
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Nanoporous Material
Nanoporous carbon can be synthesized by various methods such as 

chemical activation, physical activation, carbonization of carbon precursor consist of 
thermosetting and thermal unstable etc. But, some method produced a broad pore- 
size distribution. So, we need to use method that can overcome this problem. There 
can be called template synthesis method which can be classified in to two types; 
hard-templating and soft-templating.

2.2 Template Synthesis Method
2.2.1 Hard Template Method

The template acts as a mold to form mesoporous carbon materialร. 
Porous carbon can basically be prepared as follows (a) the preparation of a porous 
template with control porosity, (b) the impregnation of suitable carbon precursor by 
wet impregnation or chemical vapor deposition or a combination of both method, (c) 
polymerization and carbonization of carbon precursor to generate an 
organic/inorganic composite, (d) the inorganic template removal by using acid (HF) 
or base (NaOH) to obtain porous carbon.

Colloidal templates Polymer composite Carbon compos1te Porous Carbon

Figure 2.1 Preparation of porous carbon by using hard-templating method (Aled et 
a l ,  2014).
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In addition, mesoporous carbon spheres (MCS) have been synthesized 
by using chemical vapor deposition (CVD) and SiC>2 as a template. Hexadecyl 
trimethyl ammonium bromide (CTAB) was used to accelerate the deposition of 
carbon during CVD. After the CVD reaction, the composition was treated by 
hydrofluoric acid to remove the silica in order to obtain the final product. These 
mesoporous carbon spheres have high specific surface area of 666.8 m2/g and good 
electrochemical properties suitable for using as electrodes for supercapacitor. 
(Wilgosz et a l., 2012)

Xing et al. (2013) prepared mesoporous carbon nanofibers (MCNFs) 
by using colloidal silica incorporated porous anodic aluminum oxide (AAO) as a 
template by taking the advantage of commercially available materials and the 
templates can be removed in one step. The result showed that high surface area and 
nanostructure (21 nm) were obtained. The as-prepared MCNF electrode material has 
demonstrated a significantly higher hydrogen storage capacity than the other 
nanostructured carbon material (i.e., OMC) with a similar specific surface area 
reported for this application.

AAO Template

Colloidal 
silica NPs

Silica @ AAO

Remove AAO & silica

Phenolic resin 
Carbonization

Mesoporous carbon nanofibers Silica-carbon @AAO

F ig u re  2.2 Schematic diagram for the synthesis of MCNF. AAO stands for anodic 
aluminum oxide and NPs for nanoparticles.
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2.2.2 Soft Template Method
The soft-template method usually produces monolithic or spherical 

nanoporous by self-assembly of organic molecules. The obtained pore structure 
depends on the synthesis conditions such as solvent, types of surfactant, mixing 
ratios.

Figure 2.3 Preparation of porous carbon by using soft-templating method (Aled et 
ฟ ., 2014).

Saha et al. 2012 introduced hexaphenol as an organic precursor for the 
synthesis of mesoporous carbon by self-assembly with triblock copolymer Pluronic 
PI23 as an organic template. The resulting carbons can be used for several 
applications such as membrane separation, drug delivery, chemical sensor or 
selective sorption of large molecules.

Tao et al. (2013) prepared fabricate magnetic mesoporous silica 
(MMS) by using surfactant, FcCnPyBr (1 l-[(ferrocenyl carbonyloxyl-undecyl 
pyridinium bromide).The result showed that surfactant provided the best ability to 
produce mesopores with tetrathoxysilane at suitable molar ratio. Using FcCnPyBr as 
the structure -directing agent, it was also easy to control the morphology of MMS. 
After oxidation reaction at 573 K, the MMS material showed an obvious magnetic 
property with large surface area and pore volume.
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2.3 Polybenzoxazine

Polybenzoxazines are a type of additional curing phenolic resin. They 
provides many advantages over conventional novolac and resole types of phenolic 
resin such as high heat resistance, flame retardance, near-zero shrinkage, good 
dielectric properties, etc.

Benzoxazine resin can be synthesized by combination of phenolic 
derivatives, formaldehyde and primary amine derivatives without using strong acid 
or catalysts. Polybenzoxazine will occur via thermally activated ring-opening 
mechanism. So, this reaction has no by-product. (Figure 2.4) (Ishida et al, 2011)

R
Figure 2.4 Synthesis of benzoxazine resin, where X and R are substituents.R’ 
includes a group such as C2H5, CH3, and benzene ring.

