
CHAPTER V

RESULTS AND DISCUSSION

T he resu lts and d iscu ss io n  in th is chapter are d iv id ed  into tw o  section s. The  
first sec tion  p resen ts e f fe c t  o f  d ifference S i/T i ratio  and pretreatment on  
p h ysicoch em ical properties o f  T S-1. The secon d  section  reports catalytic  
hydroxylation  reaction  o f  b en zen e  to phenol.

5.1 Catalyst characterization

5.1.1 XRF

C hem ical co m p o sitio n s  o f  synthesized  catalysts w ere analyzed  b y  x-ray  
fluorescen ce sp ectroscop y. T h o se  results are presented in  T able 5 .1 .

Table 5 .1  C h em ical com p o sitio n s  ratio by m ole  o f  syn th esized  T S -1  sam ples.

S am p le  N o . %Si %Ti M o le  ratio o f  
S i/T i

1 1.5771 0 .0263 60
2 1.5453 0 .038 6 4 0
3 1.5204 0 .046 4 32
4 1.4883 0 .067 4 2 2
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S u rfa ce  areas and pore v o lu m e o f  e a ch  sam ple w ere  m easured  b y  BET  
technique. The m easured  va lu es o f  a ll the fresh sam p les are reported in  Table 5 .2 .

5.1.2 BET

Table 5 .2  B E T  surface area o f  syn th esized  T S-1 sam ples

Sam ple no. B E T  surface area (m 2 /g )

1 3 0 9
2 2 9 6
3 2 9 9
4 2 6 2

F rom  Table 5 .2 , the surface areas indicate that the in crease am ount o f  T i lea d  to 
the d ecrea se  o f  B E T  surface area. T h is  is  probably b ecau se th e  size o f  titanium  io n  is 
larger th a n  the s ize  o f  silicon  ion.

5.1.3 XRD

T h e  crystallin ity o f  the catalysts w ere estim ated  by th e  in tensity  changes o f  five  
characteristic d iffraction peaks (2theta ~  7 .8°, 8 .8 ° , 23 .1°, 2 3 .8 °  and 2 4 .4 ° )  o f  th e  MFI 
zeolite . T h e results o f  Figure 5.2 sh o w  that a ll the sam p les behave the typ ica l MFI 
structure. T hey h a v e  no peak  at 2 th eta  ~  2 5 .3 ° , represents the anatase TiC>2 phase. 
T herefore, all T S-1 synthesized  u sin g  TPA B r a s  tem plate d o es  not contain anatase. 
After th e  catalysts w ere pretreated, it is  found that the structures are n o t destroyed  by 
the pretreatm ent w ith  HNO3.
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Figure 5.1 X R D  patterns o f  T S -1  ratioôO (1), ratio40 (2 ), ratio32 (3 ) , ratio22 (4 )  and 
the pretreatment w ith  5 M  H N O 3  ratio60 (5 ), ratio40 (6 ) , ratio32  (7 ) , ratio22 ( 8 ) and 
the pretreatment w ith  3 M  H N O 3 ratio40 (9).
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5.1.4 FT-IR

In 2 0 0 1 , Li e t a l. d isplayed that th e  cata lytic  perform ance o f  T S -1  is related  to 
the am ou nt o f  T i in  th e  fram ework o f  z e o lite  w ith  S i/T i ratio in  the g e l d ecreasing , the 
96 0  cm ' 1 b an d  in  the FT-IR  spectra characterized fram ew ork titanium  atom s b eco m es  
stronger. It sh ow s m ore titanium  atom s w h ich  are incorporated in to  fram ew ork. 
B esid es, th e  research from  Pirutko et a l. (2 0 0 1 ) th a t refer from  Z ecch in a  et al. (1 9 9 1 )  
a n d B o lis  e t al. (1 9 9 9 )  d isp layed  the IR  at the p o s it io n  960 cm ' 1 that is  band typ ica l for 
tetrahedral group T i(O S i ) 4  appears in th e  silica lite  spectrum .

