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Abstract 

This project involves the development and application of porous materials and 

catalysts for chemical industry including epoxidation of alkenes catalyzed by cobalt(II) 

calyx[4]pyrole, oxidation of phenol using titanosilicalite-l and titanium-MWW catalysts, 

cra(;king process of hydrocarbons using ZSM-5 as catalyst and preparation of composite 

tItanium dioxide/carbon as an electrochemical electrode. The properties of the catalysts 

and composites were characterized using various techniques such as NMR, XRD, SEM, 

DR-lN and nitrogen adsorption techniques. The efficiencies of these catalysts were 

investigated by gas chromatography. The cobalt-containing catalysts exhibit high 

activities in the catalysis of epoxidation of various types of alkenes in toluene in the 

presence of 2-ethylbutyraldehyde under oxygen atmosphere . A high yield of epoxide up 

to 93% can be obtained depending on the type of substrate, catalysts and reaction 

condition. The series of titanosilicate catalysts were investigated for the effect of 

preparation conditions on the properties of the catalysts. Titanosilicalite-l prepared using 

a mixture of tetrapropylammonium hydroxide and tetrapropylammonium bromide as 

template provides the highest activity in oxidation of phenol with hydrogenperoxide 

while Ti-MWW exhibits lower activity but higher selectivity to p-benzoquinone than 

titanosilicalite-l . Density functional theory was used in the study of the transition state 

structures and the corresponding activation energies in dehydrogenation, cracking 

reaction (two pathways), and proton exchange reactions of alkanes (ethane, propane, 

butan{; and isobutane) catalyzed by Bf0nsted acid site of ZSM-5 zeolite. The zeolite 

models containing 5-38 tetrahedral units in the zeolite structure were used. All 

calculatIOns were carried out by the program Turbomole. The results show the 

dependence of the calculated activation energies on the cluster size, especially in case of 

cracking and dehydrogenation reactions. Furthermore, a novel method was discovered for 

preparation of the titanium dioxide/carbon nanocomposite with high thermal stability. 

The method contains 2 steps which are the impregnation of the bamboo powder with a 

solution of titanium tetraisopropoxide in 2-propanol and subsequently carbonization at a 

required temperatureranging from 500-700°C. The titanium dioxide in the composite is 

readily formed as anatase without rutile phase. The specific capacitance of the composite 

electrode depends on the carbonization temperature and the titanium dioxide content in 

the composite. The composite treated by phosphoric acid shows an enhanced specific 

capacitance. 
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(porphyrin) Im::;~'YlI'lj'Ct' (Schiff base) [2-1 O]11I'U~'U riTu hl1:t~ilUJJ '-«11I'U~':m~~u5n1 £JlleJTIeJ f)~I~~'U 
~1 "" <1 d <Of'" 1 ,,~'" ~ '" 'flUnll:IJ~f)1'Uft' 111",f) ~'YlI'UUJJ fl'UO"'fll!"':t ifl';il:IJrJJJ 11I'U'PI'U 

\Jlf)f)1';i~f)1I1IeJf)ft'n~H~'1I~U1 n'UUan1U1W'fIB f)~I~~'U 'fI'U11 ij';i lU'Il'UI~£J1 n'U f11';i '1 -«~1Ii <l 

U501Ull1"':t';i:tiJiJ~1eJon-ill'fl'l111mfJ'lfil~ ~1Bri1wli'U i'Uil1983 Groves 1I"'::;flru::; i~fff)1I1U501fJ1W 

'\~ on ~iI'fl~'U"H)~lIeJ"'~'U1'fl U 1-« (chloro-5,10,15,20-tetraphenylporphyrinato) iron(JIl) 1~'U ~11i~tJ fin1 fJl 

'\lO~ ~~qB"'~ 'U 1~ uij iodosylbenzene 11I'U~100 n-ii ~9f 1'l5'U cis-stilbene, cyclohexene, cyclooctene, 

?t 'iI , i 'iI ." '" .,. .,. 0 9
norbomelle II"'~ cyclohexenone 11I'U~'U 'fIiJ11 ~f'-IMm~flB'U'\lH,!'1l1ft~JJfl'11:IJmeJf)\J1I'f11:t !'UflU 
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'" ... '" 
~ 

I~HnOtl tl[lll
• 

ltl1l1994 Iqbal IIft::;'flru::; 1~'J1U\lltlf)l11,* [bis(salicylidene-ll-phenethyl)] cobalt(II) 11:Itl'fl':lIi\l 

t.liin~Ul IIPW'HII El ft~rl ~1Pl1\ ft::; ElEl 0 ~I ~\.II1:I tl 'fI1 ~HJ 0 ctl~ 'l11 ~ 'U'U~\l 0 ci YHlllJl1 mtl~ fltl ~ tlll El ft~tll1:l tl 

Wl~El O 1'lfffl~El~1\IIftElO~1!'Vll~ 'flru~~1~ull~nltl~"h WelfftI1~f1ftm~\1:Itlll'11'f11 Oftl\l' tl f1l'J In~tl ii n~ tn 

[12] 

HilllHl~ fI ru ~ 1~~mlltliin~ till~ 'Vl~ O~I~'itl'tlf)\l1l Elft~tl ~ ~ 1\1 Iftfl 0 ~ lI'rn::; i ~ tI' ,*ft'1'J t.I 'J::; 0 tJ'U 

!~\l~~tl i 'fl'U~ft'fl11:ltl'fl1Ii \ltliimUl lift::;''* p-cyano-N,N-dimethylaniline N-oxide 11:Itl 'fI1fl~Oelfll~'l11'U1I 

1996 VI'U11 f1l'JII 'YJ'U~i)1I 0 tllPl' 'U ft'ntl 1::; 0 fl1JI~ \l~~tl i fI1.1~ ft~~1 tlHJ'YJ1'l1 ~h h~~ 11 El 'U lhHH)'U (Co­

substituted heteropolyanions) ~::;':h"hJiin~tllW'W~ Oelfl~'i'U~ln~~tlii'fl11JJlftElO~11'W l~t! \11 ~m~ VI 1::; 

P) ~1\1~\lrll11f1.1llf)ft~tl~iimju'YJ'U~ ft'El\l11:U l'lftl 1ClfI 'fl ftHJf1 Ctl'U eY1'UU f) ft~tl~ l~tl1i::;fl El ~~t.lftltJ1JJlft fHl 
<u cu 'U <u ~ 

(terminal alkene) Vl1.111In~tliin~Uli:U~[13] 

l'U1I1997 Chou IIft::;'flrn::; 'M11U\ll'Uf1l1~mllt.lfifl~tJ1W'Wf)Oelfl~'i'U'\Jf)\lIlElft~'U i~tl1,* cobalt(Il) 

tetraphenylporphyrin Ifl'U'fl1ti \It.liim fJ 111 ft::; , '*11 f)ft~ tl ~1Pl1I ft::; El ~ OelfHl w1:l 'U'fl1 ~f) 0 elf 11~GJf 'W1.111 II ~ ftt) 'U 

ft' 11ll1 tlItl~ tI'U 1tlI1:l'UW'W~O I} ')$IPli~~ ~1\l1t{f) 0 ~11'Vl1::;!I ft~'11NftNi)<fHY\I [14] 
~ ~ 

''U1I1998 Liu IIft::::'flru:::: 1~11U\l1'Utliin~tlll~'W~flelfl~'i'U'\JEl\lIlElft~'U€l~l\lIt{Elfl~11'Vll:::: 1~fJ',* 
~ ... '_I""""'" '" 

ruthenium-meso-tetrakis(2,6-dichlorophenyl)porphyrin IU 'U ~111\llJ nfl1 fJ11! ft:::: lJ 2,6-di-chloro-pyridine N­

oXIde IlIw'YJtl1ih1 fttltl fl~lI~ 'U 'l111 Ell nJl~ flll ft::::11 tli)'W l~ flll ~ ft ~ 'U 1'lf'U cis-stilbene, cis-,B-methylstyrene 

11 (\ :::: cis-,B-deuteriostyrene ft'llllHlItl~ fJ'U ~hhtl'Uw'VWfl1'lf1Pli~~ ~l\llt{~ fl ~lll~l~lIft~'11NftNi)'flt!\1[15] lull 

~~lJl~1 ~u'flru::::if lM~mllt.l ii n~ fJ11 ~'Wf) Oelfl~'itl i ~U, '* tralls-dioxorutheniwn(VI) porphyrins 11ft:::: 

ft'Wlh~ fl~'UI~\I~tI'U~I~l'n.ytl\l 'W1.111 t.liin~ U1I~'W~flelfl~'itlft'llJl1mnfl~'U iy\'~ ~Nlt{f) o~lI'rn:::: 1I'fi~:::: 
~'U fl gn1.Jf1l1~~'.n'Utliin~ tn l'lftl 'IrU~'\J~\lIIElft~tl 11(\:::: 'fl1 t'i \It.l iimU1~Hi 'U owvht.liimUllm~~f1elfl~i''U 
[16] 

lull 2001 Adam I!ft~'flru~ i~11fJ\l1'Uf)l1~mlltliimU1W'Wflflelflfl'i'U i~u',* manganese(III) 

salen ItI'U'fl1Ii \It.I iin~fJl IICI~ii iodosylbenzene ItI'U 'fl1t1El flelfi~GJf 'Vl1.111Irl~lt.I~U'U'lfij ~'\J~\I'fl1~Elflc)ftl~'l1 

, tlt.lfin~U1I~'VlEl f1elfl~i''U'\J~\I cis-stilbene ~~111' lr-e)~1 leY1'U f111 !n~ elfll'll "~'YJ11'U rY ii'fl11:IJII'flfl'fil\ltl'U 

[17] 

i'U1I1~fJ1tl'U O"Mahony !lft~'flW~ IM~mnt.liio~Ul!fl'WElflelf!fli''U'\J~\I E-,B-methylstyrene hw 
_I ' .d, "" '" "" ~ .,_I 'jJ d

I!lJ 111~!!'Vl'U'YJ 'Uft!lO'U~'\Jel\liY11lJ1::::flfl1.1I'}f\l'lf~'U chromium(VI) salen !l(1~:IJ iodosylbenzene IU'U'fl1 

tiEl f1~i~ GJf lm11 0'111 ~!!'YJ 'U~ '\J ~ \I i) II fl'U fll tl~Utl 11 t.I ~ ~111"111ft1~' i'':iltl ii n~ til II" ~ !t.I~{!~'U 'fl'\Jfl \l 

Hi)~nWC\1~lfl~~tlltl~Utllt.l [18] 
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.::9 ~;t cv rI .<:.\ 91 a ~ rI ,.d cv rIlu tl l':ifl'tl1J 1f1J' -:J'U lI~ff-:JIm l~mnJ' ih ~ m)UI')W1H) 'U i f1U tl Cl 'fl'tl'eH Clil tl 'U ~ fftl-:J tlfjlJ'Yl ff -:Jjm 1~'1 
~ ~ ~ 

'tI'U 11JIliri f1l~tlcH[4J I'W hftllft~~r1l1mi 'U flQlJ l'Yl i tlVl'U ~l!tl'U IP1-t1-:J fffJ-:JtlQlJi11h 1 £J-:J 1'U f)lJ' lhlm l~,fH 

1'UWtlff1~ 'el'1-:J~-:J II V>i U-:J llin 'Jl£J-:J l'U f11J' 1~lh ~ i £J'Jf't.l1 'UI! ~lJlJ'tI tl-:J f11'j 111 'U~II tl'U IPl'cY1,,!i'U19i'1I j ~ll g fi~ £J1 

lrl'el i~ff1'jllJ'~ tltlUI~-:J,*O'U1f1utlCl~~fi,!1l't1w tlft tlEl rum)1 lI~"'h'!JlftflEl1IU~ !'JUI11 !'JUf111lJff1'!Jl'j \), 'U fm 

111 'U 19i'1 Ii-:Jllgn~ !'J1Wl~tl flt]l~ i'U 'tItl-:J1I fJCl~'Ul'ill !'Jul11fJUnuff1'j ll'j ~ tltlUI~-:J'*tl 'U '1 ft'I1 ~!I 'YlJ' 'U t]i'U ~'U C') ~ 
"" Ii] ~1 ~ "" .," ~ "" 0 "" i "" 1f1 fJlJ'j ltl-:J 1'U 11 'U I tl tl ff ld tl H 'el -:J'YI-:J IP'Il 'U regioselectivity II Cl ~ f111'!J1 Cl tl tl 1I11't'f 1~'Yl Hffl 'YI tl d tl I f1 lJ 

>J 

(stereoselectivity) 1l1tlf)1'jiltlEllliJtl-:J'fl'U'WU1W11ri -:JuQffi !'Jll f1UtlCl'f1't1'el-:J~U tl'U~ff'el-:J tl~m1-:Jtlri111,ff-lCl 

tl l'j'YI~M-:J~Ulff'U111 I!Cl~ f11'j~ ~~~\PlJ'U 1jlCl~ ~~ri'U'j~UUI9i'1Ij ~llgffi !'J11Y1'el, ,fll~f-l~'fl ntll Cl1" 'Ull~ lJ ltll ,!-:J 

.c:J .eJ 0 .=i d a Q.I' ~~~ dtr) 91 a; ;r Q..I

IIfl~lJf111lJm'eltl 'il111'l1~ '!-:J'YI'l'~ 'U Eltl'U1tl'U 11~ ffllJ 1'j \)11 'j ~ qfl'fl 'j ~UU'fl11 'j -:Jll Ufl 'j fJ11'1 A1P'I'W\PlJ'U 1't1'U cYl'1 'j U 

f)1'j lifl~ fJlJff1~ ~'U tl fll-:J 1tl'W El fl Ih~~ijll'j ~ '1 !'J'JftJ~ tlill ~-:J 'U~jll'U II'U 1'Y11-:J cY1fliY1'U f11'jfr\PlJ'U 1 f)l'j lifl~ fJlJ 
~ 

ffl'j lf1n'ti'U flm~ i 'U llJ'~I'YIfl'V>ifJ III 

cu t! 4!':::It. c1 
2.1 f)l'HJ-:JIA'n:::'\"i calix(4]pyrroJe I:Hltll.!Vl 

11 £J~ methanesul[onic acid ~1C') ft-:J 1'U ff1'j fl~m!'J'tItl-:Jfii'YI'U~ff'U' ~ (I mol-equi) 'H'l~fihC'l~tl~'U 

l 11li (l mol-equi) i'Ultll'11'U'elC'l ~1~tlflcH'U1'U 4 i'1 ilJ-:J if-:Jin,flg'U1I~ln~if1~fltl'UiY'tI11 mtl'lIlC'l~'flflf-lftfl 

1 R, = R2 = Me 

2 Rl = R2 = Et 

4 Rl =Me, R2 =4-methoxyphenyl 

5 Rl =Me, R2 = phenyl 

6 Rl = phenyl, R2 = phenyl 

7 Rl =Me, R2 =4-tert-butylphenyl 

3 

meso-OctamethyJcaJixl4]pyrrole (I): White crystal (82%); m.p. 220-222
o

C; IR (KEr, cm 
-1 

): 

3437 (s), 2978 (s), 1640 (m), 1451 (m), and 1272 (m); IH-NMR (CDC]]) 0 7.04 (4H, bs, pyrro]e NH), 

5.89 (8H, d, J = 2.6 Hz, pyrro]e CH), 1.50 (24H, s, CH]); !3C-NMR (CDC~): 0 138.4, 102.8, 35.2 and 

29.1 

meso-OctaethyJcalix[4]pyrrole (2): White crystal (80%); m.p. 119-220
o 

C; lR (KBr, cm-\ 3454 

(s), 2979 (s), 1644 (m), 1498 (m) and 1235 (m); IH-NMR (CDCl}) 8 7.00 (4H, bs, pyrrole NH), 5.94 (8H, 

d., J = 2.7 Hz, pyrrole CH) ,1.83 ( 16H, m, ethyl CH), 0.62 (24H, 1, .J = 7.5 Hz, ethyl CH}); 
!3

C-NMR 

(CDC~): 0 136.8, 105.5,43.5,28.8 and 8.4. 
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- -

Tetraspirocyclohexylcalixl4]pyrrole (3): White solid (85%); m.p. 268-269
0 

C; IR (KBf, cm'\ 

3446 (s), 2931 (s), 2856 (m), 1630 (s) and 1451 (m); I H-NMR (CDCI) 0 7.04 (4H, bs, pyrrole NH), 5.87 

(8h, d, J = 3.0 Hz, pyrrole CH), 1.88 (16H, m, cyclohexyl CH,), 1.42 (24H, m, cyclohexyl CH,); 
13 

C­

NMR (CDCI): 0136.4, 103.4,39.6,37.1 , 26.0 and 22.7. 

meso-Tetrakis(4-methoxyphenyl)-tetramethyl-calixI4)pyrrole (4): Brown solid (99%); m.p. 

121 -1220 C; IR (KBr, cm-\ 3431 (s), 2970 (s), 2832 (m), ]608 (s), ]456 (s), and 1250 (s); I H-NMR 

(CDCI) 0 (ppm): 7.72 (2H, bs, NH), 7.53 (2H, bs, NH), 7.15-6.92 (8H, m, phenyl), 6.85-6.50 (8H, m, 

phenyl), 5.92-5.66 (8H, m, pyrrole CH), 3_78 (I2H, s, -OCH) and 1.85 (I2H, s); I3C-NMR (CDC~) 0 

(ppm): 157.5, 139.4, 136.8, 128.3, 113.0, 105.5, 55.0, 43.6 alld 17.8. 

meso-Tetrakis(phenyJ)-tetramethyl-calix14] pyrrole (5): Brown solid (65%); m.p. 296-297
0 

C; 

IR (KBf, em-\ 342~ (s), 2968 (s), 1635 (m), ]489 (m) and 1]2] (m); IH-NMR (CDCl) 0 (ppm): 7.46 

(4H, bs, pyrrole NH), 7.27-7.07 (20H, m), 5.62-5.94 (8H, m, pyrrole CH) and 1.93 (I2H, m); 
13 

C-NMR 

(CDCI): 0 147.7, 136.8, 136.5, 127.9, 126.5, 105.9,44.7 and 29.0. 

meso-Octapheny]lcalixl4]pyrrole (6): white solid (45%); m.p. ]93-195
0 C; IR (KBf, em'\ 3418 

(s), 1545 (m), 1484 (m) and 1225 (m); I H-NMR (CDCI) 0 (ppm): 7.91 (4H, bs, pyrrole NH), 7.27-6.72 

(40H, m, phenyl), 6.14 (4H, m, pyrrole CH) and 5.96 (4H, m, pyrrole CH); 13C-NMR (CDCI): 0 146.0, 

135.3, 129.2,127.8,126_7, 109.6, 108.0 and 44.4. 

meso-Tetrakis(4-tert-butylphenyl)-tetramethyl-calix14] pyrrole (7): Brown solid (80%); m.p. 

° - I 111 5-116 C; IR (KBr, em ): 3431 (s), 2970 (s), 1573 (m), ] 265 (m) and]] 99 (m); H-NMR (CDCl}) 0 

(ppm): 7.84 (2H, bs, NH), 7.58 (2H, bs, NH), 7.27-7.00 (I6H, m, phenyl), 5.90 (4H, d, J = 2.5 Hz, pyrrole 

) = 13
C-NMR (CDC I) 0CH , 5.71 (4H, d, J 2.5 Hz, pyrrole CH) 1.89 (J2H, s, CH}) and] .30 (36H, s, CH}); 

(ppm): 149.2, 144.3, 136.8, 136.5, 127.0, 124.6, 106.2, 105.3, 44.3, 34.3, 31.3, and 29.1. 

.., d 

2.2 f)l';i{;T'l!fl''n~'t'i tetrapolyanions 

'11fJ~ BuLi h.lHJfWlf'U (4 mol-equi) -nft~l1l'J~ft'l''U{;TT:ift~ftl£J THF ~ii ealix[4]pyrrole ftllf)'U~ (1 

mol-equi) ~'VJftf)CJf'tltl.:jJ:-HYlJ~ 50°C 'Ul'U I 4h1m ':i~m£J~TYhft~ftll'J'il'UII..r~ ft~ftl£Jri1'U~miitl1 'U!~f)!C}$'U 

.., d 

2.3 f)l';i{;T'lfl';il~'t'i cobalt calix(4]pyrrole 

.d 1 31 "'" q '" 
fl~ftll'J polyanion 'YIiY'U . 'il 4.06 mmolllft1!~lJ CoCI/THF15) 3.38 mrnol !'U'YItlIJtl'U 120 mL fl'U 

cobalt caJix[4]pyn'ole 

5 
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~ 
~N~S~ 
~/V 17 

13 

14 X = OH, Y = -CH2CH2­

15 X = OH, Y = -CH2CH2CH2­

16 X = H, Y = -CH2CHL 

18 X = OH, Y = ) < 
2-(tltiophm-2-yl)-1-(thiophen-2-ylmethyl)-1 H-bellzoldJimidazole (8) 

l~lHYnfl~CI1£l I,2-phenylenediamine (0.025 mol) 'hJIfl'YlllHW (30 mL) fl.::Ji'U thiophene-2­

1191 <Of <Of 91 i91 91 • 091 <Of" 
carboxaldebyde (O.OS mol) 'il~ fl'1l1'lfl~mtlffl'tltldl'tl:JJ 'IHldl:JJ'lB'UU'l.H)1.::J'U1HI'U'Ul'U 30 'Ul'mn-l 

d ?t <Of i 91 d ~ ~ 11]9191 "" tJjp dl d '" ""0'1ll'H\~fllm'llfltl'U!1J'U'1lllfl-.1 'YI1 'M'tIB'l~'1l11l!1'U"'l 19l'l'YI'l !d'tllllfl'U'il~ .1'fIj:Hlf)~'llI'tlllClnH1B'l (86%); m.p. 

148-I49°C; JH-NMR (CDCI) b(ppm): no (dd, J == 6.87 and 1.83 Hz, IH), 7.51 (dd, J == S.03 and 1.22 

Hz, IH), 7.47 (dd,J== 3.82 and 1.22 Hz, lH), 7.37 (dd, J = 7.32 and 1.22 Hz, IH), 7.29 (m, 2H), 7.23 (dd, 

J == 4.89 and 1.23 Hz, IH), 7.13 (1, J = 4.27 Hz, IH), 6.94 (t, J = 4.43 Hz, 1 H), 6.86 (dd, J = 3.36 and 1.22 

13 s:
Hz. IH) and 5.70 (s, 2H); C-NMR (CDC I) u(ppm): 147.6, 143.0, 138.8, 13S.7, 131.8, 129.0, 128.2, 

127.2, 125.2, 123.3, 123.0, 119.9, 109.9 and 44.0. 

Bis(saJicyJaldehyde) N,N ~ethylenediirnine (salen) (9) 

'" "<Of " '" i 91 91 iflllf)'Ufl'UII9l'ltill fl'illf)f)n'l1t1fl ethylenediamine (0.06 mol) 'lflCOj fl.::J 'U salicylaldehyde (0.15 mol) 

(97%); m.p. 124-125°C; JH-NMR (CDC~) 8(ppm): 13.2 (s, 2H), 8.29 (s, 2H), 7.26 (dt, J = 7.78 and 1.S3 

Hz, 2H), 7.18 (dd, J = 7.78 and 1.53 Hz, 2H), 6.93 (d, J = 8.24 Hz, 2H), 6.83 (dt, J == 7.48 and 1.22 Hz, 

J3 s:2H) and 3.84 (s, 4H); C-NMR (CDCl) u(ppm): 166.3,160.9,132.2,131.4,118.5, 116.8, and 59.5. 

Bis(salicylaJdehyde) N,N'-trirnethylenediirnine (saltn) (10) 

'IHJfl'1l1Jfl~flltl'tlB'l 1,3-propylenediamine (0.025 mol) iUlll'YI1'UBfl (30 mL) fl'llU 

d '" 91 11 P d <Of "" 1salicylaldehyde (0.05 mol) fl'U'tIB'lN'1l:JJ'Vl-qru'MQ:JJ'MB.::J 'il~ 'f1'tlB'lIl'tl-.1'1ll'MflB~ (24%): m.p. 51-52°C; H­

NMR (CDCl) 8(ppm): 13.42 (s, 2H), 8.33 (s, 2H), 6.85-7.31 (m, 8H), 3.66-3.69 (dt, 4H J= 6.72, 0.92) 

6 
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I3 	 s: and 2.02-2.10 (q, 2H .] = 6.71); C-NMR (CDCl)) u(ppm): 165.3, 161.0, 132.2, 131.2, 118.7, 118.5, 

116.9, ')6.7 and 31.6. 

Bis(benzaldehyde) N,N ~ethylenediimine (benz) (11) 

lHJ~ ethylenediamine (0.05 mol) '*l'1(l.:Jh.J benzaldehyde (0.10 mol) ,.,rfrJ1JJf-m.JfflJ(l~(lll'J~HnJ 
';'\1'j) d .. '" &'j) 	 ~1i1'j)&" '" 

1I (l ::;fl h!'il'Ufl'j::;l'I~ ~'tJtJ~II'tJ~ffnHnH ~fHH'Hl~1t1 50% IlJ1'I1h!tJ(l-h!1 1~f-!e)fHYI"WtJ~ (84%); m.p. 48­

50°C; I H-NMR (CDCl) b(ppm): 8.28 (s, 2H), 7.71-7.67 (m, 4H), 7.40-3.35 (m, 6H) and 3.97 (s, 4H); 

I) s:
C-NMR (CDCl}) u(ppm): 162.6, 136.1, 130.6, 128.5, 128.0 and 61.6. 


Bis(2-thiophenealdehyde) N,N ~ethylenediimine (thiophen) (12) 


" ftllflh!~ill~1I'JlJl~'il1flflll11111fifi~l'Ju::;'I11H 2-thiophenealdehyde (0.05 mol) lie)::; 

. 	 " 
ethylenediamine (0.025 mol) 'il::; '~'tJtJ,m~~iY'tI11IjjtJmtJ~II(l::;ft\;j~1t1~1111e)::;(l1t1f-!fflJltJ'Yl1h!tJe)-th 111,r 

'j) 	 Ii) 'j)"" "'.. I 
1I'I1.:J'il::; !'fl(lllfl'U'flff'\.l11 (80%); m.p. 90-91 o C; H-NMR (COCL) b(ppm): 8.34 (s, 2H), 7.36 (d,J= 5.19 

Hz, 2H), 7.24 (d, J = 3.66 Hz, 2H), 7.03 (t, J = 4.42 Hz, 2H) and 3.90 (s, 4H); I1C-NMR (CDCl)) b(ppm): 

156.2,142.3, 130.5, 128.7, 127.3 and 60.9. 

Bis(salicyialdehyde) N~v'-1,2 phenylenediimine (salophen) (13) 

" 
ftU fl'U~ill~1I'JJJ l~'il1flfll':i'l1I'J'fl sa liey laldehyde (0.07 mol) '*1'1 m 'I'W ff1), e)::;(l1t11lJ1'I1'W tJe)'UtJ~ 0­

phenelenediamine (0.03 mol) 'il::; 1~'\.ItJ~II~~iYnlJ (82%); m.p. 164-165°C; I H-NMR (CDC)) b(ppm): 13.0 

(s, 2H), 8.60(s, 2H), 7.31 (m, 2H), 7.20(m, 4H), 7.02 (d , J= 13.24 Hz, 2H) and 6.85 (1,.]= 7.32 Hz) I3C_ 

NMR (CDCI}) b(ppm): 163.6, 161.3, 142.4, 133.3, 132.3, 127.7, 119.6, 119.1 , 118.9 and 117.5 . 

.. 
e)::;(l1t11ltJe)fl'W (5 mmo!), 2-ethylbutyraldehyde 00 mmol) !le)~ cobalt calix[4]pyrrole (0.05 

mmol) "Ul'l~)(lfl'W1 'W '\.I1~ n'W fl(llJ~ij(l111 tlnJd':i 'illl flffelel flc]fl 'iI'W fl'W fflJ (l::;(llt1f-!fflJ'Wl'W 24 i11lJ~~ 
~ . 'U '\ 

~ru'l1fJiJ,rel~ IrltJ~~d::;I'J::;I1(l1~~el~fllJ\Ol':i1'ilffel'lJl1fifi~U1 ihl1~ff1d(l::;(l1U ] mL ffn'fl~1U diethyl ether 
• 	 91., 'jI 

~h;jiY~ ffn~~1I'JfflJ(l::;(lll'J NaHCO} 1I(l::;\.hmilel~lJ~1~llJihfl'lJ 1111,m~ffn~l1d 1fl''il1fl'1.h~11'J anhydrous 

Na2SO4 1Ifld1::;,r~1U GC 1~t1flld 1~1J'rrl':ilJ1'f1':i llh!~'Yl':il'lJt.l1lJ1ru~mjh!tJ'W 

3. 	1 Nt! 'tH)~il Ufl'\,!~~f) tJ ilfl~tJ 1~e> 'nelt)~ ~Vl cUt! '\Je>~'clIlf>HHeJfl9ilH~~ '1.1 il~tJ lvl'Uml'nh~fl e> 'lJ 

1~~cHe>'\,!lf1'lJe>~~ 

\Ml'I~ en).:J N(l '\.If) ~ 'tIel.:J i) II fl'W ~~ el 11 fi fi~ U11 elTI el fl ~I~ i'u 'tJ el ~ i 9l'1fl I'll ~ fl9f'WI '.i ~ t.I fi fi~ tJ 1~1 U 

ffnl1':i~ fl e>'lJI~~~el'W Ifl'lJel(l'fl N(lflld'Yl~(lel.:Jlm~~h.J\Oll':iH~ I 
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\l 1f) ~ 1) H~ 1.1 'lUd 1ff111 l 'Hl ~ 111 t! f)~'Hi ,aJ fi fi~ £111 rl1JeJ ~ ~i~ff 11J f) ~ll i ~II ri Co(1l) 

calix[4}pyrro!es (1-7), Co(11) benzimidazole (8) U~~ Co(II) Schiff bases (9-13) 1~1'J..t1thJ CoOI) 
, " , 

calix [4]pyrrole ff111l'HlIt1~I'Jt! iG)$! fl~I~f)~t!llIt! iG)$! flm~f)~t!eJeJf) tlG)$~M'mwl~~~~II~~hij~tr~ II ff~~ '1 'Ii 
d 0:::9 ~ ~ Q rI tI .d ~ t~ gJ~' " 9J ~ ~ dt 

l'Ht!lI'leJ'YI Ti l'l~'\JeJ'l~Ilf)t!~ ff1'j J~f)eJ'IJ'YIll'Hl.J !'HrH~fl~JeJt! l'lft! methylll!~ ~ ethyl 2 m~~~MI~ll11eJ 

1l1 l'J 'lJn'IJ'H~II'Y1'U~~j'liflmfl~H)'U~lJ1fl'lli'U 3 'H~f) 4 fflJtI'j~flf)'IJ CoOl) benzimidazole (8) ''Ii~~fl1J 
.d, '1 q.d . i'JI .d j'JIc:S.& ,

'YI~ ftf)~ 'YI 'Ulff'U 'iJlJ1fl 1t!'\Jru~'YI Co(1l) Schiff bases (9-13) 'H~~f)l'j'YI~~f)'l'YIllff~~ 'IH'H'U1I~~~'\JeJ~'111 
" 

.d "" ."" .I .J '" i 'JI 'JI <V i1I'YI t!'YI'IJ'U ft Al f) t! f'I'lfl'tI'IJ ffG)$~ll II t!1 'Ullfl ftl£Jfl'IJ 'U CoOl) ca lix [4] pyrroles 

'" Vll 'n~'Y1 
> 

1.1 Jf)'l~f) flcilf'li't! '\Jf)'l L1G)$! flm~ fl~t!li 'ltlfifi~ £J1~1I'JrrlJ t1J~ f)f)'lJI~~,*f)t!1fI'IJf)~~ (II) 

0 catalyst 0.05 mmol 
• 0 0 

2-ethylbutyraldehyde 10 mmol, rt, 24h 
acetonitrile:toluene 2: 13 mL 

% Recovery % YieldEntry Co catalyst MB
Reactant Epoxide 

1 1 50 44 94 

2 2 40 57 97 

3 3 28 74 102 

4 4 11 85 96 

5 5 37 60 97 

6 6 85 16 101 

7 7 82 25 102 
~~---.--~------.-- .. -.--.-.-.---.--.-.- ......--.--.-- ...•...••.. 

8 8 5 94 99 

9 9 60 37 97 

10 10 80 22 102 

11 11 75 22 97 

12 12 70 31 101 

13 13 52 50 102 

reaction condition : cyclohexene 5 mmol, catalyst 0.05 mmol 
?-ethy/butyraldehyde 10 mmol, CH3CN:to/uene 2:13 mL RT, 24h 

'JI 'JI 11 'JI "" 9 'JI
\llmH\fl1J'YI~HIf)~'\Jl~~'U 'fImf)f) Co(11) calix{4]pyrrole (4) and CoOl) benzimidazole (8) 1J11'lf 

l'Ufll ~fl14 1~f)i t1 
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3.2 	1'l~'Utl-l<>l1')'h~~1[Jvitntl 'Vttlfl (~lh~l'1ft!w~'911rumm9h.!d,rtl am tIlvl";m Co(ll) Benzimidazole (8) 

i~~fl'l:llB'Vl1i'VH1'UtJ~~1l11ft~ft 1tl~ enJ 5 n~ (llW'YltJ fl~!~ iu 'UtJ~ \1 GJf i flftH'J flC)fud -n15 n~ tllll'1 (l 

Co(II) benzimidazole (8) Nftfll'j'YI~fttJ~!Hy~~'u\9lTn~~ 1.2 

0 CoOl) benzimidazole (8) (1 mol%) 
• 0 0 

2-ethylbutyraldehyde 10 mmol, solvent, rt, 24h 

% Recovery % Yield 
Entry Solvent 	 MB 

Reactant Epoxide 

MeOH 88 10 98 


2 EtOH 82 16 98 


3 ether 80 24 104 


4 CHCI3 40 55 95 


5 CH3CN 15 81 96 


6 hexane 10 84 94 


7 toluene 12 83 95 


8 DMF 78 27 105 


9 THF 50 47 97 


reaction condition: cyclohexene 5 mmol, Co(lI) benzimidazole 

0.05 mmol, 2-ethylbutyraldehyde 10 mmol, solvent 15 mL, rt, 24h 

, • <jJ 	 t, 

\)lflfll 'j~fl'l:l1'Yl'U11 !ijtJ'~~1'rllft~ftltJliihj'1 !')$u MeOH Uft~ EtOH '-HNftNftflW"WfliGJffli119l1 

!rltJ'~ Etp, DMF, CHCl) Hft~ THF I'llU'fI1'l11ft::ftltl 1-HNftNft'fl~lil~thuflftl~ 'u'Uru~~ CH)CN IIft~~1 
, 	 'J,I , ,'jj 

Yilft~ft l ti1iJ,bI9l1!')$U haxane !m~ toluene 1-HNftNftfl'UtJ-.1!tJ'YltJ fI iGJffli1~tJ~ fll'j1u tl~lJlllHn W) fI \) 1m!u 
'" 

\M~fl'l:llNft'UtJ~~1Yi1ft~ftltlNffm:;;H1H CH)CN !1Cl~ toluene 'W)\9l'j,-,hu 2:13,5:10, 10:5 !!ft~ 13:2 'rI'U 

11tl5nHn'-HNftNft\9l~~-.1' flftl~tJ-.1ilU (90-94% yield) lufll'j'YI~fttJ~~tJ ltl~-.1!iitJfll,* CH)CN:toluene 

(2:13) !n'U~1Yi1ft:;;ftl(llufll'j~mll 

~ ~ & A QJ , 't .q, _. ~~.c't 11 


3.3 	 fll'Hlfllll'YI H~~ t! '" Hlv] 'j'Utl ~ ~tl 'W tJf)CIHV"l 'trt! 'Utl~ 91 &f1 ~H'Jf) 91 t!! 'j~lJ Ufl 'jf.l lV"l 1 f.I Co(TI) 

Calix(4]pyrrole (4), Co(II) Benzimidazole (8) U~:::: CoCl 6H 0r	 1
.. 
Nftfll'j~fI'hll'Vll-l \lft,rill'lff\9l{'UtJ~Ihi flm~flC)f'U!inI5m(Jl~1tl CoOl) Calix[ 4]pyrrol e (4), Co(1l) 


Benzimidazole (8) 11ft:;; CoCl,,6H,O IIff~~lunl~ 1
-	 - '" 
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80 


70 


60 
 //-----/: .... .. -+- CoCI2.6H20 
<l) 

/////,w-·"C 50 . . $ ... Co(ll) benzimidazole (8) 
;.< 

./ ....::;:.8. 40 lSi :,:; Co(II)calix[4]pyrrole (4)w 
i 
/ 

~ 30 /0 
.I 

; ... 
i ,"20 .I ,, ' 

~~-"'.-----<..-----....
10 ... 

Time (h)0 

0 2 3 4 5 6 7 8 

, 

a'l1ii 1.1 f11:i ~mn'YIH 'il fI'thH'lfYl"tH11 'tI B-1IB'fH)fl'~l~ i'U 'tI B-1 Ihi fI filE) fl;lH~ -1'tJ 5 iH t11~ ':HJ CoOl) 

Calix[4]pyrrole (4), Co(II) Benzimidazole (8) 1H'l~ CoCl:?6Hp. 

1)1fl!'tJ~ 1.1 !~'UIM~~!'il'U"h~'ml!11"U flll !n~'tJ5n11'l1IB~Bfl~J~i'U'tIB-3 th1flmElfl;'Ud,:j 

'tJ5mI'l1~1U CoOl) benz~idazole (8) In~'~11 ';lfl11 Co(I1) calix[4]pyrrole (4) 1If1~ CoCI2,6HP, 

<Pl1mh~'\J ~lfl~,:j:j}1<Pl'tlB-3'tJ5n1t11!fll'lBfl~l~i'Ud,:j'tJ5mUl~11'l CoCI 2.6Hp, CoOl) benzimidazole (8) 

I! fI~ CoOJ) calix[4]pyrrole (4) ijfh'tJ'a~mt\A 4.0, 2.5 1If1~ 3.5 i11lN<Pll1JftWl'U 'tJ5n1U1~J~-3~1U 

3.4 m'YiBf)Cjj!~oU\.!'UB~!!Btl~hn~~'l1ii~f.Jl~1r.J Co(Il) Calix[4]pyrrole (4) !!tl~ Co(Il) Benzimidazole (8) 

11 ~~fl1l1'tJ5n1tJ1W'flfl f1~1~1'~'U 'tIeJ-3!1 eJfI~'U 'H rnl'l'lfu~It1B~fl1l1't1B'UI'U<Pl'UeJ-3'tJ5n~ 1'l1Wl'leJf)~J~i'U 
~lil ~ '" .J
'VI I'Pl l'W.ll'U 1't1 'U 

4 ~ '<o!''l 
3.4.1 fl1 'af'lfl'H1fl1 'a mflf)~ 

0 

1m 1~'YI1~IT!'YIfl 'a &fl (Stereoselectivity Study) 
" .."" ,~ ?t ~ 'l .d/ '" "" H'!eli) 'If cis- 1H'l::-; trans-stilbenes JU'U ff1:i \9I'UII'U'U I'U fllj fYfl1l1fl H 'U f--lfl fllj'YI~fI eJ,:j1l MH 
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. 
Ylld' I ~fi 1.3 fll~~m:11f1l'H~flf1~1!l'Il~'YI1_3Lt'n1flnfl'Ufl_31.J5n~tJllel'Y'H)f)~!~i''U'Ufl-3 cis- I!fl~ trans­

stilbenes li~1.J5n~tJl~1tJ CoOl) caJix[4]pyrrole (4) IICl~ Co(lI) benzimidazole (8) 

% Epoxide% Recovery
Entry Substrate Catalyst MB

Reactant cis-form trans-form 

1 Co(l\) calix[4]pyrrole (4) 51 21 25 97 

P~Ph 
2 Co(l\) benzimidazole (8) 46 23 28 97 

- ------ --- - - -- - ----------------------------------------.--------.-.- .. -------------------------­

3 Co(ll) calix[4]pyrrole (4) 50 45 95Ph r4- Pti Co(ll) benzimidazole (8) 45 53 98 

reaction condition: substrate 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde 20 mmol, 

CH3CN:toluene 2: 13 mL, rt,24h 


~ I ~ OJ ~ .a:. d , :tQJ 

lllflfll'HJ'f)1Jll'l1J11 Wl~flf)'b'j~'b''U'Ufl~ h-oJls-stilbene 'm-lfliflm~cy) trans-epoxide !111'U'U 

'l .c! .a:. Q.I d' ..d ~ J ~ <V ?t ' 

I 'U'UUl :!'. 'YINClifl nUl CY)111f)~'U'U'iJlmfl"H) f1'b'jifl'b''U'Ufl~ cis-stilbene !1J'U'Ufl~Nffl.l'j~'nl_3 cis- II fl~ trons­

" " 
stilbene oxides i'U5~ri1'U'lh ~mUl 1:1 fH'1fll~~fl1Jlij-u~~11f1(l llf1f11~!nifl1.J5mtJ1'Ufl-3 trans -stilbene !nifl 

1I l " 

• '" "' ''' '" • <9 .1'" .I?t ll 91
N1'U ffl 'j 'U'Uf)m~ trans-radical 'YI1J'fI11l.l!fffltJ~mf1fl11 cis-form 'b'~fflmHHumJ'U'jlJ!1J'U trarLS- form ~ 

'U 

mixure of cis- and trans-stilbene oxide 

only trans-stilbene oxide 

Cholesteryl acetate U(l~ cholesteryl benzoate 

f-lClfll'jlfll'lBf)clf!ifli''U'UB~ cholesteryl acetate Ufl~ cholesteryl benzoate ULt'ifl~''Uifll'jl~~ 1.4 
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R 

.Ji'111 CoOl) calix[4)pyrrole (1-7) IIft~ CoOl) benzimidazole (8) 

~H3 

: ~ ~ ~ 
,!CH3 +it!} it£}H H 

H3C R .: , R 00 ' 

a-form p-form 

Entry 

1a 

Substrate Catalyst % 
>y~eldb 

84 

u.-e poxide : ~-epoxidec 

70: 30 

2 1 82 50 : 50 

3 2 95 40: 60 

4 3 78 37 : 63 

5 CH3COO 4 91 35: 65 

6 5 88 45: 55 

7 6 85 35 : 65 

8 7 80 35: 65 

9 8 80 50: 50 

78 71 : 29 

11 PhCOO­ 4 76 34: 66 

12 8 81 50: 50 

reaction condition: substrate 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde 
10 mmol, C2H4CI2, rt, 24h 

a substrate 5 mmol, m-CPBA 7.5 mmol, CH2CI2, O°C, 4h 
b Isolate yield C determined by 1H-NMR analysis 

~ 1fHl1~ '\1 ~ ft ~~ 'Ynr:i1,n lHl 11 ij!~ lJ'\J ~~ ~ ft~ nru Cl1'~,~Ulfltl g 01 fJ lml'f ~ flclSAflilJ ~ 

~lU'HlJ·rfrlJ1i~~ 5,6 '\J~.:j cholesteryl acetate 1':i~tlg01fJl~1U Co(I1) calix[4]pyrroles (1-7) ItJlJ 5,6-~­

epvxide hj'\Jru~~,rl~i,* CoO]) benzimidazole (8) ffllJ'HH~'YH)flclSl~\]f1~ml'f~ fll\]f~i lJtl1lJlllJ ~ft~ft~Hl.:j 
, "" 

lI~mllJlft~fl'\hlln~~h -5~'llri1lJ'\J~~ a- !lft~ ~-epoxides l.h~lJlru 1:1 Nftfll'lilfl1:l1ii:tfh1!l1lJ11 CoOl) 

benzimidazole (8) IliffllJlHI',*ltJlJ~1d.:JtlgmUlll1J1J~fflJlJl~'l1M 1l~~lJfllnH'1Jffml'llm- .:jfffl~'\J~~ft 

IIfllJ<fl e)fh~ ldi~llJArl~' '* Co(I1) calix[ 4]pyrroles !lIlJ~";lIi ~tlg01UlU~ i 11'\Je).:J NfflJ'U e).:j 5,6-a- !I ft:::: 5,6­

~-epoxides ~1e)~lm;lJ ell91'llIY1lJ 70 ~~ 30 (entry 1) ~~!lIlJ'UmJft~tllfflJ'~!l'I'll::::Nft~nruCl1'~I~lIff~~ff 
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1'Vl6n6Ifl~~II~fWil~ ill 'illf1Nft~ nru~~tM'illtl'J~1J1JHl1'H) f1~I~iu~'~ m-CPBA 11JU~ 16!'ilU 'fi' eJ £h~ lhn 
~lJJf11'.illl~uu'Hlill'VlU~'illmtU acetate 11JU benzoate l~eJ~mnNfj'il1f1W;nJJIf1 ~ f1~ tlliri~NMim)~11ri1l.! 

