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Abstract

This work compares the stability and the catalytic efficiency of different ionic liquid
phosphomolybdates  ([BPy]3[PMo01204] and [BMIM]3[PMo012040]) with a cationic
(propylpyridinium) functionalized mesoporous silica nanoparticle composite (PMo12040@PPy-
MSN). These were used as solid catalysts for the oxidative desulfurization of a multicomponent
model diesel using hydrogen peroxide as oxidant and a polar immiscible extraction solvent. lonic
liquid ([BMIM][PFs] was successfully used as solvent to extract sulfur compounds from model
diesel. The ionic liquid phosphomolybdates showed partial solubility in the ionic liquid phase,
occurring some decomposition of their Keggin structure in the soluble reaction media, probably
caused by their interaction with oxidant. On the other hand, the phosphomolybdate composite
PMo12040@PPy-MSN presented high structural stability and only negligible leaching occurrence

after various consecutive reaction cycles. The model diesel was near complete desulfurized after



3 h and consecutive desulfurization cycles were performed without loss of activity. Therefore, the
immobilization of Keggin phosphomolybdate structure [PMo12040]*" using cationic
propylpyridinium silica nanoparticle is an assertive strategy to produce stable and active

heterogeneous catalysts.

KEYWORDS: Mesoporous Silica Nanoparticles; Polyoxomolybdate; Heterogeneous Catalysis;
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Introduction

One of serious environmental problem is the harmful emission of SOx during combustion of
fuels.[1, 2] In order to reduce the emissions of these compounds to the atmosphere, strict
regulations have been implemented worldwide limiting the sulfur level in fuels (S-content < 10
ppm). Actually, petroleum industry use the hydrotreating method (HDS) to remove an important
series of sulfur compounds (thiols, sulfides and disulfides) from fuel.[3] However, the most
refractory sulfur compounds (mostly benzothiophene derivatives) in fuels are still very hard or
costly to remove.[4, 5] One of the most promising alternative to the HDS techniques is the
extractive and catalytic oxidative desulfurization (ECODS) method.[6-8] The ECODS process
allows for the sustainable deep desulfurization of fuels by operating under mild conditions, using
green oxidants, extracting agents, such as ionic liquid, acetonitrile and methanol.[8-13]

Our research group has been designing novel and highly efficient desulfurization systems based
on polyoxometalates (POMs) for application in model and real diesels under sustainable
conditions.[5, 14-20] POMs are exceptional candidates for catalytic applications due to redox
properties, chemical robustness and thermal stability. [21] To prepare stable heterogeneous
catalysts it is convenient to immobilize the POMs in solid supports that allow their recovery and
reuse. Silica-based materials are among the most used supports for heterogenization of active
catalytic species, including POMs.[22]. Mesoporous silica nanoparticles (MSNs) possess ordered
porosity, high surface area-to-volume ratio, controllable pore size and can be easily functionalized.
[23, 24] These properties may even improve the performance of materials in terms of energy and
power density, lifetime and stability, make them ideal for use as supports for adsorption, catalysis,

chemical separations and fuel cells.[25-33] Although silica mesoporous materials have been



widely explored as catalytic supports as well as adsorbents for desulfurization studies, the
application of the corresponding nanoparticles is still relatively scarce.[34]

In this work, two ionic liquids [BPy]3[PMo012040] and [BMIM]3[PMo012040], were prepared based
on the Keggin structure [PMo12040]*" anion and 1-butylpyridinium and 1-butyl-3-
methylimidazolium as organic cations, respectively. Their structures were confirmed by solution
'H and 3'P NMR, FTIR spectroscopies and by elemental analysis. The composite material
PMo12040@PPy-MSN was also prepared by immobilization of the Keggin [PMo12049]** anion on
MSNs functionalized with the propylpyridinium cation. This material was characterized by
elemental and ICP-OES analyses, SEM/EDS, TEM, FTIR , solid state 3'P and '*C NMR and FTIR
spectroscopies . All catalysts were tested in extractive catalytic oxidative desulfurization ECODS
processes, using a multicomponent model diesel, under sustainable conditions (reduced toxicity,

using hydrogen peroxide oxidant and ionic liquid solvent).

2. Experimental

2.1. Materials and methods

All the reagents used in the POM and materials syntheses, namely phosphomolybdic acid hydrate
(Aldrich), tetrabutylammonium bromide ((CisH36N)Br, Aldrich), polyoxyethylene cetyl ether
(Brij-56, Aldrich), tetraethyl orthosilicate 98% (TEOS, Aldrich), ethyl acetate (Aldrich), n-
cetyltrimethylammonium bromide (CTAB, BDH Chemicals), pluronic F127 (Aldrich),
triethanolamine  (TEA, Alfa  Aesar), I-chlorobutane (Alfa Aesar, >99%); 3-
iodopropyltrimethoxysilane (Sigma-Aldrich, >95%), 1-butyl-3-methylimidazolium chloride,
[BMIM]CI1 (Solchemar, >99%); pluronic F127 (Sigma-Aldrich), pyridine (Merck, p.a.);
tetraethylorthosilicate (TEOS) (Sigma-Aldrich, 98%), triethanolamine (TEA) (Alfa Aesar, >98%);
n-cetyltrimethylammonium bromide, CTAB (BDH Chemicals, >99%), Amberlyst A-26 (OH)
(Alfa Aesar), were used as received. The reagents for ODS studies, including 1-benzothiophene
(1-BT, Fluka), dibenzothiophene (DBT, Aldrich), 4-methyldibenzothiophene (4-MDBT, Aldrich),
4,6-dimethyldibenzothiophene (4,6-DMDBT, Alfa Aesar), n-octane (Aldrich), acetonitrile
(MeCN, Fisher Chemical), 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs],
Sigma-Aldrich) and H>O; 30% w/v (Aldrich) were purchased from chemical suppliers and used



