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Zeolite Stabilized Isolated Molybdenum Species for Catalytic Oxidative
Desulfurization

Zhang, Mengting Yan, Tingting Dai, Weili Guan, Naijia Li, Landong*
(School of Materials Science and Engineering & National Institute for Advanced Materials, Nankai University,
Tianjin 300350, China)

Abstract A series of Mo/beta zeolite samples with different Mo loadings were prepared via a two-step post-synthesis strat-
egy using dealuminated Si-beta and bis(cyclopentadienyl) molybdenum dichloride (Cp,MoCl,) as precursors. The
as-prepared samples were thoroughly characterized by a series of techniques including X-ray diffraction (XRD), the diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT), temperature-programmed reduction by hydrogen (H,-TPR),
high-resolution transmission electron microscopy (HR-TEM) and scanning transmission electron microscopy (STEM), Mo
the K-edge X-ray absorption near edge structure (XANES), the extended X-ray absorption fine structure (EXAFS) and Ra-
man spectroscopy. Dioxo (Si-O),Mo(=0), species were determined to be the dominant Mo species confined and stabilized
in structure of beta zeolite. The as-prepared Mo/beta samples were applied as potential catalysts in the reaction of oxidative
desulfurization (ODS) from model fuel. The effects of catalyst supports, molybdenum loadings, reaction temperature, and
sulfur substrates on the ODS performance were investigated in detail, and typical kinetic analyses of dibenzothiophene (DBT)
oxidation were conducted, giving an apparent activation energy value of 50.2 kJ/mol. Owing to the structure confinement,
Mo species can be well stabilized within the pores and cages of beta zeolite, and the distribution of which can be regulated by
controlling the anchoring sites in the zeolite support to derive well-defined isolated dioxo Mo species. 1% Mo/beta exhibited
remarkable oxidative desulfurization efficiency in the removal of heterocyclic sulfur compounds like DBT from the model
fuel among all the catalysts tested. Typically, 99.3% of DBT could be oxidized to the corresponding sulfone within 120 min at
333 K. Moreover, 1% Mo/beta showed good recyclability and no obvious activity loss could be observed in five recycles, in
significant contrast to poor cyclic stability of traditional Mo/SiO, catalyst caused by the significant loss of Mo species during
desulfurization reaction. Therefore, Mo/beta might be developed as efficient and stable ODS catalysts for future applications
under mild reaction conditions.

Keywords molybdenum species; zeolite; oxidative desulfurization
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Figure 1 Incorporation of Mo species into zeolite framework: (a) XRD
patterns of H-beta, Si-beta and Mo/beta samples; (b) FTIR spectra of
H-beta, Si-beta and Mo/beta samples in the framework vibration region;
(c) H,-TPR profiles of Mo/beta samples; (d) HR-TEM image and STEM
element mapping of 5% Mo/beta sample

#& 1 H-beta, Si-beta fl Mo/beta £ 5 I FRAL M 57 43 M7
Table 1 Physicochemical properties of H-beta, Si-beta and Mo/beta
samples

Si/Al Mo loading” Si/Mo Surface area” Pore volume®

Sample ratio” (W/%) ratio’  (mPeg ) (cm’eg )

H-beta 13.5 — — 590 0.204

Si-beta >1800 — — 620 0.210
1% Mo/beta  >1800 0.9 175 602 0.199
3% Mo/beta  >1800 2.7 58 572 0.191
5% Mo/beta  >1800 4.5 35 545 0.188
10% Mo/beta >1800 8.7 18 417 0.160

¢ Determined by inductively coupled plasma (ICP); b Specific surface area
obtained by BET method; © Calculated from t-plot.
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Figure 2 Spectroscopic characterization of Mo species in dehydrated
Mo/beta samples: (a) Raman spectra of Mo/beta samples; (b) Mo K-edge
XANES spectra of Mo/beta samples; (c) Fourier transform of the EXAFS
spectra of Mo/beta samples; (d) Scheme of dominant Mo species in
Mo/beta
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Figure 3 Oxidative desulfurization over Mo-based catalysts: (a) Effect
of supports on the ODS of DBT; (b) Effect of Mo loadings in Mo/beta on
the ODS of BT; (c) Effect of Mo loadings in Mo/beta on the ODS of
DBT; (d) Effect of Mo loadings in Mo/beta on the ODS of 4,6-DMDBT.
Reaction conditions: 10 g model oil; n(O)/n(S)=3.0; Catalyst: 50 mg;
333K
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Figure 4 Performance and recyclability of 1% Mo/beta in the ODS of
DBT: (a) ODS of DBT at different reaction temperatures; (b) Qua-
si-first-order reaction kinetics of 1% Mo/beta at different temperatures;
(c) The Arrhenius plots of apparent activation energy in the ODS of DBT;
(d) Recycling of 1% Mo/beta and 1% Mo/SiO, in the ODS of DBT. Re-
action condition: 10 g model oil; n(O)/n(S)=3.0; Catalyst: 50 mg; 313~
343 K.

