
C H A P T E R  H I

3 .1  Z eo lite

T h e n am e o f  “zeo lite” c o m e s  from  th e G reek  w ord s z e o  (to  b o il)  and lith os  
(ston e). T h e c la ss ica l d efin ition  o f  a  z e o lite  is  a crysta lline, porous a lu m in osilica te . 
H o w ev er , so m e  re la tive ly  recent d isco v er ies  o f  m aterials v irtually  id en tica l to  the  
c la ss ica l z e o lite , but con sistin g  o f  o x id e  structures w ith  e lem en ts other than s ilico n  
and alum in ium  h ave stretched d ie  d efin ition . M o st researchers n o w  in clu d e virtually  
a ll typ es o f  p orou s o x id e  structures that h a v e  w e ll-d e fin ed  pore structures due to  a  
h ig h  d egree o f  crysta llin ity  ๒  their d efin itio n  o f  th e zeo lite .

In th ese  crysta llin e  m aterials w e  ca ll z eo lite s , the m etal atom s (c la ss ica lly , 
s ilic o n  or a lu m in iu m ) are surrounded b y  four o x y g e n  an ion s to  form  an appropriate 
tetrahedron co n s is tin g  o f  a m etal ca tion  at the center and o x y g en  an ion s at th e for  
ap exes. T h e tetrahedral m etals are ca lled  T -atom s for short, and th ese  tetrahedral then  
stack s in  beau tifu l, regular arrays su ch  that ch an n els form . T h e p o ssib le  w a y s  for the  
stack ing  to  occu r is  v irtually  lim itless , and hundreds o f  unique structures are know n. 
G raphical d ep ic tio n s o f  several rep resen tatives’ typ es are g iv en  under “R epresentative  
Structures”

T h e z e o lite  channels (or p ore) are m icro sco p ica lly  sm all, and in  fee t, h ave  
m olecu lar s iz e  d im en sion s such that th ey  are o ften  term ed “m olecu lar  s ie v e s” . T he  
s iz e  and shape o f  the channels h ave  extraordinary e ffe c ts  on  th e  properties o f  th ese  
m aterials for absorption  p rocesses, and th is property lead s to  their u se  in  separation  
p rocesses. M o lecu le s  can  be separated v ia  shape and s iz e  e ffec ts  related to  their  
p o ssib le  orientation  in the pore, or b y  d ifferen ces in  strength o f  absorption.

S in ce  s ilic o n  ty p ica lly  ex its  in a 4 +  ox id a tion  state, the s ilico n -o x y g en  
tetrahedral are e lec tr ica lly  neutral. H o w ev er , in  z e o lite s , alum inum  ty p ica lly  e x is ts  ๒  
th e  3 + o x id a tio n  state so  that a lu m in u m -oxygen  tetrahedral form s centers that are
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electrica lly  d e fic ien t one electron. T hus, z eo lite  fram ew orks are typ ica lly  an ion ic , and  
ch arge-com p en satin g  cations populate the pores to  m aintain  electrica l neutrality. 
T h ese  cation s can  participate in  io n -exch an ge  p rocesses, and th is y ie ld s  som e  
im portant properties for zeo lites. W hen  charge-com p en satin g  cation s are “soft” 
cation s su ch  as sod iu m , zeo lites  are ex ce llen t w ater soften ers b ecau se  they  ca  p ick  up  
the “hard” m agn esiu m  and calc iu m  cation s in w ater leav in g  beh ind  th e so ft cations. 
W hen the z e o lite  ca tion s are protons, th e zeo lite s  b eco m e a strong so lid  acid. Such  
so lid  acids form  th e foundations o f  z eo lite s  ca ta lysis app lication  in clu d in g  the  
im portant f lu id ized  bed  cat-crack ing refinery process. O ther typ es o f  reactive m etal 
ca tion s can a lso  populate the pores to  form  catalytic  m aterials w ith  unique properties. 
T hus, z e o lite s  are a lso  com m on ly  u sed  in catalytic  operations and cata lysis w h ich  
zeo lite  is o ften  ca lled  “sh ap e-se lective  cata lysis” .

