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FOREWORD 
The ACS S Y M P O S I U M S E R I E S was founded in 1 9 7 4 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

I N C H E M I S T R Y S E R I E S except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

I^ÎEW S É P A R A T I O N T E C H N I Q U E S , particularly for improving gas tech­
nologies, have increased dramatically in recent years. These advances have 
stemmed not only from the obvious needs to reduce process costs and 
environmental pollution, but also from the synthesis and identification of 
novel materials. Such materials include unique membranes and zeolites. 

The use of membranes to separate gases commercially is a relatively 
new application. Both Du Pont and Union Carbide had ventures in the 
early 1970s for recovering H 2 and He from industrial processes, but these 
projects were never fully commercialized. Recently, however, a combina­
tion of improved economics and better technology has resulted in 
membrane products that signal a new era in the commercial use of 
membranes for large-scale gas separation. 

Diffusion processes in polymers have been studied since the 1860s, 
and gas diffusion in polymers was studied intensively in the 1950s and 
1960s by such notables as Weller, Steiner, Kammermeyer, Stannett, 
Michaels, Rogers, and Stern. Although these studies generated a large 
amount of permeability data for gas diffusion through polymers, industrial 
applications were not implemented until nearly 15 years later. Clearly, the 
use of membranes to separate gases commercially is not a simple task. 
Companies currently trying to commercialize such processes are well aware 
of the need to combine basic understanding with sophisticated fabrication 
technology. 

Both the understanding of gas transport and the number of engineer­
ing ventures that are using membranes have been growing rapidly. This 
symposium explores gas-transport mechanisms and models and presents 
several industrial applications of gas membranes. Although agreement on 
the transfer mechanism has not yet been reached for either mixed- or 
single-gas permeation, the understanding is sufficient to develop both energy-
and cost-effective purification and bulk separation processes for indus­
trial use. 

Adsorption separation—an important unit operation in the separation 
of industrial gases—is achieved by adsorbing one or more component(s) 
onto the active sites of a solid adsorbent. For cyclic processes, the solid 
is regenerated by shifting the equilibrium toward the gas phase by increasing 
the adsorbent temperature or by decreasing the partial pressure of the 
adsorbate in the gas. Some of the more important commercial combinations 
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of adsorbents and regeneration techniques are discussed in a paper in this 
symposium. As the understanding of cyclic adsorption processes has 
developed, more and more of the assumptions used in designing systems 
have been reexamined and discarded for more rigorous treatments. Many 
more sophisticated models of the adsorption phenomenon are being 
postulated, such as that offered for pressure swing separation of light gases. 
In other separations, the molecular size dimensions of the microporous 
solids are used to control kinetic selectivity as well as or in place of 
adsorptive selectivity. For example, the natural zeolite clinoptilolite is 
used for the separation of methane and nitrogen. In some adsorptive 
processes, the bonding energy associated with adsorption is similar in 
magnitude to that of a chemical reaction. For such cases, the regeneration 
may be achieved more effectively by shifting a chemical reaction equilib­
rium. Such an approach has been used for an iron oxide sorbent. The 
papers presented cover the spectrum of applications, adsorbents, and types 
of cycles. 

Absorption is another unit operation that has many parallels to 
adsorption. Although the sorption media is liquid rather than solid, many 
of the underlying principles are the same. Most commercial applications 
for purification and bulk separation involve weak physical bonding of 
absorbate to absorbent. Again, regeneration of sorbent is accomplished 
by increasing the liquid temperature and/or by decreasing absorbate partial 
pressure. This volume contains a discussion of a process for recovering 
methane from hydrogen and carbon monoxide using liquid propane—a 
separation that might also have been attempted with a suitable solid 
adsorbent. Another state-of-the-art approach—the removal of acid gases 
(sulfur compounds and carbon dioxide)—is detailed; in this process the con­
taminant carbon dioxide becomes both an active adsorbent and a com­
ponent of an absorptive fluid. 

THADDEUS E . WHYTE, JR. 
Catalytica Associates, Inc. 
Santa Clara, CA 

CARMEN M. YON 
Union Carbide Corporation 
Tarrytown, NY 

EARL H . WAGENER 
Dow Chemical Company 
Walnut Creek, CA 

February 28, 1983 
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1 

Helium Recovery Using Semipermeable 
Membranes 

F. E. MARTIN 
Westinghouse Oceanic Division, Annapolis, MD 21404 
T. S. SNYDER and E. J. LAHODA 
Westinghouse Research & Development Center, Pittsburgh, PA 15235 

A series of pure gas and gas mixture tests were 
performed, using a unique closed-circuit experimental 
loop. Based on data from continuous loop operations, 
a preliminary system design and economic evaluation 
were performed to recover helium from deep sea diving 
gas applications. This program was performed under 
Navy Contract N60921-79-C-A037 for the Naval Surface 
Weapons Center G-52. Membrane permeability was deter­
mined as a function of driving pressure and feed 
concentration for a single membrane element. Based 
on this data, a hypothetical design of a system to 
meet naval specifications was performed only as a con­
tractual requirement with the Navy and i s not intended 
as a specific Westinghouse system. Westinghouse at 
this time plans no such system for market. Projections 
based on the experimental data for the hypothetical 
system show that the least pure gas considered for the 
design, 58 mole % helium, could be enriched to better 
than 99.99% helium in five permeator stages. This gas 
could be enriched, hypothetically, to a physiologically 
acceptable quality in 3 stages. Carbon dioxide con­
centration in the gas i s the design l imi t ing parameter. 
This i s a very conservative design estimate. The con­
servatism is necessary due to the limited nature of the 
design data. 

The U . S . N a v y , i n p u r s u i t o f i t s many deep d i v i n g p r o g r a m s , 
must c u r r e n t l y d e a l w i t h e x p o n e n t i a l l y r i s i n g c o s t s and numerous 
s u p p l y d i f f i c u l t i e s c o n c e r n i n g i t s p r i m e d i l u e n t f o r b r e a t h i n g 
g a s - h e l i u m . The l o g i s t i c s p r o b l e m s o f p r o v i d i n g l a r g e q u a n t i t i e s 
o f h i g h p r e s s u r e gas t o r e m o t e d i v i n g s i t e s o v e r e x t e n d e d d i v e 
i n t e r v a l s , r e g a r d l e s s o f w e a t h e r c o n d i t i o n s , a r e d i f f i c u l t t o 
q u a n t i f y . H o w e v e r , p r o v i s i o n f o r an i n d e f i n i t e s u p p l y o f d i l u e n t 
v i a a n o n - b o a r d d e v i c e t h a t r e c y c l e s e x p e n d e d g a s , w i t h r e l a t i v e l y 
m i n o r p e n a l t y t o o p e r a t i o n a l / m a i n t e n a n c e c o s t s and d e c k s p a c e , 

0097-6156/83/0223-0001$07.25/0 
© 1983 American Chemical Society 
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2 I N D U S T R I A L G A S S E P A R A T I O N S 

would appear t o be d e s i r a b l e . The b e n e f i t b o t h t o program 
c o n t i n g e n c y p l a n n i n g and t o d i v e s a f e t y c o u l d be s u b s t a n t i a l , even 
i f the d e v i c e were r e l e g a t e d t o a backup o r sup p l e m e n t a l mode of 
o p e r a t i o n . 

More amenable t o q u a n t i t a t i v e and o b j e c t i v e a n a l y s i s i s the 
economic i n c e n t i v e f o r d e v e l o p i n g a r e c y c l e system. I t was 
p r e d i c t e d i n 1974(1) t h a t , f o r h e l i u m r e c o v e r y a t the w e l l - h e a d , 
a c o s t growth average of 17.9% per year c o u l d be a n t i c i p a t e d f o r 
the decade s u c c e e d i n g t h a t r e p o r t . However, i t i s f u r t h e r 
p r e d i c t e d t h a t n a t u r a l gas f i e l d s b e a r i n g ^ 0 . 3 % h e l i u m w i l l be 
d e p l e t e d by 1990-95, a t which time f i e l d s b e a r i n g < 0.1% must be 
used. T h i s would produce a sharp p r i c e e s c a l a t i o n t o w h o l e s a l e 
p r i c e s f i v e times t h e n - c u r r e n t r a t e s . T h e r e a f t e r , p r o j e c t i o n s 
a r e e n t i r e l y dependent on how, whether, and when h e l i u m c o n s e r ­
v a t i o n and r e s e r v e s t o r a g e p o l i c i e s a r e implemented, and on 
whether f u t u r e a i r s e p a r a t i o n t e c h n o l o g y w i l l e nable c o m p e t i t i v e 
e x t r a c t i o n of h e l i u m from t h e atmosphere. 

The Navy, w h i c h , by our c o n s e r v a t i v e e s t i m a t e , ( 2 ) i s a 
c u r r e n t u s e r of some 2,800,000 s t d f t ^ o f h e l i u m per y e a r , would 
b e n e f i t s u b s t a n t i a l l y from a s h i p b o a r d system t h a t c o u l d c a p t u r e 
90-95% of c u r r e n t l y wasted h e l i u m and c o n d i t i o n i t t o a c c e p t a b l e 
p u r i t y f o r r e - u s e . The d e f i n i t i o n of a c c e p t a b l e p u r i t y i s as 
shown i n Table I , w h e r e i n the d e s i g n g o a l s and d e s i g n requirements 
a r e s e t f o r t h . The d e s i g n g o a l r e f l e c t s h e l i u m p u r i t y as found i n 
b o t t l e s u p p l i e s meeting the r e f e r e n c e d s p e c i f i c a t i o n , Grade A, 
whereas the d e s i g n requirement i s d e r i v e d from an assortment of 
a n a l y s e s based on the p r a c t i c a l , o p e r a t i o n a l c o n s t r a i n t s on a 
d i v e r ' s d i l u e n t gas. As per note 2 of Tab l e I , the d e s i g n 
requirement can a l l o w as much as 1% 02 and 1% N 2 , and consequent 
drop of He t o 97.8%, w i t h o u t i m p a i r i n g or j e o p a r d i z i n g the u s e r ; 
however, the d e s i g n was t o i n c l u d e s i z i n g t o the 99.995% d e s i g n 
g o a l l e v e l t o o b t a i n an e s t i m a t e f o r maximum d e s i g n c a p a c i t y 
needed. 

E x p e r i m e n t a l System D e s c r i p t i o n 

F i g u r e 1 i s a schematic of the e x p e r i m e n t a l l o o p c o n s t r u c t e d 
by the Westinghouse Oceanic D i v i s i o n t o e v a l u a t e semipermeable 
gaseous membranes f o r h e l i u m r e c o v e r y . The key system components 
i n F i g u r e 1 a r e the permeator modules, compressor, a f t e r c o o l e r , 
h u m i d i f i e r and the o n l i n e gas chromatograph f o r sample a n a l y s e s . 
T h i s t e s t system was unique i n t h a t i t a l l o w e d c l o s e d c i r c u i t 
f l o w of multicomponent gas m i x t u r e s to the membrane f o r s e p a r a t i o n , 
f o l l o w e d by immediate r e c o m b i n a t i o n of the permeate and r e s i d u a l 
streams f o r r e c y c l e to t h e feed s i d e . T h i s arrangement p e r m i t t e d 
a c o n s t a n t v o l u m e t r i c feed r a t e to the membrane f o r pr o l o n g e d 
p e r i o d s w i t h o u t r e q u i r i n g p r o h i b i t i v e and c o s t l y gas i n v e n t o r y . 
F u r t h e r , the e x p e r i m e n t a l c o n f i g u r a t i o n p r o v i d e d complete m o n i t o r ­
i n g and c o n t r o l c a p a b i l i t i e s over such parameters as b a c k - p r e s s u r e , 
s p l i t - s t r e a m f l o w r a t e s , gas temperature, h u m i d i t y and c o m p o s i t i o n . 
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1. M A R T I N E T A L . Helium Recovery 3 

Table I . Helium P u r i t y Goals and Requirements 

Component 
Des ign^ ) 
Goal 

D e s i g n ^ 
Requirement 

Rationale for 
Requirements 

Helium (minimum %) 9 9 . 9 9 5 9 9 8 ( 2 ) Federal Specification 
BB-H-11680, Type 
I , Grade Β 

Water Vapor (ppm) 10 200 3 0 ° F dew point at 
1000 ft 

Oxygen (ppm) 2 1% p 0 2 = 0.3 atm at 
850 ft 

Nitrogen (%) 0 1% Results in same 
p N 2 at 850 ft as 
initially pressurizing 
chamber to 14 ft 
with air 

Carbon Dioxide (ppm) 0 100 p C 0 2 = 0.003 atm 
at 850 ft 

Carbon Monoxide (ppm) 0 12 O S H A exposure 
limit 

Gaseous Hydrocarbons 
measured as Methane (ppm) 

1 1 Federal Specification 
BB-H-11686, Type 
I, Grade C 

Oi l (mg/liter) 0 0.001 O S H A exposure 
limit 

A l l others (ppm) 37 37 Federal Specification 
BB-H-11680, Type 
I, Grade A 

N O T E S : (1) Maximum values by volume, unless otherwise indicated 
(2) May be further reduced by the amount of oxygen and nitrogen 

present 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

00
1

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4 INDUSTRIAL GAS SEPARATIONS 
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6 I N D U S T R I A L G A S S E P A R A T I O N S 

F i g u r e 2 d e s c r i b e s the s p i r a l - w o u n d c e l l u l o s e a c e t a t e 
membranes used i n t h i s t e s t i n g s e r i e s . Other types of permeators, 
e.g., h o l l o w - f i b e r type of e i t h e r polyamide or p o l y s u l f o n e , were 
c o n s i d e r e d , but c o u l d not be o b t a i n e d w i t h i n the time c o n s t r a i n t s 
of t h i s program. Membrane o p e r a t i o n and the f i n a l geometry of 
the loaded h o u s i n g a r e d e s c r i b e d i n F i g u r e 2. The e f f e c t i v e a r e a 
f o r the c e l l u l o s e a c e t a t e membrane used d u r i n g the study was 
^ 1.7 f t ^ . Membrane modules of o t h e r a r e a s i z e s were e i t h e r 
d e f e c t i v e on r e c e i p t from the manufacturer or damaged d u r i n g 
s t a r t u p . T h i s p r e c l u d e d o b t a i n i n g s c a l i n g d a t a f o r membrane a r e a 
d u r i n g the st u d y . 

T a b l e I I l i s t s the feed gas c o m p o s i t i o n s used f o r the study 
to determine the e f f e c t s of feed c o m p o s i t i o n on membrane p e r f o r ­
mance. The d i f f e r e n t c o m p o s i t i o n s a r e r e p r e s e n t a t i v e of d i v i n g 
gas m i x t u r e s used a t v a r i o u s depths. Both the i n d i v i d u a l com­
ponent p e r m e a b i l i t i e s and the m i x t u r e p e r m e a b i l i t i e s were e v a l u ­
ated a t s e v e r a l d i f f e r e n t p r e s s u r e drops up to 1200 p s i g feed 
p r e s s u r e . 

Table I I 
Feed Gas Co m p o s i t i o n 

Component 

Helium 
N i t r o g e n 
Oxygen 
Carbon D i o x i d e 
R e p r e s e n t a t i v e 

Depth ( f t ) 
E x p t ' l Run Numbers 
Note: 

Mix #1 Mix #2 
By Volume P e r c e n t 
79.7 92.5 
15.9 5.9 
4.3 1.6 
0.075 0.027 

200. 
201-204 

600. 
181-184 

Mix #3 Mix #4 

95.4 (58.0) 
3.6 (11.5) 
1.0 (30.0) 
0.017 (0.526) 

1000. 
191-194 

0 to 200 

E x p e r i m e n t a l d i f f i c u l t i e s pre-empted the experiments u s i n g 
Mix #4. 

C a l c u l a t i o n s : P e r m e a b i l i t y C o n s t a n t s , S e p a r a t i o n F a c t o r s and 
S c a l i n g of R e s u l t s f o r System D e s i g n 

The d e f i n i t i o n of a s p e c i e s ' p e r m e a b i l i t y i n a g i v e n 
membrane i s the product of i t s d i f f u s i v i t y and s o l u b i l i t y i n tae 
membrane. I t i s t h i s product which a l s o r e s u l t s i n the membrane's 
s e l e c t i v i t y f o r one component of a m i x t u r e over a n o t h e r ( 9 ) . 
However, s i n c e the p e r m e a b i l i t y i s a c t u a l l y a c o m p l i c a t e d f u n c t i o n 
of the d i f f u s i v i t y and s o l u b i l i t y , i t i s e m p i r i c a l l y measured and 
c a l c u l a t e d by E q u a t i o n 1. 

q. = k. Α Δρ. (1) 

where : 
q. = f l o w of component through the membrane 
A = membrane a r e a 
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1. M A R T I N E T A L . Helium Recovery 7 

PERMEATE 

Permeate 
Weld Fitting 

Circumferential Seal 
Between Element O.D. And 
Pressure Housing, I.D. 
(Actually Set Within 
Special Seal-Carrying 
Fitting) 

Permeate Flow Entering 
Core Penetration 

Permeator 
Housing 

Feed Channel 
(Thickness Exaggerated -
Actually < 1/32 Inch 
Thickness Allowing Smooth 
Cylindrical Over-Wrap 
Sidewall) 

o> Membrane 

Feed 

Residue 

Spacer 

Two Asymmetric Membrane 
Sheets, Sandwiching A Porous 
"Spacer", Are Adhesively 
Bonded At Edges And Spirally 
Wrapped About Permeate "Core", 
To Which "Spacer" Empties 
Through Penetrations. These 
Spiral Wraps Are Separated 
From One Another By An 
Open-Lattice Feed-Channelling 
Material, Concurrently 
Wrapped With The Membrane 
"Sandwich". The Resultant 
Permeator Element Is Then 
Over-Wrapped With Fiberglass 
Lay-Up, And Provided Necessary 
Seals And Fittings. 

F i g u r e 2 . S p i r a l - w o u n d permeator c o n f i g u r a t i o n . 
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8 I N D U S T R I A L G A S S E P A R A T I O N S 

= p a r t i a l p r e s s u r e of component i 
= p e r m e a b i l i t y c o n s t a n t f o r component i 

Table I I I d e s c r i b e s the p e r m e a b i l i t y c o n s t a n t s as determined by 
t h i s s e t of e x p e r i m e n t s . 

As F i g u r e 3 shows, s t r i c t a p p l i c a t i o n of E q u a t i o n 1 r e s u l t s 
i n 11 e q u a t i o n s i n 11 unknowns and an i t e r a t i v e s o l u t i o n f o r the 
d e s i g n sequence. To circumvent t h i s cumbersome c a l c u l a t i o n , the 
system p e r m s e l e c t i v i t y was used to e s t i m a t e the number of s t a g e s 
r e q u i r e d i n the d e s i g n sequence f o r the s e p a r a t i o n , and E q u a t i o n 
(1) was then used t o e s t i m a t e the a r e a r e q u i r e m e n t s knowing t h e 
s t a g e o u t l e t c o m p o s i t i o n s of the permeate and r e s i d u a l streams. 

I n a d d i t i o n , s e p a r a t i o n f a c t o r s were s e l e c t e d as the method 
of s c a l i n g the d a t a , r a t h e r than the p e r m e a b i l i t y c o e f f i c i e n t s , 
because t h i s method p r o v i d e s a more r e l i a b l e f i t of the l i m i t e d 
d a t a a v a i l a b l e . The d a t a was l i m i t e d because the 58% h e l i u m 
m i x t u r e i n Table I I was not s t u d i e d e x p e r i m e n t a l l y due t o p l a s t i -
c i z a t i o n by water vapor of the l a s t w o r k a b l e membrane module. I n 
a d d i t i o n t o b e i n g the most common h e l i u m m i x t u r e w h i c h the p r o t o ­
type would encounter, t h i s m i x t u r e r e p r e s e n t s lower v a l u e s of the 
r a t i o 8 = [He]/[component i ] than s t u d i e d e x p e r i m e n t a l l y . U s i n g 
the s e p a r a t i o n f a c t o r s , the v a l u e s of 3feed/Bpermeate f o r the 
58% h e l i u m m i x t u r e l i e between the o r i g i n ( 0 , 0 ) , a f i x e d boundary, 
and the e x i s t i n g d a t a when p l o t t i n g 6feed/Bpermeate* Use of 
p e r m e a b i l i t i e s would r e q u i r e e x t r a p o l a t i o n as opposed t o s e p a r a ­
t i o n f a c t o r i n t e r p o l a t i o n . T h e r e f o r e , the s e p a r a t i o n f a c t o r was 
s e l e c t e d f o r s c a l i n g . 

The p e r m s e l e c t i v i t i e s , o r s e p a r a t i o n f a c t o r s , d e f i n e d by 
E q u a t i o n (3) were used t o s c a l e the e x p e r i m e n t a l d a t a f o r d e s i g n 
purposes. The system p e r m s e l e c t i v i t y i s analogous t o the d i s t i l ­
l a t i o n s e p a r a t i o n f a c t o r 

( p H e } ( P H e } 

rc c + i H e feed , permeate , . [Sep. f a c t o r ] = — / ~ r ~ ~ r (3) 
x v p x ; f e e d v px'permeate 

d i s c u s s e d by McCabe & Smith(_3) and by T r e y b a l ( 5 ) , d e f i n e d by 
E q u a t i o n ( 4 ) , the r e l a t i v e v o l a t i l i t y cC i j , f o r a b i n a r y system. 

a i j - PÎ'Pj - ( P A
/ P B ) v a p o r / ( p a / p B ) l i q u i d (4) 

The p e r m s e l e c t i v i t y f o r membrane s e p a r a t i o n s can a l s o be c a l c u ­
l a t e d by s u b s t i t u t i n g f u g a c i t i e s c a l c u l a t e d from an e q u a t i o n o f 
s t a t e , here u s i n g the B e a t t i e - B r i d g e m a n e q u a t i o n , i n t o E q u a t i o n 
(3) f o r the p a r t i a l p r e s s u r e v a l u e s ( 4 ) . The v a l u e s o f the perm­
s e l e c t i v i t i e s i n Table IV are r e l a t i v e l y c o n s t a n t a t a f i x e d f e e d 
c o m p o s i t i o n i n agreement w i t h the a p p r o x i m a t e l y l i n e a r b e h a v i o r 
noted i n F i g u r e s 9-11. 
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10 I N D U S T R I A L G A S S E P A R A T I O N S 

Feed Rate (F ) Permeator ••Permeate Rate ( F 0 ) 

R e s i d u a l Rate (F ) 

[He, e t c . ] 2 

[He, e t c . ] 3 

where P^, P^, P^ = P r e s s u r e of F^, F^ and F^ streams, r e s p e c t i v e l y 
and [ i ] ^ , [i]2» [ i ] = c o n c e n t r a t i o n of i - t h component i n r e s p e c ­
t i v e streams 

O v e r a l l M a t e r i a l B a l a n c e , F^ = F^ + F^ 
Component M a t e r i a l B a l a n c e s , F [ i ] = F [ i ] + F [ i ] 

F l u x E q u a t i o n s , F [ i ] = k 

% Recovery = χ 100 

To p e r f o r m d e s i g n a n a l y s i s f o r Helium R e c l a i m e r : 

S o l v e f o r U s i n g 

4 Permeate Components 
4 R e s i d u a l Components 

4 F l u x E q u a t i o n s 
4 Component M a t e r i a l B a l a n c e s 
1 O v e r a l l B a l a n c e 
1 Sum of Compositions 
1 D e f i n i t i o n of Recovery 

1 Permeate Rate 
1 R e s i d u a l Rate 
1 Membrane Are a 

T o t a l 
11 Unknowns 11 E q u a t i o n s 

F i g u r e 3. S i n g l e - s t a g e schematic and m a t e r i a l b a l a n c e s . 
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1. M A R T I N E T A L . Helium Recovery 

E x p e r i m e n t a l R e s u l t s and D i s c u s s i o n 

11 

To v e r i f y the membrane i n t e g r i t y p r i o r t o a t t e m p t i n g 
s e p a r a t i o n s , pure gas permeation r a t e s f o r n i t r o g e n and h e l i u m 
were determined and compared t o the vendor's d a t a s u p p l i e d w i t h 
the membrane. F i g u r e 4 and T a b l e V v e r i f y the vendor's d a t a 
r e a s o n a b l y w e l l f o r the o n l y membrane which s u r v i v e d shipment and 
s t a r t u p . The agreement of the n i t r o g e n v a l u e s i s p a r t i c u l a r l y 
i n d i c a t i v e of the membrane's i n t e g r i t y . 

T a b l e IV 
S e p a r a t i o n F a c t o r s 

V a l u e s C a l c u l a t e d from F u g a c i t y 
Feed C o m p o s i t i o n Runs 181-184 
He 92.83 mole % ΔΡ = 189 p s i α = 9.59 
C 0 2 .051 ΔΡ = 380 p s i α = 9.48 
0 2 1.49 ΔΡ = 566 p s i α 8.34 
N 2 5.63 ΔΡ = 751 p s i α 4.87 
H 20 .008 

Feed C o m p o s i t i o n Runs 191-194 
He 95.23 ΔΡ = 187 p s i α = 9.86 
C 0 2 0.013 ΔΡ = 381 p s i α = 8.80 
02 1.06 ΔΡ = 568 p s i α = 7.84 
N 2 3.71 ΔΡ = 751 p s i α = 7.85 
H 20 .014 

Feed C o m p o s i t i o n Runs 201-204 
He 79.96 ΔΡ = 376 p s i α = 5.64 
C 0 2 .076 ΔΡ = 568 p s i α = 5.78 
0 2 4.34 ΔΡ = 756 p s i α = 5.75 
Ν 2 15.60 
Η 20 0.22 

Permeate C o m p o s i t i o n 
R a t i o s 

a t ΔΡ = 380 
He/sum 
He/C0 2 

He/0 2 

He/N 2 

p s i 

Runs 181-184 
92.8% He 

124 
5221 
992 
144 

Runs 191-194 
95.2% He 

178 
19888 
1421 
191 

Runs 201-204 
80% He 

23 
1570 

60 
38 

ΔΡ p r e s s u r e range 189- 751 
He/sum 
He/CO * 
He/0 2 

He/N 2 

126- 63 
5221-3786 
1044- 365 
150- 78 

187- 751 
199- 158 

14214-11041 
1421- 2481** 
212- 181 

f i r s t v a l u e of 3543 a t 189 ΔΡ i s anomalously low 
α i n c r e a s e s as ΔΡ i n c r e a s e s 

376- 941 
23- 18 

1570-1843 
53- 60 
28- 38 
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9-Γ 

α 

0 100 200 300 400 500 600 700 800 

AP T (PSIG) 

F i g u r e U. Pure gas permeation r a t e s , Permeator Element No. 0003. 
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F i g u r e 5 shows t h a t , d u r i n g the e x p e r i m e n t s , h e l i u m r e c o v e r y 
v a r i e d l i n e a r l y w i t h p r e s s u r e drop f o r a l l t h r e e t e s t m i x t u r e s . 
The 92% h e l i u m m i x t u r e , which was s t u d i e d f i r s t , i s d i s p l a c e d i n 
the f i g u r e from i t s expected p o s i t i o n (shown by the d o t t e d l i n e ) 
except f o r the f i n a l d a t a p o i n t . T h i s f i n a l r e a d i n g was taken a t 
a p r e s s u r e drop much h i g h e r than the vendor t e s t s . T h i s i r r e v e r ­
s i b l y compressed the membrane, a l t e r i n g i t s s e p a r a t i o n c h a r a c ­
t e r i s t i c s from the f i r s t f o u r d a t a p o i n t s u s i n g 92% m i x t u r e , 
as v e r i f i e d by subsequent experiments on the 80% and 95% h e l i u m 
m i x t u r e s . T h e r e f o r e , o n l y the 80% and 95% m i x t u r e d a t a were used 
f o r the d e s i g n s t u d i e s . 

Helium Enrichment: P e r m e a b i l i t i e s and S e p a r a t i o n F a c t o r s 

Enrichment of the p r e f e r r e d gas, h e l i u m i n t h i s c a s e , i s 
most p r o d u c t i v e l y d i s p l a y e d as a p l o t of the feed c o n c e n t r a t i o n 
of t h i s gas r e l a t i v e to the remainder gases (or t o a l e s s 
p r e f e r r e d gas i n the m i x t u r e ) v e r s u s the e q u i v a l e n t r a t i o i n the 
permeate. T h i s i s thus a p l o t of feed r a t i o v s . f l u x r a t i o . I f 
t h i s i s done f o r s e v e r a l f e e d c o m p o s i t i o n s r e p r e s e n t i n g a s i g n i ­
f i c a n t p r e f e r r e d - g a s c o m p o s i t i o n r a n ^ e , enrichment c u r v e s can be 
g e n e r a t e d , such as those d i s p l a y e d i n F i g u r e s 6 and 7. Here i t 
can be seen t h a t the lower p r e s s u r e d i f f e r e n t i a l s a r e more 
d e s i r a b l e from a permeate q u a l i t y s t a n d p o i n t . 

I t can f u r t h e r be seen t h a t h e l i u m i s l e a s t e f f i c i e n t l y 
e n r i c h e d r e l a t i v e t o carbon d i o x i d e than t o any o t h e r component. 
I t i s , t h e r e f o r e , enrichment w i t h r e s p e c t to C 0 2 t h a t becomes 
l i m i t i n g and determines t h e number of s t a g e s n e c e s s a r y t o a c h i e v e 
the p u r i t y l e v e l s s e t by T a b l e I . I n t h i s r e s p e c t , s e l e c t i o n of 
a ^ 380 p s i ΔΡ c o n d i t i o n appears p a r t i c u l a r l y f a v o r a b l e , s i n c e i t 
y i e l d s the h i g h e s t [ H e ] / [ C 0 2 ] enrichment. 

S i n c e these s e p a r a t i o n f a c t o r s a r e the b a s i s of the d a t a 
s c a l e - u p p r o c e d u r e , F i g u r e s 8, 9, and 10 d i s p l a y the s e p a r a t i o n 
r a t i o s f o r the 380 ΔΡ e x p e r i m e n t a l d a t a s e l e c t e d as the system 
d e s i g n p o i n t . 

I n these e x p e r i m e n t s , the measured h e l i u m f l u x through the 
membrane was l e s s than the f l u x p r e d i c t e d on the b a s i s of the 
average b u l k c o n c e n t r a t i o n s . Consequently, the h e l i u m permea­
b i l i t y c o e f f i c i e n t s c a l c u l a t e d from observed membrane f l u x and 
the b u l k p a r t i a l p r e s s u r e s a r e lower than the pure gas v a l u e s 
o b t a i n e d by the membrane s u p p l i e r o r i n d e p e n d e n t l y by us. At the 
same t i m e , observed n i t r o g e n c o e f f i c i e n t s a re h i g h e r than 
p r e d i c t e d . 

C o n c e n t r a t i o n p o l a r i z a t i o n may be a p o s s i b l e e x p l a n a t i o n f o r 
t h i s e r r a t i c p e r m e a b i l i t y c o e f f i c i e n t b e h a v i o r ; however, the 
i n f l u e n c e o f c o n c e n t r a t i o n p o l a r i z a t i o n i n gaseous exchange 
regimes such as the one h e r e i n r e p o r t e d i s q u i t e d o u b t f u l and 
s u b j e c t t o d i s p u t e ( 7 _ ) . A l t e r n a t i v e p o s s i b i l i t i e s i n c l u d e (a) 
permeator f u n c t i o n a l l o s s due t o on-going membrane compaction, 
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16 I N D U S T R I A L G A S S E P A R A T I O N S 

ENRICHMENT OF HELIUM WITH RESPECT TO: 

OXYGEN NITROGEN 

40 50 60 70 

([He]/[02]) FEED 

10 20 30 

((Hel/[N 2l) FEED 

F i g u r e 6 . Enrichment o f h e l i u m w i t h r e s p e c t t o oxygen and n i t r o g e n . 
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18 I N D U S T R I A L G A S S E P A R A T I O N S 

5 10 15 20 25 

([He]/[N 2]) FEED 

F i g u r e 8. Enrichment o f h e l i u m r e l a t i v e t o n i t r o g e n a t 380 p s i g ΔΡ. 
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([He]/[0 2]) FEED 

F i g u r e 9 Enrichment o f h e l i u m r e l a t i v e t o oxygen a t 380 p s i g ΔΡ. 
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1. M A R T I N E T A L . Helium Recovery 21 

(b) l o s s due t o some o t h e r f a c t o r such as g r a d u a l membrane 
p l a s t i c i z a t i o n by water v a p o r , or (c) n o n - i d e a l i t y of m i x t u r e s 
e s p e c i a l l y a t the h i g h e r p r e s s u r e s . The source of d i s c r e p a n c y 
remains an i s s u e open t o f u t u r e e v a l u a t i o n s . 

H y p o t h e t i c a l System Des i g n 

Table VI 
D e s i g n Assumptions f o r 58% Helium M i x t u r e s 

1. Recovery α Area 
α ΔΡ (shown by data) 

2. L i n e a r E x t r a p o l a t i o n of P e r m s e l e c t i v i t i e s and P e r m e a b i l i t i e s 
3. 50% Decrease i n F l u x due to Humidity L e v e l s ^ 80% (see 

Reference 8 ) . 

In f u l f i l l m e n t of the c o n t r a c t r e q u i r e m e n t s w i t h the Navy, a 
h y p o t h e t i c a l h e l i u m r e c o v e r y system was designed based on the 
l i m i t e d d a t a a v a i l a b l e from the t e s t program. These c a l c u l a t i o n s 
were performed t o put the t e s t r e s u l t s i n p e r s p e c t i v e . They are 
n o t , however, i n t e n d e d to d e s c r i b e a system t h a t Westinghouse has 
f o r market. Westinghouse has no p l a n s to market such a system. 

F i g u r e 11 and the accompanying m a t e r i a l b a l a n c e s i n F i g u r e 
12 show t h a t f i v e membrane s e p a r a t i o n stages are r e q u i r e d i n the 
h y p o t h e t i c a l system to meet the s p e c i f i e d l e v e l s i n T a b l e I f o r a 
58% h e l i u m m i x t u r e . 

S i n c e the e x p e r i m e n t a l d a t a showed t h a t the c e l l u l o s e a c e t a t e 
membranes c o n c e n t r a t e w a t e r , the water must be removed from the 
feed stream b e f o r e i t e n t e r s the permeation s t a g e s i n t w i n 
z e o l i t e a b s o r p t i o n columns. The d e w a t e r i n g system would be 
backed up by h i g h e f f i c i e n c y p a r t i c u l a t e f i l t e r s r a t e d t o ^ 0.3 y. 
S i n c e the f i n a l p roduct i s t o be b r e a t h a b l e , diaphragm com­
p r e s s o r s would be used throughout the system to p r e v e n t gaseous 
c o n t a m i n a t i o n by o i l . A gas chromatograph would be used t o 
monitor e f f l u e n t q u a l i t y , w h i l e the p r e s s u r e , h u m i d i t y and temp­
e r a t u r e taps check the system o p e r a t i o n as the probes i n F i g u r e 
11 i n d i c a t e . 

As F i g u r e 12 shows, the f i f t h s t a g e i s r e q u i r e d t o meet the 
C 0 2 spec when t r e a t i n g the 58% h e l i u m m i x t u r e , w h i l e o n l y f o u r 
s t a g e s are adequate t o meet the t a r g e t of > 99.8% He p u r i t y . 

C o n c l u s i o n s 

1. The d e s i g n proposed here i s a h y p o t h e t i c a l p r e l i m i n a r y 
d e s i g n assembled to determine the t e c h n i c a l f e a s i b i l i t y of u s i n g 
semipermeable membranes to r e c o v e r h e l i u m . 

2. More d e t a i l e d d a t a c o n c e r n i n g the e f f e c t s of h u m i d i t y , 
membrane area and lower h e l i u m c o n c e n t r a t i o n s i n the feed stream 
on h e l i u m r e c o v e r y must be o b t a i n e d b e f o r e a f i n a l d e s i g n can be 
performed w i t h c o n f i d e n c e . 
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3. For a h y p o t h e t i c a l system d e s i g n , based on the e x i s t i n g 
d a t a , m u l t i s t a g e systems a r e r e q u i r e d t o r e c o v e r the h e l i u m from 
vented d i v i n g chamber gases i n o r d e r t o meet the d e s i g n s p e c i f i ­
c a t i o n s o u t l i n e d i n Table I . 

4. F i v e s t a g e s a r e r e q u i r e d t o a c h i e v e the h e l i u m p u r i t y 
g o a l and the carbon d i o x i d e requirement i n Ta b l e I . 

5. Carbon d i o x i d e i s the l i m i t i n g gas f o r the d e s i g n as 
oxygen and n i t r o g e n r e q u i r e o n l y two s t a g e s t o meet t h e i r d e s i g n 
requirement l e v e l s . 

Use of o t h e r membranes, h a v i n g d i f f e r e n t p r o p e r t i e s , w i l l , 
o f c o u r s e , r e s u l t i n a system d i f f e r e n t from t h a t i n d i c a t e d 
above. Depending on the c h o i c e of membrane m a t e r i a l , fewer o r 
more, s m a l l e r or l a r g e r s t a g e s would be r e q u i r e d f o r the system. 
The expected c o s t o f r e c l a i m e d h e l i u m would be c o r r e s p o n d i n g l y 
a f f e c t e d . 

Nomenclature 

k p e r m e a b i l i t y c o e f f i c i e n t (STD f t J / f t * h r 100 p s i ) 
ρ p r e s s u r e (atm) 
Τ temperature (°K except as noted) 
ρ d e n s i t y (g/cc) 
L some c h a r a c t e r i s t i c l e n g t h (cm) 
[ i ] ^ permeate c o n c e n t r a t i o n mole % 
[ i ] ^ r e s i d u a l c o n c e n t r a t i o n mole % 
[ i ] ^ f eed c o n c e n t r a t i o n mole % 
A a r e a 
F 3 r e s i d u a l f l o w r a t e (SLPM) 
F i feed f l o w r a t e (SLPM) 
F 2 permeate f l o w r a t e (SLPM) 
p? vapor p r e s s u r e o f component i 
x.. i d e a l s e p a r a t i o n f o r d i s t i l l a t i o n = p!/p! 

i J i j 
a.. s e p a r a t i o n f a c t o r o r p e r m s e l e c t i v i t y 
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A Low-Temperature Energy-Efficient Acid Gas 
Removal Process 
R. E. HISE and L. G. MASSEY—Consolidated Natural Gas Research 
Company, Cleveland, OH 44106 
R. J. ADLER, C. B. BROSILOW, and N. C. GARDNER—Case Western 
Reserve University, Cleveland, OH 44106 
L. AUYANG, W. R. BROWN, W. J. COOK, and Y. C. LIU—Helipump 
Corporation, Cleveland, OH 44141 

The CNG process removes sulfurous compounds, trace 
contaminants, and carbon dioxide from medium to 
high pressure gas streams containing substantial 
amounts of carbon dioxide. Process features in­
clude 1) absorption of sulfurous compounds and 
trace contaminants with pure liquid carbon di­
oxide, 2) regeneration of pure carbon dioxide with 
simultaneous concentration of hydrogen sulfide and 
trace contaminants by triple-point crystalliza­
tion, and 3) absorption of carbon dioxide with a 
slurry of organic liquid containing solid carbon 
dioxide. These process features uti l ize unique 
properties of carbon dioxide, and enable small 
driving forces for heat and mass transfer, small 
absorbent flows, and relatively small process 
equipment. 

Acid gas removal (AGR) refers to the separation of hydrogen 
sulfide and carbon dioxide from gas mixtures. The simultaneous 
removal of other trace sulfurous and nitrogenous compounds i s 
also usually implied, e .g. , carbonyl sulf ide, carbon disul f ide , 
mercaptans, hydrogen cyanide. A less emphasized but equally 
important function of acid gas removal i s the separation of 
carbon dioxide from hydrogen sulfide and other trace contami­
nants. AGR thus serves to increase the market value of a gas by 
removing diluents and undesirable compounds, to cleanse a gas of 
compounds detrimental to downstream processing (catalyst po i ­
sons) , to separate pollutant free carbon dioxide for by-product 
use or atmospheric venting, and to concentrate hydrogen sulfide 
for sulfur recovery. 

The major applications of AGR appear to be: (1) treating 
natural gas containing sulfurous compounds and carbon dioxide, 
(2) treating shift gases in substitute natural gas production 
from coal , (3) treating synthesis gas made by par t ia l oxidation 

0097-6156/83/0223-0027$06.00/0 
© 1983 American Chemical Society 
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28 I N D U S T R I A L G A S S E P A R A T I O N S 

o f s u l f u r - c o n t a m i n a t e d f e e d s t o c k s , e.g., g a s o l i n e p r o d u c t i o n 
from c o a l v i a s y n t h e s i s gas ( F i s c h e r - T r o p s c h r e a c t i o n or through 
the i n t e r m e d i a t e s methanol or d i m e t h y l e t h e r ) , (4) a c i d gas 
removal i n hydrogen p r o d u c t i o n from c o a l or r e s i d u a l f e e d s t o c k s 
f o r uses such as o i l s h a l e r e f i n i n g , and (5) t r e a t i n g s y n t h e s i s 
gas made from methane and steam ( p r o d u c t i o n o f ammonia, hydrogen, 
and oxo compounds) . In s h o r t , a c i d gas removal i s a key s t e p i n 
the up-grading o f n a t u r a l gas and s y n t h e s i s gas made from n a t u r a l 
gas, p e t r o l e u m , or c o a l , and a c i d gas removal i s an e s s e n t i a l s t e p 
i n most e n v i s i o n e d f o s s i l f u e l energy c o n v e r s i o n p r o c e s s e s . 

A p r o p r i e t a r y a c i d gas removal p r o c e s s i s under development 
by the CNG Research Company, a S u b s i d i a r y o f the C o n s o l i d a t e d 
N a t u r a l Gas Company; most o f the r e s e a r c h has been done by 
Helipump C o r p o r a t i o n a t Case Western Reserve U n i v e r s i t y , C l e v e ­
l a n d , Ohio. The g o a l i s the development o f a c o m m e r c i a l l y 
a t t r a c t i v e p r o c e s s . The p r o c e s s s e p a r a t e s carbon d i o x i d e , 
s u l f u r o u s m o l e c u l e s , and o t h e r t r a c e contaminants from gas 
m i x t u r e s c o n t a i n i n g low m o l e c u l a r weight components such as 
hydrogen, carbon monoxide, methane, and n i t r o g e n . The p r o c e s s 
o p e r a t e s a t temperatures down t o about -80°C, and i s e s p e c i a l l y 
s u i t e d f o r medium t o h i g h p r e s s u r e (300-1500 p s i a ) gas m i x t u r e s 
c o n t a i n i n g s u b s t a n t i a l amounts o f carbon d i o x i d e . T h i s paper 
p r o v i d e s background and m o t i v a t i o n f o r a l t e r n a t i v e AGR techno­
l o g y , a d e s c r i p t i o n o f the CNG p r o c e s s and i t s f e a t u r e s , and 
r e v i e w s the p r e s e n t s t a t u s o f p r o c e s s development. 

Background and M o t i v a t i o n f o r A l t e r n a t i v e AGR Technology 

There are two major t y p e s o f a c i d gas removal p r o c e s s e s , 
c h e m i s o r p t i o n and p h y s i c a l a b s o r p t i o n . T y p i c a l c h e m i s o r p t i o n 
agents are amines and hot p o t a s s i u m c a r b o n a t e ; t y p i c a l p h y s i c a l 
a b s o r b e n t s a r e d i m e t h y l e t h e r o f t e t r a e t h y l e n e g l y c o l ( S e l e x o l ) 
and c o l d methanol ( R e c t i s o l ) . At low a c i d gas p a r t i a l p r e s s u r e , 
l e s s than about 200 p s i a , c h e m i s o r p t i o n i s g e n e r a l l y f a v o r e d ; a t 
a c i d gas p a r t i a l p r e s s u r e s above 200 p s i a , p h y s i c a l a b s o r p t i o n i s 
g e n e r a l l y f a v o r e d ( 1 ) . The f o l l o w i n g d i s c u s s i o n o f AGR p r o c e s s 
c h a r a c t e r i s t i c s i s o r i e n t e d p r i m a r i l y toward t r e a t m e n t o f crude 
c o a l g a s i f i e r gases w i t h p r e s s u r e and c o m p o s i t i o n f a v o r i n g 
p h y s i c a l a b s o r p t i o n AGR. 

E x i s t i n g AGR p r o c e s s e s e n v i s i o n e d f o r use i n the p r o d u c t i o n 
o f s y n t h e t i c f u e l s from c o a l f a c e unique c h a l l e n g e s because these 
AGR p r o c e s s e s were developed p r i m a r i l y i n response t o the needs 
o f the p e t r o l e u m and n a t u r a l gas i n d u s t r i e s where crude gas 
m i x t u r e s are r e l a t i v e l y w e l l - d e f i n e d . In c o n t r a s t t o crude gas 
m i x t u r e s i n the petroleum and n a t u r a l gas i n d u s t r i e s , crude c o a l 
g a s i f i e r gas g e n e r a l l y c o n t a i n s much more carbon d i o x i d e , a much 
h i g h e r r a t i o o f carbon d i o x i d e t o hydrogen s u l f i d e , and many 
t r a c e c o n t a m i n a n t s . The AGR s t e p i n s y n t h e t i c f u e l s p r o d u c t i o n 
from c o a l must be c a p a b l e o f p e r f o r m i n g two t a s k s : (1) s e p a r a t i o n 
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2. H I S E E T A L . Acid Gas Removal Process 29 

o f a c i d gases and the t r a c e c o ntaminants from the crude gas, and 
(2) s e p a r a t i o n o f h i g h l y p u r i f i e d c a rbon d i o x i d e from the 
hydrogen s u l f i d e and t r a c e c o n t a m i n a n t s . C a p i t a l and energy 
c o s t e s t i m a t e s f o r AGR i n s y n f u e l s p r o d u c t i o n a r e h i g h because 
p r o c e s s i n g and e n v i r o n m e n t a l r e q u i r e m e n t s demand t h a t t h ese 
s e p a r a t i o n s be s h a r p . In f a c t , AGR i s e s t i m a t e d t o be the s i n g l e 
most c o s t l y p a r t o f a s u b s t i t u t e n a t u r a l gas p l a n t ( e x c l u d i n g the 
oxygen p l a n t ) , more c o s t l y than the g a s i f i c a t i o n s t e p or the 
methanation s t e p ( 2 ) . 

E x i s t i n g p h y s i c a l a b s o r p t i o n AGR p r o c e s s e s a r e r e l a t i v e l y 
energy i n e f f i c i e n t f o r a p p l i c a t i o n i n c o a l g a s i f i c a t i o n ; t h e y use 
s u b s t a n t i a l amounts o f steam or s t r i p p i n g gas t o r e g e n e r a t e l e a n 
s o l v e n t and power t o pump l e a n s o l v e n t i n t o the AGR a b s o r b e r . In 
the t r e a t m e n t o f crude gas w i t h s u b s t a n t i a l c arbon d i o x i d e 
c o n t e n t , work a v a i l a b l e by e x p a n s i o n o f s e p a r a t e d carbon d i o x i d e 
from i t s p a r t i a l p r e s s u r e i n the crude gas, t y p i c a l l y 100-300 
p s i a , t o atmospheric p r e s s u r e , i s not r e c o v e r e d . In t h e o r y , an 
AGR p r o c e s s c o u l d r e c o v e r and u t i l i z e t h i s p o t e n t i a l energy. 

E x i s t i n g AGR p r o c e s s e s have d i f f i c u l t y t r e a t i n g crude gases 
w i t h h i g h r a t i o s o f carbon d i o x i d e t o hydrogen s u l f i d e t o produce 
a s u l f u r o u s stream i n s u f f i c i e n t c o n c e n t r a t i o n f o r c o n v e r s i o n t o 
e l e m e n t a l s u l f u r i n a C l a u s p l a n t . A l t h o u g h a C l a u s feed o f 40% 
H2S or g r e a t e r i s most d e s i r a b l e ( 3 ) , AGR p r o c e s s e s t r e a t i n g 
crude c o a l g a s i f i e r gases t y p i c a l l y produce an a c i d gas stream 
c o n t a i n i n g 25% H2S or l e s s (4) . S e p a r a t i o n o f pure carbon d i o x i d e 
f o r by-product use o r f o r r e j e c t i o n t o the atmosphere ( e n v i r o n ­
mental r e s t r i c t i o n s a r e t y p i c a l l y 200-250 ppm t o t a l s u l f u r , 10 
ppm as H2S) i s a l s o d i f f i c u l t t o a c h i e v e w i t h e x i s t i n g AGR 
p r o c e s s e s . A t t e m p t i n g t o i n c r e a s e the hydrogen s u l f i d e concen­
t r a t i o n o f the a c i d gas stream and t o a t t a i n h i g h p u r i t y c a r b o n 
d i o x i d e w i t h e x i s t i n g AGR p r o c e s s e s u s u a l l y r e s u l t s i n s t e e p l y 
r i s i n g c a p i t a l and o p e r a t i n g c o s t s . 

The many t r a c e contaminants i n gases produced from c o a l 
i n c l u d e s u l f u r o u s compounds such as carbony1 s u l f i d e , c a rbon 
d i s u l f i d e , mercaptans, t h i o p h e n e , and n i t r o g e n compounds such as 
ammonia and hydrogen c y a n i d e , and a l i p h a t i c and a r o m a t i c h y d r o ­
carbons having a broad range o f v o l a t i l i t y . E x i s t i n g AGR p r o ­
c e s s e s have d i f f i c u l t y removing a l l o f these t r a c e c o ntaminants 
t o the low l e v e l s d e s i r e d f o r downstream p r o c e s s i n g and c a r b o n 
d i o x i d e v e n t i n g . They a l s o f a c e p o t e n t i a l t e c h n i c a l and economic 
problems i n s o l v e n t r e c o v e r y and r e g e n e r a t i o n , e.g., s o l v e n t l o s s 
w i t h t r e a t e d or vent gases (methanol), and i n c r e a s e d n i t r o g e n o r 
steam s t r i p p i n g f o r e f f e c t i v e removal o f c o n t a m i n a n t s . The 
problem o f t r a c e contaminant removal and r e j e c t i o n i s r e c e i v i n g 
i n c r e a s e d a t t e n t i o n i n the e v a l u a t i o n and s e l e c t i o n o f AGR 
p r o c e s s e s f o r proposed c o a l g a s i f i c a t i o n p l a n t s s i t e d i n the 
U n i t e d S t a t e s ( 5 ) . 
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AGR P r o c e s s Development Goals 

The f o l l o w i n g g o a l s were e s t a b l i s h e d a t the s t a r t o f e f f o r t s 
t o d e v e l o p an a c i d gas removal p r o c e s s more s u i t e d t o gas c l e a n i n g 
i n the p r o d u c t i o n o f s y n t h e t i c f u e l s from c o a l , p a r t i c u l a r l y 
medium BTU and s u b s t i t u t e n a t u r a l gases: 

•Low energy consumption 
•Reduced c a p i t a l c o s t 
• C o n c e n t r a t e d hydrogen s u l f i d e f o r c o n v e r s i o n t o s u l f u r 
•Pure carbon d i o x i d e by-product 
• N o n - p o l l u t i n g (pure carbon d i o x i d e vent gas) 
•Removal and r e j e c t i o n o f t r a c e contaminants 
• N o n - c o r r o s i v e w i t h o r d i n a r y m a t e r i a l s o f c o n s t r u c t i o n . 

T h e o r e t i c a l a n a l y s i s i n d i c a t e d t h a t the f i r s t g o a l , reduced 
energy consumption, was r e a l i s t i c . A r e v e r s i b l e a c i d gas removal 
p r o c e s s s e p a r a t i n g a c i d gases from a 1000 p s i a crude gas 
c o n t a i n i n g 30 mol % CO2 would r e j e c t carbon d i o x i d e a t ambient 
temperature and p r e s s u r e , and be a net energy p r o d u c e r . 

P r o c e s s D e s c r i p t i o n and F e a t u r e s 

The CNG a c i d gas removal p r o c e s s i s d i s t i n g u i s h e d from 
e x i s t i n g AGR p r o c e s s e s by t h r e e f e a t u r e s . The f i r s t f e a t u r e i s 
the use o f pure l i q u i d carbon d i o x i d e as absorbent f o r s u l f u r o u s 
compounds; the second f e a t u r e i s the use o f t r i p l e - p o i n t c r y s ­
t a l l i z a t i o n t o s e p a r a t e pure carbon d i o x i d e from s u l f u r o u s 
compounds; the t h i r d f e a t u r e i s the use o f a l i q u i d - s o l i d s l u r r y 
t o absorb carbon d i o x i d e below the t r i p l e p o i n t temperature o f 
carbon d i o x i d e . Pure l i q u i d c arbon d i o x i d e i s a u n i q u e l y 
e f f e c t i v e absorbent f o r s u l f u r o u s compounds and t r a c e c o n t a m i ­
n a n t s ; t r i p l e - p o i n t c r y s t a l l i z a t i o n e c o n o m i c a l l y produces pure 
carbon d i o x i d e and c o n c e n t r a t e d hydrogen s u l f i d e ; f o r bulk c a r b o n 
d i o x i d e a b s o r p t i o n the s l u r r y absorbent d i m i n i s h e s absorbent f l o w 
and l i m i t s the carbon d i o x i d e absorber temperature r i s e t o an 
a c c e p t a b l e low v a l u e . The sequence o f gas t r e a t m e n t i s shown i n 
F i g u r e 1, an o v e r v i e w o f the CNG a c i d gas removal p r o c e s s . 

Carbon d i o x i d e p l a y s a c e n t r a l r o l e i n the CNG p r o c e s s both 
as a pure component and i n m i x t u r e w i t h o t h e r compounds. The 
t r i p l e p o i n t o f carbon d i o x i d e i s r e f e r r e d t o f r e q u e n t l y i n the 
f o l l o w i n g d i s c u s s i o n ; i t i s the unique temperature and p r e s s u r e 
a t which s o l i d , l i q u i d , and vapor phases o f carbon d i o x i d e can 
e x i s t a t e q u i l i b r i u m (-56.6°C, 5.1 atm). The carbon d i o x i d e 
t r i p l e p o i n t i s shown i n F i g u r e 2 , a phase diagram f o r carbon 
d i o x i d e . 

P r e c o o l i n g , Water Removal. The raw gas i s c o o l e d and 
r e s i d u a l water vapor i s removed t o p r e v e n t subsequent i c i n g . The 
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TEMPERATURE (Celsius) 

F i g u r e 2 . Carbon d i o x i d e phase d i a g r a m . 
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method o f water removal depends on the crude gas c o m p o s i t i o n . I f 
the crude gas i s r e l a t i v e l y f r e e o f C2+ hydrocarbons, a r e g e n e r -
a b l e m o l e c u l a r s i e v e can be used; o t h e r w i s e , water can be removed 
by s o l v e n t washing, e.g., d i m e t h y l formamide, w i t h d r y s o l v e n t 
r e g e n e r a t e d by d i s t i l l a t i o n . The economics o f the two methods 
appear c o m p e t i t i v e . The w a t e r - f r e e crude gas i s f u r t h e r c o o l e d 
t o i t s carbon d i o x i d e dew p o i n t by c o u n t e r c u r r e n t heat exchange 
w i t h r e t u r n c l e a n gas and s e p a r a t e d carbon d i o x i d e . 

The dew p o i n t o f the gas depends on the gas p r e s s u r e and the 
carbon d i o x i d e p a r t i a l p r e s s u r e . At f i x e d carbon d i o x i d e 
c o m p o s i t i o n , the dew p o i n t i s lowered as t o t a l p r e s s u r e de­
c r e a s e s ; a t f i x e d t o t a l p r e s s u r e , the dew p o i n t i s lowered as 
carbon d i o x i d e c o m p o s i t i o n d e c r e a s e s . C a l c u l a t e d dew p o i n t s f o r 
a s y n t h e s i s gas w i t h 30 mol % carbon d i o x i d e , f o r both i d e a l and 
r e a l gas b e h a v i o r , a r e shown i n F i g u r e 3 f o r syn gas p r e s s u r e s up 
t o 1500 p s i a . 

The dew p o i n t must be warmer than -56.6°C t o p e r m i t use o f 
l i q u i d c a r b o n d i o x i d e absorbent because pure l i q u i d c a r b o n 
d i o x i d e cannot e x i s t below the t r i p l e p o i n t . The carbon d i o x i d e 
p a r t i a l p r e s s u r e , i . e . , gas phase CO2 mol f r a c t i o n times t o t a l 
p r e s s u r e , o f s y n t h e s i s gas m i x t u r e s w i t h -56.6°C dew p o i n t s i s 
p l o t t e d v e r s u s s y n t h e s i s gas p r e s s u r e i n F i g u r e 4. I n c r e a s i n g 
the H2:CO r a t i o a t f i x e d t o t a l p r e s s u r e d e c r e a s e s the carbon 
d i o x i d e p a r t i a l p r e s s u r e r e q u i r e d f o r a -56.6°C dew p o i n t . 
L i q u i d carbon d i o x i d e can be used t o absorb s u l f u r m o l e c u l e s f o r 
any c o m b i n a t i o n o f gas p r e s s u r e and carbon d i o x i d e p a r t i a l 
p r e s s u r e which l i e s above the c u r v e s o f F i g u r e 4. 

Carbon D i o x i d e Condensation, S u l f u r o u s Compound A b s o r p t i o n . 
Carbon d i o x i d e i s condensed by c o o l i n g the gas from i t s dew p o i n t 
t o about -55°C; the condensate i s contaminated w i t h s u l f u r o u s 
compounds. S u b s t a n t i a l amounts o f carbon d i o x i d e can be conden­
sed i f the dew p o i n t i s r e l a t i v e l y warm. A s y n t h e s i s gas a t 1000 
p s i a w i t h 30 mol % carbon d i o x i d e has a dew p o i n t o f about -30°C, 
and a p p r o x i m a t e l y 65% o f the carbon d i o x i d e condenses t o a l i q u i d 
i n c o o l i n g t o -55°C. Removal o f c a r b o n d i o x i d e by c o n d e n s a t i o n 
reduces the amount which must be removed s u b s e q u e n t l y by a b s o r p ­
t i o n . Condensation i s p r e f e r r e d over a b s o r p t i o n because i t i s 
more r e v e r s i b l e and hence i s more energy e f f i c i e n t and l e s s 
c a p i t a l i n t e n s i v e . 

The gas a t -55°C i s scrubbed c l e a n o f s u l f u r o u s compounds and 
r e m a i n i n g t r a c e c ontaminants u s i n g pure l i q u i d carbon d i o x i d e . 
L i q u i d carbon d i o x i d e has s e v e r a l d e s i r a b l e p r o p e r t i e s as an 
a b s o r b i n g medium f o r s u l f u r o u s compounds. S u r p r i s i n g l y , l i q u i d 
c a rbon d i o x i d e absorbs c a r b o n y l s u l f i d e (COS) more e f f e c t i v e l y 
than i t absorbs hydrogen s u l f i d e as shown by t h e i r r e l a t i v e 
v a p o r i z a t i o n c o e f f i c i e n t s , i . e . , KÇQS < ( K i = v i / x i ' v i = 

vapor mole f r a c t i o n component i , x^ = l i q u i d mole f r a c t i o n 
component i ) . Thus, an absorber f o r s u l f u r o u s compounds d e s i g n e d 
t o remove hydrogen s u l f i d e u s i n g l i q u i d c arbon d i o x i d e w i l l a l s o 
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F i g u r e k. Carbon d i o x i d e p r e s s u r e s r e q u i r e d f o r s u l f u r compound 
a b s o r p t i o n . 
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remove COS and a l l o t h e r l e s s v o l a t i l e s u l f u r o u s compounds i n the 
gas. The o p p o s i t e i s t r u e c o n c e r n i n g COS f o r both c o l d methanol 
( R e c t i s o l ) and the d i m e t h y l e t h e r o f p o l y e t h y l e n e g l y c o l ( S e l e x o l 
s o l v e n t ) . For comparison, the r a t i o K H s

: K C 0 S i s p l o t t e d i n 
F i g u r e 5 v e r s u s l i q u i d phase c o m p o s i t i o n from 100 mol% methanol 
t o 100 mol% carbon d i o x i d e . The r a t i o K H 2 s : K C 0 S f o r S e l e x o l 
s o l v e n t i s even lower than f o r methanol. 

The p h y s i c a l p r o p e r t i e s o f l i q u i d c arbon d i o x i d e a l s o enhance 
i t s use as an absorbent i n g e n e r a l . The low v i s c o s i t y (about 0.35 
c e n t i p o i s e a t -55°C) and h i g h d e n s i t y o f l i q u i d c arbon d i o x i d e 
promote h i g h s tage e f f i c i e n c y . For comparison, the v i s c o s i t y o f 
methanol i s 7 t o 8 times g r e a t e r over the temperature range 0 t o 
-55°C ( F i g u r e 6 ) , and S e l e x o l s o l v e n t s v i s c o s i t y i s 5 t o 10 
c e n t i p o i s e around room temperature. L i q u i d c arbon d i o x i d e i s 
denser ( s p e c i f i c g r a v i t y 1.17 a t -55°C) than most ab s o r b e n t s 
which, t o g e t h e r w i t h i t s low v i s c o s i t y , e n a b l e s h i g h l i q u i d and 
gas f l o w r a t e s i n a b s o r p t i o n and s t r i p p i n g towers. For c o m p a r i ­
son, methanol has a s p e c i f i c g r a v i t y o f about 0.85 (-40°C), and 
S e l e x o l s o l v e n t about 1.03 a t room temperature. Carbon d i o x i d e 
has a r e l a t i v e l y low m o l e c u l a r weight o f 44 compared t o S e l e x o l 
s o l v e n t ' s m o l e c u l a r weight o f over 200 (6) . Low m o l e c u l a r weight 
f a v o r s h i g h gas s o l u b i l i t y per u n i t volume o f s o l v e n t . A 
comparison o f p h y s i c a l p r o p e r t i e s f o r methanol, S e l e x o l s o l v e n t , 
and l i q u i d c a rbon d i o x i d e i s summarized i n Table I . The l i q u i d 
c a rbon d i o x i d e used t o absorb the s u l f u r o u s compounds and o t h e r 
t r a c e i m p u r i t i e s i s not purchased but r a t h e r i s o b t a i n e d from the 
crude gas being t r e a t e d . 

The l i q u i d carbon d i o x i d e a b s o r b e n t , w i t h s u l f u r o u s com­
pounds, o t h e r t r a c e c o n t a m i n a n t s , and perhaps some co-absorbed 
l i g h t hydrocarbons such as methane and ethane, i s combined w i t h 
the contaminated l i q u i d c arbon d i o x i d e condensed i n p r e c o o l i n g t o 
-55°C. The combined carbon d i o x i d e stream, t y p i c a l l y 3 t o 5 mol 
% hydrogen s u l f i d e , i s s t r i p p e d o f l i g h t hydrocarbons i f neces­
s a r y , and s e n t t o the carbon d i o x i d e r e g e n e r a t o r . The t r e a t e d 
gas, c o n t a i n i n g l e s s than 1 ppm H2S, l e a v e s the s u l f u r absorber a t 
e s s e n t i a l l y -55°C w i t h carbon d i o x i d e the o n l y s i g n i f i c a n t 
i m p u r i t y y e t t o be removed. 

Carbon D i o x i d e R e g e n e r a t i o n by T r i p l e P o i n t C r y s t a l l i z a t i o n . 
C r y s t a l l i z a t i o n o f carbon d i o x i d e produces pure carbon d i o x i d e 
( l e s s than 1 ppm s u l f u r ) and c o n c e n t r a t e d hydrogen s u l f i d e (up t o 
75 mol % ) . The g r e a t advantage o f c r y s t a l l i z a t i o n i s t h a t pure 
s o l i d carbon d i o x i d e c r y s t a l s form from mother l i q u o r c o n t a i n i n g 
s u l f u r o u s and v a r i o u s o t h e r t r a c e compounds. In c o n t r a s t , 
s e p a r a t i o n o f pure carbon d i o x i d e from hydrogen s u l f i d e by 
d i s t i l l a t i o n i s d i f f i c u l t because o f the v e r y s m a l l r e l a t i v e 
v o l a t i l i t y between carbon d i o x i d e and hydrogen s u l f i d e a t low 
hydrogen s u l f i d e c o n c e n t r a t i o n s (2) · S o l i d carbon d i o x i d e i s not 
known t o form s o l i d s o l u t i o n s w i t h any o f the t r a c e compounds 
l i k e l y t o be absorbed by l i q u i d carbon d i o x i d e i n the s u l f u r o u s 
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MOL X CARBON DIOXIDE IN METHANOL 

F i g u r e 5 · E q u i l i b r i u m Κ r a t i o s . 
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TEMPERATURE (Col si us) 

F i g u r e 6. V i s c o s i t y , m e t h a n o l , and l i q u i d carbon d i o x i d e . 
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2. fflSE E T A L . Acid Gas Removal Process 37 

T a b l e I 

P r o p e r t i e s o f P h y s i c a l A bsorbents 

. y(°C) 
S o l v e n t MW S p . G r . 1 ^ c e n t i p o i s e BP,°C FP,°C 

methanol 32 0.85" 4 0 1.8 (-40) 64.8 -97.5 

d i m e t h y l e t h e r 200 1.03 6.0 (+25) - -20 t o -30 
o f p o l y e t h y l e n e 
g l y c o l 

l i q u i d carbon 44 1.17" 5 5 0.35(-55) -78.5 f -56.6* 
d i o x i d e 

' s o l i d s u b l i m a t i o n temperature 
* t r i p l e p o i n t , 75.1 p s i a 
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compound ab s o r b e r . Consequently, the CNG p r o c e s s s h a r p l y r e j e c t s 
t r a c e contaminants w i t h the hydrogen s u l f i d e r i c h a c i d gas 
stream. 

The c r y s t a l l i z a t i o n p r o c e s s employed i s d i r e c t - c o n t a c t t r i ­
p l e - p o i n t c r y s t a l l i z a t i o n w i t h vapor compression. The c r y s t a l ­
l i z a t i o n p r o c e s s i s a c o n t i n u o u s s e p a r a t i o n cascade analogous t o 
c o n t i n u o u s d i s t i l l a t i o n . The cascade o p e r a t e s a t temperatures 
and p r e s s u r e s near the t r i p l e - p o i n t o f carbon d i o x i d e such t h a t 
vapor, l i q u i d , and s o l i d phases c o e x i s t n e a r l y i n e q u i l i b r i u m . 
S o l i d carbon d i o x i d e i s formed by f l a s h i n g ; s o l i d carbon d i o x i d e 
i s melted by d i r e c t c o n t a c t w i t h condensing carbon d i o x i d e vapor. 
No heat exchange s u r f a c e s are n e c e s s a r y t o t r a n s f e r the l a t e n t 
heat i n v o l v e d . C r y s t a l f o r m a t i o n o c c u r s a t p r e s s u r e s s l i g h t l y 
below the t r i p l e - p o i n t ; c r y s t a l m e l t i n g o c c u r s a t p r e s s u r e s 
s l i g h t l y above the t r i p l e - p o i n t ( s e v e r a l p s i i n each c a s e ) . 
Carbon d i o x i d e vapor i s compressed from the c r y s t a l f o r m a t i o n 
p r e s s u r e t o the c r y s t a l m e l t i n g p r e s s u r e . Only a few s t a g e s o f 
r e c r y s t a l l i z a t i o n are r e q u i r e d t o a c h i e v e e x t r e m e l y pure carbon 
d i o x i d e . 

Pure carbon d i o x i d e produced by t r i p l e - p o i n t c r y s t a l l i z a t i o n 
i s s p l i t i n t o two streams, one i s absorbent r e c y c l e d t o the 
s u l f u r o u s compound a b s o r b e r , the o t h e r i s sent back through the 
p r o c e s s f o r r e f r i g e r a t i o n and power r e c o v e r y , and i s d e l i v e r e d as 
a p r o d u c t stream or i s vented t o the atmosphere. The amount o f 
e x c e s s l i q u i d carbon d i o x i d e produced a t t r i p l e - p o i n t c o n d i t i o n s 
can be s u b s t a n t i a l . For example, i n t r e a t i n g a 1000 p s i a 
s y n t h e s i s gas w i t h 30 mol % carbon d i o x i d e , n e a r l y 40% o f the 
t o t a l carbon d i o x i d e t o be removed from the syn gas i s s e p a r a t e d 
as pure t r i p l e - p o i n t l i q u i d a v a i l a b l e f o r r e f r i g e r a t i o n and power 
r e c o v e r y . The o t h e r p r o d u c t o f t r i p l e - p o i n t c r y s t a l l i z a t i o n , a 
c o n c e n t r a t e d hydrogen s u l f i d e stream, a l s o i s r e c y c l e d back 
through the p r o c e s s f o r r e f r i g e r a t i o n r e c o v e r y b e f o r e b e i n g s e n t 
t o the s u l f u r r e c o v e r y u n i t . 

The t r i p l e - p o i n t c r y s t a l l i z a t i o n o f carbon d i o x i d e i s i l l u s ­
t r a t e d i n F i g u r e 7, which shows a schematic carbon d i o x i d e phase 
diagram expanded about the t r i p l e - p o i n t and a c l o s e d - c y c l e 
t r i p l e - p o i n t c r y s t a l l i z e r o p e r a t i n g w i t h pure carbon d i o x i d e . The 
o p e r a t i o n o f t h i s c l o s e d - c y c l e u n i t i s i d e n t i c a l t o t h a t o f a u n i t 
i n the s t r i p p i n g s e c t i o n o f a c o n t i n o u s c r y s t a l l i z e r c a s c a d e , 
except t h a t i n the cascade vapor would pass t o the u n i t above, and 
l i q u i d would pass t o the u n i t below. 

The a d i a b a t i c f l a s h p r e s s u r e P f , m a i n t a i n e d s l i g h t l y below 
the t r i p l e - p o i n t p r e s s u r e , causes l i q u i d t o s p o n t a n e o u s l y vapor­
i z e and s o l i d i f y . The r a t i o o f s o l i d t o vapor i s determined by 
the heats o f f u s i o n and v a p o r i z a t i o n ; f o r carbon d i o x i d e about 
1.7 moles o f s o l i d are formed f o r each mole v a p o r i z e d . The s o l i d , 
more dense than the l i q u i d , f a l l s through a l i q u i d head and forms 
a l o o s e l y packed c r y s t a l bed a t the bottom. The l i q u i d head i s 
about 10-12 f e e t , and i n c r e a s e s the h y d r o s t a t i c p r e s s u r e on the 
s o l i d t o m e l t e r p r e s s u r e P m. The c r y s t a l bed depth i s about two 
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F i g u r e T. Carbon d i o x i d e , t r i p l e p o i n t c r y s t a l l i z a t i o n . 
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f e e t . In a c t u a l o p e r a t i o n w i t h s u l f u r compounds p r e s e n t , a s m a l l 
backwash f l o w i s m a i n t a i n e d upward through the bed t o wash the 
c r y s t a l s and p r e v e n t mother l i q u o r from p e n e t r a t i n g i n t o the bed. 
The vapor i s withdrawn from the f l a s h zone, compressed t o m e l t e r 
p r e s s u r e P m, s e n s i b l y c o o l e d t o near s a t u r a t i o n , and d i s p e r s e d 
under the s o l i d bed where i t condenses and causes s o l i d t o m e l t . 
The l i q u i d i s withdrawn and r e t u r n e d t o the f l a s h zone w i t h a pump 
(not shown). The p r o c e s s c y c l e i s t r a c e d on the phase diagram o f 
F i g u r e 7. 

C o n c e n t r a t i o n changes observed between mother l i q u o r i n the 
f l a s h zone and l i q u i d p r o d u c t i n the m e l t zone o f an e x p e r i m e n t a l 
t r i p l e - p o i n t c r y s t a l l i z e r have been d r a m a t i c . A q u a l i t a t i v e 
c o n c e n t r a t i o n p r o f i l e t y p i c a l o f those observed i n the e x p e r i ­
mental u n i t i s shown i n F i g u r e 8. The mother l i q u o r c o n c e n t r a t i o n 
i s r e l a t i v e l y u n i f o r m above the packed bed, but a s h arp drop i n 
contaminant c o n c e n t r a t i o n o c c u r s w i t h i n the top s e v e r a l i n c h e s o f 
the l o o s e l y packed c r y s t a l bed. C o n c e n t r a t i o n changes o f the 
o r d e r 500 t o 5000 have been observed f o r r e p r e s e n t a t i v e s u l f u r o u s 
compounds and t r a c e c o n t a m i n a n t s , i n c l u d i n g hydrogen s u l f i d e , 
c a r b o n y l s u l f i d e , m ethyl mercaptan, ethane, and e t h y l e n e . Con­
c e n t r a t i o n p r o f i l e s c a l c u l a t e d f o r the packed bed o f s o l i d c arbon 
d i o x i d e u s i n g a c o n v e n t i o n a l packed bed a x i a l d i s p e r s i o n model 
agree v e r y w e l l w i t h the observed e x p e r i m e n t a l p r o f i l e s . 

F i n a l Carbon D i o x i d e Removal. Carbon d i o x i d e remaining i n 
the gas a f t e r s u l f u r o u s compound a b s o r p t i o n a t -55°C i s absorbed 
a t temperatures below the carbon d i o x i d e t r i p l e - p o i n t w i t h a 
s l u r r y a b s o r b e n t . The s l u r r y absorbent i s a s a t u r a t e d s o l u t i o n 
o f o r g a n i c s o l v e n t and carbon d i o x i d e c o n t a i n i n g suspended 
p a r t i c l e s o f s o l i d carbon d i o x i d e . The low c arbon d i o x i d e 
p a r t i a l p r e s s u r e o f r e g e n e r a t e d s l u r r y a b s o r b e n t , about one 
atmosphere, i s c o n s i d e r a b l y l e s s than the carbon d i o x i d e p a r t i a l 
p r e s s u r e o f the e n t e r i n g raw gas, and p r o v i d e s the d r i v i n g f o r c e 
f o r c a r b o n d i o x i d e a b s o r p t i o n . As c arbon d i o x i d e i s absorbed, 
the r e l e a s e d l a t e n t heat warms the s l u r r y and m e l t s s o l i d c arbon 
d i o x i d e . The d i r e c t r e f r i g e r a t i o n p r o v i d e d by the m e l t i n g o f 
s o l i d carbon d i o x i d e moderates the a p p r e c i a b l e s o l v e n t tempera­
t u r e r i s e n o r m a l l y a s s o c i a t e d w i t h b u l k carbon d i o x i d e a b s o r p ­
t i o n . 

The l a r g e e f f e c t i v e heat c a p a c i t y o f the l i q u i d - s o l i d s l u r r y 
a bsorbent e n a b l e s r e l a t i v e l y s m a l l s l u r r y f l o w s t o absorb the 
carbon d i o x i d e heat o f c o n d e n s a t i o n w i t h o n l y modest absorber 
temperature r i s e . T h i s c o n t r a s t s w i t h o t h e r a c i d gas removal 
p r o c e s s e s i n which s o l v e n t f l o w s t o the carbon d i o x i d e absorber 
are c o n s i d e r a b l y l a r g e r than f l o w s determined by v a p o r - l i q u i d 
e q u i l i b r i u m c o n s t r a i n t s . Large f l o w s are r e q u i r e d t o p r o v i d e 
s e n s i b l e heat c a p a c i t y f o r the l a r g e absorber heat e f f e c t s . 
S m a l l s l u r r y absorbent f l o w s p e r m i t s m a l l e r tower d i a m e t e r s 
because a l l o w a b l e vapor v e l o c i t i e s g e n e r a l l y i n c r e a s e w i t h r e ­
duced l i q u i d l o a d i n g ( 8 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

00
2

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. H I S E E T A L . Acid Gas Removal Process 41 

U ι ι 
Bottom BQC/ Top Top 

POSITION IN VESSEL 

F i g u r e 8. C o n c e n t r a t i o n p r o f i l e . 
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The l i q u i d s o l v e n t o f the s l u r r y absorbent i s the s i n k f o r 
absorbed carbon d i o x i d e vapor and melted s o l i d carbon d i o x i d e . 
The carbon d i o x i d e r i c h s o l v e n t e x i t s the absorber near the 
t r i p l e - p o i n t temperature but c o n t a i n i n g no s o l i d carbon d i o x i d e , 
and i s s t r i p p e d o f methane and l i g h t e r m o l e c u l e s i f n e c e s s a r y . 
The carbon d i o x i d e r i c h absorbent i s next c o o l e d by e x t e r n a l 
r e f r i g e r a t i o n and f l a s h e d i n s t a g e s a t s u c c e s s i v e l y lower p r e s ­
s u r e s t o generate a c o l d s l u r r y o f l i q u i d s o l v e n t and s o l i d carbon 
d i o x i d e . The carbon d i o x i d e f l a s h gas i s r e c y c l e d back through 
the p r o c e s s f o r r e f r i g e r a t i o n and power r e c o v e r y , and i s de­
l i v e r e d as a p r o d u c t stream or i s vented t o the atmosphere. The 
r e g e n e r a t e d s l u r r y absorbent i s r e c i r c u l a t e d t o the carbon 
d i o x i d e a b s o r b e r . 

