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TTTAL SR 5 BRI 22 393 K, NH, ik o if 24
W RRFARLR, 28R A I R ) BRI B A NH, 5 2K 5
L 15 K - min” Fhii 2 800 K JBERE, #0546
T 58 B . b W B Y 2158385 ( Py -FTIR)

MERESSIER RS, 20 mg FESL IS A X &
FIEARE b, #£ 423 K, 6.0 x 107 Pa 544 F
JRALEAE 1 h, WHIE SRS FoObig ; 2 TR R
MERE)S, 16473 K FAE2S B2 2.0 x 107 Pa,
K 22 2 R AR E 20 T R IE B Sl
1.3 S8YHEMN

THF R4 OV AEE . % 4~ itfr. Bk
Jrikh: BU1.0 g fiiEfb 7] 5 30. 0 g THF FAR 5k}
(EFRESECH 4 % W ORI T HIEHIE IR
BEE, B 313 KEEAKBH RN 6 h; N4
&, BARRE TUOKB R, JFmA 273 K 7
7K THF 5 B¢ ; #0 & — BB ) 5, HRb 2 WA AIG 38
(1500 rpm) B0 L FRER B 1)/ feAfE AL B0k 15 21 2R
BN THF V50 ; 78RR ORI R AW 7 .

KA GB12003. 8 J7 ikl r= M icfa, Rew
B4 T i Mn =56. 1 x2 x 1000/ 32451

2 RSt

2.1 Y B RF S 47

T 1T 773 K EER IR AR 200, S MR A
SEALYI R TR L SO LA SR, g
BARATE L, W% 20, B L, 49
LT RUE W, h 10ZS-773 1 840 m® - ' [&
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Table 1 Textural parameters of Zr0O,-SiO, mixed oxides

BET surface area

Pore volume Average pore diameter

sumple (w” - g") (em® - g") (nm)
10ZS-773 840 3.45 16.5
207S-773 735 3.47 18.9
307S-773 641 3.83 23.9
507ZS-773 554 2.23 14.6
507S-973 431 1.75 16.2
507S-1173 255 1.29 20.2
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&l 1 7r0,-Si0, 2 446 FTIR 1%
Fig. 1 FTIR spectra of Zr0,-Si0, mixed oxides
(a) Si0,-773; (b) 10ZS-773; (c) 207S-773;

(d) 30Z8-773; (e) 507S-773
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Fig. 2 XRD Spectra of Zr0,-Si0, mixed oxides

A: (a) Si0,-773; (b) 10ZS-773; (c) 20ZS-773;
(d) 3078-773; (e) 50ZS-773; (f) 7x0,-773

B: (a) 10Z8973; (b) 20ZS-973; (c) 30ZS-973;

o orem SRR B 2 0 T 700, 3 BN 2 5 %
C: (a) 1025-1173; (b) 20ZS-1173; () 307S-1173; T 244 5 B 28 50% B, AW R R 30 ZS-
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5 SiO 1E5r KPR AV S FEEZE AR EZ —, & 400 500 600 700 800
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K E G —. SCHRIRGE , DAV BRI s il 4% &1 3 710,-Si0, 5 4 E AL NH,-TPD [
1) 2r0,-Si0, B &9 20, fh AL 5 S AR #4575 15 7 Fig. 3 NH,-TPD profiles of Zr0,-Si0, mixed oxides
BIAE 723-1173 K F1973-1273 K™ 24 7x0, & &/ (a) Si0,-773; (b) 10ZS-773; (c) 20ZS-773;
T30 mol% B, ARl R G Zr0, Sk iR (d) 30Z8-773; (e) S0Z8-773
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I B BH B 25 67 55 e o7 48U O DT e ff L 5R
T FEL ARG 43 AT AN, PRS2 45 0 2 1 7™ A A i R 1
Huly, BIEGYRERE S5EZ 5 Ze-0-Si BT
LA RIEH KRR REX — B, IS
FT-IRFEMEFRATAT A1, Y4 Zr0, 75 7E 0-30 mol% i,
JRA I Ze-0 BEXHEAN T SiO, 119 X 25 25 4 I 1
Zr-0-Sift, BaYh Zr-0-Si i 1) 8 bl 200, & &
B L e 2, PRI LR TR B A A
ZrO, & R 38 220 5 e B . 1Y Ze0, F

