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a b s t r a c t

An experimental and theoretical study on the relationships between oxidative reactivity, thermochemical
viability, and structural requirement of the activity sites in oxidative desulfurization (ODS) process has
been performed. A series of aromatic sulfur compounds and peroxo-metallate complexes of WOx–ZrO2

with different structures have been studied. The models chosen for mimicking the catalyst correspond
to surface densities of �7 W nm�2. The results indicate that the ODS takes place in two consecutive
stages: (i) the formation of sulfoxide and (ii) the formation of sulfone. However, a detailed analysis sug-
gests that these stages occur in two separated steps, (a) addition and (b) elimination, involving the for-
mation of intermediate adducts and that the elimination of sulfoxide from the site surface is the rate-
determining step. The results also reveal that the thermochemical feasibility of the studied reactions
depends on both: the local structure of the WOx–ZrO2 surface and on the nature of the aromatic sulfur
compound. It was found that the reactions involving dibenzothiophene (DBT) and 4,6-dimethyldibenzo-
thiophene (46DMDBT) are the most favored reactions, while the reaction of thiophene (Th) is the least
favored. Therefore, highly substituted dibenzothiophenes are the most readily oxidized species, which
is in agreement with experimental evidence. An explanation to the different reactivity shown by sulfur
compounds, during ODS processes, is provided.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Oxidative desulfurization (ODS) is considered a promising meth-
od for ultra-deep desulfurization of fuel oils. The interest on such
process is well justified since the removal of sulfur compounds from
fuels is necessary for industrial and environmental reasons. Organic
sulfur compounds present in diesel widely vary in structure and
therefore in reactivity during catalytic hydrodesulfurization (HDS)
[1,2]. In HDS, the reactivity of dibenzothiophenes dramatically de-
creases with the increase of methyl substitutes at the sterically hin-
dered positions 4 and 6 [3,4]. Consequently, in deep HDS, the
conversion of these substituted dibenzothiophenes strongly depend
on the experimental conditions. Therefore, an important feature for
application of the ODS in ultra-low-sulfur process is that its relative
efficiency is different from that of HDS: DBT > 4-MDBT > 46-
DMDBT > BT [4–6]. As a consequence, refractory sulfur compounds
in HDS are easily removed by ODS. This makes ODS a chemical strat-
ll rights reserved.
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egy with great potential to be complementary to traditional HDS for
producing deeply desulfurized light oil and for reaching the environ-
mental regulations.

In the ODS process, the organosulfur compounds are oxidized to
their corresponding sulfoxides or sulfones. The process is carried
out under mild conditions in the presence of a catalyst and an oxi-
dant agent, and the oxidized sulfur compounds are subsequently
removed by extraction, adsorption, distillation, or decomposition
[5–8]. The main advantage of ODS is that sulfur compounds can
be removed without using a hydrogen atmosphere, at relatively
low temperatures and at atmospheric pressure. However, from
technologic points of view, the development and implementation
of the ODS alternative for ultra-low-sulfur processes are still a
challenge for both academia and industry.

An extremely important point relevant to the ODS process is
related to the catalytic material, particularly to the structural
requirements of the active sites and its relationships with the cat-
alytic efficiency. Consequently, a large variety of studies have been
carried out on oxidizing sulfur compounds with different catalysts
and under different conditions [2,3,9–17]. Regardless of the
numerous works on ODS, considering both heterogeneous and
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homogeneous systems, little attention has been paid to systematic
studies on the influence of the structural characteristics of the per-
oxo-complexes surface on the thermochemical feasibility and the
relative reactivity of organosulfur compounds during ODS process.
The researches in this field are difficult, in part due to the fact that
it is very complicated to separate the different factors and also
because they presume establishing the influence of each compo-
nent during the process. Another reason is the absence of system-
atic studies on the chemical nature of sulfur compounds and on
possible relationships between such nature and the characteristics
of the reactive sites on the catalyst surface.

