
CHAPTER IV
S T R U C T U R A L  A S P E C T S  OF S B A -1  CUBIC MESOPOROUS SILICA 

S Y N T H E S IZ E D  V IA  A  SOL-GEL PROCESS USING SILATRANE
PRECURSOR

4.1 A b s t r a c t

S ila tran e  p rep a red  fro m  fum ed  silica and trie th an o lam in e  (T E A ) w as u sed  
as a p re c u rso r  fo r  SBA -1 syn thesis at ro o m  te m p e ra tu re  u sing  ca tio n ic  su rfac tan ts , 
d erived  fro m  a lky ltrim ethy lam m onium  b rom ides, C nT M A B  (ท =  14, 16 and 18), as 
tem p la te s  in d ilu te  so lu tions. T h e  in fluences o f  acid ity , alkyl chain  len g th  o f  th e  
su rfac tan t and syn thesis te m p e ra tu re  w e re  stud ied . T h e  shape  o f  th e  SB A -1 crysta ls  
w as  d ep en d en t on  alkyl chain  leng th  o f  th e  su rfac tan t. A t h igh  su rfac tan t 
co n cen tra tio n  and  e levated  reac tio n  te m p e ra tu re  (5 0 °C ), th ree -d im en sio n a lly  o rd e red  
m e so p o re s  w e re  invariably  p ro d u ced . B o th  X -ray  d iffrac tion  and tran sm issio n  
e lec tro n  m ic ro sco p ic  re su lts  show ed  th e  ch arac te ris tic s  o f  th e  th ree-d im en sio n a l 
cub ic  s tru c tu re . Scann ing  e lec tro n  m ic ro sco p ic  im ages o f  SBA -1 in d ica ted  th e  
crysta lline-like  ap p ea ran ce  o f  an o c ta d e c a h ed ro n  (1 8 -h ed ro n ) co n s is ten t w ith  6 

sq u a re s  {100} and  12 h ex ag o n s {110} p lan es  co n sis ten t w ith  a cub ic  sym m etry . T h e  
su rface  a rea  o f  th e  p ro d u c t w a s  as h igh  as 1 0 0 0 -1 5 0 0  m 2/g  w ith  an  ad so rp tio n  
v o lu m e  o f  0 .6  -  1 .0  cm 3/g.

4.2 Introduction

S in ce  th e  d isco v e ry  o f  M 41 ร silicas, m an y  re se a rch e s  have  b e e n  
c o n c e n tra ted  o n  th is  n ew  c la ss  o f  m e so p o ro u s  m a te ria ls  [1 ,2]. It is w e ll k n o w n  th a t 
SB A -1 is an a lo g o u s  to  a cu b ic  a sse m b la g e  o f  g lo b u la r  m ice lle s  in  a m p h o p h ilic  
su rfac tan t so lu tio n s  and  h a s  a  s tru c tu re  su g g es ted  b e in g  a cage  ty p e  w ith  o p en  
w in d o w s  [3-5], G en era lly , SB A -1 m eso p o ro u s  s ilicas  w e re  sy n th es ized  u s in g  
te tra e th o x y s ila n e  (T E O S ) as th e  s ilica  so u rce  and a h e x a d e c y ltr ie th y lam m o n iu m
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b ro m id e  (C lô T E A B r) te m p la te  w ith  a la rg e  head  g ro u p  in h ig h ly  ac id ic  c o n d itio n s  
[6,7].

H o w ev e r, m any  re se a rch e rs  h av e  co n c e n tra ted  S B A -1 , as co m p ared  to  o th e r 
m e so p o ro u s  m a te ria ls  such  as M C M -4 1 , F S M -1 6  and  S B A -3  [8 ], p o ss ib ly  b e c a u se  
m an y  large  head  g ro u p  o f  su rfac tan ts  a re  n o t co m m erc ia lly  av a ilab le . K im  and  R yoo
[3] rep o rted  tha t cub ic  S B A -1 , w ith  g o o d  th re e -d im e n s io n a l o rd er, cou ld  be 
sy n th esized  u s in g  a lk y ltr im e th y la m m o n iu m  c h lo r id e  (C nT M A C l) as a su rfac tan t, and 
found  th a t lo w  te m p e ra tu re s  w ere  fav o ra b le  fo r th e  fo rm a tio n  o f  a h ig h -q u a lity  
p ro d u c t. C he  e t al. [9] ex am in ed  th e  e ffe c t o f  c o u n te r  io n s  on  m e so p h a se  fo rm a tio n  
and su cceed ed  in th e  sy n th es is  o f  h ig h ly  o rd e red  SB A -1 m a te ria ls  w ith  54 o r  74 
face ts  th a t a ssu m ed  cu b ic  p m 3 ก sy m m etry  fo rm ed  th ro u g h  o rd e rin g  o f  m e so p o re  
lay ers  w ith  p6m m  p la n a r  sy m m etry  [10], S u b seq u en tly , th ey  fo u n d  tha t 
m e so s tru c tu re  fo rm a tio n  w a s  s tro n g ly  d e p en d en t on ac id  c o n c e n tra tio n  and  p re se n te d  
a p ro c e d u re  fo r sy n th esiz in g  SB A -1 u s in g  h e x a d e c y ltr im e th y lam m o n iu m  b ro m id e  
(C lô T M A B ) as th e  te m p la te  [4], C h ao  et ฝ . [11] in tro d u c e d  a n ew  c o n c e p t to  
sy n th esize  h ig h -q u a lity  SB A -1 m e so p o ro u s  s ilica  in  a d ilu te  so lu tio n  fro m  
co m m erc ia lly  av a ilab le  a lk y ltr im e th y la m m o n iu m  su rfa c ta n t and  so d iu m  silica te .

