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Analysis of Gas Purification by Pressure Swing 
Adsorption: Priming the Parametric Pump 

KENT S. KNAEBEL 
DEPARTMENT OF CHEMICAL ENGINEERING 
THE OHIO STATE UNIVERSITY 
COLUMBUS, OHIO 

FRANK B. HILL 
BROOKHAVEN NATIONAL LABORATORY 
UPTON, NEW YORK 

ABSTRACT 

The t r a n s i e n t s  d u r i n g  s t a r t - u p  o f  a pressure-swing adsorber 
l e a d  t o  m a t e r i a l  and energy losses.  A dynamic mathematical model 
i s  developed t o  analyze t h e  PSA process t o  e l u c i d a t e  t h e  c o n d i t i o n s  
under which l osses  may be min imized.  It i s  based on an i d e a l  b i -  
n a r y  m i x t u r e  comprised o f  components t h a t  have l i n e a r  isotherms.  

suggested. The a l t e r n a t i v e  i s  f o r m u l a t e d  by  c o n s i d e r i n g  t h e  PSA 
process as a s p e c i f i c  t y p e  o f  pa ramet r i c  pump. It f o l l o w s  i n t u i v e l y  
t h a t ,  as i n  an o r d i n a r y  pump, t h e  pa ramet r i c  pump w i l l  commence 
o p e r a t i o n  a t  s teady -s ta te  i f  i t  i s  primed. I n  t h e  case o f  PSA, t h a t  
amounts t o  p u r g i n g  t h e  i n i t i a l  adsorber con ten ts  w i t h  t h e  l e s s  
s t r o n g l y  adsorbed component. 

A p rocess ing  a1 t e r n a t i v e  t h a t  v i r t u a l l y  e l i m i n a t e s  l o s s e s  i s  

I l l u s t r a t i o n s  a re  p r o v i d e d  o f  b o t h  s ing le -bed  and dual -bed 
processes. 
v a r y i n g  t h e  r a t i o  o f  t h e  h i g h  and low  p ressu res  t h a t  occu r  i n  a 
c y c l e  i s  examined. Resu l t s  i n d i c a t e  t h a t  t h e r e  i s  a s i g n i f i c a n t  
advantage i n  p r i m i n g  t h e  s ing le -bed  v e r s i o n  because o f  t h e  surge 
tank, which promotes backmixing. There i s  s t i l l  an advantage i n  
p r i m i n g  t h e  dual -bed ve rs ion ,  however, d e s p i t e  t h e  absence o f  back- 
mix ing.  

Fo r  a s p e c i f i c  gas m i x t u r e  and adsorbent, t h e  e f f e c t  of 
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1194 KNAEBEL AND HILL 

INTRODUCTION 

Of t h e  c l a s s  o f  c y c l i c  s o r p t i o n  processes t h a t  a r e  c o l l e c t i v e -  

l y  known as pa ramet r i c  pumps, l i t t l e  a t t e n t i o n  has been p a i d  t o  t h e  

proper  inethod f o r  commencing o p e r a t i o n  o r  t o  t h e  c o n s t r a i n t s  assoc- 

i a t e d  w i t h  i n i t i a l  t r a n s i e n t s .  Desp i te  t h a t ,  i t  i s  u s e f u l  t o  under- 

s tand these concepts, i n  terms o f  t h e  i m p l i c a t i o n s  o f  o p e r a t i n g  

c o n d i t i o n s  and process c o n f i g u r a t i o n ,  i n  o rde r  t o  improve t h e  pe r -  

formance o f  t h e  process.  

The purpose o f  t h i s  work i s  t o  t a k e  t h e  o r i g i n a l  v i e w p o i n t  o f  

W i l h e l m ( l 1 ,  t h a t  i s  t o  cons ide r  t h e  analogy o f  t h i s  c y c l i c  separa- 

t i o n  process t o  a pump. The development i s  i n tended  t o  i l l u s t r a t e  

t h a t  t h e  i n i t i a l  performance o f  t h e  process may be s i g n i f i c a n t l y  

improved by  s i m p l y  p r i m i n g  it. The i n c e n t i v e s  f o r  reduc ing  t h e  

i n i t i a l  t r a n s i e n t s  t o  a minimum i n c l u d e  conserva t i on  o f  energy, 

t i m e ,  and m a t e r i a l s .  

ab le  i m p u r i t y  i s  t o  be recovered.  

The l a s t  i s  e s p e c i a l l y  r e l e v e n t  when a v a l u -  

The s p e c i f i c  v e r s i o n  o f  t h e  pa ramet r i c  pump i s  taken  t o  be t h e  

pressure-swing a d s o r p t i o n  (PSAI process, a l t hough  t h e  genera l  con- 

Furthermore, t h e  cept i s  b e l i e v e d  t o  be a p p l i c a b l e  t o  any ve rs ion .  

concept i s  shown t o  be v a l i d  f o r  a simple, s i n g l e  column v e r s i o n  o f  

t h e  PSA process, as w e l l  as those c o n t a i n i n g  m u l t i p l e  beds. A l -  

though, i n  t h e  l a t t e r  case t h e  number o f  beds has been r e s t r i c t e d  

t o  two, as i n  h e a t l e s s  adso rp t i on .  

The p resen t  work i s  based on p u r i f i c a t i o n  o f  a b i n a r y  m i x t u r e  

i n  which b o t h  components adsorb acco rd ing  t o  l i n e a r  i so the rms .  The 

t o p i c s  covered are:  genera l  mathematical a n a l y s i s ,  t rea tmen t  o f  
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GAS PURIFLCATION 1195 

s p e c i f i c  s teps i n  a t y p i c a l  cyc le ,  and p a r t i c u l a r  c o n d i t i o n s  o f  

b o t h  s i n g l e  column and dual  column process c o n f i g u r a t i o n s  d u r i n g  

s t a r t - u p .  