. '" 'U 

l'-ir 1'.i In~t1fimmleJl'IeJf1~I~iU'Vll~ m'VleJ~1 eJlfl~ 

3.4.2 fl1'aflf)'H1f11UH~elf)'ill!'t'll~'YIN~~lel (Regioselectivity Study) 

i~lileJf1',* 4-Vinylcyclohexene, geraniol Im~ geranyl acetate I1JU{1'l'.i <AUII1J1J''Uf11'.i~fl'll1 

Nfjf11'.iWl'leJf)~I~iU'tIeJ~ 4-Vinylcyclohexene fl1uhiflTJ~JJ1~'.i ,~lU~~mni~II{1'~~'U~1l1~~ l.5 

, 

~l'n~ii 1.5 leJl'IeJf195!~i'U'tIeJ~ 4-vinyJcyclohexene !'i~1l5n~U1~1U CoOl) calix[4]pyrrole (4) !Ifj ~ CoOl) 

benzimidazole (8) 

• + + g
~ ca 

(78) (79) (80) 

Entry Catalyst 
%Recovery 

Reactant 
%Yield 

Epoxide (78:79:80) MB 

40 65 (20:1 :0) 105 

2 Co(lI) calix[4]pyrrole (68) 20 84 (12:0:1) 104 

3 Co(ll) benzimidazole (72) 20 84 (12:0:1) 104 

4b Co(lI) calix[4]pyrrole (68) 31 63 (7 .8:1:0) 94 

5b Co(ll) benzimidazole (72) 20 73 (7 .8:1 :0) 103 

6c Co(lI) calix[4]pyrrole (68) 16 80 (7:0:1) 96 

reaction condition: 4-vinylcyclohexene 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde 

10 mmol, CH3CN:toluene 2:13 mL, rt, 24h 

a 4-vinylcyclohexene 5 mmol, m-CPBA 7.5 mmol, CH2CI2 , O°C 

bCH3CN was used as solvent 

cCH3CN was used as solvent and 2-ethylbutyraldehyde 20 mmol 

4-Vinylcyclobexene 
>I 

U eJ fl1~ i G1f1flfjl~fW]j'U 101~'l!U 1 U f111 In~Wl'IeJf) 1G1f~{1'lJJ1'.illln~ 11 eJ 1 G1f IJJeJf1~{1'llJ1 eJ i G1fllJeJ{ fleJ 1,2-oxide 

A, 7,8-oxide B Im~ 1,2,7,8-diepoxide C 'il1tl'J1U~lUllfin'.iU1W't'IeJf)95I~i'U~1U m-CPBA 't'IU111~ 

Nft~ilruqfmwlfiJ~fleJ 1,2-oxide A I! fI~ 7,8-oxide B ''Uer~'j'lri1U 25:1 1'U'.ilU~lU~,jU!~tJ1ilti!rleJ'~ 

peroxybenzimidic acid I1JU~1e:l'eJf195I1~ll1'l't'l1J111M 1,2-oxide A I!fj ~ 7,8-oxide B 111er~'j'lri111 1:1 .5 ' .ll 
., . . 

f11'j''Vl~fjel~ilIiJeJ1~ m-CPBA l'I1J11\M I,2-oxide A I!fj~ 7,8-oxide B 'ller~'.i1ri111 20:1 (entry I) djel'~ 
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~11~'njiln~tll CoOl) calix[4]pyrrole (4) 1m::; CoOl) benzimidazole (8) 11rfl11lJJftf)f)~l!'vn::;i'tlfnJ 

In~tli)mtll'l..:j 1'l1'U !~fll~~1'vhrl::;mtlfH'fm::;H1H CH1CN 1Ir1::; toluene 'il::;I1¢{ 1,2-oxide A 1m::; ],2,7,8­

diepoxide C hH)~JlriTU 12:1 (entries 2, 3) f)1Jln~~ft~nru~ C l~fl11!f)~'illf)f)1Jfltlf)cii~cM 1,2-oxide A 

tl61 ~h n~llJlrleJ'~ CH CN ilil'lU 1,2,7 ,8-diepoxide C (enrires 4, 5). Blfl'nriTU'llfl'l 1 ,2-oxide A Hrl~ 7,8­
3

oxide B iifil!n'U 7.8: 1 1~eJ!~lJtl~lJ1ru 2-elhylbutyraldehyde 'illf) lOin'll 20 mmol lm111f)~ 
. " 

<V , • I'" ?i -'i '" 
overoxidation flifl'llU'J'U'llfl'l ],2-oxide A Uri::; 1,2,7,8-diepoxide C lurltl'UI1J'U 7:1 (entry 6) ~rlf)1Hff)1:Il'U 

gJ d ~ J di 9J
IIU~'l' '11m 'tdlfl'JllJ Irlflf) ~11'¥l1::;''U f)1'l I f)'fltlilf)~£Jl'll'U tlU~Ttilrl:::lll£J ~11f) ~rI f)1'l'l1~rlfl..:j'Yl 'flUllJ1Hl 

eJ WU1U1M 'illf)fl'JllJ'I1'U lU-U'U 'llfl'lfllrlflifl'l fl'U~Yr'U1i::;fi ~lH'I1-U 'l,~u1i:::fil 'U'J'l 119$i f1lll~f)l9$'UiJfl'JllJ
~ ~ 

Geraniol HI:1~ geranyl acetate 

geraniol 111'1.1 ~ft~nruc}11i 'l'l1J'lfl~f) ~m'YI eJ{flu iiYru 1i:::~Ufl'l~ 1/1'11'11 '1 ~rI f) 1'l~n1:l111 U~..:j 

, 

VIl ':il,rn 1.6 Ifll~fln~I'fl~'U'llfl..:j geraniol 1m::; geranyl acetate li..,jtliin~tll~':l£J Co(11) calix[4)pyrrole (4) 

IIll::: Co(II) benzimidazole (8) 

0 0 

OR 
~ 

OR OR .- + +tOR 
0 0 

(A) (8) (C) 

% Epoxidea 
OxidantEntry Substrate Catalyst Reactant MB(mmol) A 8 C 

1 R=H 58 20 25 103 

2 R=H Co(ll) calix[4]pyrrole (4) 10 trace 41 52 93 

3 R=H Co(lI) calix[4]pyrrole (4) 20 trace 92 92 

4 R=H Co(ll) benzimidazole (8) 10 trace 40 55 95 

5 R= OAc Co(ll) calix[4]pyrrole (4) 10 trace trace 90 90 

reaction condition: substrate 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde, CH3 CN:toluene 

2:13 mL , rt, 24h 
a yield and selectivity were determined by 'H-NMR 
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I-elVl-elflc)$l~il.l'lH)\I geraniol Ilfl::; geranyl acetate Ij\ltliin~tJl~1tJ CoOl) calix[4]pyrrole 

(4) 1m::; CoOI) benzimidazole (8) i'1'lJ-el\lf-l'il:IJ'lJ-el\l 2,3-epoxide A Ilfl :::: 6,7-epoxide B (entry 21m::; 4) In-el 

i~ r,,-CPBA ~::;i~ 2,3-epoxide Aim::; 6,7-epoxide B il.l~'fl'nri1l.l ]:1 (entry 1) In-elliimJ~:IJlru 2-ethyl­

butyraldebyde I~l.l 20 mmol ~::;\M diepoxygeraniol (C) ll.ltl~:IJlru,!\I (entry 3) In-el1~ geranyl acetate I~l.l 

'il l,)~\I~l.l ~::;i~ 6,7-epoxygeranyl acetate 1~l.lf-lft'flilrucnI'YltJ\I'Jfii~l~tn'l.ltl~:IJlrul;J\I (entry 5) f-lft 
~ 	 ~ 

fll ,) ~flll TUOl.lOl.lilrt11:IJlft6 fl~lm 1::::1\.1 fll,)1 n<pjtliin~tJl~::;1 fl~<\il.l ru 

ijlf1rt~ ':i -el l.l'il\l 
" 

~ 	 ~ 0 ~ 

3.4.3 fll'aflfl'l:llrt1nmHlfHll!fll~'YINlrt~ (Chemoselectivity Study) 

" \M'VI~fl6\11~1!-elC'lftft fHmC'l fl-el EJ-elrl'u l\l'JfU~I~l.l 'ill':i ~\I~l.l"\.1 Ill') ~1l1l1rt11:IJlft-elfl ~ 111'11::; 

,\'11\llrtJJ ffC'lfll':i~1l1l1I!Ml\lil1'U<pJl,)l\l~ 1.7 

.o:::t 	 ~QI a 0 d 

\q.il~'YI 1.7 	WVl-elIlC)fI~'Jf'UI!UUIf1-el1l1l1n'n::;,\'1l\llmJ'lJ-el\l fral1s-2-hexen-l-ol, 3-octen-]-ol 1IC'l:::: cinnamyJ 

alcohol !:i\ltliifl~tJl~1t1 CoOl) calixl4Jpyrroie (4) 1IC'l::; CoOl) benzimidazole (8) 

%Recovery 	% Yield 
Entry Substrate Catalyst MB 

Reactant Epoxide 

1 

2 

HO~ 
Co(ll) calix[4)pyrrole (4) 

Co(II) benzimidazole (8) 

42 

24 

60 

75 

102 

99 

3 

4 
~ 

OH 

Co(ll) calix[4] py rro Ie (4) 

Co(II) benzimidazole (8) 

51 

48 

45 

54 

97 

102 

5 

6 

~OH Co(lI) calix[4]pyrrole (4) 

Co(II) benzimidazole (8) 

25 

10 

74 

89 

99 

99 

reaction condition: substrate 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde 20 mmol, 

CH3CN 15 mL, rt, 24h 

Co(1l) calix[4]pyrrole (4) !m::; Co(II) benzimidazole (8) 'ill:IJ1Hllj'nJiifl~tJlI1l~tJl.l allylic alcohol 

111l.l16fl-el fl 'C)f~~'il-el<pjrtft-el\lf)l.l i~ l.lllj:IJ lru 1l1l.l IlflHii\l'il\I f-lC'l Ill':i~1l1l1i ,r'li'-el:IJC'l~ti l'ill.l i ~1l ':i ::;uu~ i~ 
" 	 " 
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Benzimidazole (8) 

'U B fl m iiB 'ill fl II ft ~ 'U ~ lhi'~m-J 1.,JVl 'f1'U j ~'Yl fl ft B -:j If) 'W B fl eM 11 fl qfll B ft ~ 'U'lfU fl ~'U"l I~ lJI ~lJ ~ft 

fl1 j ~ fl'l:l111 ff fl-:j 1 'U ~Il':n~~ 1. 8 

.. 
~1'Hn11.8 	1B1'lBfleMlfli'U'lJB-:jIlBft~'Ud-:jl1fimtll~1t1 CoOl) Calix[4]pyrrole (4) I!ft~ CoOI) 

Benzimidazole (8) 

Entry Substrate 	 Catalyst % Epoxide 

Co(lI) calix[4]pyrrole (4) 3S,44a 
HO~ 

2 CoQI) benzimidazole (8) 31, 4Sa 

3 

4 ~1//
MeO 

Co(lI) calix[4]pyrrole (4) 

Co(l!) benzimidazole (8) 

74 

70 

0 
S 

6 ~H1// 
Co(ll) calix[4]pyrrole (4) 

CoQI) benzimidazole (8) 

NR 

NR 

0 
7 ~OEI Co(lI) calix[4 ]pyrrole (4) NR 

8 Co(l!) benzimidazole (8) t\IR 

0 

9 ~OEI Co(lI) calix[4]pyrrole (4) NR 

10 MeO Co(ll) benzimidazole (8) NR 

reaction condition: substrate S mmol, catalyst O.OS mmol, 2-ethylbutyraldehyde 
20 mmol, CH3 CN:toluene 2:13 mL, rt, 24h 

aCH3 CN 15 mL 

n),VlBfleMl~i'U'lJeJ-:j cis-4-hexen-l-ol !'i-:jllfin~tJl~1t1 CoOl) calix[4]pyrrole (4) I!ft~ CoW) 

benzimidazole (8) i~lBl'IBfl i9f~1 'Ull~lJlUn!BtJ Irlmll~tI'U'flTVhn~ft1tJ'illfl~Tl'ilft~ft1t1~fflJ'lJB-:j toluene 

?t i 'Jl "" 1 _I" .d,J '" 'I '"0

IIft~ CH CN Ill'U CH}CN 'il~ ~~ftflft~ 'U1JjlJlru'Ylty-:j'IJ'U (44% IIft~ 45%, ~llJft1~U) (entry 1,2) l'Umru3

'\JeJ'I anethole ~-:jI1j'Ufflmft~firuqf'linlJ'b'1~flfl'b'11'fl'11,i-:jffllJ1Hl!nflleJl'IeJfl i9f~1~flftf-.lft~~~ (entry 3, 4) 

, 11 d 1'Jl 	 _I ...... "'j'Jldl 11' ..11 '" 
BtJl'l Jfl~llJmtl ~fl1'"J:::lJl~j.!l'U'\JB-:j1JUfl'Wl'YI flfl'fl1:ll lJffllJl'HlIB'WBfl9f 'fl9f ciDIlamaldehyde, ethyl 

cinnamate IIft~ ethyl 4-methoxy-cinnamate j~ ,f'lifm'ilI,1B-:j'illfl'11~lBm'YleJ{'\JeJ-:j cinllamate 11j'U'11~ 
~'1~mfl~jB'U1111 'I1f11llJ'11'U lllli'U '\JB-:j~mfl~jB'U~fr'U 'Ii ~~UBtJ f11llJ1B-:j i 1 1'Ufl n In'fllliin~ tIl~-:j~l 
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3.6 'Iltl!fJ'\,!fifHl'f) 1l1'J!f)vnJ nmtJlm'VH)f)9i!~i'\,!d,nJ nmtJl~';)tJ Co(I1) Calix [4) pyrrole (4) H~~ 

Co (II) Benzimidazole (8) 

'1l'emY'Utlf)"If)fl1'J!;)~nJg;)~rJ1!tll'lf)f)9h~~'l.u1,'JlJgf)~£Jl~1rJ CoOI) Calix[4]pyrrole (4) l!rl~ Co 

(II) Benzimidazole (8) !lrHI,'JhHl~'Um'VI~ 1.1 

tyn lJ 'J ~ f) f) UI ~,'J~m41mH) (l 'fl'1J tyf),'JU 'Yl'U 11'1 ~f)I;) ~ lJ g;) ii £11 n U u tl" ~ t13~!;) ~ acyl radical 

(RC(O)"} acyl radical ml;)~~u'lt11lJgfW£Jl~f)n'Utltln~!lIul~ acylperoxy radical (RC(O)OOo) ~,'J!~U 
carrier h i n (l tl nu'U'U{} f) 1CJil~rJf1l'J'lt11lJfim£J1nU U f)"~ Ib~8 n 1:IJ!rl fl"lt-d,'J i ~!iI'U n1'J I;) ~1f)'VI f) f)~!~ ~'U 

0 0 
II II + 

RCH RC' + H 

0 0 
II O2 II 

'>. 


0 0 


RC' RC-O-O' 

II IIRCHORC-O-O' RC-O-OH 

o 
II 

RC-O-OH 

j (L,)Co" 

II 
RC-O-O -CoLn 

IIO{' 
o 

RC-O-O' 

o 
II 

RC-OH 

4. tyl'll 

" 'lfii~ ~vJ !'Uty 5 'lfii~u,,~ benzimidazole 1 'lfiJ~ 1I,,~ty1'JlJ'J~nf)U!~,'J~f)'U If1Uf),,'fl''\Jf),'Jftllfl'U~mril'u'U 1~ 

'YI~"f) .:j f)l'J!~.:jtJfi;)~£Jln1J 11'-1f1f1l'lH'JnCJ1'Un~mn fl11~~!1nI1~ty:IJ 'VI1J11 tyl:1Jl'Jllri''U'VIutyntJ'J~flf)UI~,'J~m.j 
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· 	 " 
1fl1HH1~ 4 lUI ~ 8 ~ii~1l £J ml~I~'U ~'J11 ~tl fin~ £J 1!elYH) Ilci5l~i''U 'U eJ~ tIC»'1mmm ~'U 'U eJ 11 ro11lU'U i ~~mJ1 
Q 	 tv ~\l!l1 ~ ~ tv.d ~.Jt .::9 ~ Q 

'U ~ 'U I'\J 'fl'\J tJ ~ ') ~'U'U 1eJ'IH) fl C)l'1 ~'lrlJ 'Yl ~ l'l WI 'U 1'\J 'U fl 'U II fJ ft fI 'U '\1 ft 1£J'lf'U~ Il'l fJ I'l' 1l111f1 'J 1JJW fJ Il ro 
0 

1m 1~'Yl N!fI JJ 
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, 
ct 

U'YI'YI 2 

!~~H m'rtl~!fI'il~'Yi'1'Y1mll!~~mltl~-l U~~''YI!'YI!iltllJ-!~hJ~lUiJ-tlY~'lJ!1J~g 
rin'i.y1J1,r!1JU~1!';~t1flfl~tIlril'Yi.y1JtlflmtlleHlf)~!~nrU'Uel~ifl'itl'i~f)el1J!flii~u'YIj~ 

illfJ ~UHU~lU1~m~el-:) m'itl'i~fJf)Vl4.,r1ifVJ'rflUU~~~1!';~t1iimtilril'YijU'~Vlifl'Yif)'i'ilJ!flii 

>I 

1'l~l!~iJfll':ifi'lH'iU1'lJd ~L1iin~ tJ1f1~:JJ!:JJ'Vi~1~9fil!f1\?1 (metaIlosilicates) ;ieJ i 'VH1'l1 'lJ 9fil fll i ~~-l iJ 

i fIj ~ff~l~l!Uu;l eJ i~~ MFI l\?1tJu~il1'l Enichem [1] >ij~\ltI'lJ1'l1d ~L1iif)~tJ1m)f19f!\?Ii''lJUuU!~eJf1~m'n~ 

l!~iJ 'ti'eJ~ln\?l;ieJ'U'lJ1\?1'UeJil1'V'lHl!UU 1~l!'YI1'lJeJeJf19ftll'lJ 1 0 eJ~\?IeJ:JJ (10-0 ring) iJ'U'lJ1\?1tYitJil 5.4 X 5.6 

tilffl9l) eJ:JJ ~ilm:JJ1~nUff1j ~il~'lJ ~iJ'U'lJ1mfif1 'lJ eJf1ll 1 f1if ff1) ~'lJUuu~l~1 'lJfll) ff iltflj 1~11 i1'ltl'l 1 'lJeUil 

fll1~~- 1 iJ) 1fl1l!'V'lil i1im:JJ1~~nd'ufll)1~1'U~\?Iffl'l1m j:JJ~iliJfll 'n~'WJ'lJ11'l1t~ ~L1iin~tJ11rriJ'U'lJ 1\?I 1'V'lj il 
>I >I , 

imy~'U!G}$'U Ti-Beta [2] (12-0 ring) U~~ Ti-MOR (8, 12-0 ring) 'V'lUi1m:JJ1jjJi~numjl'lil~'UYiiJ'U'U11?1 
tI I ~ 'jI, 

1:JJ!'Of1(\ lvll.lj~'U i~il?ltJff1:JJ1jjJ'Yl1'"r fi1fllj tLl~tJ'lJ ffljl'lil~'U'L1ttlw'lil\?li1u!~ffil~'lJ 1'U'UU!~Yi % f)11lJ 
q u '" 

!~eJ f1 ~ lL'vn~ (%selectivity) ~m-lil\?li1U!cn(\l?I~il ~l'YI~U Tj-Beta iJ1Jty'YI1fllHHJl?leJeJfl'UeJil Ti ~eJ~i'U 

1 f)j ilff~1~ !rteJ11i'lJ1'U:JJ1if'~ih 1tJ~1'lJ flU ffil!f)j 1~'YI11'l!1'l1 'UeUil!fl\?l'lfW \?I i l11icJ1iliJ 1f)j ilff~l~UUU;1eJ , ~~ 
MWW ;ieJ Ti-MWW [3] j~UU l'V'lH 2 ii~ i'U'UU!~~ 11'ltl'l l'UeUilfll!"~-l iJ)~UUhn·muu 3 ii~ U~; 

" I !V. 

ieJ i~~'Vi~ 2 i fIj ilff~lilLlj~fleJu~rW~eJYiiJ~mjU!~c]$m!91f1 'lJ eJfl1l1flii Ti-MWW iJlll?l!9feJlJl9leJ'UeJil~mtl'U 
q 

1 i ' '''' i 1 'lJ .:i", 'lJ&'V'l H 'U'U11?1 'YIty'V'l!ft"1J (supercage) 'lJ f1jilffjN l!~~'YI~lJ (pocket) 'U'lJ11?11~l!111'U 12-0 ring 1'l~1m'lJ'lJeJfl 
, >I >I 

'IJeJil1fIj -:)ff~H~1t1 U11l~-ff-:)~~ i"r fi1fllj tU~tJ'lJmJ~il'UeJ-:)fflj l'lil~'lJ ff ~~'lJ 
'"tI" )I, • 

~·nr'U i'Uill'U 1>ijtJii~~'Yl1fll)ffmn i 'lJ 4 ')'lJ\?IeJ'U l\?1m~lJ'jllflffmnU~~1'lI?l~eJ~'YI1f111~YimlJ1~fflJ 

l'Ufll) ff~!flj1~'YII1'l!1'l1 'U9f~!fl\?l ~iJiflj ~ff~l-:)!~tJJnu;1eJ i~1'1' MFI u,,~ MWW ;ieJ 11'l!1'l i 'UeUilfll i~l'1'-l 
>I >I. 

U~~ Ti-MWW \?I1lJih~u 1l1fliJ'U'Yl1fllj ff-:)!fIj 1~l1ff1) 11'l11'l1 'lJ9fil!fl\?l'Vi~ffeJ-:)'lfiJI?II?IllJf111~Yim:JJ1~ fflJ . .. . 
\?I1lJYiffmlll~ ')'U\?IeJ'U~eJ 'U1t1'lJflU\?Ij11lffeJ1JfflJU~1'l1-:)flltJf11'V'l'UtJilfflj l1'lm i'UeUil1fl\?lYi 1\?1~tI:JJ 1~ -ff1'U 
.. , 

')'U f!I?IVl1tJtA 11'l111iluiif)~ tJ1Yi H1'U fllj \?I j 11lffeJUff:JJU~mil flltJf11'V'll1~1 i U1'l1?l ffeJUff:JJU~f)11ldeJ-:) 11~ tJ 

tJiimtJ1eJ eJ f1eU1\?1i''U 
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... ~ 

2.1 m'Hf'Ufl'll~'H TS-) 

.., of y 

2.1.1 m'ltJ'lAfI'al~'H TS-l ~1l'JtJl'lf-mlJ TPAOH Am~ TPABr Template 
~ , 

TS-} ff~Aml~'I11~iUfl11~~U]lUh.jltJ'U,[)~AllCll1liB~1Td"J'lJ'U,[)~ Si02 : 0.025Ti0
2 

: 

0.18TPAOH . 0.18TPABr : 36.5Hp l~ml1~fl~1l1fl Thangaraj [4] tJfl!~U template ~!tJ~tJlJlJl1~ 

tetrapropylammonium hydroxide (TPAOH) UCl:!: tetrapropylammonium bromide (TPABr) 11lfll1 

tY~ !fl11:!:l1!!'1j~{yl1Cl~mtlltiu 3 ~hu {Y11Cl:!:mtl A !~~tJlJ l~tJCl:!:mtJ TEOS 37.82 fli'lJ "U 2-propanol 66 

n i'lJ {Yl1~:!:mtJ B !~~tJlJ ifltJ~:!:mtJ TBOT 1.547 fli'lJ iu 2-propano) 16.5 fli'lJ UCl:!:{Y11Cl~mtJ C AI'I~tJlJ 
~ ~ 

i~ tJCl:!:mtJ 8.892 fli'lJ 'U,[)'l TPABr lUtJl deionize 59 fli'lJ U(l:!:lh:lJl~{ylJfl'lJ TPAOH 53.16 fli'lJ 1l1fltJU 

tJl{ylJCl:!:mtJ A :lJllriiu'U1~nufl~lJ~flV 'UU1~ 500 :iJ(liiiil'l1 iU'lJ11tJlfllf11U i~1AllUUCl~tJlltJ!!riiu 
~ , y, ~ 

ri1-nh!~'l !~lJ TEAOH 13.28 fli'lJ l1i~!t1u template i~tJfll1fimJ'l'l1t1~ ~~flU11 1 -H1im 1l1fllTU!~lJ 
~ , 

{y11(l:!:mtJ B U~:;; C l~tJfl11fi'VtI"l'l1t1~11(l:!:{y11(l~mtJu~1~~flul~mi1~Cl:;;] -H1 ilJ'l ~llJilWl'lJ fl1'lJfllJ 
q 

'VW'I1fl :IJ~ 80 ,[)'lf1Wlfm9ftJ{Y l~m!jlfl111:;;A'I1tJU,[)Clfl'[)~'[)~~i~!t1U~Tvh~~mtJU~~1l1fl~iil'lilwcy]i1lJ 'Vh 
q '" 

~ ~ ~ 

fll 1tJi'lJ pH l'11"~I'Yhfl'lJ 11.7 l~vl~{yl';i~:!:"(11VU,[)lJ ilJl'UV ~UI'I'[)ULl~l'iltJ111fll1!~lJtJ1U~:;;~~flU11 1 
• • jI , 

~11m llUm :;; 'Vl~{y11(l:!:mmtlu!'wm~tl1flU U~1!'VI{y11 i ri Teflon-lined autoclave fl11JfllJ,[)W'I1fl:IJ11 170 ,. • q '" 

,[) ~f11!Clm!9fl'm ~1m~111fl1'lJfllJB~11fl11'11lJUl1 60 1,[)'lJIPiVUll1 !t1unm 4 1U 1l1fllTuih~ii~ilwcy]. . 
~ 

d c11J) ~ 0 ~ ~: 91 ~ d cl I d d 
'U'V 'IU'U'l'VI !fl:lJl'VIlfll1m'l~1t1lJ1 deionize ~1t11fl1,[)~ centrifugation 'VIf111lJ!11 6000 1,[)'lJ~,[)1J1'V1 !lIunm 

~ . 
15 Ull1 'illfllTUtJlitJ,[)'lJu'I1'~.ullJ;iUl1,[)W'I1fl:IJ 100 'V~f11!9$ClI9fV{Y

q ... 

... of y 

2.1.2 m'atJ'lAfl'al~'H TS-) ~1l'J Pure TPAOH Template 
~ . 

fll1tY'llfl11~11'~1n~~tJ~mtJl'lftJ~ TS-1 ~1t1 template 'lftJfl TEAOH I'IllJ~UI'I'[)U'Ulh.u'V.yj 3.2.1 hWliJ 

~'V"I~lJm1Cl:;;mtJU,[)lJ IlJlutJ lu~ul'I'VU !!1fl'~tJ~:lJlW template 1 0 ItJ'[){!~U~ 'Uo~..f'l'l1lJ~ ri1U~!'\1~,[) 
tJlltJ'~iu{y11~:!:mtJ C 'Uri1U'U,[)~ TPABr ~i~ltlu template 'il:;;i~ TEAOH !!'VIUiUBl'Idlri1U ilJ(l~ 

t'yilflU i~vliB~11ri1U;i'[) Si02 : 0.025Ti02 : 0.36TPAOH : 36.5Hp 

... of y 

2.1.3 fll'ltJ'lAfI'al~'H TS-l ~1l'J Pure TP ABr Template 
~ 

fl11ff'l!ml~11'~1ri'ltJ~f)~tJl'lftJ~ TS-1 ~1t1 template 'lftJ~ TEABr I'IllJ'IlUI'I'VuiU'I11.u'[) 

~ 3.2. 1 i~V'~template'lftJ~ TEABr U'VIUtemplate'lftJfl TEAOH luB19l'nri1u ilJ~~rYhflU iflVli 

<V I '" OI'l11{Y1U'U,[)'l!'il(l fl'V Si0
2 

: 0.025TiOz : 0.36TPABr : 51Hp 
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OJ • 

2.2 fll'Hl-!l!A'll~'Yl Ti-MWW 
.. 

O1)'-a.ml'n~MIPi1!~'l1li)O~tl19fW~ Ti-MWW \9l1lJ~'W\9l'[)'Wm~1J1'W01), [5] lhffU€t~mtltempJate 
; ... 

l1!\9l~tI:JJHi\?ltl€t~mtl hexamethyleneimine (HM) 28.63 fl1lJ 1'W'l41 deionize 67.45 fl1lJl'W'tI1\?1f{tJfl€tlJ~ 

!>HJ'tItJl\?l 500 iJ€t~~\9l), ~tltu'Yif1iJ11tl'l ~'W!~'Wnm 15 'W111 !\9l~tllJ{1'u€t~mtlltJ{1'tl'l~htJ ri1'WU':im~lJ. .. 
TBOT 1.70 fl1lJ 1'Wri1'W~{1'tl'l!~lJ H 2B03 16.73 fl1lJ ~'W~1t1~11lJ!~h!~'Wnm 30 'W111 !~tl111 TBOT \)fl 

l~hnlM1 !~lJ fumed silica 12.02 fl1lJ ~'l!!tJ'l!~'W{1'tl'lri1'W~!'Vi1f1'W i~tI {1'l)'€t~€tlU A fltl i'Vl!'Vl!i1UlJ 
)I 1 	 "iJ)I 

ri1'W {1'l':i€t~mU B fltl i1J';itltJ 1Pi'l~'Wi11 oih ilJ'l ~'W{1'lj€t~€tltl!~tJn18!~£nf1'W'tItl'l11'l{1'tl'lri1'W 'illfltJ'W 

I d ~ l' .dt Gt 9J ')J IV ~ 91rv' 4 

~'W\9ltlBfl 1.5 "l5'1lm!Yw 1'Yi{1'W"~mm'tllfl'W l~tl\9l),1{1'1tJ'lJ8'l!~€t ~8 Si02 : 0 .025Ti02 : 0.67BzO :J 

1.4HM : 19HzO Vhfll':i !'Vl{1'1';i1 ri Teflon-lined autoclave ~11J~lJfJtu 'Yi.fJiJ~ 130 tl'lfl'Wlf€t!~tI{1' Ji'1m\9l1~ 

~11J~lJ-eJ\9l':ilfll':i'YilJ'W~ 60 ';itl1J~tltJll1 !~tJn€tl 11'W ~8tu"1f1iJ 150 tl'lfl'Wll€t!~U{1' !~tJnm 1 1'W u€t~~ 
<II ~ 	 q cu 

".. 	 . 
'J/ 'JI 0 'JI "" lIt'JI'l 'J/ 'JI d "" d ~ '" 

m'l\?l1U'Wl deionize !!€t1'Vl'l n IlHl'Yi'l'Vltltul1f1lJ 60 tl'lfl'WlI€tIC}fU'ff 11JtJnm 1 1tJ. .. 
O1)'tJl i1J)'tltJtltlm!€t~i'Vl!'Vl!i1t1lJ~tl~~ltJtJ8fl framework i\?lul~m\?l HN03 2 M Vi 1 01)' ~-W 

5flCJff11J as-synthesized ~fJtu'Yi.fJiJ 100 8'lfl'W1fm~m'Y !~tJnm 20 41im ltJril'l95~i~tJ l~lI~lJ1tu'tltl'l 
I v 'jJ I 

~ QQ I W 0 Q G,.I d'&:1l11 ~ 91 Y 0 ~ Q l1) WGt ~ Y <d 

m~ 20 lJ€t,,€t\9l)'\9ltl I mlJ'tI8'l{1'U tJlf-Hl\9lf1UACVI'Vl !~lJ1mtl'lu€t~m'l\?l1U'Wl deionize mn'Vl'l 11 1'Yi!!'Yi.:)'Vl 

Btu'Yif1iJ 60 tl'lft'l!9fm~tnY !~tJ!1€tl 10 41ilJ'l. .. 
q '" <i

2.2.1 	fll1~A'Wfll':HflVlH~fl Ti -MWW 

" " ~tJ\9l8tJ01':i\9lfl~~fl'tl8'l1Pi11~.:)1Ii)mU1"l5iJ\?I Ti-MWW ii 21~ ~.:)i1 

1~~ 1 tJl!ll€t Ti-MWW 1J1\9lfl~~fl~1U autoclave ~tltu'Yif1iJ 130 tl'lfl'l!9f€tI~U{1' l~tJnm 
• 'II 

1tJ ~fJUA'Yi.fJiJ 150 tl'lfl'll9f€tI~U{1' 1~'Wnm 1 1'W u€t~l1fJtul1.fJiJ 170 tl'lfl'lI9fm~tI{1' !~tJ!1"17 1tJ 

\9I1lJ th~1J 

2.3 fll'nh Organic Template 88fl 

01)' iri template tltlfl1l1fli~j 'l'tltl'l1Pi1!~'l1li)mtllll~ 1~t119fm{1J8tJ l\?1tltlfll9f~~f.Jtu'Yi.fJiJ~.:) i\?ltl 

o 	 '1 ''I .d "" 'JI ... "" '" "i 'I 'JI
1.J! as-synthesized 1J1 {1' ItJ muffle furnace 'Vlf.Jtu'Yi.fJlJl1B'l~tJtl'lfJtu'Yi.fJlJ 540 fl'lfl'l!9f€t!9fU{1' !~tI !l1~11lJ 

rfltJltJ-eJml!~1 1 fl'lft'l!9f€t!~tI'ff~fl'Wll1 !~'Wnm 10 411lJ'l 
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2.4.1 f11nd~-3lJ"M~ld,nJ!)mm'lfilYl~h~1 

'!J~f)~ £JlYhHHHHlflctlA~9h.J'H ~el'!J~f)~ (J113~'j elflctlA~i'U 'Uel~~lAj ~'!J~f)~(Jl~'Wl template 

elel flU~11~(Jl~~lAj~'!J~f)~m 0.05 fl-J:U ~'Uel~ 0.47 fl-J:U (5 iJ~ill:u~) U~~'O'lHl~m(J 5 iJ~ilil~n 'Wl:lJl 

~'O':un'UH'(l~111'f111:ufel'U A~:u'!J~f)~(n~'w 0.284 fl-J:U 'Uel~ 30% '3hnA'j)'UA'!Jel{m)fl'C)f~ (2.5 iJ'(lill:u~) 
, , .. 

l1~~'j)lfl 'vh'!J~mm~h\.J''!J 5 '11J l:u~ thl11'Lv'U~fJW'HiJiJ11'el~ 'i)lflt!'ULWfl~JLj~'!Jumm~J(Jfll'jmel~ riJ'U 

Hft\9lilW~~L~'U'Uel~Al1~J'Wl:UWnJ'i)'O'el'U~Jm'V1f1iJfI gas chromatograph 1'U VARlAN GC-3800 flel~:IJlr 

'l5iJ~1 CP sil 8CP (f1Jl:Ul1'Ul'UtI~YJrl':u 0.25 1:u lmA:um) 'U'Ul~(J1J 30 L:U\9l'j Aff''U~1f1'U6flm-:j~1'U'Utlfl.. 
'U'U l~ 0.32 lJ'(lilA:U\9l'j ~A'Vlm\9lel{'l5iJ~ flame ionization detector (FID) 1~ cycloheptanone A~'\.J internal 

standard l~'O'l'j~Jel~l~'!J~:IJlW I iJ~ftilm l11'flJl:ufel'Uwiflel~:IJlr~~u'O'~~ l'UA!~'U~-:j~ 2.1 l~(J~~llL'HU~ 

injector H~~ FlO til111'ijfJWl1 iJiJ~ 200 el~fl'1tC)f~t~(J'O' ritl'U'Yllfll'j~~'O'l'j~Jel~l~ 

4 min 

2min 

"I QJ 0 

2.4.2 flf)'lJlfm"~.:jVllrn"~(,mJ 

t 'U fll'j ~~m:u~~m ~'V1'U 'i)lfl'l5iJ~'UtI~~J'YllCl~m(J 1 'U~JAj ,aJ~f)~ (Jl L~ tlffmll activity 
, , .. 

UCl~ selectivity 'Uel~~Jr:i ~'!Jum(Jl 1~(J'Yllfll'j'V1~~tI~\9l1:u'l1J'li'tI.yj 2.4.1 'Yllfll'j!'!J~(J'U~TYilCl~mm~'U'W1 

!:U 'V11'U el~ tI~CJil\9l'U U'(l~ tI~CJil~''U'mli' l~(Jl~~Jd-:j'!J~m(Jl IS-I-Mix U~~ Ii-MWW-acid 1~n'(l15 

i J lml'Ufll'j'Yll'!Jumm 

"I 
2.4.3 flf)'lJl~"'UtJ~n"l 

l'Ufll'J~~m:UH'(lm~'V1'U'j)lfHJmhJfl1Ttll'!JUf)~(Jl L~tlffmll activity U'(l~ selectivity 

'U()~~JL1~'!JUf)~(J1 hW'Yllfll'j'V1~'(ltl~m:U'l1J'li'el~ 2.4 . 11~nml'Ufll'J'Yll'!JUf)~(Jl~ I, 3 U~~ 5 iJl:u~ 1~ 

~Jd~'!J~mm IS-I-Mix UCl~ Ti-MWW-acid l'Ufll'J'Yll'!JUm(Jl 
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3.1 l'I'n-iHH)'lJ~mm.!:t:!'il'Wl:t:'U6~''t1rnl'U.;uilm'tl~-1 

XRD pattern '\lel.:j as-synthesized TS-1 ~lh)I9l 'n~1'U'\lel~9fi)f11~elhH'VltiJtllJ"i.!':l'th~0~r}'hil1J 40 
OJ 

~tl9l~ tJlJ~lf) template ~l.:j'l5iJfln'U Ufffl~1'U!'ll~ 2.1 ~mHu:t:m~l~'Vl1~ reflection peak '\lel.:j iflH'ff~l~~ 
• • )I " • .", 

l~lJ MFI ~~~f).y) i~iJ~~tnfl~lf)f11':lI9lf)m~'VliJ'\lfl~ffl':l'Yl~~it~'U'~n fl hl9i'.y)'ll'UttJfl'UHo~.y) hi1iEHi fl iol9i' 
I jJ I • 

f111lJl.ulJ'\lel.:j~f).y)lnfl~1f)f11':l'ff~Yi'fl'U1l~~'U.y)~lU'VI11~ 20 l'YilniJ 8.7° , 23.2° tHl~ 45° .y)tnfl~1f)f11':l1"* 

TP ABr template t~'Uri1'U 1 'VItY Hof11':l'VlflOfl~~ i~tnfl~lf)f11':l rilfll~ tI~~1'\lel~H~f) tri'tJ'Yilf11':l ir~tm 1~11 

~1r:i~'lliitWtl1ifltl1"* TEABr ~·mlJniJ TEAOH 1'Uel9l':llri1'U ilJo 1:1 ~~,~ XRD pattern ~ij~mjW~f1~ll'J 

'\lfl~ TPAOH template 'VI~~~lmHl'1ri template u~11m~ff~1~V~f1~I~lJUlJiJ MFI U~f111lJ!.ulJ'\lfl\lYif)~dj . .. , 

~1t'WlJ~'U ~~I~lJHolJ1~lf)f11':liri template flflmnf) 1~':l~'\lfl~EHifliol9i' 

c) 

b) 

a) 

5 10 15 20 25 30 35 40 45 50 

2 theta (deg) 

ltJ~ 2.1 XRD pattern '\lfl\l as-synthesized TS-l triel SiJTi ratio in gel t'yilniJ 40 ~tl9l~ £JlJ lfltl1~ template 

'lfiJfl~l\l"l a) pure TPAOH b) Mixed TPAOH Uo~ TPABr c) TPABr. 

~1f) SEM image '\lfl\l as-synthesized TS-1 ~t\9l~tllJ~l1f) template 'lfiJfl~l~"l ~\lU'fffl~ 1'U!'ll~ 2.2 

'\l'UWI'\lV~ partIcle Uo~ morphology tnfl~1f)f11':l1"* template ~~l~'I5iJflnlJ TS-I '~~1f) TEAOH iJ!'llil~ 
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" • , 'j/ 	 , 

particle tI~ii'tJU1~ i mli~u!{j() i 'litJ~:JJlru'tJfl~ TEABr l~ll~'W !'Vlfl'Ufl SEM i~fl1lUlmmvhf)~111f)f)lji~ 

template ~f-.lfflJtlU ~~l1~ii'tJ'Wl~~iml!~tI~tlU !rlfll'i1t11Jtl1Jf)l~i~ TEAOH template !.wtl~mh~!~tll 

mh~1~~~llJ'tJ'Wl~'tJ()~ particle l1~ii'tJ'Wl~i'\1qj!rlfli~ TPABr 

ltJ~ 2.2 	 SEM image 'tJfl~ as-synthesized TS-] ~1~~tllJ l~tI template 'l1i!~~W'l a) pure TPAOH b) 

Mixed TPAOH U(;l~ TPABr c) TPABr. 

DR-UV spectra 'tJfl~ as-synthesized mY~~iultJ~ 2.3 111f) spectra 'tJfl~ffl~~I\9l~tllJ~·;ltJ TEAOH 
" . 	 . 

template l!(;l~ template f-.lfflJ1J~ii~f)'lJru~fl~ltltl'W l~tlii.wf)~U'i1l'llU'\1U~ 215 u11U!ll~~ !m~.wf)'i1111'W' 'l1'il 

~ l'l llmU~ 260 Ull1Hll\9l';i l~tlYif)mfHn~'illf)f)l';i~ltll'llU'\1U~'tJfl~fl()f)91I'ilU~If)l~fl~tl1J Ti
4 

+ ~f)'hlru~'tJfl~ 
d J' ~ d "' 	 9 l' ~ ~ '" 
Wf)'W !lJ'WWf)(;lf)'hlru~'tJfl~ tetrahedrally coordinated titanium !'W m~~l~'tJfl~f-.I(;lf)'tJfl~H'tJ~ !l(;l~!f)~'illf)f)l';i 

. 	 . " 
U'YI'W'i1~·"ltJ1'Vl!'YI!ij till i 'W molecular sIeves [6] i U ril'W'tJ()~.wf)'i1~'WItJu1'l1'il 'il::an~'illf)tJ~:JJlru 'tJfl~ 

, 'Vl !'VllijtllJ~l'W 1'W!~f).ufltl'tJfl~1m ~j1~ f-.I~f)~l'W'Wflf) i 'W'VlNf)~1Jtl'W f)l'H\9l~ tllJ~l!j ~tJfin~ tll'l1i!~ TS-] 

l~vii template TPABr l1~Uff~~filf)lj~~f)~u!!ff~~l'll!mU~ 200 !W~ 310 'Wll'W!ll~~ ~~ln~'illf)tJ~:JJlru 

'tJ fl~1 Y1 'VllliivlltJ~:JJlru:JJlf)~fl~U flf)'tJ fl~1fI~ ~j l~f-.I~f) f)l~ i ~ TPABr template tI:::iitJ~:JJlru l'Vl!'Vl!ijtllJ~ 
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~l'W,\H)f) if\'~-Jil-JH~f)fi-el'W.u\:IlJlf) ~~l!llnj'l 215 'Wl i'W!lJ~'J'tJ-el'l~,;lti'lllfimrJl~!~~VlJ h1fJi~ template 
, I 'jI , I, 	 I 

HfflJ 1)~iifilIil11lJ!.u'lJ~h~lJ~'W!:um-¥iV'lJt1ul1f)~h1:l'W'l1ri-¥i~lUl1'1-i'l 270 'Wl hHlJ~'J 91'liY'l!f)~ i~V1f) f)1'J i~ 

template HfflJ'lflJfl TPAOH t11J TP ABr 1J~U{l'fl~ hrn1'W1il11lJU~f)~1~'tJ-el'l l'YI!'YI!UVlJ~!nflf)1'J !lI~V'U~'tJ-el-J 
'I 'I <V .,9 i'11 .. 1'11'tetrahedrally coordination framework !'W !m..:!ff'JVI'tJ-el-J MFI 91":!f)1'J 'If template HfflJ1)::;'lf1ITflflm 'lf1J1V 

i'W f)1J~ -J 'VJ'Wlllf)f)11f)1'J 1~ TPAOH template u~!l1tJ..:!mh..:!!~tni'Wf)1JiY..:!!ml~..r~1!i..:!lIfimtJl'lflJfl TS-} 

190 230 270 310 350 390 

Wavelength (run) 

lU~ 2.3 	 DR-UV spectra 'tJ-el-J as-synthesized TS-l ~!~~tJlJ [fltJ template 'lflJfl~N'l a) pure TPAOH b) 

Mixed TPAOH U~~ TPABr c) TPABr. 

fi -H)~'Jl'thu [lJ~'tJ-el..:j9S~f)1~-el l'YIt'YItUtJlJ !!~~ BET specific surface area 'tJt)..:!~1!~..:jllfim{J1'1flJ~ 

TS-} 1)~U{l'fl-J1'W~1Jl'l~ 2, I B~Jlri1'W [lJ~'tJV..:j~~f)1~-elI 'YIt'YI!utJml:::iifi11f)ft!;,:)tJ~t11JB~'Jlri1'W'tJ-el'l!1)~~ 

t~~ VlJ 'illf)f)1'Jyhll~mtJl file~Jlri1'W [m''tJt)~9S~f)1~t) i'YIt'YItutJlJ1J~t~lJ~'W'illf) TPAOH > TPABr > 
,., ,., . 

mixed templates -elcil~I J n~llJfilIil11lJU~f)~1..:jU i:ui~U~f)~l'1t1'W -elvl'liilJmYlrlty .w'W-¥iH1'tJ-el~{l'n'il~ 
,., 	 . 

£9 , QJ 	 ~ Q1 9J di iI I I • IlrI d 
'tJ'W -el~f)1J'If'Wfl'tJV..:j template 'YI 'If tl'lUlJ11'illf) BET specific surface area 'tJ-el'l TS-} 'il~ !lJU~f)~l-J U~f) 

Q ~,d l1JiI~1'jJ & 04 die 
ffl111 ~ tl-el1i1JltJtl-Jm'YI~fl~-J !fl tlJ-el 'If mixed templates > TPAOH > TP ABr 9f~ffllJ1Jtl'W1111-el1i1JltJtl~m 

external surface area l~~1fJ ~'W~H1~'tJ'J'tJJ:::'il~1~t'YIlillJlil SEM 1'Wf)1'J-el~1JlfJ~-Jufffl-J1'WJlI~ 2,2 ~..:!. ~ 

d I 	 lJi3l.:9 191 ~.d I 0 Q.I 9J 
surface area 'YIU~f)~N !fl tlJt) 'If Langmuir specific surface area 'il:::-el1i1JltJtl..:!1il11lJU~f)~1'1'tJt)..:jmflU'tJt)lq!~ 

liI jJ D 	 Q.I Q.I J' & 4 11 Cj)..:!l .dt . 
'illf) BET Ifl~llJmfl1Jfl'l'W TPAOH ~ mixed template > TPABr 91'l'il~-el1i1JltJ Ifltl'll'J-el'l'tJ'Wlfl'tJfJ'l partIcle 

~ cO", ~ '" • 
91 '1 particle 'YIlJ'tJ'Wlfl1C\f)1J~lJlill Langmuir specific surface lllf) 
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. 

~l~Nn 2.1 filfll'l'nri ';nJ'tItWlfilf11\9lUil1!'YI!i1t1lJlI?!~ specific surface area 'tIt)\I TS-l 

Specific surface External surface SiJTi in Si/Ti in 
Templates 2 a 2 b

area (m /g) area (m /g) productprepared gel 

Pure TPAOH 40 41 .99 403 30 

40 44.25 375Pure TPABr 10 

415Mixed template 40 45.76 49 

a Value based on BET calculation. 


b Value based on t-plot calculation 


3.2 m1,\)iJ81J~f)1JW~!'il'Wl~'\J8,:j Ti-MWW 


Ti-MWW ~ff\l!ml~'Yil~'illf) 2 1~ i~1tI1~~ 1 'il~'I'llf11)I'If)H~f) 2 ~'WI'IU'W ri1'W1~~ 2 'il~'I'l1f11) 

" .

I'If)H~f) 1 ~'WI'IU'W n?!li'Wf11)I'If)H~f)'il~\9l1\ln'W'l'W 2 1~ H?! XRD pattern 'tIU\I as-synthesized 'l'W~lHi 2.4 

ffl)11f)1Pl1'il~Uff~\I~f)llW:::!,n'll:::'tIU\I ifn\lff~l\l~!ll'W MWW ~~lU'l1ti\l 20 'lf1\1 5° 0\1 30° 'il:::Uff~\lO\l~f)• 

.. " 
Vi)~'Wl'lJ 001 II?!::: 002 Vi~l!!'I1ti\l 20 !'viln'lJ 3° 0\1 7° Uff~\lO\l~f)1JW~'tIU\I~'W ifl)\lff~l\l'tl'O\I c-direction 

, , • )I, • , 

ri1'WYif)%fitl1~'O\ln'lJf11) !n~ ~~f)Vi!ll'W~'W Vi )~'W 1'lJ ab 1)1f)1~ f)1'JVi 1 'il~ '1M'fl11lJ!1l'W ~~f)VilJ1f)f) ':h1~f)1'J 
I. I I 'jI I I • • 

Vi 2 !]j'OH!1?11Vi!yiln'W filfl11lJ!1l'WH~f)'il:::!'wlJ~'W!lim~lJn?l1'illf) 71'W!1l'W 81'W !limI'l1t1lJ~1t11~f11)Vi 
... • • ~ <!l lIJ' ~ .1 ..; 'I ~ ,... .,g lIJ ~ 

1 fl\l!!MI\I'l'W~1I4.4a-b IIl'IfI1mllJ!'LI'WH?!f)'il~ ~lJ!'WlJ'tI'W!lJ'O !'lH1?11lJ1f)f)11 81'W C)f\l~ ~~'illf) XRD pattern 
. . " 

l1~l!!'I1ti\l 20 !yilo'U 2.7° !'w'O\I'illf)iil'U)'O'WlJ1l1'W!llu'W gl'l~n?l11'Wf11)I'If)~~f) 81!?!~ 91'W 'il~iill~lJ1ru 

'tI ~)\Il'lJH)'W'O'Of)lJ1tl'W!nu'Wl'W ifl)\lff~l\l MWW ri1'W1~f)1'J~ 2 !rlm~lJ!1?11'l'Wf11)I'If)H~mll'W 7 0\1 9 

1'W u~'~iif11)!~lJ'tI'O\lN~f) Ti-MWW ~\lUff~\I'l'W~tl~ 2.4 d-f 

27 




,--.. 

~ '" 
.~ 
c: 
B 
.s 

Q) 

:>
.", 

QJ'" 
p:; 

f) 

e) 

d) 

c) 

o 5 10 15 20 25 30 35 40 

2 Theta 

1'L1~ 2.4 	 XRD pattern 'tIB~ as-synthesized Ti-MWW ~!\9l~tllJ 1~tl1~~ 1 ~l~rnn''Wfll'j\9ltlH~tl~~l~n'W 
a) 71'W b) 81'W c) 91'W U{l~1~~ 2 ~'~nml'Wfll'j\9ltlH~tl~~l~n'W d) 71'W e) 81'W f) 91'W. 

'illtlttJ~ 2.5 m"~~ SEM image 'tIB~ Ti-MWW ~!\9l~tllJ'1i\lltl1~fll'j~ J ~~1~!1mi'Wfll'j\9ltlH~tl 

~~l~n'W {l'lJ'Yltl~1~!1j'W as-synthesized 'ildhtJi l~~tl'hlru::fI~ltl!~lJ U~\9l1lJfl11lJ!1j'W 'il~ ~ 'il::ii~tl'hlru::!1j'W
q 	 ~ 

cl Q 	 d dol:1' d jJ I b'i d od d iJ deS jJ 9J gI fj} .... 1(V 

!tlJ~ !{ltl"l 'Yl'il::lJ{l'Bfl'W'Yl'tlBU~l'W'W fltl fltll~! 'j tl\9l1lJlJ{ltl'hl ru::!tlJ~'W fltl"l'Yl{l'!'tIlJ ~1'W11'W l'tll~'tIfl~'¥Jtll 11 

fhm~tI'tIB~'tI'W1~fl11lJtll1 particle fl~~tJ'j::lJlru 200-500 'Wll 'W!lJ\9l'j !mdJfl11lJl1'Wl 100 'Wll 'W!lJ\9ll 
, " I 	 • 

• '" & 	 q I qlll I ?t & "" & -'I i ~, & & ., I '" '1
{l'Wi'jUH{ltl Ti-MWW 'il::lJ{l'1'W'YlllJ!lJ'WH{lmtl~'tI'W!lJB 'IH1m 'Wfll'j\9ltlH{ltl 7 tl~ 8 1'W U\9l!lJBnm!'W 
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~tJ~ 2.5 	 SEM image 'tItI'J as-synthesized Ti-MWW ~tl'l~tI:JJ !~wi1i~ 1 ~i~rnnh.!m)l'lm"'~f1~~I'Jf1'W 

a) 7 1'W b) 81'W c) 91'W. 

.c:i \f) 'iI Qd d it GJ gJ 9 .&d 

DR-UV spectra 'tItl'l as-synthesized Ti-MWW 'VltmmJ ~~'illf111im':i'Vl 1 l:JJtl ~'1Hl"ll'Wm)I'lf1f..j"f1 

~l9il'l f1'\..! 'il::::!!"'~'l h.l':itJ~ 2.6 ~f1~~h!'l1ti'l 260 'U1!'U!:JJI'l) 'il::::!!"'~\l octahedrally coordinated 'tItI'l ... 