In th is  study , w e  in tro d u c e  s ila tran e  as a s ilic a  so u rce  fo r th e  sy n th es is  o f  
S B A -1 . W h ile , s ila tran e  has b een  u sed  su c c e ssfu lly  as a p re c u rso r  fo r  sy n th es is  o f  
m ic ro p o ro u s  [12 -15 ] and  m e so p o ro u s  zeo lite s  [1 6 ,1 7 ] v ia  so l-g e l p ro cesse s , T h is  
p a p e r  d esc rib e s  th e  p rep a ra tio n  o f  re m a rk a b ly  h ig h  q u a lity  o f  SB A -1 and  th e  
in flu en ce  o f  ac id ity , a lky l ch a in  len g th  o f  th e  te m p la te s  and  te m p e ra tu re  on  fo rm a tio n  
and  m o rp h o lo g y .

4.3 Experimental

4.3.1 Materials

T h e  s ila tran e  p re c u rso r  w a s  sy n th es ized  fro m  fu m ed  s ilic a  (9 9 .8 % , S igm a- 
A ld rich ) and  tr ie th a n o la m in e  (T E A ) (C arlo  E rb a ) reac tan ts ; e th y le n e  g ly co l (E G ) 
(J .T .B ak e r)  w a s  u sed  as th e  so lv en t, and a c e tro n itr ile  (L ab scan , A sia )  as an  a g en t fo r 
s ila tran e  p u rific a tio n . M e so p o ro u s  SB A -1 w a s  sy n th es ized  fro m  th e  s ila tran e  and



15

a lk y ltr im e th y la m m o n iu m  b ro m id e  (C nT M A B ) (S ig m a -A ld r ic h )  u se d  as th e  te m p la te , 
w ith  H 2 S O 4 and N a O H  (L ab scan , A s ia )  e m p lo y e d  as ca ta ly sts .

4.3.2 S y n th e s is  o f  s i la tr a n e  p r e c u r s o r

F o llo w in g  th e  m eth o d  o f  W o n g k a se m jit’ร g ro u p  [1 8 ,1 9 ], s ila tran e  w a s  
sy n th esized  d irec tly  by  m ix in g  S i 0 2 and T E A  in a s im p le  d is tilla tio n  set u s in g  
e th y len e  g lyco l so lv en t v ia  th e  O x id e  O ne P o t S y n th esis  (O O P S ) p ro cess. T he  
reac tio n  to o k  p lace  a t th e  b o ilin g  p o in t o f  e th y len e  g ly co l (2 0 0 °C ) u n d e r a n itro g en  
a tm o sp h e re  to  rem o v e  w a te r  as a b y -p ro d u c t a lo n g  w ith  e th y len e  g ly co l from  th e  
system . T h e  reac tio n  w a s  run  fo r TO h, a fte r w h ich  th e  re m a in in g  e th y le n e  g ly co l w as  
rem o v ed  u n d e r  v acu u m  at 110°c to  o b ta in  a b ro w n  solid. T h e  c ru d e  p ro d u c t w as 
w a sh e d  w ith  a ce to n itr ile  and d ried  in a v acu u m  d e s ic c a to r  b e fo re  c h a ra c te riz a tio n  
w ith  a  B ru k e r O p tics  E Q U IN O X 5 5  fo u rie r- tran s fo rm e d  in fra red  (F T -IR ) ab so rp tio n  
sp ec tro m e te r at a re so lu tio n  o f  2 cm "1, and  a D u P o n t 2 9 5 0  th e rm o g ra v im e tr ic  
a n a ly z e r (T G A ) u s in g  a h ea tin g  ra te  o f  1 0 °c  m in "1 from  ro o m  te m p e ra tu re  to  7 5 0 ° c  
in  a n itro g e n  a tm o sp h ere .

