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ABSTRACT
This work examines the mechanism for the adsorptive desulfurization of liquid hydrocarbon
fuels over TiO2 based adsorbents. The adsorbent was doped with several metals for enhanced
adsorption performance. The undoped and the doped adsorbents were modeled and analyzed
using density functional theory (DFT) calculations to explore structure and functional correlations
of these systems. Experimental evidence is also offered to support the theoretical results.
The TiO2 based systems were chosen as adsorbent materials because of their adsorption
capacity and selectivity towards sulfur. Ce doping is shown to have improve the adsorption
capacity and selectivity using batch and flow experiments. Herein, the stable facets of the TiO2
crystal are used to model the adsorption of thiophene and its derivatives. Doping was carried out
by substituting a surface Ti atom with another metal atom (Ce, Zr, Fe, Mo, etc.). Substitutional
doping not only affected the physical properties of the crystals (surface area, pore size), but also
affected the electronic properties, leading to variations in the adsorption capacity. The changes in
the performance are studied in detail and a unique adsorbent for superior adsorption performance
was predicted using DFT and validated through experiments.
The presence of oxygen in the atmosphere during the adsorption process leads to a significant
increase in adsorption capacity. Experimental characterization determined that the oxidation of
thiophenes was the source of the increase. To this effect, three different oxidation states of
surface Ti atoms were modeled. A stoichiometric surface having Ti atoms in a 4+ oxidation state,
an O-poor surface with surface O-vacancies having Ti atoms in a 3+ state and an O-rich surfaces
with an extra O-molecule on the surface were constructed. Results showed that the oxygen rich
surfaces have higher affinity towards the thiophenes than the other types of surfaces, due to the
formation and adsorption of a sulfone species on such surfaces. Though these sites contribute to
improved adsorption, they cannot be formed spontaneously under reaction conditions. Further
iii

mechanisms to form such sites are explored and a novel adsorption cycle which allows
continuous adsorption of thiophenes is proposed. The mechanism proposed uses surface Ovacancies as active sites for activating the oxygen molecules for oxidation of the thiophenic
molecules. The vacancy sites are then regenerated by the formation of a sulfone. Each step in the
mechanism is analyzed using DFT and dopants are screened based on the energetics for the
critical steps in the cycle viz. vacancy formation, oxygen adsorption and sulfoxide formation.
Experimental evidence is provided to validate the predicted adsorbents. This work paves the way
for characterization and design of doped metal oxide adsorbents capable of adsorbing high
amounts of sulfur selectively.
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Chapter 1
Introduction

1.1 Desulfurization: Significance and state of the art
Sulfur containing molecules are naturally occurring contaminants in transportation fuels. Sulfur is present
in the form of organosulfur compounds, often forming heterocycles [1, 2]. Though sulfur is now commonly
present in ppm (parts per million) levels in fuels, the deprecating effect it has on the environment and other
treatment units in automobiles is enormous [3]. Combustion of sulfur leads to the production of SOx. Apart
from being the major cause of acid rain, SOx species are prone to homogeneous nucleation, increasing the
particulate emission levels [4]. The allowable sulfur concentration in fuels is therefore closely monitored
by the EPA. As of 2006, the allowable sulfur content in gasoline and diesel is required to be less than 30
and 15 ppm respectively [5, 6]. Hence removal of sulfur from fuels or desulfurization is essential for the
production of cleaner fuels.
Hydrodesulfurization (HDS) is a catalytic chemical process widely used for the removal of sulfur from
hydrocarbon fuels. A HDS unit in the refinery is referred to as a hydrotreater, as shown in Figure 1-1. Sulfur
is removed from the liquid stream as H2S at extremely high temperatures (300 to 4000 C) and pressures (30
to 130 atm), in a hydrogen containing atmosphere [7]. The reaction is usually catalyzed by an alumina
supported cobalt-molybdenum catalyst (CoMo) or a nickel-molybdenum (NiMo) sulfide catalyst. A
schematic of the possible pathways of HDS for a thiophene molecule is shown in Figure 1-2 [7]. Extensive
studies have been carried out analyzing the HDS process and the results suggest that the reactivity of the
organosulfur compounds depend on the structure and the bonding environment of the sulfur atom [8].

1

Simple sulfur compounds like mercaptanes show the highest reactivity to HDS, with the reactivity
decreasing as the size of the molecule increases [2].

Figure 1-1. Schematic of a typical oil refinery (Source: Universal Oil Products processing solutions
webpage).

Several studies have shown that steric hindrance on the S atom plays a major role in dictating the kinetics
of the HDS process [1, 2, 5, 8]. Sterically hindered compounds such as 4, 6-dimethyl-dibenzothiophene
(4,6DMDBT) are extremely difficult to remove using conventional methods, and are hence called
“refractory compounds”. Refractory compounds must be removed to achieve ultra-low concentrations of
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sulfur in fuels (<10 ppm). The desulfurization process to remove these compounds is called deep
desulfurization.
Deep desulfurization is a demanding process, both in terms of energy and catalyst requirements. Song et
al. have shown that a catalyst bed with 7 times the surface area of the commercially used bed is needed to
achieve a sulfur concentration of 15 ppm [6]. Removal of refractory compounds also requires extremely
high temperatures of operation and also increased pressures of hydrogen. All of these factors contribute to
make the use of conventional HDS for deep desulfurization inefficient. Hence, research has been carried
out to remove the refractory sulfur containing compounds with increased efficiency.

Figure 1-2. Schematic of possible pathways for thiophene HDS[7]
Akzo Nobel Catalysts (now Albemarle) and ExxonMobil developed a NiMo based catalyst called Nebula,
which was observed to contain about 15% more active material than conventional HDS catalysts [7, 9]. It
was reported that diesel fuel with a sulfur concentration less than 10 ppmw could be produced with this
catalyst. However, the hydrogen consumption for this catalyst was significantly higher, therefore making
the treated fuel susceptible to a loss in performance. Several other techniques have solved the issue of
octane loss, while offering the possibility of increased selectivity. The Prime G+ process developed by
Axens operates by selectively isomerizing the olefins in gasoline followed by selective
hydrodesulfurization of sulfur containing compounds [2, 10]. A gasoline feed with 10 ppm sulfur was
produced with a minimum octane loss using this method. Exxon Mobil’s SCANfining process uses a novel
CoMo based catalyst to effectively remove sulfur while limiting the loss of octane rating [2, 10, 11].
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Techniques have also been developed for the enhancement of octane number while performing
hydrodesulfurization of gasoline. Exxon Mobil’s Oct-gain process combines the conventional deep
desulfurization unit with an isomerization unit to recover the octane rating lost during the removal of sulfur
[2]. A similar process was developed jointly by UOP and INTEVEP called ISAL. Both the processes had
similar working concepts, but used different catalysts and operating conditions [10]. The additional
processing however led to higher consumption of hydrogen and some gasoline yield loss.
Though innovative processes have been developed for the deep desulfurization of liquid fuels, the
drawbacks plaguing the conventional desulfurization processes still persist. The tightening sulfur
specifications of transportation fuels and the emergence of the hydrogen economy, with fuel cells possibly
using liquid fuels as feedstock require the presence of sulfur in extremely low concentrations. The
ineffectiveness of the conventional hydrodesulfurization techniques in producing fuels with near zero sulfur
levels, coupled with the increase in operating costs and performance degradation has sparked the
development of a variety of alternate desulfurization processes. The most prominent approaches are
discussed in the following sections.

1.2 Alternate approaches to desulfurization
A significant amount of work has been carried out to develop alternate (non-hydrotreated) methods for
the removal of sulfur from liquid fuels. Some of the more prominent approaches are biodesulfurization,
oxidative desulfurization, adsorptive desulfurization and extractive desulfurization. All of the methods have
multiple variations to them and can be used in tandem with a conventional HDS reactor to produce fuels
with near zero sulfur content. This section outlines each of the methods and analyzes the advantages and
disadvantages of each of them and a brief comparison is provided in Table 1-1.
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Table 1-1. Comparison of the advantages and disadvantages of HDS and the prominent desulfurization
approaches.

Method

Advantages

Disadvantages
Energy intensive; H2 required,

Hydrodesulfurization

Removes Sulfur; being used in large
inefficient in producing low sulfur

(HDS)

scale applications
fuels

Biodesulfurization
(BDS)

Mild operating conditions; can

Still in development; Kinetics of

produce sulfur-free fuels

sulfur removal is an issue

Low temperature operation; can

Sacrificial agents of oxidation

remove refractory compounds

required; Separation of spent fuel

effectively

and oxidant is an issue

Oxidative desulfurization
(ODS)
Ambient condition operation;

Adsorptive desulfurization

Adsorbents suffer a loss in
minimizes H2 and energy
selectivity

(ADS)
requirement

1.2.1: Biodesulfurization
Biodesulfurization (BDS) has attracted attention in the recent past due to the scope for the green
processing of fossil fuels. In this method, bacterial species capable of metabolizing sulfur containing
compounds are synthesized [12]. Some of the bacterial species used the thiophenic species as a source for
sulfur and carbon, while some species used them as a carbon source and converted the thiophenes into
water-soluble compounds through oxidation. BDS occurs through two possible pathways, the kodama
pathway[13] (Figure 1-3 (a)), where the initial attack is on one of the carbon atoms and the 4s pathway
(Figure 1-3 (b)), where the S atom is directly attacked. The Kodama pathway leads to cleavage of C-C
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bonds and is undesirable, since it leads to reduced selectivity. The 4s pathway is more selective, because
the attack occurs on a C-S bond. It involves formation of intermediates like sulfoxides and sulfones[14].
Both the pathways have several kinetically limited steps that slow the overall rate at which the sulfur
removal occurs. The process is extremely flexible. It can be carried out at a range of temperatures, studies
have been carried out at operating conditions of 30 to 4000C [15, 16]. More recent results by Li et al.
reported the desulfurization performance of the bacteria X7B. The total sulfur level of DBT was reduced
from 200 to 2ppm within 24 hours [17]. Mohebali et al. isolated a new type of bacterium which offered
100% removal of DBT [18].
Though BDS has the potential to completely remove the sulfur containing compounds in fuels, it is
severely limited by the processing time. Recent studies showed that the sulfur containing compounds show
an activity trend similar to HDS [19], (T > BT > DBT > 4, 6-DMDBT) suggesting that refractory
compounds would require a significant amount of time for removal. This method is still in the development
stages. Though it has the capability to produce “zero” sulfur fuels, it has several drawbacks that include the
slow kinetics and the separation of the cell culture from the oil phase and also the optimization of the massproduction of the BDS catalysts.

a

b

Figure 1-3. Initial attack steps for the BDS pathways: a) The Kodama pathway [13]; b) The 4S
pathway HDS [14]
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1.2.2: Oxidative desulfurization:
Oxidative desulfurization (ODS) is a promising technology for the reduction of sulfur at low temperature
(~500C) and atmospheric pressure [20]. In this method, heavy sulfides are processed through partial or
complete oxidation of the sulfur atom, without cleaving the carbon sulfur bonds. The resultant products are
hence sulfones or sulfoxides, which have greater polarity in comparison with the unoxidized compounds
and hydrocarbons. This makes the separation of the oxidized sulfides easier. The ODS is hence a two stage
process, the first being oxidation and the second being extraction. The process offers many advantages
compared to HDS, it minimizes the consumption of H2, is feasible at conditions of low temperature and
pressure and is relatively short timed (about 2-5 hours in most cases). This process offers an added
advantage for the removal of refractory compounds, since studies have shown that they have higher
oxidation activities in comparison with unsubstituted thiophene [21].
A variety of oxidizing agents have been used for the ODS process over the years. Some of the oxidants
studied include NO2, O3 or peroxy acid solutions such as acetic acid and formic acid and even solids like
K2FeO4 [12]. Oxidation using NO2 produced a significant amount of undesirable side products, suggesting
that the process was not selective [22]. Selectivity was improved through the use of peroxy acid solutions
and solid oxidants [23-25]. Though the conversion of the sulfur compounds to sulfones was high using acid
oxidants, their use in large scale was severely prohibited due to the need for the separation of the spent
oxidant and the treated fuel. Phase-transfer catalysts were used to improve the mass transfer rates, large
scale use of which will lead to increased cost of operation.
Hydrogen Peroxide (H2O2) is the most commonly used oxidant because of its ready availability and
environmental friendliness. The oxidation of sulfur compounds with H2O2 has been studied using various
types of catalysts. Homogeneous catalysts used include acid media like acetic acid and trichloroacetic acid
(CCl3COOH) [12]. Results showed that organic acids provided more oxidation activity than their inorganic
counterparts. The difficulty faced in homogeneous separation led to the use of solid catalysts. Transition
metal catalysts have been extensively used for oxidation leading to superior desulfurization performance.
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The transition metals used include Mo/W oxides, Mo supported on γ-Al2O3 and V2O5 supported on alumina,
titania, ceria and silica [26-28]. Collins et al. used ligand activators to improve the oxidizing abilities of
H2O2 under low catalyst concentrations and mild oxidizing conditions [26]. The problems with separation
however persisted in most of the studies, with the insolubility of aqueous H2O2 in hydrocarbons presenting
an extra obstacle.
Oxygen was used as an oxidant to mitigate the extraction issues. Sampanthar et al. reported that MnO 2
and Co3O4 supported on Al2O3 can catalyze the oxidation of the refractory sulfur compounds in diesel fuel
to their sulfones at 403-473K at atmospheric pressure [29]. Other studies reported the use of
CuO/ZnO/Al2O3 and Pt/CeO2 to catalyze the complete oxidation of the sulfur containing compounds to SO2
[30]. However an operating temperature around 600K was needed to maintain the activity of the catalysts.
Song et al. studied the ODS of liquid hydrocarbon fuels using air as an oxidant catalyzed by Fe (III) salts
supported on activated carbon [31]. The adsorption was carried out at ambient conditions. The Song group
also developed a two-step ODS process where the liquid fuel was contacted with air to produce
hydroperoxides, which then oxidized the sulfur containing compounds [32]. Their results showed that the
refractory compounds like DBT have a higher oxidation activity than thiophene and methylthiophene.
While ODS is useful in the removal of the refractory compounds, studies have also reported an increase
in olefin content in diesel fuel due to oxidation. Most of the catalysts developed (oxides of Cu, Zn and Al)
also need high temperatures for sustaining their activity. The amount of sacrificial agents required also
limits the use of this process at an industrial scale. The ideal oxidation process would minimize the use of
sacrificial agents, consist of a catalyst that would make the process feasible at ambient temperatures and
would also minimize the effort needed for the extraction of the oxidized sulfur containing compounds.

1.2.3 Adsorptive desulfurization
Adsorptive desulfurization (ADS) is the most promising alternate desulfurization approach developed,
since it can be carried out at ambient conditions [2]. The process also minimizes the need for hydrogen and
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does not require sacrificial materials like ODS. The ADS process uses solid adsorbents to remove the sulfur
containing compounds in fuels through selective adsorption. A considerable research effort has been carried
out in this area and researchers have been able to develop a wide variety of adsorbents tailored for this
process.
Desulfurization of DBT and other thiophenic compounds has been studied extensively over zeolites,
activated carbons, nickel-based adsorbents and metal organic frameworks amongst many others. The
adsorbents differ in the way they interact with the thiophenic species in the fuel. Zeolites, for example
adsorb the thiophenic species through π-complexation [12, 33]. The π orbitals of the thiophenic molecule
interact with the surface atoms in this case. Zeolites are crystalline aluminosilicates of alkali or alkali earth
metals (Na, K or Ca). Y type zeolites are the most commonly used zeolite for ADS purposes. Weitkamp et
al. in 1991 reported that a ZSM-5 zeolite was more selective towards thiophene than benzene (in vapor
phase) in a fixed bed adsorption process [34]. This was followed by work by Yang et al. and Takahishi et
al. who reported that Cu-Y and Ag-Y zeolites had higher adsorption capacities in comparison to the original
Na-Y zeolite[35, 36]. This was attributed to increased π-complexation due to the presence of the metal
atoms. A comparison was made with several other adsorbents including activated carbon. Ag-Y and Cu-Y
zeolites showed the best adsorption capacity [36]. Gongshin et al. prepared adsorbents using ion exchange
techniques to introduce d-block elements into zeolites [37]. The ion-exchanged materials produced were
shown to produce fuels with a total sulfur concentration less than 1 ppm.
The Song group at Penn State developed a new program for ADS called PSU-SARS (Selective
Adsorption for Removal of Sulfur) [38]. As a part of this program, a series of transition metal ion-exchanged
zeolites were synthesized (Cu, Ni, Zn, Pd and Ce) [39]. It was shown that Ce-exchanged Y zeolites had
higher sulfur adsorption capacities and also better selectivities. This was attributed to a change in the
adsorbent-adsorbate interaction. It was shown by Ma et al. that the S atom interacted directly with the metal
atoms in these zeolites. Though the zeolites exhibited high adsorption capacities, results by Yang et al.
showed that the polyaromatics present in real fuels strongly compete for adsorption sites on the zeolite
surface, leading to a severe decrease in selectivity [40].
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The SARS program also tested a nickel based adsorbent (Ni supported on silica-alumina) for the
desulfurization of gasoline, diesel and jet fuels [41]. Selective adsorption was carried out directly through
a S-M interaction. Though the adsorbents showed high adsorption capacity and selectivity, there was
cleavage of the C-S bond observed. Several other studies reported Ni based adsorbents with high adsorption
capacities. Sentorun-Shalaby et al. developed a Ni-based adsorbent supported on a MCM-48 adsorbent,
with an adsorption capacity of 2.1 mg-S/g-sorb [42]. The work performed by Kim et al. however, showed
that at room temperature, the Ni based adsorbents show higher selectivity towards nitrogen containing
compounds like indole instead of sulfur containing compounds [43].
In the same article, Kim et al. compared the sulfur removal capacities of three different adsorbents. At
room temperature, the adsorption capacities followed an order of activated alumina< Ni/silica-alumina<
activated carbon [43]. Zhou et al. studied the effect of surface properties of carbon materials on the
adsorption of BT, DBT, 4-MDBT and 4, 6-DMDBT [44]. The adsorption capacities depend strongly on the
type of the surface functional groups and that the oxygen containing functional groups appear to contribute
to an increase in adsorption capacity. Zhou et al. further investigated the effect of oxygen on the sulfur
removal capacity [45]. Their results suggested that the oxidation of the activated carbon produced acidic
sites on the surface, which led to increased adsorption of the basic thiophenic molecules. Ania et al. studied
the reactive adsorption of DBT on a series of modified carbons derived from recycled polyethylene [46].
The results suggested that the adsorption was governed by the contribution of dispersion interactions to the
adsorption and also by the interaction of the surface oxygen functional groups with the sulfur atom.
From the studies mentioned above, we conclude that the ADS performance of carbons can be improved
by introducing acidic oxygen functional groups on the carbon surface. However, the mechanism of
adsorption and the contribution from the different kinds of functional groups towards adsorption have not
been clearly explained. Though the concentration of this dissertation is oxide materials, these C-adsorbent
related questions are addressed in chapter 1 of the appendix.
Several studies have also been carried out on activated carbons modified with metals [47-49]. The
introduction of metal atoms provide for additional active sites for the adsorption of sulfur on the carbon
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surface [48]. Though the carbon surfaces can be modified in several ways, the sulfur adsorption capacities
reported are very low. Breakthrough capacities of activated carbon adsorbents for the ADS of diesel and
JP-5 jet fuel with sulfur concentration in the effluent lower than 1ppmw were reported as 0.64 and less than
0.1 mg-S/g-A (mg-Sulfur/gram-adsorbent) respectively [49, 50]. These studies also performed ultrasound
regeneration of the AC adsorbent, but multiple cycles of operation was not reported.
A number of studies have observed the adsorptive desulfurization characteristics on transition metal
oxides, especially Cu and Zn oxides [51-53]. As a part of the PSU-SARS program, several metal oxide
systems were tested for their adsorption capacities. Mixed metal oxides were chosen to be promising
candidates for the ADS process, because of their relatively high adsorption capacity and more importantly,
their regenerability. Previous studies from our group reported Ti-Ce mixed metal oxides which could be
used multiple times after regeneration [54, 55]. The best performance was shown by an adsorbent with
90%Ti and 10% Ce (Ti0.9Ce0.1O2). Watanabe et al. carried out extensive studies on the TiO2-CeO2 mixed
metal oxide systems [55, 56]. Characterization was carried out on various compositions of the mixed metal
oxides. BET analysis showed that Ce doping enhanced the physical properties of the TiO 2 metal oxides.
The highest surface area was observed for the Ti0.9Ce0.1O2 mixed metal oxide adsorbent [56]. XRD results
showed that doping 10% Ceria into a titania crystal distorted the lattice parameters. Simultaneous reduction
of the Ce atoms and Ti atoms on the surface was observed using XPS.
Watanabe et al. also reported that oxidative pre-treatment caused a significant increase in the sulfur
adsorption capacity of the mixed metal oxides [54, 55]. GC-PFPD characterization showed that the sulfur
containing compounds were oxidized when the adsorbent was pre-treated with oxygen. Hence it was
concluded that the adsorbent activates the oxygen molecule to oxygenate the thiophenic species [54].
Further analysis showed that the Ti0.9Ce0.1O2 adsorbent showed the highest sulfur removal capacity out of
all the compositions (Figure 1-4). It was also reported that the adsorbent could be regenerated oxidatively
at 4000C to limit the loss in adsorption capacity for use in multiple adsorption cycles. The role of Ce in the
promotion of the adsorption capacity and regenerability was still unknown.
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Computational studies were carried out within the Janik group to understand the causes for the
promotional effects observed experimentally [57, 58]. The results from computational studies reported that
oxygen adsorbed on TiO2 surfaces might lead to increased adsorption capacity [58]. However, it was
observed that the adsorption of oxygen on the adsorbent surface was significantly endothermic. The work
only studied the adsorption thermodynamics of thiophene on TiO2 and Ce-doped TiO2 surfaces. The effect
of substitution on the adsorption process was not studied and the mechanism of the oxidation of the
thiophenic compounds still was not clarified.
The computational study previously carried out hypothesized that Ce doping increases the oxygen storage
capacity of the adsorbent [57]. However, change in chemistry of the adsorbent and the adsorbate due to the
presence of oxygen in the adsorption environment and the kinetics of the adsorption process have yet to be
analyzed. This dissertation aims to address the unanswered questions of the previous work and to use the
results to develop an adsorbent with better adsorption characteristics.

Figure 1-4. Breakthrough curves of TiO2 and various compositions of Ti-Ce mixed metal oxides for the
adsorption of a 400ppmw sulfur containing model fuel [55].
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1.3 Motivation, objectives and hypotheses
The preceding section leads to the conclusion that ODS offers increased selectivity due to oxidation of
the sulfur containing compounds [23], but the separation of the oxidized products is a severe limitation.
Mixed metal oxides adsorbents in contrast, show reasonable sulfur adsorption capacity and selectivity and
can be used for multiple adsorption cycles [55]. Taking into account the advantages and drawbacks of the
studies performed within the Song group and by other researchers, a novel air-promoted ADS process was
recently proposed. This process integrates the advantages of oxidative desulfurization and adsorptive
desulfurization and forms the majority of this dissertation. The new process uses a single adsorbent to
catalyze the oxidation of the sulfur containing compounds and to adsorb the oxidized sulfur containing
compounds. Air was introduced in-situ during the adsorption process and a significant increase in the
adsorption capacity was reported [58].
The effects of air promotion were reported previously, but the causes for these effects remain unknown.
This dissertation analyzes the mechanism of the adsorption on a molecular level using ab initio methods.
The important factors affecting the adsorption are identified and new mechanistic insights are provided,
which are used to predict a novel material that is hypothesized to show superior performance than the
materials previously developed within the group. This work is the first computationally driven predictive
study applicable to metal oxides used for ADS purposes. Experimental evidence is offered for all of the
computational predictions, and this dissertation illustrates the virtues of a combined theoreticalexperimental study for the development of novel materials.

1.3.1 Ab-initio methods:
With the advancement in technology, the role of computers in scientific research has increased
exponentially. Theoretical chemistry has found application in various fields, ranging from simple structural
optimizations to complex protein folding mechanisms. The method used for each application varies based
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on the size of the system being studied and the properties of interest. Molecular level phenomena can be
studied using molecular mechanics, which can analyze phenomena in a microsecond timeframe. Ab-initio
methods can be used to model phenomena occurring on a sub-atomic level.
The term ab-initio means “from the beginning”. This is the name given to computations which are derived
directly from theory, without the use of any experimental data. These methods are based on quantum
chemistry and often use mathematical approximations to solve the Schrödinger equation. Ground state
energies and electronic properties of a molecule can be computed using these methods, which can be used
to predict several other properties like geometry, dipole moment and vibrational frequencies.
Density Functional Theory (DFT) is an implementation of the ab-initio method, which recasts the energy
functional in terms of the electron density. This method provides a balance between computational accuracy
and speed. DFT has been used extensively to study various surface phenomena like bond formation and
breaking, adsorption thermodynamics and kinetics and to simulate vibrational spectra. It is a powerful tool
to model chemical phenomena occurring at a sub-atomic level.
This dissertation is concerned with the surface phenomena during the adsorption process. DFT is used to
provide structure-composition-functional relationships of various types of adsorbents and also analyzes the
kinetics of adsorption. Several descriptors characterizing the adsorption process have been identified as a
result. The predictive powers of DFT have also been used by analyzing the descriptors to provide the
rational design of a novel adsorbent. Experimental evidence is offered throughout the dissertation to support
and complement the DFT results. The specific objectives of this work and the hypotheses tested are outlined
in the following sections.

1.3.2 Objectives:
The dissertation aims to aid the design of an adsorbent to produce sulfur-free fuels and overcome the
shortcomings of the HDS process. It address the following key objectives:
1. Identify the selective adsorption site on the adsorbent (doped or undoped) surface.
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2. Analyze the role of the transition metal dopants in promoting the adsorption performance.
3. Examine the role played by oxygen in the promotion of adsorption and in regeneration.
4. Examine the effect of substitution of thiophene on the adsorption mechanism.
5. Develop an adsorbent with superior adsorption characteristics driven by theoretical methods.

1.3.3 Hypotheses
The following are the hypotheses validated in this dissertation:
1. Adsorption of the oxygen molecule on the adsorbent surface occurs on surface O-vacancies.
2. The modified adsorbent surface (doped TiO2) activates the incoming oxygen molecule to enhance
the oxidation of the sulfur containing compounds.
3. The presence of conjugation and alkyl groups on an adsorbate may create opposing effects on its
adsorption strength over titania surfaces.
4. The surface reducibility of the doped TiO2 surfaces depend on the type of dopant in the system.

1.4 Dissertation overview
The following chapters study the composition-structure-function correlations of TiO2 based adsorbents
of relevance to air promoted adsorptive desulfurization. The following paragraphs offer a brief summary of
the contents in the following chapters.
Chapter 2 studies the adsorption thermodynamics of thiophene and its alkyl derivatives on TiO2 surfaces
((001), (101) and (100) surfaces) using DFT. The effect of substitution of the thiophene on the adsorption
is described. The effect of the oxidation state of the surface Ti atoms is also described in this chapter. This
chapter also proposes a new pathway for the oxidation of thiophenic molecules by using surface oxygen
vacancies as active sites, which is the basis for hypothesis 2. Hypothesis 1 is tested in this chapter.
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Chapter 3 builds on the results from chapter 2 by proposing a novel oxidation cycle involving
consumption and regeneration of surface O-vacancies. S-XANES results provide evidence for the oxidation
of the sulfur containing compounds as predicted by DFT. The kinetics of the adsorption process on TiO2
and Ce-doped TiO2 are also studied using DFT. The effect of Ce doping is also analyzed and further
experimental evidence is offered to corroborate the computational results. Hypothesis 2 is tested in this
chapter.
Chapter 4 analyzes the adsorption cycle in greater detail, studying the effect of substitution on every step
of the cycle using DFT. Refractory compounds like BT and DBT are also studied in this chapter. Vibrational
analysis is carried out using DFT and the results are corroborated by FTIR spectroscopy, offering further
validation for the proposed mechanism. This chapter identifies key descriptors that help us predict materials
with better ADS performance. This chapter tests hypothesis 3.
Chapter 5 studies the studies the selectivity of sulfur containing compounds like DBT and their oxidized
counterparts and compare them with the selectivity of hydrocarbons and N-containing compounds using
fixed bed flow experiments. DFT is used to study the adsorption thermodynamics of all the compounds
studied experimentally and comparisons are made between the DFT adsorption energies and the
experimental breakthrough capacities.
Chapter 6 studies three different adsorbents, undoped TiO2, Ce-doped TiO2 and Zr-doped TiO2. A
combination of batch experiments and DFT calculations are used to study the effect of the dopant on the
structure of the adsorbent and the adsorption characteristics. The adsorbates used are thiophene, its alkyl
and benzyl derivatives. The importance of Vander Waal’s interactions in the accurate estimation of
adsorption energies is also highlighted in this chapter.
Chapter 7 uses DFT to analyze the adsorption cycle for various transition metal dopants. The descriptors
identified in chapter 4 are studied in detail for dopants including Ce, Mo, Zr and Fe. Based on the analysis,
a novel trimetallic adsorbent is predicted to offer the best ADS performance. Fixed bed flow adsorption
experiments are used to corroborate the computational predictions. Hypothesis 4 is tested in this chapter.
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Chapter 9 summarizes the key findings of this dissertation and explains the fundamental aspects of the
air-promoted ADS process and justifies the rationale behind the prediction of the novel trimetallic system.
Chapter A-1 presents work carried out on activated carbon systems, and analyzes the adsorption
mechanism of thiophene on various types of surface functional groups. The results from DFT calculations
are then compared with the experiments to evaluate different types of surface modification techniques.
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Chapter 2
Selectivity of Adsorption of Thiophene and Its Derivatives on Anatase Surfaces
This chapter was published in Topics in Catalysis,volume 55, pages 229-242 in 2012 and was
authored by Siddarth Sitamraju, Michael Janik and Chunshan Song.

Abstract
In this chapter, density functional theory calculations are used to examine the adsorption of thiophene
and its derivatives (methyl and dimethyl thiophenes) on the (001), (101) and (100) surfaces of titania
anatase, of relevance to adsorptive desulfurization of liquid fuels. The adsorption of isomers of methyl and
dimethyl thiophenes allows evaluation of electronic, steric hindrance and dispersive attraction impacts on
adsorption energies. Adsorption of all species is found to preferentially form a sulfone-like species, where
the sulfur containing molecule is partially oxidized on the surface. Oxygen molecules trapped in Ovacancies may serve as the preferred adsorption site for sulfoxide formation. Comparison is made between
DFT and DFT-D results, which include a semi-empirical dispersion correction. DFT-D gives a more
accurate representation of the interactions between the adsorbate (thiophene) molecules and the adsorbent
(anatase) surface. The selectivity of different surfaces towards sulfur-containing molecules is estimated by
comparing the adsorption energies of the thiophenes and their corresponding hydrocarbons.

2.1. Introduction
Sulfur is one of the major contaminants present in liquid fossil fuels, often bonded to complex conjugated
rings. The presence of sulfur in the fuels leads to emission of SOX species upon fuel combustion, and thus
desulfurization is important for producing cleaner transportation fuels [1-4]. If the fuel is to be reformed
for use in fuel cells, sulfur may poison the water-gas shift catalysts or the fuel cell electro-catalysts, even
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in the presence of sulfur in ppm levels [5]. Hence the removal of sulfur plays a major role in fuel processing
for fuel cells [5].
Hydrodesulfurization (HDS) is currently used for the removal of sulfur in refineries [1-4] . In this process,
sulfur-rich fuel is exposed to high temperatures in the presence of hydrogen at high pressures, removing
the sulfur as H2S. However, the presence of sulfur in large aromatic molecules leads to a decrease in
reactivity [4]. The major sulfur containing compounds in liquid fuels are thiophene, benzothiophene,
dibenzothiophene and their derivatives [4] . In such molecules, the lone pair of electrons on the sulfur atom
is in conjugation with the π-electrons in the aromatic ring and the electron density on S is reduced, leading
to a decrease in the reactivity [4]. The removal of such compounds requires application of more severe
conditions (higher temperature and pressure) and also higher surface area of the catalyst.
In the United States, the Environmental Protection Agency has progressively made the restrictions on
the amount of sulfur in liquid fuels more severe. The regulations imposed in 2010 require the sulfur content
in gasoline to be below 30 ppmw and below 15 ppmw in diesel [6] . The current HDS process, though
effective for removal of sulfur from compounds like thiols and tetrahydrothiophene, cannot remove the
refractory sulfur compounds without using higher temperatures and higher pressures which make the
processing more costly and inadequate for fuel removal for fuel cells. The deep desulfurization of fuels,
which can remove these compounds, has attracted attention from researchers [4]. Adsorptive
desulfurization (ADS) of fuels is a process developed for deep desulfurization. This process can remove
the sulfur at room or ambient temperature to achieve the desired concentration levels [5]. This process
requires an adsorbent that selectively adsorbs the sulfur containing molecules without affecting the
hydrocarbons in the fuel. The material must also be regenerated in a favorable process, preferably through
treatment with air, effectively acting as a catalyst for the conversion of the compounds to oxidized products.
A large number of solid materials such as activated carbon [7] , metals [7, 8], metal oxides [9] and zeolites
[10] have been tested for their selectivity and their adsorption capacity. Experimental studies suggested that
mixed metal oxides had a higher adsorption capacity than single metal oxides [9] and TiO2-CeO2 mixed
oxides were found to be highly attractive for the ADS process.
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Watanabe et al.[11] reported that a 90% Ti and 10% Ce (Ti0.9Ce0.1O2) composition had the highest
breakthrough capacity amongst the Ti-Ce mixed oxides and that there was no reduction in capacity observed
after the spent catalyst was regenerated. Characterization of this catalyst showed that it retained the anatase
crystal structure, but there was a distortion observed in the lattice parameters due to Ce doping [12]. The
adsorption capacity increased when the catalyst was pretreated with air and that the capacity decreased
when it was pretreated with hydrogen or nitrogen [13]. The role oxygen plays in the enhancement of the
adsorption capacity remains an important topic of study.
Our groups have reported computational studies of thiophene adsorption on the anatase 001 surface, on
other stable surfaces of anatase (100 and 101) and also on cerium-doped anatase surfaces [14, 15]. Three
different extents of surface oxidation/reduction were examined: the stoichiometric surface; a reduced, Opoor surface, and an over-oxidized, O-rich surface. The adsorption of thiophene on the O-rich surface was
much stronger when compared to the adsorption on the stoichiometric and the O-poor surfaces.
To build on the previous studies, herein density functional theory (DFT) methods are applied to examine
the adsorption of substituted thiophenes and to evaluate the selectivity of adsorption in comparison with
the adsorption of various hydrocarbons. Since the major sulfur containing compounds in fuels are
thiophenic derivatives, methyl thiophene and dimethyl thiophene are chosen as model compounds. Isomers
of methyl and dimethyl thiophenes are considered. The importance of non-bonded correlational interactions
is also emphasized in this chapter by using the DFT-D method to empirically add the dispersion interactions.
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2.2. Methods

2.2.1. Electronic Structure Method
Calculations were carried out using the Vienna ab initio Simulation Program (VASP), an ab initio totalenergy and molecular dynamics program developed at the Institute for Material Physics at the University
of Vienna [16-18]. The wave functions of the core electrons were represented using the projector augmented
wave (PAW) method [19]. The cutoff energy used for the plane wave basis sets for the valence electrons
of Ti (3p64s23d2), O (2s22p4), C (2s22p2), S (3s23p4) and H (1s1) was 450 eV. The Perdew-Wang 91 (PW91)
form of the generalized gradient approximation (GGA) was used for the exchange and correlation potential
[20]. A 13 × 13 × 13 Monkhorst-Pack (MP) [21] k-point mesh was used for bulk anatase, a 3 × 3 × 1 MP
k-point mesh was used for all surfaces, and the gamma point was used for isolated molecules. Calculations
examining adsorption on the stoichiometric TiO2 surface were spin-restricted. Calculations with nonstoichiometric numbers of oxygen atoms were spin-polarized (ISPIN=2) to account for the possible
presence of unpaired electrons. The electronic self-consistent field was converged to 1×10-4 eV and the
structural optimization was carried out until the forces on all atoms were less than 0.05 eV•Å-1. A subset of
surface-adsorbate systems were optimized by converging the SCF cycle to 1×10-5 eV and atom forces to
less than 0.02 eV•Å-1. The absolute energies changed by less than 0.1 kJ mol-1 and there was no noticeable
change in the structure. Bader charge analysis was used for all the partial charge calculations [22, 23] .
Dipole corrections were included in all the surface calculations to account for the pseudo-slab interactions
(VASP keywords IDIPOL=3, LDIPOL=TRUE). The energy due to the non-bonding dispersion interactions
was added as a correction factor to the calculated energy by using the DFT-D2 method (LVDW = TRUE
in VASP 5.2.11) [24]. The D2 method is known to overestimate the dispersion energies for metallic
systems, however, is sufficient for our purposes to estimate the dispersion effects on adsorption energies
with substitution of thiophene.
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2.2.2 Model Construction
The unit cell of an anatase crystal contains 4 titanium and 8 oxygen atoms with lattice parameters of 3.79
Å and 9.82 Å after optimization. The optimized values are within 1% of the reported values [25]. The
surfaces considered for the adsorption process are (001), (100) and (101) (Figure 2-1), which are the most
thermodynamically stable surfaces of the anatase crystal [17]. The energy after optimization of the surfaces
was (001) < (101) < (100), indicating that the most stable surface is (001). This is in agreement with
previous studies carried out on the anatase crystal [25]. The surface model includes 4 layers of Ti-O. For
adsorption calculations, the atoms in the top two layers are relaxed and the atoms in the bottom layers are
held fixed. A 2x2 supercell (Ti16O32) was used for the adsorption of thiophene, methyl thiophene and
dimethyl thiophene. For each slab, a vacuum layer of 15Å (based on the bare surface) was added
perpendicular to the surface. The gas phase adsorbents were optimized separately in a 20Å3 unit cell.

a

b

c

Figure 2-1. Optimized anatase surfaces (a) Reconstructed (001) surface, (b) (101) surface, (c) (100)
surface ; Ti, grey; O, red.
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2.2.3 Adsorption Energy Calculations
The adsorption energy (ΔEads) is calculated by subtracting the sum of the energy of the surface and the
energy of the optimized gas-phase adsorbate from the energy of the optimized adsorbate-slab complex:

ΔEads = E(slab+adsorbate) - Eslab – Eadsorbate

(1)

A more negative ΔEads value indicates a stronger adsorption interaction. The “slab” energy may represent
the stoichiometric or an O-poor surface. In considering the adsorption of thiophenic molecules to form a
partially oxidized species, the energy of adsorption of the sulfone (RSO2) on the stoichiometric surface is
reported.
Since the O-rich and O-poor surfaces were also considered, their formation energies are added to the
corresponding adsorption energies to evaluate an “overall energy” of the adsorption process. For an O-poor
surface, the energy of formation (ΔEform) is calculated by subtracting the energy of the bare surface from
the energy of the O-poor surface and adding the energy of an oxygen atom (0.5*EO2).

