REETKEZARXE

AEDTIHAIER . RIE
REENFRF AN HRET

Synthesis, Characterization and
Catalytic Properties in Propylene
Epoxidation of Titanium Silicalites

F WOF

i ]‘E fi I * i Hj Fﬂ*i Dalian University o.f Technology Press



REBETKRFFZARILE

BRR 20 -0 1) 65 K RATE B
AL IR A AL PR RERY B 52

E R ¥

XEM T K% HRAE



BB A4 B (CIP) # #&

BRTE 430 4 A B L FRAE B f A TR 0 3 SR A P B A B
5/ EWE. — Kif. KEMETRFEHMRAL, 2013.10

(R 3 3 TR 2 AR SCHE)

ISBN 978-7-5611-8162-1

I. Q% . OZF- . O% T A -
V. OTQ426. 99

of [ iR A B A CIP B8 457 (2013) 26 196633 5

P

/ A b

3t B TR 2 AR R

Mok K AP BB 80 BB AR 116023
KA4T:0411-84708842 {5 ¥ .0411-84 6?4@6\\&1%@;(&1178
E-mail :dutp@dutp. cn  URL :http 4/ www. du
KGR G ENRIA AR R e A K

8943

VA & AT

g 1 )R ~F < 155mm X 230mm Epigk.11.75 FH 158 TF
2013 4F 10 A% 1 i 2013 4F 10 A4 1 YED R

TR B F BEAE X % AN
BT BT - PR

ISBN 978-7-5611-8162-1 E Mr:45.00 90



A4 H
KE™ A K BUAT R Bh H i

The published book is sponsored

by the Dalian Municipal Government



Dalian University of Technology Academic Series

Synthesis, Characterization and Catalytic
Properties in Propylene Epoxidation of

Titanium Silicalites

Li Gang

Dalian University of Technology Press



(RFHIT KPP RIXE)
mES

F F:9K®H
BlEE:F4HA wTF

23 HE RAKE 2%

0



55

HEREZMRBEIRS A RAORA T, deE b E Rk kR
MRBAENA MR T . KEREF RN AL 698t , 23
WU EAR B B B A PR B, R AT S R TR RS R
T =+ 2 ROTE R R R T 58K &R &, S T 2 i
W %5 DL B0 Rk T RTFT R A MR BB, E K
RZ TR H M F T L, & 55 B0F 78 2 [ 2 B ROR 1) 56 0 K

FEXREEHT . BEAEBANT)N . ARAR EEE
RAT & — 7 BORE A A0 LUK AE 35 F0 0 38 A4 (R Bl B i 4 A% 7K
D075 SO0 25 07 T AT B A BB R . FER R 7E ANA B 50
7 SE B R R B A7, R R T 3K R R N 4 i A BTG B R
TAE B SRR B A R PR, 4 T B2 R 2 AR R0 3T RE 0 L I
BRI B GE, — R T A A BB R A AR

T B FARBCR T EALRE . AR SO A =3, — H R
00 A 88 AR A 7R SCHA B 5 S0 468 i, BRUAR it R 2 SO B AR A
REFFARIAAL B2 R AL B0 ST 4E . RAEW &2 F B, RAL
FEUAE: BB A8 U6 A 3 ol 5 BE A 8 i JBR AR AR A 4 24 AL B 2 R Y i
GEUR , LATE I /R F L I 2 AR S S M RS .

e B AL TE A Bt B B SC R AIBC B F » H RRCHERS O 5 0 i
BB RS R B TR 2 2 R SO BIDRE A A9 T 7T, % A AT 3R
BT RETBEFOELT . H—HH R EHRE2EHEHE
TSRS H 6 R Ie 3, X6 RIBCERTAT . LA HE
T2 AR B 2 AR IR R A = ARG, R e 3R A 3T L4
A B R K

