
C h a p ter  n

T h eo ry

M o le c u la r  s ie v e s  vs. z e o lite s

In  1932 M cB ain  proposed  the  term  “m olecular sieve” to  describe a  class o f  
m aterials that exh ibited  selective adsorption  properties. H e proposed  that fo r a 
m aterial to be a m o lecu lar sieve, it m ust separate com ponents o f  a m ix tu re  on  the  
basis o f  m o lecu lar size and shape d ifferences. Tw o classes o f  m o lecu lar sieves w ere 
know n w hen M cB ain  put forth  his definition: the  zeolites and certa in  m icroporous 
charcoals. T he list now  includes the silicates, the m etallosilicates, m etalloa lum inates, 
the AIPO4 ’ร, and  silico- and  m etalloalum inophosphates, as well as the  zeolites. T he 
different classes o f  m o lecu lar sieve m aterials are listed in F igure 2.1. A ll are 
m olecu lar sieves, as the ir regular fram ew ork  structures w ill separate com ponen ts o f  a 
m ix ture on the basis o f  size and  shape.

F ig u r e  2.1 C lassification  o f  m olecu lar sieve m aterials [9],
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2.1 M o le c u la r  s iev es

A m olecu lar sieve fram ew ork  is based on an extensive three-dim ensional 
netw ork  o f  oxygen ions con tain ing  generally  tetrahedral type sites. In  addition  to  the 
Si+4 and A l+3 that com positionally  define the zeolite  m olecular sieves, o ther cations 
also can occupy these sites. T hese cations need not be isoelectronic w ith  Si+4 o r A l+3, 
bu t m ust have the ability  to  occupy fram ew ork sites. C ations presently  know n to 
occupy these  sites w ith in  m o lecu lar sieve structures are listed in T able 2.1. The 
zeolite  m olecu lar sieves display  a net negative fram ew ork charge; how ever, a 
m olecular sieve fram ew ork  need  not d isplay any charge. M olecular sieves contain ing  
only Si+4 in the tetrahedral sites know n as silicalite have a neutral fram ew ork  and 
exhibit a h igh degree o f  hydrophobicity  and no ion exchange capacity  [9],

T a b le  2.1 C ations that m ay form  m olecu lar sieve fram ew ork structures and the  m etal 
oxide charge possible [9],

M
(M  + 2o 2r 2 B e , M g , Z n , C o , F e , M n
(M  + * ๐ 2) " ' A l ,  B , G a , F e , C r
(M  + 4๐ 2)° S i ,  G e , M n , T i
( M + jo * ) + * p

2 .2  Z eo lite s

The zeolite  is a  crystalline  a lum inosilicate  w ith  a  fram ew ork based  on an 
extensive three-d im ensional netw ork  o f  oxygen ions. S ituated  w ithin  the  tetrahedral 
sites form ed by the oxygen can  be  either a Si+4 o r an A l+3 ion. The A 102‘ te trahedra  in 
the structure determ ine the  fram ew ork  charge. This is balanced  by cations tha t occupy 
nonfram ew ork  positions. T he chem ical form ula for a zeolite  is w ritten  as:

M 2/nO  A120 3 x S i0 2 yH20



M  represents the exchangeable cations, generally from  the group I or II ions, a lthough 
o ther m etal, nonm etal, and organic cations m ay also be used to balance the 
fram ew ork charge, and ท represents the cation  valence. T hese cations are p resent 
e ither during  synthesis or through post-synthesis ion exchange. T he value o f  X is equal 
to or greater than  2 because A l+3 does not occupy adjacen t te trahedral sites. The 
crystalline fram ew ork  structure contains voids and channels o f  d iscrete  size, un like 
the m icroporous charcoal m olecu lar sieves, a characteristic  tha t separates them  from  
the am orphous carbon  m olecu lar sieves. The pore o r channel openings range from  3 À 
to 8 Â, depending  on the structure. W ater m olecules p resent are located  in  these  
channels and cavities, as are the cations that neutralize the  negative charge crea ted  by 
the p resence o f  the AIO2’ tetrahedra  in the structure. Typical cations include: the 
alkaline  (N a+, K +, R b+, C s+) and alkaline earth  (M g+2, C a+2) cations, N H / ,  H 30 + (H +), 
TM A + (té tram éthylam m onium ) and other n itrogen-contain ing  organic cations, and  the 
rare-earth  and noble m etal ions [9],

2 .2 .1  Z e o lite  s tr u c tu r e

T here are tw o types o f  structures: one provides an  internal pore  system  
com prising  in terconnected  cage-like voids; the second provides a  system  o f  uniform  
channels w hich are one-dim ensional and in o thers in tersect w ith  sim ilar channels to  
produce tw o- o r three-d im ensional channel system s. The p referred  type has tw o- o r 
three-d im ensional channel system s to  provide rap id  in tracrystalline d iffusion  in 
adsorption  and cataly tic  applications. In m ost zeolite  structures, the  prim ary  structural 
units, te trahedra , are assem bled  into secondary build ing  units, w hich  m ay be  sim ple 
polyhedral such as cubes, hexagonal prism s or truncated  octahedral. T he final 
fram ew ork  structure consists o f  assem blages o f  the  secondary units [ 1].

