Ligquid Phase Desulfurization of Hydrocarbon Fuels mmnder Ambient Conditions
using Regenerable Mixed Oxide Supported Silver Adsbents

by

A. H. M. Shahadat Hussain

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfilment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
May 04, 2014

[Desulfurization, Silver adsorbent, Titania, AlurajrHydrocarbon fuels, Infrared,
Density functional theory]

Copyright 2014 by A. H. M. Shahadat Hussain

Approved by

Bruce J. Tatarchuk, Chair, Professor of Chemicaifaering
Yoon Y. Lee, Professor of Chemical Engineering
W. Robert Ashurst, Associate Professor of Chenticajineering
Michael L. McKee, Professor of Chemistry and Biaoinsry



Abstract

Sulfur derivatives are major contaminants in hgdrbon fuels. Sulfur emission
from fuel is a major environmental concern and maayntries around the world are
enacting laws to limit it. In addition, the devetoent of fuel cell systems is restricted
because of the demand of ultra low sulfur fuelpr@sreformate streams. Therefore the
removal of sulfur from hydrocarbon feed streams assential. Conventional
hydrodesulfurization (HDS) process in the refineryefficient in removing most of the
sulfur from crude oils. However, the process bemmgensive for producing ultra low
sulfur fuels. Among several alternative processe@sorptive desulfurization has shown
to be a promising process for the intended appbioat This dissertation discusses the
aspects of liquid fuel desulfurization using regabée oxide adsorbents at ambient
conditions.

In this work, the development of an adsorptive tfagsaation process using
mixed oxide supported silver oxides along with tt&responding characterization
analyses and the mechanisms involved have beeanpeels The Ti@-Al,O3 and TiQ—
SiO, mixed oxides were formulated by dispersing titamjrecursor on high surface area
Al,O3 and SiQ supports. The mixed oxides were subsequently inmategl with AgQNQ
followed by calcination. The resulting formulatigrelded highly dispersed titania and
silver oxide phases that had promising sulfur gosmm capacities (~10 mg S/g

adsorbent) and lowered exit sulfur threshold (<pbvp). The adsorbents were effective



toward a wide variety of commercial (off-road arttailow sulfur diesels) and logistic
(JP5 and JP8 jet fuels) fuels. The mixed oxides a@iovided seats for more silver
loading (up to ~12 wt% Ag on T#AIl»,03), consequently increasing sulfur adsorption
capacities. The adsorbent retained its capaciéy afultiple cycles of regeneration in air.
The variations in sulfur adsorption capacities fiifferent fuel blends were also
established. The presence of thiophenic moleculéls methyl groups created steric
hindrances for sulfur adsorption. The adsorbenntdation, performance, regeneration
and variations of sulfur species are discussetiapter I11.

The promising performance of mixed oxide supposideer adsorbents called for
a detailed analysis regarding the active sitesli@tband the effect of surface acidity.
The Ag/TiO—AIl,O; adsorbent was characterized via fixed bed contisuaasorption
(breakthrough) experiments, ,Nphysisorption, X-ray diffraction (XRD), UV-vis
spectroscopy, Raman spectroscopyclemisorption, Nkladsorption, and infrared (IR)
spectroscopy (chapter IV). The mesoporous adsortbemionstrated enhanced capacity
through higher surface area, greater I nm) and Ag dispersions (~23% for 10 wt%
Ag loading on TiQ-Al,03). TiO, and Ag dispersion resulted in 89% (compared to)liO
and 91% (compared to T32AI,O3) increase in sulfur capacity, respectivelynatase
TiO, dispersion on AlD; also allowed increase in adsorbent activity (¥7band gap).
The synergistic effect of Ti2Al,O3 resulted in higher surface acidity (~14 cc/g NH
uptake at P = 800 mm). Infrared spectra of the st samples treated with probe
molecules (Ammonia, 2-lutidine, trimethyl chlor@sie, and thiophene) revealed the
presence of surface acid sites. These acid sites p@marily responsible for silver

incorporation (Lewis acid sites) and sulfur adsiorp{surface hydroxyl groups).



Having established the active surface sites, thgorption mechanisms for
aliphatic and aromatic sulfur compounds onto AgALHAI,O3; adsorbents were
investigated via complimentary breakthrough expenta and IR spectroscopy (chapter
V). The mesoporous mixed oxide supported silverodmnt demonstrated effective
adsorption capacities for different organosulfumpounds. However, the selectivity
varied for different sulfur species as well as soifur aromatics. The adsorbent had
higher breakthrough capacities for sulfur aliphatizan sulfur aromatics. The presence of
non-sulfur aromatics negatively affected the suddsorption capacities (~18% loss in
capacity for Ag/TiQ-AlOs). Infrared spectra of adsorbent samples treated dififirent
sulfur molecules were acquired and investigatedja@osulfur adsorption on Ag/T©
Al,0O3 was primarily attributed to the surface hydroxybgps (via hydrogen/bonding)
and the surface bound silver oxides (viaonding). The presence of non-sulfur aromatics
(benzene) reduced the sulfur adsorption capacityclbypying ther interaction sites.

Finally, a density functional theory (DFT) study svearried out to estimate the
adsorption selectivity toward different sulfur andn sulfur species. For the cluster
model, a silver atom was placed on a titania (aedtanatrix. A hybrid DFT method
(B3LYP) was applied for geometry optimization, fueqcy analysis, and single point
energy calculations using LANL2DZ and 6-31G(d)+SDbBsis sets. The organosulfur
compounds (thiophene, benzothiophene, dibenzothiogh 4,6-
dimethyldibenzopthiophene) and non-sulfur aromagqsnoline, benzofuran, benzene,
naphthalene) species were adsorbed on Ag--ClGsters. The adsorption on Ag—TiO
demonstrated higher adsorption energies; and tberpiibn orientation was-preferred.

Attached benzene rings in the sulfur heterocycteseased adsorption energies. The



adsorbent affinity toward heterocycles with differdunctional groups followed the
order: quinoline>benzothiophene>benzofuran. The mdational calculations were in

good agreement with the experimental results.
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Introduction and Literature Review

[.1. Introduction

Sulfur and its derivatives are major contaminantsiydrocarbon fuels. Airborne sulfur
compounds are one of the primary health hazardseptan the environment. Sulfur
compounds produces sulfur dioxide, which is a chafrce of acid rain, smog, and dry
deposition. Increase in sulfur concentration indatreosphere is a major concern from an
environment point of view. In 2005, the emissiorSa in the USA was 15 million tons
per year, and most of the $@missions have been produced from petroleum fGElI#&s

a result, the policy for maximum sulfur levels iref in the USA is getting more stringent
in every decade. For example, the maximum sulfucentration in highway diesel fuel
in the USA has been limited to 15 ppmw from 200&yd from 500 ppmw [6-8]. Other
transportation fuels are also being regulated ¢lice the sulfur content. The maximum
allowable sulfur concentrations in transportatiael$ are shown in Table I.1. Many
countries around the world are also enacting lawsiiting maximum sulfur emission
from transportation fuels. Besides the USA, the opaan Union has limited the
maximum sulfur content of diesel to 10 ppmw by 2099 Japan has also limited sulfur
to 10 ppmw for diesel in 2007 [9]. The ever incregsenvironmental regulations have

created an impetus on sulfur removal processes.



Table I.1 Environmental policy for maximum sulfur levels amgocommercial fuels in

the USA [5]
Fuel S level (ppmw)| Enforcing year
Gasoline 30-80 2006
On road Diesel <15 2006
Non-road Diesel <15 2010
Marine and Locomotive Diesel <15 2012

In addition, desulfurization has gained importanaer the advent of fuel cell
technologies and the introduction of the hydrogesmemy concept. The use of hydrogen
as the primary energy source has the edge overentiomal energy sources from an
environmental point of view [10]. Transportatiorefsl such as gasoline and diesel are
ideal for producing hydrogen in on-board fuel cgfstems for higher energy density,
availability, and operational safety factors. Higfdrogen yield can be achieved from the
fuel reformer (<30%) at >800-900°C, that makes bgdn vehicles more efficient than
current hydrocarbon fuel based vehicles. Fuel sgitems are also environmental
friendly as compared to Internal Combustion (ICyiaes. However, the development of
fuel cell systems is restricted due to the demahdiliwa low sulfur feeds in their
reformation systems [11]. Sulfur poisons precioustah electrodes in fuel cells and
reforming catalysts, therefore only fuels with lgbsn 0.1 ppmw sulfur content are
allowable in fuel cell systems such as Proton ErgeaMembrane (PEM) fuel cells [6,

12]. Even for high temperature Solid Oxide FuellCE6OFC), the sulfur concentration



of the feedstock has to be less than 30 ppm béfoem enter the reforming process [13].
As a result, desulfurization of transportation fuét critical for application in these
systems. Among other hydrocarbon fuels, jet fuelstain higher sulfur concentrations
since these are not regulated by the EPA [14].usuémoval from logistic fuels is also
necessary for fuel cell applications in appropriakls such as the military vehicles [12].
All these issues point to the need of developingighly efficient and cost effective
process for deep desulfurizing hydrocarbon fuels.

Due to both environmental concerns and fuel cejuirements, the demand for ultra
clean fuel is increasing. However, refineries haveeal with crude oil containing large
amounts of sulfur concentrations. In recent ye@fseries are seeing higher amounts of
sulfurous crude oil due to diminishing sweet crwde With the ever increasing energy
demand, there is also a growing impetus on extrgatommercial fuels from heavier
fractions of refinery streams at the distillatiosiuonns. For example, the processing of
heavy petroleum feeds from the vast deposits ahn@merican bitumen, oil sands, and
shale oil is a major challenge because of the Bigfur content [14]. As a result, the
desulfurization cost in the fuel refineries is m&sing (Figure 1.1) [15]. For example, the
cost of desulfurization catalysts accounted fouath36% of the total catalyst cost in the
refineries in 2005, as compared to only 12% in 1892The increased consumption of
energy also adds to the cost. Therefore, the dpwedat of cost effective deep

desulfurization technologies is essential and clyean actively pursued goal.
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Figure I.1. Comparison of supply and demand of sulfur conesiotn in petroleum fuels

|.2. Literature review

1.2.1. Existing desulfurization technologies

Petroleum fuels contain varieties of sulfur comptsithat differ with respect to the
source, the nature of the hydrocarbon content laadlistillation fraction of the crude oil.
In general, the common groups of organosulfur gseare mercaptans (thiols), sulfides,
disulfides, and thiophenes. The first three groaps aliphatic sulfur compounds that
usually reside in the lighter fractions of crude Aromatic thiophenes constitute most of
the sulfur species in heavier fractions. In a mfynprocess, three primary streams
emerge from distillation of crude oil and are ustat producing three major
transportation fuels. Among these, the lighter tlaghfraction is used for producing
gasoline, the medium kerosene fraction for jet,faeld the heavier gas oil fraction for
diesel fuel. The naphtha range consists of mostyrholecular weight sulfur compounds
such as thiols, sulfides, disulfides, and lighbfiiene compounds (e.g. thiophene-T and
benzothiophene-BT). With the descend along theilldigdn column, the molecular

weight of thiophene derivatives increases. Theaggasaction has a significant portion of
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sulfur compounds as heavier dibenzothiophene (DRIEyivatives, such as 4-
methyldibenzothiophene (4-MDBT) and 4,6-dimethyédikothiophene (4,6-DMDBT).
Currently, almost all of the petroleum products luding transportation fuels are
desulfurized in the refineries. The most widely égwpd desulfurization technology for
petroleum derived hydrocarbons is the hydrodesaHtion (HDS) process. The HDS
process can vary in terms of various factors. Pilgnahe process is carried out at
elevated temperatures and pressures in preseing@afigen where the sulfur species are
converted to hydrogen sulfide and thus separateh fihe liquid stream. A common
range of operating conditions is 300-400°C tempeeaand 3—6 MPa (1.01325 MPa =1
atm) hydrogen pressure [6]. It is a catalytic psscthat employs supported and promoted
molybdenum catalysts such as CoMo@d and NiMo/ALOs;. Other than HDS, the
refineries also utilize extraction processes susiMarox to remove thiols and sulfides
[16].

HDS process follows the reaction mechanisms whdfarsatom is stripped off from the
organosulfur compounds and the remaining hydrocapdawts are recovered. The process
is very efficient in removing most of the organdsulspecies from crude oils, ranging
from aliphatic mercaptans, sulfides, and disulfil@ssome of the aromatic thiophene
derivatives. The reaction mechanism is simple asd for mercaptans and sulfides as
hydrogen reacts directly with these. However, HD$hmphene derivatives are slower
and can proceed via multiple pathways: hydrogemolgscission of sulfur atom) and
hydrogenation (hydrogen addition of aromatic rif8]) The reaction pathways are shown

in Figure 1.2.
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Figure 1.2. Direct (hydrogenolysis) and hydrogenation pathwaiydDS reaction
(reproduced from K. G. Knudsen et al., Applied Gesia A-General, 1999 [1])

HDS has been shown to perform less satisfactamiigemoving DBT and its derivatives
[17]. Therefore, for heavier fractions of crude oilat contain DBT compounds,
desulfurization via HDS is more complicated, sloand inefficient. Usually FCC
feeds/gas oil fractions that produces diesel prisdoontain heavier and more refractory
organosulfur compounds. For this feed, the HDS gsscconditions are 6.9-20.7 MPa
and 370-425°C, as compared to 1.38-5.17 MPa and3Z90C for naphtha (gasoline)
feed which contains more reactive sulfur specigs Aéong the sulfur compounds in
diesel feed, the most refractory ones are 4,6-DMDBi 4-MDBT. A generalized
comparison of the HDS reactivities toward differémophenic derivatives can be seen in
Figure 1.3. Activation energies of DBT, 4-MDBT adg6-DMDBT are 24, 31, and 40
kcal/mol, respectively [2]. The values of rate dans “k” for HDS reaction of BT and
4,6-DMDBT are 0.25 and 0.007 miin respectively [6]. Thus, the HDS reactivities
toward thiophene derivatives decrease in ordemagnitude with the increase in the
number of aromatic rings. In addition, the attacheethyl groups in 4-MDBT and 4,6-

DMDBT create steric hindrances thereby decreasiageactivity further.
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Figure 1.3. Effect of different thiophenic derivatives on HD&activities (reproduced
from K. G. Knudsen et al., Applied Catalysis A-Gexig1999 [1])
Conventional HDS technology is expensive for pradgaultra low sulfur fuels. The
process becomes more severe in terms of catalysimeo operating temperatures and
pressures for lower target concentration of suFar. reducing the sulfur concentration in
diesel fuel from 500 ppmw to 50 ppmw, the catahdtvity and temperature would have
to increase by 420% and 38°C, respectively [1].tAes hydrotreating (HDS) process
progresses, the concentration of DBT derivativeseases due to their low reactivities.
Therefore, achieving low sulfur concentration bynwentional HDS processes requires
catalyst volumes significantly larger than the eatrconfigurations [18]. For example,
the catalyst volume required for desulfurizing gdqdiesel) fraction from 100 ppmw to
15 ppmw is more than that required for processrogif3000 ppmw to 100 ppmw [19].
Therefore, for achieving sulfur concentration talde to fuel cells, the HDS process
would require larger reactor volume and consequmgiter H consumption [9, 20].
Simultaneously, some undesired reactions such dsoggnation of olefins also take
place, which complicates the process. Severe hydting can also lead to the reduction

of octane/cetane number, density, and aromaticeodif commercial fuels [9]. Increase



in temperature and hydrogen partial pressure aisate coke formation and deactivate
the catalyst. Larger catalyst volume also makes#t@yst more prone to deactivation.
Extensive research works have been undertakermproving HDS performance. The
effects of various factors such as the nature diveacsites, the nature of support
materials, catalyst preparation methods, the usemofe advanced and structured
catalysts, operating temperatures and pressuresle coil pretreatment and post-
treatment, the change in reactor configuration ledwe been implied for this objective.
Advanced catalysts such as NEBULA has been showmpoove HDS catalysis [6].
Efforts have also been given toward developingebeatesigns for reactor systems. One
example of a multifunctional, structured reactosteyn is the application of monolithic
reactors [21]. Catalysts incorporated with monglithave been observed to show
excellent reactivity and selectivity in HDS proceB&icrofibrous materials can also be
employed in reactor systems to ensure better cmgaefficiency [22, 23]. Optimized
integration of catalyst and reactor configuratiolmnated in processes such as catalytic
distillation that has very good HDS performance]][24owever, assessing the HDS
reaction kinetics of heavier thiophene derivatives necessary to develop an alternative
or supplementary process to HDS. Reaching the gfoaero-sulfur”’ fuels due to fuel
cell requirements only underlines the challengtheftask. Complimentary processes that
can effectively remove the last few ppmw of sulfitam fuel and can also be applied in

on board fuel stacks of diverse dimensions shoelduitable.

1.2.2. Alternative processes
A common observance concerning the production wé wlean fuel is the need for an

efficient process that can remove the heavier tieopc compounds. Several alternative



processes to HDS have been reported in the litergéy 9, 25-31]. Among the group of
alternative processes tested so far, the notalede are extraction, catalytic and selective
oxidation, alkylation, pervaporation, and adsonptidll of these except adsorption will
be discussed in this section.

Desulfurization of fuel oil fraction has been cadiout via extraction using a solvent. A
suitable solvent is mixed with the fuel where thdfis species is transferred to the
solvent phase due to higher solubility. After propexing, the phases are separated and
the sulfur is separated from solvent via distilati Various solvents such as ethanol,
polyethylene glycols, acetone, and advanced oneb as ionic liquids have shown
satisfactory performances as solvents [32]. Thegs® has the advantage of operating at
ambient conditions. However, the selectivity of gwvents toward sulfur species is a
major challenge. To enhance solubility, the modifien of the sulfur species is a
plausible option. The most popular and thermodycaltyi stable modification is the
oxidation of organosulfur compounds.

Oxidative desulfurization (ODS) is a two-step pmixethat involves oxidizing
organosulfur compounds and then separating the ltirepu sulfones via
distillation/extraction/adsorption [33]. Sulfur hasstrong affinity for oxygen. The high
electron density of the sulfur atom in thiophenew@ives makes these more favorable
for oxidation to the respective sulfones. A sepanaprocess (e.g. adsorption, extraction,
or distillation) follows the reaction process ton@ve the sulfone compounds. The higher
polarity of sulfone compounds facilitates the sapan of the sulfones from hydrocarbon

streams [34]. The oxidation reaction can be expeby the following scheme:



Catalyst + Oxidant
H,C CH, HC 7%, ©H
4,6-DMDBT 4,6-DMDBT Sulfone
A catalyst based on transition metals is employetthé oxidation process to catalyze the
reaction. Usually molybdenum oxide (MgQs used as the primary catalytic active sites.
MoOs3; has been reported to be the active substancesafduring sulfur species from
fuels [35, 36]. The ODS process also employs amamti that supplies [O] for the
formation of sulfones. Different oxidants have baesed for partially oxidizing the
thiophenic derivatives such as hydrogen peroxidggen, ozone, air, etc. Among these,
H.O, has been applied the most [28, 37]. Molecular exyfpas also been used for
desulfurizing diesel [29]. ODS has been appliegrarctical applications such as UniPure
and SulphCo desulfurization technologies [28, &t40].
In the recent years, bio-desulfurization has dramunch attention due to its “Green
Chemistry” advantages [30, 41]. Researchers haserebd that various microorganisms
selectively removed sulfur species from hydrocarhgis at mild conditions (<100°C).
The process can be operated in both aerobic anera@rna conditions. This form of
desulfurization has many advantages but the biysa#taemployed usually have low
activity and low stability. Pervaporation technigueave also been tested in the recent
years [42]. Notably, the S-Brane process develdpe&race Davison in 2002 follows
this technique and has demonstrated good seleéesivitoward DBT derivatives.
However, both bio-desulfurization and pervaporatiechniques require auxiliary units

and are more complicated and sensitive.
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Alkylation of organosulfur compounds can also bpliggdl in a desulfurization process to
separate the alkylated product from the primargastr via boiling point shift. The

reaction combines existing thiophenes and olefinghe fuels and produces heavier
methylated thiophenes. The products, due to thgir bhoiling points as compared to the
reactants, can easily be removed via distillatidhis reaction has been employed in
OATS technology by British Petroleum [43]. The limg factor of the process is the
selectivity, as various side reactions take plasegside thiophene alkylation.

The processes mentioned so far bear promisingisoduto the challenges faced by HDS
processes. However, all of these processes arelicateg and requires auxiliary units.

Scalability is also a problem faced by these adteves that make them difficult for

application in small scale versions of desulfur@atnits for on board fuel cell systems.

1.2.3. Adsorptive desulfurization
Adsorptive desulfurization at ambient conditionsr cupplement hydrodesulfurization
process and offers an alternative solution to igh bost of producing ultra clean fuels.
The process employs a solid adsorbent materiatlectsvely adsorb sulfur compounds
from targeted streams. The process can be divided tivo types: reactive and non
reactive. In reactive adsorption process, sulfomafrom the compound is stripped off
and the remaining hydrocarbon is recovered. Thpe tyf adsorption usually occurs at
high temperature. For non reactive adsorption,difg@nosulfur compounds are mostly
physisorbed on the surface. In this case, the tpgraonditions are mild (<100°C) and
the material adsorbs the organosulfur compoundsha¢e. The adsorption process can
also be employed with or without the use of aumrjlijases such as hydrogen.

Regeneration of the adsorbent is necessary wheon@ngous process is called for.
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Several media such as air, hydrogen, and steambeansed for regenerating the
adsorbent. The probable applications of adsorptiesulfurization in current fuel

processing systems are depicted in Figure 1.4.

-
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<

Commercial Adsorptive
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Fuel Desulfurization

Adsorptive ,:> Reformer + Ultra Low
Desulfurization Fuel Cells Sulfur Fuel

Fuel Cell Systems

Figure 1.4. Probable applications of adsorption in current fuecessing systems

High temperature/reactive adsorption of organosusfiecies from petroleum fuels has
been investigated extensively as discussed eaflier.“"IRVAD” process developed by
Black and Veatch Pritchard engineering company disvn to remove sulfur species
from FCC gasoline via reactive adsorption [9]slti hydrogen free process that operates

at elevated temperatures and pressures. The presgdsys moving bed technology to
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adsorb and regenerate the adsorbent beds contipuBasearch Triangle Institute (RTI)

has developed a reactive adsorption process caleND that has been reported to
efficiently desulfurize crude oil [6]. Another swssful example of adsorption process
tested in a refinery is the Phillips S-zorb procg$4]. Partial hydrogen pressure is
employed in this process along with elevated teatpegs. The reaction proceeds via

following reaction [44]:

ET
Ny . 3
s 2 Sorbent T

In the recent years, desulfurization by direct goison of organosulfur species (non
reactive adsorption) at ambient conditions has eghimuch attention [20, 45-50]. A
highly selective adsorbent or a combination of golson process with distillation
process to pre-concentrate the feed has been shwwrfacilitate sub-ppmw
desulfurization of hydrocarbon fuels. One of theagbical applications regarding
integration of adsorption in refineries is SK HD®:tpeatment process. The process
highlights on removal of nitrogen containing compds from crude oil before the HDS
process [51]. This has shown to enhance the HD&psosignificantly.

The discussion above mentions some of the sucdeggdlications of adsorption in the
refinery processes. However, very few studies hla@en conducted for developing
smaller scale versions of desulfurization processesthe current perspective, the

scalability of the adsorption process should alsmiboluded.

1.2.3.1. Adsorbent materials
Extensive research work has been carried out feeldping the materials for sulfur

adsorption. Several compositions have been spaltyfitormulated and tested for liquid
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phase desulfurization of hydrocarbon fuels. A catgktomparative analysis of all these
adsorbents is complicated due to the differencemdsorbent formulation, experimental
conditions, and fuel compositions. Majority of thiéective sulfur adsorbents tested so far
are composed of transition metals. Among the ttemsimetals, nickel based adsorbents
have been tested more extensively for high temperaeactive adsorption [20, 52-54].
Ni supported on Al-Si®[54] and MCM-41/SBA-15 [20] have been observedviark
very well in desulfurizing gasoline and Ultra Lowlfir Diesel (ULSD), respectively, at
temperatures ranging from 200-250°C. IRVAD processntioned earlier employs
alumina based adsorbent with an inorganic prom{@¢r while zinc oxide based
adsorbents are employed in the Philips S-zorb gof@]. High temperature adsorbents
such as zinc titanate and Mni®k have also been successfully employed in
desulfurizing hydrocarbon fuels [9].

For low temperature applications, several adsogoefth transition metals as active sites
have been shown to work very well. Low temperatyperation is preferred for various
applications such as use in on board Proton Exéhatgmbrane (PEM) fuel cells. The
n-complexation adsorbents developed by ion exchafdgeu, Ag, Ce, and Ni ions into
the cage structures of zeolites had very good iuifdsorption capacities from
transportation fuels [3, 27, 55]. Other than thesgported copper and palladium halide
adsorbents also desulfurize high sulfur jet fudlssamm temperatures via the same
mechanism [45]. Solid superacid type adsorbent sischulfated alumina has also been
tested for desulfurization of commercial fuels [56]

Metal Organic Framework (MOF) materials have alseerb tested for adsorptive

desulfurization. MOF materials such as MOF-5 andU3-1 have good adsorption
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affinities toward organosulfur compounds e.g. BBTDand 4,6-DMDBT in liquid form
[57]. These MOF materials have also been testeccdanmercial gasoline and diesel
[58]. Carbon materials are also observed to be gadtlir adsorbents even in liquid
states [59]. These are one of the least expengigerlaent materials among all the
commercial ones. Carbon materials, depending om #wairces, can be modified to
increase its functionality as a sulfur adsorbebt R0]. But its selectivity is still a major
challenge as seen from its poor performance forngerunial fuels. Carbon also lacks the
ability to regenerate at high temperature as suedtrhents reduce its surface area and
pore structures significantly.

