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ElElgo] 1218 (grafting)¥] SBA-15 Z1H(Ti-grafted SBA-15)3°ll4] TBHP(tert-butylhydroperoxide)E AF3}A1 =
AREsle] 374 WhS 7oA el SslehE 1l A4 oA §5(LCO; Light Cylcle Oil)] A8iAkslE3H0ODS; Oxidative
Desulfurization) RH-3-& F3st51 0, Blebr 35, AbshAlARe] &0, whe-2128] g 4l Rh3-5iid<re) 845 o
YRS 2A18I T ElEFEO] 5 wi%e = Ti-grafted SBA-15 Srll& WAl 231ghE9) o)l 2E] © H(DBT;
Dibenzothiophene)?} 4, 6-C] &t ZE]  # (4, 6-Dimethyldibenzothiophene)?] A (sulfone) 3}5HE2 2] A A
FEFHRSZZA(TBHP/S=2.5, 80 °C, 1 atm)ellA] WES7HAl 5= 20 ¥ 100% d2He]= 98 &S veblch. 24
ARl LCOE 9RE 5 AP st A3 &40 9538 e CH Ti-grafted SBA-15 Sulli= LCOl $+F
wo] Q= el slEES] AuA AkslaRSuEs S8 7S Bt

Abstract — Oxidative desulfurizaton of model sulfur compounds and Industrial diesel fuel(LCO; Light Cycle Oil) over
Ti-grafted SBA-15 catalyst was studied in a batch reactor with tert-Butyl Hydroperoxide(TBHP) as oxidant. Effects of
Ti loading, TBHP/Sulfur mole ratio, reaction temperature on ODS activity and kinetic parameters were investigated. Ti-
grafted SBA-15 catalyst showed higher sulfur removal activity in the oxidative desulfurization reaction of refractory sul-
fur compounds(DBT and 4, 6-DMDBT) and LCO, suggesting that Ti-grafted SBA-15 catalyst could be a good candi-
date for ODS catalyst.
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& HDS 378l Hl3liA] Zx]u] 2 2485 dokst 4= Qlr}, &3
HDSell 9JafiA] 2|7} o]l ek S3itas Aeuiksiikgo
o3l GA AAE T = S 7 Qlo] A Edet At
28] 31 lrh{1-6].
kel Ag (H,0,)5 AR ARSSEaL obM EAt(acetic acid)
2] wAAl FulE o] &5k AenlsierE) A7t = o] Fo|A| 1L
RREH7], o] 21 gt FUA AT W= Fulje] #2]7} o]
S o] Aakgo] AlgkEE Tdo] lof FelE A =
& o]t Atsleslel| tjgh A7} o]Fojx 1 it
Wang 5 [81 IS4 (H,0,)5 ASHAIE ek (T o+
Stal 9l HMS(SiTi=S0) FHlE o] g3l Alshibe-S slof 9
st AvE B F30H, Wang 52} DBT 59 Ssl3tES &
ZEHEMo)pe] T EFu FulE ARl B AEE
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S ARESle] BAF A ] AlEEs-S esigia
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Ay AeES B0 Tie] 2% (leaching) AoubA] ektrhar
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O] MCM-41°1] 13l 352 4 B A4
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1. =0 Xﬂ"
SBA-152 4555 S5 AR Pluronic P123(E0,)PO,(EO,,

BASF)= ?Z: AR ARE38ISAL, tetraethylorthosilicate(TEOS,
98%, Aldrichys A2]7Hd o2 o]g3sto] A Z3FTH12]. P123&
1.6 M HCIell Y11 35 °Coll4] 4|31 o) wilsh 5 o] g-<Hef] TEOS
= 3] Hrkslo] 35°ColA 24A1%F, 100 °CollAd 12417 A8k
At olgA Aojxl EAE o7, AlF $ 100 °CollA] XF1xst
31 550 °CollA] sAIZE a/dste] = FEAlE A8t Si-SBA-15
£ AU} o]uf Wk 2/3E2] & = P123 : 60TEOS : 350HCI
: 11,400H,02. 2 243I5ic), 48] SIS 2 Tig grafting 3f
7] 913l 20 g2 FEAIZC Ti/Si0,2] BIE 1 wt%, 3 wt%, 5 wi%=
Z73to] TBOT(tetrabutyl orthotitanate, 95 wt%, Wako)—E“ =o]31,
100 °ColA 70R7F WA & o3}, AJH, 13 & 550 °CollA 4
AZF EQY 279310 Ti-grafted SBA-155 A|Z3IATH11]. T4 A
2= Scheme 19 YERASICE.
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| Triblock copolymer P123 was dissolved in 1.6M of HCL solution. |