50 mol% I}, T ZrO, it 1759 PP il
% Zr-0-Si I Zr0, oAt i b i, W Zr-0 fi
FHARBEN SI0, M 45 25T i Ze-0-Si HiE, 5P+
Zr-O-Sif & IR B 20, & s nm gt — 2 2
T HER R B 5 30ZS BEA QR — 2L FRREE B
Bl L T, SOZS A dh (1 G TR i B s L, =
1173 KIrhem AR iR &ty 773 K )5 B85 19 0. 48
mmol/g [# X 0. 12 mmol/g. X A HE G5 hEIL e
PRI N4 I S Zr-0-Si BT REA K.

R 2 Ir0,-SiO, E A SRR LT LR
Table 2 Acidity properties of ZrO,-SiO, mixed oxides

Total acid Acid (mmol -+ g')
Sample B
(mmol - g7) Weak Middle Strong
10ZS-773 0.23 0.09 0.13 0.01
207S-773 0.34 0.13 0.19 0.02
307S-773 0.45 0.15 0.27 0.03
50ZS-773 0.48 0.14 0.29 0.05
507S-973 0.37 0.14 0.21 0.02
50ZS-1173 0.12 0.05 0.06 0.01
R 3 ZrO,-SiO, EAEUWH BEE L BHNKRE
Table 3 Brgnsted and Lewis acid sites of Zr0,-Si0O, mixed oxides
Acid (mmol - g') L/(B+L)
Sample
B L B+L (%)
10ZS-773 0.10 0.13 0.23 57
207S-773 0.15 0.19 0.34 56
307S-773 0.20 0.25 0.45 55
507S-773 0.17 0.31 0.48 64
5075973 0.11 0.26 0.37 71
50ZS-1173 0 0.12 0.12 100. 00

Rt 2SS 70, & i RREBEil BEXT 2 A 3k
TR, AT & E ST T in situ
Py-FTIR 4. % Hernandez 25 (33771, M
i in situ FT-IR j%Eth B R 5 L FRZT /M IS 0 5k J 3
AR EFT B RS L R & L6, 7 H
NH,-TPDZRAEAG 2 5 & W) 1 SR &, 115 5]
A3 B RS L R a5 T3 3. Fhidin
7N, 773 K GE5Ia R S BEA77E L RO A77E B 1R

Huly, M85 S RTE 0-30 mol% B, -5 LRI &
WIESS % - 57 %, Bl S LRIk L6450
1:1. /Y ZrO0, &80 50 mol% I &5 LR E /0
SRAENE 64 %, BRIRES L FRERE LLEIFEL
K12, EEWTH LIRA SRS, Wk bk
()Tt , S0ZS B h 3R 1H SR A kb, B LR A
Oy ETRIBHIG R, 41173 K ske)a, HAkm B IRIR
PEHUOIHR, AUEAE L BRERPE L.
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[ 4 750,-5i0, 5 £ S LYY Tanabe Hi7)
Fig. 4 Tanabe structure model of ZrO,-Si0, mixed oxides
(a) Zr0,-Si0, mixed oxides dominated with Si0,; (b) Zr0,-SiO, mixed oxides dominated with ZrO,

H4f Tanabe B 21 36 42 45 1) 25 T RR 26 TR 14T
B (1) ZE5Wh WA s BaRkms,
BHAERALEBAL; (2) # 5 F A g s £
AT AR B RO [R]. FEZ AL BEHE, 40 B
T 1) T FL AT U B L R bl o H B3 8 71 i )
JERL B BR .. W 3a f b IR, AR Zr0,-Si0, 4
HEAYH, LA Si0, 0 EMA Y B 5 WA A
A AT B BRH L, TR Ze0, 0 F AR AL
YL L Zr-0-Si S, 525 W) 3 10 D) B A 3o 9 i H,
fif, R L BRERYEH L. A& MR G, 4
7Zr0, & EAE 0-30 mol % I}, B4 E Y 7x0, Fi
Si0, ik 3 T B AR EEM B ARG, UL Si0,  F4E
L Zr0, 2Ry AR ACIE 1 Ze-0-Si S5 i
Y, AR B IRIRE S L BRER & Ho il
P11, Y Zr0, & & 50 mol% B, EE5WF
7r0, E M T 7r0,-Si0, B 5 Wi i £ Zr-0-Si
eI 1Y Ze0, A2t R I S i, AP L 70,
HEEALYIE B Ze-0-Si B £, L) Si0, k&
AT L Zr-0-Si Bt /b, KRR 10 B IR
R/ LR ENS 2. WA PIRENT &, B
TR K L BRI B 24132 W /b, B R TR B 1 88 W o 2
ZIHR, FTREJR KT bead F b &2 B 1 3% WY R L 4
A WK AT S L R /0 )R] RE 5 R e i
Hh Ze-0-Si BT K
2.5 {1k THF R& R E4E