The adsorbent materials mentioned so far have bemorted to have significant sulfur
adsorption capacities from petroleum fuels. Howeweost adsorbent materials are in
reduced form. Therefore, these adsorbents would teaundergo activation in a reducing
environment (e.g. } He, etc.) prior to desulfurization. Pressure dispa major
challenge for some of the supports such as MCM+#d @BA-15, in addition to the
increase in material cost. Usually an adsorberibddrger than a typical catalyst bed;
therefore the material cost would be high. Fewistitlave been carried out and reported
in the literature regarding the regeneration pracedor these adsorbent materials. This
also generates a problem in case of continuousaabperbecause of the adsorbent’s need
for regeneration. Therefore, the development ofcalable adsorbent composed of
inexpensive materials and possessing the abilitggenerate for indefinite cycles would

be ideal for continuous operation in a desulfuraatnit.
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1.2.3.2. Advantages and limitations of adsorptieswfurization
Selective adsorption of sulfur species is one & thost promising solutions for
producing ultra clean hydrocarbon fuels. The pregesnarily requires an adsorber with
or without the need of supplementary streams {g/drogen) or other external auxiliary
units (e.g. separators, compressors for hydrogemgrgy efficient and environmentally
benign, the process does not require operatiorextaéme temperatures or pressures.
Some adsorption processes can even be operatedmttemperature and atmospheric
pressure.
Based on the adsorbent materials, adsorptive degalfion addresses a major problem
generally faced by the HDS process; the selectitayward Poly Aromatic Sulfur
Heterocycles (PASH). Heavy thiophenic derivativeshsas methylated BT’'s and DBT'’s
have very low reactivities with hydrogen in thegmece of HDS catalysts as compared to
their aliphatic counterparts, thus resist the HD8cess and remain in the product
streams. Selective adsorption provides novel maestran of capturing sulfur from
hydrocarbon streams, suchmasomplexation and the use of surface acidity. Assault,
some of the adsorbent materials demonstrate geésttivities toward PASH molecules.
This is also complemented by the absence of amambus reactions such as olefin
hydrogenation or octane/cetane number reduction.
Adsorptive desulfurization possesses great applitatoward fuel cell applications due
to its ability to deep desulfurize hydrocarbon fudlith the variation of the adsorbent
bed volume, the targeted sulfur concentration cawvdried from a few ppmw to ppbw
ranges. Adsorption has a significant edge overrgihecesses in the case of application

in portable desulfurization systems. As seen frobendiscussion above, there are marked
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differences between the sulfur removal operation the refineries and portable
desulfurization paradigm. The onboard units shdaddcompact, simple in design and
should require less or no supplementary streamsavéional HDS process requires
high temperature and pressure along with auxiliargs hence it is not suitable for on
board systems. The absence of major auxiliary usigsmajor advantage for adsorptive
desulfurization. For this, the adsorption proceas lbe scalable to any sizes and can be
applied in various applications. Low temperaturecabent within the fuel processing
units allows for the “cold-starts” of hydrogen veles. Operating at atmospheric or mild
pressures reduce the process safely challengegremaextent. The absence of hydrogen
requirements would greatly alleviate the complexitythe process. For all the features
mentioned above, adsorptive desulfurization wowddbbtter suited for mobile fuel cell
stacks than other commercial or prospective sw@hatement processes. It would be an
ideal process that could supplement HDS proceaspadishing step.

In spite of many advantages, adsorptive desulftiozas not free from limitations. The
process is primarily limited by the adsorbent cé@gadost of the adsorbent materials
have very low capacities for sulfur adsorption aspared to catalytic HDS process. The
lower capacity may be attributed to the facts thdsorption takes place instead of
catalytic reaction and also there are mass tramasi@érdiffusion limitations. Liquid phase
adsorption proceeds much slower than gas phaseresilt the production rate would be
low. It also depends upon the adsorption equilibrithereby performs poorly for low
sulfur feed. Due to its low capacity, the adsorb@lume has to be significantly large
considering the target production. Therefore, tbenemics involved regarding the cost

of the adsorbent materials should be consideredemaation of the adsorbent bed
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should also be necessary if the objective is caotis operation. In the case of
regeneration by flowing gaseous streams, pressogeltecomes an issue. The choice of
medium for regeneration would also be important] easily available gases (air, steam,

exhaust gases) should be appropriate for applicatithe regeneration process.

|.3. Silver based adsorbents

Silver has a great affinity toward sulfur as sesomf the tarnishing of silver utensils.
Metallic silver reacts with sulfur compounds at lé@mperatures that correspond to its
low activation energy. Supported Ag adsorbents @tdlysts have been widely used in
processes such as epoxidation of propylene [61infdiction photocatalysis [62],
catalytic reduction of nitrogen oxides [63], delygkenation of methanol [64],
decomposition of acrylonitrile [65], and many othelt is an inexpensive noble metal
possessing characteristic such as reducibility mbient conditions. Silver based
adsorbent has also been tested for sulfur remégaexchanged Y-zeolite was observed
to perform very well as a room temperature sulfisaabent [66]. Ag-zeolites have also
been observed to remove dimethyl sulfides and rp&ana from natural gas [67]. AQNO
was seen to be effective in desulfurizing highwwujét fuels at ambient conditions [68].
The adsorption lab at Auburn University’'s Centerr fMicrofiborous Materials
Manufacturing (CM3) has developed a silver basedodment for the ultra-deep
desulfurization of refined transportation and loigisuels at room temperatures [69]. The
adsorbents have demonstrated considerable sulBor@en capacities from fuels in
liquid phase and remove sulfur down to a few ppnamges. It is one of the few
adsorbents reported in the literature that canaedulfur level in oxidized form without

requiring any sulfidation or activation. Saturatsiiver on titania adsorbent is also
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thermally regenerable in air; hence it is appliealsth multi-cycle desulfurization
applications. The preparation technique for AgATi®@ simple, cost effective, and
scalable. The adsorbent material cost can als@wesince the Ag metal cost is much
cheaper than other noble metals (e.g. Au, Pt, BRd)the amount of Ag in adsorbent
formulation is small (~4 wt%) [70].

The excellent performance of silver based adsorlerdesulfurization called for an
extensive characterization of silver active phasger characterizing the adsorbent via
Electron Spin Resonance (ESR) and X-ray Photoele@pectroscopy (XPS), silver (1)
oxide (silver oxidation state: +1) was observedb® the active phase for sulfur
adsorption [71]. Silver being active in oxide formaccounted for its regenerability at
oxidizing conditions. It was also observed thathleigfraction of silver (I) oxide was
present at lower loadings of silver on titania-asat support and the optimized silver
loading was around 4% by weight. Silver loading hieig than 4% causes particle
agglomeration and reduction in silver oxide fractihereby lowering sulfur adsorption
capacity [70].

Silver based adsorbent posses a great potentialdalfur adsorbent operating at ambient
conditions. It can be reduced at mild conditionslike most sulfur active transition
metal. Activation of silver to its zero or low ostion state is easy and relatively stable.
Yet it is far from optimization and successful myation into a fuel cell system due to the
lack of proper insight into the sulfur adsorptiorechanism. Therefore a mechanistic
investigation is necessary for the proper charaet®on of silver active sites for

organosulfur adsorption.
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l.4. Mixed oxide supports

l.4.1. Role of titanium oxide
In the previous work performed at CM3-adsorptidm lid was observed that metal oxide
supports, especially T®Dhad significant contribution to the overall sulfadsorption
capacity of the adsorbent [72]. The “active sites’the supports were believed to be
surface acid functional groups that were generdigthg calcination in air at higher
temperatures [73-75]. TiOacted as an electronic promoter in different gdital
processes [73]. Titania has been shown to be @rbstipport for silver than other
common metal oxide supports not only for the presdmut also for the concentration of
active functional groups on the surface. The aites on titania also causes better metal
dispersion than other surfaces [70]. In spite eséhfeatures, titanium oxide has lower
surface area than most other commercial metal ogiggports for which the overall
sulfur adsorption capacity is low. In addition, sikver loading on titania is confined to
only 4% by weight. Assessing these problems, iiteisessary to increase titanium oxide
surface area.
One possible way of increasing titanium oxide szgfarea is to disperse it on high
surface area supports such as silica, aluminajaaetl carbon, zeolites etc. Researchers
have widely reported studies’ regarding mixed metatle supports containing titanium
oxide [74-80]. Some of the examples are OO, TiO~Al,O3, Ti-MCM-41, etc. The
addition of titania on alumina resulted in greatember and strength of surface acid sites
[74, 81]. Titania modified supports had higher camtcations of coordinative unsaturated
sites [79]. Titania dispersed mixed oxide suppsush as Ti@-SiO, and TiQ—Al,O3

also increase the thermal stability of titania (aea) phase [82]. Mixed oxide supports
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have higher effect on catalytic reaction than thedividual counterparts such as
hydrodesulfurization and Claus process [83, 84D,FAl,O; mixed oxide also has very
high catalytic activity toward NO reduction reactif85] and HDS reaction [78]. Silver
has been successfully applied on these mixed esugeorts for other applications such
as dehydrogenation of methanol [86]. If high swefarea supports are decorated with
titanium oxide functional groups, it may increale active area and enhance the sulfur
loading during adsorption. Increase in total siefacea may also facilitate in loading of
higher amounts of oxidized silver. Therefore, mAgecould be loaded onto mixed oxide
supports that in turn should increase sulfur adsworgapacity. The overall mechanism is

shown in Figure 1.5.

TiO, active sites TiO4 active sites
! ! ! ! rrr ot
TiO, Support | | Al,04/SiO, Support |
@)
AP AP PR LA 4 AP APy
! Ag Ag ! T a9 ag T a9 T Ag !
TiO, Support | | TiO, on Al,O4/SiO, Support |
(b)

Figure 1.5. Dispersion of titanium oxide sites on high surfacea supports and their
corresponding effects; (a) increase in titaniundexactive sites, (b) increase in silver

loading

1.4.2. Formulation of titanium oxide dispersed nuaxide supports

Mixed oxide materials containing Ti have been stddextensively in the literature [73].

There are various methods of dispersing titaniunhigh surface area supports, such as
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incipient wetness [79, 87], co-precipitation (seBgmethod [76, 78], atomic layer
deposition [77, 84], etc. Most of the preparatioatimods have been developed with a
view to the targeted product. Among these, incipiamtness and co-precipitation
methods have been practiced most widely. The festwf these two methods are

illustrated in Table 1.2.

Table 1.2 Comparative features of incipient wetness andregipitation method for

preparing titanium oxide containing mixed oxide [soifts

Incipient Wetness Co-Precipitation

Dispersion of Ti precursors over Incorporation of Ti and Si/Al
Features | support surface by dry impregnation precursors followed by washing

followed by drying and calcination| filtration, drying, and calcination.

Simple process No pore blockage

No reduction in surface area

Advantages Provide more concentration of No limitation on Ti loading;
Titanium oxide on the surface | supports with any amount of Ti can

be produced

The method can lead to extreme
Complicated process; involving
pore blockage
more steps and chemicals

Difficult to form monolayer

Limitations Can reduce overall surface area Less amount afiliraoxide on

the surface on the basis of similar
Loading of Ti is limited Ti loading as compared to incipient

wetness.
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Besides the preparation method, different Ti preotg have also been used. Among
these, three types of precursors are most comntanium isopropoxide, titanium (IV)

chloride, and titanyl oxide sulfate [73, 80, 88-96pr adsorptive desulfurization, the
objective is to increase the concentration of titanoxide active sites on the surface.
The optimization of the preparation method woultplaeveloping an ideal silver based

adsorbent.

1.5. Mechanism of sulfur removal at ambient conditon

Although many adsorbent materials have been testddreported in the literature, very
few of these have been investigated in detail ftds understandings of the adsorption
mechanisms. The reaction mechanisms regardingrsadfgorption vary with respect to
temperature, hydrogen pressure, and most of dghaicharacteristics of the adsorbents.
For high temperature reactive adsorption in preseat hydrogen, the adsorption
mechanism proceeds via hydrogenation and hydrogesopathways. The adsorption
mechanism of sulfur onto supported Ni-ZnO has leténbuted to the sulfur scission
mechanism [9].

In order to systematically develop a better un@eiding regarding the sulfur adsorption
mechanism, the traditional HDS reaction should tmperly studied. Researchers have
reported previously that the removal of heavier Dl methylated DBT is difficult via
traditional pathways followed by HDS. For examph)S of 4,6-DMDBT proceeds via
hydrogenation pathways as these can be interacbstiynthroughr-bonding. Hydrogen

is essential for this pathway so that it can resith the stripped sulfur to form 49.
Hydrogenolysis pathway is difficult due to the &tenindrance created by the methyl

group and is possible only through the active siieshe edges [2]. The phenomenon is
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depicted in Figure 1.6. The direct bond betweenstiiéur atom in methylated PASH and
surface metal cation is difficult. Alternative meciism should be employed that can

bypass the attached methyl groups.

Flat adsorption (1) Plug-in adsorption (S-u3)

I 4,6-DMDBT
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Figure 1.6. Mechanisms of 4,6-DMDBT interacting with catalgstucture via

hydrogenation (left) and hydrogenolysis (right)ipadys (reproduced from C. Song et

al., Applied Catalysis B- Environmental, 2003 [2])

Multi-cycle adsorption of sulfur species from liguiuels at ambient conditions offers an
alternative solution to the production of inexpeasultra clean fuels. However, the area
lacks clear views on the adsorption mechanism #urseompounds onto adsorbent
surface and the surface functional groups resptanfb this. Considering the activation
energies, most of the desulfurization at room teawatpee would be physical adsorption
through Van Der Waal's interactions between susfoecies and active sites. One of the
notable adsorption mechanisms at room temperatuee mported is that of the-
complexation adsorbents. At low temperature, Yand aoworkers have shown-

complexation bonds between aromatic rings of sudfugcies with cations of transition
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metals in zeolites [27, 45]. The conjugatiomedlectrons by sulfur atoms along with the
back donation of electrons by the transition matails (e.g. Cu) results in the

abovementioned bonding between these (Figure 1.7).
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Figure 1.7. Mechanisms of transition metal incorporation anifus adsorption; (A)

(C)

Copper ion occupying the site in the zeolite; (BJdhation of p-electrons of thiophene to
the 4s orbital of copper(l); (C) d-p-backdonatidrel@ctrons from 3d orbitals of

copper(l) to p-orbitals of thiophene (reproducemhfrA. J. Hernandez-Maldonado et al.,
Applied Catalysis B-Environmental, 2005 [3])

Recently, the CM3-adsorption lab has postulatedwelnadsorption mechanism whereby
the surface hydroxyl groups (Bronsted acid siteanfbonds with the-electrons of the
aromatic rings [4]. Characterization of the adsotbmaterials with different probe
molecules supported the hypothesis. The postuktkedme can be seen in Figure 1.8 [4].
The sulfur adsorption mechanism involved in theecas$ silver adsorbents is clearly
distinct from the other set of adsorbents as itgoers in an oxidized form. The effect of

surface acidity toward sulfur adsorption is sigrafit in this realm. Sulfur removal from a
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heterogeneous mixture such as fuel in liquid fotmoam temperature is a compited
process that requires much mechanistic detailsthurinvestigation is essential 1
understanding the fundamental mechanisms involRegbrous analytical studies of t
adsorbent includingin situ techniques would help in optimizing the adsort
formulation and the adsorption proceComputational methods should also be apfin

addition toexperimental techniques of performance evaluatnthcharacterizatio

Figure 1.8. Adsorption mechanism of Ag/T, adsorbents showing the bonding betw
aromatic rings of sulfur species with surface hygrgroups(reproduced from S. Nair

al., Fuel, 2013 [4])

1.6. Objectives

So far we have discussed the significance of atiserglesulfurization in the curre
energyperspectives and the potentials of silver basedrhdat as a successful polish
agent following the HDS process. The studies regboirithis dissertation are intended
help developa successful application of adsorption in desuthtron units the could
facilitate in meeting the demand for ultra low sulfuels. The objectives of this proje

are as follows and are also shown in Figure

26



» Development of adsorbent formulation for desulfumgz wide varieties of

hydrocarbon fuel blends (e.g. Jet fuels and digsels

» To develop an adsorption process that is scaldbbesible, regenerable, and

effective.
» Expand the extent of desulfurization to meet fgdl equirement (<0.1 ppmw S)

» Investigate the sulfur adsorption mechanism at antlmonditions and explore the

surface acidity characteristics of silver-titanioxide materials.

» Apply engineering fundamentals and computationatliss to understand and

overcome competitive adsorption and selectivityess

Formulation Characterization Mechanism Adsorption
Pathway

Figure 1.9. The research outline

[.7. Outline:

In chapter Il of this dissertation, | have presdrttee experimental procedures along with
the characterization techniques and the comprefetrgaties on mechanism evaluation.
Chapter 1l discusses the development, optimizatmoma performance evaluation of
mixed oxide supported silver adsorbents. It alsculises the parts per billion (ppbw)
level desulfurization and regeneration of the aosor formulations. The adsorbent

characterization is reported in chapter IV usingogien adsorption isotherms, oxygen
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and ammonia chemisorption, x-ray diffraction (XRBaman and UV-vis spectroscopy,
and infrared (IR) spectroscopy. This also includles studies regarding adsorbent
activation mechanism and the effect of surfaceigci@€hapter V focuses on the sulfur
adsorption pathways on mixed oxide supported sidsorbents along with the effect of
fuel chemistry using complimentary desulfurizatiand IR techniques. Chapter VI
reports the investigation of adsorbent selectitayard different sulfur and non-sulfur

heterocycles using computational (density functidineory) studies.
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Il. Experimental Details

II.1. Adsorbent preparation

Gamma-AlOs, Anatase-TiQ (Grade ST61120) and Si(JGrade 21) were purchased
from Alfa Aesar, Saint Gobain Norpro, and Grace iBan, respectively. All the supports
were crushed and sieved to 850-1400 size (unless specified otherwise) followed by
drying in a convection oven at 110°C for at leash ®efore use. The precursors for
titanium and silver were purchased from Alfa Aemad were used as received.

The blank supports used in desulfurization and agttarization experiments were
calcined in flowing air at 450°C for 2 h before uker the preparation of titanium oxide
dispersed mixed oxide supports, titanium precura@® dispersed onto dried (at 110°C
for 6 h) ALOs; and SiQ supports by means of incipient wetness method (dry
impregnation). The concentrations of the solutirese such that the titanium metal
loading was 10 wt% at the time of impregnation.other words, the Ti:Al and Ti:Si
weight ratios were 1:4.4 and 1:3.9, respectivehldss specified otherwise). Three types
of titanium precursors were used; titanium (IV) aide (99% min), titanium
isopropoxide (97% +), and titanyl (IV) oxide subatulfuric acid hydrate (TIOSQ The
precursors were acquired from Alfa Aesar. For sotut preparation, titanium
isopropoxide was dissolved in iso-propanol; titaoylde sulfate in water; and titanium
(IV) chloride was used without any solvent. The Eups were then dried in the

convection oven at 110°C for 6 h followed by caitian in flowing air in a tube furnace
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at 550°C for 2 h. Based on previous works, theigaton temperature was optimized in
terms of achieving complete conversion to titaniemide and minimizing rutile
formation [79, 84, 88-90].

The mixed oxide supports were also prepared byreowmtation method (denoted by
“CP”). Here, aluminum isopropoxide (98% +, Alfa Ael tetraethoxysilane (99.9%,
Alfa Aesar) and titanium isopropoxide (97% +) werged as aluminum and titanium
precursors, respectively. For preparing F#8,0; CP, aluminum precursor was
dissolved in iso-propanol and was heated to 70°@r afvhich titanium precursor
(dissolved in iso-propanol) was added to the sotutising a burette under vigorous
stirring. The solutions were mixed in such a waytlas Ti:Al weight ratio was 1:4.4.
After 30 min, 1M HNQ (aq) solution was added to the mixture using aetberr After
this, the mixture temperature was raised to 95°h wontinuous stirring and kept there
for 3 h. The mixture was then washed with de-iodimnater (4 times the initial solution
volume) and filtered. The residue was dried ovdrhigt 110°C in a convection oven
followed by calcination in flowing air at 450°C f@rh. The TiG-SiO, CP mixed oxides
were prepared in same way; however in this casmsiprecursor was used and the Ti:Si
weight ratio was 1:3.9.

Agqueous AgNQ@ was used as the silver precursor and was disperdgedhe supports by
incipient wetness method (dry impregnation). Theragnated volume of the precursor
solution was 100% of the pore volumes of the irdinal and mixed oxide supports, and
its concentration was adjusted according to theetksetal loading on the supports. The
samples were then dried in the convection overi@tQ for 6 h followed by calcination

in flowing air (unless specified otherwise) in aeufurnace at 450°C for 2 h. The
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desulfurization capacities of different batchesttid same formulation were within the
error range of 10%. This deviation was observedlindesulfurization experiments
reported in this dissertation. All the gases usedthe adsorbent treatments were

purchased from Airgas South Inc.

[I.2. Challenge fuels

Both commercial fuels and model fuels were employasl challenges in the
desulfurization experiments in liquid form. JP5 aifei8 jet fuels were collected from
NAVSEA Philadelphia and TARDEK, respectively. ORBdAULSD were acquired from
local sources near Auburn, Alabama, USA. The ihgwdfur contents of JP5, JP8, ORD,
and ULSD were 1172, 630, 452, and 7.5 ppmw, regmdgt Benzene (99%),

benzothiophene or BT (98% +), 1-butanethiol or TFG98%), and diethyl sulfide or

DES (96%) were purchased from Alfa Aesar while phiene or T (98%), 4,6-

dimethyldibenzothiophene or 4,6-DMDBT (97%) and atame (97% +) were acquired
from Acros Organics. These compounds were usecdutehfuel preparation. The model
fuels used in the desulfurization experiments weepared by mixing the sulfur (1-CA4T,
DES, T, BT, 4,6-DMDBT) and non-sulfur species (bamz) with n-octane. The major
sulfur species in the fuels were identified usingplgtical standards collected from

Chiron AS.

I1.3. Desulfurization experiments

[1.3.1. Static saturation tests
For the desulfurization experiments, both statidursdion tests and dynamic

breakthrough tests were carried out in order tesssshe sulfur adsorption capacities of
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the adsorbents. In each saturation test, the fasl mixed with the adsorbent and the
mixture was agitated mechanically for 48 h at amb@nditions. The equilibrated fuel
was analyzed to measure the outlet total sulfutesdnwhich was used to calculate
equilibrium sulfur adsorption capacity. The equilin saturation capacity was

calculated from the following formula:

C
(1- C_O)prfCO

Qsac = 1000
Where, Qa: = Equilibrium saturation capacity (mg S/g adsatpe
C = Sulfur concentration of fuel after saturat{ppmw)
Co = Initial sulfur concentration of fuel (ppmw)
Pf = Density of fuel (g/ml)
Vs = Volume of fuel/adsorbent weight (ml/g)

All the saturation experiments were carried outr@dm temperature and ambient
pressure. The density of the commercial fuels dafiem 0.8—0.85 (g/ml), and that of

model fuel was between 0.7-0.75 (g/ml). The valuee calculated experimentally.

[1.3.2. Dynamic breakthrough tests
The breakthrough experiments were conducted usiggstic, commercial, and model
fuels as challenges. Each time, the adsorbent wadet onto a quartz adsorber in a
vertical packed column configuration and was sufggbon both sides by quartz wool.
The adsorbents were not activated prior to the rexgat. Fuel flowed upward vertically
with a flow rate of 0.5 ml/min and WHSV of 2.5'fLHSV~2 h') using a Cole-Parmer
Masterplex Digistaltic peristaltic pump. Upward flominimized bed channeling and

ensured complete wetting of all adsorbent partichds the breakthrough experiments
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were performed at room temperature and atmosppeggsures. Outlet fuel was sampled
at regular intervals and analyzed. The outlet sudncentration (C) was normalized by
inlet sulfur concentration (& The breakthrough curves were obtained by plgt@iCG
against either time (min) or cumulative volume aklf per unit weight of adsorbent
(ml/g). The breakthrough capacity was calculatethatl0 ppmw sulfur threshold limit.
For calculating the capacity at saturation, lingdegration method was applied. The

breakthrough capacity was calculated using thewotig formula:

_ Pfo(Co - Cr)

dp

1000
Where, q = Breakthrough capacity (mg S/g adsorbent)
Co = Initial sulfur concentration of fuel (ppmw)
Cr = Threshold sulfur concentration (ppmw)
Pf = Density of fuel (g/ml)
Vs = Volume of fuel/adsorbent weight (ml/g)

The value of @was 10 ppmw, unless specified otherwise. For caling the capacity at
saturation, linear integration method was appligte following formulas were applied

for calculating the capacity at saturation.

=
oy [ 0h = V) e - Lntfnml]
Qsat = 1000
Where, V, = Cumulative volume of fuel per unit weight of adsent
(mi/g)
th = Cumulative time (min)
v = Volumetric flow rate (ml/min)
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W = Adsorbent weight (g)

= Capacity at saturation (mg S/g adsorbent)

Osat

Pt = Density of fuel (g/ml)

Co = Initial sulfur concentration of fuel (ppmw)

Cn = Sulfur concentration of outlet fuel at n poippnw)

For regeneration, the saturated bed was heatetOdClor 1 h in flowing air, followed

by 230°C for 2 h, and finally 450°C for 1 h. Aftexgeneration, the rejuvenated adsorbent

bed was cooled down to room temperature and usad &g breakthrough experiments

in desulfurizing challenge fuels. The setups fosadtion and regeneration process are

schematically shown in Figure II.1.
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II.4. Analysis of fuel

The total sulfur content of the fuel was measursohgian Antek 9000S Total Sulfur
Analyzer (TSA) equipped with a photomultiplier tuddne column temperature for every
sample analysis was 1050°C. UHP oxygen and helagur¢e: Airgas South) were used
as pyro and carrier gases, respectively. The |lastrction limit of TSA was measured to
be 200 ppbw.

