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a  b  s  t  r  a  c  t

The  present  work  is  the  first report  of  using  a FeIII dimeric  porphyrin  as  an  active  and  efficient  catalyst
for  the  oxidative  desulfurization  of  a multicomponent  oil formed  by  the most  refractory  sulfur  com-
pounds  in  fuels  (dibenzothiophene,  DBT,  1-benzothiophene,  1-BT,  and  4,6-dimethyldibenzothiophene,
4,6-DMDBT),  using  the  biphasic  system  model  oil/extraction  solvent.  The  binuclear  �-oxodiiron(III)  com-
plex of meso-tetrakis(pentafluorophenyl)porphyrin  �-O(FeTPFPP)2, was  synthesized  and  characterized
by  UV/Vis  spectroscopy,  mass  spectrometry  and  single-crystal  X-ray  diffraction.  �-O(FeTPFPP)2 was
shown  to  achieve  a complete  desulfurization  after  2  h  when  acetonitrile  and  methanol  were  used  as
extraction  solvents,  in the presence  of  a residual  amount  of H2O2 as  oxidant,  at  room  temperature.  The
xidative desulfurization
omogeneous catalysis
enzothiophene derivatives

catalytic  efficiency  of the porphyrin  was evaluated  for each  refractory  sulfur  compound  following  the
order  1-BT  >  DBT  >  4,6-DMDBT.  Surprisingly,  the  porphyrin  presents  a remarkable  catalytic  performance
for  the  desulfurization  of  1-BT  when  compared  with  other  catalysts  already  reported  in the  literature.  Fur-
thermore,  the extracting  phase  containing  the  porphyrin  could  be  reused  in consecutive  desulfurization
cycles.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Current fuel regulations that limit sulfur content to ultra
ow levels have been crucial in minimizing the negative health
nd environmental effects associated with air pollution and acid
ains caused by the sulfur oxides (SOx) formed during combus-
ion of transportation fuels. In the near future, zero-emission is
xpected worldwide. Therefore, an increase attention has been
iven to create novel and efficient desulfurization technologies
1,2]. Hydrodesulfurization (HDS) is the conventional process most
idely used in petroleum refineries to reduce sulfur contents

n fuels. This method converts organic sulfur into hydrogen sul-
de and it is highly efficient in removing thiols, sulfides and
isulfides, but it is less successful for refractory sulfur contain-
ng compounds, such as thiophene and benzothiophene derivatives
3,4]. Apart from the efficiency of the HDS, this technology has
ome technical and economic problems, such as severe operating

∗ Corresponding authors. Tel.: +351 220402576; fax: +351 220402659.
E-mail addresses: ana.silva@fc.up.pt (A.M.G. Silva), sbalula@fc.up.pt (S.S. Balula).

ttp://dx.doi.org/10.1016/j.apcata.2014.04.002
926-860X/© 2014 Elsevier B.V. All rights reserved.
conditions (hydrogen pressure greater than 2 MPa  and temperature
above 300 ◦C) and high operation/equipment cost [5]. Therefore,
it is desirable to develop alternative and also supplementary
approaches to the actual HDS method to produce ultra deep
desulfurization for the production of clean transportation fuels.
Various alternatives have been proposed in the literature including
biodesulfurization, alkylation desulfurization, selective adsorption
and oxidative desulfurization (ODS) [4,6]. Among these methods,
the ODS process is considered to be one of the most promis-
ing alternatives, since it avoids the use of hydrogen and can
be conducted under ambient conditions at atmospheric pressure
[4,7]. Furthermore, the ODS technology has shown to be highly
efficient mainly for the extraction of the most refractory sulfur
compounds such as the dibenzothiophene (DBT) and its deriva-
tives [4,5,7–9]. In fact, the ODS process combines two  main steps:
one is based on the catalytic oxidation of sulfur compounds to
their corresponding sulfoxides and sulfones in the presence of an

oxidant, and the other step consists in the extraction of the oxi-
dized products using a suitable extraction solvent or an absorbing
material [8]. Hydrogen peroxide has been largely used as the oxi-
dant in the ODS technology, mainly because it is an eco-sustainable

dx.doi.org/10.1016/j.apcata.2014.04.002
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.04.002&domain=pdf
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xidant. Furthermore, the by-products of the ODS process, sulfones
nd sulfoxides, are potential sources of organic intermediates and
ioactive compounds for pharmaceutical applications [10,11].