PREMF AL X RBEF WA F LCER P RYIHF U
M RS A 2 SE AL 748 IR A BOR BB T R EE A

o 1



4R 5 T O 09 A A FAE BAE AL F M 3R AL AR 69 BT A

2% R BRI AT AR B A R 2 L8R T B R Rl BT L 4R E R A
A WA 0 B [ 55 B LI A A LI N 1999 4ETF
MEWIFE . Z5EHR 14 K. BEAM . RKCA 7B LM
WKL EAFH 2008 3, 30 R L2 AL ig SR AL
2R SR AR 0. 82 M L2 e RIL T A M A 1 L2
g3, FIAXERFE LR XIMERIIA T REH T R¥¥
ARSCHE” BT AR 2 Hp, £E AN A B0 RS 3F 3 46 0 75 98 3C 2 il 8 1T T
TARMR X L0 5 38 S3C 4 Hh RSETE % 18 2 AR SCAL 7R 7 BF 98 A 3 37
BRMFER, —E 2 ELRWE N EEH - EER LRl
1 B3 5L, Ry — 2 4 1 2 i N A B 3 o Al K

WEARRMER¥RRBREEN &, EXMHEE LR
RTEHERFEFALBORE. L. XEABHHBRLAZAHT
B A T A2 oA R 1) 2 AR 9 A 280 B B AR AL A BRI L
SO T

B RORIE NA TR RO R 55 A2 L SO R A
HUKHBEAE S  AA B FENREHFTFORA G —EREE D
ZE, 02FULTENAH T RKERTKRFTAERFRRT
B, WA BRI AT K ) S AR A B R B R A e A A
KR XA RBEMAA B FRE T HOHE. RAEFE, E2
B A LRI N T S R TR LR TR, LR TR0, #t—
ORI S F R A UK R s O BT BB S B R 5
B AL —E 2R HFARAKX,

KEBIXERKK
\T Yy 0

2013410 A



I =

Wit 5 5 thE 40 B0 R, A S IR AR R IR H 2% 30 , X IR AR B A B
R H 2582 B Ak A T AR A & 7= HE R R R R R B
TE”. T EFEREA G T2 R FE LB RA
WK% S . FrBlE 1983 4 Taramasso 5 H K iH B 8K EE 4> F
Tl TS-1, 76 LAH, O, S S04k 70 9 41 IR 480 B2 07 o B A 5 3k 00 i 1k
e N 2R AN, RN R, B =S OK, AL E. U
TSR], H O, R AL D4 8 & T R B 32 540 i 2k —
By I B A BN b E — RV N . B2, 5 8RRk 4 T 0 19
S 4 o P AT S AR He, HEAE Tk HE T b BT I B AR AR . BRRE
o F 0 TS-1 5 Bt 00 A 7= BUAS F0 7 20 4 & LA A4 2 3L Tk Ak i A
) EEREA . BEER AT 5T J7 I, BRRE 4 T 0 5 Rt AR A Ak LA
BHZRBRAERE EBKES FROGRENHARR FEE
R P HT.

HKESFRTSIZBARERAASHERE FH & 4
TPAOH AR AR &, i &R AGF 2 HaEEHE,
Tk M K. A5k A e 4 9 AR B R 4t 4k 82 K L XRD, IR,
UV-Vis,SEM.ESR § Z £ K F B, REM R T 8KEE 7 F 7 A W
Hh ) B AR R R FE B R AR T XL AR HLEE | Sk 3h 25 TR
Rl B T L TPABr RBARFI & iUk & .

A4 LA TPABr MR, K&K IET i . TEAOH %845
B pHE. AR TEEES FRHTS 1. REMETHERTS 1T
MEMEMEMER, FEH TE Fi# P RKOKES FIHE
AR, HELHT 100 L MR K. K& R E S FRTS-1H
FHRBAERNL, RGBT T 25 B AL R 5 BH & L RO6
o ) I R0 808 A TR TR AR N % e XX 4 F O 4 B A S e 5
BT A AL