To determine the sulfur content as well as sulpgcgation, fuel samples were analyzed
in a Varian CP3800 Gas Chromatograph (GC) equippttda Pulsed Flame Photometric
Detector (PFPD). The GC used a Restek XTI-5 craasboolumn of 30 m length and
0.25 mm ID. The sample injection volume wad Iwith split ratios between 0 and 100.
For analysis, the column temperature was initiatlt00°C for 3 min and was then raised
to 300°C at 10°C/min and was kept there for 2 ndoth GC-PFPD and TSA were
calibrated using standard samples prepared by ssigeedilution of JP5, ORD, and also
using model fuels containing octane-sulfur mixtuvath known sulfur concentrations.
For dilution of commercial fuels, n-octane was usedilute the fuels to make standard
solutions of different sulfur concentration rangingm C/G = 0 to 1. Successive dilution
of ULSD was also carried out to prepare standahdtisos. The solutions were used to
calibrate the GC-PFPD so that it can measure ldtwaconcentration of sulfur (e.g. 75
ppbw). The calibration curve of GC-PFPD preparedsbgcessive dilution of ULSD is

shown in Figure 11.2.
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Figure I1.2. Calibration curve of G-PFPD prepared by successive dilution of UL

(Split: 0)
[1.5. Characterization of adsorbents

[1.5.1. Nitrogen physisorptic
Nitrogen physisorption was conducted to calculateéTB(Brunaue-Emmett-Teller)
surface areas, pore volumes, and average poreditles adsorbents in a Quantachrc
Autosorb AS1 analyzer. The analysis was carriedab-196°C. Prior to the analysis, ¢
the samples were outgassed at°C for 2 h for moisture remad. Sample weight we

between 0.1-0.1§ during each analysi

11.5.2. Oxygen chemisorptic
Selective oxygen chemisorption was also carriedrothie QuantachromAutosorb AS1
equipment to measure the silver dispersion on tippats. Different gases ch as H,

O,, CO etc. have been used as adsorbate gases toremm@asive metal dispersion
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supports surfaces. Among them, oxygen was obseiwvedork the best in terms of
calculating the total oxygen uptake [91]., @as been proved more effective for
measuring silver surface area than other gasesasut) CO [70, 92, 93]. The samples
tested via @ chemisorption had to undergo pretreatment beforalyais. In each
pretreatment process, the sample surface was dédgnieeating it at 15 for 30 min in
vacuum (3.99 x 18 kPa) followed by reduction at 480 for 1 h in hydrogen
(atmosphere pressure). After that, the samplewadi evacuated again to remove the
physically adsorbed H It was assumed that all the silver on the surfaas in reduced
metallic phase. For successful monolayer chemigormf oxygen on silver surface, the
optimized temperature ranges were observed to tveeba 170-220°C [91, 94]. In the
present work, @chemisorption was carried out at 2@0at different relative pressures
(P/R) and oxygen uptake at B/2 0 was calculated by extrapolating the lineatiparof
the graph to the y-axis. It was assumed that tlysipbrbed oxygen was negligible at that
temperature; therefore combined oxygen uptake wsed udor calculation. Oxygen
chemisorption on the supports surfaces such as, T8,, and AbOs; is negligible
compared to that on silver. Detailed proceduresxyfyen chemisorption analysis along
with calculation methods of dispersion, active rhstaface area, and average crystalline
size have been stated elsewhere [70]. The adsorgtidachiometry was defined to be one
oxygen atom to one silver atom [95, 96]. From totatgen uptake, dispersion (D), active
metal surface area (s), and average crystallite wias calculated from the following

expressions:
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N,,SAp,

166
100L
d= sZ :
Where, Nm = Oxygen uptakeufmol/qg)
S = Adsorption Stoichiometry
M = Molecular weight of metal
L = Percentage metal loading
An = X-sectional area occupied by each surface eﬁﬁo%\g
atom)
Z = Density of silver
f = Shape factor

The values oA, andZ for Ag was 8.696&2/Ag atom and 10.5 g/ml, respectively. The

value off was 6 as the particle was assumed to be spherical.

11.5.3. X-ray diffraction
Extent of titanium oxide on support surfaces watsmedged using X-Ray Diffraction
(XRD). A Bruker D-8 x-ray diffractometer equippedthv CuKoa source was used at
40KV/40mA. For each sample, the XRD scan range 3a$90° and scan speed was 0.1

second/step (~5.85°/min).

[1.5.4. Scanning electron microscopy
The surface topography of fresh and regenerateorlaeists was acquired using a JOEL
7000-F Scanning Electron Microscope (SEM). Theagstof the equipment was 40 KV

during imaging. The samples were analyzed withgutgiany metal sputtering.
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[1.5.5. Raman spectroscopy
Raman spectroscopy was carried eusitu in a RENishaw inVia Raman spectrometer at
room temperature. A 514.5 nm Ar ion laser was eggsousing a resolution of 4 ¢
The adsorbent samples prepared for Raman studies iwe251-354um particle size

ranges.

[1.5.6. UV-DRS spectroscopy
UV-DRS measurements were performed using a comalefoiaSpec-2048 UV-vis
spectrometer at a range of 200-800 nm (reflectanode). The spectrometer was
equipped with a pulsed Xe light source and a UVBA®S immersion probe. The probe
was directly inserted into the adsorbent samplearalysis was carried out in a closed
and dark vessel at room temperature. More infonatelated to the experimentation
can be found elsewhere [97]. The UV-DRS spectraeveealyzed using Kubelka-Munk
equation [98]. The absorbance data were used tola& the band gap of Ti@t room
temperature [99].
[1.6. Ammonia adsorption
To determine overall surface acidity, BHadsorption was carried out in the
Quantachrome Autosorb AS1 instrument. Prior to eadtborption analysis, the sample
was calcinedif situ) at 400 °C in air followed by evacuation for 30nmAdsorption was
conducted at 175 °C. During every analysis, combifieepresenting reversibly +
irreversibly adsorbed Nl and additional weak points (representing revérsadsorbed
NH3) were collected. The weak point was then subtdaftem the combined point to
calculate the strong (irreversibly adsorbed sNHoint. Experimental details regarding

NH; adsorption have been reported previously [100].101

39



I1.7. IR Spectroscopy

Adsorbent samples treated with sulfur and non-sydfabe molecules were analyzed via
IR Spectroscopy. A Thermo Scientific Nicolet IR 18pectroscope was used for this
purpose. The analysis range was between 1000-4@®00amd the spectral resolution
was 4 cm'. The adsorbent samples prepared for IR studies ine251-354im particle
size ranges. A customized IR cell with ZnSe windomess employed for this study.
Figure 11.3 shows the experimental setup along i IR cell and auxiliary units for
treatment steps. The pretreatment procedures gogiloed in Table 11.1. Each adsorbent
sample was pressed to a self supporting thin p@jlet Carver hydraulic press (model no.
3925)at 16000 psi followed by calcination in air at 4%Dfor 2 h. Then the sample was
loaded onto the cell and underwent through pretreat (Table I.1). Here, the sample
was heated to 200°C for 60 min in air, followeddwacuation (100 mTorr or 13.33 Pa)
during the cooling down to room temperature (22°8ier every pretreatment, the
sample was treated with different probe molecubegh the pretreatment and exposure to

adsorbate steps were performeditu.
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Table II.1 Pretreatment steps before IR analysis

Steps Temperature (°C) Time (min) Pressure
Atmospheric (Air
Drying 200 60
flow)
Evacuation + Cooling 22 - 100 mTorr (13.33 P

2)
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Il. Adsorptive desulfurization of jet and diesel fuelsising Ag/ TiO—~Al,O3 and

AQ/TiO ,—SiO, adsorbents

Abstract:

The objective of this work is to examine the parfance of Ag/Ti@-Al,O; and
AQ/TiO~SIO, for adsorptive desulfurization of JP5, JP8, OfaRdiesel (ORD), and
Ultra Low Sulfur Diesel (ULSD) at ambient conditgrThese adsorbents were observed
to be effective for desulfurizing liquid hydrocarbéeeds that ranged from 7.5 to 1172
ppmw S and comprised of diverse sulfur compositiolms fixed bed continuous
adsorption tests, 4 wt% Ag/TOAl,0O;3 demonstrated saturation capacities of 10.11,
6.11, and 7.4 mg S/g adsorbent for JP5 (1172 ppmwFB (630 ppmw S), and ORD
(452 ppmw S), respectively. In equilibrium satwatiexperiments, the adsorbent was
able to desulfurize ULSD down to less than 75 pgbwnd this was achievable even
when the initial concentration of non-sulfur arolostwas greater than 25,000 times
higher. Dispersing Ti@onto high surface area alumina and silica sulestriaicreased the
sulfur adsorption capacities of both. This enharer@nin adsorption capacity increased
still further with silver addition. Higher Ag loadlj (up to ~12 wt% Ag) on Ti&-Al,O3
proved beneficial to sulfur adsorption capacity wlkempared to Ti@(up to ~4 wt%
AQ), indicating that the mixed oxide supports wabée to host more active silver oxides.
The adsorption selectivity toward different sultompounds present in the fuels varied

during the fixed bed adsorption tests. The adsarbad the greatest affinity for BT's and
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the least for TMBT's and DMDBT's (the selectivitsder from the strongest to weakest
adsorption was: BT>MBT>DMBT>DBIMDBT>TMBT~DMDBT). Ag/TiO—-Al,O3

was thermally regenerable in air for multiple cygchd temperatures ranging from 110 to
450°C. The effects of titanium loading, silver loag preparation methods, and titanium

precursor on sulfur adsorption capacity are alssgmted.

l1.1. Introduction

Sulfur and its derivatives are major contaminantyidrocarbon fuels. Desulfurization of
fuels has gained importance due to environmentatems, and many countries are
enacting laws limiting maximum sulfur emissions.r EBxample, the maximum sulfur
concentration in highway diesel in the US has bigeited to 15 ppmw since 2006, down
from 500 ppmw [6-8]. Other transportation fuels al® being regulated to reduce sulfur
content. Desulfurization also has a significantaetpon the successful application of fuel
cell technologies. Transportation fuels such a®lges diesel, and jet fuel are ideal for
on-board fuel cell systems because of their higkergn density, availability, and
operational safety factors. However, the develogroéfuel cell systems is restricted due
to the demand of ultra low sulfur feeds in theformation systems [11]. Sulfur poisons
precious metal electrodes in fuel cells and refagrgatalysts, therefore only fuels with
less than 100 ppbw sulfur content are allowablduig cell systems such as Proton
Exchange Membrane (PEM) fuel cells [6, 12]. Higmperature Solid Oxide Fuel Cells
(SOFC) typically require less than 30 ppm S infdea prior to reforming [13].

Most of the organosulfur compounds are generalyoreed from hydrocarbon fuels by
conventional Hydrodesulfurization (HDS) processefineries. It is a catalytic process

requiring high temperature (300—400°C) and presg8r& MPa) in the presence of
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hydrogen [6]. In the recent years, refineries a@ng higher amounts of sulfurous crude
oil as feedstock due to the diminishing crude edarves and producing larger volume of
products from high sulfur heavy oil fractions. Thaéong with the demand for ultra clean
fuel, are increasing the desulfurization cost [1B§pecially for achieving the sulfur
concentration tolerable to fuel cells, the HDS psschas to increase its reactor volume
and H consumption [9, 20]. HDS also has less satisfgcpmrformance in removing
Poly Aromatic Sulfur Heterocycles (PASH) [17]. Hendt is necessary to develop an
alternative or supplementary process to HDS fopdkesulfurizing fuel. Among several
alternative processes reported earlier [6, 9, 5¢Bdsulfurization by direct adsorption of
organosulfur species at ambient conditions hasegamuch attention [20, 45-50, 102].
Adsorptive desulfurization provides great applitibiand has several advantages such
as its selectivity toward PASH, scalability, anck tability to desulfurize hydrocarbon
fuels to near zero sulfur content. It also doesraquire hydrogen or any other auxiliary
units. Adsorptive desulfurization can supplement3Hprocess as a polishing step and
offers an alternative solution to the high cospafducing ultra clean fuels.

The adsorption lab at the Auburn University Cenfer Microfibrous Materials
Manufacturing (CM3) has developed a silver basexbdant for the desulfurization of
high sulfur refined fuels at room temperatures [B3]. It is one of the few adsorbents
reported in the literature that can reduce sulfuwm to ppmw level in “oxidized” form
without requiring any sulfidation or activation. taf characterizing the adsorbent via X-
ray Photoelectron Spectroscopy (XPS) and Electnoim ®esonance (ESR), silver (I)
oxide was observed to be the active phase for s@flsorption [71]. Metal oxide

supports, especially T®Dhad significant contribution to the overall sulfadsorption
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capacity in addition to the silver active sites][7the “active sites” on the supports were
believed to be the surface acid sites that werergéed during calcination in air at higher
temperatures [73-75]. Titanium oxide has shown @oabbetter support for silver than
other common metal oxide supports not only for fresence but also for the
concentration of surface acid sites. The activessdn titania also causes better metal
dispersion than other surfaces [70]. In spite eSthfeatures, Tis not available in high
surface area as compared to most other commereial roxide supports for which the
overall sulfur adsorption capacity is low. In adudit, the silver loading on titania is
confined to only 4 wt% above which causes partadglomeration and reduction in
silver oxide fraction thereby lowering sulfur adstoon capacity [70]. Assessing these
problems, we tried to increase active titanium exsdrface area.

One possible way of increasing titanium oxide stefarea is to disperse it onto high
surface area supports such as ;Sifl,Os, activated carbon, zeolites etc. Mixed metal
oxide supports containing titanium oxide have beately reported in the literature [74-
80]. Titanium oxide modified supports have higheneentration of coordinative
unsaturated sites [79]. The addition of titaniumdexon alumina resulted in greater
number and strength of surface acid sites [74,8iber has been successfully applied on
these mixed oxide supports for other applicatianshsas dehydrogenation of methanol
[86]. If high surface area supports are decoratitl titanium oxide functional groups, it
may increase the active area for sulfur adsorptiocrease in overall surface area may
also facilitate in loading of higher amount of axed silver. All these changes may

result in higher sulfur adsorption capacity.
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The previous works conducted at CM3-adsorption Vedre focused primarily on
desulfurizing high sulfur jet fuels (JP5 and JAB)s known that the sulfur compositions
in hydrocarbon fuels vary widely with respect tceithvolatility cuts. The sulfur
concentration and the type of sulfur compounds gmesvould obviously affect the
adsorbent capacity and selectivity. Therefore nasessary to study the effect of various
types of organosulfur compounds on sulfur adsomnptio

The objective of this work was to study the perfante of silver adsorbents supported
on titanium oxide dispersed mixed oxides for dasidfng challenge fuels comprised of
various sulfur compounds. TAI,03 and TiQ-SiO, mixed oxide supports were
prepared and silver was supported on these matefidle adsorbents were tested in
desulfurizing JP5, JP8, Off-Road Diesel (ORD) arttdJLow Sulfur Diesel (ULSD).
The effects of titanium and silver loading were oalgwestigated by means of
desulfurization experiments. The mixed oxides waepared via two different methods
(incipient wetness and co-precipitation) and weoenpgared. The effect of titanium
precursor was studied by testing F#®l,0O3 supports prepared by three different
titanium precursorsNitrogen physisorption was carried out to measheeBET surface
area and pore volum8reakthrough characteristics of the adsorbent R&, JP8, ORD,
and ULSD challenge fuels were examined to assesssdfectivity of the adsorbent
toward different sulfur compounds present in refirieels. The reasons behind varying
selectivity were also discussed. Multi-cycle capgbof Ag/TiO—Al,O3 was tested by
regenerating saturated adsorbent in air at elevategeratures. The surface topography
of the adsorbent after regeneration was studiedguSicanning Electron Microscopy

(SEM).
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[1l.2. Experimental
The preparation of Ag/Ti®&-Al,O; and Ag/TiQ—SIiO, adsorbents has been mentioned in
section Il.1. The Ti:Al and Ti:Si weight ratio weoenstant all throughout this chapter
(2:4.4 and 1:3.9, respectively), however Ag loadmgs varied from 4-12 wt%. The
challenge fuels used have been discussed in sdtfoiowever, the model fuel used in
the fixed bed continuous adsorption experimentsegkthrough experiments) was
prepared by mixing 3500 (x25) ppmw benzothiophdiE) (with n-octane. The fuel was
employed in the experiments to compare the adstglvéth different metal loadings.
For the desulfurization experiments, both statidurséion tests and dynamic
breakthrough tests were carried out in order tesssshe sulfur adsorption capacities of
the adsorbents. In the saturation experiments,ald5ULSD were used as the primary
fuels. The fuel to adsorbent ratio was 20 ml of fuer g of adsorbent for JP5 and 10 ml
of fuel per g of adsorbent for ULSD. The experinamirocedures and the capacity
calculation methods are described in section 1.BHe breakthrough experiments were
conducted using JP5, JP8, ORD, ULSD, and model flie¢ experimental details of
breakthrough tests, regeneration, and analysideaiound in section 11.3.2 and section
I1.3. The bed weight, diameter, and volume were gl01.6 cm, and 15-16 ¢&m
respectively. The analytical techniques used inodmst characterization have been
described in section II.5.
I11.3. Results and discussion

111.3.1. Adsorbent formulation

[11.3.1.1. Support comparison and characterization
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The equilibrium saturation capacities of the conuiarand the mixed oxide supports
were evaluated through saturation experiments amréemperature and atmospheric
pressure. Figure Ill.1 and Table 111.1 illustratee tcomparison between the capacities of
the supports that indicate considerable increasalimr adsorption capacities in the case
of mixed oxide supports. TEAIl,O; support had higher capacity than individual
anatase-TiQ or y-Al,0O3 supports. For Ti@-SiO, support, the contribution of titanium
oxide on sulfur adsorption capacity was higher. |&@ahl.1 shows the saturation
capacities of the supports per unit area basis. dgntbe individual supports materials,
titania had the highest saturation capacity per sunface area but had the lowest overall
surface area. The TAI,O3 support had moderate capacity per unit area heubverall
saturation capacity was higher. It is importanbhdbe that instead of Y-zeolites; silica and
alumina supports were used to reduce diffusiontitins during operations at ambient
conditions.
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Table Ill.1 Surface properties and equilibrium saturation ceigs (per unit area basis)
of different metal oxide supports acquired fromgklysisorption tests and 48 h saturation

experiments with JP5 (1172 ppmw S)

Supports BET Surface Pore Capacity (mg | Capacity (19
Area (nf/lg) | volume | S/gadsorbent)| S/ nf surface
(cclg) area)
TiO, 154 0.41 2.81 18.25
Al,O3 267 1.12 2.77 10.37
SiIO, 319 1.06 2.67 8.37
Y-Zeolite 660 0.83 2.35 3.56
TiO—Al>03 237 0.75 3.32 14.01
(Ti:Al = 1:4.4)
TiO—SIG, (Ti:Si 304 0.80 2.98 9.80
=1:3.9)

Nitrogen physisorption tests reveal that there wagaificant changes in BET surface
areas of the mixed oxide supports (Table 111.1D-HAI,O3 and TiQ-SiO, supports had
54% and 97% more surface areas than,Tilhe TiQ—Al,O3; support had better
desulfurization performance than TSIO,. Apparently there was better interaction
between TiQ and AbOs; than that between TiOand SiQ. Comparing the saturation
capacities and BET surface areas of ;F81,0; and AbOs; supports, there was an
increase of 3.64ig S/nf surface area in sulfur adsorption capacity for Fi€,0;

support. To ascertain the extent of titanium oxddpersion, the supports were examined
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via x-ray diffraction (XRD) where the graph of TiAl,O; sample showed no
titanium/anatase-Tigrutile-TiO,/brookite-TiQ, peaks apart from the-alumina peaks
(not shown here). This is common for mixed oxidg@psrts, as observed by other
researchers [74]. A similar scenario was also ofeskin the case of T¥2SiO, support.
The probable explanations for this absence areereitie titanium oxide particle size
(anatase/rutile/brookite) is too small to be detddty XRD or titanium oxide is in some
amorphous and disordered phase. Either way, it evadent that titanium phase was
nanodispersed onto the supports. The measureméitdrofim oxide active surface area
in the mixed oxide supports and the study concegrimteractions between titanium oxide
and support materials are currently being pursued.

Mixed oxide supported silver adsorbents were testeckquilibrium saturation and
breakthrough tests and were analyzed vighysisorption. Silver loadings were 4% by
weight for each sample. The promotional effect @f @&ddition was higher on mixed
oxide supports than on individual supports. Table Ehows the BET surface areas, pore
volumes, and equilibrium saturation capacities ibfes supported adsorbents from, N
physisorption tests. The capacities were calculdétech 48 h saturation experiments
using a JP5 challenge (fuel to adsorbent ration®@). The capacities of these two
adsorbents were increased by 217% and 147%, resggcfter Ag addition. Compared
to the saturation capacity of 4% Ag/TiCapacities of both the adsorbents were higher
[70]. Figure l1l.2 exhibits the breakthrough perfances of Ag/Ti@-Al,O; and
Ag/TiO—SIO, and their comparison with Ag/T¥kand Ag/AbOs in fixed bed adsorption
tests with JP5 as challenge fuels. The capacitidwemkthrough (10 ppmw threshold

limit) and at saturation of 4% Ag/T©OAI, O3 were 0.90 and 10.11 mg S/g adsorbent,
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C/Co

respectively. The capacities were high when contprel% Ag/TiQ (0.79 and 5.65 mg
S/g adsorbent). The 4% Ag/TiEBI0, adsorbent had poor breakthrough capacity (0.67
mg S/g adsorbent), but had a decent saturationcitgpg@.73 mg S/g adsorbent). So,
Ag/TiO-Al, O3 and Ag/TiIQ—SIO, adsorbents had better desulfurization performances
than Ag/TiQ and Ag/ALO; for JP5 challenge. The extent of silver (I) oxmlesent on

these supports and the effect of surface acidéycarrently under investigation.
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Figure II.2. Breakthrough performances of Ag loaded on titanaxie dispersed
supports and their comparisons with Ag loaded alividual supports (Bed wt.: 10g,

WHSV: ~2.51, fuel: JP5-1172 ppmw S)
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Table Ill.2 Surface properties and equilibrium saturation ceies (per unit area basis)
of different metal oxide supports acquired fromgklysisorption tests and 48 h saturation

experiments with JP5 (1172 ppmw S)

Adsorbents BET surface | Pore volume | Capacity (mg | Capacity g S/
area (M/g) (ml/g) S/g adsorbent)| m? surface area
4% AQ/TiO~Al O3 222 0.61 10.55 47.52
(Ti:Al=1:4.4)
4% AgQ/TIO~SIO, 263 0.66 7.36 27.98
(Ti:Si =1:3.9)

[11.3.1.2. Effect of support precursor

Precursors play a significant role in achieving ides phases of active centers for
catalytic reactions and adsorption. Titanium oxXpthases vary extensively for the types
of precursor used and the preparation techniquessifur adsorption from liquid fuels,
the anatase form of titania experimentally appeaoederform better than rutile form.
Hence, for preparation of titania dispersed suppatforts were made to optimize the
type of titanium precursors to achieve highest amai anatase phase on the surface.
For titanium, three types of precursors are comsnarded: titanium isopropoxide,
titanium (IV) chloride, and titanyl oxide sulfat&d, 80, 88-90]. There are also various
methods of preparing mixed oxide supports, suchn@pient wetness [79, 87], sol-gel
method [76, 78], atomic layer deposition [77, 84}. deHowever, in our case, incipient
wetness method was purposefully employed becausertéthod is simple and causes
more presence of Tion the support surface than the bulk phase [88}eiS(4% by

weight) impregnated on these supports were teastbdeiakthrough tests for desulfurizing
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C/Co

JP5 (Figure III.3). Ag/Ti@-Al,O; adsorbent prepared by titanium isopropoxide had
higher capacities at breakthrough (0.90 mg S/graeéstd at 10 ppmw threshold limit) and
at saturation (10.11 mg S/g adsorbent) than therdto (0, 5.89 mg S/g adsorbent for
titanyl oxide sulfate and 0.38, 7.92 mg S/g adsarlber titanium chloride, respectively).
This corresponds to the higher concentration opefised titanium oxide phase on the
surface [74]. Besides precursor effect, the eftéampregnation sequence of Ag and Ti
precursors was also tested, i.e. Ag was impregnai¢d alumina support prior to Ti

impregnation. The adsorbent had poor performanseliar adsorption.
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Figure I11.3. Breakthrough performance comparison of 4% Ag supdamn TiQ—Al,Os3
prepared from different titanium precursors (Bed Wdg, WHSV: ~2.5H, fuel: JP5-

1172 ppmw S)
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[11.3.1.3. Effect of titanium loading
The effect of titanium loading was also testedsiaifur adsorption. Figure IIl.4 illustrates
the breakthrough characteristics of model fuel BpPmw BT in n-octane) by adsorbent
with different titanium loadings. The Ti:Al ratioybweight for the three samples during
support preparation were 1:9.7, 1:4.4, and 1.2&. ¢orresponds to 5%, 10%, and 15%
Ti loading by weight on alumina support at the tiofempregnation, respectively. The
silver loading for these adsorbents was 12% by mteifhe Ag/TiQ—Al,O3 (Ti:Al =
1:4.4) adsorbent had the optimized loading of titanoxide for sulfur adsorption, for
which the capacities at breakthrough and at sabmravere 10.67 and 12.23 mg S/g
adsorbent, respectively. Higher Ti loading causa@ plockage and reduced surface area

that offset the increase in titanium oxide concardn.

1.2
® 12%Ag/TiO2-A1203
(Ti:Al=1:9.7) H N
1 { ®WI2%AgTiO2-A1203 A |
(Ti:Al=1:4.4) A ¢
A 12%Ag/TiO2-A1203 A
0g | (TEAR126) *
=
S 0.6 A H
0 A ¢
0.4 4
2
A
0.2 A1 A
Ad om
) A0S e memeNeme o . .
0 100 200 300 400 500 600
Time (min)

Figure 111.4. Breakthrough performance comparison of 12% Ag i@x+FAI,O3 supports

with varied Ti loadings (Bed wt.: 10g, WHSV: ~25Huel: model fuel - 3500 ppmw S)
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[11.3.1.4. Effect of support preparation

The mixed oxide supports prepared via differenthoés can function differently, as
described in section 1.4.2. The effect was studiete. The TiG-Al,.O3; and TiGQ-SiO,
mixed oxides were prepared via incipient wetnegg@gnation and co-precipitation (CP)
methods and were compared by means of saturatm@akthrough experiments. For
this, JP5 was used as the challenge fuels. Figufe dhows the saturation capacity
comparison between the resulting mixed oxides &@sws. For most of the adsorbents,
the mixed oxides prepared by incipient wetness atetiad higher saturation capacities
than the ones prepared by co-precipitation methBds silver supported mixed oxides,
the increase in saturation capacities was moreifisignt. This was true for both
Ag/TiO-Al,0O3 and Ag/TiIQ—SIO,. Figure 111.6 demonstrates the breakthrough cuofes
Ag supported on Ti@-Al, O3 supports prepared via incipient wetness (IW) and c
precipitation (CP) methods. The Ag loading was 4 48 wt%. In both Ag loadings,
incipient wetness was observed to be the prefemetthod for mixed oxide preparation.
This illustrated the beneficial effect of titaniusrides on sulfur adsorption. In the mixed
oxides prepared by incipient wetness method, mitaeitm oxide was on the support
surface. This provided more concentrated sulfuogud®n sites. As a result, the sulfur
adsorption capacity was increased. Titanium oxige icreases Ag dispersion, therefore
the silver impregnation on TGAI,O; (prepared via IW method) resulted in significant

increase in capacity.
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Figure II1.5. Equilibrium saturation capacities of neat and sisgoported mixed oxides
prepared by incipient wetness and co-precipitatn@thods. The capacities were acquired

from saturation tests with JP5 (1172 ppmw S) foh4Buel to adsorbent ratio: 20 mi/g)
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Figure I11.6. Breakthrough performances of Ag supported on,F&D,O3 supports
prepared via incipient wetness (IW) and co-preatpn (CP) methods (Bed wt.: 10g,

WHSV: ~2.51, fuel: JP5-1172 ppmw S)

[11.3.1.5. Effect of silver loading
One of the objectives of this work was to facikt&igher silver loading in active form by
increasing titanium oxide surface area. The eftédilver loading was studied on TiO
Al,O3 support to test this. Figure 111.7 illustrates threakthrough of sulfur in JP5 (1172
ppmw sulfur) using Ti@-Al,Os (Ti:Al = 1:4.4 by weight) impregnated with 4, &,1and
16% Ag by weight. Up to 12 wt% Ag loading on B#Al,O; was beneficial to sulfur
adsorption, with breakthrough (at 10 ppmw threshalid saturation capacities of 1.51

and 12.73 mg S/g adsorbent, respectively. This wasrom 4 wt% for Ag on Ti@
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support implying the effect of higher surface ar@eevious studies conducted at CM3
reported development of pore clogging with increla&g loading (more than 4 wt% AQ)
on TiO, support [70]. In this work, similar phenomenon vediserved where the atomic
utilization of silver was lower at higher loading$he obstruction of sulfur active sites by
large Ag particles was greater in 16% Ag loadeddunt to affect the sulfur adsorption
capacity. In this case, agglomeration of Ag ledhe formation of large particles and
lower Ag dispersion. The large Ag particles blocklee pores, thereby decreasing sulfur
adsorption capacity, similar to Ag/TiCadsorbents [70]. From these observations, the
optimized Ag loading on Tig-Al,O3 mixed oxide supports were estimated to be ca. 10%

by weight.

