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Preparation of high coordination active titanium nano-scale TS-1
and its catalytic performance evaluation
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Abstract: Nano-scale TS-1 molecular sieves were synthesized using low-cost reagents (silicasol and
tetrapropylammonium bromide) by a steam-assisted crystallization method by adding the seeds. The
molecular sieves were post-modified using mixed solution of ethylamine and tetrapropylammonium
bromide by secondary hydrothermal crystallization to produce TS-1 molecular sieves with high catalytic
activity containing hexacoordinate titanium. The physicochemical properties of the obtained molecular
sieves were characterized by X-ray diffraction, UV diffuse reflectance visible spectroscopy, ultraviolet
Raman spectroscopy, Fourier transform infrared spectroscopy, solid state nuclear magnetic resonance, and
N, physical adsorption-desorption. The epoxidation of propylene was used as a probe reaction to evaluate
the catalytic performance of the samples. The results showed that the nano-scale TS-1 synthesized by
post-modification had hexacoordinate titanium species, with improved pore structure and obviously
increased specific surface area. The activity of catalyzing the epoxidation of propylene was obviously
improved. The conversion rate of hydrogen peroxide was significantly increased from before secondary
crystallization 47.59% to 85.79% for crystallization time 72 h.
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P TRERRIRE TS-1 T ifE 4k & B HBIE
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1.1 FERIEIRF

I (R 830% ), Tokgt, 1WA i
WAL TABRAF]; SRRV IE THE ( TBOT, Ji 434K
99.5% ). TPABr, AR, iR T A LRHEAF
FANEE(IPA, AR ), IE T (NBA, AR)., O (EA,
J AT 65%~70%, fb2E4li), HEE (AR). 4
L& (FRESE 30%, AR)., F T (AR), [HZh
LA R AR TS (RBL%8099.9% ),
5 = H AR A RA AL,

1.2 #KE 1S-1 HFHEEH&

R 28755 Bh T I AR A L TS-1 43 F 1
A W R W R & R n(Si0,) ¢ n(TiO,) -
n(NBA) : n(TPABr) : n(H,0)=1 : 0.01 : 0.82 :
0.03 : 40, #Hl&IEWT : ¥ NBA JNAZE| TPABr
BRI, Pk 30 min 50 AREARCHEEE 1 h,
# 10 mL & 0.204 g B PUIE T g 19 5 9 B TR
DL 10 s/9 0 3 550 Jin 32 _E Ry, T o Be e 1
P30 min, JNAEGK LA B TS-1 fFET (4
M ARET A BB T Sio, Bty 15%11 ),
50 CEALJFTHEZE 80 CZELBREE . fF T A
PRI, KA 20 mL UM ZE SR,
EHRPE T I 2B FKA 100 mL fifb e h( 287
KETFRFREL 2 : 1), 170 CHAHFET Mtk 3d
JEBCERER, ORI EEREPYE, 100 CF T
M 12 h, 550 °C FA55E 6 h J BI AT 5E i TS-1-N.
1.3 SEALEMES TS-1 2 FiHpHE &

PL1.2 WA A9k g TS-1-N 43T M B4k,
¥ EA Fl TPABr RS [ n(EA) : n(TPABr)=
2: 1) BEATALEE. B 1 g TS-1 RHAIIAZ] EA I
TPABr [HIR A ( EA B9¥RIE R 0.3 mol/L . TPABr
AREE R 1.5 mol/L ) itk 30 min, 4 ifrfs 2 1y
ML A 50 mL ffbZEd, 78 170 CEAFMFT K
WEEARETTE] £ (=0, 3. 12, 24, 48, 72h ). fhfikss
FE, B, WKEEWE P, £ 100 CTF T
12 h, 550 °C F%%5%52 6 h J5 B AT A5 4E 5 TS-1-U,
1.4 SEAL TS-1 5 FiFHHERIE