''Vl I'Yn.wV:JJ Im::::~f)~!'lI'W 111~~\phHl1ti'J 2lS 'Wl1'Wt:JJI'l':i 'il::::U"'~\l framework tetrahedrally coordinated 'tItl'J 

, 'Vlt'VltlJtI:JJ tw::::~\pht!'l1ti'J 330 'WI!'Wt:JJI'l':i 'il:::: hh'l'IJ~f1~'l'il::::H"'~'l~mjtu::::'tItl'l Anatase Ti02 
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(A) 

190 230 270 310 350 390 

Wavelength (nm) 

ltl~ 2.6 DR-UV spectra 'tttl'l as-synthesized Ti-MWW ~A~jl'J1J hWl~~ 1 1~wl~r;nnl'WmJ~flH~fl~ 
~l'1n'W a) 71'W b) 81'W c) 91'W. 

~U~ 2.7 A!{Y~N XRD pattern 'Ufl'l Ti-MWW ~llflJ{yfI1'VU)1l'Jhi'fl1J~~~l'1n'W ~1l~ 2.7(a) 1J~ 

U{Y~F. as-synthesized 'VI~fl {y1J~rr'l1~\lfluflJ{yfl1'W~Ail'W 1m'l~fl'1 lamellar 'UeI'I MWW ~U~ 2.7(b) 1J~ 
• 91 '" 'I' <'I "' ~I '1 91

U{Y~'ImflJl1JA'U1J'YlCl~H'l'l'UeI'IJ~'WllJ 001 A!C1~ 002 &'W~J'WH"fl'YlAlJ'W t flH~Jl'1 lamelJar 'UeI'I MWW !m~ 

wfl.yj~h!!'VIt.i'l 20 I'vilnlJ 13.30 !!"~ 200 fifl'W.yj1J~l~flJ~llflJ~fl1'W as-synthesized 1J~ VllJWfl~'W~ 
~lAmt.i'l 20 I'vilnlJ 14.]0 ~l'WJ'W 2 Wfl ~'I!!~~'I''WJll~ 2.7(c) Arlm'llmJ calcination ~lJ~rr'll~f1flllflJ.. '" 

>I >I , 
'j) , ~.do 9 I ~ & QJ' ..tt 0 0 9 3J<:a 9J 

~fl1V1~Jl'JflJ~1J~VllJJl1J'Wfl &'VI:lJAfl~'U'W A'WJ1~'i!~'W'WA1Jfl'Yl1 calcination 1J~'Yl1 &'VI &f1J'I~'jl'l lamellar 

AU ~I'J'WAil'W 1m~~~1~~11JiJ~~ijmJA~e11J~fln'WJ~'VI11~~'W~~n'W!A"~n'W ArlV i~i~VilmJllflJ~Jl'JflJ~ 
1m'l{y~1~ lamellar 1J~ijm'jAll~I'J'WA!llCl~Ail'W 1f1H~~1'l{Y11JiJ~ArlflijmJVil calcination U~ArlflijfllJuflJ 

'jJ .1 '1 'jJ lIj 91"1 • " .1'" '1• I'" 
~fl1V1'f1Jl'Jm~~lJ'il~AlJClI'J'W!!lJCI'I &f1H{YJ1'l !'fI !1J~1J\!Jw' mJlJJlJi:lfl1V1 as-synthesized &~l'JmJ 

calcination ~UJlfl1Jlflm~!!i:l'fl~ XRD pattern ~~~1l~ 2.7(d) ~~'il~e1~1Jl1'J 1m~{YfHi:l11JiJ~'lJeI~ MWW 

i~ !!~nrr~~J.UJJ'lJ'~'~11mJVil calcination ~1l'j lfl'illflflJ 'fI'il~!il'W'Yll~!~flfl~~ ~l!~m)'fl'll~!'YlflUfi 
"" .1 '" 91SEM image A!C1~ DV-UV spectra :IJ1'W1Jl'jw'llJ'j~flfllJfl'W'fIJI'J 
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- - - -------

~ d)
;;l 

~ 

.~ 
Ii" 
~ ., 

:> c).., 
u'" 
i:G 

a) 

o 	 S 10 15 20 25 30 3S 40 
2 Theta 

b) 

synythesized sample, b) acid treated sample without calcinations, c) calcined sample after acid 

treatment, d) calcined sample without acid treatment. 

SEM image 'Utl':) Ti-MWW ~l'llfll':i calcination 'I1~.:)l1f'Ut;1fll'W~1Vm'flHft~~!lJ!~'llf'tHU11'W 

ut;1'fl .:)lw~l1~ 2.8 ,rltlnfJV'lJ,iiV'lJ SEM image n'Ul'W~l1~ 2.5 ~::;'W'U11'U'Wl'fl'Utl.:) Ti-MWW IlJlJfll':i 

1'll~tl'W It'llft.:)!rltlVilfll':i calcination '11~ tl ilJ'~\ln'llf'Ut;1fll'W~":wm 'fl ~'Utl'U'Utl':)!!~'W ~::;lJ':i 'll ~ l':)~'fl'llf)~~
.. 	 'U 

"'" _I'" 	 'j/ 1 d 0 ~ • 0 'I 'j/ .1' _Id
tll ~ ~::; 1f) 'fl~lnfll':ilJ':i'Ut;1fll'Ww:wm'fl 'flv'Ut\l::;'Y!nWYll calcination ~::; UJ'YIl l'I1':ilJ':il':)llJftV'W

'U 

. lt1~ 2.8 	 SEM image 'Utl':) Ti-MWW ~1\Pl~VlJ l'flfJl1j~ 1 Irltll'llfll':i\Pln~~mil'Wnm 91'W a) calcined after 

lcid treatment, b) calcined without acid treatment. 
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t11~ 2.9 'j)~W.Hl~ DR-UV spectra '\JV~ Ti-MWW ~11f'tHYfl1'W~1!'Jm~rimJ calcination '1'Ut11~ 
2.9 (a-c) m'l~f1l'J'}'h calcination 1~!'J'hj11f'tHYfl1'W~"Wm~ ~~U'ff~~i'U'j11~ 2.9(d) !rlv11fll'fffl1'W~1!'Jm~ 

'" " .
'j)~ l'hh1'hu'VI! -W !'JlJVVf) 'j)1f) i fI H 'i 1~~1'U 'U Vf) ~~ vb hil fl~fif) ~'U Yi~l U'1-11-1 ~ 220 'U 1 i 'UllWl ':i f11Hl1 

" . 
calcination 1~£J11'J 1ff'j)1f)t1fll'ff.f11'W~1!'Jm~vh '1 MiitljlJ1w1'YH'Yll-W{JlJm~'j)l!'Jt)v'1 'U 1m~'ff!l~ lfl~fif)~'UYi

'" 

" 
template tlVf)~1t111i calcine ul>ilfitl~VV1~1~t"':l'W'U 1.u1'YilJ1~'fflJ1hl1fll Ti-MWW ~~U~";hf11f111lJlll'Uf.jiif) . ., . 
'il ~I"'lJ ~'U!1iml1f1l'J calcination 1~!'J11'Jlff'j)1f)t1f'IJMl1'W~1!'Jm~~\9l1lJ !'YIfloUfi DR-UV 1~'U~m'YlfloUfl 

l1d'l~iifl1 1lJthflty i 'Uf1l'J 1Pl':i 1'il'fftllltlmdW~m'W1~'\Jt)~~11 'i 'ltlfim£J1 

190 230 270 310 350 390 

Wavelength (run) 

ll1~ 2.9 	 DR-UV spectra 'lIt)~ calcined Ti-MWW llPl1£JlJ 1~£Jl1i~ 1 ~i~nmi'Uf1l'J\9lm-jiif)~~Nn'U a) 7 

1'U b) 8 1'U c) 9 1'U ~r·h'Uf)l'Jtlfll'ff.f11'W~1£Jm~U~1 d) Ti-MWW 1\9l1£JlJ 1~!'Jl1i~ 1 ~i~nm 

i'Uf1l'JIPlf)Hiif) 91'U lW~ calcine 1~tll.u~1'Uf1l':itlfll'fffl1'W~1tJmR 

.c! Q 9.1 oC)d ~ .d ~"i & Q.I ~ ~ d Q 0' ,
Ti-MWW 'YIllPl':itllJ~1t11lif1l':i'YI 1 IlJt) !'IH1m 'Uf1l':i\9lf)Hftf) 9 1'U lJ'W'U'YIHJUft~t)~fltl'J~f)tJll\9l1~"l 

~~U'ff f1~'1'U\9l1':i1~~ 2.2 f1l'Jl~lJc)$~f1l 1'Y11'Y11-WtllJ Uft~ i1J'JtJ'U ft~i'U!'ilftrit)'U111f1l'J\9lf)Hiif)'il~'.u'J1lJ!1l'U 
" 	 .

!'Wtl!~!'J1n'U f1l':ii ~m~11fll'j)~ hJft~t1jlJ1W 1'Y1!'Y11-WtllJ!lft~ 111'Jt)'U !!1>i11l'Uf1l'J I'wm)mT,h'U'lIt)~c)$~f1l~t) 
. " . 

1 l'l!'YI! -W £JlJ IIft ~-D1Pl ':i 1ri1'U 'lI tl 'Jc)$~ f111>i tJ 111 H)'U Uft ~ !1I'U f11'J 1'"lJVi'U Yi H1'l1 tl'J ~1d'J 11 5 flj till~ tIi ~11i 
I 	 'jI iI I 

fl1'U1W'lItl'J BET u,,~ Langmuir tJV1'J'':i~lPlllJf11':i111 calcination Yi11':i1ff'j)1f)m~'j)~1~i''U1J1'J''l'lltl'JVi'UYi 
Q )I 	 & 0 VA I .J d. ~ , d 9J ~ e:::t

H1~ 1'U 'U tJ f) 'lI t) 'J Ti-MWW 'j) 'J 'Yll i 11 lJfI 1'W 'U 'Yl H1.f)1£J'U t) f) ~ 'J f) 111ft f) 'U V £J IlJ tJ 1'Y1 £Jll n 11 ~11'i 'J 11 5 flj til 

l1tl'J'j)1f)11fll'ff.f11'W~1t1m~Hl~11rltl-W'j)1'JW1~~H"f11':i'Yl~"t)~~1~mm'YIfloUfl DR-UV spectra 'lItl'J Ti­

MWW f1l'Jl\9l1t1lJ~11~'J115mtll~1t111if1l':i~ 1 l~£J'Yhf1l'J\9lf)Hiimll'Unm 91'U U"~111f1l':i11fll'fffl1'W~1£J 

2M HN0 3 ll1'Unm 3 i11lJ'J U'tl~ calcination ~fJWl1.QiJ 540 t)'JffWl$m9ftj'ff !'iI'UU'UJ'YlN~~l'Uf1l':il~lJ 

11':i~i1l'l ~fl1'W'\Jt)'J~11'i 'J115mtl11>it) 111 

32 



- -

Vll"H~~ 2.2 filfl~'nri1'W'UB'IcMilf)WiBi 'YlI'YltlJr.llHl";:: specific surface area 'IIB'I Ti-MWW ~ff'l!flJl;::.yj~1t1 
l1i~ 1 i~w1,*!1m1'Wm)~f)H~f) 91'W 

1--' 
Calcine after acid , 

Composition Prepared gel Calcined 
treatment 

SiIB ratio 0.75 21.46 31.22 

SiiTi ratio 40 36.23 77.46 

Specific surface area 
- 459 482 

(m2/g)a 


External surface area 

- 89 77 

(m2/g)b 

a Value based on BET calculation. 


b Value based on t-plot calculation. 


" . 
'Yl~HYfl1J~';ui 'IlJfin~ til TS-} l'l'l 3 'lfiJ~ Vi 1 '* template ~ 1-:1f1'W H";:: ~11i 'IlJ fi n~ til 

Ti-MWW 1'WlJfin~tll phenol hydroxylation ~iJ H20 2 ~'IH ff~'I )ltl";::I~tI~ffJJf11) f11'J In~lJfin~ tl11 'W 

HHW·'l'lYi 2.2 

eH 

6 
Catalyst 

H20 2 

U:-:I(roo
~I 

Catechol (CA) 

Catalyst 

H20 2 

~ 

0&0 
o-benzoquinone 

Phenol CH 0 

Catalyst 

H20 2 ¢ Catalyst 

H20 2 

• ¢ 
CH 0 

Hydroquinone (HQ) p-benzoquinone (p-BQ) 

~ """"""u .:::;). Q..f d'd1'JJAANUN~'fI 2.2 !!ff~'IH"\9lflWCVI'Vl ~'l1f)lJ{)mtJl hydroxylation 'UB'I phenol 
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"" 	 _I"""""" 1IJ~' "" 1IJ~ "" "" d'?thydroquinone AfWIU!jf)'HJl oxidation ~fI~lt1f)'U HP2 !flH(;ll'lfituC1H'IJ'W p-benzoquinone 

riTW catechol A~'WH~l'Intucvl~!nfl1Jan~(J1 oxidation l~fJlf)rl'U H
2
0 2 ~~~~l~Hil\9lntucvlA~'W 0­

• 	 Y 

benzoquinone !i1'D~~lmnfl~'W1i~1~ lf1'j!1J'W~'W 1'l';H:i~1Jan~(Jl TS-I 1'Wri'J'W'tJ'D~ template ~h~GlrWflO'W 

lf1tJ~ TS-I-OH 1~ TPAOH Am~ TS-]-Br 1~ TPABr !!(;l~ TS-I-Mix 1~ TPAOH n'U TPABr A~'W template 

1 0 $I 9J lfI Ill] 9J 0 'j) 9J I 0 

'ff'J'W Ti-MWW 'Vl1fll'jm~fI'JtJmflH(;l~ ~lJ !fI'YI1fll'jm~fI'JfJmflf)tl'W'YI1fll'j calcination H(;l'tJtl~fll'j'YIfl'fftl'U 

activity 'tJfl~I'l';lt:i ~1J5mt!l~~H'fffl~'l'W1'l1'j1~~ 2.3 

~l';jH~ 2.3 Activity 'tJtl~I'l'J!:i~'tJ5n~(Jl TS-I !!(;l~ Ti-MWW 1'W1Jan~tIl phenol hydroxylation ~1~ HP2 

!~'WI'l'J oxidant 

Calcined 

Catalysts 

Conversion 

(mol %) 
TON

b 
Total yield 

(mol %) 

Product selectivity 

(mol%) 

HQ p-BQ CA 

paraJorthoC 

(molar ratio) 

TS-I-Br 25 .0 38 6.9 6.4 74.4 19.2 4.2 

TS-]-OH 30.9 85 18.9 9.5 61.3 29.2 2.4 

TS-I-Mix 34.4 139 25 28.7 37.7 33.6 1.9 

Ti-MWW 5.2 8 2.2 0.5 98.9 0.6 165.7 

Ti-MWW-acid 8.1 26 2.8 0.8 96.5 2.7 36.0 

a 	 Reaction condition: 5 mmol phenol, 2.5 mmol HP2 (30 wt.%), 50 mg catalyst, 5 g Hp as solvent, 

temperature of 60°C; reaction time of 5 h. 

Tum over number as (HQ+p-BQ+CA) in molfTi in mol. 

C {HQ + p-BQ)/CA. 

l'l'Jd~'tJan~tIl TS-} ~v'h'tJan~tJ1 oxidation O'U phenol 'h1rh conversion 'tJ~NVJ'Wtl(;lU(;l~ 
" "" " Hill'lntucvlll~'\1lJflIYllJ~'W1'l1lJ"1~'U~~iA TS-J-Mix > TS-I-OH > TS-I-Br fll'j A:i ~'tJ5m tl1'tJtl~I'l'JA:i ~ 

• 	 '" jI I 

'tJ an~tJl'tJ 'j ~ Afi'YI TS- I ill!fi tJ'J,jtl~rl'U'tJ'W 1f1'tJtl~ tl'4.fl1f1IYi tI~mh~!~tl11'Yhu'W iJ~ij H(;l 1J1f)'tJ'W 1f1 'tJ tl ~ ti 'W'Yi ~b 
" , 	 • 'j/ if 

.fl1t1'WVfl~ 'JtI 'tJ'W lf1'tJtl~ti'W.yj~h.fl1fJ'W Vfl'tJtl~I'l'Jd ~'tJ5n~tll~~IYllJ~'Wl'I1lJ"1~'U~~iA TS-I-Mix > TS-I-
Iii, ,,, 

OH > TS-I-Br 1fltJ.yjti'W.yj~bmtJ'W Vfl'YilJlfl~'WH'tJ'j ~'W\9I'j ~rl'U'tJ'J~il'YIii.fl1'Yl'tJtl~1'l1d ~'tJ5n~ til 
Y 

1'l'J11~'tJ5n~ tIl'ln1f1 TS-J ~~ 3 'I1tJfI ij'tJ'j~il'YIii.fl1'Yl'l'Wfl1'j11~'tJ5n~(111J1flfl';i1l'l'JI:i~ 

'tJan~ tJ I'll tJfI Ti-MWW lf1tJ1m ~'ff~l~'tJV~I'l'JI:i ~'tJan~ fJl1J:::iiril'W ,(Ylf1't1JO'U activity 'tJ'D~1'l'J11 ~'tJan~tIl 
. 	 ." . 

Ti-MWW -acid 1J:::ijrh conversion 1'tJ~tJ'WVJ'W tl(;llJlflf)';h Ti-MWW !tl 'D~ 1J1flfhti'W 'Yi~blJ1flfl11'tJ 'D~I'l'JI:i ~ 

"" C>Q 	 "" "" i 'I ~ "" "" 
]1 !jf1JtJ1 Ti-MWW-acid IlJfl'Yl~1'jtu1 !flrJ !'I1I'YIfl'WfI BET Im:::!'YIfI'WfI Langmuir specific surface area 
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I I " • I

i ~£Jl'lJ1'!J Hi'l\9lnW en~1~ '0 ~am £J1J!~£J1J'!J~ lJ 1W~i'l \9Inw enn'U'!J~lJlw{ylJ il~~udjm~ml1 

" '!J ijiU£Jl 'U'j~'U'U61H)~ilJ!'i~'!Jijfl~£J1!!'U'U!'UfJH{ylJ'iI~'~fi1 TON (Tum Over Number) iUf)1'j!'!J~£J'U!~£J'U 

~ lU JU active species '\J'(J~ilJd~'!JijiU£J1 ri1 TON ~fl1U1WI~'iI~I!{Y~~'U\9I1'jN~ 2.3 ~~{yfJ~flr;)'fJ~n'U 
. " " 

'!J~1I1W fll'j !'!J~ £lUI!'!Jn~'UfJ~{y1'jil~~u I'!J !1Ju Hi'l\9lnW en ~~il1~'Ufll1lJmlJ1'j tl 'U fJ~ill! 'i ~'!J ijfl~£J1~~U TS­
. " . 

I-Mix > TS-I-OH > TS-I-Br > Ti-MWW-acid > Ti-MWW ri1 TON ~~l~nu'iI~~umjn'Uf)1'j!'!J~£JU!!'!J[l~
'" 

'U fJ ~:WU fJn iJ!l1 \OJ 'il1f1fJ~\9IfJlJ! 'Vl!'Yl!U £JlJ!.,j11'!JfJ~'U 1fl'j ~ ~~ f1 i U I9l 11!'11 t1 ~~iJ'!J 'j ~ff'VlnfI1'VHrlmfl~'!J ijiU£Jl 

ff1U illd ~'!Jij iU £Jl TS-I-Br !W~ Ti-MWW 1'Vl!'Vl!U£JlJ 'iI~ fJ~U fJf1 "[ fl'j ~ 'i 1<J H~f1~<J!1Ju 19l11!'I1t1 <J~ 'liiJ 

'!J 'j ~iY'Vlnfl1'Yl i Uf)1'j !fl~'!JijiU£J1 , ~rVlfliJfl DR -UV spectra'Uf)1'j VWJUl9ll!mt1<J'UfJ<J! 'Vl'Vll!U£JlJ f)1'j !~lJ 
'" ..; ~ "" 'I ~I ill ~ di "" ...

'r 'j fJ!fl nfJU £J1£JfJ~\9IfJlJ fJ fJf19H 'ilU ! UTIU fJn '0 ~ !~ 'ill f1 HP2 9f~ fJ~\9I fJlJfJfJ f19H'iI U '0 ~! f11~ f1'U fJ~\9I fJlJ 
" . 

11 'Vl!'Vl!'W£JlJU'U'U tetrahedral !'Yl'j l~~U 1i ~ i flfJfJ{~!U \9liJ.wU ~':h~1I1f1f1i1f)1'j !f)1~ n'U fJ~\9lfJlJ' 'Vl!'Yl!U £JlJl! 'U'U 

octahedral 

fl\9l'j 1ff1U 'j~'I1 i1~9fi'lf)1~fJ' 'Vl!'Yl!U£JlJ'Uill!'i <J'!Jijfl~ £11 'li{y1111'jtl i ~fJn'U1£J'~i1m \OJ'~ 

'lJ'.i~ff'YI~fI1'Yl'UB~ilJ!'i ~'!JiJfl~£Jl Ti-MWW ~~n~n~ !rlB!'!J~ £J'U!~ £J'U n'UilJd ~'!Jijfl~ tll'il1fl TS-l !'Yl'.i 1~ 

'!J~1I1tu 'UfJ<J! 'Vl!'Vl!U £JlJ'Uil1! 'i <J'!JijiU fJ1Ili'~u '!J'j HU \9l'j <In'IJri1 TON 

fl11lJ!i1fJf1 ~ 11'Yl1~~BHi'l\9lntu en ~U n'U'JfiJ~'U B~ i fl'j ~{y1l~ilJ!'i ~'!Jijfl~ fJ1~'~ fl11lJ!i1Bf1 
. " 

~1!'Yl1~~B p-benzoquinone 'iI~[l~[l<JdjfJ'~il1!'i<J'!Jijfl~£Jl\9l1lJil1~'U~~U Ti-MWW > Ti-MWW-acid > TS­

l-OH > TS-I-Mix il1!'i~'!Jijfl~£J1 Ti-MWW 'iI~iJfl11lJ!i1fJf1~1!'Yl1~~Bp-benzoquinone ~<J 98.9% fflU 

il1!'i~'!Jijfl~£J1 Ti-MWW-acid 'iI~iJflJllJ!i1Bf1~1!'Yll~~fJ£Jf)'<hil1!'i<J'!Jijfl~£Jl Ti-MWW fJ~ 2.4% .w'il1'jWl 

'!Jijm£J1~i~il1d '1'!Jijfl~£Jl TS-l lm';hiJfl11lJ!i1fJf1~1!'Yl1~~fJ p-benzoquinone UfJ£Jf1il !dfJ'I'il1f1 catechol 
. " . 

!![l ~ hydroquinone iJ'!J~1I1tu!TIlJ~UfJV1'1~1"l 'iI~!l1u'~i~'Ulf1il1!'i'l'!Jijm£J1 Ti-MWW Y1ilir·huf)1'j'Vl~\9l 
'" 'JI ill 'JI A ... ''':It :It ... I'JI 'I ~... I _I A"'A:lt ill ~ 

! lJ'IH1 ~ J£Jf)J ~ 'iI~ !~ H[l \9li) WCVl! 11 Up-benzoquinone! lIU '11 [l f1 U\9l tl1 ! 'Jf\9l1! '.i'IlJ ~ f)J £Ill lIU TS-l 'iI~ ! ~ 

Hil\9lntuenH{Ym~'I1i1~ p-benzoquinone !W~ catechol !1JUff1Ui'l1qj 

~ <V 0 

3.3.2 ftfl't:llf.nI'IJB'I~lrnll:::1l1t1 

Activity 'UfJ'Iil1!'i'l'!Jijfl~£J1 TS-I-Mix !![l~ Ti-MWW-acid iU'!Jijfl~tJ1 hydroxylation 
• r ~ " 

'UB ~ phenol iuilTtl1[l~m£J'JfiJ~~1'1"l ~~U{y~'1iU\9l1'j1'1~ 2.4 phenol [l~mtll~~iUilll11[l~m£J~!1lU'\ll 
" <JI. <JI 

u~1li[l~m£J'Uil1l11[l~m£J lliiJ~l !GJfU dichloromethane ~'1'\JU ~~!'!J~£JUilJl11[l~m£J'il1mh!1JuilJl11 
. " 

[l~m£JliiJ~1 !'lfU methanol, acetone !W::: acetronitrile l11i'l1'ril conversion 'UfJ'I phenol !m~ril TON [l~[l<J 
<JI I , I <JI 

fJV1'l1l1f1 bl1'111'Uil1!'i ~'!Jfifl~£Jll'l<J{yfJ'If1~lJ Activity ll~'1li~~ i~!!riil1l11[l~m£Jll!1JU'\11U[l~iJ HP2 !1Ju 
" .

~1 oxidant l11 i '11'f)J:::'U 1U f)1 'j U!1J 'U:U\9l 'j ~fJff 'I !n~ r;)' BlJ bl1'11 1'IJ TS-}-Mix 'iI~ i 11 selectivity ~B p­
. . " 

benzoquinone ~<J'm11l11[l:::m£JBU'Vl~VBU "lll'li''lf~h bll'111'IJf)1<Hfl~ hydroquinone U[l::: catechol '0::: 

. " 
!~~1~£J1f1i'Uil1l11[l~m£JlliJ~1 
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· 
VIl'Jl,:)'fl2.4 Activity 'UU~IOi'Hi~tJ5mfJ1 TS-J-Mix IIfl::: Ti-MWW-acid l'UtJ5n~fJ1hydroxylation'UU~ 

phenoll'UIOiTVllfl:::mtl"lfijfl~l~"l 

CaJcined 

CataJyst 
Solvent 

Conv. 

(mol%) 
TON

b 

Product selelctivity 

(mol%) 

HQ p-BQ CA 

paralorthoc 

(molar ratio) 

TS-J-Mix Water 34.4 139 28.7 37.7 33.6 1.97 

Methanol 2.5 2.4 2.3 84.7 13 6.7 

Acetone 2.4 2.5 1.8 86.9 11.4 7.8 

Acetonitrile 2.6 2.6 1.8 87.5 10.7 8.4 

Ti-MWW- acid Water 8.1 25.9 0.8 96.5 2.7 36.0 

Methanol 1.5 2.2 1.9 90.1 7.2 12.8 

Acetone 1.8 2.4 1.3 91.9 6.8 13.7 

Acetonitrile 1.7 2.4 1.3 93.1 5.6 16.7 

Reaction condition: 5 mmol phenol, 2.5 mmol HP2 (30 wt.%), 50 mg catalyst, 5 g solvent , temperature 

of 60°C, and reaction time of 5 h. 

b Tum over number as (HQ+p-BQ+CA) in mol/Ti in mol. 

(HQ + p-BQ) I CA. 

I 'jI , 'jJ , 

fl:::nlt1liii.,j'J'¥i~l~f)'Uf)1J TS-1 [7-8] fil Henry's adsorption constant rllld'uUl~:::iifill11f)f) 'h]ju 

tllitl1Jtlitl1Jf)1JIOi'nl1n:::mtlfl'U'Yl~6t'U"l ~'~fil actIVIty coefficient 'Uu~Yl'UUflfl1tJl~tJ5mfJ1 

hydroxylation ~1f)11!rlu'~Jltn'U1Oi11!hfl:::fllt1f)1JIOi';l!i~tJ5mtll TS-l ~~ffllJl'HltJlfil~~f)cil1lJl .. 
U~111 tli1~ m'J~flcM1J'U U~VJ'UUfl1J'U1Oi';lli ~tJ5 m till'U 1Oi';n-llfl::: fll tJ;1~ffllJ"lfijfl , ~ 1fl (I Nflf)11 'Ylflfl tl~ 

.. 
~~f)ciT'J-U ffUflf'l{\'U~f)1Jf)11 tflfltJ5mtil phenol hydroxylation 
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Yll"H:.J~ 2.5 fi1 Henry's constants (Kp) 1:hl1i''IJfi1fll~~~cir'IJ'tID.:JVJ'Wtr1:'l'1'W~';I'Vi1(1::;(11!'J~~Vjtl'W1'W~rH~.:J 

ufimI'Jl TS-} crystals U(1::;fi1 activity coefficients (y) 

solvents Henry's constant (Kp)a Activity coefficients (y)b 

water 84.4 9.0535 

methanol 0.7 0.5943 

acetone 0.6 0.3047 

a Determined by the Liquid-Phase Chromatographic Technique 

b Calculated with UNIF AC under reaction conditions (60°C). 

3.3.3 flfl'tJlfnl'UMni,"n1ufl1~AnYltl~mtll 

1'W fll'J ~~\9l1lJ ~(1m::;'VltJ 'il1fH1(1 '11 'W f)1 'J Yl 1U fi m m !~DfYflfl1U'J::; r1'Vl ijfl1'VH! (1::;fl11lJ!i)D f) 

~1!'Vn::;~fl~~\9l.tlW~'tIfl.:J~1d.:Ju~fi~!'J1 TS-I-Mix U(1::; Ti-MWW-acid ~.:Jur;yl9l.:Jl'W\9ll'H:I~ 2.6 !rlm~lJ 
" , ,.. 

!1ml'Wfll~Yl1Ufifi~!'J1'i1lfl 1 'lf11lJ.:J!1J'W 5 'lf11m rll phenol conversion 'iI::;!,~lJ~'W ffl'Vii'm'l1!'i.:J 

Ufim!'J1 TS-}-Mix 'ildjfl1l1J~1!'vn::;~fl~~\9l.tlW~~!1J'W p-benzoquinone (1 19l(1.:J!rlfli~nm '1'Wf11'JYl1 
I " ,I ~ 

ufiml'Jl!~lJ~'W yj\9l';j1thw'tlD.:J~~\9l.tlw~.yh1J'W ortho 'iI::;!~lJ~'W tl1Yi'll1'JW1'i11flyjm1?h'W'tID.:J paralortho 
• , j.I • 

u~ ff1'Vi i'tJ~xi.:JU fifi~V1 Ti-MWW-acid !]jm1tl1'1 'W f11'JYl1ufifi~!'Jl!~lJ~'W 'iI::; !~lJfl111J!~elfl ~l!'Vn::;~ fl 

~~\9l.tlWr:yi'l ~19l ~ flflqj!(1 'If'W ! m::; DD f)t]S!I9l'lf'W ~l'h!'Vihi .:J'Vll'J 1 
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C 

· Vtl~Hfi 2.6 	lh~ff'Yl~jnW!W~fl11:JJ~lt'Wl~~mJiJf)~tJl'IJtI~~';l!i~lliJf)~tJl TS-}-Mix Hft~ Ti-MWW-acid 

i:wlliJmtll phenol hydroxylation ~1tJ HP2 t~f)'~nm'V'hlliJmtJl~l~tl'W 

Calcined Time Conv. TON
b 

Product selectivity 

(mol%) paralortho
C 

(molar ratio) Catalyst (h.) (mol%) HQ p-BQ CA 

TS-J-Mix 1 

3 

5 

9 

27.5 

34.4 

15.8 

107.7 

139 

3.1 

26 

28.7 

73 

44.6 

37.7 

23.9 

29.4 

33.6 

3.17 

2.4 

2 

Ti-MWW-acid I 

3 

5 

2.3 

7.2 

8.1 

4.2 

17.7 

25.9 

1.2 

0.3 

0.8 

93.5 

96.6 

96.5 

5.3 

3.1 

2.7 

17.9 

31.4 

36.0 

Reaction condition: 5 mmol phenol, 2.5 mmol HP2 (30 wt.%), 50 mg catalyst, 5 g Hp as solvent, 

temperature of 60°C. 

b Turn over number as (HQ+p-BQ+CA) in moVTi in mol. 

(HQ + p-BQ)/CA. 

4. i;l~'l1
Q 

ft'l:JJl';)(l1:Y~!fl'jl~,1 TS-l '~rllt~ 'Ili~H'l.J'l.J'~ template H'l.J'l.J'lfi1~t~tl1~tI TPAOH '\1~tI TP ABr 

Hft~'lfi1~~ft'm~w:iN TPAOH Hft~ TPABr 'W)~'jl"h'W 1:1 t~tlft~I9i''Wl'JtJm'j~~en l~tI'~nm''Wf)nenf) 

~~f) 4 l'W~mU'\1illJ 170 tI~fl'l!9fft!~tJft' ~~'IJ'Wl~'lJtI~tI'Wmfl~l tI ift~~'~'Il~ij'IJ'Wlen'mu~'W!~m)en'jlri1'W
Q <u 	 Q v 

TPABr !~lJ~'W 'Illf)m'j1:Y~!ml~,1 TS-1 l~tJ'~ template i~ft'llJ<J1i1~'W'l.J';h TS- I ~a~!ml~,11~tJ'~ 
template H'l.J1I'lfi1~~ft'lJ'Ilti'f11fl'j~ft'~1~'lJf)~ TS-l ~ Ti tlQ'tJlflHft'~1~H1I1I tetrahedron lJlf)~~~1~(J~i~ 

I OJ ' ... I~QQ.d. Q &d<V tJ'lfIiI.c:9 ~, 	 til 
ft'1'W en 1!H 1.1 fI f)J til f) f)'If'W ~ '\1 'W ~'Yl ft' ~! fl 'j 1 ~ '\1 ! ~fl f) Ti-MWW 9f ~'W 11 11 m 1 ~!'I1lJl ~ ft'lJ ! 'W f)l 'j 

1:Y~lfl'jl~,1~tI mnY~tmlt,1!!1J1J11i~ 1 ~mJWi)ft Ti-MWW :JJlenf)~~f)l'W autoclave l~tI!~lJ~ru'\11JlJt1~'W 

~'W'l ~~ru'\11JlJ 130 f)~fl'l!9fm~tJft' !tl'Wnm 1 1'W ~~ru'\11JlJ 150 tl~fl'l!9fftl~tJft' ttl'Wnm 1 1'W !!ft~~ 
tlrulWlJ 170 tI~f11!9fftt~tlft' ttl'Wnm 71'W 1I1lJih~1I lh,,r!f)m·l~f) Ti-MWW ft'~ft'~ l~tI~l!1'\1t.i~'lJtl~ Ti 
~ <u <u q 


y • 


'IlttlV'V1~1'W!!ftt'Wtlf) 1m ~ft'~1~ !!~tljml1f)l'j 11 i'1Jm1t~';Wf)J ~U~1'1l~!'\1 ~tI Ti tlV' 'W 1m ~ft'~HH1J1J 
~ 	 ~ 
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mdffflEntld~i1Ylllf)TVl'Utl~~1!j,nJamtJ1t{';ltJtlafH£Jl phenol hydroxylation hw'1~ HP2 !t1'U~J 

oxidant ~lmd!tl~(J'UutlM'Utl\lW'Utl~ 'il~flf)tlTI1'U~ i~tljtljl~'U tl~ i'Vl H ~'U~ f:bmtl'U tlf)'Utl\l~Jd \l ... ... 
" tlaf1~tJ1 \9'hmnj\l !Yl!'Yllijtl:IJ 'ff:IJ'!J~'Utl\l~JYh~~~lt1 u~~nm '1 'Umnhtlamtil ~Jlj\ltlamrJlvl\ll1:IJ~JJ 

" 
tlj ~i1Ylllm'Vl '1'Utlaf1~ tJ1 phenol oxidation 

, ,
~lmj Itlfttl'UUtl~\l'U tl~W'U tl~! tllt1'U ~fi\9lfiW cn!'W:IJ~'U 

" \9l1'lJ,h~'lJ~\lij TS-1-Mix > TS-1-0H > TS-l-Br > Ti-MWW-acid > Ti-MWW ~ll1i''lJ\9iJ!j\ltlamtl1 Ti­
, '" 

MWW JJ~lmj !tlfttl'U Iltl~H~~~~ ul9i'il~JJ'flJl'lJ!~tlf)~ll'Vll~l9itl p-benzoquinone thrIh..! I'iJ..h~~mtl.yj~h)'lJ 

l'lf)I'iJlj\ltlaf1~tll '\'11l-H'1'i1d \ltlamtllJJtlj~i1Yl1lm'Vl~\lII~~lrltl1~ HP2 1~'U1'i1 oxidant ~~m~'I.JJ'Umj 
)I I I' 	 f' 

ijltl'UiJ\9ldl9itli1\lln~~tl:IJ 1~tl'Vllmjl.y;:lJnml'UmjYhtlam(Jl111f) 1 i'1imrn'U 5 ~1im'il~Yhl-H'tl~:IJlw 
, " • 	 ",-'I 
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.d 
'U'YI'YI 3 

"j 4 ct ,~~ .: 

ntH fll'HHl'lll 'YI H 'YI ~'lI-t}'tI t).:J fl 'j:: 'U l'Ufll'm~ flmUJ lIn ! eJ !m fll 'j 'U8'U 

l~u.l1,rcUit)'il~!i1'U~hd~unml'Jl 

ill£.l1~H~'U~1'U1-ilm~8~ f11'jU'j::fJflPl.,,r11I~'W~'UUil::~ld~unm£.lliimr'UflPlIITt'if)'j'jlUflii 

1. 'U'YIlh 

'W"~~lt-!I~t-! ~t-! 'Vlt-!~rllrlW'lJO~!ft"HJ~ fl~tlflhai UW'Hlfll) lvilJ~t-! 'nmJlilt-! ri ~fHH1)~'Vl'U~0
q u aUII q U 

UW'Hlif;iOfll) 'Hl'WA~~lt-!'Vll~ 1~0f) lit-! Hfl i:Y i9f~o" llJ;l~ 1 'U iO~I9fJ;l ~~I~'Wfll) 'lhW1N~~NJ;l'Vll~fll)
" 

" " di " 
!f1'l:1m :IJlNr11Jn1Jil lilt-! 'V11111'u~:IJlW il 11~lil 1ilt-!J;l~ J;l~ flf)'Vl1~1'It-!~n;iOfll) 1eMil lilt-!o~l~ij'tl )~ff'Vlllm'Yi 

, I iJ I ~ ~ 

UJ;l~ 111"~flWf1l1J1f),Yii:Y~ 'H ~Ofl1) l~lJlJJ;lf1lil lilt-! ~'U~ If) m:: 'Ult-! fll) f)"t-!il lilt-! il lilt-!~1JI~t-! 'lJ0~ Ni:YlJ. . .. . " . 
'lJ0~ i:Y1':i'~l~)m{mlt-!-vlijlJl(\ llJ1(\ f) (\!!~f)~ l~nt-! dlt-! 'IJ O~il lilt-! ~'U-vl ijlJ (\f1lfl' ~!!J;l::il11J11eMu):: lt1GJ!'11 

• .. 'U 

1J1f)~i:Y~ ;iorilt-!~I~t-!i:Y1)'3i~)m{'U0t-!lJl(\ llJl(\f)J;l~11it-! Ufli:Y (ijmt-! i'Yi)I'Wt-! ibl'Vlt-! clJJ;lcIJ) !!(\~. . 
"& " " 

llfli:Y 19f~t-! (il1ilw'Ut-!9ft-!) 9f~lllt-! o~fi''tl) ~f)O'Urilt-!.wotl'IJo~il lilt-! ~m1~l'IlJ~ U~ ~1Jt-! '~ijm)il1W1i:Y1)• 
1 I iJ, , 

,~i~)m{'Uot-!lJl(\ ilJmf)"i:Y~:IJl'V11111'!!\9lf) (crack) Ill'Wfl'1)lJl" llJmf)"~11~0111'1~illiTt-!-vllJ"f11!~lJlllt-! 
q '\I q ClJ 

" " " fll) ,,~~t-! 11t-! 1 t-! fll) N~\9l ':hilt-! !!"~ l'l1111'i:Y11J1) () 1 eMil 1iT'U ~'U i 11'ij 'tl) ~ ff'Vlll m'Yi1J1f)~t-! m) !!\9lf)fl'U 

1eJi~)m{mlt-!lJ'J" ilJl"fJ"~'ltllt-! i:Yl)lJ'J" ilJ!"fJ"~ 1'V111~r1~N i~;io fll) U~f)~'JtlfllllJ ~ot-! (thennal 

cracking) ~~ lllt-! m ~'U 'Jt-! f)n i eMfl'JllJf,lW l'ItJiJu "~fllllJ~t-! ~ ~ !!"~fll) U\9l f) i~ tlO1fftl~'J1'i ~'tl Bfl~ til 

(catalytic cracking) !~t-!i~~iJtllJ i t-!U~~1Jt-!!'Yi)l~ij~t-! l1t-!~~lfY:h:lJlf) ~lli ~'tlBfl~tl1~1eMit-!m~1J'Jt-! f11) 

if;io9fio lJ;lI'1''tl)~tfl'Vl ZSM-5 m~1Jlt-!m)!!\9lf)h 1~)m1'Uot-! ~'Jv~'Jti 'l'tlBfl~ til (catalytic cracking) tlJt-! 

m~1.I1t-!f11)~rllrlty i t-!f,l\9lt:Y11'1 m) lJill\9l) !flijU"::lllt-! m ::1J'Jt-! f)1) N~\9l~ijf11) i eM~11i ~'tlBfl~tll:lJlf)~,,!~ 
)I "'. )I 

~~UtJt;)lfl'l:lJl'.i (lyh111'~l!i~'tlBm tll-W ii'tl) ::ff'Vlllm'Yil~lJ~t-!!~tI~!~ f).wotln~:: ri~N"m ~'Vl'U~0~t-!11t-! f11'.i 

. " 
N~\9l0~1~:IJlf) ~~ij~i:Y'W i ~ftf)'l:I1!~0~::~(PlJ'U l'tl) ~ ff'Vlllm'W'lJO'l~'Jl~~'tlBmmij ~lt-!1t-! lllf) lli !~tI'Ill~f11'.i 

-a~!fl) 1::11'~'Jl~ ~'tlBfl~ til i l'Ili fl 'JllJifl11lJ!~11 ~ it-! f)) ~'U It-!f)l'.i!~ ~'tlBfl~ tlllYioil 1 1 'tl ~fl'JllJi:YllJl) () 

fl 'J'U'f,JlJU,,~!~lJfl'lJ)) (It-! ~ 'IJ O~~11i 'I'tl B m mnijfl1llJrllrltylit-!!~ tl1nt-! 

" ii~!i:Yt-!fdlm::'IJ'Jt-! f11) 1l\9lf)1eJ1~'.im1'UOt-!~1t1~ld'I'tlBfl~ tll'tl'.i ~f)O'IJ~lt1 6 "]t-!\9lot-!;io m'.i~~ 
Q.I IV 'jJ Q.oI o::::l 0 I 

9f'U (adsorption) f11'.il'l~~OOf) (desorption) m'.i\9l~OOf)~lt1m~ (protolytic scission) f11'.i~~OOf)'VImUl'It-!'I 

iJ~l (~-scission) f11)'lJfJ1t1 lei (chain growth) U"::f11)ciltliot-!131~)~ (hydride transfer) !!~o~l'l ~bn\9lllJ 
'JJ 1 • " 

.,]t-!!~ 1J~t-! 'lJ0~ m ~ 'IJ 1t-!!~ '1'tlBn~ til ii~1li!lJt-! -vl'VI) 1'IJ n t-! ~!!":: ii~0 ~i t-! fl lllJ i:Yt-! i ~ 1~ij fll) ftf)'l:Il1 ~tlli'I 

'VIl'l f11 '.i 'Vl~" 0'1 It"~ 'Vl1 ~ 'VI tll:J al~tJ1n'IJ m ~ 'IJ 'Jt-! fll'.i!!~ f) 1 ~ i ~) fll1'Uot-! ~'JtI~1!i 'I'tl Bn~ til ~ It-! 1t-! 1J1f) 

i~tJ!ll'Yil::mh'l~'I~!~tI'Jn'IJf)" 1f)'lJo'l'tlBn~tll~~f)ril11~ij'U'VI'tl~'VI)'.iff11i~tJ Jentoff U"~ Gates [1] ~ 

f)rillG~f11)!!\9l f)UO" I fl'W lJl" ilJ!"fJ"~1 (C3-C6) ~'JtJ~ll~ 'I'tl Bmtil trlo1li'W It-!:IJlif ij'll'U i~tJ'IJ 0'1 Pinto 
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& ....::t d Q.I 0" 	 v 
U(l~fltu~ft'f1'l:ll'VlN 'Vlq£J ~lfHnf1'lJH 'lJ'lJ 'ill(l B-:J'Vl N ,Hl'W ft'1TI'1'1 'j 'tI B-:Jf1l'Hll'1 f1 n-hexane U(l~ n-heptane ~lV 

~l!'i -:JtlBil~Vl;1 B i'i'll91' [2] ll'i'l~'tIB-:J Wang U'i'l~fltu~~fff1'l:ll'Vll-:J~1'W'Vlq£J~l~£nf1'lJOlml'1f11~'j l~'W~lV 
" 	 . . 

