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Structure-Activity Relationship and Reaction Characteristics of
Propene Aromatization Catalyzed by ZSM-5
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Abstract: Aromatization of light olefins in methanol to aromatics via a two-step route showed better catalytic stability.
To analyze the intrinsic mechanism, a series of ZSM-5 catalysts with different Si0,/A1,0; ratios and Zn modified
were prepared. Then propene aromatization, as the model reaction, was performed to analyze the effects of acidity on
aromatization of light olefins and explore the reaction mechanism. The results illustrated that the increased acid den-
sity was in favor of the hydrogen transfer process, resulting in an increase of aromatics selectivity from 31.0% to
34.4% with the Si0,/Al,0, ratio decreased from 150 to 75. Meanwhile, an increase in acid density will cause more
propene to directly participate in the hydrogen transfer reaction to produce propane which was enhanced from
28.2% to 36.0%. Further introducing Zn could transform some Brgnsted acid sites into Zn-Lewis acid sites, the aro-
matics selectivity was further significantly increased to 62.4% with the enhancement of the alkenes dehydrogenation
aromatization process. Compared with direct methanol aromatization, propene aromatization had a less deep alkyla-
tion process, which not only increased the aromatics selectivity, but also inhibited the formation of insoluble coke,
and improved the catalytic stability. These results suggested that the pre-conversion of methanol in methanol to light
olefins was an important reason for the high catalytic stability of two-step methanol conversions, which inhibited the

deep alkylation of aromatics in the subsequent aromatization process.

Keywords: light olefins; aromatization; ZSM-5 zeolites; catalytic performance; acidic properties

Wik H 1 :2022-03-07, B WCH H 111:2022-04-01,

H R AR PB4 (No.21978191, 21878207) ., [# 5 5 4 #F & 11 %] (No. 2018 YFB0604901) Al 111 PG 45 = sk AFF & 31 %1 ¥ b & V£ 300 H
(No.201803D421011)%¢ )y,

SR AN . E-mail: futingjun@tyut.edu.cn, lizhong@tyut.edu.cn



ol

1 B ZSM-5 EAL NI 55 HA L S SR 380G 2/ B B 1091

0 31 B

R VHZER I ORAE DT R R R A A TR,
Iz W AL SRR B A S, 3R 85%
DL 118 55 0 M A i ol 1 i b R AR R A E
i) AR 3R ] A U R R, 72.6% 1A T FE K
SEAE P TR E A T R R IR L R KT
£ 28 2 Tl Ak P T AR 1A sl &
Ji& F A 55 S (MTA) B AR B B

MTA JZ IS4 B AE iRt oy FOi/E T, 42—
FRONE e O A W LR B RIS 0
T, B A P ALAS ) BRI PE A R 4f /K g
EVE Y ZSM-5 43 F i J& MTA 2 b i) 8 AR .
SR, ZSM-5 52 % 1) 3 1T 1R 1 Jox 0 ™ B A AL 4 1
RELTHL , A 52 7 7™ i 43 A a3z HLAR AR ) 2 B 2 3% o
I K T A VKR A B 1 2 2 0 4 R iR 7 i 2
F) S ) R s ] ks RS R 3 M A FL B
RN AT B A, NTTER T ZSM-5 figfb PR RE
Niu 55758 £ P84 S-1 AP A US K ZSM-5 i A%
2 pm Jk ZE 0.25 pm, fifi 55 4 0 28 £ A 33.3% 30
#36.2% , AL A i1 30 h ZEK £ 170 h, B3 g
SEOITE G UBHAR P s in PR 2240 41 53— 0 b Pl B 1
KA T R EEAY 50 nm 172 ZSM-5, 2038 T 4%
T P /PR BE , (AL 75 A F 55 ke e B 4301
JERY ) 48 h Fl 37.2% 4 55 %2 168 h #146.2% . Xing
SEOEA B ZSM-5 SR I A FLEBEAR R, ff ZSM-5
(9 A1 b 22 AR 137 m?- g7 341 5] 200 m?- ¢!, BTX
PEREIE (R AR R =3 R e B i 19.1%
B 22.5% , A Ak F5 A R RO 9 80 h S % 380
ho Qi ZE"ER 1 0.1 mol - L™ iy NaOH ¥ ¥ Ak B ZSM-5
DIAEEA L, (AN R T AL 72 m?e g 38 2 115 m?-
g AR PR VE R AL 43 5 1 38% F194 h T2
43% F1182 h.