T h e IR  spectra (Figure 5 .2) o f  th e  syn th esized  TS-1 catalysts h av in g  d ifferent 
Si/T i ra tio s sh ow  th e  characteristic absorption  b an d  o f  tetrahedral T i4+ in the TS-1  
fram ew ork at 960 c m '1. A fter pretreatm ent w ith  3 M  H N O 3 (sam p le N o .9 )  and 5M  
H N O 3 ( sa m p le  N o .5 -8 ) , it is found that the peak at about 9 6 0  cm ' 1 d o e s  not w eak en , 
w hich  s h o w s  fram ew ork titanium  sp ec ies  had no b e e n  w ashed  o f f  by H N O 3 .
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Figure 5.2 FT-IR sp ectra  o f  T S -1  ratioôO (1 ), ratio40 (2 ), ra tio 32  (3 ), ratio22 (4 )  and 
the pretreatm ent w ith  5 M  H N O 3  ratioôO (5 ), ratio40 ( 6 ), ra tio 32  (7), ratio22 ( 8 ) and  
the pretreatm ent w ith  3 M  H N O 3 ratio40 (9).
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5.1.4 UV-vis

T h e  work o f  Z ecch in a  et al. (1 9 9 1 )  (in L i et al. 2 0 0 1 )  reported that the  
electron ic transition in v o lv in g  the iso la ted  fram ew ork T i(IV ) in  the tetrahedral 
coord ination , w hen characterized w ith U V -v is  spectrocopy, co u ld  be determ ined b y  
the absorption  band at around 2 0 8  nm , w h ile  that in v o lv in g  th e  iso la ted  T i(IV ) in  the  
octahedral en viron m en t w as exp ected  at about 2 3 8  nm  and th e  absorption band o f  
anatase w a s  ob served  at 328 nm . There are d ifferent attributions to th e  bands in  the 
U V -v is  sp ectra  o f  T itanium  S ilicalite . In  20 01 , L i e t al. d isp layed  that their T S-1  
syn th esized  using T P A B r as tem plate d id  n ot contain  the anatase phase, but contained  
a kind o f  partly con d en sed  titanium  sp ecies w ith  six -fo ld  coordination (quasi 
octahedral). The titan ium  sp ec ies  m ay correspond to  the absorption band around 2 7 0 -  
2 8 0  nm in  U V -v is  sp ectra and th is sp ec ies  could  form  Ti-Ch". T h is  k ind  o f  Ti-CU w as  
reported a s  a very sta b le  form and was n o t a  catalytic active s ite .

In  th is  th esis , the preparation o f  catalyst (T S -1 )  used T P A B r as tem plate. T he  
syn th esized  catalysts w ere a lso  characterized by U V -v is  T h e data from  U V -v is  
spectrom eter w ere an a lyzed  u sin g  the “fity k ” program m e. T he absorption  peaks w ere  
fitted u s in g  G aussian  functions. The p eak  fitting resu lts  o f  ea ch  absorption spectrum  
are illustrated in  F ig u res 5 .3-5 .11  and are sum m arized  in  Table 5 .3 .

It is  found that the catalysts w ith  ratios o f  Si/T i eq u al to 6 0 , 40  and 22  
(sam ples N o . l ,  2 and 4 , resp ectively) do n ot have a n y  absorption peak at 32 8  nm  [see  
Figures 5 .3 , 5 .4  and 5 .6 ]. Therefore, th ese  sam p les d o  not con ta in  any anatase phase. 
The d ifferen ce  is sa m p le  N o .3 , S i/T i = 3 2  [see  F igure 5 .5 ], w h ich  sh o w s an absorption  
peak 3 2 8  n m , the absorption  o f  the anatase phase [Z ecch in a  e t al. (1 9 9 1 )] . This m ay  
b e b ecau se  som e part o f  the titanium  o f  th e  catalyst S i/T i =  32  form s the anatase phase  
rather th an  being incorporated  into the fram ew ork o f  SiC>2 . T h e peak around 2 7 0 -2 8 0  
nm  is th e signal o f  titanium  sp ec ies  w ith  six -fo ld  coordinate. T h e six  fo ld  coordinate  
species is  le ss  reactive  for the ox id ation  and d ecom p osin g  o f  H 2 O 2  [L i et al. 2 0 0 1 ]. 
After all 4  catalyst sam p les w ere  pretreated with 5 M  H N O 3 (sa m p les N o .5 -8 , F igures  
5 .7 -5 .1 0 ), it is  fou n d  that the area o f  th e  peak at 2 7 0 -2 8 0  n m  o b v io u sly  decreases. 
This sh o w s  that th e  pretreatm ent w ith  HNO3 can  rem ove th e s ix -fo ld  coordinate 
titanium  sp ec ies , the le ss  reactive titanium  sp ecies. T h e results o f  this rem oval w ill be
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d iscu ssed  again  in  sec tio n  5 .2 .2 . Figure 5 .11  illustrates the U V -v is  absorption band o f  
the cata lyst S i/T i =  4 0  (sam p le N o .2 )  w h ich  w as pretreated w ith  3 M  H N O 3 (sam p le  
N o .9). W h en  com p are w ith  th e sam ple w ithout any pretreatm ent (sam p le N o .2 ,  
Figure 5 .4 ) , it is ob served  that the area o f  the absorption p ea k  around 2 7 0-28 0  nm  
decreases slightly. T h is  result su ggests that the 3M  H N O 3 so lu tio n  is n o t  an e ffic ien t  
solution  in  rem ovin g  the less  ac tiv e  s ix -fo ld  coordinate titan ium  sp ec ies. B ecau se o f  
th is reason , no pretreatm ent w ith  3M  HNO3 w as perform ed w ith  the S i/T i = 6 0 , 32  
and 2 2  sam p les.