~11i -3tJBil~£Jl ZSM-5 [3] 'W tlf1'illf1lJ V-:Jii-:J1'W 1.0V'Vll-:JOl'j'Vl~(l B-:J 'tItl-:J Liu u(l~fltudifff1£J1!f)Vlf1'lJOl'j lil~ 

TI'l'jtl~ hlJl~f1~I~'il1f1m~'lJl'WOlml'1f113hnm{'lJB'W~':W~l!i -:Jtlfiil~vl ZSM-5 [4] 'WBf1l11f1Olnh 

~11i-:JtlBn~V1;IB l'i'll91'lll 1~''W~I'1TI'l'Hm 'j 111Jll'1'j lflii V-:J~'lJ';hV-:J(l'llll'j trWl;i B i 'i'l1'11 tJi~VtlvTI'mv~Bil 

, • 	 I Y 

!! 'i'l ~ v-:Jii -:J 1 'W 1.0vYi If) Vlf1'lJ Ol 'j ~ ~ i'lJ lW ~ tI fi il~V1 Yi TI'W ~ 1 'tI B-:J; i B i 'i'll91'u f1 ~1 V~WI1'W -:J 1'W 1.0V'tI B-:J 

Trombetta [7-8] U'i'l~fltu~ Annaroli ml~fltu~ [9-1 0] Kawai f1'lJ Tsutsumi[11] U'i'l~ Trombetta f1'lJ 

Busca[12] 

" 
i'W -:J 1'W 1.0VlJ I 'j 1'il~ TI'~l-:J!! 'lJ'lJ ~ l'i'l B-:J'Vll-:J'Vl q£J ~fff1£J1Ol'j ~~i'lJ 1'lJ!'i'l f.}'i'l HB'i'l Ifl'W H'i'l~ 'il'i'l 'W ft'1 TI'1'1 { 'tIB-:J 

t1fimt'milv iB'W lt1'jI'1B'Wu'i'l~f11ml'lf1HBmfl'W~lvm~ 1'W ZSM-5 

o q 

2.1 	 &A1J'lHni;lMfll~'t1~1J.tJ 

.d ::'t <S c:l dl tI ~. <S ~ 
!'WB-:Jmf1 ZSM-5 llJ'WH'i'lf1't1B-:JU'tl-:J'Vl 'W 1 unit cell 'j~f1B'lJ1'l1Vm1 200 B~I'1Bll f11'jft'f1'l:ll~lVf11'j 

fll'W 1tu'Vll-:J'Vlq£J~~-:J~lIV'W\9;B-:Ji ~U 'lJ'lJ ~1'i'l{)-:J!! 'Vl'W [13] i ~Vii(l'lllJ~] 1'W ';hO-:JH~ ZSM-5 'il~ ii'tl'Wl~1 m1iu~ 
." 	 . 

t1fin~ £Jl'il~!ill'lm l'n~Yi (local) ~-:J,r'W ril'W'tI{)-:J 1flHTI'~1-3 ZSM-5 YiB~if1'i'lBBf1 i tI 'il~ iliiiH'i'l~{)m'j!i-:J 

t1Bm£Jl ~-:JTI'l111'jfl I~H'lJU~l'i'l{)-3fl~mI'1B{ (cluster model) ~-:J i~1ll'il1f1f11'j~~ril'W'tIB-:J iflH(l'~l-:J ZSM-5 

tu ~1!!'Hti-:J~ti1'il~iiril'Wi1'lJf1Um'j!il~t1Bmvl O-:JH~ri1'Wg'W'tIB-:J lflHTI'~l-:J ZSM-5 'il~iliiiH'i'll~VI'1H 
" 	 . 

f1Uf11'j Ii -:JtlBm fJ1 H~m'ilri -:JH'i'l i 'W ~t1(l''W lllfffHJhHhi~ ~-:J,r'W'tI'Wl~'tIB-:Jfl ~ml'1 B{~-3iiH'i'l~ B~1~~-:J-:J1'WYi 

fl1'Wltu i~ hW01n1'H'W~'tI'W l~'tItl{JU'lJU~l'i'lB-:Jfl~ml'1tl{i11'ii'tl'W 1~1myrvh '1 1'1 ~'il~yh l11'm'j fl1'W ltuiiflll'lJ 

~ Ij} d. a 0 ,,& ~ 'j) ~ lt1 	 e:1 ,~ ~ ~ 3JI 

l'1'Wuuu mnH'Vl'W'Vlml!'H'W-:J Si I'llU'H'W-:J'H'W-:J1'11V AI U'i'l111'111 'jI'1B'WU'WB~I'1{)ll 0 'VlB~'tI1-:J'1 AI !~B!'H 

t1'j~'il'tltl{J ZSM-5 lV'Wf1m{J (neutral) ~h!'Hti-:J'tIB{J Si 'H1B AI 1'W ZSM-5 !~Vf1i1 T site U'i'l~'tI'W11'1't1B{J
q 

H U U ~ 1'i'l B-:J fl ~ml'1 tl {~fffl£J 1 'il ~n U 
q 
ll'l V~1'W 1'W T site i'W fI ~ml'1B{ 1'W f1l 'j fff)£J lifl 'j 1Vl 'iln tu 1 

UUU~l'i'lB{JfI~ml'1{){~t1'j:tf1BU~lV 5T, 20T, 28T, U'i'l:t 38T ~-:JU(l'I'1-:Ji'W~t1~ 3.1 l~B-:J'I1f1iif11'j~l'lril'W 

'tIB-:J 1m -:JTI'~1{J 1'W ZSM-5 BBm~tJ'l.J llJlTI'~NUUlJ~l'i'ltl{JfI~(l'!I'lB{~-:Jii~'W 1l:t~\lf)~1'1't11I'1lJl i 11'B:tI'1Bll 

t1mv (terminal atom) ilim'U valency ~-:Jl~lltl:tI'1{)'lJ H ~~l!!'Hti-:JtJ:tl'1{)lltlmV'VJf1~l!!'Hti-:Jl~Bi11'fI'jU 

valency 
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a) 5T 	 20T 

J 

28T 	 38Td) 

2.2.1 	 flljrln!1tl.!'W~,:j,:jnHltlnlJ)Jl.!~'Utl,:j t1ijfl~mflllth£J1tll.!hhVltll.! t1ijmm flll 

AAVlfl0tHfll.! !!t'I~t1ijfl~m'eJlV11~hl.!'ul.!'UMAAtlml'l'U 1l.! ZSM-S 

f)1~flllJ1ru'li'~~!iitl'IJ~1i'Ylqfj~!~lJ9f~yl~n91'tJ'wn (Density Funcitional Theory', OFT) Rl­

PBE /SVP tvtU'I11'Y'1~'HllJ!!n~ 1fl'.i,:j~fl'1 [14-16] transjtion state (TS) '\IU\I'lJ~mtllf)1~cilrJ lUlJ hh~UlJ 
" 

fl'IJ l'W~!'WlJ tglJ-1J1t'YllJ!!n:::lu 19f1J1t'YllJ !!n:::'lJ~mrJlf)1~!t~f)'\IU'Il'Y'1~!'WlJ ~1lJ'Vi'l'lJ~mrJl~1~l~~;)tlJ 

ilJ'\Itl\l !lmUl'IlJ (flt'YllJ l'Y'1~t'Y'llJ 1J1t'YllJ tin::: lu19f1J1t'YllJ) 'llJ ZSM-5 !In:::'W~'1\11lJriufllJJJ'ml'\1U'I 

ll~mrJ1f)1JcilrJ lUlJ 11l~~UlJ ll~mtnmm~f) tln:::1l~mfJl~1~l~~~!lJilJ'\Iu\ltluml'llJ (flt'YllJ l'W~t'WlJ 

lJdt'YllJ !In::: lu19f1Jlt'YllJ) flllJltu lcli''illf) 

ZSM-5+ C H -7 ZSM-5"'C H t (1)
D 2n+2 n 2n+2 

~El = E(TS) - E(ZSM-5) - E(alkane) 
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i~w~ E(TS) = l'I~'lHW'UtN TS 'Ufl'ltlUmtnf)1':icilt'Jhl'w hb~fJU l1fin~tnf)1':iu~n U1;1~ 
tlum£n~13iu~~uiu'UfNUfJ1;1~fl'W 

E(ZSM-5) = l'I~'N1U'Ufl'l ZSM-5 

E(alkane) = l'I~'l'llU'Ufl'lUmHfl'W 

2.2.2 fll':i't'illfl"l'iiJi'N transition state 1utJi)mrnfll"ltiluIf)Uhh~f)U tJiimrnf)l"lu~f) 

mHUflU ml~tJi)mrn'eJIVl"l~moVu'Uf)'iij"!flU 

im'lff~l'l transition state 'Ufl'l 'l-n1~tlfhYi'W~ reaction coordinate uKrvh partial 
., . 

optimization W ~lU'I1U'l reaction coordinate IPil'lCl 'I11~lU'l1U'lff'lff~ 'illnir'W'Ill im'lff~l'lYi~lU'l1U'lff'lff~I 'U q 	 'U q 

myh transition state optimization iflHff~l'l~i'fl'il::;\lnvurJ'W i~tlf)1':i'V11f)1':ifllU1W'I1l 'I1l imaginary 
" . 

frequency f)1':i fll'W1W 'Yi''l'l1lJ~m::;'V11Yi':i::;!'UtllJ11i'VIqfl~!~'Wc]f~ vhoi'Wir1;1 Rl-PBE/SVP 

3.1 	 lfl"l-:mlH transition state 'Uf)'itJiin~mf)l"lrilulflUhh~f)unu primary propane &!,,::; 

secondary propane1UI!'lJU'ih"f)'i ZSM-5 

H(;'\f)1':ifll'W1WUff~'l i'W~l':il'l~ 3.1-3.2 i m 'lff~l'l transition state 'UfJ'ltlfimtllf)1':i(llti ifl'W 

ltl':i~fl'WtllJ primary propane U(;'\::; secondary propane i'Wl~lJlJ~l(;,\fl'l ZSM-5 'U'Wl~ 5T, 20T, 28T, !m::; 

38T fll'W1W'fllt1':i::;!1JtI'U1n ri-pbe/SVP H1;1f)1':ifll'W1WUff~'liU':i11~ 3,2-3 ':itl~ 3.2 lflHff~N transition 
OJ OJ 

state 'Ufl'ltlfimtllf)1':iciltllCl'WltlHlfJ'W f)'U primary propane Uff~'l l'I~mJ label 'UtNtJ~~tJlJ 'ltl~ 3.3 

iflHff~l'l transition state 'UfJ'ltlfimtnf)1':iciltlltJ'W il1':i~fJ'WtllJ secondary propane !!ff~'l l'I~fJlJ label 'UfJ'l 

fJ::;~fJlJ 

~l':iN~ 3.1 ifl':i'lff~l'l transition state 'UfJ'ltlfimtnf)1':iciltllfJ'l.J l11':il'lfJ'WtllJ primary propane i'W 

o 	 0 ~ QQ 

U'U'U'illmN ZSM-5 'U'Wl~ 5T, 20T, 28T,~m::; 38T m'W1W~1t111i ri-pbe/SVP 

Cluster 	 Si4-02- Si5-03- °2-AI I- °2-H+ C - H+ C,-H C -C
1 °3-H 1 2 

AI ,-02 AII-O) 
sizes All All °3 

5T 1,746 1.779 130.3° 132.9° 89.3° 1.358 1.314 1.303 1.352 1.531 

20T 1.798 1.790 132.2° 135.1 ° 86,0° 1.409 1.312 1.402 1.288 1.531 

28T 1.770 1.769 131.1° 132,6° 87.9° 1.420 1.302 1.405 1.286 1.531 

38T 1.744 1.758 130.4° 133.4° 90.1° 1.456 1.278 1.419 1,286 1.533 
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l'lH13.2 Transition state 'IJ'Cl~tJiFnl'Jlf11'jcill'J1m..! 1tJ'j~'Cl'Wtl'U primary propane 1'W~~'U'U~11.'l'Cl~ ZSM-S 

o tj/..:=:::t.~ 

'IJ'W1~ a) 5T, b) 20T, c) 28T !!I.'l~ d) 38T fl1'WJU!~JU1li ri-pbe/SVP. 

Vll'n~~ 3.21m~ffrl~ transition state '\m~tJ~mll1f11'jcill'J i'Cl'W hh~tl'Wtl'U secondary propane 1'W 

o 0 91~..:::l. 

H'U'U~ll.'l'Cl~ ZSM-5 'IJ'Wl~ ST, 20T, 28T, U1:l~ 38T fl1'WJU!~JI'J11i n-pbe/SVP 

Cluster Si -0 - Sis-OJ- °2-AI I- °2-H+ C2- H+ 0J-H C -H C -C
4 2 2 I 2 

AI 
I
-0

2 All-OJ 
sizes All All OJ 

5T 1.741 1.741 131.0° 132.0° 89.4° 1.401 1.294 1.310 1.373 1.531 

20T 1.789 1.803 132.8° 133.0° 85.9° 1.479 1.283 1.403 1.331 1.531 

28T 1.762 1.778 132.0° 130.5° 87.9° 1.486 1.277 1.405 1.324 1.531 

38T 1.734 1.766 131.2° 130.8° 90.0° 1.546 1.251 1.422 1.338 1.530 
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--( 

1'~JJ
....t ..,j... JJ 	 ri1.294 1.373 

1 1.401 !a9A~1.310 '" 


~.pJ.) .~ 

.. ..a 	 13'.~~ ' } 132.0 
..., 1.7.1 ." 1.785 ~ 

.,J 1'5~1-t 	 ..J..) 	 Y~ ~ J 
1.283 	 '.331

"1 	 ':1 8S9~U03
jt:;.... . 13U' 

1.189 1.1103 

~tJ~ 3.3 Transition state 'IJf)~tlfimtJlf)1JthtJ !m.J hh~f)'Utl'lJ secondary propane '1'UU'lJlI~lr:1f)~ ZSM-S 

o ~ ~od 

'IJ'UWI a) ST, b) 20T, c) 28T Ur:I::; d) 38T m'U1WW:ltl11i ri-pbe/SVP. 

3.2 	 lrn~i;l~\~ transition state 'llf)~tJ~M[Jlm'1AWlm!1J'lJ~ 1 U~::!A'lJ'lJ~ 2 'Ut)~ propane 1u 

l!'lJmh~t)~ ZSM-S 

j:-lr:lmJfll'U1WU1:Y~~'1'U~lJl~~ 3.3-3.4 !flH1:Y!l.:J transition state 'IJf)~tlfimtJ1mJ !!~fH!lI'lJ~ 

U~:: 2 'IJf)~ propane '1'UU'lJ'lJ~l~f).:J ZSM-S 'IJ'UWI ST, 20T, 28T, U~::; 38T fll'U1W~ltJJ::dJtJ'lJ1~ ri­

pbe/SVP j:-lr:lmJfll'U1W!!1:Y~~'1'U~tI~ 3.4-S ~tI~ 3.4 transition state 'IJfI~tlfimtJlmm~flt!'lJ'lJ~ 1 f)'lJ 

propane ''UUlIlI~l~fI~ ZSM-S 'Vl!mJ label 'IJ8~fI::~fllJ ~tI~ 3.S transition state 'IJfI.:jtlfin1tJlmJU~flU'lJ'lJ 
~ Q.J 9 0 91 
'VI 2 fl'lJ propane !'UU'lJ'lJ1l1flfl.:J ZSM-S 'Vl':ifllJ label 'IJfI.:jfl::~fllJ 
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.:t 
m"nnI3.3 lf1Hff~l~ transition state 'lJD~tliim{Jlfl1JU\Plf)tAUU~ 1 OU propane 1'UUUU~1{W~ ZSM-5 

o ~ Qd 

'IJ'Ulfl ST, 20T, 28T, !W::; 38T fIl'U1Wfl'JtJ11i ri-pbe/SVP 

Cluster Si4 - ° 2- Sis-0)- 0-
2 ° 2- CI O)-H CI-H CI-H+ C

2
-H+ CI-C2 

AI I-0 
2 AII-O) 

sizes All Al l AII-O) 

5T 1.742 1.734 134.6° 134.4° 93.4° 2.495 2.480 1.097 1.292 1.230 2.337 

20T 1.762 1.782 134.9° 137.1 ° 89.7° 2.659 1.661 1.157 1.222 1.283 2.034 

28T 1.737 1.757 134.4° 133.9 ° 91.6° 2.675 1.681 1.153 1.219 1.289 2.01 6 

38T 1.732 1.730 131.5° 137.4° 93.8 2.452 1.734 1.123 1.295 1.229 2.264 

l,j~ 3.4 Transition state 'lJtl.:jtliimtJ1fl1JUflfH!U'U~ 1 O'U propane 1'UU1J1Jh"tl~ ZSM-5 'IJ'Ulfl a) ST, 

o 91 Q ..::::! 

b) 20T, c) 28T U~::; d) 38T fIl'U1Wfl1tJ11i ri-pbe/SVP. 
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<:t · 
m~Hn3.4 iflJ 'H"~l.:j transition state 'tHl.:j'll~mtJlf)l~!t~fH!UU~ 2 nu propane i'W!!UU~lm).:j ZSM-5 

o 3J 4..:::::1 

'tI'WWI 5T, 20T, 28T, U~~ 38T 'fl1'W1W~1t111i ri-pbe/SVP 

Cluster Si -02- SiS-O l - 0- °2-C , °3-H C,-H C,-H+ C2-H+ C,-C24 2 
AI'-02 AI,-O, 

sizes AI, AI, AI,-O] 

5T 1.725 1.754 133.6° 134.6 ° 93.90 2.569 1.712 1.122 1.288 1.234 2.140 

20T 1.761 1.779 135.8° 136.40 89.90 2.760 1.794 1.123 1.247 1.256 2.023 

28T 1.735 1.755 135.0° 133.7 ° 92.00 2.730 1.786 1.122 1.239 1.262 1.974 

38T 1.731 1.729 131.9° 136.4° 94.0° 2.488 1.855 1.108 1.299 1.231 2.245 

l'll~ 3.5 Transition state 'tIel~'tl5mtJlf)l'Ht~fH!UU~ 2 nu propane 1,muu~1~el~ ZSM-5 'tI'Wl~ a) ST, b) 

o ~ Ad. 

20T, c) 28T !!~~ d) 38T 'fl1'W1W~1tJ11i ri-pbe/SVP. 
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'i 11 , _I"'''''''' ' 'i 'i_I OJ

3.3 f-H1't18~ !m~I;l':iH ZSM-5 ~811!lfl':imm':iflUl !8'U m"j~8'Ufl'U primary propane Uil~ 

_I"''''''' at OJ "1secondary propane &!il~ll!lfl"jmm"jU~flU'U'U't1 1 Uil~ 2 fl'U propanN'UZSM-5 

rlftfll'jfh\.r.ltlJ'W~.:l-Huritlf1:IJl:r'U~ (kcal/moI) '\Itl'l transition state UfflOl'li'U\911'n'l~ 3.S-3.6 111')1'1 

~ 3.S 'W~'1'11'UriVf1:IJl:r'U~ (kcal/moI) '\IV'I transition state '\IV'IU~fHI'J1fl1')ri1V IV'U IU,)1IV'Uf1lJ primary 

propane Uft::: secondary propane Hft~'l1~n~1'J1fl1')!111flUlJlJ~ 1 Uft~ 2 f1lJ propane i'UUlJlJ~lftV'I ZSM-S 

o ~ ~od Cl 	 do Q,I' 

'\I'U1101 ST , 20T, 28T,UrI:!: 38T fIl'U1tlJIOI11'J,):!:!lJl'JlJ11i ri-pbe UrI:!:!lJGJfff!GJf1l SVP 1I1H'I'Yl 3.6 'WrI'I'I1'U 

riVf1lJ'JJ''U~ (kcal/moI) '\ItJ'I transition state l'i~'I'il1fl'Vil ZPE corrected '\ItJ'Iufiml'J1fl1')ri1v ItJ'U IU,)1Itl'Uf1lJ 

primary propane Uri:!: secondary propane !m:!:ufimfJ1fl1,)U1IflUlJlJ~ 1 Uri:!: 2 '\ItJ'I propane i'U 

o 	 0 jI ~d 

UlJlJ'il1r1~H ZSM-S '\I'U1101 ST, 20T, 28T, Uri::: 38T fIl'U1tlJIOI1VJ1i ri-pbe/SVP 

~l"jH~ 3.5 	 'W~'1'11'UritJf11J'JJ''U~ (kcal/moI) '\ItJ'I transition state '@'1U~mV1fl1')ri1V IV'U1'l1,)1ItJ'Uf1lJ 

primary propane Uri::: secondary propane !m::;'l1~mV1fl1,)U1Im!lJlJ~ 1 Uri:!: 2 '\ItJ'I propane 

0 	 9J~d'1 'U!tlJlJ'il1r1tl'l ZSM-S '\I'U1101 ST, 20T, 28T, Uri::; 38T 1OI1fJ11i ri-pbe/SVP 

Activation energies 
Cluster Sizes 

b
I "-Proton exchange 	 2 -Proton exchange 

5T 20,0 	 20.4 

20T 17.2 	 19.0 

28T 15,1 	 16.5 

38T 12.8 	 13.4 

Activation energies 
Cluster Sizes 

Cracking Path 1 Cracking Path2 

5T 72.6 	 70.0 

20T 51.9 	 55.4 

28T 48.4 	 51.9 

38T 44,8 	 45.4 

a~ 	 b~ 
I flV primary propane, 2 flV secondary propane 
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ci QJ rQJQJa Q.I 0 0 

Vll"n~'f1 3.6 	 YH1..:j..:jl'Um)f1:IJ:IJ\'!~ (kcaVmol) 'YI~N1l1f)'YI1fll'Hl1'UdW ZPE corrected '\Jfl..:j transition state 

'\Jfl..:j,jiin~£Jlfll'jciltJ lfl'U hh~fl'Unu primary propane ml~ secondary propane u~~,jilm£n . 
fllm~m!,lJuYi 1 U~::; 2 '\Jfl..:j propane (hJUUU~l~fl..:j ZSM-5 '\J'Wl~ 5T, 20T, 2ST, Am::; 3ST 

~ C>d 

~dtJdli ri-pbe/SVP 

Activation energies (~ZPE corrected) 
Cluster Sizes 

bIa-Proton exchange 	 2 -Proton exchange 

5T 17.2 	 17.8 

20T 15 .0 	 16.7 

28T 13.0 	 14.3 

38T 10.5 	 11.J 

Activation energies (~PE corrected) 
Cluster Sizes 

Cracking Path I 	 Cracking Path2 

5T 69.7 	 67.9 

20T 50.2 	 54.1 

28T 46.8 	 50.7 

38T 43.0 	 43.7 

a~ 	 b.et 
I flfl primary propane, 2 flfl secondary propane 

'Wtrh~l'l"r~'..:j..:jl'Ur1fln:lJl:r'W~ (kcaVmoJ) '\Jfl..:j transition state '\Jfl..:j,jiln~tJlfll'jciltJ If)'W l,j'j\9lf)'Unu 

primary propane U~~ secondary propane u~::;,jilmtJlf)nU\9lflUUU~ 1 U~~ 2 '\Jfl..:j propane m1..:j1l1flfll-:i 

o '" •
'YI1 ZPE corrected :lJm~~~..:j 
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propane reactions = o 75~------------------------------------~ 

t5 5+------,-----,__-----,-----~--_,---,__--...._--___l« 5T 	 20T 28T 38T 

cluster sizes 

lUf13.6 	 Yl~,:j,:jl'WritltllJl1'W191' (~Et) 'lJtl,:jtlfin~rnfll'JciltJ ttl'W I1hIPHl'Wtl'lJ primary propane (I -PE) U~~ 

secondary propane (2-PE) u~~tlfimrnf)l':HtlPlfHt'lJ'lJ~ 1 U~~ 2 'lJtl,:j propane 'l1~,:j'illf)fll'Jyh 
o .d d. ~.r:::t Q.I Q.I t:I 

ZPE corrected m'Wltu'V1'J~t'lJtJ'lJlli ripbe/SVP f)'lJf-I~'lJtl,:j'IJ'Wlflfl~mlPltl'.i. 

3.4 	 lfl~,:jtf'h;,t transition state 'tIB.:.tu~n~mfll1f;il[J1BulU~YlBufl'U primary n-butane H~~ 

secondary n-butane H'Umh~B.;,t ZSM-S 

f.I~ fll'J 1'l1'W 1tuUt:1fl~ '1 'W IPll':i l.:.t~ 3.7-3.8 1fI H t:1~l~ transition state 'lJu.:.ttlfiiH tJlfl1'J ciltJ 1tl'W 

lt1'JlPltl'WtlU primary n-butane tm~ secondary n-butane i'WUU'U~l~U,:j ZSM-5 'IJ'Wlfl 5T, 20T, 28T, U~~ 
o ~ cO "'>cO 	 0 i .Id .Id) ~ 

38T m'W1tuWW'J~!'UtJU1li ri-pbe/SVP f.I~m':im'W1tuUt:1fl~ 'W~u'V1 3.7-3.8 ~u'V1 3.7 !flHt:1':iN transition 

state 'lJtl~t1fifl~tJlmHhtllu'W lt1'JlPltl'Wtl'U primary n-butane Ut:1fl,:j Yl~UlJ label 'lJtl~tl~lPltllJ ~tI~ 3.8 

If1Ht:1h~ transition state 'lJtl~t1fifl~rnfll'JciltJ lB'W It1':iIPlB'Wtl'U secondary n-butane mYfl.:.t Yl~tllJ label 

'lJB,:jtl~lPltllJ 

o 	 0 'JJ-Cld. 

U'lJ'lJ'ill~B,:j ZSM-5 'IJ'Wlfl 5T, 20T, 28T, tm~ 38T m'W1tuflltJlli ri-pbe/SVP 

CluSler Si
4
-O

Z
- SiS-O)- °z-AI ,- °z-H+ C I- H+ °3-H C,-H AII-C I 

AII-Oz AI ,-03 
sizes All All °3 

5T 1.746 1.778 130.3° 133.0° 89.40 1.355 1.316 1.303 1.348 3.580 

20T 1.795 1.791 133.10 134.6° 86.10 1.409 1.305 1.416 1.290 3.703 

28T 1.770 1.768 131.5° 132.2° 87.9° 1.416 1.301 1.427 1.285 3.678 

38T 1.746 1.757 130.2° 133.1 ° 90.1 0 1.447 1.285 1.444 1.282 3.644 

~ 70 
ro 
u
C 

65 

-g 60 

t5 55 
Q) 

t: 50 o 
u 45 
W 
0... 40 
N 
II) 35 
Q).§ 30 

~ 25 
Q) 20 
c 
.2 15 

~ 10 

1-PE 
2-PE 
Cracking path 1 
Cracking path 2 

p.. . ... ... ' Q . ' .. ... ··· 0·· 

.. . . . .. " . '. '" ' .. . 
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-of 

~f.J 
~J

1a,';WIII lm{'1.643 I 89"" '1.6.3$ 

.,) 

133.0 
t .778 

J 

J 

~tJ~ 3.7 Transition state 'lJtl ,nJ~n~vlm1cilV1mJ hh~tl'Wnu primary n-butane 'l'WUUU~l~tl.:l ZSM-5 

o ~ a:t.d 

'IJ'Wl~ a) 5T, b) 20T, c) 28T u,,:;; d) 38T fll'W1WW)VTIi ri-pbe/SVP. 

<'t 1 9J l]'''C,C" 1 hJ" imn:nl 3.8 flHbYn~ transition state 'lJtl.:j {)mVlfHHl1V tl'W 1~tl'Wf)U secondary n-butane 'W 

o 0 ~ Qd 

ll'lJ'lJ'iJl"tl.:j ZSM-5 'IJ'Wl~ 5T, 20T, 28T, !l~~ 38T m'Wlru~1t11li ri-pbe/SVP 

Cluster Si4-0 - Sis -03- ° 2-AI I- °2-H+ C2- H+ ° 3-H C2-H AII-C ,2

AI I-02 AI I-03 


sizes Al, All °3 

5T 1.740 1.785 131.0° 132.0° 89.4° 1.404 1.293 1.311 1.370 3.617 

20T 1.789 1.801 133.0° 133.2° 86.0° 1.484 1.280 1.409 1.326 3.762 

28T 1.761 1.778 132.2° 130.6° 88.0° 1.493 1.272 1.408 1.323 3.724 

38T 1.734 1.765 131.2° 131.3° 90.1° 1.546 1.249 1.421 1.331 3.712 
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l,j~ 3.8 Transition state 'lJt:l-:J1.J{imcnm':iriltlif)'W hb\9lf)'Wn'lJ secondary n-butane i'W!!'lJ'lJ~lf1t:l-:J ZSM-5 

o ')J ~d 

'IJ'W1~ a) 5T, b) 20T, c) 28T !!f1~ d) 38T fl1'W10!~1t111i ri-pbe/SVP. 

3.5 	 ff"'U8~lft'l~trh3 ZSM-5 ~8,jilmmfll'itilfJ18ul,j'l~8ufl'U primary n-butane !!fl~ 

secondary n-butane 1UZSM-5 

Hf1m':ifll'W10!'Y'Il\-:J-:J1'Wrif)nlJlJ'W~ (kcallmol) 'lJf)-:J transition state m"~-:Jl'W\9l1':il-:J~ 9 mH:)~ 9 

'Y'Il\-:J-:Jl'Wrif)nlJlJ'W~ (kcal/mol) 'lJf)\I transition state 'I1l\\I'illflVll ZPE corrected 'lJf)\lll{imtllm':iriltllf)'W 

11l':i\9lf)'Wn'lJ primary n-butane !!f1~ secondary n-butane i'W!!'lJ'lJ~lf1f)\I ZSM-5 'IJ'Wl~ 5T, 20T, 28T, Uf1::; 
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~ a,.. ,a,.. Q.I a' Q.J 0 0 

~l'nnl 3.9 Ym.:! 'H\.Jf)ef)lJlJ'W~ (kcal/mol) lHl.:!'illf)'YIlf)1'Hll'W1W ZPE corrected 'tie.:! transition state 

'tIe.:!tJfin~rJ1m'jciltJ le'W ltJ'j~e'Wn'U primary n-butane 11'0::; secondary n-butane 1'W 

o 	 <iJ .<::::r..c::l 

11'U'U1l1'Oe.:! ZSM-5 'tI'WWl 5T, 20T, 28T, 11'0::; 38T fl1tJ11i ri-pbe/SVP 

Activation energies (~ZPE corrected) 
Cluster Sizes 

b
1'-Proton exchange 	 2 -Proton exchange 

5T 17,6 	 18,0 

20T 18.3 	 15.9 

28T 15.6 	 13.4 

38T 13.1 	 10.2 

a ~ 	 b ~ 
1 fle primary n-butane, 2 fle secondary n-butane 

~ 
proton transfer reactions of n-butane 

o 19,-------------------------------------~ 
__ l ·PE ~ 

<U 18 
u "0· 2·PE 
6 
'0 17 
<1> 

U 16 

(\) 

8
l:: 

15 


W 

Q 14 
N 
(/) 13 
.~ 
OJ
Q) 12 

~ 11 
C 
o 


.~ 10 


'n> 
9 +----~---~-~--~-.----~----~---l 

4: 5T 	 20T 28T 38T 

cluster sizes 

ltJ~ 3.9 'Vl~.:!.:!1'W nenlJl1'W I9i' (~EI) 'tIe~tJurntJlf)1'j ciltJ 1e'W1tJ 'j ~e'W n'U primary n-butane (I -PE) 11'0::; 

secondary n-butane (2-PE) 'Yi~~'illf)f)1'j ,yh ZPE corrected rll'W1W.yh::;!'utJ'U1~ ripbe/SVP nm~'O 

3.6 	 lf1'l.:Ji;l~\~ transition state "o.:JtJiimmfll'ltlUJlOllhh~Ol101.J primary iso-butane Uil::: 

tertiary iso-butane U1.JmhilO.:J ZSM-5 

~,Hlf)1'jrll'W1Wl1tYfl~1'Wm'jl~~ 3.10-3.11 lm.:JtY11~ transition state 'tIfNtJfin~tllf)1'j'ciltJ le'W 

ltJ'j~tl'Wn'U primary iso-butane H'fl::: secondary iso-butane 1'WH'U'U~1'Otl~ ZSM-5 'tI'Wlfl 5T, 20T, 28T, 

11'fl::: 38T fll'W1W~1t1'j::;!'Utl'Ul1i ri-pbe/SVP j:-./,omJrll'W1wl1I1'~~1'W~tJ~ 3.10-11 ~tJ~ 3.10 lm~I1'11~ 

transition state 'tItl.:!tJfirntllm'jciltlltl'WltJJ~e'Wn'U primary iso-butane UtYfl~ 'Vl1tllJ label 'tIe~e:::~elJ ~tJ 
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~ 3.11 1m ,r~!1-:J transition state 'Utl\lUfimrllf11Jcil!'J1r)'U hh~tl'Wn'tJ secondary iso-butane U{1'~\1 'V'I!mJ 

label 'Utl\ltl~~tllJ 

mlNn 3.10 1m\l{1'!1-:J transition state 'Utl-:JUfim!'Jlf11Jcil!'J 1tl'W 1uJ~tl'Wn'tJ primary iso-butane 'l'W 

o 0 lj) c:u=l 

U'tJ'tJ'iJl(ltl-:J ZSM-5 'U'Wl~ 5T, 20T, 28T, U(l~ 38T fIl'W1rnWJ!'J1'1i ri-pbe/SVP 

Cluster Si -0 - Si S-O)- °2-AI I- °2-H+ C1- H+ O)-H Cl-H All-C I4 2 
AI I-0 AII-O)2 

sizes All All 0) 

5T 1.743 1.782 130.6° 132.3° 89.4° 1.364 1.301 \.302 \.372 3.617 

20T 1.799 1.785 133.2° 135.3° 86.0° 1.396 1.325 1.431 1.271 3.762 

28T 1.773 1.766 132.0° 133.7° 88.1° 1.389 1.306 1.419 1.275 3.724 

38T 1.746 1.755 130.8° 134.3° 90.6° 1.421 1.283 1.442 1.271 3.712 

l'l1~ 3.10 Transition state 'Utl\lufim!'J1f11JcilfJ1tl'W 1uJ~tl'Wn'tJ primary iso-butane 'l'WI!'tJ'tJ~l(ltl\l ZSM-5 

o 3J ~d. 

'U'W1~ a) 5T, b) 20T, c) 28T I!(l~ d) 38T fIl'W1rn~1!'J11i ri-pbe/SVP. 
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, 
<:t 

Vll'H:J'tl 3.11 IflHff~l~ transition state 'lHl-nJi)fl~tllfl1)cilt11m.J hh\91 Ut.!tllJ tertiary iso-butane '1 t.! 
o 0 'j).c::..d 

UlJlJ~lr:'Hl\l ZSM-5 'lJt.!WI 5T, 20T, 28T, !m~ 38T mt.!1tu~1t111l ri-pbe/SVP 

Cluster Si4-0 - Sis-0)- ° 2- AI I- ° 2- H+ C2- H+ O)-H C -H AII-C I2 2
AI I-0 AII-O)2 

sizes All All 0) 

5T 1.755 1.775 128.0° 131.6° 89.1° J .406 1.396 1.394 1.334 3.684 

20T 1.809 1.788 129.0° 134.2° 85.3° 1.517 1.396 1.543 1.288 3.898 

28T 1.778 1.763 128.0° 131.8° 87.6° 1.518 1.391 1.556 1.278 3.855 

38T 1.755 1.739 127.2° 133.8° 89.6° 1.518 1.421 1.611 1.258 3.855 

lt1~ 3.11 Transition state 'lJu.nJiimtllfl1Jciltl1m..! h.h\9luhltllJ tertiary iso-butane 'hmlJlJ~l"U\I ZSM-5 

o Y ":::" 4 

'lJh!1~ a) 5T, b) 20T, c) 28T u,,~ d) 38T mt.!1W~1t111l ri-pbe/SVP. 
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3.7 N~'UtHlm,nd\~ ZSM-5 ~0ui1mmf11'H;htlhn,!hJ'j~0un'U primary iso-butane H~::: 

tertiary iso-butane 1UZSM-5 

~H'lf1l:if11'U1tU'Vl~~~1'Uri€Jf):lJlj'U~ (kcaVmoJ) 'tHN transition state UI.Y'fl~1'U'fI1'l1~~ 3.12 'fIl:il~~ 

3.12 'Vl~~ .:n'Urifltl1J1J'U~ (kcaVmoI) 'lJfl~ transition state l'i~~'illfllll ZPE corrected 'lJfl~l1fim tJlf1l:iriltJ 

1fl'U 111:i'flfl'UtlU primary iso-butane U!:l::: tertiary iso-butane 't'UUUU~l"fl~ ZSM-5 'lJ'Ul'fl 5T , 20T, 28T, 

o 'JJ .d..qd, 

U!:l::: 38T fl1'U1tU'fl1t1J:::!UtJUTIi ri-pbe / SVP 

c:t Q.I I cv QJ 0' Q.I 0 0 

~nN'YI 3.12 'Vl"~~l'Uflflfl1J1J'U'fI (kcaVmoI) l'i"~'illfl'Yl1f1l:if11'W1tU ZPE corrected 'lJfl~ transition state 

'lJfl~l1fimtllf1l:iriltl1fl'U 111J'fIfl'UtlU primary iso-butane U!:l~ tertiary iso-butane 1'U 

o ~ Q.d 

UUU'ill!:lfl~ ZSM-5 'lJ'Wl'fl 5T, 20T, 28T, U!:l~ 38T 'fl1tJ11i ri-pbe/SVP 

Activation energies (~ZPE corrected) 
Cluster Sizes 

I a-Proton exchange 3
b
-Proton exchange 

5T 16,7 26,3 

20T 17.3 33,4 

28T 19,0 30,2 

38T 15,0 27,7 

b
Ia ftfl primary iso-butane, 3 ftfl tertiary iso-butane 

36 
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"'" 
0 32 

-0 30
$ 
0 
~ 28 
(; 
0 26w 
a. 
N 24 
Q) '" '0, 22 
Q; 
c 
Q) 20 
c 

:; 
0 18 
>+>
0 16 

<{ 

14 

Proton exchange reaction of iso-butane 

___ 1·PE 

,0 , " 0 3-PE 

o 
, .. .. . .. . 

" 0 

0 

5T 20T 28T 38T 
cluster sizes 

QJ 0 0 ct do ..::::t.d QJ 

tertiary iso-butane (3-PE) l'i!:l~'illflfl1:i'Vll ZPE corrected fI1'U1tUm~!UtJU11i ripbe/SVP flU 
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3.8 lflj-:l(;f~\~ transition state 'UB-:ltI~mmfl1jHVlmm1J," 1 Hi;I~&!'lJ1J," 2 'UB-:I primary n­

outane 1uH1Jmlli;lB-:I ZSM-5 

~H'lm'jfhW1tu!t'(1'~~1'W~1'jl~~ 3.13-3.14 lflH'(1'~l~ transition state 'Ufl,:ju~mtllm'jU~fH!'IJ'IJ~ I 

!t?l~ 2 'Ufl~ propane i'WU'IJ'IJ~lClfl~ ZSM-S 'U'Wl~ ST, 20T, U?l~ 28T fll'W1tu~1tl'j~!iJtl'IJ1~ ri-pbe/SVP fHl 

m'jrll'W1tuU'(1'f1~1'WlU~ 3.13-3 . 14ltJ~ 3.13 transition state 'Ufl~tJBmtllmJU~fH!'IJ'IJ~ 1 n'IJ primary n­

nutane 1'WU'IJ'IJ~l?lfl~ ZSM-S 'Vl~fllJ label 'Ufl~fl~~fllJ lU~ 3.14 transition state 'Ufl~U~mtJlmJU~fH!'IJ'IJ 

~ 2 n'IJ primary n-nutane i'WU'IJ'IJ~l?lfl~ ZSM-S 'Vl~fllJ label 'U ~Nfl~~tl1J 

n'IJ pnmary n-nutane it.! 
o 0 'jJ ~.ct 

!!'IJ'IJ'illClfl~ ZSM-5 'U'Wlfl 5T, 20T, U?l~ 28T fll'W1tufl1tlTII ri-pbe/SVP 

Cluster Si -0 - Si -0 - 0- CI-H CI-H+ C -H+ CI-C4 2 s 3 2 ° 2- CI °3-H 
2 2 

AI I-0 AI I-0
2 3 

sizes All All AI I-0
3 

5T 1.743 1.734 134.7° 134.6° 93.5° 2.528 2.545 1.100 1.294 1.234 2.4 I3 

20T 1.768 1.775 134.7° 137.8° 89.7° 2.555 1.672 1.143 1.253 1.254 2.116 

28T 1.740 1.752 134.2° 134.7 0 91.7° 2.555 1.696 1.142 1.262 1.242 2.084 

ltl~ 3.13 Transition state 'Ufl,:jU~fHtJlm'jU~fl!!'IJ'IJ~ n'IJ pnmary n-nutane i'W!!'IJ'IJ~l?lfl~ ZSM-S 

o gJ "::::u::i 

'U'Wlfl a) ST, b) 20T, !!Cl~ c) 28T fll'W1tufl1tl11i ri-pbe/SVP. 
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ct <v · 
V11"H:J'YI 3.14 lf1H'ff11'J transition state 'IHl'J'll5fl~fJlfl1'j !!\o)f1!!UU~ 2 flU pnmary n-nutane i'U 

o 0 9l~..::t 

!!UU~l,H)'J ZSM-5 '\.I'UW'I 5T, 20T, !!"~ 28T fI1'Ultu~lfJl1i ri-pbe/SVP 

Cluster Si -0 - Si -0 - 0- CJ-H CJ-H+ C -H+ C J-C4 2 5 3 2 2 2°2-CJ °3-H 
AI -0 AI J-0I 2 3 

sizes All AI J AI -0
I 3 

5T 1.732 1.746 133.1° 135.1 0 93.8° 2.533 1.730 1.116 1.326 1.226 2.359 

20T 1.762 1.778 135.9° 136.50 90.0° 2.533 1.802 1.1 18 1.252 1.255 2.049 

28T 1.736 1.753 135.20° 133.6 ° 92.1° 2.697 1.805 1.119 1.242 1.261 2.008 

ltJ~ 3.14 Transition state '\.I'O'J'll5mtllfl1'j!!\o)f1!!UU~ 2 flU pnmary n-nutane i'U!!UU~l"'O'J ZSM-5 

o 9J Q..::t 

'\J'Ul~ a) 5T, b) 20T, u,,~ c) 28T fI1'Ultu~ltll1i ri-pbe/SVP. 

3.9 lfl".i'lil'-rH transition state 'Utl.nJ~mmfl1".iAAVlfUnJ'U~ 1 UiltAnJ'U~ 2 'Utl'l secondary n­

nutane AAilt iso-butane 1lm'UmlTtltl'l ZSM-S 

H"fl1'jfll'Ultu!!'ff~'11'U\o)ldl'1~ 3.15 lm'J'ff11'1 transition state '\.I'O,:j'llBmtllfl1m\o)fI!tU'U~ 1 tmt 

2 '\.1'0'1 secondary n-butane !tC1t iso-butane i'UUUU~l"'O'J ZSM-5 '\J'Ul~ 5T fll'Ultu~lfJj~!1jfJ'Ul~ ri­

pbe/SVP ~mfll'jfll'Ultu!!'ff~,:j1'U~'ll~ 3.15 t'll~ 3.15 transition state '\.I '0'1 'll5mfJlfl1'j U\o)f1UUU~ 1 !tC1t 

U'U'U~ 2 '\.ItJ,:j secondary n-nutane U(lt iso-butane 1'UU'U'U~1(l'O,:j ZSM-5 -W1'OlJ label '\JtJ,:jtJt~'OlJ 
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, 
vn'nrn 3.15 	 lm'H"~l..:j transition state 'tItl..:juaf)~1I1mm\9lm!UU~ 1 H-n~ !!\9lm!UU~ 2 flU secodary n­

nutane !!-n~ iso-butane 1'W!!UU~1(ltl..:j ZSM-5 'tI'WWl ST, 20T, !!-n~ 28T rll'W1ru~ ..;ltIi~ ri-

pbe/SVP 

Cluster Si
4

- SiS-O)- °z-AI I- Oz-Cz ° 
3 
-H+ Cz-H+ C)-H+ C

2
-C

3 AI I-C2 
C/J AI I-02 AII-O)::> <1l

0- 0 
0 sizes 	 °2-AI I All 0) 

t: 
g ::> 


::> 
0-

5T-1 1.74J 1.733 134.6° 134.6° 93.5° 2.657 2.779 1.356 1.209 2.486 3.444
<1l ~ '" 
5T-2 1.741 1.733 133.7° 135.0° 93.9° 2.748 3.367 1.314 1.221 2.311 3.683 

;no 
0 
0­
t: 
g 
;:l 
<1l 

Cluster 

sizes 

5T-] 

AJ.-02 

1.736 

AII-O) 

1.737 

Si
4 

-

°z-AI I 

135.0° 

Si
5
-O)­

AI. 

134.0° 

°2-AI I­

0) 

93.8° 

°2-C I 

2.544 

CI-H 

2.759 

CI-H+ 

1.257 

C2-H+ 

1.268 

C I-C2 

2.417 

AI.-C. 

3.507 

5T-2 1.728 1.747 133.r 134.6° 94.0° 2.603 3.408 1.275 1.265 2.429 3.608 

~~ 1.2ssT 
2,429 

c) 	 d)a) 	 b) 

iso-butanesecondary n-butane 

ltJ~ 3.15 Transition state 'tItl..:j a) tJamlllm'H!\9lm!UU~ 1 flU secodary n-nutane, b) Ufimlllf)TH!\9lf) 

!!UU~ 2 flU secondary n-butane, c) tJamlllf)Tm\9lm!UU~ 1 flU iso-butane, u-n~ d) Ufif)~lIl 
m~U\9lf)!!UU~ 2 flU iso-butane hJUUU~l-ntl..:j ZSM-5 'tI'W1~ 5T rll'W1ru~1111~ ri-pbe/SVP. 

3.10 j:'Hl'Ue..:jlftHi;l'~\:j ZSM-5 ~etJiin1£11f)1';mYlflU'lJ'lJ~ 1 U"~U1J1J~ 2 'Ue-l primary n­

butane, secondary n-butane U"~ iso-butane lUZSM-5 
ow, Q,I QI rI Q,.I 0 

Nl'Wf)tJf)lJlJ'W\9l (kcaVmol) 'tItJ.:l transition state 'H(l.:l~1f)'Yll ZPE corrected Uff~..:jH(lm~fI1'W1rul'm '

1'\.J\9l1'jl..:j~ 3.16 m'jl..:j~ 3.16 'VHh:jl'\.JntlfllJ~ml (kcal/mol) '\ltl~ transition state '\ltl 'njfim[jlm~!!\9lf) 

UUU~ 1 u-n~l!UU~ 2 'tItl~ primary n-butane, secondary n-butane !!-n~ iso-butane i'\.JUUU~l-ntl..:j ZSM-5 

o " 	 o::::t Qd

'tI'\.Jl~ 5T , 20T, u-n~ 28T ft1'\.J1ru~1tJ'j~!UI'JU11i ri-pbe 
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~ Q,I t (V Q.J cI Q.J 0 0 

mnU13.16 	 'VH'1~nUflBfllJlJtJ~ (kcal/moJ) 'I11:1~1l1fl'Yllfl1jflltJ1UJ ZPE corrected 'lJB~ transition state 

'lJB~'IJ~mtJlfl1'H!~fl!A1J1J~ 1 !A1:I~!A1J1J~ 2 'lJB~ primary n-nutane, secondary n-nutane H1:I~ 

iso-butane (h"!U1J1J~11:1B~ ZSM-5 'lJtJl~ 5T, 20T, U1:I~ 28T ~':JtJl~ ri-pbe/SVP 

Activation energies (~ZPE corrected) of n-butane 

Cluster Sizes 1'-n butane I '-n butane l- n butane 

cracking path I cracking path 2 cracking path I cracking path 2 

5T 71.88 	 69.07 64.47 62.27 

20T 51.65 	 54.85 

28T 48.48 	 51.43 

Activation energies (~ZPE corrected) of iso-butane 
Cluster Sizes 

cracking path I 	 cracking path2 

5T 68.25 	 66.52 

a~ 	 b..:.".! 
J flB primary propane, 2 flB secondary propane 

Cracking reaction of n-butane and iso-butane ~ 

o 70~--------------------------------------~
E _ 1-n butane Cracking path 1 
~68 o 2-n butane Cracking path 1 
<.) 

