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V-K/y-ALO; f5ERE R ¥R B I — 2 IR ok £
GBI, s 7RO b T A S i AL
7, SRR A AL BT B AL TR RE RN
HEACTRIRE T 1 AR L A BEALZRAL .

1 R HER S

11 EEFeH &

He A AL O, A ([ 244 H Ak 1)) 7E 550
C SR 4 h 155 y-ALO,. FREC— 7 £ (1
PURREL . AR PN FNGR 1 & Jm A PR R I Tl A £
TR, A y-ALO,, TR FHAES b, BEiT
W e 28 R ANZE T /K53, 100 CHERE T4 10 h,
JRAFE AR R AE S 90t 650 CFE /¥ THIR K42 6 h,
R A DL y-AL Oy Jy3EiHE, V., K Y&
5350 3% F1 6% (it 73 %0) , 45 3% V-6% K/y-
AL O, AL, Fi+ TR ST R B LABE R L
0.1 52T 3% V-6% K/y-AL, O; AL L4533
2Rtk 4 B PR AR ], 18 M-3% V-6% K/y-
ALO,(M=Mg, Ca, Sr, Ba).
1.2 EUFBRE

XRD J3 4 % H H 4 B HE23 w] XRD-7000 78 X
SYERATHH, R 250 . S, Ko FRSTIR, Bk
40 kV, 30 mA, Sl 4° - min”' | FHiIEK
0.02(°), FAHTEH 15(°) ~80(°).

BET 526K FH 56 [ 22 7a 23 #] ASAP2020 74
Bl PRk b AR MR S AL/ AL AT, R4l He “SAE
B, AR A2 0,05 ¢ fiEfL5R £E 200 C,
1 mmHg 28 55 T AL 2 h, 196 CF #17
€, BJH Jrikit st it LA ML, Fl BET Jr 2
THEAE S R T A

H,-TPR £ 56 R ] % 7 4\ 5] i) CHEMISORB-
2750 B K Al 27 W BHASCGHEAT SORE IS . A oA
FRif%0.45 ~0.28 mm, FEHO0.1 g HJFESLAI
Sy Hy/Ar(H, RF43%010% ) , Wit 20 mL + min™',
FHEFE 10 °C - min, TCD KT 3 H, (55,
TR 25 ~900 C.

NH,-TPD 556 5% ] R B S6 AL 24 7] TP-5080 #Y
2 AL, RN 0.45 ~0.28 mm, HiE
0.1¢g, 2400 CF He 41 h 5, F&ZE 100 C,
B NH, # A1), L 10 C - min™' FHEZE 700 C,
TCD 50 BT Y NH .

XPS 5Z 46 % F Perkin-Elmer 2\ &) 45 77 i PHI
5300/ESCA RERGA L. X H£ Al Ko 4234

TGN 0 ~ 1350 eV, HHiE K2 1 eV, o irilife
100 eV. ZEFER0.5 eV Wb K T, Hod
AEN 30 eV. FF 2R MY AT R RN AR IE ] Cls
(285 eV).
1.3 #EUFIHTENEBE

WO b E L A L FE N 8 mm, K 228
mm [ [ 5 PR B8 2RO g tR AT, B A
PEFN R 8 500 mg, HEAEAGTIRE i 5 0 Seibii
a1 4IRS WAEEAE T VA ER. iz
N A A A e BT R A e AT 4
SV ARSI DT (A TELRE , TR ARG ) 2] 44 £ 70 PRS2 P
PR, i SR Iy f AL R 7E 200 C L Rl
150 mL/min {75 3R P HUALEE 1 h. W AR R 7E
BB 1.5 h Z IS TEHURE AR R, 40 ik &2
Byt GC-14C SAREIEHEAT 00T, #EmH AL S
SHIDE R (R YN TSR Db e