ΔEform = EO-poor – Estoichiometric + 0.5*EO2

(2)

The overall energy (ΔEoverall) to adsorb a thiophenic molecule to the O-poor surface is calculated as the
sum of ΔEform for the O-poor surface and ΔEads to the O-poor surface.
Oxygen can adsorb on the anatase surface molecularly, with the oxygen molecule interacting with either
one (peroxo) or two (O2-) surface Ti atoms. Dissociative adsorption of oxygen [14, 15] on the surfaces
examined is highly endothermic and was not considered. The formation energies of the molecularly
adsorbed oxygen containing surfaces are calculated by:

ΔE (O2-) = EO-rich(O2-) – Estoichiometric - EO2

(3)

ΔEperoxo = EO-rich(peroxo) – Estoichiometric + EO2

(4)
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The overall energy of the adsorption process to form a partially-oxidized sulfone adsorbate is:

ΔEoverall = E(adsorbed sulfone) – Estoichiometric - EO2 – Eadsorbate

(5)

The overall energy for adsorbing a cyclic hydrocarbon to an O-rich surface is calculated similarly,

ΔEoverall = E(hydrocarbon+O-rich surface) – Estoichiometric - EO2 – Ehydrocarbon

(6)

To estimate the selectivity of the catalyst towards the adsorption of thiophenic molecules, the adsorption
energies of these desired adsorbates were compared with the adsorption energies of their corresponding
hydrocarbons. Adsorption selectivity is defined as
𝑺−𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅

Selectivity=

𝑲𝒂𝒅𝒔

𝑯𝒚𝒅𝒓𝒐𝒄𝒂𝒓𝒃𝒐𝒏
𝑲𝒂𝒅𝒔

= 𝒆

𝜟𝑬𝑯𝑪 −𝜟𝑬𝑺𝒖𝒍𝒇𝒖𝒓 𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅
𝑹𝑻

( 7)

The left hand side of Eq. 7 is the ratio of the equilibrium constants for the adsorption of the sulfur
containing compound to its corresponding hydrocarbon. The temperature used for evaluating selectivity is
room temperature (298 K). The coverage dependence of adsorption energies is neglected as the goal is to
compare the sulfur-containing species to their comparable hydrocarbons at the same coverage. The use of
0 K adsorption energies rather than free energies at 298 K in Eq.7 implies an assumption that the adsorption
entropy does not differ significantly between the S-containing molecules and the hydrocarbons. To validate
this approximate, the gas phase enthalpy and entropy difference between thiophene and 1,3 cyclopentadiene
is calculated within the ideal gas limit. The gas phase entropy difference between these two molecules at
298 K and 1 atm is less than 1 kJ mol-1, indicating that the approximation of using 0K energy differences
is sufficient to estimate adsorption selectivities.
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2.3 Results and Discussion
The adsorption of thiophene and substituted thiophenes (methyl and dimethyl) on the (001), (101) and
(100) anatase surfaces is presented in section 2.3.1, followed by the adsorption of the corresponding
hydrocarbons and selectivity calculations in section 2.3.2. Throughout, comparisons between DFT and
DFT-D determined energies and structures are described.

2.3.1 Adsorption of thiophenes on anatase surfaces

2.3.1.1 Adsorption of thiophene and substituted thiophenes to stoichiometric surfaces
The energetics of the adsorption of thiophene and substituted thiophenes were calculated for the (001),
(101) and the (100) surfaces of the anatase crystal. The DFT calculated adsorption energies for substituted
thiophenes are weak on the stoichiometric surfaces, as previously reported for thiophene [15]. The
adsorption energy values vary with the position of substituents on the thiophene ring. The values of the
adsorption energy are shown in Tables 2-1(a-c). All adsorbed structures are included as supplementary
information, and a subset of the adsorbed structures are illustrated in Figure 2-2.
Adsorption occurs with the formation of a dative bond between the S atom and a surface Ti atom
involving the S atom lone pair. The electron density on the sulfur atom impacts the relative adsorption
energies of the various substituted thiophenes. The effect of substituents on the Bader electron density of
the sulfur atom in the thiophene ring is indicated in Table 2-2. The sulfur atom in tetrahydrothiophene
(THT) is more electron rich compared to the sulfur atom in thiophene, leading to more exothermic
adsorption of THT. The double bonds present in the thiophene ring are in conjugation with the lone pair of
electrons on sulfur, causing a decrease in the electron density on the sulfur atom relative to THT. The
addition of a methyl groups to the ring generally causes a small increase in the electron density on the sulfur
atom because of the electron donating nature of the methyl group. However, the presence of the methyl
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group on the ring may cause steric hindrance or attractive dispersion interactions. Hence the combined
effect of electron density, steric hindrance and attractive dispersion causes variation in the adsorption
energies.
Tetrahydrothiophene (THT) adsorbs the strongest of all the adsorbates on all of the surfaces. The strength
of adsorption is reflected in the S-Ti bond distances. Figure 2-2b shows the DFT-optimized structure for
the adsorption of THT on the stoichiometric (001) surface. The S-Ti bond distance is 2.75 Å, which is 0.1
Å less than the S-Ti bond distance of thiophene (T) (Figure 2-2a). According to DFT values, thiophene
adsorbs strongest after THT on the (001) surface. Figure 2-3c shows 2-MT adsorbed on the stoichiometric
(001) surface, with a S-Ti bond distance of 3.02 Å. The increase in bond distance corresponds to a decrease
in the DFT adsorption energy (Table 1a). Steric hindrance is clearly observed when the adsorption energy
of 2-MT is compared with thiophene.
The trends of the adsorption energies on all the three surfaces were found to be similar. With the DFT
method, thiophene adsorbed stronger than methyl thiophenes and dimethyl dimethyl thiophenes adsorbed
the weakest. There were some exceptions observed for the (101) surface, where 3, 4-DMT adsorbs the
strongest of all the thiophenes. On the (100) surface, 2, 5-DMT adsorbs strongest of all the thiophenes. The
DFT adsorption energies on the (101) and the (100) surfaces are generally weaker than the adsorption
energies on the (001) surface (Table 2-1 (a-c)). The difference in the adsorption energies is due to the fact
that the exposure of the surface Ti atom varies from surface to surface. The (101) surface has the surface
O-atoms further above the first Ti plane, which decreases the exposure of the surface Ti atoms.
The use of DFT-D causes noticeable changes in the trends of adsorption energies. For all molecules,
adding the dispersive interactions gives more exothermic adsorption. Adsorption is strongest on the (101)
surface when the dispersion interactions are included. This is contrary to the DFT trend, most likely due to
attractive dispersion interactions with surface oxygen atoms. While substitution of methyl groups on the
thiophene ring weakens adsorption with DFT, the additional dispersive interactions strengthen the
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adsorption when DFT-D is used. Tetrahydrothiophene (THT) still has the strongest adsorption across all
the surfaces. Apart from having the highest electron density, the THT molecule also has a large number of
hydrogen atoms on the ring, which increases the dispersion energy.
The trends of adsorption among the thiophene molecules reverse when the dispersion interactions are
included. The more sterically hindered DMT molecules adsorb strongest of all the thiophenes. The trend of
adsorption strengths with DFT-D is DMT > MT > T on all the surfaces. The most obvious changes noticed
in the trends are the increase in the adsorption strength of 2, 5-DMT on the (101) and (001) surfaces and
that of 2-MT on the (100) surface. 2-MT has a much stronger adsorption when compared with the less
sterically hindered 3-MT on the (100) surface when the dispersion interactions are included. A similar
change is noticed for 2, 5-DMT, which adsorbs stronger than 2, 4-DMT which has less steric hindrance.
The DFT-D optimized structures show a decrease in the S-Ti bond distances, pulling the molecules closer
to the surface. The S-Ti bond distances with DFT-D are around 5% less than the DFT values for each
adsorbate.

2.3.1.2 Adsorption to O-poor surfaces
The thiophenic compounds adsorb stronger on the O-poor surfaces because there are two unsaturated
surface Ti atoms which interact with the sulfur atom. Figure 2-3 illustrates a subset of species adsorbed to
the (001) surface, and Table 2-1 reports adsorption energies. All optimized structures are illustrated in
supplementary information. The DFT-optimized Ti-S distances are 2.74 and 2.65 Å for thiophene on the
O-poor (001) surface. 2-MT has a weaker adsorption energy than thiophene even though it has higher
electron density on the sulfur atom. The Ti-S distances are around 3.3 Å (Figure 2-3a). The 3-MT molecule
has a stronger adsorption energy when compared to 2-MT (Figure 2-3b). 2-MT is more sterically hindered
than 3-MT, which makes it hard for the molecule to adsorb at the vacancy site.
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b

2.86 Å

2.75 Å

d

c

3.025 Å

3.738 Å

Figure 2-2. Thiophene and its derivatives adsorbed on the stoichiometric anatase (001) surface; (a)
Thiophene, (b) Tetrahydrothiophene, (c) 2-Methylthiophene, (d) 2, 5-Dimethylthiophene

The dimethyl thiophenes show substantial variation in adsorption energy to the reduced surface,
depending on the degree of steric hindrance dictated by the methyl group positions. All of the DMT
molecules bind weaker than thiophene to the (001) surface in both DFT and DFT-D calculations due to
steric repulsion between the methyl groups and the surface. 3,4-DMT has the strongest adsorption energy
of -32.8 kJ-mol-1, even though it has the least electron density on the sulfur atom of all of the DMT
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molecules. The methyl groups are away from the surface, minimizing steric hindrance. The preferred
adsorption mode of 2, 5-DMT allows the molecule to interact with only one of the two unsaturated Ti atoms
(Ti-S distances of 2.8 and 4.6 Å (Figure 2-3d)) to minimize steric hindrance. The adsorption energies of the
substituted thiophenes follow a similar trend on the (100) and (101) surfaces, though DFT-D adsorption
energies show some DMTs bind stronger than thiophene on these surfaces. The energies of adsorption of
thiophenic molecules on the O-poor surfaces are stronger than those on the stoichiometric surfaces;
however at 0 K, the overall energy of both forming the O-poor site and adsorbing the thiophenic molecule
is highly endothermic.
Collectively, the O-poor surface results suggest that steric hindrance greatly impacts adsorption energies.
The adsorption strength is likely to further decrease when more bulky molecules like benzothiophene and
di-benzothiophene are considered. Since experimental results suggest O2 treatment increases capacity [13],
it is likely that adsorption of thiophenic molecules to reduced surfaces is not important for the adsorptive
desulfurization process.

2.3.1.3 Adsorption to over-oxidized surfaces
Earlier work has reported a sulfone-like (RSO2) adsorption state of thiophene on TiO2 surfaces [14, 15].
This state may be formed by the thiophene adsorbing to an over-oxidized surface or through sulfone
formation in the fluid phase followed by adsorption on the surface. The adsorption of molecular O 2 to
stoichiometric TiO2 surfaces is weak and dissociative O2 adsorption is highly unfavorable. However weak
adsorption does elongate the O-O bond, possibly promoting the subsequent surface sulfone formation.
Hence the surface with active oxygen adsorbed to it may serve as an intermediate before forming a
sulfone –like species.
Two different adsorption modes for molecular adsorption to the anatase surfaces are considered (three
for the (001) surface, as shown in Figure SX), namely the O2- (oxygen interacts with two surface Ti atoms)
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and the peroxo (oxygen interacts with one surface Ti atom). As reported in Table 2-3, all O2 adsorption
energies are weak, with the most exothermic value using DFT-D being -15.5 kJ mol-1. As the kinetics of
the formation of a sulfone-like state on the surface have not been investigated, any of these could
presumably serve as precursors to its formation. The adsorbed sulfone-like structures form analogous
bridging or peroxo configurations.
On the (001) surface, there are three possible adsorption configurations for sulfone species: the bridging1 (Figure 2-4(a-d)), bridging-2 (Figure 2-5 (a-c)) and peroxo (Figure 2-6 (a-d)). The bridging-1 and the
bridging-2 configurations each allow both oxygen atoms to interact with surface Ti atoms. The bridging-1
structure has the sulfone positioned across two Ti atoms with the Ti-O-Ti bridging oxygen atom protruding
above the surface Ti plane. The bridging-2 conformation places the sulfone over a Ti-O-Ti linkage in which
the O atom sits below the Ti plane. In both of the bridging conformations, the thiophene aromatic plane is
oriented along the surface normal. The peroxo conformation allows only one of two oxygen atoms to
interact with the surface Ti atoms, and the thiophene plane is oriented near to parallel with the surface plane.
Table 2-1 reports the adsorption energies of the sulfone-like species in bridging and peroxo configurations
to each of the three anatase surfaces. The adsorption energies (Ads E) in Table 2-1 reflect only the sulfonesurface interaction and neglect differences in energies to form the sulfone from the thiophenic molecule
and an oxygen molecule. These differences are included in the overall energy values discussed below. The
relative adsorption energies demonstrate that the peroxo configuration (Figure 6(a-d)) is favored compared
to the bridging configuration(s) on all the surfaces with both DFT and DFT-D methods. Between the
bridging-1 and bridging-2 modes on the 001 surface, the bridging-1 configuration is preferred by all the
molecules when DFT-D is used. In the peroxo mode, the O-O bond distances remain almost constant for
all the molecules. The O-Ti distances however, vary with the strength of adsorption. Shorter O-Ti bonds
indicate stronger adsorption. The sulfone bonds to the surface in a configuration that minimizes steric
hindrance. Hence, the strength of adsorption in the peroxo mode is generally observed to be more dominated
by electronic effects. Adding the dispersion interactions further strengthens adsorption and increases the
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preference for the peroxo configuration. On the 001 surface, both DFT and DFT-D methods indicate that
the dimethyl thiophenes bind stronger than the methyl thiophenes, which bind stronger than thiophene.
However, these trends are not preserved across surfaces, indicating that sulfone binding trends are
determined by a multitude of factors.
The overall energies of sulfone formation, reported in Table 2-1, reference the adsorbed sulfone energy
back to the separate oxygen molecule, thiophenic molecule, and bare surface. These energies are affected
by both the strength of surface-sulfone binding and the reaction energy to form the sulfone. The overall
energies (both DFT and DFT-D) indicate that adsorbed sulfone formation is generally more favorable for
alkyl thiophenes compared to unsubstituted thiophene. The energy for oxidizing the thiophenic molecule
to form the sulfone is more exothermic if the electron density on the S atom is higher. The presence of an
electron donating group near the S atom will favor oxidation. A similar observation was reported in previous
studies, where the oxidation of alkyl substituted thiophenes was found to be much more favorable than their
unsubstituted counterparts [26].

2.3.1.4 Adsorption of thiophene species to O2 in a vacancy
The results from the previous section established that extra oxygen on the adsorbent surface considerably
enhances the adsorption through the formation of sulfone-like species. Though O2 treatment has been shown
experimentally to enhance adsorption capacity [13], O2 adsorbs weakly and it is difficult to expect it would
be a long-lived surface species under a reducing fuel environment. Another possibility for the formation of
O-rich sites may be the filling of O-vacancies by O2 molecules. Scanning Tunneling Electron Microscopy
has shown that O-vacancies migrate to the titania surface in the presence of an oxygen atmosphere and that
an O2 molecule can be trapped in a vacancy [27]. Further dissociation and migration of atomic O to fill
another vacancy may be kinetically limited. DFT calculations indicate that adsorption of O 2 to a vacancy
to form a Ti-O-O-Ti species (Figure 2-7a) occurs with an adsorption energy of -412.7 kJ mol-1, supporting
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hypothesis 1. The strength of this adsorption is driven by the instability of the vacancy, but if the sum of
the vacancy formation energy and the O2 adsorption energy is considered, the value is still exothermic at 8.2 kJ mol-1. This result corroborates that of Schaub et al. [27], as it suggests there is little driving force for
an oxygen molecule to dissociate and migrate on the surface to fill multiple vacancies. O 2 may adsorb in
the vacancy in various configurations that are similar in energy, including the preferred configuration with
the O2 bond parallel to the Ti-Ti vector across the vacancy. Other configurations are available and similar
in energy: adsorption with the O2 bond parallel to the surface but perpendicular to the Ti-Ti vector (0.1 kJ
mol-1 higher in energy) and with the O2 bond along the surface normal (9.6 kJ mol-1 higher in energy).
The Ti-O-O-Ti site may adsorb a thiophenic molecule to form an adsorbed sulfoxide (Figure 2-7b).
Stoichiometrically, the adsorption of a thiophenic molecule to a vacancy-adsorbed O2 is equivalent to
adsorption to a stoichiometric TiO2 surface with a single additional O atom. The preferred structure for this
adsorption has one oxygen atom refill the vacancy and the second bind with the S atom to form the adsorbed
sulfoxide. The kinetics of the adsorption process are not explored, but it is noted that the O-O bond is
lengthened from 1.23 Å in the gas phase (triplet) to 1.39 Å after being adsorbed in the vacancy, making it
susceptible to dissociation if driven by favorable sulfone formation. The DFT calculated adsorption energy
of thiophene to the Ti-O-O-Ti site to form the adsorbed sulfoxide is -48 kJ mol-1. The sulfoxide interacts
with the surface through a single S-O-Ti interaction.
This section has proposed a plausible mechanism for the enhancement of thiophenic molecule adsorption
capacity by O2 treatment. Vacancies formed during heat treatment or due to exposure to a reducing
atmosphere are refilled by O2 molecules, which are trapped in vacancy sites as suggested by Schaub et al.
[27]. The adsorption of thiophene causes favorable dissociation of the trapped O2 to refill the O-vacancy
and form an adsorbed sulfoxide, with the kinetics of this process a subject of future investigation.
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b

a\

3.319 Å

2.778 Å

2.875 Å

d

c

2.730 Å

3.469 Å

4.338 Å

2.884 Å

Figure 2-3. Thiophene and its derivatives adsorbed on an O-poor anatase (001) surface; (a) 2Methylthiophene, (b) 2-Methylthiophene, (c) 3, 4-Dimethylthiophene (d) 2, 5-Dimethylthiophene
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a

b

2.392 Å

2.896 Å
2.609 Å
2.208 Å

c

d

2.412 Å

2.627 Å
3.373 Å

2.88 Å

Figure 2-4. Thiophene and its derivatives adsorbed on an O-rich anatase (001) surface (bridging-1
configuration); (a) Thiophene, (b) THT, (c) 2-MT, (d) 2, 4-DMT
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b

a

2.585 Å

2.607 Å

2.464 Å

2.492 Å

c

3.021 Å

2.467 Å

Figure 2-5. Thiophene and its derivatives adsorbed on an O-rich anatase (001) surface (bridging-2
configuration); (a) 3-Methylthiophene, (b) 3, 4-Dimethylthiophene, (c) 2, 5-Dimethylthiophene
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b

2.478 Å
2.27 Å

c

d

2.476 Å

2.472 Å
2.26 Å
2.25 Å

Figure 2-6. Thiophene and its derivatives adsorbed on an O-rich anatase (001) surface (peroxo
configuration); (a) 2-Methylthiophene, (b) 3-Methylthiophene, (c) 2, 4-Dimethylthiophene, (d) 3, 4Dimethylthiophene
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a

b

Figure 2-7. DFT-optimized structures involving an Oxygen molecule adsorbed in an O-vacancy on the
anatase (001) surface. (a) Preferred structure for an Oxygen molecule adsorbed in an O-vacancy (TixO2x-1
+ O2); (b) thiophene adsorbed to form a sulfoxide

a
d

b
a

Figure 2-8. 1, 3-cyclopentadiene derivatives adsorbed on anatase (001) surfaces (a) 1, 3-cyclopentadiene
on the stoichiometric (001) surface; (b) 1-Methyl-cyclopentadiene on the O-poor (001) surface
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2.3.2 Adsorption of hydrocarbons on anatase surfaces
Adsorption calculations were carried out for cyclic hydrocarbons on the (001), (101) and (100) surfaces
to compare with thiophenic molecules for determining adsorption selectivity. The adsorption energies were
calculated on the stoichiometric, O-poor and the over-oxidized surfaces. A subset of optimized structures
is shown in Figure 2-8, with all structures reported in the supplementary information. Adsorption energies
are reported in Table 2-1.
DFT and DFT-D calculated adsorption energies of the cyclic hydrocarbons on the stoichiometric surfaces
are fairly exothermic. Adsorption of alkenes occurs with interaction between the conjugated π electrons and
the surface Ti atoms. The electron density on the ring increases when methyl groups are present, as reflected
in the adsorption energies, which are generally more exothermic for the methyl and dimethyl
cyclopentadienes compared to 1, 3-cyclopentadiene. The adsorption energies are similar to those of the
corresponding thiophenes, and in some cases, stronger. The effect of steric hindrance was insignificant for
the hydrocarbons because the interaction is through the diffuse conjugated π electrons, for which the
molecule’s parallel orientation to the surface minimizes repulsion. One major exception is cyclopentane,
which adsorbs quite weakly due to the lack of π electrons. As reported in Table 2-4, the calculated
selectivities for adsorption of thiophene molecules compared to pentene derivatives are generally small,
and for many species they are less than 1 over the stoichiometric anatase surfaces.
Similar trends were observed for adsorption of cyclic hydrocarbons to the O-poor surfaces. The DFT-D
adsorption energies of the substituted pentene species are similar and in some cases stronger than the
corresponding thiophenic molecule. Adsorption occurs through interaction of the π electrons in the aromatic
molecule with the unsaturated Ti atoms adjacent to the vacancy, along with the dispersive attractions
incorporated by the DFT-D method. As reported in Table 2-4, the reduced surface is generally non-selective
for adsorption of thiophenic molecules compared to pentene-derived hydrocarbons.
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Adsorption of the cyclic hydrocarbons to the over-oxidized surfaces does not offer a configuration
analogous to formation of sulfone-like species for thiophenic molecules. The formation of C-O bonds
requires overcoming a substantial energy barrier for hydrogen removal or ring opening to free a Ccoordination site. The adsorption energies of pentene derived molecules to the oxidized surface are
therefore negligible, in stark contrast to the overly exothermic formation of adsorbed sulfones. Figure 8c
shows the optimized adsorption structure of 1, 2-dimethyl cyclopentadiene along with an O2 molecule on
the (001) surface. No clear attractive interaction can be identified. The addition of the dispersion forces
strengthened the adsorption energy, but not by a considerable amount. Selectivity values for the O-rich
surfaces are reported in Table 2-4 using the overall energies of sulfone formation in comparison with the
overall energies for O2-1, 3-cyclopentadiene derivative adsorption. The lowest DFT-D calculated selectivity
is 2.00x1038. Clearly, the ability to form a sulfone like species provides for highly selective adsorption of
thiophenic molecules.

2.4. Conclusions
The adsorption of thiophenic molecules was studied on the three stable surfaces of anatase titania in this
chapter. The strength of adsorption is impacted by the electron density on the sulfur atom, the steric
hindrance of the molecule’s approach to the surface and the attractive dispersion forces between the
molecule and the surface. The inclusion of dispersion terms with the DFT-D method strengthens adsorption
of all species substantially, and in some cases alters the ranking of relative adsorption strength among
various substituted thiophene or pentene molecules as well as among the three surface terminations studied.
The formation of an adsorbed sulfone species, partially oxidizing the thiophene, provides a significant
driving force for adsorption of thiophenic molecules. The presence of an electron-donating group next to
the sulfur atom promotes the formation of a sulfone-like species, thereby strengthening adsorption.
Whereas the path of an adsorbed sulfone formation requires an O2 molecule either held weakly to the surface
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or present in the fluid phase, adsorbed sulfoxide formation may be favorable due to trapping of molecular
oxygen by O-vacancy sites.
Though the formation of an adsorbed sulfone species provide strong adsorption and selectivity for
thiophenic molecules over pentenes, the presence of adsorbed O2 molecules in the adsorption environment
is not established. O2 treatment may instead lead to O2 molecules trapped in O-vacancies that serve as
adsorption sites. The adsorption of thiophene to form an adsorbed sulfoxide and refill the O-vacancy is
highly favorable. This mechanism suggests that the oxygen vacancies, though not useful for the adsorption
process themselves, serve as O2 trap sites to generate excess surface oxygen for use in thiophene adsorption.
Pentene-derived hydrocarbons bind to the stoichiometric and O-poor surfaces through π electron
interaction with the surface Ti atoms. Adsorption of pentene-derived molecules is not enhanced by extra
surface O-atoms. The stoichiometric and the O-poor surfaces are not observed to be selective towards
adsorption of thiophenic molecules, but the formation of partially oxidized thiophenic species provides for
high selectivity.
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Table 2-1(a). Adsorption energies and Overall energies in kJ-mol-1 for the anatase (001) surface.

Adsorbate

Stoichiometric
DFT
DFT-D
Ads E

DFT
Ads E

DFT-D

Overall E

Ads E

DFT

Overall E

Ads E

O2- (bridging-2)
DFT
DFT-D

DFT-D

Thiophene

-15.4

-40.3

-33.6

370.8

-121.4

324.7

-26.3

-210.7

-74.7

-265.9

-11.9

Overall
E
-196.3

2-Methylthiophene

-14.0

-49.4

-24.4

379.9

-101.3

344.7

-23.9

-224.8

-64.6

-270.8

-15.6

3-Methylthiophene

-13.0

-46.9

-40.1

364.2

-110.0

336.1

-33.4

-227.4

-81.9

-282.8

23-Dimethylthiophene

-11.3

-51.8

-18.8

385.6

-106.5

339.5

-4.7

-211.5

-74.3

24-Dimethylthiophene

-14.9

-70.9

-23.9

380.5

-99.4

346.7

-4.8

-216.0

25-Dimethylthiophene

-14.8

-73.2

-8.8

395.6

-91.0

355.1

-17.5

34-Dimethylthiophene

-9.3

-61.0

-32.8

371.6

-115.7

330.4

Tetrahydrothiophene

-58.0

-100.0

-67.3

337.0

-131.1

1, 3-cyclopentadiene

-5.9

-50.0

20.0

424.3

1-Methyl-cyclopentadiene

-16.1

-71.8

-37.6

2-Methyl-cyclopentadiene

-10.4

-50.8

12- Dimethylcyclopentadiene

-13.6

14- Dimethylcyclopentadiene
Cyclopentane

Ads E

O2- (bridging-1)

O-poor

Overall E

Ads E

Overall E

Ads E

Ads E

Overall E

O-rich(peroxo)
DFT
Ads E

DFT-D

Overall E

Ads E

-42.7

-233.9

-32.8

-217.2

-81.4

Overall
E
-272.6

-214.1

-63.0

-269.2

-44.7

-243.1

-98.4

-304.6

-15.6

-209.6

-88.6

-289.5

-43.0

-237.4

-99.5

-300.4

-279.8

-10.1

-216.9

-68.8

-274.4

-50.8

-257.6

-121.2

-326.8

-40.6

-254.9

-17.0

-205.5

-66.2

-280.4

-49.8

-260.5

-114.5

-328.8

-232.2

-69.9

-291.9

-24.2

-238.9

-66.1

-288.2

-47.9

-262.4

-112.5

-334.5

-26.8

-234.5

-73.6

-281.0

-3.4

-211.0

-43.4

-250.8

-45.3

-252.9

-119.6

-327.1

314.9

-45.2

-361.2

-109.5

-434.1

-17.5

-333.5

-53.3

-375.2

-59.6

-375.5

-99.6

-424.4

-59.8

386.2

-3.3

5.8

-9.4

-7.3

-

-

-

-

-

-

-

-

366.7

-130.3

315.8

-8.1

1.0

-16.7

-14.6

-

-

-

-

-

-

-

-

-7.5

396.8

-104.1

341.9

-8.9

0.2

-18.3

-16.2

-

-

-

-

-

-

-

-

-75.1

-1.5

402.8

-77.6

368.5

-6.5

2.6

-22.8

-20.6

-

-

-

-

-

-

-

-

-14.6

-80.3

-20.0

384.3

-94.9

351.2

-11.6

-2.5

-25.1

-23.0

-

-

-

-

-

-

-

-

-6.7

-30.6

28.7

433.0

-32.4

413.6

13.0

22.1

5.5

7.6

-

-

-

-

-

-

-

-
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Table 2-1(b). Adsorption energies and Overall energies in kJ-mol-1 for the anatase (101) surface.
Adsorbate

Stoichiometric

O-poor

DFT

DFT-D

DFT

Ads E

Ads E

Ads E

O2DFT-D
Overall E

Ads E

O-rich(peroxo)

DFT
Overall E

DFT-D

Ads E

Overall E

Ads E

DFT
Overall E

Ads E

DFT-D
Overall E

Ads E

Overall E

Thiophene

-9.9

-46.6

-32.5

392.6

-86.3

359.5

-30.9

-215.3

-66.9

-258

-44.4

-228.7

-92.8

-284.0

2-Methylthiophene

-4.8

-35.8

-30.7

394.4

-81.6

364.2

-38.0

-236.6

-80.2

-286.4

-38.0

-236.5

-79.7

-285.9

3-Methylthiophene

-7.9

-56.9

-42.7

382.4

-90.8

354.9

-30.9

-224.9

-70.4

-271.1

-49.6

-243.5

-103.8

-304.7

23-Dimethylthiophene

-6.9

-69.2

-24.9

400.2

-81.3

364.5

-32.7

-239.7

-90.1

-295.6

-38.0

-245.1

-100.8

-306.4

24-Dimethylthiophene

-6.2

-66.0

-30.1

395.0

-86.7

359.1

-38.8

-249.5

-88.6

-303.0

-51.8

-262.5

-116.4

-330.7

25-Dimethylthiophene

-8.2

-73.1

-17.7

407.4

-89.8

355.9

-36.0

-250.7

-87.4

-309.7

-40.3

-255.0

-97.0

-319.0

34-Dimethylthiophene

-14.3

-67.3

-48.2

376.9

-97.6

348.1

-25.7

-264.6

-70.9

-278.3

-36.2

-244.1

-93.8

-301.5

Tetrahydrothiophene

-79.3

-122.2

-93.4

331.7

-152.2

293.6

-62.2

-377.3

-105.2

-430.2

-72.0

-388.0

-116.8

-441.7

1, 3-cyclopentadiene

-13.7

-50.7

4.0

429.1

-52.4

393.4

-1.4

-7.9

-10.9

-20.6

-

-

-

-

1-Methyl-cyclopentadiene

-18.1

-79.1

-16.7

408.4

-138.9

306.8

-7.0

-13.5

-41.3

-50.9

-

-

-

-

2-Methyl-cyclopentadiene

-10.3

-83.1

-17.2

407.9

-122.6

323.1

-8.7

-15.1

-31.6

-41.2

-

-

-

-

-11.8

-42.4

-40.5

384.6

-145.3

300.5

-13.3

-19.8

-38

-47.7

-

-

-

-

-20.7

-88.5

-21.2

403.9

-96.7

349.1

-18.1

-24.6

-39.8

-49.4

-

-

-

-

-5.8

-38.0

13.3

438.4

-32.5

413.3

59.3

52.9

48.2

38.6

-

-

-

-

12- Dimethylcyclopentadiene
14- Dimethylcyclopentadiene
Cyclopentane

Table 2-1(c). Adsorption energies and Overall energies in kJ-mol-1 for the anatase (100) surface.

