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SUMMARY

Recently, emission of volatile organic compound G&) in air and water has
become a very serious problem causing differentadegof hazard to public health.
In order to remove VOCs, different techniques hibgen developed and used. One
of them is photochemical oxidation (PCO), whichvidely used in recent years. The
aim of this method is to mineralize VOCs (the ptalhis) to CQ, H,O and mineral
acids and salts. TigKds the most common semiconductor used as a phatgsiafor
PCO and has been extensively studied over the2lastears. Compared to other
methods, TiO2-photocatalysis has some obvious adgas, but on the other hand
there are also some drawbacks. The goals of my.Rhd@arch were to overcome
some of the problems in application of Fi® photochemical oxidation process. The
major goals of my research were: (1) preparationnahocrystalline TiQ by
employing low—temperature preparation technique) ({Bvestigation of its
photocatalytic activity towards degradation of amuge phenol solution; (3) loading
of aqueous titania sol into/onto silica mesopor@asvder for enhancing active
surface area; (4) studying its photocatalytic aigtitowards degradation of gaseous
toluene in the self-constructed fluidized-bed pheaotor system, which was built for

this purpose.

In this study, first, the anatase nanocrystallii®,Tpowders were synthesized using
titanium tetrachloride (TiG) as a precursor via sol-gel method at low—tempezat
preparation conditions. These powders were desgnats unsupported TiO
powders of the two types (Ti—Cl and Ti—N) sinceghoric acid (HCIQ) and nitric
acid (HNQ) were used as peptizing mediators. The photodatadgtivities of the
as—prepared powders were studied towards degradattiaqueous phenol solution
under UVA radiation. The HCIEbased TiQ had approximately a 1.5 times higher
catalytic activity than similar catalysts prepalgdusing HNQ. Smaller aggregated
colloidal particles, and consequently a larger axefarea in HCl@-based powder,
demonstrate the main reason for better photocatafdtivity compared to the

HNOs—based powder.

The aggregation of the as—prepared ;Ti@nocrystallites often prevents a high
catalytic activity. In this regard, | tried to sugp (to fix) the nanocrystals of TiO

within mesoporous silica materials to gain highleotpcatalytic activity in a gaseous



phase. Ordered (SBA-15) and disordered (KIL-2) mpesuus silica supports have
been synthesized and loaded with different amouhtti@mnia via sol-gel
impregnation method. Aqueous titania sol prepargdidw—temperature sol—gel
method and by employing HCl@s a peptizing agent was used as a source datitan
The Ti/Si nominal molar ratio was adjusted to 1121 and 2/1. The powders
prepared from KIL-2 and SBA-15 were designated iésI0~2(x) and Ti/SBA—
15(x), respectively, where x means the Ti/Si noininalar ratio that was adjusted to
1/2, 1/1 and 2/1.

The physico-chemical properties of as-prepared k=smpere characterized by
different techniques. The influences of Ti/Si matatio and of the mesoporous silica
structure were investigated by measuring adsorptigpacity and photocatalytic

degradation of gaseous toluene as a representafivea VOC pollutant. The

photocatalytic degradation of toluene was carrigtlio a self—constructed gaseous
fluidized—bed photoreactor equipped with UVA liggdurce and connected on-line
to the GC-MS analyzer. The rates of photocatalgiegradation reactions were
found to be similar for photocatalysts with the safiW/Si molar ratio and were not
dependent on the mesoporous structure of silica atisorption capacity was
decreasing as a function of the increasing Ti/Slam@tio in the case of both types
of mesoporous silica support. However, the photdgtt degradation proceeded
faster for the Ti/Si molar ratio 1/1 while, in tiease of the other investigated Ti/Si
molar ratios 1/2 and 2/1, the degradation ratesewemwer. In general, the

photocatalytic activity was considerably improved using supported titania—silica
catalyst compared to an unsupported titania powmtepared from the same
nanocrystalline titania sol. Furthermore, titarilaa powders were tested for
photocatalytic degradation of isopropanol in theegais medium at the Slovenian
National Building and Civil Engineering Institutgubljana. The adsorption capacity
of isopropanol was the highest in the presencd®fSBA-15—supported powders.
The photoactivity results indicated that the powderhich were prepared using
SBA-15 as a silica support and a Ti/Si molar ratiol/l were the most active

toward isopropanol oxidation monitored in-situ by—R spectroscopy. The

photocatalytic results obtained from two differesatlid—gas photoreactor systems
confirmed the beneficial influence of mesoporougaisupport to an increased

activity of low—temperature titania.
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I. INTRODUCTION

Over last few decades the United Nations have dpeel and agreed an extensive
system of international documents in order to imgohnd oblige their member

countries for comprehensive protection of globaliemment against pollution and

devastation. The European Union promptly followdte tdevelopment to be

implemented in the former as well as in the new Imenstates. The main subjects of
concern are global warming, stratospheric ozoneerlagepletion, troposphere

photochemical pollution and noise and radiation clvhall affect human health,

biodiversity and environmental quality.

The most air—polluting group sources are:

(i) combustion in energy and transformation indestr
(i) non—industrial combustion plants,

(iif) combustion in manufacturing industry,

(iv) production processes,

(v) extraction and distribution of fossil fuels,

(vi) solvent and other product use,

(vii) road transport,

(viii) other mobile sources and machinery,

(ix) waste treatment and disposal,

(x) agriculture,

(xi) other sources and sinks.

Volatile organic compounds (VOCs), as a group o pirinciple air and water
pollutants, are defined as any organic compounalging at 293.15 K (i.e. 2C) a
vapor pressure of 0.01 kPa or more (1999/13/EQ)hkdrocarbons solvents a vapor
pressure of 0.01 kPa at 2D correspond to a boiling point or initial boilipgint in
the range 215-22CC. This limit value is very high, so that practlgall liquid
organic compounds and many solid ones must be denesi (1999/13/EC).

Since a large number of VOCs is oxidazable, chdnoixi@ation processes (a group

of technologies known as advanced oxidation preseses AOPS) can be considered



as a possible method among the various altern&dives of treatment for air and
water pollutant control. Photocatalytic oxidatioh \WOCs using titanium dioxide
(TiO,) as a catalyst has been proposed as an altermahrsced oxidation process

for the decontamination of water and air (Litte§2%

For using TiQ as a photocatalyst, poor adsorption and relatil@hy surface area
properties lead to sever limitations in exploitithg photocatalyst to the best of its
photoefficiency. Mesoporous silica material witlglnisurface area is considered as a
promising support for improving the efficiency ofOL for decomposing the organic

pollutants in water and air.

The titania loaded mesoporous/nanoporous suppass Bome advantages in the
photocatalysis such as: (1) formation of separéitadia nanopatrticles in the final
composition, (2) increase of adsorption capacitypeemlly for non—polar

compounds, (3) lower scattering of UV irradiation.

Beside a development of the photocatalytic matemath increased efficiencies, a
development of suitable photocatalytic reactor eysts of the same importance to

treat the polluted media efficiently.



ll. Theoretical background

2.1. Advanced oxidation processes (AOPSs)

AOPs have become increasingly popular for chentregtment of industrial waste
water, contaminated ground water, drinking watet aim. AOPs have been defined
broadly as oxidation processes which are primdudyged on the intermediacy of the
hydroxyl radicals in the mechanism(s) resultinghe destruction of the contaminant
compound. Some of the processes to obtain thegmladre: ozone (§) treatment,
O3/H0,, VUV, 0O3g/UV, UV/H;0, OijUV/H,0, Fenton’s treatment and
photocatalysis. Photocatalysis processes use seductors as a catalysts in
combination with UV radiation and oxygen (Esplugdsal., 2002). Heterogeneous
photocatalysis can be considered as an advancddtmxi technology and has been
proven to be a promising method for the eliminatmntoxic and bio-resistant
organic and some of the inorganic compounds (Cheh Ray, 1999). The main
difference compared to other AOPs stated abovédsuse of the semiconductor
metal oxide as a catalyst instead of oxidants Hk®, and Q which are considered

as expensive reactants (Esplugas et al., 2002).

Heterogeneous photocatalysis can be carried ouarious media, namely gaseous
phase, pure organic liquid phase or aqueous solulibe overall photocatalytic

process can be divided into five independent stidpsrmann, 1999):

1- mass transfer of reactants (contaminants)etadalyst surface,
2— adsorption of the reactants on the cataly$aser

3— photochemical reaction on the surface,

4— desorption of the products from the surface,

5— mass transfer of the products from the surifacethe bulk of the fluid.

A highly attractive advantage of the heterogengahatocatalytic treatment is that it
is capable of decomposing many kinds of organic iandyanic compounds under
ambient temperature (Obuchi et al., 1999). The gg®ds non—selective to a very
broad range of chemicals. Variety of organic commususuch as alkanes and
alkenes, phenolic compounds, aromatics, organidsaend amines and also

inorganic compounds especially transition metalsjooyanide or nitrite can be
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degraded. Other advantages are: no additives ezfjuiheap chemicals can be used,
total mineralization achieved for many organic ptahts, suitable for low
concentration, possible combination with other aggosition methods (in particular

biological) (Herrmann, 1999).

In most cases, the semiconductors used as phdi@tatean be activated by sunlight
which makes them economically competitive. Many isemductors such as T
ZnO, CdS, ZnS, Snp) FeO; and WQ have been studied as photocatalysts
(Hoffmann et al., 1995).

2.1.1. General mechanism of photocatalytic process

The ability to degrade organic and inorganic palfiis comes from the redox
reaction undergoing after photo—activation of themgonductor material. A
semiconductor (SC) material has an electronic sinetture in which the highest
occupied energy band is called valence band (VB) the lowest empty band is
called conduction band (CB). These bands are sy a band gap which is in
the order of electron volts (Litter, 1999).

When a photon of energy higher or equal to the bgap value of the
semiconductor is absorbed by a patrticle, an eledtam the VB is promoted to the
CB with simultaneous generation of a photogeneréuele (h,") in the VB and
photogenerated electron{@ in the CB (Eqg. (1)) (Li Puma et al., 2008).

The general mechanism of the hydroxyl-radical ntedigphotocatalytic reaction
process is represented by Eqgs. 1-12 following #@mgle of TiQ, but also other
semiconductors with similar band gap energies aadnee and conduction band
electrochemical positions act in the same way. ustnbe noted that although both
anatase and rutile type of Ti@bsorb UV radiation, rutile type of TiGtan also
absorb radiation that is nearer to visible lighowver, anatase type of Ti@xhibits
higher photocatalytic activity than rutile due te conduction band position which
demonstrates stronger reducing power as companedil® type of TiQ (the band-—
gap value of anatase Ti@s 3.2 eV and for rutile Tigis 3.0 eV). The g and the
h,, can recombine on the surface or in the bulk ofpttuicle in a few nanoseconds



(Eq. (8)) (and the energy is dissipated as heataarbe trapped in surface states
where they can react with donor (D) or acceptorgpgécies adsorbed or close to the
surface of the particle. Thereby, subsequent redaktions can be initiated (Egs.
(2)—(4)) (Figure 1).
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Fig 1: Schematic representation of photochemical mcess in and on a semiconductor particle
(for example TiO,) (Oppenlander, 2003)

Principally it is accepted that the initial stepg fohotocatalytic degradation is the
formation of extremely reactive but short-lived hydyl radical {OH) by hole

trapping (Egs. 5, 6). Th®©H is formed on the highly hydroxylated semiconduct
surface. This process is immediately followed by teduction of adsorbed oxygen
species, derived either from dissolved oxygen mués; or by other electron
acceptors available. Main reactions governing thetqratalysis process are as

follows:
Electron—hole pair formation:

TiOy + hv — TiOy+ ey +hyp' 1)
(Semiconductor valence band hole and conductiod b&ettron)

Electron removal from the conduction band:

&b + O+ H > TiO, + HO,' 2)(
&b + H,0,— OH + OH 3)
20; "+ 2H,0 - H,0, + 20H + O, 4)
Hole trapping:

hp' + HO — OH' + H' )
hp + OH — OH’ (6)



Oxidation of organic pollutant molecules:
OH. + OZ+ CxOyH(Zx—2y+2)—’ XCOZ+ (X_y+1) l_ho (7)

Non—productive radical reactions:

&b + hy + TiO, — TiO, + heat (recombination) (8)
20H— H,0, (9)
2HO, — H,0; + O; (10)
20H + H,Op— 2H,0 + O, (11)
OH + HCO;— CO; + H,O (12)

2.1.2. Titanium dioxide (TiO,) photocatalyst

TiO, is a versatile material that has applications idewassortment of products
including paint, white pigments, plastic, inks, pBp sunscreen lotions,
electrochemical electrodes, food stuffs, pharmacaistand solar cells (Music et al.,
1997; Schneider and Baiker, 1997).

