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I .  In t roduc t ion  

During t h e  p a s t  t e n  y e a r s  many n a t u r a l  z e o l i t e s  
have been produced s y n t h e t i c a l l y  i n  t h e  l a b o r a t o r y ,  
along with many new z e o l i t e s  no t  found i n  na tu re .  
With t h e  i n t r o d u c t i o n  of s y n t h e t i c  z e o l i t e  A(1) and 
z e o l i t e  X ( 2 )  by t h e  Linde Company, t h e  uses  of molecular 
s i e v e s  has  grown e x p o n e n t i a l l y ,  p a r t i c u l a r l y  i n  t h e  
petroleum r e f i n i n g  and petrochemical f i e l d s .  While t h e  

main use of z e o l i t e s  has  been i n  t h e  f i e l d  of c a t a l y s i s ,  
much has  been accomplished i n  s e p a r a t i o n s  and 
p u r i f i c a t i o n s .  Many unique processes  have been i n t r o -  
duced i n  adso rp t ion ,  s e p a r a t i o n ,  and t r e a t i n g  which are 
d e f i n i t e  advances i n  t h e  f i e l d .  

sieves i n  p ~ r i f i c a t i o n ' ~ ) ,  t r e a t i n g ( * )  , and separa-  

t i o d 5 )  have been presented.  Here t h e  au tho r s  w i l l  
a t tempt  t o  p r e s e n t  a combined p i c t u r e  of t h e  use of 
molecular s i e v e s  i n  s e p a r a t i o n s  and p u r i f i c a t i o n s  along 
with an i n t r o d u c t i o n  t o  z e o l i t e s  -- t h e i r  p r e p a r a t i o n ,  

s t r u c t u r e ,  and molecular s i e v i n g  p r o p e r t i e s .  

Seve ra l  e x c e l l e n t  reviews of  t h e  u s e  of molecular 
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SEPARATION AND PURIFICATION USING ZEOLITES 

A. De l inea t ion  of Coverage 
The uses  of molecular s i e v e s  which could p o s s i -  

b l y  be included i n  t h i s  review are so  manifold t h a t  a 
thorough coverage would r e q u i r e  a very e x t e n s i v e  trea- 
t ise .  Much of  t h e  f r i n g e - a r e a  material w i l l  n o t  be  d i s -  
cussed i n  d e t a i l ,  bu t  w i l l  be mentioned where appropri-  
a t e .  These inc lude  p r e p a r a t i o n  techniques,  s t r u c t u r a l  
c o n s i d e r a t i o n s ,  molecular s i e v i n g  p r o p e r t i e s  and 
processes  using molecular s i e v e s .  For persons i n t e r -  
e s t e d  i n  t h e  f i e l d ,  t h e  au tho r s  have included an ex- 
t e n s i v e  b ib l iog raphy  of  l i t e r a t u r e  and p a t e n t  r e f e r e n c e s  
(Appendix). 
11. Z e o l i t e s  - His to ry  and D e f i n i t i o n  

A.  His to ry  
N a t u r a l l y  occur r ing  z e o l i t e s  have been known f o r  

w e l l  over  1 0 0  y e a r s ,  and t h e  c r y s t a l  s t r u c t u r e  ana lyses  
have been completed on about one-half of t h e  p r e s e n t l y  
known n a t u r a l  z e o l i t e s .  Ea r ly  f i n d i n g s  by Weigel and 
S te inhof f  (6) on t h e  adso rp t ion  of wa te r  , methyl and 
e t h y l  a l coho l s , and  formic a c i d  i n  t h e  n a t u r a l  z e o l i t e ,  
c h a b a z i t e ,  and t h e  exc lus ion  of  acetone,  ether and 
benzene were recognized by M ~ B a i n ' ~ )  who f i r s t  used t h e  
t e r m  "molecular s i e v e .  'I I n  1938, Barrer ( * )  po in ted  o u t  
t h e  molecular s i e v i n g  p r o p e r t i e s  of t h e s e  z e o l i t e s  and 
t h e i r  u s e s  i n  t h e  s e p a r a t i o n  of p o l a r  and non-polar 
gases .  However, it w a s  no t  u n t i l  t h e  d i s c l o s u r e  of 
s y n t h e t i c  z e o l i t e s  by t h e  Linde Company t h a t  z e o l i t e s  
came i n t o  prominence. During t h e  p a s t  t e n  y e a r s ,  a 
f l u r r y  of a c t i v i t y  took p l a c e  i n  t h e  use of t h e s e  syn- 
t h e t i c  z e o l i t e s ,  p a r t i c u l a r l y  f o r  s e p a r a t i o n s  and p u r i -  
f i c a t i o n s ,  r e s u l t i n g  i n  t h e  many unique p rocesses  used 
today. With t h e  i n t r o d u c t i o n  of Durabead 5 molecular 
s i e v e  cracking c a t a l y s t s  , f u r t h e r  a c t i v i t y  took 

p l ace  i n  t h e  f i e l d  of c a t a l y s i s .  Even today ,  i n v e s t i -  
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LANDOLT AND KERR 

TABLE I 

Classification and Crystallographic Data of Zeolites 

Species ldealised unit cell Contents  

Nurrolirc group 
Natrolite 
Thornsonite N~rC~m[A1zoSizo0~0].24Hz0 
Edingtonite Baz[Al4SieOzo],8HzO 

N a  I s[Al I eSiz40nol. 16H 2 0  

C'huhuzirc Group 
Gmelinite Nam[AlaSi ieO4n].24HzO 
Chabari te  CaeIAI4SinOz.tl. I3HzO 

I': r i on i te 
Levynite 

Cancrinite hydrate N ~ ~ [ A I I J S ~ U O ~ ~ ] . ~ H Z O  
Sodalite hydrate Nao[AleSioO~r] .4H~O 

(Ca etc.)r.s[Al~Sir707n],27H20 
Can[A leSi I 2 0 3 t i l .  I (IH 2 0  

I'hillipti~c, group 
Phillipsite (K.Na)i o[Ali 0SizzOe~1.20HzO 
Gismondite Car[AInSl~03z), 16Hz0 

Barrer's PI Nao[AleSi 1 0 0 3 2 1 . 1  5Hz0 

Iic~ulundrrc~ group 
Brewsterite (Sr,Ba,Ca)~[Al4SiizO~z], IOHzO 

Heulandite C~1i[AInSizu07~],24HzO 

Stilbite NaaCa,t[All 0SizsO7z1.28HzO 

Mordcviic, group 
Mordenite 
Dachiardite 

Epistilbite 

Ferrierite 
Bikitaite 

Fuu;o.\i/l~ KrrJup 
t;ruJasile 
Linde A 

Z K - 5  
1% u I i  n g i t c 

Naa[AInSi,toOesl,24HzO 
NaslAlsSi iuOsn]. 1 2 H z 0  

Ca:1[AlaSi1~04ml, I6HzO 

Na~Mgz[AloSi:io07zl, I8H2O 
Liz[Al~SirOiz].2HzO 
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SEPARATION AM) P U R I F I C A T I O N  U S I N G  ZEOLITES 

Crystal data (with unit cell constants in A) 

cubic la3d u =  13.7 

orthorhomb, Fdd2 u = 1 8 . 3 0  b=18.63  c =  6.60  
orthorhomb. Pnn2 u r 1 3 . 0 7  b ~ 1 3 . 0 8  ~ = 1 3 . 1 8  
orthorhomb. P21212 u =  9 .54  b =  9 . 6 5  C =  6 .50  
(meudotetrau. P42 A m) 

hexagonal P6~ /mmc 
trigonal R3m 
(hexagonal 
hexagonal P6~ immc 
trigonal R3m 
(hexagonal 
hexagonal P632 ( ?) 
cubic P43n 

u = 1 3 , 7 5  
u =  9 . 4 4  
u =13.78 
u = I 3 . 2 6  
u = 10.75 
u = 13.32 
u =  12.7  
U =  8.88 

c = 10.05 
(I = 94" 28' 
c = 1 5 , 0 6 )  
c = I 5 . I 2  
u = 76" 25' 
c= 22.5 I ) 
C =  5 . 1 5  

orthorhombic B2mb 
monoclinic P21lc 

cubic lm3m 

u = 9 .96  
0 =10,02 

u = 10.0 

b =  14.25 c =  14.25 
b =  10.62 c =  9 .84  

= 92" 24' 

monoclinic P21/ni u =  6 .77  h=17 .5 I  c =  7.74 

monoclinic C m  u = 1 7 . 7 1  b z 1 7 . 8 4  c = 7 .46  

monoclinc C2/m u=13.64  b c 1 8 . 2 4  c = 1 1 . 2 7  L P=128"0'  

orthorhomb. Cmcm u=18 .13  b=20.49  c =  7.52 
monoclinic C2/m u = 1 8 . 7 3  b =  7'54 c = 1 0 . 3 0  

monoclinic C2/n1 u- 8 .92  b-17 .73  c-10.21 

orthorhonib. lmmm u=19.16 b=14 .13  c =  7.49 
monoclinic P21 u =  8.61 b =  4 .96  c =  7.61 

p=94"  18' 

p 116"20' 

p= 107" 54' 

p-124" 20' 

p = I 14" 26' 

cubic Fd3m u = 2 4 . 7  
cubic Fm3 u=24 .64  
(pseudocel1:cubic Pm3m u =  12'32) 
cubic Im3m u = 1 8 . 7  
cubic lm3m u = 3 5 . l  

- 
lsostructural species 

Wairakite, leucite, pollucite. 
viseite. kehoite 

Mesolite, scolecitlr 
tionnardite 

Linde T 

Nosean. Zhdanov's G .  
danalite. tugtupite. (synthetic 
Ca-alumino-sulphate) 

Harmotome 

Linde B, garronite (?) 

