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CO, SEPARATION U S I N G  FACILITATED TRANSPORT I O N  EXCHANGE MEMBRANES 

R.0. Noble', ,J.J. Pe l legr ino ' ,  E.  Grosgogeat', D. Sperry,  
and J .D.  Way3 
National Bureau of  Standards 
Center f o r  Chemical Engineering, 773.1 
325 Hroadway 
Roulder, CO 80303 

ABSTRACT 

'The use of ion-exchange membranes as 
suppor ts  f o r  f a c i l i t a t e d  t r anspor t  of CO, is 
demonstrated. Two d i f f e r e n t  ionomer f i lms  were 
eva lua ted .  The ionomers were a per f luorosul -  
fon ic  a c i d  f i lm  and a su l fona ted  polybenzimida- 
zo le  fi lm. Sodium (Na+) was exchanged i n t o  t h e  
membrane for  d i f fus ion  experiments and ethylene- 
diamine (EDA) was exchanged for  f ' a c i l i t a t e d  
t r anspor t  experiments. The r e s u l t s  i n d i c a t e  
t h a t  t h i n  per f luorosul fonic  acid membranes pro- 
v ide  t h e  b e s t  CO, f l u x  and can also provide 
except i o n a l l y  h igh  s e l e c t i v i t y  . 

INTRODUCTION 

F a c i l i t a t e d  t r anspor t  is a process  whereby a complexing 
agent  (carrier), contained i n  a l i q u i d  membrane, can r eve r s ib ly  
r e a c t  with a s o l u t e  of i n t e r e s t .  This r e s u l t s  i n  an increased 
s o l u t e  f l u x ,  as well as increased s e l e c t i v i t y .  A schemqtic of 
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C Q ?  

FACILITATED TRANSPORT 

Carrier 

-co2 
Coupling Uncoupling 

Carrier-CO2 

Coup'ing Carrier -CO C02 + Carrier 
Uncoupling 

FIGURE 1: Schematic o f  facilitated CO2 transport. 

t h i s  process is shown is i n  Figure 1 .  
c l e s  can provide addi t ional  d e t a i l s  (1-5). 

l iquid membranes (ILMs). These a re  l o s s  and/or deactivation of 
the  complexing agent through solvent loss from the pore spaces. 
l tShort-circuit ingtl  occurs, and the gas passes through the pore 
with l i t t l e  o r  no s e l e c t i v i t y .  
f ac i l  i t a  t ion e f f e c t  . 

Some recent review art i-  

There are two major problems associated with immobilized 

This r e s u l t s  i n  a l o s s  of the 

One method t o  overcome these problems is t o  use ion-exchange 
membranes as t h e  support. These f i lms are nonporous, so no 
"short-circuit ingft  occurs i f  t he  membrane loses  solvent.  The 
complexing agent is held i n  the  membrane by e l e c t r o s t a t i c  forces.  
This prevents c a r r i e r  loss and can a i d  in r e s i s t i n g  c a r r i e r  deact- 
ivation. For example, oxidation of the carrier is minimized by 
the high charge d e n s i t y  in the  v i c i n i t y  of an ion-exchange s i te .  
A th i rd  benefi t  of ion-exchange membranes is that you can load 
larger  amounts of the c a r r i e r  than is possible w i t h  ILMs. This 
is due t o  the fact that  c a r r i e r  loading is limited only by ion- 
exchange s i t e  density and not by the physical s o l u b i l i t y  of the 
carrier i n  the solvent.  
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I O N  EXCHANGE MEMBRANES 1597 

There have been previous r epor t s  of CO, separation using 
ion-exchange membranes. LeRlanc e t  a l .  ( 6 )  first described the 
me of an ion-exchange f i l m  as a support f o r  facilitated t rans-  
port .  Way e t  a l .  
( 7 )  s tud ied  the separation of CO, from CH, using an ion-exchange 
f i l m .  They used ethylenediarnine as the carrier. They measured 
separation f ac to r s  up t o  551 for CO, over CH,. 