without further purification. FT-IR spectra were recorded in the 4004000 cm™! region on a Bruker
Tensor 27 Spectrometer using KBr pellets for solid samples and NaCl cells for oily samples.
Solution 'H and 3'P NMR spectra were recorded at 400.13 MHz and 162 MHz, respectively, with
a Bruker AMX400 and a Bruker Avance III 400 spectrometer and chemical shifts are given with
respect to external 85% H;PO,. Solid state '*C and 3'P MAS NMR spectra were acquired with a
7 T (300 MHz) AVANCE III Bruker spectrometer operating respectively at 75 MHz (!3C) and
121 MHz (*'P), equipped with a BBO probe head. The samples were spun at the magic angle at a
frequency of 5 kHz in 4 mm-diameter rotors at room temperature. The '3C MAS NMR experiments
were acquired with proton cross polarization (CP MAS) with a contact time of 1.2 ms, and the
recycle delay was 2.0 s. The 3'P MAS NMR spectra were obtained by a single pulse sequence
with a 90° pulse of 10.5 us at a power of 20 W, and a relaxation delay of 82.0 s. Elemental analyses
(CHN) were performed using a Thermofinnigan Flash EA 112 series (LAQV-FCT) and Mo by
ICP-OES on a Perkin Elmer Optima 4300 DV instrument (University of Santiago de Compostela).
Transmission electron microscopy (TEM) images were obtained using a Hitachi H-8100
microscope with thermionic emission (LaB6) and 200 kV acceleration voltage at MicroLAb
(Instituto Superior Técnico). The samples were supported on carbon-coated copper grids and the
digital image acquisition was performed with a CCD MegaView II bottom-mounted camera.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) studies
were performed at the “Centro de Materiais da Universidade do Porto” (CEMUP, Porto, Portugal)
using a JEOL JSM 6301F scanning electron microscope operating at 15 kV equipped with an
Oxford INCA Energy 350 energy-dispersive X-ray spectrometer. The samples were studied as
powders and were previously subjected to gold sputtering. GC-FID was carried out in a Varian
CP-3380 chromatograph to monitor the ODS multicomponent model oil experiments. Hydrogen
was used as the carrier gas (55 cm s™') and fused silica Supelco capillary columns SPB-5 (30 m x

0.25 mm i.d.; 25 um film thickness) were used.

2.2. Synthesis of 1-butylpyridinium chloride [BPy] [CI]

This synthesis was performed in 1.4:1 molar ratio, by heating 1-chlorobutane (9.3 mL, 88.5 mmol)
and pyridine (5.1 mL, 63.2 mmol) without solvent at 100 °C for 48 h. The final product was washed
with diethyl ether (3x20 mL) and dried under vacuum. The final product was obtained as a

brownish solid (3.69 g, 28 %).



TH NMR (400.13 MHz, CDCls, 1.t) § = 9.70 (d, J = 4.0 Hz, 2H), 8.50 (t, ] = 4.0 Hz, 1H), 8.16 (t,
J=8.0 Hz, 2H), 5.02 (t, J = 8.0 Hz, 2H), 2.05 (m, 2H), 1.40 (m, 2H), 0.93 (t, J = 8.0 Hz, 3H) ppm.
Selected FTIR (cm!, NaCl cell): 3417 (m); 3079 (m); 3025 (m); 3000 (m); 2961 (m); 2934 (m);
2874 (m); 2361 (m); 1986 (m); 1920 (m); 1868 (m); 1580 (s); 1482 (m); 1438 (s); 1380 (m); 1313
(m); 1287 (m); 1242 (m); 1216 (m); 1146 (m); 1068 (m); 1030 (m); 991 (m); 931 (m); 873 (m);
747 (m); 704 (m); 649 (m); 602 (m).

2.3. Synthesis of [BPy]3[PMoi204]

1-butylpyridinium chloride [BPy][Cl] (0.2580 g, 1.46 mmol) was dissolved in 15 mL of methanol
and to this solution the ion exchange resin Amberlyst® A26 (OH-) (9.13 mL, 7.3 mmol)

was added and it was kept in stirring for 1h in order to exchange the chloride to the hydroxide
form. The resin was filtered and washed with methanol. To the resultant filtrate, H3:PMo012040
(0.973 g, 0.53 mmol) in methanol was slowly added, a yellow precipitate immediately formed and
the mixture was stirred at room temperature for 1 h. The product was filtered, washed several times
with methanol and dried in the oven at 80 °C overnight (1.05 g, 89 %).