VEAR ZSM-5 g P ot v] DA S 2 0 A AR Ak 1k fE -
Gao 55" A& LY ZSM-5 B RESE LE (ngo o) HH 160 [
260, R FE 3G INfE k1T S5 7% ML A D5 1 4k
T, FF R Rt 66.9% 1 N & 84.6% , (H.[F] i i
PR T R Y A2 1, 6 77 i R 160 h 4 %5 % 60 h.
5l Zn A 4 JE 0T AR BR #H2S , Zn 5 Brgnsted
% (BAS)AH H.AE 77 A4 B Zn-Lewis 2 (Zn-LAS) n] it i
J S TF KA SR Bi S i I 5 AR ZSM-5 7
#5% 1) Zn J5i , BAS/LAS HL{E(BAS 5 LAS 9%k = 1k)
M 5.0 F% 28 0.7, 5 SRk B 1k h 46.9% 3 1 % 77.9% .

SR, Zn 5l A S FE— B FE R 3% 2EFLIE , I 9 1L
RIS Tl DA T R I A AR e e M o L AFMER IR 50 7
%% 2% 1) Zn B}, Zn/ ZSM-5 B9 44K 75 i i Y 170
h 46 5 % 50 he BRI, el [6] 25 42 T+ ZSM-5 i 4k
MTA I R e T A= e BT A T T o

H3 BT ZSM-5 AL MTA J2 87 (1) 32 52 R #6442 o] AT
FF 1 S B0 AKO B — Y ik 5 aE — 25 A AR I
RiE e R G A5 IR 208 05 K .
Shao S5 I5E T3 43 20 T AL AL, B 79 500 1 & 1 ek
BREE R 440 B9 ZSM -5 FIBE 45 EE R 60 Y Zn & 1
ZSM-5 43590 F - A P et AU A e RIS s A2 1)
PE—2 95Kk . & PR 2 Rl AL ) 45 R B A
Je | MR T i R D R e R e B e ST R A
()22 h F130.3% 43 B2 TH 2 36 h fl 34.4% ., P53
G R 1.6: 0.4, XN 48 b5 i — 4T 2 39 h A
39.9%. T 2 P AL AT i bR oy 248, Rt
F54ii AT 35 205 h, 325 = TAE L B EIE A1 39 he

HY b AT D, PP 2 1 5 e i) LA S R T Ak
R M R 5 Je e R, U N BOF A Ak S i it AR A
FIBH WS . BT T BN I N FE DR AR PIL 3R
MTLAPS s o JRORE , DAAS ) ik 48 He B2 Zn 7 480 1)
ZSM-5 WAL, BIFSE IR 1 S 6T TR A5 5 A Ak (PTA) S
NS R LR W DR . 45 ZSM-5 i fk PTA
FIMTA 2Ry B PERE 22 5, 108 B B e A0 5 Ak i 57
g 3 AR A B e A RS MR ) N R TR

1 SEEESY

1.1 EIEER

DU N JE A E AL (TPAOH , 25.0%) 1 [ #1148 15
REHEALAT R A FRA B R MEREV IR (S10,, 30.0%)
W A T A K B AR B FR A W], /UK G iR
ER(AL(S0,),- 18H,0, 99.0%) ) [ K e i KU A 2238
FIBE A BR 2 W), 75 KA B 1R BF (Zn(NO,),- 6H,0 ,
99.0%) M [ [ 24 5 A Ak 245004 A W, IE R 2, g
(TEOS, 98.0%). £ M (EtOH, 99.7%). & & 1t 4
(NaOH, 96.0%) F11 58 1k &% (NH,C1, 99.5%) ¥ W [ K
iRk R0 A BR A F -
1.2 EHFIEHE

ANARESR E ZSM-5 SR S A is ik DL & B
PG . AT AR PERE | SR T SRR R 15t
EGIAIIF] Zn, BAASFRUNE

S-1 gl 45 - ¥ TEOS Il 2 TPAOH A1 NaOH (1)
RAWR, X TPAOH \Na,0,Si0, . H,0 . EtOH )



