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Fig. 1 The structure of EUO zeolite unit-cell viewed
down the [ 100] direction
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Fig. 2 44T cluster model of EU-1 zeolite
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Fig. 3 Double Al positions in EU-1 zeolite

(a) All(Si2-Si2)All;
(f) AlL(Si2)Al2;

(b) AI2(Sil-Si2) Al2;
(2) AI2(Sil)AL2;
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Table 1 The geometric parameters of different sties before and after Al substitution in EU-1 zeolite
All (Si2-Si2) All Al7(Si6-Si7) Al8 All(Si2) A3
Parameter Sil-Sil  All-All Parameter Si7-Si8  Al7-Al8 Parameter Sil-Si3  All-AI3
T-0 012-T1 1.617 1.689 026-T7 1.616 1.751 013-T1 1.621 1.755
T1-012 1.617 1.686 T7-024 1.627 1.743 T1-012 1.621 1.721
012-T1 1.621 1.719 026-T8 1.617 1.754 015-T3 1.635 1.763
T1-012 1.621 1.718 T8-028 1.639 1.777 T3-019 1.645 1.787
Si-0 Si2-012 1.611 1.607 Si8-026 1.617 1.576 Si6-013 1.618 1.572
012-Si2 1.611 1. 605 024-Si6 1.626 1.587 012-Si2 1.620 1.585
Si2-012 1.620 1.593 Si7-026 1.617 1.583 Si2-015 1.636 1.606
012-Si2 1.620 1.593 028-Si8 1.655 1.604 019-Si7 1.640 1.585
£ T-O-T £Si2-012-T1 178.462 160.347 /. Si8-026-T7 156.373 141.328 £.5i6-013-T1 155.106 144.208
£ T1-012-Si2 177.213 164. 830 £ T7-024-Si6  138.646 128.963 £ T1-012-Si2 167.530 159.439
£.Si2-012-T1 167.530 162.885 £.Si7-026-T8 156.254 138.098 £.Si2-015-T3 144.342 125.838
£ T1-012-Si2 167.653 164.214 £ T8-028-Si8 132.947 126.317 £ T3-019-Si7 142.379 137.383

&2 {HEE AVSI B BETNHEXT AL/Si BUACHE

Table 2 Al/Si substitution energies and relative Al/Si substitution energy at different T sites

E(Z-AD* (a.u.)

AE(Al) .(a.u.) AE’ (A1) /(kJ - mol™)

Structure ESi-0-Si. (a. u. )
All (Si2-Si2) All -9739. 84492
Al2(Sil-Si2) Al2 -9739. 84492
Al6(Si7-Si8) Al8 —-9739. 84492
Al7(Si6-Si7) Al8 —-9739. 84492
All (Si2-Si2) A3 -9739. 84492
AlL(Si2) A2 -9739. 84492
AlL(Si2) A3 -9739. 84492
Al2(Sil) A2 —-9739. 84492
Al6(Si7) Al8 -9739. 84492
Al7(Si8) Al8 -9739. 84492

-9645.
-9645.
-9645.
-9645.
-9645.
-9645.
-9645.
-9645.
-9645.

-9645.

82909 184.36773 17.28
82769 184.36913 20.95
81596 184. 38086 51.75
83567 184.36115 0

82610 184.37072 25.13
79316 184.40366 111.62
82306 184.37376 33.12
80010 184.39672 93.40
81001 184.38681 67.37
79839 184.39843 97.89

E,’"= -285.58736 a.u. and Eg*" = -240.41141 a. u.

ZHBITE EU-1 43§ B 2R bR e PE R 22, Ao 1
TE. YRR AR ALL(Si2) AI3 RERLE, AXf
BURBEHN 33.12 kI/mol, X Al REE T4 )R T4 5%
AT T3 ), HILH B, 5 T %45
T HOUR R V&AL T ALL(Si2) Al2 | Al2(Sil)
Al2 . AI6(Si7)Al8 . Al7(Si8) Al8 HETIRT , AHXTHUAL
B (67.37 ~111.62 kJ/mol) , 485 A5 &4

MRERL AL T, BRI T 16537 i B 2R (I 5
VR T A7 (Si6-Si7) AI8 | All (Si2-Si2) All, Al
(Sil-Si2) A2, All (Si2-Si2) Al3, All (Si2) Al3, iX
S B U AR SR
VAT DLREA — S
2.2 RFSMEL