TH NMR (400.13 MHz, DMSO d6, 25 °C) 6 =9.10 (d, J = 4.0 Hz, 2 H), 8.63 (t, J = 8.0 Hz, 1H),
8.19 (t, ] = 8.0 Hz 2H), 4.63 (t, ] = 8.0 Hz, 2H), 1.95 (m, J = 8.0 Hz, 2H), 1.31 (m, 2H), 0.94 (t, J
= 8.0 Hz, 3H) ppm. 3P NMR (162 MHz, CD3CN, 25 °C) & = -2.09 ppm. Selected FTIR (cm™,
KBr): 3124 (w), 3080 (w), 3063 (w), 2963 (W), 2929 (w), 2869 (W), 1632 (s), 1581 (w), 1485 (s),
1462 (m), 1384 (w), 1316 (w), 1278 (w), 1209 (w), 1168 (m), 1063 (vs), 956 (vs), 878 (s), 795 (s),
682 (s), 644 (W), 594 (w), 504 (m). Anal. calcd. for (CoH14N)3;PM012040 (2230.87): C, 15.04; H,
1.88; N, 1.87; Found: C, 14.76; H, 1.85; N, 1.87

2.4. Synthesis of [BMIM] 3/ PMo1:049] catalyst

This catalyst was prepared using the same method described above. 1-Butyl-3-methylimidazolium
chloride, [BMIM][CI], (0.231 g, 1.3 mmol) was dissolved in 15 mL of methanol and to this
solution the ion exchange resin Amberlyst® A26 (OH-) (8.4 mL, 6.7 mmol) was added. The
mixture was stirred for 1h at room temperature and the resin was filtered and washed with
methanol. To the resultant filtrate, H;3PMo012040 (0.905 g, 0.43 mmol) in methanol was slowly

added, a yellow precipitate immediately formed and the mixture was stirred at room temperature



for 1 h. The product was filtered, washed several times with methanol and dried in the oven at 80
°C overnight (0.84 g, 87 %).

TH NMR (400.13 MHz, DMSO d6, 25 °C) § =9.10 (s, 1H), 7.77 (s, 1H), 7.70 (s, 1H), 4.19 (t, J =
8.0 Hz, 2H), 3.86 (s, 3H), 1.81 (m, 2H), 1.28 (t, J = 8.0 Hz, 2H), 0.93 (t, J = 8.0 Hz, 3H) ppm. 3!P
NMR (162 MHz, CD3CN, 25 °C) § = -2.38 ppm. Selected FTIR (cm™!, KBr): 3146 (m); 3110 (w),
3089 (w) (ar(C-H)), 2959 (m); 2931 (w); 2867 (w); 1602 (w); 1564 (m); 1462 (m); 1425 (w);
1379 (w); 1334 (w); 1165 (s); 1105 (w), 1062 (vs), 956 (vs), 878 (vs), 796 (s), 648 (m); 620 (s);
504 (s); 464 (w). Anal. calcd. for (CsHi5sN2);PMo12040 (2239.88): C, 13.20; H, 1.99; N, 3.72;
Found: C, 13.19; H, 2.01; N, 3.72.

2.5. Synthesis of N-(3-trimethoxysilylpropyl)pyridinium iodide

The synthesis was performed in 1:1 molar ratio, by heating 3-iodopropyltrimethoxysilane (0.404
mL, 1 mmol) with pyridine (0.167 mL, 1 mmol) at 80 °C for 3 h under nitrogen atmosphere. The
product was washed with diethyl ether (3x20 mL). The product was obtained as a viscous brownish
yellow oil after dried in vacuum for 2 h (0.72 g, 94 %). [35]

'TH NMR (400.13 MHz, CDCI3, 25 °C) 6 =9.36 (d, J = 6.0 Hz, 2H), 8.60 (t, J = 7.8 Hz, 1H), 8.18
(t, J = 6.6 Hz, 2H), 4.98 (t, ] = 7.2 Hz, 2H), 3.59 (s, 9H), 2.18 (m, 2H), 0.73 (t, J = 8.0 Hz, 2H)
ppm. Selected FTIR (NaCl cell,/cm™): 3441 (br); 3128 (m); 3028 (w); 2943 (m); 2839 (s); 1632
(vs); 1579 (m); 1486 (vs); 1460 (w); 1413 (w); 1350 (w); 1317 (m); 1245 (w); 1191 (s); 1079 (vs);
889 (w); 815 (s); 776 (s); 682 (vs); 646 (W).

2.6. Preparation of Mesoporous Silica Nanoparticles (MSNs)

The mesoporous nanosilica support was prepared following the method described by Bouchoucha
et al..[23] A mixture containing CTAB (0.663 g), Pluronic F127 (2.68 g) and TEA (15.64 g) in
EtOH (57 mL), and water (125 mL) was prepared and stirred for 24 h at room temperature.
Afterwards, TEOS (2.56 mL was added under vigorous stirring for 1 min in a global molar ratio
TEOS : CTAB : F127 : H2O : EtOH : TEA of 1 : 0.16 : 0.017 : 605 : 84 : 9.16. The mixture was
aged under static conditions for 24 h followed by addition of EtOH (100 mL) to promote
precipitation. The resulting nanoparticles were collected by centrifugation, washed with water and
dried at 80 °C. The dried nanoparticles were calcined in air at 550 °C for 5 h at a heating rate of 1

°C/min.