Adsorbate

Stoichiometric

O-poor

DFT

DFT-D

DFT

Ads E

Ads E

Ads E

O2DFT-D
Overall E

Ads E

O-rich(peroxo)

DFT
Overall E

Ads E

DFT-D
Overall E

Ads E

DFT
Overall E

Ads E

DFT-D
Overall E

Ads E

Overall E

Thiophene

-19.6

-38.1

-28.1

361.5

-86.8

322.4

-22.4

-206.5

-99.4

-290.9

-47.2

-231.6

-86.7

-278.0

2-Methylthiophene

-14.9

-55.2

-32.1

357.5

-91.2

318.0

-49.8

-248.3

-93.7

-300.1

-48.0

-246.0

-109.8

-317.9

3-Methylthiophene

-18.7

-49.8

-41.8

347.8

-89.7

319.5

-56.5

-250.9

-107.1

-308.3

-54.3

-248.3

-102.6

-323.7

23-Dimethylthiophene

-14.3

-67.4

-24.9

364.7

-89.9

319.3

-28.6

-235.4

-70.0

-275.5

-55.3

-262.1

-112.4

-332.9

24-Dimethylthiophene

-14.2

-55.5

-24.4

365.2

-89.7

319.5

-25.5

-236.4

-61.3

-275.5

-48.0

-258.6

-109.5

-311.2

25-Dimethylthiophene

-21.1

-56.3

-6.2

383.4

-91.0

318.2

-30.7

-245.4

-69.7

-291.4

-45.7

-260.4

-110.8

-312.6

34-Dimethylthiophene

-13.7

-68.6

-38.1

351.5

-96.2

313.0

-10.1

-217.8

-46.7

-254

-55.9

-263.4

-103.7

-303.4

Tetrahydrothiophene

-77.3

-116.5

-112.5

277.1

-173

236.2

-45.2

-361.1

-104.6

-401.5

-85.0

-401.0

-127.7

-452.6

1, 3-cyclopentadiene

-3.9

-29.3

-14.1

375.5

-131.2

278.0

-3.3

-6.2

-12.0

-21.1

-

-

-

-

1-Methylcyclopentadiene

-27.0

-79.1

-10.3

379.3

-36.0

373.2

-10.7

-13.7

-22.7

-31.8

-

-

-

-

2-Methylcyclopentadiene

-21.6

-70.3

-38.4

351.2

-136.1

273.1

-8.5

-11.4

-18.9

-28.0

-

-

-

-

-0.1

-40.9

-53.9

335.7

-141.4

267.7

-9.0

-12.0

-26.3

-35.5

-

-

-

-

-19.3

-52.9

-10.0

379.6

-47.9

361.3

-10.0

-12.9

-62.4

-71.6

-

-

-

-

-3.7

-32.0

-3.9

385.7

-69.6

339.6

15.5

12.6

5.0

-4.1

-

-

-

-

12- Dimethylcyclopentadiene
14- Dimethylcyclopentadiene
Cyclopentane
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Table 2-2. Bader electron density on the sulfur atom of isolated thiophene derivatives.

Molecule

Electrons on
Sulfur

Thiophene

-5.78

Tetrahydrothiophene

-6.07

2-Methylthiophene

-5.85

3-Methylthiophene

-5.81

2,3-Dimethylthiophene

-5.84

2,4-Dimethylthiophene

-5.81

2,5-Dimethylthiophene

-5.76

3,4-Dimethylthiophene

-5.78

Table 2-3. Formation energies (ΔEform) of O-poor and O-rich anatase titania surfaces in kJ mol-1.

Surface

001-O-poor

DFT

DFT-D

404.4

446.1

001-O-rich(O2-_1)

9.1

2.1

001-O-rich(O2-_2)

-3.0

-15.5

001-O-rich(po)

-3.0

-11.1

425.1

445.8

101-O-rich(O2-)

-4.1

-9.6

101-O-rich(po)

-5.5

-14.8

389.6

409.2

100-O-rich(O2-)

-2.9

-9.2

100-O-rich(po)

-5.5

-12.2

101-O-poor

100-O-poor
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Table 2-4(a). Selectivity values, as defined in Eq. 7, for adsorption of thiophenic molecules relative to comparable hydrocarbons on the (001)
surface

4. Stoichiometric surface 5. O-poor surface

6. O-rich surface

3. Adsorbates
7. DFT

8. DFT-D

9. DFT

10. DFT-D 11. DFT

12. DFT-D

13. Thiophene/1, 3-cyclopentadiene

4.63E+01

2.00E-02

2.39E+09

6.03E+10

8.92E+37

2.14E+45

14. THT/Cyclopentane

9.83E+08

1.46E+12

6.73E+16

2.00E+17

1.54E+67

2.67E+77

15. 2-MethylT/1-Methyl-cyclopentadiene

4.00E-01

1.20E-04

5.00E-03

8.59E-06

3.81E+39

8.12E+44

16. 3-MethylT/2-Methyl-cyclopentadiene

9.00E-01

2.00E-01

5.18E+05

1.04E+01

7.87E+39

5.40E+46

17. 2, 3-DMT/1, 2- Dimethyl-cyclopentadiene

4.00E-01

8.24E-05

1.04E+03

1.21E+05

3.39E+37

2.72E+45

18. 2, 4-DMT/1, 2- Dimethyl-cyclopentadiene

2.00E-01

2.00E-01

8.11E+03

6.63E+03

2.08E+38

1.18E+41

19. 2, 5-DMT/1, 4-Dimethyl-cyclopentadiene

1.10E+00

1.00E-01

1.00E-02

2.10E-01

4.65E+40

1.37E+47

20. 3, 4 –DMT/ 1, 2-Dimethyl-cyclopentadiene

2.00E-01

3.00E-03

2.94E+05

4.77E+06

3.64E+41

4.42E+45

Table 2-4(b). Selectivity values, as defined in Eq. 7, for adsorption of thiophenic molecules relative to comparable hydrocarbons on the (101)
surface

22. Stoichiometric surface

23. O-poor surface

25. DFT

27. DFT

24. O-rich surface

21. Adsorbates
26. DFT-D

28. DFT-D 29. DFT

30. DFT-D

31. Thiophene/1, 3-cyclopentadiene

2.20E-01

1.91E-01

2.50E+06

8.76E+05

2.27E+36

4.11E+41

32. THT/Cyclopentane

7.65E+12

5.75E+14

5.05E+18

9.60E+20

2.57E+75

1.50E+82

33. 2-MethylT/1-Methyl-cyclopentadiene

4.70E-03

2.57E-08

2.85E+02

8.68E-11

1.28E+39

1.91E+41

34. 3-MethylT/2-Methyl-cyclopentadiene

3.80E-01

2.56E-05

2.95E+04

2.67E-06

5.97E+36

1.99E+40

35. 2, 3-DMT/1,2- Dimethylcyclopentadiene

8.20E-01

4.99E+04

4.50E+00

6.05E-12

3.52E+38

2.85E+43

36. 2, 4-DMT/1, 2-Dimethylcyclopentadiene

1.00E-01

1.37E+04

2.00E-02

5.35E-11

1.84E+40

5.64E+44

37. 2, 5-DMT/1, 4-Dimethylcyclopentadiene

6.00E-03

2.00E-03

2.40E-01

6.40E-02

4.30E+39

4.25E+45

38. 3, 4 –DMT/ 1, 2-Dimethylcyclopentadiene

2.74E+00

2.32E+04

2.24E+01

4.53E-09

8.15E+42

2.64E+40
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Table 2-4(c). Selectivity values, as defined in Eq. 7, for adsorption of thiophenic molecules relative to comparable hydrocarbons on the (100)
surface

40. Stoichiometric surface 41. O-poor surface

42. O-rich surface

43. DFT

47. DFT

39. Adsorbates
44. DFT-D

45. DFT

46. DFT-D

48. DFT-D

49. Thiophene/1, 3-cyclopentadiene

3.09E+01

3.49E+01

2.85E+02

1.65E-08

1.29E+35

1.96E+47

50. THT/Cyclopentane

7.97E+12

6.49E+14

1.09E+19

1.33E+18

3.21E+65

4.57E+69

51. 2-MethylT/1-Methyl-cyclopentadiene

8.00E-03

6.46E-05

6.63E+03

4.74E+09

1.33E+41

1.07E+47

52. 3-MethylT/2-Methyl-cyclopentadiene

3.10E-01

2.55E-04

3.94E+00

7.35E-09

9.59E+41

1.36E+49

53. 2, 3-DMT/1, 2- Dimethylcyclopentadiene

3.08E+02

1.27E+03

8.25E-06

9.02E-10

1.44E+39

1.17E+42

54. 2, 4-DMT/1, 2- Dimethylcyclopentadiene

2.96E+02

3.62E+02

6.74E-06

8.32E-10

2.16E+39

1.17E+42

55. 2, 5-DMT/1, 4-Dimethylcyclopentadiene

2.10E+00

3.90E+00

2.20E-01

3.59E+07

5.69E+40

3.38E+38

56. 3, 4 –DMT/ 1, 2-Dimethylcyclopentadiene

2.42E+02

7.17E+04

1.70E-03

1.15E-08

1.19E+36

2.00E+38
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Chapter 3
Air-Promoted Adsorptive Desulfurization (ADS) over Ti0.9Ce0.1O2 Mixed
Metal Oxides from Diesel Fuel under Ambient Conditions
Part of the text in this chapter appears in the form of a communication in the ChemCatChem
journal, volume 5, pages 3582-3586 in 2013. The article was authored by Jing Xiao, Siddarth
Sitamraju, Yongsheng Chen, Michael Janik and Chunshan Song. The breakthrough curves were
obtained from the flow experiments performed by Dr. Jing Xiao. The text was written and/or
edited by Siddarth Sitamraju unless specifically mentioned.

Abstract
A novel air-promoted adsorptive desulfurization process is reported to produce sulfur free fuels
in this chapter. Air is co-fed during the adsorption process along with the fuel. High adsorptive
desulfurization capacity of commercial diesel is achieved using TiO2-CeO2 mixed oxide adsorbents
with air addition to the diesel. The promotional effect of air was seen only for the Ce-doped
adsorbent (2 g-fuel/g-adsorbent to 20 g-F/g-A) but not for the monometallic oxide (3 g-F/g-A to
3.8 g-F/g-A). Density functional theory elucidates a cyclic adsorption process with surface Ovacancies in the Ti0.9Ce0.1O2 surface serving as active sites. This chapter analyses the role of Ce
doping in promoting the sulfur removal capacity.

3.1 Introduction
High capacity adsorptive desulfurization of commercial diesel is demonstrated using TiO2-CeO2
mixed oxide adsorbents with air addition to the fuel, and the unique chemical functionality is

explained with density functional theory calculations detailing a novel catalytic adsorption
mechanism. Our group developed mixed TiO2-CeO2 metal oxides adsorbents for ADS from jet fuel
with high sulfur content (> 1000 ppmw), which demonstrated good ADS capacities[1]. The Ti/Ce
ratio was optimized to 9:1 for the maximum sorption capacity. However, the sorption capacity over
the Ti0.9Ce0.1O2 sorbent is quite low for low sulfur diesel fuels. Earlier computational studies
suggest that chemisorbed oxygen on the TiO2 surface plays an important role for promoting ADS
[2], suggesting highly selective adsorption through sulfoxide/sulfone formation[3]. Previous
computational work also suggested a number of possible impacts of Ce addition to TiO2, but
examined only adsorption thermodynamics and was inconclusive on the key impact of Ce addition
[4]. It is hypothesized that the introduction of chemisorbed oxygen during ADS can increase the
sorption capacity for TiO2-CeO2 mixed oxides. A mechanistic answer is also sought for the
increased sorption capacity and adsorption rate when Ce is added to TiOx adsorbents. A combined
experiment / quantum theory approach is used to further gain an understanding of the adsorption
mechanism.
Herein an air-promoted ADS approach is reported over Ti0.9Ce0.1O2 mixed oxides from the
commercial diesel under ambient conditions. Introduced air chemically transforms sulfur
compounds to oxidized sulfur species, identified by sulfur K-edge X-ray absorption near-edge
structure (XANES) spectroscopy. Moreover, control studies demonstrated the unique performance
of Ti0.9Ce0.1O2 mixed oxides for air-promoted ADS. A catalytic adsorption mechanism with Ovacancies as active sites for air-promoted ADS over the Ti0.9Ce0.1O2 sorbent was clarified based on
density functional theory (DFT) calculations.
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3.2 Results and Discussion
Though metal oxide adsorbents have been reported for ADS from fuels, a strong promoting
effect of air under ambient conditions has not previously been discussed. ADS of commercial
diesel (< 15 ppmw-S) over a Ti0.9Ce0.1O2 mixed oxide sorbent is performed with air introduced at
various flow rates. Breakthrough curves are shown in Figure 3-1. In the absence of air,
Ti0.9Ce0.1O2 sorbent shows a desulfurization breakthrough sorption capacity of 2.5 g-F/g-sorb. By
introducing 10 cc/min of air (volume ratio of air/fuel = 100), the sorption capacity at a
breakthrough concentration of 1 ppmw-S (parts per million weight sulfur) increased 9 fold from
2.5 to 22.5 g-F/g-sorb. Air significantly promotes ADS over a Ti0.9Ce0.1O2 sorbent, which
suggests that new or more active sites might be generated for ADS by introducing air. To
demonstrate that the air addition effect is not to improve fuel mass transfer properties, addition of
10 cc/min of N2 was shown to have little effect on the breakthrough curve.
Introducing air at the flow rate of 5 cc/min shows no significant increase in sorption capacity at
a breakthrough point of 1 ppmw-S (Figure 3-1). The sulfur concentration was retained at around
3ppmw for a period before further increase was observed. The result suggests that the oxygen
supply rate was not sufficient for ADS enhancement at the air flow rate of 5 cc/min. In contrast,
the breakthrough curve and the sorption capacity were insensitive to air flow rate above 10 cc/min.
ADS with 5 cc/min of co-fed air was performed using an adsorbent bed packed with half as much
adsorbent (0.3g); similar desulfurization capacity was obtained as that using the fully packed bed
(0.6g), which suggests a negligible effect of pressure drop on ADS. It was also confirmed that the
supply rate of oxygen is the determining factor in adsorption capacity by supplying 2 cc/min of
pure oxygen gas (approximately an equivalent oxygen supply as 10 cc/min of air); similar ADS
capacity was achieved as that with 10 cc/min of air. ADS was also carried out over the Ti0.9Ce0.1O2
adsorbent pre-exposed to O2 in a batch system; the breakthrough desulfurization capacity was quite
similar as non-pretreated or N2-pretreated Ti0.9Ce0.1O2 adsorbent, and much lower than the case of
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introducing air during ADS. The reduced batch adsorption capacity may be due to the instability
of the formed surface oxygen species on the Ti0.9Ce0.1O2 adsorbent, therefore introducing O2 during
ADS is vital for the air-promotion effect.
To clarify the change in sulfur chemistry in the presence of air, sulfur compounds on the spent
Ti0.9Ce0.1O2 sorbent after air-promoted ADS were examined by XANES at the sulfur K-edge. This
technique identified sulfur species in sulfur poisoned steam reforming catalysts [5].

S Conc. (ppm)

9

0 cc/min
5 cc/min
10 cc/min
20 cc/min
40 cc/min

10 cc/min N2
2 cc/min O2

6
3
0
0

10
20
30
Amt. treated fuel (g-F/g-Sorb)

40

Figure 3-1. Breakthrough curves for total sulfur compounds from the commercial diesel over the
Ti0.9Ce0.1O2 adsorbent with air flow rates of 0 cc/min, 5 cc/min, 10 cc/min, 20 cc/min, 40 cc/min, a
N2 flow rate of 10cc/min, and an O2 flow rate of 2 cc/min at 25°C. (Results obtained from the
experiments performed by Dr. Jing Xiao, as reported in ref 6).
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The experimental design allows for the identification of the adsorbed sulfur species on the spent
adsorbent (see the Experimental Section for details). Figure 3-2 shows the S K-edge XANES
spectrum of the spent Ti0.9Ce0.1O2 sorbent together with reference dibenzothiophene sulfone
(DBTO2) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) standards [6]. In comparison with the
standards, the oxidation state of the adsorbed sulfur species is in between those of 4,6-DMDBT and
DBTO2. The adsorbed sulfur species are very likely sulfoxides, as suggested by the literature [7].
By introducing air during ADS over a Ti0.9Ce0.1O2 mixed oxide sorbent, the initial refractory sulfur
compounds were chemically transformed to adsorbed sulfoxide species. Oxidized S species were
not observed in the effluent, suggesting that they were adsorbed on the adsorbent surface. With the
formation of highly polar sulfoxides, the adsorption affinity to the Ti0.9Ce0.1O2 sorbent can be
strongly increased, resulting in an enhanced sorption capacity.
To demonstrate the superior performance of the mixed oxides, adsorption capacities of total
sulfur compounds over Ti0.9Ce0.1O2 at 1ppmw and 4ppmw breakthrough from the commercial
diesel with and without introducing air are compared with those over TiO2and CeO2 in Figure 3-3.
After introducing air in-situ, the adsorption capacity over single TiO2 metal oxide increased
slightly from 3.0 to 3.8 g-F/g-sorb at the breakthrough concentration of 4 ppmw-S, and retained
the same adsorption capacity of 1.0 g-F/g-sorb at the breakthrough concentration of 1 ppmw-S.
Meanwhile, for single CeO2 metal oxide, the adsorption capacity was retained at 1.4 and 2.9 gF/g-sorb at breakthrough concentrations of 1 and 4 ppmw-S, respectively, regardless of the
introduction of air. Compared to single metal oxides TiO2 and CeO2, Ti0.9Ce0.1O2 mixed metal
oxides showed a dramatically higher sorption capacity after introducing air in-situ. The capacity
increased from 2.0 to 22.5 g-F/g-sorb at the breakthrough concentration of 1 ppmw-S, and
increased from 5.0 to 42.5 g-F/g-sorb at the breakthrough concentration of 4 ppmw-S. Comparing
Ti0.9Ce0.1O2 to single metal oxides TiO2 and CeO2, the surface area, as an indicator of textural
property, increased only slightly to 249.3 m2/g from 219.5 m2/g and 101.9 m2/g, far less
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significant than the over 20-fold increase in the sorption capacity. The superior air effect on ADS
over the Ti0.9Ce0.1O2 sorbent cannot be rationalized simply by the changes in surface area,
suggesting chemical property changes by introducing CeO2 into TiO2. Previous XRD results
suggest that Ce doped into the TiO2 lattice, and the adsorption capacity results show that a
synergestic effect on ADS [8, 9].

Fluorescence Yield (a.u.)

sulfoxides

2470

DMDBT

DBTO2
(a)

(b)
(c)

2475
2480
Energy (eV)

2485

Figure 3-2. Sulfur K-edge XANES spectra: (a) spent Ti0.9Ce0.1O2sorbent after 1hr of time-on-stream
on the commercial diesel, (b) standard DBTO2; and (c) standard 4,6-DMDBT (Results obtained
from the experiments performed by Dr. Jing Xiao and Dr. Yongsheng Chen, as reported in ref 6).

DFT calculations were used to clarify the air-promoted adsorption mechanism and to explain the
unique functionality of Ce-doped TiO2. Chapter 2 showed that the formation of a sulfone-like
species is thermodynamically favorable, but did not explore the kinetic paths to formation [10].
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Though sulfone formation is highly favorable, adsorption free energies of O 2 to the surface are
highly unfavorable, leaving the path to sulfone formation an open question.
It is hypothesized that O-vacancies in theTi0.9Ce0.1O2 surface serve as active sites for O2
adsorption and sulfoxide formation and that these vacancies are regenerated in a cyclic adsorption
process. STEM results by Schaub et al. showed that O2 molecules may get trapped in surface Ovacancies of TiO2[11]. Surface O-vacancies are considered as sites to stabilize oxygen molecules
for the oxidation of the sulfur containing compounds. These O2 molecules may dissociate under
attack from a sulfur containing species, forming a sulfoxide with the other oxygen atom refilling
the O-vacancy. This partial oxidation of the S-containing compounds, however, leads to the
saturation of the surface O-vacancy sites. The concentration of surface O-vacancies would thus not
be sufficient to provide high adsorption capacities. Hence, using DFT calculations, an adsorption
cycle in which O-vacancies serve as active sites, adsorbing thiophenic derivatives and recreating
the active site following migration of the oxidized S-species is examined. The most reactive
anatase TiO2 (001) surface is used to examine the adsorption process.
Figure 3-4 presents the energetics and structures along the adsorption cycle. Intermediate and
transition states are illustrated as insets. The adsorption cycle is initiated with the exothermic
adsorption of an oxygen molecule to a surface O-vacancy forming an M-O-O-M (M = Ti, Ce) group
(state A in Figure 3-4). The O-O bond is considerably weakened due to the interaction of the
O2molecule with the surface M atoms. This O2 molecule is chemisorbed and trapped relative to
vacancy refilling due to activation barriers of 1.52 eV (TiO2) and 1.48 eV (Ce-TiO2) to refill the
vacancy and produce an overoxidized surface. Interaction with thiophene reduces the O2
dissociation barrier significantly, allowing for formation of an adsorbed sulfoxide (state B in Figure
3-4). The barriers for sulfoxide formation are 1.23 eV on TiO2 (001) and 0.02 eV on Ce-TiO2 (001),
with transition state T* illustrated in Figure 3-4.
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Q/gg

-1

40
30

w/o air,
w/ air,
w/o air,
w/ air,

42.5

B.T. at 1ppmw-S
B.T. at 1ppmw-S
B.T. at 4ppmw-S
B.T. at 4ppmw-S
22.5

20
10
0

2.9 2.9
1.4 1.4

CeO2

3.0
1.0 1.0

TiO2

3.8

5.0
2.0

Ti0.9Ce0.1O2

Figure 3-3. Breakthrough capacities at 1 ppmw-S and 4 ppmw-S from the commercial diesel over
TiO2, CeO2, and Ti0.9Ce0.1O2 at 25°C with and without introducing air at a flow rate of 10 cc/min.
(Results obtained from the experiments performed by Dr. Jing Xiao, as reported in ref 6)
The adsorbed sulfoxide can form a sulfone-like group on the surface by pulling out a lattice
oxygen atom and recreating the surface vacancy (state C in Figure 3-4). The sulfone can then
migrate (state D in Figure 3-4) along the surface, leaving the vacancy site available to repeat the
cycle. Ce-doping into TiO2 promotes active site (vacancy) formation [12], sulfoxide formation,
sulfone formation, and subsequent migration to regenerate the O-vacancy. Though formation of the
sulfoxide is favorable, conversion of the sulfoxide to a sulfone and its subsequent migration is
unfavorable on both the undoped and doped surface. This process has a total energy of 1.48 eV on
Ce-TiO2, which would limit the rate of the entire process. Sulfoxide conversion to sulfone does
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generate another vacancy site that could then exothermically adsorb O2 and, subsequently, a
thiophenic species.

Figure 3-4. Reaction path for catalytic adsorption of thiophene to form an adsorbed sulfoxide on
the anatase (001) surface: A: O2 adsorbed in a vacancy; T* transition state B: adsorbed sulfoxide;
C sulfone on an O-vacancy; D: sulfone after migration (Blue lines represent energetics for the pure
TiO2 (001) surface, Red (thick) lines represent the Ce-doped TiO2 (001) surface).

The DFT results corroborate the stability of the sulfoxide adsorbed intermediate observed
experimentally. Alternatively, if the mechanism stopped at the sulfoxide, the surface O-vacancy
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might be regenerated by diffusion of a subsurface vacancy to the surface, driven by the
concentration gradient generated as surface vacancies are consumed. Barriers to sulfone formation
and migration have not been considered in this study.
In summary, a cyclic adsorptive desulfurization mechanism, transforming O2 and thiophenic
molecules to a surface adsorbed sulfone product, is kinetically and thermodynamically enhanced
on the Ce-doped TiO2compared to the pure TiO2 (001) surface. The same reaction energy profile
was considered for doped and pure (100) and (101) TiO2 anatase surfaces, as well as the surface of
fluorite CeO2 (111). Ce-doping makes the process favorable on the other TiO2 surfaces as well. The
process is not energetically feasible on the CeO2 (111) surface. A novel air-promoted ADS
approach over Ti0.9Ce0.1O2 mixed oxides has been proposed for the commercial diesel in this
chapter. In-situ air addition significantly promoted ADS (by a 9-fold increase in the sorption
capacity at 1ppmw-S) over Ti0.9Ce0.1O2 mixed oxides from the commercial diesel by facilitating the
formation of sulfoxide species. Meanwhile, a significant synergistic effect (by over 20-foldincrease
in the sorption capacity at 1ppmw-S compared to a physically mixed CeO2-TiO2 sorbent) on airpromoted ADS was present with the incorporation of CeO2 into TiO2. DFT calculations suggest a
cyclic adsorption process with surface O-vacancies serving as active sites. This process is favorable
on Ce-doped TiO2 surfaces, but kinetically prohibited on pure TiO2 and CeO2 surfaces. The
combination of experimental testing and characterization with DFT calculations has provided
mechanistic details which will aid in the rational design of metal oxide sorbents for the airpromoted ADS process. The results from this chapter support the second hypothesis, by proving
that the activation of the oxygen molecules is through adsorption on surface O-vacancies.
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3.3 Experimental Methods (Text written by Dr. Jing Xiao)
Single TiO2, CeO2, and TiO2-CeO2 mixed oxides were synthesized by applying a urea
precipitation method, as described elsewhere [9]. The mole ratio of Ti:Ce was 9:1. All the chemicals
were purchased from Sigma-Aldrich, and were used as received. The commercial diesel with 14.5
ppmw total sulfur used in this study was from British Petroleum (BP), with the composition as
described in our earlier paper [13].
ADS performance of sorbents was evaluated in a fixed-bed flow adsorption system with a
stainless steel column (4.6 mm I.D. × 75 mm length). About 0.6 g of the dried sorbent was packed
into the column and then dried in situ under air flow at 120 °C for 2 h. The commercial diesel was
fed into the column from a HPLC pump, and a liquid hourly space velocity (LHSV) of 4.8 h-1 was
used in the test. For air-promoted ADS tests, air was added into fuel and fed into the flow system.
The effluent fuel was periodically sampled at an interval of 15-20 min for analysis. Breakthrough
capacities are reported in units of gram of fuel per gram of adsorbent (g-F/g-sorb). The total sulfur
concentration of the treated fuel samples was analyzed by using ANTEK 9000 sulfur analyzer.

3.4 Computational Methods
Density functional theory calculations were carried out using the Vienna ab initio Simulation
Program (VASP) [14-16], an ab initio total-energy program developed at the Institute for Material
Physics at the University of Vienna. The wave functions of the core electrons were represented
using the projector augmented wave (PAW) method [17]. The cutoff energy used for the plane
wave basis sets for the valence electrons of Ti (3p64s23d2), Ce (5s25p66s24f15d1), O (2s22p4), C
(2s22p2), S (3s23p4) and H (1s1) was 450 eV. The Perdew-Wang 91 (PW91) form of the generalized
gradient approximation (GGA) was used for the exchange and correlation potential [18]. A 3x3x1
Monkhorst-Pack (MP) k-point mesh was used for all surfaces, and the gamma point was used for
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isolated molecules [19]. All calculations but those involving stoichiometric surfaces were spinpolarized (ISPIN = 2) to account for the possible presence of unpaired electrons. The electronic
self-consistent field was converged to 1 × 10-4 eV and the structural optimization was carried out
until the forces on all atoms were less than 0.05 eV•Å-1. A subset of surface-adsorbate systems were
optimized by converging the SCF cycle to 1 × 10-5 eV and until the forces on the atoms was less
than 0.02 eV•Å-1. The absolute energies changed by less than 0.03 kJ mol-1. Dipole corrections
were included in all the calculations to minimize the inaccuracies in the total energy due to the
pseudo-slab interactions (VASP keywords IDIPOL = 3, LDIPOL = TRUE). Pure anatase and a Cedoped anatase (001) surfaces were considered. A Ti16O32 cell with 4 layers of TiO2 was used for
the calculation. The top two layers were relaxed during the optimization. The doped system had a
composition of Ti15CeO32. Thiophene was used as the model adsorbate for this study. A surface
oxygen vacancy was created by removing one of the bridging oxygen atoms in the topmost layer
of the slab (Ti16O31).
The 4f states of reduced ceria cannot be accurately represented by DFT, because it improperly
delocalizes the electrons in such states. DFT-U[20] has been used for all systems containing ceria,
with U = 5 eV as suggested by the literature [21].
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Chapter 4
Active Sites on Ti-Ce Mixed Metal Oxides for Reactive Adsorption of
Thiophene and Its Derivatives

This chapter will be published in a refereed journal and was authored by Siddarth
Sitamraju, Jing Xiao, Michael Janik and Chunshan Song. The FT-IR results were obtained from
the experiments performed by Dr. Jing Xiao.

Abstract
Density functional theory was used to investigate the mechanistic aspects of the adsorption of
sulfur containing compounds over Ti-Ce mixed metal oxides in this chapter. The promotional effect
of the Ce dopant on TiO2 is elucidated and the importance of oxygen vacancy-bound molecular
oxygen as an active site on Ti-Ce mixed metal oxides for adsorption of thiophenic sulfur is reported.
The presence of surface-activated molecular oxygen leads to the oxidation of the sulfur thus
providing strongly bound sulfoxide and sulfone species. Ce doping of TiO2 makes the oxidation
process feasible both thermodynamically and kinetically. Surface oxygen vacancy sites act as
catalytic sites in an adsorption cycle. DRIFTS results corroborate the presence of vacancy bound
molecular oxygen. The DFT calculations also examine thiophene and methyl, dimethyl, benzo and
dibenzo thiophenes adsorbed on TiO2 and Ce-doped TiO2 (001), (101) and (100) surfaces.
Keywords: Ce-doping, titania, anatase, thiophene, DFT, adsorption desulfurization
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4.1 Introduction
The removal of sulfur to produce cleaner fuels is an indispensable part of fuel processing. As the
regulations on sulfur become more severe, a need arises for novel processes which address the
drawbacks of the conventional desulfurization processes [1]. Hydrodesulfurization (HDS), the
current industrial process, becomes severely inefficient when near-zero sulfur concentrations have
to be achieved [1]. To produce ultra-clean fuels, new desulfurization approaches like oxidative
desulfurization and adsorptive desulfurization are currently being explored [2]. This chapter
focuses on the study of adsorbent materials for adsorptive desulfurization (ADS). ADS is a novel
concept in which a sulfur-lean fuel is produced by passing the fuel over an adsorbent. The adsorbent
ideally adsorbs only the sulfur containing compounds, leaving the other components of the fuel
unaffected. The energy requirements for producing clean fuel with near zero ppm level sulfur can
be minimized by this process. Mixed metal oxides, especially Ti-Ce metal oxides, are promising
materials for ADS because of their high capacity and regenerative capabilities [3].
Watanabe et al. [4] reported a 90% Ti- 10% Ce adsorbent (Ti0.9Ce0.1O2) that exhibited superior
performance when compared to single metal oxides. Wulff construction of the Ce-doped TiO2
anatase crystal showed that doping increased the exposure of the (001) facet [5]. These results
corroborate previous studies on the anatase crystal, which suggest that increase in the fraction of
the (001) facet leads to an increase in the adsorption and catalytic properties [6]. Chapter 3
demonstrated that co-feeding of air along with a diesel fuel containing thiophenic compounds
increased the adsorption capacity, but the addition of nitrogen did not affect the capacity [7]. The
presence of sulfoxides was indicated by S-XANES analysis of the spent sorbent [7]. Computational
studies in chapter 2 showed that the adsorption of thiophenic compounds was more favorable in
the presence of excess surface oxygen, based solely on adsorption thermodynamics [8, 9]. The
results in chapter 2 suggested a difficulty in generating oxygen rich sites on the surface. DFT results
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in chapter 3 showed that O-vacancies can act as active sites for O2 adsorption to facilitate
subsequent sulfoxide and sulfone formation [7].
Desulfurization by oxidation of thiophenes in the presence of both homogeneous and
heterogeneous catalysts has been studied in the recent past, though most of the work used oxidizing
agents like H2O2, O3 and organic peracids [10-13]. Studies using molecular oxygen as an oxidizing
agent are limited. Most studies using molecular oxygen were carried out at severe conditions or
used sacrificial materials for the removal of the oxidized sulfur compounds [14, 15]. Sundararaman
et al.[16, 17] and Lu et al.[18] recently demonstrated oxidation of refractory thiophenic compounds
using molecular oxygen at ambient conditions. The mechanism for reactive adsorption of thiophene
predicted in chapter 3 [7] is in good agreement with the mechanism proposed by Lu et al.
Though formation of oxidized sulfur species can provide strongly adsorbed species and
selectivity to S-containing species, the source of active O-species on the surface is unclear. The
adsorption energy of molecular oxygen on stoichiometric TiO2 and Ti-CeO2 surfaces is close to 0
eV [5, 9] and the free energy of adsorption is significantly positive. Surface O vacancies, however,
serve as active sites to trap O2 and allow for subsequent adsorption for thiophene [7]. Schaub et al.
reported STEM results showing that oxygen could be molecularly adsorbed into surface
vacancies[19]. DFT results showed that molecular oxygen adsorption is favorable, generating a MO-O-M group (M =Ti, Ce) on the surface (Step 2 in Figure 4-1). Though the O-O bond is activated,
a greater driving force to dissociate the O-O bond is provided by the incoming thiophenic molecule
(Step 3 in Figure 4-1), which is partially oxidized to a sulfoxide species. The sulfoxide may then
transform to a sulfone, pulling a lattice oxygen atom and regenerating the vacancy site (Step 4 in
Figure 4-1) to catalyze formation of another oxidized adsorbed species.
XPS and XANES characterization of the Ce-doped TiO2 systems showed that doping cerium
into the anatase crystal led to the simultaneous reduction of the surface Ti and Ce atoms, forming
Ti3+ and Ce3+ sites on the surface [20, 21]. XANES results also showed that there was a reduction
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of the amount of Ce3+ ions on the spent adsorbent, indicating that reduced metal centers are
participating in the adsorption process. The adsorption environment is strongly reducing due to the
presence of the fuel and is effectively very dry, such that water molecules are not available to
dissociatively adsorb. The results section also discusses the ineffectiveness of the hydroxylated
surfaces for air promoted ADS.
We have therefore considered O-vacancies present on the surface as the form of surface
reduction that promotes O2 adsorption and activation to sulfoxides. It is plausible that similar effects
would be observed if the surface was reduced through the presence of surface H atoms (or alkyl
species) attained through dissociative adsorption of H2 or hydrocarbons. As we have not seen
distinct evidence of alkyl formation, we do not expect the fuel to activate and form adsorbed species
that reduce the surface.
To build on chapter 3, density functional theory (DFT) is used to investigate the energetics of the
proposed mechanism across a series of TiO2 and Ce-doped TiO2 surfaces. This is the first
computational study that examines the kinetic aspect of thiophene oxidation on Ti-Ce metal oxide
systems. It is hypothesized that surface O-vacancies drive the mechanism by acting as adsorption
sites for oxygen molecules. Diffuse reflectance infra-red Fourier Transform spectroscopy
(DRIFTS) results support the presence of vacancy-bound O2 molecules. Since the major sulfur
containing compounds in the fuel are thiophenic derivatives, alkyl substituted thiophenes and
refractory compounds such as benzo- and dibenzothiophene are considered as model compounds.
The impact of substitution on every step of the adsorption cycle is discussed.
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Figure 4-1. Mechanistic figure of the adsorption cycle
[1]: Formation of an O-vacancy; [2]: Adsorption of an O2molecule to a vacancy; [3]: Formation
of a sulfoxide upon dissociation of the O2-; [4]: Formation of a sulfone, regeneration of a vacancy;
[5]: Migration of the sulfone away from the vacancy
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4.2 Methods

4.2.1 Electronic Structure Calculations
All calculations were carried out using the Vienna ab initio Simulation Program (VASP) [2224]. The wave functions of the core electrons were represented using the projector augmented wave
(PAW) [25] method. A cutoff energy of 450 eV was used for the plane wave basis set for the
valence electrons of Ti (3p64s23d2), Ce (5s25p66s24f15d1), O (2s22p4), C (2s22p2), S (3s23p4) and H
(1s1). The generalized gradient approximation (GGA) [26] with the Perdew-Wang 91 (PW91)
functional was used for the estimation of exchange and correlation potential. A 3x3x1 MonkhorstPack (MP) k-point mesh[27] was used for all surfaces, and the gamma point was used for isolated
molecules. All calculations but those involving stoichiometric surfaces were spin-polarized
(ISPIN=2) to account for the possible presence of unpaired electrons. The SCF cycle was
considered converged when the difference in the energies of two successive steps was less than
1×10-4 eV. The structural optimization was carried out until the forces on all atoms were less than
0.05 eV•Å-1. To verify that a minima was reasonably attained with these criteria, a subset of the
model systems were optimized by converging the SCF cycle to 1×10-5 eV and until the forces on
the atoms were less than 0.02 eV•Å-1. With this tighter convergence, absolute energies varied by
less than 0.1 kJ mol-1 from the looser criteria. Dipole corrections were included in all the
calculations to correct for simulated slab interactions (VASP keywords IDIPOL=3,
LDIPOL=TRUE).
Electrons in the 4f states of reduced ceria are improperly delocalized by DFT-GGA due to selfinteraction errors for this highly correlated system. DFT-GGA-U has been used to compensate for
all systems containing ceria, with the Ce f state U=5 eV as suggested by the literature [28-30]. The
DFT method used will underestimate the adsorption energies due to a lack of proper accounting for
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non-bonded covalent interactions. We do not use DFT-D methods because: 1) vdW parameters for
Ce are not available, 2) We are mainly considering surface reaction energetics.
A subset of the calculations were also carried out with the U parameter on the surface Ti atoms
on both the undoped and Ce-doped surfaces. The change observed in the adsorption energies
calculated was not significant on the pure TiO2 surfaces.For the Ce-doped surface, reduction
preferentially occurs on Ce atoms.U corrections were, therefore, only included on Ce f-states to
provide uniformity with our previous studies [5, 9]. The lack of U corrections to Ti 3d states lead
to quantitative variations of upto 0.3 eV (Table S1) in reported energetics, however, this is
sufficient not to compromise all qualitative conclusions reached.