Titanium dioxide exists in four mineral forms: aase, rutile, brookite and titanium
dioxide (B) or TiQ (B). Anatase type of Ti©has a crystalline structure that
corresponds to the tetragonal symmetry. Rutile typ&iO, also has a tetragonal
crystalline structure and is mainly used as a wpigenent in paints. Brookite type of
TiO, has an orthorhombic crystalline structure (FigyeTiO, (B) is a monoclinic

mineral and is relatively a newcomer to the titfamily (Carp et al., 2004).

A

Fig 2: Crystal structures of (A) anatase; (B) rutike; (C) brookite of TiO, (Carp et al., 2004)

Since 1972, when Fujishima and Honda (1972) redoaieout water splitting on
TiO, single crystal electrodes, titanium dioxide hasrbmtensively investigated as a



semiconductor photocatalyst in the new field ofasoénergy conversion, water
splitting and environmental purification. In 1976arey et al.(1976) observed
degradation of polychlorobiphenyls (PCBs) using Jli€atalyst by UV radiation.
Afterwards, numerous researches have been doneegradhation of different
pollutants utilizing TiQ/UV system, as well as the basic studies on thehamesm
of degradation reactions (Carey et al., 1976) hin last decade, however, TiGas
been developed and used also as a photocatalysindmor and outdoor air
purification and for the purification and remediatiof contaminated waters and air

loaded with low concentrations of toxic organiclptants (Yu et al., 2006).

The popularity of TiQ as a photocatalyst is based on its environmentaéyndly
nature (i.e.non toxicity), low cost, chemical stability, higlataral abundance and

versatile potential applications (Carp et al., 208dhbrus et al., 2008).

For photocatalytic degradation process, two metlwddsSO, application are favored:

(1) TiO, suspended in agueous media and (2), Ti@nobilized on suitable support
material. Although suspended photocatalyst systmays give higher degradation
rates, there is one obvious problem arising fronBdsically, the particle size of
catalyst powders synthesized by the industry isthe range of 30-200 nm.

Therefore, the reactor must be equipped with aidiegolid separator, which

increases the costs of the whole process. The depooblem arising from a

suspension system is that the fine solid partidtesn the effluent may cause
turbidity in the downstream. Taking into accourg #ibove problems and also from
the economic point of view, immobilization of pho#talyst seems to offer a
plausible solution (Takeda et al., 1995, Gao e8l08, Tasbihi et al., 2007).

The supported Ti® is generally considered more practical due to atsier
separation from treated water. It can be suppatedarious substrates such as glass
beads (Tasbihi et al., 2007; Qui and Zheng, 20€ili¢a gel, quartz sand (Tasbihi et
al., 2007), carbon nanotubes (Gao et al., 200&5sgtlides (Guillard et al., 2002;
Lavrerti¢ Stangar et al., 200€ernigoj et al., 2007), fibreglass tissue (Enriqeéz
al., 2007), alumina, mordenite (Takeda et al., )9®hiferent types of zeolites
(Takeda et al., 1995; Durgakumari et al., 2002;nRhn et al., 2006), activated



carbons (Li Puma et al.,, 2008; Takeda et al., 199% mesoporous materials
(Busuioc et al., 2006; Grieken et al., 2002; Lopédaroz et al., 2005).

2.2. Synthesis processes of T30

TiO, can be prepared in the form of powder, crystalhior films. Both powders and
films can be built up from crystallites ranging rfioa few nanometers to several
micrometers. It should be noted that nanosizedtalliges tend to agglomerate. If
separate nanosized particles are desired, oftezaggtbmeration step is necessary.
Many novel methods lead to nanoparticles withoutadditional deagglomeration
step (Carp et al., 2004).

It is important to mention that the physical anceroiical properties of TiQare
strongly dependent on the preparation method. Bigicthere are two different
routes of preparation, i.e. gas—phase methods alnticnh methods. Among gas—
phase methods, the main techniques are chemicauvagposition (CVD), physical
vapour deposition (PVD) and spray pyrolysis depasit(SPD). The solution
methods include solvothermal method, precipitati@thod, microemulsion method,
combustion synthesis, electrochemical synthesis satdgel method (Carp et al.,
2004). Among these synthesis methods, sol-gel psoie the method used very

often due to the several advantages which are iegpldelow.

2.2.1. Sol—gel process

The sol—-gel process allows to obtain of solid patsllby gelation rather than by
crystallization or precipitation. It can be desedbas the creation of an oxide
network by progressive polycondensation reactiohsnolecular precursors in a
liquid medium, or as a process to form materiaés avisol, gelation of the sol and
finally removal of the solvent. This method is colesed as “chimie douce” or soft
chemical approach to the synthesis of metastabideomaterials (Schubert and
Husing, 2005).



The terms “sol” and “gel” are being defined as (@mrt and Husing, 2005):

A “sol” is a stable suspension of colloidal solid partiabe polymers in a liquid.

The particles can be amorphous or crystalline.

A “gel” consists of a porous, three—dimensionally contisusolid network
surrounding and supporting a continuous liquid phésvet gel”). In “colloidal”
(“particulate™) gels, the network is made by aggdvation of dense colloidal
particles, whereas in “polymeric” gels the particleave a polymeric sub—structure
made by aggregation of sub—colloidal chemical units

Figure 3 presents a scheme of the different proaages leading from the sol to a
variety of materials. Powders can be obtained bgysqlrying of a sol. Gel fibers
can be drawn directly from the sol, or thin filmencbe prepared by standard coating
technologies such as dip— or spin—coating, spratyy Here, gelation occurs during
the preparation of the film or fiber due to rapidporation of the solvent (Schubert
and Husing, 2005).

Xerogel film

Dense film

Xerogel Dense
cerantics

O

Hydrolysis
Polymerization

00
(VK
Sol-Gel Technologi Furnace
ol-Ge ecinoiogies ]
and . LiealBE Ceramic fibers
Their Products =

Fig 3: Scheme of the sol-gel processing options {Bker and Scherer, 1990)



Gelation can also occur after a sol is cast intocdd, in this case it is possible to
make a monolith of a desired shape. Drying by ekatmmn of the pore liquid gives

rise to capillary forces that causes shrinkagenefdgel network. The resulting dried
gel is called a xerogel. Compared to original waltits volume is often reduced by
factor 5-10. Due to the drying stress, the moniglitrel is often destroyed and
powders are obtained. When the wet gel is drieal way that the pore and network
structure of the gel is maintained even after dyythe resulting dried gel is called an
aerogel. Dense ceramics or glass can be obtaitedhagfat treatment of xerogels or
aerogles to a temperature high enough to causerisigt(Schubert and Hising,

2005).

Typical applications of sol-gel materials includekinds of coatings, catalysts and
catalyst supports, ceramic fibers, electroceramweders, insulating materials, high—
purity glasses, etc. The many processing optionswalunique access to

multicomponent oxide systems (Schubert and HUZ805).

A number of reasons to choose the sol—gel routehi®rsynthesis of materials are
apparent (Brinker and Scherer, 1990):

(i) The chemical conditions are mild. Hydrolysisdatondensation are catalyzed by
acids and bases, but extreme pH conditions caraiy @voided, especially by the
use of two step methods in which acid catalyzedrdlydis is followed by rapid
neutralization or buffering. In this way pH senstiorganic species (e.g. dyes) and
even biological species including enzymes and witelss may be entrapped and

still retain their functions.

(i) Highly porous materials and nanocrystallinetemels may be prepared in this

way.
(iif) By appropriate chemical modification of theggursors, control may be achieved

over the rates of hydrolysis and condensation,ad colloid particle size and the

pore size, porosity and pore wall chemistry offthal material.
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(iiii) By controlling ageing and drying conditionfyrther pore size and mechanical
strength control may be achieved.

Two processing routes of the sol-gel method arewknothe non-alkoxide
(inorganic) and the alkoxide (organic) route. Tlo&-ralkoxide route uses inorganic
salts (such as nitrates, chlorides, acetates, cate®, acetylacetonates, etc.) and
requires an additional removal of the inorganicoanwhile the alkoxide route (the

most usually employed) uses metal alkoxides atirgganaterial (Carp et al., 2004).

As precursors for titanium dioxide, inorganic compds such as Tigl TiCls,
Ti(SOy), are easily available and more economical thanxadles (Zhang et al.,
1999; Nag et al., 2007).

In the preparation temperature point of view, sel-grocess is divided in two
different categories: high—temperature preparatiming calcination treatment) and

low—temperature preparation (crystallinity is asie@ without calcination treatment).

2.2.1.1. Low—temperature sol—gel process

In the past, by the usual sol-gel chemistry in waieh solvent mixtures, only
amorphous titania could be synthesized which doépassess the desired electronic
properties (Hu et al., 2008). Most of the reseangirks usually employed the
precalcined titanium dioxide at around 300-4Q0to induce crystallization of the
anatase form (Kanna and Wongnawa, 2008). Althougthdr heating at higher
temperatures would activate the material into higirystalline structure, excessive
thermal energy often leads to the collapse of masys frameworks accompanied
by loss of surface area, increasing the partide and particle agglomeration. The
agglomeration and precipitation of TiQowder particles in aqueous suspension can
reduce the active sites on TLiGurface significantly. One way to obtain non
aggregated (separated) particles is immobilizedhit using porous materials (Wu at
al., 2005).

Liu et al. (2008a, 2008b) prepared Fidydrosols by chemical precipitation—
peptization method from titanium sulfate and m#édaic acid under various
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peptizing conditions. The optimized peptizing caiodis were determined and the
properties of the sols were correlated with théiotpcatalytic activities. The Ti¥O
sols or particles prepared at low temperature <’C) have several advantages such
as (1) finer particle size with more uniform distriion and better dispersion in
water; (2) stronger interfacial adsorption abilignd (3) easy coating on various
supporting materials. In fact, the photocatalytativaty and transparency of TiO
sols depend on some factors such as their crylséalgy degree of crystallization, and

particle size.

Lee and Liu (2002) synthesized crystalline 7&0l at low temperature using acid—
hydrolysis method. Acid-hydrolysis method was depetl in order to avoid
calcination at high temperature. TiGlas used as a starting material and HCIl as a
peptizing agent. The HCI| was added to a gel of &gl titanium oxide to dissolve it.
pH value, [H]/[Ti] ratio, HCI concentration, storage temperatand hydroxypropyl
cellulose as dispersant were investigated as pBpar parameters, but no

photocatalytic tests were performed.

Randorn et al. (2004) prepared hydrated titaniuroxide using TiC/ and

concentrated NElsolution without calcination. The compositions tbe prepared
powders were mostly of an amorphous form with allsamaount of anatase mixed
in. The photocatalytic decomposition of methyleneebwas investigated. The

activity was inferior to Degussa P25 if adsorpti®excluded.

Addamo et al. (2005) prepared nanostructured Jli€bls by controlling the
hydrolysis of TiC} in very mild experimental conditions without hé&atment. The
properties of the samples depended on JKGO ratio, procedure of preparation and
boiling time. It was shown that the photoactivitytle samples mainly depended on

a compromise between crystallinity and particlesiz

Low—-temperature synthesis (< 10D) of crystalline oxide particles eliminates the
need for high temperature operations, what is heaefrom economical point of
view, since elimination of calcination step meaowdr cost due to the less energy
consumption and shorter time between the synthagisapplication point (Kanna
and Wongnawa, 2008; Randorn et al., 2004, Addamal.et2005). The main
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problem of low—temperature preparation routes s d¢oystallinity and consequently
low photocatalytic activity of the obtained samp({Kanna and Wongnawa, 2008).

2.3. Support (for the photocatalyst)

In classical heterogeneous catalysis, the activieniah(often a metal, an oxide, or a
sulfide) is usually in the form of small particldgpically in the nanometer range.
The reason for this small size is very simple: ¢themistry occurs on the surface of
the particles and for a given mass, the surface thia is developed by a particulate
material increases as the particle size decre@bes. a high dispersion rate (a small
particle size) is beneficial to the chemical adyivper unit mass of material.
Unfortunately, a highly dispersed state is fundamgnan unstable state of matter,
because the surface tension (which has units oéfper unit length or, equivalently,
energy per unit surface) tends to favor the statesmallest interface area per unit
mass. This is especially true at high temperatunensmhe atomic and particulate
diffusion rates allow sintering and particle growmfhcommon way of limiting these
phenomena is to support the highly dispersed agingse on a matrix. Thanks to its
porous micro texture and/or to interfacial inteiacs, the support keeps the active
phase in the dispersed state in a temperature randein a gaseous or liquid
environment where sintering would otherwise octwaddition to this physical role,
the support often interferes either directly oriiadtly in the reaction mechanism via
the active phase—support interactions. Strong nseigbort interactions may lead to
epitaxial growth of particles with unusual morptgts. Electronic interactions
between a dispersed metal and insulating or semimiimg supports may also
modify the catalyst behaviour (Serpone and PelizZ£389).