2.7. Preparation of PMo ;0 @PPy-MSN

Calcined MSN (0.40 g) was heated at 150 °C under reduced pressure for 2 h to remove the
physisorbed water. After cooling down to room temperature, an excess of 1-(3-
trimethoxysilylpropyl)-pyridinium (PPy) iodide in acetonitrile (20 mL) was added and the mixture
was stirred under reflux and nitrogen atmosphere for 48 h. The resultant powder was centrifuged
at 5000 rpm, washed with acetonitrile and chloroform several times and dried in the oven at 80 °C.
Afterwards, an anion exchange was performed to change iodide by hydroxide anions following
the method of Udayakumar et al.[36] The previously functionalized MSN (0.40 g) was treated
with a NaOH solution (0.025 M) for 2 h, and then centrifuged and washed several times with
distilled water. The product was dried in an oven at 80 °C.

PPy-OH-MSN: 'H NMR (400.13 MHz, D,O + NaOH, rt) 6 = 8.68 (d, 1H), 8.37 (t, ] = 4.0 Hz,
1H), 7.89 (d, 2H), 4.40 (t, 2H), 1.91 (m, 2H), 0.21 (t, 2H) ppm. Selected FT-IR (cm™!, KBr): 3443
(br); 3153 (sh), 3097 (sh), 3072 (sh), 2958 (sh), 2929 (sh), 2854 (sh), 1638 (m); 1556 (w), 1541
(W), 1490 (m), 1456 (w), 1415 (w), 1375 (w), 1090 (s); 960 (w); 796 (m); 678 (m); 533 (w); 463
(s).

The PMo12040@PPy-MSN composite was prepared by mixing a suspension of PPy-MSN (0.130
g) with a solution of H3[PMo01204] (0.07 mmol in 15 mL of methanol) and stirring at room
temperature for 48 h. The solid was centrifuged and washed several times with methanol and dried
in the oven at 80 °C. Anal. Found (%): C, 8.58; N, 1.03; H, 1.65; Mo, 2.9.; loading of PMo12: 0.025
mmol per g and ratio of C3Py/POM = 30. Selected FT-IR (cm™!, KBr): 3441 (br), 3145 (sh), 3097
(sh), 3074 (sh), 2956 (w), 2924 (w), 2852 (sh), 1636 (m), 1558 (w), 1541 (w), 1510 (w), 1498 (w),
1489 (m), 1456 (w), 1417 (w), 1384 (w), 1351 (w), 1091 (vs), 960 (m), 919 (sh), 891 (sh), 801
(m), 680 (w), 551 (sh), 465 (s).

2.8. Extractive and catalytic Oxidative desulfurization processes (ECODS)

The ECODS studies were performed using a model diesel containing the most refractory sulfur-

compounds present in real diesel, namely: 1- benzothiophene (1-BT), dibenzothiophene (DBT), 4-



methyldibenzothiophene (4-MDBT) and 4,6- dimehtyldibenzothiophene (4,6-DMDBT). 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 paraftin bath at 70 °C. The catalytic oxidative step was performed in the presence of a polar
extraction solvent, immiscible with the model diesel phase with equal volume of model diesel and
extraction solvent. The ionic liquid (IL), 1-butyl-3- methylimidazolium hexafluorophosphate
(BMIMPFs) and acetonitrile (MeCN) were used as extraction solvents. These solvents acted as
extraction solvents of sulfur compounds and also as an oxidative reaction medium. The oxidation
of the sulfur compounds only occurred in the presence of a catalyst and an oxidant, where H>O>
(aq. 30%) was used. [BPy]3[PMo012040] and [BMIM]3[PMo012040] dissolved in MeCN, but showed
to be insoluble in ionic liquid solvent. In all ECODS systems 3 umol of each compound was used.
The heterogeneous catalyst PMo012040@PPy-MSN was also studied, using 120 mg that contains 3
umol of [PMo12040]* active center. In a typical experiment, 0.75 mL of model diesel (containing
a total sulfur concentration of 2350 ppm in n-octane) and 0.75 mL of [BMIM][PFs] were added to
the catalyst. An initial extraction of sulfur compounds from model diesel to the IL phase occurred
by only stirring the both immiscible phase for 10 min at 70 °C. The catalytic step of the process is
then initiated by the addition of H>O2 (75 pL, 0.64 mmol). The sulfur content in the model diesel
phase was periodically quantified by GC analysis using tetradecane as standard. Using the
heterogeneous catalyst, recycle experiments were performed by adding a new portions of model
diesel, oxidant and [BMIM][PFs] extraction solvent, at the end of each ECODS cycle. The solid
catalyst was not washed between cycles. After three cycles, the solid was isolated from the ECODS

process, followed by washing and dry to be characterized after catalytic use.

3. Results and discussion

3.1. Synthesis and Characterization

The salts [BPy]3[PMo012040] and [BMIM]3[PMo12040] were prepared from an acid-base reaction
using H3PMo1204 and the hydroxide forms of 1-butylpyridinium and 1-butyl-3-
methylimidazolium, respectively. The hydroxide forms were previously prepared from the
corresponding chlorides ionic liquids by exchange of the chloride to the hydroxide using an ion

exchange resin Amberlist (in the OH form). The homogeneous catalysts were characterized by