T i & BE A B 45 A BE R AR 2 BE R 7 22
PANalytical X’Pert PRO %! X 5 2k #y K A1 11X
(XRD) Mz, Cu K, 5@4F, &HIE 45 kv, &H
7t 40 mA, HIFHAE 8 (°) /min, HIMERI N 20=
10°~75°, 4] UL i i 1% (UV-Vis ) 7R A R
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HRU 40 B B ASCXE A ot 188 47 L &5 A I b 3% T AR U
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1.5 RMHEEEIEM
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RN EE R 45 °C, VR A 50 min, SN AT A
H, O, 43¢ B R FH 1] 222 B 3 BAIR ATl 52, R 36
Agilent7820A YIS A TEAL, I AR g ™
VIR G T 5B, AiEHEh Agilent J&W GC #Y
HP-5 5 3%4E (0.25 mmx0.32 pmx30 m), ZKIAE
THREMAS (FID), A M2l Ny, AR 52 T
BTTHE . #E 35 °C, {#FF 2 min, DI 8 °C/min
B THIEHE R TF 2 200 °C, {#4F 3 min,
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XRD patterns of TS-1 samples before and after
treatment
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Fig. 2 TEM images of TS-1 samples before and after

treatment
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Fig. 3 Nitrogen adsorption-desorption curves (a) and pore
size distribution (b) of TS-1 samples before and
after treatment

1 ALPEETE TS-1 AR5 B PERAES R

Table 1 Characterization results of physical properties of
TS-1 samples before and after treatment
AHXT 4 o HEREF/(mYg)  FLIER/(cm'/g)
JiE 9% Loeo/Is00” B) ® ® © @
/70 SBET‘/ Smicm ) Sext ) Vlolal Vmicro
TS-1-N 89 1.16 369 355 14 0.23  0.19
TS-1-U 100 1.13 407 394 13 0.27  0.18

E: Ol XRD % AR i m AR A A H XS s @
FTIR 3 960 1 800 co ' Ab e iy 41 X 5 5 K/ ; B FH BET B2
HE S L REH; @ t-plot FEHEMMALILERM; &
H t-plot TR FLHL R TR ; @ t-plot Jrikit 3 m 8L
WAL D tplot BRI RFLIAT,

mE 1 ATRAES, KBS )50 57
20=7.8°, 8.8°. 23.2°, 23.8°. 24.3°4b i FFRFIE,
VLI HAR R T 5E 2600 MFL #4254, JCHH i 24 4,
HEESAE 20=24.3°0b 35 AT 5106 . /K HAAbBRS 3
T TS-1-U M4 FhEEA 2] TH27F (ange 1 R ),
JRH & TS-1-N 70T () R EAFAETCETE ) Si0,,
HAE AT WA A Bl PR 85 kA7 U AL B, R
TeETE Si0, 4G f Y B it B8 R 58 38 1Y) 4y -0, fiff
A FE TS-1-U B 5 45 B R iRSE . A 2 7
DA, TS-1 FEA R ASBRAIE,, HARHETE /Y TS-1
S Fii g Ab F Ak R, kA2 294 700 nmx400 nm.,
O3 F IR TS-1-U HB— e FLE5 4, Uil AL 3 7 7
i ) FL I 25 R A5 B35 o X — IR L 7E N Py B
B2k (& 3a) FPARIENNE, W N, 4 B R
M LLEB, FEAXHEEIX TS-1-N A1 TS-1-U ¥
SR R () LA R B IR B A IR 2R (T AT )
FRAE, MR SR B T o AT R R X TS-1-N H B
JNBYTE S BIER , 4370 TS-1-U 38R AT 5 [l
o BREFEM S . — 2 AR [ e 7 A i 4l
BELEI S s & TS-1-U 43 F i i A L5 # . h
FK1ALAENL, 70 TS-1-U 45 5 B rh e,
Fe R m A S AL e R AR A b e, HALA R

WA N, EPA 2R — Uk AL R R FE A 4 B T
FETE FT IR AR Jo Ak B e v A5 B — 2 25 A
2.1.2 4kihFPag R e

UV-Vis i & — R ek B RS T By &b
PHRRTS TS-1 FESL ) UV-Vis & WLE 4. H1KE 4 7]
PIEH, KA BTG 20 A BR LA RS = A4 T
A5k o TS-1-N 43 FHiAAE 210 nm 4b H BLIH 5 A
Wb, BB TS-1-N & DURECH B 488k, BN
i EC LIRS B BRI P L 43 F 9 TS-1-U AHFE 210 nm
A HF 3D Sl A S | A RS 45 TS-1-N 55, HL7E 270 nm
Ab Al T WS, R TA R S LA B A Y
FEAE I I 200 R mT UHEWRT , 4 F 0l TS-1-U 1E
AR E IR E RS T, Ab BRI A v & A 5 -
TREs LG, B DU BC A BRFE AL 7S Bk