The a b s o r p t i o n o f carbon d i o x i d e w i t h s l u r r y and the r e ­
g e n e r a t i o n o f s l u r r y by f l a s h i n g c a rbon d i o x i d e r e q u i r e s m a l l 
temperature and p r e s s u r e d r i v i n g f o r c e s . The s m a l l d r i v i n g 
f o r c e s d e r i v e from the huge s u r f a c e a r e a o f the s o l i d c a rbon 
d i o x i d e p a r t i c l e s and the low v i s c o s i t y o f the s l u r r y . Compared 
w i t h o t h e r sub-ambient temperature carbon d i o x i d e removal p r o ­
c e s s e s , the CNG p r o c e s s r e q u i r e s l e s s r e f r i g e r a t i o n even though 
p r o c e s s temperatures are o f t e n lower. 

The s o l u b i l i t y o f s o l i d carbon d i o x i d e i n s e v e r a l s o l v e n t s 
(9,10) i s shown i n F i g u r e 9. A p r e f e r r e d range o f carbon d i o x i d e 
s o l u b i l i t y f o r s l u r r y a b s o r p t i o n i s d e f i n e d q u a l i t a t i v e l y by the 
two dashed l i n e s o f F i g u r e 9. The i n d i c a t e d p r e f e r r e d s o l u b i l i t y 
range d e r i v e s from computer s i m u l a t i o n s o f s l u r r y a b s o r p t i o n 
based on e x p e r i m e n t a l s o l u b i l i t y d a t a f o r v a r i o u s s o l v e n t s , and 
o f h y p o t h e t i c a l s l u r r y a b s o r p t i o n based on c o n s t a n t carbon 
d i o x i d e p a r t i a l p r e s s u r e d r i v i n g f o r c e per s t a g e . S o l v e n t s w i t h 
p r e f e r r e d s o l u b i l i t y i n c l u d e e t h e r s and ketones (11) , e.g., d i - n -
b u t y l e t h e r and methyl e t h y l ketone. These s o l v e n t s have a 
r e l a t i v e l y l i n e a r change i n s o l u b i l i t y w i t h temperature (as 
compared w i t h hexane or m e t h a n o l ) , low v i s c o s i t y when s a t u r a t e d 
w i t h carbon d i o x i d e , low m e l t i n g p o i n t s , and low vapor p r e s s u r e s . 
The thermodynamic i d e a l s o l u b i l i t y i s shown f o r r e f e r e n c e . 

Carbon d i o x i d e removal by s l u r r y a b s o r p t i o n i s a t t r a c t i v e 
down t o about -75°C, a temperature e a s i l y a c h i e v e d by s l u r r y 
r e g e n e r a t i o n t o s l i g h t l y above one atmosphere carbon d i o x i d e 
p r e s s u r e . For example, w i t h a -75°C e x i t gas temperature, s l u r r y 
a b s o r p t i o n reduces the carbon d i o x i d e c o n t e n t o f a 1000 p s i a 
s y n t h e s i s gas from about 13 t o about 4 mole p e r c e n t , a 70% 
r e d u c t i o n i n carbon d i o x i d e c o n t e n t . The e x a c t l e v e l t o which 
carbon d i o x i d e can be removed from a t r e a t e d gas by s l u r r y 
a b s o r p t i o n a l s o depends on the s o l u b i l i t y o f s o l i d carbon d i o x i d e 
i n the t r e a t e d gas; the s o l u b i l i t y o f s o l i d carbon d i o x i d e i n 
s y n t h e s i s gas (3H2:C0) i s i l l u s t r a t e d i n F i g u r e 10 f o r s e v e r a l 
s y n t h e s i s gas p r e s s u r e s . F i n e removal o f carbon d i o x i d e t o lower 
l e v e l s i s accomplished by c o n v e n t i o n a l a b s o r p t i o n i n t o a s l i p 
stream o f the s l u r r y s o l v e n t which i s r e g e n e r a t e d t o meet 
p a r t i c u l a r p r o d u c t gas carbon d i o x i d e s p e c i f i c a t i o n s . 
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F i g u r e 10. S o l u b i l i t y o f s o l i d carbon d i o x i d e i n s y n t h e s i s gas. 
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P r e s e n t S t a t u s 

An e x t e n s i v e p r o c e s s d a t a base has been accumulated which 
i n c l u d e s : (1) v a p o r - l i q u i d - s o l i d e q u i l i b r i u m d a t a f o r b i n a r y 
systems o f carbon d i o x i d e w i t h s u l f u r o u s compounds and w i t h 
e t h e r s and k e t o n e s , and multicomponent systems i n c l u d i n g h y d r o ­
gen, carbon monoxide, methane, carbon d i o x i d e , and hydrogen 
s u l f i d e ; (2) a be n c h - s c a l e s l u r r y f o r m a t i o n and m e l t i n g a p p a r a t u s 
which p r o v i d e s d a t a on s l u r r y pumping, and on r a t e s o f s l u r r y 
f o r m a t i o n and m e l t i n g , under v a r i o u s c o n d i t i o n s o f p r e s s u r e 
d r i v i n g f o r c e and a g i t a t i o n ; and (3) a b e n c h - s c a l e c l o s e d - c y c l e 
t r i p l e - p o i n t c r y s t a l l i z e r which p r o v i d e s d a t a on r a t e s o f c r y s ­
t a l l i z a t i o n and m e l t i n g , on the r e l a t i o n between these r a t e s and 
the p r e s s u r e d r i v i n g f o r c e s a p p l i e d , and on s e p a r a t i o n f a c t o r s 
a t t a i n a b l e i n a s i n g l e stage o f c r y s t a l l i z a t i o n . 

The p r o c e s s f e a t u r e s o f carbon d i o x i d e t r i p l e - p o i n t c r y s ­
t a l l i z a t i o n and s l u r r y a b s o r p t i o n o f carbon d i o x i d e have been 
demonstrated w i t h the f i r s t g e n e r a t i o n b e n c h - s c a l e a p p a r a t u s . 
C u r r e n t e f f o r t s a r e focused on the d e s i g n and c o n s t r u c t i o n o f an 
improved v e r s i o n o f the carbon d i o x i d e t r i p l e - p o i n t c r y s t a l l i z e r 
i n c o o p e r a t i o n w i t h the U S Department o f Energy. F u t u r e e f f o r t s 
a r e planned t o d e s i g n and c o n s t r u c t a b s o r p t i o n u n i t s t o st u d y 
m u l t i - s t a g e s l u r r y a b s o r p t i o n o f carbon d i o x i d e , and the more 
c o n v e n t i o n a l g a s - l i q u i d a b s o r p t i o n o f s u l f u r u o u s compounds w i t h 
l i q u i d c arbon d i o x i d e . 

Summary 

The CNG p r o c e s s meets t h r e e o b j e c t i v e s commonly acknowledged 
by e x p e r t s i n gas p u r i f i c a t i o n t o be h i g h l y d e s i r a b l e o f a c i d gas 
removal i n s y n t h e t i c f u e l s p r o d u c t i o n from c o a l : 

• p r o d u c t i o n o f c o n c e n t r a t e d hydrogen s u l f i d e f o r con­
v e r s i o n t o s u l f u r i n a C l a u s p l a n t 

• p r o d u c t i o n o f pure carbon d i o x i d e f o r atmospheric v e n t ­
i n g , f o r enhanced o i l r e c o v e r y , or o t h e r uses 

•removal o f t r a c e contaminants from the t r e a t e d g a s , and 
easy s o l v e n t r e g e n e r a t i o n w i t h r e s p e c t t o t r a c e c o n ­
taminants 

A l t h o u g h the p r o c e s s r e q u i r e s the t r e a t e d gas t o have a c e r t a i n 
minimum carbon d i o x i d e p a r t i a l p r e s s u r e f o r removal o f s u l f u r o u s 
compounds w i t h l i q u i d carbon d i o x i d e , p r o m i s i n g new SNG p r o c e s s e s 
under development produce medium t o h i g h c arbon d i o x i d e c o n t e n t 
crude gases i d e a l l y s u i t e d f o r a c i d gas removal v i a the CNG 
p r o c e s s (12,13) . The n o v e l f e a t u r e s o f the CNG p r o c e s s have been 
demonstrated w i t h b e n c h - s c a l e p r o c e s s development u n i t s ; second 
g e n e r a t i o n p r o c e s s development u n i t s a r e i n v a r i o u s s t a g e s o f 
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p l a n n i n g , d e s i g n , c o n s t r u c t i o n , and o p e r a t i o n ; r e a d i n e s s f o r 
commercial s c a l e d e m o n s t r a t i o n i s a n t i c i p a t e d i n the time frame 
1985-1987. 
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Implications of the Dual-Mode Sorption and 
Transport Models for Mixed Gas Permeation 

R. T. CHERN, W. J. KOROS, E. S. SANDERS, S. H. CHEN, and 
H. B. HOPFENBERG 
North Carolina State University, Department of Chemical Engineering, 
Raleigh, NC 27650 

The concept of unrelaxed volume in glassy 
polymers is used to interpret sorption and 
transport data for pure and mixed penetrants. A 
review of recent sorption and permeation data for 
mixed penetrants indicates that competition for 
sorption sites associated with unrelaxed gaps 
between chain segments is a general feature of 
gas/glassy polymer systems. This observation 
provides convincing support for the use of the 
Langmuir isotherm to describe deviations from 
simple Henry's law sorption behavior. 

The observed flux depressions of a component 
in a mixture, relative to its pure component value 
at an equivalent partial pressure driving force, 
derives from the above sorption competition 
mechanism which influences the effective 
concentration gradient driving diffusion across 
the membrane. The competition among penetrants 
for excess volume described above should be an 
important consideration for modeling essentially 
all permselective gas separation membranes. 
Significant plasticizing effects may mitigate flux 
reductions caused by the above competitive effects 
at high pressures in plasticization-prone 
polymers, but would also lead to selectivity 
losses which are highly undesirable. The 
permeation behavior of stiff-chain, 
plasticization-resistant polymers which are likely 
to comprise the next generation of gas separation 
polymers wi l l be appropriately treated by the 
model discussed here. 

0097-6156/83/0223-0047$07.75/0 
© 1983 American Chemical Society 
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High membrane p e r m s e l e c t i v i t y i s g e n e r a l l y a s s o c i a t e d w i t h 
a r i g i d c h a i n backbone of the c o n s t i t u e n t polymer, p r o v i d i n g 
s i e v i n g on a m o l e c u l a r s c a l e ( 1 , 2 ) . At h i g h upstream d r i v i n g 
p r e s s u r e ( i . e . , at h i g h sorbed pe n e t r a n t c o n c e n t r a t i o n ) , 
p l a s t i c i z a t i o n of the polymer may reduce the p e r m s e l e c t i v i t y of 
the membrane. Alt h o u g h p l a s t i c i z a t i o n w i l l o ccur at 
s u f f i c i e n t l y h i g h sorbed c o n c e n t r a t i o n s f o r e s s e n t i a l l y a l l 
g l a s s y m a t e r i a l s , s e l e c t i o n of a membrane m a t e r i a l w i t h a v e r y 
h i g h g l a s s t r a n s i t i o n temperature and e x t r a o r d i n a r y i n h e r e n t 
backbone r i g i d i t y s h o u l d minimize e f f e c t s a s s o c i a t e d w i t h 
p l a s t i c i z a t i o n . 

O f t e n the r a t i o of pure component p e r m e a b i l i t i e s at an 
a r b i t r a r y p r e s s u r e f o r the components of i n t e r e s t i s used as an 
i n d i c a t i o n of the p o t e n t i a l s e l e c t i v i t y of a c a n d i d a t e 
membrane. While t h i s approach o f f e r s a u s e f u l a p p r o x i m a t i o n , 
the a c t u a l s e l e c t i v i t y and p r o d u c t i v i t y ( f l u x ) observed i n the 
mixed gas case may be s u r p r i s i n g l y d i f f e r e n t than p r e d i c t e d on 
t h e b a s i s of the pure component d a t a . As shown i n F i g u r e 1, 
p r i o r t o the onset of p l a s t i c i z i n g , the presence of a second 
component Β can depress the observed p e r m e a b i l i t y of a 
component A r e l a t i v e t o i t s pure component v a l u e at a g i v e n 
upstream d r i v i n g p r e s s u r e of component A. In the words of Pye 
e t a l . ( 3 ) , the p e r m e a b i l i t y of a membrane to a component A may 
be reduced due to the s o r p t i o n of a second component Β i n the 
polymer which ". · · e f f e c t i v e l y reduces the m i c r o v o i d content 
of the f i l m and the a v a i l a b l e d i f f u s i o n paths f o r the non 
r e a c t i v e gases". The p r e s e n t paper w i l l o f f e r a d d i t i o n a l 
e x p e r i m e n t a l and t h e o r e t i c a l i n s i g h t i n t o t h i s i n t e r e s t i n g 
e f f e c t t h a t i s c h a r a c t e r i s t i c of g l a s s y polymers. 

U n r e l a x e d Volume - R e l a t i o n To S o r p t i o n And T r a n s p o r t 
P r o p e r t i e s Of G l a s s y Polymers 

The concept of "unrelaxed volume", Vg-V^, i l l u s t r a t e d i n 
F i g u r e 2 may be used t o i n t e r p r e t s o r p t i o n and t r a n s p o r t d a t a 
i n g l a s s y polymers exposed to pure and mixed p e n e t r a n t s . The 
e x t r a o r d i n a r i l y l o n g r e l a x a t i o n times f o r segmental motion i n 
t h e g l a s s y s t a t e l e a d t o t r a p p i n g of n o n e q u i l i b r i u m c h a i n 
c o n f o r m a t i o n s i n quenched g l a s s e s , thereby p e r m i t t i n g m i n i s c u l e 
gaps to e x i s t between c h a i n segments. These gaps can be 
r e d i s t r i b u t e d by penetrant i n s o - c a l l e d " c o n d i t i o n i n g " 
t r e a t m e n t s d u r i n g the i n i t i a l exposure of the polymer t o h i g h 
p r e s s u r e s of the p e n e t r a n t ( 4 ) . F o l l o w i n g such i n i t i a l 
e xposure t o p e n e t r a n t , s e t t l e d i s o t h e r m s c h a r a c t e r i z e d by 
c o n c a v i t y t o the p r e s s u r e a x i s at low p r e s s u r e s and a tendency 
t o approach l i n e a r h i g h p r e s s u r e l i m i t s are observed as shown 
i n F i g u r e 3. Reference t o p e n e t r a n t - i n d u c e d c o n d i t i o n i n g 
e f f e c t s have been made c o n t i n u o u s l y s i n c e the v e r y e a r l i e s t 
i n v e s t i g a t i o n s of p e n e t r a n t / g l a s s y polymer s o r p t i o n 
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3. C H E R N E T A L . Dual-Mode Sorption and Transport Models 49 

/permeability 
\ of A 

simple dual mode^ 

iplasticizing 
1 by A or Β 

increasing 

upstream partial pressure of A 

F i g u r e 1 . P e r m e a b i l i t y o f a g l a s s y polymer t o p e n e t r a n t A i n t h e 
presence o f v a r y i n g p a r t i a l p r e s s u r e s o f p e n e t r a n t B. 
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(gm) 

\y ^equilibrium volume 

densitied glass -) 

/ 

Temperature -— 
F i g u r e 2 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e u n r e l a x e d v o l u m e , 
V g - V j , i n a g l a s s y p o l y m e r . Note t h a t t h e u n r e l a x e d volume 
d i s a p p e a r s a t t h e g l a s s t r a n s i t i o n t e m p e r a t u r e , Τ 

g ' 
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52 INDUSTRIAL GAS SEPARATIONS 

behavior (2>4.».5»6)· o n e "overswells" the polymer with a 
h ighly sorbing penetrant such as a high a c t i v i t y vapor and then 
removes the penetrant, the excess volume which i s introduced 
w i l l tend to relax quickly at f i r s t , followed by a very slow, 
long term approach toward equi l ibr ium (6). 

At extremely high gas condit ioning pressures, substant ia l 
swel l ing of the polymer sample can occur with a resultant 
increase i n the value of Vg-V^ (5). For the case of 
condi t ioning with gases such as (X>2 at pressures less than 30 
atm, however, consol idat ion i n the absence of penetrant 
fo l lowing the condit ioning treatment i s t y p i c a l l y unmeasurable 
s ince penetrant sorpt ion uptake i s not very extensive (< 4-5% 
by weight) (4*^5)· As a r e s u l t , in such cases red is t r ibu t ion of 
the o r i g i n a l l y present intersegmental gaps may be the primary 
process occurring during the f i r s t exposure of the polymer to 
high pressures of penetrant as shown i n Figure 3 (4). 

An in terpreta t ion of the observed condit ioning behavior 
that occurs during the primary penetrant exposure i n the 
absence of large swell ing ef fects may be couched i n terms of 
coalesence of packets of the o r i g i n a l intersegmental gaps* 
Redis t r ibut ion of chain conformations, consistent with optimal 
accomodation of the penetrant in the unrelaxed volume between 
chain segments may permit this process during the condit ioning 
treatment. This rearrangement would tend to produce a more or 
l ess densi f ied matrix with a small volume f rac t ion of 
e s s e n t i a l l y uniformly d is t r ibuted molecular scale gaps or 
"holes" throughout the matrix. In such a s i t u a t i o n , one can 
appreciate the meaning of two s l i g h t l y d i f fe rent molecular 
environments in the glass in which sorpt ion of gas may occur. 
Consider f i r s t the l im i t ing case i n which a highly annealed, 
t r u l y equi l ibr ium densi f ied glass characterized by "V^" i n 
Figure 2 i s exposed to a given pressure of a penetrant. In 
th is case, a l l gaps are missing, but there w i l l c l e a r l y s t i l l 
be a cer ta in charac te r is t i c sorpt ion concentration (C D ) t y p i c a l 
of true molecular d isso lu t ion i n the densi f ied g l a s s , s imi la r 
to that observed i n low molecular weight l i qu ids or rubbers 
(above Tg). Next, consider a corresponding conditioned 
nonequil ibrium glass ( i l l u s t r a t e d by "Vg" i n Figure 2) 
containing unrelaxed volume i n which the surrounding matrix has 
been more or less densi f ied by the coalesence of gaps to form 
molecular scale berths for penetrant. A l o c a l equi l ibr ium 
requirement leads to an average l o c a l concentration of 
penetrant held i n the uniformly d is t r ibuted molecular scale 
gaps (C H ) i n equi l ibr ium with the "dissolved" concentration 
(Cn) at any given external penetrant pressure or a c t i v i t y . 
This simple physica l model can be described a n a l y t i c a l l y up to 
reasonably high pressues (generally for pressures less than or 
equal to the maximum condit ioning pressure employed (4) ) i n 
terms of the sum of Henry's law for C n and a Langmuir isotherm 
fo r C H . 
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3. C H E R N E T A L . Dual-Mode Sorption and Transport Models 53 

C = C D + C H (1) 

C = k D P + C H b P (2) 
1 + bp 

where kn i s the Henry's law constant that character izes 
sorpt ion of penetrant i n the densi f ied regions which comprise 
most of the matrix. The parameter b character izes the a f f i n i t y 
of the penetrant for the interchain gap regions i n the polymer. 
The parameter C H i s the Langmuir sorpt ion capacity of the 
glassy matrix and can be interpreted d i r e c t l y i n terms of 
Figure 2 i n which the unrelaxed volume, V ~V^, corresponds to 
the summation of a l l of the molecular scale gaps i n the g l a s s . 
As shown i n Figure 4, the Langmuir capacity of glassy polymers 
tends to approach zero in the same way that Vg ~V^, approaches 
zero at the glass t rans i t ion temperature (see Figure 2) . This 
q u a l i t a t i v e observation can be extended to a quant i tat ive 
statement i n cases for which the e f fec t ive molecular volume of 
the penetrant i n the sorbed state can be estimated. As a f i r s t 
approximation, one may assume that the e f fec t ive molecular 
volume of a sorbed C(>2 molecule i s 80 i n the range of 
temperature from 25°C to 85°C. This molecular volume 
corresponds to an e f fec t ive molar volume of 49 cc/mole of CO2 
molecules and i s s imi la r to the p a r t i a l molar volume of CO2 i n 
various so lvents , i n several zeo l i te environments, and even as 
a pure s u b c r i t i c a l l i q u i d (See Table 1) ( 4 » 8 ) . The impl icat ion 
here i s not that more than one CO2 molecule exists i n each 
molecular scale gap, but rather that the e f fec t ive volume 
occupied by a CO2 molecule i s roughly the same i n the polymer 
sorbed s ta te , i n a saturated zeo l i te sorbed state and even i n a 
d issolved or l i q u i d - l i k e state since a l l of these volume 
estimates tend to be s imi la r for materials that are not too 
much above the i r c r i t i c a l temperatures. With the above 
approximation, the predict ive expression given below for can 
be compared to independently measured values for th is parameter 
from sorpt ion measurements. 

Ci, P * (3) 

where ρ i s the equivalent density of CO2 (~l/49 mole/cc) 
discussed above. The comparison of measured (4,9-11) and 
predicted C^'s calculated from Eq (3) using reported 
d i la tometr ic parameters (12-15) for the various glassy polymers 
i s shown i n Figure 5. The corre la t ion i s c lea r ly impressive. 

App l ica t ion of Eq (3) to highly s u p e r c r i t i c a l gases i s 
somewhat ambiguous since the e f fec t ive molecular volume of 
sorbed gases under these conditions i s not eas i l y estimated. A 
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C H E R N ET A L . Dual-Mode Sorption and Transport Models 

Table 1: E f f e c t i v e Molar or P a r t i a l Molar Volume of CO2 
i n V a r i o u s Environments at 25°C. 

Environment Molar or P a r t i a l Molar 
Volume (cc/mole) 

Ref 

Carbon 
T e t r a c h l o r i d e 48.2 8 

Chlorobenzene 44.6 8 

Benzene 47.9 8 

Acetone 44.7 8 

Meth y l 
A c e t a t e 

44.5 8 

4A or 5A Z e o l i t e 
at s a t u r a t i o n of 
c a p a c i t y 

52.4 4 
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56 INDUSTRIAL GAS SEPARATIONS 

f ce (STP) Λ 
[ce polymery 

F i g u r e 5. Q u a n t i t a t i v e comparison o f e x p e r i m e n t a l l y measured 
v a l u e s o f f o r CO^ i n v a r i o u s polymers w i t h t h e p r e d i c t i o n s 
o f E q u a t i o n 3. Π · p o l y ( e t h y l e n e t e r e p h t h a l a t e ) a t 25, 35, *+5, 
55, 65, 75, and 85 °Cj,£ ·, p o l y ( b e n z y l m e t h a c r y l a t e ) a t 30 °C], 
["φ , p o l y ( p h e n y l m e t h a c r y l a t e ) a t 35, 50, and 75 °Cj , C 0 . p o l y -
C a c r y l o n i t r i l e ) a t 35, 55, and 65 °çO>[p, Φ p o l y c a r b o n a t e a t 
35, 55, and 75 °C: t h e Ο symbols r e f e r t o p r e d i c t i o n s u s i n g 
d i l a t o m e t r i c c o e f f i c i e n t s from Ref. lh; t h e 0 symbols r e f e r t o 
p r e d i c t i o n s u s i n g c o e f f i c i e n t s from Ref. 15j. Π Θ, p o l y ( e t h y l 
m e t h a c r y l a t e ) a t 30, Uo, and 55 ° θ Ί , Γ θ , p o l y ( m e t h y l m e t h a c r y l a t e ) 
a t 35, 55, 80 and 100 °CQ. 
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3. C H E R N ET A L . Dual-Mode Sorption and Transport Models 57 

s i m i l a r problem e x i s t s i n a p r i o r i e s t i m a t e s of p a r t i a l molar 
volumes of s u p e r c r i t i c a l components even i n low m o l e c u l a r 
weight l i q u i d s ( 1 6 ) . The p r i n c i p l e upon which Eq (3) i s based 
remains v a l i d , however, and w h i l e the t o t a l amount of u n r e l a x e d 
volume may be a v a i l a b l e f o r a p e n e t r a n t , the magnitude of 
depends s t r o n g l y on how c o n d e n s i b l e the p e n e t r a n t i s , s i n c e 
t h i s f a c t o r determines the r e l a t i v e e f f i c i e n c y w i t h which the 
component can u t i l i z e the a v a i l a b l e volume. 

T r a n s p o r t . A companion t r a n s p o r t model t h a t a l s o 
acknowledges the f a c t t h a t p e n e t r a n t may execute d i f f u s i v e 
jumps i n t o and out of the two s o r p t i o n environments expresses 
the l o c a l f l u x , N, at any p o i n t i n the polymer i n terms of a 
two p a r t c o n t r i b u t i o n (17-20): 

Ν (4) 
3x 3x 

where Dn and D H r e f e r to the m o b i l i t y of the d i s s o l v e d and 
Langmuir sorbed components, r e s p e c t i v e l y . I t i s t y p i c a l l y 
found t h a t Dp i s c o n s i d e r a b l y l a r g e r than D^ except f o r non 
c o n d e n s i b l e gases such as h e l i u m ( 1 4 ) . The above e x p r e s s i o n 
can be w r i t t e n i n terms of F i c k ' s law w i t h an 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 , D e f f ( C ) , t h a t i s dependent on l o c a l 
c o n c e n t r a t i o n : 

Ν = - D e f f ( C ) ™ 
3x 

(5 ) 

The d u a l m o b i l i t y model expresses the c o n c e n t r a t i o n dependency 
of D e f f ( C ) i n terms of the l o c a l c o n c e n t r a t i o n of d i s s o l v e d 
p e n e t r a n t , CD> as shown i n Eq ( 6 ) : 

D e f f ( O = Dn 

FK 
1 + (1 + a C D V 

1 + (1 + aC D) 

(6) 

where F = D H / D d , Κ Ξ C^b/k D and α = b / k D . T h i s model e x p l a i n s 
c o n c e n t r a t i o n dependency of the l o c a l d i f f u s i o n c o e f f i c i e n t 
such as t h a t shown f o r C 0 2 i n p o l y ( e t h y l e n e t e r e p h t h a l a t e ) 
(PET) i n F i g u r e 6 (21) i n terms of a p r o g r e s s i v e i n c r e a s e i n 
the f r a c t i o n of the l o c a l c o n c e n t r a t i o n p r e s e n t i n the h i g h e r 
m o b i l i t y Henry's law environment as the l o c a l Langmuir c a p a c i t y 
s a t u r a t e s at i n c r e a s i n g l y h i g h e r p r e s s u r e s . 

The p o i n t s i n F i g u r e 6 were e v a l u a t e d from the 
phenomenological p e r m e a b i l i t y and s o r p t i o n c o n c e n t r a t i o n d a t a 
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3. C H E R N ET A L . Dual-Mode Sorption and Transport Models 59 

u s i n g a method t h a t does not depend on the d u a l mode model i n 
any way ( 2 2 ) . I n t e r e s t i n g l y , however, the l i n e through the 
d a t a p o i n t s corresponds t o the p r e d i c t i o n s of D e f f ( C ) u s i n g 
Eq (6) a l o n g w i t h the i n d e p e n d e n t l y determined d u a l mode 
parameters f o r t h i s system (21,23). I t i s a l s o i m p o r t a n t t o 
note t h a t the form of d a t a i n t h i s p l o t which e x h i b i t s a 
tendency t o asymptote at h i g h p r e s s u r e s i s not t y p i c a l of 
p l a s t i c i z a t i o n . F i n a l l y , i f one c o n s i d e r s the low c o n c e n t r a t i o n 
r e g i o n of F i g u r e 6, i t i s c l e a r t h a t the d i f f u s i o n c o e f f i c i e n t 
i s s u r p r i s i n g l y c o n c e n t r a t i o n dependent. For example, D e f f ( C ) 
i n c r e a s e s by more than 35% as the l o c a l sorbed c o n c e n t r a t i o n 
r i s e s from 0.142 c c ( S T P ) / c c polymer ( o r 0.00020 wt. f r a c t i o n ) a t 
50 mm Hg t o 1.7 c c ( S T P ) / c c polymer ( o r 0.0025 wt. f r a c t i o n ) at 
760 mm Hg. The above c o n c e n t r a t i o n s are e x t r e m e l y d i l u t e , 
c o r r e s p o n d i n g to l e s s than 1 CO 2/1200 PET repeat u n i t s and 1 
C0 2/98 repe a t u n i t s r e s p e c t i v e l y ( 4 ) . 

An even more d r a m a t i c case corresponds t o C 0 2 i n PVC i n 
which D e f f ( C ) r i s e s by 86% as the l o c a l c o n c e n t r a t i o n i n c r e a s e s 
f r o m 1 C0 2/4400 repeat u n i t s at 100 mm Hg t o 1 C0 2/1300 repeat 
u n i t s at 500 mm Hg at 40°C ( 2 4 ) . The above v a l u e s of C 0 2 

s o l u b i l i t y are based on measurements by T o i (24) and Tikhomorov 
e t a l . (25) which are i n good agreement. 

At such e x t r a o r d i n a r i l y low p e n e t r a n t c o n c e n t r a t i o n s , 
p l a s t i c i z a t i o n of the o v e r a l l m a t r i x i s c e r t a i n l y not 
a n t i c i p a t e d . Motions i n v o l v i n g r e l a t i v e l y few repeat u n i t s are 
b e l i e v e d to g i v e r i s e t o most s h o r t term g l a s s y s t a t e 
p r o p e r t i e s . In rubbery polymers, on the o t h e r hand, l o n g e r 
c h a i n c o n c e r t e d motions occur over r e l a t i v e l y s h o r t time s c a l e s , 
and one expects p l a s t i c i z a t i o n to be e a s i e r t o induce i n these 
m a t e r i a l s . I n t e r e s t i n g l y , no known t r a n s p o r t s t u d i e s i n rubbers 
have i n d i c a t e d p l a s t i c i z a t i o n at the low s o r p t i o n l e v e l s noted 
above f o r PVC and PET. 

The d i s c u s s i o n d i r e c t l y f o l l o w i n g Eq (6) p r o v i d e s a s i m p l e , 
p h y s i c a l l y r e a s o n a b l e e x p l a n a t i o n f o r the p r e c e d i n g o b s e r v a t i o n s 
of marked c o n c e n t r a t i o n dependence of D e f f ^ C ^ a t r e i a t i v e l y l o w 

c o n c e n t r a t i o n s . C l e a r l y , at some p o i n t , the assumption of 
c o n c e n t r a t i o n independence of D n and D^ i n Eq (6) w i l l f a i l ; 
however, f o r our work w i t h " c o n d i t i o n e d " polymers at C 0 2 

p r e s s u r e s below 300 p s i , such e f f e c t s appear t o be n e g l i g i b l e . 
Due t o the concave shape of the s o r p t i o n i s o t h e r m , even at a C 0 2 

p r e s s u r e of 10 atm, t h e r e w i l l s t i l l be l e s s than one C 0 2 

m o l e c u l e per twenty PET repeat u n i t s at 35°C. S t e r n (26) has 
d e s c r i b e d a g e n e r a l i z e d form of the d u a l mode t r a n s p o r t model 
t h a t p e r m i t s h a n d l i n g s i t u a t i o n s i n which non-constancy of Dp 
and DL| m a n i f e s t themselves. I t i s r e a s o n a b l e t o assume t h a t the 
next g e n e r a t i o n of gas s e p a r a t i o n membrane polymers w i l l be even 
more r e s i s t a n t t o p l a s t i c i z a t i o n than p o l y s u l f o n e , and c e l l u l o s e 
a c e t a t e , so the assumption of constancy of these t r a n s p o r t 
parameters w i l l be even more f i r m l y j u s t i f i e d . 
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60 INDUSTRIAL GAS SEPARATIONS 

A l t h o u g h not necessary i n terms of phenomenological 
a p p l i c a t i o n s , i t i s i n t e r e s t i n g t o c o n s i d e r p o s s i b l e m o l e c u l a r 
meanings of the c o e f f i c i e n t s , Dn and DJJ. I f two p e n e t r a n t s 
e x i s t i n a polymer i n the two r e s p e c t i v e modes d e s i g n a t e d by "D" 
and "H" t o i n d i c a t e the " d i s s o l v e d " (Henry's law) and the " h o l e " 
(Langmuir) environments, then the molecules can execute 
d i f f u s i v e movements w i t h i n t h e i r r e s p e c t i v e modes or they may 
execute intermode jumps. 

"D" • "D" " d i s s o l v e d " t o " d i s s o l v e d " jump 

"H" " d i s s o l v e d " t o " h o l e " jump 

" H " 

" D " 

'hole" t o " h o l e " jump 

'hole" t o " d i s s o l v e d " jump 

C l e a r l y , the t r u e c h a r a c t e r ( a c t i v a t i o n energy, e n t r o p y and jump 
l e n g t h ) of the ph e n o m e n o l o g i c a l l y observed Dn w i l l be a weighted 
average of the r e l a t i v e f r equency of "D"+"D" and "D"+"H" jumps, 
and l i k e w i s e f o r D H i n terms of "H"->-"H" and "H"+"D" jumps. Given 
the r e l a t i v e l y d i l u t e o v e r a l l volume f r a c t i o n a s s o c i a t e d w i t h 
the non e q u i l i b r i u m gaps which comprise the "H" environment (< 4 
t o 5% on a volume b a s i s ) , one may t o a f i r s t a p p r o x i m a t i o n 
assume t h a t most d i f f u s i v e jumps of a p e n e t r a n t from a "D" 
environment r e s u l t i n movement t o another "D" environment and 
most d i f f u s i v e jumps from "H" environments r e s u l t i n movement t o 
a "D" environment. The observed a c t i v a t i o n e n e r g i e s , e n t r o p i e s 
and jump l e n g t h s , t h e r e f o r e , have f a i r l y w e l l - d e f i n e d meanings 
on a m o l e c u l a r s c a l e . 

One can e a s i l y show t h a t the a p p r o p r i a t e e q u a t i o n d e r i v e d 
f r om the d u a l mode s o r p t i o n and t r a n s p o r t models f o r the steady 
s t a t e p e r m e a b i l i t y of a pure component i n a g l a s s y polymer i s 
g i v e n by Eq (7) (18) when the downstream r e c e i v i n g p r e s s u r e i s 
e f f e c t i v e l y z e r o and the upstream d r i v i n g p r e s s u r e i s p. 

Ρ = k D D n [ l + F K 1 (7) L 1 + bp J 
The f i r s t term i n Eq (7) d e s c r i b e s t r a n s p o r t r e l a t e d to the 
Henry's law environment, w h i l e the second term i s r e l a t e d t o the 
Langmuir environment. The tendency f o r the p e r m e a b i l i t y t o 
a s y m p t o t i c a l l y approach the l i m i t i n g v a l u e of k nDn a t h i g h 
p r e s s u r e s d e r i v e s from the f a c t t h a t a f t e r s a t u r a t i o n of the 
upstream Langmuir c a p a c i t y at h i g h p r e s s u r e s , a d d i t i o n a l 
p r e s s u r e i n c r e a s e s r e s u l t i n a d d i t i o n a l f l u x c o n t r i b u t i o n s o n l y 
f r om the term r e l a t e d to Henry's law which c o n t i n u e s t o i n c r e a s e 
as upstream p r e s s u r e i n c r e a s e s . 

The remarkable e f f i c a c y of the d u a l mode s o r p t i o n and 
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3. C H E R N ET A L . Dual-Mode Sorption and Transport Models 61 

t r a n s p o r t model f o r d e s c r i p t i o n of pure component d a t a has been 
i l l u s t r a t e d by p l o t s of the l i n e a r i z e d forms of Eq (2) and Eq 
(7) f o r a wide number of polymer/penetrant systems (4>5,9.» 
10,22,24). These l i n e a r i z e d p l o t s are s t r i n g e n t t e s t s of the 
a b i l i t y of the proposed f u n c t i o n a l forms t o d e s c r i b e the 
phenomenological d a t a . A s s i n k (27) has a l s o i n v e s t i g a t e d the 
d u a l mode model u s i n g a p u l s e d NMR te c h n i q u e and concluded 
t h a t : 

"We have been a b l e t o demonstrate 
the b a s i c v a l i d i t y of the 
assumptions on which the d u a l mode 
model i s based and we have shown 
the u s e f u l n e s s of NMR r e l a x a t i o n 
t e c h n i q u e s i n the study of t h i s 
model." 

Whereas the d u a l s o r p t i o n and t r a n s p o r t model d e s c r i b e d 
above u n i f i e s independent d i l a t o m e t r i c , s o r p t i o n and t r a n s p o r t 
e xperiments c h a r a c t e r i z i n g the g l a s s y s t a t e , an a l t e r n a t e model 
o f f e r e d r e c e n t l y by Raucher and S e f c i k p r o v i d e s an e m p i r i c a l and 
f u n d a m e n t a l l y c o n t r a d i c t o r y f i t of s o r p t i o n , d i f f u s i o n and 
s i n g l e component permeation d a t a i n terms of parameters w i t h 
ambiguous p h y s i c a l meanings ( 2 8 ) . The d e t a i l e d e x p o s i t i o n of the 
d u a l mode model and the de m o n s t r a t i o n of the p h y s i c a l 
s i g n i f i c a n c e and c o n s i s t e n c y of the v a r i o u s e q u i l i b r i u m and 
t r a n s p o r t parameters i n the model i n the pre s e n t paper p r o v i d e a 
back drop f o r s e v e r a l b r i e f comments p r e s e n t e d i n the Appendix 
r e g a r d i n g the model of Raucher and S e f c i k . 

Mixed Component S o r p t i o n and T r a n s p o r t 

Arguments s i m i l a r t o those p r e s e n t e d above f o r pure 
components have been extended to g e n e r a l i z e the e x p r e s s i o n s 
g i v e n i n Equ a t i o n s 2 and 7 t o account f o r the case of mixed 
p e n e t r a n t s (29,30). The a p p r o p r i a t e e x p r e s s i o n s are g i v e n 
below: 

C A = kDAPA + CHA bAPA (8) 
1 + bAPA + bBPB _ 

kDA DDA 1 + F A K A 
1 + bAPA + bBPB 

(9) 

I n the above e x p r e s s i o n s , "A" r e f e r s t o the component of primary 
i n t e r e s t w h i l e "B" r e f e r s t o a second "competing" component. 

The p e r m e a b i l i t y of a polymer t o a p e n e t r a n t depends on the 
m u l t i p l i c a t i v e c o n t r i b u t i o n of a s o l u b i l i t y and a m o b i l i t y term. 
These two f a c t o r s may be f u n c t i o n s of l o c a l p e n e t r a n t 
c o n c e n t r a t i o n i n the g e n e r a l case as i n d i c a t e d by the d u a l mode 
model. Robeson (31) has pres e n t e d d a t a f o r C 0 2 permeation i n 
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p o l y c a r b o n a t e i n which both s o l u b i l i t y and d i f f u s i v i t y are 
reduced due t o a n t i p l a s t i c i z a t i o n caused by the presence of the 
s t r o n g l y i n t e r a c t i n g 4-4" d i c h l o r o d i p h e n y l s u l f o n e . On the 
o t h e r hand, s o r p t i o n of a l e s s s t r o n g l y i n t e r a c t i n g p e n e t r a n t , 
such as a hydrocarbon, may a f f e c t p r i m a r i l y o n l y the s o l u b i l i t y 
f a c t o r w i t h o u t s i g n i f i c a n t l y changing the i n h e r e n t m o b i l i t y of 
t h e p e n e t r a n t i n e i t h e r of the two modes. F l u x r e d u c t i o n i n 
t h i s l a t t e r c o n t e x t occurs s i m p l y because the c o n c e n t r a t i o n 
d r i v i n g f o r c e of p e n e t r a n t A i s reduced. T h i s r e s u l t s from the 
e x c l u s i o n of A by component Β from Langmuir s o r p t i o n s i t e s which 
were p r e v i o u s l y a v a i l a b l e t o p e n e t r a n t A i n the absence of 
p e n e t r a n t B. 

C o n s i s t e n t w i t h the p r e c e d i n g d i s c u s s i o n c o n c e r n i n g 
s o r p t i o n and f l u x r e d u c t i o n s by r e l a t i v e l y non i n t e r a c t i n g 
p e n e t r a n t s , the d a t a shown i n F i g u r e 7 c l e a r l y i l l u s t r a t e the 
p r o g r e s s i v e e x c l u s i o n of C 0 2 from Langmuir s o r p t i o n s i t e s i n 
p o l y ( m e t h y l m e t h a c r y l a t e ) (PMMA) as e t h y l e n e p a r t i a l p r e s s u r e 
( p B ) i s i n c r e a s e d i n the presence of an e s s e n t i a l l y c o n s t a n t C 0 2 

p a r t i a l p r e s s u r e of p A - 1.53±0.04 atm ( 3 2 ) . The tendency of 
the C 0 2 s o r p t i o n shown i n F i g u r e 7 t o decrease m o n o t o n i c a l l y 
w i t h e t h y l e n e p r e s s u r e p r o v i d e s i m p r e s s i v e support f o r the 
" c o m p e t i t i o n " concept on which Eq (8) and Eq (9) are based. 
Permeation d a t a are not a v a i l a b l e f o r t h i s system t o determine 
i f changes i n the v a l u e of Dp and D^ o c c u r i n the mixed 
p e n e t r a n t s i t u a t i o n ; however, f o r the case of the r e l a t i v e l y non 
i n t e r a c t i n g e t h y l e n e at the p r e s s u r e s s t u d i e d , any such e f f e c t s 
a r e expected t o be minor. 

The d a t a shown i n F i g u r e 8 i l l u s t r a t e the r e d u c t i o n i n 
p e r m e a b i l i t y of p o l y c a r b o n a t e t o C 0 2 caused by c o m p e t i t i o n 
between i s o p e n t a n e and C 0 2 f o r Langmuir s o r p t i o n s i t e s ( 3 3 ) . 
The f l u x d e p r e s s i o n shown i n F i g u r e 8 was found t o be 
r e v e r s i b l e , w i t h the p e r m e a b i l i t y r e t u r n i n g t o the pure C 0 2 

l e v e l a f t e r s u f f i c i e n t e v a c u a t i o n of the i s o p e n t a n e - c o n t a m i n a t e d 
membrane. Even a t the low i s o p e n t a n e p a r t i a l p r e s s u r e 
c o n s i d e r e d (117 mm Hg) the tendency i s c l e a r f o r the C 0 2 

p e r m e a b i l i t y t o be depressed from i t s pure component l e v e l 
toward the the l i m i t i n g v a l u e ( P A = kDA DDA^ c o r r e s p o n d i n g t o 
complete e x c l u s i o n of C 0 2 from the Langmuir environment. F u r t h e r 
i n c r e a s e s i n the i s o p e n t a n e p a r t i a l p r e s s u r e i n the f e e d s h o u l d 
e v e n t u a l l y complete the d e p r e s s i o n of C 0 2 p e r m e a b i l i t y t o i t s 
l i m i t i n g v a l u e of 4.57 B a r r e r s u n l e s s p l a s t i c i z i n g e f f e c t s s e t 
i n at the h i g h e r i s o p e n t a n e l e v e l s . T h i s s u g g e s t s , f o r example, 
t h a t the e f f e c t i v e C 0 2 p e r m e a b i l i t y a t a C 0 2 p a r t i a l p r e s s u r e of 
2 atm c o u l d be reduced by as much as 36% due t o s m a l l amounts of 
such hydrocarbons i n the f e e d stream. 

The l i n e s drawn through the d a t a i n F i g u r e 8 were 
c a l c u l a t e d from Eq (7) and Eq (9) f o r the pure and mixed 
p e n e t r a n t f e e d s i t u a t i o n s , r e s p e c t i v e l y , u s i n g the same C 0 2 

model parameters i n both c a s e s . The a f f i n i t y c o n s t a n t of 
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3. C H E R N ET A L . Dual-Mode Sorption and Transport Models 63 

F i g u r e 8. P e r m e a b i l i t y o f Lexan p o l y c a r b o n a t e t o carbon d i o x i d e 
a t 35 °C as a f u n c t i o n o f C 0 2 p a r t i a l p r e s s u r e . Q o . i n t h e presence 
o f 117 mm. Hg o f i s o p e n t a n e i n t h e feed; #,pure C 0 2 Γ] 
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i s o p e n t a n e was e s t i m a t e d f o r use i n Eq (9) t o be 13.8 atm" 1 

( 3 3 ) . The e x c e l l e n t f i t of the d a t a suggests t h a t Dn and D R f o r 
C 0 2 i n the mixed f e e d case are not a f f e c t e d measurably by the 
presence of the r e l a t i v e l y n o n - i n t e r a c t i n g i s o p e n t a n e . The 
s o r p t i o n and t r a n s p o r t parameters f o r C 0 2 i n the p o l y c a r b o n a t e 
sample used i n the above study are r e p o r t e d i n Table 2. 

C o n c l u s i o n s 

The c o n f l u e n c e of c u r r e n t views of the g l a s s y s t a t e w i t h 
r e c e n t d a t a f o r s o r p t i o n and t r a n s p o r t of mixed p e n e t r a n t s i n 
g l a s s y polymers p r o v i d e s a complementary framework u s e f u l i n 
bot h a r e a s . S p e c i f i c a l l y , the concept of " u n r e l a x e d volume" 
i n v o k e d t o e x p l a i n c o n c a v i t y i n the s o r p t i o n i s o t h e r m may 
e v e n t u a l l y be v a l u a b l e i n r a t i o n a l i z i n g d i f f e r e n t c r e e p , impact 
s t r e n g t h and p h y s i c a l a g i n g b e h a v i o r of g l a s s y polymers. The 
d u a l mode s o r p t i o n and t r a n s p o r t model p r o v i d e s a v a l u a b l e b a s i s 
f o r both q u a l i t a t i v e and q u a n t i t a t i v e a n a l y s i s of gas s e p a r a t o r 
o p e r a t i o n i n the p r e p l a s t i c i z i n g regime. A l t h o u g h p l a s t i c i z i n g 
e f f e c t s are l i k e l y t o be of c o n s i d e r a b l e importance at h i g h 
p r e s s u r e s i n gas s e p a r a t o r s w i t h the present g e n e r a t i o n of 
membrane m a t e r i a l s , one might a n t i c i p a t e t h a t the next 
g e n e r a t i o n of m a t e r i a l s based on ver y h i g h T g , h i g h l y r i g i d 
backbone polymers w i l l m i n i m i z e s e n s i t i v i t y t o such d e l e t e r i o u s 
e f f e c t s . I f such s t i f f - c h a i n m a t e r i a l s can be f o r m u l a t e d i n t o 
u s e f u l membranes, phenomena a s s o c i a t e d w i t h d u a l mode s o r p t i o n 
and t r a n s p o r t w i l l be of primary importance over the f u l l range 
of o p e r a t i n g p r e s s u r e s , s i n c e the t r a n s i t i o n t o p l a s t i c i z i n g 
b e h a v i o r shown i n F i g u r e 1 would presumably r e q u i r e v e r y h i g h 
s o r b e d c o n c e n t r a t i o n l e v e l s . Such p l a s t i c i z a t i o n - r e s i s t a n t 
membranes might even m a i n t a i n r e a s o n a b l e s e l e c t i v i t y i n 
l i q u i d / l i q u i d permeation s e p a r a t i o n s such as p e r v a p o r a t i o n . 

Appendix: Comments Concerning The " M a t r i x " Model For 
S o r p t i o n and D i f f f u s i o n i n G l a s s y Polymers 

I n the p r e c e d i n g d i s c u s s i o n we have p r e s e n t e d a model w i t h 
p h y s i c a l l y interprétable parameters t o e x p l a i n s o r p t i o n d a t a f o r 
p e n e t r a n t s i n g l a s s y polymers. The b a s i s of the model, the 
concept of "u n r e l a x e d volume" i s a l s o u s e f u l i n u n d e r s t a n d i n g 
many o t h e r p r o p e r t i e s of g l a s s y polymers such as impact 
s t r e n g t h , p h y s i c a l a g i n g and cr e e p , which are r e l a t e d t o the non 
e q u i l i b r i u m n a t u r e of these m a t e r i a l s . Moreover, t h i s model 
y i e l d s a p h y s i c a l l y c o n s i s t e n t e x p r e s s i o n f o r the l o c a l 
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 , D ef£(C), which shows 
c o n c e n t r a t i o n dependence at sorbed c o n c e n t r a t i o n s w e l l below the 
p o i n t at which s u b s t a n t i a l i n t e r a c t i o n of one pe n e t r a n t w i t h the 
m a t r i x i s g e n e r a l l y expected t o s i g n i f i c a n t l y f a c i l i t a t e the 
movement of another p e n e t r a n t . 
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3. CHERN ET A L . Dual-Mode Sorption and Transport Models 65 

Table 2 

S o r p t i o n and t r a n s p o r t parameters of C 0 2 i n 
Lexan p o l y c a r b o n a t e at 35°C 

kD cc(STP) 
cc-atm 

0.6751 

b atm" 1 0.2563 

cc(STP) 
cc polymer 

17.61 

η 
cm^/sec 5 . 1 4 8 4 x l 0 " 8 

2 
cm^/sec 5 . 8 2 6 6 x l 0 " 9 
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66 INDUSTRIAL GAS SEPARATIONS 

The d u a l mode model assumes t h a t the h e t e r o g e n e i t y t h a t 
c h a r a c t e r i z e s the g l a s s y polymer s t a t e can be t r e a t e d i n a 
p h y s i c a l l y r e a s o n a b l e f a s h i o n u s i n g the concept of two b a s i c a l l y 
d i f f e r e n t environments i n the polymer. One environment 
corresponds t o t h a t i n which a p e n e t r a n t molecule i s sorbed 
between c h a i n segments t h a t have a c h i e v e d e s s e n t i a l l y t h e i r 
e q u i l i b r i u m c o n f o r m a t i o n s and i n t e r c h a i n d i s t a n c e s (perhaps w i t h 
the a i d of the i n v a d i n g p e n e t r a n t d u r i n g the " c o n d i t i o n i n g " s t e p 
shown i n F i g u r e 3 ) . A second environment corresponds t o t h a t i n 
which a p e n e t r a n t molecule f i n d s i t s e l f sorbed i n a r e g i o n of 
l o c a l i z e d l ower d e n s i t y (perhaps due t o l o c a l c h a i n k i n k s or 
o t h e r impediments t o r a p i d r e l a x a t i o n ) . The model r e q u i r e s , 
however, t h a t the l o c a l c o n c e n t r a t i o n s of Cn and C H i n Eq (1) 
a d j u s t themselves c o n s i s t e n t w i t h the requirement t h a t t h e r e i s 
o n l y one c h e m i c a l p o t e n t i a l a p p l i c a b l e t o the p e n e t r a n t , and at 
s o r p t i o n e q u i l i b r i u m t h i s c h e m i c a l p o t e n t i a l i s a l s o i d e n t i c a l 
t o t h a t of the p e n e t r a n t i n the e x t e r n a l gas phase. Any 
s i g n i f i c a n t e n e r g e t i c h e t e r o g e n e i t y a s s o c i a t e d w i t h s o r p t i o n i n 
the n o n e q u i l i b r i u m gaps r e g i o n s s h o u l d m a n i f e s t i t s e l f as a 
f a i l u r e i n the Langmuir form t o f i t the d e v i a t i o n from the 
s i m p l e Henry's law model, s i n c e the Langmuir form assumes a 
u n i f o r m s i t e a f f i n i t y . Repeated t e s t s of the l i n e a r i z e d form of 
the Langmuir c o n t r i b u t i o n t o s o r p t i o n have shown e x c e l l e n t 
c o n f o r m i t y t o the model. Any such e n e r g e t i c h e t e r o g e n i t y i s , 
t h e r e f o r e , of n e g l i g i b l e importance w i t h r e s p e c t t o s o r p t i o n 
m o d e l i n g . I n t h e i r r e c e n t paper, Raucher and S e f c i k i n t e r p r e t 
Dr. R. A s s i n k ' s p u l s e d NMR study of ammmonia s o r p t i o n i n p o l y ­
s t y r e n e (27) and i n d i c a t e t h a t : " S p e c t r o s c o p i c a n a l y s e s of gas 
mo l e c u l e s w i t h i n polymer m a t r i c e s are c o n s i s t e n t w i t h a l l of the 
gas molecules b e i n g i n a s i n g l e s t a t e " ( 2 8 ) . One i s g i v e n the 
i n d i r e c t and erroneous i m p r e s s i o n from Raucher's and S e f c i k ' s 
r e f e r e n c e t o A s s i n k ' s work t h a t the A s s i n k study d i d not support 
t h e concepts of the d u a l mode model. On the c o n t r a r y , the 
c o n c l u s i o n s of Dr. A s s i n k w i t h r e g a r d t o t h i s i s s u e c o m p l e t e l y 
s u p p o r t the d u a l mode model premises as shown below i n a d i r e c t 
quote of the complete c o n c l u s i o n s from the A s s i n k paper ( 2 7 ) : 

"We have been a b l e t o c r i t i c a l l y examine the d u a l 
mode model by p u l s e d NMR r e l a x a t i o n t e c h n i q u e s . 
The p r e s s u r e dependence of the c o n c e n t r a t i o n of 
sorbed gas was c o n s i s t e n t w i t h the d u a l mode 
model w h i l e the r e l a x a t i o n d a t a addressed i t s e l f 
t o the v a l i d i t y of the assumptions made by the 
model. The assumption of r a p i d i n t e r c h a n g e was 
found t o be v a l i d f o r t h i s system w h i l e the 
assumption of an immobile adsorbed phase c o u l d 
i n t r o d u c e a s m a l l e r r o r i n the a n a l y s i s . I t 
s h o u l d be p o s s i b l e t o reduce t h i s e r r o r by more 
e x a c t measurements of the c o n c e n t r a t i o n of sorbed 
gas as c l a s s i c a l p r e s s u r e experiments c o u l d 
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3. C H E R N ET A L . Dual-Mode Sorption and Transport Models 67 

p r o v i d e . We have been a b l e t o demonstrate the 
b a s i c v a l i d i t y of the assumption on which the 
d u a l mode model i s based and we have shown the 
u s e f u l n e s s of NMR r e l a x a t i o n t e c h n i q u e s i n the 
s t u d y of t h i s model." 

The o n l y " s m a l l e r r o r " , suggested i n A s s i n k ' s statement 
c o n c e r n i n g the d u a l mode model's assumptions, d e a l s w i t h the 
e a r l i e r a p p r o x i m a t i o n by V i e t h and Sladek ( 3 4 ) t h a t % was e q u a l 
t o z e r o . The work of A s s i n k was performed p r i o r t o the 
f o r m u l a t i o n of the d u a l m o b i l i t y model which e l i m i n a t e s t h i s 
a p p r o x i m a t i o n and accomodates v a l u e s of DJJ > 0 ( 1 7 , 1 8 ) . 

I n the p r e s e n t symposium, Dr. Raucher argued t h a t the 
observed c u r v a t u r e i n gas s o r p t i o n i s o t h e r m s does not a r i s e from 
a s i t e s a t u r a t i o n mechanism such as we have d e s c r i b e d i n the 
p r e c e d i n g d i s c u s s i o n . The form of the s o r p t i o n i s o t h e r m and 
l o c a l c o n c e n t r a t i o n dependent d i f f u s i o n c o e f f i c i e n t proposed by 
Raucher and S e f c i k are g i v e n below: 

C = σοΡ ( A - l ) 
1 + aC 

D e f f ( C ) = D Q [ 1 + SC] ( A - 2 ) 

where D Q was i d e n t i f i e d as the zero c o n c e n t r a t i o n l i m i t of the 
d i f f u s i o n c o e f f i c i e n t and 3 was i d e n t i f i e d as a 
p l a s t i c i z a t i o n - r e l a t e d parameter which i n d i c a t e s the r e l a t i v e 
s e n s i t i v i t y of the l o c a l d i f f u s i o n c o e f f i c i e n t , D e f f ( C ) t o the 
presence of o t h e r p e n e t r a n t s i n the v i c i n i t y . W h i l e no p h y s i c a l 
i n t e r p e t a t i o n was g i v e n to the s o r p t i o n parameters, the o Q 

parameter i s c l e a r l y e q u a l t o the l i m i t i n g s l o p e of the 
c o n c e n t r a t i o n v e r s u s p r e s s u r e i s o t h e r m . During a q u e s t i o n and 
answer p e r i o d f o l l o w i n g h i s p r e s e n t a t i o n , Dr. Raucher e x p l i c i t l y 
r u l e d out an i n t e r p r e t a t i o n of the parameter α i n terms of a 
s i t e s a t u r a t i o n mechanism s i m i l a r t o the Langmuir model. 

Dr s . Raucher and S e f c i k have s t a t e d : "The apparent 
c o n c e n t r a t i o n dependence of the s o r p t i o n c a p a c i t y i n the m a t r i x 
model r e s u l t s from a decrease i n a Henry's l a w - l i k e c o n s t a n t as 
the polymer a d j u s t s to the s o r b a t e " ( 2 8 ). The e x t e n t of the 
i n t e r p r e t a t i o n of α o f f e r e d by these authors i s t h a t : "a i s a 
parameter i n d i c a t i n g the magnitude of the change i n s o l u b i l i t y 
a r i s i n g from changes i n the gas-polymer m a t r i x " . S p e c i f i c a l l y , 
what i s m i s s i n g from t h e i r d i s c u s s i o n i s a statement as to what 
the n a t u r e of the h y p o t h e t i c a l polymer/penetrant i n t e r a c t i o n s 
a r e t h a t cause the c o n c a v i t y i n the i s o t h e r m . I n o t h e r words, 
what change i s induced i n the n a t u r e of the polymer i n the 
presence of the p e n e t r a n t ? The "model" comprised of Eq ( A - l ) 
and ( A - 2 ) has a s t r i c t l y e m p i r i c a l b a s i s . I t seems incumbent 
upon these authors to e x p l a i n how the change i n the polymer 
m a t r i x makes i t more d i f f i c u l t to i n s e r t another p e n e t r a n t 
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68 INDUSTRIAL GAS SEPARATIONS 

[Eq ( A - l ) ] , but at the same time makes i t e a s i e r f o r the 
p e n e t r a n t t o move through the m a t r i x [Eq (Α-2)]· The d u a l mode 
model o f f e r s the p h y s i c a l i n t e r p r e t a t i o n t h a t c o n c a v i t y i n the 
i s o t h e r m a r i s e s from a s i t e s a t u r a t i o n mechanism r e l a t e d t o 
f i l l i n g of u n r e l a x e d g a p s — a phenomenon which i s not o n l y e a s i l y 
v i s u a l i z e d and und e r s t o o d , but a l s o has been t e s t e d e x p l i c i t l y 
w i t h i n d e p e n d e n t l y o b t a i n e d d i l a t o m e t r i c d a t a (See F i g u r e 5 ) . 

I n an attempt t o j u s t i f y the assumption of p l a s t i c i z a t i o n 
put f o r t h i n t h e i r i n t e r p r e t a t i o n of 3 i n Eq ( A - 2 ) , Raucher and 
S e f c i k compare t r a n s p o r t d a t a and 1 3 C NMR d a t a f o r the C02/ pVC 
system. T h i s comparison has s e v e r a l q u e s t i o n a b l e a s p e c t s . To 
r e l a t e l o c a l m o l e c u l a r c h a i n motions t o the d i f f u s i o n 
c o e f f i c i e n t of a p e n e t r a n t , one s h o u l d use the s o - c a l l e d l o c a l 
e f f e c t i v e c o e f f i c i e n t , D e f f ( C ) , such as shown i n F i g u r e 5 r a t h e r 
t h a n an average o r "apparent" d i f f u s i o n c o e f f i c i e n t as was 
employed by these a u t h o r s . D

e f f ^ C ^ d e s c r i b e s the e f f e c t s of the 
l o c a l sorbed c o n c e n t r a t i o n on the a b i l i t y of the average 
p e n e t r a n t t o respond t o a c o n c e n t r a t i o n o r c h e m i c a l p o t e n t i a l 
g r a d i e n t i n t h a t r e g i o n . 

Raucher and S e f c i k , on the o t h e r hand, base t h e i r 
comparisons between NMR d a t a and t r a n s p o r t d a t a on the s o - c a l l e d 
"apparent" d i f f u s i o n c o e f f i c i e n t d e f i n e d by: 

D a - * 2/6Θ (A-3) 

where Θ i s the observed time l a g and I i s the membrane 
t h i c k n e s s . D a does not have a s i m p l e meaning e q u i v a l e n t t o a 
t r u e m o l e c u l a r m o b i l i t y u n l e s s both the time l a g and 
p e r m e a b i l i t y are independent of upstream p r e s s u r e . S i n c e t h i s 
s i t u a t i o n i s not t y p i c a l l y observed i n g l a s s y polymers, one must 
use D e f f ( C ) f o r comparison w i t h complementary t e c h n i q u e s t h a t 
probe m o l e c u l a r motion. 

The s e r i o u s n e s s of t h i s o v e r s i g h t i s apparent i n S e f c i k and 
Sch a e f e r ' s a n a l y s i s of T o i ' s t r a n s p o r t d a t a (24) i n terms of 
t h e i r NMR r e s u l t s ( 2 8 ) . The v a l u e of the s o - c a l l e d "apparent" 
d i f f u s i o n c o e f f i c i e n t c a l c u l a t e d from T o i ' s time l a g d a t a 
i n c r e a s e s by ~25% f o r an upstream p r e s s u r e range between 100 mm 
Hg and 500 mm Hg. On the o t h e r hand, the v a l u e of D e f f ( C ) 
c a l c u l a t e d from T o i ' s d a t a changes by 86% over the c o n c e n t r a t i o n 
range from 100 t o 500 mm Hg. The d i f f e r e n c e i n the two above 
c o e f f i c i e n t s a r i s e s from the f a c t t h a t D a i s an average of 
v a l u e s c o r r e s p o n d i n g t o a range of c o n c e n t r a t i o n s from the 
upstream v a l u e t o the e s s e n t i a l l y zero c o n c e n t r a t i o n downstream 
v a l u e i n a time l a g measurement. D

eff^ C^» o n t n e o t n e r band, 
has a w e l l - d e f i n e d p o i n t v a l u e at each s p e c i f i e d c o n c e n t r a t i o n 
and i s t y p i c a l l y e v a l u a t e d (independent of any s p e c i f i c model 
o t h e r than F i c k ' s law) by d i f f e r e n t a t i o n of s o l u b i l i t y and 
p e r m e a b i l i t y d a t a ( 2 2 ) . 

A second i s s u e c l o u d i n g the NMR i n t e r p r e t a t i o n of T o i ' s 
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3. C H E R N E T A L . Dual-Mode Sorption and Transport Models 69 

40°C t r a n s p o r t d a t a l i e s i n the f a c t t h a t the c i t e d NMR d a t a 
were c o l l e c t e d at 26°C r a t h e r than 40°C. I f one n e g l e c t s t h i s 
f a c t , S e f c i k and Schaefer suggest t h a t the 5.7% i n c r e a s e i n the 
average r o t a t i n g frame r e l a x a t i o n r a t e , <R^ p(C)> over the 
p r e s s u r e range (100 mm Hg t o 500 mm Hg) c o r r e s p o n d i n g t o T o i ' s 
measurements v a l i d a t e t h e i r c l a i m s c o n c e r n i n g p l a s t i c i z a t i o n . 
T h i s s u g g e s t i o n n e g l e c t s the f a c t t h a t the 25% i n c r e a s e i n D a 

does not match the 5.7% i n c r e a s e i n < R i p ( C ) > . Moreover, r e c a l l 
t h a t D a i s a c t u a l l y not even the c o r r e c t c o e f f i c i e n t t o compare 
w i t h <R l p(C)>. The observed 86% i n c r e a s e i n D e f f ( C ) i s i n poor 
agreement w i t h the 5.7% i n c r e a s e i n the NMR parameter over the 
range of p r e s s u r e s where both types of d a t a are a v a i l a b l e . 

The c o n s i d e r a b l e d i s c r e p a n c y between the changes i n the two 
parameters D e f f ( c ^ and < R i p ( C ) > i s not i m p r e s s i v e proof f o r 
p l a s t i c i a t i o n a t such low c o n c e n t r a t i o n s . T h i s o b s e r v a t i o n i s 
e s p e c i a l l y t r u e s i n c e p a r t of the observed 5.7% i n c r e a s e i n 
<Rlp(C)> may be accounted f o r by s p i n - s p i n e f f e c t s . The v a l u e 
of <R l p(C)> r e q u i r e s c a u t i o u s i n t e r p r e t a t i o n i n terms of b u l k 
polymer p r o p e r t i e s such as the 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 ; 
e s p e c i a l l y i n l i g h t of the p r e c e d i n g d i s c u s s i o n c o n c e r n i n g T o i ' s 
d a t a . I t i s i m p o r t a n t t o remember t h a t even a t 500 mm Hg, t h e r e 
i s o n l y one 0 0 2 m o l e c u l e f o r every 1300 PVC r e p e a t u n i t s i n the 
above s i t u a t i o n and y e t an i n c r e a s e of 86% o c c u r s i n the v a l u e 
of D e f j f ( C ) between 100 mm Hg and 500 mm Hg. These c o n d i t i o n s are 
e x t r a o r d i n a r i l y d i l u t e , and the observed c o n c e n t r a t i o n 
dependence of D e f f ( C ) i s p e r f e c t l y c o n s i s t e n t w i t h a s i t e 
s a t u r a t i o n type b e h a v i o r i n h e r e n t i n the d u a l mode model. We 
have always acknowledged t h a t c o n c e n t r a t i o n dependence of Dp and 
Dfl may become im p o r t a n t f a c t o r s at e l e v a t e d p r e s s u r e s f o r 
p l a s t i c i z a t i o n prone polymers. Such e f f e c t s , i f p r e s e n t have 
been of second o r d e r importance i n our work which i s g e n e r a l l y 
performed on " c o n d i t i o n e d " polymers at CO2 p r e s s u r e s no g r e a t e r 
t h a n 300 p s i . E v e n t u a l c o n c e n t r a t i o n dependence of D n and 
i s , however, not r e l a t e d t o the views of Raucher and S e f c i k 
summarized by Eq ( A - l ) and Eq ( A - 2 ) . These e q u a t i o n s r e q u i r e 
t h a t the seemingly m u t u a l l y e x c l u s i v e p r o c e s s e s of 
a n t i p l a s t i c i z a t i o n (Eq A - l ) and p l a s t i c i z a t i o n (Eq A-2) o ccur 
s i m u l t a n e o u s l y . 

F i n a l l y , i t was suggested by Raucher and S e f c i k t h a t the 
e q u a t i o n s d e r i v e d from t h e i r a n a l y s i s were e s s e n t i a l l y as 
e f f e c t i v e as the d u a l mode model f o r d e s c r i b i n g e x i s t i n g d a t a . 
T h i s statement r e q u i r e s some s t r o n g q u a l i f i c a t i o n , s i n c e no 
l i n e a r e q u a t i o n can d e s c r i b e the i n f l e c t e d form of the D e f f ( C ) 
p l o t shown i n F i g u r e 6 which was e v a l u a t e d by g r a p h i c a l 
d i f f e r e n t i a t i o n of the p e r m e a b i l i t y and s o l u b i l i t y d a t a w i t h o u t 
r e f e r e n c e t o any p a r t i c u l a r model o t h e r than F i c k ' s law (21,22). 
The curve through the d a t a , n e v e r t h e l e s s , corresponds t o the 
d u a l mode model and p r o v i d e s a v e r y good d e s c r i p t i o n of the 
d a t a . The form of these d a t a i s not at a l l c o n s i s t e n t w i t h 
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p l a s t i c i z a t i o n . T h i s same argument w i l l a p p l y f o r e s s e n t i a l l y 
a l l of the cases i n which the d u a l mode model has been shown t o 
f i t the form of the l o c a l d i f f u s i v i t y . The d a t a p o i n t s can a t 
b e s t be made t o "snake" around the l i n e a r f i t of the e x p r e s s i o n 
i n Eq (A-2) and the l i n e a r model becomes s e r i o u s l y i n e r r o r as 
D e f f begins t o asymptote. L i m i t e d d a t a f o r two gas/polymer 
systems were shown by Dr. Raucher which i n d i c a t e d t h a t the 
d e s c r i p t i o n s of p e r m e a b i l i t i e s and time l a g s u s i n g the d u a l mode 
and m a t r i x models i s not v e r y d i f f e r e n t f o r the systems checked. 
I f t h i s i s t r u e , i t i s s u r p r i s i n g s i n c e the d i f f e r e n t forms of 
D e£f(C) would be expected t o g i v e r i s e t o somewhat d i f f e r e n t 
time l a g r e s u l t s when i n t e g r a t e d a c c o r d i n g t o F r i s c h ' s method 
( 3 5 ) . A s i m i l a r c o n c l u s i o n p e r t a i n s t o the p e r m e a b l i t y , s i n c e 
even i f the s o l u b i l i t y d a t a were p e r f e c t l y d e s c r i b e d , the m i s f i t 
of n

e f f ( C ) suggests t h a t t h e r e s h o u l d be a m i s f i t i n 
p e r m e a b i l i t y as w e l l . I t i s p o s s i b l e t h a t a m i s f i t of D e f f ( C ) 
v e r s u s C and of C ve r s u s ρ c o u l d o f f s e t each o t h e r . 

I n one of t h e i r comparisons between the m a t r i x model and 
the d u a l mode model, a somewhat m i s l e a d i n g p r e s e n t a t i o n of d a t a 
i s u n i n t e n t i o n a l l y o f f e r e d i n F i g u r e 4 of the Raucher and S e f c i k 
paper: " M a t r i x Model of Gas S o r p t i o n and D i f f u s i o n i n G l a s s y 
Polymers" ( 2 8 ) . What s h o u l d be compared i n the l e f t hand s i d e 
of t h i s p l o t i s the d u a l mode model w i t h r e f i t t e d parameters 
ov e r the same p r e s s u r e range as the " M a t r i x model" parameters 
were r e f i t t e d o v e r . C l e a r l y , a d e t a i l e d s t a t i s t i c a l comparison 
of the p e r m e a b i l i t y and time l a g p r e d i c t i o n s a r i s i n g from Eq 
( A - l ) and Eq (A-2) must be made w i t h the l a r g e body of 
e x p e r i m e n t a l d a t a a v a i l a b l e f o r g l a s s y systems b e f o r e a 
c o n c l u s i o n can be reached r e g a r d i n g the e f f i c a c y of the " m a t r i x " 
model f o r p h e n o m e n o l o g i c a l l y d e s c r i b i n g such d a t a i n g e n e r a l . 

On a more b a s i c l e v e l , s i n c e the m a t r i x model i m p l i c i t l y 
r e q u i r e s a somewhat i n c o n s i s t e n t i n t e r p r e t a t i o n f o r the v a r i o u s 
model parameters i n Eq ( A - l ) and Eq ( A - 2 ) , i t becomes p r i m a r i l y 
an e m p i r i c a l means of r e p r o d u c i n g the observed pure component 
d a t a w i t h no fundamental b a s i s f o r g e n e r a l i z a t i o n t o m i x t u r e s . 
One c o u l d , of course e n v i s i o n s e v e r a l e x t e n s i o n s based on 
a d d i t i o n a l α terms i n the denominator of Eq ( A - l ) and a d d i t i o n a l 
3 terms i n Eq (A - 2 ) . Such an approach t o m i x t u r e permeation 
a n a l y s e s would be c o m p l e t e l y e m p i r i c a l and mimic the 
g e n e r a l i z a t i o n of Eq (2) and Eq ( 7 ) ; however, w i t h o u t any 
p h y s i c a l j u s t i f i c a t i o n . The g e n e r a l i z a t i o n s of Eq (2) and Eq 
(7) were n a t u r a l outgrowths of the fundamental p h y s i c a l b a s i s of 
the Langmuir i s o t h e r m . The f a c t t h a t the m i x t u r e d a t a are so 
c o n s i s t e n t w i t h Eq (7) and Eq (9) p r o v i d e s s t r o n g support f o r 
the p h y s i c a l b a s i s of the d u a l mode model. 

An i m p o r t a n t v a l u e of a permeation model i s not s i m p l y i t s 
a b i l i t y t o c o r r e l a t e e x p e r i m e n t a l d a t a , but r a t h e r t o p r o v i d e a 
framework f o r u n d e r s t a n d i n g the p r i n c i p a l f a c t o r s c o n t r o l l i n g 
membrane performance. The d u a l mode model i s d e r i v e d from 
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c o n s i s t e n t , p h y s i c a l d e s c r i p t i o n s of the g l a s s y s t a t e and y i e l d s 
parameters which make unambiguous m o l e c u l a r s c a l e statements 
r e g a r d i n g the g e n e r a l n a t u r e of g l a s s y , amorphous m a t e r i a l s . 

I n summary, the two e x p r e s s i o n s o f f e r e d i n Eq ( A - l ) and 
Eq (A-2) p r o v i d e e m p i r i c a l forms f o r c o r r e l a t i n g the g e n e r a l 
t r e n d s i n pure component s o r p t i o n and t r a n s p o r t d a t a . These 
e x p r e s s i o n s are not o f f e r e d i n terms of i n t e r n a l l y c o n s i s t e n t 
p h y s i c a l arguments and appear to o f f e r no_ fundamental b a s i s f o r 
u n d e r s t a n d i n g g e n e r a l g l a s s y s t a t e b e h a v i o r . Furthermore, no 
fundamental approach i s apparent f o r the treatment of the 
c r i t i c a l l y i m p o r t a n t mixed p e n e t r a n t problem u s i n g the model, 
s i n c e the v a r i o u s parameters i n the model l a c k the w e l l - d e f i n e d 
s i g n i f i c a n c e p r o v i d e d by the d u a l mode model. 

Nomenclature 

b^ A f f i n i t y c o n s t a n t of component i f o r the polymer (atm"" 1) 
D D D i f f u s i o n c o e f f i c i e n t of the Henry's law s p e c i e s (cm^/sec) 
DJI D i f f u s i o n c o e f f i c i e n t of the Langmuir s p e c i e s (cm^/sec) 
F R a t i o of Langmuir and Henry's law d i f f u s i o n c o e f f i c i e n t s 
k D Henry's law cons t a n t (cm-* gas (STP)/cm 3 polymer-atm) 
Κ C^b/k n where i s the c a p a c i t y of Langmuir mode (cm-* g a s 

(STP)/cm 3 polymer) 
P£ Upstream d r i v i n g p r e s s u r e f o r p e n e t r a n t i (atm) 
? ± P e r m e a b i l i t y of i (cm 3 gas(STP)-cm/cm 2-sec-cmHg) 
Vg S p e c i f i c volume of the g l a s s y polymer (cm 3/g) 
Vj£ S p e c i f i c volume of the d e n s i f i e d g l a s s y polymer (cm 3/g) 
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4 

Standard Reference Materials for Gas 
Transmission Measurements 

JOHN D. BARNES 
National Bureau of Standards, Polymer Science and Standards Division, 
Washington, DC 20234 

Standard Reference Material 1470 is a 23 micro­
-meter thick polyester film whose gas transmission 
characteristics with respect to helium, carbon dioxide, 
oxygen, and nitrogen have been carefully measured. A 
completely computerized manometric permeation measur­
ing faci l i ty developed at NBS was used for the measure­
ments. The steps taken to characterize the gas trans­
mission rate of this material over the range of pres­
sures from 67.5 kPa to 135 kPa and over the range of 
temperatures from 18 °C to 31 °C are described. The 
results obtained in these measurements are compared with 
those in the literature. The role of Standard Reference 
Material 1470 in improving the repeatability and re­
producibility of gas transmission measurements employing 
other instrumentation is discussed. 

A Standard Reference Material (SRM) can be defined as Ma ma­
t e r i a l (not necessarily a pure substance) having given properties 
with numerically assessed values, within certain tolerances, cer­
t i f i e d by an appropriate technical body" (1). An SRM for oxygen 
gas transmission measurements has been available since 1978 from 
the National Bureau of Standards (NBS) (2). This material has re­
cently been cer t i f ied for i t s permeance with respect to carbon 
dioxide, helium, and nitrogen as wel l as oxygen. This was done to 
make the material available to a larger community of users. The 
work on oxygen was repeated in order to determine whether the 
existing stock of material had aged to any appreciable extent and 
to ensure that a l l results were reported on a common basis. The 
present paper describes the experiments that were done to charac­
ter ize the gas transmission properties of the material over a 
range of conditions that the user can expect to experience and the 
manner in which the results on the SRM cer t i f ica te are to be i n ­
terpreted by the user. 

