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DEFECT-INDUCED SYNTHESIS AND CATALYTIC
PERFORMANCE RESEARCH OF HIERARCHICALLY POROUS
ZEOLITES

ABSTRACT

Zeolite molecular sieves are widely used as catalytic materials in petroleum and
chemical industries. Crystal defects are important factors affecting the performance
of molecular sieves, especially in some catalytic reactions, where they tend to
become active centers for coke deposit formation, accelerating the deactivation of
the catalyst. Current methods for eliminating defects generally rely on fluorine-
containing reagents, but their environmental toxicity and high costs limit industrial
applications. Therefore, this paper aims to develop a fluoride-free method for
eliminating defects and producing special-structured zeolites like hierarchical and
composite zeolites, while exploring their catalytic performance in macromolecular
cracking.

1. Firstly, this paper compares alkaline and fluoride treatments of conventional
B zeolite for defects elimination. Characterization (XRD, FT-IR, SEM, TEM, N2
adsorption-desorption, in-situ IR) show that alkali treatment not only has a
comparable effect to fluorine treatment in eliminating defects, but also can increase
the surface area of zeolite and form mesoporous structures. In the cracking reaction

of 1,3,5-triisopropylbenzene, the hierarchical  zeolites prepared by alkali treatment
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exhibited better catalytic performance compared with the zeolite treated with
fluorine, and the initial conversion rate increased by 1.8 times.

2. Then, Al-rich ZSM-5 zeolites with abundant crystal defect structures was
prepared by adjusting the proportion of the initial synthetic gel. With the directing
effect of the mesoporous structure at the defects, Al-rich hierarchical ZSM-5 zeolites
were successfully prepared by conventional alkali treatment, breaking the limitation
of the framework Si/Al ratio in traditional alkali treatment. This strategy retains the
advantages of easy operation and low cost of conventional alkaline treatment, and
is easy to be promoted to an industrial scale. Based on this method, the Al-rich
hierarchical ZSM-5 zeolites with a very low Si/Al ratio (9.3) successfully prepared
have a significant mesoporous structure. Compared with the parent zeolite, their
external surface area and mesoporous volume increased by 9.1 and 8.3 times
respectively. The interconnected open channel structure of the Al-rich hierarchical
ZSM-5 zeolites effectively promote the diffusion of reactants and products in the
macromolecular cracking reaction. While the catalytic activity is significantly
enhanced, the amount of coke deposit corresponding to the unit conversion reactant
1s also significantly reduced. Therefore, they have demonstrated significantly better
catalytic performance than traditional microporous zeolites.

3. Finally, the silicon and aluminum species dissolved from the defects of Al-
rich ZSM-5 zeolites in an alkaline solution were used as raw materials for the
synthesis of B zeolite, and ZSM-5@J3 composite molecular sieves were successfully

prepared. Not only were the defects of ZSM-5 zeolites effectively eliminated and a
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mesoporous structure formed, but also the dissolved silicon-aluminum species were
reused, improving the atomic economy. More importantly, compared with the
corresponding mechanical mixture, the prepared composite zeolite exhibited a better
ability to catalytically crack macromolecules, and the initial conversion rate of 1,3,
S-triisopropylbenzene was 2.3 times that of the mechanical mixture.

In conclusion, the defects of zeolite were effectively eliminated by using the
traditional alkali treatment method in this paper. Meanwhile, Al-rich hierarchical
ZSM-5 zeolites and ZSM-5@p composite zeolite were successfully prepared by
using the defects of zeolite. The prepared zeolite materials all exhibit unique
physicochemical properties and good catalytic performance. The research results of
this paper have certain reference value for the elimination and utilization of zeolite

defect sites.

KEY WORDS: Defects, B zeolite, Al-rich ZSM-5 zeolites, composite zeolite,

catalytic performance
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Fig. 1-3 Applications of zeolite molecular sieve materials
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THRERIR R, SR TR ORI A AT PR RE R B B ), O SEILER . ey 2N
FIHRFER AL T R B U S A

1.3 3 FireRBEAI YRR 7 A

RN BRI R 45 1) b A 0 B 7 00 TR BRI 23 A1, R TR A A HE AL R R PR E 28 G
2o BRI & s A E A BEEOR, BT DAY RO SR AL B, BETTHR mh



TR TR R AR

)AL T PR AN ARG P, AT Bt — 20 #h e JLAE D AR UK B o 1 SORs B AR ER
— EE TR 7V A T S

1.3.1 FAALIEE

FANE HRYE S H BRh A BR IR R AR 2 —, R R PR 8 I iR i B BUK b B A4S T B
B A SR AR, (A T IR R B R AR AR R B E HE, AT — 25 SR BRI B A A
Rubin 25 A\ S5 MWW ZIREE M ATIRME (PMCM-22) BT R LeabHE, fE MRt T,
AR (B b A PR R B SR A A A BN AE BT MCM-22 =48 f . Kb Ja ik A
AR T AR IR AL R WAL 12 JeI AL, M T ML ALIE R G
4k Roth 25 A5+ EMP-10 #F 78 & 8L, EMM-10P & 53 —F 50 6 5 A5 62 MWW ZIR
ZE NG RAA, JE I e I A B A A i R L R R R B A s R A W R B AL, T
FICEE JINAS 7€ #2544 1 = 4E EMP-10 W47

WR4E Kawai 55 NOVRHEALZLAMERERIAR, X\ Z5 1 0 0 7 kb B A2 rh 4
o P TR R I B R T BB DL AT TIR NI 7T . BB IR MRS TR, 40N il o
THREBR SRR AE B S g A . HIEETH S 600°CH, RERIEE)LT M. W 1-
5 PN, Wb TR R R, U B B TR RE T e R A B A R R AR EL A A
MMLERFRHE, TE R b .

? Si Si
D\-L 0 0/ -H,0 0/
a—dif}+&-——a-&/’Kff—&—7§+ si— L
A
Sl Sli Si/

B 1-5 Fadk B e A S N HL 3
Fig. 1-5 Mechanism of dehydroxylation of hydroxyl nests
FAKE PR H DR R AR T8 S AR BRI ROR B 25 5500 5, B — T S8 T B il A ik
FRILERIG R L. B A BRI . RN, AT LR D s R R, ST
HITERE . (HR I MAAAE — € R IR IE, APk 208 ] B S e R s, XJ 134
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B YRR BRI, AnER R GhRE AL BESCR ANEES teAh, AR B St 2 1 7 EAR Y A
PRI AR R, ] Fa R AT O0AE, 80 7 #AE LFr .

1.3.2 fEkeEALTE %

feEe AL BRIE AL ST NTR TR Bk 71, B0 R T (1 Si-OH 2[R A4 & SN, T2
JRASE ) Si-O-Si ##, AR E B 1AL ARG . RN, MR, =
WL U e 70 T SRk R R AR SO, BT HCL, TR B — R Rk R4 B i ) 5 . B
BEEA IR (I0-CHs) HIZBD MR, <RI H Rk iy 5 B0 — 2 S A s - Si-0-Si 8,
M A A AL IR TN =2 2, I 2 SRR B EDR BB 2 BT, 12 T2
R 7 AL RIRERE S, D A R TP AR A SO NIAL R, B T AR B AR AR E VAT
([ HERER:

BEAk, MKW FUE RN, FEHEAC AL P RENE MR b B 75 SR TR J b A 3 1 1 i A FLIE &5
¥yo B, e TR T A MR P A T, SR BB = R AT B e A AL
B, APRR AT R T 1 Si—OH 2 AR N B K PE K Si-CHaZE ], AT S50 A 1 i 1 e O

fe e A BRI AL e 2 T AL S S, AN RE IS JE AT AT RO BRI X I8, IR RETEZERF
SRR A AEAL L RE A (RN I A4 R FLAS Y 5 R T 5k

1.3.3 |ALIEE

AL BELEH BRSO GREE C1G 28] 7T BT, WHRRAEIRERM], & BB T 9l AR
B REW A R & LT BB AR D B FOWE A SR AR, B SRUG, OREA BT FrHIAF
FE, 2t HURR (0 i A P B8 0 DA K S R 3 R, RS AT HLAE A T 1R SN B IR
i AE S 58 P AN, IR LA AR &R P I R AR & T e R R A e, R D
T Si-O BRI, AT ] 1 k0 2 B8 A S i 2R R 70 71,

W, SRR (HF) $HET 5 51N 2k 10 & seid 2, SEILEREE ] 5 45
FERIL ST SR, BOBT T TE B, HAt AR & 5 o TR B A b Bt A sl B 6 1 28R
ol tur, A DAY P 3 SR AL B O A LS 3 1R ) 10 RS IR TR N S A g, T DB R 2D
ZSM-5 WA e R A SRR I o HAER M52, BEE WA F/Si LRGN, TeE e s 5L A )
DO B R,
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BEAh, S 5 S A B O A S AR R, AR 2 W] DU E s B e e B —
AR T Blan, @R A NHF AU 23 S5 A B B TR & 7K VE IO 2 A 8RB A6
AaEE, KO TEA" HE T2 TR A fLES, ZHERBE FErait sy, [
I R T ALIERI B VE. Foh, ACERJE A RO REFR IR BLEREE A B bR, 3 I B
e e e, WRSE WA 5T T A% T EEAE AT,

1.3.4 THALTRE

i A B — i T R0 B R R ) 7 i, AR RO AU AT R R IOHLEE: 7E&H
OH~ HIBEMEZAAT T, AHXTT Si-O-Al BEHIZKME, Si-O-Si B E R 5 KA, By i
() AlOa~ DYUTHIA I ERA AE FHHIH T Si-O-Al BRIIZKME . 1AL BB AL AL 1) P 3k e i
AT SR AL A B i B e MR T 58 B 42, AN X BRUPE A o R HR BT A0 8085, 80T
AR T SR AR G AL . OH 5Ea bl Si R T4, KR
Si-O ##, FHUEEET M ZE R BRR, AN SREE AL OB D IR, 3 — DR A T S
FLaifts 731,

