
CHAPTER II 
LITERATURE REVIEW

The separation o f carbon dioxide from methane in the process o f natural gas 
and landfill gas treatment is essential to reduce pipeline corrosions induced by acid 
CO2 gas as well as to produce high-purity energy products. To meet pipeline 
requirements, CO2 must comply with such a concentration specification (< 2%). 
Available techniques for natural gas separation include membrane, absorption, 
adsorption, and cryogenic distillation. Membrane processes have been proven to be 
technically and economically superior to other competing technologies in many 
industrial applications. This superiority is explained by many advantages o f 
membrane separation technology, which include low capital investment, simplicity 
and ease o f installation and operation, low maintenance requirements, low weight 
and space requirements, and high process flexibility.

The membrane material for natural gas separation should possess the 
following characteristics: (1) inherently high permselectivity for CO2 and CH4 gas 
pair and (2) immunity to plasticization induced by CO2. The CC>2-induced 
plasticization usually results in a severe deterioration o f membrane separation 
performance (Li et al, 2007).

2.1 Gas Transport in Membranes

Membrane morphology may determine the transport mechanism and 
therefore affects the separation performance strongly. The membranes usually have 
three types o f morphologies: dense, asymmetric and composite. Dense membranes 
are homogenous films o f a single polymer layer, whereas the asymmetric membranes 
consist o f a dense top layer supported by a porous sublayer. In composite 
membranes, both layers may originate from different materials (§en et al, 2007).

2.1.1 Solution-Diffusion Model
Mass transport behaviour through a dense, selective polymeric 

membrane has been thoroughly investigated experimentally and theoretically in the 
last 40 years. It is well known that the penetrant transports through a glassy polymer
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membrane is understood to proceed by a solution—diffusion mechanism, which takes 
place in three successive steps (Wijmans et al, 1995): (1) the sorption o f the 
penetrant in the polymer film; (2) the diffusion o f the penetrant through the polymer 
film; and (3) the desorption at the opposite interface.

This solution-diffusion model is widely used in the gas separation 
applications to control the permeation o f different species. The chemical potential 
gradient across the membrane is expressed as a concentration gradient but not a 
pressure gradient. A quantitative measurement o f the amount o f mass transported 
through the polymeric membrane is characterized by the permeability. According to 
the solution-diffusion model, the permeability is a product o f a thermodynamic 
factor, called the solubility coefficient ร,, and a kinetic parameter, called the 
diffusion coefficient Dj.

P i =  [A  ][<$/]■  (2.1)
The ability o f a membrane to separate a gaseous mixtures o f i and j  in 

a single-stage membrane process may be characterized by the ideal permselectivity, 
a, which is defined by:

0 H j = [ P , W j ] ,  (2.2)

where p, and Pj are the permeabilities o f pure gases i and j ,  respectively (Ismail et 
al, 2002). The natural gas stream is available at high pressures o f a few 
megapascals, and can be considered to be primarily methane (CH4). CO2 is a longer, 
slender molecule; CH4 is a more compact molecule with a slightly larger cross- 
section. The subtle differences in the molecular dimensions o f the two molecules can 
be exploited by allowing them to adsorb, and subsequently diffuse across zeolite- 
filled polymeric membranes. From a practical point o f view, it is advantageous to use 
a membrane separation process in which CH4 is retained on the high pressure side 
and CO2 permeates selectively across the membrane (Krishna et al, 2007).
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2.2 Membrane Materials

2.2.1 Polymeric Membranes
Kim et al. (2001) prepared pore-filled membranes by using porous 

polyacrylonitrile membrane as a support and methoxy poly(ethylene glycol) acrylate 
(MePEGA) as a filler by UV-irradiated photografting. They achieved high CO2/N2 

permselectivity (32.5) with very low CO2 permselectivity (5.65 X 10"4 Barrer) from 
this pore-filled membrane at a temperature o f 30 °c.