2 .2 .2  P o r e  s iz e  an d  d im en sio n

The interest in a particular zeolite is based on its ability to selectively adsorb
one component of a mixture over another. It is important to identify the size of the
pore opening necessary to achieve the desired selectivity. For example, zeolite types
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A and X  d iffer in the ir adsorp tion  properties for organic m olecules. In  a  process tha t 
requires the separation  o f  linear from  branched paraffins, calcium  exchanged  zeolite  
type A  w ould  be the p referred  zeolite. The size o f  the pore opening  o f  zeo lite  type A 
is 4.8 Â resu lting  in selective adsorption  o f  the sm all unbranched hydrocarbons. The 
branched  hydrocarbons are too  large to readily enter the pores o f  th is structure. 
Z eolite  type X  have large pore channel system  (7.6 Â) w hich w ould  not be selective in 
this process, as it w ill adsorb  bo th  the  linear and the branched hydrocarbons [9],

All zeolites tha t are sign ifican t for catalytic and adsorbent app lications can be 
classified  by the  num ber o f  T  atom s, w here T = Si or Al, that define the  pore opening. 
There are only three  pore openings know n in the alum inosilicate  zeo lite  system  that 
are o f  p ractical in terest fo r cata ly tic  applications; they are descrip tively  referred  to  as 
the 8, 10 and  12 ring  openings. T hese pore openings m ay also be referred  to  as sm all 
( 8-m em ber ring), m edium  ( 10-m em ber ring) and large ( 12-m em ber ring) pore 
zeolites. The sim plified  c lassifica tion  system  based  on the d ifferen t num ber o f  T 
atom s defin ing  the opening  fo r th ree  representative zeolites: erion ite , ZSM -5 and type 
Y  zeolite  are show n in F igure 2.2 . Som e zeolites o f  know n structure are lis ted  in 
T able 2.2-2 A.

Enorxlc 8 Ring ZSM-5 10 Ring 
iSlrotghi Channel)

Y Zffoliln I 2 Ring

Figure 2.2 Examples of the three types of pore openings in the zeolite molecular
sieves. Erionite contains an 8  ring pore opening; ZSM-5, two 10 ring systems
differing in the shape of the opening; type Y zeolite, a 12 ring pore system [9],



Table 2.2 Known zeolite structures listed by pore opening, as defined as the number
of T units that shape the channel [9],

12 RING 10 RINC. ร RING
Faujasile (Type X, Y) ZSM-5 (Silicalile) Type A, ZK-5
Mordcnite ZSM-11 Bikitaitc
Cancrinitc Dachiardite Brewsterite
Gmelinite Epistilbite Chabazile
Type L Ferrierite TMA-E (AB)
Mazzite Laumontite Edingtonite
Offretite Stilbite Erionite
Omega ZSM-23 Gismondine
ZSM-12 Theta-1 (ZSM-22) Heulandite
Beta Eu-1 (ZSM-50) Levyne

ZSM-48 (EU-2) Merlinoite
Natrolite
Phillipsitc
Paulingite
Rho
Thomsonite
Yugawaralile

T a b le  2.3 P ore structure o f  zeolite  [10].

Type
code Name Pore

system Pore dimensions (A)
BIK Bikitaite 8 3.2 X 4.9
BRE Brewsterite 8 2.3 X 5.0
CHA Chabasite 8 3.6 X 3.7
DAC Dachiardite 10; 8 3 7 X 6 7; 3.6 X 4.8
EAB TMA-E(AB) 8 3.7 X 4.8
EDI Edingtonite 8 3.5 X 3.9
EPI Epistilbite 10; 8 3 2 X 5 3; 3.7 X 4.4
ERI Erionite 8 3.6 X 5.2
FAU Faujasite(X.Y) 12 7.4
FER Ferrierite 10; 8 4.3 X 5.5; 3.4 X 4.8
GME Gmelinite 12; 8 7.0; 3.6 X 3.9
HEU Heulandite 10; 8 4.0 X 5.5; 4 4 X 7.2
KFI ZK-5 8 3.9
LTA Linde Type A 8 4.1
LTL Linde Type L 12 7.1
MAZ Mazzite 12 7.4
MEL ZSM-11 10 5.1 X 5.5
MFI ZSM-5 10 5.4 X 5.6; 5.1 X 5.5
MOR Mordenite 12; 8 6.7 X 7.0; 2.9 X 5 7
OFF Offretite 12; 8 6.4; 3.6 X 5.2
PAU Paulingite 8 3.9
RHO Rho 8 3.9 X 5.1
STI Stilbite 10; 8 4.1 X 6.2; 2.7 X 5.7



Table 2.4 Som e d im ensional param eters o f  com m on zeolites [3],

Restricting windows Effective Void
Zeolite (number of 0  atoms) window size a volumeb Other dimensions

(A)
Zeolite A 6 2.3 0.47 f t  cage diameter : 6.6 Â

8 4.5 a  cage diameter : 11.4 Â
Zeolite X 6 23 0.53 a  cage diameter : 11.8 Â

12 7.8

Zeolite L 12 7.1 0.28

Heulandite 8 4.0 X 5.5 0.35 }  Interconnected10 4.4 X 7.2

Phillipsite 8
8

4.2 X 4.4 

2 8 x 4 . 8

0.30 }  Interconnected
8 3.3

Mordemte 12 6.7 X 7.0 0.26 }  Interconnected8 2.9 X 5.7

Chabazite 8 3.6 X 3.7 0.48

Analcime 6 2.6 0.18

Zeolite ZSM-5 10 5.6 X 5.4 0.32

a May act be the crystallographic measurements. 
b Expressed as cm 3 liquid H20/cm3 crystal.

8-member ring systems

T he shape o f  the  8-m em ber ring varies from  circu lar to  puck ered  and  
ellip tical. T he d im ension  o f  the pore opening also varies accordingly. F or exam ple, 
L inde A  and  ZK-5 have c ircu lar openings, w hile erionite and chabazite  have puckered  
and  ellip tical pore openings. The effective pore size depends on the  in terac tion  o f  the 
in tram olecu lar and  the  in teratom ic forces betw een  the host structure and  the  d iffusing  
m olecules. T he app lica tion  o f  th is group uses for sorbing straight chain  m olecu les, 
such as n-paraffins and o lefins and prim ary alcohol [ 10].

10-member ring systems

T hese are know n as m edium  pore zeolites w hich th e ir fram ew ork  structures 
con tain  5-m em bered  oxygen rings. The 10-m em ber ring zeolites are m ore siliceous 
thus, these  groups m ay be  considered  as “ silicates” . The shape and size o f  the 10- 
m em ber ring  zeolites varies from  nearly  circu lar to ellip tical to odd shapes such as 
teardrop. A m ong the zeolites in this group, only ZSM -5 and Z S M -1 1 have b i­
d irectional in tersecting  channels. The others have nonintersecting  unid irectional



channels [10]. Figure 2.3 shows the projections of the main channels for some of the
zeolites.

