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A B S T R A C T

In order to develop a fundamental understanding of the adsorption mechanism of thiophenic

compounds on TiO2-based adsorbents for ultra-deep desulfurization of liquid hydrocarbon fuels, a

density functional theory (DFT) study was conducted on the adsorption of thiophene over the TiO2

anatase (0 0 1) surface. The perfect, O-poor (with oxygen vacancies), and O-rich (with activated O2 on the

surface) anatase (0 0 1) surfaces were built, and the interaction of thiophene molecule with these

surfaces was examined. The adsorption configuration and adsorption energy on the different surfaces

and sites were estimated. The results showed that thiophene may be adsorbed on both the perfect and O-

poor surfaces through an interaction between the Ti cations on the surface and the S atom in thiophene,

whereas on the O-rich surface through an interaction of the activated O atoms (the dissociatively or

associatively adsorbed O2) on the surface with the S atom in thiophene to form a sulfone-like surface

species. The adsorption of thiophene on the O-rich surface is significantly stronger than adsorption on

the perfect and O-poor surfaces on the basis of the calculated adsorption energies. The results indicate

that the activated O2 on the TiO2 anatase (0 0 1) surface may play an important role in the adsorption

desulfurization over the TiO2-based adsorbents, and increased concentration of the activated O2 on the

surface may result in improvement of the adsorption capacity of the adsorbents.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Ultra-deep desulfurization of liquid hydrocarbon fuels has
become an increasingly important subject, as the quality of crude
oils is getting poorer and the sulfur restriction of liquid fuels
becoming tighter [1]. Currently, the regulations by the U.S.
Environmental Protection Agency (EPA) limit the sulfur content to
less than 30 and 15 parts per million by weight (ppmw) for gasoline
and diesel, respectively. On the other hand, liquid hydrocarbon fuels
are potential fuels for on-board or on-site H2 production for
automotive, residential and portable fuel cells due to their high
energy density, wide availability and safety in storage. However, the
sulfur compounds in the fuels poison the reforming and water-gas
shift catalysts as well as the fuel cell electrodes. Thus, for fuel cell
applications the sulfur concentration in liquid hydrocarbon fuels
needs to be further reduced to 1.0 ppmw or less [2,3].
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Hydrodesulfurization (HDS) is a conventional and dominant
method in refineries worldwide for removing sulfur from liquid
hydrocarbon steams. However, this process needs to be conducted
at high temperature and high pressure in the presence of hydrogen.
Especially for removing the refractory sulfur compounds (alkylated
dibenzothiophene-type compounds), lower space velocity and
higher H2 pressure are required [3–5]. Also, in the deep HDS
process, the olefins and aromatics in gasoline are hydrogenated
partially, which results in a significant decrease of the octane
number of gasoline and increase of hydrogen consumption.
Therefore, several new approaches have been explored for ultra-
deep desulfurization [5–7]. One of these alternative processes is
the adsorptive desulfurization (ADS) [5,6], which has received a
great attention for production of ultra-low sulfur fuel, due to its
significant advantages including no hydrogen consumption,
capability to remove the refractory sulfur compounds, and simple
operating process [8]. Several types of materials have been studied
as adsorbents, such as zeolites [9–12], reduced metals [13], metal
oxides [14], and activated carbons [15].

A Ti0.9Ce0.1O2 material was reported recently as a promising
adsorbent for ADS of liquid hydrocarbon fuels [16]. This
adsorbent offers good adsorption selectivity for sulfur com-
pounds and good regenerability by using air. By XRD study,
Watanabe et al. reported that the nano-particle anatase phase
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Fig. 1. Anatase (0 0 1) surface, red ball: oxygen, grey ball: titanium. (For

interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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was dominant in this TiO2-based adsorbent [17]. The sulfur
removing capacity of this adsorbent was improved by the
oxidative pretreatment with air, but decreased by the reductive
pretreatment with H2 [17].

However, the adsorption site and structural dependence of
thiophenic compound adsorption over the TiO2-based materials
remains to be clarified. Fundamental understanding of the
adsorption mechanism of thiophenic compounds over these
materials is necessary for better design and development of the
high-performance adsorbents, as well as development of the high-
performance catalysts for oxidative desulfurization (ODS). Pre-
vious computational works studied thiophenic compounds
adsorption over MoS2-based materials as catalysts [18–21] and
TiO2 rutile as support [22] in HDS. These prior studies provide
some guidance in considering the potential adsorption sites and
adsorption conformations.