It is known that metalloporphyrins, in particular the highly
alogenated complexes of meso-2,6-dichlorophenyl and meso-
entakis(pentafluorophenyl)porphyrinatoiron(III), are very effec-
ive on different catalytic systems [12–16]. However, the
pplication of metalloporphyrins in the oxidative desulfuriza-
ion processes is practically unexplored. To our knowledge,
nly one work has been published using an iron porphyrin as
atalyst for the oxidation of a model oil containing DBT or
,6-dimethyldibenzothiophene (4,6-DMDBT) in the presence of
olecular oxygen at 120 ◦C; however, in this study the extraction

f the oxidized sulfur compounds from the model oil was  not per-
ormed [17]. Neves et al. [18] have recently reported the oxidation
f various organosulfur compounds catalyzed by manganese por-
hyrins in the presence of ammonium acetate as co-catalyst, using
ydrogen peroxide as oxidant and acetonitrile or hexane as sol-
ents. In the same year, Rezaeifard et al. [19] have also published
he application of manganese porphyrins as catalyst for the oxida-
ion of various aryl sulfides in the presence of different nitrogen
onors used as co-catalysts and tetra-n-butylammonium perox-
monosulfate as oxidant.

�-Oxo-bridged Fe(III) complexes, like �-O(FeP)2, traditionally
amed �-oxodimers, have very peculiar catalytic properties. Inves-
igations over the past decades indicated that �-oxo-bridged Fe(III)
orphyrins have high catalytic activity for the oxidation of 2-
ethylbutane, cyclohexane and ethylbenzene [20–22]. Moreover,

he catalysis of simple �-oxo dimeric metalloporphyrins for epoxi-
ation of olefins by oxygen have been recently reported [23]. Thus,
he synthesis of �-oxodimers from various analogues of Fe(III) por-
hyrins and the study of their structures, reactivities and stabilities

s currently of considerable interest.
The present work reports for the first time the applica-

ion of a porphyrin (�-oxo-bridged Fe(III) porphyrin complex of
eso-tetrakis(pentafluorophenyl)porphyrin [�-O(FeTPFPP)2]) as

n efficient catalyst for the oxidative desulfurization (ODS) process
sing a multicomponent oil containing the most representative
efractory sulfur compounds in fuels. The ODS process here pro-
osed operates using eco-sustainable conditions (using H2O2 as
xidant and no co-catalyst was needed) and it could be reused for
everal cycles without loss of activity.

. Experimental

.1. Materials

Meso-tetrakis(pentafluorophenyl)porphyrin (TPFPP) was  pre-
ared by a procedure previously reported [24]. Reagents and
olvents used in the preparation of the �-oxo-bridged Fe(III)
orphyrin, namely iron(II) chloride (Aldrich), pyridine (Aldrich)
nd N,N-dimethylformamide (DMF, Aldrich) were used as
eceived without further purification. The reagents used in the
atalytic studies, such as dibenzothiophene (DBT, Aldrich), 1-
enzothiophene (1-BT, Aldrich), 4,6-dimethyldibenzothiophene
4,6-DMDBT, Aldrich), n-octane (VWR), acetonitrile (MeCN, Fisher
hemical), N,N-dimethylformamide (DMF, Aldrich), methanol
MeOH, Merck), hydrogen peroxide 30% (Riedel-de-Häen), 1-butyl-
-methylimidazolium hexafluorophosphate (BMIPF6, Aldrich) and
-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4) were
sed as received.
.2. Synthesis of �-O(FeTPFPP)2

The dimeric porphyrin was synthesized adding pyridine
0.42 mL,  5.20 mmol) and FeCl2·H2O (0.21 g, 0.16 mmol) to a DMF
Scheme 1. Chemical structures of the refractory sulfur compounds.

solution of meso-tetrakis(pentafluorophenyl)porphyrin (TPFPP)
(100 mg,  0.10 mmol) under argon atmosphere. The resulting mix-
ture was  refluxed and after one hour, more pyridine (0.42 mL,
5.2 mmol) and FeCl2·H2O (0.21 g, 0.16 mmol) were added to the
reaction mixture, and the reflux continued for another hour. The
mixture was allowed to cool to room temperature and left in con-
tact with air for 18 h. Then, the solvents of the reaction mixture
were evaporated to dryness. The resulting residue was poured
into water and extracted three times with dichloromethane. The
dichloromethane extract was dried with anhydrous Na2SO4 and it
was evaporated to dryness to give a solid residue. Then, the residue
was recrystallized from dichloromethane/n-hexane.