4.2.2 Model Construction
A bulk titania anatase unit cell consisting of 4 Ti atoms and 8 O atoms was optimized to have
lattice dimensions of 3.789 Å and used for surface construction. The (001), (101) and (100) surfaces
are considered in this study. The surface slabs have 4 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 2x2 supercell (Ti16O32) was used for all the calculations. For the Cedoped systems, a single Ti atom on the surface was replaced by a Ce atom (Ti15CeO32). The Cedopant preferentially surface segregates, thereby providing a higher concentration of Ce on the top
layer (25% used herein) and the surface lattice constant is maintained at that of pure TiO 2. A 2x2
supercell was deemed ideal for the calculations, considering the longer time needed for minimization
when bigger cells are used. The distance between 2 DBT (Dibenzothiophene) molecules in adjacent
cells was noted to be greater than 3 Å in all the directions, suggesting that lateral interactions would
not affect the energy calculations.
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4.2.3 Adsorption Energy Calculations
The adsorption energy (ΔEads) is calculated as the difference between the sum of the energy of
the surface and the energy of the optimized gas-phase adsorbate from the energy of the optimized
adsorbate-slab complex:
ΔEads = E(slab+adsorbate) - Eslab – Eadsorbate

(1)

A more negative ΔEads value indicates a more favorable adsorption. The “slab” energy may
represent the stoichiometric or an O-poor surface.

4.2.4 Sulfoxide Formation Activation Barriers
The activation barriers for oxidation of the thiophenic compounds to partially oxidized
sulfoxide species are reported. The climbing image nudged elastic band (CI-NEB) method was
used to identify the transition state [28, 29]. This method optimizes a series of images constrained
to space along the reaction path. The highest energy image was made to climb along the minimum
energy path and the saddle point was isolated [29]. The presence of a transition state was confirmed
by the change in the magnitude of the force tangential to the reaction path, atomic forces meeting
structural convergence criterion and the presence of a single imaginary harmonic frequency for the
transition state image. Spin was not conserved during the transition state search as there was
electron transfer and a net spin change observed during the reaction. The time dynamics of spin
flipping are not accounted for in this work, and could affect the adsorption rates.
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4.2.5 Sulfone Migration Energies
The energies of sulfone migration (Step 5 in Figure 4-1) are calculated using:
ΔEmigration = (Esulfone on stoichiometric + EO-poor surface) – (Esulfone on a vacancy + Estoichiometric surface)

(2)

Equation 2 includes the energy of a sulfone species adsorbed on a stoichiometric surface and the
energy of the same sulfone species adsorbed on an O-poor surface. The O-poor surface represents
a surface with a regenerated O-vacancy and the sulfone is considered to migrate to a stoichiometric
surface. This step recreates the O-poor surface for another reaction event by moving the sulfone to
a non-reduced site. For example, to calculate the migration energy of thiophene from an O-poor
(001) surface to a stoichiometric (101) surface, Equation 2 becomes:
ΔEmigration = (Esulfone on (101) + EO-poor (001)) – (Esulfone on an O-poor (001) + Estoichiometric (101))

(3)

In this case, adsorption occurs on the (001) surface where the sulfone is formed. The sulfone then
migrates onto the (101) surface, leaving an O-poor (001) surface to serve as an active site for further
oxidation.

4.2.6 Experimental Methods:
Diffuse Reflectance Infra-red Fourier Transform Spectroscopy (DRIFTS)
A Nicolet NEXUS 470 FTIR spectrometer (Thermo Electron Corp.) was used to obtain the
DRIFTS spectra of the metal oxide samples. The powder of each sample (about 50 mg) was placed
into the DRIFTS cell and pretreated in flowing ultrahigh purity (UHP) N2 at 300 °C for 2 h. The
DRIFTS spectra were collected under dried air atmosphere at 25 °C, 100 °C, 200 °C, and 300 °C.
KBr was used as the background. The IR resolution was 4 cm-1.
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4.3 Results and Discussion
DFT calculations are used to examine the oxidative adsorption of thiophene species to TiO2 and
Ce-doped TiO2 surfaces. The adsorption mechanism considered is given in Figure 4-1. In section
4.3.1, the energetics of this process for thiophene adsorption is reported. As O-vacancy adsorbed
O2 is important to this mechanism, section 4.3.2 reports a DRIFTS analysis confirming the presence
of these species. Section 4.3.3 then discusses DFT energetics for oxidative desulfurization of
thiophene derivatives. Mechanisms for oxidative adsorption of thiophenes have been reported
previously on organic metal catalysts and ZrO2 based systems [18, 31]. A novel mechanism using
O-vacancies as active sites and identify key parameters that will aid in rational design of adsorbents
is reported.

4.3.1 Reactive adsorption of thiophene to pure Ti and Ce-Ti surfaces
Chapter 3 described an adsorption mechanism for a thiophene molecule on the pure TiO2 (001)
and Ce-doped TiO2 (001) surfaces [7]. The adsorption site is a surface oxygen vacancy, with this
site being consumed and regenerated during the adsorption cycle. The adsorption cycle starts with
the exothermic adsorption of an O2 molecule into a surface O vacancy. The activation barrier for
this O2 molecule to dissociate to refill the vacancy and produce an extra surface O* is large. The
adsorbed O2, however, can dissociate upon attack by a thiophene molecule, resulting in the
formation of a sulfoxide species (A3 and B3 in Figure 4-2). It is hypothesized that the sulfoxide
recreates the vacancy by pulling an oxygen atom out of the surface to form a sulfone species. The
cycle may terminate with the migration of the sulfone onto a stoichiometric (001) surface,
regenerating the vacancy site. A second regeneration mechanism may be the migration of a
subsurface vacancy to the surface, driven by the concentration gradient generated by vacancy
consumption during adsorption. A schematic of the mechanism is shown in Figure 4-1. The cycle
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was studied on pure TiO2 and Ce-doped (001), (101) and (100) surfaces. All oxygen vacancy
formation energies and O2 adsorption energies are presented in Table 1. All reaction energetics are
given in Tables 4-2 to 4-4. . Multiple adsorption configurations of oxygen adsorption to surface
vacancies, as well as sulfoxides and sulfones, were tested. The lowest energy structures are reported
in this work (Figures 4-5 to 4-7).
Figure 4-2 illustrates the structures along the reactive adsorption path for thiophene on the TiO2
(100) and Ce-doped (100) surfaces. All equilibrium and transition state structures are illustrated in
supplementary information.

4.3.1.1 Oxygen vacancy formation and O2 adsorption to vacancy
Table 4-1 lists the surface oxygen vacancy formation energies on pure and Ce-doped TiO2
surfaces. It is energetically unfavorable to form an O-vacancy on pure anatase surfaces. Ce doping
promotes vacancy formation, as evidenced by the decrease in the vacancy formation energy and an
experimentally observed increase in the Ti+3 surface concentration [32]. The less favorable vacancy
formation energy for pure TiO2 compared with Ce-TiO2 surfaces suggests a reduced exposure of
vacancy sites initially. The excess electrons generated due to vacancy formation prefer to be located
on the metal atoms adjacent to the vacancy, with some delocalization observed in the undoped TiO2
surfaces, consistent with previous work in this area [33].
Oxygen can be molecularly adsorbed to a surface vacancy site providing oxygen in excess of
the MO2 stoichiometry for the partial oxidation of the sulfur-containing compounds. O2 adsorption
to a vacancy results in the formation of a M-O-O-M group on the surface (M = Ti, Ce) (A1 and B1
in Figure 4-2). Bader charge analysis shows that part of the excess electron density due to vacancy
formation was transferred to the O2 molecule and part of it was delocalized over the surface Ti
atoms. The adsorbed oxygen is activated; the O-O bond is weakened and is susceptible to
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dissociation when provided a driving force. The bond length of the adsorbed O2 molecule (1.23 Å
in the gas phase) is approximately 1.36 Å -1.39Å when bound to an O-vacancy on the pure TiO2
surfaces and 1.33Å on the Ce- doped TiO2 surfaces. The O-O bond is weakened due to interaction
of the π* antibonding orbital with the metal d-states that are occupied following vacancy formation.
The adsorption of O2 is most favorable on the pure surfaces, the weakest adsorption energy being
-3.37 eV (Table 4-1). More facile vacancy formation generally leads to weaker O2 adsorption;
therefore adsorption is weaker to the Ce-doped surface. The optimized structures of O2 adsorption
to a vacancy are similar to those reported in literature [35]. It must be noted that the lowest energy
structure of adsorbed O2 in our work (Figure 6, A1) is a minimum reported by Setvin et al [35].
They find the structure to be slightly higher in energy. Slight differences in the methods used might
lead to these differences.
Though the O2 molecule is activated due to adsorption, the driving force provided by the
incoming sulfur containing molecule is necessary to motivate dissociation. Without a thiophene
adsorbate, activation barriers for O2 dissociation to refill the vacancy and form an O adatom on the
surface is significant (1.66 eV on the pure (001) surface and 1.48 eV on the Ce-doped (001)
surface).
The possibility of O2 adsorption on partially hydroxylated surfaces was also considered, since
FTIR results show the presence of OH functional groups on the surface (Figure 4-3). However, the
free energy of adsorption of an O2 molecule on such surfaces under reaction conditions is positive,
suggesting that O2 adsorption near hydroxylated sites is not favored (Table S2). We therefore
conclude that O2 adsorbed in surface vacancies are the species which lead to the oxidation of the
sulfur containing compounds.
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4.3.1.2 Sulfoxide formation
In the presence of a sulfur-containing molecule, the O2 molecule adsorbed in an O-vacancy
dissociates to refill the vacancy and partially oxidize the sulfur-containing molecule to an adsorbed
sulfoxide state. The barrier to this sulfoxide formation is high on pure Ti surfaces (1.11 eV on TiO2
(001)), but lower than the barrier for O2 dissociation in the absence of thiophene. The barrier for
sulfoxide formation is at least 1.1 eV on all pure TiO2 surfaces. The reaction energy of sulfoxide
formation is exothermic on the (001) and the (100) surfaces, but endothermic on the (101) surface.
The sulfoxide formation is thermodynamically favorable on the more reactive (001) and the (100)
facets. The (100) surface has a step like termination (Figure 4-2), which increases the exposure of
the surface Ti atom, resulting in a stronger sulfoxide adsorption energy. The high stability of the
(101) surface makes it the least reactive because the surface Ti atoms are less exposed, leading to
a less stable Ti-OSR bond. For the (101) surface, activation barriers for sulfoxide formation were
not considered due to the highly unfavorable reaction energy (a -Table 3). The activation barriers
well above 1 eV suggest that sulfoxide formation during adsorptive desulfurization at room
temperature will be extremely slow on the undoped single crystal TiO2 surfaces.
Ce doping renders the barriers close to zero on all the surfaces and enhances the exothermicity
of sulfoxide formation. On the (101) surface, Ce-doping makes the sulfoxide formation highly
favorable (ΔErxn = -1.5 eV) and promotes the formation kinetically (Eact = 0.08 eV). The larger
atomic radius of Ce increases its exposure on the surface in comparison to the Ti atoms in the (101)
surface. The Ce atom on the surface serves as the active site of adsorption, as the adsorption energy
of the sulfoxide to the surface Ce atom is approximately 1.5 eV more favorable than the adsorption
energy of the sulfoxide to a surface Ti atom in the doped slab.
The transition state images for thiophene’s sulfoxide formation are shown in Figure 4-2 for the
TiO2 (A2) and for the Ce-doped TiO2 (B2) (100) surfaces. At the transition state, the O-O bond is
essentially broken (O-O distances greater than 2 Å) due to the driving force provided by the S atom.
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The S-O distances correlate with the size of the barrier. The barrier for sulfoxide formation on the
TiO2 (100) surface is 1.3 eV, whereas the barrier on the Ce-doped TiO2 (100) surface is 0.53 eV.
The S-O distance at the transition state is 3.04 Å on TiO2 (100) and 2.12 Å on the Ce-doped TiO2
(100) surface. The transition state on the Ce-doped surface shows a shorter O-O bond distance and
a shorter S-O distance than the pure TiO2 surface. The lower barrier arises from a greater degree of
stabilization of the super stoichiometric O atom by S, driving the O-O dissociation. This greater
stability is due to the greater redox flexibility of Ce4+/Ce3+ facilitating O-O dissociation.

4.3.1.3 Sulfone formation and migration
The adsorption process could be terminated by sulfoxide formation, adsorption capacity would
then be limited by the initial concentration of surface O-vacancies. The formation of an adsorbed
sulfone species continues the adsorption cycle by also regenerating the vacancy site. Sulfone
formation involves removing an O atom from the surface to further oxidize the sulfoxide to a
sulfone (A4 and B4 in Figure 4-2). The sulfone, once formed, can migrate to an adsorption site
away from the O-vacancy, regenerating the vacancy for further adsorption (A5 and B5 in Figure 42). The formation of the sulfone is not energetically favorable on the pure TiO2 surfaces. Ce-doping
makes the process energetically favorable, with certain combinations of surface terminations for
sulfone formation and migration.
Adsorbed sulfone formation on the pure TiO2 surfaces is endothermic. Sulfone formation requires
removing a surface O atom, and the poor reducibility of pure TiO2 leads to unfavorable sulfone
formation. The migration of the formed sulfone species is endothermic across all the surfaces. The
migration energy of the sulfone from a (001) surface to (101) surface is +1.71 eV, which is quite
similar to the migration energy from the (100) surface to the (101) surface. Migration energies of
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the sulfone from the (101) surface to the other surfaces are approximately + 3 eV, suggesting that
the sulfone prefers to stay adsorbed on the (101) surface.
Ce-doping promotes the reducibility of the surfaces, making it energetically plausible for the
sulfoxide to extract a surface O atom to form a sulfone on the Ce site. The formation energy of the
sulfone is reduced by approximately half compared to the pure TiO2 surfaces. The sulfone
formation energy on the (101) surface is exothermic, suggesting strong sulfone adsorption to the
vacancy site on the (101) Ce-doped surface (Table 4-3). The migration of the sulfone from the
(001) and (100) surfaces is thermodynamically promoted by Ce-doping, though only the (100)
surface offers favorable sulfone formation and migration energies, and only for substituted
thiophenes (Table 4-4). Provided there is a high enough concentration of surface vacancies to drive
the adsorption, a slow migration process may allow for site regeneration. Alternatively, the
vacancies can be regenerated due to the diffusion of subsurface vacancies to the surface due to a
concentration gradient. In this case, the adsorption capacity would be limited by the total number
of O-vacancies (bulk and surface) prior to adsorption. Further studies are needed to identify more
feasible paths for the regeneration of surface vacancy sites.
Collectively, the high sulfoxide formation barriers, unfavorable sulfone formation and difficulty
regenerating the active vacancy site suggest that sulfoxide/sulfone formation will not occur
extensively on the pure TiO2 surface. Ce doping makes each of these steps more favorable and the
overall process feasible.

4.3.2 Vibrational analysis
DRIFTS analysis was performed to confirm the presence of O-rich sites (vacancy adsorbed O2)
upon air treatment of TiO2-CeO2 adsorbents, given their key role in the DFT mechanism. Infrared
spectroscopy (IR) allows for the identification of adsorbed oxygen species in-situ. Figure 3 shows
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the diffuse reflectance infrared Fourier transform spectra (DRIFTS) of TiO 2-CeO2 in comparison
to single TiO2 and CeO2 samples, with in-situ air feeding at 25°C. The moderate band appearing at
approximately 1126 cm-1 on the metal oxides can be assigned to superoxide species, O2-, based on
the theoretical calculations by Can et al. and Yang et al. [34, 35]. O-rich sites are more likely to
form on mixed metal oxides, because doping can produce unsaturated metal atoms on the surface.
The absorption band observed around 1650 cm-1 can be attributed to the bending vibrations of a
hydroxyl group [36]. Different from the mixed TiO2-CeO2 metal oxides, there was no clear
superoxide peak at around 1100-1200 cm-1 on CeO2 [34, 37] under air flow. Even though active
oxygen species were not identified in the lab-prepared CeO2, these species were generated under
certain conditions in literature [34] since the population and the state of each oxygen species varies
on the basis of temperature, pressure, pretreatment history, and defect density [38]. The spectra of
CeO2 show absorption bands at around 1050 and 1320 cm-1, which are characteristic vibrations of
CeO2 [39]. For the single TiO2, superoxide species with an absorption band around 1126 cm-1 can
be detected with in-situ air feeding at room temperature as shown in Figure 4-3. The frequency
becomes slightly lower for Ti0.9Ce0.1O2. The smaller frequency suggests that the superoxide species
formed on the Ti0.9Ce0.1O2 sorbent has a weaker O-O bond. This is consistent with DFT calculations
indicated by the lower barriers for sulfoxide formation on the Ce-doped surfaces.
Vibrational analysis was carried out using density functional theory methods to aid in peak
assignment for the 1126 cm-1 peak. The results show that the O-O bond stretch frequency of an O2
molecule adsorbed in a vacancy (Figure 4-4(a)) was 1029.8 cm-1 on pure anatase (001) surface and
1008.5 cm-1 on Ce-doped anatase (001). The O-O frequency for an O2 molecule adsorbed on the
stoichiometric surface in the O2 (mol) configuration (Figure 4-4(b)) was 1566 cm-1 on pure anatase
and 1546.8 cm-1 on Ce-doped anatase, suggesting the 1126 cm-1 is better attributed to vacancy
bound O2. A state where an O2 molecule is adsorbed into a surface vacancy could not be optimized
for the CeO2 (111) surface, presumably due to the tri-coordinate Ce structure about O in the surface.
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A comparison of the DFT results to the experiments show that the O2 (mol) species detected by
DRIFTS is an O2 molecule adsorbed in a vacancy (Figure 4-4(a)). The DFT calculated vibrational
frequency of this group is closer to the experimental value than the frequency of an O 2 molecule
adsorbed on the stoichiometric surface. The absolute deviation in the values may be because the
DFT results consider a single crystal surface, whereas the experimental results are measured for
particles of various sizes and exposing different facets. An additional possible source of
discrepancy is that the extent of M-O2 electron transfer is impacted by the U parameter used,
highlighting the difficulties in DFT to represent reduced oxide species with localized electrons.

Figure 4-2. Images along the thiophene adsorptive path on the (100) surface
(A: pure TiO2, B: Ce-doped TiO2 ;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure 4-3. DRIFTS profiles of Ti0.9Ce0.1O2, TiO2 and CeO2 under air flow rate of 50cc/min at
25°C. (Results obtained from the experiments performed by Dr. Jing Xiao).
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Figure 4-4. O2 molecule adsorbed on the (001) anatase surface
(a): O2 molecule in a vacancy, (b): O2 molecule on a stoichiometric surface

4.3.3 Reactive adsorption of thiophene derivatives
The sulfur-containing compounds most commonly found in diesel fuel systems are benzene
substituted thiophenes and their derivatives. DFT was used to examine the proposed mechanism
for such molecules, providing energetics regarding substituent effects on the adsorption cycle.
Energetics for substituted thiophenes are included in Tables 4-2 to 4-4. Methyl thiophene (Figures
S4-S6 in supplementary information), the simplest substituted thiophene, exhibited similar
adsorption trends to that of thiophene across all the surface terminations considered. The adsorption
cycles for dimethyl thiophene and benzothiophenes showed variations in sulfone and sulfoxide
formation energies from the doped surfaces to the pure surfaces. The adsorption cycle terminated
at the sulfoxide state on the TiO2 surfaces for all these molecules, whereas sulfone formation and
migration could be favorable for Ce-doped TiO2 surfaces. The variations in the energetics are
examined in detail in the following section.
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Figure 4-5 shows the variation in sulfoxide activation barriers and sulfoxide reaction energies
among thiophene and its derivatives. The different states along the adsorption cycle are shown for
DMT in Figure 4-6. A graphic representation of the mechanism for dibenzothiophene adsorption
on pure and Ce-doped (001) surfaces is shown in Figure 4-7. The images for all the adsorbents
along the reaction path on the pure and doped surfaces can be found in the supplementary
information.

4.3.3.1 Sulfoxide formation
Chapter 2 showed that the presence of an electron donating group near the thiophenic sulfur
promoted the oxidation of the molecule [9]. Bader charge analysis [40, 41] showed that the S atom
in the DBT molecule has 5.84 electrons on it, whereas the S in the BT molecule has 5.82 electrons.
The trend of electron density on the S atom, though representing only slight changes, matches the
trend reported by Otsuki et al. [42]. The sulfoxide formation energies follow a trend that coincides
with the trend of electron density on the S atom. It is seen in Figure 4-5 that there is almost a linear
relationship between the exothermicity of sulfoxide formation and the electron density on the S
atom in the adsorbate viz. increase in substitution makes sulfoxide formation more favorable. The
general trend of reaction energies on the (001) surface (Figure 4-5) and the (100) surface is: DBT
> BT > DMT > MT > T. The trend corroborates the results from previous experimental studies that
suggest an increase in the electron density of thiophenic S atoms corresponds to an increase in
oxidation activity [18, 42]. The trend is, however, different on the (101) surface. The reduced
exposure of the surface Ti atoms makes the effect of steric hindrance more pronounced. The
formation energy of the sulfoxides is endothermic on the TiO2 (101) surface for thiophene and all
its derivatives.
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The activation barriers for sulfoxide formation are affected more by the termination of the surface
than by the steric hindrance on the molecules. The kinetics for this step were not studied for the
(101) surface since the formation energy of the sulfoxides was endothermic. On the (001) surface
(Figure 4-5) and the (100) surface, the sulfoxide formation becomes kinetically favorable as the
sulfoxide formation energy becomes more exothermic.
Ce-doping makes the adsorption cycle more favorable for the substituted thiophenes, as seen in
Figure 4-5. The presence of Ce in the surface makes the sulfoxide formation energy almost twice
as favorable for all the adsorbates. As with thiophene, the most significant change was observed
on the (101) surface, with the sulfoxide formation made thermodynamically favorable with
activation barriers close to zero for all the adsorbates (Table 4-3). The general trend of sulfoxide
reaction energy followed the trend of the electron density on the sulfur atom across all the doped
surfaces, with one or two exceptions. The trend of the reaction energies was dominated by the effect
of the steric hindrance and the effect of surface termination observed was minimal. The reaction
energies were of the same order across all the surfaces. The activation barriers, however, were
influenced by the surface termination to a greater extent. Increase in steric hindrance increases the
activation barrier, though the increase in the value is not significant. The barriers on the (100)
surface were an order of magnitude higher than the barriers on the (001) and the (101) surfaces.
The O-S bond for the transition state (T*) is longest on the (001) surface, followed by the (101)
surface and the shortest on the (100) surface. The trend holds for both the pure and doped surfaces.
The bond length is shorter on the Ce-doped surfaces compared to their corresponding pure surface
states. The bond length also decreases with increasing steric hindrance (T>MT>DMT>BT>DBT),
suggesting that the stabilization effect of the incoming S atom increases with increasing electron
density. In summary, substitution of thiophene leads to more favorable sulfoxide formation and
generally lowers the activation barrier to sulfoxide formation, supporting hypothesis 3.
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4.3.3.2 Sulfone formation and migration
The low reducibility of the pure TiO2 surfaces makes sulfone formation extremely unfavorable.
A sulfone like state adsorbed adjacent to an O-vacancy was located for methyl thiophene (Figure
S4); however more substituted species generally did not have stable adsorbed sulfone states near
O-vacancies due to steric hindrance (Figures 4-6 and 4-7).
The migration of the sulfone on the pure surfaces was studied only for methylthiophene and it
was observed that the preferred surface for the sulfone migration is still the (101) surface. The
energies of migration are less endothermic compared to the energies of migration of the thiophene
molecule. The driving force for the migration is provided by the stronger adsorption of sulfone of
methyl thiophene on the stoichiometric surfaces when compared with the sulfone of thiophene [9].
Ce-doping makes sulfone formation thermodynamically favorable on all the surfaces. While
molecules bigger than MT could not form sulfones on the pure surfaces, even bulky molecules
optimized to a sulfone-like state adsorbing to a surface vacancy in a doped system. The calculations
show that sterically hindered molecules have more endothermic sulfone formation energies, the
highest energy observed is 1.04 eV for DBT on the doped (001) surface (Figure 4-7). The sulfone
formation energies become more endothermic as the size of the molecule increases. This is a
general trend observed across all the surfaces. The increased steric hindrance makes the approach
to the surface and hence the abstraction of the surface O atom more difficult. The formation
energies on the (101) surfaces are exothermic, while the energies on the (100) and (001) surfaces
are endothermic. The energetics suggest that sulfones prefer to stay adsorbed on the doped (101)
surface, as was the case with the pure surfaces.
Migration of the sulfones on Ce-doped surfaces was observed to be favorable when compared to
pure surfaces. The energy of migration becomes exothermic as the steric hindrance on the molecule
increases, owing to the weaker adsorption of the sulfone. The preferred surface for migration,
however, is the (100) surface, with the migration of bigger molecules being favorable. The step like
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termination of the (100) surface makes it easier for the sterically hindered molecules to adsorb,
reducing the migration energy. The most favored path, both kinetically and thermodynamically, is
for the adsorption and reaction to occur on the (001) facet and the migration of the sulfone formed
onto the (100) surface for all the adsorbates.
In summary, Ce-doped TiO2 offers an energetically feasible path for substituted thiophene
adsorption to a sulfoxide and offers potential for vacancy regeneration through sulfone formation
and migration.
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Figure 4-5. Comparison of the activation barriers and sulfoxide reaction energies for thiophene and its derivatives on the undoped ad Ce-doped
TiO2 (001) surface.

Figure 4-6. Images along the Di-Methylthiophene adsorptive path on the (101) surface
(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure 4-7. Reaction path for the catalytic adsorption of dibenzothiophene to form an adsorbed sulfoxide on the anatase (001) surface
A: O2 adsorbed in a vacancy; T* transition state B: adsorbed sulfoxide; C sulfone on an O-vacancy; D: sulfone after migration (Blue lines represent
energetics for the pure TiO2(001) surface, Red (thick) lines represent the Ce-doped TiO2 (001) surface. Energy values corresponding to the Ce-doped
surface are italicized and underlined).
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4.4 Conclusions
Ce-doping into anatase TiO2 improves the reducibility of the surfaces, promoting vacancy
formation and making the dissociation of the M-O bonds more favorable. Sulfoxide formation,
occurring with an O-vacancy stabilized O2 molecule as an active site, is made kinetically feasible
by doping.
The formation of adsorbed sulfoxide and sulfones, both to a reduced or to stoichiometric surface
are promoted by Ce doping. This is demonstrated by the exothermic adsorption energies of the
sulfones to vacancies and the fact that the sulfoxide prefers to bond to a surface Ce atom rather than
a surface Ti atom.
The migration energy of the sulfones formed is endothermic, but a quantitative analysis of these
values suggest that the migration is highly possible if there is enough oxygen present in the system
to drive the reaction. The highly exothermic adsorption of oxygen to surface vacancies provides
the driving force for the formation of vacancies and hence forces the migration.
The mechanism driving the adsorption of thiophenic compounds on Ce-doped TiO2 adsorbents
has been identified. The results provide a connection between the previous set of computational
results and the experimental results reported. The major factors affecting the adsorption strength
are identified as the concentration of surface vacancies and the presence of surface Oxygen
molecules. This study paves the way for design of adsorbents offering better adsorption
performance by identifying the tunable aspects of doped TiO2 metal oxide systems. The insights
offered by this chapter towards adsorbent design are:
1)

O vacancies are key active sites for O2 aided ADS and active materials should be

designed to have a high concentration of surface vacancies.

2)

O2 activation is assisted by thiophene, and dopants are essential (Ce in this case)

to promote the activation effect.
3)

O-vacancy regeneration may become the limiting process for Ce-doped TiO2 and

improvements might be made with dopants that show a clear regeneration path.
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Table 4-1. Vacancy formation energies and molecular O2 adsorption energies to TiO2 and Cedoped TiO2 surfaces. Reaction step labels refer to Fig.4.1.

Vacancy formation energy
[1]
Pure
Doped

Surface
(001)
(101)
(100)

4.19
4.40
4.04

O2 adsorption energy
[2]
Pure
Doped

3.66
3.62
2.55

-4.27
-3.76
-3.37

-3.08
-1.73
-1.63

Table 4-2. Energetics of the adsorption cycle on the pure and doped (001) surface in eV. Reaction
step labels refer to Fig. 4.1. The final migration step reaction energy is given with the sulfone
migrating to any of the three surfaces considered.

Adsorbate

Sulfoxide
reaction energy
[3]

Sulfoxide
Activation
barrier
[3]

(0,0,1)
migration
energy
[5]

Sulfone reaction
energy
[4]

(1,0,1)
migration
energy
[5]

(1,0,0)
migration
energy
[5]

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Thiophene

-0.55

-1.36

1.63

0.021

0.88

0.42

1.79

1.45

1.71

1.77

1.80

1.84

Methylthiophene

-0.61

-1.50

1.73

0.042

1.04

0.60

1.56

1.52

1.43

1.52

1.31

1.31

Dimethylthiophene

-0.67

-1.56

1.71

0.093

a

0.86

a

1.71

a

1.16

a

1.21

Benzothiophene

-0.74

-1.66

1.62

0.021

a

0.80

a

1.41

a

1.34

a

0.60

Dibenzothiophene

-1.01

-1.58

1.12

0.12

a

1.04

a

1.03

a

0.57

a

0.99

(a –not considered, see text for explanation)
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Table 4-3. Energetics of the adsorption cycle on the pure and doped (101) surface in eV.

Adsorbate

Sulfoxide
reaction energy
[3]

Sulfoxide
Activation
barrier
[3]

(0,0,1)
migration
energy
[5]

Sulfone
reaction energy
[4]

(1,0,1)
migration
energy
[5]

(1,0,0)
migration
energy
[5]

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Thiophene

1.48

-1.52

a

0.079

a

-1.39

3.22

3.15

3.30

3.47

3.32

3.54

Methylthiophene

1.35

-1.68

a

0.082

a

-1.15

2.30

3.28

2.42

3.18

2.18

2.98

Dimethylthiophene

0.67

-1.83

a

0.098

a

-0.69

a

3.28

a

2.72

a

2.71

Benzothiophene

1.24

-1.78

a

0.062

a

-0.52

a

2.86

a

2.58

a

1.84

Dibenzothiophene

1.35

-1.92

a

0

a

-0.33

a

2.50

a

2.33

a

2.49

Table 4-4. Energetics of the adsorption cycle on the pure and doped (100) surface in eV.