- - ... - - 1-n butane Cracking path 2 6 66 
- -A - 2-n butane Cracking path 2 


Q) 64 

"0 

- ... - iso-butane Cracking path 1 
13 - -0- - iso-butane Cracking path 2 

~ 62 


oo ,<.) 60 A , 
ill 
0.. 58 
N 
If) 56 
.!!2 
e' 54 
Q) 
c: 52Q) 

c: 50.2 
~ 46> 
13 46 « 	 5T 20T 28T 

cluster sizes 

o .d.<:::::!.c:::..:;S 

secondary n-nutane H1:I~ iso-butane l'Hl~1l1flfl1'<j'vh ZPE corrected fIl'W1UJ'Vlj~!1Jtl1Jl1i 

propane, secondary propane, primary n-butane, secondary n-butane, primary iso­

butane ml~ tertiary iso-butane) 1l!!!'I.J'lHllt'lM ZSM-S 

~·H'1fl1jfiltJ1UJ!!ft'~~'tJ~ljl~~ 3.17-3.23 1m~ft'~1~ transition state 'lJB~tJ~m£.J1~'~1~j~t'WitJ 

'lJtl~!!flmfl'W (ethane, primary propane, secondary propane, primary n-butane, secondary n-butane, 
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primary iso-butane U(l~ tertiary iso-butane) 1'WU'lJ'lJ~1(lfl\l ZSM-S 'IJ'WWI ST, 20T, 28T, U(l~ 38T fll'W1W 

jI cO "'cO 0 I '" 1 jI1 A

WJ(Jj~!'lJ(J'lJTIi ri-pbe/SVP H(lfl1jfl1'W1WU""~\I 'W!lJYI 3.17- 3.23 U""~\I ~m\l""jN transition state 'lJfl\l 

l1fimm~'31~j~I'Wi''W'lJfl\l!Wmfl'W (ethane, primary propane, secondary propane, primary n-butane, 

secondary n-butane, primary iso-butane !l(l~ tertiary iso-butane) 'Vi~mJ label 'lJfl\ltJ~~tJ:IJ mmll~'lJ 

, 

VIl'Hrn 3.17 lf1j\j~~l\l transition state 'lJtJ\ll1fimm~ '31~j~!'Wi''W'lJtJ\I ethane ''W!!'lJ'lJ~l(lfl\l ZSM-S 

o ~ ~d 

'IJ'U1~ ST, 20T, 28T, !t(l~ 38T fI1'W1W~1(JTIi ri-pbe/SVP 

0­
2 

Cluste Al l- Si
4

- Sis-03­
Al l-0 Al l- C -0 C.-H C -H' H-H+ ° -H+ C.-C2 All-C I2 I 2 I 3 

r sizes ° 3 °2-A1 I All 
°3 

5T 1.732 1.748 134.2° 133.6° 92.8° 2.454 1.989 2.122 0.812 1.745 1.465 3.409 

20T 1.735 1.756 138.2° 136.9° 9J .40 2.977 2.594 2.413 0.776 2.340 1.446 3.865 

28T 1.735 1.747 137.7° 135.4° 96.6° 2.811 2.460 2.275 0.777 2.402 1.440 3.654 

38T 1.710 1.748 133.5° 134N 93 .1° 2.822 2.348 2.168 0.781 2.129 J.436 3.615 

~tJ~ 3.17 Transition state 'lJtJ\ll1fim(Jl~'31~j~I'Wi''W'lJtJ\I ethane 1'WU'lJ'lJ~1(lfl\l ZSM-S 'IJ'U1~ a) ST, b) 

o 'j)~..-.::I

20T, c) 28T ll(l~ d) 38T m'W1W~1(Jl1i ri-pbe/SVP. 
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.,; 
m'nn13.18 Im-ll:lfl-l transition state 'lJtl-ltJ5f)~fJl~1~ 1~'j~!'W~'W'lJtl-l primary propane i'U!!'lJ'lJ~T(jtl-l 

o 'JJ ~d 

ZSM-5 'IJ'Wl~ 5T, 20T, 28T, !!'t'l~ 38T fIl'W1WWJtl11i ri-pbe/SVP 

0­
2 

Clusle AI I- Si
4

- SiS-O)­
AI I-02 AI I- CI-OZ CI-H ° -H+ CI-CZ AII-CIC -H+ H-H+ 

r sizes 0 3 
AI I All°2-

I 3 

0) 

5T 1.736 1.745 133.3° 134.3° 92.6° 2.384 1.978 2.157 0.815 \.694 1.469 3.388 

20T 1.744 1.762 137.4° \37.2° 90.8° 2.867 2.556 2.364 0.774 2.380 1.436 3.760 

28T 1.736 1.760 132.1° 135.9° 96.8° 2.896 2.149 2.088 0.782 2.452 1.412 3.724 

38T 1.715 1.743 133.3° 134.3° 92.6° 2.741 2.277 2.084 0.785 2.023 1.436 3.608 

lU~ 3.18 Transition state 'lJtl-ltJ~mtl1~l~ l~'j~!'W~'W'lJtl.:j primary propane l'WU'lJ'lJ~T"tl.:j ZSM-5 'IJ'Wl~ 
o 9I.c:.~ 

a) 5T, b) 20T, c) 28T U{\~ d) 38T fIl'W1W~1fJ11i ri-pbe/SVP. 
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, 
q 

fll~VJ'YI 3.19 lf1H~~l'l transition state "Hl'ltJ~m£Jl~'B1m~t'Ui'U"Hl'l secondary propane 1'U 

o 0 'JI ~C1 

HUU'ilTM1'l ZSM-5 'IJ'Ulf"l 5T, 20T, 28T, H"~ 38T fIl'U1tlJWW11i ri-pbe/SVP 

0-
2 

CJusle AJ 
1
- Si

4
- SiS-O)­

AI)-OZ AI)- C -0 Cz-H ° -H+ C)-C AI)-CC -H+ H-H+ 
Z 2 2 ) 2 2 

r sizes 0) °2-AI ) AI) 
0) 

5T 1.705 1.789 131.4° 134.9° 92.3° 2.969 1.780 2.138 0.819 1.741 1.432 4.008 

20T 1.745 1.804 132.5° 137.9° 91.9° 3.307 1.864 2.223 0.806 1.827 1.436 4.263 

28T 1.725 1.781 130.8° \35.6° 96.1 ° 3.296 1.876 2.227 0.805 1.816 1.437 4.190 

38T 1.707 1.758 132.7° 135.1° 95.3° 3.247 1.918 2.194 0.794 1.904 1.439 4.227 

~'ll," 3.19 Transition state 'IJt)'111~m£Jl~'glf"1)~t'Ui'U'lJt)'1 secondary propane 1'UHUuh~w'l ZSM-5 

o Y =lid 

'IJ'Ulf"l a) 5T, b) 20T, c) 28T tt"~ d) 38T fIl'U1tlJ~1£J11i ri-pbe/SVP. 
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.,; 
m':iH'fI3.20 lm'l!;1'~l'l transition state 'UO'ltlfimtll~'81~'j~!'wi'U'Uo'l primary n-butane l'Ut!'U'U~l~W'l 

o 9J.Qd

ZSM-S 'U'Ul~ ST, 20T, 28T, Hn::; 38T m'U1WW;WTIi ri-pbe/SVP 

0­2 
Cluste Al,- Si

4
- Si S-O)­

Al' -0 2 AI,- C,-02 C,-H , ° ) -H+ C,-C2 AI,-C,C -H' H-H+ 
r sizes 0) °2-AI , AI, 

°3 
5T 1.737 1.744 133.3° 134.3° 92.7° 2.377 1.975 2.166 0.817 1.684 1.470 3.385 

20T 1.758 1.755 136.9° 136.5° 90.r 2.961 2.150 1.898 0.784 3.198 1.439 3.760 

28T 1.750 1.753 136.9° 136.5° 90.7° 2.961 2.341 2.254 0.784 2.105 1.430 3.724 

38T 1.7J9 1.741 133.3° 134.6° 93.3° 2.713 2.340 2.153 0.778 2.048 1.434 3.608 

ltl~ 3.20 Transition state 'UO'ltlBmtll~'81~'j~I'Ui'U'Uo'l primary n-butane l'UH'U'U~lnO'l ZSM-5 'U'Ul~ 
o 'j) 4 1:S 

a) 5T, b) 20T, c) 28T Hn::; d) 38T m'U1W~1t111i ri-pbe/SVP. 
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.d 
~l~H't1 3.21 lfl':i'Hl'~N transition stale 'tJfl"u~m£Jl~'~l~:i~t'Wi'W'tJfl" secondary n-butane!'W 

o 0 jlaa.cl 

H'U'U'ill~fl" ZSM-5 'tJ'Wl~ 5T, 20T, 28T, H~~ 38T fIl'WJUt~J£JJ1i ri-pbe/SVP 

0­
2 

Cluste AI)- Si - Si -0 ­
4 S 3 C -H+ H-H<AI)-02 AI)- C -O C2-H ° -H+ C)-C AI)-C22 Z 2 3 Z 

r sizes 0 3 °2-A1 ) AI) 

°3 

5T 1.709 1.760 134,0° 134,7° 94,1° 3,014 2,152 2303 0,807 1.733 1.460 3,9R9 

20T 1.766 1.781 136Y 134.8° 90.2° 3.451 1.896 2.231 0.806 2.525 1.433 4.451 

28T 1.745 1.761 131.6° 134.5° 95.1° 3.466 1.923 2.240 0.805 2.626 1.432 4394 

38T 1.722 1.744 133.1 ° 134.5° 95.2° 3.511 1.940 2.240 0.800 2.687 1.436 4.459 

, 

~un 3.21 Transition state 'tJfl"t1iJf)~tJl~i~l~:i~t'Wi'W'tJfl'l secondary n-butane t'WH'U'U~l~fl" ZSM-5 

o iJ o..:s 
'tJ'Ul~ a) 5T, b) 20T, c) 28T H~::: d) 38T fIl'WJUt~J£JJ1i ri-pbe/SVP. 
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YIl'nUl 3.22 1m~'ffrl~ transition state 'Ufl~iJ fif)~ rJ1~131~ ':i ~t'wi'U 'U U~ primary iso-butane l'U 

o 0 jJ Q..I!::S 

U'U'U'ill(;lU~ ZSM-5 'U'U1f'1 5T, 20T, 28T, U(;l~ 38T fIl'U1WWW11i ri-pbe/SVP 

0­
2

Cluste AI ,- Si - Si -
AI,-Oz 

4 s 
AI I- CI-OZ C,-H C -H+ H-H+ ° -H+ CI-Cz AI,-C,I ) 

r sizes 0 ) ° z-AJ , O)-AI , 

° 3 

5T 1.741 1.741 132.9° 134.4° 92.6° 2.351 1.993 2.173 0.813 1.703 1.481 3.393 

20T 1.753 1.777 136.4° 137.5° 90.6° 2.894 1.970 1.987 0.797 2.208 1.439 3.779 

28T 1.735 1.756 132.4° 137.5° 97.3° 2.851 2.070 2.059 0.790 1.973 1.431 3.679 

38T 1.713 1.737 134.0° 136.1° 94.0° 2.912 2.242 2.114 0.772 2.270 J.425 3.817 

. 
l'lJl13.22 Transition state '\Ju.:jiJBmtJ1~hl~J~t'Ui'U'\Jt:J~ pnmary iso-butane l'UU'U'U~l~t:J~ ZSM-5 

o 9J ~Q 

'tI 'I.n~ a) 5T, b) 20T, c) 28T U~~ d) 38T f11'U1W~1t'.111i ri-pbe/SVP. 
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, 
'" ~l';iN't1 3.23 lm 'H"~l~ transition state 'lJfJ~t1Bmtn~1g l~'j~AtJitJ'lJfJ~ tertiary iso-butane itJ 

o 0 'jJ.:::::::...:::1 

!!1J1J'ill~fJ~ ZSM-5 'lJtJl~ 5T, 20T, 28T, H~~ 38T fIltJ1WWJtJ11i ri-pbe/SVP 

0­2 
Cluste AI,- Si

4
- SiS-O)­

AI,-02 AI,- C -0 C2-H ° -H+ C,-C2 AI,-C2C -H· H-H+ 
2 Z 2 ) 

r sizes 0 3 °2-A1 , AI, 
0) 

5T 1.745 1.754 132.2° 132.6° 9 .1.7° 3.405 1.796 2.277 0.836 1.609 1.432 4.382 

20T 1.766 1.774 134.7° 136.9° 89.9° 3.758 2.043 2.376 0.795 1.870 1.453 4.579 

28T 1.749 1.752 131.1 ° J35.8° 96.7° 3.676 1.955 2.321 0.806 1.758 1.451 4.456 

38T 1.725 1.734 133.1° 136.2° 95.9° 3.618 1.975 2.276 0.795 1.790 1.454 4.511 

ltl~ 3.23 Transition state 'lJfJ~t1Bn~tJl~lg lm~!tJitJ'lJfJ~ tertiary iso-butane ltJH1J1J~l~fJ~ ZSM-5 

o ~ £:I.d, 

'lJ'Ul~ a) 5T, b) 20T, c) 28T !W~ d) 38T fIltJ1W~1tJ11i ri-pbe/SVP. 
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.. 

propane, secondary propane, primary n-butane, secondary n-butane, primary iso­

butane !m::: tertiary iso-butane) 1,.m'U'lHh(;\o.:.t ZSM-S 

~H'ln1';ifll'Ulru'W~'lnwnBfl:mj't..l~ (kcaVmol) 'UV-:j transition state U'ft\Pl-:j't'UWll';il-:j~ 3.24 W11';il-:j~ 

3.24 'W~-:j-:jl'UnBfl:m:r'U~ (kcaVmol) 'U~N transition state l'i~-:j'illflY11 ZPE corrected 'UeNlli)o~t11~1~1\Pl';i 

~!lJi''U'UtNIW'HfllJ (ethane, primary propane, secondary propane, primary n-butane, secondary n-butane, 

primary iso-butane Il~::: tertiary iso-butane) 't'UmJ'U~l~V-:j ZSM-S 'UlJl\Pl ST, 20T, 28T, Il~::: 38T fll'Ulru 

'j) d Qd 

\Plltl';i:::!1JITUTIi ri-pbe / SVP 

.:t Cl.I' v tI Cl.I 0OJ 	 0 

~1';iN'YI3.24 	 'W~-l-:jl'UfleJfl:IJ:IJ'UWI (kcaVmoI) l'i~-:j'illfl'VIlfl1';im'Ulru ZPE corrected 'UV~ transition state 

'Uv~lli)mtll~l~ l\Pl';i~I'U~'U'UV~IIV~lfllJ (ethane, primary propane, secondary propane, 

primary n-butane, secondary n-butane, primary iso-butane 11('1::: tertiary iso-butane) 't 'U 

o 	 ~ Qd 

U'IJ'IJ'illCHl-:j ZSM-S 'UlJl\Pl ST, 20T, 28T, Il~::: 38T \Plltlllj ri-pbe/SVP 

Activation energies (~ZPE corrected) 
Cluster Sizes 

ethane 	 Primary propane Secondary propane 

5T 77.9 76.7 	 60.1 

20T 61.5 64.7 	 47.8 

28T 64.3 60.9 	 46.0 

38T 56.5 60.7 	 41.6 

Cluster Sizes 
Primary n-butane 

Activation energies (~ZPE corrected) 

Secondary n-butane Primary iso-butane Tertiary iso-butane 

5T 76.8 71.2 79.0 52.9 

20T 72.1 47.0 63.6 46.7 

28T 64.5 44.3 67.1 43.2 

38T 	 61.2 38.5 56.8 41.6 

4.1 	 Uilmmfll';i~uJI0lJhh~t)un'Uut)'tuflU (0nllJ 1rnl'WlJ ihnllJ 1m::: 'ol"lfiJ-u'YIU) 1u 

UUmlTilM ZSM-S 

d 	 d Q lq9l 1 tAt J' 0 ~QJ 	 tI 
'illflmn:J'VI 3.6, 3.9 H~::: (p}nl~'V1 3.12 ll'ilJ !\Plllfll tiE 'UlJfl'IJ'UlJl\Pl'UV-3I1'IJ'IJ'ill~V~fl~m(p}m 

'W'IJ'hrlVl~:IJ'UlJl~fl~m(p}V{'illfl ST, 20T, 28T, !l~::: 38T 'W~-3~llJnvfi:IJiJlJ~'UeNllfio~t11n1';icilfJ lVlJ 
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., 
UBfllfI'U (~h'YI'U l~ 'H~'U i};I!'YI'U !m~ tB19fDl!'YI'U) iJril~~HIPl 27.7 - 10.1 kcal/mol ~~Ufffl~'t'U';ill~ 

., , 	 ., '" 
.. 	 3.l2 'UBf11l1f1iJdJB!1l~tl1J!:ntl1J t1Et 'IJB~'U'Ulflfl~mI9lB{38T ~1J ':hril t1Et 1li~'Ut11J'U'Ulflfll1lWll'UB~ 

€YltlHBfUfI'U lf1t1lliFntllfll';iciltl lB'U11l';iI9lB'Uf)1J 3-iso-butane iJril1Jlf1~!lfl !tiB~'illmH'l'IJB~ steric effect 

'UB~'Ylli!:IJ~'Of1~ll ';iB,m~1JlftB l-iso-butane lm~ l-n-butane 'tWh'U'lJB~ ethane I-propane,.. . 
2-propane u'O::; 2-n-butane t1Et iJrilllilll9lf1IPlHf)'U1Jlf1Uf1ll';i::;1Jltu 1-2 kcaVmol u'O::: 2-n-butane i~ril 

t1Et ~l~€yfI• 

~ Proton exchange reaction of alkanes 
"0 36 .,------ - --- _____ ____--, 
E

:::;" 34 	 -- ethane 
ro 	 /., ···· ·0 ··· ·· 1-propane 

~ ~~ ... '" __/// "',-" =~:=- ;~r=: 
Q) _ ­ - ... - 2-nbutane 
t3 28 	 --. --{}-- 1·isobutane 
~ 26 ..- ... - -+- - 3-i$O bUlane 
o 
U 24 

~ 22 
N 20 
Vl 
.~ 18 

~ 

Q) 16 
c 
Q) 14 
c 
.Q 12 

~ 10 

n 8~-~-~-~--.,---~-~-~-~ « 	 5T 20T 2ST 38T 

cluster sizes 

~tJ~ 3.24 ~~~~l'UriBf):IJ'lJml (LiE') 'UB~llfin~£Jlfll';iciltl lB'U 11l';iI9lB'Uf)1JtWfllfI'U (flt'YI'U l~';it~'U iht'YI'U 

u'O:::IB 19fDl!'Y1'U) 'Yl~~1l1f1f1nvh ZPE corrected r)l'Ultu.yh::;!'Utl'lJl~ pbe/SVP f)m'm'UB~ .. 

, 
_1~~4 	 ct 

4.2 'U {) fl':HJ1 fll"'HUJI munu f\1m1.11.1 'fl 1 Utl ~ 2 

lmmlltltl-:J ZSM-S 

o Q.oo' fI I~~ Q.I tI 	 Q.I IQ.#Qlo' 

'IJB~U'lJ1J'ill'OB\lfl'Off!I9lB';i ~'lJl1!:lJB!~:IJ'IJ'Ulflfl'O€YtI9lB';i1l1f1 5T, 20T, 28T, U'O::: 38T ~'O\l~l'UflBfl:IJ:IJ'U19l 
"I . f 

'UB\lllfimvlfll 'H!l9lflUB'Olfl'U (~!'YI'U 1~';i1~'U U'O::;Dlt'Y1'U) ~\lU1J1JYi I tl'O::: 2 (lfl(l\lliJB!'W:IJ'U'Ulflfl~mI9lB{ 

~\l~1l~ 3.25 r)l'Ultu~ ri-pbe/SVP lrimmtl1J!YiV1J t1EI 'UB\l'IJ'Ulflfl~mI9lBf 38T fil t1E) 'IJB\lllfimVlfll'j 
iI I JI 	 I 

Ul9lflUBfllfI'U~\l!!'lJ'lJYi 1 tl'O::: 2 iJfil'fl\lUIPl 52.0 - 43.0 kcaVmol ~1Jl1 t1Et 'UB~fll';il!l9lfl~l'IJB\lfl!'YI'UU1J'lJYi 

I iJril1Jlfl~€yfI 'jB\l'O\l1JlftBfll'jIlI9lf1~l'UB\lfl!'YI'UU'lJ'lJ~ 2 ll'O::: fll'j!!l9lfl~l'IJB~ i~';i!~'Ull'lJ1J~ 2 fll';iUl9lfl 
q 

'fil'IJB\ll~'jI~'UIl'lJ'lJ~ 1 't~~"\l~l'UriBf):IJ'lJ'U~~l~!lfl 'Utu:::~fll';il!l9lfl primary n-butane U(l::: iso-butane 

1l'lJ1J~ 1 tl'O::; 2 iJfil~~\l\l1'UriBf):IJ'lJml'm1!jijtJ\lf)1J iv.'j !~'U ~\lll';i::;1Jltu '~11ril~~\l\l1'UriBf):IJ'lJ'U~'I111l::; 
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'flKl~fJ'If)'U~";llJ i'UmU!'Hl'l secondary n-butane lrltll~lJ~'Ufill'l~'1'11'Untlf')lJ1J'Ul'i'i'Ufl~ml'ltl{'tI'U1~ 5T 
I 'j/ 	 , I 

l''hfl11 ~'1tT'Urill'l~'1'11'UntlnlJ1J'UI'i''tIt)'l secondary n-butane .yHhl'Ul1UlJill(l'll'llmHl'tltl'l'tl'U1~fl~ml'ltl{ 

!!(l~flllll~iifill'l~'1'11'U ntlnlJ1J'U l'i'~lfl11"J tl'lll'll 1l'l'U!!f1'~'1' 'U nJ~ 3.25 ... 

c­ Cracking reaction of alkanes 
o 80,-----------------------------------, 
~ 78 
ctJ 76 
~ 74u72 
Q) 70 
g 68 
t: 66 
S 64 
UJ 62 
0.. 60 
Nsa 
:G 56 
'0, 54 
Q) 52 

a; 50 
r 48 
o 46 
~ 44 
.2: 42 

----e------- _en. crac~~1h I 
·0 "111\. '"'dono p.1tI ::! 

- - -y- - - PlopaMo ctiKNng padl I 
_ . -6. - PI~n. rrx.king pat, 2 

o. 	 - .... - t-n bloOon. Cnlf:kil'lg ~Ih I 
- -0- - !.n but.,ne DBt"anQpllttJ 1 

o 

- -+- - l-flbut&ootOlfdoi"9~th:?:---<>----- ;:.., 'bvtaIW Ct lc:kil19 path 2 

.. IM)-~.""e CI~l..irI~path I 
- - ~ - - ~bUI~,.Cr&ekin9Peth2 

o 

U 40+---~--~----._--~--~--~----~~ 
<:( 5T 20T 28T 38T 

cluster sizes 

o d d.qd QI cv rI 

fl1'Ulru'Vll~I'UfJ'Ul1i pbe/SVP fl'U'tI'Ul~'tItl'lfl(lml'lm. 

4.3 	 'l1ilMtIl~eJIY1j~!l!~'U,.MU0il!f1'U (ethane, primary propane, secondary propane, 

primary n-butane, secondary n-butane, primary iso-butane Hil::: tertiary iso-butane) 1'U 

U'U'lJ'ihil0'1 ZSM-S 

I '" 	 ""1l1fll'lln~~ 3.24 1,1'Ul~11fil ~Et ~'Un'U'tI'Ul~'tItl'lU'U'U~l(ltl'lfl~ml'ltl{ l'l 'U111lJUll'llJ 

'tI'U1~fl~ml'ltl{1l1fl 5T, 20T, 28T, U(l~ 38T l'l~'1 .n'UntlnlJ1J'UI'i''tItl'ltJiimfJl~ 1~l~l~I'U'i'U'tItl'lUtlmfl'U 

~'1~tJ~ 3.25 ~ ri-pbe/SVP fil ~Et 'tItl'ltJiin~fJl~l~ l~l~1'Ui'U'tItl'lUtl(llfl'U (fll'Vl'U ll'lHt'I'U ihl'Vl'U H(l~ 
iI 	 f'" , 

itll9l'ihl'Vl'U) iifil\91'll!~ 63.0 - 39.0 kcaVmol ~'1Uf1'~'1i'UltJYi 3.25 'Utlfl1l1fli11ljtl!'mfJ'U1YifJ'U ~I 'tItl'l.. 
" 'tI'UWlfl~ml'ltl{38T l'l'U11fil ~Et 1l1~'Un'U'tI'Ul~fll1lJfJl1't1tl'lf1'lfJUtl(llfl'U l~fJtJiimfJl~i~Ifll~I'Ui'U . 	 .

'lIJ!JI?i 1 I 	 dot Q QIGt9l.c:::l Q.J d 

'tItl'lU'U'I !~I1J'Uf1'tl'lfl~lJ fl~lJUlfl }-n-butane lJfl1lJlfl'Vl~~ U(l~lJfl1 &fl(llflfJ'Ifl'U I-propane 'tIru::'Vl }-iso 

butane U(l~ ethane iJril~lfliltJl::lJlru 5 kcaVmol fl"lJf1'tl'll'l~'1'11'UntlnlJ1J'UI'i'~lfliltJl::lJlru 20. 
kcaVmol l~fJ 2-propane U(l~ 3-iso butane iJfilim~'I~fJ'In'UtJl ::lJlru 43 kcaVmol U(l:: 2-n butane iJfil 

l'l~'1'11'U ~t ~1~f1'~. 
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~ dehydrogenation reaction of alkanes 
o 85 ,-----------------------------------, __ ethaneE 
::;. 

.. . 0 .. .. 1·propane
~ 80 

.:.c --~-- 2·propane 
_ .. -6 - ' 1·n butane:;; 	75 

.. .... - " -6..., - .. - 2·n butane 
..; .':-- ,....... ....... _ .-0- - 1-i5O butane 

.. 	 <Il 
U 70 
~ ...... " .... '8:-e_~':;<D~:: 3-~ butaneo 65 u 

".:~-~~.. :tj~ 60 
N 
~ 55 
'0, 
Qj 50 
c 
~ 45 
o 

:.:0 40 
~ 
U 35 ~--~--~--~~--~--~--~----~~ 
<:( 5T 20T 28T 38T 

cluster sizes 

secondary propane, primary n-butane, secondary n-butane, primary iso-butane !!~::; tertiary iso­

~ 0 0 ~ .r:s~.d Q) <V tI 

butane) 'I1~~'j]lf)fll'J'V1l ZP£ corrected mlJ1tu'YI'J::;llltl1l11J ripbe/SVP f)llf.j~'lJtJ~'lJlJl~'fl~""I\PHJ'J. 
. 	 " . 

'j]lf)~l1fi 3.24, 3.23 1m::; 3.25 fll'jlfi~l1~m{J1fll'JOlt1 ltJlJ l11'j~tJlJfllllltJmf1lHfi~:th/l~~lt1fi~~ 

l1~fi~tllfllml'lf) IItJ~lf1lJlt~::;l1~fi~{J1~'~1~'J~llJilJ'lJtJ~lttJm'fllJlfi~ '~lmi)l~tI'lf)lJ lt~l1~m(J1~'~ 1~'J 

~llJilJlf)1'l '~tllf)f) ';i1 ~~""tJ~f1r;)'tJ~flmmfll'j'Vl~~tJ~ [17-18] 1I~::;'lJlJ1~'lJtJ~f1~ml'ltJ{:ij~tJri1'Yf~'~~llJ 
. " 

ritJfl1J:iJlJ~'lJtJ~l1~m{J1fll'J 1t1'lf)lttJ~lf1lJltllllfi 1 It~::; 2 'j 1lJYi~:ijf.j~~tlriTW~~'l1'W ritJf)1J:iJlJ~'lJtJ~l1~mtil 

~,~1~'j~llJilJmf)f)il1~tI~~'W~~~llJritJf)1J:iJlJ~~~11'j::;mtu 20-25 kcallmol 'lJtu::;~f.j~'lJtJ~'lJlJl~'lJtJ~'fl~tY 
. " 

Il'ltl{fih, qj~lJ~tl'W~~'lllJritJf)lJ:iJlJ~'IJ tJ~l1~m{J1f)1'Jolt11tl'W 111'j I'ltJ'W ~~~~I~tI~ 7-5 kcallmol 

" 
lJ tJf)'j]lf)t!'W'il~l,;i 'W '~il'W~~~l'W ritJf)1J:iJlJ~ (L1£ t) 'lJtJ~l1~m tllfll'j 01t1 1 tJlJ 111'j I'ltJlJf)lllttl~If1'W.. 

." 	 . 
Im::;l1~mtI1fll'jltl'lmltl~!!f1'WlIllllfi 1 II~::; 2 'j11JYi~11~f)~fJ1~'~ 1~'j~1'W'i1'W -W'j]1Jtul'W~'l,:jl'Wfi'IJ'W1~ 

