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—'2!Schmidt L D #F55 A1 % Pr/Sn ik 1F
TR EAL B E S g, FT A3 >70% & Je e A % )
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ODHE J i P 68 1Y 52 me) LA, -3 4 XRD |, SEM
H,-TPR . O,-TPD Fl C,H,-TPD % — R 5 FEA/L, #—
ST h-BN #8242 Na, WO, -Mn/SiO, i1k 7 8945
BLH.

1 LIS ER 5y

1.1 L FIH &

h-BN $8 4% i) Na,WO,-Mn/Si0, 1k 7| % F iR
Wl e, Bk h-BN(99%, EHERIH T A4k B
HR A A B W) ) 4 BAE i A S TR (VR FE 30%
Rl fdife (R B2k A IRA ) it 24
h, ¥R AW AKMZE T 120 CF LA 24 h, LIfE
= h-BN AR YE, BEREE 85 1 T 120 CHET 12
h B 5 AR A AR A (B AR BE Sy 5% (i 47
#0) Na,WO, F1 2% (R H) Mo FrRE— &
TR (M 20% ~30% , pH A 9~10, LR
MR BRA T, e h PNz 80 €, M
A AGHE AL BS (9 h-BN B 2R A, HAK
YK ) Na, WO, « 2H,0 (4rHral, Kt
J7) FMn(NO,) (A #r4l, 50%, ISR ) B
WmMENRGEWh, A s h 5, ZE TR
T 120 CHET 12 h, ZJ57F 850 CKiHE 8 h, Hil1s
Na,WO,/Mn/B_Si {5 ( Na,WO,-Mn/B_Si , x+
y=100% (i3 40) ) .
1.2 TN R AT E

ot AR S S I A 1 IR o o 2 I
5. RN R 10 mm B9 5 W #8, fEAL T 2% 5
H 0.2 g(CKiAR 0.450 ~0.280 mm). JFUEHS A C,H, |
O, F1 N, [ 5 i e i s 4 i, 4% 0T 75 HL iR
BIE A ONE# . B )R FH AR 54 (GC-
2018, &) FEL AT, ALO, B4 T4t
CH,. C,H,. C,H,. C,;H,. C,H, SE4l4y, FID( &k
YRS 5 ) K I, TDX-01 3% 78 K F T 43 #7 CH, .
CO, CO, FE4 4y, TCD (FFAGM %) #a i, mAH
— AT R N 4
1.3 L FIRAE
1.3.1 Zah AR X-SFLA5 508 (XRD) AL
HIWIAR BT HE X pert Pro Z2 JIRENT S LA, R
JH CuKa #8 (A = 1.5418 A), TAEHL 40 mA, HL
JE 40 kV, LR 20 24 10°~80°.
1.3.2 B FHRAEJFE (H,-TPR) R R 2 RS
ChemBET Pulsar TPR/TPD {L2#W MY AE Y-50 47 9
g AT, DA B AR A I, IR A (200

mg) & %< (30 mL/min) 7€ 500 °C F#ALHE 1 h
Wk 2ot Tk 700 22 1T 04 % B 2% B RDOK 43, SRIG R HIT &
40 °C, Y14 10% H,/Ar JRA < (30 mL/min) K47
1 hJi, LL10 C/min FHEEZ, 78 10% H,/Ar IR &
SAHTEE 920 C.

1.3.3 R 7 THR BT (TPD) K HH 2% [ B %
ChemBET Pulsar TPR/TPD fb2F AR Y- 47 B
RS as AT, DU B FE LA . 0,-TPD i,
FEALFIRE i (200 mg) 56 A 203 (30 mL/min ) 7£ 300
CTTALEE 1 h B 2 1k 70 2 T A I B 2% o Aok
Iy, SRIGRENE R, 78 0, K5(30 mL/min) 1%
B 1 h, MBS RS DI A< (30 mL/min) K49 1 h
Ja LA 10 °C/min FHEH 3, F+ 2 900 °C. C,H,-TPD
AL RE (200 mg) , B (30 mL/min)
76 300 °C 551F FHIAL IR 1 h B 25 Ak 700 2 1T 110 8% Fh
ZRFTFIK Sy, SRIGRE R =, 7E C,H, A4 (30 mL/
min) PR 1 b, W58 BUS VT4 SR (30 mL/
min) AT 1 h, B A Ak R0 3R 18 4 35002 B 19 C, Hg
BEJ5 LA 10 C/min FHEE R, F+5] 900 C.

