
CHAPTER V
POROUS STRUCTURE OF POLYBENZOXAZINE-BASED ORGANIC 

AEROGEL PREPARED BY SOL-GEL PROCESS AND THEIR CARBON
AEROGELS

5.1 Abstract

N e w  o rg a n ic  ae ro g e ls  w ere  su c c e ss fu lly  p re p a re d  fro m  a  n ew  c lass  o f  
p h e n o lic  re s in s  c a lled  p o ly b e n z o x a z in e s  sy n th es ized  v ia  c o n v e n tio n a l th e rm a l cu rin g  
re a c tio n  o f  a  b e n z o x a z in e  m o n o m e r u s in g  x y len e  as a  so lv en t. W ith o u t th e  need  for 
u s in g  su p e rc ritic a l c o n d itio n s  to  rem o v e  th e  so lv e n t d u rin g  th e  p ro c e ss , th e  ca rb o n  
ae ro g e ls  w ere  o b ta in ed  w ith  a  m u c h  sh o rte n e d  tim e . F ro m  tw o  d iffe ren t 
co n c e n tra tio n s  o f  b e n z o x a z in e  so lu tio n , 20  an d  40  w t% , th e  resu ltin g  
p o ly b e n z o x a z in e  ae ro g e ls , h av in g  d e n s itie s  o f  2 6 0  an d  5 9 0  k g /m 3, re sp ec tiv e ly , w ere  
o b ta in e d  a fte r  th e  cu rin g  p ro cess . T h e  su b se q u e n t c a rb o n  ae ro g e ls  w e re  p rep a red  by 
th e  c a rb o n iz a tio n  o f  p o ly b e n z o x a z in e  ae ro g e ls . T h e  c o rre sp o n d in g  c a rb o n  aero g e ls  
e x h ib ite d  a  m ic ro p o ro u s  s tru c tu re  w ith  p o re  d ia m e te rs  le ss  th an  2 nrrt, th e  d en s itie s  o f  
3 0 0  and  830 k g /m 3, an d  su rfa c e  a reas  o f  3 84  an d  391 m 2/g , re sp e c tiv e ly . T h e  tex tu re  
o f  th e  ca rb o n  ae ro g e ls  w a s  d en se r th an  th a t o f  th e ir  o rg a n ic  ae ro g e l p recu rso r, as 
e v id e n c e d  by  scan n in g  e lec tro n  m ic ro sco p y . T h e  tra n s fo rm a tio n  o f  the  
p o ly b e n z o x a z in e  ae ro g e l to  th e  ca rb o n  ae ro g e l w as  c le a rly  o b se rv e d  u s in g  fo u rie r 
tra n s fo rm  in fra re d  sp ec tro sco p y .

(K ey -w o rd : B e n z o x a z in e ; A e ro g e l; C a rb o n  a e ro g e l; M ic ro p o ro u s)
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5.2 Introduction

A ero g e l is a  m ic ro p o ro u s  m ate ria l w h ich  c o n s is ts  o f  m an y  co n tig u o u s 
m ic ro p o re s . T h e  m o rp h o lo g y  o f  ae ro g e l can  b e  m o d ifie d  b y  u s in g  d iffe re n t sy n th esis  
p a ram e te rs . T h is  ch a rac te ris tic  m ak es  th e  ae ro g e l p a r tic u la r ly  w ell ad a p te d  for 
v a rio u s  a p p lic a tio n s  such  as fuel ce lls , host m a te ria l o f  ca ta ly s ts , th e rm a l in su la to rs , 
an d  m o le c u la r  s iev es. C a rb o n  aero g e l, a n o v e l fo rm  o f  a e ro g e ls , w as  f irs t p ro d u ced  
by  P e k a la  et al. [1]. O rg an ic  ae ro g e l and  ca rb o n  ae ro g e l p ro c e ss in g  h av e  b e e n  w id e ly  
d e v e lo p e d  to  s im p lify  th e  p ro cess . T h e  trad itio n a l p ro c e ss  fo r o rg an ic  aerogel 
p ré p a ra tio n  is  ty p ica l v ia  the  s o l-g e l  p o ly m e riz a tio n  o f  an  o rg an ic  so lu tio n  fo llo w ed  
by  su p e rc ritic a l d ry in g  o f  th e  a tta in ed  h y d ro g e l to  e x tra c t th e  so lv e n t in  the  gel 
s tru c tu re ; an d  th en  th e  o b ta in ed  o rg an ic  ae ro g e l is tra n s fo rm e d  in to  c a rb o n  aerogel 
v ia  p y ro ly s is  [1]. T h e  to ta l p ro c e ss  o f  c a rb o n  a e ro g e l p re p a ra tio n  req u ires  
a p p ro x im a te ly  2 w eek s. R ecen tly , m an y  a tte m p ts  h av e  b e e n  m a d e  to  sh o rte n  the  
p ro c e ss , su ch  as  u s in g  a lc o h o l-so l-g e l  p o ly m eriza tio n  an d  d ry in g  w ith  su p e rc ritica l 
a ce to n e  to  av o id  th e  so lv en t ex ch a n g in g  p e rio d  [2], T h e  o rg a n ic  an d  c a rb o n  aeo rgel 
p ro c e ss in g  n o rm a lly  u ses re so rc in o l (R ) and  fo rm a ld e h y d e  (F ) as  th e  p recu rso r. T h e  
R F  ae ro g e ls  c o n s is t o f  a  h ig h ly  c ro ss lin k e d  a ro m a tic  p o ly m er. In o rd e r  to  o b ta in  
c a rb o n  ae ro g e l, th e  R F  gel is ca rb o n ized  in  an  in e rt a tm o sp h e re . B as ica lly , th e  
c ro ss lin k  d e n s ity  o f  o rg an ic  gel is  a  key  p a ra m e te r  th a t n e e d s  to  b e  co n s id e re d  fo r 
a e ro g e l ap p lic a tio n s . H ig h ly  c ro ss lin k ed  o rg an ic  gel n o t o n ly  p ro v id e s  h ig h  stru c tu ra l 
s ta b ility  in  o rd e r  to  p re se rv e  its  s tru c tu re  a f te r  so lv en t re m o v a l, b u t a lso  in tro d u ces  
h ig h  c h a r y ie ld  a fte r  p y ro ly sis  to  co n s tru c t th e  ca rb o n  ae ro g e l. In  o rd e r  to  find  a 
re a c tan t to  sy n th es ize  th e  o rg an ic  ae ro g e l an d  tra n s fo rm  it to  c a rb o n  ae ro g e l, th e se  
tw o  c h a ra c te r is tic s  o f  th e  sy n th es ized  gel n e e d  to  be  co n s id e re d . A  n e w  c lass  o f  
p h e n o lic  re s in , n am e ly  p o ly b en zo x az in e , w a s  recen tly  d ev e lo p e d . P o ly b e n z o x a z in e  
h a s  e x c e lle n t m o le c u la r  d e s ig n  flex ib ility  th a t a llo w s  th e  p ro p e rtie s  o f  th e  cu red  
m a te r ia ls  to  b e  c o n tro lle d  fo r v a rio u s  a p p lica tio n s . F u rth e rm o re , p o ly b e n z o x a z in e  has 
m a n y  ad v a n ta g e o u s  c h a rac te ris tic s  co m p ared  w ith  tra d itio n a l p h e n o lic  re s in , su ch  as 
h ig h  th e rm al s tab ility  an d  e x c e lle n t m ech an ica l p ro p e rtie s , ea sy  p ro c e ss ib ility , low  
w a te r  ab so rp tio n , an d  n ea r ze ro  sh rin k ag e  a f te r  p o ly m e riz a tio n  [3 -5 ] , A c c o rd in g  to  
Ish id a  [6], th e  sy n th es is  o f  th e  b en zo x az in e  m o n o m e rs  c o n s is ts  o f  a  few  s im p le  steps
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u s in g  th e  p a te n te d  so lv e n tle ss  sy n th es is  te c h n iq u e . A s b e n z o x a z in e  re s in  c a n  be 
cu red  th ro u g h  th e rm a lly  ac tiv a ted  r in g -o p e n in g  p o ly m e riz a tio n  w ith o u t a cata ly st, 
an d  its  m ech an ica l p ro p e rtie s  c an  rap id ly  d e v e lo p  e v e n  a t lo w  c ro ss lin k in g  
c o n v e rs io n , p o ly b e n z o x a z in e  b eco m es  an  e x c e lle n t c a n d id a te  re s in  to  rep lace  the 
tra d itio n a l re ac tan t fo r  o rg an ic  an d  ca rb o n  ae ro g e l p re p a ra tio n s . M o reo v e r, the 
th e rm al an d  th e rm o o x id a tiv e  re s is ta n c e  can  be  im p ro v e d  by  e n h a n c in g  its  c ro ss lin k  
d en sity , w h ic h  re su lts  in  h ig h  ch a r y ie ld  and  Jo w  flam m ab ility , [7].