Table 5.3 The rela tion  b etw een  area and w a velen g th  (nm )
S am p le  N o . W avelen gth  (n m ) A re a  (a.u.)

233 5 .33
1 270 117 .78

281 2 .5 2
233 6.93

2 27 0 129.13
283 4 .5 3
233 6.41

3 267 11 7 .0 4
280 5 .0 0
233 6 .18

4 269 128 .00
285 7 .1 9
230 4 .3 2

5 243 5 .37
273 6 6 .6 9
233 4 .9 3

6 267 11 5 .0 9
277 3 .9 4
230 4 .9 2

7 244 5 .16
273 6 5 .6 9
235 12.35

8 275 3 8 .4 0

231 5 .76
9 262 122.28

274 5.95
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Session Data Functors ft SÏ Hefc
ฮ ๚ ' i p i

list al functions

*_1
Peak properties: 
[en te r 270.162 
Urea: 117.775 
Height 1.75526 
FWHM: 62^777 
Irc@0.F

«ไ « ร พ่ พ  ๒เพฺริ-.!®งิ» ̂ ®)=-1:67032๗05 (0307๗73%)*?: «531=0.151611 iainbd3=le-0!0 d(W55RM.2IO!7(H)e6 {o.08277687%)FKCwwerged.Eiettafitfcuid(พ531=0.151511, «50,398415,-51.9193%),
Ma!A=( 1.7654,270,164,31,3X5,0,219178,230.94̂  5.39S4,0.313035, 233,343,8.00403 )tty values: i3fto=o:01 พรร?.=0.151611#1: พรร0=0.151699 ๒ทiitsja=O.D001 d(WSSR)=-2.36112e4JK {0.00155736%) .#2; W5SR=fl.!516Û? iarabda=le4305 d(W55R>=-1.343C9eO» (0.æ0̂ 92%) ftconverged. ■Better R ๒นฟ (พร51=0.151507, MS 0.151611, -0,00244323%),

if  fit>i< - D;taod\raw data thasis4\uV-VisMJV-ฟร_mod\TS-1 -B4.dat

Figure 5.3 The data o f  peak fitting o f Si/Ti = 60 as sample No. 1 in table 5.3

mรฒฒ
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1st aS functions

Gaussai 269.847 129,13
Gaus*n_ 282.859 4,52805
Gaussai 233.102 6.9Z703

รุ.!
Peak properties: 
C enter 261847 
Area: 129.13 
Height; 2.03953 3 FWHM: 59.4793

m i t o s i s ® )  ๒®t o ๗!3 cô,œ6829l%#U: WS3t-0 DS5S44 ๒-0(๒.1๗14 d(W$»M.5274'e-0G6 io 00274943%) ร ุ«waged _____ _Setter fit fond (พรSR = 0.0555544, was 0.316064, -82,423%)
รเร่/H 2.03972, m m  29,7367,0.282533,282.863, พ!รพ, 0.373436, 233.1,8.72! > M p »  ๒พู๗่!.พ! พรุp3558i44 269.847#ïi พรรพ3.0555536 l i p »  d(WS5R)=-?.?3321e-007 (0.00140101%) #2; พรรR=0.(655533 lâfnfada=le-«35 d(WSSR)=-3.09509H»7 (0.000557136%)
Stert!tari {พร» = 0,0555533, was 0,1555544, ง.00195813%),

Figure 5.4 The data o f  peak fitting o f Si/Ti = 40 as sample N o.2 in table 5.3
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Gaussian
functions

1st al functions

.1 Gaussian 267.373 117.032

.2 Gaussait 280.362 4.99918
3 Gaussian 232.551 6.41313

SJ
Peak properties; 
Cent»: 267.373 
Ares 117.042 
Height: 1.94538 

I ^HM : 56.5203

#7; พร» =0.0256969 ๒เพa=le-010 <̂ 5SR)=-1,57907๗06 (0.00528146%)#8: พรรM.0296565 ๒1๒3=1๗11 dC«5S)=-3.3652e-007 (0,0011256%)Rtcenwgฝ...■Better ft tantftsst » 0.0298965, was 0.26804, -98,3462%),
WBejM 1.9453,267,371,28,2614,0,304055,280.361,7.72763,0,364322,232,551,8,26464
W ü ! values: ฬ ํ) dร*0.001 W5SR=0,0298365
th  พร»=0,0298965 ๒ผร=8,09» d(VPSW-?.41438e4308 (0,000248001%)ท'. พร»=0,0253964 iaràda=lî-0Û5 Ŵ5SR)=-l,34S26e4»K (4,51309๗5%) fît converged.Better ft found pพร® = 0.0298964, was 0.0296965, -0.£«e93t32%).