Adsorbate

Sulfoxide
reaction energy
[3]

Sulfoxide
Activation
barrier
[3]

(0,0,1)
migration
energy
[5]

Sulfone reaction
energy
[4]

(1,0,1)
migration
energy
[5]

(1,0,0)
migration
energy
[5]

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Pure

Doped

Thiophene

-1.43

-1.62

1.32

0.53

1.21

1.36

1.46

-0.59

1.45

-0.26

1.37

1.02

Methylthiophene

-1.53

-1.88

1.10

0.13

1.32

0.41

1.04

0.83

1.28

0.82

1.16

0.62

Dimethylthiophene

-1.61

-1.94

1.09

0.41

a

0.76

a

0.88

a

0.33

a

0.38

Benzothiophene

-1.98

-1.78

1.076

0.438

a

0.31

a

0.72

a

0.65

a

-0.08

Dibenzothiophene

-1.83

-2.04

1.2

0.481

a

0.55

a

0.64

a

0.47

a

0.63

135

Supplementary Information

Table S1: Variation of surface energetics with U on the Ti 3d levels on the (001) TiO2 anatase surface
Energy(eV)
Vacancy E
O2 ads E
Sulfoxide rxn E

TiO2
4.19
-4.27
-0.55

TiO2+U(3eV)
4.08
-4.08
-0.75

TiO2+U(4eV)
4.04
-3.98
-0.82

Table S2: Free energies of adsorption of O2 at ambient conditions on undoped and Ce-doped TiO2 (001) surface
Adsorption configuration
O2 adsorption to
stoichiometric surface
O2 adsorption to an
O-vacancy
O2 adsorption on a partially
hydroxylated surface

Free energy of adsorption (eV)
Pure

Doped

0.52

0.38

-8.62

-10.64

0.33

0.37

Figure S1: Images along the reaction path for thiophene on the pure and Ce-doped anatase (001) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration

137

Figure S2: Images along the reaction path for thiophene on the pure and Ce-doped anatase (101) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S3: Images along the reaction path for thiophene on the pure and Ce-doped anatase (100) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S4: Images along the reaction path for methylthiophene on the pure and Ce-doped anatase (001) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S5: Images along the reaction path for methylthiophene on the pure and Ce-doped anatase (101) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S6: Images along the reaction path for methylthiophene on the pure and Ce-doped anatase (100) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S7: Images along the reaction path for dimethylthiophene on the pure and Ce-doped anatase (001) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S8: Images along the reaction path for dimethylthiophene on the pure and Ce-doped anatase (101) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S9: Images along the reaction path for dimethylthiophene on the pure and Ce-doped anatase (100) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S10: Images along the reaction path for benzothiophene on the pure and Ce-doped anatase (001) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S11: Images along the reaction path for benzothiophene on the pure and Ce-doped anatase (101) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S12: Images along the reaction path for benzothiophene on the pure and Ce-doped anatase (100) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration

148

Figure S13: Images along the reaction path for dibenzothiophene on the pure and Ce-doped anatase (001) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S14: Images along the reaction path for dibenzothiophene on the pure and Ce-doped anatase (101) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Figure S15: Images along the reaction path for dibenzothiophene on the pure and Ce-doped anatase (100) surfaces

(A: pure TiO2, B: Ce-doped TiO2;Ce, Dark yellow S, yellow; C, dark grey; H, white; Ti, light grey; O, red)
1: O2 adsorbed, 2: Transition state, 3: Sulfoxide, 4: Sulfone on a vacancy, 5: Sulfone after migration
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Chapter 5
Role of Oxygen in Improving the Adsorption Selectivity of Ti-Ce Adsorbents
Towards Sulfur
Part of the text in this chapter appears in the form of a journal article in the AICHE journal. The
article was authored by Jing Xiao, Siddarth Sitamraju, Yongsheng Chen, Mamoru Fujii, Michael
Janik and Chunshan Song. The breakthrough curves were obtained from the flow experiments
performed by Dr. Jing Xiao. The text was written and/or edited by Siddarth Sitamraju unless
explicitly mentioned

Abstract
This chapter investigates air-promoted adsorptive desulfurization (ADS) of commercial diesel
fuel over Ce-doped TiO2 metal oxides. Air significantly promotes ADS capacity over the mixed
Ti0.9Ce0.1O2 metal oxides from diesel fuel by facilitating the formation of sulfoxide species.
Selectivity studies by flow system experiments and ab initio calculations suggest higher adsorption
affinity for sulfoxide/sulfone over the Ti0.9Ce0.1O2 adsorbent compared with non-oxidized
thiophenic sulfur species. The adsorption energy/selectivity follows the order of dibenzothiophene
sulfone

>

dibenzothiophene

≃ benzothiophene

>

4-methyldibenzothiophene

>

4,6-

dimethyldibenzothiophene > phenanthrene > methylnaphthalene > fluorene > naphthalene. The
strong adsorption energy of oxidized sulfur compounds is likely attributed to stronger Ti-OSR2
interactions compared with Ti-SR2 interactions. DFT calculations are carried out to evaluate the
thermodynamics of adsorption on the pure and Ce-doped (001) anatase surface.

5.1 Introduction
Adsorption desulfurization (ADS), on the basis of the selective adsorption of organosulfur
compounds over a solid adsorbent, has been considered a promising approach for ultra-deep
desulfurization. There are ongoing efforts to develop new adsorbents for desulfurization of liquid
fuels, including π-complexation sorbents [1, 2], immobilized π-acceptor sorbents [3, 4], metal
organic frameworks (MOFs) [5, 6], nickel-based sorbents [7], oxygen-functionalized carbon
sorbents [8, 9] and soft acid- supported sorbents [10, 11]. 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 [12-14]. Chapter 3 reported that air can effectively
promote ADS over a mixed Ti0.9Ce0.1O2 adsorbent under ambient conditions by promoting the
chemical transformation of organosulfur compounds to sulfoxides[15]. Denisty functional theory
(DFT) calculations in chapter 2 suggested that chemisorbed oxygen on the TiO2 surface plays an
important role for ADS [16] providing an O-source for chemical transformation of sulfur
compounds over metal oxides. Questions remain as to the impact of thiophenic substituents on
sulfoxide formation and ADS selectivity, adsorption modes and thermodynamics over Ce doped
TiO2.
In this chapter, the selectivity of adsorption of thiophenes and their analogous N-containing
compounds are evaluated experimentally using a series of fixed bed flow adsorption experiments.
DFT calculations were carried out to study the adsorption thermodynamics of these compounds
and to identify the probable modes of adsorption over Ti-Ce metal oxide surfaces.
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5.2 Methods

5.2.1 Experimental Methods (written by Dr. Jing Xiao)

5.2.1.1 Syntheses of metal oxides
The TiO2, CeO2, and mixed Ti0.9Ce0.1O2sorbents were synthesized by a urea co-precipitation
method, as described elsewhere [16]. All the chemicals were purchased from Sigma-Aldrich, and
were used as received.

5.2.1.2 Fuels
A commercial diesel with 14.5 ppmw-S was used from British Petroleum (BP), with the
composition as described in our earlier paper.[7] A model diesel fuel (MDF) was prepared to
evaluate the adsorption selectivity of different compounds over the mixedTi0.9Ce0.1O2 sorbent. The
model fuel contains the same molar concentration(3.12μmol/g) of benzothiophene (BT, 99%),
dibenzothiophene

(DBT,

98%),

4-methyldibenzothiophene

(4-MDBT,

96%),

4,6-

dimethyldibenzothiophene (4,6-DMDBT, 97%), dibenzothiophenesulfone (DBTO2, 97%), indole
(≥99%), naphthalene (Nap, 99%), fluorene (Flu, 98%), 2-methylnaphthalene (MNap, 97%), and
phenanthrene (Phe, 98%). 8 wt% of tert-butylbenzene (TB, 99%), 2 wt% of furan (98%), 45 wt%
of n-decane (≥99%) and 45 wt% of hexadecane (≥99%) were added into the MDF as the solvents.
3.12μmol/g of n-tetradecane (≥99%) was added as an internal standard. All the chemicals were
purchased from Sigma-Aldrich, and were used as received.
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5.2.1.3 Flow ADS experiments
ADS runs were performed in a fixed-bed flow system with a stainless steel column (4.6mm I.D.
×75mm length). 0.6 g of the dried sorbent was packed into a stainless steel column, and then predried in situ under an air flow rate of 10 cc/min at 120 °C for 2 hrs. The commercial diesel fuel (or
the model fuel) was fed into the column by a HPLC pump. The liquid hourly space velocity (LHSV)
was 4.8 h-1. Air was fed into the flow system during the ADS test through a mass flow controller.
The effluent fuel was periodically sampled at an interval of 15-20 min for analyses.

5.2.1.4 Fuel Analyses
The total sulfur concentration of the treated fuel samples was analyzed using an ANTEK 9000
series sulfur analyzer. The sulfur compound compositions in the initial and treated fuels were
determined using a Hewlett-Packard gas chromatograph equipped with a sulfur-selective pulsed
flame photometric detector (GC-PFPD). A Hewlett Packard 5890 series II gas chromatograph with
a capillary column (XTI-5, Restek, bonded 5%, 30m×0.25mm I.D.×0.25μm film thickness) and a
split mode injector (ratio: 100:1) were used with ultra-high-purity helium as the carrier gas. The
oven temperature was initially set at 120 °C and upon injection at 6 °C/min to 170 °C, followed by
a ramp at 20 °C/min from 170 to 290 °C, and then held at 290 °C for 5 min. The injection sample
volume was 1 μL. Both injector and detector temperature in GC-PFPD analysis was kept at 290 °C.
For the adsorption selectivity study, compounds in treated MDF samples were analyzed by a gas
chromatograph (Varian CP 3800) equipped with a flame ionization detector (FID). The compounds
were separated by a VF-5 ms capillary column (30 m length× 0.25 mm internal diameter× 0.25 mm
film thickness). Helium was used as a carrier gas at a flow rate of 1.0 mL/min. The oven
temperature program was the same as above.
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In order to facilitate the quantitative discussion of the adsorptive selectivity, a relative selectivity
factor was used in this study, which is defined as:
αi-n = Capi / Capn

(1)

where Capi is the adsorptive capacity of compound ‘i’ corresponding to the breakthrough point
and Capn is the adsorptive capacity of the reference compound, naphthalene (Nap), corresponding
to its breakthrough point. Since the kinetic breakthrough capacities are used instead of the
equilibrium capacity in Eq. (1), the defined selectivity factor does not indicate equilibrium
selectivity [17].

5.2.2 Computational Calculations

5.2.2.1 Electronic structure methods
Dipole moments of the adsorbent molecules were calculated using the Gaussian 09 package. All
the molecules were optimized with a 6-31+G (d) basis set, and a B3LYP exchange-correlation
functional.
Adsorption energy calculations were performed using the Vienna ab Initio Simulation Program
(VASP [18-20]). The wave functions of the core electrons were represented using the projector
augmented wave (PAW) [21] method. A cutoff energy of 450 eV was used for the plane wave basis
sets for the valence electrons of Ti, Ce, O, C, S and H. The generalized gradient approximation
(GGA) of the Perdew-Wang 91 (PW91[22]) functional was used for the determination of the
exchange and correlation potential. A 3x3x1 Monkhorst-Pack (MP) k-point mesh[23] was used for
all surfaces The electronic self-consistent field was converged to 1×10-4eV and the structure was
optimized until the forces on all atoms were less than 0.05 eV•Å-1. A subset of the model systems
were optimized by converging the SCF cycle to 1×10-5eV and until the forces on the atoms were
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less than 0.02 eV•Å-1. The absolute energies differ by less than 0.1 kJ mol-1. 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=3, LDIPOL=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 eV for Ce
4f states as suggested by the literature [24].
The DFT-D2 method of Grimme [25] has been used to represent the non-bonding 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 concentrations 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 [26].

5.2.2.2 Model construction
As considered in the previous chapters, a titania anatase unit cell consisting of 4 Ti atoms and 8
O atoms was used for bulk optimization. The (001) surface, which is the most reactive low index
surface, is considered. The surface slab has 4 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 2x2 supercell (Ti16O32) was used for all the calculations. For the Cedoped systems, a single Ti atom at the surface was replaced by a Ce atom (Ti15CeO32).
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5.3 Results and Discussion
5.3.1 Adsorption selectivity of Ti0.9Ce0.1O2 adsorbent
To analyze the contribution of chemically transformed sulfoxide species to the ADS capacity
over the Ti0.9Ce0.1O2 adsorbent, the adsorption selectivity of different compounds in a model fuel
over the Ti0.9Ce0.1O2adsorbent was studied. The breakthrough curves of different compounds within
the model diesel fuel, including various aromatics, non-oxidized sulfur compounds, an oxidized
sulfur compound, and a nitrogen compound were examined, as shown in Figure 5-1. These
breakthrough curves were measured without air addition to the fuel. Due to the commercial nonavailability of dibenzothiophene sulfoxide (DBTO), dibenzothiophene sulfone (DBTO2) with
similar skeletal structure was used to study the adsorption selectivity of the oxidized sulfur
compound over the Ti0.9Ce0.1O2 sorbent.
The adsorbent will initially have capacity for many of the compounds, but as the bed progresses
towards saturation, more strongly bound compounds will displace 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 adsorption selectivity for a compound. The first
breakthrough species were aromatic compounds, including Nap, Flu, MNap, and Phe, which gave
breakthrough capacities of < 5 gram of treated fuel per gram of sorbent (g-F/g-sorb). The second
set of breakthrough species was non-oxidized sulfur species, including DMDBT, BT, MDBT and
DBT, which gave breakthrough capacities of < 15 g-F/g-sorb. In contrast, oxidized sulfur species
DBTO2 had a breakthrough capacity of around 25 g-F/g-sorb. The last breakthrough species was
indole, which gave the highest breakthrough capacity of around 70 g-F/g-sorb. In comparison to
non-oxidized 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 between the sorbent and sulfone.
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After passing through the saturation point (C/C0 = 1), the outlet concentration of some
compounds, including the aromatics and non-oxidized 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 = 1) as seen in Figure 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 affinity [17]. The observed “kicking-off”
phenomenon further suggested that the adsorptive affinity followed the order of indole > DBT
sulfone >> non-oxidized sulfur compounds > aromatic compounds.

C/C0

2

Nap
MMap
Flu
Phe

DMDBT
BT
MDBT
DBT

DBTO2*
Indole*

1

0
0

20
40
60
Amount treated MDF (g-F/g-Sorb)

80

Figure 5-1. Breakthrough curves of different compounds over the Ti0.9Ce0.1O2 adsorbent from the
model fuel at 25 °C. (Results obtained from the experiments performed by Dr. Jing Xiao)

The adsorption selectivity factor and the adsorption capacity of the studied compounds over the
Ti0.9Ce0.1O2 adsorbent are listed in Tables 5-1 and 5-2. DBTO2 shows higher adsorption selectivity
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than non-oxidized sulfur compounds, and adsorption selectivity shows a general correlation with
adsorbate dipole moment. The high dipole magnitude of DBTO2 can be attributed to the presence
of the electronegative oxygen. As mentioned earlier, the sulfur compounds observed on spent
Ti0.9Ce0.1O2 sorbent were sulfoxides, not sulfones. The adsorption affinity of DBTO may be lower
than DBTO2, but higher than DMDBT, as suggested by its intermediate dipole magnitude of 4.182
D, compared to 0.764 D for DMDBT and 5.453 D for DBTO2. The improved ADS capacity by
introducing air is due to a chemical transformation of weakly adsorbing sulfur species to strongly
adsorbing sulfoxide/sulfone species over the Ti0.9Ce0.1O2 surface.
The selectivity order of non-oxidized sulfur compounds following the order of DBT > MDBT >
DMDBT, suggesting the presence of -CH3 on non-oxidized sulfur compounds hindered ADS over
the Ti0.9Ce0.1O2 sorbent. This trend suggests the adsorption of non-oxidized sulfur compounds over
the Ti0.9Ce0.1O2 sorbent is likely through the sulfur atom, which is sterically hindered by the -CH3
groups, similar as adsorption to supported nickel [7]. In contrast, the adsorption of sulfone over the
Ti0.9Ce0.1O2 sorbent is likely through oxygen, which is not sterically hindered by the -CH3 groups
due to its out-of-plane configuration and greater distance of the ring from the surface.
A high adsorption capacity and selectivity of indole was observed, significantly higher than
DBTO2. Indole, however, shows a lower dipole moment (2.004D) than DBTO2 (5.453D). Indole
shows a bi-functional electronic structure [27], acting as an electron donor because of the
conjugated pi system and as an electron acceptor due to the 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 H-N-bond [28]. The presence of nitrogen compounds in fuel might suppress ADS over
the Ti0.9Ce0.1O2sorbent through competitive adsorption. A combination of two or more sorbent beds
in an adsorptive desulfurization process may further improve the ultra-deep desulfurization process.
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5.3.2 DFT studies of adsorption modes and thermodynamics

5.3.2.1 Adsorption of thiopehenes and hydrocarbons
DFT was used to study the preferred modes of adsorption of the different adsorbates on the
surface and also to evaluate the adsorption thermodynamics. Previous work reported that Ce-doping
into anatase increased the exposure of the (001) facet [29] and that the doped (001) surface was the
most reactive low index surface. Adsorption is therefore considered on 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 5-1. 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, since dispersion
is needed to get significant adsorption information) on the pure surface is -0.624 eV, but the
adsorption energy on the Ce-doped surface is -0.742 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 -0.14. Upon interaction with the pure TiO2 surface, the S atom becomes
less negative due to the electron transfer and has a charge of -0.12. Upon interaction with a doped
surface however, the S atom has a charge of -0.07, 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.
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Figure 5-2 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 exothermic than the adsorption energies of
the sulfur containing compounds as suggested in Table 5-1. Figure 5-3 shows the optimized
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 molecule is adsorbed parallel to the surface in a planar
configuration, facilitating the interaction of the conjugated π electrons easier.
The DFT calculated adsorption energies of the hydrocarbons 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 phenanthrene adsorb
stronger than naphthalene, solely due to the increased size.
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Figure 5-2. Adsorption configurations of benzothiophene and its derivatives over a Ce-doped
TiO2 (001) surface. (a) BT, (b) DBT, (c) DBT sulfone, (d) 4-MDBT, (e) 4, 6-DMDBT; Ce,
yellow; C, dark grey; H, white; Ti, light grey; O, red; S, dark yellow.
Sulfone species show stronger adsorption than non-oxidized thiophenic species, as indicated in
the experimental adsorption selectivity results. Adsorption occurs through interaction of the oxygen
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atoms in the sulfone and the surface metal atoms (Fig 5-3(c)). 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 calculations were also carried out for the DBT
sulfoxide (DBTO) molecule on the (001) surface. 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, though the instability of the gas phase sulfoxide makes direct comparison of
adsorption energies difficult.

a

c

b

d

Figure 5-3. Adsorption configurations of hydrocarbons in model fuel over a Ce-doped TiO2(001)
surface. (a) Naphthalene, (b) Methylnaphthalene, (c) Phenanthrene, (d) Fluorene; Ce, yellow; C,
dark grey; H, white; Ti, light grey; O, red
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5.3.2.2 Adsorption of Nitrogen containing compounds
The adsorption of nitrogen compounds was also studied using DFT. Like the sulfur containing
compounds, the adsorption of their nitrogen containing analogues was observed through the
interaction of the N atom in the ring with the surface metal atoms. The model compounds used for
the study were pyridine, quinolone and acridine. The adsorption was studied with and without the
presence of oxygen in the system.
The adsorption of the N-compounds without the presence of oxygen was found to be really
exothermic (Table 5-3). The bond distances between the N-atom and the surface Ti atom were
smaller than their corresponding Ti-S distances. Like with the S-containing compounds, the bond
distance increased with an increase in steric hindrance, as did the adsorption energy (Figure 5-4
and Table 5-3). The strength of adsorption follows the order of pyridine > quinolone > acridine.
The effect of steric hindrance is seen on the undoped TiO2 surface, where the adsorption energy of
pyridine is almost five fold more exothermic than that of acridine. Doping the surface with Ce
makes the adsorption of sterically hindered molecules easier, the adsorption energy of acridine is
observed to be significantly exothermic (Table 5-3). The adsorption energies of the less sterically
hindered molecules however, become slightly less exothermic. The results further offer evidence
to the fact that Ce-doping negates the effect of steric hindrance on the adsorption.
The nitrogen containing compounds are also oxidized in the presence of oxygen during
adsorption, leading to stronger adsorption. The adsorption energies are more exothermic than those
of the unoxidizied N-containing compounds. The adsorption energies of the oxidized N-containing
compounds are compared with their corresponding thiophenic compounds (Table 5-3). It is
observed that the adsorption strength of the oxidized sulfur containing compounds is significantly
higher than the strength of the N-containing compounds, as reflected in the adsorption energies.
While an increase in the extent of substitution promotes the oxidation and the adsorption of the
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thiophenic compounds, it is seen that substitution makes the oxidation and the adsorption of the Ncontaining compounds more difficult.
In summary, the N-containing compounds adsorb stronger than the S-containing compounds
without the presence of oxygen in the system, as observed in the experiments. In the presence of
oxygen however, the oxidized N-containing compounds adsorb significantly weaker than the
oxidized S-containing compounds. The results offer another explanation for the promotional effect
observed in the experiments by introducing O2 during the adsorption process.

b

a

2.82 Å

2.73 Å

c

d

Figure 5-4. Adsorption configurations of N-containing compounds over a Ce-doped TiO2 (001)
surface. (a) Quinoline, (b) Acridine, (c) Quinoline after oxidation, (d) Acridine after oxidation;
Ce, yellow, C, dark grey, H, white, Ti, light grey, O, red; N, blue
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5.4 Conclusions
The Ce-doped TiO2 metal oxides for air-promoted adsorptive desulfurization of commercial
diesel fuel were examined in this chapter. Air significantly promoted ADS capacity over the mixed
Ti0.9Ce0.1O2 metal oxides by facilitating the formation of sulfoxide species. The strong adsorption
of oxidized sulfur compounds is attributed to stronger R2SO-M interaction in comparison to R2SM interaction. Sulfoxides also minimize steric hindrance effect by moving the thiophenic ring
further away from the surface. DFT was used to study the adsorption modes of various
hydrocarbons, thiophenes and nitrogen containing compounds. The enhancement of adsorption
observed in the experiments was attributed to increased strength of adsorption of the oxidized Scontaining compounds. The oxidized the N-containing compounds do not adsorb as strongly as the
oxidized S-containing compounds, leading to increased selectivity of the adsorbent towards sulfur
in the presence of oxygen.
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Table 5-1. Adsorption selectivity factor relative to naphthalene for each compound in MDF over
the Ti0.9Ce0.1O2 sorbent
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

‐0.022

‐0.044

‐0.031

‐0.078

‐0.162

‐0.33

‐0.286

‐0.34

‐0.381

‐

‐0.89

Eads(DFT‐D)

‐0.43

‐0.586

‐0.482

‐0.577

‐0.742

‐0.914

‐0.8228

‐1.009

‐0.921

‐

‐2.70

a

DBTO is not a stable isolated species and therefore not considered experimentally.

Table 5-2. Adsorption capacities (mmol/g) for each compound in MDF over the Ti0.9Ce0.1O2
sorbent
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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Table 5-3. Adsorption energies of N-containing compounds and their corresponding thiophenes
on the pure and Ce-doped TiO2 (001) surface. All energies are in eV

Adsorbate

Unoxidized

Oxidized

Ti

Ti-Ce

Ti

Ti-Ce

Pyridine

-0.71

-0.64

-1/09

-1.17

Quinoline

-0.59

-0.54

-1.01

-1.16

Acridine

-0.13

-0.51

-1.00

-1.20

Thiophene

-0.16

-0.3

-5.54

-5.83

Benzothiophene

0.006

-0.33

-5.76

-6.10

Dibenzothiophene

0.046

-0.34

-5.70

-6.07
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Chapter 6
Structure-Function Correlations of Ce and Zr Doped TiO2 Adsorbents for
Adsorptive Desulfurization
This chapter will appear in the form of a journal article in a refereed journal. The article was
authored by Siddarth Sitamraju, Zachary Alesi, Michael Janik and Chunshan Song. The
adsorption isotherms were generated from the experiments performed by Siddarth Sitamraju and
Zach Alesi.

Abstract
The sulfur removal capacity of undoped and Ce and Zr-doped TiO2 anatase is investigated using a
combination of batch adsorption tests and density functional theory (DFT) calculations in this chapter.
Thiophene and its methyl and benzyl derivatives were used as adsorbates. Correlations are made
between the structure of the crystal and the adsorption properties. Doping caused an increase in the
batch adsorption capacity of sulfur. DFT calculations were carried out on the (001), (101) and (100)
surfaces of the anatase crystal. The (001) surface is shown to have the strongest thiophene adsorption.
Wulff construction of the crystal was performed to analyze the effect of the dopant on the geometry
of the particle. Batch adsorption tests showed that the increase in the size of the substituent leads to an
increase in adsorption capacity. The addition of dispersion corrections was required for DFT results
to match this trend.
Keywords: adsorptive desulfurization; thiophene, DFT-D; titania doping; anatase
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6.1 Introduction
The Environmental Protection Agency (EPA) limits the amounts of sulfur that can be present in
liquid fuels. Sulfur is a compound that can lead to the post-combustion production of SOx, which
majorly contributes to acid rain [1]. Aromatic sulfur compounds can also lead to the formation of
particulate matter, which causes air pollution and is carcinogenic. There is an increase observed in
the sulfur content in crude oils [2, 3], which raises major concern due to the low sulfur content
governmental regulations being enforced. Sulfur species also cause issues in fuel cell applications.
Fuel cells can be designed to use liquid fuels as feed stock. However, trace amounts of sulfur in the
feed fuels can poison reforming catalysts, water gas shift catalyst and electrodes used in the fuel
cell.
The current technology used in refineries for desulfurization is hydrodesulfurization (HDS).
However, the HDS process requires high pressures and temperatures, involves the use of hydrogen,
and is not effective for the removal of refractory sulfur compounds [3, 4]. As an alternative
approach, adsorptive desulfurization (ADS) has potential to selectively remove sulfur under
ambient conditions. Adsorptive desulfurization (ADS) of fuels is a process developed for deep
desulfurization. This process can remove refractory sulfur compounds at room or ambient
temperature to achieve the desired concentration levels. This process requires an adsorbent that
selectively adsorbs the sulfur containing molecules without affecting the hydrocarbons in the fuel.
Our group has previously reported TiO2 anatase based systems for ADS, which could be
regenerated by oxidative heat treatment [5-7]. Chapter 2 showed that titania was highly selective
towards sulfur in the presence of oxygen [8]. Experiments showed that doping transition metals
into the anatase crystal improved the adsorption capacity [9]. Titania can incorporate dopants
varying from transition metals to halogens [10-13]. Silver is a commonly used dopant to enhance
the sulfur adsorption capacity of TiO2 because of the high affinity of silver for sulfur [14, 15].
Increased capacity was also observed for Ce-doped anatase systems [6]. TiO2-ZrO2 systems have
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been used as supports for the HDS process [16, 17]. However, there is limited work analyzing the
effect of Zr doping into TiO2 on the sulfur adsorption performance [18]. Herein, batch adsorption
tests and complementary density functional theory (DFT) calculations that examine the sulfur
adsorption capacity of Zr and Ce-doped anatase adsorbents for a series of model refractory
compounds are reported. The change in the physical properties and the affinity to sulfur as a result
of the doping is examined. The effect of steric hindrance is also studied by computationally and
experimentally analyzing the adsorption of thiophene and its derivatives on the pure and doped
titania surfaces. The importance of vdW interactions is considered by using the DFT-D method.

6.2 Methods

6.2.1 Computational Methods:

6.2.1.1 Electronic structure calculations
Density Functional theory 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 [19-21]. The wave functions of the core
electrons were represented using the projector augmented wave (PAW) [22] method. The cutoff
energy used for the plane wave basis sets for the valence electrons of Ti, Ce, Zr, O, C, S and H was
450 eV. The Perdew-Wang 91 (PW91) [23] form of the generalized gradient approximation (GGA)
was used for the exchange and correlation potential [23]. A 13 × 13 × 13 Monkhorst-Pack (MP) kpoint mesh [24] was used for bulk anatase, fluorite CeO2 and the monoclinic ZrO2. A 3 × 3 × 1 MP
k-point mesh was used for all surfaces (undoped and doped), and the gamma point was used for
isolated molecules. The calculations for undoped TiO2 surfaces and Zr-doped Ti surfaces were non174

spin polarized as all MO2 systems remained fully oxidized for all systems considered. The Cedoped surface calculations were spin-polarized to allow for more facile reduction of Ce atoms,
though reduction and a net change of spin was not observed. The electronic self-consistent field
was converged to 1×10-4 eV and the structural optimization was carried out until the forces on all
atoms were less than 0.05 eV•Å-1. A subset of surface-adsorbate systems were optimized by
converging the SCF cycle to 1×10-5 eV and until the atomic forces were less than 0.02 eV•Å-1. The
change in the absolute energies was less than 0.1 kJ mol-1. Dipole corrections were included in all
the surface calculations to account for the pseudo-slab interactions (VASP keywords IDIPOL=3,
LDIPOL=TRUE). Bader charge analysis was carried out to estimate the extent of electron transfer
from the adsorbate to the adsorbent [25, 26].
Localized electrons in strongly correlated systems like reduced ceria cannot be represented
accurately by DFT, because of the inaccuracies in localizing the 4f electrons. DFT-U has been used
with U= 5 eV for Ce 4f states as suggested by the literature [27]. As no reduction of the Ce atoms
to the 3+ state was observed, the use of the U correction has negligible impact on the results herein.
Chapter 2 showed that addition of dispersion interactions significantly strengthened the
adsorption [8]. The effect of substitution is evident in the magnitude of the dispersion energy. The
magnitude of this energy is greater for adsorbents with larger substituents and with groups close to
the surface. Hence adsorption energies were calculated using DFT-D to account for the nonbonding, dispersion interactions.
The energy due to the non-bonding dispersion interactions was added as a correction factor to the
calculated energy by using the DFT-D2 method (LVDW = TRUE in VASP 5.2.11) [28]. The C6
parameters required for the estimation of the dispersion forces are not accurately estimated for the
later part of the periodic table. The lack of data is the motivation for the assumption that at low
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concentrations of dopants, the dispersion energy varies only due to the size of the adsorbent, but
not due to the composition (Ce, Zr inclusion) of the adsorbent surface.
This assumption validated for the Ti-Zr systems. The difference between the DFT adsorption
energy and the DFT-D adsorption energy for a given adsorbate for the Ti-Zr surfaces was observed
to be almost equal (difference of less than 0.1 eV) to the difference in energies of the TiO2 surfaces.
(Tables S1 and S3).
The adsorption energy (ΔEads) is calculated by subtracting the sum of the energies of the
surface and the optimized gas-phase adsorbate from the energy of the optimized adsorbate-slab
complex:
ΔEads = E (slab+adsorbate) - Eslab – Eadsorbate

(1)

The anatase crystal was assumed to be made up entirely by the three surfaces considered ((001),
(101) and (100)). Since adsorption can take place on any of the three surfaces, the average
adsorption energy across all the surfaces was calculated by a weighted average according the
percentage of exposure of the facet. The percentage of exposure is calculated by estimating the
surface energies of the surfaces and by the Wulff construction of the crystal. Doping is shown to
alter the fractional surface area occupied by various surfaces. For an anatase crystal which has a
fractional exposure x of the (001) facet and a fractional exposure y of the (100) facet, the average
adsorption energy at high coverage of adsorbates is given by:
ΔEav = (x)*ΔEads(001) + (y)*ΔEads(100)+(1-(x+y))* ΔEads(101)

(2)
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6.2.2 Model construction
The unit cell of an anatase crystal contains 4 titanium and 8 oxygen atoms with lattice parameters
of 3.79 Å and 9.82 Å after optimization. The optimized values are within 1% of the reported values
[29]. The surfaces considered for the adsorption process are (001), (101) and (100) (Figure S1),
which are the most thermodynamically stable surfaces of the anatase crystal. The surface model
includes 4 layers of TiO2. For adsorption calculations, the atoms in the top two layers are relaxed
and the atoms in the bottom layers are held fixed. A 2x2 supercell (Ti16O32) was used for the
adsorption of thiophene, methyl thiophene and dimethyl thiophene. For each slab, a vacuum layer
of 15Å (based on the bare surface) was added perpendicular to the surface. The gas phase
adsorbents were optimized separately in a 20Å3 unit cell.
Mirrored slabs were used for the calculation of the surface energies. All the layers in the mirrored
slab were relaxed during the optimization. The surface energy of a mirrored TiO2 slab is given by:
=

(𝐸𝑠𝑙𝑎𝑏−𝑛∗𝐸𝑏𝑢𝑙𝑘)
2𝐴

(3)

Where Eslab is the VASP energy of the mirrored slab, Ebulk is the energy of the optimized bulk
anatase crystal and n is the number of formula units of TiO2 present in the mirrored slab. A is the
surface area of one side the slab.
For the doped systems, the dopant atom was present in the surface layer of one side of the slab.
The total surface energy of the top (doped) and bottom (undoped) surfaces were calculated using
equation 3, and the doped layer surface energy was then determined by assuming the undoped
side surface energy was unchanged from pure TiO2. The surface energy of the doped surface was
estimated by subtracting the surface energy of the undoped layer from the total surface energy.
For the doped slab, n*Ebulk becomes a sum over formula units for each of the TiO2 and CeO2 or
ZrO2 crystals.

177

X-ray diffraction studies determined that the anatase lattice is maintained with Ce [7] or Zr [31]
doping, with the lattice constant slightly distorted. The doped model substitutes a surface Ti atom
with a Ce or Zr atom. The doped surface slab therefore contains 15 Ti atoms, 1 dopant atom (Ce or
Zr) and 32 O atoms.
Doping the crystal with cerium causes an increase in the lattice parameters, because of the larger
atomic radius of the Ce cation. The DFT optimized lattice parameters are a = 3.854 Å and c = 9.946
Å, which are within 3% of the experimentally observed parameters [7]. Zr doping causes a similar
effect, though the distortion caused is smaller with parameters are a = 3.815 Å and c = 9.850 Å. At
low concentrations of the dopants, the change in the lattice parameters correlate with the radius of
the dopant atom.

6.2.3 Experimental Methods:

6.2.3.1 Sorbent preparation
The TiO2, Ti0.9Ce0.1O2 and Ti0.9Zr0.1O2 adsorbents were synthesized by a urea co-precipitation
method described elsewhere [7]. A ZrONO3 precursor was used to introduce Zr into the anatase
lattice. All the precursors for the preparation were purchased from Sigma-Aldrich and were used
as received.

6.2.3.2 Model fuels
The sulfur compounds used in the preparation of the model fuels consisted of thiophene (T), 2methylthiophene (MT), 2, 5-dimethylthiophene (DMT), benzothiophene (BT), and
dibenzothiophene (DBT). These sulfur compounds were individually mixed with approximately
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100mL of hexadecane to produce six model fuels, each with a sulfur concentration of 300ppm.
All the chemicals were purchased from Sigma-Aldrich and were used as received.

6.2.3.3 Batch adsorption tests and surface area measurements
Moisture was withdrawn from each adsorbent by use of a vacuum oven at 200 oC for 12 hours.
Adsorbents were mixed individually with each model fuel at a 0.2 gram to 2 gram ratio. The
mixtures were each run through a batch reaction for two hours at 25 oC and stirred at 400 rpm.
Upon completion of the batch reaction, a centrifuge was used to separate the clear model fuel from
the spent adsorbent. Nitrogen adsorption-desorption isotherms for all three adsorbents were
obtained using a Micrometrics Tristar 3000 apparatus at a temperature of 77K. The surface areas
of the samples were then calculated using the Brunauer-Emmet-Teller (BET) model from the
isotherms. All the experiments were repeated until the absolute deviation in the measured Sconcentrations was less than 5%.

6.2.3.4 Fuel Analysis
The total sulfur concentration of the treated fuel samples was analyzed using an ANTEK 9000
series sulfur analyzer. The instrument was calibrated for different concentration ranges using
dibenzothiophene (DBT) in n-decane. The complete method is described elsewhere [30].
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6.3 Results and discussion
The adsorption of thiophene and its derivatives is studied on undoped and doped titania surfaces.
The results from the DFT-D calculations are reported in sections 6.3.1 and 6.3.2. Section 6.3.1
analyzes the change in geometry of the anatase crystal with doping. Section 6.3.2 describes the
variations in adsorption energy and the effect doping has on the adsorption strengths. The effect of
dispersion interactions are also highlighted in this section. The DFT-D results and experimental
adsorption results are correlated in section 6.3.3.