2.3.1 Chemical Methodologies for Synthesis Polybenzoxazine Monomer. 
Phenol, formaldehyde and primary amine (aliphatic or aromatic) are 

using basically as starting materials for polybenzoxazine synthesis. Various types of 
benzoxazine monomer can be prepared by using various phenols and amines with 
different substituted group attached. (Ghosh et a l., 2007)

The synthesis of monofunctional benzoxazine monomer was firstly 
reported by Holly and co-worker in 1944. (Holly et a l., 1944) The condensation 
reaction of primary amines with formaldehyde and substituted phenol for the well- 
defined benzoxazine monomer. However, monofunctional benzoxazines as a 
precursor for polybenzoxazine show limited usefulness as structural materials. 
(Figure 2.5)



Figure 2.5 Synthesis of monofunctional benzoxazine.

Liu et al. 2011 studied the thermally accelerated ring-opening 
polymerization of bifunctional benzoxazine monomer and the properties of their 
crosslink polymer. The result showed that bifunctional benzoxazine offer more 
flexibility in molecular design and better performance than monofunctional 
benzoxazine monomer. The bifunctional is classified into two classes; the first one is 
bisphenol-based bifunctional benzoxazine monomer which is a reaction of bisphenol- 
A with monofunctional primary amine as shown in Figure 2.6

Another class is diamine-based bifunctional benzoxazine monomer, 
which is the reaction of monofunctional phenolic structure of ortho-vacant position 
as shown in Figure 2.7

Figure 2.7 Synthesis of methylenedianiline (DDM)-based benzoxazine monomer
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Ishida et al. (1994 and 2002) have reported the development of novel 
type of difunction or multifunctional benzoxazine monomer. The precursor 
synthesized by using bisphenol-A and methyl amine in different solvents and refered 
to as B-m (Figure 2.8)

Figure 2.8 Chemical srtrucrure of benzoxazine (B-m) monomer.

2.4 Preparation of High Molecular Weight Benzoxazine Precursor

Takeichi et al. (2005) synthesized High molecular weight polybenzoxazine 
precursors from aromatic or aliphatic diamine and bisphenol-A with 
paraformaldehyde in Figure 2.9.

The precursor solution was cast on glass plate, giving transparent and self­
standing precursor films, which was thermally cured up to 240 °c to give brown 
transparent polybenzoxazine films. The toughness of the crosslinked 
polybenzoxazine films from the high molecular weight precursors was greatly 
enhanced compared with the cured film from the typical low molecular weight 
monomer. Tensile measurement of the polybenzoxazine films showed that 
polybenzoxazine from aromatic diamine presented the highest strength and modulus 
and polybenzoxazine from longer ฝiphatic diamine had higher elongation at break.
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Figure 2.9 Preparation of polybenzoxazine precursors.

Benzoxazine can be polymerized through the ring-opening of the cyclic 
monomer only by heat treatment without the need of catalysts and no by-product or 
volatile and the excellent dimensional stability is obtained. The typical benzoxazine 
monomer (B-a) prepared from bisphenol-A, formaldehyde and aniline dong with 
structure of its polybenzoxazine (PB-a) are shown in Figure 2.10. (Lorjai et a l ,  
2009)
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F ig u r e  2 .10  S tru ctu res o f  B -a  an d  P B -a .

K atan yo ota  e t  al. ( 2 0 1 0 )  p rep ared  th e carb on  a e r o g e l fo r  u s in g  in  
su p erca p a c ito rs  from  tw o  ty p e s  o f  p o ly b e n z o x a z in e . T h ey  u se  tw o  d if fe r e n c e  a m in e s;  
a n ilin e  (B A -a )  and tr ie th y le n e te tr a m in e  (B A -te ta ) . T h e p recu rsors w e r e  p rep ared  
fro m  three m a in  c h e m ic a ls ;  b is p h e n o l-A , fo rm a ld e h y d e  an d  a n ilin e  or  
tr ie th y len ete tram in e . T h e  m o la r  ratio  o f  th e  reac tio n  for B A -a  is  1 :4 :2  b is p h e n o l-  
A :fo r m a ld e h y d e :a n ilin e  an d  th e  m o la r  ratio  for  B A -te ta  is  1:4:1 b is p h e n o l-  
A :fo rm a ld eh y d e: tr ie th y le n e te tr a m in e . T h e  resu lt  sh o w e d  that B A -te ta  h ad  a  lo w e r  
th erm a l s ta b ility  than B A -a  b e c a u s e  o f  n o  p r e se n c e  o f  o x a z in e  r in g  in  f ig u r e  2 .1 1  and  
f ig u r e  2 . 1 2
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Bisphenol-A

+ H-C-H + 

Formaldehyde

NH2-R -N H 2 

T riethylenetetramine

R =
H

F ig u re  2 .1 2  th e  stru ctu re  o f  p o ly  B A -te ta  in  th e  fu l ly  cu red  sta te .

