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Fig. 1. UV-Vis spectra of micro-sized TS-1 (a) and their subtraction
spectra with nano-sized TS-1-80* (b). (1) TS-1-80; (2) TS-1-60; (3)
TS-1-40; (4) TS-1-30; (5) TS-1-20; (6) TS-1-10; (7) TS-1-80*. TS-1-x,
where x = SiO,/TiO, molar ratio.
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Table 1 The acidity of the TS-1 samples and their catalytic performance in cycloamination and etherification

Acidity (mmol/g) PO/MeOH etherification® Cycloamination of EDA"

Catalyst PO conversion Ether selectivity ~ EDA conversion PIP + DABCO
Hy<+33 Hy < +3.85 Hy < +4.8 .

(%) (%) (%) selectivity (%)
TS-1-80 — 0.03 0.5 5.5 88.1 65.1 97.1
TS-1-60 — 0.05 0.5 8.0 88.0 67.2 98.7
TS-1-40 — 0.05 0.6 11.5 90.0 68.4 94.0
TS-1-30 — 0.03 0.4 8.3 92.5 32.0 88.1
TS-1-20 — 0.03 0.5 6.2 91.3 48.5 95.9
TS-1-10 — 0.02 0.5 23 90.9 60.0 98.2
TS-1-80* — — 0.6 0.8 96.5 34.4 93.3
Anatase TiO, — — 0.03 0.3 60.5 0.2 0.0
HZSM-5 0.4 0.6 0.7 99.8 96.9 47.0 92.8

* Catalyst 0.3 g, methanol 30 ml, H,0 2 ml, PO 1 ml, 40 °C, 2 h. ° Catalyst 1.0 g, 320 °C, atmospheric pressure, 2.0 h™', EDA/ H,0 molar ratio = 1/2.
PO: propylene oxide; EDA: ethyldiamine; PIP: piperazine; DABCO: 1,4-diazabicyclo[2.2.2]octane.



484 ot 2 R 30 %

A7 8 i k. WEC R I, HZSM-5 A6 7] L 1) i 8

2 @0 o T AT 7 W DR R = 2K — eV FEE 5 3 1T A
or [ R Y, T LS 5 R ) 2 R IR S,
°r & R A R % A R R I 1T % 5 AR A L A b2

N TR R TS P BROK TS-1 Ak & A A A R
W W& R = £ s — Jiie I 1 3 R N3 6 PR 3 T

PO conversion (%)
(=)}
T

2 ’(7) (Z) HZSM'S, %ﬂtﬂﬁﬁﬂ‘]@ﬁﬁﬁ@
e
0 L \(8) L 1 L 1 L 1 L 1 L 1 %j % i ﬁjk
0.00 0.01 0.02 0.03 0.04 0.05
Acid amount at H < +3.85 level 1 Clerici M G, Bellussi G, Romano U. J Catal, 1991, 129:
159
2 RERKRECESELT H) < +3.85 B =S HI KB 2 Perego C, Carati A, Ingallina P, Mantegazza M A, Bellussi
Fig. 2. Plot of PO conversion against the acid amount of TS-1 at H, < G. Appl Catal A4, 2001, 221: 63
+3.85 level. (1) TS-1-80; (2) TS-1-60; (3) TS-1-40; (4) TS-1-30; (5) 3 Anon. Focus on Catalysts, 2009, 2009: 5
TS-1-20; (6) TS-1-10; (7) TS-1-80%; (8) Anatase TiO,. 4 Thiele G F, Roland E. J Mol Catal A, 1997, 117: 351
FEA S, TAEEL NP, AR, wE, BEM. 4
2 WA b % 5 AL Hy < +3.85 1% T4k (Zhuang J Q, Yan Zh M, Liu X M, Liu X Ch, Han X
N . W, Bao X H. J Mol Catal (China)), 2002, 16: 69
HEICE. 855K 1 W, TS- < +3.85 1% N e e ey sl £ 2
RHOCHK S ARV TSN UH S S38SMB ¢ ey g guimmm, s, X, ORI 374
55 P 2 O B B8 M A R S TR e S T R 1) T AL R (Zhang Y H, Wang X Sh, Guo X W, Xiu J H, Liu S. J Fuel
L Hy < +3.85 [0 B 15 9 46 7R A A AL B Chem Technol), 2000, 28: 550
\ NN N o . Tuel A, Taarit Y B. Appl Catal A, 1994, 110: 137
Y IR *=H 15 s E‘L e ETE
EZ?Q? 1&2‘2 HE TS-14 EEQ%IEP&%} %%Eﬂ; 8 wvan Grieken R, Sotelo J L, Menendez J M, Melero J A.
ZNBCAE AE - ZEK AT LA I S A b 5 T I ) R4 Microporous Mesoporous Mater, 2000, 39: 135
I, M T B o R TR M R AR A S I 3 B . R 9 AERRE, A, XME, 5K AL AL TR AR (Ren
TS-1 43 F 0 th b T-+3.85 < Hy < +4.8 3t [l /4 1 1% b Ch J, Zhong B H, Liu H, Zhang Y X. J Chem Eng Chin

] N Univ), 2004, 18: 57
'D‘Eﬁ/l‘iﬁﬁgg, AR NS Eﬁ@?ﬁ@%“ﬁ&@a 10 Wang K Y, Wang X Sh, Li G. Microporous Mesoporous

EEIXS & R IR REA S BOIRGR R = 205 — i e i 1L Mater, 2006, 94: 325

Acidity Characterization and Acid Catalysis Performance of
Titanium Silicalite (TS-1)

LIU Wenhuanl, GUO Pengl, SU1J il, HU Jial, WANG Yanmei', LIU Naz, GUO Hongchenl’*

'State Key Laboratory of Fine Chemicals, Department of Catalytic Chemistry and Engineering,
Dalian University of Technology, Dalian 116012, Liaoning, China
2School of Chemical and Material, Dalian Polytechnic University, Dalian 116034, Liaoning, China

Abstract: Hammett indicator titration was used for the characterization of TS-1 acidity. The acid strength of the TS-1 studied was +3.3 < H)
< +4.8. The weaker acid sites, +3.85 < Hy < +4.8, were due to the framework Ti of TS-1, while the stronger acid sites, +3.3 < Hy < +3.85, in
micron-sized TS-1 samples were due to amorphous extraframework Ti species. The stronger acid sites showed a correlation with the conver-
sion of propylene oxide in the etherification with methanol. The weaker acid sites, although too weak for the etherification of PO with
methanol, were active and selective for converting ethyldiamine (EDA) into piperazine (PIP) and 1,4-diazabicyclo[2.2.2]octane (DABCO).
TS-1 as a weak solid acid was shown to be a promising catalyst for reactions like the cycloamination of EDA to PIP and DABCO.

Key words: TS-1; acidity; Hammett indicator; etherification; cycloamination
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