3 .2  S tr u c tu r e  o f  Z e o lite

Z eo lite  are h igh ly  crystalline, hydrated a lu m in osilica tes that upon dehydration  
d ev e lo p  in  the id ea l crystal a uniform  pore structure having m in im um  channel 
diam eters(aperture) o f  from  about 0 .3  to  1.0 nm . T he size  depends prim arily on  the 
type o f  z e o lite s  and secondarily  on  the cation s present and the nature o f  treatm ents 
such  as ca lc in ation , leach ing, and various ch em ica l treatm ents. Z eo lite s  h ave b een  o f  
in ten se interest as cata lysts for so m e three d ecad es b ecau se  o f  the high activ ity  and  
unusual se lec tiv ity  th ey  provide, m o stly  in a variety o f  a c id -ca ta ly zed  reaction. In 
m any cases, but not all, the unusual se lectiv ity  is  a ssocia ted  w ith  the extrem ely  fin e  
pore structure, w h ich  perm its on ly  certain  m o lecu les  to  penetrate into the interior o f  
the catalyst particles, or on ly  certain  products to e sca p e  from  the interior. In som e  
ca ses  unusual se lec tiv ity  seem s to stem  instead from  constrains that the pore structure 
sets on  a llo w a b le  transition states, som etim es term ed sp acio  -  se lectiv ity .

T he structure o f  the zeo lite  co n s is ts  o f  a th ree-d im en sion a l fram ew ork o f  the  
S i0 4 and A IO 4 tetrahedral as presented in F igure 3 .1 , each  o f  w h ich  contains a s ilico n  
or alum inum  atom  in the center. In 1982 , Barrer d efin ed  zeo lite s  as th e  porous 
te c to s il ic a te s , that is , three-d im ensional netw orks bu ilt up o f  TO 4- tetrahedral w here T  
is  s ilico n  or ฟ um iทนm . T h e o x y g en  atom s are sheared b etw een  ad join ing tetrahedral,
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w h ich  can  b e present in various ratios and arrange in a, variety  o f  w ays. T he  
fram ew ork thus obtained  pores, ch an n els, and ca g es, or in terconnected  voids.

A  secon d ary  b u ild in g  unit (S B U ) co n sists  o f  se lec ted  geom etric groupings o f  
th o se  tetrahedral. There are s ix teen  su ch  bu ild in g  units, w h ich  can  b e u sed  to  describe  
all o f  kn ow n  zeo lite  structures; for exam p le , 4  (ร 4 R ), 6  (S 6 R ), and 8 (S 8 R ) -  m em ber  
sin g le  ring, 4 -4  (D 6 R ), 8-8  (D 8R )-m em b er d ouble rings. T he to p o lo g ies  o f  th ese  
units are sh o w n  in  F igure 3 .2  [22], A lso  listed  are th e sym b ols u sed  to  d escrib e them. 
M o st zeo lite  fram ew ork can b e  generated from  several d ifferent S B U ’s. D escrip tion s  
o f  k n ow n  z e o lite  structures based  on  their S B U ’s are lis t  in  T able 3 .1 . B oth  Z S M -5  
z e o lite  and Ferrierite are described  b y  their 5-1 b u ild in g  units. O ffertile , Z eo lite  L, 
C ancrinite, and E rionite are generated using  o n ly  s in g le  6 -m em b er rings. S om e zeo lite  
structures can  b e described  by several build in gs. T he sod a lite  fram ew ork can  b e  built  
from  either the s in g le  6-m em ber ring or the s in g le  4 -m em b er ring. F aujasite (type X  
or type Y ) and zeo lite  be constructed using  4  ring or 6 ring bu ild in g  units. Z eo lite  a  
can  a lso  be form ed u sin g  double 4  ring b u ild in g  units, w hereas F aujasite cannot.