Clinoptilolite 

Linde X. Linde Y 
ZK-4 
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LANDOLT AND KERR 

g a t i o n s  i n  t h e  s e p a r a t i o n  and c a t a l y s i s  f i e l d s  are con- 
t i n u i n g  a t  a r a p i d  pace.  

B .  D e f i n i t i o n  
A z e o l i t e ,  more commonly known a s  a molecular 

s i e v e ,  is  a hydrous c r y s t a l l i n e  a l u m i n o s i l i c a t e  having 
a t e t r a h e d r a l l y  coordinated framework and capable  of 
r e v e r s i b l e  hydrat ion-dehydrat ion,  i o n  exchange, and t h e  
s o r p t i o n  of molecules having a smaller c r i t i c a l  d i a -  

meter than t h e  uniform c r y s t a l l i n e  po res  of t h e  s t r u c -  
t u r e .  From t h i s  d e f i n i t i o n ,  z e o l i t e s  a r e  r e a d i l y  d i s -  

t i ngu i shed  from o t h e r  c r y s t a l l i n e  a l u m i n o s i l i c a t e s  
such as c l a y s ,  f e l d s p a r s ,  and mica. 
111. S t r u c t u r a l  Cons ide ra t ions  

Although some 57 va r i e t i e s  of n a t u r a l l y  occur- 
r i n g  and s y n t h e t i c  z e o l i t e s  are known, d e t a i l e d  cry- 

s t a l l o g r a p h i c  s t r u c t u r e  of on ly  about 25 have been iden- 
t i f i e d .  A t  p r e s e n t ,  seven groups of z e o l i t e s  can be d i s -  
t i ngu i shed  by s t r u c t u r a l  c o n s i d e r a t i o n s  (lo) . 
des igna ted  t h e s e  seven groups (Table 1) as t h e  ana l -  
cime , n a t r o l i t e  , c h a b a z i t e ,  p h i l l i p s i t e  , h e u l a n d i t e  , 
mordenite and f a u j a s i t e  groups -- i n  which a l l  members 

of a given group c o n t a i n  some common b u i l d i n g  u n i t .  
For example , t h e  c r y s t a l  s t r u c t u r e s  of f a u j a s i t e  , Linde 
A ,  ZK-5 and p a u l i n g i t e  a l l  c o n t a i n  a t r u n c a t e d  octra- 
hedron ( S o d a l i t e  cage) and/or a t r u n c a t e d  cubooctra- 
hedron as t h e i r  primary s t r u c t u r a l  u n i t  (Figure 1). 

Meier 

Some of t h e  secondary b u i l d i n g  u n i t s  of z e o l i t e  
frameworks are shown i n  Table 2 .  
I V .  General  P r o p e r t i e s  

A. Formula 

Z e o l i t e s  can be r ep resen ted  by t h e  gene ra l  f o r -  
mula: M- (A102.x S i 0 2 )  .y H20, where x i s  t h e  r a t i o  of 
s i l i c o n  t o  aluminum and y i s  t h e  moles of water of 
hydra t ion .  The number of  e q u i v a l e n t s  of M (of valence 

1 
V 
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SEPARATION AND PURIFICATION USING ZEOLITES 

FIGURE 1 

Arrangements of Truncated Octrahedra in the Framework 

Truncated Cubo-Octrahedra In ZK-5 (c) And Paulingite (d) 
Structure of Linde A (a) And Faujasite (b) And Of 

v) cation is always equal to the number of moles of 
aluminum, and mixed cations can be present -- i.e., Na, 
K. Zeolites having the same crystal structure but vary- 
ing silicon to aluminum ratios can be synthesized -- 
for example, zeolites X and Y have faujasite-type 
structures but different Si/A1 values. Typical zeolite 
formulations are shown in Table 1. 
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25 

0- -k-o-o-o CYCLOHEXAN E 
0 

1 1 I I 
0 4 8 12 16 20 24 

P R E S S U R E ,  MM 

F I G U R E  2 

Adsorption Isotherms of Z e o l i t e  Y 

B. Adsorptive P r o p e r t i e s  
Besides t h e  e l emen ta l  composition of t he  z e o l i t e s  , 

a l s o  of  i n t e r e s t  are t h e  p h y s i c a l  p r o p e r t i e s  of t h e  
z e o l i t e s  i n  r e l a t i o n  t o  t h e i r  use i n  s e p a r a t i o n  and 
p u r i f i c a t i o n  p rocesses .  For example, one of t h e  primary 
c h a r a c t e r i s t i c s  of a p a r t i c u l a r  z e o l i t e  is i t s  adsorp- 
t i v e  p r o p e r t i e s .  Complete adso rp t ion  isotherms are 
p a r t i c u l a r l y  h e l p f u l  i n  determining equ i l ib r ium sorp-  
t i v e  c a p a c i t i e s ,  which can be u s e f u l  i n  t h e  e v a l u a t i o n  
of zeoli tes f o r  s p e c i f i c  s e p a r a t i o n  and p u r i f i c a t i o n  
processes .  Typical  adso rp t ion  isotherms f o r  Linde 
z e o l i t e  Y are shown i n  Figure 2 .  

between l a r g e  and small pore z e o l i t e s ,  as shown i n  
Sorp t ive  p r o p e r t i e s  can be used t o  d i f f e r e n t i a t e  
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SEPARATION AND PURIFICATION USING ZEOLITES 

TABLE I11 

Effec t ive  Sorpt ion Capaci t ies  of Molecular Sieves 

Z s e  

4A 

5 A  

B 

X 

Y 

E r ion ile 

Offretile 

Mor den ile 

lrper imental Condition\ 

P r lo r r )  

P I Po 

MCD i A  

Amount Sorbed a1 25 C 

( g l 1 0 0  g Activaled Sample) 

H20 Lc6!14  C*C6 

24.5 

24.5 12.0 

20.0 

31. 5 16.8 18.5 

28.0 16.5 19.0 

1 1 .  3 4 . 4  0 .1  

16.6 8. 6 5 .3  

13. J 6. 1 7 .3 

\emp. 25 C 

12 20 20 

0.54 0.2 0.2 

2.8 4.6  6.0 

( a )  Approx. molecular dimension measured with Courtauld 
space fillinc] molecular models. 

Table 3 .  Zeol i te  A, synthesized i n  t h e  sodium form, i s  
a r e l a t i v e l y  small  pore z e o l i t e  with an e f f e c t i v e  pore 
diameter of about 4 A. As expected, it sorbs water but  
excludes both normal hexane and cyclohexane , whose 
mean c r i t i c a l  diameters ( 4 . 6  A and 6 .0  A ,  r espec t ive ly)  
a r e  too la rge  t o  allow en t ry  i n t o  the  planar  octagonal 
p o r t s ,  Zeol i te  X ,  however, i s  a r e l a t i v e l y  l a rue  po r t  
z e o l i t e  with an e f f e c t i v e  pore diameter between 7 and 
10  A ,  and therefore  sorbs a l l  t h ree  l iqu ids .  

0 

0 0 

0 

C.  Thermal Proper t ies  
Another physical  property of i n t e r e s t  i s  the  

thermal ac t iva t ion  (loss of the  water of hydrat ion)  o r  
thermal s t a b i l i t y  of t he  z e o l i t e  c r y s t a l  s t ruc tu res .  
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V I  1 I I I 
0 200 400 6 00 8 00 

TEMPERATURE, OC 

FIGURE 3 

Thermal S t a b i l i t y  of Z e o l i t e  A 

For example, t h e  so rp t ive  c a p a c i t y  of  z e o l i t e  A f o r  
water i n c r e a s e s  g r e a t l y  a f t e r  thermal  a c t i v a t i o n  from 
1 0 0  t o  3 O O 0 C ,  t hen  remains r e l a t i v e l y  c o n s t a n t ,  and 
f i n a l l y  dec reases  markedly above 600 "C as t h e  c r y s t a l  
s t r u c t u r e  c o l l a p s e s  (Figure 3) . Thermal s t a b i l i t y  
would then b e  a prime p r e r e q u i s i t e  €or  high temperature  
adso rp t ion - sepa ra t ion  p rocesses .  