6.3.1 Geometric effects of Ce and Zr doping
Surface energies were estimated using DFT calculations. The surface energy values for the TiO2
and doped TiO2 (001), (101) and (100) surfaces are shown in Table 6-1. The (001) surface has the
highest surface energy, suggesting that it is the most reactive surface. The surface energies follow
the order of (001) > (100) > (101). Doping the system with Ce significantly increases the surface
energies while Zr doping has little effect on the surface energies.
A Wulff construction [32] suggests that the (101) surface occupies about 94% of an anatase
particle, consistent with the results reported in previous studies[33]. Further analysis showed that
the (001) surface occupies 0.5% and the (100) surface occupies the rest (5.5%). Zr doping slightly
increases the fraction of the (001) surface, to 1.5% of the particle surface (Table 1). The most
significant change is noticed on the Ce-doped TiO2 particle. Ce doping increases the exposure of
the (001) surface to 8.8% and that of the (100) surface to 5.4%. Consequently, the (101) surface
has a reduced exposure of 83%. The increase in the higher energy facets of the particle may lead to
a significant increase of particle reactivity, and as shown below, a greater thiophene adsorption
capacity.
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6.3.2 Adsorption of thiophenic compounds to undoped and doped TiO2 surfaces
The adsorption thermodynamics of thiophene and its derivatives were studied on the surfaces of
undoped TiO2 and Ce-doped and Zr-doped TiO2 surfaces. As reported in chapter 2 [8], the primary
manner of adsorption is through electron transfer from the S atom in the thiophenic molecule to the
surface metal atoms (Fig. 6-1). On doped surfaces, the active sites of adsorption are the dopant
atoms (Fig. 6-2 and 6-3). The variations in the adsorption energies due to surface doping and
thiophene substitution are examined in this section.
The electron density of the S atom in the ring varies with substitution. The presence of an electron
donating group close to the sulfur atom increases the S electron. The presence of substituents on
the thiophene ring also increases the steric hindrance, while strengthening dispersion interactions
with the surface. These are the three major factors affecting the adsorption strength. All species
adsorption energies are reported in Tables S1-S3 in the Supplementary Information, while Table
6-2 reports facet-exposure averaged adsorption energies for pure TiO2 and doped TiO2 adsorbents.
On the undoped TiO2 surfaces, the average adsorption energy of all the substituted adsorbates is
more exothermic than that of thiophene (Table 6-2). Addition of the methyl group increases the
steric hindrance of methylthiophene, slightly decreasing the adsorption strength. Dimethyl
thiophene has a higher electron density and a greater contribution from vdW interactions than
methylthiophene, leading to a slightly stronger adsorption. BT and DBT though sterically hindered,
adsorbed stronger than the other adsorbtaes because of the increased vdW interactions as a result
of their size.
The active site of the adsorption on the Ce doped surface is the surface Ce atom. Bader charge
analysis shows that a larger amount of electron density is transferred to Ce atom than the Ti atom.
This leads to more exothermic adsorption energies (Tables 6-2 and S2). On the Ce doped surfaces,
the adsorption strength is influenced to a greater extent by the electron density on the sulfur atom
in the ring than on the TiO2 surfaces.
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Bader charge analysis showed that there is minimal electron transfer from the thiophene
adsorbate to the Zr atom on the surface of the adsorbent. Despite this, the adsorbates prefer to bind
to the dopant atom on the surface and not to the surface Ti atoms. The Zr-doped surfaces have the
least adsorption strength for all the adsorbate molecules (Tables 6-2 and S3). The trend of the
average adsorption energies across the systems is Ce-TiO2 > TiO2 > Zr-TiO2.
Addition of the dispersion interactions decreased the S-Ti distances in the optimized structures.
The adsorbates were pulled closer to the surface due to the increased attractive forces. The S-M
(M=Ti,Ce,Zr) distances with DFT-D are about 5% less than the DFT values for each adsorbate.
The DFT-D adsorption energies and the average adsorption energies were estimated for the CeTi systems by assuming that at low Ce concentrations, the magnitude of the dispersion energy does
not depend on the composition of the surface.
The DFT-D calculated adsorption energies (average and individual) were significantly more
exothermic than the DFT energies for all the adsorbates (Table 6-2 and Tables S1-S3). In contrast
with the DFT energies, for which the (100) surface showed the strongest adsorption for all the
adsorbates, the DFT-D energies are almost independent of the surface facet. The major factors
influencing the strength of adsorption were the size of the adsorbate and the electron density on the
S atom. The results suggest that the adsorption is likely to take place with equal probability on the
three low index facets.
The order of DFT-D average adsorption strengths amongst the adsorbates on the undoped TiO2
surfaces is: DBT>DMT>BT>T>MT and on the Ce-TiO2 surfaces is: DBT>BT~DMT>T>MT. The
DFT-D trends are quite different from the DFT trends. Without the inclusion of the dispersion
interactions, thiophene is the strongest adsorbed molecule on the undoped TiO2 while BT and DBT
are the weakest adsorbed molecules. The DFT-D trend of adsorption on Zr doped TiO2 surfaces is:
DBT>BT>DMT>MT>T. The change in the trend is due to the fact that the electron transfer on the
Zr doped surfaces is minimal, making the dispersion energy effectively the only factor governing
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the adsorption energies. Bigger molecules like DBT and BT have a higher magnitude of dispersion
interactions, resulting in stronger adsorption. The order of adsorption energies for all the adsorbents
with or without the contribution of the dispersion interactions is: Ce-TiO2 > TiO2 > Zr-TiO2.
Though the vdW interactions play a major role in increasing the adsorption affinity of the
adsorbent, the S-M interaction is strong enough to drive the selectivity of adsorption.
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b
a

2.86 Å

3.738 Å

d

c

3.10Å

2.96Å

Figure 6-1. Adsorption of thiophene and its derivatives on undoped TiO2 anatase surfaces
a: Thiophene adsorbed on (001) surface; b: 2, 5-DMT adsorbed on (001) surface, c: BT adsorbed
on (101) surface; d: DBT adsorbed on (100) surface; S, yellow; C, dark grey; H, white; Ti, light
grey; O, red.

184

a

b

3.20Å

3.23Å

c

d

3.20Å
3.18Å

Figure 6-2. Adsorption of thiophene and its derivatives on Ce-doped surfaces
a: 2-MT adsorbed on (001) surface; b: 2, 5-DMT adsorbed on (001) surface, c: BT adsorbed on
(101) surface; d: DBT adsorbed on (100) surface; S, yellow; C, dark grey; H, white; Ti, light
grey; O, red; Ce, light yellow

185

a

b

2.98Å
3.04Å

d

c

3.05Å

3.04Å

Figure 6-3. Adsorption of thiophene and its derivaties on Zr-doped surfaces
a: 2-MT adsorbed on (001) surface; b: 2, 5-DMT adsorbed on (001) surface, c: BT adsorbed on
(101) surface; d: DBT adsorbed on (100) surface; S, yellow; C, dark grey; H, white; Ti, light
grey; O, red; Zr, light bluw
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6.3.3 Batch adsorption capacities of thiophenic compounds on doped and undoped TiO2
surfaces
The measured sulfur concentration in the spent adsorbate solution is used to determine the
adsorption capacity for each of the adsorbates. The capacity is obtained by using the equation:
Adsorption Capacity:

(4)

The adsorption capacity is reported in units of μg-S/m2-sorb (micrograms of sulfur/m2 of
adsorbate). The variable A is the surface area of the adsorbent used for the batch test. The surface
area values for the three adsorbents are shown in Table 6-3. The initial and final fuel
concentrations of sulfur in ppm are c0 and c1 respectively. The weight of the fuel used is given by
m1. The calculated adsorption capacities for the various adsorbates over the different adsorbent
systems are shown in Table S4 in supplementary information. The initial concentration of sulfur
was approximately 300 ppm for all the adsorbates. Comparison is made on a surface area basis to
correlate with the DFT results.
Fig. 6-4 shows the adsorption capacities across adsorbates and adsorbents. The Ce-TiO2
adsorbate has the highest adsorption capacity for all the adsorbates considered. Undoped TiO2 has
the next highest adsorption capacity, followed by Zr-TiO2. The order of adsorption capacities is
consistent with the prediction of the DFT results, Ce-TiO2 > TiO2 > Zr-TiO2. The trend of surface
areas follows the order of Zr-TiO2 > Ce-TiO2 > TiO2. The results suggest that Ce doping increased
the activity of individual sites on the surface, whereas Zr increased the surface area without
increasing the adsorption activity. Zr-TiO2 demonstrated higher adsorption capacities for all the
adsorbates when a mass basis was used for comparison.
The trends of adsorption across adsorbates are in agreement with the DFT-D results, suggesting
that vdW interactions play a major role in dictating the extent of adsorption. The larger adsorbates
have a higher adsorption capacity than the smaller adsorbates.
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Isotherms were also generated for the adsorbents to gain a deeper understanding of the adsorption
process. Fig. 6-5 and Fig. 6-6 show the adsorption isotherms for DBT on TiO2, TiCeO2 and TiZrO2
on mass and surface area bases respectively. The data points were plotted at equilibrium
dibenzothiophene concentrations for all the adsorbents. The plots show that TiCeO2 shows the
highest adsorption capacity. TiO2 has the least adsorption capacity when the comparison is made
on a mass basis and TiZrO2 has the least adsorption capacity when the comparison is made on a
surface area basis. There is a non-linear increase in the adsorption capacity as the equilibrium
concentration of the model fuel increases. Assuming a Langmuir model of adsorption, linearized
adsorption curves (Ce/q vs Ce) were generated and are shown in Fig. 6-7. The maximum adsorption
capacity (qm) was estimated using the following equation:

q=

(5)

In equation 5, K is the equilibrium constant of adsorption and q is the equilibrium adsorption
capacity. As seen in Fig. 6-7, the curves have a good linear fit with R2 values of 0.97 for TiZrO2,
0.98 for TiCeO2 and 0.99 for TiO2. The calculated qm values are 2.76 μg-S/m2-sorb for TiO2, 3.14
μg-S/m2-sorb for TiZrO2 and 4.96 μg-S/m2-sorb for TiCeO2. The equilibrium adsorption capacities
at 300 ppm are 1.63, 0.99 and 2.51 μg-S/m2-sorb respectively (Table 6-4), suggesting that the
equilibrium adsorption capacity at that concentration is not limited by the availability of the active
sites on the surface. Hence a reasonable comparison can be made between the equilibrium
adsorption capacities and the average adsorption energies obtained from the DFT calculations.
Collectively, the results from the batch adsorption tests suggest that the higher mass based
adsorption capacity of the Zr-doped TiO2 adsorbent is solely due to the significantly increased
surface area. The results corroborate the DFT results which suggest that the activity of the adsorbent
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is not enhanced by doping with Zr. Ce doping promotes the adsorption affinity and increases the
surface area of the adsorbent, leading to high adsorption capacities.

Figure 6-4. Adsorption capacities of thiophene and its derivatives on Ce-doped, Zr-doped and
undoped TiO2 adsorbents, obtained from batch adsorption experiments. All adsorption capacities
are normalized to adsorbent surface area.
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Figure 6-5. Adsorption isotherms at different concentrations of DBT adsorption on Ce-doped, Zrdoped and undoped TiO2 adsorbents, adsorption capacities normalized to adsorbent mass

190

Figure 6-6. Adsorption isotherms at different concentrations of DBT adsorption on Ce-doped, Zrdoped and undoped TiO2 adsorbents, adsorption capacities normalized to surface area
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Figure 6-7. Linearized adsorption isotherms (Ce/q vs Ce) of DBT adsorption on Ce-doped, Zrdoped and undoped TiO2 adsorbents, adsorption capacities normalized to surface area
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6.4 Conclusions
The adsorption of thiophene and its derivatives was studied on undoped and Ce and Zr-doped
titania anatase systems in this chapter. DFT results showed that Ce-doping increased the exposure
of the highly reactive (001) facet, leading to an increase in the thiophene adsorption affinity. A
combination of DFT-D calculations and batch experiments was used to determine the factors
influencing the adsorption. DFT-D calculations showed that the major factors influencing the
adsorption strength are the electron density on the sulfur atom and the size of the adsorbent
molecule. Larger molecules have increased steric hindrance, but also have a greater contribution
from the vdW forces to the adsorption. The average particle adsorption energy was evaluated as a
weighted average of the exposure of each surface, evaluated from Wulff construction.
The average adsorption energy can be directly correlated with the adsorption capacities obtained
from the batch adsorption experiments. The DFT results suggest that the (larger) sterically hindered
molecules adsorb weaker than the smaller molecules, despite having higher electron density on the
sulfur atom. Addition of the dispersion interactions significantly altered the trends of adsorption to
give:

DBT>DMT>BT>T>MT

for

TiO2,

DBT>BT>DMT>MT>T

for

Zr-TiO2

and

DBT>BT~DMT>T>MT for Ce-TiO2. The DFT-D trend matches the order of adsorption capacities
from the experiments perfectly, suggesting that the inclusion of vdW interactions to the DFT
adsorption energies is essential for the accurate representation of the adsorption process.
Adsorption isotherms showed that TiCeO2 has the highest adsorption capacity at all
concentrations of the adsorbate (DBT). When a comparison is made on the mass basis, TiO2 shows
the least adsorption capacity, but TiZrO2 shows the least capacity when a comparison is made on a
surface area basis. The trends suggest that the major source of the increased capacity of the TiZrO2
adsorbent is due to the increase in the surface area and not the variation in the electronic structure
caused by the inclusion of the Zr dopant in the anatase crystal. The order of adsorption activity is
Ce-TiO2 > TiO2 > Zr-TiO2, predicted using DFT-D and validated by batch adsorption experiments.
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The results from this study suggest that the ADS performance of the doped anatase adsorbent
depends on the valence electronic configuration as well as the atomic radius of the dopant atom.
This chapter offers insight into the geometric and functional effects of doping and emphasizes the
effect of vdW interactions on the adsorption of various sulfur containing compounds. The results
from this chapter suggest that doping the anatase crystal with metals capable of assuming multiple
oxidation states can lead to adsorbents having higher adsorption capacities than undoped TiO2.
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Table 6-1. Surface energies and exposures of the high index facets for doped and undoped TiO2
crystals

Surface Energies (eV/Å2)

Surface Exposure (%)

Surface
Pure TiO2

Ce-doped

Zr-doped

(0,0,1)

0.0609

0.0943

0.0589

(1,0,1)

0.0257

0.0661

0.0277

(1,0,0)

0.0319

0.0718

0.0336

Pure TiO2

Ce-doped

Zr-doped

0.554

8.8407

1.646

94.484

83.249

92.918

4.961

7.909

5.435
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Table 6-2. Average adsorption energies of thiophene and its derivatives on doped and undoped
TiO2 crystals

Pure TiO2

Ce-doped

Zr-doped

Adsorbate
DFT

DFT-D

DFT

DFT-D

DFT

DFT-D

TH

-0.11

-0.48

-0.29

-0.65

0.069

-0.20

MT

-0.058

-0.38

-0.12

-0.45

-0.055

-0.40

DMT

-0.093

-0.75

-0.19

-0.83

-0.099

-0.43

BT

-0.040

-0.60

-0.32

-0.84

-0.075

-0.56

DBT

-0.059

-0.91

-0.35

-1.17

0.17

-0.66

Table 6-3. Measured (BET) surface area values of doped and undoped TiO2 adsorbents

Adsorbent
Pure TiO2
Ce-doped TiO2
Zr-doped TiO2

Surface Area (m2)
112
184
358
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Adsorbent

Adsorption capacity

Adsorption capacity

Normalized to adsorbent mass ( μg/g-A)

Normalized to adsorbent area (μg/m2-A)

100 ppm

200 ppm

300 ppm

400 ppm

Pure TiO2

376.79

719.88

919.84

1175.20

Ce-doped TiO2

897.95

1813.18

2329.85

2968.70

Zr-doped TiO2

645.35

1258.19

1780.0

2320.75

100 ppm

200 ppm

300 ppm

400 ppm

0.67

1.28

1.64

2.09

0.97

1.96

2.52

3.21

0.36

0.70

0.99

1.27

Table 6-4. Adsorption capacities of dibenzothiophene at various concentrations as shown in
Figures 5 and 6, normalized to the mass of the adsorbent and the surface area of the adsorbent
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Supplementary Information

Table S1: DFT and DFT-D adsorption energies of thiophene and its derivatives on the
(001), (101) and (100) surfaces of undoped TiO2 in eV

Surface

(001)

(101)

(100)

Adsorbate

DFT

DFT-D

DFT

DFT-D

DFT

DFT-D

Thiophene

-0.16

-0.42

-0.10

-0.48

-0.21

-0.39

Methylthiophene

-0.14

-0.51

-0.05

-0.37

-0.15

-0.57

Dimethylthiophene

-0.15

-0.76

-0.08

-0.76

-0.22

-0.58

Benzothiophene

0.00

-0.11

-0.04

-0.62

-0.01

-0.46

Dibenzothiophene

0.04

-0.51

-0.06

-0.93

-0.04

-0.68
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Table S2: DFT and DFT-D adsorption energies of thiophene and its derivatives on the
(001), (101) and (100) surfaces of Ce-doped TiO2 in eV

Surface

(001)

(101)

(100)

Adsorbate

DFT

DFT-D

DFT

DFT-D

DFT

DFT-D

Thiophene

-0.2979

-0.5575

-0.265

-0.6457

-0.594

-0.7818

Methylthiophene

-0.283

-0.6506

-0.0611

-0.3796

-0.6041

-1.0222

Dimethylthiophene

-0.3989

-1.0016

-0.117

-0.7896

-0.713

-1.0751

Benzothiophene

-0.3697

-0.4787

-0.3164

-0.8901

-0.3458

-0.7921

Dibenzothiophene

-0.2938

-0.8445

-0.3577

-1.2235

-0.36

-0.99
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Table S3: DFT and DFT-D adsorption energies of thiophene and its derivatives on the
(001), (101) and (100) surfaces of Zr-doped TiO2 in eV
Surface
Adsorbate
Thiophene

(001)

(101)

(100)

DFT

DFT-D

DFT

DFT-D

DFT

DFT-D

-0.3091

-0.5649

0.08

-0.193

0.0007

-0.2636

-0.3055

-0.7837

-0.0541

-0.3897

-0.0014

-0.4541

-0.3904

-0.9119

-0.095

-0.4161

-0.0843

-0.5374

-0.4467

-1.0296

-0.0766

-0.533

0.0697

-0.9285

-0.3766

-1.0433

0.193

-0.6413

0.0237

-0.8818

Methylthiophene
Dimethylthiophene
Benzothiophene
Dibenzothiophene
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Table S4: Surface area normalized adsorption capacities of thiophene and derivatives on
doped and undoped TiO2 crystals (μg/m2-A)

Adsorbate
Thiophene

MethylThiophene

Dimethylthiophene

Benzothiophene

Dibenzothiophene

Pure TiO2

0.72

0.64

1.117

0.79

1.64

Ce-doped TiO2

0.978921

1.058099

2.10

1.80

2.52

Zr-doped TiO2

0.377063

0.410580

0.52

0.86

0.994

Adsorbent
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Chapter 7
Novel Ti Based Materials for Enhanced Adsorption of Thiophenic
Compounds
This chapter will appear in the form of a journal article in a refereed journal. The article
was authored by Siddarth Sitamraju, Mamoru Fujii, Michael Janik and Chunshan Song.

Abstract
Air is shown to have a significant promotional effect on the adsorption of thiophenic compounds
on Ti-Ce bimetallic oxide adsorbents. Surface oxygen vacancies serve as the sites of adsorption to
activate the oxygen molecules in air to facilitate the oxidation of the sulfur containing compounds.
Using ab-initio calculations, a vacancy driven adsorption cycle was proposed in chapter 2 which
included the formation and migration of sulfones. The adsorption cycle is further analyzed in this
chapter and key descriptors are identified to be used as adsorbent selection criteria. A variety of
bimetallic oxides were modeled using transition metals as dopants. Screening based on the
descriptors identified showed that a Fe-Ti bimetallic oxide had a high concentration of the active
sites (surface vacancies), but did not promote the adsorption of thiophenes. A Ti-Fe-Ce trimetallic
oxide was modeled to retain the adsorption characteristics of the Ce-Ti bimetallic oxide and to have
the active site concentration of the Fe-Ti oxide. A Ti0.8Fe0.1Ce0.1O2 adsorbent was synthesized
experimentally based on the computational prediction and flow adsorption experiments in the
presence of air were carried out. The experimental results corroborated the predictions made using

DFT, showing that the trimetallic oxide adsorbent shows the highest adsorption capacity with air
promotion (19 g-F/g-ads, 5.5 % higher than the Ti-Ce bimetallic oxide).

7.1 Introduction
Sulfur removal has always been an essential part of fuel processing, progressively becoming
more important. The ever increasing restrictions on the amount of allowable sulfur in fuels call for
processes that can remove sulfur more efficiently. Hydrodesulfurization, the most common
commercial desulfurization technique, requires operation at 300 0C and also high pressures of H2
[1, 2]. To achieve sulfur concentrations of less than 10ppm, a HDS bed that has almost seven times
the surface area of the bed currently being used is required [3]. The production of fuels with near
zero sulfur concentration therefore becomes expensive and highly energy intensive. Adsorptive
desulfurization and oxidative desulfurization have been identified as potential replacements for
HDS.
Adsorptive desulfurization (ADS) is a novel process which minimizes the energy requirements
while selectively removing sulfur from the fuel. A stream of sulfur-rich fuel is passed over an
adsorbent bed, which ideally adsorbs only the sulfur containing compounds. A significant number
of studies have been carried out to design adsorbents that offer high selectivity towards sulfur.
Metals, metal oxides, zeolites and activated carbon are some of the materials tested as potential
adsorbents for sulfur removal [4-10]. Metal based adsorbent systems showed high adsorption
capacities, but cleavage of the C-S bond was observed [11]. Kim et al. reported an increased affinity
of metal based adsorbents towards N-containing compounds compared to S-containing compounds
[12]. Velu et al. synthesized several metal impregnated Y zeolites using ion impregnation [13]. Ce
exchanged Y zeolites were reported to show the highest adsorption capacity, but later results by
Yang et al. showed that zeolites suffered from a severe loss of selectivity due to the presence of
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polyaromatics in the fuel [14]. Activated carbon (AC) systems have studied to evaluate their sulfur
adsorption capacities [4, 15]. Several studies have reported that the adsorption characteristics
depend strongly on the type of surface functionalities [16-18]. Oxygen modification of the surface
was shown to improve the ADS performance of ACs, but multiple cycles of use through
regenerability has not been reported [19].
Metal oxides have been considered promising candidates for ADS, because of their reasonably
high adsorption capacities and regenerability [20]. Metal oxides have also been considered as good
catalysts for the oxidation of sulfur containing compounds. Bakar et al. tested a series of
monometallic and mixed metallic oxides for their ability to catalyze the oxidation of the sulfur
containing compounds [21]. Their results showed that molybdenum oxide showed the best catalytic
activity. However, their procedure involved the use of sacrificial agents for oxidation and also
needed an additional extraction step.
Watanabe et al. developed a Ti-Ce mixed metal oxide adsorbent with enhanced performance after
pretreatment with air [20, 22]. The adsorbent was shown to be regenerable and was used over
multiple cycles before a drop in performance was observed. Computational studies carried out
previously and also in chapter 2 indicated that the oxygen in the air led to the oxidation of the
thiophenic species to sulfones [23, 24]. The mechanism of the oxidation however, was not clear.
Characterization of the Ti-Ce metal oxide using XPS showed that Ce doping into titania led to the
formation of surface Ce3+ and Ti3+ sites [25]. Chapter 2 showed that the oxygen molecules were
activated through the adsorption into surface vacancies, facilitating the oxidation of the thiophenic
species [24].
Chapter 3 proposed a novel air-promoted ADS process which could be carried out at ambient
conditions [26]. In this process, air was co-fed along with the fuel during the adsorption and the
adsorbent was used to oxidize and separate the oxidized thiophenes by adsorption. The medium of
oxidation was air. The adsorbent could be regenerated for use in multiple cycles through further air
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treatment. The adsorption capacity for a breakthrough sulfur concentration of 1 ppm was found to
increase 9 fold due to the presence of air for the Ti-Ce adsorbent. A similar promotional effect was
not observed for the monometallic oxides. Several tests were carried out and it was observed that
the promotional effect was not caused by mass-transfer effects, as 10cc/min of air and 2cc/min of
O2 gave similar results. DFT methods were used for analyzing the mechanism of the adsorption
process. The quantum theory results suggested that surface vacancies were the active sites of
adsorption, and that Ce doping into titania promoted the vacancy formation, increasing the
concentration of surface vacancies, as also indicated by the XPS results.
The vacancies were shown to activate an O2 molecule via chemisorption. The O-O bond is
elongated, making the molecule susceptible to dissociation. The incoming thiophenic species
provides the required driving force to cleave the bond. The thiophenic molecule is partially oxidized
to a sulfoxide species, and the other O atom refills the O-vacancy. The adsorbate surface can be
regenerated through the formation of sulfone species, which are then adsorbed to the unsaturated
surface metal atoms (Figure 7-1).
Chapter 4 examined the adsorption cycle in further detail, studying the effect of substitution of
the adsorbate on each step [27]. The results showed that substitution generally favors the oxidation
of the thiophenic species. The results corroborate the experimental results of Otsuki et al. and Song
et al., suggesting that oxidation is an effective method for removal of refractory compounds [19,
28]. The Ce dopant was shown to be the preferred site of adsorption for the sulfoxide. Chapter 6
analyzed the effect of the dopant atom on the adsorption capacities using a combination of DFT
calculations and batch adsorption experiments [29]. The dopant atom was observed to affect both
the electronic and geometric properties of the adsorbent. However, the effect of the air promotion
on the different doped systems was not studied.
From the earlier chapters, several key descriptors to characterize the adsorption process are
identified. These descriptors are used to screen various dopants and analyze their performance for
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the air-promoted ADS. Transition metals like Mo, Zr and Fe are used to dope the titania system
and their adsorption performance was compared against the adsorption performance of the Ti-Ce
mixed metal oxide adsorbent. Gneral rules for doping are also made for optimization of
performance of the adsorbent. The DFT results are corroborated by the results of fixed bed flow
experiments by evaluating the adsorption capacities of various adsorbents for a breakthrough outlet
sulfur concentration of 1 ppm. We find that the predictions made by DFT methods are perfectly
validated by the experimental results. This study is the first computationally derived predictive
study for the development of novel adsorbents for adsorptive desulfurization.

7.2 Methods

7.2.1 Electronic Structure Calculations
All calculations were carried out using the Vienna ab initio Simulation Program (VASP) [3032]. The projector augmented wave (PAW) [33] method was used to include the core-region
behavior of the wave function. Plane wave basis sets with a cutoff energy of 450 eV were used for
the valence electrons of Ti (3p64s23d2), Ce (5s25p66s24f2), Fe (3p64s23d6), Zr (4s24p64d25s2), Mo
(4s24p64d55s1), O (2s22p4), C (2s22p2), S (3s23p4) and H (1s1). The generalized gradient
approximation (GGA) with the Perdew-Wang 91 (PW91) functional was used for the evaluation of
exchange and correlation potential [34]. A 3x3x1 Monkhorst-Pack (MP) [35] k-point mesh was
used for all surfaces, and the gamma point was used for isolated molecules. All calculations but
those involving stoichiometric MO2 surfaces were spin-polarized (ISPIN=2) to account for the
possible presence of unpaired electrons. The SCF cycle was considered converged when the
difference in the energies of two successive ionic steps was less than 1×10-4 eV. The structural
optimization was carried out until the forces on all atoms were less than 0.05 eV•Å-1. To verify that
207

a minima was reasonably attained with these criteria, a subset of the model systems were optimized
by converging the SCF cycle to 1×10-5 eV and until the forces on the atoms were less than 0.02
eV•Å-1. With this tighter convergence, absolute energies varied by less than 0.1 kJ mol -1 from the
former criteria. Dipole corrections were included in all the calculations to correct for pseudo-slab
interactions (VASP keywords IDIPOL=3, LDIPOL=TRUE).
Electrons in the 4f states of reduced ceria are delocalized improperly by DFT-GGA due to selfinteraction errors for this highly correlated system. DFT-GGA-U has been used to compensate for
all systems containing ceria, with the Ce f state U=5 eV as suggested by the literature [36, 37]. The
Hubbard U correction has been included only for the Ce atom, which has electrons in the 4f states.
A subset of the calculations for the undoped and other doped systems were carried out using the
Hubbard U correction on all the metal atoms. The relative energies of formation and adsorption
were observed to deviate by less than 5%. As suggested in earlier literature, for TiO 2 systems, the
inclusion of the U term for the Ti atoms is reflected in the electronic states, which are not analyzed
in this study [38].

7.2.2 Model Construction
A bulk titania anatase unit cell with 4 Ti atoms and 8 O atoms was optimized to have lattice
parameters of 3.789Å and 9.817Å. This study considers the (001) surface, which is the most reactive,
cleaved from the anatase crystal. The surface slab has 4 layers of Ti-O atoms, with the top two layers
unrestrained during structural optimization and the bottom two layers frozen to replicate the
behavior of a bulk crystal. A 2x2 supercell (Ti16O32) was used for all the calculations. For the Mdoped systems, a single Ti atom on the surface was replaced by an M atom (M=Ce, Fe, Zr, Mo).
The dopant atom preferentially surface segregates, thereby providing a higher concentration on the
top layer (25% used herein) and the slab lattice constant is maintained at that of pure TiO 2. A 2x2
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supercell provides a reasonable balance, avoiding significant coverage dependence on lateral
interactions while limiting computational expense.

7.2.2.1 Adsorption energy calculations
The adsorption energy (ΔEads) is calculated as the difference between the sum of the energy of
the surface and the energy of the optimized gas-phase adsorbate from the energy of the optimized
adsorbate-slab complex:
ΔEads = E(slab+adsorbate) - Eslab – Eadsorbate

(1)

A more negative ΔEads value indicates a more favorable adsorption. The “slab” energy may
represent the stoichiometric or an O-poor surface. The adsorbates considered with equation 1 are
thiophene and an oxygen molecule.

7.2.2.2 Sulfoxide formation activation barriers
The activation barriers for oxidation of the thiophene to a partially oxidized sulfoxide species are
evaluated for the various doped surfaces. The climbing image nudged elastic band (CI-NEB)
method was used to find the transition state [39, 40]. This method optimizes a series of images
constrained to space along the reaction path. The highest energy image was forced to climb along
the minimum energy path and the saddle point was isolated [40]. The presence of a transition state
was confirmed by the change in the magnitude of the force tangential to the reaction path, atomic
forces meeting structural convergence criterion and the presence of a single imaginary harmonic
frequency for the transition state image.
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7.2.3 Experimental Methods

7.2.3.1 Adsorbent preparation
The adsorbents were prepared by a urea co-precipitation method. The entire method is described
elsewhere [41]. All the bimetallic adsorbents have a composition of Ti0.9M0.1O2 (M= Ce, Fe, Zr)
and Ti0.8M0.2O2. ZrONO3 was used as the precursor for synthesis of the Ti-Zr bimetallic system.
The precursor used for the preparation of the Ti-Fe system was Fe (NO3)3.9H2O. The trimetallic
Ti-Ce-Fe system had a composition of Ti0.8Fe0.1Ce0.1O2 based on the stoichiometry of the
precursors.

7.2.3.2 Fixed bed flow adsorption experiments
Fixed bed flow adsorption experiments were carried out to evaluate the ADS performance of the
adsorbents synthesized. A stainless-steel column (I.D.:4.6 mm, length: 75 mm) was used for the
experiments. The dried sorbent (0.6 g) was packed into the column and then dried in situ under a
flow of air at 2000C for 2 h. Commercial diesel (BP ULSD with 14.5 ppmw Sulfur) was fed into
the column from a HPLC pump at a liquid hourly space velocity (LHSV) of 4.8 h-1 (0.1 cc/min),
based on the volume of a sorbent bed that was fully packed with the sorbent in the form of a fine
powder. For the air-promoted ADS tests, O2 was added into the fuel and fed into the flow system
at 250C (25:1 air to fuel ratio). The treated fuel was periodically sampled at intervals of 20 min for
analysis. Breakthrough capacities are reported in gram of fuel per gram of adsorbent (g-F gsorb-1).
The total sulfur concentration of the treated fuel samples was analyzed using an ANTEK 9000
sulfur analyzer. All the experiments were repeated until the absolute deviation in the measured Sconcentrations was less than 5%.
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Figure 7-1. Mechanistic adsorption cycle for air promoted ADS (Figure adapted from Sitamraju
et al.[27])
[1]: Formation of a vacancy, [2]: Adsorption of an O2 molecule to a vacancy, [3]:
Formation of a sulfoxide upon dissociation of the O2-, [4]: Formation of a sulfone, regeneration of
a vacancy, [5]: Migration of the sulfone away from the vacancy.

211

7.3 Results and Discussion
The previous chapters used DFT to mechanistically analyze the adsorption cycle for variations
with respect to surface termination and substitution of the adsorbate. Based on the previous results,
several key parameters were identified to serve as dopant selection criteria. Screening was carried
out through a quantitative comparison of these parameters and encouraging dopants were selected.
Based on the selection criteria, general rules are also framed to guide better design of adsorbent
materials. Section 7.3.1 gives an overview of the adsorption cycle and provides rationale behind
the identification of the descriptors. Section 7.3.2 then uses DFT to analyze the descriptors for a
series of doped titania surfaces and, after performance based screening, predicts a new material to
offer superior ADS performance. Section 7.3.3 reports the experimental adsorption performance of
various doped TiO2 adsorbents to validate the theoretical predictions and also the rules for selection.

