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Abstract

Sulfur-containing compounds in transportation fuels are converted by combustion to SOx, which is
a major source of air pollution and damages exhaust devices. For the environmental protection
purpose, in the paper, hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophos-
phate ([Bmim]PF¢) and surfactant-type decatungstate were synthesized and characterized by
means of FT-IR, UV-Vis and TG-DSC. The amphiphilic decatungstate was assembled in hydrophobic
ionic liquid emulsions system with 30 wt% H:0: as oxidant, which has been found suitable for the
deep removal of DBT in fuels. In this catalytic oxidation desulfurization system, the role of the
main factors affecting the process including reaction temperature, reaction time, 0/S molar ratio,
and catalyst dosage, were investigated in detail. The results demonstrated that the favorable op-
erating conditions were recommended as reaction temperature T = 70°C, reaction time t = 3 h,
V(Oll) =5 mL, V([Bmlm]PF(,) =1 mL, II(DBT)/l’l([(CH3)3NC15H33]4W10032) = 10:1, n(HZOZ):n(DBT) = 2,
[(CH3)3NC1¢H33]4W10032 as catalyst and the removal of sulfur to 98.7%. We also found that the ionic
liquid emulsion catalytic oxidative desulfurization system was also superior to the simple extrac-
tion with hydrophobic ionic liquid or the catalytic oxidative [Bmim]PFs. Furthermore, the me-
chanism of catalytic oxidation desulfurization was elaborated.
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WP EISRAMEFHEREEERRENY, MONRERIVEERWMEM, THEHHEAZSH
SEBVCE N ERE. B, H& T KR FREL-T 2-3-F RIS R BEER £ ([Bmim] PFq) FIXT
FEREAFI[(CH3)sNC16H33]4W 10032, RFLLSMERE (FT-IR), 247 WOLIE (UV-Vis) I TG-DSCH AT
FEHENEATVEHBAT T HMMERAE; BFF T H202 884057 [(CH3)3NC16H33]4W10032F1 [Bmim]PFei4)
B E FRAEILR G RS b K IEY (DBT) R PLE M LR RRE, BEH0. Mk
FIFERBE M. RICEE A RN RMEEREK, DBTHRRFRFEEN; B FRAEILBRRGREE
R Bi2&AA: PA[(CH3)3NC16H33]4W 10032 R HEALF], BLHH A &S mL. B F# & [Bmim]PF &A1 mL.
RPEBET =70C. RFATEt= 3.0 hy n(f#4657):n(DBT) = 1:10F1n(H.02):n(DBT) = 2B, DBTHLRRZE
F1598.7%, HBBBRGTTNHE FREZXERG G R ARELELERERORRBR. &5,
S B F AR TR AL A AR A R B R BB BEAT T R .

K ia
BRI, B, SCREHRERE, #IEL

1. 518

Rt A BB AL S 2 TR R S T AR B ) S A (SOX) . AMURHARZE R BN B, T B
St O R ATT Ge N TR, 5 [ 2y g R R B S R e T R BV R 1]

Hoar B R IE ALK R DR [2], Ll DA S ) R e . kAR gt/ 55 i, Sl A
NIRRT 7 2488(3] . JLFR, LB TR EA S EWIAEFTIEOK, I SE & a8 &1 L i
RIS AR % B B A5 7 THI I 70 T 25 32 RV [4] o 3 FH T B 1A ¥ 25 4 ] e vt
G IRy T S NTITR 00 L N B e K 3 7 9 A 2 o 6 /A T == R 2N A BN 3 S R PR
HEAT R I R 7 THI PR AR TE AN 22

A 2% T — R ORI [(CH3)sNCigHa3]sW19050, KA FT-IR. UV-Vis #l TG-DSC # o #1%%
JPEX AT AR G5 R RAE, 15 580 HoO, FEE KRR B IR AR [Bmim]PFg #5017 & 1 IRAA AL
WA R o DLIE 2B SRR, SR DBT BACHENUBRIL &9, HEAT IR I B JUAR it 70

TEBE ARSI AE R, B TR B E 7 ROSIET 75 EE AR R R AR, ROR R
KT BAE T 5 R AR P AR [5] . BRI, B IR PR B LA R AV BB R $ e S Mg =6, 1y L AT LA
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AR T HoO, SR & SR SR REAN TS 20, AT SRS 17 AL 880 AR AT LA AR P 3R AN v 58 ) R
2. KBS
2.1. FERH

DBT: 4 98%, i | a7 L) AR A s IEHPUkE: 4 99%, [ 24548 H 250G IR A
N-FERKmE . Tk gy, WiLimdEn &P T Na,WO,-2H,0, NH,PF FIVRACIE T kt: srbral, EZ44E
PR FIE R AT o Nkidt = FIERL e, LR AERMIE S odral, R sl FIa R A
.