PR S N — B (] 25 K AR AR TG . AR SR 4
AT 2R 3 1) 2 St R E T 7 45 £ T e B Y.
ST WOAEAL R ) 2 T R B (B el R, X
PEA R R TTAR AR A 2l 7S B HR A 10500 i
T, TRV e AR T AR A 52 5. o S
SRR EREE R, L) 50 mL/min IR EE AR,
N A% B LA 10 °C/min 1Y 3 % = IR TH &
450 °C, fE# 2 h, DIAHEIRY# A THE 2 500 C, fH
M2 h, $&3 DL B A R THE 2 550 C, fH il
2h 5, HERYMHE MR E A1 h 5
B AR, B 5 RN A EE AR L,
Az e AR B AR T I

2 R 5118
2.1 XRD £ 58

M-3%V-6%K/y-ALO,(M=Mg. Ca. Sr, Ba) &
SR AE S iE 4T XRD R4k, BT Hhig it el
I TE 260 932,650, 37.91° , 45. 88°F167. 27°[ft
EHIEL T IHE T y-ALO, RFERT S0, HA B
AHRY, a1 4 Ja B AR L AR AR RN AL ) Y
AEfT e, Tharst ' pEgE R BV, 04 78 y-AL O, 2
R PRI B RN R 10% , 44 E LY T 2k A%
TR R, PRI E A Ak 7] 2% 1A B85 B 2 Ak
ST E I SEAE, A9t [l o 1
BEM AR (0.2% ~0.8% ), Hi T XRD
ARSI L, PR R A e A S Al o
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Fig. 1 XRD patterns of M-3% V-6% K/y-Al, 0,
(M=Mg, Ca, Sr, Ba) catalysts
(a)y-ALO5; (b)3%V-6%K/y-Al,0,; (¢)Mg-3%
V-6% K/y-AL 0,5 (d)Ca-3% V-6% K/y-AL 0, ;
(€)Sr-3% V-6% K/y-Al,05; ({)Ba-3% V-6% K/y-Al, 0,

2.2 BET RIF &R

1 J& M-3%V-6% K/y-Al, O, AL BFLEA5HE
k. MR LATLUE 1, SRR 5% 1
|G, M-3% V-6% K/y-Al, 0, ¥ i i fLZE
FURAR R A T AR L (AR 4, T S8 50 I A5 4% b
TR Z RIAH2ZE AN . L s in Mg Bl 7] /) i Ak
AR AL BN, X AT g2 B TEE B A A
I F2 5 PR 43 3 B B B ) SR TG 2E T A
PERFLIE FTEL; W0 Ca A1 Ba BhF AOMEAL 74 30K
1 LL R ETBFNLAR , X Ca F1 Ba 2086 S5 17
BRSO, GRARAT 19 7 BE AR, (W)
B AT DA R L AR TG R A A A R4S s s N
Sr Bl A ) AL R i s Js .
2.3 H,-TPR R{F&E R

B2k M-3% V-6% K/y-Al,0,( M=Mg . Ca. Sr.
Ba) 5 AL AL i 1) H,-TPR 3% 8], MK h Al &
th 3% V-6% K/y-Al, O, fEFLFIFE 300, 550 F1800 °C
B A =B AR S, I AN A B B 1 4 )
Jai , 30 JE UG 1 7 RN T R A T AR A, 156 B Ak R

R 1 M-3%V-6%K/y-Al, O, {ELFIH RIFLEREHE
Table 1 Pore structure data of M-3% V-6% K/y-Al, O,

Catalysts BET Surface Area/(m’ + g”')  Pore Volume/(mL + g™") Average Pore Size/nm
y-AL O, 190 0.468 5.53
3% V-6% K/y-Al, 0, 140.2 0.214 5.74
Mg-3V6K/y-Al, 0, 137.2 0.193 5.27
Ca-3V6K/y-Al, 0, 139.7 0.194 5.87
Sr-3V6K/y-Al, O, 138.2 0.193 5.41
Ba-3V6K/y-Al,0, 138.7 0.192 6.11

WA LR IR R ) kAR AR k. ATLAE Y, 3% V-6% K/
y- AL O, HEALFILE 300 °CH1 500 °C Ak Hi BE A %
TRZS VBRI, 430k 10 5 2 A A 5 55 R ek A
AR EAL IR R 600 C 22 J5 H B w4
B0 I J& T8k y- ALO, B[] B8 3 1Y 36
E[lz].