K45 TARE G YL THE RG5O B
PR WCR IR 1 (M, ) . d R8s T

% 4 Zr0,-5i0, S G KL YR L 1 BE
Table 4 Catalytic activity of ZrO,-SiO, mixed oxides

Catalyst Y/ % Mn
Si0,-773 0 _
10ZS-773 23.30 2087
20ZS-773 26.33 2163
30ZS-773 28.22 2199
507S-773 21.35 1843
507S-973 43.13 2156

50ZS-1173 46.38 2236
7x0,-773 0 -

Reaction conditions; m(Cat. ) =1 g; m(Ac,0-THF) =30 g;

Reaction temperature = 313 K; Reaction time = 6 h

A, 4l Si0, 5 Zr0, WA AL THE RETEME. Z6Y
ik THF 4G 1= PR R T 20% , X — I
SRR A S R, RAPTHS R AR
B AL THE B4 517, B AW RE b
Zr0, Eri 3G, TR R AR I o T 2
SRR R, M4k &l 30 mol% B,
B J oy F i, ok 28,22 %
2199. HAFERAIE, SR 50ZS-773 K& 2 1 R
Y530Z8-773 BERAR Y, (HILfEL THF RE AR S
PICREAR, IR 21,35 % ; HERAWH /3 F il
Hefii R 1843, #2155 50ZS Ay#AAb B, R H R
TR S 773 K BBE00 0. 48 mmol/g [ % 973 K k%
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B 0.37 mmol/g A1 1173 K K562 0. 12 mmol/g,
HTHF 5P WeR At 773 KIS RE S Y
21.35 % F+ 2 973 K K5Bef43.13 % F1 1173 K K5k
(1 46.38 % , BEYN 3 FEAH 773 KRR G
Wity 1843 F1 & 973 K K5 ke 2156 i1 1173 K k542
492236, Ff il SOZS-1173 5 H AT Fe AR A4 2 T PR
(0.12 mmol/g) HI R I 1 iz = 1) THF S5 M.
P SCHR 23 J 41l , THF 4 SOy i) Ak 2215 fLRE
Ep B4, 1A 51.2 KI/mol. L) |25 R A SR
Hl# 0 RIS Y HA 2k THE R 45 19 IR T
Hl.

A SCHAS [RIRE A AL THE 5450 M9 22 5]
A5 RN AR R TR AR R o TR G
WEREIY BOR ¢ TER N R, BRI H
BRI RG RS R G YA T e RO NI
SWALET, ST RY THF 07 55285
AT PR AR Hh o FE 404 ik, DTS 52 45 1 28 B s IR Y
REYUCR. RISt R b i 4% B B AT R S
[y pesd . Setoyama 25 1 Jia 25 o % BUHAL
FLAR /N il THE 385 A B 2520, Y
PEAL A FLAR ORI, HEAL ) s Y SR A A A T
PE. AEEAHED P A X — PR e RO R i fLAR A
TG TPy R B0, T Ase /N A LA DU R
TEREABERGFREEEG YR R 8, RE
P FEE AL R B LB P BHE T RN ) THF 7
MRV ERIERG. 455 ASC BET Al FT-IR RAE, 24
7r0, &8 7E 0-30 mol% i}, B &Y Zr-0 33t A
Si0, [ P Zg 2k rh, BB TR HERR | 58 SUREHEE
BEWHSLE . LR FE Ze0, & £ 5 22 & i i
R %A F T S it # v THE 5859 0 10 B A
B, PRHERN LR T, THE 5 YR8 #iiy
K. 24 Zr0, & F 4 50 mol% i, & b 2 R
Zr-O% L) 200, Jy XPURRIEALIE AL RT3
W /N LR BRLAT T THE 35 7 90 i ekt 47
B, SO THE XELE R O TR A A
il 50 ZS-773 B AA IR Z R, MR K
iR fiEfe THE G TE. 28 973 K K1 173 KGR
(1) 50 ZS B AW R PEM 45 RAUESE Tax —HEM. 45
I T A RAE B v, BERE PR THE , 50 ZS
FE L TE PAAL A 3 AR rh 28 Iy 1 3R T URL 2R 4R R
Zr-O-SifE WIS, XS BRI SR G A R R
KRR eV W TR, M-S eEhm 55846
P F- LA A A AR — 2, THF R5 W) r) i3

