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FEE . D48 (Cu, Co) BURBH IR MRIMRF, SRRREKNBRIR, W ad — Rk & Bl — R 2R EE PW, M(M =
Cu., Co)@TiO, ¥ %}, %M FT-IR, XRD, XPS, Raman ., SEM Hl TEM FAF T-BOW A RIIEAT T 45 M RAE. 45550
PW,, M(M=Cu, Co) #5I AZI TiO,H, LI T ERIEFELEH. N, W H-BEHHIRE I, PW,, Co@ Ti0, HA /- FLEA5H .
FLAEKANHK 3.3 nm, LWERHFR 72.4 m*/g. FELL H,0, WEAF], ZHE AR AR MR R 22 T Ak
WP, G5 RM . EaME PW M(M=Cu, Co)@ TiO, RMH RIFHfEfbPERE. H ikl PW,, Co@ TiO, FEHR A
BN 40 mg, SBERYA 500 ppm, SN IREE 60 °C, KN 40 min J& , DBT BYBEAT R E] 99.7%. HIKiAIEERSLHR R
B, fiEfkii) PW,, Co@ TiO, BAT RAF MR EM: , AEAHRII RN 2 T, BRI 5 WRJG , Ak 571 0 i A 7 1 v A B

2 FRE.

K FESE; ZREEAMREL; Tio,; MMl ; FILBmR

FESES . 0643.3 XERARERD: A

BRI b B ML AL RA R A BB B A AN
S 1T N R VRN /23 = R4 U
KRS R G ) =3 e rh e it — 2015 e
W, A, BRI BRI 2 7R A BE, A2 BB
kL Y RHIF T VR 3 26 5 40 i & A
(HDS) REMS SR 22 SR I | ok A — Ak, (H
PR IFWEWY (BT) . —AIFBEWY (DBT) fil 4,6-—H
FEI JF BE Wy (4, 6-DMDBT) 14 it [ % 5 A i 3
RO S T i DR  R E  [) R, 1F Z ARE A
JAR T, A B . W BRI A | A BB A A
SEAV I B 25 T ok A Ak O UYL e R Ak B AR
(ODS) IHEA W A5 FR A, ANIHAEE S HIRAE
fRTBRL, X0 W AL A 0 5 380 o R B A A i — L
B RTE, TERZ 7 TP o a2 e B ]
HISH iz —. Emd R b, ikt b
A A A B P 48 1 O SRR SRR, FH 1) A A 7
AR AT . B THA . 28R AR S G R AL
Y%, H,0,2—ELRITER LR AR
W, TR MR | B8 M T AL R i 2k
IR —Fh Pk kR 2 B AR,

FE EHA: 2019-08-16; f€E HHF: 2019-09-21.

Z & JRAREE (POMs ) , EA Rl J8 ¥ (1) B 25
B RRBAME | AR R | B R IR M A
PRRRE R A 2R P e (AR AR 8 L il B bR
AU T R TR U 4B U R B SRR A 5k, 7 LU
H,0, NEALFI &1 F, DBT BYEERHIEF] 1 99.8%.
BEAb, FESA AR Z P i 1 R LR P A
Z4e R AR M) 2T, A" ST
BROZAIL C g Hyy N(CH, ) T5Na, [ PW, Oy ] IRCFL IR
TR, ZAE AR TE SO IR R 30 °C 2% BT B
BRI IR 98%. AFR, 4 8 R4 8 AR ik
A BCEH B T LA AKX 4 s SRR ER 1 R
i . AR S R BR A A TR YT, A I 4 E
FRAY 42 T8 TR AE 4 AL 4508 o 3 R R S A
PEISTNBRIN G SRR R Ak R A R R L A R
W o TH, AR T 53 8 A Il e 570G PR
D4, EJRERE IR LR TR A B 2455 R4E
AR A R T B TR A A AT A O L TR
FHIFIFIE 3 R G B 5855 ot 4 R Sl i Eh il
I AP A A 2 3 AR A L, A%
TR Z A, TR ST —

HEWH: WdbE A RRAF4EILS (B2017411009) (The Natural Science Foundation for Youth of Hebei Province, China (B2017411009) ).
YEEE N bR (1985-), 5, Wk, BlEdR, TENFZ &R AR ZHMEATIA A S, gaohc_85@ 163.com ( Gao Hong—cheng

(1985-), Male, Doctor, Associate professor, Synthesis and application of polyoxometalates based on heterogeneous catalyst ) .

* JHIHEER A, E-mail;583087487@ qq.com.



