
CHAPTER VI
PREPARATION OF HIGHLY ORDERED FE-SBA-1 AND TI-SBA-1 

CUBIC MESOPOROUS SILICA VIA SOL-GEL PROCESSING OF
SILATRANE

6.1 A b s t r a c t

S ila tran e  p rep a red  fro m  fu m ed  s ilica  and tr ie th a n o la m in e  (T E A ) w a s  u sed  as 
a p re c u rso r  fo r th e  so l-ge l sy n th es is  o f  M -S B A -1  (M  =  F e and T i) at room  
te m p e ra tu re  u s in g  h e x a d o d e c y ltr im e th y la m m o n iu m  b ro m id e  as a tem p la te , and d ilu te  
so lu tio n s  o f  fe rric  ch lo rid e  and titan iu m  g ly c o la te  as m eta l sou rces. P o w d e r  X -ray  
d iffrac tio n  (X R D ) show ed  th e  m e so p o ro u s  m a te ria ls  to  be  w e ll-o rd e red  cub ic  
s tru c tu res , w h ile  N 2 a d so rp tio n /d e so rp tio n  m e a su re m e n ts  y ie lded  h ig h  su rface  areas. 
D iffu se  re f le c tan c e  U V -v is ib le  sp ec tro sco p y  d e m o n stra te d  th a t iron  (F e3+) and 
titan iu m  (T i4+) w ere  in co rp o ra ted  c ry s ta llo g ra p h ic a lly  in to  th e  fra m e w o rk  o f  th e  
ca lc in ed  m a te ria ls  to  lo ad in g s  o f  6 w t%  F e and 1 0w t%  Ti w ith o u t p e rtu rb in g  th e  
o rd e red  m eso p o ro u s  s tru c tu re .

6.2 Introduction

In  m e so p o ro u s  m a te ria ls  o f  th e  S B A  fam ily, p h ases  w ith  a th ree-d im en sio n a l 
p o re  sy stem  a re  ad v an tag eo u s  fo r ca ta ly tic  app lica tions, co m p ared  to  o n e ­
d im ensional p o re  arrays, b ecau se  o f  th e  th ick e r w alls , g re a te r  p o re  d iam ete rs  and 
im p ro v ed  h y d ro th erm al stab ility  w ith  re sp e c t to  re fe ren ce  m ateria ls  such  as M C M -41  
[1 -6 ], M o re o v e r, m etal su b stitu ted  m e so p o ro u s  a rch ite c tu re s  are  a ttra c tiv e  fo r 
ca ta ly tic  re a c tio n s  involv ing  m o lecu les th a t  are  s terically  excluded  fro m  th e  channels 
o f  m ic ro p o ro u s  zeo lites  [7 -9 ], R ecen tly , several m eta l ions inc lud ing  T i4+, C r6+, 
M o5+, V 5+ and  F e3+ have  b een  successfu lly  in co rp o ra ted  in to  th e  fram ew o rk s  o f  
m e so p o ro u s  silicas [10 -16 ], In  p articu la r, T i-su b s titu ted  m o lecu la r sieves (T i4+), such  
as T S -1 , T i-b e ta  and T i-M C M -41  hav e  d isp layed  excellen t ca ta ly tic  p ro p e rtie s  in 
se lec tive  o x id a tio n  reac tio n s  w h en  u sin g  aq u eo u s  h y d ro g en  p e ro x id e  as th e  o x id an t
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[1 7 -2 0 ], Iro n -co n ta in in g  m eso p o ro u s  m ateria ls  (F e 3+), such  as F e -S B A -1 , F e -M C M - 
41 , and  F e-H M S  have  also  been  ex tensively  s tu d ied  b ecau se  o f  th e ir  u n iq u e  ca ta ly tic  
en h an cem en t o f  h y d ro ca rb o n  ox id a tio n , se lec tive  red u c tio n , acy la tion  and a lky la tion  
reac tio n s  [3-6],

In  an earlie r re p o rt, th e  successfu l syn thesis o f  SB A -1 m e so p o ro u s  silica v ia a 
so l-gel p ro cess  u sing  sila trane  w as d escribed  [21]. Flere, th is a p p ro ach  is ex ten d ed  to  
th e  p re p a ra tio n  o f  highly o rd e red  M -S B A -1  (M  =  F e  and T i) cub ic  m eso p o ro u s  
silicas, and th e  s tru c tu ra l and  physical p ro p e rtie s  o f  th e se  m ateria ls  evaluated .

