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Abstract 

The study of the activity of a series of heterogeneous cis-dioxomolybdenum(VI) based catalyst 

precursors for the hydrogen peroxide promoted oxidation of benzothiophene, 2- and 3-

methylbenzothiophene, dibenzothiophene and 4,6-dimethyldibenzothiophene, has been carried out. 

The last, chosen as model substrates of the common sulfurated derivatives of fuels, have been 

oxidized in the presence of selected imidazolium based ionic liquids, under extractive oxidative 

desulfurization conditions. The reactivity of sulfur-containing compounds toward the oxidation to 

their corresponding sulfones has been evaluated, firstly, for each type of substrate alone, and then 

applying the optimized procedure to a system formed by all sulfurated substrates. Our aim was to 

mimic the oxidation of a model diesel oil, under either thermal or microwave assisted heating. Cis-

dioxomolybdenum(VI) compounds behaved as very active and stable catalytic systems retaining, in 

one selected case, the original activity at least for three cycles. Imidazolium ionic liquids played a 

dual fundamental role not only as extractant and reaction medium but also as stabilizing system for 

both the oxidant and the catalytic agents. Under optimized microwave-assisted conditions, the 

quantitative elimination of sulfurated substrates from the model diesel oil, was obtained after only 1 

hour or 2 hours, when [BMIM]OTf or [BMIM]BF4 and [OMIM]BF4, respectively, have been used 

as ionic liquids. 
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1. Introduction 

 
Organosulfur are undesirable compounds, when contained inside fuels, due to the negative 

environmental impact caused by SOx emissions during their combustion. As a consequence, 

removal of sulfur is becoming a worldwide challenge. Hazardous emissions of SOx are responsible 

for several undesired issues, such as acidic rain, air pollution, respiratory disorders as well as 

irreversible catalyst poisoning. To protect the environment against SOx pollution, several stringent 

environment legislations have been published to limit the sulfur content of fuels. For gasoline, the 

new standard of sulfur content may be restrained, in most countries, to less than 10 μg/mL [1]. 

Thus, the deep desulfurization of gasoline has become an important research topic [2]. The 

hydrodesulfurization (HDS) process achieves limited performances in the case of refractory S-

containing aromatic compounds, such as thiophene and substituted benzothiophenes (BTs), which 

require highly energy-demanding conditions (high temperature and pressure conditions). Several 

alternative and/or complementary desulfurization techniques to the conventional HDS have been 

proposed [3], among others, catalytic and biocatalytic oxidative desulfurization (ODS) or the 

combined technique based on extractive and catalytic oxidative desulfurization (ECODS) [4]. 

Frequently, transition metal containing nanocatalysts, with dimensions of less than 100 nm, have 

been used in ODS processes in the last years, combining the advantages from the role played by the 

physical form of the catalyst in synergy with the chemical properties of the metal (or metals) 

species embedded in the system [5]. 

The oxidative desulfurization process is based on the oxidation of the organosulfur compounds to 

the corresponding sulfoxides and/or sulfones which are highly polar and can thus be readily 

removed by adsorption, distillation, or solvent extraction. 

Under ECODS conditions, the extraction of sulfur-containing products and the chemical or catalytic 

oxidation of sulfur compounds occur simultaneously in a one-pot biphasic system. Ionic liquids 

(ILs) are promising solvents and extractants for ECODS processes due to their excellent ability to 

solubilize inorganic/organic compounds, high thermal stability, low vapor pressure, and 

recyclability [6]. As largely accepted, catalyst immobilization is not the only benefit deriving from 

the use of ILs in catalysis. Of greater importance are a series of further positive issues like: the 

catalysts often become more reactive in the presence of ILs and, in some cases, the reactive 

catalytic species or reaction intermediates can be stabilized inside ILs, which often results in a 

significant improvement in the catalytic performance or even making it possible to achieve catalytic 

reactions that are not possible to conduct in common organic solvents [7]. The combination of the 



extraction and catalytic oxidation under ECODS process, using ILs as solvents, has been proven to 

be more efficient compared to the mere ILs extraction.  

Sulfur removal under environmental friendly oxidative conditions requires the use of green 

stoichiometric oxidants, mainly molecular oxygen (O2) [8] or hydrogen peroxide (H2O2) [9]. The 

latter is, in effect, the most attractive oxidant to apply in ODS reactions due to its low cost, easy 

handling and ready availability, high oxygen content and ecological compatibility, yielding only 

water as by-product. Many oxidation catalysts, such as tungsten- or molybdenum-containing 

polyoxometalates (POMs) [10], titanium supported on silica materials [11], and homogeneous or 

heterogeneous oxometal complexes [12] have been successfully applied in ODS processes. 