1
A4%Ag/TIO2-A1203 (1:4.4) :

0.9 4 ®#8%AgTIO2-A1203 (1:4.4) ®
W 2%Ag/TiO2-A1203 (1:4.4) A
0.8 4 ®16%AgTiO2-A1203 (1:4.4) *

0.7 - [

0.6 - @® *
S
$0.5 - n
5 ®

0.4 - o

0.3 -

e

Y A
0.1 1 ® A t
® %

0 M‘“h ' . . . :

0 50 100 150 200 250 300 350
Time (min)

Figure II.7. Breakthrough performance comparison of JH@8l,03 adsorbents with 4, 8,

12, and 16 wt% Ag loading (Bed wt.: 10 g, WHSV: +2!5fuel: JP5-1172 ppmw S)
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[11.3.2. Effect of various sulfur compounds in comucial fuels

Commercial petroleum fuels have diverse mixtureshydrocarbons considering their
origin from different distillation fractions of cde oil in the refinery. Diversity in sulfur
compounds is no exemption. The sulfur species ean with respect to the number of
aromatic rings and alkyl side chains attached toptiene (T). These factors can affect
the sulfur adsorption capacity. The PFPD chromatmgr of Figure 111.8 illustrate the
sulfur peaks of JP5, JP8, ORD, and ULSD showiniggiht sulfur species. As illustrated
from the figure, JP5 and JP8 contain almost sinslalfur compound, although JP8
contains more trimethyl benzothiophenes (TMBT). 3R8 JP8 have approximately 9%
and 29% of the total sulfur compounds as TMBT spextively. Generally diesel is
generated from the heavier fractions of crudeAsla result, it contains greater quantities
of aromatic compounds and also heavier sulfur beyetes. The chromatogram depicts
that dibenzothiophene (DBT) derivatives constitgtgnificant portion of the sulfur
species in ORD, majority of which were DBT and 4tinye dibenzothiophene (4-
MDBT). Other than ORD, ULSD also contains substituUDBT as sulfur heterocycles,
among which 4,6-DMDBT is the major sulfur compoufithe organosulfur compounds
in ULSD are the most refractory sulfur species @nésn petroleum fuels. Silver based
adsorbents have different capacities for thesekti@nic compounds as observed earlier
using model fuels [72]. In addition, there are higbncentrations of aromatic
hydrocarbons and additives in these refined fuels dlso compete for the active sites on
the acid adsorbents. In case of ULSD, the condamtraof non-sulfur aromatics is
>25000 times higher than that of sulfur heterocy.cléhis overwhelming concentration of

non-sulfur heterocycles may have a significantatféen sulfur adsorption. The effect can
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also be observed from the difference in breakthmoogpacities of the adsorbent for
model fuel and JP5 (10.67 and 1.51 mg S/g adsgrbenthis case, the structure of
different organosulfur compounds and the presefadifferent non-sulfur heterocycles
adversely affected the breakthrough capacity. Itherefore necessary to gauge the
influence of these factors through performance compn between different commercial

and logistic fuels.
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Figure 111.8. GC-PFPD chromatograms of JP5 (1172 ppmw S), JBEBgpfmw S), ORD
(452 ppmw S), and ULSD (7.5 ppmw S) exhibiting supecies present.
The fuels were used as challenges in breakthroxgérenents using 4% Ag/Ti2Al,O3
(Ti:Al = 1:4.4) adsorbent. Their breakthrough cluaeastics and sulfur adsorption

capacities are shown in Figure IlI.9 and Table3]llrespectively. The breakthrough
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capacity (calculated at 10 ppmw threshold limit) 3&5 (1172 ppmw sulfur) was the best
among the fuels. However, JP5 was the quickestatorate the adsorbent due to its
higher initial sulfur content. For JP8, the curveKe initially but had a secondary
breakthrough at around 350 min and CAC0.55 (outlet sulfur concentration~350 ppmw
S). Incoming methyl benzothiophene (MBT) was prefgially adsorbed while more
sterically hindered BT (e.g. TMBT’s) remained intleti fuel. Secondary breakthrough
marks the saturation of adsorbent by MBT's. In thee of ORD, the curve broke early
and had a secondary breakthrough similar to JR&(gth in this case at around 500 min
and C/Co= 0.45 (outlet sulfur concentration ~200 ppmw). Fegllt.10 demonstrates the
GC-PFPD chromatograms of outlet ORD samples aerdifit times of breakthrough.
Initially, sterically hindered TMBT's were the firgroup of sulfur species breaking
through (at 60 min). DBT and 4-MDBT were the foliogy ones as seen from the
chromatogram at 300 min. However, the chromatogodnoutlet ORD at 500 min
(Figure 111.10) shows that the adsorbent was slosdiurated with these compounds. The
reason for this might be the replacement of thersl aromatic compounds by DBT
and its derivatives. The adsorbent continued toordshe entire inlet MBT's till
saturation.

The sulfur adsorption capacity of 4% Ag/BHAI,O5 (Ti:Al = 1:4.4) for ULSD was
significantly lower than those of the jet fuels @dBD. The possible reasons for this are
the low initial sulfur concentration of ULSD ancktkffect of aromatic hydrocarbons and
heteroatoms competing for the adsorption sites. Mbéyl groups in DBT derivatives
e.g. 4,6-DMDBT caused steric hindrances to adsampdin the metal cations. However,

the surface acid sites (hydroxyl groups) were &bladsorb the sulfur compounds. The
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breakthrough curve leveled off at C/€®.5—-0.6 and stayed in this range till 2000 min or
100 ml fuel/g adsorbent (shown in-set of Figure9)ll The adsorbent continued to adsorb
till 6000 min or 300 ml fuel/g adsorbent. Plausilgeplanation for this might be the
replacement of adsorbed aromatic hydrocarbons tgnming sulfur compounds. In the
breakthrough tests, the adsorbent had the greatisity for BT's and the least for
TMBT’'s and DMDBT’s. The adsorbent selectivity ordeom the strongest to weakest
adsorption was observed to be: BT>MBT>DMBT>DBIDBT>TMBT~DMDBT.
Identification of the sites active for stericallintlered sulfur species and the estimation

of adsorption energies are currently being pursued.
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Figure 111.9. Breakthrough performance comparison of 4% Agi/F&,0; (Ti:Al
=1:4.4) for desulfurizing JP5, JP8, ORD, and ULBBd wt.: 10g, WHSV: ~2.51.
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Inset figure: Extended breakthrough characteristfddLSD challenge using 4%

AQITIO—Al,05 (Ti:Al =1:4.4)

Table I11.3 Sulfur adsorption capacities for 4% Ag/BAI20; (Ti:Al = 1:4.4)

adsorbent for JP5 (1172 ppmw S), JP8 (630 ppm@RB] (452 ppmw S), and ULSD

(7.5 ppmw S)
Fuel Breakthrough capacity at 10 | Capacity at saturation (mg
ppmw threshold limit (mg S/g S/g adsorbent
adsorbent)

JP5 0.9 10.11
JP8 0.12 6.11

ORD 0.64 7.40

ULSD -* 0.59

* The initial sulfur content of ULSD was lower thaf ppmw
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Figure 111.10. GC-PFPD chromatograms of outlet ORD (452 ppmwa8)ed at 60,

300, and 500 min of breakthrough experiment withAgeTiO—Al,O3 (Ti:Al = 1:4.4)
adsorbent; (Bed wt.: 10 g, WHSV: ~2.3)h

Equilibrium saturation experiment using 4% Ag/H®I,0;3 (Ti:Al = 1:4.4) with a
ULSD challenge was carried out where the fuel teodaent ratio was 10 ml/g. The GC-
PFPD chromatograms in Figure 111.11 show the sutipecies present in ULSD before
and after saturation experiment. The sulfur spewiese undetectable in the fuel after
saturation as shown from the chromatogram. The da&éeection limit calibrated for the
GC-PFPD method in splitless mode was 75 ppbw. I@atisorbent was able to remove
>99% of the sulfur species and desulfurize ULSDalimost zero sulfur content. This
demonstrates the excellent selectivity of the dmmar toward thiophenic sulfur

compounds.
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Figure Il1.11. GC-PFPD chromatograms of ULSD before (below) dtet éabove)
equilibrium saturation experiment using 4% Ag/FH®I,03 (Ti:Al = 1:4.4) adsorbent

(Saturation time: 48 h, fuel to adsorbent rationil(y)

[11.3.3. Regeneration
The regenerability of silver adsorbent supported p—Al,O3z was tested by heating the
saturated adsorbent bed in flowing air. The tentpesawas slowly ramped to ensure
appropriate evacuation of hydrocarbons and PASktues from the adsorbent bed.
After this, the bed was cooled down and testednaigabreakthrough tests. The adsorbent
was taken through 5 cycles of adsorption-regermratsing JP5. Figure 111.12 illustrates
the breakthrough curves for fresh and regenera?éd Ag/TiO—~Al,O3 (Ti:Al = 1:4.4)

adsorbents. The breakthrough performance was ¢ensi®r multiple cycles. To check
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the surface topography of the adsorbent after mrgdion, the samples were studies via
SEM. Figure 111.13 shows the SEM images of fresd eagenerated adsorbent after five
cycles. No significant difference could be seemwieen the two samples, indicating
stability in multi cycle heat treatment. Usually feupported metal catalysts, especially
supported ony-alumina, multiple heat treatment can cause matdkering, thereby
reducing activity. The phenomenon was not obseherd, implying that titanium oxide

stabilizes silver oxide phase interacting with ahe{103].
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Figure I111.12. Breakthrough performance comparison of fresh agemerated 12%
Ag/TiO—Al,Os (Ti:Al = 1:4.4) adsorbents (Bed wt.: 10g, WHSV: 52, fuel: JP5-1172

ppmw S)
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Figure 111.13. SEM images of fresh and regenerated (After 5 syd@% Ag/TiO—

Al,O3 (Ti:Al = 1:4.4) adsorbent

[11.4. Conclusions

Silver on TiQ—Al,0O3 and TiQ—SiO, mixed oxide supports were observed to be effective
sulfur adsorbents for both high and low sulfur eaming fuels. The adsorbents enhanced
the sulfur adsorption capacity (mg S/g adsorbend) lawered the exit sulfur threshold
(ppmw S). In continuous breakthrough experimenis, Ag/TiO—Al,O3 (Ti:Al = 1:4.4)
demonstrated saturation capacities of 10.11, Ghd, 7.40 mg S/g adsorbent for JP5
(1172 ppmw S), JP8 (630 ppmw S), and ORD (452 p@ywespectively. The adsorbent
was able to desulfurize ULSD (7.5 ppmw S) down dsslthan 75 ppbw S in the
saturation experiments. Incorporation of FiGnto high surface area A); and SiQ
increased the number of sulfur adsorption siteg. Mixed oxide supports were also able
to host more silver oxides (up to ~12 wt% Ag) as destrated by the increase in
capacity. The 12% Ag/Ti&-Al,O3 (Ti:Al = 1:4.4) adsorbent had a saturation capaafty
12.73 mg S/g adsorbent for a JP5 challenge in breakgh experiments. The mixed

oxides prepared by incipient wetness method wereereffective in sulfur adsorption
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because of greater presence of titanium oxides lmn durface. Differences in
desulfurization performance were observed for diffé fuels and attributed to variations
in organosulfur species. Methyl and ethyl groupsdited to thiophenic derivatives
created steric hindrances to adsorption on theersibations. After examining the
breakthrough performance of 4% Ag/T#Al,03, the order of adsorption affinity toward
the sulfur species (from the strongest to weakesomtion) was observed to be:
BT>MBT>DMBT>DBT~MDBT>TMBT~DMDBT (based on their order of appearance
at the bed outlet). The adsorberdintained its capacity and stability after mukiglycles

of adsorption-regeneration operations with JP5lehgé. Thus, silver on mixed oxide
supports would provide better efficacy by enhancihg capacity and the extent of
desulfurization while maintaining regenerabilitgatability, and operability at ambient
conditions. Future work will focus on the charazation of the adsorbents and on the

mechanism for the adsorption of sulfur heterocyatesmbient conditions.
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Iv. Mechanism of hydrocarbon fuel desulfurization usingAg/TiO ,—Al,Ozadsorbent

Abstract

Silver supported on mixed oxides have shown prosnésean advanced sulfur adsorbent
with deep desulfurizing ability and scalabilitytie fitted into on-board fuel cell systems.
However, its application into a workable technologguires thorough understanding of
the sulfur adsorption mechanism. This chapter ptesthe characterization of Ag/Ti©
Al,0O3 (10 wt% Ag, Ti/Al = 1:4.4) adsorbent for appliaats in pre-reformate cleaning of
Proton Exchange Membrane (PEM) fuel cells. The dmsd demonstrated effective
sulfur adsorption capacities at ambient conditi¢t3.06 mg S/g adsorbent for model
hydrocarbon fuel containing benzothiophene). Thés vachieved through greater FiO
(<4 nm, from x-ray diffraction) and Ag dispersio(ts23% for 10 wt% Ag, from @
chemisorption). Anatase-TpQlispersion on AlD; provided increased adsorbent activity
(3.27 eV band gap, from UV-vis spectroscopy), higherface acidity (~14 cc/g NH
uptake at P = 800 mm Hg, from Nldhemisorption), and exerted in more defect sites (
Lewis acid sites) for Ag incorporation. T#AI,O5; provided both strong and weak
Bragnsted sites (from infrared studies using Ammpoajé-lutidine, trimethyl chlorosilane,
and thiophene as probe molecules). Organosulfurorptisn on Ag/TiQ—AlOs
adsorbent was primarily attributed to surface hygl® (via hydrogernd bonding) and

surface bound silver oxides (uwtebonding).
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IV.1. Introduction

Logistic and transportation fuels are ideal fordarcing hydrogen in portable fuel cell
systems for their higher energy density, availahilind operational safety. However, the
sulfur compounds in these fuels can poison fudlalettrodes and reforming catalysts.
As a result, fuels with ultra low sulfur contenO(% ppmw) are tolerable at the anode side
of systems such as Proton Exchange Membrane (PHM) ¢ells [11, 104].
Desulfurization of transportation and logistic sié&br these applications is tricky because
of their differences in sulfur concentration (15npp S in ultra low sulfur diesel and
500-3000 ppmw S in jet fuels). Among several desization processes [9, 37, 105-
107], adsorptive desulfurization is promising irogucing inexpensive ultraclean fuels
for on-board fuel cell systems because of its lowrgy requirements and scalability.
However, the challenging step for its feasible mapion is the development of a high
capacity adsorbent formulation that can desulfufim# down to parts per billion (ppb)
levels and can work for a variety of fuel blendsndng several adsorbent formulations
studied so far [20, 102, 105, 108, 109], silverdoaadsorbents have shown effective
desulfurization capability at ambient conditionsdamgenerability [70, 72]. Recently,
TiO, has been dispersed onto high surface are@®s;Adnd SiQ supports (via Ti-
isopropoxide impregnation followed by calcinatiom) order to increase the active
surface area and Ag loading. The novel AgFHAI,O3 and Ag/TiIQ-SIO, adsorbents
have enhanced sulfur adsorption capacities for lmgfistic and commercial fuels [110].
In addition, the formulation can desulfurize fuelswn to parts per billion by weight

(ppbw) levels and render them applicable to fuélsystems [110].
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The optimized application of this formulation calits an effort to understand the sulfur
adsorption mechanisms involved. In previous wokg,adsorbent supported on TiO
was characterized through electron spin resonal@R) and x-ray photoelectron
spectroscopy (XPS), where silver (I) oxide ¢8) was observed to be the active Ag
phase [70, 71]. Our earlier observations also ledouthe premise that both silver and
titania have individual sulfur adsorption capaait[@10]. Further characterization of the
adsorbent is necessary to investigate the dispekgeand TiQ phases, the amount of
dispersion, and the possibility of a synergistieefamong the sites.

Previously we observed a relationship between suwtisorption capacity and surface
acidity regarding Ag/TiQ adsorbent [100]. The enhancement in surface gcuwlds
similar to that in sulfur adsorption capacity inrms of calcination and metal
impregnation. The adsorbent was observed to be eextive toward the aromatics
with more basic or electron rich functional grouesg. N>S>0) [100]In our recent
work, the use of acidic Ti&Al, 03 and TiQ—SIO, mixed oxides has resulted in higher
sulfur adsorption capacities [110]. Mixed metald®s can exert in higher concentration
of surface acid sites than either of its componatise [74] and also facilitate active
metal dispersion by creating more defect sites [11P]. As a result, more active silver
phase might be incorporated onto these mixed cugeorts. This would in turn increase
the sulfur adsorption capacity. Hence further stsdin these adsorbents would determine
the influence of surface acidity on adsorbent atibn. The acquired knowledge
regarding sulfur adsorption mechanism would furtflaerlitate more advanced adsorbent
formulation and the adsorption process optimization implementation in fuel cell

systems. This study would also help to tailor th#sasbent formulation and the
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adsorption process according to different fuel 8¢exe.g. high sulfur jet fuels or low
sulfur diesels).

In this study, we studied the desulfurization measia of Ag/TiO—Al,O3 adsorbent for
applications in PEM fuel cell power systems. Dagidhation experiments were carried
out to gauge the contributions of Ag and Ti@hases. X-ray Diffraction (XRD), Raman
spectroscopy, UV-vis. Diffuse Reflectance Specwpgc (UV-DRS), and ©
chemisorption were employed to identify the aciiases and to study the effects of Ag
and TiQ dispersions. The adsorbent acidity was measurad\t; adsorption, while
Infrared (IR) spectroscopy was employed to iderttily surface acid sites on the neat and

Ag supported Ti@-Al,Os. The postulated sulfur adsorption mechanisms iscusised.

IV.2. Experimental

The adsorbent preparation steps have been mentiosedtion I1.1. The Ti:Al and Ti:Si
weight ratio were constant all throughout this d¢baf1:4.4 and 1:3.9, respectively),
however Ag loading was 10 wt%. During final caldina, air was used as the calcination
gas unless specified otherwise. The model fuel usedhe equilibrium saturation
experiments was prepared by mixing 3500 (+25) ppgnas benzothiophene (BT) with
n-octane.

For the desulfurization experiments, static satoimatests and fixed bed continuous
adsorption (breakthrough) experiments were cawigdvith model fuel. Comprehensive
treatises on the saturation tests and the capaaltulation methods are described in
section 11.3.1.The fuel to adsorbent ratio was 20omfuel per g of adsorbent. The
experimental details of breakthrough tests andyarsatan be found in section 11.3.2 and

section I1.3. The bed weight, diameter, volume, amdrall aspect ratio (bed length:bed
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diameter) were 10 g, 1 cm, 15-16°crand 22, respectively. The analytical techniques
used in adsorbent characterization have been besdcin section I.5. Experimental
details on the ammonia chemisorption and IR spsctqoy can be found in section 11.6
and I1.7. For the IR analysis in this work, anhy@scammonia (source: Airgas), 2,6-
lutidine, trimethyl chlorosilane (TMCS), and thiapte (T) (source: Alfa Aesar) were
used as probe molecules. The pretreatment, prolecate treatment, and IR analysis
steps were performed situ.
IV.3. Results

IV.3.1. Effect of TiQ and Ag dispersion on sulfur adsorption capacity
Saturation experiments were conducted using model to compare the sulfur
adsorption capacities. Figure IV.1 shows the stituracapacities of anatase L0~
Al,O3, and Ag/TiQ—Al,0s. TiO—~AIlO3 showed 89% higher capacity than Fi@nd
silver incorporation further increased the sulfapacity by 91% as compared to O
Al,Os;. Titania dispersion resulted in smaller crystalsl anore edges and corners,
consequently increasing the active sites for sudfisorption. The resulting THSAI,03
provided sites for higher Ag loading, as observedvipusly [110]. Assuming the
difference in capacities of TE©AI,O3; and Ag/TiQ—AI, O3 came from silver sites only,
the ratio of adsorbed sulfur molecules to the arhafnAg molecules were 0.21:1.
Therefore, around 21% of the Ag atoms (in the fafrsilver oxides) were active in
sulfur adsorption. This is also practically sigoéint since we are decreasing the amount
of more expensive materials (Ag and 7y diluting them, and are increasing the
sulfur adsorption capacity as well. This is to lmexd here that we used model fuels to

rule out competitive adsorption issues. The diffiees in sorption behavior for different
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organosulfur compounds and the effect of non suHtwmatics were investigated

previously [110].
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Figure IV.1. Sulfur adsorption capacities estimated from sétumaexperiments (fuel:
model fuel-3500 ppmw S as BT + C8, fuel to adsotib&to: 20 ml/g, saturation time: 48

h)

IV.3.2. TiO, phase determination

Figure 1IV.2 (left) shows the XRD graphs of A0z TiO-SiO,, and individual
oxides for reference. The TiQAI,O3 sample diffractogram showed onjyAl,Oz; peaks
while the TiGQ-SiO, sample diffractogram did not show any peak. Thesabs of any
titanium/anatase-Tigrutile-TiO./brookite-TiQ, peaks implied that either the supported
titanium oxide was present in an amorphous andrdised phase or the TiO
(rutile/anatase/brookite) particles were too snallbe detected by XRD. Figure V.2
(right) shows the XRD signatures of Ag/hAI,O; along with Ag and AgO for

references. The absence of any peak representinghage (i.e. Ag, Ag, or AgO)
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indicated that Ag phase was below the detectioit ldhXRD. In both cases, titanium

and silver phases were adequately dispersed (apaditles) on the supports.

* Anatase TiO,

M“MR + Gamma Al O,
L MOZAIQOJ

+Gamma Al,O,

i0,-Si0,
T +
LB, Ag/TiO,-ALO;
TiO, A0
e S0, ‘ : ‘ Ag metal
3‘() 5‘0 7I0 QIO 3IO 50 70 90

Angle (2 Theta)

Angle (2 theta)

Figure IV.2. Left: XRD patterns of Ti@-Al,O3 (Ti/Al = 1:4.4), TiO~SIiO;, (Ti/Si =

1:3.9) mixed oxides and TiDAI,Os, SiO, supports for reference. Right: XRD patterns
of 10 wt% Ag/TiQ—AIl,O3 (Ti/Al = 1:4.4) adsorbent and A@, Ag powders for

reference

To determine the Ti®@phase on Ti@-Al,Oz and Ag/TiG—Al, O3, Raman spectroscopy
was employed. Raman spectroscopy has shown higimsitisity for metal oxides, as
reported previously [73]. It is extremely sensitigethe formation of crystalline anatase
and rutile phases of TigJ113]. Figure 1V.3 illustrates the Raman spectraeat and Ag
supported Ti@-Al,O3 at 100-1000 cfif ranges. The anatase-Ti@ndy-Al,Os spectra
are also shown for reference. The F@I,O3 spectrum showed bands at 141.5)(E96
(Eg), 395 (By), 515 (ByA1g), and 636 crt (Eg), which were indicative of anatase-TLiO
[114-116]. This pointed out that the prominent gha$ TiO, in TiO—~Al,O3 was in
anatase form [73, 79, 115]. No band representiriderphase was observed in the
spectrum [114]. In addition, no band representirg—H or —C—C vibrations was

observed at higher (1000—3000 ¢mmot shown here for brevity) wavenumbers [117].
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Therefore, there was no presence of titanium psecsy ensuring complete
decomposition to titania during calcination. The /A@—Al,O3; sample spectrum
showed similar bands, although in this case thaldavere shifted. The shifting might
have occurred because of the change in anatase etyyn(iii—O—Ti) and might have
resulted from silver addition [115]. In the caseggamma-alumina samples, no significant
band was seen. Therefore, the titanium oxide in,AFAD,O0; and Ag/TiIQ—Al,O3 were

present in anatase phase.
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Figure IV.3. Raman spectra of TiQAI,O3 (Ti/Al = 1:4.4), 10 wt% Ag/TIQ-AIl,O3
(Ti/Al = 1:4.4), anatase Tig) andy-Al O3

IV.3.3. Effect of Ag—TiQ dispersion

The electronic spectra of neat and silver-suppont@ced oxides along with TiD(as

reference) are shown in Figure 1V.4. Backgrounctspewnere subtracted from all sample
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spectra (BaS©for TiO,, Al,Os for TiO—-Al,O3 and Ag/TiQ—AIl,O3). The adsorption
edge of TiQ-Al,O3 was higher than that of TPOThe adsorption edge of Ag/TAAI,03
was the highesand showed adsorption edge in the visible region. Teet table in
Figure 1V.4 exhibits the band gap calculated froM-DRS absorption data. The band
gap of dispersed Ti¥Dwas much lower than that of anatase-lithdicating higher
activity resulting from dispersion. Silver incorpgion further lowered the band gap. The
presence of Agcan shift TiQ absorption edge toward visible rarme creating oxygen
vacancies and enabling charge transfer betwee€nafd TiQ [98]. The visible light
activation and band gap reduction can enable theerrahto transfer electrons more
easily, therefore it can facilitate the subsequmntding with organosulfur species upon

adsorption [98].