ZSM-5 0.54 X 0.56 ZSM-11 0.51 X 0.55 ZSM-46 0.53 X 0.56

Figure 2.3 P rojections o f  Z SM -5, -11, -12, -23 and  -48 structures [10].

12-member ring systems

Z eolites in  T able 2.2 are  c lassified  in term s o f  the ir largest pore opening. 
Faujasite (Type X , Y) and  m azzite  are 12-m em ber ring  openings. G m elin ite, 
m ordenite and offretite  are 12- and 8-m em ber ring opening as show n in  T able  2.3 and
2.4. Large pore zeolites deactivate  m uch m ore rapidly  than m edium  or sm all pores in 
acid  catalyzed reactions. Som e o f  these zeolites show  interesting  catalytic  properties 
in cracking  reactions. For exam ple, cracking  o f  paraffins over offretite  w as found to 
y ield  m ore low -m olecular-w eight cracked  products than  tha t p roduced  from  m edium  
pore zeolites [ 9 , 10],

2.2.3 Zeolite properties

Actually, three main properties of zeolites are adsorption, catalysis and ion
exchange. The following context will be concentrated on only adsorption which
involves closely with the separation processes.
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Adsorption

Several types o f  m icroporous solids are used as adsorbents fo r the  separation  
o f  vapor or liqu id  m ixtures, the d istribution  o f  pore d iam eters does no t enable 
separations based  on the m olecu lar sieve effect. The m ost im portan t m o lecu la r sieve 
effects are show n by crystalline zeolites.

Z eolites are high capacity  and selective adsorbents. T hey adsorb  m olecules 
w ith  a  selectiv ity  that is not found in o ther solid adsorbents. The separation  m ay be 
based  on the  m olecu lar sieve effects o r m ay involve the preferen tia l o r selective 
adsorption  o f  one m olecu lar species over another. These separations are governed by 
several factors. The basic  fram ew ork structure, o r topology, o f  the  zeo lite  determ ines 
the  pore size and  the void  volum e. The exchange cations, in term s o f  the ir specific 
location  in the  structure, the ir population  density, the ir charge and  size, a ffec t the 
m o lecu la r sieve behavior and adsorption  selectivity  o f  the zeolite  as show n in  Figure
2.4 [1],

Figure 2.4 M olecular d im ension and zeolite  pore size [1],
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Force of adsorption

A dsorp tion  m ay be classified  as chem isorption  or physical adsorption , 
depending on the  nature o f  the  surfaces. In chem isorption  there is sign ifican t e lectron  
transfer, equivalen t to the fo rm ation  o f  a chem ical bond betw een  the  sorbate and the 
solid  surface, and  m onolayer fo rm ation  w hereas physical adsorption  the  forces are 
m ainly  van der W aals in teractions, involving m ultilayer fo rm ation  [11]. T able  2.5 
show s the d ifference in the general features o f  physical and chem isorp tion  system s 
[ 12].

H eterogeneous catalysis generally  involves chem isorption  o f  the  reactan ts, bu t 
m ost applications o f  adsorption  in  separation  and purification  processes depend  on 
physical adsorption.

Table 2.5 P aram eters o f  physical adsorption  and chem isorption  [12],

Parameter Physical adsorption Chemisorption
heat of adsorption low, > 1-5 times high, > 1-5 times

(A//) latent heat of latent heat of
evaporation evaporation

specificity nonspecific highly specific
nature of adsorbed monolayer or multilayer, monolayer only

phase no dissociation of 
adsorbed species

may involve dissociation
temperature range only significant at possible over a wide

relatively low 
temperatures

range of temperature
forces of adsorption no electron transfer, electron transfer leading

although polarization to bond formation
of sorbate may occur between sorbate and 

surface
reversibility rapid, nonactivated. activated, may be slow

reversible and irreversible

Selectivity

Selectivity  in a physical adsorption  system  m ay depend on d ifferences in 
e ither equilib rium  or k inetics, bu t the great m ajority  o f  adsorp tion  separation  
processes depend  on equilib rium -based  selectivity. S ignificant k inetic  selectiv ity  is in 
general restric ted  to  m o lecu lar sieve adsorbents, e g .,  carbon  m olecu lar sieve,



zeolites. In  these  m ateria ls the pore size is o f  m o lecu lar d im ensions, so tha t d iffusion  
is sterically  restricted. In  this reg im e sm all d ifferences in the size o r shape o f  the 
d iffusing  m olecu le  can  lead  to  very large differences in diffusivity. In the ex trem e 
lim it one species m ay be com plete ly  excluded  from  the m icropores, thus g iv ing  a 
highly selective m olecu lar sieve separation. A  degree o f  control over the  k inetic  
selectiv ity  o f  m olecu lar sieve adsorbents can  be achieved by con tro lled  ad justm ent o f  
the pore size w hereas the contro l o f  equilib rium  selectivity is generally  ach ieved  by 
adjusting  the  balance betw een  electrosta tic  and van  der W aals forces [12],

Hydrophilic and hydrophobic surfaces

P olar adsorbents such as m ost zeolite, silica gel, or activated  a lum ina  adsorb  
w ater m ore strongly than  they adsorb  organic species and they are com m only  ca lled  
hydrophilic. In  contrast, nonpolar surface w here there is no electrosta tic  in terac tion  
w ater is held  only w eakly  and is easily  d isp laced  by organics. Such adsorbents, w hich  
are the only practical choice for adsorption  o f  organics from  aqueous solu tions, are 
term ed  hydrophobic. B ecause o f  the  good property  as a selective adsorben t for 
nonpolar m olecu les, silicalite  is selected. A  sam ple o f  the com m on adsorben ts is 
show n in  T able 2 .6 .