H o w e v e r  a  ch ar y ie ld  o f  B A -te ta  w a s  h ig h er  b e c a u s e  th e y  h ad  h ig h  c r o ss lin k  
d en s ity  fro m  th e  resu lt  o f  H -b o n d in g  o f  th e  se c o n d a r y  a m in e  in  th e  c h a in .

2.5  A p p lic a tio n  o f  P o ly b e n z o x a z in e

P o ly b e n z o x a z in e  c a n  b e  u sed  in  v a r io u s  a p p lic a t io n  b e c a u se  o f  it s  h ig h  
p erfo rm a n ce  p r o p e r tie s  su c h  a s  h ig h  h eat r e s is ta n c e , lo w  w a ter  a b so r p tio n , fram e  
retard an ce an d  g o o d  d ie le c tr ic  p ro p erties .

รน  et al. ( 2 0 0 5 )  s tu d ie d  th e  m o r p h o lo g ie s  an d  d ie le c tr ic  c o n s ta n ts  o f  
n a n o p o ro u sm a ter ia ls  d e r iv e d  from  b e n z o x a z in e - te r m in a te d  p o ly (3 -  
c a p r o la c to n e ) /p o ly b e n z o x a z in e  c o -p o ly m e r s . T h e resu lt  s h o w e d  that th e  s l ig h t  d e g r e e  
o f  h y d r o g e n  b o n d in g  b e tw e e n  th e  tw o  p o ly m e r s  e f fe c te d  m ic r o -p h a se  sep ara tio n
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w ith o u t  an  e x c e s s  d e g r e e  o f  a g g r e g a tio n  o c c u r r in g  th a t g e n e r a te d  th in , tran sp aren t, 
an d  n a n o p o r o u s  fd m  th at h a s a  v e r y  lo w  d ie le c tr ic  c o n sta n t.

S o , w e  ca n  d e s ig n  m o r p h o lo g ie s  o f  p o r o u s  carb o n  m ateria l fro m  
p o ly b e n z o x a z in e  to  b e  u se d  in d es ira b le  a p p lic a t io n s .

2 .6  D e s ig n in g  th e  M o rp h o lo g y  o f  P o ro u s  C a rb o n

Jin  et al. ( 2 0 0 9 )  reported  th e s y n th e s is  o f  o rd ered  m e so p o r o u s  carb on  b y  an  
o r g a n ic -o r g a n ic  s e lf -a s s e m b ly  m e th o d  u s in g  r e s o c in o l(R )  an d  fo rm a ld e h y d e  (F )  an d  
tw o  k in d s  o f  tr ib lo c k  c o p o ly m e r  (P lu r o n ic  F I 2 7  an d  P I 2 3 )  a c t a s  so ft  te m p la te s . T h e  
p o re  s iz e  an d  p o r e  stru ctu re o f  th e  m éS ostru c tu re  p o ly m e r  an d  carb on  w e r e  e f fe c te d  
b y  th e  c o m p o s it io n  o f  th e  tr ib lock  c o p o ly m e r . T h e  carb o n  p rep raed  from  R F res in  
and  P lu ro n ic  F 1 2 7  b lo c k  p o ly m e r  p o s s e s e d  a  c h a n e l stru ctu re w ith  h e x a g o n o l  
sy m e tr y  (C O U -1 ) . T h e  p ore  s iz e  o f  C O U -1  w a s  in c r e a se  fro m  4 .7  to  5 .8  n m  at h ig h  
m o la r  ratio  o f  F 1 2 7 . T h e  carb on  w ith  th e  w a r m -lik e  stru ctu re w a s  a lso  o b ta in e d  b y  
u s in g  th e  P lu r o n ic  P I 2 3  tr ib lock  c o p o ly m e r  an d  w h e n  P 1 2 3 /F 1 2 7  m ix e d  tr ib lo ck  
c o p o ly m e r  w e r e  u se d , th e  C O U -1  stru ctu re w a s  fo r m e d  b u t th e  p o re  s iz e  o f  C O U -1  
w a s  in c r e a se d  to  6 . 8  n m .