In correspondence, the purpose of this work is to provide an anal-
ysis of the relationships between the structural requirements of the
active sites on the catalyst’s surface, the nature of sulfur compounds,
and the thermodynamic feasibility of the key steps in the ODS pro-
cess. To that purpose, a combined experimental and theoretical
study on different sulfur compounds has been realized. For the
experimental study, four organosulfur compounds have been used.
They are thiophene (Th), benzothiophene (BT), dibenzothiophene
(DBT), and 4,6-dimethyldibenzothiophene (46DMDBT) and were se-
lected because they are the most frequents in fuels. For the theoret-
ical study, a larger series of sulfur compound have been chosen, in
order to search for generalizations regarding structure–reactivity
relationships. They are thiophene (Th), benzothiophene (BT), diben-
zothiophene (DBT), 2,5-dimethylthiophene (25DMT), 2-meth-
ylbenzothiophene (2MBT), 4-methylbenzothiophene (4MBT), 2,4-
dimethylbenzothiophene (24DMBT), and 4,6-dimethyldibenzothi-
ophene (46DMDBT). Various reactivity indexes have been analyzed
to that purpose: hardness (g), electrophilicity (x), electroaccepting
power (-+), and electrodonating power (-�). They have been used
to provide a viable explanation to the experimental reactivity of dif-
ferent organosulfur compounds during the ODS process.
2. Experimental

2.1. Catalyst preparation

High-surface-area ZrO2�x(OH)2x (320 m2/g) was prepared by
precipitation from zirconium oxychloride solutions with ammonia
as previously described [18,19]. The precipitate was filtrated,
washed repeatedly by re-dispersion with a NH4OH solution (pH
10) until the elimination of Cl�, and then dried at 383 K for 24 h.
Subsequently, ZrO2�x(OH)2x was impregnated with an ammonium
metatungstate solution, adjusted to pH 10 with ammonia, as
reported in Ref. [20]. After drying at 383 K for 24 h, the samples
were treated in flowing dry air for 3 h at 1073 K. The stabilized spe-
cific surface area of WOx–ZrO2 in calcined samples was about 50
m2/g and pore size of about 6.2 nm. WOx surface densities used
in this study was of �7 W nm�2.
2.2. Catalytic test

A synthetic diesel was prepared with heptane (C7H16,
99.0 mol.%) as solvent, and 140 S ppmw of thiophene (Th, 99+%),
186 S ppmw of benzothiophene (BT, 98%), 222 S ppmw of dibenzo-
thiophene (DBT, 98%), and 173 S ppmw of 4,6-dimethyldiebenzo-
thiophene (46DMDBT, 97%) were used as the sulfides. Hydrogen
peroxide (aqueous solution, 30 wt.%) and acetonitrile (CH3CN,
99.93 mol.%) were used as oxidizing agent and as extraction sol-
vent, respectively. All the reagents used in this study are commer-
cially available (Sigma/Aldrich).

In an typical run, the solid catalyst, 0.1 g of WOx–ZrO2 catalyst
was suspended under vigorous stirring (1200 rpm) in a mixture
containing 50 mL synthetic diesel, solvent (model fuel/solvent ra-
tios 1:1, v/v), and oxidizing hydrogen peroxide was added in
H2O2/S ratios 10:1. A Robinson–Mahoney reactor was used in order
to perform the chemical reactions. The oxidation was carried out at
333 K, and the samples were collected from the reaction mixture
during the reaction at time intervals. Both oil and polar phase with
sulfides were analyzed by GC-HP6890 equipped with a HP-5 capil-
lary column (30 m � 0.25 mm, 0.32 lm film thickness) and FPD/
FID detector. The hydrogen peroxide, presented during the reac-
tion, was measured by standard iodometric titration.

2.3. Conversion of sulfur

The data gathered from the experiments were used to calculate
the removal fraction (St) of sulfides as follows:

St ¼
C0 � Ct

C0

� �

where C0 is the initial concentration of sulfides in the heptane solu-
tion and Ct is the sulfides concentration of the oil phase after reac-
tion time (t).

2.4. Oxidation of different organosulfur compounds

The oxidative reaction of each sulfur compound follows first-
order kinetics, according to previous reports obtained with aro-
matic sulfur compounds on solid catalysts [5,21–24]. Due to the
large excess of hydrogen peroxide, the concentration of this com-
pound remains practically constant. Therefore, the following
equation applies: ln(Ct/C0) = �kt, where k = A exp(�E/RT), A is the
pre-exponential factor, E the apparent activation energy, R and T
are the gas constant and reaction temperature, respectively.

