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Abstract: A peroxotungstate composite comprising the chromium terephthalate metal-organic
framework MIL-101(Cr) and the Venturello peroxotungstate [POL{WO(O,)5)4]3~ (PWy) has been
prepared by the impregnation method. The PW,@MIL-101(Cr) composite presents high catalytic
efficiency for oxidative desulfurization of a multicomponent model diesel containing the most
refractory sulfur compounds present in real fuels (2000 ppm of total S). The catalytic performance
of this heterogeneous catalyst is similar to the corresponding homogeneous PW, active center.
Desulfurization efficiency of 99.7% was achieved after only 40 min at 70 °C using HyO; as an
oxidant and an ionic liquid as an extraction solvent ((BMIM]PF, 2:1 model diesel/[BMIM]PF¢). High
recycling and reusing capacity was also found for PW,;@MIL-101(Cr), maintaining its activity for
consecutive oxidative desulfurization cycles. A comparison of the catalytic performance of this
peroxotungstate composite with others previously reported tungstate@MIL-101(Cr) catalysts indicates
that the presence of active oxygen atoms from the peroxo groups promotes a higher oxidative catalytic
efficiency in a shorter reaction time.

Keywords: oxidation; desulfurization; metal-organic framework; peroxotungstate; MIL-101

1. Introduction

The significant increase in fuel consumption that has occurred in recent decades has brought
convenience for people’s lives and for industrial production, but at the same time has caused
environmental problems such as smog and acid rain [1,2]. To avoid these problems, a series of
environmental protection regulations have been introduced including limitations in the content of
sulfur in fuels to low-sulfur levels (10 ppm) [3,4]. Aromatic organosulfur compounds, as one of the
main pollutant sources, widely exist in liquid fuel, and the sulfur oxides produced by fuel combusting
are the main source of environmental pollution [5]. Hydrogenation, oxidation, extraction, adsorption,
biodegradation and alkylation technologies have been developed to produce ultra-low-sulfur fuel
and reduce environmental pollution [6-10]. Hydrodesulfurization (HDS) is the most widely used
method; however, this needs to be operated under severe conditions (300400 °C) and high hydrogen
pressure (30-70 atm) to achieve high efficiency in removing refractory aromatic sulfur-containing
compounds (e.g., dimethylbenzothiophene and derivates) from fuels [11-13]. In order to avoid the
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disadvantages of HDS, efforts have been made to find an effective alternative, and the oxidation
desulfurization (ODS) process stands out as one promising method because of its advantages of
mild reaction conditions, low cost, simple operation and high efficiency [14-16]. In ODS research,
organosulfur compounds are oxidized and extracted by a polar solvent to obtain sulfur-free fuels.
A desulfurization method combining extraction and oxidation has become potentially one of the
deepest desulfurization technologies due to its higher efficiency and easier operation [15,17-19].

At present, most efforts are devoted to finding efficient catalysts and an ideal oxidant in
order to obtain an effective and sustainable desulfurization technology. So far, a large number
of studies have shown that polyoxometalates (POMs) as catalysts have high activity in oxidative
desulfurization [20-22]. POMs with Keggin structures ([XM;,040]"~) are some of the most active
for ODS processes. However, their high activity is in most cases is due to the transformation of
the Keggin structures into peroxo-compounds, such as the Venturello structure ([POLWO(O,))4]°,
abbreviated as PW,), formed by the interaction with oxidants [23,24]. Therefore, the Venturello
structure contains already active peroxo groups that can easily promote sulfur oxidation. In fact, the
Venturello peroxotungstate, PW,, has been successfully used as a highly active catalyst in different
oxidative reactions [15,24-29]. However, most of these studies use the Venturello compound as a
homogeneous catalyst, which is difficult to recover and reuse [30]. However, the reusability of the
catalyst is crucial to achieve cost-efficiency of the process. Therefore, it is of great significance to
develop heterogeneous catalysts in practical production. The heterogenization of peroxotungstate can
be achieved using various solid supports, such as the previous reported mesoporous silica materials
(M41S, HMS-n, SBA-n) [15]. Nevertheless, metal-organic frameworks (MOFs) are also promising hosts
for encapsulating polyoxometalates due to their advantages of high specific surface area, mesoporous
cavity and stable structure [31-33]. MIL-101(Cr) is an excellent support material, which has high
specific surface area, pore volume, and thermal (up to 300 °C) and chemical stability to water and
organic solvents [34].

In the present work, the Venturello peroxotungstate (PW,) and a composite based on PW,
immobilized into MIL-101(Cr) support (PW,@MIL-101(Cr)) were successfully used as homogeneous
and heterogeneous catalysts in oxidative desulfurization of model diesel. Eco-sustainable conditions
(low temperature, low HyO,/S molar ratio and an environmentally friendly solvent (the ionic liquid
[BMIM]PEg)) have been employed. The stability, the recycling and reusing capacity of the composite
were investigated.

2. Results and Discussion

2.1. Characterization

The peroxotungstate (nBusIN)3{PO4[WO(O;),]4}-6H,O (PW4) and MIL-101(Cr) were synthesized
according to the reported literature with minor modifications [15,34,35]. A new catalyst (PW4@MIL-101)
was prepared via a facile impregnation method incorporating the peroxotungstate into the MOF
cavities, with a PWy loading of 0.23 mmol/g (evaluated by ICP-OES). The crystalline phase, apparent
morphology and thermal stability of the materials were analyzed by Fourier transform infrared
spectroscopy (FI-IR), powder X-ray diffraction (PXRD), scanning electron microscopy (SEM) and
thermogravimetric analysis (TGA).