'lJtJ~f1~tYll'ltJ{ 38T 'W1Jilril.,j'T~ril'11i1~II~v~ i:UltY~tJ'j fl1'WlJ1f)'WtJ 1~tI:ijIl'W11 U1J~'j]~~~~1'l'~flmrltJl~1J., 	 ., 
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U't1't1"" 4 

~~~~ m1!~~tllJfl~lJ'Vi~iT~''t1!rHiltllJ'~~~f)'9f~/fll{1J~'Wmf)'~H!iJ'W~1''rHh 


ill£J1~m"'W~1'W1~m~~~ fl11t11~fJflVI'~lff~'Vi l'W!!tl~ ~1!';~tliif)~ til ril't1"~'UfJVlfflMfl11lHflil 


1. t1't1'lh 

f11'j~\PJJ'U1!'Ylfl it.! hfj~1'U~hJJ1(llil'UI~Cl\l~ijfl';m,Hhfi'wlJlf) i 'Ufftll'Uf11'j whf)i1lllltJ'U 1'W'j 1~ u • 
I 't ':JI 

f11'j 1'll~WI~1J i~'\JCl\llh~'lf1ml-WJJlil'U'VliflmYl1 i ,re~'j1f11'j '1 ~'Vlf'WlJlm V\lIl1lJff\l~'U f11'j111m1'\JfJ~'l1~Cl
u .. .. 

'\JCl\lliYfJf)~1JlJl '1 ~i'l1lil~~\llil'U f)n '1 ~lh ~ 1fJ'lftJ 'Illf)'VIf'WfJ1m ~ijmjl\l~ltlfl i~Cldl\l~JJfh CldN i 'j~~. 
11'j ~lmf''1 'Ull fl1JIClI~hHh'U i 'l1 tYij'VI f 'W fJlm~1JJ1'i1JJ 1f)~ \lij~11~Clf) '1 'U f)n 111lJ 1~f)1I1'VI f1'i1Cl\l i~Cld1\l 

" . 
mnf)'l1mfJ f11'j~f1Ti''U111f)l'H~~ fJJJVVf) i9S~'\JCl\l1m1::;'lfUfl~l\l"l'1,rtJQh.l'.i::;~1J'Ul1 'U 1flfJij'li''U~v'U.y}ili 

~\lfJlf)U(l~ijfl11JJlll1(lf) '1 'l1li 1f1fJ '1 ~11'j ~ lfJ'lftJ1l1f)'\J fJ~~1JJ1(l (waste biomass) ~\llil'Ul~ Cl\l~ti lff'U 1'Il~mll 
. " 

lil'Umh\lv\I ~1JJ1'i1lil'Uff1'j'W1f)fl'U'VI~61~q 1'lf'U 1~ -W'lf~H'l'lfUflIPlN"l 1'lf-W'lf '\JCl\l!'l1~ClYl\l1l1f)1J~1I611(l~ 

tl~1 lff~'H ~Clf.j~~ f.j(l 'il1f)~11J1'i1ffllJl'j fI'lf1fJ(lfl'H ~fl'\J ~fll1~ JJ 1m n1cum{1JCl'U i flClClf) "l9Sf1~ \I ij1J'VI 1Jl'VI• ". . 
'ff1fi't1JIPlClf11'j Infll1 'j 1 f){J f11';j w!~Cl'U m ~ 'il f) i 'W i'W1J'.i ';j fJ1f11 fI' cJ'W.y} 11 ~ \I U~1~1JJ1m!1J 'l1!il'U -W 'If'H ~Cllff~.y} ij . . .­
'j lmflmUCl\l'il1f) iflfJri1'U i muiTmil'Uf.j(l'WIlClfJ "l~'illf)lff~l'vhflfl~'U ';j ~'l1'l1\1f11'j Yl1!f)1I ~';j m ';jJJYll'th "l~'l1~ fl.. " . 

. " 
i~i~!'t:J'U-w'lf.y} 111 ~\U!~1J 1~ ~1fJ 'j 1m"llimH UIl~ijCl d1\lfl~JJ ffJJ1J';j wi'U 11 'j ~ l'VIfl'Ufl1Jml~fJ'j 1JJn\l 

u • .. 

)I I ':JI )I 

11 ';j ~!'Ylfl'i 'VI fJ 'VI f) l'U uij f11'j i ~lfffl'l1~ tJ f.j~~ tim cvl'ill f) i~"l ~i 'U ~f)1I m~.y} i ~U~1Y1 \I !'If'U "l~!iYfJ1JIl f)~'U.. .. 
!11~Clf).,r11'l1mJJ ~~If)fJ1J !il'W~'U Ylli,rlnflf)TJ i~'VIf'WfJlm '1 11 mh\lili~JJfil1flmll'Wl~~~If)fJ1J~ijll~lJlru• 

I <JI I " , 

'\JfJ~JJlf)f) ';hlfffli~"l~'lI'u ~fl'U n\lv\I!il'U f11';j !l1JJilw'H 1 i 'U f11'j ~fll~1J!Wf)'\J fJ~llIl~ 'l11~'U.y}fhf)Il1J'\J fJ~ i~ 
" 

• 

,'', 
u 

" 
~\ltJ'U'YIl\lI~Clf).y}~f)';hYi\llfffl.i~i~.y}!iI 'W '\JfJ::;~1JJ1Il!'H ri ltJ'W hJMitl f11'J ull 'J 'J.. 11 f.I~~tim cyil~i~i 11 !i1'U 

fll{1JCl'U ~ih'W ';j U~1fJf11'J Y\ 1m{1J Cl '1 'U1"lfi'U ~\I '\J::; "l~m{1J ClU ~ijlf'W ~ ~bff \If)ilm{1Jtl'W 'Ii 'J 'J JJflll~tlYl1.. . .. 
!il'W~h~flcH1J [1] 'l1~tl111i'lh~~ fJJJ!il'UfltlJJ'WtliY~tl1J h'l1::;'lI'UfllPll\1"l !~mil'W~1d\ll1Bn11Jl'H~Clll';j::;~f)~ 

" 
t11'l1f1J '1 ~i 'W\ll'U'VI1\l!fliji vHh'ffl'l1 f 1J11fl ';j 1~11ffl'J !fl1J'H ~ tJYI 1 lil'U 'll1 iyj.yhflClJJ'WCliY~ t11'H f 1J!1I'U ~11~1J 

11 'j ~ ~ (capacitors) ~\llilw~l1 m w'1 1..1 fll'j 1~1J'W~\I\l1'W 'VI N!fl1J i yj .yh~ijfl111J 'l1 'U 1!1ti 'Ul'l ~\I\ll'U ~ \llJl f) 

ff1lJl';j ml 1hll1'J ~ ~f)~'1~'1 'W fJl'U 'W1'l1 'U~.y}i 
. 

~"l tHh "l~ 'U Clf)'\J1 f)U V\l1J'j 1 
". 

fJ\l1'U !f)fJ1tl1Jf11'J 111ffl'j~JJJJ'i1 
. " . 

'lfUfl U'U 1'lf'U ~1~mJ f)::; mJJ::;'W ~1J Uf) (l1J JJ1 '1 ~!~~ fJJJ!1I'U fI ClJJ'WCliY~tl1J1II 'H ~ ClCl f) i CU~'lI'iJfllPll\l"l !'If'U 

flVl1!l1Cl{CltJf)i9S~ [2J 9S\lTlClVf)i"lf~ ;!~fJJJClVf)i"lf~ [3] i'VI!'YlIUfJ1JiflVVf)i"lf~ [4] 11l'U~'U lflfJ111i'Uf1l'J 

l~ '1 fJJJ 1 II 'l1 ~ tl tl f) i CUf1~ \I f) ri l,)U fJJJl~ '1 fJJJ ll1J 1J 111 l"lfIl-lll 'i1 1 fl fJYi' ') i 11 m ~ 1J ') 'U f)1 'J 1 CUIl-lll II 111 'U 

m ~1J,)'Uf11'J ~ !l1~fJ'W fftll'U::; 'il1f)'\JCl\l!'l1 (l')~!'1 fJf)i1 "So)" ~\lri,)'UlJlf)mj'1 'W ';j11'\JCl\lff1'J U'\J1'U (ltlfJ~1J.. .. 
Cl'Umfll1';j~lJlru 0.1 -) "lJJ 1m !lJ~'j 11l'U'\JCl\lU~\I~!'1fJf)i1 "Gel" iflfJ1JiI'il~fJ'l1mfJmh\l~ijf.l'i1IPlClcJml. 
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~ ~ 

fll'i!nmJi)mtll !'lilJ pH ~1!~'1iJi)n1t11 qru'l1~:iJ rJ~'jlri1lJ llJ~'lJ'C)'1111!W~ 1,m~ t~lJ~lJ ~'1,rlJfn'i 

l'1'C)lJ'W'C)ff~nUfIl{1J'C)lJ [5,6] ~'1 1~'lJlJlfl'C)lJml'1'lJ'C)'1h'l1 ~'C)'C)fll91~lJ'lJlJlfll~flfYjl~!~~ VlJ lfl£J1n i91~-!'iHl• 
'" 1 II) 0' ., ",,J 1 'Ii • "'cO "" I 'Iii '"0' 'Ii ., . 'I

l'1'C)lJ'W'C){1'~'lJ'C)'1 ~'I1~'C)'C)fl !91flflUfIl'j1J'C)lJlflfl'lJlJ fl'1l£Jfl1t111i'C)lJ!'W'ifl!lJ'lflJ flll'Yll I'll ~'I1~m~'illl1I'l1 

0' lIJ 'Ii, 'Ii d • lq _ I II) 'Ii a. d "", lIJ 0'. '" '" 0' 
1JlJfll'jU'C)lJ I~ IflVI'lHU~1!lJ'C)lJl 11JAN1'il~ tfll'1'C)lJ'Vl'C){1'~'YllJ 1~'I1~'C)'C)fl 191fl'C)V'UlJI'l1'j'C)'1'j'Ufll'j'U'C)lJ

'" 
lJ'C)fl'illflfll{'U'C)lJU~1m'j~lJt'Vl1lJ'j:::~'UlJl ilJ 'MHo SiO [7], zrOz, CjfI'C) 111~ ~~1lJ1'jt) '~!\9l~£J:IJI~lJz 

" 
fl'C)lJ'rWffl'ln'U 1 'Ylt'Yl1'UlIlJ l~'C)'C)fl 191~t'lilJnlJ , lJ'1llJ1~£JihJ'1tU'lJf1fl£llfll'i II'l~ tllJfl'C)lJ'Vl 'C)ff~'lJ'C)'1 1 'Yl!'Yl!i1 £JlJ . q 

~ ~ 

n'UfIl{'U'C)lJ !.w'C)fl1'UfllJ'lJlJlfl'lJ'C)'1N~fl''I1'mi'1 lJ 'j'Vl 'j lJ 'lJ'C).:jfl1{'U'C)lJ l1'1 v'1!~lJ flUiJi'UiJ'i '1-WlJ~1 'jiJ~ 1.:j
q cu <u q q 'U 

'I "'., .111) 'Ii ... cO ... d II) 'lill) • ~ • 0 "" 0' .,9 '" 'I 'Ii 
tlJ'1llJ1'iltllJ Ifl!~'C)fl'lJtI~'lf1lJ1~fl'C)I'l~lfHJ'U IlJ IN!lllJ!!'I1~'1fllllJfl'lJ'C)'1flU'UtllJ 91'1lJlIlJ l'lf 

~ . . 
fIl{'U'C)lJI~m'h ''V'l~lrl1'l1 i''U'1llJ1Ifl'i l~"f'Yl1'1!fllJ l'V'l-rhl'w 'C)'1 'illmlf1l1:Uu'Vl'1 lJfl11lJ!~ 'C)£J t~lJ~1ih1'V'l~1 

!nfl iJ i)n~ til~~'C)flCJf~l lJffflvl 'rl~ l' lJ 'li1'1 fl ~1'11'I1'1~ 'C) fl '1 ~1~ ~llJu t) fl 1'U fJ lJ fll'j ri 1fH 'VI ~Jt~ fl I'l 'j 'C)lJ~ 
vv I ~ 

fJru ~lJ1J~~1'1'1!'11 ci li1 ~ lJ 'C)~n'U il'lQ~ 'U fi! ~Yilfll{ 'U 'C)lJ !I~:;;1nfll'i!1'l~ lIlJ-WlJ ~1'lJtl'1 fll{'U tllJ fll{'U 'C)lJ lJ 

'" 'Ii "'. II) .,1 0' 0' 11) • .1 0' cO 0' 0' "'.., 0' 'I 'Ii 0' '" 
'I11l1t1'lflJflfl1£JfllJ !'lflJ Hm ml'l fIl'i'U'C)lJ rrH'Um fllll9191fll'j'UtllJ fIl'j'UtllJfllJlJlJl'l 'il~ !'lffll'j'U'C)lJ'lflJfl 

" "', 1 jJ I 

'1fl~lJ n'U'lfU fl'lJ'C)'1<U11 'V'l~lfi\J l1iJ'1~'1llJ~1£J fIl{'U'C)lJ nlJljlJ ~!~lJfll{'U'C)lJ filJ-WlJfi ~1~'1 ijl'VltlJlJ1fl 

U~:;;'lJlJ lfll'VltlJ ~~ll{1'lJtl~'1 1~i''UfnllJ~lJ! 'il' lJ fllnh :::~fl~'1~II'l~ £JlJI~lJo511'rlvh H~:::'Vl'Uilfll{WJlJ ~ij . ~ 

fllm{1'lJ I CI'I1 ~ 'C)'C)fl191~CI.:j 1iJ'il:::'li1£J!YllJ ~ lfl11lJ 'il ~l!'Vll::: 'lJ 'C)'1 <U1 1'V'l~ 111 CI ~iJ i''UiJH fll'i1111l~~11~ [8]
• q 

, ~ 

ffl'ln'UfIl{U'C)lJI-WUiJ'i :::~fl~'~t~'U<U1i 'V'l~lfl'C)lJ'Vl'C)ff~rll'11 i''Ul!m 1::: '11~1'j '11~ tllll !~lJ ~1!~UiJ'i::: ~ Ifl£J 

,r'C)~'IJ'C)'1 l'YlI'Ylli1 tllJ 'fltltlfll91~;i'C) 1~'Um'j~lJfl11lJ'YllJ'Yl1lJ ~'C){1'1'j IfllJ lJfl11lJ111 1 'V'l~1~ 1U~~I~lJ{1'1'j~'1 
,I 'JJ 'j/ 

~1\J1 lJ'jlf1lt)flfY,h lC1'11:;;'lfuflfllJfi'1~.yh<U1hJYh 1'li'U U'Vl~Yi,rlJ 'Yl'C).:jrll UCI~!1lJ lJ'C)fl'il1flul'V1t'VI!UVlJ... 

"I '" 1 "I 0'''', 'Ii &.... "I 0' II) 0' 
1'Yl!'YltWJlJ fl'C)'C)fl 191fllJ !flH{1''il'1'IJ'C)'1~mfl'C)~ 3 1!'U'Ufl'C) 1!'C)lJ1!'Yl~ (anatase) 1 1'Yl~ (rutile) 1!1l:;;'Ul Ifl'Yl 

l 'Ii II) 0'", & • 'Ii I "I 0' ~ l 'Ii d II) • 
(brookite) !flH~'j1'1U'U'UI!'C)lJl!'Yl~1!1l:::t 1'Yl~lJfllHmm'C)£Jl'1fl11'1'lJ1H {1'1lJ'Ul !fl'Yl!lllJ tflH{1''j1.:j'Yl IlJ 

~'C)£J i~i''Ufl11lJ{1'lJ1'illt!'C).:j 'illfl!~~ VlI 1~£Jlfl 'C)VN 1 'i ~~rll'11 i''U'1l'U 'llJ~l'UlfllJ l'V'lvhv'1 l:UlJ,r'C)vlJtJlJ ~ 
. " ~ 

u'l1lJ 'C)'\,.rh iflH~{l~!m'tl'lfl~fi~fl Ifl£J1m .:j{1'{1~'IJ'C)~~1!fhJ'l.h::: ~ir'U-W'U!l'U 'il:::llll11'illm!H'U~1111 2 

, d ~ ll'JgJ& &:.I cv I lJ].clod cv .cdQ 

UNlJ ifl£JlJl!lJ1lJfllJfllll.:j n 91'1!'itlflfllJl1 Ifltlmfll'l'ifl (dielectric) fl'll!~fl'1'llJ'jiJ'Yl4,l... 
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http:C)'\,.rh


• 

'" .
f11m'H~'U'lh~~ (capacitance, C) ~~\1flfhl1'U~ i~tI.w'UYi'IJ8~tlH'U~')'Ulm'l:::f11f1-;)llJl.hLY'U1lJlyJ~1 

1lJ "'" ~ '" i' "'" '" EA 'I d .01' ~".I_~(pennittivity) '118'1 ~~fl!'flfl~m ~tlfllf1-;)llJ~~::::lJfIl1'Yllfl'U C =d ~~tJ'YI E flflfllLY'UllJ !l"ft11'IJfl'l 

" I 'jJ"
i~fl!~fl~~fl, A ~flYi'UYi'IJfl'ltlH'U~-;)Ul tI'fl:::: d ~8 )~t'J~~l'1j~'I1iNtlH'U\')-;)Ull1'1 2 !!H'U ~::::d~'Uill1'1 3 

Yllj liJ!~8{ii!rI'UtI ~ ~fJbhf1ill~ij ~'fll?i 8f11f111lJ ~ i yJ~ lU 'fl~ <>ln1~'11 8'11~ O~' ~.yh~::::! rI'U ~1d'I!LY~ lJ',r
u • • 

(Electrochemical Impedance Spectroscopy, EIS) ''Ufllj'l11f11fll'H~'U'lh' ~~ !'YIf1lJfI~lJi1u~'U9fmtJfl i'YIjLY 

1fl1l!~ 'I!flij 1yJ~ 1! rI'U! 'VlfllJ fI~ij tJ j:::: 1tJ"lftJ1J1 fl' 'U tllj 1!fI j 1~ 11'~flll W~ 'II 8'1j ~'Uu!flij i yJ~ 1 i ~tlGjhtl 

UtiflUtl~ fl'Vl ~Yl 'fl'IJ8'1~mJW~'YI1~mtl.fl1YlI m~ tJ) lflU fllj W'Vll'1lf1ij~r1mJlyJ~ lf11 '11 d'l' 'U fll j Vi 1'11'U ~1t1fllj 
" , , . 

'Vl~~8'1!i1t'J'I'1l'U~fl'U!~t'J1~1~j 1'Uj -;)lJfl11lJ~Yi' ~'Il'U i imh~!i1 tI'IYl8 l~tll1-;)1tJfl1j'Vl~~8'1fllJi1I1~'U9f 

'II f) 'I):::: 'U 'U 1yJ ~ 11 fI ij ~ ~ tJ ) ~ fl 8 'U 1 tl ~1 t'J! C}f ~ ,,1 yJ ~ 11fI ij ~ 'I ij j ~ 'U 'U f) 1 t'J 1~fll j 11fI j 1 ~ 11''11 f) 'II fI ~ f) 'I 

Potentiostat 11i'l~!fI~fl'l1If1jl~11'~8'ULY'Ufl'lf11f111lJ~ (Frequency Response Analyzer, FRA) 1C]$~i'l1yJ~1 
, ,,)1 " 

IflijYi'~''Ufll)'YI~'W'ltJ)~fltJultJ~1t'J'1l11yJ~1 3 '1l1 ~tJ '1l1iyJ~lViNl'U (working electrode) t1~'U 
iI " " I

'1l11yJ~lmtl'~fllj1!fljl~11' '1l11yJ~lLYlJ'YIU (counter electrode) IrI'U'1l1 lyJ~lfiVil',r1'1~j lyJ~lf1j'U1'1~j 
'" '" '1l11yJ.yh~1'1fl'l (reference electrode) ,~, 'Wflljfll'11'U ~r1fliJ1yJ~1'IJtJ'I'1l1 lyJ~lVil'11'U hmfl11lJl!ti'UtJ'U 

m lyJULY~'Ifl11lJ ~lJ~'Unj ~'I111'1d1'W ~~~i)'U d1'U ~'U~.fl1'Y'1'IJ tJ'I~lJi1u~'W 9f I~ t'Jfl11 Nyquist plot d1'Uf11 
. . '" 

~lJ 'U j W'IJtJ'I ~lJi1U~ 'U 9fU'fl~ fll j I t;tJ'Ul yJ LY ~:::: I~ rJ'U' 'W j tJoW 'Ini'U 'II fl'lfl11lJ~1~ tlLYllJ1) 011 LY~'Il1'1 LYtJ'I m lyJ
'" '" 
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" ., 

~~ 11'W ~ 1'W 1 ~vij ~ ~ li 

q 
~ IU'W nl ~ Iff 'W eJ 1~ l11li LYll1 r'U I \PI ~V11 fI eJ 11 l'i eJ iY \PI LVI IVI Iij V11 1 \PI fJ fJ nl 9f ~/ 

m{'UfJ'W 1\PI tl i"*\PI ~lntf'U~y'h 111 n L~lN!11 'W ff 1) ~~ J{ 'W ft filii 1B1I 1'Vl ~ m 'W'M'W ntJ 'W v'l 1m{'U fJ , 'W 19fi''W ~~ t1 tJi1 

111'W1~1mJ~iJ~ 'liih 1V~1'W f)1~ffmnf)1~ I\PI~ V1IflfJ1I'VltJiY\PI' 'VHVI!ijV1I '\PIfJtJnl9f~/fI1{'UtJ'W111n'~lN uf{1 
.. . 

1mv'UlViv'Uf)1) !\PI~ V1IfltJ1Il'ieJiY\PIn'U1~ ~~1~1IViv'llf11{'UtJ i'w !9fi''W l~fI1{'Ut)'W ntJ'W v'llBlJ !l'i~ m'Wi''W 1 \PI V'il:::: 

ffmn~Hl'IJtJ~~UA l1lJlJ 11m 'll~ lJ1UA 'IJtJ~ 1,VI!Yl!ij VlJ '\PIeJtJn , 9f~~ii~ eJfflJ'lJ~'IJ tJ~fI tJlJl'ifJiY\PI~!\PI~ VlJ l~ !<jf'W 
.. . . 

'IJ'W1\P1'IJfJ~tJ'W fllfl fl11lJI ffOV) ~ tJtJUA 11 f) lJ -w'W Vi ph~l!l'i1~ Uft::::BlJ.w U\PI 'W CJ1'i 'W n1'J !~'Ulh:::: 'il !-W mhfltJlJl'i tJ 
Q q qJ Q . ., 

iY\PIVimlJ1::::fflJ 11hh::::tln~!1J'WoU1'yHhLY1l1 r'U~l'W11ft) l::::l1'Yl1~!flii1 vJYhi'W f11) v'l1!1I'W ~1!~'IJ1J~:::: 'il 

,f'W~ 1 !\PI~tl1IfI1{'UfJ'W 1\P1V'lh~N\PI::::!nv'U 1~NhJfI1{'UtJ1 'W!9fi''W 1'W~ utJm\PIfJ{~~'v'h~1t1f11tJVlCJ1' 
~J1~tJcil'W!\PI1!j:-l1U'U'U'YitJ l"*tJUAlWlJ 500 tJ~ft'l!9fftlCJ1Vff flll'Jl~unffl'W 1\P1)!'il'W

~ q ~ .. . 
oU'WVi 2 !\PI~tl1Ifl1{'UtJ'Wf)lJl1'W~ 1\P1t11"*1~'IJtJ-:J Kumar [9] U1j:-l-:J\PI~antl'U1~lNlJ1v'llB:lJ!l'i)m'Wi''W 

~1t1m\PIyJtJffyJtJ~nllf{1u1 ''llriflnlJl1tJ\?l~ 500 tJ-:Jff1!9fmCJ1r)ff 

" . 
2.2 !\PI~ I'JlJfleJlJl'ieJiY\PI!m 1'J'U!Vitl'Un'W) ::::l1i1~1~111li n'U1~~~ !~1I!!('l::::ffnEl WH'l 'IJtJ~fJUA 11 f)lJViii~tJ. ~ 

'IJ'W 1\PI 'IJeJ~fJ'Wfllfi Uft:::: 1ft) -:Jff~Nil tJ'W l!Vlff'IJ fJ-:J 1VI!Yl! ij VlJ 1 \PI tJeJn , 9f~i 'W <jf1~ 500-700 tJ-:Jft'l!9fft!CJ1 tiff 1 \PI V• 

76 



tJlfftl1li'Vn~HfllJ~U\:.1fl~ '1 'Ut'Omn1 1'l$1f)l'J 'U'O\l Tatsuda [5] ItJ'U!! 'U TY11\1 ll"~ '1~1 'VI!'Vl!'U tIlJ!'Vl'VI n 1 '0 i C]$1l'l 

'Jl'l'Of) '1 'lf~ (TTIP) ItJ'UlllHl\l'U'O\l '1 'Yu'VuihJll 

1li~ A (5li'hl:U) VllIl'l'Jf)!WM'Un'O'U'Yl1m{lJfl !'UI'lfi''U 

~ j~1o:JJf)fmwviY~ Tio/mfllVU ('i'thr Al) 

tJ 1 H\I i ij'1~!! 'lii 'U ff11"::;" 1 tI '1 'VII 'VII ij till I 'VI 'VI 'j::; i'O i C]$ i l'l 1 l'l '0 f) i C]$~'l 'U 2-1l'l 'j l'l1'U '0" 'j::; I'll tI 

!l'O(lmHl'O~'O'Of)~1mfl~'O\l rotary evaporator tJ11'tlmJ!ll1\1~~\U'I1 fJlJ 105 'O\lf1'll'lf"I9ftlff !l~1tJ11'tlyhm{ 

lJfl'1'UIC]$i''U~~ru'l1iJiJ 500, 600 U"::; 700 '0\1 f1'11'lf "19f tiff mtl'~llf)~I'U l\91'Jll1'Ul1::;l~fl'Olll'l'OiY\91 TiO/ 

" ...flWUfl'U (1'11~ AI) 

~ j~1tJlJf)VlJWf)iY~ Tiojmf11fJU (Tlftr A2) 

tJ1fl'Olll'lfliY\91 TiO/m{U'O'U ('J11~ AI) 1'tlYi11H'u~ml'l (modification) i~ltI'Yl1flllll'l'Jf)!'U.jf'U~1t1 

m ~vl fl~vl '0 ~ f) It'"1111 '1 'I.J IH1~ 500 '0\1 f1'1 IC]$" IClfrm ~ \II ~ 'U ili '\1'W \I'U'O\l i11'J 1\91~ Vllfl1{'U fl'U tl:lJlJ'U I?i'~1V 
~l'J!fllJ ~\ll1::;l~fl'Olll'l'OiY\91 TiOjm{'U'O'U ('j11~ A2) 

. " 
1liVi B (11i~\lI~ll) fllJIl'l'Ji1!'U.jf'U'I1~\I'Vhm{1J'Ol'UIC]$.jf'U 

~ m1tJlJm)lJWf)ir~ TiOjmfllf)U (nltr Bl) 
, " . 

tJlfl1{'U'O'U 'il1f)'I1'U Yi 1 1'tlu'li'1'U ~1'J (l::;mv1'VI I'VI !'U Vll!'VlI 'VI'J::;1'01C]$1l'l1 l'l eJi1 lC]$~'1 'U 2-1l'l'Jl'l1'Utm 

'J::;1'\1 tlU'O(lf)'O ~'O~'O'Of)~1V!fl~ 'O-:.l rotary evaporator tJ 11 'tl'01JUl1 -:.l~'Qru '11 iJlJ I 05 mf1'llC]$(lI9fV~ !!~1tJ1'1 'tl 

IH1~'Oru'l1fliJ 500, 600 1m::; 700 'O\lf1'llC]$m9ftl~ f)1t1'~llf)~I'U 1~'jll1'U !'rl'OI'tl~v'Ui'VII'VIlijvlJ!'V1m::;lfl1C]$ll'l'jl'l
q .. 

flf) iC]$~ (TTIP) l11'U 1 'VII'VIIUtllJ l~'O'Of) iC]$~ (Ti02) 'il::; i~flfllJl'l'OiY\91 TiOjm{1Jfl'U ('J11~ B 1) 

~m1tJlJflVlJWf)iY~ TiO!mfllvuri:mju~ ('i'tltr B2) 

tJ 1 fl1 {'U '0 'U tl:lJlJ'U I?i' 111 f) '11 
" 

'U Vi 
. 

2 i'I.J u'li h.J 'ff 1) "::;,, 1V1'VII 'VII UtI:lJ! 'VI I'VI 1 ::; 1fl i C]$ i l'l 'J l'l fl f) ! C]$ ~ 

'l'U 2-1l'l'Jl'l1'U'O" 'J::;mv!W(lf)fl~fl~flflf)~lV!fl~'O\l rotary evaporator t'h'1'I.JflUU,r\l~~ru'l1iJiJ 105 fl..:jf1'l 

IC]$"I9ftl'ff !l~1tJ11'tlIH1~~ru'l1iJlJ 500, 600 1m::; 700 fl..:jf1'11C]$(lI9ftl~mV'~uf)~1'U 1\91'Jll1'UI~'OI'tl~V'U 
1 'VI I'VIIij VlH'VI 'VI 1::; 1 '01 C]$1l'l 'J l'l fl f) 1 C]$~ (TTIP) 111 'U '1 'VII 'VI Iij Vll 1~ fl fl f) '1 C]$~ (Ti0 ) 'il::; '1 ~fl 'OlJl'l fl iY\PI

2

" wevrl Q.I

Tio/m'JUtl'Uf)llll'U\91 ('J'I1~ B2) 

. . 
'" "" <V "" & _I"" Ii) '" Ii) Ii) "d'"2.3 t\91'.wlJfl'OlJl'lfl~\PI 'J'I1~ AI, A2, B], B2 ll'lflf1'f)'lJllJ'JlJlru'Ufl\l 1'VI!'VI!'Utlll ~flflflf) ~'lffl'VIlJH(l 

.. . 
~fli11'J In 'U 'I.J 'J::; 11.'U fl\l '1111 vl ~1 1 flV'I.J~ lJl ru 'U fl..:j 1'VIImu Vll 1fl fl tl f) '1 C]$~'1 'U fl 'Oll l'l '0 iY\91Yi~'0 \I i11 'J fff)'lJ 1~ '0 

.. . 
] 0%,20%, 30% ll"::; 40% l~m\91~ VlJflmJl'lfliY\91~lll1li,)'l\1~'U'Yi\liY11i ll~'1~'Oru'l1 fllJm{1J'Ol'UIC]$.jf'U 500. .. 

QJ r:I" W tI ..0. rIQ..I

2.4 \PI) 111ff'01J(lf)'lJru::;ml'l1::;'Ufl..:jfl1'jUfl'U, fill U'O'U f)lJlJ'U \PI, flfllJl'l fl~\PI Tio/m'j Ufl'U, flfllJl'lfl 
.. 

iY\PI TiOjfl1{U'O'UtllJlJ'Ul?i' 1m::; bulk Ti02 ('1:UlJ~1'J'O\lr'Um{u'O'U) 111f)1li''I1:UI!(l::;1li~\lI~ll~1t1!'VIfli!fl 
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, .. , 

2) m'J~~cMll''U 1~'Jt'il'Ut.wfl~ Adsorption isothenn !m:::rn.w'Ul1~1~m·n::: 1~fJl~ BET 

3) SEM 1v1f1~n'il(l'fI'lJfftlJ!l'\..1'UfI'J~~~nO!~~!I9l~fJlJ!~ 
.. , .. 

2.5 I~~ fJm'h hHhl~fJ1,*flflm'H)'ii~l1!~~ fJlJ '~1l101~i 'H liH~:::l~~'lI~lJ l~fJ'W 1flfllJ'VH)iY~1ll 
3131<lj Jd "'... ,J 31~ 31'" •~(I'lJi'H!'Ul!1J'Ut'Um~fJ10'\..l01l Polyvinylidene Fluoride (PVDF) 9f'li'lfI1J'U Binder mnll9llJ!tJm'UfI~ '\..I11u 

.. 
• "' ... IIL.I_~ 31 • 11) _I 0'

sonicate !m:::'U1(1'l)1ll'HfJ~~'Jll'U~1't1f1'J'U1 n"fY'll'VIfl'JU~'J (Cu substrate) !!~1'\..11 !1Jflll):::!'Hm!tJ~Oflgfl~ .., .. 
flfIO'il::: '~rl'lJ'UfI'JflfllJ'VwiYl9l11'\..l.,j1 'rJ~1cJ1'J1l:::'W1111i,*!~'U-iJ1!rJ~1111'l1'U (working electrode) ~fI1u 

Cyclic Voltanunetry U~::: Electrochemical Impedance Spectroscopy (ElS) 1v1f1ffml1'J:l'il~fJ'UfI'l~o!'I1.fJlJ 

fll{llfl 1 'U 19foH'U, ff~ri1'U)::: 'H 11'J' 'VI! 'VI! lJ fJlJ 1 ~ fI flO !9f~011 f1l {ll fI'U 1'U fl fllJ'V'I fI iY~, ff~ri1'U 'J::: 'H lH 

i YH'VItlJVlJ !flflflO i9f~OUfll{UfI'U OlJlJ'U 19i'1 'UflfllJ'V'I fliYl9l ~ij ~~~ flU) :::iY'VI1l fll'V'l i'U On111!1J'U~';H~1J 

"" .3. Nflfl1':i'YImn).:JU{;l~1m':iW~Hlfl1':i'YIVliU).:J 

XRD patterns 'UfI'lfltJlJ'V'IfJiYl9l TiO/m{UfI'U (Al) U~:::TjO/m{UtJ'U (Al) ~t~~fJlJ l~fJl1iimjm{ 

1JfI!'U!9foH'U~tJt\.l'HfllJ 500, 600, U~::: 700 fI'lf1'Wlf~!C}f(J(!' ~'JU(I'~'J 1'U)u~ 4.3 U~::: 4.4 19l1lJ~1~U 'V'IU. ~ ~ 

" .. 
"mI0!:::!Q'V'I1:::'UfJ'l~oYh~'U!!fJ'U1!'VI(I'~1'U1'U 5 ~O l1~l!!ml'l 28 = 25.3,37.8,48.0,53.9,55.0 fI'lf1'll1'J 

(l'llJ flO! 'H fl 
~

lJfl1{UfI ! 'U 19foH'U II~"Oll O!::: 'UfJ'J~O~'lori l1'il:::ijfl11lJ 011'J~ 
~ 
'ill '\..I 'U fI'l~0011 'J lJ 1 0 0 llfl fllJ'V'I tJ. 

, .. , 

-t iYl9l TiO/m{UfI'U (Bl) !!~:::TjOjm{llfl'UOlJl:r'U19i' (B2) l1!l9l~fJlJ If1fJl~~'l!~lJ~'J~U114.5 !!~::: 4.6 
, .. 

19l1lJ~1~U flfllJ'V'IfliY~Yi!~~ fJlJ 1~fJl1i ~'l!~lJ'~"01Jt\.l:::'UtJ'J~O! l'\..1!tflU!m:::~m!'H ~lJ011m) !~~ fJlJ 1~fJl1i 

i mj "mlU1~"'lflri11U(1'~~ i,.rlr1'Ul1m) !\9l~ fJlJflfllJ'V'IfliYl9luu'Ul1ii 'Hli'il~ l~'tI'Ul\9l'llfJ'l~~f1 (crytal size) ~ 
.. , .. 

!~ 01ll0U~:::!~00111~ UUU"'l!~lJ fI fllJ'V'IfliY~l1!\9l1 £llJ 1~lll01~1'HliU~:::1~ ~'J l~lJ 'il~ !f)\9l1m 'J (I'~l'lUUU 

Ufl'U1!'VI(1'vf'l'HlJ~!!~::: 1li'V'lu1m'l(l'~l'lUUU)! 'Ylrl'mfJ!!~l!~i'Um&m)lJ'V'IfJiYl9l~m{uB1'U!9foH'U~flo! 'H nlJ 
~ ~. 

(I' 'lbY~fitJ 700 tJ'Jf1'l!9f~!C}frJ(!' ~'l1 ~fJYh!UfIl'J !U~fJ'U1flH (I'~1'1'11 fI'l! 'Yl!'Yl!lJ fJlJ !~flBO1 9f~1l1m!fI'U1!'Yl(1'.. . 
?I 0' "".1 dt "" & d 31 _lei 'I 31 ?I 11) 0'
!u'U~1'Yl~'il:::!fI~'tI'\..I!lJB~0!'H.fJlJ~'JtHU):::1ll0! 600 fI'lf'll!9f~!9ffJ(I' l!~1'il:::!1J~fJ'U !m~bY)l~!U'U~ !'Yl" 

mil'l(1'lJ'U'JtU!rlfJflW'H nlJ(I' 'llllOOll 700 B~f1'l!9f"!C}ffJbY~'U1U ~~J'U!!(1'~'J i ,.rlr1'U'hm{uB'UhJflfllJ'V'IB 
<u q qj <u 

iY~ij~(1~Bfl1llJ!(I'(jfJ'J 'UfI'J1m~(1'~l~Ufl'Ul!'Yl(1' ~'l'lbfJlH'~ilo'U11 'U!!fI'U 1!'Yl(1'1li!f)~m'J!u~£I'U1m 'l(l'~l'l .. , 

I~'U) i 'Ylrl'o'lll~m\.l 'HfllJll:::bY'lo'J 700 fI'lf1'l!9f~!C}ffJbY ~'lt!'U 1~ IIUU!~lJ1'\..IfJ~~l1 I~~ fJlJU1JU 19f(1-! 'il~U(1~
<u q <u <u 

!liij~Tj fI'l~um{ufI'U 'il::: !~flfllJ'V'IfliY~~1li!bY()fJ'J ~flflW 'H nih!,,::: 'il:::!U~fJ'U1m 'l(l'~H!~'U) i 'Yl~1~~ lfJOll. .. ~ 

!rlfl1~~uow'H fllJbY 'l1ll0~'U l~w'V'lull ~ilo'U11'UUfI'U 1!'Yl (I'~!~~VlJ 1 ~fJl~ 19f(1-!'il" 'il:::ijWJ1lJ!(I'()fJ) t!OfJ. ..~ .. 
01l1110flBbY1111) ()'Yl'U OO! 'H fllJi~ufiu'J~lllo! 300 B'lf1'l!9ffllC}f(J(!' I'vilt!'U 

q 'V . . , . 
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• • • • 

• TTIP impregnation before carbonization (A 1) 

• 
Anatase (+: 

20 25 30 35 40 45 50 55 60 


2Theta (degree) 


~'lHi 4.3 	 XRD patterns '\Jfl-lflfllJ'V'Ifli1~ TiO! fI11'UfllJ (AI) ~f111'UflllJ!9fi'lJ~'QWl'liJiJIOiN"l (a) 500°C, (b) 

600°C !m~ (c) 700°C. 

Anatase (+), 

40 45 50 55 60 


2Theta (degree) 


ltl~ 4.4 	 XRD patterns '\Jfl-lflfllJYwi1~ TiO/fI11'UfllJ (A2) ~fI11'UflllJ!9fi'lJ~'QWl'IiJiJ~1~"l (a) 
)0

• 500°C, (b) 600°C !nl~ (c) 700°C. 
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• 
TTIP impregnation before carbonization (A2) 

30 3520 25 




• 
Anatase(.) 

• • 

20 25 30 35 40 45 50 55 60 


2Theta (degree) 


~tl~ 4.5 	 XRD patterns 'UV.:jrHllJ'YHJtr\91 TiO/ m{llV'U (Bl) ~lrll~eJru"'JJiJl'il\l"l (a) 500°C, (b) 600°C 

UC1::: (c) 700°C. 

• 
Anatase (.) 

• 

20 25 30 35 40 45 50 55 60 

2Theta (degree) 

':. ~tJ~ 4.6 XRD patterns 'UV\l~VlJ'Y'H)tr\91 TiOjm{llV'UfllJlJ'U\" (B2) ~lrll~f,!ru"'UJiJl'il\l"l (a) 500°C , (b) 

600°C tiel::: (c) 700°C. 
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A~'U~lha.:JAfl\9)';h TiO/m{'Utl'U (A2) t'UrU~ 4.4 inm.:JLYrl.:JhniAf)~~ 'nJn'U!!tl'Ul!l'lLYfltl 

i'YI!l'lA-WVlJi'W lj'vJtlLYAyJ~ (TiPP7) ~.:JAf)~~lf)tl1':i~tJ~'ULYfl1'Wf1tllJ'Wtlff~ TiO/m{'Utl'U (AI) ~1Vm~ 
. 	 " . 

yJtlLYvJtl~f)U~1'W 1 i tJ!I~n.yj 500 tl.:Jf!'W1HH9fVLY ~nJ'UAlitl i~i''Uf1 1 llJrtl'U'V11 t -Hi 'YI!'YI!tJ t'JlJ':i 1lJ1'i1n'U 

yJtlLYAyJ~f)mmll'U1'YIA'YIA.w t'llJ i'W 1':iyJtlLYAyJ~ ~.:JAll'U LYl':i ~]jLYlJ1j~! LYot'J':i~tlf1 11lJrtl'Uml~'W1 iyJYJl ]j ~ ., 

" LYl'j'lh~f)tl'U<Jf\J~.w [10] !!~1'Umru'\ltl~f1tl'lJ'Wtlff~ TiO/m{'Utl'UnmJ'Ut (B2) n]jtl1'j1~m~yJtlLYyJtl~f) 
. " i hi tl1 ':i ntl nlJlJhI t!!~ 'hj'W'U~ f) i 'YIA'YI!.w t'JlJ 1'W 1 ':i yJ tlLYAyJ ~ i hlf1 tllJ'W tl ff~! 'Ot'J A{1 tl.:J ~l f),J'U ~tl'U1'U tl1 ':i A~1t'JlJ 

" 	 ". 
TiO/f11{'Utl'UnmJ'Ut (B2) iJ'U ~~1~m ~yJtlLYyJtl~ f) 1lJ'u'U ~tl'U!'wtlntlnlJ lJ'U ti -Htll'Uf11{'Utl'U nmJhI t 

Q.I ~ IV Q,.f Q.I rI liJ~~ lI'I' ~ ~ 9J if Q,I CV cldlrJ"'~ : 
\Pl.:J'\.J hi yJtlLYAyJ~ ~'U~1!tl1~ f)'Uf1 n 'U tlhl !~'U tlt'Ju'O~u 'YI'U~~ !lJ!l1 'fItlt'flmlJtlm.:Jm':i'Utl'U f)lJlJ'U \Pl'YI !~\Pl1t'J'U1 

f)~'U m~yJtlLY-vJtl1f)~.:J'V1T}1.wl~tll'Ul'i1')hm~'lJ ~ lhl 1h1 '\I fN l 'W ~ hi f11 {'U tl'U '\IW~~ '1 ~i''Uf111lJr tlhl 'V1 1i -H'1~ 
• " • I 

m{'Utl'\.J nlJlJ'\.J t.yj]j~hI.yj ~1t!~AW~Ali tl'W lf11{1] tlhl nlJlJhltlJ1A~~ t'JlJA ll'Uf1tllJ'Wtlff~ TiO/m{'U tlhl nlJlJhI I'l 
(B2) ~~ hhf)~ '1 'YI!'YI!.w t'J'lJ 1'V'I1':iyJtlLYAyJ~ hi tlf) ~lf) 'If1m~lJlfhl~ ~1!!~1f)1'jntlnlJlJhI tV.:J'If1mYiml11lJ'W 1 

1yJ~11-Hn'Uf1tllJ'V'Itlff~~1t'J 

~tJ~ 4.7 ULY~~ XRD patterns '\Itl.:J Ti02 ~':Li]j1'i1'jtl~~'Um{'UtlhlnW 1\Plt'J]j~hI~tlhltl1'jA\9I~t'JlJ 
mlitlhl nmltllJ'W tlff\9l'YIf)tl~l.:J!~t'J ·m~ i:Li!~lJf11{'Utlhl'\1~tlf11{'UtlhlnmJ'U~'O~'lhA'fI~A~l~tlW'\1 nil 500,

q 	 q ., 

• 
<> 

(c) 700 °c 

(b) 600 °c 

(a) 500 °c 

<> 

Anatase (.), Rutile( <» 

<> 

. } 

20 25 30 35 40 45 50 55 

2Theta (degree) 

ltJ~ 4.7 	 XRD patterns '\Itl.:J Ti0
2 

~':LiiJI'i1':itl~~um{Utl'U !~l~fJW'\1iJil~l~'l (a) 500°C, (b) 600°C 

H'fI::: (c) 700°C. 
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'W'Ui1fl tJU'W tJiYl'l~ i ~ililff()tJ'l~tJtJOA l1 fliJllCl~ l1~ltJ~ tJu 1fl 'l ~ff~l~l~U ':i i 'Yl Cl1~~1tJf)i11rltJ 1~~'U. 
" 

~ . ~ 

tJOA'l1 flllff\lmf)~U UCl::;uffl'l\lll1'n1uutli1~1 'liii~1':itJ~~1Jf11{'UtJut(ltJVitJOAl1f1lliliff.:)mf) l'1iU 500 tJ\lff1 
q CU <u Q CU CU 

;::;:s clQl d. 1 gJ ~ tI~ cv 1 ~ iI 111 tI~
lCJ$Cl19Wff f)IN'W'U'Wf)'UtJ\I flHff'l1\l'l !'YlCllf)l'ltJ::;tJUf)'U flHff'll\1UtJU11'YlffI'l1tJ llCl::;'W'U':i !'YlCl'Yl':)ff1l.1 

~ ~ 

fJOAl1iJll 1I'ltJllf)'I:I0A::;m'W1~'UtJ\lti'Yl~11::;tJ'nf)U~~lUml\l 28 = 27.4,36.0,41.2,54.3,56.6 tJ\lff1 

111f)I'l1dl\l~ 4.1 'W'Ui1'UUlI'lN~f)'UtJ\I i 'Yll'YlliiVl.I ll'ltJtJf) 'CJ$~~ll'lj tJl.IlmJ1lilmj~:::h;N~f)~ii'UU11'l 

1~f)f)Vl'W9i1\1 12-19 'WllUll.1l'l':i ~\lii'U'WlI'l1~f)f)i11~ l1'U'U~\ll~hJ~'-H''U'W11'l'UtJ\lN~mi1'W lm,utlvlU'lh\l 
~ u ~ 

15-40 U11WUI'l':i !!Cl::; 1'Yl!'YlIii I'JUil'ltltJf) '9f~~ll'lj I'JU 1I'ltJlliiim{'UtJ'Wl~'W~1':itJ\I~'U (Bulk Ti02) 11::; i~ ~~ f) 

l!tJUll'Ylff~ii'UU11'l 'tmUl'lfUtlU ~\I '~fi1tlV'tU'lf1\1 34-39 U11U1UI'ld ~~,fuff1m':itI'UtJf) 'fi'i11~f)1d
u ~ . ". 

11'lj I'JUll'U'U 't 'H11 U1J!'W':i f11u<:tlwitJum{'UtJ iUl9f<:tlUl1~lf)I'lN~f)'UtJ\l1ttlU l1'YlffViii'U'W 11'l1~f)f)i111i~~1~uVi 

UU1'W':if11U<:tlt-.l'Hll\lm{'UtJ iUl9f<:tl'W 

" . 
~ ~l'n~fi 4.1 'UU1I'lrl~f)'Utl\li'Yl!'Yl!iitluil'ltltJf)i9l~ (crystal size) It(l::;fi1-W'WViph~11'W1::; (specific surface 

. . 
area) 'Utl\lfltllJ'WtJiYI'lUCl::; Bulk Ti02 Vill'lj tll.IVifJOA'l1 iJll~l~"1 

Crystal size by XRD BET specific surface area 

2
(nm) (m /g) 

"" " 1214 135 227 25913flOU'WtJ9f1'l TiO/m':i1JtJU (AI) 

"" " 17416 231 20319 19mW'WtJ9I1'l TiO/m':i'UtJ'W (A2) 

40 21235 25 190 229 

66115 31 711 68038 

34 41 39 

jI ,... ,jI 

U~f)1':ill'lj l'Juu'U'U1~ll1l1ii 11::; 't M ~l-WU Vi r:l1~11'W1::; 'UtJ\lfl OlJ'WtJiYl'lUOI'Jf)i1Vill'lj I'Jl.IU1J'U1~~~1~lJ 

1~tJ1~'tl1l1l1::;i~~llfu~r:l1~11'W1::;tJV'tt.l'J51\1 135-259 m 
2
/g ~~1~'tl1l1 A2 ml1iilf'W~r:l1~11'W1~Cl~Cl\l ... . " . 

'i11f)1ill1l1 Al 1'1i'W fltJU'WtJiY~ TiO/m{'UtJ'W (AI) m{1JtJ i 'Wl9f<:tl'WVi 700 O\lff1191Cll~tJff ii-w'WVir:l1ClI'lCl\l 

1I1f) 259 m 
2
/g btl'W 203 m 

2
/g brlml1itJntJtllJl1''W~ f)l111~f)~'illf)f11'.intJtllJl1''W~m{'UtJ'Wi'WfltJlJ'WtJiYl'l 

TiO/m{'UtJu (AI) ~1I'Jml'l'Y'loff'Y'ltl~f)1'Jlf)f)i1f11'.intltlul1''Wl9lm{m)'Wli'.i'.iUI'l1 't U1~ B2 uCl~l1K~ntltlu 

l1Ul9lml1ii'Y'ltJff1'Y'll'll1Cl\lmt\tJtJV'Yl1iMlf11'l1m \lff~l~~'W1il'W ~ill'lfiOAcn~l~l1iitl\l~\lliu fj'u ifi'111f)~tJUCl XRD 
~ ~ 

'j,I I ,,'jI I 

'ti'l\1~U ~~'Yl1i M-w'WVir:l1~11'W1::;fltlU'WtJiYl'l A2 Cl~Cl\l ifi' ~h'W1~~~1~l.IlI::; 'fi'fi1-W'WVir:l1~m·t1::;mi't'W9i1\1... 
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.::j~ .ci~ ,G' ~ 

lI'YfW Yl NTff~ f111fl1'j UV'W 1i 'j 'j 1I~1'W'W!V~ 


'" 

rtJ~ 4.8 U{1~~ IV19fIVl{1I'UV~m'j~~~u1'W l\91'jlll'W'UtJ~fltJlIYltJiY\91 TiOjm{UtJ'W ~1\91j vlIl~V1~1'H~ 

Ylu'";ilI~clnlJOl~ ItJ19f1ii {1I'UtJ~{11'j~iJ ~ Yl~ 'W'U'W1~I~fl (micropore) ll(l~fltJlIYltJff\91'¥J fll'lJ~I\91j VlI I~ U{1~~ 
• " 

Itl19fIVl{lIclnlJOl~U'H1I~ 

46 '--1__ ------,11AdSO_ ISOth ermrptiO"--,--_

i 

, 

0 ~1--------~----+-------------~ 
o 0.5 

ltJ~ 4.8 Itl19fIVl{lJ'Uv~m'j~~~ul'W l\91'jI'il'W'UtJ~fltllJl'Wff\91 TiOjm{UtJ'W ~1\91jvlIl~V1~1'H~ flllIYl'jf)!'W 

i'W ntl'Wfll{Utl l'Wl9fi'W. 

" fltlllYltlff\91iiJ1n1~1'H~u(l~1~~~1~1I (A 1, A2, B 1, B2) iJflJllJl{1()V'j~Vtltu'HfllJl'W'lh~ 500, 600, 
q '" 

I YlIYlIUVlI I'WfltlllYltliY\91~tlm'j lnmh ~ 'il'Utl~~J I ~vh~~ I ~!\91j VlJfl tlllYltl ff\91m1l1~~1~~'Wyf~~1~ U(l~1~ 
q 

tlOl '\1fliil 'W num{UtJ I 'W!9fi'W ~ 500 tl~rrl!9f(l!95V{1 u~mOl'UtJ~ 1 Yl!'Vl!uvlIl~tltlfll9f~l'WfltllJYlvff\91~ 
q .. 

~ dI '" 
\91tl~m',jrYnlJlfltl 10%, 20%, 30% 1!Cl~ 40% 

XRD patterns 'Utl~fltlllYltliY\91 TiOim{Utl'Wum:TiOifl1{uv'WtilJiJ'W~ ~!\91j!'JlJ 1~!'J1~1'H~U(l~
". . 

1~~~!~lIm{utJ I 'W!9fi'W~tlOl'H fllJ 500 tl~rYl!9f(l!95mY ~~!!{1~~ 1'W 'jU-vl 4.9-4.12 iJu'W1lwllH(l~clnlJOl~
q .. .. 

iYl!Yl!u[ml~tltln i9f~~tl fltlllYltlff\91'illn1~ Al (~U~ 4.9) ~nlJOl::;'Uv~ XRD H{1~~lflH{1~l~lllYll::;'UtJ.:J 
v . I ioI 

lm~{1h~lltl'Wlmm'f1'Wi~~'W 11ltl'lHlJ1Ol'Utl~ 1 'Vl!'Vl!-utl1l1~tltln19f<f11'WfltllJ'VHlff<P\ltilJ~'W'i)lfl 10% 11l'W 

20%, 30% !!(l::; 40% ~ll1ih~U !~tl.:J'illn ';hf.i\«~riJ'W'Utl~ I 'Vl!'VIIUtllJ i~vtln 19f~.wmJ'vhl'11'ff~riJ'W'Utl~ 

m{utJ'W!vill~'W~~ 1 Uu~1J~.wn'UtJ~Utl'W1I'Vl{1YhI 'I1'u {1~~~nlJw::;wnlllll'W amorphous 'U tl~fl1{Utl'W tlVflln 

. " 
!!Cl::;liu'WJ1.wllm1itl'Wti'Wi'WfltlllYltlff\91'illn1~ A2 ('jU~ 4.10) U~1~UYlUlflH{1~l~'Utl~ l'Vl!'VIIUtllJl'Vf h.. 


1\ 
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" 1m 'l'fffNUflU 11'Y1'ff!~ui~~u~ llJU~mW'\Ifl'll 'YI1'Y1lij tllJ I~flflfll C)f~1 'U flfllJl'WiY~~';Wt'lfU tiu !!~flfllJ'Ylfl 
I 'JI" , 

iY~iil~~tllJ lfltll1i~'lt~lJijl~~mIW~'\Ifl'lVifliiufl'Uml~iifl'nlJt,jlJ'ff'lflilm 'H~~£JlJhwi1i1mj ~fl£lW~ 
" ,.. I I • 

~(f) ~'lflriTJ\1 'ffflflfl ~fl 'l timl fllJl'W iY~,j1'll'l'U ii I~~ tJlJ!~flfffl£ll N(l '\I fl 'l ~W l1lJil ii ii ~ fl '\I 'U 1~!!~ ~1fl-:J 'l~!1'l 

-,..; IWUlI'YI'ff'\lfl'll 'YI!'Y1lij tllJ If! flfl fl i GJ$~ !!~ Idfl'l 'illflU~mw '\I fl~ II 'YI!'Y1 lij tllJ If! flfl fll C)f~.wfltl(l'lvll111A'M'U-Wfl 

'\I fl'lUfl'U 11'Y1 'ffi ~:Jif!1 '1 'UI'Yil 

• 

Anatase(.) 

45 50 55 6020 25 30 35 40 

2Theta (degree) 

. i ~tl~ 4.9 XRD patterns '\Ifl'lflfllJYWiY~ TiO/fl1{Ufl'U (AI) ~ihHmw '\Ifl'll'Y1I'Y1IU£JlJ If!flflfllC)f~''UflfllJl'W 

iY~ (a) 10%, (b) 20%, (c) 30% Im~ (d) 40%. 

.. ) 
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•• 
Anatase (.), TiPz07 (.)

• 

.- 20 25 30 35 40 

2Theta (degree) 

45 50 55 60 

~v~ 4.10 XRD patterns 'lJO.:JflOlJ'YHliYl"l TiO/ m{1JO'W (A2) ~ihHlJ1ru'IJo.:J"VI!'I'l!urJlJi~oOnlGJ1~''WflOlJ 
'WoiYl"l (a) 10%, (b) 20%, (c) 30% !!~~ (d) 40% . 

• 

(d) 40% 

(c) 30% 

(b) 20% 

(a) 10% 

• 

Anatase (.) 

45 50 55 6020 25 30 35 40 

2Theta (degree) 

fltllJ'WOiYl'l (a) 10%, (b) 20%, (c) 30% !l~:;: (d) 40%. 
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• 

(d) 40% 

(c) 30% 

(b) 20% 

(a) 10% 

• 

Anatase (+) 

• 

20 25 30 35 40 45 50 55 60 

2Theta (degree) 

~tJ~ 4.12 XRD patterns ~Hl\lflVlJ'VWiY~ TiO/fl1{lJV'Wfl:IJ1J'W~ (B2) ~ihJ~lIlw'\JV\llYltYltil£JlJ l~)'f)Vf) 195~1'W 
flVlJ'VWiY~ (a) 10%, (b) 20%, (c) 30% ml:; (d) 40%. 

1llf)~l'n~~ 4.2 'WlJ';h'tl'W1~H~f)'tleJ\l1Yl!Yltil£JlJ l~eJeJf) 195~~1~~ £JlJ 1~£Ji~ A 1 1l~1,rH~f)~iJ 

'tl'W l~I~m.h~lIlW 14 'W 11'WtlJ~';j u~~lrleJfieJfllJ1J'W~1~£J i~ A2 'WlJ':iTyh 1 ,rV'W.f1lfliJ'tl'W 1~hml~'W UIPl 
q " 

l'Wmwl~ Bl U~~ B2 11J'W~hi1ff\l!f)~i1f1l';j~~U~lJ1W'tlv\l1'V1!Yllil£JlJl~m)f) 195~MiJH~.yhl,rl~eJ'W.f1lfl
q 

~iJ'tl'W l~~~~\lt~mr{)£J m1lldeJ\l1llfllrlmJ~lIlW 'tl V'llYl!Yllil £JlJ i~eJUf) 195~~~~\lff~riJ'W 'tlu'lm{lJv'W ~ 

l~lJ~'W1):;l1ll'nj'l~flJ1JfllJ'tl'Wl~'lJv\llYlI'VlliltllJ l~ueJf) i95~'tlW~111m{lJU i 'W 195~'W lllPlmll\l bbn~llJ~l 
q 

" , ,)I <;J I 

~'Wli r:h~ll'Wl~'lJU'lflUlJ'WViY~lll'l1~iJ~l,reJ£Jf)i1lit~~ £JlJlllJlJi~~'lI~lJ 1 ~ £Jilli11 ~i~~ lYJ'Wli ~J~ 11'W l~ 
" " ... 2 2v~l'W'lh\l 123-240 m /g riJ'Wlll~\lI~lJ1Jl~lYJ'Wli~J~lt'Wl~V~1lJ<HJ'l 243-1,280 m /g ll~~llf'Wl~il 

. " . 
f)l';jI-WlJU~lIlW'lJV\ll 'VI!YltiltllJ l~VVf) '95~1'WflVlJ'WViY~ri\lH~ 1,r~lYJ'WliNJ~lt'W1~iJU'WJ1 ,rlJ~~~\l 1'W';j1~ 

" . . 
ln~ H~f) ['VII'YIlil £JlJ l~veJf)i95~l 'W ';j'W';j'W'lJV\lm{1Jv'W!!~:;m {lJV'W fllJ1J'W ~lIlf)~'W'lr'W IV'l 11l'W Yit.ilr:1''W l1l',h 

.. q 

!II I I 'jJ )I 

f)l';jnVfllJ1J'W~m)lJ'WviY~l~ A2 111',r~'WYi~J~ll'Wl~'lJeJ\lflVlJ'WtliY~ Al l-WlJ~'W'VIf)flVlJ'WtliY~ ~\lU'Wllr:1'~\l 
q 

i1flVlJ'WtliY~~iJvWl1.f1iJl'Wf)l';j111m{'Jtll'Wl95~'W 500 V\lflll95mCJf£Jr:1' r:1'11ll';j tlnVfllJ1J'W ~fl VlJ'W tl iY~,,rn
q .. 

'jJ , I , , 

¥l'WYi~J~11'W1:;r:1''llJl~f)i1flVlJ'WViY~YiiJvWl1.f1iJ m{lJeJl'WI95~'WYi 600 ll~~ 700 V'lffll95~t9hm ~\llil~ 