T h e F T -IR  b an d s o b se r v e d  w e r e  3 0 0 0 -3 7 0 0  c m "1 (พ , v O -H ) , 2 8 6 0 - 2 9 8 6  cm ' 
1 (ร, v C -H ) , 1 2 4 4 -1 2 7 5  cm "1 (m , v C -N ) , 1 1 7 0 -1 1 1 7  (b s, v S i -O ) , 10 93  (ร, v S i-O -C ) ,  
10 73  (ร, v C -O ), 1 0 4 9  (ร, v S i-O ) , 1 0 2 1  (ร, v C -O ) , 7 8 5  and 7 2 9  (ร, v S i -O -C )  and 5 7 9  

c m ' 1 (พ , v N - >  S i). T G A  sh o w e d  o n e  sharp m a ss  lo s s  tr a n sitio n  at 3 9 0 ° c  and g a v e
18 .5  % cera m ic  y ie ld  co rr esp o n d in g  to  S i( (O C H 2 C H 2 ) 3N ) 2 H 2 . (S c h e m e  4 .1 )

4.3.3 Synthesis of mesoporous SBA-1

T h e  sy n th esis  p ro c e d u re  w as  as fo llow s. S o lu tio n  A  w a s  p re p a re d  b y  a d d in g  
th e  req u ired  am o u n t o f  C nT M A B  (ท = 1 4 ,  16 and  18 ) to  w a te r  (3 0  m l) and  s tirr in g  fo r
0.5 h to  o b ta in  a c lea r so lu tion . S o lu tio n  B w a s  p rep a red  by  ad d in g  s ila tra n e  (1 .4 g , 5 
m m o l) to  14 m l o f  H 2S O 4 (0 .3  -  0 .5  M ) and N a O H  (0 .0 6 8 g , 1.7 m m ol), and  stirrin g  
fo r 0 .5  h to  o b ta in  a h o m o g en eo u s  so lu tion . p H  v a lu e s  o f  th e  so lu tio n  B is in th e  
ran g e  o f  1.5 -  2 a ro u n d  th e  iso e lec tric  p o in t (IE P ) o f  silica. T h e  so lu tio n  B w a s  th en
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ad d ed  to  th e  so lu tio n  A  u n d e r v ig o ro u s  s tirrin g  th a t w a s  co n tin u ed  fo r 4 h. B e fo re  
le a v in g  th e  m ix tu re  at ro o m  tem p era tu re , w a te r  (30  m l) w a s  add ed  in to  th e  so lu tio n  
m ix tu re . T h en  th e  m ix tu re  w a s  a llow ed  to  age fo r 1-2 days at th e  d esired  te m p e ra tu re  
to  fo rm  w h ite  p rec ip ita te s . T he p ro d u c ts  w e re  filte red  and w a sh e d  w ith  d is tilled  
w a te r  and d ried  o v e rn ig h t in air. T e m p la te  rem o v al w a s  ach iev ed  by  ca lc in a tio n  at 
5 6 0 ° c  fo r 6  h  u s in g  a C a rb o lite  F u rn ace  (C F S  1200) w ith  a h ea tin g  ra te  o f  0 .5 °c /m in . 
T h e  m ix tu re  co m p o sitio n  in m o la r ra tio  w as
1,0C „T M A B :.5S iO 2: 1 7 N aO H :x H 2SO 4:3 6 8 0 H 2O.

T h e  m eso p o ro u s  p ro d u c ts  w e re  ch a rac te riz ed  u s in g  a  R ig ak u  X -ra y  
d iffra c to m e te r (X R D ) at a scan n in g  speed  o f  1 d eg ree /sec  u s in g  C u K a  rad ia tio n  on  
th e  ran g e  o f  20  =  1.5-8°. SBA -1 m o rp h o lo g y  w as o b se rv ed  by  se c o n d a ry  e lec tro n  
im ag in g  w ith  a JE O  5 2 0 0 -2 A E  scan n in g  e lec tro n  m ic ro sco p e  (S E M ), w h ile  
m e so p o re  o rd e r w as d irec tly  ex am in ed  u s in g  a JE O L  201 OF T ra n sm iss io n  e lec tro n  
m ic ro sc o p e  (T E M ). S u rface  a rea  and  av e ra g e  p o re  size w e re  d e te rm in ed  by  th e  
B ru n a u e s-E m m e tt-T e lle r  (B E T ) m e th o d  w ith  a  Q u an taso rb  JR  in s tru m en t.

