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Summary

[.Title

A Study on the Catalytic Activity of Redox Molecular Sieves.

L. purpose and Importance
AlIPO4 molecular sieves are a new family of molecular sieves first
synthesized by Union Carbide 1in 1982. These materials are
composed of alternating AlQs and PQOs tetrahedra arranged into
three—dimensional framworks and possess cages or channals like
those of zeolites. Hence, they show reversible adsorption and

desorption of orgarnic molecules and water without structural

collapse.

Unlike zeolites, however, AIPOs molecular sieves have no
i1on—exchange capacities as well as acidic sites because of their
neutral frameworks. Thus, there i1s a serious limitation 1n the
application of AlPOs molecular sieves as catalysts. On the other
hand, 1t 1s well. established that Ti-substituted molecular sieves In
the framework are a potential redox catalysts because they show
high catalytic activities and selectivities in many partial oxidation
reactions. Actually, TS-1, which 1s Ti-substituted molecular sieve In
the pure-silica ZSM-5 framework, 1s commercially used for the

production of hydroquinone and catechol from phenol in the presence



of aqueous H:0.. Therefore, the synthesis of Ti-substituted AlIPOy
molecular sieves. is of importance in academic and industrial aspects.
However, the study on the synthesis of TAPO molecular sieves,
occupied titanium in the framework of AlPQO4 molecular sieves, 1s 1n
the 1nitial stage and no detailled i1nvestigations on the
physicochemical properties of TAPO molecular sieves have been
reported. In this work, we have synthesized TAPO molecular sieves
and Investigated their physicochemical properties using various
analylitical methods. In addition, the possibility of TAPO molecular

sieves In using as redox catalysts are explored.

HI. Contents and Scope

1. Synthesize TAPO molecular sieves with different structures and

compositions.

2. Investigate the physicochemical properties of TAPO molecular

sijeves.

3. Evaluate the applicability of TAPO molecular sieves as redox

catalysts.

IV.Results and Remarks

I. In this work, 1t has been attempted to synthesize TAPO
molecular sieves, which are titanium-substituted AlPO;

molecular sieves, in order to develop novel redox catalysts.

TAPO-5, TAPO-11, and TAPO-20 molecular sieves have been



synthesized using TiCls or Ti(C:Hs0)s as a titanium source.

. The titanium content in the TAPO {framework 1s found to
depend on the titanium sources used 1n the synthesis. The use
of TiCls in the TAPO synthesis results in the much higher Ti
substitution level than that of Ti(C2Hs0)4.

. Raman spectra demonstrate that no extra-framwork anatase or
rutile TiO2 contains in the as-synthesized TAPO molecular
sieves. However, extra-framework {itanium species are observed
in the TAPO molecular sieves with TiO»Al:Os3 > 0.2, calcined
in flowing O: at high temperatures.

. Titammum 1n the TAPO molecular sieves shows ditferent
oxidation state depending on titanium sources used 1in their
synthesis. TAPO molecular sieves synthesized using Ti(C2Hs0)4
as a titanium source have only Ty ions, but those with
TiO»/AlOs > 0.1 contain both Ti’" and Ti'" ions when TAPO
molecular sieves are synthesized with TiCls as a titanium
source.

T ions present in the TAPO molecular sieves synthesized
with TiCls react with oxygen. The exposure of these molecular
siteves to O produces O 1ons and their Ti*" ions are oxydized
very slowly into Ti*" ions. Also, all Ti’" jons are oxydized Into
Ti"" ions when TAPO molecular sieves are calcined in flowing
O at high temperature. However, they are reversibly reduced

to Ti°" ions when TAPO molecular sieves are treated in Hs at



500 C.

. The formation of O2 1ions in the TAPO molecular sieves is
also possible without Ti>" ions. The yvellow peroxo—complexes
are formed by reaction of Ti"" ions in TAPO materials with
H>O, when the calcined TAPO molecular sieves containing only
Ti*" ions are treated with H:O;. The peroxo—-complexes produce
Oz 10nSs.

. NH3z TPD results reveal that TAPO molecular sieves have no
strong acid sites, but the concentration of weak acid sites
increases with increasing the amount of titanium substituted 1n
the framework.