Tney studied both CO, and e thylene  t ransport .  

The object ive of t h i s  s t u d y  is t o  compare two d i f f e ren t  ion- 
omer fi lms as supports f o r  CO, t ransport .  
f luorosulfonic  ac id  (PFSA) ionomer and a sulfonated polybenzimida- 
zole  (PBI )  ionomer. 

The films were a per- 

MEN3RANE PREPARATION 

PFSA F i l m  

We used two PFSA membranes , designated N117 and NE111 , a 
commercial, nominally 200 pm (7  m i l )  f i l m  and an experimental, 
nominal 30 urn (1 m i l )  f i l m ,  respect ively.  Both of these films 
were supplied i n  the dehydrated, acid form and have an 1100 gram/ 
equivalent molecular weight (g/eq).  

We t e s t ed  rectangular pieces which were p u t  i n  the Na form 
(for d i f fus ive  f lux measurements) by boi l ing i n  NaOH (0.05 and 
0.15 M) f o r  4 hours and then soaking in  a fresh 0.05 NaOH solu- 
t i on  overnight. The amount of NaOH represented, minimally, a 
hundred-fold excess with respect t o  the number of t o t a l  avai lable  
ion- exchange sites. 

After d i f fus ive  f lux experiments are run the f i lm  is put 
Monopositive EDA is created by adding one i n t o  the EDA form. 

equivalent of HC1 t o  the EDA solut ion.  
is, minimally, a f i f t y - fo ld  excess with respect t o  the t o t a l  
avai lable  ion-exchange s i t e s .  
EDA solut ion and allowed t o  soak i n  i t  (with s t i r r i n g )  overnight. 

The amount of EDA used 

The membrane is immersed i n  the  

PBI F i l m s  

The PBI membranes are developmental f i l m s  with a nominal 35 
pm ( I +  m i l )  thickness.  According t o  the manufacturer there were 
two sulfonate  groups per polymer repeat unit leading t o  a equiva- 
l e n t  molecular weight of 237. 

The P B I  f i lms were put i n  Na form by soaking overnight i n  1 
M N a C l .  
spect the t o t a l  available ion-exchange s i t e s .  
f l ux  experiments the membranes were soaked, as above, with a 
solut ion of monopositive EDA (with s t i r r i n g )  overnight. The 
amount of EDA was typ ica l ly  a f i f ty - fo ld  excess with respect t o  
the total  theoretical ion-exchange sites available. 

This represented a hundred-fold excess of Na with re- 
After d i f fus ive  
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1598 NOBLE ET A L .  

For both the Na and EDA form experiments the membranes are 
kept i n  t h e i r  or iginal  soaking solutions between experiments. 

Carrier selection 

Tne car r ie r  molecule chosen was ethylenediamine. 

a )  

b) 
c )  

It was 
chosen for  the following criteria: 

It can be singly protonated and exchanged into the 
ion-exchange f i l m  as a cation. 
Its reaction properties w i t h  CO, are  well documented. 
It provides a basis for  comparison of the perforfiance of 
the two ionomer films. 

YXPERIYENTAL DESCRIPTION 

The apparatus and procedure used t o  measure membrane fluxes 
were described i n  d e t a i l  i n  previous papers ( 7 , 8 ) .  The experi- 
mental procedure involves flowing CO, in He mixtures  on the feed 
s ide of a f l a t  membrane with a sweep gas of pure He. 
rates are  measured w i t h  mass flow meters, calibrated for the spe- 
c i f i c  gases. Both sweep and 
feed in le t  streams are  hua id i f i ed  by bubbling through deionized 
water before contacting the flembrane. 
the c e l l  are chi l led t o  213 K ,  t o  remove the moisture before they 
enter the gas chromatograph (GC) system. We use a thermal con- 
ductivity detector t o  measure both the feed and sweep side compo- 
s i t ions .  The Gc: is calibrated da i ly ,  with the specif ic  experi- 
ment's gases. The flux calculations are  based on the measured 
flow rates o f  the sweep gas, it's composition and the membrane 
area.  reriodic mass balances are performed using the feed gas 
composition e x i t i n g  t h e  aembrane ce l l .  