In particular, Mo(VI) compounds are able to activate mild oxidants such as H2O2 and alkyl 

hydroperoxides, thus overcoming the severe environmental and health restrictions connected with 

the use of peracids [13]. On the other hand, oxomolybdenum(VI) complexes are well-known as 

catalysts or catalyst precursors for sulfur oxidation [14], even if their use as (pre)catalysts in 

ECODS processes, based on the use of ILs, has not yet been largely explored [12b,12e]. 

To further investigate the potential applicability of heterogeneous oxomolybdenum(VI) complexes 

toward the selective ECODS processes, here we report the study of a series of cis-

dioxomolybdenum(VI) containing catalyst precursors I-V (Chart 1) for the oxidation of 

benzothiophene (BT), 2- and 3-methylbenzothiophene (2Me-BT and 3Me-BT), dibenzothiophene 

(DBT) and 4,6-dimethyldibenzothiophene (DMDBT), as model substrates of the common 

sulfurated derivatives of fuels, in the presence of imidazolium based ILs (Chart 2). The best results 

we obtained during the optimization of the ECODS process, firstly for each type of sulfurated 

substrate alone, and then applying the optimized procedure to a model diesel oil under, either, 

thermal or microwave heating, will be described. 
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Chart 1. Structure of the Molybdenum(VI) complexes bearing L-Methionine (I, Mo-Met), L-Phenylalanine (II, Mo-
Phe), N,N-dimethyl-L-Phenylalanine (III, Mo-dmPhe), Glycine (IV, Mo-Gly) and L-Proline (V, Mo-Pro) as α-amino 
acid ligands, used in this work. 
 

 
 

Chart 2. Structures of benzothiophene (BT) and its derivatives (part a) with cations and anions of imidazolium based 
ILs (part b), used in this work. 
 
2. Experimental Section 

 
2.1. Materials and Methods 

 

All reagents (DBT, DMDBT, BT, 2-MeBT, 3Me-BT) and solvents were purchased from Sigma-

Aldrich (Italy) in the highest purity grade available and were used as such. All ionic liquids, namely 

1-butyl-3-methylimidazolium tetrafluoroborate [BMIM]BF4, 1-butyl-3-methylimidazolium 

hexafluorophosphate [BMIM]PF6, 1-octyl-3-methylimidazolium tetrafluoroborate [OMIM]BF4, 1-

octyl-3-methylimidazolium hexafluorophosphate [OMIM]PF6, 1-butyl-3-methylimidazolium 

trifluoromethansulfonate [BMIM]OTf and 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [BMIM]NTf2 were purchased from Iolitec (https://iolitec.de). A 

5.5 M solution in n-decane of tert-butyl hydroperoxide (TBHP), or a 50% w/w aqueous solution of 

H2O2, were used as primary oxidants. Compounds I–V were prepared according to the literature 

[15]. NMR spectra were recorded, at 298 K, with a Bruker Avance III 400 MHz instruments. Solid-

state infrared spectra were recorded on a Perkin Elmer SpectrumOne FT-IR spectrometer, equipped 

with a UATR sampling accessory. Microwave studies were performed with the Biotage® Initiator+ 

microwave synthesizer. Gas chromatographic analyses (GC-FID) were performed by means of a 

Hewlett–Packard 6890 series instrument equipped with a flame ionization detector, using a 30m × 

0.32mm × 0.25 µm film thickness (crosslinked 5% phenylmethylsiloxane) column and 

chromatography grade helium as carrier gas. In GC calculations, all peaks amounting to at least 
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0.5% of the total products were considered. 1H and 13C NMR analyses of products were performed 

after purification, and compared with authentic samples.  