267.373

fihk- D:\modV■ชิ̂ dâ.

Figure 5.5 The data o f  peak fitting o f Si/Ti = 32 as sample N o .3 in table 5.3



44

Session Data Filters
Gaussian

tst al furtions

Gaussian 284.693 7.18869
Gaussai 232.777 6.1752

ร ุ.}
Peak properties: 
Center 261286 
Are* 127.95 
Height 1.99265 
FWHM: 603222 
Ire@O.F

' .«âsüNNMM M W M M  MM 99#6: ๒๗̂=194009 tj^HJyl7fô«6 (0.00873008%)#7; พรSM,0540271 ๒*.ia=ie-010 dCWSSR)—i .10799e®6 (0.00205002%)Ft converged.Better ft fond (พร» = 0.0540271, «aso.296772, -81.7951%).
Mil H  1.99278,269.287,30.1596,0Æ7307,284,696,8.94359,0.348346,232.774,8.32959 )Mai values: lsèda=O.DSl พร»=0,0540271#1: พรร),=0,0540268 ๒*ฟa=O,QC01 i พร»)=-2,£5385-007 (0.000523601%)
ท : พรรR=0,(640268 teibda=leOœ d(W5®M.55645»G)6 (Q,0003.21356%)Ft converged,Bettea- ft fond (พรรR = 0,0540268, «as 0.1540271, -0.000649956%).

fityk - DiVnod'.raw delta thesis4\UV-Vis\UV-vis_mod\T$-1 -B8.dat

[5CHAPTER V-P.esiif

Figure 5.6 The data o f  peak fitting o f Si/Ti = 22 as sample N o.4 in table 5.3
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I

%_1
Peak properties: 
Center. 272*71 
A rea 66.688 
H eight 0.993179 
FWHM63J1795 
In: @OF

M W  V êtes: ๒ พ ร =0.001 พ ร ร เพ ) .£2803
# l :i พ ร SR=0,0280291' lambda=0,0001: (0.00317517%)
f y m r m m  ๒ ® da= le-0O 5 d ( i s * H . 9 4 6 7 * M e  (0,๒ ๘ 19194% )

272.671

115: (พร5R=0.0280001) lambda=0.0ffll 
# 16: พ รรRM3.02KJ3 !am bda=le-005 < K W * H , 54285*007 (8.000550427%)Ft ccnvprgsQ.
B๙ »  fit found (พร32 -  0 .02803. was 0.0567949. -50.6471%).

M W A H  0.993281 ,272.664,31.5432,0 .224124.243.258,11.1572,0 .266425,229.649,7 .65371}

Rt converged.
Better f t  found (พรรR «  0.028029, was 0.02883, -0,00349435%),

Figure 5.7 The data o f peak fitting o f Si/Ti =  60 that pretreated with 5M HNO3 as
sample N 0.5 in table 5.3
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Gaussian
S f i  fonctions Ivaôabtes

:kt al functions

Gaussian
Gaussian

Peak properties 
Center 267,48 
Area 115.088 
Height 1A4995 
FWHM: 58.4438 
เท: iO J

—

#22 : พ รรR=ช.147943 la iè d a = te -0 2 ! d(W55R>=-i,û2S2e-0Ü5 çO-0069^24%5 
#23: พ ร31=0.147934 lam bda=le-022 พรรR>=-6.96236e-06 (0.006053%)
Fl converged,
Better fit found (พ ร®  =  0.147934, wasO,338771, -56.3322%).

WW A={ 1.8501$, 267.434,29.2169,0.287745,276.666,6.42644, 0.303369.232.762,7.3982}«y values: toWa=0.ûQ! พร»=0,147934#1: พรรR=0,H792S ๒โกbda=0,000! d(W53ï)=-6.4033̂CCG (0,00433191%)#2: พรรP.=0.I4?923 ๒bda=1e-005 d(WSSft>=-4,56429e43te (0,00303549%)
tellHttfûu») (พร® « 0.147923, was 0.147934, -0,๓741727%).