50 ZS H: ity AL B E 1A T R T B T O, Xt
—BIEEE YW fLiexT THE RS YR A B
FRW. BRMAIRAN TREY D TIEE AP
T P91 3 R B, A By T 42 v THE RS 9019
.
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WA SR S G W 200, i KOS Ak PR R
A RO H R TR R AT TR, E AW
R 58 AP Zr-0-Si M R IF AR, Y
7r0, & & /N T 30 mol% B, FTAG [ Ze-O S A
Si0, (1) W28 546 TE Ji, Zr-O-Si 8, T8 A i A 2 1Y
L Zr0, S A4k A LA Si0, Sk A AL W E BRI
Zr-O-Sif, FIHAFECEW L R B iRl &
BRI IR R Zr0, &5 134 2 B &, m4E
BYH Zr0, F N ZE 50 mol% i}, Zr0, &£ F
AW RS Z Zr-0-Si SR 200, 4k 2k T R L
i, AW UL 20,y EEACWIE BT Zr-0-Si
AR 2 T L Si0, 28 F A AWIE Y Zr-0-Si f 4K
i, EAWAE LR G B R, e SR
A5 7r0, F 4 30 mol% M A4 —3L.

7r0,-Si0, B &AL W i 4k THF Z45 5N 1) o1
WEsRFEW, Wil s 26 9B B4 i 4k THF
RAEMRE. ILRBEKNEAYAR TR TREY
FEFLIE PR A 8, LA A N e BRI T
B St B, BELIk THE SR 43— 76 3 1 1)
R, BIVAEA SO i A% T R e R A e i A0 .

S

[1] Mercera PD L, Vanommen J G, Doesburg E B M, et al.
Appl. Catal. [1], 1991, 78(1) : 79 —96

[2] Miller J B, Rankin SE, Ko E 1. J. Catal. [J], 1994,
148(2) : 673 - 682

[3] Zhang Y, Pan L, Gao C G, et al. J. Sol-Gel Sci. and
Technol. []7, 2010, 56(1) ; 27 —32

[4] Chen Qing-yuan( &5 JC), Chen Zhong-hua( [HH4E) ,
Qi Shu-yin( Z: 548 ), et al. China Elastomerics ( 314
K)[J], 1994, 4(2): 1-5

[5] Schlitter S, Haubner M, Hesse M, et al. US [P],
20 080 108 786, 2008

[6] Raffie E, Joshaghani M, Tork F, et al. J. Mol. Catal.
A: Chem. []], 2008, 283(1-2), 1 -4

[7] Zhuang Q, Miller ] M. Appl. Catal. A[J], 2001, 209
(12): L1 =12



F2 4 itk

A5 7200, -Si0, 525 W3R 0 IR M 14 981 47 b e i 0 Sk e 2R 5 M BB 5T

137

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Lopez T, Navarrete J, Gomez R, et al. Appl. Catal. A
[J], 1995, 125(2), 217 -232

Miller J B, Ko E 1. J. Catal. [J], 1996, 159(1), 58 -
68

Zhao Min (3% (), Jia Zhi-qi (%5 &%), Zhao Li-li
(GEXTNAN ) , et al. J. Mol. Catal. (China) (3 FH1k)
[J], 2010, 24(2);: 117 -122

Wu Z G, Zhao Y X, Liu D S. Microporous Mesoporous
Mater. [J], 2004, 68(1-3): 127 —132