 

2.2. Optimization study for the ECODS with ionic liquid [BMIM]BF4 

 

The catalytic experiments were carried out under atmospheric pressure in a 5 mL flask equipped 

with a magnetic stirring bar, immersed in a thermostatic oil bath at 50 °C. In a typical experiment: 

0.001 mmol of the selected catalyst and 0.10 mmol of sulfurated substrate were added to a 5:1 (v/v) 

mixture of n-octane/[BMIM]BF4 (1.2 mL), under stirring. The mixture was vigorously stirred for 5 

min., at 50 °C, and then added with 2.0 equiv. of H2O2 (50% aqueous solution) to start the oxidation 

process, at the same temperature. The progress of the oxidation was periodically monitored by 

withdrawing an aliquot (3.0 µL) of the hydrocarbon phase, added with 3.0 µL of n-hexadecane, as 

internal standard, then analyzed by GC-FID. When necessary, 1.0 additional equiv. of H2O2 was 

added at regular interval of time (1 hour), up to 4.0 eq. After 3 hours, the reaction was quenched by 

adding 1.0 mL of a 5% aqueous solution of Na2S2O5 to the recovered organic phase, then the latter 

was extracted with 1.0 mL of chloroform, dried over anhydrous MgSO4 and analyzed by GC-FID. 

Control experiments performed with DBT in the absence of catalyst, otherwise under similar 

conditions, showed only poor substrate oxidation (less than 10%). 

 

2.3. ECODS of the model diesel phase in selected ILs 

 

The catalytic experiments were carried out under atmospheric pressure in a 5 mL flask equipped 

with a magnetic stirring bar, immersed in a thermostatic oil bath at 50 °C. In a typical experiment: 

the multicomponent model diesel phase was prepared by dissolving the proper amount (about 0.02 

mmol) of each sulfurated substrate, namely DBT, DMDBT, BT, 2-MeBT and 3Me-BT, up to a total 

sulfur concentration of 2700 ppm, in 1.2 mL of a 5:1 (v/v) mixture of n-octane/IL, under stirring. 

The biphasic mixture, added with 0.001 mmol of catalyst I was vigorously stirred for 5 min., at 50 

°C, and then added with 2.0 equiv. of H2O2 (50% aqueous solution) to start the oxidation process, at 

the same temperature. The progress of the reaction was monitored as above described. 1.0 

additional equiv. of H2O2 was added, at regular interval of time (1 hour), up to 5.0 eq. At the end of 

the reaction, we followed the same work-up procedure as above described. 

 

2.4. MW assisted ECODS of the model diesel phase in selected ILs 

 



The model diesel phase, prepared as above described, containing 0.001 mmol of catalyst I, was 

inserted into the appropriate MW glass vials (0.5-2.0 mL) with the stirring bar, added with 2.0 

equiv. of H2O2 (50% aqueous solution), and then sealed. The experiment was performed under 

control of the temperature (90 °C, power output average = 200 W), by setting the following 

instrumental parameters: reaction running time = 28 min., preceded by a prestirring of 2 min; stir 

rate = 720 rpm; number of cycles = 4 (2 in the case of [BMIM]OTf). The progress of the reaction 

was monitored as above described. 1.0 additional equiv. of H2O2 was added, after each cycle, up to 

5.0 eq. At the end of the reaction, we followed the same work-up procedure as above described. 

  

2.5. Recycling experiments 

 

The recycling experiments were performed following the procedure reported on section 2.3, using 

[OMIM]BF4. After the first cycle, the model diesel phase was recovered, subjected to the work-up 

procedure reported on section 2.2, and analyzed by GC-FID to evaluate its S content. The residue of 

water was eliminated by evaporation of the IL phase, under reduced pressure. Then, new fresh 

portions of both model diesel and H2O2 were added to the recycled IL phase containing the 

entrapped catalyst, and a new cycle started. After the last cycle, the white solid formed was 

removed and analyzed by FT-IR. 

 

 
3. Results and Discussion 

 

3.1. Optimization study 

 

We started with the evaluation of the activity, under ECODS conditions, of several selected 

benzothiophene derivatives, namely DBT, DMDBT, BT, 2Me-BT and 3Me-BT dissolved in n-

octane, using [BMIM]BF4 as the water-miscible extracting medium. At the beginning, each starting 

material (s.m.) has been investigated with all the cis-dioxomolybdenum(VI) catalyst precursors I-V 

(Chart 1). We set up our starting experimental conditions, namely n-octane/IL ratio and 

temperature, according to several data available from literature [12c,16]. Briefly, 0.1 mmol of the 

s.m. were dissolved in a 5.0 mL flask containing 0.001 mmol of the selected catalyst, 1.0 mL of n-

octane and 0.2 mL of [BMIM]BF4 [5:1 (v/v) ratio], under stirring. The biphasic mixture was 

vigorously stirred for 5 min., at 50 °C, and then added with 2.0 equiv. of H2O2 (50% aqueous 

solution) to start the oxidation process. The progress of the oxidation was periodically monitored by 



withdrawing little amount of the hydrocarbon phase which was then analyzed by GC-FID. In order 

to force the oxidation of s.m. toward the corresponding sulfones, two additional equivalents of H2O2 

were added (up to overall 4.0 equiv., after 1 h and 2 h, respectively). After 3 hours, the reaction was 

quenched, and the percentage of the obtained conversion of s.m. are showed in Fig. 1.  