Li et al. (1998) fabricated polyethylene glycol) (PEG)/cellulose 
acetate (CA) blended membranes for gas permeation studies. The apparent solubility 
coefficients o f CO2 were reduced by blending PEG20000 (average molecular weight 
o f 20,000). The blended membranes containing PEG exhibited high apparent CO2 

diffusivity coefficients, resulting in high permeability coefficients for CO2 when 
compare with that o f the prestine CA membrane. They claimed that the flexible main 
chain o f PEG20000 in the amorphous domains in the blends permitted the large 
penetrants, CO2, and CH4 to diffuse easily through the blended membranes, leading 
to higher permeance o f CO2, and CH4 relative to that o f N 2. Hence, the CO2/CH4 

selectivity decreased by blending o f PEG20000 with CA.
2.2.2 Mixed Matrix Membranes (MMMs)

Mixed matrix membranes (MMMs) have recently emerged as a 
promising material for gas separation. They are obtained by embedding a filler 
material such as carbon or zeolites acting as molecular sieves into a polymer matrix. 
MMMs are expected to combine the separation properties o f polymers with those o f 
fillers to obtain membranes with better separation performances than pure polymeric 
membranes. A significant effort has been devoted to prepare membranes using 
zeolites as the filler, due to their size and shape selective properties, and glassy 
polymers as the polymer matrix, due to their rigidities and higher intrinsic 
selectivities (Çen et al, 2007).

2.2.2.1 Introducing Zeolite as an Adsorbent into Polymer Matrix
To extend the industrial applications o f membrane separation 

technology, it is essential to synthesize and develop high-performance membrane 
materials. Progress has been made in the polymer-zeolite MMMs for natural gas
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separation, which showed a significant increase in CO2/CH4 selectivity o f roughly 
44% at 50 wt % zeolite loading compared with that o f neat polymer dense film (Li et
ai, 2006).

In another work done by Li et al. (2007) both CO2 and CH4 

gases possessed little or no affinity for the polymer matrix and zeolite 4A; therefore, 
it was the precise tailoring o f pore size [3.8 X 10' 10 m (3.8 Â)] o f zeolite 4A that 
resulted in a significant increment in CO2/CH4 selectivity o f MMMs. However, to 
achieve even higher separation performance, it is necessary to go beyond the 
tailoring o f pore sizes.

The incorporation o f zeolites into rubbery polymers has been 
shown experimentally to enhance both the permeability and selectivity in 
pervaporative separation of organic compounds out o f water. Since then, there is a 
great interest in zeolite-filled polymeric membranes for gas separation. Zeolite-filled  
rubbery polymer membranes were first investigated by Jia et al. (1991) They studied 
the permeation properties o f various gases through polydimethylsiloxane (PDMS) 
membranes filled with silicalite-1, from which the permeability o f He, H2, O2 and 
CO2 was observed to increase, while that o f N2, CH4 and C4H10 was observed to 
decrease. They concluded from their results that silicalite played the role o f a 
molecular sieve, although its pore size was larger than the kinetic diameters o f gases. 
It meant that the shape-selective effect was not only inherent in the equilibrium 
adsorption o f gas molecules into zeolites but also in the kinetic adsorption and 
diffusion.

Duval et al. (1993) studied the effect o f zeolites incorporation 
into PDMS, ethylene-propylene rubber (EPDM), polychloroprene (PCP) and nitrile 
butadiene rubber (NBR). The results showed that silicalite-1, zeolites 13X and KY 
improved the gas separation properties o f membranes, which was attributed to both 
CO2 sorption enhancement and molecular sieving effects embodied by zeolites. 
However, zeolites 3A, 4A and 5A were totally ineffective in improving the 
permselectivity o f the rubbery polymers. This behavior was attributed to the slow 
diffusion o f the sorbed molecules from zeolite to polymer phase.

Süer et al. (1994) studied the permeation rates o f N 2, O2, Ar, 
CO2 and H2 o f polyethersulfone (PES) membranes filled with zeolites 13X and 4A.
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They concluded that both permeabilities and selectivities were increased at high 
zeolite loading (42-50 wt.%). The permeabilities were decreased at first and then 
increased with increasing zeolite loading.

The intent o f the MMMs is to take the advantage o f the low 
cost and good processability o f polymers with the excellent separation performance 
o f zeolites. Early attempts at designing MMMs were focused on using rubbery 
polymers to serve as the polymer matrices (Hennepe et al, 1987).