. The overall results of this study reveal that TAPO molecular
sieves have unique redox properties. This suggests the potential
application of TAPO molecular sieves as novel redox catalysts,

which needs further study.
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T+ AHA ZA0 Tizk Ag¢d A= F& 43 vkgolq =2 Sa&
Ao AHAdE B F7] oo 48} - 3 vk§- Fuf (redox catalysts)
2ZA i {43t 19833d9)) Taramaso §°] ZSM-5 7#+Z2& Zte= 4
7hetolE F A9 Tizl X& ¥ titanium-silicalite-1, =
st 1 o 843 B o|F Tivt x|3d A9 @48 A9
Ab3l HEg FHulE M olE EFEY o]fd Be WAl HFHo gl
ol AL H0O, F8/AESE AdA=Z 3l L3FF (alkanes), <A
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£ rutile 729 TiO; AL FAXNNe R IEA A gy
EAA &34 TiY A& T4 &3S 2T pure-silica EAHAIANA F
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HMS, MCM-41 #+X%&
T H:0, 589 AHgste A ukgold ZFo) @4& RoEg P
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AIPO, AE BAA Tig A@ste A77 A= A AIPO4 A
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AHE 2oz 283 E AV At 2882 AIPOs AIE E XA 9
FAAHE =Y3tE 3 wHozA Tigl 2L F4 o]0 X" AIPO,
A A 8] AL Wi FR/E A7 HAZ & F UY. AIPOs AlE A
A= pure-silica FAHAAE T4 T4 23 S BYF oz A #
ol G Fol2s AHESHA] BB E AIPOy AIE FAA T4
Tio] Z|go] 7hs3lH £ AIPOs AlE HA4A= Al P7F 2= A7) &
Ax el z}elZE pure-silica FAHA| B Y ] 24A (hydrophilicity)S 7}
7] W Tiz} X#E pure-silica EAA &= & 33834 543 A9
5F BAE AR o4dEo. AIPOs58 AIPO4-11 %o Tivl X &4
TAPO-5% TAPO-11 &A= H0: &Y AI&3t= AF3} HE-g-of A
TS-13} ¥l%§ 2053 Yepig

oA AHE Ti7F FAHA E4 9 X& % pure-silica XA 9} AIPO,

EAAE 25 TiY ool X3P ExAlH, Ti" ol FFIoZA

titanium ethoxide X+ titanium butoxide= AFRSI3 O} ol5E % AHA
T Q718 YA EUAZ 9FH S zZta Yy B3] TAPO EXA}A
FAdA AIPOy AL AHA fHo]7] g R oA} & TiY ol ETH

42 gA TiO:2F 22 AHetE FHE ®3ly o] TAPO £AHA|7F &4 5
A et mEkA ol e TiOE &alslr] st #itks 4 H7ts)
o TAPO #AHA|E }Aso. 18y ol WHoezx FaA7F ¢A
FAHA Fen FF TiO; Ee=c] SASA "ot 1522 AIPO, #
A FA A@E= Tig ol AV Aok 53] BAHA] Ao X &8 d
Tie] ¢ 4k} AdEle TAPO EAAY] 4l - 8¢ Fujs3 FHHHQ
deEo] U7 wWEd AIPOs; A &40 X&EH & TiY & 2383t
W AgE Tio 4HE e tid dF = tds] F83% 0 a1 s
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o782 oot H.
1) BIEZE ¥k§ £7|9 X aluminum isopropoxide (98 9% Aldrich)S
=AM 1~2A12F A= 713 Ao
i) U4 Ti(C:Hs0)4, H20., 28l & Wil 30% &<t nnks}
HA Ti(CHsO)E =5t Ti 38 HLZ TiChE AR & 459
= Hzoz-eé' e L S I
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3) Al&e] MAE

A &3 AIPOy H TAPO #FAHAE SHTE AHH A H 3l
deiAM 2oM AxE3te ALESIAY TR = FAE AAS 7] 918
g Fo FEHA 550 - 600T oM 24 A|IZF F AAES AR
t}. TAPO A48l HO: A+ &F 10 g9 35 % H0p 849 1 g9
243 TAPO A4S Y1 2 A7 2o AHolFE 3 Agjx] Ao A A
Z 3t¥ ok TAPO ¥AHA19 H, Hee £4% TAPO E2HAE 5007C ol A
1 A &< ZAF A £ 200 Torrd] G434 2 AT T 7HE 8
AT,
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Table 1. Synthesis conditions of AIPOs; and TAPO molecular sieves used in this work