2.5. Computational details

The calculations were performed using Gaussian 03 [25] package
of programs. Geometry optimizations have been performed using
the generalized gradient approximation (GGA), without any sym-
metry constraints. The Perdew and Wang’s 1991 functional [26]
(PW91) was used for exchange and correlation potentials. We have
used the Dunning/Huzinaga valence double-zeta D95 V [27] basis
set for O, C, N, and H atoms and the Stuttgart/Dresden [28–30] rela-
tivistic effective core potential (ECP) for W and Zr. Frequency calcu-
lations were carried out for all the studied systems at the same level
of theory. Thermodynamic corrections at 333 K were included in the
calculation of the relative energies. The stationary points were first
modeled in gas phase (vacuum), and solvent effects were included
a posteriori by single-point calculations using polarizable continuum
model, specifically the integral-equation-formalism (IEF-PCM) [31–
34] at the same level of theory, with acetonitrile as solvent to mimic
the experimental conditions. For all the modeled paths, the solute
cavity was computed using atomic radii from the universal force
field (RADII = UFF), which assigns individual spheres to H atoms (ex-
plicit hydrogens). Different levels of theory were tested for the cal-
culation of reactivity indexes of the sulfur compounds, and the
reported values are those obtained at B3LYP/6-311++G(d,p) level
of theory.

The rate constants (k) were calculated using Conventional
Transition State Theory (TST) [35–37] and 1 M standard state as:

k ¼ kBT
h

e�ðDG–Þ=RT ð1Þ

where kB and h are the Boltzmann and Planck constants and DG– is
the Gibbs free energy of activation.

Some of the calculated rate constants (k) are in the diffusion-
limit. Accordingly, the apparent rate constant (kapp) cannot be
directly obtained from TST calculations. In the present work, we
have used the Collins–Kimball theory for that purpose [38]:
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kapp ¼
kDkact

kD þ kact
ð2Þ

where kact is the thermal rate constant, obtained from TST, and kD is
the steady-state Smoluchowski [39] rate constant for an irreversible
bimolecular diffusion-controlled reaction:

kD ¼ 4pRDABNA ð3Þ

where R denotes the reaction distance, NA is the Avogadro number,
and DAB is the mutual diffusion coefficient of the reactants. How-
ever, in this study, DAB has been assumed equal to DA (where A rep-
resents the sulfur compound) since the catalyst is not expected to
diffuse. DA has been estimated from the Stokes–Einstein approach
[40]:

DA ¼
kBT

6pga
ð4Þ

where kB is the Boltzmann constant, T is the temperature, g denotes
the viscosity of the solvent, in our case acetonitrile (g = 4.41 �
10�4 Pa s), and a the radius of the solute (aDBT = 8.15 Å).
3. Results and discussion

3.1. Catalytic reaction

On the basis of previous works [18,41] and in order to establish
the relationships between the structural characteristics of the reac-
tive sites on the catalyst surface and the thermochemical feasibility
of the reactions of different organosulfur compounds in oxidative
desulfurization, a model system with WOx–ZrO2 as catalyst, aceto-
nitrile as extraction solvent, and hydrogen peroxide as oxidant has
been chosen. Recently, we reported that oxidative efficiency (ex-
pressed as % sulfur removed/W atom nm�2 min�1) of the WOx–
ZrO2 system (per W atom) for ODS of DBT increases with increasing
WOx surface density up to a maximum of �7 W nm�2 (see Fig. 1).
This value represents the point where the local coordination and
polymerization degree of the WOx domains, in mutual cooperation,
produce a maximum number of Brönsted sites per surface unit, pro-
moting the addition of OOH groups. The study also revealed that the
combined presence of Lewis and Brönsted sites energetically fa-
vored the formation of peroxo-metallate and that dimeric species
are adequate to describe the properties of the peroxo-complexes
surface from chemical and catalytic points of view [19,42]. Clearly,
Fig. 1. Catalytic efficiency as function of WOx surface density (W nm�2) [42].
this analysis showed that to obtain an adequate balance between lo-
cal coordination, polymerization degree of the WOx domains, and
high-density surface of Brönsted acid sites, the WOx–ZrO2 system
requires an exact control of surface acid properties.

