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Air-promoted adsorptive desulfurization (ADS) of commercial diesel fuel over a Ti-Ce mixed oxide adsorbent in a flow system
is investigated in this work. The fresh/spent adsorbents were characterized using X-ray absorption near edge structure spectros-
copy. Results show that sulfoxide species are formed during air-promoted ADS over Ti0.9Ce0.1O2 adsorbent. Adsorption selectiv-
ity of various compounds in fuel follows the order of dibenzothiophene sulfone> dibenzothiophene ’ benzothiophene> 4-
methyldibenzothiophene> 4,6-dimethyldibenzothiophene> phenanthrene>methylnaphthalene> fluorene> naphthalene. The
high adsorption affinity of sulfoxide/sulfone is attributed to stronger Ti-OSR2 than Ti-SR2 interactions, resulting in significantly
enhanced ADS capacity. Adsorption affinity was calculated using ab initio methods. For Ti-Ce mixed oxides, reduced surface
sites lead to O-vacancy sites for O2 activation for oxidizing thiophenic species. Low temperature is preferred for air-promoted
ADS, and the Ti-Ce adsorbent can be regenerated via oxidative air treatment. This study paves a new path of designing regener-
able adsorbents. VC 2014 American Institute of Chemical Engineers AIChE J, 61: 631–639, 2015
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Introduction

Diesel fuel has been considered as a preferable feedstock
for hydrogen production for on-site and on-board fuel cell
applications due to its high energy density and ready avail-
ability with existing infrastructures as well as safety and
ease of production, delivery, and storage.1 However, trace
amounts of sulfur in diesel fuel cause poisoning of the
reforming catalysts, water-gas-shift catalysts, and the electro-
des in fuel cell systems.2 Fuel cells require fuel with <1 part

per million by weight of sulfur (ppmw-S) for efficient opera-
tion. Therefore, reducing the sulfur content is a key to utilize
diesel fuel to produce hydrogen for on-board fuel cells. Cur-
rently, for the protection of the environment and human
health,3–5 the sulfur content in diesel fuel has been regulated
to be less than 15 ppmw in the United States since 2006.3,4

The regulation has imposed challenges on refineries using
the traditional hydrodesulfurization (HDS) technology. HDS
is highly efficient to remove thiols and sulfides but not effi-
cient for the refractory thiophenic compounds in diesel fuel
such as 4,6-dimethyldibenzothiophene (4,6-DMDBT).3 The
production of ultraclean fuel with <1 ppmw-S for fuel cell
applications from HDS requires a much bigger catalyst bed,
higher temperature and pressure, and more hydrogen input.6

Therefore, ultradeep desulfurization of diesel fuel has
become a more important research subject worldwide.
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Adsorption desulfurization (ADS), based on the selective
adsorption of organosulfur compounds over a solid adsorb-
ent, has been considered a promising approach for ultradeep
desulfurization. There are ongoing efforts to develop new
adsorbents for desulfurization of liquid fuels, including p-
complexation sorbents,7,8 immobilized p-acceptor sorbents,9

metal organic frameworks,10,11 nickel-based sorbents,12 car-
bon sorbents,13 aluminosilicates,14,15 and soft acid-supported
sorbents.16,17 Metal oxides show promising features for
adsorption and catalysis due to their air-regenerability,
adjustable composition, and functionalities as well as tunable
textural properties.

Metal oxides have been extensively studied for hot coal
gas desulfurization to remove hydrogen sulfide (H2S) via
high temperature sulfidation.18–20 We previously reported
that air can increase ADS capacity over a mixed Ti0.9Ce0.1O2

adsorbent under ambient conditions through promotion of
the chemical transformation of organosulfur compounds to
sulfoxides.21 Our density functional theory (DFT) calcula-
tions suggested that chemisorbed oxygen on the TiO2 surface
plays an important role for ADS22 providing an O-source for
chemical transformation of sulfur compounds over metal
oxides. Questions remain as to the impact of thiophenic con-
stituents on sulfoxide formation and ADS selectivity, adsorp-
tion modes, and thermodynamics over Ti-Ce mixed metal
oxides and the effect of temperature on adsorption capacity
and adsorbent regenerability.

In this work, air-promoted ADS of commercial diesel fuel
over Ti-Ce mixed metal oxide adsorbents is studied system-
atically. Adsorption capacity and selectivity were determined
using a fixed-bed flow system. Adsorption affinity of various
compounds in fuel was calculated using DFT methods. The
fresh/spent/regenerated adsorbents were characterized using
X-ray absorption near-edge structure (XANES) techniques.
The adsorption selectivity of various compounds in fuel as
well as oxidized thiophenic species (sulfoxide/sulfone) over
the mixed Ti0.9Ce0.1O2 adsorbent was compared and corro-
borated with the ab initio calculations. Possible active sites
on Ti-Ce mixed metal oxides for catalytic ADS mechanism
were identified by Ce M4,5-edge XANES characterization.
The temperature effect on the air-promoted ADS over the
mixed Ti0.9Ce0.1O2 adsorbent was investigated. The regener-
ation of spent mixed Ti0.9Ce0.1O2 adsorbent was also
examined.