S ince t h e  m idd le  1960 's  t h e r e  has been cons ide rab le  progress 

i n  deve lop ing  and r e f i n i n g  PSA process l a y o u t s  i n  a p p l y i n g  t h e  p ro -  

process t o  l a b o r a t o r y  and i n d u s t r i a l - s c a l e  separat ions,  and toward 

e s t a b l i s h i n g  t h e o r e t i c a l  understanding o f  b o t h  genera l  and s p e c i f i c  

concepts. Lee and S t a l l  ( 2 )  and K e l l e r  and Jones ( 3 )  have r e p o r t e d  

severa l  process c o n f i g u r a t i o n s  and commerci a1 a p p l i c a t i o n s .  Doshi 

e t  a l .  ( 4 )  have d iscussed re f i nemen ts  i n  o p e r a t i n g  c o n d i t i o n s .  

Kh iha ra  and Suzuki (5) and Knaebel and H i l l  (6) have developed 

mathemat ica l  analyses f o r  s t e a d y - s t a t e  ope ra t i on .  An e x c e l l e n t  

rev iew  of t h e  genera l  f i e l d  o f  c y c l i c  s o r p t i o n  separa t i ons  has been 

presented by Wankat (7). 

GENERAL ANALYSIS 

I n  i t s  most e lementary form, t h e  process i s  comprised o f  a 

packed bed o f  adsorbent m a t e r i a l  t h a t  has f i x e d  c r o s s - s e c t i o n a l  

area and p o r o s i t y .  The process operates i n  a s e r i e s  o f  f o u r - s t e p  

cyc les;  t hese  s teps  a r e  p r e s s u r i z a t i o n ,  h igh -p ressu re  feed, blow- 

down, and purge. The b a s i c  concept  i s  i l l u s t r a t e d  i n  F i g u r e  1. 

In t h e  p r e s s u r i z a t i o n  step, m a t e r i a l  hav ing  t h e  mole f r a c t i o n  

( o f  t h e  more s t r o n g l y  adsorbed component), yI, i s  i n j e c t e d  i n t o  t h e  

column. 

t i o n .  ( A t  t h e  o u t s e t  o f  s t a r t - u p  t h i s  m a t e r i a l  i s  presumed t o  be a t  

t h e  f e e d  composi t ion. )  As t h e  s t e p  proceeds, however, t h e  mole 

The i n i t i a l  con ten ts  of t h e  column a re  a t  t h e  same composi- 
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1196 KNAEBEL AND HILL 

STEP 

CYCLE 
High P r e s s u r e  - 

P r e s s u r i z a t i o n  Feed Blowdown P u r g e  
Y 
“1 

1 

i 

I 
F i g u r e  1. S c h e m a t i c  d i a g r a m  of a p r e s s u r e  swing a d s o r b e r  

I d u r i n g  s t a r t - u p  c o n d i t i o n s .  The s o u r c e  of y 
i s  t h e  s u r g e  t a n k  i n  t h e  s i n g l e  bed v e r s i o n ,  
w h i l e  i t  i s  t h e  p r o d u c t  of t h e  a l t e r n a t e  bed 
i n  t h e  d u a l  bed p r o c e s s .  
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GAS PURIFICATION 1197 

f r a c t i o n  may decrease because the  more s t rong ly  absorbed component 

i s  s e l e c t i v e l y  taken-up by the  adsorbent. The mole f r a c t i o n  u l t i -  

mately reached i s  yu. 

When the high pressure l i m i t  i s  at ta ined, the  feed and product 

l i n e s  are opened, and feed i s  suppl ied u n t i l  the  adsorbent i s  satu- 

ra ted  w i t h  the more s t rong ly  he ld  component. 

t h i s  step has a composit ion t h a t  var ies  from y~ t o  yu (assuming 

t h a t  cond i t ions  a l low sustained opera t ion) .  

mole f r a c t i o n  i s  denoted yp. 

The product dur ing  

The average product 

Subsequently, the column i s  permi t ted  t o  depressurize by open- 

i n g  the  exhaust l i n e .  

l y  adsorbed species. F i n a l l y ,  p a r t  o f  the high-pressure product i s  

recycled i n  o rder  t o  purge the  column. 

o f  t h i s  ma te r ia l  may be d i f f e r e n t  from t h a t  o f  the  product because 

i t  may have been mixed w i t h  the  res idua l  contents o f  the  surge tank, 

as i n  a single-bed process, o r  i t  may be a p o r t i o n  o f  the  product 

from an e n t i r e l y  d i f f e r e n t  column, as i n  a dual column process. The 

combined e f f l u e n t  from the  blowdown and purge steps i s  considered 

waste, having a mole f r a c t i o n  o f  yw. 

This mater ia l  i s  enriched i n  the  more strong- 

Actual ly,  the  composit ion 

A f t e r  several cycles, the  product composition, yp, decreases 

t o  zero and steady-state i s  at ta ined.  

It i s  important t o  note t h a t  the mater ia l  used f o r  pressur iza- 

Subsequent t i o n  and purging o f  the  bed i s  assumed t o  be ava i lab le .  

analysis o f  the performance o f  the  s ing le  column and dual column 

conf igura t ions  w i l l  es tab l i sh  the  l i m i t s  o f  o p e r a b i l i t y .  
, 

Much o f  the  basic mathematical theory t h a t  per ta ins  t o  t h i s  

development has been presented elsewhere (6,8,9) and w i l l  be on ly  
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1198 KNAEBEL AND HILL 

sketched here. 

values o f  c r u c i a l  terms i n  m a t e r i a l  ba lance equa t ions  (such as f l o w  

r a t e s  and composi t ions)  i n  o r d e r  t o  desc r ibe  t h e  process p e r f o r -  

mance. 

gas-phase behavior ,  and a l l  d i s s i p a t i v e  e f f e c t s  are neg lec ted .  

C o n t i n u i t y  o f  a b i n a r y  m i x t u r e  r e q u i r e s  t h a t  

The purpose o f  t h e  development i s  t o  e s t a b l i s h  

The process i s  assumed t o  ope ra te  i s o t h e r m a l l y  w i t h  i d e a l  

Component A 

- Tota l  Mass 

3 P  2UP a n  
3 t  az a t  E t - t RT ( 1 - E )  - = 0 ( 2 )  

where pA i s  t h e  p a r t i a l  p ressu re  o f  component A ,  p i s  t o t a l  p res -  

sure, u i s  t h e  i n t e r s t i t i a l  v e l o c i t y ,  E i s  t h e  p o r o s i t y  o f  t h e  bed, 

and n rep resen ts  t h e  c a p a c i t y  o f  t h e  adsorbent. 

n = nA t nB = (kApA t kgPB)/RT (3) 

It i s  a r b i t r a r i l y  assumed t h a t  component A i s  p r e f e r e n t i a l l y  ad- 

a rbea ,  i . e . ,  kA  > kB. 

development r e f e r s  t o  component A. 