The flow 

The membrane area is 202.9 emz. 

The out le t  streams from 

The mass flow meters are  accurate t o  1 sccm, which repre- 
sents  a 2% er ror  a t  our experimental flow rates. 
ograph is calibrated before each day's experiments and the ca l i -  
bration gas 's  composition is reproducible within 0.5%. Indepen- 
dent materixl balances, based on gas mixture compositions s e t  by 
flow meter se t t ings  and subsequent CX analysis,  close wi th in  5%. 
T h i s  represents a possible source of e r ror  i n  ou r  assignment of 
the feed mole fract ion,  wi th  a bias t o  the high side.  

The gas chromat- 

411 experiments reported here were done a t  ambient condi- 
t ions of approximately 298 K and 84 kPa. Only those experiments 
where t h e  f l u x  reaches and maintains a steady s t a t e  for  a t  least 
1 hour before t,he experiment is terminated are reported. 
confidence intervals  for the flux measurements are a function of 
the actual f l u x  and vary rrom 0.1 t o  2 ?lol/(crn2.s). 

The 95% 

SESULTS 

The structural formula of the PFSA f i l m  is shown i n  Figure 2. 
The H+ attached t o  the SO,- is exchanged w i t h  the Na' t o  obtain 
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ION EXCHANGE MEMBRANES 1599 

STRUCTURE OF PERFLUOROSULF ONIC 
ACID IONOMERS 

(CF2CF2In-CF2CF- 
I 

(OCF2CF-)mOCF2CF2S0,H 
I 
CF3 

FIGURE 2: Structural formula of Perfluorosulfonic Acid ionomers. 
(Membranes i n  this study have a value o f  m= 1). 

the non-reactive form of the membrane for d i f f u s i v e  f l u x  experi-  
ments. 
ob ta in  the r e a c t i v e  form. 

A singly-protonated EDA+ is exchanged for the Na' to 

Our i n i t i a l  experiments were performed with the N117 
(200 m) PFSA membrane and are reported by Way e t  a l .  (7) .  The 
C 0 2  f l u x  results are shown i n  Figure 3. 
the Na+ data ind ica t e s  Fickian-type d i f fus ion  and no reac t ion  
occurring within the membrane. 
and the curve is nonlinear.  Th i s  i nd ica t e s  enhanced t r anspor t  
and is evidence of r eac t ion  between EDA and CO,. 

The straight l i n e  tor  

The EDA form f lux  data are higher 

The same type o f  experiment was then performed us ing  the  

Data are presented for three sepa ra t e  
developmental PFSA membrane, NE111 (30  m) . 
are shown i n  Figure 4. 
membranes. 
membranes but each indiv idua l  membrane can be f i t t e d  t o  a l i n e a r  
r e l a t ionsh ip .  
the data t o  determine a b a s i s  f o r  comparison with the r eac t ive  
membrane r e s u l t s .  
f lux estimate is 22.9 ml/(cmz-s). 

The Na* form data 

Note tha t  there is a great dea l  of s c a t t e r  between 

A t tbes t - f i t l l  straight l ine was drawn through a l l  

The R2 was 0.67 and the standard error of the 

The EDA form r e s u l t s  are shown i n  F i g r e  5. These f lux  data 
are very cons i s t en t  and aga in  produce the nonl inear  r e l a t ionsh ips  
between f lux  and d r iv ing  force. 
higher ( e spec ia l ly  a t  low d r iv ing  fo rces )  f o r  the ED!-!' versus Ma+ 
farm. 