7.3.1 Oxygen promoted adsorptive desulfurization cycle
The presence of oxygen during the adsorption was shown to significantly increase the adsorption
capacity [26]. The addition of oxygen leads to the oxidation of the sulfur containing compounds to
sulfoxides. DFT was used to identify the mechanism of the adsorption process. A novel cyclic
process was proposed involving the consumption and generation of surface O-vacancies. The
following sections give a brief summary of the adsorption cycle and provide rationale behind the
selection of criteria used for screening of dopants.
Figure 7-1 shows a schematic of the adsorption cycle. The cycle starts with the generation of a
surface O-vacancy (step 1 in Figure 7-1) through the removal of a surface O-atom. The vacancies
are the active sites of the process, serving to adsorb and activate O2 molecules in the air stream.
The adsorbed O2 molecule has an elongated O-O bond due to the interaction with the surface metal
atoms. This results in the formation of O-rich surface sites (step 2 in Figure 7-1). The incoming
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sulfur containing molecule interacts with the adsorbed O2 molecule, cleaving the O-O bond. An O
atom partially oxidizes the thiophenic molecule, forming a sulfoxide, while the other O atom refills
the vacancy (step 3 in Figure 7-1). The active sites are saturated at this point, but can be regenerated
through the formation of a sulfone. The sulfoxide pulls a neighbouring lattice O atom, further
oxidizing the sulfur to form a sulfone. The vacancy is thereby recreated (step 4 in Figure 7-1) with
a sulfone adsorbed to the unsaturated metal atoms. The sulfone then migrates on to a stoichiometric
surface (state A in Figure 7-1), leaving the vacancy available for further adsorption. Vacancy sites
could also regenerate by the diffusion of subsurface vacancies to the surface to replace the refilled
vacancies.
Figure 7-2 shows the adsorption cycle for thiophene on Ce-doped and undoped TiO2 (001)
surfaces. The mechanism allowed us to examine the effect of the dopant atom in promoting the
adsorption performance observed in the Ti-Ce mixed metal oxide adsorbent. DFT studies in chapter
4 showed that Ce doping lowered the vacancy formation energy, suggesting that Ce doping
increases the concentration of active vacancy sites on the surface of the adsorbent [27, 42]. The
sulfoxide formation was also made favorable due to doping with Ce. As seen in Figure 7-2, Ce
doping not only makes the thermodynamics of sulfoxide formation more favorable, but also lowers
the activation barrier of sulfoxide formation significantly. Sulfone formation from a sulfoxide was
not observed to be possible for sterically hindered molecules like DMT and DBT. Ce doping made
the sulfone formation feasible for such molecules by making the surface more reducible, making it
easier for the removal of the lattice O atom.
The comparison between adsorption cycle energetics on TiO2 and Ce-TiO2 points us towards
several parameters that can be used to screen dopants based on their performance. The most
important requirement for a dopant is to increase the concentration of active sites on the adsorbent
surface. From a theoretical perspective, this translates to a lower energy of formation for surface
vacancies. Ce doping makes the vacancy formation energy less endothermic, the energy decreases
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from 4.16 eV on an undoped (001) surface to 3.1 eV on a Ce-doped TiO2 (001) surface. This holds
true for all three low index surfaces, (001), (101) and (100). Vacancy formation energy was hence
used as a primary descriptor for dopant selection (Figure 7-3(a)). An ideal dopant should render the
vacancy formation energy of the doped surfaces significantly less endothermic than undoped TiO2
surfaces.
Once the active sites are generated on the adsorbent surface, oxygen is adsorbed in the surface
vacancies. The next descriptor identified is the adsorption energy of an oxygen molecule in the
surface vacancy (Figure 7-3(b)). The adsorption of oxygen is observed to be very exothermic into
surface vacancies. The adsorption energy of an oxygen molecule into an undoped (001) surface Ovacancy is -4.2 eV and on the Ce-doped (001) surface O-vacancy is -3 eV. The adsorption of the
O2 molecule is slightly weaker to the O-vacancy on the Ce-doped (001) surface. The O-O bond is
still weakened, as evidenced by the elongation in the O-O bond length to 1.33Å from 1.23Å in the
gas phase (triplet). Stronger adsorption energy points to a state which is stable, suggesting that the
O2 molecule prefers to stay adsorbed in the vacancy. Weakening adsorption energy suggests an
increased tendency to dissociate under the driving force provided by the incoming sulfur containing
compound. This is reflected in the activation barriers to sulfoxide formation; the undoped TiO 2
(001) surface has an activation barrier of 1.23 eV in comparison with a barrier of 0.02 eV for a Cedoped TiO2 (001) surface (Figure 7-2). Hence adsorption of an O2 molecule determines the ability
of the adsorbent to activate the O2 molecules that lead to an enhancement in the adsorption capacity.
The activity of the adsorbent depends on the feasibility of formation of sulfoxides. Hence, the
thermodynamics and kinetics of sulfoxide formation have been studied using DFT. The sulfoxide
formation is exothermic on the undoped TiO2 surfaces, with a formation energy of -0.5 eV or less
across all the surfaces. However, sulfoxide formation is limited kinetically by activation barriers of
atleast 1.2 eV across all the undoped surfaces.
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Figure 7-2. Reaction path for the catalytic adsorption of thiophene on the undoped and Ce-doped
anatase (001) surfaces (Figure adapted from Xiao et al. [26])
A: O2 adsorbed in a vacancy; T* transition state B: adsorbedsulfoxide; C sulfone on an
O-vacancy; D: sulfone after migration (Blue lines represent energetics for the pure TiO2(001)
surface, Red (thick) linesrepresent the Ce-doped TiO2 (001) surface).
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Ce doping makes the sulfoxide formation favorable both kinetically and thermodynamically as
seen in chapter 2. The formation energies become twice as exothermic, suggesting that oxidation
is promoted by the Ce dopant. The most significant effect is observed on the activation barrier to
sulfoxide formation. The activation barriers are close to zero on all three Ce-doped surfaces with
the (001) surface having an activation barrier of 0.02 eV. The results suggest that sulfoxide
formation at room temperature is not favorable on undoped TiO2 surfaces. S-XANES spectra of the
spent TiO2 and Ce-TiO2 adsorbents corroborate the DFT results [43]. The spectra show that
sulfoxides are formed only on the surface of the Ce-doped adsorbent but not on the surface of the
pure TiO2 adsorbent. Based on these observations, the sulfoxide formation activation barrier and
reaction energy are chosen as the last two descriptors for dopant screening.
The next step in the cycle is the formation of sulfones (Figure 7-2). The formation of sulfones
depends on the reducibility of the surface, since it involves breaking of M-O bonds on the surface.
The formation energy of sulfones was observed to be endothermic for all the surface for both Cedoped TiO2 surfaces and undoped TiO2 surfaces. Ce-doping made the process less endothermic.
The sulfone formation energy directly correlates with the vacancy formation energy of the
adsorbate and was hence was not considered as an independent descriptor.
The migration step of the cycle depends on the strength of adsorption of the sulfone to the
unsaturated metal atoms of a surface vacancy. The adsorption energy is influenced by the type of
metal atoms forming the vacancy, but the effect of steric hindrance dominates the effect of dopants
on the adsorption energy. Sulfones of larger molecules like BT and DBT are weakly adsorbed
irrespective of the surface termination and doping, making migration easier. The sulfone migration
energy hence does not provide conclusive evidence about performance of dopants.
In summary, analysis of the adsorption cycle allows us to identify descriptors to characterize the
cycle. The most important parameter has been identified as the surface O-vacancy formation
energy, which directly correlates to the concentration of active sites on the adsorbent surface.
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Another descriptor is the adsorption energy of an O2 molecule to a surface O-vacancy, which gives
us information about the extent of activation of the oxygen molecule. The sulfoxide formation
energy and the activation barrier to sulfoxide formation are also selected as they allow us to
determine the activity of the adsorbent.

7.3.2 Performance based screening of transition metal dopants
DFT was used to produce a series of doped metal oxide surfaces using transition metals as
dopants. The dopant atoms used for this study were Mo, Zr and Fe and Ce. This chapter uses the
nomenclature introduced by Metiu et al., referring to dopants with a preferred oxidation state
smaller than +4 (oxidation state of Ti in TiO2) as Low Valence Dopants (LVDs), dopants with an
oxidation state higher than +4 are called High Valence Dopants (HVDs) and finally dopants with
an oxidation state of +4 are called Same Valence Dopants (SVDs) [44]. A dopant to represent each
category is chosen, Fe is a LVD with preferred oxidation states of +2 and +3 [45]. Mo is a HVD,
preferring to have an oxidation state of +6 in a TiO2 crystal. [46]. Zr and Ce are SVDs, with an
oxidation state of +4 [47].
This study only analyzes the (001) facet of the anatase crystal. As shown in chapter 4, the effect
of doping is the same for all the facets of the anatase crystal, though the extent of the effect depends
on the surface termination [27]. Hence it is postulated that for a qualitative analysis, the (001) would
provide enough evidence to screen and eliminate dopants. The effect of the dopant on each of the
descriptors is explained in this section.
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7.3.2.1 Vacancy formation energy
Experimental evidence suggests that Ce-doping increases the number of Ti3+ and Ce3+ sites on
the surface of the adsorbent [25]. DFT calculations in chapter 4 corroborate the experimental
observations, as evidenced by the decrease in the vacancy formation energy [27, 42]. Substitutional
doping was carried out on the (001) surface and the vacancy formation energy of the doped surfaces
was examined. Table 7-1 reports the vacancy formation energy of the (001) surface of the various
doped systems. A graphical representation is shown in Figure 7-3(a). The results suggest that the
energy of vacancy formation depends strongly on the type of the dopant. As results in chapter 4
suggested, doping with Ce lowered the vacancy formation energy by about 1 eV. The HVD used,
Mo, changed the vacancy formation energy by 0.1 eV, suggesting that HVDs may have little impact
on generating active vacancy sites. Doping with Zr, which is a SVD interestingly increases the
energy of formation of a surface vacancy, as observed by Nolan et al. previously. The Fe dopant,
which is a LVD, significantly increases the reducibility of the surface. The energy of vacancy
formation is decreased by about 2 eV (Table 1). The results suggest that doping the adsorbent with
a LVD will allow for the creation of more surface vacancies, thereby providing more active sites
for O2 activation, supporting hypothesis 4.

7.3.2.2 O2 adsorption and dissociation
DRIFTS results in chapter 4 showed that O2 molecules are adsorbed into surface O-vacancies to
form oxygen rich sites [27]. The strength of the adsorption gives us information about the extent of
activation of the adsorbed oxygen molecules. The energies of oxygen adsorption of the doped
systems are shown in Table 7-1. The results show that the strength of adsorption of the oxygen
molecule into a surface vacancy depends on the type of the dopant in the TiO2 surface. The
adsorption energy of the oxygen molecule to a vacancy of an undoped TiO2 surface is -4.12 eV
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(Table 1). Doping the system with Mo (HVD) strengthens the adsorption energy by almost 2 eV.
Zr doping has a similar effect, increasing the strength of oxygen adsorption (Figure 7-3(b)). Ce
doping makes the adsorption of O2 slightly weaker (-3.21 eV). The most significant effect is seen
by doping Fe into the anatase surface. The oxygen adsorption energy is almost half as exothermic
as that of TiO2.
A surface vacancy of an undoped TiO2 strongly adsorbs an oxygen molecule, leading to the
formation of a stable overoxidized state or a superoxide species on the surface. A less exothermic
adsorption energy indicates a less stable overoxidized state. Less stable states are susceptible to
dissociation under the driving force provided by the thiophene molecule. The energy of formation
of a sulfoxide and the activation barrier to the sulfoxide formation provide an indication of the
stability of the superoxide species.
The formation energy of a sulfoxide is fairly exothermic on the undoped TiO2 surface (-0.55 eV).
Ce-doping into the TiO2 surface significantly improves the formation of a sulfoxide, the formation
energy is twice that of the formation energy on the undoped TiO2 surface, suggesting that the
superoxide species formed is less stable. Doping the surface with Mo makes the superoxide species
highly stable. This makes the dissociation of the oxygen adatoms difficult, which is reflected in the
sulfoxide formation energy. The formation energy of the sulfoxide is endothermic on the Mo-doped
TiO2 surfaces (Figure 7-3(c)). Fe-doping on the other hand, makes the adsorption of the oxygen
molecule significantly weaker (-1.9 eV). The vacancy does not activate the oxygen molecule
because of the weak adsorption. The sulfoxide formation energy on the Fe-doped surface is less
exothermic than that of the pure TiO2 surface and the activation barrier is 1.33 eV, close to that of
the TiO2 surface (Table 7-1).
The results from this section are an illustration of the Sabatier principle. The ideal dopant would
lead to facile O vacancy formation while also activating O2 through adsorption. We conclude more
favorable O-vacancy formation, afforded by Fe and Ce doping, is necessary for promotion. Fe
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doping, however, leads to weak O2 adsorption and less favorable sulfoxide formation than pure
TiO2, rather than Ce doping which promotes vacancy formation and sulfoxide formation. This
drives us to pursue Ti-Ce-Fe trimetallic oxides, presented in the next section.

7.3.3 A trimetallic Ti-Fe-Ce mixed metal oxide
The results from the previous section suggest that Fe can increase the reducibility of the surface,
or increase the concentration of surface O-vacancies. The sulfoxide formation favoribility of the
Fe-doped surface, however, is lower than even the undoped TiO2 surface. The Ce-doped surface
shows the most favorable sulfoxide formation energy of all the doped surfaces and had a greater
reducibility than the undoped TiO2 surface. In this section the adsorption characteristics of a
trimetallic TiO2 surface with Ce and Fe as the dopants are studied. The material was designed to
retain the reducibility of the Fe-doped TiO2 surfaces and the oxidation activity of the Ce-doped
TiO2 surfaces.
The results presented in this section are for a (001) surface with the Ce and Fe dopants occupying
neighboring surface sites. Calculations showed that the vacancy formation energy and the sulfoxide
formation energetics are insensitive to the location of the Fe atom in the surface slab. The formation
energies of the surfaces showed that the Ce atom prefers to be present in the surface layer, while
the Fe atom could also be present in the subsurface layer. The results suggest the effect of the
dopants is not local, and their presence in the surface makes the generation of vacancies favorable.
DFT calculations showed that the trimetallic system showed the best adsorption characteristics.
The O-vacancy formation energy of the (001) surface is 1.79 eV, indicating the surface was as
reducible as the Fe-doped TiO2 surface. The O2 adsorption on the trimetallic surface is weak,
inclusion of the Ce dopant makes sulfoxide formation feasible (Table 7-1 and Figure 7-3). The Fe-
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Ce-Ti formation energy of the sulfoxide was more exothermic than that of the Ce-doped surface.
The activation barrier to sulfoxide formation on the trimetallic surface was 0 eV.
In summary, doping the surface with Fe and Ce served to enhance the adsorption properties of
the TiO2 surface. The presence of the Fe dopant increased the reducibility of the surface
significantly, making vacancy formation easier. Ce promoted the sulfoxide formation activity of
the surface while also increasing the reducibility of the surface. The adsorbents have site specific
functions, with Fe serving only to promote vacancy formation, but not contributing directly to the
adsorption. Therefore, other low valence dopants that promote vacancy formation could enhance
adsorption performance, provided they are combined with Ce and do not negatively impact
sulfoxide formation.
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Figure 7-3 (a): Vacancy formation energy for the various M-doped TiO2 (001) surfaces
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Figure 7-4. Breakthrough curves for Ti0.8Fe0.2O2, Ti0.8Ce0.2O2 and Ti0.8Fe0.1Ce0.1O2 adsorbents
under 2.5 cc/min O2 flow

7.3.4 Air promoted ADS of Ti-Ce-Fe mixed metal oxide adsorbents
Fixed bed flow adsorption experiments are used to validate the computational predictions. DFT
calculations suggested that the trimetallic system has the best adsorption characteristics. The sulfur
removal capacities of the various doped TiO2 adsorbents were estimated by generating the
breakthrough curves for the air-promoted ADS of ULSD.
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Figure 7-4 shows breakthrough curves for Ti0.8Ce0.2O2, Ti0.8Fe0.2O2 and Ti0.8Ce0.1Fe0.1O2, each with
80% Ti and 20% dopant. The figure shows that the breakthrough capacity of the Ti 0.8Fe0.2O2 is 1 gfuel/g-ads. Replacing the Fe dopant with Ce increases the breakthrough capacity to 6.2 g-fuel/g-ads
(Table 7-2). Inclusion of both the dopants together caused a significant increase in the activity and the
breakthrough capacity. The breakthrough capacity increases to 19 g-fuel/g-ads (200% more than the
Ti0.8Ce0.2O2 adsorbent). The results show that Fe and Ce show a unique synergistic effect to promote
the adsorption capacity as predicted by the DFT calculations.
The best adsorption performance for the air promoted ADS performance was shown by the
Ti0.9Ce0.1O2 adsorbent as reported in chapter 2 [26]. The adsorption behavior of the newly developed
trimetallic system was compared with the Ti0.9Ce0.1O2 adsorbent. Figure 7-5 shows the breakthrough
curves of the monometallic oxides (TiO2 and CeO2), Fe-doped and Ce-doped adsorbents along with the
breakthrough curves of the trimetallic systems. The bimetallic systems tested have a dopant
concentration of 10% and 20%. Two compositions of trimetallic systems were compared, one with 16%
Fe and one with 10% Fe.
Table 7-2 shows the estimated breakthrough capacities (g-fuel/g-ads) for a sulfur concentration
of 1ppmw for all the adsorbents tested. The monometallic oxides have the lowest breakthrough
capacities, less than 1 g-fuel/g-ads (Figure 7-5). The highest adsorption capacity is observed for the
Ti0.8Ce0.1Fe0.1 trimetallic system that shows a capacity very similar to the Ti 0.9Ce0.1O2 bimetallic
system. The lowest adsorption capacity of the doped systems is seen for the Ti0.8Fe0.2O2 adsorbent.
Ti0.8Fe0.2O2 breaks through instantly. Decreasing the Fe content led to a slightly higher adsorption
capacity, the breakthrough capacity for Ti0.9Fe0.1O2 is 5 g-fuel/g-ads. This is in accordance with the
DFT predictions, which suggest that Fe serves only to increase the concentration of surface
vacancies, but does not participate in the adsorption itself. Increase in the surface concentration of
Fe leads to a decrease in the adsorption sites for sulfoxides, leading to lower breakthrough
capacities.
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The Ti0.9Zr0.1O2 system had a breakthrough capacity lower than that of the Ti0.9Fe0.1O2 adsorbent
(Figure 7-5). The TiZr adsorbent saturates the fastest out of all the adsorbents considered. We
conclude that the air promotion effect is negligible for Zr-doped TiO2, in concurrence with the DFT
predictions.
Doping the system with Ceria led to an increase in the breakthrough capacity. Ti 0.8Ce0.2O2 had a
breakthrough capacity of 6.2 g-fuel/g-ads. The breakthrough capacity of the Ti0.9Ce0.1O2 adsorbent
however was 18 g-fuel/g-ads, close to the experimental breakthrough capacity observed previously
[26]. XRD results showed that the anatase phase changed to a fluorite phase as the Ce concentration
was increased beyond 10% [25]. The emergence of the CeO2 flourite phase makes it difficult for
the Ti0.8Ce0.2O2 adsorbent to adsorb and activate the O2 molecules, leading to a lower breakthrough
capacity
The best adsorption performance is shown by the trimetallic systems. The lowest breakthrough
capacity of the trimetallic systems was observed for a Ti0.75Ce0.083Fe0.16 which is 17.3 g-fuel/g-ads.
Decreasing the Fe concentration led to an increase in the breakthrough capacity. The highest
adsorption capacity of all the adsorbents is shown for the trimetallic system Ti 0.8Ce0.1Fe0.1O2 at 19
g-fuel/g-ads (5.5% higher than Ti0.9Ce0.1O2). The Ti0.8Ce0.1Fe0.1O2 saturates slightly slower than
Ti0.9Ce0.1O2 (Figure 7-5).
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Figure 7-5. Breakthrough curves of M-doped TiO2 adsorbents (M = Ce, Zr, Fe) under 2.5 cc/min
O2 flow. (Black lines indicate Ce doped systems, the blue line indicates the Zr doped system, and
red lines indicate the systems with Fe doping; horizontal dashed line is the breakthrough limit:1
ppmw Sulfur)
The trimetallic system appears to show less deviation in breakthrough behavior with small
changes in dopant concentration, a full optimization of the relative Ti-Ce-Fe concentrations has not
yet been completed. The simplistic DFT analysis, without further modeling of concentration
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effects, tells us nothing of optimal dopant concentration. As the Ti0.9Ce0.1O2 systems represents an
optimal bimetallic system, it is speculated that further optimization of Ti-Ce-Fe ratios could offer
higher adsorption capacities.
In summary, an adsorbent to produce sulfur free fuels with high sulfur removal capacities based
on DFT predictions has successfully been synthesized. This chapter offers insights for the atomic
level design of adsorbent materials for adsorptive desulfurization applications. This chapter
identifies and analyzes the screening criteria required to screen dopant atoms. A more
comprehensive study of the electronic structure and optimization of the composition of the
trimetallic system could lead to adsorbents with better sulfur removal capacities.

7.4 Conclusions
DFT was used to model several M-doped TiO2 adsorbent surfaces for adsorptive desulfurization
applications in this chapter. Performance based screening was carried out by identifying several
parameters that define the adsorption process. Surface oxygen vacancy formation energy, which is
a measure of the concentration of active sites on the surface, is used as the primary descriptor. Other
descriptors include the adsorption energy of an oxygen molecule to a surface vacancy, the
activation barrier and reaction energy to oxidize and adsorb a thiophene molecule.
Doping TiO2 surfaces with metals having lower or higher oxidation states decreases the vacancy
formation energy. The magnitude of the change depends on the electronic configuration of the
dopant atom and its disposition for an oxidation state change. The oxygen adsorption
thermodynamics are a prime example of the applications of the Sabatier principle. The vacancies
formed with HVDs in the surface offer strong oxygen adsorption, making the oxygen molecule
harder to dissociate. LVDs can adsorb the molecule too weakly to be activated, reducing their
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effectiveness in the promotion of the adsorption. The ideal adsorbent surface should have a high
concentration of surface vacancies and also high activity to oxidize the thiophenes to sulfoxides.
The study used Fe (LVD), Zr (SVD), Mo (HVD) and Ce (FVD) as dopants. Screening using the
descriptors defined by DFT led to the elimination of Zr (high vacancy formation energy) and Mo
(high vacancy formation energy, extremely strong oxygen adsorption). Fe had a low vacancy
formation energy, but a high activation barrier to sulfoxide formation. A trimetallic system with Ce
and Fe as dopants was then modeled to retain the vacancy formation characteristics of the Fe-doped
TiO2 surfaces and the oxidation activity of the Ce-doped TiO2 surfaces.
Fixed bed flow adsorption experiments were used to validate the predictions made by DFT. The
results showed that a high concentration of Fe in the adsorbent leads to low adsorption capacities,
suggesting that Fe does not participate in the adsorption process itself. The Ti 0.9Ce0.1O2 adsorbent
had the highest adsorption capacity of all the bimetallic adsorbents. A trimetallic adsorbent with
16% Fe was synthesized to be compared with the TiCe adsorbent. The breakthrough capacity was
almost as much as the bimetallic system. A trimetallic adsorbent with 10% Fe (Ti 0.8Fe0.1Ce0.1O2)
was then tested. The adsorbent showed a higher sulfur removal capacity than the Ti 0.9Ce0.1O2
adsorbent and saturated at a slower rate.
This chapter highlights the predictive potential of DFT and its effectiveness in material design
and also paves the way for better material design for adsorptive desulfurization applications by
identifying the main factors to be optimized while developing an adsorbent material.
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Table 7-1. DFT calculated vacancy formation energies, O2 adsorption energies, sulfoxide reaction
energies and sulfoxide activation barriers for the (001) surface of undoped and doped TiO2
crystals in eV. Reaction step labels refer to Figure 7-1.
Vacancy formation

O2 adsorption

Sulfoxide reaction

Sulfoxide activation

energy [1]

energy [2]

energy [3]

barrier

TiO2

4.19

-4.28

-0.55

1.23

Ce-TiO2

3.79

-3.21

-1.50

0.02

Mo-TiO2

3.44

-6.82

+2.38

a

Zr-TiO2

5.25

-5.00

-1.26

a

Fe-TiO2

1.64

-1.95

-0.23

1.33

Ce-Fe-TiO2

1.79

-1.21

-1.56

0

Adsorbent

(a –not considered, see text for explanation)

Table 7-2. Breakthrough capacities of M-doped TiO2 adsorbents under 2.5 cc/min O2 flow

Adsorbent

Breakthrough Capacity
(g-fuel/g-ads)

Ti0.9Ce0.1O2

18

Ti0.8Ce0.2O2

6.2

Ti0.9Zr0.1O2

4.6

Ti0.9Fe0.1O2

5

Ti0.8Fe0.2O2

1

Ti0.75Ce0.09Fe0.16O2

17.3

Ti0.8Ce0.1Fe0.1O2

19
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Chapter 8
Conclusions and Recommendations for Future Work

8.1 Summary
This dissertation employed a combination of density functional theory calculations and
experimental techniques to propose and validate a novel, air-promoted adsorptive desulfurization
process for ultra-deep desulfurization. The work provides a mechanistic understanding of the air
promoted ADS process and also predicts a novel material with superior performance. The major
conclusions from each chapter are summarized below.
In Chapter 2, the adsorption of thiophene and its alkyl derivatives is studied on three stable
anatase surfaces. The adsorption occurs through the interaction between the S atom in the adsorbate
and a metal atom on the surface of the adsorbate. The major factors affecting the strength of
adsorption are the electron density on the S atom, the steric hindrance of the adsorbate molecule
and the attractive dispersion forces between the molecule and the surface.
Pentene derived hydrocarbons on the other hand, adsorb primarily through π electron interaction
with the surface atoms. This chapter also explored the adsorption of thiophenic species in the
presence of an O2 molecule. The additional O2 molecule oxidizes the thiophene species to a sulfone,
which adsorbs strongly on the surface. This provides for increased selectivity, since spontaneous
oxidation of hydrocarbons was not found to be possible. This chapter also proposes a mechanism
for the activation of the oxygen molecule through adsorption in a surface O-vacancy.
Chapter 3 builds on the mechanism proposed in Chapter 2. The adsorption thermodynamics and
kinetics for thiophene are studied on both the undoped and Ce-doped (001) anatase surface. Ce
doping is shown to promote the vacancy formation of the TiO2 crystal and also to activate the O2
molecule adsorbed in the vacancy. The activation barrier for the oxidation of the thiophene
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molecule is significantly reduced due to the presence of the Ce dopant. S-XANES shows evidence
of formation of sulfoxide on a spent Ti0.9Ce0.1O2 adsorbent, validating the predicted mechanism.
Chapter 4 analyzes the adsorption cycle in much greater detail, studying the role of surface
termination and substitution on the adsorbate on each step of the cycle. The adsorption of sulfoxides
and sulfones is shown to be promoted by Ce doping. Larger molecules like BT and DBT prefer to
stay in an adsorbed sulfoxide state on the undoped TiO2 surfaces. Ce doping improves the
reducibility of the surface, hence making the formation of a sulfone favorable. Vibrational analysis
is carried out using DFT methods and DRIFTS. The results provide further validation to the
mechanism and point to the presence of an O2 molecule adsorbed in a surface vacancy during
adsorption.
Chapter 5 analyzes the selectivity of the Ti-Ce adsorbent towards sulfur using flow experiments
and DFT calculations. The results suggest that the sulfones of thiophenic compounds have
significantly higher polarity than hydrocarbons or N-containing compounds, leading to much
higher adsorption capacities and selectivities.
Chapter 6 examines the effect of Ce and Zr-doping on the adsorption thermodynamics in a batch,
non-oxygen enhanced system. BET surface area measurements and batch adsorption tests are
carried out. The results show that Ce doping not only enhances the geometrical properties of the
adsorbent, but also the electronic properties, providing for much higher capacities. Zr-doping on
the other hand, has negligible effect on the electronic properties of the adsorbent and simply
motivates an increase in the surface area.
Chapter 7 uses the results from all the previous chapters to computationally screen additional
dopants. Various transition metal dopants were tested for their performance using DFT. Bimetallic
systems such as TiZr and TiMo were ruled out because of their lack of thiophene oxidation activity.
Fe-doped TiO2 showed high reducibility. Hence a material is designed with Ce and Fe as dopants
to reproduce the reducibility of TiFe and the adsorption characteristics of TiCe. Fixed bed flow
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adsorption experiments were carried out to validate the prediction and the results showed that the
trimetallic system had a significantly higher capacity than any of its predecessors.

8.2 Conclusions
The key conclusions of the current study are listed in this section. Each conclusion corresponds
to an objective in the same order as listed in Chapter 1.
1.

Oxygen can be activated through exothermic adsorption to surface O-vacancies.

The O-O bond is weakened as a result of the interaction with the surface, making the
oxygen susceptible to dissociation.
2.

The dopant atom affects both the geometric and electronic properties of the TiO2

crystal. The concentration of active sites depends on the reducibility of the dopant atom.
The kinetics of the adsorption are impacted by the dopant as well.
3.

Oxygen serves to increase the selectivity of the adsorbent by oxidizing the sulfur

containing compounds to highly polar sulfoxides and sulfones. Oxygen addition also
regenerates the active sites of adsorption by providing the driving force for desorption of
the oxidized thiophenes.
4.

The adsorption of unoxidized thiophenes is affected to a large extent by dispersion

forces. The presence of alkyl groups on the thiophene molecule serves to increase the steric
hindrance, but also increases the magnitude of the dispersion forces, making adsorption
stronger. The alkyl groups being electron donating, increase the electron density of the S
atom in the ring, making the oxidation more favorable, thereby promoting adsorption.
5.

A novel Ti-Ce-Fe adsorbent was predicted using DFT calculations and was

synthesized as Ti0.8Ce0.1Fe0.1O2. The desulfurization performance of the adsorbent was
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tested under air flow. The trimetallic system showed superior performance than either of
the bimetallic systems, suggesting that the prediction was validated.
This dissertation realizes the potential of combinatorial theory and experimental research and
provides a rationale for better adsorbent design for ultra-deep desulfurization.

8.3 Recommendations for future work
This dissertation has analyzed the mechanistic aspects of the air promoted adsorptive
desulfurization process at an atomic level. The analysis has led to the successful design of an
adsorbent with high sulfur removal capacity. However, questions still remain as to the optimum
composition of the adsorbent developed and the regenerability of the adsorbents. To address these
questions, it is recommended that the complementary use of theory and experiment be continued.
The following are the offered courses of action in the future.

Recommended computational work:
1)

Analysis of the electronic structures of the doped surfaces to gain further understanding of

the effect of doping in active site generation
2)

A more comprehensive screening of dopants to develop a better adsorbent, especially

considering doping of TiO2 with Ce and low valance dopants.
3)

Consider electronic excitations and the possibility of photocatalytically promoting the

thiophene partial oxidation during adsorption.
4)

Study the effect of halogen doping on the adsorbent surface

5)

Assess the applicability of the eliminated adsorbents (TiZr, TiMo) in other applications

like CO2 adsorption or denitrogenation
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Recommended experimental work:
1)

Determine the optimum composition of the trimetallic oxide adsorbent for air promoted

ADS applications
2)

The formation of sulfoxides on the surface proposed in this dissertation was validated using

S-XANES. The predicted sulfone formation, has yet to be confirmed. High temperature air
promoted ADS needs to be carried out to check for the formation of sulfones on the surface of the
adsorbent.
3)

It was observed that the color of the spent fuel varies along with the concentration of sulfur

depending on the adsorbent bed used for ADS. The effluent needs to be characterized with GC-MS
to identify the affinities of the various doped systems to different components in the fuel.
4)

Study the regenerability of the trimetallic system and determine the optimum conditions

for regeneration.
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Appendix A
Effect of Liquid-phase O3 oxidation of Activated Carbon on the Adsorption of Thiophene
Part of the text in this chapter appears in the form of a journal article in the Chemical Engineering
journal. The article was authored by Luoming Wu, Siddarth Sitamraju, Jing Xiao, Bing Liu,
Zhong Li, Michael Janik and Chunshan Song. The adsorption isotherms and adsorption capacities
were obtained from the experiments performed by Luoming Wu. The text was written and/or
edited by Siddarth Sitamraju unless explicitly mentioned.

Abstract
In this work, a combined experimental and computational study is carried out to investigate the
effect of O3oxidation of activated carbon (AC) in various types of aqueous media (alkaline, acidic
and neutral aqueous solutions) on the adsorption of thiophene. A high surface area AC (BET
surface area of 2,880m2/g) is modified by ozone-oxidation in different aqueous media under
ambient conditions. Experimental results show liquid phase ozone oxidation of AC introduces
oxygen functional groups to the AC surface, resulting in enhanced adsorption capacity of
thiophene.The impact of oxidation media on the adsorption capacity follows the order of NaOH >
H2SO4> H2O, consistent with the order of the concentrations of oxygen functionalities introduced
on the carbon surface. Computational results suggest that phenoland carboxyl groups on the
surface lead to stronger thiophene adsorption than the bare (unfunctionalized) graphite surface,
corroborating the experimental results. Additionally, the presence of bridging-oxygen
functionalities on the carbon surface leads to extremely exothermic adsorption energies of
thiophene, which can be attributed to sulfoxide formation and H-bonding interactions. DFT
calculations suggest the adsorption strength of thiophene follows the order of bridging-Ofunctionalized (Ads E =-1.51 eV)>> OH-functionalized (Ads E=-0.36 eV) > COOHfunctionalized (Ads E=-0.27 eV) > bare graphite (Ads E=-0.26 eV).The combined experimental
and computational study provides direction for carbon surface functionalization for adsorptive
desulfurization.

Keywords: adsorption, thiophene, activated carbon, ozone oxidation, oxygen functionalities,
DFT

Highlights:


Liquid-phase O3 oxidation is reported of activated carbon for thiophene adsorption.



O3 oxidation in various types of aqueous media is examined.



Oxygen functionalities on activated carbon increase thiophene adsorption.



The adsorption mechanisms are illustrated by density functional theory.

A-1 Introduction
The presence of thiophenic compounds in fuels is a serious environmental concern because they
are converted to SOx during combustion and contribute to acid rain [1-3]. Moreover, sulfur in
fuels poisons the catalyst in the catalytic converter systems necessary for reducing CO and NOx
[4, 5]. Therefore, selective removal of thiophenic compounds from fuels has gained increasing
attention worldwide. Adsorption is an efficient and economic approach for the removal of
thiophenic compounds, with advantages such as operation under ambient conditions, hydrogenfree operation, and selective removal of thiophenic compounds [6-9]. The choice of adsorbents
plays a vital role in determining the adsorption performance of thiophene removal.
Carbon materials are commercially used in both liquid-phase and gas-phase
adsorption/separation [10]. Activated carbons (ACs) are known to be excellent and versatile
adsorbents due to their rich natural abundance, variable textural properties, and tunable
functionalities [11-13]. Most of the raw ACs have nonpolar and hydrophobic surfaces with
aromatic structures, resulting in stronger adsorption of nonpolar or weakly polar organic
molecules, such as methane, correlated to polar molecules like water [14]. Additionally, AC
adsorbents generally have lower energies of adsorption than other sorbents, as only non-specific,
van der Waals forces are the major interaction causing adsorption [15]. Meanwhile, the surface
chemistry of ACs can be tuned with various functionalities for different applications; oxidative
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modification of the carbon surface is one of the most popular treatments of ACs. In terms of
thiophene adsorption over oxygen-functionalized carbon surfaces, Zhou et al. [16] compared
different carbon materials, and reported that the oxygen-containing functional groups on the
carbon surface appear to play an important role in increasing sulfur-adsorption capacity. Zhou
[17] further studied effects of oxidative modification of carbon surface on the adsorption of sulfur
compounds in diesel fuel, and suggested that the adsorption of the sulfur compounds over AC
may involve an interaction of the acidic oxygen-containing groups on AC with the sulfur
compounds. Bandoszet al. [18] suggested that acidic groups on the carbon surface adsorb
thiophenic compounds via specific interactions, which may also contribute to the reactive
adsorption leading to oxidation of thiophenic compounds. The oxidation process of carbon
materials can be carried out in the gas phase (dry method) using oxygen, air, or ozone, or in the
liquid phase (wet method) by means of H2O2, HNO3, HCl, (NH4)2S2O8, or others[19] to introduce
surface oxygen complexes[20] on the carbon surface. Among the oxidizing agents, ozone could
be an economic and ecological alternative to other oxidants.
A strong oxidant, ozone can oxidize the carbon surface to introduce oxygen-containing
functional groups [21] under ambient conditions. Alvarez et al. [22] studied the impact of
ozonation on the textural and chemical surface characteristics of ACs for the adsorption of
phenol, p-nitrophenol, and p-chlorophenol from aqueous solutions. Simmons et al. [23] studied
ozone oxidation of single-walled carbon nanotubes, and reported a reduction of the pi-conjugated
states due to the generation of oxidized carbon species. Rangel-Mendez et al. [24] investigated
the effect of oxidation of activated carbon cloth using ozone, nitric acid and electrochemical
methods on the adsorption of cadmium, and reported a significant increase in the adsorption
capacity of cadmium owing to the introduction of oxygen-containing functional groups. These
studies show that O3-oxidation of carbon materials introduce oxygen functionalities on carbon
surface for various applications. However, limited work has been conducted using ozoneoxidized carbon for the adsorption of thiophenic compounds. In addition to being
environmentally and economically sensible, ozone oxidation can be carried out in liquid phase
under ambient conditions. Various kinds of oxidation media, i.e. alkaline, acid, or aqueous media,
can potentially affect the amount and types of oxygen-containing functional groups introduced on
carbon surfaces for the adsorption of thiophene. Computational techniques can complement the
experimental results, and provide insights about the previously unclear mechanism of thiophene
adsorption over oxygen-functionalized surfaces.
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The objective of this work is to investigate the effect of O3 oxidation of carbon in various types
of aqueous media (alkaline, acidic and neutral aqueous solutions) on the adsorption of thiophene.
A high surface area AC was modified by ozone-oxidation in different aqueous media under
ambient conditions. Adsorption isotherms of thiophene over the original and modified carbon
materials were studied in a batch adsorption system. The textural properties and surface
functionalities of carbon materials were characterized by N2 adsorption tests, Fourier transform
infrared spectra (FT-IR) and Boehm titrations. Density functional theory (DFT) calculations were
carried out to examine possible adsorption configurations of thiophene over an ozone-oxidized
carbon surface.