REE S F T 0 S A AR B AE AL R R AL RE R BF R

M ERE RGEMR TAED B TR

— . I'H>"CCP/MASNMR K FETH, ZREMET
BREE S F i A R AR YE R . BFR KB . 7 TPABr-TBAOH {4k
Z ', TPABr #1 TBAOH ] [5] B #2 #5 4 #E i ; (A 7€ TPABr-1E T
% . TPABr -TEAOH . TPABr-& — % HAth A & , 24 n(TPABr)/
n(Si0,)=>0. 05 B, H A A P A & AEFH , HRAE R 7895 8 K
B OB ; 24 n( TPABr) /n(Si0,)<<0. 05 B, TEAOH & iF T f&
] B A 38 7E b A FLOE R BEAR AR 5 T 19] Pentasil 2549 f9BEHBE /1
TPA">TBA" >TEA" >IE T RSG5 7E kA FLIE B 1
TEA™ [TPA" A] G & A= ¥ 43 40 ft s BEAR 4 F 09 be B 8 K 5 00 F 0
FLIE K BE 4 DT S X F AR 4 F 0 G B P BT R R A 5 B 1 P S i 7R
K.

= RAITLESH XRD,”Si MAS NMR,UV-Vis,ESR,UV-
Raman 14§48 T B, %t 8k i 3 F 0 K A EE R K47 T R 0F
Ko HRER KEEFFRPATRREFEZHEY . KR H
BT KBS T 0 R KB AR FE TE XA R] & Bl KW D 9 & Bt AS
[@. LA TPABr AR EREE > 7 & kb RS A i AB 4
B 5L ML AR, PR & B S B A48 & 5 R KR dn 28 g
TR E. BRAXWAER T & MES TIPS RO
EHARMRRMELBRANEZ, FREYMITSH O R
SEPEE I Ti— O, G54, R Ak BN 3 H . A TPABr
B A BRUEKRE 2 F I TS-1, & P A 5 = A Lk (B 5 7= A=
AR EWASEA KD T . R FAE UV-Vis i 270~280 nm
B E HBLBR TR S, AT MHL O, B R Ti— O, 454, B3t TRz,
e LAE Ry S A B2 R R 18 T o R B 43 48 A 0 S LA BK 4 B
FERN PRI G, B AL 28 i 72 o o Fh W Fh 25 5 O B L (BB
% AN 5 W Bk F - O 4 A 0

=, XA pH it."C NMR.IR % X} £k ik 43 F 0 ) s 4 ik 72 F
fTTHEF . B pH &R EF . B TPA™ B gIH#E . K& S
A TFIEEYR. X EB L, TPABr HHR A, £k 5k 4 77 5

o 4



EE S

TE 8 A 55 A5 WL B . TPABr-1F T M ik R 6k Bk 4 F 75 TS-1 5
3l 12 W 5T B < A SRR AT LB G 46 48 TS- 1A% % S 1, I %
I b RRLEE s TPABr-1E T B 8 AN I & F B TS-1 50 A% 76 1k B
TR A KA RESY 3R 44. 4 k] /mol,75. 7 k]/mol; 3 F 75 ¥ & 46 7T
ek AR st b KL B

Pa. LA TPABr SRR A, R FH 25 F ik U5 9 5 A0 AS [] fic A =X
B TEREED FRTS 1, REMR T AR PHMBMEmREAEE,
BREE S F 0 TS-1 09 6 8 7T LA 72 B K AL A 57 F & [n (TPABr)/
n(Si0,)=0. 05] 8 5 FEEk e YE BBl (2 (Si0,) /n(Ti0,) =8~oco]
P i BE VO (413~473 KO N iEfT. SR EA M TS 1AH, &
TPABr-ZK X K 59 55 B A& 2 oh & B, TS-1 i 8018, {8 5 1k 58 4
JE AT B AT R, Al ST B2k @Ak B R . TR R BA R
t TPABr (A & 7E n(TPABr) /n (Si0,) =0. 025~0. 05 35 [l
e AT LR P O B A AT A G AT A R i B IS T T'S-1 49 A
A, KM A TPABr B4R & 7 K 0 £, TBOT R 4KIE, IE
T HERTIR & W T RS TR TS 1, fl R HEE R, LT
BT . BREE S 0 i 1k A Ak R B A B R KB &
R PR PE AT BH 5 3 Qi oRCRE BE , (B T R0 20 A6 8 4 2 5 B0 A Bk
Pat 2. 100 L AR & B TS-1, =3 >95% , fir 45 7= & AH X 45
AR JOA s SRL K/ 1.0 pmX 2.0 pmX 6.0 pm, 75 4
IEAL SR R B ROGF I AP RE . 3 R RDBK SR 2%, FE IR RE
333 K\H, O, 5 0. 741 mol/L A JE 71 0. 4 MPa, ## 1k 7| 1 &
11.9 g/L B1E 1.5 h HEE R 500 00 = 7 4644 7, A 100 L ML A
IR TS-1 4 i A6 ), 79 46 35 4846 S RE 45 2R 0 Xy, = 97. 4%,
Usn,o0, =94. 6% ,Sp0=92. 4%,