The CO, f lux  is again much 
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0 CO, Flux - N a  Form 
NE 11  1 Membranes (Nafion) 

0 NE1 l l / J l O  

0 

X 0 - 1 0 0 -  
0) 

Y 

- 
0 

501 I I I I I 

< >  

o 

X 

C02  Flux N a  8 EDA Form 
Nafion 1 1 7  

h rn 
w' 

0 
E . - 
0 
E 
v 

X 

U 
3 

I 0 Na form I 
A EDA form 

25 - 

0 

CO, FEED FRACTION 

FIGURE 3 :  C o p  f l u x  f o r  an EDA (upper )  membrane and a Na ( l ower )  

iiienibrane as a f u n c t i o n  o f  C02 feed mole f r a c t i o n ;  

Pe r f l uo rosu l fon i c  Ac id  ionomer (N117-200 mic ron ) .  

FIGURE 4 :  C02 f l u x  f o r  3 Na membranes as a f u n c t i o n  o f  Cop feed 

mole f r a c t i o n ;  Pe r f l uo rosu l fon i c  Acid ionomer 

(NElll-30 i i i i c ron) .  
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I O N  EXCHANGE MEMBRANES 1601 

1501 I I I I 1 
z 
2 C 0 2  Flux - EDA Form 

cn 
w* 

0 

0 NE1 l l / J 1 0  
o N E 1 1 1 / J 1 1  
o N E l 1 1 / J 1 3  

- 

0 0.2 0.4 0.6 0.8 1 .o 

CO, FEED FRACTION 

F i g u r e  5 :  COP f l u x  f o r  3 EDA niembrdnes a s  a f u n c t i o n  o f  C02 f e e d  

mole f r a c t i o n ;  P e r f l u o r o s u l f o n i c  A c i d  ionomer 

(NElll-30 micron).  

An analytical model has  been developed t o  describe f ac i l i -  
tated transport ( 9 ) .  The following equation has been derived for  
the fac i l i t a t ion  factor F. 

where 

kL Sh = - 
DA 
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1602 NOBLE ET AL. 

i o a  
rue 

0 
2 
0 

E 

E 5a 
v 

X 

L L  
3 

0 

FIGURE 6: 

Predicted CO;, Flux 
1 mil Nafion (Da from N E l l l I N a  data 

Predictive Model (Sh 
- Predictiv 

Fitted Na form data 

0.2 0.4 0.6 0.8 1 .o 
CO, FEED FRACTION 

C02 f l u x  f o r  EDA-NEI11 membrane compared w i th  model 

p r e d i c t i o n s  f o r  the  f a c i l i t a t e d  f l u x .  

no inass t r a n s f e r  res i s tance  (Sh-co) and m idd le  curve  

f o r  low, bu t  f i n i t e ,  res i s tance  (Sh=55) .  Bottom l i n e  

i s  f i t t e d  f l u x  f o r  Na membrane: Pe r f l uo rosu l fon i c  Ac id  

ionomer ( N E l l l - 3 0  m ic ron ) .  

Upper curve  f o r  

In t h i s  equation u represents the r a t i o  of mobili ty of the 
complex t o  t h a t  of the so lu t e ;  the Sherwood number (Sh) accounts 
f o r  the boundary layer mass t r ans fe r  res is tance a t  the feed and 
sweep gadmembrane in t e r f aces  and E,  the inverse Damkohler 
number, represents  the r a t i o  of diffusion t o  react ion time 
scales. 

Figure 6 shows the  comparison between the experimental re- 
s u l t s  f o r  the NE111 membranes and the facil i tated f l u x  predic- 
t i ons  based on the above model. The agreement is very good. 