Experimental

Syntheses of metal oxides

The TiO2, CeO2, Ti0.5Ce0.5O2, and Ti0.9Ce0.1O2 adsorbents
were synthesized by a urea coprecipitation method, as
described elsewhere.22 All the chemicals were purchased
from Sigma-Aldrich and were used as received without fur-
ther purification.

Fuels

A commercial low-sulfur diesel fuel containing 14.5
ppmw-S from British Petroleum was used, and its composi-
tion was described in our earlier paper.13 A model diesel
fuel (MDF) was prepared to evaluate the adsorption selectiv-
ity of different compounds over the mixed Ti0.9Ce0.1O2

adsorbent. The model fuel contained the same molar concen-
tration (3.12 E 2 3 mol/kg) of benzothiophene (BT, 99%),
dibenzothiophene (DBT, 98%), 4-methyldibenzothiophene

(4-MDBT, 96%), 4,6-DMDBT, (97%), dibenzothiophene sul-
fone (DBTO2, 97%), indole (�99%), naphthalene (Nap,
99%), fluorene (Flu, 98%), 2-methylnaphthalene (MNap,
97%), and phenanthrene (Phe, 98%). Tert-butylbenzene
(99%) of 8 wt %, 2 wt % of furan (98%), 45 wt % of n-dec-
ane (�99%), and 45 wt % of hexadecane (�99%) were
added into the MDF as the solvents. 3.12 E 2 3 mol/kg (3.12
mmol/g) of n-tetradecane (�99%) was added as an internal
standard for adsorption selectivity calculation. All the chemi-
cals were purchased from Sigma-Aldrich, and were used as
received.

Flow ADS experiments

ADS runs were performed in a fixed-bed flow system with
a stainless steel column (0.0046 m I.D. 3 0.075 m length
[4.6 mm I.D. 3 75 mm length]). 6 E 2 4 kg (0.6 g) of the
dried adsorbent was packed into a stainless steel column and
then predried in situ under an air flow rate of 10 cc/min
(1.67 E 2 7 m3/s) at 393 K for 7.2 E 3 s (2 h). The commer-
cial diesel fuel (or the model fuel) was fed with a high
performance liquid chromatography (HPLC) pump into the
column at a liquid hourly space velocity of 4.8 h21 corre-
sponding to a flow rate of 0.1 cc/min (1.67 E 2 9 m3/s). Air
was fed into the flow system during the ADS test through a
mass flow controller. The air was pre-mixed with the fuel
before feeding into the ADS column. The effluent fuel was
periodically sampled at an interval of 900–1200 s (15–20
min) for analyses.

Fuel analyses

An ANTEK 9000 series sulfur analyzer was used to ana-
lyze the total sulfur concentration of the treated fuel samples.
The sulfur compound compositions in the initial and treated
fuels were determined using a Hewlett Packard gas chroma-
tograph equipped with a sulfur-selective pulsed flame photo-
metric detector (GC-PFPD). A Hewlett Packard 5890 series
II gas chromatograph with a capillary column (XTI-5,
Restek, bonded 5%, 30 m length 3 2.5 E 2 4 m I.D. 3 2.5
E 2 7 m film thickness [30 m 3 0.25 mm I.D. 3 0.25 mm])
and a split mode injector (ratio: 100:1) were used. Ultrahigh-
purity helium was used as the carrier gas. The oven tempera-
ture was initially set at 393 K and after injection ramped at
0.1 K/s (6�C/min) to 443 K, followed by another ramp
at 0.33 K/s (20�C/min) from 443 to 563 K and then held at
563 K for 300 s. Both injector and detector temperature in
GC-PFPD analysis were kept at 563 K.

For the adsorption selectivity study, compounds in treated
MDF samples were analyzed by a gas chromatograph (Var-
ian CP 3800) equipped with a flame ionization detector. The
compounds were separated by a VF-5 ms capillary column
(30 m length 3 2.5 E 2 4 I.D. 3 2.5 E 2 4 m film thickness
(30 m 3 0.25 mm 3 0.25 mm). Helium was used as a car-
rier gas at a flow rate of 1.0 cc/min (1.67 E 2 8 m3/s). The
oven temperature program was the same as above.