Accordingly, our catalytic study focuses on the zone where the
oxidative efficiency of the reaction reaches its maximum (WOx sur-
face density �7 W nm�2). Oxidative removals for different organic
sulfur compounds as a function of reaction time over WOx–ZrO2 at
333 K are shown in Fig. 2A. The maximum conversion is obtained
for DBTs and BT after 60 min of reaction. By contrast, the reaction
of Th is the least favored. The oxidative reactivity, evaluated as oxi-
dation rate constants (k) (Fig. 2B), decreased according to the follow-
ing order: DBT > 46DMDBT > BT� Th, in good agreement with
theoretical and experimental previous reports [5,10,11,43,44]. The
oxidized products of DBTs and BT are the corresponding sulfones,
while sulfoxides were not detected as products. In the case of thio-
phene, the reaction yielded H2SO4 and thiophene sulfoxide, but thi-
ophene sulfone was not detected. This can be explained based on the
results of our calculations. Among all the studied sulfur compounds,
only in the case of thiophene, the structure of the addition product
formed in stage 2 (a) shows a noticeable weakening of the C–S bonds.
Moreover, this feature is also present in the thiophene sulfone. This
structural characteristic supports the possibility of the sulfone
decomposition yielding SO2, when the ODS process involves thio-
phene. Under oxidation conditions, it can evolve into SO3. Addition-
ally, in the presence of water, these sulfur oxides can be converted to
the corresponding acids. These results suggest that the products
arising from oxidation reactions would be dependent on the nature
of the reacting sulfur compound.

The results clearly indicate that DBT and 46DMDBT are the most
readily oxidized species, suggesting that under the experimental
condition used in this study, the order of reactivity can be related
to the electron density on the sulfur atoms in these compounds
[5,43,44]. Apparently, the number of rings and the number of methyl
groups both increase the oxidative reactivity of these compounds.
This is probably because the methyl groups in the aromatic rings
act as electron donors. This behavior enhances the electron density
on the sulfur atom, promoting the catalytic reaction.

Therefore, to get deeper insight, a detailed study of the reaction
steps is crucial to rationalize the relative oxidative reactivity of the
series of organosulfur compounds found in fuels. To that purpose,
a theoretical systematic study was accomplished focusing on the
thermochemical viability of such process through estimations of
spontaneity. Consequently, the relevant points would be those cor-
responding to the initial and final states. This approach is supported
by the Hammond postulate and the Bell–Evans–Polanyi principle.
3.2. Theoretical considerations

3.2.1. Thermochemical viability of the ODS reactions
According to the experimental results shown in the Fig. 1, all

models in this study correspond to the zone where catalytic reaction
reaches its maximum (�7 W nm�2). Six different arrangements
have been chosen to mimic the local surface of the WOx–ZrO2 cata-
lyst. The structures used to model the peroxo-complexes correspond
to those previously proposed as the most likely products arising
from peroxidation of WOx–ZrO2 surfaces [42] and are provided as
Supporting Information (Fig. 1S). The original WOx–ZrO2 structures
correspond to tetrahedral W, with different degrees of surface
hydroxylation [19,42]. Their ODS reactions with eight aromatic sul-
fur compounds have been modeled. The studied sulfur compounds
are thiophene (Th), benzothiophene (BT), dibenzothiophene
(DBT), 2,5-dimethylthiophene (25DMT), 2-methylbenzothiophene
(2MBT), 4-methylbenzothiophene (4MBT), 2,4-dimethylbenzothi-
ophene (24DMBT), and 4,6-dimethyldibenzothiophene (46DMDBT).



Fig. 2. (A and B) ODS of different sulfur compounds over WOx–ZrO2 catalyst as a function reaction time. (B) Rate constants (k) of different sulfur compounds, evaluated as
oxidation rate constants (k). Reaction conditions: WOx–ZrO2, 0.1 g; H2O2/S = 10:1; model fuel/acetonitrile ratios 1:1 v/v; 333 K and 101 kPa.
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The ODS is proposed to take place in two consecutive stages, the
first one leading to the formation of sulfoxide and the second one
yielding sulfone:

Stage 1: POO + XS ? PO + XSO
Stage 2: POO + XSO ? PO + XSO2

where POO represents the peroxo-metallate, XS the aromatic
sulfur compound, XSO the sulfoxide, and XSO2 the sulfone. The di-
rect mechanism yielding the XSO2 compounds was found to be lar-
gely endergonic (by more than 100 kcal/mol), and therefore, it was
ruled out.

The enthalpies and Gibbs free energies of reactions of the ODS
stages are reported in Tables 1 and 2. Peroxo-complexes with
structures B1 and Eb were found to be those leading to the most
thermochemically favored reactions, for all the modeled sulfur
compounds. Their structures are shown in Fig. 3. In general, the
thermochemical feasibility of the second stage of reaction was
found to be larger than that of the first one. Therefore, the latter
seems to be the key stage for the success of the ODS process.