elemental analyses, FT-IR, 'H and *'P NMR spectroscopies. CHN elemental analyses confirm the
expected molecular formulas of both compounds. The infrared spectrum of [BPy]3[PMo12040]
contains weak bands at 3124, 3080 and 3063 cm! corresponding to v(C-H) aromatic vibrations,
at 2963, 2929 and 2869 cm'! attributed to the v(C-H) of the aliphatic chain, a strong band at 1632
cm’! corresponding to v(C=N) vibrations that is typical of the quaternary nitrogen atom in a
heterocyclic ring. Several weak/medium bands in the range 1580-1100 cm' are observed due to
aromatic v(C-N), v(C-C) and also due 8(C-H) vibrations. A strong band at 1482 cm! is attributed
to the conjugation of v(C=C) and v(C=N) bonds and is also typical of pyridinium salts and the
strong one at 682 ¢cm! corresponds to the aromatic out-of- plane hydrogen deformation.[37, 38]
The presence of PMo12040*" is corroborated by four strong bands at 1063, 956, 878 and 795 cm’!
corresponding to Vas(P-Oa), Vas(M0-Oq), Vas(M0-Op-Mo) and vas(Mo-Oc-Mo), respectively.[39,
40]The bands observed at the infrared spectrum of [BMIM]3[PMo012040] are in accordance with

the literature confirming the presence of the [BMIM] cation and the Keggin anion.[41]

c) [BPyl;[PMo,,0,,]

b) [BPy][CI]

a)H;PMo,,0,,
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Figure 1- . FT-IR spectra of a) phosphomolybdic acid H3PMo12040, b) [BPy][Cl] and c) Ionic-
Liquid phosphomolybdate [BPy]3[PMo012040].



"H NMR spectra of the catalysts are presented in Figure S1 (in Supporting information, SI) and in
both is possible to identify the protons from the aliphatic chains and from the aromatic imidazolium
or pyridinium rings. In the case of [BMIM]3[PMo12040], the proton chemical shifts of imidazolium
cation are found at 9.10, 7.77, 7.70 and 3.86 ppm. It also can be observed the protons corresponding
to the methyl groups at 4.19, and at 1.81, 1.28 and 0.93 ppm, those attributed to the butyl chain.
The spectrum of [BPy]3s[PMo012040] contains the protons of the pyridinium ring at 9.10, 8.63 and
8.19 ppm and those from the butyl aliphatic chain at 4.63, 1.95, 1.31 and 0.94 ppm.

Figure 2 shows the 3'P MAS NMR spectra in CD3CN of the catalysts that contain a sharp peak at
-2.09 ppm for [BPy]3[PMo012040] and at -2.38 ppm for [BMIM]3[PMo012040]. These results were
closed to the obtained for other Keggin phosphomolybdate structure containing different organic

cations.[33, 42]

d) [BMIM];[PMo,,0,0],c

MMWMWWMWWMWMW

c) [BMIM];[PMo,,0,,]

b) [BPY]3[PM°12040]ac A
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Figure 2: *'P NMR spectra in CD3CN for the Ionic-Liquid phosphomolybdates [BPy]3[PMo12040]
and [BMIM]3[PMo12040], before and after catalytic use (abbreviated as ac, corresponding to
soluble phosphomolybdate compounds in ECODS).

The heterogeneous catalyst PMo12040@PPy-MSN was prepared according to the scheme 1. First
the pristine MSNs was functionalized with 1-(3-trimethoxysilylpropyl)-pyridinium iodide
(previously prepared) and then the iodide anions were exchanged by OH™ anions using a NaOH
solution (0.025M) following the method described by Udayakumar et al..[36]To this last material,
phosphomolybdic acid was added and through an acid-base reaction the final composite was
obtained. The intermediate support material PPy-OH-MSN was characterized by FTIR and 'H
NMR spectroscopies to confirm the presence of the anchored cation (solution "H NMR was used
following the method described by Crucho et al.). The infrared spectrum of PPy-OH-MSN
contains the strong bands characteristic of silica-type materials at 1064, 796 and 463 cm!
attributed to vas(Si—O-Si), vs(Si—O-Si) and 6(O-Si—O) vibrational modes, respectively. Beyond
these bands, it shows several weak bands from the functionalized pyridinium cation in the region
3160-3000 cm™! (v(C-H) aromatic vibrations), 2960-2850 cm™! (v(C-H) of the aliphatic chain), and
1500-1300 cm™ (v(C-N), v(C-C), 5(C-H)) (Figure 3). '"H NMR spectrum of this material exhibits
the chemical shifts of the pyridinium protons at 8.68, 8.37, and 7.89 ppm and the corresponding
signals of the propyl chain at 4.40, 1.91 and 0.21 ppm (see Figure. S2 in SI).

o
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Scheme 1: Schematic representation of the method used to prepare the final heterogeneous catalyst

PMo012040@PPy-MSN

The final composite was characterized by elemental CHN and Mo analyses, FTIR, '3C CP
MAS and 3'P MAS solid state NMR spectroscopies. Elemental analyses revealed a loading of 0.7
mmol of pyridinium cations and 0.025 mmol of PMo012040* per g of material. The FTIR spectrum
of PMo12040@PPy-MSN, in addition to the bands corresponding to the functionalized cation,
displays one band at 960 (this band overlap the one from precursor PPy-OH-MSN which
corresponds to the v(Si-OH) but that is less pronounced) and a shoulder at 891 cm™' that can be
ascribed to the vas(Mo0-04) and vas(Mo-Op-Mo) vibrational modes of the phosphomolybdate anion,
respectively (Figure 3).!3C CP MAS NMR spectrum contains three peaks corresponding to the
aliphatic propyl carbon atoms at 10.6, 23.1 and 45.3 ppm (Figure 4, left) and two peaks in the
aromatic region at 130.7 and 146.5 ppm assigned to the pyridium carbon atoms. 3'P MAS spectrum
exhibits one peak at -3.84 ppm attributed to PMo12040 anion (Figure 4, right).

d) H;PMo,0,,

¢) PMo,,@PPy-MSN

b) PPy-OH-MSN

a) MSNs
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Figure 3- FT-IR spectra of the supports a) calcinated MSNs, b) PPy-OH-MSN and the composite
¢) PMo012040@PPy-MSN and of phosphomolybdic acid d) H;PMo12040.
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Figure 4. °C CP MAS (on left) and 3'P CP MAS (on left) for the composite PM012040@PPy-
MSN.