Svelle % NUHFIFH 1 2 Al 0 244 1 ZSM-5 398 7 J0RE 78 Ak 28w it Ak T2 jl A
FLEEHE, &5 FAF BIRE 0T X3 AL S8 [A) 7 DA R A Ft . e A a0 B Ak 1) ik 0 i ) SR 8
PEZVoh A € [ TR B FLIG G B o b vk U, b A R PR 28 gt 22 5 6 B M 2 53 () OH 4K
PUrERE, Rk, WEARHLEI AT REAR Je B X S M SR B 1 DX 4k, AT SR B T d ik 7 8 HL O (3
PRI AL BE 7V 8 B FLEE R 1) H I, S T 0 18 S B A0 R o (A% o R0, [R) 42 0
51 HAE M REDCL,

Sun 2 AU AL LI, AIXEF VO PIE (TPAY) 1R NBEAG, (EHIET % (BA) &M
(1) 51 ZSM-5 73 F- i, Si02/ALOs 4 80 [ ZSM-5 WA HA 2 ffE AL 5, Thixes
57 T 90 A I 6 Ak POk 5 A R A T R Ak B 5 A kA ST B BT TR A LS S A
fLEEM, JEHTE MTP N PRI B m i e B, DU Ay, Bk, BAbsE
AALUE] LA Rk B A A AL, I BRI A LI S5 R, R 2 RAL G MTE LR
IS 2 3 B 4 A M R
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1.4 3k

FE 2445 B A AL TATE Wb 0 7 0 AR AR AR I FLIE S50 . R IRME .
0 PR I 7K P AR 58 P DA AN 3 R AR A V5 PR T A8 32 2 o ABLE 23 1 75 1R 5 o A v AR AT
PR AR — G R R A R R, X SEERARTE — B R R AR A MR RE o R IR AE K T
WAL R, X BEERRE AL S S R R L, I AR RS R, P B
H T BRI AL 75 4

T AE R, M FH 1) 2% 2 A R B 1R B DA B A 52 A0 ok o R I 5 R ol T A ik
VERT I E BT B . HAl, i 5 A B 78 B W BRI A T ki, AT DA R
A AR T AR R o b A, B A BRI R A d A BRI A B TR 2 L ALEE
NI 80 431 0 FLAE P RORL) -5 7= ) 22 TR PR A e 0 e G DRI AR R T 51 S A A 7 11 2%
i o

HAT, B W BR BRI A7 1 77 8 s Ol T lan], (EHI R R, A3 A & 2
I B 2 7 DS o BRI, ASCBAETT R AN 98U, TR R A AR SR e i
£ HRFIR S M A (W 2 AL A AR G )7, TG OB b % 1AL R B 2%
WERETZ, IO AR e A 7 T R T A R AR S B PR e . BARN R N BLR
=N

1. BRALEETH R B A R B A7 B O A B R s i)

DILGE B A R, USRI O, A WU AN BLab 3B, FJH XRD. SEM.
TEM .\ Na W Fff- it B 45 i il £ J A7 20 A0t i 45 AR T O AL B BT J5 BORE il 2EAT PEAT 20
HARTRAEE JRHR M) ARG A — R AT BOH BRI A G, IR — Bk
WATIANRTIAR, PR RE A FLEE M o E B (&7 5 ) o LA 21 e 0% A7 28080 A ik
BAAL, IR FL S & ML T, FACTE B AR BREE AL, (H 21 SRIR BT I5 et i)
G HER T i & 1 2 AL B A AL AE 1.3.5-= R IR 2L I AL M RE

2. AL TG4 & R 2 Z AL ZSM-5 i —— BB AL A LS 5

PRI ARAR SRS, IR, PUREIRMEE N & s R, JF TR R
L2, GBI AR IR AL R AT R A =5 5 R AR AR A B B ) B B8 ZSM-5 A . R
FORR AL FR I [R] 52 M ik 47 P R AL SN FLEE T BTS00, @3id XRD SEM. TEM. N»
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R -t PP S5 2 o BRAZ LSRG . A WA RAET-B, 45 RAE A LR ] o i a3
(TR (] SRAF E A%, AT R ED ] 46 B R 2 AL ZSM-5 Whof e B s, B8R T Tl I AR
Z WAL ZSM-5 WA 1E K 5> T2 S B IR AL T g

3. BRIAALIE 3G R G O 1 SO PR RERIE 7

KGR ING T, EEKB WhA IR A RN & 85 ZSM-5 koA, R
AL 2 W IR IR, )4 ZSM-5@B B A% Ui - i@3id XRD+ SEM. TEM.
No R B - it i 25 L il 2R S5 RAETF- B, F & & BRFE 1) ZSM-5 b A EBME IR B I i, BTN
M SRRER B A A KRR kL. AP X E A A SHUIR &1 X
Sl % PR 4 R AR K00 A 2 T I I RE R AT T R VEAN .
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B FAEER b BERIALR AR

2.1 53|18

oA o 5RO R B A L M R s A A R, AR B BE T Al i
AR RNV RS IR E I, FEAMAL L . PRBEMEAG RIS 404k 25 il RS U 4 A
AR > 12 200 Bl A ARy — M E SR A AR, R = e A X ALTE
RGAME R, £ — 2R TR A h B R 0SS, n Byl SR A AR 200,
SR, FEAEGUKIAG B D B AR AR KB S AN 2, E R . 77 JEUORHC bS5
IR, ASTLaeE et 27 28— LS BhiE, S30 B Wb SRR IR . P9 B R B A S 2.
IXEETREE AN R BE AN E RREFR R RAE R, IR R K B RaE I, IF Had 2 v A
BT IRAR B AE SR PR AT A, I A AR SRR TS TEOCRR IR 2, T35 K 3 IR I S
(W 1,3,5- =R ARR) - SREEALG]R BUAR BT g2 w2 BRA S MR, 31X — il ALAE Tl
P B IC AR

UTEEsk, A SRR AR AT A B 22 5 Loy L T B, BRI, Ja
Kb P B A P A R BENE (18 — Fof FH 2B, R DU it A R R R s AT (R A e 145 2
ARG Ak, SRR E AL TR, RS 2 R RITE R, I
FE— LA NI, s 0 A BB IR A i 45 S LBl g 4 R e a7,

HET, SR AskiErBEE, & RSB B N ) Z R 22—, %07k
PO JE B A R T SN o AR A RS IR LT T RE T, S A R R A HLAE
[ 7 Ity B0 15 LAy SE A Th M, AT SE IR IR $h A P 4 o, 1t — D 4 ek e 5 SRS A ik
B F A R 70T E AL BE AN T I o — MR B R R, RDIASRS Y™ 5, & UK Y
FEE CEEEULIKE LD50 182 50 mg/kg) LA A B ARSI 8, A FL AR AR o v )
(811,

FEh, BIRGEAL B RE S Xy WS BBk AR R AR AR R BREE AL, JF AT DADL A R s 4
Hfa e i, (HIX—AbBE IR AN U 45 R A B 25 3R T M A AR AL PR RED . JRLERIAE T
AL PAEE BP0 B A S BEAE R RN, 5 B Ak TT RE 20 BR VR PR A s AR SR T, K
1 S5 HAE AT . HR, SACBE AT RE = S BUMSLA AL — € EZIR, BEAS T RN
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Ty ORI . R, SROAC BRI R RE AR A R T R K, T EE— 2 R s B
FEWb A7 R T IR PR A S N AR DRI, AT FEIA SRS RT3 1, [R5 SEalish A SR B A )
THERVA K Z AL IR, R TERE Ve I R

FEAE T T, FATLMESE p b JyBkati, #E—PHRT 7 ICHUmR. A HLER LS 2 96
I B TR S5 AR BT 1R A A SRR AL A SE R o P AL B U TERU) AL AR 8 b
B R BOH BRI AL, IR RERE— DI KA MR TR, P KR fLEA M . R
AT SN, el AL BRI 25 1R 22 S L B A HE EL 1 SR 2R R AL A R B B2 1Y
RHRIERE, Ko 7 IRWIE 2 BB ERFAC RGN T — (5% . B, AL fa
TeAVIEAL BT DL RO B b A7 B L AN T A 5 22 AL AL, 300 B Tt 4 JR AL Py oK
IEZNTREE S SR (S

22,1 KFI5ER

R 2-1 A FAE A4k Sl AT R

Table 2-1 Chemical reagents and raw materials used in this chapter

2R EE e
FATR 41 % Al,03, 35 % NaxO 6] 245 2 A4 21t R A BR A 7]
AN 96 % F ik (Macklin)

4 2 B IR Ak 98 % F vk (Macklin)
TR 40 % B S AR A
A 99.9% F AR (Macklin)

W & B A A % 25% F Ak (Macklin)
R4 99.9 % F Ak (Macklin)
1,3,5-= A 95 % F MK (Macklin)
FH i 99.5% F ik (Macklin)

ZRIK i il
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2.2.2 HEmElE

TR GUK A AR R PR R BSR4 R: 1 ALOs: 23.4 Si02: 1.9 NayO: 6.4 TEABr: 430.5
H,O % B b A TEMBW GRS, Bk 1.596 ¢ SRR, 0.6 g Z AL
11.532 g M4 ZEIRAERVAARAE 42 mL (2585 FoKH, FRaili 2905 5, TERIZIHE T 18
AN 23 mL BEVE IR 2T, B85 AR EE I 2R 2 he RS A IR SN 100 mL H 4=
FEJIRBEZE P, #E 180°C T difhs 12 K o R4 31 1 [e s =44k Y 26 B9 /K 8 L ik 22 ik
1E 60°C T id 7%

N T EBRB A FLE NI PV, # &R R B AR AR E T T 550°CKERE 6
he HREREIE IR M2 IR 1 30 R EL A TRy 1 MBS BT, FFAE 60°CIK
WP 2 h, B0 5B EIEN SR S R E = SRS R B T KRR 3-4 K,
T B e U [ R o LR R - BURE R E 550°C R 5k 4 h #4331, Frid A HB.