 

 

 
Figure 1. Percentage of conversion for the ECODS of sulfurated s.m. like DMDBT, BT, 3Me-BT, 2Me-BT and DBT in 

n-octane/BMIM-BF4 (5:1 v/v), with catalysts I-V [(I, Mo-Met), (II, Mo-Phe), (III, Mo-dmPhe), (IV, Mo-Gly) (V, Mo-

Pro)], at 50 °C, for 3 h. 

 

All the different molybdenum catalysts (I-V) showed a very high activity, affording satisfactory 

conversion values of s.m., ranging from 70% (DMDBT with catalyst II) to > 99% (DBT for all 

catalysts), after only 3 h, at 50 °C. At the end of the reaction, in the case of less reactive s.m. like 

DMDBT and BT, only residual unreacted substrate was detected in the recovered hydrocarbon 

phase, being the corresponding more polar sulfones totally extracted by IL phase. In agreement with 

our previous study concerning olefins oxidation [17], no great differences in terms of catalytic 

activity between catalysts I-V, have been detected irrespective to the type of used s.m., slightly 

being catalyst I the more active.  

On the basis of previous work on ECODS processes, a probable pathway for the oxidation of 

sulfurated substrates, under these conditions, is suggested for DBT and catalyst I in Scheme 1. 
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Scheme 1. Sketch of a plausible pathway for the ECODS of DBT, in n-octane/BMIM-BF4 system, with catalyst I. 
 

Initially, DBT was extracted from the hydrocarbon phase to IL phase, meanwhile being the 

heterogeneous catalyst I dispersed within the interphase of the solvent mixture. The oxidant is able 

to supply in a continuous way active oxygen to promote the formation of the catalytically active 

species, presumably a Mo(VI)-peroxo derivative [17]. Then, the latter promote the DBT oxidation 

toward the corresponding sulfone, within the IL phase. As a consequence, a continuous reduction of 

the initial concentration of DBT in the oil phase, is detected. 

Blank runs (same conditions, without catalyst) were performed with DBT and, as expected, no 

significant substrate conversion (less than 10%) was observed under otherwise similar conditions. 

Catalysts I-V behaved as totally insoluble, being dispersed at the middle layer of the solvent 

mixture, thus suggesting that we are working under real heterogeneous conditions. For these 

reasons, we decided to use a molar ratio s.m./catalyst (S/C) = 100, because lower amounts of 

catalyst gave unsatisfactory results for the overall efficiency of the process. 

The order of reactivity showed by the different s.m., namely DBT > 2Me-BT ≥ 3Me-BT > DMDBT 

> BT, may be rationalized either, considering the positive effect due to the increase of the electron 

density at the S atom, or bearing in mind the negative one caused by the increase of the steric 

hindrance influencing the accessibility at the same sulfur site [16,18].  

The ratio between n-octane/ILs is an important parameter to be evaluated in an ECODS process, 

mainly related to the high cost of ILs, but also considering the possible competitive depletion of 

precious components (aromatics and olefins) of a real diesel sample, depending on the extracting 

properties of ILs [19]. In order to minimize these drawbacks, thus making it interesting the use of 

ILs also for the potential industrial application of the ECODS process, it is necessary to keep low 

the dosage of IL. For these reasons, we studied the effect of the [BMIM]BF4/n-octane volume ratio, 

in a comparative study, in which the [BMIM]BF4/n-octane ratio ranged from 1:2 to 1:10, through 

the 1:5 as the intermediate value.  
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Figure 2. Total DBT conversion vs. reaction time with different [BMIM]BF4/n-octane volume ratio. Conditions: T = 50 

°C, H2O2 (2.0 equiv.), 0.1 mmol of DBT, 1.0 mol % of catalyst I. 

 

The experimental results showed in Fig. 2 prompted us to opt for the (5:1) n-octane/IL volume ratio 

as a good compromise, also considering that, even if the extraction of sulfones derived from DBT 

was higher at the beginning of the process for the higher ratio of IL, the efficiency of the overall 

ECODS reaction was similar for longer reaction times [12c]. On the other hand, the lower ratio of 

IL was inadequate, especially when working with the model diesel oil (see further). 

