
CHAPTER IV
Highly Porous Polymeric Foam of Maleimide-Terminated Poly(arylene ether 

sulfone) Oligomers via High Internal Phase Emulsions

4.1 Abstract

P o ly H IP E s are h ig h ly  p o ro u s p o ly m ers  w h ic h  can  b e  sy n th e s iz e d  th ro u gh  
e m u ls io n  tem p la tin g  b y  p o ly m e r iz in g  the co n tin u o u s  p h ase  o f  h ig h  in ternal p h a se  
e m u ls io n s  (H IP E s). P o ly (a r y le n e  eth er  s u lfo n e )  o l ig o m e r s  w e r e  sy n th e s iz e d  v ia  
n u c le o p h il ic  arom atic  su b stitu tio n  reac tio n  o f  b isp h e n o l A , l - (4 -h y d r o x y -p h e n y l) -  
p y r r o le -2 ,5 -d io n e  (H P M I), and b is - (4 -c h lo r o p h e n y l) -su lfo n e  w e r e  in trod u ced  to  
c o p o ly m e r iz e  w ith  D V B  to  im p ro v e  C O 2 a d so rp tio n  and the m e c h a n ic a l p rop erties  o f  
o b ta in ed  m ater ia ls . A  m a le im id e -te r m in a te d  aryl e th er  su lfo n e  o l ig o m e r  (M A P E S )  
w a s c o p o ly m e r iz e d  w ith  d iv in y lb e n z e n e  (D V B )  in  th e  c o n tin u o u s  p h ase  b y  u s in g  
m ix e d  su rfa cta n ts sy s te m  (sorb itan  m o n o o le a te  (S p a n 8 0 ) , c e ty ltr im e th y la m m o n iu m  
b ro m id e  (C T A B ), d o d e c y lb e n z e n e su lfo n ic  acid  so d iu m  sa lt ( D D B S s ) )  and p e r o x id e  
in itia tor. P o ly H IP E s w a s  prepared  b y  tw o  ty p e s  o f  m ix e d  su rfactan ts ratio s  
(S P A N 8 0 , D D B S s , and  C T A B ; 6 .3 , 0 .4 , and 0 .3  w t% )(7 s )  and  ( S P A N 8 0 , D D B S s ,  
and  C T A B ; 1 1 .3 , 0 .4 , and  0 .3  w t% )(1 2 s). A  m a le im id e -te r m in a te d  ary l ether s u lfo n e  
o lig o m e r s  w er e  u sed  0 , 2 .5 , 5 , 10, 2 0 , and  3 0  w t%  a s a c o p o ly m e r . T h e  p o r o s it ie s  and  
stru ctu res o f  m ater ia ls  w er e  ch ara cter ized  b y S E M  and B r u n a u er -E m m ett-T e ller  
(B E T ) n itr o g e n  g a s  ad so rp tio n . T h e  ob ta in ed  p o ly H IP E s sh o w e d  an  o p en  c e ll  and  a 
se c o n d a r y  p ore  structure w ith  su rfa ce  areas o f  a p p ro x im a te ly  4 0 0 m 2 /g . C o m p r e ss iv e  
m o d u lu s  te s t  o f  th e  m a ter ia ls  sh o w e d  a  h ig h er  m o d u lu s  than  for p o ly (D V B )  
p o ly H IP E s.

K ey w o rd s: C O 2 a d so rp tio n / P o ly H IP E s / P o ly s u lfo n e / M ix e d  su rfactan ts
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4 .2  I n tr o d u c t io n

G lo b a l w a rm in g  is  th e  in crea sin g  in  th e  a v era g e  tem p era tu re  o f  earth  near the  
air and o c e a n  su rfa ce . It c a u se d  b y  in c r e a s in g  c o n c e n tr a tio n  o f  g ree n  h o u se  g a ses;  
carb o n  d io x id e  m eth a n e  and n itrou s o x id e , resu ltin g  from  h u m an  a c tiv ity ; su ch  as  
fo s s i l  fu e l c o m b u stio n  b y  in d u stria l a c t iv it ie s  and  g a s if ic a t io n  p r o c e s s e s . T h erefo re , it 