Z eo lite s  m ay b e  represented by the em pirical formula:

M  2/ ท A l20 3 x S i0 2yH 20

Or b y  a structural formula:

M  x/n [(A120 3) x ( S i 0 2)y] w H 20

W here the bracketed term  is  the crystallographic unit ce ll. T he m etal cation  
( o f  v a len ce  ท) is  present it produces electrica l neutrality sc ien ce  for each  ฝน m inum  
tetrahedron in  the lattice there is an overall charge o f -  1 [23]. A c c e ss  to  th e channels  
is  lim ited  b y  aperture con sistin g  o f  a ring o f  o x y g en  a tom s o f  con n ected  tetrahedral. 
There m ay b e  4 , 5 , 6 , 8, 10, or 12 o x y g en  atom s in the ring. In som e ca ses  an interior  
cav ity  ex is ts  o f  larger diam eter in the aperture; in others, the channel is  o f  uniform  
diam eter lik e  a tube.
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F ig u r e  3.1 T 0 4 tetrahedral (T = S i or A1 )

4  5 6

4 - 4  6 - 6  8 - 8

4 - 1  4 = 1  4 - 4 = 1

6 -2

F ig u r e  3 .2  Secondary b u ild in g  units (S B U ’s) fou n d  in  z e o lite  structures [22]
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T a b le  3.1 Z eo lite s  and their secondary bu ild in g  units. T he nom enclature used  is  
con sisten t w ith  that presented  in  F igure 3 .4  [24]

Z E O LITE S E C O N D A R Y  B U IL D IN G  U N IT S
6 4 4 -4 6 -6  8-8 4-1  5-1 4-4= 1

B ik ila ite . X
L i-A  (B W ) X X X
A n alc im e X X
Y agaw aralite X X

E p is ib ite x:
Z S M -5 X
Z SM -11 X
Ferrierite X
C achiardite X
B rew sterite X
L aum onite X
M od en ite X
S od alite X X
H enuland ite X
Stib ite X
N atrolite X
T hom don ite X
E dington ite X
C ancrinite X
Z eo lite  L X
M azzite X
M erlin oite X X X
P h ilip site X X
Z eo lite  L osod X
E rionite X X
P aulingite X
O fferetite X
T M A -E (A B ) X X
G ism on d in e X X
L ev y n e X
Z K -5 X X X X
C habazite X X X
G m elin ite X X X X
R ho X X X X
T yp e A X X X X
F aujasite X X X
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3 .3  C ategory  o f  Z eo lite

T here are ov er  4 0  know n natural z eo lite s  and m ore than 150 synthetic  z eo lite s  
h ave b een  reported [23].T h e num ber o f  syn th etic  zeo lite s  w ith  n e w  structure 
m o rp h o log ies grow s rapidly w ith  tim e. B a sed  o n  s ize  o f  their pore op en in g , zeo lite s  
can  be rou gh ly  d iv id ed  into fiv e  m ajor categories, n am ely  8 -, 10 -, and 12- m em ber  
o x y g en  ring sy stem s, dual pore sy stem s and m esop orou s system s [25]. Their pore  
structures can  b e characterized by crystallography, adsorption, m easurem ents and/or  
through d iagn ostic  reactions. O n e such d iagn ostic  characterization test is  the  
“constraint in d ex” test. T he con cep t o f  constraint in d ex  w as d efin ed  as the ratio o f  the  
cracking rate constant o f  n -hexane to  3-m ethylpenthane. T he constraint in d ex  o f  a  
typ ica l m ed iu m -p ore zeo lite  u sually  ranges from  3 to  12 and th ose  o f  th e large-pore  
ze o lite s  are the range 1-3. For m aterials w ith  an op en  porous structure, such  as 
am orphous s ilica  alum ina, their constraint in d ices are norm ally le ss  than 1. O n the  
in d ex  for erion ite  is  38.

A  com p reh en sive  bib liography o f  z eo lite  structures has b een  published  b y  the  
International Z eo lite  A ssocia tion . T h e structural characteristics o f  assorted  zeo lite s  
are sum m arized  in  T able 3.2