All this shows that the concept of support covamnarous physical and/or chemical
functionalities. This is even more pronounced iotphatalysis. Photocatalysis is, in
the overwhelming majority of cases, a bi—or evenltifbactional process. The
following functions may be involved in a photocstad process (Serpone and
Pelizzetti, 1989):

1- temporary adsorption or coordination of the sals to be transformed,;
2— absorption of light;
3— energy transfer to the substrate;
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4— generation of elementary redox intermediatesofwban be electrons and holes);
5— separation of the elementary redox intermediaentually via the generation of
secondary redox intermediates;

6— reaction of the adsorbed or coordinated sulesfvatten the substrate goes through
an excited state);

7— reaction of the substrate with at least on&éefrédox intermediates;

8— desorption or decoordination of the products.

All the above mentioned functions are not necelgsdrivolved in a given
photocatalytic process, but one can appreciat@dinger of possible combinations.
In each of them, the concept of support coverdfardnt reality. A few examples are

sketched in Figure 4 (Serpone and Pelizzetti, 1989)

(@ In the simplest possible case one may consider, instance, the
photoisomerisation of a molecule, after absorptbtight in the adsorbed state. In
this case the support is merely an adsorbent,tbhmay influence the yield or the
selectivity of the reaction by modifying the abgayp spectrum of the substrate or
by introducing conformational or chemical (acidiggnstraints.

(b) In the same layer, one may consider the phs®lyf a light—absorbing molecule
in @ microporous solid. In this case the supponisonly an adsorbent. Microporous
structure acts as a restricted geometrical enviesripwhich introduces a cage effect
and modifies the fragment recombination possib#itiSilicas and zeolites have been

used in this way.

(c) Next in the sequence of Figure 4 is a case lmchvan adsorbed molecule
undergoes a reaction induced by a sensitizer aadhtw the surface, or by an
electron—hole pair generated in a semiconductopaip The support is here an
adsorbent as well as a photosensitizer.,T9OZnO belong to this class of supports
in numerous oxidation and isomerization reactidriige photo—oxidation of organic

species sensitized by adsorbed dyes belongs &athe rationale.

(d) An additional function is included in the systavhen the reaction requires a

dispersed metal in order, for instance, to genemadéecular hydrogen by reverse
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hydrogen spillover. Pt/TiQin the dehydrogenation of alcohols belongs to thass.
TiO, adsorbs the alcohol, supports the platinum, asdrai light.

(e) A further step is made when two types of dispércatalysts are required, each
catalyst taking charge of a redox reaction, fotanee. This situation is encountered
in the splitting of water with RusITiO,/Pt.

() The "ultimate" level of integration with a mifitnctional catalyst based on a
semiconductor support is probably achieved whenrsthitace of the semiconductor
Is derivatized with a molecular sensitizer. ROKO, system is probably the only

example of this type.

(g) Derivatization (i.e. covalent linkage) or iooggtion (strong adsorption by ion
exchange) can also be used to heterogeneous hoetageoatalysts. Colloidal clay

supports have been used for this purpose, withreaidation catalysts.

(h) A special function involved in redox photocgtas, which is often devoted to the
support, is the so—called separation of charges the slowing down of the

"recombination” reaction of the primary redox imediates generated by the
sensitizer). This can be achieved either withinititernal (electronic) space charge
region of a semiconductor support, when one dedls electrons, holes, or both, or
within the external (ionic) space charge regiorifide double layer) of a charged
insulator support, when one deals with ions in lamplaquid.

In fact, there is no well-defined limit to the nuentof duties that one may ask a
support to perform. When several molecular and fiogly dispersed particulate
species are linked to a support, the system isrbgarded as an organized assembly
and the support is nothing else than a structumiadyix, at a supramolecular level
(Serpone and Pelizzetti, 1989).
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Fig 4: Schematic illustration of several functionsssigned to a support in a photocatalytic
system. In Figure 4 symbols are as follows: S or 8ire substrates to be transformed; P or Pi are
final or intermediate products (i = 1 or 2); PS stads for photosensitizer; D and A are energy or
electron donors and acceptors, respectively. Thefigtions that are represented are (A)
adsorption of the substrate; (B) adsorption of thesubstrate and intermediate products in a
restricted geometry; (C) anchoring a photosensitize (D) anchoring a molecular catalyst; (E)
organizing a molecular assembly for energy transfetoward a reaction center; (F) separating
redox intermediates by double—layer effects; (G) @anizing a bifunctional catalytic system, with
two dispersed metal or oxide catalysts (Serpone arRelizzetti, 1989).

Based on these criteria, silicate porous matelti@ge been already extensively
studied and used as a highly structured suppoht dvipersed photocatalytic material
in its restricted geometrical environment (casé support concept).
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2.3.1. Porous materials

After approximately 50 years of intensive reseasnlthe development of inorganic
molecular sieves, the porous materials have recegdined a firm position in
materials science. Based on their unique moleadil@ensions and high surface
areas and porosities, they find important applicetiin the field of adsorption and

catalyst technology (Linssen et al., 2003).

A solid is porous when it contains pores, i.e. ttasj channels, or interstices (which
are deeper than they are wide). In nature, mangnmaég are porous, including wood,
rock, sponge, bone, etc. The physical propertieshefporous materials such as
density, thermal conductivity, strength, etc., dep@®n the porosity and the pore
structure of the solid. Furthermore, porosity i€ @i the factors that influence the
chemical reactivity and the physical interaction suflid with gases and liquids
(Schubert and Husing, 2005).

Porous material can be characterized by pore &eeerally, three different pore—
size regimes are defined by IUPAC (Internationaliddnof Pure and Applied
Chemistry): micropores (pore diameter smaller tiamm), mesopores (pore
diameter between 2 and 50 nm) and macropores (paneeter larger than 50 nm)
(Schubert and Husing, 2005).

Mesoporous silica nanoparticles (MSNs) were figsttlsesized in 1990 by Japanese
scientists (Yanagisawa et al., 1990). Later on,1892, Mobil Oil Corporation
researchers developed the MCM (Mobil CompositionMdtter) family of the
surfactant—templated ordered mesoporous mate@4Ms) with the high surface
area and narrow pore size distribution (1.5 to 1) (Bagshaw et al., 1995). Among
OMMs with the different framework compositions, erdd mesostructured silicates
(OMSs) are particularly synthesized using a variety synthesis procedures,
including cost—effective ones, and they have ditracproperties such as high
specific surface area, large mesoporous volumejstat)le pore diameter, narrow
pore size distribution and tailorable surface prope. OMSs are desirable in
numerous applications as they can serve as catatystatalyst supports, adsorbents,
components for sensors, chromatographic packingiantor immobilization of

biomolecules and materials with wholesome optical magnetic properties (Landau
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et al., 2005Celer et al., 2006)Unfortunately their hydrothermal stability wasitqu
poor both in steam at high temperatures and innadér. This deficiency is one of
the major factors that hinder prospective appleti of OMSs in petrochemical
processing. Over the last several years, much ndsdsas been devoted to the
identification of conditions suitable for the ditexynthesis of hydrothermally stable
OMSs and to the development of methods for an w&ffecpost—synthesis
stabilization of OMSs.

2.3.1.1. Well-ordered mesoporous silica materialSBA-15 type)

In 1998, Zhao et al. at the University of Calif@nn Santa Barbara reported that
they had produced silica nanoparticles of well-oedemesoporous structure with
tunable large uniform pore sizes varying from 8@nm. The material was denoted
Santa Barbara Amorphous (SBA) type material. Th&-8B(n = 1-3, 8, 11, 12, 14—
16) family was synthesized under acidic media usiifigrent nonionic surfactants.
The synthesis is based on employing triblock copellyand oligomer templates as
organic structure—directing agents. The poly(alkgleoxide) triblock copolymers
such as poly(ethylene oxide)—poly(propylene oxide)yethylene oxide) (PEO-
PPO-PEOQO) were found to be good candidates dueeto rtfesostructural ordering
properties, amphiphilic character, low cost, conoatravailability, nontoxicity and
biodegradability. SBA-15 has highly ordered two-elrsional (2D) hexagonal
(P6mm)pore structure similar to MCM-41 (Zhao et al., 1p9Bhis material with
tunable large uniform pore sizes had a thickecaiWwalls and greater hydrothermal
stability compared to MCM—41.

In general applications, SBA-15 shows desirablepgnttes due to the various
advantages such as chemical inertness, transparendiie UV radiation, no
photoactivity, high specific surface area, easy tlsgsis, narrow pore size
distribution, high pore volume and in particulaickhamorphous silica walls and
superior hydrothermal stability (Zhao et al., 1998ng et al., 2008; Perathoner et al.,
2006; Yang et al., 2006).

In specific applications, SBA-15 is talented fbe tmanufacturing of waveguides,
mirrorless lasers, fast response photochromic nresbsres, superradiant

fluorescent nanomaterials and sensing devices (Ktrak, 2003).
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After successful preparation of mesoporous SBAsbsje efforts have been made
to crystallize the pore walls of mesoporous maleiia order to provide them with
the specific functionality. The generation of themprosity within the amorphous
pore walls of mesoporous materials was a promisingtegy for providing them
with the particular functionality. Such a mateqaissesses a bimodal pore system, in
which micropores exist within the walls of mesoork is an ideal porous material
for catalysts and adsorbents, because moleculesfirate transported through
mesopore channels and then strongly adsorbed imibepores. These SBA-15

silicates referred to as plugged hexagonal tenplsiteeate materials (PHTSS).

Although before 2000 there had been some repoggesting microprosity within
the pore walls of MCM—-41(Long et al., 1998) and SRBA (Kruh et al., 2000), a
systematic study for confirmation and control oé ttmicroprosity within the pore
walls of an ordered mesoporous material has nat beggorted. In 2000 Miyazawa
and Inagaki (2000) developed microprosity withire tpore walls of ordered
mesoporous silica SBA-15 by controlling the syntheemperature and the
silica/surfactant ratio in the starting mixturedrder to optimize the ratio of micro—
to mesopores in SBA-15 materials. They used aotrtkbtopolymer, Pluronic P104
(BASF), EQ/PGOEO;; (EO = —-CHCH,O—, PO = —CHCH(CH;)O-), as a
structure—directing agent for the synthesis ofs¢hmaterials. PHTS has the same 2—
D hexagonal symmetry as SBA-15, but some of itsndsical mesopores have
internal porous plugs, while others are open asriaefl from gas adsorption—
desorption data.

Afterwards, in 2002, Van der Voort et al. (2002)posed the fast and easy synthesis
of stable composite materials, with combined miaiod mesoprosity and large pore
volumes. The high micropore volume and high stgbof these PHTS materials is
governed by internal silica nanocapsules. In tlitealrsynthesis step, they dissolved
Pluronic P123 (E@PO,EO,p) and tetraethyl orthosilicate (TEOS) in variousas

in a 2 M HCI solution. PHTSs materials were fourad eéxhibit a remarkable
hydrothermal and mechanical stability that was mbgher than that of SBA-15
silica synthesized using a typical procedure. The K nitrogen adsorption—

desorption isotherms of three distinctly differeatnples are shown in Figure 5.
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Fig 5: Nitrogen adsorption—desorption isotherms ofA) pore system with completely open
mesopores and intrawall micropores (SBA-15); (B) pe system with blocked mesopore
openings (ink—bottle pores) and intrawall micropore (PHTS-3); (C)“plugged” mesopores,
comprising both open and blocked mesopores, intravilamicropores, and microporous silica
nanocapsules (PHTS-2) (Van der Voort et al., 2002)