4.4 Results and Discussion

SB A -1 m eso p o ro u s  s ilica  w a s  sy n th esized  u s in g  th e  C nT M A B  w ith  ท =  14, 
16 and  18 as a  te m p la te  u n d e r d ilu te  so lu tio n  o f  acid, to  exam ine  th e  in flu en ce  o f  
a lky l ch a in  le n g th  on  p ro d u c t quality . In  ad d itio n , a c id ity  and  te m p e ra tu re  w e re  
v a rie d  sy s tem a tica lly  to  o p tim ize  y ie ld  and p erfec tion .

4.4.1 Effect of the acidity

S ince  SB A -1 m o rp h o lo g y  d ep en d s o n  th e  co n cen tra tio n  o f  ac id  [20], th e  gel 
co m p o sitio n  (C iôT M A B : 5Si: 1 .7N aO H : x H 2S 0 4: 3 6 8 0 H 2O ) w a s  v a ried  o v e r  th e  
ra n g e  a t X =  0.3 -  0.5 M . H u o  e t al [6 ] p ro p o se d  th e  fo rm a tio n  o f  th e  s ilic a -su rfa c ta n t 
m eso p h ase  u n d e r  ac id ic  co n d itio n s  v ia  an  ร +X T + p a th w ay  at pH  <  2 o r  th ro u g h  an  
S +XT° p a th w ay  a t pH  =  2 (ร , X  and I co rre sp o n d  to  su rfac tan t, h a lid e  and  in o rg a n ic  
sp ec ies , re sp ec tiv e ly ), lead in g  to  v a rie ty  o f  to p o lo g ica l c o n s tru c tio n s  [21]. In  th e
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p re sen t case , w ith  ac id  co n cen tra tio n  v a ried  fro m  0.3 to  0 .5  M , all sam p le s  w e re  w ell 
o rd ered  w ith  th re e  d is tin c t X R D  p eak s  at 1.5 - 3°, w h ich  co u ld  be  {200}, {210} and 
{211} re fle c tio n s  o f  a  cub ic  u n it cell w ith  a = 83 À based  on  th e  SBA -1 o f  p m  3 n  

m e so s tru c tu re  [22], O th e r p eak s in  th e  h ig h e r an g le  ran g e  o f  3 - 6° in d ica te  a h ig h  
d eg ree  o f  th e  cu b ic  m eso s tru c tu red  o rg an iza tio n . T h e  d iffrac ted  in ten sitie s  d ec lin ed  
w ith  in c re a s in g  th e  co n cen tra tio n  o f  acid . T h e  SB A -1 p a rtic le s  sy n th esized  a t 0 .5  M  
H 2S O 4 w e re  sp h eres, and th o se  at d ec reased  acid  co n cen tra tio n  (0.3 M ) to o k  on  an 
o c tad ecah ed ra l fo rm  (F ig .4 .1 ). T h ese -re su lts  a re  in  ag reem en t w ith  th e  o b se rv a tio n s  
o f  C h ao  e t al. [23], w h o  su g g ested  th a t th e  g ro w th  o f  SB A -1 face ts  can  be reg a rd ed  
as se lf-a ssem b ly  p ro c e ss  w h ere  th e  su rfac tan t ag g reg a te s  and s ilic a te  spec ies  ta k e  on 
sp ec ific  o rie n ta tio n s  at p a rticu la r pH . In  d ilu te  acid  so lu tions, th e  o lig o s ilic a te  sp ec ies  
a re  iso la ted  and  do  n o t co n d en se  ap p rec iab ly , a llo w in g  th e  su rfac tan t a g g reg a te s  and  
s ilic a te  spec ies  to  se lf-a ssem b le  in  so lu tio n  and le ad in g  to  ca ta ly zed  silica  
co n d en sa tio n . In th is  con d itio n , b e in g  c lo se  to  th e  iso e lec tr ic  p o in t o f  silica , s low  
c o n d en sa tio n  tak es  p la c e  th e  d iffe re n tia tio n  o f  m e so p o re  su rfaces  and  th e  fo rm a tio n  
o f  cu h ed ra l p a rtic le s  (F ig .4 .1 a). A t h ig h e r  pH , th e  c o n d en sa tio n  ra te  a cc e le ra te s  
le ad in g  to  rap id  iso tro p ic  g ro w th  and an h ed ra l su rfaces.