is  v ery  im p ortan t to d e s ig n  ad sorb en t m a ter ia ls  that w o u ld  ad sorb  su ch  g a se s  b efo re  
b e in g  lib era ted  in to  the en v iro n m en t. P o ly m e r iz a tio n  o f  th e  m o n o m e r ic  c o n tin u o u s  
p h a se  o f  a h ig h  in tern al p h a se  e m u ls io n  (H IP E ) p rep ared  h ig h ly  p o ro u s  cro ss lin k e d  
p o ly m e r  m a ter ia ls . T h e m o n o m e r  sy s te m  w h ic h  h as r e c e iv e d  the m o s t  a tten tion  in  
p o ly H IP E s  s tu d ie s  is  s ty r e n e /d iv in y lb e n z e n e  (D V B ). A  lo t o f  e ffo r t w a s  in v e s te d  to 
d eterm in e  th e fa c to rs  w h ic h  a ffe c t  the c e llu la r  structure and c e l l  s iz e  o f  the resu ltin g  
p o ro u s  p o ly m e r s , and in  1997, N e il  R. c . et al. h a v e  d e sc r ib e d  th e  p ro d u ctio n  o f  
p o ly H IP E s  m a ter ia ls  w ith  h ig h  in ternal su r fa ce  areas, e m p lo y in g  m e th o d o lo g ie s  
s im ila r  to th o se  u sed  in  p o ro u s p o ly m e r  b ead  p rep aration . S c a n n in g  e le c tr o n  
m ic r o sc o p y  (S E M ) can  c le a r ly  s e e  th e  fo a m -lik e  m o r p h o lo g y  o f  o p e n -c e llu la r  
p o ly H IP E s  m ater ia ls . T h e  o p e n -c e ll p o ly m e r s  are ch a ra cter ized  b y  an e x tr e m e ly  lo w  
dry bu lk  d e n s ity , le s s  than  0 . 1  g  cm '3, w h ic h  is  d u e  to  c o m p le te  in te rco n n ec tio n  
b e tw e e n  a ll n e ig h b o r in g  c e lls . T h eir  m e c h a n ic a l p rop erties  are s im ila r  to  g a s -b lo w n  
p o ly s ty r e n e  fo a m s , a lth o u g h  the sm a ller  c e ll  s iz e s  and  h ig h er  d e g r e e  o f  ce llu la r  
sp h er ica l sy m m e tr y  o f  th e  e m u ls io n -d e r iv e d  fo a m s p r o d u ces  h ig h er  c o m p r e ss iv e  
stren g th s. H o w e v e r  th e in h eren t b r ittlen ess  o f  p o ly s ty r e n e  and  th e ch a ra cter istic  lo w  
d e n s ity  o f  p o ly H IP E s  p o ly m e r s , m o n o lith ic  m a ter ia ls  d er iv ed  fro m  s ty r e n e /D V B  
ten d  to fra g m en t in to  p a rtic le s  rather e a s i ly  u n der m e c h a n ic a l stress . M o r e o v e r , th e y  
p o s s e s s  lo w e r  th e r m o -o x id a tiv e  s ta b ility  and lo w e r  s e le c t iv e  p rop erty  than  
p o ly s u lfo n e . F or  th is  rea so n , in v e s t ig a t io n s  in to  th e  p r o d u ctio n  o f  a m o re  th erm a lly  
s ta b le  and m o re  se le c t iv ity  m ater ia l, in v o lv in g  a h ig h -p e r fo r m a n c e  p o ly m e r  su ch  as  
p o ly s u lfo n e , w i l l  b e  en tried  ou t. T h e p u rp o se  o f  th is  w o r k  is  to  p r o d u ce  m a le im id e -  
term in ated  p o ly (a r y le n e  eth er su lfo n e )  P o ly H IP E s , u s in g  C T A B , S P A N  8 0 , and  
D D B S s  as su rfa cta n ts , d e term in e  the su ita b le  c o n d it io n  an d  a m o u n ts  o f  a su rfactan t  
fo r  u se  as a  c a r b o n d io x id e  ad sorban t o f  th e  ob ta in ed  p o ly H IP E s.
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T h e  p u rp o se  o f  th is  w ork  is  to  p rod u ce  m a le im id e -te r m in a te d  p o ly (a r y le n e  
eth er s u lfo n e )  p o ly H IP E s , u sin g  m ix e d  su rfactan ts sy s te m  that co n ta in s  S P A N  80 , 
D D B S s , and  C T A B , d eterm in e  the su ita b le  c o n d it io n  and  a m o u n ts  o f  a su rfactan t for  
u se  as a  carb on  d io x id e  ad sorbant o f  th e  o b ta in ed  p o ly H IP E s.

4 .3  E x p e r im e n ta l

4 .3 .1  M ater ia ls
A ll  c h e m ic a ls  w e r e  u s e d  a s  r e c e iv e d . P o ta s s iu m  p e r o x o d is u lfa te ,  

c a lc iu m  c h lo ro h y d r id e  d eh yd rated , m a le ic  a n h yd rid ed , and d e c y tr im e th y la m m o n iu m  
b ro m id e  w er e  p u rch ased  from  F lu k a. P o ta ss iu m  carb on ate , p h o sp h o ru s  p e n to x id e , 
and iso p r o p y l a lc o h o l w ere  p u rch ased  from  C arlo  Erba. B isp h e n o l A  97 %  and  
d o d e c y lb e n z e n e s u lfo n ic  acid  ( D D B S s )  w er e  p u rch ased  from  A ld r ich . T o lu e n e  A R . 
grad e and  d im e th y lfo r m a m id e  H P L C  grade w e r e  p u rch ased  from  L ab S can . 
D iv in y lb e n z e n e  (D V B )  and b is (4 -c h lo r o p h e n y l)  s u lfo n e  w ere  p u rch a sed  from  M erck . 
S p an  8 0  w a s  p u rch ased  from  S ig m a . N ,N -d im e th y la c e ta m id e  ( D M A c )  99%  pure w a s  
p u rch ased  from  A c r o s .

4 .3 .2  M eth o d s
4.3.2.1 Synthesis o f l-(4-hydroxy-phenyl)-pyrrole-2,5-dione (HPMI) 

T h e H P M I w a s  sy n th e s iz e d  a cco rd in g  to  C h o i et al. In a 100
m l rou n d  b o tto m  f la sk  w ere  ad d ed  3 0  g  m a le ic  an h yd rid e  and  3 0 .6  g  p -a m in o p h e n o l 
and  8 0  m l D M F  at 0  °c. A  m ix tu re  o f  15 g  P 2 O 5 in  5 0  m l D M F  an d  8  g  o f  
co n cen tra ted  H 2 S 0 4  w a s  ad d ed  o v e r  3 0  m in  to a rou n d  b o tto m  fla sk  w h ile  th e  flask  
w a s b e in g  stirred  b y  a  m a g n etic  stirrer. T h en  th e rea c tio n  m ix tu re  w a s  stirred  at 70°c 
for  3 h  in  an o il bath. A fte r  that the m ix tu re  w a s  p ou red  in to  5 0 0  m l o f  d e - io n iz e d  ice  
w a ter  and  y e l lo w  p rec ip ita tio n  w a s  o b serv ed . T h e p rec ip ita te  w a s  d ried  under  
v a c u u m  ch a m b er  for a p p ro x im a te ly  1 2  h  and w a s  p u r ified  b y  recry sta liz a tio n  in  
iso p r o p a n o l. T h e  p rod u ct w a s  in  th e  form  o f  y e l lo w  n e e d le  lik e  cry sta ls .