6.3 Experimental

6.3.1 Materials

F u m ed  s ilica  ( S i0 2, 9 9 .8 % ) (S ig m a -A ld ric h ), titan iu m  d io x id e  ( T i0 2) (C arlo  
E rb a ), tr ie th a n o la m in e  (T E A ) (C arlo  E rb a), te tra e th y le n e tr ia m in e  (T E T A ) (F A C A I, 
T h a ilan d ), e th y len e  g ly co l (J.T . B ak er, U S A ), a ce tro n itrile  (L ab scan , A sia), fe rric  
ch lo rid e  (F eC l3) (S ig m a-A ld rich ), h e x a d o d e c y ltr im e th y la m m o n iu m  b ro m id e  
(C iô T M A B ) (S ig m a-A ld rich ), H 2ร O4 (L ab scan , A sia ) and N a O H  (L ab scan , A sia ) 
w e re  u sed  w ith o u t trea tm en t.

6.3.2 Preparation of silatrane and titanium glycolate precursor

T h e  s ila tran e  p re c u rso r  w as  sy n th esized  fro m  a m ix tu re  o f  s ilico n  d io x id e  
(0.1 m ol, 6 g) and  tr ie th a n o la m in e  (0 .1 2 5  m ol, 18.6 g )  in  100 m L  o f  e th y le n e  g ly co l 
v ia  th e  O x id e  O n e  P o t S yn thesis  p ro c e ss  [2 2 ,2 3 ], T he  reac tio n  ta k e s  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 e n  a tm o sp h e re  fo r 10 h, and 
th e  ex cess  e th y len e  g ly co l rem o v ed  u n d e r  v a c u u m  at 1 1 0 °c  to  o b ta in  th e  c ru d e  
b ro w n  so lid . W ash in g  w ith  ac e to n itr ile  th re e  t im e s  g av e  a w h ite  p o w d e r  h a v in g  a 
th e o re tic a l c e ram ic  y ie ld  o f - 1 9 %  N (C H 2C H 20 ) 3S i0 C H 2C H 2N (C H 2C H 20 H ) 2.

T h e  tita n iu m  g ly c o la te  p re c u rso r  [24] w a s  p rep a red  by  c o m b in in g  tita n iu m  
d io x id e  (0.1 m ol, 8 g ) and tr ie th y le n e te tra m in e  (0 .0 2 8  m ol, 14.8 g) in  e th y len e  g ly co l 
(1 0 0  m L ) th a t w a s  b o iled  u n d e r n itro g e n  (2 0 0 ° c  /  24 h). U n re a c ted  tita n ia  w a s
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c en trifu g a lly  se p a ra te d  from  th e  so lu tion , w h ile  ex cess so lv en t and T E T A  w ere  
rem o v ed  by  v acu u m  d is tilla tio n  to  o b ta in  a w h ite  solid . T h is  p ro d u c t w as  w ash ed  
w ith  a ce to n itr ile  th re e  tim es th en  d ried  in a v acu u m  d e s ic c a to r  to  o b ta in  
T i ( 0 C H 2C H 20 ) 2 (y ie ld  47% ).