XFH LA TPR fhZRT LA H, 550 °C Fff
AT (A S AL B - Bh RS0 5 IRy 1 B 3,
ARG 1 4 S B 700 VS I AR T AR 1 V Rl Y
W RIS, W55 T V-AL Z A A AR TRl a]
AEE], Bkt B3 Ca. Ba WU 5 84K F 555

FH AR IR PR A 3 B v 1) (IR T 1 B2 30, 2
ATV BT A B AL BT s Ba B U g fil
600 CZJ5 y-ALO; L3RI IL I L A T4
R, STHRL 13 TN T Ba B 57 A4
FEfR iR B2 BaAl, O, iJF ifi 24 22 4 65 340 it
BT EL.
2.4 NH,-TPD R{FZ&ER

— BN, T S AR L RR T L
ANBOSE S Ly AR Bl 7 AT RS 1 A2 R
P, ORI ERITE . K13 M-3% V-6% K/
y-ALO;(M =Mg, Ca, Sr, Ba) Z FHE AL Ff: & 1)
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[l 2 M-3% V-6% K/y-AlL, 0, {i4k3fg H,-TPR i<k
Fig. 2 H,-TPR curves of M-3% V-6% K/y-Al, O, catalysts
(a) 3% V-6% K/y-Al,0,; (b) Mg-3% V-6% K/y-
ALO, ; (¢) Ca-3% V-6% K/y-AL,0,; (d)Sr-3% V-

6% K/y-AlL, 0, ; () Ba-3% V-6% K/y-Al, 0,

NH,-TPD }£[&, W& 3 il LB, 3% V-6% K/y-
AL, 0, 7£ 200 ~ 300 °C Z 1] H 3 — > 55 B2 24 1) J3t B
W, HEGER LT 220 CRbE, 7E450 ~550 CZ
[ AAAE— SR ER 2 W I F 0, LR R b0 AL T 540
CHEE. S n T a1 48 Bh 515 4k 70 i 55 i
L AR 7 a1 B 2y, HLG I A Mo o6 0 T AR 28080/
FR PG, P dsin T Mg, Ca. Sr Bifl)G, sRERH
Lol R T A5 30, B Ba Bl 300 5 A A6 7 9 9 R
HUORREANAE LA 4 Bl 7] P ) 4 £ 7] 5 R
SRR R R R A AR . SRR, B
d- 4T BRI A A I BEAG T AR By R PE. i Ba
R0 8 T3 Sk AR AT e Ak Ry R
2.5 XPS RIFLER

SR BE Ry 650 °C, K5 BErfa] 5 h (%) 3% V-6%
K/y-AlL, O, #4711 XPS 44k an & 4 i,
AT R AELS G Re R, LT 292.9,295.7, 517,
530 eV BiFi i 1% 06 43 3 %0 1 K (1s) . V(2p) A1 O
(1s) &S5 RE, Hrb O(1s) BTSN 52T V(2p)
T, UEHTAE S s 3 K,0 FV, 05 3G PEA 4y,
W B IR WAL i XRD AR 45 F R H i 31) K,0 F0
V, 05 FRFIEAT 5 082 ol T30 P Pl ves B2 20 il ki
oy AL TR R (E. S 3% V-6% K/y-

Temperature/°C
Kl 3 M-3% V-6% K/y-AL, 0, ff4k3Ag NH,-TPD {2k
Fig. 3 NH,-TPD curves of M-3% V-6% K/y-Al, 0, catalysts
(a) 3% V-6% K/y-Al,0,; (b) Mg-3% V-6% K/y-
ALO,; (¢) Ca-3% V-6% K/y-Al,0,; (d)Sr-3% V-
6% K/y-AL, 0, ; () Ba-3% V-6% K/y-Al, 0,

AL O, AL R IHRE 40 XPS 51, HpE 5a o8 K
(1s) G203, A WA, LA R8551 0 293 eV
#1296 eV. [E 5b 2y V(2p) K, A4 G HEN
516 eV Fll 524 eV [ A~ 935, 435I N TV
(2ps,) F1V(2p,,,). B 5¢ 5 O(Ls) Rs 4%, H
LEAHELE 530 ~ 533 eV JEH .

