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Abstract

Over the past decade, nanomaterials have beesubiject of enormous interest. Their
defining characteristic is a very small size in tamge of 1-100 nm. Due to their
nanometer size, nanomaterials are known to hawgannechanical, thermal, biological,
optical and chemical properties, together with pla¢ential for wide-ranging industrial
applications. Here, we synthesized nanocrystaltimetal oxides through the sol-gel

process and used these materials as desulfurizdenrbents and photocatalysts.

Deep desulfurization of fuels has received moreraode attention worldwide, not only
because of health and environmental consideratib@lso due to the need for producing
ultra-low-sulfur fuels, which can only be achievanlder severe operating conditions at
high cost using hydrodesulfurization (HDS). Conssuly, development of new and
affordable deep desulfurization processes to gatis decreasing limit of sulfur content
in fuels is a big challenge. Sol-gel derived Cu@® and Zn/AbO; adsorbents have been
demonstrated to be effective in the removal ofghene from a model solution. Results
showed that Cuwas the active site and thermal treatment undewwa was critical for
Zn/Al,0Os since a defective, less crystalline spinel ledttonger interaction between zinc
ions and thiophene molecules in the adsorptiongs®cThe kinetic study suggested that
most of the adsorption occurred in the first 30 ,;and adsorption equilibrium was

attained after 1.5 h. Both adsorbents showed gegenerative property.

TiO, is considered the most promising photocatalysttdues high efficiency, chemical

stability, non-toxicity, and low cost for degradati and complete mineralization of



organic pollutants. However, the use of Ti® impaired because it requires ultraviolet
(UV) activation §<387 nm). The shift of optical response of Tiftom the UV to the
visible light region would have a profound positigdect on the efficient use of solar
energy in photocatalytic reactions. We shifteddp&cal response of TiQand improved
the photocatalytic efficiency through size modifioa and transition metal ion and
nonmetal atom doping. Experimental results showst C and V co-doped TiO
catalysts had much higher activity than commereb TiQ towards the degradation of
acetaldehyde under visible light irradiation. Hoe first time, we reported that activities
were comparable in the dark and under visible liglatdiation for co-doped Ti©with
2.0 wt% V. C and N co-doped TiCGexhibited higher activity for the degradation of
methylene blue than pure TiCunder visible light and UV irradiation. Possible

mechanisms were discussed based on the experimesiis.
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(UV) activation §<387 nm). The shift of optical response of Tiftom the UV to the
visible light region would have a profound positigdect on the efficient use of solar
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Preface

Environmental pollution and damage on a globales¢alve drawn much attention to
clean chemical technologies, materials, and presesbhis research contributes to the
study and development of new nanomaterials by sblpgocesses for environmental
protection. Namely, nanocrystalline metal oxides iavestigated as adsorbents for fuel

desulfurization and as photocatalysts for the didagran of pollutants in air and water.

There are seven chapters. The first chapter begthshe sol-gel process, including sol-
gel chemistry, advantages, and applications. The®rgk chapter is an overview of
desulfurization technologies. Chapter three andp@nafour describe Cu/AD; and
Zn/Al,O5; adsorbents, respectively. Each chapter is arraagedy the following lines:
synthesis of adsorbents, adsorptive desulfurizati@xperiments, adsorbent
characterization, mechanistic study, and adsorbegeneration. In Chapter five,
photocatalysis on Ti®is reviewed, including the photocatalytic procedsaracteristics
of TiO, catalyst, methods to improve photocatalytic ediny, and modifications to shift
the optical response of Tydrom ultraviolet (UV) to the visible light regioMransition
metal ion (V) and nonmetal atom (C) doped Ji®the subject of Chapter six. Chapter
seven describes nonmetal atoms (C and N) doped. Hfecific details of synthesis,

characterization, and photocatalytic experimergsdgcussed in these two chapters.

The content of this research is partially published
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CHAPTER 1 Sol-gel Process

1.1 Introduction

The sol-gel process, which is reviewed in this ¢thigfhas become a widely used method
during the last several decades. Basically thegebprocess designates a type of solid
materials synthesis procedure by chemical reaciiomsliquid at low temperatureln a
typical sol-gel process, independent solid collbigarticles ranging from 1 nm to 1
micrometer are formed from the hydrolysis and cosdéon of the precursors, which are
usually inorganic metal salts or metal organic coomas such as metal alkoxides. It is
usually easy to maintain such particles in a dspeistate in the solvent, in which case a
colloidal suspension also termed a sol is obtaihedhe second step, these colloidal
particles can be made to link with each other bthfr sol condensation, while they are
still in the solvent, so as to build a three-dimienal open grid, termed gélThe

transformation of a sol to a gel constitutes tHatgm process.

Reactants Solvents.
Vo e Colloidal
Y Lﬂ]]_ﬂl]da[ i/ [ _| J-dimensionnal  —
\'"-. particle / arid
) /
\ /
Jq » Catalyst ':- |
o @ - i - .
e o Time
& el Il'all a -] |
a ° o
| " * g ﬁz Liguid —==
o
] % 2 = "-"D "
Colloidal suspersion of volume V Wet monolith of volume ¥
{a] Sal (b} Grel

Figure 1.1 Thesol-gel process



1.2 Sol-gel chemistry

Sol-gel chemistry is based on the hydrolysis antleasation of precursors. Most work
in the sol-gel field has been performed by the afsalkoxides as precursors. Alkoxides
provide a convenient source for “inorganic” monosnwhich in most cases are soluble in
a variety of solvents, especially alcohol. Alcohefsable a convenient addition of water
to start the reaction. Another advantage of thexatle route is the possibility to control
rates by controlling hydrolysis and condensatiorchgmical meansSWith an alkoxide
as a precursor, sol-gel chemistry can be simplifrederms of the following reaction
equations.

(1) Hydrolysis (hydroxylation) of metal alkoxides:

~M-OR + H,0 ~M—-OH + ROH

As shown in Figure 1.2, the mechanism involves emghilic attack of a negatively
charged HO group onto a positively charged meta*Mnd transfer of a proton from the
water to a negatively charged OR group of the metal release of the resulting ROH
molecule. As soon as reactive hydroxyl groups d@tained, the formation of branched
oligomers and polymers with a metal oxo based sikeland reactive residual hydroxo

and alkoxy groups occurs through a polycondensatiocess.



o+

M—OH + ROH =—— HO—M—0
SR

Figure 1.2 The hydrolysis of alkoxide in sol-gel procéss

(2) Condensation:
-M—OH + OX—-M— — —-M—-0—M- + XOH

In this case X means either an H or R (an alkyligjo Oxolation is also a three step
nucleophilic substitution reaction which occursotigh the elimination of 0 or ROH.

Generally, under a stoichiometric hydrolysis ratityO/M < 2), the alcohol producing
condensation is favored, whereas the water fornsmgdensation is favored for large

hydrolysis ratios (kHO/M >>2).

The hydrolysis and condensation are responsibteeartransformation of metal alkoxide
precursors to a metal oxo macromolecular netwohe flecombination of these metal
oxo polymers leads to the production of well disper structures which occupy the
whole volume. When these oxo polymers reach magpiscsizes, the reaction bath
becomes a gel, inside which, the solvent, reachgproducts and free polymer are
trapped. If the polymerized structures do not reaelecroscopic sizes, sols are produced.

Precipitates are formed if the reactions producese@ather well dispersed structutés.



1.3 Transformation of wet gel

A general flowchart for a complete sol-gel procissshown in Figure 1.3°% A gel forms
because of the condensation of hydrolyzed spentesa three-dimensional polymeric
network. Any factor that affects either or bothtlbése reactions is likely to impact the
properties of the gel. These factors, generallgrretl to as sol-gel parameters, includes
type of precursor, type of solvent, water contemtid or base content, precursor
concentration, and temperatdr@hese parameters affect the structure of thealnifél
and, in turn, the properties of the material atsalbsequent processing steps. After
gelation, the wet gel can be optionally aged inniisther liquor, or in another solvent,
and washed. The time between the formation of agdlits drying, known as aging, is
also an important parameter. A gel is not statieinduaging but can continue to undergo
hydrolysis and condensati8rizurthermore, syneresis, which is the expulsiosaient
due to gel shrinkage, and coarsening, which isdissolution and reprecipitation of
particles, can occur. These phenomena can affeitt th®@ chemical and structural
properties of the gel after its initial formatiomhen it must be dried to remove the

solvent.



Table 1-1 showed a summary of the key steps in-ged@rocess which includes the aim

of each step along with experimental parametetscdrabe manipulated.

Precursoris), solvent{sh
L water and catalyst

Y

el [ormancn

k J
Aging in mother
liguor®

Yy
Washing*

Dirying process

/ r \
Herogel Actogel i Cryogel
(gvaporation) | {mmockave) | (freeze-drier}

Calcination

P

o

.f; Final material )

— I

Figure 1.3Sol-gel and drying flowchart (* the aging and washsteps are optiondi§



Table 1-1Ilmportant parameters in the various steps of @ebprocess®3*°

Step

Purpose

Important parameters

Solution chemistry

To form gel

Type of precursor;
Type of solvent;
Water content;

Precursor concentration;

Temperature;
pH
Aging To allow a gel to undergo Time;
changes in properties Temperature;
Composition of the pore liquid,;
Aging environment;
Drying To remove solvent from a gell  Drying metheslgporative,
supercritical, and freeze drying
Temperature and heating rate;
Pressure and pressurization raf
Time;
Calcination To change the Temperature and heating rate;
physical/chemical properties ¢fTime;
the solid, often resulting in Gaseous environment (inert,
crystallization and reactive gases);
densification
1.3.1 Aerogel

€,

One important parameter that affects a sol-gelyebis the drying condition. Due to the

surface tension of the liquid, a capillary pressynadient is present in the pore walls and

this may be able to collapse most of the pore velwmhen solvent is removed. One

convenient way to avoid pore collapse is to remibneeliquid from the pores above the



critical temperature (Tc) and critical pressure)(Bt the fluid, namely, supercritical
drying!* Under supercritical conditions, there is no longedistinction between the
liquid and vapor phases: the densities become gethete is no liquid-vapor interface
and no capillary pressure. This type of drying prdés the formation a liquidapor

meniscus which recedes during the emptying of tregin the wet gels. The resulting

dried gel, called an aerogel, has a pore voluméasiio that of the wet gél.

Practically, supercritical drying consists of hagtthe wet gel in a closed container, so
that the pressure and temperature exceed theatrigenperature,Tc, and critical

pressurePc, of the liquid entrapped in the pores insidegak

The critical conditions are very different depergdon the fluid which impregnates the
wet gel. Table 1-2 contains values of and R for several fluid$. Presently, one

distinguishes high-temperature supercritical dryifgy HOT) in alcohol from low

temperature supercritical drying (COLD) in €5Both methods are different in the sense
that the hot method is accompanied by a kind altlaer poorly controlled aging process
during the temperature and pressure increase usedtdin the chosen supercritical
conditions. The resulting materials thus are gdlyengdrophobic since their surfaces are
covered by alkoxy groups. On the other hand, thd amethod does not favor such
processes, and as a consequence, it leads to nydrephilic solids' A possible

supercritical drying path in the phase diagram @i, @ presented in Figure 1.4, the

pressure and temperature are increased in suchyahatthe phase boundary is not



crossed; once the critical point is passed, theesblis vented at constant temperature

(>Tc).
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Figure 1.4Example of a possible drying path in the pressBjerémperature (T) phase

diagram of CG'

Table 1-2Critical point parameters of common flufds

Substance formula <K°C) R (MPa)
Carbon dioxide Co 31.0 22.04
Water HO 374.1 7.37
Acetone (CH),CO 235.0 4.66
Methanol CHOH 239.4 8.09
Ethanol CHCH,OH 243.0 6.3
1.3.2 Xerogel

Conventional evaporative drying induces capillarggsure associated with the liquid-

vapor interface within a pore, causing shrinkag¢hefgel network. In a sample with a




distribution of pore sizes, the resultant differahtapillary pressure often collapses the
porous network during drying. The dried sample roftes low surface area and pore

volume.

Surfactants can be added to the liquid to decréasecapillary stresses. It has been
reported for an alkoxide-derived gel that shrinkesgeeduced by surfactants, though it is
not necessarily eliminatédTechniques other than supercritical drying cao &ls used
to obtain high surface area and pore volume méder@ne of them is the addition of
“drying control chemical additives” (DCCA) such a$ycerol, formamide, dimethyl
formamide, oxalic acid, and tetramethylammoniumrbyitle****2It was reported that
uncracked dry monoliths can be obtained, with atined pore volume up 97.4%,
equivalent to the best aerogels obtained by sufieatr drying!® The explanation
provided for this drying behavior is that a unifopare size distribution is formed. In

turn, this minimizes the differential drying shrage.

1.3.3 Cryogel

Another way of avoiding the presence of liquid-vaimberface is to freeze the pore liquid
and sublime the resulting solid under vacuum. is tiethod, the gel liquid is first frozen
and thereafter dried by sublimation. Therefore,ftrenation of a liquivapor meniscus

is prevented. The materials obtained are thentatseed cryogels. Their surface area and
mesopore volume tend to be smaller than those nfgebs, although they remain
significant>* However, freeze-drying does not permit the prejmraf monolithic gels.
The reason is that the growing crystals rejectgdlenetwork, pushing it out of the way

until it is stretched to the breaking point. Ithés phenomenon that allows gels to be used



as hosts for crystal growth: the gel is so effadyivexcluded that crystals nucleated in the
pore liquid are not contaminated with the gel ph#se crystals can grow up to a size of
a few millimeters before the strain is so great thacroscopic fractures appear in the
gel? Nevertheless, the gel network may eventually bstrdged by the nucleation and
growth of solvent crystals, which tend to produ@ryvlarge pores. To attenuate this
event, a rapid freeze process known as flash figeaas been developed. It is also
important that the solvent has a low expansion fmeft and a high pressure of

sublimationt

1.4 Applications of sol-gel method

Applications for sol-gel process derive from theimas special shapes obtained directly
from the gel state (monoliths, films, fibers, anemosized powders) combined with
compositional and microstructural control and lomqgessing temperatures. Compared
with other methods, such as the solid-state methivgl,advantages of using sol-gel
process include'”

(1) The use of synthetic chemicals rather than minemaébles high purity materials
to be synthesized.

(2) It involves the use of liquid solutions as mixturgsraw materials. Since the
mixing is with low viscosity liquids, homogenizatiocan be achieved at a
molecular level in a short time.

(3) Since the precursors are well mixed in the solstiohey are likely to be equally
well-mixed at the molecular level when the gelamnied; thus on heating the gel,

chemical reaction will be easy and at a low temijpeea
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(4) Changing physical characteristics such as poredsabution and pore volume
can be achieved.
(5) Incorporating multiple components in a single stap be achieved.
(6) Producing different physical forms of samples isageable.
It is clear that the sol-gel process has a lotfteron the area of applications. Since the
sol-gel prepared catalytic materials always invaegeral components (active metal ions
on the oxide support) or the introduction of dogaimetal or non-metal) into the oxide,

we will focus on these two applications.

1.4.1 Multi-component system

Many conventional catalyst preparations involve esal steps because most active
catalysts contain more than one component. For pbearm a two-component system,
the preparation of supported oxides consists sf farming the support, followed by the
introduction of second component. However, solggebaration allows the introduction
of two components in a single step. The minor camepb can either participate directly
in the sol-gel chemistry, in which case there isitad over the structural and
compositional homogeneity of the product, forminghnixed oxide (both existed in the
bulk) or not participate, in which case it is simphcapsulated in the gel network of the
major component, forming a supported oxide (onsuported on the surface of the

other).