Table 2.6 C om m on adsorbents [12].
A dsorbents

Surface polarity Pore size distribution
N arrow B road

po lar (hydrophilic) zeolites (A1 rich) activated  a lum ina  
silica gel

nonpolar (hydrophobic) carbon  m olecular sieves 
silicalite

activated  carbon

The most common hydrophobic adsorbents are activated carbon and silicalite.
It seems clear that the channel structure of silicalite must inhibit the hydrogen
bonding between occluded water molecules, thus enhancing the hydrophobic nature



2.2.4 Applications of zeolites

T he app lications o f  zeolites are extensive. They can be d iv ided into  categories 
based  on  the  p roperties o f  the zeolites that is being utilized:

1. Separation  accord ing  to  m olecular size and shape.

2. Catalysis.
3. Ion exchange.

Separations accord ing  to  m olecular size and shape are accom plished  by 
selection  o f  the  d im ensions o f  the  zeolite so that one type o f  m o lecu le  can  en ter the  
pore w hereas anothers cannot. Som e com m ercially  available m olecu lar sieve products 
and re lated  m ateria ls for separation  processes are show n in  T able  2 .7 , c lassified  
accord ing  to  the  basic  zeolite  structure types. Figure 2.5 show s the c lassifica tion  o f  
adsorptive separations.

As can  be seen  from  F igure 2.5, separation  o f  p-, m- and  o-xylenes is one o f  
the liqu id-phase separations. U O P have p ioneered the use o f  synthetic zeolites to  
fractionate  m ix tures o f  liquids. They have developed a series o f  applications, 
generically  described  as “ Sorbex” processes, as show n in T able 2.8 [3].

T he m anufacture  o f  m ixed  xylenes and subsequent p roduction  o f  h igh  purity  
p-xylene and  o-xylene involves a series o f  steps in w hich the m ixed  xylenes are 
produced  from  the re levant petro leum  fraction, pure p-xylene and /o r o-xylene are 
separated  from  the m ixed  xylenes stream , and the p-xylene (and  perhaps o-xylene) 
depleted  stream  is re isom erized  to  an equilibrium  m ixture o f  xylenes.

of the adsorbent. Silicalite has some potential as selective adsorbent for the separation
of alcohols and other organics from dilute aqueous solutions [6 ,7 ],



Table 2.7 Commercial molecular sieve products [1]

Zeolite type Designation Cation
Effective pore 
diameter, Â Unit cell parameter,' Â

A, KA 3Ad-*
Zeolum A-3d'' Sylosiv A3'

K 3 UOP 
TOSOH 
Grace Davison

A, NaA 4Ad*
Zeolum A-4d'' Valfor G100 
Sylosiv A4'

Na 4 UOP
TOSOH
PQ
Grace Davison

A, CaA 5A*
Zeolum A-5d'c

Ca 5 UOP
TOSOH

X, NaX 1 3 X J
Zeolum F-Q'*1' Sylosiv A10'

Na 10 UOP 
TOSOH 
Grace Davison

Y, NaY LZY-54d 
HSZ-320NAAd,e 
CBV 100

Na 10 UOP (5.0);
a 0 = 24.68 

TOSOH (5.5);
ao = 24.64 

PQ (5.2); 
ao = 24.64

Y, NH4Y LZY-64, -84d 
CBV 300

NIC 10 - UOP (5.1, 5.9);
ao = 24.70, 24.57 

PQ (5.2); a0 = 24.68
Y, HY LZY-74

HZS-320HOAd 
HZS-330HSAd 
CBV 400, 500

H 10 UOP (5.2); ao -  24.52 
-TOSOH (5.5);

ao — 24.50 
TOSOH (6);

ao = 24.50 
PQ (5.1, 5.2); 

ao = 24.50, 24.53
Y, US Y LZ-10, -20

HSZ-330IIUAd 
CBV 600

H, A1 10 UOP (5.5, 5.6);
ao = 24.30, 24.35 

TOSOH (5.6);
PQ°(5=2); ao = 24.33

Y, dealuminate LZ-210
HSZ-360,390HUAd 
CBV 712-780

H 10 UOP (6.5-18); a0 varies 
TOSOH( 14,600);

do *= 24.30, 24.27 
PQ (11.5-80); 

ao -  24.33 -  24.24
L

HSZ-500KOA
K 8 UOP (6.3) 

TOSOH (6.2)
Mordenite, 

small-pore
AW 300 Na, mixed 4 UOP

Mordenite,
large-pore

IISZ-610-640NAA
CBV 10A 
CBV 20, 30A
HSZ620, 640HOA

Na

n h 4
H

7 TOSOH (12,15,20)
PQ (13)
PQ (20,35)
UOP (10.7, 18) 
TOSOH (15,16)



Table 2.7 (Continued).

Zeolite type Designation Cation
Effective pore 
diameter, Â Unit cell parameter,' À

Chabazite AW-5 00 mixed 5 UOP
Ferrierite HSZ-720KOA K, Na 4 TOSOH (16.8)
Z-SM-5 MFI, S-115 H 6 UOP (30-45, 180-400)

HSZ-690HUA TOSOH 0200)
CBV 3020, 5020, PQ (30, 50, 80, 150)
8020, 1502

Beta CP 806B-25 Na, 7 ~PQ (25)
CP 806BL-25 n h 4, T' PQ (25)
CP 811BL-25 H PQ (25)

Zeolite F Ionsiv F80 K, Na 4 UOP (2)
Zeolite พ Ionsiv พ 85 K, Na 4 UOP (3.6)
"Because of commercial usage, Angstrom units are shown here. To convert Â to nm, divide by 10. 
^All zeolite types are available as powders unless otherwise indicated. Chabazite and Mordenite, 
small-pore are available as extrudates only. 
cFor (Si02/Al20 3) by manufacturer indicated. 
rfAlso available as extrudate.
'Also available as bead. 
fT = template.

