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Abstract 
A new amphipathic lindqvist-type polyoxometalate-based TiO2 nanofibres catalysts (50-DTA-MoO-TiO2 NF, DTA = 
CH3(CH2)11(CH3)3N, MoO = Mo6O19

2-, TiO2 NF = TiO2 nanofibres, the weight percentage of DTA-MoO was 50%) was 
obtained by electrospinning and applied in desulfurization of fuel. This catalyst presented outstanding desulfurization per-
formance and reusability.

Graphic Abstract
The amphipathic lindqvist-type polyoxometalate-based TiO2 nanofibres were prepared successfully and examined as hetero-
geneous catalysts in removal of sulfur-containing compounds. At 333 K, 100% desulfurization efficiency of 500 ppm DBT 
model oil was achieved using 0.010 g 50-DTA-MoO-TiO2 NF as catalyst in 40 min with O/S molar ratio of 2:1 in ECODS.
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1  Introduction

With increasingly stringent standards of fuels quality, tre-
mendous attention has been paid to researching in efficient 
desulfurization techniques to obtain fuels with ultra-low 
sulfur content [1]. Hydrodesulfurization (HDS) can remove 
the aliphatic and acyclic sulfur compounds, however, the 
application of HDS is restricted because of harsh reaction 
conditions and less effective for heterocyclic sulfur com-
pounds [2]. At present, extractive catalytic oxidative desul-
furization (ECODS) has become a hot research subject due 
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to its cost-effectiveness and no hydrogen consumption [3, 4]. 
In ECODS, oxidant and catalysts play an importance roles. 
H2O2 is the most extensively adopted oxidant due to high 
availability and environmental compatibility [5]. Developing 
high active catalysts to obtain clean-oil is very vital for the 
industrial application of ECODS [6].

Polyoxometalates (POMs) catalysts are widely used in 
removing organic substrates in view of its extraordinary 
physicochemical properties, high activity and environ-
mentally friendly [7, 8]. Whereas, the low recyclability 
greatly hinders the practical industrial application of these 
catalysts. In order to overcome this issue, many methods 
have been proposed to fabricate POMs-based heterogene-
ous catalysts. Heterogeneous catalysts with excellent recy-
clability is considered as promising candidates for green 
catalytic application [9, 10]. For instance, the groups of 
Rezvani had prepared organic-inorganic hybrid nanocata-
lysts based Anderson-type polyoxometalate via a sol-gel 
method. 94% desulfurization efficiency was reached in 2 
h with ((C4H9)4N)6Mo7O24/PVA as catalyst at 313 K [11]. 
Additionally, vanadium-substituted Dawson-type polyoxo-
metalate [cetronium]11P2W13V5O62 had been prepared and 
employed in the oxidative desulfurization. 90% sulfur was 
removed from 500 ppm fuels with H2O2 as oxidant [12]. It is 
worth noting that Keggin-type POMs-based catalysts are sig-
nificant interest on desulfurization [13]. Recently, 97% des-
ulfurization efficiency was reached using organic-inorganic 
hybrid compound PWMn/NiO/PAN catalysts within 1 h at 
308 K [14]. Nevertheless, less investigations on removing 
sulfur compounds using Lindqvist-type POMs ([Mo6O19]n- 
(n=2)) as catalysts was reported [15]. Furthermore, TiO2 
has been extensively used as a good carrier to prepare the 
heterogeneous catalysts due to high specific area, high yield 
and strong adsorptive ability for sulfur atoms with lone pair 
electrons [16, 17]. A series of phosphotungstic acid/TiO2 
(HPW/TiO2) nanocomposites had been synthesized and 
applied in oxidative desulfurization. 95.2% conversion effi-
ciency of sulfur-containing compounds was reached with 
HPW/TiO2 (20 wt%) as catalysts at 333 K within 2 h [18]. 
Sulfur-containing compounds could be removed completely 
with 0.03 g phosphotungstic acid/TiO2 as catalyst at 323 K 
[19]. Combining with the beneficial properties of TiO2 car-
rier and Lindqvist-type POMs active species, it is expected 
that Lindqvist-type POMs-based TiO2 catalysts would pre-
sent high desulfurization performance.