These materials are of catalytic interest becausg aften display acid strengths that are
significantly higher than either of the componerides.** In a mixed oxide, the acidic

properties are related to the homogeneous mixinghef two component oxides.
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However, conventional mixed oxide preparation téqpies do not always produce
molecularly homogeneous materials. For exampletifigea mechanical mixture of two
oxides to high temperature often results in a sartipht has low surface area and pore
volume. Coprecipitation does not favor moleculambgeneity because hydroxides of
different metallic cations generally do not pretife at the same pH However, because
both hydrolysis and condensation are nucleophilibsstution reactions, the sol-gel
preparation of mixed oxides offers good controloking because of its ability to alter
relative precursor reactivityThe following four strategies have been used tochmat
precursor reactivity:*°*’

(1) Using a precursor containing a different alkgxgup.

(2) Prehydrolysis of a less reactive precursor wiger.

(3) Slowing down a more reactive precursor by r@pgsome of its alkoxy groups with
different ligands in an approach known as chemioaldification. Acetic acid and

acetylacetone are two common chemical modifiers.

(4) Performing the preparation at a different terapee.

Silicon alkoxide has been widely used in the prapan of multi-component materials.
Because silicon alkoxide has much lower reactititgn titanium alkoxide, Schraml-
Marth et al*® prepared titania-silica mixed gel with the pre-ojgsis of the silicon

alkoxide. In comparison, they prepared other sasipjecompletely hydrolyzing each of
the two alkoxides before mixing. Based on the attar&ation of the microstructure of
these samples, they found that the latter sampletainn domains of titania crystallites

embedded in an amorphous silica matrix, while thenér samples contain no such
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domains and are better mixed at the molecular |&ve difference was due to a better
match in precursor reactivity from the prehydradyddifferences in the distribution of
two components in a mixed oxide lead to differerinesatalytic properties. Miller et af.
recently found that titania-silica aerogels predawadth prehydrolysis of the silicon
alkoxide are about a factor off3ore active in isomerizing 1-butene than those gmexb
without prehydrolysis. The higher activity was itited to more acid sites contained in
the more homogeneous sample derived from prehy&lsolpuring the study of selective
catalytic reduction of NO with Nion V/TiO»-SiO,, Handy et af° found that the sample
prepared without prehydrolysis was active and #mae with prehydrolysis was not.
The authors suggested that because of well mixiilyg pvehydrolysis, the support was
more like silica itself, so the interaction betwemrmpport and vanadia would be weaker
with a subsequent less stable vanadia in an aébra. Without prehydrolysis, the
separated titania crystallite present in the suppueracted strongly with vanadia,

thereby stabilizing active vanadia.

1.4.2 Doping

Homogenization achieved at a molecular level ingablprocess can also be used to
introduce dopants into oxides. Chen et'girepare N co-doped TiO2 by mixing titanium
tetra-n-butyl oxide, urea, and tetrabutylammoniymdrbxide in the sol-gel step. From X-
ray photoelectron spectroscopy (XPS) measurememtdadtice parameter analysis, the
authors found that nitrogen atoms were incorporatéal the lattice of TiQ through
substituting the sites of oxygen atoms. Cong ét also synthesized N-doped TiO2 by a
sol-gel process. Analysis by Raman and XPS indicdteat nitrogen was doped

effectively and most nitrogen dopants might be gmesn the chemical environment of
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Ti-O-N and O-Ti-N. Both catalysts showed highenatt for the degradation of organic
pollutants under visible light irradiation companeih the undoped Ti@or commercial
P25 TiQ. Yu et a®® introduced vanadium ion into the lattice of FiBy a sol-gel
method. The results suggested that vanadium doppleced some Ti ions and formed
Ti-V-O structure. The substitution enhanced theogut®on of hydroxide ions onto the
surface of the catalyst. More hydroxyl radicalsitiean be generated and this resulted in
a higher activity. Ward et @l prepared zirconia-sulfate aerogels by mixing sidfacid
directly with the zirconium alkoxide in one stepof X-ray diffraction and infrared
measurements, these authors found that sulfatearensitially trapped in the bulk of the
aerogel and then expelled onto the surface andftianed into an active surface species
that promotes strong Bransted acidity. These sulabups created Bransted acidity
which is necessary for n-butane isomerization. &hesults establish the relationship
between crystallinity, sulfate structure and coftamd the acidity and activity of this
important class of solid superacids. Lopez € aéported the homogeneous hydrolysis
of magnesium alkoxide in a solution containing atilawater, and LICl| to prepare
Li/MgO catalyst. Compared with conventional impragan method, the authors found
that sol-gel derived catalyst was more highly hygtated and showed higher selectivity
toward olefin formation. It was obvious that theywaf introduction of Li affected the

nature of active sites of the catalysts.

1.5 Conclusions

In the past several decades, sol-gel process hasibereasingly applied to synthesize
materials. The parameters in the various stepssofi-gel process provide opportunities

for exceptional control of the sol-gel product’sustural and chemical properties, and
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this control allows people to study the effectscomposition, homogeneity, and pore

structure on the performance of materials.
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CHAPTER 2 Overview on desulfurization

2.1 Introduction

Due to environmental mandates, refineries are ¢adime challenge of producing
increasingly cleaner fuels. The primary focus @ tiew regulations is the reduction of
sulfur in gasoline or diesel fuel because sulfurdexemissions generated by vehicle
engines contribute to acid rain, poison catalysitsatalytic converters, and are an integral
component in the cycle of atmospheric gas chemibfay/leads to ozone production and
smog>?** As a result, the sulfur content in fuels has bgeadually tightened. The
problem of deep removal of sulfur has become mermgs due to the lower and lower
limit of sulfur content in the final product by n@lgtory specifications, and the higher and
higher sulfur contents in the crude oil. Interestitra-low sulfur fuels is also driven by
fuel cells because of their high energy densitpdyeavailability, safety and ease for
storage. However, catalysts used in the fuel psmreare very sulfur sensitive. For
example, fuels for proton exchange membrane fukhpelications required the use of a
fuel with sulfur content less than 1 ppm in ordet 1o poison and deactivate the reformer

catalyst

The state of the art in desulfurization technolagyydrodesulfurization (HDS), which
has been used worldwide. In this process, unddr teignperature (300-340°C) and high
pressure (20-100 atm of,} sulfur-containing compounds are converted 5 knd
corresponding hydrocarbon on CoMo#@} or NiMo/Al,O; catalyst$. The reactivity of

organosulfur compounds varies widely dependingheir structure and local sulfur atom
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environment. Figure 2.1 presents a qualitative relationshipveen the type and size of
sulfur molecules in various distillate fuel fract® and their relative reactivityHDS
process is highly efficient in removing thiols, fad#¢s, and disulfides because of higher
electron density on the sulfur atom and weaker Ge®d, but less effective for
thiophenes and thiophene derivatives. The leasttiveais the dibenzothiophene with
methyl groups at the 4- and 6-positions. Thereforeleep HDS, the conversion of these
more and more refractory key substituted dibenpptmenes largely determines the
required operating conditions for the productiorulfalow-sulfur fuels. This can only be
achieved under severe reaction conditions with eeispo pressure, temperature, and
residence time, which significantly increases tlostocof HDS. To reduce the sulfur
content of diesel from 500 to 15 ppm, an estiméieved that the HDS reactor size
needed to be increased by a factor dfAhother estimate showed that in order to reduce
the sulfur level in diesel from 300 to less tharppdn, the HDS reactor volume needed to
be increased by a factor of about 15 at 600 pshyoa factor of 5 at 1000 p%iAlso,
more severe conditions result in undesired sidetie®s, increased coke formation and
subsequent catalyst deactivation. Consequentlheldpment of new and affordable deep
desulfurization processes for removing the refrgctsulfur compounds is one of the

major challenges for refineries and fuel-cell reska
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2.2 “Non-HDS” based desulfurization technologies

Faced with severely high costs of environmental mlance, a number of new
technologies that do not use hydrogen for catalg@gcomposition of organosulfur

compounds have been contemplated.

2.2.1 Desulfurization via extraction 3

Extractive desulfurization is based on the fact thi@anosulfur compounds are more
soluble than hydrocarbons in an appropriate solvEm general process flow is shown
in Figure 2.2 In a mixing tank, the sulfur compounds are transfiifrom the fuel oil
into the solvent due to their higher solubilitytime solvent. Subsequently, the solvent—
fuel mixture is fed into a separator in which hychrbons are separated from the solvent.
The desulfurized hydrocarbon stream is used eéber component to be blended into the
final product or as a feed for further transforroai. The organosulfur compounds are
separated by distillation and the solvent is remyclThe most attractive feature of
extractive desulfurization is its applicability mw temperature and low pressure. The
mixing tank can even operate at ambient conditidime process does not change the
chemical structure of the fuel oil components. Takethe process efficient, the solvent
must be carefully selected to satisfy a number exfuirements. The organosulfur
compounds must be highly soluble in the solvente Bolvent must have a boiling
temperature different than that of the sulfur comtey compounds, and it must be
inexpensive to ensure economic feasibility of thecpss. Solvents of different nature
have been tried, among which acetone, ethanol,effoiene glycols, and nitrogen
containing solvents showed a reasonable level sultigization of 50-90% sulfur

removal, depending on the number of extractionesycl
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Figure 2.2General process flow of extractive desulfurization

2.2.2 Desulfurization via precipitation 3

Desulfurization by precipitation is based on thenfation of insoluble charge-transfer
complexes and subsequent removal through filtrattxperiments were reported for 4,6-
dimethyldibenzothiophene in hexane and gas oilnqus2,4,5,7-tetranitro-9-fluorene
(acting as p-acceptor). A suspension of the p-docgmd sulfur containing gas oil was
stirred in a batch reactor where insoluble chargesfer complexes between p-acceptor
and 4,6-dimethyldibenzothiophene formed. The camsex steps include filtration to
remove the formed complex from gas oil and thevenpof the p-acceptor excess using
a solid adsorbent. The disadvantage is low selgctfor sulfur compound removal
because of the competition in complex formationMeein sulfur compounds and other
non-sulfur aromatics or nitrogen compounds. Moreova large excess over
stoichiometric amount of p-acceptor is used to ®\good complexing and this excess

should be removed from the oil stream afterwards.

21



2.2.3 Desulfurization via oxidation

Desulfurization by selective oxidation usually cists of two main steps: oxidation of
sulfur compounds and subsequent purification. Ohéhe main advantages of the
oxidative desulfurization process is that somewutbompounds, which are among the
most resistant to HDS due to their steric hindrarsteow a high reactivity towards
oxidation. Selective oxidation followed by disttilan is an option since the oxidation of
sulfur compounds to sulfoxides or sulfones incredkeir boiling temperature. Oxidation
followed by thermal decomposition of oxidized sult@mpounds was reported: sulfur is
released mainly as S@t low temperatures, and somgSHs fomed if the temperature of
decomposition is above 300 ®Che photooxidation method showed high selectitaty
remove sulfur compounds®* Sulfur containing hydrocarbons are suspended in an
agueous-soluble solvent and irradiated by UV oiblaslight, resulting in the oxidation
of the sulfur compounds. The polar compounds forraesl rejected by the non-polar
hydrocarbon phase and are concentrated in thergolVaerefore, the solvent and the
hydrocarbon phases are separated. Acetonitrileawgmod solvent candidate since it can
provide relatively high solubility of initial andxadized sulfur compounds. Also, the
photochemical reaction rate could be enhanced fityotosensitizer. The combination of
solvent and photosensitizer has to be optimizethdrease the rate of the organosulfur
compounds photo-transformation, making the prodesfinically and economically
feasible. Ultrasound has been reported effectivethiem oxidation of sulfur in the
thiophenic compounds, forming sulfoxides and sw@&gnSubsequently, the sulfoxides

and sulfones are removed by solvent extraction.
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2.2.4 Desulfurization via bioprocess

Biological transformation of sulfur-containing cooynds in fuels is based on a
biocatalyst that has the specific pathway that ksalt to clip sulfur from sulfur

heterocyclic compounds. Rhodococcus species arsidayed the most promising
microbial biocatalyst to selectively remove sulfuom substituted and unsubstituted
dibenzothiophene in the fuels, including sulfur oumnds that hindered chemical
catalysis and resisted removal by mild hydrotreatm€&he biological pathway involves
four enzymatic steps as shown in Figure 2.3. Thoprbcess results in the production of
water-soluble end products, namely sulfate, thathm extracted from the fuel. Organic

sulfur free compounds remain in the fuel.

0~ — P
o

HO

Figure 2.3The 4S pathway for the selective removal of suffom dibenzothiopherté

2.2.5 Desulfurization via adsorption
One of the new approaches for desulfurization sogation, which selectively removes

sulfur compounds at ambient pressure and temperframn fuels. This method might be
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the most economical way for the removal of sulfampounds from fuels. The fuel is
contacted with a solid sorbent which selectivelgalls organosulfur compounds from
refinery streams. Efficiency of the desulfurizatisnmainly determined by the sorbent
properties: its adsorption capacity, selectivitytfte organosulfur compounds, durability

and regenerability.

An adsorption-based desulfurization technologyethlRVAD is targeted to remove a
wide spectrum of organosulfur compounds from variefinery stream¥. A simplified
process scheme is shown in Figure 2.4. The pragsss an alumina-based sorbent to
counter-currently contact a sulfur-rich hydrocarbastream. The desulfurized
hydrocarbon stream is produced at the top of tlserd@r whereas the spent sorbent is
withdrawn at the bottom. The spent sorbent is tated into the reactivator where
organosulfur compounds and some adsorbed hydratadre desorbed from the sorbent
surface. The process operates up to 240 °C witydeobarbon/sorbent weight ration of

about 1.4.

desulfurized product

spent sorbent 1 hy:amrftf:ns
roca
reactivating gas >
i E with sulfur
: :
® e reactivating gas
. <
liquid feed | i ¢
stock fresh sorbent

Figure 2.4Simplified adsorptive desulfurization process flow
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There is an ongoing effort to develop new adsosewnt remove the thiophenic
compounds from commercial fuels either viecomplexation®, van der Waals and
electrostatic interaction§'® or reactive adsorption by chemisorption at eledat
temperature$??®#'A series of adsorbents based on the principle@dmplexation were
reported by Yang and coworkers:>?*#The n-complexation bonds are stronger than
van der Waals interactions, but they are also werakugh to be broken by moderate
changes in temperature or pressure, providing pp@runity for selective adsorption of
sulfur compounds from fuels. The authors found afl)-zeolite Y, Agzeolite Y, and
CuCl/Al,O3 were highly selective toward thiophene and thenivétives, and fuels with
sulfur content less than 0.2 ppmw could be obtaiSshg et af:*® explored selective
adsorption to remove sulfur (PSU-SARS) from fuelerometal, metal sulfides, metal
oxides, and zeolite-based adsorbents under ambesnperature and pressure. The
scientific basis behind the approach for PSU-SARShiat there exists site-specific
interactions between the sulfur atom of the thioptheompound and metal species these
are seen in existing organometallic complexes. &hadsorbents had been used to
selectively remove sulfur from gasoline, diesellfaad jet fuel for producing ultraclean
transportation fuels and for fuel-cell application§he temperatures for various
application environments range from room tempeeatarabout 250 °C. Adsorption of
thiophene and benzothiophene in an organic modeltise of hydrodesulfurized
gasoline was studied by Xue et al. using metalawchanged Y-zeolite adsorbents at 80
°C. CeY-zeolite showed high adsorptive capacities forhbsulfur compound$’. The
general desulfurization pathway of sulfur remowalreactive adsorption desulfurization

can be described by the following scheffe!
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S SORBENT

The sulfur atom is removed from the molecule andasind by the sorbent under
operating conditions at 340-410 °C and 2-20 bae Sbrbent is regenerated with air
(forming SQ), followed by reduction with K The corresponding hydrocarbon part is

returned to the final product stream without amyctural changes.