%5

FHERLAE . PW M(M=Cu, Co) @ TiO, ZAHHE LT 1) il 55 S S Ak BB P 439

KA B Bmin ] ;PMo,,0,,/Si0,, ZA BHE A
FEFITE 60 °C 44T, DBT HIEBRE K 100%, H5)
OYES, TEAEIR 7 WG WA R 2576 PE. Balula 2612 i
# T AR RSH Z AR PW, Zn-APTES@ SiO,,
T PR H A v PR 35 7 114 [ s B A 22 YR I 38
. AR (TiO, ) B T H A P B A A 2= A
PR O e AR A LT, AN
B U S nE N P ) S R /N I NE 2 1= 1
48 R AL R & P R A 4, BT
B, AHITFSLBRIV . Zuhra 25724 F) FH 7 I -5 s %
145 T RFREHH) PW @ TiOMEALH] , iZ ALY
HEALIEE SR H2 1) PW,, @ TiO, #6540 H B A
IR TEPE , HAGIE 10 WAR SRR LA AL 35
HE—2B UL T TiO, £E 71 2k 78 22 i A Ak 77 il & 5 1
SRR ) AR R AR, FERRATTR G T AR
SR FH AT B B R — DR & i, A o BT % 5E
5K PW , @ TiO, AL, Z LRI X DBT 4 i
BRIk F] 99.9% , HAGFR 7 G AL TE L T-% A
KA VR TAE R R, FRAT AR e T AR
H ORI FE I U 4 U P B R S AR, AR EK
FERIEBN T PW, , M(M=Cu, Co)@ TiO, #E1LF],
FECIERER, Hy0, 8465, AT T8
T S AL BRAE AL PE BE DA, 45 2 W BT i 154 Ak
FIFEHR A 240 R, X DBT () 5 Ak i 6 1 fig
B B A TG AR PR . O IR S 50 5 SR 2
HEALF] PW ,, Co@ TiO, 28 3 fi] B 1Y 4 5 Wk 14 Ak B I
AT AGESAE A 5wk, HABLTEERA BT
R, I A Ak SN 2 BCIE (1) 2240 SO 2.

1 SEIEE 4

1.1 KA 55

BRERER[ Ti(S0,), - 9H,0] . AALHF (KC1) Fik
IR (H,PW,,0,, » xH,0) I [ KA AR5 23 7
AIFHEMY (CyHS) . A IFHEWY (C,HS) | 4,6-—
3 — 2R EN (C, H,S) L IE2ERE(CoH ) A1
JE(C,Hao ) W A BTHL T (38 ) iR A BRA Al 5 a4
LE (H,0,, 30 wt% ) MZHE (C,H,N) I [ KT
P2 LAY A 7] 5 BERES (CoSO, - TH,0) AT R
il (CuS0,) M A Kt K fb 2= ). UL LTl
BRI 3 b4l HL Bl A i — 2B 4 4l

KM KBr JEF, 7E Nicolet Impact 410 FIZL 4N
TEA( A S AR B T 2r AN AT, B
VG 400 ~4000 em™ 5 LG REALE 532 nm L

JEF HR % R4 ( HA HORIBA A H]) |t
105 X-BHER R AT 2 BT 78 Shimadzu XRD-6000
B HAGEAE) ESER, Cu-K ¥, £ 5°~70°7E
BBl 41 485 3 BE R 6°/min; XPS W % & 7F Thermo ES-
CALAB 250 B3 (S FEFEBCAH]) B8, C 1s
K, Mg-K(1253.6 eV) A#B; 7E Shimadzu SSX-
550 A ( H A B EE s W) A4 - W fUBE A TEMH-
81001V Bl ( HACHL F 2R 4t ) i G5 L i s - 3%
TIEARE AR R TR 300 5 20/ O -5 B I 3 9 2L IR
77 K, AR KW BT 2% F T Y MicromeriticsASA
2010 Y4BT ( 35 E 22 s AR A Al ) b St
1.2 X
1.2.1 PW M(M=Cu, Co)#fLHIMHI%E ¥ 1.0
mmol BEESER AN 1.0 mmol FRERER . BREREN I A F] 250
mL BT, A 30 mL B FK, 7E 50 CAKIFE
R RESIIERE, Z R IMA 1.0 mol/L NaHCO, ¥,
PRI pH (H-N 4.0~5.0 Z 8], Lzt dk 30
min, f£ 80 C FZ& LMWL, U8, HE5 M., Mt
R0 Bl
1.2.2 PW, M(M=Cu, Co)@TiO, % WKW
£K(20.0 mmol) 5 30 mL =& FI/KIES, fFE 30
min JE A 1; 20 9% 6.0 mmol KCI 5 1.7 mmol
PW,,M (M=Cu, Co) JIIAF] 45 mL £&F/KH, il
730 min, JERUATR 1T; BEJG, BAATR T AT 565
% 250 mL B, @4 didk, i 130 ¢, [l
10 hi7, #E 8 h, HhuE | BT KUEMR . 80 CHET
il PW,,M(M=Cu, Co) @ TiO, #EfLH]. JLRE T
(ICP): PW, Cu@ TiO,, P, 0.01, W, 0.63, Cu,
0.03, Ti, 0.02; PW,,Co@ TiO,, P, 0.01, W, 0.69,
Co, 0.02, Ti, 0.02.
1.2.3 fEAbFI A PEREIR  BUAL S N AR
FEAEF (40 mg) , BLALIH (5.0 mL) F1Z & (6.0 mL)
MBI 20 mL BT RURRGE 157 5 i B i 4
F] 60 °C, MMA 4.0 mmol H,0,, #1#+k. BT A AR
oA B RS B L 2 AR o Tt g, A
HP-5 B4 (30 mx0.25 umx0.25 wm) 554 GC-
14C 7Y FID il g =R €0 15 % 5 9 fl = A 7
R, SALE AR E IR N 280 C, BANE
HETHEFET . 80 CAAHE 1 min, FHEH R A 10 °C/
min, F+% 260 °C, Y& 1 min.