For what it concerns the optimization of the reaction temperature, we worked at 50 °C, because the 

experimental outcomes evidenced unsatisfying results working at lower temperature in terms of 

both total conversion of s.m. and of kinetic efficiency. Instead higher temperature, even if 

accelerating the kinetic of the oxidation, are responsible for the unproductive decomposition of the 

oxidant [20].  

Having in mind to evaluate the role of different imidazolium based ILs on both, the efficiency of 

the extractive step and on the activation of the overall ECODS reaction, we studied the oxidation of 

the selected DBT in a series of n-octane/IL mixtures, containing different imidazolium based ILs 

such as [BMIM]BF4, [BMIM]PF6, [OMIM]PF6, [OMIM]BF4, [BMIM]OTf and [BMIM]NTf2, 

maintaining fixed the 5:1 n-octane/IL volume ratio, and using H2O2 or tert-butylhydroperoxide 

(TBHP, 70% in decane) as oxidants. Since it is well known that TBHP has been largely used for 

oxidative catalysis with molybdenum complexes, we decided to evaluate its role as an alternative to 

H2O2, in view of the different water miscibility properties of the above described ILs.   
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Figure 3. % of DBT conversion, under ECODS, for a series of ILs with H2O2 (blue bar) or TBHP (orange bar) and 
catalyst I. 
 

The results reported in Figure 3 have been obtained, after 2 h, with catalyst I otherwise working 

under the same experimental conditions above described for the oxidation of the different sulfur 

substrates (Fig. 1). The reaction mixtures (n-octane/IL + H2O2) were either biphasic (for the water 

miscible ILs like [BMIM]BF4, [BMIM]OTf and [OMIM]BF4) or triphasic (for the water immiscible 

[BMIM]PF6, [OMIM]PF6 and [BMIM]NTf2, where aqueous H2O2 formed a middle layer). With 

TBHP, only a biphasic system formed for each IL tested. As mentioned earlier, during ODS the 

catalyst I was distributed at the middle layer of the solvent mixture, while the corresponding 

sulfones were completely extracted by ILs. At the end of the reaction, only residual DBT was 

detected (when still present) in the recovered hydrocarbon phase. As showed in Fig. 3, in 

comparison with H2O2, TBHP showed to be only moderately active for all used ILs, with 

conversion of DBT ranging from 20% to 62%. The lower activity observed with TBHP can be 

attributed to several reasons, among others the occurrence of different reaction pathways operative 

for each type of oxidant and ILs, and has been already observed using [BMIM]PF6 [21]. With H2O2, 

all ILs gave a comparable behavior, affording a complete extraction of the corresponding sulfone, 

after only 2 hours. Actually, analyzing in detail the progress of the DBT oxidation, with H2O2 

(Figure 4), it can be observed that in most cases the complete oxidation of s.m. was reached within 

the first hour, with the only relevant exception for [BMIM]NTf2, where about a 12% of s.m. 

remained to be converted after 1 hour (see Fig. 4). 
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Figure 4. Details of the ECODS of DBT, with H2O2 and catalyst I in six different n-octane/IL mixtures 

 

From literature, it is known that the ability of 1-alkyl-3-methylimidazolium ILs to increase the 

extraction of S containing aromatic substrates is related to the effective occurrence of C2-

H(imidazolium)---π bonds interactions, thus increasing with the increase of π-density and 

decreasing with the degree of alkyl substituents on the ring of sulfur substrates. Moreover, the 

percentage of the extraction may be also related to the strength of C2-H imidazolium hydrogen 

bond with the anion, in ILs, following the order BF4 > OTf > PF6 > NTf2. Thus, in order to increase 

the efficiency of the extraction, the sulfur substrates have to disrupt hydrogen bonds formed 

between the C2-H of the imidazolium cation and the anion of the IL (ion pair effect). The 

restructuring process is primarily driven by the interaction of sulfur derivative with the imidazolium 

cations of the ILs; moreover, the maximum absorption capacity of sulfur substrate, by ILs, is 

primarily determined by the size and structure of both ILs cation and anion [22]. Regarding the 

effect deriving from the length of the chain of the imidazolium alkyl substituent, in the IL cation, it 

seems that its increasing may increase the extraction percentage of organic sulfur compounds 