The first stage of reactions involving structures B2, Ea, and Fa
(Figure 1S) was found to be endergonic for all the studied sulfur
compounds. This suggests that such kinds of sites are unlike to par-
ticipate in the ODS reactions. When the peroxo-complex corre-
sponds to structure D (Figure 1S), most of the first stages of
reaction are predicted to be endergonic, with the exceptions of
the reactions involving DBT and 46DMDBT. In fact, a general trend
was found for the first stage of reaction with respect to the reacting
Table 1
Enthalpies of reaction for the OOS process, in kcal/mol at 333 K.

Th 25DMT BT 2MBT

Stage 1
B1 171 �0.60 �1.29 �1.42
B2 1509 9.50 8.80 8.68
D 9.18 3.58 2.89 2.76
Ea 1421 621 5.51 5.39
Eb �0.69 �3.97 4.66 4.79
Fa 1673 11 12 10.42 10.30

Stage 2
B1 �1207 �11.80 �9.62 �10.22
B2 131 �1.71 0.47 �0.13
D 4.60 �7.62 �5.44 �6.04
Ea 043 �4.99 �2.82 �3.42
Eb �1448 �15.17 �12.99 �13.59
Fa 294 �0.08 2.09 1.50
sulfur compound, that is DBT and 46DMDBT were found to be the
ones involved in the most thermochemically favored reactions. Th
and 25DMT, on the other hand, were found to be the sulfur com-
pounds leading to the least thermochemically favored first stages
of the ODS reactions. These considerations are agreement with
our experimental result.

3.2.2. Kinetics analysis and mechanism of reaction
So far, stages 1 and 2 have been considered to take place as ele-

mentary reactions. However, another alternative is also possible
that each stage actually takes place in two steps, involving the for-
mation of intermediate adducts (Fig. 4). According to this hypoth-
esis, the ODS mechanism would become:

Stage 1:
Step 1a: POO + XS ? POO-SX
Step 1b: POO-SX ? PO + XSO
Stage 2:
Step 2a: POO + XSO ? POO-S(O)X
Step 2b: POO-S(O)X ? PO + XSO2

Within this scheme, step 1a represents the addition of the sulfur
compound to the peroxo-metallate, step 1b is the elimination of the
sulfoxide, step 2a the addition of the sulfoxide to another peroxo
site, and step 2b the elimination of the sulfone.

The four steps scheme has been modeled for all the studied sul-
fur compounds and cluster B1. The corresponding Gibbs free ener-
gies of reaction are reported in Table 3. As these values show the
4MBT DBT 24DMBT 46DMDBT

�1.83 �5.26 �2.05 �8.68
8.26 4.83 8.04 4.70
2.34 �1.09 2.12 �1.20
4.97 1.54 4.75 3.83
�5.20 �8.64 �5.42 �11.08

9.88 6.45 9.66 6.34

�9.91 �9.78 �10.35 14.14
0.18 0.31 �0.26 �0.77
�5.74 �5.60 �6.17 �6.67
�3.11 �2.98 �3.55 �1.64
�13.28 �13.15 �13.72 16.55

1.80 1.94 1.36 0.87



Table 2
Gibbs free energies of reaction for the ODS process, in kcal/mol at 333 K.

Th 25DMT BT 2MBT 4MBT DBT 24DMBT 46DMDBT

Stage 1
Bl 3.59 �2.05 �2.84 �2.77 �3.27 �6.80 �3.43 �6.60
B2 15.19 9.56 8.77 8.83 8.34 4.80 8.18 5.01
D 8.48 2.85 2.06 2.12 1.63 �1.91 1.47 �1.70
Ea 11.31 5.67 4.88 4.94 4.45 0.91 4.29 1.12
Eb 2.86 �2.77 �3.56 �3.50 �3.99 �7.53 �4.15 �7.72
Fa 15.69 10.05 9.26 9.33 8.83 5.29 8.67 5.50

Stage 2
Bl �9.18 �12.57 �10.14 �10.99 �10.79 �10.27 �11.72 �11.67
B2 2.43 �0.96 1.46 0.62 0.82 1.34 0.11 �0.06
D �4.28 �7.67 2.5 �6.09 �5.89 �5.37 �6.82 �6.77
Ea �1.46 �4.85 �2.42 �3.27 �3.07 �2.55 �400 �3.95
Eb �9.90 �13.29 �10.87 �11.71 �11.51 �10.99 �1244 �12.39
Fa 2.92 �0.47 1.96 1.11 1.31 1.83 0.38 0.43