Z eo lite  w ith  10-m em bered o x y g en  rings n orm ally  p o sse sse s  a h igh  s ilic eo u s  
fram ew ork structure. T hey are o f  specia l interest in industrial applications. In fact, 
they  w ere th e first fam ily  o f  zeo lite  that w as syn th esized  w ith  organic am m onium  
salts. W ith  pore op en in gs c lo se  to  th e d im en sion s o f  m any organic m o lecu les , they  
are particularly u sefu l in  shape se le c tiv e  catalysis. T h e 10-m em bered  o x y g en  ring  
z e o lite s  a lso  p o sse ss  other im portant characteristic properties includ in g  h igh  activ ity , 
high  to leran ce to co k in g  and high hydrotherm al stability. A m o n g  the fa m ily  o f  10- 
m em bered  o x y g en  ring zeo lites , th e M FI - type (Z S M -5 ) zeo lite  as presented in  
Figure 3 .3 is  probably the m ost u sefu l on e.Z S M -5  z e o lite  has tw o  typ es o f  channel 
system s o f  sim ilar sized , one w ith  a straight channel o f  pore op en in g  5 .3 x 5 .6 Â  and the  
other w ith  a  tortuous channel o f  pore op en in g  5 .1 x 5 .5  Â . T h ose in tersecting  channels  
are perpendicular to  each  other, generating a  three d im en sion a l fram ew ork. Z S M -5  
ze o lite s  w ith  a w id e  range o f  S i0 2 /A l20 3  ratio can  ea sily  b e syn th esized . H igh  
s ilic eo u s  Z S M -5  ze o lite s  are m ore hydrophobic and hydro therm ally stab le com pared



18

w ith  m any other zeo lite s . A lth ou gh  th e first synthetic  Z S M -5  zeo lite  w a s d iscovered  
m ore than tw o  d ecad es ago (1 9 7 2 )  n e w  in teresting applications are still em erg in g  to  
th is day. For ex a m p le , its recent ap p lication  in  N O x reduction, esp ec ia lly  in  the  
exh au st o f  lean-burned en g in e, has draw n m u ch  attention. A m o n g  various z e o lite  
catalysts, Z S M -5  z e o lite  has the greatest num ber o f  industrial ap p lications, co verin g  
from  petroch em ical production and refinery p rocessin g  to  environm ental treatment.

T a b le  3 .2  Structural characteristics o f  se lec ted  zeo lite s
Zeolite Number 

of rings
Pore

openingÀ
Pore/Channel

structure
Void

volume
(ml/g)

OFramc3
(g/ml)

๙ ’

8-m em bered oxygen ring
Erionite 8 36x5.1 Intersecting 0.35 1.51 38
10-membered oxygen ring
ZSM-5 1 0 53x5.6 

5 1x5 5
Intersecting 0.29 1.79 8.3

ZSM-11 1 0 5.3x5.4 Intersecting 0.29 1.79 8.7
ZSM-23

1 0

4.5x5.2 One-dimensional " • 9.1
Dual pore system
Ferrierite (ZSM-35, FU-9) 1 0 , 8 4.2x5.4

3.5x48
One-dimensional 
1 0 : 8  intersecting

0.28 1.76 4.5
MCM-22 1 2

1 0

7.1
Elliptical

Capped by 6  rings - ■ 1-3
Mordenite 1 2

8

6.5x70
2.6x57

One-dimensional 
1 2 : 8  intersecting

0.28 1.70 0.5
Omega (ZSM-4) 1 2 7.4 One-dimensional - - 2.3

8 3.4x56 One-dimensional - - 0 . 6

12membered oxygen ring
ZSM-12 12 5.5x5.9 One-dimensional - - 2.3
Beta 1 2 7.6 x6 .4 

5.5x5.5
Intersecting - - 0 . 6

Faujasite (X,Y) 1 2

1 2 7.4,65
Intersecting 
1 2 : 1 2  intersecting

0.48 1.27 0.4

M esoporous system
VP1-5 18 1 2 .1 One-dimensional - - -
MCM41-S - 16-100 One-dimensional - - -

“Framework density
bConstramt index



(a) channel pattern (b) framework projection

(c )  tortous channel (d ) straight channel

F ig u r e  3 .3  Structure o f  Z SM -5 [23]

A lth ou gh  the 10-m em bered o x y g en  ring zeo lite  w as found to  p o ssess  
rem arkable shape selectiv ity , ca ta lysis o f  large m o lecu le s  m ay require a zeo lite  
catalyst w ith  a large-pored opening. T yp ica l 12-m em bered  o x y g en  ring zeo lite s , such  
as faujasite-type zeo lite s , norm ally h ave pore o p en in g  greater than 5.5 Â  and h en ce  
are m ore u sefu l in catalytic ap p lications w ith  large m o lecu les , for exam p le  in 
trim ethylbenzene (T M B ) conversions. F aujasite (X  or Y; F igure 3 .4 ) zeo lite s  can  be  
syn th esized  u sin g  inorganic salts and have b een  w id e ly  used  in  cata lytic  cracking  
s in ce  1960s. T h e fram ew ork structures o f  beta zeo lite  and Z S M -1 2  are sh ow n  in 
Figure 3.5 and 3 .6 , respectively .
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F ig u r e  3 .4  Structure o f  F aujasite [23]