[23,12b]. Just to confirm whether or not these evidences could have a role, under our conditions, we 

decided to select a few ILs, namely [BMIM]BF4, [OMIM]BF4 and [BMIM]OTf, [12c,24], and 

evaluate their effective role in the ECODS process for several types of recalcitrant benzothiophene 

derivatives, among the most representative contained in a real diesel fuel, namely DMDBT, BT, 

2Me-BT and 3Me-BT. The selection of imidazolium ILs, has been made based on their water 

miscibility (considering the use of aq. H2O2), and also taking into consideration both the different 

relative dimensions of the cation (BMIM vs OMIM) and the different potential role for the sulfones 

extraction ability, in terms of strength and compactness of the corresponding IL ion pair, due to the 

diverse anion (BF4
− vs. TfO−). 
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All sulfur substrates were studied under the same conditions, namely 0.1 mmol of s.m. in a 5:1 (v/v) 

mixture of n-octane/IL (1.2 mL), 1.0 mol % of catalyst I, an excess of H2O2 (4.0 equiv.), at 50 °C, 

for 3 h, under stirring. In order to avoid the fast and unfruitful decomposition of H2O2, after the 

initial addition (2.0 equiv.) the excess was added portionwise after, respectively, 1h (1.0 equiv.) and 

2 h (1.0 equiv.).      

 

 

 
Figure 5. ECODS of DMDBT and BT (above), and 3Me-BT and 2Me-BT (below), with catalyst I and H2O2, for three 

different n-octane/IL mixtures. 

 

As showed in Fig. 5, all sulfur substrates gave a very good conversion toward the corresponding 

sulfones, after 3 hours, with values ranging from a minimum of 60 % for 3Me-BT in [OMIM]BF4, 

to quantitative oxidation and complete extraction for 3Me-BT and 2Me-BT in [BMIM]OTf. In 

terms of sulfur removal efficiency, relatively to the extraction of sulfones by ILs, we observed the 

following order: [BMIM]OTf > [BMIM]BF4 >> [OMIM]BF4 for all s.m., with the only exception 

for DMDBT where [BMIM]BF4 showed to act as the most efficient system in the sequence, 

although not by much. From these results, we can tentatively conclude that the supramolecular 

clusters formed between the cation [BMIM]+ and anion, seems to be more prone to be disrupted by 

the sulfone when triflate (TfO−) is involved as anion, hence increasing the extraction efficiency [23]. 

The order of activity observed for the oxidation of s.m. in [BMIM]OTf, namely DBT > 2Me-BT ≥ 

3Me-BT > BT ≥ DMDBT, was slightly different from what observed previously for [BMIM]BF4 
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(see Fig. 1), therefore validating that several factors may affect simultaneously the efficiency of 

both the oxidation reaction and the extraction process of the sulfones. 

 

3.2. ODS of a model diesel 

The successive experiments were performed using a model diesel containing, simultaneously, 

equimolar amounts of all the above described sulfur compounds normally present in a real diesel, 

giving a total sulfur concentration of 2700 ppm in n-octane. Each ECODS experiment for the model 

diesel was studied with catalyst I for each of the above selected ILs, namely [BMIM]BF4 (Fig. 6), 

[OMIM]BF4 (Fig. 7) and [BMIM]OTf (Fig. 8), also with the aim to evaluate the occurrence, if any, 

of synergic effects between the diverse s.m., affecting the overall process. In this case, we slightly 

increased the overall reaction time (6 hours) and the excess of H2O2 (up to 5.0 equiv.) in order to 

increase the desulfurization efficiency, otherwise working under the same conditions. Also in this 

situation, after the initial addition of 2.0 equiv. of oxidant, the latter excess has been added 

portionwise after 1h, 2h and 3h, respectively. The progress of the oxidation was periodically 

monitored by GC-FID analysis (after 0.5, 1, 2, 3 and 4 hours, respectively). If we compare the 

kinetic of DBT oxidation, i.e. the most reactive substrate, we can observe that depending on the IL 

used it showed a different behavior. Indeed, after the first 30 minutes, in [BMIM]BF4 the residual 

amount of sulfur to be oxidized was only 11%, while we observed a residual amount of, 

respectively, 42% and 58% in [OMIM]BF4 and [BMIM]OTf, being the complete oxidation reached 

after 1h ([BMIM]BF4 and [OMIM]BF4) or 2 h ([BMIM]OTf), respectively.  

