - 

1.85 
1.27 -- 
1.05 
-- 

-0.863 -- 
6.4 
-- 

0.759 -- 
0.702 
-- 

0.651 -- 
0.623 
-- 

0.626 -- 
0.426 
-- 

0.429 
-- 

0.093 

( f t 3 / f  t2-hr-100 
C e l l  2 

2.16 
-- 

1.46 
-- 

2.20 -- 
0.834 -- 
0.749 -- 
0.664 
-- 

1 .71  
-- 

0.600 -- 
0.589 -- 
0.536 - - 
0.529 -- 
0.508 
- - 
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Figure 5 .  Long-Term Flux Decline Test 



hours,  these  e f f e c t s  took longer. Methylcellulose membrane formulations thus 
appear t o  be unsui table  f o r  use a t  high pressures.  

Table 22. Membrane Se l ec t i v i t y  Data During 360-Hour 
High Pressure  Test 

* Time f o r  Cel l  2 

** Time f o r  Cel ls  1 and 3 

b 

' T i m e  I n to  Test 
(Hours) 

0 

77.3*, 83.6** 

354.3*, 360.6** 

. 
- Pressure 

(ps ig)  

200 

200 

500 

200 

500 

200 

500 

L 

Components 

C02 IN2  

C02 IN2 

c02/N2 

C021H2 

Flux Ratio (Se lec t iv i ty )  
Ce l l  3 

77.4 

31.5 

26.5 

17.7 

23.4 

3.57 

6.50 

C e l l  1 

70.1 

25.5 

33.0 

19.4 

25.2 

4.72 

5.45 

C e l l  2 

-- 

23.6 

23.7 

35.8 

35.3 

5.33 1 

\ 

5.70 



ATTEMPTS AT IMPROVED MEMBRANES THROUGH 
SILICONE-BASED COMPOSITIONS 

\ 

Very h igh  carbon d iox ide  p e r m e a b i l i t i e s  a r e  l i s t e d  i n  t h e  t e c h n i c a l  
l i t e r a t u r e  f o r  s i l i c o n e  rubber  membranes. (4,5) These membranes were g e n e r a l l y  
r epo r t ed  t o  have s e l e c t i v i t i e s  fo; C02/H2 of 4 o r  5  t o  1. 

I f  t h i s  s e p a r a t i o n  r z t i o  could be improved wh i l e  ma in t a in ing  t h e  h igh  
f l u x  c h a r a c t e r i s t i c  of s i l i c o n e  rubber ,  a  v e r y  a t t r a c t i v e  membrane system could  
be developed. One p o s s i b l e  way of improving t h e  s e p a r a t i o n  r a t i o  w a s  t o  modify 
t h e  s i l i c o n e  rubber  t o  posses s  h y d r o p h i l i c  c h a r a c t e r .  Another p o s s i b l e  
approach w a s  t o  u se  s i l i c o n e  rubber-impregnated suppor t  f i l m s  as h igh  f l u x ,  
p inhole- f ree  suppor t  l a y e r s  f o r  u l t r a t h i n  h y d r o p h i l i c  membranes. These membranes 
could be  coa ted  on top  of t h e  s i l i c o n e  l a y e r  ( t o p  c o a t i n g s )  o r  formed i n  situ 
on t h e  s i l i c o n e  membrane s u r f a c e  by gas plasma polymer iza t ion  techniques .  

Development of  me thy lce l lu lose  membranes would be  f a c i l i t a t e d  i f  an 
adequate  commercial ly-avai lable  suppor t  f i l m  were a v a i l a b l e .  However a l l  
commercial suppor t  f i l m s  p rev ious ly  t e s t e d  had leaked  through v i s i b l e  p inho le s  
w i th  t h e  p o s s i b l e  excep t ion  of a polysulfone-on-sailcloth suppor t  ob ta ined  
from UOP. A c o a t i n g  of a s i l i c o n e  rubber  having  a h i g h  carbon d iox ide  f l u x  
could p lug  t h e  p inho le s  i n  an inexpens ive  commercial f i l m  such as Celgard, which 
by i t s e l f  i s  a n  inadequate  support .  The r e s u l t i n g  composite suppor t  f i l m  
would have a h i g h  carbon d iox ide  f l u x  and a p p r e c i a b l e  s e p a r a t i o n  p r o p e r t i e s ,  
and could  f u r t h e r  b e  overcoated w i t h  a h y d r o p h i l i c  polymer. The f i n a l  hydro- 
p h i l i c  t opcoa t ing  would g i v e  t h e  membrane t h e  h igh  s e p a r a t i o n  r a t i o  d e s i r a b l e '  
f o r  an  economic gas  c leanup system. 

S i l i c o n e  and Topcoated S i l i c o n e  Membranes 

The s i l i c o n e  rubber  s e l e c t e d  f o r  t h e  f i r s t  tests w a s  General  E l e c t r i c  
Company's RW-108, a commercial unpigmented moisture-cure s i l i c o n e  rubber  
adhesive.  A l i s t i n g  of t h e  membranes f a b r i c a t e d  from RTV-108 and t h e  d a t a  
ob ta ined  may be  found i n  Table 23. The s e l e c t i v i t y  of co2/H2 w a s  about  4 
i n  t h e  f i r s t  two sets of tests (Examples 60 and 62A). 

The RTV s i l i c o n e  rubber  m a t e r i a l  t h a t  w a s  used i n  t h e s e  f i r s t  tests was 
about  t h r e e  y e a r s  o ld .  Some advancement i n  t h e  c u r e  s t a t e  seemed ev iden t .  
New s t o c k  was ob ta ined  and used i n  Example 66A. R e s u l t s  were n o t  s i g n i f i c a n t l y  
d i f f e r e n t  u s ing  t h e  new m a t e r i a l .  

The use  of UOP polysulfone-on-cloth as a suppor t  f i l m  (Example 62F) 
r a t h e r  than  ou r  hand-cast po lysul fone  r a i s e d  t h e  s e l e c t i v i t y '  s l i g h t l y  b u t  
c u t  t h e  carbon d i o x i d e  f l u x  by 30 t o  50 pe rcen t .  Neve r the l e s s ,  f l u x e s  were 
an o r d e r  of magnitude h i g h e r  than  w i t h  m e t h y l c e l l u l o s e  i n  most of  t h e  
examples. 



Table 23. Gas Permeabi l i ty  Tes t  Data f o r  Exploratory S i l i c o n e  Membranes 
. . . .  . .  . 

*Test Conditions: humidif ied feed  gas  a t  room temperature  and 200 ps ig ,  test  cells a t  25OC and 200 ps ig ,  
permeate a t  room temperature and atmospheric p re s su re  (about 20°C and 74 cm Hg). Pure  
gases  were used. Flux was normalized t o  60°F and 30.0 i n .  Hg. 

Ra t io  of  co2/H2 
Permeab i l i t i e s  

3.2 - 4.8 

2.6 - 4.4 

2.4 - 4.0 

4.2 - 4.7 

4.5 - 5.6 

0.55 - 1.2 

3.6 - 5.0 

. 
Membrane 

60 

62A 

66A 

62F 

62R 

62C 

62W 

r 

Flux 

Composition 

55 RTV-108 i n  hexane on polysulfone 

5Z RTV-108 i n  heptane on polysulEone ( t h i n n e r  
coa t ing)  

5X RTV-108 ( n e ~  sample) i n  heptane on polysulfone 

Same a s  62A except  used UOP polysulfone-on-cloth 
suppor t  f i l m  

5X RTV-108 and 2.5% A-1100 i n  heptane on poly- 
s u l f o n e ,  a i r  d r i e d  overn ight ,  dipped i n  0.9% hydro- 
c h l o r i c  a c i d  f o r  112 minute and cured a t  100°C 
oven f o r  20 minutea 

5X RTV-108, 2.5% A-186 i n  heptane on polysulfone,  
a i r  d r i e d  o.vernight, dipped i n  0.9% hydrochlor ic  
a c i d  f o r  40 seconds and cured i n  100°C oven f o r  
20 minutes 

Same as 62C except  used UOP polysulfone-on-cloth 
suppor t  f i l m  and dipped i n  a c i d  f o r  only 112 
minute. 

(f  t3/f t2-hr-100 

C02 

19 - 33 

50 - 65 

39 - 43 

28 - 45 

33 - 34 

0.58 - 1.0 

2.0 - 3.4 

ps i )*  

4.6 - 7.2 

12 - 25 , 

1 0  - 1 8  

6.8 - 9.6 

5.9 - 7.5 

0.46 - 1.9 

0.40 - 0.95 



An attempt w a s  made t o  ob ta in  a higher s e l e c t i v i t y  by incorpora t ing 
hydrophi l ic  s i l a n e  modif iers  i n t o  t h e  RTV-108 coatings.  Two s i l a n e  adhesion 
promotors obtained from Union Carbide Corporation were used: 3-aminopropyl- 
t r i e t h o x y s i l a n e  (A-1100) and 2-(3,4-epoxycyclohexy1)-ethyltrimethoxysilane 
(A-186). Hydrolysis of t h e  A-186 by ac id  should g ive  a hydrophi l ic  g lycol .  

Both A-1100 and A-186 w e r e  incorporated i n t o  s o l u t i o n s  of RTV-108.silicone 
rubber and coated on supports .  A f i l m  conta in ing A-1100 i n  s i l i c o n e  deposited 
on polysulfone gave a s l i g h t l y  h igher  s e l e c t i v i t y  than t h e  unmodified 
RTV-108 f i lm.  The f l u x  was..30 td  50 percent  lower, b u t  s t i l l  high Tn comparison 
t o  nonsi l icone membrane systems. None of t h e  o t h e r  combinations was a s  good 
a s  t h e  s t r a i g h t  RTV-108; Neither  of t h e  silane-modified membranes seemed t o  
be we t tab le  by water. o r .  t o  be  demonstrably hydrophi l ic .  . Acid treatment of 
t h e  membrane modified wi th  A-186 d i d  no t  observably inc rease  hydrophi l ic  
charac te r  o r  gas separa t ion  performance. 

Other s i l i c o n e s  were examined t h a t  involved elevated-temperature, 
peroxide-cure systems r a t h e r  than room-temperature, moisture-cure mechanisms. 
A vinyl-modified s i l i c o n e  gum rubber obtained from Union Carbide Corporation, 
labeled  W-984, gave good r e s u l t s .  A gum rubber without  v i n y l  f u n c t i o n a l i t y  d i d  
no t  work. A s i l i c o n e  p ressure  s e n s i t i v e  adhesive composition (Dow Corning 
il2 82) was a l s o  b r i e f l y  examined. 

Table 24 conta ins  t h e  r e s u l t s  of s t u d i e s  wi th  s i l i c o n e  rubber compositions 
on two commercial support  films--Celgard 2400 and UOP polysulfone-on-sailcloth. 
These s t u d i e s  w e r e  made t o  determine t h e  minimum required  coat ing weights f o r  
pinhole-free perforinance. Celgard 2400 proved d i f f i c u l t  t o  use  as a support  
f o r  RTV-108 coat ings .  G e l  p a r t i c l e s  i n  t h e  RTV coa t ing  s o l u t i o n s  ( 5  t o  25 
percent  i n  heptane) were apparently a t  f a u l t .  

Dicumyl peroxide-cured W-984 s i l i c o n e  gave more c o n s i s t e n t  r e s u l t s  on 
Celgard 2400 a t  low coat ing weights than RTV-108. The DC /I282 s i l i c o n e  adhesive 
was no t  e f f e c t i v e  as a coating.  

Much higher  f luxes  w e r e  ob ta inab le  with RTV- s i l icone-coated polysul f  one 
support  f i l m s ,  a s  shown i n  Table 24. A t h i c k  f i lm.  of RTV-108 s i l i c o n e  
rubber i t s e l f  showed a good C02/H2 s e l e c t i v i t y  of 5..7, somewhat h igher  i n  
t h i s  case than l i t e r a t u r e  values  which range from 4 t o  5. 

The concept of using these  s i l i c o n e  membranes a s  support  m a t e r i a l s  f o r  
u l t r a t h i n  hydrophi l ic  polymer membranes was explored. The s i l i c o n e  coat ings  
on polysulfone o r  Celgard 2400 would provide a pore-free support  f o r  hydroph i l i c  
meluLranrs. Gas f l u x  through t h e  s i l i c o n e  l a y e r s  would be. high enough s o  a s  
no t  t o  a f f e c t  gas f l u x  through t h e  less permeable topcoatings.  Severa l  
membrane systems w e r e  prepared and t e s t e d .  Resul ts  a r e  shown i n  Table 25. 



Table 24. Gas Permeability Data for Silicone Membranes on Commercial Support Films 

* Test Conditions: humidified feed at room temperature and 200 psig, cells at 25OC and 200 
psig, permeate at room temperature and atmospheric pressure (about 20°c 
and 74 cm Hg). Pure gases used. Flux normalized to 60°F and 30.0 in. Hg. 

Ratio of C02/H2 
Permeabilities 

1.6 

3 . 3  - 5.1 
0.38 

1.3 

4.5 

3 .7  

3.9 

. 1.8 

2.7 

5.7 

Composition 

RTV-108 on Celgard 2400 

W-984 on Celgard 2400 

Dew Corning #282 on Celgard 2400 

RTV-108 on UOP polysulfone 
support 

RTV-108 thick film (0.11 cm), 
no support 

Flux 

(ft3/f i2-hi-106-psi) * 
Coating (zz$h: 104) 

2.9 

2.1 

9.9 

11.7 

26.3 

3.3 

4.0 

2.6 

41.5 

-- 

1 

coi . . 

8.5 

2.0 - 3 . 2  

6.2 

3.1 

0.99 

36 

62 

2 8 

6.5 

0.14 

Hz 

5.4 

0.4 - 0.95 
16 

2 . 3  

0.22 

9.8 

16 

15 

2.4 

0.024 



Table 25. Gas Permeability Data for Silicone Membranes 
Topcoated with Hydrophilic Polymers 

* Test Conditions: .Humidified feed gas at room temperature and 200 pig, cells at 2S°C and 200 piig, permeate . ,  
at room temperature and atmospheric pressure (about .20°C and'74 cm Hg). Pure gases were 
used. Flux normalized to 60°F and 30.0 in.,Hg. I 

I 
i 

t This sample was tested dry: 
I I 

Ratio of C02/H2 
Permeab ilities 

0.22 -h 0.92 

2.9 - 3.8 

5.6 - 15.6 

5.1 - 15 

3.4 - 4.2 
0.30 - 0.35 
4.80 - 5.1 

7.6 - 10.3 
4.6t 

Memb rane 

66C 

663-2 

66E-3 

112DC 

112EC 

105A 

105B 

118 

Flux 

Composition 

RTV-108 on polysulfone, overcoated with methyl- 
cellulose acetate (2% in CH3CN) 

RTV-108 on polysulfone, methylcellulose acetate 
(2% in 2:l ethanol : acetone) 

Same as 663-2, soaked for 69 hours in water 

W-984 on Celgard 2400, overcoated with methyl- 
cellulose from 2:4:94 MeCell : A-1100 : H20 

Same as 112DC except 1% methyleellulose 

Celgard; 2% methylcellulose acetate in acetone 

Same as 105A, except two coats of 2% methyl- 
cellulose acetate in acetone 

W-984 on Celgard 2400, overcoated with ethyl- 
hydroxyethylcellulose from 0.5% in morpholine 

(f t 3/f t2-hr-100 

C02 

11 - 34 

1.4 - 4.0 

0.18 - 0.37 
0.41 - 3.3 

12 '- 35 

230 - 260 . 