2.3 Nanocrystalline adsorbents

Nanocrystalline metal oxides are of current inteegsl they constitute a novel family of
inorganic porous materiaf&? They generally posses high surface areas andydauh
aggregates either in powder or consolidated p&lehs. The metal oxide nanocrystals
can be prepared in unique shapes and they exhehiankably different chemical
properties. For example, nanocrystalline MgO adsafiout 6 molecules of $@er nnf
area while commercial MgO adsorbs only 2 molecaeS$O, per nnt.*° The unique
properties of nanocrystalline metal oxides mighekploited for the adsorption of sulfur
compounds from fuels, too. The possible advantagésadsorbents based on
nanocrystalline oxides compared with other coneewdi adsorbents are: open pore
structure with a high pore volume so the adsorbaitecules can enter and exit easily,
high surface area, unlimited loading level of meiahs, and various mixed
nanocrystalline metal oxides could be prepared wattying acidic/basic nature that will
suit a particular applicatioft. In the following two chapters, experimental worlithw

nanocrystalline Cu/AD; and Zn/AbOs will be described.
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CHAPTER 3 Cu-based nanoscrystalline Al ;03 adsorbent

3.1 Introduction

This chapter will focus on preparing and charazbeg alumina-supported copper
adsorbent, followed by experimental testing of dfeszation activities. In particular,
this work includes descriptions:

1. To prepare Cu/AbD; adsorbents with different copper loading by sdl-ge

2. To characterize the adsorbents.

3. To run the desulfurization experiments.

3.2 Preparation of Cu/Al ,0; adsorbent

The Cu/AbO3; adsorbents were prepared by the sol-gel/aerogeleps using cupric
nitrate and aluminum isopropoxide (98.0%, Aldrich3. shown in Figure 3.1, the general
procedure for the preparation consisted of theofalig steps. An appropriate amount
(0.076, 0.198, and 0.424 g corresponding to 2,rel B0 wt% of Cu respectively)
Cu(NGs), 5/2H,0 was dissolved in 19 ml ethanol. Aluminum isomrxade (4.08 g) was
put in a flask containing 133 ml toluene and 6Cethianol and stirred for one hour. After
complete dissolution, the Cu solution was added the mixture. The hydrolysis was
accomplished by adding about 2 ml deionized wdt#lowed by vigorous stirring at
room temperature for 12 h. Afterwards, an autoclaraeedure was used to dry the gel
under hypercritical conditions. After being flushedth a flow of N gas, the Parr
(autoclave) mini reactor was then pressurized Witlgas to obtain the initial pressure of

100 psi. The reactor was slowly heated from roomprature to 265 °C at a rate of
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1°C/min by a PID controller. The overall heatinppé was about 4 h. The temperature
was allowed to equilibrate at 265 °C for 15 mindvefthe reactor was vented to release
the pressure. The reactor was immediately remawed the heater and then flushed with
N, for 10 —15 min to remove any remaining organicveot. During the heating, the
pressure inside the reactor increased from 10Qop%D00 psi. After it was allowed to
cool to room temperature, the product was groundguan agate mortar. The powder
was calcined at 500°C for 4 h in air. The finaliaation step was conducted at 700°C

under vacuum for 3 h to promote auto-reduction af @ Cu.

Al [OCH (CHj3) 7] 3 Cu (NG;) 2 5/2H0
Toluene Ethanol
Ethanol

leo

Hydrolysis

l

Autoclave

l

Calcination——— 500 °C, 4 h, in air

l

Activation

l

CU+/ Al 203

Hypercritical drying

700 °C, 3 h, vacuun

Figure 3.1General procedure for preparation of adsorbents
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3.3 Characterization of Adsorbent

The specific surface area, pore volume, and avepmge size of the samples were
estimated using the JNadsorption-desorption isotherm at -196°C by thdtimpoint
Brunauer-Emmet-Teller (BET) method using a NOVA QO&dsorption instrument
(Quantachrome, USA). Before adsorption, all theamwere degassed for 1 h at 150°C
under vacuum. The surface area and pore volume eacealated using the adsorption

isotherms. The desorption isotherms were usedltoleée pore size distributions.

X-Ray powder diffraction patterns were obtainedwatBruker D8 diffractometer, using
Cu Ko radiation (1.5406A) at 40 kV and 40 mA and a seemy graphite

monochromator. The measurements were recordedps sf 0.025° with a count time of
1 s in the B range of 20-80°. Identification of the phases wesle with the help of the

Joint Committee on Powder Diffraction StandardsRDS) files.

UV-Visible spectra measurements were carried outao@ary 500 spectrophotometer
equipped with a Cary 4/5 diffuse reflection sphanehe 200-800 nm wavelength range.
The baseline was recorded using a polytetraflubgbene reference. All spectra were

taken under atmospheric conditions.

FT-IR spectra were recorded on Nicolet NEXUS 87tamed spectrometer using in situ
DRIFTS cell attached to a gas supply system. Thepkawas placed into the ceramic
cup of a commercial DRIFTS cell (Spectra-Tech) vatZnSe window. Gases used for

studies were He (99.99%), CO (99.99%), and(99.996%). The FT-IR spectrometer
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with a liquid nitrogen cooled MCT detector allowsetsurface characterization to be
performed. At room temperature, ppm CO in heliuns walsed in the cell. Spectra were
collected after each step of the adsorption praeedihe spectrum of the sample before
CO adsorption was subtracted from all the speditailwed after adsorption for better

evaluating the surface species.

3.4 Adsorption experiments

Adsorption experiments were performed by a batchhatk After the activation, the
adsorbent was cooled down to room temperature aiuklg mixed with 40 ml model
fuel consisting of pentane and thiophene (the Seamation of the model fuel is 20
ppmw). The mixture was kept in a sealed tube amréemperature with stirring for a
desired time. The liquid phase was separated frben @dsorbent, and the sulfur
concentration in the solution was measured by U¥4fiectrophotometry (thiophene has
an absorption band at about 230 nm and the absmbemrresponds to the residual

thiophene content).

3.5 Results and discussion

Figure 3.2 shows thiophene adsorption results ofAl@gD; adsorbents with different
loadings. In this figure, the smallest absorbaneams the largest amount of thiophene
was adsorbed. The adsorbent with 5 wt% Cu showeditthest capacity, 1.8 mg/g. The
sulfur content of the solution after adsorption Wa8 ppmw. The capacities were 1.5
and 0.9 mg/g for 2 wt% and 10 wt% Cu adsorbentpecs/ely. The corresponding
sulfur contents were 5 and 11 ppmw for the remgisilutions. It was clear that sol-gel

prepared Cu/AlD; held considerable promise for thiophene adsorption

32



2.5

model solution
— 10 Wt%
5 wt%

2.0 —_— W%

154

Absorbance

1.04

yd

0.0

-

T T T
200 300 400 500 600 700
wavelength, nm

Figure 3.2 Adsorption of thiophene on Cu/AD; with different Cu loadings

Figure 3.3 shows the kinetics of thiophene adsonptin the 5 wt% Cu/AD; adsorbent.
The adsorption was very fast during the first 3h,,and equilibrium was nearly
achieved after 1.5 h.
25-
20
154
10
]

0.0 . ; . ; . ; . ; ; .
0 50 100 150 200 250

Absorbance

time, min

Figure 3.3Kinetics of thiophene adsorption on 5 w@4/Al, O3 adsorbent
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3.5.1 Morphology of the Cu/Al ,03; adsorbents

The adsorption/desorption isotherms for variousodments were typical of type IV,
which was characteristic of mesoporous sdlid@uantitative comparisons of the pore
structure of various samples are reported in T&kle The copper loading had a great
influence on the textural properties. The BET stefarea, pore volume and pore
diameter did not change with lower loading, showtimat the structure of the support was
preserved. The small decrease of these parametsratwibuted to plugging by very fine
crystallites of CuO. At higher loading, the insenti of copper decreased the pore
diameter greatly, which was presumably the resulllockage of some pores by CuO
particles as shown later by XRD results.

Table 3-1Pore structure of Cu/AD; adsorbents

Adsorbents Surface areaqy) | Pore Volume (critg) | Pore diameter (nm
0 wt% Cu/ALO3 452 2.1 17
2 wt% Cu/ALO3 425 1.9 16
5 wt% Cu/ALOs 385 1.9 12
10 wt% Cu/AbOs 357 15 5

3.5.2 X-ray Diffraction

Figure 3.4shows XRD patterns of the Cub@; samples before calcination, after
calcination and after thermovacuum treatmévietallic copper diffraction linesvere
observed for the samples before calcination treatriedicating that much of the &u
was reduced during the hypercritical drying stelpe Thtensity of the XRD peaks due to

copper increased as the copper content increadest. dalcination at 50, no peaks
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due to copper species were observed for samplésleas than 5 wt% copper loading,
suggesting that copper was highly dispersed osupeort surface, or the crystallite size
of the copper species was so small that they wadetactable as a consequence of
sensitivity and size limits of the XRD techniquee&¥ diffraction lines of crystalline
CuO (D = 35.5° and 38.7°) were confirmed on 5 wt% CuOAl More intensive
diffraction lines were noticed for 10 wt% Cuh8s. This showed that the bulk structure
of samples with low copper content was rather simib that of alumina which had a
defective spinel phase with low crystallinfty. Auto-reduction of Cti to Cu after
thermovacuum treatment was confirmed by @O diffraction linesobserved for 10
wt% Cu/ALOs. The lack of CuO peaks in the lower copper loading samples was als
attributed to the small crystal size of Quor the limit of XRD. Compared with the black
color observed in Cu(ll)/ADs (calcined samples), the color of Cu(l)8k (after
thermovacuum treatment) was light gray, which wiae @vidence of auto reductidn;
Cu(l) species are usually colorless except wheler cesults from charge transfer to the
anion? The mechanism of thermal reduction of’Cwas assumed as follows: the
coordinated hydroxyl groups of the isolated?Cions were desorbed as water during
calcination. The evolution of two oxygen ligands @s oxygen molecule from the
dehydrated Cti monomer caused the thermal reduction of'Guto the low-coordinated

Cu'ion?
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Figure 3.4XRD patterns of Cu/AlO; adsorbents with different Cu loadings (a) before

calcination, (b) after calcination, and (c) afteerimovacuum treatment
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3.5.3 UV-Vis spectroscopy

Figure 3.5shows the diffuse reflectance UV-Vis spectra ofATp0O3; samples before
calcination, after calcination and after thermovanureatment. According to literature,
the strong absorption between 200 and 300 nm wezetalthe LMCT (ligand to metal
charge transfer) band of Ewspecies. Absorption between 600 to 800 nm corretg
to the d-d transition band of €usituated in an octahedral, Gonfiguration more or less
tetragonally distorted. Fine Cu metallic particiedibited absorption in the 580-590 nm

range corresponding to the conduction bahd.

Before calcination, lasorption bands in the spectrum of the sample withmpper
(support) were observed 210 and 270)m. This might be due to trace impurities in the
aluminum isopropoxideA small peak in this region assigned to a LMtansition from
oxygen to contaminant transition metal cations w@viously reported by Yamamoto.
For samples with copper, we could not rule outekistence of Cti species because the
LMCT absorption band of CGii species overlapped with that of contaminant of the
support in the region of 200-300 nm. Also, anotb@nd around 600 nm was observed,
showing that Ctf was reduced to Cuuring the hypercritical drying process, which was

in good agreement with XRD results.

After calcination, the diffuse reflectance speah®wed strong absorption bands240
nm and a broad absorption from 350 nm to 800 mhe band at 240 nm might be the
LMCT band. We assigned the broad absorption to @u®ulk-like spinel CuAbO,

species because both showed absorption in thigrdhg three-dimensional Cwluster
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in the CuO matrix was also reported to show sonsorgition in this range (400-500
nm)? Since the samples were calcined and the spectraumeehin air, the existence of
Cu’ species was less likeWith the increase of copper loading, the LMCT bahifted

to the higher wavelength and the intensity incréasedicating the less tetragonal
distortion of the copper species in the octahedralironmenf The intensity of the
absorption in the 350-800 nm range increased a@dstitong absorption band between
200 and 300 nm decreased when copper loading sexideom 5 to 10 wt%, showing the
increase of crystalline and bulk C8Qrhis was consistent with the observation that the
intensities of the XRD peaks increased with theraase of copper loading. The
absorption band at 270 nm in the spectrum of thpped was also due to metal oxide

impurities.

After the thermovacuum treatment, a new absorpband appeared at 320 nm, which
was assigned to the electron transitidh-ed’s' of Cu" species (Ci4D). Although the 3d
orbitals of CyO were fully occupied and no d-d transition banduth be observed,
CwO could give transitions from the valence band xeited levels involving the
emission and absorption of a photofihe appearance &@wO was also observed by
XRD. It was obvious that reduction (Ew>Cu’) was not complete from the UV-vis
spectra because there still existed*Cspecies absorption band after thermovacuum
treatment. The degree of the ‘ulispersion determined the auto-reducibility. The
isolated C@" ions were more easily reduced to*dn vacuunt This was in good
agreement with the results of our adsorption expenis. For adsorbents with copper

loadings of 2 and 5 wt%, copper ions were highlgpdrsed and easy to reduce in
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vacuum. The 5 wt% Cu/AD; adsorbent showed higher capacity. More aggregates
formed in the case of 10 wt% Cuh®; and CG" ions were more difficult to reduce, so

capacity was also lower. At the present time, veerat able to quantify the percentage of

reduced copper.
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Figure 3.5Diffuse reflectance UV-Vis spectra of Cup@s; adsorbents with different Cu
loadings (a) before calcination, (b) after caldo@tand (c) after thermovacuum

treatment
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3.54 FT-IR

Infrared spectroscopy of CO absorption is the widapplied method to obtain
information about the oxidation and coordinatioratst of the surface copper
atoms/cations. According to the literattf"*>** CO is bonded via- andz-back bonds

in CU™-CO complexes. Strongrtype donation of the C lone pair of CO is reinfaidy

a relevantt-type back bonding from the d orbitals of ‘Go the antibonding orbitals of
CO. As a result of the synergistic effect betwdss tivo bonds, the C+CO species are
characterized by a high stability. In contrast, @Obonded to Cii ions mainly by
electrostatic forces and tieecomponent of the bond is negligible and thereoig back-
donation. The carbonyls of €uions are unstable and are detectable only at low
temperature or at high equilibrium CO pressure. [Blwe stability of CJ-CO is due to
both thes andz components of the G«C bond are weak. It can be concluded that, at
room temperature, only Cucations form stable complexes; no stable carboays
formed with the participation of Gliand CU. Peak positions of CO adsorbed on Cu
have been assigned in the following regions foheaddation state: the band at 2220-
2150 cm' can be assigned to the TCO species. The band at 2160-2080"aran be
assigned to CO adsorbed over'Tspecies. The CCO carbonyls are characterized by

absorption frequency below 2130 ¢tm

Figure 3.6 shows the IR spectra of CO adsorbederattivated samples after exposure
to CO followed by purging with helium at room termguteire. The adsorption of CO leads
to the appearance of a band with a maximum centrgd10 crit. Purging with helium

at room temperature causes the decrease of thesitytewhile the maximum position of

41



the band does not shift, showing CO species aomngly bound to the surface. We

attribute this to the formation of G«€O complexes. Although bands for @O and

CW’-CO complexes overlap, we rule out the possibdityCL’-CO carbonyl for its weak

stability. After purging with @ at 473 k, the absorption peak disappears compjetes

spectrum is the same as that of the sample befination. No formation of Cui-CO

complexes is due to the weakness of the coordimaibod.

