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—HREBHERY)(P123). ERERIEW(HCL, 3.29 mol/L)+
VY Z, %8 3 B 58 (CgH2004S1; TEOS) . 1,4- 7% — i
(CeH402; p-BQ)~ 2-INEZ(C3HgO; IPA). £ —fi%lY
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(CoHae) —ZEFFMENY(DBT, 98%, FiES¥0. 1
K HEE(CH;0H). it AL (H,0,, 30%, i #7340
BT /KMH0).
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Ff it La-TiOo/SBA-15 [l %: HX 4 mmol TBT
A110.02 mmol AR T-HEFF N, PR 10 mL Jo/K
BB FES S) G INNIE B AE i SBA-15 [H% f#lE
10% (R E) ], AHHAmA 1mL L5 K,
EENRAHHE 20, MEE TER N2 140, 25T
40 CHiFER CREEARZE R, FHfHEmARET 100°C
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HLJE 40kV, 2 HLAR S0mA, DLIARRITHE 2 A0 IE He it
AN S U R RHERE LR, AT o R e Bk

BHT. F ASAP 2010 RUFRIR B 43 BT (AL 77
MFLIESE I (BET), WA FERTRTZMT
110 ‘CALFE 16h, SRJGTE-196 CHEATIRAS Ny W B
iiB: F JEOL JEM-2010CX 75 i% o1 B isi 3
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AEHE 8200~9 200 eV; Fl WQF 510 ZY{# B 25 sy
SATEAC T EARI B REE], WK% KBr /&

Rk, HeLsh DTG BRI 85, 3 K44 38
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Ab—a] WAETEA T AR (UV-Vis), i
%A SR BaS0O,, K 200~800 nm, i
T 0.1~5.0 nm; A FluoroMax-4 %45 63843 23 #r g4k
R LR« i3k DL R 0 B s R (PL), Wit
ZAF: BOR WA 240nm, I K 260~460nm;
ESCALAB 250 2 X S 26 1 Re i A o A fE Ak 771
s . S BUE(VB-XPS), A& Al K, X
BHERYR, 500 um 52k
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AL AR S N, &ERE 0.5 h B 1 KimFE. H
TSN-5000 2t ZUM ORI A 5t 2 B &, ik v e ol
590V, A4 0.017 9MPa, Bilizsly 10, E4bir A
FOEIREN 1000 °C, Afblr B A2Ei/E 8 800 °C, i
AR T AR R 2 719 150 mL/min Al
400 mL/min, BifZa4% (1) 5H

i =1 —Z—t)xloo% (1)

0
e po AT p 73 AR S IR S S S T A
B &, mg/L.
1.5 SEMEHAS RN

¥ p-BQ. IPA 1 EDTA-2Na % 1 mmol 437/
AE] 3 4y 10 mL Bk, Xt-0,7, -OH 1 h' it
HHIE R REAT SR SESG . RONAR RO AT IR,
EAFIHE 1% FIEDED),  Viextactanty/Vimodel fuey=1:15
n(O)Yn(S)=15:1, S [a] 3h.
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Fig. 1 XRD patterns of small and large angle
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Fig. 2 N, adsorption desorption isotherm curves of SBA-15
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LEEH T 8.33nm, HEJEILEZE/N, KIHRK
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Fig.3 Pore size distribution of SBA-15 and La-TiO,/SBA-15

£1 HRERMILENY
Table 1 Composition of samples and physical pore structure

Mole fraction/% Average
Spet/ Viotal/ pore

Sample La,0; TiO, SiO, (m*g™) (em’-g™) diameter/
nm

TiO, 100.0 285.9

SBA-15 100.0 823.8 1.66 8.04

La-TiO,/SBA-15 0.09 10.2 89.7 662.6 1.28 6.95

Sger is BET method obtained specific surface area; Vo is Total pore

volume.
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SBA-15 ML, #£ih La-TiOo/SBA-15 LR A
FLERFLEA BT N, (HERIBY RS T8
SETE TiOso