Figure 5. TEM images of the heterogeneous catalyst PMo12040@PPy-MSN

PMo012040@PPy-MSN was also characterized by transmission electron microscopy (Figure
5) and the images show that the composite are constituted by spherical porous nanoparticles with

a size distribution in the range of 50-80 nm with some aggregation.

3.2. Extractive and Catalytic Oxidative desulfurization systems (ECODS)
The ionic-liquid based phosphomolybdates [BMIM]PMoi> and [BPy]PMoi2 and the composite

PMo12@PPy-MSN were used as catalysts in an extractive and catalytic oxidative desulfurization



system (ECODS) using a model diesel composed by the most refractory sulfur compounds in real
diesels, namely, 1-benzothiophene (1-BT), dibenzothiophene (DBT), 4- methyldibenzothiophene
(4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) in n-octane. This model diesel has
a sulfur concentration of approximately 500 ppm for each compound and a total of 2350 ppm of
sulfur. The ECODS process begins with an initial extraction step by stirring the diesel phase with
a polar immiscible phase during 10 min at 70 »C. This first step of ECODS process promotes the
transfer of the sulfur compounds from the model diesel to the polar phase. In this studies an ionic
liquid ([BMIM][PFs) were used. The second step of the desulfurization process is initiated by the
addition of H»>O; oxidant, using a ratio H>O»/S = 11. This step corresponds to the oxidative
catalytic step, where the sulfur compounds in the [BMIM]PFs phase are oxidized to sulfoxides
and/or sulfones. This leads to a continuous transfer of non-oxidized sulfur compounds from the
model diesel to the ionic liquid phase. The order of each sulfur component, at the end of initial
extraction step was the following: BT > DBT > 4-MDBT > 4,6-DMDBT (Table 1). These results
are explained by the different molecular diameters, as well as by the steric hindrance of the methyl

groups in DBT derivatives. [14, 16, 42, 43]

Table 1. Individual desulfurization percentages from the model diesel to the extraction phase

using [BPy]3[PMo012040], [BMIM]3[PM012040] and PMo12@PPy-MSN catalysts.

Catalyst 1-BT  DBT 4-MDBT 4,6-DMDBT
[BPy]3[PMo12040] 42 31 19 4
[BMIM]3[PMo1204] 46 38 27 18
PMo1:04@PPy-MSN 54 53 38 28

After the initial extraction step, the sulfur transfer equilibrium between the model diesel and ionic
liquid phases was achieved, and the removal of more sulfur compounds from model diesel only
could occurred by the oxidation of the sulfur compounds present in the [BMIM][PFs] phase, i.e.
after the addition of H,O» oxidant in the presence of the phosphomolybdate catalyst. During the
catalytic oxidative desulfurization step the no-oxidized sulfur compounds are oxidized in the

corresponding sulfone and/or sulfoxides. The oxidation of sulfur compounds must occur more



extensively in the [BMIM][PFs] phase since the oxidant has more affinity with this solvent than
with the model diesel phase.

The ionic-liquid phosphomolybdates [BPy]3[PMo012040] and [BMIM]3[PMo012040] are not
dissolved in the [BMIM][PFs] phase, behaving as heterogeneous catalysts. The desulfurization
profiles obtained using these two catalysts are presented in Figure 6. It is possible to observe that
both ionic liquid catalysts present similar desulfurization profile and only a slightly higher
desulfurization efficiency can be found for [BPy]3[PMo12040] during the first hour of reaction.
After this time complete desulfurization was achieved in both ECODS systems. The difference of
catalytic activity observed during the first hour indicates that the reactivity of these catalysts
depends on the type of the counter-cation, in this case 1-butyl-3-
methylimidazolium ([BMIM]") and butylpyridinium ([BPy]"). It is reported in the literature by
Fugita, et al. that these cations present some influence in the catalyst performance, varying in the
order: [BPy]" > [BMIM]". [44]

When the ECODS experiments were performed using acetonitrile instead of [BMIM][PF¢],
the phosphomolybdates [BPy]3[PMo012040] and [BMIM]3[PMo12040] behaved as homogeneous
catalysts, since these were completely dissolved in this solvent. In this case, after the first hour of
reaction, complete desulfurization was not achieved (desulfurization efficiency of 83%, Figure S3
in SI). The superior desulfurization performance using [BMIM][PFs] solvent against organic

solvents in ECODS processes has been previously reported. [43, 45]
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Figure 6- Kinetic desulfurization profiles for ECODS process 1:1 model diesel/ [BMIM][PF¢],
catalyzed by [BPy]3[PMo012040] and [BMIM]3[PMo012040] (3 pmol), using H>O»/ S =11, at 70°C.