Fig. 3. Structures of the peroxo-metallates B1 and Eb. The boxes highlight the
peroxo-sites. (red = O, dark blue = W, light blue = Zr, white = H). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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addition steps are systematically more favored than the elimina-
tion steps. Moreover, the elimination of the sulfoxide was found
Fig. 4. Reaction steps of the ODS process, exemplified for the B1 + DBT. (red = O, dark
references to colour in this figure legend, the reader is referred to the web version of th
to be endergonic for all the studied systems. This means that this
is a reversible step, for which the direct reaction is not thermo-
chemically favored. However, the products from step 1b can still
react further if the following step (2a) is sufficiently exergonic to
provide a driving force and if its barrier is low. In such cases, the
small amounts of sulfoxide formed from step 1b would be con-
sumed though step 2a causing the equilibrium to evolve toward
the formation of more sulfoxide, and the overall process would
proceed slowly. Accordingly, step 1b (the elimination of sulfoxide
from the catalyst surface) is proposed to be the rate-determining
step.

To test this hypothesis, kinetic calculations have been performed
for the ODS process of DBT, using the B1 cluster to model the catalyst.
The values of the Gibbs free energy of activation and rate constants
for the four steps are provided in Table 4. These values show that the
barriers of the addition steps (1a and 2a) are significantly lower than
those of the elimination steps (1b and 2b). Moreover, the highest bar-
rier corresponds to Step 1b (Fig. 5). According to the calculated rate
constants, the addition steps are predicted to be diffusion controlled.
The smallest rate constant corresponds to Step 1b, supporting the
blue = W, light blue = Zr, white = H, gray = C, yellow = S). (For interpretation of the
is article.)



Table 3
Gibbs free energies of reaction for the four steps scheme, in kcal/mol at 333 K.

Step 1a Step 1b Step 2b Step 2b

Th �5.59 9.18 �15.93 6.75
25DMT �10.16 8.11 �13.23 0.66
BT �10.00 7.17 �9.33 �0.82
2MBT �10.25 7.47 �10.04 �0.94
4MBT �10.60 7.33 �8.83 �1.96
DBT �12.27 5.46 �7.21 �3.06
24DMBT �11.71 8.28 �10.06 �1.66
46DMDBT �12.50 5.90 �7.83 �3.84

Table 4
Gibbs free energy of activation (kcal/mol) and rate constants for the different steps of
the ODS process involving B1 and DBT at 333 K.

DG– k

Step 1a 4.40 1.12E+09 M�l s�1

Step 2b 23.64 2.38E�03 s�1

Step 2a 6.63 1.00E+09 M�l s�1

Step 2b 13.37 1.30E+04 s�1

Fig. 5. Reaction profile for the ODS process involving B1 and DBT.

Fig. 6. Correlation between the Gibbs free energy of reaction for the step 1b
(highest energy barrier) and the experimental reaction constants. Note that the
parameters are expressed as ln (kexperimental) and the negative value of Gibbs energy
of reaction.
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hypothesis that this is the rate-determining step of the ODS process.
The calculated rate constant for this step was found to be
2.38 � 10�3 s�1, which is in excellent agreement with the experi-
mental value 7.3 � 10�4 s�1. In fact, the calculated constant is only
3.2 times larger than that obtained from the experiments. This
agreement validates not only the above-proposed hypothesis but
also the reliability of the performed calculations.

It is also notable to observe the correlation obtained between
the Gibbs free energy of reaction step 1b and the experimental rate
constants. In Fig. 6, plots of both parameters are shown simulta-
neous for each model molecule.

Even though the Eyring equation (1) establishes a direct rela-
tionship between the Gibbs free energy of activation and the rate
constant, the Bell–Evans–Polanyi principle also establishes a linear
relation between the activation energy (Ea) and enthalpy of reac-
tion (DHr) within a series of closely related chemical processes:

Ea ¼ Aþ BDHr ð5Þ

In the studied case, the rate-determining step is of similar nature for
all sulfur compounds, i.e., an elimination step. Therefore, the entro-
py change associated with this step is expected to be similar for all
of them, and the Bell–Evans–Polanyi principle is fulfilled. The
simultaneous manifestation of this principle and the Eyring
equation justifies the correlation observed in Fig. 6. This correlation
between the experimental k and the calculated DG1b strongly sup-
ports the proposed mechanism and the identification of the rate-
determining step.