The mole f r a c t i o n  i n  t h e  remainder o f  t h i s  

I t i s  convenient  t o  express t h e  p o r o s i t y  and i so the rm s lope i n  

a s i n g l e  parameter f o r  each component, 

(4) 
1 

BA = 1 t ( l -E )kA /E  

and t h e i r  r a t i o  as, 
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GAS PURIFICATION 1199 

(6) 

Note t h a t  according t o  the  cons t ra in t  mentioned above, 0 

As a consequence, d i f f i c u l t  separations are character ized by B 1. 

f? < 1. 

Assuming t h a t  t he  ax ia l  pressure grad ien t  i s  n e g l i g i b l e  permits 

i n t e g r a t i o n  o f  t he  balance equations t o  ge t  expressions f o r  v e l o c i t y  

w i t h i n  the bed 

( a )  Varying pressure; u = o a t  z = o 

(b )  Constant pressure ( t h e  s ign  i s  p o s i t i v e  i n  the upwards 

d i rec t i on ,  c f  Fig.  1) .  

1 +( B-1 )y* u1 - 
9 iwl-lyl - -  (8) 

Solving the  ma te r ia l  balance equations by the  method o f  character-  

i s t i c s  y i e l d s  

BAu % = l+ (B - l ) y  
(9) 

These provide the  composit ion change due t o  a pressure s h i f t  i n  the  

c h a r a c t e r i s t i c  d i rec t i ons .  These may be i n teg ra ted  along w i t h  eq. 

( 7 )  t o  ge t  d e f i n i t e  r e s u l t s  
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1200 KNAEBEL. AND HILL 

where z = 0 a t  the closed end and z = 1 a t  the open end of t he  

column, y i s  t he  ult imate concentration and yo i s  t he  feed concen- 

t r a t i o n ,  and ? i s  t h e  pressure r a t i o  = P,/P,. 

A conclusion reached i n  e a r l i e r  work was t h a t  p ressur iza t ion  

w i t h  product was more e f f i c i e n t  than pressur iza t ion  w i t h  feed (6). 

Accordingly, the  remainder of the ana lys i s  i s  oriented toward the 

former approach. 

high-pressure feed s tep  of a cyc le  because the feed i s  r i che r  in the 

preferen t ia l ly  adsorbed component. The r a t e  of propagation of t he  

shock-wave i n  t he  bed i s  given by 

For t h a t  case, a shock-wave i s  created during the  

where the subscr ip ts  1 and 2 r e f e r  t o  leading and t r a i l i n g  edges of 

t he  shock-wave, respec t ive ly ,  and S r e f e r s  t o  the  shock-wave. Those 

compositions a re  r e l a t ed  by 

in which yl 

bed, and y2 

represents the i n i t i a l  composition of the  gas i n  t he  

represents  the feed composition, i .e . ,  yF. 
0 

0 

SPECIFIC STEPS 

Pressurization 

The pressur iza t ion  step f o r  any cyc le  involves adding gas t o  

the  column from the bottom ( c f .  Figure 11 ,  whi le  i t  i s  closed a t  the 
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GAS PURIFICATION 1201 

o p p o s i t e  end. 

have i d e n t i c a l  composi t ions,  t h e  c h a r a c t e r i s t i c s  desc r ibed  by eqs. 

( 9 )  and (10)  do n o t  i n t e r s e c t  o r  d i ve rge .  

wave c rea ted .  

S ince t h e  f e e d  and i n i t i a l  con ten ts  o f  t h e  column 

Hence, t h e r e  i s  no shock- 

The u l t i m a t e  compos i t i on  reached d u r i n g  p r e s s u r i z a t i o n  by t h e  

i n i t i a l  column con ten ts  i s  g i ven  by eq. ( 1 1 ) .  Dur ing  an a r b i t r a r y  

cyc le ,  i, t h e  p r e s s u r i z i n g  gas compos i t i on  i s  yI, so t h e  u l t i m a t e  

composi t ion,  yu, 

Dur ing n success 

becomes 

ve cyc les ,  i f  t h e  p roduc t  i s  n o t  mixed w i t h  o t h e r  

m a t e r i a l  b e f o r e  be ing  r e i n j e c t e d  t h e  u l t i m a t e  composi t ion i s  

1 ( 1 7 )  

Unfor tunate ly ,  however, t h e  p r o d u c t  w i l l  ( p r o b a b l y )  be mixed w i t h  t h e  

m a t e r i a l  "beneath" i t  i n  t h e  column, because t h a t  m a t e r i a l  evo lves 

f i r s t  d u r i n g  t h e  h igh -p ressu re  f e e d  s tep.  

The p e n e t r a t i o n  o f  t h e  f e e d  i n t o  t h e  bed i s  determined f r o m  eq. 

(121, i n  which yo and y a r e  r e p l a c e d  by yF and yu, r e s p e c t i v e l y .  

Note t h a t  z i s  t h e  d i s t a n c e  f r o m  t h e  c l o s e d  end, so zo = 1. 

t h e  p e n e t r a t i o n  i t  i s  p o s s i b l e  t o  assess t h e  molar  con ten ts  o f  t h e  

c o l  umn by a m a t e r i  a1 b a l  ance. 

From 

For  a d i f f e r e n t i a l  l e n g t h  o f  column, t h e  t o t a l  number o f  moles 

p resen t  i s  
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1202 KNAEBEL AND HILL 

where AcS i s  t h e  c r o s s - s e c t i o n a l  area of t h e  bed. 