Kl 4a F11E 4b 735l 9FE 5L SBA-15 Fl La-TiOy/
SBA-15 1) TEM & 7. H1/E 4b v] UL, #45h La-TiO,/
SBA-15 #UF HL AR BE T FE il SBA-15 4> T (1) 4k 7S
T ALEER, SF¥FLAEZ N 7.0nm, 5 BET 4558 —
2, HAEWFIRAFLE M EEA T, La-Tio, fEfLiE
W3 A

(a) SBA-15
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Fig. 4 TEM photograph of SBA-15 and La-TiO,/SBA-15

2.2 MIRIRUCSLILHN X B 4% ¢ BB FREIE 4T
Kl 5 4 MEESL R FT-IR J6it. K5 ol i,

4 FHEEFHAE 1 630 e B3 PRI R AT UG 4 5 i 2 T
W B K R —OH 25 i 3R 3h A7 B, X FRE b
La-TiO»/SBA-15 FIFE S SBA-15 K, MU [H
it 5 Si—OH MRS %) 1459 cm™ BT
ot N2 A5 ML (K] C—H 25 4R 501 1377 em ' BHE
106y Ti—OH WU I 1 140~1 040 cm ™' 361
[FIUEEXT . TiO, H—OH AXIHHRsl; FEdh SBA-15
HMIBE S La-TiOo/SBA-15 7E 1 090 cm ' fiiE A g 7™
A, XN TFRER SBA-15 43107 P BE B 22(SiO4)n
IAKTFRIB 43R 3, #E 810~500 cm ™' 457 cm™
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it
Fig. 5 FT-IR spectra of SBA-15, La-TiO,/SBA-15, La-TiO,
and TiO,

B 6 A 4 FPEESL I UV-Vis Y6, HE 6 i i,
FEdt La-TiO, WA 2 5 i T4 i TiO,,  Ji A
A BESE BB 4 AE TIO, BIZEHT BRAEE IS, AT
JefE 113 T IRTP,

La-TiO,
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Kl 6 La-TiO,/SBA-15. La-TiO,. TiO, #1 SBA-15 [ UV—Vis
ik
Fig. 6 UV-Vis spectra of La-TiO,/SBA-15, La-TiO,, TiO, and
SBA-15

7 JEFEEL TiO,, FE &L La-TiO, F1EE 5
La-TiO,/SBA-15 fi(ahv)’ 5 hv 3¢ A i 2k . HR4ELME
AMHEEDOUE B H AR SRR 23 BN 3.20, 2.90 eV Al
2.88¢eV, VIS AL lizkN 9 AR A, R 2
TR L ARARR T,
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Fig. 7 La-TiO»/SBA-15, La-TiO, and TiO, plots of (ahv)" vs.
(hv)
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Fig. 8 Fluorescence spectra of TiO,, La-TiO, and La-TiO,/SBA-15

K 9 ZFEAN TiO,. La-TiO, Al La-TiO,/SBA-15
(1) VB-XPS i, HEl 9 n[152] 3 M) I 417 (VB)
5370 3.01. 2.83 eV Fl 2.68 eV. R FhT
iR 02). Q)L TEE(EHMH, it
153 %ML 77 1 S A . (CB) 70 31 N—0.19. —0.07 eV
F1-0.12eV.

|
En=2x-E _EEg (2)

Ecs =Ey —E, 3
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La-TiO, 2.83eV

TiO, 3.0l eV

Intensity

12 9 6 3 0
Binding energy/eV

9 La-TiO,/SBA-15. La-TiO, fl TiO, ff] VB-XPS i
Fig. 9 VB-XPS spectra of La-TiO,/SBA-15, La-TiO, and TiO,

2.3 fELFIEMEXSEE
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V(extractanty/V(model fuely=1:1 I HEAT HIXF LSS . FHIE] 10
AT LA [ A4 770 0 3 U AR IR FE - La-TiO,/
SBA-15, Fffh La-TiO,, #4h TiO,, Ffih SBA-15.
HA R La-TiOy/SBA-15 HIJG AL TG M e e AR
RILF| T 95.12%, XZEHTHBRM TiO, /74 T
WIZRAE N, $Em T ¢ A h B B ReR, il
AT EA AP FLE A S R A, &k
PL RIS RIS FLER AR B AR T AR
R T R A R S s - I N =
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Fig. 10 Comparison of catalytic activities of catalysts
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Table 2 Comparison with the reported works

Sample

Reaction conditions (catalytic amount (in mass), T, n(0)/n(S))

Desulfurization rate/% Crystal form of TiO,

TiO,-g-C3N/BMMS!