With some reports o f improvements in separation 
performance associated with adding zeolites to rubber polymers (Duval et al, 1993), 
the focus began to shift to mixing zeolites with glassy polymers. Unlike the good 
contact between rubbery polymers and zeolites at their interfaces, the initial attempts 
at fabricating MMM using glassy polymers and zeolites resulted in the presence o f 
voids between the polymer and zeolite which reduced the separation performance o f  
the composite membrane relative to the pure polymer (Zimerman et al, 1997).

Efforts to eliminate these unselective gaps often focused on 
the use o f a coupling agent to introduce favorable interactions between the polymer 
and zeolite (Yong et al, 2001) by adding a plasticizer to increase the flexibility o f  
the polymer matrix or by chemically linking the two components together (Koros et 
al, 2002). While some efforts appeared to eliminate the presence o f voids between 
the polymer and zeolite, the resulting permeability o f the MMM was often sacrificed 
in the process (Pechar et al, 2006).

2.2.2.2 Introducing Other Materials as an Adsorbent into Polymer
Matrix
Vu et al (2003) incorporated a carbon molecular sieve (CMS) 

as the disperse phase in mixed matrix membranes using two different continuous 
polymer matrices (Matrimid® 5218 polyimide and Ultem® 1000 polyetherimide). 
The CMSs were prepared by the pyrolysis o f a Matrimid® polyimide precursor to the 
final temperature o f 800° c. Mixed matrix membranes containing a high loading o f 
CMS particles (up to 35 wt. %) dispersed within the Matrimid® 5218 polyimide and
Ultem® 1000 polyetherimide polymer matrix prepared by the flat-sheet solution 
casting method. The results showed that the Matrimid®-CMS and Ultem®-CMS



8

m ix e d  m atr ix  m em b ra n es  d isp la y e d  s ig n if ic a n t  e n h a n c e m e n t in  C O 2 /C H 4  s e le c t iv ity ,  
a b o u t 4 5  and  40% r e sp e c t iv e ly  co m p a red  to  th e  p ure p o ly m e r .

n o v e l m ix e d  m atr ix  m em b r a n e s  fo r  C O 2 /C H 4  sep a ra tio n  a s  a fu n c t io n  o f  carb on  
lo a d in g . A c r y lo n itr i le -b u ta d ie n e -s ty r e n e  ( A B S )  c o p o ly m e r s  w e r e  u sed  a s  the  
p o ly m e r  m atr ix  and tw o  m ic r o -m e s o p o r o u s  a c tiv a ted  ca rb o n s (A C )  w e r e  c h o s e n  as  
in o rg a n ic  f ille r s . T h e  resu lts  s h o w e d  that th e  p u re g a s  p e r m e a b ilit ie s  and C O 2 /C H 4 

s e le c t iv it ie s  o f  A B S - A C  m ix e d  m a tr ix  m em b r a n e s  w e r e  s im u lta n e o u s ly  in crea sed  
w ith  in c r e a s in g  a c tiv a ted  carb on  lo a d in g s  in  th e  m ix e d  m atr ix  m em b ra n e , co m p a red  
to  that o f  th e  in tr in s ic  A B S  p o ly m e r ic  m em b ra n es.

2.3 Polybenzoxazine

P o ly b e n z o x a z in e s  are a r e la t iv e ly  n e w  c la s s  o f  v e r sa tile  m a ter ia ls  that can  b e  
u sed  in  m a n y  f ie ld s , su c h  a s  e le c tr o n ic s  and a e r o sp a c e  in d u str ie s , b e c a u se  th e y  h a v e  
a g o o d  c o m b in a tio n  o f  a ttractive  p ro p er tie s  w h ic h  in c lu d e  n early  z e r o  sh r in k a g e  u p on  
cu r in g , h ig h  th erm al s ta b ility , and g o o d  c h e m ic a l r e s is ta n c e . P o ly b e n z o x a z in e s  can  
b e  p rep ared  b y th e r m a lly  a c tiv a te d  r in g -o p e n in g  p o ly m e r iz a t io n  o f  the  
c o r r e sp o n d in g  b e n z o x a z in e s  w ith o u t  an y  c a ta ly s t  and  w ith o u t  g e n e r a tin g  a n y  b y 
p ro d u cts  (F ig u r e  2 .1 )  (K isk a n  e t al., 2 0 0 8 ) .