T h e  p o ly b e n z o x a z in e  (B a-A ) u sed  in th is  s tu d y  is b a se d  o n  b isp h en o l A  and 
an ilin e , w h ich  is o n e  o f  th e  very' f irs t p o ly b e n z o x a z in e s  sy n th e s iz e d  [8]. B a-A  can 
m a in ta in  its  m e c h a n ic a l in teg rity  u p  to  165 °c, w h ic h  is  its  g la ss  tra n s itio n  
te m p e ra tu re . T h e  d e c o m p o s itio n  te m p e ra tu re  at 5%  w e ig h t lo ss  is a p p ro x im a te ly  
3 7 0 ° -3 8 0  °c an d  th e  c h a r  y ie ld  o f  th e  re p o rte d  b e n z o x a z in e  a t 8 0 0  °c is  a ro u n d  30%  
w e ig h t [8], T h ese  c h a ra c te r is tic s  en ab le  B a-A  to  b e  an  a p p ro p ria te  reac tan t fo r 
c a rb o n  aero g e l.

5.3 Experimental

5.3.1 M a te r ia ls
T h e  m a te r ia ls  u sed  in  th is  re se a rc h  w ere  b e n z o x a z in e  re s in  w ith  

x y len e  as  a  so lv en t. T h is  b e n z o x a z in e  re s in  is b a sed  on  b isp h e n o l-A , an ilin e  and  
fo rm a ld eh y d e . C o m m e rc ia l g rad e  b isp h e n o l-A  w a s  k in d ly  p ro v id e d  b y  B ay er T hai 
C o ., L td . P a ra -fo rm a ld eh y d e  (9 5 % ) w as p u rc h a se d  fro m  B D H  L a b o ra to ry  S u p p lies  
an d  a n ilin e  (9 9 % ) w as  p u rc h a se d  fro m  P an reac  Q u im ic a  S A  C o m p a n y . T h e  so lv en t, 
x y len e  (9 8 % ), w as  o b ta in e d  from  C a rlo  E rb a  R eag en ti.

5 .3 .2  O ra g n ic  a n d  C arb o n  A e ro g e l P re p a ra tio n
A  b e n z o x a z in e  m o n o m e r  w as sy n th e s iz e d  v ia  th e  so lv e n tle ss  p ro cess  

p ro p o se d  b y  Ish id a  et al. [6]. B isp h en o l A , a n ilin e , an d  p a ra fo rm a ld eh y d e , a t a  1:2:4 
m o la r  ra tio , w e re  m ix e d  to g e th e r  an d  h ea ted  a t 110 °c fo r 60 m in  u n til th e  m ix tu re  
b e c a m e  a  tra n sp a re n t p a le  y e llo w  co lo r. T h e  m o n o m e r  w as u se d  w ith o u t fu rth e r 
p u rif ic a tio n . T h e  p re c u rso rs  an d  th e  sy n th e tic  re a c tio n  o f  p o ly b e n z o x a z in e  are  sh o w n
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in  S ch em e  5 .1 . B e n z o x a z in e  so lu tio n s  w ere  p rep a red  fro m  th e  b e n z o x a z in e  m o n o m er 
u s in g  x y len e  as  a  so lv en t. T h e  m o n o m e r co n c e n tra tio n s  w e re  k ep t a t 20  and  40  w t% . 
A fte r  th a t, th e  m ix tu re s  w ere  tra n s fe rred  in to  v ia ls  an d  sea led . T h e  te m p e ra tu re  w as 
s lo w ly  ra ised  to  130 ๐c  fo r  96  h in  a n  oven . T h e  a tta in e d  p ro d u c ts  w ere  p artia lly  
cu red  b e n z o x a z in e  h y d ro g e ls . T he o rg a n ic  ae ro g e ls  w e re  th e n  o b ta in e d  by  d ry in g  the  
h y d ro g e ls  a t a m b ie n t te m p e ra tu re  and  p re ssu re  fo r  2 d ay s  to  re m o v e  th e  x y len e  from  
th e ir  m a trices . T h e  ae ro g e ls  w ere  s tep -cu red  in  an  o v en  a t 160°, 180 °c fo r an  h o u r at 
each  te m p e ra tu re  an d  200  °c fo r 2 h. T h e  sp ec im en s w e re  fin a lly  le ft to  coo l to  ro o m  
te m p e ra tu re  an d  w ere  th en  read y  fo r fu rth e r c h a ra c te r iz a tio n . A fte r  s tep -cu rip g , the  
ca rb o n  ae ro g e ls  w ere  p rep a red  by th e  p y ro ly s is  o f  th e  o rg an ic  ae ro g e ls  in  a  q u a rtz  
reac to r. T h e  p y ro ly s is  to o k  p lace  in  a  tu b e  fu rn ace  u n d e r  n itro g e n  f lo w  a t 500 
c m 3/m in  u s in g  th e  fo llo w in g  ram p  cy c le  from : 30° to  2 5 0  °c fo r 60  m in , 2 5 0 ° to  600 
°c fo r 300  m in , 6 0 0 ° to  8 00  °c fo r 60  m in  and  h e ld  a t 8 00  c fo r 60  m in . T h e n  the  
fu rn ace  w a s  co o le d  to  ro o m  te m p e ra tu re  u n d e r  n itro g e n  a tm o sp h e re . H ere , the  
o rg an ic  ae ro g e l and  th e  c a rb o n  ae ro g e l w ere  d e n o te d  as  BA-XX %  a n d  CA-XX % , 
re sp ec tiv e ly , w h e re  th e  X X  d en o te s  th e  m o n o m e r so lu tio n  c o n c e n tra tio n  o f  X X  w t% .