T, BESE T BRRE A T 0 TS-1 M R B ok FR, BFSE R . LU
TPABr Rt 5] & B 8K BE 43 F 0 TS-1, £% bead #2 o TPABr #£
370~ 650 °C 4 2 S A 43 i, o1 B8 0 B B0HE Ak B B ok A TR R
n(TPABr) /n (Si0,)=0.040~0. 045; % FHTE RS FRFFHER M
2K Be 53 T S A 5 BT A5 Ak 770 P RE AR HE s 5 TS- 185 B = >900 C,

e 5 e



kR 5 F T 0 B A% LR AR BAR AL B M 3R AL AR 69 BT A

B2 T R AR TE HERR AR 1 300 CRIBESR , TS 1R A T A
B, IR 2 2% LI 4

N~ RS T 7628 2R N A% P R R IR R AL RO R ARt Ak
TR A %88 T A4S 5 R ] SR/ B TS-143 7 i 1 #E
VR BE  BIF ST T 1R 44 1 Bk SO RE B A TR AR . BF 9 2 P . R T BE
it BN 4 SR B W) 0 B S IR B TH R HL O, B AL SRR 8 (H IR 4
FkE (PO) Y PR, PR X RN 45 R B B W, b
TS 145 FHi 4 & BT, Ho O, B 4k R AR R B 5w . o B
B, TS-143F 0 i 6 K /N % 79 0 B0 804k R 5% i) B 3 5 B R 4
B, TS-1 fhkE K /N %t B RE B Wi R K. SR AR B /K IR A i R, Bl %
W oK A RN L BR R R bE (PO SE 81 T L 8 B2 (PG 8t #%
PETH B K S L — 2t H O, B b R0 B FEAK, 15 mefs
AL, SR FH 20 B 5 P9 B IE 7R R B Ok R s, R RSR Y 8K
%o RN pH A PR E AL 8 40 A 5 e 2 B 5 4 i A AT
PLBH B 275 PO 4840 M PO A & 4 8 6. 843 85
M) 5 5) 3 WK T 43 077 5% T A1 0 D5 e L ) K O 2 AT A 5 A
84 JR h b PR K 4 F 7 SR 5 5 b, T B AR AR e A S R E Y AR
EYEY R, TR RR AL B P R R > F IR R WA M. ZFIESE R,
BREE S T P B 24K HL O, 5% 7 ROH B AL T — F 1 o0 3076 1
Hh ]

A FAE S AT HE A58 9 [RIBG , #E 52 T LA TPABr B0 7 #9 £k
B F O A AR T T REM IR LI T 100 L SRR
4y F IR A B, I AR o F O T 9 0 R B AL B A I R i ERE PR
T EA Tk O A B A0 A BBk Rk 43 T 0 A4 B M £ L 1R R T BKEE 4
TR R TS B Tl b A9 B Z 8, X 28 TAE Ak
— SIS B ML B Tk fb 365 T B JEak .