1.3.4 A4+ B35 (SEM) FH T W Z A AL 7
FETEH SEM B R, il 43 it & Oxford EDS Inca
Energy Coater BETE X A9 1E E K /K25 F] Uwal55 %14
T T BRI A AR TRT , KRl e AORR IR
TR E, BEERHC 60 s.

2 R 5118

2.1 BEXN Z R EEESHR N

HIE 1 AT UL, Na,WO,/Mn/B_Si #EETIFE 600 ~
650 CIE RN E 4 %4 ODHE [, It C,H, 5%
ERARAL, AR E TS, CH, # AR % i
&, HEAMRE W CH, BEME. 7F 650~700 Ciu
FEl 4 Na,WO,/Mn/Si,,, 1 Na,WO,/Mn/B, ,Si,, i1k
FC,H bR 2RI, CH, BRI CO %
B 2, X R TR A R T e S B
C,H, B AL 4k CO,. 1E Na,WO,/Mn/B; ,Siys
fEALR b, BEE RS B T, S Ak A in AR Xt
BN, 18 750 CHIA 5 HABMEARIAE Y, HH L
WEVEPEIETE 700 °C LT — H4ERFFE R B /KT HLF-
WA CO, . BIRKE, 1R EEAT 750 C
BF, h-BN 48 2 X A 7] 2 9 35 164 114 32 o5 T 02
AFAY, XA RER [ h-BN 148 42 S 2L 7 2
G M AR R A T 24k, 7oA T B2 2 A KRG
Pk H AR 155 i AR, A3 C,H, WA
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(a) Na,WO,/Mn/B,Si C,H, Conersion/%; (b) Na,WO,/Mn/B,Si C,H, Yield/%; (c) Na,WO,/Mn/Si,

Pl 1 XS Na,WO,/Mn/B_ Si #4657 ODHE P4 RE
Fig.1 Effect of temperature on ODHE performance of Na, WO,/Mn/B,Si, catalyst

Selectivity/%; (d) Na,WO,/Mn/B, Sy, s Selectivity/ % ; (e) Na,WO,/Mn/B;Siys Selectivity/ %

Reaction conditions: Na, WO,/Mn/B,Si 0.2 g, GHSV=15 000 h™', (C,Hy) : V(0,) : V(N,)=15:1:4

Wit—AE kA CO,. 1E 750 ~ 800 C G N, 3 Ff
AL EA MR T, C H, Ftb A ¢, H, B
PGS P = IR B KR, FRATTHEI X 7T &t
ERERRET, #5 CH, #1477 A S .
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ME 2 AT, Bl R L B Y, FE
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UM FE AR L%, COo Al CO, BeFRIEEA I
B, CHg Fefb® | CH, MR C,H, WeRKm
AR, X5 SCERIRGE A — B 24 h-BN B¢
HIRF] 5% (FEAHO) I, X Na, WO,/ Mn/Bs iy
AL, CO FEFEME W TR, CH, SR PEI W
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V(C,H,):V(0,):V(N,)=1.5:1:X
Kl 2 Fi B U(N,) X Na, WO,/Mn/B, Si fi#4k5) ODHE % RE S
Fig.2 Effect of diluent (N,) on ODHE performance of Na,WO,/Mn/B Si  catalyst
(a) Na,WO,/Mn/B Si C,H; Conersion/%; (b) Na,WO,/Mn/B Si C,H, Yield/%; (c) Na,WO,/Mn/Si,
Selectivity/%; (d) Na,WO,/Mn/B, Siy; s Selectivity/%; (e) Na,WO,/Mn/B,,Si,s Selectivity/%
Reaction conditions: Na,WO,/Mn/B_Si_ 0.2 g, 700 °C, GHSV=15000 h™', (C,H,) : V(0,) : V(N,)=
15:1: X (X=0~4)