. . Temperature Time Structure-directing agent
Maternal Gel composition

i ()  (h) R -
AIPO4-20  0.5R;:0.5R2:1.0A1,03:1.0P205:50H20 200 24 TMAOH(R,), TPAOH(R>)
AIPOs~11  1.3R:1.0A1205:1.0P205:70Hz0 200 24 Pr2NH
AIPOs-5  1.3R:1.0A1:03:1.0P;05:40H,0 150 24  PrsN
SAPO-5  1.3R:1.0A1;03:1.0P;05:0.2Si02:50H20 200 24 PN
*TAPO-20 sR;:(1-2x)AL0s3:1.0P205:xTiO2:zH20 150 120 TMAOH
“TAPO-11 sR:(1-2x)Al:03:1.0P20s:x Ti02:zH20 200 24 Pr.NH
"TAPO-11 sR:1.0A1:05:1.0P;05:y'Ti02:0.3yH202:zH:0 200 24  ProNH
*TAPO-5 sR:(1-2x)AL03:1.0P:05xTi02:zH20 150 24 PraN
"TAPO-5 sR:1.0A103:1.0P;0s5:yTi02:0.3yH202:zH:0 150 24  Pr3N

's=10-15 x=001-035 v =001-01 2z =40 - 100.
“TiCl3 source, "Ti(C,Hs0)4 source.
""TMAOH; Tetramethylammonium hydroxide, TPAOH; Tetrapropylammonium hydroxide,

ProNH; Dipropylamine, PrsN; Tripropylamine.



B AFHAgA FAHAS AIPO; ¥ TAPO Ex}Al9] X-ray diffraction
pattren< Ni-filtered Cu K, radiationS A}83} Rigaku D/Max-IHOA
diffractometerE 7}X|31 £A& 3l¥H3 FA} (scanning)&E 4°/minS. &
3} AT

A5 2] BET ¥ A& Micromeritics AF8] ASAP 2000 AnalyzerE A}

&3t A da 2xAM N9 FHez SASUN, ol 4 Alge

100C ¥ 2BoA FE3 AxT F Al 71718 25 A
(degassing port)ol A 300C, 10 Torr & RAF3lolA FE3) @535 H
A3 AH-

TGA (Thermogravimetric Analyzer)© AR X3IH EF T FX
= B4 FE 24357 At SN 10T/ ming $2 £5%

Dupont 950 € &4 7|& AFE3RYH-

Raman &2HE QL TAPO FX}A9 £A)8F+= anatase X+ rutile F*

=9 TiO; =9 EA AFE F<Udst7] #std SA4 35S Raman &

H E &2 Perkin-Elmer System 2000 FT-Raman SpectrometerS 7}X| 11
A 3IR I excitation source= ¢F 05 W A 7oA Nd:'YAG d#o]A <
1064 nm 4 & ARE-3IAH.

EPR (Electron Paramagnetic Resonance) 2~ E &-& Bruker A4 ER
200D SpectrometerE AF23lad X-band (= 945 GHz)ollA 100 kHz
magnetic field modulation®. 2 ZA3{T}. wlolma=2x AFF= + 01

kHz9] A& =E 7}A Anritsu MF764 microwave frequency counterZ.

iy,

AP g 2 2,2-diphenyl-1-picrylhydrazyl (DPPH) ¥ &3 (g =
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20036) 7HA3l HASATG. FHLS 9 30 mge AEF 3 mm id
quartz cellol] ¥ 31

Adw]o}l +£& ¥E (Temperature-programmed desorption) A3 &
Micromeritics A}l TPD/TPR 2000 AnalyzersS A}&3ste A3 HTy. A
£ &7] 0.1 g ARE FHF o3 W 1M EF (9999 %)L 40 psi
dH3NA 30 m/min 22 & HUHEAM & % 10C/min 22 &
& 500C7HA Sdt=s o &Xdx 3 At A ¢ Fof] d2o=
2% FH dEYoLE 10 psi ¥H3ANA 20 mli/min &2 EHA 108 &
A FAAKRY. {3 F 100ToA 1 AP & 28] F3AH FEYoLE
AAZ ol 20C/min & ST 2 F2A 600CT7HA FRYole] &3

FHS 2Yshch
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1. TAPO &2}HA9] &4

AIPOy A4l &4 Tig A$st TAPO FAAIE A8t A
A o Hoh, TAPO #AA| Y AL ¢Frw F59 Ti 359, 2
AEHL, HoOp H7HE 5o 433 &Y. ¢F s 35922 AlPO;
B2 S AT @o]l AR pseudoboehmite® TAPO A& &
Joll ALE-3AE AFole TAPO EAHAIZY & FAAHA Edor ¢F
7 >ad2Z aluminum isoproxideE AFRSIEES W EE&E0] QU
TAPO &A}A|7F *H3 = At