The phase purity of prepared MIL-101(Cr) was investigated by PXRD, with the diffraction
pattern revealing good agreement with the pattern previously reported in the literature (Figure 1) [36].
The diffractogram of PW,@MIL-101(Cr) was similar to that of the parent material MIL-101(Cr), which
confirmed that the framework structure of MIL-101(Cr) was practically undamaged during the process
of embedding the PW,. In addition, the PXRD pattern of PW,@MIL-101(Cr) did not show any of the
main diffraction peaks of PW,, which indicated that the PW, was evenly dispersed in the cavity of
MIL-101(Cr) and can be applied as a single active site to improve catalysis.
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The pristine and composite materials were further characterized by FT-IR (Figure 2). The spectrum
of the composite PW,@MIL-101(Cr) reveals the same main characteristic peaks as MIL-101(Cr), namely
atca. 1632, 1399, 747 and 591 cm™ 1, corresponding to the stretching vibrations of C=C, COO~, C-H and
Cr-0, respectively. The vital and strong bonds assigned to PW,, for example at 1086 cm~! (asymmetric
P-0, stretch), 1054 cm™! (symmetric P—O, stretch), 970 cm~! (W=0y stretching mode), 846 cm~! (O-O
stretching vibration), 577 cm~! (W—Op—W stretching vibration) and 551 cm~! (W—O.—W stretching
mode), were not clearly evident in the spectrum of PW,@MIL-101(Cr). Besides the low loading
amount, this fact suggests a good dispersion of the PW, into the cages of the MIL-101(Cr), and not a
concentration on the surface of MIL-101(Cr).
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Figure 1. PXRD patterns of PWy (black), MIL-101(Cr) (red) and PW4@MIL-101(Cr) (blue).
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Figure 2. FT-IR spectra of PW, (black), MIL-101(Cr) (red) and PW,@MIL-101(Cr) (blue).
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The SEM images of MIL-101(Cr) and PW,@MIL-101(Cr) revealed that the typical octahedral
crystal structure with the size of 0.8 to 3.8 um of MIL-101(Cr) was well preserved after encapsulating
PW, into the cavity of support (Figure 3), corroborating the maintenance of the crystalline structure
verified by PXRD analysis. In addition, the W and P characteristic elements detected by EDX further
unequivocally confirmed that the PW, was incorporated into MIL-101(Cr).
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Figure 3. SEM images of pure MIL-101(Cr) (a), PW4@MIL-101(Cr) (b), PW,@MIL-101(Cr)-recycled (c)
and PW4@MIL-101(Cr)-reused (d) and EDS spectrum of PW,@MIL-101(Cr), PW4@MIL-101(Cr)-recycled
and PW,@MIL-101(Cr)-reused (e).

The thermal stability of the materials was investigated by TGA (Figure 4). The TGA curve
of PW, revealed mass loss steps corresponding to water loss, decomposition of cation and anion,
and dehydration—condensation reaction, with total weight loss of 45.1%, and above 400 °C, the POM
decomposition to P,Os5, WO3; and WO occurred [37]. In the case of MIL-101(Cr), the first mass
loss, from 30 to 285 °C (loss of 22.9%), was due to the removal of the guest solvent (water, ethanol
and/or DMF). The second step from 285 to 525 °C (loss of 41.3%) was assigned to the degradation of
benzenedicarboxylate (BDC) linkers, and the last mass loss step (from 525 to 900 °C with mass loss of
10.85%) corresponded to additional degradation of the MOF. The TGA curve of PW,@MIL-101(Cr)
was similar to that of the pristine MIL-101(Cr) except that the total weight loss (65.03%) was lower
than that of MIL-101(Cr) (75.11%). According to total weight loss result, the loading amount of PW,
was calculated as 33.5%, which was consistent with the ICP-OES result.
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Figure 4. TGA curves for of PW, (black), MIL-101(Cr) (red) and PW,@MIL-101(Cr) (blue).
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2.2. Extraction and Catalytic Oxidative Desulfurization (ECODS)

The pure PW, and the composite PW,@MIL-101(Cr) were used as homogeneous and heterogeneous
catalysts to desulfurize the model diesel containing four refractory aromatic sulfur compounds,
namely, benzothiophene (BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT)
and 4,6-dimethyldibenzothiophene (4,6-DMDBT), with a total sulfur concentration of 2000 ppm.
The extraction-oxidation desulfurization process was performed in a biphasic system formed by model
diesel and extraction solvent (the ionic liquid IL, [BMIM]PF) with a ratio of 2:1. The ECODS process
mainly includes two steps: initial extraction under stirring for 10 min at 70 °C to achieve an extraction
equilibrium of sulfur compounds that are transferred from the model diesel to the [BMIM]PF, and the
catalytic oxidation of the sulfur compounds present mainly in the extraction phase. By conciliating
extraction and oxidation processes, a deep desulfurization can be achieved (Scheme 1). After the
initial extraction, the oxidant H,O, was injected into the system (0.26 mmol) to initiate the catalytic
oxidation stage. The catalytic oxidation of sulfur compounds only occurs in the extractive phase due
to the catalyst being dispersed in this layer, and no corresponding oxidative products were found in
the model diesel phase due to the high solubility of the oxidized products in [BMIM]PFs;. When the
conversion of the oxidation of sulfur compounds increases, more non-oxidized sulfur compounds are
transferred from the model diesel phase to the extraction phase. Therefore, the desulfurization system
studied here combines a diffusional and a kinetic regime.
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Scheme 1. Illustration of the desulfurization conciliating extraction and oxidative catalytic processes
using the catalyst PWy.

The desulfurization results catalyzed by homogeneous PW, and corresponding heterogeneous
composite PW4;@MIL-101(Cr) show practically complete desulfurization of the model diesel, obtaining
99.71% and 99.83% desulfurization after only 40 min, respectively (Figure 5a). It is clearly that the
homogeneous PW, catalyst is slightly more efficient than heterogeneous PW4@MIL-101(Cr) during the
first 20 min of the desulfurization process. After 40 min, the desulfurization efficiency catalyzed by
the homogeneous and heterogeneous catalysts is practically the same. This fact must be due to the
large cavities of the MIL-101(Cr) that can accommodate the PWj, in its free form, which will enable
PW, to interact with the substrate and oxidants as when it is in its homogeneous form. In addition,
the desulfurization test catalyzed by the support MIL-101(Cr) did not present any catalytic activity.
Moreover, the complete desulfurization of model diesel was not achieved using the stoichiometric
amount of oxidant H,O,/S = 2 (94% after 40 min of reaction and 96% after 2 h). Therefore, an
excess of oxidant was needed to achieve complete desulfurization (H,O,/S = 4). This is probably
due to the occurrence of a slight non-efficient decomposition of the oxidant, maybe caused by the
temperature effect.