............. Ag/Ti0y-Aly0O5
g — — —  Ti07-Al»0O3
S T107
<
LE
-é Adsorbents Bend/Clap (¥}t
5 Room Temperature
Z' Anatase-Ti0, 3.60
© TiO, in Ag/TiO
= - = - 2.92
Q Al,O;
"'-I-u..-...!:“! —
500 600 700 800
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Figure IV.4. UV-vis diffuse reflectance spectra (Kubelka-Munknétion versus
wavelength) of Ti@-Al,O3 (Ti/Al = 1:4.4), 10 wt% Ag/TiQ-Al,Os (Ti/Al = 1:4.4), and

78



anatase Ti@ In-set table: Band gap calculated from UV-visfulie reflectance

spectroscopy [37]

IV.3.4. Silver phase determination- Influence efatiment environment

The effect of calcination gases on desulfurizapenformance was studied to determine
the active silver phase. Ag/TiQAl,O; after AQNQ impregnation was calcined in
different gases: air, nitrogen, and hydrogen. Theeg represented oxidizing, neutral
(partial reducing), and reducing environments, eetipely. The calcination temperature
was kept at 451 for each case. After calcination, the coolinggess was carried out in
the respective gas environmem §itu). After each cooling process, the adsorbent bed
was charged with model fuel without exposing itatabient air. Figure IV.5 shows the
breakthrough performances of these adsorbent sanidéle IV.1 presents the adsorbent
capacities at breakthrough and at saturation. eéized adsorbent demonstrated the
highest capacity, reiterating that the adsorberg acive in an oxidized form. Most of
the sulfur adsorbents reported in literature atev@dn reduced forms [20, 45, 47, 68].
This unique feature makes the desulfurization aggmeration processes much simpler

and cheaper since no expensive gases are required.
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Figure 1V.5. Breakthrough performance comparison 10 wt% AgtFl,0; (Ti/Al =

1:4.4) adsorbents calcined in air, nitrogen, andrdgen for desulfurizing model fuel

(3500 ppmw S as benzothiophene + n-octane)

Table IV.1 Sulfur adsorption capacities estimated from bigakigh experiments using

model fuels
Breakthrough Capacity at
Breakthrough
Adsorbents Calcination Gas Capacity at 10 | Saturation (mg
Time (min)
ppmw (mg S/g)| S/g adsorbent)
Air 116 14.37 17.63
Ag/TiIO—Al,0O3 Nitrogen 100 12.39 15.98
Hydrogen 60 7.43 9.46
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IV.3.5. Effect of Ag dispersion on Ti©GAI,O3
The Ag dispersion on different supports was esthaia oxygen chemisorption studies
[92, 93]. Table IV.2 presents the Ag surface araad Ag dispersions of Ag/TiD
Ag/Al,O3, and Ag/TiIQ—AI,O3 (10 wt% Ag loading in each sample). The aptake of
blank TiO—Al,Ozis also shown. The value, however minor, represeterror range of
estimated values (3-5%). This @ptake might have also indicated the sub-stoicktoyn
in TiO,.The highest silver surface area was observedeimmitted oxide, which was 55%
and 65% higher than those in Bi@nd ALOs. Therefore, TiQ increased the silver
incorporation sites when dispersed on@l The TiQ—Al,O3 support was able to create
more defect sites; thereby increasing silver dsparand eventually enhancing sulfur
adsorption capacity. This finding was in agreenveith our previous work where higher
Ag loading (up to 12 wt% Ag) on TiEBAI,O3 brought about beneficial effect to sulfur
adsorption, as compared to that on J{©Only 4 wt% Ag) [110]. The Ag dispersion on
Ag/TiO—Al,O3 was measured to be 22.89%. Compared with the salfisorption
capacity of Ag (0.21 mol S/mol Ag, see section 3approximately 92% of the exposed
Ag participated in sulfur adsorption.
Table IV.2 Silver surface areas and dispersions measureddkygen chemisorption

(temperature: 170°C)

Monolayer Uptake Silver Surface Areg _ .
Samples , Dispersion (%)
(umol/g) (m“/g)

TiO—-Al,03 6.2 - -
10 wt% Ag/TIQ 137.2 7.19 14.80
10 wt% Ag/ALOs; 128.7 6.74 13.89

10 wt% AQ/TiO—
212.1 11.11 22.89
Al,O3
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IV.3.6. Measurement of surface acidity in mixeddexsupported silver adsorbents
IV.3.6.1. NH; adsorption

The acid site concentrations of individual and rdixaeetal oxide supports have been
measured via Ngladsorption. It is an effective method to quantiey measure surface
acid site concentrations [78]. In this work, we di$¢H; as the probe molecule since it
can interact with both Lewis and Brgnsted sites.;Ndda strong base and can be
adsorbed on both strong and weak Lewis sites. §tByansted sites can also protonate
NHz molecules to form Ni. Figure IV.6 illustrates the NHuptakes (both strong and
weak) of individual and mixed oxides at 800 mmHegfdde adsorption, all samples have
been activated at 400 °C, as stated in the expetahsection. The Ngluptakes of TiQ-
Al,0O3 (strong) and of Ti@-SiO, (weak) were the highest, followed by those of@l
TiO,, and SiQ. The higher surface acidity of T3@Al,O3; implied the synergistic effect
of mixed oxides. Titania dispersion on $i@lso increased its surface acidity as compared

to Si0G, alone. Hence, titania dispersion resulted in sertecidity enhancement.
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Figure IV.6. Ammonia uptake of anatase $jQTiO,, y-Al,O3, TiO2-SiQ (Ti/Si =
1.3.9), and TiQ—Al,0O3 (Ti/Al = 1:4.4) at 800 mmHg measured from adsanpti

experiments (temperature: 175 °C)

IV.3.6.2. IR spectroscopy using probe molecules
IR spectroscopy using probe molecules is a welhbdished method for qualitative
measurement of surface acidity [81, 118]. The lRectja of samples before and after
treatment with probe molecules are shown in Figuté—10. Table IV.3 represents the
corresponding assignments. All the bands repredetitemisorbed species since the cell
was evacuated prior to analysis. Figure IV.7 shthesspectra of calcined and pretreated
TiO~AlO3 and Ag/TiQ—-AIl,O; samples. The —OH stretching vibrations was seen at

3500-3750 chtin the spectra [119, 120]. After Ag incorporatitine overall intensity of
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—OH decreased slightly, implying that some of tlyelrbxyls were replaced after Ag
impregnation [121]. However, an additional —OH winéng band (3727 cr) was
observed in the Ag/Ti@-Al,O; sample spectrum. The formation of these —OH groups
might have been closely related to Ag impregnatitime bands at these region (3720-
3740 cm®) have been reported to be the —OH groups at corard edges [122].
Therefore these —OH groups were single surfaceohyts.

Ammonia: In the IR study, Nslwas used as a probe molecule to detect strongsByan
and Lewis acidity [78]. Figure IV.7 shows the IRespra of NH treated samples. In the
treated sample spectra, bands representing sothe bfydroxyl groups (3650—-3750 tm
1) were low in intensities as compared to thosehiuntreated spectra. The 3727 tm
band in Ag/TiQ-Al,O3; + NH; sample spectrum was also absent, indicating the
interaction of NHwith these sites. Broad bands were observed at-Z2®D cm'in the
TiO—~Al,O3 + NHs spectrum and at 3100-3450 ¢nin the Ag/TiO—Al,O; + NHs
spectrum. These bands have been assigned to aratimbiof N-H stretching vibrations
of adsorbed Nkl molecules [123] and the NH vibrations resulting from interactions
with hydroxyl groups [124]. Hence significant amobwoh Lewis sites and active hydroxyl
groups were present on the adsorbents samples. udowenly the single surface
hydroxyl groups participated whereas the bridgeelsai3400—3600 cf) appeared to be
inaccessible to NEitreatment.

At the 1200-1800 cmwavenumbers, both treated spectra showed a standjdentered
at 1620 cri’. The band has been assigned to a combinatioreé{/Hs),s deformations

of adsorbed ammonia molecules [123] and possiblgdsiorbed NEK[122]. The 1620

cmi *band was broader in the TiAI,O3+ NHzspectrum. This might have resulted from
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adsorbed water [120]. Water might have been pratlficen the reaction between NH
and —OH groups (NfH#+ OH— NH; + H,0O). This phenomenon was observed only in the
TiO—~Al,O3 sample. Broad shoulders at ca. 1248 and 1200 ionthe NH; treated TiG-
Al,0O3; sample spectrum were observed. In the treated 8gfHRl,O3; sample spectrum,
the band was shifted to ca. 1180 &nThese three bands denof&tiHs)s vibrations of
coordinatively bound ammonia on Lewis sites [12B6]1 The presence of two different
bands in TiG@-Al,0O3 sample spectrum indicated the presence of twordifte_ewis sites
[125]. During silver impregnation, one of these liewites (defect mediated sites) might
had been blocked, exposing the Brgnsted sites [IRtdrefore, only one major band
representing coordinated NHnolecules (1180 cr) was observed in the Ag/TiO
Al,0O3 + NHz spectrum. The NKltreated TiQ-Al,O3; sample spectrum had a broad band
centered at 1460 ¢ which has been assigned to the asymmetric defmeibrations

of NH,;" on surface Brgnsted sites [124, 125]. The bandakasnt in Ag/TiG-Al,Os +
NH3; sample spectrum, indicating that Ag ions replated+OH groups (representing this

band in TiQ—Al,O3) during silver impregnation stage.
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Figure IV.7. In situ IR spectra (in transmission mode; Y-axis in trarieance-A.U.) of
calcined and pretreated T#EAl,03 (Ti/Al = 1:4.4) and 10 wt% Ag/Ti@-Al,O3 (Ti/Al =
1:4.4) adsorbent samples before and after treatmiémammonia

2,6-lutidine: Figure 1V.8 exhibits the spectra of 2,6-lutidineated samples. 2,6-lutidine
has been used to detect weak Brgnsted acidity [TI2¥ sterically hindered amine is
preferentially adsorbed on proton acid sites evepresence of strong Lewis sites and
thus can act as a good titrant for the Brgnstess §it28]. Both treated sample spectra
showed several bands (Figure IV.8). The commeynand vg, vibrations of ligated
lutidine molecules was seen at 1575 and 1613, amspectively [129]. However, these
bands were very strong and broad, that might had@eh additional bands in between.

Another strong and broad band centered at 146T wms observed in both treated
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spectra. These bands represented Lewis sites @ad#oebent surface. A small band was
observed at 1540 cthin the Ag/TiOQ—Al,Oz + 2,6-lutidine sample spectrum. This band
has been assigned to the vibrations of lutidinesgides adsorbed on Brgnsted sites [129,
130]. This indicated the presence of weak Brgnsies$ on Ag/TiQ-Al,Os. The TiOQ—
Al,O3 + 2,6-lutidine sample spectrum showed the bandssepting protonated species
at 1626 and 1640 c[127]. These bands represented the strong Brositesi (single
surface hydroxyl groups at edges and corners)rthght have formed bonds with the
sterically hindered lutidine. These active siteg/rha able to remove sterically hindered
4,6-dimethyldibenzothiophenes from fuels such dasaubw sulfur diesel, as observed
before [110].

At higher wavenumbers, the bands representing &iipk2929, 2978 ci) and aromatic
(3066 cm”) —C—H stretching vibration was seen in the AghFi®,0; + 2,6-lutidine
sample spectrum [122]. This suggested that AgAKDO; had higher adsorption
capacity for lutidine than Ti©@-Al,Os. The broad bands at 3200-3500 and 3100-3500
cmt in lutidine treated Ti@-Al,Os; and Ag/TiQ—Al,Os spectra have been attributed to

the perturbed hydroxyl groups interacting withdirte molecules.
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Figure IV.8. In situ IR spectra (in transmission mode; Y-axis in trarisance-A.U.) of
calcined and pretreated T#EAI,03 (Ti/Al = 1:4.4) and 10 wt% Ag/Ti@-Al,O3 (Ti/Al =
1:4.4) adsorbent samples before and after treatmiém®,6-lutidine

TMCS Figure IV.9 shows the IR signatures of TMCS treaddorbent samples. TMCS
has been used to detect vicinal and geminal hydsasingle —OH groups) [131]. The
participation of hydroxyl groups were evident frahe spectra (Figure IV.9), where a
significant decrease in hydroxyl band intensitiesl aubsequent formation of broad
bands at lower wavenumbers (3100-3500‘tmwere observed. The decrease in
intensities of —OH stretching bands therefore comdd the presence of single surface

hydroxyl groups, which included the —OH groups fedrafter Ag incorporation (3727
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cm ). Besides these, the bands representing TMCS miekeavere also observed in the

sample spectra (2954, 1449, 1412, and 1253)cm

— TiO,-ALO,
— Ti0,-ALO, + TMCS
— Ag/TiO,-ALO,

— Ag/TIO,-ALO; + TMCS

1449

3727
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Figure IV.9. In situ IR spectra (in transmission mode; Y-axis in trarieance-A.U.) of
calcined and pretreated T#EAl,03 (Ti/Al = 1:4.4) and 10 wt% Ag/Ti@-Al,O3 (Ti/Al =
1:4.4) adsorbent samples before and after treatmiémtrimethyl chlorosilane (TMCS)
IV.3.7. Determination of sulfur adsorption sites
To determine the sulfur adsorption sites, JF8I,0; and Ag/TiQ—Al, O3 adsorbent
samples were treated with thiophene in vacuum (@00rr) followed by IR analysis. In
the 1200—-1800 cm wavenumber region of Ag/TAI,Os+ T sample spectrum (Figure
IV.10), three distinct bands at 1641 (H-O-H benduilgyations of water impurities),
1393 (perturbed C=C stretching vibrations of thiepé rings), and 1249 ¢rh(in plane —
C-H bending vibrations of thiophene rings) werensg2, 132-134]. The 1393 and

1249 cm® bands were red-shifted from those representing fréophene molecules
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(1409 and 1256 cm) [123], indicating that the orientation of adsatbthiophene
molecules was parallel to the adsorbent surfacés pbinted to thert-interactions of
thiophene molecules with surface sites [134]. TB@3land 1249 cim bands were absent
in TiO—~Al,O3 + T sample spectrum, implying that the Ag ions everimarily
responsible for-interactions. This was in agreement with the ditere that reported the
adsorption of sulfur heterocycles on metal ionswvia@ectrons [3]. The red-shift of the
bands representing —OH groups from 3700-3750 t3100—3450 cil reiterated their
participation in adsorbing thiophene molecules. H@-H stretching vibrations of

adsorbed thiophenes was also evident from the 888680 cm'[122)].
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Figure IV.10. In situ IR spectra (in transmission mode; Y-axis in trarttance-A.U.) of
calcined and pretreated T#EAI,03 (Ti/Al = 1:4.4) and 10 wt% AQ/Ti@-Al,O3 (Ti/Al =

1:4.4) adsorbent samples before and after treatmiémthiophene (T)
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Table IV.3 IR bands and their respected assignments fomeal@dsorbents before and

after treatment with different adsorbate molec(ldse “x” symbols indicate observed

bands in untreated/treated T#Al,03and Ag/TiQ—Al,O3 sample spectra)

LWavenumbe _ TiO—|Ag/TiO-
Treatmen _ Assignments Reference
(cm™) Al,Oz| Al,O3
No 3500-3750 . o X X
—OH stretching vibrations [119, 120]
treatment 3727 X
1180 vibrations of coordinatively bound X
V2 y [125, 126]
1200, 1248 NH3 X
1460 v4(829 asymmetric deformation of N x [124, 125]
. Combination oB(NHz3),s deformations
Ammonia 1600-1650 X X [122, 123]
of adsorbed NEI& of adsorbed Nkl
Combination of N—H stretching
3200-3450| vibrations (NH) and NH," vibrations | x X [123, 124]
after interacting with —OH
1461 Lutidine, coordinatively bound on LAS x X [78, 127]
1540 Lutidine on BAS X [130]
and ibrations of lutidine,
1575, 1613| V% Ancivea VIDIAH HHe x x | [127, 129]
26 coordinatively bound on LAS
Iuti;jine 1626, 1640 Lutidine chemisorbed on BAS < [127
2929, 2978, —C-H stretching vibrations of aliphati N (122]
3066 and aromatics
121, 135,
3050-3350| Perturbed (—OH) stretching vibrationsx X [ 136]
Trimethyl 1255 v Symmetric deformation of —GH X X
chlorosila 1412 , x
—CHs; deformation [131]
ne 1449 X X
(TMCS) 2954 Adsorbed TMCS groups X
1249 8(—C—H) bending vibrations in plane X [123]
1393 Perturbed(C=C); vibrations of T rings X [133, 134]
. 1641 H-O-H bending vibrations of water X [120
Thiopheng - . - -
3080 —C—H stretching vibrations of T rings X [122
. I 121, 135,
3100-3450| Perturbed (—OH) stretching vibratigns X b [ 136]
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IV.4. Discussion

Enhanced sulfur adsorption capacity was achievedidpersing Ag and Ti©onto high
surface area supports such as,Bl Ag/TiO—~Al,O; reduced the outlet sulfur
concentration to PEM fuel cell application range,saen previously [110], therefore it
possessed adsorption sites that were highly sedeftdr sulfur heterocycles. Consequent
addition of TiQ and Ag reduced band gap, as observed by UV-DRSunements. Nkl
adsorption indicated higher overall surface acidityTiO—Al,O3; mixed oxides. The
XRD signatures of adsorbent samples did not shoyitamium oxide peaks. However,
Raman indicated that the supported JMlas in anatase phase. Therefore, the anatase
TiO, particles on Ti@-Al, O3 mixed oxidewere in dispersed states with particle sizes
lower than the XRD detection limit (ca. <4 nm). $hesulted in higher acidity of anatase
as well as greater exposed areas at corners amd.eldigaddition, the concentration of
coordinatively unsaturated sites (CUS) was incrapaving the way to higher Ag
dispersion. This was supported by thedBemisorption results that indicated the highest
Ag dispersion for Ag/Ti@-Al,O3. The CUS also facilitated the formation of hydrbxy
groups strong enough to protonate species upon@oso This was supported by the IR
spectra of TiG-Al,03 samples treated with NH1540 cm?) and 2,6-lutidine (1626 and
1640 cm?). Silver is most likely to be incorporated withGgias single atom, as observed
from the XRD results discussed before and fromBEKAFS studies reported by others
[137].

From the above findings, the following mechanismr #&g impregnation can be
postulated (shown schematically in Figure IV.11(&)11(b), and 1V.11(c)). When Ag is

impregnated, it occupies either the CUS Lewis Sitethe Brognsted sites (produced after
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the relaxation of Lewis sites by moisture in alymong the CUS Lewis sites, Ag
occupies ther-Lewis sites (4 coordinated *fiions) [125]. This was evident from the IR
spectra of NH treated samples. In addition, Ag replaces sontbettrong —OH groups,
especially the ones at corners and edges. Thisswagorted by the absence of bands
representing protonated species (1540'@mthe NH; treated sample spectrum and 1626
and 1640 cit in the lutidine treated sample spectra) in the téaAg/TiO—Al,O3
sample spectra. However, new —OH groups (represeloyethe 3727 cit band in
pretreated Ag/Ti@-Al,O3; sample spectrum) were observed after Ag additiesulting
from Ag impregnation. This phenomenon was in agex@mvith the literature reported
by other researchers [125]. These —OH groups welieved to be the single surface
hydroxyl groups (as evident from the IR spectrunTRICS treated Ag/Ti@-Al,Os), and
were weak in strength (as evident from the 1540'and in lutidine treated Ag/Ti©
Al,0O3; spectrum). The above discussion was only focusedA@nTiO, interactions.
Besides this, a fraction of Ag might have also beepregnated on the AD; surface.
However, we assumed that most of the Ag was im@teghon TiQ surface, based on
the iso-electric points of anatase-%i@ndy-Al,Os. There might also be a possibility of —
OH presence on Ag surfaces as AgOH, as observedthsrs [138]. However, no
evidence for such specie was observed in this work.

The IR spectra of thiophene treated adsorbent ssnighd to the premise that thiophene
molecules were adsorbed parallel to the AgLtF&),0O3 surface, whereas such interaction
was absent in Ti@-Al,Os. Therefore, Ag primarily adsorbs sulfur compoumniks 7-

interactions, while the —OH groups primarily adsatia direct hydrogew/ bonding
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between the S atoms and Eations. Figure IV.11(d) and IV.11(e) schematicahow

the adsorption mechanisms.

—OH groups

Titanium

K
: » ¥ o i .
(a) Supported TiO, after (b) Activated TiO, after the
activation relaxation of vacancy sites
—OH group
—Silver

(¢) TiO, after Ag
incorporation

(d) Sulfur adsorption on Ag* ‘ (e) Sulfur adsorption on —
sites via m-interactions OH groups

Figure IV.11. (a), (b), (c): The sequence of Ag impregnation éDFAIl,Os; (d), (e)

Sulfur adsorption mechanisms on Ag/F#@\I,0s.
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IV.5. Conclusions

Ag/TiO—Al,O3 demonstrated enhanced capability in desulfuriziggid hydrocarbon
feeds for PEM fuel cell systems. The adsorbent262%6 higher saturation capacity than
titania alone (based on work with model fuel). Tiispersion on AD; resulted in the
formation of highly dispersed (<4 nm) anatase phas@ the consequent increase in
activity (lower band gap) and in surface aciditygtier NH; uptake). The breakthrough
experiments indicated silver oxides as the actiersphase for sulfur adsorption. The
higher number of defect sites on T#Al,03 provided more sites for Ag incorporation,
resulting in higher Ag dispersion (55% higher ti#egiTiO,). Approximately 92% of the
Ag sites (exposed Ag atoms in the form of silveides) participated in sulfur adsorption
(benzothiophene) at room temperature (0.21 mol B/A®). IR signatures of the
adsorbent samples treated with probe moleculesleyeingle surface hydroxyl groups
on the TiQ edges and corners. Silver addition brought in tamtthl —OH groups (3727
cm™). These —OH groups contributed in the adsorptibrthiphenic molecules, as
observed by the respective IR signatures. The Lewes of TiQ—Al,O3; mixed oxides
paved a way to increased amount of surface bouwvel sixides, while the Brgnsted sites
(hydroxyl groups) actively participated in sulfudsarption. Ag addition not only
enhanced the sulfur adsorption capacity, but atebled the adsorbent to adsorb sulfur
heterocycles via-interactions (1393 and 1249 cthas well. The adsorbent formulation
showed promises for application in an upstream ltegszation unit for fuel cell
applications. The adsorbent mechanism consistedudtfple adsorption sites, which can

be useful for treating different fuel blends.
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V. Investigation of Organosulfur Adsorption Pathways fom Liquid Fuels onto

Ag/TiO ~Al,0O3 Adsorbents at Ambient Conditions

Abstract:

The adsorption mechanisms for aliphatic and aransatifur compounds onto Ag/TiO
Al,O3 (10 wt% Ag, Ti:Al = 1:4.4 by weight) adsorbent wenvestigated in this paper.
The mesoporous mixed oxide supported siagsorbent demonstrated promising sulfur
adsorption capacities (~10 mg S/g adsorbents) figmd hydrocarbon fuels (JP5, JP8,
and Off Road Diesel-ORD). However, its performanas significantly hindered by the
presence of non-sulfur aromaticky situ infrared (IR) spectra of Tig-Al,O3; and
AQ/TiO~Al,O; samples treated with various model fuels revealassodiative
chemisorption pathways for different sulfur speciébe aliphatic (1-butanethiol and
diethyl sulfide) and aromatic (thiophene, benzgthene, dibenzothiophene, 4,6-
dimethyldibenzothiophene) sulfur compounds undetwdissociative and reactive
adsorption on the surface acid sites at room teatyper. The surface hydroxyl groups
adsorbed the sulfur aromatics primarily via hydrodg®nding (3100-3400 ct), and
possible dissociated products were saturated/parsi@urated aliphatic compounds. The
presence of non-sulfur aromatics (benzene) redtheedulfur adsorption capacity (~18%
for Ag/TiO~Al,O3) due to its competitive adsorption on the adsdrben-interactions.

V.1. Introduction
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Airborne sulfur compounds originating from hydrdweam fuel combustion are one of the
primary health hazards present in the air. Sulfurcentration increase in the atmosphere
due to the burning of fossil fuels has been a ma@rcern and countries around the
world are regulating the maximum allowable sulfoncentration in commercial fuels.
To comply with these restrictive regulations, thdflg removal technologies have
become more severe and complicated [6-8]. Curresuléurization process, namely
hydrodesulfurization (HDS) employs extremely higamperatures and hydrogen
pressures for desulfurizing hydrocarbon fuels. Sechnology is difficult to apply in the
reformation stages for on-board fuel cell systefifee use of commercial and logistic
fuels as feedstocks in vehicular fuel cells requieedesulfurization step prior to the
reformation stage in order to prevent sulfur poisgrof the reforming catalysts and of
the fuel cell electrodes [11]. Thus, a simple, caotpand cost effective desulfurization

technology is highly desirable in fuel processiaghydrogen production.

Among the alternative processes to HDS tested is[bf®, 25-31], selective adsorption
of sulfur species is one of the most promising tsohs for producing ultra clean
hydrocarbon fuels. Adsorptive desulfurization addes a major problem faced by the
HDS process: the selectivity toward Poly Aromatialf® Heterocycles (PASH).
Adsorption has a significant edge over the othecgsses in portable desulfurization
applications because of its simplicity, compactiglesand hydrogen free operation. It
can be feasibly implemented as a polishing aggmplementing HDS process. There has
been much research work on developing the matdaakulfur adsorption [3, 20, 25, 27,
52, 53, 55, 102]. Among them, supported silver dolsats have demonstrated excellent

sulfur adsorption capacities for logistic and comerad fuels at ambient conditions [69,
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70]. Oxidized silver removes sulfur down to sub pprevels without requiring any

activation step or any hydrogen stream. Its opétabat ambient temperatures and
atmospheric pressure allows for the “cold-start$”hgdrogen vehicles and greatly
reduces the challenges due to process safely. Bgcsitver adsorbents supported on
TiO, dispersed supports have shown to enhance sulBorgitbn by increasing TiD

active sites and providing more seats for silverorporation [110]. The novel oxide
adsorbent can also be applied in continuous de&adfion units since it is completely
regenerable. The preparation technique for suppsileer adsorbents is simple, cost

effective, and scalable.