F oy TEELE  aluminum isopropoxideE AFR3te] TAPO
AE F83ted oM Ti I8¢ £ 2 4 Ao FId ks
b Ti 339024 TiICHOLE AP0, 2ol #7519 W AIPO,
AL g &dol7] mFod Ti(CHs0)= tEE TiO: 2H3lE FHZ 4
Al 7hrEs 5o TAPO £A4HA17F A=A &nar Ti(C:Hs0)+E #H4ts}
T4 (35 % H02)0 go &5 A4 A1 AlPOy Ao H7etAS 2
Fdl= TAPO &AA7F FAHAT o HAfdE XIFH= Tiel G2
TAPO #AHA 444 A Al&"olM  TiOy/ALO; = 0.1 7HA A 5
TiO2/AlO3 > 0.1 oA <= tridymite AIPOs £+ TiO:9} £ &4 =09]
= TAPO #AA|7} @A HA Fgth vbdo Ti e85 d22 TiChE AHE
stHe W oA 7R vE d3E RYFEAn. 4 Ti(CHs0)4E 7HA

3 TAPO £AHAE €A 3ts 4-5ofl ¥t=EA] 2ikd =45 7ol s

27}
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A TiCLE Ti 33YLE o|&de AFdv i3t 45 AFRSHA
FI1E TAPO A7} vlud A A4 HAA o] TiCls7b &Y =
= A B FAEY] W Eo A §9A AIPOs AolA TiCla7t Ah
3tE e o TiOE ®W3HHEZA %571 ol TAPO XA Aol 7hs
st mEtA AIPOs EAMAC X185+ Tid 4= Ti(CHs0)E Ti &
FYoz AlS3s ARt €4 gt TiClkE 7[A32 TAPO EAAE
FATRS W A A" TiOY/ALO; = 0.35 7HA] EL&Eo] EA]3}A
GE TAPO EAA7F AUt et ol TiCkE 7FA1 A3
TAPO #AHAI= Ti(C:Hs0)sE AH&8t A4S TAPO £AHA& A3 o
24 ole AP Tid Aert F A9 N2 dade RS ou
Ti(C:H:0)E 7FA 3L FA 3 TAPO BAAIE &4 sk 1A A E
A HEH] TiClkE AHE-3t TAPO EAAE HFAASHE Fde &
© Tiel <43 TAPO #AAE &@Adst7] Aol TAPO Ao #+& 7% £
45 YWi AoFEe Al wet FAAE TAPO XA Ao depxih
TAPO EAA1e] 43 A A2d"elA TiOyALOs > 0.1 o]ddMe &4
¥ TAPO 2|7} TiClE &l &alsle =W vepll< M3 2& 2
AS BFH TiO/ALO3 EH]7} 0.1 o3tdl A& 3k o] TAPO £AA
7 srE R AT TiOY/AlLO; EHI7F 0.1 o]l X = TAPO A +

= 4% BAE ¥ AojFe A (K 4 @A dRS ASE A

o] TAPO EAA7E 48k ol +2 f= £ #7k2 A& TAPO
Aol pH W32 Ti" o]&o] MA3] Ti" oo Ats}xo] Ti" o] 0]
A8 TAPO BAHA7F vbEoiA]7] diEejtt. 22y TiO/AlLOs =H|7}
0.1 ¥ & Wi+ 23 AT (20 h) Ao Foix A" TAPO EAA=
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Table 2. Gel compostition 1n the synthesis of TAPO molecular sieves

Material (el composition

*TAPO-20 1.5R: (1-2x)AL0Os: 1.0P:05 xTiO2: 70H20
“TAPO-11 1.5R: (1-2x)Al:03 1.0P:05: xTiO2: 70H20
"TAPO-11 1.0R: 1.0ALOs: 1.0P:0s5 yTiO2 0.3yH.02: 70H-0O
“TAPO-5 1.5R: (1-2x)Al0s3: 1.0P20s: xTi02: 50H20
"TAPO-5 1.0R: 1.0ALOs: 1.0P:0s: yTiO2 0.3yHz202: 50H20

x =001~035, vy =001~ 0.1
“TiCl3 source, "Ti(C2H50)4 source

ApFA o] Goldt}.  olgdt Ade  AIPOs EAMA| TAC A& Tie
MNE OE A8 JEl2 AIPOs B2 FZoA EA48 4 Jdde= A
AA Bt Fh

gHH AIPOs A4 =79 Tizk 2jgd TAPO 4419 g4 &F
Mg 2 Ti 359 9o AIPO; XA 729 A AEuldx &3t}
= AT e Ti(CHs0)48 TiClsg AFE-3te] o2 AIPOs AHA #3209
Tie] X&-& A =3 23 AIPOs-20, AIPOs-11, AIPO4-5 FZF°| Tig F
8 = JUT E 29 ZF TAPO EAIA S A AEu|AA HmEH A
TAPO #2HA|7} A4 = A