Figure 5b shows the desulfurization of the individual sulfur compounds during the different steps
of the desulfurization process, i.e., initial extraction (after 10 min) and oxidative catalytic desulfurization
(after 20 min and 40 min) using the composite PW,@MIL-101(Cr). The initial extraction efficiency of
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the studied organic sulfurs decreases in the order BT > DBT > 4-MDBT > 4,6-DMDBT, which is related
to their solubility in the IL extraction phase. The sequence of the overall desulfurization efficiency of
those refractory sulfur compounds is DBT > 4-MDBT > 4,6-DMDBT > BT, which is consistent with
previously reported works based on polyoxometalate catalysts and H,O, as an oxidant [15,18,30]. It is
acceptable that oxidation of sulfur is affected by electron density and steric hindrance of sulfur atoms.
That is, low atomic density and large steric hindrance have a negative effect on sulfur oxidation. In this
work, DBT and its methyl-derivatives (4-MDBT and 4,6-DMDBT) have similar sulfur atom electron
density (5.758, 5.759 and 5.760, respectively); however, the presence of methyl substituent leads to
an increase in steric hindrance and makes oxidation of sulfur difficult. For BT, it has no large steric
hindrance, but the low electron density of the sulfur atom (5.739) results in the lowest activity. Similar
results for individual sulfur compounds desulfurization was achieved in the presence of homogeneous
and heterogeneous catalysts. Therefore, the application of a heterogeneous catalyst that has identical
high catalytic activity as its analogous homogeneous type is considered to be of crucial importance
because of its advantages of easy recovery and reuse.
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Figure 5. Desulfurization of the multicomponent model diesel (2000 ppm S) using PWy (2.5 umol) as a
homogeneous catalyst, or PW,@MIL-101(Cr) as a heterogeneous catalyst (containing 2.5 pmol PWy),
H,0, oxidant (0.26 mmol) and [BMIM]PFg as an extraction solvent (2:1 model diesel/[BMIM]PF) at
70 °C (a) and desulfurization efficiency of each sulfur compound in the presence of PW,@MIL-101(Cr)
catalyst (b).

2.3. Reusability and Recyclability of PW,@MIL-101(Cr) Catalyst

The recyclability and reusability of the composite PW,@MIL-101(Cr) were investigated for various
consecutive ECODS cycles (Figure 6). For the study of recyclability, the solid catalyst was recovered
by centrifugation at the end of each ECODS cycle, washed several times with MeCN, dried at room
temperature and used in the next ECODS cycle by adding extraction solvent ([BMIM]PFg), model
diesel and the oxidant (after 10 min). In the reusing study, the desulfurized model diesel was separated
from the extraction solvent ([BMIM]PF¢) and the solid catalyst at the end of each ECODS cycle. A new
cycle was then performed by adding a novel portion of model diesel to treat and the oxidant (after
10 min).

The results displayed in Figure 6 demonstrate that the recycling and reusing behavior of the
catalyst is similar during the seven ECODS cycles, and only a slight loss of desulfurization efficiency is
observed after the fourth cycle.

Therefore, a deep desulfurization could be achieved using PW,;@MIL-101(Cr) catalyst with
desulfurization efficiency higher than 95% for five consecutive ECODS cycles, even maintaining the
same portion of [BMIM]PF extraction solvent. The decrease in desulfurization efficiency observed
after the fifth cycle must be due to some deactivation of the solid catalyst. This must be related to the
adsorption of oxidized sulfur compounds on the surface of the solid catalyst and/or to a slight leaching
of PWy active center.
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Figure 6. Results of desulfurization obtained for consecutive reusing and recycling ECODS cycles
after 40 min of reaction, catalyzed by PW,@MIL-101(Cr) (containing 2.5 pmol PWy), H,O, oxidant
(0.26 mmol) and [BMIM]PFq as the extraction solvent (2:1 model diesel/[BMIM]PFg) at 70 °C.

2.4. Stability of the Catalyst

The heterogeneous catalyst, after being reused and recycled for seven consecutive cycles
(PW4@MIL-101(Cr)-reused and PW4@MIL-101(Cr)-recycled), was characterized through several
techniques to analyze its stability. The FT-IR spectra of the reused and recycled composite are similar to
the corresponding spectra of fresh catalyst, showing the characteristic peaks of MIL-101(Cr) (Figure 2).
From the comparison of the SEM micrographs of the PW,@MIL-101(Cr) composite with the recycled
and reused solid catalyst (Figure 3a—c), it is possible to observe the maintenance of the particles’
morphology. The EDX analysis of the reused and recycled samples presents the P and W elements
from the active center PW, and the Cr from the support material. Furthermore, the S element is well
identified in both reused and recycle composites, which indicates that PW4@MIL-101(Cr) presents some
adsorptive capacity, probably for the sulfur oxidized products. From the powder XRD pattern of the
reused and recycle samples (Figure 1), it is possible to observe the characteristic peaks (positions and
intensities) of the pristine MIL-101(Cr). The pattern of the reused sample (PW,@MIL-101(Cr)-reused)
is similar to the support and the pre-used PW,;@MIL-101(Cr) sample. However, some extra peaks are
clearly observed in the recycled sample (PW4@MIL-101(Cr)-recycled), mainly one more intense peak
around 13° and less intense peaks in the region between 14° and 20° and around 26°. These extra peaks
can be attributed to the presence of sulfone compounds adsorbed on the PW,@MIL-101(Cr)-recycled
sample [38], corroborating the results of the previous EDX analysis. The ICP-OES analysis of the
solid catalyst after ECODS cycles presents that the W/Cr ratios of reused and recycled materials were
0.89 (wt%) and 0.77 (wt%), which are lower than the correspondent ones before catalysis (1.47 wt%).
These results indicate that some leaching of active center of PW, may have occurred during the seven
consecutive cycles, which caused the observed decrease in catalytic efficiency, mainly observed after
the fifth cycle.