!

| TEOS was slowly added, and the mixture was stirred at 35C for 24hr |

!

| Aging at 100T for 12hr |

v

l Filtering, washing and drying at 1007 |

!

l Calcination in flowing air at 550C for Shr. I

v

| S5i-5BA-15 |

v

| A certain amount of TBOT was hydrolyzed in 20g of glycerol. |

|

| 1g of 5i-5BA-15 was added to above homogeneous solution |

!

| Filtering, washing and drying at 100T I

'

Calcinations in flowing air at 550°C Shr.

|

I Ti-grafted SBA-15 I

Scheme 1. Synthesis procedure of Ti-grafted SBA-15.
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1334 TE4 tﬂﬁl~ 7] A Cu, 40 kV, 40 mAFZ
o] X-ray powder diffractometer(Rigaku D/MAX IIIB Cu Ko)E
o] gslo] X-rays]d FAE sl3iet. HlolE= 2071 0.6~10 ° 10
2 0.02° 7HA S Z dojF o] FAEEE 4 %mino] Tk S
Micromeritics*F2] ASAP-2010 FA| & ©]-g3to 77 Koﬂfﬂ A4 %
22 F24E do] AEEY vEw4, 7|F
AT BE AlgE BAE] Hell 300 °CeollA 5/\]7F ol EEL
718kdet. sket4] 235 &7k ] A3A] XRF E4 0= Alxw
o] Ti 5 SAsIGITE B519 Tigl 23 AuiE ERIsk| H
Fod UV-Vis 338 #2495 43351512 Varian Cary-3E double
beam spectrometerclA] B5A171 Si0, 8 EFE4 2 3107 200~600 nm
oM FHEE Sl

o—l—_._ a

tﬁ}a'o 2132 100 ml 4-neck 3)3E2] W7ol W¥27] 9 AH
EOE sk @ g3 (Lab.companion CW-20G)E ©]-8-5}¢7
A 2= FA8H -5 FETE Bl hg-E2 48 ¢8| n

heptane®l] i3] 3}3HEQl DBT(98%, aldrich) £+ 4,6-
DMDBT(97%, Wako)Z 1,000 ppmw =] #7315t} HH-g-5of At
3}AQ1 TBHP(tert-butyl hydroperoxide, 70 wt%, Aldrlch)ra— TBHP/
So] =7} 2.0~4.00.2 FA3F] FYst & W7 2 EE
40~80 °C 53130t} 0.06~0.12 g2 AFH ok ZujE F]13 &

HEE-S 7IABEATE A3 &2 33 12402 BP-1 caplillary column




Ti-grafted SBA-15 ZiE o143t 7

(30m, LD 0.32 mm, 1.0 um film thickness)®} PFPD(Pulsed Flame
Photometric Detector)’} 32 Young Lin ACME 6000GCE ©]&
sfol s shgict.

Az Fmo] A AEs 2RI LS e 2Ak]
A3l 8,000 ppmwe] 3-8 S8k $l= LCO(Light cycle oil)E ©]
gate] Adeitsinks-& asigivh. Al A ftelr o vk %
72 LCO 30 goll 9.633 g2] TBHP(35 wt%, toluene balance, TBHP/
S mole ratio=5)5 YW1 RFS-E-& T U3 IRIAIATHA] 80 °C77h

A SRS S T S 06 g% FUT F kS S

3. 21 ¥ 0F

3-1. 50 S #AM

SBA-152] Ti g0l 2 XRD patterns Fig. 10 UER|SITE
Fig. 1(a)= hexagonal 7-25 2431 Qli= A8 4 Si-SBA-152] XRD
314 HelS Jehl 3 QIUH11]. Grafting HHOE TiE 1~5 wi%
TR15159S we] XRD 3% ¥l =3 Si-SBA-152] XRD 3% ¥
Hi} fAe FeElE B30 Ti =] S71gl ukek(100)
A7} oRE sk Ade vERinh o] wlREe s EAH| =
Z (framework) QFll Sli= Sio] LRV} TiE X% v ZFEe A~
WA F27E A EV Ti 2 $Fgo] 71l whet hexagonal array
7t o A 28 AE RolFg= Aotk Ti A741E SBA-15 4 &
Mol Fl3lod A %3 Ti-SBA-152] 79~ SBA-159] 3 %710]
ZAE E71 e I8 Tk =2 JE 2 B4R ¢ghon, o]
= TV 34 22004 Tit'e] o] del= EAlsto] F3hikeo] of
7] wlEo & ghekElct 3t A2 SBA-15 TEE A 5
A FRlg 5= 9t o]g Ari= Chen?][10] Ao} 22
ANE BT Utk Wb, SBA-15°] Tigs =g wellx=
grafting "PHo] o &84S EA1E 4 QI3lHt.