8 Pérez Ramirez 25 NS W (MBBAC AR IEERE : B2k, 4208 12 30 MO ok ik B
N 0.2 M (A BN NI AE KB T IR 65°C - Bt i » 5 6 RURE B 48 20 23 BRAE BB
TE 65°C/KI T HiFE 30 min JE B VKIEAH, £ FRAEE PRSI, et +
JJ5 A3 B B A= BhAh, 43R 0.2 M DY 2B A AR . AR AT B BRE
AT PAT SRIGHRAL BE, I s He . R berS BIEUAIRE . BTSSR S A R 5 H-
Na. HB-TEA. Hp-K.

W EAUFE B T7E 54 NHF 1 TEAOH /KiK', TEAOH: NH4F: HO HJBEE/REL
19 0.1: 0.1: 15, #MREREL 1: 10 ¥ B0Z AL = iR FHHE 30 min J5, HBB A4 KR
Ri2E, TEERGSHAMET 140°CAKIMALTE 24 ho ALFRJE, H5REARELNE, UK Z KT
Bk, E, KB E AR T TR KRS I BERE S, %58 HB-F.

2.2.3 MR

1. X S 47854 ¥ J& 7F Shimadzu XRD-6100 ¢ #% i 1T, ZX&EA Cu-Ko 54T
V5 M Ni i JERs, (XASHIa TR N 40 KV, B1THIN 30 mA, =G EN 5~35°, H
ik BN 5°/min, 2N 0.02°,
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2. HEMAR L AN (FT-IR) Yei M fEBCA MCT A #5 1 Shimadzu FTIR-8400
FREAY AT, MR KBr K AT IR SR, MR AE 4000400 e YE N .

3. K2 E 282K K Nicolet iS20 FT-IR il #E & -OH MgatRshidt 47 4. 14 H
JEA 375 St R ] 52 B 15 mg B B ISP o FESRAEZHT, JEALMTE HAORE T
T 500°CTiAb#E, +F5E 2 he

4. X Hitachi SUS600 F713H BT S ACBE X B b AT 350 S it A IBURE ) RS 8EA T 3R AT
Es TAEREAN 1kV, TAEHRAN 10 pA.

5. f#F Thermo Scientific Talos F200S G2 i% fi B 1 . i Be Sk HUE S o4 e . 7E 3R AF
I ) FE R PR A it 38 50 3 BIOTE v i b R B V5 R N E A Y L, R BT

6. FJH Micromeritics 3Flex £ -196°C R Z HBEAT NP B -0 By &, B i O L3R
T AR AL B E 73 0l B BET A1 BIH A 1 5545 31 o 78 M 2 A, FREXZY 0.1 g # 5 £E 200°C
NEABA 10 he

7. K Bid DTG-60H #HE 7 SO BUR M AT R E R i . =S5 HET, B

10°C/min () THEH A N IR IR I, IR & T2 800°C,

8. E Altamira AMI-300Neo {X 7% K F NHsF2 FF Fh-iff Bt B 2847 B h I R 14k 52 & 40 47
FERSWI 2 8, B A SR 0.1 g () H BURESTE 550°C Fid1L 1h, PLERE
WP FIIK 2 o HIRE R 2R 120°CH), A 8% NHsM! He VR &4k, £ 120°CHIE &
IR BE R 3EAT 30 min (¥ NHLIR B . BEJS, {30 BB 40 0 URF 2 60 min SKRIFHLETE . $52
&, EZRY 30 mL/min K26, KR 120°CEL 10°C/min BITHE 2 600°C, 58
Ji& NHaflit B L 72

2.2.4 EWIEN

SR FAE [F] 78 PR L 45 R AT 1 1.3.5- = 55 TR 2R PR A 2R A I S VPN BT 1L 1 B R A
R PERE . BARSZIGEAE SRR # 0.2 g B oA HALFTIBURL (20-40 H, 4% B i 55 il
#) BIAT NEN 12 mm AEIRE X Ridsh, e RIVIRE N 350°CH 4EFRFTEH T
At PA 30 mL/min BJRSVE SR, B HEZR U 3.6 mL/h BE R K TIPB JRRhES:
TN T . R P=)R L% 7 HP-INNOWax TB4H A AR OGBS 1Ak I 2% 1 78
ZRAE L GCOTIOIAL SAH i A AT b7 o By 1L EEZH A3 P iAo e, RO N2 22 A AT (1<
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PR LRI T N HRa 4ERF 240°C DLEIRE . BERMEAL AR S2 400 min S N ] 5 &0k,
B J5 8 N\ 200 mL/min Kifi B2 S AE 400°C FIRI 1 h DLIE R SN 78 K A A6 5751 22 H 7% B 40 o

23 BRI

2.3.1 HmBYRIESTH

1. XRD 447

K 2-1 JeoR 1 Bl s AL TR B0 XRD AT, ot 20 = 7.5, 22.5°HIATETIEN B A
RFENE . BRI DVE ARSI HEARIAEREE T B WA IORRIERT S, R4 1)
SR AL MR DR RE . (BESERNE, i KOH A S A (HB-K) FThtig
SRR RS, RH) B WA e iR S M E B E R BOR, SRR A B A M
& JURPUAERR (HB. HB-F. HB-TEA. HB-Na) KR /R AIEE s Z (AR I
#2-1) .

Intensity (a.u.)
g
i
tm
>

T
5 10 15 20 25 30 35
2 Theta (Degree)

& 2-1 FEMEXFIR XRD iEE
Fig. 2-1 XRD pattern of the catalysts
2. FT-IR 43 #r
Kl 2-2 A FT-IR 35 &, MBI e LIRSS, FraFfamfE 525 cm™ 43I
PUTCIE B RBNE, TITE 575 om™ A% R — o E 22 FI4RZNIEE . 800 em™ P (4R
EUET T T-O-T 42X FRBLAREST, 7 1090 cm BT WA v DY T A P 30 0 AS X R
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RARIRBN, LA i e 5 A S R TR R o 3G N AR, i Lo i, B A3
TREA B Wb ACRFAEIE, X 150 B BT HEAT IR AL B JE A A 1) SR AR E5 A P AR R . S AMBE AR R
(172, HP-Na Fl HB-K 7E 1090 cm™ &b IR WEAr BB B A%, 150 B i A 1k 0 LU BT A,
X—UR 5K 2-1 1 XRF WAL RIS

114-K

b ;’ri-TB—Nﬂ
\ v/

Intensity (a.u.)

T T T T l(:}9|O
400 500 000 700 800 900 1000 1100 1200
Wavenumber (em™)

2-2 NEMELFIRY FT-IR &[E
Fig. 2-2 FT-IR spectra of the catalysts

3. -OH 45 X [ AL 2L 853 #

2-3 JE7R T AR IE 3800~3400 em™ i | A R B AE R BN L0 AP, I8 Xy
ARV ST 23 BT AT %0 3500-3600 em! 56 U I & T-ieEFe RR 3, G0 5 b0 B 28 R SR B A s
YR RET; 7T 3650 em! IR YSCU& U (K1 Bronsted FRALF2FEES); 3720 em™! Al 3744 cm
AL PR R WA 3 R T P S S A AN R T (A R DT, X PR A HB, R IR A
HB-Na. HB-K. HB-TEA 7E 3500-3600 cm™" [X 5k [ W UAC UG 56k J5 4] ¥ 35 BARARR, IR R B R 0
SR GRS AAT O B o 325 W 3720 em! ARMRISIE IR, Rk BLAL TR IS FORE fh 44T
B, EREND HB-F MR E VIR, B RS R N ik R e . iR e 5ii
JEE T4 I R A ot ) S TR A P i, s BB = R B BRBA A i %, X — IR,
TEATLBRAL AN B8 4% 5 2507 Biah A S N 3 B R B A, IS M A ot s 7 T Ak ) 225 W S5 P
FEZ N, AU AR NS 52 TR R R, 17 JRUAL B DA RE 35 218 52 P9 s 67 250
HHETEERI5T, SERRESEREER .
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3744 — Hp-F
: — HB-TEA
—— HB-Na

Absorbance {(a.u.)

T T T
3800 3700 3600 3500 3400
Wavenumber (cm™)

2-3 AREMEALFIRY -OH EEX A FT-IR (&
Fig. 2-3 FT-IR spectra of dehydrated catalysts in the -OH stretch region

4. SEM 7t

o)
G) Hp-Na: (C) 7

S B

2-4 REMEMLT IJE’J SEM El: (A) #n (B) HB -F; (D) ﬂ"l] (E) HB -TEA; (H) #0 (
(F) HB-K; (I) HP
Fig. 2-4 SEM images of the catalysts: (A) and (B) HB-F; (D) and (E) HB-TEA; (H) and (G) HB-Na; (C)
and (F) HB-K; (I) HB
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LA 2-4 FR A T BB R L, T R A 2 D R g SR
AR RURL I S, B RS 3 A —, PEIRIAZZI08 2.4umx 1.4pmx0.8pum. 3t — 25 M
R, A RE GRS R AR SRS, R BURS ELAS T3, Bl UKL eh Ak 22 8/
GUK AR () B REMR, HARXLEWHEALIEH 7+t mU . Bt
Z A4, WTLLLE R 2-4 C TR i HB-K SR RS TNk, FAdRE il 22 R 5 SRR HB
— IR RS