22. BT HRERHIE

B AR 1- 7T JE-3- FER IR R 5 ([Bmim] Br) 1 1l 2 2 8 SCHR[6] [7]. BARE BOPER: 4 1 mol N-F 2
KM 1.1 mol JARIE T 5240 BN £ 500 mL 2&H W EHHE I = SR, 75 70°CHEIR 214 AL RE 72
hs (i, A, BB ERBRARET b AR OBRZ IRGEY, R Iar= e i 7% K
ARG ERBER R OE: Bre=mE T ES THRAPEEES TR 24 h, 1520758 705 i 4 ap
[Bmim]Br, BT HAT TP

[Bmim]PFs & TR & i 55 JSCHR[8] [9]. ARG D% 25 BE /K (1 [Bmim]Br 1 NH,PFg 7
S 2] 500mL = FHE R, 285 N — 8 B 1 25 B85 T /K VB 9 R BN ), 72 2R N IE SR HE IV 8 h
RIEERGER A E, il FEREMEA R EH LS FAOKEEM, HRG5%KHH AgNO, i In Lot
VEVIE RSO IR, R A E T R TR R EIR TR R TO R E, 5B R T R AR RIS [Bmim]PFs 5
Tk, BTHESTERSRSEH.

2.3. WFEEREEEREATIRBIE

WAL JRAS IR Eh A AL TR ] % 2 EOCRR[10] [11]. BAR G RCDBE: 1 6.4 g Na;WO,.2H,0 # 4] 50
mL 2 85FoKd, nFAEDE 5 min, PRSI 13.4 mL 3M HhER: LRSI NS ik = W R 1 8
IKCEEEWE BRI, BRSSP A GUE, HUE, YRS, HATRE 24 h, BXCRM RIS
ERHEALTI[(CHg)sNCi6Haa]aW1003p,  FAFILE T HA TR S % 11

2.4, REmBYRIE

% [ Bruker 227 TENSOR 27 FU# B AR 21 A6 18 SO BE fh Bk 4T FT-IR RAE, 095 E 4 em ™t
FI3HTE A 400~4000 em ™, K ECN 16 YK SR8 IE Bruker 24 ) DXT-500 BRI I 1% A0t R B
HBEAT TH NMR RAE, LA DMSO a7 DU R SRR PAR; SR 54 =) UV3600 2144k - Al Wy
HEHFE T RHAFEREAT UV-Vis RAE, PALZIERER: R A ] STA 449C BULEA B AT O IR FEEAT
TG-DSC 73#fr, MRZ&AE: £ N LR R, =A% 800°C, FHFE# 24 10°C/min.

2.5. BARsEhE

B A IEC L H5 1.4655 g 9891 — < I WEWY (DBT)VA T+ 250 mi 1E ke v il Bt & & 79 1000 ppm
(mg/L) BV (LLIE DU ARYD, HL5TEN 1.0 g).

125 5T [Bmim]PFe 25 U AR S 56 K 5 mL BB 5 — % B B A I E 50 ml = BeNE
FEBE FMHR L ML/ R S, UM AR, # BRI S, B (1 JR)GC-FID(W
PRI BRSSP R A VIR LR AR AL, 15 B E AN SRR AL A I AR

[Bmim]PFg S FL I HEAL AL I B S 06: 4 — & R AIHEALTT) . 30wWt% H,0, 1 7L A 5 ml AE4LL
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BIIAE] 50 ml = FReff T, FEBE MBI T SO, B E I B B = IE O IO UK AR h 2% 1k [
KH GC-FID(NARME) M EMR I & & . X2 H TAENWHEET, &AM mEs, 581
TR0 784 T R SRR TS B 28 o 7E 224 SRR B T AR R E PR iE % #2 21 DBT 11 S
JRT Eo TR BN BRI 20 T 88 TR, [ONESRG,  IRONAR REGE 5 355 A I AH
AT 325 1 B A 14 H T o

ME DBT HISAR G4 A: ACs column (30 m x 0.53 mm x 1.0 um), =2l N, A#S, mdli Hy N
MR, TRAENESR; HAP RN 1.0 ul, HEEREERIEEN 280°C, AL#S 1R 250°C, RARTF I
770, BL15°Cimin ) THE#E ZTH 3] 260° CIHFOREE 2 708t Horb AR (IE -+ DY ke) (1) H I8 [R] SR 249 9
6.6 7r%f, DBT g2 10.3 734t

