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A, SR C R EA AL BRI AL
TR AR e . A HAb B W Bk I =4 O T S
BTz R WA N AR R, gk
AR F 2 A T R R E N RS |, X
45 TN 0 T Y BOF 8 A X A b R R AR 4
PRFRIR 50 B 1 25 10 Au/Sio, 14k ) 76 TN M 18 AL &
1k 5 B B BT 90% Y T T 9k B Song
2 USSR B AR T AR - T90 08 T 4 4 40 oK OB 111 48
TE MgCuCr,0, 22 & A1 244 I FH F P s S8 Ak il TR s
i, RS T A TFHRES T a-HIW
T A0 T HLXT TR s T 1 W2 B 5 55 . B I i B2 AE 200
CHf, WAL N 1.6%, TN EEEEEE R 83%;
Grzelak 25" 7£ SBA-15 I 38 3o H, i J5E & % T
Cu. Au ) i 8 10 422 35 19 W 42 J& AuCu-SBA-15 ff
B30, #E 250 °C Y e 7 L BE R AT SE B2 5% 11
TN 045 T 1K 2R T 599 14 TN T T R R 5 Guo 251
il 4% T HA Auw/CuO 745K Au-Cu/SiO, L5
IR Au., Cu Z I8 PR R FH A ) T 08 B 40 0%
feimide et RE . RONIRBEEAE 240 CHE, Au-Cu/
Si0, AL NG AL FE R 11.4%, NI TEEFEE
210 76.3%. W LLE W, A AR AE TR A T B
7 i R AR v TR e T e R T T AT
.

ZE bR AT K A AR A AL R iz
TEPE R R EEERR S, 456 Mo-Bi RE A ELWTE
P FAL T L, 45 T &5 AWMBFCN
(M : Mo, B : Bi,F : Fe,C : Co, N : Ni).
PEARZKPATE L AR A RN T, 552 T HEAL
T PR S A YIS 1 R M RE , 25 SR R
5% 7K¥5.. 300 CF , 0.5%Au/MBFCN-4 fi L5 H A
WFEAL R AT IR 22.9%, XF N MSBE L BEME A 91.2%.
i# 14 HRTEM, XRD. Raman 1 XPS 5 X {4 £k 7] i7F
TR R , AR 2 i R P e 4 Ak )
() pH {EDGH AR 76 2 it AR A A R A B A AR P g
FEF

1 EIGERS

1.1 SEEEHF#Y

PHARRER (o Hrall ), fEmREE (3H 4l ), ARk (2>
Bréal), GHIRER (o Hral ), AR (A4l ) ¥ T [E 2y
WA BRA A 5 IR (34l T K
FOr A AR BRA A 5 FHIRER (34T al) W K

WIARXLAHR) 5 2K (Orral) W F R R K
2E AR A BR AR KB TR E A, @S
(mgh), iR, SR (R4 TG S
R A BRATH .

1.2 AWMBFCN-X {84 #1891 &

FREL— 5 o A BR AR B AR BRI TR, JImA
10 mL 7K , 78 60 C T HFEE AT EIE IR A; FRE—
FE TR IR B . HFRER . WEEREL | HIRER T 01 —FRAr
B A 1.0 mol « L7 F il BR VW, TP AR
W B; B A L BIR G, FHZUKIRTTIR G4 pHAE .,
i 30 min JEHA 150 CHEFS 45, 4805 10
RIS | KrbefS 3044 | ic o MBFCN-X (X S #R{k
il A I pH AR, 7300 4.7.9).

B4 2 B o 3R T 0.5% 79 HAWC, I T
JNBERR Y, T 1.0 mol + L™ KOH ##5 HAuCl, ¥ &
i) pH {HTE 9~10, Bz A m A iRl B A R
K5, B E 4 h 5 R EKALEE 24 h, fhg . T
£ 300 CF H, SAUTANEE 1 h 415 22407 | 4%
WEAR ARG S B AL A 4% 8 AwMBEFCN-X (X 4351
N4.7.9).