_9)_



2. X-A 3d3 BET EHH 4

B Ao A5 AIPOs ¥ TAPO EAA|e AAFR 4 BE4&E9
EA AFE FHAEY] 9t X-A FHE RAbstAT®. 29 19 AIPO.
2 TAPO #AA¢] XRD patterns YEeERWT.  AIPOs5, AlPO4-11,
AIPO4-20 A= EE9 Jola glo] £30A Eid Z4+ AIPOs &
A1 9] XRD pattern® Y28t geh =3 2} AIPO, EXHAC) Tivt X$3
TAPO-5, TAPO-11, TAPO-20 A4 2] XRD pattern® Z} AlIPOs #A}
A 9] XRD pattern#@ FYslthe AL 2 4 Yt} o] TAPO EAH 7}
EoE $1°] dAAEHIUS BN ofYgt 4 AIPOy BAA9F F &34 T £

XRD patternS YEF T

TAPO EAHA|8] AA FZ W3 =+ E4E9 Z4& BET XEHEF
SA30 YA E FAY & Uu 3oz
A S EHAHL vy Ed ole F2 AF A 2R AF
TZ7F FEFe2 gAY BEeEo]l EASY AFS olwizgld £
LA o] FHHo] FIF3] ZAAIT F 39 Tiol 4L gy o AT
TAPO-5 &£AAle] BET EW 2 S Yetlt 2 TAPO-5 #AHA1¢ ¥ H
A2 AIPO4-5¢ ERA I v S 7HRE &4 Yo Tig %ol &
o] X TAPO-5 EAA (035 THE FEHFo| 7AFA S ¢
7 A ol AAA] WS F31 BELEo EA3A ¥ TAPO EAA

b GRS oma
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(a)

10 20 30 40 50
Two theta

Fig. 1. XRD patterns of (a) AIPOs—5, (b) TAPO-5, (c) AlIPOs-11, (d)
TAPO-11, (e) AIPO4-20, and (f) TAPO-20.
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Table 3. N> BET surface areas of TAPO-5 molecular sieves®

°Ti contents N; BET surface areas (m“/g)

0 330
0.01 340
0.02 330
0.06 360
0.1 335
0.14 364
0.2 3238
0.25 320
0.3 290
0.35 325

“T1 source is TiCla

"Ti0O, moles in gel composition

_15 _



3. Raman #429

Raman &3 7] X4 F4d XIS A Fi1 JolJd+ anatase =+
rutile 22 TiO; A& ZAE #FUAsed ul$ FE&soh >
Anatase® "% 2 FEAME 403, 516, 639 cm - oA} 7% Raman

=2 JYegd, rutile® 4459 608cm * oA F /Hel FEI W=E ®w
oAFETH 2HEBZE TAPO EAAA A &83A &1
3}8}F2 Raman 37| ZA & Aeolth. ¥ 2d &
TAPO-5 #4}4| ¢l Raman Z~HEHZ ettt 18 28 HA Tiy &
o] wo] X|&=H TAPO-5 d|AZx} anatase®} rutiledl] 7113l W=7} 1t
ElUA] gFom AAEA e AIPOs-59 Raman 2HE @3 o ug}ir
4% TAPO-5 EAA|A Tie ZZFd o Ae Az Azd
o 28y TAPO FAHAlE 229 4ta: dlolA &4 3R Ede Tizk B
of A|g¢H TAPO TLAA NN 24dolls YEHA] RFUTY anatase W=
E HAFEY, I8 38 AAS TAPO EAHAlel Raman 2=2¥HE @S e
A AlE TiO/AlLOse EH]7E 0.2 o] TAPO-5 EAFA| oA anatase
TiOzo 71213k WM=7F 639cm © oA 2FalA Vel X185 Tie] %o
BeT5 o eVl 254 S71EE B 5 Ut ojv Tig ol ol A
gE TAPO-5 BXA A A= X&E Tiel 4571 XA A2 wkA
W2} anatase TiOxE Wr=7] ®WiEQ] Ao 2 FHHT AT TiOx/AlO3
o] EH7} 02 Rt 22 TAPO-5 EAMAE 129 bAoA A4S
% anatase WW=7} eI R g T3 18 38 4243 AIPOs—5 FA}
A9l Raman 2~HEZ7 Hlmsted 23] #Hstd BH 1040 cm 9}
1062 cm oM A2 W=rt YebSS B 5 Sl AIPOs EAHA S ti$