5 .3 .3  C h a ra c te riz a tio n  o f  T h e  O rg an ic  an d  C a rb o n  A e ro g e ls
A ero g e l d e n s ity  w as d e te rm in e d  b y  w e ig h in g  th e  sp h e ric a lly  sh ap ed  

ae ro g e l an d  d iv id in g  th e  w e ig h t by  th e  m easu red  v o lu m e . A  P e rk in E lm e r  d iffe ren tia l 
scan n in g  c a lo r im e te r, D S C  7, w as  u se d  to  s tu d y  th e  cu rin g  b e h a v io r  o f  the  
p o ly b e n z o x a z in e  and  p o ly b e n z o x a z in e  ae ro g e l. A p p ro x im a te ly  5 - 9  m g  sam p le s  w ere  
sea led  in  a lu m in u m  p a n s  an d  an a ly zed  u s in g  te m p e ra tu re  ra m p  ra te s  o f  1 an d  10 
c /m in  u n d e r  n itro g e n  a tm o sp h e re . T h e  m ic ro s tru c tu re  o f  th e  o rg a n ic  an d  c a rb o n  
ae ro g e ls  w as  o b se rv e d  by  scan n in g  e lec tro n  m ic ro sc o p y  (S E M ) u s in g  a  JE O L -JS M  
5 8 0 0 L V  a t an  a c c e le ra tio n  v o lta g e  o f  15 k v .  T h e  sa m p le s  w e re  c o a te d  w ith  g o ld  and  
th en  th e  m ic ro s tru c tu re  im a g e s  o f  th e  sam p le s  w e re  re c o rd e d . T h e  IR  sp ec tra  o f  th e  
sam p le s  w e re  re c o rd e d  b y  a  T h erm o  N ic o le t N e x u s  6 7 0  F T -IR  an a ly ze r. T h e  sam p le s  
w ere  g ro u n d  an d  m ix ed  w ith  K B r p o w d e r  an d  th e n  p re s se d  in to  a  p e lle t. T h e  p o ro u s  
s tru c tu re  o f  th e  c a rb o n  ae ro g e ls  w a s  m e a su re d  by  th e  n itro g e n  a d so rp tio n  m e th o d  in  
o rd e r  to  a c q u ire  th e  su rface  a rea , p o re  v o lu m e , p o re  s ize , an d  p o re  s ize  d is tr ib u tio n  o f
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th e  sam p les . B e fo re  each  a d so rp tio n  test, th e  ca rb o n  ae ro g e ls  w e re  d eg assed  at 300 
๐c  to  rem o v e  all v o la tile  a d so rb ed  species . N itro g e n  a d so rp tio n -d e so rp tio n  iso th e rm s 
w ere  m easu red  u s in g  a  Q u a n ta c h ro m e -A u to so rb -1 . B E T  su rface  a rea  ( S b e t )  w as 
c a lc u la ted  by  ap p ly in g  th e  B E T  (B ru n a u e r -E m m e tt-T e lle r )  th eo ry . T h e  ca lcu la ted  
m ic ro p o re  v o lu m e  (Vmic) an d  m ic ro p o re  su rface  a rea  (S mic) co u ld  b e  o b ta in ed  by  
u s in g  th e  t-p lo t m e th o d  w ith  re sp ec t to  a  d iffe ren ce  in c a p a b ility  to  fo rm  m u ltilay e r 
a d so rp tio n  b e tw e e n  m ic ro p o re  and  la rg er p o re s , i.e ., m e so p o re , m a c ro p o re  and 
o u ts id e  su rface . M e so p o re  v o lu m e  (Vmes) an d  m eso p o re  su rface  a re a  (Smes) w ere  
c a lc u la ted  u s in g  th e  B JH  (B a r re t t-  Jo h n e r-H a le n d a r)  th e o ry , in  w h ic h  th e  p o re  s ize  
w as ca lcu la ted  fro m  th e  K e lv in  eq u a tio n  an d  th e  se lec ted  s ta tis tic a l th ick n ess  
e q u a tio n  [9 -1 2 ] . A  P e rk in E lm e r T G /D T A  th e rm o g ra v im e tr ic  a n a ly ze r, m o d e l SII 
D iam o n d , w as  u se d  to  ex a m in e  th e  d e c o m p o s itio n  te m p e ra tu re  an d  c h a r  y ie ld  o f  th e  
p o ly b e n z o x a z in e . A p p ro x im a te  20 m g  o f  th e  p o ly b e n z o x a z in e  w as h e a te d  from  30° 
to  9 0 0  °c u s in g  a  h e a tin g  ra te  o f  20  ๐c /m in  u n d e r n itro g en  a tm o sp h e re . T he 
m ic ro s tru c tu re  su rfa c e  o f  th e  o b ta in ed  ae ro g e l w as  in v es tig a ted  u s in g  H -7 6 5 0  H itach i 
H ig h -T e c h n o lo g ie s  tra n sm iss io n  e lec tro n  m ic ro sco p e  (T E M ) sy s tem . T h e  ca rb o n  
ae ro g e l w as g ro u n d  and  d isp e rsed  w ith  d is tille d  w a te r  b e fo re  p la c in g  it on  a  c o p p e r 
g rid  an d  a n a ly z in g  it a t 100 kV .