In this work, the amphipathic Lindqvist-type polyox-
ometalate-based TiO2 nanofibres containing quaternary 
ammonium cations was synthesized by combination with 
electrospinning and impregnation method. Different char-
acterizations were taken to investigate the structure, com-
pose and morphology of the catalysts. The impact of the 
critical parameters (catalysts types, temperatures, O/S molar 
ratios and substrates) was systematically evaluated using 

Box-Behnken experimental design. Additionally, the recy-
cling property of catalysts was investigated, and the possible 
mechanism of ECODS was also studied.

2 � Material and Methods

2.1 � Chemicals

1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim]
PF6) was synthesized according to literature [20]. Tetrabutyl 
ammonium bromide (TBA·Br), dodecyl trimethyl ammo-
nium bromide (DTA·Br), hexadecyl trimethyl ammonium 
bromide (HTA·Br) and octadecyl trimethyl ammonium chlo-
ride (OTA·Cl) were purchased from Energy Chemical. Ben-
zothiophene (BT), dibenzothiophene (DBT) and 4,6-dime-
thyl-dibenzothiophene (4,6-DMDBT) were received from 
China Pingmei Shenma Energy & Chemical Group Co., 
Ltd. Dichloromethane, n-octane, N,N-dimethylformamide 
(DMF) and Tetrabutyl titanate (Ti(OC4H9)4) were procured 
from Tianjin GuangFu Fine Chemical Research Institute. 
And biphenyl was received from Sinopharm Chemical Rea-
gent Co., Ltd. Polyvinyl pyrrolidone (PVP, MW = 1300000) 
was purchased from Aladdin. Hydrogen peroxide (H2O2, 30 
wt.%), acetylacetone and acetic acid were obtained from Bei-
jing Chemical Works. All the chemicals were directly used 
as received without further purification.

2.2 � Preparation of Catalysts

The detailed synthetic processes of DTA-MoO and TiO2 
nanofibres were depicted in Supplementary Information. A 
typical synthesis of 50-DTA-MoO-TiO2 NF was carried out 
as following: 0.10 g of TiO2 nanofibres were dispersed in 
50.00 mL anhydrous ethanol with magnetic stirring for 30 
min, which was marked as solution A. Solution B was the 
mixture of 0.10 g DTA-MoO and 50.00 mL anhydrous etha-
nol. Subsequently, solution B was slowly added to solution A 
under stirring (700 rpm), and the precipitates were obtained. 
Finally, the abovementioned precipitate was washed with 
ethanol three times and dried at 80 °C in vacuum oven 
overnight. All catalysts were prepared with this similar pro-
cesses: 50-TBA-MoO-TiO2 NF: 50 wt.% TBA-MoO-TiO2 
nanofibres; 50-OTA-MoO-TiO2 NF: 50 wt.% OTA-MoO-
TiO2 nanofibres; 50-HTA-MoO-TiO2 NF: 50 wt.% HTA-
MoO-TiO2 nanofibres; 30-DTA-MoO-TiO2 NF: 30 wt.% 
DTA-MoO-TiO2 nanofibres; 40-DTA-MoO-TiO2 NF: 40 
wt.% DTA-MoO-TiO2 nanofibres; 60-DTA-MoO-TiO2 NF: 
60 wt.% DTA-MoO-TiO2 nanofibres.
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2.3 � Desulfurization Process

Model oil with 500 ppm S was prepared by dissolving DBT 
(or BT or 4,6-DMDBT) in n-octane. Biphenyl was inter-
nal standard. In a typical running, the water bath was firstly 
heated to the desired temperature. 5 mL of model oil and 1 
mL of IL ([Bmim]PF6) were mixed in round-bottom flask, 
and stirred 15 min at the desired temperature water bath. A 
certain amount of catalysts was added into the above flask. 
Subsequently, 11 μL of 30 wt.% H2O2 was added into the 
mixture under stirring and started the reaction. After the 
reaction, the model oil was analyzed by GC-FID (Agilent 
7820A; DB-5, 30 m × 0.32 mm i.d. × 0.25 μm; FID: Agi-
lent). The other desulfurization experiments were executed 
by the same process besides different temperatures, O/S 
molar ratios and dosages of catalysts.