D. E f f e c t  of Ion Exchange 
Ion exchange of t h e  p a r e n t  c a t i o n s  p r e s e n t  i n  a 

z e o l i t e  with o t h e r  c a t i o n s  can have a profound e f f e c t  
on t h e  molecular s i e v i n g  p r o p e r t i e s  of t h e  z e o l i t e .  
For example, t h e  e f f e c t i v e  pore diameter  of  z e o l i t e  A 

i n c r e a s e s  from about 4 t o  5 A as t h e  p a r e n t  sodium i o n s  
are r ep laced  by d i v a l e n t  calcium ions .  A s  expected,  
t h e n ,  4 A s i e v e  so rbs  water and low carbon number com- 

0 
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SEPARATION AND PURIFICATION U S I N G  ZEOLITES 

0 20 40 80 I00 ca 6o 

FIGURE 4 

E f f e c t  of  Ion Exchange on the Adsorption 
P r o p e r t i e s  of  Linde T y p e  A Z e o l i t e  

pounds such as methane and e thane  while  5 A s i e v e  so rbs  
h ighe r  molecular weight s t r a i g h t  chain compounds such 
as n-hexane. Using n-hexane as a s e l e c t e d  probe 
molecule,  one can r e a d i l y  observe t h e  change i n  t h e  
e f f e c t i v e  pore s i z e  i n  t h e  z e o l i t e  as a f u n c t i o n  of  ion 

con ten t  (Figure 4 ) .  

Molecular sieves can then  be t a i l o r e d  t o  a 
cer ta in  degree by i o n  exchange t o  e f f e c t  c e r t a i n  sorp-  

t i ve  p r o p e r t i e s .  The replacement of sodium i o n s  i n  
type  X z e o l i t e  by t h e  l a r g e r  potassium i o n  h a s  t h e  

e f f e c t  of reducing t h e  e f f e c t i v e  pore diameter  (from 
1 0  A t o  about 7 A ) .  On t h e  o t h e r  hand, replacement of 
sodium i o n s  i n  type Y z e o l i t e  by t h e  s m a l l e r  ammonium 

0 0 
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LANDOLT AND KERR 

i o n s  which are subsequent ly  reduced t o  hydrogen i o n s  
by c a l c i n a t i o n , i n c r e a s e s  t h e  s o r p t i v e  c a p a c i t y  of t h e  
z e o l i t e .  
v .  Syn thes i s  of Z e o l i t e s  

A.  C r y s t a l l i z a t i o n A c h n i q u e s  

The s y n t h e s i s  of z e o l i t e s  i s  a f i e l d  complete i n  
i t s e l f ,  so only rudimentary and gene ra l  procedures  can 
be d i scussed  h e r e i n .  A t  least fou r  components are nec- 
e s s a r y  i n  t h e  s y n t h e s i s :  a source of  c a t i o n s  u s u a l l y  
i n  t h e  form of a s t r o n g l y  b a s i c  hydroxide,  a luminate ,  
s i l i c a t e ,  and water. Mixed bases  may a l s o  be p r e s e n t  
and t h e  s i l i ca te  and aluminate  may be r ep laced  w i t h  
germanate and g a l l a t e .  The t e t r a h e d r o n  r e q u i r e d  f o r  
t h e  r e p r e s e n t a t i o n  of t h e  four-component systems can 
be examined by t h e  use of t e r n a r y  diagrams i n  which t h e  
f o u r t h  component - water - i s  h e l d  c o n s t a n t .  Typ ica l  
r e a c t i o n  compositions r e q u i r e d  f o r  type A ,  X I  Y, and 
s o d a l i t e  i n  t h e  Na20-SiO2-Al2O3 system a r e  shown i n  
Figure 5.  I t  i s  obvious t h a t  d e t a i l e d  e x p l o r a t i o n  of 
t h e  c r y s t a l l i z a t i o n  f i e l d s  would r e q u i r e  e x t e n s i v e  and 
l abor ious  experimentat ion.  Indeed, some 1000-2000 ex- 
per iments  would be r e q u i r e d  i n  one four-component f i e l d  
t o  cover component v a r i a t i o n s  as w e l l  as o t h e r  v a r i -  
a b l e s  , such as seed ing ,  temperature  I mixing v a r i a b l e s  , 
r e a c t i o n  t i m e ,  etc. Typ ica l  c r y s t a l l i z a t i o n  f i e l d s  
used i n  t h e  e x t e n s i v e  s tudy  of hydrothermal s y n t h e s i s  
by Bar re r  and co-workers (I2) are shown i n  Figure 6 .  
Even w i t h  t h e  weal th  of z e o l i t e  s y n t h e s i s  r e p o r t e d ,  
l a r g e  areas i n  t h e  c r y s t a l l i z a t i o n  f i e l d s  s t i l l  remain 
t o  be exp lo red .  

These diagrams a l s o  inc lude  many me tas t ab le  
phases.  For example, t h e  metastable  phase,  a f t e r  
longer  c o n t a c t  with t h e  mother l i q u o r ,  t r ans fo rms  i n t o  
a more s t a b l e  compound, i . e . ,  t ype  A w i l l  r e c r y s t a l l i z e  
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SEPARATION AND PURIFICATION USING ZEOLITES 

Na,O 

V V V V V V 

A1203 Si 0, 

FIGURE 5 

Reaction Compositions of Zeolite, A, X, Y, and 
Sodalite in the Na20 - Si02-A1 0 System 2 3  

to sodalite and type X to phillipsite. 
VI . Molecular Sieve Drying 

A.  Gas Drying 
Molecular sieves provide an economical and 

efficient means of drying gases to dew points below 

-100'F and liquids to moisture contents less than 1 ppm. 
Two properties make molecular sieves among the most 
effective desiccants known: (1) they exert strong 
physical forces on molecules in their vicinity, and (2) 
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LANDOLT AND KERR 

100 

60 

12 0 2 4 6 0 4 8 

Fig. 6 Approximate a reas  of formation of some products of low-tempera- 
ture crystallization of gels Na20 ,  A1 0 , nSi02+ NaOH aq. The figures 
give the excess %I of NaOH. 

2 3  

Na-Q Synthetic Na-zeolite (Linde Sieve A) NarO.AlrOs,2SiOa.4HaO 
Na-B Analcite Na~O,AlaOs,4Si0~.2H~O 
Na-S Near-chabazite or Bmelinite NarO,AlrOz,4~7SiO~.6~ 6Ha0 
Na-R Near-faujasite (Linde Sieve X) NaaO.AlrOa.2~ 7SiOI.6. SHaO 
Na-F Basic nosean NaaO.AlrOa.2SiOs.xNaOH. vH.0 
Na-l Basic sodalite 
Na-P Phase8 of phillipsite group 

Na-D Mo: Jcnite 

NarO.AlrOs.2 I S&2NaO'H. <.5HaO 
NasO.AlrOz.3~3S101.4~3HaO 
to Na~O.AlrOs.5 '3S101.5.7H~O 
NarO.Ala0s. loSiOI.6.7H~0 

l a r g e  molecules are excluded from t h e  a c t i v e  s i tes .  

The c a t i o n s  i n  t h e  c r y s t a l  l a t t i c e  a c t  as s t r o n g  pos i -  
t i v e  charges ,  a t t r a c t i n g  t h e  nega t ive  end of p o l a r  
molecules. The more p o l a r  t h e  molecule,  t h e  more 
s t r o n g l y  it w i l l  be adsorbed. This r e s u l t s  i n  high 
capac i ty  a t  low p a r t i a l  p r e s s u r e s  (Figure 7) (13) 

been used i n  gas d ry ing  p rocesses ,  t h e  p r e f e r r e d  z e o l i t e  
i s  3A, a potassium-exchanged z e o l i t e  A ,  which restricts 

Although molecular s i e v e s  4A, 5A and 13X have 
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SEPARATION AND PURIFICATION U S I N G  ZEOLITES 

I- z 'oo*o* 

MOLECULAR S I E V E  
TYPE 1 3 X  

ACT I VATED 
S I L I C A  GEL 

m 
1 I 1  I 1  I I I  I I  I I I  I I  I I I  I I  I I I  I 1  J 

0. I 
I o - ~  I o - ~  I o - ~  10-2 10-1 I00 

PARTIAL PRESSURE, PSlA 

FIGURE 7 

G a s  D r y i n g  w i t h  Molecular Sieves R e s u l t s  i n  
H i g h  C a p a c i t y  a t  Low P a r t i a l  P r e s s u r e s  

325' TO 4 2 5 O F  
WATER 

ENTRAl N M E NT 

DRY I NC 
H E A T  
AND 

C O O L  

L 

S E PAR AT OR 

F CON DENSER 

FIGURE 8 

Modified D e h y d r a t o r  
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LANDOLT AND KERR 

t h e  e f f e c t i v e  pore s i z e  so t h a t  on ly  water and i n o r g a n i c  
gases  are adsorbed. Water concen t r a t ion  a s  low as 35 
ppb a r e  o b t a i n a b l e  over  a wide range of o p e r a t i n g  condi- 
t i o n s .  

t h e  l i t e r a t u r e  (14t15f16)  . 
cess repor t ed  by Clark (I7) i s  shown i n  Figure 8.  

t h e  flow c o n t r o l  va lve  i s  moved from t h e  feed l i n e  as 
i n  convent ional  dehydrat ion t o  t h e  product  l i n e .  The 
e n t i r e  f eed  would pass  through t h e  d r y e r  a t  f u l l  l i n e  
p re s su re .  The water con ten t  of t h e  e f f l u e n t  would be 
approximately 0 . 1  I b h S c F .  Approximately 1 0 %  of 
t h e  t o t a l  gas flow would be s p l i t  o f f  from t h e  product  
g a s ,  passed through a h e a t e r ,  r a i s e d  t o  the  bed t e m -  
p e r a t u r e  and passed down through t h e  bed f o r  regenera-  
t i o n .  Using 4A s i e v e ,  design c a p a c i t i e s  i n  t h e  range 
of 1 0 - 1 4  w t  % are a v a i l a b l e .  