Absorbance

I ———

d
e e U

————

1
2200 2150 2100 2050 2000

-1
Wavenumber, cm

Figure 3.6IR spectra of CO at room temperature on CyDAlabsorbent (a) after contact

with gas, (b) after 1 min purging with He, (c) afi& min purging with He, (d) after

oxidation at 473 K. The spectrum of the adsorbeag subtracted.

3.6 Mechanism of adsorption

Although mechanistic research has been carriedbguéxperiments and simulations,

debate continues over the role of metal ions aaddéntity of the active sites. Thiophene

has two lone pairs of electrons on sulfur atom. Qaie lies on the six-electron system

and the other lies in the plane of the ring. Thienp can act either as an n-type donor by

donating the lone pair of electrons (direct SsMond) or asi-type donor by utilizing the
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delocalized electrons of the aromatic rimgopnd) to formr-type complex with the metal
ions (Figure 3.7§’ Based on the molecular orbital theory calculativiang et afl®
suggested the-complexation mechanism. In this mechanism, thewratcan form the
usualc bonds with their s orbitals and, in addition, theiorbitals back-donate electron
density to the antibonding orbitals of the sulfur rings. Song et?aleported that there
exists a direct interaction between the metal atord sulfur atom of the thiophenic
molecules, known to be possible with some organaliietcomplexes. Among the
known coordination geometries of thiophene in oogaetallic complexes, only two
types of interaction of thiophene with metal invadivsulfur in thiophene (the sulfur atom

interacted with one metal atom or two metal atorbgse two possibilities are shown in

‘ M

M

Figure 3.7.

Figure 3.7 Two possible interactions between thiophene andlinat
Figure 3.8 shows the thiophene adsorption restlthree adsorbents: €05 (no
calcination, heating in vacuum), €(Al,O; (calcination, heating in air), CIAI,Os
(calcination, heating in vacuum). All three adsaisehad 5 wt% copper loading. Both
Cuw?* and CU were ineffective for thiophene removal. Only*Ghowed high adsorption
capacity towards thiophene. Thecomplexation mechanism suggests thaf €ould
selectively bind tor-system of thiophene and remove it; however, oua dies not

support this expectation. The inconsistency mightdoe to the preparation methods,
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supports, pretreatments, or the interactions antomgoexisting molecules in the fuel. It
appears that thiophene coordinated to the metajGoi) through its sulfur atom in our

experiments, but it has not been proven at thistp&ased on the difference of NMR
chemical shifts between the DBT in the AgHPBT solution and those of the free DBT,
McKinley** found that DBT coordinated to Aghrough the sulfur atom instead of the

arene ring.

25+ .
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Cu'/AlLO,

2+
2.0 [\ Cu”/ALO,

o
Cu’/ALO,
1.5
1.0 —J

0.5+

e

T T T T T T T T 1
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Absorbance

wavelength, nm

Figure 3.8 Adsorption of thiophene on 5 wt% Cul@; adsorbent with different Cu

oxidation states

3.7 Regeneration of adsorbent

The regeneration of adsorbents after adsorptionsitaied by heating the adsorbent in
vacuum (700 °C, 3 h) to remove the adsorbed sgliumpounds and to reduce Cio
Cu', using 5 wt% Cu/AlO; adsorbent. In Figure 3.9, the effect of regenematn
adsorption is illustrated. The thiophene uptakeciea more than 95% when the

adsorption equilibrium was attained. Even after gheond regeneration, the adsorption
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capacity is 1.7 mg/g, 95% of the capacity of theslir adsorbent. Thus, the adsorbent

could be easily regenerated without losing its capa

model solution

fresh adsorbent

adsorbent regenerated one time
adsorbent regenerated two times

2.5+

2.0

154

Abs

1.0

T T T T T T T T
300 400 500 600 700
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wavelength, nm

Figure 3.9 Adsorption of thiophene on fresh and regeneratetPb Cu/AlLO; adsorbent

3.8 Conclusions

Sol-gel prepared Cu/AD; adsorbents were effective in the removal of thesghfrom a
hydrocarbon liquid. The adsorption experiments,nglavith characterization results
suggested that Gland Cd did not adsorb thiophene; Cwas the active adsorption site.
The kinetic study suggested that the adsorptionliequm was attained after 1.5 h and
most of the adsorption occurred in the first 30.nfine adsorbents had good regenerative
properties; 95% of the capacity remains after twisogption cycles. Future work will
investigate the mechanism further, test differevitgel materials for their thiophene

adsorption capacities, and evaluate the adsorbandiesulfurization of real fuels.
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CHAPTER 4 Zn-based nanoscrystalline Al ,03 adsorbent

4.1 Introduction

From the previous chapter, we know that®Garovided active sites for thiophene
adsorption and Cus air-sensitive. Also, the preparation was congiéd. So we tried to
find a suitable alternative to copper. Zinc is adj@ption since it has been used in high
temperature gas phase desulfurization and zindgteeahs been used for liquid phase
desulfurization. Therefore, this chapter is devadie@lumina-supported zinc adsorbent,
beginning with preparation and characterizationtted adsorbent and following with
experimental testing of desulfurization activitigsparticular, descriptions are provided:

1. To prepare Zn/AlO; adsorbent with different zinc loading by sol-gel.

2. To characterize the adsorbents.

3. To run the desulfurization experiments and studghaaisms.

4.2 Preparation of Zn/Al ,03 adsorbent

The Zn/ALO; adsorbents were prepared by a xerogel procesg usie acetate and
aluminum isopropoxide (98.0 %, Aldrich). The gehepaocedure consisted of the
following steps. Aluminum isopropoxide (4.08 g, ®fol) was dissolved in a mixture of
133 ml toluene and 79 ml ethanol. An appropriat@am of zinc acetate necessary to
give the desired Zn loading was dissolved in 3 miodized water. When this zinc
solution was added into the above solution, thedlydis started, followed by vigorous
stirring at room temperature for 12 h. The fin@pstvas to dry the gel at around 70°C,

and the dry powder was ground and saved for laatifg and use.
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4.3 Characterization of adsorbents

X-Ray powder diffraction (XRD) patterns were obtdn with a Bruker D8
diffractometer, using Cu dradiation (1.5406A) at 40 kV and 40 mA and a seeon
graphite monochromator. Samples were packed imastic holder. The measurements
were recorded in steps of 0.04° with a count tird® s in the 2 range of 20-80°.
Identification of the phases was made with the loélghe Joint Committee on Powder

Diffraction Standards (JCPDS) files.

X-ray photoelectron spectroscopy (XPS) data wecerded using a Perkin-Elmer PHI
5400 electron spectrometer. The spectrometer egilmonochromatized Aa radiation
(1486.6 eV, 15kVx300W). The instrument operates ptessure of about 2.0 xéorr.
The XPS binding energies were measured with a goeciof 0.1 eV. Analyzer pass
energy was set to 17.9 eV and the contact timeS@ass. Before testing the samples, the
spectrometer was calibrated by setting the bindingrgies of the Auf4, and Cu Ps,
values to 84.0 and 932.7 eV, respectively. Bindengergies for the samples were

referenced to the Gsline (284.6 eV).

N adsorption-desorption isotherms were obtained26°C using a computer-controlled
NOVA 1000 instrument (Quantachrome, USA). Beforsaagtion, all the samples were
degassed for 1 h at 150°C under vacuum. The spexifface areas were estimated by
the multi-point Brunauer-Emmet-Teller (BET) methodihe Barett-Joyner-Halenda

(BJH) method was applied to calculate the poremeland pore diameter.
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Transmission electron microscopy (TEM) measuremesie made with a JOEL 2000
EX electron microscope, equipped with a top entages. The powder was ultrasonically
dispersed in acetone and the suspension depositedtioin copper grid coated with a
porous carbon film that supports the sample toieeed. The grid was then placed in the
electron beam between the filament and a phospipbates that lights up as electrons hit
the surface. Electrons localized on atoms in tmepsa would block the passage of the
electron beam and appeared as dark areas on arwigthalluminated image. The

residual pressure at the specimen region was ajppately 1x10° mbar.

4.4 Adsorption Experiments

Adsorption experiments were performed by a batcthate 0.3 g adsorbent was put in a
heating tube and calcined under vacuum at 500 t@Gfb, and then the furnace was
removed and the heating tube was cooled down tm ieonperature. 40 ml model fuel
consisting of pentane and thiophene (the sulfuellexas 20 ppmw) was added and the
heating tube was sealed immediately. The mixture kept at room temperature with
vigorous stirring for a desired time, and the ldyyhase was separated from the
adsorbent. The final weight of different zinc laagliadsorbents after the thermal vacuum
treatment was in the range of 0.15-0.2 g becaugsheofemoval of organic impurities.
The sulfur concentration in the solution was maeitbby UV-Vis spectrophotometry
(thiophene has an absorption band at 231 nm andhltkerbance corresponds to the
residual thiophene content). The experimental ewas about + 2% based on our

reproducible experiments.
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4.5 Results and Discussion

Figure 4.1 shows the adsorption results on 10 wit#AIZO; adsorbent. The intensity of
absorbance at 231 nm decreased significantly afteorption, suggesting that most of
the thiophene was adsorbed out of the model fuelat clear that zinc-based alumina
could be a good adsorbent for use in liquid phasulfurization at ambient conditions.
The capacities of adsorbents with different zinadiags, which are listed in Table 4-1,
show that 20 wt% Zn/AD; has the highest capacity. For adsorbents havinglaading
below 20 wt%, the capacity increases with highac zoadings. At zinc loading greater

than 20 wt%, the capacity decreases.

2.54

—— 10 wt% Zn/AL,O,
model solution

2.04

1.5+

Absorbance

1.0

0.5 \/\

00 T T T T T T T T T 1

200 300 400 500 600 700
Wavelength (nm)

Figure 4.1 Adsorption of thiophene on 10 wt% ZnA8;
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Table 4-1Capacities for adsorbents with different zinc loadi (thermal treatment

performed under vacuum for all samples)

Capacity (mg S/g adsorbent)
5 wt% Zn/AbO3 15
10 wt% Zn/AbLO3 2.0
15 wt% Zn/ALO3 2.2
20 wt% Zn/AbO3 2.8
25 wt% Zn/AbOs 2.3

4.5.1 X-ray diffraction (XRD)

XRD can be used to identify crystalline bulk phagbe crystallinity, and to estimate
particle siz€" It was reported that when transition metal ionsensupported on alumina,
two reactions occurred concurrently: one led toftlmenation of a spinel and the other to
segregation of an oxidelt was easy to identify the segregated oxide phmsehe
analysis of the XRD data. The identification of thiginel phases was rather difficult
because alumina had a defect spinel structure tsnthttice parameters were almost
identical to those of the spinel. It was found tthat intensities of lines at d=2.4 and 48
(strong lines for spinel,@= 32, 37°) increased in the zinc metal ion comtgjralumina
as compared with the pure alumina. Relative interssiof these two diffraction lines

were used to identify the formation of the spirikélstructure’

The experimental XRD patterns obtained for différanc loadings are shown in Figure

4.2. All samples give broad diffraction lines, sagting low crystallinity. The intensities
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of the diffraction lines at about 31.4 and 36.8f finc-containing samples began to
increase relative to the main alumina liné526.0, 66.8°). With increased zinc loading,
the two lines became narrower and more intensesistemt with formation of a spinel-
like phase. Although ZnO had diffraction lines etuand 32 and 37°, other major lines in
ZnO patterns (34.4 and 47.5°) were absent evehi@trer zinc loading sample (25 wt%,
not shown here). However we could not rule out plesible formation of ZnO (the
crystallite size of ZnO was small and undetectasiea consequence of sensitivity and
size limits of the XRD technique). It was obviobhsattwhen calcined in air, the zinc ions
interacted strongly with the AD; support and formed a “surface spinel” which was
similar in structure to bulk ZnAD,. In contrast, only two broad peaks appeared in the
pattern when samples were treated under vacuuminiéresity of the broad peak in the
25-40° range increased with higher zinc loadingtie to peak at 60-75°. We believe
that a surface spinel was also formed during vactn@@tment, but a more defective
structure with more exposed zinc ions was formducklresulted in broader peaks in the
XRD pattern. XPS and BET data discussed next shwthdr evidence of the formation

of surface spinel and its smaller size.
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Figure 4.2 X-ray powder diffraction patterns of different zilmading samples: (a) 20
wt% Zn/Al,Os; (b) 10 wt% Zn/A}Os; (c) 20 wt% Zn/AOs; (d) 10 wt% Zn/A}Os; (€)
Al,O3 (support); (a and b are samples calcined underwaat 500 °C for 3 h; ¢, d, and

e are samples calcined in air at 500 °C for 3 h)

4.5.2 X-ray photoelectron spectroscopy (XPS)

XPS binding energies provide a means to identigyadhemical composition of a sample
as well as the difference in the oxidation staté amlecular environment of identified
elements. The Zn 2p and Zn 2p;; lines for 20 wt% Zn/AlO; with different treatments

and reference compounds, Zn and ZnO, are showigimd=4.3.

The XPS binding energies for Zn Zpand Zn 2p, were 1045.3 and 1022.2 eV,
respectively for the vacuum treatment sample; #spective values were 1045.5 and
1022.3 eV for the air treatment sample. As can d@nscalcination in air or under

vacuum resulted in little chemical shift for Zni2pand Zn 2py lines, indicating no
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change in oxidation state of zinc for these twdedént thermal treatments. This also
suggested that Zh was not easily reduced, though auto-reduction ahynsupported
transition metals could occur under vacuum treatm&n® The binding energies for Zn
232 on the two 20 wt% Zn/AD; samples were 0.7 eV and 0.8 eV higher than that of
ZnO, and 0.9 eV and 1.0 eV higher than that of thetdn. The binding energies for
both Zn 2pg;; and Zn 2p,, lines were virtually identical to the values fan&l,0, (1022.0

and 1045.1 eV)and in good agreement with formation of a surfapimel (bulk-like

ZnAl,0O,) as indicated by XRD.

Zn 2p
Zn2p,, 82

-/
N ]& ’

N J

T T T T T T T
1050 1040 1030 1020

Binding Energy (eV)
Figure 4.3XPS spectra of Zn 2p and Zn 2p;, for different samples: (a) 20 wt%

Zn/Al,03 (500 °C, vacuum); (b) 20 wt% Zn/#&Ds (500 °C, air); (c) ZnO; (d) Zn

4.5.3 N, adsorption-desorption

The results in Table 4-2 show the textural propertf adsorbents. The specific surface
area decreases with an overall zinc content ineredbe results show that vacuum

treatment greatly affected the textural propertiethe adsorbent. For an adsorbent with
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20 wt% zinc loading, the surface area is about 2Bigler when thermal treatment was
conducted under vacuum compared with that in airaddition, the pore volume was
almost the same and pore diameter is smaller, stiggea smaller particle size. This was
also consistent with XRD indications.