5. TEM % ¥t

& 2-5 FEMELFIA TEM El: (A) 1 (B) HB; (C) # (D) HB-Na
Fig. 2-5 TEM images of the catalysts: (A) and (B) Hp; (C) and (D) HB-Na
K 2-5 XFLE 1 JRARKE 5 S AL ITE TRAL FEAE S BB S AR AESS R . &I 2-5A. 2-5B
S R AR RE i i AR A R SEATAE Y 22 h MV R 25 M) 8 e Rl 5 T 2 R T T 22 2 T T ] 2-
5C. 2-5D fazR 1 HsALEE BRE S L AR T B XS I T R ER 2 ph B SR, SR B0 # T AL

B LG -
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6. No W st Bt 23 A

- 35 .
s 1B A B ——Hp
—— Hp-F " ; e
500 4——Hp-TEA v 10
2" Tt . —— Hp-TEA
"= 450 ~——HpK . _— HB'N&
g aZ.J H4 / HA-K
= 4 : 5 ] | = ﬁ_
5 0 TR =
2 y 204
2 i 220
5 350 /\ﬂ.—ﬁ’ v E
T T +40 w, i |
<300 Aot o L A S5 )
PHIR A g o ,
E 250 1 p bS5 WO e vl
= =0 i e E AR < 1.0 R 0.8
$ o0 S0t o b Ut S e SO0 SNV R 5
= T : , = LA A - = LA AN
> gf—‘ - O O A OO 03 R e e e +0.5,
150 4 %9”: O OC00G00000C-0-0-0mi— O S .
100 00d Ttroveanern 01
T T T T — T T T —— T

04 0.6 0.8 1o 10
Relative Pressure (P/P} Pore Diameter (nm)

2-6 TEMEWLTIRY (A) TIRM-RRHIFhZFn (B) BIH Loy fhihsk
Fig. 2-6 (A) N, adsorption-desorption isotherms and (B) BJH pore size distribution curves of the samples

0.0 0.2

® 22 TREMELFIAIE- L F 1R
Table 2-2 Physico-chemical properties of the catalysts

Catalysts Relative Si/All sB2ET° srgicd Vm;cd sezmc1 Vm;:
crystallinity® (%) ratio (m“/g) (m7/g) (cm’/g) (m7/g) (cm’/g)

Hp 100% 15.8 697 656 0.28 41 0.05

HB-F 99% 15.8 640 586 0.24 54 0.08

HB-TEA 95% 15.2 673 575 0.25 98 0.12

HB-Na 76% 10.9 695 322 0.14 373 0.21

HB-K 50% 10.0 658 210 0.09 447 0.35

2Value obained from XRD test. ®Value obained from XRF test. “Value evaluated using BET method. Value evaluated using t-plot
method. “Value determined by BJH method

ANTEIRRE ft 147 N PR -t B 5 ot 22 B A O LA LAR e A ] 2-6 Fos, 3% 2-2 JRIL T F
HIRE A AL . 7ERE 2-6A L, FEdh HB. HP-F A1 HB-TEA ¥ 2 HLH ML 1) 1 B4R R
28, of BLILALRRE o TEHLIRAL S 1O FF &, HB-Na. HB-K ERBAKIFIXT £ 77 P/Po>0.45
IR TV BIERE L, HEA I RE H3 W EIR, JEHAFLRER R0, 43 5l RE
F] 373 m*/g Fl 447 m?*/g, KPFEEZFWINILEEM . K 2-6 B [t BIH LR AR &t —2
7~ T HB-Na. HB-K A FEE RN FL, AL RDELELEPEL 4nm. Hr, B HB-K 1
N FLILZRIES] 0.35em’/g, ERFLEMNARE T 0.09 cm®/g, R UL RILEZE] TR K
FEEEMIBR, 5 XRD ML B —3.
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7. NH3-TPD

I NH;-TPDR T AL R PERFAEREAT 1 3RAE, W&l 2-7 Fos, A AR L 7E200°C
FN350°CH I 35 I AL R, 4390 VA I T b A i B SRR AL s 5 P - R A A, 45
GKRE, PAFEMERR R b EEARRE 8. 7ENH,-TPD ith £ g T R R S e Hh R
M K 23T LUE Y, AT 5 FE S SRR R AR T B, i DL — R I e X
AT KT RR M iR B 3 A 5 R 8 FEAAE — S IR T

5 - - -Hp
r’
I/'\‘\ =i 'HB-F
{7 - = -HB-TEA]
2 Y - - -HB-Na
- .
= W Hp-K
N' (L)
- \\\"w
= et
Bl R
= i ‘\\ﬂ\“\
E ! '\‘“\ e
; N
f “‘;?m‘,
: \\“"h.,:.,...-.‘:'tw *—n.a...
) |t e PAF RIS
.
= T & T T T
200 300 400 500 600

Tempreture (°C)
& 2-7 RNEMEMFTEY NH;-TPD Bk
Fig. 2-7 NH3-TPD curves of the prepared catalysts

# 2-3 H NH;-TPD B4R S EIMBR AL iR B
Table 2-3 Concentration of the acid sites derived from NH3-TPD curves

Acid concentration (umol/g)

Catalysts -
Weak Middle-strong Total

HpB 396 582 978
HB-F 404 551 955
HB-TEA 402 547 949
HpB-Na 467 531 998
HB-K 532 394 1063

2.3.1 fENHEEEMR

1. TIPB E4L 4 BETFAY

FEELLIE E PR S N A, PERE 1 AL FIAE 1.3.5- =7

23

HR S N AL T fE
MRAE I 2-8 A 1 HJHHE 7, HB-Na A1 HB-K EALFITE TIPB b (% 16 3 U5 T B WA T Heth



TR TR R AR

=TT (RP HB. HB-F A HB-TEA) , X W] fe/2& B TIE AL AR B 2, 70
(A S BEVE DR 0 VA AR, AT ZE (AL FRIR T S Z IR B T ALK . A LG H Y
SINEBGEMRT Ko+ TIPB TEMEAL T GIALIEE 15 52 BRI R &, 153 TIPB A% 5 8 =
PR T AL, BE T BE 25 5 5 A ER IR PERE PE AL s e, T B iy T BRI R 2

seAh, B 2-8 B 2 2-8 F 705l 230 1 ASFEIMEALFITE TIPB 8 S SO 7 i £ 4%
TERR N, HEE =Y R RR =M [E 5 744k (DIPBs) « RN (IPB) « &
(Bz) FPIM . AIXEEE R n] DL, FoP e A 7000 T S O 2R — S R OR (R e AR s, T
IR BRI R RIS R 2 5%. R4E HB-Na I HR-K #1703, |
H =ik LA 5L 3 5 10 HB A S A — 5

EAERNZ, BANLEMTHEIT (W HB-Na #1 HB-K) ) TIPB LR B & T
DAL AR E IRE o 3X — 45 S — DR T A FLAE MITE R K 2 1 RS B R o
RS AL SR AR GRS T EEEA. e, AR LUK PR AL %
WAL OB IE, IR REAE S NI TE 2R S HENMEAERI N E,  SRRMEVE AL SUREAE R, T
HITHEACIERE .

—u—HB

——Hp-F

A
604 . ——HpB-TEA
=0 MB-NB 80

@ DIPBS mm [PB == Bz = C.II, = Others

Conversion (wt %)

[
(=]
1

T T T T T T T T T T
2 - 04
40 80 120 160 200 240 280 320 360 400 40 80 120 160 200 240 280 320 360 400
Time on stream (min) Time on stream (min)
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m DIPBS = [PB = Bz wmm C.JI, == Others m DIPBS = [PB == Bz mm (I, = Others

100

100 4

804 §0 4
z Ty
& ES

60 =60
E 2
g g

> =
540 404
= 2

Q9
7 %

20 20

0- - 0- -

40 80 120 160 200 240 280 320 360 400 40 80 120 160 200 240 280 320 360 400
Time on stream (min) Time on stream (min)

. DIPBS == [PB t= Bz = CJI == Others o DIPBS == [PB t= Bz = C.JI, == Others
804 §0 4
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& ES
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E 2
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> =
540 404
= 2
Q9
7 %
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2-8 TEESUREERR MR EECEAE TIPB RELER: (A) TIPB R LR R M EE R ;
(B)HB. (C)HPB-F. (D)HP-TEA. (E)HP-NaF (F) HP-K XfF=# Ak 5 14
Fig. 2-8 Catalytic cracking of TIPB in a continuous flow fixed bed reactor: (A) TIPB conversion over
reaction time; (B) Product selectivity of HB, (C) HB-F, (D) HB-TEA, (E) HB-Na, and (F) HB-K

2. TG 7 #T

IS RE ST (TGA) RN AT RUR 8 AT 20T, KT 2 BALG R FURAT
NI, S5 RN 2-9 fion. fEUN 400 min J5, B 2 HALE5 I HB-Na #4471 S AR
R, HILABUR B S RALE HB AL 2. SR T 7E S EF TR 400 min i, HB-Na
AT (e A 5 B 2 v T AR AL 7, R B TEHLARAL B 1 A A 77 B S s IR AR R
RIEREST, HAILEEZRAL T P h s AR, A 1A TR BT R R ok
AE, AR e .
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85 1—— Hp-F
——Hp-TEA ~  ~ " 77777 R
——HpFENE @2 HeaEEss '

80 L .‘Hﬁ'K, : : : ‘ :

200 400 600 800
Temperature (°C)

E2-9 T EHAENTR R400 minfE YA E L

Fig. 2-9 Thermogravimetric curves of different zeolite catalysts after 400 min reaction
2.4 KENE

FEARTHI, PMEGIL B Wb Jydkait, #E— DA AL A S A I
XEBEATJE AL EE, PR [F) AR 00 b A B e 67 PR U 42 B0 R B R P RE AR o SR 45
SRR, 5 TE A LA B AN BE 08 0 25 s D BRI A7, 38K A A2 1 B 78 73 1 W] HLAE
o SR TP SN T FLAGH, TR ) 2 SR ALES K 70 0, £ TIPB fEALRE TR
DL B R B R S, TIPB IRIAGFE 20N 63.8%, e At B S LA 1) 2.8 5. %77
EBEE L T &SI IUEEGR] . OB 1 5 BAC B R A S5 Y 1), Dyt —ob
A5k 53 B0 PR O LB ik Bl A g e S B 3 17 0 ) Rt
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F=F BAEHEERZRIL ZSM-5 HA—REMIEANFLS
[ 571