1092 Jc ML 4k

¥ 38 %

JEA 2 o 4.4:0.1:25:1 048: 100 AR & MK .
FOR T HEEE 24 h 5K T AR IR A RN RS 2K A
fE28 T 100 ClER: b 24 h, M2 7L A G R TF
TRHD S-1 S PP -

ZSM-5 BlKy it 4« 15 554 NaOH F1 EtOH ¥ T-7K
H A AL(SO,), - 18H,0 Ak I TE A Si0, . Na,0
ALO, EtOH H, 0¥ i it 2 F ol 1:0.12:(1/x): 0.35:
15 114 T 9K AR 5 T (x 7 E 4R LE, ©=75.100,150), I F
B TR 30 ming RIS IAES O 2 P S-1 48
o, SR ARG I Ry 5% (B A A eh Si0, 5 A 9K AR I T
H Si0, 1Y T LU ), 02t 3 h e KR GRS
B KGR ALEE b 7E 140 CHYHEAS b i AL — R i)
B ML Es e, 258 oK R B U 2 B0
BN BB S, 100 CHR TIPS 4], T
550 CHY L IR A k5 BE 6 h 15 %] Na-ZSM-5. K JH 0.8
mol« L™ 1) NH,CUA RN Na B30 R4 7 55 135 4t
1£ 80 CF LA 20 mL-g™" [ [ b 85 &2 3 Yk 38 #e ik
2,100 CHATE T 15 155 NH,-ZSM-5. ¥ T4 5 1Y
B (A AIF I 3550, F 550 CIA S b b ks B8 6 h, Fe e
il 75 1Y H-ZSM-5 i 44 4 Ex

a2k Zn 43 F 0 A 45 < X E75 4390 5 48 0 i 4y
BN y% 1 Zn(y=0.4.0.8 .1.2), FREGE & E75 7 T
K BT 7% 5 B H,0, JF 4% B OH AR 3R AR
Zn(NO,),-6H,0. # Zn(NO,),-6H,0 % F /K, 1§ H
I I 5y se 40 B 1, 28 )5 B8 75 AL 3 30 min.
FEZS TR 3 h 5 BT 100 CHEAR T RR R T4
W 18 5 1 EARRIFES 34150 5 F 500 CRsbE 4 h, 4K 15
AIRE S A 454 yZn/ET5
1.3 EUFIRE

AR 456 2R FH Rigaku D/max2500 %4 X 528437 5F
ILXRD)HEAT FRAE , H5 U5k Cu K 28, 45 HL R
LU ) K 40 KV .30 mA , 4513 7 BB R0 8 43 0]
“} 5°~50°.20 (°)+min',

LA R FH DL - 7% 3H-2000PS2 A Fr 2 i 1
FNFLAR S AT ACFRAE o I3 JiE XA i A7 T4k 22 - 4
FEAAE 250 C 107 Pa F HZE R 4 h, K5 T
—196 CHEAT N, W BFF— 158 BRI, 45 210 N, W% oF — ot B
R . bR LAY F 8 R A BET(Brunauer -
Emmett-Teller) 2 s % , flFLFL 2 A Ab 2w AR H
t-plot?fC

s IE 5 R FH JEOL-JEM-2100F %3735 5F By, 1
BB (TEM)RAE . FEAE SIS 35 20 5 2 8T JE K
ZBE M AR FR 40 min i BB AR LR TR

B B b, Bt T 5 £ L7 e AR Dk 200 kV T SRR
W

Zn 1Y 171 2k 25 2R F Thermo Scientific K- Alpha
X 2RO B T RE I AL (XPS) AT K AE . LA (
Al Ko X SR TR (hv=1 486.6 eV), L) C1s 5(284.6
eV E RS 45 5 g

% M Autochem 112920 %4> B 3h 2 FF THE fb 2%
W BFASC(NH,-TPD) R AE R % B . FRIBGE &4 5 B T
U B PERSAE h 78 He S0 FHIE 28 550 “CHf-fHE IR K
190 min, &R % 120 °CJ5 il A NH/He 1B AW
B 1 h, SR 5 U148 2= He W4 1 he s LA 10 C -
min' B9 3 Z TF R 2 650 °C HE AT BB AR OF 0

