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Preparation of Pt/Mn-silicalite-1 Catalysts and Their Catalytic
Performance for Propane Dehydrogenation

LIU Yixuan', HU Huimin', FAN Xiaogiang", YU Xuehua', KONG Lian',
XIAO Xia', XIE Zean', ZHAO Zhen'*
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Abstract As one of the important components of natural gas and shale gas, the catalytic conversion of propane not
only has important theoretical research significance but also has broad prospects in application. Propane dehydrogena-
tion is one of the important ways to enhance the production of propylene, and the key of this reaction is to improve the

stability of Pt-based catalysts and minimize the amount of Pt. In this work, the Mn-doped silicalite-1(S-1) supports
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(xMn-S-1) with different Mn doping amounts were designed, and prepared a series of Pt/xMn-S-1 catalysts was

prepared by loading Pt. The scanning electron microscope (SEM) , X-ray diffraction (XRD) , Raman spectra and
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) characterizations were carried out, and the
catalytic performance was tested for propane dehydrogenation. According to the characterizations, the Mn species
enter the framework of S-1 to form Mn-O-Si by coordinating with EDTA, which can anchor the Pt species to form
highly dispersed Pt species. According to the activity evaluation, Pt/0.05SMn-S-1 catalyst showed the best dehydroge-
nation performance with the propane initial conversion of 51.9%. And the propane conversion was 36.7% after 6 h
reaction. The reason may be the strong interaction formed between the Mn-S-1 support and active metal Pt with the
appropriate amount of Mn doping, which results in the enhanced propane dehydrogenation activity and stability over
Pt/0.05Mn-S-1 catalyst.

Keywords Propane dehydrogenation; Propene; Mn-silicalite-1 support; Impregnation synthesis
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BT, ASCHE A 2 U 282 — 8 (EDTA) BLAL 50045 8 1 — FR SR Mn 555 59 Mn-S-1 4044,
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REAIPEAT .

1 SEIGESH

1.1 RXFE5NE
FEAALEN(NaOH) | PUNFE AL E (TPAOH, s 4025%) | flR%E [ Mn(NO), | | IERERR DU £ B
(CgH,,0,S1) FI 7S KA &AL (H,PCl-6H,0) , [E 258 AR A R ARl s £ — DU £ R — 4N [EDTA-
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2Na], KRR FARR A Al K& /K(H,0, HFH#%18.2 MQ+cm).

Ultima IV X SHEATHMYL(XRD), H 7K Rigaku 23w 5 7900 %Y b 8R4 25 5 TR %[ (ICP-MS) ,
% [E AGILENT A 7] ; LabRAM HR Evolution $172 515X (Raman) , H4X HORIBA A ] ; & H UV-3600 %Y
EEAM-TT WGIE{ (UV-Vis DRS) F1 SU8010 %Y 44 i+ i {3 5% (SEM) , H 4% Hitachi 24 7] ; Thermo Talos
FEI F200X %137 % 5 17 S B 7 060085 (TEM) , 26 [E FELZA w] ; TENSOR I RYZT AR (FTIR ), f8 [ 4
BT 5076 BRI (NH3-TPD ) , REEAULE A PR F 5 STA449F5 BUAFE SHTL (TG) , 74
NETZSCH A ] .
1.2 EEFIHEE
1.2.1  xMn-S-1 # R iy #] & SR AKA BE T 4 Mo-S-1 0K . &6, B Mn 5 2 %00 2R — 40
(Mn-EDTA)BCAL (BEIR A 1:1) , R 19% (BE 7R 43850 1 NaOH ¥ W 19 pH A, 34 31 43 & e 457 i 2 e
BURIAEDIRES . SR, K Mn-EDTA % B0 A 2 B 5 £ 20 min J5 # TPAOH, TEOS 1 H,0 (EE /K H A
0.26:1:29) %W, BE/R LA 0. 26 TPAOH/1. 0 Si0,/29 H,0/xMn/xEDTA. Tl FiHttE8 h 5B &
100 mL ffb &, #E170 °C ffk 3 d. 280l &0 . YRR 3 WG, HAESL T80 "CHREE T T . &J5TE
550 °C, 4 h AP MR BeAS 2 S-1 24k . o ad % 4 J8 Mn 1948 24 543 %1 2 0. 01: 100, 0. 05: 100,
0.5:100F11:100, ic Ay xMn-S-1, Hiix 78 Mn/Si BE/R [ .
1.2.2  PyxMn-S-14# 7] 89 41 & B — 5 2 0 SENRR (H,PtCl - 6H,0 ) K BOINA B xMn-S-1 2k &k, i
PRV VAR BBARALIE TR oy A 15, ARG BT T AR T T8 12 h, 4R =X B A F 500 °C R kb
400 min, A P ERS TR 0. 1% (TR 40).
1.3 TR RENIRSMERETN