In the present study, first principle calculations by density
functional theory (DFT) method were conducted to clarify the
adsorption mechanism of thiophenic compounds on the TiO2-
based adsorbents. We first studied the anatase (0 0 1) surface
because this surface of anatase is relatively thermodynamically
stable, but also reactive in many cases, and therefore has proved
useful in other computational study of anatase TiO2 [23,24]. Other
anatase surfaces and mixed titania–ceria surfaces will be studied in
our future work, and this initial study is intended to provide
benchmark data for these studies. Although thiophenic com-
pounds with steric hindrance are more difficult to be removed and
of greater interest in ADS, the thiophene molecule was studied as a
model compound as it is the simplest model that captures the S-
surface interaction expected to account for adsorption selectivity.
The adsorption of thiophene on the perfect, O-poor and O-rich
(0 0 1) surfaces of anatase TiO2 was examined by DFT calculations
to gain an insight into the adsorption mechanism of thiophenic
compounds on the adsorbents. Such study also benefits the
mechanistic study in oxidative desulfurization of liquid hydro-
carbon fuels on TiO2-based catalysts [25–28].

2. Computational methods

Calculations were carried out using the Vienna ab initio

Simulation Program (VASP), an ab initio total-energy and molecular
dynamics program developed at the Institute for Material Physics
at the University of Vienna [29–31]. The strongly oscillating wave
functions of core electrons were represented using the projector
augmented wave (PAW) method [32]. Plane wave basis sets with a
cut-off energy of 475 eV were used to expand the wave functions of
valence electrons with valence configurations for titanium being
3p64s23d2, for oxygen 2s22p4, for carbon 2s22p2, for sulfur 3s23p4

and for H 1s1. The Perdew–Wang 91 (PW91) form was used for the
generalized gradient approximation (GGA) for exchange and
correlation potential [33]. A 13 � 13 � 13 Monkhorst–Pack [34]
k-point mesh was used for the bulk anatase unit cell optimization
and a 3 � 3 � 1 k-point mesh was used for the (2 � 2) supercell
surface. The electronic self-consistent field was converged to
1 � 10�4 eV and the structural optimization was continued until
the forces on all atoms were less than 0.05 eV/Å. Bader charge
analysis was used for all the partial charge calculations [35]. The
dipole moment along the surface normal direction was calculated
within the electronic cycle and corrections were made for these
spurious slab-to-slab interactions. Corrections were found to be
small in all cases. All calculations were performed spin-polarized.

Adsorption of thiophene on the anatase (0 0 1) surfaces was
investigated starting from configurations suggested in the
previous literature regarding the coordination geometries of
thiophene with metal species in organometallic complexes [8].
The most stable adsorption configurations should be those with
the most exothermic adsorption energy. The adsorption energies
(Ead) were computed by subtracting the energies of the optimized
thiophene molecule (Ethiophene) and adsorbent bare slab (Eslab) from
the optimized thiophene-slab complex (Ethiophene-slab), as shown
below:

Ead ¼ Ethiophene-slab � ðEthiophene þ EslabÞ (1)

A negative Ead value indicates an exothermic adsorption process.
There might be an absolute deviation between the absolute Ead

values estimated by the calculations and experimental values
[36,37]. However, our main interest in this work is to identify the
qualitative trends on the basis of the relative adsorption energetic
of different adsorption sites, and such an absolute deviation may
not affect the results from the comparison of their relative values.

3. Results and discussion

3.1. Anatase unit cell and (0 0 1) surface

The unit cell of anatase was built first by using the experimental
lattice parameters from the literature. After the optimization of the
bulk volume and the atom positions, the crystal parameters
(a = b = 3.778 Å, c = 9.868 Å) of the unit cell were obtained, which
are close to the experimental values (a = b = 3.782 Å, c = 9.502 Å)
reported in the literature [38] and in agreement with the previous
theoretical calculation [39], indicating that the computed unit cell
for the anatase (0 0 1) surface simulation is reasonable.

The anatase (0 0 1) surface, as shown in Fig. 1, is composed of
oxygen and titanium atoms in different O–Ti–O atomic layers. A set
of three O–Ti–O atomic layers makes up one stoichiometric layer.
There are twofold coordinated oxygen (O-2) atoms and fivefold
coordinated titanium (Ti-5) atoms in the top layer. The whole
super cell of (2 � 2) consists of the four stoichiometric layers, with
the first two layers relaxed and the bottom two frozen at the
optimized bulk anatase positions. A vacuum layer of 15 Å (in the
[0 0 1]-direction perpendicular to the surface) above the surface
was included, for the adsorption space and to minimize slab-to-
slab interactions. The displacements of some surface atoms in the
relaxed layers were calculated. Along the [0 0 1] direction, Ti-5 and