F ig u r e  3 .5  Structure o f  beta zeo lite  [23]



(c )  tortous channel

หอสบุอกทาง สำนกงานวํทยทรัพยากร 
ชุพาสงกรณ'นหาวํทยาลัย 2 1

(d ) straight channel

F ig u r e  3 .5  Structure o f  beta zeo lite  [23]

(a ) fram ew ork projection  (b ) pore op en in g

F ig u r e  3 .6  Structure o f  z eo lite  Z S M -1 2  [23]
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(a) fram ew ork projection  (b ) pore op en in g

F ig u r e  3 .7  Structure o f  M ordenite [23]

Z eo lite s  w ith  a dual pore system  norm ally  p o ssess  in terconnecting  pore  
ch an n els w ith  tw o  d ifferent pore op en in g  sizes. M ordenite is a  w e ll-k n o w n  dual pore  
zeo lite  havin g  a  12-m em bered  o x y g en  ring channel w ith  pore op en in g  6 .5 x 6 .7  Â  
w h ich  id in terconnected  to  8 -m em bered  o x y g en  ring channel w ith  op en in g  2 .6 x 5 .7  Â  
(F igure 3 .7  [23]). M C M  -22 , w h ich  w a s found m ore than 10 years, a lso  p o ssess  a  dual 
pore system . U n lik e  M ordenite, M C M -22  co n sists  o f  10- and 12-m em bered  o x y g en  
rings (F igure 3 .8  ) and thus sh ow s prom inent potential in  future applications.

In th e  past decade, m any research efforts in  syn th etic  chem istry  have b een  
in vested  in  th e  d iscovery  o f  large-pored  zeo lite  w ith  pore diam eter greater than 12- 
m em bered  o x y g en  rings. T he recent d iscovery  o f  m esop orou s m aterials w ith  
controllab le pore op en in g  (from  12 to  m ore than 100 Â ) such as V P I-5 , M C M -41 ร 
undoubted w ill  sh ed  n ew  light on  future catalyst applications.
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F ig u r e  3 .8  Fram ew ork structure o f  M C M -22  [23]

3 .4  Z e o lite  A c t iv e  s ite s

3 .4 .1  A c id  sites

C la ssica l B ronsted  and L ew is ac id  m od els  o f  acid ity  have u sed  to  c la ss ify  the  
active  sites on  zeo lites . B ronsted  acid ity  is proton donor acidity; a trid iagonally  
coordinated  a lum ina atom  is an e lectron  d efic ien t and can  accep t an electron  pair, 
therefore b eh aves as a L ew is acid  [26],

In general, th e increase in S i/A l ratio w ill increase ac id ic  strength and therm al 
stability  o f  zeo lite . S in ce the num bers o f  acid ic  O H  groups d epend  on  the num ber o f  
alum inium  in  zeo lite s  fram ew ork, decrease in  A1 content is  exp ected  to  reduce  
catalytic  activ ity  o f  zeo lite . I f  the e ffe c t  o f  in  crease in  the acid ic  centers, increase in  
A1 content, shall resu lt in  enhancem ent o f  catalytic activ ity

B a sed  on  electrostatic  consideration , the charge den sity  at a  ca tion  site  
increase w ith  increase S i/A l ratio. It w as co n ce iv ed  that th ese  p h en om en a are related  
to reduction  o f  electrosta tic  interaction b etw een  fram ew ork sites, and p ossib ly  to
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difference in the order o f  aluminum in zeolite crystal-the location o f  A1 in crystal 
structure [27].

An improvement in thermal or hydrothermal stability has been ascribed to the 
lower density o f  hydroxyl groups, which id parallel to that o f  A1 content. A longer 
distance between hydroxyl groups decreases the probability o f  dehydroxylation that 
generates defects on structure o f zeolites.