A-2 Experimental and Computational Methods

A-2.1 Carbon material and reagents (Written by Luoming Wu and Dr. Jing Xiao)
Activated carbon (AC) derived from petroleum coke with considerably high surface area (2880
m2/g), was provided by Xianfeng Activated Carbon Co., China .The AC sample was washed with
deionized water, and then dried overnight at 110 °C to remove moisture and other adsorbed
contaminants before use. Thiophene (98%) was purchased from Meryer, Co. n-octane (99%) was
supplied by Jingke Chemicals Co. All chemicals were used as such without further purification.

A-2.2 Carbon modifications (Written by Luoming Wu and Dr. Jing Xiao)
Activated carbon (AC) was treated with ozone in a quartz tube; a schematic is shown in Fig.
A1. To investigate the effect of oxidation media of ozone oxidation on carbon modification,
carbon surfaces oxidized with three oxidation media, including deionized water, NaOH, and
H2SO4aqueous solutions were studied and compared. 1 g of carbon sample was placed in a quartz
tube, and mixed with 20 ml water or 2M of the three aqueous solutions, respectively. The
treatment conditions were optimized versus thiophene adsorption capacity as 32.5 mg/L of O3
concentration, 80 ml/min of O2 flow rate, and 2 hrs of treatment time. After O3treatment, the
treated carbon samples were washed with plenty of water, filtered, and dried in oven at 110 °C.
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The O3-treated carbon samples were denoted as AC/O3+NaOH, AC/O3+H2SO4, and
AC/O3+H2O.For comparison, a carbon sample was also thermally treated under air at 250 °C, and
denoted as AC/air-250.

Figure A1. Schematic diagram of liquid phase ozone oxidation of AC

A-2.3 Adsorption experiments (Written by Luoming Wu and Dr. Jing Xiao)
Adsorption isotherms of thiophene over various carbon materials were studied in batch
adsorption tests.0.1 g of carbon samples were mixed with a series of 10 ml of model fuels at
varied thiophene concentrations (100, 200, 300, and 400 ppmw).The adsorption tests were
conducted in a thermostatic shaker bath at 25 °C for 4 hrs. The sulfur concentration of treated fuel
samples was analyzed using high-performance liquid chromatography (HPLC). An ODS-C18
column was used to achieve the chromatographic separation at 298 K. Methanol (100% HPLCgrade) was used as the mobile phase at the flow rate of 1.0 ml/min, and the eluent was monitored
at 220 nm through a UV detector [25].
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A-2.4 Characterization of carbon materials (Written by Luoming Wu and Dr. Jing Xiao)
(a) N2 adsorption test. Textural properties of the carbon materials were measured by nitrogen
adsorption/desorption at 77 K using an ASAP2020 (Micromeritics). The surface area and pore
volume were calculated using density functional theory method (DFT) and Brunauer, Emmett,
and Teller (BET)methods [26, 27]. The pore size distribution was determined using DFT method
[28]. Prior to each measurement, all carbon samples were outgassed at 150 °C. (b) Boehm
titration. To investigate the surface functionalities of carbon samples, acidic oxygen functional
groups on carbon samples were determined using 702 SM Titrino instrument (Metrohm, SUI). 0.5
g of carbon sample was placed in 25 ml of the 0.05 M base solutions (NaHCO3, Na2CO3 and
NaOH). The solutions were purged under pure N2 to remove dissolved CO2, sealed and shaken
for 24hrs, 5 ml of each filter was pipetted, and the excess base was titrated with standard HCl.
The amount of various types of acidic sites was calculated under the assumption that NaOH
neutralizes carboxylic, phenolic, and lactonic groups, Na2CO3neutralizes carboxylic and lactonic
groups, and NaHCO3 only neutralizes carboxylic groups [29].The amount of carboxylic groups
on carbon samples was calculated based on the amount of NaHCO3needed to neutralize the
carbon samples. The amount of lactonic groups was calculated based on the amount of (Na2CO3 NaHCO3) needed, while that of phenolic groups was calculated based on the amount of (NaOH Na2CO3)needed to neutralize the carbon samples.(c) Fourier transform infrared spectra (FTIR).The functionalities on the carbon materials were characterized using FT-IR.FT-IR spectra
were recorded on a Bruker Vector 33 FTIR spectrometer (Bruker Corporation, GER)in the
frequency range of 4000-500 cm-1averaging of 256 scans at a resolution of 2 cm-1.

A-2.4 Computational methods

A-2.4.1 Electronic structure calculations
Density functional theory (DFT) calculations were carried out using the Vienna ab initio
Simulation Program (VASP) [30]. The wave functions of the core electrons were represented using
the projector augmented wave (PAW) [31] method. The cutoff energy used for the valence plane
wave basis set was 400 eV. The Perdew-Wang 91 (PW91) form of the generalized gradient
approximation (GGA) was used to estimate the exchange and correlation potential [32]. A 2x2x1
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Monkhorst-Pack (MP) k-point mesh was used for all surfaces, and the gamma point was used for
isolated molecules. Non-spin polarized calculations were carried out for all surfaces of graphite.
The convergence criteria for total energy was 1 × 10-4eV and the structural optimization was carried
out until the forces on all atoms were less than 0.05 eV•Å-1. A subset of surface-adsorbate systems
were optimized by converging the SCF cycle to 1 × 10-5eV and until the forces on the atoms was
less than 0.02 eV•Å-1. The absolute energies changed by less than 0.03 kJ mol-1. Dipole corrections
were included in all the calculations to minimize the inaccuracies in the total energy due to the
simulated slab interactions (VASP keywords IDIPOL = 3, LDIPOL = TRUE). DFT-D2 was used
to calculate the energy contributions due to van der Waal’s (vdW) interactions in order to accurately
represent the adsorption behavior. (LVDW = .TRUE.). Comparisons are made throughout between
DFT and DFT-D results.

A-2.4.2 Model Construction
A graphite surface consisting of 96 atoms was optimized using DFT. The structure was made of
4 layers consisting of 24 C atoms each. The top two layers were left relaxed and the bottom two
layers were held fixed to replicate bulk behavior. Thiophene was used as the adsorbate for this
study. Functionalized graphite surfaces were created by adsorbing the functional groups on the
topmost layer. Four different types of surfaces were considered, a bare graphite surface,
abridging-O-functionalized surface, an OH-functionalized surface and a COOH functionalized
surface. An O functionalized surface was formed due to the interaction of an oxygen atom with
two adjoining surface C atoms. The OH and COOH groups interact with one carbon on the
surface, the adjoining carbon is saturated by the forming a bond with a H atom.

A-2.4.3 Adsorption energy calculations
The adsorption energy (ΔEads) was calculated by subtracting the sum of the energy of the
surface and the energy of the thiophene from the energy of the optimized adsorbate-slab complex
[6]:
ΔEads = E(slab+adsorbate) - Eslab -Eadsorbate

(1)
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A more negative ΔEads value indicates a stronger adsorption. The “slab” energy may represent
the bare or functionalized surfaces.

A-3 Results and discussion

A-3.1 Effect of O3-oxidation media for carbon modification on the adsorption of thiophene
The O3 oxidation of activated carbon was carried out in various types of liquid phase solutions,
including alkaline (2M NaOH), acidic(2M H2SO4) and neutral (H2O)aqueous solutions. An
oxidized carbon sample, AC/air-250 was also used for comparison. Fig.A2 shows the adsorption
isotherms of thiophene on the original and modified ACs. The thiophene adsorption capacities of
the O3-oxidized ACs are higher than that of the original AC, suggesting liquid-phase ozone
oxidation is an effective method for AC modification on ADS. For an initial concentration (Cinitial)
of 400 ppmw-S model fuel, the equilibrium adsorption capacity (Qequil) of thiophene increased
from 15.7 mg-S/g-A to 19.0, 25.0, and 29.0 mg-S/g-A, over ACs using neutral, acidic, and
alkaline aqueous solutions as O3-oxidation media respectively. The results are shown in Table
A1.The adsorption performance of carbons modified by ozone in various oxidation media follows
the order of AC/O3+NaOH > AC/O3+H2SO4 > AC/air-250 > AC/O3+H2O>AC, suggesting
alkaline aqueous solution was the most suitable ozone oxidation media for carbon modification
for the adsorption of thiophene. On the AC/air-250 sample, the adsorption capacity for thiophene
(22.0 mg-S/g-A)is higher than that of the original AC, but is lower than the ACs modified by
ozone oxidation in alkaline or acidic solutions.. Air treatment also caused a relatively high weight
loss of carbon materials (31.7%), which may be attributed to the partial oxidation of surface
carbon to gaseousCO2.A high weight loss of 92.4% was achieved if a carbon sample was
thermally treated under air at 350 °C, which can be attributed to the severe oxidation of AC. In
contrast, negligible weight loss was observed on ozone-modified carbon samples regardless of the
oxidation media solution employed, which may be due to the suppression of excess oxidation of
AC in aqueous solution under ambient conditions. The result suggests that liquid phase ozone
oxidation is an effective and mild method for AC modification to improve the adsorption of
thiophene.
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To further understand the effect of ozone-oxidation media on ADS, the adsorption isotherms of
thiophene were fitted to adsorption models, as shown in Fig. A2. The experimental data of all the
five carbon samples are well fitted to the Langmuir adsorption isotherms. The adsorption obeys
the relationship of q =

K∗qm∗Ce
,
1+K∗Ce

where Ceis the concentration of thiophene in the liquid phaseat

equilibrium, and q is the equilibrium adsorption capacity of thiopheneon the carbon material. The
adsorption equilibrium constant is K, while qm represents the maximum (monolayer) adsorption
capacity of thiophene. The type I isotherm of thiophene over carbon materials indicates a
monolayer adsorption of thiophene over carbon materials. The plots of Ce/q versus Ce for the
carbon samples are shown in Supporting Information Figure A.1.Linear relationships were
obtained between Ce/q and Ce (standard deviation R2> 90%).Adsorption parameters K and qm
were estimated by regression as listed in Table A1.On the basis of the mass of carbon materials,
the qm values are 42.5, 45.1, 57.9, 70.3, and 45.8 mg/g for AC, AC/O3+H2O, AC/O3+H2SO4,
AC/O3+NaOH, and AC/air-250, respectively. While on the basis of the surface areaof carbon
materials, the qm values are 0.461, 0.567, 0.750, 0.915 μmol/m2, respectively. AC modified by O3
in NaOH solution showed the highest qm value regardless of the basis (weight- or surface area-)
used. Ozone-modification in NaOH solution may generate the greatest amount of active
adsorption sites on carbon surfaces for thiophene adsorption. In terms of adsorption strength
indicated by K value, the adsorption sites on AC/air-250 offer stronger adsorption but are less in
number when compared to O3-modified ACs. While among the three O3-modified ACs,
AC/O3+NaOH shows the greatest K value.

A-3.2 Characterization of carbon samples
The textural properties and surface functionalities of the original and modified carbon samples
were characterized using N2 adsorption, IR, and Boehm titration.Fig.A3 shows the N2 adsorptiondesorption isotherms of the original and modified carbon samples. All the isotherms belonged to
type I isotherm according to the IUPAC classification [33], implying a monolayer adsorption of
N2 over carbon materials. The presence of mesopores in carbon materials was indicated by the
hysteresis loop observed at the relative high pressure, and by the BJH mesopore size distribution
of ACs. Additionally, the H4-type hysteresis loop of N2 adsorption-desorption isotherms in
Fig.A3 represents a characteristic feature of slit-shaped pores on carbon materials.
247

Figure A2. Adsorption isotherms of thiophene on the original, O3-modified ACs, and thermally
oxidized AC (AC/air-250). The dashed lines are fit to Langmuir isotherms
The H4-type hysteresis loop also indicated that micropores were dominant in the textural
structure of the carbon materials [34]. Decreased amount of adsorbed N2 over carbon materials
after ozone-modification implies a decrease in the surface area of carbon materials. For all three
ozone-treated carbon samples, the amount of adsorbed N2was decreased around 10-15
%compared to the original AC, regardless of the oxidation medium. These decreases could be
associated with the collapse of some pore walls to diminish the micropore volumes [35, 36], or
partial blockage of the micropore entrances by oxygen containing functional groups introduced
by the oxidative treatment [37]. Nevertheless, the loss of surface area during ozone-oxidation was
not as significant as reported in some oxidation methods of carbon materials, such as
concentrated nitric acid [20] or thermal oxidation under air at high temperature [38]. Table A2
lists textural properties, including meso- and micro- surface area, pore volume, and pore size
distributions of the original and modified ACs. The amount of adsorbed N2 on AC/air-250 was
quite close to the original AC, consistent with the surface area data presented in Table A2,
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suggesting the loss of surface area on AC/air-250 was negligible. Even so, AC/air-250 had a
lower adsorption capacity of thiophene than AC/O3-NaOH, suggesting textural properties may
not be the dominant factor governing the availability of adsorption sites for thiophene. Moreover,
for ozone-modified carbon samples in different media, a variation in adsorption capacity was
observed even though the surface area of all three ozone-modified carbon materials was quite
similar. These results imply chemical differences in surface functionalities, rather than simply
textural properties, cause variations in the adsorption capacity of thiophene.

Figure A3. N2 adsorption-desorption isotherms of original and modified ACs

Surface functionalities of carbon materials before and after ozone-modification were further
investigated.Fig.A4 shows the IR spectra of the original and ozone-modified carbon materials.
The assignment of functional groups was made on the basis of peak positions available in the
literature. The spectra of these AC samples were rather similar in shape but varied in peak
intensity. The peak centered at 3430 cm-1 can be assigned to O-H vibrations. The adsorption band
at 1750 cm-1 in the 1800-1700 cm-1 region indicates the presence of carboxylic acid (COOH) /
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carbonyl (C=O)functional groups[39]. The observation was consistent with FTIR findings of
Mawhinney et al.[40]of direct COOH formation on amorphous carbon oxidized by ozone at
300K.It should be noted that the peak intensities of COOH were relatively low on the ACs,
similar to the observations in previous studies [39, 41], possibly due to low instrument sensitivity
to COOH, or the strong interference from other functionalities in the similar/neighboring IR
spectra region on ACs. Additionally, the COOH peak is almost invisible on the original AC, but
the intensity increased on the ozone-modified ACs. The adsorption band centered in 1560 cm-1
can be assigned to the C=C stretching vibration of aromatic functionalities. The asymmetrical
band at 1110cm-1 may be due to the stretching vibration of C-O single bonds from lactone groups,
aromatic and aliphatic ether, and epi-oxide structures [22, 42].It can be noted in Fig.A4 that
ozone-modified carbon samples show higher intensities of oxygen functional groups, i.e. O-H,
COOH, C=O and C-O than the original AC, implying additional oxygen functionalities were
introduced to the carbon surface during ozone-oxidation in various acid/base/neutral media.
Boron titration has been demonstrated as an enabling and common tool for the quantification
of oxygen functionalities on carbon surfaces [18]. Fig. A5 shows the concentrations of various
acidic oxygen functional groups on the original and modified ACs. The concentration of total
acidic functional groups follows the order of AC/O3+NaOH > AC/O3+H2SO4 > AC/O3+H2O >
AC. The concentrations of COOH, C=O, and OH on the carbon surface followed the order of
AC/O3+NaOH > AC/O3+H2SO4 > AC/O3+H2O > AC as well. The concentration of COOH
increased 265 % from 0.089 to 0.325 mmol/g, and OH increased 129 % from 0.183 to 0.419
mmol/g on the AC/O3+NaOH. The promotion effect of various ozone-oxidation media on the
introduction of oxygen functional groups to carbon surface followed the order of NaOH > H2SO4
> H2O > no treatment. The ozone oxidation process may go through the formation of hydroxyl
radicals (·OH) with high oxidation potential (2.86 V), which subsequently initiate the oxidation
reaction [43]. Ozone oxidation of AC in NaOH solution may generate the greatest amount of
hydroxyl radicals during ozone-oxidation, resulting in the highest concentration of total oxygen
functional groups on the AC/O3+NaOH. Another mechanism for ozone oxidation is that the O3induced reactions may involve the direct-reaction route of O3 with the C=C bond [44] for -COOH
formation as Mawhinney proposed:
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For this reaction mechanism, alkaline or acidic media may serve as the oxidation catalyst to
facilitate the oxidation reaction[45, 46] of carbon surface over a gas (O3)-solid (carbon) phase. It
is likely C=C cleavage or O-H combination is promoted in the presence of NaOH media,
resulting in a higher concentration of COOH on the AC/O3+NaOH compared to others.
The trend of the total amount of acidic functional groups is consistent with the trend of
adsorption capacity of thiophene over these carbon samples, implying that the increased
adsorption capacity of thiophene can be attributed to the increased amount of acidic oxygen
functional groups. The presence of acidic functional groups on the carbon surface could play a
vital role for the adsorption of thiophene, a soft base [25]. Zhou [17] and Bandosz [18] reporte d
similar findings on oxidized carbon materials. However, it remained unclear how the acidic
oxygen functional groups contribute to the increased adsorption of thiophene, and what the active
sites of adsorption are. Herein, density functional theory (DFT) was used to investigate the
interaction of thiophene with various types of oxygen functional groups on the oxidized carbon
surface.
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Figure A4. IR spectra of original and modified ACs
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Figure A5. Concentrations of surface oxygen functional groups on the original and modified ACS

Figure A6. Interaction modes of thiophene on an unfunctionalized graphite surface: a) Thiophene
adsorbed perpendicularly; b) Inclined thiophene adsorption; c) Thiophene adsorbed parallel to the
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surface; d) Inverted thiophene adsorption. Color code: Carbon: gray; Hydrogen: white; Sulfur:
yellow; Oxygen: red

A-3.3 DFT studies of adsorption thermodynamics
Activated carbons can be accurately modelled as a graphite model with functional
groups/activation sites[47]. DFT was used to study the adsorption of thiophene over
functionalized graphite surfaces. Four different types of surfaces were used for the calculations
:a) Bare (unfunctionalized); b) bridging-O-functionalized; c) OH-functionalized; d) COOHfunctionalized surfaces as shown in Fig.A2. A number of possible adsorption configurations were
tested for each functional group and the ones with the most favorable adsorption energies are
discussed. Table A3 lists the energetics of thiophene adsorption over functionalized and
unfunctionalized graphite surfaces. Surfaces functionalized with phenol or carboxyl groups (Ads
E = -0.36 or -0.27 eV respectively) offer stronger adsorption than bare graphite surfaces (Ads E =
-0.26 eV), suggesting increased concentrations of acidic phenol and carboxylic groups on carbon
surface can lead to increased adsorption capacity of thiophene, corroborating the experimental
results in the previous section.. The AC/O3+NaOHhad the highest concentration of oxygen
functionalities, resulting in the highest adsorption capacity of thiophene. In addition, the bridgedO-functionalized graphite shows the strongest(most exothermic) adsorption of thiophene. The
trend of adsorption exothermicity with dispersion interactions included is bridging-Ofunctionalized > OH-functionalized > COOH-functionalized > bare. Earlier work [48] carried out
on graphite systems showed that the DFT-D2 method does not represent the long range
interactions accurately, the method is expected to be accurate enough to analyze the adsorption
qualitatively. The addition of dispersion interactions made the adsorption energy of all the
configurations more exothermic. The order of adsorption strengths of various configurations on a
given surface were altered, but the trends of adsorption across the various functionalized surfaces
were not affected.
On an unfunctionalized (bare) graphite surface, four different configurations were tested (Fig.
A6). Fig.A6a shows a thiophene molecule placed perpendicularly on top of the surface and Fig.
A6b shows thiophene in an inclined position. The adsorption energy of the latter configuration is
lower than the former, suggesting that л electron interactions play an important role in
determining adsorption strength. Fig. A6c shows a thiophene molecule parallel to the surface,
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maximizing л electron interactions, the adsorption energy was the same as the second
configuration. The influence of H-bonding was tested in the fourth configuration (Fig. A6d) by
exposing only the hydrogen atoms in the thiophene ring to the graphite surface (inverted
thiophene).The weakest adsorption (least exothermic adsorption energy) was observed for
configuration 4. Adding the dispersion interactions made no change to the trend of adsorption
energies. These results suggest that the strength of adsorption is majorly affected by the л electron
interactions and the electron transfer between the S atom in the ring and the surface C atoms. The
л electron interactions are expected to have an increased effect on the adsorption strength as the
size of the adsorbate molecule increases. Results corroborating this observation have been
reported by experimentalists before.

Figure A7. Interaction modes of thiophene on bridging O-functionalized graphite surface: a)
Thiophene adsorbed over a bridging O atom; b) Sulfoxide formation by withdrawing oxygen atom
from carbon surface. Color code: Carbon: gray; Hydrogen: white; Sulfur: yellow; Oxygen: red

A bridging-O-functionalized graphite surface was formed by the adsorption of an oxygen atom
over an unfunctionalized surface. The adatom bonds with two adjacent C atoms forming a bridge.
There were two configurations tested for abridging-O-functionalized surface. Thiophene adsorbed
to the bridging oxygen atom in the first configuration and the second configuration has a
thiophene partially oxidized to form a sulfoxide adsorbed on the surface (Fig. A7b). The
adsorption energy to form a sulfoxide (Ads E = -1.51 eV) is an order of magnitude stronger than
without sulfoxide formation, suggesting that oxidation of thiophene before adsorption might lead
to a higher adsorption capacity. This result is consistent with the FT-IR experimental results
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reported by Seredych [16], the observed oxidation products including sulfoxides can be tracked
on spent carbon sorbent after the adsorption of dibenzothiophenes.

Figure A8. Interaction modes of thiophene on an OH-functionalized graphite surface: a) Thiophene
adsorbed over the phenolic oxygen; b) Thiophene adsorbed over the phenolic hydrogen; c)
Thiophene adsorbed over the surface hydrogen. Color code: Carbon: gray; Hydrogen: white; Sulfur:
yellow; Oxygen: red

The OH functionalized surface adsorbed thiophenes lightly stronger than the unfunctionalized
surface. The configuration with the strongest adsorption energy is shown in Fig. A8a. The sulfur
atom in the thiophene ring interacts with the O atom in the phenol group. Fig. A8b shows the
sulfur atom interacting with the hydrogen atom of the phenol group, which gives the least stable
adsorption interaction on the OH-functionalized surface. Fig. A8c shows the interaction of a
thiophene molecule with the surface bound H atom. The strength of adsorption of this
configuration lies between the adsorption strengths of the configuration in Fig. A8b and the
configuration in Fig. A8a. The difference in adsorption energies between the configurations in
which the thiophene bonds with the hydrogen atoms can be attributed to the difference in electron
density around the H-atom caused by the variation in electronegativity of the neighboring atoms.
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A COOH functionalized graphite surface is formed by the adsorption of a COOH group to a
surface carbon and by saturating the neighboring carbon with a hydrogen atom. The COOH
functionalized surface adsorbs thiophene the weakest amongst the oxygen functionalized surfaces
considered. In contrast with the OH-functionalized surface, the strongest adsorption is observed
when the thiophene molecule interacts with the carboxyl hydrogen (Fig. A9b). Interaction with
the surface H atom led to the weakest adsorption (Fig. A9c).

Figure A9. Interaction modes of thiophene on a COOH-functionalized graphite surface: a)
Thiophene adsorbed over the carbonyl oxygen; b) Thiophene adsorbed over the carbonyl hydrogen;
c) Thiophene adsorbed over the surface hydrogen. Color code: Carbon: gray; Hydrogen: white;
Sulfur: yellow; Oxygen: red

Collectively, the DFT results determined the most probable adsorption configurations and
adsorption energies of a thiophene molecule over oxygen functionalized graphite surfaces. The
results suggest that over an unfunctionalized graphite, the S-C (lone pair of electrons on S atom
of thiophene and surface C atoms of graphite) or л-л (л electrons on the conjugated л system of
thiophene and л electrons on the conjugated л system of graphite) interactions govern the
256

adsorption strength of thiophene. The presence of oxygen functional groups on the graphite
surface alters the adsorption strength of thiophene. Surface functionalized with phenol or
carboxyl groups (Ads E = -0.36 or -0.27 eV respectively) offer stronger adsorption than bare
graphite surfaces (Ads E = -0.26 eV), corroborating the experimental results. Additionally, the
bridging oxygen on graphite surface leads to extremely exothermic adsorption energies due to
sulfoxide formation. Overall, the adsorption strength follows the order of bridging-Ofunctionalized > OH-functionalized > COOH-functionalized> bare.

A-4 Conclusions
A combined experimental and computational study was carried out to investigate the effect of
O3oxidation of activated carbon in various types of aqueous media (alkaline, acidic, and neutral
aqueous solutions) on the adsorption of thiophene. Experimental results show liquid phase ozone
oxidation of AC introduces oxygen functional groups to the AC surface, resulting in increased
adsorption capacity of thiophene. The impact of oxidation media on the adsorption capacity
follows the order of NaOH > H2SO4 > H2O, consistent with the order of the concentrations of
total acidic oxygen functionalities introduced to carbon surface. DFT calculations suggest that
phenol or carboxyl functionalized surfaces offer slightly stronger adsorption than a bare graphite
surface (-0.26 eV)The presence of abridging-oxygen on the carbon surface leads to extremely
exothermic adsorption energies of thiophene (-1.51 eV). The strengthened adsorption can be
attributed to sulfoxide formation and H-bonding interactions. The adsorption strength of various
types of oxygen functionalities on carbon surface follows the order of bridging-O-functionalized
(Ads E =-1.51 eV)>> OH-functionalized (Ads E=-0.36 eV) > COOH-functionalized (Ads E=0.27 eV) > bare graphite (Ads E=-0.26 eV). The combined experimental and computational study
provides a mechanistic insight of thiophene adsorption over oxygen functionalized carbon
materials, guiding the future rational design of carbon materials for desulfurization of fuels.
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Table A1. Adsorption parameters based on Langmuir isotherms for the original and modified
ACs
SBET

K

qm per unit

qm per unit

Qequil. at

m2/g

g/μg

of mass

of area

Cinitial of 400

mg/g

μmol/m2

ppm, mg/g

AC

2880

0.00167

42.5

0.461

15.7

AC/O3+H2O

2486

0.00231

45.1

0.567

19.0

AC/O3+H2SO4

2414

0.00254

57.9

0.750

25.0

AC/O3+NaOH

2401

0.00258

70.3

0.915

29.0

AC/air-250

2835

0.00278

45.8

0.505

22.0

Table A2. Textural properties for the original and modified ACs
SBET

SMicro

VTotal

VMicro

VMeso

DHK

DBJH

m2/g

m2/g

cm3/g

cm3/g

cm3/g

nm

nm

AC

2880

2559

2.54

1.35

1.19

0.46

2.6

AC/O3+H2SO4

2486

2220

2.11

1.13

0.98

0.44

2.6

AC/O3+H2O

2414

2171

2.01

1.10

0.90

0.44

2.7

AC/O3+NaOH

2401

2177

2.02

1.10

0.91

0.43

2.7

AC/air-250

2835

2500

2.43

1.28

1.15

0.47

2.7

Carbon samples
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Table A3. Energetics of thiophene adsorption over functionalized and unfunctionalized graphite
surfaces. All energies are in eV.
Configuration

Config [a]

Config [b]

Config [c]

Config [d]

Surface

DFT

DFT‐D

DFT

DFT‐D

DFT

DFT‐D

DFT

DFT‐D

Bare

‐0.18

‐0.25

‐0.20

‐0.26

‐0.18

‐0.26

‐0.09

‐0.21

‐0.09

‐0.22

‐1.09

‐1.51

a

a

a

a

OH‐functionalized

‐0.12

‐0.36

‐0.10

‐0.23

‐0.11

‐0.3

a

a

COOH‐functionalized

‐0.14

‐0.20

‐0.18

‐0.27

‐0.02

‐0.19

a

a

bridging‐O‐
functionalized

*labels [a], [b], [c] and [d]refer to configurations in Figures 6-9; a- not considered.
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Appendix B
Density Functional Theory Calculations
Density Functional Theory (DFT) calculations can be extremely useful in analyzing surface
phenomena at an atomic level. This dissertation uses various aspects of DFT to obtain qualitative
relationships between various parameters of adsorption. A lot of factors need to be taken into
consideration while making such comparisons and the process can usually be error strewn. I believe
this chapter will be helpful for people who are starting out with theoretical studies and will help
them minimize some of the uncertainty in results.
A typical DFT calculation of 50-100 atoms takes about 24 hours for termination. The program
used to obtain the results in this dissertation is VASP (Vienna ab initio simulation package). The
program needs 4 different input files: POSCAR, which contains information about the lattice
structure; POTCAR, which contains information about the types of atoms present in the system;
INCAR, which contains the user specified parameters of the current calculations viz. convergence
criteria, level of theory, type of calculation and such; KPOINTS, which contains information about
the size of the grid being used by the program for numerical integration. This chapter will list out
some of the common errors that are made while the calculations are being setup.
The POSCAR file contains the coordinates of various atoms in the system, listed by type.
Selective dynamics has to be used for surface calculations; the adsorbate has to be left free to move
on the surface, the top layers of the surface have to be relaxed and the bottom layers frozen. While
calculating adsorption energies it should be made sure that the same atoms in the system are relaxed
or frozen. Transition state searches are a bit more complex. The atoms need to be in the same order
in all the images for accurate identification of the transition state. For accurate estimation of
vibrational frequencies, only the adsorbate atoms need to be relaxed.

The POTCAR file contains the pseudopotentials and other electronic information of each type of
atom in the system. The atoms have to be listed in the same order they appear in the POSCAR file.
Many atoms have different type of POTCAR files, each with different number of electrons being
considered as valence. While comparing two different optimized structures (for calculating
adsorption energies, for example), it is necessary to use the same POTCAR file for each atom in
both the structures.
The INCAR file is the crux of the calculation. It contains information about the convergence
criteria, the minimization technique to be used, the cutoff energy value and spin polarization. The
accuracy of the calculation has to be checked by changing the convergence criteria. A calculation
with tighter convergence criteria leads to longer optimization times, and hence require higher
computational resources. An optimum has to be struck between accuracy and computational time.
The value of the cutoff energy depends on the nature of the system and the type of pseudopotentials
used. It is imperative to compare two corresponding minima for accurate estimation of adsorption
energies.
The presence of an adsorbate on the surface leads to the formation of an artificial dipole due to
asymmetry. The presence of the dipole leads to inaccuracies in the calculation of the energy and
can be minimized using the IDIPOL function in VASP. Any calculation for systems with unpaired
electrons needs to be spin polarized. VASP also has issues in properly localizing electrons in
strongly correlated systems like Ce. This issue can be addressed by using the Hubbard U correction
on such atoms. The energy contribution can due to Vander Waal’s interactions can also be
calculated using DFT. Though the energy contribution is added as an empirical correction, there
are functionals being developed for incorporating the vdW interactions in the Hamiltonian,
potentially leading to much more accurate calculations.
The KPOINTS file specifies the size of the grid for each calculation. A gamma point is used for
the optimization of the gas phase molecules, while bulk crystal optimization requires a grid of a
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much bigger size. The optimization of a surface slab however, requires a single K point in the
direction normal to the surface, since the surface is periodic along to axes. The ground state energy
of the system varies with the size of the KPOINT mesh. The size of the KPOINT mesh also has to
be optimized for accuracy and computational resource requirement.
While most of the systems use similar settings in the calculations, determination of optimum
settings for a calculation requires extensive testing. For all the calculations, similar settings need
to be used for the initial and final states for accurate estimation of the energy parameters (reaction
energies and activation energies).

266

VITA
Siddarth Sitamraju
PhD, Energy Engineering (Aug 2010 to December 2014)
Major: Fuel Science; Minor: Chemical Engineering
Bachelor of Technology, Chemical Engineering (Aug 2005 – May 2009)
National Institute of Technology, Warangal, Andhra Pradesh, India

WORKS PUBLISHED
1.

2.

3.

4.
5.

6.

7.

8.

“Selectivity of adsorption of thiophene and its derivatives on titania anatase surfaces: A
DFT study”: Sitamraju S; Janik M.J; Song C.S., Topics in Catalysis, 2012, Volume 55, Issue 56, pp 229-242
“Air-promoted adsorptive desulfurization (ADS) over Ti0.9Ce0.1O2 mixed oxides from ultralow sulfur diesel under ambient conditions”: Xiao J; Sitamraju S; Janik M.J; Chen Y; Song
C.S., ChemCatChem, 2013, 5, 3582 – 3586
“Effect of liquid-phase O3 Oxidation for Carbon Modification on the Adsorption of Thiophene”:
Wu L; Sitamraju S; Xiao J; Liu B; Li Z; Janik M.J; Song C.S., Chemical Engineering Journal, 2014,
Volume 242, pp 211-219
“CO2 adsorption thermodynamics over N-substituted/grafted Graphanes: A DFT study”: Xiao,
J; Sitamraju S; Janik M.J., Langmuir, 2014, Volume 30, Issue 7, pp 1837-1844.
“Activated molecular oxygen on Ti-Ce mixed metal oxides as active sites for reactive
adsorption of thiophene and its derivatives: A DFT study”: Sitamraju S; Xiao J; Janik M.J; Song
C.S. (2014), submitted to Journal of Physical Chemistry C.
“A study of Ce-doped TiO2 metal oxides for air-promoted adsorptive desulfurization of
commercial diesel fuel”: Xiao J; Sitamraju S; Mamoru F; Janik M.J; Chen Y; Song C.S. (2014), IN
PRESS, AICHE J
“Structure-function correlations for Ce- and Zr-doped titania anatase for adsorptive
desulfurization: A dispersion corrected density functional theory study”: Sitamraju S; Alesi Z;
Janik M.J; Song C.S. (2014), pending submission
“A novel Ti based metal oxide adsorbent for enhanced removal of thiophenic compounds from
liquid fuels: A DFT driven predictive study”: Sitamraju S; Fujii M; Janik M.J; Song C.S. (2014),
pending submission