Sulfur removal from liquid heterogeneous mixtureso@m temperature is a complicated
process thus detailed investigation is essential Understanding the mechanisms
involved. Silver based adsorbents can operateiaftiy at room temperature and
atmospheric pressure, yet the mechanism by whislrptdon takes place is not fully
understood. Various types of adsorption of sulfarsarfaces have been reported in the
literature, notably physisorption, strong chemisiorp [139, 140], and the formation of
sulfides with surface active sites [141, 142]. Sulidsorption can also occur via tie
bonds between the electron clouds of aromatic ramgsthe surface active sites when the
rings are composed of heteroatoms [55, 68]. Thezealso reported cases of forming
directo-bonds between sulfur and metals [130] and entrepprganosulfur compounds
in “cage” like structures e.g. Metal Organic Framekv (MOF) materials [57]. In
addition, surface acid sites operate as the prinsagts for many catalytic activities
including hydrodesulfurization process [9], and daa a valid motivation for sulfur

adsorption. Recently, the CM3-adsorption lab hastyated a novel adsorption
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mechanism whereby the surface hydroxyl groups (Bexhacid sites) form bonds with
the m-electrons of the aromatic rings [100]. Charactdron of the adsorbent materials
with different probe molecules supported this hjests. However, it is essential to
understand the pathways via which the metal oxidegact with the sulfur species at
ambient conditions. Researchers have applied nursesnalytical techniques to study
the surface interactions. Among these analyticathnigjues, Infrared (IR) spectroscopy
has been an excellent tool for qualitative measargnof adsorption and reaction
mechanisms in the field of catalysis [89, 143].\raesly, researchers have identified
various bonds between thiophene and adsorbentfRvid33]. It can be successfully
employed to study the interactions between the rads® and adsorbent molecules and
fully depict the corresponding bonds [144, 145pgdRous analytical studies including IR
therefore should help in understanding adsorptienpmena and consequently assist in
optimizing adsorbent formulation and adsorptioncpss. IR study will also assist in

tailoring the adsorbent formulation with respecdiierent fuel blends.

In this paper, desulfurization experiments and ffecsroscopy were used together to
gather information about the sulfur adsorption na@i$m on mixed oxide supported
silver adsorbents. Nitrogen §Nphysisorption was employed to characterize the pore
structure. Desulfurization performances towardedéht commercial, logistic, and model
fuels were also compared for investigating the gatgm affinity toward different sulfur
species. Aromatic sulfur compounds (thiophene dékies) and non-aromatic sulfur
species (thiol and disulfide derivatives) were useg@repare model fuels. The effect of
non-sulfur aromatic compounds on sulfur adsorptiapacity was also gauged through

desulfurization experiments. IR spectroscopy wapleyed to study the adsorption of
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different sulfur species on TAI,O3 and Ag/TIQ—AI, O3 adsorbents. IR spectra of

samples treated with sulfur aliphatics and arorsatvere compared. The observations
have been described in the results and discuseaiios.

V.2. Experimental Section

The preparation of Ti@-Al,O3 and Ag/TiQ—Al,O3; adsorbents has been described in
section I.1. The Ti:Al weight ratio and Ag loadivgere constant all throughout this

chapter (1:4.4 and 10 wt%, respectively). For theutfurization experiments, dynamic

breakthrough tests were carried out in order tesssshe sulfur adsorption capacities of
the adsorbents. The experiments were conducted ugif, JP8, ORD, and model fuels.
The real fuels used have been discussed in sedtinThe sulfur speciation in these

fuels can be found in section 111.3.2 [110]. Themgmsitions of the model fuels used in
this work are shown in Table V.1. These model fuslsre used for investigating

adsorbent selectivity and characterizing activeguon sites.

Table V.1 Compositions of the model fuels used in fixed bedtinuous adsorption

(breakthrough) and infrared (IR) experiments.

Fuel S:(I;l;rncé‘o(rg%r;]r\]Nr)l- Sulfur compound coﬁizpz)f)rrl:w)
MF-1 1-Butanethiol -
MF-2 Diethyl Sulfide -
MF-3 Thiophene -
MF-4 3500 Benzothiophene -
MF-5 Benzothiophene 14678
MF-6 Dimethyldiéfr;zothiophene -

MF-7 - - 14678
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The experimental details of breakthrough testsmegation, and analysis can be found in
section 11.3.2 and section 11.3. The bed weighandeter, volume, and overall aspect ratio
(bed length:bed diameter) were 10 g, 1 cm, 15-18 amd 22, respectively. The,N
physisorption technique used for adsorbent chaiaaten has been described in section
l1.5.

Adsorbent samples treated with sulfur probe moksulvere analyzed via IR
Spectroscopy. The experimental setup and the ptetent procedures are described in
section Il.7. After every pretreatment, the sampées treated with different model fuels
(Table V.2). MF-1 through MF-7 were used as adderb@aolecules. These were
introduced to the sample in the cell by bibbling at room temperature. Every adsorbate
treatment was followed by evacuation prior to IRalgsis. Both the pretreatment and

exposure to adsorbate steps were perforimedu.

Table V.2 Treatment steps with adsorbate molecules befoentRysis

—

N, flow rate (ml/min), Evacuation after treatmer
Adsorbent Adsorbate
temp. (°C), duration (min) (mTorr), duration (min)

10 wt% Ag/ n-Octane,

TiO2-Al203 | MF-1 through 10, 22, 20 100, 20

TiO—~Al,Os MF-7*

*Please see Table V.1 for model fuel compositions
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V.3. Results and Discussion

V.3.1. Adsorbent Characterization:
The pore structures of adsorbent materials arearitor liquid phase adsorption since
the process involves diffusion of large sulfur hetgcles inside the small and tortuous
pores. Macro and mesoporous materials with large pzes (>2 nm) have shown
effective performances in adsorbing liquid orgariosispecies, although these materials
may not have very high surface areas. Previoustyaporous Y-zeolite (660 fy) was
used for liquid organosulfur adsorption but showewder capacity than mesoporous
alumina (267 rfig) [110]. Surface area is obviously another imauairtfactor for liquid
phase desulfurization. The adsorbent capacity wagased for adsorbents with higher
surface areas [70]. Therefore, pore structure amthce area should be synergistically
optimized in order to attain the highest sulfur@g@son capacity. In this work, T2
Al,O3; and Ag/TiQ—AIl, O3 were analyzed via Nphysisorption to investigate the pore
structures. Figure V.1 shows the Notherms of the two samples. Both TH®Il,03 and
Ag/TiO-Al,0O3 demonstrated type IV isotherms, indicating that Hamples were
mesoporous [146]. The corresponding surface ama® volumes, and average pore
sizes are shown in Table V.3. The Ag/T#@l,03; adsorbent had moderate surface area

and the reduction in surface area after silvertamdivas ~13%.
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Figure V.1. Nitrogen isotherms of Ti&-Al,Os3 (Ti:Al = 1:4.4) and 10 wt% Ag/Ti®-

Al,O3 (Ti:Al = 1:4.4). Physisorption temperature: 77-KL96°C)

Table V.3 Properties of the adsorbents used in the expetgmen

Adsorbent Surface Pore Volume | Avg. Pore Size
Area (nf/g) (ml/g) (nm)
TiO-Al,O3 239.9 0.71 11.77
Ag/TiO-Al,03 209.0 0.64 12.35
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V.3.2. Desulfurization Performance toward Refinedltbcarbon Fuels:
The Ag/TiO—AIl,O3; adsorbent was tested for performance and sulfecseky using
challenge JP5, JP8, and ORD fuels. Figure V.2 a@shibe breakthrough characteristics
of the fuels and Table V.4 shows the corresponduifur adsorption capacities. The
breakthrough capacities were higher than thosertegp@reviously [110] due to a higher
value of overall aspect ratio (L/D~22) in this wodP8 and ORD curves had secondary
breakthroughs at the midway point, which indicatedt the adsorbent had varied
selectivities toward different sulfur species presen these fuels. In addition, the
secondary breakthroughs might also be attributembapetitive adsorption among sulfur
species [72]. Although the adsorbent had the highpacity for JP5, it took the longest
time to saturate for ORD due to its low initial fsmlcontent. The in-set figure in Figure
V.2 shows the comparison of JP5, JP8, and ORD tmemlgh curves in terms of the
outlet to inlet sulfur concentration ratio (GJCvs. cumulative weight of sulfur per
adsorbent weight (mg S/g adsorbent). It can be Hewnthe extent of breakthrough for
JP5 was the greatest when the initial sulfur cotmagaons were normalized. The low
capacities at breakthrough for JP8 and ORD couldttributed to the structures of sulfur
molecules. JP5 contains most of its sulfur compswsmethyl and dimethyl derivatives
of BT while trimethylbenzothiophenes (TMBT’s) comste significant portion of the
sulfur compounds present in JP8 and ORD [110]. a#sorbent selectivity for these
compounds was the least, since the steric hindsacegsed by three methyl groups were
significant [110]. Thus, both JP8 and ORD breaktigiocurves broke early as seen in the
figure. Besides sulfur species, the presence of non-salumatics also reduced sulfur

adsorption as the molecules can compete for therpiiisn sites [72]. The aromatic
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contents for all the real fuels used here were >18Atich also accounted for low
breakthrough capacity. However, the saturation cépa were considerably higher than
breakthrough capacities (Table V.4), indicatingttllae adsorption sites primarily
occupied by non-sulfur aromatic compounds mightehbgen subsequently replaced by

sulfur species.
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Figure V.2. Breakthrough performance comparison of 10 wt% AQfFAILO5 (Ti:Al
=1:4.4) adsorbent for desulfurizing JP5, JP8, aRD@Bed wt.: 10 g, WHSV: ~2.51.
In-set figure: Breakthrough characteristics of J#8, and ORD using 10 wt% Ag/TiO
Al,O3 (Ti:Al =1:4.4) adsorbent in terms of GJ@s. cumulative weight of S/adsorbent

weight
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Table V.4 Sulfur adsorption capacities of 10 wt% Ag/E#Al,03 (Ti:Al = 1:4.4) for

JP5, JP8, and ORD estimated from breakthrough ewpets.

Sulfur Breakthrough Capacity at
Breakthrough
Challenge fuel conc. capacity atlOppm | saturation (mg S/g
time (min)

(ppmw) (mg S/g adsorbent) adsorbent)
JP5 1172 38.7 1.84 11.83
JP8 630 15.0 0.38 8.01
ORD 452 73.4 1.36 10.91

V.3.3. Selectivity toward different Sulfur Compownd
The adsorbent selectivity toward various types mfanosulfur compounds was tested
through breakthrough experiments of model fuelse breakthrough graphs of MF-1 (1-
CAT + C8), MF-2 (DES + C8), and MF-3 (T +C8) arewh in Figure V.3. All of these
sulfur compounds had four carbon atoms. The 1-Célecunle has a sulfur atom with a
butyl group and a hydrogen atom on either side. Jiiur atom in DES molecule is
situated in the middle bordered by two ethyl groupsile in T molecule, the sulfur atom
participates in the formation of the aromatic rifdne sulfur adsorption capacities are
shown in Table V.5. The adsorbent showed higheaatips for sulfur aliphatics than
aromatics. The saturation capacity for 1-C4T waé%d@nd 94% higher than those for
DES and T, respectively. This illustrated the dfeaf sulfur position in the molecules

and the functionality of —SH groups. The positidriSoatom made the 1-C4T molecule
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accessible to more active sites on the adsorbefdcgu The functionality of the —SH
group can assist in multilayer and self-assembhbigtion on silver materials [147,
148]. The adsorbent showed high breakthrough cgptmwvard DES as compared to T,
although the saturation capacities for both sutjpecies were very close to each other.
The saturation time of the adsorbent using MF-3 lwager than MF-2, which indicated

that the aromatic rings might assist in extendagration time.
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Figure V.3. Breakthrough performance comparison of 10 wt% AQFFAIO3 (Ti:Al =
1:4.4) adsorbent for desulfurizing MF-1 (1-butamath n-octane), MF-2 (diethyl sulfide
+ n-octane), and MF-3 (thiophene + n-octane) madss (Bed wt.: 10 g, WHSV: ~2.5
h™, S conc.: 3500 ppmw)

To investigate the effect of non sulfur aromati@sQ,—Al,O; and Ag/TiQ—Al,O3
adsorbents were tested in breakthrough experimesitgy MF-4 (BT + C8) and MF-5
(BT + benzene +C8). The breakthrough graphs anfiirsadsorption capacities are

shown in Figure V.4 and Table V.5, respectivelyr M¥--4, the addition of 10 wt% Ag
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on the TiQ—Al,O3 support increased the capacities at breakthroughsaturation by
453% and 106%, respectively. MF-5 had similar baezand BT concentration in C8 by
weight. In presence of benzene, the loss of sabaratapacities for Ti@-Al,O; and
Ag/TiO—Al,O3 adsorbents were 7% and 18%, respectively. In otmds, benzene
occupied around 18% of the Ag/TiEAl,O3 surface sites active for sulfur adsorption.
These might be the sites responsible ffdyonding with the adsorbate molecules. The
effect of benzene was higher for silver supportath@es, suggesting that benzene
mostly inhibited BT adsorption on silver sites. Tlogv breakthrough capacity toward
real fuels (JP5, JP8, and ORD) also reflected fieeteof non-sulfur aromatics (aromatic
content >15%). However, the capacities at breaktyinowere considerably higher in

experiments with model fuels, due to low non-sufftomatic content (3500 ppmw).

*-Ag/TiOx-Al203 + MF-4

3500 14FAg/TiOx-Al203 + MF-5
3000 & TiOX-AI203+MF-4

@-TiOx—-Al203 + MF-5
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Figure V.4. Breakthrough performance comparison of H#8,03 (Ti:Al = 1:4.4) and

10 wt% Ag/TIO~AIOs (Ti:Al = 1:4.4) adsorbents for desulfurizing MF-4
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(benzothiophene + n-octane) and MF-5 (benzothiopkelnenzene + n-octane) model

fuels (Bed wt.: 10 g, WHSV: ~2.5h S conc.: 3500 ppmw)

Table V.5 Sulfur adsorption capacities of THAl,O3 (Ti:Al = 1:4.4) and 10 wt%

Ag/TiIO—~Al,O3 (Ti:Al = 1:4.4) for model fuels estimated from bkélarough

experiments.

Breakthrough _
_ Capacity at
Breakthrough capacity at _
Adsorbents Challenge fuel _ _ saturation (mg
time (min) 10ppm (mg S/g
S/g adsorbent)
adsorbent)
MF-1 (1-butanethiol + n-
250 30.97 37.80
octane)
MF-2 (diethyl sulfide + n-
122 15.11 18.50
octane)
. MF-3 (thiophene + n-
Ag/TiO—-Al,03 102 12.64 19.49
octane)
MF-4 (benzothiophene + p-
116 14.37 17.63
octane)
MF-5 (benzothiophene +
91 11.27 14.39
benzene + n-octane)
MF-4 (benzothiophene + p-
21 2.60 8.57
octane)
TiO-Al,03
MF-5 (benzothiophene +
20 251 7.96
benzene + n-octane)
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V.3.4. IR Spectroscopy:
V.3.4.1. Effect of thiophene adsorption:

IR spectroscopy was performed on H®AI,03 and Ag/TiQ—Al,O3 samples treated with
sulfur molecules for determining the sulfur adsmmptpathways. All samples were
pretreated before analysis (Table V.2(a)). Thet¢éceaample spectra were compared and
are shown in Figure V.5-V.8. Table V.6 illustratbe corresponding assignments of
observed IR signatures. As all samples were sidgjdot evacuation before IR analysis, it
was assumed that most of the physisorbed moleaudrs removed. Therefore, the
adsorbent surface contained mostly chemisorbedespaéier evacuation. Figure V.5(a)
and V.5(b) show the resulting IR spectra of caldirand pretreated Ti©AI, O3 and
Ag/TiO—Al,O3 samples. Prior to the treatment, the calcined,¥KD,O3; and Ag/TiQ—
Al,O; sample spectra showed bands in the 3500—3750 wavenumber region, which
have been assigned to stretching vibrations of dxydrgroups (-OH) [103, 119, 120].
The broad band represented —OH groups from silxa&teo titanium oxide [149], and
alumina [89].
Model fuels containing sulfur compounds were usetieat the calcinednd pretreated
samples. Information regarding the model fuels tedtreatment conditions are given in
Table V.2(b). Figure V.5(e) shows the spectrum gfTAO—Al,O3 treated with C8 alone
(for reference). Two noticeable bands were obsertet378 and 1641 cthand these
two bands were present in all treated adsorbentplearspectra (Figure V.5-V.8).
However, their respective intensities were différéefhe 1378 cit band has been
ascribed to thé(CHs)s bending vibrations of adsorbed octane or othgahalic organic

compounds [119]. The strong and broad band at I#d1 might be assigned to a
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combined band resulting from water impurities i t#uels (-OH bending vibrations
[122]) and the reacted products of model fuel congmbs (—COO antisymmetric
stretching vibrations or C=C stretching vibratiqig2, 124]). In the 2800-3000 ¢
wavenumber region, the bands representing —C—lttlsing vibrations of Chland CH
can be seen in the spectrum (Figure V.5(e)) at 28933, and 2969 cthwavenumbers
[119, 145, 150]. All these bands indicated that soof the octane molecules were
adsorbed on adsorbent surfaces.

Figure V.5(c) and 5(d) show the IR spectra of MFF3+ C8) treated Ti@-Al,O3; and
Ag/TiO-Al, O3 samples. In all the IR spectra of sulfur treatethas, the bands at
3500-3750 cit were diminished in intensity, indicating that thgdroxyl groups were
interacting with the sulfur species. These weraelkietl to be single surface hydroxyl
groups where the oxygen atoms faced away from ldweepof surface lattices [100]. A
broad band was observed at 3100-3400"cior both the treated TiSAl,Os; and
Ag/TiO—Al,O3 samples, which has been assigned to be perturbedl sté@tching
vibrations of surface hydroxyls interacting withmiolecules [121, 135]. Panayotov and
Yates had reported that hydrogen bonding would ecghe bands representing —OH
groups to shift to lower wavenumbers [136]. In ework, we observed a similar shift.
The mode of adsorption was believed to be hydrdgerding [121]. In the 2800-3100
cm * wavenumber region (Figure V.5(c) and V.6(d)), bargfsesenting aliphatic —-C—H
stretching vibrations were observed [130, 133, 146k IR spectra did not reflect any
presence of aromatic C—H stretching vibrations (8®100 crii’), which might indicate

that the chemisorbed thiophenes were dissociateth@radsorbent surfaces and thus
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produced aliphatic compounds. Other researcherslbserved a similar phenomenon for
work with acidic oxides at room temperatures [1P35, 145].

In the 1200-1800 cmwavenumber region (Figure V.5(c) and V.5(d)), numas bands
were observed, indicating dissociated thiopheneshenadsorbents. In the spectrum of
MF-3 (T + CB8) treated Ag/Tig-Al,Os3, a strong and broad band was observed at 1641
cm ™, which was similar to that in the C8 treated AGQIFiAI,O; sample spectrum. The
band was red shifted in the MF-3 treated 8,03 sample spectrum. Figure V.5(c) and
V.5(d) also demonstrated the 1378 ¢rhand, similar to Figure V.5(e). Another band
appeared at 1465 ¢fin both the spectra of MF-3 (T + C8) treated samsipléhis broad
band represented —GHbending + antisymmetric —GHdeformation of aliphatic
compounds [122, 124]. Additional bands appeareB46 cm*(COO symmetric stretch
of carboxylates/carboxylic acid salts [122]) in tig V.5(c) and at 1305 cth(wagging
vibrations of methylene groups [124]) in Figure p All these bands indicated
dissociated thiophenes on the surface. These cbdyais thiophenes underwent ring
opening reactions to form aliphatic compount@lee probable products resulting from
thiophene dissociation were either unsaturatedl/shifide like species [135] or
carboxylates [145]. In the neat T#AI, O3 adsorbent, both Lewis (coordinatively
unsaturated sites-CUS) and Bronsted (surface —@pg) acid sites are present [74].
When silver is incorporated with T§SAI.,0s, it might occupy some of the CUS sites and
might release additional Bronsted acid sites[100jese acid sites can react with the
sulfur molecules upon adsorption. Larrubia anddasvorkers reported dissociation of
sulfur heterocycles on the Lewis acid sites of(Blsurface [145]. The adsorbed sulfur

molecules can also undergo C-S cleavage when attdgk protons [132]. The —OH
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groups can Yyield hydrogen atoms to adsorbed thimgheand might form
saturated/partially saturated aliphatics [151]. rEually, silver (I) oxides on the
adsorbent might react with the sulfur atoms indtssociated molecule to form silver (1)
sulfide. The presence and absence of silver cactagtirface acidity of the adsorbent and
subsequently the nature of dissociated produatselty changing the corresponding band
intensities. The reduction of free —OH groups (3500—-3750 %nand appearance of
perturbed —OH groups (3100-3400 ¢mindicated that these hydroxyl groups were
actively participating in adsorption and might bamarily responsible for ring opening
reactions of thiophene [121, 135]. In this work, @aeild not collect specific information
about the products due to the lack of pertaining.d@onfirmed information regarding
the nature of dissociated products and the suréaiegity measurement of Ag-T3O
dispersed supports are currently in progress alid&reported in future

The spectra in Figure V.5(c) and V.5(d) exhibiteldiidonal bands implying presence of
intact thiophene molecules adsorbed on the surtdoeever, these bands were weak
compared to those bands representing dissociateghdnes. Therefore, only a small
amount of the intact adsorbed molecules were obdeamong the chemisorbed species.
Garcia et al. had reported that the dissociatide d adsorbed thiophenes through
surface —OH groups was slow and the ring openiagti@ns were observed after longer
exposures [135]. In our case, the intact thiopheéecules might have demonstrated
similar phenomenon. In the MF-3 treated F@I,0; sample spectrum, a shoulder at

1438 cm*was observed. This band has been assigned to toehees(C=C), stretching

vibrations of T ring, blue shifted from its originaavenumber (generally at 1407-1409

cmi *for gaseous T). This shift to higher frequenciesutied from the increased electron
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density within the rings when T molecules were dowated via thec-interactions
between S atoms and surface sites (e.g. catioB6) [133]. In this case, the adsorbed T
rings were oriented perpendicular to the plane dfogbent surface. Besides this, the
spectrum of treated@iO.—Al,Os; sample also exhibited a band at 1400 twhich has

been assigned to tls€C=C), stretching vibrations of T ringdsorbed on surfadg/droxyl

groups [152]. This further demonstrated the role soirface hydroxyls in sulfur
adsorption. The band was absent in the spectrutreafed AgliO,—Al,O3; sample the
reason for which might be the incorporation of silon these sites during impregnation
stageln the MF-3 treated Ag/Ti®-Al,O3 sample spectrum, weak bands representing the
8(C=C); stretching vibrations of T rings were observed 409, 1438, and 1390 ¢m
wavenumbers [123]. The 1390 chband resulted from a red shift of tléC=C)
stretching band after thiophene adsorption. Thisstaft usually indicates a decrease in
the electron density of the thiophene rings whes adsorbed molecules are oriented
parallel to the surface. Therefore, the shift obsérin the spectrum indicated that some
of the thiophene molecules were adsorbed onto thi&i®,—Al, Oz adsorbent via theit-
electrons [133, 134]. This band was not observedh&n MF-3 treated Ti@-Al,O3
spectrum, indicating that silver oxide might bep@ssible for this interaction. The bands

at 1390, 1400, 1409, and 1438 ¢indicated intact T molecules adsorbed on the sarfac
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Figure V.5.In situ IR spectra (in transmission mode; Y-axis in traismce-A.U.) of (a)
calcined and pretreated T#AI,O3 (Ti:Al = 1:4.4) before treatment; (b) calcined and
pretreated 10 wt% Ag/TiRAI,Oz (Ti:Al = 1:4.4) before treatment; (c) TiSAILO3
(Ti:Al = 1:4.4) after treatment with MF-3 (thiopher n-octane); (d) 10 wt% Ag/Ti©O
Al,O3 (Ti:Al = 1:4.4) after treatment with MF-3 (thiopher n-octane); and (e) 10 wt%
Ag/TiO—Al,O3(Ti:Al = 1:4.4) after treatment with n-octane alone

V.3.4.2. Effect of aliphatic and aromatic sulfuesfes:
The IR spectra of calcined Ag/T#@Al,03; before and after individual treatments with
MF-1 (1-C4T + C8), MF-2 (DES + C8), and MF-3 (T 8)Care shown in Figure V.6.
The shift of hydroxyl groups from 3500—-3750 ¢no 3100—3400 ciiwas observed for

MF-1 and MF-2 treated samples [119, 136]. Similaermmenon was also observed for

115



MF-3 (T + C8) treated samples, as discussed belorboth Figure V.6(b) and V.6(c),
bands were observed at 1641 and 1378 csimilar to Figure V.5(c), V.5(d), and V.5(e).
These bands indicated that 1-C4T and DES molecekested with the surface sites as
well. In the MF-1 (1-C4T + C8) treated sample speut (Figure V.6(b)), the adsorption
of 1-CAT was evident from the bands at 1460 and5 128", representing th&(—CH,—)
scissoring +5(—CHg)as deformation and thé(—CH,—) wagging vibrations of methylene
groups attached to sulfur atoms (—=8-), respectively [119, 123]. In 2007, Shimizu et
al. had reported broad(S—H) bands at 2710 and 2600 ¢rfor samples treated with
thiols [153]. The bands were absent in Figure \),6iflaplying that the sulfur molecule
might have lost the hydrogen atom after reactisogation [147].