1.3 AWMBFCN-X 4L FIg9RAE

TE JSM-7900F %Y 5 $§ H HE( JEOL, Japan ) Fl1
JEM-2100F %1% &t B 5% ( JEOL, Japan ) I WE A1k
FI I TE S A RRAE . X SR M R AT 5 XRD ) 7
Shimadzu XRD-6100 %! X 5 e A7 S A% b #4703t
i Cu Koo 7GR, P4 0.154 nm, TAEHL &
40 kV, TAEHJE 100 mA, PSR 50 ~80° , H14
L 20°  /min. ff H Senterra HeAE 7 & R (PR
BRUKER ) #1747 & 56 1% 53 Hr , WOEIEIR 532 nm,
3% 40~4000 em™. X 5 2k 6 HL T RE S (XPS)
TE Escalab 250 B YE3EAL o Ar ik , R4S & RE
T 284.8 eV ALKY C 1s WX 25 74 1E . i
AT AR AR Fh i 70 28 AL 2 B B A A TR R
S$61E X (ICP-OES, PE optima8000 %) 147l % .
NH,-TPD {3 7£ TP-5080 4= [ 5l £ Ff Wt Bt 4% | 1k
7, FREL 0.1 g fEALFIRERE | 2t ( He Ui , 30
mlL/min ) $25EJ5 , T 400 C AL 2 h. 56 R
%30 C, Y NH, B 30 min, BiJ5 V)46 A% He
WMWK, DABR LRI | SRR FE RGN NH,. Ff
FLRER ., L 10 °C /min B FHEHEZRTE 30~700 °C
JEEIN AR, TCD A g AiE 5% . 0,-TPD
A TE PCA-1200 A4k 22 W BFF 43 BT A AT, FREL
0.1 g fEALFIBERE | F He 3 ( 50 mL/min ) 1, LA
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10 °C /min FYTHEHE R T} 2 200 CHALH 2 h. FiR
FEREZ 50 °C, VI, 209%0,/He Wefff 1 h, FEJ5 )46
B He W 1 h DABR LRI 5RAR 7RG
) 0,. 5 7E He " H LA 10 °C /min () T i R
M50 FEZ= 800 °CHEA T BRI, .
1.4 AWMBFCN-X 4L 5 BEVEM

FREL 0.15 g AL E T U B 9048 ) g bk
TN E A R TR P BB, RN S

TR, B3 EIRE 25 min. SN 10 mL +min™,
SR K 19%0,+9.5%CH+66.5%Ar+5%H,0 (f&
FUTEO) . il L £ TCD ( Porapak Q F1 5A {831
FE) FFID (FFAP BN kAT ) Rl &% i LS
7820A FVSAH L TEASOT R 5 AR A 2H A K 7 ik
IER AT . FETorpras At , RN A 4
BEABR(X), IR REE (S ) AT

(PO) out+ (pmpanal)nut+ (acetone)nut-'- (H -pmpanoDuut-l- (isopmpanoDout-l- (C3H4O)oul+ (eﬂlanal)nut l + (C02) out %
‘- 5 T X 100%
(C3H6)0m+(PO)nm+(pmpanaDmn+(anetone)mn"'(H'PropanODom+(isopmpanODom"'(C3H4O)°m+(ethanal)°‘“?+(COZ)"“‘?
S B <C3H4O)oul X 100%

Hr1(CHg ) s (PO ) 1 (propanal ), . Cacetone )
(n-propanol),, . (isopropanol),, . (CsH,0),, . (ethanal),,, .
(CO,) o3 I 2 11 VDN A . BRSEUN e . TNTRE . TR
IENEE, SN NGRS . S . CO, VR .

2 FREITE
2.1 AWMBFCN-X 8¢ FI 893 RAE
Au/MBFCN Z 5] IE S R 45 S an e 1

Fis BT (a), (e ). Ce) BYFASIHBEE I T LI
i AwMBFCN-4, Au/MBFCN-7, Au/MBFCN-9 3 7l

(a) r I.. ' F(.:
h(‘ A 2 \ '{“'\ 1.

SR . NP
- e ‘

‘.|
15
10

Relative Freque!