I210

WSLRE

200 250 300 350 400 450 500
P /mm
K4 APRRTIS TS-1FE5N A UV-Vis %A
Fig. 4 UV-Vis patterns of TS-1 samples before and after
treatment

& 5 4 TS-1 FEM Y UV-Raman %8, & OGTR
Jy 244 nm, & 5 H TS-1-N F1 TS-1-U ¥J7E 290,380,
800. 960, 1125 cm' Ab 4 B 1B (306 . 290, 380,
800 cm ' &k B I AN A 43T 0 MFLZ5 4 0 15 55
5., 960, 1125 cm ' kb F)i BN A2 TS-1 48
DUBC 7 Bk B 5 S, Horp 960 em ! Ab i s 2
F TiO, DU A M AR XTFR M 4E IR o 7= 1, 1125 em™!
b B3 I S H T TiO, DU T A () 4 R Bk A 406 Bk 3
A BT A F i TS-1-U 7E 695 om ™' &b H B— -8 1)
Tl | 1206 N TiO, /A H Ti—O it 45 P
s PR, 5 UV-Vis lIRNMFLE FAH—2, H I
TS-1-N &, 4+ F0 TS-1-U 7€ 960, 1125 cm ™' 4b
TSR B S, U PR AR DU LA R Y S AR D
UE T DASERT, TS-1-U 78 3 A0 50 77 A Bl P 34 B
T, TR AL B A 3 AR R 4 DU A R ) R AL
R T ANEEALER TR

REPERT RS TS-1 #£5 A FTIR 3% E LA 6. A
6 W LLE 43T 0% TS-1-N Fl TS-1-U ¥J7E 450,550,
800, 1100 A1 1225 cm ' kbt BRARAE I, AT DLW/
T K AL BERT S5 MFT $i g he 9 oK & AR o3s . 43
F0fi TS-1-N Fl TS-1-U #J7E 960 cm ™' 4b H B 1%
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ZWETT LIAER TS-1 43 F i B 22 P B0 2Rk i b
BIEDE , FLIZ A XT38 B ( ogo/Isoo ) 72 HA 4 F T
SRR R AT B, R 1 B, R
TS-1-U 4 Iogo/Iseo FEAE S TS-1-N X AELA K, i3
HH Ab BRI IS 43T 0 B 2R EK 0 & mE T SR ARk, &5
4 UV-Vis, UV-Raman RAEL5HE, i —LHER 7+
i TS-1-U 7S ECA B B 42 00 e 4 B A% Ak i i
HAEESRNA,

380

200 400 600 800 1000 1200 1400
AR /em™
Fl s AbFEETIS TS-1 FE6 1Y UV-Raman i &
Fig. 5 UV-Raman patterns of TS-1 samples before and
after treatment
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BH/em™

Fle AbFERTS TS-1 FEAL Y FTIR 1% K
Fig. 6 FTIR spectra of TS-1 samples before and after
treatment

AEFRRT G TS-1 K509 2°Si MAS NMR 3% & I &
7. WiFE 7 ATLUR I, TS-1-N 5 FifiteAb 40
5113 Hl §-103 AAFAEAS F U, X M-8 53 313 & T
Si(OSi)(4i 5 K QYW Hl Si(0Si);(OH)EHE N Q)
Prfh, LB TS-1-N i f77E Si—OH, Si(0Si);(OH)(Q)
YFh 23 B0 BB K PEREAS AN F T 0 B B i
Y151 520 SR TE P o 53 Ah TS-1-N BEf7E 6 -115.9
A BRI, ZIE R T Si—O—Ti XJE Ml Si—O0
—Si FRBERE A I RT S, TR SR BRI RN R ST i
BAEPECY 5 TS-1-N 4 FiM L, TS-1-U 4>
TFOfAE 6103 by 06 as i 4555 , Uk B AL B S 431 i
B Si—OH W& m AL, KM, £ 5-115.9
b W55 1 5 AR AL R K, BBH TS-1-U 43 F i 1)
YA R AR TPl E 2eh

TS-1-N
Q4
Q3
-95  -100 -105 -110 -115 -120 125
(gL
TS-1-U
Q4
Q3

M.pfi\’wxa AR
v

-95 —1(I)0 —l(l)5 —11I0 —1i5 —léO -125
flesdivg
Bl 7 AbBEFTIS TS-1 R 2Si MAS NMR %]
Fig. 7 MAS NMR spectra of TS-1 samples before and
after treatment