3. R51T18
3.1. BFRRERRI

3.1.1. BFRIFMLIAIESH

[Bmim]Br i) FT-IR & & a0 4] 1 s . Hidr, 3439 em™ 4b iy Ui U5 & T O-H 4 (A 45 9% 5h #0 Br.... H
O FIRIEGE; 3147, 3077 om ™t AR FWRISIE VR Tk MR _E C-H SRR 4R IRSh; 2959, 2872 cm™ bR
Wi ) & K R R A L |- C-H SRR 4R S 1571, 1464 cm T ALY 9 & Tk EER |- C-N B
EIREN AT IR B 28R 50; 944 om ™t AN S U6 U1 - K 3R 1= C-H S A T 9 32 #525 #h R 55 754 em™
Ak P AU U S8 KR I C-H R R T AR IR S AR B (6] [7].

B TR [BmIm]PF, 21 MG i g VA @ 4] 2 B, Herb, 3172 A1 3121 em™ AbABKIEER | C-H {f
AEPRBN I, 2967 Fi1 2875 em ML C-H M4EIR SIS, 1573 FIl 1463 cm ' KM IR B 4 4R
%)), 851 cm )y PRg (KW, 744 cm™ JyKHBE CH, r C-H WUk ig[12].

3.1.2. [Bmim]PFs B FifA A 'H-NMR 947

[Bmim]PFe ] *H-NMR %4t DXT-500 MHz Bruke #8 S 4% 3R LA DMSO-dg 951 A1 DY F L 7k
FE(TMS) N A BRI . [Bmim]PFe B T A% G B s ] 3 fivws Horb, [Bmim]PFg ) 'H-NMR {L24 07 F
®)VA)EN: 1.76(2H, NCH,CH,CH,CH;), 3.76~3.85(3H,NCH5), 4.16(2H, -NCH,(CH,),CHs), 7.67(1H,
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Figure 1. FT-IR spectrum of 1-butyl -3-methylimidazolium bromide
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Figure 2. FT-IR spectrum of [Bmim]PFg
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Figure 3. 'H-NMR of [Bmim]PF,
& 3. BF&IA[BmIim]PFs 89 'H-NMR &[E

NCHCHN), 7.74(1H, NCHCHN), 9.07(1H, NCHN).
3.2. ELFIRIELER

3.2.1. [(CH3)3NC16H33]4aW1003, B FT-IR FRAE
[(CH3)sNCi1gH3a]sWi1003, 1 FT-IR 3 B G0 <] 4 firom e Hert, [WiOs]" BH S 1454 (A IS4 AR 06 23 31 )



[(CH3)3NC16H33]4W10032/H202/[Bmim]PFe &5 ¥ A 7L AE b S8 A0 OB 12 BE R 52

J&J9: 956 cm AL MRS I @ S v(W-0y), 885 cmt A HIWR U I VA J& 9 v(W—Op=W), 798 cm ™ Ak (1 i
U U J A v(W—=0=W) . [(CH3)3NC1gH33]sW1003, i FT-IR 1% & H () REAIE U6 5 SCHR[10] AR I8 Y — 5. BE A1,
ZEl B FH B 1 1 51N B 5 [WeO0] VB B8 T S5 M B AR
3.2.2. [(CH3)sNC16H33]sW1003, B UV-Vis FR4E

PLZJE VAT, BEE FTE Y 200 nm~800 nm, i#47 UV-Vis U 5 , [(CH3)3sNCigH33]aW 1003, H UV-Vis
HIEE A 5 frs. HEAHL, [(CH3)sNCigHss]aW 1003, 7E 262 nm AT 320 nm B #8545 Wl ig, o, 262

nm REEE VT & T SRS R B 25 7 45 4 FR AP ZE I W-O-W A, 320 nm FHEIE VA& T Op sn— W B AR RE R
CINGEEZE

3.2.3. [(CH3)3NC16H33]aW 1003, B TG-DSC #Ar#i FRAE
TEALF 1 SRS R 5 [(CH3)sNCigHa3]sW 19045, f) TG-DSC AT & B anle 6 fram. MR A: 72
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Figure 4. FT-IR spectrum of [(CH3)3NC1gH33]4W1003,
[ 4. [(CH3)3NC1eH33]aW1003, B FT-IR SEiEE

Abs.