1.5 - 1.'8 

0.91 - 2.2 
1.0t 

psi)* 

H2 

26 - 52 

0.37 - 1.4 

0.020-0.065 

0.036 - 0.54 

3.5 - 8.2 
760 , 

0.30 - 0.39 

0.09 - 0,71 
0.22t 



U l t r a t h i n  hydroph i l i c  topcoatings of methylcel lu lose ,  methylcel lu lose  
a c e t a t e ,  and e t h y l  hydroxyethyl ce l . lu lose  were t r i e d .  Resul ts  were mixed i n  
t h a t  some examples leaked,  some gave good s e l e c t i v i t i e s ,  and some gave poor 
s e l e c t i v i t y .  S e l e c t i v i t i e s  f o r  C02[H2 of up t o  15 : l  w e r e  achieved, b u t  a t  
very low flow r a t e s .  B e s t  r e s u l t s  w e r e  obtained wi th  an  e t h y l  hydroxyethyl 
c e l l u l o s e  c o a t i n  . It gave C02'/H2 s e l e c t i v i t i e s  of 7 : l  t o  10 : l  a t  C02 f luxes  8 . . of 1 t o  2 f t 3 / f t  -hr-100 ps ig .  This approach appeared t o  show some promise. 

Applicat ion of smooth, adherent ,  u l t r a t h i n  topcoat ings  onto t h e  s i l i c o n e  
su r faces  proved t o  be  r a t h e r  d i f f i c u l t ,  and may have contr ibuted t o  t h e  mixed 
r e s u l t s .  A technique t h a t  appears promising i n  t h i s  a p p l i c a t i o n  would b e  t h e  
formation of except ional ly  t h i n ,  hydrophi l ic  coat ings  on s i l i c o n e  su r faces  v i a  
gas plasma polymerizationconditions. Deposition of polymer from monomer 
plasmas would give a very complete coverage of t h e  s i l i c o n e  su r faces  a t  very 
low th icknesses ,  and the  polymer coating would be  t i g h t l y  bound. Plasma- 
formed membranes have been proven e f f e c t i v e  f o r  r everse  osmosis by Yasuda 
e t  a l ( 6 )  and B e l l  e t  a1. (7)  

Gas P l  asma-Modifi ed Si 1 i.cone ~erntiranes 

I n  our ,exper iments  a r ad io  frequency (RF) gas plasma was generated i n  an  
argon atmospher a t  t o r r  i n  ..an evacuated b e l l  . j a r .  Di f fe ren t  monomers 
were fed i n t o  t h e  RF plasma a t  t h i s  l e v e l  of pressure  t o  produce d i f f e r e n t  types  
of coat ings .  Result ing membranes were soaked i n  water ,  then t e s t e d  f o r  C02 
and He pe rmeab i l i t i e s  a t  200 psig.  

I n i t i a l  experiments e s t a b l i s h e d  t h a t  t h e  microporous polysulfone used i n  
t h i s  work was unaffected by RF gas plasma condi t ions ;  Then, s i l icone-coated 
polysulfone f i lms  w e r e  exposed t o  d i f f e r e n t ,  s imple gas plasmas t o  determine 
e f f e c t s  of plasma modif ica t ion o f . t h e . s i l i c o n e  surface .  Resul ts  a r e  shown 
i n  Table 26 f o r  t h e  argon plasma and f o r ' a r g o n  modified wi th  n i t rogen ,  oxygen, 
o r  water.  This i n i t i a l  series ind ica ted  t h a t  argon and argon/ni t rogen 
plasmas d i d  no t  a f fec , t  t h e  gas s e l e c t i v i t y  toward C02/H2 and tended no t  t o  
change membrane f lux.  Oxygen-containing-plasmas (02, Hz0 i n  argon) caused a . 
severe  d r o p - i n  f l u x ,  and a somewhat lowered. gas s e l e c t i v i t y .  

Emphasis was- then s h i f t e d  t o  plasma polymerizat ions of gaseous monomers 
on membrane su r faces .  Table 27 conta ins  r e s u l t s  f o r  a s e r i e s  of organic  
monomers t h a t  were plasma-polymerized o n t o - s i l i c o n e  composite membranes o r  onto 
polysulfone d i r e c t l y .  Both unsaturated monomers ( a c r y l i c  a c i d ,  a c r y l o y l  
ch lo r ide ,  methyl a c r y l a t e )  and s a t u r a t e d  monomers (morpholine, pyr id ine ,  
ethylenediamine) w e r e  used. B e s t  r e s u l t s  w e r e  achieved wi th  ethylenediamine 
and a c r y l o y l  ch lo r ide  ind iv idua l ly  appl ied  t o  s i l icone-coated polysulfone 
suppor ts .  Both gave C02 f luxes  t h a t  were t y p i c a l l y  above 5, and reached a s  
high a s  21.6 f t 3/ft2-hr-100 ps ig .  However, c02/H2 s e l e c t i v i t y  was only 
moderately improved (10 t o  15 percent)  over t h a t  of s i l i c o n e  rubber composite 
membranes. Plasma-deposited polymers appl ied  t o  uncoated polysulfone gave 
low-flux, hydrogen-selective membranes. 



Table 26. . E f f e c t  of Gas Plasma Treatments on 
: Si l i cone '  Membrane Gas Permeab i l i t i e s  

*Test Conditions: Humidified feed  gas a t  room temperature and 200 p s i g ,  
test c e l l s  a t  ?5OC and 200. ps ig ,  permeate a t  room 
temperature and atmospheric p ressu re  (about 25OC and 
74 cm Hg). Pure gases w e r e  used. Flux normalized 
t o  60°F and 30.0 i n .  Hg. 

Memb rane  

67D 

6 7B 

7 1 A  

83D 

84A 

9 2B 

Ra t io  of C 0 2 / ~ 2  
P e r m e a b i l i t i e s  

4.5 

4.7 

4.4 

4.6 

3.4 

3.4 

Composition 

RTV-108 on polysulfone 
( c o n t r o l )  

RTV-108 on polysulfone,  
t r e a t e d  i n  an argon 
plasma 

W-984 on polysulfone,  
t r e a t e d  i n  an argon 
plasma 

RTV-108 on polysul fone ,  
t r e a t e d  i n  a n i t rogen  
plasma 

RTV-108 on polysulfone,  
t r e a t e d  i n  an oxygen 
plasma 

RTV-108 on polysulfone,  
t r e a t e d  i n  a water  
plasma 

Flux 

( f t 3 / f t 2  
C02- 

22.7 

5 .1  

24.5 

24.9 

0.1 

0.36 

hr-100 p s i ) *  
H2 

5 .1  

1.1 

5.6 

5.4 

0.03 

0.10 



Membrane 

' 7 7C 

77D 

7 8B 

83B 

79A . 

79E 

79F 

82B 

Table 27. Gas Permeabil i ty Data f o r  Plasma-Polymerized Membranes 

Composition 

Acry l i c  a c i d  plasma on a pokysulfone support  

Acry l i c  a c i d  plasma on RTV-108 si l icone-coated 
polysul fane  support  

Acryloyl c h l o r i d e  plasma on a W-984 s i l icone-coate  
polysul fane  support  

Methyl a c r y l a t e  plasma on RTV-108 s i l icone-coated 
UOP polysulfone support  

Morpholine plasma on RTV-103 s i l icone-coated 
polysulfone support  

Pyr id ine  plasma on a polysulfone support 

~ y r i d i n e  p l a s ~ ~ ! a ~  on RTV-108 s i l icone-coated 
polysul fone suppor t  

Ethy lenediamir-e plasma on RTV-108 s i l icone-coated 
polysulfone support  

* Test  condit ions:  Humidified feed gas a t  room.temperature and 200 ps ig ,  t e s t  cells a t  25OC &nd 200 ps ig ,  
permeate a t  room temperature and atmospheric p ressure  (about 25OC.and 74 c m  Hg.) Pure 
gases 'were used. Flux normalized t o  60°F and 30.0 in .  Hg. 

.Ratio of co2/H2 
~ e r m e a b  i l i t i e s  

0.70 - 1.53 

Flu 
.(f t 3 / f t 2 - h r  

C02 

0.14 - 0.90 



These experimental membranes d i d  not  achieve t h e  goals  t h a t  were 
expected of them. In  par t icu1ar ;very  low f l u x  membranes were obtained i n  
s e v e r a l  cases d e s p i t e . t h e  extreme, th inness  of t h e  plasma-deposited coating.  
This probably r e f l e c t e d  a ' t i g h t ,  highly-crossl inked coating.  The high f l u x  
membranes t h a t  were achieved represented only a s l i g h t  advantage over un t rea ted  
s i l i c o n e  composite membranes, which would' no t  j u s t i f y  t h e  added membrane 
processing cos t .  



Theoretical .Explanation of the Observed Test Results 

Examination of t h e  da ta  obtained i n  t h i s  program l e d  t o  t h e  theory t h a t  
water  immobilized i n  t h e  membrane su r face  con t ro l l ed  t h e  gas permeat ion-ra tes .  
The r o l e  of water  was examined a s  a poss ib le  source of explanation f o r  t h e  
observed decreases i n  C02/H2 separa t ion  a t  h igher  temperatures and pressures .  

It is  known t h a t  t h e  permeabil i ty of a gas through a membrane is  propor- 
t i o n a l  t o  t h e  product of i t s  s o l u b i l i t y  .(S) i n  t h e :  membrane and ' i t s  
d i f f u s i v i t y  (D) through t h e  membrane (P = k DS). Table 28 conta ins  d a t a  

. comparing t h e . s o l u b i l i t y  (S) of s i x  gases i n  water  from.25OC t o  70°C. These 
d a t a  w e r e  normalized t o  hydrogen a t  25OC. Also shown i n  Table 28 a r e  t h e  
d i f f u s i v i t i e s  (D) ' of t h r e e  of t h e  gases i n  water  a t  25OC. Data w e r e  n o t  
r e a d i l y  a v a i l a b l e  fo r . .h igher  temperatures,  but  d i f f u s i v i t i e s  inc rease  wi th  
temperature. When t h e  normalized s o l u b i l i t i e s  i n  Table 28 a r e  mul t ip l i ed  by 
t h e  respec t ive  d i f f u s i v i t i e s ,  e s t ima tes  f o r  t h e  t h e o r e t i c a l  permeabi l i ty  
r a t i c :  C02/H2:.through a pure water  membrane can be  made. This w a s  done, and 
r e s u l t s  a r e  shown below: 

Temperature CO /H Permeabil i ty Ratio -2-2 

. For a pure water  membrane, the re fo re ,  a t h e o r e t i c a l  maximum C O ~ / H ~  
separa t ion  r a t i o  a t  25OC would be  approximately 14 t o  1. A s  temperature i s  
increased,  t h i s  t h e o r e t i c a l  r a t i o  would decrease because of t h e  rap id  decrease 
i n  the.CO2 s o l u b i l i t y  ,in water r e l a t i v e  t o  H2:solubility. D i f f u s i v i t i e s  
would inc rease  with temperature, b u t  probably not  s u f f i c i e n t l y  t o  counteract  
t h e  s o l u b i l i t y  decreases.  

This concept was explored f u r t h e r  by c a l c u l a t i n g  t h e o r e t i c a l  f l u x  d a t a  
f o r  H2 and C02 through hypo the t i ca l  w a t e r  f i lms.  Objectives i n  t h i s  approach 
were: . 1)  t o  determine what t h e  maximum a t t a i n a b l e  gas f l u x e s  would be  through 
a water f i lm,  comparing these  wi th  t h e  cur ren t  l e v e l  of at tainment by our 
experimental membranes, and 2) t o  o u t l i n e  t h e  e f f e c t s  t h a t  might be  expected 
a s  temperature and pressure .were  va r ied  i n  t h e  system. 

The permeabi l i ty  of water  t o  gases was ca lcu la ted  by t h e  formula: 

Where P = i n t r i n s i c  "Barrer" permeabi l i ty  of t h e  gas through t h e  f i l m  
(cm3-cm/cm2-sec-cm Hg) , 

S = s o l u b i l i t y  o f  t h e  gas i n  t h e  water  f i l m  (cm31gas/cm3 H20), 



Table 28. S o l u b i l i t i e s  and D i f f u s i v i t i e s  of Various Gases i n  Water 

S o l u b i l i t i e s  of Various Gases i n  Water 
(Volume/Volume) a t  Low Pre  re  Based . 

on Hydrogen a t  25°C 78 

D i f f u s i v i t i e s  of Various Gases 
i n  Water a t  2 5 " ~ 6 9 )  



D = d i f f u s i v i t y  of the  gas i n  water (cm2/sec), 

Ap = p a r t i a l  p ressure  d i f fe rence  i n  t h e  gas ac ross  t h e  
f i l m  (cm Hg) . 

The Barrer  pe rmeab i l i t i e s  were converted t o  f t3/f t2-hr-100 p s i  and normalized 
t o  60°F and 30.0 inches Hg f o r  t h i s  r epor t .  Calcula t ions  were made only f o r  
H2 and C02 s i n c e  the  separa t ion  a t t a i n a b l e  between these  two gases w a s  t h e  
primary con t ro l l ing . .£ae to r  .. . i n  t h e  . .. . economic S . e a s i b i 1 i . t ~  of a membrane p u r i f i c a t i o n  

. ... . process.  . . 

S o l u b i l i t y  d a t a  f o r  CO;! and H2 i n  water  a t  va r ious  temperatures and 
pressures  were taken f r o m  'the. chemical l i t e q a t u r e .  (50.,11,12 ,13,14) The 
d i f  f u s i t i v i t e s  o f  these0'gases '  i n  water  a t  25"C'.and low pressures  w e r e  s i m i l a r l y  
ava i l ab le .  (I5)  . :Di.f.fusivities a t  h igher  temperatures w e r e  est imated v i a  t h e  
s tandard  formula: 

DV/T = constant  

Where D = d i f f u s i v i t y  i n  t h e  l i q u i d ,  

l~ = v i s c o s i t y  of t h e  l i q u i d  a t  temperature T, 

T = temperature (OK) 

Viscosi ty  d a t a  on water  a t  var ious  temperatures w e r e  r e a d i l y  ava i l ab le .  (16) 

Figure 6 i l l u s t r a t e s  the  t h e o r e t i c a l  C02 f l u x  through a water  f i l m  p l o t t e d  
aga ins t  f i l m  th ickness .  Conditions of 25°C and a p ressure  drop from 25 
atmospheres t o  one atmosphere across  t h e  hypo the t i ca l  water  membrane w e r e  used 
i n  preparing t h i s  graph. A s t r a i g h t  l i n e  r e l a t i o n s h i p  w a s  evident  when t h e  
d a t a  were p l o t t e d  on a log-log b a s i s .  Thus, a 200 vm (0.008 inch) th ickness  
of water  would al low a C02 f l u x  of about 5.2 f t3/f t2-hr-100 p s i .  A 2 um water  
f i lm,  which would correspond approximately t o  t h e  th ickness  of t h e  a c t i v e  
l a y e r  i n  our gas separa t ion  membranes, would g ive  a f l u x  of 520 f t  3/ft2-hr-100-psi. 
Since our experimental membranes have produced f l u x e s  f o r  C02 of only  about 
5 f t3/ft'-hr-100 p s i ,  considerable  leeway f o r  h igher  f l u x e s  s t i l l  e x i s t s ,  

The s o l u b i l i t y  of H2 i n  water inc reases  as a l i n e a r  func t ion  of pressure  
through 140 atmospheres. The s o l u b i l i t y  of C02 i n  water ,  by c o n t r a s t ,  inc reases  
i n  a nonl inear  fashion through t h e  10 t o  30 atmosphere p ressure  range. Above 
30 atmospheres, i t s  s o l u b i l i t y  inc reases  a t  only 30 percent  t h e  rate of H2 as 
a funct ion of pressure .  The s o l u b i l i t i e s  of both  gases i n  water  decrease wi th  
inc reas ing  temperature. These f a c t o r s  combine t o  g ive  d i f f e r e n t l y  shaped 
curves f o r  C02 and H2 i n  graphs of f l u x  versus  pressure.  