PRI AE Ak S 0 26 B b A T A 700 A TR e A AL B PR BB IT AN, AL R IH 5o 0.2 ¢, 7E 10%
H/ArIRA S F 600 CAF4 h il T AT AR, S P e P TTR & A OR 2t AE R
2, NS RATRE A 1:2, BN 12 mL/min, SN REE A 590 °C. ) FHAAR (380 B v e 1 7
VI TEL AT

2 GRS

2.1 xMn-S-1 &K RAE

R T BRI SEA B Mn 82 BRSNS S A E R, T T ICP-MS RIE(FE 1). & 171]
A1, Mn [ SEPR4B 44t BE Mn 365 2% 5 8 nmi 3 n, L, 0. 01Mn-S-1 Zfk h Mn B 22 541K, 4
0.014% (T 4348) , 1Mn-S-1 24Kt Mn $84% i ey, 0. 500%, R UIERSr 19428 Mn £ BB A S-1
R INGSES TR =gt

Table 1 Content of Mn species in the recipe measured by ICP-MS on xMn-S-1 supports

Sample Theoretical content(%, mass ratio) Real content(%, mass ratio)
0.01Mn-S-1 0.076 0.014
0.05Mn-S-1 0.380 0.051
0.5Mn-S-1 3.640 0.074
1Mn-S-1 7.030 0.500

B 128 xMn-S-1 AR 1Y Raman 351 . IE 1 A] AT, Fra AL 7E 383, 2 em ' 20 BE T IHJ& T MFI 45
F L ICHR Si—O SRR B2 469 em™ &b H B 25 il PR 20 1 J& F Si—O—Si FrfiE I, 7 808 em ™ 4tk
W BT U8 T METSS AR AR T 7E 980 em ™ AL AU HEIE A 2217 Si—OH $R 31, i Mn 1542
SR, VAR R . Ak, TR T IR R BUHE F MO, FYRFAENE , LR Mn Y9 = 5 4
e AR SR T e A B A 4

K12 24 xMn-S-1 2R UV-Vis DRSTEE]. 041, 5 S-1MHHLEL, xMn-S-1 R IV EARREE Mn 5225 1)
K4, 7E 250~300 nm ¥ [ A 34 H B0 T AR B W SCUE U JE T LA DA O RS B P (4 DU THIA Mn** , 3X
ZEH Mn J5L T B Hb R AT S-1 BB 2R R, 400~550 nm 0 FBL PN 49 1 8T 048 Ry A ST B B8 2R A1 ) Min®
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Fig. 1 Raman spectra of the xMn-S-1 supports Fig. 2 UV-Vis DRS spectra of the xMn-S-1 supports

Prps, HLFEAE Mn 4524 00, 2 W A0 (%) 568 38 720 14 ot , U B B T B 2240 Mn ) FF . Raman F11
UV-Vis DRS FAE 45 FL 08B/ Mn AR Si I 70k A S-1 B 28R, [R] BT 35543 Mn AP, Mn* P b (1) 7 2K
FEAE.
2.2 Pt/xMn-S-1 &4 FI IR