3.2.3. Reactivity Indexes analyses
The theoretical analysis was extended to global reactivity in-

dexes due to their potential impact in estimating the physico-
chemical behavior of these model molecules.

They were calculated from vertical ionization energies (I) and
vertical electron affinities (A), which were computed according to:

I ¼ EX
n�1ðgnÞ � EX

nðgnÞ ð6Þ

A ¼ EX
n ðgnÞ � EX

nþ1ðgnÞ ð7Þ

where EX
nðgnÞ is the energy of the n-electron system calculated at the

optimized geometry gn and EX
n�1ðgnÞ and EX

nþ1ðgnÞ are the energies of
the (n � 1)-electron and (n + 1)-electron species calculated at the gn

geometry. Since the reactivity indexes are obtained from I and A
values, their accuracy would be determined by those of I and A.
Therefore, a comparison between calculated and experimental val-
ues of I and A has been performed in order to test the reliability of
the present calculations (Table 1S).

The analyzed reactivity indexes are hardness (g), electrophilic-
ity (x), electroaccepting power (-+), and electrodonating power
(-�). The absolute hardness plays an important role in Pearson’s
hard and soft acids and bases (HSAB) [45–47] and maximum hard-
ness principles (MHP) [47,48]. It is defined as the second derivative
of the electronic energy of the system with respect to the number
of electrons, at a constant external potential [49]:

g ¼ 1
2

@2E

@N2

 !
mðrÞ

ð8Þ

It can be evaluated, based on the commonly used finite difference
approximation, as:

g ¼ I � A ð9Þ

and represents the resistance of a chemical species to change its
number of electrons or the shape of its electron cloud.

Electrophilicity is also a very important global reactivity
descriptor since its value would determine the chemical behavior
of the reacting species, i.e., when comparing different species that
can act as electrophile, as it is expected to be the case of the sulfur



E. Torres-García et al. / Journal of Catalysis 282 (2011) 201–208 207
compounds in the reactions studied in this work, the one with the
highest electrophilicity is expected to be the most reactive one. In
this work, x has been calculated as:

x ¼ ðI þ AÞ2

8ðI � AÞ ð10Þ

as proposed by Parr et al. [50] for the ground-state parabola model.
Electroaccepting and electrodonating powers, which have been

recently presented by Gazquez et al. [51], are ideal for describing
the propensity of a given chemical species to donate or accept frac-
tional amounts of charge. They are expected to show a similar
behavior to that of the first ionization potential and the electron
affinity, respectively. However, while I and A measure the capability
of a chemical system to donate or accept one electron, -+ and -�

measure the capability of a chemical system to donate or to accept
a small fractional amount of charge [52]. They have been calculated
as:

-þ ¼ ðI þ 3AÞ2

16ðI � AÞ ð11Þ

-� ¼ ð3I þ AÞ2

16ðI � AÞ ð12Þ

The values of the ionization energies, electron affinities, hardness,
electrophilicity, electrodonating power, and electroaccepting power
for the studied sulfur compounds are reported in Table 5. As these
values show the trends described above, concerning the thermo-
chemical feasibility of the first stage of the ODS process correlates
well with the values of g, -�, and -+. The compounds with the low-
er hardness (DBT and 46DMDBT) are those leading to the most neg-
ative values of Gibbs free energies of reaction, while those with the
highest hardness (Th and 25DMT) correspond to the least thermo-
dynamically favored reactions.

At this point, it seems important to keep in mind that since
charge acceptance processes stabilize the system, larger values of
-+ imply a larger capability to accept electrons. Charge donating
processes, on the other hand, destabilize the system, and therefore,
smaller values of -� indicate a larger capability to donate elec-
trons [52] Therefore, and according to the values of -� and -+

reported in Table 5, DBT and 46DMDBT have the largest capability
to accept electrons and the lowest capability to donate electrons.
25DMT and Th, on the other hand, have the lowest capability to
accept electrons and the largest capability to donate electrons.
Therefore, it can be inferred that in the first stage of the ODS pro-
cess, the charge transfer takes place from the peroxo-complex to-
ward the sulfur compound. This seems coherent with the fact
that the oxygen atoms in the peroxo-group of the catalyst are neg-
atively charged, while the S atoms in the sulfur compounds are
positively charged. Therefore, the computed reactivity indexes pro-
vide an explanation to the thermochemical feasibility of the differ-
ent modeled reactions.
Table 5
Ionization energies (I), electron affinities (A), hardness (g), electrophilicity (x),
electrodonating power (-�), and electroaccepting power (- +), in eV, for the studied
sulfur compounds.