CONDITIONS : 2 5 ' ~  

25 ATM 

WATER FILM THICKNESS (p) 
I 

F i g u r e  6 .  T h e o r e t i c a l  F lux of Carbon Dioxide through a Water 
Film as a Function of  Fi lm Thickness 
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Figure 7 i l l u s t r a t e s  t h e  d i f fe rences  between these  two gases.  Curvi l inear  
p l o t s  were seen f o r  the  C02 f l u x  a s  a func t ion  of p ressure ;  a family of curves 
was derived corresponding t o  a family of s e l e c t e d  temperatures. A s i m i l a r  p l o t  
of H2 f l u x  versus p ressure  gave a s e r i e s  of e s s e n t i a l l y  s t r a f g h t  l i n e s ,  one 
f o r  each s e l e c t e d  temperature. 

The s i g n i f i c a n c e  of t h e  curves i n  Figure 7 was t h a t  the  C02/H2 s e l e c t i v i t y  
changed with both temperature and pressure .  This w a s  ca lcu la ted  f o r  an equimolar 
mixture f rom' the  pure gas f luxes  and i s  i l l u s t r a t e d  g raph ica l ly  i n  Figure 8. 
The s e l e c t i v i t y  f o r  C02 versus  ~i was p a r t i c u l a r l y  influenced by temperature. 
A l a r g e  t h e o r e t i c a l  drop i n  t h e  C02/H2 s e l e c t i v i t y  occurred with an inc rease  
i n  temperature from 25OC t o  50°C, f o r  example.. 

Pressure  e f f e c t s  on t h e  C02/H2 separa t ion  r a t i o  w e r e  a l s o  p resen t ,  although 
n o t  t o  a p a r t i c u l a r l y  s i g n i f i c a n t  degree. A t  25OC, f o r  example, t h e  C02/H2 
separa t ion  r a t i o  was 15.7 a t  1 atm p a r t i a l  p ressure  f o r  each gas, and 
i t  edged downward t o  12.8 a t  25 a t m  p a r t i a l  p ressure  f o r  each gas. Greater  
e f f e c t s  w e r e  noted a t  high pressures .  However, a n t i c i p a t e d  opera t ing  condi t ions  
i n  a coa l  g a s i f i c a t i o n  p l a n t  should no t  exceed t h e  25 atm l e v e l  f o r  C02 and 
35 atm f o r  H2 .  

Program e f f o r t s  have he re to fore .  concentrated on test condi t ions  involving 
temperatures of 25 t o  7 5 ' ~ .  Emphasis was placed on-determining t h e  maximum 
f e a s i b l e  opera t ing temperature. These c a l c u l a t i o n s  i l l u s t r a t e d  t h e  f a c t  t h a t  
t h e  lowest poss ib le  opera t ing temperature would r e s u l t  i n  t h e  b e s t  membrane 
s e l e c t i v i t y .  Membrane s e l e c t i v i t y  could presumably be.improved by opera t ing 
a t  temperatures below 2 5 O ~ .  The information a t  O°C i n  Figures 7 and 8 amply 
demonstrate t h i s  f a c t o r .  The q u a n t i t a t i v e  p red ic t ion  at. a carbon dioxi.de 
p a r t i a l  pressure  .of. one atmosphere was a s  fol lows : 

*ft3-100 i / f  t2-hr-100 p s i  

The gas t r anspor t  p r o p e r t i e s  of a composite polysulfone-si l icone- 
methylcel lu lose  membrane were measured a t  O 0  and 25OC i n  order  t o  test t h i s  
t h e o r e t i c a l  p red ic t ion .  

Percent  Inc rease  
(0° versus  25OC) 

1.9 

83 

- -  O°C 

1250 

26.5 

r 

C02 Flux* 

CO /H s e l e c t i v i t y  
2 2 

( 

25OC . 

1227 

14.5 
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Figure 2 .  Theoretical Gas Flux through Water Membranes as a 
.Function of Temperature ,and Pressure 
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Figure 8. Theoretical Separation Ratio of Equimolar C02/H2 Gas 
Mixtures as a Function of Pressure and Temperature 



Three sets of membranes were made a s  fol lows.  A dry s h e e t  of 2-mil-thick, 
hand-cast, microporous polysulfone was coated wi th  a heptane s o l u t i o n  of 
Union Carbide W-984 vinyl-modified s i l i c o n e  r e s i n .  This was cured in s i t u  
with dicumyl peroxide i n  an oven a t  150°C. The s i l i c o n e  composite membrane 
was then coated wi th  an u l t r a t h i n  l a y e r  of methylcel lu lose  (100 cps grade) 
by dipping i n t o  an aqueous s o l u t i o n  conta in ing 1 percent  methylcel lu lose ,  
1 percent  hydrochloric a c i d ,  2 percent  g lyoxal ,  40 percent  isopropanol,  0 .1  
percent  Tr i ton  X-100, and 0 .1  percent  Fluorad FC-170 f luorosur fac tan t .  The 
hydrochloric a c i d  and glyoxal  served t o  c r o s s l i n k  t h e  methylcel lu lose  topcoating.  
The isopropanol and t h e  two s u r f a c t a n t s  w e r e  necessary t o  achieve a uniform 
depos i t  of methylcel lu lose  on the  low-energy s u r f a c e  of t h e  s i l i c o n e .  

Two of t h e  t h r e e  s h e e t s  proved de fec t ive ,  b u t  t h e  t h i r d  s h e e t  behaved w e l l ,  
giving a combination of f l u x  and C O ~ / H ~  s e l e c t i v i t y  t h a t  exceeded a l l  previous 
membrane d a t a  f o r  topcoated s i l i c o n e  composite membranes. These da ta ,  shown 
i n  Table 29, i n d i c a t e  C02/H2 s e l e c t i v i t i e s  approaching t h e  t h e o r e t i c a l  l i m i t  
of about 14.5 a t  25OC and C02 f l u x e s  of about 2 f t3/f t2-hr-100 p s i .  

It was p red ic ted  t h a t  the  same membranes, t e s t e d  a t  O°C, would e x h i b i t  
a s l i g h t l y  improved C O i  f l u x ,  and t h a t  t h e  C02/H2 separa t ion  r a t i o  should 
inc rease  by 83 pe rcen t ,  r i s i n g  from 14.5 t o  26.5. Actual d a t a  i n  Table 29 
showed a 50 percent  inc rease ,  wi th  C02 gas $lux e s s e n t i a l l y  unchanged. 

There was no assurance t h a t  t h e  membrane su r faces  were a c t u a l l y  opera t ing 
a t  O°C, because t h e  gases w e r e  a t  room temperature a s  they entered i n t o  t h e  
r e f r i g e r a t e d  test c e l l s .  Cooling of t h e  gases completely t o  O°C was 
c e r t a i n l y  not f u l l y  achieved. Thus, t h e  f u l l  83 percent  inc rease  i n  C02/H2 
s e l e c t i v i t y  might s t i l l  be achievable under t i g h t e r  c o n t r o l  of gas temperatures. 
Nevertheless,  these  r e s u l t s  s t rong ly  supported t h e  theory. 

Table 29. Permeabil i ty Comparison Test  a t  0 and 25OC 

* T e s t  Conditions: Pure feed gases and c e l l s  a t  200 ps ig ,  permeate a t  room 

t 
temperature and ambient p ressure  (about 3U0C and 74 cm Hg). 
Flux normalized t o  60°F and 30.0 i n .  Hg. 

- 7 6-. 

Temperature 

25 "C 

0 O C 

S e l e c t i v i t i e s  

8.3  - 14.5  
Average = 11.3 

14.5 - 18.9 
Average = 17.0 

' I n c r e a s e  = 50% 

Flux 

( f t  3/f t2-hr-100 p s i )  * 
LU2 

1 . 3  - 2.7 

1 .2  - 2.5 

a2 

0.09 - 0.24 

0.08 - 0.14 



It appears,  the re fo re ,  t h a t  w a t e r  absorbed by these  hydroph i l i c  membranes 
was v i t a l  t o  t h e  e f f e c t i v e  separa t ions  of t h e  ac id  gases from H2 , CO, and CHI,. 
The absorbed water ,  i n  tu rn ,  absorbs so lub le  gases (C02, H2S, CH3SH), allowing 
t h e i r  pene t ra t ion  through t h e  membrane s t r u c t u r e .  This same water  excludes 
t h e  water- insoluble gases (H2, CO, CH4), promoting t h e i r  r e j e c t i o n .  

The separa t ion  r 'atios observed f o r  CH4, H 2 ,  C02, H2S and CH3SH a r e  a l l  
cons i s t en t  wi th  t h e  water  mechanism. The l o s s  of separa t ion  e f f e c t i v e n e s s  
wi th  inc reas ing  temperature and pfessure  a r e  a l s o  c o n s i s t e n t  with t h i s  
theory. This theory expla ins  why C02/H2 separa t ions  i n  t h i s  research e f f o r t  
have o f t e n  exceeded 10 b u t  almost never exceeded 14. Ratios g r e a t e r  than 14, 
which have been observed on r a r e  occasions a t  25OC, probably involved erroneous 
data .  

Apparently, the re fo re ,  membrane p u r i f i c a t i o n  of raw SNG from c o a l  g a s i f i e r s  
w i l l  have l i m i t a t i o n s  a s  t o  opera t ing temperature and pressure .  



ECONOMIC REVIEW OF A C I D  GAS REMOVAL PROCESSES 

Our g o a l  i n  t h e  economic a n a l y s i s  w a s  t o  o b t a i n  t h e  s i g n i f i c a n t  c o s t s  of 
compet i t ive  a c i d  gas clean-up processes  using. a reasonable  flow scheme and t y p i c a l  
opera t ing  condi t ions .  The earliest economic a n a l y s i s  pointed o u t  t h e  membrane 
p r o p e r t i e s  having a s i g n i f i c a n t  e f f e c t  on c o s t s .  These membrane p r o p e r t i e s  
w e r e  i n v e s t i g a t e d  i n  t h e  membrane development phases which followed. The l a t e r  
c o s t  a n a l y s i s ,  presented here ,  shows how w e l l  t h e  membrane process  can compete 
wi th  the  conventional  processes  now being used. 

Summary o f  Conventional and Membrane Process Ac id  Gas Clean-Up Costs 

R e l i a b l e  estimates have been obtained of c o s t s  of four  a c i d  gas  clean-up 
processes ,  f o r  f i n a l  s u l f u r  removal, f o r  a guard chamber;and f o r  one s u l f u r  
recovery process.  Standard engineer ing  ,cos t  e s t ima t ing  procedures w e r e  used. 
The c o s t s  a r e  repor ted  on the  b a s i s  of  c e n t s  per  thousand.s tandard  cubic  f e e t  
of p i p e l i n e  q u a l i t y  gas producted ( ~ I M s c f ) .  The c o s t ' o f  conventional  a c i d  gas  
clean-up processes  is  about 40 c e n t s  per  MSCF,of gas produced. There w a s  
r e l a t i v e l y  l i t t l e  d i f f e r e n c e  i n  t h e  economics between t h e  va r ious  gas 
scrubbing processes (35 t o  42 c e n t s  per  Mscf). These processes  a r e  known 
t o  be  competi t ive i n  o t h e r  a p p l i c a t i o n s ,  and t h i s  i s  confirmed i n  our c o s t  
ana lys i s .  

The c o s t  of a c i d  gas clean-up w i t h  t h e  b e s t  performing membranes developed 
dur ing t h i s  p r o j e c t  appeared t o  b e  about 52 c e n t s  pe r  Mscf of gas  produced. 
These c a l c u l a t i o n s  w e r e  based on reasonable  assumptions o u t l i n e d  later i n  t h i s  
r e p o r t .  The range of c o s t s  f o r  t h e s e  b e s t  membranes was 43 t o  62 c e n t s  per  
Mscf a s  shown i n  Figure  10.(page 9 3 ) .  This  is  more than conventional  processes  
and inc ludes  a d d i t i o n a l  c o s t s  r equ i red  f o r  membranes such a s  product  gas  l o s s e s  
p e c u l i a r  t o  membrane processes.  The s e l e c t i v i t y  of carbon d iox ide  r e l a t i v e  t o  
hydrogen r a t h e r  than t h a t  of hydrogen s u l f i d e  t o  methane o r  carbon monoxide 
c o n t r o l  t h e  economics f o r  t h e  membrane process.  The experimental  program 
provided d a t a  f o r  e s t ima t ing  t h e  a d d i t i o n a l  membrane c o s t s  which depend on t h e  
performance c h a r a c t e r i s t i c s .  

I n  a d d i t i o n  t o  t h e  c o s t s  f o r  sepa ra t ing  t h e  a c i d  gases  by one of t h e s e  
p.rocesses, t h e  c o s t  f o r  f i n a l  s u l f u r  cleanup i s  0 . 3  t o  0 . 5  c e n t s  per  Mscf of 
gas,produced f o r  conventional  processes  and about 3 c e n t s  f o r  membranes, the  
c o s t  f o r  a guard chamber i s  1.5 c e n t s  p e r  Mscf of gas produced and the  c o s t  
f o r  recovering s u l f u r  from t h e  separa ted  ac id  gas by a v a r i a n t  of t h e  Claus 
process  i s  about 5 c e n t s  per.Mscf of gas produced. 

When t h e s e  a d d i t i o n a l  c o s t s  a r e  included i n  the c o s t  f o r  a c i d  gas clean- 
up, t h e  c o s t  of t h e  conventional  processes  i s  r a i s e d  t o  about 47 c e n t s  per  Mscf 
of gas  produced (range 43 t o  49 c e n t s )  whi le  t h e  c o s t  of t h e  membrane process  
is  r a i s e d  t o  62 c e n t s  per  Mscf of gas  produced (range 43 t o  75  c e n t s ) .  The 
c o s t  disadvantage f o r  t h e  membrane process  of 15 c e n t s  per  Mscf of gas produced 
cannot be overcome wi thout  a s h i f t  i n  some of t h e  component c o s t s .  A decrease  



i n  t h e  cos t  of t h e  e l e c t r i c i t y  used f o r  gas  compression r e l a t i v e  t o  t h e  c o s t  of 
f u e l  o r  steam would improve t h e  competi t iveness of membranes. A decrease  i n  
t h e  c o s t  of membranes r e l a t i v e  t o  t h e  c o s t  of conventional scrubbing equ5pment 
would l ikewise  improve t h e  competi t iveness of membranes. F i n a l l y  less s t r i n g e n t  
r e s i d u a l  s u l f u r  requirement i n  t h e  methanator would improve t h e  competi t iveness 
of t h e  membrane process.  The economics of t h e  membrane process  might a l s o  be 
g r e a t l y  changed i f  gases of d i f f e r e n t  compositions o r  p ressures  w e r e  considered. 
For example t h e  membrane process would probably be economical f o r  removing s u l f u r  
conta in ing gases from a low pressure  biogas mixture. 

Cred i t  f o r  t h e  amount of s u l f u r  produced would be  s u b s t a n t i a l  but  was not  
included i n  t h i s  ana lys i s .  It would. no t  a f f e c t - t h e  c o s t  disadvantage of the  
membrane process  compared t o  t h e  conventional  processes.  

Comparison of the Economics of Gas.Scrubbing Processes 

Table 30 summarizes investment- and o p k r i t i n g  c o s t s  est imated f o r  s e v e r a l  
competing processes f o r  removal of a c i d  gases from c o a l  . g a s i f i c a t i o n  streams. 
Data are presented f o r  t h e  Rec t i so l  process  (a r e f r i g e r a t e d  physica l  so lven t  
system using methanol a t  -40°C),the Benfield process  (a ho t  carbonate chemical 
so lven t  system), and:the S u l f i n o l  process (an ambient system using both a 
chemical r e a c t a n t  and a phys ica l  so lven t ) .  Data are a l s o  presented f o r  the  
s o l i d  absorbent  system, f l u i d i z e d  dolomite. 