The stability and the heterogeneity of [BMIM]3[PMo012040] and [BPy]3[PMo12040] catalysts were
analyzed by 3'P NMR ([BMIM]3[PMoi204]-ac and [BPy]s[PMoi12040]-ac spectra). The solid
catalysts after catalytic use were recovered from the reaction medium and washed with ethanol
and dried. Afterwards, these last was dissolved in CD3CN and the 3'P NMR analysis present single
peaks at -2.40 ppm and -2.39, that corresponds to the initial prepared [BPy]3s[PMo0120O40] and
[BMIM]3[PMo12040], respectively (spectra not shown). This result indicates that the solid catalyst
presents the initial structure and its typical Keggin structure was confirmed. On the other hand, the
soluble reaction media using [BMIM]3[PMo12040] and [BPy]3[PMo012040] were also analyzed by
3P NMR and in this case two single peaks were found at 2.90 and -2.39 ppm, for
[BMIM]3[PMo012040]ac and 2.87 and -2.40 for [BPy]3[PMo012040]ac (Figure 2). These results
indicate that the ionic liquid phosphomolybates has some partial dissolution in the ionic liquid
medium during catalytic reaction and also identical structural alteration of the Keggin structure
may occurred for both compounds (single peaks at 2.90 ppm and 2.87 ppm for
[BMIM]3[PMo012040] and [BPy]3[PMo12040], respectively), probably by their interaction with the
oxidant.

To increase the stability of the ionic-liquid [PMo12040]*" catalyst and to guarantee its
heterogeneity, this Keggin phosphomolybdate was immobilized in pyridinium (PPy)
functionalized mesoporous silica nanoparticles (PMo01204@PPy-MSN, Scheme 1). Figure 6
compares the desulfurization profile of the composite PMo012040@PPy-MSN and the ionic liquid
phosphomolybdate catalysts. The initial extraction of sulfur compounds from model diesel to the
[BMIM][PFs] phase (stirring 10 min at 70 °C) was slightly higher using the composite material
(43% using the composite and 26% and 34% using [BMIM]3[PMo012040] and [BPy]3[PMo012040],
respectively). This must be related to the presence of a higher amount of solid in the ECODS
system (120 mg, containing 3 umol of active [PMo12040]*" catalyst), promoting by some sulfur
adsorption on MSN surface or even by increasing the liquid-liquid contact between model diesel
and ionic liquid phases. During the oxidative catalytic step (after the first 10 min), the
desulfurization increased rapidly and after only 1 h 93% was achieved remaining only 1-BT in the

model diesel. The desulfurization increased more slowly after the first hour: after 2 h was found



96% and after 3 h 98% (39 ppm of sulfur attributed to 1-BT). In fact, it is well reported in the
literature the higher difficulty to oxidize 1-BT due to the lower electron density on its sulfur atom,
when compared with the other studied compounds and consequent lower reactivity [46-48]. The
other studied sulfur compounds (DBT, 4-MDBT and 4,6-DMDBT) exhibit similar electron
densities on the sulfur atom and therefore their oxidation can only be distinct by the steric
hindrance promoted by the methyl groups. The MSN support has also been tested under identical
conditions, presenting a negligible catalytic activity.

The reusability of the ECODS model diesel/[BMIM][PFs] system catalyzed by the
composite PMo1204@PPy-MSN was investigated for three consecutive cycles. After 3 h of
oxidative desulfurization, the solid catalyst remained in the ionic liquid phase and the model diesel
could be easily removed from the system. The ionic liquid phase containing the heterogeneous
catalyst was then reused in a new ECODS cycle. The new ECODS cycle was prepared by simple
addition of a new portion of sulfurized model diesel and 75 pL of oxidant. The reuse of the ionic-
liquid phase and the solid catalyst creates a more sustainable ECODS process, reducing costs and
residual wastes. Figure 7 presents the desulfurization profile for three consecutive ECODS cycles
using the same sample of PMo12@PPy-MSN and [BMIM][PFs]. The desulfurization profile of the
three consecutive ECODS cycles is similar, indicating that the composite PMoi2@PPy-MSN
maintained its oxidative activity. For all the three ECODS cycles near complete desulfurization
was achieved after 3 h, remaining a vestigial amount of 1-BT in the model diesel. The DBT, 4-
MDBT and 4,6-DMDBT were complete desulfurize after de 1 h of oxidation. It is also important
to note that the increasing concentration of oxidized products in the BMIMPFs phase over the three
consecutive ECODS cycles was observed by increasing the amount of formed white solid in this
phase over the various cycles. However, this did not contribute to the loss of desulfurization
performance and ultra-low sulfur model diesel was easily produced in consecutive cycles. to
remove the sulfones after the three consecutive desulfurization cycles. After these consecutive
cycles, the heterogeneous catalyst was recovered by centrifugation and the BMIMPF¢ phase was
cleaned with a mixture of 1:1 (v/v) ethyl acetate and diethyl ether to extract the dissolved sulfones
in this phase. Furthermore, the used solvents (ethyl acetate and diethyl ether) could be recovered

by distillation and the white solid sulfones were isolated.



the solid catalyst and the white precipitate sulfones were separated from the IL phase. The resulting

IL phase was then treated with a mixture to the IL phase
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Figure 7- Reusability of the ECODS (1:1 model diesel/[BMIM][PF¢]) process catalyzed by
PMo12040@PPy-MSN composite (containing 3 umol of active [PMo012040]*"), using H,O; as
oxidant (75 pL, using H>O2/ S=11), at 70 °C.

