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P AL AR E PR RN b A3 AT (CRe A TR M 1 0 T e
Fb) BRI AT RE L G, E—2B ) B R A T
T a A P AT E A AR TR LA BRI RS

BATHI T & KB T (K 8 2.09%Au/HZSM-5 i
AT . DLHZSM-5 R 20k, il 45 1 0 B 4 i
Au AT, FERIFFE T BRAE A A2 555 £ 2k Auw/HZSM-5
XFIE T hefi Ak Re 52 m .

1 SLIGERS

1.1 SR HELSIRF

Bl FR A (AR, ] Jb 2458 fE VR B2 A BR A 7]);
HZSM-5 72 & 52 5 = [ il (n(Si0,)/n(A1,05)=25,
20 ~ 50 nm); 1E T %E(99%, JMHSRHE AR R 7 );
PR (3B 60%, KBTI ZR X L0 A AT ).
S04 TR (HAuCL,-3H,0, AR, [H 254 [ b3 5 2
Al EETACH H .
12 ELFIRH &
1.2.1 HZSM-5 (4%

ZSM-5 3 1 R B (n(Si0,)/n(AL0,)=25, 20 ~ 50
nm) A S0 & R4 . 5 50N ZSM-5 W A T S
S LE 540 °C R 2 e il e e FH DAL R AR AR 711
IR B T 0.4 mol/L TS BRAR VAT , B 2= 4
M50 5 1 ZSM-5 3 A7 5 40 ER Vs W R AT PR IR = IR A8
e, ARSI R R 1 b, AR 59 TR0 [ R A4 AR
Foh s o 1, Bl X 28 #6058 B AL R E ATk . T
i, e B T SE A S T S i 540 <C
K5 BE 4~6 h, Hil15 HZSM-5 3 £1 . HZSM-5 il 1 R Y™
AL Ak PHLE 38 A AR i PR A T B, RV BE R 0.4
mol/L, FEVRIRFLE A 1+ 5; #4824 b5 XA ik
rvee. T, e e D3k 540 CR5BE3 h, il
5 HZSM-5 3 A1 214 .
1.2.2 Aw/HZSM-5 {114

K F AR DO R - DL TE 15 ] £ AwHZSM-5 i 1k
. AEZ IR T 19 3§l A9 HZSM-5 thin AR R 9
ARG, BRI A1« 1, BRRAFEXIRS Wit
FrELas i S AL T, R F1 4 —0.04 MPa, 4bFHEE] Ay 4
h, SRJG I A BEE EE TR A W O — 1
HAuCL /& , F-AE80 °C . —0.04 MPa [ 25 1F T 4134
PEFE 20 h, BEPETE UG HRHR A E 4 h, WSS
g VR, KR AR E T, JETE80 C A
T2 h, 55 B TSR 540 CRAE4 h 1 E]
Au/HZSM-51#4L 5 .

1.2.3 xK-Au/HZSM-5 (1) 4

K FH 07 R R 57 ) 4% xK-Aw/HZSM-5 & 5k
F) . % FIREI4E Y 2.0%Aw/HZSM-5 A AL FITE 7 T 5%
PR AT R 4 h ) 523 AR BE ok -0.06
MPa. ¥ T B A AN () R 100 i R 46 s 8 4 i) i A
2.0%AWHZSM-5 fEAL 57, ZE T E S8 80 °C, )
4 -0.06 ~ —0.04 MPa [ 45F R A1 H1 2 h, HiEFE5E
PR RHRA S 2 h, Wil yE | YRk, T, R
FEHVE T DI TP 7E 540 CTR kB4 h, 4 qq-3)
Wy xK-Au/HZSM-5 #EAL5] .
1.3 EALFIRRLE