To facilitate the quantitative discussion of the adsorptive
selectivity, a relative selectivity factor was used in this
study, which is defined as

ai2n5Capi=Capn (1)

where Capi is the adsorptive capacity of compound “i” corre-
sponding to the breakthrough point and Capn is the adsorp-
tive capacity of the reference compound, naphthalene (Nap),
corresponding to its breakthrough point. As we used the
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kinetic breakthrough capacities instead of the equilibrium
capacity in Eq. 1, the defined selectivity factor does not indi-
cate equilibrium selectivity.23

Adsorbent characterization

Sulfur K-edge XANES spectroscopic measurements of spent
ADS adsorbents were performed at beamline 9-BM/XOR of
the Advanced Photon Source at the Argonne National Lab.
The storage ring was operated with an electron beam of 6.75 E
11 kJ/mol (7 GeV) and an electron current of 0.1 A in a top-up
mode. The monochromator was double-crystal Si(111), and the
XANES spectra were collected in fluorescence mode with a Si
DRIFT 4-element detector (Vortex). Air absorption was con-
trolled by the use of helium purging in the incident light path
and the sample chamber, which were separated by a 5 E 2 6 m
(5 micron) thick polycarbonate window. The monochromator
crystals had an energy resolution of �28.93 kJ/mol (0.3 eV) at
2.41 E 5 kJ/mol (2.5 keV). Harmonics were rejected by use of
a Rh-coated flat mirror in the experimental station. The beam
was focused to as pot size of �1 E 2 3 m (1 mm) in the hori-
zontal and vertical directions by the use of a Rh-coated toroi-
dal mirror.24 To avoid further oxidation, the spent adsorbent
was sealed in the adsorption column after an ADS experiment
and then transferred to and sealed in a sample cell with a pro-
pylene window, which allows for XANES measurements of
liquid or volatile samples. Energy calibration was accom-
plished by setting the edge energy of elemental sulfur to 2.38
E 5 kJ/mol (2472.0 eV). To establish the relationship between
the edge energy and oxidation state, reference compounds
DBT, 4,6-DMDBT, and DBTO2, were measured as received
from Sigma-Aldrich. Up to five scans were collected and aver-
aged to improve the signal to noise ratio. XANES data were
processed using the Athena software package.25

Ce M4,5-edge XANES measurement was performed at
beamline U7A of the National Synchrotron Light Source at
Brookhaven National Laboratory, Upton, NY. Detailed infor-
mation about the experimental setup can be found else-
where.26 The storage ring was operated with an electron
beam energy of 7.72 E 10 kJ/mol (800 MeV) and an average
current of 0.6 A. XANES spectra were collected in partial
electron yield mode. The energy range for Ce M4,5-edge
XANES measurements was from 8.20 E 4 to 8.97 E 4 kJ/
mol (850–930 eV). The energy interval was 9.64 kJ/mol (0.1
eV) in the critical region and 48.22 kJ/mol (0.5 eV) in the
other regions. Samples were pressed onto a copper tape uni-
formly and no cracks were observed. The samples were
tenths of a millimeter thick so that no interference from the
adhesive on the copper tape was expected. The samples
were placed in an ultrahigh vacuum chamber maintained at a
pressure lower than 1028 Pa.27 The Ce M4,5-edge XANES
spectra were processed using the Athena package.

Computational analysis

Dipole Moment Calculations. Dipole moments of the
adsorbent molecules were calculated using the Gaussian 09
package. All the molecules were optimized with a
62311G(d) basis set, and a B3LYP exchange-correlation
functional.

Adsorption Energy Calculations. Adsorption energy cal-
culations were performed using the Vienna Ab initio Simula-
tion Program (VASP28–30). The wave functions of the core
electrons were represented using the projector augmented
wave31 method. A cutoff energy of 4.34 E 4 kJ/mol (450 eV)

was used for the plane wave basis sets for the valence elec-
trons of Ti, Ce, O, C, S, and H. The generalized gradient
approximation of the Perdew–Wang 9132 functional was used
for the determination of the exchange and correlation poten-
tial. A 33331 Monkhorst-Pack k-point mesh33 was used for
all surface calculations. The electronic self-consistent field
was converged to 9.64 E 2 3 kJ/mol (1 3 1024 eV) and the
structure was optimized until the forces on all atoms were less
than 4.82 E 2 10 kJ mol21 m21 (0.05 eV Å21). A subset of
the model systems were optimized by converging the self con-
sistent field (SCF) cycle to 9.64 E 2 4 kJ/mol (1 3 1025 eV)
and until the forces on the atoms were less than 1.93 E 2 10 kJ
mol21 m21 (0.02 eV Å21). The absolute energies differ by
less than 0.1 kJ mol21. Dipole corrections were included in all
the calculations to minimize the possible inaccuracies in the
total energy due to the simulated slab-to-slab interactions
(VASP keywords IDIPOL 5 3, LDIPOL 5 TRUE).