262

320

T T T T T T T T T T T T T T T T
200 250 300 350 400 450 500 550 600
Wavenumbers/nm

Figure 5. UV-Vis spectra of [(CH3)3sNC1gH33]sW1003,
[£] 5. [(CH3)sNC16H35]aW1003, B UV-Vis Fik[E]
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N2 SN, fEEE FEF AR 800°C, FEHEEZ 10°C/min. @id4 6 fTLAEH, MiEELE 200C
T EALTTI[(CHz3)3NC16Has] sW 1003, 1A 5 E 451 SR FIR AU, F bk P R e A7) h A 2 IR B /K R &85 K s 24
M5 EFFE] 250°CHT, BERT, [(CH3)sNCigHaslsW1gOsp HHIZEER B B FH 4G 2 0 iR, 2B TR &
N [FRS, DSC MIZRAE 400°C G —ANBH S g . IR kSl B3] 400°CHY, fHEA7RI4%
Yoy, BI[WioOs] " B T 452 iR SR FERET 500°C G, ML T5e4s, AL AR E 1
WO,, i A AL .

3.3. ELFEMBTRBR

3.3.1. TRIGRTEREFRIRIELLE

TEARZ BB T, HOp LAFLAE B AN RS, SOSLEN 0 7K B IR B R G4 ) V2 4252« SR, H,0,
FEIKIETER), AR ENAFAE T A o A S R 28 T B 52 AR A% PO S . 12 1 s,
A FH K B [Bmim]BP AZERGRINT, BRAIBLER 2y 14.8%; E & FHIAF A H0, J5, TEREEEUA AL
JUBR SR, R PR G B % 30.7%: AL 71 [(CH3)sNCieH3s]aW 100325 BT Ho0, b 7K P B -1 AR A4 %
BT AR FLIB I BRAR BRI, BRI RR ZRE T &, 1k 98.7%. BARCERUEALFI[(CH3)sNC16H33]aW1003,
5[Bmim]BPs 1 H,0, JE R TR TR . 2R RITIN 1 A7) 5 SR AR iy AR Ak S L. Rtk
BT A LR AR 5 BB RO S MR A B SOSEEAT o AL, ERIRE OB 2 A R AN ES 1 A4 [Bmim]PFs,
MR R [FFER I &) DBT 340 %, X0 i T A 7I[(CH3)sNCiH33]aW1003, AL HoO, AR
TR T FLAR F, M AE A5 A WLAR AL A0 8 A UM R RIS S HL 212k 2R i A S8 i it/ 8 75 14
TG B0 70 2B (B B AR 25, A REAE R ATt 20 B H ok, FLZ2 3 1 A 28 47 7E A A 700 R DA e S £ ke
Mo BEMELEAE R SINE TG, BERRRBUAKR, A BB BT b T B R,
W 5 VS FRAE B8 TR AL T, S 5 R il AR AN B8 T YR LA B 3 73 AW AH, R [(CH3)sNCagHasla
WiOg iE B FEBS TURARAH . 04N, SEEEE AR, B FL B a4 2 1 B BOR B T B 1
VORI T A 2 R 2LV A R A B AR A 2R ) B S8R

3.3.2. REEEXBFRBUIRNFEN

PL(CH3)sNCigH33]a W10, NHEALFI. H,0, AAEAT [Bmim]PFg A S SAFIFIZEF, o7 5t
it R o sgma WL 7. B AT CUE H, SR NIRESE 30°C~70°C 2 (Al , [ iR E 1=, DBT )
JL R 2R RGN, X E TR T A B T RIS A o TR, AR R R R B . (H 2 RN
TR 70°CHF, BRI BB Z0Z T TR, 1R BT RO R Rl = 2 3B HL0, 20, BRI HL0,
IR Z . AT, SR S S B 8% 72 70°C .

3.3.3. & BEIRT B3 AR ISR B9 2 M
SN B R H IR R O e 45 SR LI 8 BT, B I SRS TB) 3 0, DBT HIBERR R IE A,  24  Bi
E#EE 3 h i, BREIERRASHI AR K. BRI, B i SN A 2 ) e A SN IRF ] N 3 hs