\ 

A s  seen i n  Table 30, . . the  c o s t s  of t h e  va r ious  ac id  gas removal processes 
a r e  grouped r a t h e r  c l o s e l y  a t  around 4 0 ~  p e r  Mscf of gasproduced.  The processes  
appear competi t ive i n  t h i s  r e spec t .  

The c o s t s  given above w e r e  est imated through information obtained from t h e  
process l i c e n s o r s  and from t h e  t e c h n i c a l  l i t e r a t u r e .  Various assumptions w e r e  
made i n  t h e  treatment of d a t a ,  and these  a r e  described below. 

W e  chose f o r  a s tandard case  a 785-MMSC£~ stream a t  1000 p s i g  with a dry 
b a s i s  composition ( t h e  gas I s  a c t u a l l y  s a t u r a t e d  . d t h  water  vapor) of 36.7 
percent  Hz ,  12.0 percent  CO, 22.1 percent  CH4, 27.0 percent  C02, 2.2 percent  
.H2S. This approximates . the  product expected from a ' s h i f t  r e a c t o r  i n  a 250-MMscfd 
Hygas c o a l  g a s i f i c a t i o n  p l a n t  under c e r t a i n  condi t ions .  Requirements f o r  
p u r i f i e d  gas  were one t o  two .percent  C02 and .02. t o  .2.ppm t o t a l  s u l f u r  compounds 
( t o  avoid poisoning of methanation c a t a l y s t s ) ,  w i t h . l i t t l e  o r  no l o s s  of the  
valuable  gas components (CH4, C O Y  and H2). I n  developing comparative c o s t  d a t a ,  
we permitted f o r  scrubbing processes a r e s i d u a l  of two percent  C02, 1 t o  4 ppm 
H2S (4 ppm i s  t h e  c u r r e n t  "p ipe l ine  spec i f i ca t ion1 ' ) ,  and t h e  l o s s  of less than 
one percent-of  t h e  o the r  components. It was assumed t h a t  an a d d i t i o n a l  s o l i d  
absorbent ( z inc  oxide) would be used f o r  f i n a l  s u l f u r  r emova lbu t  t h e  a d d i t i o n a l  
c o s t l i s  est imated s e p a r a t e l y  and n o t  included i n  t h i s  sec t ion .  For a membrane 
process w e  permit ted two percent  C02, about. 50 ppm H2S, and l o s s e s  of less than 
one percent  HZ. This assumed t h a t  t h e  u s e  of a second clean-up s t e p  wi th  a-  
s o l i d  absorbent  would be required  be fore  t h e  f i n a l  s u l f u r  removal which would be 

?' 
similar t o  t h a t  required  f o r  a scrubbing system. The c o s t  of t h i s  e x t r a  clean- 
up s t e p  i s  .est imated separa te ly .  

:,.79;.., 



Table 

R e c t i s o l ,  1 t r a i n  

R e c t i s o l ,  3 t r a i n s  

Benf ie ld  HiPure "high" 

Benf i e l d  HiPure "lowt' 

Sul f  i n 0 1  

F lu id i zed  dolomi te  (H2S 
only  

F lu id i zed  dolomi te  (H2S 
+ C02) 

F i n a l  s u l f u r  clean-up from 
50 ppm, z i n c  oxide  

F i n a l  s u l f u r  'clean-up from 
4 ppm, z i n c  oxide  

F i n a l  s u l f u r  clean-up from 
1 ppm, z i n c  oxide  

Gaurd chamber, z i n c  oxide  

Liquid phase Claus,  Conspl 
t i o n  Coal Company 

*:See d i s c u s s i o n  of t h i s  p r  

Summary of E s t i  
f o r  Various Aci 

Fixed Investment 
( I n s t a l l e d  P l a n t )  

$Mil l ion 

38.1 

5'6.1 

19.8 

12.6 

da- 
I 11.4 
I 
c e s s  f o r  d e t a i l s .  

t i n g  Costs  
Mid-1976. 

a t e d  Investment and Oper 
Gas Clean-Up Processes ,  

T o t a l  
Annual Cost 
' $Mil l ion  

30.5 

34.8 

37.0 

35.3 

31.8 

9.2 

T o t a l  
Investment ' 

$Mil l ion  

52.1 

Cost Based on 
Gas Produced 

39.8 

Operat ing 
Cost 

$Mil l ion/  
Year 

21.4 



? We a l s o  made s e v e r a l  economic assump.tions i n  thi 's  s tudy a s  fol lows.  To 
c a l c u l a t e  investment, w e  included: I )  f ixed  investment ( the  mid-1976 i n s t a l l e d  
c o s t  of t h e  p l a n t ,  but  no t  including investment i n  o f f s i t e  u t i l i t i e s  o u t s i d e  
t h e  b a t t e r y  limits o r  . i n t e r e s t  on t h e  cash flow dur ing cons t ruc t ion  and s t a r t u p ) ,  
2) amortized investment (research,  development, and engineering at  1 0  percent  
of t h e  i n s t a l l e d . c o s t  of the  p l a n t ,  p lus  s t a r t u p  c o s t  of t h r e e  months of l abor  
and u t i l i t i e s ) ,  and 3 ) . r ecoverab le  .investment (working c a p i t a l  equal  t o  t h r e e  
months of l abor ,  u t i l i t i e s  and maintenance). 

Not included i n  t h e  c a l c u l a t i o p  of clean-up process c o s t s  were t h e  c o s t s  
of a quench s t e p ,  of demisting, of dust.remova1, o r  of t h e  land,  as a l l  of 
these  a r e  b a s i c a l l y  t h e  same f o r  each ac id  gas clean-up process considered.  
The c o s t s  of a d d i t i o n a l  s u l f u r  removal, of a guard chamber, and.of  s u l f u r  
recovery have been obtained separa te ly  f o r  comparison with t h e  c o s t  of a c i d  
gas clean-up. W e  est imated t h e  c o s t  of c a p i t a l  a t  11.6 percent  based on 70 
percent  debt  f inancing a t  8.0 percent  p lus  30 percent  e q u i t y  a t  20 percent .  
To o b t a i n  t h e  annual c o s t s  of t h e  investment w e  assumed f i v e  yea rs  t o  recover 
t h e  c a p i t a l  of  t h e  amortized investment and 20 years  t o  recover the  c a p i t a l  of 
t h e  f ixed investment. Other annual charges on investment were insurance ,  
admin i s t ra t ive  and genera l  c o s t s ,  and proper ty  t a x e s . ( r e s p e c t i v e l y  0.5, 1.0, and 
1.5 percent  of t h e  f ixed  investment) and i n t e r e s t  a lone  on the  recoverable  
investment. Operating c o s t s  included l abor ;  u t i l i t i e s  ( f u e l  a t  $1.00 MM Btu 
and a b o i l e r  e f f i c i e n c y  of 40 percent  f o r  making steam; e l e c t r i c i t y  a t  1.5dkw-hr, 
and a motor e f f i c i e n c y  of 85 percent ;  cooling water a t . 2 0 ~ / ~ g a l ,  and a rise of 
35"F, un less  otherwise noted; .  t h e  b o i l e r  feed q u a l i t y  water a t  40~/Mgal ) ,  and 
maintenance a t  f i v e  percent  per  year. of t h e  i n s t a l l e d . p l a n t  cos t .  Other 
economic assumptions a r e  pecu l i a r  t o  one process  and w i l l  be rioted in t h e  
p a r t i c u l a r  .d iscuss ion of t h a t  process. 

Discussion o f  R e c t i s o l  Process Economics 

The R e c t i s o l  process of Lurgi-Linde is  a phys ica l  so lven t  process  using 
methanol a t  about -40°C. It i s  t h e  only process t h a t  has  been widely used f o r  
ac id  gas clean-up i n  c o a l  g a s i f i c a t i o n  p l a n t s p a r t i c u l a r l y  i n  systems wi th  t h e  
Lurgi  g a s i f i e r .  Its g r e a t  disadvantage i s  the  l a r g e  investment r equ i red  f o r  
t h e  p lan t .  The low opera t ing c o s t ,  p a r t i c u l a r l y  i n  t h e  low consumption of 
steam, p a r t i a l l y  o f f s e t s  t h i s .  Another advantage of R e c t i s o l  is  t h a t  t h e  gas  
is  automat ica l ly  d r i e d  t o  a low dew po in t  s u i t a b l e  f o r  a p ipe l ine .  A s  
ind ica ted  i n  Table 31, t h e  i n s t a l l e d  c o s t  of a s i n g l e - t r a i n  R e c t i s o l  p l a n t  
l a r g e  enough f o r  t h i s  a p p l i c a t i o n  i s  $38.1 mil l ion .  This i s  s o  much l a r g e r  
than any p resen t  R e c t i s o l  p l a n t  t h a t  s e v e r a l  t r a i n s  may be required .  The 
i n s t a l l e d  coat  nf a th ree - t ra in  R e c t i s o l  p l a n t  i s  $56.06 mi l l ion .  W e  
considered both  of these  cases i n  Table 31. For t h e  one t r a i n  p l a n t  t h e  f i x e d  
investment is  $38.1 mi l l ion ,  t h e  t o t a l  investment $52.1 m i l l i o n ,  t h e  opera t ing  
c o s t  $21.4 m i l l i o n  p e r  year ,  and t h e  t o t a l  annual c o s t  $30.5 m i l l i o n ,  equivalent  
t o  3 4 . 8 ~  per Mscf of gas produced. For a th ree - t ra in  p l a n t  these  become 
respec t ive ly  $56.1, $72.1, $22.2, and $34.8 mi l l ion ,  and 3 9 . 8 ~ .  R e c t i s o l ' s  
investment i s  very high bu t  t h e  opera t ing  c o s t s  a r e  low enough t o  keep i t  



Table 31. Economics of t he  Rec t i so l  Process, Mid-1976 

Investment - $ Millions 

Fixed 

Amortized 

Recoverable 

Total  Investment 

Annual Costs - $ Mill ions  

Investment 

Operating Costs 

U t i l i t i e s  

Refr igerat ion 

Steam 

(18OF r i s e )  Cooling Water 

E l e c t r i c i t y  

Makeup Solvent 

Tota l  U t i l i t i e s  

Maintenance 

Labor 

Tota l  Operating 

Tota l  Annual 

..1 Train 3 Trains 

Cost hased on gas produced - C / M S C ~  34.8 39.8 



competi t ive i n  t o t a l  cos t .  Reference, t o  Table 31 shows t h a t  t h e  c o s t  of t h e  
R e c t i s o l  process i s  .not h ighly  s e n s i t i v e  t o  f u e l  c o s t s ,  bu t  a change i n  t h e  
i n t e r e s t  r a t e  o r  t h e  a v a i l a b i l i t y  of cap . i t a l  would have a l a r g e  e f f e c t  on t h e  
annual c o ~  t s . 

Ddscussion of Benfield Process Economics 

The Benfield process  of t h e  Benfield Corporation uses  a chemical r e a c t a n t ,  
ho t  potassium carbonate,  and a p r o p r i e t a r y  a c t i v a t o r  d issolved i n  water. A 
modif ica t ion c a l l e d  t h e  HiPure process  uses  two so lven t s  of d i f f e r i n g  compositions. 
The investment i s  5 t o  10 percent  higher f o r  t h e  lat ter ,  bu t  t h e  steam requirement 
is  t h e  same o r  lower. The p u r i f i c a t i o n  i s  much b e t t e r ,  about 1 ppm of H2S, 
i n  some cases down t o  0 . 1  ppm. The temperature i n  t h e  absorpt ion tower 
bottoms ( t h e  h o t t e s t  p o i n t  i n  t h e  towers) must be lower than 95°C t o  prevent  
t h e  CO present  i n  c o a l  g a s i f i c a t i o n  streams from r e a c t i n g  wi th  the  a c t i v e  
potassium t o  form i n a c t i v e  potassium formate. This considerably c u t s  t h e  
advantage of a "hot" process.  The presence i n  t h e  gas of l i g h t  o i l s ,  such a s  
those  used t o  s l u r r y  t h e  c o a l  i n  t h e  Hygas process causes foaming problems. 
A s  ind ica ted  i n  Table32,  a Benfield p l a n t  i n  t h e  present  a p p l i c a t i o n  would 
c o n s i s t  of t h r e e  t r a i n s ,  each $4 t o  $6 m i l l i o n ,  wi th  an  a d d i t i o n a l  5 t o  10 pe rcen t  
f o r  HiPure. This i s  t h e . e r e c t e d  p l a n t  c o s t ,  bu t  does no t  inc lude t h e  investment 
f o r  u t i l i t i e s .  W e  have included two cases  f o r  t h e  high and low investment 
e s t ima tes  i n  T a b l e 3 2 , b u t  w e  consider  t h e  "high" case  more r e a l i s t i c .  For t h i s  
case,  t h e  f ixed  investment i s  $19.8 m i l l i o n ,  t h e  t o t a l  investment $36.7 m i l l i o n ,  
t h e  opera t ing c o s t s  $30.4 m i l l i o n  pe r  year ,  and t h e  t o t a l  annual c o s t  $37.0 
mi l l ion ,  equivalent  t o  a c o s t  of 4 2 . 3 ~  p e r  Mscf of gas produced. The c o s t s  i n  
t h e  "low" case  a r e  $12.6, $28.7, $30.0, $31.3 m i l l i o n ,  and 4 0 . 3 ~ ~  respec t ive ly .  
Reference t o  T a b l e 3 2 w i l l  show t h a t  t h e  c o s t  of steam t o  s t r i p  t h e  so lven t  i s '  
$22.3 m i l l i o n  per  year,  o r  over 60 percent  of t h e  annual c o s t .  The c o s t  of t h i s  
process i s  very s e n s i t i v e  t o  f u e l  p r i ces .  18 

Discussion of Sulfinol Process Economics 

The S u l f i n o l  process of S h e l l  O i l  combines a phys ica l  so lven t ,  t e t r a -  
hydrothiophene-1,l-dioxide (a l so  c a l l e d  s u l f o l a n e ) ,  a chemical r e a c t a n t  
(di-isopropanolamine), and water. Like phys ica l  so lven t s ,  t h i s  mixture works 
b e s t  a t  high pressure.  Like chemical r e a c t a n t s ,  i t  achieves very good a c i d  
gas removals. For our case, S h e l l  provided a u t i l i t i e s  summary and a mass 
balance on t h e  gas  stream but  no p l a n t  investment data.19 For t h e  p l a n t  
investment w e  assumed $20 mi l l ion .  2 0  A s  ind ica ted  i n  Table 33, t h e  f ixed  
investment is  $20 m i l l i o n ,  t h e  t o t a l  investment i s  $34.6 m i l l i o n ,  t h e  opera t ing 
c o s t  is $25.6 m i l l i o n  pe r  year ,  and t h e  annual  c o s t  i s  $31.8 m i l l i o n  equivalent  
t o  3 6 . 3 ~  per  Mscf of gas produced. Reference t o  Table 33 shows t h a t  s t r i p p i n g  
steam c o s t s  $16.5 m i l l i o n  per  year ,  o r  over 50 percent  of t h e  t o t a l  annual  
cos t .  The c o s t  of t h i s  process  is  very  s e n s i t i v e  t o  f u e l  p r i c e s .  



Table 32.  Economics of t h e  Benfield-HiPure Process,  Mid-1976 

1 "High" Case "Low" Case 

Investment - $ Mill ions  . - 
I : .  Normal Benfield P l a n t  

Addit ional  f o r  HiPure 

To ta l  Fixed Investment 
* 

Amortized 

Recoverable 

To ta l  Investment 

Annual Costs - $ Mill ions  

Investment 

Operating C o s t s .  

Ut i l i t i e s  

Steam 

Cooling Water 

E l e c t r i c i t y  

Makeup Solvent 

To ta l  U t i l i t i e s  

Maintenance 

' : Labor 

T o t a l  Operating 

To ta l  Annual 

Cost based on gas  produced - C / M S C ~  



Table 33. Economics of the Sulfinol Process, Mid-1976 

Investment - $,Millions 
Fixed 20.0* . 