6.3.3 Preparation of mesoporous M-SBA-1

In th is  sy n th esis , so lu tio n  A  w as p rep a red  by ad d in g  C ieT M A B  (0 .4 4 g ) to  
w a te r  (30  m l) and stirrin 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 as  
p rep a red  by  d isso lv in g  sila tran e  (5 m m ol, 1 .4g) in 14 ml o f  0 .3 M  H 2ร O4 and N aO H  
(1 .7  m m ol, 0 .0 6 8 g ) by  stirring  fo r 0.5 h. T h e  req u ired  am o u n t o f  m etal p re c u rso r  w as  
ad d ed  to  so lu tion  B and  stirrin g  co n tin u ed  fo r 0.5 h. S o lu tio n  B w as th en  add ed  to  th e  
so lu tio n  A  u n d e r  v ig o ro u s  s tirring  th a t co n tin u ed  fo r  4 h. W a te r  (30  m l) w a s  added  to  
th is  m ix tu re  b e fo re  ag ing  fo r 2 days at ro o m  te m p e ra tu re  to  fo rm  a w h ite  p rec ip ita te . 
T h e  p ro d u c t w as  fd te red , w ash ed  w ith  d is tilled  w ate r, and d ried  at ro o m  te m p e ra tu re  
o v e rn ig h t. T h e  te m p la te  w as  rem o v ed  by  ca lc in a tio n  (5 6 0 ° c  /  6 h ) in a C a rb o lite  
F u rn ace  (C F S  1200) at a hea tin g  ra te  o f  0 .5 °c /m in .

6.3.4 Characterization

T h e  m e so 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 -ray  
d iffra c to m e te r  (X R D ) w ith  p a tte rn s  a ccu m u la ted  at a scan  sp eed  o f  1 d e g re e /se c  
u s in g  C u K a  ra d ia tio n  o v er th e  ran g e  o f  29  =  1.5-8°. M S B A -1  m o rp h o lo g y  w as 
o b se rv ed  by  se co n d a ry  e lec tro n  im ag in g  (S E I) w ith  a JE O L  5 2 0 0 -2 A E  scan n in g  
e le c tro n  m ic ro sc o p e  (S E M ), w h ile  m e so p o re  o rd e r w a s  d irec tly  ex am in ed  u s in g  a 
JE O L  201 OF tra n sm iss io n  e lec tro n  m ic ro sco p e  (T E M ). S p ec ific  su rface  a rea  and  
av e rag e  p o re  s ize  w e re  d e te rm in ed  by  th e  B ru n a u e r-E m m e tt-T e lle r  (B E T ) m eth o d  
w ith  a Q u an ta so rb  JR  in stru m en t. D iffu se  re fle c tan c e  U V -v is ib le  sp e c tro sc o p ic  
m e a su re m e n ts  w e re  reco rd ed  on  a S h im ad zu  U V -2 5 5 0  sp e c tro m e te r fitted  w ith  an  
1S R -2200  in teg ra tin g  sp h ere  a tta c h m e n t fro m  2 0 0  -  600  nm  re fe ren c e d  to  B a S 0 4 . 
E le c tro n  spin  re so n an ce  (E S R ) sp ec tra  w e re  m easu red  at th e  X -band , ~ 9  G H z, on  a 
JE O L  JE S -R E 2 X  spec tro m ete r.
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H igher m etal (T i4+, F e3+) in c o rp o ra tio n  in SB A -1 has been  a ttrib u ted  to  a 
su rfac tan t silica assem bly  m echanism , in w h ich  th e  m eso p h ase  fo rm s u n d e r acid ic 
co n d itio n s  v ia  an ร +X T  p a th w ay  (ร , X  and  I c o rre sp o n d  to  su rfac tan t, halide and 
inorgan ic  species, respectively ). A s s ila tran e  is a w a te r  so lub le a lkox ide , hydro lysis 
to  silicate  g e n e ra te s  T E A  m olecu les th a t ac t as a c o -tem p la te  in m eso p o ro u s  
fo rm atio n , and  in add ition , red u ce  th e  n e t p o sitiv e  ch a rg e  on  silica [21] to  enh an ce  
th e  in te rac tio n  w ith  m etal ions and p ro m o te  h igher m eta l in c o rp o ra tio n  in S B A  -1.