AEFRATJE TS-1 #EM ) XPS JEEI LI 8, K 8
H1, TS-1-N 7E 460 eV T s 3 —~ A g 15 51,
ZETEHIET Ti Qpsp)WRIERE, BLHF i &
TP AETE SE S I B 2R DU B BR A . AHXT T TS-1-N
A0, TS-1-U F3F 0 i H 407 B RS 1) = 285 5 e or
B, 7 460.7 eV Ab B —A I B A5 S0, %
WEHIA R R e — A U~ —OH BT B 1 2R 4k
(M S0 BN SRS EE AL AR (5 50, TTTE 460 eV
B3I 118 £ 5 W i FE D5 o Sk T (A5 5 i i I B IR 4
B, K XPSPeak4l B4 Ti Qpsn)iifs S
W53k 460 Fl1 460.7 eV BINI6 . W LLFE H 7K Bk 2
J&i 460 eV Ab A sE FEREAIR , 1l 460.7 eV Ak 1
B, XU TR AL B FR (460 eV AR S04 i)
A AR MRS S, M I oK b B S Y
TS-1-U FEAh A, 38501 48 DU B0 Sk 7 1k i 4 S T
gk, i AR PEAL Ti—OH B2 35 .

TS-1-N

TR /a.u.

470 465 460 455
A REeV
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TS-1-U

460.7 eV
1

IR B /a.u.

470 465 460 455
ZiaRe/ev

Kl 8 ALFERTIS TS-1 £f4 1 XPS %A

XPS patterns of TS-1 samples before and after

treatment

Fig. 8

2.1.3 BRMGERAE
TR AL BT G TS-1 B A NH5-TPD
ZELANE 9 s,

TS-1-U

TS-1-N

100 150 200 250 300 350 400 450 500
REE/C

K9 ALPERGSS TS-1 #£4H# NH;-TPD i &

Fig. 9 NH;-TPD patterns of TS-1 samples before and after

treatment

WK 9 frs, NHs-TPD A I FE TS-1 51
i TP A TR e AR R B . 38 R L 250 °CLATF H BRAYIG
T R R e 1 e i A S R, g T AR 2 [ AR b
FIMER . MK 9 nTLIEH, TS-1-N Al TS-1-U 1Y
NH; I 06 BE LU A%, R B FRIAE 50~250 °C,
VLI TS-1 4310 32 B2 55 FR 7k 1 W BfHOz 05 . TS-1-U
B NH; JIi BRI T8 AR TS-1-N WK, IR A kb
PHATA FrHhn o X2 i F oK b B FE o, TS-1
A1 WA R EoS (et T e = g U VAP 2
ANENIER, BKRIE Ti—OH M Z AN irs, Has 5
5 XPS S v 1 B A A
2.1.4 R EMEEST

TR ETE TS-1 MPEREPEM 45 SR L3R 2.
T2 LIEH, R EMEAL RS TS-1 4> T ) H,0,
AL H 47.59%KIFRTHE 82.57%, H,0, £ %UF]
FHRMA T, RN EREMEH 95.83%E
90.51%, HA R BENCRH 45.60%TF 2 74.73%. H,0,
FEAL SR I KR 2 55 02 T oS B R H A G S 4
i, HAF5 0 FLIE 250 A ) RN 45 i
R S A0S . PR R B B PR AT R R

FTorFi TS-1-U FE/K AL P FE A= s Ti—
OH %%y, B A B BRIERPY, mifetEss S8k
PR REDY,

£ 2 ZWEALTHTE TS-1 B REPE 45

Table 2 Results of performance evaluation of TS-1 before
and after treatment

ML) Xy, /% Spo!% Yoo /% Upo,/%
TS-1-N 47.59 95.83 45.60 92.34
TS-1-U 82.57 90.51 74.73 91.00
22 TRBURBENSEAFEES TS-1 £H54
BE RO B2