DA DUBE R AR, 550404 0 I B 2R AR Y
BEREPE VT M 11 700 14 8 £k 0 1. BE4BLIM (500 mg/
kg) iH—E & AIHR L% (BT, DBT, 4,6-DMDBT) i
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IEEBE TR AR AP BB R R R A NE

Co Cl
S Removal (%) = C x100%

o

Kt O NBALYITE TR I 0) BE W B 5 C, g S
S R S M R B A v
2 R 5118

2.1 TR LRI
2.1.1 FT-IR43#F &1 fEfEs) PW,, Cu, PW,, Co,
PW,,Cu@ TiO, FIPW,, Co@ TiO, [ L 4M & &, fiEfk

PW,,Cu@TiO,

Transmittance/ %

PW,,Cu

1 1 1 | : 1 1
1400 1200 1000 800 600 400
Wave number/cm™!

1 ##4k3) PW,,Cu, PW,,Co, PW,,Cu@ TiO,
Fl PW ,, Co@ TiO, FILL AN E]
Fig.1 The FT-IR spectra of catalyst PW,,Cu, PW,,Co,
PW,,Cu@ TiO, and PW , Co@ TiO,

#| PW,, Cu@ TiO, Fll PW , Co@ TiO,7£ 810, 891, 966
F11066 cm™ AERHIL T W-0,-W, W-0,-W, W=0,
1 P-O HFFHEIE, 5 PW, Cu, PW, Co [P IEA
£, VLB PW,, Cu F1 PW, Co & F T TiO,
Bk L, HE5H %A &AL 546, A
PW, Cu@TiO, fil PW,, Co@ TiO, 7} 55 PW,, Cu,
PW,, Co AHLL AR 73 R AR U Y BL AW RS, 7T RE & H1 T4
J& AR ER 5 AL AR AT 45

2.1.2 Raman 73 #7 AL F) TiO, . PW,, Cu,
PW,,Co. PW,, Cu@ TiO, fl PW,,Co@ TiO, #1747 &
FAE, K 2 ATHT, PW,,Cu@ TiO, fil PW , Co@ TiO,
BITE 14, 204, 385 1523 em AL L T Tio, B94RAIE
I, 7E 908, 983 FI 1058 cm ™'kt~ PW  ,M(Cu, Co)
FIARIENE | S4E4L5] TiO, . PW,,Cu 1 PW |, Co A4
TEVEARMI, PRS0 T 24 @ S iR 3k i 2 11 28
#T TiO, M 1 KRB PW ), Cu@ TiO,

141
- 204
983

Intensity/(a.u.)

PW, cu@Tio,/\ || :

0 2I00 4(I)0 6(;0 S(I)ﬂ 10I00 12I()0 14I00 16I00
Ranman shift/cm™!
& 2 ik 7] Tio, . PW,,Cu., PW,,Co, PW,,Cu@ TiO,
Fl PW ,, Co@ TiO, FYH7 2 03 4]
Fig.2 Raman spectra of catalyst TiO,, PW, Cu, PW,,Co,
PW,,Cu@TiO, and PW,, Co@ TiO,

Fl PW,, Co@ TiO, Z5# 1 EA PW,, Cu, PW,,Co Keg-
gin BIZEH AFEAE TiO, 250 AH, W E &l &b 1T
PW,,Cu@ TiO, Fll PW,,Co@ TiO, fi#:fk 7.

2.1.3 XRD 4t ¥ 3 24 TiO, . PW,,Cu, PW,Co.
PW,, Cu@ TiO, fl PW,, Co @ TiO, f XRD i [,
ME3HAILLE 1, PW,, Cu@ TiO, FMIPW,, Co@ TiO,

® Cu

‘Co

Intensity/(a.u.)

