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TolbAA: 7. AR Z W58 8 40 NaOH 55 X 73+
TR PEAT A AL B A ALY BB BS B4 T
LS Lo A0 ST R T =1, DA £ s ik
RO RE. A i3 A I A o AL R I T e S A AL
B M Mo/HZSM-5, & B0 o 14 A Ak 751) 2 1 i 1 2%
bl 2 1 RR A M B AE H e T AR A Ak R R i
i, A UA R E A AR Y SR T A LA
et Mo/ HZSM-5 A4k Y e FR Pt I 48005 ) Ak S i
AR WLARIE . FRATE o PN R S H AL R (TPAOH) X
Mo/HZSM-5 #E A7 ee ik, JF 0 H T /0 i WA E T
M e TC A T AR SO Yl — R RIE T Be %
T PR IS AL R A R RN PR AR AL, R AR TS
FAL N e i R i AR A ) AR A, IS5 AL 7E
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1 R HERSY

1.1 HmEHl&

Si/Al=35 1Y ZSM-5 WA 43 F-Fiii (H 7)) 14 F 7
TR, 8k HZ. B H 5 0.1~0.3 mol/L
) TPAOH % (BT TR A wI A=) IRA, 1
170 °C T b2 h b 3 72 b, 8 kB 2,
P J5 B F Dk b 550 CRBE 5 h, BIASFIASTE
WeEE TPAOH B Y HZSM-5, 23 %liC A » MTPA-
HZ, » 83 TPAOH ¥k . #2#% SC#ik [16] b #&
2% ~8% ( JFi HE 4380 19 Mo 1 2 1k 4 1k ) F 1o
RE, K 6% (it /r4) Mo th# & MR R,
SR AR B i e, DL — 5 o 0 0 BH R % T
((NH,) (Mo,0,, - 4H,0) ( P4 B Bt 2= A "I 2R ™, 7
Bral) iRy, 6l 48 Mo it 4 50k
6% AL, 28 110 CHET 5 F S84 550 <C
Jibe 5 h, 4rHlich 6Mo/xMTPA-HZ.

1.2 EHFIRIE

X-SF R AT ST R AEAE PANalytical X’ Pert 3 4775}
I AT, CuK S5k, 4R 40 kV, & HITN 100
mA |, FHIEEA 5°~50°, FAiH#ERN 50« min".

K% Micromeritics ASAP 2020 %41 Fif 4% i) 8 1
RIS SEL. FER ST 350 CHMZE A 6 h, 2R
JGTE=196 °C HEF TR J BhF.

YAl f1” Si MAS NMR 3 & ¥ 7E Agilent DD2-
500 JKFEAL FoRAE. BRI I LR JE 130.2 MHe,
0.3 ps MIBKTE (/12) , PEFRIERIE 2 s, Z 0 200
W, FEMER: 14 kHz, 1% ( FiE43%50) B8R 8K
I AL AR B %, BERE A LR BT N 99.3

MHz, 7/4 kS0 2.8 ws, s IER K 4 s, 3 500
BN, %555 Jy 4 kHz, LADY R RE B Ak A A %
e =7

NH, A& TR ( NH,-TPD) 78 [ il %5 & 1 ik
17, A NEARSR, FEM BRI A T i
30 min, FFE 100 °C R 5% NH,/N, A E M FLR
A, MR N, DIBR R 5 SR T B 2, B
DL 10°/min 1Y FH i 2 2R 3 17 B FfF, B OMNIstar
GSD-320 AU i %0 i Bt i NH, 24700 5. %5l
ELERF ] Dmfit B4 A M A3& 7 Gaussian-Lorent-
zian ZEHRVEITHI G

WESHT (TG ) ffi ] Perkin-ElmerTG-2 %I #1443
BEACHEAT 3. FF 5 B T s KRR, THE B0R
10°/min, FH 100 )7 FHE 2 800 C, &R E N
30 mL - min™", [ 3ic AR ML