Figure 2.5 C lassification  o f  adsorptive separations w here N G  =  natural gas and ร 
sulfur. E P M  =  ethylene-propylene rubber [1],
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Table 2.8 U O P Sorbex p rocesses for liquid-phase separations [3],

Process Separation Zeolite Desorbent
Parex p-Xylene from its isomers KBaY Toluene

SrBaX p-Diethyl
KBaX benzeneEbex Ethylbenzene from its isomers NaY Toluene
or SrKX

Molex n-Paraffins from isoparaffins, 5A Light
naphthalenes and aromatics paraffins

Olex linear long-chain CaX?
paraffins from other paraffins SrX?

Sarex Fructose from sucrose and CaY Aqueous
other sugars (com syrup feed) system

Sorbutene But-l-ene from c 4
olefins and paraffins

T he boiling  point o f  o-xylene (144.1 °C) is 5 ° c  h igher than  th a t o f  m -xylene 
as show n in  T able 2.9. T herefore, w here only o-xylene is required , it can  be separated  
d irectly  by fractional d istilla tion  from  the m ixed  xylenes. T he b o ilin g  po in t o f  
ethylbenzene is only 2 ° c  low er than  p-xylene, therefo re , d irec t separation  o f  
ethylbenzene by d istilla tion  is also possible. The very sm all d ifference in volatility  
betw een  p-xylene and m -xylene, d irect p roduction  o f  h igh  purity  p-xylene by 
d istilla tion  is not practically  feasible. The separation  is ach ieved  e ither by 
crystallization  or by an  adsorption  process such as Parex, a  series o f  Sorbex  processes
[ น ] .

Crystallization

Low  tem perature  fractional crystallization  w as the  first m ethod  fo r separating  
p-xylene from  m ixed xylenes. It w as the only com m ercial technique fo r m any years. 
As show n in T able 2.9, p-xylene has a m uch h igher freezing  po in t than  the  o ther 
xylene isom ers. Thus, upon cooling , a pure solid phase o f  p-xylene crystallizes firs t at 
about -4 °c . E ventually , upon further cooling, a tem perature  is reached  w here solid  
crystals o f  another isom er also form. This point, the p-xylene-m -xylene eu tectic , is 
reached  at about -68 °c . In com m ercial practice, p-xylene crystallization  is carried  out 
at a tem perature  ju s t about the  eutectic  point. A t all tem peratures above the eutectic  
point, p-xylene is still so luble in the rem aining Cg-arom atics liqu id  solu tion , called



m other liquor, lim iting  the effic iency  o f  crystallization  processes to a per pass p- 
xylene recovery  o f  about 60-65% . The solid  p-xylene crystals are separated  from  the 
m other liquor by filtration  (qv) o r centrifugation. G ood solid-liquid  separation  is 
im portan t fo r obtain ing  h igh purity  p-xylene.

T a b le  2 .9  Physical p roperties fo r C 8-arom atic  com pounds [1],

Property PX MX OX EB
molecular weight 106.167 106.167 106.167 106.167
density at 25°c, g/cm3 0.8610 0.8642 0.8802 0.8671boiling point, °c 138.37 139.12 144.41 136.19
freezing point, ®c 13.263 -47.872 -25.182 -94.975
refractive index at 25°c 1.4958 1.4971 1.5054 1.4959
surface tension 1 mN/m(=dyn/cm) 28.27 31.23 32.5 31.50
dielectric constant at 25°c 2.27 2.367 2.568 2.412
dipole moment of liquid, C-m 0 0.30 0.51 0.36
critical propertiescritical density, mmol/cm3 2.64 2.66 2.71 2.67

critical volume, cm3/mol 379.0 376.0 369.0 374.0
critical pressure, MPa 3.511 3.535 3.730 3.701
critical temperature, °c 343.05 343.90 357.15 343.05

thermodynamic properties at 25°c 
Cs, J/(mol*K) 181.66 183.44 188.07 185.96
ร 1, J/(mol-K) 247.36 253.25 246.41 255.19
H 0- H ,  J/mol 44.641 40.616 42.382 40.219
-<G1-  H 0) IT, J/(mol-K) 97.633 117.03 104.46 120.29

heats of transition at 25°c, J/(mol-K> 
vaporization 42.036 42.036 43.413 42.226
formation -24.43 -25.418 -24.439 -12.456

vapor pressure, Antoine equation 
A 6.1155 6.1349 6.1239 6.0821
B 1453.430 1462.266 1474.679 1424.255
c 215.307 215.105 213.686 213.206

PX : p-xylene 
MX : m-xylene 
OX : o-xylene 
EB : ethylbenzene

A s o f  the m id-1990s, about 40%  o f  the p-xylene p roduced  w orldw ide uses 
crystallization  technology. T he m ore com m on o f  crystallization  processes are  those 
developed by C hevron, K rupp, A m oco, A rco, and Phillips [1,2], F igure 2.6 show s 
C hevron p-xylene crystallization  process o f  tw o crystallizers in series o pera ted  at 
d ifferent pressure. T he A m oco p-xylene crystallization  process is a  tw o-stage process 
that operates w ith  ind irect cooling , F igure 2.7.
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Figure 2.6 C hevron p-xylene crystallization  process [1],

Figure 2.7 A m oco p-xylene crystallization  process [1],

Adsorption processes

A dsorption  is a new er m ethod  for separating  and producing high purity  p- 
xylene. In this process, adsorbents such as m olecular sieves are used to  produce high 
purity  p-xylene by preferen tia lly  rem oving p-xylene from  m ixed  xylenes stream . 
Typical p-xylene recovery  per pass is over 95% , com pared  to only 60-65 %  for
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crystallization. T hus recycle ra tes to the separation  and isom erization  units are m uch 
sm aller w hen  adsorption  is used.