Abstract

With the new century coming, people pay more attention to the
environment and ask the chemical industry to reduce the pollution as
possible as it could. Zeolite can take the important role in developing
the clearer chemical technology. Taramasso et al. firstly reported the
synthesis of titanium silicalite TS-1 in 1983 and it was found that TS-1
exhibited the unique catalytic performance in oxidation reaction
involving H, O, as the oxidant. Many reactions using TS-1 as the
catalyst such as the hydroxylation of phenol and the epoxidation of
propylene have been investigated recently. But the application of TS-1
in the industry was hindered seriously by many defects of the classical
synthesis such as the high cost of the raw material and the severe
preparation condition. Many problems in the synthetic procedures and
the catalytic scheme were still unclear, which made the titanium
silicalite was mainly synthesized according to experiences.

In the classical synthesis of TS-1 alkali free TPAOH is used
as the template and TS-1 is produced at the severe condition and
high cost, which makes the synthesis difficult to be industrialized. In
this paper many techniques such as solid-state NMR, XRD, IR,
UV-Vis, SEM and ESR were used to study the template effect,
crystallization mechanism, crystallization kinetics and titanium
species existing in titanium silicalite and the synthesis using
TPABr as the template was selected according to the above work.

TS-1 was synthesized using TPABr as the template and
ammonia, n-butylamine, TEAOH etc. were used to adjust the pH
value of the gel. Effect of the synthesis parameters such as the
crystallization time,n( TPABr)/n (Si0,),n (Si0O,)/n(TiO,), base
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amount etc. were systematically discussed. A better synthesis
was selected and was enlarged in a 100 L. autoclave. As-obtained
TS-1 was used to catalyze propylene into propylene oxide (PO).
Effect of the reaction parameters, the solvents and the pH value
of the medium on the epoxidation result was investigated. At
last, a catalytic scheme of propylene epoxidation was given.

From the systematical studies in this paper, the following
results have been obtained.

1. Template effect was investigated systematically using 'H
— C CP/MAS NMR. It has been shown that both TPABr and
TBAOH serve as templating agent in TPABr + TBAOH system.
But in other systems, when there is enough TPABr, other organic
amines or ammoniums only work as the bases. TEAOH or
n-butylamine can take the role of template when less TPABr is
added. It indicates that the ability of organic amines or
ammoniums to direct the Pentasil structure decreases as
following: TPA"> TBA"> TEA">> n-butylamine etc. Some
TEA", TPA" in the channel may decompose. It is important for
the formation of the channels of zeolite that the sum of lengths of
two neighboring alkyl chains matches with the distance of two
consecutive cages in the channel.

2. Titanium species existing in titanium silicalite were
investigated using chemical analysis, XRD, *Si MAS NMR,
UV-Vis, ESR, UV-Raman. It has been observed that several
kinds of titanium species may exist in titanium silicalite. There
are different kinds and different amount of titanium species in
TS-1 samples synthesized using different methods. The form that
titanium atoms incorporate into the framework of titanium
silicalite synthesized using TPABr as template differs from that
using the classical method and the unit cell volume does not
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Abstract

significantly expand. But the symmetry changes from monoclinic
to orthorhombic with the increase of titanium content in both
methods. The Ti—QO; originated from framework titanium and
H,0O, has the moderate stability and may be active site in
oxidation reaction. TS-1 synthesized using TPABr as template
does not contain anatase, but contains a kind of partly condensed
titanium species with six-fold coordination. The titanium species
may correspond to 270 ~ 280 nm band in UV-Vis spectra and also
can form Ti—Q; . But this kind of Ti—Oy5 is very stable and can
not be the catalytic active center. So the six-fold coordination
titanium species may be inactive in both the oxidation reaction and
the decomposition of H,O,. The titanium species is easily washed
off using acid and acid-treating will not influence the catalytic
activity of TS-1.