Numerous methods and processes  a r e  r e p o r t e d  i n  
A modified dehydrat ion pro- 

Here 

For d ry ing  r e f i n e r y  o f f - g a s e s ,  molecular s i e v e s  
have been found s u p e r i o r  t o  o t h e r  d e s i c c a n t s ,  such as 
alumina. Cochrane (I8) shows t h a t  e f f e c t i v e  d ry ing  i s  
an e s s e n t i a l  p rocess  s t e p  where hydrogen-rich o f f  gas  

from reformers  i s  used as a raw material  f o r  t h e  
s y n t h e s i s  of anhydrous ammonia. Alumina con ta in ing  
varying amounts of molecular s i e v e  has  inc reased  d r y e r  
capac i ty  f o r  convent ional  hydrogen d r y e r s .  I n c r e a s e  i n  
capac i ty  i s  almost d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount 
of molecular s i e v e  used (Figure 9 ) .  Although s i e v e s  
can i n c r e a s e  t h e  capac i ty  of t h e  d r y e r s ,  they have no 
e f f e c t  on t h e  dew p o i n t  of t h e  e f f l u e n t  gas .  Water 
con ten t  of t h e  e f f l u e n t  gas i s  less than  1 0  ppm. 
Molecular s i e v e s  have proved s u p e r i o r  t o  o t h e r  d e s s i -  
c a n t s  where i n t e r f e r e n c e  from aromatic and s t r a i g h t  
chain hydrocarbons i n  t h e  gas  stream i s  a problem. 

The use of a c i d - r e s i s t a n t  z e o l i t e s  with approx- 
0 

imately 4 A pores  (AW-500) h a s  been used t o  dehydrate  
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SEPARATION AND PURIFICATION USING ZEOLITES 

100 MOLECULAR SIEVE 
- 

- 

- 

- 

0 %  MOLECULAR SIEVE - 

1 I I I I I I I 
0 I 2 3 4 5 6 7 8 

MONTHS IN SERVICE 

FIGURE 9 

Molecular Sieve-Alumina Dryer Capaci ty  
I n c r e a s e s  with Z e o l i t e  Content 

high a c i d  gas  i n  f i e l d  ope ra t ions (19!  
scheme i n  Figure 1 0  reduced t h e  water c o n t e n t  of t h e  

produced gas from 90 t o  2 . 5  lb/MMCF o r  a dew p o i n t  of 
17'F.  F i e l d  tests up t o  3 ,150  r egene ra t ion  cyc le s  
and t h e  p r e d i c t e d  c a p a c i t y  of t h e  s ieve d e s i c c a n t  are 
shown i n  Figure 11. A two-year s e r v i c e  l i f e  has  been 

achieved. 

The p rocess  

Pierce and St ieghan ( 2 0 )  have r e p o r t e d  t h e  use 
of 3 A s i e v e  (potassium z e o l i t e  A)  f o r  dehydrat ing 

cracked gas  streams 
mer i za t ion  of o l e f i n s  i n  t h e  f eed  stream on t h e  d e s i -  

c c a n t .  The d e s i c c a n t  a c t i v i t y  of molecular s i e v e  com- 
pared t o  s i l i c a  g e l  and alumina i s  shown i n  Figure 1 2 .  

and t o  p reven t  t h e  poly- 
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LANDOLT AND KERR 

ESDV PCV + 

n COOLER 
I - HEATER 

F C V  

GAS INLET 
WELL SEPARATOR 

COOLER F 

'i. LC 

r+*--J WATER TO 

DESICCANT REGENERATION FLASH GAS TO 
TOWERS SEPARATOR SEPARATOR WINDFALL 

Dehydration of High Acid G a s  

The s m a l l  pore  s i z e  of 3 A s i e v e  precludes t h e  adsorp- 
t i o n  of a l l  o l e f i n s  -- even e thy lene .  

The problem of C02 adso rp t ion  by t h e  d e s i c c a n t  
i n  propylene d ry ing  w a s  so lved  by Sun O i l  Company by 
using 3 A molecular s i e v e .  
C 0 2  con ten t  i n  t h e  propylene product  even a f t e r  t h e  re- 
gene ra t ion  a f t e r  200-400 b a r r e l s  of propylene had passed 

through t h e  bed (Table 4 ) .  

McConnell (21) shows low 

The above examples exemplify t h e  many uses  of 
molecular s i e v e s  i n  gas  d ry ing .  Today, v i r t u a l l y  a l l  
gas  chromatographic u n i t s ,  whether l a b o r a t o r y  o r  com- 
merc i a l  s i z e ,  use molecular s i e v e s  t o  dry t h e  c a r r i e r  
gas stream. P r a c t i c a l l y  a l l  t h e  hydrogen produced from 
reforming o p e r a t i o n s  is  p u r i f i e d  by molecular s i e v e s  be- 
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LANDOLT AND KERR 

MOLECULAR S IEVE TYPE 3 A  1 1  c 
SIL ICA GEL 

DENSITY ALUMINA 

I I 
0 100 200 300 400 500 600 700 

GAS PROCESSED, MCF/LB 

F I G U R E  12 

Desiccant  Activity Versus Gas Processes  

TABLE IV 

A 3 A N G S T R O M  M O L E C U L A R  S I E V E  G A V E  LOW 
C A R B O N  D I O X I D E  CONTENT I N  THE 

P R O P Y L E N E  P R O D U C T  

Propylene Processed After Carbon Dioxide in 
Regeneration, Barrels Propylene, ppm 

1 3 

30 2 

45 1 
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SEPARATION AND PURIFICATION USING ZEOLITES 

WET O I L  

COALESCER 
(FROM 

s E PAR ATOR) 

DRY O I L  

ADSORBER 

DRY I NG ;r- 
COOLING-GAS BYPASS 

I 1 

f ADSORBER 
PLANT 
F U E L  

IRE GENERATION^ 

TO PLANT 
FUEL SYSTEM b - z 5  SEPARATOR 

COOLER 

FIGURE 1 3  

Processing S t e p s  i n  Molecular Sieve O i l  Dehydration 

f o r e  use as a process  stream i n  o t h e r  r e f i n e r y  opera- 
t i o n s ,  such a s  hydrocracking. 

B. Liquid Drying 
A molecular s i e v e  dehydrator  f o r  d ry ing  adsorber  

o i l  normally used i n  low temperature  o i l - a d s o r p t i o n  
processes  has  been r e p o r t e d  by C o l l i n s  and R a i d t ( 2 2 ) .  
t y p i c a l  dual-bed dehydrator  (F igu re  13)  p rov ides  l e a n  
adsorber  o i l  w i th  only 10-15 ppm w a t e r  con ten t .  Dry 
l ean  o i l  produced by t h i s  method can be shown t o  g i v e  a 
g r e a t e r  hydrocarbon recovery from n a t u r a l  gas streams, 
i . e . ,  more propane, butane,  and e thane .  

l a t i o n  u n i t s  has  been r e p o r t e d  by C o l l i n s ( 2 3 ) .  
1 4  shows a t y p i c a l  f low diagram f o r  d ry ing  ( ~ 1 5  ppm) t h e  
o l e f i n  and isobutane f e e d s .  Typical  performance of t h e  

A 

The superdrying of a l k y l a t i o n  f eeds  f o r  H F  a lky-  
Figure 

30 3 
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WET n 
O L E F I N  

FEED 

L 

MOLECULAR SIEVE il 
A DRYER 

HF ALKYL ATION I: 
WET 

I SOB UTA N E 
FEED T$ 

MOLECULAR SIEVE 
DRYER 

ALKYLATE 
PRODUCT J 

FIGURE 14 

Flow Diagram Shows How Molecular S i eves  
Dry O l e f i n  Feed and Isobutane Makeup Stream 

HF a l k y l a t i o n  u n i t  process  are: less f r equen t  c a t a l y s t  
r e g e n e r a t i o n ,  less c o r r o s i o n  and f o u l i n g ,  less a c i d  con- 
sumption, and h i g h e r  oc t ane  r a t i n g s  of t h e  product .  
Resu l t s  of t h i s  molecular sieve d ry ing  ( 3  A sieve) are 
shown i n  Table 5. 

I n  summary, molecular s i e v e s  can be used t o  d ry  
many substances.  
r epor t ed  t h e  d ry ing  of benzyl  a l coho l  by 5 A s i e v e .  Some 
of t h e  compounds t h a t  can be d r i e d  by molecular s i e v e s  
a r e  shown i n  Table 6 
V I I .  Liquid Phase T r e a t i n g  

For example, Gehrhart  and Kyle (24) have 

(13) 

The use of molecular s i e v e s  has  become t h e  

s t anda rd  approach t o  sweetening products  from l i q u i d  
propane and butane t o  n a t u r a l  g a s o l i n e s .  Conventional 
dehydrat ion processes  (Figure 15) (25) o r  v a r i a t i o n s  
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SEPhRATION AND PURIFICATION USING ZEOLITES 

Hydrocarbons . . . . 

