Yy HAL R (Wuli Huaxue Xuebao)
Acta Phys. -Chim. Sin., 2009, 25(6):1136—1142 June

[Article]

www.whxb.pku.edu.cn

Beta 7> Fifid Al 89437 #1 Bronsted ERHIER MR E

N B FEST R o AR AR
AL TR TR SR E R S 300, JbaT 100029)

HE. TR PSR RIS DFT), #1581 Beta 20 TP E2E AL LE 9 AR T AL 4 Al Bronsted
TR B4 3 A b FEss 3 3SR FH 8T SEAR R AI B3LYP/6-31G(d,p) 151, 138 T A[E T A2 AUSi Z/CHE L (AL HY/Si
BACREN T TR gy, LA R ET 73 F NH; 7€ Beta 3T BRPENL I B, 25538, B22 Al 1 Bronsted 2
PEAEALF Beta 43T 1 T5 F1 T6 fir; At 7 B /2 Al5-014-Si9, £55 I & A17-03-Sil.

X4 Beta > T0fi; Bronsted BR; LIz KIS
FESES: 0641

Location of Al and Acid Strength of Brgnsted Acid in Beta Zeolite

SUN Xiu-Liang HUANG Chong-Pin” ZHANG lJie CHEN Biao-Hua

(State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, P. R. China)

Abstract:
nine inequivalent T sites and the acidity of Brgnsted acid sites in Beta zeolite. The calculation was carried out at
B3LYP/6-31G (d,p) level based on the 8T cluster model. According to the calculated Al/Si substitution energies, (Al, H)/Si
substitution energies, proton affinities and the adsorption energies of ammonia (NH3), we propose that the most favorable
sites for Al substitution and Brgnsted acid sites are at the T5 and T6 sites. The acidity of Al5-O14-Si9 is the highest

Density functional theory (DFT) was applied to study the distribution of framework aluminum atoms at

among the preferred Brgnsted acid sites and the Al17-O3-Sil site is the lowest.

Key Words:

Beta 73-1-fiii 1 Mobil 23 FI1E 1967 4F 15 WG I
JE/R T = ROHEALTE PN, 1088 4F, Newsam® Higgins™
S5 R A S B, BEHUR AR AT i 1 Beta
WA W HEYE 2R G540, U8 Beta WA B =48+
JCIALIAZEH, W a Jr Al b J5 i A+ Zou i E
FLiE, HAE N 0.76 nmx0.64 nm; ¥y ¢ 5 In] H A Tl
i i+ —JuIRALIE, BHA2N 0.55 nmx0.55 nm. Beta
IR HAETE O AR E 2R T B LE 1).
H T Beta 4 A TR A FLESH R = R 1k, LT
A aT s R R . 2 2R T SR e, ik
ZAALPFN TS I ) e FE A, TR R H O R A LA A
TSP ARA R A BT, A58 H25Z T 5% Brensted

Beta zeolite; Brgnsted acid; Density functional theory

PR S 53 0 Ak S 07 A 335 P H s 18 R 4, . Bransted
R FEAAE T WA AR, 0 F i 4L Ak e+
AR BRI, FE B8 AR BC A7 AR 5 1A — A7
HA A, 33X A R g 0] DA B T O, JE R T
Bronsted 2. [RlIL, 70 F i HE28 Al 57193 Ay
A K 2 % Bronsted iR 1958 B2 FIAHE AL A pE BT
Beta 43 i i 2% 11 R 1 5 AT LA 3 32 21 A1
FE 2R SN LM R R 1IE. Borade 55 A\ P7E H-Beta
A R R — AR 3602 em™ B IER T, 7R
fit H-Beta 431 1 & BLA PSR ICH (3602 il 3660
cm™); Hedge 55 N e HZLAMEREM E HB 431 i1
Fig 1 B & BRAE 37403602 F 3540 em™ 44T =/