IS S lI i s s ÿ àism 115.088
276.668 3.94389
232.765 4.9348

É M  ร

Figure 5.8 The data o f  peak fitting o f Si/Ti = 40 that pretreated with 5M HNO3 as
sample N o .6  in table 5.3
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mmm i IP  '■■■■■ 1 I P t l f  1  ü  m u n I i :i I  .iiiWÊÊÊËÊÊÊÈm
Gaussian

'i  ะ''' «''ไ:'' I data I functions I variables) -
1st al functions

ร.ุ1
Peak properties: 
Center 272.761 
Area: 65.6884 
Height 0.990055 
FWHPt 62.33 [ท: @0.fl

til’.-k - D:\modli aw data thesis4\UV-Vis\UV-■ฟ่ร_mod\TS-1-B9.dat

Name
m J

. g
Gaussian 272.761 65.6884

■ Gaussian 244.082 5,15704
| j Gaussian 229.877 4,9194

«รพ«««พฒฒ»»ร»®»»^ * » !» «พ !!เ»»พ ่«ร»» ’!<̂*%1พ»»:̂ ®^*»®รmพ«ฒ»«รร

15CHAPÎER V-Resuft

75:(พร»=0.0208829) ๒ผ๊รว่.ฒไ 76: พรรพ),0208689 ๒๓พa==le-005 cKWSSR)=-9.47291e-C06 (0.0457715%) 77:(พร»=0.0209189) tamôda=0.(XKjl /S: (พรSR=0.02æ?57) 1๗x13=0.001 79: พรร3.=0,02079 te*da=0.00ül ๙พรรR)=-7.æil3e-0œ (0,37765%)«0: พร50=0.0207623 tedï=le-Û05 d(w55R>=.2.7??2?e-0CS (0.133507%) #11: พSSR=0.020745i ๒bda=le-006 d(WS3Ô=-1 72059e-005 (0.0828711%) 112: พรร0=0.0207442 ๒พร=1๗07 d(W53R)=-8.18505๗07 (000394554%) 713: พรร!1=0.020744 พฟa=le-008 d(พรSR)=-3./S354e4S37 (0,00134184%) Fi converged.Better ft found (พร?=0,020744, VHS 0.0208909,4703308%).

f  fit k-D:\niod\r-avv dâ.

Figure 5.9 The data of peak fitting o f Si/Ti =  32 that pretreated with 5M H N O 3 as
sample N 0 .7  in  table 5.3
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functions variâtes!
1st al Functions

.2 Gaussai 235.246 12.3452
3 Gaussian ! 338,983 1.87845

รฺ_1
Peak orooerties: 
Center 275.036 
A res 3&5996 
Height a700157 
r a i k  51.7911 
In: @0jj

0.700157
275.036*1: m รM.Û171Ô76 l»nbda=0.00pi d(ys$)=-3,83993e-00$ (0.ttB23241%) #2: WSSR=0.0171676 lambda=lâ 4«®H.07898e-(S9 (S,2302e-0GS%)

#6: พ 5SR—0.0171678 ๒ b d a = le -T O  (^¥5SR)=-4i6:1125a-007 (0.81268593%)#7: W5SFM3,0171676 Wrfa=M10 <#5S)Ë-1.45C54êfl); (0.000844922%)R: cwwsrged. - :7 : r - ■;Better ft (ฟ  (พรรR « 0.0171676, m  0.02S478S, -32.62%).
พฟ A={ 0.700159,275.038,25.3517,0.351924,235.248,16.3429,0,0431856,338,965,20,4572} Mia! values: tobda=0.001 พร®M),0171576 '
Rconverged.Better ft fomd (พ'® = 0.0171676, was 0.0171676, -0.000284712%).

j fp  é  z - sggs: ' 1: :7:';
s ta r t , Ê • at co-ijttàsi รฺเ !

■ Z  ' ' ไะ'' ï
■ fityl. - [):\mod\raw dô... EH .. . * '

Figure 5.10 The data o f  peak fitting o f  Si/Ti =  22 that pretreated with 5M HNO3 as
sample No .8 in table 5.3
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Gaussian
data, functions.variables.

1st al functions

.2 Gaussian 273.883 5.75925
3 Gaussian 231.36 5.4686

V J
Peak properties; 
Center 261.934 
Area: 122.277 
Height: 2.05401 
FW itt 55,9255 
In: @Ojj

% r a d t a i s l  3 1ÎCHAPTER ....... 3  IT R E fE PE K E ,.

aA a -V \A /\\/V v-.------ -

พุ: พิ̂ -0.1314» laBbSlëïO? พพิฬิ05 (0.00817/96%)ห,: W5SP.=0.131497 iarnbb*!e-0C8 d(W5SR,>=-l,73358e-006 Ç0.00131832̂a;
Fuenverged.Better ft Fond (พรm=0.131497, was 0,32733, -53,8273%).
wa H  2.05405,261.936,27,9603,0.360821,273.883, 7.49434,0.325723,231.359,7.89555} lvalues: ๒พ่ร=0.001 พรร=0.13149?พุ: WSSP.=0.131497 ๒๒=0,0001 d(WSSRH.55242e-CO? <0.003270152%)
ท: W5SR=0.131497 lambda=lfrO05 d(WSSt)=-7,49435e-008 (5,6992?ฬ05%)Fit converged.Better fit fond (พร31=0.131497, was 0.131497, -0.000327145%).