The CO, d i f fusion coe f f i c i en t  was obtained from the f i t t e d  
l i n e  f o r  the Na' form experiments. We normalize the e f f ec t ive  
diffusion c o e f f i c i e n t ,  between the d i f f e r e n t  forms of the mem- 
branes, with an e f f e c t i v e  porosity,  defined as the weight frac- 
t ion of water i n  the membrane. The porosity of the  NE111 mem- 
branes was obtained from measuring water uptake i n  the two forms. 
Flater uptake is measured by first drying the H+ form of the mem- 
brane under vacuum ( t o t a l  pressure 3'lkPa) a t  3'19 K f o r  18 hours. 
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ION EXCHANGE MEMBRANES 1603 

Table 1 
Property Values ':Jsed i n  Calculation of F a c i l i t a t e d  Fluxes 

PROPERTY VALUE 
Na form poros i ty  0.3 
EDA form poros i ty  0.193 

SA 2.64 x lo- '  
k r  1.75 x lo - '  

L 
Sh 55 

ccr 8.32 

k f 1.74 10-4 
30 I O - ~  

D A 
DAB 

3.61 x 

9.71 x lo-'  

IJNITS SOURCE 
measured 
measured 

M ( 7 )  
M I t  

s- ' 
M- s- I ?  

m measured 

I1  

l / ( F - l )  p l o t  of 
EDA data ( 9 )  

em' s-' Na form da ta  
cm2 s-' (7)  

The high value of the 5h (Sherwood Number) i nd ica t e s  that  ex te r -  
n a l  mass t r a n s f e r  r e s i s t a n c e  was not  s i g n i f i c a n t  i n  these exper i -  
ments. 

The d ry  weight is determined by quicky t r a n s f e r r i n g  the  membrane 
t o  an enclosed a n a l y t i c a l  balance ( S a r t o r i u s  Model 1712 MP8), i n  
which d e s s i c a n t s  have been placed. The w e t  weight is determined 
by t ak ing  t h e  membrane from the  appropr ia te  so lu t ion  ( e i t h e r  Na+ 
or EDA+), p a t t i n g  it t o  remove excess moisture and t r a n s f e r r i n g  
it t o  the  enclosed balance. For t h i s  measurement t h e  chamber 
con ta ins  sa tu ra t ed  paper towels to  inc rease  humidity. 
p roper ty  data were previous ly  determined from the  experiments 
using the N117 membranes ( 7 ) .  
t h e i r  source a r e  given i n  Table 1 .  

The o the r  

A l l  va lues  used i n  t h e  model and 

The scatter i n  t h e  Na' form data versus  the EDA form r e s u l t s  
can poss ib ly  be in t e rp re t ed  i n  t h e  following manner. The NE111 
membranes are developmental and m y  LIP :wb j e c t  t o  some manufactur- 
ing  process incons is tenc ies .  If t h e  d i s t r i b u t i o n  of ion-exchange 
si tes were nonuniform then t h e  hydrophi l ic  c lus te r -pore  network 
could show v a r i a t i o n s  i n  its e f f e c t i v e  t o r t u o s i t y .  Since the CO, 
d i f f u s e s  through t h i s  network, v i a  s o l u b i l i t y  i n  the water phase 
o f  t h e  ion ic  c l u s t e r s ,  its e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  
normalized f o r  po ros i ty ,  would show an e f f e c t  from the  v a r i a b l e  
t o r t u o s i t y  between samples, 
y i e l d s  a two-fold spread i n  t h e  e f f e c t i v e  d i f fus ion  c o e f f i c i e n t s  
f o r  t h e  t h r e e  NE111 membranes t e s t e d .  

Linear f i t s  of the experimental data 

For t h e  f a c i l i t a t e d  t r anspor t  case we have speculated t h a t  
t h e  carbamate zwi t t e r ion ,  formed between the  CO, and the  EDA, is 
i o n i c a l l y  bound a t  the  ion-exchange sites i n  t h e  c l u s t e r  network. 
Due to  the i o n i c  a t t r a c t i o n ,  we f e e l  that t h i s  complex's e f f ec -  
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NOBLE ET A L .  