A n s o n  e t al. ( 2 0 0 4 )  in v e s t ig a te d  th e p er fo r m a n c e  o f  v a r io u s

Figure 2.1 R in g - o p e n in g  p o ly m e r iz a tio n  o f  p o ly b e n z o x a z in e .
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T h e d e v e lo p m e n t  o f  th e  b e n z o x a z in e -b a s e d  fa m ily  o f  p h e n o lic  r e s in s  h as  
attracted  s ig n if ic a n t  a tte n tio n . P articu lar a tten tio n  w a s  d e v o te d  to  th e  sy n th e s is  o f  
p o ly b e n z o x a z in e s , o n e  o f  a s e r ie s  o f  p h e n o l ic - t y p e  p o ly m e r s  w ith  g o o d  therm al and  
m e c h a n ic a l p ro p erties . In fact, th e se  n e w  m a ter ia ls  c o m b in e  the th erm a l p rop erties  
and f la m e  retard an ce  o f  p h e n o lic s  and  th e m e c h a n ic a l p e r fo r m a n c e  and  m o le c u la r  
d e s ig n  f le x ib i lity  o f  a d v a n c e d  c o m p o s ite s . F or th is  r ea so n , the n e w  p o ly b e n z o x a z in e s  
sh o w e d  p h y s ic a l and m e c h a n ic a l p ro p er tie s  co m p a r a b le  w ith  th o se  o f  c o n v e n tio n a l  
p h e n o lic  and e p o x y  r e s in s . B e n z o x a z in e s  are b ic y c lic  h e te r o c y c le s  (F ig u re  2 .2 )  
g en era ted  b y  th e  M a n n ic h - l ik e  c o n d e n sa t io n  o f  a p h e n o l, fo r m a ld e h y d e  and  an  
a m in e . M o r e o v e r , p o ly b e n z o x a z in e s , o n e  o f  a se r ie s  o f  p h e n o l ic - t y p e  p o ly m e r s , 
w h ic h  are g e n era ted  u p on  th erm al p o ly m e r iz a tio n  from  v a r io u s  ty p e s  o f  su b stitu ted
3 ,4 - d i h y d r o - 2 / / - l ,3 - b e n z o x a z in e s ,  o f fe r  e x c e lle n t  m e c h a n ic a l, p h y s ic a l and therm al 
p rop erties  d u e  to  the p h e n o lic  g ro u p s, M a n n ich  b a se  lin k a g e s  and th e  e x is te n c e  o f  
e x te n s iv e  in te r -  and in tra m o lecu la r  h y d r o g e n  b o n d s . A  great d ea l o f  e ffo r t w a s  
e x p a n d e d  to w a r d s  the u n d er sta n d in g  o f  th e  c u r in g  c h e m is tr y  o f  th e se  r e s in s  (C a lô  et 
๔ .. 2 0 0 7 ) .

Figure 2.2 S tru ctu re o f  a 3 , 4 - d i h y d r o - 2 / / - l ,3 - b e n z o x a z in e .

2 .3 .1  S y n th e s is  o f  B e n z o x a z in e  M o n o m e r
B e n z o x a z in e  m o n o m e r s  c a n  b e  p rep ared  s im p ly  fro m  in e x p e n s iv e  and  