The desulfurization efficiency obtained by PMo12040@PPy-MSN heterogeneous catalyst is similar
to the previous obtained by our research group using related heterogeneous catalysts under
identical experimental conditions.[33] The advantage showed by PMo12040@PPy-MSN is its
higher stability between consecutive reused ECODS cycles. This must be related to the
immobilization of the phosphomolybdate in the surface of the functionalized MSN. In this work,
a propylpyridinium (PPy) functional group was strategically wused, instead of the
tributylammonium (TBA™) and trimethylammonium (TMA™) used previously.[33]

3.3. Stability of PMo12040@PPy-MSN after ECODS
The stability of the composite PMo12040@PPy-MSN, after three consecutive ECODS cycles, was
investigated by various characterization techniques, such as 3'P NMR, FT-IR and SEM/EDS.



The presence of active catalytic center [PMo012040]>" in the reaction medium, after solid
catalyst removal, was investigated. The reaction medium in [BMIM][PF¢] was diluted in CD3;CN
and 3'P NMR analysis was performed. Even after 24 h of analysis, no single peak attributed to
Keggin-type phosphomolybdate or its derivatives were detected. This result suggests the absence
of active leaching species from the surface of PPy-MSN support.

The ATR-FTIR spectrum of composite after catalytic use PMo12040@PPy-MSN-ac (ac
stands for after catalysis, Figure S4 in SI) can be compared to the same before ECODS application
in Figure 3, where similar main bands are exhibited around 960 (v(Si-OH) and vas(Mo-04)) and
890 cm! (vas(Mo-Op-Mo), which is consistent with the structural retention of the POM anion after
catalytic use. [33, 42]

The morphology and chemical composition of PM012040@PPy-MSN was analyzed by
electronic microscopy analysis before and after catalytic use during three ECODS cycles (Figure
8). The nanoparticles morphology is preserved after the immobilization of the active [PMo12040]*
center and after the catalytic used for three consecutive cycles. In fact, the composite is still
composed by the same type of nanoparticles without changing their shape or size. The presence of
[PMo12040]* before and after catalytic use could be confirmed by EDS analysis (Figure 9). The
spectra in Figure 9 reveal the presence of silicon from the support and the presence of molybdenum
from the phosphomolybdate. The presence of fluorine and phosphorus in the composite after
catalytic use indicate that same ionic liquid [BMIM][PFs] must be present in the solid catalyst after
ECODS application. The leaching of active species [PMo12040]*" from the composite
PMo012040@PPy-MSN during the three consecutive ECODS cycles was investigated by the ratio
Si/Mo, performed by EDS analysis. Before catalytic use the ratio Si/Mo was 9,8 and after recycling
study the same ratio was 9,3. This result suggests that the loss of active center to the reaction
medium after three consecutive ECODS cycles was negligible (5%), confirming the stability of

PMo12040@PPy-MSN heterogeneous catalyst.



Figure 8- SEM images of the PMo12040@PPy-MSN composite material before (left) and after
(right) catalytic use (PMo012040@PPy-MSN-ac) at different magnifications: (left) x25,000 and
(right) x50,000.
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Figure 9- EDS spectra of the PM012040@PPy-MSN composite material (A) before and (B) after

catalytic use during three consecutive ECODS cycles.



4. Conclusion

Two different ionic liquid phosphomolybdates, containing 1-butylpyridinium ([BPy]3[PMo012040])
and 1-butyl-3-methylimidazolium ([BMIM]3[PMo12040]) were prepared and used as catalysts for
the oxidative desulfurization of a multicomponent model diesel. The catalytic studies were
performed using biphasic desulfurization systems (1:1 model diesel/extraction solvent, using
acetonitrile and an ionic liquid [BMIM][PFs] as solvent). An initial extraction of the sulfur
compounds from diesel phase to the extraction phase was performed during 10 min at 70 °C.
Afterwards, the catalytic oxidative desulfurization step was performed by the addition of H>O»
oxidant (H202/S = 11). Higher desulfurization and higher oxidative catalytic efficiency were
achieved using the ionic liquid extraction solvent. In this case, complete desulfurization was
achieved after the first hour using both phosphomolybdate catalysts. Using model
diesel/[BMIM][PF¢] system, the [BPy]|s[PMo012040] and [BMIM]3[PMo012040] showed to be
partially soluble. Their stability study indicated that the solid part maintained their initial Keggin
structure; however, the soluble phosphomolybdate species presented some decomposition,
probably promoted by their interaction in the H>O> oxidant. To guarantee the heterogeneity of the
catalyst and increase its stability, the [PMo12040]* active center was immobilized in a
propylpyridinium functionalized mesoporous silica nanoparticles (PMo1204@PPy-MSN). This
catalytic composite showed slightly lower activity than the previous ionic liquid
phosphomolybdates, mainly during the first hour of reaction, since at this time 93% of
desulfurization was achieved, remaining only 1-benzothiophene in the model diesel phase. Near
complete desulfurization was achieved after 3 h (98% of desulfurization, 39 ppm of 1-BT).
Contrarious to ionic liquid phosphomolybdates, the stability of the composite PMo12040@PPy-

MSN was confirmed by various techniques and high recycle capacity was found.
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