I A g x -� - +

Th 6.55 0.99 5.57 1.28 4.78 1.02
25DMT 6.03 0.90 5.13 1.17 4.39 0.92
BT 6.11 1.34 4.77 1.45 5.07 1.34
2MBT 6.03 1.30 4.73 1.42 4.97 1.31
4MBT 6.05 1.31 4.74 1.43 4.99 1.31
DBT 6.05 1.66 4.38 1.70 5.59 1.74
24DMBT 5.97 1.28 4.69 1.40 4.91 1.28
46DMDBT 5.97 1.56 4.41 1.61 5.37 1.61
Since, as discussed above, the first stage of the ODS process
seems to be the most difficult to accomplish from a thermochem-
ical point of view, it is proposed that structures resembling clusters
B1 and Eb would favored the desired reactions. When these struc-
tures are involved, both stages of reaction were found to be exer-
gonic for all the studied sulfur compounds but Th. For the latter,
the first stage of the ODS was found to be endergonic, regardless
of the structure of the active site in the catalyst. However, even
for thiophene, the sum of the Gibbs free energies of the two stages
leads to a negative overall Gibbs free energy. Regarding the sulfur
compounds, it is predicted that the reactions involving DBT and
46DMDBT would lead to the largest energy release. However, since
both stages of the ODS process (and the overall Gibbs free energy of
reaction) were found to be significant exergonic for all the studied
sulfur compounds, when reacting with peroxo-complex B1 and Eb
sites, such structures are predicted to efficiently accomplish oxida-
tive desulfurization. Additionally, our results show that not all the
reaction sites on the surface of peroxo-complexes domains are
equally actives and predict that thermochemical feasibility
strongly depend on both: chemical nature of the active sites on
the catalyst and nature of the aromatic sulfur compound.
4. Conclusions

The experimental and theoretical study of the relationships be-
tween oxidative reactivity, thermochemical viability, and surface
structural requirement of the active sites in oxidative desulfuriza-
tion (ODS) process allows establishing the following conclusions:

The results also reveal that the ODS takes place in two stages,
the formation of sulfoxide and the formation of sulfone and that
each stage occur in two independent steps, addition and elimina-
tion, involving the formation of intermediate adducts. So the val-
ues of the Gibbs free energy of activation show that the barriers
of the addition steps (1a and 2a) are significantly lower than those
of the elimination steps (1b and 2b), supporting the hypothesis that
the elimination is the rate-determining step of the ODS process.

The experimental oxidative reactivity evaluated as oxidation
rate constants (k) decreased according to the order:
DBT > 46DMDBT > BT� Th, which is related to the electron density
on the sulfur atoms.

The reactivity indexes of the studied sulfur compounds provide
an explanation to the thermochemical feasibility of the ODS pro-
cess and confirm that the thermochemistry of the reaction depends
on both: the structural characteristic of the surface sites and the
nature of the aromatic sulfur compounds.

The oxidized products of DBTs and BT were experimentally
identified as the corresponding sulfones, while sulfoxides were
not detected as products. In the case of thiophene, the reaction
yielded H2SO4 and thiophene sulfoxide, while thiophene sulfone
was not detected. This has been explained based on the structural
features of the thiophene sulfone, obtained from calculations. All
this supports that the products arising from oxidation reactions
would be dependent on the nature of the reacting sulfur
compound.

The thermochemical study indicates that the sulfone formation
(stage 2) is most favored than the sulfoxide formation (stage 1) and
supports the experimental evidence that ODS reactions involving
DBT and 46DMDBT are particularly favored, compared to those
involving other sulfur compounds.

Thermochemical feasibility and global reactivity indexes
computed for different sulfur compounds indicates that the ODS
reactivity decreases in the following order: DBT > 46DMDBT >
24DMBT > 4MBT � BT � 2MBT � 25DMT� Th. This trend con-
firms that the reactivity of the sulfur compounds correlate well
with their electronic properties, such as: g, -�, and -+ and that
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dibenzothiophene (DBT), alkyl-substituted sulfur compounds, espe-
cially 4,6-dimentyldibenzothiophene (46-DMDBT), are particularly
reactive in the oxidation reactions.
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