T h e  ex te rn a l shape  o f  th e  SB A -1 c ry s ta ls  re fle c ted  th e  p e rfec t m e so p o re  
order. T E M  im ag es  o f  th e  p ro d u c ts  th a t u se  0.3 and  0 .5 M  ty p ica lly  sh o w ed  th a t 
d o m ain s  o f  reg u la r  m e so p o re s  w e re  ex ten siv e  in th e  la tte r  m ate ria l (F ig. 4 .2 )

4.4.2 Effect of alkyl chain length in the surfactant molecules

F o r  all c o m b in a tio n s  o f  C nT M A B  su rfac tan t c o n c e n tra tio n  (0 .0 2 -0 .0 6  M ) 
and a lky l chain  le n g th  (ท =  14, 16 and  18) in  0 .3  M  H 2S O 4, w e ll-o rd e red  SB A -1 
m e so p o ro u s  silica  w a s  ob ta ined . T h e  su rfac tan t h av in g  th e  lo n g es t a lky l ch a in  
d isp lay ed  th e  n a rro w e s t d iffrac tio n  p e a k s  and  h ig h e r in ten s ity  in d ica tiv e  o f  su p e rio r  
lo n g -ra n g e  m e so p o re  o rder. H o w ev er, th e  d iffrac ted  in ten s itie s  w e re  n o t s ig n ific an tly  
a lte red  as a  fu n c tio n  o f  su rfac tan t co n cen tra tio n  in  a g reem en t w ith  C h ao  et al. [ I l ] ,  
T h ese  w o rk e rs  fo u n d  a tra n s fo rm a tio n  fro m  a th re e -d im e n s io n a lly  o rd e red  Pm 3ท 
p h ase  to  a  p lan a r s tru c tu re  th a t re ta in ed  h ex ag o n a l p6m m  sy m m etry  at a su rfac tan t 
co n cen tra tio n  o f  0 .0 6  M , w h en  u s in g  th e  C iôT M A B  and  C isT M A B  as tem p la te s .



18

H o w e v e r , th e  sila tran e p recu rsor  g en e r a te s  T E A  m o le c u le  in th e  so lu t io n  a l lo w s  
sp a c e  sy m m e tr y  to  b e  p reserv ed  e v e n  at th e  h ig h  te m p la te  co n cen tra tio n . In ad d ition , 
structural ord er fo r  th e  c u b ic  m e so p h a se  w a s  en h a n ced  b y  in c r e a s in g  th e  a lk y l ch a in  
le n g th , b e c a u se  s e lf -a s s e m b ly  is co n tr o lle d  b y  su rfactan t h y d r o p h o b ic ity  ( i.e . ch a in  
le n g th )  and th e  co n cen tra tio n  [2 4 ] , T h is  re su lt  can b e  ex p la in e d  in term  o f  th e  
c o n c e p t  o f  su rfa cta n t p a ck in g  p aram eter , g  [6 ,7 ] , T h e su rfa cta n t p a ck in g  p aram eter  g  
is  g iv e n  b y  g  =  v/(a0f), w h ere  V is th e  total v o lu m e  o c c u p ie d  b y  th e  a lk y l ta il grou p  
p lu s an y  c o - s o lv e n t  org a n ic  m o le c u le  b e tw e e n  the ch a in s , ao is  th e  e f fe c t iv e  h ead  
g r o u p  area at th e  m ic e lle  su rfa ce , and /  is th e  k in e t ic  len g th  o f  th e  a lk y l ch a in .

O n in c r e a s in g  th e ch a in  len g th , th e  k in e t ic  le n g th  lin e a r ly  in c r e a se s  a lo n g  
w ith  th e  v o lu m e . H o w e v e r , w ith  T E A  m o le c u le s  p en etra tin g  th e  h y d r o p h ilic  reg io n , 
th e  e f fe c t iv e  h ead  gro u p  (ao) is  ex p a n d ed . T h is  p h e n o m e n o n  resu lts  in a d e c r e a se  in  
th e  g  v a lu e , fa v o r in g  th e  p  m  3 n  c u b ic  m e so p h a se . S e c o n d a r y  e le c tr o n  im a g e s  o f  
S B A -1  te m p la te d  w ith  C 1 4T M A B , C lô T M A B  and C is T M A B  su rfa cta n ts  c lea r ly  
s h o w  that th e  fo rm er  w ith  lo w e r  h y d r o p h o b ic ity  in teracts  m o st  s tro n g ly  w ith  th e  
s i l ic a  s p e c ie s , le a d in g  to  rapid c o n d e n sa t io n , sm a ller  p artic le  s iz e , and p o o r ly  
d e v e lo p e d  fa c e ts  (F ig .4 .3a ), w h ic h  is  in g e n e r a l [2 5 ] , F o r  C iêT M A B , s in c e  the  
su r fa ce  e n e r g y  d if fe r e n c e  b e tw e e n  th e { 1 0 0 } and { 1 1 0 } fa c e s  is  n o t large, the  
c o n d e n sa t io n  is  s lo w e r  and o c ta d e c a h e d r o n  c r y sta ls  are fo rm ed  [2 6 ] , A n  e f fe c t  is  
m o re  p r o n o u n c e d  for th e  C isT M A B  m ateria l. In th is  la tter ca se , an ex tern a l 
d e c a o c ta h e d r o n  (1 8 -h e d r o n )  w ith  6  sq u are and 1 2  h e x a g o n a l fa c e ts  is  c lea r ly  
o b se r v e d  [ 2 7 ,2 8 ] ,  p o s s ib ly  as C isT M A B  g iv e s  m o re  c o u n te r io n  a s so c ia t io n  th an  b oth  
C lô T M A B  and C 1 4 T M A B , le a d in g  to  a d eq u ate  h y d r o p h ilic - lip o p h ilic  b a la n c e  (H L B )  
[2 1 ]; h ig h er  h y d r o p h o b ic ity  le a d s  to  h ig h er  co u n te r io n  c o n d e n sa t io n  and g iv e s  b etter  
structural o rd er in g  in  c u b ic  p h a se . T hat m e a n s , th e  lo n g e r  ch a in  le n g th  o f  th e  
su rfa cta n t le a d s  to  th e  h ig h er  co u n ter io n  a sso c ia t io n , w h ic h  c a n  p r o m o te  th e  
fo r m a tio n  o f  th e  g rea ter  m e so p o r o u s  crystal.