)

(PO),,+(propanal),,+(acetone),+(-propanol),, +(isopropanol),, +(C;H,0),,,+(ethanal),, l+(C02)ﬂut

i ‘El -!'
]ﬁhqkf

L
3

AT IR 5 R TC RN SRR 54 | S HES | Tt
AR A T 5 e R pH B X AR 5] ) B4R 53 5 i)
AR CHE T (b)), (d), (F) BB 7 5 BE I v
G WURL A A HOIR S AN SRR A R AT LG, 3 Fh
PR T 4 9 KR 22 Ry 43 0 DA B RSPl 1
AL, R BGRAYZE S . XN T AwMBFCN-4,
Au/MBFCN-7 F1 Au/MBFCN-9 {1k 5] |- 494 K ki 1
BT BPRAR 5 K 5.4, 4.0 F13.9 nm, RF4Ads
Ty

PR T A 28 3 ) 43 BIORR BE XA R PR g

a5 ) . ] 4

_ N
wn t [

Relative Frequency/9

2.43.03.64.24.85.46.0

S 4. 36T §
Particle Size/nm

. Particle Size/nm
n -

20nm

%1 AwMBFCN-4, Au/MBFCN-7 il Aw/MBFCN-9 4L 3 /1 SEM /5] . HRTEM [&]
(159 P 7 & DR AR AR AL 30 HR B 2 A ) FREAR 4345 ((a) (b): AW/MBFCN-4; () (d): AwMBFCN-7; (e) (f): Aw/MBFCN-9)
Fig.1 SEM, HRTEM images (circles indicate the distribution of gold particles in catalysts), particle size distribution of Au/MBFCN-4,
Au/MBFCN-7 and Au/MBFCN-9 catalysts ((a)(h): Au/MBFCN-4; (¢)(d): Aw/MBFCN-7; (e)(f): Au/MBFCN-9)
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HESE, BRI A NAE— BB LSy iE Al
SIPERARRIEIN 430 . it —20 T a9k kL
AR IC R B4 U, X AwWMBFCN-4 4 4L 7
AT T mapping MK, Z5 AN 2 7R . WL H Fe

FINi TCR AL T i A i e — 30,
T EINE , Mo, Bi, Co 3FPICEIEMEILFIH 2
A B S, SRR 90Kk PR —3, 29
Mo, Bi. Co¥IhXf 43 4 4 K ok BAG B B .

Mo ; Bi

[—
S0nm* ..

£ 2 Au/MBFCN-4 {4k 5 mapping [&]
Fig.2 Mapping images of Au/MBFCN-4 catalyst

22 EAFIMHAES

FIH XRD XA T AR 53 B (A&l 3C A ),
M a i1 26 7] LU HY AwMBFCN-4 4 4k 577 iy 32 38
#t A J& MoO; ( JCPDS 35-0609 ). Bi,Mo;0,, ( JCPDS
78-2420 ), [FIH A4 Fe( MoO, ){ JCPDS 35-0183 ) °'.
Bi;FeMo,0,, ( JCPDS 27-0047 ). NiMoO, ( JCPDS 33-
0948 ) F AR SR STIE . XFEeith<k b Fhk o, BEE
AARTTIR P % pH AE 55 . MoOs5 Fl BiMo,0,, 55
AH AT S e 5 5 P S 955, 1 NiMoO, i AH B RFAE
g B gL . UIBEE pH H S , MoO, .
Bi,Mo0,0,,. Fe, ( MoO, ), % {4 #H i& W7 1] NiMoO,
KA EEAR | ARG Y pH (H R B &S T NiMoO,

smAR . AT WS E] Au AT ST B AL )
g B IR AR B

R T A R A TS A, FR AT R AR
FIPEAT T Hr 2 % R AECIIE 3 (B) ArR), Au/
MBFCN-4 i 1k 7] 75 814, 884 F1 936 ecm™ 4b ¥ 47
WA A i, o, 7T 814 em ™ LAY ESIEJE T
Fe, (MoO, ) 5 A FEAEIE , 884 em™ Ab A Mg i i f&
Bi,Mo;0,, H HIFEAE I ) 7 936 em™ Kb 11 3 16 1
J& T DU Mo 25 - M=0 Hy b (4 feh 4 41 50 222
Au/MBFCN-7 ## 4L 7F 814, 884, 936 em™ b A
B @By H s {HAH BT AwMBFCN-4 #4657, Aw/
MBFCN-7 [AJRFAF I 5 A X #5655 . Aw/MBFCN-9 1%

(A)

ok - Ay 4 c

b

« MoO, ¢ Bi;M0,0,, 4 Fe,(M00,),
' ¢Bi,FeMo,0,,#CoMoO, ANiMoO,

Intensity (a.u.)