2.3.1.2. Foam-like (disordered) mesoporous silicaaterials (KIL-2 type)

The novel foam-like mesoporous silica materialsngef as KIL were synthesized
by the researchers at the National Institute ofrdibey in Ljubljana. The materials
were named as KIL family of materials, which isendtation for Kemijski InStitut
Ljubljana. The KIL-2 family is related to mesostiwed silicate families with
textural porosity (HMS, MSU, NBS) (Fuertes, 2004asKouri et al., 2008; Tuel,
1999). KIL-2 materials possess interparticle messgpowith pore dimensions
between 5 and 60 nm and surface area between Z3Dtof g . The mesopores are
formed by the aggregation of silica nanoparticlbsist creating network with
interparticle voids. The controllable two—step $yasis was developed (Novak TuSar
et al., 2010). In the first step the synthesiststna of KIL-2 is based on the neutral
templating method (Tuel, 1999) in which small, nemHactant templates such as
triethanolamine (TEA) direct the polycondensatidnmorganic species (Jansen et
al., 2001). After the polycondensation of silicapeecies, the gel is agatirelatively
low aging temperature of 5@C. Such a low temperature leads to larger silicate

particles. In the second step the gel was treaikathermally in ethanol. This step
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is crucial because it determines the size of thepdy calcination of the product at
500 °C for 10 h, triethanolamine is removed and therstability of the product is
verified. Treatment of the product in boiling wap@oves that the obtained material
is also hydrothermally stable. The particle sizd tre pore diameters depend on the
temperature of the ageing step (first step) andthensolvothermal treatment in
ethanol (second step), respectively. The synthgsecedure is simple and
reproducible. The nitrogen adsorption—desorptianewf KIL-2 is shown in Figure
6. The shape of a gas adsorption isotherm reveglsl#ative structural information.
The nitrogen adsorption—desorption isotherm for shenple studied was typical
type—IV isotherm (Sing et al., 1985) with a steapréase of adsorption branch at
p/po of 0.85-0.95 corresponding to capillary condewsatwithin framework
mesopores and textural large pores. A hysteresig dahibits parallel and nearly
vertical branches and it does not level off attreéapressures close to the saturation
vapor pressure. This kind of hysteresis loop wadsnofeported for materials with
large cylindrical pores anthat ones consisted of aggregates (Kruh and Jaronie
2001). Textural large pores or interparticle pagse from the aggregation of small
fundamental particles. The textural porosity isi¢gpfor HMS framework structure
(Zhang et al., 1997) and it is dependent on the, si@annectivity, and surface texture
of the fundamental particles. HMS structures hav20® nm small fundamental
particles which result in complementary texturalsoporosity for providing a more
efficient transport of reagents to framework reattcenters (Zhang et al., 1996;
Zhang et al., 1997).
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Fig 6: Nitrogen sorption isotherm with pore size dstribution curve (inset) of KIL-2 (Novak
TuSar et al., 2010)

2.4. Techniques for depositing TiQ into/onto porous material

Considering the application of mesoporous mateaslsatalysts and adsorbents, it is
desirable to introduce active sites in the mesapoahannels or on the mesoporous
surface (Zhang et al., 1996). Incorporation of g¢raon—metal ions into the
frameworks of the molecular sieves is a generahaotketfor introducing catalytic
sites into mesoporous materials. So far, numerdtesnpts have been made to
prepare transition metal—substituted mesoporougentdr sieves for making them
into effective catalysts which are capable of irgatarge molecules (Chen et al.,
2004).

For using TiQ as a photocatalyst, poor adsorption and relatil@ly surface area
properties lead to great limitations in exploititige photocatalyst to the best of its
photoefficiency. Several attempts have been mad®poove the photoefficiency of
titania by depositing it on adsorbents like silecataterials, alumina, zeolites, clays
and active carbon (Takeda et al., 1995; Durgakumeiaal., 2002; Shankar et al.,
2006; Busuioc et al., 2006; Grieken et al., 200&)éz—Munoz et al., 2005; Pozzo et
al., 2000).

Titanium—containing molecular sieves have attracthedh attention in past decades,

since titanium silicate—1 (TS-1) molecular sieveenahown excellent activities for
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the selective oxidation of a variety of organic gmunds by using hydrogen
peroxide as oxidant. This increased adsorption @gpés the result of the large
specific surface area produced by incorporatioi@f, particles inside the silicate
layers, creating a mesoporous structure. In thgpeet, incorporation of titania
particles into mesoporous materials has been thHgedu of many practical
application and research work (Chen et al., 2004).

In the last few years, many techniques for depwsifiiO, have been investigated
using different porous materials for the photogai@aldegradation reaction in liquid
and gas phase media. The methods of synthesiziagiatisilica mixed oxides
include grafting titania on silica support and fahting titania—silica composites.
The titania—silica composite can be synthesizetidimogeneous mixing of suitable
precursors, whereby Ti atoms are incorporated i@ ¢$ilica structure during
formation of the silica support itself. In contrastthe former supported oxides, Ti
can be introduced in a post-synthesis step, by hwilaictitanium precursor is
deposited onto the silica surface by grafting méshgrecipitation or impregnation

followed by solvent evaporation (Yang et al., 2006)

The most used methods involve incipient—wetnesgagmmation (Luan and Kevan,
2001; Luan et al., 1999), one— or multi-step impeggpn (De Witte et al., 2007,
Wang and Song, 2006) and post—synthesis deposisimy the acid—catalyzed sol—
gel method (Busuioc et al., 2006; De Witte et2007).

In the incipient—-wetness impregnation method, tlotiva metal precursor is
dissolved in water or organic solvent. Then theatrebntaining solution is added to
a catalyst support containing the same pore volamée volume of solution that
was added. Capillary action draws the solution th pores. The catalyst can then
be dried and calcined to drive off the volatile gmments within the solution,
depositing the metal on the catalyst surface. Leiaal. (1999, 2001) incorporated
titania into mesoporous silica molecular sieve SB&-via incipient—-wetness
impregnation with various stoichiometric Ti/Si molatios in the range from 0.025
to 0.2. The results show that titania is presentwia distinct chemical forms and
their relative amounts depend on the titania logdit the low loading, the guest

Ti—phase is monoatomically dispersed as titaniuns ion the SBA-15 wall surface
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and the pore size of SBA-15 is not altered, whemadahkigh titanium loading a
titanium dioxide anatase film is formed as a thim fanchored inside the mesopores
of SBA-15.

In multi—step impregnation method the loading pdure of metal oxide materials is
repeated for more than once to integrate higheruamof titania. Wang and Song
(2006) incorporated high amount of titania into theesoporous SBA-15 by
employing multistep impregnation method. They founégry small titania
nanodomains up to 1.3 nm instead of bulk titaniases by wide—angle XRD,
Raman and UV-vis diffuse reflectance spectra. Thaggested that multistep
impregnation method is more effective to incorperdtigh amount of titania

compared to one-step impregnation method.

Landau et al. (2005) inserted Ti(B0-80 wt. %) inside the pores of SBA-15, with
the minimum pore blocking by chemical solution deposition and internal
hydrolysis. Both methods yielded composites witghh{85-94 %) Ti@-anatase
crystallinity. The nanocrystal structure of HIGBA-15 composites did not change
by calcination up to 80 while the crystal domain size increased slightly.

Perathoner et al. (2006) studied the charactesisticTiO/SBA—-15 materials with
loading of TiQ below 15 wt. %. The SBA-15 was grafted with Tiagzpoxide in
different organic solvents. They found out that gire—treatment of the SBA-15
before the grafting with titania and the solvenédisn the preparation have some
influence on the relative distribution of variougamia species, affecting the
concentration of hydroxyl groups and of defectswigeer their results indicate that
this could be considered as a minor effect. Theyfioned that introducing by
grafting, titanium reacts with silanol groups iretlborona area of inner SBA-15
walls forming either TiQ tetrahedral sites and/or pseudo—-octahedral fuddes
anchored by two (or more) Si or Ti ions throughdbing oxygen. In the region of
high silanol density, where the micropores are tedan the corona of SBA-15
channels, this reaction leads reasonably to thadbon of TiQ—like nanoareas with
the dimensions of around 1-2 nm not detected by ¥RDevidenced from the UV—-

vis spectroscopy. Their characterization resultsagd that there is no formation of
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separated anatase phase and the distribution ofwithin the samples is

homogeneous.

Busuioc et al. (2006) synthesized HMSBA-15 by the post synthesis deposition
using the acid—catalyzed sol-gel method. They stalat by changing the initial
amount of Ti—-isopropoxide, pH and temperature omation of TiQ sol, the size,
the location and the amount of the anatase nandearton SBA-15 could be
controlled. By confining Ti@ nanoparticles into SBA-15 the growth of these
nanoparticles is controlled and the size could weed to few nanometers only,
resulting in an improved adsorption capacity anadtpbatalytic activity towards
photodecomposition of dye (rhodamine 6G) in aquesmhstion compared with pure
TiO,.

2.5. Organic contaminants

Organic chemical contamination is a widespread Iprokaround the world and can
commonly be a contamination factor virtually at veorner of our environment
including soil, groundwater, surface water, planésd our bodies. Industrial
processes generate a variety of molecules that poyte air and waters due to
negative impacts such as toxicity, carcinogenic andtagenic properties for
ecosystems and humans (Busca et al., 2008; Lirn, @088; Tomasic et al., 2008).

Volatile organic compounds (VOCS) are organic cleaintompounds that have high
enough vapour pressures under normal conditionapgorize significantly and enter
the atmosphere. A wide range of carbon—based nlelgcsuch as ketones and other
light hydrocarbons are VOCs. According to Européhbnion legislation, a VOC is
any organic compound having an initial boiling gaioughly in the range of 50 to

250°C measured at a standard atmospheric pressurd. & &Pa (Lim et al., 2008).

Many VOCs are human—-made chemicals that are used panduced in the
manufacture of paints, pharmaceuticals and refigsr Typically, VOCs are
industrial solvents such as trichloroethylene, foeygenates such as methyl tert—
butyl ether, or by—products produced by chlorimatio water treatment such as

chloroform. VOCs are often components of petroldueis, hydraulic fluids, paint
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thinners and dry cleaning agents. VOCs are also namm ground—water
contaminants (Tomasic et al., 2008).

VOCs are emitted as gases from certain solidsgards. VOCs include a variety of
chemicals, some of which may have short— and l@rg+adverse health effects.
Concentrations of many VOCs are consistently higheoors (up to ten times

higher) than outdoors.

2.5.1. Phenol

Phenol as a VOC (boiling point = 181.75) is one of the most common organic
contaminant, because of its toxicity even at lowaamtrations and because it could
be further transformed to the substituted compouddsng disinfection and

oxidation processes in natural waters (Busca e2@08).

Phenol was first isolated from coal tar in 1834thg german chemist Runge. This
aromatic compound is a hygroscopic crystallinedsdlWhen pure, solid phenol is
white but is mostly colored due to the presencengiurities. Phenol is very soluble
in ethanol, in ether and in several polar solveasswell as in hydrocarbons such as
benzene. In water it has a limited solubility arehéves as a weak acid. Phenol and
substituted phenols are found as contaminants stemsater produced in pesticide,

paint, pharmaceuticals, coal processing, papepatmindustries (Lin et al., 1995).
The oxidative degradation of phenol and its deivest has been widely studied at

the laboratory scale (Sobczynski et al., 2004)ufdg/ shows a possible oxidation

pathway in the presence of illuminated 7i@® a photocatalytic process.
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Fig 7: A possible mechanism of phenol destructionna mineralization on illuminated TiO,
(Sobczynski et al., 2004)

2.5.2. Toluene

Toluene, also known as methylbenzene (boiling peiitl0.6°C) is a clear water—

insoluble liquid with the typical smell of paintitimers, reminiscent of the related
compound benzene. It is an aromatic hydrocarbanighaidely used as an industrial

feedstock and as a solvent.

Toluene is usually used as a model VOC for gasegsitem, because it belongs to
BTEX (Benzene, Toluene, Ethylbenzene and Xylenahagor group of pollutants
frequently encountered in indoor air in differeuatries (Jones, 1999). Moreover,
toluene has been classified as one of the eigheseptative indoor VOCs by the
proposed ASHRAE (American Society of Heating, Rgfrating and Air—
Conditioning Engineering) test method for determgnihe efficiency and capacity of

gas—phase air cleaning systems for indoor air egpins (Chen et al., 2005).

Toluene is one of the major indoor and industrialpmllutants; therefore several
strategies have been identified in order to rediscpresence in civil and industrial
emissions. It is widespread reagent used for pagiparof many compounds such as
chloro derivatives, benzyl alcohol, benzaldehyde la@enzoic acid (Augugliaro et al.,
1999).
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Among the methods to oxidize toluene, heterogen@bwasocatalysis is one of the
most attractive method due to the mild experimeotalditions (Prieto et al., 2007,
Kuo et al., 2009; Sekiguchi et al., 2008).

For the first time in gas—solid photoreaction reginbusuki and Takeuchi (1986)
investigated photo—oxidation of toluene in traceoants (80 ppm) in air in the
presence of water vapor at room temperature byyudwnirradiated TiQ. They used
four photoreactors in series and the main prodithereaction at 10 min residence
time was CQ with the trace (< 2ppm) of benzaldehyde as thg detected gas—
phase intermediate. Water appears to be requiredaefction while no reaction
products or decrease of toluene concentration wetected in a toluene—dry air
system, so the presence of water was crucial iardadachieve the almost complete

photo—oxidation of toluene.

There are two kinds of hydrogen atom in a toluemdepule: one is in the methyl

group, the other is in the aromatic ring.