T h e  ty p e  IV  N 2 a d so r p tio n -d e so r p tio n  iso th e r m s (F ig .4 .4 )  o f  th e  c a lc in e d  
S B A -1  tem p la ted  b y  C 1 4T M A B  to  C isT M A B  w e r e  s im ila r  (T a b le  4 .1 )  and sh o w e d  a 
la rg e  in c r e a se  at re la tiv e  p ressu re  P/Po =  0 .2 - 0 .4  d u e to  th e  ca p illa ry  c o n d e n sa t io n  
w ith in  u n ifo rm  m e so p o r e s  [2 9 , 3 0 ] , T h e  p o r e  s iz e  and p o r e  v o lu m e  o f  S B A -1
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in c r e a se  w ith  th e su rfactan t ch ain  len g th . F o r  all p rod u cts , th e  su r fa ce  area is h ig h  
( 1 0 0 0 - 1 5 0 0  m 2 /g )  w ith  an ad so rp tio n  v o lu m e  o f  0 .6 - 0 .9 5  cm 3/g .

4 .4 .3  E f fe c t  o f  t e m p e r a tu r e

A s  liq u id  cry sta l fo rm a tio n  is  a ffe c te d  b y  tem p era tu re , th is  p ara m eter  w a s  
in v e s t ig a te d  from  ro o m  tem p era tu re  to  5 0 ° c  and corre la ted  w ith  th e  structural 
e v o lu t io n  o f  S B A -1  d u rin g  sy n th e sis . A t 5 0 ° c ,  C je T M A B - and C ig T M A B -te m p la te d  
S B A -1  s il ic a s  reta in ed  th e  ch a ra cter istic  m e so stru c tu re  p ea k s  (F ig .4 .5 B , C ). T h e  
fo rm er  te m p la te s  can  b e  u sed  to  s y n th e s iz e  th r e e -d im e n s io n a lly  ord ered  stru ctu res at 
h ig h er  tem p era tu res. K a o  et al. [3 1 ]  s tu d ied  th e  p h a se  con tro l o f  S B A -1  b y a d d itio n  
o f  sh o r t-ch a in  a lc o h o ls , and fou n d  th at th e  a lc o h o l a d d it iv e s  se rv ed  as p h a se  
c o n tro ller s  d u rin g  th e  h ig h  tem p era tu re. R a tio n a lly , s ila tran e  is  a w a te r  s o lu b le  
a lk o x id e , th e  h y d r o ly s is  o f  sila tran e  to  s il ic a te  s p e c ie s  g e n e r a te s  T E A  m o le c u le s  in  
th e  so lu t io n  to  act as c o -te m p la te  in  m e so p o r o u s  form atio n . B e c a u s e  th e  T E A  
m o le c u le s  are b ranch  ch a in  and m o re  h y d r o p h ilic , th e y  r e s id e  o n  th e  o u ter  
b o u n d a r ie s  o f  th e  su rfactan t m ic e l le s , m a k in g  th e su rfactan t m ic e l le s  le s s  p a ck ed  and  
red u c in g  th e  e le c tr o sta tic  r e p u ls io n  b e tw e e n  th e  h ead  gro u p . W ith  in c r e a s in g  th e  
tem p era tu re , th e  tail m o tio n  in c r e a se s  th e  e f fe c t iv e  su rfactant v o lu m e , le a d in g  to  
in c r e a se  in  th e  g  v a lu e . F lo w ev er , th e  c o n f in e m e n t  o f  T E A  m o le c u le s  in th e  
h y d r o p h ilic  r e g io n  o f  th e  su rfactan ts re su lts  in  an e x p a n s io n  o f  th e  e f fe c t iv e  h ead  
g ro u p  area (ao), w h ic h  b a la n c e s  th e  e f fe c t  o f  th e  su rfactan t v o lu m e  (V), th u s th e  g  
v a lu e , is  fa v o r  in  th e  fo r m a tio n  o f  c u b ic  S B A -1  p h a se  [3 1 -3 3 ] , In ad d itio n , S B A -1  
tem p la ted  b y  C 1 4T M A B  m ateria l b e c a m e  le s s  o rd ered  at 5 0 ° c  (F ig .4 .5 A ) , and it 
c o u ld  b e sy n th e s iz e d  at lo w e r  tem p era tu res than  5 0 ° c ,  s in c e  lo w e r  h y d r o p h o b ic  
C 1 4T M A B  can  n ot in teract stro n g ly  w ith  th e  s il ic a  s p e c ie s  at h ig h  tem p era tu re .