O(1s)

Intensity /CPS

K(1s)

1 1 1 1 1
0 200 400 600 800 1000
Binding energy /eV

[l 4 3% V=6% K-y-AL O, fEfLAI 1 XPS [
Fig. 4 XPS scanning spectrum of 3% V-6% K-y-Al, O,

AACIEE SO H, AR A 2 S B TR R Y
i, P VS VR IR RS N S
S0 . MRS Sk E ", AR T A S
HE—JBAE 529.0 ~533.0 eV i), Hf T 531.2.,
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Fig.5 Fine XPS Spectra of elements on the surface of catalyst a) K(1s) b) V(2p) ¢) O(1s)

531.8 il 532.9 eV A IULS G REAM XL OF, ORI VI 5 V7 RIAE AL Y 455 AL T 515. 5,
O, WAl , MAELL LFTRXE O(1s) iy XPS 3 E15r  515.7 fI516.3 ~516.6 eV Z IS, A LAAA VY
WEUNE 6A Fr7n. MITIEPEI AT O(1s) [ 4s  Wklfrdfe; X T2 AR T 517.1 M1 S18.0 eV
GRS, WIIAEEAREIE O f 0,7 I, RIACKA VMR AELE 0 XL R 43 i
EFNS R AR O Z I M F L. BRI EAE WAL 6B PR, rIgL RN 2 PR,

Counts/s

Counts/s

| 1 1 1 1
525 530 535 510 515 520 525 530
Binding energy/eV

Binding energy/eV
[l 6 3% V=6% K-y-AL, O, fEALFI KA O(1s) Rl V(2p) 4 iei
Fig. 6 The fitting curves of XPS spectra for 3% V-6% K-y-Al, O, catalyst A)O(1s) B)V(2p)
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R 23%V-6%K-y-ALO; EULFIRE O(1s) F1 V(2p) SFIELER
Table 2 Results of peak fitting for 3% V—-6% K-y-Al, O, catalyst XPS spectra

Speices BE/eV Mol fraction/ %
(0 530.4 30.87
0 0 531.8 52.41
0, 532.9 16.72
V' (2ps,) 515.7
v 32 28.7
V7 (2py,) 524.3
v V(2ps,) 517.1 013
V(2p,,,) 524.9

B+ 4 J8 B IS 3% V-6% K/y-AL O, ik 511
V(2p) XPS & K HAr g WL 7 fi, O(ls) XPS [
R I 8.

Hi &1 7 FIE 8 o V(2p) Fll O(1s) ARAELEHAN
IR WELE RAG R I 4 8 i 1 3% V-6% K/y-AlL 0,
AL R U b R S ) 2R B IR ) EL i
k3.

Mg-3%V-6%K/y - Al, 03

Counts/s

505 510 515 520 525 530
Binding energy/eV

Sr-3%V-6%K/ y—-Al,03

Counts/s

510 515 520 525
Binding energy/eV

M3 i, 5 3% V-6% K/y-AL 05 fEAL]
HIEG, -4 PR e AR b V0 Vi 4
A REI AR A T7 1) A LR R AS i B R BE O AN AR
K. X ATRERHNAE 3% V-6% K/y- AL O, fiE{L5]H
At )8 I, T PR E B R T s
B, Ml A A RERRAR. SR 3 BTy VTV
IR FLBHE s B A R I A s T VTV

Ca-3%V-6%K/ y-Al,03
w
Z
£
3
o
&)
510 515 520 525
Binding energy/eV
Ba-3%V-6%K/ y- Al,03
w
2
£
3
°
&)
1 1 1 1