2.5. Comparison of Catalytic Efficiency

The catalyst efficiency of PW4@MIL-101(Cr) for oxidative desulfurization was compared
with previously reported heterogeneous catalysts based on MIL-101(Cr) composites. In fact,
various other polyoxometalates were previously incorporated into the porous MIL-101(Cr)
structure, and these have been used as heterogeneous catalysts in ECODS systems. Most
of these polyoxometalates are also derivated from the Keggin structure, like the Venturello
PW, compound: trivacant-phosphotungstate (PWo@ MIL-101(Cr)) [39], europium-sandwich type
(Eu(PWy),@MIL-101(Cr)) [18], terbium-sandwich type (Tb(PWy),@ MIL-101(Cr)) [40], Keggin-type
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phosphotungstate (PW1,@ MIL-101(Cr)) [41], phosphomolybdate (PMo;,@MIL-101(Cr)) [42] and
zinc-substituted phosphotungstate (PW1;Zn@MIL-101(Cr)) [43]. Using these catalysts, complete
desulfurization was achieved under similar experimental conditions, for a reaction time higher than
2 h using model diesel with similar sulfur content or even with less sulfur components and a total
sulfur concentration not higher than 2000 ppm. Therefore, the application of a heterogeneous catalyst
with an active center derived from POMs containing peroxo groups, i.e., with available active oxygen
atoms to proceed with sulfur oxidation, without the need of previous formation of active intermediates
or catalyst activation, is a better strategy to achieve high efficiency in a shorter reaction time.

3. Experimental Section

3.1. Materials and Methods

All the reagents used in peroxotungstate and metal-organic framework (MOF, MIL-101(Cr))
syntheses, namely, phosphotungstic acid hydrate (H3PW1,049-14H,0, 99.9%, Sigma-Aldrich,
Darmstadt, Germany), tetrabutylammonium chloride (BuyNCl, 98%, Sigma-Aldrich, Darmstadt,
Germany) and hydrogen peroxide (H,O,, 30% w/w aq. Sigma-Aldrich, Darmstadt, Germany);
and chromium(Ill) nitrate nonahydrate (Cr(NO)3;-9H,0O, 99%, Aldrich, Bethesda, MD, USA),
benzene-1,4-dicarboxylic acid (CgHgO4, 98%, Aldrich, Darmstadt, Germany) and hydrofluoric acid
(HEF, 40-45%, Aldrich, Darmstadt, Germany), were used as received. The reagents for ODS studies,
including 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PFg, Aldrich, Darmstadt,
Germany) as an extraction agent and all reagents for the model diesel such as 1-benzothiophene
(1-BT, Fluka, Darmstadt, Germany), dibenzothiophene (DBT, Aldrich, Darmstadt, Germany),
4-methyldibenzothiophene (4-MDBT, Aldrich, Darmstadt, Germany), 4,6-dimethyldibenzothiophene
(4,6-DMDBT, Alfa Aesar, Kandel, Germany), decane (98%, Sigma-Aldrich, Darmstadt, Germany) and
tetradecane (99%, Sigma-Aldrich, Darmstadt, Germany), were bought from chemical suppliers and
used without further purification.

The materials were fully tested and characterized by different chemical analyses. Determination of
the content of metal elements in the composite was carried out by ICP-OES on a Perkin-Elmer Optima
4300 DV instrument (University of Santiago de Compostela, Santiago de Compostela, Spain) to calculate
the loading amount of PW,. Powder X-ray diffraction (XRD) data of all materials were collected at
room temperature on a Philips X’Pert MPD diffractometer (Cu-K« X-radiation, A = 1.54060 A, Faculty of
Science, Porto, Portugal), equipped with an X'Celerator detector, a curved graphite monochromator and
a plate sample holder in a Bragg—Brentano para-focusing optics configuration at 45 kV and 40 mA in the
range of 2-50° by the step-counting method with the scanning speed of 0.1°/min. Infrared absorption
spectra (FT-IR) were applied to detect functional groups in the 400-4000 cm™~! region using a Jasco
460 Plus spectrometer (Faculty of Science, Porto, Portugal) with 64 scans. The morphology of fresh and
reused catalyst was observed on JEOL JSM 6301F (CEMUP, University of Porto, Porto, Portugal) at 15 kV
with the magnification of 25,000x. More information about the elements in the catalysts was obtained
by an energy-dispersive X-ray spectrometer (EDX, CEMUP, University of Porto, Porto, Portugal).
The stability of the materials and the loading amount of the active component were further analyzed
by thermogravimetric analysis under nitrogen atmosphere from room temperature to 1000 °C, with
temperature rise rate of 10 °C-min~!. Catalytic reactions were periodically monitored by GC-FID
analysis carried out in a Bruker 430-GC-FID chromatograph (Bruker, Faculty of Science, University
of Porto, Porto, Portugal). Hydrogen was used as a carrier gas (55 cm-s™!), and fused silica Supelco
capillary columns SPB-5 (30 m X 0.25 mm i.d.; 25 pm film thickness) were used.
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3.2. Preparation of Catalysts

3.2.1. Synthesis of Peroxotungstate

The preparation procedure to obtain peroxotungstate (nBuyN)3{PO4[WO(O,);14}-6H,O, marked
as (PWy), was adapted from published procedures [15,44]. An aqueous solution of H3PW1,04-14H,0
(1.44 g, 0.50 mmol was dissolved in 10 mL deionized water) was added to 30% aq. H,O, (10 mL,
98 mmol), and the colorless solution turned to pale yellow and then became colorless again. After
stirring for 60 min, 3 mL aqueous solution of tetrabutylammonium chloride nBuyNCl (0.45 g, 1.60 mmol)
was introduced to the mixture above by dripping slowly and formed a white precipitate. Afterwards,
the target material was obtained by filtration, washed with deionized water three times, dried and
stored in a desiccator. The successful preparation of PW4 was confirmed by FT-IR, 3'P NMR and
elemental analysis. Yield: 0.9640 g (85.3%). Anal. Calcd. (%) for (nBusIN)3{PO4[WO(O,),]4} 6H,O
(1931,76): C, 30.01; H, 6.09; N, 2.22. Selected FT-IR (cm™!): 1483(w), 1381(w), 1086(s), 1053(m), 971(s),
882(w), 847(m), 738(w), 653(m), 578(m), 551(m), 522(m) and 459(m). 3'P RMN 4.57 ppm (161.9 MHz,
CDsCN, 25 °C).