Amortized 8.2* 

Recoverable 6.2* 

Total Investment 34.6 

Annual Costs - $ Millions 

Investment 6.2* 

Operating Costs 

Utilities 

Steam 16.5 

Cooling Water 4.3 

Electricity 3.2 

Makeup Solvent ,327 

.Total Utilities 24.3 

Maintenance 

Labor 

Total Operating 

Total Annual 

Cost based on gas produced - ~/Mscf 36.3 



Discussion.  o f  t h e  ~l u i d i z e d  Dolomite. Process- Economi.cs 

The f l u i d i z e d  dolomite process'  under development by Consolidation Coal 
Company d i f f e r s  from t h e  C02 Acceptor coal. h a s i f i c a t i o n  process i n  t h a t  t h e  H2S 
clean-up is  s e p a r a t e  from t h e  g a s i f i c a t i o n .  About 97 percent  of t h e  i n i t i a l  
H2S may be removed, f o r  example, from 0:65 percent  t o  2000 ppm. .An a d d i t i o n a l  
clean-up s t e p  i s  required  before  methanation. For removal of only t h e  H2S, a? 
ingicated  i n  Table 34, t h e  f ixed  investment is  $19.4 m i l l i o n ,  t h e  t o t a l  investment 
i s '$23.22 mi l l ion ,  t h e  opera t ing c o s t  $4.23 m i l l i o n  pe r  year ,  and t h e  annual 
c o s t  $9.17 m i l l i o n  per year ,  equivalent  t o  10.5c pe r  Mscf of gas produced. 
Although t h i s  is  a very low c o s t ,  only g ross  H2S is being removed.21 This 
process can a l s o  remove C02 j u s t  l i k e  t h e  C02 Acceptor c o a l  g a s i f i c a t i o n  process.  
However i t  is  very d i f f i c u l t  t o  e s t ima te  t h e  c o s t  f o r  t h i s  removal. Addi t ional  
equipment o r  much l a r g e r  equipment would be necessary i f  C02 removal were required  
from t h i s  process i n  a d d i t i o n  t o  H2S removal. We are unable t o  es t ima te  how l a r g e  
t h i s  a d d i t i o n a l  equipment would be o r  how much investment c o s t  t h i s  would involve.  
However i t  i s  poss ib le  t o  estimate a l a r g e  por t ion  of t h e  increased opera t ing c o s t .  
It is  c l e a r  t h a t  a  l a r g e  i n c r e a s e . i n  t h e  o p e r a t i n g . c o s t  would be  e n t a i l e d  by t h e  
hea t  needed to \ regenera te  t h e  used dolomite t h a t  has  absorbed t h e  C02. I n  l i m e -  
making k i l n s ,  t h e  n e t ' h e a t  required  i s  about 5 x l o 6  Btu/ton .CaO produced.22 I f  
t h e  regenera tor  r an  t h i s  e f f i c i e n t l y ,  t h e  cos t  of t h e  a d d i t i o n a l  hea t  required  
i n  a C02 removal system would be $26.3 m i l l i o n  per year  o r  4 0 . 6 ~  per Mscf of gas  
produced a s  shown i n  Table 34. This is a minimum cost .which does not  inc lude most 
of t h e  equipment investment o r  opera t ing c o s t s  'other  than heat .  However, t h i s  
h e a t  requirement appears t o  be t h e  l a r g e s t  opera t ing.expense  i n  t h i s  process and 
i t s  c o s t  should be very s e n s i t i v e  t o  f u e l  p r i c e s .  

Economics o f  t he  Membrane Process f o r , A c i d  Gas Removal 

The i n t e n t  of t h i s  c o s t  a n a l y s i s  was t o  determine c o s t s  of removing carbon 
dioxide  and hydrogen s u l f i d e  from a s h i f t e d  c o a l  g a s i f i c a t i o n . s t r e a m  by membranes. 
Two important membrane parameters w e r e  va r i ed  and t h e  c o s t s  determined f o r  
s e v e r a l  d i f f e r e n t  cases.  The parameters w e r e ' t h e  C02 f l u x  and t h e  C02/H2 s e l e c t i v i t y  
( a .  Early i n  this p r o j e c t  i t  was found t h a t  these  two parameters r a t h e r  
than t h e  f l u x e s  of CHI,, CO, and H2S con t ro l l ed  t h e  process  economics. 

I 

A high C02 f l u x  al lows use  of a  smal ler  membrane a r e a  and t h e r e f o r e  lower 
c o s t .  For a l l  membranes t e s t e d  t h e  H2S f l u x  was h igher  than t h e  C02 f l u x  and t h e  
CHL, and CO f luxes  w e r e  lower than t h e  H2 f l u x .  The C02/H2 separa t ion  was 
the re fo re  t h e  most d i f f i c u l t .  . A success fu l  separa t ion  of these  two would l i k e l y  
a s s u r e  the  simultaneous separa t ion  of a l l  t h e  a c i d  gases from a l l  t h e  product 
gases. A low C02/H2 s e l e c t i v i t y . w o u l d  permit a  l a r g e  amount of h y d r ~ g e n ~ t o  
escape by permeation through t h e  membrane. This r a i s e d  t h e  c o s t  i n  t h r e e  ways. 
There were two ' add i t iona l  c o s t s  f o r  recovering hydrogen. One of these  was 
t h e  g r e a t e r  investment required  f o r  t h e  l a r g e r  membrane a r e a  necessary t o  recover 
t h e  hydrogen v i a  recyc le  loops. The o the r  w a s  t h e  g r e a t e r  opera t ing c o s t  required  
t o  recompress t h e  permeate gas back t o  h igh p ressure  f o r  t h i s  recovery. A t h i r d  
a d d i t i o n a l  c o s t  was t h e  value  of t h e  hydrogen no t  recovered from t h e  l a s t  r ecyc le  



Table 34. Economics of . the  Fluidized Dolomite 
Process f o r  H2S Removal, Mid-1976* 

Investment - $ Mill ions  

Fixed 

Amortized 

Recoverable 

To ta l  Investment 

Annual Costs - $ Mill ions  

Investment 

Operating Costs 

U t T l i t i e s  

Steam 

Cooling Water 

E l e c t r i c i t y  

Makeup Absorbant 

To ta l  U t i l i t i e s  

Maintenance 

Labor 

To ta l  Operating 

To ta l  Annual 

Cost based on gas produced - ~/Mscf  10.5 

*Additional c o s t  f o r  C02 clean-up: 
. . - gross  h e a t  f o r  regenera t ing 

d o l u u i t e  (without hca t  recsvery)  . 

- n e t  hea t  f o r  regenera t ing dolomite 
(with h e a t  recovery as i n  l i m e  k i l n s )  

 possible c o s t  f o r  H2S + C02 clean-up - 
ignoring a d d i t i o n a l  investment and 
opera t ing c o s t s  

$54.3 Million.:per year . 

62.2~ p e r  Mscf of gas produced 

$26.3 Mi l l ion  per  year 
30.1C.per Mscf of gas produced 

$35.5 Mi l l ion  per year 
- 4 0 . 6 ~  per  Mscf of gas produced 



permeator i n  a t r a i n  of one o r  more recyc le  loops. I n  t h i s  s tudy no c o s t  was 
assigned t o  t h e  va lue  of t h e  hydrogen l o s t  from conventional  processes because 
t h i s  l o s s  is  very low. However t h e  c o s t s  repor ted  f o r  t h e  membrane process do 
include t h e  value  of t h e  hydrogen l o s t .  For t h e  membrane process,  c o s t  e s t ima tes  
were made using t h e  same method a s  used f o r  t h e  conventional  processes.  Costs 
a r e  repor ted  f o r  var ious  C02 f luxes ,  C02/H2 s e l e c t i v i t i e s ,  hydrogen l o s s e s ,  and 
a product gas C02 concentra t ion of 1 t o  2 percent .  

I n  t h e  membrane process t h e  va r ious  membrane u n i t s ,  which are c a l l e d  
permeators, can be combined i n  d i f f e r e n t  ways. The gas  which passes  through t h e  
membrane, mostly a c i d  gas ,  i s  c a l l e d  the  permeate. The gas which i s  re ta ined  
on t h e  h igh p ressure  s i d e  of t h e  membrane i s  c a l l e d  t h e  r e t e n t a t e .  F igure  9 
i l l u s t r a t e s  i n  a schematic t h e  flow diagram f o r  gases through a membrane process.  
I n  t h i s  f i g u r e ,  t h e  r e t e n t a t e  of t h e  f i r s t  permeator, a t  1000 ps ig ,  forms t h e  
major p a r t  of t h e  product gas. The permeate, a t  14.7 p s i a ,  i s  recompressed t o  
1000 p s i g  and is  fed i n t o  t h e  second permeator f o r  hydrogen recovery. The 
r e t e n t a t e  of t h e  second permeator i s  recycled wi th  t h e  un t rea ted  gas t o  become 
t h e  feed of t h e  f i r s t  permeator. The permeate of t h i s  second permeator may be 
fed t o  t h e  t h i r d  permeator f o r  a d d i t i o n a l  hydrogen recovery. The r e t e n t a t e  of 
t h i s  and subsequent permeators a r e  fed  forward and combined wi th  t h e  r e t e n t a t e  
of t h e  f i r s t  permeator t o  become t h e  f i n a l  product gas.  Permeate from t h e  
t h i r d  permeator is  fed i n t o  t h e  f o u r t h  permeator, and s o  f o r t h ,  u n t i l  t h e  
hydrogen content  of t h e  permeate from t h e  f i n a l  permeator i s  approximately one 
percent .  This u l t i m a t e  permeate i s  then s e n t  t o  s u l f u r  recovery,  f o r  example, 
a Claus process p lan t .  Each permeator would be smaller than t h e  previous one 
and would handle less gas. 

I n  developing c o s t  c a l c u l a t i o n s  on the  membrane process,  t h e  s e l e c t i v i t y  
of ~ a r b o n ~ d i o x i d e  r e l a t i v e  t o  hydrogen w a s  t h e  key v a r i a b l e  parameter because, 
a s  noted previously,  t h i s  s e p a r a t i o n  was t h e  most d i f f i c u l t  t o  achieve f o r  t h e  
membranes s tudied.  The s e l e c t i v i t y  r a t i o s  of H2S:C02, H2:CH4 and H2:C0 were each 
set a t  2:l .  Based on t h e  experimental d a t a  obtained i n  t h i s  program, t h i s  was a 
reasonable approximation. The second v a r i a b l e  f o r  t h e  parametr ic  s tudy of process  
economics was t h e  C02 f l u x ,  which g r e a t l y  influenced t h e  required  membrane a r e a .  
A t h i r d  parameter w a s  t h e  percent  of t h e  hydrogen o r i g i n a l l y  present  which was 
l o s t  through t h e  membrane process. The p r i c e  of hydrogen w a s  taken t o  be $2.00 
pe r  Mscf and methane t o  be  $4.00 pe r  Mscf. Most of t h e  l o s t  product gas would 
be hydrogen and very l i t t l e  would be  methane. 

The f i r s t  s t e p  in t h e  economic a n a l y s i s ,  once t h e  C02 f l u x  and c02/H2 
s e l e c t i v i t y  were set, was t o  perform a m a s s  balance on each permeator and on t h e  
complete system. Calcula t ion of t h e  mass balance of a permeator was accomplished 
by using a computer program previously developed a t  North S t a r .  This program, 
c a l l e d  NGASLAM, assumed no a x i a l  mixing on each s i d e  of t h e  membrane. This 
assumption would be c o r r e c t  f o r  a very  l a r g e  permeator and n e a r l y  c o r r e c t  f o r  
a series of small, completely mixed permeators. 

I f  t h e  concentra t ions  en te r ing  t h e  permeator w e r e  known t h e  program - 

P 
ca lcu la ted ,  by means of a numerical i n t e g r a t i o n  technique,  compositions on 
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both s i d e s  of t h e  membrane and the  percentage of t h e  feed appearing i n  t h e  
permeate a t  incremental  a r e a  values .  The c a l c u l a t i o n  proceeded u n t i l  a 
des i red  concentra t ion of a s p e c i f i c  component i n  t h e  r e t e n t a t e  o r  permeate was 
reached. A t  t h i s  po in t ,  t h e  computer program generated t h e  volumes and mole 
f r a c t i o n s  of gases i n  t h e  permeate and r e t e n t a t e .  

The gas feed t o  be t r e a t e d  by t h e  membrane process was assumed t o  have t h e  
composition s t a t e d  as a "standard case" a t  t h e  beginning of t h i s  sec t ion .  However, 
because of t h e  recyc le  of an unknown amount and composition of gas from the  f i r s t  
r ecyc le  permeator {see Figure 9), t h e  exact  composition of t h e  feed gas e n t e r i n g  
t h e  f i r s t  permeator would no t  be  known. It would c o n s i s t  of a blend of t h e  raw 
feed and t h e  recyc le  feed. Therefore, a n . i t e r a t . i o n  procedure must be  used f o r  t h e  : 
f i r s t  and second permeators i n  t h e s e  ca lcu la t ions .  The amount of t h e  recyc le  
and i t s  composition was assumed. The carbon dioxide  content  of t h e  recyc le  stream 

' w a s  set a t  27 percent  i n  a l l  cases.  This w a s  t h e  same l e v e l  a s  the  carbon d iox ide  
content  of t h e  i n i t i a l  feed.  A new feed composition was then ca lcu la ted  and t h e  
program run f o r  t h e  f i r s t  two permeators. The feed composition was next  ca lcu la ted  
using t h e  values  f o r  t h e  recyc le  stream generated by t h e  program. I f  each 
component content  was wi th in  one percent  of t h e  feed l e v e l s  i n  t h e  previous 
i t e r a t i o n ,  then t h e  i t e r a t i o n  procedure was terminated. Otherwise, another 
feed composition was determined and t h e  procedure repeated.  Calcula t ion of t h e  
mass balances f o r  t h e  o the r  permeators w a s  s impler  because of t h e  feed forward 
system employed i n  those  subsequent permeators. 

The c o s t s  of' t h e  process  can be determined. from t h e  membrane a r e a ,  t h e  gas  
volume t o  be recompressed, and t h e  l o s s  of hydrogen and-methane. . The i n s t a l l e d  
permeator c o s t  was taken t o  be $8.50 per square f o o t  and membrane replacement 
a s  $4.00 per square  f o o t  wi th  a one-year s e r v i c e  l i f e .  23 .Of course,  i t  w a s  . . . 

' 

impossible t o  p r e d i c t  an exact  s e r v i c e  l i f e  without  f i e l d  tests. Compressor 
i n s t a l l a t i o n  c o s t  w a s  ca lcu la ted  from l i t e r a t u r e  da ta .  24 9 The amortized 
investment was t h e  same a s  f o r  t h e  o t h e r  processes.  Recoverable investment, o r  
working c a p i t a l ,  was taken t o  be t h r e e  months of l abor  and u t i l i t i e s  p l u s  
replacement .of t h e  membranes. Labor c o s t s  w e r e . s e t  a t  $0.16 MM per  year.  The 
c o s t  of u t i l i t i e s  was t h e  same a s  f o r  t h e  o t h e r  processes.  The u t i l i t i e s  f o r  
t h e  membrane process  consis ted  of e l e c t r i c i t y  t o  power t h e  compressors and 
cool ing water f o r  i n t e r s t a g e  c o o l i n g ' o f  t h e  mul t i s t age  compressors. The 
horsepower required  f o r  compression was ca lcu la ted  for- an i d e a l  gas mixture 
undergoing a six s t a g e  a d i a b a t i c  compression ifrom 14.7 p s i a  t o  1014.7 ps ia .  25 ,27  
It was assumed t h a t  gas mixtures of t h e s e .  compositions would not  depar t  g r e a t l y  
from i d e a l i t y  a t  these  al though t h e  ind iv idua l  gases do. 28 

A sample c o s t  c a l c u l a t i o n  i s  presented i n  Table 35 f o r  t h e  case  where t h e .  
C O * / H ~  s e l e c t i v i t y  r a t i o  (a) is  15,  t h e  carbon dioxide  f l u x  i s  7.5 f t 3 / f  i2-hr- 
100 p s i  and t h e  hydrogen l o s s  i s  3.5 percent .  This case ,  which represen t s  t h e  
maximum f l u x  obtained w i t h  methylcel lu lose  membranes a t  t h e  maximum t h e o r e t i c a l  
separa t ion  r a t e  a t  room temperature, l ed  t o  a p u r i f i c a t i o n  c o s t  of 34~/Mscf .  