This chapter not subject to U.S. copyright 
Published 1983, American Chemical Society 
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SRM's e x i s t because o f t h e w i d e l y p e r c e i v e d need to a c h i e v e 
agreement among measurement r e s u l t s o b t a i n e d from a measurement 
system. I n o r d e r f o r such m a t e r i a l s t o be u s e f u l , t h e p r o p e r t y o f 
i n t e r e s t must be s t a b l e i n t h e chosen m a t e r i a l , t h e p r o p e r t y must 
be measured by a method t h a t i s f r e e o f b i a s , and t h e p r o p e r t y 
must be homogeneous a c r o s s a l l p o s s i b l e specimens o f th e m a t e r i a l . 

The t y p i c a l u s e r o f an SRM performs a measurement of t h e 
c e r t i f i e d p r o p e r t y u s i n g t h e apparatus i n h i s l a b o r a t o r y . He 
compares h i s r e s u l t w i t h t h e c e r t i f i c a t e v a l u e and, i f h i s mea­
surement f a i l s t o reproduce t h e c e r t i f i e d v a l u e w i t h i n a c c e p t a b l e 
l i m i t s o f p r e c i s i o n he i n v e s t i g a t e s h i s measurement system t o r e ­
move so u r c e s o f b i a s . There a r e numerous examples o f measurement 
systems i n which t h e l e v e l o f agreement among measured r e s u l t s by 
employing SRM 1s i n t h i s way, and t h e s t a t i s t i c a l assessment o f t h e 
performance o f measurement systems employing SRM 1s i s a w e l l -
e s t a b l i s h e d s c i e n c e ( 3 ) . 

NBS's involvment i n SRM's f o r gas t r a n s m i s s i o n s t u d i e s a r o s e 
out o f a c t i v i t i e s w i t h i n ASTM Committees D-20 ( P l a s t i c s ) and F-2 
( F l e x i b l e B a r r i e r M a t e r i a l s ) t h a t were aimed a t s t a n d a r d i z i n g a 
new i n s t r u m e n t a l method employing a c o u l o m e t r i c oxygen d e t e c t o r 
f o r t h e measurement o f oxygen gas t r a n s m i s s i o n r a t e s i n m a t e r i a l s 
used f o r v a r i o u s k i n d s o f packaging ( 4 ) . A subsequent réévalua­
t i o n o f t h e p r e c i s i o n d a t a f o r t he c l a s s i c a l manometric and v o l u ­
m e t r i c methods (5) f o r gas t r a n s m i s s i o n measurements showed t h a t 
t h e r e a r e s e r i o u s problems w i t h t h e r e p r o d u c i b i l i t y and r e p e a t a b i ­
l i t y t h e s e methods. The use o f SRM 1470 t o v e r i f y t h e c a l i b r a t i o n 
i s c u r r e n t l y b e i n g w r i t t e n i n t o ASTM sta n d a r d s D-3985 and D-1434. 

Approach 

The e f f o r t b e i n g d e s c r i b e d here i s a s i m p l e e x t e n s i o n o f t h e 
work t h a t was done e a r l i e r t o c h a r a c t e r i z e t h e gas t r a n s m i s s i o n 
p r o p e r t i e s o f SRM 1470 w i t h r e s p e c t t o oxygen a l o n e ( 2 ) . The 
m a t e r i a l t h a t i s used f o r t h i s SRM i s a p o l y ( e t h y l e n e t e r e p h t h a -
l a t e ) (PET) f i l m a p p r o x i m a t e l y 23 micrometers t h i c k t h a t i s used 
c o m m e r c i a l l y as a base f o r magnetic tape. T h i s m a t e r i a l appeared 
t o be s u i t a b l e from t h e s t a n d p o i n t o f homogeneity and l o n g term 
s t a b i l i t y and i t s oxygen t r a n s m i s s i o n r a t e was i n t h e d e s i r e d 
range. S i m i l a r m a t e r i a l was a l r e a d y i n use as a de f a c t o SRM p r o ­
v i d e d by a manufacturer o f c o u l o m e t r i c oxygen t r a n s m i s s i o n measur­
i n g equipment. Specimens f o r the r e c e r t i f i c a t i o n measurements 
were o b t a i n e d by random sampling from t h e e x i s t i n g s t o c k of 
m a t e r i a l . 

We chose t o use a modernized v e r s i o n o f t h e manometric 
measuring t e c h n i q u e b o t h i n our e a r l i e r work and i n the p r e s e n t 
experiments. T h i s approach o f f e r e d good f l e x i b i l i t y i n t h a t t h e 
e l e c t r o n i c manometers used t o m o n i t o r t he gas f l u x respond t o a 
wide v a r i e t y o f gases. I t i s a l s o p o s s i b l e t o c a l i b r a t e t h e 
apparatus r e l i a b l y u s i n g e x i s t i n g s t a n d a r d s . By c o m p l e t e l y 
c o m p u t e r i z i n g t he measurement pr o c e s s (6) we were a b l e t o p r o v i d e 
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f o r unattended o p e r a t i o n as w e l l as enhanced r e l i a b i l i t y and 
s a f e t y . 

I n t h e t i m e - l a g t e c h n i q u e (7) f o r measuring permeation gas 
passes through a w e l l d e f i n e d a r e a o f a f i l m from a r e s e r v o i r a t 
an e l e v a t e d p r e s s u r e i n t o a r e c e i v i n g chamber. The f i l m i s d e v o i d 
o f permeant t o b e g i n w i t h . I n t h e manometric r e a l i z a t i o n o f t h i s 
method the a c c u m u l a t i o n of permeant i n t h e r e c e i v i n g chamber i s 
measured by m o n i t o r i n g t h e p r e s s u r e of t h e gas i n t h e chamber. I n 
our system we b e g i n by c o n n e c t i n g b o t h chambers t o vacuum pumps t o 
remove any sorbed gases. We then m o n i t o r t h e s m a l l p r e s s u r e r i s e 
t h a t o c c u r s when the r e c e i v i n g chamber i s i s o l a t e d from t h e pump 
but t h e upstream chamber i s s t i l l b e i n g evacuated. We a s s i g n t h i s 
p r e s s u r e r i s e t o a background f l u x . A t a chosen i n s t a n t t h e up­
stream chamber i s s u p p l i e d w i t h gas a t a c o n t r o l l e d p r e s s u r e . Gas 
does not appear i n t h e downstream chamber u n t i l enough o f i t d i f ­
f u s e s i n t o t h e f i l m t o e s t a b l i s h a f i n i t e c o n c e n t r a t i o n g r a d i e n t 
a t t h e downstream boundary. A f t e r a w h i l e t h e p r e s s u r e i n t h e 
downstream chamber r i s e s a t a steady r a t e . Once we a r e s a t i s f i e d 
t h a t we have enough d a t a t o p r e c i s e l y e s t i m a t e t h e s t e a d y - s t a t e 
f l u x we t e r m i n a t e the p r e s s u r e m o n i t o r i n g and r e e v a c u a t e b o t h 
s i d e s o f t h e f i l m i n p r e p a r a t i o n f o r the next experiment. 

C a l i b r a t i o n 

The c a l i b r a t i o n problem f o r our measurement system can be 
d i s c u s s e d i n t h e l i g h t o f t h e f o l l o w i n g r e l a t i o n s h i p : 

η = pV/RT = AFjt-τ . q ( t / x ) ] (1) 

where η i s t h e number o f moles of permeant accumulated i n the 
r e c e i v i n g chamber a f t e r a time t , ρ i s the p r e s s u r e i n t h e r e ­
c e i v i n g chamber a t time t , V i s t h e volume ( i n l i t e r s ) o f t h e r e ­
c e i v i n g chamber, Τ i s t h e temperature of the system ( i n k e l v i n s ) , 
R i s t h e i d e a l gas c o n s t a n t (8.3144 kPa-l/mol-K) and A i s t h e a r e a 
( i n m 2) o f f i l m t h rough w h i c h permeation t a k e s p l a c e . i s t h e 
permeant f l u x ( i n mol/m2'.s) f o r s t e a d y - s t a t e p e r m e a t i o n , τ i s 
the t i m e - l a g and q ( t / x ) i s a f u n c t i o n t h a t a c c o u n t s f o r t h e 
t r a n s i e n t response of t h e system. i s the p r o d u c t o f t h e up­
stream gas p r e s s u r e , ρ , and t h e permeance, P, of t h e f i l m b e i n g 
t e s t e d . The functionaï form o f q ( t / x ) f o r the case of i d e a l d i f ­
f u s i o n can be o b t a i n e d by r e a r r a n g i n g t h e e q u a t i o n s from t h e s t a n ­
d a r d t e x t s 08,9). I n our case t h e r e c e i v i n g volume, V, i s l a r g e 
enough and the f i n a l p r e s s u r e i s low enough so t h a t we can n e g l e c t 
the e f f e c t s due t o the f i n i t e volume of t h e r e c e i v i n g chamber. 
Under t h e s e c o n d i t i o n s t h e r e i s a s u b s t a n t i a l p e r i o d o f time d u r ­
i n g , w h i c h q i s e s s e n t i a l l y e q u a l t o u n i t y and t h e p r e s s u r e vs 
tim e t r a c e may be t r e a t e d as a s t r a i g h t l i n e w i t h s l o p e s = F^ 
ART/V and i n t e r c e p t yO = - T A F ^ R T / V , a c i r c u m s t a n c e t h a t our com­
p u t e r programs make use o f t o perform d a t a r e d u c t i o n by l e a s t 
squares· 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

00
4

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



7 8 INDUSTRIAL GAS SEPARATIONS 

The c a l i b r a t i o n c h a r a c t e r i s t i c s of the pressure transducer are 
described by the fol lowing r e l a t i o n s h i p : 

true app 

The subscr ipt "true" denotes the corrected pressure values while 
"app" re fers to the observed values a f te r they have been corrected 
for contr ibut ions from the background f l u x . The funct ion a(T) i s 
a small cor rec t ion that i s obtained by intercomparing each c e l l 
manometer with a we l l - ca l ib ra ted manometer that i s always evacu­
ated and maintained at a f ixed temperature. D i f f e ren t i a t ing equa­
t ion 2 gives 

β - [1 + a(T)]dp Q /d t - [1 + a(T)] S Q _ (3) app app 

where s i s the slope derived from f i t t i n g a s t ra ight l i n e to 
the appaÇlnt pressure vs time t race . 

In extract ing s from our experimental data we use only 
data for long times (Ι̂ δτ) and we use an i t e r a t i v e process to 
correct for the small contr ibut ion from the t ime- lag . 

Using equations 1, 2, and 3 together with the d e f i n i t i o n of 
the permeance we obtain 

Ρ = V [1 + a(T)] s /ART ρ (4) app r u 

as an expression l ink ing measured quant i t ies with the quantity we 
wish to determine. The quantity V [ l + a(T)]/ART can be regarded 
as a temperature dependent " c e l l constant" whose value i s f ixed by 
the design of the apparatus. Our studies indicate that th is c e l l 
constant i s accurate to within 2 percent of i t s measured value and 
that there i s a random errof of approximately 1 percent a t t r i b u -
able to the c a l i b r a t i o n i n s t a b i l i t y of the pressure sensors. More 
deta i led studies of the c a l i b r a t i o n errors are current ly i n pro­
gress . 

Potent ia l sources of inter ference that can bias the observed 
resu l ts include leakage into the c e l l from extraneous sources and 
outgassing of the f i l m being tes ted . A guard r ing i s b u i l t into 
the c e l l to minimize the former problem and we correct for the 
l a t t e r e f fect by monitoring the pressure r i s e i n the c e l l while 
the upstream chamber i s under a vacuum. If the resu l t ing leakage 
f lux i s too large the computer postpones the experiment u n t i l the 
f lux drops to an acceptable l e v e l . We perform the carbon dioxide 
measurements separately p rec ise ly because the outgassing i n th is 
case i s so protracted as to in te r fe re with the other measurements. 

If the leakage f lux f a l l s within the acceptable range we 
merely measure i t s value for use as a basel ine cor rect ion to the 
pressure vs time data taken when the upstream chamber i s pressur­
i z e d . The presence of th is background f lux tends to degrade the 
s igna l to noise r a t i o of the data for the less permeable species . 
Experiments using a s o l i d aluminum p l a t e i n place of the f i l m 
demonstrate that t h i s leakage f lux a r ises mainly from the polymer. 
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E x p e r i m e n t a l D e s i g n 

N i n e s h e e t s o f m a t e r i a l were s e l e c t e d a t random from t h e 
e n t i r e b a t c h o f SRM 1470 t h a t was on hand. Our a p p a r a t u s s u b j e c t s 
t h r e e specimens t o t h e same tre a t m e n t a t t h e same t i m e , where a 
" t r e a t m e n t " i s a measurement u s i n g a s p e c i f i e d c o m b i n a t i o n o f gas, 
tempe r a t u r e , and upstream p r e s s u r e . Measurements were made a t 5 
d i f f e r e n t temperatures r a n g i n g from 18 eC t o 31 °C i n o r d e r t o 
a l l o w t h e u s e r some f l e x i b i l i t y i n h i s c h o i c e o f measurement tem­
p e r a t u r e . Measurements were a l s o made a t 4 d i f f e r e n t p r e s s u r e s 
r a n g i n g from 67.5 kPa t o 135 kPa i n o r d e r t o determine i f t h e 
m a t e r i a l behaved n o n - i d e a l l y . S i n c e we used a complete f a c t o r i a l 
d e s i g n t h e t o t a l number o f t r e a t m e n t s was 80 (4 gases χ 5 tempera­
t u r e s χ 4 p r e s s u r e s ) . Each specimen was s u b j e c t e d t o t h e complete 
s e t o f t r e a t m e n t s b e f o r e b e i n g r e p l a c e d by a new specimen. A l l 
measurements i n v o l v i n g n i t r o g e n , h e l i u m , and oxygen a t a g i v e n 
temperature were made b e f o r e t h e temperature was changed. The 
t r e a t m e n t s i n v o l v i n g c arbon d i o x i d e were a p p l i e d l a s t because o f 
t h e p r o l o n g e d o u t g a s s i n g r e q u i r e d between experiments u s i n g t h i s 
gas. Except f o r t h e r e s t r i c t i o n s d e s c r i b e d above t h e t r e a t m e n t s 
were a p p l i e d i n random o r d e r . We found no e v i d e n c e t h a t t h e p r e ­
v i o u s sample h i s t o r y a f f e c t e d t h e measurement r e s u l t s as l o n g as 
as c a r e was t a k e n t o ensure p r o p e r o u t g a s s i n g b e f o r e a p p l y i n g t h e 
next t r e a t m e n t . 

The o r d e r i n which t h e t r e a t m e n t s were t o be a p p l i e d was 
programmed i n t o t h e computer, and t h e app a r a t u s t h e n o p e r a t e d 
unattended u n t i l i t was time t o i n s e r t a f r e s h d a t a r e c o r d i n g d i s c 
d i s c o r t o change t h e specimens. A complete s e r i e s o f t r e a t m e n t s 
on a group o f t h r e e specimens r e q u i r e d about 6 weeks. 

The p r o c e s s i n g o f t h e d a t a c o n s i s t e d o f e x t r a c t i n g t h e 
st e a d y s t a t e s l o p e s and t h e ti m e l a g s from t h e p r e s s u r e v e r s u s 
time t r a c e s , c o n v e r t i n g t h e s l o p e s t o permeances u s i n g t h e equa­
t i o n s g i v e n above, and t a b u l a t i n g t h e r e s u l t s f o r subsequent s t a ­
t i s t i c a l a n a l y s i s . 

R e s u l t s 

The complete s e t o f experiments d e s c r i b e d above produced 
a p p r o x i m a t e l y 720 v a l u e s o f t h e permeance and 540 v a l u e s o f t h e 
t i m e - l a g ( t h e t i m e - l a g f o r h e l i u m was too s h o r t t o measure). We 
used t h e f o l l o w i n g f i x e d e f f e c t s s t a t i s t i c a l model t o study t h e 
d a t a from each o f t h e gases: 

I n Q = y a + S. + θ. + p f c + (6) 

Q r e p r e s e n t s e i t h e r t h e t i m e - l a g o r t h e permeance as r e q u i r e d , 
t h e S. term a c c o u n t s f o r t h e e f f e c t o f s e l e c t i n g a p a r t i c u l a r 
one o£ t h e n i n e specimens, t h e term a c c o u n t s f o r the e f f e c t 
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o f c h o o s i n g a p a r t i c u l a r one o f t h e f i v e temperatures, and p, 
account s f o r t h e p r e s s u r e e f f e c t . The p r e s s u r e e f f e c t was s i g n i ­
f i c a n t o n l y when d e a l i n g w i t h t h e t i m e - l a g d a t a f o r carbon d i o x i d e 
(see d i s c u s s i o n b e l o w ) . We d i d not f i n d any s i g n i f i c a n t i n t e r ­
a c t i o n terms between t h e main e f f e c t s shown i n e q u a t i o n 6. The 
ε^.^ term accounts f o r random e r r o r s o f measurement. 

Over the narrow (13 °C) range of temperatures i n our 
experiments t h e temperature e f f e c t i s l i n e a r and a temperature c o ­
e f f i c i e n t can be d e r i v e d by f i t t i n g t h e θ v a l u e s t o the f o l l o w ­
i n g model: 

θ = α + Β (Τ^-23) (7) 

The v a l u e o f 23 °C was chosen so t h a t t h e c e r t i f i c a t e v a l u e s would 
be c o r r e c t f o r t h e s t a n d a r d l a b o r a t o r y atmosphere ( 1 0 ) . 

U s i n g e q u a t i o n 7 and t a k i n g t h e e x p o n e n t i a l f u n c t i o n o f bo t h 
s i d e s o f e q u a t i o n 6 y i e l d s : 

Q(T) = Q(23) e
3 ( T " 2 3 ) (8) 

where t h e " Λ " denotes t h a t t h e q u a n t i t y i s an e s t i m a t e d v a l u e . 
Note t h a t Q(23)=e^Q + a. A measurement on an i n d i v i d u a l specimen 
can be expected t o d e v i a t e from t h i s e s t i m a t e because o f measure­
ment e r r o r ^ a n d because o f t h e specimen e f f e c t embodied i n t h e S^. 
Va l u e s o f Q(23) and β o b t a i n e d from t h e a n a l y s i s o f the permeance 
and t h e t i m e - l a g d a t a a r e g i v e n i n T a b l e s I and I I r e s p e c t i v e l y . 
S i n c e t h e t i m e - l a g f o r carbon d i o x i d e depends upon the upstream 
p r e s s u r e i t i s n e c e s s a r y t o m u l t i p l y t h e e s t i m a t e s o b t a i n e d from 
e q u a t i o n 8 by a term o f t h e form: 

e a ! ( p u - 1 0 1 . 3 2 ) + a 2 ( p u - 1 0 1 . 3 2 ) 2 (9) 

where t h e upstream p r e s s u r e i s expressed i n kPa. E s t i m a t e s de­
r i v e d from e q u a t i o n s 8 and 9 a r e v a l i d o n l y f o r p r e s s u r e s between 
67.5 and 135 kPa and f o r temperatures between 18 °C and 31 °C. 

Ta b l e s I and I I p r o v i d e a d d i t i o n a l s t a t i s t i c a l d a t a t h a t 
can be used t o q u a l i f y t h e e s t i m a t e s d e r i v e d from t h e f i t t i n g 
p r o c e s s . C i s t h e s t a n d a r d d e v i a t i o n o f μ, i t s n u m e r i c a l v a l u e 
i s l a r g e l y determined by the sampling e r r o r a r i s i n g from t h e 
s e l e c t i o n o f t e s t specimens. C i s t h e s t a n d a r d d e v i a t i o n o f t h e 
S i

? s , which i s a measure o f t h e S i n h o m o g e n e i t y o f t h e l o t o f SRM 
m a t e r i a l . C i s t h e s t a n d a r d d e v i a t i o n o f t h e r e s i d u a l s from t h e 
f i t , w h i c h i s a measure o f t h e e x t e n t t o which i n d i v i d u a l d a t a 
v a l u e s d e p a r t from t h e model i n e q u a t i o n 6. We have chosen n o t t o 
c o n s t r u c t t h e u s u a l c o n f i d e n c e o r t o l e r a n c e i n t e r v a l s because we 
do not have enough d a t a on t h e d i s t r i b u t i o n of t h e S^'s. 

The i n d i v i d u a l v a l u e s o f the S^ a r e p l o t t e d as a f u n c t i o n 
o f gas i n F i g u r e s 1 and 2. I f t h e f a c t o r t h a t i s g i v i n g r i s e t o 
t h i s v a r i a b i l i t y i n f l u e n c e s a l l gases e q u a l l y we would expect t h e 
l i n e s i n F i g u r e s 1 and 2 t o be p a r a l l e l . P a r a l l e l s t r a i g h t l i n e s 
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T a b l e I - Summary of f i t r e s u l t s f o r Permeance d a t a 

Gas 

Parameter N2 02 C02 He U n i t s 

P(23) .042 .35 1.72 13.8 pmol/m 2 

3 .0521 .0376 .0309 .0287 l / K 

C 
μ 

.023 .014 .018 .012 

C 
s 

.057 .045 .056 .037 

C .050 .017 .010 .009 

Tab l e I I - Summary of f i t r e s u l t s f o r Time-lag d a t a 

Gas 

Parameter 02 N2 C02 U n i t s 

τ(23) 388. 1792. 2160. sec. 

3 -.0597 -.0763 -.0624 l / K 

C 
μ 

.013 .022 .014 

C 
s 

.039 .067 .042 

C 
r 

.024 .094 .016 

*1 — — -1.873 χ ΙΟ" 3 1/kPa. 

*2 — — 09.11 χ 10" 6 l / ( k P a , 
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0.15 

F i g u r e 2 . Specimen e f f e c t f o r t h e t i m e l a g p l o t t e d as a f u n c t i o n 
o f gas. 
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account f o r most of t h e v a r i a t i o n but t h e s c a t t e r shown i n t h e 
f i g u r e s i s s i g n i f i c a n t . We a r e s t u d y i n g a d d i t i o n a l specimens t o 
b e t t e r d e f i n e t h e s t r u c t u r e and d i s t r i b u t i o n o f t h e s e specimen 
e f f e c t s . 

We a r e a l s o s e e k i n g s i m p l e a u x i l i a r y measurements such as 
t h e specimen t h i c k n e s s o r t h e d e n s i t y t h a t can be used t o d e f i n e 
c o r r e c t i o n f a c t o r s f o r r e d u c i n g t h e measured v a l u e s t o a common 
b a s i s . I n t h e absence o f such a scheme t h e specimen-to-specimen 
v a r i a b i l i t y i s t h e dominant f a c t o r l i m i t i n g t h e p r e c i s i o n t h a t 
can be expected when comparing measurements among d i f f e r e n t s t a ­
t i o n s i n a measurement system. 

I n some i n s t a n c e s where SRM 1s have been found t o be inhomo-
geneous i t i s p o s s i b l e t o i n d i v i d u a l l y c e r t i f y each specimen. 
A s i d e from t h e f a c t t h a t such a procedure would l e a d t o i n t o l e r ­
a b l y c o s t l y s t a n d a r d s , i t i s i m p r a c t i c a l because we have found 
t h a t specimens t h a t have been removed from t h e measuring a p p a r a t u s 
cannot be r e u s e d . Thus a u n i t o f SRM 1470 c o n t a i n s about 15 
s h e e t s o f m a t e r i a l , w h i ch l a s t t h e average u s e r q u i t e a l o n g t i m e . 

The observed d e c r e a s e of t h e ρ v a l u e s f o r t h e t i m e - l a g of 
carbon d i o x i d e w i t h i n c r e a s i n g p r e s s u r e i s c o n s i s t e n t w i t h pub­
l i s h e d d a t a t h a t have been i n t e r p r e t e d u s i n g a " p a r t i a l i m m o b i l i ­
z a t i o n " model (11,12). I t i s somewhat s u r p r i s i n g t h a t we do n o t 
observe a concomitant d e c r e a s e i n t h e permeance; perhaps t h e 
p r e s s u r e s used a r e too low o r t h e p r e s s u r e range i s not broad 
enough. 

The r e s i d u a l s from t h e f i t s t o the s h o r t time p a r t of t h e 
p r e s s u r e v e r s u s time t r a c e s p r o v i d e a d d i t i o n a l e v i d e n c e t h a t t h e 
t r a n s p o r t p r o c e s s o f carbon d i o x i d e i n SRM 1470 i s d i f f e r e n t from 
t h a t o f t h e o t h e r gases. The t r a c e f o r carbon d i o x i d e d e p a r t s from 
t h e background t r e n d l i n e much more s l o w l y t h a n do t h e t r a c e s f o r 
t h e o t h e r gases. T h i s i s q u a l i t a t i v e l y r e a s o n a b l e i n terms of t h e 
p a r t i a l i m m o b i l i z a t i o n model, but we hope t o d e v e l o p a p p r o p r i a t e 
s o l u t i o n s t o t h e t r a n s p o r t e q u a t i o n s t o v e r i f y t h i s e f f e c t . 

The e f f e c t s o f p a r t i a l i m m o b i l i z a t i o n a r e s m a l l i n t h e 
range o f c o n d i t i o n s covered i n our e x p e r i m e n t s . Users who w i s h t o 
c a r r y out measurements a t much h i g h e r p r e s s u r e s and temperatures 
s h o u l d r e a l i z e t h a t they may have t o t a k e e x p l i c i t account o f t h i s 
phenomenon. 

We a r e m o d i f y i n g our a p p a r a t u s t o o p e r a t e a t h i g h e r p r e s ­
s u r e s and a t temperatures encompassing t h e g l a s s t r a n s i t i o n o f 
PET. 

Assuming a specimen t h i c k n e s s o f 23 micrometers we c a l c u l a t e d 
p e r m e a b i l i t i e s and d i f f u s i o n c o e f f i c i e n t s f o r comparison w i t h 
l i t e r a t u r e v a l u e s . Our d a t a and t h e d a t a used f o r comparison a r e 
l i s t e d i n T a b l e I I I , w h i c h i s o r g a n i z e d a l o n g t h e same l i n e s as 
Yasuda's c o m p i l a t i o n ( 1 3 ) . Our v a l u e s compare w e l l w i t h the 
l i m i t e d d a t a a v a i l a b l e (14-18) when one makes a l l o w a n c e f o r t h e 
d i f f e r e n c e s i n f i l m morphology t h a t a r e l i k e l y t o e x i s t . 

The gas t r a n s m i s s i o n p r o p e r t i e s o f PET f i l m s s i m i l a r t o SRM 
1470 a r e near t h e low end o f t h e range commonly a s s o c i a t e d w i t h 
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T a b l e I I I - L i t e r a t u r e v a l u e s of T r a n s p o r t Parameters 

Gas Ref. P(25) E P D(25) ED Comment 

N2 1.074 38.0 5.73 55.6 SRM 1470 
14 2.01 
17 2.18 32.7 14. 44.0 c r y s t a l l i n e 
15 3.23 
17 4.35 26.4 20. 47.7 amorphous 

02 4 7.7 
18 8.6 ASTM D-3985 

8.73 27.4 25.6 43.5 SRM 1470 
18 8.8 ASTM D-1434 
17 11.7 32.3 35. 46.1 c r y s t a l l i n e 
15 12.6 
17 19.7 37.6 50. 48.5 amorphous 

C02 18 22.7 ASTM D-1434 
16 39.4 
12 40.6 24.8 3.5 49.7 

42.1 22.6 4.62 45.5 SRM 1470 
17 56.9 18.4 6. 50.2 c r y s t a l l i n e 
17 100.4 27.6 8.5 52.3 amorphous 

HE 16 324. 
14 335. 

336. 20.9 SRM 1470 
17 442. 19.7 20000 20. c r y s t a l l i n e 
17 1098. 21.3 30000 19.3 amorphous 

E x p l a n a t i o n of s e l e c t e d column headings: 

Ref. - See L i t e r a t u r e c i t e d f o r sourc e of d a t a 
£(25) - p e r m e a b i l i t y a t 25 °C expr e s s e d i n 

amol/m . s. Pa (1 amo 1 = 10 1 8 mole) 
Ε - A c t i v a t i o n energy f o r Per m e a t i o n , kJ/mol 
D^25) - D i f f u s i o n c o e f f i c i e n t as c a l c u l a t e d from D=£ 2/6T 

expressed i n 10 1 I +m 2/s(10 1 0 cm 2/s) 
E n - A c t i v a t i o n energy f o r D i f f u s i o n , kJ/mol 
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homopolymer f i l m s (13,19). Persons i n t e r e s t e d i n good gas b a r r i ­
e r s would l i k e t o see SRM 1s o f lower t r a n s m i s s i o n r a t e . I n o t h e r 
c a s e s ( n o t a b l y i n c l u d i n g s e p a r a t i o n membranes) one d e s i r e s a poor 
b a r r i e r t o c e r t a i n gases. NBS i s w o r k i n g t o i d e n t i f y needs f o r 
new s t a n d a r d m a t e r i a l s and improved measurement methods i n t h e s e 
a r e a s . 

S i n c e i t i s d i f f i c u l t t o c o n t r o l p r o c e s s e s f o r making p l a s t i c 
f i l m s i n o r d e r t o l i m i t v a r i a b i l i t y i n t h e i r p h y s i c a l p r o p e r t i e s 
t o one p e r c e n t o r l e s s we f i n d t h a t m a t e r i a l inhomogeneity i s an 
o b s t a c l e t o t h e development of b e t t e r SRM's. I t i s a l s o d i f f i c u l t 
t o use such m a t e r i a l s as t r a n s f e r s t a n d a r d s because t h e i r c h a r a c ­
t e r i s t i c s o f t e n d r i f t w i t h t i me and t e s t specimens o f t e n do not 
t o l e r a t e abuse s u f f e r e d d u r i n g t h e measuring p r o c e s s . 

Needs f o r improved measurement methods d i f f e r depending on 
whether one i s c o n s i d e r i n g low o r h i g h t r a n s m i s s i o n r a t e m a t e r i a l s . 
I n t h e former c a s e one needs v e r y s e n s i t i v e d e t e c t o r s . S e l e c t i ­
v i t y i s a l s o d e s i r a b l e so t h a t i n t e r f e r e n c e s from extraneous 
s p e c i e s can be a v o i d e d . I n t h e case o f h i g h t r a n s m i s s i o n r a t e 
m a t e r i a l s i n s t r u m e n t a l t i m e c o n s t a n t s and s a t u r a t i o n e f f e c t s need 
to be b e t t e r u n d e r s t o o d . I n a l l c ases t h e r e i s a need f o r more 
c o n v e n i e n t i n s t r u m e n t s and a b e t t e r knowledge of t h e i r o p e r a t i n g 
p r i n c i p l e s . 

The e x i s t e n c e of b i a s e s between l a b s i s a c l e a r i n d i c a t i o n 
t h a t t h e o p e r a t i n g p r i n c i p l e s t h a t a r e used t o d e s c r i b e a measure­
ment p r o c e s s a r e n o t b e i n g r e a l i z e d i n p r a c t i c e . I n some cases 
t h e o p e r a t o r ' s t e c h n i q u e f a i l s t o account f o r a f a c t o r t h a t i n ­
f l u e n c e s t h e measurement. I n o t h e r cases t h e model t h a t i s used 
t o d e s c r i b e t h e measurement p r o c e s s c o n t a i n s a p p r o x i m a t i o n s t h a t 
a r e v i o l a t e d i n u s i n g t h e method. Examples i n c l u d e t h e back p r e s ­
s u r e c o r r e c t i o n , w h i c h can be i m p o r t a n t i n s i t u a t i o n s where the 
gas i s h i g h l y s o l u b l e i n t h e polymer, the c o r r e c t i o n f o r t h e v o l ­
ume i n c r e a s e i n manometric measurements u s i n g mercury columns 5, 
20, o r t h e i n f l u e n c e o f h u m i d i t y on p e r m e a b i l i t y i n systems u s i n g 
m o i s t t e s t gases o r c a r r i e r gases (4, 2 1 ) . I f SRM 1470 i s exposed 
t o a c a r r i e r gas near 100 p e r c e n t h u m i d i t y i t s t r a n s m i s s i o n r a t e 
d e c r e a s e s by about 20 p e r c e n t ( 2 1 ) . F o r t h i s r e a s o n ASTM D-3985 
s p e c i f i e s t h a t c a l i b r a t i o n and r e f e r e e measurements must be made 
w i t h d r y gases (4) even though t h e c o u l o m e t r i c a p p a r a t u s n o r m a l l y 
uses m o i s t gases. B i a s e s i n measurement systems o f t e n depend 
upon t h e l e v e l o f t h e p r o p e r t y b e i n g measured. I t i s , t h e r e f o r e , 
d e s i r a b l e t o c o v e r a broad range o f l e v e l s when c h e c k i n g c a l i b r a ­
t i o n . 

The main purpose o f our work i s t o p r o v i d e a m a t e r i a l t h a t 
i s e a s i l y a v a i l a b l e t o anyone who wishes t o e v a l u a t e t h e p e r f o r ­
mance of a permeation measuring system. Users whose equipment 
can a c c e p t any o f t h e gases we used can c o v e r a 3 5 0 - f o l d range o f 
t r a n s m i s s i o n r a t e s w i t h t h e v a l u e s on t h e SRM c e r t i f i c a t e . I n t e r -
l a b o r a t o r y comparisons t h a t have been conducted t o d a t e (22) r e ­
v e a l t h a t t h e r e p e a t a b i l i t y ( l e v e l of agreement f o r r e s u l t s ob­
t a i n e d w i t h i n i n d i v i d u a l l a b o r a t o r i e s ) i s much b e t t e r t h a n t h e r e -

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

00
4

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



86 INDUSTRIAL GAS SEPARATIONS 

p r o d u c i b i l i t y ( l e v e l o f agreement between l a b o r a t o r i e s ) . T h i s 
s i t u a t i o n i s common i n measurement systems t h a t have been o p e r a t ­
i n g w i t h o u t b e n e f i t o f s t a n d a r d s . 

The r e s o l u t i o n o f an experiment t o d e t e c t d i f f e r e n c e s between 
l a b o r a t o r i e s w i l l depend upon t h e s t a t i s t i c a l d e s i g n t h a t i s used. 
G i v e n t h e specimen t o specimen v a r i a b i l i t y t h a t e x i s t s i n SRM 
1470, d i f f e r e n c e s o f l e s s t h a n 5 p e r c e n t o f t h e measured v a l u e 
w i l l be d i f f i c u l t t o d e t e c t u s i n g t h i s m a t e r i a l . S i n c e d i f f e r ­
ences between l a b s o f 30 p e r c e n t a r e common i n t h e e x i s t i n g mea­
surement system, t h e r e i s c o n s i d e r a b l e room f o r improvement. I n ­
d i v i d u a l l a b o r a t o r i e s may be a b l e t o a c h i e v e good agreement by 
r e g u l a r l y exchanging check samples of m a t e r i a l s o t h e r than an SRM, 
but t h e i r r e s u l t s c o u l d w e l l c o n t a i n s y s t e m a t i c e r r o r s i f they 
f a i l t o check t h e i r measurements a g a i n s t o t h e r s i n which b i a s has 
been c a r e f u l l y e l i m i n a t e d . 
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Appendix - A Word About U n i t s 

The system o f u n i t s used t o e x p r e s s our r e s u l t s i s complete­
l y i n accordance w i t h t h e p r e s c r i p t i o n s o f t h e S I system ( 2 3 ) . 
T h i s scheme d i f f e r s from t h e v a r i o u s systems i n use i n i n d u s t r y 
and academia i n t h a t i t uses t h e mole i n s t e a d o f t h e cc(STP) t o 
ex p r e s s t h e q u a n t i t y o f m a t t e r b e i n g t r a n s p o r t e d , t h e p a s c a l 
r a t h e r t h a n t h e atmosphere o r t h e cm. Hg. t o express p r e s s u r e , t h e 
meter r a t h e r than t h e m i l , t h e i n c h , o r t h e c e n t i m e t e r t o expr e s s 
l e n g t h , and t h e second r a t h e r than t h e day t o expr e s s t i m e . Our 
e x p e r i e n c e i n d i c a t e s t h a t t h e e x i s t i n g v a r i e t y o f u n i t systems 
l e a d s t o c o n f u s i o n and t h a t c a l c u l a t i o n s o f r e l a t e d p h y s i c a l 
p r o p e r t i e s such as p e r m e a b i l i t i e s , d i f f u s i o n c o e f f i c i e n t s , and 
s o l u b i l i t i e s a r e e a s i e r u s i n g t h e SI u n i t s . More modern measure­
ment systems w h i c h d e t e c t permeants by means of t h e e l e c t r i c a l 
c u r r e n t s g e n erated by i n d i v i d u a l atoms a r e e a s i e r t o a n a l y z e when 
one u ses moles r a t h e r than cc(STP) t o express t h e amount of ma t t e r 
undergoing t r a n s p o r t . A p p l i c a t i o n s i n v o l v i n g t h e t r a n s p o r t o f 
mixed permeant s p e c i e s a r e a l s o e a s i e r t o d e a l w i t h on a molar 
b a s i s . C o n v e r s i o n t a b l e s between t h e SI u n i t s and customary u n i t s 
a r e p r o v i d e d on t h e SRM c e r t i f i c a t e and i n t h e a p p r o p r i a t e s t a n ­
d ards documents ( 4 , 5 ) . 
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We have chosen t o ex p r e s s our r e s u l t s as permeances r a t h e r 
t han p e r m e a b i l i t i e s because we a r e p r e s e n t l y u n a b l e t o j u s t i f y 
t h e assumption t h a t t h e p r o p e r t i e s of t h e m a t e r i a l a r e u n i f o r m 
throughout t h e f i l m . We su s p e c t t h a t n o r m a l i z i n g t he r e s u l t s t o 
u n i t t h i c k n e s s would i n t r o d u c e a d d i t i o n a l s c a t t e r . The SRM 
c e r t i f i c a t e g i v e s i n s t r u c t i o n s f o r c a l c u l a t i n g gas t r a n s m i s s i o n 
r a t e s , w h i ch a r e t h e q u a n t i t i e s t h a t a r e measured d i r e c t l y . 

R E C E I V E D January 12,1983 
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Gas Transport and Cooperative Main-Chain 
Motions in Glassy Polymers 

DANIEL RAUCHER and MICHAEL D. SEFCIK 
Monsanto Company, St. Louis, MO 63167 

Carbon-13 rotating-frame relaxation rate 
measurements are used to elucidate the mechanism of 
gas transport in glassy polymers. The nmr relaxa­
tion measurements show that antiplasticization­
-plasticization of a glassy polymer by a low 
molecular weight additive effects the cooperative 
main-chain motions of the polymer. The correlation 
of the diffusion coefficients of gases with the 
main-chain motions in the polymer-additive blends 
shows that the diffusion of gases in polymers is 
controlled by the cooperative motions, thus provid­
ing experimental verification of the molecular 
theory of diffusion. Carbon-13 nmr relaxation 
measurements also show that the presence of a 
permanent gas alters the cooperative motions of the 
polymeric chains. These changes in main-chain 
molecular motions correlate with changes in the 
diffusion coefficient of the gas in the polymer, 
thus providing evidence that the diffusion coeffi­
cient is dependent on the gas-polymer-matrix 
composition. 

Experimental results show that sorbed gases 
interact with polymeric chains, inducing changes in 
the structural and dynamic properties of the 
polymer. These properties and the interchain 
forces controlling them determine many of the 
physical characteristics of the matrix, including 
the solubility and diffusion coefficients. These 
results are inconsistent with the assumptions and 
the physical interpretations implicit in the dual­
-mode sorption and transport model, and strongly 
suggest that the sorption and transport of gases 
in glassy polymers should be represented by 
concentration (composition) dependent solubility 
and diffusion coefficients. 

0097-6156/83/0223-0089$06.50/0 
© 1983 American Chemical Society 
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The t r a n s p o r t o f gas i n polymers has been s t u d i e d f o r over 
150 y e a r s ( 1 ) . Many o f the concepts developed i n 1866 by Graham 
(2) are s t i l l a c c e p t e d today. Graham p o s t u l a t e d t h a t the 
mechanism o f the permeation p r o c e s s i n v o l v e s the s o l u t i o n o f the 
gas i n the upstream s u r f a c e o f the membrane, d i f f u s i o n t h rough 
the membrane f o l l o w e d by e v a p o r a t i o n from the downstream membrane 
s u r f a c e . T h i s i s the b a s i s f o r the " s o l u t i o n - d i f f u s i o n " model 
which i s used even today i n a n a l y z i n g gas t r a n s p o r t phenomena i n 
p o l y m e r i c membranes. 

In 1879, von Wroblewski (3) showed t h a t s o r p t i o n and 
t r a n s p o r t o f gases i n polymers f o l l o w e d Henry's and F i c k ' s laws, 
r e s p e c t i v e l y , 

C = σο ρ (1) 

J = -Do (dC/dx) (2) 

where C i s the e q u i l i b r i u m gas c o n c e n t r a t i o n i n the polymer, J i s 
the permeation f l u x , σο and Do are the s o l u b i l i t y and d i f f u s i o n 
c o e f f i c i e n t s , r e s p e c t i v e l y , and ρ i s the gas p r e s s u r e . By 
assuming t h a t Do i s c o n s t a n t , von Wroblewski showed t h a t t he 
steady s t a t e f l u x i s g i v e n by, 

J = σο Do (p/£) = Po (p/£) (3) 

where ρ i s the p r e s s u r e d i f f e r e n c e a c r o s s t he membrane ( f o r 
s i m p l i c i t y , the downstream p r e s s u r e has been assumed t o be z e r o ) , 
and 1 i s the t h i c k n e s s o f the membrane. The p e r m e a b i l i t y 
c o e f f i c i e n t a t steady s t a t e , Po, i s d e f i n e d by eq. (3) a s , 

Po = σο Do (4) 

Daynes (4) (1920) showed t h a t a t r a n s i e n t permeation experiment, 
under the boundary c o n d i t i o n s C ( x ; t ) = 0 f o r t<0, C ( 0 ; t ) = C and 
C(£;t) = 0 f o r t>0 g i v e s two c h a r a c t e r i s t i c parameters, the 
p e r m e a b i l i t y , Po, and the t i m e - l a g , Θο. Daynes showed t h a t the 
s o l u t i o n o f F i c k ' s law under these boundary c o n d i t i o n s y i e l d s , 

Do = £ 2/6θο (5) 

Thus, Po, Do, and σο [by eq. (4) ] c o u l d be measured i n a s i n g l e 
t i m e - l a g experiment. 

Eqs. ( l ) - ( 5 ) are s t i l l t he b a s i c s o r p t i o n and t r a n s p o r t 
e q u a t i o n s used today f o r " i d e a l " systems, p e n e t r a n t - p o l y m e r 
systems i n which b o t h σο and Do are p r e s s u r e and c o n c e n t r a t i o n 
independent. T h i s " i d e a l " b e h a v i o r i s observed i n s o r p t i o n and 
t r a n s p o r t o f permanent and i n e r t gases i n polymers w e l l above 
t h e i r Tg. 
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B a r r e r (6) (1937) showed t h a t d i f f u s i o n i s an a c t i v a t e d 
p r o c e s s and t h a t the d i f f u s i o n c o e f f i c i e n t had an A r r h e n i u s form, 

Do = Do exp(-Ed/RT) (6) 

where Ed i s the a c t i v a t i o n energy o f d i f f u s i o n and Do i s the 
f r e q u e n c y or p r e - e x p o n e n t i a l f a c t o r . A number o f attempts have 
been made t o e x p l a i n the temperature dependence of the d i f f u s i o n 
c o e f f i c i e n t . The zone-theory o f B a r r e r ( 7 ) , the f r e e volume 
t h e o r i e s (8, 9 ) , and the m o l e c u l a r t h e o r i e s o f d i f f u s i o n (10, 11, 
12), a l t h o u g h d i f f e r i n g i n many a s p e c t s , have i n common the 
c o n n o t a t i o n t h a t the a c t i v a t i o n energy o f d i f f u s i o n i s the energy 
needed f o r c h a i n s e p a r a t i o n , through c o o p e r a t i v e motions, o f 
s u f f i c i e n t s i z e t o a l l o w the p e n e t r a n t t o execute a d i f f u s i o n a l 
jump. 

S e c t i o n IA summarizes the m o l e c u l a r model of d i f f u s i o n o f 
Pace and Datyner (12) which proposes t h a t the d i f f u s i o n o f gases 
i n a p o l y m e r i c m a t r i x i s determined by the c o o p e r a t i v e main-chain 
motions o f the polymer. I n S e c t i o n IB we r e p o r t carbon-13 nmr 
r e l a x a t i o n measurement which show t h a t the d i f f u s i o n o f gases i n 
p o l y ( v i n y l c h l o r i d e ) (PVC) - t r i c r e s y l phosphate (TCP) systems i s 
c o n t r o l l e d by t h e c o o p e r a t i v e motions o f the polymer c h a i n s . The 
c o r r e l a t i o n o f the phenomenological d i f f u s i o n c o e f f i c i e n t s w i t h 
the c o o p e r a t i v e main-chain motions o f the polymer p r o v i d e s an 
e x p e r i m e n t a l v e r i f i c a t i o n f o r the m o l e c u l a r d i f f u s i o n model. 

S e c t i o n I I A summarizes the p h y s i c a l assumptions and the 
r e s u l t i n g m a t h e m a t i c a l d e s c r i p t i o n s o f t h e " c o n c e n t r a t i o n -
dependent" (5) and "dual-mode" (13) s o r p t i o n and t r a n s p o r t models 
which d e s c r i b e the b e h a v i o r of " n o n - i d e a l " p e n e t r a n t - p o l y m e r 
systems, systems which e x h i b i t n o n l i n e a r , pressure-dependent 
s o r p t i o n and t r a n s p o r t . I n S e c t i o n I I B we e l u c i d a t e the 
mechanism of the " n o n - i d e a l " d i f f u s i o n i n g l a s s y polymers by 
c o r r e l a t i n g the phenomenological d i f f u s i o n c o e f f i c i e n t o f C 0 2 i n 
PVC w i t h the c o o p e r a t i v e main-chain motions o f the polymer i n the 
presence o f the p e n e t r a n t . We r e p o r t carbon-13 r e l a x a t i o n 
measurements which demonstrate t h a t C O 2 a l t e r s the c o o p e r a t i v e 
main-chain motions o f PVC. These changes c o r r e l a t e w i t h changes 
i n the d i f f u s i o n c o e f f i c i e n t o f C 0 2 i n the polymer, thus p r o ­
v i d i n g e x p e r i m e n t a l e v i d e n c e t h a t the d i f f u s i o n c o e f f i c i e n t i s 
c o n c e n t r a t i o n dependent. 

I . DIFFUSION AND COOPERATIVE MAIN-CHAIN MOTIONS 

A. D i f f u s i o n Theory 

R e c e n t l y Pace and Datyner (12) advanced a m o l e c u l a r t h e o r y 
of d i f f u s i o n t h a t c o r r e l a t e s the d i f f u s i o n o f gases i n a 
p o l y m e r i c m a t r i x w i t h the c o o p e r a t i v e motions o f the polymer 
c h a i n s . The t h e o r y proposes t h a t the d i f f u s a n t m o l e c ule can move 
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through the polymer m a t r i x i n two d i s t i n c t ways: (a) s l i d i n g 
a l o n g the a x i s o f i n t e r c h a i n channels o r bundles formed by 
a d j a c e n t polymer c h a i n s , o r (b) jumping a t r i g h t a n g l e s t o the 
polymer c h a i n s whenever a d j a c e n t c h a i n s a r e s u f f i c i e n t l y 
s e p a r a t e d . The f i r s t p r o c e s s has a s m a l l e r a c t i v a t i o n energy 
tha n the second and t h e r e f o r e o c c u r s much more r a p i d l y . T h i s i s 
t r u e because o n l y l i m i t e d m a i n - c h a i n motions a r e n e c e s s a r y t o 
c r e a t e i n t e r c h a i n channels o f m o l e c u l a r dimensions i n d i s o r d e r e d 
g l a s s e s . The p e n e t r a n t d i f f u s e s f r e e l y w i t h i n these i n t e r c h a i n 
c h a n n e l s , which may be bounded by r e g i o n s o f dense l o c a l p a c k i n g . 
The d i f f u s a n t can proceed t o the next r e g i o n o f f a c i l e d i f f u s i o n 
o n l y when two a d j a c e n t polymer c h a i n s undergo s u f f i c i e n t 
c o o p e r a t i v e motions t o cause an i n t e r c h a i n s e p a r a t i o n g r e a t e r 
than the m o l e c u l a r dimensions o f the d i f f u s a n t . Thus, p r o c e s s 
(b) i s the r a t e d e t e r m i n i n g s t e p i n d i f f u s i o n and the a c t i v a t i o n 
energy o f d i f f u s i o n i s the a c t i v a t i o n energy o f the c h a i n 
s e p a r a t i o n . I n o t h e r words, the phenomenological d i f f u s i o n 
p r o c e s s i s the r e s u l t o f two dynamic e v e n t s : the f i r s t , h i g h -
frequency motions ( > 1 0 1 0 Hz) o f the d i f f u s a n t w i t h i n i n t e r c h a i n 
c h a n n e l s ; and the second, low-f r e q u e n c y , c o o p e r a t i v e motions 
( 1 0 4 - 1 0 8 Hz) o f the polymer c h a i n s t o a l l o w the d i f f u s a n t t o 
e n t e r another i n t e r c h a i n c h a n n e l . The former motions have been 
observed e x p e r i m e n t a l l y i n d i f f u s i o n experiments (_14, 15), the 
l a t t e r a re r e p o r t e d here. 

The a c t i v a t i o n energy f o r a s y m m e t r i c a l s e p a r a t i o n o f 
polymer c h a i n c e n t e r s by a d i s t a n c e o f ζ over a l e n g t h χ i s g i v e n 

where f ( z ) i s the average i n t e r c h a i n p o t e n t i a l p e r u n i t l e n g t h , β 
i s the average e f f e c t i v e s i n g l e c h a i n - b e n d i n g modulus p e r u n i t 
l e n g t h , and ρ i s the e q u i l i b r i u m c h a i n s e p a r a t i o n . S o l u t i o n o f 
eq. (7) f o r ζ = d, where d i s the minimum c h a i n s e p a r a t i o n which 
w i l l a l l o w t r a n s v e r s e passage o f a p e n e t r a n t , g i v e s the a c t i v a ­
t i o n energy o f d i f f u s i o n , 

where Γ and β are parameters which c h a r a c t e r i z e the i n t e r c h a i n 
c o h e s i o n and c h a i n s t i f f n e s s , r e s p e c t i v e l y . The v a l u e o f Γ can 
be e s t i m a t e d from polymer d e n s i t y and c o h e s i v e energy d e n s i t y , 
and β can be approximated from the polymer c h a i n backbone 
geometry and bond r o t a t i o n p o t e n t i a l s . The t h e o r y makes the 
unique p r e d i c t i o n t h a t the a c t i v a t i o n energy of d i f f u s i o n depends 
n e a r l y l i n e a r l y on the p e n e t r a n t diameter. T h i s p r e d i c t i o n has 
been r e c e n t l y c o n f i r m e d e x p e r i m e n t a l l y by Berens and Hopfenberg 

by ( 1 2 ) , 

(7) 

Ed = ΔΕ = 3.11 Γ 3 / 4 β 1 / 4 d 5/ 4 (8) 

(16 ) . 
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From t h i s m o l e c u l a r t h e o r y , we see t h a t the d i f f u s i o n 
c o e f f i c i e n t depends on the frequency o f c o o p e r a t i v e m a i n - c h a i n 
motions o f t h e polymer, \>, which cause c h a i n s e p a r a t i o n s e q u a l t o 
or g r e a t e r t h a n the p e n e t r a n t d i a m e t e r . Pace and Datyner were 
a b l e t o e s t i m a t e ν by a d o p t i n g an A r r h e n i u s r a t e e x p r e s s i o n i n 
which the p r e - e x p o n e n t i a l f a c t o r , A, i s a f u n c t i o n o f b o t h ΔΕ and 
T. The d i f f u s i o n c o e f f i c i e n t i s g i v e n by, 

Do = i L 2 ν = i L 2 A exp(-AE/RT) (9) 

where L 2 i s the mean-square jump d i s p l a c e m e n t . The c h a r a c t e r ­
i s t i c f r e q u e n c y o f the d i f f u s i o n p r o c e s s e s t a b l i s h e s a time 
s c a l e (τ = 1/v) f o r jumps o f the d i f f u s a n t m o l e c u l e i n the 
p o l y m e r i c m a t r i x . Hence, L i s the mean d i s p l a c e m e n t i n the 
average p o s i t i o n o f the gas molecule f o l l o w i n g an a c t i v a t e d jump. 
(The average p o s i t i o n o f a p e n e t r a n t m o l e c u l e i s determined by 
i t s random motion w i t h i n the r e g i o n o f f a c i l e d i f f u s i o n , p r o c e s s 
( a ) , and averaged over time τ.) The average jump d i s t a n c e , L, i s 
not p r e d i c t a b l e w i t h i n the l i m i t s o f the t h e o r y . 

B. D i f f u s i o n Mechanism i n Polymers - E x p e r i m e n t a l E v i d e n c e 

1. C o o p e r a t i v e Main-Chain Motions i n PVC-TCP 

I t i s now w e l l e s t a b l i s h e d t h a t TCP a c t s as an a n t i p l a s t i -
c i z e r o f PVC a t low c o n c e n t r a t i o n s and as a p l a s t i c i z e r a t h i g h 
c o n c e n t r a t i o n s . The observed v a r i a t i o n s i n t e n s i l e modulus, 
t e n s i l e s t r e n g t h , impact s t r e n g t h , u l t i m a t e e l o n g a t i o n , and 
t h e r m a l e x p a n s i o n c o e f f i c i e n t o f PVC w i t h a d d i t i v e c o n c e n t r a t i o n 
have been a t t r i b u t e d t o the a n t i p l a s t i c i z a t i o n - p l a s t i c i z a t i o n 
phenomenon (17, 18, 19). A n t i p l a s t i c i z a t i o n o f PVC a l s o r e s u l t s 
i n a decrease i n gas p e r m e a b i l i t y , and p l a s t i c i z a t i o n i n an 
i n c r e a s e i n gas p e r m e a b i l i t y (Γ7). 

Based on changes o f s e c o n d a r y - l o s s t r a n s i t i o n s o f a n t i p l a s -
t i c i z e d p o lymers, Robeson (20) s p e c u l a t e d t h a t a d d i t i v e s a l t e r e d 
the c o o p e r a t i v e motions o f the polymer c h a i n s , and these a l t e r ­
a t i o n s were r e s p o n s i b l e f o r the observed changes i n d i f f u s i v i t y . 
I n p a r t i c u l a r , Robeson suggested t h a t the a d d i t i o n of a n t i p l a s -
t i c i z e r s t o polymers r e s t r i c t e d m o l e c u l a r f l e x i b i l i t y o f c h a i n s 
t h e r e b y r e s t r i c t i n g d i f f u s i o n of p e n e t r a n t s . K i n j o (18) a t t r i ­
b uted the a n t i p l a s t i c i z a t i o n e f f e c t o f s e v e r a l p o l a r low-
m o l e c u l a r weight a d d i t i v e s i n PVC t o c o h e s i o n o f the a d d i t i v e 
t o the polymer c h a i n by d i p o l e - d i p o l e i n t e r a c t i o n s . He proposed 
t h a t motions o f the c o h e r i n g p a r t s o f the PVC would be e x t r e m e l y 
h i n d e r e d , r e d u c i n g the m e c h a n i c a l β-dispersion and i n c r e a s i n g 
t e n s i l e s t r e n g t h . I t was suggested i n the l i t e r a t u r e (21J t h a t 
h i g h c o n c e n t r a t i o n s o f TCP i n PVC decrease the i n t e r c h a i n 
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i n t e r a c t i o n s i n the polymer, thus enhancing the mai n - c h a i n 
motions, r e s u l t i n g i n p l a s t i c i z a t i o n o f the p o l y m e r i c m a t r i x . 

We have been i n t e r e s t e d i n the n a t u r e o f c o o p e r a t i v e motions 
i n polymers f o r some time and have used carbon-13 n u c l e a r 
magnetic resonance f o r examining m a i n - c h a i n motions i n s o l i d s 
(22-27). Carbon-13 nmr w i t h c r o s s - p o l a r i z a t i o n and magic-angle 
sample s p i n n i n g i s a h i g h - r e s o l u t i o n , h i g h - s e n s i t i v i t y t e c h n i q u e 
f o r s o l i d s ( F i g u r e 1 ) . The c o o p e r a t i v e m a i n - c h a i n motions i n 
g l a s s y polymers can be e v a l u a t e d from carbon-13 r o t a t i n g - f r a m e 
r e l a x a t i o n r a t e s , [ R i P ( C ) ] . D e t a i l s o f the nmr experiment a r e 
r e p o r t e d elsewhere ( 2 8 ) . 

The average r e l a x a t i o n r a t e o f the methylene- and methine-
carbons i n PVC decreases w i t h the a d d i t i o n o f TCP up t o about 
15 weight % (Tab l e I ) . Based on s t a n d a r d r e l a x a t i o n r a t e t h e o r y 
( 2 9 ) , reduced r e l a x a t i o n r a t e s are i n d i c a t i v e o f a s h i f t i n the 
average c o o p e r a t i v e motions t o lower f r e q u e n c i e s . These r e s u l t s 
prove t h a t a n t i p l a s t i c i z a t i o n i s a s s o c i a t e d w i t h reduced cooper­
a t i v e motions o f the polymer c h a i n s . As the c o n c e n t r a t i o n o f TCP 
i n PVC i s i n c r e a s e d above 15 weight %, the average r e l a x a t i o n 
r a t e o f the methylene- and methine-carbons i n PVC i n c r e a s e s 
( T a b l e I ) , showing t h a t p l a s t i c i z a t i o n l e a d s t o i n c r e a s e d cooper­
a t i v e motions i n the g l a s s . 

Our r e s u l t s show f o r the f i r s t time t he e f f e c t o f 
a n t i p l a s t i c i z a t i o n - p l a s t i c i z a t i o n on polymer p r o p e r t i e s a t the 
m o l e c u l a r l e v e l . These r e s u l t s p r o v i d e e x p e r i m e n t a l evidence f o r 
the assumptions o f Robeson (20) and K i n j o (18) t h a t a t t r i b u t e d 
the changes i n polymer p r o p e r t i e s w i t h a n t i p l a s t i c i z a t i o n -
p l a s t i c i z a t i o n t o changes i n the i n t e r c h a i n c o h e s i o n o f the 
polymer. 

2. T r a n s p o r t i n PVC-TCP 

Hydrogen and carbon monoxide p e r m e a b i l i t y d ata f o r f i l m s o f 
PVC and PVC c o n t a i n i n g TCP are g i v e n i n Table I . The p e r m e a b i l ­
i t y c o e f f i c i e n t s , o f b o t h gases, decrease as TCP c o n c e n t r a t i o n i s 
i n c r e a s e d t o about 15 weight %, and then i n c r e a s e s h a r p l y w i t h 
a d d i t i v e c o n c e n t r a t i o n . S i m i l a r r e s u l t s have been r e p o r t e d f o r 
C0 2 and H 20 p e r m e a b i l i t i e s i n the PVC-TCP system ( 1 7 ) . 

Tab l e I l i s t s a l s o the apparent d i f f u s i o n c o e f f i c i e n t s , Da, 
c a l c u l a t e d from the time l a g , Θ. The dependence o f the apparent 
d i f f u s i o n c o e f f i c i e n t s on a d d i t i v e c o n c e n t r a t i o n i s s i m i l a r t o 
the dependence o f the p e r m e a b i l i t y c o e f f i c i e n t s on t h i s concen­
t r a t i o n . We w i l l show l a t e r t h a t the d i f f u s i o n c o e f f i c i e n t s i n 
PVC are dependent on the gas c o n c e n t r a t i o n i n the polymer, and we 
emphasize here t h a t the v a l u e s quoted i n Table I are the apparent 
d i f f u s i o n c o e f f i c i e n t s and are not the v a l u e s o f e i t h e r the r e a l 
or 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 s , D and D, r e s p e c t i v e l y . We 
r e c o g n i z e t h a t Da a c t u a l l y u n d e r e s t i m a t e s b o t h D and D, but we 
can s t i l l use the apparent d i f f u s i o n c o e f f i c i e n t s t o show the 
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τ—>— ι—ι— ι—ι—ι—ι—ι— j—ι— ι—ι—ι— ι—ι—Γ 
200 100 0 PPM 

F i g u r e 1. C r o s s - p o l a r i z a t i o n and magic-angle s p i n n i n g C-NMR 
s p e c t r a o f PVC-TCP systems. The 15.08 MHz s p e c t r a were o b t a i n e d 
w i t h 1 msec c o n t a c t t i m e and l800 Hz s p i n n i n g speed. 
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5. RAUCHER A N D SEFCIK Transport and Main-Chain Motions 97 

r e l a t i v e changes i n these d i f f u s i o n c o e f f i c i e n t s as the changes 
i n D and D are p r o p o r t i o n a l t o the changes i n Da. F u r t h e r , b o t h 
B a r r e r (30) and F l o r i a n c z y k (3_1) have shown t h a t the s o l u b i l i t y 
o f gases i n PVC i s o n l y weakly dependent on TCP c o n c e n t r a t i o n . 
Thus, the changes i n the p e r m e a b i l i t i e s must be due m a i n l y t o 
changes i n the 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 s [see eq. ( 1 2 ) ] . 

3. D i f f u s i o n and C o o p e r a t i v e Main-Chain Motions i n PVC-TCP 

The m o l e c u l a r t h e o r y o f Pace and Datyner (12) p r e d i c t s t h a t 
the f r e q u e n c y o f polymer motions i m p o r t a n t t o d i f f u s i o n o f CO and 
H 2 i n PVC i s i n the range o f 1 0 5 - 1 0 8 Hz. We can expect R i p ( C ) 
measurements performed between 1 0 4 t o 1 0 5 Hz t o be s e n s i t i v e t o 
a l t e r a t i o n s i n ν by a d d i t i v e s . The dependence o f <Rxp(C)> on the 
r o t a t i n g - f r a m e Larmor freq u e n c y observed f o r the PVC-TCP system 
(28) means t h a t a g e n e r a l change i n m a i n - c h a i n motions 
( r e s t r i c t i o n o r enhancement) w i l l r e s u l t i n a change (decrease o r 
i n c r e a s e , r e s p e c t i v e l y ) i n <Rip(C)> measured a t 34 kHz ( 2 9 ) . 

When the c o n c e n t r a t i o n o f a d d i t i v e i s low we observe t h a t 
the Da o f b o t h gases decrease and p a r a l l e l the decrease i n 
<R xp(C)> ( F i g . 2 ) . The a d d i t i o n o f low l e v e l s o f TCP i n c r e a s e s 
the average i n t e r c h a i n p o t e n t i a l i n PVC and r e s u l t s i n a decrease 
i n υ, and i n lower d i f f u s i o n c o e f f i c i e n t s . A t h i g h 
c o n c e n t r a t i o n s o f TCP b o t h <Rip(C)> and Da i n c r e a s e ( F i g . 2 ) . 
The d i l u t i o n o f the c h a i n s by the low m o l e c u l a r weight a d d i t i v e 
decreases the i n t e r c h a i n p o t e n t i a l , t h e r e b y i n c r e a s i n g the 
fr e q u e n c y o f m a i n - c h a i n motions, and i n c r e a s i n g the d i f f u s i o n 
c o e f f i c i e n t s . 

I n c o n c l u s i o n , the average r o t a t i n g - f r a m e r e l a x a t i o n r a t e o f 
the methylene- and methine-carbons c o r r e l a t e w i t h the apparent 
d i f f u s i o n c o e f f i c i e n t s f o r H 2 and CO i n PVC when the m a i n - c h a i n 
m o l e c u l a r motions o f the polymer are a l t e r e d by an a d d i t i v e . 
( F i g . 2 ) . These r e s u l t s p r o v i d e e x p e r i m e n t a l e v i d e n c e t h a t 
m a i n - c h a i n c o o p e r a t i v e motions c o n t r o l the d i f f u s i o n o f gases 
through polymers. I n S e c t i o n I I B we w i l l show t h a t p e r t u r b a t i o n 
of p o l y m e r i c c o o p e r a t i v e motions i s not r e s t r i c t e d t o c l a s s i c a l 
p l a s t i c i z i n g a d d i t i v e s . 

I I . SORPTION AND TRANSPORT IN GLASSY POLYMERS 

N o n l i n e a r , pressure-dependent s o l u b i l i t y and p e r m e a b i l i t y i n 
polymers have been observed f o r over 40 y e a r s . Meyer, Gee and 
t h e i r co-workers (5) r e p o r t e d pressure-dependent s o l u b i l i t y and 
d i f f u s i o n c o e f f i c i e n t s i n rubber-vapor systems. Crank, P a r k , 
Long, B a r r e r , and t h e i r co-workers (5) observed p r e s s u r e -
dependent s o r p t i o n and t r a n s p o r t i n g l a s s y polymer-vapor systems. 
S o r p t i o n and t r a n s p o r t measurements o f gases i n g l a s s y polymers 
show t h a t t h ese p e n e t r a n t - p o l y m e r systems do not obey the " i d e a l 1 1 

s o r p t i o n and t r a n s p o r t eqs. ( l ) - ( 5 ) . The o b s e r v a b l e v a r i a b l e s , 
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Ι Ο 5 Γ Τ 

F i g u r e 2. The dependence o f t h e ma i n - c h a i n r o t a t i n g - f r a m e r e l a x a ­
t i o n r a t e , and apparent d i f f u s i o n c o e f f i c i e n t s o f and CO, on t h e 
c o n c e n t r a t i o n o f TCP i n PVC. The r e l a x a t i o n r a t e s were measured at 
3k kHz and 26 °C. The d i f f u s i o n c o e f f i c i e n t s were measured a t 
270 cm-Hg and 27 °C. 
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5. R A U C H E R A N D SEFCIK Transport and Main-Chain Motions 99 

s o l u b i l i t y c o e f f i c i e n t , p e r m e a b i l i t y , and d i f f u s i o n t i m e - l a g are 
p r e s s u r e dependent ( 1 3 ) . 

A number o f attempts have been made t o e x p l a i n the 
n o n l i n e a r , pressure-dependent s o r p t i o n and t r a n s p o r t i n polymers. 
These e x p l a n a t i o n s may be c l a s s i f i e d as " c o n c e n t r a t i o n - d e p e n d e n t " 
(5) and "dual-mode"(13) s o r p t i o n and t r a n s p o r t models. These 
models d i f f e r i n t h e i r p h y s i c a l assumptions and i n t h e i r 
m a t hematical d e s c r i p t i o n s o f the s o r p t i o n and t r a n s p o r t i n 
pen e t r a n t - p o l y m e r systems. 

A. S o r p t i o n and T r a n s p o r t Models 

1. Concentration-Dependent S o r p t i o n and T r a n s p o r t Model 

Pressure-dependent s o r p t i o n and t r a n s p o r t p r o p e r t i e s i n 
polymers can be a t t r i b u t e d t o the presence o f the p e n e t r a n t i n 
the polymer. Crank (32) suggested i n 1953 t h a t the " n o n - i d e a l " 
b e h a v i o r o f p e n e t r a n t - p o l y m e r systems c o u l d a r i s e from s t r u c t u r a l 
and dynamic changes o f the polymer i n response t o the p e n e t r a n t . 
As the p r o p e r t i e s o f the polymer a r e dependent on the n a t u r e and 
c o n c e n t r a t i o n o f the p e n e t r a n t , the s o l u b i l i t y and d i f f u s i o n 
c o e f f i c i e n t a r e a l s o c o n c e n t r a t i o n - d e p e n d e n t . The c o n c e n t r a t i o n -
dependent s o r p t i o n and t r a n s p o r t model suggests t h a t " n o n - i d e a l " 
p e n e t r a n t - p o l y m e r systems s t i l l obey Henry's and F i c k ' s laws, and 
d i f f e r from the " i d e a l " systems o n l y by the f a c t t h a t σ and D are 
c o n c e n t r a t i o n dependent, 

C = σ ρ = σο [1 + g(C ) ] ρ (10) 

J = -D (dC/dx) = -Do [1 + f ( C ) ] (dC/dx) (11) 

where g(C) and f ( C ) are f u n c t i o n s d e s c r i b i n g the c o n c e n t r a t i o n 
dependence o f σ and D, r e s p e c t i v e l y . S o l u t i o n o f eq. (11) under 
the boundary c o n d i t i o n s o f the t r a n s i e n t permeation experiment 
y i e l d s , 

Ρ = D σ = Do [1 + f ' ( C ) ] σο [1 + g(C)] 

= Po [1 + f ' ( C ) ] [1 + g(C)] (12) 

θ = (£ 2/6Do) [1 + F ( C ) ] = θο [1 + F ( C ) ] (13) 

where D, the 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 , i s d e f i n e d by 
D = (1/C) J DdC, and the f u n c t i o n s f ' ( C ) and F(C) d e s c r i b e the 
c o n c e n t r a t i o n dependence o f D and Θ, r e s p e c t i v e l y . 

Crank,_ P a r k , Long, B a r r e r and t h e i r co-workers (5) have 
shown t h a t D and D can be r e p r e s e n t e d as e x p o n e n t i a l f u n c t i o n s o f 
p e n e t r a n t c o n c e n t r a t i o n . A i t k e n and B a r r e r (33) used 
s u c c e s s f u l l y a l i n e a r e x p r e s s i o n t o d e s c r i b e t he c o n c e n t r a t i o n 
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100 INDUSTRIAL GAS SEPARATIONS 

dependence of D. F r i s c h (34) developed e x p l i c i t e x p r e s s i o n s f o r 
Θ f o r cases where D i s c o n c e n t r a t i o n - d e p e n d e n t . 

2. Dual-Mode S o r p t i o n and T r a n s p o r t Model 

B a r r e r , B a r r i e , and S l a t e r (35) suggested i n 1958 t h a t 
n o n l i n e a r s o r p t i o n i s o t h e r m s o f gases and vapors i n g l a s s y 
polymers c o u l d be e x p l a i n e d by i n v o k i n g two d i s t i n c t mechanisms 
of s o r p t i o n . They d e s c r i b e d t h i s dual-mode s o r p t i o n as a r i s i n g 
from o r d i n a r y d i s s o l u t i o n (Henry's law mode) p l u s a b s o r p t i o n i n 
p r e - e x i s t i n g " h o l e s " (Langmuir's mode). M i c h a e l s , V i e t h , and 
B a r r i e (36) suggested i n 1963 t h a t o n l y the d i s s o l v e d gas 
(Henry's p o p u l a t i o n ) was i n v o l v e d i n the t r a n s p o r t p r o c e s s . 
V i e t h and Slad e k (37) extended t h i s i d e a and developed the 
t o t a l - i m m o b i l i z a t i o n model o f gas t r a n s p o r t . The t r a n s p o r t 
model, assuming complete i m m o b i l i z a t i o n o f the absorbed gas 
(Langmuir's p o p u l a t i o n ) , was m o d i f i e d by P e t r o p o u l o s (38) and 
l a t e r by P a u l and Koros ( 3 9 ) . They suggested t h a t the Langmuir 
p o p u l a t i o n was not i m m o b i l i z e d but had a f i n i t e m o b i l i t y . The 
dual-mode s o r p t i o n and t r a n s p o r t model d e s c r i b e s t he s o r p t i o n o f 
a gas i n a g l a s s y polymer by a co m b i n a t i o n o f Henry's and 
Langmuir's i s o t h e r m s , eq. ( 1 4 ) , and the gas t r a n s p o r t by F i c k ' s 
law, eq. ( 1 5 ) , 

C'bp 
C = C D + C H = k D p + — 2 (14) 

1 + bp 

dC dC 
J = -Dp — - DJJ — (15) 

dx dx 

where and are the c o n c e n t r a t i o n s o f Henry's and Langmuir's 
p o p u l a t i o n s , r e s p e c t i v e l y , D^ and are the r e s p 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 s o f the two p o p u l a t i o n s , and b are the c a p a c i t y 
and a f f i n i t y parameters of the Langmuir s o r p t i o n , r e s p e c t i v e l y , 
and k_ i s Henry's law s o l u b i l i t y c o e f f i c i e n t . S o l u t i o n o f eq. 
(15) T o r the boundary c o n d i t i o n s o f the t r a n s i e n t permeation 
experiment y i e l d s ( 3 9 ) , 

p = V D ( 1 + ( 1 6 ) 

θ = [1 + f ( K , F, bp)] (17) 
D 

where Κ = C^b/k^, F = and the f u n c t i o n s y m b o l i z e d i s too 
cumbersome to reproduce here. 
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5. RAUCHER A N D SEFCIK Transport and Main-Chain Motions 101 

I n summary, the dual-mode s o r p t i o n and t r a n s p o r t model 
assumes (13) : 
(a) Two modes o f s o r p t i o n - normal Henry's mode d i s s o l u t i o n , and 

Lan g m u i r 1 s mode a b s o r p t i o n i n t o unrelaxed-volume f r o z e n i n 
the g l a s s y s t a t e . 

(b) The two gas p o p u l a t i o n s a r e i n a dynamic e q u i l i b r i u m w i t h 
each o t h e r . 

(c) The two gas p o p u l a t i o n s have c o n s t a n t b u t d i f f e r e n t 
d i f f u s i o n c o e f f i c i e n t s . Langmuir's p o p u l a t i o n g e n e r a l l y has 
c o n s i d e r a b l y l e s s d i f f u s i o n a l m o b i l i t y t h a n Henry's 
p o p u l a t i o n . 

(d) Gases, p a r t i c u l a r l y permanent gases, do not i n t e r a c t w i t h 
the polymer m a t r i x , thus Henry's law s o l u b i l i t y c o e f f i c i e n t , 
kp, and the d i f f u s i o n c o e f f i c i e n t s o f b o t h Henry's 
p o p u l a t i o n , D^, and Langmuir's p o p u l a t i o n , DJJ, are p r e s s u r e 
and c o n c e n t r a t i o n - i n d e p e n d e n t . 

I n the dual-mode s o r p t i o n and t r a n s p o r t model the p r e s s u r e -
dependence o f σ (= C/p), Ρ and θ i n g a s - g l a s s y polymer systems 
a r i s e s from the pressure-dependent d i s t r i b u t i o n o f the sorbed gas 
mole c u l e s between Langmuir s i t e s and Henry's law d i s s o l u t i o n . 
A l t h o u g h kp, Dp and D^ a r e assumed t o be c o n s t a n t , t he average o r 
e f f e c t i v e s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s o f the e n t i r e 
ensemble o f gas mo l e c u l e s change w i t h p r e s s u r e as the r a t i o o f 
Henry's t o Langmuir's p o p u l a t i o n , C^/C^, changes c o n t i n u o u s l y 
w i t h p r e s s u r e [eq. ( 1 4 ) ] . 

B. D i f f u s i o n Mechanism i n G l a s s y Polymers - E x p e r i m e n t a l E v i d e n c e 

1. C o o p e r a t i v e Main-Chain Motions i n P V C - C O 2 

I n S e c t i o n IB we showed t h a t carbon-13 r o t a t i n g - f r a m e 
r e l a x a t i o n measurements can be used t o measure c o o p e r a t i v e 
m a i n - c hain motions i n polymers ( 2 8 ) . We r e p o r t here the e f f e c t 
of C 0 2 on the mai n - c h a i n motions o f PVC. 

Carbon-13 r o t a t i n g - f r a m e r e l a x a t i o n r a t e s <Rxp(C)>, were 
determined on s t a t i c samples u s i n g c r o s s - p o l a r i z a t i o n t e c h n i q u e s 
( 4 0 ) . Without magic-angle sample s p i n n i n g , the methylene- and 
methine-carbon resonances are u n r e s o l v e d , so the r e l a x a t i o n r a t e s 
r e p o r t e d here are the average r e l a x a t i o n r a t e s f o r the 
com b i n a t i o n l i n e . The <Rip(C)>, a t 37 kHz, f o r PVC i n vacuo and 
i n the presence o f C 0 2 are g i v e n i n Table I I . Two major e f f e c t s 
are observed; the presence o f r e l a t i v e l y s m a l l amounts o f C 0 2 

i n c r e a s e s the <Rxp(C)> o f PVC, and exposure o f PVC t o C 0 2 causes 
a long-term i n c r e a s e i n <Rip(C)>. The f i r s t phenomena w i l l be 
d i s c u s s e d i n terms o f i t s e f f e c t on t r a n s p o r t p r o p e r t i e s , and the 
second i n terms o f h i s t o r y - d e p e n d e n t p r o p e r t i e s . 