X SR AT R AE (XRD): e H A Rigaku-D/max-
2004 7Y X S AT HHSGHATRE S AR 23 B, Cudle,
Kar $4& (A =0.150 12 nm), FHHHEF2 6 =5° ~80° .
ST (TEM): i 92 [ FEIZA 7] TecnaiG220Stwin
U I GOS0 BT AR LR 08 T 35 DA B 41 R
INFIAYHORE , AN H T 220 KV, BHAEAL ) B T IEK
ZBE R AT A U A3 L 5~10 min. X SR TBE
T (XPS): 2K H A B HEKRATOS SMICAS #4 X i £k
L T RE T ACHEA TN R, 0 T 4 Y
LA R T4 . A% 14 A Mg Ke (1 253.6
V) & Bk & S, MR B A HT S R S R 1.5 % 107
Pa. G A7 THE B (NH,-TPD): i1k 77 B2 1 434 i
NH3'TPD(% Quantachrome N H] CHEMBET-3000
YAk 27 0 B 43 A7 S0 ) W, WO BRE S F () NH, FH GC-
7890T AV AH T34, TCD Kl . 24h AT ULig iz
B (UV-Vis): Yl RAE S M . SCEEAE H A Jasco
N UVSS0 B8 A0 A kAT, S E A
190~800 nm, BaSO, - HZ: L #) .
1.4 EALFI R BB

1E T e B AEAR S0y P BE S fof 780 I3 2 A S I 2
BT, SR E ARSI AT . RO
BN R 6.00 mm, S E ANE 1R . L%
Wi M 100 mg(Ki4E 0.450~0.289 mm), ik ik Kl
0.1~0.2 mL, 7E% AR T 7. B2k iRE Tt
%500 °C, THEHEZ M 10 °C/min, 858 AR TWH
30 min, P HATIE TGO . RIS 74 SR
JRE Y OB GC7890F AR (A %A (OV-101 B4
FE 50 mx ©0.20 mm x 0.5 wm, FID #002%) #17
I3HT .

IE T BRI AR (X), P AL REE (S) Rl
(V) IHEINENT

X = (mC,H,,;, - mC,H,y,,)/ mCH,,, x 100%
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S(CH,) = mC.H,/ (X mCH, 7=¥1) x 100%
Y(CH)=Fefb x e
:TZEEP N mC4H1()J‘" ﬁﬁ*}é@ﬁi%ﬁ ) mC4H1().ﬁul jl\]

HORHAY  o0K CH, D HE AR S LI 1) 28648 7 1
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BT kbl S50 R e

Fig.1 Schematic of miniature fixed bed reactor

Note : (D mixer; @ Flowmeter; 3) Constant pressure valve; @ Flowmeter; & Check valve; © Reactor; @) Counterbalance valve;

Separator; @ Sample; 40 Chromatographic analysis; @ Chromatographic analysis

2 HER5HT
2.1 XRD#1 TEM &R 51

Auw/HZSM-5 4845 ) XRD . TEM 4558 UL E 2. JA
XRD EAF (& 2(a) P AT LA AL FE2 0 =7.8° |
8.7° . 22.9° , 23.8° , 24.3°  29.2°  30.0° PRz IR
HZSM-5 737 ) MF1 2548 R RAERT S04, 7E 1.0Au/
HZSM-5 Hi% A R F AuYIFp 4T S, 15600 25
R E &R B, A IR 4 Jm R4k .
Bl 4 2k W N, 7F 2.0Aw/HZSM-5 DL &
3.0Aw/HZSM-5 1 a] DL 5 75 2] Au B Fb () 45 K 137 55
g, H: R 3.0%Au/HZSM-5 H Au ) Fo 16 45 R A7 S5 0
WONIE, & B RAEE, VL4 E Tk n e i
AHNF4 @ 0. INTEM 25 B al LA H 1.0Aw/
HZSM-5 H Au JFAE 1) A /NTE 2~10 nm 22 [11] (] 2(b)),
2.0Aw/HZSM-5 H1 & J50k7 1 K /INFE 5~20 nm 2 [8] ( 1&]
2(c)), 1Mij 3.0Aw/HZSM-5 Ff Awki T B /BRI MR H
AL, Gk BURER AR (181 2(d)). I LEREHL 3L
4k T, FRATAT LUE 2 — S8 SR FIE R T BRI
SR I AE HZSM-5 A7) A 26 T . X B Au 4>

J& B 671 48 3 HZSM-5 43 70 i AR g i v, X 5
XRD 55—, AT LA AR Au Rl A
AL EAT FRUER MFT S5, BE8 Au i 17 280 1%
AU HZSM-5 BB .