1) If oxidation of toluene takes place on the metmpup: then according to the
degradation pathway suggested by D’Hennezel €t1888) and Guo et al. (2008),

two initial routes are suggested for the formatbdienzyl radical.

A) Direct hole transfer to toluene (in fact, itam abstraction of an electron from
toluene molecule). A mechanism in thermal heteregas catalysis of toluene
oxidation proposed by Andersson (1986) shows thatfitst step is the reversible
transfer of one electron from toluene to the metatle with the formation of an
aromatic radical cation. This most probably sloaterdetermining step is followed
by a faster proton release by the radical catidonm the benzyl radical.

CH3 CH3 CH;
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B) Abstraction of hydrogen atom (H) by a hydroxgtiical. This is considered to be
minor pathway (D’Hennezdalt al., 1998).

CHs CH,
@ + OH —— @ + H,0

The surface benzyl radical can then react witht@®form benzylperoxy radical, or
with an incoming toluene molecule, thus initiatiagpolymerization reaction as
proposed by Sitkiewitz and Heller (1996) for beregrhotocatalyzed conversion
(Sitkiewitz and Heller, 1996):

CH; CH,OO0
Do)

The benzylperoxy radicals can couple to form eotatie proposed by Sonntag and
Schuchmann (1991) for oxidation of toluene in amge@hase. The tetroxide
decomposes to benzaldehyde, benzyl alcohol and O

CH,00 Ho— 04— H> HO CH,0OH
@ — @

Benzaldehyde is oxidized easily into benzoic acidhe presence of LQand UV
irradiation (D’Hennezel et al., 1998):

<F%)
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2) If the oxidation of toluene takes place on thhenaatic ring: it is accepted as a
minor reaction pathway and takes place simultadgowsth the methyl group
oxidation. The degradation reactions lead to thmemin intermediate products:
hydroxybenzaldehyde, hydroxybenzoic acid and hyglverzyl alcohol (D’Hennezel
et al., 1998; Guo et al., 2008).

HO
CH,OH COOH

h*+OH
+
CH,OH COOH

2.5.3. Isopropanol

Isopropanol (also propan—2-ol, 2—propanol or i—Pr@Hone of the most widely
used solvents in the world. The second largestaise-PrOH is as a chemical
intermediate. It is also found in many everydaydpiis such as paints, inks,

general—purpose cleaners, disinfectants, room sag windshield deicing agents.

Photocatalytic degradation of gaseous isopropanal good model system because
the initial reaction pathway involves almost exolety the partial oxidation to
acetone (Ohko and Fujishima, 1998).

Bickley et al. (1973) suggested the following metken for photocatalytic
degradation of isopropanol in the gaseous phaseah temperature under UV

irradiation in the presence of,Qas:

TiO, +hy — TiO2 + &p + hy' (13)
0O (g) + &b — O, (ads) (14)
O, + PrOH— HO, + PrO (PrOH = isopropanol) (15)

or as an H—atom transfer:

O, + PrOH— HO, + PrC (16)

30



So that either of the two following pathways magrttoccur:

Pathway (A):

HO," + PrOH— H,0, + PrO a7)
H.O, + PrO — acetone + bD + OH + e, (to catalyst) (18)
OH’ + PrO — acetone + kD (19)
Pathway (B):

HO," + PrOH— H,0, + PrO (20)
H,O, + PrJ — acetone + D + OH (21)
OH + PrO — acetone + D + g, (to catalyst) (22)

Both pathways involve two molecules of isoproparmmge of which reacts as a
radical and another as an anion. In either caseotteeall reaction is the same,

namely:

05(g) + 2 ProH (ads)—_™Y__ 5 2 acetone + 2 O 23

or a simplified reaction if we consider the wholaeralization:

o
o 0] 0]
)\ > )J\ CO, + H0
HsC CHs HsC CH;3
Isopropanol Acetone

2.6. Photoreactor concepts

One of the aims of modern chemical engineeringareseis the development of
photoassisted processes, as the utilization ohtiads has been an object of great
interest in chemical process industries. In paldicuimprovements in UV
technology have established an instrument thatbeautilized for many purposes in

chemical processing and especially for pollutiontoal (Schiavello, 1988).
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The development of water and air treatment systéased on heterogeneous
photocatalysis is an area of major technical ingraré. There is general agreement
that an important problem in the development ofhhigefficient photocatalytic
reactors is the establishment of effective readesigns for intermediate and large—
scale use, as demanded by industrial and commapjalications. To achieve a
successful commercial implementation, several ogagésign parameters must be
optimized, such as the photoreactor geometry, ype bf photocatalyst and the

utilization of radiated energy (De Lasa et al., 200

The engineering of photochemical reactor systemstile applications of AOPs
refers to the basic principles of chemical reac@ogineering; however, it has to take
into account the particular concepts of photochah®agineering, which include the

following substantial issues:

(i) specific excitation of the reactive species;

(i) total absorbance of electromagnetic radiatm@avoid unnecessary losses;

(iii) radiation losses by reflection and scattergigpuld be minimized,

(iv) optimal oxygen saturation of the aqueous phase

(v) convergence of lamp and reactor geometry aadpatial separation between the
lamp and the reaction mixture;

(vi) efficient cooling of the lamp;

(vii) precise description of the radiation distrilmen within the reactor volume
considering the heterogeneity of the photochenpoatess;

(viii) combination of this spatially defined energipsorption with the classical mass
and energy system balances allows the descripfitreghotoreactor/photochemical

system (Oppenlander, 2003).

Photoreactors can be from application and indugtoat of view divided into two

different systems, aqueous systems and gaseoesnsyst
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2.6.1. Photoreactors for water treatment

Classical chemical reaction engineering providegheraatical concepts to describe
the ideal or real mass balances and reaction kgmeficommonly used reactor types
that include discontinuous batch, mixed flow, pfloyv, batch recirculation systems
and staged or cascade reactor configurations (Ispieln 1999). The different
reactor types for water treatment are shown scheafigtin Figure 8. All these
reactors are amenable to photochemical reactiomnesgng. Many commercial
photochemical reactor systems make use of the bathculation mode for the
treatment of highly contaminated wastewaters oftéichvolume. On the other hand,
cascades of photoreactor modules allow the gradesiment of contaminated water

streams with a very high photon flow in total (Oplaader, 2003).

A) B) C) D)
M]..,
V V
[M]'_ﬂ% | [M]té .
kO kO | W, C><3:J "

Fig 8: Types of ideal chemical reactors for waterreatment: (A) batch reactor; (B) mixed flow
reactor; (C) plug flow reactor; (D) batch recirculation reactor (Levenspiel, 1999)

Based on the manner in which the photocatalystsediuall photocatalytic reactor
configurations fall under two main categories relgag the shape of the solid phase
(photocatalyst). The solid phase could be dispewsestationary. Dispersed phase
photoreactors may be operated with the catalysiciess and the fluid phase agitated
by mechanical or other means. Depending on the snezn agitation, the
photoreactors resemble slurry or fluidized bed taac In numerous investigations,
an aqueous suspension of the catalyst particlesnmersion— or annular-type
photoreactors has been used. In the case of sigfigrhotocatalyst phase, the
photocatalyst particles are immobilized onto adixeansparent surface, such as the
reactor wall or a fibore mesh, or are supported artigges, such as glass ceramic
beads, that are held in fixed positions in the presctor (Mukherjee and Ray,
1999).
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The summaries of the advantages and disadvantagdkidized (slurry) and
immobilized photocatalytic reactors systems ar@ntepl in Table 1 (De Lasa et al.,
2005).

Table 1: Suspended versus immobilized photocatalytisystems

Fluidized (slurry) reactors Immobilized reactors
Advantages Advantages
e Fairly uniform catalyst distribution » Continuous operation

» Improved removal of organic material
from water phase while using a support
with adsorption properties

* High photocatalytic surface area to
reactor volume ratio

* No need for an additional catalyst

* Limited mass transfer ; .
separation operation

e Well mixed particle suspension

e Low pressure drop through the reactor

Disadvantages Disadvantages
» Low light utilization efficiencies due to
* Requires post — process light scattering by immobilized photo
catalyst

e Important light scattering and adsorption ¢ Restricted processing capacities due tp
in the particle suspended medium possible mass transfer limitations

» Possible catalyst deactivation and
catalyst wash out

2.6.2. Photoreactors for air treatment

The most important process technologies for thetramtment are summarized in
Figure 9. They cover processes for the removahegg or volatile compounds or the
removal of particles. The removal of particulatetterain flow gases emitted from
point sources can be performed by applying cyclofesric filters, electrostatic
precipitators and scrubbers. The applicability ligse different techniques depends
on the particle size. The removal of gases andtilelaompounds from waste
streams is based on a variety of different tectgie® such as thermal treatment,
adsorption (on activated carbon or zeolite), membdrand biological processes,

condensation, use of catalysts or adsorption iem@&ppenlander, 2003).
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Fig 9: Process technologies for air pollution contil (Oppenlander, 2003)

Non-thermal plasma processing and photo—initiatedP# are promising and
innovative in this field. The latter have greateputal in air pollution control with
respect to odor abatement, infection of air by mdnof air—borne bacteria, yeasts
and mould spores, determination and mineralizatodnorganic contaminants
(Oppenlander, 2003).

Generally, all technologies that have been develap®l applied commercially for
VOCs are classified into two different groups: destive and nondestructive. In the
destructive methods, such as incineration, theandlcatalytic oxidation, VOCs are
transformed into inert or less harmful compoundsthe second group, VOCs are
retained and removed from the air without suffermy chemical modification. This
group includes treatments as adsorption, condemsaaind absorption (Zhao et al.,
1998).

The treatment of air—borne organic pollutants bgtphinitiated AOPs offers several
advantages over agueous systems and over convardiompurification technologies
(Oppenlander, 2003; Carp et al., 2004; De Lasa,2@05):

(i) simple process technology and photoreactorghesi

(i) operating at ambient temperature and pressure;

(iif) small scale indoor and industrial scale systeare realizable;

(iv) the amount of photons adsorbed by air is rggjle;

(v) from low flow rate of the polluted gas up to°h® h™ and more is possible;

(vi) contaminant levels are often in the range.aftd 1000 ppm;
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(vii) efficient mass transfer of substrate in tlaes gphase;
(viii) relatively low levels of UV radiation are eded;
(ixX) OHscavengers present in solution do not interfereed@ctron scavengers such

as Qare rarely limiting.

Thus, when photoreactors are used to treat aiutoatl, they should be capable of
treating fairly high gas feed rates. Hence, théhhiglume and low—pressure—drop
reactor configuration is required. In order to aelel high conversion rate, the
reactors require careful design and the selectfam mumber of reactor parameters
such as (De Lasa et al., 2005):

(i) light source;

(ii) reactor configuration;
(i) lamp location;

(iv) catalyst configuration;

(v) interaction between the light, catalyst ancttieay fluid.

Some of research papers on photo—initiated AOPsguSiO, in a gas phase are
collected in Table 2. It is obvious from the TaBléhat the main activities in gas
phase photochemical AOPs research are relatecetotlestigation of the behavior

of the volatile organic compounds.
As summarized in the Table 2, among several laborathotoreactors designed for

the determination of VOCs in gas phase, the fl@idizbed and annular photoreactors

are the two representative types.
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Table 2: Examples of research related to photo—iriated AOPs in a gaseous phase
Substrate Photoreactor type Reference

toluene annular flow Tomasic et al., 2008
Barraud et al., 2005

Blount and Falconer, 2002

toluene fixed bed flow Augugliaro et al., 1999
Kwang et al., 2008

toluene fixed bed, carberry type Marci et al., 2003
toluene fluidized bed Prieto et al., 2007
Kuo et al., 2009
Sekiguchi et al., 2008

VOCs' annular flow Bouzaza et al., 2006
VOCS batch Kim and Hong, 2002
VOCs’ mixed flow Strini et al., 2005
nitrogen oxide annular flow & fluidized bed Lima&it, 2000
trichloroethylene annular flow & fluidized bed Liamd Kim, 2004
acetone annular flow Ku et al., 2005
ethanol annular flow Paschoalino et al., 2006
oxalic acid fluidized bed Pozzo et al., 2006
o-xylene fluidized bed Gimeno et al., 2008
styrene fluidized bed Lim et al., 2008
carbonyl compound fluidized bed Zhang et al., 2006

richloroethylene, toluene, isopropanol and butdtrichloroethylene, acetone, methanol, toluene;
®benzene, toluene, ethylbenzene and xylene (BTEX)
2.6.2.1. Fluidized—bed photoreactor
A fluidized—bed reactor (FBR) is a type of reacidrere a fluid (gas or liquid) is
passed through granular solid materials (catalyateral) at high enough velocities
to suspend the solid and causes it to behave wsasita fluid. The catalysts in the
fluidized—bed reactor are typically supported byparous plate, known as a
distributor. The fluid is forced to pass througk thistributor up through the catalyst.
At lower fluid velocities, the catalysts remainplace as the fluid passes through the
voids in the catalyst. As the fluid velocity is reased, the reactor will reach a stage
where the force of the fluid on the solids is erotmbalance the weight of the solid
material (Figure 10). This stage is known as irepifluidization and occurs at this
minimum fluidization velocity. Once this minimum leeity is surpassed, the
contents of the reactor bed begin to expand and avdund much like an agitated

tank or boiling pot of water (Howard, 1989).
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When trying to describe the operation of a fluidizeed reactor, one main definition
Is the minimum fluidization velocityUms). The superficial gas velocity at which the
packed bed becomes a fluidized bed is known asthgnum fluidization velocity.