% H Bruker Tensor 1T Y56 3% 48 35 47 Ak e 21 4b
(Py-IR)FRAE A 2 FRAN S o FRIL— 2 Ht A RE R A
B 13 mm 1Yo RS R R AL, T
107 Pa 400 CTiANFE 1 h, SR J5 38 AN BE (T 5t 10 B
30 min, )7 T 400 CHERH 30 min, 77 B2 R 2 I
Jaig SRR I . BAS FITLAS AW G 25003 5k
1.67.2.22 cm+ pmol ™,

S35 43T 0 O PR (TG) 20 B AR s 4R (DTG)
I3 TR TGSDTQ600 #A T 43 Hr {47, FREL15 mg
FE S E TN FE2 AT LA 10 °Comin™ /Y
THE R TR 2 750 °C, I sk i s U
14 EHLFES

PTA I MTA [ 1 3546 AN 55 B9 45 [ 8 IR R 45
EIEATVEMN . LAPTA SO A, FRECT g 80~100 H
1) - O R 5 46 T 0 A D A AR R BT
[ 5 R I s B TEC L X . 7E 430 CAIT0.5 MPa 454
T, R E R 35 mL-min™ A9 N,IF 30 min, K]
N, J& B 3 By 80 mL-min™" 1Y PN 4 FLAEU IR &<
(Ve Vi =9 : O1)IE A SN g FEAT K2 NE L B2 il B 7=
430 °C, Vi JE 71 p=0.5 MPa, Jii & 25 1 WHSV=0.81
h'o AR MTA S 7 BRI T, F B AL v )
JoT 1 i 5 PTA SN PR s e 2 e 490 Jo 1 kA T
B P i R R A 26 A 240 CHIHV Sk, IR 5 N,
TR A P A RN A RN, SN S5 PTA i 7
—H, TG EEST B R 4 AR S R AR
PIEAT R B o b WA 7 v B A R
GC-2014C SAHEIEAL S BT, SO P R AR 4 v
(7K AE R H GC-7820 B S A (i b AT 40 M o [ L 17
PS5 =P BT RAR AN R

Y=m, /m; X100%



5 634] T 302k ZSM-5 AL NI 5 FA 1 S I RS8R 2 B BN 1093

C=(m,—m,,)/m,x100%

S, = —L x 100%
Horp, Y BRI s my, RGP W) 5 R
SR AL s m, o WS B R I B 5 e,
Py R R PR 1 A 5 S, ALy R R s o 2
53 R B i) £

2 HR5WR

21 EUFIEHEER
2.1.1  ZSM-5AEALF B IR 1 B

El La . 1b B JFUBYRE 5 A Zo B EE 5H ) XRD &,
S TR B 48 U RE i 7E 20=8.0°~10.0° F1 22.5°~25.0°%
BB P9 347 5 AT MFT 25 44 4 5 AN 4RA0E A7 5068 | 3 B i i
r AN s A R T ZSM-5, X E75 1% 0.4%~1.2%
1) Zn J5 , G E b FieoR B b AR TH A AE W0 0 R AR AT

Intensity / a.u.

(a)
h h‘m E75
‘l h 100
ll , h E150
Ahnh, M
510 20 30 40

20/ ()

0

50

150

(0
100 M

50

0
0.0 0.2 0.4 0.6 0.8 1.0

150

100

b
50p
{ E100

Quantity absorbed / (cm®- g™!)

150

100 M

50p
\ E150

0
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

0

Quantity absorbed / (cm®-g™)

U B Zn YA 51 AR W 52 0 ZSM-5 3 1
() ARG AE o SR, 350 Zn £ 285 J A o A0 S50 0
SR S A TR, UL —/INER 3 Zn W Rk A 53 i £ L.
B E AR, 53 Ah, #E 31.8°H136.3° b AT
I ZnO (YR AEATT ST, 26 B Zn YR AE 53 107 10
SR TR

AN T B 8 LA i 1IN PR B — 1 B 457 T 2 A 5T 1 e
JiR o AR TUPAC (9 43 2, T A A il 9 S5 2
By T A B A T 2k, 26 AR LA 254 LA
LR E S 3DREMITE plp=0.8~1.0 4b H BR [m] 4 2R
FWVERAA e HERRAFLESH™ . T3 4h 3R 1T, R
[ Ak Lb AR R ot ELA AH AL A SR M I, fFL Lk 2R
B2 350 m?- g7, LA B 4ERFTE 0.20 em’- g7
Ld 7, AR 3R Zn BURE AL DR 15 S50k ST AR A I
By — T8 B S5 R 2 (BB G Zn TR i By 3G 0, AL T 3R
1AL E75 19 356 m?- ¢ ' B Wi R 2 1.2Z0/E75 1) 313

Intensity / a.u.