The t o t a l  number of moles i n  t h e  column i s  g i v e n  by 

P 
dz N = j o  dN = f a  [B + ( l - % ) y ]  - 

RT %A 
N 1 

By symnetry t h e  i n t e g r a l  may be s p l i t  and r e s t a t e d  as 

f1  y dz = j Y u  ( l - z U ) d y  t jyl (1-2 )  dy 
YU 

0 0 

( 1 9 )  

(21 )  

The f i r s t  t e rm i s  a cons tan t ,  s i n c e  zu 0. Furthermore, t h e  f i r s t  

i n t e g r a l  may be combined w i t h  t h e  f i r s t  t e r m  o f  t h e  second i n t e g r a l  

t o  g i v e  

Y I  
0 YU 

IYu ( l - z U ) d y  = dy - yI ( 2 2 )  

The second term, however, i s  more compl icated.  It may be res ta ted ,  

and combined w i t h  eq. ( 2 3 )  t o  g i v e  

which may be i n t e g r a t e d  a n a l y t i c a l l y  when B = 0.5 and B 0, b u t  

o n l y  by quadratures f o r  o t h e r  cases. 

determine t h e  number o f  moles t h a t  i s  p resen t  f o l l o w i n g  p ressu r i za -  

t i o n  by  a m a t e r i a l  ba lance t h a t  accounts f o r  t h e  feeds, p roduc ts  

and accumulat ion i n  t h e  rema in ing  s teps of a c y c l e .  The r e s u l t  i s :  

It i s ,  however, p o s s i b l e  t o  
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GAS PURIFICATION 1203 

S i m i l a r l y  a component balance ( f o r  species A) y i e l d s  

Y dz 
Acs dN - -  

A - BA RT 

A P 1  

NA = % ro dz 

(25) 

( 2 6 )  

The i n t e g r a l  may be evaluated as prev ious ly  described. 

High-pressure Feed 

Fol lowing the  p ressu r i za t i on  step, t he  process feed i s  i n t r o -  

duced t o  the column from the  top  and the  product i s  withdrawn from 

the bottom ( c f .  Figure 1 ) .  

f e r e n t i a l l y  adsorbed component i s  higher than ( o r  equal t o )  t h a t  of 

the  column contents, a shock-wave i s  formed. When the  adsorbent i s  

exp lo i t ed  t o  the  maximum poss ib le  extent, t he  shock-wave propagates 

t o  t he  product end dur ing  t h i s  step. 

Since the  feed concentrat ion o f  the  pre- 

In s p i t e  o f  tha t ,  the  column contents a t  the  ou tse t  o f  t h i s  

Therefore, i t  i s  necessary t o  examine the  step are no t  unifrom. 

p o s s i b i l i t y  o f  the shock-wave i n t e r a c t i n g  w i t h  the  ma te r ia l  t h a t  has 

concentrat ions between those o f  t he  feed and the  contents p r i o r  t o  

p ressur iza t ion .  

of the  c h a r a c t e r i s t i c  t h a t  corresponds t o  the  u l t ima te  penet ra t ion  

of the  pressur iza t ion  mater ia l  ( i . e . ,  f rom the  bottom o f  t he  column), 

w i t h  t h a t  o f  the  shock f r o n t  t h a t  i s  formed by i n t e r s e c t i n g  charac- 

t e r i s t i c s  o f  the  i n i t i a l  column contents (i.e., f o l l o w i n g  t h e  purge 

step) and the  feed mater ia l  ( i .e . ,  from the  top o f  the column). 

That i s ,  when these curves i n te rsec t ,  the  cond i t ions  correspond t o  

an implausible operat ion because i n s u f f i c i e n t  product i s  generated 

t o  meet the requirements o f  the purge and pressur iza t ion  steps. 

This i s  resolved by comparing the  propagation r a t e  
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1204 KNAEBEL AND HILL 

From eqs. (81, (91, ( 1 2 )  and (13 )  t h e  f o l l o w i n g  i n e q u a l i t y  r e s u l t s  

When t h e  i n e q u a l i t y  holds, t h e  process per forms s a t i s f a c t o r i l y .  

As i n  t h e  p r e s s u r i z a t i o n  step, t h e  o v e r a l l  r e s u l t s  o f  t h e  h i g h  

pressure feed  s tep  can be eva lua ted  by m a t e r i a l  balances. 

case, t h e  i n i t i a l  s t a t e  i s  desc r ibed  by eqs. ( 2 1 - ( 2 6 ) .  Conversely, 

t he  f i n a l  s t a t e  corresponds t o  t h e  i n s t a n t  a t  which t h e  shock-wave 

reaches t h e  bot tom o f  t h e  column. Thus, t h e  con ten ts  o f  t h e  column 

a re  u n i f o r m  a t  t h e  compos i t i on  o f  t h e  feed.  

and ( 26) reduce t o  

I n  t h i s  

Therefore,  eqs. (21 )  

N = -  AcsPH 
A RT B A  ( 2 9 )  

I n  a d d i t i o n ,  t h e  molar  q u a n t i t i e s  s u p p l i e s  i n  t h e  feed  and removed 

i n  t h e  p roduc t  may be determined f rom t h e  r e l a t i o n  f o r  t h e  t o t a l  

number o f  moles s u p p l i e d  d u r i n g  t h e  h igh -p ressu re  f e e d  s tep  

(30 )  -Acs 
N i n  = RT UH PH 

Combining t h i s  w i t h  t h e  i n t e g r a t e d  fo rm o f  eq. (13 ) ,  based on com- 

p l e t e  displacement o f  t h e  shock-wave ove r  t h e  l e n g t h  o f  

y i e l d s  

The corresponding number o f  moles i n  t h e  p roduc t  may be 

f rom eqs. (21-  24) and (31 )  through an o v e r a l l  m a t e r i a l  

t h e  column, 

(31 1 

determined 

b a l  ance. 
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GAS PURIFICATION 1205 

An equivalent procedure may be used t o  determine the  quan t i t i es  of 

species A, i .e. ,  the  p r e f e r e n t i a l l y  adsorbed component. 

B1 owdown 

A f t e r  the shock-wave has reached the  bottom o f  the bed, the  

product f l ow  i s  stopped and the  column i s  depressurized through the  

top. As t h i s  occurs, the shock-wave d i s in teg ra tes  and a simple-wave 

i s  formed which i s  described by the  d iverg ing  cha rac te r i s t i cs ,  as i n  

eqs. (9-12).  As the  pressure decl ines the  composit ion w i t h i n  the  

column becomes inc reas ing l y  enriched i n  the  s e l e c t i v e l y  adsorbed 

component. 

time-dependent composition. Typ ica l l y ,  the  ana lys is  o f  the  ne t  

change t h a t  occurs dur ing  t h i s  step i s  more r e a d i l y  obtained by 

eva lua t ing  the  o ther  steps and apply ing o v e r a l l  mater i  a1 balances. 