PRI FHEA AL (TPO) SEI 7E [ il & 1 iE 1T,
FEE T 10% 0,/He SR H1 DL 10°/min Y 3 38 A
150 FHE & 750 °C, A CO, AR = ith L i FH ot
731 ( OMNIstar GSD-320) K&l
1.3 &R iE MDY

FEH TR 3% B2 U 2 [ 78 R S # B VT e Ak 1
fe. AN 8 mm (WA 9 i N4, HLHI R Y
0.5 AL, 784l N, L 10°/min (Y3 THE
£ 700 CHUALF 1 h, eos A BESHTE L 30 min,
J 8 AT Y H ) B RS B RN R e AR AR 7
PRIZRCNE. IV J1 49 0.1 MPa, J2 W i EE 4 700
C, W2 K 2000 h™'. B HYAE GC-2014C
RS A SR S N =), B Ry 2
12 A Plot-Q, Arlgs Ry FID. SRRk 3515
HGE AL SR = W I e R, A5
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ACH4ﬂJH4 CCH4/ M CHy
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CHy
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6Mo/0.3 mol/L. TPA-HZ

6Mo/0.1 mol/L. TPA-HZ
Mo

6Mo/HZ

w Hz
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1 1 1 1
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200° )

[l 1 HZSM-5 # AR R TPAOH ¥ FE itk Mo/HZSM-5 (1)
XRD
Fig.1 XRD patterns of HZSM-5 support and TPAOH
modified Mo/HZSM-5

(4 MFT 25547, H Mo BCMEJ5 B & BLE A MoO,
P r=A: , Ui MoO, & B 43 B 7E 43 10 L. LA
HZSM-5 A Z U R AT S LR 1. 5
BEA HZSM-5 #H L, 6Mo/HZSM-5 45 b 8 N &
72% , XA HESE 13 6% (i 4340 1) Mo ¥y Fh 5
AR T HZSM-5 43 i B JR fF 45 #4. TPAOH A4k 3
J&, HZSM-5 19 #H X5 45 & B2 W& A7 38 i, 7 fig &
TPAOH f#i HZSM-5 [ MFI g AR 25 4 v — o AN 3 5
PR T B AR 4y - 2R B TG 2 B Y A L
TPAOH AR & A — R kA, #2785 T 43 T i (1)
g5 AE TPAOH ALY HZSM-5 43 11 5
A 6% (43 E0) 1) Mo YIRS, 43 F 0 (1 45 &
AR TR, (AR & T %A 448 TPAOH Ak 3
i 6Mo/HZSM-5 Y45 fh .

CPETTSE HZSM-5 119 L 2% 1 BRI FL AR FR 45 21 WL
1, "TUE TR Mo BRI ) HZSM-5 410,

% 1 HZSM-5 F &R TPAOH iR B ¥ & Mo/HZSM-5 RyfEF 6@ E | ILRER, LEREEALL
Table 1 The relative crystallinities, surface areas, pore volume, Si/Al ratios of HZSM-5 support
and TPAOH modified Mo/HZSM-5

Relative Surface area/(m” - g_l ) Pore volume/ (em® - g_l ) Si/Al
Sample @ - o ®
crystallinity/ % - Sger 2 Soiero S o v VI‘(u'e . Viiero N Vieso ratio ”
HZ 100 356 250 106 0.20 0.12 0.08 39
6Mo/HZ 72 303 215 88 0.16 0.10 0.06 47
6Mo/0.1 mol/L TPA-HZ 100 315 169 146 0.23 0.08 0.15 43
6Mo/0.3 mol/L TPA-HZ 92 299 160 139 0.25 0.08 0.17 60

(D From XRD patterns ; (@ The BET ( Brunauer-Emmett-Teller) surface area; @ The micropore surface area obtained by the

~ micro

t-plot method; @DV, = Ve ™Viaiero 3 From *Si MAS NMR measurements.