B GIK TS-1 43T 9 IR AR ], 45
SR ECALIEPEER TS-1 3 0 4540 Rk 8 19 22 fk 31
A, NI A K IR AR R A B 451
2.2.1 4RMpAR AT

TR AL [ AL 3R A TS-1 BE 5L UV-Vis 1%
K #1 UV-Raman El53 5 WLIE 10, 11, ME 10 AL
F i, A Ah B )55 R A AXTE 210 nm A0 HE BE
B AR DUELA R A REAE U, SRR I3, TS-1 3+
W 7E 270 nm Ab H BTG, HL5R B AR Wi i 5 , Y
fn AL [ K F 24 h BPASAGOR PRI &, P B —T A1)
WAL A S ECAL BRI R AR e, ARG PR T
R A Ak 3 I Ak 3 P ) A - T 4
YEFAESS , F-ANRe (B 22 U B k55 Ak b 7S B fr 2K
Bifi 5 b RS (] 3G, - B 2 A R R R 0
AR GE Rk %= et S UM VAP ) WA T VA N SR SR B
AT LRI, AS[R]ESAA B ] A RE AT A4 MFT #6
INEEKY, HAE 960, 1125 cm ' Ab M P0-H- 220U B A7 4k
FIRFAEDE . 24 ShAB AL BRI RIGE 2] 12 h, TS-1 BESHTE
695 cm ' AbH B JE FoSECAL AR A RRAE NG, HBEE
TR AR AR T ) E K (b P R G SR BE R T, 17T 960
1125 cm ' b FIRIXTSR I ES , M5 UV-Vis 3£
TS AR R o 1d B fb A A B A R) B R A, 3 -
VRS, AN BBl 2R 0 EC A Bk 5% AL 7S e
gk, Bl bbb BT R A A, 5 - FE 25 AR
OO, R URAT A SR DU BC A R A S A K

210

W6

3h
Oh

200 250 300 350 400 450 500

¥ /nm
K10 AR WA AR BER TS-1 B UV-Vis 114
Fig. 10 UV-Vis patterns of TS-1 samples at different
secondary crystallization time
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Table 3 Textural properties of TS-1 samples at different
secondary crystallization time

AT 25 R /(mYg)  FLIEF/(cm’/g)
’_# o 1960/[800
1//0 SBE Smicro Sexl Vlolal Vmicro
0h 93 1.15 371 362 9 0.22 0.16
3h 97 1.16 398 383 15 0.23 0.17
12h 101 1.18 408 393 15 0.26 0.18
24h 100 1.15 408 394 14 0.27 0.18

# 4 REFALEEALEE T TS-1 B 5 R RE TR 4521

Table 4  Catalytic performances of TS-1 samples at
different crystallization temperature time
1AL 5 Xy0,/% Spo/% Yoo /% Uyo,/%
0h 47.59 95.83 45.60 92.34
3h 50.02 92.12 46.08 91.78
12h 59.91 91.07 54.56 93.32
24 h 82.57 90.51 74.73 91.00
48 h 84.77 89.87 76.18 91.12
72 h 85.79 87.88 75.39 91.40
3 Zig
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SRS LY TS-1 20 T b B, i #59— 341
20 D i 7 Ak A A Ay 9 R R S TE S K



- 940 -

A 4m 4 T FINE CHEMICALS

%37 %

(2) ZWAE PS5 B A /S BC AL 6 PEZA K TS-1

LB AR] T —E P A, H R T AR
BFERE .

(3) FNHECALE TG PEG K TS-1 7010 A AL T

PEH WA S, NI EA N H,0, #1EER K
47.59%F = 85.79%,

(4)170 °CF ZWRIKIALHE 24 h (1) =5 B A 49 K

TS-1 73 T ik HERE N . H,0, HE4L % 82.57%,
SN TEEBENE 90.51%, 2R 74.73%,

S 23Tk

(1
(2]

(3]

(4]

(3]

(6]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

DAVIS M E, LOBO R F. Zeolite and molecular sieve synthesis[J].
Chemistry of Materials, 1992, 4(4): 756-768.

TARAMASSO M, PEREGO G, NOTARI B, et al. Preparation of
porous crystalline synthetic material comprised of silicon and
titanium oxides: US4410501[P]. 1983-10-18.

THANGARAJ A, EAPEN M J, SIVASANKER S, et al. Studies on
the synthesis of titanium silicalite, TS-1[J]. Zeolites, 1992, 12(8):
943-950.

TUEL A, TAARIT, Y B. Comparison between TS-1 and TS-2 in the
hydroxylation of phenol with hydrogen peroxide[J]. Applied
Catalysis A: General, 1993, 102(1): 69-77.