Table 4-2Pore structure of Zn/ADs; adsorbents

Surface area (ffy) | Pore Volume (crilg) | Pore Diameter (nm
5 wt% Zn/AbOs 2 437 2.0 9
10 wt% Zn/AbOs? 377 1.4 4
20 wt% Zn/AbO3? 336 0.9 4
25 wt% Zn/AbO3? 278 0.8 4
20 wt% Zn/AbO3 " 400 1.0 3

thermal treatment: in air (a); under vacuum (b)

4.5.4 Transmission electron microscopy (TEM)

TEM is one of the primary tools of materials chesiiand is essential to accurately
describe the size, and shape of particles. Eleatnamographs of 20 wt% Zn/AD;
(calcined in air or under vacuum) are shown in Fegd.4. It can be seen that the
prepared samples had agglomerated to form largeclpa. The zinc is well dispersed on
the surface of the support and the samples codsi$tagglomerates of primary particles
with an average diameter of ca. 10 nm. There igisible difference between these two
samples with different thermal treatments. A deapwaterstanding of the difference in
the surface structure and the particle size mightobtained with the help of a high

resolution TEM.
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100 nnr

Figure 4.4Electron micrographs of 20 wt% Zn/&); adsorbent (a) calcined in air and
(b) calcined under vacuum
Importance of Vacuum Treatment
Figure 4.5shows the performance of ZnO and 20 wt% ZgtDAladsorbent with different
treatments. It is obvious that pure ZnO did notoaldlghiophene, and vacuum treatment
was crucial for the adsorption of thiophene on the-based adsorbents. In order to
explain these particularly interesting results fonc-based adsorbents treated under
vacuum, we propose that a less ordered surface ApQ; structure is responsible for
the adsorption of thiophene from the model fuel. héW the thermal treatment was
conducted in air, more ordered (crystalline) stiet probably with fewer surface
exposed zinc ions, forms. On the other hand, zins mixed less strongly with alumina
because of the absence of oxygen when treatmentaveaed out under vacuum, which
resulted in the stronger interaction between zowsiand thiophene molecules during
adsorption. In addition, when zinc loading increas&rom 20 to 25 wt%, the capacity

decreased due to the formation of new zinc spesigs) as ZnO. Zinc ions preferably
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diffused into the vacant tetrahedral sites of then&na lattice. If all of the available
lattice sites were saturated, further addition ioic zcould be accommodated only by
segregation of a separate ZnO phasehich was not very effective for thiophene

adsorption.

2.5+
—— 20wtZn/ALQO, (calcined in air)
2.0 —— 20wtZn/Al O, (calcined under vacuum)
ZnO(calcined under vacuum)
o modelsolution
c 1.541
]
2
o
3
< 1.04
0.54
0.0

200 300 400 500 600 700
Wavelength (nm)
Figure 4.5 Adsorption of thiophene on ZnO and 20 wt% Zn@J with different

treatments

4.6 Adsorbent regeneration

The 20 wt% Zn/AJO; adsorbent was tested for regeneration after osergtion cycle.
The regeneration was achieved by heating the spdsdrbent at 500°C for 1 h under
vacuum to remove the adsorbed thiophene molecdier the regeneration was
completed, the adsorbent was mixed with fresh medkition at room temperature and

the second adsorption cycle was performed. FiguBeshiows that more than 96 %
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desulfurization capacity is recovered with the regation scheme. Thus, the adsorbent

could be easily regenerated without losing capacity

2.5+

regenerated adsorbent
2.0 fresh adsorbent
model solution

1.5+

Absorbance

1.04

0.5 -\
0.0 — e ——
200 300 400 500 600 700

wavelength (nm)

Figure 4.6 Adsorption of thiophene on fresh or regenerated/®@ Zn/Al,O; adsorbent

4.7 Conclusions

Xerogel prepared zinc-based nanocrystalline aluragsorbents have been demonstrated
to be effective in the liquid phase desulfurizatadmoom temperature and pressure based
on the batch method. Surface spinel was formedduhiermal treatment because of the
interaction between zinc ions and alumina. Compariglal thermal treatment conducted
in air, thermal vacuum treatment created a moresdfiee structure with weaker
interaction between zinc ions and alumina suppenich resulted in the possibility of
stronger interaction between zinc ions and thiophanlecules in the adsorption process
and the removal of thiophene from the hydrocarbaot®n. The experimental results
showed the excellent regenerative property of t&obent by a simple regeneration

scheme.
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CHAPTER 5 Review on photocatalysis

5.1 Introduction

In 1972, Fujishima and Honda discovered the phoabgec splitting of water into
hydrogen and oxygen under ultraviolet (UV) irradiaton a TiQ electrode. Since then,
photocatalysis, through the use of semiconductardeos, has drawn much attention for
its potential in the conversion of light energyoirthemical energy?*“In recent years,
photocatalysis has also been actively used in enwiental applications, since the
semiconductor can be photoexcited to form electtomer sites (reducing sites) and
electron-acceptor sites (oxidizing sites), providiredox reagents which can drive the

degradation of organic compounds in polluted adt aater.

Semiconductors can act as sensitizers for lightéed redox processes owing to their
electronic structure, which is characterized bylladf valence band (VB) and an empty
conduction band (CB).As illustrated in Figure 5.1, a photon with an reye (hv)
corresponding to or exceeding the band gap enétgy ¢f the semiconductor provides
excitation, an electron {¢) is promoted into the conduction band, leavingk fh,,") in

the valence band. Several pathways can occuhéodéparted electrons and holes. They
can recombine together on the surface (pathwayrAy the volume of semiconductor
particle (pathway B) and dissipate the input eneagyheat. The electron and hole can
migrate to the surface. At the surface, electrams loe donated telectron acceptors
(pathway C) while holes can get electrons from ted&cdonors and oxidize the donor

species (pathway D).
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Recombination
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+®

Figure 5.1 Schematic photoexcitation in a solid followed byxetation events

5.2 Efficiency of photocatalytic process

The efficiency of the photocatalytic process is sugad as a quantum yield which is
defined as the number of events occurring per phatusorbed. The ability to measure
the actual absorbed light is very difficult in hetgeneous systems due to scattering of
light by the semiconductor surface. It is usualguamed that all the light is absorbed and
the efficiency is quoted as an apparent quanturad.ylé several products are formed
from the photocatalytic reaction then the efficiercsometimes measured as the yield of
a particular product. To determine the efficiencygaantum yield, a combination of all
the pathway probabilities for the electron and holest be considered. The quantum
yield for an ideal system, @, given by the simplationship:

kCT

n—=<r
v Ker +Kg

As seen in this equation, g is proportional to e of the charge transfer processes
(kct) and inversely proportional to the sum of the geatransfer rate @g¢) and the

electron-hole recombination rategfkboth inside the volume and on the surface of
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semiconductor. It is clear that electron and h@eombination is detrimental to the
efficiency of a semiconductor photocatalyst. Mafiprés have been made to retard the
recombination of holes and electrons within the isenductor particle and promote
charge transfer at the semiconductor surface, bigerereasing the quantum yield of the

photocatalytic process.

5.3 Electronic band structure in semiconductor  for

photocatalysis

The ability of a semiconductor to undergo photoow®tl electron transfer to adsorbed
species on its surface is governed by the bandygmearsitions of the semiconductor and
the redox potentials of the adsorbate. Thermodycaliyj the relevant potential level of
the acceptor species is required to be below (rposttive than) the conduction band
potential of the semiconductor. The potential lesfelhe donor needs to be above (more
negative than) the valence band position of theigarductor in order to donate an
electron to the vacant hole. The band edge positmnseveral semiconductors are
presented in Figure 5.2. The internal energy sisatgven on the left for comparison to
the vacuum level and on the right for comparisonthi® normal hydrogen electrode
(NHE). The positions are derived from the flat baulentials in a contact solution of
agueous electrolyte at pH=1.0. The pH of the eddde solution influences the band
edge positions of the various semiconductors coetb&w the redox potentials for the

adsorbate.

Among those semiconductors in Figure 5.2, JTi@as been considered as the most

promising photocatalyst for its biological and cheathinertness, stability with respect to
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photo- and chemical corrosion, and relative inespamess:’® Although ZnO seems to
be a suitable alternative to Ti@ince it has the same value of band gap, it degrad
during the repeated catalytic cycles usually inedlin heterogeneous photocatalysis and
can therefore not be used for technical applicati@ther semiconductors, such as CdS,
absorb larger fractions of the solar spectrum th&» and can form chemically activated
surface-bond intermediates, but unfortunately, stathlysts suffer from photocorrosion
induced by self-oxidation, leading to depressedqduiivity and the release of potential

dangerous metal ions, such asCd
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Figure 5.2Energies for various semiconductors in aqueousrelgtes at pH = 1

5.4 Photocatalysis on TiO ,

Two different crystal structures of TiOrutile and anatase, are commonly used in
photocatalysis, with anatase showing a higher mladédytic activity’ Figure 5.3 shows
the unit cell structures of the rutile and anaféis®,. Both structures can be described in

terms of chains of TiQoctahedra. The two crystal structures differ by distortion of
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each octahedron and by the assembly pattern abatahedral chains. Each*Tiion is
surrounded by an octahedron of siX’ @ns. The octahedron in rutile is not regular,
showing a slight orthorhombic distortion. The oedion in anatase is significantly
distorted so that its symmetry is lower than orloonbic. The Ti-Ti distances in anatase
are greater whereas the Ti-O distances are shibderin rutile. In the rutile structure
each octahedron is in contact with 10 neighboresteons (two sharing edge oxygen
pairs and eight sharing corner oxygen atoms), whileghe anatase structure each
octahedron is in contact with eight neighbors (febaring an edge and four sharing a
corner). These differences in lattice structuresseadifferent mass densities and
electronic band structure between the two formdi@l,. The band gap energies are
approximately 3.2 eV for anatase and 3.0 eV follercuAnatase is thermodynamically
less stable than rutile, but its formation is kicaty favored at low temperature (<600
°C), which could explain its higher surface araa] #s higher surface density of active

sites for adsorption and for catalysis.

Rufile d:_f":-.LiIiE Analase g3%  =1.934d
BF AP
dar =1.9801 s = 1ea0k

g=4,5934 - g=a7gak
e=2.9501 fust] cra.818
£ |
|
Eg=3.1a¥ _ Eg=33e¥
0 o=, 280 grem? : p = 3894 glem®
AGE =-212.6kcot/mole AGY =—211.4 wcol /'mole

Figure 5.3Lattice structure of rutile and anatase FiO
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As shown in Figure 5.4, after the absorption of tddiation (<387 nm), the initial step is
the generation of electrons and holes separat&kbatthe conduction and valence band.
TiO, + v — TiO, (€ + h)
The holes are proposed to oxidize the surface bdddnydroxyl ion or water, forming
hydroxyl radicals.
TiO, (W) + ~OHag — TiO; + "OHag
TiO, (W) + HO — TiOp + ‘OHag + H'
‘OH + R — intermediates—» — CO, + H,O
Electrons are believed to react with surface adsbrimolecular oxygen to produce
superoxide anion, £, which can react with its protonated form to geterhydrogen
peroxide and hydroxyl radicals.
TiO2(6) + O — TiO, + O
0" + H —» HO,
O, + HG — OH + G + HO;
2HO, — O + HO;
It has been shown that hydrogen peroxide consitieesihvance the photodegradation.
TiO, (€) + O, — TiO, + OH + "OH
Most photodegradation of organic compounds canttiuited to the high oxidizing
power of hydroxyl radicals. After a series of réaws, organic compounds are finally

degraded into C&and HO.
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Figure 5.4TiO, photocatalysis process

5.4.1 Limitations of TiO , and surface modification

Application of TiG in the remediation of contaminants has been ssfiddsr a wide
variety of compounds. However, as shown in Figute 5iO, shows poor absorption of
visible light, which constitutes 45% of solar eneegnd 90% of indoor light; it can only
use about 5% of solar energy that reaches the, samtfe it requires UV activation due to

its large band gap.
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Figure 5.5Solar spectrum at sea level with the sun at zEhith
Significant effort has been directed towards thé& shoptical response of Ti&Xrom UV
to visible light region through modifications to Gy surfaces, including addition of
metal, dopants, surface sensitization, and combmatwith other lower band gap
semiconductors. These modifications are benefinialecreasing the recombination rate

of electrons and holes, indicating increased quantield of photocatalytic process.

(1) Metal semiconductor modification

In photocatalysis the addition of noble metals teseaiconductor can change the
photocatalytic process by changing the semicondwtidace properties. The metal can
enhance the yield of a particular product or the & the photocatalytic reaction. The
addition of a metal to a semiconductor surfaceatam change the reaction products.
Figure 5.6 is an illustration of the electron captproperties at the Schottky barrier of the
metal in contact with a semiconductor surface. pibture illustrates the small area of the

semiconductor surface that the metal actually cover
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Transmission electron microscopy measurements foawel that when the added metal
is Pt, the Pt particles form clusters on the sarfadter excitation the electron migrates
to the metal where it becomes trapped and ele¢tobmrecombination is suppressed.
The migration of electrons to the metal particlesswonfirmed by studies showing the
reduction in the photo conductance of the semicotwdufor the Pt deposited TiO
compared to Ti@alone. The hole is then free to diffuse to the isenductor surface
where organic species are oxidized. The metal prant because of its modification on
the semiconductor by changing the distributionlettons, i.e., the decrease in electron
density within the semiconductor. This leads toirmrease in the hydroxyl group and
therefore affects the photocatalytic process orsdmiconductor surface. Because of the
catalytic activity of Pt, Pt/Ti@ was the most commonly studied metal-semiconductor

system for photocatalytic reactions with evolviragsgespecially hydrogen.

Electron |
Trap

Semiconductor

Figure 5.6 Metal-modified semiconductor photocatalyst parficle

(2) Composite semiconductors
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Coupled semiconductor photocatalysts provide amreésting way to increase the
efficiency of a photocatalytic process by incregdime charge separation, and extending
the energy range of photoexcitation for the systdfigure 5.7 illustrates the
photoexcitation process for the composite (coupkipiconductor photocatalyst CdS-
TiO2. The energy of the excitation light is too smalldicectly excite the Ti@portion of
the photocatalyst, but it is large enough to exaiteslectron from the valence band across
the band gap of CdS ¢E 2.5 eV) to the conduction band. The hole produndtie CdS
valence band from the excitation process remairte@nCdS particle while the electron
transfers to the conduction band of the Jjparticle. The electron transfer from CdS to
TiO; increases the charge separation and efficienchefphotocatalytic process. The
separated electron and hole are then free to uoddegtron transfer with adsorbates on
the surface. The coupling of semiconductors with #ppropriate energy levels can

produce a more efficient photocatalyst via betterge separation.
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Figure 5.7 Photoexcitation in composite semiconductor photdgsf

(3) Surface sensitization

Surface sensitization of a wide band-gap semicaodyphotocatalyst (Ti€) via
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chemisorbed or physisorbed dyes can increase fioepe€y of the excitation process.
The photosensitization process can also expanddkielength range of excitation for the
photocatalyst through excitation of the sensitimdlowed by charge transfer to the
semiconductor. Figure 5.8 illustrates the excita@md charge injection steps involved
for the regenerative dye sensitizer surface prodessitation of an electron in the dye
molecule occurs to either the singlet or triplectieed state of the moleculdf the
oxidative energy level of the excited state of the molecule with respect to the
conduction band energy level of the semicondustéavorable (i.e., more negative), then
the dye molecule can transfer the electron to tdr&gction band of the semiconductor.
The surface acts as a quencher accepting an eldotro the excited dye molecule. The
electron in turn can be transferred to reduce garoc acceptor molecule adsorbed on

the surface.