FIGURE 7: Structural formula for the Na salted 
sulfonated polybenzimidazole membranes. 

t i v e  d i f f u s i o n  c o e f f i c i e n t  is l a r g e l y  inf luenced  by s p a t i a l  rear- 
rangements of the i o n i c  c l u s t e r s .  The dynamic f l e x i b i l i t y  o f  t h e  
polymer c h a i n  backbone may c a u s e  c l u s t e r s  to  rrjump'r ( i . e . ,  col- 
l a p s e  and reform) t o  new p o s i t i o n s  w i t h i n  t h e  a b s o l u t e  volume of 
the membrane. I n  t h i s  manner t h e  polymer backbone's movement 
h e l p s  c a r r y  t h e  i o n i c a l l y  associated CO, complex t o  u n s a t u r a t e d  
p o s i t i o n s ,  and u l t i m a t e l y  to  t h e  weep i n t e r f a c e .  

I f  t h i s  s p e c u l a t e d ,  t r a n s p o r t  viewpoint  is c o r r e c t ,  t h e n  t h e  
lack o f  scatter i n  the EDA form r e s u l t s  r e f l e c t s  the f a c t  t h a t  
the rate l i m i t i n g  s t e p ,  i n  the f a c i l i t a t e d  t r a n s p o r t ,  is n o t  the 
complex 's  d i f f u s i o n  i n  h y d r o p h i l i c  r e g i o n s ,  b u t  may be related t o  
polymer backbone f l e x i b i l t y .  Thus v a r i a b l e  t o r t u o s i t y  between 
inembranes 'nay n Q t  c a u s e  the same f l u x  data scatter i n  the EDA 
form as i n  t h e  Na' form. 

A polybenzirnidazole ( P B I )  ionomer f i l m  was also s t u d i e d .  4 
schemat ic  o f  its str[ictiire is shown i n  F igure  7. The PBI  ionomer 
was r e p o r t e d  t o  have a h igh  ion-exchange s i te  d e n s i t y  (237 g/eq 
v e r s u s  1 1  00 g/eq f o r  t h e  PFSA) and was t h i n n e r  t h a n  the N117 mem- 
b ranes  (35 urn v e r s u s  200 Im). Therefore  we expected t o  have dra- 
m a t i c a l l y  h i g h e r  f a c i l i t a t e d  CO, f l u x .  

The results Tor the film are shorn i n  Figure 8. 
f a c i l i t a t i o n  effect  is apparent  bu t  n o t  as h i g h  as we would 
expec t  from the proposed h i s h  ion-exchange s i te  d e n s i t y .  

The 

An e l e m e n t a l  a n a l y s i s  was performed on t h e  PBI f i l m  t o  check 
the ion-exchange s i te  c a p a c i t y .  

S o l u t i o n  1 W ~ S  used t o  g e n e r a t e  monopositive EDA and solu- 
t i o n  2 t o  g e n e r a t e  t h e  d i p o s i t i v e  ED4. The r e s u l t s  i n  Table  2 
show t h a t  the a c t u a l  ion-exchange s i t e  c a p a c i t y  was lower ,  by a 
f a c t o r  o f  4 t o  5,  t h a n  expected from t h e  manufac turer ' s  data. 
A d d i t i o n a l l y ,  o n l y  one half of t h e  a v a i l a b l e  s i tes  were acces- 
s i b l e  t o  the monoposi t ive EDA because t h e  o t h e r s  had s t a y e d  i n  
t h e  acid form v e r s u s  t h e  Na' form, i n  t h e  f i r s t  exchange. 
t r a n s l a t e s  t o  much lower carrier l o a d i n g  (2000 g/eq  v s  237 g/eq)  
and less f x l l i t a t i o n .  

The r e s u l t s  are shown i n  Table  2. 

T h i s  
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0 
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u 
1 

100 

E 

z 
u 5 0 -  

- I I I I 

CO, Flux - Na & EDA Forms 
PBI Membranes  

A EDA form 
- 0 Na form - 

s/c 0.020 
observed 

0.01 9 0.026 

C/N 4.72 
observed 

4.94 5.09 

Na / S 0.095 
observed 

0.063 0.488 

*(2 C added from EDA) 
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150 I I I I 1 

CO, FEED FRACTION 

FIGURE 9: F i t t e d  curves o f  C02 f l u x  f o r  EDA and Na membranes a s  

funct ion  o f  C02 feed  mole f r a c t i o n .  Resu l ts  from a l l  

membranes t e s t e d  are  shown. 