c o m m e r c ia l ly  a v a ila b le  p h e n o ls , p rim ary a m in e s , and fo r m a ld e h y d e . A d d it io n a lly , 
the c h e m istr y  o f  b e n z o x a z in e  sy n th e s is  o f fe r s  a w id e  ran g e  o f  m o le c u la r  d e s ig n  
f le x ib ility ;  b y  u s in g  ap p rop ria te  sta r tin g  m a ter ia ls , th e  p o ly b e n z o x a z in e  p rop erties  
can  b e ta ilo red  (K isk a n  e t a l ,  2 0 0 8 ) .  In 1 9 4 4 ., H o l ly  and C o p e  d isc o v e r e d  th e  
sy n th e s is  o f  a ro m a tic  o x a z in e s  u s in g  p h e n o l, fo r m a ld e h y d e , and a m in e s  th ro u gh  the
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M a n n ich  r ea c tio n . I sh id a  and  c o w o r k e r s  su b se q u e n tly  rep orted  th e  sy n th e s is  o f  
b isp h e n o l A - b a s e d  p o ly b e n z o x a z in e s  (F ig u r e  2 .3 ) . K im u ra  e t  al. ( 1 9 9 9 )  prep ared  th e  
te r p e n e d ip h e n o l-b a se d  b e n z o x a z in e  an d  m o d if ie d  w ith  e p o x y  res in  or  b is o x a z o lin e .  
A g a g  et al. ( 2 0 0 0 )  p rep ared  b isp h e n o l A - b a s e d  p o ly b e n z o x a z in e /in o r g a n ic  h yb rid  
n a n o c o m p o s ite s . L iu  et a l. ( 2 0 0 4 )  d e v e lo p e d  b isp h e n o l A - b a s e d  p o ly b e n z o x a z in e s  
c o n ta in in g  m a le im id e  and furan  g ro u p s (M e n  e t a l ,  2 0 0 7 ) .

Figure 2 .3  S y n th e t ic  rou te  to  b isp h e n o l A - b a s e d  p o ly b e n z o x a z in e s .

B e n z o x a z in e  r in g s  ca n  a ls o  b e  o p e n e d  at r o o m  tem p era tu re  by  
c a t io n ic  in itia to rs  r e su lt in g  in  th e  p o ly m e r s  c o n s is t  o f  p h e n o x y - t y p e  rep e a tin g  u n its . 
R e c e n t ly , p o ly b e n z o x a z in e s  o b ta in ed  v ia  p h o to p o ly m e r iz a t io n  h a s a lso  b een  
rep orted . T h e  stru ctu res o f  th e  p o ly m e r s  p rep ared  b y  p h o to in it ia te d  c a t io n ic  
p o ly m e r iz a tio n  w e r e  c o m p le x  an d  re la ted  to  th e  r in g -o p e n in g  p r o c e s s  o f  th e  
p roton ated  m o n o m e r  e ith er  at th e  o x y g e n  or n itro g en  a to m s  (K isk a n  e t a l ,  2 0 0 5 ) .

2 .3 .2  P rep ara tion  o f  H ig h  M o le c u la r  W e ig h t  B e n z o x a z in e  P recu rsors
T a k e ic h i e t al. ( 2 0 0 5 )  p rep ared  h ig h  m o le c u la r  w e ig h t  

p o ly b e n z o x a z in e  p recu rsors from  a ro m a tic  or  a lip h a tic  d ia m in e  an d  b is p h e n o l- A  
w ith  p a r a fo rm a ld eh y d e  in  F ig u re  2 .4 . T h e  p recu rso rs w e r e  o b ta in e d  a s  s o lu b le  w h ite  
p o w d e r . T h e  stru ctu re o f  th e  p recu rso rs w a s  c o n f ir m e d  b y  IR , ' h  N M R  and  
e le m e n ta l a n a ly s is , in d ic a tin g  th e p r e se n c e  o f  c y c l ic  b e n z o x a z in e  structure. T h e  
p recu rsor s o lu t io n  w a s  c a s t  o n  a g la s s  p la te , g iv in g  tran sp aren t an d  se lf -s ta n d in g  
p recu rsor  f i lm s , w h ic h  w e r e  th e r m a lly  cu red  u p  to  2 4 0  ๐ c  to  g iv e  b ro w n  transparent
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p o ly b e n z o x a z in e  f ilm s . T h e  to u g h n e ss  o f  th e  c r o s s lin k e d  p o ly b e n z o x a z in e  f i lm s  
fro m  th e h ig h -m o le c u la r  w e ig h t  p recu rso rs w a s  grea tly  e n h a n c e d  c o m p a r e d  w ith  th e  
cu red  f ilm  from  th e  ty p ic a l lo w  m o le c u la r  w e ig h t  m o n o m e r . T e n s ile  m e a su r e m e n t o f  
th e  p o ly b e n z o x a z in e  f i lm s  r e v e a le d  th at p o ly b e n z o x a z in e  from  a ro m a tic  d ia m in e  
e x h ib ite d  th e  h ig h e s t  stren g th  and  m o d u lu s , w h ile  p o ly b e n z o x a z in e  fro m  lo n g e r  
a lip h a tic  d ia m in e  h ad  h ig h e r  e lo n g a t io n  at b reak . T h e  v is c o e la s t ic  a n a ly s e s  sh o w e d  
th at th e  g la s s - tr a n s it io n  tem p era tu re  o f  th e  p o ly b e n z o x a z in e s  d e r iv e d  fro m  th e  h ig h -  
m o le c u la r  w e ig h t  p recu rso rs  w e r e  a s  h ig h  a s  2 3 8 - 2 6 0  ๐ c. A d d it io n a lly , th e se  n o v e l  
p o ly b e n z o x a z in e  th e r m o se ts  s h o w e d  e x c e lle n t  th erm a l s ta b ility