Ol

- 26 —



Raman @79l o3td &A% AIPOs-5 EAAIE 1040 cm 9+ 1062 cm
JJA] Raman WEZE Ha3x g=vr® ®mar olugl 28 394 1040
cm '$} 1062 em '] F W= XNEH Ti 4ol @t F38A F433S
E A% g&tA TAPO-5 FAHA|GA AjFA UEeld 5 =S AlPO,
BALA Z40 Tiel X&) 7108 HEQd Aoz Az
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(e)

(d) n
F\\ n
= v \ ‘/Jn
g | © n J\P/
nv\/\/\/\J |
(b) &f/\‘
W\/ W
(a) WA
2000 1500 1000 500

Wavenumbers (cm™)

Fig. 2. Raman spectra of as-synthesized (a) AlIPOs-5, (b) TAPO-5 (0.1
Ti), (c) TAPO-5 (0.2 Ti), (d) TAPO-5 (0.3 Ti), and (e) TAPO-5 (0.35
Ti).
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(9)

2 | (c)
)
-
@
c
(b)
(a)
2000 1500 1000 500

Wavenumbers (cm™)

Fig. 3. Raman spectra of calcined (a) TAPO-5 (0.1 Ti), (b) TAPO-5
(0.2 Ti), (¢c) TAPO-5 (0.3 Ti), and (d) TAPO-5 (0.35 T1i).
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4. EPR A

B M= AF FxEo]l Ti FTFYLE Ti(CHOWE 7HAZ A3
TAPO EAAE AIPOs; A4 =29 Ti" o]Lo] xgd Ex A7} vtE
AR kel 1A AAPECIH. ¥bHd| TiClsg AM&3sted HA8T
TAPO EXAIA = TiO¥/AlLOs; E1HI7} 0.1 o]/ddA A4S Yeh o]=
TAPO E&AY] Ti" ol&o] &AL 2udg. Ti" ol AAA
(paramagnetic) =4 o]&o]7] WFd TAPO EX}Ao|A Ti’" o] =
AE &Qstz]l st TAPO £AbAl]l g EPR 4@& 3 st 2
d 4= TiClE A8t 4§ TAPO-5 EAAE TAAH £ 77 KAA
=223 EPR A" EHo|th 18 48 B TAPO-5 £x4¢ EPR AHE
H2 g = 19159 g = 202434 HE U= F FFY EPR A3 2 F4
Ho] Aot a7 494 g = 19159 anisotropicdt EPR 41 & & Ti(CH50)s
2 7}A 3 g4 TAPO BxpAloldE Uehdx ¢ 29 oy} Ono
5o Ti* ol w@H ALeolE Yol tg EPR AFlA F3d Tiv
o]2¢] EPR A3 2%y z2or™ watr g = 191544 ##H+E broad
3 EPR 413¥ TAPO EA Ao EAsteE TiY' o] 7]¢lst o]8 3t
Tive] && XA 4 =] de Aoz dojAth ¥ Tiv" o] &
o] BaA ZZo) XNFHo YA A TP o] &L FH Ao s}
o] TAPO &AHA FASF ol Eo] 4 Ue &Hd & 3
ofo} &t} 2yt FAF TAPO ZAAIE AZ21 & &4& EPR 57
A3 Ti” o]&d] 712&E ojWd EPR Alzx #F&A E3tHuch. 219
28 Ti" o]22 EAA A Ao vt 2 £ it =3

TAPO EAFAo] A8 Ti' o] X85+ Tig %Yol TiOy/ALO; =

02
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(C) . / X 1
W‘

(b) X 1
| _

(a) I X 15

Fig. 4. EPR spectra at 77 K of as-synthesized (a) TAPO-5 (0.1 Ti),
(b) TAPO-5 (0.2 Ti), and (c) TAPO-5 (0.3 Ti). All TAPO-5 samples

were synthesized using TiCls.
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02 BHI7HA] F7hsitizh 2 oldol e YRsAE AFS Y 404 &
F el ole Ti" oo HHE XNFIJSL 2vlss ymx T
o] & Ti" o]0 2 WslEo] N#{FS At Eoh FH Y 404
g1 = 20243914 YEtU= orthorhombicdt WA +2& Ze EPR A&e
obe] wrgAelN HE AXHY TAPO BxAo] EAsE Ti¥ oo 0,9