C ry sta l m o r p h o lo g y  b e h a v io r  is  a lso  s e n s it iv e  to  tem p era tu re. T h e  s y n th e s is  
at a h ig h er  tem p era tu re  resu lted  in th e  fo r m a tio n  o f  a s il ic a -su r fa c ta n t m e so p h a se  
w ith  a h e x a g o n a l stru ctu re [3 4 -3 7 ] , L iu  et al. [3 8 ]  o b se r v e d  th at a p h a se  
tra n sfo rm a tio n  occu rred  from  th r e e -d im e n s io n a lly  c u b ic  p m3ท to  tw o -
d im e n s io n a lly  h e x a g o n a l p6mm du rin g d ry in g  th e  p rec ip ita te . F lo w ev er , in ou r ca se , 
w e  did n o t o b serv e  th e  p h a se  tra n sfo rm a tio n  (n o t  sh o w n ), e v e n  w h e n  th e  tem p era tu re
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w a s  in crea sed  to  5 0 ° c .  In th e  c a s e  o f  u s in g  C 1 4T M A B , m o st  o f  c r y sta ls  w e r e  
o c ta d e c a h e d r o n , a lth o u g h  th ere  w e r e  so m e  m o s a ic - lik e  cry sta ls . F o r  th e  C ]6T M A B  
and C ig T M A B , th e  cry sta ls  still had a d eca h e d r o n  sh ap e. T h is  m e a n s  that th e  S B A -1  
m e s o p o r o u s  s il ic a  p rep ared  u sin g  th e  s ila tran e  as a s il ic a  so u r c e  can  p r e v e n t  th e  
m o r p h o lo g y  c h a n g e  at h ig h  tem p era tu re  b e c a u se  o f  th e  g e n e r a tio n  o f  T E A  m o le c u le s  
as a s ta b ilizer  o f  S B A -1 , as d isc u sse d  ab o ve .

4 .5  C o n c lu s io n s

A  sila tran e  p recu rsor  h as b e e n  s u c c e s s fu lly  u sed  to  s y n th e s iz e  w e ll-o r d e r e d  
and s ta b le  S B A -1  m e so p o r o u s  s il ic a  v ia  th e  s o l - g e l  m eth o d . U n d er  m ild  c o n d it io n s  
w ith  th e  sm a ll h ead  g ro u p  o f  C n T M A B , h ig h -q u a lity  S B A -1  w a s  p ro d u ced . T h e  T E A  
m o le c u le s  g en era ted  from  th e sila tran e  p recu rso r  s ig n if ic a n tly  in f lu e n c e d  th e  
stru ctu re o f  th e  su rfactan t m ic e lle  b y  d e c r e a s in g  th e  su rfactan t p a ck in g  p aram eter

4 .6  A c k n o w le d g e m e n t s

T h is  resea rch  w o r k  is f in a n c ia lly  su p p o rted  b y  th e  P o stg ra d u a te  E d u c a tio n  
and R e se a r c h  P rog ram  in  P etro leu m  and P e tr o c h e m ic a l T e c h n o lo g y  (A D B )  F u n d , th e  
R a tc h a d a p isa k e  S o m p o te  Fund, C h u la lo n g k o rn  U n iv e r s ity  and th e  T h a ila n d  R e se a r c h  
F u n d  (T R F ).
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T a b le  4 .1  B E T  a n a ly s is  o f  S B A -1  sy n th e s iz e d  at d ifferen t su rfactant 
co n ce n tr a tio n s  u s in g  0 .3  M  H 2 S O 4