Electrons in localized 4f states of reduced ceria cannot be
accurately represented by DFT, due to a self-interaction error
for highly correlated systems. DFT-U has been used with
U 5 4.82 E 2 kJ/mol (5 eV) for Ce 4f states as suggested in
the literature.34

The DFT-D2 method of Grimme34 has been used to represent
the nonbonding interactions within the systems. The lack of C6

parameters for the later part of the periodic table, most notably
the actinide series led us to hypothesize that at low concentra-
tions of dopants, the magnitude of the dispersion energy added
varies due to the change in the size of the adsorbate and not
due to the chemical composition of the surface itself. Adsorption
energies are calculated as the energy difference between the
adsorbate-adsorbent system and the two isolated systems.35

Model Construction. As considered in our previous work,
a titania anatase unit cell consisting of four Ti atoms and eight
O atoms was used for bulk optimization. The (001) surface,
which is the most reactive low index surface, is considered.
The surface slab has four layers of Ti-O atoms, with the top
two layers unconstrained during structural optimization and
the bottom two layers frozen to replicate the behavior of a
bulk crystal. A 2 3 2 supercell (Ti16O32) was used for all the
calculations. For the Ce-doped systems, a single Ti atom at the
surface was replaced by a Ce atom (Ti15CeO32).

Results and Discussion

Effect of air on ADS over Ti0.9Ce0.1O2 adsorbent

Figure 1 shows the breakthrough (B.T.) capacities for total
sulfur compounds at breakthrough concentrations of 1 ppmw-
S and 3 ppmw-S from the commercial diesel over a
Ti0.9Ce0.1O2 adsorbent at various air flow rates. The break-
through capacity first increases with air flow rate up to 10 cc/
min (1.67 E 2 7 m3/s) and then remains constant for higher
air flow rates up to 40 cc/min (6.67 E 2 7 m3/s). By introduc-
ing 10 cc/min (1.67 E 2 7 m3/s) of air during ADS, desulfur-
ization capacity over Ti0.9Ce0.1O2 mixed oxides increased
ninefold from 2.5 kilogram of fuel per kilogram of sorbent
(2.5 kg-F/g-sorb or 2.5 g-F/g-sorb) to 22.5 kg-F/kg-sorb (22.5
g-F/g-sorb) at a breakthrough concentration of 1 ppmw-S. The
results indicate that air significantly promotes ADS over the
Ti0.9Ce0.1O2 mixed oxide adsorbent.

Adsorption selectivity of Ti0.9Ce0.1O2 adsorbent

In our previous communication,21 sulfoxides were identi-
fied as the predominant sulfur species on the spent
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Ti0.9Ce0.1O2 mixed oxides adsorbent, suggesting oxygen
molecule in air initiates or promotes the chemical transfor-
mation of the refractory sulfur compounds to sulfoxides. The
sulfoxides were formed on the surface of the adsorbent via
catalytic air oxidation of fuel; the formed sulfoxides
remained on the surface of Ti-Ce metal oxides rather than in
the bulk liquid. To understand the contribution of chemically
transformed sulfoxide species to ADS, adsorption selectivity
of different compounds in a model fuel over the Ti0.9Ce0.1O2

adsorbent was studied. Figure 2 shows the breakthrough
curves of different compounds in a model fuel. These break-
through curves were measured over the Ti0.9Ce0.1O2 adsorb-
ent without air addition to the fuel. DBTO2 was used instead
of the commercially unavailable dibenzothiophene sulfoxide
(DBTO) because of the similar skeletal structure.

The adsorbent initially has capacity for many of the com-
pounds, but as the bed progresses toward saturation, strongly
adsorbing compounds with higher affinities displace the
weakly adsorbed species. The progression of breakthrough of
each species with time can be used to measure their relative
affinity, with later breakthrough indicating a greater adsorp-
tion selectivity for a compound. The first breakthrough spe-
cies were aromatic compounds, including Nap, Flu, MNap,
and Phe, which gave breakthrough capacities of <5 kg-F/kg-
sorb. The second set of breakthrough species were the non-
oxidized sulfur species, including DMDBT, BT, MDBT, and
DBT, which gave breakthrough capacities of <15 kg-F/kg-
sorb. In contrast, the fully oxidized sulfur species DBTO2

had a breakthrough capacity of around 25 kg-F/kg-sorb. The
last breakthrough species was indole, which gave the highest
breakthrough capacity of around 70 kg-F/kg-sorb. In compar-
ison to nonoxidized sulfur compounds, especially DMDBT,
the oxidized sulfur compound DBTO2 showed a much higher
ADS breakthrough capacity over the Ti0.9Ce0.1O2 adsorbent,
indicating a much stronger adsorption affinity.

After passing through the saturation point (C/C0 5 1), the
outlet concentration of some compounds, including the aro-
matics and nonoxidized sulfur compounds, increases well
above the initial concentration in the model fuel (C/C0> 2.0)
and then decreases gradually to the initial concentration (C/
C0 5 1). This phenomenon is explained by the reversible
nature of adsorption, and these compounds’ lower adsorptive

affinity than the subsequent breakthrough compounds. The
initially adsorbed compounds with lower adsorptive affinity
are replaced by the compounds with higher adsorptive affin-
ity.23 The observed “kicking-off” phenomenon further sug-
gested that the adsorptive affinity followed the order of
indole>DBT sulfone >> nonoxidized sulfur com-
pounds> aromatic compounds.