5.4 Results and Discussion

T h e  in v e s tig a tio n  o f  th e  s ta tic  p re -c u rin g  te m p e ra tu re  o f  th e  b e n z o x a z in e  
re s in  w a s  a c c o m p lish e d  by  u s in g  D S C  w ith  a  re la tiv e ly  s lo w  h e a tin g  ra te  o f  1 
° c /m in .  F ig u re  5.1 sh o w s th e  D S C  th e rm o g ra m  o f  c u r in g  e x o th e rm ic  p e a k  o f  th e  
b e n z o x a z in e  m o n o m e r. A s  seen  from  th is  fig u re , th e  e x o th e rm ic  p eak  o f  th e  
m o n o m e r, co rre sp o n d in g  to  its  r in g  o p en in g  p o ly m e riz a tio n , w as  lo c a te d  a t 12 0 ° -2 4 0  
๐c .  In  o rd e r  to  c la rify  th e  ap p ro p ria te  p re -c u rin g  te m p e ra tu re , b o th  th e  p re -cu rin g  
te m p e ra tu re  o f  th e  re s in  an d  th e  b o ilin g  te m p e ra tu re  o f  th e  so lv e n t h av e  to  be  
c o n s id e red . B a se d  o n  th e  D S C  resu lt, a  p re -c u rin g  te m p e ra tu re  o f  130 °c w as used  in  
th is  s tu d y  b e c a u se  it can  p ro d u c e  th e  p o ly m e riz a tio n  re a c tio n  o f  b e n z o x a z in e  w ith o u t 
b o ilin g  th e  x y le n e  (135  °C ). T h e  T G A  th e rm o g ra m  o f  th e  p o ly b e n z o x a z in e  is
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p re se n te d  in F ig u re  5 .2 . It b eg an  to  lo se  w e ig h t a t 2 5 0  °c, a n d  th e  h ig h e s t m ax im u m  
m ass  lo ss  ra te  w a s  o b se rv ed  in  th e  te m p e ra tu re  ran g e  o f  2 5 0 ° -6 0 0  °c, w h ic h  w as 
cau sed  by  th e  p ro d u c tio n  o f  a  la rg e  a m o u n t o f  v o la tile  m a te r ia ls . T h e  ra te  o f  m ass 
lo ss  b ecam e  s lo w e r  a fte r  6 00  °c an d  an  o b v io u s  m a ss  lo ss  co u ld  n o t be  o b serv ed  
b ey o n d  800  °c. A cc o rd in g  to  th is  T G A  th e rm o g ra m , th e  ca rb o n  ae ro g e ls  w ere  
p rep a red  by  th e  p y ro ly s is  o f  o rg an ic  ae ro g e ls  fo llo w in g  th e  th re e  ra m p  cy c les from : 
30° to  2 5 0  °c, 2 5 0 °  to  600  ๐c, an d  6 0 0 ° to  800  °c. M o reo v e r, fro m  th e  th e rm o g ram , 
it c a n  b e  seen  th a t  th e  d e g ra d a tio n  te m p e ra tu re  a t 5%  w e ig h t lo ss  and  the  c h a r y ie ld  
at 8 00  ๐c o f  th e  sy n th es ized  p o ly b e n z o x a z in e  w a s  330  °c a n d  25 w t% , resp ec tiv e ly . 
K as in ee  et al. [8] id e n tif ie d  th e  d e c o m p o s itio n  p ro d u c ts  o f  a ro m a tic  am in e -b ased  
p o ly b e n z o x a z in e s  th ro u g h  T G A  an d  G C -M S  te c h n iq u e s . T h e y  fo u n d  th a t the  
d e c o m p o s itio n  p ro d u c ts  w ere  a  co m b in a tio n  o f  b e n z e n e  d e r iv a tiv e s , am in e s , p h en o lic  
co m p o u n d s , an d  M a n n ic h  b ase  c o m p o u n d s .