2.3. Catalytic oxidative desulfurization process (ODS)

The oxidative desulfurization studies were performed using
model oils previously prepared by dissolution of the refrac-
tory sulfur-compounds present in fuels: dibenzothiophene,
1-benzothiophene and 4,6-dimethyldibenzothiophene (i, ii and iii
in Scheme 1, respectively), in n-octane to form solutions of 500 ppm
of sulfur from each substrate. ODS experiments were carried out
under air (atmospheric pressure) in a closed borosilicate 5 mL reac-
tion vessel, equipped with a magnetic stirrer. The ODS studies
were performed using the biphasic systems with the model oil and
an extraction solvent. The desulfurization efficiency of porphyrin
�-O(FeTPFPP)2 was compared using various extraction solvents:
acetonitrile, methanol, dimethylformamide, and the ionic liquids
(1-butyl-3-methylimidazolium hexafluorophosphate, BMIPF6 and
tetrafluoroborate, BMIBF4). In a typical catalytic reaction, 1 �mol
of �-O(FeTPFPP)2 were added to 0.75 mL  of the extraction solvent
and 0.75 mL  of the multicomponent oil was added. This mixture
was stirred for 10 min  until the initial extraction equilibrium was
reached. An aliquot from the upper oil phase was taken. The cat-
alytic reaction was initiated by the addition of the oxidant H2O2 (5,
10 and 30 �L). To optimized the amount of oxidant, different S/oxid
ratios were performed: 0.75 (H2O2 = 5 �L), 0.37 (H2O2 = 10 �L) and
0.12 (H2O2 = 30 �L). The sulfur content in the model oil was quanti-
fied periodically by GC analysis. Tetradecane was  used as standard.
The most efficient ODS �-O(FeTPFPP)2 system was reused after
each complete desulfurization process by removing the desulfu-
rized oil and adding a fresh oil portion and more oxidant H2O2.

2.4. Physical measurements

Electronic absorption spectra were recorded on a Varian Cary
50 Bio spectrophotometer. High resolution electrospray ionisa-
tion mass spectra (ESI-MS) were obtained in a Thermo Scientific
LTQ-Orbitrap XL mass spectrometer, externally calibrated with a
standard kit provided by the manufacturer. Samples were dissolved
in methanol and directly infused into the electrospray ion source
utilizing the seringe pump in the mass spectrometer at 10 �l min−1.
The spectrometer was  operated in the positive ionization mode set-
ting the capilary voltage to +3.1 kV, sheath gas flow to 6 and the

temperature of the ion transfer capillary to 275 ◦C. Spectra were
recorded for m/z  values between 400 and 3500 in the Fourrier
Transform (FT) mode with resolution (FWHM) set at 30000. GC-
FID was  carried out in a Bruker 430-GC to follow the reactions. In
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Table  1
Crystal and structure refinement data for the complex [�-O(FeTPFPP)2].

Formula C101H46Cl2F40Fe2N8O
Mr  2330.06
Crystal morphology Prism violet
Crystal size/mm 0.25 × 0.10 × 0.09
Crystal system Tetragonal
Space group I41/a
a  (Å) 26.3539(19)
b  (Å) 26.3539(19)
c (Å) 30.877(3)
˛ =  ̌ = � (◦) 90
Volume (Å3) 21445(3)
Z 8
�calculated (g cm−3) 1.443
F (0 0 0) 9296
� (mm−) 0.439
� range (◦) 3.70 to 25.68
Index ranges −32 ≤ h ≤ 32

−32 ≤ k ≤ 24
−37 ≤ l ≤ 36

Reflections collected 62540
Independent reflections 10144 (Rint = 0.0522)
Final R indices [I > 2�(I)] R1 = 0.0628;

wR2 = 0.1767
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prominent absorption bands dominate the spectra: a broad band
appears at 354 nm,  a Soret band at 404 nm,  two  Q bands at 472 and
585 nm,  consistent with the presence of the dimeric complex.

Table 2
Selected bond distances and angles of the Fe(III) coordination centre in the complex
[�-O(FeTPFPP)2].

Distance (Å) Angles (◦)

Fe1−N1 2.090(3) N1−Fe1−N2 86.09(11)
Fe1−N2  2.103(3) N1−Fe1−N3 148.91(11)
Fe1−N3  2.085(3) N1−Fe1−N4 86.10(11)
Fe1−N4  2.095(3) N1−Fe1−O1  105.93(12)
Fe1−O1  1.7730(5) N2−Fe1−N3 86.17(11)

N2−Fe1−N4  150.67(11)
Final R indices (all data) R1 = 0.0971;
wR2 = 0.2074

Largest diff. peak and hole/e (Å3) 0.758 and −0.613

oth experiments, the hydrogen was the carrier gas (55 cm3 s−1)
nd fused silica Supelco capillary columns SPB-5 (30 m × 0.25 mm
.d.; 25 �m film thickness) were used.