-®

Sen_sitiz_er e—Transfer Regenerative
Excitation to Acceptor Sensitizer
+ System

e-Transfer

Figure 5.8 Excitation steps using dye molecule sensitizer
(4) Transition metal doping
The influence of dissolved transition metal impurdans on the photocatalytic properties
of TiO, has become another interesting area of semicondowtdification. Different
metals have been employed to tune the electronictate of TiQ-based material. The

benefit of transition metal doping species is thernoved trapping of electrons to inhibit
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electron-hole recombination during illumination. feleion-implantation method with
various transition metal ions, including V, Cr, Mfe, and Ni, enabled a large shift in
the absorption band of TgQoward the visible light region and V showed thghlest
effectiveness in the red-shiftChoi et af'® systematically studied TiOnanoparticles
doped with 21 metal ions by the sol-gel method disdovered the presence of metal
dopants significantly influenced the photoreacyivitharge carrier recombination rates,
and interfacial electron-transfer rate. The phatotieity of doped TiQ appeared to be a
complex function of the dopant concentration, thergy level of dopants within the
TiO, lattice, their d electronic configuration, the tdisution of dopants, the electron
donor concentration, and the light intensftyPlasma-enhanced chemical vapor
deposition (CVD) was used to synthesize Sn-dopé&d @nd the doped catalyst had
more surface defects on the surfat&Vang et al. prepared Fe-doped Tithrough
oxidative pyrolysis of liquid-feed organometallicepursors and found that iron dopant
significantly promoted the transformation of anatssrutile phasé’ The photocatalytic
reactivity of metal-doped Ti©depends on many factors, including the dopant
concentration, the energy level pattern of the dpavithin the TiQ lattice, their d-

electronic configuration, and the distribuion o hopants.

(5) Non-metal atom doping

Non-metal atoms, such as C, N, S, and F, have baecessfully doped into TiO
catalyst. C-doped Ti©has been synthesized by hydrolysis of titaniurpnspoxide in a
urea and/or thiourea solution or by oxidative atingeof titanium carbide or by direct
burning of titanium metal sheet in a natural gas# or by calcination of the mixture of

thiourea, urea, and TiOpowder®**!*°> The chemical state of carbon dopant was
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different for each different method. Oxidation aCTor burning Ti metal in natural gas
flame resulted in the substitution of oxygen atoynclrbon, while the wet chemical
method induced elemental carbon inside the bulki6f, and carbonate species was
doped into TiQ lattice by the calcination of mixed powder. Theboa substitution or
doped elemental carbon or carbonate species célnsetbsorbance edge of Ti® be

shifted to the visible light region.

S-doped TiQ was obtained by mixing titanium isopropoxide wéthanol containing
thiourea or by heating sulfide powder or by ion-laming with S ion flux1®+71819
Direct oxidation of titanium sulfide induced thé @nion into the lattice of TiQand
sulfur cation (3" or $*) was introduced from thiourea. Theoretical caltates showed
that the mixing of the S 3p states with the valdoaed contributed to an increase in the
width of the valence band, leading to the band mgpowing in the sulfur anion doped
TiO,. The absorption of sulfur cation doped 7i@ the visible light region was much

stronger than that of sulfur anion doped iO

N-doped TiQ was prepared by heating TiQvith NHz flux at 500-600 °C or by
hydrolysis of titanium isopropoxide in an aminewmn and the post treatment of the
TiO, sol with amines or by mixing titanium isopropoxigégth ethanol containing
thiourea®®****?3High temperature annealing of Ti®esulted in less than 2% nitrogen
incorporation, while direct amination of titaniarppeles enhanced nitrogen concentration
up to 8%.The visible light response was usuallyitatted to the narrowing band gap,

which was due to either the mixing of N p states @n2p stat€or the introduction of
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the formed N-induced midgap level lightly above the/gen 2p valence bafid® or
some impurity species (NQor NH,).”?” F-doped TiQ catalyst was synthesized by
mixing titanium isopropoxide with ethanol contaigikl,O-NH4F or by spray pyrolysis
from an aqueous solution of,FiFs.?2?%%° Photoluminescence (PL) spectra revealed
oxygen vacancies (F and)Fwere formed by F-doping and the visible photogtita
activity was ascribed to the creation of these exygacancies. The effect of transition
metal and nonmetal atoms on TFi€atalyst was also studied. Zhao et'gbrepared a
visible-light-driven N3Os/TiO,.xByx photocatalyst; the incorporation of boron atonts in
TiO, extended the spectral response to the visibld lighion, and the loaded XD;
species acted as electron traps and thus faailitagecharge separation. Lanthanum and
nitrogen were reported to enhance the degradafiamethyl orange. The substitution of
nitrogen for oxygen was responsible for the bang garrowing of TiQ, and L&"

doping prevented the aggregation of powder in tbegss of preparatiofs.

5.4.2 Patrticle size effect

As discussed before, the recombination ‘4f'énside the volume of a semiconductor or
on the surface is detrimental to the photocatabftiiciency. Volume recombination is a
dominating process in well-crystallized large Tigarticles®, which can be decreased by
reducing particle size. Therefore, a higher phatafficiency can be obtained from a
higher interfacial charge carrier transfer ratewideer, when the particle size becomes
extremely small, surface recombination becomesygoitant process. In the regime of
ultrafine particle size, most of theé/l€ pairs are generated sufficiently close to the
surface that they may quickly reach the surfacd,uadergo rapid surface recombination

mainly due to abundant surface trapping sites aedldack of driving force for e-/h+
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separation. Since the characteristic time for serf&dh’ recombination is much faster
than that of the interfacial charge carrier trangf@cesses, the increase in the interfacial
transfer rate will be out-weighed by the increasedace recombination rate in ultrafine
particles beyond a certain size. Therefore, amagltparticle size may exist. Evidence
showed that photo reactivity of pure Tidcreases when particle size is reduced from 21
to 11 nm, but decreases when it is further reduoed nm>*® Serpone et al. studied the
lifetime of e-/h+ pairs in nanocrystalline Ti@articles with different sizes by transient
photoabsorption spectroscopy and found that, pérticles with a diameter of 13.3 nm

had the longest emission decay tithe.

The existence of optimal dopant concentrationss akpected for transition metal doped
TiO.. It is accepted that Eedoping increases the photocatalytic efficiencfes acts as
shallow trapping sites for the charge carriers;ehy trapping one charge carrier of the e
/n* pair temporarily, while the other migrates to shaface first and transfers to the
adsorbate (oxidant for end reductant for'), with the trapped charge carrier migrating
to the surface soon afterward for reaction as wllow concentration below the optimal
value, photoreactivity increases with an increasiogant concentration because there
are fewer trapping sites available. At higher comigion than the optimal value, & tr

€ maybe trapped more than once on its way to thieciso that its apparent mobility
way became extremely low and it will likely recomeiwith € or h" generated by

subsequent photons before it can reach the surface.
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Also, with a smaller particle size, the surfaceaaoé the particle increases, implying
more reactants could be possibly adsorbed on tii@cgu The electron transfer process is

more efficient if the reactants are spread andraesioon the surfacg.

5.4.3 Optical property of transition metal doped Ti O, nanomaterials

A visible light absorption was usually observednetal-doped Ti@and the absorption
was attributed to the charge-transfer transitiomvben the d electrons of the dopant and
the conduction or valence band of Ti®igure 5.9 shows the UV-vis absorption spectra
of Cr-ion-implanted Ti@* It is clear that the absorption shifts toward tisble light
region and the extent of the red shift is relatedhte amount of Cr ion implanted.
Chemically Cr-doped Ti@showed no shift in the absorption edge of JJibbwever, a
new absorption band appeared as a shoulder peakdad20 nm was attributed to the

formation of an impurity level within the band gagpith intensity increasing with the

’ —j— impurity level

number of chemically doped Cr ions.

VB .
Cr-ion implantation|

d

K. M. Absorbance / a.u.
K. M. Absorbance / a.u.

300 350 400 450 500 550 60D 650
Wavelength/ nm Wavelength/ nm

Figure 5.9 The UV-vis absorption spectra of TiCa) and Cr ion-implanted TiO
photocatalysts (b-d). the number of implanted @sifumol/g): (a) 0, (b) 0.22, (c) 0.66,
(d) 1.3. (B) The UV-vis absorption spectra of 7i@) and Cr-doped Tig(b’-d’)
prepared by an impregnation method. The amounopéd Cr ions (wt%) was (a) 0, (b’)
0.01, (c) 0.1, (d) 0.5, (e") 1
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Umebayashi et &f analyzed the electronic structure of Fibped 3d transition metals
(V, Cr, Mn, Fe, Co, and Ni) by ad initio band cd#tion based on the density functional
theory. They found that thegtstate of the dopant played a significant role he t
photoresponse of Tiunder visible light irradiation. The visible lighbsorption of V-
doped TiQ was due to the transition between the valence baddhe V 4, level and it
was attributed to the optical transition from tiepurity band tail into the conduction
band. The visible light absorption for Cr-doped T¥as due to a donor transition from
the Cr 4 level into the conduction band and the acceptamsition from the valence

band to the Cr} level.

5.4.4 Optical property of non-metal atom doped TiO

Figure 5.10 shows UV-vis absorption spectra of Wetb TiQ and S*-doped TiQ,
respectively. The band gap absorption onset of pedaliQ shifts toward 600 nm from
380 nm for the undoped TiOThe $*-doped TiQ also exhibits strong absorption in the
visible light region from 400 nm to 600 nm. Withethncrease of the calcination
temperature above 500 °C, the absorption in thbleitight region decreases gradually.
When it reaches 700 °C, the absorption decreasestiahlly. The shift from UV to
visible light region for doped Ti©points to the narrowing of band gap, which enhance

its photosensitivity.
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Figure 5.10(A) Reflectance spectra of N-doped Tiénd pure Tig® (B) Diffuse

reflectance spectra of S-doped Fighd TiQ"’

5.5 Goal of this research

From the above discussion, in order to shift theécapresponse of Tipfrom UV to
visible light region and improve the photocatalygifficiency, transition metal ions or
nonmetal atoms can be incorporated into the latifc€iO,. Therefore, the goal of this
research is to develop highly visible-light-actpieotocatalysts, namely nano-sized TiO
doped catalysts with transition metal (V) and notahatom (C), that can efficiently use

solar or indoor light with applications in the emonimental and energy field.
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CHAPTER 6 C- and V-doped TiO , photocatalyst

6.1 Introduction

This chapter will focus on preparing and charazbeg C- and V-doped Tigcatalyst.
Acetaldehyde will be used as a probe moleculeamtiotocatalytic experiments. In
particular, descriptions are provided:

1. To prepare C-doped and C-, V-codoped Jdatalyst.

2. To characterize the catalysts.

3. For the activity test and mechanistic study.

6.2 Preparation of catalysts

C- and V-codoped Ti® was prepared using the following procedure: tuami
isopropoxide (97%, Aldrich), vanadyl acetylaceteng®8%, Aldrich), urea (99.0-
100.5%, Aldrich), and thiourea (99% Aldrich) werged as raw materials. 3.8 g (0.05
mole) thiourea and 3.0 g (0.05 mole) urea wereotlissl in 75 mL deionized water.
While under vigorous stirring in an ice bath, thesided amount of vanadyl
acetylacetonate (corresponding to 0.5, 1, 2, ando3%anadium) was added to the
solution. Then 11 mL (0.0375 mole) titanium isomwride was added drop-wise. The
mixture was stirred for 24 h and aged for 48 h. Waéer was removed by drying in air at
80 °C. The dried powder was crushed and calcine80&t °C for 2 h in air. The
preparation of C-doped Tiused the same procedure without the vanadium Eecu

For pure TiQ, urea, thiourea, and vanadyl acetylacetonate wetaised. Commercial
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Degussa P25 TiQ(anatase/rutile = 75/25) with a specific surfaceaaof 50 /g and

primary particle size of 20 nm was selected for parison purposes.

6.3 Characterization

X-Ray powder diffraction (XRD) patterns were obtdn with a Bruker D8
diffractometer, using Cu & radiation (1.5406A) at 40 kV and 40 mA and a seeon
graphite monochromator. Samples were packed iptasdic holder. Measurements were
recorded in step of 0.025° with a count time of 4nsthe @ range of 20-65°.
Identification of the phases was made with the leélghe Joint Committee on Powder

Diffraction Standards (JCPDS) files.

X-ray photoelectron spectroscopy (XPS) data wecerded using a Perkin-Elmer PHI
5400 electron spectrometer. The spectrometer esiliacrochromatic Al & radiation
(1486.6 eV) and employs Ar+ sputtering to remowe ghrface layer of the sample. All
spectra were obtained under vacuum at a pressuabaft 2.0 x 18 Torr. The XPS
binding energies were measured with a precisidhb&V. The analyzer pass energy was
set to 17.9 eV and the contact time was 50 ms. rBefiloe samples were tested, the
spectrometer was calibrated by setting the binéingrgies of Au 4f, and Cu 2p; to
84.0 and 932.7 eV, respectively. Binding energastie samples were normalized with

respect to the position of the C 1s peak resuftioigp adsorbed hydrocarbon fragments.

Diffuse reflectance spectra (DRS) were recordedh witCary 500 Scan UV-vis NIR
spectrophotometer with an integrating sphere attaci for their diffuse reflectance in

the range of 200-800 nm. All spectra were referdriogolytetrafluoroethylene.
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N, adsorption-desorption isotherms were obtainedl@6>C on a NOVA 1000 series
instrument (Quantachrome, USA). The specific s@faeas were calculated according
to the multi-point Brunauer-Emmet-Teller (BET) math Before adsorption, all the

samples were degassed for 1 h at 150°C under vacuum

6.4 Degradation of acetaldehyde

Acetaldehyde, a good model of typical indoor aillygant formaldehyde, was chosen as
a probe molecule for testing the catalyst activlBxperiments were performed in a
cylindrical air filled static reactor (305 mL totablume). The reactor is made of glass
and had a quartz window. The light source was & MOhigh pressure Hg arc lamp
(Oriel Corporation). The combination of a vis-NIéhg pass filter (400 nm) and colored
glass filter (>420 nm) was used to eliminate uitsbat radiation during visible light
experiments. The catalyst (100 mg) was placedadmcalar glass dish and then mounted
in the reactor. Then, 100 pL of liquid acetaldehw@e introduced into the reactor, which
rapidly vaporized. The gaseous mixture of acetaldehand air inside the reactor was
magnetically stirred constantly. Prior to analysiie catalyst and acetaldehyde were kept
in the reactor for about 30 min to obtain a unifagas phase concentration. The reactor
was cooled by water circulation and experiments @@gormed at 25 °C. Gaseous
samples (35uL) were periodically (every 10 min) extracted frotine reactor and
analyzed by GCMS (gas chromatograph equipped witlass selective detector GCMS-
QP5000 from Shimadzu). The temperatures of thenmojunjector, and detector were

maintained at 40, 200, and 280°C respectively.