+ H2N-R-NH2 + 4  CH2 O fn

R = —(CH2)2-  — (<วแ2)9-
B-mda B-eda B-hda

Figure 2.4 S y n th e s is  o f  p o ly b e n z o x a z in e  p recu rsors.

A g a g  e t  a l. ( 2 0 0 6 )  s y n th e s iz e d  p o ly b e n z o x a z in e  m atr ix  th ro u gh  h ig h  
m o le c u la r  w e ig h t  p o ly b e n z o x a z in e  p recu rso rs . T h e y  h a v e  u se d  A B - t y p e  
a m in o p h e n o ls  in s te a d  o f  a m in e s  and  p h e n o ls  sep a ra te ly . T h e  s e lf - s t a n d in g  th in  f i lm s  
w e r e  o b ta in e d  fr o m  th e p recu rso rs b e fo r e  c u r in g  b y  c a s t in g  th e  p recu rso r  so lu t io n s  
o n to  g la s s  p la te s . A fte r  th e  th erm a l trea tm e n t o f  th e  A B  p o ly b e n z o x a z in e  p recu rsor  
f i lm s  up to  2 5 0  ๐ c , r e d d ish -b r o w n , tran sp aren t p o ly b e n z o x a z in e s  w e r e  atta in ed . 
B o th  v is c o e la s t ic  a n a ly se s  an d  T G A  in d ic a te d  that th e  th e r m o se ts  d e r iv e d  from  th e se  
n o v e l A B  p recu rso rs h a v e  e x c e lle n t  th e r m o m e c h a n ic a l p ro p er tie s  a s  w e l l  a s  h ig h  
th erm a l s ta b ility . T h is  e n h a n c e m e n t in  th e  th erm a l p r o p er tie s  can  b e  attr ib u ted  to  the
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in c r e a se  in  th e  c r o s s l in k in g  d e n s ity  an d  h e n c e  s u g g e s t in g  that th e  u s e  o f  A B  
p recu rsors is  an e f fe c t iv e  a p p ro ach  for o b ta in in g  a n o v e l p o ly b e n z o x a z in e  m atrix  
w ith  e x c e lle n t  th e r m o m e c h a n ic a l p ro p erties .

2 .3 .3  P ro p er tie s  Im p r o v e m e n t o f  P o ly b e n z o x a z in e
A im in g  for  p er fo r m a n c e  e n h a n c e m e n t and  lo w e r in g  th e  

p o ly m e r iz a tio n  tem p era tu re , v a r io u s  a p p ro a ch es  h a v e  b e e n  e x a m in e d . O n e  ap p roach  
is  th e  m o d if ic a t io n  o f  m o n o m e r . In tro d u ctio n  o f  an o th er  c r o s s lin k a b le  fu n c tio n a l 
u n its  is  v e r y  e f f e c t iv e  to  e n h a n c e  th e th erm a l p ro p erties . M o r e o v e r , p o ly m e r  a l lo y s  o f  
p o ly b e n z o x a z in e  w ith  h ig h  p e r fo r m a n c e  p o ly m e r s  or  w ith  e la s to m e r s  resu lte d  in  h ig h  
p e r fo rm a n ce  and  to u g h  f ilm s . T h e  third  ap p ro ach  in v o lv in g  h y b r id iz a tio n  w ith  
in o r g a n ic  m a ter ia ls  su c h  a s  la y e r e d  c la y  an d  m eta l o x id e  n a n o p a r tic le s  w a s  a lso  
s u c c e s s fu l  in  o b ta in in g  p o ly b e n z o x a z in e  w ith  im p ro v ed  p ro p er tie s  (T a k e ic h i e t a i ,
2 0 0 5 )  .