I 3(a), (b) 73 ] . 78 T 2.0Aw/HZSM-5 () TEM
P45 F1 2.0Auw/HZSM-5 (1) 155 73 B 2% HL 5% (HRTEM) %]
&, FHorha] LU 21 4 9K R R 47 67 407 HZSM-5
Z MR ER I HRTEM BS54 7 01 W 0 5 4%
2% 40 (18] 3(b)). d=0.236. 0.123 1 0.144 nm /i ¥ 5
20 %f T Au(111), Au@B11) FTAu(111) 1, 57
HZSM-5 Fl Au R 4f (1) 25 & ARS8 2o fig 1 (5 K
X 4% i (EDS), 7] LLE £ 4% 2.0Aw/HZSM-5 2 &
B Si/ALO/Au B 43 1 A (] 3(c)). EDS TG %
VEEI T8 7R T 2.0Au/HZSM-5 2 4 45 ¥ 1 55 2 4
5, A 3((d)~(g)) (EDSJT 2 Wi R ) i s . 1 3%
F£ HZSM-5 Z TH 1A I 1) K 22 B K ks HAT Si/Al
O b2y, Hor—/INER A A K JUR 4 5 78 S Au it
ki EDS JTLEAERIBFSTIESS , HZSM-5 Z ik L5
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Fig.2 XRD and TEM spectra of Au/HZSM-5 catalysts
(a) Aw/HZSM-5 XRD; (b) 1.0Au/HZSM-5 TEM; (c) 2.0Au/HZSM-5 TEM; (d) 3.0Auw/HZSM-5 TEM
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&3 2.0Au/HZSM-5#EAL 74 TEM &4 (a) . HRTEM image(b) .
EDS Y6 () 71 EDS JC R WSS (d)-(2)
Fig.3 TEM image(a), HRTEM image(h), EDS spectrum (c) and &l 4 xK-2.0Aw/HZSM-5 ) XRD &%
EDS elemental mapping images (d)—(g) of 2.0Au/HZSM-5 catalyst Fig.4 XRD spectra of xK-2.0Au/HZSM-5
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43 F 0 19 MFT 25 04 1) 45 1E 437 5 068, 5 KBS 19
T3 B A TN, B R IR R A R K B
PRAE UG | X R 3 4 TR K AR st 0 Bic7e Ak B
SRR, 4 Au BBMURET S AR K £ 28t 3 in
3G K. X KB T 15X Au i 1 BUK Y
VEF. Qi%5" 2 AR, 7F AwWZSM-5 146 7 I 1 2/

KA F) T4 0B 73 . 35 SCERIN 2 DR —
. K-Au/HZSM-5 (/) TEM A0 5 B, 24 Kk
5 0.02 0, S RiAR/NF AN K1) Aw/HZSM-5 46 7
B4 (1 5(a), (b)), M K ATz s g 0.1 1, M
XRDiEE i r[H HAE2 0 =78.5° hb i EABHY)E T
Au BTy, HERIBUVES bR Zeim a4 ks

50 nm

& 5 xK-2.0Aw/HZSM-5 [ TEM B
Fig.5 TEM images of xK-2.0Au/HZSM-5
(a) 0.02K-Auw/HZSM-5 (b) 2.0Aw/HZSM-5 (c), (d) 0.1K-Auw/HZSM-5