83



6.5 Results and discussion

6.5.1 Catalyst activities

The evolution of C@during acetaldehyde degradation was used to dstitha activity
of the catalysts. Before shining the light, theiaigt was measured for 40 min in the
dark. Figure 6.1 shows the @@volution on different catalysts. The photocatalyt
activity of doped TiQ was greatly enhanced by incorporating it with oarband
vanadium. Most important, the carbon and vanadiordaped TiQ had high activity in
the dark: the higher values at zero time were Yikkle to reaction in the dark occurring
during the 30 min period before sampling. In ortteenable quantitative comparison,
the initial rates for the initial 40 min (with oritlvout irradiation) were calculated to
represent the activities. These values are showralote 6-1. In the dark, P25 Ti@nd
C-doped TiQ showed no activity. However, with the additiorvahadium, the co-doped
TiO, catalysts were highly active for the degradatidbracetaldehyde, especially when
the vanadium loading was 2%. Under visible irradigtthe photo catalytic reactivity of
C-doped TiQ was 8.2 times higher than that of P25 F#&hd 6.6 times higher for co-
doped TiQ for a 2.0% loading (however, a 3.0% loading was leffective). Moreover,
for co-doped TiQ with 2% vanadium content, the activity was compbgan the dark
and under visible irradiation. The different adieg among these catalysts likely resulted

from different physical properties and reaction hatsms, as discussed later.
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Figure 6.1 CO; evolution during CHCHO oxidation on P25 Ti©and doped Ti@ (a)
P25 TiQ, (b) C-doped TiQ (c) C-, V-doped TiQ(0.5%V), (d) C-, V-doped Ti®

(1.0%V), (e) C-, V-doped Tig(2% V), (f) C-, V-doped Ti@(3.0%V)

Table 6-1Initial rate of CQ evolution (mmol/min)

Catalyst In the dark Under visible irradiation
P25 TiGQ 0 2.13 x10
C-doped TiQ 0 1.74 x10
C-, V-doped TiQ (0.5% V) 3.81 x10 1.38 x10"
C-, V-doped TiQ (1.0% V) 9.85 x10 1.40 x10°
C-, V-doped TiQ (2.0% V) 1.26 x10 1.37 x10°
C-, V-doped TiQ (3.0% V) 6.9 x10 5.75 x10°
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6.5.2 X-ray diffraction

Figure 6.2 shows the XRD patterns of pure Ji@hd doped Ti@ TiO, anatase
diffraction lines can be seen in all XRD patterihg other crystal phase (rutile or
brookite) can be detected. The strongest peald at 25.3° is representative of (101)
anatase phase reflections. The inset of FigurésGa® enlargement of the (101) plane of
all these samples. Compared with pure;Jithe peak position of the (101) plane of C-
doped TiQ shifted slightly to higher@value and the peak was broader, which suggested
the distortion of the crystal lattice of doped 76y the incorporation of elemental carbon
and the smaller particle size of C-doped JiGreater distortion of the structures were
observed with the addition of vanadium, indicatiragadium (V) was incorporated into
the lattice and substituted for*Tias suggested by the XPS spectra (see later disglss
From the full width at half maximum (FWHM) of theffdaction pattern, the particle
sizes were calculated using Scherrer’s equatiore PO, had the particle size of 14 nm,
while doped TiQ had a patrticle size of 9 nm (Table 6-2). No diftion lines due to
TiC, TiN, and TiS were found, consistent with the®X results discussed later.
Furthermore, no separate Y@hases were observed even for all vanadium-cantgin
samples possibly due to the high dispersion owvérg small crystallite size of vanadia

species that may be present.
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Table 6-2Surface areas and particle sizes of samples

Sample Surface aréa | Particle siz&(nm)
(m’/g)

TiO, 57 14.0
C-doped TiQ 98 8.9

C-, V-doped TiQ (0.5% V) 96 8.9

C-, V-doped TiQ (1.0% V) 94 9.0

C-, V-doped TiQ (2.0% V) 94 9.2

C-, V-doped TiQ (3.0% V) 59 10.3

2y BET;” by XRD
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6.5.3 Raman spectroscopy

Raman spectroscopy was applied to probe the ploaseation of TiQ. It was reported
that six modes £ (519 cnt), Byg (399 and 519 cif), and g (144, 197, and 639 ch
were Raman-active of anatase phase. Four mogdg$ 12 cn), Big (143cm?), By (826
cm?), and & (447cm') were Raman-active of rutifé® Four peaks at 148, 399, 519, and
638 cm' were observed for two samples in Figure 6.3, sstijug that anatase was the
predominant phase structure. Measuring the Ramaa Ishape (peak position and
linewidth) of the main feature at 144 ¢mit is possible to determine the crystal
dimensions since the particle size can cause ingts in the location of the scattered
Raman peaks and their widths, namely, the quanizencenfinement effeét® The peak
at 148 crit of C-doped Ti® had greater intensity and broader width, indigagnhanced
crystallinity and smaller particle size, which wamsistent with the results of the XRD

measurement.
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Figure 6.3Raman spectra of C-doped Tiénd pure TiQ
6.5.4 X-ray photoelectron specstroscopy (XPS )

To investigate the chemical states of the possibfgants incorporated into T3OTi 2p,
C 1s, S 2p3/2, N 1s, and V 2p3/2 binding energiesevetudied by measuring the XPS

spectra. The results are shown in Figure 6.4.

Two peaks for Ti 2p XPS spectrum were observedat2dand 458.5 eV, assigned to Ti
2p(1/2) and 2p(3/2), respectively. These valuesagrell with published XPS data and

are known to be due to“fiin pure anatase titania for.

The C 1s XPS spectrum shows one peak at 284.8 @\& ahoulder at around 288.6 eV.

The feature at 284.8 eV can be assigned to eleingartaon and the shoulder at around
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288.6 eV suggests the existence of carbonate sgédikfter sputtering, the shoulder at
around 288.6 eV disappeared, indicating carbonageiass existed only on the surface.
The peak at 284.8 eV still remained and the intgndecreased only slightly. These
results strongly imply that elemental carbon degasot only on the surface but also in
the bulk of the TiQ powder. A peak at around 281 eV, which was repladeresult from

the Ti-C bond*, was not observed for our sample.

The S 2p3/2 XPS spectrum showed a peak at arouh8 &¥. A broad peak attributed to
S 2p3/2 at around 168 eV was reported to consisewéral oxidation states of S atoms:
the peak of the % state appeared at 168.2 eV by studying the XP&rspef pure TiQ
immersed in BSO, aqueous solution followed by calcinations at 500f6r 3 h and the
peak at 167.5 eV was assigned 168 Sayago et dlreported that the peak of the S 2p
state was in the region of 166-170 eV for adsor$€&d molecules on a Tisurface.
Since our samples were calcined in air at 500K€ & 2p3/2 peak can be attributed to the
S** state. The S 2p peak between 160-163 eV, comarg B atoms substituting for O
atoms on the Ti@surfac&, was not observed in our case. The disappeardnitte &
2p3/2 peak after sputtering indicates that sulfp@cses appeared only on the surface. The
formation of carbonate (1448 ¢hhand sulfate species (1100 &ris supported by the

FTIR spectra showing their characteristic bandcstimes (not presented here).
The N 1s XPS spectrum showed a peak at around\399Tae value is consistent with

XPS data from chemisorbed;Nnolecules’ or molecularly adsorbed N-containing

compounds (NOx and NiHwhich formed during the decomposition and oxmanf the
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N-precursors§! The feature at around 396 eV, generally assigoedftanions resulting
from substitution for oxygen sites by nitrogen asom the TiQ lattice*° *2 was not
observed. Based on our preparation process, thegteround 399 eV can be assigned
to adsorbed NQor NHs. Clearly, however, these nitrogen species existdyg on the

surface of TiQ because of the disappearance of the peak aftéespg.

The O 1s satellite interfered with the V 2p3/2 Xg&ak. The magnitude of the V 2p3/2
peak was small and the peak appeared as two shheulde shoulder at a binding energy
of 516.9 eV suggestsVspecies, while the shoulder at 516.3 eV can bigress to \/*.
These values are consistent with binding energy @p3/2 measured for XDs/TiO;
catalyst>**Vv*" ions were incorporated into the crystal latticeTi®, and no vanadium-
titanium phase was present from the previous XRiuision, thus, 4 ions substituted
for Ti** ions and formed Ti-O-V bond. Obviously, som& bns were oxidized into ¥

in the preparation process since vanadium existéd as V** in the precursor; the

formation of V?* possibly occurred during the annealing.
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Figure 6.4 XPS spectra of C-doped TiOTi 2p, C 1s, S 2p3/2, N 1s (a: before

sputtering; b: after sputtering) and C-, V-dope@®.1{2.0% V): V 2p3/2
6.5.5 UV-vis reflectance spectroscopy

Figure 6.5 shows the UV-Vis absorption spectra hid tin-doped and doped O
Commercial Degussa P-25 Tithas absorption only in the UV region. The onset
absorption spectrum of pure TiGhows a very weak red shift. On the other hand,
photoabsorption in the visible region of the dode@. is very large. C-doped T{O
absorbs the photo energy in the visible region ap6®0 nm, indicating that the
incorporated elemental carbon was acting as a pénsitizer> With the addition of
vanadium, the absorption curve of the co-doped, EKiended to 800 nm. It has been
reported that V' shows absorption at < 570 nm and that Was an absorption band
centered at 770 nnf, therefore the spectra suggest the co-existence>bfand V¥,
consistent with XPS spectra. The tailing of absorptband can be assigned to the
charge-transfer transition from the d orbital df ¥ the conduction band of Ti¢° In

the presence of visible light, it appears that gfistoexcited electron enabled chemical
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reactions to occur at the surface of V-doped.Tii®cause the oxidation of*Vto V°*
occurred 2.1 eV below the TiQconduction band’ The extended visible absorption
obviously suggests modified electronic propertigsnoorporation of vanadium, forming

impurity energy levels between the valence bandcanduction band of Tig'

2.0 1

1.6

1.2 5

0.8+

Absorbance

0.4+ .
e
d
0.0

200 300 400 500 600 700 800

Wavelength (nm)
Figure 6.5Diffuse reflectance spectra of P25 }j@n-doped and doped TiQa) P25,
(b) TiO,, (c) C-doped Ti@ (d) C-, V-doped Ti@(0.5 % V), (e) C-, V-doped Tig(2.0

% V), (f) C-, V-doped Ti® (3.0 % V)

6.6 Mechanistic studies

Figure 6.1 illustrates that P25 Ti@nd C-doped Ti@were inactive in the dark for the
degradation of acetaldehyde. With the introductbbranadium, modified TiQshowed
high activity in the dark. XRD spectra indicated mew vanadium-titanium compound
was present; thus the increase in the activity rhasiue to a change in the surface of the
catalyst resulting from vanadium substitution. Base the characterization results, the

following explanation for the high activity in thédark can be considered. During the
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preparation of catalysts, Vions are incorporated into the bulk and on thdaser of
TiO. in the gelation stage. It is possible thét \n the sublayers of TiOis oxidized to
V>* during water-removal and/or calcination in air. k@wn in Figure 6.6, if pentavalent
V>* ions are present at tetravalent site§*(dr V**), the substitution could induce a free
electron® V>* ion only shares four valence electrons with fodr i@ighbor ions. The
fifth electron cannot be shared and is delocalaedind the V' positive center. Only a
small amount of thermal energy is needed to daleedhis electron and promote it into
the conduction bantf. In the dark, the promoted electron can be traredeto triplet
oxygen to generate the superoxide radical anigi Wwhich is known to degrade organic
compounds>® When the loading of vanadium increases from 0.2.6%, more V'
ions in the sublayer of TiDare possibly oxidized into %, enhancing the activity.
However, further increasing the vanadium contenticcaeteriorate the dispersion and
lead to the aggregation of vanadium, as indicatedhk smaller surface area. That is

why, as shown in Figure 6.1, the activity decreashdn the vanadium loading increased

from 2.0 to 3.0%.

Oz
_ Ti 3d O,
| A | CB
Ti— O —FV>7—O0—Ti
| g | .

Figure 6.6 Proposed electron transfer pathway to produce exjukr radical anion, £,

when \P* was present at tetravalent site
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Under visible light irradiation, two major reactipathways can be considered.

(1) The elemental carbon acts as a photosensitiseshé&®n in Figure 6.7, in the
presence of visible light, the excited photosessitiinjects an electron into the
conduction band of titanium dioxide. Subsequerttlg, electron is transferred to
oxygen adsorbed on the TiGsurface producing £, which is capable of
degrading organic compountfs.After a series of reactions, acetaldehyde

molecules are finally degraded into £&hd HO.

o
o ¢
0, ] -
Ti 3d - .
= <«------Visible light
C
VB

Figure 6.7 Proposed electron transfer pathway to produce sujuir radical
anion, Q”, on C-doped Ti@particles under visible light irradiation (C refap

elemental carbon).

(2) The incorporation of vanadium into the crystal itattof TiO, modifies the
electronic properties of TiD Because the oxidation“¥/to V" occurs 2.1 eV
below the TiQ conduction band, a 3d electron from 4" \tenter is easily
photoexcited into the Ti©conduction band under visible light irradiatign
generating @ similarly as mentioned in parthway 1. It is assdnthat this

photoexcited electron initiates chemical reactions.
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Figure 6.8Proposed electron transfer pathway to produce sujukr radical
anion, Q”, when impurity level was introduced between thienee and

conduction band of Ti®

For C-doped TiQ pathway 1 is involved in the photoreaction. Ba#thways are
included for C-, V- co-doped T¥OIn contrast to the transition metal loading lewethe
range of 0.1-0.5% for the purpose of enhancemerfi®f photo reactivitivity’, the
content of vanadium in our samples is much higAsrshown in Table 6-2, the effective
samples have much higher surface areas. Theraforaddition to the function as a
photosensitizer, the doped elemental carbon alsceases the surface area, which
significantly increases the dispersion of vanadamd possibly provides more possibly
accessible active sites, enhancing activity. Addaily, high surface areas are beneficial
for the sorption of acetaldehyde on the surfaceatdlysts. The decrease of activity for
the co-doped Ti@when the vanadium loading increases from 2% toiS@ossibly the
result of poor dispersion reduced surface area, aggiegation of vanadium, such as
V,0s. Pure LOs and TiQ-supported YOs then failed to enter the structure of the solid

solution did not show any photocatalytic activity.
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6.7 Conclusions

C-doped and C-, V-doped TiCratalysts were successfully synthesized by a abl-g
process. The C-doped TiGhowed high activity for the degradation of aaithlyde
under visible irradiation. The doped elemental oarlacted as photosensitizer and
increased the surface area, resulting in the higppedsion of vanadium for the co-doped
TiO, catalysts, which had high activity both in theldand under visible light irradiation.
The insertion of pentavalent®Vinto tetravalent sites induced a free electrom toald

be delocalized and promoted into the conductiordlmnTiO, by small thermal energy.
The superoxide radical anion,’@ produced when the free electron was transferwed t
adsorbed @ was responsible for the degradation of acetaldehwe report here for the
first time that the activities were comparablehia tark and under visible light irradiation
for the co-doped Tig) especially with a vanadium content of 2.0%. Undsible light
irradiation, the incorporation of vanadium introdddmpurity levels between the valence
and conduction band of TOso that electrons could be easily photoexcited the

conduction band, initiating the chemical reaction.
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CHAPTER 7 C and N co-doped TiO , photocatalyst

7.1 Introduction

In Chapter 6, we synthesized highly visible-lighttze C- and V-co-doped TiO
catalysts, which also showed comparable high agtinithe dark for the degradation of
acetaldehyde. The synergetic effects of doped CVaad the optical shift, surface area,
crystallinity, and activity of Ti@Qwere studied. The possible disadvantage of dopitig
transition metal ions is that these doped ionsalaa act as recombination centers for
electrons and holes, thus decreasing the photgtiatafficiency. Also, thermal stability
of these transition metal ion doped materials shdu@ considered. So this chapter will
focus on preparing and characterizing C and N quedoliQ catalyst. The activity of
the catalyst will be tested by degrading methylehee (MB), which is known to be
difficult to degrade under visible light and iserftused as a model dye contaminant to
evaluate the activity of a photocatalyst. In paac, descriptions are provided:

1. To prepare C and N co-doped TFi€atalyst.

2. To characterize the catalysts.

3. To degrade Methylene Blue.

7.2 Preparation of the catalyst

30 milliliters of deionized water was put in a waiege bath. While under vigorous
stirring, 8 milliliters of titanium isopropoxide {96, Aldrich) was added drop-wise. The
mixture was stirred for 12 h and aged for 24 h. Waéer was removed by drying in air at

80 °C. The as-obtained sample was thoroughly grautid an agate mortar pestle and
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calcined under NEiflow at 500 °C for 2 h, then treated in air at ZD for 1 h. The
sample was denoted as CN-%iQure TiQ was prepared by treating the as-obtained

sample in air at 500 °C for 2 h.