D iffuse re flec tan ce  U V -v isib le  sp ec tro sco p y  w a s  u sed  to  c h a rac te riz e  th e  
n a tu re  and c o o rd in a tio n  o f  F e3 " [3 -6] and  T i4+ ions [1 5 -1 8 ] in the  SB A -1 m eso p o ro u s  
m o lecu la r sieves. F igu re  6.1 (A  and B ) sh o w s U V -v isib le  sp ec tra  o f  th e  calc ined  Fe- 
SBA -1 and T i-S B A -1  as a function  o f  m etal load ing . F o r F e-S B A -1 , all sam ples 
sho w ed  a s tro n g  u v  band  a t - 2 3 0  nm  asso c ia ted  w ith  a sh o u ld e r at 2 9 0  nm 
co n sis ten t w ith  L a p o rte -a llo w e d  lig an d -to -m e ta l ch a rg e  tran sfe r involv ing  iso la ted  
F e3+C>4 c o -o rd in a tio n  [5], T h e  in tensity  o f  th e se  bands in creases m o n o to n ica lly  w ith  
F e  co n ten t, as ex p ec ted  i f  th e re  is c ry s ta llo g rap h ic  in c o rp o ra tio n  o f  F e  in S B A -1 . A 
ch a rac te ris tic  band  abo v e  3 20  nm  typ ica l o f  o c tah ed ra l c o -o rd in a tio n  (F e3+C>6) w as 
ab sen t in d ica ting  th ese  m ateria ls  are  free  o f  fe rric  o x ide  species sim ilar to  th o se  
fo u n d  in iro n  hyd rox ide , iron  o x y h y d ro x id e  and iro n  ox id e  [26 -28 ], T h e  T i-S B A -1  
sam ples sh o w  an  a b so rp tio n  band  c en te red  a t 220  nm  ch arac te ris tic  o f  th e  ch a rg e - 
tran sfe r  tran s itio n  asso c ia ted  w ith  re g u la r  T i4+0 4 fram ew o rk  te trah ed ra . O c tah ed ra l 
c o -o rd in a tio n  (T i4<Oé) is unlikely  as th e  d is tinc tive  fe a tu re  at 330  nm  is m issing  [15- 
18].

T h e  X -b an d  E S R  sp ec tra  o f  th e  calc ined  F e-S B A -1  (Fig. 6 .2 ) sh o w s tw o  
m ajo r c o m p o n e n ts  at g  =  4 .3 , a ssigned  to  h igh-sp in  F e 3+ in a d is to rte d  te trah ed ra l 
en v iro n m en t, and  g  =  2 .0 , a ttr ib u ted  to  h igh -sp in  F e3+ in  a  sym m etrical 
te tra h e d ra l/o c ta h e d ra l co o rd in a tio n  [3 -6 ], W ith  inc reasin g  iro n  co n ten t, th e  
co rre sp o n d in g  E S R  signals in c rease  in in tensity . T h e  o b se rv a tio n  o f  th e  g  =  2 .0  
signal a lone  can n o t be  tak en  as u n am b ig u o u s ev id en ce  fo r iron  fram ew o rk  
su b stitu tio n  un less  com bined  w ith  o th e r  physical o r  chem ical m eth o d s, b e c a u se  o f  
po ssib le  co n trib u tio n s  fro m  e x tra -fram ew o rk  F e3  ̂ [28 -30 ].

6.4 Results and Discussion
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Small angle XRD confirmed that after calcination, ordered mesopores were 
obtained regardless o f the metal (Fe/Ti) loading (Fig. 6.3). SBA-1 displays three well 
resolved diffraction peaks in the region of 29 = 1.5-3° which can be indexed as 
(200), (210) and (211) reflections with respect to a cubic lattice [25-27], that persists 
to an iron loading o f 6 wt% (Fig. 6.3A). A similar trend was observed to the Ti- 
loaded samples (Fig. 6.3B) although the reflections are somewhat broader Dilation 
of the ๘210 spacing o f Ti-SBA-1 with increasing titanium loading confirms the 
substitution o f titanium (Ti4+ = 0.42 Â) for silicon (Si4+ = 0.26 Â) in the framework 
[17-20],

Since the radius o f the ionic Fe34 is larger than that o f Si4 4 (r3fFe = 0.49 Â and 
r4+si = 0.26 Â), dilation o f ao (Table 6.1) is consistent with Fe34 incorporation in the 
SBA-1 framework [26], However, the decrease in intensity o f the (200) and (211) 
reflections, with an increasing iron content, suggests a reduction in the degree of 
ferrosilicate polymerization and structural order [26], Generally, it is expected that 
the unit cell parameter will be enlarged after the incorporation o f metal cations with 
ionic radii larger than Si44..