W3l A 0, ol 71Ysted olEd kgL Ti o] mEE

| e j -

T + O, = Ti*-0-0O (1)

ALTolE Y B ILE FFEAA & 2H Y

TAPO EAAG A Ti" o]&o] 09 whgdte] AslHeE AEE £ o
A7) A3ty @A-dd TAPO EAAE F75d €43 A WA$ & EPR
S 233 Ah 2 5bollA BRe AXAY 15¥0] A Folx TP o]
7113} EPR A3 I A717F 248G AT Ag AR &gkt ol &
dd TAPO EAA A Ti" o] wj$ =gA Asgde onsiey)
TAPO EAHA| AMlFo #+& & A% So] EAstA A7 f4A HE
3tA] &£3l7] wEolth A Ti”" o]o] EAsE TAPO EAANE X
£9 FNFAA 2AHL W Ti" o]o] EF Ti' oo g w3l
ojB g EPR A3 % #ZAHA] FetH(2¥ 6b). 23 F7|FAAA 242
TAPO EAAIE tA] 500CoAM a2 2417 Asta Iy 6¢olA B
o] Ti*" o]&d] 7]¢18t+= EPR A&7} A} #¥ak ol EPR A%
M7= &A47F TAPO EAAIY EPR 413 Al7|Eg AR 73slt}. o] AL
Foll M= AFHARol 4 FF TAPO EAANE Ti" ol&x Ti" ol
o] FAl EAES o]AE £AIF FA2 AHIYYUL o A SA3
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(b) /g=1.915 « 5

(a) X 1

Fig. 5. EPR spectra at 77 K of as-synthesized TAPO-5 (0.25 Ti)

measured after oxidation in air at RT for (a) O and (b) 15d.
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g=1915

(c) e X 1
(b) X 3
(a) \) X 3

Fig. 6. EPR spectra at 77 K of TAPO-5 (0.1 Ti) (a) as—-synthesized,
(b) calcined in Oy at 550C for 24h, and (c) treated in Hz at 500C for
2h, and then hydrated at RT.



A9 Ti¥ olx Ti" oleoz FAHY] W) EPR A3 AH7)7} F7}
e Aot

8 Ti FFULE Ti(CH0)4E 7HA 1 43 TAPO #AHA ol o
fAME EPR A48 3. dARD RAAYE TiCH50).E AH8-5tA
$43 TAPO EAAlE Ti¥ ol&o] A&7 gio] Ti" o] 7|As}
£ " EPR 43%x ##3HA] Rt AT Ti(CHs0)E 7FAAL &
43 TAPO A€ O AAE AFTE = e Ti7 o]Lo] &3}
A Feolx: BFEL 18 TadlA BXo] O; o]&el 7IUd= EPR 4
37} A HQh -ZSM-5 TR E Z2: pure-silica A o) TiT o] & 9]
XgE TS-19] digk UV-Vis#}t EPR €79 93, TS-1& #H4ts} &
A2 XS 9 385 nmolA peroxo FE] 33E2] change transfer M
S 7913t UV-Vis 28 Edo] AT T3 O oj2d 7]|Ust=
EPR A&7} yetdtt® agjmg TiY oj&o] X" TAPO EAH
M Oy ol AASEE AL Ti(CHs0).E AHE-3te TAPO EAAE &
A o Ti 35U &33tr] st A{3 405 AFESH7] diE &
AE Jolle A3 471 TAPO EAA 9 kg3t TS-10lA A9
peroxo HE]9 3ES THED o|Ao] O oS AT AR A
AR} o] AL #|Qd7] Yl TAPO EAAE 3129 AbAdloA A4
3t ksl 4E AEI}E EPRES SA3AT. 20X 4£4F TAPO
A& Oz ol2o] AAI A s F4E AHEstda ¥ 8AdA
B0l O o] 7IA%= 743 EPR 23571 AAEY. TAPO FAHA
o} HH3t a9 wEZo o3 O ol29 AAAHAAFS TS-10AM A
scheme 13 & vAUZ o2 2P Aoz ANAHAG?
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g, =2.0243

206G
-
(b) X 1
2.0246
(a) X2.5

Fig. 7. EPR spectra at 77 K of as-synthesized TAPO-5 (0.1 Ti)
synthesized using (a) Ti(C:Hs0)s and TiCls.
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g, = 2.0241