TABLE V 

Ethane, propane, propylene. n-butane, isobutane, 
butylene, butadiene, isobutylene, pentane, cyclo- 
hexane, n-heptane, isoprene, benzene, toluene, 
mixed xylenes. 

Commercial Performance of HF Alkylation Unit 
Using Molecular Sieve Feed Dryers 

Water content of feed dryers, 

Water content of dry efflu- 
ents,, min. detectable, p.p.m. 

Acid regeneration frequency, 

Typical HF water content 
before acid regeneration, 
wt. % 1.2 

Typical HF water content 
after acid refrigeration, 
wt. % 0.4 

p.p.m. by wt. 100-450 

<15 p.p.m. 

per month 1 

Halogenated hydrocarbons 

Olef in 
feed 

Stream compositiops: 
Propane, vol. % I 
Propylene, vol. % 15 
;-Butane, vol. % 35 
n-Butane, vol. % 12 
i-Butylene, vol. % 12 
Butene-2, vol. % 13 
Pentanes, vol. % 5 
Pentenes, vol. % 1 
Sulfur compounds, 

p.p.m. by wt. -100 

TABLE VI 

Methyl chloride, methylene chloride, carbon tetra- 
chloride, ethylene dichloride, propylene dichloride, 
2-ethylhexyl dichloride, n-butyl chloride, di- and 
mono-chlorodifluoromethanes. 

Isobutane 
makeup 

8 

3 1  
60 

1 

-125 

Some Substances Which Can Be Dried by Molecular Sieves 

Inorganic gases . . 1 Air, annealing gas, chlorine. i 
I I I 

butylamine, 2-ethylhexylamine, dimethylformamide, 
acetone, acrylonitrile, pyridine. 

Alcohols , .  

Others . . . .  
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LANDOLT AND KERR 

out 

FIGURE 15 

T y p i c a l  Molecu lar-S i eve  Sweetening 

of t h e  b a s i c  des ign ,  make a v a r i e t y  of sweetening pro- 
ces ses  a v a i l a b l e .  

I n  t h e  sweetening of l i q u i d  propane o r  butane,  
t h e  products  of such t r ea tmen t  are non-corrosive t o  
copper s t r i p ,  c o n t a i n  low t o t a l  s u l f u r  compounds, and 
are dry.  Molecular s i e v e  t r ea tmen t  provides  a l l  t h r e e  
advantages i n  a s i n g l e  s t e p  ope ra t ion .  Operation i s  
simple and s t r a i g h t  forward a s  i n  o rd ina ry  dehydrat ion 
processes .  I n  a t y p i c a l  o p e r a t i o n  t h e  adso rp t ion  s t e p  
i s  a t  ambient temperature  wi th  p r e s s u r e  high enough t o  
prevent  vapor i za t ion .  The l i q u i d  flow is downward wi th  
t h e  adsorbent  bed f u l l  of l i q u i d .  On completion of 

t h e  adso rp t ion  s t e p ,  t h e  l i q u i d  i n  t h e  bed i s  drained,,  
t h e  p r e s s u r e  reduced, and t h e  vaporized product  s e n t  
t o  recovery or f u e l .  The adsorbent  i s  r egene ra t ed  with 
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S E P A R A T I O N  AND P U R I F I C A T I O N  U S I N G  ZEOLITES 

TABLE VII 

S U L F U R  S P E C  I F I  C A T 1  ONS 

Natural- Gasoline Fraction 

3.0 ppm total su l fu r  (maximum or 0.3 gra in /  c3- c4 
100 scf (maximum) and noncorrosive 

iC5 3.0 ppm mercaptan sulfur, doctor sweet and 

noncorrosive 

nC3 and Heavier 3.0 ppm mercaptan sulfur, doctor sweet and 

noncorrosive 

a downward purge of  h o t ,  d r y ,  sweet gas.  The c y c l e  i s  
then r epea ted  by t h e  i n t r o d u c t i o n  of t h e  l i q u i d  f eed  
t o  t h e  t o p  of t h e  bed. 

I n  many cases molecular s i e v e s  can be s u b s t i t u t e d  
i n  t h e  dehydrator  of e x i s t i n g  scrubbing-desiccant  p u r i -  
f i c a t i o n  u n i t s .  Operating costs are almost e n t i r e l y  
t h e  replacement cost of t h e  s i e v e ,  which has  a t  least  
a two-year l i f e  span. Today, over  h a l f  of t h e  propane 
produced i s  t r e a t e d  by molecular sieves. There are 
more than f i f t y  l i q h t  hydrocarbon sweeteners i n  opera- 
t i o n  today. Most of t h e s e  u n i t s  use 3 A ,  4 A ,  or  5 A 

molecular s i e v e s  depending on t h e  needs o f  t h e  i n s t a l l a -  
t i o n .  

Sweetening of n a t u r a l  g a s o l i n e  f r a c t i o n s  by 
c y c l i c  adso rp t ion  and r egene ra t ion  can be accomplished 
us ing  13X molecular s i e v e s  (26) . 
t i o n  i s  necessary t o  enable  t h e  use of n a t u r a l  g a s o l i n e s  
i n  motor g a s o l i n e s  of h i g h e r  octane numbers and as 
charge s t o c k s  f o r  c a t a l y t i c  conversion p rocesses .  
S u l f u r  s p e c i f i c a t i o n s  f o r  n a t u r a l  g a s o l i n e  f r a c t i o n s  
are shown i n  Table 7.  

E f f i c i e n t  d e s u l f u r i z a -  
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LANDOLT AND KERR 

Natural 
Gasoline 

Percolate 

Sulfur 
Cortei 

C,-C4 Fraction r-7 
Fraction 

n-C, and Heavier 
Fraction 

FIGURE 16 

F l o w  P a t t e r n  for Sweetening Processes  

Frontal-Type Breakthrough 

I Percolate Throughput or Time 

FIGURE 17 

Frontal-Type Breakthrough is  Must i f  S u l f u r  Compounds 

S p e c i f i c a t i o n s  
are t o  be Removed t o  Meet S t r i n g e n t  Su l fu r  
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SEPARATION AND PURIFICATION USING ZEOLITES 

TABLE VIII 

Composition of Natural Gasolines 

5% by Weight rSulfur Content: p.p.rn.- 

Cornponent- of Gasoline Total Mercaptan 
Gasoline A 885 746 

CYC4 53.7 450 450 
iC, 23 2 1.062 918 
nC5 and heavier 23.0 1,717 1,219 

Gasoline B 2,265 970 

c3-c4 
iC.5 
nC, and heavier 

55.1 I.500 768 
23.3 1,800 1,500 
21.6 4,700 900 

TABLE Ix 

T Y P I C A L  EFFLUENT S U L F U R  D A T A  

Adsorption: 100"F, 350 psig, Liquid Weight Hourly Space Velocity (LWHSV)  - 1.68 

Column: 2.1 Inches I. D. 

Instantaneous 
Throughput 

Gallons of Gasoline/ 
Fraction Pound of Sieves 

Feed B 

Effluent 1.0 

Effluent 2.0 

Effluent 2.5 

Effluent 3.0 

Effluent 3.5 

Effluent 4 . 0  

Effluent 5 .0  

x 3.4 Feet Long - 1 / 8  Inch Pellets Molecular Sieves 

Sulfur Content 

nC Plus +- 
Mer- Mer- Mer- 

Total captan Total captan e captan 

1500 768 1800 1500 4700 900 

< 1  < 1  1.0 < 1 1.2 < 1 

< 1  < 1  1.3 < 1 1.5 < 1 

< 1  < 1  1.5 < 1 2.0 < 1 

< 1  < 1  3.5 < 1 10.0 < 1 
1.0 1.0 7.0 1.0 120 10.0 

3.0 3.0 20 5.8 350 43 

3.0 5.0 400 65 1800 190 

-3-4- c - c  2 5 -  
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LANDOLT AND KERR 

Using a process  scheme shown i n  Figure 1 6 ,  de- 
e than ized  g a s o l i n e s  are passed through a bed of  13X 
s ieve  p e l l e t s  t o  remove t h e  s u l f u r  compounds. Since 
t h e  s u l f u r  s p e c i f i c a t i o n s  a r e  low, t h e  design and opera- 
t i o n  of t h e  adso rp t ion  phase must g ive  a f r o n t a l - t y p e  
breakthrough f o r  t h e  s u l f u r  compounds (Figure 1 7 ) .  Th i s  
assures h i g h e s t  p u r i t y ,  as w e l l  as maximum adsorbent  
l i f e .  Typ ica l  g a s o l i n e  compositions and e f f l u e n t  
s u l f u r  d a t a  are shown i n  Tables  8 ,  9 .  
V I I L .  Commercial Processes  