4.3.2.2 Synthesis o f maleimide-terminated poly(arylene ether sulfonej 
oligomers
T h e p o ly m e r iz a tio n  w a s  carried  ou t in  a  5 0 0  m l th ree -n eck ed  

rou n d  b o tto m  fla sk  w h ic h  w a s  fitted  w ith  D e a n  Stark trap, n itrog en  in le t, and
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m a g n e tic  stirrer. B is -(4 -c h lo r o p h e n y l)-s u lfo n e  5 .7 5 1  g  w a s  ad d ed  to  th e  reaction  
f la sk  fo llo w e d  b y  b isp h e n o l A  4 .3 3 2  g  and H P M I 0 .4 0 0 2  g , and  r in sed  w ith  D M A c  
6 5  m l to assu re  q u an tita tive  a m o u n t o f  m o n o m e r s . D r ied  p o ta ss iu m  carb o n ate  3 .3 9 5  
g  an d  to lu en e  18 m l w e r e  ad d ed  n ex t  and th e  rea c tio n  w a s  r e f lu x e d  at 145°c for 4  h. 
A fte r  th e  w a ter  had  b een  r e m o v e d , to lu e n e  w a s  d raw n  fro m  th e D e a n  Stark  trap the  
tem p era tu re in crea sed  to 155°c. T h e rea c tio n  p r o c e e d e d  fo r  8 h, a fter th e  so lu tio n  
w a s  c o o le d  and  fd tered  to r e m o v e  in o rg a n ic  sa lts , th en  c o a g u la te d  in  an  e x c e s s  rapid  
stirred  m eth a n o l, prior to d ried  under v a c u u m  at 60°c to  con sta n t w e ig h t. T h e  
p ro d u ct w a s  in th e  form  o f  lig h t  grey  p o w d er .

4.3.2.3 Preparation o f Poly HIP Es containing maleimide-terminated
poly(arylene ether sulfone)
T h e ce llu la r  m a ter ia ls  w ere  p rep ared  b y  first d is s o lv in g  

o r g a n ic  p h ase  c o n ta in in g  5 m l o f  D V B  m o n o m e r , 5 m l o f  to lu e n e , req u ired  a m o u n ts  
o f  m a le im id e -term in a ted  p o ly (a r y le n e  eth er  su lfo n e ) , and a m ix tu re  o f  n o n io n ic ,  
a n io n ic , and  c a t io n ic  su rfactants: S P A N 8 0 , D D B S s , and  C T A B  w a s  ad d ed  to  the  
m ix tu re , stirred for 10 m in . W h ile  9 0  m l o f  d is t ille d  w a ter  c o n ta in in g  0 .2  g  o f  
p o ta ss iu m  p ersu lfa te  and 1 g  o f  c a lc iu m  c h lo r id e  d eh yd ra ted  w ere  ad d ed  d r o p -w ise  
to  th e  reactio n  fla sk . A fte r  a ll th e  w ater  h as b e e n  ad d ed , th e  e m u ls io n  w a s  further  
stirred  for 2 0  m in  and p la ced  in a g la ss  b o ttle . T h e  o b ta in e d  e m u ls io n s  w e r e  cap p ed  
an d  put in  a c o n v e c t io n  o v e n  at 70°c for 2 4  h to p o ly m e r iz e . A fter  p o ly m e r iz a tio n , 
th e  ce llu la r  m a ter ia ls  w ere  rem o v e d  from  th e g la ss  b o tt le s  and  w a sh e d  b y  so x h le t  
ex tr a c tio n  for 6  h  w ith  iso p r o p y l a lc o h o l. T h en  th e c e llu la r  m a ter ia ls  w e r e  returned to  
v a c u u m  o v e n  to dry at 80°c for 4 8  h.

4 .3 .3  E q u ip m en ts
4.3.3.1 Nuclear Magnetic Resonance (NMR)

T h e N M R  sp ectra  o f  m a le im id e -te r m in a te d  p o ly (a r y le n e  ether  
s u lfo n e )  o l ig o m e r s  w ere  o b ta in ed  u s in g  ’H -N M R  and 1 3 C -N M R  at th e  C h em istry  
D ep a rtm en t, F a cu lty  o f  S c ie n c e , N a resu an  U n iv e r s ity .

4.3.3.2 Fourier Transform Infrared Spectroscopy (FT-IR)
T h e F T -IR  sp ectra  o f  m a le im id e -te r m in a te d  p o ly (a r y le n e  ether  

s u lfo n e )  o l ig o m e r s  w ere  o b ta in ed  u s in g  N ic o le t  N e x u s  6 7 0  F T -IR  sp ec tro m eter  in the
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freq u en cy  ran ge o f  4 0 0 0 -4 0 0 c m '*  w ith  3 2  sca n s  at th e  r e so lu tio n  o f  2  c m '1. K B r  
p e lle t  tech n iq u e  w a s  a p p lied  in  the p rep aration  o f  p o w d e r  sa m p les .

4.3.3.3 Surface Area Analyzer (SAA)
N itr o g e n  a d so r p t io n -d e so r p t io n  iso th e r m s  w e r e  o b ta in e d  at 

-196°c o n  a  Q u an ta ch rom e A u to so r b -IM P . S a m p le s  w er e  d e g a sse d  at 100°c in  a 
v a cu u m  fu rn ace prior to  an a ly sis . S u rfa ce  areas w e r e  c a lc u la te d  u s in g  the B E T  
m eth o d . T h e  pore s iz e  d istr ib u tio n s w e r e  co n stru c ted  b a sed  o n  B arrett, Joyn er and  
H a len d a  (B J H ) m eth o d  u s in g  a d so rp tio n  o f  n itrog en  iso th erm .