(a) Si- SBA-15

(b) Ti-grafted SBA-15 1 wt%

(c) Ti-grafted SBA-15 3 wt%)

(d) Ti-grafted SBA-15 5 wt%

(e) Ti- SBA-15 5 wt%

2 4 6 8 10

20
Fig. 1. XRD patterns of prepared catalysts.

Table 1. Physico-Chemical Properties of prepared catalysts

BET  Pore volume Pore size Tiloading

Catalyst ) em¥y) (A (%)
Si-SBA-15 856 0.93 42.8 -

Ti-grafted SBA-15 1 wt% 823 0.89 423 1.31
Ti-grafted SBA-15 3 wt% 792 0.76 40.7 3.87
Ti-grafted SBA-15 5 wt% 760 0.72 394 5.74
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Fig. 2. UV-Vis spectra of Ti-grafted SBA-15 and Ti-SBA-15 catalysts.

3t Fvjo] njEAd A s o
ERIQIT). Si-SBA-152] 749 856 m¥go] 1AL, Ti(1 wt%)-grafted
SBA-159] 7% 823 m¥*/g2] W|EWAE Kol Si-SBA-150] 1|5}
EHAo] FARSI oW Ti TS 3w, 5 wt%Z S/ HAIATE
717} 792 mlg, 760 mY/g=. HEAZ o] Wo] 7hAaghs Holom o)
XRD &4 A7kel ARt = Tio] $S Ak Sk
XRF(SEA5120, Tube Target Elem: Mo) 412 =313t A7} Table 1
ol vrehd A} o] Tl vlal] ot w2 Ti Fe) A% &
Qom, ol FIFGelA A7t Ao £ Qs o= 3t
sl

Ti g5 FUE2] UV-Visible 134 4] A3} Fig. 201 YeR)
Stk Ti7k SBA-159] 7% 07 5017 ¢ Tix 220 nme] A}
WA F-Z(framework), 260 nm2] ZHA| -3 (extra-framework) 1
2]31 340 nm2] oI }ElA (anatase) 2] L SEIAE] A 7R &
A 4= 2o, o]F F epoxidation} £ Fuf Aks} Wkg-o] &
AL 220 nm&] AbAA T2 FEHE EAEREE T 202 gEA
SITH10, 11]. TiZk 1 wt% &3 Ti-grafted SBA-152] 7% UV &
S M= 220 nm$} 270 nmollA] =2 BSFE o] APdA] = 9 &
WA 22 Ti el =YF O, 340 nm ©)/gellA 2] ofufek
Al 22 AL] Hol#] ekt Ti o] S718kel el 5 =
7} 270~300 nm=E ©]53k oH webd =YUE Tie gl 2]
TJEE Y= Aoz 493l o= Tig) =9J°] SBA-15
Z A Fof o]FolKe] w2l =2 extra-frameworkell A1 ]
Folu}, Hbdo] SBA-15 e Foll Tis £33 Ti-SBA-15 12
73-F Ti-grafted SBA-15 Zuljell ¥]a} 340 nm ©]4e] UV &+ Wl
b AIEHA BE5E o] ohEA] 4] v SelAE FE] Tiv}
EABIL S & 4 AUAATE o] SBA-159] o] ZAk w9

710llA o]Fo e whet 224 U Tizh & EY=A] 97] wiito|ct.

Table 1°] BET &k o] &
[e)

eakslesl vke-2 SAg] el &$t Ti-grafted SBA-15
< ¥ SR Ak Sl Ti s, Sl ArskAlAF B,
1]
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Fig. 3. Effect of Ti content on oxidation activities of (a) DBT and (b)
4,6-DMDBT catalyst (reaction conditions: 1,000 ppmw-S of
model compound; TBHP/S molar ratio of 2.5; 0.12 g of cata-
lyst; at 80 °C).

A FHHI= 400, HHEFEE Adgkow 2HsIIT9].