This is also sometimes referred to as the velatiipcipient fluidization ("incipient”
means "about to begin") (Howard, 1989).

Another common characteristic of fluidized bedsthe bed expansion When
incipient fluidization is achieved, the fluid flomg upwards pushes the particles up
and the separation distance between particles asese This increases the void
volume within the bed of particles and the bedassidered expanded. A schematic
of an expanded bed is shown in Figure 10 (Howa089)L

Fixed bed Incipient or
minimum
fluidization

A
\\J If A {/
.
Gas or liquid Gas or liguid
(low velocity)

Fig 10: Bed expansion at minimum fluidization (Howad, 1989)

When a fluid is passed upwards through a bed dicpes the pressure loss in the
fluid due to frictional resistance increases witicreasing fluid flow. A point is

reached when the upward drag force exerted byldinet dn the particles is equal to
the apparent weight of particles in the bed. A$ foint the particles are lifted by the
fluid, the separation of the particles increasesl the bed becomes fluidized. The
force balance across the fluidized bed dictatesth®afluid pressure loss across the

bed of particles is equal to the apparent weighthefparticles per unit area of the
bed. Thus:
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weight of particles -tlupw on particles

pressure drop =

bed crosst®nal area

For a bed of particles of densipy,, fluidized by a fluid of density; to form a bed

of depth H and voidage in a vessel of cross sectional area A, the preshop is

given by:

HA(L-¢€)(p, - £1 )g

AP = A (24)
or
AP=H(1-£)p, - oo (25)

A plot of fluid pressure loss across the bed vesuerficial fluid velocity through

the bed would have the appearance depicted inéilLir

F
Bed pressure A c
drop, Ap :

O U,;nf Gas velocity, U j

Fig 11: Pressure drop versus fluid velocity for paked and fluidized beds (Howard, 1989)

The straight line region OA is the packed bed negtéere the solid particles do not
move relative to one another and their separatsooconstant. The pressure loss

versus fluid velocity relationship in this regian described in general by the Ergun

equation (Howard, 1989):
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1 1- u?
( P) - 150 532 A 175 gf p(fj (26)

p p
The region BC in Figure 11 is the fluidized—bedioegwhere Eq. 24 applies. At
point A it is noticed that the pressure loss riaksve the value predicted by Eq. 24.
This rise is more marked in powders which have bsmnpacted to some extent
before the test and is associated with the extraefaequired to overcome

interparticle attractive forces.

U increases with particle size and particle densibd is affected by fluid
properties. It is possible to derive an expres$oriJ,; by equating the expression
for pressure loss in a fluidized bed (Eq. 25) vtlle expression for pressure loss
across a packed bed. Thus substituting the expressi (— AP) for a fluidized bed
from Eq. 25 into the expression fer4P) for a packed bed from Eqg. 26 leads to:

(1-e)p, - o) = 150(1—‘5)”U r1750E) AU (27)
dp g d,

Rearranging,

Ar = 150M Re ,+ 175i Re, (28)

whereAr is the dimensionless number known as the Archimedenber andReys is

the Reynolds number at incipient fluidization,

_ d 3
Ar = Ps (pp 120f )9 : (29)
U
u,d
Re,, = ( o fj (30)
U

In order to obtain a value &f,; from Eq. 28 we need to know the voidage of the

bed at incipient fluidizatiorg = en. Takingems as the voidage of the packed bed, we
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can obtain crud®;. However, in practice voidage at the onset ofdikzation may
be considerably greater than the packed bed voidaggpical often used value of

emfiS 0.4. Using this value, Eq. 28 becomes:

Ar =1406Re, + 27.3R€ nf (32)

When a photocatalytic reaction takes place in ag@&l reactor, it is necessary to
achieve both, exposure of the catalysts to lighadiation and a good contact
between reactants and catalyst. Fluidized—bed aeaabt only bring more contact

between catalysts and gas but also enhance UMVtimdigenetration compared with

annular flow reactors in which photons cannot peteteasily into the interior of the

catalyst film. It is accepted that the fluidizeddbeeactors have advantage for
enhancing of UV radiation penetration efficiencyoirthe interior of photocatalyst

bed, easy temperature control and good contacttgden target components and
photocatalyst. Taking all described features intcoant, the reactor should be
designed to provide higher reactant throughputlaner pressure drops in the bed
(Lim et al., 2000; Na et al., 2004).

2.6.2.2. Annular photoreactor

The annular reactors are generally composed ofctoventric cylinders that form
an annular region with a certain gap. The catasysbated on the interior wall of the
outer cylinder when the light source locates atdéeter, and the thickness of the
catalyst film coated on the surface of reactohia £nough to let all the catalyst be
illuminated by UV radiation. When light source ltes outside the reactor, the
catalyst is coated on the surface of two centrimdegrs. In general, the cross section
of annular reactor is small so that high gas flelogity can be obtained to ensure
that products desorbed from surface could be rechquéckly (Larson et al., 1995).
Figure 12 shows a typical annular flow reactor Wwhwas used for photocatalytic
oxidation of toluene in gas phase over UV-illumaththin film layer of TiQ at
room temperature (Tomasic et al., 2008). Differeperating variables like water
content, inlet toluene concentration and gas flate were investigated. The catalytic
activity for toluene removal was evaluated by meaguthe inlet and outlet toluene
concentrations with GC/FID at the steady-state itimmd. Modelling analysis was

carried out to investigate effect of the key pararseon the reactor performance
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(one—dimensional (1D) model and two—dimensional) (@iddels based on ideal flow
and laminar flow conditions). The proposed modetsemwerified by comparing the
computer simulation data with the experimental tabary results. It was found out
that the behaviour of the annular photocatalytacter was mainly limited by the
interphase mass transfer (Tomasic et al., 2008)allyi the 2D heterogeneous
model, based on the assumed laminar flow throughrelactor, appeared to be the
most suitable model for a detailed descriptionha& annular photocatalytic reactor

used for air pollution remediation (Tomasic et 2008).

i 3
52

Fig 12: Scheme of the photocatalytic annular reacto(1) gas inlet, (2) outer tube with the
catalyst layer, (3) inner tube, (4) end plate, (5)as outlet, (6) UV tube, (7) rubber O ring
(Tomasic et al., 2008)
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lll. Research goals
The main goals of research could be divided into farts:

Preparation of nanocrystalline titania (unsupporie®,) in the form of

aqueous sol and powder via sol-gel method at lanwpégature preparation
condition; studying the effect of the type of thmda HNG; and HCIQ, and

the effect of the amount of the acid on the stmecand properties of titania
aqueous sol and powder; characterization of asapeélptitania powder by
X-ray diffraction, thermal analysis, UV-vis spesttopy and nitrogen
sorption measurements; measuring the aggregatefsizania powder in the
colloidal solution by dynamic light scattering; dying the correlation
between characteristics and photocatalytic aotiwitof the as—prepared
powders towards degradation of aqueous phenol isoluinder UVA

radiation.

For increasing the photocatalytic activity of ti@nand to prevent the
aggregation of the nanocrystalline titania, loadihg as—prepared aqueous
titania sol into/onto silica mesoporous materiads @ high—surface—area
support) via sol—-gel impregnation method; synthesihe two types of silica
mesoporous powders: SBA-15 as an ordered and K#ds-2 disordered

mesoporous silica.

Investigation of the physico—chemical properties daitania/silica
photocatalysts powders (supported )iy X-ray diffraction, nitrogen—
sorption measurements, UV-vis diffuse reflectandeRS), infrared
absorption spectroscopy (FT-IR) and high resolutransmittance electron
microscopy (HR—TEM); studying the influence of @Siinominal molar ratio
and the type of the silica support towards photdgat degradation of

gaseous toluene.

Studying the photocatalytic degradation of tolueémethe self-constructed
fluidized—bed photoreactor system which was buwittthis purpose; studying

the photocatalytic activities of the titania/silippwders for degradation of
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gaseous isopropanol as well in another type otisghs photoreactor system
to correlate the functional properties of prepamowders in gaseous

photocatalysis.
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I\VV. Experimental

4.1. Chemicals

All the chemicals in this study were used as puwelba titanium tetrachloride,
perchloric acid, triethanolamine, potassium oxadatd phenol from Fluka, ammonia
solution from Poch, silver nitrate and sodium hyale from Carlo Erba, nitric acid
and toluene from J. T. Baker, hydrochloric acidrirdMerck, tetraethyl ortosilicate
and tetraethylammonium hydroxide from Acros, Plit8rP123 triblock copolymer
and tetraethyl orthosilicate from Aldrich, ethamamid iron (lll) sulfate from Riedel—
de Haen, air 5.5 from Istrabenz. For all experimentl the aquoues solution were
prepared by using highly pure water (< 18QMcm™) from the NaNOpure
(Barnstead). For the HPLC analyses: ammonium acetaiution from Merck and
acetonitrile from J. T. Baker, all analytical gradeere used. For the GC-MS
analyses: helium 5 and nitrogen 5 were purchased Fegel;.

4.2. Synthesis of materials
4.2.1. Synthesis of unsupported titania materials

4.2.1.1. Synthesis of aqueous titania sol

The TiG, sols were synthesized using a titanium tetraatdo(TiCL) as a precursor
via sol-gel method at low—temperature preparatiomditions. The synthesis
procedure and characterization of products is aescribed in our publication
(Tasbihi et al., 2009). Titanium tetrachloride wased as a main starting material
without any further purification. A 10 % ammonialig®mn (NHsg) was slowly
added to certain amount of TiQintil the pH value reached 7. The reaction was
highly exothermic and produced high quantities omés. The resulting white
precipitate was then washed with double deionizedewuntil all chlorides were
completely removed (negative silver nitrate (Agil@st). The deionized water was
added to this precipitate at room temperature t@minb2.5 wt. % of TiQ. The
suspension was divided into two parts. Each pastmwixed with an acid at a suitable
[Ti]/[H *] ratio for redispersion of amorphous titanium hydde in aqueous solution.
The optimized molar ratio of [Ti]/[H to obtain the most active photocatalyst was

suggested to be around 1 (Liu et al., 2008a). Gdlgervhile preparing crystalline
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TiO, at low temperatures, strong acids are used aszpeptagents and as the
condensation promoters. In this study, nitric a@tNO3z) and perchloric acid
(HCIO4) were used for peptization of the two parts of sepension and [Ti]/[H
ratios were fixed at 0.5 and 2.5 in order to elatécthe influence of this ratio on the
sol properties. The resulting solution was refluge@0°C for 24 h under vigorous
stirring following the treatment proposed by Liuabt(2008a). To verify the effect of
reflux condition, some experiments were conductetio ‘C, but the obtained sols

were of much lower quality (unstable colloids wel#ained).

4.2.1.2. Synthesis of unsupported titania powders

The powder was obtained from the colloidal solebgporation of solvent (water) at
50 °C for 12 h and drying in air at 15Q for 3 h. These powders were designated as
Ti—N (0.5 or 2.5) and Ti—Cl (0.5 or 2.5), where hdaCl indicate HN@ and HCIQ
peptizing agents respectively, and numbers refeth® [Ti]/[H] ratio. White
powders were obtained irrespective of the typemount of acid used. These as—
prepared white powders contained some inorganiduak(see XRD results, section
5.1.1.). For determining a Tguantity in the as—prepared powders, which were
used in photocatalytic experiments, a certain armofipowder was calcined in air at
400 and 600C. The mass differences of powders before and aftieination were
considered for the determination of the weight bk tTiQ, catalyst in the

photoreactor experiments (Table 3).