  

 

 
 

Figure 6. ECODS of a model diesel (Stot = 2700 ppm) vs. reaction time, in [BMIM]BF4. Conditions: T = 50 °C, S/H2O2 

= 1/5 (molar ratio); 1.0 mol % of catalyst I, 1. 2 mL of n-octane/IL = 5:1.  
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Figure 7. ECODS of a model diesel (Stot = 2700 ppm) vs. reaction time, in [OMIM]BF4. Conditions: T = 50 °C, S/H2O2 

= 1/5 (molar ratio); 1.0 mol % of catalyst I, 1. 2 mL of n-octane/IL = 5:1.  

 

 

 
Figure 8. ECODS of a model diesel (Stot = 2700 ppm) vs. reaction time, in [BMIM]OTf. Conditions: T = 50 °C, S/H2O2 

= 1/5 (molar ratio); 1.0 mol % of catalyst I, 1. 2 mL of n-octane/IL = 5:1.  

 

A different behavior was detected when we studied the oxidation of DBT alone for the different ILs 

(see Fig. 4), where the almost quantitative conversion toward the sulfone was obtained during the 

first 30 minutes, with the only exception given by the n-octane/[BMIM]OTf system. These results 

showed that, for the model diesel, the presence of negative effects introducing a competition, 

among the sulfurated substrates for the catalytic oxidation of sulfur, cannot be excluded. 
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Analyzing the percentage of oxidized substrates, depending on reaction time, it is evident that the 

best score was obtained with [OMIM]BF4 (Fig. 7) where for four over five s.m. the residual amount 

of substrate was about only 20 % (being the BT the less reactive), after 2 hours. Interestingly, the 

kinetics in [BMIM]OTf were significantly lower, for the model diesel, after 2 h of reaction (Fig 8, 

residual S amount between 40 to 65 % with the exception of DBT) with respect to that observed, at 

the same time, in the oxidation of each s.m. alone (Fig. 4 and 5). It may be invoked that competitive 

effects between the different oxidized sulfones might negatively affect their partition into the ionic 

liquid phase. Anyway, all sulfur substrates were quantitatively converted to their corresponding 

sulfones and removed from the model diesel, within 6 hours, hence confirming the efficacy of 

ECODS process based on the use of the above described imidazolium ILs along with the catalyst I. 

  

3.3. Recyclability experiments 

The recyclability of the catalytic system was studied for the model diesel above described, with 

catalyst I and [OMIM]BF4, for 6 hours. It should be emphasized that molybdenum catalyst, 

dispersed at the interphase, retains its activity thus allowing its recyclability. After the first cycle, 

the model diesel phase was recovered and analyzed by GC-FID to evaluate its S content. The 

residue of water was eliminated by evaporation under reduced pressure. Then, new fresh portions of 

both model diesel and H2O2 were added to the recycled IL phase containing the entrapped catalyst, 

and a new cycle started. Since the first cycle, trace of a white precipitated was detected in the 

mixture, which increased in the course of the next recycling steps. It was removed and analyzed, by 

FTIR, after the fifth cycle, showing the characteristically absorption bands of sulfone group [25]. 

As showed in Table 1, very interestingly, the catalytic system retained, at all unmodified, the 

original activity at least for the first three cycles, showing only a very slight decreasing of activity 

after the third and fourth recycle. 

 
Table 1. Recyclability of the catalytic system for the ECODS of the model 
diesel with catalyst I and [OMIM]BF4, after 6 hours. 

 
Cycle Total Sulfur Conversion (%) 

 DBT BT 2Me-BT 3Me-BT DMDBT 

1 99 99 99 99 99 

2 99 99 99 99 99 

3 99 99 99 99 99 

4 98 93 95 96 95 

5 97 92 94 95 93 



 

 

 

3.4. Catalytic ECODS of the model diesel under MW 

 

Finally, with the idea to further investigate the potentiality of our catalytic system, we decided to 

exploit the microwave irradiation as energy source for the ECODS, to optimize the reaction time as 

much as possible. On the other hand, the combination of microwave irradiation, as energy source, 

with ionic liquids, either as solvents or catalysts, has been largely investigated, in recent years [26]. 

In addition, microwave heating technologies have been proved to be efficient in desulfurization of 

petroleum oils [27]. It seems clear that the operative conditions are less harsh and treatment time 

shorter by using microwave heating than conventional sources. Anyway, despite these encouraging 

premises, only a few articles were so far published concerning the use of microwave assisted 

conditions for the study of catalytic ODS processes, aiming at reducing the sulfur content in 

different types of fuel [28]. 