HU Y P, DONG C, WANG T, et al. Cyclohexanone ammoximation
over TS-1 catalyst without organic solvent in a microreaction
system[J]. Chemical Engineering Science, 2018, 187: 60-66.

WANG Y Q, HAN X P, LI HY, et al. Post-treatment of TS-1 with
mixtures of TPAOH and ammonium salts and the catalytic properties
in propylene epoxidation[J]. Transactions of Tianjin University,
2018, 24(5): 63-72.

DU Q, GUO Y P, WU P, et al. Synthesis of hierarchically porous
TS-1 zeolite with excellent deep desulfurization performance under
mild conditions[J]. Microporous & Mesoporous Materials, 2018,
264: 272-280.

WU Mengtong (5%54). Scale-up synthesis of titanium silicalite-1
and utilization of its mother liquor[D].Dalian: Dalian University of
Technology (FiEHE T.K2%), 2015.

GAO X, AN TG, GUJL, et al. A green template-assisted synthesis
of hierarchical TS-1 with excellent catalytic activity and recyclability
for the oxidation of 2,3,6-trimethylphenol[J]. Microporous and
Mesoporous Materials, 2016, 239: 381-389.

XUEY, ZUO G L, WEN Y Q, et al. Seed-assisted synthesis of TS-1
crystals containing Al with high catalytic performances in cyclohex-
anone ammoximation[J]. RSC Advances, 2019, 9(5): 2386-2394.
CHEN L, XUE T, DING J, et al. Hydrothermal synthesis and
catalytic performance of bulky titanium silicalite-1 aggregates
assembled by bridged organosilane[J]. Chinese Journal of Catalysis,
2018, 39(2): 275-282.

XIONG G, HU D, GUO Z D, et al. An efficient titanium silicalite-1
catalyst for propylene epoxidation synthesized by a combination of
aerosol-assisted hydrothermal synthesis and recrystallization[J].
Microporous and Mesoporous Mater, 2018, 268: 93-99.

ZHANG J H, YUE M B, WANG X N, et al. Synthesis of nanosized
TS-1 zeolites through solid transformation method with unprecedented
low usage of tetrapropylammonium hydroxide[J]. Microporous and
Mesoporous Materials, 2015, 217: 96-101.

YANG Na (#1F), YUE Mingbo (f:#i), WANG Yimeng (T —
#7). Synthesis of zeolites by dry gel conversion[J]. Chemical
Industry and Engineering Progress, 2012, 24(21): 253-261.

LI Gang (Z=), WANG Xiangsheng (F#£4f), WANG Liqgin (E 1N
3E), et al. Comparison of two synthetic systems of titanium
silicalite[J].Acta Petrolei Sinica (Petroleum Processing Section) (f1
R AT, 2003, 19(4): 76-81.

WANG X S, GUO X W, LI G. Synthesis of titanium silicalite (TS-1)
from the TPABTr system and its catalytic properties for epoxidation of
propylene[J]. Catalysis Today, 2002, 74(1/2): 65-75.

LI G WANG X S, GUO X W, et al. Titanium species in titanium
silicalite TS-1 prepared by hydrothermal method[J]. Materials
Chemistry and Physics, 2001, 71(2): 195-201.

LI Gang (Z4)), GUO Xinwen (387 /#]), WANG Xiangsheng (T4
4). Synthesis of TS-1 with TPABr as template[J].Acta Petrolei
Sinica (Petroleum Processing Section) (f17l124%: AN T.), 1999,

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

[28]

[29]

[30]

311

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

15(1): 90-93.

WANG Weihai (T-4Eiff), LI Gang (Z4K), LIU Liping (XIRH ),
et al. Titanium silicalite synthesized by dry gel conversion method
and its catalytic performance[J]. Journal of Catalysis (fEfb224R),
2012, 33(7): 1236-1241.

CHENG W G, WANG X S, LI G, et al. Characterization and catalytic
activity of hydrothermally treated TS-1/SiO, in propylene epoxi-
dation[J]. Catalysis Letters, 2004, 95(3/4): 185-190.

BALDUCCI L, BIANCHI D, BORTOLO R, et al. Direct oxidation
of benzene to phenol with hydrogen peroxide over a modified
titanium silicalite[J]. Angewandte Chemie, 2003, 42(40): 4937-4940.
BIANCHI D, BALDUCCI L, BORTOLO R, et al. Oxidation of
Benzene to phenol with hydrogen peroxide catalyzed by a modified
titanium silicalite (TS-1B)[J]. Advanced Synthesis & Catalysis, 2010,
349(6): 979-986.