Fig. 3. The adsorption conformation of thiophene on the O-poor anatase (0 0 1)

surface.
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O-3 atoms have a negative displacement, while O-2 atom has a
positive displacement. Along the [1 0 0] direction, the mirror plane
symmetry is broken because the two bond lengths between Ti-5
and O-3 become inequivalent. These results are consistent with the
results reported in the literature [23,39] using PBE or B3LYP as
functionals. Bader charge analysis showed less positive charges
(+2.21) on the Ti-5 than the Ti-6 inside the slab (+2.32), and less
negative charges (�1.08) on the O-2 than the O inside the slab
(�1.16). These results are expected because the atoms on the
surface are less saturated and more reactive than the atoms inside
the slab.

3.2. Adsorption of thiophene on perfect anatase (0 0 1) surface

Several adsorption geometries of thiophene on perfect anatase
(0 0 1) surface, including h1S, S-m3, h2, h4, and h5 [8,40,41], were
examined and calculated. Among all these configurations, the h1S
bonded with Ti-5 on the surface, as shown in Fig. 2, gave the
strongest adsorption energy of �5.4 kcal/mol. This adsorption is
dominantly through the interaction between the S atom in
thiophene and the Ti-5 cation on the surface. Although this h1S
coordination locates at the global potential energy minimum site
on the potential surface of the adsorption, the calculated
adsorption energy is low.

3.3. Adsorption of thiophene on O-poor anatase (0 0 1) surface

In many cases, vacancies on the adsorbent surface may be the
adsorbent sites [21,22,42]. In order to clarify whether O-vacancies
on the anatase (0 0 1) surface play an important role in the
adsorption process, the O-poor anatase (0 0 1) (with the O-
vacancies) surface was built by removing 25% of the atoms in the
bridging O-2 rows of the first layer. The formation energy of an
oxygen vacancy was estimated as follows:

Ef ðO-VacÞ ¼ EðO-poor slabÞ þ 1

2
EðO2Þ � Eðperfect slabÞ (2)

where E(O2) is the energy of gas phase O2 molecule at 0 K. Spin-
polarized calculations were conducted and the difference in the
numbers of spin up electrons and spin down electrons was found
to be 0.22 for the O-poor surface. The formation of the vacancy is
highly endothermic, with Ef(O-Vac) value of +94.4 kcal/mol.
Fig. 2. The adsorption conformation of thiophene on perfect anatase (0 0 1) surface.

In thiophene: dark grey spheres-C, yellow sphere-S, white spheres-H. The number

indicates the distance (Å) between atoms. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)
Several potential adsorption configurations were examined.
Fig. 3 shows the most stable adsorption configuration of thiophene
on the O-poor surface, in which thiophene interacts with the
surface by two S-Ti bonds, where the S atom occupies the O
vacancy. A similar configuration was reported by Liu et al. in their
study of thiophene adsorption over the rutile surface [22].

The estimated adsorption energy for thiophene on the O
vacancy is �7.8 kcal/mol. The difference in the numbers of spin up
electrons and spin down electrons is 1.11 after the adsorption, with
the polarized spins locating on the two less saturated Ti atoms. Due
to the broken mirror plane symmetry observed on relaxed (0 0 1)
surface, the distances between S atom in thiophene and the two
neighboring unsaturated Ti-5 on the surface are inequivalent,
being 2.68 Å and 2.71 Å, respectively. These distances are longer
than the typical Ti–S bonding length reported in studies of
titanocene sulfido complex: 2.2 Å [43]. The S–C bond in the
thiophene molecule increases from initial 1.72 Å to 1.73 Å after the
adsorption. Bader charge analysis on each atom indicated little
electron transfer between the thiophene molecule and the surface.

3.4. Adsorption of thiophene on O-rich anatase (0 0 1) surface

An over-oxidized surface may arise from the activation of the O2

to form an O-rich anatase (0 0 1) surface. In order to examine the
role of extra oxygen atoms on the surface in the adsorption, two
models of O-rich anatase (0 0 1) surface were built, one with a
dissociated oxygen molecule, and the other with an associated
oxygen molecule. The two O-rich (1 0 0) surfaces after the energy
minimization are shown in Fig. 4a and b, respectively. For
convenience in the later discussion, these two types of the O-
rich surface are denoted as O-rich (dis) and O-rich (mol),
respectively. The configuration of O-rich (dis) is similar to the
bridging superoxo coordination mode of dinuclear oxygen radicals
on TiO2 [25], whereas the configuration of O-rich (mol) is similar to
the peroxo coordination mode of dinuclear oxygen radicals on TiO2

[25]. Both coordination modes were proposed previously by
Antcliff et al. on the basis of X-band EPR spectroscopy analysis. The
formation energies of these two modes were calculated using spin-
polarized methods as shown below:

Ef ðsuperoxoÞ ¼ EðO-rich ðdisÞÞ � Eðperfect slabÞ � EðO2Þ; (3)



Fig. 4. The O-rich anatase (0 0 1) surfaces (a) with a dissociated oxygen molecule (O-

rich (dis)), and (b) with an associated oxygen molecule (O-rich (mol)).