2.4 � Characterization of the Catalysts

The actual loading amounts of DTA-MoO on TiO2 nanofi-
bres were examined by the Leeman Prodigy Spec induc-
tively coupled plasma atomic emission spectrometer (ICP-
AES). The morphology of catalysts was analyzed by Hitachi 
SU8010 field emission scanning electron microscope (FE-
SEM). The JEM-2010 transmission electron microscope 
with 200 kV working voltage was employed to finish trans-
mission electron microscope (TEM) analysis, and the images 
were acquired by Gatan multiople CCD camera in detail. 
XRD analysis was carried out using Rigaku D/max-RA 
XRD diffractometer in the range of 2θ from 5° to 80°. The 
Fourier transform infrared spectra (FT-IR) of catalysts was 
collected by a Mattson Alpha-Centauri Fourier transform 
infrared spectrometer using KBr Pelles, the range was fixed 

in 4000–400 cm-1, the number of scan was 64 and the reso-
lution was 4 cm-1. Thermogravimetric (TG) measurement 
was expressed on a Perkin-Elmer TGA 7 instrument with a 
heating rate of 10 °C·min-1 in air. The elemental mapping of 
catalysts was recorded by OXFORD ISIS-300 energy dis-
persive spectrometer.

3 � Results and Discussion

3.1 � Catalysts Characterization

Fig. 1 clearly demonstrated that both the diffraction peaks 
of anatase TiO2 (lattice plane (101) located in about 25 °, 
PDF#71-1166) and rutile TiO2 (lattice plane (110) located 
in about 27 °, PDF#75-1749) were appeared in XRD pat-
terns of 30-DTA-MoO-TiO2 NF, 40-DTA-MoO-TiO2 NF, 
50-DTA-MoO-TiO2 NF and 60-DTA-MoO-TiO2 NF in the 
scope of 2θ from 5 ° to 80 °. These results indicated that 
these catalysts were the mixed-phase of rutile and anatase 
TiO2 [21]. The diffraction peaks in the range of 5–15° (the 
dotted box in Fig. 1) for x wt%-DTA-MoO-TiO2 NF (x = 
30, 40, 50 and 60) catalysts were observed and assigned 
to DTA-MoO, which indicated that DTA-MoO was present 
in the catalysts [22]. However, the position of MoO-POMs 
characteristic peaks for x wt%-DTA-MoO-TiO2 NF (x = 
30, 40, 50 and 60) shifted compared that of pure MoO-
POMs, as shown in Fig. 1. This result indicated that the 
interaction between DTA-MoO and TiO2 nanofirbres was 
existed for x wt%-DTA-MoO-TiO2 NF (x = 30, 40, 50 and 
60) catalysts. Additionally, the XRD patterns of bare TiO2 
nanofibres, 50-TBA-MoO-TiO2 NF, 50-OTA-MoO-TiO2 
NF and 50-HTA-MoO-TiO2 NF was proved in Fig. S1. The 

Fig. 1   XRD patterns of (a) 30-DTA-MoO-TiO2 NF, (b) 40-DTA-
MoO-TiO2 NF, (c) 50-DTA-MoO-TiO2 NF and (d) 60-DTA-MoO-
TiO2 NF with the standard cards of anatase and rutile phase TiO2 and 
MoO-POMs

Fig. 2   FT-IR spectra of (a) 30-DTA-MoO-TiO2 NF, (b) 40-DTA-
MoO-TiO2 NF, (c) 50-DTA-MoO-TiO2 NF, (d) 60-DTA-MoO-
TiO2 NF and DTA-MoO (e)
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crystalline phase of TiO2 was still mixed-phase structure of 
anatase and rutile for bare TiO2 nanofibres, 50-TBA-MoO-
TiO2 NF, 50-OTA-MoO-TiO2 NF and 50-HTA-MoO-TiO2 
NF, respectively. The results indicated that the loading of 
DTA-MoO, TBA-MoO, OTA-MoO and HTA-MoO cannot 
influence the original crystalline phase of TiO2.