3.1 51§

B EN— R EZ AL 2 ALARE, Fe i LR PR AL A G A Rs A FLIB 454 #E )
A AL T i I REAG TR AR AA BB BRI T- 20, SR, JHC 7 AP o
SR H AL AR B BRI AR, 4 AR AR SR T RO S 22T, A
R AR, EF AT AR BEAR A A R BOR H T TR E R, Ho,
Fey 5 22 AL AT N R AR X — MR ) B R g AR 2 — e Lo — R
ARPeE AR DR B A LA R I R, R BA ST T A SLAN/BCR FLAE AT, AR 3 19 K
& R REAE LA R 7 HEAL AL Pl R I i P . v A e A e 1RO

24Nk, M2 R AR E 8 B TR A B R PSR, R
W% BOBBGE M D RERARGE & T B B R TR SEeES, T E N s R A
5 PR A B BT A R AP Jrh, AL PR R VA DR BAT A I B . R A T A AN B A M A4S
PR, BN i B R S Ayl 100 B B, 17 R R R T SERR T
b AU O, PR, RS RSN A SRS 1z ST, SR, BL NaOH /K R
N BEHGA R AL G REIRAT A — ™ B GREE AL RACR A BRI A B 2R 0 LU IR S 25 5
04, W AN EAR EAE 25 2 50 Z (a2 TR AL AL B S5 # i die o 1V I T, 234
ot i, AR S R AT R, BRI B AR O RS LA
FLUOOT; i AR EE BRI, A AR OS2 B BR M, ME LU % AU AL BER AT & S A AL 2 4
FLi A1, X —BLR S B E DI OGN, 7 NaOH ¥, i 4 HLE ALO4™ U T 4
REFHAT Si-O-Al S /KA T Si-O-Si S TCAH B AFAERT B WO, R, B340
R B RCR B g PR T,

NGRS A G AR BB ], 2B AR T 2R QR sk, i, iR b
YRR A I D e R B B B 1 AL(OH) 55 "AMBEARGR] ", KRB Al BE & FVE Y e 22 v
EEAREL (25 BTN Ml > 1, X ARSI 1 AR A B NS, A2l AR TR
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PR L LA AR R B 82T i 5000 SR, H BSR4 K 21 e
o b (R EE<20) o BIHATNIE, $RIERIE— A RO SR RS A EE, kiR
-k R - > AL BETO0) o 125 T N 5 SN AR ER AL B, R i A reE A LU SR T A
LRI TR BV B, SR 5 AT BRAL B A IR IR i T 2 RALEE Y, {BAE
S b N b 32 SRR IR, RO N 1 e fE 2, iy oo T s i 2
FER . BeAh, ol g w0 2 LA I AR AL R & B SLABAR S YO, [l
ARF AR o DRIE,  TFRH ) e 40 22 2 AL ish A i 4 S HLoAT L2

A w S AL B T Z T B 9% TS S0 2 HAL ZSM-5 A R E IR N BRI E AN
UG A R 1 ALE R AR, Seid 1 BB A 2R E A PR . 125 e = i
PR & 53 Ml ARF IR (8R4, e B ORBE 1 W BRAL BRI 3. 9o TR = I fL4S
il %5 1 & B2 JFL ZSM-5 B 1E K 7 1840 B N R B H L 7 AL R e

3.2.1 MAISER

R 3-1 A FAE A4l Sl AT R

Table 3-1 Chemical reagents and raw materials used in this chapter

ey i i [
A 99.99% F ik (Macklin)
ISR T2 e 98 % F vk (Macklin)
FEVA I 30 % WL TA R A A
1E 2k 97 % F AR (Macklin)

A FE AR ) HAd ) 5 ERHA] 2.2.1
3.2.2 E%A ZSM-5 A ARG &

B ZSM-5 oA RIS AR S K BVE G R HERARCN: Na:O : SiO: @ ALO:s :
TPABr: H:O0=x:31.9:1.0:3.3:709.1 (i x=0.7-3.0) . HAESELITRN: HIHHK 0.88
g SAMAR. 035-1.4 ¢ AR 5.0 g DO ZEBALE BT 42 mL 258 7K. 7EFRREE
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PR, 21200 30 mL FEIEIR, FERIZUEHE 2 h, BEJEHIR G R 2 5 O
EH, T 180°C HAE I T4t 48 ho PMIAL I IE. Wik, T 60°C TR, it
550°C S H MRS 6 h ERREHGH . At miric v ARZm, EARU1TT: ARZO. ARZIL.
ARZ2. ARZ3. ARZ4 7l 7 0.35g. 0.5g. 0.8g. 0.96g. 1.4 gNaOH &k 1IFE
ftre NHZURE S (1) 24 28 I 7E 1.0 M NHALC I, 60°C /KN FE T8 =k, BIRAS
#e2h, H BURE S NHa BURE 22 550°C #ike 4 h 3745

3.2.3 F48 ZSM-5 A HIE A IR

K ARZ3 B S BHA A, Gl H AR iR BV B % & 55 2 AL ZSM-5 B . Hk
EEVEB IR IR . K 0.2 M NaOH B RAE K IBER TN E 65°C J&, #%MBHEWR L 1:30 (g/mL)
TN NHBUFES, A 65°CNHRAL R — @ IS IA], RpAb P 5 ) VRO d UK v ) A 2% 1k
SRR, BEJEEIE. Yedk. TGS R EA Y. B 5 0 ARZ3-t (t FRALBER (],
fir: min) 141 ARZ3-30 F/RHRALFE 30 min (IFEA . X HESEES DLFE i ARZL N BHA, 7EAH
A 264 FARALEE 30 min, BT3P 4N ARZ1-30. B H BURE S35 134 4 22 e
W e AR ) 5 19 3

3.2.4 RIEFE

1. A B XRD-6100 AT4M% (Cu Ko #E5T, Ni 3€%) , TAEHEE 40 kv, HHR 30
mA. PLEHA ZSM-5 i NS, @il 7.9°0 8.7°. 23.0°. 23.6°. 23.8°. 24.3°4bIE5HF it
B RE T 4 B

2. 183 A& 5 AVANCE III 400 MHz #4773 711 £’ Al MAS NMR 52Si MAS NMR,
J& # TR S R 4R SYAL R, BRI S, AL T-115 ppm A1-112 ppm [ ANEXT B
T Si(0ADAL £ o £57T-108 ppm H1-96 ppm U&7 il % BT Si(1AD A Si2ADAL £ - B 42 Si/Al
et 250 Si/AL= (To + 1 + 1)/(0.251 +0.51) tH5EA2], HH In (n=0,1,2)%f KT Si(nAl)
L RIS

3. 2Si {'H} 22 XA AL (CP)MAS NMR SE437E Bruker AVANCE NEO 400M Y643 347,
REF N 4mm H128922_0008 24 . RERSLIG KR 2.5 us, TEIFIEIRA 3's, BEHHZEN 10
kHz.
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4. fE B DTG-60H 1 & FX} TIPB ARG BT AT b B fE R & Sk AT 1 AR
G3He MR R E A 30 °C ~ 800 °C, IN#uE AN 10 °C /min. FEIRE & (mg/geat) 1T
7 1EAE 800 °C B (15K A% i FE ok LAANEE 1 28 | 350 ~ 800 °C Z [A] [\ i 4 ok . ~FHRUIR
58 SUNBRALIFAL S N0 B AR R &, THELA IR : SFIBURF=Ct/(21.6 X Xa), H
H1 21.6 ¥ 400 min N7FEA TIPB AT & (g), Ct RREREE, Xa RN &RE AT
A

HAth RAE T VAR 28 — % 2.2.3 ik

3.2.5 1,3,5-= AR BTN

K 5 R S L g0t 1,3,5-= 5 A A IE Dbt dbAT AL 24k, DLYRAY Bkl 46 10 & 48
ZSM-5 4 Fim M ERE . 1,3,5-= S N AR MR B AR AP IR 2 — % 2.2.4 15 P mik iy
W2, AFEFEX BRI E N 400°C, 75 EREAIHR H S, AT IERATE 0K
WX — MR, T R R e A A TR B AR R, BT AR
N: o (Xi-Xe) /Xix 100%, Hr Xi ACRHIIa LR (HIFE N ITUG 40 min I HIRALE)
Xe NMAARIFACER (RS M FEAT 2 400 min I FJFEALE).

ST IE Qe AL, RVIEE R 550°C, FiEasiE (WHSV) N 14.5. RN ERES
FHEEEAY 2 (RSB INFAE] 200°C LA o BF=H)R - AE 2L Agilent GC6890 “SAH B,
PC#% HP-Plot-Q T4 E A AL KO L B Rl 25

3.3 ZFR51

3.3.1 B8 ZSM-5 AR R A RTRIE S

1. XRD 447

TEEHE ZSM-5 WA BRI & il v, 8 I AT WA ERER 1 NaOH VA & Xt & il
R LE NI, A XRD B AT IR H, 2 NaOH iR Nl @i, & 879 ARZ4
Hi2x 242 MOR BUE A28 i (TR &3k FTzR) . AHEEZ R, iR NaOH s i & ) 2 53
ZSM-5 W A ES AN SE A, PR ARZO HAFAERR /> TosE AR -
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'

t i ARZ4
= M . ‘l‘b\ o ARZ3
A
=y
o
g ARZ?2
=

ARZ]
J i 'i
1] i
/U i bt TR A ARED
— ;..i.‘.”.mnf_..»,,- f - e «1 = - e .alr.,,‘.u.,:_ﬂ‘.ﬁ.
5 10 5 20 25 30 35

2 Theta (Degree)

3-1 E%a ZSM-5 #A AR XRD
Fig. 3-1 XRD patterns of the parent Al-rich ZSM-5 zeolite

2. FT-IR 7 #7
K] 3-2 A7~ FT-IR 3% F I T ZSM-5 3540 [ B RV R S A 41l . 7 547cm™ &b, BT

KINIRBNE S 7705 B T IRSI A 5 795 em™ BT &I JE T TOs (T AR Si 5L Al)
HIXS FRAR GRS, 1096 cm! BiFAE BFRBNIE IR B Si-O Bl Al-O S Fr2s whiks), &Kl
(I IAERA T BT 45 Y ZSM-5 45 Ky i s R 18],

Intensity (a.u.)