R ABUE D, FLRBA T TR, BLIHAER R
FEl R B MoO, #4r #E A T 43 F i FLIE 4. A
6Mo/0.1 mol/L TPA-HZ [ kb 3 i B AN FL 1k 4%
6Mo/HZ A s hn, Hor A fLTH A i &, H 88
HOMZ 146 m* - o', A FLIAEFH 0.06 B /M2 0.15
em® - g7t XULH] TPAOH BV J5 vl LALE 4> 10 vh
PEAEAL; 0.3 mol/L TPAOH Btk )5, M

& T 6Mo/HZ 1 0.1 mol/L Btk AL S, ALFLIA
FOSA RAZ, A fUABIEINZE 0.17 em’® - g7
DI EZERZFEI | & 0.1 mol/L A TPAOH 2t jG 4
HH B39 in HZSM-5 3 i A L e 26 AU A LA
L2 45T MR HZSM-5 i N, W/ I R 4

ML, TLIE T RS AE P/P,<0.1 LN AFAE
LA N, TR, H A5 6Mo/0.1 mol/L TPA-HZ Fi
6Mo/0.3 mol/L. TPA-HZ ¥ i 7£ P/P, 5 0.4~0.95
ZIE BT W A el 2, X 3R WA HLEE, TPAOH
ROBRJS , HEARTR PR AEAE A FLY N BIH B
AANAF A FLALAR 53 A 2 AT AL ALARAE 50 nm /2
Fi. AL, TPAOH & 1fi Mo/HZ J5 15 2 (R RE 5 A
LA A AR
2.2 7 Al MAS NMR #1”Si MAS NMR Z{E

Bl 3 R ET S fEAL RIS AL MAS NMR i 5.
fh2E A B 7E 54 F1 0 &by LR A5 5 40 0 A )@
55 43 F Ui v Bronsted 52 A1 5 14 DU B A 18 22588 Fil S
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Pl 2 HZSM-5 AR TPAOH He MM Mo/HZSM-5 19 N, W/ BB 28 (A) At BIH L4437 28 (B)
Fig.2 N, adsorption-desorption isotherms ( A) and Barreti-Joyner-Halenda ( BJH) pore size distribution
(B) of HZSM-5 support and TPAOH modified Mo/HZSM-5

6Mo0/0.3 mol/L TPA-HZ

6Mo/0.1 mol/L TPA-HZ

6Mo/HZ

x 10-¢
& 3 HZSM-5 ZAAFIA R TPAOH ¥ JE ek
Mo/HZSM-5 [#J* Al MAS NMR

Fig.3 “’A1 MAS NMR spectra of HZSM-5 support

and TPAOH modified Mo/HZSM-5

(A)

6Mo/0.3 mol/L TPA-HZ

Lewis FRAHSE A /S ECLAL A B L8 R0 2 i &l 3
AL RT HZSM-5 430 Hh =35 A7 7 DU e 407 15 48
B, Mo Bt J HZSM-5 VU e {7 1 42 47 TG IH 22 51
AERAE R A R, KU Mo ¥ Fh 5 HZSM-5 /3 1
I ) B 2050 2 A AR AR AR B0 20 2 1 R
AR, XL AT e A XRD R AE b B X 45
JE R B 5 K. TPAOH ¥ Wi ek Ve )5, BE & r
TPAOH i W & FE B 3E I, 6Mo/TPA-HZ #¥ i 15 42
FRAE W T R, CAEE RS S B W, FE
6Mo/0.3 mol/L TPA-HZ Hi b=~ B 7 8=30 4b Hi 8L
TR YRl X UEH] TPAOH Bl 5 HZSM-5 43
T B AR AR L.