3.4.2 Generation o f Acid Centers

Protonic acid centers o f zeolite are generated in various was. Figure 3.9 
depicts the thermal decomposition o f  ammonium-exchanged zeolite yielding the 
hydrogen form [28],

The Bronsted acidity due to water ionization on polyvalent cations, described 
below, is depicted in Figure 3.10 [28],

M  n+ + xH20  ----------- ------- > M(OH)x (n'x) + xH+ (3.1)

The exchange o f monovalent ions by polyvalent cations could improve the 
catalytic property. Those highly charged cations create very centers by hydrolysis 
phenomena. Bronsted acid sites are also generated by the reduction o f transition metal 
cations. The concentration o f OH groups o f zeolite containing transition metals was 
note to increase by hydrogen at 2.5 -  450 °c to increase with the rise o f  the reduction 
temperature.

C u 2+
Ag+

+ H :
+ 1/2H2.

■ > Co0 + 2H" 
->Ag° + H

(3.2)
(3.3)
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M+

Ammonium Exchange 

NH*

Direct
Acid
Exchange

Equilibrium

Figure 3.9 Diagram o f the surface o f  a zeolite framework.

a) In the as-synthesis form M+ either an organic cation or an alkali metal 
cation.

b) Ammonium in exchange produces the NH+ exchanged form.
c) Thermal treatment is used to remove ammonia, producing the H+, acid

form.
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d) The acid form in (c) is in equilibrium with the shown in (d), where is a 
silanol group adjacent to tricoordinate aluminium.

The formation o f  Lewis acidity from Bronsted acid sites is depicted in Figure 
3.11. The dehydration reaction decrease the number o f  protons and increases that o f  
Lewis sites. Bronsted (OH) and Lewis (-A1-) sites can be present simultaneously in 
the structure o f  zeolite at high temperature. Dehydroxylation is thought to occur in 
ZSM-5 zeolite above at 50 0  ° c  and calcination at 80 0  to 90 0  ° c  produces irreversible 
dehydroxylation, which causes defection in crystal structure o f  zeolite.

[Ca(OH)]+ H

Si Si

Figure 3.10 Water molecules co-ordinated to polyvalent cation are dissociated 
by heat treatment yielding Bronsted acidity

-HjO

(i) (•')
Figure 3.11 Lewis acid site developed by dehydroxylation o f  Bronsted acid 

site [28].



27

Dealumination is believed to occur during dehydroxylation, which may result 
from the steam generation within the sample. The dealumination is indicated by an 
increase in the surface concentration o f  aluminum on the crystal. The dealumination 
process is expressed in Figure 3.12 [28]. The extent o f  dealumination monotonously 
increases with the partial pressure o f  steam.

H0\ / o
Si

+ Al(OH),

+AI(01 ()j At(OIl), + 11,0

Figure 3.12 Steam dealumination process in zeolite

The enhancement i f  the acid strength o f OH groups is recently proposed to be 
pertinent to their interaction with those aluminum species sites tentatively expressed 
in Figure 3.13. Partial dealumination might therefore yield a catalyst o f higher 
activity while severe steaming reduces the catalytic activity.

3.4.3 Basic Sites

In certain instances reactions have been shown to be catalyzed at basic (cation) 
site in zeolite without any influences from acid sites. The best-characterized example 
o f this is that K Y which splits n-hexane isomers at 500 ๐ c. The potassium cation 
has been shown to control the unimolecular cracking (P-scission). Free radial 
mechanisms also contribute to surface catalytic reactions in these studies.
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F ig u r e  3.13 The enhancement o f  the acid strength o f  OH groups by their 
interaction with dislodged aluminum species .

3 .5  S h a p e  S e le c t iv e

Many reactions involving carbonium intermediates are catalyzed by acidic 
zeolite. With respects to a chemical standpoint the reaction mechanisms are nor 
fundamentally different with zeolites or with any the acidic oxides. What zeolite add 
is shape selectivity effect. The shape selective characteristics o f zeolites influence 
their catalytic phenomena by three modes: shape selectivity, reactants shape 
selectivity, products shape selectivity and transition states shape selectivity. These 
types o f selectivity are illustrated in Figure 3.14.