Figure 5.11 The data o f peak fitting o f  Si/Ti = 40 that pretreated with 3M HNO3 as
sample N o.9 in table 5.3
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5.1.6 NH3-TPD

N H 3 -T P D  w as u sed  to determ ine the strength and am ount o f  the a c id  site o f  
the catalysts. T he resu lts are sh o w n  in F igures 5 .1 2 -5 .2 0  and T able 5.4. 
D eco n v o lu tio n  d eta ils  o f  th e  catalyst sam ple w ith out any pretreatm ent are sh ow n  in  
F igu res 5 .1 2 -5 .1 5  w h ile  F igures 5 .1 6 -5 .2 0  illustrate the d eco n v o lu tio n  d eta ils  o f  the 
cata lysts after th e  pretreatm ent. The d econ v o lu tion  is perform ed b y  u sin g  a  freeware 
program m e n am ed  “fityk” . The p eak  fitting p rocess w as earned  o u t by fin d in g  the 
best f it  o f  sk ew -G au ssian  p eak (s) (param eter “sp litG aussian” in the program m e). The 
am ount o f  each  acid  site can  be determ ined  from  the percentage o f  each com ponent 
peak and the to ta l amount o f  am m onia desorps. T h e results w hich  are calcu lated  from  
the raw  data are show ed  in  appendix B .

It is fo u n d  that ea ch  NH3-TPD profile can  be d eco n v o lu ted  into tw o  main  
peaks. The first peak, w ill b e  nam ed h ere “the w ea k  acid site”, appears around 120- 
145°c. The se c o n d  peak, w i ll  be n a m ed  here “the strong acid s ite ” , appears around 
2 2 0 -2 4 0 °C . T h ere are tw o  ex cep tio n s, the profile o f  S i/T i =  40  after the pretreatment 
w ith  5 M  HNO3 and the p ro file  o f  S i/T i =  32, a lso , after the pretreatm ent w ith  5M  
HNO3. B oth  tw o  profiles, though, m ath em atica lly  can b e  separated into th e  sum  o f  
tw o G aussian  p eak , the lo ca tion s o f  b o th  peaks are about the sam e. Thus, practically , 
th ese  tw o  p ro files  should b e  con sidered  as on ly o n e  peak.

The resu lts o f  sam p les N o. 1 -4  sh ow ed  in T able 5 .4  in d icates that the quantities 
o f  th e  acid  site  are not m u ch  different though the catalysts have d ifferen t S i/T i ratio. 
A fter the cata lysts were pretreated w ith  the aqueous so lu tion  o f  5 M  H N O 3 , the acid  
strength (w h ich  can  be determ ined fro m  the location  o f  the peak) o n  th e surface o f  the 
TS-1 catalyst ch an g e s ligh tly , but th e  am ount o f  acid s ite  (the area under the peak) 
d ecrease  s ign ifican tly . T h e decrease can  be attributed to  the rem ov a l o f  th e  six -fo ld  
coord ination  sp e c ie s  o f  titanium .
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Figure 5.12 The data o f peak fitting o f  Si/Ti =  60 as sample N o.l in table 5.4
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Figure 5.13 The data o f peak fitting o f  Si/Ti = 40 as sample No.2 in table 5.4
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Figure 5.14 The data o f  peak fitting o f Si/Ti = 32 as sample No.3 in table 5.4
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Figure 5.15 The data o f peak fitting o f Si/Ti = 22 as sample N o.4 in table 5.4
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Figure 5.16 The data o f  peak fitting of Si/Ti = 60 that pretreated with 5M HNO3 as
sample N 0.5 in table 5.4
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Figure 5.17 The data o f  peak fitting o f Si/Ti = 40 that pretreated with 5M HNO3 as
sample N 0 .6  in table 5.4
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Figure 5.18 The data o f  peak fitting o f Si/Ti = 32 that pretreated with 5M HNO3  as
sample N o.7 in table 5.4
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Figure 5.19 The data o f  peak fitting o f Si/Ti = 22 that pretreated with 5M HNO3 as
sample N o . 8  in table 5.4
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Figure 5.20 The data o f  peak fitting o f Si/Ti =  40 that pretreated with 3M HNO3 as
sample N o.9 in table 5.4
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Table 5.4 Data of acid quantities and acid strength
Sample No. Time Temp(°C) Acid site (pmol/g) Total (pmol/g)
1 9.13 133 110.4685