This w i l l  be expanded upon i n  the next sect ion.  

The product from the  blowdown step, accordingly, has a 

Purge 

F i n a l l y ,  the  column contents t h a t  are r i c h  i n  the  p r e f e r e n t i a l -  

l y  adsorbed component are exhausted by essent i  a1 l y  recyc l  i ng a por- 

t i o n  o f  the  p u r i f i e d  product. Again, s ince the  mater ia l  being sup- 

p l i e d  i s  leaner than the  e f f l u e n t ,  a simple-wave i s  formed. 

step i s  complete when the  c h a r a c t e r i s t i c  t h a t  def ines the  t r a i l i n g  

edge o f  t h a t  wave reaches the  top  o f  the  column. That r e s u l t  may 

be obtained from eq. (9 ) .  

i s  assumed t o  have a f i x e d  concentrat ion, v i z .  yI. 

The 

The purging ma te r ia l  or low-pressure feed 

As i nd i ca ted  i n  F igure  1, the  ne t  changes dur ing  the  blowdown 

and purge steps are combined. 

t he  f i n a l  s t a t e  o f  t h e  high-pressure feed step, wh i l e  the  f i n a l  

The i n i t i a l  s ta te  i s  i d e n t i c a l  t o  
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1206 KNAEBEL AND HILL 

s t a t e  corresponds t o  the  i n i t i a l  s ta te  o f  the p ressu r i za t i on  step. 

The l a t t e r  case i s  t he  r e s u l t  o f  s u f f i c i e n t  p u r i f i e d  product being 

recycled t o  f i l l  the column. This step proceeds according t o  eqs. 

( 8 )  and (9). The u l t i m a t e  molar contents o f  the  bed are given by 

eqs. (21 1 and (261, which become 

As i n  the  high-pressure feed step, the  t o t a l  number o f  moles 

suppl ied dur ing  the low-pressure pruge step may be evaluated 

-A  
N i n  - - - cs  UL tL PL RT 

which may be combined w i t h  eq. (9) t o  g i ve  

( 3 4 )  

Again, the  q u a n t i t y  expe l led  dur ing  the  blowdown and low-pres- 

sure purge steps may be found by an o v e r a l l  mater ia l  balance, based 

on eqs. (291 ,  ( 3 2 )  and ( 3 5 ) .  Sim i la r l y ,  the  ne t  f lows o f  species A 

may be determined by the  same procedure. 

TRANSIENT PERFORMANCE OF A SINGLE-COLUMN SYSTEM 

The single-column con f igu ra t i on  o f  the  PSA process i s  c l e a r l y  

the s implest  both i n  terms o f  equipment and because l i m i t e d  synchro- 

n i z a t i o n  i s  necessary. Nevertheless, upon s ta r t -up  the  process may 

be ra the r  slow t o  a t t a i n  steady-state, because the  surge tank t h a t  
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GAS PURIFICATION 1207 

i s  a v a i l a b l e  f o r  r e t a i n i n g  t h e  p u r i f i e d  p roduc t  i 's s u b j e c t  t o  back- 

m ix ing .  I n  a d d i t i o n ,  a p o r t i o n  o f  t h e  p u r i f i e d  p roduc t  has I n t e r -  

mediate composi t ion,  approaching t h a t  o f  t h e  p roduc t  f r o m  t h e  p re -  

v i o u s  c y c l e .  

Two measures o f  t h e  approach t o  s t e a d y - s t a t e  a r e  t h e  r a t i o s  o f  

t h e  c o n c e n t r a t i o n s  o f :  t h e  average h igh -p ressu re  p roduc t  t o  t h a t  o f  

t h e  h igh -p ressu re  feed, and t h e  average h igh -p ressu re  p r o d u c t  t o  

t h a t  o f  t h e  r e c y c l e d  product ,  which i s  contaminated by backmixing. 

These c o n c e n t r a t i o n  r a t i o s  may be determined f rom m a t e r i  a1 balance 

r e l a t i o n s h i p s .  F o r  t h i s  development, t h e  c o n c e n t r a t i o n  o f  t h e  gas 

used f o r  p u r g i n g  then  p r e s s u r i z i n g  t h e  column i s  yI, which i s  g r e a t -  

e r  t h a n  o r  equal t o  t h e  average compos i t i on  o f  t h e  p u r i f i e d  product ,  

yp, because t h e  l a t t e r  mixes w i t h  t h e  con ten ts  o f  t h e  surge tank .  

Therefore,  t h e  performance o f  t h e  process may be assessed by app ly -  

i n g  t h e  equa t ions  p r o v i d e d  i n  t h e  p rev ious  s e c t i o n .  

The p e r m i s s i b l e  ranges o f  t h e  two measures o f  approach t o  

s t e a d y - s t a t e  a re  f rom .1 t o  0, and f rom 0 t o  1, r e s p e c t i v e l y .  Never- 

t he less ,  i t  i s  u n c l e a r  whether t h e  l a t t e r  i s  n e c e s s a r i l y  monotonic, 

and t h e  u l t i m a t e  va lues  o f  b o t h  t h e  numerator and denominator v a n i s h  

l e a v i n g  a ma themat i ca l l y  i n d e t e r m i n a t e  r e s u l t .  Consequently, t h e  

former c o n c e n t r a t i o n  r a t i o  i s  used. The r e s u l t ,  ob ta ined  by com- 

b i n i n g  eqs. (211, (261, (281, (29 )  and (311, i s  
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1208 KNAEBEL AND HILL 

The e f f e c t  o f  backmix ing i s  t aken  i n t o  account i n  t h e  evalua-  

t i o n  o f  y by eq. ( 1 6 ) ,  and t h e  i n t e g r a l  term, by  eq. ( 2 4 ) .  
U’ 