Intensity (a.u.)

(B) ,936

10 20 30 40 50 60 70
20/ ()

400 600 800 1000
Wavenumber/cm™

1200

3 Au/MBFCN-4, Aw/MBFCN-7, Aw/MBFCN-9 f#4k57 19 (A)XRD K F1(B) Raman [&]
Fig.3 (A)XRD patterns and (B)Raman spectrums of Au/MBFCN-4, Au/MBFCN-7, Au/MBFCN-9 catalysts
(a: Au/MBFCN-4; b: Aw/MBFCN-7; ¢: Aw/MBFCN-9)

TE884., 936 em™ AAT W] 8 ARFIENE , JF ELRHIE ISR
JEHE— AP . X R WG A HT IR 9 pH {EL{R

% ) ,f%/ﬂzlilru EFI Fez(MOO4)3 N Bi2M03012 *n M003 %*H E/:J
FRIEUSER T2 55 , 5 XRD Y45 R —3.
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23 EUFIREETENTI
EALT P28 L3 A~ RS REAL AR A P
R FE M . Aw/MBFCN-4 Fl AwMBFCN-9 i1k 77 %

T 2% TC R [ XPS IS R S i IE] 4 R 2k a #1 b
7R . HT Au 4SS DUE Y PIRMEALRITESS &
AEN 84.1 1 87.9 eV R L 1Rk | 33!l Xk 1

Au 4f

A o Au’

Intensity (a.u.)

Intensity (a.u.)

92 90 88 86 84 82
Binding Energy/eV

240 238 236 234 232 230 228 226 224
Binding Energy/eV

Intensity (a.u.)

Intensity (a.u.)

168 166 164 162 160 158
Binding Energy/eV

740 735 730 725 720 715
Binding Energy/eV

710 705

Ni2p Ni**

Intensity (a.u.)

Intensity (a.u.)

810 805 800 795 790 785
Binding Energy/eV

780 775

880 875 870 865 860
Binding Energy/eV

855 850

%14 Au/MBFCN-4 Il AwWMBFCN-9fi#4L5 FF Au 4f, Mo 3d . Bi 4f. Fe 2p. Co 2p. Ni 2p HJ XPS %K
Fig.4 XPS profiles of Au 4f, Mo 3d ., Bi4f, Fe 2p . Co2p. Ni2p of Au/MBFCN-4 and Au/MBFCN-9 catalysts
(a: AuMBFCN-4; b: Au/MBFCN-9)

T AW 4, T AL, BEE , F0H Aa 76 P FP4E 1L
#E DL ACCIE A P2, Mo 3d F1 Bi 4711 XPS %
] 2% W AE AR AL 75 Fh Mo A1 Bi 4351 A Mo®™ AT Bi™ (1 JE
RAETE, G55 REST 00 232.82., 159.6 eV, X 5 XRD
K60 2] 4 41 Ak 75 FR A7 AE MoO, . Bi,Mos0,, Fl 25 5 —
2, MR Fe 2p B XPSIEEL, 7] LA H AL 5] Fe
DL Fe™ FFe™ W F 25 [ I A7 75, 45 4 A8 50 i e
709.62 F1711.62 eV &k ; M Co 2p FINi 2p HTE I AT LA
F L TR Co MINIEB UL +2 I B AR T, 45
EREM BN T 781.35., 856.2 eV Ak, XAk iy
CoMoO, FINiMoO, **'/. & 5 Ry i Ak 7 O 1s 1Y
XPSHE 437 F 530.75 eV Ab A )T &8 Tk ) b i
FaA% 4. (0 1), 75 531.49 F1532.61 eV &b iy 50 fi 48

O1ls

Intensity (a.u.)