3.2.2. Preparation of Porous MIL-101(Cr)

The porous material MIL-101(Cr) was synthesized as described in the literature by the solvothermal
method [34,35]. The reagents Cr(NO3)3 9H,O (0.40 g, 1.00 mmol), terephthalic acid (0.166 g, 1.00 mmol)
and hydrofluoric acid (100 uL) were added into H,O (10 mL) and stirred for 10 min at room temperature.
The mixture was transferred to a teflon reactor and heated at 220 °C for 9 h using an electric oven.
After the reaction had finished, the dark green product was isolated by filtration, washed by DMF
and MeOH, and dried. FT-IR (cm™1): 1667(w), 1628(w), 1545(w), 1507(w), 1399(s), 1084(w), 1018(w),
972(w), 884(w), 835(w), 745(m), 658(w) and 583(m).

3.2.3. Preparation of PW,@MIL-101(Cr) Composite

The composite was prepared by encapsulation of PW, into MIL-101(Cr), which has a larger
window size, by one of the most commonly applied methods described in the literature to impregnate
POMs in MOFs [32]. A solution of PW, (0.27 g, 0.14 mmol) in acetonitrile (10 mL) was added to the
porous MOF-101(Cr) (0.44 g), previously dried by vacuum for 12 h at 60 °C. This mixture was stirred
for 72 h at room temperature. The solid material PW,;@MIL-101(Cr) was obtained by filtration, washed
with acetonitrile and ethanol three times and dried. The loading amount of PWy calculated by ICP-MS
analysis was 0.23 mmol-g’1 (W/Cr ratio of 1.47 wt%). FT-IR (cm™1): 1628(m), 1541(w), 1508(w), 1397(s),
1050(w), 1018(w), 970(w), 883(w), 831(w), 746(m), 715(w), 655(w), 651(w) and 589(m).

3.3. Desulfurization of a Multicomponent Model Diesel

The simulated diesel with a total sulfur concentration of 2000 ppm was prepared with equal
amounts of four refractory sulfur compounds present in real diesel: 1-benzothiophene (1-BT),
dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene
(4,6-DMDBT) dissolved in decane. All the experiments were carried out under air (atmospheric
pressure) in a closed borosilicate 5 mL reaction vessel, equipped with a magnetic stirrer and immersed
in a thermostatically controlled liquid paraffin bath at 70 °C. The catalytic oxidative step was
performed in the presence of an immiscible polar solvent, the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM]PF).

The oxidation of the sulfur compounds only occurred in the presence of a catalyst and an oxidant,
where HyO; (aq. 30%) was used as the oxidant, the Venturello compound PW, as the homogeneous
catalyst, and PW,@MIL-101(Cr) as the heterogeneous catalyst (2.5 pmol of active center PW4 was
used). In a typical experiment, 0.75 mL of model diesel and the extraction solvent (0.38 mL) were
added to the catalyst. An initial extraction of sulfur compounds from the model diesel to the extraction
solvent phase occurred by only stirring both immiscible phases for 10 min at 70 °C. The oxidative
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catalytic step of the process was then initiated by the addition of H,O, oxidant (0.26 mmol). The sulfur
content in the model diesel phase was periodically quantified by GC analysis using tetradecane as
standard. The recycle capacity of the heterogeneous catalyst (PW,@MIL-101(Cr)) was investigated
using the same solid in seven consecutive desulfurization cycles. At the end of each desulfurization
cycle, the catalyst was recovered, washed with acetonitrile 3 times and dried at room temperature. New
portions of model diesel, oxidant and extraction solvent were added to the used catalyst to start a new
desulfurization cycle. Furthermore, a reusing process was also performed, where the extraction phase
containing either catalyst was reused without any further treatment, after removing the treated model
diesel. A new reusing cycle is performed by only adding a new portion of sulfurized model diesel and
H,0; oxidant. All reused and recycled cycles were performed under the same initial experimental
conditions. Experiments were repeated at least three times, and the estimated error was of 3% after the
40 min of total desulfurization (extraction and oxidation) and 5% after the initial extraction step.

4. Conclusions

A Venturello composite PW,@MIL-101(Cr) was successfully prepared by the impregnation of the
peroxotungstate [POL{WO(O;,),)4]°~ (PWy) into a porous MIL-101(Cr) support. This heterogeneous
catalyst presents high efficiency in oxidative desulfurization of a multicomponent model diesel
containing the maximum refractory sulfur compounds (2000 ppm of total S). The desulfurization
process developed here conciliated extraction and catalytic oxidative desulfurization (ECODS). Similar
catalytic behavior was found for the heterogeneous composite PW,@MIL-101(Cr) and the homogeneous
Venturello, PW,. Desulfurization efficiency of 99.7% and 99.8% was achieved using heterogeneous
and homogeneous catalysts, respectively, after 40 min at 70 °C, with H,O, oxidant (0.26 mmol) and
[BMIM]PFg as the extraction solvent (2:1 model diesel/[BMIM]PFg). Furthermore, the PW,@MIL-101(Cr)
composite presents high catalytic efficiency for at least five recycling ECODS cycles or even for five
reusing ECODS cycles, maintaining some portion of extraction solvent during consecutive cycles and
without the need for catalyst recovery and cleaning processes between cycles.