As could be seen in Fig. 2, the characteristic peaks (in the 
purple dotted box) located in 956, 834, 779 and 646 cm-1 
were ascribed to the characteristic modes of v (Mo = O(t)), 
v (Mo-O(b)-Mo) and v(Mo-O(c)-Mo), respectively [23]. 
All abovementioned bands were observed from 1000 to 600 
cm-1 of the FT-IR spectra of x wt% DTA-MoO-TiO2 NF 
(x = 30, 40, 50 and 60), suggesting that the Lindqvist-type 
POMs structure was preserved in the catalysts. However, 
the position of POMs characteristic peaks for x wt% DTA-
MoO-TiO2 NF (x = 30, 40, 50 and 60) shifted compared 
that of pure POMs, as seen in Fig. 2. The regions from 500 
to 2000 cm-1 in FT-IR spectra were expanded to clearly show 
the characteristic peaks of POMs for all materials, which 
was shown in Fig. S2. The bending vibration appeared at 
1430 cm-1 corresponding to the presence of Ti-O bond of 
TiO2 [24]. It was clear that the peaks became more intense 
and the slightly shifted with the increasing of DTA-MoO 
content in these as-prepared samples. This phenomenon 
attributed to the strong interaction between DTA-MoO and 
TiO2 [18]. It was accepted that the presence of water could 
be confirmed by the absorption band at 1632 cm-1, which 

was associated with H-O-H bending movement from sur-
face-absorbed water [25]. The bands at 1479, 2850 and 2915 
cm-1 were rooted in the vibrations of quaternary ammonium 
cations [26]. Furthermore, Mo, C, O, Ti and N elements 
were detected in the EDS spectrum of 50-DTA-MoO-TiO2 
NF (Fig. S3), which was in accordance with the results of 
FT-IR analysis. The loading amounts of DTA-MoO on TiO2 
nanofibres were measured by ICP elemental analysis, which 
was closed to the expected values (Table S1). The real values 
of DTA-MoO loading were 27 wt.%, 30 wt.%, 40 wt.% and 
51 wt.% for 30-DTA-MoO-TiO2 NF, 40-DTA-MoO-TiO2 
NF, 50-DTA-MoO-TiO2 NF and 60-DTA-MoO-TiO2 NF, 
respectively. Also, the real loading values for 50-TBA-MoO-
TiO2 NF, 50-OTA-MoO-TiO2 NF and 50-HTA-MoO-TiO2 
NF were also characterized and listed in table S1. These 
results suggested that the different cations-MoO was loaded 
on the TiO2 nanofibres successfully, and Lindqvist-type 
MoO POMs structure was remained.

The states of Mo and Ti in 50-DTA-MoO-TiO2 NF were 
further characterized at the molecular level by XPS spec-
tra. As shown in Fig. 3A, the peaks at 232.75 and 235.91 
eV were assigned to Mo 3d5/2 and Mo 3d3/2, respectively. 
Mo(VI) was presented in 50-DTA-MoO-TiO2 NF [27]. Two 
peaks of 458.85 and 464.47 eV (Fig. 3B) were attributed 
to Ti 2p3/2 and Ti 2p1/2, respectively, which was consistent 
with the reported data of TiO2. Ti(IV) was in presented in 
50-DTA-MoO-TiO2 NF [28].

Fig. 3   XPS spectra of 50-DTA-
MoO-TiO2 NF, (a) Mo 3d and 
(b) Ti 2p

Fig. 4   (a) FE-SEM image of 50-DTA-MoO-TiO2 NF, (b) TEM image of 50-DTA-MoO-TiO2 NF, (c) HR-TEM image of 50-DTA-MoO-TiO2 
NF (inset is the lattice fringe of lattice spacing of (101) plane in the anatase phase TiO2)



2031The Ultra-Deep Desulfurization of Model Oil Using Amphipathic Lindqvist-Type…

1 3

As shown in Fig.  4A, the fiber-like was uniformly 
dispersed in the ambient environment. The diameter of 
50-DTA-MoO-TiO2 NF was about 70 nm. More structural 
information of 50-DTA-MoO-TiO2 NF can be obtained by 
TEM analysis (Fig. 4B). The results indicated that the mor-
phology of 50-DTA-MoO-TiO2 NF was fiber-like and the 
diameter was the same to the result of SEM. The large areas 

of samples were occupied by so many black spots remark-
ably, which were the POMs active sites. This indicated that 
DTA-MoO was dispersed uniformly. The detailed informa-
tion was further confirmed via HR-TEM. In Fig. 4C, the 
lattice fringes for phase determination is 0.35 nm (in Fig. 4C 
inset), corresponding to the lattice spacing of (101) plane 
in the anatase phase TiO2, which was clearly observed. 
Furthermore, the excellent dispersion of active species was 
evidenced by the elemental mapping of 50-DTA-MoO-
TiO2 NF (Fig. 5). The elements of Mo, C, O, Ti and N 
were detected, and this result was in accordance with that 
for EDS. Furthermore, Mo was evenly scattered in the TiO2 
nanofibers. Moreover, the thermal stability of 50-DTA-
MoO-TiO2 NF was investigated by TG, and the result was 
shown in Fig. S4. It indicated that 50-DTA-MoO-TiO2 NF 
was excellent stability.