B, fE ik F] 86% , CO, VEFEIEAS LA B &
C,H, WCRBEE R B LB e e w2 e
TR, M C,H e A 30 Bl A B S 3G N Se 2218
%, 7ERMBS L BIR T 2 J5 20 B R, FRAT 4l Ay
REA PR S B %, — 2 H T h-BN 1952

st T AR B S, TR R S R AR R B
T, REFRBEBINA 2 SO A i, fif
MEALTRIIR R BRI, MTT 2 B AL 3 o A L
TBE; S5—J7 AT BE h-BN 148 2%, BOAE T A AL )
EIRARERRYE CNIPINAYNE S i S T E SR
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e SR HECRAR R, [#i15 Z ke bR
T R T 2 M e e O3 - v
2.3 h-BN §EX ZEEXR SN

h-BN #8427 B & #2 & Na,WO,-Mn/SiO, 1

TRFI 2 doe S AR B0 20 20 R PR g, JE HxT T il
P CO,E BRI I . FRATT L T AR h-BN
i Na,WO,-Mn/B,Si AL 2 ke S AL B U1 RE
TSRS T 1.

% 1 h-BN £ 23 Na,WO,-Mn/B, Si {47 ODHE 8¢
Table 1 Effect of h-BN contant on ODHE performance of Na, WO,-Mn/B_Si catalyst

Catalyst Conversion/ % Selectivity/ % Yield/ %
C,H, C,H, co Co, C,H,
Na, WO,/Mn/Si,, 71.38 52.47 31.33 2.95 37.45
Na, WO,/Mn/B, ;Siy, 5 72.36 54.01 32.28 2.17 39.09
Na, WO,/Mn/B; ,Siys 66.12 70.32 19.60 1.80 46.50

Reaction conditions: Na, WO,/Mn/B Si, 0.2 g, 700 °C,, GHSV=15 000 h™',V(C,H,) : V(0,) : V(N,)=1.5:1:2

#1459, $87% h-BN [y Na,W0,/Mn/B, Si,

AR, H G H, BERRPERT C,H, ORI & T A B At
AL, BEAE h-BN &R HIN, Na,WO,/Mn/B,Si,
AL C H, BEFRPEIT B4R 5, M 52.47% 34 Jin 3
70.32%. 1M C,Hy ¥ ARt &, Z /5T R
66.12% , FHNHL CO, BEFEMEB W N . 7 Na,WO0,/
Mn/B, ,Siys b 155 55 5 19 LM e 1 (70.329% ) Fil 2
IR (46.50% ) . X F B h-BN & 8= 34 st C,H,
HeAIR S AN W, (AR CLH, R AR AT
CO A WA BEEM. RAVAH, XATREZE R T bt
AR e — AN I, h-BN A B 38 T Ak
FIR SR, OB A AT TR RS A TR Z A
SRR, PTITAER § SO P4 M i — 20 DR BB 4
feA R CO,. [AlF, BEZE h-BN B8 AN, [
RS AR T R, IR A S 31 SR AR 8 B2 0 IR 2 52
Bl BE AR X A, 38 N 2 B e A R — o R Y
TR

2.4 Na,WO,/Mn/B,Si, 47 O,-TPD fF %%

3 J& Na,WO,/Mn/B, Si k7 0,-TPD K.
AT, h-BN [958 44 (i 75 4 £k 70 A1 78 A2 AR IR 3
AT I E Y AP, Na,WO0,/Mn/Si,, 1k 7 Al
Na, WO,/Mn/B, ;Siy, s AL A — KT 600 C %
T A% 420 BT U T4 800 °C: B 3T M AH i s St o
Ig. 5 Na,WO,/Mn/Si g #EALFIHH L, Na,WO,/Mn/
B, s Siy, s AT A% 42000 BEE 0 ) AR RS 2y, 6
ARG, AR T CH, MG, &5
C,Hg Fedb 3, TR IR AR S A% 40 09 &7 B0 AT D) Ab 78
F A A R T FE, TRLOR BEAE 700 °C Z2 AT B
C,H, ¥4 F 5 T Na,W0,/Mn/Si,, 1L, 4Kl

Na,WO,/Mn/Si

Na,WO,/Mn/B, Si,, .