The adsorption selectivity factor and the adsorption
capacity of the studied compounds over the Ti0.9Ce0.1O2

adsorbent are listed in Tables 1 and 2. DBTO2 shows higher
adsorption selectivity than nonoxidized sulfur compounds,
and adsorption selectivity shows a general correlation with
adsorbate dipole moment (Table 3). The high dipole magni-
tude of DBTO2 can be attributed to the presence of the elec-
tronegative oxygen. It should be noted that the sulfur
compounds observed on spent Ti0.9Ce0.1O2 adsorbent were
sulfoxides rather than sulfones. The adsorption affinity of
DBTO may be lower than DBTO2, but certainly higher than
DMDBT, as the dipole magnitude follows the order of
DBTO2 (5.453 D)>DBTO (4.182 D)>DMDBT (0.764 D).
The selectivity results suggest that strongly adsorbing sulfox-
ide/sulfone species over the Ti0.9Ce0.1O2 surface from a
chemical transformation of weakly adsorbing sulfur species
in the fuel is the reason for significantly enhanced ADS
capacity.

The selectivity of nonoxidized sulfur compounds follows
the order of DBT>MDBT>DMDBT, confirming the pres-
ence of ACH3 next to sulfur atom on nonoxidized sulfur
compounds hindered ADS over the Ti0.9Ce0.1O2 adsorbent.
This trend suggests the adsorption of nonoxidized sulfur
compounds over the Ti0.9Ce0.1O2 adsorbent is likely through
the sulfur atom, which is sterically hindered by the methyl
groups, similar as ADS over supported nickel.13 In contrast,
the adsorption of sulfone over the Ti0.9Ce0.1O2 adsorbent is
likely through oxygen atom, which is not sterically hindered
by the ACH3 groups due to its out-of-plane configuration
and greater distance of the ring from the surface. This study
offers evidence for the results from DFT calculations
reported by our group35 before.

A high adsorption capacity and selectivity of indole was
observed, significantly higher than DBTO2. Indole, however,
shows a lower dipole moment (2.004 D) than DBTO2 (5.453
D) as listed in Table 3. Indole has a bifunctional electronic
structure,37 acting as an electron donor because of the conju-
gated pi system and as an electron acceptor due to the

Figure 2. Breakthrough curves of different compounds
over the Ti0.9Ce0.1O2 adsorbent from the
model fuel at 298 K.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 1. Breakthrough (B.T.) capacities for total sulfur
compounds at breakthrough concentrations
of 1 and 3 ppmw-S from the commercial die-
sel over Ti0.9Ce0.1O2 adsorbent as a function
of air flow rates.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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hydrogen bonded to nitrogen. Therefore, indole can behave
as a weak base due to the basicity of the N atom and as a
weak acid due to the HAN-bond.38 The presence of nitrogen
compounds in fuel might suppress ADS over the
Ti0.9Ce0.1O2 adsorbent due to competitive adsorption. A
combination of two or more adsorbent beds in an ADS pro-
cess may further improve the ultradeep desulfurization
process.

DFT studies of adsorption modes and thermodynamics

DFT was used to study the preferred modes of adsorption

of the different adsorbates on the surface and also to evalu-

ate the adsorption thermodynamics. Our previous work

reported that Ce-doping into anatase increased the exposure

of the (001) facet39 and that the doped (001) surface was the

most reactive low index surface. We, therefore, consider

adsorption to the (001) surface. All the molecules used in

the model fuel were considered as possible adsorbates.

Adsorption energies calculated with DFT and DFT-D

method are included in Table 1. The dispersion correction

leads to much stronger adsorption, but does not significantly

change the trends among compounds.
As with the pure anatase surfaces, adsorption of the sulfur

containing compounds on Ce-doped surfaces occurs due to

electron transfer between the sulfur atom in the adsorbate

and the surface metal atoms. The preferred site of adsorption

in the binary system is the Ce atom. The extent of electron

transfer from the S atom to the Ce is larger than from the S

atom to a surface Ti atom. For a 4,6-DMDBT molecule, the

adsorption energy (DFT-D energies are compared, as disper-

sion is needed to get significant adsorption information) on

the pure surface is 260.18 kJ/mol (20.624 eV), but the

adsorption energy on the Ce-doped surface is 271.56 kJ/mol

(20.742 eV). The increased adsorption strength corresponds

to increased electron transfer between the adsorbate and the

active site of the adsorbent. Bader charge analysis of the S

atom in the ring shows that the charge of the S atom in the

DMDBT molecule is 20.14. On interaction with the pure

TiO2 surface, the S atom becomes less negative due to the

electron transfer and has a charge of 20.12. On interaction

with a doped surface, however, the S atom has a charge of

20.07, suggesting more electron transfer to the Ce dopant

atom on the surface. The larger size of the Ce atom makes it

possible for the adsorbate to adsorb without being situated

very close to the surface, thereby mitigating the effect of

steric hindrance.