505 510 515 520 525 530
Binding energy/eV

Kl 7 S 3% V-6% K/y- AL O5 HEALHRI A V(2P) K H )i lA]
Fig. 7 XPS spectra of V(2P) on the M-3% V-6% K/y- Al, O,
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Mg-3%V-6%K/v-Al,03 Ca-3%V-6%K/y- A1,03
: S
Q
525 530 535 5I25 5l30 5I35
Binding energy/eV Binding energy/eV
Sr-3%V-6%K/y- A1,03 Ba-3%V-6%K/y- A1,03
= -
= =
S =
<
@]
525 530 535 5I25 5I30 5I35
Binding energy/eV Binding energy/eV
8 etk )5 3% V-6% K/y- AL O, fifliil e O(1s) K H p i [&]
Fig. 8 XPS spectra of O(1s) on the M-3% V-6% K/y- Al,O; catalyst
RIWLEBYME 3%V-6%K/y- AL, O, L7 £ XPS RIFLR
Table 3 XPS results for the M-3% V-6% K/y-Al, O,
3 o B. EOls
v v Vv i 0°/07/0,"
Catalysts B.E, B.E, B.E, B.E,
mol% 0> 0 0, mol%
V(2ps,)  V(2py,) V(2py,)  V(2py,)

3% V-6% K 517.1 524.9 515.7 524.3 2.48 530.4  531.8 532.9 30.87/52.4/16.72
Mg-3% V-6% K 516.8 524.1 515.3 524.0 2.46 530.4 531.5 532.7 38.69/56.75/4.56
Ca-3% V-6%K 517.1 524.3 515.3 524.1 2.31 530.3 531.9 532.8 71.42/28.35/0.23
Sr-3% V-6% K 517.0 524.3 515.3 525.1 2.28 530.4  531.8 532.9  36.37/48.41/15.22
Ba-3% V-6%K 517.0 524.2 514.6 524.1 2.23 530.2 531.8 532.7 56.16/38.90/4.92

& 4 XPS GH T E BB 3% V-6%K/y-AL O, LT _EREUFIEIRE
Table 4 Relative concentration of different components on the surface of M-3% V-6% K/-Al, O,
catalysts by XPS measurement
Catalysts Total Al K Vv
3% V-6%K 1.0 0.37 0.127
Mg-3% V-6% K 1.0 0.35 0.114
Ca-3% V-6% K 1.0 0.43 0.130
Sr-3% V-6% K 1.0 0.33 0.118
Ba-3% V-6% K 1.0 0.40 0.139
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BEIRLL, (AR I L VPRI B 4,
VR R, X R, R I I AT
PIRIE o0 ATIRZSA —RE 2. [l I 2 1 A 77
EEPFRAL . W3 B, B B )R
A, BEARTRIZ I A% S )RR DU i« Ca-3%
V-6% K>Ba-3% V-6% K>Mg-3% V-6% K>Sr-3% V-
6% K. &4 AT e i 5 AR L (5 Al
MIEEH]) , NF4 Rl LIE I, Bt Ca Fl
Ba J&, AL LB AN G Rl 9 FH S W BE AT I T
il Ca F1 Ba 5 P90 M 90 A GE LA 41 73 B8 5 W
AR, AN Mg A0 Sr s, HEAEGR] AL
FIE AP 1) S T AR X BE A BT REA, il g
ST E A TR R A PSR o S 4
JELHIMIE LT JCRE TUEE I 2 )2 R EEYF, T 3

SR AL ) B 3 A 4 o 2 TR G R R R FRAIK
PEAR TR R 75 1 T P
2.6 EUAFIFEEENER

5 SR RMEILFIRE 1 2R O e A &CHIA
O BB, B 5 & |, AR+ 4R
JCR G I MR, FE BN IR BE Sl 450 °C
i, Sr-3% V-6% K/y-AlL0, |3 & ke ik R 5 Ik,
UK 7. 4% ; Ca-3% V-6% K/y-Al,0, Fl Ba-3% V-
6% K/y-Al, O, L3RI AL Ar ke . 38
O AL BN 7. 9% F1 8. 5% , XiF i B9 ¥R C M
WeFEME N 53. 1% M 53. 6% , & F 3% V-6% K/y-
AL O, AL |26 O ik k. Hod Mg-3% V-
6% K/y-Al, O, AL o 38 O 4 i B e 1K