BIANCHI D, D’ALOISIO R, BORTOLO R, et al. Oxidation of
mono- and bicyclic aromatic compounds with hydrogen peroxide
catalyzed by titanium silicalites TS-1 and TS-1B[J]. Applied
Catalysis A General, 2007, 327(2): 295-299.

ZHANG F Z, GUO X W, WANG X S, et al. The active sites in
different TS-1 zeolites for propylene epoxidation studied by
ultraviolet resonance Raman and ultraviolet visible absorption
spectroscopies[J]. Catalysis Letters, 2001, 72(3/4): 235-239.

GUO Q, SUN K J, FENG Z C, et al. A Thorough investigation of the
active titanium species in TS-1 zeolite by in situ UV resonance
Raman spectroscopy[J]. Chemistry-A European Journal, 2012, 18(43):
13854-13860.

GUO Qiang (33#). Study on ultraviolet raman spectroscopy of
titanium-containing molecular sieves[D]. Dalian: Dalian Institute of
Chemical Physics, Chinese Academy of Sciences (H![EF}2 [ fi%
Mz BRI T, 2013.

WANG L L, XIONG G, SU J, et al. In situ UV Raman spectroscopic
study on the reaction intermediates for propylene epoxidation on
TS-1[J]. The Journal of Physical Chemistry C, 2012, 116(16): 9122-
9131.

JI Xinyi (42JiK'H), XU Le (#:4K), LU Xinging (F{51#), et al. Cons-
truction of six coordinated titanium active centers in Ti-MWW and
their catalytic performance for alkene epoxidation[C]/The 18th
Chinese Zeolite Conferenc ( 55 18 W& EH ATz AR KL ),
Shanghai, China, 2015.

WU L Z, DENG X J, ZHAO S F, et al. Synthesis of a highly active
oxidation catalyst with improved distribution of titanium coordina-
tion states[J]. Chemical Communications, 2016, 52(56): 8679-8682.
DENG Xiujuan (X3F54H). Study on structural factors affecting cat-
alytic oxidation performance of TS-1/H,O, system[D]. Shanghai:
East China Normal University (feZR {5 K2), 2014.

Lippens B C, de Boer J H. Studies on pore systems in catalysts: V.
The t method[J]. Journal of Catalysis, 1965, 4(3), 319-323.

ZHAO Jigang (BX%£4), SHEN Benxian (4<%%), XIAO Weiguo
(M ), et al. Study on iodometric determination of H,O, mass
fraction in propylene epoxide[J]. Acta Petrolei Sinica (Petroleum
Processing Section) (f3{H2%4]: A il T.), 2005, 21(4): 44-49.
LIY X, FAN Q, LI Y C, et al. Seed-assisted synthesis of hierarchical
nanosized TS-1 in a low-cost system for propylene epoxidation with
H,0,[J]. Applied Surface Science, 2019, 483: 652-660.

JIN S Q, WANG Z D, TAO G J, et al. UV resonance Raman
spectroscopic insight into titanium species and structure-performance
relationship in boron-free Ti-MWW zeolite[J]. Journal of Catalysis,
2017, 353: 305-314.

LI C, XIONG G, LIU J K, et al. Identifying framework titanium in
TS-1 Zeolite by UV resonance Raman spectroscopy[J]. Journal of
Physical Chemistry B, 2001, 105(15): 2993-2997.

LI C, XIONG Guang, XIN Q, ef al. UV resonance Raman spect-
roscopic identification of titanium atoms in the framework of TS-1
zeolite[J]. Angewandte Chemie International Edition. 1999, 30(15):
2020-2022.

RICCHIARDI G, DAMIN A, BORDIGA S, et al. Vibrational
structure of titanium silicate catalysts. A spectroscopic and theoretical
study[J]. Journal of the American Chemical Society, 2001, 123(46):
11409-11419.

WANG H, PINNAVAIA T J. MFI zeolite with small and uniform
intracrystal mesopores[J]. Angewandte Chemie, 2006, 118(45):
7765-7768.

LI Y C, SHEN B X, ZHAO J G Effect of propylene glycol
monomethyl ether and rust impurities on TS-1 deactivation in
propylene epoxidation[J]. Catalysis Today, 2013, 212: 169-174.