(o)

L] l L* 0.4Zn/E75
L " h 0.8Zn/E75

‘ " h 1.2Zn/E75
0

510I20l3OI40I50

26/ (°)
150
100 W
50 4
0 0.4Zn/E75
0.0 0.2 0.4 0.6 0.8 1.0
150

b
50 p
4 0.8Zn/E75
0
0.0 0.2 0.4 0.6 0.8 1.0
150
100 WM
50
1.2Zn/E75
0

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

E 1 (a) Ex 23T F(b) yZn/ET5 53T A9 XRD [K; () Ex 43T A1 (d) yZn/ET5 43T A4 N, W5 6 — it o 45 7 28
Fig.1 XRD patterns of (a) Ex zeolites and (b) yZn/E75 zeolites; N, adsorption-desorption isotherms of

(c) Ex zeolites and (d) yZn/E75 zeolites



1094 P (A - 38 %
®1 AEZSM-55FirHLHIER
Table 1 Textual properties of different ZSM-5 zeolites
Sample Sper/ Soie ! S/ Vi ! Viie ! Vieso !
(m?- g7y’ (m?-g7")" (m?-g71) (em®-g™') (em’-g™")" (em®-g™")!
E75 378 356 21 0.20 0.16 0.04
E100 377 352 25 0.20 0.16 0.04
E150 372 352 20 0.20 0.16 0.04
0.4Zn/E75 378 350 27 0.20 0.16 0.04
0.8Zn/E75 359 337 22 0.20 0.16 0.04
1.2Zn/E75 341 313 28 0.19 0.14 0.05

(a) E75, (b) E100, (c) E150, (d) 0.4Zn/E75, () 0.8Zn/E75, (f) 1.2Zn/E75

2 ZSM-553ifi i TEM [
Fig.2 TEM images of ZSM-5 zeolites
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fift Ry 24N B 1 022.2 F1'1 023.9 eV, 435l X i ZnO
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77 A R AH HAE FHIE 8 Zn(OH) ", il Hi 45 4 REIG K T
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XTRE S #EAT NH,-TPD RAE , B B it 42 1 5] 4a
4b Fi 78 o A RE S AR 150~320 °CFl 320~550 °C
Ab 55 B 2 A T ik ) N 8 A 0 3 ok v 0T 4005
Bl 2 2k — 25 43 Sk 3 1 W, 43 )6 N ZSM-5 (1) 55
% | v R ISR IR 57 o [ S A DGR o R 5 B 1 i
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Fig.3 (a) Zn2p XPS spectra and (b) percentage of Zn(OH)" of yZn/E7S5 zeolites
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Table 2 Acid properties of different ZSM-5 zeolites
) Density for acid sites with different strength / (mmol-g™) Density for acid sites with different types / (umol-g™")
Sample Weak Middle Strong Total BAS LAS Ratio of BAS to LAS
E75 0.20 0.04 0.45 0.69 16.6 1.5 11.1
E100 0.19 0.12 0.25 0.56 13.0 0.7 18.9
E150 0.11 0.06 0.24 0.41 9.7 0.6 16.2
0.4Zn/E75 0.24 0.12 0.23 0.59 6.2 2.9 2.1
0.8Zn/E75 0.27 0.08 0.18 0.53 5.5 6.2 0.9
1.2Zn/E75 0.29 0.07 0.15 0.51 4.0 7.1 0.6

9 16.6.1.5 wmol - g % 9.7 .0.6 pmol - g, 1
B Zn XAy TR R AR S B 2 . M Zn gk
0.4% 3 22 1.2% i} , BAS % B H 6.2 wmol - g [ % 4.0
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gl XM T Zn YRS BASH EAEH, AL 1T
BAS, JE AL T BT Zn-LAS™,
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