In the MF-2 (DES + C8) treated sample spectrum Uf€igVv.6(c)), the presence of
adsorbed DES molecules was also confirmed via tred$ at 1259 and 1460 tm
wavenumbers [119, 123, 154]. In this spectrum,d(r€H,—S—-) wagging vibration was
observed at 1259 ¢ whereas the same vibration was observed at 1296ic the 1-
CAT treated sample spectra [119, 150]. The reasorthis might be the decreased
bonding strength between sulfur atoms and surfdges sesulting from the change in
position of S atoms in the molecules. There wasdditional band at 1575 ¢m which
has been associated with the vibrations of sur&arboxylates (formiate or acetate or
both) [150]. These carboxylates might have resuitech the reaction of DES molecules

with surface attached hydroxyls, silver (I) oxide titanium oxide [119, 150].
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Figure V.6. In situ IR spectra (in transmission mode; Y-axis in traitsmce-A.U.) of
calcined and pretreated 10 wt% Ag/F#AIl,03 (Ti:Al = 1:4.4) (a) before treatment; (b)
after treatment with MF-1 (1-butanethiol + n-octgr{e) after treatment with MF-2

(diethyl sulfide + n-octane); and (d) after treattneith MF-3 (thiophene + n-octane)

V.3.4.3. Effect of aromatic rings in sulfur species
The Ag/TiO—Al,O3; adsorbent samples before treatment and after ohaavitreatments
with MF-3 (T + C8), MF-4 (BT + C8), and MF-6 (4,6MDBT + C8) treatments were
analyzed via IR to observe the effect of aromatigs in sulfur species (Figure V.7). The

spectra in Figure V.7(b) and V.7(c) showed band$3a8 and 1641 cmy which were
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similar to those in T treated sample spectrum. &heds indicated dissociated BT and
4,6-DMDBT on the adsorbent surface. However, th@4ldnd 1641 ciiiband intensities
in the BT and 4,6-DMDBT treated sample spectra i@ner than those in the T treated
sample spectrum. The 1464 ¢nband in Figure V.7(b) and V.7(c) was slightly red
shifted as compared to that in Figure V.5(d), anghtnrepresent a combination of —¢H
bending + antisymmetric —GHleformation of aliphatic compounds and vibratiarfs
aromatic ring [122, 124]. The MF-4 (BT + C8) and MK4,6-DMDBT +C8) treated
sample spectra had bands at 1419 and 1438(perturbed5(C=C)stretching vibrations

of T ring), indicating presence of intact BT an6-HMDBT molecules.
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Figure V.7.In situ IR spectra (in transmission mode; Y-axis in traiemce-A.U.) of

calcined and pretreated 10 wt% Ag/F#al,03 (Ti:Al = 1:4.4) (a) before treatment; (b)
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after treatment with MF-6 (4,6-dimethyldibenzothiepe + n-octane); (c) after treatment
with MF-4 (benzothiophene + n-octane); and (d)rafeatment with MF-3 (thiophene +
n-octane)

V.3.4.4. Effect of non-sulfur aromatics:
The effect of non sulfur aromatics on sulfur addorpwas investigated via IR and the
resulting spectra of MF-4 (BT + C8), MF-5 (BT + lzene + C8), and MF-7 (benzene +
C8) treated adsorbent samples are shown in FiguBe All the treated sample spectra
exhibited bands at 1641 and 1378 tmwhich indicated dissociated products of BT, and
possibly benzene. The MF-7 treated sample spectrigure V.8(d)) showed a strong
band at 1471 cm, which has been ascribed to the pertur{€C) stretching vibrations
of benzene rings [134, 155]. The band wavenumber ¥acm® lower than that for the
fundamental ring of gaseous benzene [123]. Thidigdghat benzene was adsorbed on
the adsorbent via-interactions [134]. The intensity of the band shayintact benzene
(1471 cm®) was higher than those of the other bands (e.g8 1&hd ~1641 ci).
Therefore, there was a significant amount of adsbibenzene in intact form. In Figure
V.8(b) and V.8(c), the shift of the band from 14@AF-4 treated sample) to 1470 €m
(MFE-5 treated sample) was observed. This indicttatibenzene competed and occupied
the adsorption sites, thereby decreasing BT adsorpthis was supported by the results

from breakthrough tests (section 3.3).
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Figure V.8.In situ IR spectra (in transmission mode; Y-axis in traitsmce-A.U.) of
calcined and pretreated 10 wt% Ag/F#@Al,05 (Ti:Al = 1:4.4) (a) before treatment; (b)
after treatment with MF-4 (benzothiophene + n-oejafc) after treatment with MF-5
(benzothiophene + benzene + n-octane); (d) agetrtrent with MF-7 (benzene + n-

octane)
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Table V.6 IR bands and their respected assignments fomeml@nd pretreated
adsorbents before and after treatment with diffeaelsorbate molecules (The “x”

symbols indicate observed bands for untreated raaded samples)

Smber Assignments A - Y - =
1259 8(—CH—S-) wagging vibrations [119, 150] X
1296 d(—CH,—S-) wagging vibrations [119] X
d(—CHx-) wagging vibrations of methylene
1305 X
groups [124]
1345 COO symmetric stretch [122] K X X
1378 8(CHa). bending vibrations [119] X X K K oK X X
1390 Perturbed(C=C); stretching vibrations of T y
ring [133, 134]
1400 6(C=C), stretching vibrations of T adsorbed jon 8
surface —OH groups [152]
1409 | o(C=C) stretching vibrations of T ring [123 X X
1419 d(C=C). stretching vibrations [123] < X
1438 Perturbed(C=C), stlrggc];hlng vibrations [130, U VN N
d(—CHy—-) scissoring ®(—CHg)asdeformation
1460 [119, 123] x| X
—CH,— bending + antisymmetric —GH
deformation of aliphatic compounds; or (C5C)
1464 | . : . ) X X
vibrations of aromatic compounds with benz
rings [122, 124]
1465 —CHz_— bendir_lg + z_;mtisymmetric -GH 9 y
deformation of aliphatic compounds [122, 1P4]
—CH,- bending + antisymmetric —GH
1470 deformation of aliphatic compounds; or (C=C) 9
vibrations of aromatic compounds with benz
rings [122, 124]
1471 (C=C) vibrations of aromatic compounds wijth 9
benzene rings [123, 134, 155]
1575 Surface carboxylates (formiate/acetate) [150] X
2800—- —C—H stretching vibrations of aliphatic x| sl x| x| x| x| x| x
3000 compounds [119, 133, 145, 150]
3100- | —OH stretching vibrations of perturbed surface ol x| x| x| x| x| x| x| x
3400 hydroxyls [121, 135, 136]
3357%%_ —OH stretching vibrations [89, 103, 119] X

* T1: Ag/TiO—-Al,O3, No treatment
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T2: Ag/TiO—Al,O3+ n-octane

T3: Ag/TiO—Al, O3+ MF-1 (1-butanethiol + n-octane)

T4: Ag/TiO—Al,Os+ MF-2 (diethyl sulfide + n-octane)

T5: Ag/TiO—Al, O3+ MF-3 (thiophene + n-octane)

T6: Ag/TiO—Al, O3+ MF-4 (benzothiophene + n-octane)

T7: Ag/TiO—AIl,O3+ MF-5 (benzothiophene + benzene + n-octane)

T8: Ag/TiO—Al, O3+ MF-6 (4,6-dimethyldibenzothiophene + n-octane)

T9: Ag/TiO—Al, O3+ MF-7 (benzene + n-octane)

T10: TiO—-Al,O3 + MF-3 (thiophene + n-octane)

V.4. Conclusions

Organosulfur adsorption pathways onto Ag/FH®8I,0; adsorbent were investigated
using breakthrough experiments and IR spectroscéipythe breakthrough tests at
ambient conditions, the mesoporous Ag/FH®8I,O; adsorbent (10 wt% Ag, Ti:Al =
1:4.4 by weight) had saturation capacities of 11861, and 10.9 mg S/g adsorbent for
challenge JP5, JP8, and ORD (initial sulfur corgenft 1172, 630, and 452 ppmw,
respectively). The breakthrough capacities for I-@dd DES sulfur species were higher
than that for T. IR spectra of adsorbents sampested with sulfur aromatics revealed
significant amount of dissociated products on tliveeoh oxide supported silver adsorbent
The surface acid sites, primarily surface hydrayylups were responsible for executing
ring opening reactions of chemisorbed thiophenévdeves (T, BT, and 4,6-DMDBT)
and for producing aliphatic like species. The rieacadsorption of aliphatic 1-C4T and
DES on the acidic material was also evident fronatilysis. The presence of non-sulfur

aromatics (e.g. benzene) reduced the sulfur adsorptapacity by competing and
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occupying the sulfur adsorption sites. The adsonpsites added by silver incorporation
were primarily affected by the presence of aromatmpounds, possibly due to the
competitive adsorption via-interactions. This was confirmed by both breaktigto
experiments and IR spectroscopy. The sulfur affiit silver along with the surface
acidity of TiO,—~Al,O3 supports enabled enhanced organosulfur adsorptidmeade the
adsorbent efficient in desulfurizing diversifiedngpositions of hydrocarbon fuels. This
work also provided insights on the sulfur adsomptend reaction mechanisms using
acidic metal oxides at ambient conditions. Furihgestigations will be focused on the
characterization of silver based adsorbents toahate the surface acidity and molecular

simulations for estimating adsorption energies.
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VI. Density Functional Theory Study of Organosulfur Sedctive Adsorption on

Ag-TiO, Adsorbents

Abstract:

Ag-TiO, adsorbents have pronounced capacity for selecéweoval of organosulfur
compounds from complex fuel mixtures. Computatiaratulations were performed to
investigate the nature of this pronounced seldgtias well as to study the adsorbent
structure. A cluster model was developed for thigdg Geometry optimization,
frequency analysis and single-point energy cal@mnatwere carried out using density
functional theory (B3LYP/6-31G(d)(ECP=SDD(Ag,TiB8LYP/LANL2DZ). The
computed adsorption energies included dispersionstdGD3) and were corrected for
basis set superposition errors (BSSE). Silver spmdusly incorporated to anatase-JiO
clusters, and with greater preference in the pseh—OH groups. Adsorption energies
were calculated for sulfur containing species (thene, benzothiophene,
dibenzothiophene, 4,6-dimethyldibenzopthiophene)) mon-sulfur aromatics (quinoline,
benzofuran, naphthalene, benzene) typically presentfuel mixtures. Calculated
adsorption energies are consistent with the sgketlinding of organosulfur compounds
through the Ag atom of the Agids(OH)s cluster rather than the —OH groups of the
titania analog. The adsorption orientation of oagufur compounds was-preferred.
Heterocycles with more aromatic rings were adsonmedle strongly. Organonitrogen

compounds (i.e., quinoline) showed the strongesbratdion. Results from equilibrium
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saturation adsorption experiments were also cordpatith DFT calculations and the

trends and selective separation factors were showe in good agreement.

VI.1. Introduction

Desulfurization of logistic and commercial hydrdmam fuels is an essential step in fuel
processing for both environmental concerns [156; Hnd fuel cell applications [102,
108]. To produce ultra low sulfur fuels, adsorptdesulfurization is being investigated as
a viable supplement to the conventional hydrodesatition (HDS) process [27, 69,
108]. Adsorptive desulfurization is promising fas ilow energy requirements and
scalability to small size [156]. The adsorbentsduge the process must have high
selectivity toward refractory sulfur heterocycl@3]. Supported and unsupported silver—
titania adsorbents have demonstrated regeneraj@asulfur adsorption capacities from
hydrocarbon fuels such as jet fuels and diesels 189, 158]. Supported Ag-T;O
adsorbents were able to selectively remove suldwndto parts per billion (ppbw) levels
[110] and were effective even when the ratio of-satur to sulfur aromatics was more
than 25000:1. These adsorbents have shown effigacyemoving organosulfur
compounds, nonetheless very little is known abbatrble and structure of Ag in the
adsorbent and/or the selective nature of the atisarpnechanism. The affinity of Ag
toward organosulfur compounds depends on the positf Ag in a support matrix and
on Ag particle sizes. Therefore, it is importanutalerstand how Ag is incorporated into
the surfaces of high surface area Fgdpports and the significance of defect sites and
surface —OH groups.

Sulfur selectivity is a vital criterion for an effiive adsorbent. It is known that

petroleum-based fuels are a mixture of various micgaompounds ranging from simple
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straight chain hydrocarbons to complex aromatic ezukes with various functional
groups. In addition to organosulfur compounds, dgpfuel mixtures have much higher
concentrations of other aromatic hydrocarbons amrmnitrogen and organooxygen
compounds. These compounds will compete with orgalfir compounds for active
sites. Therefore an effective adsorbent should hagh organosulfur affinity and
selectivity.

In order to develop a fundamental understandingutfur selectivity, a comparison of
experimental adsorptive desulfurization performaand computational investigation is
warranted. Adsorption energy is an ideal indicatothe sulfur selectivity study [159,
160]. It can differentiate the strength of varioadsorption sitesFor estimating
adsorption energy, density functional theory (DFSTR very popular method. DFT is a
guantum mechanical technique for calculating opt@digeometries and energies. It is an
efficient tool, especially for transition metalsydacan be used with an Effective Core
Potentials (ECP) representation of the core elestf68]. Researchers have previously
reported DFT studies of adsorption on anatase-T160, 161] and rutile-TiQ[162].
DFT calculations were also used to investigatecapproperties [163] and photocatalytic
activities [164] of Ag—TiQ materials. Other researchers have employed DHRiInigges

in investigating thiophene adsorption arcomplexation adsorbents [45, 55, 68] and
thiophene incorporation during HDS reactions [165]similar adsorption modeling of
Ag-TiO, adsorbents with DFT would be beneficial for a é&ettlesign of selective
organosulfur adsorbents.

Here we present a DFT study to investigate theussélectivity of Ag—TiQ to provide

an accurate description of the adsorption phenomaraddition, we also investigate the
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adsorption energies of organosulfur compounds ¢ostirface hydroxyl groups on the
TiO, cluster and compare these with experimental dyuiln saturation capacities.
Separation factor values of Ag—Ti@re also presented in order to test its abilitymas

effective commercial adsorbent.

VI.2. Experimental and Computational Methodologies:

VI1.2.1. Adsorption experiments:

Equilibrium saturation experiments were carried foutcalculating saturation capacities.
The Ag/TiIO—AIO;3 (Ti:Al = 1:4.4 by weight, 10 wt% Ag loading) adsent was used

for this study. The adsorbent preparation step® een mentioned in section 1l.1. For
saturation experiments, the adsorbent was treaidxdmodel fuel consisting of different

sulfur (T, BT, DBT, 4,6-DMDBT) compounds in n-oc&aiC8). The sulfur compounds
were dissolved into C8 individually where the camtcation was 1000 ppmw S in each
case. The fuels have been discussed in detailctiorell.2. In every saturation test, the
fuel to adsorbent ratio was 20 ml/g. The experimeprocedures and the capacity
calculation methods are described in section II.Bdr analyzing sulfur concentration,

the fuels were measured in an Antek 9000S totélisahalyzer.

VI.2.2. DFT calculations:
Geometry optimizations, frequency analysis, andleHpoint energy calculations were
undertaken using DFT methods. All the calculatiaese carried out using the Gaussian
09 software package on computers located at thdafMda Supercomputer (ASC)
Facility. The models were constructed using Gaessversion 5.0) and Molden at

Auburn University. Geometry optimizations were penfied at the B3LYP level with
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LANL2DZ basis sets. B3LYP is a hybrid DFT metho®6§l. It is the combination of
Becke gradient corrected exchange functional aretMang-Parr correlation functional
[166, 167] that can effectively provide parameters for matgid interactions.
LANL2DZ is a doublet basis set with ECP [168]. ECP are used to reptdkencore
electrons for post third row atoms. It can substdigitreduce computation time with
almost no effect on the results since the cordreles are assumed to have a minor effect
on adsorption. After optimization, the geometriesrevsubjected to frequency analysis
using B3LYP/LANL2DZ. Frequency analysis was carriedt to verify whether the
geometries were at true minima on the potentiatg@neurface. This was followed by
single-point energy calculations using B3LYP. Foemry calculations, the 6-31G(d)
basis set was used for all non-metal atoms; wheheaStuttgart effective core potential
(SDD) was used to replace the core electrons ahathl atoms (Ti and Ag). Therefore,
the single-point energies were calculated at théYB3[6-31G(d)+SDD] level on
structures optimized at the B3LYP/LANL2DZ level. Aempirical dispersion term
“GD3” was added in the single-point energy caldala in order to include dispersion
effects. The dispersion term employs structure r@ioation number) dependent
dispersion coefficients that are based on firshqples calculations. It provides more
reliable binding energies and is particularly usdéu systems with metals [169]. The
natural population analysis (NPA) charges were eddoulated and discussed.

VI1.2.3. Binding and adsorption energy:

Binding energies were calculated to study the Agpiporation and —OH generation
mechanism on the Tixlusters. Adsorption energies were calculatedvésious sulfur

and non-sulfur aromatics. Thiophene (T), benzotméme (BT), dibenzothiophene
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(DBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBANgre used as sulfur aromatics
whereas benzene (C6) and naphthalene (C10) werk asseon-sulfur aromatics. To
compare the organosulfur compounds with the org&mogen and organooxygen
compounds, quinoline and benzofuran were employdok following equation was
employed for calculating the adsorption energydE

Eadsorption= Eadsorbent-adsorbare(Eadsorbentt Eadsorbat
Where, Egsorbent-adsorbateEadsorbent @Nd Egsorbate@re the energies of adsorbent-adsorbate
system, free adsorbent, and free adsorbate, résggctA more negative value of &
corresponds to a stronger adsorption. Solvent tsfie@ere not taken into account since
the adsorption usually takes place in a non-aqueoswsronment where the effect of
polarity and polarizability is negligible. Sinceede were non-covalent interactions, the
Eagsvalues were corrected for Basis Set Superpositivar& (BSSE). The counterpoise
correction (CP) [170] method was employed to caliulthe BSSE for adsorbent-
adsorbate interactions [171]. In our work, the mpnf§BSSE was between 12-26 kJ/mol.
Since the CP method overestimates the BSSE, tla dénmergies were calculated by
taking an average of the BSSE corrected and urnttededsorption energies [172]. The
details regarding BSSE corrections can be founemdisre [172]. The BSSE correction
was not included in the Ag and,® binding energy calculations. Zero-point corretsio
of the energies were not calculated since our tlkgwas to qualitatively investigate the
adsorbent selectivity through the adsorption eestgi

VI.2.4. Separation factor:

Separation factorsof;) were calculated from adsorption energies [45]e Tollowing

formula was used to determing;:
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2Y, /Y,

where X and Y are mole fractions in the adsorbedl ssiution phases, respectively. In
the current work, subscripts 1 and 2 correspondetbh-sulfur aromatics (benzene) and
organosulfur/organonitrogen/organooxygen compoundspectively. For the lowest
estimate ofip;, Henry's law was assumed for the isotherms of didge compounds. The
Henry constant is approximately proportional t68, where E is the adsorption bond
energy. This was assumed since non-sulfur aromatecsisually at higher concentrations
in the fuels; therefore Xis much smaller than that estimated from Henrg\s.|Low
concentrations of the solute and high concentratmfrthe solvent were also assumed in

o1 calculations.

VI.3. Results and Discussion:

VI1.3.1. Effect on different sulfur compounds on @édpium saturation capacity:

Desulfurization experiments were carried out toestigate the effect of various sulfur
heterocycles on sulfur adsorption capacity ancdtagare with the computational results.
Figure VI.1 shows the saturation capacities of gt Ag supported TiLadsorbents for

model fuels with T, BT, DBT, and 4,6-DMDBT. In tesnof saturation capacity, the order
from high to low was DBT>4,6-DMDBT>BT>T. The additi of benzene rings resulted
in higher adsorption capacity. This has been aiteith to thet-electron cloud of benzene
rings which might have assisted in raising the tiegacharge density of adsorbate
molecules and consequently increasing adsorptiarggn Therefore, the increase in
aromaticity had a beneficial effect on adsorptidime selectivity order of Ag-Ti©

adsorbent makes it ideal as a polishing agent dimedhiophenic molecules are more
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refractory to HDS process. However, the adsorptapacity for 4,6-DMDBT was lower
than DBT since the attached methyl groups creatgt@rac hindrance to adsorption onto

silver [17]. The trend was also consistent with demtinuous adsorption experiments

[72].
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Figure VI.1. Equilibrium saturation capacities acquired fronusation experiments
(adsorbents: Tipand 4 wt% Ag-TiQ, duration: 48 hours, fuel to adsorbent ratio: 20
ml/g, initial sulfur concentration in model fueldQ0 ppmw S)

VI1.3.2. Model construction for DFT calculations:

We constructed different models in order to simalstipported and unsupported TiO
and Ag-TiQ based on the adsorbent characterization resyltstesl previously (chapter
V) [137] In both unsupported and supported Ag—Jithe anatase phase of Ti@as

shown to have higher capacity and the ability tieatively disperse Ag (chapter 1V)

[137]. The oxidation state of Ag was measured totbheas seen from electronic spin
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resonance (ESR) and x-ray absorption spectrosde}pfkS) studies [71, 137]. EXAFS
studies further revealed that the Ag—O coordinatiomber was 4 and the Ag—O bond
distance was 2.32 A [137]. Ag—-Ag or Ag—Ti interacts were not seen within 3 A. The
supported Ag-TiQ adsorbent was analyzed via X-ray diffraction (XRBhere the
diffractograms did not show any Ag or Ag oxide peak indicated that silver was
present as nanosized or even smaller sized particleapter 1V). We also carried out
infrared (IR) studies on the neat and Ag suppoasbrbents and found —OH signatures
in both (chapter 1V). Changes in —OH bands were alsserved in the IR spectra of
adsorbents after Ag impregnation (chapter 1V). €fae, the —OH groups are closely
associated with Ag.

Based on these observations, the neat and silveposied titania clusters were
constructed. The overall size of each cluster wasvib 10 A. The clusters were relaxed
and were assumed to be free of contaminants. Itasagmed that the Az and SiQ
supports used in the supported Ag—J@dsorbents [110] would have minimal effect on
organosulfur adsorption and therefore were notusietl in the DFT calculations. For
representing anatase Ti@ithout any defect site, a small cluster consgstod six Ti
atoms was constructed §(Oy(OH)s). Additional hydroxyl groups were included to
neutralize the edge effects. T[70]o construct tlies@ipported cluster, dDo(OH)s was
incorporated with a neutral Ag atom. One Ag atons\péaced between four oxygen
atoms (AgTEOg(OH)s). The geometrically optimized neat and Ag supportidh Tlusters
(without any defects) are shown in Figure VI.2. thié structures had neutral charge with
singlet multiplicity, except for the Ag supportellisters which had neutral charge with

doublet multiplicity. AJ was employed in the cluster construction insteladgd since
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metallic Ag usually results from the thermal decasipon of AQNG (Ag precursor for
Ag-TiO, adsorbent). This was also confirmed from the EXAdt&dies [137]. The Ti
coordination number in these clusters was 4. Foordinated Ti are more active than
five or six coordinated Ti [173], and are usuallgne available at the surface than in the
bulk and Ag incorporation is a surface phenomenorour case. The effect of Ag
impregnation on the titania cluster was evaluatgddiculating the binding energy. The

following mechanism was assumed for Ag incorporatio

TigOg(OH)s + Ag% AgTisOs(OH)e
where, Ey,, = Eagri 04(0H)s~ (ETig0,(0H)sTEAg)
Here Ey, represents the binding energy of Ag incorporatitine structure energies were
acquired by means of calculating the single-pongrgies of the geometrically optimized
structures, as described in section 2.2. The vafug, was calculated to be —24.6

kJ/mol. The negative value indicated that the ipocation reaction was exothermic.
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Figure VI.2. Geometrically optimized structures of (a}@4(OH)s and (b)

AgTigOg(OH)e (with no —OH group)

The clusters discussed earlier contained, M@h no defect site or —OH group. Here, —
OH groups were introduced to the@§(OH)s cluster to investigate the consequent effect
in Ag incorporation and organosulfur adsorptionisTiwvas carried out by interacting the
cluster with HO. It is well known that anatase Ti@an dissociate $#0 to form —OH
groups upon adsorption [174]. After,® adsorption, new —OH groups were formed
(TigOg(OH)g). The optimized clusters with bridged —OH groups ahown in Figure
V1.3. Some of the bond distances are also showsguare VI1.3. Silver was impregnated
on the hydroxylated cluster through a similar pchoce as before. The overall

water/silver incorporation steps can be shown bevs:
Tig0o(OH)s + HaO 23 TigOs(OH)s (Two bridged —OH)
TicOs(OH)s + Ag —% AgTisOs(OH)s
where, Ey, =Eri,04(0m)s~ (ETig0,(0H) tEH,0)
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Ep,= Eagriz04(0m)s~ (ETig04(01), + Eag)

Here E,and Ey,, represent the ¥D and Ag binding energies, respectively. Thgand
Ep, values were calculated to be -72.6 and -69.9 KJ)/mespectively. The values
indicated that the incorporation mechanism wadyike be spontaneous. In addition, Ag
incorporation with a hydroxylated titania clustersulted in an almost three times
increase in negative binding energy as compareda tmon-hydroxylated cluster.
Therefore, —OH groups greatly facilitated Ag inamgtion. It should be noted that the
present results did not take into account solveifdgces. Nevertheless, the results
gualitatively indicated that Ag impregnation resuilh the formation of a highly active
adsorbent. The Ti-O calculated distances of thelged hydroxyls were 2.02 A,
somewhat longer than typical Ti—-O bonds in anatase 1.93-1.97 A [175]), while the
other calculated Ti-O distances were about 1.81hkclwwere shorter than observed in
anatase. The position of Ag in AgODg(OH)s was almost similar to that in
AgTigOg(OH)s. The Ag—O bond distances were between 2.33-3.04hgh were close
to the experimental bond distance of 2.32 A [13@] AgTigOs(OH)g, the Ti-O bond

distances of bridged hydroxyl groups increased1® and 2.13 A.
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Figure VI.3. Geometrically optimized structures of (a}@4(OH)s and (b)

AgTigOs(OH)s with two bridged —OH groups

In the structures discussed earlier, two bridgedH-@gdoups were formed after,.8
incorporation. Calculations were carried out foe structures where two single —OH
groups were formed after,B incorporation. The FOg(OH)s (with two single —OH
groups) and the corresponding Agd4(OH)s structures are shown in Figure VI.4. The

binding energies were calculated for the followmegchanisms.
o
TigOg(OH)s + HyO —3 TigOs(OH)s (Two single —OH)

TigOs(OH)s + Ag E—”% AgTigOg(OH)s
where, E, = Eri 0,0m)5" (ETig0,(0H)sTEH,0)
Ep,= Eagri,050m)5- (ETigog(0H)s * Eag)
The values oEl',landEl',zwere calculated to be -38.1 and -66.1 kJ/mol, respey.

Although both binding energies were negative, these less negative than those with
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bridged —OH groups. Therefore, the Ag—7Ti€ructures with bridged —OH groups were
observed to be more stable. Optimization was asoed out for a structure consisting of

one bridged and one single —OH groups. However, thdged —OH group was

transformed to single —OH group after optimization.

Figure VI.4. Geometrically optimized structures of (a}@4(OH)s and (b)
AgTigOs(OH)g; each with two single —OH groups
V1.3.3. Adsorption energy calculation and seletyiviomparison:

V1.3.3.1. Difference between neat and silver sufgmbclusters:

The Egsof T and BT on neat and silver supported clusteesewcalculated and are
summarized in Table VI.1. Both uncorrected and ayerBSSE corrected,&values are
included. The optimized structures of T and BT adsd on both EOg(OH)s and
AgTigOs(OH)s (each with bridged —OH groups) are shown in Figdr®& and Figure
V1.6. The orientation of each was such so thatatganosulfur molecules would adsorb
through the S atoms (with a —OH group forsO¥OH)s and with the Ag for

AgTigOg(OH)s). For both T and BT, we can see that Ag§Js(OH)s had more negative
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adsorption energies thansOg(OH)g, further confirming the sulfur affinity of silvemhis
was also in accord with the sulfur adsorption céjescof neat and silver supported BiO
and TiQ—Al,O3 (chapter 1V). However, the hydroxyl groups can ast secondary
adsorption sites for sulfur heterocycles. In a tasmation process, organosulfur
compounds can be adsorbed on the —OH groups oheetiae Ag sites are occupied.
This can also be supported by the curved breakgfwraharacteristics of the adsorbent
for commercial and logistic fuels [158]. The Ag—Onld distances were changed after

sulfur adsorption, as shown in the figures.