For the procedure, we optimized the following conditions for the MW reactor: running time = 28 

min., preceded by a prestirring of 2 min, for every MW cycle; T = 90 °C, Power Output average = 

200 W, stir rate = 720 rpm, amount of total S for the model diesel phase = 2700 ppm, otherwise 

working under similar optimized conditions above reported. Each experiment has been performed 

by using the appropriate MW glass sealed vials (0.5-2.0 mL). In the case of [BMIM]BF4 and 

[OMIM]BF4 four successive cycles (28 + 2 min.) were necessary to obtain the full sulfur removal 

for a total reaction time of 2 h (see Fig. 9 and 10). If we analyze the experimental results by 

comparing the substrates activity, with respect to the different ILs, the following main conclusions 

may be drawn: 1) again, [BMIM]BF4 showed to be the appropriate IL for DBT, because its 

complete oxidation and extraction was achieved after the 1st cycle, instead being it able to better 

differentiate the reactivity of the other substrates during the remaining three cycles (Fig. 9); 2) 

[OMIM]BF4 confirmed once again to be the most effective IL, due to the fact that almost complete 

sulfur removal (for three over five s.m.) was reached after the 1st MW cycle, being BT and DMDBT 

the less reactive (Fig. 10). Quite interestingly, in the case of [BMIM]OTf, only two MW cycles 

were necessary to obtain the complete sulfur removal from the model diesel, after a total reaction 

time of only 1 hour, being also in this case DBT the most active substrate (Fig. 11). The latter result 

confirms the ability of [BMIM]OTf as valuable extracting medium of sulfur containing substrates, 

like DBT, as previously observed in literature [24]. Anyway, the relevant role due to the positive 

effects deriving from the microwave energy source, cannot be ruled out. 



 

 

		

 
Figure 9. ECODS of a model diesel (Stot = 2700 ppm) in [BMIM]BF4, with catalyst I and H2O2, under MW conditions 

 

 

 

 
 

Figure 10. ECODS of a model diesel (Stot = 2700 ppm) in [OMIM]BF4, with catalyst I and H2O2, under MW conditions 
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Figure 11. ECODS of a model diesel (Stot = 2700 ppm) in [BMIM]OTf, with catalyst I and H2O2, under MW 
conditions. 
 

 

4. Conclusions 
A new application of the ECODS methodology for a model diesel based on the extraction of 

sulfone derivatives using a selection of common imidazolium ionic liquids, and catalytic oxidation 

with a series of cis-dioxomolybdenum(VI) α-amino acid containing compounds I-V, has been 

developed under heterogeneous conditions. The sulfur removal from the model diesel phase, 

formed by several recalcitrant sulfurated substrates like BT, DMDBT, DBT, 2Me-Bt and 3Me-Bt, 

for a total S loading of 2700 ppm, reached quantitative values within 6 hours, under mild thermal 

heating. More surprisingly, when ECODS process was studied under MW assisted conditions, the 

same quantitative elimination of sulfur containing substrates was reached after only 2 hours, in the 

case of [BMIM]BF4 and [OMIM]BF4 or, even after 1 h when using [BMIM]OTf. The quite 

heterogeneous cis-dioxomolybdenum(VI) catalytic precursor I, dispersed at the interphase, acted as 

a very stable system, retaining its catalytic activity at least for the first three cycles, while showing 

only a very slight decreasing of activity after the third and fourth recycling step. Once again, the 

ionic liquid played a fundamental role not only as extractant and reaction medium but also as 

stabilizing agent of both the oxidant and the catalytic system, in the reaction medium [12e]. 

Anyway, the remarkable advantage of ECODS process over the desulfurization by mere solvent 

extraction promoted by ILs highlights the indispensability and versatility of a robust catalyst such 

as those based on oxomolybdenum(VI) complexes and validates their large use on this type of 

processes. Although, several studies have been reported, so far, concerning the use of transition 

metal based complexes for ECODS reactions, only a few have highlighted the potentially 
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interesting role related to the use of microwave assisted technology. Thus, this work represents a 

valid contribution in this direction. Further studies devoted to evaluate the full applicability of our 

catalyst precursors for ECODS processes applied to real diesel samples, will be planned. In 

addition, the selection of proper ILs able to avoid the removing of aromatics and olefins, i.e. key 

compounds to prevent the lowering of diesel quality, will be an important target. 
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