T T T T
400 600 800 1000 1200 1400
Wavenumber (cm™)

3-2 Eta ZSM-5 H A SHAR E B TR SR
Fig. 3-2 FT-IR spectra of the parent Al-rich ZSM-5 zeolites

3. SEM 43 #t
GEAK 31 K/ 32 RN, RETE NaOH & B o (0 FE N 30T kil 4%t o 4 o
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ZSM-5 Wi A7, ABXS T ANA NaOH U n&E N, Fril & fORE dh TR U IE AR B 25 22 7 . Il 3-
3 FR, FEGh ARZD 230 BRI ACIRIES, HORSF RN 7 pm < 7 pm < 4 pm
(1 3-3A 1 3-3B) , Jf HAERUKLR [ AT AR5 3] —Le3L 4 f ik (18] 3-3C) o % NaOH ¥
IR, XA AR AR . K, FESh ARZ2 I ARZ3 B0RE S 30 H SRR SR AR
S, HRMOARERERE R E I (K 3-3D 5 3-31) . Fiih ARZ2 RIUN RS
REE, A2 ARZ3 s, A OSBRI/ i oK B 9K IR A 1 B AT R (&
3-3H #| 3-31) »

— - T

Kl 3-3 ‘B0 ZSM-5 i BHA Bl L T R R R . (A),(B)FI(C) ARZI; (D),(E)HI(F)ARZ2;
(G),(H)H1(I) ARZ3

Fig. 3-3 SEM images of the parent Al-rich ZSM-5 zeolites: (A), (B) and (C) ARZ1; (D), (E) and (F)
ARZ2; (G), (H) and (I) ARZ3

4. TEM 4347

Kl 3-4 kel ARZ3 ) TEM B, 8 WEERT A, B SRR R R R TE SRS 2 1 —
AR, G5 RN, ZRRL K EAPOK AR, EH TR B RS0, 380k
NI FLEE R TR
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3-4 #fm ARZ3 BB ST IEEIR
Fig. 3-4 TEM images of the sample ARZ3

5. No WS Bff- i o 3 A

K No MR- it B IR — 2B 5 T T U B ZSM-5 WA I FLER S5 F R AE . 18] 3-5
A R, FEAh ARZL 23ISR 1 BERL, BRAMIMEBHIRAEN L, IR ARZ2 H
ARZ3 H 5 B S5R S I A7 AR (R 3A, (B AR FEAR LA o bk, FE A e D X | (P/Po >
0.1) MIZRLRFBMWHANEE, RH ARZ2 Al ARZ3 FEMRUAMALE A E, AFL
ZER A BRI, K] 3.5 B 1) BIH FLR A0 M2kt — P8R T = AR I FL35 v] 28
Ait. HERRZ, B 3-5 C B NLDFT fLA2 70 A5 it 4 a] LWL B 5 ARZ2 1 ARZ3 17
FE—AEB R L. Lenm AHOIIFLAR M, TIXFIFLAR 7370 2 B A b A R SR A AL s 51
1. 2 3-2 HlE BoR, WIREER H NaOH 7 & 3 A 5 80 A0 7= P O B F LA 1 52 Ak
WES, /AURFIERS AT B, EERTT S, =AM A FLARFES T 0 A B . Horbie il ARZ3
AR (Sext) WA HEAN, S2YAPE T HCAR B2 AE R PR RURL 2 I R TR SRARFAE. (Al 3-31 FHE]

3-4 F7R) o

o] T ARZL A o B . C —— ARZI
—C=—ARZ2 —o—ARZ2 =
——ARZ3 074 Bl ol /N —— ARZ2

= Lo ——ARZ3
e et e il i o YO
Ea0 il LT i i b = /
& ALl OCr = e 0.5 2034
szu—.— E 0. — K.
oo} sopsensesioant| PO % AN\
< O X RRARRR = =
22004 ok e e e = 0.25 = /
g’ eaat = OOy A > e
= = G T -1 2
£, £ _ Y
- i e I anaen a
1208
1:; OO OO RO MDA 0.14
e *00A S, S S S St ot Sy
&07: ; - - 00 2P000060.00m “_ e e v . 000t ot R i
02 08 1.0 3
Rela n Pressure (l’fP) ]: ¢ Diameter (nm) Pore Diameter r (nm)

E3-5 ERZSM-5HAIERA) RIRM-BMF R, (B) BIHFLE 2 &FIRERX P/P, <
0.1){SZAMINLDFTLZ S sk
Fig. 3-5 N> adsorption-desorption isotherms (A) and BJH pore size distribution curves (B) and NLDFT pore
size distribution curves obtained at the low pressure region (P/Po < 0.1) (C) of the parent Al-rich ZSM-5
zeolites
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% 3-2 218 ZSM-5 H AR YIE- L F MR

Table 3-2 Physico-chemical properties of the parent Al-rich ZSM-5 zeolites
Catalysts Si/Al Si/Al SBETC Vmicd Smicd Sextd \]mese
Y ratio® ratio® (m?*/g) (cm’/g) (m?*/g) (m%/g) (cm’/g)

ARZI 13.7 15.3 386 0.15 366 20 0.04

ARZ2 14.0 - 372 0.14 318 54 0.09

ARZ3 14.2 16.1 381 0.13 312 69 0.09
2Value obained from XRF test. "Value calculated from 2°Si MAS NMR analysis. “Value evaluated using BET method. YValue
evaluated using t-plot method. “Value determined by BJH method

6. XRF }2 2Si MAS NMR 43 #t

2% 3-2 Y XRF MR, =Fh ZSM-5 ¥4 B4R AH Si/Al b4 T 8RR, HEUE

AEE A, ¥ 14.0 A4 . B E 3-6 13 3-3 1] 2°Si MAS NMR 434 45 5B i — 5wl ]

M1, FESh ARZL T ARZ3 YN E AR ZSM-5 WA, HoE 48 Si/AL 45 15.3 i 16.1.

A A B N
fa) {1
i /i
j‘i | &'
i / ‘!
/ | 1] f | 1]
[ e i
'.f Pl /| SR\
i ¥ |
| \‘ ﬁ’ S
i i i \
f i\ - A
/ : w\ ,,l '; 3 \\
J . : /- ,"‘»“_—._
&ﬁ"ﬁj-‘ __—‘.‘;:‘-"h"_-‘_‘_-..-.._*ﬁ-.—-. L /—)’-’:"" ——"‘A‘-.—..:—_‘.:.‘
-130 —II2() —III() —Ill)(] -90 -130 rIIQ(i flll(] 71:1[] -90
8 (ppm) & (ppm)
3-6 E%A ZSM-5 A R{RR 2°Si MAS NMR it (A) ARZ1; (B) ARZ3
Fig. 3-6 2°Si MAS NMR spectra of the parent Al-rich ZSM-5 zeolites: (A) ARZ1; (B) ARZ3
% 3-3 H 2Si MAS NMR i&ETHE 15 H A0UE52 &t 51
Table 3-3 Proportion of peak intensity derived from 2?Si MAS NMR spectra
Proportion of peak intensity (%)
Samples
=115 ppm —112 ppm —108 ppm —102 ppm —96 ppm
ARZI 20.8 51.5 25.0 2.4 0.3
ARZ3 254 48.1 20.6 4.3 1.6
7. WA kAL B

KRS AN E R AR ST &4 ZSM-5 WA BRI B & BT RAE ((OH 4R
FIXOGHE WA 3-7TA) o Hr 3744 cm R 3725 cm Ak AR ARG S ) A JE T AN R S R e
PRI AR LB, 3664 cm BT (04 AT T A T 58 B AN Bl AR B 42

P SRR B AT I R e A
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A8, 1] 3500-3600 cm i [ A I RFAE I IR E AR AL 8, 5 A A A (R TR R B 25 A
KB 3-7A R, FE 5 ARZ2 Fl ARZ3 7F 3500-3600 e [X_[] {1 U558 i 2 3 /= T+ ARZI,
R EGH LG BHA@IE, Fd ARZ2 fil ARZ3 7E 3664 cm 4 g5 i B 5. 3
SR, FEAH A S R B MBS AR RIS IA AL . ST, & 3-7B H I AL MAS
NMR i B BoR = FRE L B 28 4Ma & 8 0F o i 3 22 ). [R5 3-2 #dE oR, ARZI #
S SR SR SUAL LLIZEE SRS ARZ3 AT, #E—2D OB T P 1B A M & AT
Ho ZLEHTEIAL B ARZ2 M1 ARZ3 MECT ARZL & H HF 8 B fahn. teahan &
3-7C Fizni 2Si{'H} CP-MAS NMR i [, tHRAFES ARZ3 SH B Z WG, 72TF-103
ppm F1-92 ppm ALHIME 5435 5 HEE Si(OH)(OSi); Al Si(OH)(OSi), Ak, AR, FEfh
ARZ3 It ARZ1 2IH T BIXHMES, WHESHAEELM S, TSR, &
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Fig. 3-7 In-situ IR spectra in the OH-stretch region (A) and >’A1 MAS NMR spectra (B) and 2°Si{'H} CP-
MAS NMR spectra of the parent Al-rich ZSM-5 zeolites
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Fig. 3-8 XRD patterns of the Al-rich ZSM-5 zeolites after alkali treatment