OJ q OJ 

f)rilJlJ1''W~1';j1\l~ 1 ~'W1J'h~'W~~J~lIVil~'tlV\lf)VlJ'WeiY~m1l~~~\llrlmi{)fllJ1J'W~ ~\l'W1J''WmWf)mJ'vmiY~ 
~nVWl1.f1iJm{1JV1'W195~'W~ 700 U\lffl195~ICJfrm 

q .. 
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. ., . 
f1l'n~li 4.2 'tI'U1~H·.j~f)'tI~H1'Yl!'YHlJtJlJ1~HH)f)191~ !W~fh~'Ul1~J~1!'Vn~mJ'l.J BET 'tIfl'lflfllJYH)'ff~-¥iiJ 

~~riJ'U 'tIfl'l 1 'Yl!'Yl!lJtJlJ 1~ flflll 191~'l'UfltJlJ'Wfl~~~l'1n'U 
... 

• 

<I 
- TiO/fIl'JUtJ'U (Al) 

<I 
- TiO!fIl'iUtJ'U (A2) 

<I 
- TiO/fIl'JUfl'U (B l) 

cI <V Q..I cI 

- TiO!fIl'i'lm'UlllJlJ'U~ (B2) 

'"I 
'\J'Ulfl~ilfl (om) 

10% 

29 

19 

20% 

23 

19 

30% 

]4 

23 

17 

40% 

14 

22 

25 

24 

]0% 

181 

215 

346 

1,280 

20% 

148 

240 

317 

1,062 

30% 

141 

196 

262 

880 

40% 

123 

211 

243 

692 

fll'WciltJ~11l1l~U'I~fI'Ylnftt1iit~Il~'itJ'UuuuritJ'Im1~i'Ut,j~ 4.13 Uff~'I51l'l:Jtu~'tIfl'l Ti02 ~1-JiJ 

~T:ifl'l~UfIl{UU'U!W~fIl{Ufl1'U!91i''U~fJtu'\1{jiJ~1'1''l 500, 600 Ufl~ 700 fl'lftl!91f1!9ftJff ~f)15'1't1tmJ 

500 rvh 'WUfl'Ufllfl'tlfl'l1'Yl!'Yl!lJtJlJ1~flflll 191~'tI\..n~ 'lmuU1'1!~IlU1'1 iJ'J,j~ 1'l1-Jmj'Ufl'UUfl~ 1-Jff~lLfflJtJ
• v OJ 

'J,j~ 4.14 Uff~'Ifll'WciltJ~lllll~tJ'IlIfI'Vl'i 'iftt1fl!~Il~'i U'UuuuritJ'Im l~'tItJ'I fl'Ufllfl'tlU'IfI tJlJ'WtJiY~ 
OJ • • . . ., 

TiO/ fIl{UtJ'U (Al) l1!~~tJlJ 1~tJ11i'l'\1-Jfll{UtJ1'U!91i''Ul1fJW'\1{jiJ 500, 600 Ufl~ 700 tJ'Iftl!91f1L9ftJff ~'I . ., . 
ffllJfll'W~'UiJ'U~ llJ'Ii'UlJ fI XRD 'li'1'1~'U Vii101'i !~~ tIl,JUUU1TI'l mjlJ ~~ i,r1 'Vl!'Yl!lJ tJlJ 1~ fltJf) i 91~ViiJ'tI'U 1~ 

OJ 

!~1llJ11l m ~ 111 tI!!fI~N'I ~JtJtiu 'U~J'tIU'I~J'i tJ '1~um{'U fl'U ~ 015'1't1 tJltlG 'I 80,000 !'vh !W~ iJ 'tI 'U l~'tItJ'I 
. OJ 

,"
m~fllflffihLfflJtJ,j'i~lJlW 70-100 'U -,1 'U !lJ~'i H~!]jfl'Wl!mfltJlJ'WtJ~~U 1 uritJnlJiJ'U~i ,rrIl'U TiO/ 

cI (v d I C1 i" d c:! i ,J d gJ Q.I "1 • 
fIl'iUU'U CA2) ~'1t,j'Vl4.15 'WUJ1tJ'4fllflm~lJU'UJ l'UlJ'Vl~~lJ'tI'U1~ '\1ty'tl'Umll'UtJtJUfl~m~~ltJ~J IlJ 

, ., 
f" ffii1!fflJ U !f)~011'\1 flfllJd JlJ (aggregate) 'tItJ'ItJ'4 fllfl!~f)"l1 JlJn'Utf)~!lI'U tJ'4fllfl i '\1-JVii my~'U!~m!fltl 

.. 

r 
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w rI d d ~ 1

'H)~)Um)'U'fl'W 'YlAN1'Yl~WY/1JlJ\9Il~'l (a) 500°C, (b) 600°C (c) 700°C .yjf)lr:r~'tItJltJ 500 l'vh. 

'l'l1~ 4.14 m~riltJ'ill OOr;)'fl 'HH'l'Yl)) fl"UflA~ 0\91) 'fl'WB uuri'fl'l m WI u~~~r:rmjW~ 'fl'Wmfl'tl'fl~fI'fllJ~tl-ff\91 
.. q q 

d d ~ I 0 0 do Q.I , 

TiO/ flU'Utl'W (AI) 'Yl~WY/1JlJ\9Il'l"l (a) 500 C, (b) 600 C 'Ylf1l"t"l'l'tltJ1tJ 80,000 AYll U"t"l~ (c) 

o cS 0 IlJ , 

700 C 'Ylf1l"t"l'l'tltntJ 50,000 A'Yll. 
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• • • 

.. 

':rtJ~ 4.1 5 .f11'rltlllJ'illf1f1clB'I 'ilCl'Vl~ 'HnH)!~mI'Hn-AIt'U'UriCl'l m 1~ !! t1'~ 'I cl f1lJf.U:::mJ.f11ft'UCl'lftBlJ'rl Cl~~ 
~. . 

TiOt'm{'Um-A (A2) ~f,1f.U'I1~iJ~l'1'l (a) 500°C, (b) 600°C ~fhcl'l'U1J11J 80,000 rvh ItCl:::(c) 700°C 

iifh~'1'U1J11J 20,000 nh 

1t~'llJm&'UCl'lftBlJ'rlCl~~ TiO/m{mllJ (Bl) UCl:;;TjO/ft1{'UBlJnlJ:UlJ~ (B2) ~!~~lJlJUU'U1~ 
jI " ,''' 

~'1!~lJ ~'1Ut1'~'1 'llJ~l1ii 4.16 UCl:::~ l1ii 4.17 ~llJ~l~'U 'rl'U11\911BV1'1ii!~~ £JlJ 1~V1~~'1!~lJ'il:;; Ili'rl'U.. '" 
CllJillft'UlJ l~!~mvilf11~ !~~ tllJU'U'U1~1 'I1limlJ !!~'rl'UCl'Ufllft~ih 'lE l'1lliu'11 'U B'Um::: 'illt1911 'lit1'~l!t1'lJCl. . '" 

" 
BV'U'U ft 1{U B'U B'Ufllft 'l '11 W!f11:;; n'U! 1JlJ flB'U 'U'UYi'U Hl 'U B'I ft 1 {'U B 'U fll'rl ci llJ 'ill f1 f1 clCl'l 'il Cl 'Vl ~ ~ rnJ

'\J ~ u q 

B!~f1~~Cl'UII'U'UriB'Iml~~'1Ut1'~'11'U~11~ 4.18 !!t1'~~clmjf.U:;;B'Yillfl'UB~flBlJ'rlB~~ TiO/ft1{'UB'U (AI) ~ 

lh)~~lril'U'UB~!'Vl!'Vl!-wtllJ!~BBf1I9l'~1'UftBlJ'rlB~~~l~n'U~B 10, 20, 30 Am:;; 40% 'rl'U~~f1I'Vl!'Vl!UlJlJ 'l~ 

ClBf1 'l9l'~~ij'U'Ul~!~f1m:;; 'illt1911tlV"rl111'U'U Hl'UB~~l~tl~i''Uftl{'UBlJ~fhcl~'Utllt1 ] 0,000-40,000 !lh 
<u . " 

~UJ~1~'U 1~lJijl1~lJ1tl.! 'UB~~~f1 , 'Vl!'Vl!-w tIlJ'~ Btlf1 ! 9l'~m:;; 'illIJ9I1!~ lJlJ1f1;j'U ~lmY~ri1'U'UB~' 'Vl!'Vl!'WtllJ 

lq Ill"~ ~ & Y cj . d ~ 0 ~ J' 
!~ tltlf1 & 9l'~'VlA'rllJ'U'U~1IJUCl:::lJ'U'U l~'Utl~tllJ illflmf111~ :;;lJ1tl.! 100-150 'U 11'U !lJ~~ !lJtl'Ul!Blfl tllJ'rlBt1'~'U . ... 
l11ntlnlJlJ'U~1M'dJ'U TiO/ft1{Utl'U (A2) ~~~l1ii 4.19 'rl'U"htl'Yfl1ftlJ'U'Ul~ 1'11t1i;j'U!~mrtlmuB'I'illf1f11J 

" . . 
'11 Cl tllJ~ llJ'UB'IB'U fl1ft!n~;j'U 1 ~!ijtlnBnlJ iJ'U ~fttllJ'rl tlil~!!Cl:;; 1~tl'U fllftm:;; 'ill£J9I1IlimhltrlJ m~'U f1ri lJ 

'j) lIJ '" 11) 11) ...do", ' ' ''.1 ')
f1B'U'UU'I &'Vl!'Vl!lJlJlJ !~UUf1 !9l'~'Vlf11Cl'l'UIJ1t1 10,000!'Vll !m:;;lJ'U'Ul~tl'Ufl1ft1JJ:;;lJ1f.U 100-500 'Ul !'U!lJ~J• . ". 
ri1lJ1lJm&'Uu-:jfttllJ'rluil~ TiO/fI1{mrw (B 1) UCl:;;TiO/ft1{'Uu'UnlJiJ'U~ (B2) ii!~~f.JlJ!!UU1~~'1!~lJ ii 

fhcl'l'IJ1J11J 10,000 !Yll ~'1!!t1'~'11'UJlI~ 4.20 IICl:;; 4.21 ~llJ~l~'U 'rl'UtllJfl1ft'U'U1~imuf1':h1~!!'U'U1'11li lJ 
'" • u 

11111'1Iliu'l1lJ BlJ1'11WV1'1!~f1Vl'1U'UH1'UU'Ift1{UUlJ lJ'UlJ 1~1I~:;;lJ1tl.! ]-2 1lJ1ftJ !lJ~J !!Cl:;;~l'U1'U'UB'I 
.. u 

" • • 'jJ 

~~f) I 'Vl!'Vl!-wlJlJ 1~uuf1I9l'~'rl'U 1~lJ1f);j'U~llJ ~~ri1'U'UB~111!'Vl!lJlJlJ!~UUf)19l'~ii!~lJ;jlJ~1t'J 
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:nJ~ 4.] 6 m'W ci lfJ'illflfl ft B·HH'I 'VI') ,)fltH)!~fl~,) fl'W!! UU riB~m l~!!ff~~ ~flEJ U!::; B'Wmfl'IJB~flB:IJ'WfliY~ 
.. Q Q 

TiOj fl1{UB'W (Bl) ~fJu!l1JJiJlPll~"l (a) 500°C, (b) 600°C IIi;)::; (c) 700°C ~fh~~'lJfJlfJ 10,000 
, 


1'Vl1. 


'ltl~ 4.17 m'WcilfJ'illflflftB~ 'il i;)'VI,) ') f1UBI~ fl~,) B'W1I UUriB~fl ') 1~1Iff~~{)flEJU!::;m-Jmfl'IJB~flB:IJ'WBiY~
.. Q Q,- . . 

rI Q.J OJ rI .c.::t ~I 0 0 0 do Q..I 

TiOjfl1,)UB'Wfl:IJ:IJ'W~ (B2) 'VIfJrul1JJ:IJ~l~'1 «a) 500 C, (b) 600 C 11(1::; (c) 700 C 'VIflli;).:j'IJfJlfJ 

10,000 !'vh. 
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l'l1~ 4.18 m'W\htl'\llflfl~tl~~-n'Yl';j 'H1,.rih~flI91';j tl'WU'U1J'~tl~m l~ ~l""~~~mjill~ tl~fllfl'\ltl~fltlll'WtlfY~ 
TiOj m{'Utl'W (Al) ~iJfl~jlri1'W'lJtlni02i'WflCllJ'Y'ltlfY~~1'ln'W (a) 10%, (b) 20%, (c) 30% 

!!Cl~ (d) 40% lirh~'l'\ltl1t1 ] 0,000-40,000 t'vil ~1'l.nl1~'U. 

TU~ 4.19 fll'W ciltl'lllflfl ~ tl'l 'i)Cl'Yl j j f1,.rO~~ fl~J tl'W!! 'U 'U ritl'lm l~ U""~'l~mHU~ tl'Wfllfi 'IJ Cl~f10lJ'Y'lOfY~.... . 
TiOj fI1{'UO'W (A2) ~iJU1lJlru 'lJO~' 'Vll'VllUVlJ lf100fl i"lf~l'WflOlJ'Y'lofY~~l~n'W (a) 10%, (b) 

20%, (c) 30% H-n~ (d) 40% lifh~'l'\ltlltl 10,000 t'vil. 
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~,j~ 4.20 	fIl'WcilV'Illf1f1-a'O<l 'Il~'VI'j 'jff.wilt~f1m 'O'UH'U'tH;1-'O<lm l~Ub1~<l-ftmj\Ut 'O'U.fIlfi '\H) <l"fI'O 1I'W 'O-ff~ 
~. 

TiO!fI1{'U'O'U (Bl) ~lh)I'l'jl€11'U'Ut)~Ti02 'l'UfI'Om'w-ffl'll,h'Hl'U (a) 10%, (b) 20%, (c) 30%!m~ 
~ 0 GJ I 

(d) 40% 'Y1m~.:j'Utllti 10,000 1'Vll. 

~,j~ 4.21 	 fIl'W ci 1tI 'j) 1f1fi-a t) ~ ~ ~ 'VI 'j 'j ft'.wij!~ fil'l 'j t)'U H'U'U €1t) <l m 1~ Ub1 ~ <l-ftfill \Ut t) '4 fllfl 'U '0 ~ fI t) 1I'W t)-ffl'l 

TiO!fll{'Ut)'Unll:iJ'U~ (B2) ~ih11'l'jl€11'U'Ut).:jTi02i'UfI'OJJ'Wt)-ffl'll'il~n'U (a) 10%, (b) 20%, (c) 

do Q.I , 

30% H~~ (d) 40% 'Y1m~.:j'Utllti 10,000 1'Vll. 
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'" . '" 
fl tJllVl tJ iY~ 'Yl~ 1111 ~ ~h~~ r!ll '1~111 fl115 111 ~ It (1::; 115 ~~!~ 11 ~~ ~ht.! fll J ~ J 111 fftJ'l.H)flfl W::: 'VI N 

'" '" 
I fl J iJ fff1~ Ul{1 (1'1111 J t:l tJ 1111!~~ r!ll!11 t.!.u 1'1 vJ Vl1fl tJll Vl UiY~ 1 ~ tJ '1~! ilt.!.u11vJ Vl1 'Yl1 ~1t.! 1 t.! J::; 'U 1J 

'" . '" 
• 191(1 (1"'1vJrhtfliiu1J 1J 3 .u 1 l~tJ'VI~fftJ'Ufl1111 (1'l111J t:l1'W fllJ !nmJJ::;1l'tltJiJ.u1i vJ~lflUllVl tJiY~lt~ (1::;~1. 

1~r!iJ'VIfJ~u~~!ilt.! substrate 1~tJ~1 i vJ,yhflfJllVl tJiY~'Yl1l1,j'1~!1lt.! ~11vJ~l'Yh~lt.! (working electrode) iJ 

3 M KCI-Ag/AgCl !ilt.!~1ivJYhU1iJfl~ (reference electrode) U":::(11flUl'!,,~JllI1lt.!~11vJVl1ffll'VI'U 
(counter electrode) f1lJ~'j')"(1'U'U,;lflflW::;'Vll~lfliiivJ~ll~vi~!fI~fJ~ijfJ Potentiostat (Autolab PGSTAT 

. '" 
30) U(1::;mfluflni~i t.! fllJ111filfll'j !nmh:::1I'tl tJ~.u1 1vJVllflfJllVl tJiY~!!~"::;~1ii 2 !'VIflUfI~tJ !'VIflUfl191• 

fl~fll1"U'VI1l!1l'VI~ (GPES software)1~tJf11t.!1W fi1f1l'j!nm.h::;~~1!l'!1::;(specific capacitance, C) 1l1fl191 

'" flftfl I 1m!'VI1lIllumll iiffllfll'j~~ii 

C= _'_ 
sm 

ihl1 t.! ~!fft.! I fi'~'tI tJ~m'l1fl~ ~llflll~U~t.!CJfU" :::f11t.!1wfi11~ tJ91fJvJln{ (FRA software) hW'Yl1fllJ'VI~ "fJ\I 

'1U'lh~fl,)l11~ 10 nlm~J~CJfllt.!Q\I 1 iJ"ftl~J~CJf 
. '" . 

Iflr! i t.! Viii 11::; flri11Q\lmflUfl i 91fl~fll1"U'VIll!ll'VI~ ntJt.! 111m'l1Vi 4.22 U fffl\l i 91f1~fll1"U'VI1l III 
'II 

~ jI ,.. <JI I 91 

U m ll'tlfJ\I,] 1'1 vJVl1f1l{'UUt.! U(1::;.u1 '1vJ~lf11{'U fJU flllirt.! ~I~v,]') i vJVl1'Yl\I (1'fJ\I 'Yl1l1lhvhil t.!,] 1'1 vJVl1'Yl l\11U 

'" it.!J::;'U'UI91(l~!flii1vJ~lU'U'U 3,]1 !!(l::;l~'1t.!ff1J"::;mtJfll~fll'V1J'1,,~ 1 M H2S04 '1t.!'lh~rlmflvJVl1 

J::;wh\l 0.5-1 b(l~ iieJ~J1fll':i (1'Uflt.! O.OJ 11(l~~U1t.!lVi l'!'U 'h '1~11"U'VI1l111Umll'tlfJ~ Charging 

current l1~fJ Capacitive current m:::u(1'ivJVll~!nfl~ufl'UrlmflvJ~l'il::;iifl1111LYll~t.!1jfl'\.l ~1ivJ,yh 
fI1{'UtJUI!(l:::~1'vJ~lf1l{'UUt.! flllirt.!~1~~flfl W::;'tIfJ\I '191fl~ fll1"U'VI1l111Umllii ~flflw::allt.! 1~fl11~fll{ltJ 
~m~tJll ~111U'U'U~U'U'tItJ'I~1!n'U'l1'j:::~ i U~~llfl~ (ideal capacitor) 1~tJ~1 '1 vJ~1f11{'UfJt.!fllliru~'1'11' 

I" I :iI I 

m:::uffl~~lViff~fl'h']1'~~lf1l{'UfJt.! m~~,mrwfJ'I1l1flfll'j ntJflllirt.! ~tJ11l'Yl1 i'l1'.u1 i vJ~l!nfll1~:W~niun 
'\I' 'II 

iJ'l1'j :::iY'VIllfill'! '1 t.! fll'j !n~ Electrical double layer U(l::;f1l':i nfJflllljU~1 ilt.! fll'j !~llfl111111lt.! ~vqt.! 'tIU\I 

~ ~ d~ tI Q.I Q.I r/e!l J 0 i 'JJ 4Q lJ] ~.d~ V i,I e!l i 'JI 
fIl'j'UfJt.! Vlt.!'VIm'tlfJ~fIlJ'UfJ'Uflllll'U~ll~~~'tI'U'VI1 mfl~ Electrical double layer Iflfl'tl'Ufl1tJ ~\lU'Ull~ '11 

fi lflJ ::; U ff 1 vJ ~1~ (1'.. ~wh 
. '" 

~tlfi 4.23-4.26 1I(1'~'1 i91f1ilfll1i:1l1'V11111l1Imll'UtJ~']1i vJ~lf1fJlll'!eJiY~ TiOjfll{'UeJ'U U,,::; TiOj 

fIl{'UUUflllir'U~ 1~tJ115 AI, A2, BI, B2 ~111ih~111!"::;IH1~~W'I1!JiJ 500, 600 II"::: 700 tJ~ffll91i:1l9$tJff 
'" '" . 

Vl'U ';hi~11(lU'VI1l Illllmllml1eJ'Ufl'U fl'U,]1 i vJVllf1l{'UeJuum:']1~1f11{'UeJU fllliru ~Y\rr~ '1:1.iiJ '1 'VII'VI!ii tJlli~ 

eJeJfl'191~lilufleJllVlfJiY~~eJ'1~11ml'Vllll11Umll'UfJ~ Charging current l1~eJ Capacitive current Am:::11 

(l1l'V111I11Umll~i~i -Hm :::UffivJ~l~ (1' ~W;h~1tJ~~ 1l:::II(1'fl~fi1m :::Uff'1vHhm ~ tJi 'I1'llt'U i UmJ N~ 4.3.. 
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, v , v 

!!~~atJ'Uvhilff',UfW111.u1 i 'rlvhmnJ'YH)E~ TiO!fIl{1Jfl'UnlJ~'U1'l' lJu'U 11,!lJ i 11m~u~Yi"l'lfl':h.u11'rlvh 
~ ~ . 

flfllJ'YmEI91 TiO/fIl{1Jfl'U 'Yl'l1~hnjuft::::11i~'lt~lJ 1l1n~tlYi 4,27 UMH1GJ1'fli1n 11~U'YllJ llJumlJ'Ufl'I 

,111'rlvh Bulk Ti02 (Ti02 100%, 1~lJI9i1':ifl'li''UfIl{lJfl'U) ~'ltHl~~Wl11JiJ 500, 600 Uft~ 700 B'lffl 
~ 

!GJI'm~tlff W'U ';i1 '~'GJI'fli1n i 1~U'YllJ lwtmlJ'lIfl'I Capacitive current flftlf.Jn'Un'U.u1 1'rlvhflfllJWBEI91 U~ 
, 'jI JI JI 

i 11m::::UffYi 1~"l 'lmf1!'Vil.ul1'rlVllflBlJWflEI91'Yl'l11ii11~U~::::11i~'lt~lJ 

(a) 

4 .0xl0·' 1
~2 .Oxl0' 

0 .0 


-2 .0xl0·' 


-4 .0xl0·' 

-6.0xl0·' 

~ 

0.5 0.6 0.7 EN 0 .8 0.9 1.0 

1.5xl0· 

1.0xl0· 

5.Ox l0·' 

0.0 

-5.Ox l0·' 

-1 .Oxl0· 

-1 .5xl0· 

-2 .Oxl0· 

(b) 

0.5 0.6 0.7 0.8 0.9 1.0 
EN 
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1.4xl0· 	 (a) 

1.2xl0· I 
1.0xW' 


8.0xl0· 


6.0xl0· 


~ 	4.0xl0· 

2.0.10' 

0.0 

-2.0xl0· 


-4.0xl0· 


-{l .Oxl0· 


0.5 0.6 0.7 0.8 0.9 1.0 
EN 

6.0xl0· (b) 

4 .0xl0· 

2 .0.10' 

~ 
0.0 

-2.0xl0· 

-4.0xl0· 
0.5 0 .6 0.7 0 .8 0.9 1.0

EN 

2.5xl0· 	 (c) 

2.0xl0· 

1.5xl0· 

1.0xl0· 

5.0xl0·' 

~ 0.0 

-5.0xl0·' 

V 
~ 

-1.0xl0· 


-1.5xl0· 


-2 .0.10· 

0.5 0.6 0.7 0 .8 0.9 1.0

EN 

ltl~ 4.23 iCJfflilolnurvuJ l:iJuo'nJ~tl~,fdivHhmJ:lJl'H)iY\9t TiO/m{Um.J (Al) 1110tl1'J!\9t~tI:iJ~~Wl1~ii 
.. ~N"l (a) 500°C, (b) 600°C !m~ (c) 700°C 1\9thHn'J(l~(llfJV!~olmi(l~ 1 M H

2
S0

4
, 
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2.5xl0~ 

2.0xl0~ 

~ 

1 . 5xl0~ 

1.0xl0~ 

5.Oxl0" 

~ 
00 

-5.0xl0~ 

-1 .0xl0~ 

-1.5xl0-5 

1.0xl0· 

B .Oxl0~ 

6.0xl0~ 

4 .Oxl0~ 

~ 2.0xl0~ 

0.0 

-2.Oxl0~ 

-4.0xl0· 

-6 . 0xl0~ 

6.0xl0~ 

4.0xl0· 

2.0xl0~ 

~ 
0.0 

-2.0xlO· 

-4.0xl0· 

(a) 

/J 
---- -----
~ 

.~ 

,~ 

----. 
~- --

V 

0.5 0.6 0.7 O.B 0.9 1.0 
EN 

(b) 

V 
0.5 0.6 0.7 0.8 0.9 1.0 

EN 

(c) 

/J
/ ' 

V 

0.5 0.6 0.7 0.8 0.9 1.0 

EN 

," 	 ,
l'lJi14.24 	19ffli'lfllnull'llJ llJumlJ'IJ't)~.,j11vJ.yjlfl't)lJ'VH)iY~ Tio/fI1{m)'u (Al) 'iJlflfl1 'H\91~VlJll~tu'l1JJiJ 

~N"l (a) 	 500°C, (b) 600°C I!(l~ (c) 700°C I!tl1'tli'1H"f1l'Vl<A"wm~vJm,.vJtl~fl 1~i'W 
'" G '1 IlJ .. 

~1'i(J:;;mtlm(Jfl tl'l'i t(l\91 1 M H S0 " 
2 4 
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(a) 

0.5 0.6 0.7 0.8 0.9 1.0 
EN 

(b) 

4 . Oxl0~ 

3 . 0xl0~ 

0.0 

-1 .0xl0" 

-3.0xl0" --I---.--.--.---.-~--,----.---Y--~---, 
0.5 0 .6 0 .7 0.8 0.9 1.0

EN 

4 .0xl0" (c) 

2 .0xl0" 

~ 1 . 0xl0~ 

0.0 

-1 .0xl0" 

-2 .0xl0· +--~-'--~-.--~---.--~-r-~--. 
0.5 0.6 0.7 0.8 0.9 1.0 

EN 

I " 	 .::s c:i ~ 
~tJn 4.25 	1C]ffl~f) l:nHt'YllJ llJ!lfl'JlJ'tIfl'l;]l lvJvhmllJ'VH>'fl19l TiO/fI1{1Jfl'W (81) 1l1f)f1l'HI9l'HJlJ'Yl~W,}HJlJ 

~N'l (a) 500°C, (b) 600°C !I~~ (c) 700°C 1~t'Wffn~~ml'J~!~f)l'Yl'ji~~ 1 M H S04­... 	 2
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5.0xl0· (a) 

4.0xl0· 

~ 

3.0xl0· 

2.0xl0· 

~' .0X'0· 

0.0 

-1 .0xl0" 

-2 .0xl0· 

0.5 0.6 0.7 0.8 0.9 1.0 
EN 

5.o.l0~ (b) 

4 .0.10" 

3.0xl0~ 

2.0xl0' 

~ 
1.0xl0· 

0.0 

-1.0xl0' ~-

-2.0xl0· 
0 .5 0.6 0 .7 0 .8 0.9 1.0 

EN 

3.0xl0· (c) 


2.5xl0· 


2.0xl0" 


1.5xl0" 


~1 .0xl0' 
:::: 

5 .0xl0~ 

0.0 

-5.0xl0· 

-1.0xl0· 

0.5 0.6 0.7 0.8 0.9 1.0 
EN 

ltl~ 4.26 1G)j~iltll:HH!'VllJ llJutl'HJ'lHJ,:j~J1vJvhtHnJ't'HJffl9l Tio/m{'UtlunmJ'ml (82) ~ltltll'HI9l~£JlJ~ 
~W'l1JJjJ ~l,:j"l (a) 500°C, (b) 600°C U('l~ (c) 700°C 1~1ut1'lJ('I~m£JUl~f)1'VlJ1('1~ 1 M H2S04" 
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1 . 2Kl0~ (a) 

1 . 0xl0~ 

8.0xl0·' 


6.0xl0·' 


4.0xl0·' 
~ 
2.0xlO·' 


00 


·2 .0xl0·' 
 ---. 
~ 

-4 .0xl0·' 

0.5 0.6 0.7 0.8 0 .9 1.0 
EN 

1 .2x l0~ (b) 

1 . 0xl0~ 

8.0xl0·' 

6.0Kl0·' 

4.0xl0·' 

~ 2.0xl0·' 

0.0 

·2.0xlO·' 

-4 .0xlO·' 

-6 .0.10·' 

-8.0xl0· ' 
0.5 0.6 0.7 0 .8 0 .9 1.0 

EN 

8.0xl0·' (c) 


6.0xl0·' 


4.0Xl0·' 
 // 
2.0Xl0·' 

~ 
0.0 

·2.0xl0·' 

-4.0Xl0·' 

0.5 0.6 0.7 0 .8 0.9 1.0 
EN 

, 'j), I 

l'lH14.27 19SfI~f) l;nUt'vnJ 111uf)<rJJ'\JeJ~~1hh~l Ti02 YilliiJI9i1JeJ~11J U(l!!:II!,nYi~WllfJiJ ~1~'l (a) 500°C, 

(b) 600°C U(l!!: (c) 700°C 1~1tHnJ(l!!:(l1t1~h~f)1m1~~ 1 M H2S04, 
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• • 

. .. 
~1'J1-:jfi 4.3 !lff~-:jh1'n1'U TiO/'.h,j1hHhfHJ1J1H)if~ m1uflUt1:mj'W~ (Hj A2 WJ~B2) ii 

'I tJ " 

!t'W11.JlJh1'm~UffirJ,yhm~fJfi~'1fl11,j11vh~lflfllJl'Iflifl9l Tio/m1mlu CHi Al !t~~BI) vi'l111111~1t~::: 
'JI " " jI ,

111fl'l!~lJ flnriflt1lJu'W~vh 'h1'<U1 LrJ,yhih LrJ,yh ifl'~,;u tl9lmll'W lfl'1l1fllfl'1l1fl<U1 lrJ.yhm1ue.Jut1lJUu~fi 
" I ", ~ 

h1'f1J :::Uff"! 'I fl11<U1 i rJ,yhm1wl'W lj'J 'JlJ\9Il 'Uw:::fi,j11 rJvh Ti02 fi L~ii 19i1'J e.J-:j f Ufl11Ufl'W !(lfJ'\!'W 111' 
'I' " ,,, I 'jJ 

m~!t ffr1 e.Ju,rl'1I''hfi ff\9l!ijmfifJut1u,j11rJtl1'1fU\9I flU fl'ItT'W fllll ff'J til fl'11fl n rifl t1lJ U'W~!11 'W fll 'J !~ lJ.w 'W Vi 
I . . 


• jI "" 

~1'Ufl'lff1'J'Vh1,r!n\9ltl~m£Jllutl'l~'W'Ufl'lff1'JVi~1'Ufl'l<U1LrJtlllfl'~ fll'J'\J11rJYh~'1~';'W~1fJ ~'1iJ'W~'11,r 

r1 1m~!!ff1rJtl1~ ff 'I fl11fflJ ~L~1fl'riflt1lJU'W ~fl'1fJfl'j \9IrJe.J ffrJ fl~ fl 
'" 

r I I """ 

flTiHn 4.3 f1J:::!t ffi rJtll!l! ~ fJfi Lfl' \) 1 fll9ffl ~ flt 1 (lU'VIlJ llJumlJ 'U e.J '1<U11rJtll<U 1fll11Hl'W, ,j1 '1 l'Itll 
.. " . 

fll1ufl'Wt1lJUU~, <U1il'ltllflfllJl'wif\9l, <U1Ll'Itll Ti021l1flfll'H~1fJlJVi~wl15JiJ SOO, 600 U~~ 

700 e.J'Iff1!ctfm9fmY 

.fIn::: fl1 'jnVI iU'" m:::ml''Vh~Uil~fJ (!l81J!lu4) 

e.Jwl1iliJ~1~!19I1 fJlJ. '" 
500°C 600°C 700°C 

",q 

111 A 

.,. " flfllJl'Iflctfl9l TiO/fll'JUfl'W (AI) 

.,. " flfllJl'Iflctfl9l TiO/fll'JUe.JU (A2) 

2.31xI0-6 

4.66 x 10-6 

7.82x 10"7 

1.1 Ox 10-6 

S.2Sx 10'7 

7.S3 x 10"7 

",q 

111 B 
.,. " fle.JlJl'Iflctfl9l TiO/fll'JiJfl'W (B1) 
~ rI <VQJa 

fle.JlJl'Iflctfl9l TiO/fllJiJfl'WfllJlJ'W~ (82) 

1.12 x l0-6 

7.96 x IO-6 

6.S1 xl0· 7 

6.73 x l0-6 

4.13 x l0"7 

4.66x 10-6 

Bulk Ti02 
1.30x 10"7 1.20x 10"7 1.1 Ox 10'7 

"fll'JiJfl'W 1.76 x10'7 

" '" '" .­
fll'J iJ fl'W fllJlJ'W 191 3.98 x lO"7 

.. 
ttl~ 4.28-4.31 !!ff\9l'lLctffl~fll 1~!I'VIlJ llJ!lmlJ'Ufl'l<U1LrJtllflfllJl'Iflifl9l TiO/fll1iJflU !!(I::; 

TiO/fll1iJfl'Wt1lJlj'W~ hW111 AI , A2, B 1, 82 19I1lJ~1~iJ 1l1flfll':i!19I1fJlJ~~Wl15JiJ SOO fl'lfll!ctf~H9ffJff 
!!m:iitl~ lJlW 'Ufl'l L'VI! 'VI !UfJlJ L\91 flflfllctf~l 'W fl fllJl'Iflifl9l ~ 1'1 t1'W 1U'If1'I 10-40% l'IiJ 11 Lfl'~flfl w::;!~ fJ1t1'W 

l1lJ\9I;j fl! lIu Lctffl ~fll1(1 !I'VIlJ llJ!lm lJ'U fl 'I Charging current 11!fl Capacitive current!l~::: 11~u 'VIlJ 

llJ!!fl'jlJii~flflw::;!lI'W 1'1fl11'1!l~L~!1I'W*m ~fJlJ! l1ijfl'W t1m;1!~iJ1J'J ~ 11 1'W fl\9llJ fl91 J:Y\9I ri1'W 'Ufl'll 'VI !'VI !U fJlJ 
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60.10·' (a) 1.2x10· (b) 

" 
4 .011:.0-' a.Oxlo·· 

2.0ll:I cr' 

§ 
00 

4 Ox 10·' 

~ 
0 .0 

-2.(h:1O·' .... . OxIO·' 

..... Oll:l0
ol 

0.' D.• 0 .7 
EN 

0.6 0." .0 
-6.0xI0·' 

0.' 06 0.7 
EN 

0.9 0." ..0 

1 .0"11 10'" 

8 .0ll:lO· 

(c) 

6.0xl0· 

4 .011:10· 

~ 
2.OJ:IO'" 

00 

·2.Ch:IO" 

""Jhr.IO'" 

0.' 06 0.7 
EN 

0.9 0 .' '.0 

25x10'" (d) 
2 .01110"" 

1.5X10~ 


I.OxIO~ 


:"
<{ 

5 0:w:10· 

0.0 

-S .0Jt:10· 


. 1.0Jt:10" 


0' 0,6 0 .7 0.8 DO • 0 
EN 

ltl~ 4.28 19ffl~fllJ~l!'VlJJ 1JJumJJ'tJtl~~J1vJ-yhfltlJJVWifl9l TiOjfl1{'UtlU (Al) ~ih)\9I'Jlri1U'tJtlHi021um)JJ 
VWifl9l~l~fiu (a) 10%, (b) 20010, (c) 30% l!~~ (d) 40% ifllutH:m~mtJ~l!~fllm1~1'1' 1 M ~S04' 

20:w:10<!l.bIO· (b)(a) 
1.5)(10·

9 .OxI0.... 

I.OxlO" 
6.Ol<.IO' 

5.1))(10.'1~ JOlcIO ' <{

"" 0 .0 

0.0 

--5 .Ch:l0·' 

-JOlt:l0' 
-1.OlrIO' 

os 0.6 0 .7 0 .8 0." '.0 0.5 0 .6 0.7 0.6 D." 1.0 
EN 	 EN 

Uh,04 3 .Ox lO· (d)(c) 
2.5,,'0'" 

2.OxI0· 

8 .0lItIO" 

6.C>xW· 

15)(10" 

4 .Ox I0'" 

~ 1.000lOoi 

~ 
2.Dlfl0'" 

5.OxI0" 

0 .0 
0.0 


':2 .Ox l0'" 
 .-5.OxIO" 


...a .OxIO" 
 -I.OxIO· 

0.' 0.6 0.7 0 .6 D." 1.0o. 0 7 0.6 00 1.00' 
EN EN 

ltl~ 4.29 	 19ffl~fl b~U'VlJJlJJllmJJ'tJtl~~J lvJvhfltlJJvwifl9l TiOjm{'UtlU (A2) ~ih)\9I'JlriJU'tJtlHi021UfltlJJ 
'Vitlifl9l~l~fiu (a) 10%, (b) 20%, (c) 30% U~~ (d) 40% ifllu~11~::::mtJ~t~fl1'Vl'.i '~1'1' I M ~S04. 
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6.0.10" (a 

-4 .OxlO
J 

2OxlO" 

~ 00 

-201110" 

""' OxIO" 

0 .5 06 01 O. 0.' 10 
EN 

Ub:IO ' (c 
8 Oxl0'" 

8 .0:.10" 

" .OxIO· 

~ 
2.o.:lO<e 

0 .0 

-2<b 10· 

-JI.o.:IO· 
OS 0 .6 0 .1 0.' 0 .; 1.0

EN 

1.2x 1 0" (b 
I.OxIO· 


8 .011:10'" 


6.OxI0·' 


HAlO' 


~ 
2 Oxl0" 

0.0 

-2.0.:10·' 

..... OxIO·' 

-a.OxIO·' 

0 .5 0.6 0.1 0.' 0.9 1.0
EN 

1.0090 .6 os 0.1 EN 0.6 

. " 	 .
lUn 4.30 	 19ffl~nl1"H'VllJ llJHmlJ'Ue}!I'1i'11yJ~lfltJlJ"'W~\9l TiOjm{1JtJu (Bl) Viii~\9l)lthu'UtJHi021ufltJlJ 

't'ItJ~\9l~VlfiU (a) 10%, (b) 20%, (c) 30% tm~ (d) 40% iflluffl'J"~mtlflt~nlm'''~ 1 M ~S04" 

15x10· (a 

1.OxIO · 

5 .(hc1O·' 

~ 0.0 

-50xI0·' 

-10.10· 

OS 06 01 0 .' 0.9 1.0
EN 

1 OxIO~ (c 

8 .<h10· 

6.Oxl0'" 

~ 4.0x I0'" 

2.0xI0 · 

0.0 

·2.0.-;10" 

~---'-----r----.-----.----, 
os 0.6 0.1 0.' 09 1.0

EN 

" 


" .Ox IO· b 
3<h IO · 

2 .011:10· 

~ I.OxIO· 

00 

-I ,Ole IO· 

-2 .0.. 10· 

0.5 0.6 0 .1 0 .6 09 1.0
EN 

601:.10
4 

(d 
5 .0. ,0.... 

.. 0.-;10-6 

30xlO 

~ 2.0"'0'" 

1 0.:104 

0.0 

- 1 .(b;10~ 

·2.OxlO · 
0.5 0.6 0 .1 0 .8 0 .9 1.0 

EN 

. 	 .lun 4.31 19fflilnl1"u'VllJ llJumlJ'UtJ'l'1i'11yJ~lfltJlJ't'ItJ~\9l TiO/m{1JtJunlJiJu~ (B2) ViiiV\9l'Jlff1U'UtJ'l 

TiOJUflfJlJ't'ItJ~\9l~l'lnU (a) 10%, (b) 20%, (c) 30% !W~ (d) 40% i\9l1uffl)"~mtlfl!~nl'Vl) 

1,,~ L M H2S04 " 
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"" 11] "" i d i 0 I .:: _I 0 	 11] 'JI
111fH'Vlfl'Wfl ~9ffl~fl ~1~U'VllJ!lJ'Vl'J ~fltJm'W1Wmfl1'J!fl1JlJ'J~~'il1!'W1~ (specific capacitance, C) Ifl 

" 
111 fll;llJ fl1 'J ~e/ltJ U 

i
C=-, 

sm 

'" 	 i 11 d I ~ '11\ _~ ~ r/ Q,I Q.I 0' & rp, Q.I Q.I <I gJ

I9111N'Vl 4.4 Ul;lfl\l '\1!'I1'W11'U1 1'rll'llflBlJ'WBI;lI91 TiO/fll11JB'WfllJlJ'Wl91 9f\liflflBfllJlJUI91f11t1mfl 
" ,,, ,.." 

'rlBI;l'rlB1 mI'W iJU'W 1 i UlJ i,rm ~uI;lVi~ -!lfl ';h<U1 i-WVl1flBlJ'WBffl91 TiO/m{1JB'W l1\11~hnju~~1~~\I!~lJ 
.d ... I 11] d 11] i 0''1 "" .d ~ J I 'JI "" i _~ '" '" cO

'UW:::'VlBI91'JlI;l1'W'UB\I 1'VlI'Vl!'WtllJ IflBBfl 9ffl l'WflBlJ'WBI;lI91'Vl!'WlJ'U'WI;l\l~H'l imflflm:::UI;l vJl'll!~Wtl'VllJ 

" 	 " 
U'W1 iUlJ~\I;j'Wlhtl 111fl 10-40 % 1911lJth~1J ~\lU'WtJ1lJ1W'UB\I i 'VlI'Vl!UtllJ lflBBfl i9ffi'i'WflBlJ'WfJffl91 40% 

I I 	 ",.. I 

'il::: 1,rm:::ul;li-wVl1m ~vVi~ \lrtfl i 'WlJflflfJlJ'WfJffl91l1\11~i mju~:::l1j~\I!~mi lm:::Uffi 'rlVlml ~t1'UfJ\I!!~~::: 
,.. 	 , 1 " 

<U1 i 'rlVll111fl '9ffl~fllJ~!!'VllJ iUUmlJ!!fffl\l i 'W19111 NVi 4.4 Vi~l'W lJl U(1:::iJeJ'm 1fl1'J I;lUfl'W'UB\I'Vlfl<U. 1 i'rlVll 

~n·:n:.t~ 4.4 	 m:::!!l;li'rlVllm~t1~ 1~111fll9ffl~fl i 1(1!!'VllJ ilJumlJ'UB\I~11-wVllflBlJ'WBffl91 ~\liJtJ1lJ1W 'IIB\I 

i'Vl!'VlIUVU lf1BfJfli9ffi'~Nn'W m{1JfJ l'WI9fi'u~fJW'I1f)ii SOO B-!lff1!9f(1!95tJff. .. 

10% 20% 30% 40% 

"" 0'
flBlJ'WB9f191 TiO/ fIl'i1JB'W (Al) 

"" .­
flBlJ'VW9f191 TiO/ m'i1JB'W (A2) 

8.S8x 10'
s 

1.87 x 10. 7 

1.69x 10. 7 

2.S4 x 10­ 7 

1.03 XIO-{j 

1.13x 1O-{j 

3.10x l0-{j 

4.24x 10-{j 

(B2) 

8.19 x lO-S 

2.00 x 10-7 

l.5S x lO-7 

7.05 x 10"7 

9.22 x 10.7 

1.49x lO-{j 

1.92 x 1O-{j 

8.79x IO-{j 

. " 	 " 
Vil~111fll~imjB~1'W'li1\1 10S-932 mF/g 111fll1j~\I!~lJ Al 11(1::: A2 B~i'W'li1\1 83-1,S92 mF/g U(1:::l1\1 
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Ii] d Ii] Ii] "''I c:l.1 c:l ~ Ii] 'J} i .co Ii] Iq "',;. ~ "" '" '" 
~'VI!'VI!'iHnJ ~~m)fl ~9l'~ t'Uf11':i!flUu'.):::'iIf1!UW ~~ 'VI!'Y\!'UI'J:IJ ~~~flfl ~9l'~!:lJmU'Uflfl:IJ'VW{l'lPlflUfIl'.)Ufl'U'Olfl• 
ilTI~~'JiifJw (I':lJ1J~~fl11!rlfl!YiI'JUnUfl l'.i 11Pl1 V:IJ! tI'U 1'VI!'Y\!U V:IJ l~flflfl 19l'~1~vhiiil'i''J'.) fl'J f UfIl{U fl'U ~'J 

'J} • c:l. 1 0 .d 'J} • 'I • .d':: Ii].~ '" <V '" "'.co. d
• '1 'HfIlf11~HflUu'j::: ~ 'il1!'Vn:::'VI'U fll'J:IJ1flfl~ ~ 'U<JS'J'J 22-26 mF/g '\I W::: 'Y\'lJ 'J rW111f1l'.iU fl'U fl:IJ :IJ'UIPl:IJfIlfll'j!flU 

" ~ ii, 

tJ'j::: ~ ~ 1!'Vn::::IJ1tlfl11~ 'J 1vJ~ lf1l{Ufl'U !I~fllU ~tJ'JumJfl11~'J 1vJ~ lYi!tI'UfI fl:IJ~ ~iYlPl nu1'VI !'VI!U V:IJ 1~ 
" " .flflfll91~:IJ1tl ~'JiT'U ~'J 'vJ~lflfl:IJ~fliYIPlYi!1Pl11'J:IJ '~~'JiitJ'j::: iY'VI1lm~:IJ1tl '1 'U fl1'j!~utJ'j::: '0 

q 

fllfl1'Ufl'U'll:i:::ll'iiu'Y'n::: (mF/g) 

mfH'YIftUft19l'ftilfli It'lHtU.'ulJ'YI1 

"" '" 462 156 105fleJ:IJ~fl911Pl TiO/fll'.iUeJ'U (A 1) 

"" '" 932 220 lSIfleJ:IJ~fl9l'1Pl TiO/fIl'jUfl'U (A2) 

'" '" 224 130 83fleJ:IJ~fl911Pl TiO/flWUfl'U (B I) 

~ 0' QlQI'o' 

1,592 1,346 932 

26 

flfl:IJ~fl91\9l TiO/fIl'jUfl'Utl:IJ:IJ'U\9l (B2) 

24 22 

35 

80 

'1'Umw11i'1mj Al II~::: 11ii'J!~hj BI ~'J!tJ'U11i~hii~~1'Ufll'.)rifln:lJ1J'U~~'JVm~vJfl{l'vJfl~fl 
~u11i1ihai A I '0:::'1 Mfllfll'.) !~utJn 'iI~:IJ1tltl11i1ii-:j!~:IJ B 1 1I{1'~'J '1 M!~'U11fll'j11Pl11'J:IJ IvU'VI!UI'J:IJ 1~ 

q 

"" .
flfltlI9l'~1~l'Ji1i'1mjln~tJ'j:::iY'VI1lm~'Y1'JtJ-:j!tI'U fllj ~~~'UlPlfl'U fllj If'J!fl'Jl:::,rflfl:IJ~fliYlPl i~:IJ1f1 !'H19H'mYi. 
11i'1'H li i~fllf11'j I~UtJ ';l:::'O~:IJ lflfl 'hnieJ-:j '0 lfli1i'1 'Hliff' 'Jlfl'Jl:::'H1 'VII'VII'lJI'J:IJ'~ flflfl i 9l'~1~'\I'U l~~~tl (crystal

q 

.d c:: 1 q.cl ~ ~ .:::Q & .::2 Q,I 'J/ G\ d d Iq jI I Q lrI <JJ <J,I 'jJ ~ 
size) 'VIWtlfl'Jl'J1i~-:jI~:lJtl'JflH'H'U-:j ~'1'\1fll.d~ ~'U\91l'.il'l'Y\ 4,1 'VI ~~tl~1'Jfl1iU11'J n'\ll'1IPl'U '\I'Ul~H~tl 

Ii] .co Ii] II] ",.d c:l "'.1 '" '" 'I "" d d '1 'J} c:l.1
!'VII'VII'UI'J:IJ ~~flfltl ~9l'~'Y\mtl'il::::lJuj:::{I''VI1im~ ~'Uf11'Htl~ Electrical double layer ~ :lJH~ 'HfI1';lltlUuj:::~ 

t 7J" !iI 

'\Ifl'J~~tll 'VI!'Y\I'lJV:IJ '~t)t)tl '9l'~'l'Wflfl:IJ~fliYIPlYi~'J'\It)-:j~'J ivJ~l{1' 'J~'U 1~ '1 'U mwi1ii'Hli A2 !I~::: 11i~'J1~:IJ 
" 

d I I C:; ... I 0 0' Q.I QI' 0' 0 QI "::::::" d 91 0 tI "1 
!'H 'U'Jlf1lfl1';lItlUu'j::; ~'Ol!'Vn:::'\It) 'J TiO/fIlj U fl'U tl:IJ:IJ'i.! \9l (B2) '0::: ~ 'I (I'm'.) U 'YJ f1~Wl1 J.;J:IJ'Y\:IJ'lf'Y\lfll jUfl !'U 

'V. " I '}J 'jI 

191~'WI!~:::~ 'Jfl11 TiO/fIl{UeJ'U (A2) 'Y1-:jYii1i~-:jI~:lJlJ'\I'Wl~H~tl i'VH'VI!UV:IJ '1~eJeJfI '9l'~Yii 'HtYtl11 Yl'lUeJ1'O 
'jI , " I 

ItI'U!~'jldl'~'UYi~'JlJ~~~eJfllfll'j I~UtJ'j:::'iJ ¥i'U Yi~'J~l!~l:::'\I~'1 Ti0 /f1l{lJfl'U n:IJlJ''i.!~ (82) lJfll{l'-:jO'J. 2 " 
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711 m 
2
/g (Vi~tlm.fJlI 500 fJ~ff1!9HU9fULY, ~1l1fWl1'j1~~ 4.1) vhhrfi1f1l'j!~U'l.h~~'U8~~11vHh TiO/ 

r:I Q.I r:I d' .d.Q,I 

fIl'jUfJ'Uf1lJlJ'U'fl (82) lJfIllJ1f1'V1~fl 

11lltl~ UU1ViUul~llnj ~ 1~1~~1'U fIl'jtl1ULYfl1Y1~1tJmfl'VlfJff'VlfJ1f1 (A 1) IW~l~i'l1~~~l'UfIl'j 
~ , ~ 

tl1uffmYl~1tJmfl'Vlflff'Vlfl1m!~1 (A2) ir'U YlUi1f1l'j rlmi:IJlJ'U ~yh 11-1'1 ~fi1f1l'jI~Utl 'j ~ 'il ~ 11Y11~YiLY~~'U. " 
t~iumw~i~mU'l1fiii'lUfIlHl1{UfJ 1 'U!CJfi''U~ 500 fJ~ff11CJf'H9fVff ~~Ylui11'1l'Um.u'l1 fillfll{ufll'UICJfi''U

q cu q <u 

I I 'j/ " jI " 

VilljflrlmilJ:lj'U~ffl':i ll~'11'TI'UYitbLY~l~~~~Yim'11fl~U1Ui i.u1~~'Uir'U ff1lJl'j fJ'11'fi 1f1l'j I~Utl 'j ~ 'ilff~~'U
" ." 

lJ1miJ'Ufffl~I'Vh~flll1f1 461 mF/g I'llu 931 mF/g l~fl~1l1f1~11'Vl~1~rlmimJ'U~~1vmfl'VlflLY'VlfJ1f11~~ 
I " • ,91 I 

'U flf1111f1'il~'lf':WI'WlJTI'U Vi ~b'U fl~f1 fllJYI fJff'fl Vi'~Yi 111:I'U'i1J 1 'Vl~1H~1rJ~ 'lf1mYllJtl 'j ~ ff'VI ~mYl''U m 'j 'W11'Vl~1 

o i ~ ~ 1Ij _~ c::: , ~.d Q rv I <C:I ~, d d d V ~ J c::: ~ ..:9 .d 
'Yll '11'1J1! 'Vl'Y'/ l!f1Utl 'j~ 'il flflfl f1fl1V LY1'U flW '11 filJ flU fIlf1 n !f1utl'j ~ 'il f1lJ!! 'U 11'U lJ lY1lJ'tI'U![l f1'U flVflfl 'VI 

q q cu q 

, ~ 

~Wl1.fJllfll{Ufl i'U!CJfi''U 600 fl~ffWb'[lI9fUff fi1f1l'jI~Utl'j~~llj8rlfJtilJiJU~\1~~'U'il1f1 156 mF/g 11:I'U 
, , ~ 

220 mFIg U[l~Vl~W 'I1.fJlIfIl{u81'UICJfi'U 700 fl~ff1ICJf[lI9ffJff fi 1f1l':i !~utl'j ~~Iljflrl fl tilJiJ'U ~\1 ~~'U 111f1 

105 mF/g 11:1U 151 mF/g 
" • 'jI • 

1'lf'UI~V1ti'U tiUfIl'j Itl~ l'JU1Yivuln~~1~lJYi 1~1~~1'U fIl'j rlfltilJlJ'U~ B 1 ti'Uln~~I~lJYiH1'UfIl'j rlfl 

Q.lo;r:I~ d (' ~ ~dl IQ.lQ.la~d' ~ :: d 
mJ:JJ'U'fllW1 82 f1Y1 U11f1lfll 'j !f1utl'j ~ 'il'tlfl~'tI1'V1 H1'Uf11'j f1flf1lJlJ'U'flU[l1lJfl1f1l'j lf1Utl 'j ~ 'ilLY .:)'tIU m'fl HCl f1 

q q ~ III 

r II. • 

1'1i'Ul~fJ1ti'UtiUYi l~mh11J1 u~ln B2 tfllJl'j fJrlfltilJiJ'U'flI~~f1i1~~ i 11'TIuVithYiLY 
OJ 
~f1i1HCl~fi1m'jI~U 

no , cl & 'j) .J ~ ~ 'j} t ~~ I Q.I Q.I til 'JId" ?I 'Q.I Q,I r:I 
lJ'j ~ llf1 ff ~'tI'U fl1l'J C))' ~ IlJ flYl 'il n W 1!! Cl1Y1 U 1111i 82 1) ~ f1 flf1lJ lJ'U 'fl fl fl f1111 YI 'j 1~ IlJ 'U f1 n f1 fl f1lJ lJU 'fl 

• OJ 

fIl{UfltJ llii'lfmjrlfltilJiJu~f1fllJYlflff'flmljfl'U i 'Umwln A2 ~~~11:1'UfIl'j[jWJ'U l~i1Yi11lJln 82 ~.:)111' 

fi1mj l~utl'j~1)~~f1i1J'U1fl~ fiTvf~'I1lJfl'il1f1'fl1'j1~ff1lJl'j fJLY'jtll~i1fJW'I1fillfll{Ufll 'U1CJfi''U ~ 500 fl~ffl 
q III III <u 

.. 'I 'JI , d.1 0 .d.d , ~"i I "'I "" ,
IC))'mC))'Vff ll~ !'I1f1lfll'jlf1UlJ'j~~'illIY11~'VI\1~'VI~fl UCl~fIl\1~~flll1m1i 'I1:JJflfl 932 mF/g 'tIW~'VIfIl\1~~fl 

~ 

~.d. Q.I ~ ~ 


'il1f)11ifl-1lfllJflfl 1,592 mF/g 
, '" 

1 fll'Jvl1 1tlfi 1TI'U Yi ~1 ~ 1IYl1 ~'tIfl ~flfllJYlfl ff'flll Cl ~ 'tI 'U 1fl Hilf11 'VII 'VIIijVlJ 1 fl flflf11 CJf~i 'U fI fllJYI flff'fl 

• I • tI • 'JI 

l~flVi'il~i:itl'j~ff'VI~mYl i'WfIljlflfl Electrical double layer Yi~1't1fl~.u1Yi1 i 11'f1nl~utl'j~~Vl~1't1fl~'i1J1'Vl~1 

~~ fffl UCl ~ m ~U1'W f1 n l'fl~ l'JlJfI fllJYlfl ff'fl~ ~1'W f11 ':i rl fJ tilJlJ'W~~1umfl 'Vl fl LY'Vl fl1 f1'il~'lf1fJ111'fl fllJYlfl ff'flii • 
f1 n 'W11 'Vl vh I~~ ~'W Yi 1 i 11'Clfl fllf111lJ~1'W 'VI1'W Cl ~ ~~ 1~utl j ~ 'ill ~lJl f1 vf~lftl11J1 W~m 1J1~ ff:JJ 'tI fl ~ • 
I'VI !'Vl!U VlJ lfl flflf) IC))'~i'WflfllJYlflff'fl~i:iU'VI1Jl'V1,hf1t\!l'lf'W fl'U ~~ ll~ I~f1~11~ fll tl 

'fll'j 1~~ 4.6 !!fffl~ HCl'tlfl~ tl1lJlW 'tI fl ~ I 'VII 'VII U UlJ I fl fJ flf11 C))'~i 'U f1ellJYI fl ff'fl ~ii~ flfl1f1l':i 1~1Jtl'j ~ ~ 
, ~ 

~ 11Y11~ Vi 11l11l m'VI AU Al C))'f1 ~ f111 (1!! 'VIlJIlJ 'VI ~ 'ill f1'fl1 'j 1':)!! LYfl ~fi 1fIl 'j I~Utl j::: II ~ lIYll~'tI fl~.u11'Vl~l9$U fl. 
, .J c1. I~ III -=t III 1" i ~ " I OJ.d

'flW'lC))'~lJ lJ':ilJlW'tIfl':) !'VI!'Vl!'WUlJ !flflflf1 "Iffl 'WflfllJYl8ff'fl 10,20, 30 IICl::: 40 % IICl:::fIl'jUfl 'W!C))'9$'U'VI 
~ ~ , 

flWl1fill 500 fl~ff1I"1f[lI9fl'Jty IICl~fl'fl'j1f1l'jff!!f1'U'tIfl':)'VIf1.u1~fl 0.01 11(1~~fll'W1Vi lJ1Clffn'tlfl~'VIfl'ihVi 
III ru q III 

~ , 

1~~8 0.0005 f11lJ Yl'Ui1fi1fl1j I~Utl':i ~ 1l~1!Yl1:::'tIfl~.u11 'Vl~ lYiiitl1lJlW 'tIfl~ I 'VI !'VI!UVlJ 1~flflf11"1f~''W• 
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• • 

flUlJ'rHlffl9l 10-40 % 'il101~ A 1 H'O~ A2 U~"tJGlf1~ 17-848 mFlg 1!'O~'ill01~ B 1 H'O~ B2 u~l'U 'lh~ 16­

1,758 mFlg lrlU!lr~tJ'UlYitJ'U1Uhllj Al U'O~ l~i~l~lJ B1 ~~I1JU1~~hj1f1'~hWf11)riUtllJl1U~f1'1UOHl 
vJUCYvJU~ fl v'IlrhiillU 11UlJt1J'U 1111'UYlff'VI Hl~rntlU tl'Um w~ftmJ1r-l'O'Uu~UWl1 flilm1uu 1U1C]fiu ~ii. ., 