Figure 3 shows the preferred adsorption modes of various
benzothiophenic derivatives on the (001) surface. The
adsorption strength follows the trend of steric hindrance as
DMDBT<MDBT<DBT, which is consistent with the
adsorption selectivity order. The substituted DBT molecules
adsorb weaker than the DBT molecules. The adsorption
energy trends among these species are unchanged between
values with and without dispersion corrections.

The adsorption energies of the hydrocarbons are less exo-
thermic than the adsorption energies of the sulfur containing
compounds as suggested in Table 1. Figure 4 shows the opti-
mized adsorbed configuration of naphthalene and fluorene on
the Ce-doped TiO2 (001) surface. The preferred interaction
mode of the hydrocarbons is through pi electron transfer
from the ring to the surface metal atoms. The adsorbate mol-
ecule is adsorbed parallel to the surface in a planar configu-
ration, facilitating the interaction of the conjugated p
electrons easier.

The DFT calculated adsorption energies of the hydrocar-
bons on both the TiO2 and the Ce-doped TiO2 are close to
zero. Addition of dispersion interactions strengthen the
adsorption, suggesting that Van Der Waal’s forces and
importantly the size of the adsorbate plays a major role in
determining the strength of adsorption. Larger molecules like
fluorene and Phe adsorb stronger than naphthalene, solely
due to the increased size.

Sulfone species show stronger adsorption than nonoxi-
dized thiophenic species, as indicated in the experimental
adsorption selectivity results. Adsorption occurs through
interaction of the oxygen atoms in the sulfone and the sur-
face metal atoms (Figure 3c). As with the unoxidized sulfur
compounds, Ce doping promotes the adsorption of sulfones
to the surface.

The trend of adsorption strength on the (001) surface is:
DBTO2>DBT’BT>MDBT>DMDBT> Phe>MNap> Flu
>Nap. The trend is in close agreement with the trend of
adsorption capacities observed experimentally. Adsorption cal-
culations were also carried out for the DBTO molecule on the
(001) surface (Figure 3f). The sulfur in this case is bound to
one oxygen atom, which in turn bonds with the Ce atom on
the surface. It has the strongest adsorption strength of all the
adsorbates, although the instability of the gas phase sulfoxide
makes direct comparison of adsorption energies difficult.

Effect of Ce dopant into TiO2 on air-promoted ADS

Sulfur K-edge XANES. Ti0.9Ce0.1O2 mixed metal oxides
showed a significantly higher adsorption capacity compared

Table 1. Adsorption Selectivity Factor Relative to Naphthalene for Each Compound in MDF over the Ti0.9Ce0.1O2 Adsorbent

and Adsorption Energies in kJ mol
21

Nap Flu MNap Phe DMDBT BT MDBT DBT DBTO2 Indole DBTOa

Experiment 1 1.88 1.88 4.76 6.68 7.74 9.44 11.14 25.90 73.31 NA
Eads 22.1 24.2 23.0 27.5 215.6 231.8 227.6 232.8 236.7 – 285.8
Eads(DFT-D) 241.5 256.5 246.5 255.7 271.6 288.2 279.4 297.3 288.8 – 2260.4

aDBTO is not available for testing experimentally.

Table 2. Adsorption Capacities (mol/kg) for Each Compound in the Model Fuel over the Ti0.9Ce0.1O2 Adsorbent

Ti0.9Ce0.1O2 Nap Flu MNap Phe DMDBT BT MDBT DBT DBTO2 Indole

Breakthrough 0.003 0.006 0.006 0.015 0.021 0.024 0.030 0.035 0.081 0.229
Saturation 0.008 0.009 0.009 0.017 0.025 0.030 0.043 0.060 0.149 >0.312
Net 0.005 0.007 0.007 0.012 0.014 0.018 0.030 0.060 0.149 >0.312
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to single metal oxides of TiO2 and CeO2 in air-promoted
ADS in our communication.21 To understand the variation
on sulfur chemistry over mixed and single oxides, sulfur K-
edge XANES characterization was used to identify sulfur
species on both mixed and single oxides. Figure 5 shows sul-
fur K-edge XANES spectra of the spent adsorbents, includ-
ing TiO2, CeO2, and Ti0.9Ce0.1O2. Sulfoxides40 were
detected only on the spent Ti0.9Ce0.1O2, but not on the spent
single TiO2 and CeO2 metal oxides, suggesting the mixed
Ti0.9Ce0.1O2 adsorbent demonstrates a unique functionality
to activate oxygen in air for the transformation of organosul-
fur species to sulfoxides in fuel at room temperature.