Author Contributions: Conceptualization, L.C.-S. and S.S.B.; Data curation, EM. and Y.G.; Formal analysis,
Y.G.; Funding acquisition, J.Z., S.5.B. and B.d.C.; Investigation, Y.G.; Project administration, 5.S.B. and B.d.C.;
Supervision, S.5.B. and J.Z.; Validation, L.C.-S. and FM.; Writing—original draft, Y.G.; Writing-review & editing,
S.S.B., EM. and L.C.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank the China scholarship Council (No. 201906970032) for financial
support, and also the projects REQUIMTE-LAQV (UIDB/50006/2020, UIDP/50006/2020) and GlyGold
PTDC/CTM-CTM/31983/2017, financed by Portuguese funds through the FCT/MCTES (Fundagao para a Ciéncia e
a Tecnologia—Ministério de Ciéncia, Tecnologia e Ensino Superior).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hoang, A.T. A review on fuels used for marine diesel engines. J. Mech. Eng. Res. Dev. 2018, 41, 22-32.
[CrossRef]

2. Li, Y.G.; Ma, J.; Zhang, Q.Q.; Wang, C.S.; Chen, Q. Sulfur-Selective Desulfurization of Dibenzothiophene and
Diesel Oil by Newly Isolated Rhodococcus erythropolisNCC-1. Chin. J. Chem. 2007, 25, 400-405. [CrossRef]

3.  Dnv, G, Safer, S.; Greener, D. Compliance options and implications for shipping—focus on scrubbers. In Global
Sulphur Cap 2020; Extended and Updated in 2018; DNV-GL: Oslo, Norway, 2018.

4. Zis, T,; Psaraftis, H.N. The implications of the new sulphur limits on the European Ro-Ro sector. Transp. Res.
Part D Transp. Environ. 2017, 52, 185-201. [CrossRef]

5. Song, C.; Ma, X. New design approaches to ultra-clean diesel fuels by deep desulfurization and deep
dearomatization. Appl. Catal. B Environ. 2003, 41, 207-238. [CrossRef]

6. Li, B.; Song, H.; Han, F.; Wei, L. Photocatalytic oxidative desulfurization and denitrogenation for fuels in
ambient air over TizC,/g-C3Ny4 composites under visible light irradiation. Appl. Catal. B Environ. 2020,
269, 118845. [CrossRef]


http://dx.doi.org/10.26480/jmerd.04.2018.22.32
http://dx.doi.org/10.1002/cjoc.200790077
http://dx.doi.org/10.1016/j.trd.2017.03.010
http://dx.doi.org/10.1016/S0926-3373(02)00212-6
http://dx.doi.org/10.1016/j.apcatb.2020.118845

Molecules 2020, 25, 5494 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Bodin, A.; Christoffersen, A.-L.N.; Elkjeer, C.E; Brorson, M.; Kibsgaard, J.; Helveg, S.; Chorkendorff, I.
Engineering Ni-Mo-S Nanoparticles for Hydrodesulfurization. Nano Lett. 2018, 18, 3454-3460. [CrossRef]
Chandran, D.; Khalid, M.; Walvekar, R.; Mubarak, N.M.; Dharaskar, S.; Wong, W.Y.; Gupta, T.C.S.M. Deep
eutectic solvents for extraction-desulphurization: A review. J. Mol. Lig. 2019, 275, 312-322. [CrossRef]
Huang, L.; Ge, H.; Yan, L.; Wang, G.; Qin, Z.; Wang, ]. Competitive reactive adsorption desulphurization of
dibenzothiophene and hydrogenation of naphthalene over Ni/ZnO. Can. |. Chem. Eng. 2018, 96, 865-872.
[CrossRef]

Serefentse, R.; Ruwona, W.; Danha, G.; Muzenda, E. A review of the desulphurization methods used for
pyrolysis oil. Procedia Manuf. 2019, 35, 762-768. [CrossRef]

Chandra Srivastava, V. An evaluation of desulfurization technologies for sulfur removal from liquid fuels.
RSC Adv. 2012, 2, 759-783. [CrossRef]

Jiang, W.; Zhu, W.; Li, H.; Wang, X; Yin, S.; Chang, Y.; Li, H. Temperature-responsive ionic liquid extraction
and separation of the aromatic sulfur compounds. Fuel 2015, 140, 590-596. [CrossRef]

Babich, I.V.; Moulijn, ].A. Science and technology of novel processes for deep desulfurization of oil refinery
streams: A review. Fuel 2003, 82, 607-631. [CrossRef]

Subhan, S.; Muhammad, Y.; Sahibzada, M.; Subhan, F.; Tong, Z. Studies on the selection of a catalyst-oxidant
system for the energy-efficient desulfurization and denitrogenation of fuel oil at mild operating conditions.
Energy Fuels 2019, 33, 8423-8439. [CrossRef]

Julido, D.; Mirante, F,; Ribeiro, S.O.; Gomes, A.C.; Valenga, R.; Ribeiro, J.C.; Pillinger, M.; de Castro, B.;
Gongalves, 1.S.; Balula, S.S. Deep oxidative desulfurization of diesel fuels using homogeneous and
SBA-15-supported peroxophosphotungstate catalysts. Fuel 2019, 241, 616-624. [CrossRef]

Julido, D.; Valenga, R.; Ribeiro, J.C.; de Castro, B.; Balula, S.S. Efficient eco-sustainable ionic
liquid-polyoxometalate desulfurization processes for model and real diesel. Appl. Catal. A Gen. 2017,
537,93-99. [CrossRef]

Yu, X.; Shi, M,; Yan, S.; Wang, H.; Wang, X.; Yang, W. Designation of choline functionalized polyoxometalates
as highly active catalysts in aerobic desulfurization on a combined oxidation and extraction procedure. Fuel
2017, 207, 13-21. [CrossRef]

Granadeiro, C.M.; Nogueira, L.S.; Julido, D.; Mirante, F.; Ananias, D.; Balula, S.S.; Cunha-Silva, L. Influence of
a porous MOF support on the catalytic performance of Eu-polyoxometalate based materials: Desulfurization
of a model diesel. Catal. Sci. Technol. 2016, 6, 1515-1522. [CrossRef]