The <R xp(C)> f o r " c o n d i t i o n e d " PVC i n vacuo i s 154 s e c " 1 . 
The presence o f C 0 2 l e a d s t o n o t i c e a b l e i n c r e a s e s i n <RxP(C)>. 
At 100 t o r r the <R xp(C)> o f PVC i s i n c r e a s e d t o 158 s e c - 1 . 
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TABLE I I 

R e l a x a t i o n Rates i n PVC-C0 2 

Sequence o f Sample R e l a x a t i o n R a t e 3 

Experiment D e s c r i p t i o n <R 1p(C)> s e c " 1 

1 i n vacuo 138 ± 3 

3 degassing* 5 a f t e r f i r s t 151 ± 4 
exposure t o 800 t o r r 
C 0 2 - i n vacuo 

7 d e g a s s i n g a f t e r r e p e a t e d 154 ± 3 
exposure t o C 0 2 - i n vacuo 

5 100 t o r r C 0 2
C 158 ± 5 

6 200 t o r r C 0 2 163 ± 8 

4 400 t o r r C 0 2 166 ± 3 

2 800 t o r r C 0 2 183 ± 4 

a) L e a s t - s q u a r e s f i t o f r e l a x a t i o n d a t a c o l l e c t e d f o r times 
between 0.05 and 1 msec; e r r o r l i m i t s are one s t a n d a r d 
d e v i a t i o n ; Ηχ(0) = 37 kHz. Average f o r methylene and 
methine carbons. 

b) A l l samples were degassed f o r 24 hours a t 1 0 ~ 3 t o r r . 

c) Measured a f t e r 12 hours e q u i l i b r a t i o n a t s t a t e d p r e s s u r e . 
The c o n c e n t r a t i o n o f C 0 2 ranges from about 1 C 0 2 molecule 
p e r 1200 rep e a t u n i t s a t 100 mmHg t o about 1 C 0 2 per 200 
repe a t u n i t s a t 800 mmHg (19). 
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5. RAUCHER A N D SEFCIK Transport and Main-Chain Motions 103 

H i g h e r p r e s s u r e s o f C O 2 cause c o r r e s p o n d i n g l y l a r g e r i n c r e a s e s i n 
<R xp(C)>. A t 800 t o r r an i n c r e a s e o f 19% t o 183 s e c " 1 i s 
observed. Based on s t a n d a r d r e l a x a t i o n r a t e t h e o r y ( 2 9 ) , 
i n c r e a s e d r e l a x a t i o n r a t e s are i n d i c a t i v e o f a s h i f t i n the 
average c o o p e r a t i v e m a i n - c h a i n motions t o h i g h e r f r e q u e n c i e s . 
C o n v e r s e l y , t h i s means t h a t even s m a l l amounts o f C 0 2 i n c r e a s e 
the c o o p e r a t i v e motions o f the polymer c h a i n s . 

G r a v i m e t r i c measurements by Berens (41) show t h a t C 0 2 

s o r p t i o n by PVC ranges from about 0.5 mg C0 2/gram o f PVC a t 100 
t o r r t o about 3.5 mg C0 2/gram o f PVC a t 800 t o r r o f C 0 2. The 
reason t h a t such s m a l l amounts o f C 0 2 a r e so e f f e c t i v e i n 
a l t e r i n g the c o o p e r a t i v e motions o f PVC r e s u l t s from the f a c t 
t h a t gases have v e r y h i g h m o l e c u l a r m o b i l i t i e s i n g l a s s y polymers 
( c o r r e l a t i o n time between 1 0 ~ 1 0 - 1 0 ~ 1 2 sec) and can sample 
extended areas o f the polymer on the time s c a l e o f the 
c o o p e r a t i v e motions o f the polymer ( 1 0 ~ 5 - 1 0 ~ 8 s e c ) . 

The e x p e r i m e n t a l d a t a i n T a b l e I I shows t h a t <R xp(C)> o f PVC 
becomes l o n g e r a f t e r s u c c e s s i v e exposures o f the sample t o C0 2. 
T h i s i n d i c a t e s t h a t exposure t o carbon d i o x i d e causes a change i n 
the m o l e c u l a r p a c k i n g o f PVC which a l l o w s more m a i n - c h a i n 
motions. There i s now abundant e v i d e n c e t h a t exposure o f 
polymers t o gases r e s u l t s i n changes which p e r s i s t l o n g a f t e r the 
gases are removed. These changes are r e f l e c t e d i n a l t e r e d 
p h y s i c a l p r o p e r t i e s o f the polymer (42-46). The " c o n d i t i o n i n g " 
o f a polymer by exposure t o a gas can be thought o f i n the same 
terms as a n n e a l i n g . I n a n n e a l i n g , the i n c r e a s e d t h e r m a l energy 
a l l o w s the polymer s u f f i c i e n t segmental m o b i l i t y t o e l i m i n a t e 
e n e r g e t i c a l l y u n f a v o r a b l e c o n f o r m a t i o n s which were f r o z e n i n t o 
the s o l i d on r a p i d c o o l i n g from the m e l t ( 4 7 ) . Exposure t o a gas 
can have the o p p o s i t e e f f e c t . S i n c e the polymer must s w e l l t o 
accommodate the sorbed gas m o l e c u l e s , the polymer becomes 
s t r e s s e d and u l t i m a t e l y reaches a new e q u i l i b r i u m c o n d i t i o n 
determined by the presence o f the p e n e t r a n t . The c o n c e n t r a t i o n 
and the n a t u r e o f the p e n e t r a n t determine the r a t e o f r e l a x a t i o n 
j u s t as temperature determines the r a t e o f r e l a x a t i o n i n the 
a n n e a l i n g experiment. 

S i n c e t h e p e n e t r a n t enhances c o o p e r a t i v e motions o f the 
polymer, the r a t e o f s t r u c t u r a l change i n the polymer, measured 
by v a r i o u s r e l a x a t i o n e x p e r i m e n t s , w i l l be g r e a t e r d u r i n g 
s o r p t i o n , o r i n the presence o f the p e n e t r a n t , t h a n i t w i l l be 
d u r i n g d e s o r p t i o n , o r i n the absence o f the p e n e t r a n t ( 3 2 ) . 
Because o f t h i s , " c o n d i t i o n i n g " o f a polymer r e s u l t s i n l o n g - t e r m 
o r "permanent" changes i n the polymer. The r e s u l t s o f s o r p t i o n 
and t r a n s p o r t experiments t h e r e f o r e depend on the s t a t i c and 
dynamic s t a t e o f the polymer, which are determined by the t h e r m a l 
h i s t o r y o f the sample and by the p r e s s u r e and d u r a t i o n of 
p r e v i o u s exposures t o s o r b e n t s . Wonders and P a u l (42) have 
d e s c r i b e d t h ese phenomenological e f f e c t s i n d e t a i l f o r the 
C 0 2 - p o l y c a r b o n a t e system. 
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2. D i f f u s i o n and C o o p e r a t i v e Main-Chain Motions i n PVC - C O 2 

In S e c t i o n IB we p r e s e n t e d e x p e r i m e n t a l evidence t h a t 
d i f f u s i o n c o e f f i c i e n t s c o r r e l a t e w i t h PVC mai n - c h a i n polymer 
motions. T h i s r e l a t i o n s h i p has a l s o been j u s t i f i e d t h e o r e t i c a l l y 
( 1 2 ) . I n the p r e v i o u s s e c t i o n we demonstrated t h a t the presence 
of C O 2 e f f e c t s the c o o p e r a t i v e main-chain motions of the polymer. 
The i n c r e a s e i n <R xp(C)> w i t h i n c r e a s i n g gas c o n c e n t r a t i o n means 
t h a t the r e a l d i f f u s i o n c o e f f i c i e n t [D i n eq. (11)] must a l s o 
i n c r e a s e w i t h c o n c e n t r a t i o n . The nmr r e s u l t s r e f l e c t the r e a l 
d i f f u s i o n c o e f f i c i e n t s , s i n c e the gas c o n c e n t r a t i o n i s u n i f o r m 
throughout the polymer sample under the s t a t i c gas p r e s s u r e s and 
e q u i l i b r i u m c o n d i t i o n s o f the nmr measurements. U n f o r t u n a t e l y , 
the r e a l d i f f u s i o n c o e f f i c i e n t , the d i f f u s i o n c o e f f i c i e n t i n the 
absence of a c o n c e n t r a t i o n g r a d i e n t , cannot be determined from 
c l a s s i c a l s o r p t i o n and t r a n s p o r t data w i t h o u t the a i d o f a t r a n s ­
p o r t model. Without p r e j u s t i c e t o any p a r t i c u l a r model, we can 
o n l y use the r e l a t i v e change i n the r e a l d i f f u s i o n c o e f f i c i e n t t o 
i n d i c a t e the r e l a t i v e change i n the apparent d i f f u s i o n c o e f f i ­
c i e n t . 

Apparent d i f f u s i o n c o e f f i c i e n t s o f C 0 2 i n PVC have been 
r e p o r t e d by T o i ( 4 8 ) . Semilog p l o t s o f b o t h the apparent 
d i f f u s i o n c o e f f i c i e n t , Da, and the r e l a x a t i o n r a t e , <RiP(C)>, as 
a f u n c t i o n o f C O 2 p r e s s u r e i n the range of 0-800 t o r r a re shown 
i n F i g u r e 3. Of co u r s e , t h e r e i s no reason t o expect the magni­
tude of the change i n the r o t a t i n g - f rame r e l a x a t i o n r a t e t o be 
equa l t o the magnitude o f the change i n D o r Da. Both the 
r e l a x a t i o n r a t e and the d i f f u s i o n c o e f f i c i e n t depend on the 
frequency of the main-chain c o o p e r a t i v e motions b u t i n d i f f e r e n t 
ways (28, 29, 49). N e v e r t h e l e s s , the s i m i l a r i t y i n the depen­
dence of bot h the r e l a x a t i o n r a t e and the apparent d i f f u s i o n 
c o e f f i c i e n t on C O 2 p r e s s u r e s u p p o r t s the o b s e r v a t i o n t h a t main-
c h a i n m o l e c u l a r motions p l a y a major r o l e i n d e t e r m i n i n g the 
d i f f u s i o n c o e f f i c i e n t o f a gas through a polymer m a t r i x ( 2 8 ) . 

The e x p e r i m e n t a l e v i d e n c e p r e s e n t e d here and i n the l i t e r a ­
t u r e (15) show t h a t the r e a l d i f f u s i o n c o e f f i c i e n t depends on 
c o n c e n t r a t i o n . These r e s u l t s a re i n c o m p a t i b l e w i t h the n o t i o n o f 
c o n c e n t r a t i o n - i n d e p e n d e n t d i f f u s i o n c o e f f i c i e n t s f o r the d i s ­
s o l v e d and Langmuir sorbed m o l e c u l e s [D^ and i n e q u a t i o n (15)] 
as proposed by the dual-mode s o r p t i o n and t r a n s p o r t model ( 1 3 ) . 

C. Concentration-Dependent S o r p t i o n and T r a n s p o r t 
i n G l a s s y Polymers 

The b a s i c d i f f e r e n c e between M c o n c e n t r a t i o n - d e p e n d e n t M and 
"dual-mode" models i s i n t h e i r assumption about p e n e t r a n t - p o l y m e r 
i n t e r a c t i o n s . C o ncentration-dependent s o r p t i o n and t r a n s p o r t 
models a r e based on the assumption t h a t t he c o n c e n t r a t i o n -
dependence of the s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s a r i s e s 
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5. RAUCHER A N D SEFCIK Transport and Main-Chain Motions 105 

F i g u r e 3. The dependence o f r e l a x a t i o n r a t e and apparent d i f f u s i o n 
c o e f f i c i e n t on C02 p r e s s u r e i n PVC. The r e l a x a t i o n r a t e s were 
measured a t 37 kHz and 26 °C. The d i f f u s i o n c o e f f i c i e n t s , 
measured a t kO °C, are from Réf. U8. 
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from p e n e t r a n t - p o l y m e r i n t e r a c t i o n s . On the o t h e r hand, the 
dual-mode s o r p t i o n and t r a n s p o r t model assumes t h a t t h e r e a r e no 
gas-polymer i n t e r a c t i o n s , thus assuming c o n c e n t r a t i o n - i n d e p e n d e n t 
s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s - k^, D^ and D^, r e s p e c ­
t i v e l y . 

E x p e r i m e n t a l r e s u l t s p r e s e n t e d i n t h i s work and i n the 
l i t e r a t u r e are i n c o n s i s t e n t w i t h the assumptions and the p h y s i c a l 
i n t e r p r e t a t i o n s i m p l i c i t i n the dual-mode s o r p t i o n and t r a n s p o r t 
model, and s t r o n g l y suggest t h a t the s o r p t i o n and t r a n s p o r t i n 
g a s - g l a s s y polymer systems s h o u l d be p r e s e n t e d by a c o n c e n t r a ­
tion-dependent model: 
(a) E v i d ence f o r g a s - g l a s s y polymer i n t e r a c t i o n s i s abundant. 

The r e s u l t s p r e s e n t e d i n Table I I show t h a t even s m a l l 
amounts of gas a f f e c t the c o o p e r a t i v e m a i n - c h a i n m o l e c u l a r 
motions o f g l a s s y polymers. Evidence t h a t the presence o f 
gases i n polymer cause s t r u c t u r a l and dynamic changes can be 
seen i n the d e p r e s s i o n o f the Tg (42, 43, 4 4 ) , and i n the 
i n c r e a s e d v i s c o e l a t i c r e l a x a t i o n r a t e s (43, 44) o f 
polymer-gas systems. F u r t h e r , " c o n d i t i o n i n g " o f polymer s , 
the gas-induced s t r u c t u r a l changes i n polymers by exposure 
t o p e n e t r a n t , was shown by Wonders and P a u l ( 4 2 ) , as w e l l as 
by our work (40) (Table I I ) . 

(b) The e f f e c t o f gas on the c o o p e r a t i v e m a i n -chain motions o f 
g l a s s y polymers (Table I I ) shows t h a t the m o l e c u l a r l e v e l 
d i f f u s i o n p r o c e s s i s c o n c e n t r a t i o n dependent, as must be the 
phenomenological d i f f u s i o n c o e f f i c i e n t . 

(c) There i s o n l y one p o p u l a t i o n o f sorbed gas i n a g l a s s y 
polymer a t any g i v e n p r e s s u r e . A l l s p e c t r o s c o p i c a n a l y s e s 
(15, 2 2 ) , i n c l u d i n g the work o f A s s i n k ( 1 4 ) , a r e c o n s i s t e n t 
w i t h a l l o f the sorbed gas mol e c u l e s b e i n g i n a s i n g l e 
s t a t e . N u c l e a r magnetic s p i n - s p i n and s p i n - l a t t i c e 
r e l a x a t i o n measurements of sorbed gases c o n s i s t e n t l y show 
s i n g l e e x p o n e n t i a l decays i n d i c a t i n g t h a t a l l o f the gas 
mole c u l e s a r e r e l a x e d by the same mechanism. These s t u d i e s 
a l s o show t h a t the r e l a x a t i o n times i n c r e a s e w i t h i n c r e a s i n g 
e q u i l i b r i u m gas p r e s s u r e . There a r e a t l e a s t two p o s s i b l e 
e x p l a n a t i o n s f o r these r e s u l t s : 1) t h e r e i s a s i n g l e 
p o p u l a t i o n o f gas mo l e c u l e s which i n t e r a c t w i t h the polymer 
m a t r i x ; o r 2) t h e r e a r e two p o p u l a t i o n s w i t h d i f f e r e n t 
m o b i l i t i e s i n r a p i d exchange and whose r e l a t i v e p o p u l a t i o n s 
v a r y w i t h p r e s s u r e . The r e s u l t s p r e s e n t e d i n S e c t i o n I I B 
are c o n s i s t e n t o n l y w i t h the f i r s t e x p l a n a t i o n ( 4 0 ) . 
The work o f A s s i n k (14) has been f r e q u e n t l y c i t e d as 
p r o o f f o r the e x i s t e n c e o f two d i s t i n c t s o r p t i o n modes i n 
g l a s s y polymers ( 5 0 ) . T h i s i s not the case. Measuring the 
s p i n - s p i n r e l a x a t i o n time ( T 2 ) o f ammonia i n p o l y s t y r e n e , 
A s s i n k showed t h a t the ammonia i s r e l a x e d by a s i n g l e 
e x p o n e n t i a l p r o c e s s and t h a t T 2 i n c r e a s e s w i t h i n c r e a s i n g 
c o n c e n t r a t i o n o f sorbed ammonia. A s s i n k e l i m i n a t e d t he 
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obvious i n t e r p r e t a t i o n of gas-polymer i n t e r a c t i o n s by 
assuming t h a t a t the e x p e r i m e n t a l p r e s s u r e s of up t o 6 atm. 
"the c o n c e n t r a t i o n o f d i s s o l v e d gas was not s u f f i c i e n t t o 
a p p r e c i a b l y p l a s t i c i z e the polymer". He proceeded t o 
a n a l y z e h i s e x p e r i m e n t a l r e s u l t s i n terms o f the dual-mode 
s o r p t i o n t h e o r y by a t t r i b u t i n g d i f f e r e n t m o b i l i t i e s and 
t h e r e f o r e d i f f e r e n t T 2's t o Henry's and Langmuir's p o p u l a ­
t i o n s . A s s i n k p l o t t e d T 2 as a f u n c t i o n o f the mole f r a c t i o n 
o f the gas i n the Langmuir s i t e s , as determined from the 
dual-mode model, so the s l o p e o f the l i n e s h o u l d g i v e 1/T 2 

f o r the Langmuir f r a c t i o n o f the ammonia and the i n t e r c e p t 
would be the 1/T 2 f o r the d i s s o l v e d o r Henry's f r a c t i o n o f 
the gas. A l e a s t - s q u a r e s a n a l y s i s of the data gave a s l o p e 
o f 235 s e c - 1 and an i n t e r c e p t o f -5.2 s e c - 1 . A n e g a t i v e 
r e l a x a t i o n r a t e i s p h y s i c a l l y i m p o s s i b l e . R a t h e r than 
abandoning the attempt t o r e p r e s e n t the data by d u a l -
s o r p t i o n - m o b i l i t y model, A s s i n k a r b i t r a r i l y a s s i g n e d a v a l v e 
o f 12 s e c - 1 f o r 1/T 2 o f the d i s s o l v e d m o l e c u l e s making the 
m o b i l i t y o f the Langmuir m o l e c u l e s l / 2 0 t h t h a t o f the 
d i s s o l v e d m o l e c u l e s . 
The r e s u l t s o f Z u p a n c i c , e t . a l . ( 1 5 ) , are a l s o relèvent 
here. Zupancic i n v e s t i g a t e d d i f f u s i o n o f butane i n l i n e a r 
p o l y e t h y l e n e u s i n g p u l s e d magnetic f i e l d g r a d i e n t 
experiments t o measure d i r e c t l y the r e a l d i f f u s i o n 
c o e f f i c i e n t a t 23°C. They showed t h a t the r e a l d i f f u s i o n 
c o e f f i c i e n t i n c r e a s e d w i t h e q u i l i b r i u m butane p r e s s u r e as 
d i d the s p i n - s p i n r e l a x a t i o n t i m e . As the p o l y e t h y l e n e was 
above i t s Tg, these r e s u l t s cannot be a t t r i b u t e d t o d u a l 
mode b e h a v i o r ( 1 3 ) . A s i n g l e p o p u l a t i o n of butane 
i n t e r a c t i n g w i t h the p o l y e t h y l e n e accounts f o r b o t h the 
change i n the d i f f u s i o n c o e f f i c i e n t and the change i n 
s p i n - s p i n r e l a x a t i o n . 
The o n l y e x c e p t i o n t o a s i n g l e p o p u l a t i o n o f so r b e n t i n a 
g l a s s y polymer was observed i n the w a t e r - c e l l u l o s e a c e t a t e 
system (5_1, 5 2 ) . I n t h i s system two resonance f r e q u e n c i e s 
and two r e l a x a t i o n r a t e s f o r water were observed. However, 
the two dynamic s t a t e s o f the water i n t h i s system are due 
t o s p e c i f i c hydrogen bonding i n t e r a c t i o n s r a t h e r than s o r p ­
t i o n i n Langmuir type h o l e s . 
There i s no model-independent o r p h y s i c a l evidence f o r the 
e x i s t e n c e o f Langmuir o r o t h e r s o r p t i o n s i t e s i n g l a s s y 
polymers which c o u l d account f o r m u l t i p l e - s i t e s o r p t i o n . 
The i n t e r p r e t a t i o n o f f r e e volume as m o l e c u l a r - s i z e v o i d s 
r e s p o n s i b l e f o r Langmuir s o r p t i o n are o n l y p a r t i a l l y 
s u c c e s s f u l . While f r e e volume has been equated w i t h the 
Langmuir c a p a c i t y , C^, i n C 0 2 - g l a s s y polymer systems (13, 
46, 50, 53) the c o r r e l a t i o n f a i l s t o h o l d f o r o t h e r gases 
(54, 5 5 ) . Koros e t . a l . (50) e x p l a i n the e q u i v a l e n c e of 
the " u n r e l a x e d volume" t o the Langmuir c a p a c i t y by 
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s u g g e s t i n g t h a t the t o t a l " u n r e l a x e d volume" i s u n i f o r m l y 
d i s t r i b u t e d as m o l e c u l a r s c a l e gaps and t h a t these gaps a r e 
Langmuir s o r p t i o n s i t e s f o r s i n g l e 0 0 2 m o l e c u l e s . T h i s 
p h y s i c a l model i m p l i e s t h a t the average Langmuir s i t e has 
the same m o l e c u l a r volume as the e f f e c t i v e m o l e c u l a r volume 
of C O 2 m o l e c u l e s when sorbed on z e o l i t e s o r i n l i q u i d s (80 
Â 3 ) (50, 5 4 ) . Methane i s s l i g h t l y l a r g e r than C 0 2 so i t i s 
rea s o n a b l e t h a t not a l l s i t e s a c c e s s i b l e t o C O 2 would be 
a c c e s s i b l e t o CH 4. Indeed, the Langmuir s a t u r a t i o n 
c a p a c i t i e s o f p o l y c a r b o n a t e (54) and p o l y s u l f o n e (55) f o r 
CH 4 are about 1/2 the o f C 0 2 c a p a c i t i e s . However, argon 
and n i t r o g e n are b o t h s l i g h t l y s m a l l e r t h a n C O 2 , so i t 
sho u l d be p o s i b l e t o sorb one o f these m o l e c u l e s i n t o each 
Langmuir s i t e under s a t u r a t i o n c o n d i t i o n s , but the CJl fs f o r 
Ar and N 2 i n p o l y c a r b o n a t e (54) and p o l y s u l f o n e ( f t ) a r e 
ag a i n l e s s than 1/2 the f o r C O 2 i n the same polymers. To 
acce p t the p h y s i c a l r a t i o n a l o f the dual-mode model would 
i m p l y t h a t C O 2 i s unique among a l l p e n e t r a n t s i n p r o b i n g t he 
"u n r e l a x e d volume" of polymers. The d i s c r e p a n c y i n the 
v a l u e s o f f o r d i f f e r e n t gases cannot be a t t r i b u t e d t o the 
c o n d e n s i b i l i t y o f the p e n e t r a n t s , s i n c e c o n d e n s i b i l i t y 
determines the r e l a t i v e e f f i c i e n c y w i t h which the p e n e t r a n t 
can u t i l i z e the a v a i l a b l e volume and so would e f f e c t o n l y 
the v a l u e o f the Langmuir a f f i n i t y parameter, b ( 1 3 ) . 

(e) D i l a t o m e t r i c measurements (56) of the s w e l l i n g o f 
" c o n d i t i o n e d " p o l y c a r b o n a t e by C O 2 show t h a t the r e l a t i v e 
s w e l l i n g o f the polymer drops d r a m a t i c a l l y as the C 0 2 

p r e s s u r e i s i n c r e a s e d . These r e s u l t s cannot be r e c o n c i l e d 
w i t h the dual-mode s o r p t i o n model, which assumes 
p r e f e r e n t i a l s o r p t i o n i n t o p r e - e x i s t i n g s o r p t i o n s i t e s a t 
low p r e s s u r e s ( s o r p t i o n t h a t s h o u l d have l i t t l e e f f e c t on 
the polymer dimensions) and m a i n l y Henry's type d i s s o l u t i o n 
a t h i g h p r e s s u r e s ( d i s s o l u t i o n t h a t s h o u l d r e s u l t i n the 
s w e l l i n g o f the p o l y m e r ) . 

The dual-mode s o r p t i o n and t r a n s p o r t model p r o v i d e s an 
adequate mathematical d e s c r i p t i o n o f the phenomenological 
s o r p t i o n and t r a n s p o r t i n g l a s s y polymers ( 1 3 ) . However, the 
r e s u l t s p r e s e n t e d here i n v a l i d a t e the p h y s i c a l assumptions 
i m p l i c i t t o the dual-mode model r e g a r d i n g no p e n e t r a n t - p o l y m e r 
i n t e r a c t i o n s and the e x i s t e n c e o f two d i s t i n c t p o p u l a t i o n s o f 
sorbed gas m o l e c u l e s . I n the i n i t i a l f o r m u l a t i o n o f the 
d u a l - s o r p t i o n - m o b i l i t y model, the aut h o r s c a u t i o n e d a g a i n s t 
a t t a c h i n g p h y s i c a l s i g n i f i c a n c e t o the mathematical parameters 
(39, 5 7 ). S i n c e t h a t time no p h y s i c a l e v i d e n c e has appeared t o 
support the e x i s t e n c e o f Langmuir s o r p t i o n s i t e s o r c o n c e n t r a ­
t i o n - i n d e p e n d e n t d i f f u s i o n and s o l u b i l i t y c o e f f i c i e n t s i n g l a s s y 
polymers. N e v e r t h e l e s s , the mathematical parameters d e s c r i b i n g 
these two s t a t e s have taken on a p h y s i c a l s i g n i f i c a n c e out o f 
p r o p o r t i o n w i t h r e a l i t y . 
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5. RAUCHER A N D SEFCIK Transport and Main-Chain Motions 109 

I n t he f o l l o w i n g c h a p t e r we p r e s e n t the m a t r i x model o f gas 
s o r p t i o n and d i f f u s i o n i n g l a s s y polymers which i s based on the 
o b s e r v a t i o n t h a t gas mo l e c u l e s i n t e r a c t w i t h t he polymer, t h e r e b y 
a l t e r i n g t he s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s o f the polymer 
m a t r i x . 
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Sorption and Transport in Glassy Polymers 
Gas—Polymer—Matrix Model 

DANIEL RAUCHER and MICHAEL D. SEFCIK 
Monsanto Company, St. Louis, MO 63167 

The gas-polymer-matrix model for sorption and 
transport of gases in polymers is consistent with 
the physical evidence that; 1) there is only one 
population of sorbed gas molecules in polymers at 
any pressure, 2) the physical properties of poly­
mers are perturbed by the presence of sorbed gas, 
and 3) the perturbation of the polymer matrix 
arises from gas-polymer interactions. Rather than 
treating the gas and polymer separately, as in 
previous theories, the present model treats sorp­
tion and transport as occurring through a gas­
-polymer matrix whose properties change with compo­
sition. Simple expressions for sorption, diffu­
sion, permeation and time lag are developed and 
used to analyze carbon dioxide sorption and trans­
port in polycarbonate. 

Nonlinear, pressure-dependent sorption and transport of 
gases and vapors in glassy polymers have been observed fre­
quently. The effect of pressure on the observable variables, 
so lub i l i t y coefficient, permeability coefficient and diffusion 
timelag, i s well documented (1, 2). Previous attempts to explain 
the pressure-dependent sorption and transport properties i n 
glassy polymers can be c lass i f ied as "concentration-dependent" 
and "dual-mode" models. While the former deal mainly with 
vapor-polymer systems (_1) the la t ter are unique for gas-glassy 
polymer systems (2). 

The concentration-dependent models attribute the observed 
pressure dependence of the so lub i l i ty and diffusion coefficients 
to the fact that the presence of sorbed gas in a polymer affects 
the structural and dynamic properties of the polymer, thus 
affecting the sorption and transport characteristics of the 
system (3). On the other hand, i n the dual-mode model, the 
pressure-dependent sorption and transport properties arise from a 

0097-6156/83/0223-0111$06.00/0 
© 1983 American Chemical Society 
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112 INDUSTRIAL GAS SEPARATIONS 

unique mechanism which assumes two d i s t i n c t modes o f s o r p t i o n ( 2 , 
4 ) . The dual-mode model assumes t h a t the d i f f u s a n t gas does not 
i n t e r a c t w i t h the polymer m a t r i x and does not induce changes i n 
the polymer c h a r a c t e r i s t i c s , thus the d i f f u s i o n c o e f f i c i e n t s o f 
bo t h p o p u l a t i o n s are assumed t o be independent o f gas p r e s s u r e o r 
c o n c e n t r a t i o n ( 4 , 5, 6 ) . 

In the p r e c e d i n g c h a p t e r (7) we e l u c i d a t e d t he mechanism o f 
gas d i f f u s i o n i n g l a s s y polymers by p r e s e n t i n g e v i d e n c e t h a t the 
d i f f u s i o n o f gases through polymer m a t r i c e s i s c o n t r o l l e d by the 
c o o p e r a t i v e m a i n - c h a i n motions of the polymer ( 8 ) , and t h a t these 
motions are a l t e r e d by the presence o f p e n e t r a n t s ( 9 ) . These 
r e s u l t s mean t h a t sorbed gases a l t e r the s t r u c t u r e and dynamics 
of the polymer m a t r i x , thus a l t e r i n g the s o r p t i o n and t r a n s p o r t 
c h a r a c t e r i s t i c s o f the system. We proposed t h a t gas-polymer 
i n t e r a c t i o n s reduce the i n t e r c h a i n p o t e n t i a l o f the polymer, thus 
d e c r e a s i n g the a c t i v a t i o n energy o f polymer c h a i n s e p a r a t i o n , and 
t h e r e f o r e the a c t i v a t i o n energy of d i f f u s i o n . The decrease i n 
the a c t i v a t i o n e n e r g i e s r e s u l t s i n h i g h e r f r e q u e n c i e s o f cooper­
a t i v e m a i n - chain motions and i n h i g h e r d i f f u s i o n c o e f f i c i e n t s . 
The heat o f s o r p t i o n , and u l t i m a t e l y the s o l u b i l i t y o f gases, 
depend on s i m i l a r i n t e r a c t i o n s ( 1 2 ) . S i n c e t he gas-polymer 
i n t e r a c t i o n s a l t e r the i n t e r c h a i n e n e r g i e s , s o l u b i l i t y c o e f f i ­
c i e n t s a l s o v a r y as the s t r u c t u r e and dynamics o f the polymer 
m a t r i x change ( 1 0 ) . 

The e x p e r i m e n t a l r e s u l t s p r e s e n t e d i n the p r e c e d i n g c h a p t e r 
and i n the l i t e r a t u r e a re i n c o n s i s t e n t w i t h the assumptions and 
the p h y s i c a l i n t e r p r e t a t i o n i m p l i c i t i n the dual-mode model and 
s t r o n g l y suggest t h a t the s o r p t i o n and t r a n s p o r t i n g a s - g l a s s y 
polymer systems s h o u l d be r e p r e s e n t e d by a c o n c e n t r a t i o n -
dependent type model. 

I n S e c t i o n I we i n t r o d u c e the gas-polymer-matrix model f o r 
gas s o r p t i o n and t r a n s p o r t i n polymers (_10, 11), which i s based 
on t he e x p e r i m e n t a l e v i d e n c e t h a t even permanent gases i n t e r a c t 
w i t h the p o l y m e r i c c h a i n s , r e s u l t i n g i n changes i n the s o l u b i l i t y 
and d i f f u s i o n c o e f f i c i e n t s . J u s t as the dynamic p r o p e r t i e s o f the 
m a t r i x depend on gas-polymer-matrix c o m p o s i t i o n , the m a t r i x model 
p r e d i c t s t h a t the s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s depend on 
gas c o n c e n t r a t i o n i n the polymer. We p r e s e n t a mathematical 
d e s c r i p t i o n o f the s o r p t i o n and t r a n s p o r t o f gases i n polymers 
(10, 11.) t h a t i s based on the thermodynamic a n a l y s i s o f s o l u b i l ­
i t y ( 1 2 ) , on the s t a t i s t i c a l m e c h a n i c a l model o f d i f f u s i o n ( 1 3 ) , 
and on the t h e o r y o f c o r r e s p o n d i n g s t a t e s ( 1 4 ) . I n S e c t i o n I I we 
use the m a t r i x model t o a n a l y z e the s o r p t i o n , p e r m e a b i l i t y and 
t i m e - l a g data f o r carbon d i o x i d e i n p o l y c a r b o n a t e , and compare 
t h i s a n a l y s i s w i t h the dual-mode model a n a l y s i s ( 1 5 ) . I n S e c t i o n 
I I I we comment on the p h y s i c a l i m p l i c a t i o n o f the gas-polymer-
m a t r i x model. 
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6. R A U C H E R A N D S E F C I K Gas-Polymer-Matrix Model 113 

I . GAS-POLYMER-MATRIX MODEL 

A model f o r s o r p t i o n and t r a n s p o r t o f gases i n polymers has 
t o s p e c i f i c a l l y account f o r the f a c t t h a t the presence o f sorbed 
gases i n the polymer m o d i f i e s the m a t r i x (7, 9 ) . I n d e v e l o p i n g 
the m a t r i x model we are guided by the p h y s i c a l e v i d e n c e r e l a t i n g 
t o t he mechanism o f s o r p t i o n and t r a n s p o r t . The m a t r i x model i s 
c o n s i s t e n t w i t h the f o l l o w i n g o b s e r v a t i o n s and assumptions: 

(a) There i s o n l y one p o p u l a t i o n o f sorbed gas m o l e c u l e s i n a 
polymer a t any g i v e n p r e s s u r e . S p e c t r o s c o p i c a n a l y s e s o f 
gas m o l e c u l e s w i t h i n polymer m a t r i c e s a r e c o n s i s t e n t w i t h 
a l l o f the gas mo l e c u l e s b e i n g i n a s i n g l e s t a t e (16, 17, 
18). F u r t h e r , t h e r e i s no p h y s i c a l e v i d e n c e f o r the e x i s t ­
ence o f Langmuir o r o t h e r s o r p t i o n s i t e s i n g l a s s y polymers 
which c o u l d account f o r m u l t i p l e s o r p t i o n s i t e s . 

(b) The p h y s i c a l p r o p e r t i e s o f a polymer m a t r i x a r e p e r t u r b e d by 
the presence o f a sorbed gas. I n a d d i t i o n t o the observed 
changes i n c o o p e r a t i v e m a i n - c h a i n motions o f the polymer i n 
the presence o f a sorbed gas ( 7 , 9 ) , changes i n v i s c o e l a s t i c 
r e l a x a t i o n (19, 21, 2 2 ) , and Tg (15, 20, 21, 22) have a l s o 
been r e p o r t e d . 

(c) Based on the e f f e c t o f sorbed gas on the mai n - c h a i n motions 
o f the polymer (7, 9) we propose t h a t the p e r t u r b a t i o n o f 
the polymer m a t r i x a r i s e s from i n t e r a c t i o n s between the gas 
molec u l e s and polymer c h a i n s . 

The m a t r i x model a s c r i b e s the apparent c o n c e n t r a t i o n depen­
dence o f polymer p r o p e r t i e s t o gas-polymer i n t e r a c t i o n s , which 
a f f e c t the i n t e r c h a i n p o t e n t i a l energy o f the polymer. The 
thermodynamic a n a l y s i s o f s o l u b i l i t y o f gases i n polymers (10) 
shows t h a t the gas-polymer i n t e r a c t i o n s a f f e c t the f r e e energy o f 
s o l u t i o n o f gases i n polymers, thus c o n t r o l l i n g t he s o l u b i l i t y 
c o e f f i c i e n t . Pace and Datyner proposed i n t h e i r s t a t i s t i c a l 
m e c h a n i c a l model o f d i f f u s i o n o f gases i n polymers (13) t h a t the 
i n t e r c h a i n p o t e n t i a l energy c o n t r o l s the a c t i v a t i o n energy o f 
c h a i n s e p a r a t i o n , the a c t i v a t i o n energy o f d i f f u s i o n , and the 
d i f f u s i o n c o e f f i c i e n t s . Chow (23) showed by c l a s s i c a l and s t a t i s ­
t i c a l thermodynamics t h a t gas-polymer i n t e r a c t i o n s a r e m a n i f e s t e d 
i n the d e p r e s s i o n o f the g l a s s - t r a n s i t i o n temperature o f the 
polymer. 

I t i s p o s s i b l e t o g a i n some i n s i g h t i n t o the e f f e c t o f 
sorbed gas on the i n t e r c h a i n p o t e n t i a l energy, by analogy t o the 
e f f e c t o f temperature on i n t e r c h a i n c o h e s i o n f o r c e s . R a i s i n g the 
temperature o f the polymer, l i k e i n c r e a s i n g the sorbed gas con­
c e n t r a t i o n i n t h e polymer, reduces t h e i n t e r c h a i n p o t e n t i a l , 
r e s u l t i n g i n h i g h e r d i f f u s i o n c o e f f i c i e n t and i n lower s o l u b i l i t y 
c o e f f i c i e n t . 
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A. M a t r i x Model E x p r e s s i o n s f o r S o r p t i o n and T r a n s p o r t 

1. S o l u b i l i t y C o e f f i c i e n t 

The s o l u b i l i t y c o e f f i c i e n t s o f gases i n g l a s s y polymers are 
not c o n s t a n t , but decrease w i t h i n c r e a s i n g c o n c e n t r a t i o n o f the 
gas i n the polymers ( 2 ) . C a l c u l a t i o n s o f the i s o s t e r i c e n t h a l p y 
o f s o r p t i o n i n s e v e r a l gas-polymer systems c o n f i r m t h a t the gas-
polymer a f f i n i t y i s reduced w i t h i n c r e a s i n g sorbed gas concen­
t r a t i o n s (24, 25, 26) . The change i n the i s o s t e r i c e n t h a l p y o f 
s o r p t i o n i s a r e s u l t o f the changes i n the polymer m a t r i x induced 
by the presence o f the sorbed gas. 

We have shown p r e v i o u s l y (10) t h a t based on Gee's thermo­
dynamic a n a l y s i s o f gas s o l u b i l i t y i n polymers (12) and the 
t h e o r y o f c o r r e s p o n d i n g s t a t e s ( 1 4 ) , the s o l u b i l i t y c o e f f i c i e n t , 
σ, can be exp r e s s e d a s , 

where σο i s the s o l u b i l i t y c o e f f i c i e n t i n the z e r o - c o n c e n t r a t i o n 
l i m i t , or* i s a c o n s t a n t r e l a t i n g t he excess f r e e energy o f m i x i n g 
t o t he d e p r e s s i o n o f the g l a s s - t r a n s i t i o n temperature o f the 
polymer by the gas and κ i s d e f i n e d a s , 

where Tg(o) and Tg(C) are the g l a s s - t r a n s i t i o n temperatures o f 
the pure polymer and the polymer-gas m i x t u r e , r e s p e c t i v e l y . Chow 
(23) d e r i v e d an e x p l i c i t e x p r e s s i o n f o r the d e p r e s s i o n o f the 
g l a s s - t r a n s i t i o n temperature o f polymers by d i l u e n t s . To a f i r s t 
a p p r o x i m a t i o n , [Tg(o) - Tg(C)] may be regarded as p r o p o r t i o n a l t o 
the gas c o n c e n t r a t i o n i n the m a t r i x (Π.). Thus, eq. (1) can be 
r e w r i t t e n a s , 

σ = σο exp(-OfC) (3) 

where Of i s a c o n s t a n t r e l a t i n g or*K t o the c o n c e n t r a t i o n , C. Eq. 
(3) can be s i m p l i f i e d by expanding the e x p o n e n t i a l as a power 
s e r i e s and n e g l e c t i n g the h i g h e r o r d e r - t e r m s , 

2. D i f f u s i o n C o e f f i c i e n t 

σ = σο exp(-a*K) (1) 

κ = [Tg(o) - Tg(C)]/T (2) 

We have shown i n the p r e c e d i n g c h a p t e r (7) t h a t the presence 
o f gas i n c r e a s e s t he c o o p e r a t i v e m a i n - c h a i n motions o f g l a s s y 
polymers ( 9 ) . The d i f f u s i o n model o f Pace and Datyner (13) 
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6. R A U C H E R A N D S E F C I K Gas-Polymer-Matrix Model 115 

suggests t h a t i n c r e a s e d f r e q u e n c y o f the c o o p e r a t i v e motions 
r e s u l t s i n an i n c r e a s e d d i f f u s i o n c o e f f i c i e n t . 

Based on the d i f f u s i o n model o f Pace and Datyner (13) and 
the t h e o r y o f c o r r e s p o n d i n g s t a t e s (14) the d i f f u s i o n c o e f f i ­
c i e n t , D, can be r e p r e s e n t e d by ( 1 0 ) , 

D = Do (1 + β*κ) βχρ(β*κ) (5) 

where Do i s the d i f f u s i o n c o e f f i c i e n t i n the z e r o - c o n c e n t r a t i o n 
l i m i t , and β* i s a c o n s t a n t r e l a t i n g the excess a c t i v a t i o n energy 
of c h a i n s e p a r a t i o n t o the d e p r e s s i o n o f the g l a s s - t r a n s i t i o n 
temperature of the polymer by the gas. As the d i f f u s i o n c o e f f i ­
c i e n t changes w i t h c o n c e n t r a t i o n ( o r κ ) , the d i f f u s i v i t y o f the 
gas, i n a s t e a d y - s t a t e t r a n s p o r t experiment, changes c o n t i n u o u s l y 
through the membrane. E x p e r i m e n t a l l y determined d i f f u s i o n c o e f ­
f i c i e n t s r e f l e c t the continu o u s change o f the d i f f u s i v i t y and are 
t h e r e f o r e c a l l e d 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 s ( 2 7 ) . The 
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 can be exp r e s s e d as a f u n c t i o n o f 
κ by, 

D = (Ι/κ) / DdK (6) 

S u b s t i t u t i n g eq. (5) i n t o eq. (6) and i n t e g r a t i n g between 
the boundary c o n d i t i o n s o f a s t e a d y - s t a t e experiment y i e l d s , 

D = Do βχρ(β*κ) (7) 

As b e f o r e , by assuming l i n e a r i t y between κ and C, eq. (7) can be 
r e w r i t t e n a s , 

D = Do βχρ(βθ) (8) 

where β i s a c o n s t a n t r e l a t i n g β*κ t o C. Eq. (8) can be s i m p l i ­
f i e d by expanding the e x p o n e n t i a l as a power s e r i e s and n e g l e c t ­
i n g the h i g h e r - o r d e r terms, 

D = Do (1 + β Ο (9) 

Β. M a t r i x Model Parameters o f S o r p t i o n and T r a n s p o r t 

1. Constants σο and Do - S o r p t i o n and T r a n s p o r t i n the Zero 
C o n c e n t r a t i o n L i m i t . 

I n the l i m i t o f z e r o - c o n c e n t r a t i o n , g a s - g l a s s y polymer 
systems behave " i d e a l l y . " As the gas c o n c e n t r a t i o n i n the 
membrane approaches z e r o the s o l u b i l i t y c o e f f i c i e n t becomes 
c o n s t a n t w i t h the v a l u e σο [eqs. ( 1 ) , (3) and ( 4 ) ] . I n the same 
l i m i t , the d i f f u s i o n c o e f f i c i e n t s are c o n s t a n t and e q u a l t o the 
d i f f u s i o n c o e f f i c i e n t Do, [eqs. ( 5 ) , ( 7 ) , (8) and ( 9 ) ] . As 
t y p i c a l o f l i m i t i n g v a l u e s , σο and Do have no correspondence t o 
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116 INDUSTRIAL GAS SEPARATIONS 

r e a l i t y , but merely d e s c r i b e the b e h a v i o r o f the gas-polymer 
system as i f t h e r e were no induced changes i n the polymer m a t r i x . 

I t s h o u l d be kept i n mind t h a t σο and Do a r e r e a l l y mean 
v a l u e s , r e c o g n i z i n g the f a c t t h a t g l a s s y polymers are h e t e r o ­
geneous and c o n t a i n a d i s t r i b u t i o n o f s t r u c t u r a l and dynamic 
s t a t e s ( 2 8 ) . As such, t h e s e parameters are dependent on the 
n a t u r e o f the p e n e t r a n t and o f the polymer ( 1 3 ) , as w e l l as the 
d i s t r i b u t i o n o f p r o p e r t i e s i n the polymer. 

2. Parameter α and β - C o n c e n t r a t i o n Dependence o f S o r p t i o n and 
T r a n s p o r t 

The m a t r i x model a s c r i b e s the apparent c o n c e n t r a t i o n depen­
dence o f the s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s t o gas-polymer 
i n t e r a c t i o n s . The parameters a and β are p r o p o r t i o n a l i t y con­
s t a n t s , i n d i c a t i n g the e f f e c t i v e n e s s o f gas-polymer i n t e r a c t i o n 
i n i n d u c i n g changes i n the s o l u b i l i t y and d i f f u s i o n c o e f f i c i e n t s . 
The e x p l i c i t e x p r e s s i o n s f o r σ and D d e s c r i b e them as f u n c t i o n s 
o f the excess f r e e energy o f s o l u t i o n and the change i n the 
a c t i v a t i o n energy o f c h a i n s e p a r a t i o n , r e s p e c t i v e l y ( 1 0 ) . As our 
u n d e r s t a n d i n g o f the e f f e c t o f the gas-polymer m a t r i x c o m p o s i t i o n 
on these excess e n e r g i e s i n c r e a s e s we may f i n d i t p o s s i b l e t o 
e x p l i c i t l y determine these energy parameters and thus σ and D 
w i t h o u t h a v i n g t o r e s o r t t o e m p i r i c a l l y determined p r o p o r t i o n ­
a l i t y c o n s t a n t s . 

I I . ANALYSIS OF SORPTION AND TRANSPORT DATA BY THE MATRIX MODEL 

We show elsewhere (10) t h a t s o r p t i o n and t r a n s p o r t e x p r e s ­
s i o n s d e r i v e d from eqs. (1) and (5) r e p r e s e n t e x p e r i m e n t a l 
s o r p t i o n and t r a n s p o r t data w e l l . N e v e r t h e l e s s , the c a l c u l a t i o n s 
are cumbersome and r e q u i r e a d d i t i o n a l polymer parameters. These 
di s a d v a n t a g e s might h i n d e r the broad use o f these e x p r e s s i o n s ; 
t h u s , we w i l l base our f o l l o w i n g d i s c u s s i o n s on the s i m p l i f i e d 
e x p r e s s i o n s , eqs. (4) and ( 9 ) , e x c l u s i v e l y . 

I n the d e r i v a t i o n o f the s i m p l i f i e d e x p r e s s i o n s f o r s o l u b i l ­
i t y and d i f f u s i o n c o e f f i c i e n t s , eqs. (4) and ( 9 ) , C was assumed 
to be s m a l l . T h i s f a c t does not l i m i t the u s e f u l n e s s o f these 
e x p r e s s i o n s f o r h i g h c o n c e n t r a t i o n s . We show below t h a t s o r p t i o n 
and t r a n s p o r t e x p r e s s i o n s , eqs. (11) and ( 1 4 ) , r e s p e c t i v e l y , 
d e r i v e d from the s i m p l i f i e d e q u a t i o n s r e t a i n the p r o p e r f u n c ­
t i o n a l form f o r d e s c r i b i n g e x p e r i m e n t a l data w i t h o u t b e i n g 
n e e d l e s s l y cumbersome. Of c o u r s e , the v a l u e s o f the parameters 
i n eqs. (4) and (9) w i l l d i f f e r from the c o r r e s p o n d i n g parameters 
i n eqs. (3) and ( 8 ) , t o compensate f o r the f a c t t h a t the t r u n ­
c a t e d power s e r i e s used i n eqs. (4) and (9) p o o r l y r e p r e s e n t the 
e x p o n e n t i a l s when aC>l o r β Ο Ι . N e v e r t h e l e s s , t h i s does not 
h i n d e r the use of the s i m p l i f i e d e q u a t i o n s f o r making c o r r e l a t i o n 
between gas-polymer systems. 
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A. S o r p t i o n o f Gases i n G l a s s y Polymers 

The c o n c e n t r a t i o n o f sorbed gas i n the polymer i s the 
p r o d u c t o f the s o l u b i l i t y c o e f f i c i e n t and the gas p r e s s u r e p, 

C = σ ρ (10) 

When σ i s g i v e n by eq. (4) 

σο ρ ( . 

The e x p r e s s i o n f o r the s o l u b i l i t y , eq. ( 1 1 ) , can be e a s i l y 
r e a r r a n g e d by s o l u t i o n o f the q u a d r a t i c e q u a t i o n t o g i v e a s i m p l e 
dependence o f C on p, 

C = (1 + V)k - 1 ( 1 2 ) 

The s o l i d l i n e i n F i g . 1 r e p r e s e n t s the s o r p t i o n i s o t h e r m o f 
carbon d i o x i d e i n p o l y c a r b o n a t e c a l c u l a t e d by f i t t i n g t h e 
s o l u b i l i t y e x p r e s s i o n , eq. ( 1 1 ) , t o e x p e r i m e n t a l data o f Wonders 
and P a u l ( 1 5 ) . The b e s t f i t t o the e x p e r i m e n t a l data was 
a c h i e v e d w i t h the parameters σο=7.33cm 3(STP)/cm 3(polymer)*atm and 
α = 0.161 cm 3(polymer)/cm 3(STP). As can be seen i n F i g . 1, eq. 
(11) d e s c r i b e s the e x p e r i m e n t a l data over the e n t i r e p r e s s u r e 
range. The a l g o r i t h m used t o f i t eq. (11) t o the e x p e r i m e n t a l 
data i s d e s c r i b e d elsewhere ( 1 1 ) . 

The broken l i n e i n F i g . 1 was c a l c u l a t e d f o l l o w i n g a non­
l i n e a r l e a s t - s q u a r e s f i t o f the dual-mode e x p r e s s i o n f o r the 
e q u i l i b r i u m gas c o n c e n t r a t i o n [eq. (14) i n the p r e c e d i n g c h a p t e r ] 
t o the e x p e r i m e n t a l p o i n t s , w i t h k^ = 0.758 cm 3 ( S T P ) / c m 3 ( p o l y ­
mer) -atm, C' = 14.58 cm 3(STP)/cm 3(polymer), and b = 0.2835 atm' 1 

( 1 5 ) . 
B oth the matrix-model and the dual-model r e p r e s e n t the 

e x p e r i m e n t a l data s a t i s f a c t o r y ( F i g . 1 ) . A f t e r modeling s o r p t i o n 
measurements i n s e v e r a l gas-polymer systems we have observed no 
s y s t e m a t i c d i f f e r e n c e s between the mathematical d e s c r i p t i o n s o f 
the two models. 

B. T r a n s p o r t o f Gases i n G l a s s y Polymers 

1. S t e a d y - S t a t e T r a n s p o r t 

S o l u t i o n o f F i c k ' s f i r s t law under the boundary c o n d i t i o n s 
of a steady s t a t e permeation experiment y i e l d s an e x p r e s s i o n f o r 
the p e r m e a b i l i t y c o n s t a n t , Ρ ( 2 7 ) , 
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pressure (atm) 

0 5 10 15 20 

C[cm 3(STP)/cm 3 (polymer)] 

F i g u r e 1. S o r p t i o n i s o t h e r m a t 35 °C f o r CO2 i n p o l y c a r b o n a t e con­
d i t i o n e d by exposure t o 20 atm C0 2. The e x p e r i m e n t a l d a t a are from 
Ref. 15. The c u r v e s , based on t h e m a t r i x model ( s o l i d l i n e ) and 
the dual-mode model (broken l i n e ) , a r e c a l c u l a t e d u s i n g t h e p a r a ­
meters g i v e n i n t h e t e x t . 
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6. R A U C H E R A N D S E F C I K Gas-Polymer-Matrix Model 119 

Ρ = D σ (13) 

When σ i s g i v e n by eq. (4) and D by eq. (9) we have, 

Ρ = Do σο 1 + PC 1 + OfC (14) 

The s o l i d l i n e i n F i g . 2 shows the p e r m e a b i l i t y - p r e s s u r e 
curve o f C 0 2 i n p o l y c a r b o n a t e c a l c u l a t e d by f i t t i n g the s i m p l i ­
f i e d p e r m e a b i l i t y e x p r e s s i o n , eq. ( 1 4 ) , t o e x p e r i m e n t a l d a t a o f 
Wonders and P a u l ( 1 5 ) . The da t a f i t t i n g p r o c e d u r e , d e s c r i b e d 
elsewhere (11.), g i v e s Do = 1.09 χ 1 0 " 8 cm 2/sec and β = 0.065 
cm 3(polymer)/cm 3(STP). F i g . 2 shows a good agreement between t h e 
e x p e r i m e n t a l d a t a and eq. (14) over t h e e n t i r e p r e s s u r e range. 

Wonders and P a u l (15) r e p o r t t h a t a n o n l i n e a r l e a s t - s q u a r e s 
f i t o f the dual-mode e x p r e s s i o n [eq. (16) i n t h e p r e c e d i n g 
c h a p t e r ] t o the p e r m e a b i l i t y v e r s u s p r e s s u r e d a t a , f o r C 0 2 i n 
p o l y c a r b o n a t e , g i v e s D^ and D^ v a l u e s o f 4.78 χ 1 0 ~ 8 and 7.11 χ 
1 0 " 9 cm 2/sec, r e s p e c t i v e l y . The broken curve i n F i g . 2 was 
c a l c u l a t e d from the dual-mode s o r p t i o n c o e f f i c i e n t s o f F i g . 1 and 
the v a l u e s o f the d i f f u s i o n c o e f f i c i e n t s g i v e n above. 

Comparing the curves i n F i g . 2 shows t h a t r e p r e s e n t i n g the 
p e r m e a b i l i t y v e r s u s p r e s s u r e data by e i t h e r model p r o v i d e s a 
s a t i s f a c t o r y f i t t o the da t a over the p r e s s u r e range o f 1 t o 20 
atm. However, a t p r e s s u r e s l e s s than 1 atm. the two models 
d i f f e r i n t h e i r p r e d i c t i o n r e g a r d i n g t h e b e h a v i o r o f the 
p e r m e a b i l i t y - p r e s s u r e curve [ F i g . 2 ] . While the m a t r i x model 
p r e d i c t s a s t r o n g apparent p r e s s u r e dependence o f the perme­
a b i l i t y i n t h i s range ( s o l i d l i n e ) , t he dual-mode model p r e d i c t s 
o n l y a weak dependence (broken l i n e ) . 

2. T r a n s i e n t T r a n s p o r t 

T r a n s i e n t - t r a n s p o r t measurements a r e a p o w e r f u l t o o l f o r 
e v a l u a t i n g the v a l i d i t y o f any s o r p t i o n - t r a n s p o r t model. The 
a b i l i t y o f a model t o p r e d i c t d i f f u s i o n time l a g s i s a t e s t f o r 
i t s v a l i d i t y , as a l l the parameters are f i x e d by the e q u i l i b r i u m 
s o r p t i o n and st e a d y s t a t e t r a n s p o r t , and because the time l a g 
depends on the s p e c i f i c form o f the c o n c e n t r a t i o n and d i f f u s i o n 
g r a d i e n t s developed d u r i n g the t r a n s i e n t - s t a t e e x p e r i m e n t s . 

F r i s c h has developed e x p l i c i t e x p r e s s i o n s f o r the time l a g 
i n d i f f u s i o n o f a gas a c r o s s a p l a n a r membrane when the d i f f u s i o n 
c o e f f i c i e n t i s c o n c e n t r a t i o n dependent ( 2 9 ) . U s i n g h i s g e n e r a l ­
i z e d method o f s o l u t i o n , 

θ = . 10 + 25 BC + 1 6 ( B C ) 2 

6Do 10 (1 + β Ο 3 

when D i s g i v e n by eq. ( 9 ) . 

(15) 
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C [cm 3(STP)/cm 3 (polymer)] 

F i g u r e 2. P e r m e a b i l i t y o f C 0 2 i n c o n d i t i o n e d p o l y c a r b o n a t e a t 35 °C. 
The e x p e r i m e n t a l d a t a are from Ref. 15. The s o l i d curve i s t h e 
c a l c u l a t e d p e r m e a b i l i t y b a sed on t h e m a t r i x model and the broken 
curve i s c a l c u l a t e d from t h e dual-mode model. Parameters used i n 
the curves are g i v e n i n t h e t e x t . 
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F i g . 3 shows the c a l c u l a t e d time l a g s ( s o l i d l i n e ) and the 
e x p e r i m e n t a l time l a g s r e p o r t e d by Wonders and P a u l (15) f o r C O 2 
i n p o l y c a r b o n a t e . The time l a g s p r e d i c t e d by eq. (15) are i n 
e x c e l l e n t agreement w i t h the e x p e r i m e n t a l r e s u l t s a t bo t h low and 
h i g h p r e s s u r e s . The broken l i n e i n F i g . 3 r e s u l t s from 
c a l c u l a t i o n s u s i n g the dual-mode model [eq. (17) i n the p r e v i o u s 
c h a p t e r ] . 

U s i n g the dual-mode parameter v a l u e s determined from 
s o r p t i o n and permeation e x p e r i m e n t s , c a l c u l a t e d time l a g s agree 
w i t h the e x p e r i m e n t a l data o n l y a t gas p r e s s u r e s above 5 atm. At 
lower p r e s s u r e s , dual-mode time l a g s a r e a p p r e c i a b l y s h o r t e r than 
the observed ones, whereas time l a g s c a l c u l a t e d from the m a t r i x 
model by eq. (15) agree w i t h the e x p e r i m e n t a l data over the 
e n t i r e p r e s s u r e range. 

I I I . THE MATRIX AND DUAL-MODE MODELS AS PHYSICAL MODELS 

The m a t r i x model o f gas s o r p t i o n and t r a n s p o r t a s c r i b e s the 
apparent c o n c e n t r a t i o n dependence o f the s t r u c t u r a l and dynamic 
p r o p e r t i e s o f the polymer t o gas-polymer i n t e r a c t i o n s . These 
i n t e r a c t i o n s a f f e c t the i n t e r c h a i n p o t e n t i a l energy o f the 
polymer, thus a f f e c t i n g t he s o r p t i o n and t r a n s p o r t c h a r a c t e r ­
i s t i c s o f the m a t r i x . The m a t r i x model i s c o n s i s t e n t w i t h 
e x p e r i m e n t a l e v i d e n c e t h a t the presence o f gases causes changes 
i n the s t r u c t u r e , dynamics, g l a s s - t r a n s i t i o n t e mperature, and 
v i s c o e l a s t i c r e l a x a t i o n s o f g l a s s y polymers ( 7 ) . The f o r m a l i s m 
developed here d e s c r i b e s gas s o r p t i o n and t r a n s p o r t r e s u l t s and 
may a l s o prove u s e f u l i n q u a n t i f y i n g these o t h e r changes. 

I n c o n t r a s t , the dual-mode s o r p t i o n and t r a n s p o r t model 
assumes t h a t t he d i f f u s a n t gas does not i n t e r a c t w i t h the polymer 
(2 , 4 ) . I n the dual-mode model the c o n c e n t r a t i o n dependence of 
the s o r p t i o n and t r a n s p o r t c h a r a c t e r i s t i c s a r i s e s from the 
pressure-dependent d i s t r i b u t i o n o f the sorbed gas between Lang­
muir s i t e s and Henry's law d i s s o l u t i o n . E x p e r i m e n t a l r e s u l t s 
p r e s e n t e d i n the p r e c e d i n g c h a p t e r (7) are i n c o n s i s t e n t w i t h the 
assumptions and the p h y s i c a l i n t e r p r e t a t i o n s i m p l i c i t i n the 
dual-mode model. A l t h o u g h t he dual-mode model p r o v i d e s a f a i r l y 
adequate mathematical d e s c r i p t i o n o f the phenomenological s o r p ­
t i o n and t r a n s p o r t o f gases i n g l a s s y polymers ( 2 , 4 ) , the 
p h y s i c a l assumption o f the model r e g a r d i n g no pe n e t r a n t - p o l y m e r 
i n t e r a c t i o n s and the e x i s t e n c e o f two d i s t i n c t p o p u l a t i o n s o f 
sorbed gas mol e c u l e s seems t o be i n v a l i d i n l i g h t o f the 
e x p e r i m e n t a l data ( 7 ) . 

A model f o r s o r p t i o n and t r a n s p o r t o f gases i n polymers 
s h o u l d s e r v e two purposes. F i r s t , the model s h o u l d convey an 
u n d e r s t a n d i n g o f the m o l e c u l a r i n t e r a c t i o n s which a r e r e s p o n s i b l e 
f o r t he macroscopic p r o c e s s e s , and second, the model s h o u l d 
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pressure (atm) 
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C [cm3(STP)/cm3 (polymer)] 

F i g u r e 3. Time l a g f o r d i f f u s i o n o f C02 a t 35 °C i n a h .9 m i l t h i c k 
p o l y c a r b o n a t e f i l m c o n d i t i o n e d by p r i o r exposure t o CO2. The d a t a 
are from Ref. 15. C a l c u l a t e d t i me l a g s based on t h e m a t r i x model 
( s o l i d l i n e ) and t h e dual-mode model (broken l i n e ) use parameters 
determined from f i t t i n g t h e s o r p t i o n and permeation d a t a . 
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6. R A U C H E R A N D SEFCIK Gas-Polymer-Matrix Model 123 

enable c o r r e l a t i v e p r e d i c t i o n s o f the macroscopic p r o c e s s e s . 
D i f f e r e n t m athematical e x p r e s s i o n s can be used f o r the modeling 
of the macroscopic s o r p t i o n and t r a n s p o r t phenomena. The d u a l -
mode model proved t o be e x t r e m e l y u s e f u l i n t h i s a r ea ( 2 ) . 
However, i t i s j u s t as i m p o r t a n t t o g a i n i n s i g h t i n t o the 
m o l e c u l a r p r o c e s s e s i n the gas-polymer m a t r i x . I t i s m a i n l y f o r 
t h i s reason t h a t we have i n t r o d u c e d the m a t r i x model and promoted 
i t s use i n modeling macroscopic s o r p t i o n and t r a n s p o r t o f gases 
i n polymers. We b e l i e v e t h a t c o n t i n u e d r e f i n e m e n t o f the 
f o r m a l i s m o f the m a t r i x model w i l l l e a d t o b e t t e r u n d e r s t a n d i n g 
o f gas-polymer systems. 
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7 

Membrane Gas Separations for Chemical 
Processes and Energy Applications 
WILLIAM J. SCHELL 
Separex Corporation, Spectrum Separations Division, Anaheim, CA 92806 
C. DOUGLAS HOUSTON 
Separex Corporation, DGH, Inc. Division, Tyler, TX 75703 

Membranes have been used commercially for many years 
for water desalination by the reverse osmosis pro­
cess. These membranes consist of a microporous sub­
structure of cellulose acetate and a thin layer of 
dense cellulose acetate (active layer) on the upper 
surface, cast onto a supporting cloth for added 
mechanical strength. The active layer serves as the 
separating barrier, and due to its thinness, pro­
vides very high transport rates. It has been deter­
mined that these membranes, when dried, are also 
suitable for gas separation. As certain gases per­
meate more rapidly than others a gas mixture of two 
or more gases of varying permeability may be sepa­
rated into two streams, one enriched in the more 
permeable components and the other enriched in the 
less permeable components. The membrane system to 
be described consists of spiral-wound elements con­
nected in series and contained within pressure 
vessels. A rubber U-cup attached to the element 
serves to seal the element with the inner diameter 
of the pressure vessel, thereby forcing the feed 
gas to flow through the element. The pressure 
vessels usually contain six elements each and are 
mounted in racks on a skid. Applications that will 
be discussed include recovery of hydrogen from re­
finery process streams and tail gases, carbon di­
oxide removal and sweetening of natural gas, de­
hydration of natural gas on offshore platforms and 
production of carbon dioxide for enhanced oi l re­
covery. The advantages of membrane separation over 
conventional processes typically include greatly 
reduced capital costs, lower energy consumption, 
smaller size and weight, lower installation costs 
due to its modular design, and simplified opera­
tion. 

0097-6156/83/0223-0125$06.00/0 
© 1983 American Chemical Society 
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I t has been r e c o g n i z e d f o r many y e a r s t h a t nonporous polymer 
f i l m s e x h i b i t a h i g h e r p e r m e a b i l i t y toward some gases than towards 
o t h e r s . As e a r l y as 1831, i n v e s t i g a t i o n s were r e p o r t e d on t h e 
phenomenon o f enrichment o f a i r w i t h r u b b e r membranes (Réf. 1 ) ; 
however, not u n t i l 1950 had t h e p r a c t i c a l p o s s i b i l i t y o f t h i s and 
o t h e r gas s e p a r a t i o n s w i t h p e r m s e l e c t i v e membranes been s e r i o u s l y 
s t u d i e d . W e l l e r and S t e i n e r i n t h e i r c l a s s i c p a p e r s , demonstrated 
the f e a s i b i l i t y o f s e p a r a t i n g oxygen from a i r and d e s c r i b e d p r a c ­
t i c a l p r o c e s s e s f o r s e p a r a t i o n o f hydrogen and h e l i u m from methane 
(Ref. 2_,3) . A l t h o u g h t h e i r r e s u l t s were h i g h l y v a l u a b l e i n the 
development o f t h e s c i e n c e o f membrane s e p a r a t i o n , the c a l c u l a t e d 
membrane a r e a r e q u i r e m e n t s f o r i n d u s t r i a l p r o c e s s e s were enormous, 
due t o the v e r y low permeation r a t e s o f the gases through t h e s e 
dense f i l m s . 

The t e c h n i c a l b r e a k t h r o u g h i n the a p p l i c a t i o n o f membranes t o 
gas s e p a r a t i o n came w i t h the development o f a p r o c e s s f o r p r e ­
p a r i n g c e l l u l o s e a c e t a t e i n a s t a t e which r e t a i n s i t s p e r m s e l e c ­
t i v e c h a r a c t e r i s t i c s b u t a t g r e a t l y i n c r e a s e d permeation r a t e s 
(Ref. . These f l a t - s h e e t c e l l u l o s e a c e t a t e membranes, which 
were o r i g n a l l y developed f o r r e v e r s e - o s m o s i s water d e s a l i n a t i o n 
(Ref. 6), are pr e p a r e d from a s o l u t i o n o f the polymer which i s 
c a s t on a s u p p o r t i n g c l o t h , p a r t i a l l y d r i e d then s e t or g e l l e d i n a 
water b a t h . A t t h i s s t a t e the membranes a r e heated i n water t o 
improve t h e i r s e l e c t i v i t y c h a r a c t e r i s t i c s , f o l l o w e d by d r y i n g w i t h 
a solvent-exchange t e c h n i q u e . These membranes have v a s t l y i n ­
c r e a s e d permeation r a t e s , w h i l e r e t a i n i n g the p e r m s e l e c t i v e c h a r ­
a c t e r i s t i c s o f f i l m s o f c e l l u l o s e a c e t a t e , due t o the f o r m a t i o n o f 
a t h i n , dense l a y e r on the a i r - d r i e d s u r f a c e o f the membrane. 
T h i s s o - c a l l e d " a c t i v e " l a y e r has c h a r a c t e r i s t i c s s i m i l a r t o those 
o f c e l l u l o s e a c e t a t e f i l m s but w i t h a t h i c k n e s s o f the o r d e r o f 
0.1 micrometer (urn) o r l e s s , whereas the t o t a l membrane t h i c k n e s s 
may range from a p p r o x i m a t e l y 75 t o 125 ym (see F i g u r e 1 ) . The 
major p o r t i o n o f the membrane i s an open-pore s p o n g e - l i k e s u p p o r t 
s t r u c t u r e through which t he gases f l o w w i t h o u t r e s t r i c t i o n . The 
p e r m e a b i l i t y and s e l e c t i v i t y c h a r a c t e r i s t i c s o f these asymmetric 
membranes are f u n c t i o n s o f c a s t i n g s o l u t i o n c o m p o s i t i o n , f i l m 
c a s t i n g c o n d i t i o n s and p o s t - t r e a t m e n t , and are r e l a t i v e l y indepen­
dent o f t o t a l membrane t h i c k n e s s . 

Methods were developed l a t e r t o i n c o r p o r a t e t h i s asymmetric 
membrane s t r u c t u r e f o r gas s e p a r a t i o n i n a h o l l o w f i b e r c o n f i g u r a ­
t i o n r a t h e r than the f l a t - s h e e t (Ref. 7 ) . Hollow f i b e r s have a 
g r e a t e r p a c k i n g d e n s i t y (membrane a r e a p e r packaging volume) than 
f l a t s h e e t s , but t y p i c a l l y have lower permeation r a t e s . The mech­
anism f o r gas s e p a r a t i o n i s independent o f membrane c o n f i g u r a t i o n , 
however, and i s based on the p r i n c i p l e t h a t c e r t a i n gases permeate 
more r a p i d l y than o t h e r s . T h i s i s due t o a co m b i n a t i o n o f d i f f u ­
s i o n and s o l u b i l i t y d i f f e r e n c e s , whereby a gas m i x t u r e o f two o r 
more gases o f v a r y i n g p e r m e a b i l i t y may be s e p a r a t e d i n t o two 
streams, one e n r i c h e d i n the more permeable components and the 
o t h e r e n r i c h e d i n the l e s s permeable components. 
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Membrane Element C o n f i g u r a t i o n 

In o r d e r f o r membranes t o be used i n a commercial s e p a r a t i o n 
system they must be packaged i n a manner t h a t s u p p o r t s the mem­
brane and f a c i l i t a t e s h a n d l i n g of the two pr o d u c t gas streams. 
These packages a r e g e n e r a l l y r e f e r r e d t o as elements o r b u n d l e s . 
The most common types o f membrane elements i n use today i n c l u d e 
the s p i r a l - w o u n d , h o l l o w f i b e r , t u b u l a r , and p l a t e and frame con­
f i g u r a t i o n s . The systems c u r r e n t l y b e i n g marketed f o r gas s e p a r a ­
t i o n are of the s p i r a l - w o u n d t y p e , such as the SEPAREX and 
Del s e p p r o c e s s e s , and the h o l l o w - f i b e r type such as th e P r i s m 
s e p a r a t o r and the Cynara Company p r o c e s s . 

S p i r a l - w o u n d elements, as shown i n F i g u r e 2, c o n s i s t p r i m a r i ­
l y o f one o r more membrane " l e a v e s , " each l e a f c o n t a i n i n g two mem­
brane l a y e r s s e p a r a t e d by a r i g i d , p o r o u s , f l u i d - c o n d u c t i v e mate­
r i a l known as the "permeate channel s p a c e r . " The permeate channel 
s p a c e r f a c i l i t a t e s the f l o w o f the "permeate", an end p r o d u c t of 
the s e p a r a t i o n . Another c h a n n e l s p a c e r known as the " h i g h p r e s ­
s u r e channel s p a c e r " s e p a r a t e s one membrane l e a f from another and 
f a c i l i t a t e s the f l o w o f the h i g h p r e s s u r e stream through t he e l e ­
ment. The membrane l e a v e s are wound around a p e r f o r a t e d h o l l o w 
tube, known as the "permeate tu b e " , through which the permeate i s 
removed. The membrane l e a v e s are s e a l e d w i t h an ad h e s i v e on t h r e e 
s i d e s t o s e p a r a t e t he f e e d gas from the permeate gas, w h i l e t h e 
f o u r t h s i d e i s open t o the permeate tube. 

The o p e r a t i o n o f the s p i r a l - w o u n d element can b e s t be ex­
p l a i n e d by means o f an example. I n o r d e r t o s e p a r a t e carbon d i ­
o x i d e and/or hydrogen s u l f i d e ( a c i d gases) from a m i x t u r e o f these 
a c i d gases and hydrocarbon gases, t h e gaseous m i x t u r e e n t e r s t he 
p r e s s u r e tube a t h i g h p r e s s u r e and i s i n t r o d u c e d i n t o the element 
v i a the "high p r e s s u r e channel s p a c e r . " The more permeable a c i d 
gases r a p i d l y pass through the membrane i n t o t he "permeate channel 
s p a c e r " where they are c o n c e n t r a t e d as a low p r e s s u r e gas stream. 
T h i s low p r e s s u r e a c i d gas stream f l o w s through t h e element i n the 
"permeate channel s p a c e r " and i s c o n t i n u o u s l y e n r i c h e d by a d d i ­
t i o n a l a c i d gas e n t e r i n g from o t h e r s e c t i o n s o f the membrane. 
When the low p r e s s u r e a c i d gas stream reaches t he permeate tube a t 
the c e n t e r o f the element, t he a c i d gas "permeate" i s removed. 
The h i g h p r e s s u r e " r e s i d u a l gas" m i x t u r e remains i n the h i g h p r e s ­
s u r e channel s p a c e r , l o s i n g more and more o f i t s a c i d gas and 
b e i n g e n r i c h e d i n hydrocarbon gas as i t f l o w s through t h e element, 
and e x i t s a t the o p p o s i t e end o f the element. 

The membrane system c o n s i s t s o f membrane elements connected 
i n s e r i e s and c o n t a i n e d w i t h i n p r e s s u r e tubes as shown i n F i g u r e 
3. A rubber U-cup a t t a c h e d t o the element s e r v e s t o s e a l the e l e ­
ment w i t h t he i n n e r d i a m e t e r o f the p r e s s u r e tube, t h e r e b y f o r c i n g 
the feed gas t o f l o w through the element. The p r e s s u r e tubes 
u s u a l l y c o n t a i n s i x elements each and a r e mounted i n r a c k s on a 
s k i d . Commercial s i z e elements are t y p i c a l l y 8 i n c h e s i n diameter 
by 40 i n c h e s l o n g and c o n t a i n from 150 t o 275 square f e e t o f 
membrane a r e a . 
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T y p i c a l o p e r a t i n g parameters f o r the SEPAREX p r o c e s s are a 
temperature range o f 32°F t o 140°F, p r e s s u r e d i f f e r e n t i a l s up t o 
1200 p s i g and fe e d f l o w r a t e s from 50 MSCFD t o more than 100 
MMSCFD. The c e l l u l o s e a c e t a t e membrane system i s ca p a b l e o f p r o ­
c e s s i n g m i x t u r e s c o n t a i n i n g a wide range of c o n c e n t r a t i o n s o f hy­
drogen, carbon d i o x i d e , hydrogen s u l f i d e , water vapor, h y d r o c a r ­
bons and oxygen. Minor amounts o f a r o m a t i c hydrocarbons, c h l o r i ­
nated h y d r o c a r b o n s , o l e f i n s and heavy hydrocarbons do not appear 
t o e f f e c t the membrane performance. Elements have a c t u a l l y been 
op e r a t e d on l i q u i d hydrocarbons w i t h o u t any d e t r i m e n t a l e f f e c t . 

B a s i c E q u a t i o n s A f f e c t i n g S e p a r a t i o n 

The s t e a d y s t a t e mass f l u x (J^) o f component i through a 
homogeneous f i l m o f u n i f o r m t h i c k n e s s s e p a r a t i n g two gaseous 
phases i s g i v e n by F i c k ' s " F i r s t Law" o f d i f f u s i o n : 

J i = D i d C i / d x = c o n s t a n t 1) 

D^ = l o c a l d i f f u s i v i t y (cm^/sec) 
where 

C i = l o c a l c o n c e n t r a t i o n o f component i 

χ = the d i s t a n c e through the f i l m 

T h i s r e l a t i o n s h i p can be s i m p l i f e d when the gases do not chemi­
c a l l y a s s o c i a t e w i t h each o t h e r and when the gases a r e s p a r i n g l y 
s o l u b l e i n t h e membrane m a t e r i a l . I n such c a s e s , the d i f f u s i v i t y 
o f t he permeating gas i s c o n s t a n t through the f i l m and the s o l ­
u b i l i t y o f the gas at the membrane s u r f a c e i s e s s e n t i a l l y d i r e c t l y 
p r o p o r t i o n a l t o i t s p a r t i a l p r e s s u r e i n the gas phase a d j a c e n t t o 
t h a t s u r f a c e , i . e . , Henry's Law a p p l i e s : 

C i = k i P i 2) 

where k i i s the s o l u b i l i t y parameter and P i i s the p a r t i a l 
p r e s s u r e . 