3%, 25 C, 10.0:1.0 96.60 Amorphous
TiO»/SBA-1533 2%, 50 °C, 8.5:1.0 85.00 Anatase
La-TiO»/SBA-15 1%, 25 'C, 15:1.0 95.12 Amorphous

24 TZHERGMHECESURTEIF N

Bl 11 Jydsthil s — AR RS T 250 PODS
PERERCM IR FUAE R, BRI AT E 1%
(JRE5 %), n(O)YN(S)=15:1, ViextractantyVimodel fuely=
1:1, HARSKAFR 1.4. HE 1la o] W, #EAFIHE
ARG EAE, AT EDNT 1% (RES E)I,
@%ﬂ%iﬁMﬁﬁ%%ﬁfTE§%éﬁﬁﬁ
MHEAFIHERT 1%0, T2 1A 2 &N

BTt e %, B 11b &, nO)n(S) LTk, iE
PEFR R AP 0, AR T B, 15 n(0)/n(S) KT 15:1
I, & & b s AR H g 2 2 ARG DBT S840 1)
RO, SEMRBCR R ZE. B 1lc AT
3T RN LA 101, 79 LS 238 A T R N
YIRRRI IR, (B B AR - Ak 77 5 A5 400 3
4 o o HESEIG A5 2R B La-TiO,/SBA-15 [ f
T XM NERFIHE 1% FESE). n(0)/n(S)=

RR GBS R, FULB R SRR RERN 150, Flbte 121, R REERA 95.12%.
100 100
100
e % S £ %0
2 80 2 2
s s 80 = 80
= 70 g g
g 60 T 60 g
N R B SN LA
0.0 0.5 1.0 1.5 2.0 0 10:1  15:1  20:1 25:1 0 0.5:1.0 1.0:1.0 1.5:1.0 2.0:1.0
Catalytic amount/% n(0)/n(S) Viextractany® Vimodetuet)
(a) Catalytic amount (b) Molar ratio of oxygen atom to sulfide atom (¢) Volume ratio of extractant to model fuel
n-Mole.

K11
Fig. 11

2.5 EUEFIRTEINMER

9T EEREN La-TiOo/SBA-15 FIJEH i FH A
1, A TARLE SN &5 35 S A 70 HEAT [ 5T Fé
HAEAMHIL . B 12 A7 R A 1 A
R 12 AT, 7S DUk E B SEIG T, Mo R457E
85%LA I, UEBAMEACTIE S R R 4P, B
BT B 11 25 I DR AR AL TR A ARG 218 P ik A P i
Bt T KA TR, FLIEMEZE, SEURLFIE SR
TECY. B 13 J9RESL La-TiOy/SBA-15 S Ab 21k 5
A EACROR . 13 WL, ZEME LT R & 3% (R
EH) . n(0)/N(S)=20:1+ ViexiactantyVimodel fueh=1:1
AN, BEBR R IR, HT 65%. AH TR,
LR A T N B, 33 R D S Hh IR AN R &
A SRS RAESRPL, 2T B 15
P, AHR ] TS AZ AL LS S8 B A 2k

T 2R B E AR

Influences of process conditions for photocatalytic oxidation desulfurization

ap- Al

100 |

40 iy

Desulfurization rate/%

20 [T

Runs

Kl 12 La-TiOy/SBA-15 )= S HI Ak
Fig. 12 Reused performance of La-TiO,/SBA-15
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Fig. 13 Catalytic performance of La-TiO,/SBA-15 in FCC
diesel oil
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NEW, FERCT IS AR RS, 14 g
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I[llumination
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o
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Trapping results of active species

K14 I TEF R Al R AR

Fig. 14 Trapping results of active species

Zi4r UV-Vis Ji. VB-XPS FALAE M E]
VIR A BT TR La-TiOy/SBA-15 FY61H
A BBRALEE LI 15) RAME S FE i La-TiO,/
SBA-15 i _E I B PR B 3 a b, 257 & B 7R
Wl o BEE: La-TiO/SBA-15 FIEE M La-TiO, S5#F
A CETE TIO ML L1 ¢ Al h', BEWETER A0
K& 5 RN . {E PODS i fEH, £% H,0,