Now, i n  o r d e r  t o  t i e  t h e  s teps  w i t h i n  a c y c l e  t o g e t h e r  (and 

subsequent ly  t o  cons ide r  a sequence o f  c y c l e s ) ,  i t  i s  necessary t o  

account f o r  t h e  c a p a c i t y  o f  t h e  surge tank .  The c a p a c i t y  should be 

based on t h r e e  f a c t o r s :  t h e  number o f  moles o f  p roduc t  r e q u i r e d  f o r  

p r e s s u r i z a t i o n ,  f o r  p u r g i n g  ( f o l l o w i n g  d e p r e s s u r i z a t i o n ) ,  and a r e -  

s i d u a l  volume t h a t  corresponds t o  t h e  c o n t e n t s  a t  t h e  l ower  ope ra t -  

i n g p r e s s u r e .  The sum o f  these i s  

V t  = RT (NpR + NpU)/(PH - P,) ( 3 7 )  

where NpR and NpU r e p r e s e n t  t h e  moles r e q u i r e d  f o r  t h e  p r e s s u r i z a -  

t i o n  and purge steps, r e s p e c t i v e l y .  These may be determined f r o m  

eqs. (211, ( 3 2 )  and (351 ,  w i t h  t h e  f o l l o w i n g  r e s u l t  

(38)  
1 

V t  = A,, IB(P-1)  + ( l -B ) [P Io  y d ~ - 2 y I ] +  l ) / ( p - l ) B ~  

where A,, i s  t h e  c r o s s - s e c t i o n a l  area o f  t h e  column, which has u n i t  

l e n g t h .  

tank t o  t h a t  o f  t h e  column. 

ume c o u l d  be s e t  by t h e  i n i t i a l  o r  u l t i m a t e  ( s t e a d y - s t a t e )  cond i -  

t i o n s .  

I n  e f f e c t ,  Vt/Acs i s  t h e  r a t i o  o f  t h e  volume o f  t h e  surge 

Fo r  a p a r t i c u l a r  a p p l i c a t i o n ,  t h e  v o l -  

M i x i n g  w i t h i n  t h e  tank can occu r  i n  two steps, f i r s t  w h i l e  t h e  

tank  i s  be ing  rep ressu r i zed ,  and second ( i f  and) when t h e  h igh -  

p ressu re  p roduc t  con t inues  t o  pass th rough  t h e  tank  a f t e r  i t  i s  

p ressu r i zed .  

of s imp le  m a t e r i a l  balances. Most o f  t h e  f e a t u r e s ,  however, can be 

examined by c o n s i d e r i n g  o n l y  t h e  f i r s t  step. 

p o s i t i o n  o f  t h e  con ten ts  w i l l  become 

It i s  easy t o  t a k e  b o t h  s t e p s  i n t o  account, by means 

Fo r  t h a t  case t h e  com- 
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GAS PURIFICATION 1209 

Y I  = Yp + (YI'YP)/P (39) 

where yI i s  the concentration for the next purge and pressurization 

steps, and yi i s  the concentration from the preceding cycle o r  the 

in i t i a l  concentration. 

I1 1 ustration 

There i s  substantial in te res t  in P.S.A. fo r  separating a i r  t o  

get nearly pure oxygen and/or nitrogen. 

nitrogen are obvious, b u t  the reasons for  using P . S . A .  instead of 

conventional a i r  separation processes may not  be. For example, i t  

i s  re la t ively easy and inexpensive t o  build a P . S . A .  process for  

small-scale applications. This may make i t  possible for  consumers 

of small quantit ies t o  be self-suff ic ient  rather t h a n  depending on 

delivery and storage. A s  a resul t ,  P . S . A .  may be employed t o  great- 

e r  extent in a r ic raf t ,  hospitals, and wastewater treatment f ac i l -  

i t i e s .  

S . A .  instead of cryogenic systems for  larger scale industrial  appli- 

cations, possibly even for combustion i n  power generation. 

The uses of oxygen and 

In addition, there may be economic incentives for  using P .  

The separation of a i r  by P.S.A. contrasts with other applica- 

t ions,  such as recovery of helium from natural gas and enrichment 

of hydrogen isotopes, because the feedstock i s  practically 

Nevertheless, the energy costs and lag-time associated with 

up are considered worth minimizing. 

Several studies of equilibrium adsorption on 5A molecu 

ree. 

s t a r t -  

ar 

sieve of oxygen and nitrogen have been reported. (8,10,11,12). The 

isotherms i n  these studies are shown to  be nearly l inear for  par t ia l  

pressures up t o  about 1 bar, near ambient temperature. Despite that  
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1210 KNAGBEL AND HILL 

s i m i l a r i t y ,  however, t he  actual  values o f  the  slopes o f  t he  compon- 

en t  isotherms vary somewhat from study t o  study. Accordingly, t y p i -  

ca l  values were taken and are l i s t e d  i n  Table 1, along w i t h  other 

p roper t ies  and cond i t ions .  

uents o f  a i r  have been neglected. 

Note t h a t  argon and o ther  minor c o n s t i t -  

Co inc identa l l y ,  the  values o f  the  isotherm slopes and vo id  

f r a c t i o n  y i e l d  a value o f  €4 = 0.5. As  a r e s u l t ,  eq. (16)  reduced t o  

Furthermore, eqs. (16  and 22) s i m p l i f y  t o  

I, 1 ydz = F { l  yI ++} 1 -Y 
Y I  

TABLE 1 

Adsorbent Proper t ies  and Operating Corldit ions 

Molecular Sieve 5-A 
Isotherm Slope @ 20°C 

A. Ni t rogen 
B. Oxygen 

Bulk Density 
Void F rac t i on  ( i n t e r s t i t i a l )  
Temperature 
Feed Composition 

A. Ni t rogen 
B. Oxygen 

Pressure Range 
Column 

Length 
Inner Diameter 

7.70 m3 N?/m3 
3.35 m3 02/m3 
700 k /m3 

20°C 
0.5 m 9 /m3 

79. % (moll 
21. % (mo l l  
0.2-1.0 bar* 

1.00 m 
0.05 m 

*Note: As long as the  isotherms are p r a c t i c a l l y  
l i n e a r ,  any absolute pressure range i n  
which the  r a t i o  o f  h igh t o  low i s  5.0 i s  
equi Val ent  . 
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GAS PURIFICATION 1211 

The approach t o  s teady -s ta te  may be f o l l o w e d  through m u l t i p l e  c y c l e s  

by  an a n a l y t i c  exp ress ion  ob ta ined  by  i n s e r t i n g  eq. (41 )  i n t o  eq. 