Transmission electron microscope lattice images (Fig. 6.4A and B) o f 
representative Ti-SBA-1 and Fe-SBA-1 crystals demonstrates that regular mesopore 
arrays had formed, and exclude the presence o f metal segregation, as this would be 
readily detected due to the greater electron scattering powder o f Fe/Ti compared to 
Si.

The N2 adsorption/desorption isotherms o f calcined Fe- and Ti-SBA-1 were 
all type IV (Fig. 6.5) and showed steep increases in the volume o f adsorbed nitrogen 
at relative pressures o f P/P() = 0.1-0.3 due to the onset o f capillary condensation 
within uniform mesopores. Both Fe- and Ti-SBA-1 possessed a narrow pore size 
distribution with an average pore diameter o f ~2 nm confirming the TEM 
observations. The incorporation o f higher metal contents decreases the specific 
surface area from 1435 to 880 m2/g.
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6.5 Conclusions

Silatrane obtained from the Oxide One Pot Synthesis (OOPS) process is a 
highly reactive precursor for the preparation of transition metal-bearing SBA-1 
mesoporous materials. It has been demonstrated that the SBA-1 framework can 
accommodate up to 6wt% Fe and 10wt% Ti without perturbing mesopore order. 
Dilation o f the mesoporous lattice with metal loading is consistent with 
crystallochemical framework replacement o f Si4+ by Fe3+ / Ti4+ and the predominant 
retention of the metals in tetrahedral co-ordination to oxygen. However, to maintain 
charge balance as Fe3+ replaces Si4+ some edge-sharing octahedral FeOô clusters may 
be present as suggested by ESR spectroscopy.
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Table 6.1 Physical and crystallographic characteristics o f M-SBA-1 (M = Fe3+, Ti4+) 
mesoporous materials as a function of metal loading

Material Physical Properties Crystallographic
Properites

Designation Metal 
Doping 
(wt %)

BET
Surface 

Area 
๙ / g)

Pore
Volume
(cm3/g)

Average
Pore

Diameter
(nm)

d210
(nm)

ao
(nm)

SBA-1 0 1435 0.75 2. ใ 2 3.62 8.09
Fe 2% 2 1164 0.61 2.11 3.65 8.16
Fe 4% 4 1175 0.61 '2  11 3.68 8.23
Fe 6% 6 1062 0.54 2,10 3.71 8.30
Ti 2% 2 1101 0.57 2 07 3.77 8.43
Ti 4% 4 1029 0.56 2.17 3.80 8.51
Ti 6% 6 880 0 51 •2 34 3.83 8.58

Lattice parameters ao were calculated based on the formula ao= V5d2io
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Figure 6.1 Diffuse reflectance UV-visible spectra o f calcined Fe-SBA-1 (A) and Ti 
SBA-1 (B) mesoporous materials as a function o f crystallochemically incorporated 
metal loading.
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Figure 6.2 ESR spectra of calcined Fe-SBA-1 materials of different iron content.
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Figure 6.3 XRD patterns of calcined Fe-SBA-1 (A) and Ti-SBA-1 (B) containing 
different metal loadings.
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Figure 6.4 Typical bright field TEM images of calcined M-SBA-1 at Fe 4% (A) and 
Ti 4% (B) metal loadings. The imaging conditions are selected so that white dots 
indicate mesopore columns, with the micrographs labeled according to a cubic cell, 
and orientated in [-101]. Ordering is well developed along [010], but less so in [101], 
and for all materials, commonly extended for several nanometres. เท the upper part of 
(B) a [111] crystal fragment extends under the [-101] fragment to create a Moiré 
interference pattern, confirming the mesopore order of each part.
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Figure 6.5 Nitrogen adsorption-desorption isotherms of calcined Fe-SBA-1 (A) and 
Ti-SBA-1 (B) with different metal loadings.
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