EU-1 70708 B 20 T = W R SR,
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Al1(012-H)-All (012-H) J% ( 012-H) Al1-Al1 ( 012-
H) 1 All (012-H)-(012-H) All TEfY A | 58 42 4H
], Wil H 47 (012-H) Al1-All (013-H) | (012-H)
All-(O12-H) All | (012-H) Al1-Al1 (012-H)3 F ik
TAEN WIS, A2 (Sil-Si2) A2, All (Si2) AI3
BIRL, A5 6 Bl T 275 MG ORI 3 533 W]
A1) 5 TR A7 (Si6-Si7) Al8 | All (Si2-Si2) Al3 i
R SR IR HES AT 4 F 5T &7 0 11 0 (R 1A 3
H5RIAH) . BFREEME ST E 2R RN
ATRUF (AL H) BuRaeske %5, BURBERT LU R
[N =R P AE(/\],H) = E(Z-\])Z'E(A],H) ’ Hrp
AE(ALH) \ E(Al,H)ﬂ] E(z:u)z_ﬁi}’%'J%:ZZT?(A],H)Eifﬁﬁlé\
(AL H) BURG FIBRHTIA R BB, AE ) B
N, IR FEAE G SN, T e e AT
ETFHE, IR AR (W) 328 (AL H) AR
RfE, %3 MitaEss
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Table 3 (Al, H)/Si Substitution energy and relative (Al, H)/Si energyat different T sites

Structure E”/(aw)  E(ALH)/(aw) AEw/(aw)  AE (ALH)/ (k) - mol™)

Al (Si2-Si2 ) All ~ (O12-H) All-(O12-H) All  -9645. 82909 -9646. 84464 1.01555 17.55
(012-H) Al1-Al1 (O12-H)  -9645.82909  -9646. 83796 1.00887 0