4.3.3.4 Thermalgravimetric Analysis (TGA)
T h erm algra v im etr ic  A n a ly s is  (T G A ) w a s  p erfo rm ed  to

m ea su re  th e therm al s ta b ility  o f  the P o ly H IP E s. T G A  o f  P o ly H IP E s w a s  p erform ed  
u s in g  a P erk in  E lm er /P yr is  D ia m o n d  T G /D T A  in stru m en t. E x p e r im e n ts  w ere  carried  
o u t under n itrog en  g a s  a tm osp h ere . S a m p le s  w er e  cu t in to  sm a ll p ie c e s  w e ig h  ab ou t
2 - 5  m g. T h en  the sa m p le s  w ere  lo a d ed  o n  the p la tin u m  pan  and  h ea ted  to 8 0 0 ° c  
fro m  4 0 ° c  at a h ea tin g  rate o f  10 ° c /m in .  O n e  step s  d eg ra d a tio n  w a s  o b se r v e d  d u rin g  
te st in g , and  th e d e c o m p o s it io n  tem peratu re w a s  reco rd ed  co rr e sp o n d in g  to 50%  
d e c o m p o s it io n  o f  the m ateria l.

4.3.3.5 Universal Testing Machine (LLOYD)
A  L lo y d s  U n iv e r sa l T e stin g  M a c h in e  (L lo y d s /L R X ) eq u ip p ed  

w ith  a 5 0 0  N  load  c e l l  w a s  u sed  to m ea su re  m e c h a n ic a l p rop erties  in  c o m p r e ss io n  
T h e  sa m p le s  w ere  lo a d ed  at a rate o f  1 .2 7  m m /m in . S a m p le s  o f  2 5 .4  m m  in d ia m eter  
and  2 5 .4  m m  in  h e ig h t w e r e  u sed  for te ste d  o f  ea c h  P o ly H IP E s. T h e  sa m p les  w ere  
lo a d ed  u n til a d isp la c e m e n t o f  7 0  p ercen t o f  the h e ig h t o f  th e  e x a m in e d  sa m p le  w a s  
reach ed .

4.3.3.6 Emission Scanning Electron Microscope (FE-SEM)
F ie ld  e m is s io n  sc a n n in g  e le c tr o n  m ic r o sc o p y  w a s  p erfo rm ed  

o n  H ita ch i ร -4 8 0 0  M o d e l to  o b se r v e  su rfa ce  m o r p h o lo g y  o f  P o ly H IP E s. T h e  
s p e c im e n s  w er e  co a te d  w ith  p la tin u m  under v a c u u m  b efo re  o b se r v a tio n  to  m ak e  
th em  e le c tr ic a lly  c o n d u c tiv e .

4.3.3.7 CO2 Gas adsorption
S tu d y  o f  C O 2 g a s  ad so rp tio n  c a p a c it ie s  o f  p o ly H IP E s w ere  

carried  ou t u s in g  a p ilo t  g a s if ic a tio n  u n it at the C h e m ic a l T e c h n o lo g y  D ep artm en t,
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F a c u lty  o f  S c ie n c e , C h u la lo n g k o m  U n iv e r s ity . S a m p le s  w e r e  cu t in to  sm a ll p ie c e s  
w e ig h  ab ou t 1-2  g. T h en  th e sa m p le s  w er e  lo a d e d  into sa m p le  tu b e  2 x 2 5  cm . C O 2 2 0  
m l/m in  and H e 8 0  m l/m in  w er e  f lo w e d  th ro u gh  th e sa m p le  at ro o m  tem peratu re. T h e  
re s id u e  o f  C O 2 w a s  m easu red  b y  a gas ch rom a to grap h y  in stru m en ts , th e  c o lu m n  u sed  
S h im a d z u  2 0 1 4 , f lo w  rate 35 m l/m in .

4 .4  R e s u lts  a n d  D is c u s s io n

4 .4 .1  C h a racter iza tio n  o f  m a le im id e -te r m in a te d  p o ly fa r y le n e  eth er su lfo n e)  
o lig o m e r s  (M A P E S )

T h e F T -IR  sp ectra  o f  m a le im id e -te r m in a te d  p o ly (a r y le n e  eth er su lfo n e )  
o lig o m e r s  is  sh o w e d  in  fig u re  4 .1 . T h e sp ec tra  sh o w e d  b an d s o f  im id e  ( C = 0 )  at 
3 0 9 2 , 3 0 7 5  c m '1. T h e  a d so rp tio n  bands at 1 5 9 0  and 1 2 3 7  c m "1 in d ica te  the p resen ce  
o f  aryl ( C - 0  stre tch in g ). T h e  a d so rp tio n  b an d  at 7 6 0  c m ' 1 sh o w s  su lfo n y l (S  O  
stre tch in g ).

T h e *H -N M r sp ectra  o f  m a le im id e -te r m in a te d  p o ly (a r y le n e  eth er su lfo n e )  
o lig o m e r s in  c h lo ro fo rm  so lv e n t  is  sh o w n  in  fig u re  4 .2 . T h e  sp ectra  sh o w e d  bands o f  
su lfo n y l group  at 7 .8  ppm . T h e  sp ectra  b an d s arou n d  7 p p m  in d ica ted  th e  p r esen ce  o f  
p ara -arom atic  r in g  and the b an d s around 1 .6 - 1 . 8  p p m  b e lo n g e d  to  aryl grou p .

F rom  th e se  resu lts , th ey  w er e  su g g e s te d  th at m a le im id e -term in a ted  
p o ly (a r y le n e  eth er su lfo n e )  o lig o m e r s  (M A P E S )  w ere  s u c c e s s fu lly  p rod u ced .