Kl 4 WoR T HZSM-5 AR FIAN R TPAOH k&
Mk Mo/HZSM-5 fEALFI A9 Si MAS NMR . -113

6Mo/0.1 mol/L
TPA-HZ

6Mo/0.1 mol/L. TPA-HZ

1 1 1 1 1
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[l 4 HZSM-5 #AAFIA [ TPAOH #e FE ek Mo/HZSM-5 () Si MAS NMR % ( A) FI5E B4 18 (B)
Fig.4 Si MAS NMR(A)and quantitatively deconvoluted spectra( B) of HZSM-5 support and TPAOH modified Mo/HZSM-5
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FI-116 b iy JediR 0 I8 17 2R A4 45 5 22 R S0 Y
Si(0Si), M, —106 F1-103 &k H1E 54 Bk 5 T
Si(OAl) (0Si) 1 Si(OH) (0Si), 52 fy[&l 4
A LIE 1, 6Mo/HZ F) Si( 0Si), 3L F1 Si (0Al)
(OSi) , FE A i B AR AL AN B S, D Fa 2% Mo %
ST E AR JC W B R . B TPAOH ¥k JiE (14 3%
T, =116 Zb ) Si (0Si) , JE A R 16w A ek 55, i B
TPAOH WM G 1 B8 T 43 F i i o ik, W) B 43+
07 O S s N 5 22 1 . X 4 (B) R
f19°Si MAS NMR 5% #F 47 1 43 W L5 JF B 43 e 45
PR EREE LR 1. AR LRl RIFEH, Mo K
PEJG 6Mo/HZ 1Y Si/Al ¥, B Mo 2Pk 25 3 i
— A, X 57 Al MAS NMR %5 58— 0.1
mol/L. TPAOH 1 5, 43 F 0 A0 8 28 Si/Al

Temperature/°"C

100 200 300 400 500 600
Temperature/"C

(4 o PO, AR Ji DR AL TR iy L 58 T R i R L
¥ NH, BERHF 070 WK 2 Pl LA, 4208 Mo

3 2 HZSM-5 #{kF1 R[] TPAOH iR BE &
Mo/HZSM-5 i34l
Table 2 Acidity variations of HZSM-5 support and TPAOH
modified Mo/HZSM-5

Total Quantity of acid sites
Sample acid amount /(pmol - g")
/(pmol + g7')  eak strong
HZ 448 6 454
6Mo/HZ 321 149 172
6Mo/0.1 mol/L TPA-HZ 400 188 212
6Mo/0.3 mol/L. TPA-HZ 262 173 89

6Mo/HZ W&AT T, F2LJE N M 7E bl 72 rp 2545 &6
4y Si R, SECLRERR VDN, miSRHAM L, Si/
Al AR, XIS TPAOH 7824 T 454 518
FUVER, (VAT e A —50 50 J0 2 JE Rk 4 o R 2 1
E A RA T R L, 1St BAS T K
andl, A Si/AL B, BE S 6Mo/0.3 mol/L
TPA-HZ f Si/Al B & 34, X o] 68 5 & ik &
TPAOH B S5 43 07 It 40 A 8 386 i 562>, X
5 Al MAS NMR Z5535M1W1 4, 5 XRD 1 6Mo/0.3
mol/L TPA-HZ HYAHXTES & BEA T B —2L.
2.3 NH,-TPD R{E

K5 R T 3R RATR TPAOH ¥ &1 Mo/
HZ F£ 5 1 NH,-TPD £kt I o] 41, scPE G I 1Y
HZSM-5 43 7678 200 FI360 °C 447 ¥4 P4~ W i

6Mo/0.1 mol/L
TPA-HZ

100 200 300 400 500 600
Temperature/°C

6Mo0/0.3 mol/L
TPA-HZ

100 200 300 400 500 600
Temperature/°C

Pl 5 HZSM-5 #ARFUR[E] TPAOH ¥R EEBPE Mo/HZSM-5 Y NH,-TPD Hi4k
Fig.5 NH;-TPD profiles of HZSM-5 support and TPAOH modified Mo/HZSM-5