T here  w ere th ree  com m ercial p-xylene adsorption  processes: U O P Parex, DFP 
E luxyl, and  T oray A rom ax as o f  1996. In  all o f  these processes, the  feed  and 
desorbent in lets and  the  p roduct outlet ports are m oved around the  b ed  sim ulating  a 
m oving  bed.

F igure 2.8 show s the fixed-bed  continuous adsorption  process o f  U O P P arex  
process. T he feed, desorbent, and  product ports are continuously  changed  using a 
paten ted  ro tary  valve. The operating  condition  is 250-400 ° c  and m oderate  pressures 
[1], T he adsorben t and  desorben t are show n in T able 2.8.

Raffinate

Figure 2.8  S eparation  o f  p-xylene by adsorption, U OP Parex  process [14].

2.3 Membrane separation

Since m em branes have w idely used in separation  processes such as reverse 
osm osis, u ltrafiltration , pervaporation , gas perm eation  and  so on as show n in T able 
2 . 10, it is o f  m uch in terest to  use m em brane such as the silicalite  m em brane w hich 
has hydrophobic/organophilic  characteristic  to  separate m ixed  xylenes. B asically , a 
feed  consisting  o f  a m ix ture o f  tw o or m ore com ponents is partia lly  separated  by 
m eans o f  a  sem iperm eable  b arrier (the m em brane) through w hich one or m ore species
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m ove faster than  another o r o ther species. The m ost general m em brane process is 
show n in Figure 2.9 w here the  feed m ixture is separated into a re ten ta te  and  a 
perm eate. The feed, reten tate , and perm eate are usually liquid  or gas, they  m ay also 
be solid. The m em brane is m ost often  a thin, nonporous polym eric film , b u t m ay also 
be porous polym er, ceram ic, o r m etal m aterials, o r even a liqu id  or gas. T he optional 
sw eep, show n in Figure 2.9, is a liquid  or gas, used to help rem ove the perm eate.

Table 2.10 Industrial app lications o f  m em brane separation processes [15],
1. R ev erse  osm osis:

D esa lin iza tio n  o f  brackish w aier
T reatm en t o f  w astew ater to rem ove a wide variety  o f im ­

purities
T reatm en t o f  surface and ground water 
C on cen tratio n  o f  foodstuffs 
R em o va l o f  a lcoh ol from beer and wine

2. D ialysis:
S ep aration  o f  n ickel sulfate from sulfuric acid 
H em o d ia ly sis  (rem oval o f w aste m etab olites, ex cess  body  

w ater, and  restoration o f electro lyte balance in b lood )
3. E lectrod ialysis:

P rod u ction  o f  tab le salt from seaw ater  
C on cen tratio n  o f  brines from reverse osm osis  
T reatm en t o f  w astew aters from electrop lating  
D em in era liza tio n  o f  ch eese  w hey
P rod uction  o f ultrapure water for the sem icon d u ctor in­

dustry
4. M icrofiltration:

S teriliza tion  o f  drugs
C larification  and b iological stabilization o f b everages
Purification o f  antibiotics
S ep aration  o f  m am m alian cells from  a liquid

5. U ltrafiltration:
P reconcen tration  o f  milk before m aking ch eese  
C larification  o f  fruit juice
R ecov ery  o f  vaccines and antib iotics from ferm entation  

broth
C olor rem ova l from  KLraft black liquor in paper-m aking

6. P revaporation:
D eh y d ra tio n  o f  e th a n o l-w a ter  azeotrope  
R em o va l o f  w ater from organic solvents  
R em o va l o f  organics from water

7. G as p erm eation :
S ep aration  o f  C O j or H 2 from m ethane and o th er  hydrocar­

bons
A d ju stm en t o f  the H i/C O  ratio in synthesis gas 
S ep aration  o f  air into nitrogen- and oxygen -en riched  stream s  
R eco v ery  o f  helium  
R eo cv ery  o f  m eth an e from biogas 

ร. L iquid  m em branes:
R eco v ery  o f  zinc from  w astew ater in the v iscose fiber 

industry
R eco v ery  o f  n ickel from  electroplating solutions

In membrane separations: (1) the two products are usually miscible, (2) the
separating agent is a semipermeable barrier, and (3) a sharp separation is often
difficult to achieve. Thus, membrane separations differ in two or three of these



respects from the more common separation operations of absorption, stripping,
distillation, and liquid-liquid extraction.

Figure 2.9 G eneral m em brane process [15],

The rep lacem ent o f  the  m ore com m on separation  operations w ith  m em brane 
separation  has the po tential to save large am ounts o f  energy. T his rep lacem ent 
requires the production  o f  h igh  m ass-transfer flux, defect-free, long-life  m em branes 
on a large scale and the  fabrication  o f  the m em brane into com pact, econom ical 
m odules o f  high surface area  per unit volum e. T he key to an e ffic ien t and  econom ical 
m em brane separation  process is the  m em brane and the m anner in  w hich  it is 
packaged  and m odularized. D esirab le  properties o f  a m em brane are (1) good 
perm eability , (2) high selectiv ity , (3) chem ical and  m echanical com patib ility  w ith  the 
processing environm ent, (4) stability , freedom  from  fouling, and reasonably  useful 
life, (5) am enability  to  fab rication  and  packaging, and  (6) ability  to  stand  w ith  the 
large pressure d ifference across the m em brane thickness [15].

2.3.1 Membrane materials

A lm ost all industrial m em branes processes are m ade from  natural or synthetic 
polym ers. N atural polym ers include w ool, rubber, and cellulose. Synthetic polym ers 
are produced by polym erization  o f  a m onom er by condensation  o r addition, o r by the 
copolym erization  o f  tw o d ifferen t m onom ers. T able 2.11 show s the com m on 
polym ers used in m em branes.