Table 3: The TiO, content in different unsupported titania powders

Sample Dried sample Calcined sample (400C, 1h) wt. % of TiO
(9) (9)

Ti—CI(0.5) 0.3042 0.2042 67.6

Ti—ClI(2.5) 0.3747 0.2551 68.1

Ti—N(0.5) 0.3028 0.2352 77.9

Ti—N(2.5) 0.2201 0.1603 72.8
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4.2.2. Synthesis of supported titania powders

4.2.2.1. Synthesis of KIL-2 as a silica support

The two-step synthesis of the disordered mesopokils-2 powders was
developed on the basis of the neutral templatinghatein which small, non—
surfactant templates such as triethanolamine (T&#dct the polycondensation of
inorganic species (Novak Tusar et al., 2019)he first stefetraethyl orthosilicate
(TEOS) and triethanolamine were stirred for 30 mihen deionized water was
added to the mixture, followed by the addition efraethylammonium hydroxide
(TEAOH). The solution was stirred with the aid ofn@agnetic stirrer to obtain
homogeneous gel. The final gel, having pH of 7hwaitolar composition of 1 TEOS:
0.5 TEA: 0.1 TEAOH: 11 LD was aged overnight at room temperature and then
dried in an oven for 24 h at 5C. In the second step the gel was solvothermally
treated in ethanol in Teflon—lined stainless stafoclaves at 150C for 48 h.
Removal of the template was performed by calcimatio 500°C for 10 h using a
heating rate of 1C min™in air. In this way the thermal stability of theoduct was
also established. The hydrothermal stability of pheducts was verified by keeping
them in the boiling water for 2 h (Novak TuSar ket 2010).

4.2.2.2. Synthesis of SBA-15 as a silica support

Ordered mesoporous silica SBA-15 powders were sgitbd according to the
well-known procedure (Zhao et al., 1998; Mazajlet2®09). 8 g of Pluronft P123
triblock copolymer was added to 260 mL of distilledhter and 40 mL of
concentrated hydrochloric acid (37 wt. %, HCI). Tinexture was stirred until the
surfactant was dissolved. Then 17 mL of TEOS wateddinder stirring at 4%.
The reaction gel was stirred for 8 h at"@and aged for another 16 h at'8 The
obtained gel with molar ratios of reaction compdednSiQ: 0.017 P123: 5.85 HCI:
190 HO was hydrothermally treated in a stainless stedlom—lined autoclave at
100°C for 24 h. The obtained product was continuoushghed with distilled water
and dried at room temperature. The surfactant eaved by calcination at 55G

for 6 h in an air flow at a heating rate ol min™ (Mazaj et al., 2009).
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4.2.2.3. Synthesis of titania/silica powders: MTi/K.—2 and MTi/SBA-15 using
Ti—isopropoxide

The MTI/KIL-2(x) and MTi/SBA-15(x) powders were ppa&ed by using Ti—
isopropoxide (Ti(CPr),) as a precursor and SBA-15 or KIL-2 synthesizgspstt
using acid—catalyzed sol-gel method which was deeitrboy Busuioc et al. (2006).
Ti—isopropoxide was added gradually to aqueoustisolwf 1 M nitric acid (HNQ)
under continuous stirring for 2 h. Subsequentlg tolloidal solution was diluted
with deionized water and the pH was adjusted toith & M sodium hydroxide
(NaOH) solution. The pH adjustment was made to gmedestruction of the support
by reaction with the acid. Then an appropriate amai SBA-15 or KIL-2 was
added to the colloidal dispersion. The mixture wasgred for 2 h at room
temperature, followed by centrifugation and washinth deionized water, until the
pH was about 6. The capillary force was believedrige titania dispersion into the
highly ordered mesoporous silica support. The spt@iuct was dried at 6€C and
then calcined at 30 for 6 h. These samples were denoted as MTi/KIk)-B¢
MTi/SBA-15(x) where x is the molar ratio of Ti/Sét was adjusted to 1/1. These
powders were prepared at the National Institut€lémistry in Ljubljana and were

used as a reference.

4.2.2.4. Synthesis of titania/silica powders: STilK—2 and STi/SBA-15 using
agueous titania sol

The STi/KIL-2(x) and STi/SBA-15(x) powders were paeed using freshly made
aqueous crystalline anatase—7€»l which was described in section 4.2.1.1. with
[Ti]/[H '] ratio 2.5 (Tasbihi et al., 2009). The sol was ak#ed to the appropriate
amount of SBA-15 or KIL-2 by the impregnation meth@asbihi et al., 2010a).
Before impregnation of sol to the support, the ghhe sol was adjusted to 3 with 1
M NaOH solution, resulting in a milky colloidal saension. Here the pH adjustment
was also made to prevent destruction of the sugporéaction with the acid. Then a
nominal amount of support was added to the collailiigpersion. The mixture was
stirred for 2 h at room temperature, followed bytdéugation and washing with
deionized water, until the pH was about 6. The abitecipitate was dried at 60

for 24 h. Calcination at higher temperature wasnesded because the titania source
was already crystalline. The samples prepared fKlin-2 and SBA-15 were
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designated as STi/KIL-2(x) and STi/SBA-15(x), retpely, where x is the
nominal molar ratio of Ti/Si that was adjusted {®,1./1 and 2/1.

The commercial photocatalyst, a Millennium PC5000(20 anatase, BET surface

area: 300 g, crystal size: 5-10 nm), was used as a referenc®patalyst.

4.3. Characterization of materials

4.3.1. X-ray diffraction (XRD)

The X-ray powder diffraction (XRD) patterns weretasbed on a PANalytical

X'Pert PRO high—resolution diffractometer with afple 1 configuration using

CuK,; radiation (1.5406 A) in the range with a step si#e0.033 using a fully

opened X'Celerator detector. Diffraction patternsrev compared with reference
JCPDS (Joint Committee on Powder Diffraction Stadslapowder diffraction files

(anatase: 21-1272, rutile: 21-1276, brookite: 280).3The average crystallite size
was determined from the broadening of the (1 O rigtase peak reflection by

Scherrer formula:

kA
[ cosd

(32)

wherelL is the crystallite size} is the wavelength of the X—ray radiation (GuK
1.5406 A), shape factds is related to the crystallite shape, usually taken0.9
(Ambrus et al., 2008), anglis the peak width at half-maximum height corredtad

instrumental broadening.

The determination of crystallite size measured lohe®rer's equation gives an
effective size of coherently scattering domains sexyes to estimate the sizes rather
than to give the exact values. Spherical cryséslldand no crystal distortion in the

lattice are assumed in calculation.
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4.3.2. Dynamic light scattering (DLS)

The sizes of aggregated TiQarticles in colloidal suspension solutions (taeme as
used for photocatalytic degradation of phenol inueags solution experiments
(section 4.4.1.2)) were measured by dynamic liglattering. For this purpose we
have used the 3D-DLS-SLS spectrometer from LS unsnts (Fribourg,
Switzerland) equipped with a 20 mV He—-Ne laser fbase JDL 1145 P) and
operating at 632.8 nm. The instrument enables #teriohination of hydrodynamic
radii of particles even in extremely turbid suspens by the so—called 3d cross—
correlation technique that successfully eliminatestiple scattering of light (Urban
et al., 1998). Scattering was measured at an afgd@. Samples in the scattering
cells were immersed in a large—diameter bath oéxnchatching liquid that was
thermostated at 2&. Ten measurements of 60 s each were recordezhébr sample
and averaged afterwards. In a DLS experiment,rdreskational diffusion coefficient
D is determined via the relationship D =t)ty?, wheret is the relaxation time and q
is the scattering vector. The average size of @agtican be estimated from D as the

hydrodynamic radiui, of the assumed hard sphere by applying the St&kestein

equation:
KT

= 33

R, 67D (33)

In Eqg. 33,ks is the Boltzmann constari, is the absolute temperature amdis the
viscosity of the solvent. The viscosity of the soilts used in this study was
measured in a capillary viscosimeter at’@5 Their values /4 = 0.8908 cP were
very close to water viscosity (T = 26: 7 = 0.8903 cP and therefore no corrections

of results were needed if the viscosity of pureawvatas taken into account.

4.3.3. UV-vis spectroscopy

4.3.3.1. UV-vis transmittance
The transmittance spectra (300—-700 nm spectralejanigcolloidal suspensions of
TiO, with the concentration of 1.0 g~L (the same as used for photocatalytic
degradation of phenol in aqueous solution experismgBection 4.4.1.2)) were
recorded on a UV—vis—NIR spectrophotometer Lami&ta(@erkin—Elmer).
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4.3.3.2. UV-vis diffuse reflectance (UV—vis DRS)

Band—gap energy of the all synthesized powders dessrmined spectroscopically
(Tasbihi et al., 2010b). Diffuse reflectance speeadf the powder photocatalysts
placed in 1 mm quartz cell were measured using UBANIR spectrophotometer
Lambda 19 (Perkin—Elmer) equipped with an integmatsphere. The original
coordinates of the spectra (reflectance vs. wagthgmwere transformed to Kubelka—
Munk function K) vs. photon energyh{) (Burgeth et al., 2002; Ku et al., 2009).
The final plots of(Khv)” as a function of are in accordance with the theoretical

equation (Serpone and Pelizzetti, 1989)
hva = const(h—Eyg) (34)

where a is absorption coefficient of the photocatalyst &iglits band—gap energy.
(The Kubelka—Munk function K) calculated from the reflectance spectra is
predetermined to be directly proportional to thesaption coefficient )). The
values of energy band gap are usually estimatezktrgpolation of the linear part of
the dependence. However, we employed a more precseod based on fitting of
the experimental dependences by Boltzmann symrakfuaction using non—linear
regression (Ké et al., 2009). Then the calculated crossing pofrthe tangent line
in the inflection point of the Boltzmann fit withsilower asymptote determines the

energy band gap as shown in Figure 13¢fkat al., 2009).

AS——T—— 7T 7T 7 7 T
\
A
4.0 4 Y
3.5 1
Boltzmann fit:
y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))
o 3.04
'_'> Parameters:
o 254 ’ Al 0,2472 +0,00561
— Expenmenta_ll data A2 382601 +0,00591
g — Boltzmann fit x0 333354 +0,00094
~ 204 O Inflection point dx 0,12556 +0,0009
E - Tangent line
:C- 1.5 ---- Asymptote
= ® Cross point
1.0 \
0.5+ Band gap = 3,08 eV ",
\
0.0 — — T T

4.5 4.0 3.5 3.0 2.5 2.0

Photon Energy [eV]

Fig 13: Determination of energy band gap from a trasformed diffuse reflectance spectrum
(Kudi et al., 2009)
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For powders composed of more components (e.g. tffereht crystallographic
phases), the single Boltzmann function did nothiet experimental data well. In such

cases, a double Boltzmann fit by a sum of two Bo#an functions was applied.

4.3.4. Nitrogen—sorption measurement

Porosity and specific surface area were evaluayeahhlysis of nitrogen adsorption
isotherms measured on a Micromeritics Tristar 3@@drument (Tasbihi et al.,
2010a). These isotherms were recorded at 77 K.sahwles were outgassed at 473
K for 2 h in the port of the adsorption analyzeneTBET (Brunauer—Emmett—Teller)
specific surface area (Brunauer et al., 1938) vedsutated from adsorption data in
the relative pressure range from 0.05 to 0.2. Tdtel tpore volume (Y was
estimated on the basis of the amount adsorbededative pressure of 0.96 (Sing et
al., 1985). The primary mesopore volumegnfV/and the external surface area, S
were determined using the—plot method (Sing et al., 1985; Sayari et al., 7)99
from the adsorption data in the range of the stahdaduced adsorption from 1.7 to
2.5 for SBA-15 materials and from 2.1 to 3.0 folLK2 materials. In the—plot
calculations, a macroporous silica material LiCptes Si—1000 (7= 22.1 nfg™)
was used as a reference adsorbent (Tan et al.).2008 pore size distributions
(PSDs) were calculated from nitrogen adsorptiora deing an algorithm based on
ideas of Barrett, Joyner, and Halenda (BJH) (Bagakal., 1951). The maximum on
the PSD is considered as the primary mesopore tkarfog given powders.

4.3.5. Electron microscopy

4.3.5.1. Scanning electron microscopy (SEM)

Structural morphology of the prepared powders vea®aled by scanning electron
microscopy (SEM). A Philips XL 30 CP microscope ipgped with EDX (energy
dispersive X-ray), Robinson, SE (secondary eleftiamd BSE (back—scattered

electron) detectors was used.

4.3.5.2. High resolution transmittance electron miwscopy (HR-TEM)

High resolution transmission electron micrographks STi/SBA-15(2/1) and
STIi/KIL-2(2/1) powders were carried out on a JE®GMI3010 microscope operated
at 300 kV (LaB6 cathode, 1.7 A point resolutiorijman energy dispersive X—ray
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(EDX) detector attached. The powders were dispars@giter and a drop of diluted
suspension was placed on a carbon—coated grid &agomated at ambient
temperature. Electron diffraction (ED) patterns evevaluated using the Process

Diffraction software package.