20 G
(C)I | X 1
2.0240
(b) X 3
(a) X 3

Fig. 8. EPR spectra at 77 K of TAPO-5 (0.1 Ti) (a) calcined in O3, (b)
and (c) treated with H20O; Samples b and ¢ were synthesized using

Ti(CoHs0) and TiCls, respectively.
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5. 4R Yo} TPD £

Y
i
o
o
[

e BAA Fojd EAjste AHH Y wx9 2 Avle
o wkgof] B33 J3Fe Fo) =g AIPOs EAA =ZFd TiE X$
dogx FAHE F e A FEe 471 Hstq TAPO A W
ot G2y ol TPD A¥< st 28 99 109 TAPO-5 EA4A| <
FEYol TPD F4S YellAT. YoM B TAPO-5 E4HAle <4t
A71E AlPOs5 Hoe ZF ¥3 AIPOs XA F3ZFd Sivt X &d
SAPO-5 Hute woh webA] AIPOs #AHA EF Tid A#{Ho 2 A%
FRI A7 F7he fles TAPO EAHAC = ofbgRte] EA30. 3
Ak 2 @E = Tig] ol ool met efby e 42 7S &
=3
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Fig. 9. NHs TPD of (a) AIPOs-5, (b) TAPO-5 (0.01 Ti), (¢) TAPO-5
(0.1 Ti), (d) SAPO-5. TAPO-5 samples were synthesized with

Ti(C2Hs0)4




229

NH, Uptake (arbitrary unit)

217
(d)
213
(C)
(b)
205

/\ (a)

100 200 300 400 500

Temperature (°C)

Fig. 10. NHs TPD of (a) AlPO4s-5, (b) TAPO-5 (0.1 Ti), (c) TAPO-5
(0.2 Ti), and (d) TAPO-5 (0.35 Ti).
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A48 dEH A AF

1.2 A7 e st 39 93 o2 AREE Y] 93t AlPOs wAHA
Aol Ti7} &= TAPO EAHA9] A
TAPO-11, TAPO-20 EAAE ¥A4E 4 U
2. AIPOy EA}A A A#HE Tidl Fe FAA AH&st= Ti F59
d &E&sAS. Ti 3FHLZE Ti(CH0)4E 7FA 1 TAPO ®AHAIE &
A Ao+ TiO/ALOs ¢ & H|7F 0.1 o]l = TAPO HAHA &
8ol wif ol HbH TiClE AME3dlde AFodve TiOY/ALO3
o] & HI7} 035 74A] vy fdA BEEo] gle TAPO #AAE A

3. §4 " TAPO EAHA9] Raman =~ EH S #2435 A3 TAPO E XA
o= T A X R & anatase T rutile TiO7} SASHA] FE
S 0 & AU 2y TAPO BAAE 129 2Ada] 248}

FE W TiOY/ALO; & E HI7F 0.2 o]Ad A 8" Ti dR7 =3
Bto g2 mMAUYsS ¢ 4 AT

4. TAPO EAIA A &35 Tis TAPO A4 FAA] AL&stE Ti

T dd Tt gES o F UMtk Ti FFYULE Ti(CHs0)4E Af

&3t FAE TAPO E&RA = Ti o9k x$d vt TiCkhE 7}
A3 S TAPO EAHAole= TiOyALO; &1 & HI7F 0.1 o)A ol A
Ti" ol &3} Ti" o]2o] FAld &4 &gt

5. TiCE 7FXx 43 TAPO EAAY EA3t= Tio o] i

BHEsted O: ol2s AASEAM A A3 4hstdEo =3 TAPO #AHA
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T2 AxdgA AAQNEES W ZE TP o]ee Ti¥ olgoz

At} "tk & AAZ TAPO EAAE 500C oA F4Z2 Aglshd
Ti" ol&o] 7tgd& ez Ay

6. TAPO EAA oA 0, o]&2 44L& TAPO EA A Ti" o]Lo] &
AstR] Zole 7S & 4 ANUTE TiT o]yt EAde AKX E
TAPO EAA|E FA3} FAZ AH2Z5RS W e 9] peroxo =
o] A==t o]AC] Oy ol&& A AXE & F AU

7. 42 Yol TPD #4723 TAPO #AHA|o= At o] EA4381A &t
A& Tie] ol F7hgel wet oAb el s=7F s7te s @ T
A1t

8. TAPO EAAd] &A3t= Tie Mg - 39 $89& 71X germe
TAPO BAAE 4Hsg) - & FulE ARl Aol 7t+8 Zo=E @
@t gEtA TAPO #AHA|E o &8 443} - & whad i I+ &
A4 HQ7) A

il
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