F ig u r e  4 .1  F T -IR  sp ectra  o f  m a le im id e -te r m in a te d  p o ly (a r y le n e  eth er  su lfo n e )  
o lig o m e r s  (M A P E S ).
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F ig u r e  4 .2  !H -N M R  sp ectra  o f  m a le im id e -te r m in a te d  p o ly (a r y le n e  ether s u lfo n e )  
o lig o m e r s  (M A P E S ).

4 .4 .2  C h a racter istics  o f  M A P E S  P o ly H IP E s
4.4.2.1 Morphologies and surface areas

S E M  m icro g ra p h s (F ig u re  4 .3 )  s h o w  m o r p h o lo g ic a l  
ch a ra cter is tics  o f  p o ly H IP E s  u s in g  m ix e d  su rfa cta n ts 7 s  (S P A N  80 , D D B S s , and  
C T A B ; 6 .3 , 0 .4 , and  0 .3  % w t) c o p o ly m e r iz e d  w ith  v a r io u s M A P E S  con ten t.

T h e  su rfa ce  areas o f  th e  ob ta in ed  P o ly H IP E s u s in g  m ix e d  
su rfactan t 7 s  w er e  fo u n d  to d e c r e a se  from  531 to  2 6 5  m 2 /g  (5 0 % ) w ith  in crea sin g  
c o n ten t o f  M A P E S  (T a b le  4 .1 ) .

T a b le  4 .1  S u rface  areas o f  M A P E S  p o ly H IP E s  m a ter ia ls  u s in g  m ix e d  su rfactan ts 7 s

S a m p le S u rfa ce  area (m 2 /g )
D V B 5 3 1 .9 ± 2
D V B + 2 .5 %  M A P E S 5 1 4 .1± 4
D V B + 5 %  M A P E S 4 5 3 .9±1
D V B + 1 0 %  M A P E S 4 0 0 .4 ± 2
D V B + 2 0 %  M A P E S 3 4 2 .2 ± 3
D V B + 3 0 %  M A P E S 2 6 5 .1  ± 5
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F ig u r e  4 .3  S E M  m icro g ra p h s o f  M A P E S  p o ly H IP E s  m a ter ia ls  u s in g  m ix e d  
su rfactan ts 7 s . (a ) D V B , (b ) D V B /2 .5 % w t M A P E S , (c )  D V B /5 % w t M A P E S , (d )  
D V B /1 0 % w t M A P E S , (e )  D V B /2 0 % w t M A P E S , (f)  D V B /3 0 % w t M A P E S .

T h e  su rfa ce  area resu lts , as d e term in ed  b y  B E T  a n a ly s is  w e r e  
fou n d  to d e c r e a se  w ith  in c r e a s in g  M A P E S  con ten t. T h is  resu lts  sh o w e d  th e  n u m b er  
and s iz e  o f  large v o id s  in crea sed  and th e fo rm a tio n  o f  n on  p o ro u s  m e d ia  o n  th e  
p o ly H IP E s su rfa ce . T h is  m a y  d u e to  th e  fo rm a tio n  o f  th e  e m u ls io n  d rop let resu lts  in  
th e  sy s te m  o f  p o lyE E P E s b e c o m in g  u n sta b le . T h is  o b se r v a tio n  w a s  corre la ted  w ith  
th e  e lec tro n  m icro g ra p h s and  su rfa ce  areas m easu rem en t.
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S E M  m icro g ra p h s (F ig u re  4 .4 )  s h o w  m o rp h o lo g ica l  
ch ara c ter is tic s  o f  p o ly H IP E s  u s in g  m ix e d  su rfactan ts 12s (S P A N  8 0 , D D B S s , and  
C T A B ; 1 1 .3 , 0 .4 , and 0 .3  % w t) c o p o ly m e r iz e d  w ith  v a r io u s  M A P E S  con ten t.

F ig u r e  4 .4  S E M  m icro g ra p h s o f  M A P E S  p o ly H IP E s  m a ter ia ls  u s in g  m ix e d  
su rfactan ts 12s. (a ) D V B , (b ) D V B /2 .5 % w t M A P E S , (c )  D V B /5 % w t M A P E S , (d )  
D V B /1 0 % w t M A P E S , (e )  D V B /2 0 % w t M A P E S , ( f )  D V B /3 0 % w t M A P E S .

T h e  su rfa ce  areas o f  th e  o b ta in e d  P o ly H IP E s u sin g  m ix e d  
su rfactant 12 s w ere  fo u n d  to  d ecr e a se  from  4 0 0  to  9 3 m 2 /g  (7 7 % ) w ith  in crea sin g  
co n ten t o f  M A P E S  (T a b le  4 .2 ) .
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T a b ic  4 .2  S u rfa ce  areas o f  M A P E S  p o ly H IP E s m ater ia ls  u s in g  m ix e d  su rfactan ts  
1 2 s

S a m p le S u rfa ce  area (m 2 /g )

D V B 4 0 0 .4 ± 5

D V B + 2 .5  % w t M A P E S 3 8 9 .1±3

D V B + 5  % w t M A P E S 3 4 2 .3 ± 2

D V B + 1 0  % w t M A P E S 3 2 4 .4 ± 2

D V B + 2 0  % w t M A P E S 3 4 8 .4 ± 2

D V B + 3 0  % w t M A P E S 9 2 .9 ± 4

T h e  su rfa ce  area resu lts , as d eterm in ed  b y  B E T  a n a ly s is  w ere  
fou n d  to d ecr e a se  w ith  in crea sin g  M A P E S  c o n ten t. T h e se  resu lts  sh o w e d  th e n u m b er  
v o id s  d e crea se . T h is  m a y  d u e  to  u n sta b le  e m u ls io n  d rop let in d u ced  v o id s  c o lla p s e  in 
the sy s te m  o f  p o ly H IP E s. T h is  o b se r v a tio n  w a s  corre la ted  w ith  the e lec tro n  
m icro gra p h  and su r fa ce  area m ea su rem en t.