F ig u re  5.3 sh o w s th e  IR  sp e c tra  o f  th e  b e n z o x a z in e  m o n o m e r  an d  u n cu red  
p o ly b e n z o x a z in e  ae ro g e ls . T h e  c h a ra c te r is tic  a b so rp tio n  b a n d s  o f  th e  b e n z o x a z in e  
m o n o m e r s tru c tu re  (F ig u re  5 .3 a) a p p ea red  at 1 2 3 0 -1 2 3 6  c m '1 an d  1 0 2 8 -1 0 3 6  c m '1 
(sy m m etric  s tre tc h in g  o f  C - O - C ) ,  an d  9 2 0 -9 5 0  c m '1 a n d  1 4 9 1 -1 5 0 0  c m '1 (tri- 
su b s titu te d  b e n z e n e  rin g ) [13]. C o m p ared  w ith  th e  sp e c tra  o f  u n cu red  
p o ly b e n z o x a z in e  (F ig u re  5 .3b , c), th e re  w as an  o b v io u s  c h a n g e  o f  th e  ch a rac te ris tic  
a b so rp tio n  b an d  in  th e  reg io n  o f  9 2 0 -9 5 0  c m '1. A s  seen  in  th e  fig u re , th e  ab so rp tio n  
b an d  s ig n if ic a n tly  d e c re a sed  a fte r  th e  p re -cu rin g  b e n z o x a z in e  so lu tio n s  a t 130 ๐c  fo r 
96  h. T h is  F T IR  re su lt s tro n g ly  ag ree s  w ith  th e  s tu d y  o f  T a k e ic h i ๙  al. [14 ], w h ich  
su g g ested  th a t th e  ch a ra c te ris tic  a b so rp tio n  ch an g e  w as  d u e  to  th e  r in g -o p e n in g  
p o ly m e riz a tio n  o f  th e  b e n z o x a z in e  resin . T h e  in f lu e n c e  o f  th e  so lu tio n  c o n c e n tra tio n  
w as a lso  o b se rv e d  in  th is  e x p e rim e n t. T h e  in te n s ity  o f  th e  a b so rp tio n  b an d  d e c re a sed  
m o re  s ig n if ic a n tly  w h e n  th e  c o n c e n tra tio n  w as  in c re a se d  fro m  2 0  to  40  w t% . 
A c c o rd in g  to  th is  re su lt, it c an  b e  in fe rre d  th a t th e  c o n c e n tra tio n  o f  th e  b e n z o x a z in e  
so lu tio n  a ffec ted  th e  c o n v e rs io n  o f  th e  c u rin g  re a c tio n , w h ic h  w ill be  fu rth e r 
in v es tig a ted . A d d itio n a lly , th e  e x is te n c e  o f  th is  a b so rp tio n  b a n d  o f  th e  ae ro g e ls  co u ld  
im p ly  th a t th e se  a e ro g e ls  co u ld  n o t b e  c o m p le te ly  cu re d  a t 130 ๐c ,  e v e n  fo r a  lo n g  
tim e. B e n z o x a z in e  re s in  w as p ro p o se d  to  th e rm a lly  p o ly m e riz e  th ro u g h  r in g -o p en in g
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p o ly m e riz a tio n  by  h e a tin g  w ith o u t a  ca ta ly s t o r  an  in itia to r  [1 5 ], th e  co n v en ien t 
th e rm al s tep  cu re  w as  em p lo y ed  in th is  study . In  o rd e r  to  in v e s tig a te  th e  cu rin g  
b eh av io rs  o f  th e  p o ly b e n z o x a z in e  an d  p o ly b e n z o x a z in e  ae ro g e l, D S C  w as u sed  w ith  
a  h e a tin g  ra te  o f  10 ° c /m in .  T h e  th e rm o g ra m s  o f  th e  c u rin g  e x o th e rm ic  p e a k  o f  
b e n z o x a z in e  m o n o m e r an d  p o ly b e n z o x a z in e  ae ro g e ls  a re  sh o w n  in  F ig u re  5.4. T he 
th e rm o g ra m  o f  th e  b e n z o x a z in e  m o n o m e r re v e a le d  th e  ex o th e rm  in  th e  tem p era tu re  
ran g e  o f  1 8 0 ° -2 8 0  ๐c ,  re p re se n tin g  its  cu rin g  re a c tio n  [16]. T h e  d eg ree  o f  cu rin g  
c o n v e rs io n  o f  th e  sa m p le s  w as d e te rm in e d  from  th e  ra tio  b e tw e e n  th e  re m a in in g  h eat 
o f  re a c tio n  o f  th e  p o ly b e n z o x a z in e  ae ro g e ls  an d  th e  h e a t o f  re a c tio n  o f  the  
b e n z o x a z in e  m o n o m er. T h e  h ea t o f  re ac tio n  d e te rm in e d  fro m  th e  a re a  u n d e r the  
e x o th e rm ic  p eak  w as 2 6 2 .6 8  J /g  fo r th e  b e n z o x a z in e  m o n o m e r. A fte r  th e  p ro p o sed  
step  cu re , th e  a rea  w as  red u ced  to  42.31 an d  59.51 J /g  o f  p o ly b e n z o x a z in e  ae ro g e ls  
from  th e  so lu tio n  w ith  c o n c e n tra tio n s  o f  20  an d  40  w t% , c o rre sp o n d in g  to  77  and  
8 4%  c u rin g  co n v e rs io n  o f  th e  ae ro g e ls , re sp ec tiv e ly . T h e  o b ta in e d  c u r in g  co n v e rs io n  
in d ica ted  th a t th e  c u r in g  reac tio n  o f  the  b e n z o x a z in e  so lu tio n  w ith  h ig h e r 
c o n c e n tra tio n  co u ld  p e rfo rm  m o re  e ff ic ien tly  a t th e  sam e  c u rin g  co n d itio n s . 
F u rth e rm o re , as  c lea rly  seen  in  th is  f ig u re , th e  e x o th e rm ic  p e a k s  a t a ro u n d  1 8 0 ° -3 0 0  
๐c  o f  th e  ae ro g e ls  w h ic h  w ere  s tep  c u re d  d isa p p e a re d . T h is  e v id e n c e  co u ld  im p ly  
th a t th e  c u r in g  re a c tio n  o f  p o ly b e n z o x a z in e  a e ro g e ls  b ecam e  p ra c tic a lly  co m p le te . 
F ig u re  5 .5  sh o w s th e  F T IR  sp ec tra  o f  th e  b e n z o x a z in e  m o n o m e r, th e  fu lly  cu red  
p o ly b e n z o x a z in e , as  id e n tif ie d  by  th e  D S C  in  F ig u re  5 .4 , th e  fu lly  cu red  
p o ly b e n z o x a z in e  ae ro g e l, an d  th e  c a rb o n  aero g e l. In  c o n tra s t w ith  th e  IR  sp ec tra  o f  
th e  b e n z o x a z in e  m o n o m e r, th e  c h a ra c te ris tic  a b so rp tio n  b an d , d u e  to  th e  tri- 
su b s titu te d  b en zen e  r in g  a t 9 2 0 -9 5 0  c m '1 o f  th e  fu lly  cu re d  p o ly b e n z o x a z in e  
ae ro g e ls , a lm o s t d isa p p e a re d . T h is  in d ica ted  th a t th e  re su ltin g  o rg a n ic  ae ro g e l co u ld  
b e  c o m p le te ly  cu red  by  u s in g  th is  p ro p o se d  s tep  c u rin g  m e th o d . T h is  F T IR  sp ec tru m  
g av e  a  re su lt c o n s is te n t w ith  th e  p re v io u s  D C S  re su lts . D u e  to  th e  s im ila r  ap p ea ran ce  
o f  th e  fu lly  cu red  p o ly b e n z o x a z in e  and  fu lly  cu red  p o ly b e n z o x a z in e  ae ro g e l 
a b so rp tio n  b an d s , it co u ld  b e  in fe rred  th a t a f te r  th e  a m b ie n t d ry in g  and  cu rin g  
p ro cess , th e re  w as no  d e te c ta b le  a m o u n t o f  x y len e  re m a in in g  in  th e  re su ltin g  ae ro g e l, 
a lth o u g h  th e  d ry in g  p e r io d  w as o n ly  a co u p le  o f  d ay s. M o re o v e r, th e  sp ec tru m  co u ld
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co n firm  th a t a  ch e m ic a l in te rac tio n  b e tw een  the  p o ly b e n z o x a z in e  an d  th e  x y len e  did 
n o t e x is t d u rin g  th is  p ro cess . F rom  th e  sp ec tra  o f  fu lly  cu red  p o ly b e n z o x a z in e  
ae ro g e ls  (F ig u re  5 .5 c , d) an d  ca rb o n  aero g e l (F ig u re  5 .5 e), th e  o b v io u s  ch an g es  in 
a b so rb an ce  d u e  to  ch em ica l tra n sfo rm a tio n s  fro m  th e  p o ly b e n z o x a z in e  o rg an ic  
ae ro g e l to  c a rb o n  ae ro g e l co u ld  be eas ily  o b serv ed . A fte r  th e  o rg an ic  ae ro g e ls  w ere  
c a rb o n iz e d  at 800 c , the  c h a ra c te ris tic  a b so rp tio n  b an d s  o f  th e  o rg a n ic  c o m p o u n d  
w ere  no  lo n g e r seen . T h is  re su lt s tro n g ly  ag rees  w ith  th e  s tu d y  o f  L i et al. [17] w h ich  
in v es tig a ted  th e  ch em ica l an d  p h y sica l ch an g es  d u rin g  th e  p y ro ly s is  p ro cess  o f  
c re so l- fo rm a ld e h y d e . T h ey  o b se rv ed  th a t th e  in ten s ity  o f  th e  o rg an ic  ab so rp tio n  
p eak s  b eco m es  w e a k e r 'w ith  an  in c rease  o f  p y ro ly sis  te m p e ra tu re , an d  th e  ab so rp tio n  
p eak s  a lm o st c o m p le te ly  d isa p p e a r  at 800 °c. T h ey  a lso  su g g es ted  th a t th e  a ro m atic  
r in g s  rea rran g e  th e m se lv e s , le ad in g  to  b o u n d  ca rb o n  rin g s  d u rin g  th e  p y ro ly sis .