Mirante, F,; Dias, L.; Silva, M.; Ribeiro, S.O.; Corvo, M.C.; de Castro, B.; Granadeiro, C.M.; Balula, S.S. Efficient
heterogeneous polyoxometalate-hybrid catalysts for the oxidative desulfurization of fuels. Catal. Commun.
2018, 104, 1-8. [CrossRef]

Chi, M.; Zhu, Z.; Sun, L.; Su, T,; Liao, W.; Deng, C.; Zhao, Y.; Ren, W.; Lii, H. Construction of biomimetic
catalysis system coupling polyoxometalates with deep eutectic solvents for selective aerobic oxidation
desulfurization. Appl. Catal. B Environ. 2019, 259, 118089. [CrossRef]

Ribeiro, S.O.; Julido, D.; Cunha-Silva, L.; Domingues, V.F; Valenca, R.; Ribeiro, J.C.; de Castro, B.;
Balula, S.S. Catalytic oxidative/extractive desulfurization of model and untreated diesel using hybrid
based zinc-substituted polyoxometalates. Fuel 2016, 166, 268-275. [CrossRef]

Bertleff, B.; ClauBinitzer, J.; Korth, W.; Wasserscheid, P.; Jess, A.; Albert, J. Extraction coupled oxidative
desulfurization of fuels to sulfate and water-soluble sulfur compounds using polyoxometalate catalysts and
molecular oxygen. ACS Sustain. Chem. Eng. 2017, 5, 4110-4118. [CrossRef]

Zhang, S.; Gao, S.; Xi, Z.; Xu, J. Solvent-free oxidation of alcohols catalyzed by an efficient and reusable
heteropolyphosphatotungstate. Catal. Commun. 2007, 8, 531-534. [CrossRef]

Zhang, S.; Zhao, G.; Gao, S.; Xi, Z.; Xu, J. Secondary alcohols oxidation with hydrogen peroxide catalyzed by
[n-C16H33N(CHj3)3]3PW12049: Transform-and-retransform process between catalytic precursor and catalytic
activity species. J. Mol. Catal. A Chem. 2008, 289, 22-27. [CrossRef]

Jin, M.; Guo, Z.; Lv, Z. Synthesis of Convertible {PO4[WO35(0);(0;)]4}-DMA16 in SBA-15 Nanochannels
and Its Catalytic Oxidation Activity. Catal. Lett. 2019, 149, 2794-2806. [CrossRef]

Masteri-Farahani, M.; Alavijeh, M.K.; Hosseini, M.-S. Venturello anion immobilized on the surface of porous
activated carbon as heterogeneous catalyst for the epoxidation of olefins. React. Kinet. Mech. Catal. 2020,
130, 1-13. [CrossRef]


http://dx.doi.org/10.1021/acs.nanolett.8b00472
http://dx.doi.org/10.1016/j.molliq.2018.11.051
http://dx.doi.org/10.1002/cjce.23064
http://dx.doi.org/10.1016/j.promfg.2019.07.013
http://dx.doi.org/10.1039/C1RA00309G
http://dx.doi.org/10.1016/j.fuel.2014.09.083
http://dx.doi.org/10.1016/S0016-2361(02)00324-1
http://dx.doi.org/10.1021/acs.energyfuels.9b01950
http://dx.doi.org/10.1016/j.fuel.2018.11.095
http://dx.doi.org/10.1016/j.apcata.2017.02.021
http://dx.doi.org/10.1016/j.fuel.2017.06.027
http://dx.doi.org/10.1039/C5CY01110H
http://dx.doi.org/10.1016/j.catcom.2017.10.006
http://dx.doi.org/10.1016/j.apcatb.2019.118089
http://dx.doi.org/10.1016/j.fuel.2015.10.095
http://dx.doi.org/10.1021/acssuschemeng.7b00087
http://dx.doi.org/10.1016/j.catcom.2006.02.020
http://dx.doi.org/10.1016/j.molcata.2008.04.004
http://dx.doi.org/10.1007/s10562-019-02761-3
http://dx.doi.org/10.1007/s11144-020-01764-1

Molecules 2020, 25, 5494 12 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Xie, D.; He, Q.; Su, Y;; Wang, T.; Xu, R.; Hu, B. Oxidative desulfurization of dibenzothiophene catalyzed by
peroxotungstate on functionalized MCM-41 materials using hydrogen peroxide as oxidant. Chin. |. Catal.
2015, 36, 1205-1213. [CrossRef]

Zheng, H.; Sun, Z.; Chen, X.; Zhao, Q.; Wang, X,; Jiang, Z. A micro reaction-controlled phase-transfer catalyst
for oxidative desulfurization based on polyoxometalate modified silica. Appl. Catal. A Gen. 2013, 467, 26-32.
[CrossRef]

Zhu, W.; Zhu, G,; Li, H.; Chao, Y.; Zhang, M.; Du, D.; Wang, Q.; Zhao, Z. Catalytic kinetics of oxidative
desulfurization with surfactant-type polyoxometalate-based ionic liquids. Fuel Process. Technol. 2013,
106, 70-76. [CrossRef]

Julido, D.; Ribeiro, S.; de Castro, B.; Cunha-Silva, L.; Balula, S.S. Polyoxometalates-Based Nanocatalysts
and Their Efficiency for Production of Sulfur-Free Diesel. In Nanocomposites for the Desulfurization of Fuels;
Tawfik Abdo, S., Ed.; IGI Global: Hershey, PA, USA, 2020; pp. 92-133.