4.4.2.2 Thermal Properties
T G A  grap h s o f  p o ly H IP E s, prepared  from  m ix e d  su rfactan t 7s  

and 12s c o p o ly m e r iz e d  w ith  M A P E S , w ere  carr ied  ou t to  m ea su re  the therm al 
sta b ility  o f  th e  p o ly H IP E s  w ith  th e  tem p era tu re ran g e  b e tw e e n  4 0 -6 0 0 ° C  an d  h ea tin g  
rate o f  1 0 °G fn in . T G A  th erm o gra m  o f  tem p era tu re a g a in st p ercen t w e ig h t  lo s s  o f  
P o ly H IP E s u s in g  m ix e d  su rfactan ts 7 s  and 12 s c o p o ly m e r iz e d  w ith  v a r io u s  M A P E S  
co n ten t (F igu re  4 .5  and 4 .6 ) . T h e  th erm al d e c o m p o s it io n  tem peratu re (T d ) and  
res id u e  y ie ld  (% ) w e r e  lis te d  in th e  T a b le  4 .3  and  4 .4 .
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Table 4.3 Thermal decomposition temperature (Td) and residue yield (%) of
MAPES polyHIPEs with mixed surfactants 7s

P o ly H IP E s  (7 s ) Td (°C ) res id u e  y ie ld  (% )
D V B 4 2 7 .7 9 .6

D V B / 2 .5  % w t M A P E S 4 1 0 .2 1 3 .7
D V B / 5 % w tM A P E S 4 1 8 .8 14 .3
D V B / 10 % w tM A P E S 4 2 6 .1 1 4 .4

D V B / 2 0  % w t M A P E S 4 2 7 .1 1 8 .4

D V B / 3 0  % w t M A P E S 4 3 3 .2 19 .3

0 300 600

F ig u r e  4 .5  T G A  th erm o gra m  o f  M A P E S  p o ly H IP E s w ith  m ix e d  su rfa cta n ts 7s.
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Table 4.4 Thermal decomposition temperature (Td) and residue yield (%) of
MAPES polyHIPEs with mixed surfactants 12s

P o ly H IP E s (1 2 s ) Td (°C) resid u e  y ie ld  (% )

D V B 4 0 5 .5 16 .2

D V B /2 .5  % w t M A P E S 4 0 3 .5 16 .7

D V B /5  % w t M A P E S 4 0 4 .6 17 .5

D V B /10 % w t M A P E S 4 1 3 .5 17 .9

D V B /2 0  % w t M A P E S 4 2 5 .2 18 .2

D V B /3 0  % w t M A P E S 4 2 6 .3 19 .5

0 300 600

F ig u r e  4 .5  T G A  th erm o gra m  o f  M A P E S  p o ly H IP E s w ith  m ix e d  su rfactan ts 12s,
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It w a s  o b se r v e d  that th e  d e c o m p o s it io n  tem p era tu re o f  
p o ly H IP E s d e c r e a se d  s lig h t ly  at lo w  M A P E S  c o n te n t (2 .5  % w t) and  a fter m ore  
ad d ed  M A P E S  5 , 10 , 2 0 , and  3 0  % w t th e d e c o m p o s it io n  tem p era tu re sh if te d  to  a 
h ig h er  tem p era tu re. R e s id u e  y ie ld  o f  p o ly H IP E s c o p o ly m e r iz e d  w ith  M A P E S  are 
h ig h er  than n eat p o ly H IP E s w ith o u t M A P E S . T h is  resu lts , in d ica ted  that the  
in co rp o ra tio n  o f  M A P E S  into p o ly H IP E s(D V B ) g iv e s  the d ifferen t c h e m ic a l  
c o m p o s it io n  o f  p o ly H IP E s(D V B ) w h ic h  resu lt in c o n s is te n c y  d e c o m p o s it io n  
tem p era tu re an d  h ig h er  res id u e  y ie ld .

4.4.2.3 Mechanical Properties
M e c h a n ic a l p rop erties o f  p o ly H IP E s, p rep ared  from  m ix e d  

su rfactan t 7 s  and 12s c o p o ly m e r iz e d  w ith  M A P E S , w er e  carried  ou t. T h e sa m p le s  
w ere  lo a d e d  u n til a d isp la c e m e n t o f  7 0  p ercen t o f  th e  h e ig h t o f  th e  e x a m in e d  sa m p le  
w a s reach ed . T h e  c o m p r e ss iv e  m o d u lu s  and c o m p r e ss iv e  strength  are sh o w n  in  T a b le
4 .5  and 4 .6 .

Table 4.5 C o m p r e ss iv e  te st  o f  M A P E S  P o ly H IP E s w ith  m ix e d  su rfa cta n ts 7 s

P o ly H IP E s C o m p r e ss iv e  M o d u lu s C o m p r e ss iv e  stren g th
(M P a) (M P a )

D V B 1 .5 1 ± 0 .2 1 0 .1 0 ± 0 .0 3

D V B /2 .5 %  M A P E S 2 .7 7 ± 0 .1 6 0 .1 5 ± 0 .0 4

D V B /5 %  M A P E S 3 .1 9 ± 0 .1 4 0 .1 8 ± 0 .0 4

D V B /10%  M A P E S 3 .2 8 ± 0 .1 9 0 .1 9 ± 0 .0 2

D V B /2 0 %  M A P E S 2 .7 5 ± 0 .1 5 0 .1 4 ± 0 .0 5

D V B /3 0 %  M A P E S 2 .1 8 ± 0 .2 3 0 .1 2 ± 0 .0 3
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Table 4.6 Compressive test of MAPES PolyHIPEs with mixed surfactants 12s