1 1 1 1 1 1
10 20 30 40 50 60 70
20/(° )

Kl 3 TiO, . PW,,Cu, PW,,Co, PW,,Cu@ TiO,
H PW,,Co@ TiO, XRD /&l
Fig.3 XRD patterns of TiO,, PW,,Cu, PW,,Co,
PW , Cu@ TiO, and PW , Co@ TiO,

P 20=11.8°, 18.8° 25.2°F11 30.3°4b N Keggin %
FRAFAERT & (R A 50-0657), 5 PW,, Cu Al
PW , Co HYHFAFIGEAH—%. 20=58.5° 35.9°F142.7°
51.1°40 5351 Sl R TT 3R MR ST AR AR, SR fL
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FH AT B RV P U 4 Jm T R AN AR )
PW ,, Cu@ TiO, fl PW,, Co@ TiO, T L T TiO, ¥
FRfRlg, gE— LUt AR 54 PW, Cu, PW,, Co

H1Ti0, &5 Hg AR
2.1.4 XPS Z0#r 4 AfEALF] PW,, Co@ TiO, I
PW,,Cu@ TiO, ) XPS 1&[&l, & 4 A0, £ 781.4

Co" 2,
¢ e @ Ti 2p,, (b)
5|
[ ‘
U
7] 172
S 3
Ti 2p,,
1
1 L 1 1 1 1 | 1 1 L 1
770 775 780 785 790 795 800 805 810 450 455 460 465 470 475
Binding energy/eV Binding energy/eV
Cu" 2p,, © Ti 2py, (d)
Cu" 2p,, .
g gz Ti 2p,,
O &S]
1 1 1 1 1 1 1 1 1 1
925 930 935 940 945 950 955 960 450 455 460 465 470 475
Binding energy/eV Binding energy/eV
Kl 4 ALY XPS 115

Fig.4 XPS spectra of catalyst

a. PW,,Co@TiO,; b. Co 2p, Ti 2p; c. PW,,Cu@ TiO,, Cu 2p; d. Ti 2p

798.1 eV ALIFJE Co(11) 2p,,, H1 Co(11) 2p,,, K HL T
GEORE; 45 A BETE 932.3, 952.2 eV Kb IHE T
Cu (I1) 2p,, 1 Cu (1) 2p,, (M5 S0, IEAL, 5 Fh
PEALFIERAE 462.2 . 468.1 eV AL TH-EIE , 178
T Ti 2p ML 454 fE. DL Egs SRRk
W IEAE (Cu, Co) L2 MIERMFTE, HEKTERE N
4 W T AFAE T ARG )

2.1.5 N,F-Jpt b S 2T PW, Co@
TiO, 1) W% 5 -6 B <5 WL 26 A1 BIH fLor A 1, anf&l 5
Fiw, k5 PW,, Co@ TiO, 7 P/P, 4 0.4~0.9 {1
Rl S BT B AT A IS 28, MK HE TUPAC B, 2k
A R BRI TV SRR, LR S5, RA
B4R BET Bk, 1L PW,, Co@ TiO, H. A M X}
WEm KA 72.4 m*/g ML AR RS R
3.3 nm.

60  ~
& .
& 50 F“é
= I
e
- 402
=
5 =
Tl oI R T T2
@ i Pore diameter/nm =:=:==:=..-.
§ e
) -
5 20
G ]
>
10 l
0 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure/(P/P,)
& 5 fEALF] PW,, Co@ TiO, F N, Wz it-
5% B S5V R LA 43 A ]
Fig.5 N, adsorption-desorption isotherm and pore

size distribution of catalyst PW,, Co@ TiO,
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2.1.6 LB SEM 5 TEM 43041 &l 6 Ak
PW,,Co@ TiO, i SEM FI TEM ME H-, HiE 6(A) 7]
A, AR PW, Co@ TiO, 51 20 3 R 5F 120 nm
LR RAN — 1 BE 454, mE 6(B) i —2 &

W, f#4k3) PW,, Co@ TiO, B %5t 4548, IR A ] fig
EEMRLG BUS R TR RREK L) PW |, Co W BIAREAT
KIIERL T VL — ALK N 52, PW, Co MM 5T
4544,

Kl 6 fiEALT] PW,, Co@ TiO, A HLBE(A) RIS UL (B) A
Fig.6 SEM (A) and TEM (B) images of catalyst PW , Co@ TiO,