S can n in g  e lec tro n  m ic ro sco p y  w ith  a  m a g n if ic a tio n  o f  5 ,0 0 0  w a s  em p lo y ed  
to  in v es tig a te  th e  m a c ro s tru c tu re  o f  th e  m a te ria ls . F ig u re  5 .6  sh o w s  im ag es  o f  the  
fu lly  cu red  p o ly b e n z o x a z in e , fu lly  cu red  p o ly b e n z o x a z in e  a e ro g e ls , an d  th e ir  
c a rb o n iz e d  p ro d u c ts . T h e  p o ly b e n z o x a z in e  an d  ca rb o n  ae ro g e ls  p re p a re d  from  B A - 
2 0 %  w ere  c o m p o se d  o f  ag g lo m era ted  p o ly b e n z o x a z in e  o r  c a rb o n  p a r tic le s  in  th ree  
d im e n s io n s  w ith  co n tig u o u s  o p en  m ac ro p o re s  an a lo g o u s  to  th a t o f  th e  typ ica l R F  
ae ro g e ls  p rep a red  b y  R. P e tr ic e v ic  et al. an d  S hen  et al. [18 , 19]. F o r th e  o rg an ic  an d  
c a rb o n  ae ro g e ls  fro m  B A -4 0 % , th e  so lid  p h ase  e x h ib its  a  sm o o th  co n tin u o u s  
p o ly m e r n e tw o rk  in c o rp o ra te d  w ith  o p en  m ac ro p o re s , w h ic h  can  be  c lea rly  seen  in  
F ig u re  5 .6 e  an d  f. In  ad d itio n , th e  ca rb o n  ae ro g e ls  re v e a le d  a  d e n se r  p o ro u s  s tru c tu re  
c o rre sp o n d in g  to  th e ir  d e n s itie s , w h ich  w ill be  fu rth e r d isc u sse d . S in ce  aerogel is  a 
p o ro u s  so lid  m a te r ia l w h ic h  is c o m p o sed  o f  c o n tig u o u s  o p en  m a c ro p o re s  in  
c o m b in a tio n  w ith  m an y  u ltra  fine  m ic ro p o re s , its  d e n s ity  an d  su rfa c e  a rea  a re  
im p o rta n t in d ic e s  to  ju d g e  its  quality . T h e  m easu red  d e n s ity  an d  p o re  tex tu re  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  ae ro g e ls  and  c a rb o n  ae ro g e ls  a re  lis ted  in  T ab le
5 .1 . A n  in c rea se  in  th e  c o n c e n tra tio n  o f  th e  m o n o m e r so lu tio n  led  to  a n  in c rease  in  
th e  d e n s ity  o f  th e  re su ltin g  so lid , w h ich  in  tu rn  re su lted  in  a  d e c rea se  o f  th e  v acan c ie s  
w ith in  th e  so lid  sk e le to n  w h e n  th e  so lv en t w as  rem o v ed . T h is  re su lt s tro n g ly  ag rees  
w ith  th e  S E M  stu d y  p re v io u s ly  d iscu ssed . In a d d itio n , th e  d e n s ity  o f  th e  ca rb o n  
ae ro g e ls  w a s  g re a te r  th an  th a t  o f  th e ir  p recu rso ry  o rg a n ic  ae ro g e ls , w h ich  co u ld
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g en e ra lly  b e  seen  in  th e  c a rb o n iz a tio n  o f  o th e r  o rg an ic  ae ro g e ls . T h is  p h e n o m en o n  
w as a lso  o b se rv ed  by  o th e r re la ted  w o rk s . S h en  et al. and  พ น  et al. [10 , 19] found  
th a t th e  b u lk  d e n s ity  and  g e la tio n  ab ility  o f  o rg an ic  an d  c a rb o n  ae ro g e ls  in c reased  
w ith  in c rea s in g  re so rc in o l-fo rm a ld e h y d e  (R F ) an d  p h e n o l-fu rfu ra l (PF) 
co n c e n tra tio n , an d  th ey  a lso  fo u n d  th a t th e  d e n s ity  o f  th e  m a te r ia ls  in c re a se d  a fte r  the 
tra n s fo rm a tio n  o f  o rg an ic  to  c a rb o n  aerogel.