FIIREMRS , VLR E I K & AF T4 501
22 XPSERSH

K HI XPS £ AR X} Au/HZSM-5 Fl xK-Au/HZSM-5
e KA Au Y R IR S AT T AL K6 AH
N o 3% 2.0Au’4f, . 0.02K-2.0Au’4f,, . 0.04K-
2.0Au"4f,,. 0.06K-2.0Au"4f,,. 0.08K-2.0Au*4s,, Fl
0.10K-2.0Au"4f, , [ XPS 14435 Hi B TE 84.18 | 84.48
84.33. 84.33 ., 84.43 Fll 84.38 ¢V 4k . Au/HZSM-5 #il
xK-Aw/HZSM-5 [ %F 7 06 7 56 35 rh AR B & . DA XPS
FAFLEIR AT LIE H, B K 25 far DL 0.02 34 Jin £
0.08, Au" [t 1% I 5if 328 T AT, 1T Aw® Fi9 1% 04 5
R . NI 6 K25 71T AR 28 50 6 Au* %
A5 Sk Aa®, BVK B 156 4 o B A B H - Bh AR
. 546 Aw/HZSM-5 1 EL , K-Au/HZSM-5 FR i) Au’ 1§
I 84.48 (Au’ 4f,,) /IR AL 5] 84.20 eV. 2551, 1]
DA H Au®/Au® 558 U (B 25 K1 67 280 5 488 o i 34

hn, #E—AHIESE T K-Aw/HZSM-5 48465 4 Au FIL K 4
P FE A B A
2.3 NH,-TPD Z£R 45

XA Au 4 JE R 3 K 4 8 B AL AT T
NH,-TPD £AE , 455 ULE 7. 118 7(a) 7] 41, HZSM-5
F Aw/HZSM-5 1 16 57 34 47 75 3 A4~ W1 5 1) NH,, i Bt
WG . BF— N 5 B UG S22 7 240~300 CHYTE RN, 55
BT o5, . 25 AN BERHIEEFE 400~550 CIE R, Aok
TR . 454 222, Y Aull 7 3B 1.0, AR
HZSM-5 55 ifih JId B WA JIT T [ (L {RGJhGk J36 iy e 6 A
PREEAAE T Au 4 2R 2.0, 3.06F, AT LIHH &
B AT HZSM-5 E A7), A0 T R B e R v ek Aot
PRI R A TR . DL 25 R, > Au iy 2k Al
XA, Ak A 5 R o0 T R R, (X 559 1R
HLO S I AN R . 2 A B 38 i A 3R, B3
(%) 3553 FR HP O R R O R B R R R B L 7(b) ]
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Fig.6 XPS spectra diagram for different xK-Au/HZSM-5 catalysts(x=0.02%, 0.04%, 0.06%, 0.08%, 0.10%)
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Table 1 Binding energy and surface content ratio of main catalyst elements

150 200 250 300

350

400

Temperature/C

Catalyst Peak position binding energy/eV Au”/Au’ Ratio of content
0.02K-2.0Au/HZSM-5 84.48 1.3137
0.04K-2.0Au/HZSM-5 84.33 1.3229
0.06K-2.0Au/HZSM-5 84.33 34154
0.08K-2.0Au/HZSM-5 84.43 52309
0.10K-2.0Au/HZSM-5 84.38 11.1797

2.0Auw/HZSM-5 84.18 1.2420
(@ —=—HZSM-5 (b) —=—75M-5

—o— 1.0Auw/HZSM-5 —o—2.0Auw/HZSM-5
—A—2.0AWHZSM-5 mbe——().02K-2.0Au/HZSM-5
—v— 3.0AWHZSM-5 ——0.04K-2.0AWHZSM-5
0.06K-2.0Au/HZSM-5
3 3 —<—0.08K-2.0Au/HZSM-5
2 < —>—0.10K-2.0AWHZSM-5

= L
1 1 1 1 1 1 1 1 1 1 1 1 1

150 200 250

B 7 sebE R 4677 A9 NH,-TPD &

Fig.7 The NH;-TPD diagram of the modified catalyst

300

350 400
Temperature/°C

450 500 550 600

(a) Au/HZSM-5(Au: 0%, 1.0%, 2.0%, 3.0%); (b) xK-2.0%Au/HZSM-5(x=0%, 0.02%, 0.04%, 0.06%, 0.08%, 0.10%)

R2 FTARRE NH,-TPD RS ER
Table 2 Deconvolution of TPD-NHj; profiles for all the samples