Reactants o f  charge selectivity results from the limited diffusibility o f some o f  
the reactants, which cannot effectively enter and diffuse inside crystal pore structures 
o f the zeolites. Product shape selectivity occurs as slowly diffusing product 
molecules cannot escape from the crystal and undergo secondary reaction. This 
reaction path is established by monitoring changes in product distribution as a 
function o f varying contact time.

Restricted transition state shape selectivity is a kinetic effect from local 
environment around the active site, the rate constant for a certain reaction mechanism 
is reduced o f the space required for formation o f necessary transition state is 
restricted.
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F ig u r e  3.14 Diagram depicting the three type o f selectivity

Reactant selectivity

- jM m m m
ร พ ////////

Product selectivity

The critical diameter (as opposed to the length) o f the molecules and the pore 
channel diameter o f zeolites are important in predicting shape selective effects. 
However, molecules are deformable and can pass through opening, which are smaller 
than their critical diameters. Hence, not only size but also the dynamics and structure 
o f the molecules must be taken into account.

3 .6  Z e o lite  S y n th e s is

Zeolites are generally synthesized by a hydrothermal process from a source o f  
alumina (e.g., sodium aluminate or aluminium sulfate) and o f silica (e.g., a silica sol, 
fumed silica, or sodium water glass) and an alkali such as NaOH, and/or a quaternary 
ammonium compound. An inhomogeneous gel is produced which gradually 
crystallizes, in some cases forming more than one type o f zeolite in succession. 
Nucléation effects can be important, and an initial induction period at near ambient 
temperature may be followed by crystallization temperature that may range up to 200 
°c or higher. The pressure is equal to the saturated vapor pressure o f  the water
present.
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The final product depends on a complex interplay between many variables 
including Si0 2 /Al20 3 ratio in the starting medium, nucleating agents, temperature, 
pH, water content, aging, stirring, and the presence o f various inorganic and organic 
cations. Much remains to be learned about how the initial reaction mixture forms the 
precursor species and how these arrange into the final crystalline products. A key 
concept is that the cations present give rise to a templating action, but clearly the 
process is more complex.

Bauer and coworkers in the early 1960s developed the use o f reaction mixtures 
containing quaternary ammonium ions or other or other cations to direct the 
crystallization process. In their work and succeeding studies, a primary motivation 
was to attempt to synthesize zeolites with large apertures than X and Y. This did not 
occur, but instead organic species were found to modify the synthesis process in a 
variety of ways that led to the discovery of many new zeolites and new methods of 
synthesizing zeolite with structures similar to previously know zeolite.

The mechanism of action of the organic species is still controversial. It was 
originally thought to be primarily a templating effect, but later it was found that at 
least some o f zeolites could be synthesized without an organic template. Further, 
organic species other than quaternary ammonium compounds had directing effects not 
readily ascribed to their size or shape. However, an important result was the zeolites 
of higher S 1O 2/A I2O 3 ratio than before could be synthesized. Previously, only 
structures with SiCfyAFCb ratios of about 10 or less could be directly forms, but with 
organic additives, zeolites with ratio o f 2 0  to 1 0 0  or more can be directly prepared.

After synthesis the zeolite are washed, dried, heated to remove water of 
crystallization, and calcined ๒ air, e.g., at about 550 °c. Organic species are also thus 
removed. For most catalytic purpose, the zeolite is converted into acidic form. For 
some zeolites this can be achieved by treatment with aqueous HC1 without 
significantly altering the framework structure. For other zeolites Na+ is replaced with 
NH4+ via an ammonium compound such as NH4OH, NH4CI or NITiN03.Upon heating 
NH3 is driven off, leaving the zeolite in the acid form. For some reaction a 
hydrogenation component such as platinum or nickel is introduced by impregnation or 
ion exchange
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3 .6  Z S M -5  Z e o lite

ZSM-5 zeolite has two types of channel systems of similar size, one with a 
straight channel of pore opening 5.3*5.6 A° and the other with a tortuous channel of 
pore opening 5.1*5.5 A°. Those intersecting channels are perpendicular to each other, 
generating a three-dimentional ramework. ZSM-5 zeolites with a wide range of 
S i02/Al20 3 ratio can easily be synthesized. High siliceous ZSM-5 zèolites are more 
hydrophobic and hydrothemally stable compared to many other zeolites. Although the 
first synthetic ZSM-5 zeolite was discovered more than two decades ago (1972) new 
interesting applications are still emerging to this day. Fpr example, its recent 
application in NOx reduction, especially in the exhaust o f lean-bum engine, has drawn 
much attention. Among various zeolite catalysts, ZSM-5 zeolite has the greatest 
number o f industrial applications, covering from petrochemical production and 
refinery processing to environmental treatment.