B y  ta k in g  th e a d v a n ta g e  o f  th e  m o le c u la r  d e s ig n  f le x ib i l i ty  o f  
b e n z o x a z in e  c h e m is tr y , th erm al and  th e r m o -o x id a t iv e  s ta b ilit ie s  o f  p o ly b e n z o x a z in e  
h a v e  b e e n  im p r o v e d  b y  a lter in g  th e  fu n c tio n a l gro u p  on  th e  a m in e  a n d /o r  p h en o l. 
L o w  and  Ish id a  ( 1 9 9 8 )  had  s tu d ie d  the th erm a l an d  th e r m o -o x id a t iv e  d eg ra d a tio n  o f  
p o ly b e n z o x a z in e s  and  c o n c lu d e d  that th e  th erm al d eg ra d a tio n  o f  b is p h e n o l-b a s e d  
p o ly b e n z o x a z in e s  in v o lv e d  th ree  s ta g e s . E v a p o ra tio n  o f  a m in e  m o ie ty  fir st o ccu red  
b e lo w  300° c  f o l lo w e d  b y d eg ra d a tio n  o f  th e  s c h i f f  b a se  b e tw e e n  300° c  and 400° 
c . F in a lly , a b o v e  400° c , th e  ev a p o r a tio n  o f  p h e n o lic  m o ie ty  to o k  p la c e . T h is  
o b se r v a tio n  g a v e  r ise  to  th e  p o stu la tio n  that, i f  a m in e  ev a p o r a tio n  w a s  red u ced , the  
ch ar  y ie ld  c o u ld  b e  g rea tly  in cr e a se d . K im  et a l. ( 1 9 9 9 )  sy n th e s iz e d  a c e t y le n e -  
fu n c t io n a liz e d  b e n z o x a z in e s , in  w h ic h  a c e ty le n e - fu n c t io n a liz e d  s id e  ch a in  co u ld  
further c r o s s lin k  u p o n  th erm a l a c t iv a t io n . R e c e n t ly , Ish id a  and O h b a  (2005) 
s y n th e s iz e d  m o n o fu n c tio n a l b e n z o x a z in e  w ith  m a le im id e  and  a n ilin e  to  d e v e lo p  
lo w - v is c o s i t y  b e n z o x a z in e  m o n o m e r s  w ith  a g la s s - tr a n s it io n  tem p era tu re  a b o v e  
200° c . In co rp o ra tio n  o f  th e  m a le im id e  fu n c t io n a lity  in to  th e  m o n o fu n c tio n a l  
b e n z o x a z in e  resu lte d  in  an in crea sed  ch ar  y ie ld  and  g la s s - tr a n s it io n  tem p era tu re  
w ith o u t  s ig n if ic a n t ly  in c r e a s in g  th e  v i s c o s it y  o f  th e  m o n o m e r  (C h a isu w a n  e t a l ,
2 0 0 6 )  .
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2.4 Zeolite