Na,WO,/Mn/B, Si,,

X 1 X X 1 1 1 1
100 200 300 400 500 600 700 800 900
Temperature/"C

[ 3 Na, WO,/ Mn/B.Si, A1 0,-TPD i1
Fig.3 O0,-TPD results of Na,WO,/Mn/B _Si, catalyst

Na, WO,/ Mn/B, ;Si,  f# 14 771 2% T it it 40 /36 B 0
BN, SEGRETE 600~650 CILE N, Na,W0,/
Mn/B, Sig, s 5 Na,WO,/Mn/B;, Siys f# 1k 7 # Lt
C,Hg At 5%, X 5/ 245 R — 2 Na,W0,/
Mn/ By, Sios HEALFIZE/NT 600 °C B —A4~F i fk 2
W BRI, KT 600 °C I — >3 I b A% Ut
BEHIEEFIT— 1~ 800 °C BRI MAAH A UBERR I 7). 5
Na, WO,/ Mn/B, s Siy, s #1677 H Fb it 45 420 B 06 1)
FR A, KRB K h-BN AT RERAT T i 4k 5
AR S IR RS O HLs D T RAH A A AR R
B2 500 C 247 iR B R AL RE 18 , XRE
¥ CH, 5kl C,H,, =T 600 °C B ey il S A i)
LK CH 80 G H, iF— 5402 Cco,. HRTFRE
5% Na, WO,/ Mn/B; ,Siys HEALFITE 546 C AL fH—>
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HR BT, AT AE S h-BN (R4 BO, 7= A 1.
P T TR 2 T v L A A S R R L T L AR
YIRhEIBE TN, S350 Na, WO,/ Mn/B, , S, L 75 75 425
IREE T C,H, #1625 T Na,WO0,/Mn/B, ;Si,, s i
e, 3F B B4R R C,H, W8t [n co, gkttt
R T%.
2.5 Na,WO,/Mn/B,Si, 45 H,-TPR ff 5%

Pl 4 J& Na,WO,/Mn/B, Si fi4657] H,-TPR [t

917

636

897

Na,WO,/Mn/Si,,,

Na,WO,/Mn/B, Si,, .

Na,WO,/Mn/B_Si,

1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900
Temperature/"C

4 Na,WO,/Mn/B,_Si ML 1 H,-TPR %%
Fig.4 H,-TPR results of Na,WO,/Mn/B_Si catalyst

. HE AT, Na,WO,/Mn/B, Si L7 7E 600 ~
700 °C HRLIX A R I8 HY Mn 48046 4 138 5 AR
[, 800~900 °C =i X A4 Il | 2 Fy Mn AT W 48,
TR R B WA 9 38 S = A g
WFoE B i 9 4 )8 5 h-BN 22 [A] 778 5 A1 . AE
L A E R T 4 )8 A e ik F R 4R
PEE T 48 ALY /8, o T O R4,
4 I AL A D IR E YA P AR (636 C—627 C;
917 C—897 C—891 C), A BT ML 1Y
TP E 2 3 o 5 AH B AR T () i A — s R
T &R A LR R, R REE h-BN & 42
7, Na,WO,/Mn/B,Si AL Mn (38 [ 14 32
I/
2.6 Na,WO,/Mn/B_Si 7% C,H,-TPD %5

Pl 5 J& Na,WO,/Mn/B,Si ffb7] C,H,-TPD (1
P T LIE Y, B4R & 5 h-BN AL
W57 B B B AN ], Na, WO,/ Mn/Si o HEAL I 7E 836 °C
BRI FF 4R A L RRF I B, Na, WO,/ Mn/B, Sy, s fE1L
FITE 768 °C 1T IT- t A7 B i e 3 B, Na, WO,/Mn/

Na,WO,/Mn/Si,,, 83§ /
Nt ™ e e

, 768
Na,WO,/Mn/B, Si,, . i\//

502
A

I I I I I I I 1 I
100 200 300 400 500 600 700 800 900
Temperature/’C

Na,WO,/Mn/B, Si,

(PN e

4 5 Na,WO,/Mn/B_Si, ALY C,H,-TPD j%1A]
Fig.5 C,H,-TPD results of Na,WO,/Mn/B,Si, catalyst

B, o Sigs EALFITE 502 °C B 3T 50T 4 A5 56 B e 1 B
It LR B R T e iR ). ] h-BN 4H 53
X CBEAEMEAL ) A R 2= W A 2 R, 3
H h-BN 5 4R S ALY AR B TN & B TE A
A A Rk B AR VR, AR 1 2 i
AT etk S BE TG AL, [R)INE IS A 23 7 B AE 3 22,
A AR AR E T C,H, Fefb %A C,H, ik
BEPER A Tt .