WCPE DL K TPAOH. Bt Xof A A 75 1 o A B2 R A 0 A
FEAE TR . BRI HZSM-5 4310 3 22 DL ok
iz, HA/DREIIIR. Mo M5, K5 6Mo/HZ
(55 FR I N, 9 R o B 0 9D, X Ui B Mo i
AT DAV TG A0 AT iR IR PR AL, 77 A B 55 R ME . A
6Mo/0.1 mol/L, TPA-HZ )55 R &t 15 iR 12t &R A JIr
ahn, Ui TPAOH BiePkERt, 70T — ik,
PR RIRAR , X5 XRD K Si/Al 45 SRRV A
0.3 mol/L TPAOH 2t J5 , ML T 6Mo/HZ, 551K &
FFTEGIN, SRR B R R, ULH] TPAOH ¥ i 38
TN S 58 Ak P [ B 36 A58 o Jo) S S50 o 2. 156 3
IFIERE 0.1 mol/L ) TPAOH Ab H fEf%(d L
F14) 5 i 344 .
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CH, conversion/%

—a—C,H, ——C,H, —4—C.H,
100 (A) —v—C,-C, ——C, —%*— CH, Conversion 20
90 6Mo/HZ(CH,) 6Mo/HZ(Cofeed 20:1) 6Mo/HZ(Cofeed 4:1)
80
115
o k/“k/
§ 60 - *
2 -1 10
- - K — /*/
Z s0 A,
S 40 | " .
1)
30 | &4<:\/"4\‘\‘- 5
20 |
\*\*
10 TR,
,S%E,%— 0
0 —: 3 | ‘\_Q > & 1 1 1 1
1 2 3 4 5 6 71 2 3 45 6 7 1 2 3 4 5 6 17
TOS/h TOS/h TOS/h
s W CH,  —e—CH, —A—CH —¥—CH,
(B) ——C,-C, —<4+—(C, —%— CH,OH Conversion
100 F X * X X * x X
90

80

70

60

50

40

30

Selectivity & CH, conversion/ %

20

10

.\r/’.\.\.*.

6Mo/HZ(CH;O0H)

4
“
4

Uy N
EY X |

TOS/h
P 6 A [ iV e Y s o) 5 2R i A0 A SO 1 g
Fig.6 Catalytic performances of 6Mo/HZSM-5 zeolites under different methane-methanol feeding methods
(A) CH, . Cofeed 20 : 1, Cofeed 4 : 1; (B) CH,0OH

H e ERLI , Bl B N ) [E) R 2B 4, R e Ak e i
4B, FEL 7 h BF, EAEFILF TS, 2R
FERETE R 72% T3] 40% , CMEvEREPER 25% 4%
2 60%, ToH i C,-Cy 7= %y, i B H de 5l 2 )
BF, AR EEAR S, 5 TR0, XOEH A H
Jot 35 Ka) A B N HP 7 A R A R AR A S B (s A4 £ 741
K, X5 LARTHRAE A9 50 45 R — 8 Y B e
FIEF b e B8 AR LA 20 ¢ 1 SRRl | A Ho 4l B e
HERE, B 7 h N GERE AL AR ] I R B R AR e
TE 0% i AT, LI vE I i B Ak, R Ak B kAR
SEAE T0% ~80% 2 1], C,-C, e EFa ETE 4% /oA,

TG Co WA B > H ot R Bt BB AR LR 40 1
B, AT AR e, o A 3R 5 I e Pk
A TR, AR 2 Y R R A B e,
e 5 AL SO i TR A C o DT IR R e PR
BITAF T C,-Co 5 R Wit — 2 A= . 4l H
PERHEE, B EEFE AL 100% , K5 FBEAE Mo 1%
PerbuO A VE R BB e Ak S H e S5 A Ak
PEFEMEART, HA DA

SEARFIILE R hiE A /b i B R (CH,/CH, OH =
20) )5, e EA I B m, RN
BEREIRRE, A C,-Co 5k, B A
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i FH i AT BE -5 W b7 A 7= R AR E A T e R A S
BEA R Co-Co BRI R, TR 5 1 AL 11 )2
S PR ARG AE . X D WE 2 P RS P e 3R AT
AT ICE TS A RE T, PRIk FR g P St )