Z e o lite s , w h ic h  are m ic r o p o r o u s  c r y s ta llin e  m a ter ia ls , c a n  act a s  m o le c u la r  
s ie v e s  b e c a u se  o f  th eir  p articu lar  stru ctu re— a th r e e -d im e n s io n a l p ore  structure  
c o n s is t in g  o f  a n e tw o r k  o f  in te r c o n n e c te d  tu n n e ls  and c a g e s — an d  n ea r ly  u n ifo rm  
p o re  and  c h a n n e l s iz e s .  T h ere fo re , z e o l it e s  p o s s e s s  the a b ility  to  sep ara te  an d  re m o v e  
o n e  g a s  from  a s im ila r ly  s iz e d  g a s  m ix tu re  b a sed  o n  th eir  s i z e -  and s h a p e - s e le c t iv e  
n atu re (L i e t a l ,  2 0 0 7 ) .  Z e o lite  m e m b r a n e s  w ith  w e l l - d e f in e d  c r y s ta llin e  stru ctu res  
an d  g o o d  ch a ra c te r is tic s  su ch  a s  h ig h er  m e c h a n ic a l stren g th , c h e m ic a l an d  therm al 
s ta b ility  co m p a red  w ith  o th er  in o r g a n ic  an d  p o ly m e r ic  m em b ra n e  m a te r ia ls  can  b e  
u se d  in  b road  a p p lic a t io n s  in c lu d in g  g a s  sep a ra tio n , p erv a p o ra tio n , m em b ran e  
rea c to rs c h e m ic a l s e n so r s , and c o m p o n e n ts  in  th e  m ic r o e le c tr o n ic  d e v ic e s . D iffe r e n t  
ty p e s  o f  z e o l it e  m e m b r a n e s , in c lu d in g  L T A , M F I ( Z S M - 5 , s i l ic a l i t e - 1 ) ,  F A U , X , Y , 
M C M - 2 2 , M O R , F A U , F E R , SAPO and AIPO 4  h a v e  b e e n  s u c c e s s fu lly  p rep ared  in  
r e c e n t yea rs (C h e n g  e t a l ,  2 0 0 6 );

Z e o lite s  are o f  p r im e im p o rta n ce  a s  c a ta ly s ts  for  m a n y  in d u str ia l p r o c e s se s , 
m a in ly  d u e to  th e ir  s h a p e - s e le c t iv ity  and  B r o n sted  a c id ity  (L im tra k u l, 1 9 9 5 ). 
S u b stitu tio n  o f  a  s i l ic o n  a tom  fo r  an a lu m in iu m  a tom  in tro d u ces  a c h a rg e  in  the  
fra m e w o r k  w h ic h  m u st b e  b a la n c e d  b y  a c a t io n  or a p ro ton , h e n c e , g e n e r a tin g  an  
a c id ic  b r id g in g  h y d r o x y l grou p . T h e se  B r o n sted  h y d r o x y l g ro u p s  are a c k n o w le d g e d  
to  b e  p r im e im p o r ta n c e  for th e  a d so rp tio n  p ro p er tie s  le d  to  n u m ero u s  in d u str ia lly  
im p o rtan t a p p lic a t io n s  (L o m ra tsir i e t a l ,  2 0 0 6 ) .

2 .4 .1  Z S M - 5 *
Z S M - 5  (stru ctu re  ty p e  M F I) is  an a lu m in o s il ic a te  z e o l it e  m in era l 

b e lo n g in g  to  th e  p e n ta s il fa m ily  o f  z e o l it e s .  Its c h e m ic a l fo r m u la  is  N a nA lnS i9 6 - 
„0,92*16H20  ( 0 < n < 2 7 ) . P a ten ted  b y  M o b il O il C o m p a n y  in  1 9 7 5 , it is  w id e ly  u sed  in  
th e  p e tro leu m  in d u stry  a s  a h e te r o g e n e o u s  c a ta ly s t  fo r  h y d ro ca rb o n  iso m e r iz a t io n  
rea c tio n s .

Z S M - 5  is  c o m p o s e d  o f  s e v e r a l p e n ta s il u n its  lin k ed  to g e th e r  b y  
o x y g e n  b r id g e s  to  fo rm  p e n ta s il ch a in s . A  p en ta s il u n it c o n s is t s  o f  e ig h t  f i v e -  
m e m b e r e d  r in g s. In th e se  r in g s, th e  v e r t ic e s  are A1 or S i and  an  o  is  a s su m e d  to  b e  
b o n d e d  b e tw e e n  th e v e r tic e s .
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Figure 2.5 P e n ta s il u n it .

* h t tp : / /e n .w ik ip e d ia .o r g /w ik i /Z S M -5

http://en.wikipedia.org/wiki/ZSM-5
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