A c c o rd in g  to  th e  n itro g e n  a d so rp tio n  m e a su re m e n t c la ss if ie d  b y  IU P A C , the 
c o m m o n  fac to rs  a ffec tin g  th e  ad so rp tio n  iso th e rm s  a re  th e  c h a ra c te r is tic s  o f  the 
ad so rb en t and  th e  in te ra c tio n  b e tw e e n  th e  a d so rb a te  an d  th e  ad so rb e n t. In  o u r case, 
th e  m a te ria ls  a re  c la ss if ie d  as  T y p e  I, w h ich  is d iv id e d  in to  T y p e  Ia-C  iso th e rm s, 
d e p e n d in g  on  th e  p o re -s iz e  d is tr ib u tio n  o f  m a te ria ls . T y p e  la  c o rre sp o n d s  to  
m a te r ia ls  h av in g  q u ite  n a rro w  m ic ro p o re , T y p e  lb  c o rre sp o n d s  to  m a te r ia ls  h av in g  
w id e r m ic ro p o re  th an  T y p e  la , and  T y p e  Ic c o rre sp o n d s  to  m a te r ia ls  hav in g  
m e so p o re s  to g e th e r  w ith  m ic ro p o re  [20], T h e  a d s o rp tio n -d e s o rp tio n  iso th e rm s  o f  
n itro g e n  on  c a rb o n  ae ro g e ls  a t 77  K  are  sh o w n  in  F ig u re  5 .7 . T h e  a m o u n t o f  n itro g en  
ad so rb e d  and  d e so rb e d  w as p lo tte d  ag a in s t th e  re la tiv e  p re ssu re . A c c o rd in g  to  the  
IU P A C  c la ss if ic a tio n , b o th  iso th e rm s  o f  th e  ca rb o n  a e ro g e ls  w e re  T y p e  lb, 
c h a ra c te r is tic  o f  m ic ro p o ro u s  a d so rb e n ts  [20 , 2 1 ]. M o re o v e r , th e  iso th e rm  o f  ideal 
T y p e  I m ic ro p o ro u s  m a te ria l is co n cav e  to  th e  P /P o  ax is  w ith  a sy m p to tic  ap p ro ach  to  
a  lim ite d  v a lu e  o f  a d so rp tio n ; as  a  re su lt a  h y s te re s is  lo o p  sh o u ld  n o t b e  o b serv ed . 
T h e  T y p e  I iso th e rm  is  p r in c ip a lly  o b se rv ed  w h en  m o le c u la r  a d so rp tio n  is lim ited  to  
o n ly  a  few  layers. H o w ev e r, fo r  m a te ria ls  h a v in g  a w id e  ra n g e  o f  p o re  s izes , th e  
a d s o rp tio n -d e s o rp tio n  iso th e rm s  co u ld  b e  a  c o m b in a tio n  o f  iso th e rm s , w h ic h  d ev ia te  
fro m  th e  idea l iso th e rm  [9], W h en  c o n s id e r in g  th e  iso th e rm s  o f  th e  c a rb o n  ae ro g e ls , 
th e  iso th e rm s  tr iv ia lly  d ev ia te  fro m  th e  idea l T y p e-I iso th e rm . A s  a lso  o b se rv ed  by  
S h en  e t al. [19] th e  d e v ia tio n  c o rre sp o n d s  to  m u ltila y e r  a d so rp tio n  a n d  cap illa ry  
c o n d e n sa tio n  o c c u r  o n  th e  so rb e n t su rface  i f  th e  p o re  s ize  is  sm a lle r  th a n  2 -3  nm . In 
o rd e r  to  a cq u ire  an  e q u ita b le  c o m p a riso n  b e tw e e n  th e  p o re  te x tu re s  o f  th e  re su ltin g  
c a rb o n  ae ro g e ls  in  th is  re se a rch  an d  th o se  o f  th e  re fe ren c e  c a rb o n  a e ro g e ls  fro m  o th e r 
o rg an ic  p re c u rso rs , th e  sam e  c a lc u la tio n  m e th o d  fo r each  p a ra m e te r  sh o u ld  be 
ap p lied . T h e  B E T  su rfa c e  a re a  w as c a lc u la ted  u s in g  th e  B E T  th eo ry . M ic ro p o re  
v o lu m e  and  m ic ro p o re  su rface  a rea  w ere  c a lc u la ted  u s in g  th e  t-p lo t th eo ry . M eso p o re
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v o lu m e  an d  m e so p o re  su rface  a rea  w e re  ca lc u la ted  u s in g  th e  B JH  th eo ry  [1 0 -1 2 ] , 
T h e  c a lc u la ted  p a ra m e te rs  o f  th e  re su ltin g  ca rb o n  ae ro g e ls  c o m p a re d  w ith  th o se  o f  
the  o th e r  o rg an ic  p re c u rso rs  a re  sh o w n  in  T ab le  5.1 an d  5 .2 . T h e  d a ta  in  T a b le  5.1 
sh o w s th a t  th e  p o ly b e n z o x a z in e  d e r iv e d  ca rb o n  ae ro g e ls  h a v e  a  h ig h  su rface  area  
(384  an d  391 m 2/g ) w ith  re la tiv e ly  la rg e  po re  v o lu m e  (0 .21 c m 3/g). T h e  av e rag e  pore  
d ia m e te r  o f  th e  a e ro g e ls  is 2 nm , w h ich  is in th e  m ic ro p o re  ran g e . T h is  re su lt ag rees 
very  w e ll w ith  th e  ad so rp tio n  iso th e rm  c la ss if ic a tio n . A c c o rd in g  to  th e  p o re  s ize  
d is tr ib u tio n  (F ig u re  5 .8 ), th e  p o re  d ia m e te rs  o f  th e  ca rb o n  a e ro g e ls  a re  less  th a n  10 
nm . T h e  e ffec ts  o f  th e  m o n o m e r so lu tio n  c o n c e n tra tio n  an d  th e  c h a ra c te r is tic s  o f  the 
p o ro s ity  o f  th e  c a rb o n  ae ro g e ls  c an  b e  d ed u ced  fro m  T ab le  5 .2 . W e fo u n d  th a t w hen  
the  c o n c e n tra tio n  o f  th e  m o n o m e r so lu tio n  w as in c rea sed , th e  B E T  su rface  a re a  o f  
th e  d e riv e d  c a rb o n  aerogel in c reased . H o w ev er, th e  c o n c e n tra tio n  d o es  n o t h av e  a 
s ig n if ic a n t e ffec t o n  the  o th e r p o ro u s  ch a ra c te ris tic s , in c lu d in g  p o re  s ize , po re  
v o lu m e , an d  p o re  s iz e  d is tr ib u tio n . W h en  c o n s id e r in g  th e  m ic ro p o re  an d  m eso p o re  
p o rtio n s  o f  th e  a reo g e ls , th e  m o st p ro m in e n t c h a ra c te r is tic  o f  th e  p o ly b e n z o x a z in e - 
d e riv ed  ca rb o n  a e ro g e ls  is h ig h  p ro p o rtio n  o f  m ic ro p o re  v o lu m e  to  m ic ro p o re  su rface  
a rea , as c o m p a re d  w ith  o rg an ic  ae ro g e ls  o b ta in ed  fro m  o th e r  p re c u rso rs , as  can  be 
seen  in  T ab le  5 .2  [1 0 -1 2 ] , F ro m  th is  m ic ro s tru c tu re  in v e s tig a tio n , it co u ld  be 
c o n c lu d e d  th a t th e  c o n c e n tra tio n  o f  th e  b e n z o x a z in e  m o n o m e r  so lu tio n  slig h tly  
a ffec ts  o n  th e  m ic ro s tru c tu re  o f  th e  re su ltin g  ae ro g e l, w h ic h  c o n se q u e n tly  a ffec ts  the  
m a c ro s tru c tu re  o f  th e  ae ro g e ls . B y ap p ly in g  th e  m e rc u ry  p o ro s im e try  (M P ) m e th o d , 
th e  p o re  s ize  d is tr ib u tio n  o f  th e  c a rb o n  ae ro g e ls  w as  c le a r ly  seen . T h e  p o re  s ize  
d is tr ib u tio n  o f  th e  c a rb o n  aero g e l (F ig u re  5.8) is lo w e r th a n  2 n m , im p ly in g  th a t th e  
re su ltin g  ca rb o n  ae ro g e ls  c an  b e  c la ss if ie d  as  m ic ro p o ro u s  m a te ria ls . T h e  T E M  
m ic ro g ra p h  o f  th e  c a rb o n  ae ro g e ls  o b ta in e d  fro m  B A -4 0 %  is sh o w n  in F ig u re  5.9. 
T h e  g ro u n d  c a rb o n  ae ro g e l h a s  a  sp h e rica l sh ap e  w ith  a  p o ro u s  s tru c tu re . T h e  p o re  
s ize  is le ss  th an  10 n m , w h ich  is in  ag reem en t w ith  th e  re su lt o b ta in e d  fro m  n itro g e n  
a d so rp tio n  an a ly sis .
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5.5 Conclusions