Table 35. Sample Calcula t ion of t h e  Economics 
of a Membrane Process ,  Mid-1976. 

Membrane Case: CO,/H, S e l e c t i v i t y ,  a = 15 
L L 

C02 f l u x  = 7.5 f t 3 / f t 2 -  hr-100 p s i  

hydrogen loss  = 3.5% 

Investment - $ Mill ions  

2 permeators 

1 compressor 

Fixed 

Amortized 

Recoverable . , 

Tota l  Investment 

Annual Costs - $ Mi.llions 

~nves tment  

Operating Costs 

Ut i l i t i es  

Cooling Water 

E l e c t r i c i t y  

To ta l  U t i l i t i e s  

Labor 

Replacement of Membranes 

G a s  l o s t  

' rota1 Operarlng 

Tnta l  Annual. I 

Cost based on gas produced - ~ / M s c f  



Severa l  cases  with var ious  s e l e c t i v i t i e s ,  C02 f l u x e s ,  and hydrogen l o s s e s  
were considered. Information from t h e  cases  s tud ied  was p l o t t e d  and i s  shown 
i n  Figure  10. The inverse  of t h e  f l u x  was chosen f o r  t h e  o r d i n a t e  because f l u x  
w a s  inverse ly  p ropor t iona l  t o  t h e  a r e a  which i s  d i r e c t l y  p ropor t iona l  t o  cos t .  
The c o s t  is  shown i n  ~ /Mscf  without r epor t ing  the  investment o r  opera t ing c o s t s  
separa te ly .  The s t r a i g h t  l i n e  r e l a t i o n s h i p  between c o s t  and the  i n v e r s e  of f l u x  
was i n d i c a t i v e  of the  f a c t  t h a t  a change i n  C02 f l u x  caused a change only  i n  t h e  
required  membrane a rea ,  no t  a change i n  compression cos t s .  The cos t  a x i s  corresponded 
t o  i n f i n i t e  f l u x  o r  no membrane area investment c o s t s .  On t h i s  a x i s  t h e  c o s t s  w e r e  
wholly a t t r i b u t a b l e  t o  t h e  s e l e c t i v i t y  r a t h e r  than t h e  C02 f l u x .  A t  low s e l e c t i v i t y  
t h e  c o s t s  were high even a t  i n f i n i t e  f lux .  There were s e v e r a l  groups of c o s t  l i n e s  
generated i n  t h i s  parametric economic ana lys i s .  Each group represented t h e  c o s t  
e f f e c t s  of a  s p e c i f i c  s e l e c t i v i t y .  Each l i n e  wi th in  t h e  p a r t i c u l a r  group 
represented the  c o s t  of a  membrane system having a p a r t i c u l a r  C02/H2 s e l e c t i v i t y  
and a p a r t i c u l a r  hydrogen loss .  The hydrogen l o s s  could be  lowered by recovering 
hydrogen through a d d i t i o n a l  permeators. The investment c o s t  f o r  a d d i t i o n  permeators 
and compressors and t h e  opera t ing c o s t  f o r  a d d i t i o n a l  compression eventual ly  
would become higher than t h e  va lue  of t h e  recovered hydrogen. The opera t ing c o s t  
would reach a minimum a t  a  s p e c i f i c  percentage of hydrogen l o s t  f o r  any p a r t i c u l a r  
C02 f l u x  and s e l e c t i v i t y .  This is  shown i n  Figure 11. Figure  11 a l s o  shows t h a t  
t h e  minimum cos t  occurred a t  lower degrees of hydrogen l o s s  when t h e  co2/H2 
s e l e c t i v i t y  w a s  r a i sed .  A 1 1  of t h e  l i n e s  shown i n  Figure 10 w e r e  near  the  
minimum c o s t  f o r  t h e  p a r t i c u l a r  C02/H2 separa t ion  r a t i o .  

In-examining t h e ' d a t a  i n  Figure  10,  it' was apparent  t h a t  membranes developed 
i n  t h i s  .program were uneconomic. To achieve a treatment c o s t  of 40$/Mscf, a  
membrane wi th  -a' s e l e c t i v i t y  of 10 had t o  e x h i b i t  a C02 f l u x  in '  excess of 
10 f  t3/ft2-hr-100 p s i .  S imi la r ly ,  membranes wi th  a C 0 2  f l u x  of only 5 f t 3 / f  t2-hr- 
100 p s i  were required  t o  e x h i b i t  a  s e l e c t i v i t y  of 15  ( t h e  t h e o r e t i c a l  max'imum 
a t  room temperature).  

Actually,  t h e  membrane process economics had t o . b e  b e t t e r  than t h i s  l e v e l  
(40~/Mscf)  f o r  two reasons. F i r s t ,  a d d i t i o n a l  s u l f u r  cleanup c o s t s  would be 
required  because of Ll~e HzS r e s i d u a l ,  Data on t h e  adrli.tiona1 s u l f u r  removal 
c o s t s  are presented i n  the  next  subsection.  Second, a  p o t e n t i a l  c o s t  advantage 
must be shown by t h e  membrane process t o  j u s t i f y . i t s  development. The membrane 
process d id  no t  demonstrate a p o t e n t i a l  c o s t  advantage i n  t h i s  app l i ca t ion .  
However, a s  noted before ,  r e l a t i v e l y  cheaper membranes, r e l e a t i v e l y  cheaper 
e l e c t r c i t y ,  less s t r i n g e n t  s u l f u r  requirements,  o r  d i f f e r e n t  compositions o r  
p ressures  might make t h e  membrane process  cheaper than conventional  processes 
and j u s t i f y '  i t s  development. 

Discussion oF_Residual Sulfur Removal Economics 

The var ious  processes previously  discussed can no t  c o n s i s t e n t l y  achieve 
t h e  low s u l f u r  levels required  t o  prevent  s u l f u r  poisoning of t h e  methanation 
c a t a l  st.  The R e c t i s o l  and Benfield HiPure processes  can a t t a i n  1 ppm H2S o r  
l e s s .  l a  The S u l f i n o l  process can a t t a i n  4 ppm H2S i n  t h i s  app l i ca t ion .  l9 



Figure 10. Mid-1976 Membrane Process Costs as a Function 
' . of Mczmhrane Select ivity and Flux 
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The f l u i d i z e d  dolomite process should r e s u l t  i n  about 600 t o  700 pprn r e s i d u a l  
H2S content.21 Our membrane c a l c u l a t i o n s  showed 'that 50 pprn H2S o r  less 
cou ld .be  a t t a i n e d  whenever t h e  r e s i d u a l  C02 content  was reduced t o  one t o  two 
percent  by membrane processing. According t o  an i n d u s t r i a l  source,  an H2S 
concentra t ion of 0.02 t o  0.2 pprn was low enough t o  a s s u r e  a l i f e t i m e  of two 
t o  t h r e e  yea rs  f o r  t h e  methanation c a t a l y s t .  'For t h i s  s tudy w e  assumed t h a t ,  
0.1 pprn of H2S was s u i t a b l e  f o r  methanation. Absorption of r e s i d u a l  H2S 
such a s  by z inc  oxide was required  t o  a t t a i n  t h i s  l e v e l .  

The c o s t s  of t r e a t i n g  gases conta in ing 50 ppm, 4 ppm, and 1 pprn H2S with 
z i n c  oxide a r e  shown i n  Table 36. The c o s t s  f o r  600 t o  700 pprn H2S w e r e  not  
ca lcu la ted  but  would be much higher than any of those  shown i n  t h e  t ab le .  The 
c o s t  based on t h e  amount of gas produced is about 1 / 3  cen t  pe r  Mscf a t  t h e  1 pprn 
l e v e l  and about 112 cent  per  Mscf a t  t h e  4 pprn l e v e l .  These a r e  i n s i g n i f i c a n t  
a d d i t i o n s  t o  t h e ' c o s t s  of t h e  scrubbing processes.  The c o s t  a t  t h e  50 pprn l e v e l  
( i . e . ,  f o r  membranes) i s  3.34 cen t s  per Mscf, a s i g n i f i c a n t  a d d f t i o n a l  cos t .  
I n  t h i s  case  t h e  f ixed investment is  $1.8 mi l l ion ,  t h e  t o t a l  investment $3.1 
mi l l ion ,  t h e  opera t ing c o s t  $2.3 m i l l i o n  per  year ,  and t h e  t o t a l  annual c o s t  
$2.9 mi l l ion .  Over 70 percent  of t h e  annual c o s t  i s  f o r  r ep lac ing  t h e  spent  
z inc  oxide absorbent. 

Discussion of Guard Chamber Economics 

Because t h e  methanation c a t a l y s t  is  very s u s c e p t i b l e  t o  poisoning by 
s u l f u r  and i s  very expensive t o  rep lace ,  it  must be p ro tec ted  from process  
upse t s  upstream. The s imples t  way t o  p r o t e c t  t h i s  c a t a l y s t  has  been through 
use  of a "guard chamber" of z inc  oxide which absorbs hydrogen s u l f i d e .  Costs 
w e r e  obtained f o r  a p a i r  of guard chambers, each capable of p r o t e c t i n g  a g a i n s t  
one percent  H2S f o r  one day, and a r e  shown i n  Table 37. The f ixed  investment 
was $5.1 m i l l i o n ,  t h e  t o t a l  investment, $5.8 m i l l i o n ,  and t h e  opera t ing c o s t ,  
$0.36 m i l l i o n  per year. The t o t a l  annual c o s t  was $1.3 m i l l i o n ,  equivalent  t o  
1.5 cen t s  pe r  Mscf of gas  produced. The investment c o s t  accounted f o r  almost 
75 percent  of t h e  annual cos t .  I n  t h i s  c a l c u l a t i o n  t h e  c o s t  of t h e  replacement 
of t h e  spent  z i n c  oxide absorbent  was no t  included.  It w a s  no t  known how 
o f t e n  such an  inc iden t  would occur, b u t  i t  should be  in f requen t  i n  a w e l l -  
operated p lan t .  However, replac ing a l l  t h e  z i n c  oxide  i n  one of t h e  guard 
chambers would r e s u l t  i n  an.operat ing c o s t  of $1.2 mi l l ion .  I f  t h i s  happened 
only once a year t h e  c o s t  would be 1.4 c e n t s  pe r  Mscf of gas  produced. 

Discussion of Claus Process Economics 

There a r e  o t h e r  processes n e c e s s a r i l y  r e l a t e d  t o  a c i d  gas clean-up, such 
as sulfur removal and s u l f u r  recovery. Of these  processes  t h e  only one f o r  
which w e  have c o s t  d a t a  is  a l iquid-phase Claus process f o r  s u l f u r  recovery. 
I n  t h i s  process ,  p a r t  of an H2S stream i s  oxidized t o  S02. Then t h e  H2S and 
SO2 a r e  reac ted  t o  make s u l f u r  and steam. I n  our s tandard  case,  about 700 long 
tons  per day w e r e  recovered. The recovered s u l f u r  may be so ld ,  but  w e  have 
no t  included t h i s  c r e d i t  i n  our c o s t .  W e  converted t h e  published c o s t s  f o r  



Table 36. Economics of Res idual  S u l f u r  Removal 
w i t h  Zinc Oxide, Mid-1976 

50 ppm H 2 s  4 ppm H S 1 ppm H 2 g  
2- - 

Investment - $ Mil l ions  

Fixed 

Amortized 

Recoverable 

T o t a l  Investment 

Annual Costs - $ Mil l ions  

Investment 0.645 0.133 0.059 

Operat ing Costs  

Makeys Absorbant ' 2.08 0.161 0.037 

_Maintenance 0.09 0.025 0.012 

Lab o r  0 . 1  0 ..I , 0 .1  

T o t a l  o p e r a t i n g  ' 2 ..28 0.286 0.208 

T o t a l  Investment 2.92 0.419 0.267 

Cost based .  on gas produced - ~ / M s c f  3.34 0.48 



Table 37. Economics of a Guard Chamber for 
Final Sulfur Removal, Mid-1976 

Investment - . $  Millions 

Vessels 2.75 

Absorbant 2.39 

Total Fixed Investment 5.14 

Amortized 0.539 

Recoverable 0.089 

Total Investment 5.77 

Annual Costs - $ Millions 

Investment 

Operating Costs 

utilities 

Maintenance 

Labor 

T,otal Operating / 

Total Annual 

Cost based on gas produced, ~/Mscf 

*Additional operating cost each time the zinc oxide in one of the 
two guard chambers has to be replaced is $1..2 million or 1.37$/Mscf 
of gas produced. 



a liquid-phase Claus process (under development by Consolidation Coal Company) 
t o  our own bas i s .  The r e s u l t i n g  investment and c o s t s  a r e  i n  Table 38. These 
c o s t s  inc lude clean-up of t h e  Claus t a i l  gas.  The f ixed  investment w a s  $11.4 
mi l l ion ,  t h e  t o t a l  investment, $13.4 m i l l i o n ,  and t h e  opera t ing  c o s t ,  $1.94 
m i l l i o n  per  year. The t o t a l  annual cos t  was $4.24 m i l l i o n ,  equivalent  t o  
4 . 8 4 ~  per  Mscf of gas produced. The charges on investment were $2.3 m i l l i o n  
p e r  year ,  o r  54 percent  of the  t o t a l  annual charges. The c o s t s  of t h i s  process  
were t h e r e f o r e  s e n s i t i v e  p r imar i ly  t o  t h e  i n t e i e s t  rate and t h e  a v a i l a b i l i t y  
of c a p i t a l .  21 

Summary Comparison of Overall Gas Clean-Up Economics 

Each of t h e  ac id  gas clean-up processes considered i n  t h i s  r e p o r t  required  
a d d i t i o n a l  s u l f u r  clean-up, a guard chamber, and a Claus p l a n t  f o r  recovering 
s u l f u r .  These a d d i t i o n a l  c o s t s  w e r e  ca lcu la ted  i n  t h e ' p r e v i o u s  s e c t i o n s  and 
w e r e  added t o  t h e  base  c o s t s  f o r  ac id  gas removal from the  raw SNG. The r e s u l t s  
a r e  presented i n  Table 39. When t h e  a d d i t i o n a l  c o s t s  w e r e  added t o  t h e  c o s t s  
of t h e  Rec t i so l ,  Benfield,  S u l f i n o l ,  and f lu id ized.do1omite  processes t h e  t o t a l  
c o s t s  ranged from 43 t o  49c/Mscf. For t h e  membrane process  t h e  a d d i t i o n a l  s u l f u r  
removal c o s t s  w e r e  about 3.3$/Mscf t o  be added t o  t h e  base c o s t s  f o r  a c i d  gas 
removal. The b e s t  membrane composition found d,uring t h i s  rogram, one which i exh ib i t ed  a C02/H2 s e l e c t i v i t y  of 1 3  a t  a C02 f l u x  of 6 f t  /ft2-hr-100 p s i ,  
would e n t a i l  a process c o s t  of about 53dMscf wi th  these  add i t ions .  This is  
about 7$/Mscf more than f o r  the  average of t h e  o t h e r  processes.  