(361, which i s  o m i t t e d  here. U n f o r t u n a t e l y ,  t h e  process produces 

l e s s  t h a n  t h e  minimum gross p roduc t  t h a t  i s  necessary f o r  r e c y c l e  

( d u r i n g  t h e  p r e s s u r i z a t i o n  and purge s teps )  under low o p e r a t i n g  

p ressu re  r a t i o s .  Th is  i s  i l l u s t r a t e d  by t h e  c r i t i c a l  r e c y c l e  t o  

p roduc t  mole r a t i o .  

reached. For  t h i s  example, t h e  r a t i o  i s  p l o t t e d  versus p ressu re  

r a t i o  i n  F i g u r e  2 .  

a t  p ressu re  r a t i o s  g r e a t e r  t h a n  about 5. 

That r a t i o  i s  u n i t y  when t h e  breakeven p o i n t  i s  

It i s  observed t h a t  t h e  n e t  p roduc t  i s  a v a i l a b l e  

1.3 

1 . 2  
0 

l- 

U 
w 
> 
0 
W 
U 
-1 

H 

a 

i: 1.1 

a 2 1.0 
c 
U 
0 

H 

0.9 

0.8 
0 5 10 15 20 25 

OPERATING PRESSURE RATIO 

FIGURE 2. C r i t i c a l  r e c y c l e  r a t i o  f o r  d i v e r s i o n  o f  p r o d u c t .  
Based on BETA=0.5. YF-0.79. as f o r  a i r  w i t h  5 A  m o l e c u l a r  
s i e v e .  S i n g l e  column p r o c e s s .  
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1212 KNAEBEL AND HILL 

I n  o r d e r  t o  assess t h e  performance ove r  seve ra l  cyc les ,  i t  i s  

necessary t o  e v a l u a t e  t h e  s i z e  o f  t h e  surge t a n k  acco rd ing  t o  eq. 

( 3 8 ) .  The r e s u l t s  a re  shown i n  F i g u r e  3, and a re  based on t h e  d a t a  

l i s t e d  i n  Tab le  1. 

Two sca les  o f  process performance are: t h e  r a t i o  o f  mole f r a c -  

t i o n s  of t h e  h igh -p ressu re  p roduc t  t o  t h a t  o f  t h e  feed, which de- 

pends on t h e  number o f  e lapsed c y c l e s  a t  a g i v e n  o p e r a t i n g  p ressu re  

r a t i o ,  and t h e  number o f  c y c l e s  r e q u i r e d  t o  a t t a i n  s teady -s ta te ,  

0 . 0 0 7 0  

0 . 0 0 6 0  

0 . 0 0 5 0  

0.0040 

0 . 0 0 3 0  

0 . 0 0 2 3  
C 

I I I I 

I 5 10 15 20 25 

OPERATING PRESSURE R A T I O  

F:GUUE 3. Minima! surge tank  volume. cubic meters. 
Based on  BETA-0 .5 .  Y F  = 0.79. as for air with 5 A  
molecular s i e v e .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



GAS PURIFICATION 

1 . o  
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0.6 
Y- 

> 
\ 

t 
a 

0.4 

0 . 2  

0.0 
0 5 10 15 20 25 

CYCLE NUMBER 

FIGURE 4 .  Ratio of product mole fraction to that 
o f  the feed, as steady stateis approached. 
Based on BETA=0.5. YF=O.79 .  as f o r  a i r .  w i t h  P=5. 

1213 

which depends on the operating pressure ratio. 

ted in Figures 4 and 5, respectively. 

These are illustra- 

In view o f  the preceding development, it i s  clear that the 

simple step of purging the column at the outset with pure oxygen 

(i.e., component 6 )  would nearly eliminate the transient nature of 

the process. Furthermore, it is simpler to assess the appropriate 

size o f  the surge tank, because backmixing is not an issue. 

one feature that i s  not addressed above is the production rate o f  

Finally, 
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U w 
I 
3 z 

m 

110 

100 

90 

80 

7 0  

60 

50 

40 
0 5 10 15 20 25 

OPERATING PRESSURE RATIO 

FIGURE 5 .  Number o f  cycles required to attain steady 
state. Based on BETA=0.5 .  Y F  = 0.79, as for air with 
5 A  molecular sieve. Single column P . S . A .  process. 

t h e  p u r i f i e d  oxygen. 

t r a n s i e n t  s t a r t - u p .  

creases r e 1  a t i v e l y  s l o w l y .  Second, t h e  q u a n t i t y  o f  p u r i f i e d  p roduc t  

i s  reduced by  t h e  l a r g e  surge t a n k  c a p a c i t y ,  which d i v e r t s  poten-  

t i a l l y  u s e f u l  p roduc t .  

t h e r  tank,  which c o n t a i n s  an i n i t i a l  charge t h a t  can be subsequent ly  

r e p l e n i s h e d  d u r i n g  s teady -s ta te  o p e r a t i o n .  

Two e f f e c t s  reduce t h e  p r o d u c t i o n  r a t e  d u r i n g  

F i r s t ,  t h e  h igh -p ressu re  p roduc t  p u r i t y  i n -  

The o n l y  drawback i s  t h e  n e c e s s i t y  o f  ano- 

TRANSIENT PERFORMANCE OF A DUAL-COLUMN SYSTEM 

Desp i te  t h e  s i m p l i c i t y  o f  t h e  s ing le-co lumn process, m u l t i p l e -  

column c o n f i g u r a t i o n s  a r e  more common (2). Two reasons f o r  t h i s  a r e  
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GAS PURIFICATION 1215 

t h a t  such systems may n o t  r e q u i r e  s i g n i f i c a n t  capaci tance,  and by 

a r r a n g i n g  columns i n  s e r i e s  h i g h e r  p u r i t y  l e v e l s  may be obta ined,  

w h i l e  r e c o v e r i n g  a s u b s t a n t i a l  f r a c t i o n  o f  t h e  energy i n v e s t e d  i n  

compression. Furthermore, s i n c e  columns n o r m a l l y  a r e  synchronized 

t o  be o n e - h a l f  c y c l e  out-of-phase, each column i s  exposed o n l y  t o  

a l t e r n a t e  p o r t i o n s  o f  r e c y c l e d  p roduc t .  

p r e s s u r i z a t i o n  m a t e r i a l s  a re  a t  h i g h e r  p u r i t y  a f t e r  a number of 

c y c l e s  than  would be p o s s i b l e  i n  a s i n g l e ,  uncoupled column. 

f o l l o w i n g  development examines t h e  e f f e c t  o f  these concepts on a 

t y p i c a l  dual-column process, as shown i n  F i g u r e  6. 