P o ly b e n z o x a z in e  o rg an ic  ae ro g e ls  and  th e ir  re la ted  c a rb o n  ae ro g e ls  hav e  
b een  su c c e ss fu lly  p re p a re d  b y  s o l-g e l  p ro cess  u s in g  x y len e  as a  so lv en t. S in ce  
o rg an ic  ae ro g e ls  co u ld  be  o b ta in e d  d irec tly  from  d ry in g  p o ly b e n z o x a z in e  h y d ro g e ls  
a t a m b ie n t c o n d itio n s , th e  so lv e n t ex c h a n g e  and  su p e rc ritic a l d ry in g  p ro cess  w ere  
e lim in a ted . W ith  th is  n e w  ap p ro ach  o f  c a rb o n  aero g e l fa b ric a tio n , th e  to ta l 
p ro c e ss in g  p e r io d  w as sh o rte n e d  , from  n o rm ally  2 w e e k s  fo r R F  to  o n ly  1 w eek  fo r 
p o ly b e n z o x a z in e . T h e  re su ltin g  o rg an ic  an d  c a rb o n  ae ro g e ls  c o m p rise  o f  th ree- 
d im e n s io n a l c o n tig u o u s  o p en  m à c ro p o re s  co n ta in in g  a  la rge  n u m b e r o f  m ic ro p o re s  in  
th e ir  s tru c tu re s . S in ce  th e  c a rb o n  ae ro g e ls  co n s is te d  o f  n u m ero u s  p o re s  w ith  s izes 
m a in ly  lo w e r th a n  2 nm , th e  ae ro g e ls  co u ld  be  c la ss if ie d  as  m ic ro p o ro u s  m ate ria ls . 
W h en  c o n s id e r in g  th e  m ic ro p o re  and  m eso p o re  p o rtio n s  o f  th e  re su ltin g  a reo g e ls , 
th e se  c a rb o n  ae ro g e l s tru c tu re s  h ad  a  h ig h e r  p ro p o rtio n  o f  m ic ro p o re  to  m eso p o res , 
co m p ared  w ith  c a rb o n  ae ro g e ls  w ith  th e  sam e  d en s ity  d e riv ed  fro m  o th e r  p recu rso rs  
o r  p ro c e ss  w h ic h  is th e  a d v a n ta g e  o f  o u r m a te ria ls . T h e  ex p e rim en ta l re su lts  sh o w ed  
th a t in c rea se  o f  th e  m o n o m e r  so lu tio n  c o n c e n tra tio n  led  to  n o t o n ly  in c rea se  th e  b u lk  
d e n s ity  b u t a lso  in c rea se  B E T  su rface  a rea  o f  th e  re su ltin g  p o ly b e n z o x a z in e  and  
ca rb o n  ae ro g e ls .
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Biaphenol-A Formaldehyde Aniline
I 110°c

Benzoxazine monomer

l A

Scheme 5.1 T h e  p recu rso rs  an d  p o ly b e n z o x a z in e  sy n th e tic  re ac tio n .
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Figure 5.1 DSC thermogram of the benzoxazine monomer with scanning rate of 1
๐c/min.
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Figure 5.2 TGA thermogram of the polybenzoxazine.
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Figure 5.3 FTIR spectra of a benzoxazine monomer, b uncured BA-20% derived
aerogel, and c uncured BA-40% derived aerogel.
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Figure 5.4 DSC thermograms of benzoxazine monomer, fully cured
polybenzoxazine and polybenzoxazine aerogels.
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W a v e n u m b e r  (c m '1)

Figure 5.5 FTIR spectra of a benzoxazine monomer, b fully cured polybenzoxazine,
c fully cured BA-20% derived aerogel, d fully cured BA-40% derived aerogel, e BA-
40% derived carbon aerogel.
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Figure 5.6 SEM micrographs of a fully cured polybenzoxazine, b carbonized 
polybenzoxazine, c fully cured organic aerogel from 20 wt% monomer solution, d 
carbon aerogel from 20 wt% monomer solution, e fully cured organic aerogel from 
40 wt% monomer solution, and f carbon aerogel 40 พt% monomer solution.
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Realative Pressure (P/P )

Figure 5.7 Adsorption and desorption isotherms of carbon aerogel from a 20 wt%
monomer solution and b 40 wt% monomer solution.
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Figure 5.8 Pore size distribution of carbon aerogels from different monomer 
concentrations.
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Figure 5.9 TEM morphology of carbon aerogel prepared from 40 wt% monomer 
solution.
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Table 5.1 Density and pore texture of polybenzoxazine, polybenzoxazine aerogels 
and carbon aerogels

Sample Density S bf.t Total pore 
volume

Average pore size 
diameter

Volume
shrinkage

(kg/m3) (m2/g) (cm3/g) (nm) (% )
P o ly b e n z o x a z in e 1 2 5 0 - - - -
B A -2 0  w t% 2 6 0 - - - -
B A -4 0  w t% 5 9 0 3 .7 2 0 .01 10 .5 -
C A -2 0  w t% 3 0 0 3 8 4 0 .21 2 .2 53
C A -4 0  w t% 8 3 0 391 0 .21 2 .2 5 7
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Table 5.2 The calculated surface area, pore volume and pore size of the resultant 
carbon aerogels compared with that of carbon aerogels from other organic precursors

Sample Density
(kg/m3)

Smic
(m2/g)

Smes
(m2/g) (cm3/g) .■ ท?,8 )

V - /V ร • /S‘“'mic' ̂ mes

C A -2 0 w t% 3 0 0 2 9 6 103 0 .1 5 0 .0 6 2 .5 2 .8 7
RF a e ro g e l R f  = 30w t% , 
R /F  = 0 .4  [1 2 ]

3 3 0 3 2 6 511 0 .1 5 1.33 0.11 0 .6 4

PF a e r o g e l2, P F  = 50w t% , 
H C 1 /P =  1.5 [1 0 ]

3 2 0 2 2 9 2 9 7 0.11 0 .71 0 .1 5 0 .7 7

P F  a e r o g e l2, PF  -  4 0 w t% , 
N a O H  ==0.01 w t%  [1 1 ]

3 1 0 2 9 7 3 2 5 0 .1 4 1.01 0 .1 4 0 .91

C A -4 0 w t% 8 3 0 3 1 7 84 0 .1 7 0 .0 5 3 .4 3,77
PF a e r o g e l2, P F  = 70w t% , 
H CI /p  -  3 [1 0 ]

6 4 0 3 2 6 192 0 .1 5 0 .51 0 .2 9 1 .70

PF aero g e l , P F  = 40w t% , 
N a O H  =  0 .0 7  w t%  [1 1 ]

5 9 0 2 9 6 3 3 4 0 .1 4 0 .7 4 0 .1 9 0 .8 9

PF a e r o g e l2, P F  = 60w t% , 
H C I /p -  3 [1 0 ]
R F a ero g e l , R f  = 40\v t% , 
R /F  =  0 .3 3  [1 2 ]

5 1 0 3 5 9 2 0 6 0 .1 7 0 .6 7 0 .2 5 1 .74

5 0 0 3 0 4 5 2 8 0 .1 4 1 .09 0 .1 3 0 .5 8

R F a e r o g e l1 rep resen ts  ca rb on  a e ro g e l from  R e so r c in o l-F o r m a ld e h y d e . 
P F  a e ro g e l2 rep resen ts  ca rb on  a e ro g e l from  P h en o l-F u rfu ral.
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