Table 2.11 Common polymers used in membranes [15],

Polymer Type Representative Repeat Unit
Glass MeltingTransition Temp.'Temp.. ° c  3C

Cellulose triace­tate

Polyisoprene(naturalrubber)Aromatic poly­amide

Polvimide

Polystyrene

Polysulfone

Crystalline

Rubbery

Crystalline

Polycarbonate Glassy

Glassy

Glassy

Glassy

Polvtetrafluoro- Crystalline ethylene (Teflon)

OAc

— V -

พ !J

CH; 0
-CFi—CT; —

-70

150

310-365

74-110

190

300

P olym er m em branes can be dense or m icroporous. F or dense  am orphous 
m em branes, no pores o f  m icroscopic d im ensions are present, an d  d iffusing  species 
m ust d issolve into  the  polym er and then  diffuse through the po lym er betw een  the 
segm ents o f  the  m acrom olecular chains. D iffusion  can be d ifficu lt, b u t highly 
selective fo r glassy polym ers. I f  the polym er is partly  crystalline, d iffu sion  w ill occur 
alm ost exclusively  through the am orphous regions, w ith  the  crystallite  regions 
decreasing  the d iffusion  area  and increasing the d iffusion path.

A  m icroporous m em brane contains interconnected  pores tha t are sm all (on the 
o rder o f  0.005-20 jam), but large in com parison to  the size o f  sm all m olecules. The 
pores are form ed by a variety  o f  proprietary techniques. Such techniques are
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especially  valuable for producing sym m etric, m icroporous, crystalline  m em branes. 
P erm eability  for m icroporous m em branes is high, but selectiv ity  is low  fo r sm all 
m olecules. H ow ever, w hen m olecules both  sm aller and larger than  the pore size are  in 
the feed  to  the  m em brane, the m olecules m ay be separated alm ost perfectly  by  size.

T he application  o f  polym er m em branes is generally lim ited  to  tem pera tures 
below  about 200 °c and to  the separation  o f  m ixtures that are chem ically  inert. W hen  
operation  at h igh tem peratures and/or w ith  chem ically  active m ix tures is necessary , 
m em branes m ade o f  inorganic m aterials can be used. T hese include m ain ly  
m icroporous ceram ics, m etals, and carbon; and dense m etals, such as p allad ium , th a t 
a llow  the  selective d iffusion  o f  very sm all m olecules such as hydrogen and  helium
[15].

2.3.2 Transport in membrane

The m em branes can be m acroporous, m icroporous, o r dense (nonporous). 
O nly m icroporous o r dense m em branes are perm selective. H ow ever, m acroporous 
m em branes are w idely  used to  support th in  m icroporous and dense m em branes w hen  
significant pressure differences across the m em brane are necessary  to  ach ieve a 
reasonable throughout. F igure 2.10 show  the m echanism s o f  transport in  m em branes. 
I f  the  m em brane contains pores large enough to  allow  convective flow , separation  
w ill n o t occur. I f  the  size o f  the  pores is sm aller than the m ean  free p a th  o f  the  gas 
m olecules, then  convective flow  is rep laced  by K nudsen diffusion. I f  the  pores are 
sm all enough, large m olecules are unable to  pass through them  and  are excluded  by  
the m em brane. T his m o lecu lar sieving is potentially  useful in separating  m olecu les o f  
d ifferent sizes. The m em brane currently  used in m ost com m ercial app lications are  
so lu tion-d iffusion  m em branes, F igure 2.10 B. T hese m em branes are nam ed  b ecause  
transport occurs w hen gas m olecules dissolve into the m em brane and  th en  d iffuse  
across it. w hile  so lu tion-diffusion m em branes can be m ade o f  a  liqu id  layer supported  
on a porous support [16],



A. POROUS MEMBRANES

Convective flow through large pores. No separation occurs.

Knudsen diffusion through pores. Pores with diameter less than the mean free path of the gas molecules allow lighter molecules to preferentially diffuse fhrough pore.
Molecular sieving. Large molecules are excluded from the pores by virtue of their size.

B. SOLUTfON-OfFFUSlON MEMBRANES

Gas dissolves into the membrane material and diffuses across It.

Figure 2.10 M echanism s o f  transport in  m em branes [16],

2.3 J  Gas permeation

In  general, the separation  o f  m ixed  xylenes uses the sam e princip les o f  gas 
perm eation. In  gas perm eation , show n in Figure 2.11, the feed gas, a t h igh pressure 
P i, contains som e low  m olecu la r w eight species (M W  < 50) to be separated  from  
sm all am ounts o f  h igher m o lecu lar w eight species. U sually  a sw eep gas is no t used, 
b u t the o ther side o f  the m em brane is m ain tained  at a m uch low er pressure, p 2, o ften  
near am bien t pressure. T he m em brane, often  dense but som etim es m icroporous, is 
perm selective fo r certain  o f  the  low  m olecu lar w eight species in the feed  gas, show n 
in Figure 2.11 as the  A  species. I f  the  m em brane is dense, these species are absorbed  
at the surface and then  transported  through the m em brane by one o r m ore 
m echanism s. Thus, perm selectiv ity  depends on both m em brane absorption  and  the



m em brane transport rate. The products are a perm eate that is enriched  in  the  A 
species and a re ten tate  tha t is enriched  in B. A  near-perfect separation  is generally  not 
achievable. I f  the  m em brane is m icroporous, as for exam ple in h igh tem perature  
applications, pore size is extrem ely  im portant because it is usually necessary  to  b lock  
the passage o f  species B.