.5. Single-crystal X-ray diffraction

Crystalline material of the complex [�-O(FeTPFPP)2] was man-
ally harvested, and a suitable single crystal was  mounted on

 Hampton Research cryo-loop using adequate viscous oil [25].
iffraction data acquisition was performed on a Bruker X8 Kappa
PEX II Charge-Coupled Device (CCD) area-detector diffractometer
ith the collection controlled by the APEX2 software package [26]:
o K� graphite-monochromated radiation, � = 0.71073 Å; crystal
as positioned at 40 mm from the detector and using 90 s of expo-

ure time; temperature of acquisition (180 K) was set up with liquid
itrogen stream by the Oxford Cryosystems Series 700 monitored
y the interface Cryopad [27]. Images were processed in the soft-
are SAINT+, [28] and the correction of the absorption effects was

arried out by multi-scan semi-empirical method implemented
n SADABS [29]. The structure was solved by the direct methods
mplemented in SHELXS-97, [30,31] allowing the immediate iden-
ification of some heaviest elements, with the remaining atoms
f the structure subsequently located from the difference Fourier
aps calculated by successive full-matrix least-squares refinement

ycles on F2 using SHELXL-97 [31,32].
All non-hydrogen atoms of the structure were successfully

efined with anisotropic displacement parameters, excepting those
f the solvent molecules (hexane and dichloromethane) which
ere refined only with isotropic parameters. Hydrogen atoms of

he porphyrin and solvent molecules were located at their geo-
etrical positions using appropriate HFIX instruction in SHELXL

43 for the aromatic, 23 for the–CH2–and 137 for the–CH3 groups),
nd incorporated in subsequent refinement cycles in riding-motion
pproximation with isotropic with isotropic thermal displace-
ents parameters (Uiso) fixed at 1.2 or 1.5 × Ueq of the respective

arbon atom.
Information of crystallographic data collection and structure
efinement details is summarized in Table 1. Crystallographic
ata (excluding structure factors) have been deposited with
he Cambridge Crystallographic Data Centre as supplemen-
ary publication n(CCDC-977858. Copies of the data can be
 General 478 (2014) 267–274 269

obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 2EZ, UK (fax: +44 1223 336033, or
online via www.ccdc.cam.ac.uk/data request/cif or by emailing
data request@ccdc.cam.ac.uk.

3. Results and discussion

3.1. Synthesis and characterization of �-O(FeTPFPP)2

The complex �-O(FeTPFPP)2 was synthesized by refluxing
a mixture of meso-tetrakis(pentafluorophenyl)porphyrin (TPFPP)
and iron(II) chloride, in dry DMF  in the presence of pyridine.
After the refluxing period the reaction mixture was left in con-
tact with air for 18 h. The porphyrin complex [�-O(FeTPFPP)2] was
unequivocally confirmed by the crystal structure. Crystalline mate-
rial of the complex with quality for single-crystal X-ray diffraction
(XRD) analysis was isolated by cautious recrystallization from a
mixture of hexane/dichloromethane, and the structure revealed a
compound formulated as [�-O(FeTPFPP)2]·2(C6H12)·(CH2Cl2). The
crystal structure of the complex was  determined in the tetrago-
nal space group I41/a, with the asymmetric unit containing half
of the porphyrin complex {[�-O(FeTPFPP)2]1/2} and two solvent
molecules (one hexane and a dichloromethane molecule with par-
tially occupancy of 50%). This structure is identical to that reported
previously by Gold et al., being the main differences related with
the crystallization solvent molecules [33]. The crystal structure
revealed two cationic (FeTPFPP)+ units bridged by a O2− anion,
with an angle Fe−O−Fe practically linear [178.4(2)] and leading
to a Fe···Fe distance of 3.5456(2) Å (Fig. 1). The crystallographic
independent Fe(III) centre (Fe1) shows a slightly distorted square
pyramidal coordination geometry, with the base formed by four
N-atoms of the pyrrole rings and the O-atom in the apical posi-
tion: all the Fe1–N distances are considerable close ranging from
2.085(3) to 2.103(3) Å, while Fe1–O1 distance is 1.7730(5) Å, being
comparable to that previous observed in related porphyrin com-
plexes (see Table 2 for more details concerning bond distances and
angles of the Fe coordination centre) [34–39]. The conformation
of the complex (Fig. 1a and b) and its crystalline packing (Fig. 1c)
are mainly driven by the steric requirements of the fully fluorinated
meso-phenyl groups, originating cavities which are filled by the sol-
vent molecules (hexane and dichloromethane). Furthermore, these
solvent molecules and the complexes are engaged in an extensive
weak hydrogen bonding network (C−H···F interactions; not shown
in the figure) reinforcing the cohesion of the crystal structure.