Zhan Z Q, Zeng H C. J. Non-Cryst. Solids[J], 1999,
243(1) .26 -38

Dang Z, Anderson P B G, Amenomiya Y, et al. J.
Phys. Chem. [J], 1995, 99(39) . 14 437 — 14 443
Tarafdar A , Panda A B, Pramanik P. Microporous Meso-
porous Mater. [ J], 2005, 84(1-3); 223 —-228

Zhan Z Q, Zeng H C. J. Mater. Chem. []J], 1999, 9.
2 647 -2 652

Aguilar D H, Torres-Gonzalez 1. C, Torres-Martinez L
M, et al. J. Solid State Chem. [J], 2001, 158 (2):
349 -357

Kongwudthiti S, Praserthdam P, Tanakulrungsank W, et
al. J. Mater. Process. Technol. [J], 2003, 136(1-3):

(18]

(19]

(20]

[21]

(22]

(23]

[24]

[25]

186 — 189

Wang S W, Huang X X, Guo J K. J. Eur. Ceram. Soc.
(11,1996, 16(10): 1057 -1 061

Yang Xi-yao(#4552). Petro. Chem. Ind. (f1ilifk1.)
(11,2002, 31(1): 63-73

Hernandez C, Pierre A C. J Sol-Gel Sci. and Technol.
(11,2001, 20(3): 227 —243

Tanabe K et al (KB = %% ), Zheng Lu-bin et al
transl ( FRFRMS Z51F) . New Solid Acids And Bases Their
Catalytic Properties (7 [ 4 BR 1 B S H: A 4k AE )
[M]. Beijing: Chem Ind Press (bt 5T fb2% Tl Hi Rl
At), 1992, 89 -90

Zhu Qing (kW) , Liang Li-ping (AR ) , Jia Zhi-qi
(W&EE), et al. Acta Phys. Chim. Sin. ( China) (4
AR [T, 2011, 27(2) « 491 -498

Li Fang-xing (ZEJ7 &), Li Chun-gang (Z=Z&N|), Liu
Li-ping( X F|F). Chem. Ind. Eng. (fb¥ T 5T
LT, 1993, 10(4): 15-20

Setoyama T, Kobayashi M, Kabata Y, et al. Catal. To-
day. [1], 2002, 73(12) ; 29 —37

Jia Zhi-qi, Zhao Yong-xiang. Chin. Chem. Lett. []],
2011, 22(1) ; 105 — 108

Adjustment of Surface Acidity of ZrO, -SiO, Mixed oxide and
Catalytic Performance in Tetrahydrofuran Polymerization

PAN Li, ZHANG Yin, JIA Zhi-qi, GAO Chun-guang, ZHAO Yong-xiang
(School of Chemistry and Chemical Engineering, Engineering Research Center of Ministry of Education for
Fine Chemicals, Shanxi University, Taiyuan 030006, China)

Abstract: A series of highly homogenous Zr0,-SiO, mixed oxide were obtained via alcohol-aqueous heating method.

The effects of the content of ZrO, and calcination temperature on the acid properties of Zr0O,-SiO, mixed oxides, in-

cluding acid amount and acidic type, were investigated. Catalytic performances of these materials were examined

for the polymerization of tetrahydrofuran (THF). When ZrO, content in mixed oxide was smaller than 30 mol% ,

the amount of total acidity of mixed oxides increased obviously as ZrO, content increased, moreover, the mole ratio

of Brgnsted acidity and Lewis acidity was almost 1: 1. When ZrO, content in mixed oxide was up to 50 mol% , the

amount of total acidity increased slightly, the amount of Brgnsted acidity decreased and Lewis acidity increased evi-

dently. After the calcination at higher temperature the average pore size of mixed oxide increased wherever pore vol-

ume decreased. Besides, the amount of total surface acidity decreased but the proportion of Lewis acidity in-

creased. The polymerization of THF indicated that all of the mixed oxide showed good catalytic performance. The

mixed oxide with ZrO, content of 50 mol% calcined at 1173 K had larger pore size and the highest polymer yield of
46.38% .

Key words: Zr0,-SiO, mixed oxide; tetrahydrofuran; polymerization; acidity; pore size