Figure VI.5. Geometrically optimized structures of (a) thiopbewlsorbed on

TigOg(OH)g (with bridged OH groups and (b) benzothiophenedusd on T§Og(OH)s
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(with bridged OH groups). Avg. BSSE corrected ege(g) -34.1 kJ/mol; (b) -54.4

kJd/mol

(b)

Figure VI.6. Geometrically optimized structures of (a) thiopbewlsorbed on

AgTigOg(OH)s (S—Ag interaction) and (b) benzothiophene adsodmeAgTiOg(OH)s
(S—Ag interaction); the clusters consisted of bedlgOH groups. Avg. BSSE corrected
energy: (a) —98.0 kJ/mol; (b) -104.7 kJ/mol

The Egsof T adsorption on the §0g(OH)s and AgTOg(OH)s clusters with single —OH

groups were also calculated using DFT methods. adserption orientations were S—H
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for T-TigOg(OH)sand S—Ag for T-AgTgOg(OH)s. The optimized structures are shown in
Figure V1.7 and the calculated adsorption energies summarized in Table VI.1. T
adsorption on clusters with single —OH groups wemrsak, as compared to that on
clusters with bridged —OH groups. Therefore, thuesters with bridged —OH groups were

more stable as well as had stronger affinity fayamosulfur compounds. These clusters

were therefore used in further studies.

(a) (b)
Figure VI.7. Geometrically optimized structures of (a) thiopbewisorbed on
TigOg(OH)g (S—H interaction) and (b) thiophene adsorbed omi&ds(OH)s (S—Ag
interaction); the clusters consisted of single —@blips. Avg. BSSE corrected energy:
(@) -27.1 kd/mol; (b) -77.4 kd/mol
V1.3.3.2. Difference im—Ag and S—Ag bonding:
To distinguish between the-Ag and S—Ag interactions, T and Biere each adsorbed

on AgTikOs(OH)s through two initial orientations: one with the St close to Ag, and
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the other one with the ring close to Ag. Multipteals were carried out to determine the
n—Ag and S—-Ag orientations which would result in thongest adsorptions. The
corresponding energies are summarized in Table &td the optimized structures are
shown in Figure VI.6 and Figure VI.8. The resuligicated that tha—Ag interactions
were stronger than S—Ag. This result supported parious observations in infrared
studies demonstrating-bond between Ag and T (chapter IV). The bond dista
between Ag and organosulfur molecules were alsdlaeniar =—Ag than those for S—Ag.
We also attempted to interact T and BT withGg(OH)g throughn—H. However, the

organosulfur molecules reoriented to S—H after getoyroptimization.

Figure VI.8. Geometrically optimized structures of (a) thiophadsorbed on

AgTigOg(OH)s (=—Ag) and (b) benzothiophene adsorbed on AQJ(OH)s (n—Ag); the
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clusters consisted of bridged —OH groups. Avg. B§&ftected energy: (a) -111.1
kJ/mol; (b) -117.9 kJ/mol

V1.3.3.3. Effect of benzene rings and methyl groups
We compared the s of various sulfur heterocycles adsorbed on AGEiOH)s in order
to study the effect of benzene rings and methyugso Figure V1.8, Figure VI.9, and
Table VI.1 illustrate the corresponding structunes the Eq4svalues of T, BT, DBT, and
4,6-DMDBT adsorbed on Agd®g(OH)s. Bothn—Ag and S—Ag orientations were studied
and the corresponding,d values are included in the table. The S—Ag origbreb-
DMDBT could not be calculated because the sterfecefwas significant. For DBT
adsorbed onto Ag§Ds(OH)s, m-interaction was the preferred mode of adsorpteowell.
From the table, it can be restated that the adsbtisd stronger adsorption toward sulfur
heterocycles with more benzene rings. However, aslight counterexample, the
adsorption energy for 4,6-DMDBT was weaker thart tba DBT. From more negative
to less negative, thef values followed the order: DBT>4,6-DMDBT>BT>T. Ehi
indicated that the adsorbent had the strongestigffior DBT among these molecules.
The order was in accord with that from the satoragxperimental results done here.
However, the Esof 4,6-DMDBT adsorption was close to that of DBdsarption in the
calculations, whereas the adsorbent capacity 8&DMDBT was close to that for BT in
the experiments. During saturation tests, 4,6-DMDBilght have more diffusion
resistance into the adsorbent mesopores because sifucture and thus the adsorbent

might have a reduced capacity.

142



Figure VI.9. Geometrically optimized structures of (a) dibehzgphene adsorbed on

AgTigOs(OH)s (m—Ag) and (b) 4,6-dimethyldibenzothiophene adsortre&gTisOs(OH)s
(m=—AQ); the clusters consisted of bridged —OH groépg). BSSE corrected energy: (a) -
126.2 kd/mol; (b) -123.8 kJ/mol

VI.3.3.4. Effect of non-sulfur aromatics:
To investigate the effect of non-sulfur aromatiossalfur adsorption, we performed DFT
calculations regarding benzene and naphthalenermaso on AgTEOg(OH)s. The
optimized clusters and the correspondingsfalues are included in Figure VI.10 and
Table VI.1, respectively. Since the molecules hawefunctional groups other than C,
interactions though electrons were predominant. Benzene and naphthadsorption
on AgTigOg(OH)s were weaker than T and BT adsorption. The preseh& increases
the electron density, thereby enhancing the adsorpffinity. It also indicated that silver

has very high selectivity toward sulfur aromatiagronon-sulfur aromaticslherefore,
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sulfur heterocycles can be preferentially adsorbet the silver surface over aromatic
hydrocarbons, as supported by the computationatulzlons. Because of this,
AgTigOg(OH)s has high selectivity even when the concentratiaio raf non-sulfur
aromatics to sulfur aromatics in hydrocarbon fuesmore than 25000:1 [110].
Naphthalene had more negative adsorption energyitbazene due to the added benzene

rings. This was also reported by other researcHat@]. The adsorption energies were

consistent with the experimental heats of adsonpdita [177].

Figure VI.10. Geometrically optimized structures of (a) benzeadsorbed on
AgTigOg(OH)s (n—Ag) and (b) naphthalene adsorbed on A@OH)s (=—Ag); the
clusters consisted of bridged —OH groups. Avg. BS®Eected energy: (a) -101.4

kJ/mol; (b) -115.5 kJ/mol
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VI1.3.3.5. Effect of different hetero atoms:
In the previous section, we observed that the g@disor energy was less negative for
aromatic hydrocarbons whereas it was more negtiivine molecules containing sulfur.
Therefore, the adsorbent had higher selectivityatovorganosulfur compounds. To study
its selectivity toward organonitrogen and organagery compounds, £ were calculated
for quinoline and benzofuran adsorbed on A@E{OH)s and were compared with that
for BT adsorption (Figure V1.6, Figure VI.8, Figukd.11, and Table VI.1). Quinoline
and benzofuran had N and O as the functional graespectively. For g calculation,
S-Ag, N-Ag, and O-Ag interactions were considegdBT, quinoline, and benzofuran,
respectively. For each molecule;Ag interaction was considered as well. Figure V1.1
shows quinoline and benzofuran adsorbed on AQ[DOH)s though orientations that
resulted in the stronger adsorptions. We can sem fthe figure that quinoline was
adsorbed perpendicular to the adsorbent surfadeaiting o-bonding.Similar bonding
was observed in the case of benzofuran adsorbedghrO—Ag orientation. From the
DFT studies, the order in terms ofqEvalues from more negative to less negative was:
quinoline (N—Ag)>benzothiophene (S—Ag)>benzofur&-Ag) or N>S>0O. This was
similar to the basicity order of the functional gps. These results supported the
conclusions from the desulfurization experimentported previously [100]. Ther-
interacted adsorbate molecules were also studiddtan corresponding i values are
included in Table VI.1z-bonding was preferred for BT and benzofuran but foo
quinoline. The highest occupied molecular orbitdOMO) is n-type for both quinoline
and benzofuran (8.62 [178] and 8.8 [179] eV, re8pely). However, the firsé orbital is

much higher for quinoline compared to benzofuranctvhmeans quinoline is a much
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better donor species. Relative to the calculatedi@Cenergy (B3LYP/6-31G(d)), the
first c molecular orbital of quinoline was only 0.6 eV lesywhile for benzofuran, the
first c molecular orbital was 3.2 eV below the HOMO. Thiigan be rationalized that
ther-interactions are very similar for quinoline andhbefuran, while the-interaction is
much stronger for quinoline. Theinteraction was 8.9 kJ/mol stronger for quinoline
compared to benzofuran (-109.4 vs. -100.5 kJ/maligd was consistent with a
ionization potential (IP) higher by 0.2 eV (bettkmor), while thes-interaction was 63.1
kJ/mol stronger (-141.4 vs. -78.3 kJ/mol) consisteith a much higheo IP (better
donor). The computational calculations indicated that oogéinogen compounds are
highly detrimental to desulfurization through th@mute. These compounds compete for
the active sites with organosulfur species [@8lernatively, the Ag—Ti@adsorbent can
also act as a good denitrogenation adsorbenteloptimized structures, the Ag—N bond

distance was the shortest.
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Figure VI.11. Geometrically optimized structures of (a) quineliradsorbed on

AgTigOg(OH)s (N—Ag orientation) and (b) benzofuran adsorbed\giisOs(OH)s (-—Ag
orientation); the clusters consisted of bridged -@6lps. Avg. BSSE corrected energy:

(a) -141.4 kJd/mol; (b) -100.5 kJ/mol
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Table VI.1 Adsorption energies (uncorrected and average BS®tected) of sulfur and

non-sulfur aromatics adsorption ons@g(OH)s and AgTsOs(OH)g

Structure Adsorbate Orientation Avg. BSSE
Uncorrected
Corrected
TigOg(OH)g (With
S—H -30.8 -27.1
single —OH groups)
Thiophene
S-Ag -85.4 -77.4
single —OH groups)
TigOg(OH)g (with Thiophene S-H -40.1 -34.1
bridged —OH groups) Benzothiophene S-H -62.8 -54.4
S—-Ag -105.9 -98.0
Thiophene
n—Ag -121.0 -111.1
S—-Ag -113.8 -104.7
Benzothiophene
n—Ag -127.7 -117.9
S-Ag -129.0 -117.3
Dibenzothiophene
n-Ag -139.2 -126.2
AgTigOg(OH)g (with 4,6-dimethyl
n-Ag -136.7 -123.8
bridged —OH groups) dibenzothiophene
Benzene n—Ag -111.2 -101.4
Naphthalene n—Ag -125.8 -115.5
N-Ag -153.3 -141.4
Quinoline
n-Ag -120.1 -109.4
O-Ag -89.2 -78.3
Benzofuran
n1—Ag -113.1 -100.5
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V1.3.4. NPA charges:

The NPA charges of Ag and S in the adsorbate-adsbdiusters were calculated and are
presented in Table VI.2. The charges of Ag befasogtion were consistent with the
experimental data, where the +1 oxidation statdgfwere observed to be the active
form in Ag—TiO, adsorbent [71]. Silver charges were decreased adt®rption; whereas
S charges were increased foiinteracted molecules and decreased for S-intetacte
molecules. The S charges were seen to be positial iadsorbate-adsorbent clusters
whereas the C atoms had negative charges. Apamnt$doth N and O functional groups
in quinoline and benzofuran, respectively, had hegacharges. After adsorption, the
charges of N and O were reduced durirteraction, and were increased durig

interaction.
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Table VI.2 The NPA charges (calculated via B3LYP/6-31G(d)hnd) of Ag and S/N/O

from optimized adsorbate, adsorbent, and adsodmigerbent structures

Charge (€)
Cluster Adsorbate Orientation
Ag Ag S/N/O S/N/O
Ti 608(0 H)g (Wlth S—H - - 0.34
Thiophene
AgTigOs(OH)s (with S-Ag 0.73 061 | 038 0.35
TigOg(OH)g (with Thiophene (S—H) - - 0.35
bridged —OH groups’)Benzothiophene (S—-H) - - 0.36 0.34
Thiophene (S-Ag) 0.61 0.38 0.34
(m—AQ) 0.66 0.43
Benzothiophene (S-Ag) 0.60 0.36 0.34
(m—AQ) 0.67 0.40
Dibenzothiophene (S-Ag) 0.59 0.35 0.34
—A 0.67 0.38
AgTicOs(OH)s (ith (n=Ag)
4,6-dimethyl (m—AQ) 0.72 0.66 0.33 0.34
bridged —OH groups)
Benzene {—AQ) 0.67 - -
Naphthalene M—AQ) 0.68 - -
Quinoline (N-Ag) 0.64 -0.45 054
(n—AQ) 0.68 -0.43
Benzofuran | (O~A9) 0.69 -0.48 053
(n—AQ) 0.65 -0.46

VI1.3.5. Separation factor:

Separation factor is employed in adsorption/absamgirocesses to determine the quality
of separating a particular component from a mix{d#]. It is essential in hydrocarbon

fuel desulfurization since every fuel contains nusns compounds which can interfere
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with the process. This factor can adequately desdhe adsorbent ability to selectively
remove sulfur derivatives from the fuels. Thevalues of various sulfur, nitrogen, and
oxygen aromatics over benzene are given in Tabl8.VlThe Eq4s values of species
adsorbed through preferred orientations (N—Ag foingline, =—Ag for the rest) were
employed for separation factor calculation. Benzeapgesented the non-sulfur aromatic
content of hydrocarbon fuels. As seen from thegtadill o values excepdsenzofuranicevere
greater than 2, indicating that the adsorbent eaa good separation agent commercially
[45]. Therefore, Ag-TiQis a feasible adsorbent for removing all the afaicsulfur
heterocycles. The value @fhiophene/senzendvas 50, indicating high selectivity toward T
over C6. The values were consistent with experialesgparation factors reported by

other researchers [177].

Table VI.3 Separation factors of all sulfur heterocycles@sgared to benzene.

Separation Factor Adsorption on AgTO0g(OH)s
OThiophene/BenzenGT—AQ) 50
OBenzothiophene/Benzek&—AJ) 794
Olpibenzothiophene/Benzek&—AQJ) 22466
0l4,6-dimethyldibenzothiophene/Benzef&—AJ) 8648
OQuinoline/BenzenéN—AQ) 1.0 x 10
OBenzofuran/BenzenT—AQ) 0.7

VI.4. Conclusions:
In this work, a computational study was carried waihg DFT methods to investigate the

sulfur selectivity of Ag—TiQ. We also studied the adsorbent activation stepsf@amd
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out that the Ag-Ti@structures (both hydroxylated and non-hydroxylatedje stable.
Silver incorporation with Ti@Q was likely to be spontaneous and the presenceOsf —
facilitated the process. The —OH groups contributet only in Ag incorporation, but
also acted as secondary adsorption sites. Bridg¥dd groups were more stable and
demonstrated stronger affinity toward organosutiompounds than single —OH groups.
Ag-TiO; clusters had much stronger adsorption affinittestneat TiQclusters. For all
sulfur and most of the non-sulfur heterocyclesnteraction was the preferred mode of
adsorption. For AgEOg(OH)g cluster with bridged —OH groups, the order of adate
molecules in terms of the adsorption energies froane negative to less negative was:
quinoline (N-Ag)>DBT f—Ag)>4,6-DMDBT (i—Ag)>BT (i—Ag)>C10 @—Ag)>T (—
AQ)>C6 (—Ag)>benzofuran®—Ag). This was also in agreement with the resuibsnf
saturation experiments. The effect of aromaticigswiound significant as organosulfur
species with more aromatic rings tended to adsaskerstrongly onto silver. This has
been attributed to the-electron cloud contributing more to the negatiharge density.
Functional groups in heterocycles had consideraffext on adsorption energy, and the
presence of functional groups such as S and N feignily enhanced heterocycle
adsorption on the adsorbent. The separation facdbrag—TiO, were promising and
reflected its ability to adsorb sulfur aromaticeevn the presence of 25000 times higher
concentration of non-sulfur aromatics. The adsorpgnergy of silver-titania calculated
in this work can be utilized in the adsorbent folation for maximizing adsorbent

activity and in the design of other adsorption psses.
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VIl.  Conclusions and Recommendations for Future works

VII.1. Conclusions:

The summary of findings from each study has bescudised at the end of each chapter. |
present here the summary of the overall researck pr@sented in this dissertation and
its broader contribution.

1. An adsorbent formulation was developed and optithlzased on silver supported
on novel anatase-titania dispersed supports.

2. The formulation was effective in desulfurizing adeivariety of logistic and
commercial fuels (~10 mg S/g sorbent).

3. The adsorbent was the first of its kind to produttea clean hydrocarbon fuels
(<0.1 ppmw S) for PEM fuel cell applications.

4. The adsorbent demonstrated promising sulfur adsorptapacities for both
aliphatic and aromatic sulfur compounds.

5. Mesoporous supports were found to be the most appte for room temperature
adsorptive desulfurization of liquid fuels.

6. A variety of characterization methods such as XRaman, UV-DRS, N
physisorption, @ chemisorption, Nkl adsorption, and IR spectroscopy were
employed to evaluate the adsorbent and the adsomtechanism.

7. An in situ apparatus for infrared measurement was designed baiitl for

investigating adsorbent activation and sulfur apison mechanism.
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8. DFT studies were performed for the first time oa trganosulfur adsorption on
titania supported silver oxides.

9. The sulfur adsorption mechanism was found to beuei which consisted of
multiple adsorption sites (Ag and —OH groups). Tiechanisms were confirmed

by both experiment.

The mixed oxide supported silver adsorbent is thlg oxide formulation for liquid fuel
desulfurization. Inexpensive formulation, activatitee operation, regeneration in air,
low pressure drop, and the absence of any auxiliaits or reducing gases make the
adsorbent highly feasible for application in an bward desulfurizer unit. The
formulation developed in the current work has psing sulfur adsorption capacities for
both logistic and commercial fuels. The adsorbems valso designed to effectively
desulfurize hydrocarbon fuels down to fuel cell laggtion range. This work also
highlighted the versatility of the formulation bytioducing multiple adsorption sites on
the adsorbent for the first time. The individuapaeities of silver and hydroxyl groups;
and their synergistic effects were the significhntlings of this work. The adsorption
process and the formulation was also designed aiiniaed to ensure maximum
performance. The resulting formulation is both efifee and viable for a continuous
operation in an upstream desulfurizer unit for sype of fuel cells and is also capable of
handling a wide variety of hydrocarbon fuel blen@ike overall study is important not
only for desulfurization and fuel cell applicatipnsut also for other liquid phase
adsorption and fuel cleaning processes (e.g. [matration and olefin-paraffin

separation).
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VII.2. Recommendations for future work

VII.2.1. Development of new materials
The Ag/TiO—AI, O3 and Ag/TiQ-SiO, adsorbents have shown good performances in
desulfurizing hydrocarbon fuels. However, to make formulation more feasible, efforts
should be given in increasing its capacity. Culyert g of Ag/TiO—~Al,O3; can
desulfurize around 10-15 ml of ULSD down to ppbwele The formulation can be
further developed to desulfurize more volume ofl foer adsorbent weight basis. The
adsorbent formulation can be further optimizeddohnieving maximum performance.
One way to explore its effectiveness is to dispémgeTiO, on various supports. So far |
have discussed Ag—Tisupported on only AD; and SiQ supports since they are the
simplest, cheapest, and most widely used supp®irtslar dispersion can be made over
other supports such as zeolites, ZrdigO, SBA-15, ZSM-5 etc. The resulting
formulations can exert in higher sulfur adsorptoapacity and greater efficiency in ppbw
level desulfurization. However, the mass transferithtion and the supports with
appropriate pore structure should be taken intsidenation. In this dissertation, | have
mentioned the preparation of mixed oxides via imrip wetness impregnation and co-
precipitation. However, there are other methodslabia for preparing such materials;
such as atomic layer deposition, ion exchange, sigpo precipitation etc. These
methods might result in more active Ti@ispersed supports and therefore should be
tested.
In our earlier discussion, we have mentioned thegrsis active for sulfur adsorption in
+1 oxidation state. However, in practical case,ahmunt of Ag which are present in +1

form as well as exposed are very less (only arofhdwt% for Ag/TIG—AIOg).
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Therefore, efforts should be given to increasepttesence of more Ag with +1 oxidation
state. This is to remind the readers here that se AgNQ as Ag precursor in the
preparation techniques. Ag is in +1 oxidation stdterefore AQNQ@ can be an excellent
adsorbent. Other researchers have also reporteefféstiveness as adsorbents [68].
AgNO; supported on mixed oxides might be a strongerradst for sulfur adsorption.
However, the material is not thermally regenerabl@erefore, other methods of
regeneration should be tested so that it can beessfully applied in a continuous
operation.

VI1.2.2. Characterization of the Ti and Ag phasa spectroscopy
Silver supported on mixed oxide supports has regulh higher sulfur adsorption
capacity because of the presence of more silvategxiDue to the increase in surface
area and titania active sites, more silver couldol€eed in reducible form. However, to
determine the optimized silver loading for a partc mixed oxide, more sophisticated
spectroscopic techniques should be used. Amongrdift spectroscopic techniques, x-
ray absorption spectroscopy (EXAFS) can be succkgsémployed to deduce the
amount of Ag—O and the optimized loading of Ag whaould yield the highest fraction
of silver (I) oxide. Ag—TiQ can be dispersed onto other supports and the fations
can be consequently optimized via EXAFS in termsiloker loading. EXAFS can also be
useful by investigating the Ag K edge to look inb@ Ag—O pattern. By examining the
Ag K edge of Ag-TiQ adsorbents dispersed on different supports, therdierliness of
silver () oxide can be estimated. This can leadh® development of adsorbents with
highly dispersed silver since higher disorderlinessuld be commensurate to greater

dispersion. The quantification of Ag supported a@®;land on primary support can also
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be estimated by looking into the Ag edge. This gteduld be used to investigate
different surface treatment methods for yielding thighest Ag fraction on Ti{sites.
Besides Ag loading, the Ti-O bond length can alsoelRamined using EXAFS by
looking into the Ti K edge. The effect of Ag impredion on anatase structure disruption
can be discerned. This would complement the re$oltsd from Raman spectroscopy
which revealed changes in anatase Ti—O bonds &terimpregnation. Other than
EXAFS, x-ray photoelectron spectroscopy (XPS) camused to detect the silver particle
size.

VI1.2.3. Photocatalytic Activity of Ag/Ti@-Al,O3 in Liquid Fuel Desulfurization

Silver and titania are known to be excellent phatalysts employed in many
applications such as oxidation, decomposition, disihfection [62, 180-182]. These
materials under ultraviolet (UV) or visible (Visjght become active even at room
temperature and atmospheric pressure. UV-vis mtemhi can excite the electrons of
TiO,, creating electron-hole pairs. This can promotéeaemediated dissociation of
water to generate hydroxyl groups [183]. Silveelitscan act as an electron receptor,
inhibiting the recombination of electron-hole pHiB4]. Silver can also lower down the
band gap of titania when they are combined [181je Tindividual photocatalytic
characteristics of Ag and Tihave shown positive effects on desulfurizing oogautfur
species [182]. Titania can oxidize sulfur aliphai@nd thiophenes in presence gOHO,
and/or HO, [136, 150]. The individual photocatalytic actiesi of Ag and Ti@ warrant
an investigation of the synergistic effect of conda silver-titanium oxide material and
also its probable implementation in liquid fuel diésrization. The Ag/TiQ-Al,O3

adsorbent has shown promising sulfur adsorptionaad#ps from liquid fuel. Its

157



desulfurization capacity might be improved stillrther via photo-irradiation. UV-
irradiation on Ag/TiQ-Al, O3 in presence of O and Q might increase sulfur
adsorption capacity through enhancing —OH conckotrgBronsted acid sites) on the
surface. In addition, UV-excited Ti3urfaces might oxidize the sulfur compounds using
O,. Silver under photo-irradiation might assist 7i@ oxidizing organosulfur species.
Therefore, the photocatalytic properties of Ag/F8I,0; and its effect on liquid phase
desulfurization should be investigated.

To investigate the photocatalytic characteristids Ag/TiO,—Al,Os, desulfurization
experiments should be carried out under UV lighdwlLP Hg or Xe-Hg lamps can be
used as light sources. Most of the researchers @éangdoyed visible lightsA&400 nm)
for photo-oxidation using Ti©[180, 182]. However, Ti® has demonstrated higher
activity when exposed to radiation at UV-C rangge254 nm) [181]. Therefore, we can
use UV-C light sources. For activation or as reastawe can use airfOwith H,O
mixture (RH ~70%). The experiments should be peréatnat room temperature and
atmospheric pressure. A probable setup for UV-iatedl desulfurization experiments is
shown in Figure IV.4.The experiment should be akpédcbed-continuous process,
although batch operations can also be carried Fart.characterizing the photocatalytic

materials and for estimating band gaps, UV-DRSkmemployed.
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Figure VII.1. Experimental setup for UV-irradiated fixed bed dasiration test

VII.2.4. Design of desulfurization unit
So far most of the efforts have been given to tteoebent development. The next steps
after adsorbent formulation are the process defigra practical sulfur adsorber. The
process conditions should be thoroughly optimizeterms of particle sizes, flow rates,
adsorber aspect ratio with a view to the fuel pobidim at the outlet. The adsorber should
be adequately customized for achieving sharpeikbrazaugh since this is more desirable
in a practical process. Higher aspect ratio, smabgticle sizes, and the use of diluents in
the adsorbent beds may facilitate in achieving grabreakthrough. The adsorption and
regeneration process should also be integrated fmyntinuous operation. After proper
design, scale up of the process should be undertakea practical process. The process
can be incorporated with a refinery or a fuel agbleration via process simulation

software.
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VII.2.5. Oxidative desulfurization

Oxidative desulfurization can also be an altermathethod to conventional HDS process,
as described earlier (section 1.2.2). It has achge’ of being a catalytic process, of not
requiring H, and of mild operating conditions. In additionetlprocess has high
selectivity toward more refractory sulfur compound&erefore, it should have higher
reactivity toward 4,6-DMDBT like compounds and heghdesulfurizing capability for
fuels who contains these compounds (e.g. ULSD®,lbr air is used as oxidants, the
process can also be feasible and less complicBkege gases also have an edge in terms

of green chemistry.
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