2.2 MR BETEM
2.2.1 AS[rli Ak A b S8 A0 T3 A 1 e E1 AR
[) A A A A Ak 0 A8 AR A s oz A AN [) sz 1oz s ] £

b rERE. HE 1 T IL, PW,,Co, PW,,Cu, PW,@
TiO, . PW,,Co@ TiO, Al PW , Cu@ TiO, 7£ A 1Ll i 2
I 25 AT e L L A v PR A M ELBRUAY R

R 1 AR L SLBRTRIERE RN

Table 1 Effect on catalytic oxidative desulfurization with different catalysts

Entry Catalyst Substrate Reaction time/min S Removal/ % Related work
1 PW,,Co DBT 70 98.7 This work
2 PW,,Cu DBT 70 97.7 This work
3 PW,,Co@ TiO, DBT 40 99.7 This work

4,6-DMDBT 50 99.8 This work

BT 60 97.7 This work

4 PW,,Cu@ TiO, DBT 50 99.1 This work
5 PW,,@TiO, DBT 60 99.9 [25]
6 TiO, DBT 60 9.7 [25]

Reaction conditions; Model oil (500 mg/kg of S) 5.0 mL; H,0, 4.0 mmol; Catalyst 40 mg; MeCN 6.0 mL; Temperature 60 °C ;

All selectivities for the sulfone were nearly 100%.

PR 100%. 17 TiO, /& JoiE PE Y, A4 9.7 % i iy
JBRBR R TR AL TAS B 0y B R, A AR )
PW,,Co@ TiO, #l PW,, Cu@ TiO, B 1% P4 Fh 43 51 g
PW, Co Fl PW , Cu. IL4k, WAl LAt PW,, Co@
TiO, F1 PW ,, Cu@ TiO, [ #EAL 15 P 5 T PW, Co FlI

PW,, Cu, —J7 11 n] REJE: 1 T 22 IR 73 A 78 28044 P 3
T E B R R AEVE T REAS A2 2 A TR L 2 B P v
O, I3 —J7 HRA S FLATH R HE 2 i AR A BRIE 454
AT SRR B, BT S O 4
(R, E—2 %, PW,,@ TiO, A HE AL 15 PR T
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PW,,Co@ TiO, Fll PW,, Cu@ TiO, , 75 B %iE K Jz 1 if
[ B 35 2] 99.9% (1) i b %, 4 U v gg J& th F
PW ,,Co@ TiO, Fl PW,,Cu@ TiO, "P 77 1E £ R Al it I
4 Ja WU L B SRR R e T AR R 4 2
.

715, 5 PW,, Cu@ TiO, # IL#, PW, Co@ TiO,
T S AR T, 7ROV HEAT 40 min J5, XF
DBT BB AE] T 99.7%. JR DA 8 2 i T id
&R AR R AR R TS 2, Co">Cu", %
R, FAbE o> . R L miAk R PR T
ALY PR B R R, R, AR PW, Co@
TiO, %} BT 14 ,6-DMDBT (AL R 1 REFEAT T 3T
#r, W 1 s, 4,6-DMDBT A T BT 454
b, 7€ 50 min J&5, BEBRFEHN T 99.8%, %ML &
TR TG R (W L T2 % B A 2s [ BRI S R A, BT
LR BRI L = B A TR, TR
M 1 A B 1 R s e 0
2.2.2 {4k S AL 3 4 DU AL PW, M (M =
Cu, Co)@ TiO, T B IR 5 XAUE /KX DBT 1Y 4 1k i
TRALHEAESE T TAEh E A REE™, 29 W=0 7%
PEHL 5 BUE K R TE L { PO, [ WO (0,), ], 1%
PEPRMA, Z b AR YOk B Tl AR S DBT i fk
YR E A ORI A W =0 YFh, Bl 70
BT T T AR — 25 A A LR, W =0 g T
— YR R SE A A S B G ER. FR TR T i U 4
JE& IAEAE T 8 23 1 B 55— Fhon] B 9 i £k B ni ML 3
(Scheme 1), M"( Co., Cu) 5 XA KA =4 &
MRS R & A (M =0), M"=0 55 —4
MK i — 25 ) BB i T 3 I 4 Jm ot | AL A Y
(M™-0,), ##HF M"-0,5 DBT A4 R, M™-0,
L JE R M.