Fig. 2 shows the UV–Vis spectrum of a solution of �-O(FeTPFPP)2
in methanol, which is essentially identical to those obtained
for other similar �-oxodimeric iron(III) porphyrins [23,40]. Four
N2−Fe1−O1  105.95(9)
N3−Fe1−N4  86.08(11)
N3−Fe1−O1  105.15(12)
N4−Fe1−O1  103.38(9)

http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
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Fig. 1. Side (a) and top (b) views of the porphyrin complex [�-O(FeTPFPP)2], and the cr
molecules represented in the space-filling model. The hydrogen atoms were omitted for 

Fig. 2. In situ UV–Vis spectra of �-O(FeTPFPP)2 (1 �mol) in 0.75 mL of methanol (1,
solid line), and immediately after the oxidative desulfurization cycles (2 for the first
cycle and 3 for the second cycle) performed using a biphasic system multicomponent
oil/MeOH as extraction solvent (1:1) and 2000 ppm (50 �mol, 5 �L) of H2O2 oxidant
at room temperature. Consecutive ODS cycles were performed by adding the fresh
multicomponent oil and an additional aliquot of 5 �L of H2O2 to the extraction phase
containing the homogeneous porphyrin catalyst.
ystal packing (c) visualized in the [0 1 0] direction of the unit cell with the solvent
clarity reasons.

ESI-MS of �-O(FeTPFPP)2 dissolved in methanol confirmed the
presence of the dimeric porphyrin species in solution, supporting
the spectrophotometric and crystallographic data. The MH+ ion
of �-O(FeTPFPP)2 was  observed at m/z 2072.957 with a resolu-
tion (FWHM) of 14701 and an associated mass error of −0.6 ppm.
The high resolution mass determination together with the isotopic
pattern observed allow to unequivocally assigning the chemical
composition of the ion. Charge balance requires �-O(FeTPFPP)2
to be a neutral species with both iron centers in the Fe(III) oxi-
dation state, an information confirmed by the absence of counter
ions in the crystalline structure. Molecular ion fragmentation by
higher-energy C-trap dissociation (HCD) retrieved the monomeric
[FeTPFPP]+ ion (m/z = 1027.969), providing supplementary evi-
dence for the dimeric nature of the species.

3.2. Catalytic oxidative desulfurization studies

The �-O(FeTPFPP)2 porphyrin was  applied as catalyst for the
oxidative desulfurization (ODS) of a multicomponent oil contain-
ing the most representative refractory sulfur compounds in fuels:

dibenzothiophene (DBT, i in Scheme 1), 1-benzothiophene (1-BT,
ii) and 4,6-dimethyldibenzothiophene (4,6-DMDBT, iii). This model
oil was  prepared by dissolving each sulfur compound in n-octane
to form solutions of approximately 500 ppm of sulfur from each
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Fig. 3. Desulfurization data from the multicomponent oil (DBT + 1-BT + 4,6-DMDBT
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Fig. 4. Kinetic profile for the oxidation of sulfur refractory compounds catalyzed by
�-O(FeTPFPP)2 porphyrin (1 �mol) using different biphasic systems formed by mul-
ticomponent sulfur oil (DBT + 1-BT + 4.6-DMDBT in n-octane, 0.75 mL)  and several
n n-octane, 0.75 mL)  using different extraction solvents (0.75 mL), in the presence
f  dimeric �-O(FeTPFPP)2 porphyrin (1 �mol), 2000 ppm (50 �mol, 5 �L) of H2O2 at
oom temperature.

ubstrate. All the ODS experiments were performed in a biphasic
ystem with equal volume of the model oil and an immiscible
xtracting organic solvent. The dimeric porphyrin showed to be a
uitable homogeneous catalyst for the ODS technology since it was
asily immobilized in different extracting organic solvents and no
estigial amount of it was found in the model oil representative of
uel.

Initially, an optimization of experimental parameters was
erformed, mainly for the nature of the extraction solvent,
emperature reaction and oxidant H2O2 amount. In a typical
xperiment, the catalyst is initially dissolved in the extraction
olvent and afterwards the model oil is added. The ODS processes
tudied consist of two main steps, the first corresponds to the
nitial extraction of the sulfur contents from the model oil to the
xtraction solvent only by stirring the two phases for 10 min, and
he second is formed by the catalytic stage. This last catalytic
tep is started by the addition of the oxidant in order to convert
he sulfur compounds into sulfones and sulfoxides, which are
asily immobilized in the extraction solvent phase. In fact, the
ecrease of the non oxidised sulfur-compounds in the extracting
hase causes a continuous transfer of these compounds from
he oil phase to the extracting phase. ODS experiments in the
bsence of dimeric �-O(FeTPFPP)2 porphyrin were performed for
he different studied conditions; however, negligible oxidative
esulfurization was observed during the catalytic step.