2. SEM 3 #t
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30; (E) # (F) ARZ3-120

Fig. 3-9 SEM images of the Al-rich ZSM-5 zeolites after alkali treatment: (A) and (B) ARZ1-30; (C) and (D)
ARZ3-30; (E) and (F) ARZ3-120
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Fig. 3-10 N adsorption-desorption isotherms (A) . (D)and BJH pore size distribution curves (B)\ (E) of
samples ARZ3-t « ARZ1-30. ARZ2-30 and (C) correlation of mesoporous characteristics to alkaline
treatment time of ARZ3-t

R34 WABENERZSM-5HANYIE-LEMER
Table 3-4 Physico-chemical properties of the Al-rich ZSM-5 zeolites after alkali treatment

. 1 : b . C . c c d
Catalysts vield ) crysii?rﬁtvf (%) rti (?IIIBZE/;) (c\r/IT;;g) (rsr;gl/cg) (3627g) ((?/rgl;;g)
ARZI-30 802 97.6 126 394 015 353 41 0.06
ARZ2-30 732 918 121 395 010 244 151 026
ARZ3-15 - 98.9 1.8 405 012 272 133 017
ARZ3-30 707 93.8 117 407 010 226 181 026
ARZ3-60 - 92.5 100 404 010 223 181 031
ARZ3-120 65.6 86.1 94 404 010 229 175 033
ARZ3-180 62.3 83.0 93 387 010 227 160 031

2Value obained from XRF test. "Value evaluated using BET method. “Value evaluated using t-plot method. 4Value determined by
BJH method

4. TEM 434
B 3-11 /) TEM FEUEHAESE T FEfh ARZ3-t N3 AR K EM BIEE AN LN, IF5
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AR RIAIE . ARIE SRR, XM FLEE KPR 2 BB TR T HR U

3-11 #& ARZ3-30 BY TEM Elf&
Fig. 3-11 TEM images of the sample ARZ3-30

5. XRF }% 2Si MAS NMR 43 #t

— S, ... S—

-130 -0 1o 100 90 130 120 110 100 90
& (ppm) & (ppm)
3-12 B8 ZSM-5 D FIFERHAIEFAY 2°Si MAS NMR iEE: (A) ARZ3-30; (B) ARZ3-120
Fig. 3-12 2°Si MAS NMR spectra of the Al-rich ZSM-5 zeolites after alkali treatment: (A) ARZ3-30; (B)
ARZ3-120

# 3-5 ARZ3-30 1 ARZ3-120 # °Si MAS NMR 15158 & LL 151
Table 3-5 Proportion of peak intensity derived from 2Si MAS NMR spectra of ARZ3-30 and ARZ3-120
Proportion of peak intensity (%)

Samples
=115ppm —112ppm  —108 ppm  —102 ppm —96 ppm
ARZ3-30 22.46 46.43 30.65 0.37 0.09
ARZ3-120 18.54 42.33 38.44 0.66 0.03

% 3-4 h XRF 45 2L, A HE GRS REAR EL A BHAAH LA BT BRAG,  H S ARZ3-t
ZRAVEES,, HREAR LT T ORI E A ZSM-5 354 B AR EEAR LL 4, &) 3-12 FI3E 3-5 [
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295 MAS NMR iR &5 it — 0 R0, Bl AL PR 5 1Y) ARZ3-t #2850 B B K8 22 Si/AL B,
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6. 27Al MAS NMR 4} #

K] 3-13 [f17Al MAS NMR i RoR, BRALIE S ARZ3-t 5 i 22 4ME & & s TR
UEFE i ARZ3. U1 Verboekend S5 FTiA, IX P RES HHAL FIIL 2 HH O B & 45 TE f I v A K
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Fig. 3-13 2?A1 MAS NMR spectra of the samples ARZ3-30 and ARZ3-120. The spectrum of the parent sample
ARZ3 (dotted line) is superimposed for comparison

7. SR LL AN A

N T PR FU AR LS FLAERZ B SC &, K R AL L0461 0 A 1
ARZ3-t ZHIFE G HH-OH ZLH A4k, Wl 3-14 fios, BRACEEJS IRE T AE 3744 cm AL (10
SR E ISR, RV ERERE (=Si-OH) BE MR, X—IRE Ny W F- 5 b
AR ARZ3-t SMRIIBUR E RIS R — 2, IF HizlgsmZ s 5% 3-3 ik
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TRl A B AT T R 25 [ ARZ3 BE S B AR BRI SRR . & 3-7C 1 2Si{'H} CP-MAS NMR i
R, FRALE S EORE L ARZ3 1 Si BRIE & = SR T . Svelle I FUIR I, WA dik
R BT STEBR YA T A 25 S0 i AR, F BLLP A4 SI/AL Fifsgm . R, St
BEHEN E S A (W0 ARZ3) , A AL B A 3 B R R A S R R T B B
b, AT EE . TER UL IES % E 2 LA AL R, BT ARZ3 R HBhE R
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ARZ3-30; (c) ARZ3-120. EZ&RFTFEIAMER ARZ3
Fig. 3-14 In-situ IR spectra in the OH-stretch region of the Al-rich ZSM-5 zeolites after alkali treatment: (a)
ARZ3-15; (b) ARZ3-30; (c) ARZ3-120. Dotted line represents the parent sample ARZ3

8. NH3-TPD 4
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Fig. 3-15 NH;3-TPD curves of the different Al-rich ZSM-5 zeolite catalysts

T
200

# 3-6 B4 NH3-TPD B4k 1S5 BIMIBR L =K E
Table 3-6 Concentration of the acid sites derived from NH3-TPD curves
Acid concentration (umol/g)

Catalysts
Weak Middle-strong Total
ARZ1 122 270 392
ARZ3 175 219 384
ARZ1-30 130 276 406
ARZ3-15 239 197 436
ARZ3-30 256 199 455
ARZ3-60 283 189 472
ARZ3-120 300 190 490

333 BRZEFL ZSM-5 B AKNEIERER

1. IE CbeR AR TERE P

IEC e AR (B S10) BoR, BRALEE S ) ARZ3-t #F R EALTE TR T BHA ARZ3
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Fig. 3-16 Conversion of n-hexane versus time on stream over different Al-rich ZSM-5 zeolite catalysts.
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Fig. 3-17 Results of TIPB cracking reaction over different Al-rich ZSM-5 zeolite catalysts: (A) TIPB
conversion versus time on stream; (B) correlation of initial conversion to middle-strong acid concentration; (C)
correlation of initial conversion to total acid concentration; (D) correlation of initial conversion to external
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Fig. 3-18 Product selectivities versus time on stream over different Al-rich ZSM-5 zeolite catalysts: (A) ARZ1;
(B) ARZ3; (C) ARZ1-30; (D) ARZ3-15; (E) ARZ3-30; (F) ARZ3-60; (G) ARZ3-120
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Fig. 3-19 (A) Thermogravimetric curve, (B) coke content and (C) average coke deposition yields after 400min
reaction with different Al-rich ZSM-5 zeolite catalysts
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JRALHE— 0 4h S AN A0 45 S PRI, S A SR AL AE B A H O TiAb B, R AR
K LT P A3 1381,

PRI, A& R AR GE K G BROTVE, TEB BB WA IR 4 2 P N | ST Tl 45 1
BRI E R ZSM-5 A, bl ZSM-5@B AT . R E SR ZSM-5 A
(ISR B AL AE R L I h 2 VAR IR e I, AR TR I . BRI PR RR S 1 B WA AR K R

)

Jiii 45 P AR B A L SR 7 10 PR R 3k e A5 A, BCE R fR T 2R T

=
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Bl AT RO 1 A G5 i 4% B 5 1 i I i el LS, IXMIRF I R A 4h
FICEMEAL MR 7 I e B 1 LUAR SEN LR &0 S RN I, B35 3T 1 AL RCR.

42.1 W5 ER

*® 4-1 AETEARNUFXFIFRR

Table 4-1 Chemical reagents and raw materials used in this chapter

ZFR oE "%
JUKA RS 99% F AR (Macklin)
A AT 99.8% ) Tk B A PR 2 ]

A 2 A5 g ) HoAt 55 5 ERHA] 2.2.1
422 tEmEIE

R 1. WYEEERALECA 3.5810,2: ITEAOH: 66.6H20, FREL 10.91 g <AH Si02 & T 30
mL U 2 A A AL S 40 mL KPR AR, BIZERE 1 h.

VTR 2: MR EE R8N xALOs: 1NaxO: 5.3TEAOH (x=0.36 1 0.49) , 4> HIFREL 1.14
g 5% 1.53 g AI(NO3)3-9H20 1 0.35 ¢ NaOH & T34 12.8 mL 1Y 2 A AR B
H,

RV 2 TR VEIEIS, IINENVER |, 4REERIZUHE 2 h J53EN 100 mL HAEE
JIRRZEN, TE 140°CF &b 6 Ko K3 B E A =08 2857 KId I, Bk, 7E 60°C
TP ARIERIERINE AR, &5 SRS Al 4 Bl B2.

BeAh, EEBAREISIERE N R Bl AR YILE A& B ST I 12.8 ¢
NHs 7 ARZ1. ARZ3 #E&h, RIZIEEE 30 min JEHERE A4S RN E, 140°C K51k 6
Ko KR HIRE Sl dr 49 SZ@pl. RZ@Bl.