S u rfactant
co n cen tra tio n

(M )

B E T
S u rfa ce  

A rea  (m 2 /g )

P ore
V o lu m e
(c m 3/g )

A v e r a g e  
P o re  S iz e

(n m )

d 2 1 0

(n m )

a„

( n m ) a

ทu me

( n m ) b
C u T M A B

0 . 0 2 1061 0 .5 0 2 . 0 3.1 6 .9 3 .8
0 .0 4  - - 11 54 0 .6 0 2 . 0 3.1 6 .9 3 .7
0 .0 6 1 0 8 0 0 .6 5 2 . 1 3 .2 7 .2 3 .8

C ifiT M A B
0 . 0 2 1 1 7 7 0 .7 2 2 . 1 3 .6 8 . 1 4 .6
0 .0 4 1 1 8 2 0  7 6 2 . 1 3:7 8 .4 4  7
0 .0 6 1 2 3 9 0  8 0 2 . 1 3 .7 8 .3 4 .7

C is T M A B
0 . 0 2 1 2 9 7 0 .8 2 2 .7 4 .3 9 .6 5 .4
0 .0 4 14 3 5 0 .8 4 2 . 8 4 .4 9 .9 5 4
0 .0 6 1 5 2 0 0 .9 5 2 .9 4 .4 9 .9 5 3

a L a tt ice  p ara m eters ao w e r e  ca lcu la ted  b ased  on  th e  fo rm u la  a o =  V 5d2io 

b C a g e  d ia m eter  w a s  d eterm in ed  b y  u s in g  th e  eq u a tio n  o f  D me =  a0( 6 £me/ 7rv) 1/3 D m e  is  

th e  c a g e  d ia m eter  o f  a c u b ic  unit ce ll o f  len g th  a0, Sme is  th e  v o lu m e  fra ctio n  o f  a 
reg u la r  ca v ity  and V (v  =  8 , for th e  S B A -1 )  is th e  n u m b er o f  c a v it ie s  p resen t in  th e  
u n it c e ll [2 ,2 9 ] ,
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F ig u r e  4 .1  S E M  m icro g ra p h s o f  c a lc in e d  C iô T M A B -te m p la te d  S B A -1
m e so p o r o u s  s il ic a  u s in g  d ifferen t ac id  c o n cen tra tio n s  at roo m  
tem peratu re; (a ) 0 .3 , (b ) 0 .4  and ( c )  0 .5  M  co n cen tra tio n  o f  C lô T M A B  
=  0 .0 4 M
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F ig u r e  4 .2  T E M  im a g e s  o f  c a lc in e d  C lô T M A B -te m p la te d  S B A - 1  u s in g  d ifferen t  
ac id  c o n cen tra tio n s  at room  tem p era tu re;
(a )  0 .3  M  and (b ) 0 .5  M  c o n cen tra tio n  o f  C lô T M A B  =  0 .0 4 M
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F ig u r e  4 .3  S E M  m icro g ra p h s o f  c a lc in e d  S B A -1  as a fu n c tio n  o f  th e  a lk y l ch a in  
len g th  in  th e  su rfactan t u s in g  su rfactan t co n ce n tr a tio n  o f  0 .0 6  M  and  
0 .3  M  H 2 S O 4 at room  tem peratu re;
(a ) C 1 4T M A B , (b ) C lô T M A B , (c )  C isT M A B  and (d )  a sc h e m a tic  

m o d el o f  S B A -1  p a rtic le  w ith  th e  p la n e  in d e x e s
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F ig u r e  4 .4  A  n itro g en  a d so r p tio n -d e so r p tio n  iso th erm  and a p o r e  s ize
d istr ib u tio n  p lo t  ( in se t)  o f  c a lc in e d  C isT M A B -te m p la te d  S B A - 1  

sy n th e s iz e d  at ro o m  tem p era tu re  u s in g  0 .3  M  H 2 S O 4 , 0 .0 6  M  
C isT M A B
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F ig u r e  4 .5  X R D  sp ectra  o f  c a lc in e d  SB A -1 as a fu n c tio n  o f  th e  rea c tio n  
tem p era tu re  and th e a lk y l ch a in  len g th  in  th e  su rfactan t at a 
co n ce n tr a tio n  o f  0 .0 6  M  u s in g  0 .3  M  H 2S O 4;
(A )  C 1 4T M A B , (a ) at ro o m  tem p era tu re , (b )  4 0 °  and (c )  5 0 ° c
(B )  C lû T M A B , (a ) at ro o m  tem p era tu re , (b )  4 0 ° and (c )  5 0 ° c
(C ) C isT M A B , (a ) at roo m  tem p era tu re , (b )  4 0 °  and (c )  5 0 ° c
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