The influence of the solvent extraction was investigated for the
DS process performed at room temperature and using 2000 ppm
r 0.06 M (50 �mol, 5 �L) of H2O2. Different organic solvents
ere tested (MeOH, MeCN, DMF), as well as two  different ionic

iquids (ILs) having the same cation and two  different anions:
-butyl-3-methylimidazolium hexafluorophosphate (BMIPF6) and
etrafluoroborate (BMIBF4). The efficiency of these ILs as extraction
olvents has been already reported in the literature for desul-
urization systems in the absence of catalyst [41,42] or using
xometalates as catalyts [9,43,44]. The main difference between
hese two ILs corresponds to the miscibility with the oxidant,
ince BMIBF4 dissolves the aqueous H2O2 and the BMIPF6 forms

 triphasic system because it is more hydrophobic and immiscible
ith H2O2. Fig. 3 compares the desulfurization of multicomponent

il after 10 min  stirring before the addition of the oxidant (ini-
ial extraction step) and after 6 h of the catalytic stage. It can be
bserved that the largest desulfurization occurs during the initial

xtraction step. When DMF  was used, a largest initial extraction
as observed (91% of sulfur compounds are transferred from model

il to DMF, after 10 min  of stirring at room temperature), fol-
owed by MeCN (67%) and the ionic liquid BMIBF4 (69%). Between
polar solvents (0.75 mL). Reactions performed at room temperature and the time
0  h correspond to the addition of H2O2 (50 �mol, 5 �L) to the ODS system.

the different sulfur compounds, similar extraction was  found for
DBT, 1-BT and 4,6-DMDBT, when DMF was used. However, in the
presence of BMIBF4 and MeCN lower extraction was observed for
4,6-DMDBT (detailed amounts for each sulfur compound are given
in Table S1 in ESI). In accordance with other previous desulfuriza-
tion studies, the refractory no-oxidized sulfur compounds are more
soluble in higher polar organic solvents such as in DMF  than in
MeCN and methanol [7].

After the large extraction of refractory sulfur enhanced during
the first 10 min  of stirring, further desulfurization is achieved dur-
ing the catalytic oxidative stage initiated after the addition of the
oxidant. It is important to note that the oxidation of the sulfur
compounds may  occur in the solvent extraction phase, since nei-
ther the catalyst nor the oxidant are present in the oil phase and
also because no oxidized products were detected in the oil phase.
The decrease of the refractory benzothiophenes derivatives in the
solvent extraction phase caused by their oxidation promotes a con-
tinuous transfer of these sulfur compounds from the oil phase to the
solvent extraction phase. Fig. 4 presents the kinetic profile of the
homogeneous �-O(FeTPFPP)2 catalyst during the catalytic stage of
the ODS process in the presence of different extraction solvents. It
is important to note that the conversion data displayed in Fig. 4 cor-
respond to the sulfur content (DBT, 1-BT and 4,6-DMDBT) present
in the model oil phase during the catalytic stage. It can be observed
that the best solvent during the initial extraction step, i.e. DMF,
does not promoted any catalytic oxidation of the sulfur compo-
nents into sulfoxides and/or sulfones. In fact, in the presence of
DMF  the desulfurization achieved after the initial extraction was
even slightly higher than after the 6 h of catalytic stage. This behav-
ior was  also observed before and may  be caused by the addition of
the aqueous oxidant in the extraction solvent phase [7]. Comparing
the different kinetic profiles in Fig. 4 it is possible to conclude that
the best extraction solvents to achieve a total desulfurization in
shorter reaction time are MeCN and MeOH. Reasonable desulfuri-
zation efficiency was found using the ionic liquid BMIPF6; however
in the presence of MeOH and MeCN a complete desulfurization of
the multicomponent oil was obtained after 2 h, while in the pres-
ence of BMIPF6 219 ppm of sulfur was  still present in the oil. After
the 6 h, the presence of sulfur in the multicomponent oil was also
34 ppm using BMIPF6, 55 ppm using BMIBF4 and 319 ppm using
DMF. Therefore, the elected solvents for the ODS process catalyzed

by �-O(FeTPFPP)2 porphyrin were MeOH and MeCN.

The influence of the oxidant amount was  also investigated
for the ODS system of multicomponent oil/MeOH at room
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Fig. 5. (a) Desulfurization profile of a multicomponent oil (DBT + 1-BT + 4.6-DMDBT
in  n-octane, 0.75 mL), using a biphasic systems oil/MeOH (1:1) at room temperature,
catalyzed by �-O(FeTPFPP)2 porphyrin (1 �mol), using different amounts of H2O2
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Fig. 6. Kinetic profile for the oxidation of the various sulfur refractory compounds
in  the model oil (500 ppm of each sulfur compound in n-octane) catalyzed by �-
O(FeTPFPP)2 porphyrin (1 �mol), at room temperature, using the biphasic system
xidant (5, 10, 30 �L). (b) desulfurization process at room temperature and at 50 ◦C,
sing the multicomponent oil/MeOH (1:1) system, catalyzed by �-O(FeTPFPP)2 por-
hyrin (1 �mol) in the presence of H2O2 (50 �mol, 5 �L).

emperature. The desulfurization of the same model oil was  tested
sing 2000, 4000 and 12000 ppm of H2O2 (0.05, 0.1 and 0.3 mmol,
espectively, in 0.75 mL  of extraction solvent). Fig. 5a shows that
imilar efficiency was found using 2000 and 4000 ppm of oxidant
nd, when its amount was increased to 12,000 ppm, lower desulfu-
ization was achieved, mainly after the first hour of reaction. This
ecrease of desulfurization must be due to some catalyst decom-
osition when it is exposed to the presence of a high amount of
xidant.