To compare the performance, Figure 9 shows the CO, flux vs .  
feed mole fraction resu l t s  for  a l l  the membranes tested.  The 
NE111 PFSA membrane had the best performance. The fluxes for  t h e  
PBI membrane were higher than the N117 primarily due to thickness 
cons i de rat ions . 

The next comparison is to  determine how the permeability of 
these ionomer films compare with conventional asymmetric polymer 
membranes used for  the saine application. This comparison is 
shown i n  Figure 10. A s  expected for  f ac i l i t a t ed  transport ,  the 
permeability increases a s  the solute becomes more d i lu te .  T h i s  
is due to  the fac t  that  the reactive pathway for  transport 
becomes more e f f ic ien t  (per unit  pressure driving force) as the 
par t ia l  pressure of the gas decreases. So, for  low par t ia l  CO, 
pressures, the permeability is comparable to  polymer membranes. 

The se lec t iv i ty  of PFSA membranes using EDA has previously 
been reported for CO,/CH, separations ( 7 ) .  
shown i n  Table 3. They demonstrate that  these systems can 
perform very selective separations. 

These resu l t s  are 

The separation factors  cannot be predicted by our current 
qodeling resul ts .  In the presence of the other components i n  a 
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0 .  
0 

FIGURE 10: CO, permiability versus COz partial pressure driving 
force for Perfluorosulfonic Acid ionomer membranes (data points) 
and asymmetric cellulose ester membrane (solid line). 

Table 3 
CO,/CH, Separation Factors 

pco IPCH , -___ Membrane _____ __ ___ 
Cellulose ester hollow-fiber 76-24 
EDA-Ion exchange 87.9-551 

multi-component mixture (10) (CO,, H,S and CH,), the f l u x  of CO, 
was significantly higher and the flux of CH, was significantly 
lower (per unit driving force) than what was obtained in the pure 
component experiments. Therefore we have not tried to predict 
the effect of membrane thickness on the separation factors. 
membrane thickness affects the permeability of the facil i tated 
transport species only (via the inverse Damkohler No. 1. 

The 

CONCLUSIONS 

This s tudy  has further demonstrated the performance of ion- 
exchange membranes as supports for  facil i tated transport. 
CO, flux measured in several EDA form ion-exchange membranes dem- 

The 
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1608 NOBLE ET A L .  

onstrated facilitation factors and total fluxes consistent with 
prior theoretical analysis. We have obtained permeability values 
(for dilute streams) for thin perflourosulfonic acid ionomer mem- 
branes which are getting closer to those obtained with, far less 
selective, asymnetric cellulose ester membranes. In addition, 
the experiments on the developmental perfluorosulfonic acid iono- 
mer films have yielded results which support a speculation that 
polymer chain backbone mobility is a significant part of the com- 
plex's diffusion in these membranes. 

NOT AT ION 

cAO 
CT 
DA 
DAB 

SA 

K 
m 

k 
kr 
kf 

F 

L 
M 
Sh 
a 
F3 

concentration of solute in membrane at feed interface 
total concentration of carrier 
diffusion coefficient of solute in uncornplexed state 
diffusion coefficient of solute + carrier complex 
facilitation factor, the ratio of facilitated to 
diffusive flux, Eq.  1 
solute concentration in the membrane phase when feed is 
100% solute; = C A ~ / ~ ,  mol/l 
dimensionless equilibrium constant 
solute partiton coefficient = (external-phase 
concentration)/(rnembrane-phase concentration) 
mass transfer coefficient 
reverse rate coefficient of complexation reaction 
forward rate coefficient of complexation reaction 
membrane thickness 
molarity, mol/l 
Sherwood number 
mobility ratio 
inverse Damkohler number 
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