18.56 220 76.0860 186.5545
2 10.02 133 169.5576

19.91 225 19.5541 189.1112
3 9.13 140 169.5056

17.28 216 28.7303 198.2359
4 10.68 144 170.4736

20.52 235 18.1688 188.6424
5 9.17 133 63.6084

18.26 216 8.2668 71.8751
6 7.83 121 90.0285

9.69 136 9.4093 99.4378
7 7.85 119 123.9124

9.59 134 12.5364 136.4488
8 9.11 132 68.6073

17.28 207 42.4945 111.1018
9 9.29 133 67.4777

18.21 213 7.7337 75.2114
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5.2 Catalytic reaction

This section reports the hydroxylation activity o f TS-1 catalysts without and 
with pretreatment with NHO3 solution. The results of catalysts without any 
pretreatment are reported in section 5.2.1. Section 5.2.2 discusses the effect of 
pretreatment on the hydroxylation activity of TS-1.

5.2.1 Effect of difference Si/Ti ratio

Figure 5.21 indicates that in the first 2 hours, the conversion of benzene of each 
catalyst increases with the reaction time. After that the activity o f the sample Si/Ti = 
60 remains constant at a value around 0.01%. The activity of the remaining three 
samples still keeps increasing. The catalytic activity of the sample Si/Ti = 22 reaches 
an upper limit after about 4 hours while the catalytic activity of the sample Si/Ti = 32 
still increases for another 2 hours. After 6 hours, the activity of the sample Si/Ti = 40 
still increases, though very slowly. The maximum benzene conversion achieves by 
the samples Si/Ti = 32 and Si/Ti = 40 is between 0.1-0.2%.

Taramasso et a l ,  1983 reported that the TS-1 which had formula 
xTi0 2 .(l-x)SiC>2 where X  lies between between 0.01 and 0.025 exhibited the best 
hydroxylation activity. This was possibly due to an optimum amount o f titanium 
existed in the framework. Out of this range, too low titanium in the framework or 
formation of non-framework titanium species might form. This would lead to the 
decrease in the hydroxylation activity. In our experiments, the samples Si/Ti = 32 and 
Si/Ti = 40 lie in the best suggested range. The difference among the amount of 
titanium framework of all the four samples, however, can not be determined from the 
infrared spectroscopy (the area of the band around 960 cm'1). This may be because 
the technique used in our study is not sensitive enough to detect the difference or 
there are other unidentified factors affect the hydroxylation activity of the catalysts.

Since the sample Si/Ti = 40 exhibits the best performance among the samples 
investigated. The sample Si/Ti = 40 is, therefore, chosen to be further investigated by 
pretreatment with NHO 3 solution with different concentration.
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Figure. 5.21 The result of difference ratio of TS-1 catalysts in %conversion of 
benzene under periodic operation: Si/Ti = 60 (อ) 5 Si/Ti = 40 (A) , Si/Ti = 32 ( A ) , 
Si/Ti = 22 (■ ).

5.2.2 Effect of pretreatment

From section 5.2.1, the Si/Ti = 40 catalyst would be pretreated with HNO3 
solution and used for the hydroxylation of benzene. In this study, a Si/Ti = 40 
catalyst sample was pretreated with 3M HNO3 solution and another sample was 
pretreated with 5M HNO3 solution. The hydroxylation activities of the catalysts 
without any pretreatment, pretreated with 3M and 5M HNO3 are compared in Figure 
5.22.

The experimental results in Figure 5.22 indicate the initial benzene conversions 
of catalysts are pretreated with 3M HNO3 and 5M HNO3 are higher than that of the 
unpretreat catalyst. The initial benzene conversion of the catalyst pretreated with 5M 
HNO3 is slightly higher than the initial benzene conversion of the catalyst pretreated 
with 3M HNO3. After 6 hours of operation, however, the benzene conversion 
profiles of all the catalysts merge altogether whether the catalyst is pretreated or not. 
This phenomenon suggests the unpretreat catalyst still undergoes some changing
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during the reaction, as can be seen from the increase in the benzene conversion. This 
changing is likely the removal of some inactive structure(s) that hindrance the real 
active site. The inactive structure can be better removed by washing with HNO3 
solution. Therefore, the catalysts washed with HNO3 solution performed high activity 
since the beginning of the operation period. The reduce of the inactive species can be 
seen from the UV-vis data (Table 5.2). The absorption at the wavelength about 270 
nm, belongs to the six-folded coordinate titanium species -  the inactive species that 
block the active sites [Li et al. (2001)], dramatically decreases after washing with 
HNO3 solution. [Ref] also reported that this inactive species not only hindrance the 
hydroxylation reaction but also promoted the decomposition of H2O2. Thus, led to 
less amount of H2O2 to react with benzene. The removal of the inactive species 
allows the benzene reactant to gain access to the active site and allow more H2O2 to 
react with benzene. Therefore, the conversion of benzene increases.