3.2 � Effect of Various Desulfurization Systems 
and Catalysts on DBT Removal Efficiency

DBT was a representative aromatic sulphur-containing com-
pound, which was also one of the main refractory sulphur-
containing compounds in HDS treatment. Therefore, DBT 
was selected as a main desulfurization substrate to study the 
effect of various desulfurization systems and catalysts types 
on desulfurization efficiency. As could be seen from Entry 
1-4 in Table 1, the desulfurization efficiencies were 3%, 7%, 
84% and 33% for ODS (Entry 1), EDS (Entry 2), oxida-
tive catalytic desulfurization system (OCDS, Entry 3) and 
extractive catalytic desulfurization system (ECDS, Entry 4), 
respectively. Nevertheless, when 50-DTA-MoO-TiO2 NF, 
[Bmim]PF6 and H2O2 were together applied in desulfuriza-
tion reaction, 100% desulfurization efficiency was realized 
under the same conditions (Entry 5, Table 1).

Fig. 5   TEM image of representative signal nanofiber of 50-DTA-
MoO-TiO2 NF and corresponding elemental mapping of Mo (yel-
low), C (green), O (red), Ti (cyan) and N(pink)

Fig. 6   Influence of reaction temperature on DBT removal efficiency, 
reaction conditions: O/S = 2:1, mcat = 0.010 g

Table 1   Effect of various desulfurization systems and catalysts on 
desulfurization efficiency.

Reaction conditions: DBT as desulfurization substrate, T = 333 K, 
mcat = 0.010 g, O/S = 2:1, t = 40 min. aTiO2 nanofibres and bDTA-
MoO: the preparation processes were presented in Supplementary 
Information. cDTA-MoO+TiO2 NF was the physical mixing of DTA-
MoO and TiO2 nanofibres.

Entry Catalyst Oxidant Extractant Desulfuriza-
tion efficiency 
(%)

1 No H2O2 No 3
2 No No [Bmim]PF6 7
3 50-DTA-MoO-TiO2 

NF
H2O2 No 84

4 50-DTA-MoO-TiO2 
NF

No [Bmim]PF6 33

5 50-DTA-MoO-TiO2 
NF

H2O2 [Bmim]PF6 100

6 MoO H2O2 [Bmim]PF6 45
7 aTiO2 nanofibres H2O2 [Bmim]PF6 21
8 bDTA-MoO H2O2 [Bmim]PF6 85
9 cDTA-MoO+TiO2 

NF
H2O2 [Bmim]PF6 67
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The desulfurization efficiencies of MoO (Entry 6), 
TiO2 nanofibres (Entry 7), DTA-MoO (Entry 8) and DTA-
MoO+TiO2 NF(Entry 9) as catalyst were 45%, 21%, 85% 
and 67%, respectively. These experimental results showed 

that the supported polyoxometalate-based catalyst was 
more active than the unsupported polyoxometalate cata-
lyst. The excellent catalytic ability of 50-DTA-MoO-TiO2 
NF was also verified comparing to previous reported ones 
(Table S2). The results implied that the interaction between 
DTA-MoO and TiO2 nanofibres made for higher catalytic 
activity. At the same time, TiO2 nanofibres as supporter can 
promote the dispersion of catalytic sites. Therefore, ECODS 
and 50-DTA-MoO-TiO2 NF was selected as the appropriate 
desulfurization system and catalyst, respectively.