Fig. 5. The adsorption conformation of thiophene on O-rich (dis) anatase (0 0 1)

surface, on which the extra oxygen atoms are dissociatively adsorbed on the (0 0 1)

surface.

Fig. 6. The adsorption conformation of thiophene on O-rich (mol) anatase (0 0 1)

surface, on which the extra oxygen atoms are molecularly adsorbed on the perfect

surface.
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and

Ef ðperoxoÞ ¼ EðO-rich ðmolÞÞ � Eðperfect slabÞ � EðO2Þ: (4)

The calculated spin state of O-rich (dis) is singlet; while the
calculated spin state of O-rich (mol) is triplet. The formation of O-
rich (dis) was an endothermic process with Ef = 5.9 kcal/mol, while
the formation of O-rich (mol) was an exothermic process with
Ef = �11.8 kcal/mol. Compared to the energy requirement for
formation of the O vacancy, the generation of the O-rich surfaces is
more favorable on a 0 K internal energy basis, while of the two
types of O-rich planes, the generation of O-rich (mol) is
thermodynamically preferred. The 0 K internal energy change
upon adsorption was modified to a Gibbs free energy change by
making zero-point vibrational energy and gas phase O2 entropy
corrections, as described by Mayernick and Janik [44]. At ambient
temperature, the estimated Gibbs free energies (DG) for O-rich
(dis) and O-rich (mol) were +14.8 kcal/mol and �5.0 kcal/mol,
respectively. It must be noted that all the formation energies of O-
poor and O-rich surfaces reported in this study are not direct
analogs to experimental enthalpies, due to the overestimation of
the O2 binding energy given by DFT [45]. However, the over-
estimation will not affect relative values of Ef.

The conformations of thiophene interacting with these two
surfaces are shown in Figs. 5 and 6, respectively. Different from the
adsorption over the perfect surface and the O-poor surface, the
saturated Ti sites do not contribute to the adsorption any more.
Instead, thiophene strongly interacts with the extra O atoms
through S–O bonds over the O-rich surface. The adsorption
energies were calculated as Eq. (1), where the slab could be O-
rich (dis) or O-rich (mol) in this case.



Table 1
Comparison in the adsorption energies, adsorption conformations, and Bader charge for adsorption of thiophene on the perfect, O-poor, and O-rich surfaces.

Anatase (0 0 1) Perfect O-poor O-rich (dis) O-rich (mol)

Adsorption energy (kcal/mol) �5.4 �7.8 �44.6 �51.4

Adsorption bonding length (Å) S-Ti 2.99 S-Ti1 2.68, S-Ti2 2.71 S-O1 1.65, S-O3 1.60 S-O1 1.45, S-O2 1.48, S-O3 3.17

C–S bond length (Å), 1.72 in free thiophene 1.72 1.73 1.79 1.78

Bader partial charge on thiophene +0.04 �0.10 +3.87 +3.83
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For adsorption on the O-rich (dis), the sulfur in thiophene is
bonded with the three neighboring oxygen atoms (two are the
extra ones and the other is a bridging oxygen on the surface), with
the calculated adsorption energy of �44.6 kcal/mol and singlet
spin state. As shown in Fig. 5, O1 and O2 are identical and their
distances to the S in thiophene are the same, being 1.65 Å. The S–
O3 bond length is 1.60 Å. Due to the formation of these three S–O
bonds, the C–S bond strength becomes weaker, with the increase of
bond length from 1.72 Å to 1.79 Å. The Bader charge analysis
indicates that about 3.87 electrons were transferred from the
thiophene molecule to the oxygen atoms on the surface,
confirming a formal charge change to S4+. The partial charges on
O-1 and O-3 are �1.61 and �1.78, respectively.

Interaction between the S atom and the extra O atoms can also
be observed in the O-rich (mol) conformation, as shown in Fig. 6.
O1 and O2, which are the two oxygen atoms of the oxygen
molecule adsorbed on the surface, form chemical bonds with the S
atom, with the calculated bond length of 1.45 Å and 1.48 Å,
respectively. Interaction between the S atom and O3 atom is
negligible, with a distance of greater than 3.0 Å. The spin state after
the adsorption becomes singlet. Fig. 6 indicates that the adsorption
of thiophene on this O-rich (mol) forms a sulfone-like surface
species. The estimated adsorption energy is �51.4 kcal/mol and
the amount of the transferred Bader charges from thiophene to the
slab is 3.83 electrons.