3.3.4. H,0, A Ex MR RN

H,0, F & X A R B an 1<) 9 From . A2 & EuF, %4k 1 mol DBT Az Bt B2 R 75 1 #E 2
mol i1 Hy0,. H1 9 7T WL, B H,0, F RN, DBT BikkZ Mk, B4 n(H,0,):n(DBT) = 2 i, DBT
Jli Bk 0N 98.7%, X2 i TAEMUARL SN o, A7AE HoO, % DBT M ALAEHIFT H,0, B 5 70 il Z 18] ) 554
H H,0, B 5 73 fif I RL TG VE 8, HoO, IR FH 2 J07214 1) 100%[13]:  FH3E 0 H,0, &, DBT Mgy
K218, FEH| H0, IR w4 FEOL MR, BN mA. Fik, ali%ff n(H,0,):n(DBT) = 2 &

H
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Figure 6. TG-DSC curves of [(CH3)3NC16H33]4W10032
6. [(CH3)sNCy6H33]sW10O3, B TG-DSC BHEZLE

Table 1. Influence of different desulfurization systems

7 1 TR RBBRFBER

Entry desulfurization system Sulfur-removal (%)
1 [Bmim]PF, 14.8
2 [Bmim]PFs+H,0, 30.7
3 [(CH3)sNC1H33]sW1003:+ H,0, 97.6
4 [Bmim]PFs+ [(CH3)sNCiHs3]aW1003,+ H20, 98.7

Conditions: IL = [Bmim]PFg= 1 mL, modeloil =5 mL, T = 70°C,n(DBT)/n([(CH3)3sNC1sH33]4W10032) = 10:1, n(H20,):n(DBT) =2,t =3 h.

DBT removal/%

98.4 4
98.2—-
98.0—-
97.8—-
97.6—-

97.4 4

97.2 4

97.0 T T
30 40

T T

50 60 70 80

Temperature/C

Conditions: IL = [Bmim]PFs = 1mL, modeloil = 5 mL, n(DBT)/n
([(CH3)3NC1@H33]4W10032) = 10:1, n(Hzoz):n(DBT) = 2, t=3h.

Figure 7. Effect of reaction temperature on reaction

E 7. REX R MEFE

3.3.5. AFIEXBRBRNENT

PA[(CH3)sNC1gH33]aW 1003, AT, BRI B AR AR A5, SEIGEE B 10, HIE
10 A WL, BEAMEALF H S 38 I, DBT MBRR I A 24 n(flEL7)):n(DBT) = 1:10 i, DBT Hii bR % nliA 98.7%.
X AT R R A I R A 70 F B BRI I, [(CHig)sNCagHaa]aWioOs i F (AL PR A A2 AN, 5 S 3 1 0 3
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Conditions: IL = [Bmim]PFs = 1 mL, modeloil =5 mL, T = 70C,
n(DBT)/n([(CH3)3NC15H33]4W10032) = 10:1, n(HQOZ):n(DBT) =2.

Figure 8. Effect of time on reaction
[ 8. R RrRiE) Xt 5 R A2

100

DBTemoval/%

o1 w

T
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Conditions: IL = [Bmim]PFs = 1 mL, modeloil =5 mL, T = 70C,
n(DBT)/N([(CH3)sNCyeHz3]sW10032) = 10:1, t = 3 h.

Figure 9. Effect of amount of H,O, on reaction
9. H,0, A ZE X R B2 KI5 0

%, MMifE DBT KA MM AN, Kk, E# n(fiEfkil): n(DBT) = 1:10 BLE H .

3.3.6. BFRAEABRTALIE

BB TR R AR R, i DBT 1EARYIRAT I TE . A T B 90 88 AL A
WEAR B RR, 14 11 B T EAF SRR ok RIS DL, 4 REEME LTI [(CH3)sNCieHasls
W03, FIEEALT HaO, I B 5 /K M B AR [Bmim]PFg JE AL A (0 5 A FLIRIA R (LI 11a), @i
HLF MBI E T B PR AL B 1] 11b).

12 7R T DBT AL AL A — 25 HE ) BR(DBTO,) 1 RE AL /R 3 8] o 7E R B R 1, [(CH3)sNCe
Ha3]aW 10032 5 Ho0, FIH 7K M B8 AR [Bmim]PFs B B TR AL . FEAWHHEEE T, B ik A8 5]
I ATTETAR R, A B IR FLIBAH 4 T A 5 A AL S R SR 2% o 7 24 3R FH B T MR 36 A5 4
Tt A2 B T R R A2 B DBT i S T L, B DBT Sk 2RI Em R R .
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Conditions: IL = [Bmim]PFs = 1 mL, modeloil =5 mL, T = 70C,
n(H.0,):n(DBT) =2,t=3h.

Figure 10. Effect of amount of catalyst on reaction
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Figure 11. The photographs of formed ionic liquid emulsion
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