538 536 534 532 530 528
Binding Energy/eV

5 Auw/MBFCN-4 Fl Au/MBFCN-9 4L 11 0 1s ) XPS &l
Fig.5 XPS profiles of O 1s of Au/MBFCN-4 and
Auw/MBFCN-9 catalysts
(a: AW/MBFCN-4; b: Aw/MBFCN-9)
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YR G, o BN T4 (0 ), A i B 4 sk
M (O ). 7E AWMBFCN-9 4 fL 5 th O 1Y 4
It 4 0.69, =5 T AWMBFCN-4(0.62), Oy 5 Il A/
MBFCN-4(0.27) > Au/MBFCN-9(0.24), O 5 I Aw/
MBFCN-4(0.11) > Au/MBFCN-9(0.07), A it 4 b F
Au/MBFCN-9, Au/MBFCN-4 {4k 71 3 i 7776 3 £ A

BB, TR S B b 1 7 AT SR A
FIFE AR, AR F R HEFT . Aw/MBFCN-4 F1
Auw/MBFCN-9 Ak 57 2 i K AR HH % 70 2 4L 81 T3
1, BT LAE PR A7) 2 IR R AT R o
AR, I Mo TCE (5 443

%1 AwMBFCN-4 71 AwMBFCN-9 (4L 5] R R e 18K T R AR
Table 1 Element composition of surface and bulk phase in Au/MBFCN-4 and Au/MBFCN-9 catalysts

XPS (element content/%)

ICP (element content/%)

Catalyst Au Mo Bi Fe Co Ni Au Mo Bi Fe Co Ni
Au/MBFCN-4 0.17 10.7  0.53 32 1.7 23 0.15 458 8.7 4.3 1.4 5.1
Au/MBFCN-9 0.16 1.2 0.87 2.7 1.3 1.9 0.15 403 8.4 4.5 1.2 4.5

24 ELFIRERTRIES T W A 35 2% 18 BEATAE SRR K 6 (B)

8 iF NH,-TPD % Au/MBFCN-4, Au/MBFCN-7
F1 Aw/MBFCN-9 b0 2 i AU RRPE A T 07, 2551
mEl e (A)Fs, 3 FEARIA — W1 51 NH,
MR | £ T 60~120 C2Z[H] . Hift Au/MBFCN-4 %}
NH, (5 B F5c s M 88 °C, Aw/MBFCN-9 ik
75 °C . 3 AT NH, f 50 Rl BE R HE AL, 150

ARG NH, BB A5 2] i A 7R FR 1 R i
Al LU H Bl 5 AR BT SR 1 pH (B JRAIC , 3 FhfifL
2 AR W . o, Aw/MBFCN-4 _E ()
iR B, 4 0.03 mmol + g7, Aw/MBFCN-9 4 1I ,
5 0.004 mmol - g_l.

(A) |
75°C Au/MBFCN-9
W
I
. 82°C
P Au/MBFCN-7
3
N/ I
z I
3 88 °C
=
g
=
Au/MBFCN-4

1 1 1
200 300 400

Temperature/°"C

1
100

Acidity/ (mmol-g™)

500

(B)
0.03 -

0.02 -

0.01 -

9
MIN“"?Cﬂ

0.00 A
FO R

I\“N P"‘M

K16 Au/MBFCN-4, Au/MBFCN-7., Au/MBFCN-9 f#4k7 (1 (A)NH,-TPD & )% (B) fig &+
Fig.6 (A) NH;-TPD profiles and (B) acidity of Au/MBFCN-4, Au/MBFCN-7, Aw/MBFCN-9 catalysts

25 EILIHERETEMN

HEAER A PEREPE S5 R I 7 Foos . B 7 (A)
JEERMRHTIRY) pH (E AR A 3 AR A PEREPEAN
50, WNEIR T AR ), P AL R B R T 3R
pH H B IZEHT AR , 300 G Au/MBFCN-4 {4k,
FI Y PB4 3 22.9%, J2: Aw/MBFCN-7 4k 5
() 2.7 f% , AWMBFCN-9 B 9 £i% . AL X P I Y
PEREMELE R 7 (A) &R | 300 CHY 2k ik
RUSKY) pH {E>h 4 F1 7 (4 Ak 7D PO S ) e B