Received: January 13, 2009; Revised: March 14, 2009; Published on Web: April 13, 2009.
*Corresponding author. Email: huangcp @mail.buct.edu.cn; Tel: +8610-64412054.
K TR R TR A (973)(2004CB217804)F [ 527 HH 75 AR RHF 542 (20625621) ¥ 1y

© Editorial office of Acta Physico-Chimica Sinica



No.6

N5 45 . Beta 43 FOfi P Al 9041 Fl Bronsted iR AR 145 1137

(@)
E 1 Beta 5 FHEH&EHR 94 T M REE
Fig.1 Schematic representation of the nine different T sites in Beta zeolite
(a) structural model of Beta zeolite; (b) cluster model of Beta showing the nine different T sites
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Fig.2 8T cluster models of Beta zeolites (34 atoms)
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Table 1 Molecular structure parameters of the
different T sites

Tsite R(AI—O)nm  A(AI—O0—Si)/(°) R(Al—Si)/nm
T1 0.1730 138.3 0.3084
T2 0.1735 132.6 0.3032
T3 0.1730 139.5 0.3096
T4 0.1735 133.7 0.3044
T5 0.1731 148.3 0.3207
T6 0.1736 146.3 0.3182
T7 0.1730 138.1 0.3082
T8 0.1732 139.3 0.3095
T9 0.1734 133.4 0.3042




No.6 PNF5 RL4F - Beta 23 T-0ii - AL 95041 Fil Bronsted [ R 1458 3 1139

®2 AR T ER AUSI BHEE AE,
Table 2 Al/Si substitution energies AE ,, at different T sites

Model Esosy(a.u.) Enosy(a.u.) AE 4y (a.u.) AE(;l/(kJ ~mol™)
Al1-03-Si7 —2853.77503 —2806.82609 46.94894 16.77
Al2-06-Si8 —2853.77496 —2806.82671 46.94825 14.96
Al3-010-Si8 —2853.77489 —2806.82657 46.94832 15.15
Al4-012-Si9 —2853.77485 -2806.82715 46.94770 13.52
Al5-016-Si8 —2853.77717 —-2806.83422 46.94294 1.02
Al6-018-Si8 —2927.92087 —2880.97831 46.94255 0.00
Al7-03-Sil —2853.77503 —2806.82647 46.94856 15.78
Al8-010-Si3 —2853.77489 —2806.82686 46.94803 14.38
Al9-012-Si4 —2853.77484 —-2806.82677 46.94807 14.49

SEREERRE, Al RO TR R/ A B
o 2 T LUE t, R T5.Te & B RE
AR, e B AR CREAR S, HE To % m i 13
kJ-mol™ DL F. Frlh, A HIT Al B AALE /Y2 TS
M T6, e A EARXTAF] T Al R Al 75
D43 A TE Beta 20 T fLiE 7S ICIL B, AR S
I ARAE VU IC IR A TR [ iX [R] Papai 556 A MOBF 5%
[ Beta 40t Al 40 A 258 36 A — 34, i
TR AT 5T BEARIAS B B T 25 02 Al T I A%
Y ia X vAn ulLi pive 7 N
2.3 (AL H)/Si =& JLAEEREL

H—H58 Al JFF U5 77 4 1) Brensted R
A3, AT ALJETFAT DR AT B, XA AT 36
A~ AI-OH-Si 75 FRATHERR T 1B A R 17 T L
BENTRATE O, XL AL L ANGE 5 S ) 5+
Fefoh, THELERTRLZ0E. 2% 3 I T EALEAR R
F % Bronsted & v (1 1 2 LT 25 S 5. 7] Al/Si
BACAHI, 23 (AL HY/Si BAE, A T A Al—
O SIS T K2 0.015 nm, 284k LA B 5. 48 A 10
AR AT B LA, 20 70 AR [E T 47 7% Brensted
FRYEN I Z5A SR BT AN ). 3R, Wk 2R i1~
T {57 Ji Bl A R o7 ek ™ A R i
2.4 (Al, H)/Si B9 REE