& 3 R4l iR JEL ) PUxMn-S- 1AL ) XRD 315 & . AT, AS[A] Mn #84% 5 (1) PyaMn-S-1 #4657 3476
20=8.0", 8.9°, 23.0°, 23.9°, 24.4 4L B T V)& T MFLF 4 NS5 R AORFAE AT B 0% , 4350 %) W S-1 /4 (101)
(200), (501), (151)F1(303) FhiaI™", B Mn (AR BEIR S-1 70F-0 I 4544, T B Mn-S-1 2044 f%
T S-140F 0 i MELEE R RRAE2 If HAE PyaMn-S-1 fi A6 55 A & BLIH & T Mn 55 MnO, I RFAEIE
Ji DK AT B2 Mn PR T S-1 2B 28 i Si 51, 8400 A S-1 2R B 2R h sl s e TE P AH T R
A . TR, PraMn-S- 1A F A 1 BHJE F PR P M, BRFAEAT 06 AT BB T PLAY 3k
AU 0. 1% (B E50 , 76 XRD 35 E I g 2], 1] 58 J2 Mo I IDASE S T P B
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Fig. 3 XRD patterns of Pt/xMn-S-1 catalysts Fig. 4 FTIR spectra of the Pt/xMn-S-1 catalysts

& 4 M ik J5 5 PyxMn-S-1 446577 () FTIR 3% 4] .
AR, E20 545 e A HYIE T IR TR ER B R Y S e
By 5 7E29 800 em™ A HBL T IHJE T4 Si—0—Si 1
Xof R PR YR sh A 5 7E 1080 em™ A EL T R T
Si—O—Si Hr AKX FRPLA IR BT, B A Mn 42425t
PRGN, WA B I T MAS IS, R Mn A S-1 PY/0.05Mn-S-1
B, LR T Si—0—Mn; 1E 1223 em™ &b A FRAIE 5 w
W& F Si—O—Si B A KRR 4 B 30+, i FTIR . : . .
FAERT T, 25k T L1 PuxMn-S-1 75 o Mn 49770 200 400 600 800 1000 1200

N Raman shift/cm
ZER AR e A AR
8] 5 2k 25 558 7R JELf Pt/xMn-S-1 44K %) 19 Raman Fig. 5 Raman spectra of the Pt/xMn-S-1 catalysts

Pt/0.5Mn-S-1
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PRI AT, 2 DA AR Y Raman 35 18] 5 AR FEAS — 2, UlWITE G BGE V2 70 Mo ik It e rh 2k
ILFREAAL, REUBEARAZER .

€16 g Pt/xMn-S-1 AL A9 SEM IR, AT, ANTA] Mn 35 AL B ARURIE SR, i Mn 1942
R} S-1 3 TGS B RE RN . 24 Mn B2 T 1), 78 PY/IMn-S- 1AL 7SR AERURE |- 3 1%
FEOI AR/ INBURE , B0 B <52 SR A 0 T AR T
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Fig. 6 SEM images of the Pt/xMn-S-1 catalysts
(A) PY0. 01Mn-S-1; (B) PY/0. 05Mn-S-1; (C) Pt/0. 5Mn-S-1; (D) Pt/I1Mn-S-1.

FRE F A O FRAE S5 AT 0, Mn-S-1 2544 7 i Mo #9FPdEA S-1 B 228 rp B AR Si R F I T Mn—0—Si
YiFl, 5 Si—O0—Si M Lk, Z WAl B AT 558 A 43 BRIV 2 PR RE ), IR, TR BT P B 4 E0RY
Pt/xMn-S-1 {465 .

h T A RS A TE SR PGSR, ST A R T T TEM RAE . Wi 7 WK, B Mn
RGN, Mn A1 P A BUE S-1 610, ULEH Mn TG R B 2951 R BEIR S-1 3R A 1 254 , - HLiE
S Mn B2 I T3 55 P /3 0%, 2 ek e A b R A o B U