L i and  X u e  ( 2 0 1 2 )  u se d  s o f t  te m p la te  m e th o d e  to  sy n th e s iz e  h ig h  o rd ered  
m e s o p o r o u s  carb o n  n a n o p o ro u s  w ith  w e l l- c o n tr o lle d  m o r p h o lo g y  fro m  sp h er ica l to  
r o d -lik e  stru ctu re b y  u s in g  p h e n o l-fo r m a ld e h y d e  as carb o n , y ie ld in g  c o m p o u n d  an d  
tr ib lo c k  c o p o ly m e r  P lu ro n ic  F 1 2 7  a s  s o f t  te m p la te . T h e y  fo u n d  that structure o f  
ord erd  m e s o p o r o u s  ca rb o n  n a n o p a rtic le s  d e p e n d  o n  co n ce n tr a tio n  o f  F I 2 7 . A t  lo w  
c o n c e n tr a t io n  o f  F 1 2 7  (3  w t%  and 6  w t% ), sp h er ica l p o r o u s  carb on  n a n o p a r tic le s  
w ith  d iffe r e n t p a tr ic le  s iz e  w er e  o b ta in e d . B y  in c r e a s in g  th e  F 12 7  co n ce n tr a tio n  to  9  
พ t.%, w a r m -lik e  stru ctu re w a s  o b ta in ed . O n th e  o th er  h an d , w h e n  th e co n ce n tr a tio n  
w a s  in c r e a se d  to  1 2  พ t.%  rod - sh a p e  n a n o p a r tic le s  w e r e  o b ta in e d .
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F ig u r e  2 .1 3  S E M  im a g e s  o f  th e  ord ered  p o r o u s  carb o n  n a n o p a r tic le s  w ith  d if fe r e n t  
m o r p h o lo g ie s  (A )  3w t.%  (B )  6 w t.%  (C ) 9 w t.%  (D )  12พ t.%  F 1 2 7  (L i an d  X u e , 2 0 1 2 ) .

T h u b su a n g  et al. ( 2 0 1 4 )  s tu d y  a b o u t e f fe c t  o f  s o lv e n t  an d  r e s in  
c o n c e n tr a tio n  o n  m o r p h o lo g y  o f  p o ly b e n z o x a z in e . T h e y  fo u n d  th at s o lu b i lity  
p a ra m eter  b e tw e e n  P o ly b e n z o x a z in e  and  s o lv e n t  T h u b su a n g  et al. ( 2 0 1 4 )  h a s  an  
in f lu e n c e  o n  m o r p h o lo g y  o f  p o ly b e n z o x a z in e . In c a se  o f  u s in g  d im e th y fo r m a m id e  
an d  d io x a n e  as so lv e n t . F o c u s  o n  s o lu b ility  p aram eter, D M F  h a s  la r g e  d if fe r e n t  
s o lu b i l ity  from  P o ly b e n z o x a z in e . S o , p h a se  sep ara tio n  occu rs  v e r y  fa s t  that w h y  th e  
stru ctu re is  lo o se r . O n  th e  o th er  h a n d  d io x a n e  h a s s o lu b ility  c lo s e  to  
p o ly b e n z o x a z in e , th erefo r  p h a se  sep a ra tio n  o c c u r s  s lo w e r  th a t le a d  to  d e n s e  
stru ctu re. H o w e v e r , in  c a s e  o f  u s in g  iso p r o p a n o l a s  so lv e n t. I so p ro p a n o l b e h a v e s  l ik e  
su rfa cta n t so , sp h er ica l p a r tic le  w a s  o b ta in e d .
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self-m icelle-like fo rm ation  m o de

F igu re  2 .1 4  S E M  im a g e s  o f  th e  p o ly b e n z o x a z in e  p o ro u s  carb o n  n a n o p a r tic le s  w ith  
d ifferen t m o r p h o lo g ie s  a) C -D X -2 5 :  carbon  fro m  2 5 %  p o ly b e n z o x a z in e  in  
d im e th y fo r m a m in e  (b )  C -IX -2 5 :  ca rb o n  from  25%  p o ly b e n z o x a z in e  in  iso p r o p a n o l
(c )  C -D iX -2 5 :  carb o n  fro m  2 5 %  p o ly b e n z o x a z in e  in  d io x a n e  (T h u b su a n g  et al., 
2 0 1 4 ) .
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