The experiment also shows that higher acid concentration yields higher initial 
activity, but not so much. Since the washing with HNO3 solution can dramatically 
incrase the initial benzene conversion, the pretreatment is also tried on the other 
samples. The pretreatment, however, was performed using only 5M HNO3 solution. 
The hydroxylation activities of the Si/Ti = 60, 32 and 22 catalyst without and with 
pretreatment are illustrated in Figures 5.23-5.25, respectively.

The experimental results in Figure 5.23 indicates that the benzene conversion 
of the Si/Ti = 60 catalyst which are pretreated with 5M F1N0 3  is higher than the 
unpretreated catalyst. The steady state benzene conversion increases from a value 
around 0.01% to another value around 0.02%. For the Si/Ti = 32 catalyst, when 
pretreated with HNO3, the conversion of benzene becomes steady since the beginning 
of the experiment at a value around 0.1% [Figure 5.24], while the unpretreat catalyst 
has to take about 5 hours before reaching this steady state conversion level.

Figure 5.25 shows that the behaviour of the Si/Ti = 22 catalyst after the 
pretreatment is similar to the behaviour of the Si/Ti = 60 catalyst. The steady state 
benzene conversion of the pretreated Si/Ti = 22 catalyst becomes steady since the 
beginning of the reaction at a level around 0 .1%, while steady state benzene 
conversion of the unpretreat sample stays at a lower level around 0 .0 2 %.
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It should be noted here that after the pretreatment with 5M HNO3, the samples 
Si/Ti = 22,32 and 40 achieve the same level of benzene conversion at steady state, i.e.
0.1-0.2%, while the sample Si/Ti = 60 achieves a lower steady state benzene 
conversion, i.e. 0.02%. This finding suggests that the samples Si/Ti = 22, 32 and 40, 
though have different total titanium content, possess the same amount of tetrahedral 
coordinated titanium species (the active species for the hydroxylation of benzene). 
The different is the amount of the inactive six-fold coordinated titanium species in 
which the sample Si/Ti = 22 has the highest amount, follows by the samples Si/Ti = 
32 and Si/Ti — 40, respectively. This is the reason why the sample Si/Ti = 22, before 
pretreatment, exhibits lower benzene conversion than the samples Si/Ti = 32 and 40. 
When the inactive titanium species is removed by acid washing, the number of 
accessible active hydroxylation sites of all 3 catalysts is about the same. The 
conversion of the 3 catalysts, therefore, is at the same level.

The sample Si/Ti = 60 has lower steady state benzene conversion than those 3 
samples mentioned above though the catalyst is washed by HNO3 solution because it 
possesses lower number of the active titanium species.

Another interesting phenomenon observed from the pretreatment experiment 
is the pattern the benzene conversion increases. For the samples Si/Ti = 32 and 40, it 
is found that the unpretreat catalysts can also gain the same conversion levels as of the 
pretreated catalysts. The reactant, H2O2, can also remove some inactive titanium 
species but take much longer time than washing with acid solution. For the Si/Ti = 22 
catalyst, the amount of the inactive titanium species may be too high or too difficult to 
be removed by H2O2. Therefore, the steady state benzene conversion of the 
unpretreat catalyst is lower than the pretreated catalyst. Hence, we can conclude that 
washing with FINO3 solution is more effective in removing the inactive titanium 
species than washing with H2O2. It is recommended to wash the catalyst by using 
HNO3 solution before performing the hydroxylation of benzene in any future works 
that may occur.
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Figure 5.22 The effect o f concentration of HNO3 which pretreat Si/Ti ratio 40: 
pretreat with 3M of HNO3 (A ) , pretreat with 5M of HNO3 ( A ) and unpretreat (■ ).
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Figure 5.23 The effect of concentration of HNO3 which pretreat Si/Ti ratio 60: 
unpretreat ( A ) , pretreat with 5M of HNO3 (□ ).

Figure 5.24 The effect of 5M HNO3 which pretreatment of Si/Ti ratio 32 (□ ) with 
unpretreatment ( A )
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Figure 5.25 The effect o f concentration of HNO3 which pretreat Si/Ti ratio 22: 
unpretreat (A ) , pretreat with 5M of HNO3 (□ ).
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