(A) (B)

100 nm

50 nm 50 nm

D)

100 nm

100 nm

Fig.7 TEM and EDS images of the reduced Pt/0. 01Mn-S-1(A), Pt/0. 05Mn-S-1(B),
Pt/0. 5Mn-S-1(C), Pt/1Mn-S-1(D)

& 8 7% i T PuxMn-S-1 i 1k 7 f NH,-TPD %

], FHE s SO ST RE T IR , 7T RE w
Mn BRI T S-1 G B A T R L. o e N\t
PH0. 01Mn-S-1 AL |- (9B 55 . BE% Mn #57¢

SRR, RE BB 10 15 S0, MR AL M
FIRAYEZ S K Mn S R IARK

23 Pt/xMn-S-1 AL FI O IR RS S5 M W

&9 En T PYS-1F1 Pr/xMn-S-1 18 4k 71 59 75 % 50 250 450 650 850
WREPERE . AR Kk 2 nl A, ZEAR RIS T, Temperature/*C
5 Mn e PER AL RIAR G, PUS-1484LF) R B 4522 Fig. 8  NH,-TPD profiles of the reduced Pt/xMn-S-1
BT RE e AL R [ K9 (A) ] . TR s 18 8 Pk A g 1k catalysts
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Fig. 9 Time on stream for propane conversion(A) and propene selectivity(B) over Pt/xMn-S-1 catalysts and

the deactivation rate constant and propylene formation rate over Pt/xMn-S-1 catalysts(C)

Table 2 Catalytic performance of propane dehydrogenation over Pt/xMn-S-1 catalysts

) Propane conversion(% ) Propene selectivity (%)

Sample . . 11,
Initial After 6 h Initial After 6 h .

Pi/S-1 1.5 1.5 82.4 63.4 /
Pt/0.01Mn-S-1 37.6 18.7 89.4 94.0 0.76
Pt/0.05Mn-S-1 51.9 36.7 77.8 95.0 1.02
Pt/0.5Mn-S-1 45.5 28.5 84.5 96.3 0.61
Pt/1Mn-S-1 44.6 29.3 83.3 95.0 0.97

[E9(B) ], B/~ Mn B5 1 ART LU SR S AL L el S A PERE . BlZE Mo BB2% R p38n, IR &
TEPE BRI R R o, PY0. 01Mn-S-1 LTI N BRI IR FE AL %02 37. 6%, TNIRPIIRES:
PESZE89. 4%, TEJUW 6 h 5, FEAb 2R 2 18. 7%, VEHTZMEA A A TR R TE IS, HAR TG s
(k)R 0. 16 k' [E9(C) 1. Pr0. 05Mn-S-1 #4671 HAT e m R IR N b5 b (51, 9%) , HLAE)Z
N6 h e, FEALRATRASAE 36. 7%. 5 Pr/0. 01Mn-S-1 fEALFIAH L, PY/0. 05Mn-S-1 44k 571 A8 P9 Be I U 16
PR R e M RE R o, AR R Bk, A 0. 10 b, dE—24E 5 Mn 824 5, PY0. SMn-S-1 Fll
PY/1Mn-S-1 #E AL 7R T 2L 7 e i &L 1 RE . 5 PY0. 05Mn-S-1 4 fL 57 4 Eb , Pr/0. 5Mn-S-1 F11
P/ 1Mn-S-1 fEAETI N BERT AR F AL R AL, R TE SR H U K.