%5 RRBAFIER ERCIREILB ST R AR

Table 5 The reaction results for cyclohexane oxidation dehydrogenation to

cyclohexene under different catalysts

Selectivity/ %
Catalyst Temperature/°C Conversion/%
CsH, CeHg COy
425 5.9 49.4 17.3 34.4
3% V-6% K/y-Al, O, 450 11.6 47.7 16 35.4
475 14.6 46.7 14.5 36.2
425 7.3 44.6 22.5 32.1
Mg-3% -V6% K/y-Al, O, 450 8.2 35.6 23.6 40.5
475 9.5 32.7 25.8 41
425 6.5 57.2 12.9 28.3
Ca-3% V-6% K/v-Al, O, 450 11.9 53.1 14.6 31.5
475 13.2 43.4 17.2 38.4
425 6.5 45.3 23.2 30.5
Sr-3% V-6% K/y-Al, O, 450 7.4 40.1 24.7 33.8
475 9.2 42.5 23 34
425 7.2 56.8 16.3 25
Ba-3% V-6% K/v-Al, O, 450 8.5 53.6 18.4 27.2
475 15.7 46.1 23.2 30

2.7 FEaikle

FER PRI O e e Th 3 A O 0 e 48 P i T4
T, FE450 C | 28y 150 mL/min, FFCLETR
A 0. 84 mL/min [ /4 F Xt 3% V-6% K/y-Al, 0,
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Fig. 9 Catalyst stability results
—M—: The cyclohexane conversion on 3% V-6% K/
y-Al, 05 catalyst
— V¥ —: The cyclohexane conversion on Ba-3% V-6%
K/y-Al, O; catalyst
— @ —: The cyclohexene selectivity on 3% V-6% K/
v-Al, O, catalyst
— A —: The cyclohexene selectivity on Ba-3% V-6%
K/y-Al, O; catalyst
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Table 6 The comparison of catalytic effect before and

after the catalyst regeneration

Conversion Selectivity/ %
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Dehydrogenation of Cyclohexane with Alkaline-Earth
Metal Modified V/K-y-Al, O, Catalyst

WANG Hai-na, GUO Zhi-wu, YANG Suo-he, JIN Hai-bo
(1. Beijing Institute of Petrochemical Technology, Beijing 102617, China;
2. Beijing University of Chemical Technology, Beijing 100029, China)

Abstract: M-3% V-6% K catalysts(M=Mg, Ca, Sr, Ba) supported on y-Al,O; were prepared by impregnation,

which were characterized using X-ray diffraction (XRD) , N, adsorption ( BET) , temperature-programmed reduc-

tion (H,-TPR), NH,-TPD and X-ray photoelectron spectroscopy (XPS). Their catalytic properties for the oxida-

tive dehydrogenation of cyclohexane to cyclohexene were studied. Characterization data from H,-TPR and NH,-TPD

demonstrated that addition of alkaline-earth affects the catalyst redox ability and acid character. The characteriza-

tion results of XPS showed that the addition of the alkaline earth metal affects the composition of vanadium species

and oxygen species in the catalyst. In addition, the relative concentration of K and V and the catalyst content of the

surface lattice oxygen increased by the introduction of Ca and Ba. According to the results of activity evaluation,
Ca-3% V-6% K/v-Al, 0, and Ba-3% V-6% K/y-Al, O, showed better catalytic activity and high selectivity for cyclo-

hexene ( =56% ) under reaction temperature 425 °C. Furthermore, these kinds of catalyst also showed the better

catalytic stability and the regeneration of the catalyst.

Key words: cyclohexane; cyclohexene; alkaline-earth; y-Al,0;.