3 .7  S ilv e r  c lu s te r

Several researches reported that Ag clusters were important active species for 
selective catalytic reduction of NO by hydrocarbon. Ag clusters incerased NO 
conversion and increased the hydrocarbon combustion.

In 1989, A.Henglein e t  al. [6] studied Radiolytic reduction of Ag+ ions in 
aqueous solution by y-rays of a Co source and reduction by sodium borohydride in the 
presence o f polyphosphate . And they suggested the machanism of the formation of 
silver clusters in aqueous solution as follow.

The formation o f silver cluster by Radiolytic was

A g + + eq' "> A g° ( 1 )

Ag°+ Ag+ -> Ag+2 (2)
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T he A g +2 io n s d im erized

2 A g +2 A g 2+2 (3 )

T h e absorption spectra o f  th ese  sp ec ie s  has a lso  b een  ob served  at 
3 6 0 ,3 1 0 ,2 7 5  nm  a ssig n ed  to  A g°, A g 2+ and A g 42+ resp ectively .

In 2 0 0 3 , Shibata e t  a l. [3] studied  A g  clu sters appearing from  th e  reduction  o f  
h ydrogen  o n  A g -M F I under SC R  - บ 3แ 8. T h ey  su g g ested  th e m ech an ism  o f  th e  
form ation  o f  s ilver  clusters under SC R  - C 3H 8 as fo llo w .

H2,C3Hs H2, C3Hs
A g +ion  ............ — A g 24+clu ster ~  1 ะ  ̂ m eta llic  A g m cluster, A g  m etal

N 0,02 n o ,o2

T h ey  reported that the absorption o f  U V -V is  o f  A g +io n  w ere  2 1 0  and 235  nm . , o f  
A g 24+cluster w ere  2 6 0  and 285  nm ., o f  m eta llic  Agm clu ster w ere  2 5 0  and 312  nm. 
and o f  A g  m eta l w ere  from  3 50  -  4 8 0  nm..

A nother research  lik e  T exter et al. reported that U V -ab sortion  bands o f  A g + 
ion  w ere ob served  as a clear triplet (1 9 2 , 2 1 0 , and 2 2 5  n m .) in  H 20  w h ile  th e band  
in tensity  at 2 25  nm  am on g the trip let w a s rem arkably lo w er  in  ethanol. C onsidering  
their report, th e  disappearance o f  the band at 2 35  nm . m ay  b e attributed to  absorption  
o f  g ases (e .g ., N o x and H 20 )  on  A g + ion . T hus, th e U V -V is  spectrum  b  in d icates that 
A g + io n s are th e  predom inant A g  sp ec ies  under C 3H8-S C R  in  th e ab sen ce o f  H 2. T hen, 
b y th e  addition  o f  0.5%  H 2 for 30  m in , n ew  bands at 2 6 0  and 2 8 4  nm . w ere  ob served  
(spectrum  c  ) .H en g le in  and C O  w orkers a ssign ed  th e absorption band around 2 8 0  nm . 
to  A g 42+ in  th e  stu d ies on  th e  p u lse  radiolytic red u ction  o f  A g + ion s in  aqueous  
so lu tion s . In a  study on  y-irradiated A g  C s-rho zeo lites ,

M ich a lik  e t  a l. [29] assign ed  th e absorption band at 2 7 0  and 2 8 2  nm . to  A g 42+ 
and A g 43+, resp ective ly . Gachard e t  a l. [30] reported th e  form ation  o f  A g 32+ (2 6 5 n m .)  
through y -  irradiation to  A g N a -Y  zeo lites . Sato  e t  a l. [16 ] a ssign ed  th e bands in the  
range o f  2 3 8 -2 7 2  and 2 7 5 -3 2 6  nm. to  Agn + and Agni c lu sters, resp ective ly
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