I f we l e t s u p e r s c r i p t I r e f e r t o the h i g h p r e s s u r e o f the up­
stream s i d e o f the membrane and s u p e r s c r i p t I I r e f e r t o the low 
p r e s s u r e o r downstream s i d e o f the membrane, E q u a t i o n 1, a f t e r 
i n t e g r a t i o n between C i 1 a t χ = 0 and C i 1 1 a t χ = il , becomes: 

J i - k i D i - p i i : c > 
i l 

The p r o d u c t k i D i i s termed the p e r m e a b i l i t y c o e f f i c i e n t o f the 
membrane f o r component i . T h i s c o e f f i c i e n t i s independent o f mem­
brane t h i c k n e s s and p r e s s u r e d i f f e r e n t i a l and the f r e q u e n t l y used 
u n i t s a r e , cc(STP) - cm/cm^-sec-cm Hg. Another parameter o f 
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i n t e r e s t i s the permeation r a t e , F^, d e f i n e d as k±O±/Zf which i s 
a measured c h a r a c t e r i s t i c o f a g i v e n membrane, w i t h u n i t s cc(STP) 
/cm 2-sec-cm Hg o r SCFH/ft 2-100 p s i . The t o t a l p r e s s u r e s , P 1 and 
Ρ 1 1 , a re g i v e n by t h e sums, P^ 1 + P j 1 and P ^ 1 1 + P j 1 1 , r e s p e c t i v e ­
l y . The r a t i o P"i/Pj i s d e f i n e d as t h e i d e a l s e p a r a t i o n f a c t o r f o r 
component i w i t h r e s p e c t t o component j i n the membrane and i s 
w r i t t e n α i / j . 

From the p r e v i o u s d i s c u s s i o n i t can be seen t h a t , i f compo­
nent i i s the more permeable, i n c r e a s i n g P i 1 , e i t h e r by i n c r e a s i n g 
the t o t a l p r e s s u r e o r the c o n c e n t r a t i o n o f component i , w i l l r e ­
s u l t i n a h i g h e r membrane p e r m e a b i l i t y r a t e . I n a d d i t i o n , h i g h e r 
v a l u e s f o r αi/j r e s u l t i n g r e a t e r e f f i c i e n c y i n gas s e p a r a t i o n . 

I t can be shown t h a t t he c o m p o s i t i o n o f the permeate gas, 
P^ 1 1 , f o r permeation o f a b i n a r y gas m i x t u r e i s g i v e n by t h e 
f o l l o w i n g q u a d r a t i c e q u a t i o n : 

P j 1 1 . αi/j ( P i 1 - P i 1 1 ) 
( p l l _ P i I I ) ( p I . p l l ) _ ( P i i . P i i i ) 

Parameters A f f e c t i n g The P r o c e s s 

The s e p a r a t i o n e f f i c i e n c y f o r a g i v e n membrane w i t h a p a r t i ­
c u l a r b i n a r y gas m i x t u r e w i l l be dependent m a i n l y upon t h r e e f a c ­
t o r s : gas c o m p o s i t i o n , the p r e s s u r e r a t i o between fe e d and p e r ­
meate gas, and the s e p r a t i o n f a c t o r f o r the two components. A 
h i g h e r s e p a r a t i o n f a c t o r g i v e s a more s e l e c t i v e membrane, r e s u l t ­
i n g i n a g r e a t e r s e p a r a t i o n e f f i c i e n c y . T h i s parameter i s a 
f u n c t i o n o f the membrane m a t e r i a l and i s determined by the i n d i v i ­
d u a l gas permeation r a t e s . 

The gas c o m p o s i t i o n and p r e s s u r e r a t i o a re i n t e r r e l a t e d i n 
terms o f t h e i r e f f e c t on s e p a r a t i o n e f f i c i e n c y . T h e i r i n t e r ­
a c t i o n i s pronounced when the f e e d gas has a low c o n c e n t r a t i o n o f 
the more permeable gas, w i t h t h e r e s u l t t h a t t he e f f e c t i v e s e p a r a ­
t i o n i s s m a l l a t low p r e s s u r e r a t i o s , i r r e s p e c t i v e o f the a i / j 
v a l u e o f the membrane. T h i s b e h a v i o r i s shown i n F i g u r e 4. T h i s 
phenomenon i s due t o the f a c t t h a t the p a r t i a l p r e s s u r e of the 
more permeable component on the permeate (low p r e s s u r e ) s i d e can­
not exceed i t s p a r t i a l p r e s s u r e on the fe e d ( h i g h p r e s s u r e ) s i d e . 
For h i g h c o n c e n t r a t i o n gases the p r e s s u r e r a t i o has o n l y a s m a l l 
i n f l u e n c e , as shown i n F i g u r e 5. Hence, i f compression energy i s 
an i m p o r t a n t f a c t o r i n the economics o f a p a r t i c u l a r s e p a r a t i o n , 
lower p r e s s u r e r a t i o s may be used w i t h l i t t l e o r no l o s s i n sepa­
r a t i o n e f f i c i e n c y . By c o n t r a s t (see F i g u r e 4), the p r e s s u r e r a t i o 
i s a v e r y i m p o r t a n t c o n s i d e r a t i o n i n a c h i e v i n g e f f i c i e n t s e p a r a ­
t i o n o f low c o n c e n t r a t i o n gas m i x t u r e s . 

Another i m p o r t a n t f a c t o r i n membrane gas s e p a r a t i o n i s the 
p r e s s u r e d i f f e r e n t i a l , Ρ 1 - P 1 1 ; the g r e a t e r t h i s d i f f e r e n c e the 
l e s s membrane a r e a r e q u i r e d . The membrane area i s e x a c t l y p r o ­
p o r t i o n a l t o the i n v e r s e o f the p r e s s u r e d i f f e r e n t i a l , i . e . , 
A rea = c o n s t a n t (Ρ 1 - P 1 1 ) " ! . The e f f e c t i v e s e p a r a t i o n f a c t o r i s 
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u n a f f e c t e d by t h e p r e s s u r e d i f f e r e n t i a l as l o n g as t h e p r e s s u r e 
r a t i o i s unchanged. 

Other system v a r i a b l e s t h a t w i l l have an e f f e c t on the sepa­
r a t i o n p r o c e s s are temperature and r e l a t i v e h u m i d i t y o f t h e gas. 
I n c r e a s i n g the temperature r a i s e s most p e r m e a b i l i t i e s by about 10 
to 15% per 10°C and has l i t t l e e f f e c t on s e p a r a t i o n f a c t o r s . The 
e f f e c t o f r e l a t i v e h u m i d i t y i s v a r i a b l e depending upon the mem­
brane used. High r e l a t i v e h u m i d i t i e s , g r e a t e r than 95%, are gen­
e r a l l y d e t r i m e n t a l due t o membrane p l a s t i c i z a t i o n . C o n t a m i n a t i o n 
w i t h l i q u i d water has been found t o d r a m a t i c a l l y reduce membrane 
performance f o r c e l l u l o s e a c e t a t e . 

The f l o w dynamics o f the permeate stream through the p r o d u c t 
c h a n n e l s p a c e r m a t e r i a l , o r through the f i b e r bore i n the case o f 
h o l l o w f i b e r systems, may a l s o a d v e r s e l y a f f e c t the system p e r ­
formance. I f the permeate f l o w i s s u f f i c i e n t l y h i g h , a back p r e s ­
su r e w i l l be observed i n t h e permeate stream. I t can be seen from 
F i g u r e s 4 and 5 t h a t t h i s would r e s u l t i n a lower enrichment due 
to a l o w e r i n g o f the e f f e c t i v e p r e s s u r e r a t i o . I t has been found 
t h a t i n s p i r a l - w o u n d elements the permeate f l o w behaves as i f i t 
were under l a m i n a r c o n d i t i o n s . Gas v i s c o s i t y i s t h e r e f o r e the 
d e t e r m i n i n g f a c t o r i n comparing the r e l a t i v e back p r e s s u r e o f 
v a r i o u s gases f l o w i n g a t the same r a t e s . T h i s e f f e c t may be 
e s s e n t i a l l y e l i m i n a t e d by pr o p e r c o n s t r u c t i o n o f the membrane 
element. 

C e l l u l o s e A c e t a t e Membrane Data 

Membranes manufactured by Spectrum S e p a r a t i o n s , I n c . , a sub­
s i d i a r y o f SEPAREX CORPORATION, are of the c e l l u l o s e a c e t a t e t y p e . 
They are s i m i l a r t o those made f o r r e v e r s e osmosis except they 
must be d r i e d f o r gas s e p a r a t i o n use. A p r o p r i e t a r y p r o c e s s i s 
used t o a c c o m p l i s h t h i s so t h a t the membrane does not c o l l a p s e 
and l o s e i t s asymmetric c h a r a c t e r upon removal o f t h e water. 

The permeation r a t e s a r e measured a t v a r i o u s p r e s s u r e s f o r 
the gases of i n t e r e s t i n o r d e r t o c h a r a c t e r i z e the membranes. 
Permation r a t e s f o r water v a p o r , h e l i u m , hydrogen, hydrogen s u l ­
f i d e and carbon d i o x i d e a r e the h i g h e s t w i t h N2, CH4, CO and C2H6 
b e i n g the l o w e s t . The h i g h r a t e f o r H2O, H2S and CO2 i s due t o 
the h i g h s o l u b i l i t y o f t h e s e gases i n the membrane. Gas p e r ­
meation and s e l e c t i v i t y d a t a f o r SEPAREX™ s p i r a l - w o u n d elements 
are shown i n Tab l e I . I t may be noted t h a t the o x y g e n / n i t r o g e n 
s e l e c t i v i t y i s o f an o r d e r o f magnitude l e s s than the o t h e r gas 
c o u p l e s , due t o the v e r y s m a l l d i f f e r e n c e i n m o l e c u l a r s i z e and 
s o l u b i l i t y o f O2 and N2. T h i s low s e p a r a t i o n f a c t o r makes oxygen 
enrichment the most d i f f i c u l t t o a c c o m p l i s h , both t e c h n i c a l l y and 
e c o n o m i c a l l y , o f the major gas s e p a r a t i o n s o f i n t e r e s t . The s e ­
l e c t i v i t y and permeation r a t e s a c h i e v e d i n f i n i s h e d elements are 
somewhat lower than the membrane due t o boundary l a y e r problems, 
permeate back p r e s s u r e , problems w i t h i m p e r f e c t s e a l s , d e f e c t s i n 
the membrane and contaminants found i n gas m i x t u r e i n the f i e l d . 
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T a b l e I ELEMENT PERFORMANCE 

Gas Couple 
H 20 (Vapor)/CH 4 

H 2/CH 4 

C0 2/CH 4 

H 2S/C 3H 8 

He/CH 4 

0 2 / N 2 

S e p a r a t i o n Factor,α 
200 - 400 
45 - 55 
20 - 30 
75 - 110 
60 - 85 
4 - 5 

A p p l i c a t i o n s 

P ermeation Rate a t 500 p s i g , SCFH 

Gas 
He 
H 2 

C 0 2 

0 2 

4 - i n . D i a . 
3,300 
2,800 
1,400 

200 

8 - i n . D i a . 
14,000 
12,000 
6,000 

850 

There are many commercial a p p l i c a t i o n s f o r membrane gas sep­
a r a t i o n s , some o f which a r e c u r r e n t l y b e i n g marketed, and o t h e r s 
b e i n g t e s t e d . 

S e v e r a l f i e l d t e s t s t u d i e s have been undertaken u t i l i z i n g t h e 
SEPAREX p r o c e s s i n a 2 - i n . d i a m e t e r element s i z e . Due t o t h e 
modular c o n f i g u r a t i o n o f membrane systems, a f u l l s i z e system can 
be d i r e c t l y d e s i g n e d from the t e s t r e s u l t s w i t h a s m a l l p i l o t 
p l a n t . A l t h o u g h the f l o w r a t e s f o r a p i l o t u n i t a r e c o n s i d e r a b l y 
lower than might be encountered i n a f u l l - s i z e system, a l l p r o c e s s 
parameters such as p r o d u c t p u r i t i e s , p r e s s u r e d r o p , p r o d u c t r e ­
c o v e r i e s , optimum p r e s s u r e and te m p e r a t u r e , membrane a r e a r e q u i r e d 
and s e r i e s / p a r a l l e l arrangement o f the elements can be d i r e c t l y 
d e termined. 

A c i d Gas S e p a r a t i o n from Methane. Removal o f hydrogen s u l ­
f i d e (H 2S) and carbon d i o x i d e (C0 2) from n a t u r a l gas i s an i d e a l 
a p p l i c a t i o n f o r membranes i n t h a t H 2S and C 0 2 permeate through t h e 
membrane a p p r o x i m a t e l y 30 times f a s t e r than membrane, e n a b l i n g a 
h i g h r e c o v e r y o f the a c i d gases w i t h o u t s i g n i f i c a n t l o s s o f p r e s ­
s u r e i n t h e methane p i p e l i n e p r o d u c t gas (Ref. 5/8) . The membrane 
system would be c o n s i d e r e d a b u l k removal p r o c e s s i n t h i s case and 
has the g r e a t e s t economic advantage over c o n v e n t i o n a l t e c h n o l o g y 
when the a c i d gas c o n t e n t i s ov e r 10%. 

The most obvious p l a c e f o r membrane systems i n t h i s a p p l i c a ­
t i o n i s i n the r e t r o f i t t i n g o f e x i s t i n g sour gas p r o c e s s i n g 
p l a n t s . T h i s would i n c r e a s e the c a p a c i t y and reduce the energy 
l o a d o f the e x i s t i n g system or e l i m i n a t e t he need f o r expanding 
the e x i s t i n g p l a n t when w e l l h e a d p r e s s u r e l o s s o r i n c r e a s e d a c i d 
gas c o n t e n t o c c u r s . 
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Another a p p l i c a t i o n f o r membrane systems r e l a t e d t o sour gas 
p r o c e s s i n g i s the r e c o v e r y of carbon d i o x i d e f o r use as a m i s c i b l e 
f l o o d f o r enchanced o i l r e c o v e r y (EOR) from d e p l e t e d o i l f i e l d s 
(Ref. 9 ) . I t has been found t h a t C 0 2 a t c o n c e n t r a t i o n s above 90% 
w i l l s o l u b i l i z e o i l absorbed i n the s u b s t r a t a , a l l o w i n g f o r s e c ­
ondary and t e r t i a r y r e c o v e r y . There are many gas w e l l s c o n t a i n i n g 
about 40% t o 80% C 0 2 t h a t c o u l d be pr o c e s s e d w i t h a membrane s y s ­
tem, p r o v i d i n g a h i g h p u r i t y C 0 2 f o r EOR and a f u e l gas by­
p r o d u c t . In EOR p r o d u c t i o n , C 0 2 i n j e c t e d i n t o the f o r m a t i o n even­
t u a l l y appears w i t h l i g h t hydrocarbon gases a s s o c i a t e d w i t h t he 
crude o i l . A membrane system can a g a i n be used t o r e c o v e r C 0 2 f o r 
r e i n j e c t i o n and r e c o v e r l i g h t hydrocarbons f o r s a l e as p i p e l i n e 
gas. F o r example, a t y p i c a l a s s o c i a t e d gas c o n t a i n s 70-85% C 0 2 a t 
100°F and 40 p s i g (Ref. 10). I f such gas i s sent through a two-
stage SEPAREX p r o c e s s a t 300 p s i g , C 0 2 would be r e c o v e r e d i n the 
permeate stream a t a c o n c e n t r a t i o n o f 95% and a r e c o v e r y o f 98%, 
al o n g w i t h a r e s i d u a l h i g h p r e s s u r e l i g h t hydrocarbon p i p e l i n e gas 
c o n t a i n i n g 3% o r l e s s C 0 2 . 

A C0 2-CH 4 methane p r o c e s s gas stream, s i m i l a r t o a t y p i c a l 
h i g h C 0 2 n a t u r a l gas has been under t e s t by SEPAREX f o r C 0 2 r e ­
moval i n a 2 - i n . d i a m e t e r element p i l o t p l a n t s i n c e September 
1981. The fe e d gas c o n t a i n s 30% C 0 2 and i s d e l i v e r e d t o the mem­
brane t e s t u n i t a t 250-450 p s i g under ambient temperature c o n d i ­
t i o n s . The o b j e c t i v e o f the system i s t o reduce the C 0 2 l e v e l o f 
the methane t o l e s s than 3.5%. The membrane system c o n s i s t s o f 5 
p r e s s u r e tubes i n s e r i e s , each tube c o n t a i n i n g t h r e e 4 0 - i n . l o n g 
e lements. The gas i s c o n d i t i o n e d t o m a i n t a i n i t a t a minimum o f 
20°F above the dewpoint. The system was op e r a t e d a t a v a r i e t y o f 
f l o w r a t e s , p r e s s u r e s , r e c o v e r i e s and tem p e r a t u r e s . S e l e c t e d d a t a 
are p r e s e n t e d i n F i g u r e s 6 through 8. 

A p l o t o f t h e fee d and r e s i d u a l gas f l o w r a t e s as a f u n c t i o n 
of stage cut i s shown i n F i g u r e 6. Stage c u t i s d e f i n e d as t h e 
f r a c t i o n o f fee d gas t h a t permeates through t he membrane f o r a 
g i v e n number o f elements ( s i n g l e s t a g e ) . In t h i s case a stag e 
c o n s i s t s o f f i f t e e n elements i n s e r i e s . I t can be seen t h a t a t a 
feed f l o w r a t e o f about 180 SCFH a l l o f the gas would permeate t h e 
membrane, r e s u l t i n g i n no enrichment. T h i s i s f u r t h e r demon­
s t r a t e d i n F i g u r e 7, where the permeate gas c o m p o s i t i o n a t z e r o 
r e s i d u a l gas f l o w i s e q u a l t o the f e e d c o m p o s i t i o n . 

By combining F i g u r e s 6 and 7 i t i s p o s s i b l e t o r e l a t e s t a g e 
c u t t o the r e s i d u a l and permeate gas stream c o m p o s i t i o n s . These 
c a l c u l a t i o n s are u s e f u l i n d e t e r m i n i n g r e c o v e r i e s and i n d e s i g n i n g 
s e r i e s / p a r a l l e l f l o w arrangements i n l a r g e systems. The dashed 
p o r t i o n s o f the cur v e s i n the low f l o w r a t e r e g i o n o f F i g u r e 7 
r e p r e s e n t s p r e d i c t e d C 0 2 c o m p o s i t i o n s under u n i f o r m f l o w c o n d i ­
t i o n s , whereas the s o l i d l i n e s r e p r e s e n t a c t u a l o b t a i n e d d a t a . 
The d e v i a t i o n between p r e d i c t e d and a c t u a l performance i s most 
l i k e l y due t o fe e d gas c h a n n e l i n g i n the elements o r th e d e v e l ­
opment o f st a g n a n t f l o w r e g i o n s as a r e s u l t o f t h e low p r e s s u r e 
d i f f e r e n c e a c r o s s the h i g h p r e s s u r e s i d e (feed t o r e s i d u a l ) o f 
the elements. 
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S T A G E CUT 

F i g u r e 6. Stage c u t as f u n c t i o n o f f l o w r a t e . 
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C02 IN PERMEATE 

FEED CONDITIONS 
30% C02 

365 PSIA 
70° F 

1000 2000 
RESIDUAL FLOW RATE, SCFH 

4000 

F i g u r e 7. E f f e c t o f f l o w r a t e on enrichment. 

LU 
< 
cc _ 
ζ <0 M 
Η <=> 
< 
LU · 2 ίΐ S t 
û. Σ 
« Li-O ϋ Ο (/) 

10. 

10 

FEED CONDITIONS 
30% C02 

365 PSIA 
CORRECTED TO 70° F 

40 100 400 

TIME, HOURS 

1000 5,000 

F i g u r e 8. Time-dependent f l u x d e c l i n e ( l o g / l o g ) . 
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Under the p a r t i c u l a r f e e d c o n d i t i o n s and element arrangement 
f o r t h i s t e s t , t h e c r i t e r i a o f l e s s than 3.5% C 0 2 i n the r e s i d u a l 
stream c o u l d n ot be reached w i t h o u t e x p e r i e n c i n g some l o s s i n 
s e p a r a t i o n e f f i c i e n c y . T h i s g o a l c o u l d be a c h i e v e d , however, by 
o p e r a t i n g a t h i g h e r f l o w r a t e s w i t h more elements i n s e r i e s . The 
c o n c l u s i o n a r r i v e d a t from these d a t a , t h e r e f o r e , i s t h a t t h e r e i s 
a c r i t i c a l minimum f l o w r a t e f o r g i v e n f e e d gas c o n d i t i o n s and 
element a r r a y . I n o r d e r to maximize system performance t h i s p a r a ­
meter must be taken i n t o c o n s i d e r a t i o n when d e s i g n i n g a f u l l s i z e 
system. 

Time-dependent f l u x d e c l i n e i s p l o t t e d i n F i g u r e 8. The C 0 2 

permeation r a t e , i n u n i t s o f SCFH/ft 2.100 p s i , was c a l c u l a t e d from 
performance d a t a f o r the f i f t e e n elements i n s e r i e s . T h i s r a t e 
corresponds t o t h a t which would be o b t a i n e d f o r pure C 0 2 under 
s i m i l a r p a r t i a l p r e s s u r e d i f f e r e n c e s . A f t e r an i n i t i a l (40 h r s ) 
n o n l i n e a r f l u x d e c l i n e , the C 0 2 r a t e e x p e r i e n c e d a 10% l o s s over 
the n e x t 1,000 hours (40 d a y s ) . As t h i s f l u x d e c l i n e i s a l o g / l o g 
r e l a t i o n s h i p , o n l y 6% more would be l o s t over the next t h r e e 
y e a r s , the minimum expected element l i f e t i m e . Membrane systems 
can be e a s i l y d e s i g n e d t o adapt t o a changing permeation r a t e by 
a d j u s t i n g the fe e d f l o w r a t e s and/or p r e s s u r e , by a l l o w i n g f o r 
a d d i t i o n o f more elements i n s e r i e s a f t e r a p e r i o d o f t i m e , and 
by u s i n g a p r o g r e s s i v e element replacement s c h e d u l e . 

Gas D e h y d r a t i o n . I t has been found t h a t water vapor p e r ­
meates c e l l u l o s e a c e t a t e membranes a t a r a t e a p p r o x i m a t e l y 500 
times t h a t of methane (Ref. 2). T h i s e x c e p t i o n a l l y h i g h s e l e c ­
t i v i t y f o r water vapor make c e l l u l o s e a c e t a t e membrane systems 
a t t r a c t i v e f o r d e h y d r a t i o n o f hydrocarbon gas streams t o p i p e l i n e 
s p e c i f i c a t i o n s on e i t h e r a pure gas str e a m o r w h i l e s i m u l t a n e o u s l y 
removing c o n t a m i n a t i n g a c i d gases. F o r these a p p l i c a t i o n s t h e 
s m a l l s i z e , low weight and low maintenance o f t h e SEPAREX™ system 
i s p a r t i c u l a r l y advantageous f o r o f f s h o r e i n s t a l l a t i o n s . 

L i q u i d water i s d e t r i m e n t a l t o the performance o f the mem­
brane, however, so t h a t the f e e d gas i s d e l i v e r e d t o the membrane 
system a t l e s s than 90% r e l a t i v e h u m i d i t y . T h i s can be accom­
p l i s h e d by e i t h e r h e a t i n g t h e s a t u r a t e d gas 10-20°F o r by d r o p p i n g 
the p r e s s u r e s l i g h t l y . 

The p r e v i o u s l y d e s c r i b e d p i l o t p l a n t t e s t was o p e r a t e d w i t h 
gases c o n t a i n i n g water vapor f o r some p e r i o d o f time d u r i n g the 
t e s t program. The feed gas was s a t u r a t e d a t 450 p s i g i n a range 
of temperatures from 80-95°F, c o r r e s p o n d i n g t o water c o n t e n t s of 
62-100 lbs/MMSCF. The f e e d gas p r e s s u r e was dropped from 450 p s i g 
p r i o r t o e n t e r i n g the membrane u n i t . Two p r e s s u r e s were s t u d i e d ; 
250 p s i g (57% r e l a t i v e h u m i d i t y ) and 350 p s i g (78% r e l a t i v e hu­
m i d i t y ) . The membrane u n i t was o p e r a t e d f o r 2 months under t h e s e 
c o n d i t i o n s w i t h no d e t e r i o r a t i o n o f t h e carbon d i o x i d e permeation 
r a t e o r change i n membrane s e l e c t i v i t y . The f e e d gas under a l l 
c o n d i t i o n s was dehydrated t o a dew p o i n t below -55°F (<5 l b s 
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water/MMSCF), o r g r e a t e r than 97% water removal. The water vapor 
measuring d e v i c e used was not s u i t a b l e below -55°F so t h a t an 
a c c u r a t e measurement o f the dew p o i n t was not o b t a i n a b l e . The 
measurement was f u r t h e r c o m p l i c a t e d by the presence o f t r a c e s o f 
heavy hydrocarbons i n t e r f e r i n g w i t h the water dew p o i n t . I t was 
concluded from t h i s s t u d y , however, t h a t Spectrum S e p a r a t i o n s ' 
c e l l u l o s e a c e t a t e membranes a r e s u i t a b l e f o r d e h y d r a t i o n even i n 
the presence o f h i g h C 0 2 c o n c e n t r a t i o n s . 

Hydrogen Recovery. Hydrogen i s consumed i n pe t r o l e u m r e ­
f i n i n g , i n the manufacture o f ammonia and methanol, f o r h y d r o ­
génation of f a t s and o i l s and i n the e l e c t r o n i c s i n d u s t r y , a t an 
annual r a t e o f a p p r o x i m a t e l y 7 m i l l i o n tons (Ref. 11)· I n many 
o f these p r o c e s s e s hydrogen i s l o s t as an o f f - g a s t h a t c o u l d be 
p u r i f i e d and r e c y c l e d t o the p o i n t o f use. Most of these o f f -
gases are m i x t u r e s o f hydrogen and carbon monoxide, methane and/or 
n i t r o g e n and o f f e r an e x c e l l e n t a p p l i c a t i o n f o r membrane systems 
due t o a h i g h hydrogen permeation r a t e and the h i g h s e l e c t i v i t y o f 
hydrogen r e l a t i v e t o these gases. 

An a d d i t i o n a l a p p l i c a t i o n f o r membranes might be r e a l i z e d i f 
c o a l g a s i f i c a t i o n and c o a l l i q u e f a c t i o n p r o c e s s e s c o n t i n u e t o 
de v e l o p t o a commercial l e v e l . The membrane system c o u l d be u t i ­
l i z e d t o r e c o v e r hydrogen from t h e h y d r o g a s i f i e r o f f - g a s and be 
r e c y c l e d t o the g a s i f i e r o r s o l d as a c h e m i c a l f e e d s t o c k . I n 
o t h e r c o a l g a s i f i c a t i o n schemes, the p r o d u c t gas c o u l d be upgraded 
or s e p a r a t e d i n t o a hydrogen p r o d u c t and a f u e l gas p r o d u c t . 

SEPAREX d e l i v e r e d a hydrogen r e c o v e r y system, u t i l i z i n g 
4 - i n . d i a m e t e r s p i r a l - w o u n d elements, i n e a r l y 1982. The system 
w i l l r e c o v e r hydrogen from the o f f - g a s o f a u n i t u t i l i z i n g UOP's 
Butamer R p r o c e s s i n a LPG p r o c e s s i n g complex. 

I n UOP's Butamer p r o c e s s normal butane i s c a t a l y t i c a l l y 
i s o m e r i z e d t o produce h i g h - p u r i t y i s o - b u t a n e . N-butane i s charged 
i n t o a f i x e d - b e d vapor phase r e a c t o r and hydrogen i s added w i t h 
s m a l l amounts of an o r g a n i c c h l o r i d e compound. The u n i t y i e l d s 
i s o - b u t a n e and a hydrogen stream contaminated w i t h hydrocarbons 
and t r a c e s o f HC1. The hydrogen stream i s f r a c t i o n a t e d , l e a v i n g 
an o f f - g a s c o n t a i n i n g about 70% hydrogen. T h i s gas, which n o r ­
m a l l y i s s e n t t o f u e l , i s p r o c e s s e d w i t h the SEPAREX membrane 
system t o r e c o v e r the hydrogen f o r r e c y c l e t o f e e d make-up. A 
s i m p l i f i e d p r o c e s s schematic i s shown i n F i g u r e 9. 

The SEPAREX system w i l l r e c o v e r over 90% o f the hydrogen a t 
a p u r i t y of 96+% f o r r e c y c l e , w h i l e i n c r e a s i n g t he h e a t i n g v a l u e 
o f t he f u e l gas from -550 BTU/SCF t o -950 BTU/SCF. The p r o j e c t e d 
f l o w r a t e s and gas p u r i t i e s f o r the membrane s e p a r a t i o n a r e shown 
i n T a b l e I I . Under the bone-dry feed c o n d i t i o n s the c e l l u l o s e 
a c e t a t e membrane i s not a f f e c t e d by HC1. S p e c i a l m a t e r i a l s o f 
c o n s t r u c t i o n and a d h e s i v e s have been used i n the f a b r i c a t i o n o f 
the s p i r a l - w o u n d elements t o ensure t h e i r r e s i s t a n c e t o HC1 i n the 
gas streams. 
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H2(96%) + HCI 

HYDROGEN 

TO FUEL 
GAS 

I—I SEPAREX H 
HYDROGEN RECYCLE 

MAKE-UP 

y ^ y NBUTANES BUTAMER UNIT 

MEMBRANE SEPARATOR 

H2 + CH4 + C2 + C3 + HCI 

ISO-BUTANE 
PRODUCT GAS 

WASTE 
GASES 

C2 

C3 

nC4 I 
RECYCLE 

F i g u r e 9. Hydrogen r e c o v e r y s c h e m a t i c . 
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Table I I HYDROGEN RECOVERY FROM 
A UOP's BUTAMERR PROCESS 

Feed Gas R e s i d u a l Gas Permeate Gas 
P r e s s u r e , p s i a 
Flow R a t e , MSCFH 
Temperature, °F 
Mol% H 2 

Mol% CH 4 

Mol% C 2+ 
Mol% HCI 

265 
47.8 
110 

68.9 
23.7 
6.8 
0.6 

240 
16.8 
100 

17.8 
63.0 
19.0 
0.2 

15 
31.0 
100 

96.4 
2.6 
0.2 
0.8 

Oxygen Enrichment o f A i r . The U.S. produces a p p r o x i m a t e l y 
15 m i l l i o n tons o f oxygen from a i r each y e a r (Ref. 12). Most o f 
t h i s p r o d u c t i o n i s accomplished c r y o g e n i c a l l y , and i n l a r g e p l a n t s 
the c o s t i s v e r y low. Uses o f oxygen i n q u a n t i t i e s o f l e s s than 
10 tons per day, however, c o n s t i t u t e a s u b s t a n t i a l share o f t h i s 
market. I t i s thought t h a t membrane systems c o u l d e c o n o m i c a l l y 
e n r i c h a i r a t t h e s e s m a l l e r p l a n t s i z e s . 

One a r e a of p a r t i c u l a r i n t e r e s t i s i n secondary sewage t r e a t ­
ment u t i l i z i n g oxygen i n s t e a d o f a i r (Ref. 13_) . There a r e 
a p p r o x i m a t e l y 5,000 a i r - t r e a t m e n t sewage p l a n t s i n t h i s c o u n t r y 
t h a t each consume 5 torts o f atmo s p h e r i c oxygen p e r day. Many o f 
these p l a n t s s u f f e r s e a s o n a l o v e r l o a d s ( f o r example i n f a r m i n g 
communities) and many o t h e r s are r e a c h i n g c a p a c i t y and w i l l r e ­
q u i r e new c o n s t r u c t i o n f o r e x p a n s i o n . The use o f e n r i c h e d oxygen 
i n p l a c e of a i r c o u l d i n c r e a s e the c a p a c i t y o f t h e s e e x i s t i n g 
p l a n t s w i t h o u t the a d d i t i o n o f space-consuming c o n v e n t i o n a l t r e a t ­
ment p r o c e s s e s . 

F i v e major U.S. c h e m i c a l f i r m s are now p r o d u c i n g o x y g e n a t i o n 
systems f o r sewage wastewater t r e a t m e n t , i n what the i n d u s t r y 
f e e l s c o u l d become oxygen's l a r g e s t market (Ref. 12_) . Membrane 
systems c o u l d e c o n o m i c a l l y compete w i t h c o n v e n t i o n a l t e c h n o l o g i e s 
i n the s m a l l e r p l a n t s . 
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8 
Gas-Adsorption Processes: State of the Art 

GEORGE E. KELLER, II 
Union Carbide Corporation, Ethylene Oxide and Glycol Division, 
Technical Center, South Charleston, WV 25303 

Gas-adsorption processes are used for a wide 
variety of separations throughout the chemical and 
other industries. But to effect various separations, 
quite different process embodiments are necessary. 
These differences are primarily concerned with the 
method by which the adsorbent is regenerated. This 
choice is influenced by the percentage of adsorbate 
in the feed, ease of desorption and degree of 
separation required. In this paper, we discuss 
temperature-swing, inert-purge, displacement-purge, 
pressure-swing, parametric-pumping, chromatographic 
and other cycles; the separations for which they 
are best suited; and their limitations. Commercial 
examples are given. Finally, predictions are made 
as to future improvements in various technologies 
as well as to what new separations will be amenable 
to adsorption separation. 

G a s - a d s o r p t i o n p r o c e s s e s i n v o l v e the s e l e c t i v e c o n c e n t r a t i o n 
( a d s o r p t i o n ) o f one o r more components ( a d s o r b a t e s ) o f a gas ( o r 
v a p o r ) a t the s u r f a c e o f a m i c r o p o r o u s s o l i d ( a d s o r b e n t ) . The 
a t t r a c t i v e f o r c e s c a u s i n g the a d s o r p t i o n a r e g e n e r a l l y weaker 
t han those o f c h e m i c a l bonds and a r e such t h a t , by i n c r e a s i n g 
the t empera tu re o f the a d s o r b e n t o r r e d u c i n g an a d s o r b a t e ' s 
p a r t i a l p r e s s u r e , the a d s o r b a t e can be d e s o r b e d . The d e s o r p t i o n 
s t e p i s q u i t e i m p o r t a n t i n the o v e r a l l p r o c e s s . F i r s t , 
d e s o r p t i o n a l l o w s r e c o v e r y o f a d s o r b a t e s i n those s e p a r a t i o n s 
where t h e y a r e v a l u a b l e , and s e c o n d , i t p e r m i t s r eu se o f the 
adso rben t f o r f u r t h e r c y c l e s . 

T h i s paper i s conce rned w i t h a b road range o f g a s - a d s o r p t i o n 
p r o c e s s e s as p r a c t i c e d i n the o r g a n i c - c h e m i c a l , p e t r o l e u m , 
n a t u r a l - g a s and a l l i e d i n d u s t r i e s . Emphasis w i l l be on a 
d e s c r i p t i o n o f p r o c e s s e s r a t h e r than a r e v i e w o f a d s o r b e r d e s i g n 

0097-6156/83/0223-0145$07.25/0 
© 1983 American Chemical Society 
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146 INDUSTRIAL GAS SEPARATIONS 

p r o c e d u r e s , which have been covered i n o t h e r p u b l i c a t i o n s ( I 7 6 ) , 
o r a d i s c u s s i o n of t r a d i t i o n a l a d s o r b e n t s , which have a l s o been 
covered elsewhere (7-15)« The o b j e c t i v e s of t h i s paper a r e 
( i ) to r e v i e w those s i t u a t i o n s i n which a d s o r p t i o n can be an 
e c o n o m i c a l l y v i a b l e p r o c e s s , ( i i ) t o p r o v i d e a d e s c r i p t i o n of 
p r e s e n t - d a y a d s o r p t i o n t e c h n o l o g y , and ( i i i ) t o i n d i c a t e the 
l i k e l y d i r e c t i o n s t h a t new a d s o r p t i o n t e c h n o l o g y and uses w i l l 
t a k e . 

C r i t e r i a f o r When to Use Gas A d s o r p t i o n 

D i s t i l l a t i o n and r e l a t e d v a p o r - l i q u i d p r o c e s s e s are by f a r 
the most common means of s e p a r a t i n g homogeneous m i x t u r e s i n the 
i n d u s t r i e s mentioned above. The reasons f o r t h i s a r e the b a s i c 
p r o c e s s s i m p l i c i t y and s c a l a b i l i t y of d i s t i l l a t i o n (which h e l p s 
promote low investment per annual u n i t of feed) and the a b i l i t y 
t o a c h i e v e many t h e o r e t i c a l s t a g e s (which e f f e c t s h i g h degrees 
of s e p a r a t i o n ) i n many systems. On the o t h e r hand, d i s t i l l a t i o n 
i s f u n d a m e n t a l l y a high-energy-usage p r o c e s s . I n most d i s t i l ­
l a t i o n s the energy usage i s a t l e a s t one and f r e q u e n t l y two 
o r d e r s of magnitude g r e a t e r than the minimum thermodynamic work 
of s e p a r a t i o n . 

We can use the f o l l o w i n g as rough c r i t e r i a t o d e c i d e 
whether gas a d s o r p t i o n might be a v i a b l e a l t e r n a t i v e f o r 
d i s t i l l a t i o n f o r a g i v e n s e p a r a t i o n . 

1. The r e l a t i v e v o l a t i l i t y between the key components t o 
be s e p a r a t e d i s i n the o r d e r of 1.2 t o 1.5 or l e s s . 

2. The b u l k of the f e e d i s a r e l a t i v e l y l o w - v a l u e , more-
v o l a t i l e p r o d u c t , and the product of i n t e r e s t i s i n 
r e l a t i v e l y low c o n c e n t r a t i o n (about 10 weight p e r c e n t 
or l e s s ) . I n such s i t u a t i o n s l a r g e r e f l u x r a t i o s can 
be r e q u i r e d , r e s u l t i n g i n h i g h energy c o s t s . 

3. One s e t of components whose b o i l i n g range o v e r l a p s 
t h a t of a second s e t of c h e m i c a l l y o r g e o m e t r i c a l l y 
d i s s i m i l a r components must be s e p a r a t e d from the 
second s e t . To make such a s e p a r a t i o n , even though 
v a r i o u s r e l a t i v e v o l a t i l i t i e s may be r e a s o n a b l y l a r g e , 
s e v e r a l d i s t i l l a t i o n columns would be r e q u i r e d . 

4. S e p a r a t i o n by d i s t i l l a t i o n r e q u i r e s c r y o g e n i c 
o p e r a t i o n o r p r e s s u r e s above about 20 atmospheres. 

Gas a d s o r p t i o n s h o u l d be c o n s i d e r e d f o r a g i v e n s e p a r a t i o n 
when one o r more of the above c r i t e r i a a p p l y t o d i s t i l l a t i o n 
and when a s u i t a b l e adsorbent e x i s t s . I n g e n e r a l a s u i t a b l e 
a dsorbent i s one which shows adequate s e l e c t i v i t y ( g r e a t e r than 
two f o r the key components) and c a p a c i t y , can be r e g e n e r a t e d 
e a s i l y and causes no damage to the p r o d u c t s by promoting 
b y p r o d u c t - f o r m i n g r e a c t i o n s . I t i s a l s o u s u a l l y d e s i r a b l e t h a t 
the adsorbent s e l e c t i v e l y adsorb the component(s) i n lower 
c o n c e n t r a t i o n s i n the f e e d t o m i n i m i z e the amount o f adsorbent 
r e q u i r e d per u n i t of f e e d p r o c e s s e d . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

00
8

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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S e p a r a t i o n s and P r o c e s s e s 

Commercial g a s - a d s o r p t i o n p r o c e s s e s (see Table I ) can be 
d i v i d e d i n t o b u l k s e p a r a t i o n s , i n which about 10 weight p e r c e n t 
or more of a stream must be adsorbed, and p u r i f i c a t i o n s , i n 
which u s u a l l y c o n s i d e r a b l y l e s s than 10 weight p e r c e n t of a 
stream must be adsorbed. Such a d i f f e r e n t i a t i o n i s d e s i r a b l e 
to make because i n g e n e r a l d i f f e r e n t p r o c e s s c y c l e s a r e used 
f o r the d i f f e r e n t c a t e g o r i e s , as w i l l be d i s c u s s e d l a t e r . 
Below, f o u r b a s i c p r o c e s s c y c l e s and two c o m b i n a t i o n s a r e 
d e s c r i b e d i n t h e i r s i m p l e s t forms. I n o t h e r s e c t i o n s , r e c e n t 
uses and m o d i f i c a t i o n s of these c y c l e s , as w e l l as o t h e r new 
proce s s c y c l e s , a re d e s c r i b e d . 

Temperature-Swing C y c l e . I n t h i s c y c l e , a stream c o n t a i n i n g 
a s m a l l amount of an ad s o r b a t e i s passed through the adsorbent 
bed a t a r e l a t i v e l y low t e m p e r a t u r e . A f t e r e q u i l i b r i u m between 
a d s o r b a t e i n the f e e d and on the adsorbent i s reached, the bed 
temperature i s r a i s e d t o a h i g h e r v a l u e , and more feed i s passed 
through the bed. D e s o r p t i o n o c c u r s and a new, l o w e r e q u i l i b r i u m 
l o a d i n g i s e s t a b l i s h e d . The net bed removal c a p a c i t y , c a l l e d 
the d e l t a l o a d i n g , i s the d i f f e r e n c e between these two l o a d i n g s . 
( T h i s v a l u e i s a c t u a l l y an upper l i m i t , s i n c e e q u i l i b r i u m 
l o a d i n g s i n p r a c t i c a l o p e r a t i o n a r e not a t t a i n e d . ) When the 
bed i s s u b s e q u e n t l y c o o l e d and feed i s a g a i n passed through the 
bed, p u r i f i c a t i o n w i l l o c c u r down t o a c o n c e n t r a t i o n i n 
e q u i l i b r i u m w i t h the r e s i d u a l l o a d i n g on the a d s o r b e n t . 

The time r e q u i r e d t o h e a t , desorb and c o o l a bed i s u s u a l l y 
i n the range of a few hours to over a day. Because d u r i n g t h i s 
l o n g r e g e n e r a t i o n time the bed i s not p r o d u c t i v e l y s e p a r a t i n g , 
temperature-swing p r o c e s s e s a r e used almost e x c l u s i v e l y t o 
remove s m a l l c o n c e n t r a t i o n s o f a d s o r b a t e s from f e e d s . Only i n 
such s i t u a t i o n s can the on-streara time be a s i g n i f i c a n t f r a c t i o n 
of the t o t a l c y c l e time o f the p r o c e s s . 

I n e r t - P u r g e C y c l e . I n t h i s c y c l e , the a d s o r b a t e , i n s t e a d 
of b e i n g removed by temperature i n c r e a s e , I s removed by p a s s i n g 
a non-adsorbing gas c o n t a i n i n g no adsor b a t e through the bed. 
T h i s has the e f f e c t o f l o w e r i n g the p a r t i a l p r e s s u r e o f the 
a d s o r b a t e around the p a r t i c l e s , and d e s o r p t i o n o c c u r s . I f 
enough purge gas i s passed through the bed, the a d s o r b a t e w i l l 
be c o m p l e t e l y removed, and the maximum d e l t a l o a d i n g w i l l e q u a l 
the e q u i l i b r i u m l o a d i n g . As i n the temperature-swing c y c l e and 
a l l o t h e r s , a c t u a l d e l t a l o a d i n g s w i l l be l e s s than the 
e q u i l i b r i u m d e l t a l o a d i n g . D u r i n g the subsequent a d s o r p t i o n 
s t e p , removal of adsorbate from the feed would be e s s e n t i a l l y 
complete u n t i l the adsorbent becomes n e a r l y f u l l y loaded and 
b r e a k t h r o u g h o c c u r s . 

American Chemical 
Society Library 

1455 16th St. N. W. 
Washington. 0. C. 2003· 
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TABLE I 

REPRESENTATIVE COMMERCIAL GAS-ADSORPTION SEPARATIONS 

S e p a r a t i o n * Adsorbent 

I· Gas B u l k S e p a r a t i o n s 
Normal P a r a f f i n s / I s o p a r a f f i n s , 

A r o m a t i c s 
N 2 / 0 2 

0 2/N 2 

CO, CH 4, C 0 2 , N 2 , A, NH 3/H 2 

Acetone/Vent Streams 
C 2H4/Vent Streams 
S e p a r a t i o n of Perfume 

Components 

Z e o l i t e 

Z e o l i t e 
Carbon M o l e c u l a r S i e v e 
Z e o l i t e , A c t i v a t e d C 
A c t i v a t e d C 
A c t i v a t e d C 

I I . Gas P u r i f i c a t i o n 
H 2 0 / 0 1 e f i n - C o n t a i n i n g 

Cracked Gas, N a t u r a l Gas, 
A i r , S y n t h e s i s Gas, E t c . 

C0 2/C 2H4, N a t u r a l Gas, E t c . 
Organics/Vent Streams 
S u l f u r Compounds/Natural 

Gas, Hydrogen, L i q u i f i e d 
P e t r o l e u m Gas (LP G ) , E t c . 

S o l v e n t s / A i r 
O d o r s / A i r 
NO x/N 2 

S0 2/Vent Streams 
H g / C h l o r - A l k a l i C e l l Gas 

E f f l u e n t 

S i l i c a , A lumina, Z e o l i t e 

Z e o l i t e 
A c t i v a t e d C, Others 
Z e o l i t e 

A c t i v a t e d C 
A c t i v a t e d C 
Z e o l i t e 
Z e o l i t e 
Z e o l i t e 

* A dsorbates a r e l i s t e d f i r s t . 
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Displacement-Purge C y c l e * T h i s c y c l e , which i s somewhat 
s i m i l a r t o the p r e v i o u s one, d i f f e r s from i t i n t h a t a gas o r 
vapor which adsorbs about as s t r o n g l y as the a d s o r b a t e i s used 
t o remove the a d s o r b a t e (see F i g u r e 1 ) . Removal i s thus 
f a c i l i t a t e d both by a d s o r b a t e p a r t i a l - p r e s s u r e r e d u c t i o n i n the 
f l u i d around the p a r t i c l e s and by c o m p e t i t i v e a d s o r p t i o n of the 
d i s p l a c e m e n t medium. As w i t h the i n e r t - p u r g e c y c l e , the 
maximum d e l t a l o a d i n g i s the e q u i l i b r i u m l o a d i n g . 

The use of the two d i f f e r e n t types of purge f l u i d s causes 
two major d i f f e r e n c e s i n the p r o c e s s e s . F i r s t , s i n c e the 
d i s p l a c e m e n t - p u r g e f l u i d i s a c t u a l l y adsorbed, i t i s p r e s e n t 
when the a d s o r p t i o n p a r t of the c y c l e b e gins and t h e r e f o r e 
contaminates the l e s s - a d s o r b e d p r o d u c t . ( I n the i n e r t - p u r g e 
c y c l e t h i s c o n t a m i n a t i o n i s u s u a l l y much s m a l l e r . ) I n p r a c t i c a l 
terms t h i s means t h a t the d i s p l a c e m e n t - p u r g e f l u i d must be 
r e c o v e r e d from b o t h product streams. Second, s i n c e the heat of 
a d s o r p t i o n of the d i s p l a c e m e n t - p u r g e f l u i d i s a p p r o x i m a t e l y 
e q u a l t o t h a t of the a d s o r b a t e , as t h e two exchange on the 
a d s o r b e n t , the heat g e n e r a t e d ( o r consumed) i s v i r t u a l l y z e r o , 
and the a d s o r b e n t ' s temperature remains unchanged. When an 
i n e r t - p u r g e gas i s used, a temperature r i s e o c c u r s i n the 
r e g i o n where a d s o r p t i o n o c c u r s , and t h i s temperature r i s e can 
s e v e r e l y l i m i t the a d s o r p t i o n c a p a c i t y of the bed i n some c a s e s . 

P r e s s u r e - S w i n g C y c l e . I n a g a s - a d s o r p t i o n c y c l e , the 
p a r t i a l p r e s s u r e of an a d s o r b a t e can be reduced by r e d u c i n g the 
t o t a l p r e s s u r e of the gas. T h i s change can be used t o e f f e c t a 
d e s o r p t i o n . The l o w e r the t o t a l p r e s s u r e of the d e s o r b i n g 
s t e p , the g r e a t e r the maximum d e l t a l o a d i n g w i l l be. 

The time r e q u i r e d t o l o a d , d e p r e s s u r i z e , desorb and 
r e p r e s s u r i z e a bed i s u s u a l l y a few minutes and can i n some 
cases be o n l y a few seconds. Thus, even though p r a c t i c a l d e l t a 
l o a d i n g s a r e s u b s t a n t i a l l y l e s s than the maximum d e l t a l o a d i n g s 
t o minimize t h e r m a l - g r a d i e n t problems, the v e r y s h o r t c y c l e 
times make a p r e s s u r e - s w i n g c y c l e q u i t e a t t r a c t i v e f o r b u l k - g a s 
s e p a r a t i o n s . 

Combined C y c l e s . O f t e n a temperature-swing c y c l e i s 
combined w i t h an i n e r t - p u r g e t o f u r t h e r f a c i l i t a t e d e s o r p t i o n . 
S e v e r a l p o s s i b i l i t i e s are shown i n F i g u r e 2. The i n e r t - p u r g e 
stream can be a f r a c t i o n of the l e s s - a d s o r b e d p r o d u c t , o r a 
s e p a r a t e purge stream can be used. I f the feed i s a t s u p e r -
a t m o s p h e r i c p r e s s u r e , many times the d e s o r p t i o n s t e p w i l l be 
c a r r i e d out a t atmospheric p r e s s u r e . 

I n p r e s s u r e - s w i n g p r o c e s s e s , i t i s q u i t e common t o use a 
f r a c t i o n of the l e s s - a d s o r b e d gas product as a l o w - p r e s s u r e 
purge gas, as shown i n F i g u r e 2. O f t e n the purge f l o w i s i n 
the o p p o s i t e d i r e c t i o n from the f e e d f l o w . R u l e s f o r the 
minimum f r a c t i o n of l e s s - a d s o r b e d gas product f o r d i s p l a c i n g 
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LESS-ADSORBED 
PRODUCT 

PRODUCT PURGE 

BED IN 
HIGH-PRESSURE 

ADSORPTION MODE 

GAS 

BED IN 
LOW-PRESSURE 

DESORPTION MODE 

τ τ 
FEED ADSORBED PRODUCT 

PLUS LESS-ADSORBED 
PRODUCT PURGE GAS 

F i g u r e 2. Combined p r e s s u r e - s w i n g , non-adsorbed-product-purge 
c y c l e ( p r e s s u r e - s w i n g a d s o r p t i o n ) . 
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the a d s o r b a t e have been g i v e n by Skar s t r o m ( 1 6 ) * T h i s p r o c e s s 
has been c a l l e d h e a t l e s s f r a c t i o n a t i o n o r , more commonly, 
p r e s s u r e - s w i n g a d s o r p t i o n ( P S A ) . The l a t t e r name w i l l be used 
i n t h i s paper. 

Gas B u l k - S e p a r a t i o n P r o c e s s e s 

Gas b u l k - s e p a r a t i o n p r o c e s s e s c o n s i s t m o s t l y of p r e s s u r e -
swing a d s o r p t i o n (PSA) v a r i a t i o n s and di s p l a c e m e n t - p u r g e and 
i n e r t - p u r g e p r o c e s s e s . R e c e n t l y , however, a chromatographic 
c y c l e has been c o m m e r c i a l i z e d . Below, these c y c l e s w i l l be 
discussed· 

PSA. As mentioned e a r l i e r , PSA p r o c e s s e s use a f r a c t i o n 
of t he l e s s - a d s o r b e d p r o d u c t t o a i d i n p u r g i n g the ad s o r b a t e 
from the ad s o r b e n t . Thus an i n e v i t a b l e f e a t u r e of prese n t - d a y 
PSA p r o c e s s e s i s the l o s s o f p a r t o f t h e l e s s - a d s o r b e d product 
t o the purge stream. T h i s has the a d d i t i o n a l i m p l i c a t i o n t h a t 
the purge stream cannot be o f h i g h p u r i t y , and as a r e s u l t PSA 
i s l i m i t e d a t p r e s e n t t o those a p p l i c a t i o n s where o n l y one pure 
pr o d u c t i s d e s i r e d : oxygen and n i t r o g e n ( b u t n o t b o t h 
s i m u l t a n e o u s l y ) from a i r , hydrogen r e c o v e r y i n cases i n which 
complete r e c o v e r y i s not r e q u i r e d , and ch e m i c a l p r o c e s s 
purge-stream treatment i n which the l e s s - a d s o r b e d p r o d u c t i s 
removed from the p r o c e s s and the a d s o r b a t e - e n r i c h e d stream i s 
r e c y c l e d t o the p r o c e s s . 

Most o f t e n , PSA p r o c e s s e s use t h r e e o r more beds i n 
p a r a l l e l . The advantages a r e ( i ) energy s a v i n g s , w h i c h a c c r u e 
from u s i n g gas from a h i g h - p r e s s u r e bed t o p a r t i a l l y 
r e p r e s s u r i z e a l o w - p r e s s u r e bed f o l l o w i n g d e s o r p t i o n , and 
( i i ) h i g h e r product r e c o v e r i e s , which a c c r u e from u s i n g a 
co m b i n a t i o n o f p u r g i n g s t e p s i n the c y c l e . 

R e c e n t l y two w i d e l y d i v e r g e n t p r o c e s s v a r i a t i o n s o f PSA 
have been c o m m e r c i a l i z e d by Union C a r b i d e C o r p o r a t i o n . The 
f i r s t o f these i s c a l l e d POLYBED PSA, which i s used f o r hydrogen 
r e c o v e r y ( 1 7 - 2 1 ) . P l a n t s w i t h c a p a c i t i e s o f up t o about 1.2 χ 
10^ NM^/day of hydrogen have been b u i l t . Hydrogen r e c o v e r i e s 
of 86 p e r c e n t vs 70-75 p e r c e n t f o r o t h e r PSA p r o c e s s e s have 
been demonstrated, as w e l l as p u r i t i e s o f 99.999 mole p e r c e n t 
( 2 0 ) . POLYBED PSA i n v o l v e s the use of f i v e o r more beds, w i t h 
e x t e n s i v e gas i n t e r c h a n g e s and p r e s s u r e e q u a l i z a t i o n s between 
the beds. One p r o c e s s embodiment (17) i s shown i n F i g u r e 3. 

Thus POLYBED PSA can be thought of as a pro c e s s which aims 
f o r maximum r e c o v e r y o f the l e s s - a d s o r b e d component i n v e r y 
h i g h p u r i t y a t the expense o f a complex f l o w s h e e t . I t s growing 
commercial acceptance s u g g e s t s t h a t i t competes q u i t e 
s u c c e s s f u l l y w i t h c r y o g e n i c s e p a r a t i o n i n many c a s e s . 

The second p r o c e s s , c a l l e d p r e s s u r e - s w i n g p a r a m e t r i c 
pumping (PSPP), was developed t o m i n i m i z e process c o m p l e x i t y 
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HYDROGEN 

r m • ι r - f ν-ή r-p r-p r-p pp r-? [-? 

ADSORBED 
GAS PLUS 
HYDROGEN 

F i g u r e 3. P o l y b e d PSA p r o c e s s . 
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and investment a t the expense of product r e c o v e r y . The name 
p a r a m e t r i c pumping was c o i n e d by Wi l h e l m ( 2 2 ) , who d e s c r i b e d an 
ad s o r p t i o n - b a s e d s e p a r a t i o n p r o c e s s i n v o l v i n g r e v e r s i n g f l o w s . 
When the f l o w i s i n one d i r e c t i o n a parameter, such as 
temperature, which i n f l u e n c e s a d s o r p t i v i t y , i s a t one v a l u e , 
w h i l e the parameter i s changed t o another v a l u e when the f l o w 
i s i n the o p p o s i t e d i r e c t i o n . Such a pr o c e s s w i l l c r e a t e a 
s e p a r a t i o n between components w i t h d i f f e r e n t a d s o r p t i v i t i e s . 
Chen (23) has c o r r e c t l y p o i n t e d out t h a t PSA p r o c e s s e s 
c o n s t i t u t e a subset of p a r a m e t r i c pumping, i n which p r e s s u r e i s 
the parameter used t o i n f l u e n c e a d s o r p t i v i t y . 

Because of i t s h i g h l y u n u s ual n a t u r e , PSPP w i l l be 
d e s c r i b e d i n some d e t a i l . PSPP e x i s t s i n both s i n g l e - b e d 
(24-26) and m u l t i p l e - b e d (27) embodiments. Schematic diagrams 
of both a r e shown i n F i g u r e 4. The s i n g l e - b e d p r o c e s s w i l l be 
d e s c r i b e d f i r s t . The bed can v a r y from about 0.3 t o 1.3 o r 
more meters i n l e n g t h and c o n t a i n s adsorbent p a r t i c l e s w i t h 
d i a m e t e r s i n the range of 177 t o 420 um. Feed gas under 
p r e s s u r e i s s u p p l i e d i n p u l s e s o f up t o about a second i n l e n g t h 
from a compressor and a surge tank. The p u l s e i s c o n t r o l l e d by 
a s o l e n o i d v a l v e and a t i m e r . D u r i n g t h i s f e e d p u l s e the 
exhaust s o l e n o i d v a l v e i s c l o s e d . F o l l o w i n g the feed p u l s e 
b o t h v a l v e s a t the fe e d end a r e c l o s e d f o r about 0.5 t o t h r e e 
seconds; t h i s p e r i o d i s c a l l e d the d e l a y . Next the s o l e n o i d 
v a l v e on the exhaust o r purge l i n e opens f o r a p e r i o d o f about 
f i v e t o twenty seconds. S i n c e the p r e s s u r e i n t h i s l i n e i s 
m a i n t a i n e d below t h a t i n the f e e d l i n e , r e v e r s e f l o w o f gas 
from the bed o c c u r s . And f i n a l l y another d e l a y p e r i o d w i t h 
b o t h s o l e n o i d v a l v e s c l o s e d i s used i n some c a s e s . I t s l e n g t h 
i s g e n e r a l l y l e s s than one second. 

However, w h i l e p r e s s u r e s and f l o w d i r e c t i o n s a r e 
f l u c t u a t i n g s u b s t a n t i a l l y a t the fee d end of the bed, a 
cont i n u o u s f l o w emerges from the product end and through a 
s m a l l surge t a n k . T h i s f l o w i s e n r i c h e d i n l e s s - a d s o r b e d 
components; i n the case o f a i r s e p a r a t i o n , the prod u c t c o n s i s t s 
t y p i c a l l y of 90 to 95 p e r c e n t oxygen, w i t h the balance argon 
and a s m a l l amount of n i t r o g e n . C o n v e r s e l y the exhaust stream 
i s somewhat d e p l e t e d i n oxygen and argon. 

The net e f f e c t of t h i s p r o c e s s i s t o produce, u s i n g a 
s i n g l e a d s o r b i n g bed and two surge t a n k s , a c o n s t a n t f l o w o f 
l e s s - a d s o r b e d p r o d u c t - p r i m a r i l y oxygen i n t h i s case - from a 
co n s t a n t f l o w o f a i r from a compressor. 

The m u l t i p l e - b e d p r o c e s s uses e s s e n t i a l l y the same range 
of bed l e n g t h s and adsorbent p a r t i c l e s i z e s . The time c y c l e s 
of the t h r e e beds can be sequenced i n such a way t h a t compressed 
fe e d i s always f l o w i n g t o the p r o c e s s . T h i s reduces the s i z e 
of t h e f e e d surge tank o r c o m p l e t e l y e l i m i n a t e s t he need f o r i t . 
I n g e n e r a l the f r a c t i o n o f the o v e r a l l c y c l e devoted t o the 
f e e d p u l s e i n the m u l t i p l e - b e d p r o c e s s i s much g r e a t e r - about 
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FEED 

SURGE 
TANK 

FEED 

EXHAUST: 
— IMPURE 
ADSORBED 

PRODUCT 

ADSORBER 

D—IX}-**- LESS-
SURGE ADSORBED 
TANK PRODUCT 

EXHAUST: 
-•IMPURE 
ADSORBED 

PRODUCT 

ADSORBERS 

τ τ τ LESS-
ADSORBED 

PRODUCT 

F i g u r e k. One-bed and t h r e e - b e d ρ r e s s u r e - s w i n g p a r a m e t r i c pumps. 
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o n e - t h i r d - than the f r a c t i o n i n the s i n g l e - b e d p r o c e s s - i n 
the o r d e r of o n e - t e n t h . The m u l t i p l e - b e d p r o c e s s u s u a l l y 
produces somewhat h i g h e r l e s s - a d s o r b e d product p r e s s u r e s and 
s l i g h t l y h i g h e r l e s s - a d s o r b e d product r e c o v e r i e s compared t o 
the s i n g l e - b e d p r o c e s s . 

The most unusual f e a t u r e o f PSPP i s the c o n t i n u o u s l y 
changing a x i a l p r e s s u r e p r o f i l e . Whereas a l l o t h e r p r o c e s s e s 
o p e r a t e w i t h v i r t u a l l y a c o n s t a n t p r e s s u r e through the bed a t 
any g i v e n t i m e , the f a s t c y c l e o f PSPP and the f l o w r e s i s t a n c e 
caused by the use of v e r y s m a l l adsorbent p a r t i c l e s c r e a t e 
s u b s t a n t i a l p r e s s u r e drops i n the bed, as shown i n F i g u r e 5. 
These p r e s s u r e p r o f i l e s a r e h i g h l y c r i t i c a l t o the performance 
of t h e p r o c e s s . F o r example, the un u s u a l p r o f i l e d u r i n g the 
exhaust p a r t of the c y c l e , which shows a maximum p r e s s u r e 
somewhere i n s i d e the bed, s i m u l t a n e o u s l y p e r m i t s p u r g i n g o f 
p a r t o f the bed w h i l e l e s s - a d s o r b e d p r o d u c t s are c o n t i n u a l l y 
produced a t the o p p o s i t e end of the bed. 

PSPP has been c o m m e r c i a l i z e d f o r the p r o d u c t i o n of oxygen 
and f o r the r e c o v e r y and r e c y c l e of e t h y l e n e and a s m a l l amount 
of c h l o r o c a r b o n s ( t h e adsorbed stream) t o an e t h y l e n e -
c h l o r i n a t i o n p r o c e s s w h i l e p u r g i n g n i t r o g e n ( t h e l e s s - a d s o r b e d 
component) from the p r o c e s s . 

As mentioned b e f o r e , POLYBED PSA and PSPP r e p r e s e n t q u i t e 
d i f f e r e n t approaches t o i m p r o v i n g the b a s i c PSA p r o c e s s . Table 
I I shows the p l u s e s and minuses of these approaches compared t o 
a b a s i c PSA p r o c e s s . 

A new PSA pr o c e s s has been developed by Bergbau Forschung 
GmbH f o r the p r o d u c t i o n o f n i t r o g e n from a i r ( 2 8 , 2 9 ) . The 
pro c e s s uses a unique carbon-based m o l e c u l a r s i e v e as the 
ads o r b e n t . The ad s o r b e n t ' s micro-geometry i s such t h a t , even 
though the a d s o r p t i o n i s o t h e r m s of oxygen and n i t r o g e n a r e 
almost i d e n t i c a l , oxygen d i f f u s e s many times more r a p i d l y i n t o 
the p o r e s . T h i s c r e a t e s an oxygen-depleted gas phase u n t i l 
b o th gases e q u i l i b r a t e , w h i ch r e q u i r e s o v e r an hour. By 
o p e r a t i n g the pro c e s s w i t h a time c y c l e c o n s i d e r a b l y l e s s than 
the e q u i l i b r i u m t i m e , the adsorbent becomes o x y g e n - s e l e c t i v e 
and produces a h i g h - n i t r o g e n p r o d u c t . N i t r o g e n p u r i t i e s o f up 
to 99.9 pe r c e n t can be produced. The p r o c e s s , d e p i c t e d I n 
F i g u r e 6, uses a vacuum d e s o r p t i o n s t e p t o f a c i l i t a t e 
p r o d u c t i o n o f h i g h - p u r i t y n i t r o g e n . 

N i t r o g e n p r o d u c t i o n u s i n g carbon m o l e c u l a r s i e v e s i s the 
o n l y known commercial p r o c e s s u s i n g d i f f e r e n c e s i n i n t r a p a r t i c l e 
d i f f u s i v i t y , r a t h e r than i n h e r e n t adsorbent s e l e c t i v i t y o r 
s e l e c t i v e m o l e c u l a r e x c l u s i o n , as the b a s i s f o r the s e p a r a t i o n . 

Another method of u s i n g PSA t o o b t a i n n i t r o g e n from a i r 
has r e c e n t l y been r e v e a l e d by Toray I n d u s t r i e s , I n c . ( 3 0 ) . The 
st a n d a r d PSA pr o c e s s has been m o d i f i e d t o produce an impure 
(33 p e r c e n t oxygen) l e s s - a d s o r b e d gas and a r e l a t i v e l y pure (up 
to 99.9 p e r c e n t ) purge stream o f n i t r o g e n . A diagram i s shown 
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TABLE I I 

COMPARISON OF THE PERFORMANCES OF POLYBED PSA 
AND PRESSURE-SWING PARAMETRIC PUMPING 

WITH BASIC PSA 

Compression Cost 

P r o d u c t i v i t y 

Degree of S e p a r a t i o n 

P r o c e s s C o m p l e x i t y 

A d a p t a b i l i t y to 
Large Flows 

C y c l e Time 

Non-Adsorbed Product 
P r e s s u r e 

P o l y b e d PSA 

Less 

About the Same 

G r e a t e r 

G r e a t e r 

G r e a t e r 

About the Same 
( S e v e r a l M i n u t e s ) 

Same 

Pressure-Swing 
P a r a m e t r i c Pumping 

Same o r G r e a t e r 

Much G r e a t e r 

Same o r Le s s 

Less 

Less 

Much L e s s 
( S e v e r a l Seconds) 

Lower 

F i g u r e 5. P r e s s u r e p r o f i l e s i n an adsorbent bed p r o d u c i n g 90 mole 
p e r c e n t oxygen. 1, mi d d l e o f f e e d ; 2, m i d d l e o f d e l a y ; 3, e a r l y i n 
exhau s t ; and U, l a t e i n exha u s t . 
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NITROGEN 

- IMPURE 
OXYGEN 

F i g u r e 6. Bergbau Forschung n i t r o g e n - p r o d u c t i o n p r o c e s s . 
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i n F i g u r e 7. D r i e d a i r i s passed through the a d s o r b e r a t super-
a t m o s p h e r i c p r e s s u r e ; n i t r o g e n i s p r e f e r e n t i a l l y adsorbed- P a r t 
of t h e n i t r o g e n p r o d u c t from p r e v i o u s c y c l e s i s then passed 
i n t o the bed t o desorb s m a l l amounts of oxygen, a f t e r which the 
bed i s reduced t o a t m o s p h e r i c p r e s s u r e t o d e s o r b n i t r o g e n . 
F i n a l l y more n i t r o g e n i s r e c o v e r e d by vacuum d e s o r p t i o n . The 
adsorbent used i n t h i s p r o c e s s i s a p p a r e n t l y the same - z e o l i t e 
m o l e c u l a r s i e v e s - as t h a t used i n oxygen PSA p r o c e s s e s . 

T h i s p r o c e s s has been demonstrated i n p i l o t - s c a l e . I t s 
commercial s t a t u s i s unknown. 

Displacement-Purge and I n e r t - P u r g e C y c l e s . By f a r the 
most widespread embodiment of these c y c l e s i s the s e p a r a t i o n o f 
normal and i s o - p a r a f f i n s i n a v a r i e t y of petroleum f r a c t i o n s . 
These f r a c t i o n s i n g e n e r a l c o n t a i n s e v e r a l carbon numbers and 
can i n c l u d e m o l e c u l e s from about C5 t o about C^g. A l l of these 
s e p a r a t i o n s use 5A m o l e c u l a r s i e v e as the a d s o r b e n t . I t s 
0.5 nm pore d i a m e t e r i s such t h a t normal p a r a f f i n s can e n t e r 
but i s o - p a r a f f i n s a r e e x c l u d e d ; t h i s c o n s t i t u t e s the b a s i s f o r 
s e p a r a t i o n . 

A r e c e n t r e v i e w (13) l i s t s s i x d i f f e r e n t commercial v a p o r -
phase p r o c e s s e s . These p r o c e s s e s use e i t h e r d i s p l a c e m e n t - p u r g e 
or i n e r t - p u r g e c y c l e s . The former a r e used when h i g h e r -
m o l e c u l a r - w e i g h t f r a c t i o n s a r e b e i n g p r o c e s s e d . I n such c a s e s , 
the a d s o r b a t e s are h e l d so t i g h t l y by the adsorbent t h a t the 
use of an a d s o r b i n g d i s p l a c e m e n t agent i s n e c e s s a r y t o e f f e c t 
d e s o r p t i o n . I n t u r n , however, two d i s t i l l a t i o n columns are 
r e q u i r e d t o r e c o v e r the d i s p l a c e m e n t f l u i d from the product 
streams. When l o w e r - m o l e c u l a r - w e i g h t f r a c t i o n s a re b e i n g 
p r o c e s s e d , the s i m p l e r i n e r t - p u r g e c y c l e s s u f f i c e . W i t h these 
c y c l e s , c o o l e r s f o l l o w e d by v a p o r - l i q u i d s e p a r a t o r s can be used 
to r e c o v e r p r o d u c t s from the purge gas. 

The n o r m a l / i s o - p a r a f f i n s e p a r a t i o n process used most o f t e n 
i s Union C a r b i d e ' s I s o S i v p r o c e s s . I s o S i v u n i t s w i t h f e e d 
c a p a c i t i e s up to 3600 m e t r i c tons per day have been b u i l t . I n 
the mid-1970s I s o S i v was combined w i t h the Hysomer p a r a f f i n -
i s o m e r i z a t i o n p r o c e s s developed by S h e l l Research B.V. (31,32); 
t h i s c o m b i n a t i o n i s c a l l e d the T o t a l I s o m e r i z a t i o n P r o c e s s (TIP) 
and can produce a c o m p l e t e l y i s o - p a r a f f i n product from a normal 
or mixed p a r a f f i n f e e d . A s c h e m a t i c diagram i s shown i n F i g u r e 
8. Hydrogen, which i s r e q u i r e d i n the i s o m e r i z a t i o n s t e p , a l s o 
s e r v e s as the purge gas f o r d e s o r b i n g the normal p a r a f f i n s , 
which are r e c y c l e d to the Hysomer u n i t . The p r o c e s s i s c a r r i e d 
out i n the vapor phase, and u t i l i t y r e q u i r ements a r e c o n s i d e r a b l y 
below those of d i s t i l l a t i o n ( 3 2 ) . Product from a TIP u n i t has 
a Research Octane Number of 88 t o 92, compared t o a RON o f 79 t o 
82 f o r the product from a Hysomer u n i t a l o n e . 

The c l o s e - c o u p l i n g of r e a c t i o n and s e p a r a t i o n u n i t s f o r 
d r i v i n g e q u i l i b r i u m r e a c t i o n s to complete c o n v e r s i o n , though 
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H2+ RECYCLE 
NORMAL PARAFFINS 

PARAFFIN FEED 

MAKEUP H 

LIGHT 
PARAFFINS 

1 
Ο 
Ζ 
ω 
ce 
Ο 
CO 
û 
< 

HIGH-OCTANE 
ISOMER PRODUCT 

COOLER 
HEATER 

SEPARATOR 

PARTIALLY ISOMERIZED 

HEATER 

PRODUCT 

F i g u r e 8. T o t a l i s o m e r i z a t i o n p r o c e s s , 
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not new, i s p r o b a b l y an u n d e r u t i l i z e d concept. A d s o r p t i o n , 
which can sometimes s e p a r a t e m a t e r i a l s e a s i l y which d i s t i l l a t i o n 
can s e p a r a t e o n l y w i t h d i f f i c u l t y , r e p r e s e n t s an e x t r a degree 
of freedom i n c o n c e i v i n g of such p r o c e s s e s . 

Another i s o r a e r - s e p a r a t i o n p r o c e s s which has been announced 
i s c a l l e d O l e f i n S i v ( 1 3 ) . T h i s p r o c e s s s e p a r a t e s i s o - b u t e n e 
from normal butènes i n a manner s i m i l a r t o I s o S i v . 

Chromatography. The l a b o r a t o r y a n a l y t i c a l t e c h n i q u e of 
gas chromatography has been an a p p e a l i n g model f o r a commercial 
s e p a r a t i o n p r o c e s s f o r many y e a r s . I n s p i t e of numerous 
att e m p t s a t s c a l e - u p , o n l y r e c e n t l y has t h i s e f f o r t a p p a r e n t l y 
been s u c c e s s f u l . The Société N a t i o n a l e E l f A q u i t a i n e and 
Société de Recherches Techniques e t I n d u s t r i e l l e s (SRTI) have 
announced a p r o c e s s f o r s e p a r a t i n g m i x t u r e s d i f f i c u l t t o 
se p a r a t e by d i s t i l l a t i o n ( 3 3 - 3 5 ) . Hydrogen i s used as the 
c a r r i e r gas. The E l f - S R T I p r o c e s s i s p r e s e n t l y c o m m e r c i a l l y 
s e p a r a t i n g 100 m e t r i c tons per y e a r of perfume i n g r e d i e n t s . 
More r e c e n t l y E l f A q u i t a i n e has announced a 100,000 m e t r i c tons 
per y e a r d e m o n s t r a t i o n u n i t f o r s e p a r a t i n g C 4 - C 1 0 normal and 
i s o - p a r a f f i n s ( 3 5 ) . A s c h e m a t i c diagram i s shown i n F i g u r e 9. 
T h i s process uses s e v e r a l beds i n p a r a l l e l t o produce a co n s t a n t 
f l o w of p r o d u c t s . 

As mentioned e a r l i e r , the use of a non-condensable, 
non-adsorbing c a r r i e r gas s i m p l i f i e s the t a s k o f r e c o v e r y o f 
pr o d u c t s compared t o t h a t t a s k i n displa c e m e n t - p u r g e a d s o r p t i o n . 
At the same t i m e , the s c a l e - u p o f t h i s p r o c e s s means t h a t the 
e f f e c t s of s e p a r a t i o n - i n h i b i t i n g t h e r m a l g r a d i e n t s accompanying 
a d s o r p t i o n and d e s o r p t i o n have been d e a l t w i t h s u c c e s s f u l l y . 

G a s - P u r i f i c a t i o n P r o c e s s e s 

Compared to a d s o r p t i o n ' s use i n bulk-gas s e p a r a t i o n s , i t s 
use i n gas p u r i f i c a t i o n s i s much more f r e q u e n t (see T a b l e I and 
r e f e r e n c e s L3, 36_ and 37) , and the tec h n o l o g y i s , f o r the most 
p a r t , more c o n v e n t i o n a l . Temperature-swing a d s o r p t i o n , o f t e n 
combined w i t h i n e r t - p u r g e s t r i p p i n g , i s by f a r the most common 
pr o c e s s used. Two o r more f i x e d beds op e r a t e d i n p a r a l l e l , 
t y p i c a l l y w i t h one a d s o r b i n g and one o r more r e g e n e r a t i n g , 
c o n s t i t u t e the s t a n d a r d f l o w s h e e t . 

Temperature-swing c y c l e s are i n h e r e n t l y e n e r g y - i n t e n s i v e 
per u n i t of m a t e r i a l adsorbed; r e g e n e r a t i o n energy usage i s 
u s u a l l y s e v e r a l times the heat of co n d e n s a t i o n of the a d s o r b a t e . 
However, i f the amount of a d s o r b a t e p e r u n i t o f f e e d i s s m a l l , 
the r e g e n e r a t i o n energy usage per u n i t of feed can reduce t o a 
re a s o n a b l e v a l u e . A second advantage i s t h a t a combined 
t e m p e r a t u r e - s w i n g / i n e r t - p u r g e c y c l e can p r o v i d e v e r y h i g h 
degrees of d e s o r p t i o n d u r i n g r e g e n e r a t i o n , l e a d i n g t o v e r y h i g h 
degrees of ads o r b a t e removal from the f e e d . Removals down to 
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FURNACE 

LIGHT NAPHTHA 

FLUID 
DISTRIBUTION 

CHROMATOGRAPH 
COLUMNS! 

τ Τ τ τ 
FLUID 

DISTRIBUTION 

MAKEUP H 2 

.SEPARATOR 

ISOPARAFFIN 
PRODUCT 

Ν-PARAFFIN 
- PRODUCT 

F i g u r e 9. E l f A q u i t a i n e chromatographic s e p a r a t o r . 
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one volume p a r t per m i l l i o n o r l e s s o f a d s o r b a t e i n the 
l e s s - a d s o r b e d product are not uncommon. 