4y ¥t Brensted BR 114341 7] LA A (A1, H)/Si
B,

AE(AL H):E(AIOH—Si)_E(Si—OSi)
E (Al-OH-Si)%:i/j—? (H,Si0);Si—OH—AI(OSiH;), *ﬁ iy E/‘J ﬁlé
5. AE o BT R T Bransted R 43 3 4 51
T Beta 2> 70 HY AI-OH-Si 7 &5 Y 2L RE. TS
1 T6 2 [8] B P A BRYEAL 58 200 T 2R N, 1T
DLZo. [RIFE, S 108 T HeA, DA Al1-02-Si2 f ALY
AEuwVENZ7E, ] AE' o n#R B AN ACHE.

STRUN =2 NS 1 0 & Y VA0 ikl W o s i ]

T =2+ e ALIE TP A AL Hodr, dnE 3 B
IR, I ATHESS AL () SR T H R4 LA B (& 3a),
T 43 A FEFLIE H 9 5 7 H A5 1948 10 FLIE (& 3b),
F A TR FLEESS (a1 (B 3c). 136 4 AT LB H, X
F T1-TAf7, &b 7EFLIE 28 A Ab i B AR BB AL AR, b7
FLIE I ERTEAL, T H AR 17 5 VT FLRESS 1),
BrRRER . T TS FT6 fir, BRI #B AL 1E L&
o, B AR BEER LA AIG. T7-T9 £, A7 TFLIE 38 A Ak
BARBERAR, FLIE 1Y BT H RS ) FLIE, HAEAR
REt A . AR FLIE 28 S A R AL 1 B AR RE R AR
fi%, 7€ 4 kJ-mol™ LY. XF FAbZEFLE A T 4, H
H T1-T4 (157 H B CREAR SR &, 7 14.18-27.80
kJ-mol™. T5 il T6 EAXREHAIK, Al5-014-Si9 K 0.37
kJ-mol™, Al6-O18-Si8 & 1.02 kJ *mol™. T7-T9 A4 /i
T H #HCBEL K, 21.66-24.39 kI *mol™. 7EFL
T MAE FAb LA 25 55 T8 B Bronsted B2, 7EfLIE H
[ T5 F1 T6 JEl .75 2 JE )i Bronsted B2, M7ELL
T e A BARX A FIE K, Brensted 2.

{A1E Bronsted 22T Al U5 A, HIL, AT
) T4 A d5e T BB A ARG EE, FRATT SO
Beta 43 HpAEAN T 57 J& 6 (14 i A I 1k A5 1 A 7 25
G, A T 08 BIE A 1A R YA TS T

%3 7 [ Brensted B8z g9 /LB S
Table 3 Molecular structure parameters of the
different Brgnsted sites

Model R(AI—O)nm A(Al—O—Si)/(°®) R(O—H)/nm
All-02-Si2 1.872 130.0 0.972
Al2-02-Sil 1.878 130.3 0.972
Al3-09-Si4 1.873 130.0 0.972
Al4-09-Si3 1.879 130.4 0.972
Al5-014-Si9 1.897 1384 0.972
Al6-018-Si8 1.896 138.1 0.972
Al7-03-Sil 1.870 134.2 0.971
Al8-010-T3 1.870 134.8 0.971
Al19-012-Si4 1.877 131.0 0.970
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Table 4 (Al, H)/Si substitution energies AE,, i at different T sites