3.3 � Influence of Reaction Temperature and Time 
on DBT Removal Efficiency

Reaction temperature played a vital role in desulfurization 
efficiencies [29]. The influence of temperature on desulfuri-
zation performance was investigated and the results were 
depicted in Fig. 6. The removal efficiency of DBT increased 
from 94% at 313 K to 98% at 323 K within 90 min. It could 
be found that the sulfur-containing compounds were almost 
eliminated when the temperature was raised, which was 
associated with increasing of active species with the increas-
ing temperature [30]. Besides, ILs viscosity decreases with 
the temperature increasing from 313K to 333K, and then 
favours the extraction of DBT from oil to cause an improve-
ment of desulfurization efficiency. Nevertheless, the time 
to completely eliminate DBT could be lengthened from 40 
to 50 min when the temperature was 333 and 343 K. How-
ever, 98% desulfurization efficiency was obtained at 353 K 
in the same condition. Increasing the temperature from 333 
to 353 K did not have a significant effect on the rate of reac-
tions. This phenomena could be explained that the relative 
higher temperature would cause thermal self-decomposition 
of H2O2 [31]. Additionally, the highest desulfurization effi-
ciency was recorded after 90 min. Therefore, the temperature 
and reaction time were conducted at 333 K and 90 min under 
the current reaction conditions, respectively.

Fig. 7   Effect of O/S molar ratio on removal efficiency of DBT, reac-
tion conditions: T = 333 K, mcat = 0.010 g

Fig. 8   (a) Effect of loading 
amount of DTA-MoO on DBT 
removal efficiency, reaction 
conditions: O/S = 2:1, mcat = 
0.010 g, T = 333 K; (b) Effect 
of catalyst dosage on DBT 
removal efficiency, reaction 
conditions: O/S = 2:1, T = 
333 K

Table 2   The sulfur removal in desulfurization process with various 
n(O/S).

Entry Catalyst n (O/S) Sulfur 
removal/%

Ref.

1 HPW/TiO2 12 100 [33]
2 PW12/TiO2 12 95.2 [18]
3 FeCl3 6 96.1 [34]
4 Ti-MSM 10 99.8 [35]
5 PW12/mpg-C3N4 8 100 [36]
6 [(C8H17)3NCH3]Cl/FeCl3 14 97.9 [37]
7 Na2MoO4·2H2O 4 99 [38]
8 50-DTA-MoO-TiO2 NF 2 100 This work
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3.4 � Effect of O/S Molar Ratio on DBT Transformation 
Efficiency

Effect of O/S molar ratio on desulfurization efficiency was 
investigated in the range of 2:1 to 6:1 (Fig. 7). As can 
be seen from Fig. 7, 40 min was consumed to achieve 
the complete removal of sulfur-containing compounds 
under 2:1 of O/S molar ratio. When the O/S molar ratio 
was 3:1, 4:1, 5:1 and 6:1, the desulfurization efficiency 
of 100%, 100%, 98%, and 94% was realized in 50, 60, 
90 to 90 min, respectively. With H2O2 usage increasing, 
desulfurization efficiencies showed a downward trend, 
and the consumption time was longer. It was due to form-
ing a liquid film by adding more H2O2 and make it hard 
to approach sulfur-containing compounds. According to 
the stoichiometric reaction, 2 mol H2O2 is consumed for 
oxidizing 1 mol sulphur-containing compound to cor-
responding sulfone [32]. To our delight, the O/S molar 
ratio in this work was coincident with stoichiometry. The 
experimental safety was guaranteed in the mild reaction 
conditions with small dosage of H2O2. It was meaningful 
at this point to compare the value of O/S molar ratio by 
previous literatures (Table 2). This result confirmed that 
amphipathic catalysts played a significant role in improv-
ing H2O2 utilization rate. In detail, TiO2 nanofibres with 
prominent hydrophilic feature connected with tiny amount 
of H2O2 conveniently, and the hydrophobic characteristic 
of carbon chain provided the excellent accessibility for 
sulfur atom. Consequently, 2:1 was the most proper O/S 
molar ratio with regard to the safety, economic considera-
tion and desulfurization performance.

3.5 � Effect of Loading Amount of DTA‑MoO 
and Catalyst Dosage on DBT Removal Efficiency

Many reports illustrated that the desulfurization efficiency 
was influenced by the availability and distribution of active 
species, which were crucially depended on the loading 
amounts of DTA-MoO and catalyst dosages in this work 
[39]. Thus, the desulfurization performance of catalysts 
with various loading amounts of DTA-MoO and catalysts 
dosages was investigated. As shown in Fig. 8A, 60, 70, and 
40 min was consumed to remove DBT completely using 
30-DTA-MoO-TiO2 NF, 40-DTA-MoO-TiO2 NF and 
50-DTA-MoO-TiO2 NF as catalyst, respectively. While only 
98% desulfurization efficiency was achieved with 60-DTA-
MoO-TiO2 NF within 90 min. These results indicated that 