2.7 Na,WO,/Mn/B,Si L5 XRD 5%

6 J& [ 1 Al J5 Na,WO,/Mn/B_ Si i 1k 5
XRD Eli. B (a) ATLAIFEF], Na,WO,/Mn/Si L
I F Na, WO,/ Mn/B, ;Sig, s AL B F 22 A o-
7541 % (JCPDS No.00-003-0271) . Na,WO, (JCPDS
No.12-772) | Mn,0,(JCPDS No.41-1442) . ffi#h-BN
RGN, Na,WO,/Mn/B, Si,, AL T a-J5 A1
YEAHAR BT D WA 0 AR TS £, Na, WO,/
Mn/Bs , Sigs 1L 7 A & W 2] Mn,0, f AH, I H
Na, WO, I&4%/IN, %L MnWO,(JCPDS No.80-0152)
TEAAEAE. B(b) RN H) Na,WO,/Mn/B, Si {4k
7 XRD 3%, 5K (a) A0S FTS ) Na, WO,/
Mn/Si, o HEALTR 1Y & 1A 25 4 22 57 A K, T Na, WO,/
Mn/B, ;Sig, SHEALFIAG I 2] Na, WO, 1458 5 ik 55 - H.
Mn, O, i AHH 2%, M MoWO, W45 B R38R, Na, WO,/
Mn/ By o Sigs AT ST I Al 1A 25 40 B A A R
HeAs. AR B h-BN B 2% AT R AL #F Na, WO, A
Mn, 0,46 H MaWO, , A= 8 Mn® 8 F10AH 46
KON A AR AR (077 ) BT Mo, R CLH FS 1R
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Kl 6 (a) [NIHTHY Na,WO,/Mn/B Si #EALF] (b) S5 Y Na,WO,/Mn/B,Si AL
Fig.6 XRD patterns of (a) fresh Na,WO,/Mn/B Si (b) spend Na,WO,/Mn/B Si,

[ONa,WO, *Mn,0, VMnWO,)

( #a-cristobalite A quartz [l tridymite

. SCHRIE Y MaWO, 1A A B T 42 e i
FMGIE T RGP, X 5 RS R] — 20 [
h-BNIATAE ) BO, X 42 Ja AL 77 76 (0 #4577
AL T BB VR O A 4 TR SR A R A
BB, PR T <) AR g L B R BN EE T 1Y
t— R, AT 68 A AW AL Y
A, I3 HIORE 8 g L 01 4 T 4 W A LA B
M, BEPUCE RIL e, XA T Na,WO, Al
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h-BN-Doped Na,WO, -Mn/SiO, Catalysts for Oxidative
Dehydrogenation of Ethane to Ethylene

ZHANG Qi'*, TONG Jin-hui'*, CHOU Ling-jun®, SONG Huan-ling’, ZHAO Jun®,
ZHAO Hua-hua®, YAN Liang’, YANG Jian>®
(1. Key Laboratory of Polymer Materials of Gansu Province, Key Laboratory of Eco-Environment-Related
Polymer Materials Ministry of Education, College of Chemistry and Chemical Engineering ,
Northwest Normal University, Lanzhou 730070, China;

2. State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics
Chinese Academy of Sciences, Lanzhou 730000, China)

Abstract: A series of h-BN doped Na,WO,/Mn/B, Si catalysts are prepared by mixture slurry method and evalua-
ted by ODHE (oxidative dehydrogenation of ethane to ethylene). The Na,WO,/Mn/B,Si, catalyst were synthesized
and the effect of reaction temperature and dilution gas ratio on the catalytic performance of the Na,WO,/Mn/B_Si,
catalysts was investigated. The results show that h-BN exerted remarkable influence on the catalytic C,H, selectivity
of Na,WO,/Mn/B,Si . Na,WO,/Mn/Bj; (Sigs catalyst showed relatively high activity and CO, production is very low
(>70% C,H, selectivity, 46.5% C,H, yield, 1.80% CO, selectivity ) at the condition of temperature 700 °C. And
the catalysts are characterized by XRD, SEM, H,-TPR, O,-TPD, C,H,-TPD. It is found that the addition of h-BN
plays an important role in inhibiting the deep oxidation by changing the chemical state of the surface elements of the
catalyst and forming more phases with low temperature activity. Meanwhile, the doping of the h-BN also modulates
the thermal conductivity of the catalyst, avoids the formation of hot spots in catalyst bed, and improves the selectivi-
ty of the C,H,.

Key words: ethane; oxidative dehydrogenation; Na, WO,-Mn/SiO, catalysis; hexagonal boron nitride; ethylene