Canioni, R.; Roch-Marchal, C.; Haouas, M.; Vimont, A.; Horcajada, P.; Sécheresse, F,; Serre, C. MIL-101 (Cr)
MOF as a Support for Reactive Polyoxometalates (POMs) Clusters. Principles of POMs Encapsulation and
Chemistry of POMs Inside MIL-101 Cavities. Curr. Inorg. Chem. 2017, 7, 145-156. [CrossRef]

Sun, J.; Abednatanzi, S.; Voort, PV.D,; Liu, Y.-Y,; Leus, K. POM@ MOF Hybrids: Synthesis and Applications.
Catalysts 2020, 10, 578. [CrossRef]

Wang, X.-S.; Huang, Y.-B.; Lin, Z.-].; Cao, R. Phosphotungstic acid encapsulated in the mesocages of
amine-functionalized metal-organic frameworks for catalytic oxidative desulfurization. Dalton Trans. 2014,
43, 11950-11958. [CrossRef]

Férey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F; Dutour, J.; Surblé, S.; Margiolaki, I. A Chromium
Terephthalate-Based Solid with Unusually Large Pore Volumes and Surface Area. Science 2005, 309, 2040.
[CrossRef] [PubMed]

De Sousa, PM.P,; Grazina, R.; Barbosa, A.D.S.; de Castro, B.; Moura, J.J.G.; Cunha-Silva, L.; Balula, S.S.
Insights into the electrochemical behaviour of composite materials: Monovacant polyoxometalates @ porous
metal-organic framework. Electrochim. Acta 2013, 87, 853-859. [CrossRef]

Granadeiro, C.M.; Barbosa, A.D.S.; Silva, P,; Paz, FA.A.; Saini, V.K.; Pires, J.; de Castro, B.; Balula, S.S.;
Cunha-Silva, L. Monovacant polyoxometalates incorporated into MIL-101(Cr): Novel heterogeneous catalysts
for liquid phase oxidation. Appl. Catal. A Gen. 2013, 453, 316-326. [CrossRef]

Mouanni, S.; Amitouche, D.; Mazari, T.; Rabia, C. Transition metal-substituted Keggin-type polyoxometalates
as catalysts for adipic acid production. Appl. Petrochem. Res. 2019, 9, 67-75. [CrossRef]

Castillo, K.; Parsons, ]J.G.; Chavez, D.; Chianelli R.R. Oxidation of dibenzothiophene to
dibenzothiophene-sulfone using silica gel. J. Catal. 2009, 268, 329-334. [CrossRef]

Granadeiro, C.M.; Barbosa, A.D.S.; Ribeiro, S.; Santos, 1.; de Castro, B.; Cunha-Silva, L.; Balula, S.S. Oxidative
catalytic versatility of a trivacant polyoxotungstate incorporated into MIL-101(Cr). Catal. Sci. Technol. 2014,
4,1416-1425. [CrossRef]

Ribeiro, S.; Granadeiro, C.M.; Silva, P,; Paz, F. A.A.; de Biani, FF.; Cunha-Silva, L.; Balula, S.S. An efficient
oxidative desulfurization process using terbium-polyoxometalate@MIL-101(Cr). Catal. Sci. Technol. 2013,
3,2404-2414. [CrossRef]

Sun, M.; Chen, W.C.; Zhao, L.; Wang, X.L.; Su, Z.M. A PTA@MIL-101(Cr)-diatomite composite as catalyst for
efficient oxidative desulfurization. Inorg. Chem. Commun. 2018, 87, 30-35. [CrossRef]

Granadeiro, C.M.; Ferreira, PM.C.; Juliao, D.; Ribeiro, L.A.; Valenca, R.; Ribeiro, J.C.; Goncalves, 1.S.;
de Castro, B.; Pillinger, M.; Cunha-Silva, L.; et al. Efficient Oxidative Desulfurization Processes Using
Polyoxomolybdate Based Catalysts. Energies 2018, 11, 1696. [CrossRef]

Juliao, D.; Gomes, A.C.; Pillinger, M.; Cunha-Silva, L.; de Castro, B.; Goncalves, I.S.; Balula, S.S. Desulfurization
of model diesel by extraction/oxidation using a zinc-substituted polyoxometalate as catalyst under
homogeneous and heterogeneous (MIL-101 (Cr) encapsulated) conditions. Fuel Process. Technol. 2015,
131, 78-86. [CrossRef]


http://dx.doi.org/10.1016/S1872-2067(15)60897-X
http://dx.doi.org/10.1016/j.apcata.2013.06.026
http://dx.doi.org/10.1016/j.fuproc.2012.07.003
http://dx.doi.org/10.2174/1877944107666171102141415
http://dx.doi.org/10.3390/catal10050578
http://dx.doi.org/10.1039/C4DT01043D
http://dx.doi.org/10.1126/science.1116275
http://www.ncbi.nlm.nih.gov/pubmed/16179475
http://dx.doi.org/10.1016/j.electacta.2012.09.099
http://dx.doi.org/10.1016/j.apcata.2012.12.039
http://dx.doi.org/10.1007/s13203-019-0226-0
http://dx.doi.org/10.1016/j.jcat.2009.10.002
http://dx.doi.org/10.1039/c3cy00853c
http://dx.doi.org/10.1039/c3cy00287j
http://dx.doi.org/10.1016/j.inoche.2017.11.008
http://dx.doi.org/10.3390/en11071696
http://dx.doi.org/10.1016/j.fuproc.2014.10.030

Molecules 2020, 25, 5494 13 of 13

44. Ishii, Y.; Yamawaki, K.; Ura, T.; Yamada, H.; Yoshida, T.; Ogawa, M. Hydrogen peroxide oxidation catalyzed
by heteropoly acids combined with cetylpyridinium chloride. Epoxidation of olefins and allylic alcohols,
ketonization of alcohols and diols, and oxidative cleavage of 1,2-diols and olefins. J. Org. Chem. 1988,
53, 3587-3593. [CrossRef]

Sample Availability: Samples of the compounds are not available.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1021/jo00250a032
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Characterization 
	Extraction and Catalytic Oxidative Desulfurization (ECODS) 
	Reusability and Recyclability of PW4@MIL-101(Cr) Catalyst 
	Stability of the Catalyst 
	Comparison of Catalytic Efficiency 

	Experimental Section 
	Materials and Methods 
	Preparation of Catalysts 
	Synthesis of Peroxotungstate 
	Preparation of Porous MIL-101(Cr) 
	Preparation of PW4@MIL-101(Cr) Composite 

	Desulfurization of a Multicomponent Model Diesel 

	Conclusions 
	References