Asymmetric or thin-fiim composite membrane
Feed gas pressure. F'1

Species A
Species 8

Gas I retentate 1

Gaspermeate 
pressure. Pz

>

■°» »  '’ะ

Figure 2.11 G as perm eation  [15],

G as perm eation  m ust com pete w ith  d istilla tion  a t cryogenic conditions, 
absorption , and  pressure-sw ing  adsorption. Som e o f  the advantages o f  gas perm eation  
are low  capita l investm ent, ease o f  installation, ease o f  operation , absence o f  ro tating  
parts, h igh process flexibility , low  w eight and  space requirem ents, and  low  
environm ental im pact. In addition, i f  the feed gas is already at so h igh a  p ressure  that 
a gas com pressor is no t needed, then no utilities are required. G as perm eation  
separators are c la im ed  to  be relatively  insensitive to changes in feed flow  rate , feed 
com position, and loss o f  m em brane surface area  [15],

2.4 Silicalite

Silicalite is one type of zeolites which is a molecular sieve material. It has the
same pore structure as ZSM-5 but it contains only silica in the structure. Figure 2.12



show s the channel system s o f  silicalite. It has tw o pore system s, one consisting  o f  
zigzag channels o f  near-circu lar cross section  (5 .4x5 .6 Â) and  ano ther o f  straight 
channels o f  ellip tical shape (5 .1x5.7  Â) [17]. It has a specific gravity  a t 25 ° c  o f  1.99 
±  0.05 g/cc as m easured  by w ater d isp lacem ent and  has specific  gravity  1.70 +  0.05 
g/cc after calc ined  at 600 ° c  in  a ir for 1 hour. T able  2.12 lists the  d ata  representing  
the x-ray pow der d iffraction  pattern  o f  a typical silicalite  com position  con tain ing  51.9 
m oles o f  S i0 2 per m ole  o f  (T PA )20  w hich  calc ined  in  a ir at 600 ° c  fo r 1 hour [18].

(c)

F ig u re  2.12 (a) F ram ew ork  structure show ing the topology o f  the  m o lecu la r sieve 
ZSM -5 (silicalite) v iew ed  in  the  d irection  o f  the  m ain  channel, (b) T he 12-tetrahedra 
secondary  build ing  unit, (c) Idealized  channel system  in  ZSM -5 [17],

S ilicalite  has a  very low  selectiv ity  for the  adsorption  o f  w ater and  a  very  high 
p reference fo r the  adsorption  o f  organic m olecules sm aller than  its lim iting  pore  size. 
T his hydrophobic/organophilic  characteristic  perm its its use in  selectively  adsorbing 
organic m ateria ls from  w ater e ither in liqu id  or vapor phase such  as the  research  o f  
concentra tion  o f  alcohols by adsorption  on silicalite  [6] and  poten tials o f  silicalite  
m em branes fo r the separation  o f  a lcohol/w ater m ixtures [7], S ilicalite  is capab le  o f  
m aking size-selective separations o f  m olecu lar species such as the  separation  o f



hydrocarbon isomer vapors with silicalite membranes [8 ], Silicalite is stable in air to
over 1,100 °c and only slowly converts to an amorphous glass at 1,300 °c. It is stable
to most mineral acids but reacts with HF similarly to quartz [17],

T a b le  2 .12 X R D  pattern  o f  silica lite , calcined in a ir at 600 ° c  for 1 hour [18],

d -A R ela tive  In te n s ity d -A Relative In tensity

11.1 100 4.35 5
10.02 64 4.25 7
9.73 16 4.08 3
8.99 1 4.00 3
8.04 0.5 3.85 59
7.42 1 3.82 32
7.06 0.5 3.74 24
6.68 5 3.71 27
6.35 9 3.64 12
5.98 14 3.59 0.5

5.70 7 3.48 3
5.57 8 3.44 5
5.36 2 3.34 11

5.11 2 3.30 7

5 01 4 3.25 3

4.98 5 3.17 0.5

4.86 0.5 3 13 0 5

4.60 3 3 05 5

4 4 4 0.5 2.98 10

B aertsch  et.al. investiga ted  the  perm eation  o f  arom atic hydrocarbon  vapors 
through silicalite  m em branes [19], The silicalite  layers w ere synthesized on the  inside 
o f  com m ercially  availab le p orous y-alum ina tubes. The average th ickness o f  the  
silicalite  layer w as 2-10 pm . T h e  m em branes w ere characterized  by gas perm eation . It 
w as found  th a t vapor p erm eances o f  pure arom atics through silicalite  m em branes 
fo llow  the  relative  o rder m -xy lene >  p-xylene >  benzene พ to luene >  ethy lbenzene «  
o-xylene near 380 K. T his tren d  does not fo llow  the size o rder o f  the  k inetic  
d iam eters, and  therefo re  the  k inetic  d iam eter is not the determ ining  fac to r fo r the  
perm eation . In  addition, b inary  m ix tures o f  p-xylene/o-xylene, p -xylene/ethylbenzene, 
p-xylene/to luene, and m -xy lene/ethylbenzene and one ternary m ix ture o f  benzene, 
to luene, and p-xylene w ere u sed  as feeds. In binary and ternary  m ix tures, the  faster 
perm eating  com pounds w ere slow ed to rates sim ilar to the slow er perm eating  
m olecules, and thus no separa tion  w as obtained for any m ixture in  the  tem perature  
ranges o f  380-480 K.
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Funke et.al. investigated  the separations o f  cyclic, b ranched , and linear 
hydrocarbon m ixtures th rough  silicalite  m em branes [20], T he silicalite  layers w ere 
synthesized on the  inside o f  com m ercially  available porous y-alum ina tubes. T he 
m axim um  thickness o f  the  continuous layer w as 2-10 pm . The m em branes w ere 
characterized  by gas perm eation . It w as found that:

1. The perm eances o f  pure n-alkanes (C 5-C 9) m onotonically  d ecreased  w ith  
increasing  chain  length. The bulk ier branched  and cyclic m olecu les w ere  
expected  to  perm eate  m ore slow ly than  the linear m olecules in  the  silicalite  
pores. A lm ost all perm eances increased w ith increasing tem perature.

2. M ix tures o f  b ranched  or cyclic m olecules w ith  sm all linear alkanes w ere 
readily  separated  w ith  h igh selectiv ities, even though the ra tios o f  pure 
com ponent perm eances w ere small. The separation  behavio r w as not due to 
m o lecu lar sieving b u t instead  appeared to  be due to preferentia l adsorption  
o f  one species, w hich  prevented  the o ther organics from  adsorb ing  and  
transporting  through  the m em brane.
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