P o ly H IP E s C o m p r e ss iv e  M o d u lu s  
(M P a)

C o m p r e ss iv e  stren g th  
(M P a )

D V B 1 .6 5 ± 0 .2 2 0 .1 0 ± 0 .0 5

D V B /2 .5  % w t M A P E S 2 .0 6 ± 0 .1 9 0 .1 2 ± 0 .0 6

D V B /5  % w t M A P E S 2 .1 7 ± 0 .1 6 0 .1 4 ± 0 .0 6

D V B /10 % w t M A P E S 2 .2 U 0 .1 6 0 .1 4 ± 0 .0 2

D V B /2 0  % w t M A P E S 1 .4 6 ± 0 .2 3 0 .0 8 ± 0 .0 2

D V B /3 0  % w t M A P E S 1 .2 5 ± 0 .2 1 0 .0 7 ± 0 .0 1

P o ly H IP E s w ith o u t a d d in g  M A P E S  sh o w e d  th e c o m p r e ss iv e  
m o d u lu s  and c o m p r e ss iv e  stren g th  o f  1.51 and  0 .1 0  M P a , r e sp e c tiv e ly . P o ly H IP E s  
c o p o ly m e r iz e d  w ith  2 .5  to 10% w t M A P E S  sh o w e d  h igh er c o m p r e ss iv e  m o d u lu s  an d  

c o m p r e s s iv e  strength . P o ly H IP E s w ith  ad d in g  M A P E S  o v e r  10  % w t M A P E S  h av e  
th e  resu lts  s lig h tly  d ecrea sed  w h e n  co m ep a re  to  P o ly H IP E s w ith  ad d ed  10 % w t 
M A P E S .

4.4.2.4 CO2 Adsorption Analysis
C O 2 g a s  a d so rp tio n  o f  th e  ob ta in ed  p o ly H IP E s, p rep ared  from  

d iffe r e n t m ix tu re  o f  su rfactan ts w ith  d ifferen t am o u n t o f  M A P E S  c o n te n t (% w t), 
w e r e  carr ied  ou t u s in g  a  p ilo t  g a s if ic a t io n  u n it at the D ep a rtm en t o f  C h e m ic a l 
T e c h n o lo g y , F a cu lty  o f  S c ie n c e , C h u la lo n g k o rn  U n iv e r s ity  w ith  C O 2 f lo w  rate o f  
2 0  m l/m in  and  H e  8 0  m l/m in  th rou gh  the sa m p le  at room  tem p era tu re. T h e  C O 2  ga s  
a d so rp tio n  c a p a c it ie s  o f  M A P E S  p o ly H IP E s w ith  m ix e d  su rfactan t o f  7 s  and  12s  
w e r e  lis te d  in  T a b le  4 .7  and  4 .8  r e sp e c tiv e ly .
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Table 4.7 C O 2 g a s  a d so rp tio n  c a p a c it ie s  (m m o l/g )  o f  M A P E S  p o ly H IP E s w ith  
m ix e d  su rfactan ts o f  7 s

Sample CO2 adsorption (mmoEg)
D V B 3 .2 2
D V B /2 .5  % w t M A P E S 3 .3 2
D V B /5  % w t M A P E S 3 .7 8
D V B /1 0  % w t M A P E S 4 .1 2
D V B /2 0  % w t M A P E S 4 .3 5
D V B /3 0  % w t M A P E S 4 .3 2

P o ly (D V B )H IP E s  w ith o u t M A P E S  in  m ix e d  su rfactan ts 7 s  
s h o w e d  C O 2 g a s  a d so rp tio n  cap a city  o f  3 .2 2  m m o l/g . M A P E S  p o ly H IP E s w ith  
m ix e d  su rfactan ts 7 s  s h o w e d  h igher C O 2 ga s c a p a c it ie s  than n eat p o ly (D V B )H lP E s ,  
in crea s in g  from  3 .3 2  to  4 .3 5  m m o l/g  and  the C O 2 ga s a d so rp tio n  w a s  fou n d  to 
rem a in  a fter ad d ed  M A P E S  o v e r  2 0  % w t.

Table 4.8 C O 2 ga s ad so rp tio n  c a p a c it ie s  (m m o l/g )  o f  M A P E S  p o ly H IP E s w ith  
m ix e d  su rfa cta n ts o f  1 2 s

Sample CO2 adsorption (mmoEg)
D V B 2 .9 9

D V B /2 .5  % w t M A P E S 3 .1 0

D V B /5  % w t M A P E S 3 .5 5

D V B /1 0  % w t M A P E S 3 .6 8

D V B /2 0  % w t M A P E S 3 .7 2

D V B /3 0  % w t M A P E S 3 .6 9

P o ly (D V B )H IP E s  w ith o u t M A P E S  in  m ix e d  su rfactan ts 1 2 s  
sh o w e d  C O 2 g a s  a d so rp tio n  ca p a c ity  o f  2 .9 9  m m o E g . M A P E S  p o ly H IP E s w ith
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m ix e d  su rfa cta n ts 1 2 s  sh o w e d  h ig h er  C O 2 g a s  c a p a c itie s  th an  n ea t p o ly (D V B )H IP E s , 
in c r e a s in g  from  3 .1 0  to 3 .7 2  m m o l/g  an d  th e C O 2 g a s  a d so rp tio n  w a s  fou n d  to 
d e c r e a se  a fter ad d ed  M A P E S  o v e r  2 0  % w t.