0O,
/ -0, +DBT*—DBTO, DBTO2

E~280eV

La-TiO,/SBA-15

DBT*+-OH—DBTO, DBTO2

7

La-TiO,/SBA-15

B 15 La-TiOy/SBA-15 G AL E ALl A HLHE
Fig. 15 Photocatalytic oxidation desulfurization mechanism for La-TiO,/SBA-15
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H oK) DBT 4350, 45 & A2 A 28 5 E 1y
(DBTO,); &4 /0¥ DBT 44 5-0OH A i — 2 18
Wy H(DBTO)A! DBTO,. HiT-iEY Mt K,
B =, T JE e A ) T B T R i U
#k SBA-15 BEAFEERFLIE, FLARCK, ki
TR, MEVETEA S La-Tio, 0 EUERSF, Btk
YITE PODS I FE ¥ BUBH F18e /N, 1 B -
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Extended Abstract

Introduction As a semiconductor material with superior optical properties, amorphous TiO, with the valence band, conduction band,
and bandgap structure of crystalline TiO, is prone to forming a loose porous structure with more surface defects. During the
photocatalytic reaction process, it can generate a large number of electron and hole capture traps, which is conducive to improving a
photocatalytic efficiency. However, its photocatalytic activity still needs to be improved. Widening its absorption range, narrowing its
band gap and promoting the migration of the internal electron-hole to the surface to react with the target product are all still the
current important research aspects.

Doping or loading is a normal modification method of TiO,. The doping with rare-earth element La is simple and effective,
narrowing the band gap of TiO, and reducing the energy consumption of photocatalytic reaction. To further improve the
photocatalytic activity, loading La-TiO, on SBA-15 can be an effective option. The high specific surface area and the mesopores of
SBA-15 can be beneficial to the dispersion of the active component and the diffusion of reactants, thereby improving the
photocatalytic performance. In this paper, TiO, was firstly doped with La, and La-TiO, was then supported on mesoporous molecular
sieves SBA-15. The obtained catalyst La-TiO,/SBA-15 was characterized and applied in the photocatalytic oxidation desulfurization
for the model and real diesel oil. In addition, the photocatalytic reaction mechanism was also proposed.

Methods 4 mmol tetrabutyl titanate was dropped slowly into a solution of 0.9 mL of deionized water with 10 mL of absolute ethanol
under magnetically stirring until a white gel was generated. After stirring for 0.5 h, the white gel was aged at 25 C for 14 h, and then
stirred at 40 ‘C until the absolute ethanol was completely evaporated. This white powder becomes an amorphous TiO, after drying at
100 C and grinding. The synthesis process of La-TiO, was similar to that of amorphous TiO,. However, deionized water was
replaced with a solution of lanthanum nitrate (Its concentration was calculated according to the doping amount of La). To support
La-TiO, on SBA-15, lanthanum nitrate and tetrabutyl titanate were put into 10 mL absolute ethanol. The ratio of the feed stocks in this
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mixture is same as that of the synthesis of La-TiO,. SBA-15 mesoporous molecular sieve was also put into this mixture, and the
loading of La-TiO, on the supported catalyst was 10% (in mass content). 1 mL deionized water was dropped slowly into the mixture
under stirring.