7.3 Catalyst characterization

N, adsorption-desorption isotherms were obtainedl86°C on a NOVA 1000 series
instrument (Quantachrome, USA). The specific swfaeas were calculated according
to the multi-point Brunauer-Emmet-Teller (BET) medh The pore size distributions
were calculated from the desorption curve. The Bdmyner-Halenda (BJH) method
was used to determine the pore volume and pore Be&fere adsorption, samples were

degassed at 150 °C for 1 h under vacuum.

Raman spectra were recorded using a Nicolet NeXQsFourier transform IR (FT-IR)
with a Raman module. The system consisted of airagmis Nd-YAG (yttrium
aluminum garnet) laser (1064 nm) and a liquid gém cooled germanium or InGaAs
detector in the 4000-100 chrange. The laser power used was in the range2ed.6. W
with a data point spacing of 3.5 ¢mirhe sample was placed in a glass cylindrical Rama

cuvette (Nicolet) and a typical spectrum contaih28 scans.

X-ray photoelectron spectroscopy (XPS) data wecerded using a Perkin-Elmer PHI
5400 electron spectrometer. The spectrometer ediliacrochromatic AKa radiation

(1486.6 eV). All spectra were obtained under vacwaim pressure of about 2.0 x*10
torr. The XPS binding energies were measured wheaision of 0.1 eV. Analyzer pass

energy was set to 17.9 eV and the contact timeS@ans. Before testing the samples, the
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spectrometer was calibrated by setting the bindingrgies of Au %, and Cu Bz to
84.0 and 932.7 eV, respectively. Binding energestie samples were normalized with

respect to the position of the G deak resulting from adsorbed hydrocarbon fragments

X-Ray powder diffraction (XRD) patterns were obtdn with a Bruker D8
diffractometer, using Cu & radiation (1.5406A) at 40 kV and 40 mA and a seeon
graphite monochromator. Samples were packed ipiastic holder. The measurements
were recorded in steps of 0.025° with a count tohe s in the 2 range of 20-65°.
Identification of the phases was made with the leélphe Joint Committee on Powder

Diffraction Standards (JCPDS) files.

Diffuse reflectance spectra (DRS) were recordedh witCary 500 Scan UV-vis NIR
spectrophotometer with an integrating sphere attaci for their diffuse reflectance in

the range of 200-800 nm. All spectra were referdriogolytetrafluoroethylene.

Photoluminescence (PL) spectra were measured wiioeospectrophotometer (SPEX
Fluoromax-2) by using the 280 nm line of a Xe laagpthe excitation source at room

temperature.

7.4 Photocatalytic activity measurement

The photocatalytic activities of CN-TOand TiQ catalysts were evaluated by the
degradation of methylene blue (MB) in an aqueolistism. The light source was a 1000
W high pressure Hg arc lamp (Oriel Corporation)e @ombination of a Vis-NIR long

pass filter (400 nm) and colored glass filter (>42®) was used to eliminate UV
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radiation during visible light experiments. A gesleprocedure was carried out as
follows: 100 mL aqueous MB solution (10 mg/L) wasntained in a water-jacketed
reactor, which was kept at 25 °Chirty milligram of catalyst was suspended in the
solution. The suspension was kept under vigorowsngt for 60 min in the dark to

establish the adsorption-desorption equilibrium MB. Then, the suspension was
irradiated under visible light. Samples were witwin every 30 min and centrifuged and
analyzed for the degradation of MB using a UV-viaryC500 Spectrophotometer. MB
has maximum absorbance at 664 nm and that was &skarnway for following the MB

degradation. The absorbance was converted to thedBentration in accordance with
a standard curve showing a linear relationship betwthe concentration and the
absorbance at this wavelength. The same procedase fallowed for the UV light

experiment by using two cut-off filters (320\<x 420 nm).

7.5 Results and discussion

7.5.1 N, adsorption-desorption

Figure 7.1 shows the pore size distribution curaed nitrogen isotherms of TjGand
CN-TiO,. Both isotherms are type IV with an H2 hysterésogp, which is characteristic
of a mesoporous structure. The textural propedid®th samples are listed in Table 7-1,
which shows that the surface area of doped, W&s significantly larger. Also the larger
pore size and pore volume and smaller crystalite possibly provided more accessible

active sites and enhanced the activity of the gstal
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Figure 7.1Pore size distribution and the corresponding isoth&f TiO, and CN-TiQ

Table 7-1Textural properties of Tigand CN-TiQ

Sample St Pore size Pore volume
(m?/g) (nm) (cm®/g)
TiO, 57 4.2 0.14
CN-TiO; 109 4.9 0.26

7.5.2 FT-Raman

Raman spectroscopy was successfully applied toeptiod phase formation of titanium
oxide. It has been reported that six modeg(B19 cn), Big (399 and 519 cif), and &
(144, 197, and 639 ch were Raman-active for the anatase phase, whilerfmdes Ag
(612 cni'), Byg (143cni'), By, (826 cni), and E (447cm') were Raman-active for the
rutile phasel®® Figure 7.2 shows Raman spectra of T#dd CN-TiQ. Four peaks at

148, 399, 519, and 638 cnare present for both samples, suggesting thahsmatas the
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predominant phase structure. From the the measutevhéhe Raman band shape (peak
position and line width) of the main feature at I#4’, it is possible to determine the
crystal dimensions since the particle size can edagge shifts in the location of the
scattered Raman peaks and their widths, namelyquhsatum size confinement efféct.

It was obvious that the peak at 148 twf CN-TiO, had stronger intensity and broader
width, indicating enhanced crystallinity and smafparticle size, which was consistent
with the results of later XRD measurement. An dddil peak also appeared at 320°cm
in the spectrum of CN-Ti@and this feature was attributed to the first-ostEattering of

a non-stoichiometric titanium nitrideln order to better understand the change in the
Raman spectrum, the spectra in the range of 300eh0D were fitted. In the fitting
curves, another two peaks at 460 and 570 wrare observed for CN-TiOThe peak at
460 cm' was related to second-order acoustic mode ofisitamitride and peak at 570
cm* was related to transverse optical mé@onsequently, when nitrogen was doped, it

replaced oxygen atoms in the titanium oxide crylstiice.
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Figure 7.2Raman spectra of CN-THDA) TiO, (B), and fitting curves for CN-TigXC)
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7.5.3 X-ray photoelectron spectroscopy  (XPS)

XPS measurements were carried out to determinechwmical state of N or C
incorporated into the TiQcatalysts. Three forms of carbon species have pesmously
detected: elemental carbon (285 eV) located witthia tetrahedral and octahedral
interstices existing within the anatase crystakCTbond resulting from substituting
oxygen atoms by carbon (281.5 eV), and the carleosgcies adsorbed on the surface
(288 eV)?° Figure 7.3 shows the XPS spectra for CN-TiChe C 1s spectrum showed
one strong peak at 284.6 eV and a weak shouldeoand 288.5 eV. Therefore, most of
the carbon incorporated in the Ti@atrix was present as elemental carbon and a small
amount of carbonate species was on the surfaceeak pt around 281 eV, reportedly
resulting from Ti-C bonds, was not observed in sheple, suggesting that carbon did

not substitute for oxygen atom in the lattice dD7i

The N 1s spectra showed a peak at 396.2 eV andeamat 399.5 eV. It has been
reported that a N 1s peak at 400 eV is related atecnlar chemisorbed nitrogen or
molecularly adsorbed NQOor NH;, and a peak at 397.5 eV has been observed in
TiN.2>*12However, the assignment of the XPS peak of N k®iisewhat controversial.
Cong et af attributed the peak at 399.2 eV to anionic N ifTiEN linkages. Prokes et
al’® found that the N 1s peak for the doped Fi@sed nanocolloid was broad and
centered at 401.3 eV. We attribute the peak at 8860 the presence of Ti-N bond
resulting from substitution for oxygen sites byrogien atoms in the TiQattice, which

was consistent with the literatufe.*>*®The results also coincided with Raman data in
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Figure 7.2. The feature at 399.5 eV was assigneddsorbed NEl based on our

preparation method.
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Figure 7.3XPS spectra for C 1s, N 1s of CN-LiO
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7.5.4 X-ray diffraction (XRD )

Crystal structures of CN-TiJand pure TiQ were determined with XRD. Both samples
only showed the anatase phase; no other crystakpatile or brookite) can be detected.
The strongest peak ab 2 25.3°, representative of (101) anatase phasectieins, is
shown in Figure 7.4. Compared with pure Tithe peak position shifted slightly toward
a higher B value, which suggests that the crystal latticeli@, was distorted by the
carbon or nitrogen dopants, probably most by nérogince it substituted for oxygen
atoms in the lattice of Ti© It can also be seen that doped At@d broader peak than
pure TiQ, indicating smaller crystallite size of the dopE@®,. From the full width at
half maximum (FWHM) of the diffraction pattern, tlweystallite sizes were calculated
using Scherrer’s equation. Pure TiWas 14 nm and doped Ti®ad a size of about 9
nm. In addition, no diffraction lines due to TiC BiN appeared, consistent with the XPS

results discussed earlier.
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Figure 7.4 XRD patterns of CN-Ti@and TiQ
7.5.5 Diffuse reflectance spectroscopy (DRS)

Figure 7.5 shows the diffuse reflectance spectt@\{TiO, and TiQ. As expected, pure
TiO, only exhibited absorption in the UV region. Howewe optical response of CN-
TiO, was extended into the visible light region. Theihle light absorption for CN-Ti©
was associated with doped nitrogen and carbononarhn act as a photosensitiZeand
nitrogen can introduce an impurity level betweea ttalence and conduction band of
TiO,'® or narrow the band gap by mixing the N 2p and Os@pges?® The band gap
energies were calculated according to the follonaggation, &= hch, where E is the
band gap energy (eV), h is the Planck’s constad8g667x103° eV:s), c is the velocity
of light (3x1F m/s), andh is the wavelength (nm) of absorption onset. Thedbgap

energies were 3.05 and 2.12 eV for 7&hd CN-TiQ, respectively.
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Figure 7.5Diffuse reflectance spectra of Ti@nd CN-TiQ
7.5.6 Photoluminescence (PL)

The PL emission spectra have been widely usedviestigate the efficiency of charge
carrier trapping, migration, and transfer and tdarstand the fate of electron-hole pairs
in semiconductor particles since PL emission restribm the recombination of free
carriers’>?!Figure 7.6 shows the PL spectra of Tiéhd CN-TiQ. The peak at 470-550
nm can be assigned to emission signals origindtorg the charge transfer transition of
an oxygen vacancy trapped electf8f' The PL intensity of pure Tiwas significantly
stronger than that of CN-TgOBecause the PL emission is the result of thembaoation

of excited electrons and holes, the lower PL intgniadicates a lower recombination
rate of these electrons and holes under light imtih 2?23 Therefore, the dopants
(nitrogen or carbon) quenched the luminescence amdanced the separation of
photoexcited electrons and holes. Since the effayieof photocatalysis is proportional to

the charge carrier (@r h") transfer rate and inversely proportional to thensof charge
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carrier transfer rate and electron-hole recombimatiate?® CN-TiO, should have a

higher photonic efficiency than the pure 3iO

TiO

T T T T T 1
450 475 500 525

Wavelength (nm)

Figure 7.6 Photoluminescence emission spectra for,la@d CN-TiQ measured at room

temperature (excitation wavelength 280 nm)

7.6 Degradation of methylene blue (MB)

7.6.1 Under visible light irradiation

According to diffuse reflectance UV-vis spectrae tiptical response of TiQvas shifted
slightly from UV to the visible light region due tthe introduction of carbon and
nitrogen. This implied that CN-T¥Omight be active under visible light irradiation.
Figure 7.7 depicts the results of degradation of iMBe presence of CN-Tigand TiQ

under visible light irradiation. CN-Ti©showed much higher activity in the presence of
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visible light than pure Tig) which exhibited little activity as expected. BkS suggest
that doping of C and N was an effective way totghié optical response from UV to the
visible light region and improve the visible-ligimduced activity of Ti@-based catalyst
for the degradation of MB. It was assumed that dtgpaarbon and nitrogen functioned
differently for absorption in the visible light neg in our case: carbon acted as a
photosensitizer, which can be excited and injeettebns into the conduction band of
TiO,. Subsequently, the electrons can be transferredutface adsorbed oxygen
molecules and form superoxide anions, which cathéuartransform to OHand initiate
the degradation of MB. Also, carbon increased tiréase area of the Ti{Ocatalyst and
improved the adsorption of MB. It is well known tharganic compounds should be
preconcentrated on the surface of the semicondyetdicles to effectively utilize the
photo-excitatiorf> The substitution of nitrogen for oxygen atomstie trystal structure
of TiO, improved the visible light sensitivity by mixindgpg N 2p and O 2p states or
introducing a mid-gap (N 2p) level, which formedybtly above the top of the (O 2p)

valence band.

7.6.2 Under UV irradiation

The PL emission spectra indicated that the dopeatison and nitrogen enhanced the
separation of photoexcited electrons and holesreftve, more electrons and holes
should also available in the degradation of MB@i-TiO, under UV irradiation. Figure
7.8 shows the degradation of MB in the presenc&NfTIO, and TiQ under UV

irradiation. As expected, CN-Tigad higher activity than pure TiO
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Figure 7.7 Degradation of MB on CN-Ti@and TiQ under visible light irradiation
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Figure 7.8 Degradation of MB on CN-TiO2 and TiO2 under U\adliation

7.7 Conclusions

In this study, carbon and nitrogen co-doped lé@alysts were successfully synthesized
by a simple method. Carbon doping resulted in tmgrovement of visible light
absorption and higher surface area of the,Té@alyst. Nitrogen doping narrowed the

band gap by mixing the N 2p and O 2p states obodiuicing a mid-gap (N 2p) level,
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which formed slightly above the top of the (O 2@jence band. Carbon and nitrogen
dopants enhanced the separation of photoexcitetr@hs and holes and improved the
photocatalytic efficiency of the Tiratalyst. The co-doped Ti@howed higher activity
than pure TiQ for the degradation of MB under visible light asllwas UV irradiation.
The high activity was attributed to the several dfml effects associated with the

introduction of carbon and nitrogen.
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