FEIRHE R 20 = 1 B R S5

2.4.2 TPAOH MCPEX S B IG5 A Tk —
AR E ROVPERE, ] TPAOH X HZSM-5 #E47 Bk
Bl 7 ARV EE TPAOH BiePE R Je Ak 7)1 Y e F

20

110

—&—C,H, ——C,H, —&—C.H;
10 —v¥—C,-C, ——C,y —%*— CH, Conversion
v
6Mo/HZ 6Mo/0.1 mol/L. TPA-HZ 6Mo0/0.3 mol/L. TPA-HZ
90 (Cofeed) (Cofeed) (Cofeed)
80
115

70
R
= 60 o
b= *
g S0 /*—*\*\*/
2

40 -

30

20

*
" — N
~. ~—% .
et | ¥

ot o9

RIEEeE=sjizesass

CH, conversion/%

* ey

AsscE

o ot ¢’

L Pe
1 2 3 4 5 6 7 1 2 3
TOS/h

TOS/h

5 6 7 1 2 3 4 5
TOS/h

6 7

Kl 7 AN[R) TPAOH e PEAi A5 (1 B i fig
Fig.7 Catalytic performances of 6Mo/HZSM-5 after modification with TPAOH

st T T 4R 5 A8 Ak S N ) R . N AT DL
LA 6Mo/0.1 mol/L TPA-HZ Jfifk5IET, 5 6Mo/HZ
I, PR E 10% TR 8% i, ARk
PEVERS A TR, (HAERV 2 h J5— HAREFE 60% L)
I, C-Co MR M E 10% ~ 17%. 24 TPAOH ¥
FEH 0.1 BEhNZE 0.3 mol/L B, H ik R LA
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Catalytic Performances of Mo/HZSM-5 Zeolites in Methane and
Methanol Co-aromatization after Modification by
Tetrapropylammonium Hydroxide

WANG Xin-yao, XU Lu-lu, ZHANG Wei-ping *
(State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of
Technology, Dalian 116024, China)

Abstract: A series of HZSM-5 zeolites firstly were treated with different concentrations of tetrapropylammonium hy-
droxide (TPAOH) , and then modified with Mo by incipient impregnation method. Their structures and acidity were
systematically characterized by means of XRD, N, adsorption, Al MAS NMR, *Si MAS NMR and NH,-TPD.
Their catalytic performances in methane and methanol non-oxidative co-aromatization reaction were evaluated. The
structural characterization results show that the relative crystallinity of HZSM-5 increases after treating by a proper
amount of TPAOH. Moreover, mesopores, weak and strong acid sites also increase obviously in the samples. At
700 °C and methane volume space velocity (GHSV) of 2000 h™", HZSM-5 modified with 6% Mo shows methane
conversion of around 10% , benzene selectivity exceeding 70% and C,-C, high-carbon aromatics selectivity of 4% in
the presence of small amount of methanol (nCH,/nCH,0H=20). After modification by 0.1 mol/LL TPAOH, the
methane conversion decreases to 8% , the benzene selectivity exceeds 60% and the selectivity of C,-C, high-carbon
aromatics increases to 10% ~17%. TG and TPO experiments were used to characterize the coke deposition of the
samples after reaction. Methane and methanol co-feeding decrease the coke content from 15% of methane feed alone
to 5% , and it further decreases to 1.4% after modification by 0.1 mol/L TPAOH. This may be due to the mesopores
introduced by the TPAOH treatment and reduced polycyclic aromatics on the strong acid sites, thereby improving
the stability of the catalyst and the utilization efficiency of carbon atoms.

Key words: methane non-oxidative dehydro-aromatization; Mo/HZSM-5 catalyst; tetrapropylammonium hydroxide

modification ; methane and methanol co-feeding; coking