A comparison of the efficiency of �-O(FeTPFPP)2 catalyst for the
esulfurization of the multicomponent oil was performed at room
emperature (20–23 ◦C) and at 50 ◦C, using MeOH as solvent extrac-
ion and H2O2 (2000 ppm, 50 �mol) as oxidant. Fig. 5b presents that
he total desulfurization from oil at room temperature and at 50 ◦C
s very similar for the initial extraction step and during the first

inutes of the catalytic stage. However, after 1 h almost complete
esulfurization was achieved at room temperature, while at 50 ◦C
he same result was only obtained after 3 h. These results indicate
hat the best conditions to achieved the highest efficiency of �-
(FeTPFPP)2 for the ODS processes is using a small amount of H2O2
xidant at room temperature. Probably, these are the conditions
hat allow the porphyrin catalyst to operate without decomposi-
ion and promote an efficient interaction between catalyst, sulfur

ompound and oxidant.

Fig. 6 display the kinetic profile for the oxidation of each refrac-
ory sulfur compound present in the model oil (DBT, 1-BT and
,6-DMDBT), using MeOH as solvent extraction, 2000 ppm of H2O2
oil/MeOH as extraction solvent (1:1). The time 0 h correspond to the addition of
H2O2 (50 �mol, 5 �L) to the ODS system.

at room temperature. After the first hour the extraction of DBT
and 1-BT is practically completed, remaining only 7 ppm of sul-
fur corresponding to 1-BT (95% of conversion) and 10 ppm of sulfur
attributed to DBT (98% of conversion) in the model oil. However,
the 4,6-DMDBT is more difficult of removing from the oil because
the efficiency of the FeIII porphyrin catalyst is lower to oxidize this
sulfur compound. It is well reported in the literature that the reac-
tivity of the studied refractory sulfur compounds decreases in the
order of DBT > 4,6-DMDBT > 1-BT [45–51]. The lowest reactivity of
1-BT is attributed to the significant lower electron density on the
sulfur atom of 1-BT. Between DBT and 4,6-DMDBT, the difference
of electron density on the sulfur atom is very small [52]. However,
previous studies using FeIII porphyrin as catalyst to oxidize DBT  and
4,6-DMDBT in the presence of O2 also demonstrate that 4,6-DMDBT
is more difficult to oxidize than DBT due to the higher interac-
tion of this sulfur compound with the porphyrin catalyst rather
than with the oxidant [17]. Post-catalysis ESI-MS (Fig. 7) confirmed
this interaction, revealing the formation of an adduct between 4,6-
DMDBT sulfoxide and a FeTPFPP monomer at m/z value 1256.044
(�m < 5 ppm). This was  the only FeTPFPP adduct formed either with
reagents or reaction products, which exposes the specific ability of
4,6-DMDBT sulfoxide to form a stable interaction with FeTPFPP.

Only a few examples can be found in the literature reporting
the application of metalloporphyrins as catalysts for the oxidation
of DBT, 1-BT or 4,6-DMDBT. Zhou et al. reported the oxidation of
DBT and 4,6-DMDBT using a FeIII porphyrin as catalyst. The total
oxidation of these substrates was achieved after 3 h; however, a
temperature of 120 ◦C was  needed [17]. The oxidation of 1-BT and
DBT in MeCN and hexane media were studied recently at room
temperature using Mn  porphyrins as catalyst and H2O2 as oxidant
[53]. Also in this study the oxidation of 1-BT was  faster than the
oxidation of DBT and almost complete conversion into the corre-
sponding sulfones was  obtained after 1.5 and 2 h when ammonium
acetate was used as co-catalyst. It is important to note that the
faster oxidation of 1-BT using Mn  porphyrins is consistent with the
faster kinetic profile obtained in this study using a Fe porphyrin. In
fact, the catalytic efficiency of different porphyrins having different
metal ions to oxidize 1-BT is similar. This data may  suggest that the
mechanism should not be trivial and must be related to an intrinsic
property of porphyrins.