(O12-H)Al1-AlI1 (013-H)  —9645.82909 -9646. 84270 1.01361 12.45

AR2(Sil-Si2) A2 (014-H) AI2-(O14-H) A2 -9645. 82769 -9646. 84690 1.01929 27.37

(014-H) A2-AI2( O12-H)  -9645.82769  -9646. 87025 1.04256 88.45

(O14-H) AI2-AI2(015-H)  -9645.82769 -9646. 86861 1. 04092 84.16

AI2(012-H)-(014-H) A2  -9645.82769 -9646. 84702 1.01933 27.47

AI2(O12-H)-AI2(O12-H)  -9645.82769  -9646. 87783 1.05014 108. 36

Al2(012-H)-AI2( 015-H)  -9645.82769 -9646. 89158 1.06389 144. 46

Al7(Si6-Si7)Al8  (026-H) Al7-AI8( 028-H)  —9645.83567 -9646. 85922 1.02355 38.53

(026-H) Al7-(026-H) AlI8  -9645.83567  —-9646. 86620 1.03053 56. 88

Al7(024-H)-AI8( 028-H)  —9645.83567 -9646.87127 1.03551 70.17

Al7(024-H)-(026-H) AlI8  -9645. 83567 -9646. 86800 1.03233 61.60

AIL(S2-S2) A3 (012-H) All-(O15-H) A3 -9645.82610  -9646. 86517 1.03907 79.29

(O12-H)Al1-AI3(019-H) -9645.82610 -9646. 86587 1.03977 81.13

Al1(O12-H)-(015-H) AlI3  -9645.82610 -9646. 84922 1.02312 37.41

Al1(O12-H)-AI3(019-H) -9645.82610 -9646.86215 1.03605 71.36

Al1(Si2)Al3 (O12-H)All-(015-H) Al3  -9645.82305 -9646. 88970 1. 06664 151.68

(O12-H)AI1-AI3(019-H)  -9645. 82305 -9646. 86165 1.03851 78.05

AlL(O12-H)-(015-H)AI3  —9645.82305  -9646. 86131 1.03825 77.14

Al1 (012-H)-AI3(019-H)  -9645.82305 -9646. 89564 1.07258 167.27

Al1(012-H)-AI3(018-H) -9645.82305 -9646. 87510 1.05204 113.34

(O13-H) Al1-AI3(O18-H)  -9645.82305 -9646. 88086 1.05780 128.47
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TE AlL(Si2-Si2) AI3 FAEHUCRT, BTF & &0 AE All
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(Al,H) 3 37.41 kJ/mol, FIXT4iREE, Ui 1Y
AR B PR E A TE. 7E A7 (Si6-Si7) Al f5 7Y
BT, BT &7% (78 (026-H) Al7-Al8 (028-H ) 14
AIEE, AE’ (ALLH) 2 38.53 kJ/mol, 150 i T4 [
P50 FE AL JE 7 A0 s A4 78 4 B . 1 7E Al
(Si2) A3 (PRI, BT+ & R & A 7R — 48U
B, AHXTBRREAE (ALH) B, #/7E 77. 14 ~
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i b Tk, 40U F A B Y% 67 T (012-H) All-
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(012-H)-(014-H) Al2 . Al1(012-H)-( 015-H) Al3 .
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R Vi N DN S5 e b A N 1| D e o X
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o Ego ™ il Egon 200382001 25 5 AR ASE R A
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MR, MRbEaieR L i TR SR, B L2 R
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4 ) URRROE R Ll fe (1 &7
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(012-H) All > (012-H) Al1-All (O13-H) > (012-
H) Al1-Al1(012-H) > (014-H) AI2-(014-H) A2 >
Al2(012-H)-(014-H) AI2 > All (012-H)-( 015-
H)AI3 > (026-H) Al7-A18(028-H). 4 T fif AU45 Jiit
F-y% 47 (B NNN {2 Fi1 NNNN £7) X ER MR R R, 3=
54T AR LT NNN A7 JLA R AR X T+
TERETHIEZE R, Hk 4 Fk 5 1y PA{E A1, T ¥
A7 7 F NNNN {7 i PA {H %/, R PA (v
(2 800.46 kJ/mol) >PA yy, (2 687.33 kJ/mol) , it
Wi+ & 7% {7 7E NNNN £ 19 B 2 14 Lt NNN {37 5,
X5 3CERL 16 ] BF 58 Y it &= AE ZSM-5 430 i)
TEOLEEA 3 R4 RfE R R 7% T NNN {2 (1)
03 2225 1 431 i R ik B A A1

x4 WEFEHL7E NNNN Ly ERFILEE

Table 4 Deprotonation energy of different NNNN sites correlating to the localizations of two protons

Structure E,/(a. u.) E(AlLH)/(a.u.) PA/(a.u.) PA/ (k] + mol™")
(012-H) Al1-(012-H) All -9645. 82909 -9646. 84464 1.01555 2666. 33
(O12-H) All1-Al1 (012-H) -9645. 82909 -9646. 83796 1.00887 2648.79
(O12-H) Al1-Al1 (013-H) -9645. 82909 -9646. 84270 1.01361 2661.23
(014-H) AI2-(014-H) A2 -9645. 82769 -9646. 84690 1.01929 2676. 15
AI2(012-H)-(014-H) AI2 -9645. 82769 -9646. 84702 1.01933 2676.25
(026-H) Al7-AI8 ( 028-H) -9645. 83567 -9646. 85922 1.02355 2687.33
All1(012-H)-(015-H) Al3 -9645. 82610 -9646. 84922 1.02312 2686.20

R 5 WEF &AL NNN (I £ FLae

Table 5 Deprotonation energy of different NNN sites correlating to the localizations of two protons

Structure E72-/(a.u.) E(AlLLH)/(a.u.) PA/(a.u.) PA/(kJ + mol™)
All1(012-H)-(015-H) Al3 -9645. 82305 -9646. 88970 1. 06664 2800. 46
(O12-H) Al1-AI3(019-H) -9645. 82305 -9646. 86165 1.03851 2726. 61




%5 M

O 24 EU-1 ) TOfAHARRRYE AL A9 DFT T+ H AR MR AL 481

2.4 EU-1 5> F R BR MR AE

B 4 Sk Rk A A Rl EESR L EU-1 201
i 4 XRD JE &L by BURTAT, R ol (8RR AT S e 3
RBGE T A L EU-1 53O ST — 3, 1
ZARR TR A M T EU-14F 70 . ' HMASNMR

Intensity/a.u.

20/ ()

Kl 4 EU-1 770 9 XRD % &
Fig.4 XRD patterns of EU-1 molecular sieves
((a) n(Si0,)/n(AL0,)=60; (b) n(Si0,)/n(AL0,)=100)
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Fig. 5 HMAS NMR spectra of EU-1 molecular sieves samples
((a)n(Si0,)/n(Al,0;)=60; (b)n(Si0,)/n(AL0,)=100)
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Fig. 6 NH,-TPD profiles of different EU-1 samples
((a)n(Si0,)/n(AlL,0;)=60; (b)n(Si02)/n(Al,0,)=100)
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Table 6 The Mulliken analysis of Al-EU-1 zeolites

All (Si2-Si2) All

AI2(Sil-Si2) A2

Al7(Si6-S17) Al8

q 44TSi  (012-H) Al1-(012-H) All 44TSi (014-H) AI2-(014-H) A2 44TSi  (026-H) Al7-AlI8 (028-H)
0 1.531 1.500 1.534 1.511 1.517 1.489
q;  -0.863 -0.739 ~0.859 ~0.784 -0.861 -0.776
qs 1.540 1.512 1.521 1.487 1.490 1.453
qg -0. 865 -0. 842 -0.853 -0.788 -0.857 -0.783
pEIA son between domestic and oversea isomerization catalysts
3 ik