S u rface  area and C O 2 ad sorp tion  o f  th e  o b ta in e d  p o ly H IP E s  
w ith  d ifferen t a m o u n t o f  M A P E S  in  m ix e d  su rfactants 7 s  sy s te m  w e r e  sh o w e d  in  
T a b le  4 .9 . T h e su r fa ce  areas w e r e  fou n d  to  d ecrea se  a b o u t 50%  w ith  in crea sin g  
c o n te n t  o f  M A P E S  ad d ed . F rom  the resu lt, in d ica te  that w h e n  in crea se  c o n ten t o f  
M A P E S , the fo rm a tio n  o f  th e  e m u ls io n  d ro p le t resu lts in  th e  sy s te m  o f  p o ly H IP E s  
b e c o m in g  u n sta b le . O n  the o th er hand , C O 2 g a s  a d so rp tio n  c a p a c it ie s  w e r e  fo u n d  to  
in c r e a se  w ith  in c r e a s in g  c o n ten t o f  M A P E S  du e to M A P E S  h as s=0 fu n ction a l 
gro u p  w h ic h  so lu b le  w ith  C O 2 .

Table 4.9 S u rfa ce  area and C O 2 ad so rp tio n  o f  p o ly H IP E s w ith  d ifferen t c o n ten t o f  
M A P E S  in  m ix e d  su rfactants 7 s

Sample Surface areas (m2/g) CO2 adsorption (mmol/g)
D V B 5 3 1 .9 ± 2 3 .2 2

D V B /2 .5  % w t M A P E S 5 1 4 .1± 4 3 .3 2

D V B /5  % w t M A P E S 4 5 3 .9 ± 1 3 .7 8

D V B /10 % w t M A P E S 4 0 0 .4 ± 2 4 .1 2

D V B /2 0  % w t M A P E S 3 4 2 .2 ± 3 4 .3 5

D V B /3 0  % w t M A P E S 2 6 5 .1±5 4 .3 2

S u rfa ce  area and C O 2 ad sorp tion  o f  th e  o b ta in e d  p o ly H IP E s  
w ith  d ifferen t a m o u n t o f  M A P E S  in  m ix e d  su rfactants 1 2 s  sy s te m  w e r e  sh o w e d  in  
T a b le  4 .1 0 . T h e  su r fa ce  areas w e r e  fou n d  to  d ecrea se  a b o u t 80%  w ith  in crea sin g  
c o n te n t  o f  M A P E S  ad d ed . F rom  th e  resu lt, in d ica te  that w h e n  in crea se  c o n ten t o f  
M A P E S , th e  fo r m a tio n  o f  th e  e m u ls io n  d ro p le t resu lts in  th e  sy s te m  o f  p olyP IIP E s  
b e c o m in g  u n sta b le . O n  th e o th er  h an d , C 0 2 g a s  a d so rp tio n  c a p a c it ie s  w e r e  fou n d  to
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in crea se  w ith  in c r e a s in g  con ten t o f  M A P E S  d u e to  M A P E S  h a s  s=0 fu n c tio n a l  
grou p  w h ic h  so lu b le  w ith  C O 2 .

Table 4.10 S u rfa ce  area and  C O 2 a d so rp tio n  o f  p o ly H IP E s w ith  d ifferen t c o n te n t o f  
M A P E S  in  m ix e d  su rfactan ts 12s

Sample Surface areas (m2/g) CO2 adsorption (mmol/g)
D V B 4 0 0 .4 ± 5 2 .9 9

D V B /2 .5  % w t M A P E S 3 8 9 .1±3 3 .1 0  1

D V B /5  % w t M A P E S 3 4 2 .3 ± 2 3 .5 5

D V B /1 0  % w t M A P E S 3 2 4 .4 ± 2 3 .6 8

D V B /2 0  % w t M A P E S 3 4 8 .4 ± 2 3 .7 2

D V B /3 0  % w t M A P E S 9 2 .9 ± 4 3 .6 9

4.5 Conclusions

P o ly H IP E s p o ro u s  fo a m  w a s  prepared  s u c c e s s fu lly  b y  u s in g  m ix e d  ratio  
6 .3 :0 .4 :0 .3  (S P A N  8 0  : D D B S s  : C T A B ) (7 s )  and  1 1 .3 :0 .4 :0 .3  (S P A N  80  : D D B S s  : 
C T A B ) ( 1 2 s )  c o p o ly m e r iz e d  w ith  M A P E S (0 , 2 .5 , 5 , 10, 2 0 , and  3 0  % w t). T he  
o b ta in ed  p o ly H IP E s w e r e  ch ara cter ized  for p h a se  m o r p h o lo g y  an d  su rface  area. T h e  
su r fa ce  areas o f  P o ly H IP E s, c o n ta in in g  M A P E S  0 -3 0 %  for b o th  m ix e d  su rfactan ts 7 s  
and  1 2 s , are fo u n d  to  d ecrea se  w ith  in crea sin g  M A P E S  co n te n t. F rom  th e  resu lt, 
in d ica te  that w h e n  in c r e a se  co n ten t o f  M A P E S , th e  fo rm a tio n  o f  th e  e m u ls io n  d rop let  
resu lts  in  th e  sy s te m  o f  p o ly H IP E s b e c o m in g  u n sta b le . O n  th e o th er  hand, C O 2 ga s  
a d so rp tio n  c a p a c it ie s  w e r e  fou n d  to  in crea se  w ith  in crea s in g  c o n te n t  o f  M A P E S  d u e  
to M A P E S  h as s=0 fu n c tio n a l grou p  w h ic h  s o lu b le  w ith  C O 2 . T h e  o p tim u m  load  
c o n ten t o f  M A P E S  that can  be a cce p ted a n d  d o e s  n o t d ecr e a se  m e c h a n ic a l p rop erties  
(c o m p r e s s iv e  m o d u lu s  and c o m p r e ss iv e  stren g th ) and  m o r p h o lo g y  is  1 0  % w t 
M A P E S . T h e  h ig h e s t  C O 2 ad sorp tion  c a p a c ity  o f  th e  ob ta in ed  p o ly H IP E s is  2 0  % w t 
M A P E S .
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