3. The crystallization mechanism of titanium silicalite was
investigated systematically using pH-meter, “C NMR,IR etc.
The pH value of the mother liquid decreases at the beginning and
then increases after a period. TPA" in the mother liquid is
consumed gradually and the titanium atoms are introduced into
the framework synchronously with the formation of the zeolite
structure. All the above phenomena reveal the crystallization
process follows the solution-mediated transformation mechanism.
The crystallization kinetics of TS-1 was studied in the presence of
TPABr and n-butylamine. It has been shown that the function of
seeds is to afford the nuclei and cut off the nucleation period, thus
reduce the crystal size of TS-1. The apparent activation energies
for nucleation and crystal growth in this system are 44. 4 kJ/mol
and 75. 7 kJ/mol. respectively. TS-1 with smaller crystal size can
be obtained if it forms nuclei at lower temperature and then
crystallizes at higher temperature.
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4. TS-1 was synthesized using TPABr as the template.
Different silica sources, bases and different procedures to prepare
the gel were used. It has been observed that the crystallization
rate is slower in the weak base systems such as TPABr-ammonia,
but the crystallization can be terminated immediately when the
crystallinity reaches the high point, as differs from the classical
method. There is a threshold to the n(TPABr) /n (SiO,) between
0.025 and 0.05. The TPABr amount can reduce to this
threshold, which decreases the cost of TS-1 largely. The
synthesis of titanium silicalite TS-1 using self-made TPABr as the
template, silica colloidal as the silica source, n-butylamine as the
base, TBOT as the titanium source was enlarged step by step.
The crystal size of TS-1 increases with enlarging at static
condition. This kind of phenomenon can be inhibited when using
stirring, but defects in the crystal increases if stirring too
vigorously. TS-1 was synthesized in a 100 L autoclave with high
productivity and as-synthesized TS-1 exhibited high crystallinity
and good performance in propylene epoxidation. (Reaction
condition: temperature 333 K; time 1.5 h; H,0O, 0.741 mol/L;
propylene pressure 0.4 MPa; catalyst 11.9 g/L; solvent
methanol. Reaction result: Xu,0, = 97. 4%,UHZ()2 = 94. 6% ,Spo
=92.4%.)

5. TS-1 was calcined on different conditions. It has been
observed that the TPA™ in TS-1 decomposes at the range of 370 ~
650 °C. The ratio of n(TPABr)/n (SiQ,) can be calculated out
from the thermal analysis result and it is 0.040 ~ 0.045 in
as-synthesized zeolite. The calcining method temperature
programmed at nitrogen is preferred to obtain TS-1 catalyst. If
the calcining temperature exceeds 900 ‘C, both the crystallinity
and the catalytic activity of TS-1 decrease. TS-1 turns to the
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crisobalite and loses its activity at 1 300 C.

6. The titanium silicalite, which was synthesized using
tetrapropylammonium bromide (TPABr) as template, was used
to catalyze the synthesis of propylene oxide (PO) from propylene
and hydrogen peroxide in an autoclave reactor. Effects of the
reaction parameters, the property of the catalyst, the solvents
and the pH value of the medium on the propylene epoxidation
were investigated. It has been shown that pressure of propylene
has no effect on propylene epoxidation, but the temperature has a
significant effect. As the temperature rises, the H,, conversion
rate increases and PO selectivity decreases. Both the rate H,O,
converts and the efficiency of H,O, are improved with increasing
the crystallinity of TS-1. The crystal size of TS-1 has significant
effect on the propylene epoxidation, but this kind of effect
weakens if stirring well. As the content of water in the mixed
solvent of methanol and water rises, the PO selectivity decreases
and propylene glycol selectivity increases. As the content of water
reaches a half in the mixed solvent, the H,0, conversion rate
decreases, Compared with methanol, inferior results are obtained
if ethanol, n-propylalcohol, i-propylalcohol or acetone is used as
the solvent. The pH value of the medium influences the
composition of the product remarkably. The PO selectivity
increases significantly if a small amount of base is added in the
medium. But a larger amount of base easily inhibits the activity of
TS-1. The framework titanium can turn to a stable inactive
species if TS-1 is treated with the base material such as Na, CO,
and Na,SO; and then calcined. The deactivated catalyst can
resume its activity after being treated using acids. The TS-1
catalyst synthesized using TPABr as template can be used more
than twenty times still with better performance in propylene
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