Ce M4,5-edge XANES. In the mixed Ti-Ce metal oxides,
the oxidation states of Ce can vary due to the distorted crys-
talline structure. To investigate the oxidation states of the Ce
dopant, Ce M4,5-edge XANES was carried out on the mixed
Ti0.9Ce0.1O2 metal oxides, as well as the single CeO2 metal
oxides. Two stable oxidation states, 13 and 14, could be
detected in cerium-containing metal oxides. The Ce M4,5

XANES spectra arise from the transitions of 3d electrons
into the unoccupied 4f states.41 In the XANES spectra, Ce31

and Ce41 can be distinguished by their peak shapes and
positions, and M5/M4 intensity ratio.42 Supporting Informa-
tion Figure S1 shows the Ce M4,5-edge XANES spectra of
the standard Ce31 and Ce41. M5/M4 ratios in Ce M4,5-edge
XANES spectra was used to assess Ce31/Ce41 ratio in
oxides as reported in the literature.41 M5/M4 ratio (1.18) for
Ce31 is higher than that for Ce41 (0.73). Additionally, on
the right side of major M4 and M5 peaks, a satellite peak

appears on the XANES spectrum of Ce41 rather than that of
Ce31. Figure 6 shows the Ce M4,5-edge XANES spectra of
Ti0.9Ce0.1O2 and CeO2, as well as Ti0.5Ce0.5O2 for compari-
son. The Ce31 ratio in the Ti-Ce mixed metal oxides follows
an order of Ti0.9Ce0.1O2 (0.889)>Ti0.5Ce0.5O2 (0.876)> lab-
urea-precipitated CeO2 (0.843), suggesting higher portions of
Ce31 in the Ti-Ce mixed metal oxides, consistent with the
results in our previous X-ray photoelectron spectroscopy
(XPS) study.22 The characterization results consolidate that
surface O-vacancies and their associated 31 metal centers
can act as active sites for O2 activation and sulfoxide forma-
tion, as proposed in our DFT study.21 It should be noted that
even though Ce31 was also presented in the lab-urea-
precipitated CeO2 (M5/M4 ratio of 0.843), low ADS
capacity was observed. The lattice oxygen in the CeO2 crys-
tal is tricoordinated. An oxygen molecule has two O atoms
which need to be bound with three surface Ce atoms (a
vacancy in CeO2 leaves three unsaturated Ce atoms),43,44

which makes it difficult to adsorb and activate O2 molecule.
Therefore, O2 molecule on CeO2 is not as activated as it is
on Ti-Ce surfaces, where an incoming O2 molecule can bind
with two unsaturated atoms. The detailed mechanism is fur-
ther illustrated in our DFT work.

Effect of adsorption temperature on air-promoted ADS

Figure 7 shows the breakthrough curves of the Ti0.9Ce0.1O2

adsorbent for sulfur compounds from the diesel fuel at 473,
373, 353, 323, and 298 K. By increasing the adsorption tem-
perature, ADS capacity decreases, suggesting high

Table 3. Dipole Magnitude of Different Sulfur/Nitrogen Compounds Calculated with DFT (B3LYP/6–311G(d))

Compound BT DBT MDBT DMDBT DBTO DBTO2 Indole

Dipole moment (D) 0.665 0.803 0.476 0.138 4.741 5.743 2.00436

Figure 3. Adsorption configurations of BT and its derivatives over a Ce-doped TiO2 (001) surface.(a) BT, (b) DBT, (c)
DBT sulfone, (d) 4-MDBT, (e) 4,6-DMDBT; (f) DBTO; Ce, yellow; C, dark gray; H, white; Ti, light gray; O,
red; S, dark yellow.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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temperature conditions are not preferred for air-promoted
ADS. In the temperature range studied, the optimal tempera-
ture for this process was 298 K. It is worth noting that no sulf-
oxides were detected in the treated fuels after breaking
through at high temperatures, suggesting desorption of sulfox-
ides from the Ti0.9Ce0.1O2 surface is not the reason for the
decreased ADS capacity at higher temperatures. That is to say,
reduced amount of sulfoxides are formed at increased ADS
temperatures considering the two main steps (sulfoxide forma-
tion and sulfoxide adsorption) of air-promoted ADS. This can
be attributed to the decreased amount of superoxide species
formed on the Ti0.9Ce0.1O2 surface at higher temperature in
the presence of air. In another approach of ultradeep ADS of
diesel fuel over TiO2-CeO2/MCM-48 adsorbent under ambient
conditions we proposed,45 peroxides are generated in fuel dur-
ing air feeding under light irradiation before ADS, and the
generated peroxides further oxidize and adsorb sulfur com-

pounds over MCM-48 supported TiO2-CeO2. In contrast, dur-
ing the air-promoted ADS process, it is likely the superoxide
species formed on the unsupported Ti0.9Ce0.1O2 surface due to
O2 in air governs the ADS capacity. It was also noted that
there was no visible color change between the initial and
desulfurized fuels, suggesting the oxygen content in the fuel
increased negligibly and a high degree of oxidation of the sul-
fur containing compounds in the fuel.