2.2.3 fiE4kF PW,, Co@ TiO, FY 1 W7 P BE DYie
# PW,, Co@ TiO, M, #4724 AT HE S 0 2o
R EPE IR, B 7 1T PW,, Co@ TiO, Xt
DBT W& A a5z vy P S g, i 7(b) rT T, 24
JNEHAT 10 min 5, 2R BB IR 25 52 1A & A g [
IR, A5 20T RN AT, R S AR AR AL
FUN S48 S AREE 0 30 min, DBT A4 R LA 1%
AR, R LA, A PW ), Co@ TiO,
£ DBT E L Wit ik R b R B R A iR t, ol
DIE A — 28 A A0 750 o7 FH 380 S A B s 1y v i
1631 PW,, Co@ TiO, BE#S A2 € A7 1E 1Y — 1> 2 1Y Jit
KA REIE R F 2 R 9% A T Tio, i, T A% e 4%

Model oil phase

H202
Acetonitrile phase
PR 1 AT Ao 3 <6 FOSUEZK X DBT 461k
ISR 5 7 ) A L B 4 0
Scheme 1 Proposed mechanism for the oxidative desulfurization

of DBT by hydrogen peroxide and the transition metal

100 -

90

80

70

60

S Removal/%

50 -

40

1 1 1 1 L

1 1 1
0 5 10 15 20 25 30 35 40 45
Reaction time/min

7 fiEALFR] PW | Co@ TiO, X} DBT & AL 14 5l 77 27 Hh £k
Fig.7 Kinetic profiles of oxidative desulfurization of DBT over
catalyst PW,, Co@ TiO,

Reaction conditions; DBT model oil (500 mg/kg of S) 5.0 mL;
H,0, 4.0 mmol; Catalyst 40 mg; MeCN 6.0 mL; Temperature

60 °C; All selectivities for the sulfone were nearly 100%.

Hy, BRI 7TIEEA SRR, TS PW |, Co@ TiO,
REAZVE Jy 22 FHAHE AL ) il .

2.2.4 fiE4k5 PW,, Co@ TiO, FUTEIR A FHEfE i
AR B8 708 PR FH 2 DT Ak TR RS e ) — A EE
f&bR. LA DBT S4B N iR, #6518 7 A1)
RN S5 44 R ML PW , Co@ TiO, #E4T T 1 #F
RN, BERIEAN SE B, NG Vet U8 )5
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e 533 %

HEALF], 72 80 C M, #E JEAT T —IRAE R 5K
5. I 8 WAl LI i, ZEARUR SN 45 AT S
UAEER SN, AU RN HEAT E) 40 min B 46 75 %
DBT F i B 5 R R e 6 Pk 38 oA & 26 B el A 2%
WL HALH] PW,, Co@ TiO, B AT BL 4 (1178 #1fd
F .

100 -

80 -

60

40 -

S Removal/%

n aE R RN

1 2 3 4 5
Run number

& 8 1L PW,, Co@ TiO, %} DBT AL/t HR G R S8
Fig.8 Recycling experiments of catalyst PW, Co@ TiO,

for the removal of DBT after 40 min reaction

3 &t

L LRTR, SR — R A RN T A s T A
A ERIE S50 ()38 T8 AR S AR R i — 2 2 R
S, TR PW,, Co@ TiO, FP7EAE £ IR A
1 I 4 JE BUTE Pk D LR B Co B SRR A R
{8, fHILAE DBT 484k i S i 1A 3 rh e B e
AL TEPE. AL, PW,, Co@ TiO, 1l Z2 AL 571
It IR RE S AR 2 2 9 AR AR & R A S T,
HAE S WAE K rp 38 30 55 0 1 A Ak 3 .
PW , CoB B35 T TiO, Bkt , JEitZ7eskie 454, R
il 7 M A3 TR R A AR PW, Co@ TiO, HE
Ve Z A A T A — A =2 A

SE Lk

[1] Xu Li-li, Wang Yang, Xu Ting-ting, et al. Exfoliating
polyoxometalate-encapsulating metal-organic framework
into two-dimensional nanosheets for superior oxidative
desulfurization [ J]. Chem Cat Chem, 2018, 10(23):
5386-5390.

[2] Weigand B C, Friend C M. Model studies of the desulfu-
rization reactions on metal surfaces and in organometallic

complexes [ J]. Chem Rev, 1992, 92. 491-504.

(3]

[4]

(5]

[7]

(8]

(9]

[10]

[11]

[12]

Lian Chen-shuai (3 /2Jf1), Dai Rong (1% %), Tian
Ren (H #1)), et al. The effect of preparation method on
catalytic properties over Ni-Cu bimetallic catalysts for
steam reforming of ethanol ( Ni-Cu XX 4 J&f# 1k 57 I~ &
7K 260 o ) SEUBIE - 8 O 1 0 A P E B 5
W) [J].J Mol Catal (China) (43 FHEfL), 2019, 33
(4):297-308.

Wang Han-lu ( EFEFZ), Yu Si-yu (AREEE), Peng
Jing (¥ ), et al. Quantum chemical study on TS-
loxidation of thiophene and methylthiophene reaction
mechanism (& BFANE TS-1 AL A AL BE W) K FH FLBEW)
SRR BT~ E0F5E) [T]. T Mol Catal ( China)
(SrFHEFE) | 2015, 29(5) : 458-466.