The development of a v e r y h a r d , m i c r o s p h e r i c a l a c t i v a t e d 
carbon c a l l e d bead a c t i v a t e d carbon (BAC), by Kureha Chemical 
Co., L t d . of Japan has made p o s s i b l e the c o m m e r c i a l i z a t i o n o f a 
new f l u i d i z e d - b e d / m o v i n g - b e d p r o c e s s ( 3 8 ) . T h i s p r o c e s s was 
c a l l e d GASTAK by T a i y o Kaken Co., L t d . (now a p a r t o f Kureha) 
and i s l i c e n s e d by Union C a r b i d e C o r p o r a t i o n f o r s a l e i n the 
U n i t e d S t a t e s and Canada under the name PURASIV HR ( 3 9 ) . A 
diagram i s shown i n F i g u r e 10. T h i s p r o c e s s i s used p r i m a r i l y 
f o r removal o f s o l v e n t vapors from a i r streams. Feed gas i s 
c o n t a c t e d c o u n t e r c u r r e n t l y by f l u i d i z e d adsorbent on t r a y s 
s i m i l a r t o those i n d i s t i l l a t i o n columns. The loaded adsorbent 
t h e n drops i n t o a heated, moving-bed r e g e n e r a t i o n zone where 
the a d s o r b a t e i s desorbed and r e c o v e r e d . S t r i p p e d adsorbent i s 
then g a s - l i f t e d to the top t r a y i n the upper s e c t i o n . Adsorbate 
r e d u c t i o n s i n the l e s s - a d s o r b e d gas can range from 90 t o w e l l 
over 99 p e r c e n t ( 4 0 ) . The advantages c l a i m e d f o r t h i s p r o c e s s 
o v e r f i x e d - b e d p r o c e s s e s i n c l u d e energy r e d u c t i o n s o f 70 t o 75 
p e r c e n t , improved q u a l i t y o f r e c o v e r e d a d s o r b a t e , m e c h a n i c a l 
s i m p l i c i t y and compact s i z e . 

The PURASIV HR p r o c e s s I s not the f i r s t c i r c u l a t i n g -
a d sorbent p r o c e s s t o be c o m m e r c i a l i z e d . As e a r l y as the 1930s 
moving-bed p r o c e s s e s were proposed. About 1950, Union O i l 
Company developed the H y p e r s o r p t i o n moving-bed p r o c e s s f o r 
v a r i o u s l i g h t - h y d r o c a r b o n s e p a r a t i o n s (41,42), and i n the 
mid-1960s, C o r t a u l d s , L t d . developed a f l u i d i z e d - b e d p r o c e s s 
f o r carbon d i s u l f i d e r e c o v e r y from a i r ( 4 3 ) . These p r o c e s s e s 
were plagued by a t t r i t i o n and l o s s of the a c t i v a t e d carbon 
a d s o r b e n t , however, and were shut down. BAC a p p a r e n t l y 
e l i m i n a t e s t h a t problem, r a i s i n g the p o s s i b i l i t y o f a p p l y i n g 
f l u i d i z e d - b e d and moving-bed a d s o r p t i o n t e c h n o l o g y t o a number 
of o t h e r s e p a r a t i o n s . 

F u t u r e D i r e c t i o n s 

As s t a t e d e a r l i e r , d i s t i l l a t i o n and r e l a t e d v a p o r - l i q u i d 
o p e r a t i o n s a r e by f a r the most common s e p a r a t i o n p r o c e s s e s i n 
the o r g a n i c - c h e m i c a l , p e t r o l e u m and a l l i e d i n d u s t r i e s . I t i s 
u n l i k e l y t h a t a d s o r p t i o n w i l l e v e r r i v a l d i s t i l l a t i o n i n 
f r e q u e n c y of use, but a d s o r p t i o n ' s share of the s e p a r a t i o n t a s k 
s h o u l d grow s u b s t a n t i a l l y . The purpose of t h i s s e c t i o n i s t o 
i n d i c a t e the l i k e l y a reas o f growth i n e x i s t i n g and new 
a p p l i c a t i o n s , as w e l l as the t e c h n o l o g i c a l i n n o v a t i o n s w h i c h 
would f o s t e r t h i s growth. 

Gas B u l k S e p a r a t i o n s . Recovery o f oxygen and n i t r o g e n by 
v a r i o u s p r e s s u r e - s w i n g p r o c e s s e s w i l l c o n t i n u e t o grow. Oxygen 
from these p r o c e s s e s i s a l r e a d y b e i n g produced f o r waste-
t r e a t m e n t p l a n t s , f o r w e l d i n g shops and f o r in-home c a r e o f 
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NON-ABSORBED 
GAS 

FEED GAS 

HEATING STEAM 

PREHEATING TUBES 

DESORPTION TUBES 
DESORPTION 
STEAM 

CARRIER GAS 

RECOVERED 
SOLVENT 

CONDENSATE 

F i g u r e 10. PURASIV HR fl u i d ! z e d - b e d / m o v i n g - b e d p r o c e s s . 
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l u n g - d i s e a s e p a t i e n t s . R e c e n t l y i t was announced t h a t u n i t s t o 
su p p l y oxygen on board a i r c r a f t w i l l be b u i l t (44)· N i t r o g e n 
w i l l be produced f o r i n e r t i n g of s t o r a g e t a n k s , p u r g i n g of 
pr o c e s s l i n e s and v e s s e l s , c r e a t i n g m o d i f i e d atmospheres t o 
p r o l o n g s t o r a g e l i f e i n f o o d - s t o r a g e a r e a s , e t c . 

I t can a l s o be p r e d i c t e d t h a t , as f u r t h e r p r o c e s s 
improvements a r e made, PSA oxygen w i l l compete s u c c e s s f u l l y 
w i t h c r y o g e n i c a l l y - p r o d u c e d oxygen i n q u a n t i t i e s c o n s i d e r a b l y 
above 10 t o 20 m e t r i c tons p e r day. 

PSA hydrogen r e c o v e r y w i l l a l s o compete more f a v o r a b l y w i t h 
c r y o g e n i c a l t e r n a t i v e s i n the f u t u r e . Streams of 50 t o 100 
thousand c u b i c meters per hour w i l l be pr o c e s s e d a t p r e s s u r e s up 
to about 70 atmospheres. I n a d d i t i o n , as hydrogen becomes more 
v a l u a b l e i n c h e m i c a l p r o c e s s e s , h i g h - p u r i t y hydrogen v i a PSA 
w i l l be used more f r e q u e n t l y t o mi n i m i z e v e n t - s t r e a m l o s s e s . 
C o n v e r s e l y impure hydrogen i n o t h e r vent streams w i l l be a 
ca n d i d a t e f o r r e c o v e r y and cleanup v i a PSA. 

But p r e s s u r e - s w i n g p r o c e s s e s w i l l n o t compete w i t h 
d i s t i l l a t i o n f o r many gas s e p a r a t i o n s r e q u i r i n g the p r o d u c t i o n 
of two n e a r l y pure p r o d u c t s (examples: e t h a n e / e t h y l e n e , removal 
of i n e r t s from n a t u r a l gas) w i t h o u t a t e c h n o l o g i c a l b r e a k t h r o u g h . 
That br e a k t h r o u g h would be the a b i l i t y t o per f o r m such 
s e p a r a t i o n s i n a r e l a t i v e l y m e c h a n i c a l l y s i m p l e , i . e . , low-
in v e s t m e n t , f a s h i o n , and w i t h energy requirements l e s s than 
those o f comparable d i s t i l l a t i o n s . Though these a r e f o r m i d a b l e 
g o a l s , they s h o u l d n o t be c o n s i d e r e d i m p o s s i b l e t o a t t a i n . 

Displacement-purge c y c l e s w i l l not f i n d many new uses , 
p r i m a r i l y because o f t h e i r i n h e r e n t c o m p l e x i t y (see F i g u r e 1 ) . 
T h i s c o m p l e x i t y p r e v e n t s these c y c l e s from competing w i t h 
d i s t i l l a t i o n from an investment s t a n d p o i n t except i n cases 
where key-component r e l a t i v e v o l a t i l i t i e s a re w e l l below 1.5. 
I n e r t - p u r g e c y c l e s w i l l f i n d a d d i t i o n a l uses i f the problem of 
d i s s i p a t i n g or coping w i t h the heat of a d s o r p t i o n , which can 
cause l a r g e temperature r i s e s d u r i n g a d s o r p t i o n and thereby 
l i m i t a d s o r p t i o n c a p a c i t y , can be s o l v e d . 

Moving-bed and f l u i d i z e d - b e d p r o c e s s e s s h o u l d be 
r e i n v e s t i g a t e d f o r economic v i a b i l i t y , g i v e n the e x i s t e n c e of 
K u r e h a 1 s BAC and the p o s s i b l i t y of p r o d u c i n g o t h e r a d s o r b e n t s 
i n a tough, m i c r o s p h e r o i d a l form. A l s o , the r e c e n t work of 
Szirmay (45) c e r t a i n l y g i v e s impetus t o moving-bed p r o c e s s e s by 
showing t h a t q u i t e sharp s e p a r a t i o n s can be made between key 
components i n v e r y s h o r t l e n g t h s of bed. A major problem of 
such p r o c e s s e s i s the same as t h a t of the f i x e d - b e d , i n e r t - p u r g e 
c y c l e s : the l a r g e temperature r i s e accompanying a d s o r p t i o n , 
such as was found i n the H y p e r s o r p t i o n p r o c e s s ( 4 1 ) . 

F i n a l l y , t h e r e may be a few o p p o r t u n i t i e s f o r c l o s e -
c o u p l i n g of r e a c t i o n and a d s o r p t i o n systems to overcome 
t h e r m o d y n a m i c - e q u i l i b r i u m l i m i t a t i o n s o r t o enhance s e l e c t i v i t y 
by o p e r a t i n g w i t h low c o n v e r s i o n s per pass. R e a c t i o n types 
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8. K E L L E R Gas-Adsorption Processes 167 

I n c l u d e h y d r o g e n a t i o n / d e h y d r o g e n a t i o n , I s o m e r i z a t i o n and 
e s t e r i f i c a t i o n / d e e s t e r i f i c a t i o n , among o t h e r s , w i t h b o i l i n g 
p o i n t s o f the s p e c i e s low enough t o be amenable t o vapor-phase 
p r o c e s s i n g . 

Gas P u r i f i c a t i o n s * Few i f any major pr o c e s s i n n o v a t i o n s 
a r e l i k e l y t o o c c u r i n t h i s a r e a * F i x e d - b e d , temperature-swing 
p r o c e s s e s w i l l c o n t i n u e t o dominate, w i t h some e x t e n s i o n o f 
PURASIV HR t e c h n o l o g y I n t o new a r e a s * A p p l i c a t i o n s o f 
a d s o r p t i o n w i l l grow, however* A major a r e a f o r growth i s the 
r e c o v e r y of s m a l l amounts o f o r g a n i c s from c h e m i c a l - p r o c e s s , 
s t o r a g e - t a n k and o t h e r gaseous v e n t s , as w e l l as from s o l v e n t -
p a i n t i n g , p u r g i n g and c l e a n i n g o p e r a t i o n s . T h i s a r e a w i l l grow 
i n d i r e c t r e l a t i o n t o the concern over a i r - p o l l u t i o n problems* 
Other major-use a r e a s - gas d e h y d r a t i o n , removal o f s u l f u r 
compounds and carbon d i o x i d e , and v a r i o u s s p e c i a l t y s e p a r a t i o n s 
(37) - w i l l grow i n p r o p o r t i o n t o the growth i n the i n d u s t r i e s 
they s e r v e * 
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Nonisothermal Gas Sorption Kinetics 

SHIVAJI SIRCAR and RAVI KUMAR 
Air Products and Chemicals, Inc., Allentown, PA 18105 

Analytical equations for adsorbate uptake 
and radial adsorbent temperature profiles 
during a differential kinetic test are derived. 
The model assumes that the mass transfer into 
the adsorbent can be described by a linear 
driving force model or the surface barrier 
model. Heat transfer by Fourier conduction 
inside the adsorbent mass in conjunction with 
external film resistance is considered. 

Experimental uptake data for sorption of 
i-octane on 13X zeolite and n-pentane on 5Å 
zeolite were quantitatively described by the 
model. The results show that internal thermal 
resistance of the adsorbent mass plays a 
significant role during the uptake for these 
systems even though the adsorbent temperature 
changes are small. 

The model shows that the non-isothermal 
uptake curve for an adsorbent mass which has 
low effective thermal conductivity (ke) is 
identical in form to that of the isothermal 
Fickian diffusion model for mass transport. 
It is shown that ke can be significantly low 
for an assemblage of microparticles at low 
pressure and high temperatures. 

A parametric study of the effects of the 
equilibrium and the transport properties of 
the adsorption system on sorption kinetics is 
carried out. Complex interactions between 
these properties in determining the shape of 
the uptake curve are observed. 

0097-6156/83/0223-0171$07.00/0 
© 1983 American Chemical Society 
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The importance o f adsorbent n o n - i s o t h e r m a l i t y d u r i n g 
the measurement o f s o r p t i o n k i n e t i c s has been r e c o g n i z e d i n 
r e c e n t y e a r s . S e v e r a l m a t h e m a t i c a l models t o d e s c r i b e t he 
no n - i s o t h e r m a l s o r p t i o n k i n e t i c s have been f o r m u l a t e d [ 1 - 9 ] . 
Of p a r t i c u l a r i n t e r e s t a r e the models d e s c r i b i n g t he uptake 
d u r i n g a d i f f e r e n t i a l s o r p t i o n t e s t because they p r o v i d e 
r e l a t i v e l y s i m p l e a n a l y t i c a l s o l u t i o n s f o r d a t a a n a l y s i s 
[ 6 - 9 ] . These models assume t h a t mass t r a n s f e r can be 
d e s c r i b e d by the F i c k i a n d i f f u s i o n model and heat t r a n s f e r 
from the s o l i d i s c o n t r o l l e d by a f i l m r e s i s t a n c e o u t s i d e 
the adsorbent p a r t i c l e . D i f f u s i o n o f adsorbed m o l e c u l e s 
i n s i d e the adsorbent and gas d i f f u s i o n i n the i n t e r p a r t i c l e 
v o i d s have been c o n s i d e r e d as the c o n t r o l l i n g mechanism f o r 
mass t r a n s f e r . 

Comparisons o f e s t i m a t e d d i f f u s i v i t y v a l u e s on z e o l i t e s 
from s o r p t i o n uptake measurements and those o b t a i n e d from 
d i r e c t measurements by n u c l e a r magnetic resonance f i e l d 
g r a d i e n t t e c h n i q u e s have i n d i c a t e d l a r g e d i s c r e p a n c i e s 
between the two f o r many systems [ 1 0 ] . I n a d d i t i o n , t he 
former method has o f t e n r e s u l t e d i n an ads o r b a t e d i f f u s i v i t y 
d i r e c t l y p r o p o r t i o n a l t o the adsorbent c r y s t a l s i z e [ 1 1 ] . 
T h i s l e d some r e s e a r c h e r s t o b e l i e v e t h a t t he r e s i s t a n c e t o 
mass t r a n s f e r may be c o n f i n e d i n a s k i n a t t h e s u r f a c e o f 
the adsorbent c r y s t a l o r p e l l e t ( s u r f a c e b a r r i e r ) [10,11]. 
The i s o t h e r m a l s u r f a c e b a r r i e r model, however, f a i l e d t o 
d e s c r i b e e x p e r i m e n t a l uptake data q u a n t i t a t i v e l y [10,12]. 

Measurement o f r a d i a l temperature g r a d i e n t i n s i d e t h e 
adsorbent p a r t i c l e d u r i n g the s o r p t i o n t e s t showed t h a t t he 
i n t e r n a l r e s i s t a n c e t o heat t r a n s f e r may not be n e g l i g i b l e 
i n comparison w i t h the e x t e r n a l f i l m [13-16]. 

I n view o f these o b s e r v a t i o n s , we propose a non-
i s o t h e r m a l s o r p t i o n k i n e t i c s model w i t h t he f o l l o w i n g 
assumptions : 

(a) Sorbate mass t r a n s f e r can be d e s c r i b e d by a l i n e a r 
d r i v i n g f o r c e model (LDF) u s i n g a "lumped-up" mass 
t r a n s f e r c o e f f i c i e n t k [ 1 7 ] . 

(b) F o u r i e r c o n d u c t i o n i n s i d e the adsorbent mass i n 
c o n j u n c t i o n w i t h an e x t e r n a l f i l m r e s i s t a n c e d e s c r i b e s 
the heat t r a n s f e r from the adso r b e n t . 

The LDF model i s a r e a l i s t i c r e p r e s e n t a t i o n o f t h e 
system w i t h a s u r f a c e b a r r i e r . O t h e r w i s e , k can be t r e a t e d 
as an apparent mass t r a n s f e r c o e f f i c i e n t i r r e s p e c t i v e o f the 
t r u e t r a n s p o r t mechanism which can be d i r e c t l y used i n the 
d e s i g n and o p t i m i z a t i o n o f a d s o r b e r s . T h i s concept has been 
s u c c e s s f u l l y used t o a n a l y z e column b r e a k t h r o u g h d a t a f o r 
p r a c t i c a l n o n - i s o t h e r m a l systems [18-20]. I t s u b s t a n t i a l l y 
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9. S I R C A R A N D K U M A R Νonisothermal Gas Sorption Kinetics 

s i m p l i f i e s the mat h e m a t i c a l m o d e l l i n g o f the b e h a v i o r of 
adsorbent columns i n comparison w i t h the use o f F i c k i a n 
d i f f u s i o n models [22,23]. 

N o n - i s o t h e r m a l LDF Model 

We assume t h a t the adsorbent mass used i n the k i n e t i c 
t e s t c o n s i s t s o f a sphere o f r a d i u s R. I t may be composed 
of s e v e r a l m i c r o s i z e p a r t i c l e s (such as z e o l i t e c r y s t a l s ) 
bonded t o g e t h e r as i n a commercial z e o l i t e bead o r s i m p l y an 
assemblage o f the m i c r o p a r t i c l e s . I t may a l s o be composed 
of a n o n c r y s t a l l i n e m a t e r i a l such as g e l s o r aluminas o r 
a c t i v a t e d carbons. The r e s i s t a n c e t o mass t r a n s f e r may 
occur a t the s u r f a c e o f the sphere o r a t the s u r f a c e o f each 
m i c r o p a r t i c l e . The heat t r a n s f e r i n s i d e the adsorbent mass 
i s c o n t r o l l e d by i t s e f f e c t i v e t h e r m a l c o n d u c t i v i t y . Each 
m i c r o p a r t i c l e i s a t a u n i f o r m temperature dependent on time 
and i t s p o s i t i o n i n the sphere. 

We assume t h a t the adsorbent mass i s i n i t i a l l y i n 
e q u i l i b r i u m w i t h the adsorbate a t p r e s s u r e Ρ and temperature 
Τ , and a d i f f e r e n t i a l s t e p change i n the gas phase p r e s s u r e 
t o P^ i s a p p l i e d a t time t = 0. The p r e s s u r e i n s i d e the 
adsorbent mass ( o r the m i c r o p a r t i c l e s ) , P ( t ) , i n c r e a s e s w i t h 
t i m e , which i s g i v e n by: 

^ = k s [P. - Pit)] (D 
k g i s the "lumped-up" mass t r a n s f e r c o e f f i c i e n t . 

The heat b a l a n c e f o r the adsorbent i n the r e g i o n 
0 ^ r < R may be w r i t t e n as: 

8T 
p C 8 t 

1 3 r, 2 3T -j 3n ( 0 , 
= 2 · 3 r I k e r * 8? 1 / p q 8 t ( 2 ) 

r r t r 

Where Τ i s the temperature of the adsorbent mass a t 
r a d i u s r and time t . η i s the adsorbate l o a d i n g p e r u n i t 
weight o f the adsorbent a t r a d i u s r and time t . q i s the 
i s o s t e r i c heat o f a d s o r p t i o n , p, c and k a r e , r e s p e c t i v e l y , 
the d e n s i t y , the heat c a p a c i t y and the e f f e c t i v e t h e r m a l 
c o n d u c t i v i t y o f the adsorbent mass. 

The adsorbent i s a t e q u i l i b r i u m under l o c a l c o n d i t i o n s 
o f Ρ and T. Thus f o r a d i f f e r e n t i a l t e s t where the changes 
i n t he adsorbent temperature and the ads o r b a t e l o a d i n g a r e 
s m a l l , one may w r i t e : 

[n ( t , r ) - n j = a [P - P j + b [ T ( t , r ) - T j (3) 
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174 INDUSTRIAL GAS SEPARATIONS 

= 3n* 
3 9P a t Τ , P 

ο' » (4) 
« _ 8 η* / « - λ 

8Τ a t Τ , Ρ ^ ; 

The a s t e r i c k i n d i c a t e s t h a t the q u a n t i t i e s a r e e v a l u a t e d 
under e q u i l i b r i u m c o n d i t i o n s , η and a r e , r e s p e c t i v e l y , 
the i n i t i a l and the f i n a l e q u i l i S r i u m a d s orbate l o a d i n g s 
d u r i n g t h e t e s t . 

The boundary c o n d i t i o n s f o r e q u a t i o n s (1) and (2) a r e : 

P(o) = P o 

00 
8T 
8 r 

Ρ (oo) = ρ 
T ( r , o ) = Τ 
T(r,oo) = T° 

= 0 
= 0 

8T h 
r = R Br " k [ T - V 

The l a s t boundary c o n d i t i o n accounts f o r the e x t e r n a l 
heat t r a n s f e r from the adsorbent mass, h i s the e f f e c t i v e 
e x t e r n a l heat t r a n s f e r c o e f f i c i e n t , a, b, c, p, q, k e , k g 

and h can be assumed t o be c o n s t a n t s f o r a d i f f e r e n t i a l 
t e s t . 

The average adsorbate l o a d i n g i n the adsorbent mass, 
n ( t ) , can be o b t a i n e d by: 

n ( t ) = — | — J η ( r , t ) . r 2 . d r (6) 
R J ο 

Eq u a t i o n s (1) - (3) and (6) were s i m u l t a n e o u s l y s o l v e d 
u s i n g t he above boundary c o n d i t i o n s by L a p l a c e t r a n s f o r m a t i o n 
and i n v e r s i o n by the method of r e s i d u e s t o o b t a i n the f o l l o w i n g 
a n a l y t i c a l e q u a t i o n s : 

F = 1 - e 6§ _ Π s 2 

ι-β n-P 2 Ρ 2 { P 2 - s ( i - s ) } 

( e " V - e" n T) (7) 
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9. S I R C A R A N D K U M A R Nonisothermal Gas Sorption Kinetics 

6 = 2 
S i n ρ χ 

*η η s 2 2 
(χ) S i n p n η - P n { p n - s ( l - s ) } 

- ρ 2 τ -ητ 
(e n - e ) (8) 

where χ = r/R 

„2 

c 

s = h R 
k 
e 

k 
α = ? (9) 

pcCl-β) 
2 

n = 

F = 

θ = 

k R s 
α 

n -n 
ο n -n 

00 o 
T ( x , t ) - T ο 

(T*-T ) 

T* - T 
ο 

1 (noo - n
0 > 

o' c (1 - β) 

p 's a r e the p o s i t i v e r o o t s o f the t r a n s c e d e n t a l _ .n r 

e q u a t i o n : 

P n c o t p n - 1 = - s n = 1,2,3, (10) 

I t can be shown from a d s o r p t i o n thermodynamics t h a t : 
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176 INDUSTRIAL GAS SEPARATIONS 

β = 
* <VnJ/2 Bin η 

C R T 2 8 * n P 

(11) 
a t Τ ,(Ρ +P )/2 g o o' ο » 

a, q and β can be c a l c u l a t e d from the e q u i l i b r i u m a d s o r p t i o n 
i s o t h e r m s a t v a r i o u s t e m p e r a t u r e s . R i s the gas c o n s t a n t . 

E q u a t i o n (7) g i v e s t he d i m e n s i o n l e s s u p t a k e , F, f o r t he 
d i f f e r e n t i a l t e s t i n terms o f d i m e n s i o n e l s s time (τ). 
E q u a t i o n (8) d e s c r i b e s t h e d i m e n s i o n e l s s absorbent temperature 
θ as a f u n c t i o n o f d i m e n s i o n l e s s time and r a d i u s ( x ) . The 
pa r a t m e t e r s o f these two e q u a t i o n s a r e d i m e n s i o n l e s s groups, 
η [ r e c i p r o c a l o f m o d i f i e d Lewis number], s [ B i o t number] and 
the e q u i l i b r i u m parameter β. 

Eq u a t i o n s (7) and (8) have n i n e v a r i a b l e s , V i z . a, q, 
b, c, p, R, k , and h. Of the s e v a r i a b l e s , t he e q u i l i b r i u m 
p r o p e r t i e s [ a , q, β] can be e v a l u a t e d by independent measurement 
o f a d s o r p t i o n i s o t h e r m s a t two o r more temper a t u r e s . The 
p h y s i c a l p r o p e r t i e s o f the adsorbent mass [ c , p, R] can a l s o 
be i n d e p e n d e n t l y measured. The re m a i n i n g t h r e e t r a n s p o r t 
p r o p e r i e s [k , k , h] can th e n be e v a l u a t e d from t he 
e x p e r i m e n t a l uptake data and the temperature-time p r o f i l e s 
i n the adsorbent a t two d i f f e r e n t r a d i a l p o s i t i o n s u s i n g 
e q u a t i o n s (7) and ( 8 ) . However, measurement o f T ( x , t ) may 
be d i f f i c u l t i n a d i f f e r e n t i a l t e s t . 2 

F o r mod e r a t e l y f a s t a d s o r p t i o n (η » ρ,), i t can be 
shown from e q u a t i o n (7) t h a t a p l o t o f I n [ l - F ( t ) ] a g a i n s t t 
y i e l d s a s t r a i g h t l i n e a t l a r g e t . Such b e h a v i o r has been 
e x p e r i m e n t a l l y observed f o r many systems [7,8,24]. The 
s l o p e (m) and i n t e r c e p t ( I ) a t t = 0 o f the l i n e a r curve a r e 
g i v e n by: 0 

α ρι (12) 

I = - 0 * (13) 
1 " Ρ χ Ρ χ ίνλ - s ( l - s ) } 

where p^ i s the f i r s t r o o t o f e q u a t i o n (10) 

p-ĵ  c o t p 1 - 1 = - s (14) 

E q u a t i o n (7) shows t h a t the s l o p e (m ) o f l n [ l - F ( t ) ] 
a g a i n s t t a t t = 0 i s : 
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9. S I R C A R A N D K U M A R Nonisothermal Gas Sorption Kinetics 

E q u a t i o n s (12)-(15) p r o v i d e f g u r independent e q u a t i o n s 
r e l a t i n g the parameters η, p^, a/R and s. Thus a unique 
s o l u t i o n i s p o s s i b l e . However, m may be d i f f i c u l t t o 
measure f o r systems w i t h relativeîy f a s t a d s o r p t i o n . I n 
t h a t c a s e , the problem reduces t o a s i n g l e v a r i a b l e s e a r c h 
t o b e s t f i t the uptake curve u s i n g e q u a t i o n s ( 1 2 ) - ( 1 4 ) . 

S p e c i a l Cases 

F o r i s o t h e r m a l a d s o r p t i o n [q-K)], e q u a t i o n (7) reduces t o 

-k t 
F = 1 - e S (16) 

F o r v e r y r a p i d a d s o r p t i o n [k -*»], e q u a t i o n s (7) and (8) 
become : 

2 - p 2 T 
F = 1 + > ~ 2 γ e n (17) 

P„ iP„ - s ( l - s ) } 

- P 2 T 
θ = 2 ^ — £ e n (18) 

( x ) s i n p n { p n - s ( l - s ) } 

E q u a t i o n (17) r e p r e s e n t s the g e n e r a l case o f uptake 
under complete heat t r a n s f e r c o n t r o l and e q u a t i o n (18) g i v e s 
the c o r r e s p o n d i n g adsorbent temperature p r o f i l e . F u r t h e r m o r e , 
i f k^ i s l a r g e compared t o h, (s << 1 ) , e q u a t i o n (10) can be 
approximated as ρ ~ 3 s and e q u a t i o n s (17) and (18) reduce 
t o n 

3ht 
Rp< 

1-β 
ο Rpcd-β) 

F = 1 + A e (19) 

3ht 
- Rpcd-β) 

Θ = e (20) 

E q u a t i o n s (19) and (20) co r r e s p o n d t o the f a m i l i a r case 
of uptake c o n t r o l l e d by e x t e r n a l heat t r a n s f e r r e s i s t a n c e 
d e r i v e d e a r l i e r by K i n g and C a s s i e [ 2 5 ] . E q u a t i o n (20) 
shows t h a t (T*-T ) i s the maximum temperature r i s e i n the 
adsorbent f o r t h i s case, and i t o c c u r s a t t = 0. 

F o r the case where k i s v e r y s m a l l , as compared w i t h 
k and h, (η » 1, s » l 5 , the r o o t s o f e q u a t i o n (10) are 
g i v e n by ρ ~ ηπ, and e q u a t i o n s (7) and (8) t r a n s f o r m t o : 
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178 INDUSTRIAL GAS SEPARATIONS 

α (απ) t 

F = 1 + _6g 
1-β 

(21) 

α (ηπ) t 

Θ = Σ S i n n7tx (22) e n7tx 

The form o f e q u a t i o n (21) i s i n t e r e s t i n g . I t shows 
t h a t the uptake curve f o r a system c o n t r o l l e d by heat t r a n s f e r 
w i t h i n the adsorbent mass has an e q u i v a l e n t m a t h e m a t i c a l 
form t o t h a t o f the i s o t h e r m a l uptake by the F i c k i a n d i f f u s i o n 
model f o r mass t r a n s f e r [ 2 6 ] . The i s o t h e r m a l model hag mass 
d i f f u s i v i t y (D/R ) i n s t e a d o f therm a l d i f f u s i v i t y (α/R ) i n 
the e x p o n e n t i a l terms o f e q u a t i o n ( 2 1 ) . A c c o r d i n g t o e q u a t i o n 
( 2 1 ) , uptake w i l l be p r o p o r t i o n a l t o V t a t the e a r l y stages 
of the pro c e s s which i s u s u a l l y a ccepted as evidence of 
i n t r a p a r t i c l e d i f f u s i o n [ 2 7 ] . T h i s s t u d y shows t h a t such 
b e h a v i o r may a l s o be caused by heat t r a n s f e r r e s i s t a n c e 
i n s i d e the adsorbent mass. E q u a t i o n (22) shows t h a t t he 
s u r f a c e temperature o f the adsorbent p a r t i c l e w i l l remain a t 
Τ a t a l l t and the maximum temperature r i s e o f the adsorbent 
i s T* a t the c e n t e r o f the p a r t i c l e a t t = 0. The magnitude 
of T* depends on (n^-n ) , q, c and β, and can be v e r y s m a l l 
i n a d i f f e r e n t i a l t e s t . 

E x p e r i m e n t a l V e r i f i c a t i o n 

The proposed model was used t o f i t the uptake data f o g 
s o r p t i o n of i - o c t a n e on 13X z e o l i t e [8] and n-pentane on 5A 
z e o l i t e [ 7 ] . These experiments were c a r r i e d out u s i n g an 
assemblage of m i c r o s i z e c r y s t a l s and s a t i s f i e d the c r i t e r i a 
f o r a d i f f e r e n t i a l t e s t . 

F i g u r e 1 shows the uptake o f i - o c t a n e on 13X z e o l i t e a t 
403 Κ measured under a mean p r e s s u r e l e v e l o f 0.048 t o r r . 
The s o l i d l i n e ( c urve a) i s the b e s t f i t o f the data by 
e q u a t i o n (7) which shows t h a t the data can be q u a n t i t a t i v e l y 
d e s c r i b e d by the model. β f o r the system was e v a l u a t e d 
u s i n g the e q u i l i b r i u m data [ 8 ] . A heat o f a d s o r p t i o n o f 
19.5 kc a l / m o l e was c a l c u l a t e d f o r the system, c and ρ were 
taken t o be 0.25 cal/gm/K and 0.8 g/cc, r e s p e c t i v e l y . 
Curve b i n F i g u r e 1 shows the uptake curve f o r the same k g 

as i n curve a but w i t h o n l y the e x t e r n a l f i l m r e s i s t a n c e 
c o n t r o l l i n g the heat t r a n s f e r . Curve c shows the 
c o r r e s p o n d i n g i s o t h e r m a l uptake. These curves c l e a r l y 
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9. S I R C A R A N D K U M A R Νonisothermal Gas Sorption Kinetics 179 

0 40 80 120 160 200 240 280 
tSEC 

F i g u r e 1 . S o r p t i o n o f i - o c t a n e on 1 3 X a t U03 K: (a) comparison 
o f t h e e x p e r i m e n t a l uptake w i t h t h e b e s t f i t o b t a i n e d by t h e p r e s e n t 
model; (b) uptake w i t h no i n t e r n a l heat t r a n s f e r r e s i s t a n c e ; and 
(c) uptake f o r an i s o t h e r m a l case. 
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demonstrate the importance and e f f e c t s o f v a r i o u s heat 
t r a n s f e r r e s i s t a n c e s on the shapes o f the uptake c u r v e s . 
They a l s o show t h a t i g n o r i n g any o f these t h e r m a l r e s i s t a n c e s 
i n a model may y i e l d a lower v a l u e o f the mass t r a n s f e r 
c o e f f i c i e n t . 

F i g u r e 2 shows the c o r r e s p o n d i n g temperature p r o f i l e s 
a t the c e n t e r and the s u r f a c e o f the adsorbent mass c a l c u l a t e d 
by e q u a t i o n ( 8 ) . The maximum temperature r i s e s a t the 
c e n t e r and the s u r f a c e a r e , r e s p e c t i v e l y , o n l y 0.64°C and 
0.23°C. F i g u r e 2 a l s o shows t h a t the maximum temperature 
r i s e o c c u r s much e a r l i e r a t the s u r f a c e than a t the c e n t e r 
and the s u r f a c e temperature q u i c k l y approaches t h a t o f the 
s u r r o u n d i n g . 0 

F i g u r e 3 shows the uptake of n-pentane on 5A z e o l i t e 
[7] a t 523 Κ (13 mg sample) measured under a mean présure 
l e v e l o f 24 t o r r . T h i s system e x h i b i t s much f a s t e r uptake 
than the p r e v i o u s one. The d a t a can a g a i n be q u a n t i t a t i v e l y 
d e s c r i b e d by the model as shown by curve a i n the f i g u r e . 
The e q u i l i b r i u m d ata [28] was used t o e v a l u a t e β f o r the 
system. A heat o f a d s o r p t i o n o f 14.9 k c a l / m o l e was e s t i m a t e d 
f o r the system. Curves b and c, r e s p e c t i v e l y , show the 
c o r r e s p o n d i n g uptakes f o r e x t e r n a l f i l m heat t r a n s f e r c o n t r o l 
and i s o t h e r m a l s o r p t i o n u s i n g the same k as i n curve a. 

F i g u r e 4 shows the c a l c u l a t e d temperature p r o f i l e s f o r 
t h i s system. The maximum temperature r i s e s a t t h e c e n t e r 
and the s u r f a c e a r e , r e s p e c t i v e l y , 2.3°C and 0.7°C and i t 
o c c u r s e a r l i e r a t the s u r f a c e . The s u r f a c e c o o l s down t o 
near ambient temperature q u i c k e r than the c e n t e r . 

E f f e c t i v e Thermal C o n d u c t i v i t y 

No e x p e r i m e n t a l d a t a on t h e e f f e c t i v e t h e r m a l c o n d u c t i v i t y 
o f an assemblage o f m i c r o n s i z e z e o l i t e c r y s t a l s under t h e 
c o n d i t i o n s o f s o r p t i o n t e s t s used i n the examples above 
c o u l d be found i n the l i t e r a t u r e . However, s e v e r a l methods 
are a v a i l a b l e f o r the c a l c u l a t i o n o f k f o r an assemblage o f 
p a r t i c l e s w i t h v o i d f r a c t i o n f . The tHe rmal c o n d u c t i v i t i e s 
o f t h e s o l i d phase (k ) and the gas phase (k ) i n t h e v o i d s 
are needed [ 2 9 ] . We Ssed the method developed by Maxwell. 

k a t low p r e s s u r e s can be s i g n i f i c a n t l y lower than t h e 
gas t h i r m a l c o n d u c t i v i t y a t atmospheric p r e s s u r e (k°) due t o 
the f o r m a t i o n o f Knudsen regime i n the v o i d space [§0,31]. 
T h i s i s expected t o happen when the mean f r e e p a t h (λ) o f 
the gas becomes comparable t o the space between the p a r t i c l e s 
(£ ) o f the assemblage. S i n c e the t r u e s i z e o f the space 
between the p a r t i c l e s i s not known, we assume i t t o be e q u a l 
t o t h e diameter o f the m i c r o p a r t i c l e (d ) as a f i r s t 
a p p r o x i m a t i o n . The Knudsen e f f e c t h a s ^ h o w e v e r , been observed 
a t much h i g h e r p r e s s u r e s where λ << d n [ 3 2 ] . 
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0 10 20 30 40 50 60 70 
tSEC 

F i g u r e 3. S o r p t i o n o f n-pentane on 5A a t 523 K: (a) comparison 
o f t h e e x p e r i m e n t a l uptake w i t h t h e b e s t f i t o b t a i n e d by the p r e s e n t 
model; (b) uptake w i t h no i n t e r n a l heat t r a n s f e r r e s i s t a n c e ; and 
(c) uptake f o r an i s o t h e r m a l case. 
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2 5 Γ 
2.4 h 

10 20 30 40 45 

tSEC 

F i g u r e h. S o r p t i o n o f n-pentane on 5& a t 523 K: temperature 
p r o f i l e s c a l c u l a t e d "by t h e p r e s e n t model. 
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F o l l o w i n g the procedure developed by Cha and McCoy 
[ 3 1 ] , t he r e l a t i o n s h i p between k i n t h e Knudsen regime and 
k° f o r a p o l y a t o m i c gas may be written as: 

k. Li \ 4 (>+ i ) J 
where γ i s t h e r a t i o o f t h e s p e c i f i c h e a t s o f the gas a t 
c o n s t a n t p r e s s u r e and volume and A i s a f u n c t i o n o f the 
Knudsen t h e r m a l accomodation c o e f f i c i e n t s o f t h e heat 
exchanging s u r f a c e s . A depends on t h e n a t u r e o f the gas 
mol e c u l e s and the s u r f a c e s [ 3 0 ] . k° was e s t i m a t e d u s i n g t he 
method o f Roy and Thodos and y was obtained from t he 
p u b l i s h e d d a t a [ 3 3 ] . 

The mean f r e e p aths o f i - o c t a n e and n-pentane a t t h e 
c o n d i t i o n s o f the s o r p t i o n experiments were c a l c u l a t e d t o be 
750 and 2 m i c r o n s , r e s p e c t i v e l y . They a r e comparable w i t h 
the average c r y s t a l d i a m e t e r s o f , r e s p e c t i v e l y , 39 and 3.6 
microns f o r t h e 13X and 5A z e o l i t e s used i n the t e s t g . 
U s i n g t he above d e s c r i b e d procedure and k = A χ 10 
cal/sec/cm/K [ 3 4 ] , f = 0.j> [8] and A = l^ Pwe c a l c u l a t e d k g 

o f , r e s p e c t i v e l y , 5 χ 10 and 1.2 χ 10 cal/sec/cm/K f o r 
the i-octane-13X and n-pentane-5A systems. These numbers 
are i n good agreement a t l e a s t i n the o r d e r o f magnitude 
w i t h t he k v a l u e s o b t a i n e d from t he a n a l y s i s o f s o r p t i o n 
d a ta c o n s i d e r i n g the u n c e r t a i n t i e s i n the t h e o r i e s and the 
v a l u e s o f the parameters (A, £ , f e t c ) used. I t may be 
concluded t h a t k can be low f o r an assemblage o f m i c r o -
c r y s t a l s a t low p r e s s u r e s and h i g h temperatures and i n t e r n a l 
t h e r m a l r e s i s t a n c e can be s i g n i f i c a n t . 

E x t e r n a l Heat T r a n s f e r C o e f f i c i e n t 

The e x t e r n a l heat t r a n s f e r c o e f f i c i e n t i s g i v e n by the 
sum o f the c o n d u c t i v e (h ) and r a d i a t i v e (hp) c o n t r i b u t i o n s . 
These depend on the shape and the s i z e o f the pan c o n t a i n i n g 
the a d s o r b e n t , area o f exposed a d s o r b e n t s , volume r a t i o o f 
pan t o ad s o r b e n t , e m m i s i v i t i e s o f the adsorbent and the pan 
e t c . We c a l c u l a t e d an o r d e r o f magnitude o f h, f o r a sphere 
w i t h e q u i v a l e n t volume o f the., adsorbent mass by u s i n g 
h c = k°/R and h^ = 4.33 χ 10 Τ [ 7 ] . The v a l u e s f o r 
i-o c t a f i e - 1 3 X and n-pentane-5A sysîems^ere found t o be, 
r e s p e c t i v e l y , 6.3 χ 10 and 1.3 χ 10 cal/cm /sec/K. 
These v a l u e s are i n good agreement w i t h those o b t a i n e d from 
the a n a l y s i s o f the s o r p t i o n d ata by the LDF model i n view 
of t he a p p r o x i m a t i o n s made. 
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P a r a m e t r i c Study 

F i g u r e 5 shows the e f f e c t o f η on t h e shape o f the 
uptake curve f o r a g i v e n s and β. F i g u r e 6 shows the 
c o r r e s p o n d i n g d i m e n s i o n l e s s adsorbent temperature p r o f i l e s 
a t χ = 0. The a b s c i s a i n F i g u r e s 5 and 6 a r e d i m e n s i o n l e s s 
time τ. Low η(low k , h i g h k ) corresponds t o i s o t h e r m a l 
s o r p t i o n and v e r y l a r g e η ( h i g h k , low k ) r e p r e s e n t s 
s o r p t i o n under complete heat t r a n s f e r c o n t r o l . The i n i t i a l 
s l o p e o f the uptake curve i s a s t o n g f u n c t i o n o f η b u t t h e 
s l o p e o f the l i n e a r r e g i o n a t l a r g e I i s a weak f u n c t i o n o f 
η i n d i c a t i n g dominance o f heat t r a n s f e r i n t h a t r e g i o n . 
F i g u r e 6 shows t h a t the maximum temperature r i s e i n the 
adsorbent i s h i g h e r f o r l a r g e r v a l u e s o f η and i t o c c u r s a t 
s m a l l e r v a l u e s o f T. I n r e a l t i m e , however, the maximum 
oc c u r s a t l o n g e r times f o r lower k f o r a g i v e n η and t h e 
adsorbent c o o l s down s l o w e r . 

F i g u r e 7 shows the e f f e c t s o f the e q u i l i b r i u m parameter 
β on the uptake curve f o r a g i v e n η and s. F a s t e s t a d s o r p t i o n 
o c c u r s a t β = 0 which corresponds t o the i s o t h e r m a l case. 
The r a t e o f uptake slows down c o n s i d e r a b l y as β d e c r e a s e s , 
β a f f e c t s the s l o p e s o f b o t h the i n i t i a l and t h e l a t e r 
p o r t i o n s o f the uptake c u r v e . T h i s shows t h a t uptake r a t e 
i s v e r y s e n s i t i v e t o the a d s o r b a t e l o a d i n g and t h e heat o f 
s o r p t i o n . F o r a Langmurian system, β may be w r i t t e n as: 

β = - I* (24) 
c R T 2 

8 ο 
where n i s the Langmuir s a t u r a t i o n c a p a c i t y and θ (= n^/n) 
i s the f r a c t i o n a l coverage o f the a d s o r b a t e i n t h e t e s t . 
E q u a t i o n (24) shows t h a t β i s a f fU M shaped f u n c t i o n o f θ 
h a v i n g a minimum a t θ = 0.50 and v a l u e s a p p r o a c h i n g z e r o a t 
0 = 0 and 1. C o n s e q u e n t l y , the uptake w i l l slow down as θ 
i n c r e a s e s from 0-0.5 and become f a s t e r a f t e r θ ^ 0.50. T h i s 
would r e s u l t i n a "U" shaped dependence o f d i f f u s i v i t y on 
coverage e s t i m a t e d by an i s o t h e r m a l model. T h i s b e h a v i o r 
has been e x p e r i m e n t a l l y observed [ 3 5 ] . 

F i g u r e 8 shows the e f f e c t of β on the d i m e n s i o n l e s s 
temperature p r o f i l e a t χ =0. S i n c e β i s not an e x p l i c i t 
v a r i a b l e i n e q u a t i o n ( 8 ) , a s i n g l e curve d e s c r i b e s the 
d i m e n s i o n l e s s temperature p r o f i l e i n terms o f Τ. The a c t u a l 
temperature r i s e i s lower as β decreases and t h e adsorbent 
t a k e s l o n g e r time t o c o o l down. 

F i g u r e 9 i l l u s t r a t e s the e f f e c t o f the B i o t number, s, 
on the uptake curve f o r a g i v e n η and β. F i g u r e 10 shows 
the c o r r e s p o n d i n g d i m e n s i o n l e s s temperature p r o f i l e s a t 
χ = 0. I t may be seen from F i g u r e 9 t h a t s has s m a l l e f f e c t 
on the uptake curve a t low τ b u t i t s t r o n g l y a f f e c t s the 
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F i g u r e 5. E f f e c t o f η on t h e uptake c u r v e s . 
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F i g u r e 6. E f f e c t o f η on d i m e n s i o n l e s s temperature p r o f i l e s . 
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r 

F i g u r e 7. E f f e c t o f β on t h e uptake c u r v e s . 
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F i g u r e 8. E f f e c t o f β on d i m e n s i o n l e s s temperature p r o f i l e s . 
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F i g u r e 9. E f f e c t o f s on t h e uptake c u r v e s . 
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F i g u r e 10. E f f e c t o f s on d i m e n s i o n l e s s temperature p r o f i l e s . 
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uptake a t l a r g e τ. Low s s i g n i f i c a n t l y slows down uptake i n 
τ domain. I n r e a l t i m e , however, s m a l l e r k ( l a r g e s) f o r a 
g i v e n k , β and h produces s l o w e r uptake, f i g u r e 10 shows 
t h a t t he d i m e n s i o n l e s s temperature r i s e i n the adsorbent i s 
h i g h e r f o r s m a l l e r s (low h, h i g h k ). I n r e a l time the 
adsorbent c o o l s down f a s t e r f o r l a r g e r k . The p a r a m e t r i c 
study shows t h a t t h e i n t e r a c t i o n s between the thermodynamic 
and the mass and the heat t r a n s p o r t p r o p e r t i e s o f the 
a d s o r p t i o n system d u r i n g the s o r p t i o n p r o c e s s i s q u i t e 
complex. 

C o n c l u s i o n 

The proposed model f o r n o n - i s o t h e r m a l s o r p t i o n k i n e t i c s 
can q u a n t i t a t i v e l y d e s c r i b e u p t a k e 0 d a t a f o r a d s o r p t i o n o f 
i - o c t a n e on 13X and n-pentane on 5A z e o l i t e s . The st u d y 
i n d i c a t e s t h a t the p r i n c i p a l r e s i s t a n c e t o mass t r a n s f e r f o r 
these systems may be c o n f i n e d a t the s u r f a c e o f the z e o l i t e 
c r y s t a l s . I t i s a l s o found t h a t t he i n t e r n a l t h e r m a l 
r e s i s t a n c e o f the assemblage o f the m i c r o n s i z e z e o l i t e 
c r y s t a l s used i n the k i n e t i c t e s t i s s i g n i f i c a n t which 
produces a s u b s t a n t i a l t h e r m a l g r a d i e n t w i t h i n t he assemblage 
and slows down the heat d i s s i p a t i o n from i t . 

Thus, an a p p a r e n t l y s l o w e r mass uptake i s observed as 
compared w i t h t he i s o t h e r m a l uptake o r the case when heat 
t r a n s f e r i s c o n t r o l l e d by the e x t e r n a l f i l m r e s i s t a n c e . 
C onsequently, i g n o r i n g the i n t e r n a l t h e r m a l r e s i s t a n c e may 
l e a d t o e r r o n e o u s l y low mass t r a n s f e r c o e f f i c i e n t . 

I t i s recommended t h a t c a r e f u l e x p e r i m e n t a l measurement 
of r a d i a l temperature-time p r o f i l e i n the adsorbent mass be 
c a r r i e d out d u r i n g mass uptake experiments f o r more a c c u r a t e 
a n a l y s i s o f the p r o c e s s . 
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Recovery and Purification of Light Gases by 
Pressure Swing Adsorption 

HSING C. CHENG and FRANK B. HILL 
Brookhaven National Laboratory, Upton, NY 11973 

A ce l l model is presented for the description of 
the separation of two-component gas mixtures by 
pressure swing adsorption processes. Local equi­
librium is assumed with linear, independent iso­
therms. The model is used to determine the light 
gas enrichment and recovery performance of a 
single-column recovery process and a two-column 
recovery and purification process. The results 
are discussed in general terms and with reference 
to the separation of helium and methane. 

P r e s s u r e sw ing a d s o r p t i o n (PSA) p r o c e s s e s a re w i d e l y 
a p p l i e d i n d u s t r i a l l y f o r gas s e p a r a t i o n s . A p p l i c a t i o n s a r e 
numerous and i n c l u d e hydrogen and h e l i u m r e c o v e r y and p u r i f i c a ­
t i o n , a i r d r y i n g , the p r o d u c t i o n o f oxygen from a i r , and the 
s e p a r a t i o n o f normal p a r a f f i n s from i s o p a r a f f i n s . 

I n s p i t e o f i t s w idesp read u s e , d e s i g n i n f o r m a t i o n on PSA 
p r o c e s s e s has been r a t h e r s p a r s e i n the open l i t e r a t u r e . In 
r e c e n t y e a r s , however , a b e g i n n i n g has been made i n terms o f the 
development o f m a t h e m a t i c a l models o f PSA p r o c e s s e s . T h i s paper 
i s concerned w i t h the f u r t h e r development o f such m o d e l s . 

M o d e l i n g e f f o r t s to da te have been c o n f i n e d to two 
p r o c e s s e s : a s i n g l e column r e c o v e r y p r o c e s s and a two-co lumn 
r e c o v e r y and p u r i f i c a t i o n p r o c e s s . 

The s i n g l e - c o l u m n p roces s ( F i g u r e 1) i s s i m i l a r to t h a t o f 
Jones e t a l . ( 1 ) . T h i s p r o c e s s i s u s e f u l f o r b u l k s e p a r a t i o n s . 
I t p roduces a h i g h p r e s s u r e p roduc t e n r i c h e d i n l i g h t com­
p o n e n t s . L o c a l e q u i l i b r i u m models o f t h i s p r o c e s s have been 
d e s c r i b e d by Turnock and K a d l e c (2_), F l o r e s Fernandez and Kenney 
( 3 ) , and H i l l ( 4 ) . V a r i o u s approaches were used i n c l u d i n g 
d i r e c t n u m e r i c a l s o l u t i o n o f p a r t i a l d i f f e r e n t i a l e q u a t i o n s , use 
o f a c e l l m o d e l , and use o f the method o f c h a r a c t e r i s t i c s . 
F l o r e s Fernandez and K e n n e y ' s work was r e p o r t e d to employ a c e l l 
model bu t no d e t a i l s were g i v e n . E q u i l i b r i u m models p r e d i c t 

0097-6156/83/0223-0195$06.00/0 
© 1983 American Chemical Society 
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P R E S S U R I Z A T I O N 
W I T H F E E D 

H I G H 
P R E S S U R E 

F E E D B L O W D O W N 

H I G H 
P R E S S U R E 
P R O D U C T 

F i g u r e 1. Steps i n s i n g l e - c o l u m n PSA p r o c e s s . 
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10. C H E N G A N D H I L L Pressure Swing Adsorption 197 

t h a t t h i s p r o c e s s i s not capable o f p r o d u c i n g the l i g h t com­
ponent i n pure form. Because o f t h i s f a c t the p r o c e s s i s 
r e f e r r e d to here as a r e c o v e r y p r o c e s s . 

The two-column p r o c e s s ( F i g u r e 2) i s the h e a t l e s s a d s o r p ­
t i o n p r o c e s s o f Skarstrom (5^). T h i s process can perform both 
r e c o v e r y and p u r i f i c a t i o n o f a l i g h t component. L o c a l e q u i l i ­
brium models o f t h i s p r o c e s s have been presented by Shendalman 
and M i t c h e l l ( 6 ) , Chan e t a l . (7), and Knaebel and H i l l ( 8 ) . I n 
each case the method of c h a r a c t e r i s t i c s was used. Models w i t h 
f i n i t e mass t r a n s f e r r a t e s have been p u b l i s h e d by Kawazoe and 
Kawai (9), M i t c h e l l and Shendalman ( 1 0 ) , C h i h a r a and S u z u k i 
( 1 1 ) , and R i c h t e r e t a l . ( 1 2 ) . I n these models the method of 
c h a r a c t e r i s t i c s and d i r e c t i n t e g r a t i o n o f p a r t i a l d i f f e r e n t i a l 
e q u a t i o n s were employed. 

Much o f the modeling work to date has d e a l t w i t h the 
s e p a r a t i o n o f b i n a r y m i x t u r e s composed o f a c a r r i e r and an 
i m p u r i t y . Such s e p a r a t i o n can be r e a d i l y t r e a t e d u s i n g the 
method o f c h a r a c t e r i s t i c s . W hile I n some s i t u a t i o n s (Knaebel 
and H i l l , (8), f o r i n s t a n c e ) the same method can be used f o r 
b i n a r y m i x t u r e s o f a r b i t r a r y c o m p o s i t i o n , the c e l l model i s 
r e a d i l y and g e n e r a l l y u s e f u l f o r t h i s s i t u a t i o n . I t was t h i s 
f e a t u r e which prompted the use o f the c e l l model i n the p r e s e n t 
work. 

I n the p r e s e n t paper, a c e l l model i s employed to s i m u l a t e 
e q u i l i b r i u m i s o t h e r m a l PSA w i t h a b i n a r y feed of a r b i t r a r y com­
p o s i t i o n . L i n e a r Isotherms are assumed. The model e q u a t i o n s 
d e r i v e d are a p p l i e d to the one- and two-column pro c e s s e s men­
t i o n e d e a r l i e r to g i v e a g e n e r a l d e s c r i p t i o n o f t h e i r l i g h t com­
ponent enrichment and r e c o v e r y performance. A l s o some d i s c u s ­
s i o n i s g i v e n o f the e f f e c t s o f v a r i o u s o p e r a t i n g parameters on 
the s e p a r a t i o n o f methane and h e l i u m . 

C e l l Model 

A gas m i x t u r e c o n s i s t i n g of two components i s s e p a r a t e d 
u s i n g one o r more a d s o r p t i o n beds. The beds are used i n a 
c y c l i c p r o c e s s composed o f s t e p s i n v o l v i n g column p r e s s u r i z a -
t i o n , d e p r e s s u r i z a t i o n (blowdown) and f l o w through the columns 
a t c o n s t a n t p r e s s u r e . A n a l y s i s o f such s e p a r a t i o n p r o c e s s e s i n 
terms o f a c e l l model proceeds as f o l l o w s . 

Each a d s o r p t i o n bed i s c o n s i d e r e d to c o n s i s t o f Ν w e l l -
mixed c e l l s , each c e l l b e i n g o f l e n g t h ΔΖ, as shown i n F i g u r e 
3. T h i s f i g u r e d e p i c t s the n o t a t i o n used f o r p r o c e s s s t e p s w i t h 
f l o w from l e f t t o r i g h t . The same n o t a t i o n can be used f o r 
s t e p s w i t h f l o w i n the o p p o s i t e d i r e c t i o n i f the c e l l s a r e 
renumbered s t a r t i n g from the r i g h t , i . e . , i f 

i ' - Ν - i + 1 ( 1 ) 
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S T E P I 
HIGH 

PRESSURE 
F E E O 

S T E P 2 

SLOWDOWN 

S T E P 3 
LOW 

PRESSURE 
PURGE 

S T E P 4 

PRESSURIZATION 
WITH FEED 

± PRODUCT 

LOW 
PRESSURE 

PURGE 

PRESSURIZATION 
WITH FEED 

PRODUCT 

HIGH 
PRESSURE 

F E E D 

BLOWDOWN 

F i g u r e 2. Steps i n two-column PSA p r o c e s s . 

U F _ 

uT u 2 

H i Hid, 

us ' ' uT" U ^ | " u N " 

U N 

e — 

u pg 

F i g u r e 3. Flow diagram f o r c e l l model. 
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10. C H E N G A N D H I L L Pressure Swing Adsorption 

Because o f i n t e r c h a n g e between the gas and the ad s o r b e n t , 
the v e l o c i t y and c o m p o s i t i o n o f t h e gas phase w i t h i n t he bed 
change w i t h p o s i t i o n and time d u r i n g both c o n s t a n t p r e s s u r e 
s t e p s and s t e p s w i t h changing p r e s s u r e . P r e s s u r e i s assumed to 
v a r y w i t h time d u r i n g p r e s s u r e changes but not s p a t i a l l y . A l s o , 
p r e s s u r e drop due to f l o w i s n e g l i g i b l e . F i n a l l y , heat e f f e c t s 
a r e n e g l e c t e d and l o c a l e q u i l i b r i u m w i t h l i n e a r i s o t h e r m s i s 
assumed throughout the bed. These i s o t h e r m s a r e r e p r e s e n t e d by 

where y i s the mole f r a c t i o n o f the l e s s s t r o n g l y adsorbed or 
l i g h t component. 

With the f o r e g o i n g assumptions, the pr o c e s s s t e p s o f 
i n t e r e s t may be d e s c r i b e d s t a r t i n g w i t h two m a t e r i a l b a l a n c e s , a 
bal a n c e f o r the l i g h t component and a t o t a l b a l a n c e . The 
ba l a n c e s are taken on the f i r s t and i - t h c e l l s and are w r i t t e n 
f o r a d i f f e r e n t i a l time d t . 

The b a l a n c e s on the l i g h t component can be expressed as 
d(Py,) ϋ y Ρ - U y Ρ 
- T ^ - - h ΔΖ <*> 

d ( P y i ) V a - ν ι ν ι 

— dt 3 * P ΔΖ ( 5 ; 

i = 2,3,...,N 

and the t o t a l b a l a n c e y i e l d s 

dP
 d ( p V u i p " V H 

dp d ( P y i ) u i " u i - i 

where 

i = 2,3,...,N 

ε 
β * = ε + (1-ε)ρ 8^ ( 8 ) 

6 h " ε + (1-ε)ρ k, s "h 
(9) 
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200 INDUSTRIAL GAS SEPARATIONS 

(10) 

P r e s s u r i z a t i o n and Blowdown. For these s t e p s , Eqs. ( 4 ) , 
( 5 ) , ( 6 ) and (7) a r e combined by e l i m i n a t i n g d ( P y 1 ) / d t between 
them, r e s p e c t i v e l y , o b t a i n i n g 

d F ~ h 
V P - V Ρ i F Η 

ΔΖ 
i - 1 

ΔΖ (11) 

where 
(12) 

and 
[β + (1-Î5)yi] U £ 

1,2,.·.,Ν 

(13) 

For a p r e s s u r i z a t i o n s t e p f e e d gas e n t e r s the f i r s t c e l l a t 
v e l o c i t y U F and t h e r e i s no f l o w from the N-th c e l l , i . e . 

0. T h e r e f o r e , when Eq. (11) i s w r i t t e n f o r c e l l Ν and U N 
a g a i n f o r c e l l i , a d i f f e r e n c e e q u a t i o n i n i s o b t a i n e d rtiose 
s o l u t i o n i s 

(N - i ) P , 
V i = — 

Η (14) 

A d i m e n s i o n l e s s time i s d e f i n e d as 

άτ LP dt (15) 

U s i n g t h i s d e f i n i t i o n and Eqs. ( 1 1 ) , (12) and (15) i n Eqs. (4) 
and ( 6 ) , r e s p e c t i v e l y , one o b t a i n s 

A2i N - i . Λ N-i+1 v (16) 

i = 1,2,...,N 
w i t h y 0 = y F . 

One can f i n d the d i m e n s i o n l e s s time r e q u i r e d to a c c o m p l i s h 
the f u l l p r e s s u r e change from P L t o P H by s u b s t i t u t i n g Eqs. 
(14) and (15) i n t o Eq. (11) and i n t e g r a t i n g . The r e s u l t i s 

τ ρ - i n P R / P L (17) 

Thus the mole f r a c t i o n p r o f i l e a f t e r the p r e s s u r e i n c r e a s e i s 
c a l c u l a t e d by i n t e g r a t i n g the Ν simultaneous d i f f e r e n t i a l equa­
t i o n s r e p r e s e n t e d by Eq. (16) from τ = 0 t o τ = τ ρ. 
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10. C H E N G A N D H I L L Pressure Swing Adsorption 201 

F o r a blowdown s t e p , gas l e a v e s the bed through the N-th 
c e l l and t h e r e i s no f l o w i n t o the f i r s t c e l l , i . e . , Up • 0, 
and Eq. (11) w r i t t e n f o r c e l l s Ν and i y i e l d s a d i f f e r e n c e 
e q u a t i o n i n whose s o l u t i o n i s 

ÏÏVN (18) 

The a p p r o p r i a t e d i m e n s i o n l e s s time i s 
3*V 

dx Ν dt (19) 

U s i n g t h i s d e f i n i t i o n and Eqs. (11) and (18) i n Eq. (6) one 
f i n d s 
dy J L 
dT [3 + (1-3) y± " *] 7 1 3 + ( ί - β ) 7 1 β 1 

i = 1,2,...,N 

(20) 

As b e f o r e , one can show t h a t the l e n g t h o f d i m e n s i o n l e s s time 
r e q u i r e d f o r the p r e s s u r e decrease d u r i n g blowdown i s t h a t g i v e n 
by Eq. ( 1 7 ) . The d i m e n s i o n l e s s time d e f i n i t i o n i n t h i s case i s 
g i v e n by Eq. ( 1 9 ) . Hence the mole f r a c t i o n p r o f i l e a f t e r the 
p r e s s u r e decrease i s found by i n t e g r a t i n g Eq. (20) from τ » 0 to 
τ = τ„. 

Constant P r e s s u r e Step. For treatment o f t h i s s t e p Eqs. 
( 4 ) , ( 5 ) , (6) and (7) can be combined, r e s p e c t i v e l y , to y i e l d 

V N = i - 1 (21) 

With t h i s r e s u l t , Eqs. (6) and (7) can be w r i t t e n 

d y i _ Β N [ 1 1 ι 

άτ 1-β H [β + (1-β) y i β + ( 1-B)y i_ 1 j 
i - 1,2 Ν 

where d i m e n s i o n l e s s time i s d e f i n e d as 

dT = —i——- dt 

(22) 

(23) 

E q u a t i o n s (22) are i n t e g r a t e d over the i n t e r v a l τ = 0 t o τ = 
τ ρ where τ ρ i s any d e s i r e d v a l u e . 

E q u a t i o n s ( 1 6 ) , (20) and (22) each a r e a s e t of Ν s i m u l ­
taneous f i r s t o r d e r d i f f e r e n t i a l e q u a t i o n s which can be i n t e ­
g r a t e d to g i v e the mole f r a c t i o n p r o f i l e w i t h i n the a d s o r p t i o n 
bed as a f u n c t i o n o f the d i m e n s i o n l e s s time τ d u r i n g the st e p 
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under c o n s i d e r a t i o n . The t r a n s i e n t p r o f i l e s f o r a g i v e n PSA 
c y c l e a r e c a l c u l a t e d by i n t e g r a t i n g these s e t s o f e q u a t i o n s 
c y c l i c a l l y i n the proper o r d e r . 

S i n g l e Column B u l k S e p a r a t i o n P r o c e s s . A t h r e e - s t e p s i n g l e 
column process was d e s c r i b e d by H i l l (4) ( F i g u r e 1 ) . The p r o ­
cess i s s i m i l a r to the r a p i d PSA pr o c e s s o f Jones et a l . (JL). 
The c y c l e f o r t h i s p r o c e s s c o n s i s t s of p r e s s u r i z a t i o n w i t h feed 
i n t r o d u c e d through one end of a column f o l l o w e d by i n t r o d u c t i o n 
o f a d d i t i o n a l feed through the same end at h i g h p r e s s u r e w i t h 
w i t h d r a w a l of a product from the o p p o s i t e end, and ending w i t h 
blowdown w i t h the exhausted gas l e a v i n g v i a the feed end o n l y . 
Mole f r a c t i o n p r o f i l e s w i t h i n the bed are c a l c u l a t e d by i n t e ­
g r a t i n g Eq. (16) from τ = 0 t o τ = τ ρ f o r the p r e s s u r i z a t i o n 
s t e p . An e x p e r i m e n t a l l y s i g n i f i c a n t i n i t i a l c o n d i t i o n i s t h a t 
o f y^(0) = y F« The p r o f i l e r e s u l t i n g from the i n t e g r a t i o n o f 
Eq. (16) to time τ ρ then becomes the i n i t i a l c o n d i t i o n f o r the 
i n t e g r a t i o n o f Eq. (22) from τ = 0 t o τ = Tp f o r the feed 
s t e p . The p r o f i l e f o r τ = τ ρ then becomes the i n i t i a l c o n d i ­
t i o n f o r the i n t e g r a t i o n o f Eq. (20) from τ = 0 t o τ = τ f o r 
the blowdown s t e p . B e f o r e p e r f o r m i n g the l a t t e r i n t e g r a t i o n , 
the c e l l s and the c o r r e s p o n d i n g mole f r a c t i o n s are renumbered i n 
accordance w i t h Eq. (1) s i n c e the f l o w d i r e c t i o n i s r e v e r s e d i n 
the blowdown s t e p . Then the next c y c l e i s s t a r t e d by renumber­
i n g the c e l l s and mole f r a c t i o n s and u s i n g the mole f r a c t i o n s as 
the i n i t i a l c o n d i t i o n f o r the next p r e s s u r i z a t i o n s t e p . The 
c y c l i c i n t e g r a t i o n o f Eqs. ( 1 6 ) , (22) and (20) i s then c o n t i n u e d 
u n t i l the c y c l i c s teady s t a t e i s reached. 

Two i n d i c e s o f process performance which a r e of i n t e r e s t 
are the average steady s t a t e enrichment o f the l i g h t component 
i n the product stream d e f i n e d as 

Ε = y /y (24) PRD yF 

and the steady s t a t e r e c o v e r y o f the l i g h t component i n the 
product stream 

ρ = ΕΘ (25) 

where the product c u t , Θ, i s g i v e n by 

NPRD 
θ = (26) Ν + Ν F PRS 

S i n c e a t the c y l i c steady s t a t e 

N F + NPRS " V u + % ( 2 ? ) 

Eq. (26) may be expressed as 
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N p R D (28) + N__ PRD BD 

The product mole f r a c t i o n , yp^n> i n Eq. (24) i s the average 
st e a d y s t a t e mole f r a c t i o n l e a v i n g the adsorber d u r i n g the feed 
s t e p , i . e . , 

C F y N ( T ) /(¥ 1 
yPRD ~ 30 3 + ( l - 3 ) y N ( * 0 d 7 30 3 + ( l - 3 ) y N ( O d T ( 2 9 ) 

where y N ( T ) i s the mole f r a c t i o n t r a n s i e n t f o r the N-th c e l l 
d u r i n g the feed s t e p i n a steady s t a t e c y c l e and i s o b t a i n e d 
from the i n t e g r a t i o n of Eq. ( 2 2 ) . 

I t can be shown t h a t N p R n , the moles o f gas taken o f f as 
product a t c y c l i c steady s t a t e d u r i n g the feed s t e p i s 

= £ A L ^ H ( F dT 
WPRD β £ RT 0 3 + ( l - 3 ) y N ( T ) l J ; 

A l s o N B D , the moles o f gas taken from the column d u r i n g the 
blowdown s t e p a t the c y c l i c steady s t a t e , i s 

τ 
Ρ c Ρ -τ 

Ν s f A L J L Î e dx 
BD 3β RT 0 3 + ( l - 3 ) y N ( O K U X J 

where i n t h i s e q u a t i o n ν^ίτ ) i s the mole f r a c t i o n t r a n s i e n t 
from the N-th c e l l d u r i n g the blowdown s t e p o f a steady s t a t e 
c y c l e and i s o b t a i n e d by i n t e g r a t i o n of Eq. ( 2 0 ) . 

Two-Column P r o c e s s . The h e a t l e s s a d s o r p t i o n p r o c e s s 
( F i g u r e 2) has two columns. Each column undergoes a f o u r - s t e p 
c y c l e . Three s t e p s i n v o l v e the same sequence as the s i n g l e 
column p r o c e s s : p r e s s u r i z a t i o n w i t h f e e d , f e e d a t h i g h p r e s ­
s u r e , and blowdown through the feed end. T h i s i s f o l l o w e d by a 
low p r e s s u r e purge s t e p w i t h the purge b e i n g a f r a c t i o n o f the 
product from the o t h e r column and f l o w i n g from the product end 
to the feed end. For one column to p r o v i d e purge f o r the o t h e r , 
the c y c l e s i n the two columns are 180° out of phase. 

Mo d e l i n g of t h i s process proceeds i n the same way as f o r 
the s i n g l e - c o l u m n p r o c e s s d e s c r i b e d above except f o r i n t r o d u c ­
t i o n o f a purge s t e p . The process i s s t a r t e d w i t h one column 
e q u i l i b r a t e d w i t h f e e d a t h i g h p r e s s u r e and the o t h e r a t low 
p r e s s u r e . Eqs. ( 1 6 ) , (20) and (22) are used as b e f o r e w i t h 
renumbering o f c e l l s and mole f r a c t i o n s a t a p p r o p r i a t e p o i n t s i n 
the c y c l e , but the purge s t e p i s i n s e r t e d i n t o the sequence at 
the a p p r o p r i a t e p o i n t . 
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Three i n d i c e s o f performance f o r t h i s p rocess a r e o f 
i n t e r e s t : Ε, Ρ and H, the p u r g e - t o - t o t a l product r a t i o . The 
l a t t e r q u a n t i t y t a k e s the p l a c e o f the pur g e - t o - f e e d r a t i o i n 
the heavy i m p u r i t y - l i g h t c a r r i e r s e p a r a t i o n . For t h a t s e p a r a ­
t i o n i t has been shown t h a t the i m p u r i t y i s c o m p l e t e l y removed 
when the p u r g e - t o - f e e d r a t i o exceeds a c r i t i c a l v a l u e ( 7 ) . When 
the heavy component co n t e n t o f the feed i s above the i m p u r i t y 
l e v e l , a r a t i o which i s o p e r a t i o n a l l y more u s e f u l i n d e t e r m i n i n g 
whether a pure l i g h t gas can be o b t a i n e d i s the p u r g e - t o - t o t a l 
product r a t i o ( 8 ) . 

A t o t a l m a t e r i a l b a l a n c e around one column of the two-
column pr o c e s s a t c y c l i c steady s t a t e i s 

Ν + Ν + N ^ = N _ + Ν + N n„ (32) PRS F PGF PRD BD PG 

The e x t e n t o f r e c o v e r y o f the l i g h t gas i n the h i g h p r e s s u r e 
product i s 

n
 ( NPRD " N P G F )

 E ( 3 3 ) 

NPRS + N F 
I t can be shown t h a t H i s g i v e n by 

τ PGF 
Ρ β + ( l - 6 ) v Ρ τ 

M J L * P ; y P G F = _ L _PGF ( 3 4 ) 
Η Ρ / Γ dx Ρ „ τ, < J*' 

Η ί 0

Ρ 3 + ( l - 3 ) y N C x ) Η F 

R e s u l t s and D i s c u s s i o n 

Eqns. ( 1 6 ) , (20) and (22) were i n t e g r a t e d n u m e r i c a l l y t o 
o b t a i n the s e p a r a t i o n performance o f the one- and two-column 
p r o c e s s e s . The GEAR package (13) was used f o r the i n t e g r a t i o n 
a f t e r d e t e r m i n i n g t h a t i t was f a s t e r t h a n , say, Runge-Kutta 
methods. For a l l c a l c u l a t i o n s Ν - 50 and ε = 0.40. Dimension­
l e s s parameters v a r i e d were 3 , P H ^ P L » V F» and, f o r the 
two-column p r o c e s s , H. Combinations o f the parameters o f 3 and 
P H / P L were chosen to correspond to the methane-helium 
system on B P L c a r b o n . A d s o r p t i o n i s o t h e r m data f o r methane at 
25°C (14) were r e p r e s e n t e d by 

5.69 χ 1 0 " 4 P T 

n 1 + 8.11 χ 10 ' P L h 
where P ^ i s i n atm and i s i n gm mole/gm carbon. Helium was 
taken to be i n e r t . The a d s o r p t i o n c o e f f i c i e n t k^ used to c a l c u ­
l a t e 3 was e v a l u a t e d as the s l o p e o f the s t r a i g h t l i n e connect­
i n g p o i n t s on the i s o t h e r m , Eqn. ( 3 5 ) , c o r r e s p o n d i n g to the h i g h 
and low p r e s s u r e s P H and Ρ^· With v a l u e s o f 3 and P H / P L 
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10. C H E N G A N D H I L L Pressure Swing Adsorption 205 

r e l a t e d i n t h i s way, the c a l c u l a t e d process performance can be 
d e s c r i b e d i n terms o f bot h i t s g e n e r a l f e a t u r e s and i t s a p p l i c a ­
b i l i t y to the methane-helium s e p a r a t i o n . 

Single-Column P r o c e s s . T y p i c a l r e l a t i o n s showing e n r i c h ­
ment and r e c o v e r y o f the l i g h t component i n the product as a 
f u n c t i o n o f product c ut a r e shown i n F i g u r e 4 w i t h feed l i g h t 
component mole f r a c t i o n as a parameter. F i g u r e s 4 ( a ) and 4(b) 
are f o r h i g h and low p r e s s u r e s o f 60 and 30 p s i a , f o r which 3 s 

0.083. For F i g u r e s 4 ( c ) and 4(d) the h i g h p r e s s u r e i s i n c r e a s e d 
to 300 p s i a . Because o f the l e v e l i n g o f f of the methane i s o ­
therm, 3 i n c r e a s e s t o 0.156. For any feed mole f r a c t i o n the 
enrichment i s g r e a t e s t a t s m a l l c u t s . T h i s f o l l o w s from the 
f a c t t h a t p r e s s u r i z a t i o n l e a d s to a s p a t i a l f r a c t i o n a t i o n w i t h i n 
the column w i t h h i g h mole f r a c t i o n s o f the l i g h t component near 
the c l o s e d end. S m a l l c u t s then d i s p l a c e gas e n r i c h e d i n the 
l i g h t component i n t o the product stream. Enrichment a l s o 
i n c r e a s e s as the mole f r a c t i o n o f the l i g h t component i n the 
feed d e c r e a s e s . As a comparison o f F i g u r e 4 ( a ) and 4 ( c ) shows, 
i n c r e a s i n g the h i g h p r e s s u r e produces an i n c r e a s e i n e n r i c h ­
ment. However, because o f the l e v e l i n g o f f o f the methane 
i s o t h e r m the i n c r e a s e i s not as l a r g e as t h a t expected f o r a 
l i n e a r i s o t h e r m (4_). 

As seen i n F i g u r e s 4(b) and 4 ( d ) , r e c o v e r y i n c r e a s e s 
r a p i d l y w i t h cut a t s m a l l c u t s and l e v e l s o f f a t l a r g e c u t s . 
S m a l l l i g h t component mole f r a c t i o n s i n the feed and l a r g e 
p r e s s u r e r a t i o s f a v o r h i g h r e c o v e r i e s . 

An example o f the e f f e c t of p r e s s u r e on the performance o f 
the s i n g l e column process f o r the methane-helium s e p a r a t i o n i s 
shown i n Table 1. U s i n g F i g u r e 4(b) and 4 ( d ) , the c u t s c o r r e ­
sponding to 80 p e r c e n t r e c o v e r y o f h e l i u m were determined as a 
f u n c t i o n o f y F and P H ^ L * T h e n the enrichments and i n 
t u r n the product mole f r a c t i o n s c o r r e s p o n d i n g to these c u t s were 
found from F i g u r e s 4 ( a ) and 4 ( c ) . Except f o r the l e a n e s t feed 
mole f r a c t i o n , y F - 0.005, the use o f the h i g h e r top p r e s s u r e 
l e a d s to a s i g n i f i c a n t l y h i g h e r product mole f r a c t i o n . 

Two-Column P r o c e s s . T y p i c a l enrichment-cut and r e c o v e r y -
c u t r e l a t i o n s f o r t h i s p r o c e s s are shown i n F i g u r e 5. For t h i s 
f i g u r e P H • 60 p s i a , P L

 s 30 p s i a , and 3 - 0.083. For 
F i g u r e s 5(a) and 5 ( b ) , y F * 0.005 and f o r F i g u r e s 5 ( c ) and 
5 ( d ) , y F » 0.1. The parameter i n F i g u r e 5 i s H, the purge-
t o - p r o d u c t r a t i o . 