FEPSBE S, 7 W s B SE R R A A R M AR P EE AR AR, IR 9(B) AT AN, AN[E] Mn
TR PYxMn-S- 1 HEAL AT MG NI B S RAIC, Bl S DB [RIARE S, DA BE PR B i T, FFa
THaE . XA HER i TA1E PUxMn-S-1 AL P, Mn By P e A S-1 5k I i 1 B PE bty , 76 SN 90 R
BB, IRk il ReAT A T2 . S SARIRAERI SN ) R A, BRI N M BERRPE ARG, Bl J
I IS TE] R 4, R HP s AR 1) SRR S B ISR I M O RS, R AR R L (R DN e R PR 15
Wb, I TRE . E9(C) A T ATE Py/aMn-S-1HEALF] M A s R . a] HIFEE Mn & &)
B, LN A R R S B T RS, i, Pr0. 05Mn-S-1 A Ak 4 R 9 A= B % A
K, G5 HHA R IS HR L, v Iz AR A R e S ERE

R TR AR R AR M, TR T AT P2 S A A S P AR AR A 5, XF PY0. 05Mn-S-1
HEAR T HEA T8 PR P AR 5200, I PR PR A R A5 14 - 200 mg i ff A A6 ) 72 10% Hy/Ar, 600 CH&1FTF
W5, 7E590 CAMF T RN 6 h. 6 h &5 5 dEA 75— IR G IR ERAE : 7225 AU T 500 'CRA55E4 h,
SRIGTE 10% Hy/Ar, 600 'CFif )54 h, 590 ‘CAMF TR 6 h. 55 IR AEIAERAE R 55— IR BRAE, TEIASS
T3, R3IFTLISH, MALFIES IR AN, WEEMPIRE LRI A I R, Hd, —k
A 5 BRI R AL R 5 AL IR LG, 51, 3% FFE548. 6%, PN SERRIE 50T WAL 1250 .
5 E  NGEIRIG L3 h 48. 6% T %3 44. 1%, V6 h 5 P B b3 44. 1% T &
$28. 5%. WIEHEENE LR 2281k . Rl LIASAT, 2 448425 A9 Pr0. 05Mn-S-1 44k 57 4
WG A 2R 8 IR A BT BRI R RS, (BATREROR R T A i P R s i 431k
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Table 3 Cyclic test of Pt/0.05Mn-S-1 catalyst

5 Propane conversion(% ) Propene selectivity (%)
Reduced temperature/'C Sample
Initial Final Initial Final
600 Fresh 51.3 35.6 76.6 94.4
600 First cycle 48.6 32.2 76.3 94.3
600 Second cycle 44.1 28.5 76.1 94.1

2.4 IR SR ELS Pt/xMn-S-1 L FI B RAE
FERBEREEUSON Y, R TR TG A SR8 23 2 3 P BRI AL R R AR el | PUBURI R RS IR IS 4R
T WETE e ik A A AL R A5 A R T K AR

o, AL REAT T S AE . 10 % 7 45 W i

SV 6 h T () PxMn-S-1 4 655 19 XRD 3% 4] . ‘Jk . Mw.,.\ PY0.5M-S-1

Al UL, W ) P/aMn-S-1 446 7] 5 38 IS 1 "

AL G5 JCIl AR A, 2840 6 h S b5 AT M PUO.05Mn-5-1

A 2 () P A REAEAT 06, 1A PP DR EE M H

BEAYBOHIRAS | SRt BUUT R AP . XRD N e
RAELE R EY], Mn-S-1 8K HA R IF R4 E Pt 20 3200/(0) 405060

[ RE 77, AT LA S n 3o 2 o P A i 4 K

pest Fig. 10 XRD patterns of the spent Pt/xMn-S-1 catalysts

B 11 AN RE i EUN 6 h i Y PUaMn-S-1 4L 55 B9 TEM A EDS RAEZEF . K 11 5K 7 #4755 1
AL, A R S SON RS TSR 8 B B ARk, R BRI AR S A B RE RS PR S5 RS S
(A)

100 nm

D)

200 nm
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Fig. 11 TEM and EDS images of Pt/0. 01Mn-S-1(A), Pt/0. 05SMn-S-1(B), Pt/0. 5Mn-S-1(C), Pt/1Mn-S-1(D)

after 6 h reaction
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Fig. 12 Raman spectra of the spent Pt/xMn-S-1 Fig. 13 TG curves of Pt/xMn-S-1 catalysts after
catalysts 6 h reaction
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