A, AIIK 919%; pH (EL R 2] 9 A4 Ak 700 6k P9 4 1
IR | Sy 85%, N4 S = 2 B Ry
BRI R FAE BA T 25 R TP UTE A B IR
pH BT ) T4 150 RS 7 Ak 38 R DR I T Wi ey 5 2R
— B RET L ESER HE AT IRY) pH {E 3K
A ) MoO5. Bi,Mo;0,,. Fe, (MoO, ), fhHFH 1%
SO TS A, AR 2 TR 22 T R e RE S v N
s R, (R N IR R AL L A Aw/MBEFCN-4 {1k
T2 1 B SRR AR 22, SRR A TE T e S A A
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AT 1T BB, AR RN A T
Bt 5 F 1A MBFCN-4 Rk | %8 T H 4 &

100 100
A) o — .
80 - A 80
8 g
=)
ol —=— AwMBFCN-4 160 =
G 00 —#— Aw/MBFCN-7 £
E —&— Au/MBFCN-9 =
w
S al %
E”‘ o
20 L
-—
0 I -—
200 250 300 350
Temperature/°C

AR BRI BRI PERE UL 7 (B)), MBI Al LI
H L A PR PTR F) PR R e A PR R4 S e JBE 18 g T

100
100 L (B) v »
/ 180
| |
80 - r &
§ ~
g 160 =
= —S—MBFCN Z
£ 60 ——0.1% Au g
z —a—05%Au 90 2
S 40 —¥—0.7% Au =}
. 40 - 1., =
- 20 5
o -y |
20 + ! |
! 1 10
| 1
| 1

200 250 300 350
Temperature/°’C

E 7 AEPERETEY
((A) ZARTTIRY) pHAEA R AL, HIE 22 A 53 5 AWMBFCN-4 . AWMBFCN-7, Aw/MBFCN-9;
(B) # & AR PMELF], B M A E A4 CE MBFCN | 0.1%Au, 0.5%Au . 0.7%Au)

Fig.7 Catalytic performance evaluation

((A) catalysts with different pH values of support precursors, the columns in order from left to right represent Au/MBFCN-4,
Au/MBFCN-7, Au/MBFCN-9); (B) catalysts with different gold loading, the columns in order from left to
right represent MBFCN, 0.1%Au, 0.5%Au, 0.7%Au)

BN, o PR TS B e B R S S s v
300 CHE, Bl MBFCN 2K H M 5 AL R
A0 T 1) 3 PR A T AT AL R T R I B
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Multi-Component Composite Au/MBFCN Catalyst for Catalytic
Oxidation of Propylene to Acrolein at Low Temperature

ZHAO Ya-li, SUN Xun', YAN Xiao, LIU Ye-chun-zi, SU Hui-juan, QI Cai-xia’
( Yantai Key Laboratory of Gold Catalysis and Engineering, Shandong Applied Research Center of Gold
Nanotechnology, College of Chemistry & Chemical Engineering, Yantai University, Yantai 264005, China )

Abstract: Molybdenum-bismuth catalysts have unique advantages in propylene oxidation to acrolein. Higher reaction
temperature and water vapor ratio, however, are required. Taking the advantages of gold catalysts with excellent
catalytic performance at low temperature and high selectivity to product, we prepared a series of multi-component
composite oxide supported gold catalysts(Au/MBFCN) by adjusting the pH at the termination of precipitation during
the preparation of the support. The reaction results showed that the catalyst Au/MBFCN-4 with pH=4 and gold loading
of 0.5%(Mass fraction) presented nice performance. The propylene conversion of 22.9% and acrolein selectivity of
91.2% was achieved at the temperature of 300 °C when water vapor reduced to 5%(Volume Fraction). The catalysts
were characterized by HRTEM, XRD, Raman and XPS, and it was found that the catalyst obtained at low pH contain-
ed more active crystal phases such as MoOs, Bi,Mo0;0,,, Fe,(MoQ,);, which was the main reason for the excellent
catalytic performance of Au/MBFCN-4 at low temperature.

Key words: molybdenum-bismuth composite oxide; nano-gold; selective oxidation of propylene; acrolein