Fig. 3> SBA-15°l| grafting® Ti®] &Fell w2 DBT % 4,6-
DMDBT?] 4ksla3} H3He-8 VEhfISITE. 1,000 ppmw 5%=2] DBT
= 4,6-DMDBTS -3 w-8-Eo] TBHP/SS] 21 2.5, |k
0.12 g, HH&-2% 80 °ColA vl Ti T2 1 wt%, 3 wt%, 5 wit%
2 S7PZIEA IARE B9 WS S A Tio] Sl w)
%1o] DBTS} 4,6-DMDBTE HES- 714 §- 201 Tl 100%2] %3k
2 BJY 183 DBTY 4,6-DMDBTS] H3-82- Ti §59]
3wt%s} 5wl B A9 B2 AEgS Holu 9ok, 7] A
ghgolA] Ti7k 5 wi%eZ} S+ Ti-grafted SBA-15 Full7) o] =2
25 Helth 53] DBTY A5 5wind Tig &3t Sa7t
S 7RAl 3 104 A2 Al 100%2] A3HES vERfo] $57381 =
g8 Brt wehA] o] A3elXE 5 wi%e] Ti-grafted SBA-
155 715 Fvl2 4331t}

Frfje] ol whE BE SldEe] AE IRl AsiaEiA
52 AYEow, 1 A3E Fig 4o JeERIIE S oFS
0.06 gellA] 0.12 g2 = 0.03 g¥ T7FFHEA WEES 3l =
7] AEE Fullko] 0.06 gollA 0.12 g7iAl= AdH oz F7)st
T A%E Blon, BE SRl whgIRAl $ 2039 A HA|
100%2] A5 WAtk webA 0.12 g& 715 Soligow st
Ak

Fig. 5& Ak 935 ZAkst7] 918 TBHP/SS] =H]E 2.0
oA 4.0714 23St Aeatslea) n-e-2 A3eHE 1ol
2bghA] 2ol ARk = WhgolA W s S8k A3 DBTE]
745~ TBHP/S =47} 2.021 739 H ol 95%2] M2 viehdjo]

3l5kast 463 H|5S 20084 10

2E - e - 242

(a)

40

Corversion of DBT(%%)
g

20 4 oo Tie-grafted SBA-15 5 wit% 0.06 g
— —& —  Tigrafted SBA-15 5 wi% 0,089
—a—— Tigrafted SBA-15 5 wi% 0.12g

0 5 10 15 20 25

Time({min)
100 4 (b}
80 4 :
L
Y &0 | :
<
k-]
g 40 4
204 F oo Ti-grafted SBA-15 5 wi% 0.06 g
— - —  Tigrafted SBA-15 5 wit% 0.09g
——&—— Ti-grafied SBA-15 5wit% 0.12g
5} T v T -
5} 5 10 15 20 25

Time({min)

Fig. 4. Effect of catalyst loading on oxidation activities of (a) DBT
and (b) 4,6-DMDBT catalyst (reaction conditions: 1,000 ppmw-S
of model compound; TBHP/S molar ratio of 2.5; at 80 °C).

100 - a
. .
g &80 A
w 60
g 40 4
20 4 s Tiegrafted SBA-15 5 wi%h TBHP/S=2
— -m— Tigrafted SBA-15 5 wi% TBHP/S=2.5
——h—— Ti-grafted SBA-15 5 wi% TBHP/S=4
V] T T T T
0 30 40 50 60 70
Time(min)
100 - -
-
g
§ 80 4
& 60
<
k<]
-E a0 [
20 4 o Ti-grafted SBA-15 5 wi%h TBHP/S=2
—=—— Tigrafted SBA-15 5 wi% TBHP/S=2.5
— —& —  Ti-grafted SBA-15 5 wi% TBHP/S=4
5} r r - - r r
0 10 20 30 40 50 60 70
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Fig. S. Effect of TBHP/S molar ratio on (a) DBT and (b) 4,6-DMDBT
catalyst (reaction conditions: 1,000 ppmw-S of model com-
pound; 0.12 g of catalyst; at 80 °C).
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Fig. 6. Effect of reaction temperature on on (a) DBT and (b) 4,6-
DMDBTecatalyst (reaction conditions: 1,000 ppmw-S of model
compound; 0.12 g of catalyst).
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Fig. 7. Pseudo-first-order kinetic plots for oxidation of model sulfur
compounds at various temperatures.
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Fig. 8. Arrhenius plots for oxidation of model sulfur compounds.
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Fig. 9. GC-PFPD chromatograms of LCO feed and product after the
oxidative desulfurization reaction for 60 min (reaction condi-
tions: LCO 30 g; 0.6 g of catalyst; TBHP/S molar ratio of 5.0;
at 80 °C).
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Fig. 10. Oxidative desulfurization activities of LCO over Ti-grafted
SBA-15 catalyst (reaction conditions: LCO 30 g; 0.6 g of cat-
alyst; TBHP/S molar ratio of 2.5~5.0; at 80 °C).
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