No b e t t e r  membrane performance i s  pred ic ted  on t h e . b a s i s  of t h e  experiments 
performed during t h i s  p ro jec t .  Without a s h i f t - i n  s e v e r a l  c o s t  f a c t o r s ,  
membranes cannot be competi t ive i n  l a r g e  s c a l e  a c i d  gas.remova1 from c o a l  
g a s i f i c a t i o n  streams. These c o s t  f a c t o r s  whose s h i f t  could l ead  t o  an  economical 
membrane process have been enumerated previously.  The p o s s i b i l i t y  t h a t  reduced 
energy a v a i l a b i l i t y  could lead t o  such s h i f t s  should not  be  discounted bu t  
are no t  foreseen i n  t h e  near  fu tu re .  



Table  38. Economics of Liquid  Phase Claus, P roces s  
(Consol ida t ion  Coal Company), Mid-1976 

Investment - $ M i l l i o n s  

Fixed 

Amortized 

Recoverable 

T o t a l  Investment  

Annual Costs  - $ M i l l i o n s  

Investment  

Opera t ing  Cos ts  

U t i l i t i e s  

E l e c t r i c i t y  

Cooling Water 

B o i l e r  Feed Q u a l i t y  Water 

T o t a l  U t i l i t i e s  

Maintenance 

Labor 

T o t a l  Opera t ing  

To caf Anrlual 

Cost based on gas produced - ~ / M s c f  



Main Process 

Final S 

Guard 

Claus 

Table 39. Comparison of Overall Mid-1976 Costs for 
Several Acid Gas Clean-Up,Processes 

# 

Rectisol Benf ield Sulf in01 Dolomite ' Membrane 
(3 trains) (High Case) (a = 13, C02 flux = 6) 

TOTAL 



REFERENCES 

J. E. Cadot te ,  K. E. Cobian, R. H. F o r e s t e r ,  and R. J. Pe te r sen ,  Continued 
EvaZuation of In Situ-Formed Condensation PoZymers for Reverse Osmosis 
Membranes, Report OWRT/S-76/40, 1976. 

w. J. Ward 111, Inmobilized Liquid Membranes for Continuous C&bon Diodde 
Removal, Report AMRL-TR-67-53, 1967. 

R i l ey ,  R. L., R. L. Fox, C. k Lyons, C. E. Mi ls tead ,  M. W. Seroy,  and 
M. Tagmai, " S p i r a l  Wound Poly- (~ ther /Amide)  Thin F i lm Composite Membrane 
System, " ~esazinat ion,  19 ,  Ses s ion  #2, pp 113-126, 1976. 

W. J. S c h e l l ,  p r i v a t e  communication. 

J. Brandrup and E. H. Immergut, Polymer Handbook, I n t e r s c i e n c e ,  New 
York, 1966, Page 111-68 (Table 111-D). 

Yasuda, E . ,  March, H.E., and T s a i ,  J. "P repa ra t ion  .of Composite. Reverse 
osmosis Membranes by Plasma Polymerizat ion" J. A p p l .  Pol. Sci. 19., 
2157 (1975). 

B e l l ,  A. T . ,  Wydeven, T., and Johnson, D.C . ,  "A Study of t h e  Performance 
and Chemical C h a r a c t e r i s t i c s  of Composite Reverse Osmosis Membranes 
Prepared by Plasma Polymer iza t ion  of  ~ l l ~ l d n e . "  J. AppZ. Pol. S c i .  19, 
1911 (1975). 

 andb book' of Chemistry and Physics, 43rd E d i t i o n ,  Chemical Rubber Publ.  Co. , 
Cleveland,  Ohio, 1962. 

Pernj's ChcmicaZ Engineers' Handbook, 4 t h  Ed i t i on ,  M c G r a w - H i l l ,  New York, 
1963, pp. 14-22 and 14-23 (Table 14-47). 

10. Pen?y ' s  ChcmioaZ Eraginesrs ' Hm,&ook, 4 t h  E d i t i o n ,  McGraw-Hill, New York, 
1963, pp. 14-4 and 14-5 (Tables  14-7, 14-8, and 14-18). 

11. Handbook of Chemistry and Physics, 40 th  E d i t i o n ,  Chemical Rubber Publ .  
Co., Cleveland, Ohio, 1959, p. 1706. 

12. Wiebe, R., and Gaddy, V. L., J. Amer. Chem. Soc., 61, 315 (1939). 
t 

13. Goodman, J. B. ,  and Krase, N . ,  Ind. Eng. Chem., 23, 401 (1931). 

A4. F r o l i c h ,  P.K., Tauch, E.J. ,  Hogan, J.J., and Peer ,  A. A., Ind. Eng. Chem., 
23, 548 (1931). 

15.  Perry's ChemicaZ Engineers' Handbook, 4 t h  E d i t i o n ,  McGraw-Hill, New York, 
1963, pp. 14-25 and 14-26 (Table 14-51). 



16. Perry's Chemical Engineers' Handbook, 4 t h  E d i t i o n ,  M c G r a w - H i l l ,  New York, 
1963, page 3-201 (Table 3-267). . 

17.  The f i x e d  inves tment  and o t h e r  i n fo rma t ion  on R e c t i s o l  s u p p l i e d  by Lotepro 
Corporat ion.  The u t i l i t i e s  are s c a l e d  up from "Gas Process ing   andb book," 
Hydrocarbon Processing, A p r i l  1975, p. 93. 

18. Most of t h e  informat ion  on t h e  Benf i e ld  P roces s  s u p p l i e d  by B e n f i e l d  
Corporat ion.  The informat ion  on HiPure is  from H. E. Benson and R. W. 
P a r r i s h ,  "HiPure Process  Removes C02 :H2S ," Hydrocarbon Processing, 
A p r i l  1974, pp. 81-82. 

19. Informat ion  on S u l f i n o l  o p e r a t i n g  c o s t s  s u p p l i e d  by S h e l l  O i l  Company. 

20. Th i s  i s  s l i g h t l y  more than  t h e  c o s t  of an  "amine" p l a n t  of  t h e  same 
c a p a c i t y  as g iven  by W. L. Nelson, "A Look a t  S u l f u r .  Recovery Cos ts '  ," 
O i l  and Gas JourmaZ, March 18 ,  1974, pp. 120-124 as c o r r e c t e d  f o r  
i n f l a t i o n  by t h e  method of A lbe r t  C. Savoy, "Ef fec t s  of I n f l a t i o n  and 

. E s c a l a t i o n  on P l a n t  Costs  ,I1  Chemical Engineering, J u l y  7, 1975, pp. 78-.80. 

21. These f i g u r e s  a r e  s c a l e d  from G. P. Curran, J. T. Clancey, B. Pasek; 
M . - P e l l ,  G. D. Rut ledge,  and E. Gorin,  Production o f  Clean Fuel Gas from 
Bituminous Coal, EPA-65012-73-049, December 19 73. 

22. F l o r i a n  Schwarzkopf, Lime Bwning TechnoZogy, Kennedy Van Saun Corpora t ion ,  
Danv i l l e ,  Pennsylvania ,  1974. 

23. Lawrence, R. W. and W. J. S c h e l l ,  Membrane Applications t o  CoaZ Conwersion 
Processes, prepared  f o r  U.S. ERDA under  Cont rac t  No. E(49-18)-2000 by 
Envi rogenics  Systems Company, E l  Monte, C a l i f o r n i a  (May 1976).  

24. Dryden, C.E., and R. H. Furlow,.ChemicaZ Engineering Costs, Ohio S t a t e  
Un ive r s i t y ;  Columbus, Ohio (1966).  

25. P e t e r s ,  M. S. and K. D. Timmerhaus, Plant Design and Economics for ChemicaZ 
Engineezs, McGraw-Hill (1968). 

26. Smith, J. M. and H. C. VanNess, Introduction t o  CheKcaZ Engineering 
Themodymunics, McGraw-Hill (1959). 

2 7. Perry ' s  &emicaZ- Engineers ' Handbook, 4 t h  E d i t i o n ,  - McGraw-Hill , New York , 
1963, pp. 6-15 to..6-19  a able 6-1). 

28. Ibid,  pp. 9-10 and 9-11. 



APPENDIX A 

Table, A-1 . L i s t  o f  Raw M a t e r i a l s  and Supp l ie rs  



Table A-1. List of Raw Materials and supp'liers 

1. Polymers 

Supplier 

synthesized 

synthesized 

synthesized 

Celanese ~esi6s 

Hercules, Incorporated 

. synthesized 

Eastman Chemical 
Products Inc . 
synthesized 

The Dow Chemical 
Company 

Hercules, Incorporated 

Hercules, Incorporated 

The Dow Chemical 
Company 

GAF Corporation 

Fisher Scientific 
Company 

The Dow Chemical 
Company 

Raw Material 

~crylamide-methylene 
bisacrylamide copolymer 

Acrylamide-vinyl acetate 
copolymer 

.Acrylamide-vinyl pyrrolidone 
copolymer 

Aromatic amine resin ' .  

Carboxymethyl hydxoxyethyl 
cellulose 

Cellulose 

Cellulose acetate . 

cellulose triacetate ' 

Epiamine resin 

Ethyl cellulose 

Ethyl hydroxymethyl 
cellulose 

\ '  

Hydroxypropyl methyl- 
cellulose 

Maleic anhydride-methyl 
vinyl ether copolymer 

Methyl cellulose 
(15 cps, 100 cps, 
4000 cps) 

Methylcellulose 

Trade Name 
:... .. . :.I . .: 

--- 

--- 

--- 

. ; . . .  Epicure 8494 

CMHEC 

--- 

E 398-10 and 
E 360-60 

--- 

XD 8278.1 

G 5 0  

EHEC-75H 

Methocel J5MS and 
F 50 

Gantrez AN-119 

--- 

Methocel A15 



Table A-1. L i s t  of Raw Mater ia ls  and Suppl iers  
(continued) 

1. Po1yme.r~ (continued) 

Supplier  

synthesized 

synthesized 

Rohm and Haas Company 

synthesized 

General E l e c t r i c  
Company 

The Dow Chemical 
Company 

Union Carbide Corp. 

synthesized 

American Membrane 
Company 

synthesized 

Union Carbide Corp. 

Air Products  and 
Chemicals, Inc .  

Borden Chemical 
Company 

synthesized 

B. F. Goodrich 
Chemical Company 

Raw Mate r ia l  

Methylcel lulose a c e t a t e  

Polyacrylamide 

Po lyacry l i c  ester emulsion 

P o l y a c r y l o n i t r i l e  

Polycarbonate 

Polyethylenimine (PEI) 

Polyethylene oxide 

Poly(ethy1ene oxide)(e thylene  
t e reph tha la te )  block 
copolymer 

Polyethylene oxide poly- 
carbonate block copolymer 
d i a l y s i s  membrane 

Polyethyl  methacrylate 

Polysulfone 

Polyvinyl  a c e t a t e  

Polyvinyl  a lcohol  

Polyvinyl  formal 

Sel f  -cross l inking 
v i n y l  polymer 

Trade Name  

-- - 
--- 

Rhoplex AG33 

--- 

Lexan 112 

Tydex 12 I 

Carbowax 20M 

--- 

--- 

--- 

P-3500 

Vinac B-100 

Lemol 5-88 

--- 

Carboset 525 



Table A-1. L i s t  of Raw Mate r i a l s  and Suppl iers  
(continued) 

1. Polymers (continued) 

S i l i c o n e  adhesive 

Raw Mate r i a l s  

-Sulfonated polysulfone 

Vinyl pyrrol idone-vinyl  
a c e t a t e  copolymer 

Trade N a m e  

RTV-10 8 

--- 
PVP-VA S-630 

Suppl ier  

I General E l e c t r i c  Co. 

synthes ized 

GAF Corporat ion 

2. Support Films 

Suppl ier  

Celanese 
. . 

Gelman Instrument 
C omp any 

. Envirogenics, Inc .  

Osmonics, Inc .  

UOP 

Osmonics, Inc.  

Abcor 

Raw Mate r i a l s  

Microporous polypropylene 
suppor t  f i l m  

P o l y a c r y l o n i t r i l e  support  
f i l m  

Polysulfone suppor t  on 
s a i l c l o t h  

Polysulfone suppor t  on 
s a i l c l o t h  

Polysulfone support  on 
s a i l c l o t h  

Polysulfone suppor t  on 
non-woven f a b r i c  

U l t r a f i l t r a t i o n  membrane 

Trade Name 

Celgard 2400 

Acropor AN 450 

--- 

--- 

--- 

--- 

--- 
-- - 



Table A-1. L i s t  'of Raw Mater ia ls  arid Suppl iers  
(continued) 

3. Adhesion Promotors and Wetting Agents 

Raw Mate r ia l s  

Beta 3,4 (epoxycyclohexyl) 
e thyl t r imethoxysi lane  

Gamma aminopropyltrimethoxy- 
s i l a n e  

S i l i cone  gum-rubber with v i n y l  
groups curable  by peroxides 

S i l i cone  p ressure  s e n s i t i v e  
adhesive 

Trade Name 

A-186 s i l a n e  

A-1100 s i l a n e  

W-984 s i l i c o n e  

282 Adhesive 

Suppl ier  

Union Carbide Corp. 

Union Carbide Corp. 

Union Carbide Corp. 

Dow Corning Corp. 



APPENDIX B 

Table B-1. NGASLAM Computer Program 
Table B-2. MEMPER Computer Program 



Table B-1. NGASLAM Computer Program 

NGASLAM c a l c u l a t e s  the  membrane a r e a s  required  t o  perform 
s p e c i f i e d  separa t ions .  



t LAM 
o l m  Y < ~ O ) , X ( ~ ~ ) , W ~ ~ ~ ) , Z ~ ~ O ~ ~ ) , Q ( ~ O ~ , A ~ ~ O ~ , ~ ~ ~ O ~ , C ~ ~ O ~ , N ~ ~ ~ ~ D ~ ~ O ~  
PRINT ' INPUT ALL  PARAMETERS I N  CONSISTENT UNITS. '  
PR l NT 
P R l N T  ' INPUT NUMBE3 OF GAS CONSTITUENT5 ( L I M I T  = 1 9 ) ' j  
INPUT N 
PRINT 
PRINT ' INPUT HIGH PRESSURE, LOW PRESSURE I N  ABSOLUTE UNITS1; 
INPUT P1,P2 
PRINT 
PRINT ' INPUT 1NIT I .AL  MOLE OR VOLUME FRACTION AND PERHEABI L I T Y  FOR EACH CONSTITUENT. ' 
PRINT 

2 1 0  s=o 
2 2 0  FOR I s 1  TO N 
2 3 0  PRINT 'CONSTITUENT ';I;' i 
2 4 0  INP@T YCI) ,Q( I )  

C 2 5 0  S = S + Y C I )  
2 6 0  NEXT I 

i 2 7 0  I F  5< .99999  THEN 3 0 0  
2 8 0  I F  5 > 1 . 0 0 0 0 1  THEN 3 0 0  
2 9 0  GO TO 3 2 0  
300  PRINT 'SUM OF MOLE OR VOLUME FRACTION'S = ' ; S j '  ,WHICH SHOULD BE 1. RE-ENTER SETS,'OF VALUES.' 

i. 310  GO TO 2 0 0  
. .. 3 2 0  'PRINT 

( 
3 3 0  PRINT 'USE PROGRAtq INTEGRATION INCREMENT <Y OR N I 1 j  
3 4 0  INPUT A$ 
3 5 0  I F  A $ g 1 Y '  THEN 3 9 0  
3 6 0  D = l E - 4  

(1 : 3 7 0  PRINT 'PROGRAM AREA I M C R E M E N T ~ ~ E - 4 ,  W I L L  BE USED.' 
380  GO TO 4 1 0  
$90 PRINT ' INPUT INTEGRATION INCREMENT1; 

( lu 0 0  I N P U T D  
1110 PRII\IT 
4 2 0  PRINT ' INPUT HOW OFTEN TO PRlNT RESULTS1j 

(. 430  INPUT M 
4 4 0  FOR I=1 TO N 

(' 
450  cc  e > = P ~ : ~ Q (  r > 
4 6 0  B(1  )=P2"Q(I 
4 7 0  A ( I ) = C ( I ) - B < I )  
4 8 0  NEXT I 

i: 4 9 0  A=O !AREA 
5 0 0   NO=^ !OLD VALUE OF DIMENSIONLESS FLOW RATE ABOVE MEMBRANE 
5 1 0  FOR 1 = 1  TO N 

I 5 2 0  W < I ) = Y < I )  
5 3 0  NEXT I 
5 4 0  : DN/DA AREA N 1 

! 5 5 0  : # # . # # t i ! ! ! !  #.Y##!!!l U.##Y!!!! 
5 6 0  : 1.#t1#!!1! 