The maximum enrichment p o s s i b l e f o r the 0.5 percent h e l i u m 
f e e d i s 200. For 10 p e r c e n t h e l i u m i t i s 10. Pure he l i u m i s 
o b t a i n e d w i t h the 10 percent feed w i t h H • 0.8 a t c u t s s m a l l e r 
than 0.018. At s m a l l e r v a l u e s o f H, pure h e l i u m cannot be 
produced. Very l a r g e enrichments a re o b t a i n e d at s m a l l c u t s f o r 
0.5 p e r c e n t h e l i u m but pure helium i s not o b t a i n e d . T h i s f i n d ­
i n g i s c o n s i s t e n t w i t h the r e s u l t s o f Knaebel and H i l l (8) who 
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T a b l e I 

E f f e c t o f P r e s s u r e on Single-Column 
P r o c e s s f o r Helium-Methane S e p a r a t i o n 

Ρ = 0.80 

p H / p L θ Ε VPRD 

0.005 2 0.057 14 0.070 
10 0.063 13 0.065 

0.05 2 0.128 8.2 0.41 
10 0.063 13 0.65 

0.1 2 0.238 3.4 0.34 
10 0.107 7.5 0.75 

0.2 2 0.364 2.13 0.43 
10 0.203 3.95 0.79 

found t h a t a c r i t i c a l p r e s s u r e r a t i o (as w e l l as a c r i t i c a l H) 
had to be exceeded to o b t a i n pure l i g h t gas and t h a t t h i s r a t i o 
was h i g h e r the s m a l l e r the l i g h t gas co n t e n t o f the f e e d . The 
c r i t i c a l r a t i o s f o r the c o n d i t i o n s o f F i g u r e 5 cannot be c a l c u ­
l a t e d from the r e s u l t s o f Knaebel and H i l l s i n c e t h e i r r e s u l t s 
were o b t a i n e d f o r the " s h o r t e s t c l e a n column" c o n d i t i o n . But 
e v i d e n t l y a p r e s s u r e r a t i o o f 2.0 i s h i g h enough f o r p e r f e c t 
cleanup f o r a 10 p e r c e n t h e l i u m feed but not h i g h enough f o r a 
0.5 p e r c e n t f e e d . 

The c u r v e s f o r Η - 0 r e p r e s e n t the performance o f the 
s i n g l e - c o l u m n p r o c e s s . I t i s apparent t h a t the s i n g l e - c o l u m n 
process i s s u p e r i o r a t l a r g e product c u t s i n terms o f both 
enrichment and r e c o v e r y . For s m a l l c u t s , the two-column p r o c e s s 
i s s u p e r i o r . 

The e f f e c t o f feed c o m p o s i t i o n on enrichment a t maximum 
r e c o v e r y i s shown i n Table 2. Both h i g h enrichment and good 
r e c o v e r y a r e o b t a i n a b l e w i t h the l e a n e r feed c o m p o s i t i o n , a 
r e s u l t which i s counter to i n t u i t i o n . The e x p l a n a t i o n l i e s i n 
the f a c t t h a t l i g h t gas l o s s e s i n the purge and blowdown gas 
decrease as the feed becomes l e a n e r i n the l i g h t gas. 
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Table I I 

Enrichment a t Maximum Recovery 
Two-Column P r o c e s s 

3 = 0.083 P W/P T - 2 

Ρ ϋ
Λ Ε 

Kmax P-Pmax P'Pmax 
y F - 0.005 

0.0 1.0 1.0 1.0 
0.2 0.863 0.122 7.0 
0.4 0.905 0.032 24.3 
0.6 0.800 0.017 50.0 

= 0.1 

0.0 1.0 1.0 1.0 
0.2 0.835 0.2 4.28 
0.4 0.750 0.115 6.5 
0.6 0.522 0.062 8.4 
0.8 0.244 0.037 6.6 

C o n c l u s i o n 

The e q u a t i o n s f o r a l o c a l e q u i l i b r i u m c e l l model o f 
pr e s s u r e swing a d s o r p t i o n processes w i t h l i n e a r i s o t h e r m s have 
been d e r i v e d . These e q u a t i o n s may be used to d e s c r i b e any PSA 
c y c l e composed o f p r e s s u r i z a t i o n and blowdown s t e p s and st e p s 
w i t h f l o w a t c o n s t a n t p r e s s u r e . The use o f the e q u a t i o n s was 
i l l u s t r a t e d by o b t a i n i n g s o l u t i o n s f o r a s i n g l e - c o l u m n r e c o v e r y 
p r o c e s s and a two-column r e c o v e r y and p u r i f i c a t i o n p r o c e s s . The 
si n g l e - c o l u m n p r o c e s s was s u p e r i o r i n enrichment and r e c o v e r y o f 
the l i g h t component a t l a r g e product c u t s . The two-column 
pro c e s s was s u p e r i o r a t s m a l l c u t s . 
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N o t a t i o n 

Ε enrichment o f l i g h gas i n product stream 
Η molar p u r g e - t o - t o t a l product r a t i o 
i c e l l number 
L column l e n g t h 
η c o n c e n t r a t i o n o f s o r b a t e i n s o l i d phase 
Ν number o f moles e n t e r i n g o r l e a v i n g adsorber per c y c l e o r 

t o t a l number o f c e l l s 
Ρ gas p r e s s u r e 
R gas c o n s t a n t 
t time 
Τ temperature 
U i n t e r s t i t i a l gas v e l o c i t y i n bed 
V c o n c e n t r a t i o n v e l o c i t y d e f i n e d i n Eq . (13) 
y gas phase mole f r a c t i o n o f l i g h t gas 
ΔΖ c e l l l e n g t h 

Greek symbols 

3 s e p a r a t i o n f a c t o r 3^/3^ 
3^ e q u i l i b r i u m r a t i o o f gas c a p a c i t y o f component i to t o t a l 

c a p a c i t y o f gas and s o l i d phases f o r component i 
ε v o i d f r a c t i o n 
Ρ r e c o v e r y o f l i g h t gas 
Ρ s d e n s i t y o f s o l i d p a r t i c l e s 
θ product c u t , moles o f product per mole of feed 
τ d i m e n s i o n l e s s time 

S u b s c r i p t s 

BD r e f e r s to blowdown 
F r e f e r s to feed 
h r e f e r s to heavy gas 
H r e f e r s to h i g h p r e s s u r e 
ι r e f e r s to l i g h t gas 
L r e f e r s to low p r e s s u r e 
PG r e f e r s to purge 
PRD r e f e r s to h i g h p r e s s u r e product 
PRS r e f e r s to p r e s s u r i z a t i o n 
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Methane/Nitrogen Gas Separation over the 
Zeolite Clinoptilolite by the Selective Adsorption 
of Nitrogen 

T. C. FRANKIEWICZ and R. G. DONNELLY 
Occidental Research Corporation, PO Box 19601, Irvine, CA 92713 

N2 diffuses into the structural pores of c l in ­
optilolite 103 to 104 times faster than does CH4. 
Thus internal surfaces are kinetically selective for 
N2 adsorption. Some clino samples are more effec­
tive at N2/CH4 separation than others and this 
property was correlated with the zeolite surface 
cation population. An incompletely exchanged clino 
containing doubly charged cations appears to be the 
most selective for N2. Using a computer-controlled 
pressure swing adsorption apparatus, several process 
variables were studied in multiple cycle experi­
ments. These included feed composition and rates, 
and adsorber temperature, pressure and regeneration 
conditions. N2 diffusive flux reverses after about 
60 seconds, but CH4 adsorption continues. This 
causes a decay in the observed N2/CH4 separation. 
Therefore, optimum process conditions include rapid 
adsorber pressurization and short adsorption/desorp-
tion/regeneration cycles. 

Nitrogen i s weakly adsorbed on the surfaces of numerous zeo­
l i t e s . The surface a t t r a c t i on ar i ses as a r e s u l t of the nuclear 
induced quadrupole moment possessed by N2. The effect i s weak and 
heats of adsorption for N2 are low. Methane i s a weakly p o l a r i z -
able molecule which, as a resu l t of t h i s p o l a r i z a b i l i t y , i s also 
weakly adsorbed on z e o l i t e s . In general , H . — for CH4 i s 
equal to or s l i g h t l y greater than H . D S fo r N2 and as a 
r e su l t an adsorption separation of these gases e i ther does not 
occur or happens by a weakly s e l e c t i v e CH4 adsorpt ion. In the 
1950s, Habgood {1) discovered that he could s e l e c t i v e l y adsorb N2 
from a CH4/N2 mixture by coo l ing a 4A molecular sieve to between 
0* and - 7 8 e C . However, h is system was l imi t ed by slow k i n e t i c s , a 
weak s e l e c t i v i t y , and the need to "thermally" regenerate the 
sorbent. 

0097-6156/83/0223-0213$06.25/0 
© 1983 American Chemical Society 
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214 INDUSTRIAL GAS SEPARATIONS 

R e c e n t l y , we found that the n a t u r a l l y o c c u r r i n g z e o l i t e c l i n -
o p t i l o l i t e could s e l e c t i v e l y adsorb N2 in the presence of CH4 near 
ambient temperature. This paper w i l l show the s e l e c t i v i t y to be 
k i n e t i c rather than thermodynamic and that only c l i n o p t i l o i i t e 
( c l i n o ) with the appropriate surface c a t i o n population w i l l e f f e c t 
the s e p a r a t i o n . In a d d i t i o n , we review our r e s u l t s from several 
s e r i e s of pressure swing CH4/N2 separation experiments and show 
how to design a process to use t h i s e f f e c t . An economic e v a l u a ­
t i o n suggested the process would be economically v i a b l e f o r small 
p l a n t s (2xl06 f t 3 / d a y ) . 

C h a r a c t e r i z a t i o n of C l i n o p t i l o l i t e 

C I i n o p t i l o i i t e i s an abundant, n a t u r a l l y o c c u r r i n g z e o l i t e 
whose s t r u c t u r e has r e c e n t l y been determined (2^,3). The c l i n o 
s t r u c t u r e i s nearly i d e n t i c a l to that of heulandTte. A combina­
t i o n of lower A l + + + in the framework and an extra s t a b l e c a t i o n 
p o s i t i o n appears to render c l i n o t h e r m a l l y s t a b l e r e l a t i v e to 
h e u l a n d i t e . 

C l i n o has a layer s t r u c t u r e with the AC or (010) plane being 
impervious to gaseous d i f f u s i o n of any k i n d . P a r a l l e l to the C-
Axis (001) are a l t e r n a t i n g channels defined by 8 - and 10-membered 
framework oxygen atom r i n g s . The 8-member r i n g channel dimensions 
are about 4.6 χ 4.0 Â whi le the l a r g e r channels are 7.0 χ 4.3 A. 
P a r a l l e l to the a - a x i s (100) are uniform 5.4 χ 3.9 Â channels 
defined by 8-membered framework oxygen atom r i n g s (4_). 

E a r l y work on the c a t a l y t i c behavior of c l i n o p t i l o l i t e found 
t h a t c l i n o s from d i f f e r e n t geographic l o c a t i o n s g e n e r a l l y posses­
sed widely d i f f e r i n g p r o p e r t i e s {5). The most l i k e l y e x p l a n a t i o n 
i s that n a t u r a l l y o c c u r r i n g c l i n o s possess varying degrees of 
c a t i o n d e f i c i e n c y and that t h i s d e f i c i e n c y v a r i a t i o n r e s u l t s in a 
s i g n i f i c a n t l y a l t e r e d pore a c c e s s i b i l i t y . This property also 
leads to the unique CH4/N2 molecular s i e v i n g c a p a b i l i t y of t h i s 
m i n e r a l . Table 1 shows how BET s u r f a c e areas and CH4/N2 separa­
t i o n s a b i l i t y c o r r e l a t e with the degree of ion exchange i n 4 c l i n o 
samples. 

The z e o l i t e s designated ZBS-14 and ZBS-15 are c l i n o s from two 
separate deposits owned by an Occidental Petroleum s u b s i d i a r y , 
Occidental M i n e r a l s , Inc. H-ZBS-15 i s a d e c a t i o n i z e d version of 
i t s parent. Ash Meadows i s an ARC0 owned deposit and represents a 
completely ion exchanged c l i n o sample. 

Heat of Adsorption Measurements 

Using a gas chromatographic technique (6-11), apparent heats 
of adsorption 

H A D S ( a p p a r e n t ) = H A D S ( a c t u a l ) + E a ( d i f f u s i o n ) (1) 
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11. FRANKiEWicz A N D D O N N E L L Y Methane/Nitrogen Separation 215 

were measured f o r A r , N2, and CH4 on the samples l i s t e d in Table I 
and on several d e c a t i o n i z e d and p a r t i a l l y ion exchanged v e r s i o n s 
of the parent m i n e r a l s . These r e s u l t s are l i s t e d in Table I I . 
Note that f o r the most open c l i n o , d e c a t i o n i z e d ZBS-15, the heats 
of adsorption f o r CH4 and N2 are the same. As the z e o l i t e i s 
p r o g r e s s i v e l y r e - c a t i o n i z e d , the a c c e s s i b i l i t y of CH4 to the 
i n t e r n a l c r y s t a l surfaces p r o g r e s s i v e l y decreases. This i s 
r e f l e c t e d in a lower determination f o r H A D $ ( 1 2 ) . F i n a l l y , i n 
the completely c a t i o n exchanged ash meadows sample, even f o r 

N2 begins to show a decrease. The c o n c l u s i o n i s that given equal 
access to i n t e r n a l s u r f a c e s , CH4 and N? w i l l be e q u a l l y adsorbed. 
However, molecular s i e v i n g can s t i l l e f f e c t a s e p a r a t i o n . Based 
upon an a n a l y s i s of the H A D S measurements and the g . c . peak 
shapes obtained, we can make a s e m i - q u a n t i t a t i v e assessment of the 
s t r u c t u r a l pore a c c e s s i b i l i t y f o r several gases into the z e o l i t e s 
l i s t e d in Table I I . This i s shown in Figure 1. The shaded band 
represents the desired pore access c u t - o f f f o r maximum CH4/N2 
s e p a r a t i o n . 

Capacity and K i n e t i c s f o r CHa/N? Adsorption 

Given the a b i l i t y of the c l i n o ZBS-15 to e f f e c t CH4/N2 sepa­
r a t i o n chromatographical ly , we measured a high pressure adsorption 
isotherm f o r N2 and d i f f u s i o n k i n e t i c s f o r CH4 and N2. A complete 
isotherm f o r CH4 was not taken due to slow k i n e t i c s , but at low 
pressures ( Ρ ς μ 4 < 50 p s i a ) , CH4 and N2 c a p a c i t i e s appeared to be 
s i m i l a r . The apparatus used f o r both measurements i s shown sche­
m a t i c a l l y i n Figure 2. Gas adsorption c a p a c i t i e s and rates are 
determined by f o l l o w i n g gas pressure vs. t ime. A Van der Waals 
equation of s t a t e i s used to c a l c u l a t e t o t a l number of moles of 
gas in the b a l l a s t p r i o r to adsorption and in the b a l l a s t and 
adsorber a f t e r adsorption i s complete. The d i f f e r e n c e in these 
numbers i s the adsorbed gas and the rate at which gas i s adsorbed 
i s d i r e c t l y r e l a t e d to the d i f f u s i o n c o e f f i c i e n t by equation ( 2 ) . 
The apparatus i s monitored and c o n t r o l l e d by a D i g i t a l Equipment 
Company laboratory computer (MINC). During the determination of 
d i f f u s i o n c o e f f i c i e n t s in a mixed gas system, a sample l i n e i s 
i n s t a l l e d and bed samples analyzed on a quadrupole mass s p e c t r o ­
meter. The mass spec i s also monitored by the MINC with data 
acquired at 16 msec, i n t e r v a l s . 

The adsorption isotherm f o r N2 onto ZBS-15 at 20 e C i s shown 
i n Figure 3. 

The d i f f u s i o n c o e f f i c i e n t for a gas i n t o a s o l i d may be 
determined by measuring Ρ vs t and making the p l o t s exempli f ied by 
Figures 4(a) and 4 ( b ) . InT"igure 4, the r e l a t i v e amount of gas 
adsorbed in the experiment, R from equation ( 2 ) , i s p l o t t e d vs. 
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216 INDUSTRIAL GAS SEPARATIONS 

Table I 

Both Surface Areas and the A b i l i t y of C l i n o p t i l o l i t e 
to E f f e c t N9/CH4 Separation Are C o r r e l a t e d 

With How Completely the Sample Is Ion Exchanged. 

C l i n o 
Sample 

Total Ion Charge 
A l Content 

Surface* 
Area 

A b i l i t y t o 
Separate N0/CH4 

H-ZBS-15 .12 71.9 m2/g None 

ZBS-15 .38 52 Good 

ZBS-14 .88 36 Modest 

Ash Meadows 1.0 12 None 

* N2 BET measurements 

Table II 

Apparent Heats of Adsorption f o r Several 
Gases Over Various C I i n o p t i l o i i t e s 

(Kcal/Mole) 

Apparent Heat of Adsorption 

Molecule Ar No CH4 
K i n e t i c Diameter 3.40Â 3.64A 3.8A 

Z e o l i t e 
ZBS-14 0 5.0 0 
K-ZBS-14* 4.2 5.1 5.1 
ZBS-15 (-) 5.2 0 
H-ZBS-15 4.2 5.3 5.1 
Ca-ZBS-15* 3.8 5.9 1.2 
K-ZBS-15* 3.7 5.3 0.8 
Ash Meadows (-) 3.8 0 

* P a r t i a l l y Cation Exchanged 
(-) not measured 
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11. F R A N K I E W I C Z A N D D O N N E L L Y Methane/Nitrogen Separation 1\1 

ZBS-14 ZBS-14 

Ash 
Meadows 

K-ZBS 
14* 

ZBS 6 ZBS 6 

ZBS 15 ZBS 15 
Ca-ZBS 

15 
K-ZBS 

15* 
H-ZBS 

15 He Ne Ar N2 
I I l l 
I I I I I I I I I I I I 

c m Xe 
( c 
I I I I I I I 

2.5 3.0 3.5 4.0 4.5 
ο 
A 

Easy Pore Access ( ) 
Hindered Pore Access ( ) 
Approx. Size Cut-Off for Pore Access (·) 

* Partially Cation Exchanged 

F i g u r e 1. A s e m i - q u a n t i t a t i v e assessment o f s t r u c t u r a l pore 
a c c e s s i b i l i t y f o r s e v e r a l c l i n o samples t o a range o f m o l e c u l a r 
k i n e t i c d i a m e t e r s . 

Gas 
Inlet 

Vacuum 

Ballast Adsorber 
MINC 

0.01" ID Sample Line 
Crimped to Restrict Flow 

PT= Pressure Transducer 

F i g u r e 2. A schematic drawing o f the apparatus used f o r t h e measure­
ment o f CH^ and N 2 d i f f u s i o n c o e f f i c i e n t s . 
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218 INDUSTRIAL GAS SEPARATIONS 

co •σ c 
CO 
35 

20 
18 
16 
14 
12 
10 -
8 
6 -
4 « 

2 / 
0 f _L_ _l L l l l ι I ' l l I I I I 
0 20 40 60 80 100 120 140 160 

PSIA 

F i g u r e 3. The a d s o r p t i o n i s o t h e r m (21 °C) f o r N 2 on the c l i n o p t i l o ­
l i t e d e s i g n a t e d ZBS-15. 
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220 INDUSTRIAL GAS SEPARATIONS 

the square root of t ime. At s u f f i c i e n t l y short t imes, the f o l l o w ­
ing equation i s v a l i d ( 1 3 ) : 

R = _ Qt ~ % _ oA 1+K J~Dt"~ (ο) 

Κ - ( V q - ( Q- ' V (3) 

where R = r e l a t i v e amount of gas adsorbed during run 
Q 0 = amt. o f gas on the z e o l i t e at t = 0 
Q t = amt. o f gas adsorbed at any time t 
Qoe = f i n a l amt. o f gas adsorbed 

( Q 0 ) g = amt. of gas i n i t i a l l y a v a i l a b l e f o r adsorption 
D = d i f f u s i o n c o e f f i c i e n t in cm^/sec 
A/V = surface to volume r a t i o of the p a r t i c l e which i s 

c o n t r o l l i n g d i f f u s i o n 

Representative r e s u l t s from d i f f u s i o n measurements are 
i l l u s t r a t e d in Figures 4(a) and 4(b) and tabulated in Table I I I . 
The "knee" in the CH4 data at 0.2 r e l a t i v e adsorption i n d i c a t e s 
t h a t about 20% o f the t o t a l adsorption surface i s r a p i d l y accessed 
and i s thus n o n - s e l e c t i v e i n CH4/N2 a d s o r p t i o n . Once t h i s 
"external" surface region i s s a t u r a t e d , adsorption occurs only in 
the c r y s t a l l i t e s t r u c t u r a l pores, which are k i n e t i c a l l y s e l e c t i v e 
f o r N2- At very long t imes, adsorption approaches thermodynamic 
e q u i l i b r i u m , and there w i l l be a tendency for the e x t r a N2 r e s i d ­
ing in s t r u c t u r a l pores to be replaced with CH4. Therefore, 
maximum separation at short times i s p r e d i c t e d (t<9-25 sec. in the 
case of ZBS-15), and separation w i l l be higher in a process i f 
subsequent g a s - s o l i d separation steps ( e . g . , d e p r e s s u r i z a t i o n ) 
f o l l o w q u i c k l y . S i g n i f i c a n t l y , measured d i f f u s i o n c o e f f i c i e n t s 
were found to be independent of system pressure over a range of 
f i n a l pressures from 1 to 200 p s i a . Thus, the r e s u l t s presented 
here are l i k e l y to be a p p l i c a b l e to r e a l operating systems. Note 
t h a t the a d d i t i o n of C a + + to the ZBS-15 has a s i g n i f i c a n t impact 
on the d i f f u s i o n of both N2 and CH4. The impact on N2 i s g r e a t e r , 
however, and the r a t i o of the two d i f f u s i o n c o e f f i c i e n t s drops 
somewhat. How t h i s change a f f e c t s pressure swing separation of 
the two gases w i l l be discussed below. 

D i f f u s i o n i n Mixed Gas Systems 

Since methane d i f f u s i o n i s much slower than nitrogen d i f f u ­
s i o n i n t o c l i n o p t i l o l i t e , i t i s reasonable to suspect that the 
presence of CH4 on the z e o l i t e surface w i l l e f f e c t i v e l y slow the 
uptake of N2. I f t r u e , then i t would be much more appropriate to 
measure in the presence of CH4 rather than in the pure gas 
system. To accomplish t h i s , the apparatus of Figure 2 was modi­
f i e d by the a d d i t i o n of a 0.01" i . d . sample l i n e which terminated 
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Table I I I 

Summary Tabulation of D i f f u s i o n C o e f f i c i e n t 
Measurements on ZBS-15 and C a + + Impregnated 

ZBS-15, A/V = 1.67 χ 1 0 4 

F i n a l 
P a r t i c l e 

S i z e Gas 
System 

Pressure \ ° C H 4 \ ° C H 4 

As received ZBS-15 

60 χ 80 
mesh 

N 2 27 p s i a 2 . 3 x l 0 " 1 0 cm^/sec 

II N 2 74 l . g x i o - i o 

20 x 50 N 2 7 4 x l 0 " 1 0 

6 χ 10 CH4 11 1.2x10 

C a + + impregnated ZBS-15 

20 χ 50 
mesh 

N 2 12 p s i a 1.8X10" 1 1 cm^/sec 

20 χ 50 N 2 172 1.7X10" 1 1 

20 χ 50 CH4 11 5.8x10 

D N 2 / D C H 4 
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222 INDUSTRIAL GAS SEPARATIONS 

in the center of the z e o l i t e adsorber. Adsorber gas composition 
was monitored by the MINC computer as analyzed every 16 msec, by 
the quadrupole mass spectrometer. System pressures were measured 
with Validyne pressure transducers and also monitored by the MINC. 
From t h i s d a t a , % N2, % CH4, and p a r t i a l pressures of each gas can 
be c a l c u l a t e d vs. t ime. 

F i g u r e 5 i l l u s t r a t e s the mixed gas d i f f u s i o n data f o r a p a i r 
of runs using 60% CH4/40% N2 as the feed gas. Note t h a t N? 
adsorption i s a maximum at about 10 seconds for ZBS-15 whi le CH4 
adsorption continues even a f t e r 15 minutes. It i s important to 
r e a l i z e that s ince N2 d i f f u s i o n reverses a f t e r 10 seconds, Q i n 
equation (2) may be low and r e s u l t in an a r t i f i c i a l l y high value 
being c a l c u l a t e d for D ^ . With t h i s caveat, D^ <5 χ 1 0 " 1 1 

cm 2/sec f o r t h i s mixed gas system over ZBS-15 (as r e c e i v e d ) . 
Thus, the presence of methane in t h i s gas mixture has reduced 
D N 2

/ D CH4 f r o m 2 · ° x 1 0 4 ( s e e T a b 1 e H I ) t 0 3 · 3 x l o 3 - T a b l e I v 

presents data f o r other gas mixtures with ZBS"15 and C A + + t r e a t e d 
ZBS-15. Methane appears to have a l e s s e r e f f e c t on N2 d i f f u s i o n 
i n the C a + + t r e a t e d ZBS-15, but the c a l c u l a t i o n a l caveat given 
above a p p l i e s here as w e l l . 

The r e a l impact of the d i f f e r e n c e in mixed gas d i f f u s i o n 
rates f o r the two z e o l i t e s becomes apparent i n F i g u r e 6. Here 
Separation F a c t o r s vŝ  Time are p l o t t e d f o r the two adsorbents. 
Note that f o r ZBS-15, maximum separation i s observed at 20 seconds 
and has decayed to less than 1/2 of i t s maximum in the 90-180 sec. 
time frame which c h a r a c t e r i z e d most of the pressure swing e x p e r i ­
ments to be discussed below. The separation over C a + + t r e a t e d 
ZBS-15 also decays but i s s t i l l much improved over the a s - r e c e i v e d 
m a t e r i a l even a f t e r 3 minutes. 

The i m p l i c a t i o n s of Figure 6 f o r process design are s i g n i f i ­
c a n t . Using ZBS-15, a mean space time f o r an adsorber of about 20 
seconds i s optimum. For C a + + t r e a t e d ZBS-15, t h i s number can be 
increased to 60-120 seconds with no loss of separation r e l a t i v e to 
the parent z e o l i t e . Due to very low i n i t i a l pressure in the 
regenerated adsorber, the high pressure feed gas w i l l expand and 
move very r a p i d l y through the adsorber bed. As a r e s u l t of t h i s 
very short residence time (near t=o i n F igure 6 ) , an i n i t i a l l y 
poor separation CH4/N2 i s p r e d i c t e d . Thus, i n i t i a l adsorber 
e f f l u e n t w i l l be high i n N2 and may have to be discarded or 
r e c y c l e d . 

The Pressure Swing Separation of CH4 and N? 

In order to i n v e s t i g a t e the process aspects of the pressure 
swing separation of CH4 and N2 the apparatus depicted in F igure 7 
was c o n s t r u c t e d . Valves VI through V5 are f i t t e d with e l e c t r i c 
s w i t c h i n g mechanisms that are i n t e r f a c e d to the MINC computer. 
The two pressure t ransducers, three mass f low meters, and column 
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20 40 60 80 100 120 140 160 180 

Time, seconds 

F i g u r e 5. P a r t i a l p r e s s u r e v s . time curves show how t h e a d d i t i o n o f 
Ca t o ZBS-15 improves i t s a b i l i t y t o r e t a i n N p. 
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Table IV 

D i f f u s i o n C o e f f i c i e n t s Were Measured Vs. Gas Composition f o r (1) 
ZBS-15 and (2) ZBS-15 + .24 m moles/g"^f C a + + . The Presence of 
CH4 Slows N2 D i f f u s i o n . 

Z e o l i t e 

(1) ZBS-15 

Feed Gas 

N2 

60% CH4 

80% CH4 

90% CH4 

23X10" 1 1 cm2/sec 

δ χ Ι Ο " 1 1 

4 X 1 0 " 1 1 

4 χ 1 0 " η 

DN /D( CH * 4 

2-OxlO 4 

3 . 3 x l 0 3 

(2) ZBS-15 

.24 m moles 
C a + + / g 

N2 Ι . β χ Ι Ο " 1 1 cm2/sec 3 . 1 x l 0 3 

80% CH4 1 . 2 X 1 0 - 1 1 3 . 0 x l 0 3 

90% CH 4 1 . 3 X 1 0 - 1 1 

J C H 4 
i s assumed to be unchanged from the pure gas measurement 

CO 

ο 

co α 
Φ 

CO 

40 π 
F = 

N 2 (Ads)/CH4 (Ads) 
N2 (Feed)/CH4 (Feed) 

20 40 60 80 100 120 140 160 180 
Time (Sec) 

F i g u r e 6. C a + + impregnated ZBS-15 shows an enhanced a b i l i t y t o 
se p a r a t e CH^ and N^. 
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V = Electrically Operated Valve 
PT = Pressure Transducer 
FM = Mass Flow Meter 

BPR = Back Pressure Regulator 
C = Adsorption Column 
F = In-line Gas Filter 

PT> j (Bal last )— t 3 b - ® — 
Feed Gas 

Vacuum 

F i g u r e 7· A schematic drawing o f the c o m p u t e r - c o n t r o l l e d p r e s s u r e 
swing a p p a r a t u s . 
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temperature are also monitored by the MINC. A l l gas e f f l u e n t from 
the apparatus through vent or vacuum i s sampled through a molec­
u l a r leak valve f o r a n a l y s i s by the quadrupole mass spectrometer. 
The mass spec in turn r e p o r t s these compositions to the MINC. 
Once a run i s i n i t i a t e d , the apparatus i s under complete c o n t r o l 
of and monitored by the MINC. 

The back pressure r e g u l a t o r (BPR) i s set to give the d e s i r e d 
pressure in the adsorption column (CI or C2) being used. Although 
i t i s p o s s i b l e with t h i s apparatus to involve both columns a l t e r ­
n a t e l y in a separations experiment, t h i s was not done during our 
runs so that a l l vent and vacuum regeneration gases could be ana­
lyzed f o r every c y c l e in the r u n . During a pressure swing run, 
gas enters the adsorption column, CI or C2, through valve V2. 
Valve V3 i s set to al low gas to e x i t the s e l e c t e d adsorber through 
the back pressure r e g u l a r (BPR) as soon as the d e s i r e d operat ing 
pressure i s achieved. For d e p r e s s u r i z a t i o n , V3 i s switched to 
al low the column e x i t gas to bypass the BPR and be vented through 
valve V4. V4 i s a vacuum/vent s e l e c t o r and V5 allows a s i n g l e 
pressure transducer to monitor system pressures at up to four 
s e l e c t e d p o i n t s . 

A sample data p l o t i s shown in F igure 8. Feed gas i s 40% N2 
and 60% CH4. A mass balance i s c a l c u l a t e d f o r CH4 and N2 f o r each 
step in the process as well as f o r the complete adsorption c y c l e . 
The mass balance includes a Van der Waals c a l c u l a t i o n of the 
amount of gas stored in column voids and the volume of gas 
adsorbed on the z e o l i t e . T y p i c a l l y , the independently c a l c u l a t e d 
mass balances for CH4 and N2 were 100 3%. 

Table V l i s t s the independent v a r i a b l e s and t h e i r r e s p e c t i v e 
ranges which were included in t h i s study. Dependent v a r i a b l e s can 
be defined in numerous ways depending upon the o b j e c t i v e s of the 
p a r t i c u l a r experimental s e r i e s being conducted. T y p i c a l l y , a 
pressure swing adsorption c y c l e program i s input to the appa­
r a t u s ' s computer c o n t r o l program, e . g . , per F i g u r e 8, and the 
c y c l e repeated under computer c o n t r o l u n t i l the experimental 
o b j e c t i v e i s achieved. For t h i s work, 6-24 c y c l e s were normally 
used with t o t a l run times up t o 8 hours. 

F igures 9 and 10 i l l u s t r a t e changes in two dependent v a r i ­
a b l e s : dynamic N2 adsorption c a p a c i t i e s and CH4/N2 separation 
f a c t o r s . Independent v a r i a b l e s are column temperature, o p e r a t i n g 
pressure, and time allowed f o r vacuum r e g e n e r a t i o n . This 
experimental s e r i e s used a constant feed rate of 6.0 1/min over a 
time of 1.00 min into a 1" d i a . χ 24" long adsorber f i l l e d with 
180g of z e o l i t e . Column d e p r e s s u r i z a t i o n took place for 1.00 min. 
and t h i s was fol lowed by a v a r i a b l e length vacuum r e g e n e r a t i o n . 

Adsorbent p a r t i c l e s i z e s , although not a design v a r i a b l e , d i d 
a f f e c t some r e s u l t s for hydrodynamic reasons. As can be seen from 
the c e n t e r p o i n t s , a s l i g h t d e t e r i o r a t i o n in column performance 
r e s u l t e d with the switch from a 60 χ 80 to a 6 χ 10 mesh adsor­
bent. Although t h i s e f f e c t was r e a l and r e p r o d u c i b l e , the e f f e c t s 
of the three design v a r i a b l e s were g e n e r a l l y more s i g n i f i c a n t . 
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(1) D e p r e s s u r i z a t i o n B e g i n s 

(2) R V a c u u m R e g e n e r a t i o n B e g i n s 

Time (Seconds ) 

F i g u r e 8. Adsorber parameters a r e p l o t t e d v s . time f o r a p r e s s u r e 
swing r u n . Note t h e common s c a l e f o r %N0 and a d s o r b e r p r e s s u r e . 

Table V 

Operational V a r i a b l e s and V a r i a b l e Ranges Studied for the 
Pressure Swing Separation of CH4 and N2 

Gas Feed Rate 16.7 - 50.0 scc/g. of z e o l i t e - m i n . 

Feed gas composition 10 - 40% N2 

Adsorber Temperature 0* - 55 e C 

Operating Pressure 75 - 300 p s i a 

Adsorber Granule Size . 1 8 - 3 . 5 mm 

Column Regeneration 0 - 2 0 min. vacuum or CH4 purge 
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228 INDUSTRIAL GAS SEPARATIONS 

6 Min ^ 12 Min 
Regeneration Regeneration 

pTotal N

2 Theor. Cap. 

80 psia 32 psia 8.2 scc/g 
112 psia 45 psia 9.8 scc/g 
150 psia 60 psia 11.2 scc/g 

F i g u r e 9. Average SCC o f Np adsorbed p e r gram o f t h e c l i n o ZBS-15 
f o r a 3 v a r i a b l e f a c t o r i a l d e s i g n e x p e r i m e n t a l s e r i e s . Feed was 
33.3 SCC/g o f z e o l i t e p e r c y c l e o f U0#N /60%CE^ gas. 
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75 psia 

6 Min 12 Min 
Regeneration ' * Regeneration 

e * · r- . - N2 (ads)/CH4 (Ads) Separation Factor = 
N2 (Gas)/CH4 (Gas) 

F i g u r e 10. CH^/N^ s e p a r a t i o n f a c t o r s f o r a 3 v a r i a b l e f a c t o r i a l 
d e s i g n e x p e r i m e n t a l s e r i e s . Feed was 33.3 SCC/g o f z e o l i t e p e r 
c y c l e o f kO%W /60%Ctt^ gas. 
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At the bottom of Figure 9, c a p a c i t i e s derived from the c l i n o 
N2 adsorption isotherm (see Figure 3) are also l i s t e d . The f a c ­
t o r i a l design r e s u l t s suggest that over 90% of the t h e o r e t i c a l N2 
adsorption c a p a c i t y can be dynamically used in a pressure swing 
process provided absorbent regeneration i s adequate. Note that 
column temperature does not s t r o n g l y a f f e c t dynamic N2 adsorption 
c a p a c i t y , but does i n f l u e n c e N2/CH4 separation f a c t o r s in the 
process. This r e s u l t s from a slowing of CH4 adsorption k i n e t i c s 
as temperature i s decreased. 

The longest step in the pressure swing c y c l e f o r CH4/N2 over 
c l i n o p t i l o l i t e i s r e g e n e r a t i o n . Because t h i s step involves vacuum 
and represents unproductive time in the process, regeneration was 
c l o s e l y s t u d i e d . Regeneration times were var ied from 10 sec. to 
20 minutes and regeneration mode was changed from vacuum (approx. 
20 t o r r system pressure) to quiescent t o CH4 purge. The r e s u l t s 
f o r 5 of these runs are summarized in F igure 11 f o r a 20% N2, 80% 
CH4 feed gas. It appears that a vacuum regeneration time of at 
l e a s t 6 minutes i s required to maintain product q u a l i t y over 
m u l t i p l e c y c l e s . Other modes of regeneration were not s u c c e s s f u l 
and i t appears that a process design cannot reasonably incorporate 
anything but vacuum r e g e n e r a t i o n . 

Process Design & Economics 

Using the d e t a i l e d mass balance data f o r the experiments 
described above, a commercial process design was developed and 
subjected to an economic a n a l y s i s . The process involves the use 
of 10 adsorber beds s ized to handle 2.0 or 20.0 χ 1 0 6 SCF/day of 
feed gas c o n t a i n i n g 20-30% N2 and 70-80% CH4. The product v a r i e s 
from 90-95% methane depending upon the feed composit ion. Pressure 
swing separations costs were found to be $.35/10^ Btu for the 
l a r g e r plant and $1.20/10° Btu for the smaller p l a n t . Correspond­
ing costs f o r cryogenic separation of the same feedstocks were 
estimated to be $.29/10 6 Btu f o r the 20 χ 1 0 6 SCF/day plant and 
$1.66/10 6 f o r the smaller p l a n t . In a l l c a s e s , c a p i t a l charges 
assumed a 20% DCF-ROI. Thus pressure swing separation of CH4/N2 
appears to be v i a b l e for small p l a n t s . Complete d e t a i l s of the 
process design and economic e v a l u a t i o n are being prepared f o r 
p u b l i c a t i o n elsewhere. 

Conclusions 

The major points to be drawn from t h i s work a r e : 

The use of molecular s i e v i n g f o r the d i f f u s i v e s e p a r a t i o n 
of molecules very c l o s e in s i z e (3.64 A vs 3 . 8 Â k i n e t i c 
diameters) with commercially v i a b l e p r o d u c t i v i t i e s i s 
p o s s i b l e . 
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16 

14 

12 

10 

8 

6 

4 

2 

0 - 1 0 Sec Vac Regeneration 
ο - 3 Min Vac Regeneration 
• - 6 Min Vac Regeneration 
Δ - 12 Min Vac Regeneration 
• - 6 Min No Vac Regeneration 

0 _ o - o - 2 - o - o - o - o - ° - ° - ° -

/ n- - D-D- Q 

?,° 
a II o-o 

SA-*-*-* Δ 

— 0 - 0 - 0 -
.o-o- 0-o-°-o 

" Δ - Δ — Δ — Δ - - ^ - Δ - Δ - Δ 

6 8 10 12 14 16 18 20 
Cycle Number 

F i g u r e 11. Product q u a l i t y from an ads o r b e r v a r i e s as th e r e g e n e r a ­
t i o n time i s v a r i e d . Feed gas i s 20#N2/80#CHi+. 
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The surface c a t i o n population of the c l i n o p t i l o l i t e adsor­
bent c o n t r o l s the e f f e c t i v e n e s s of CH4/N2 s e p a r a t i o n . 

The pressure swing separation of CH4/N2 i s economically 
v i a b l e f o r small plant s i z e s , but cryogenic separation i s 
more a t t r a c t i v e at l a r g e r plant s i z e s . 

Adsorbent improvement and engineering o p t i m i z a t i o n may 
y i e l d a d d i t i o n a l cost improvements. 

P r i o r to an actual f i e l d t r i a l of t h i s technology, a d d i t i o n a l 
research i s r e q u i r e d . This a d d i t i o n a l work i n c l u d e s : 

Determining the e f f e c t of t race inorganic gases (H2O, CO2, 
H2S...) on the s e p a r a t i o n . 

Determining the e f f e c t of higher hydrocarbons on long-term 
adsorbent performance. 

Optimization of CH4 and N2 adsorption k i n e t i c s through the 
c o n t r o l of adsorbent surface c a t i o n p o p u l a t i o n . 

Engineering o p t i m i z a t i o n , e s p e c i a l l y in the areas of 
adsorber s i z i n g and aspect r a t i o as well as process flow 
s t r a t e g y . 
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Separation of Methane from Hydrogen and 
Carbon Monoxide by an Absorption/Stripping 
Process 

VI-DUONG DANG 
The Catholic University of America, Department of Chemical Engineering and 
Materials Science, Washington, DC 20064 

An absorption/stripping process calculation using 
propane as the absorption solvent for separation of 
methane from hydrogen and carbon monoxide has been 
performed. Detailed material and energy balances 
for the process as well as the dimensions of the 
absorber and the stripper are reported. Other major 
pieces of equipment such as heat exchangers pumps, 
and compressors were evaluated in order to determine 
the equivalent electrical energy of the process as 
approximately 13550 cal(e)/gm-mole methane produced. 
The purity of methane in the final stream is 96% by 
volume at 100°F and 1000 psia. The present process 
appears to be a potential working process for methane 
separation in large quantity. 

I n c o a l g a s i f i c a t i o n p r o c e s s e s such as t h e f l a s h h y d r o p y -
r o l y s i s o r t h e Exxon c a t a l y t i c p r o c e s s , methane i s t h e major 
d e s i r e d end p r o d u c t . However , methane i s u s u a l l y p roduced a l o n g 
w i t h hydrogen a n d / o r c a r b o n monox ide . To o b t a i n p i p e l i n e g rade 
methane, i t i s n e c e s s a r y t o d e v e l o p e c o n o m i c a l methods o f s e p a ­
r a t i n g methane from hydrogen a n d / o r c a r b o n monoxide m i x t u r e s . The 
hydrogen and c a r b o n monoxide a r e t h e n r e c y c l e d i n t h e p r o c e s s . 
S e v e r a l s e p a r a t i o n t e c h n o l o g i e s such as a b s o r p t i o n / s t r i p p i n g , 
c r y o g e n i c , c l a t h r a t e f o r m a t i o n have been examined ( 1 ) . I n t h i s 
r e p o r t , a method o f a b s o r p t i o n / s t r i p p i n g u s i n g propane as t h e s o l ­
v e n t i s p r e s e n t e d . A b s o r p t i o n / s t r i p p i n g i s a w e l l - k n o w n c h e m i c a l 
e n g i n e e r i n g o p e r a t i o n and can be r e a d i l y d e s i g n e d and c o n s t r u c t e d 
on a l a r g e s c a l e . T h e r e f o r e , t h e p r e s e n t method can be c o n s i d e r e d 
as a p o t e n t i a l l y u s e f u l method . 

I n t h e p r e s e n t work , a feed gas m i x t u r e o f 40% CH4, 45% H2, 
and 15% CO a t 1 0 0 ° F and 500 p s i a i s t o be s e p a r a t e d . A p r o d u c t i o n 
c a p a c i t y o f 250 χ 10^ s c f / d a y o f CH4 i s assumed. The methane i s 
d e l i v e r e d t o t h e p i p e l i n e a t 1 0 0 ° F and 1000 p s i a . F o r t h e a p p l i ­
c a t i o n o f a b s o r p t i o n / s t r i p p i n g , i t i s d e s i r a b l e t o u t i l i z e a 

0097-6156/83/0223-0235$06.00/0 
© 1983 American Chemical Society 
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236 INDUSTRIAL GAS SEPARATIONS 

s o l v e n t which has a h i g h s o l u b i l i t y f o r methane. T a b l e I shows 
some s o l u b i l i t y d a t a f o r methane i n water and i n v a r i o u s o r g a n i c 
s o l v e n t s . I t i s seen t h a t methane has a h i g h e r s o l u b i l i t y i n 
propane than i n any of t h e o t h e r s o l v e n t s l i s t e d . T h e r e f o r e , p r o ­
pane was chosen as t h e s o l v e n t f o r t h e a b s o r p t i o n / s t r i p p i n g sepa­
r a t i o n p r o c e s s i n v e s t i g a t e d i n t h i s r e p o r t . 

O p e r a t i n g c o n d i t i o n s f o r t h e a b s o r p t i o n and s t r i p p i n g towers 
a r e important d e s i g n parameters f o r t h e p r o c e s s . Due t o vapor 
p r e s s u r e and en t r a i n m e n t , propane w i l l be p r e s e n t i n the e f f l u e n t 
gas streams from b o t h t h e abso r b e r and s t r i p p e r . U s u a l l y t h i s 
q u a n t i t y o f propane i s not r e c o v e r e d and i s c o n s i d e r e d an economic 
l o s s . The amount of propane i n the gas phase i s m a i n l y dependent 
on the o p e r a t i n g temperature and p r e s s u r e o f the towers. 

F i g u r e 1 shows the vapor p r e s s u r e of some of t h e r e l e v a n t 
compounds as a f u n c t i o n o f temperature. At -230.8°F and -184°F, 
the vapor p r e s s u r e o f propane i s about 0.1 mm Hg and 1 mm Hg 
r e s p e c t i v e l y . A b s o r p t i o n / s t r i p p i n g p r o c e s s i s a c o n v e n t i o n a l l y 
p r a c t i c a l p r o c e s s so i t i s d e c i d e d t o e v a l u a t e t h e s e p a r a t i o n o f 
methane from hydrogen and carbon monoxide by t h i s p r o c e s s . S i n c e 
the o p e r a t i n g p r e s s u r e s of t h e abs o r b e r and s t r i p p e r a r e about 
500 p s i a and 487 p s i a r e s p e c t i v e l y , t h e mole f r a c t i o n s o f propane 
i n t h e o u t l e t gas streams o f the abs o r b e r and s t r i p p e r a r e about 
6.75 χ 1 0 " 6 and 1 χ 10~4 a t -230.8°F and -184°F r e s p e c t i v e l y . 
When t h e ab s o r b e r o p e r a t e s a t h i g h e r temperature as shown i n 
Table I I , propane l o s s e s i n c r e a s e . When the ab s o r b e r and s t r i p p e r 
o p e r a t e a t -230.8°F and -184°F r e s p e c t i v e l y , t h e propane l o s s i s 
e q u i v a l e n t t o about 0.0850% and 3.28% r e s p e c t i v e l y o f the c o s t o f 
methane assuming t h e c o s t o f methane and propane i s t h e same. 
T h i s low percentage o f propane l o s s was c o n s i d e r e d a c c e p t a b l e . 
Hence i t was determined t o o p e r a t e t h e ab s o r b e r a t -230.8°F and 
the s t r i p p e r a t -184°F. 

P r o c e s s D e s c r i p t i o n 

A schematic p r o c e s s f l o w sheet i s shown i n F i g u r e 2. I n l e t 
gas, a m i x t u r e o f methane, hydrogen and carbon monoxide a t 100°F 
and 500 p s i a (stream 1) i s s u c c e s s i v e l y c o o l e d t o -140°C by t h e 
o u t l e t gas stream from t h e a b s o r b e r and some r e c y c l e gas. The 
abso r b e r i s a packed column of 1 - i n . b e r l s a d d l e s w i t h 50% v o i d 
f r a c t i o n . The r i c h l i q u i d from t h e bottom of the abs o r b e r i s heat 
exchanged w i t h t h e bottom l i q u i d from t h e s t r i p p e r . The s t r i p p e r 
i s a l s o a packed column w i t h 1 - i n . b e r l s a d d l e s . The d i s s o l v e d 
methane, hydrogen, and carbon monoxide i s s t r i p p e d out by h e a t i n g 
a t t he bottom o f t h e s t r i p p e r . The o u t l e t gas stream from t h e 
s t r i p p e r i s heated i n a heat exchanger by a r e c y c l e gas stream and 
i s f u r t h e r compressed t o produce t h e f i n a l methane product a t 
100°F and 1000 p s i a . 

To p e rform a f u r t h e r d e t a i l e d p r o c e s s c a l c u l a t i o n on t h i s 
multi-component a b s o r p t i o n and s t r i p p i n g p r o c e s s , vapor l i q u i d 
e q u i l i b r i u m d a t a f o r methane, hydrogen, and carbon monoxide i s 
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l/T ( K - * ) 

F i g u r e 1. Vapor p r e s s u r e o f s e l e c t e d compounds v s . l / T . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

01
2

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Ta
bl

e 
II

. 
Pr

op
an

e 
Lo

ss
es
 
a
t 

Di
ff

er
en

t 
Ab

so
rb

er
 T

em
pe

ra
tu

re
s 

(S
tr

ip
pe

r 
Te

mp
er

at
ur

e 
= 

-1
84

°F
) 

Pl
an

t 
Ca

pa
ci

ty
: 

25
0x

l0
6 

SC
F/

Da
y 

T(
°F

) 

lb
/d

ay
 

lo
ss
 
of

 P
ro

pa
ne

 
% 

of
 P

ro
pa

ne
 C

os
t 

Lo
ss

 A
ss

um
in

g 
Me

th
an

e 
an

d 
Pr

op
an

e 
Co

st
 t

o 
be
 t

he
 S
am

e 
T(

°F
) 

Ab
so

rb
er

 
St

ri
pp

er
 

Ab
so

rb
er
 
+ 

St
ri

pp
er

 

% 
of

 P
ro

pa
ne

 C
os

t 
Lo

ss
 A

ss
um

in
g 

Me
th

an
e 

an
d 

Pr
op

an
e 

Co
st
 t

o 
be
 t

he
 S
am

e 

- 
58

 
2.

79
xl

06 

- 
76

 
1.

58
xl

06 

-1
12

 
4.

81
xl

05 

-1
48

 
l.

ll
xl

O5 
84

15
 

1.
19

xl
05 

1.
13

3 

-2
00

 
4.

77
xl

03 
84

15
 

1.
31

9x
l0

4 
0.

12
6 

-2
30

.8
 

4.
77

xl
02 

84
15

 
88

92
 

0.
08

5 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

01
2

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



240 INDUSTRIAL GAS SEPARATIONS 

F i g u r e 2. Flow diagram f o r methane s e p a r a t i o n by a b s o r p t i o n / s t r i p p i n g 
method. 
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12. D A N G Methane Separation from Hydrogen and Carbon Monoxide 241 

needed. E q u i l i b r i u m K - v a lues o f methane and propane a r e o b t a i n e d 
from D e P r i e s t e r (2). S o l u b i l i t y d a t a f o r hydrogen i n propane i s 
o b t a i n e d from T r u s t and K u r a t a (3)· S o l u b i l i t y o f carbon monoxide 
i n propane i s o b t a i n e d from P r a u s n i t z and S h a i r ( 4 ) . 

The a b s o r b e r c a l c u l a t i o n i s based on 1 l b - m o l e o f gas stream 
e n t e r i n g i n t o t h e bottom o f t h e a b s o r b e r . The e n t e r i n g l i q u i d i s 
f e d a t a r a t e o f 1.5 l b - m o l e / l b mole o f gas. For 95% methane 
removed, a p r e l i m i n a r y e s t i m a t e of methane absorbed i s 0.38 l b -
mole, carbon monoxide absorbed i s 0.13 l b - m o l e , hydrogen absorbed 
i s 0.1 l b - m o l e . The a b s o r b e r i s o p e r a t e d under i s o t h e r m a l c o n d i ­
t i o n s of -146°C. The l i q u i d t o gas mass r a t i o a t t h e top of t h e 
tower i s 3.85 w h i l e a t t h e bottom i t i s 2.11 w i t h an average v a l u e 
of 2.98. The key component i s methane. U s i n g a method o f average 
a b s o r p t i o n f a c t o r which f o r methane i s 6.478 and 95% methane r e ­
moval, i t i s p o s s i b l e t o determine t h e number of t h e o r e t i c a l t r a n s ­
f e r u n i t s t o be 2. W i t h t h e s e c o n d i t i o n s , methane i n t h e o u t l e t 
gas stream of t h e a b s o r b e r i s 0.002 l b - m o l e , carbon monoxide i s 
0.13 l b - m o l e and hydrogen 0.44 l b - m o l e . The molar c o n c e n t r a t i o n s 
of t h e a b s o r b e r e f f l u e n t gas a r e CH^, 3.5 χ 1 0 ~ 3 ; CO, 0.227; H 2, 
0.769; C3H3, 6.75 χ 1 0 ~ 6 . The molar c o n c e n t r a t i o n s i n t h e l i q u i d 
phase a r e CH4, 0.101; CO, 0.005; H 2, 0.003; C 3H 8, 0.891. 

Absorber d e s i g n r e q u i r e s t h e c a l c u l a t i o n o f t h e q u a n t i t y 

L _G which i s 0.79 f o r t h e p r e s e n t c a s e where L and G a r e mass 

v e l o c i t i e s o f l i q u i d and gas, P L and G a r e d e n s i t i e s of l i q u i d 
and gas. At f l o o d i n g c o n d i t i o n s 

where ap i s s u r f a c e a r e a o f p a c k i n g per u n i t tower volume, ε i s 
f r a c t i o n a l v o i d volume o f d r y p a c k i n g y£ i s l i q u i d v i s c o s i t y , g c 

i s l o c a l g r a v i t a t i o n a l c o n s t a n t . T h e r e f o r e assuming 60% o f 
f l o o d i n g c o n d i t i o n s , G i s 2920 I b / h r f t 2 . S i n c e i t i s d e s i r e d t o 
produce 250 χ 10^ s c f / d a y methane, t h e i n l e t gas f l o w i n t o t h e 
ab s o r b e r i s 2.35 χ 10° l b / h r . 

From t h i s and t h e gas mass v e l o c i t y , i t i s determined t h a t 
3 towers a r e needed, each one w i t h a diam e t e r of 18.5 f t . The 
tower h e i g h t i s determined by t h e h e i g h t o f a t r a n s f e r u n i t which 
i s 20.7 f t . (_5) . T h e r e f o r e , t h e h e i g h t of t h e packed tower i s 
41.4 f t . Other d e t a i l e d tower c h a r a c t e r i s t i c s a r e g i v e n i n 
Tab l e I I I . 

The s t r i p p i n g tower i s o p e r a t e d a t -120°C and 487 p s i a and 
the molar r a t i o o f l i q u i d t o gas i s 9.7. A g a i n t a k i n g methane as 
t h e key component, and 95% methane s t r i p p e d , about 0.0962 l b mole 
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242 INDUSTRIAL GAS SEPARATIONS 

T a b l e I I I . Summary of Dimensions and C h a r a c t e r i s t i c s 
o f A b s o r b e r s and S t r i p p e r s 

A b s o r b e r s 
Diameter o f Absorber = 18.5 f t 
Number o f Absorber = 3 
Height of Packed Tower = 41.4 f t 
P r e s s u r e Drop i n Packed Tower = 1.94 p s i a 
W a l l T h i c k n e s s of Tower = 2.98 i n . 

S t r i p p e r s 
Diameter o f S t r i p p e r = 17.6 f t 
Number of S t r i p p e r = 3 
Height of Packed Tower = 22.8 f t 
P r e s s u r e Drop i n Packed Tower = 0.41 p s i a 
W a l l T h i c k n e s s of Tower 2.35 i n . 
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12. D A N G Methane Separation from Hydrogen and Carbon Monoxide 243 

of methane, 0.0045 lb-mole o f carbon monoxide, 0.002 lb-m o l e o f 
hydrogen a r e s t r i p p e d . The p r e l i m i n a r y e s t i m a t e s o f t h e l i q u i d t o 
gas r a t i o i s 26.7 a t the top and 24.0 a t t h e bottom w i t h an average 
of 25.4. The average s t r i p p i n g f a c t o r f o r methane i s 21.2 and two 
t r a n s f e r u n i t s a r e needed. Under t h e s e c o n d i t i o n s 0.0046 l b - m o l e 
of methane, 0.0032 lb-mole o f carbon monoxide, and 0.00036 l b - m o l e 
of hydrogen remain i n t h e bottom l i q u i d phase. I n t h e bottom o u t ­
l e t stream o f t h e l i q u i d phase, mole f r a c t i o n s o f t h e c h e m i c a l 
s p e c i e s a r e CH4, 0.0051; CO, 0.0036; H 2, 0.0004; C 3Hg, 0.991. The 
o u t l e t mole f r a c t i o n of t h e gas phase from t h e s t r i p p e r i s CH4, 
0.960; CO, 0.019; H 2, 0.021; C 3H g, 0.0001. 

To d e s i g n t h e s t r i p p e r , a g a i n methane i s chosen as t h e key 
component. 

L { P G i s t a k e n t o be 7.81. At f l o o d i n g 

g c P g P L 

^0.2 

0.0018 

2 
T h e r e f o r e , t h e gas mass v e l o c i t y i s 1372 l b / h r f t f o r 60% f l o o d ­
i n g c o n d i t i o n w i t h a gas mass f l o w of 1.28 χ 1 0 6 l b / h r . I t i s 
determined t h a t 3 towers a r e r e q u i r e d each one 17.6 f t i n diam­
e t e r . The h e i g h t o f a t r a n s f e r u n i t i s a 11.4 f t and t h e t o t a l 
h e i g h t o f a packed tower i s 22.8 f t . P r e s s u r e drop i n t h e tower 
i s 0.41 l b / i n 2 . A summary of t h e c o m p o s i t i o n o f v a r i o u s streams 
i s g i v e n i n T a b l e IV and s t r i p p e r c h a r a c t e r i s t i c s a r e g i v e n i n 
T a b l e I I I . 

A t h e r m a l energy b a l a n c e o f t h e p r o c e s s i s performed f o r t h e 
c o o l e r s , f o r streams 1 and 2 i n F i g u r e 2 and t h e heat exchanger 
between streams 5 and 7. The heat i n p u t f o r t h e heat exchanger 
between t h e a b s o r b e r and t h e s t r i p p e r i s c o n s i d e r e d t o be n e g l i ­
g i b l e . The e l e c t r i c a l power i n p u t t o t h e compressor i s 5135 
horsepower. The t h e r m a l energy l o a d f o r t h e h e a t e r between 
streams 13 and 9 i n F i g u r e 2 i s 2.2 χ 1 0 7 c a l / m i n and f o r t h e 
c o o l e r a t t h e o u t l e t gas stream from t h e a b s o r b e r i s 5.06 χ 1 0 7 

c a l / m i n . A f u r t h e r breakdown o f t h e t h e r m a l energy requirement 
of t h e p r o c e s s i s g i v e n i n T a b l e V. D e t a i l e d c a l c u l a t i o n s a r e 
g i v e n i n the Appendix. Combining t h e t h e r m a l energy and t h e 
pumping and compressing power r e q u i r e d f o r t h e p r o c e s s as shown 
i n F i g u r e 2, t h e t o t a l t h e r m a l energy r e q u i r e d i s 30955 c a l / g - m o l e 
which i s about 11.8 times h i g h e r than t h e minimum i d e a l s e p a r a t i o n 
energy r e q u i r e d which i s c a l c u l a t e d t o be 2621 c a l / g - m o l e CH^. 
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Appendix 

Energy C a l c u l a t i o n f o r t h e S e p a r a t i o n of Methane from P r o c e s s 
G a s i f i c a t i o n Stream U s i n g Propane A b s o r p t i o n / S t r i p p i n g 

The energy c a l c u l a t i o n s f o r t h e p r o c e s s a r e based on e l e c ­
t r i c a l and t h e r m a l energy. I t i s assumed t h a t t h e heat exchanger 
between t h e a b s o r b e r and t h e s t r i p p e r o p e r a t e s i d e a l l y so no net 
heat l o s s o r g a i n w i l l be r e a l i z e d i n t h i s u n i t . The e l e c t r i c a l 
energy r e q u i r e m e n t s a r e f o r (1) t h e pumps between t h e ab s o r b e r and 
the s t r i p p e r , (2) t h e i n l e t gas blower, (3) t h e compressor a t t h e 
end f o r t h e product methane, and (4) pumping power f o r f l u i d 
t r a n s p o r t . Thermal energy i s s u p p l i e d f o r (1) t h e h e a t e r between 
streams 9 and 13, and (2) t h e c o o l e r a t t h e o u t l e t o f t h e absorber. 
The c a l c u l a t i o n s w i l l be performed s e p a r a t e l y i n t h e f o l l o w i n g 
s e c t i o n s . 

A. Pumping Power Requ i r e d t o T r a n s p o r t F l u i d from Bottom o f 
Absorber t o Top o f S t r i p p e r 

ο 
L i q u i d f l o w r a t e = 8.48 χ 10 l b / d a y 

m 8 . 4 8 x l 0 8 l b / d a y χ 7.48 g a l / f t 3 

36.52 l b / f t 3 χ 24 hr/day 

= 7 . 2 4 x l 0 6 g a l / h r = 1 . 2 1 x l 0 5 g a l / m i n 

D e n s i t y o f l i q u i d = 36.52 l b / f t 3 

H e i g h t o f s t r i p p i n g tower p a c k i n g i s 22.8 f t . C o n s i d e r 
heading of t h e tower i s 20% a d d i t i o n a l . Then t h e tower h e i g h t 
ΔΖ i s 27.4 f t . The f l u i d i s t r a n s p o r t e d by 30 p i p e s and t h e 
diameter of t h e p i p e i s about 0.25 f t . The energy b a l a n c e f o r 
each p i p e i s 

2 
ΔΖ + 0.8 W + = 0 ( A - l ) 

g c
 s S C

D 

. u 4 8.4 8 x l 0 8 x 4 
V e l o c i t y u i n each p i p e = j 

24x36.52 χπχ30χ.25 

= 6 . 5 6 x l 0 5 f t / h r = 182.4 f t / s e c 

Re = = 182.4 f t / s e c χ 0.25 f t χ 36.52 l b / f t 3
 = 3 e 5 3 x l 0

8 

6 Ρ «ι ο ί ο " 2 36.52 , - 0 n n-4 1.2x10 χ ̂ 2 ̂  χ 6.72x10 

American Chemical 
Society Library 

t155 16th St. N. W. 
Washington, 0. C. 20039 
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248 INDUSTRIAL GAS SEPARATIONS 

R e l a t i v e roughness f a c t o r and f r i c t i o n f a c t o r a r e ta k e n t o be 
0.0006 and 0.004, r e s p e c t i v e l y . T h e r e f o r e , t h e f r i c t i o n a l l o s s 
term i s 

ι 2x0.004x182.4 2x37.4 1 0 / / _ -, / 1 K 

l w f = 32x0725 = 1 2 4 4 f t l b f / l b 

From Eq. ( A - l ) , we can c a l c u l a t e t h e l o s s per s e t o f p i p e s (10 
p i p e s ) c o n n e c t i n g each a b s o r b e r and s t r i p p e r i s 

w . -(1244 χ 10 + 27.4) . 1 5 5 8 4 f t l b / l b 

s O.o r 

The t o t a l e l e c t r i c a l power r e q u i r e d f o r t h e 30 p i p e s i s 

15584 f t - l b / l b χ 8 . 4 8 x l 0 8 l b / d a y χ 5.05χ1θ" 7 Τ h r / f t - l b f 

F = 24 hr/day 

= 2 . 7 8 x l 0 5 Ρ 

Β. Pumping Power R e q u i r e d t o T r a n s p o r t F l u i d from Bottom of 
S t r i p p e r t o Top o f Absorber 

L i q u i d f l o w r a t e = 8 . 1 2 x l 0 8 l b / d a y 

8 . 1 2 x l 0 8 l b / d a y χ 7.48 g a l / f t 3 

36.52 l b / f t 3 χ 24 hr/day χ 60 min/hr 

= 1 . 1 5 x l 0 5 g a l / m i n 

A g a i n we t a k e 20% a d d i t i o n a l h e i g h t f o r t h e h e i g h t o f t h e abs o r b e r 
which has a p a c k i n g h e i g h t o f 41.4 f t so t h e t o t a l h e i g h t o f t h e 
abso r b e r i s 50 f t . L e t ' s a p p l y t h e same m e c h a n i c a l energy b a l a n c e 
Eq. ( A - l ) t o c a l c u l a t e t h e pumping power here. V e l o c i t y o f t h e 
f l u i d i s 

v m 8 . 1 2 x l 0 8 x 4 m 6 β 2 9 χ 1 0 5 f t / h r = 1 7 4 # 9 f t / s e c 

24x36.52 χ π χ 30x.25 2 

R e m uDp m 174.9x0.75x36 52 l b / f t 3
 m 

μ 1.2x10 χ Ι ' . χ 6.72x10 62.4 

U s i n g t h e r e l a t i v e roughness f a c t o r and f r i c t i o n f a c t o r t o be 
0.0006 and 0.004 a g a i n . The f r i c t i o n a l l o s s i n t h e p i p e i s 
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12. D A N G Methane Separation from Hydrogen and Carbon Monoxide 249 

ι 2x0.004x174.9 x50 . c o n _ 
l w f = 32.2x.25 = 1 5 2 0 f t - l b f / l b 

So t h e t o t a l energy r e q u i r e d per s e t o f p i p e (10 p i p e s ) c o n n e c t i n g 
each s t r i p p e r and a b s o r b e r i s 

w _ -(1520 χ 10 + 50) = 1 9 0 6 3 f t _ l b / l b 

S U.ο I 

The t o t a l pumping power i s 

19063 f t - l b f / l b χ 8 . 1 2 x l 0 8 l b / d a y χ 5.05χ1θ" 7 Ρ h r / f t - l b f 

P = 24 hr/day 

Ρ = 3 . 3 x l 0 5 

C. I n l e t Gas Blower 
7 3 

Incoming gas t o ab s o r b e r i s 2.32x10 f t /day. Main f l o w r a t e at 
2 

ab s o r b e r i s 2920 l b / h r f t a t a d e n s i t y 
PM 

Ρ = „ a L , Τ = 230°F = 127°K 
K g Ζ RT* 
° av 

CH, : Τ = τίτ = 0.665, Ρ = fl = 0.7426, Z„ = 0.56 4 r 191 ' r 14.7x45.8 c 

CO : T r - § 1 - 0.955, P f = = 0.986, - 0.32 

H 2 5 T r " 3 0 " 3 - 8 1 4 ' P r « ï O x f e s = 2 ' 6 5 7 ' \ ' ° - 9 8 

Ζ = 0.4x0.56 + 0.15x0.32 + 0.45x0.98 = 0.71 av 

M = 0.4x16 + 0.15x28 + 0.45x2 = 11.50 av 

= 3.28 l b / f t J 

g 0.71x10.73x230 

G_ m 2970 l b / h r f t 2
 = ^ f t / h r = Q 2 5 f t / s e c 

p g 3.28 l b / f t 3 
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Number of tubes i n ab s o r b e r = η 

_ 2 . 3 2 x l 0 7 f t 3 / d a y χ 4 
2 2 

24 hr/day χ π χ nD f t 

1.231x10 
nD 2 

6 
f t / h r =| 

uDp 342 Dx3.28 l b / f t 
R e = ~7T~ = 2 X co =4 

μ nD 0.007 Px6.72x10 

2.38x10 
nD 

8 

f t 

_ 2 f L U 2
 = 2x0.004x10 f t 3 4 2 2 

1 W f = g cD = 32.2 D X
 n D 2 

sec 
291 
2 5 η D 

f t - l b f l b 

l e t η = 30, D = 0.25 f t 

F r i c t i o n a l l o s s / t u b e = 330.63 f t - l b f / l b 

ΔΖ + l w r + nW = 0 g f s B c 

gas f l o w = 2 . 3 2 x l 0 7 f t 3 / d a y ( = 5 .64xl0 7 l b / d a y ) 
P r e s s u r e drop i n tower = 1.3 i n H 2 0 / f t depth, ΔΖ - 41.4 f t 

(A-2) 

T o t a l p r e s s u r e drop 
1.3x41.4 f t H o0 λ 

£_ = 4.49 f t - l b . / l b 
12 g f 

A p p l y i n g Eq. (A-2) t o one s e t of p i p e (10 p i p e s ) f o r incoming gas 
i n t o t h e a b s o r b e r , one g e t s 

(41.4+4.49) + 330.63x10 + nW - 0 

W = s 
4.49+41.4+3306.3 

0.8 4190.2 f t - l b f l b 

5.64x10 
l b 

7 sec 4190.2 
Energy r e q u i r e d = 2 4 hr/day7*3600 sec/hr X 550 4 9 7 3 Γ 

D. Compressor a t End of Product Methane Between Streams 7 and 8 

IP = 
3.03x10 

k-1 p l q f 

k-1 " 

h. k -x (A-3) 
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12. D A N G Methane Separation from Hydrogen and Carbon Monoxide 251 

C 
where k = = 1.31 f o r methane 

ν 

For t h e p r e s e n t c a s e 

ρ . 3 ^ 3 x l 0 " 5
 χ 4 8 5 l b / i n 2 χ M 4 ± n 2 / f t 2 

4 . 6 4 x l 0 6 f t 3 / d a y 
24 hr/day χ 60 min/hr 

Ρ = 4108 Ρ 

( ΙΟΟοΥ 

.31" 

.31 
- 1 

I f t h e compressor i s 80% e f f i c i e n t , t hen t h e power r e q u i r e d 
= 5135 P. 

E. Pumping Power f o r F l u i d T r a n s p o r t 

Pumping power i s r e q u i r e d t o t r a n s p o r t f l u i d i n t h e streams 
9, 10, and 13. Gas f l o w r a t e and d e n s i t y i n t h e s e streams a r e 
7 . 1 x l 0 6 l b / d a y and 0.44 l b / f t 3 , r e s p e c t i v e l y . U s i n g a 0.25 f t 
diamet e r p i p e , v e l o c i t y i n t h e p i p e i s 

7 - l x l O 6 l b / d a y χ 4 = 1 2 ? f t / g e c 

30x0.44 l b / f t χ 24x3600 χ π χ .25 

uDp 127x2.5x0.44 0 - n 8 
Re = — - = 7T τ = 2.65x10 

μ (.0183x.23+.009x.77) χ χ 6.72x10 

R e l a t i v e roughness f a c t o r and f r i c t i o n f a c t o r a r e a g a i n t a k e n t o 
be 0.0006 and 0.004, r e s p e c t i v e l y . Assuming t h e t o t a l t r a n s p o r t 
l i n e as 600 f t , f r i c t i o n a l l o s s i n f l u i d t r a n s p o r t i s 

2 2 ι 2 f u L 2x0.004x127 x600 Q,- n C4_ 1 U / 1 U 

l w f = " T D ~ = 32.2x0.25 = 9 6 1 7 f t " l b f / l b 

c 
4 

W i t h 80% e f f i c i e n c y o f t h e pump, t o t a l energy l o s s i s 1.2x10 f t -
l b ^ / l b and t h e pumping power r e q u i r e d i s 

1 . 2 x l 0 4 f t - l b f / l b χ 7 . 1 x l 0 6 l b / d a y χ 5.05χ1θ" 7 Ρ - h r / f t - l b f 

P = 24 hr/day 

= 1796 Ρ 
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252 INDUSTRIAL GAS SEPARATIONS 

F. Thermal Energy R e q u i r e d i n Heat Exchanger Between Streams 13 
and 9 

Q = 7 . 1 x l 0 6 l b / d a y χ 7 Btu / l b - m o l e °F/7.89 l b / l b - m o l e (110-90) ° F 

= 1 . 1 3 x l 0 8 Btu/day 

= 1 . 3 x l 0 8 Btu/day χ 252 c a l / B t u j24 hr/day χ 60 min/hr 

= 2 . 2 x l 0 7 c a l / m i n 

Thermal energy s u p p l i e d t o t h e heat exchanger 

= 2 . 2 x l 0 7 c a l / m i n χ 24 hr/day χ 60 min/hr χ 16 g/g-mole 
3 . 0 6 x l 0 7 l b / d a y χ 454 g / l b 
=36.5 c a l ( t ) / g - m o l e 

« 
G. Energy Required t o t h e C o o l e r i n Absorber O u t l e t Stream 

(-Q) = 2 . 2 3 x l 0 7 l b / d a y χ 7 Btu / l b - m o l e ° F /9.73 l b / l b - m o l e 

(-156 + 146) χ 1.8 

= 2 . 8 9 x l 0 8 Btu/day 

= 2 . 8 9 x l 0 8 Btu/day χ 252 c a l / B t u J 24 hr/day χ 60 min/hr 

= 5 . 0 6 x l 0 7 c a l / m i n 

Energy s u p p l i e d t o t h e c o o l e r 

_ 5 . 0 6 x l 0 7 c a l / m i n χ 24 hr/day χ 60 min/hr χ 16 g/g-mole 
3 . 0 6 x l 0 7 l b / d a y χ 454 g / l b 

I t i s a l s o i n t e r e s t i n g t o r e p o r t t he t h e o r e t i c a l minimum energy 
requirement f o r t h e p r e s e n t p r o c e s s 

P 2 
W Λ = RT Σ x.F I n min,Τ j j x j F P l 

For t h e p r e s e n t p r o c e s s , c o m p o s i t i o n temperature and p r e s s u r e o f 
incoming gas a r e : CH 4, 0.4; H 2, 0.45; CO, 0.15; 100°F and 500 
p s i a , r e s p e c t i v e l y . Temperature and p r e s s u r e o f f i n a l p r o d u c t 
gases a r e a t 100°F and 1000 p s i a . For complete s e p a r a t i o n 
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12. D A N G Methane Separation from Hydrogen and Carbon Monoxide 

W . =1.98 Bt u / l b - m o l e °Rx560°R [0.4 I n J " ? 0 ^ min,Τ 0.4x500 

_ι_ η / «: ι 1000 . n -, c Ί 1000 Ί + 0.45 1η . - - + 0.15 1η Ί c g n < J .45x500 .15x500 

= 1889 Btu/lb- m o l e χ 252 c a l / B t u / 454 g-mole/lb-mole 

mole CH 4 

= 1049 c a l / m o l e gas /0.4 — = = 2621 — ? n „ 
& / mole gas mole CH 7 4 

R E C E I V E D December 29, 1982 
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13 

High-Temperature Hydrogen Sulfide Removal 
Using a Regenerable Iron Oxide Sorbent 

S. S. TAMHANKAR and C. Y. WEN 
West Virginia University, Department of Chemical Engineering, 
Morgantown, WV 26506 

A state-of-the-art review is presented of high 
temperature H2S removal and sorbent regeneration 
using an iron oxide sorbent, with a particular 
emphasis on kinetic and mechanistic studies of 
the reactions involved. Selection criteria for 
a high temperature H2S sorbent and the various 
sorbent regeneration options are f irst briefly 
discussed. Results are then presented on the 
kinetics of the various reactions involved in the 
absorption and the regeneration steps. These 
studies were conducted in a thermogravimetric 
analyzer (TGA). The weight change data obtained 
in the TGA was used in conjunction with x-ray 
and Mossbauer spectroscopic analyses of the solid 
samples to elucidate the mechanisms of the 
reactions. Conversion correlations are reported 
based on the grain model, which can be used for 
reactor design and for predicting reactor per­
formance. 

S i g n i f i c a n t e f f o r t i s underway i n the U n i t e d S t a t e s t o 
deve lop and c o m m e r c i a l i z e c o a l g a s i f i c a t i o n p r o c e s s e s f o r 
p r o d u c i n g gaseous f u e l s . One o f the major o b s t a c l e s i n the 
development o f such a p r o c e s s i s the p r e s e n c e o f u n d e s i r a b l e 
con t aminan t s i n the p r o d u c t gas s t r e a m . The major con t aminan t 
i n c o a l g a s i f i c a t i o n i s h y d r o g e n s u l f i d e ( H 2 S ) , w h i c h i s t o x i c , 
p o i s o n o u s to downstream c a t a l y s t s and e x t r e m e l y c o r r o s i v e i n 
n a t u r e . C o n t r o l o f H2S i n the f u e l gas to a s a f e l e v e l i s 
t h e r e f o r e e s s e n t i a l . The H 2 S r emova l r e q u i r e m e n t s a r e even 
more c r i t i c a l when the f u e l gas i s used i n combined c y c l e power 
g e n e r a t i o n o r i n f u e l c e l l s . 