Fig. 9   Influence of different counter cations in catalyst on DBT 
removal efficiency, reaction conditions: T = 333 K, mcat = 0.010 g, 
O/S = 2:1

Fig. 10   Influence of initial concentration of DBT on desulfurization 
efficiency, reaction conditions: T = 333 K, mcat = 0.010 g, O/S = 2:1

Fig. 11   Removal of various sulfur-containing compounds in desul-
furization system, reaction conditions: T = 333 K, mcat = 0.010 g, 
O/S = 2:1



2034	 J. Fu et al.

1 3

50-DTA-MoO-TiO2 NF presented the fastest desulfuriza-
tion speed. The optimization dosage of the catalysts was 
researched by varying amount of 50-DTA-MoO-TiO2 NF 
from 0.005 to 0.020 g in ECODS. Fig. 8B displayed the 
different DBT removal efficiencies using different amounts 
of catalysts. The reaction time was drastically reduced with 
increasing catalyst dosage. It seemed that the increasing of 
catalysts amount was an efficient strategy to enhance des-
ulfurization performance [40]. However, the reaction time 
was not reduced at high dosage(>0.010 g), which might be 
assigned to the agglomerate of catalysts to decrease available 
active sites [41]. The most favorable 50-DTA-MoO-TiO2 
NF dosage was found to be 0.010 g for the forthcoming 
desulfurization process.

3.6 � Influence of Different Counter Cations 
in Catalyst on DBT Removal Efficiency

As shown in Fig. 9, it consumed 80, 70, 50 and 40 min to 
achieve 100% desulfurization efficiency with 50-TBA-MoO-
TiO2 NF, 50-OTA-MoO-TiO2 NF, 50-HTA-MoO-TiO2 
NF and 50-DTA-MoO-TiO2 NF as catalysts, respectively. 
The result was probably attributed that the longer carbon 
chain formed an obstacle between sulfur compounds and 
active sites to hinder desulfurization reaction. On the con-
trary, with shorter carbon chain, DBT can easily get in touch 
with active sites due to relative smaller steric hindrance [42]. 
The activity order with various counter-ions decrease as fol-
lowing: DTA+ > HTA+ > OTA+ > TBA+. The result fur-
ther verified 50-DTA-MoO-TiO2 NF was the most suitable 
catalyst for satisfying requirement of deep desulfurization.

3.7 � Influence of Initial Concentration of DBT 
on Desulfurization Efficiency

As shown in Fig. 10, with increasing of DBT concentration, 
the reaction time was prolonged for 100% desulfurization 
efficiency. This because that there were more DBT in oil 
needed to be converted. On the other hand, the amount of 
active sites was not enough to completely oxidize DBT into 
sulfones with the equal amount of 50-DTA-MoO-TiO2 NF 
and H2O2 [43]. Therefore, the desulfurization reaction rate 
increased with decreasing DBT concentration.

3.8 � Removal of Various Sulfur‑Containing 
Compounds in Desulfurization System

BT and 4,6-DMDBT as DBT derivants were also the typical 
inflexible sulfur-containing compounds. The removal effi-
ciencies of above two sulfur-containing compounds were 
carried out and the results were showed in Fig. 11. 100% 
desulfurization efficiency could be achieved within 60 and 
40 min for BT (S electron density 5.739) and DBT (S elec-
tron density 5.758), respectively. The lowest electron den-
sity of sulfur atom for BT displayed lowest reactivity. 4,6-
DMDBT (S electron density 5.760) possessed the highest 
electron density among three sulfur-containing compounds, 
but only 94% desulfurization efficiency was obtained in 90 
min under the same experimental conditions. 4,6-DMDBT 
was hindered to react with active species due to the steric 
hindrance of methyl groups in 4,6-DMDBT, and then the 
desulfurization efficiency reduced. As such, the removal 
efficiencies for various substrates decreased in the order of 
DBT > BT > 4,6-DMDBT. Such an order in the removal 

Fig. 12   The pseudo-first-order kinetics for oxidation of different sub-
strates, reaction conditions: T = 333 K, mcat = 0.010 g, O/S = 2:1

Fig. 13   Recycle performance of 50-DTA-MoO-TiO2 NF for remov-
ing DBT, reaction conditions: T = 333 K, mcat = 0.010 g, O/S = 2:1



2035The Ultra-Deep Desulfurization of Model Oil Using Amphipathic Lindqvist-Type…

1 3

efficiency of different substrates was agreed well with that 
reported in ECODS system [14]. We concluded that the 
desulfurization efficiencies of various substrates was cor-
related to the electronic density of the S-atom and the steric 
hindrance [32].