3.5. Comparison of the adsorption on different type of anatase (0 0 1)

surfaces

Table 1 summarizes the estimated adsorption energies and
related bond lengths, as well as the amount of charge transfer due
to the adsorption over the anatase surfaces. The adsorption
interaction on the surfaces strengthens in the order of: perfect
surface < O-poor surface < O-rich (dis) surface < O-rich (mol)
surface. The adsorption results in weakening the S–C bonds in
thiophene, especially on the O-rich surfaces. Almost four electrons
were transferred from thiophene molecule to the active oxygen
atoms on O-rich surfaces.

In both cases of the perfect and the O-poor anatase (0 0 1)
surfaces, the adsorption of thiophene is dominantly through the
interaction between the Ti cations on the surface and negatively
charged S in the thiophene compound. However, the adsorption
energy in the latter case is stronger compared to that of the former.
What makes the difference is that on the O-poor surface the S atom
interacts with two less saturated Ti atoms, due to the occupancy of
the S at the O vacancy. Both the O-rich (dis) and O-rich (mol) surfaces
have much stronger adsorption energies. Adsorption on the O-rich
surface occurs through S–O interactions and therefore is suggestive
of a path to oxidative regeneration, as opposed to the stoichiometric
(perfect) or reduced (O-poor) surfaces in which the sulfur in
thiophene interacts with Ti atoms in the adsorbed state. This finding
helps to explain our previous experimental observation [16] that
TiO2-based material has good adsorption selectivity for the S-
containing compounds in the presence of other fuel components.

The present computational results indicate that the anatase
(0 0 1) may be able to activate the oxygen molecule to form an O-
rich anatase (0 0 1) plane, which leads to higher adsorption affinity
for thiophenic molecules. This finding explains our experimental
observation that pretreatment with air improved the adsorption
performance of the TiO2-based adsorbent [17]. Other positive
effects of the air-pretreatment, such as cleaning off surface
poisons, could also be possible, and were not considered herein.
However, pretreatment with nitrogen does not increase the
adsorption capacity whereas air-pretreatment does [17], suggest-
ing that the surface oxidation to form the O-rich surface should
play a more important role in the improvement of the adsorption
performance of TiO2. The simulation further reveals that thiophene
is adsorbed on O-rich anatase (0 0 1) plane to form a sulfone-like
surface species. This finding may also provide an insight into the
mechanism of the oxidative desulfurization of thiophenic com-
pounds on the TiO2-based catalysts. The simulation on O-poor
surface shows that the O-vacancy formed on anatase (0 0 1) is also
able to adsorb a thiophene molecule. Were this site responsible for
increased adsorption capacity, the adsorbent pretreated by H2

must have better adsorption performance than one without the
pretreatment. However, our previous experimental study showed
that the H2-pretreatment at 375 8C and ambient pressure did not
improve, but rather decreased the adsorption capacity of the
adsorbent [17]. The disagreement between the present computa-
tional results and previous experimental results might be due to
(1) the high energy requirement for formation of the O-vacancy on
the anatase (0 0 1) surface [46], and/or (2) the formation of
hydroxyl groups and Ti–H bonds on the anatase (0 0 1) surface
[47], which saturates the active sites on the surface. More
computational studies are necessary to further clarify the
importance of surface hydroxylation on thiophene adsorption.

4. Conclusions

On the basis of the present DFT study on the interaction of
thiophene with the perfect, O-poor and O-rich anatase (0 0 1)
surfaces, the following conclusions may be drawn:
(1) A
ll the adsorption conformations suggested by the present
computational chemistry study indicate that adsorption of
thiophene on the anatase (0 0 1) surfaces is likely through the S
atom in thiophene, which could be one of the reasons for the
good selectivity of the TiO2-based adsorbents observed in our
previous experiments.
(2) T
hiophene can be adsorbed strongly on the O-rich anatase
(0 0 1) surfaces, which are formed by the activation of
molecular O2 on the anatase (0 0 1) surface, via S–O bonds
to form a sulfone-like species.
(3) T
he interaction between thiophene and the perfect or O-poor
anatase (0 0 1) surface is relatively weaker than those on the O-
rich anatase (0 0 1) surface. The oxygen vacancies on the
anatase (0 0 1) surface are unlikely to be the adsorption sites
for thiophenic compounds.
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