Adsorbent regeneration

The regeneration of spent Ti0.9Ce0.1O2 adsorbent was per-
formed by oxidative air treatment. Figure 8 shows the break-
through capacity of the Ti0.9Ce0.1O2 adsorbent in the first
three regeneration cycles by oxidative air treatment at
673 K. Regenerated Ti0.9Ce0.1O2 adsorbent shows a compa-
rable ADS capacity of 22.5, 20.2, 17.3 kg-F/kg-sorb in the
first three cycles, indicating that the adsorption capacity can
be recovered by oxidative air treatment. It further suggests
that the active sites for air-promoted ADS on the
Ti0.9Ce0.1O2 adsorbent can be regenerated during oxidative
air treatment. Meanwhile, the adsorption capacity drops
gradually after cycles of regeneration, indicating partial loss
of active sites accompanying the regeneration of the
Ti0.9Ce0.1O2 adsorbent via oxidative air treatment.

Figure 4. Adsorption configurations of hydrocarbons in
model fuel over a Ce-doped TiO2(001) sur-
face. (a) Naphthalene, (b) Methylnaphthalene,
(c) Phenanthrene, (d) Fluorene; Ce, yellow; C,
dark gray; H, white; Ti, light gray; O, red.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Sulfur K-edge XANES spectra of the spent
TiO2, CeO2, and Ti0.9Ce0.1O2 adsorbent after
1 h time-on-stream on the diesel fuel.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Ce M4,5-edge XANES spectra of Ti0.9Ce0.1O2,
Ti0.5Ce0.5O2, and CeO2.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Breakthrough curves for sulfur compounds
from the diesel fuel over the Ti0.9Ce0.1O2

adsorbent with 10 cc/min (1.67 E 2 7 m3/s) of
air flow at different temperatures.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 9 shows the Ce M4,5-edge XANES spectra of
regenerated Ti0.9Ce0.1O2 (from the 3rd cycle) in comparison
to the fresh one. M5/M4 ratio (indicating Ce31 ratio) of
Ti0.9Ce0.1O2 decreased to 0.868 from 0.889 after three regen-
eration cycles. The decreased percentage of trivalent Ce31

on the Ti0.9Ce0.1O2 surface may cause the formation of a
lower number of surface active oxygen-vacancy sites for
oxygen activation and sulfur oxidation, resulting in lower
adsorption capacity after regeneration as shown in Figure 8.
The results further consolidate that the reduced centers of
Ce31 on the Ti0.9Ce0.1O2 surface can be critical for air-
promoted ADS. The loss of active sites on the Ti0.9Ce0.1O2

surface can be due to the agglomeration of metal oxide par-
ticles during regeneration at a high temperature. Alterna-
tively, sulfur species may be retained on the regenerated
Ti0.9Ce0.1O2 after oxidative air treatment, which may form
metal sulfate24 and deactivate the catalytic sites for cyclic
air-promoted ADS. Further mechanistic studies are needed to
understand the deactivation/regeneration chemistry of the Ti-
Ce mixed metal oxides.

Conclusions

Air-promoted ADS of commercial low-sulfur diesel fuel
over Ti-Ce mixed metal oxides was examined. Sulfoxide

species was identified to be formed over Ti0.9Ce0.1O2 adsorb-
ent during catalytic air-promoted ADS. Sulfoxides adsorbed
on the adsorbent through a stronger R2SO-M interaction
rather than R2S-M interaction, resulting in a significantly
enhanced ADS capacity. Additionally, sulfoxides also mini-
mize the steric hindrance effect by moving the thiophenic
ring further away from the surface. Ce-XANES characteriza-
tion indicates increased amounts of reduced Ce31 sites by
doping Ce into TiO2, which may contribute to the creation
of active O-vacancy sites for O2 activation and sulfur oxida-
tion. Air promotes ADS more at a lower temperature, and
the Ti0.9Ce0.1O2 adsorbent can be regenerated via oxidative
air treatment. The decreased amount of reduced Ce31 sites
in the Ti0.9Ce0.1O2 adsorbent contributes to partial loss of
ADS capacity after regeneration, which should be taken into
account in the future for improved design of air-promoted
ADS adsorbents. The adsorbent studied not only minimizes
the energy requirement but also eliminates the need for
hydrogen and other sacrificial agents for oxidation keeping
the costs low. At this stage of development, the air-promoted
ADS process could be a complementary technique to HDS
in the refineries to produce zero-ppm sulfur fuel while avoid-
ing major reconstruction and capital costs.
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