The oxidation kinetics of DBT, 4,6-DMDBT and BT were 
also investigated under the optimal conditions with 50-DTA-
MoO-TiO2 NF as catalyst. The rate constants, half-lives and 
correlation coefficient were obtained from the pseudo-first-
order equation [44].

It is noted that c0 and ct were the sulfur concentrations at 
0 min and t min, respectively, and k was the first-order rate 
constant (min-1). In Fig. 12, the plot of ln(c0/ct) versus time 
was the linear. The half-lives were calculated via Eq.(3). 
These results indicated that desulfurization reaction with 
50-DTA-MoO-TiO2 NF as catalysts was a pseudo-first-
order reaction.

3.9 � Recycling

The recyclability of catalysts was fatal for industrial 
applications. Therefore, the recycling performance of 
50-DTA-MoO-TiO2 NF was investigated under optimum 

(1)−dc∕dt = kc

(2)ln
(

c
0
∕c

t

)

= kt

(3)t
1∕2 = 0.693∕k

conditions. After reaction, the upper oil was poured out 
carefully. And then dichloromethane was used to extract 
DBTO2 from ILs because of the limited extraction ability 
of ILs. ILs and catalysts (dispersed into ILs) were stayed 
in round-bottom flask for the next reaction after evaporat-
ing and drying in vacuum at 80 °C for 24 h. The fresh 
model oil and H2O2 were added and the new desulfuriza-
tion reaction began. The slight decrease of DBT removal 
efficiency was observed after seven recycle (Fig. 13). For 
one thing, the oxidative product DBT (DBTO2) continu-
ously enriched and covered on the surface of the catalysts, 
which deactivated the active sites [45]. For another, slow 
leaching of the active species was inevitable in separation 
process [46]. The catalysts were appropriate and feasible 
for practical industrial application, thereby suggesting the 
promising value of ECODS in this work.

3.10 � Mechanism

In Fig. 14, the model oil located in the upper layer (con-
taining DBT), H2O2 was contained in the middle layer, and 
50-DTA-MoO-TiO2 NF was dispersed in the ILs ([Bmim]
PF6, in the lowest layer). The ECODS was consisted of 
three phases because that [Bmim]PF6 ILs was not dis-
solved in the water [47]. After stirring, these three phases 
was thoroughly mixed together. DBT was firstly extracted 
from the oil phase into ILs phase. At the same time, the 
active species [abbreviated as Mo(O2)] were obtained by 
MoO in 50-DTA-MoO-TiO2 NF reacting with H2O2. Sub-
sequently, DBTO was gained by oxidizing DBT with one 

Fig. 14   Proposed desulfuriza-
tion mechanism of 50-DTA-
MoO-TiO2 NF in ECODS with 
three-liquid-phase system
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[O] deriving from Mo(O2). DBTO was further reacted with 
Mo(O2) to form DBTO2, and then Mo(O2) returned back to 
Mo=O continuously until H2O2 was exhausted totally [6, 
48]. Finally, the higher polar DBTO2 was still retained in 
the ILs phase and the clean fuels were obtained. ILs acted 
as extractant and reaction media, which also played a part 
in stabilizing active sites in desulfurization process [42].

4 � Conclusions

The amphipathic Lindqvist-type polyoxometalate-based 
TiO2 nanofibres were successfully prepared and as het-
erogeneous catalysts applied in removal of three sulfur 
compounds (BT, DBT and 4,6-DMDBT). As a result, at 
333 K, 100% desulfurization efficiency for 500 ppm DBT 
model oil was achieved using 0.010 g 50-DTA-MoO-TiO2 
NF as catalysts in 40 min. It is worth mentioning that the 
dosage of H2O2 (O/S molar ratio = 2:1) was exception-
ally low. Prominent catalytic activity and high utilization 
rate of H2O2 were associated with amphipathic catalysts. 
In addition, desulfurization efficiencies of various sub-
strates decreased in the following order: DBT > BT > 
4,6-DMDBT. The desulfurization efficiency had the slight 
decrease until recycling 7 times.
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