Temperature/ “C Relative fraction of the total sites

e Weak peak Strong peak  Weak acids sites  Strong acids sites  Total acids sites
ZSM-5 249.0 432.1 21882 1 986.1 41743
HZSM-5 264.8 455.1 2327.2 2017.3 43445
1.0Au/HZSM-5 258.2 4322 22784 1987.1 4264.5
2.0Aw/HZSM-5 258.8 400.9 22565 1836.7 40932
3.0Au/HZSM-5 248.7 438.8 21432 18022 39454
0.02K-2.0Au/HZSM-5 261.1 433.5 2111.9 19294 40413
0.04K-2.0Au/HZSM-5 255.6 4125 2085.8 19373 4023.1
0.06K-2.0Au/HZSM-5 246.4 - 1988.7 - 1988.7
0.08K-2.0Au/HZSM-5 252.2 - 2098.2 - 2 098.2
0.10K-2.0Au/HZSM-5 237.3 - 2097.8 - 2097.8
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YK T E TR R 0.02% F110.04% I}, xK-Au/
HZSM-5 HEAL I T 450~550 °C BT 114 25 T Myt R e
5eR T A0 A AT T ARG B DX iR FE R AR A /s 2 K
B0 1735 5 5] 0.06% . 0.08% F10.10 % BT
xK-Au/HZSM-5 {4k 551 1) e 15 B B 0 JL-T- 31 2%, A%
T 50 6 DX iR 8 0 KRG B AR . 100 W] xK-Au/HZSM-5
PR ) %) 5 T v o i 2 KBS 1 P 97 2 e 98 o T U
U AR R SRR RO K B T s
Ui K-Au/HZSM-5 fEAF7 A 3 R oo AR D K B+
i, LSRR UL R BRI , 59 IRTR BERGOR , AR

A“()

o 3.0AWHZSM-5

Absorbance (a.u.)

2.0AW/HZSM-5

1.0Auw/HZSM-5

HZSM-5
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Wavelength/nm

THEZ MR G, I ELAEE A B SRR b
FIFEAL AR AR X R B T S A
FEARAR AL R BR VR RO VE T . 454 XPS 20 0T, MK X 7R
FERN Au® 52 ] DL A S K5 Au 85500
R,
2.4 Z5PRTILE ST (UV-Vis) R

UV-Vis B RS M AR LAY ik —, #
b I FRAE AT LIS £) £ 2 78 4 AR AR 9 A S AR AR
&1 8 2y LA HZSMS iy H B A i, B5CPE A it 119 58 41 ]
WOGRERE . KA1, HZSM-5 AL FI7E 210~280 Al

—0.02K-2.0Auw/HZSM-5
—0.04K-2.0Au/HZSM-5
—0.06K-2.0Auw/HZSM-5
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K8 AR ALY UV-Vis 155
Fig.8 The UV-Vis spectra diagrams of different load catalysts
(a) AwHZSM-5(Au: 0%, 1.0%, 2.0%, 3.0%); (b) xK-2.0%Au/HZSM-5(x=0%, 0.01%, 0.02%, 0.04%, 0.06%, 0.08%, 0.10%)

310~360 nm 4b H BT B 58 A Wi | 3 2o o BE SRk
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Table 3 Distribution of butane conversion on different K-Au/HZSM-5 catalysts

Product distribution/%

Conversion rate

and selectivity

Catalyst

(ol G, (o (o (on iCY Y G Ct X@CY/% %
(olifine)

HZSM-5 31.6 10.4 17.1 13.8 17.2 2.8 3.8 33 13.1 38.1
1.0Aw/HZSM-5 6.3 11.6 12.0 16.6 35.1 113 33 3.8 27.5 50.4
2.0Au/HZSM-5 55 9.4 103 52 52.5 10.2 3.4 35 37.5 66.2
3.0Aw/HZSM-5 6.4 9.9 8.3 5.7 275 34.0 6.9 13 6.0 427
0.02K-2.0Au/HZSM-5 9.1 11.4 172 17.4 17.6 10.6 12.1 4.6 52 46.9
0.04K-2.0Aw/HZSM-5 9.6 123 175 13.6 185 119 157 0.9 33 51.7
0.06K-2.0Au/HZSM-5 4.9 6.6 10.0 8.7 115 232 29.1 6.0 2.0 50.6
0.08K-2.0Aw/HZSM-5 34 5.4 8.3 9.9 9.4 24.8 36.9 1.9 24 54.6
0.10K-2.0Au/HZSM-5 4.6 8.0 - 18.7 2.7 51.8 142 - 1.1 16.9