The X-ray diffraction (XRD) patterns of the samples were determined on a model D/max-RB X-ray diffractometer with Cu-Ka
radiation operating at 40 kV and 150 mA. The composition of the catalyst was identified by a model D/max-R X-ray fluorescence
spectrometer (XRF) with a tungsten target at 40kV and 50 mA. The elemental quantitative or semi-quantitative analysis was carried
out based on the characteristic peak intensity of each element. The pore structure was characterized by a model ASAP 2010 physical
adsorption instrument (BET). After 16-h pretreatment in vacuum at 110 ‘C, N, adsorption—desorption was operated at —196 C. The
transmission electron microscope (TEM) images were determined on a model JEM-2010CX electron microscope at 200 kV. The
Fourier-transform infrared spectra (FT-IR) in the range of 4 000—400 cm™ were recorded on a model WQF 510 spectrometer at a
resolution of 4 cm™'. The UV—Vis diffuse reflection spectra (UV—Vis) were recorded on a model Cary 2450 UV—Vis spectrometer with
BaSO0, as a reference sample in the wavelength range of 200-800 nm. The photoluminescence (PL) spectra were recorded on a model
FluoroMax-4 spectrofluorometer, which was excited at 240 nm in the scanning range of 260-460 nm. The valence-band X-ray
photoemission spectroscopic data (VB—XPS) were obtained on a model ESCALAB 250 X-ray photoelectron spectrometer equipped
with an Al Ka X-ray source and the spot size of 500 um. At ambient temperature, PODS reaction was operated in a beaker under
magnetically stirring. 10 mL model or real fuel was added firstly into a beaker, and then some amount of CH3;0H as an extractant
(calculated in volume ratio of the extractant to the fuel), a catalyst (calculated in the mass percent in the model fuel) and H,0,
(calculated in n(O)/n(S)) were added. The beaker was placed in the dark under magnetically stirring for 0.5 h to establish
adsorption-desorption equilibrium of DBT on catalysts. PODS proceed under the visible light irradiation and the samples were
withdrawn periodically every 0.5h from the upper phase, and the sulfur content of the clear liquid sample was detected on a model
TSN-5000 sulfur nitrogen detector after high-speed centrifuge.

Catalyst was separated from the reaction mixture via filtration and washing with deionized ethanol, dried at 80 ‘C and then
directly used for the next run.

Four PODS processes were repeated, and in each process 1.0 mmol/L a kind of active intermediate capture agent was added.
Isopropanol (IPA), p-benzoquinone (p-BQ) and disodium ethylenediaminetetraacetate (EDTA-2Na) were used for detecting hydroxyl
radicals, superoxide radicals and holes, respectively.

Results and discussion The XRD patterns show that La-TiO,/SBA-15 retains a two-dimensional hexagonal highly ordered
mesoporous structure of SBA-15. TiO,, La-TiO, and La-TiO,/SBA-15 do not show any characteristic diffraction peaks, indicating that
they all are amorphous. Compared with the sample SBA-15, the specific surface area, pore volume and pore size of sample
La-TiO,/SBA-15 decrease due to the loading of La-TiO,. However, its specific surface area is still higher than that of amorphous TiO,.
The TEM images present an ordered mesoporous structure of La-TiO,/SBA-15, and La-TiO, is also evenly dispersive in the pore
channels. The UV—Vis analysis shows that the absorption edge of La-TiO, is higher than that of TiO,. A reason is that lanthanum
doping reduces a band gap energy of TiO, and improves a light absorption ability of the catalyst. Although a band gap width is almost
unchanged for loading. The PL spectra indicate that the intensity of fluorescence emission peak decreases after doping and loading,
proving that the doping and loading both can reduce an electron-hole recombination rate, thereby prolonging the photogenerated
carrier lifetime of amorphous titania material.

The effect of reaction condition on the results of PODS was investigated and optimized. The results are obtained under optimum
conditions (i.e., catalyst dosage of 1% (in mass fraction), n(O):n(S) of 15:1, and the of agent:oil ratio of 1:1). Under such conditions,
the desulfurization rate is 95.12%, and it can still reach more than 85% after four runs of reusing. For La-TiO,/SBA-15 as a catalyst,
the active intermediate species in PODS were *O, and h' based on active intermediate species capture experiments.

Conclusions La-TiO,/SBA-15 prepared had a two-dimensional hexagonal pore structure, a high specific surface area, and
well-dispersion. Lanthanum doping broadened a light response range, increased the absorbance of the light, and reduced the
photogenerated electron-hole recombination rate of TiO,. La-TiO,/SBA-15 had a higher catalytic activity rather than TiO, and
La-TiO,, and a good reusability. The main active intermediate species were ‘O, and h".

Keywords lanthanum doped titanium dioxide; mesoporous molecular sieve; loading; photocatalytic oxidation desulfurization