C o n v e n t i o n a l methods o f H2S r e m o v a l use a c o l d s c r u b b i n g 
t e c h n i q u e , w h e r e i n the gas needs t o be c o o l e d to n e a r room 
t e m p e r a t u r e . A l t h o u g h such t e c h n i q u e s a r e e f f e c t i v e , they a r e 
a s s o c i a t e d w i t h a l o s s o f s e n s i b l e h e a t o f the g a s . The o t h e r 

0097-6156/83/0223-0255$07.25/0 
© 1983 American Chemical Society 
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256 INDUSTRIAL GAS SEPARATIONS 

d i s a d v a n t a g e s o f c o l d s c r u b b i n g i n c l u d e r e s t r i c t i o n by a v a i l a b i l ­
i t y o f w a t e r , s l u d g e d i s p o s a l problem and c o n d e n s a t i o n and mix­
i n g o f t a r s w i t h t h e s c r u b b e r w a t e r p o s i n g h a n d l i n g problems. I n 
view o f t h e s e , and m a i n l y f o r th e r m a l e f f i c i e n c y , removal o f H2S 
a t h i g h temperatures i s v e r y a t t r a c t i v e . B e s i d e s , f u e l c e l l s 
and combined c y c l e power g e n e r a t i o n systems use the h o t f u e l gas 
d i r e c t l y . T h i s f u r t h e r improves the o v e r a l l t h e r m a l e f f i c i e n c y . 
F i g u r e 1 shows a schematic o f the i n t e g r a t e d system c o n f i g u r a ­
t i o n s f o r v a r i o u s a p p l i c a t i o n s . The f i g u r e a l s o i n c l u d e s the 
l i m i t v a l u e s o f H2S c o n c e n t r a t i o n f o r these a p p l i c a t i o n s . The 
s u b j e c t o f t h i s paper i s the b u l k s u l f u r r e m o v a l , whereby the 

c o n c e n t r a t i o n i s brought down to about 200 ppm. 

Sorbent S e l e c t i o n 

The c r i t e r i a used i n s e l e c t i n g a s u i t a b l e s o r b e n t a r e : 
e f f i c i e n c y , s u l f u r c a p t u r e c a p a c i t y , k i n e t i c s , c o s t , p h y s i c a l 
s t r e n g t h and r e g e n e r a b i l i t y . Sorbent e f f i c i e n c y i m p l i e s the 
maximum amount of H2S t h a t can be removed under a g i v e n s e t o f 
o p e r a t i n g c o n d i t i o n s , based on the thermodynamic e q u i l i b r i u m o f 
the system. F i g u r e 2 (1) shows e q u i l i b r i u m H2S c o n v e r s i o n s i n 
the presence o f v a r i o u s s o r b e n t m a t e r i a l s i n r e l a t i o n t o the EPA 
s u l f u r e m i s s i o n s t a n d a r d s . A t a l l the temperatures o f i n t e r e s t 
i r o n - b a s e d s o r b e n t s seem t o be s a t i s f a c t o r y . Z i n c o x i d e i s 
p r o b a b l y the b e s t i n t h i s r e s p e c t , and can i n f a c t be used f o r 
the f i n a l p o l i s h i n g s t e p t o reduce H2S l e v e l t o l e s s than 1 ppm. 
S u l f u r c a p t u r e c a p a c i t y o f a so r b e n t depends on the s t o i c h i o m e t r y 
o f the r e a c t i o n . I n the temperature range o f i n t e r e s t , i r o n 
o x i d e (Fe2Û3) c a p t u r e s about 44 wei g h t % s u l f u r . 

An i m p o r t a n t a s s e t o f i r o n o x i d e as an H2S s o r b e n t i s i t s 
r e a c t i v i t y . The r e s u l t s o f a comparative study shown i n F i g u r e 
3 (1) r e v e a l t h a t i r o n o x i d e i s by f a r the most a c t i v e among 
the o x i d e s c o n s i d e r e d . T h i s i s an i m p o r t a n t f a c t o r i n the 
c h o i c e o f Fe203 as a s o r b e n t . 

Based on c r i t e r i a o f e f f i c i e n t H 2S removal above 1000°F, 
p h y s i c a l s t r e n g t h , r e g e n e r a b i l i t y , s o r b e n t l i f e and economic 
f e a s i b i l i t y , l a b o r a t o r y t e s t s (£,3) l e d to the s e l e c t i o n o f 
i r o n o x i d e mixed w i t h f l y a s h , i n e x t r u d e d p e l l e t s , as a 
p r o m i s i n g s u l f u r - r e m o v a l s o r b e n t . 

In a commercial s c a l e o p e r a t i o n p h y s i c a l s t r e n g t h o f 
the s o r b e n t p e l l e t s i s i m p o r t a n t , e s p e c i a l l y i f a moving o r a 
f l u i d i z e d - b e d r e a c t o r i s used. P e l l e t s o f i r o n o x i d e a l o n e 
are n o t s t r o n g enough; a d d i t i o n o f a su p p o r t m a t e r i a l i s 
n e c e s s a r y . I n so d o i n g , the percentage o f i r o n o x i d e s h o u l d 
be k e p t as h i g h as p o s s i b l e t o m a i n t a i n the o v e r a l l h i g h 
e f f i c i e n c y o f H2S removal. E x t e n s i v e t e s t s were conducted a t 
METC ( 4 ) , and the b e s t s u p p o r t and an optimum c o m p o s i t i o n 
w i t h i t were found. T h i s s o r b e n t c o n s i s t e d o f 45 weight % 
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E-
OQ 

CO 

< 
t-J < u 

> 

1200 K (1700°F) EPA 

C r 2 0 3 Pb CO 

fe/FeO 
CaO 

N i 
MnO| 

C 

ZnO 
K 2CO 3 

V2°3 

1 10" 10 1 0 " 3 1 0 ' 4 -5 

EPA 
1000 Κ (1340°F) 
C r 2 0 3 

B i 

Pb 

N a 2 C 0 3 

Sn 

Fe/FeO 
IcaCO, 

N i No2s3 

Cu 

10 

ZnO 

Cd 

10 -6 

10 -1 10" 

800 K (980°F) 

10 J 10 

EPA 
I 

F e 3 0 4 

CaC0 3i 

C r 2 ° 3 K 2CO 3 

N a 2 C 0 3 

I M n 2 ° 3 

N i 

ZnO 

10 -7 

ς Π* Π' 
10~ b 10"° 10" 

Pb Cu Cd 

ίο" 1 ίο" 2 1 0 " 3 1 0 " 4 1 0 " 5 1 0 " 6 1 0 " 7 

F i g u r e 2. E q u i l i b r i u m e x i t gas c o n c e n t r a t i o n o f H^S. 
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13. T A M H A N K A R A N D W E N Hydrogen Sulfide Removal 

10 3/T f^K" 1) 

*Rates e x p r e s s e d p e r c o n s t a n t u n i t s u r f a c d a r e a 

F i g u r e 3. K i n e t i c s o f H S s o r p t i o n by s e l e c t e d m e t a l o x i d e s 
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Fe203 and 55 w e i g h t % s i l i c a , as s u p p o r t , w i t h 1% sodium 
s i l i c a t e as a b i n d e r . I n the p r e l i m i n a r y work f l y ash was 
c o n s i d e r e d as a s u p p o r t m a t e r i a l ; b u t the maximum amount o f 
i r o n o x i d e which c o u l d be i n c o r p o r a t e d w i t h i t was 25 w e i g h t 
%. Based on t h i s and the o t h e r c r i t e r i a d i s c u s s e d above, the 
i r o n o x i d e - s i l i c a c o m p o s i t i o n was found t o be the most s u i t a b l e 
s o r b e n t f o r b u l k H2S removal. 

A s i m p l e method o f r e g e n e r a t i o n o f the s u l f i d e d s o r b e n t i s 
by i t s r e a c t i o n w i t h oxygen i n a i r . With most m e t a l s u l f i d e s 
t h i s r e a c t i o n r e s u l t s i n s u l f a t e s a t the temperatures of i n t e r ­
e s t . F e r r i c s u l f a t e has the l o w e s t l i m i t temperature o f 
s t a b i l i t y as shown i n Table I (JL). Hence, i r o n o x i d e i s 
d i r e c t l y formed by r e g e n e r a t i o n i n a i r , A major o b s t a c l e i n 

Table I 
F i n a l P r o d u c t o f R e g e n e r a t i o n i n A i r 

f o r D i f f e r e n t Sorbents (Taken from Réf. 1) 

S u l f i d e -> P r o d u c t T(K) S u l f i d e + P r o d u c t T(K) 

FeS F e 2 ( S 0 4 ) 3 < 950 CaS -> CaS04 A l l 
FeS F e 2 ° 3 <1680 NiS -> N1SO4 <1200 
Cu2S -> CUSO4 <1050 NiS NiO >1200 
Cu2S -> CuO <1300 ZnS ZnS04 <1150 
Cu2S ->• CU2O >1300 ZnS ZnO >1150 
MnS -> MnS0 4 <1100 MoS 2 

-> M0O3 <1350 
MnS -> Μη2θ3 <1400 MoS 2 

-> M0O2 >1350 
MnS Μ η 3 0 4 >1400 Co S CoO >1000 

the commercial development o f a hot-gas d e s u l f u r i z a t i o n p r o c e s s 
has been the s o r b e n t r e g e n e r a t i o n s t e p . An e f f i c i e n t and 
e c o n o m i c a l method has n o t y e t been e s t a b l i s h e d . R e g e n e r a t i o n 
i s d i s c u s s e d i n more d e t a i l s i n the n e x t s e c t i o n . 

As mentioned e a r l i e r , t h e r m o d y n a m i c ally H2S removal 
e f f i c i e n c y o f ZnO i s h i g h e r than t h a t o f Fe20«j. ZnO i s t h e r e ­
f o r e c o n s i d e r e d f o r the second s t a g e , w h e r e i n h^S c o n c e n t r a ­
t i o n s can be reduced from about 200 ppm t o l e s s than 1 ppm, 
as r e q u i r e d f o r f u e l c e l l o r combined c y c l e power g e n e r a t i o n 
a p p l i c a t i o n s . A f u r t h e r s t e p i n the development o f a hot-gas 
d e s u l f u r i z a t i o n p r o c e s s i s the use o f a m i x t u r e o f i r o n and 
z i n c o x i d e s . T h i s n o v e l concept, emerged a t METC, uses z i n c 
f e r r i t e formed from a m i x t u r e o f Fe2Û3 and ZnO, and i s aimed 
a t r e d u c i n g h^S c o n c e n t r a t i o n t o the d e s i r e d l e v e l i n a s i n g l e 
s t e p . The r e s u l t s so f a r (5) i n d i c a t e t h a t t h e l o w e s t H2S 
b r e a k t h r o u g h c o n c e n t r a t i o n a t t a i n e d i n t h i s system i s 10 ppm 
a t a temperature o f 1000°F. T h i s approach appears a t t r a c t i v e , 
b u t a d d i t i o n a l work i s n e c e s s a r y b e f o r e a d e f i n i t e c o n c l u s i o n 
can be drawn. 
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R e g e n e r a t i o n O p t i o n s 

An i m p o r t a n t c o n s i d e r a t i o n i n a hot-gas d e s u l f u r i z a t i o n 
p r o c e s s i s an e f f i c i e n t and e c o n o m i c a l method o f r e g e n e r a t i o n 
o f the spent s o r b e n t . T h i s r e q u i r e s t h a t the s u l f u r i n the 
spent s o r b e n t be r e c o v e r e d i n a u s e f u l form. As mentioned 
e a r l i e r , a i r - o x i d a t i o n i s a c o n v e n i e n t way o f r e g e n e r a t i n g the 
s u l f i d e d s o r b e n t t o i t s o r i g i n a l form. In t h i s p r o c e s s the 
s u l f u r i n the s o r b e n t i s c o n v e r t e d to s u l f u r d i o x i d e ( S 0 2 ) « 
The SO2 thus formed can then, be used to make H2SO4, can be 
t r e a t e d w i t h l i m e s t o n e , o r can be c o n v e r t e d to e l e m e n t a l s u l f u r . 
The c o n v e r s i o n to e l e m e n t a l s u l f u r can be a c h i e v e d e i t h e r by 
the C l a u s p r o c e s s o r by t r e a t i n g SO2 w i t h a r e d u c t a n t such as 
carbon ( T r a i l / R e s o x p r o c e s s ) . An a t t r a c t i v e way o f r e c o v e r i n g 
s u l f u r i s by r e a c t i n g the SO2 w i t h i r o n s u l f i d e i t s e l f t o form 
i r o n o x i d e and e l e m e n t a l s u l f u r . Thus, i f the S 0 2 formed by the 
o x i d a t i o n o f i r o n s u l f i d e i s r e c i r c u l a t e d , e l e m e n t a l s u l f u r 
can be produced i n a s i n g l e s t e p . The problem w i t h t h i s scheme 
i s t h a t the e l e m e n t a l s u l f u r needs to be s e p a r a t e d from the 
e x i t stream by c o o l i n g , and the SO2 needs to be r e h e a t e d . K a r r , 
e t a l . (β) and S c h r o d t and B e s t (7) c a r r i e d out experiments 
to t e s t the f e a s i b i l i t y o f t h i s scheme. The l a t t e r a u t h o r s , 
u s i n g c o a l ash as the s o r b e n t m a t e r i a l , concluded t h a t s u l f u r 
r e c o v e r y by t h i s method i s b o t h t e c h n i c a l l y and e c o n o m i c a l l y 
u n a t t r a c t i v e . The same may n o t be t r u e f o r the i r o n o x i d e -
s i l i c a s o r b e n t . More s t u d i e s a r e n e c e s s a r y b e f o r e a d e f i n i t e 
c o n c l u s i o n can be drawn. 

One o f the problems w i t h r e g e n e r a t i o n by a i r - o x i d a t i o n i s 
the l a r g e heat o f r e a c t i o n , which makes temperature c o n t r o l 
d i f f i c u l t . I n the SO2 r e c y c l e scheme t h i s problem can be 
a l l e v i a t e d s i n c e the r e a c t i o n o f i r o n s u l f i d e w i t h SO2 i s 
endothermic. Another o p t i o n b e i n g c o n s i d e r e d more r e c e n t l y 
f o r moderating the temperatures i s to mix steam w i t h a i r . In 
an e x p l o r a t o r y study done a t A i r P r o d u c t s and C h e m i c a l s , I n c . 
(APCI) (8) some i n t e r e s t i n g o b s e r v a t i o n s were made. With v e r y 
h i g h steam c o n c e n t r a t i o n s (>90%) i n t h e s t e a m - a i r m i x t u r e , 
s i g n i f i c a n t q u a n t i t i e s o f e l e m e n t a l s u l f u r were formed. T h i s 
a g a i n p r e s e n t s an i n t e r e s t i n g p o s s i b i l i t y o f r e g e n e r a t i n g the 
spent s o r b e n t and f o r m i n g e l e m e n t a l s u l f u r i n a s i n g l e s t e p . 
F u r t h e r s t u d i e s a r e n e c e s s a r y to e n a b l e assessment o f t h i s 
p r o c e s s . K i n e t i c s t u d i e s on t h i s system are i n p r o g r e s s a t 
p r e s e n t a t West V i r g i n i a u n i v e r s i t y and w i l l be d i s c u s s e d 
l a t e r i n t h i s paper. 

The o v e r a l l h^S removal p r o c e s s would c o n s i s t o f two 
s t a g e s : the a b s o r p t i o n s t a g e , i n which the s o r b e n t i s con­
v e r t e d to the s u l f i d e form by i t s r e a c t i o n w i t h t h e H2S i n the 
f e e d gas, and the r e g e n e r a t i o n s t a g e , w h e r e i n the s u l f i d e 
i s c o n v e r t e d to an o x i d e . I t thus r e p r e s e n t s a c y c l i c 
p r o c e s s . F i x e d - b e d , moving-bed and f l u i d i z e d - b e d o p e r a t i o n s 
have been c o n s i d e r e d f o r the purpose. K i n e t i c d a t a are 
n e c e s s a r y f o r c h o o s i n g a p r o p e r r e a c t o r type and f o r the d e s i g n 
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o f a r e a c t o r . In the remainder o f t h i s paper a t t e n t i o n w i l l 
be f o c u s e d on t h i s a s p e c t . Some o f the r e a c t i o n s i n v o l v e d 
i n t h i s system have been s t u d i e d b e f o r e i n d i f f e r e n t c o n t e x t s . 
However, the forms o f r e a c t a n t s and the o p e r a t i n g c o n d i t i o n s 
used were d i f f e r e n t . I t i s i m p o r t a n t to study these r e a c t i o n s 
s t a r t i n g w i t h the a c t u a l i r o n o x i d e - s i l i c a s o r b e n t and under 
c o n d i t i o n s c l o s e to the r e a l s i t u a t i o n . 

R e a c t i o n Mechanisms and K i n e t i c S t u d i e s 

The o b j e c t i v e s o f the s t u d i e s a t West V i r g i n i a U n i v e r s i t y 
(WVU) were to i d e n t i f y the i m p o r t a n t r e a c t i o n s i n v o l v e d , to 
e l u c i d a t e the mechanisms and t o st u d y t h e i r k i n e t i c s . E x p e r i ­
ments were conducted i n a t h e r m o g r a v i m e t r i c a n a l y z e r (TGA) 
ap p a r a t u s ; a g e n e r a l s c h e m a t i c o f t h i s i s shown i n F i g u r e 4. 
I n t h i s method, a change i n t h e we i g h t o f the s o l i d sample 
d u r i n g a r e a c t i o n i s c o n t i n u o u s l y r e c o r d e d as a f u n c t i o n o f 
time. I f the s t o i c h i o m e t r y and the r e a c t i o n mechanism a re 
determined, t h i s w e i g h t change can be r e l a t e d t o t h e s o l i d 
c o n v e r s i o n . The c o n v e r s i o n - t i m e d a t a can then be c o r r e l a t e d 
u s i n g an a p p r o p r i a t e r e a c t i o n model. I n the f o l l o w i n g , im­
p o r t a n t r e a c t i o n s , t h e i r mechanisms and the k i n e t i c experiments 
a r e d e s c r i b e d f o r each o f the s t e p s , v i z . H 2S a b s o r p t i o n , 
s o r b e n t r e g e n e r a t i o n by S 0 2 r e c y c l e and r e g e n e r a t i o n by a 
s t e a m - a i r m i x t u r e . The d i s c u s s i o n on the f i r s t two s t e p s i s 
based on the p r e v i o u s p u b l i c a t i o n s (9,10) by the a u t h o r s , which 
p r o v i d e t he d e t a i l s . 

H2S A b s o r p t i o n Stage» In o r d e r to i d e n t i f y r e a c t i o n s t h a t 
would be i m p o r t a n t i n t h i s s t a g e , r e a c t i o n s o f the i r o n o x i d e 
s o r b e n t were c a r r i e d out i n the TGA u s i n g d i f f e r e n t s y n t h e t i c 
gas m i x t u r e s . A few i m p o r t a n t r e s u l t s o f t h i s s t u d y a r e shown 
i n F i g u r e 5. Curve A i n t h i s f i g u r e r e p r e s e n t s the a c t u a l 
r e a c t i o n o f F e 2 0 3 w i t h a s i m u l a t e d g a s i f i e r p r o d u c t gas 
( c o n t a i n i n g N 2 , CO, C 0 2 , H 2 and H 2 S ) . As may be noted, the 
sample weight f i r s t r a p i d l y d e c r e a s e d , reached a minimum and 
then s l o w l y i n c r e a s e d a g a i n . Two d i s t i n c t r e a c t i o n s were 
s u s p e c t e d to be t a k i n g p l a c e . Hence, the s o r b e n t was f i r s t 
r e a c t e d w i t h a m i x t u r e o f CO and H 2, i n the absence o f H 2S. 
Th i s r e d u c t i o n r e a c t i o n , which i s v e r y r a p i d , i s r e p r e s e n t e d 
by curve B. The r e s u l t i n g sample was then r e a c t e d w i t h H 2S 
to o b t a i n curve C. An i n t e r e s t i n g o b s e r v a t i o n made i s t h a t 
curve A can be o b t a i n e d by ad d i n g c u r v e s Β and C. Curve D 
i s f o r the r e a c t i o n o f F e 2 0 3 w i t h H 2S i n the absence o f CO 
and H 2. O b v i o u s l y , t h i s r e a c t i o n i s much s l o w e r than any 
o t h e r r e a c t i o n . Based on these o b s e r v a t i o n s i t was conc l u d e d 
t h a t the i m p o r t a n t r e a c t i o n s i n the abs o r b e r a r e : t he r e d u c t i o n 
o f F e 2 0 3 to Fe and the subsequent s u l f i d a t i o n o f Fe by H 2S, 
which i s r a t e - c o n t r o l l i n g . I n a d d i t i o n , i f C 0 2 o r H 2 0 a r e 
p r e s e n t i n t h e f e e d gas they would o n l y a f f e c t t h e e q u i l i b i r u m 
o f the r e d u c t i o n r e a c t i o n s , which can be accounted f o r based on 
the r e p o r t e d e q u i l i b r i u m d a t a . 
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TIME (HR) 

F i g u r e 5. Comparison o f weight change c u r v e s f o r r e a c t i o n s o f i r o n 
o x i d e i n d i f f e r e n t gas atmospheres. 
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The w e i g h t change d a t a i n d i c a t e d t h a t the r e a c t i o n o f Fe 
w i t h H2S r e s u l t s i n a n o n s t o i c h i o m e t r i c compound w i t h the 
fo r m u l a F e S i . i . Mossbauer s p e c t r o s c o p i c a n a l y s i s o f the 
samples c o n f i r m e d t h i s . The compound r e p r e s e n t s a p y r r h o t i t e , 
a n o n s t o i c h i o m e t r i c i r o n s u l f i d e , which i s w e l l known i n the 
Fe-S system. Based on the above o b s e r v a t i o n s , the r e a c t i o n s 
i n an ab s o r b e r can be w r i t t e n as f o l l o w s : 

Thus, r e a c t i o n s c o n s i d e r e d h e r e a r e those t a k i n g p l a c e under 
a c t u a l p r o c e s s c o n d i t i o n s . R e a c t i o n s (1) and (2) were s t u d i e d 
s e p a r a t e l y i n the TGA a t d i f f e r e n t temperatures and w i t h 
d i f f e r e n t p a r t i c l e s i z e s . A l s o , e f f e c t o f the gas-phase 
r e a c t a n t c o n c e n t r a t i o n was s t u d i e d to e v a l u a t e the r e a c t i o n 
o r d e r . I n a few experiments the e f f e c t s o f the presence o f 
H2O i n the f e e d gas on r e a c t i o n (1) and t h a t o f H 2 on r e a c t i o n 
(2) were i n v e s t i g a t e d . 

R e g e n e r a t i o n by S02 R e c y c l e Method. In t h i s c a s e , c l e a r l y , 
the two r e a c t i o n s , which need to be s t u d i e d , a r e r e a c t i o n s o f 
i r o n s u l f i d e , F e S i # i w i t h 0 2 and w i t h S 0 2 . The r e a c t i o n o f 
I ? e S l . l w i t h 0 2 was found to be v e r y f a s t and formed F e 2 0 3 
d i r e c t l y . No i n t e r m e d i a t e s c o u l d be i d e n t i f i e d u s i n g Mossbauer 
s p e c t r o s c o p y . 

The r e a c t i o n o f F e S i . i w i t h S 0 2 was r a t h e r i n t e r e s t i n g . 
In t h i s r e a c t i o n , F e S ^ # ^ was f i r s t c o n v e r t e d to m a g n e t i t e , 
F e3Û4> wh i c h was then s l o w l y o x i d i z e d to F e 2 0 3 # T h i s i s 
shown i n F i g u r e 6, where the minima i n the we i g h t change 
curves c o r r e s p o n d to Fe3U^. T h i s was a l s o c o n f i r m e d by x-ray 
and Mossbauer s p e c t r o s c o p i c a n a l y s e s . In f a c t i t was found 
t h a t up to the minimum p o i n t the o n l y p r o d u c t formed was Fe^O^. 
These r e s u l t s a r e p r e s e n t e d i n Table I I . S i n c e the o x i d a t i o n 
to F e 2 0 3 i s r e l a t i v e l y v e r y slow o n l y the f i r s t s t e p was 
c o n s i d e r e d f o r the purpose h e r e . A c c o r d i n g l y , the r e a c t i o n s 
i n the r e g e n e r a t o r would be 

and 

F e 2 0 3 + 3/2(H 2 + CO) 2Fe + 3/2(1^0 + C0 2) (1) 
( f o r a f i x e d r a t i o o f H 2:C0) 

Fe + 1.1 H 2S > FeSj^ ± + 1.1 H 2 (2) 

(3) 

and 
3FeS 1.1 + 2 SO, >2

 F e 3 ° 4 + ! · 5 5 s
2 

(A) 

These two r e a c t i o n s were s t u d i e d i n the TGA under d i f f e r e n t 
o p e r a t i n g c o n d i t i o n s to o b t a i n t h e i r k i n e t i c s . R e a c t i o n (3) 
i s h i g h l y e x o t h e r m i c . Hence, low oxygen c o n c e n t r a t i o n s and 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ch

01
3

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



266 INDUSTRIAL GAS SEPARATIONS 

û 3D 60 dO 120 ISO 180 210 
TIME., (MIN) 

F i g u r e 6. E f f e c t o f temperature on t h e weight l o s s o f s u l f i d e d 
i r o n o x i d e s o r b e n t s i n s u l f u r d i o x i d e atmosphere.  P
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h i g h gas f l o w r a t e s were used t o m a i n t a i n n e a r - i s o t h e r m a l 
c o n d i t i o n s . 

R e g e n e r a t i o n by Steam-Air M i x t u r e s . As mentioned e a r l i e r , 
p r e l i m i n a r y e x p l o r a t o r y work on t h i s system was done a t APCI. 
At APCI experiments were conducted i n a f i x e d - b e d r e a c t o r and 
pr o d u c t gas c o m p o s i t i o n s were m o n i t o r e d . T y p i c a l r e s u l t s o f 
t h i s s t u d y a r e g i v e n i n Table I I I ( 8 ) . A c c o r d i n g t o APCI 
e q u i l i b r i u m c a l c u l a t i o n s v e r y l i t t l e e l e m e n t a l s u l f u r y i e l d s 
were p r e d i c t e d . However, higjh s u l f u r y i e l d s were o b t a i n e d , 
p a r t i c u l a r l y w i t h h i g h steam c o n c e n t r a t i o n s . T h i s was an 
i n t e r e s t i n g o b s e r v a t i o n , and d e t a i l e d s t u d i e s on t h i s system 
were w a r r a n t e d . As b e f o r e , the o b j e c t i v e s o f the s t u d i e s a t 
WVU a r e t o i d e n t i f y t he r e a c t i o n s , t o e l u c i d a t e the mechanisms 
and then t o study t h e i r k i n e t i c s . 

Based on the APCI r e s u l t s , a number o f p o s s i b l e r e a c t i o n s 
can be p o s t u l a t e d f o r the system i r o n s u l f i d e - H 20 - 0 2. 
These a r e l i s t e d below. 

FeS + H o0 χ 2 
3FeO + H 20 

2FeS + 7/2 0 o χ 2 
3FeS + 2S0 o χ 2 
H 0S + 1/2 0 o 

1/2 S 0 2 + H 2S 

S + 0 0 χ 2 

FeO + H 2S (5) 

F e 3 0 4 + H 2 (6) 

F e 2 0 3 + 2 S 0 2 (7) 

F e 3 0 4 + 5/2 S 2 (8) 

H 20 + S x (9) 

H 20 - S x (10) 

so2 (ID 
H 2 + 1/2 S 2 

(12) 

H 20 + 1/4 S 2 

(13) 
H 2S — 

1/2 S 0 2 + H 2 ; 

R e a c t i o n s (7) and (8) a r e the same as r e a c t i o n s (3) and (4) 
i d e n t i f i e d i n the p r e v i o u s r e g e n e r a t i o n scheme, w h i l e r e a c t i o n s 
(9) and (10) r e p r e s e n t the Claus p r o c e s s . R e a c t i o n (12) i s 
p o s t u l a t e d h e r e to be a major r e a c t i o n r e s p o n s i b l e f o r the 
e l e m e n t a l s u l f u r f o r m a t i o n , p a r t i c u l a r l y i n the absence of a i r . 
K i n e t i c and thermodynamic e q u i l i b r i u m d a t a f o r t he c a t a l y t i c 
d e c o m p o s i t i o n of H 2S have been r e p o r t e d i n the l i t e r a t u r e (11,12)< 

To d e l i n e a t e the v a r i o u s p o s s i b l e r e a c t i o n s , i n t h i s s t udy 
r e a c t i o n o f F e S ^ e l w i t h steam a l o n e was i n v e s t i g a t e d f i r s t . 
E xperiments were c a r r i e d out i n the TGA u s i n g a s t e a m - n i t r o g e n 
m i x t u r e w i t h the steam c o n c e n t r a t i o n o f 94 p e r c e n t by volume. 
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270 INDUSTRIAL GAS SEPARATIONS 

S o l i d samples a t v a r i o u s stages o f c o n v e r s i o n were a n a l y z e d by 
Mossbauer s p e c t r o s c o p y . The o n l y p r o d u c t i d e n t i f i e d i n t h i s 
case was Fe3Û4. Hence, c o n v e r s i o n s can be c a l c u l a t e d based on 
the w e i g h t change d a t a . A comparison o f c o n v e r s i o n s c a l c u l a t e d 
based on the weight change d a t a and those c a l c u l a t e d based on 
the Mossbauer r e s u l t s i s shown i n Table IV. These r e s u l t s 

T a b l e IV 
R e s u l t s o f I r o n Oxide-Steam R e a c t i o n 

Temperature = 695±4°C _ χ Steam % = 94.0 
Average Rate = 0 . 3 3 min" (Ba l a n c e N«) 

F e 3 ° 4 
•=~̂  wt. r a t i o C a l c u l a t e d C a l c u l a t e d 

Run Time 6 1.1 From Mossbauer From 
No. Min. By Mossbauer A n a l y s i s R e s u l t s Wt. Loss Data 

1 5 
2 8 
3 10 
4 15 
5 25 

0.239 
0.254 
0.498 

0.210 
0.228 
0.361 

0.190 
0.215 
0.362 
0.440 
0.890 

suggest t h a t r e a c t i o n s (5) and (6) a r e t a k i n g p l a c e i n t h i s 
system. I n a d d i t i o n , r e a c t i o n (6) must be v e r y r a p i d , so t h a t 
a t no s t a g e FeO i s i d e n t i f i e d i n the s o l i d samples. T h i s i s 
a l s o found to be c o n s i s t e n t w i t h e q u i l i b r i u m c a l c u l a t i o n s . 
S t u d i e s a r e now i n p r o g r e s s to i n v e s t i g a t e the r o l e o f s m a l l 
c o n c e n t r a t i o n s o f a i r i n the system. 

W i t h r e s p e c t t o the o v e r a l l mechanism, i t i s w o r t h w h i l e t o 
comment b r i e f l y on the APCI r e s u l t s o f h i g h e l e m e n t a l s u l f u r 
y i e l d s , even i n the absence o f a i r . The r e s u l t s suggest t h a t the 
r e a c t i o n r e s p o n s i b l e f o r the e l e m e n t a l s u l f u r f o r m a t i o n under 
these c o n d i t i o n s may be r e a c t i o n ( 1 2 ) . The main reason f o r t h i s 
c o n t e n t i o n i s the f a c t t h a t t r a n s i t i o n m e t a l s and t h e i r s u l f i d e s 
a r e known to be v e r y good c a t a l y s t s f o r H2S d e c o m p o s i t i o n ( 1 1 , 
12). On the o t h e r hand, e q u i l i b r i u m c o n s t a n t f o r t h i s r e a c t i o n 
a t the temperatures o f study i s r a t h e r s m a l l . But i t i s s u s p e c t ­
ed t h a t w i t h the f i x e d - b e d o p e r a t i o n and w i t h the p o s s i b i l i t y o f 
some s u l f u r vapor a d s o r p t i o n on the s o l i d , n o n e q u i l i b r i u m c o n d i ­
t i o n s may be p r e v a i l i n g i n the system. As a r e s u l t , h i g h s u l f u r 
y i e l d s c o u l d be o b t a i n e d . T h i s p l a u s i b l e e x p l a n a t i o n i s o n l y 
s p e c u l a t i v e , and more s t u d i e s a r e n e c e s s a r y b e f o r e a d e f i n i t e 
c o n c l u s i o n can be drawn. A t WVU s t u d i e s a r e i n p r o g r e s s t o 
o b t a i n the k i n e t i c s o f the r e a c t i o n s i n v o l v e d i n t h i s scheme. 
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13. T A M H A N K A R A N D W E N Hydrogen Sulfide Removal 211 

A n a l y s i s o f C o n v e r s i o n Data 

To c o r r e l a t e the k i n e t i c d a t a o b t a i n e d from the TGA e x p e r i ­
ments the g r a i n model, developed by S z e k e l e y and coworkers ( 1 3 ) , 
was used. A c c o r d i n g l y , the s o l i d p a r t i c l e i s c o n s i d e r e d to be 
composed o f s m a l l , non-porous g r a i n s . The gas has to d i f f u s e 
through the i n t e r s t i t i a l spaces and then r e a c t a t the g r a i n 
s u r f a c e . The r e a c t i o n w i t h i n the g r a i n i s c o n s i d e r e d to f o l l o w 
the s h r i n k i n g c o r e model ( 1 4 ) . T h i s I s r e p r e s e n t e d i n F i g u r e 7. 
In the p r e s e n t system, s i n c e the i r o n o x i d e (Fe2Û3) i s f i n e l y 
d i s p e r s e d i n the s i l i c a m a t r i x , the g r a i n model i s c o n s i d e r e d 
a p p r o p r i a t e . 

I n the absence o f a r e s i s t a n c e to the g a s - f i l m mass t r a n s ­
f e r , the o v e r a l l r a t e o f a n o n c a t a l y t i c g a s - s o l i d r e a c t i o n i s 
i n f l u e n c e d by the c h e m i c a l r e a c t i o n and by pore d i f f u s i o n . I n 
g e n e r a l , a t low temperatures and w i t h a s m a l l p a r t i c l e s i z e , 
the c h e m i c a l r e a c t i o n i s l i k e l y to c o n t r o l the o v e r a l l r a t e . The 
s o l i d p a r t i c l e i n t h i s case r e a c t s u n i f o r m l y throughout and no 
c o n c e n t r a t i o n g r a d i e n t s e x i s t w i t h i n t h e p a r t i c l e . T h i s 
s i t u a t i o n i s shown i n F i g u r e 8. On the o t h e r hand, a t h i g h 
temperatures and w i t h l a r g e p a r t i c l e s pore d i f f u s i o n i s ex­
p e c t e d to be i m p o r t a n t . I n t h i s c a s e , r e a c t i o n o c c u r s a t a 
sharp i n t e r f a c e and the p r o c e s s can be d e s c r i b e d by a s h r i n k i n g 
c o r e model as shown i n F i g u r e 9. The assumptions used and the 
m a t h ematical development of t h i s model i n the p r e s e n t c o n t e x t 
a r e p r e s e n t e d i n an e a r l i e r paper ( 9 ) . An i m p o r t a n t assumption 
made here i s t h a t under a g i v e n s e t o f c o n d i t i o n s the o v e r a l l 
r e a c t i o n r a t e can be r e p r e s e n t e d by the a d d i t i o n o f r a t e s f o r 
the pore d i f f u s i o n and the c h e m i c a l r e a c t i o n c o n t r o l r egimes, 
the two asymptotes r e p r e s e n t e d i n F i g u r e s 8 and 9. The 
approximate c o n v e r s i o n - t i m e e q u a t i o n s based on these premises are 
g i v e n as f o l l o w s (13) : 

t = ^F., + t 9 F 9 f o r a s p h e r i c a l p e l l e t / p a r t i c l e (14) 
and 

t = t- F.. + t~F« f o r a c y l i n d r i c a l p e l l e t / p a r t i c l e (15) 
where 

t. 1 (16) 

C r (1+1/K) 2 / . 
6bD ( C A - C p / Κ Γ F 2 " 1 - 3 U - X > 2 / 3 + 2(1-X) 

e Ao Co 
t 2 (17) 

C, r 2 1 2 ( 1 + 1 / K ) bo ο ο ; F 3=X+(1-X) I n (1-X) (18) 
4bD (C -C /K) ( r +1 ) 

e Ao Co ο ο 
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272 INDUSTRIAL GAS SEPARATIONS 

Figure 7. Schematic diagram of the grain model. 
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F i g u r e 8. The g r a i n model f o r a s o l i d u ndergoing r e a c t i o n under 
c o n d i t i o n s o f c h e m i c a l r e a c t i o n c o n t r o l . 
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F i g u r e 9. The g r a i n model f o r a s o l i d u ndergoing r e a c t i o n under 
c o n d i t i o n s o f pore d i f f u s i o n c o n t r o l . 
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Ceo β b u l k c o n c e n t r a t i o n o f the gaseous p r o d u c t , mole/cm-3 

Κ = e q u i l i b r i u m c o n s t a n t 
t = t i m e , s e c , X = f r a c t i o n a l c o n v e r s i o n , 
Cso = s o l i d r e a c t a n t c o n c e n t r a t i o n , mole/cm^ 
b = s t o i c h i o m e t r i c c o e f f i c i e n t 
k = r a t e c o n s t a n t , sec~^- 3 
cAo = b u l k c o n c e n t r a t i o n o f the gaseous r e a c t a n t , mole/cm 
r 0 = p a r t i c l e r a d i u s , cm 
1 0 = l e n g t h ( f o r a c y l i n d e r ) , cm 
D e = e f f e c t i v e d i f f u s i v i t y , cm^/sec 

U s i n g the above e q u a t i o n s and the e x p e r i m e n t a l r e s u l t s i n 
the a s y m p t o t i c r e g i o n s , i n t r i n s i c r a t e c o n s t a n t s (k) and e f f e c ­
t i v e d i f f u s i v i t y (D e) v a l u e s were determined f o r r e a c t i o n s (1) 
t o (4)· These a r e g i v e n i n Table V. S i m i l a r s t u d i e s a r e i n 
p r o g r e s s f o r the s t e a m - a i r r e g e n e r a t i o n system. N o t a b l y , the 
a c t i v a t i o n energy v a l u e o b t a i n e d f o r the i n t r i n s i c s u l f i d a t i o n 
r e a c t i o n i s u n u s u a l l y low. T h i s i s a t t r i b u t e d t o the r e a c t i o n 
mechanism. The r a t e - c o n t r o l l i n g s t e p seems t o be the d i s s o c i a ­
t i v e a d s o r p t i o n o f H2S on the s o l i d s u r f a c e , w h ich has a low 
a c t i v a t i o n energy. S i m i l a r c o n c l u s i o n s have been drawn by 
Turkdogan and W o r r e l l (15,16) i n t h e i r s t u d i e s on the s u l f i d a t i o n 
o f i r o n s t r i p s . T h i s has a s i g n i f i c a n c e i n the steam r e g e n e r a ­
t i o n system, w h e r e i n the e l e m e n t a l s u l f u r f o r m a t i o n i s s p e c u l a t e d 
to be due t o a c a t a l y t i c d e c o m p o s i t i o n o f I^S. 

To v a l i d a t e the g r a i n model used and to s u b s t a n t i a t e the 
a c c u r a c y o f the e x p e r i m e n t a l d a t a , the k and D e v a l u e s g i v e n 
i n T a b l e V were used t o p r e d i c t w e i g h t change c u r v e s f o r the 
r e a c t i o n s under d i f f e r e n t c o n d i t i o n s . I n a l l the cases the 
p r e d i c t e d and the e x p e r i m e n t a l c u r v e s matched v e r y w e l l . Two 
such t y p i c a l comparisons a r e i l l u s t r a t e d i n F i g u r e s 10 and 11 
(9,1Q). F i g u r e 10 shows the weight change curve f o r the r e a c t i o n 
o f i r o n o x i d e w i t h a s i m u l a t e d c o a l gas, which was c a l c u l a t e d 
by a c o m b i n a t i o n o f r e s u l t s f o r the r e d u c t i o n and the s u l f i d a t i o n 
r e a c t i o n s . I n F i g u r e 11 r e s u l t s a r e shown f o r the r e a c t i o n o f 
i r o n s u l f i d e w i t h SO2, which i l l u s t r a t e a c l o s e agreement b e t ­
ween the c a l c u l a t e d v a l u e s and the e x p e r i m e n t a l v a l u e s o b t a i n e d 
by d i f f e r e n t a n a l y t i c a l t e c h n i q u e s . 

C o n c l u s i o n 

The i r o n o x i d e - s i l i c a s o r b e n t w i t h 45 w e i g h t p e r c e n t 
Fe203 appears to be v e r y e f f e c t i v e and e f f i c i e n t as a s o r b e n t 
f o r the b u l k s u l f u r removal from a h o t low-/medium-Btu gas. 
The a c t i v e s o r b e n t form, which r e a c t s w i t h H 2 S , i s the m e t a l l i c 
i r o n , Fe o r the o x i d e FeO. T h i s i s due to the i n i t i a l r a p i d 
r e d u c t i o n of Fe203 by the H2 and the CO p r e s e n t i n the f u e l 
gas. On s u l f i d a t i o n o f the s o r b e n t a n o n s t o i c h i o m e t r i c 
p y r r h o t i t e , F e S i e i , i s formed. T h i s r e a c t i o n o f Fe w i t h H 2S i s 
much s l o w e r compared to the r e d u c t i o n r e a c t i o n . 
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13. T A M H A N K A R A N D W E N Hydrogen Sulfide Removal 277 

F i g u r e 10. Comparison o f c a l c u l a t e d weight change curve w i t h t h e 
e x p e r i m e n t a l d a t a f o r simultaneous r e d u c t i o n - s u l f i d a t i o n . 

F i g u r e 11. Comparison o f t h e e x p e r i m e n t a l data w i t h t h e c a l c u l a t e d 
v a l u e s f o r p e l l e t s w i t h s i z e o f 1.5 x 6.0 mm. 
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278 INDUSTRIAL GAS SEPARATIONS 

The key f a c t o * i n the development o f a commerical hot-gas 
d e s u l f u r i z a t i o n p r o c e s s i s the r e g e n e r a t i o n o f the spent s o r b e n t . 
Two methods are d i s c u s s e d h e r e : r e g e n e r a t i o n w i t h a a i r - S 0 2 
m i x t u r e and r e g e n e r a t i o n w i t h a s t e a m - a i r m i x t u r e . The r e a c t i o n 
o f i r o n s u l f i d e w i t h a i r i s v e r y f a s t and e x o t h e r m i c , and forms 
Fe2Û3 and S02 as the o n l y p r o d u c t s . Consequently the r e a c t i o n 
r a t e i s l a r g e l y c o n t r o l l e d by the pore d i f f u s i o n mechanism. 
R e a c t i o n s o f i r o n s u l f i d e w i t h SO2 and w i t h steam a r e r e l a t i v e l y 
much s l o w e r , and form FÔ3O4 and e l e m e n t a l s u l f u r . The o v e r a l l 
r a t e i n these cases i s l a r g e l y c o n t r o l l e d by the i n t r i n s i c 
c h e m i c a l r e a c t i o n . 
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INDEX 

Absorber 
coal gasification methane recovery, 

dimensions and 
characteristics 241, 242/ 

H2S sorption by iron oxide 
reaction 265 

Absorption 
carbon dioxide, after sulfur 

removal 40, 42-44/ 
carbonyl sulfide by liquid C 0 2 33, 35, 36/ 
properties of physical absorbents .... 37/ 
slurry, carbon dioxide removal 42, 43/ 
and stripping process, 

methane recovery, 
description 236, 240/, 241-45 

sulfur by liquid C 0 2 33, 34/, 35 
TGA studies of H2S reactions of 

iron oxide sorbent 262, 264/ 
Acetone, effective molar or partial 

molar volume of C 0 2 55/ 
Acid gas removal—See AGR 
Activation energy, diffusion 92 
Adsorbate loading, average, equation 174 
Adsorbent 

dimensionless temperature 
profiles 185-92 

dimensionless temperature, equa­
tion for non-isothermal LDF 
model 174,176 

paraffin separation 159 
PSA process, carbon-based 

molecular sieve 156 
regeneration time effect on product 

quality 230,231/ 
suitable, characteristics 146 
temperature profile, complete heat 

transfer control 177 
Adsorbent mass, gas sorption 

kinetics 173 
Adsorption bed, two component 

mixture, PSA cell model 197 
Adsorption capacities, nitrogen clinop­

tilolite adsorption 226, 228/, 229/ 
Adsorption 

gas 
criteria for when to use 146 
process state of the art 145-69 
purification process 162 
various commercial processes .147-67 

gas separation, future 
directions 164, 166-67 

Adsorption—Continued 
isotherm, N 2 on clinoptilolite 218/ 
isothermal, kinetics equation 177 
relative, methane and nitrogen clin­

optilolite adsorption 215, 220,221/ 
selective, methane and nitrogen 

zeolite separation 213-32 
Adsorption bed, two component mix­

ture, PSA cell model 197 
Adsorption capacity, nitrogen clinop­

tilolite adsorption 226, 228/, 229/ 
Adsorptivity, effect of pressure 154 
Advantages, PSA processes 152 
AGR 

Claus plant process 29 
CNG process description 30-35 
C 0 2 condensation 33-35 
coal gasification, problems 29 
discussion and applications 27-28 
membrane separation from methane 135 
process 28, 30 

Air 
oxidation regeneration of sulfided 

sorbent 261 
oxygen enrichment by membrane 

process 142 
Argon, apparent heats of adsorption 

over various clinoptilolites 216/ 
Arrhenius rate expression, diffusion 

coefficient 93 
Assink, NMR studies of sorption and 

transport in glassy polymers 106 
Axial pressure profile, PSPP process .. 156 

Β 

Bead activated carbon, use in solvent 
vapor removal 164 

Benzene 
effective molar or partial molar 

volume of C 0 2 55/ 
methane solubility at various 

pressures 236, 237/ 
Bergbau Forschung nitrogen produc­

tion process 158/ 
BET surface area, correlation with ion 

exchange degree in clinoptilolite 216/ 
Biot number 

dimensionless uptake equation 176 
effect on dimensionless temperature 

profiles 191/, 192 
effect on uptake curves 185, 190/ 

283 
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284 INDUSTRIAL GAS SEPARATIONS 

Blowdown equations, PSA cell 
model 200, 201 

Boundary conditions, kinetics, LDF 
model 174 

Butane 
hydrogen recovery from isobutane 

production 140, 141/ 
methane solubility at various 

pressures 236, 237/ 

C 
Calcium 

effect on clinoptilolite nitrogen 
retention 223/, 224/ 

regeneration product in H2S 
removal 360/ 

Calibration, problems in gas trans­
mission studies 77, 78 

Carbon-13 NMR 
PVC-TCP systems 95/ 
relaxation rates 94, 96/ 

Carbon, activated bead, solvent 
vapor removal 164 

Carbon dioxide 
cellulose acetate permeation rates 

and separation factors 134, 135/ 
condensation in AGR process 33-35 
in conditioned polycarbonate 120/ 
crystallization in CNG process . . . 38-40 
dew point in water-free crude gas .33, 34/ 
effect of mixed gas on 

permeability 62, 63/ 
effective molar or partial molar 

volume in various 
environments 55/ 

liquid, physical properties 35-36/ 
permeability and time lag data for 

gas transmission study 80, 81/ 
phase diagram 32/ 
in polycarbonate, sorption 

isotherm 117, 118/ 
pressure effect on relaxation rate 

and apparent diffusion coeffi­
cient in PVC 104, 105/ 

PVC sorption ranges 103 
recovery use in enhanced oil 

recovery 136 
regeneration by triple point 

crystallization 35-41/ 
removal 

from natural gas 135 
after sulfurous compound 

absorption 40, 42-44/ 
slurry absorption 42, 43/ 

solid, solubility in various solvents 42, 43/ 
sorption and transport parameters 

in lexan polycarbonate 65/ 
time lag diffusion in polycarbonate 122/ 
transport process in SRM 1470 83 
triple point crystallization 39/ 

Carbon disulfide, recovery, fluidized-
bed process 164 

Carbon monoxide 
cellulose acetate permeation rates 

and separation factors 134, 135/ 
effect of concentration of TCP 

in PVC 98/ 
PVC-TCP gas transport and C-13 

NMR parameters 96/ 
Carbon tetrachloride, effective molar 

or partial molar volume of C 0 2 . 55/ 
Carbonyl sulfide, absorption by 

liquid CO, 33, 35, 36/ 
Cation deficiency, effect in naturally 

occurring clinoptilolite 214 
Cell model, PSA light gas 

separation 197-210 
Cellulose acetate membrane 

cross section 127/ 
data 134,135/ 
discussion 126, 127/ 
effect of hydrocarbons 131 
hydrogen recovery 140-42/ 
water vapor removal 139 

Chain separation, activation energy 
of diffusion 92 

Chain stiffness 92 
Chemical reaction, effect on adsorp­

tion rate in grain model 271 
Chemisorption, AGR process 28 
Chlorobenzene, effective molar or par­

tial molar volume of C 0 2 55/ 
Chromatography, commercial gas 

separation process 162, 163/ 
Claus process 

AGR process 29 
desulfurization process conversion 

to elemental sulfur 261 
reactions 268 

Clinoptilolite 
See also Zeolite 
characterization 214 
ion exchange, degree correlated 

with surface area and separa­
tion ability 216/ 

Closed cycle unit, triple point 
crystallization 38, 39/ 

CNG process 
C 0 2 crystallization 38-40 
description and features 30-45 
final C 0 2 removal 40, 42-44/ 

CNG Research Company, proprietary 
AGR process development 28 

Coal gasification 
AGR process development goals .... 30 
gas composition 29 
major contaminant 255 
membrane hydrogen recovery 140 
products 235 
system schematic 256/ 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
22

3.
ix

00
1

In Industrial Gas Separations; Whyte, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



INDEX 285 

Cobalt, regeneration product in 
H2S removal 360/ 

Concentration dependence 
local diffusion coefficient 57 
polymer properties, matrix model .. 113 
sorption and transport model 99 

Concentration dependence model, 
sorption and transport in glassy 
polymer system 112 

Concentration polarization, erratic 
permeability coefficient 14 

Concentration profile, triple-point 
crystallizer 40,41/ 

Condensation, C 0 2 in AGR process 38-40 
Conditioning, penetrant induced in 

glassy polymers 48-57 
Contaminants, trace, coal gasification 29 
Conversion time, equations for 

grain model 271 
Conversions, H2S, various sorbents ... 256 
Cooperative main chain motions 

effect on diffusion coefficient of 
glassy polymers 114 

in PVC-C0 2 101, 104 
Copper, regeneration product in 

H2S removal 360/ 
Cost, criteria used in H2S sorbent 

selection 256 
Crystallization 

C 0 2 in CNG process 38-40 
triple point, C 0 2 35, 41/ 

Cycles, gas adsorption process 147-52 
Cyclohexane, methane solubility at 

various pressures 236, 237/ 

D 
Density, adsorbent mass, LDF model 173 
Dew point, C 0 2 in coal gasification 33, 34/ 
Diffuse movements, polymer penetrant 

molecules 60 
Diffusion 

See also Transport 
clinoptilolite adsorption of mixed 

gas systems 220, 222-24/ 
effect of cooperative main-chain 

motions 97, 104 
mechanism in polymers 93-104 
mixed gas, zeolite 222, 224/ 
molecular model of gases in a 

polymeric matrix 91-93 
rate determining step 92 

Diffusion coefficient 
apparent 

effect of CO-» pressure in 
PVC 104, 105/ 

effect of concentration of 
TCP in PVC 98/ 

H 2 and CO 94, 96/ 
Arrhenius form 91 
clinoptilolite nitrogen and methane 

adsorption 219/, 220, 221/ 

Diffusion coefficient—Continued 
concentration dependency 59 
effect of main chain molecular 

motions 104 
equation 93 
glassy polymers 114, 115 
methane and nitrogen, measure­

ment apparatus 217/ 
simplified expressions 115,116 

Diffusivity 
See also Permeability 
effective, various grain model 

reactions 276/ 
gas in glassy polymers 115 
intraparticle, use in nitrogen 

production 156 
Dimensionless time, pressurization 

step in PSA cell model 200 
Dimethyl ether, physical properties .... 37/ 
Disadvantages, PSA processes 152 
Displacement purge cycle 

discussion 159-62, 166 
gas adsorption processes 149, 150/ 

Distillation vs. gas adsorption, 
when to use 146 

Dual mode model 
discussion, Raucher and Sefcik 

and Assink NMR study 66 
permeability pressure 

dependence 119, 120/ 
sorption and transport, 

discussion 100, 101, 106-8 

Ε 
Efficiency, criteria used in selecting 

sorbent for H2S removal 256 
Elf Aquitaine chromatographic 

separator 163/ 
Enhanced oil recovery, application 

for membrane systems 136 
Energy calculations, various, coal 

gasification absorption and strip­
ping methane recovery process 245-47 

Energy efficiency, physical absorption 
AGR processes 29 

Energy requirement, absorption and 
stripping methane recovery 
processes 243, 245/ 

Enrichment 
helium, various feed gas 

compositions 14, 16/-20/ 
light component in PSA single 

column process 202 
Enrichment permeabilities and separa­

tion factors, helium 14-21 
Equations 

permeability of membrane 6, 8, 9/ 
various, PSA cell model 199-204 

Equilibrium parameter 
dimensionless uptake equation 176 
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286 INDUSTRIAL GAS SEPARATIONS 

Equilibrium parameter—Continued 
effect on dimensionless tempera­

ture profiles 185, 189/ 
effect on the uptake curves 185, 188/ 

Ethane, cellulose acetate permeation 
rates and separation factors .134, 135/ 

Ethanol, methane solubility at 
various pressures 236, 237/ 

Ethylene, effect on C 0 2 sorption 62 

F 

Feed composition, effect on enrich­
ment in two column PSA process 208 

Fickian diffusion model, sorption 
mass transfer 172 

Fick's law 
concentration dependent equation .. 99 
diffusion equation 131 
dual mobility transport model 57 
transport of gases in polymers 90 

Flow rate 
effect on membrane gas 

enrichment 136, 138/ 
various component gases in absorp­

tion and stripping methane 
recovery process 244/ 

Fluidized-bed/moving-bed process, 
solvent vapor removal 164-66 

Flux 
characterization of SRM 76 
effect of mixed gas 48 
glassy polymer 57 
membrane separations 14, 131 
reductions by non interacting 

penetrants 62 
steady state, equation 90 
time dependent decline 138/, 139 

Fourier conduction, adsorbent heat 
transfer 172 

Frequency motions, high and low, 
polymer diffusion 92 

Fuel, synthetic, AGR step in produc­
tion from coal 28 

G 
Gas 

adsorption process 
description 145, 147, 148/ 

bulk separation 
process 148/, 152-62, 164, 166-67 

coal gasification, TGA study of iron 
sorbent reactions 262 

composition effect on separation 
efficiency 132-34 

control of solubility coefficient in 
polymer interactions 113 

crude coal gasifier 28 
deep sea diving, feed gas 

composition 6 
dehydration by membranes 139 

Gas—Continued 
enrichment and recovery in single 

column PSA process 205, 206/ 
enrichment and recovery in two 

column PSA process 205, 207/ 
feed, composition for helium 

recovery 6/ 
light, PSA recovery and 

purification 195-210 
mixed 

dual sorption and transport 
model 61-64 

effect on permeability 48 
non-isothermal sorption kinetics 171—94 
purification 148/, 162 
residual and permeate stream 

compositions related to stage 
cut 136-38/ 

separation 
basic equations 131, 132 
mechanism 126 
parameters affecting 

efficiency 132-34 
technical breakthrough in the 

application of membranes .. 126 
sorbed molecules, effect on polymer 

equilibrium 103 
sorption by glassy polymers, 

molecular environments 52 
Standard Reference Materials for 

transmission measurements .75-88 
synthesis, solubility of solid C 0 2 42, 43/ 
transport and C-13 NMR 

parameters, PVC-TCP 96/ 
transport mechanism in glassy 

polymers 89 
treatment in CNG AGR process . . . 31/ 
two component mixture, PSA 

cell model 197 
Gasification, AGR step in synthetic 

fuels production 28 
Gas oil, methane solubility at 

various pressures 236, 237/ 
Gas/polymer matrix model 

See also Matrix model 
gas sorption and transport 

polymers 112-16 
Grain model 

chemical reaction control conditions 273/ 
correlation of kinetic data for H2S 

iron oxide sorption 271 
pore diffusion control conditions . . . 274/ 
schematic diagram 272/ 
validity 275 

H 

Heat of adsorption 
measurements for clinoptilolite 

methane and nitrogen 
separation 214, 215, 216/ 

w-pentane uptake on zeolite 180 
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Heat capacity 
adsorbent mass, LDF model 173 
liquid-solid slurry absorbent 40 

Helium 
cellulose acetate permeation rates 

and separation factors 134, 135/ 
enrichment 

permeabilities and separation 
factors 14-21 

various feed gas 
compositions 14, 16/-20/ 

and methane separation, effect of 
pressure on single column 
PSA 208/ 

recovery 
experimental loop schematic .2, 4/, 5/ 
as function of pressure drop 14, 15/ 
hypothetical system 21-23/ 
membranes 1-24 
purity goals and requirements 3 

Henry's law 
concentration dependent equation .. 99 
diffusion equation 131 
glass polymer conditioning 52 
polymer penetrant mode 60 
transport of gases in polymers 90 

Heat transfer coefficient, external, 
zeolite LDF model 184 

Heat transfer resistance, effect on 
uptake curves 180 

Hexanc, methane solubility at 
various pressures 236, 237/ 

High pressure channel spacer, spiral-
wound elements 128 

Hollow fiber, configuration of 
membrane elements 128 

Hydrocarbons 
effect on cellulose acetate 

membranes 131 
gas stream dehydration by cellulose 

acetate membranes 139 
Hydrogen 

cellulose acetate permeation rates 
and separation factors 134, 135/ 

effect of concentration of TCP 
in PVC 98/ 

PVC-TCP gas transport and C-13 
NMR parameters 96/ 

recovery 140-42/, 166 
Hydrogen sulfide 

cellulose acetate permeation rates 
and separation factors 134, 135/ 

removal from coal gasification 
products " 255-78 

removal from natural gas 135 

Inert purge cycle, 
discussion 147, 159-62, 166 

Inhomogeneity, obstacle to the devel­
opment of better SRM's 85 

Integrity verification, 
membranes 11,12/, 13/ 

Interchain cohesion 92 
Intersegmental gaps, polymers, redis­

tribution by high pressure 
penetrants 52 

Ion exchange, clinoptilolite, degree 
correlated with surface area and 
separation ability 216/ 

Iron, regeneration product in 
H>S removal 360/ 

Iron oxide 
results of steam regeneration 

reaction 270 
sorbent for high temperature 

H,S removal 255-78 
sulfided, effect of temperature on 

weight loss in S02 atmospheres 266/ 
weight change curve of reaction 

with simulated coal gas 276/ 
Iron sulfide, reaction with S02 276/ 
Isooctane, zeolite uptake data, LDF 

kinetics model 178, 192 
Isomer separation processes, 

discussion 159-63/ 
Isomerization process, total, paraffin 

separation 159, 161/ 
IsoSiv process, paraffin separation .... 159 
Isosteric enthalpy of sorption, effect of 

sorbed gas concentration 114 
Isotherm 

adsorption of N 2 on clinoptilolite . 218/ 
equations for PSA cell model 199 
sorption, C0 2 in polycarbonate 117, 118/ 
sorption, matrix vs. dual mode 

model for glassy polymers 118/ 
Isothermal model, estimation of 

diffusivity dependence 185 

Κ 
Kinetics 

adsorption, non-isothermal LDF 
model equations 173-78 

criteria used in H2S sorbent 
selection 256 

high temperature H2S sorption by 
iron oxides 262-70 

high temperature H2S sorption by 
selected metal oxides 256, 258/ 

mathematical models, non-iso­
thermal sorption 172 

methane and nitrogen clinoptilolite 
adsorption 215, 220 

Knudsen effect, effective thermal 
conductivity 180 
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L 

Langmuir, polymer penetrant mode 60 
Langmuir isotherm, glassy polymer 

conditioning 52 
Langmuir sorption capacity 

COo in various polymers, experi­
mental compared with 
calculated 58/ 

glassy polymers 53, 54/ 
Langmuir system, equilibrium 

parameter 185 
LDF model, non-isothermal 173 
Lewis number, modified, reciprocal 

dimensionless uptake equation 176 
effect on dimensionless temperature 

profiles 185, 187/ 
effect on uptake curves 185, 186/ 

Linear driving force model 173 

M 

Main chain motions 
C-13 rotating-f rame relaxation 

rates 94 
effect on diffusion of gases 97 
of PVC, effect of CO, 101 

Magnetite, product of pyrrhotite and 
SOj in iron oxide regeneration 265 

Manganese, regeneration product in 
H2S removal 360/ 

Manometers, electronic measuring 
technique to monitor gas flux 76 

Mass balance, methane and nitrogen 
PSA clinoptilolite process 226,227/ 

Material balance, equations, PSA 
cell model 199,204 

Mathematical model, behavior of 
adsorbent columns 173 

Matrix model 
See also Gas polymer matrix model 
permeability pressure 

dependence 119, 120/ 
Mechanism 

glassy polymer diffusion 101-4, 112 
high temperature H2S sorption 

by iron oxides 262-70 
in polymer diffusion 93-101 

Mean free paths, isooctane and 
Ai-pentane, LDF model 184 

Membranes 
cellulose acetate 

cross section of asymmetric 127/ 
effect of water 21 
flat-sheet preparation 126 
permeation and selectivity data .. 134 
spiralwound semipermeable 6, 7/ 

definition of permeability 6 
effect of high pressure drop 14 
gas separations for chemical proc­

esses and energy applications 125-42 

Membranes—Continued 
integrity verification 11, 12/, 13/ 
parameters affecting gas separation 

efficiency 132-34 
semipermeable, helium recovery .... 1-24 
spiralwound, discussion 128-31 
various applications for gas 

separations 135-42/ 
various element configurations ... 128-31 

Methane 
apparent heats of adsorption over 

various clinoptilolites 216/ 
cellulose acetate permeation rates 

and separation factors 134, 135/ 
diffusion coefficient in clinoptilolite 

adsorption 219/, 221 
effect on clinoptilolite nitrogen 

adsorption 222, 224/ 
and helium separation effect of 

pressure on single column 
PSA 208/ 

membrane AGR 135 
separation from HL» and CO by 

adsorption and stripping 
process 235-46 

variables for PSA on 
clinoptilolite 226, 227/, 228/, 229/ 

zeolite adsorption 213-32 
Methanol 

methane solubility at various 
pressures 236, 237/ 

physical properties 35-37/ 
Methyl acetate, effective molar of par­

tial molar volume of COo 55/ 
Model 

cell, PSA light gas separation 197-210 
dual mobility transport 57 
glassy polymers, matrix vs. 

dual mode 118/, 120/, 122/ 
non-isothermal sorption kinetics 172 

Mole fraction, various component 
gases in absorption and stripping 
methane recovery process 244/ 

Mole fraction profile, PSA cell 
model 200-203 

Molecular environments, gas sorption 
by glassy polymers 52 

Molecular sieve 
carbon based, PSA process 

adsorbent 156 
paraffin separation adsorbent 159 

Molecular theory, diffusion of gases 
in a polymeric matrix 91 

Molybdenum, regeneration product in 
H2S removal 360/ 

Mossbauer analysis, sulfided iron 
oxide regeneration 265, 267/ 

Moving bed processes, future growth 166 
Multiple bed process, PSPP 154 
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Ν 
Naphtha, heavy, methane solubility at 

various pressures 236, 237/ 
Nickel, regeneration product in 

HoS removal 360/ 
Nitrogen 

apparent heats of adsorption over 
various clinoptilolites 216/ 

cellulose acetate permeation rates 
and separation factors 134, 135/ 

diffusion coefficient in clinoptilolite 
adsorption 219/, 221 

effect of methane on clinoptilolite 
adsorption 222, 224/ 

permeability and time lag data for 
gas transmission study 80, 81/ 

permeation rate related to mem­
brane integrity 11, 13/ 

production by PSA 
process 156, 158/-60/, 164 

related to helium enrichment 16/, 18/, 19/ 
variables for PSA on 

clinoptilolite 226, 227/, 228/, 229/ 
zeolite adsorption 213-32 

NMR, Assink study, support of dual 
mode model 66 

Ο 

Octane, methane solubility at various 
pressures 236, 237/ 

OlefinSiv, butene separation process .. 162 
Oxygen 

enrichment of air by membrane 
process 142 

permeability and time lag data for 
gas transmission study 80, 81/ 

recovery by PSA, future 164 
related to helium enrichment 16/, 18/, 19/ 

Ρ 

Paraffins, separation by displacement 
purge and inert purge cycles 159, 161/ 

Parameters, operating, typical spiral­
wound membrane units 131 

Parametric pumping 154 
Partial immobilization model, gas 

transmission study 83 
Penetrant 

diameter effect on activation energy 
of diffusion 92 

effect on polymer cooperative 
motions 103 

glassy polymers, effective 
molecular volume 53, 54/ 

induced conditioning in glassy 
polymers 48-57 

Pentane, methane solubility at 
various pressures 236, 237/ 

Aî-Pentane, zeolite uptake data, LDF 
kinetics model 178, 192 

Permeability 
See also Diffusivity 
calculated, matrix vs. dual mode 

models 119, 120/ 
coefficients, helium 14,21 
comparative data 13/ 
data, H , and CO in PVC-TCP 96/ 
effect of various mixed gas 

concentrations 62, 63/ 
glassy polymer, various partial 

pressures 48, 49/ 
membrane, equations 6, 8, 9/ 
SMR study, various gases 82/ 

Permeability coefficient, steady state 
equation 90 

Permeability data, SRM evaluation 
study 80,81/ 

Permeance—See Permeability 
Permeate channel spacer, spiralwound 

elements 128 
Permeate enrichment, effect of feed 

composition 133/ 
Permeate tube, spiralwound elements 128 
Permeation 

See also Transport 
mixed gas, dual mode sorption and 

transport models 47-71 
Permeation rates, various gases in 

cellulose acetate membranes 134 
Permselectivity, membranes, 

discussion 8, 11/, 19/, 20/, 22/ 
PET 

COo, Langmuir sorption capacity .. 56/ 
gas transmission study, various 

gases 77 
permeabilities and related quantities 

of various materials 84/ 
SRM inhomogcneity 83 

Phase diagram, CO> 32/ 
Physical absorption, AGR process ...28,29 
Physical model, glass polymers 

conditioning 52 
Physical strength, criteria used in 

selecting US sorbent 256 
Plasticization 

effect on permselectivity of 
membranes 48 

rubber polymers vs. glassy 
polymers 59 

Plate and frame, configurations of 
membrane elements 128 

Poly(acrylonitrile), C02 Langmuir 
sorption capacity 56/ 

POLYBED PSA process 152, 153/ 
Poly(benzyl methacrylate), CO-2 Lang­

muir sorption capacity 56/ 
Polycarbonate 
C02 Langmuir sorption capacity .... 56/ 
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Polycarbonate —Continued 
CO2 sorption isotherm 117, 118/ 
CO> in conditioned 120/ 

Poly(ethyl methacrylate), COL> Lang­
muir sorption capacity 56/ 

Poly(ethylene terephthalate)—See 
PET 

Polymer 
conditioning 103 
effect of high gas conditioning 

pressures 52 
glassy 

concentration dependent sorption 
and transport models 104-9 

conditioned nonequilibrium 52 
diffusion coefficient equation 115 
dual mobility transport model .. 57 
equilibrium densified 52 
gas transport and cooperative 

main chain motions 89-110 
Langmuir sorption capacity 53, 54/ 
mathematical expression of 

sorption 117 
matrix and dual mode models as 

physical models 121 
matrix sorption and transport 

model 111-24 
penetrant induced conditioning 48 
segmental motion 49, 51/ 
sorption and transport 97-109, 115 
various, CO> Langmuir sorption 

capacity 56/ 
high and low frequency diffusion 

motions 92 
mathematical expression of cas 

transport ^117, 119-21 
Polymer chains 91,92 
Poly(methyl methacrylate) 

COL» Langmuir sorption capacity 56/ 
effect of ethylene on CO- sorption 

level 63/ 
Poly(phenyl methacrylate, COL» 

Langmuir sorption capacity 56/ 
Poly(terephthalate), local effective dif­

fusion coefficient for C 0 2 58/ 
Polyvinyl chloride, COL» diffusion 

coefficient 59 
Pore accessibility, 

clinoptilolite 214,215,217/ 
Pore diffusion, effect on rate in grain 

model 271 
Pressure 

effect on adsorptivity 154 
effect on permeability matrix vs. 

dual mode model 119, 120/ 
effect on single column process for 

helium and methane 
separation 208/ 

effect on time lac, matrix vs. 
dual model 121, 122/ 

inside adsorbent mass, LDF model 173 

Pressure—Continued 
various component gases in adsorp­

tion and stripping methane 
recovery process 244/ 

Pressure differential, factor in mem­
brane gas separation 132 

Pressure profiles, PSPP process ...156, 157/ 
Pressure ratio, effect on separation 

efficiency 132-34 
Pressure sensors, calibration 

instability .., 78 
Pressure step, constant, equations for 

PSA cell model 201 
Pressure swing—See also PSA 
Pressure swing adsorption, recovery 

and purification of light gases 195-211 
Pressure swing cycle, gas adsorption 

process 149, 150/ 
Pressure swing parametric 

pumping 152, 154-56 
Pressurization, equations, PSA cell 

model 200, 201 
Propane 

loss in absorption and stripping 
methane recovery 236, 238/, 238/ 

methane solubility at various 
pressures 236, 237/ 

PSA—See also Pressure swing 
PSA process 

basic comparison to Polybed PSA 
and PSPP 157/ 

discussion 152-59, 164, 166 
methane and nitrocen clinoptilolite 

adsorption 222, 225/, 226-30 
sinsle column bulk 

separation 196/, 202, 203 
two column bulk separation 198/, 203, 204 

Pumps, parametric, one-bed and 
three-bed pressure swing 155/ 

PURASIV HR process, solvent 
vapor removal 165/ 

Purification, gas 148/ 
PVC 

See also Poly(vinylchloride) 
antiplasticization-plasticization 93 

PVC-COL» system, cooperative main-
chain motions 101, 104 

PVC-TCP system, gas transport and 
C-13 NMR parameters 96/ 

Pyrrhotite, product of iron reaction 
with H,S 265 

Rate constant, various grain model 
reactions 276/ 

Reaction rate, representation for 
grain model 271 

Regeneration 
adsorber, PSA clinoptilolite 

process 230,231/ 
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Regeneration—Continued 
criteria used in selecting H2S 

sorbent 256 
in air, various H2S sorbents 360/ 
effect of water content on product 

distribution 269/ 
options, hot gas desulfurization 

process 261 
reactions 

iron oxide by S02 recycle 
method 265-68 

sulfided iron oxide 268-70 
Relative humidity, gas, effect on 

separation process 134 
Relaxation rate 

C-13 NMR, PVC-COo system 102/ 
effect of C 0 2 pressure in PVC 104, 105/ 
effect of concentration of TCP 

in PVC 98/ 
PVC-CO, system 101, 102/ 

S 
Selectivity, effective, effect of pressure 

ratio and membrane separation 
factor 133/ 

Separation ability, correlation with ion 
exchange degree in clinoptilolite 216/ 

Separation factor 
See also Permselectivity 
effect on separation efficiency 132-34 
methane and nitrogen clinoptilolite 

PSA process 226, 228/, 229/ 
various gases in cellulose acetate 

membranes 134 
Separation 

bulk gas processes 148/, 152 
bulk gas, PSA cell model 202, 203 
normal and iso-paraffins 159 

SEPAREX—See Cellulose acetate 
membranes 

Sewage wastewater treatment, mem­
brane oxygenation systems 142 

Single bed process, PSPP 154 
Single column recovery process, PSA 

cell model 195 
Solubility 

methane, various solvents and 
pressures 236, 237/ 

solid COL» in several solvents 42, 43/ 
Solubility coefficient, gases in glassy 

polymers, equation 114,116 
Solvent vapors, removal from air 

streams 164, 165/ 
Sorbate mass transfer, LDF model .... 172 
Sorbent selection, high temperature 

ILS removal from coal gasifi­
cation products 256 

Sorption 
See also Uptake 
adsorbent non-isothermality 

kinetics 172 

Sorption—Continued 
concentration dependence in glassy 

polymers 116 
concentration dependent model 104-9 
concept of unrelaxed volume 48-61 
dual mode vs. concentration 

dependent models 112 
dual mode model 48, 51/, 52, 60, 106-8 
equations 90 
glassy polymers I l l , 117 
isooctane on zeolite 179/, 181/ 
mixed gas model 61-64 
tt-pentane on zeolite 182/, 183/ 
zero concentration, gas glassy 

polymer systems 115 
Sorption data, matrix model 

analysis 116-21 
Sorption model, various, discussion 99-101 
Sorption parameters, C 0 2 in lexan 

polycarbonate 65/ 
Spiralwound membrane element 

configuration 128-31 
SRM 1470—See PET 
SRM, gas transmission study, 

problems 85 
Stage cut, membrane gas separation, 

definition 136, 137/ 
Standard Reference Material, 

definition 75 
Steam-air mixture, sulfided iron oxide 

regeneration 268-70 
Stoichiometric coefficient, various 

grain model reactions 276/ 
Strippers, coal gasification methane 

recovery, dimensions and 
characteristics 241, 242/ 

Sulfur capture capacity, criteria used 
in selecting HL»S sorbent 256 

Sulfur dioxide, sulfided iron oxide 
regeneration 265-68 

Sulfur, absorption by liquid 
C 0 2 33, 34/, 35 

Τ 
Temperature 

gas, effect on the separation process 134 
glass transition, depression by 

diluents 114 
various component gases, absorp­

tion and stripping methane 
recovery process 244/ 

Temperature profiles 
adsorbent, dimensionless 185-92 
isooctane uptake on zeolite 180 
>?-pentane uptake on zeolite 180 

Temperature swing, gas processes 147, 162 
TGA curves, reactions of iron oxide 

in different gas atmospheres 265/ 
Thermal conductivity, effective 

adsorbent mass, LDF model 173 
zeolites, LDF model 180 
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Thermogravimetric analyzer (TGA), 
use in study of reaction mecha­
nisms and kinetics of H2S 
sorption 262 

Time, dimensionless, various stages 
of PSA cell model 200, 201 

Time lag 
diffusion of C 0 2 in polycarbonate 122/ 
diffusion of a gas across a planar 

membrane 119,121-22/ 
technique for measuring permea­

tion gas 77 
SMR study, various gases 80-82/ 

Toray reverse PSA nitrogen 
production process 160/ 

Transient transport measurements, 
validity of sorption and transport 
model 119, 121-22/ 

Transmission 
See also Permeation 
calibration of SRM measurement 

system 77-79 
rates in various packaging materials 76 
study experimental design 79 

Transport 
See also Diffusion 
See also Permeation 
concentration dependent 

model 104-9,116 
dual mode vs. concentration 

dependent models 112 
equation, dual mode model 60 
equations 90 
glassy polymers 111, 117, 119-21 
gas in PVC-TCP system 94-97 
inconsistencies in dual mode 

model 106-8 
mixed gas model 61-64 
process" COj in SRM 1470 83 
transient state 119, 121-22/ 
zero concentration, gas glassy 

polymer systems 115 
Transport data 

concept of unrelaxed volume 48-61 
matrix model analysis 116-21 
glassy polymer penetrant 57 
various, discussion 99-101 

Transport parameters, C 0 2 in lexan 
polycarbonate 65/ 

Triple point 
CO_» crystallization 30, 35-41/ 
closed-cycle unit crystallization ... 38, 39/ 

Tubular membrane element 
configurations 128 

Two-column recovery and purification 
process, PSA cell model 195 

U 
Uptake 

See also Sorption 
complete heat transfer control 

equation 177 
dimensionless, non-isothermal LDF 

model equation 174, 176 
zeolite parametric study, LDF 

model 185-92 

V 
Vacuum desorption, production of 

high purity nitrogen 156 
Vapor phase process, commercial 159 
Vapor pressure, various compounds in 

methane recovery 236, 238/ 
Viscosity 

gas, effect on the separation process 134 
methanol and liquid C 0 2 35, 36/ 

Volume 
penetrant effective molecular, 

glassy polymers 53, 54/ 
unrelaxed, related to sorption and 

transport properties of glassy 
polymers 48-61 

W 
Water 

liquid, effect on membrane 
performance 21, 139 

methane solubility at various 
pressures 236, 237/ 

removal, CNG AGR process 30, 33 
vapor 

cellulose acetate permeation rates 
and separation factors 134-35/ 

removal from hydrocarbon gas 
streams 139 

Ζ 
Zeolite 

See also Clinoptilolite 
effective molar or partial molar 

volume of C 0 2 55/ 
isomer separations 159-63/ 
methane and nitrogen separation 213—33 
PSA process for nitrogen 

production 156-60/ 
sorption kinetics experimental 

data 178-92 
Zinc, regeneration product in 

H2S removal 360/ 
Zinc ferrite, sorbent for H2S removal . 260 
Zinc oxide, sorbent for H2S removal 

from coal gasification products .. 256 
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