Reaction conditions: T=500 °C, t=1~120 min, NP, Pulse reactor, drygas: CH,+C;Hq+C,H;

WIE BT SIE T hef b 2 MR ER . R 19 ERwE A = be (31.6%) . TN (17.2%) . £,

AR AFIR, Ak RN %, IET Bedt HZSM-5 fiEALH]

WS (17.1%) F 2,558 (10.4%), —IRT=H1 8 T 45 (2.8%)

@ 36
30 -
<25
. EEEE
[ ZSM-5 ]—» g20F 17.1 172
eoe 9 g1s L 138
o) 10.4
X(C)% : 13.1 “10 L
5[ 2.8 38 33
S(Olenfins)% : 38.1
Aumodification 0 — — L -
¢ ¢ ¢ ¢ ¢ ¢ ¢ C
(b) 60 I 1.0AwHZSM-5
52.5 E 20AWHZSM S
501 I 3.0AWHZSM-5

Product
distrbution

|
Selectivity /%
»

[
>

X(C)% : 375

—
>

S(Olenfins)% : 66.2

Kions introduction

>

: (D

K-Aw/ZSM-5

Selectivity /%

X(C)% :

S(Olenfins)% : 54.6

-
=
T

34.0

I 0-02K-2.0AWHZSM-5
0 0.04K-2.0AW/HZSM-5

0.06K-2.0Auw/HZSM-5

[ 0.08K-2.0Auw/HZSM-5

0.10K-2.0Auw/HZSM-5

c G

c

(&

E/R 1 £ HZSM-5 . Au/HZSM-5 Fl K-Au/HZSM-5 i A6 7 F 1) S ik A7 2
Scheme 1 The schematic diagram of the reaction pathways over HZSM-5, Au/HZSM-5 and K-Au/HZSM-5 catalysts
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Effect of K* Modified Au/ZSM-5 Zeolite Catalyst on Cracking
Performance of n-Butane

LIAO Zheng-kun, Dilinuer.Ail, FANG Ya-ping, MTAO Cong-hui, Aisha * Nulahong’
(State Key Laboratory of Chemistry and Utilization of Carbon Based Energy Resources, School of
Chemical Engineering and Technology, Xinjiang University, Urumqi 830017, China)

Abstract: Negative pressure deposition method was used for the preparation of a supported Au/HZSM-5 catalyst.
The supported Au/HZSM-5 catalysts were prepared by negative pressure deposition and precipitation method. The
catalysts were characterized and analyzed by X-ray diffraction (XRD), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), NH;-TPD, UV-Vis and other technologies. The effect of catalyst on cracking
performance of n-butane was also investigated. The results show that Au is successfully loaded onto the HZSM-
5 catalyst, and the size of Au particles is affected by the load. The particle size of Au particles of 1.0 Au/HZSM-
5 catalyst is the smallest, which is about 5~10 nm. Potassium ion as a kind of basic ion can regulate the carrier
acidity, with the introduction of K ions, the acidity of xK-Au/HZSM-5 catalyst is gradually reduce, and the electron
binding energy of Au” is higher. Compared with HZSM-5, the conversion rate of n-butane for 2.0Au/HZSM-5 catalyst
increased from 13.1% to 37.5%. The selectivity for propylene increased from 17.2% to 52.5%. With the introduction
of K ion, the selectivity of butene and isobutane was improved. When the K ion load was 0.08%, the selectivity of
butene increased from 3.8% to 36.9%, and when the K ion load was 0.10%, the selectivity of isobutane increased from
2.8% to 51.8%. However, the conversion rate of raw materials is lower than 2.0Au/HZSM-5, which may be related to
the fact that the addition of K reduces the acid modification of catalyst. In addition, the K" modification of Au/HZSM-
5 revealed that Au" ion was the main active center of n-butane conversion by Au/HZSM-5 catalyst.

Key words: HZSM-5; n-butane cleavage; Au/HZSM-5; K modifications