II) "" II) II) 0' "" 1'JJ .: dJ.." , "" II) II) 0''';'': 'JJ 1'Uu~ t'Vll'VIIUtJlJ t~UUfl tC]f~ H'O~lJH'U1 'UlJCY~'\J'UllJU tl~lJ1W'\JU~ 'VIl'Vll'UtllJ t~fJUfl tC]ffUl'llJ'UU~1t'J ~t'J., 

tl~lJ1W'\JU~''VII'VIlilUlJl~UUfllC]ff1' 40% 111'f11f11)b~Utl)~~~lm1~lJ1fl~~~\)lfllUll1~ Al ~U 620 mF/g 

c>d ~ '" "I .& ?1 'I 'JJ d, "" If] '" If] II) 0' 'JJ c>d 

l!'O:::'il1fl1li~~!~lJ B 1 flU 384 mF/g C]f~I1JUf11mCY~~ tml1'U11f11)I\9I)UlJ t'VIl'VlI'UUlJ t~fJfJ01C]f~fl1t'J1li 
., ., ., 

'1 mjilih '111';J1' vJyhtn~tl~::: iY'VI~ml'llnutl)~ 'il1f1'lJlfl~'U 1l1\91r-lml'l) 1::: l~il1~ff~lm1:::111'V1l'VlliltJlJ 1~ 

fJUfllC]f~f1''U'U1flr-lilo (crystal size) ~1~fl011~utl)~lJ1W 14Ul1UllJl9l) (~l9ln1~~ 4.2) '\Ju1~r-lilfl~l~flii 

'l.h:::iY'VI~m'Vi lUOl"Hf)fl Electrical double layer Ll~ iir-l'Oih '111'f11)lnu'lh:::~'UU'Ir-lilflU11u i 'VI!'VIlilt'JlJ ifl 
I " 'J/ 'J/ I " 

UUfl 'C]ff1'Yi~b'UfJ~;J11vJYhcy~~'U1f1' !t~11'~'UYi~1~11l'll~'UU~lU~~I~lJ B 1 'il~lJ1fl0111~'111~ Al nl9l1lJ., 

fln:::m'.lflVlt'lfN 
fllflTUihn.h:::1,}1lll"vn::: (mF/g) 

'ill fltflflUfl'''lI fl~fll1t'1&&fI'lJl'l1fl1 

tl~lJlW'UU~ Ti02 10% 20% 30% 40% 

..ct 
11i A 

"'" 0' 
flUlJ'WUC]f\91 TiO/m)UUu (AI) 

"'" 0'flUlJl'IUC]f19l TiO/m~UUu (A2) 

17 

37 

34 

51 

206 

226 

620 

848 

..ct 
11i B 

"'" 0'flUlJ't'Hl"ll\91 TiO/m)'UU'U (B I) 
~ ~ ~ ~ a 

flUlJ'WUC]f\91 TiO/m)UUUOlJlJtJ\91 (B2) 

16 

40 

31 

141 

184 

298 

384 

1,758 

., ., 
ll1ijUUtlUll~H\9Ifl~l'1tlU i U;JU\9I UU fln 1\9I~ t'JlJ \):::111U11f11fln lnu'I.h::: 'il'\JU'Ili~'1I~lJ B2 'il:::CY'Ifl111U. ., ., . 
hni A2 'VI.fl tl~ lJlW 'U U'11 'Vll 'VII il t'JlJ 1~ tI tI 01 C]f1'111 'O:::ii llU 11UlJ CY., ~ ~lJlijU tl~ lJ 1 W '\J U'li 'VI I'VI lil t'JlJ 1~ 

UeJfl i C]f1'1!~lJ~U f1'1tJ lfltltl~lJ1ru 'UU~1'VI! 'VII il t'JlJ 1fl tI tlfl1 C]f1'1 40% '111'f1 1 fll"Hnutl 'J::: 'il. ~ 11'W l:::lJlfl~CYfl. 'il1fl 
'j/ 'J/ I 'J/ 'J/ 

lU~~I~lJ B2 $itl 1,758 mF/g H'O:::'il101iil1~ A2 $iu 848 mF/g vl'lYivl~CYU~lUilii'UU1~r-lilo 
• iI 101 'J/, I'" 

1'VIl'Vllilt'JlJ 1~ UU01C]ffl1~~1'lflUlJ1fl (fl\9l1'Jl'lYi 2) vl'lil tJ1 'il11JlJ!l'I'J l:::':h~uYi ~1Yi!,WlJ~uii r-lmll '1 11'f1 lf11~., 
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" " , " jI

~.:JI~lJ B2 ~1U:Ij~lriuVi~1tl.:Jfl';il1~hnj A2 li.:JffU lI~thVi~lJW1\9l1lJ V1lJlW~fl.:J1'V1I'VHUVlJ'\9l 
I • 'jI 'I " f 

flfl fl i9f~ViI'VilJ~u 'YnJ11 !ijfl! 'VllJV1lJl W ~ fl.:J 1 'VI!'VI!UVlJ 1\9l fl flfl i 9f~~ lriu Vi ~1 ~ 1!'Vi l~ ~fllJ:Ij~T" \9l C'l'l 

...; .dl lIJ '" lIJ lIJ 0' lIJ.I' 0', , ~.I 0 '" 

IU fl'l ~lflHC'lfl 1'VI!'VI!UtJlJ 1\9l fl flfl !9f\9l 'il~ ! llm~ 'illVfltJVlllJ ':i'Vi':i U ~fl.:Jfl n13 flU 1IVlfllfll':i !fl13ll':i~ 'il 'illIYll~ lJ 
~ ~ ~ q 

• " , 1 

!lU 1 i UlJ!'VllJ~U t!U II ff\9l.:J'h11'il ~tJVi:ljm'l~fl~ lfll:il013V ':i~ 'il i~l'If!'~tJ.:JII~~U 1\9l H~fl~fl.:J i 'VI !'VIIUtJlJ 1\9l. 
" • 'jI , 

flflfl i 9f~'H1flnu Vi ~1 ~ l!Yll~ ~ fl.:J fl fllJYl fl ff~1vilt!U V1lJl W~ fl.:J 1'VII 'VII iJ VlJ i \9l flfl fl i 9f~1U fl fllJYl flff~ Vi 

!'H lJl~ fflJ nri.:J HC'l~ fl~ lfllJ!n13v ':i ~ 'il•~.:Jiu 
omnV13!VitJ131~1 'H ~~i~1~~lUfll':inflfllJiTu IP1 A 1 !!C'l~11jl'H~~ ~lU fll1nflfllJiTu 1P11!~1 A2 JU 

Yl1J11fll':i n fl t1lJ iTu IP1YI 1111'1~~ lfl11 !n13 V':i ~ 'il ~ 1!'Vi l:!:~ 'O'.:J ~u !'H ~HC'l tll'il! i1 fl'l 'illfli1 i 't'JYll~ nflt1lJiTu IP1. .~ 

, " I , 

~1Vm~vJfl 'O'vJfl1flU flfl 'illfl'il~'lf1fJt'VllJriu Vi ~1~ fl.:Jfl tllJYl fl ffVlII~1 tJ.:J 'If1 fJt'VllJ V ':i ~ ff'VI nfll'Vi 1U fl WW l''t'JYll 
" , 

Ylll ,r,j1 ''t'JYll!n13V':i~'il.i~~Vfl~1tJ i\9lV'Vl 'ill1W lV1lJlW 1 'VI!'VI!U VlJlUm)lJYlfliY~Vi 10-30 % flnOtlt1lJ 

iTu 1P1Y1 1 1 11'fll:i!n13V':i~'il'O'.:J~U!'~V.:JI~flUfltJ ~W:!:~V1lJlW1 'VI I'VI !U tJlJ1 UfltllJYlfliYVl 40% fl 1JOflt1lJiTU~YI1.~ 

t,r~lfll·Hn13V1:!:~tl~~UlJlflf1'".h~fl~lfl 620 rnF/g ItlU 848 mF/g !'lfUI~tJ1t1Ut113fll'HV1VUIVitJU11j 
" I jI I 

~.:J!~lJVii~i~~l'W fll10flt1lJiTUIP1 B I t11311j~~!~lJVi~lUfll':i OflfllJiTu~1I~1 B2 nYl1311~lfll':i!n131J':i~'il. 
" I ", 

'\Jfl.:J,J1 1vJYllVi~lufll1 OflnlJlJulP1'l!~1:1j~1fll ':i I013V':i~ 'il '0' .:J~U!'HVl H(ln!'lfU!~tJ1nU n13Vi i~fl~11lJl !!~11j
• OJ • 

'jI I' , 

B2 'O'llJ1H10flt1lJiTU\9I1~~fl1111j A2 ~.:J t,rriUVi~1~1!Yll~Vi'O' ,m11lJlfli UII~ (I~flfllJYlfliY~Yi:lj V1lJ1W 
OJ 

lIJ '" lIJ 1110',,,, o'ljl' ~ ~.1 jI
'\Jfl.:J t'VI!'VIIUVlJ !~flflfl 19f~I'VIlflU 'VI 1 !'Hfllfll':i!fl13V':i:!:'ilflff.:J~UlJlfl\9l1tJ. .. " 

~ 

I'VI fl iJ fl Vi '0' fl '1 Vi 'il ~ fl ~ 11 ~ .:J ~ fli V U~ fl I 'VI flll fl B lJ TI II ~U aH! ~ V fl i'VI ':i ~ i fl tJ 19$.:J I fl:lj i't'J Yll 

~ ~ """ jI' cl.1 0 lIJ jI(Electrochemical Impedance Spectroscopy, EIS) IlJUI'VIflUfl'VI !~'Hlfllfll':ilfl13llJ::~'illl'Vil:: Ifl 

l'lfUI~V1t1'W [fltJ EIS tlflllllVV':i:!:tJfllP1l,,*fl~l.:J!I'Vi~'H mtJlU~lU1'O'flfrl'O'\9I{ t ,,*lUfll':iffmmrmIW:!:fll':i 
~ q • 

. " " Ifl~fl13 !I13\9I!\9Ifl~ !9fmf!~fl!Yli1.:J 1IC'l:!:flnnflfl-JflU Doli.:J 1~f13fl11lJiJtJlJfl~N'O' ~1 Ufl1Jl!ml:!:l1fll':i!lYl-J 
~ 

lIJ ' ' ''; .dl , .J '" 0 .1 '" '" '" 0'", '" ~.I .J
'\J €l '1 !fl fl flU H lUW tlll(l:!: 0 nfrflll n fl fJ\9I fl '\J fl.:J '0'1 ':i fl.:J ~ 1U 1 'O'!II fl\91 ':i lJ €llJ Yl!lfl U 9flJ (I fl'll W:!: IlJU 1 

~ 
II m '1 

1.:Jfl(llJ~fl.:J Nyquist plot 11 ff~.:J ~.:J~flll W::'\Jfl~BlJTI!lf!U aH~ fflJ'WU nt113fl nlnf!V Bn1tJl~i1 i't'JYll ~.:J 'il:: 
I. , I i1 

11lJ1~Vi~lfl11lJf.1tl.:J1v~h IlflUUflU~l Z' l~uri1'W'il1.:J (real part) !IflU~.:J~l Z" I~Uri1U~U\9IfI1Yl 

BlJYlllflUaH!I(I:!:ftl'W1W iflfJt~9ffl't'J!I1{ (Autolab PGSTA T 30, FRA software) 

'illfl 'O'IV fl\91 f lJBlJTIllf! Uctl'\J fl.:Jil''t'JYl-11 U ':i V~ 4,32 -4,3 7 Yl13 11lffU ~lU frU6fl C'll.:Jfl ~.:J 1.:JflC'llJ 
OJ ~ 

jI ~ IIIjI "" jI' 0'.J ~ 0' '" 
'O'llJl':itlUflflb!'U1['UlJ'\Jfl.:Jfll':iHllJV1:!:'il!f! 'illmV'VI 4.32 !'O'um'Ufr'UtJf1m~m ~1~fl(llJ'\Jfl~'\J1fl WliflUfllJ. ~ ~ 

GJ tlg) I ~ 0' c:: 9J & 'j)1 do' d 'j) 'j) I 

lJU\9If111.:Jf111'\Jfl.:Jmfll':iUflU 1i nlJflll(l flU €ltJ'il.:J if!fllfll':i If1UV ':i ~ 'il 'illl'Vil:!: ff .:Jfl111C'lflU flV~1tJ IIVlIYl':i1:!:f11 
• OJ 
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Y'/fliY~"nfllllhnj At ('JV~ 4.33) t~tlt\911(JlJ~U~(l~tlW'l1f)iJrn1utli'Ut9fi'UijrfflH~11m'U6flm~fi~~'Hflr:'llJ 
~ q, <u 'U . ~ ~ 

'1.iU\91fl~l~n'UlJ1flt1mm~!Jjtlt'VimJfh Z· "W~lll Al nU'tJ1fi 11Utl'U li'J'J lJ~ lUr:'l~ <U1m1utl'UnlJiJ'U~VI'U11 

I • " " 

ijfl11P11fl11lJ 1fl t1 'Utt {l~~11<U1fi tllJVI tl iY\91ijfi 11lJ~1'UYl1'U (l~ r:'l~U(l~tJ1 i vi Yl1'~lJlfl~'U~~ijv l ~ iY'VI1lf1lVl 

~ 

4.33 Vlu';i1<U1ivlYl1fitllJVltliY\9111l1'l11.i Al 

(Warburg Impedance) i'U flmlflllW~'tItl~'I1Nfi~n~flr:'llJi'U J'U'I1lJ1(Jfi11lJ11tfi~fllmVl1't1tl~ ltltltl'U B 
~. .. 

t~flhn 1,,~1 'U lVl'J'U 'tItl~~h,r11vlYl1fitllJVI tliY\911P11~~{l11J1'J mflUV'J ~ 1) i~lJ1flfl1l ~,nr'Urhfll'J lfl'UV'J ~ 1)
'U q ~ q 

~11Vll:::~~W'I1fJiJm1'Utll'U19fi''U 500 tl~f1119f"19fV{l ~~ijfll~~~t!~1'U11l Al fltl 259 mF/g (U{l~~~~ 

\911'Jl~~ 4.7) 

rooo,----------------------, rooo,----------------------, 
(b)(a) 

15001500 

E E .c .c 
o o 

;- 1000 
 ~ 1000 

~ 
 ~ 

500 

1 .. ' ...... . ... '. 
500 

~.......... ................ -........­ i ···· ......_.... 
0'/ 

00 500 1000 1500 2000 500 1000 1500 2000 
Z'/ ohm Z'/ ohm 

. .. 
'nH14.32 mVfl\91flJBlJ'vhl~'Uci''tItl~<U11v1Yl1 (a) m1utl'U (b) fi11'Utl'UnlJiJ'U~ l~l'U{ll'J"~mtJBt~fll'VIJ.. 
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:1 (a) 

200 
1 

lso l 

100 

..... .. ....so .. - -..." .. ./ .., 	 ........•_.-.... 


~.------------------------, 

(b) 
2SO 

200E 

-""0 
lSO 

i';I 

':1/ ......................_-_ ....·1 

0~0 --~~~~~~~-~~~=--=~~35OSO	 100 150 2S0 ~ 00 	 so 100 lSO 200 2SO ~ 350 

Z'J ohm 	 Z'J ohm 

:,--------- ­(C) I 

E 	 200 

"" 
~ 	 1so1 

100 \ 

soi/············· ................_ .......... . 


ob 50 100 150 200 250 ~ 350 
Z'/ ohm 

~t1~ 4.33 mtlf1~i'lJ~hJ'Viu~n.Jcu~tl'li1hHhfrt)lJvwiY~ TiO/m{1Jtltl (AI) 1)lflm·H~~fJlJ~~WlH.1iJ (a) 

500
o 
e, (b) 600

0
e !t~~ (c) 700

0
e 1f\itlff11~~(I1fJfl!~f1hl1'~~ 1 M H2S04 , 

~ \ 	 (a) 
2SOj 

,I 
E 200 1 
.<: 	 : 
-0 	

1501 
Ii';I 

1001 

50l .. ........ 
_...... ..............."."..

J

0 	 SO 100 lSO 200 2SO JOO 
Z'/ohm 

~ 	:1 
lSO 

i';I 

~I 
(b) 1 

2SO 

E 
""0-
i';I 

200 

1SO 

100 

.r.,
SO l 


1 
 0
350 0 50 100 150 200 2SO 300 350 

Z'/ ohm 

'e' 	 I 

I 
':1/ .... ...... ...... ······...············1 


00 50 100 lSO 200 2SO ~ 350 
Z'/ ohm 

~t1~ 3.32 m'JJf1~i'lJfllJ~Uf\tlCU~tl'li11vJfhm)lJvwiY~ TiO/m{1Jtltl (A2) 1)lflm1!\Vl~fJlJ~~WlU.1iJ (a) 

500
o
e, (bY 600

0
e !W~ (c) 700

0
e U~1'JJi'1Jffm'Vl~1fJmf\vJmrvJtl~f1 1f\itlffl1~~(I1fJfl!~f1hl1 

1~~ 1 M H2S04 , 
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m ,-------------------------, 300,------------------------, 

(a) (b ) 
250 

200 200E 
s= 
0 

lSO -
i-:J 

100 

. ...... . '
~ 

1/ .... ······· ......__......... i 

I 


SO /........ 
~ 

• •••••'-/••• 


000 SO 100 lSO 200 250 300 350 0 so 100 lSO 200 2SO m 350 
Z'/ ohm Z' / ohm 

300 

(e) 
250 


200
E 
.c 
0- lSO 

i-:J 
100 

....... 4o ........................... . 


SO 

/ 
00 SO 100 lSO 200 250 m 350 

Z'lohm 

lt1~ 4.35 ~ttJfl~flJ~hJ'Vi!!~11.JCJ1'tJtl~~11WvhmllJ'WtliY~ TiO!fl11umJ (B 1) ~lflfl1 ·H~1~lJ~~tu"uJiJ (a) 

500°C, (b) 600°C ml~ (c) 700°C l~l'U~n(l~(l1~~h~fllVl'lhl'l I M H2S04 , 

3OO ,,------------------------~m " ------------------------, 
! (a) (b) 

2501 J 
i 

E 200 ; 

-g i 
200

1 
~ lSO j 1so1 I 

100 1 
100 1 I 

. so l' ............. .. 
 SO ! / •• , •••••••••• •••• ........_ .....····1
......... ..--.,

r / 

0 °OL!--~~~00--~~-2OO 25O 3OO 35OSO 1= lSO ~~=--=~~0 so 100 1SO 200 250 
Z'/ ohm l'/ ohm 

!~I I
(e) 

1001 ••••••••• '" I 
SO . ,..... • • • • .. .... ......___.1 . 

00 50 100 150 200 250 300 350 
l'/ohm 

lt1~ 4.36 ~ttJfl~flJi)lJ'Vi!!~'UCJ1'tJtl~~11WthfltllJ'W tl iY~ TiO/fl11'IJtl'WnlJlJ'Ul'l (B2) 1l1flfl1'H~1mrVi 

~tul1tJiJ (a) 500°C, (b) 600°C !!(I~ (c) 700°C 1~1'U~1'l(l~(l1~~it~fllml(11'l 1 M H2S04, 
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(a) (b)j
E ~I
.<: 
0- 500 

i-:l 400 

JOO 


200 
 ............
.,'
100 •••• ................_..... 
 ~ t··········· ............................ 


/ I 
°0 250 500 750 1000 o 250 500 750 1000 

Z'/ ohm Z'/ ohm 

900 

(c)800 


700 


E 600 

.<: 

0
- 500 

i-:l 400 

300 

200 ....... ··0
.. ' 
······-..~I100 / .... 

00 250 500 750 1000 
Z'/ ohm 

I "1 I 

'aJYi 4.37 mufllPlflJ~hJ'Vl!l~'Ucif'lltl'l,)1h-JYh Ti02 Yil:Ulj~TH)'If'Um1tm'U 1I1flflTHIPl~VlJYim.u'l1f1ii (a)
~ q ~ 

500°C, (b) 600°C !I~~ (c) 700°C 1~1'U'ffl)~~mVU!~flhnl~~ 1 M H2S04, 

" 1IlmU~ 4.34 ,)11th~lflCllJ'VWffIPl11ii 'I1:U A2 
~ 

!!~~ 700 tl'lf1Wl1mCUV'ff 'Vl'lJ';i1ljny'U~1'Utr'U6flm'lfl~'I1'1fl~lJl:U~1'1n'UlJ1mrfl fiCllj~l~hJ'Vl!l~'Ucif z' 'Vltl"l ntA 

'llW~~m.u'l1fliifl11'UClltA!9fi''U 500 Cl'lf11!9fmCUV'ff l,r~l~lJti!l~'Ucif Z' ~~l~'I!~m!mJ !i1Cl'l1l1fl11ii'11:U A2 
q ~ 

d!~'U11i~riClnlJlJtA~~1vm f1vJ Cl'ffvJ tl~fl ~'I~ tlW '11 fliim1'UCl I 'U!9fi'tA 500 Cl'lf11!9f~!CUV'ff 'Vl'Ul1'ffllJU tl 
q ~ 

v , I j/ 

riClnlJlJ'U~flCllJ'VlClfflPli,rlj~'UYi~1'ff'l1~~yh1Mm1tJ1lvJvh!'WlJ~'U ~'Iri 'I H~1,rlj~lm) !fbu)~11 1vJ-rh 
~ q 

I • "1 

lJlflYi~~ itA1TI1'I1:U A2 !I~~l'l11,rlj~1fl1)!fi'Uu)~~lJlflfll1,)1 lvJ't~hYil:Ul~flClnlJlJ'U~ A I ~1fJ ri lflU 

"I .9.. !fi'Uu)~ 1I~1!'Vl1~~ClW'l1 fliim1'lJtlltA!9fi'tA 500 tl'lf11!9fmCUfJ'ff ~~iJ~l'ff 'I~'fff1itA11i A2 fltl381 mF/g9f'l
II Q o:u <U q 

V '" "" '1 '" dlJ] v "" II] v v v 
fftlf1fl~Cl~fl'U!'VIfltAfl t1~!I'VIlJ!lJm'VI !~tlli'lJlfJ l1'llNlPltA 

" " ,
'ff!UfllPlflJUlJti!lf1tAcif'lltl'l')11vJvhflCllJ'WtlffIPl1TI~'I!~lJ B I !!'ff~~1 'U)uYi 4,35 

~ 

!9fi''U~ 600 !!~~ 700 tl~f11!9fmCUV'ff 'Vl'Ul1iJ!ff'U~1'Utr'U6fl~Nfl~'I1~fl~lJ l:U~l'ln'UlJlmrfl!l~~iJri1'VlV"l 
" " .nu n'U')11vJVllfl tllJ'VlVffIPl11ii11:U Al w tlW11 flii m1'Utl I 'U!9fi''U!~ fJ1fltAU !!~Yi~1fl1)!fi'UU)~ 11 11i11i 

q 'U q 

" 1'11:U Al \1'1fl'jl!'W)1~'~'hlvJ-rh11i Bl !nf111!iHfl~lJ.v;uf1Ucif (Warburg Impedance) \1~ fim1mJW~'tICl~'I11~ 

fI~~1'1fl~lJ V11 .JU'l1lJltlfl11lJl1!n~fll) !1'Vli'llV'IltltlCltA U!~fll 'VI) '~~ltA)'Vl) 'U 'UV-!l ~:h~11vJVhfl OlJ'VlO fflPl 
~ q 

dl cl ,I lIJVV
\1 ~1)~~llJl)tl!fl'UU)~~ t~'U mm~ 

" " .
mUfllPlflJ~lJ.v;!lf1'U cif'Utl~')11vJVllfl OlJ'WClffIPl11i~'I!~lJ B2 !l'ff~'Ii 'U).. uYi 4.36 iJu'U11t!lJfln!fl'U 

it " , I 

u)~ 1)~ l!'Vll~ fl ~1vn'U,)11vJVllfl tllJ'VlO fflPl1TI ~'I !~lJYi l:u 1 ~flOfllJlJ'U ~ B I fi Cl ow '11 fliim 1'U 0 l'U !9fi'tA Yi 
q q .. 

I • $I " 

500 O~f11!9f~!CUtl'ff iJ~lfl1) !fl1JU)~ 'il ~1!'Vll~Yi~Yi'ff~U~~~fll1')11vJVll1TI~~!~lJ B2 !'Vl)ldl~l'U fll)
q q 
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• • • 

, v 

fion1Jl:r'UlPi'lTl.HO 'Hntlfl~flJfllJViu~l'WcH'lIU'1'ih lvJYJ1 Bulk Ti02 ;10 Ti02 100% hili~1'j0'1flJm1lJo'U 
, , " .... I Q OJ..:::1 , ~ d d' ~ QI QI l.rJ ",J ~~ d' cI QI 41 tI 

mYfl'1 i 'U1,U'VI 4.37 'V'llJ~fl'l:ltu::;'VImUlJ'V'lUfl'U9f Z' ft'1flmVfllJ'lI1 n"fn1flnlJO'UU~~'PlWUO'UfllJlJ'U~ 
v 

U'tlfl'1 ':i1lifl ,)llJl9i'1'U 'Yll'U mfl~'1'v'hi,r'1l1'1.'h i vJYJ 1ili~ litl 1dy'VI TIfll'V'l i 'U O1'Hflfl Electrical double layer 

~1~'11nlJtl1~~himmjfl .. • 
~n1'1~ 4.7 U'tlfl'1~10111n1J'lh::;~~11'V'l1::; (specific capacitance) 11 1f1!'VIm1flfllJViufl'UcH'tlltlfl1'VI 
", , 

1'tllf1tl'll0'1'1l1'vJYJ1u~~~'lfiJ~lh~1VlJlflEJ11i~N"l m1lJuhH9foM'UYiUtul1Jlii 500, 600 U~~ 700 eJ'1ff1. '" 
d '1 11] 'JJ 0 & _1 '" '" '" 0' 0 1 'I 'JJ 0'_.I

19fm9fV'tl !fl fJ !fl 'il1f101'j O111'U ~ ~~lJ'UflH1'1 fl ~lJ 'lI0 '1 'tllu fl~ 'jlJ OlJ'V'lUfl'U 9fU ~ ~m'U 1tu ~t'J t 'lf9fUnU1 'j• 
v , 

(Autolab PGST A T 30, FRA software) ~1011tnlJtl'j::; 'il ~lt'V'l1::;'VIfl'1l1 ivJYJ1flOlJ'V'luiY~liu'U 11,rlJmflYi'tl~ 
, ,v 

Yi~tu'l1.fJii 500 eJ~ff119fm9ft'J'tl 1l1fl11i'l.'I1lii~~1011 !nlJtl1~ ~mflYi"lfl;l U 381 mFIg !!"~ 1l1fl11i~~!~lJ;I eJ 

423 mF/g ~~11J'U~1 ivJYJ1~~.h'UflufieJnlJ:l:r'UIPi'~'1i'U 
, v , 

,\ 
~l'lHfi 4. 7 ~ lm1!nlJlh::;~• ~ 11'V'l1::;~ lf1!'VIfllJ fl fllJVi Ufl'U cH'tll tl fl 1'VI 'j 'tli fliJ'lIeJ'1'1l1 ivJYJ l!!~ ~~"b'lJflYi !~1 t'JlJ 

.fl11~ fl1 '1 't1 VI iU).:J 
Pilfl1'l!fhJ'lh~'il~ U'Ytl~ (mFIg) 

""""d cltli Itlmom fI 'l,! fIeJ'l.m11VI 'Wcv ,1'1 fl 't1 '1 il' fl 

~tu'l1 !Jii~'l.~t~1 fJlJ Soo·c 600·C 700·C 

""d
11) A 

'" 0' 
flOlJ'V'109f~ TiOjm'jlJO'U (AI) 

"" 0'
flOlJ'V'109f~ TiO!m1WJ'U (A2) 

259 

381 

123 

146 

92 

103 

">d 
11) B 

'" 0' 
(B 1)flUlJ'V'lU9f~ TiO!flUlJO'U 

~ cI QlQ.ld' 

flUlJ'V'lU9f~ TiO!m1lJO'UfllJlJ'U~ (B2) 

187 

423 

95 

216 

67 

158 

Bulk Ti02 79 69 57 

0' 
m1lJU'U 52 

0' '" '" 0' 
m1lJU'U fllJ lJ 'U ~ 59 

'tlttlf1~ flJfllJVi!!fl'UcH'lIU'1~1 ivJYJ lflOlJ'V'l oiY~ A 1 !!~::; A2 ~litl~mtu 'lIU'1 i 'YU'Yui1tJlJ iflUUf1 i 9f~ 
i'UflOlJ'V'lOiY~ ~l'1"li~ufi 10%, 20%, 30%, U~~ 40% !!'tlfl~'l.'U1,tl~ 4.38-4,39 'V'llJl11~'U~h'UtT'UVflm~ 

fl~~l'1fl~lli:Ju~fl~Nn'Ummjf1i'Um&~li Ti02'l.'UflUlJ'V'lUiY~ 10-30% !t~~hi1iY'1tfl~;lu~ 40% ~1 
,,, " 

flllViufl'U cH z'li~wh(l '1mfl !!'tl~~11'1l1 i vJYJ lflUlJ'V'loiY~lifl111119i'1'U 'Yll'U ~fl" ~U,,~'I11 i vJYJ 1i~mfl~'U li 
.1 '" '" '1 '" & IIJ'JJ' d.1 "0 &u1::;'tl'VlJifll'V'l 'U011!flfl Electrical double layer ft'1 1l~ !~m011!fllJU1::;~1l11'V'l1::;ft'1'l1'Umfl'il1flflOll'V'lO 

, " 
iY~ YiiJtl~mtu Ti0

2 
10-30% U'tlfl'111t1~m tu 'lI eJ '1 i 'Vl! 'VI!i1 EJlJ i fl UeJfl i 9f~ 40% ll::;'v'h i 11''1l1 i vJYJ 1f1 OlJ'V'l eJ 
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iYIPHl1lJTHllh '1vHh hi~l'W)~~'U'I1l1;jt~fJ i11'tflf)fll1lJ1fJ-ll1 i 'W f1l'J !~'U1.J 'J~~U1:ldjfll1lJI91'1'W 'Vll'W (Z')hi• 

rr ~!fl'W '1 'lh~fJ~~~ '1fl'ci1m'Vl'lh~~.lfl'fl'lt1 ~lflmtlfl~:ilJfllJ.wUf)'WcU~fJ~~l i'VHh~ijtl~lJlw ~fJ~ i'Vl!'Vl!lJtllJ 
~ 

.. iflfJfJfll9f~ 40% 'VnJi1ijl1!iJ{flfllJVh!fl'WcU (Warburg Impedance) i'WlJlfl ;jfJ!!'Vl'U~~~hjijl1l~!1:l!'J ~'1 
~ , 

'I1lJltlfll1lJ 11f1l'J !!'W1~fJ'I i r:JfJfJ'W fl!~fl i 'Vl'J i 1:llP1i'W!'W i'W~ fl'l ~hih '1 vJVhflfllJ'W fliY~lPll U1:l~tfl~ Electrical 

",.0/ cl.1 IIJ~
double layer fl 'j)'1rr1lJlHI!fl'UlJ'J~~ t~lJlfl 

-.---------------------~ 

(a) (b) 
500 :! 

I 
I 

400 , E 400 E 
o 0 


- 300 

"" "" - 300 
f:l f:l 

200 
200 \ 

. .......... .

1001 ..... ' ........ . 
 100 '" .... .......~. ......~...... 

,/'"/' 
0

00 100 200 300 400 500 0 100 200 300 400 500 
Z'/ ohm Z'/ ohm -


- I 
(c ) (d) I 

500 
1 

E E 400 
1 

0 0 "" =1 "" 
! 

- - 3001 
f:l f:l 

200 1 
I 

1001 

01--- I=001/··························_­100 200 300 400 500 o 100 200 300 400 500 

Z'/ ohm - Z'/ ohm ­
. ~ , 

~tJli 4.38 rrttJfl~:ilJ~hJVlufl'WCU~fl-l'll11vJYllflfllJV'H)iY~ TiO/m{Ufl'W (At) .yjijtl~lJlW~fJ'I i'Vl!'VltlJtllJ i~ 

r:JfJfli9f~i'WflfllJ'WfliY~ (a) 10%, (b) 20%, (c) 30% U1:l~ (d) 40% 1fll'Wrr1'J1:l~mtlflt~fl i'Vl'Ji1:l1P1 
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.c 
0 1400 , -
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700 00 100 200 	 JOO 400 500 600 700 
Z'/ ohm 

.
l'lJii 4.39 {Htlf)~i'lJfllJVi u~n.ji''lJtl'l'1111vHhfH)lJYHli1~ TiO/fll1'Utl'W (A2) Yiiitl'1mtu'IJtl'l 1 'Vl!'Vl!UfJlJ 1~ 

m)f)1CJj'~1'WfltllJfitli1~ (a) 10%, (b) 20%, (c) 30% !!(;'I~ (d) 40% 1~hA{;'I'l'J{;'I~{;'IlfJfl!gf) i'Vl'Jl{;'119i' 

00 100 200 	 300 400 500 600 
Z'/ ohm 

. 	 " 

(;'I'!tlf)'P1i'lJfllJViu~'Ui''\Jtl'l~11't'lVhfltllJ'Vltl~~ B1 U{;'l~ B2 !t{;'l'~~l'U'Jtl~ 4.40 U{;'l~ 4.41 'Vl'U ';i1ii 
'" • 	 y 

U'U ') h!lJmlitl'U rl'Ufitl hAm ill Yiiitl'1mtu 'IItl~ 1'Vl!'Vl!UfJlJ'~ tltlf) 'CJj'~1 'UfltllJyitli1~I9i'lU~ 10-30% 'II'U WI 

'\Jtl'l !~'U ~l'Uff'U 6f){;'I NfI~'l,)'lf){;'IlJl1~tl ~1 Z' l:UH'P1f)~ l'lrl'U mmJf) U~!rltl!~lJ'I.J'1mtu'lltl~1'Vl!'Vl!UfJlJ 1~.. 
." 	 " 

~l Z' ii~Wll{;'1'lU{;'l~1'Umill'1111vh~1f1tlm'Hli1~ B2 ul1't'lvhl~mf)~'U!~'Jl~!fl~ 
~& Q , d tl ' 

Electrical double layer ~1J~lJfllf1l'J!f)'U 'J~~lJlf)ml 
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(d ) 

----.,' 500 

. 
3'1.1114.40 ~l,jf)l9lrlJ~lJ'WU~'WCU'\JCl'l.,)J lyHhflCllJ'Vwi119l TiO/fIl{'UClU (B1) Y\n,j~lJ1W '\JCl'll'Vlll'H-WUlJ l~ 

Clelf119f'fli'WflCllJvwi119l (a) 10%, (b) 20%, (c) 30% U{l~ (d) 40% 1~i'U~l':i{l~{llU~ll~f)1m'1M! 

700 , 
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600 1 :1 
5001 	 500 
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0 400 
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3U~ 4.41 ~ltJfll9lflJelJVlIl~lJcu'\JCl'l~J1vlthflCllJ'YH)i119l TiO/fll{'U~lJnmj''U~ (B2) ~ihJ~lJ1w'\JtJ'I 
1'Vll'Yl l'wvlJ1~mlf119f'fli'WfI~:lJVwi119l (a) 10%, (b) 20%, (c) 30% ll{l~ (d) 40% 1~iu~l'Hl~mtle 

!~f)lm' l(l~ 1 M H
2
S04 , 
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• • 

, I 

, i1 I • 

~lfW'I1'jl~l14.8 filf11 'Hnul1';i~~~1!'V'I1~'UB~,j11~vhl1!~'Ur'UuUB~~lfll1~lJltu'UB~ Ti0
2
h-lflBlJ'V'IB 

q d I '" & ill 'Ii 0 1 i I I cl 0n.I"" n 1 
ff~'YI!!~fl~l ~fl'U 9f~ t~ ~lflf11';i fIllJ 1tu ~HJf11';i fit curve 'U9fBl1~!!1';i 'V'IU 11f1lfll'j IflUlJ'j ~ ,)'jll!'V'I1~ 'UB~•" ,
,j1i~rhl1iil1~lJltu'UB~i'YI!'YI!i1fJlJi~BBfli9ffli'UflmJ'V'IBir~ 10-40 % ~lfl1~hnj A mi'1lJ'lh~ 54-412.. 

" , 
mF/g ml~ 'il1fl1~~~!~lJ B B~ilJ 'l11~ 47-558 mFIg tijBl1~lJltu 'U B~ i 'YI!'YIti1t1lJ i~BBfl i 9ffli 'UflBlJ'V'I BiY~ 

l'vhtlU 40% ~~ i,rfi1f11'j Inul1'j~'il~1!'V'I1~'UB~~1i~~lff~ff~ff1l'ti'U~1 i ~~1~!~~tJlJ'illfl'YIfl1~ l~fJi~ 
q cu q q 

" ",
B2 i,rfllf11'jlnulJ'j~'il~11'V'1l~'UB~oU1i~~ lff~ff~ fll';i i ~oU1i~~1l1.yh~lflfll{UBlJI~tJ~'lfiJ~l~tJ1 hi11'il~. .. . 
!~'UfIl{UV'U 1i';i';ilJ~l11 '?Vfll{UB'U tllJ:iJmn~tJ ililri1 'YI!'YI!i1tJlJ i~VBfl i9ffl!!:U ~~l-l11~vh i~!!l?iiifi1fll';i In1J 

• I !V • 

11'j ~ ~l1 ili~ I'V'I ';i 1~ iliii fflJ,r~ fll'j !nul1 ';i ~ ~ l1 ~mil ~ , 'YI!'YI! i1 tJlJ 1 ~ VB fl1 9ffl 11 '?ml'1i~,j1 i ~~ ll111l 'ill fl 

" , 
,j1lvHhl1111 'il1flfl VlJ'V'Itlir~ '1 'YII 'YI!'U I'JlJ '1~ tItI fl i 9ffl/fll{U tI'UI'V'I 'j 1~ ili l-l1 i ~vh ~B~mfftJf11'j Iff~ lJ tllJ 'U tI~ 

fflJ,r~~I~lJ fi1l-l11~~1~~'U tI~fIl{U tllJ !!~~ fflJ,r~ fl1'J Inul1 ';i ~ ~~~'UtI~ i'YI I'YI 1i1 fJlJ 1~Btlfl i 9ffli 'U ~~ r11lJ. 

1~tJ1~I?iW'l rl1{UB i 'U!9fi''U~ fJtu 11 iJ iJ 500 tI~fI'119f~!9itJff !!~ ~iil1~lJltu 'UB~ i'YI 1'YI1i1 fJlJ i~ 

tlBfl i9fflllJfltllJ'V'IBiY~ 10,20, 30 !!~~ 40 % 

fi1fl1'Hft1J'lh~'iJ1l1!'Wl~ (mF/g) 

111 omrl'Ufl~hJ'rh!VI ucU '"nl01 'YI ~ ",10it 

10% 20% 30% 40% 

54 

59 

100 

105 

204 

217 

370 

412 

47 

67 

91 

122 

179 

259 

313 

558 

4. i:qtl 
~ " 11 , 

oU1 i ~~1f1 tllJ'V'I9f~'Ylfl'lfiJ~ ilJ 1m ~fll'ji1iifl11lJff1lJlHHnul1 'j ~ ~ i~~fl':hfl1'J,j1 i ~~ 1l1111~1 f1. . 


f11{UBlJ ff1lJ l'.i m~1 tJlJ 1~~1tJ1~111lil ~tJfll';i ~h.H'V'I';i f1!lJi''UH~ i:ui~~1tJff1';i ~~ nltJ i'YI i 'YIli1 tJlJI 'YI'YI ';i~ i tI i 9f 

i'V'l 'j 'V'I 0 fl i 9f fli 'U lIB ~ fl tI eJ tI ~ ~ llJ ~1 tJ fll 'j 111 I'll { U B '1 'U I9f i'lJ f) 1tJ i ~U ';i 'j tJ 1fll fI' 1 lJ i ~ ';i ! 'illJ I ~ tI '1 ,rIn~ 
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• • • 

" " 
1m~ffh~~~mn)'w1!'VIff1'V1!'VIIUlIlJ l~HH)f)19l'fl illll1J,ju"ffl1Jl1tH'1~'tl'W \9lfJ'W i 'Wfll11\9l~ lIlJI'W1l~fll11l1'fl1llJ 

~tl'W 'il'Wln~l~ 'W 1m'Iff~l'lU'U'UUfJ'Wl!'VIffW,"1~ fll1 vhm{'UfJ , hlt9l'i''W ll1'l~'Wm{'U fJ'Wln~ hJ'W ~fJlJ"l i 'WldCll 

l~lI1tl'W U('1~flfJlJ'W tJ iY\9l~'~'illflill111J,j;i'il~lJ'\J'W 1\9l'\J fJ~~~m IfJ'W 11'VI ~~!~ fllJlfl m{'UfJ'W ~ 1 ~ 'ill fl '~lN1'W 

fl fJlJ'W fJ ffl9l ~llJ 11 i:\~ 'il~'lH'UtJ 'j 'Ifltu ~lJ1T~'\JfJ -:j 1 'VI !'VI I U lIlJ 1 I9l fJ fJfl 'l9l'fll 'W 'j tJu 'U'U'\JfJHj 1 1'WUfJ'W 11'VI ~i l1'lJ 
• • OJ 

, ," 
fl1llJmlJ lJi:\'VI'W~ fJfll'j!tJ~lI'W1fl'j 'I~~1~'il1flUfJ'Wl!'VI m~'W 'j i 'VI~~l1 tltl.!l1 ilil ff ~~'W ~'I 700 fJ'Ifl'1!9l'''19f£m 

Q,J q '\I cu 

flfJlJ'WfJiY\9l~ 1~~llJl'jmJ 1itJ'VI~ fffJ'Uvhlll'W~11'YlVl11~ fJ i ~ff111 i''UI~'W ~1!fl'lJ'lh ~ 'il•'1~ IW~flfJlJ'W fJiY\9l~ 
"'j/ " . 'j/, nfJtllJiJmlr1'I 'illfli1ill1 J,j Im~i1i~'11~lJ'il~ri 'I ~,,~~ fJ fll'j !n'UtJ1 ~'il '\J fJ'I'tl1 1 'YlVll'vil 1l1'1 ~~1l1~~'W 

" , , 

~11'Wl~'W1J':hi1ill1J,j A !!,,~ill~~!~lJ B lJu'W11t!lJ '~~lfll'jln'UtJ'j~'iI~11'W1~lJlfll1~~l1fJtul1ililm{'UfJ ''W!9l' 
q q q <u 

i''W 500 tJ'Ifl'119l'm9fllff ~'I'illfli1i(h1J,jl~~lfll'j!n'UtJ1~~~1!'W1~lJlfl~'lI9l;jfJ 932 mFlg U"~'illfli1i~-lI~lJ 
II) 'JI , d. 1 0 d '" ~. I'" II) "" II)
! ~fll fll'j!fl'U u 'j ~ ~ 'ill I 'W 1~1Jl fl'VI 'l~fl fJ 1,592 mFIg 'ill flfll'j fl'fl'loll~" '\JfJ -l u 'j lJltu '\J fJ -l ! 'VI !'VI !'W I'JlJ ! \9l 

, "" 
mJfl'9l'fll'WflfJlJ'WfJff\9ll1lJ~fJfll 'j !n'U1h ~ 'il'\JfJ~'Il11 'YlVll 'W'U ':h'tl11 vlVll'VIfl'ln4I9llJ1h ~ iY'VInill'W i 'W fll'j In'U. . 

, " 
111J,j;jfJ 848 mFlg '\Jtu~l1~1~-:j'l~'il1fl111~'1!~lJ;jtJ 1,758 mFlg 

'ill fH'VI fllA fl VlJ!'W U~'W CJ1~! tJ fl 1\9l 'j ff 1fltl m ru fl11 fffl'loll~" '\J fJ-l fJtu 11 il ilm{'U fJ , hit9fi''W ~lJ~ fJ~ 1. '" " , , 
fll'j !n'lJ'lh~'iI~l!'W l~'W'U':hi1ill1J,ju,,~ill~-l!~lJiju 'W 11t!lJ 1~~lfll'j !n'UtJ'j~ 'iI~l!'Wl~lJ lfll1~~YitJtul1 ilil 

q q q It III 

m{ml'l'W!9l'i'W 500 fJ'Ifl'll9fm9fll~ 'illflill111J,j'l~~lfll'j!n'UtJ'j~~~11'Wl~lJlfl~'l~;jfJ 381 mFlg !!"~'il1fl 
" ,

ili~-l!~lJ 1~~lfllJ!n'UtJ'j~~~11'W1~lJlflYi'l~;jfJ 423 mFlg 'il1flm&fffl'lol1~m'\JtJ'I tJ~lJltu'\JfJ-lI'V1!'VIlijl'JlJ 
, "" 
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"Reactivity of Chlorinating Agents for the Chlorination of Alcohols and Carboxylic Acids: A 

Comparative Study" Tetrahedron Lett. 2007,48,223-226. 
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Cobalt(ro Calix[4]pyrrole" Catalytic COlllmull 2007,8, 3lO-314. 
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Polymer Engineering & Science, 2007, --17, 447-459. 
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Gamble" Tetrahedron, 2007,63, 12986-12993. 
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Phenylphthalimides Derivatives as a-Glucosidase Inhibitor" Arch. Pharm. Res. 2007, 30, 1501-1506. 
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tribromoacetate: a highly efficient reagent for bromination of alcohol" Tetrahedron Lett., 2008, -19, 1146­
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6. lJ ~~~'Ufll·af.lA't1 U)tJ1'U6~fl'Ufll "j'lj ~'I11 ~~ It!1'lltJ'YI~ &t!!!~~t!6fllJ ~~!'t1ff 

6.1 lflHfll'J1,)U 
dl 91-=::.. CV QI 0' 
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2004-111l~lJ'U lflHOl'J'Ull'UfH)i)u,m{ lCl'Ul'4f)l'J lflHflU"1 'Vl't.l'h,rfl~l'Uflll!~m'J1Jf)l'J 

1,)um,; 'I 'll'1~ 

- 15 March 2005 - 18 June 2005 OECF visiting scholar to study "Catalytic Cracking of 

Plastic Waste by using Mesoporous Materials" Okayama University, Japan 

November 13, 2005 - December 10, 2005 workshop at Instnunent Technology Research 

Center National Applied Research Laboratories, Shinchu Science Park, Taiwan / Title: 

Nanomaterial / Nanostructural Inspection & Fabrication 

2007 The Asahi Glass Foundation (Oversea Research Grant 2007) "Fuel Production from 

Recycling Plastic Waste by Catalytic Cracking Using AI-SBA-15 and B-SBA-15 Catalysts" 

(111'1iU1 iflH'I1'U1')U) 
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~~£J~nm¢ll!'ih.! fll'J I iJ ~\I!!~ i1 \I'\11fl1J 2550 i1'l IT nnfl1J 2551 

tll.11~U'U6-1'U11l'Vl tJllt1. ~1r1~ (1J'\11'll''U) -l'UtJ~~1Jlll! Ih~~liJ 'VI.fl'. 2550 -l1't.l1Umrel'lf)l'J 
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f-li)1l i'U1el~!'1f,,<A'1£J~11~\ltJ5fi1U1I116fH"1Jl'UCY ETS-IO "Biodiesel Production via 

Heterogenous Base ETS-IO Catalyst" (111 lfUlifl 'J .:j\ll't.l1U£J) 

" J~u~l1m¢lll'u'Uflu Itl ~\I!!~ 13 mnQlfl1J 2550 i1\1 12 fl)flQlfllJ 2551 

'Vl'U1')U\I'UtJ'J~1Jlrull~'U~'U 2551 

i flH fll'J1 ')£J!rel'l fllJ 5\llfl 'J 1~'\11'Vl1'Vl h~llclii) fll iCl\91-l!!ft~ 1'\'11'\111ii mJ!glJ~'U IU" fJ~'UllJ" £J 
'" '" 

ffmi''U1~11J'U<fl111-1tJ 5m£JleleJ flci!~'i'U'UeJ\I cyutJ'J~ fleJ1Jlflli~'U'Vl16 
'jJ 0 ., 

flll!:::: ~~ll'Ul.IOlJ ~J, Wl'lfllJU tr'U'Vl~1 11111Ull flHfll'J 

J~£J~11m¢ll!ii't.l fllJ I iJ ~\ll!~ I \OlmfUJ 2550 ~'l 30 tl'U£Jl£J'U 255 [ 

t1'UWIPll'U l~fl£Jm'W1't.I f)lJt11-11't.11 ')£J'UeJ\I€Jl\J l'J 6~'U1'lUi CYfl1. 2 TI, . 
" ~ 

1flHfll'J1 ')£J!1eJ'l fll'J ItJft£J'U'Uu~'Ymi)l€lIftTI'U1tJllll.ll4feJt'VItl\ll~fJ1,*~1!~ \ltJ 5fi1 fJ1 MCM­

" 
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'VJ'U1~fJ'\Jt).JU~1l'YI vHHi. VJ'U~CI ~ln~ IflHfll), "Database Search of Bisphenol F" (~cj1lJ 

1flHfl1';i1~fJ) 
o .o=::!o ~ ~, cv d' .& Q 

';i~tI~ 11ftl'Plll'U'Ufl15 6 !'Pl~'U 1P1~1I'Pl 3 fllJfll'Vl'U1i 255211.J 3 l:1'.JYflfllJ 2552. 
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Tanawut Ploymeerusmee, Tawun Remsungnen, Ouangamol Nuntasri, Siegfried Fritzsche, Supot Hannongbua 

"The optimal binding sites of CH4 and C02 molecules on the metal-organic framework MOF-5: ONIOM 

calculations" Chemical Physics, Volume 349, Issues 1-3, 16 June 2008, p. 77-82 (eJi 'J :J.Jb>'1Nn1 ~';J ~t1 )
~ 

(ii) Oral Presentations In International Conferences 

1. Duangamol NWltasri, "Micro- and Mesoporous Green Catalysts for Petrochemical 
• 

Industrial", International Symposium Series: Yonsei U - Chulalongkorn U The 2"dJoint Symposium, June 

18 - 19,2008, Seoul, Korea. ('1111Ul iflH~1'U1~fJ) 

(ii) Poster Presentations in International Conference 

1. Duangamol Nuntasri, Satima Saranark, and Aticha Chaisuwan "Transesterification of Palm 

Oil Using ETS-lO and Na-loaded ETS-lO Catalyst", 41 SI IUPAC World Chemistry Congress, Aug. 5 - II, 

2007, Liggotto Conference Centre, Turino, Italy. Poster no. SOIP20. (11111UllflH.Jl'U1~tI) 

2. Jeenpatiphat, S. and Nuntasri, D. " BiodieseI production from free fatty acid using IOIl ­

ex.changed ETS-I0 heterogeneous base catalyst" The 3rd Mathematics and Physical Sciences Graduate 

Congress (3rd MPSGC), 12-14 December 2007, University of Malaya, Malaysia. poster no. A024. 

('11HU l1fl'J .J.Jl'U1~fJ) 

3. Jeenpatiphat, S. , Nuntasri, D. and Kangvansaichol, K. "Heterogeneous esterification of free 

fatty acid using ion-exchanged ETS-IO base catalyst" Pure and Applied Chemistry International 
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Conference 2008 (PACCON2008), January 30 - February 1,2008, Bangkok, Thailand, poster no. S9-PO­

9. (lhHU11flH,nU11lrJ) 

4. Srikongyoo, N. and Nuntasri, D. "Preparation and characterization of delaminated ERB-I" 

Pure and Applied Chemistry International Conference 2008 (PACCON2008), January 30 - February 1, 

2008, Bangkok, Thailand, poster no. S9-PO-5. (It'mul1flH\ll'U1~tI) 

5, Tongtooltush, T. and Nuntasri, D. "Thermal and Catalytic Cracking of Glycerol waste from 

Biodiesel Production Using Al-SBA-I5" Pme and Applied Chemistry International Conference 2009 

(PACCON2009), January 14 - 16,2009, Naresuan University, Phitsanulok, Thailand, poster no. SII-PO­

1. (ltTI11!1Im\l\ll'U11ltl) 

" 	 6. Wongkulab, S. and Nuntasri, D. "Oxidation of Phenol over Titanosilicate Catalysts With 

Hydrogen Peroxide" Pure and Applied Chemistry International Conference 2009 (PACCON2009), 

January 14 - 16, 2009, Naresuan University, Phitsanulok, Thailand, poster no. SlI-PO-7. (ltTHlYl 

IflH\l1~1~tI) 
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Open University, Thailand, II - 12 September 2008. (lt1't1U11flH\ll~1~tI) 
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Titanosilicate-l and Titaniurn-MWW as Catalysts for Phenol Hydroxylation", C2_C0243, The 34
th 
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