Model Esosa.u.) Esonsya.u.) AE . (a.u.) AE(y/(kJmol™)
interface Al1-02-Si2 -2927.91616 —2881.44150 46.47466 0.00
All1-03-Si7 —2853.77503 —2807.29912 46.47591 3.28
ring channel Al1-05-Sil -2927.91733 —2881.43606 46.48127 17.35
Al1-04-Si3 -3002.06087 —2955.57562 46.48525 27.80
interface Al2-06-Si8 —2853.77496 -2807.29900 46.47596 341
Al2-02-Sil -2927.91616 —2881.44046 46.47570 2.72
ring channel Al2-08-Si6 —2927.91917 —2881.43911 46.48006 14.18
Al2-07-Si4 —-3002.06013 —2055.57837 46.48176 18.64
interface Al3-09-Sid -2927.91628 —2881.44157 46.47471 0.13
Al3-010-Si8 —2853.77489 -2807.29873 46.47616 3.94
ring channel Al3-04-Sil -3002.06049 —2955.57592 46.48457 26.02
Al3-011-Si3 —2927.91743 —2881.43554 46.48189 18.98
interface Al4-012-Si9 —2853.77485 —2807.29868 46.47617 3.96
Al4-09-Si3 -2927.91627 —2881.44057 46.47569 2.70
ring channel Al4-07-Si2 -3002.06006 —2955.57857 46.48149 17.93
Al4-013-Si5 —2927.91930 —2881.43874 46.48056 15.49
ring channel Al5-013-Si4 -2927.91916 —2881.44338 46.47578 2.94
Al5-014-Si9 —2853.77736 —2807.30256 46.47480 0.37
Al5-016-Si8 -2853.77717 -2807.29774 46.47943 12.52
ring channel Al6-08-Si2 -2927.91929 -2881.44319 46.47610 3.78
Al6-018-Si8 —2853.77735 —2807.30230 46.47505 1.02
Al6-015-Si7 —2853.77713 —2807.29728 46.47985 13.60
interface Al7-03-Sil —2853.77503 -2807.30008 46.47497 0.81
ring channel Al7-015-Si6 -2853.77717 -2807.29322 46.48394 24.36
interface Al8-010-Si3 —2853.77489 —2807.29928 46.47561 2.49
Al8-06-Si2 —2853.77496 —2807.29900 46.47596 341
ring channel Al8-016-Si5 —2853.77738 -2807.29441 46.48297 21.82
Al8-018-Si6 -2853.77717 -2807.29322 46.48395 24.39
interface Al9-012-Si4 —2853.77484 —2807.29853 46.47632 4.35
ring channel A19-014-Si5 —2853.77736 —2807.29445 46.48291 21.66
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Fig.3 8T cluster models of Beta zeolites at different Brgnsted acid sites
(a) bridged O—H group of the interface; (b) bridged O—H group of the ring channel; (c) bridged O—H group point to zeolite lattice
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Table 5 Deprotonation energies AEy at different

T sites
Model Epoo(an) Ezeon(@au.) AEpau.) AEY(kJ+-mol™)
Al1-02-Si2 -2880.97303 —2881.44150 0.46847 14.28
Al2-02-Sil  -2880.97220 —2881.44046 0.46826 13.73
Al3-09-Si4  -2880.97295 -2881.44157 0.46863 14.70
Al4-09-Si3  -2880.97214 -2881.44057 0.46844 11.20
Al5-014-Si9 -2806.83425 —2807.29728 0.46303 0.00
Al6-018-Si8 -2806.83618 —2807.30231 0.46666 9.53
Al7-03-Sil  -2806.82647 —2807.30008 0.47361 27.78
Al8-010-Si3 -2806.82686 —2807.29928 0.47275 25.52
Al9-012-Si4 -2806.82677 —2807.29853 0.47176 22.92
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Table 6 Calculated O—H stretching frequencies,
bond distances and Mulliken charges at different

hydroxyl bridges

Model volem™ R(O—H)/nm qule
Al1-02-Si2 3643.6 0.0972 0.395
Al2-02-Sil 3640.1 0.0972 0.395
Al3-09-Si4 3642.7 0.0972 0.395
Al4-09-Si3 3640.7 0.0972 0.394
Al5-014-Si9 3629.6 0.0972 0.383
Al6-018-Si8 3631.7 0.0972 0.382
Al7-03-Sil 3664.5 0.0971 0.392
Al8-010-Si3 3662.6 0.0971 0.391
Al19-012-Si4 3660.8 0.0970 0.392