As a r e s u l t ,  t h e  purge and 

The 

Since t h e  dead-volume between columns i s  sma l l ,  t h e  e f f e c t  o f  

To e s t i m a t e  t h e  t r a n s i e n t  development o f  backmix ing i s  neg lec ted .  

s teady -s ta te ,  b o t h  columns w i l l  be s tud ied ,  s i n c e  t h e  p roduc t  o f  

one i s  used t o  purge and t o  p u r i f y  t h e  o t h e r .  Acco rd ing l y ,  t h e  

f i r s t  c y c l e  i n  t h e  f i r s t  column ( i . e . ,  t h e  t o p  one i n  F i g u r e  6 )  i s  

i d e n t i c a l  t o  t h e  s ing le-co lumn case. 

column, however, resembles t h e  second c y c l e  i n  t h e  s ing le -co lumn 

case. 

sent  i n  t h e  dual-column arrangement. Dur ing  t h e  second cyc le ,  t h e  

f i r s t  column resembles t h e  s ing le-co lumn d u r i n g  i t s  t h i r d  c y c l e ,  

The f i r s t  c y c l e  i n  t h e  second 

I n  fact ,  t h e  performance i s  s u p e r i o r  s i n c e  backmix ing i s  ab- 

and so on. 

As a consequence, t h e  analys 

o n l y  eqs. (161, (211, (241, (261, 

sequence c a l l s  f o r  r e p l a c i n g  yp w 

c y c l e  t o  t h e  a l t e r n a t e  column. 

s f o r  a p a r t i c u l a r  c y c l e  i n v o l v e s  

(29) ,  ( 3 1 ) .  (331, and (35 ) .  The 

t h  y~ when advancing one h a l f -  

As i n  t h e  s ing le-co lumn system, t h e  performance o f  t h e  process 

Accord ing-  depends on t h e  number o f  c y c l e s  t o  a t t a i n  s teady -s ta te .  
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OPERATING PRESSURE R A T I O  

FIGURE 7. Number o f  cycles  r e q u i r e d  t o  a t t a i n  s teady  
s t a t e .  Based on BETA=0.5. YF = 0.79, as f o r  a i r  w i t h  
5A m o l e c u l a r  s i e v e .  Two-column P.S.A. p r o c e s s .  

ly, the  mole f r a c t i o n  r a t i o  o f  the product t o  the  feed, as defined 

i n  eq. (361, i s  employed again. 

I l l u s t r a t i o n  

This sec t ion  i s  a cont inuat ion  o f  the i l l u s t r a t i o n  given fo r  

the  single-column process, v i z .  separat ion o f  a i r .  I n  t h i s  case, 

however, the  actual  dimensions o f  the  column, etc.,  are no t  re levan t  

because product ion ra tes  are no t  compared, and because mixing e f -  

f e c t s  are neglected. Despite tha t ,  i t  i s  necessary t h a t  these two 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1 :!18 KNAEBEL AND HILL 

columns be i d e n t i c a l .  

e d  froiri t h e  p r e v i o u s  example, as l i s t e d  i n  Table 1. 

Other parameters and c o n d i t i o n s  a r e  u n a l t e r -  

The r e s u l t s  f o r  those c o n d i t i o n s  have been determined f rom eq. 

( 3 6 ) ,  based on eq. ( 1 6 )  and ( 2 4 ) .  Sample numer ica l  va lues a r e  

shown i n  F i g u r e  7 .  

For t h i s  dual-column a p p l i e a t i o n  i t  would be p o s s i b l e  t o  essen- 

t i a l l y  e l i m i n a t e  t h e  d e l a y  o f  a t t a i n m e n t  o f  s teady -s ta te  by i n i t i -  

a l l y  p u r g i n g  and p r e s s u r i z i n g  t h e  f i r s t  column w i t h  oxygen ( i . e . ,  

component 6 ) .  S ince t h e  d e l a y  i s  r e l a t i v e l y  s h o r t ,  however, t h e  

sav ings niay n o t  compensate f o r  t h e  added c o m p l e x i t y .  

NOMENCLATURE 

;cs 

U 

"t 
Y 

z 

column c r o s s - s e c t i o n a l  area 
i so the rm s lope  
moles adsorbed per  u n i t  volume 
moles p resen t  o r  added 
p a r t i  a1 p ressu re  
t o t a l  pressure 
pressure r a t i o  
gas law cons tan t  
t ime  
temperature 
i n t e r s t i  t i  a1 v e l  o c i  t y  
surge tank volume 
mole f r a c t i o n  ( u s u a l l y  o f  t h e  more s t r o n g l y  adsorbed 
component) 
a x i a l  p o s i t i o n  

- S u b s c r i p t s  

A 
B 
F 
ti 
I 
i n 
L 
P 
PR 

component A (more s t r o n g l y  adsorbed) 
component B ( l e s s  s t r o n g l y  adsorbed) 
f e e d  
h i g h  p ressu re  s tep  
r e c y c l e d  p roduc t  
i n j e c t e d  
low p ressu re  s tep  
p roduc t  
p r e s s u r i z a t i o n  s t e p  
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GAS PURIFICATION 1219 

PU purge step 
S shock-wave 
U 
W waste 
1 leading edge 
2 t r a i l i n g  edge 

u l t ima te  value reached dur ing  pressur iza t ion  

Greek Symbols 
BA def ined by eq. (4 )  
BB def ined by eq. (5 )  

E vo id  f r a c t i o n  o f  adsorbent bed 
B ~ A / B B  
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