A. The I soS iv  Process  f o r  Upgrading Gasol ine 
The Union Carbide I s o s i v  p rocess  p r e s e n t s  c e r t a i n  

advantages a s  a t o o l ,  e i t h e r  by i t s e l f  o r  i n  combination 
with isomerizat ion,  f o r  upgrading g a s o l i n e s .  Using 
Linde 5 A molecular s i e v e  a s  t h e  adso rben t ,  only normal 
p a r a f f i n s  are adsorbed from mixtures  of normal p a r a f f i n s ,  
i s o p a r a f f i n s ,  aromatics  and naphthenes.  The p rocess  i s  
a vapor-phase, i s o t h e r m a l ,  r ap id -cyc le ,  pressure-swing, 
fixed-bed adso rp t ion  p rocess  a s  shown i n  Figure 1 8  . 
Using a l i g h t  naphtha f eeds tock ,  f low con t inues  u n t i l  
t h e  adso rp t ion  f r o n t  reaches some predetermined p o i n t  
i n  t h e  bed s h o r t  of t h e  breakthrough of t h e  normal 
p a r a f f i n s .  The isomer g a s o l i n e  i s  condensed, cooled 
and pumped t o  s t o r a g e .  The adsorber  i s  then  taken o f f  
stream, p a r t i a l l y  dep res su r i zed ,  and t h e  bed desorbed 
by vacuum c o u n t e r c u r r e n t  t o  t h e  f eed  s t e p .  A s  t h e  p re s -  
s u r e  d rops ,  t h e  normal p a r a f f i n s  are desorbed, con- 
densed and pumped t o  s t o r a g e .  The adsorber  t hen  i s  re- 
p r e s s u r i z e d  and p u t  back on t h e  feedstock stream. With 

two or more adso rbe r s ,  t h e  continuous o p e r a t i o n  i s  
achieved. I s o s i v  i s  extremely v e r s a t i l e  and can handle  
feedstocks from n a t u r a l  gaso l ine  through gas o i l  f r a c -  

t i o n s  (Figure 1 9 )  ( * * I .  Depending on t h e  b o i l i n g  range 
of t h e  f eed  and t h e  p u r i t y  of t h e  normal p a r a f f i n s  ob- 

(27) 
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SEPARATION AND PURIFICATION USING ZEOLITES 

BRANCHED N-PARAFFINS 
CHAIN AND 

CYCLICS 

FIGURE 18 

I s o v i v  Process  f o r  Sepa ra t ion  of Normal P a r a f f i n s  
from Branched Chain and C y c l i c s  

t a i n e d ,  t h e  products  have a v a r i e t y  of u s e s ,  such as  

s p e c i a l t y  chemicals,  pure s o l v e n t s ,  biodegradable  de- 

t e r g e n t s  , i n t e rmed ia t e  j e t  f u e l s  , i somer i za t ion  feed- 
s t o c k s ,  e tc .  Typ ica l  product  d i s t r i b u t i o n s  are shown 
i n  Table 1 0 ,  11, and 1 2  (28) 

A modified I s o s i v  process  y i e l d i n g  high p u r i t y  
n -pa ra f f in s  i n  t h e  C11-C20 range has  been r e c e n t l y  d i s -  
c losed  (* ' I .  
feedstock composition, b u t  t h e  purge mater ia l ,  n-hexane, 
i s  always t h e  same. A r e c e n t  program shows t h e  process  
can recover  95-97% of 98%-pure normals i n  t h e  C15-C20 

range. 

Operat ing cond i t ions  vary depending on 
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LANDOLT AND KERR 

TABLE X 

K E R O S I N E  M A T E R I A L  B A L A N C E .  B D 

Normal Paraffins 

Isomers & Cyclics 

Aromatics 

Olefins 

Total 

Freezing Pt., “F ( ASTM D- 1477) 

Existent Gum, m g l l 0 0  m l  

Smoke Pt., M M  (ASTM D-1322-59T) 

(ASTM D-381-61T) 

Feed 

2,655 

5,832 

1,400 

93 

10, Mxl 

-24 

23 

3.6 

Non- 
Normals 
Product 

66 

5,832 

1,395 

65 

7,358 

-48 

21 

0.4 

TABLE XI 

LIGHT NAPHTHA M A T E R I A L  BALANCE, 

Non-Normal C5 

“5 

Non- Normal C6 

“6 

Non-Normal C7 

“7 
Non- Normal Cg 

Total 

Octane No. Ft + 3 CC Tel 

Feed 
208 

196 

2,759 

2,362 

4.294 

158 

23 

10, ooo 
82.3 

Non- 
Normals 
Product 

200 

32 

2,715 

47 

4 2 %  

1 

23 

7,274 

95.4 

- 

Normals 
Product 

2,589 

20 

5 

28 

2,642 

- 
- 

- 

BPD 

Normals 
Product 

8 

164 

44 

2,315 

38 

157 

- - 
2,726 

- 
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SEPARATION AND PURIFICATION USING ZEOLITES 

TABLE XI1 

H E A V Y  N A P H T H A  M A T E R I A L  BALANCE,  B P D  

Feed - 
Non- Normal C5 80 

“5 70 

Non- Normal c6  1,070 

“6 760 

Non- Normal C7 3, loo 
“C7 710 

Non- Normal Cg 1,920 

“8 430 

Non- Normal C9 1,610 

nC9 130 

Non- Normal C10 120 

Total 10, ooo 
Octane No. Ft + 3 CC Tel 79.2 

Non - 
Normals 
Product 

78 

13 

1,047 

15 

3,031 

14 

1,878 

4 

1,568 

3 

115 

7,766 

88.4 

- 

Normals 
Product 

2 

57 

23 
745 

69 

696 

42 

426 

42 

127 

5 

2,234 

- 

- 

I n  1 9 7 1 ,  S h e l l  and Union Carbide o f f e r e d  a com- 
b i n a t i o n  p rocess  f o r  upgrading g a s o l i n e ( 3 0 )  . 
I somer i za t ion  Package ( T I P )  combines t h e  Hysomer p rocess  
and I s o s i v .  T I P  provides  a f l e x i b l e  design which can 
opt imize o p e r a t i n g  e f f i c i e n c y  over  a w i d e  range of 
f eeds tocks  and product  s p e c i f i c a t i o n s .  With narrow- 
c u t  feedstocks r i c h  i n  n-pentane and n-hexane, t h e  
I s o s i v  p rocess  s e p a r a t e s  t h e  product  from t h e  Hysomer 
u n i t  and t h e  unconverted normals are r ecyc led  back t o  
t h e  i somer i za t ion  u n i t .  For  f eeds tocks  high i n  benzene 
and C,+’s, t h e  I s o s i v  u n i t  precedes t h e  Hysomer u n i t ,  
wi th  t h e  high octane components s e n t  d i r e c t l y  t o  blend- 
i n g ,  t he reby  reducing t h e  s i z e  of t h e  i somer i za t ion  
s t a g e .  

The Total  
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LANDOLT AND KERR 

- 
NATURAL 
CASOL I NE 

L ICHT 
NAPHTHA 

HEAVY 
NAPHTHA 

AROMATICS 
R AFF I N ATE 

KEROSINE 

GAS O I L  - 

ISOMERS 

a CYcLlCs GASOLINE -- L MOTOR 

REFORMER 
FEED STOCK 

ISOSlV JET FUEL--  - U N I T  - 
JET FUEL-  

CRACK1 NC 

More r e c e n t l y ,  Union Carbide has  announced a 
new development , O l e f i n  S i v ( 2 9 )  . 
ment used i n  t h e  I s o s i v  P rocess ,  high p u r i t y  isobutene 

and n-butene a r e  recovered from a mixed butenes feed- 

s t o c k .  With a f eed  con ta in ing  50/50 iso-to-normal 
r a t i o ,  O l e f i n  S i v  y i e l d s  99.5% pure n-butenes. 

With i d e n t i c a l  equip- 

B.  Texaco Select ive F in i sh ing  Process 
The Texaco S e l e c t i v e  F in i sh ing  Process  (TSF) 

i s  a versa t i le  process  f o r  upgrading g a s o l i n e  by t h e  
removal of l o w  octane normal p a r a f f i n s  by adso rp t ion .  
The p r o c e s s  i s  a t y p i c a l  adsorpt ion-desorpt ion f i x e d  
bed c y c l i c  o p e r a t i o n  (Figure 2 0 )  (31) i n  which t h e  bed 
of se lec t ive  adsorbent  (5 A s i e v e )  becomes s a t u r a t e d  
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LANDOLT AND KERR 

TABLE X I 1 1  

Response of Various Stocks t o  Texaco S e l e c t i v e  F i n i s h i n g  

,-Research Octane number- RON 
A h a r g e  to TSF-, rFinished product- increase 

Stock Clear +3 cc TEL Clear +3 cc TEL (clear) 
Light straightrun naphtha . . . . . . . . . . .  69.0 87.1 83.7 96.6 14.7 
Heavy straightrun naphtha . . . . . . . . . . .  44.1 66.4 70.6 . . .  26.5 

Full-boiling-range platformate B . . . . . .  94.0 100.8 98.1 104.0 4. I 
Thermal cracked naphtha . . . . . . . . . . .  76.0 88.5 89.1 96.1 13.1 

Light FCC nap tha . . . . . . . . . . . . . .  93.8 99.2 95.7 100.6 I .9 
Aviation alkylate . . . . . . . . . . . . .  93.1 104.4 93.6 . . .  0.5 

Full-boiling-range platformate A . . . . .  87.1 97.1 95.3 101.1 8.2 

Heavy FCC na lhtha , : .  . . . . . . . . . . . . .  88.0 94.0 94.4 98.8 6.4 

. . . . . . . . . .  Propylene polymer gasoline 93.0 98.0 93.6 98.6 0.6 

with s t r a i g h t  chain p a r a f f i n s  u n t i l  no f u r t h e r  s o r p t i o n  
t a k e s  p l a c e .  The p a r a f f i n s  then  pass  through t h e  bed 
without  being sorbed and appear i n  t h e  e f f l u e n t  product  
Charge t o  t h e  bed i s  then stopped and deso rp t ion  

e f f e c t e d .  
Using t h i s  method, TSF can i n c r e a s e  t h e  octane 

number (clear) of va r ious  naphthas from 4-27  octane 
numbers (Table 13) ( 3 2 )  wi th  s t r a i g h t  run naphthas re- 
sponding b e s t  t o  TSF. Therefore ,  t h e  TSF p rocess  can  
improve t h e  octane number requirement w i thou t  i n c r e a s -  
i n g  t h e  aromatic  concen t r a t ion .  