FEdh SZ. RZ Wil Wiprik 3.2.2 AR, FRFTE R AL,
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423 FHERmFTAE

FI FH Hitachi S4800 14 L7~ S o83 X A6 i PR FE S AT SURE R ST B AT 3RAE, XA B E I L
EFEN SkV, HRZERRTE 10 pA.
HAh FRAE 5 [F 5 2 2.2.3 FRTiR

42.4 HELIEN

KM 1,3,5- =57 A2 (TIPB) HEAL R S SR PP i il 45 (10 5245 T A AL TR R A4 1
o PRIEDIREAE 3.2.4 W TRIIN A .

an)>
[ayay

43 R 5178

431 ELFIBNERSIHEIE

1. XRD 7 H7

4-1 N4 TR XRD &1, @ tbE 1 Al B2 FEM AT XRD 2K, HARLLT 20 =
7.5°.22.5°4b A7 HE BEA AHIAFAERTHT UG, TE BT Ih & i B 200, (HER & I 58 SR
FESh Bl W45 @ RAME T B2, UEEASEVRUSINE MR T B A M ik A KA E BT
SN, SEA RN, FE BL A BORER o 43 il Vs i 2 T BB AN SR TIRLRS (1 & 45 ZSM-5 41
fii)J5, RZ@P1 FE50H XRD BT RN S B HJE T 20= 7.9°. 8.7°. 23.0°. 23.6°. 23.8°.
24.3°11) ZSM-5 FRAEATHSIE LA, B HURFIERT SN IE (B &k PTeR) « M, FEih SZ@B1 Y
XRD % B IR MR B HIAEAE, 3R 2L SLAL Y ZSM-5 (MRFERT ST 06 . Ui BTE
PR b, B S AL E B ZSM-5 73 Tt AE B A B AR K R W] RE SR AL 1R AR A
U231, g o, @b RZ A1 B2 5@ HUIR & 5 13 2R i RZ+B2 (ISR 5 52 & A RZ@P1
HI—3, MIHIE B &0 Tt ZSM-5:3=9: 11 HIELHI.
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4-1 NEMEWFRY XRD &
Fig. 4-1 XRD pattern of the catalysts

Lh
=

2. FT-IR 43 #7

Kl 4-2 foR A FFE ) FT-IR 351, Mrbra) DA SR 3] — L0 1 25 i RpfiE g . HARR
i, AT 520 em™ A1 569 em™ AL FIIRBNIGEN B 40 RO A RHIESR B, 1T 550 cm™! b
HIRFIEIE Dy ZSM-5 43 10t h X Lo S M AR Bt 34 AR v A el %, B 2310 A
ZSM-5 73 F i[RI AFAE T Tl & 2 520 1ok, X5 XRD 858 —. ML, 7El
WORE RSB, IR MBI PR A R ER S0, SR WIHUMOR & JF AR SE M &
A GG

Intensity (a.u.)

400 I G(I)U I 8(30 I ]()IUO I 1200
Wavenumber (cm™)
4-2 NEMEALFIEY FT-IR 15[
Fig. 4-2 FT-IR spectra of the catalysts
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3. SEM /3 #r

I o A [ AR BB A0 AT, T AR ILAE A GG i i AN [R) (R BRI, X B
ARG ERENZR . BEXTHE 4-3A, 4-3B F1E 4-3C. 43D MERDL, £ Bl
ZEm I RART B2, HE MBS T AR, HEH v —RI M. &kt g0
ST L, R R THI PG V2 /NGB TR S5 RHI, RE S B2 1 5 B0 HH AH X B RE (1 sk T
S, ORI RIS T HL Ay B RAF,  FLARARIUR K /N S 500 nm,  ZTESURFIE S XRD i
K s Rm S, AR 4-3E 3 431 o4 al &0, FES RZ@B1 IR EZHT
TN B AR, TiX T SZ@PB1 FEAR IR EARBERB] — Lt B, (HH
B A S B RF A B b A I TC e TEAH - 25 6 R 85 S m] b — 25 0 W 3R [ KRS 1Y) & 45 ZSM-
5WAAE B RIAKIERE PRI AR . R, O B BB I BRI AE T Y BEGL. tAh,
REAUBRIE 5 1 RZAP2 X AR i A B B WA RSN AE ZSM-5 Wb BRI, [AIEIE]
TR RZ@P1 v ZSM-5 BiA AL B b i) — M54

ELM

(A) #0 (B) B1; (C) # (D) B2; (E) A1 (F)RZ; (G) # (H) RZ@P1;
(D) # (J) RZ+P2; (K) # (L) SZ@pP1
Fig. 4-3 SEM images of the catalysts: (A) and (B) B1; (C) and (D) B2; (E) and (F) RZ; (G) and (H)
RZ@pB1; (I) and (J)RZ+P2; (K) and (L)SZ@P1

4-3 NEMELFIRY SEM E:
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4. No W Bf- e B 23 A
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4-4 TEMEWLTIRY (A) TIRM-RRFIFRZFn (B) BIH FLIZ sk
Fig. 4-4 (A) N, adsorption-desorption isotherms and (B) BJH pore size distribution curves of the samples

R 42 PEMELFIYER- LM R
Table 4-2 Physico-chemical properties of the catalysts

Catalysts S/Al sngb Siic” Vinie Sext vmfsd
Ratio® (m~/g) (m~/g) (cm’/g) (m~/g) (cm’/g)

B2 29.1 696 671 0.26 25 0.05

RZ 14.2 381 312 0.13 69 0.09

RZ@pP1 25.6 610 525 0.21 85 0.13

RZ+pB2 25.6 591 549 0.22 42 0.07

2Value obained from XRD test. "Value evaluated using BET method. *Value evaluated using t-plot method. 4Value determined by
BJH method

I N R B - B3t B a00s 737 0 (R FLBR 45 M RFAEBEAT 20T . ] 4-4A B, FEh B2 2
L MR T Y I AR 2R, BT BHRAE . BARRES, RZ. RZAP2 IS IR 2 P 547
TR R IR, (HIFE AR LU, TRES RZ@P1 RBLH IV BZR28, H AT BN I 5 i
[F13h o [ 4-4B 3 — B8R T DURRRE St 1/ FL o A 0, AR it 22 BB i B2 RZ Al RZ+B2
FERMILAL, {2 RZ@B1 FAE— &M FLEM . 458% 4-1 BE R, HPFedh RZ 4
RIF (Sext) WEA RGN, (HIGIRAEC/N, KR TSR] K0 BB R s 1 SR 2 T (14 T 550
WRE. TIRER RZ@B1 BN B ANE AN FLIRRR, 3t E 8 T 5870 TIREEn
L

5. NH3-TPD 43 #ft
I8t NH3-TPD RAE S #TE— B0 7 A [E A AL R VEARSME (K 4-5). 7E NH;-
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TPD ik, Wupig il SR aE SR, A i st T ERME R smEs . FAskul, Bk
e L AR AR BE I, SR IIR IS s T Mt P 0 B L I, R R MR . e Sy
A AN TR B BBt PRy, R DA 5 (A 7R 3R T R Ak 7 18 2 A Al i 2181 DI rpogii ¢, PO A
AR5 B AN EE BB, 43 32T 200°CHI 350-400°C X [8], XTI 1 A fRE AL,
RIS AL AN s A MY 455 3R 43 MHUR B, BT HM=1F8, E6A

RZ@PB1 M REAE BE R

— B2
—RZ

RZ+p2

TCD Signal (a.u.)

T T T T
200 300 400 500 600
Tempreture (°C)

& 4-5 AN[EIELFTEY NH;-TPD Hi%Zk
Fig. 4-5 NH3-TPD curves of the prepared catalysts

7 4-3 H NH;-TPD MIZ B EIHIBR AL SR E
Table 4-3 Concentration of the acid sites derived from NH3-TPD curves

Acid concentration (umol/g)

Catalysts Weak Middle-strong Total
B2 145 408 553
RZ 196 408 604
RZ@p1 190 459 649
RZ+B2 164 392 556

432 MEALVERERE A

TEIESLR M IR N AgH, FIH TIPB MBI NAE ATRE, BIYFE & 27 i
RZ@P1 HIEALTEM . B 4-6A 2 4-6C JEIR T B A A FNUEIR &P A #4751 TIPB #%
AR DL R PR BRI I s B B TR ARk a3 . R B [ NI TR] R ZE K, TIPB A #4540
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R EPRD R, EEE0 TImMEILT RZ@p! W5 YIRS Y RZ+B2 A =
WILaE I, 76 RZ@P1 fEALF] L TIPB IR AR L D9 AT RZAB2 I =1%, H.7E 400 min
JEERF (8] A, 2 A e A 0 PR B AT T A 4 s TR &

K 4-6B I 4-6C 4331 5451k A1 BAUMIR A% T P= 0 e PR vE I, 7EAH A S R 1]
W, EEWA RZ@BL TELRRHE = R PR RIS, Xof 2R 5 DA 2R (R e 261 B 2 e T LB
EW. [ 400 min J5, {ER WA RZ@B1 _ERIZEFIF N 2K 3R £ 1 & RZAP2 I =1%.
X WA K 52 6 G M 549 5 A R S PR 2R B T

A —— RZ@p1
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4-6 RNEMEFTIRY TIPB ZLRER NMEER: (A) TIPB ¥ LEFN (B) RZ@B1; (C) RZHP2 HELFIFS =491k
PR BB R 1L
Fig. 4-6 The results of TIPB pyrolysis reaction with different catalysts: (A) TIPB conversion and product
selectivity of (B) RZ@p1; (C) RZ+P2 catalyst versus time on stream

4.4 KRB

TEARTEF, RAEGKING T, BILTEE R B A MR AR R R s s ia ) &
R ZSM-5 Wb, S ZSM-5@B BA 1. R E S ZSM-5 WA RS Ba A7 7R 5%
PEVETR Th D VAR R, S VEMR L ORE . AR R BEREAE R B I AR K JERE, AT XK
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FHE REERE
5.1 Z5ig

B ARSCAPGIEW] 1 ARG AL B 1K) VA BE WS AT RO Brivh A7 SREE A7, 10 LA F o A7 ik
B RLAERRIA VR T 2 i R B, RN 3% T B 2 RS, A RCRL T G B 2
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il 2 1) 22 AL P A0 A LU SRR B S A LI A R I X 2 SR I, K T IR 2
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