BATHE— B EELT 1% Mo/beta {447 - DBT JEY)
ODS M3 11%. WA FEE T RN 3 ) =5 &
BB, G 4b B, MR SIS R, ODS &
RLFF G 0 —B B 15 5 2

In Co/C,=hkt
o Co A1 C AL 0 min AT 7 min SRR IR FE,
t SN A], kR e S R AR 313 K 3 343 K M
3 R Bk (min ) E 2> B8 0.02676.,0.04066.0.09106
H10.13801. HRIERTIEE S TTHE In k= —E/RT+1n A.
Horp E, R WIEAGEE, k 9N IEZHE L, R 2 EEIR A
WAL, A RIERIHE T, TRASFRE. HHEARLER
MEALBE N 50.2 kI/mol( 4¢), MEUE 5 Ghubayra 255
WIE ) Mo FEZ4 L FRHZIT (49 kI/mol), B EAKXT Hou
SEPARIE I LA g-CoN, N ER KK Mo F: i 1k 7(61.1
kJ/mol). EALREM)ZE UL AN A Mo & PR L1 45
F¥s 35 R2 i 3L ODS 1 RE.

233 AEALHI AR A

Bk T SR A A R 25 BRARCR 7R SR, AR
AIPE PR VEAE R R B R . Wk, X 1%
Mo/beta EALTFITE 0.5%o M5 I T [ (BT ACHG B4 14k BE R4 7
TR, B OvER H TR Ay 4 B ok, &ad i
PP Ja A7 18 R iR R e, PR e 7R I A AL
IR YR, AT R — R IR RE VRN, S5 R
Kl 4d Fios. B PRI BTG N, DBT AR 3%

1408  http://sioc-journal.cn

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

M 99.3%FF(RE 98.4%, X/ T B IR TP
AR SR A B R, AR ARR I T
SRR E . T Si0, AERARRS, FABRBCRTE 5 KT
G BN 58.7%, X5 Mokhtari® VAT Wang! 2547 i
FIFARFSF S, MoO; 55 Si0, 2 A HAE &S, &)
N Mo 2 K R BN (2 IRIEFFJE Mo & &
H 1.0%KIE FRFEZE 0.6%), [KHAERE & fE A FE AR fE b
T R FE R B @ X EEHIER T Mo/beta H ()
Mo 5 beta 739 Z [H A7 7E 3 5 K18 7 A FH, Mo W0 i
5 Fa e B IR KT beta 4r TG4, TR T4
Mo/SiO, #1EHEI RS, Mo/beta 43 AT LLE A — P 2%
o (AR IS T S A B s B

3 4

AR TAER W57 5 A s 2 il % 1 S L AH
PRI Mo/beta 7319, #8518 — RHIRAETBOW i
# Mo/beta 73T IR AV JFUEAT 20 B, SRR AT LK
HIF LL(Si-0),Mo(=0), £\ e FR1K T BEA 2 F i
SER . Mo/beta 43 I FH T A5 AL e 200 B0 B e B,
HR T HARRE, HOEE RNIRE KRR
JRE 7] 45 32 B2 T2 S 800 I S 152, SR FH A — B 2 W
BN 15T IER R AR BT 43 0T 1% Mo/beta fEALFITE
B RS, BeE Bt AL & WAL N FasE 1)
B, X DBT K 2BRZIEE] 99.3%. XHEALFHEATIEEA
AEVEREVIANY, 283k e ik AT B 65 408 5 B AT ok 2o ALl S 3R T
BN, & 5 KIEH G, AR LTIRA T
R, UL T AR50 Mo/SiO, A FFIAE A Ao e 11 22 1) Il .
Mo/beta # 7 BN — K TV EAL B HEAL AR, I
ST IR AT S A A R SR T i) S

4 SERSY

4.1 Molbeta 5 FiFHIHI&

& Mo [ beta 7> T, B Mo/beta, &l G S
BOTERI A, A5 H-beta WhA AR KSKAS Si-beta
Rl SRJ5H Mo 31\ Si-beta HEZErh, J592:38400 T 1l 19
SCHRIRIED . N T AR SR Si-beta MEN nsi/na >
1800), K47 H-beta 73 ¥ ifi(nsiina=13.5, " E A1}
WA 13 molsL ™' HNO; (20 mLeg ' e)7E
368 K fEIRMIBHALEE 20 h, SR )5 2B FKIGESE
JEVRIY pH A M. £ 353 K FHEIHE, K
Si-Beta 7 A 5 1& 2 19 X (H I 0 A ) — &0 A0BH (B
CpaMoCly) — 2 PRI B, LLSR A3 P e 8] 4 1) 5 55 TR
AW RERIR GRS T 823 KK5HE 12 h,
33| Mo/beta ¥ £1. RIS IIFE L FRICHN n% Mo/beta, FH
o o8 Mo JLR R A& 2.

4.2 fELTIRIRIE
AT X B 26475 (XRD)EBE7E Bruker D8 fiT 541X
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e HT, PLKBr N1 Sid g AARE R RIS R
(H,-TPR) 52 % J2& 7F b 2% W B 43 #T 1X (Quantachrome
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(HR-TEM) FIH% 3737 §f B 7 2 B3 (STEM) 1%, Bl fg
WA (EDS) 58 B X TG 2 20 B A R 2 1S 78 = o
R AL B 2 61 A & 4 (Horiba-Jobin Yvon LabRam
HR)_id 5%, f#H He-Cd #Ot#%(Kimmon Electric, 5
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I E K AP ARG E R X18B EllE. PUE S
BHAT Mo K 1 X S LRIT L2 45 F (XANES) R ISOE
i, 2% Mo JERDEE I — M 50(19.999 eVt
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4.3 ELEMEITFN

ARl (MD  500) 1] 715w ¥ 0.0505 ¢
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9 0.5%0f1) DBT ¥, SRS A O/S ¥ = b
N 3.0 FRUT H AL E(TBHP). 78S AL AR S N,
B 10 g B8 31 50 mL [ EGENR A, I 50 mg fEAL 7
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