C. The UOP Molex Sepa ra t ion  Process  
The Molex process  is a f i x e d  bed,  i s o t h e r m a l ,  

l iquid-phase continuous s e p a r a t i o n  o p e r a t i o n  (Figure 

2 1 )  f o r  t h e  s e p a r a t i o n  of normal p a r a f f i n s  from iso- 
p a r a f f i n s  and c y c l i c  compounds i n  a s i n g l e  p rocess ing  

s t e p .  I n  t h i s  process  t h e  feed and desorbent  streams 
e n t e r  t h e  s ieve chamber s imultaneously while  t h e  
r a f f i n a t e  and e x t r a c t  streams are withdrawn. The f o u r  
s t reams are rou ted  through a d i s t r i b u t i n g  dev ice  which 
s h i f t s  t h e  flow of t h e s e  streams i n t o  another  q u a r t e t  
of l i n e s .  Movement o f  t h e  i n l e t  and o u t l e t  p o i n t s  
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SEPARATION AND PURIFICATION USING ZEOLITES 

Process flow 
for recovering normal paraffins 
Mol 

Normal Raffinate paraffins 
Fresh feed t 

L 

c 0 m c g P 

F I G U R E  2 1  

Process  F l o w  f o r  Recovering Normal P a r a f f i n s  

from one l o c a t i o n  t o  t h e  nex t  ad jacen t  l o c a t i o n  pro- 
v id ing  a flow s i t u a t i o n  where t h e  molecular s i e v e  ( 5  A) 

might be imagined a s  moving slowly through the chamber. 

The p rocess  can be used f o r  a wide range of 
charge s t o c k s ,  i nc lud ing  f u l l  range g a s o l i n e s ,  l i g h t  
s t r a i g h t r u n g a s o l i n e s ,  k e r o s i n e s ,  j e t  f u e l s ,  and l i g h t  
g a s  o i l s  up t o  630°F E P .  

m i c s  and t e c h n i c a l  advantages when complex s e p a r a t i o n s  

a r e  involved, such a s  a mixture  of pentanes and 

hexane s 

Molex h a s  pronounced econo- 

(33)  

A prime example of t h e  v e r s a t i l i t y  of t h i s  

p rocess  i s  t h e  s e p a r a t i o n  of Cll-C14 normal p a r a f f i n s  
from v i r g i n  crude f r a c t i o n s  f o r  use a s  a raw m a t e r i a l  

i n  biodegradable  de t e rgen t  manufacture ( 3 4 ) .  

of p rocess ing  a Cll-C15 ke ros ine  
normal p a r a f f i n s  a r e  shown i n  Table 14.  

R e s u l t s  
con ta in ing  15.5% 
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TABLE 11. Secondary  B u i l d i n g  U n i t s  of Zeolite Frameworks.  

Species 

Analcime 

Natrolite 
Thomsonite 
Edingtonite 

Gmelini te 
Chabazite 
Erionite 
Levynite 
Cancrinite 
Sodalite 

Phillipsite 
Gismondite 
Barrer PI 

Brewsterite 
Heulandite 
Stilbite 

Mordenite 
Dachiardite 
Epistilbite 
Ferrierite 
Bikitaite 

Faujasite 
Linde A 

Paulingite 
ZK-5 

Single rings 1 Double rings 

4 1 6  

Complex or multiple units 

4- 1 

+ 
i- + 

Y 

Distillation 

L w 

M-xvlene 
0 - x  ylene 
eth y lbenzene 

b 

Distillation 

b 
P-x ylene 

-4 

Adsorber 

FIG. 22. U .O.P .  Parex adsorption process for p-xylene. 
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LANDOLT AND KERR 

The p rocess  h a s  been shown t o  be economical 

no t  on ly  when i n  competi t ion wi th  f r a c t i o n a t i o n  b u t  
a l s o  when c a l l e d  upon t o  perform s e p a r a t i o n s  impossible 

with f r a c t i o n a t i o n .  

D.  The UOP Parex Adsorption Process  f o r  

One of t h e  major advances i n  s e p a r a t i o n s  i s  
Paraxy l enes  

t h e  s e p a r a t i o n  of paraxylene from o t h e r  C8 isomers 

us ing  molecular s i e v e s  i n s t e a d  of t h e  u s u a l  c r y s t a l l i -  

z a t i o n  processes .  The Unive r sa l  O i l  Product Parex 

p rocess  i s  a prime example. T h i s  p rocess  is based on 
a unique adsorbent  with a s t r o n g  a f f i n i t y  f o r  para-  

xylene and a weak a f f i n i t y  f o r  the o t h e r  t h r e e  isomers 

normally a s s o c i a t e d  w i t h  paraxylene.  The adsorbent  

used is  a potassium o r  barium exchanged type X z e o l i t e .  

2 2 )  ( 3 5 )  i s  c a r r i e d  ou t  i n  t h e  l i q u i d  phase a t  120-175'C 

a t  moderate p r e s s u r e s  us ing  a coun te rcu r ren t  flow of 

adsorbent  and l i q u i d  without  a c t u a l  movement of t h e  

s o l i d s .  P i l o t  p l a n t  performance shows t h a t  t h i s  

continuous system r e q u i r e s  orj 'y 1/25 of t h e  adsorbent 

inventory r equ i r ed  i n  a b a t c h  p r o c e s s ( 3 6 ) .  

with a p u r i t y  of 99.5% i s  obtained wi th  e x t r a c t i o n  

e f f i c i e n c i e s  of 98.4%. Typ ica l  p i l o t  p l a n t  performance 

f o r  t r e a t i n g  a C8-aromatic isomer mixture  from a 
reformate e x t r a c t i o n  a r e  shown i n  Table 15 

The  continuous s e p a r a t i o n  p rocess  (Figure 

Paraxylene 

(36) 

U . O . P .  claims t h a t  t h i s  p rocess  o f f e r s  b o t h  
lower c a p i t a l  investment and ope ra t ing  c o s t s  t han  

p r e s e n t  c r y s t a l l i z a t i o n  methods (Table 16)  ( 3 5 ) .  

Parex u n i t s  have been l i censed  and a r e  i n  the des ign  
and c o n s t r u c t i o n  s t a g e .  

I X .  Novel U s e s  i n  Sepa ra t ion  and P u r i f i c a t i o n  

Four 

Many unique u s e s  of molecular s i e v e s  have 

been developed over t h e  y e a r s .  Novel u ses  include t h e  

drying of p y r o l y s i s  s e p a r a t i o n  of hydrogen 
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SEPARATION AND PURIFICATION USING ZEOLITES 

P i l o t  P l a n t  Performance When Trea t ing  C -Aromatic 
Isomers Derived From a Reformate E x t r a c t  

Feed 

p-Xylene, wt.-yo . . . . . . . . . . . . . .  14.3 . . . . . . . . . . . .  99.5 . . . . . . . . . . . .  <0.1 
Ethylbenzene, wt.-% . . . . . . . .  32.5 . . . . . . . . . . . .  0.3 ............ 37.9 
m-Xylene, wt.-yo . . . . . . . . . . . . . .  35.4 . . . . . . . . . . . .  0.1 ............ 41.3 
o-Xylene, wt.-yo . . . . . . . . . . . . . .  17.8 . . . . . . . . . . . .  0.1 . . . . . . . . . . . .  20.7 

Total . . . . . . . . . . . . . . . . .  100.0 100.0 100.0 

(Udex C8-Arom.) Extract Raffimbe 

. . . . . . . . . . .  . . . . . . . . . . . .  