The reusability of the ODS system multicomponent oil/MeOH
catalyzed by the �-O(FeTPFPP) porphyrin, using 2000 ppm
2
(50 �mol  of H2O2) oxidant was  studied. After the ODS process,
the sulfur-free oil phase was removed from the system, remaining
the MeOH phase that immobilize the porphyrin catalyst. An
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ig. 7. High resolution electrospray ionisation mass spectra obtained after the oxidat
.75  mL)  catalyzed by the dimeric �-O(FeTPFPP)2 porphyrin (1 �mol), using the bip
oom  temperature.

dditional 50 �mol  of H2O2 and a fresh portion of model oil were
dded to the systems and a new desulfurization process occurred.
his reusability process was repeated for various consecutive ODS

ycles and the results are presented in Fig. 8. A slight decrease in the
esulfurization efficiency may  be mentioned from the first to the
onsecutive cycles, mainly during the first 3 h. The conversion data
isplayed in Fig. 7 for each sulfur compound demonstrates that this

ig. 8. Kinetic profile (on top) for three consecutive desulfurization cycles of a
ulticomponent oil (DBT + 1-BT + 4.6-DMDBT in n-octane, 0.75 mL)  catalyzed by
-O(FeTPFPP)2 porphyrin (1 �mol) at room temperature, using a biphasic system
il/MeOH as extraction solvent (1:1) and 2000 ppm (50 �mol, 5 �L) of H2O2 oxi-
ant. On bottom, conversion data obtained for each sulfur refractory component
rom muticomponent oil after 3 h.
sulfurization process of a multicomponent oil (DBT + 1-BT + 4,6-DMDBT in n-octane,
 system oil/MeOH as extraction solvent (1:1), 2000 ppm (50 �mol, 5 �L) of H2O2 at

small decrease in the efficiency of desulfurization is probably due
to a reduction in the activity of the catalyst towards 4,6-DMDBT
oxidation, since the catalytic oxidation of DBT  and 1-BT was  main-
tained between ODS cycles. It is also important to mention that
after the first ODS cycle, the sulfones products of the sulfur refrac-
tory compounds precipitate in the extraction phase (MeOH) and
could be removed from the ODS system by simple filtration.

The stability of �-O(FeTPFPP)2 porphyrin after catalytic use was
investigated performing the UV–Vis spectrum of the extraction sol-
vent at the end of desulfurization cycles (Fig. 2). Some variations are
observed in the spectra after catalytic use. The disappearing of the
broad band at 354 nm suggests the cleavage of the Fe-O bond of the
�-oxo dimer with the concomitant formation of two monomeric
porphyrins and a shift of the Soret band from 404 nm to 388 nm.
This behavior was already observed before by Cunningham and
coworkers, after the treatment of Fe(III) TPFPP with H2O2, which
it is attributed to the formation of the Fe(III)-H2O2 complex [54].

4. Conclusions

The �-oxo-bridged Fe(III) complex of meso-tetrakis(penta-
fluorophenyl)porphyrin (�-O(FeTPFPP)2) was successfully
prepared and characterized by UV/Vis spectroscopy, mass
spectrometry and single-crystal X-ray diffraction. The dimeric
metalloporphyrin was applied as efficient catalyst for the desul-
furization of a model oil containing various benzothiophenes
derivatives as the most sulfur refractory compounds present in
fuels. A biphasic system formed by the model oil and a polar
organic solvent containing the metalloporphyrin was used. An
optimization of different parameters was preformed, namely the
nature of the extraction solvent, amount of H2O2 as oxidant and
reaction temperature. Acetonitrile and methanol presented to
be the best extraction solvents to achieve a total desulfurization
after 2 h and the best conditions to reach the highest catalytic
efficiency of �-O(FeTPFPP)2 is in the presence of a small amount of
oxidant (2000 ppm and S/Oxid ratio of 0.75) at room temperature.
Furthermore, the efficiency of the catalyst for the desulfuriza-
tion of each sulfur compounds was analyzed and surprisingly a
remarkable performance was found for the extraction of 1-BT

and DBT from the model oil caused by the effective activity of
the porphyrin to catalyze their oxidation. The lower efficiency
for 4,6-DMDBT was investigated by ESI-MS and this is probably
caused by the formation of an adduct between the 4,6-DMDBT



2 ysis A:

a
a
w
c

s
i

A

T
C
0
p
a
i
e
2

A

i
0

R

[

[
[
[
[
[
[
[

[

[

[
[

[
[
[

[
[

[

[

[

[

[
[

[

[

[

[

[
[

[

[
[
[

[

[

[
[
[
[
[

[
[

74 A. Aguiar et al. / Applied Catal

nd the catalyst. For the desulfurization system using methanol
s extraction solvent, the reusability of the homogenous catalyst
as performed without appreciable loss of activity between three

onsecutive cycles.
Actually, we are exploring other porphyrins with distinct

ubstituent groups and metal centers to better understand the
nvolvement of these catalysts in the desulfurization process.

cknowledgments

This work was supported by Fundaç ão para a Ciência e a
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