Galano A, Rodriguez-Gattorno R. Oxidative desulfuriza-
tion (ODS) of organosulfur compounds catalyzed by per-
oxo-metallate complexes of WO, -ZrO, : Thermochemical,
structural , and reactivity indexes analyses [J]. J Catal,
2011, 282, 201-208.

Mu Jin-cheng (#24:3%) , Yu Hai-feng ( Fiffl%) | Tian
Wei-liang ( H4E5E) , et al. Preparation and character-
ization of CeO, modified Si0,-CuO composite oxide cata-
lysts and its catalytic oxidation desulfurization perform-
ance (CeO, M1k SiO-CuO &7 A ALY i 4 FIRAE LA
BeMEASEALIBLBRTERE) [J]. J Mol Catal ( China) (4}
Tk, 2017, 31(1): 92-100.

Masoomi M Y, Bagheri M, Morsali A. Application of two
cobalt-based metal-organic frameworks as oxidative desul-
furization catalysts [ J]. Inorg Chem, 2015, 54 11269-
11275.

Shu Cheng-hua, Sun Dong-hua, Zhang Hong-bo, et al. A
novel process for gasoline desulfurization based on extrac-
tion with ionic liquids and reduction by sodium boro-
hydride [ J]. Fuel, 2014, 121, 72-78.

Ye Gan, Qi Hui, Li Xiao-lin, et al. Enhancement of oxi-
dative desulfurization performance over UiO-66 (Zr) by
titanium ion exchange [ J]. Chem Phys Chem, 2017, 18
1903-1908.

Zhu Wen-shuai, Wang Chao, Li Hong-ping, et al. One-
pot extraction combined with metal-free photochemical
aerobic oxidative desulfurization in deep eutectic solvent
[J]. Green Chem, 2015, 17 2464-2472.

Wang Xiao-jing, Li Fa-tang, Liu Ji-xing, et al. Prepara-
tion of TiO, in ionic liquid via microwave radiation and in
situ photocatalytic oxidative desulfurization of diesel oil
[J]. Energy & Fuels, 2012, 26 6777-6782.

Zhu Hou-yu, Guo Wen-yue, Li Ming, et al. Density

functional theory study of the adsorption and desulfuriza-



FHERAE . PW,M(M=Cu, Co)@ TiO, ZHH#E L7 i il & A A AL BB g

445

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

tion of thiophene and its hydrogenated derivatives on Pt
(111) ; implication for the mechanism of hydrodesulfu-
rization over noble metal catalysts [ J]. ACS Catal,
2011, 1. 1498-1510.

Li Si-wen, Gao Rui-ming, Zhao Jian-she. Deep oxidative
desulfurization of fuel catalyzed by modified heteropolyac-
id: the comparison performance of three kinds of ionic
liquids[ J]. ACS Sus Chem Eng, 2018, 6(11) . 15858-
15866.

Coronado E, Goémez-Garcia C J. Polyoxometalate-based
molecular materials [ J]. Chem Rev, 1998, 98 (1)
273-296.

Miiller A, Peters F, Pope M T. Polyoxometalates: very
large clusters nanoscale magnets [ J]. Chem Rev, 1998,
98(1): 239-272.

Zhang Yan-jie, Gu Yi-fan, Dong Xin-bo, et al. Deep ox-
idative desulfurization of refractory sulfur compounds with
cesium salts of mono-substituted phosphomolybdate as ef-
ficient catalyst [J]. Catal Lett, 2017, 147(7) . 1811-
1819.

Zhang Yong-na, Lii Hong-ying, Wang Lu, et al. The oxi-
dation of benzothiophene using the Keggin-type lacunary
polytungstophosphate as catalysts in emulsion [ J]. J Mol
Catal A; Chem, 2010, 332. 59-64.

Long De-liang, Burkholder E, Cronin L. Polyoxometalate
clusters, nanostructures and materials: From self assem-
bly to designer materials and devices [ J]. Chem Soc Rev,
2007, 36: 105-121.

Kozhevnikov I V. Catalysis by heteropoly acids and multi-
component polyoxometalates in liquid-phase reactions
[J]. Chem Rev, 1998, 98(1) . 171-198.

Ma Yuan-yuan, Tan Hua-qiao, Wang Yong-hui, et al.
Polyoxometalate-based metal-organic coordination net-
works for heterogeneous catalytic desulfurization [ ] ].
Cryst Eng Comm, 2015, 17. 7938-7947.

Zhang Jian, Wang Ai-jie, Li Xiang, et al. Oxidative des-
ulfurization of dibenzothiophene and diesel over [ Bmim | ,
PMo,,0,,[J]. J Catal, 2011, 279. 269-275.