i s o t o p e s ( 3 8 ) ,  vacuum dry ing  of i o d i n e ( 3 9 ) ,  d ry ing  of 

low molecular weight f a t t y  ac ids (40!  s e p a r a t i o n  of 

ammonia and methyl amine (41) , s e p a r a t i o n  of i no rgan ic  

adso rp t ion  of heavy water ( 4 4 ) ,  and t h e  d ry ing  of 

dimethyl formamide and a c r y l o n i t r i l e  ( 4 5 )  . 
s i e v e s  have been suggested as c i g a r e t t e  f i l t e r s ,  
packaging d e s i c c a n t s ,  d e s i c c a n t s  f o r  f a s t  d ry ing  
cements, and t h e  encapsu la t ion  of v o l a t i l e  o r  poison- 
ous gases  and l i q u i d s  f o r  s t o r a g e .  The u s e s  of 
molecular s i e v e s  appears  t o  be un l imi t ed .  
X .  Lookinq Ahead with Molecular S i eves  

phosphates (42! s e p a r a t i o n  of l i t h i u m  i s o t o p e s  (43)  , 

Molecular 

T h e  many unique and commercial s e p a r a t i o n  and 
p u r i f i c a t i o n  methods r e p o r t e d  here show t h a t  molecular 
s i e v e s  have an extended f u t u r e .  Adsorptive s e p a r a t i o n s  
i n d i c a t e  many new and novel p rocesses  w i l l  appear as 

more new s y n t h e t i c  z e o l i t e s  with unique molecular 
s i e v i n g  p r o p e r t i e s  are discovered.  I t  i s  on ly  a 
q u e s t i o n  of  t i m e  u n t i l  molecular s i e v e  s e p a r a t i o n  
p rocesses  r e p l a c e  c r y s t a l l i z a t i o n  and f r a c t i o n a t i o n  as  

t h e  major t echn iques  f o r  t h e  product ion of t h e  many 
p roduc t s  r e q u i r e d  i n  the petroleum and petrochemical  
f i e l d s .  Combination p rocesses  i n  which molecular 

321 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



P
ro

ce
ss

 

F
e

e
d

 C
o

m
p

o
s

it
io

n
 

E
th

yl
be

nz
en

e 
%

 
P

-x
yl

en
e 

I
 

M
-x

yl
en

e 
%

 
0

-x
yl

e
n

e
 

%
 

w
 
w
 

N
 

C
ap

ac
ity

 to
ns

f y
ea

r 
C

os
t o

f 
pl

an
t e

re
ct

ed
 (

 5
) 

T
ot

al
 in

ve
st

m
en

t 
(5

) 

P
ro

ce
ss

in
g

 c
o

st
s 

($
/t

o
n

) 
D

ire
ct

 la
bo

r c
os

ts
 

In
di

re
ct

 c
os

ts
 

O
ve

rh
ea

ds
 

(8
%

 of
 la

bo
r 

co
st

s)
 

Ta
xe

s 
an

d 
In

su
ra

nc
e 

(2
%

 of
 f

ix
ed

 c
ap

ita
l) 

D
ep

re
ci

at
io

n 
(8

%
 of

 in
ve

st
m

en
t)

 

P
ro

ce
ss

in
g

 c
o

st
s 

(W
o

n
) 

(n
o

t 
in

cl
ud

m
g 

fe
ed

st
oc

k)
 

F
ee

ds
to

ck
 

P
ro

ce
ss

in
g

 c
o

st
s 

(W
o

n
) 

(t
nc

lu
dt

ng
 fe

ed
st

oc
k)

 

U
ti

li
ti

e
s

 ( 
Z

ito
n

) 

P
h

il
li

p
s

 P
e

tr
o

le
u

m
 C

o.
 

6.
84

 
21

.2
1 

48
.1

 1
 

20
.0

6 

45
,0

00
 p

-x
 

4,
00

0,
00

0 
5,

90
0,

00
0 

9.
27

 
31

.4
2 

in
cl

ud
ed

 

in
cl

ud
ed

 

in
cl

ud
ed

 

40
.7

0 

51
.6

0 

92
.3

0 

4.
05

 

24
.9

0 
24

.7
0 

49
.1

 0
 

1.
30

 

45
,0

00
 p

-X
 

3,
50

0,
00

0 
5,

25
0,

00
0 

7.
60

 
29

.8
0 

in
cl

ud
ed

 

in
cl

ud
ed

 

in
cl

ud
ed

 

37
.4

0 

51
.6

0 

89
.0

0 

2.
77

 

M
a

ru
z

e
n

 P
e

tr
o

c
h

e
m

ic
a

l 
L

td
. 

20
 

20
 

40
 

20
 

45
,0

00
 p

-X
 

3,
36

0,
00

0 
5.1

 0
0,

00
0 

8.
20

 
29

.2
2 

in
cl

ud
ed

 

in
cl

ud
ed

 

in
cl

ud
ed

 

37
.6

7 

51
.6

0 

89
.0

2 

3 
75

 

24
.9

0 
24

.7
0 

49
.1

 0
 

1.
30

 

05
,0

00
 p

-X
 

3,
12

0,
00

0 
4,

80
0,

00
0 

7 
53

 
28

.5
2 

in
cl

ud
ed

 

in
cl

ud
ed

 

in
cl

ud
ed

 

36
.0

6 

51
.6

0 

87
.6

6 

3 
47

 

l-
 

ei 
27

.6
0 

1 
21

.2
0 

Ei 

*i
 

50
,0
00
 p-

X
 

50
,0
00
 p

-X
 

3,
63

6,
00

0 

12
.3

5 
10

.5
2 

2.
84

 

1.
05

 

15
.8

7 

42
.6

4 

2.
86
 

2,
46

2,
50

0 
1,

80
0,

00
0 

7.
02

 
7.

50
 

0.
63

 

0.
98

 

15
.8

7 

10
.2

 

5.
21

 

Ec
on

om
ic

 
Co

mp
ar

is
on

 
of
 
Pr

oc
es

si
ng

 C
o
s
t
s
 

of
 
P-
Xy

le
ne

 
Cr

ys
ta

ll
iz

at
io

n 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION AND PURIFICATION USING ZEOLITES 

sieves  are  used both as c a t a l y s t s  and adsorbents a re  

rap id ly  being developed. These developments w i l l  
continue t o  engage the i n t e r e s t  of research workers 

and engineers a l ike ,  and w i l l  provide a tremendous 

stimulus t o  search fo r  new uses.  
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X I I .  Appendix 
Bibliography of L i t e ra tu re  and U.S. Patents  on t h e  U s e  

of  Molecular Sieves f o r  Separation and Pur i f i ca t ion .  
In  view of t h e  wide i n t e r e s t  i n  molecular 

s i eves ,  t h e  following extensive bibl iography is pro- 

vided. Abstracted from Chemical T i t l e s  and A P I  L i t e r -  

a t u r e  References from 1953 t o  da t e ,  t h e  l i s t i n g  w i l l  
serve a s  a bas i c  guide t o  most published papers.  The 

authors  humbly apologize t o  anyone not  r e fe r r ed  t o  i n  
t h e  l i s t i n g s .  The references a r e  arranged chronologic- 

a l l y .  

A .  L i t e ra tu re  References 

1. G .  H .  Weber, O i l  & Gas J . ,  29, 53 (1954) 
2 .  E .  B .  Ebien, Petroleum Engineer, 35, 27 (1955) 
3. H. S .  Myers, H.  G .  Hipkin, P e t .  R Z ,  175, 35 (1956) 
4.  C .  E .  Boord, G.  Yryacos, A n a l .  Chem., 29, 787 

(1957) 
5 .  K.  H .  Nelson, M .  D .  G r i m e s ,  Anal. Chem., 29, 1026 

(1957) 
6 .  R. D .  Schwartz, D.  J. Brasseaux, Anal. Chem., 29, 
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2,950,319 
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2,971,824 
2,977,346 
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P u r i f i c a t i o n  (Cont  ' d )  

3,398,208 
3 , 490,865 
3,538,168 
3,557,531 
3,566,611 
3,597,169 
3,634,533 
3,654,144 
3,660,967 

1968)  3,278,624 (1966)  
1970)  3,346,328 (1967)  

" ) 3,392,508 (1968)  
1 9 7 1 )  3,454,488 (1969)  

" ) 3,470,677 ( " ) 
'I  ) 3,494,854 (1970)  

1972)  3,549,529 ( 'I  ) 
" ) 
" ) 

Treat i n q  
2,834,429 (1958)  
2,859,170 ( " ) 
2,859,173 ( " ) 
2,886,508 (1959)  
2,886,509 ( " ) 
2,888,394 ( " ) 
2,891,902 ( " ) 
2,894,998 ( " ) 
2,899,474 ( " ) 
2,909,538 ( " ) 
2,914,591 ( " ) 
2,91.7,449 ( " ) 
2,924,567 (1960)  
2,937,133 ( 'I  ) 
2,943,037 ( " ) 
2,947,683 ( " ) 
2,958,644 ( " 

2,975 , 222 (1961)  
2,981,675 ( " ) 
2,981,679 ( " ) 
3,005,768 ( " ) 
3,007,863 ( " ) 
3,025,133 (1962)  
3,051,646 ( " ) 
3,061,992 ( " ) 
3,063,933 ( " ) 
3,063,934 ( " ) 
3,067,002 ( " ) 
3,080,436 (1963)  
3,081,255 ( " ) 
3,082,166 ( " ) 
3,100,745 ( " ) 
3,163,594 (1964)  
3,167,506 (1965)  
3,236,903 (1966)  
3,243,366 ( 'I ) 
3,258,417 ( " ) 
3,278,422 ( I' ) 
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