B PR S 2 B AKX, 4300 R 3629.6 Fl 3631.7 cm™,
SRIG & T1-T4 {3, T7T-T9 {4 sh i R i v, Hoepr
T7 BHcrEr, M 3664.5 cm™., XA [F] 22 5 TFALAERG
2RI — 5, WITE T T5 7 B A B PEfc . Beta
53 AR T L I S0 1) SE B AELA 3615 em ™ 1,
I TR E R S IR (AR LU, fe/ MEXTR2ZE 8 0.4%,
B R IR 22 WA K 1.4%, 15 P E348 [R] S 56
ERFER ) A X, 4 T ALK AR
ZEAKR, R LT EEIR & ) T7-T9 (LA L
HAA E /N 0.0001 nm. A [a] T A1 T2 HL A 5k
JE A 22 591 ) T e A G SR AR 2 0 R AT AN
A, X F 22l T Mulliken Hi faf 1155 5 4540 &
AIRRKAR.
2.7 NH;R$t4 F3¢ Beta 4 FiEEs AR

WREN 5y 5 50 T 0t A TG #RSH B 28 Al —
&, WL 4 3% & RO ERE 4 F NH, 5 2 iR
Ja, oo I B H R R By T I
JERL T B4 09 NH;, HIE B faf 48 53— 17 B Ao
ALO, LA M, TR B 172851,

3 F O FRET 3 = 0] B AH B FH A EAE
fig AE Al AT Eows:

Zeo-OH+NH;—Zeo-OH-NH,

AE=E g onx1)~E oo on—E oy
HH E g ornny 76718 (H;S10),Si-OH-Al(OSiH,),-NH, 14
ZIEEE, E goon e/ (H,Si0):Si-OH-Al(OSiH,), it
AEfE. AE BB, UEBIRET 0+ 15 40 0 2 (B A AH B
VRS, AR A% AL B 0 R R . e AR X i
MR EE 4> F NH, 5 53+ 0 7 S i 850 DL 3R 7.
NH, 5 43T (4 W B 3 22 5 5% 8 10 A BT
3V ) Brensted F2PE. MAH EAE R BERT LTS 2] 9

&

> R 2
£
J)J /*JJJ

4 Beta 2 FIFHIERIENL S NH; BRUIEIR 5 F B0 B
p-A=gvEetin)

Fig.4 Calculated structure of adsorbing complex of

the basic probe NH; on the acid sites of Beta zeolite
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Table 7 Interaction energies AE of the probe
molecules and zeolite

Model Ezoon(a.u.) Ezeoonnm(@.u.)  AE/(kJ-mol™)
Al1-02-Si2 -2881.44150  —2938.00727 -111.38
Al2-02-Sil -2881.44046  —2938.00640 -111.83
Al3-09-Si4 —2881.44157 —2938.00725 -111.15
Al4-09-Si3 —2881.44057 —2938.00655 -111.96
Al5-014-Si9  -2807.29728  —2863.86455 -115.33
Al6-018-Si8  —2807.30231 —2863.86836 -112.14
Al7-03-Sil -2807.30008  —2863.86524 -109.78
Al8-010-Si3  -2807.29928  -2863.86457 -110.12
Al9-012-Si4 -2807.29853 —2863.86426 -111.27

The energy of the probe molecule (NH;) is 56.52334 a.u.

AT M EERFRBHREIMHZEARKR, Hpmir
EE RS RE 1 R0 B A15-014-Si9 (i B, HAH 1 A
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Brensted iR 7% {57 7 T5 F1 To 17 & . M2 i 71k
A8 \O—H {45 $i 30 450 3 Aol 1 B2 £ 4> T NH, 76
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