(. 



600 PRINI 
610 PRINT USING 540; 
620 FOR I = ?  TO N 
630 PRINT VSING 570, Ii 
640 NEXT I 
650 PRINT 
660 FOR K l = l  TO M 
670 GO=O 
680 FOR I=1 TO N 
690 D(I)=C<I>;:W(~) 
700 GOZGO-D(1) ! I N I T I A L  GUESS FOR G 

740 FOR 1=1 TO N 
750 Z( I , l I=<A(  I >+Gl);:Gl::W( I )i:D/(NOJc(B( I )-Gl:b) 
760 NEXT 1 
770 FOR L=2 TO 4 
780 GO=O 
790 I F  L=I THEN 850 
800 FOR I=1 TO N 
& l o  D<I >=c(I );:(w(I )+ .~ : :Z<I ,L -~) )  
,820 GO=GO-D( I 
830 NEXT [ 
840 GO TO 890 . 

-850 FOR I=l TO N 
860. D( 1 )=c< 1 )"<w( 1 >+z( 1,  L-1:)) 
870 6 0 ~ ~ 0 - D <  I) 
880 lvEXT I 
890 GOSUB 1280 
goo NCL)=G~':D I 

910 I F  L=4 THEN 960 
920 FOR 1=1 TO N 
9 3 0  Z(I I L)=(A(I )+G~): :G~"(w( I  )+ .~"z<I ,  L - ~ ) ) = D / < ( B ( I ) - G ~ ) : ~ ( N O + . ~ ~ : N ( L - ~ ) ) )  
940 NEXT .I 
950 GO TO 990 
960 FOR 1 = 1  TO N 
970 ~ ( 1 ,  L)=(A(I )+G~>::G~::(W(I )+z( I ,L-~)) :~D/: (B( I ) -G~): : (No+N<L-~)) )  . 
980 NEXT I 
990 NEXT L 
1000 ~ 0 = 1 ~ 0 + < ~ < 1 ) + 2 ; : ~ ( 2 ) + 2 : : ~ ( 3 ) + ~ ( 4 ) ) / 6  
1010 FOR i=1 TO N 
1020 W(I)=W(I)+(Z<I ,1)+2::zC1,2l+2~~~<1,3)+~~1,4))/6 
1030 NEXT I 
1040 A=A+D 
10'jO NEXT K 1  
1060 N1=1-NO !TOTAL FLOW BELOW MEMBRANE 



1 0  \O 1 0 E! 
l O u u  x :ire I ) - ~ u a * w c  I 2 1 1 ~ 4  
1 0 9 0 N  ! 
1 1 0 0  GO=O 
111.0 FOR 1 = 1  TO N 
1 1 2 0  D ( I  ) = C < I ) : < W < I )  
1 1 3 0  GO=GO-D< I) 
1 1 4 0  NEXT I 
1 1 5 0  GOSUB 1 2 8 0  IRETURNS CURRENT VALUE CF DN/DA 
l l E O  PRINT USING 550,Gl,A,NO; 
1 1 7 0  FOR I=1 TO N 
1 1 6 0  PRINT USING 56O,W(I); 
1 1 5 0  NEXT I 
1 2 0 0  PRINT 
1 2 1 0  PRINT USING 580,O; 
1 2 2 0  PRINT USING 560;Nl; 
1 2 3 0  FOR 1 = 1  TO N 
1 2 4 0  PRINT USING 56O,X( I ) j  
1 2 5 0  hEXT I 
1 2 6 0  PRINT 
1 2 7 0  GO TO 6 6 0  
12.30 S1=-1  !SUM TO F I N D  F 
12-90 S2=0 !SUM TO F I N D  F '  
1 3 3 0  FOR I=l TO N 
1 3 1 0  R=B< I )-GO 
1.320 S l=SP+D( I  ) / R  
13.30 S2=S2+D< 1 ) /(RxR) 
13.40 NEXT I , 
1 3 5 0  G l=GD-S l /S2  
1 3 6 0  I F  ABS(Gl/GO-1)<.0:01 THEN 1 ? 9 0  - - 
1 3 7 0  G O = G ~  
1 3 8 0  GO TO 1 2 8 0  
1 3 9 0  RETURN I G l = F I N A L  ROOT 
11100 END 



Table B-2. MEMPER Computer Program 

MEMPER ca l cu l a t e s  the  pe rmeabi l i t i e s  (propor t ional  t o  
f luxes  f o r  each component i n  a mult igas t e s t ) .  



CLE 
ENT BAS 
NAM MEMPER 
100 D l M  ~i20),~$~20),B(20,3),~~(20,3),~$(20),~(20,~1) 
1 1 0  ~ 1 = 8  INUMBER OF CONSTITUENTS THAT HAVE BEEN CODED BELOW 
1 2 0  D A T A  'HYDROGEN',2.016,'CARBON D I o X I D E ' , ~ ~ . O ~ , ' H Y D R O G E N  S U L F I D E ' , ~ ~ . O ~ , ' M E T H A N E ' , ~ ~ . O ~ , ' C A R B O N  MONOXIDE' ,28 .01  
1 3 0  DATA 'WATER VAPOR', 1 8 . 0 1 6 ,  'METHYL MERCAPTAN ', 4 8  .l, 'NITROGEN', 2 8 . 0 2  
1 4 0  FOR I=1 TO M 1  
150 READ A$<I),A(I) 
160 NEXT I 
1 7 0  DATA 7 
i80 DATA i,l, 
190 DATA 4,1, 
2 0 0  DATA 4.1, 
210 DATA 4,1, 
2 2 0  DATA 4,1, 
2 3 0  DATA 4,1, 
2 4 0  DATA 5,1r 
2 5 0  READ ~1 
2 6 0  FOR I=1 TO N 1  
2 7 0  READ D ( I , l )  
2 8 0  FOR J = l  TO D ( I , l )  \ 

2 9 0  READ C~<I ,~ : :J ) ,D( I ,~ : :J+~)  
3 0 0  NEXT LI 

3 1 0  NEXT I 
3 2 0  P R I N T  'DO YOU W I S H  TO USE ONE OF THE STANDARD COMPOSITIONS ABOVE THE MEMBRANE (Y OR N)'; 
330 I N P U T  Z$ 
340 I F  Z $ + ' Y 1  THEN 6 2 0  
3 5 0  P R I N T  
360 P R I N T  ' I N P U T  THE STANDARD COMPOSITION NUMBER CODE'; 
370 I N P U T  C 1  
3 8 0  N = @ < C l ,  1) 
3 9 0  FOR I =i TO N 
4 0 0  C ( I  , l ) , B < I  l)=D(C1,2a:I !CONSTITUENT CODE 
4 1 0  c ( I , ~ ) = D ( c ~ , ~ " I + ~ )  !MOLE FRACTION ABOVE MEMB. 
4 2 0  B$(I )=A$(c(  I, 1)) 
4 3 0  NEXT I 
4 4 0  P R I N T  IFOR EACH CONSTITUENT CODE L l S T E D  BELOW, I N P U T  THE MASS F R A C T I O N  BELOW THE MEMBRANE.' 
4 5 0  P R I N T  
4 6 0  u l = O  
4 7 0  FOR 1=1 TO N 
4 8 0  P R I N T  B ( I , l ) j  
4 9 0  I N P U T  B < I , 3 )  
5 0 0  U l = U l + B < I ,  3) 
5 1 0  NEXT I 
5 2 0  1 F  U l = l  THEN 5 4 0  
5 3 0  P R I N T  'SUM OF MASS FRACTIONS # 1.' 

c 



5 5 0  FO I U  N 
5 6 0  S = J T P L O ~ ) / A ( B C ~ , ~ ) )  
570 NEXT ! 
5 8 0  FOR 1 = 1  TO N 
5 9 0  C< l , 3 )=B ( I ,  ~ ) / ( A ( B < ~ D ~ ) ) ' : S )  
6 0 0  NEXT I 
6 1 0  GO TO 9 0 0  
6 2 0  P R I N T  'HOW MANY CONSTITLENT GASES I N  YOUR DATA'; 
6 3 0  INPUT  N 
6 4 0  P R I N T  
6 5 0  P R I N T  'AFTER EACH QUESTION MARK, INPUT  GAS CONSTITUENT MUMBER, MASS FRACTION ABOVE MEMBRANE, AND MASS FRACTION BELOW MEMBRANE! 
660 P R I N T  
6 0 P R I N T  'FOR EXAMPLE ----- 3, .602, .475 '  
6 I 0  P R I N T  
6 9 0  U l ,U2=0  
7 0 0  S1,52=0 
710 FOR 1=1 TO N 
7 2 0  INPUT  0(1,1),B<ID2;~,B(1, 3) 
7 3 0  u l = u i + ~ ( 1 , 2 )  
7 4 0  u2=U2+B< I ,  3) 
7 5 0  c ( I , 1 ) = a c I D l >  
7 6 0  B = B C I , l )  
7 7 0  S l = S l + B < 1 , 2 ) / A ( B >  
7 8 0  s ~ = s ~ + B ( I , ~ ) / A < B )  

I 9 0  NEXT I 
0 0  I F  U 1 # 1  THEN 830 

8 1 0  I F  U 2 # 1  THEN 8 3 0  
8 2 0  GO TO 8 4 0  
8 3 0  P R I N T  'SUM OF MASS FRACTIONS C 1.' 
8 4 0  FOR i=1 TO N 
8 5 0  B $ < 1  ~=A$(C( I  ,I>) 
8 6 0  B=ACe(r  ,l)> 
8 7 0  c C 1 , 2 ) = ~ ( 1 , 2 ) / < ~ ~ : s l >  
8 8 0  C ( I , ~ ) = B ( I , ~ ) / < B : ~ S ~ >  
8 9 0  NEXT I 
900 P R I N T  
9 1 0  P R I N T  'DO YOU W I S H  TO USE THE STANDARD MEMBRANE THICKNESS - AREA COMBINATION (Y OR N)'; 
9 2 0  I N P U T  Y $  
9 3 0  I F  Y $ # ' Y 1  Tt tEN 9 6 0  
9 4 0  ~ 1 = 5 . 7 3 8 4 2 ~ - 6  
9 5 0  GO TO 10.00 
960 P R I N T  
9 7 0  P R I N T  ' I N P U T  MEMBLANE THICKNESS AND AF.EA I N  CM. AND SQUARE CM.'; 

- - 
1 0 0 0  P R I N T  
1 0 1 0  P R I N T  'DO YOU WISH TO USE THE STANDARD H I G H  AND LOW PRESSURES (Y OR N > ' j  



1 0 2 0  I N P U T  X$ 
1030 IF X S P ' Y '  THEN 10i0 
1 0 4 0  P 1 = 1 1 1 0  !H IGH PF.ESS.=200 P S I G  = 1110 CM.HG.ABS. 
1 0 5 0  P2=74  !LOW  PRESS.=^^ CM.HG.ABS. 
1 0 6 0  GO T 3  1 1 1 0  
1 0 7 0  P R I N T  
1 0 8 0  P R I N T  ' I N P U T  H I G H  PRESSURE (PS IG)  AND LOW PRESSURE <CM..HG.ABS.)'; 

,.-. 1 0 9 0  I N P U T  PO,P2 
1 1 0 0  ~ 1 = 5 . 1 7 1 4 4 : : ~ P o + l 4 . 7 )  
1 1 1 0  P R I N T  

,... 1 1 2 0  PRINT 'INPUT TOTAL FLOW THROUGH MEMBRANE <CC/MIN)'; 
1 1 3 0  JNPbT Q 
1 1 4 0  P R I K T  
1 1 5 0  P R l N T  

(' 1160 P R I N T  'SUMMARY OF CALCULATIONS'  
1 1 7 0  PRINT 
1 1 8 0  P R I N T  'GAS COMPOSITIOM: I; < '  1190 I F  i$='Y1 THEN 1 2 2 0  
1 2 0 0  PRINT 'NON-STANDARD' 
1 2 1 0  GO TO 1 2 3 0  

('. 1 2 2 0  P R I N T  'STANDARD COMPOSITION NUMBER i; ~1 --- - 
1 2 1 0  PRINT 'MEMBRANE P.4RAME.TERS : ' ; 

[. .. 1 2 4 0  IF Y S = ' Y '  THEN 1 2 8 0  . , 

1 2 5 0  PRI tqT US ING 1260,T,A 
1 2 6 0  :THICKNESS = # . # i t # #  cn. AREA = ###.##ti SQUARE CM. 
1 2 7 0  GO TO 1 2 9 0  
1 2 8 0  P,RINT 'STANDARD VALUES' 
1 2 9 0  PRIINT 'PRESSURE VALUES: '; 
1 3 0 0  I F  X $ = t Y 8  THEN 1 3 4 0  
1310 P R l N T  US ING 1320,PO,P2 
1 1 2 0  :H IGH PRESSURE = # # # . W  P S I G  LOW PPESSURE = # # # . #  CM.HG.ABS. 

- - 
1 3 5 0  P R l N T  US ING 1 3 6 0 , ~  
1 3 6 0  :TOTAL FLOW RATE THRCUGH MEMBRANE = # # # . # # #  CC/MIN.  
1370 P R I N T  
1 3 8 0  :---------,--------------------------------------------- 
1 3 9 0  : 1 I I . BARRER I 
1 00 : (  GAS CONSTITUENT !MOLE FRACTION1 PERMEABIL ITY  I 
1 4 1 0  : I  I------------- I (cM::::~)(cM)/ I 
1 4 2 0  : I  !ABOVE IBELOW I(cM':::~>CSEC)<CM.HG) 1 
1 4 3 0  : I # # # # H # # # # # # i 1 4 # # # # # i # . # W # # I # . # # # # l  . # # . # # # # ! ! !  ! 
1 4 4 0  P R I N T  US ING 1 3 8 0  

I 

11150 P R I N T  US ING 1 3 9 0  
1 4 6 0  P R l N T  US ING 1 4 0 G  
1470 P R I N T  US ING 1410 
1 4 8 0  P R I N T  US ING 1 4 2 0  
1 4 9 0  P R I N T  US ING 1 3 8 0  
1 5 0 0  FOR 1 = 1  TO N 
1 5 1 0  P R I N T  US ING 1 4 3 0 , ~ $ ( 1 ) , ~ ( 1 , 2 ) , ~ < 1 ,  ~),K~::Q:'C(I , 3 ) / ( ~ 1 ' : ~ ( 1 , 2 ) - ~ 2 ~ ' ~ ( 1 , 3 ) )  



1 5 2 0  NEXT I 
1 5 3 0  PRINT USING 1 3 8 0  

, .  1 5 4 0  PRINT 
1 5 5 0  PRINT 
1 5 6 0  P R I N T  

(.. .. 1 5 7 0  PRINT 
1 5 8 0  PRlNT 'DO YOU WISH TO COMPUTE MORE CASES < Y  OR N) ' ;  
1 5 9 0  INPUT C $  

C '". 1 6 0 0  I F  C $ = ' Y 8  THEN 320 
1 6 1 0  END 