Nogueira L S, Ribeiro S, Granadeiro C M, et al. Novel
polyoxometalate silica nano-sized spheres: efficient cata-
lysts for olefin oxidation and the deep desulfurization
process [ J]. Dalton Trans, 2014, 43 9518-9528.

Yan Xue-min, Mei Ping, Lei Jia-heng, et al. Synthesis
and characterization of mesoporous phosphotungstic acid/
TiO, nanocomposite as a novel oxidative desulfurization

catalyst [ J]. J Mol Catal A; Chem, 2009, 304 52-57.

(24]

[25]

[26]

[27]

[28]

(29]

[30]

[31]

Zuhra 7, Lei Huan, Zhao Zi-peng, et al. Necessity of
calcination in the preparation of phosphotungstic acid @
TiO, composites. A case study on the facile sol-gel syn-
thesis of nanospheres and their superior performance in
catalytic oxi-desulfurization [ J]. New J Chem, 2017,
41 . 8382-8389.

Gao Hong-cheng, Wu Xiao-nan, Sun Dong-mei, et al.
Preparation of core-shell PW , @ TiO, microspheres and
oxidative desulfurization performance [J]. Dalton Trans,
2019, 48. 5749-5755.

Zonnevijlle F, Tourne C M, Tourne G F. Preparation and
characterization of iron (IIT)-and rhodium (IIT)-contai-
ning heteropolytungstates. Identification of novel oxo-
bridged iron (IIT) dimmers [ J]. Inorg Chem, 1982, 21
2751-2757.

Longoni G, Cabrera R L P, Polizzi S, et al. Shape-con-
trolled TiO, nanocrystals for Na-ion battery electrodes:
the role of different exposed crystal facets on the electro-
chemical properties [ J]. Nano Lett, 2017, 17 992 -
1000.

Shi Zhi-giang, Dong Zheng-ping, Sun Jian. Filled cobalt
nanoparticles into carbon nanotubes as a rapid and high-
efficiency catalyst for selective epoxidation of styrene with
molecular oxygen [ J]. Chem Eng J, 2014, 237 81-87.
Pathan S, Patel A. Transition-metal-substituted phospho-
molybdates; catalytic and kinetic study for liquid-phase
oxidation of styrene [ J]. Indus Eng Chem Res, 2013,
52. 11913-11919.

Ding Yu-xiao, Zhu Wen-shuai, Li Hua-ming, et al. Cat-
alytic oxidative desulfurization with a hexatungstate/aque-
ous H, O,/ionic liquid emulsion system [ J]. Green
Chem, 2011, 13, 1210-1216.

Duarte T A G, Pires SM G, Santos | C M S, et al. A
Mn(1III) polyoxotungstate in the oxidation of organosulfur
compounds by H, O, at room temperature: an environ-
mentally safe catalytic approach [J]. Catal Sci Technol,
2016, 6 3271-3278.



446 a4 F  fiE o33 %

Preparation of PW,, M(M=Cu, Co) @TiO, Heterogeneous
Catalysts and Oxidative Desulfurization Performance

GAO Hong-cheng', WANG Xiu-yan' , ZHANG Xiao-fei', LIU Yun-he',
QI Qiang', SONG Xiao-jing” "
(1. Department of Chemical Engineering, Chengde Petroleum College, Chengde 067000, China;
2. Nanyang Institute of Technology, College of Biological and Chemical Engineering, Nanyang 473004, China)

Abstract; A polyoxometalate-based materials has been synthesized though the one-step template using transition
metal (Cu, Co) substituted phosphotungstic acid as template and titanium sulfate as titanium source, denoted as
PW, M (M=Cu, Co)@ TiO,. Multiple characterization methods namely FT-IR, XRD, XPS, Raman, SEM and
TEM were used to characterize the resultant materials, and results indicated that PW ;M (M = Cu, Co) is intro-
duced into TiO,, forming core-shell spherical structure. N, adsorption-desorption test showed that PW,, Co@ TiO,
was mesoporous material with pore size of 3.3 nm and specific surface area of 72.4 m>/g. The catalytic properties of
these materials were investigated in the oxidative desulfurization reaction system with H,0, as oxidant and acetoni-
trile as solvent. The results showed that the PW,,M(M=Cu, Co) @ TiO, exhibited good catalytic performance. The
S-removal of DBT reached 99.7% after 40 min reaction at a temperature of 60 °C when dosage of catalyst PW,, Co@
TiO, was 40 mg and reaction substrate was 500 mg/kg. Leaching and recycling experiments revealed that catalyst
PW,, Co@ TiO, had excellent stability, and there was no significant decrease in S-removal after five cycles under
same reaction conditions.

Key words: transition metal; polyoxometalate; TiO,; heterogeneous catalysis; oxidative desulfurization