3.1 MR AV/SE B BE RS TT 5, BRI 7E
EU-1 43 B 28 il Jed5 0 F ALL(Si2)2A11, AI2
(Sil-Si2) A2, Al7 (Si6-Si7) Al8. All (Si2)2A13 .
Al (Si2) AI3 BiRY, H M BE & A BE 2 B WG I 7%
(75 B RS M K. ALT (Si6-Si7) A8 > All
(Si2) 2A11 > AI2 (Sil-Si2) AI2 > All (Si2) 2A13 > All
(Si2) Al3.

3.2 MRAE (AL, H)/Si BURRRETHRE, XFF Al
(Si2-Si2) ALL BERY, XUJ5 - [7l Bisf 3 {3 7 45 J 114 )
sk S0 st 465 5 7% 457, B (012-H) All-( 012-H)
All, (O12-H) Al1-All (O12-H), (012-H) All-All
(O13-H) R4 Al2(Sil-Si2) Al2 5, WK%
$ 47 T (014-H) AR2-(014-H) A2, A2 (O12-H)-
(O14-H) A2 Fg75, All (Si2)2A13 #R, XWU& 77
BT AlL(012-H) -(015-H) A3 #44 i #5 R 5
1M A17 (Si6-Si7) AI8 #iAY | XUt [] B 7% 1o 7E ( 026-
H) AI7-A18 (028-H ) kB 4 fa 2.

3.3 RIS AE AT, WS90 )5 FR
J K/ NIFUF 9 (012-H) All-( 012-H) All > ( 012-H)
AlL-AI1(013-H) >( 012-H) Al1-Al1 ( 012-H) >( O14-
H) A2-(014-H) A2 > A2 (012-H)-( O14-H) AI2 >
AlL(012-H)-( 015-H) AI3 > ( 026-H) Al7-Al8 ( 028-
H), HBURF7% A, T NNN £ B i@ Pk os B /N T
NNNN {37 f Pk 5 B . XA [R) ik 45 b EU-1 431
PEATERYE A Hr, RESR EL B3 & 8 EU-1 23 5 5 1 3
MR AR, B EE = M.
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Theoretical Study on the Acidity of Neighboring Acid Sites
in EU-1 Zeolite and Its Acidity Characterization

DAI Rong', YANG Dong-hua'* , ZHENG Zi-liang' , LV Ai-ning', LI Jian-hua',
DOU Tao’**, HAN Pei-de’
(1. College of Chemistry and Chemical Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
2. Research Institute of Special Chemicals, Taiyuan University of Technology, Taiyuan 030024, China;
3. Key Laboratory of Catalysis, College of Chemical Engineering, China University of Petroleum-Beijing ,
Bejjing 102249, China;
4. College of Materials Science and Engineering , Taiyuan University of Technology, Taiyuan 030024, China)

Abstract; The substitution of framework Al pairs at T1, T2, T3, T6, T7 and T8 sites in EU-1 zeolite was calcula-
ted by the density functional theory method, and the stability and Brgnsted acidity of the neighboring acid sites were
theoretically studied. According to the calculated energy, the stable acid sites of EU-1 zeolite were located at Al7
(Si6-Si7) Al8, All(Si2-Si2) All, AI2(Sil-Si2)Al2, All(Si2-Si2) Al3, All(Si2)Al3. The localization of acidic
proton was explored by calculating ( Al/Si, H) substitution energy, and the stable proton sites of EU-1 zeolite were
at (O12-H)All-(012-H) All, (O12-H) Al1-Al1 (O13-H), (O12-H) Al1-Al1 (O12-H), (014-H) Al2-(O14-H)
Al2, AI2(012-H)-(014-H) Al2, Al1 (O12-H)-(015-H) Al3, (026-H) Al7- AI8 (028-H). The calculation of
proton affinity indicated that the Brgnsted acid strength of NNNN sites were stronger than the NNN sites. The syn-
thesized products with different Si0,/Al,O; molar ratio were characterized by MAS NMR, the results showed that
the area of Brgnsted acid is higher when EU-1 zeolite with lower SiO,/Al, O, molar ratio. According to NH;-TPD ,
the temperature of the desorption and the acid strength were decreased with the decreasing of the Si0,/Al,O; molar
ratio of EU-1 zeolite.

Key words: EU-1 Zeolite; DFT method; next-nearest-neighbor acid site