High resolution transmission electron micrographsSBA-15, STi/SBA-15(1/2),
STiI/SBA-15(1/1), STi/KIL-2(1/2) and STi/KIL-2(1/Jowders were obtained on a
JEOL JEM 2100 microscope operated at 200 keV witlergergy dispersive X—ray
(EDX) detector attached. EDX spectroscopy measungsneere performed on a
JEOL JED-2300T EDS system having high energy résoland high sensitivity.

4.3.6. Elemental analysis

The concentration of elements were measured witludtively—coupled plasma
atomic emission spectrometry (ICP—AES) on ThernmroellaAsh, model Atomscan

25. This method measures intensity of emitted lfighn excited atoms of elements
in the gas phase. Atomization of the sample is egddr obtaining free atoms,
which is achieved through very high temperatur®@® 10,000C). Since atoms in

the gas phase are separated from each other, titkecemnergy (wavelengths) is
characteristic for each element. Strength (intghsit each line is proportional to the

concentration of particles, which forms the basrsquantitative analysis.

4.3.7. Fourier transform infrared spectroscopy (FT4R)
The IR spectra of the powder samples dispersedinpellets were recorded using a
FT—IR Perkin—Elmer Spectrum 100 spectrometer with em* resolution in the

frequency range from 4000 to 400 ¢m

4.3.8. Thermal analysis (TGA-DSC)

Thermal gravimetric analysis (TGA) and differentedanning calorimetry (DSC)
were performed using a Mettler Toledo TG/SDTA 8#distrument with heating
range from room temperature up to 900 The samples were heated in air flow with
a heating rate of 5 K mih DSC measurements were performed on a Mettlerdbole
DSC 822 instrument. The baseline was subtracted in aésas
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4.4. Photocatalytic activity tests
4.4.1. Determination of photocatalytic activitiesn liquid—solid system

4.4.1.1. Photoreactor set—up

The photocatalytic experiments in aqueous systens werformed in a photoreactor
(Figure 14) that was previously constructed in laboratory Cernigoj et al., 2007).
Three low—pressure mercury fluorescent lamps wseel @as a UVA radiation source
(CLEO 20W, 438 mm x 26 mm, Philips; broad maximur3%6 nm). The lamps are
positioned on a circular line at the periphery lné photoreactor and the reflective
surface of polished aluminum is placed behind thenorder to conduct experiments
at a controlled temperature and to protect the |&omp overheating, there is a fan at
the bottom part of the reactor. The photocatalgtit was positioned in the center of
the reactor and it consists of a quartz glass (d6@ mm, inner diameter of 18.5 mm
and outer diameter of 22.7 mm) which was closed te valve for purging with air
at the bottom. The photon flux in the cell was aaédd by potassium ferrioxalate
actinometry (Murov et al., 1993) (potassium oxagla@C,0,4, iron(lll) sulfate,
Fe(SOy)s) , and determined to be 4.28 x18instein L' s™.

4.4.1.2. Photocatalytic degradation of phenol

Aqueous solution (50 mL) of phenol d8s0H) (50 mg L% was used as a
photodegradation medium in all experiments. Theceatration of the dried pure
TiO, powders was 1.0 gt (refer to Table 3). Before adding a catalyst ® phenol
solution, HCIQ was added to adjust the pH value of the solutiime pH was
adjusted to pH = 2.6 due to the two reasons: @ pthwders at neutral or near neutral
pH precipitated in the aqueous solution; (2) the gfHhe phenol solution during
photocatalysis does not change much if the ingldlis low enough (consequently
also the kinetics of the degradation does not ohamgch during the course of
photodegradation). The mixtures of phenol soluteomd catalyst powder were
sonicated for 15 min using a sonicator (Sonic 4rasPio d.o.0.). The prepared
suspension was then kept in dark for about 30 min dchieve the
adsorption/desorption equilibrium. After dark agg@mn procedure the suspension
was irradiated. During the irradiation, the solatiwas constantly purged with air (10

L h™), keeping the solution saturated with dissolveddaiing the whole irradiation
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time. The temperature was kept constant at@G%luring the experiment. Samples
were taken out at regular time intervals, and tweye immediately stored in a 2.5
mL screw cap amber glass. Before HPLC analysissdingples were neutralized with
ammonium acetate solution, centrifuged (Eppendsti,5 R) at 13,200 rpm for 10
min and then the supernatant was collected foryaisal

4.4.1.3. High performance liquid chromatography (HR.C) analysis

A high performance liquid chromatography (HPLC) wased to evaluate the
concentration of phenol in the solution. The HPL§uipment consists of an HP
1100 Series chromatograph, coupled with a DAD detedhe chromatographic
separations were run on a Kromasil 100, C8 coluglA geparations d.0.0., 250 mm
x 4.6 mm, 5um) using a 85:15 mixture of 10 mM agueous ammonagatate
(NH,OOCCH;) solution and acetonitrile (GEN) as the eluent in the first 4 min,
then it was changed into a 30:70 mixture by apglyrinear gradient between 4 and
16 min. The eluent flow rate was 1.0 mL ffimnd injection volume 1QL. The

elutions of compounds were monitored by the DACedtr at 272 nm.
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Fig 14: Photoreactor set—up for aqueous system: (Ahe side view; (B) the upper view; (C) a
photocatalytic cell with an aqueous phenol solutioand dispersed catalyst used for the
photocatalytic experiment
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4.4.2. Determination of photocatalytic activitiesn gas—solid system with in—situ
FT-IR

4.4.2.1. Photoreactor set—up

Photocatalytic activity of the powders in a gas medwas first evaluated by
monitoring the degradation of a model organic coamgbwith FT—IR spectroscopy
(Tasbihi et al.,, 2010a). These measurements wemgedaout at the Slovenian
National Building and Civil Engineering Institutgubljana. A schematic diagram of
the experimental set—up is shown in Figure 15. Andyical reactor (1.4 L in
volume) covered by quartz glass was constructedcandected by Teflon tubes to
the FT—IR spectrometer. The whole system was haallgtsealed. The light source
was a 300 W Xe lamp (Newport Oriel Instrument, USAhe infrared part of the
spectrum was blocked by means of an adequate flltexr samples were prepared in
the shape of a thin layer of powder with constaassn(50 mg) — and thus more or
less constant thickness — in a Petri dish with Grcgiameter. The working distance
between the Petri dish and the Xe lamp was 6 croh 8n arrangement resulted in a
light intensity of ~30 W ifin the UV rangeDue to a strong influence of relative
humidity on photocatalytic activity (Einaga et aD02; Maggos et al., 2007), the
relative humidity at 23C in the system prior to the experiment was kephiwithe
range of 25-30 %. It was regulated by means obw fof air passing through the
molecular sieves until a pre—defined humidity waigiaed. Temperature and relative
humidity were measured by thermo— and hydro—metmpectively, which were

placed into the reactor.

4.4.2.2. Photocatalytic degradation of isopropanol

The model organic compound, isopropanol was ox@ipeacetone upon irradiation
and then into several further degradation produeseh experiment was performed
by injecting 5uL of liquid isopropanol (~1100 ppm in a gas phas#&) the reacting
system through a septum. The total reaction time 8&t at 20 h. The lamp was
turned on after a certain period of time to all@w équilibration of the adsorption of
isopropanol onto the powder. The isopropanol degiad and acetone
formation/degradation processes were followed byitoang the calculated area of
their characteristic peaks at 951 and 1207 ‘cmespectively, in the IR spectra
measured by a FT-IR spectrometer (Perkin—Elmer t8pacBX, USA). The
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photocatalytic activity of the samples was evaldate the rate constant of the initial
acetone formation. At room temperature the photdgiat oxidation of isopropanol
to acetone is fast, whereas the subsequent oxidafi@acetone to COand HO is
slower (Larson et al., 1995). At very short timég lope is proportional to the
formation rate constant (Senthilkumaar et al., 2005 addition, being the first
intermediate of isopropanol degradation (Ohko ¢t18198), the formation of acetone
is a process that can easily be distinguished fr@rsubsequent degradation process
occurring during isopropanol photo—oxidation. A ddic model was used to fit the
experimental data in the range of acetone formaterabling the calculation of

acetone formation rate constants.

A photo of photoreactor set—up for in—situ FT—IRsg@us system is presented in

Figure 16.
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Fig 15: Schematic diagram of the experimental setgufor in—situ FT—IR gaseous system

Fig 16: A photo of photoreactor set—up for in—sit-T—IR gaseous system (provided by
Slovenian National Building and Civil Engineering hstitute, Ljubljana)
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4.4.3. Determination of photocatalytic activitiesn gas—solid system with in—situ
GC-MS

4.4.3.1. Photoreactor set—up

The schematic diagram of the photoreactor systehwiias constructed for the in—
situ GC-MS photocatalytic experiments is shown igufe 17 (Tasbihi et al.,
2010b). The first part provides the feed for thact®n which consists of an air
cylinder, two mass flow meters/controllers (Aalb&®gC 26), a mixing chamber and
a syringe pump (TSE System). The second part reptes reaction loop, which
includes a flow meter (Aalborg), two compact digggm pumps (Sensortechnics
GmbH), first for circulation of the mixed gas flaWwrough the set—up and second for
circulation of the mixed gas flow through the oneliGC-MS, a sampling port, a
reactor cell, a 1 L reservoir vessel, a water b@aA, ET basic) and a
chromatographic on-line GC-MS analyzer (VarianyeRynthetic air (purity = 5.5)
was used as a source of oxygen. The mixing chaodresists of a 30 cm long Duran
glass tube with 3 cm outer diameter. The compactqubactor (Rayonet reactor,
model RPR-100) has dimensions of 35.5 cm x 35.5xcR0.5 cm. The reactor
chamber consists of six low—pressure mercury flsesat lamps which were used as
a UVA radiation source (15 W, 265 mwl6 mm, Philips CLEO; broad maximum at
355 nm) and the reflective surface of polished awum which is placed behind the
lamps. An incident intensity of 36.5 W friwas determined at the photoreactor cell
surface using photometry Xenocal UV-sensor. Theti@a cell was made from a
Duran glass tube (10 mm inner diameter, 27 cm heagid was positioned vertically
in the center of the photoreactor. A porous frittte¢ bottom of the reactor cell
allowed distributing finely the inlet gaseous mpduhrough the catalyst powder.
Another frit in the upper part of the reactor qakvented the photocatalyst powders
for escaping with the gas stream out of the phattice cell. All the connections,

valves and tubes in this set—up were made of Teflon

4.4.3.2. Photocatalytic degradation of toluene

In a typical test, the regulated air stream wagdéiy into two paths. One served for
the humidification of the air and the other one f@nsportation of dry air. The
humidification was achieved by bubbling air throughglass bottle containing

deionized water. Both air flows were regulated gsmflow meters/controllers. The
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flow rates of both dry and humidified air were adpd to 0.2 L mift to obtain the
total air flow 0.4 L min* containing 45-50 % relative humidity. Toluene was
injected using a syringe pump in the vertical mijxenamber. The flow rate of liquid
toluene was 0.2EL min™. The mixed feed consisted of dry air, humidifiédand
toluene. The 0.1 g of photocatalyst powder wasddadto the reactor cell for each
run. During the preparation period of the mixed gagam, it flowed from the
mixing chamber to the reservoir vessel, throughfi meter and the vent. After
steady—state conditions were achieved the feedtlamd/ent were closed and the
pump for circulation of the gas stream through $keond part of the photoreactor
was switched on. The internal flow rate was inoedaantil the catalyst particles
were fluidized inside the photoreactor cell. Aremmial flow rate was usually between
1000 to 1400 mL mirf. The UVA irradiation was started after achievirfge t
adsorption/desorption equilibrium. To prevent heatf the gas stream in the course
of photocatalytic reaction, the reservoir was thestated by a water bath. The
temperature of the circulating gas stream was ramiet at 22 + 5C during each
run of 10 h. The concentration of toluene was mesin constant time intervals of
reaction. A sample of the gas mixture circulatedaldiaphragm pump was injected
by an automatic gas valve of the on-line GC-MS. Tdmaperature and relative
humidity were measured by the thermometer and thmidity meter, respectively
(A1-SD1 Sensoren).

4.4.3.3. Gas chromatography—mass spectrometry (GC-8) analysis

The concentration of the toluene was determinedirm-by gas chromatography
(GC) (Varian 3900) coupled with the mass spectrem@tarian Saturn 2100 T)
operating in an electron impact (El) mode. The ggsples were injected through a
six—port external injection GC valve (Varian CP740pwith a 250uL automatic
sample loop. Then the samples were transferred atoolumn (Varian CP-
Porabound U with the diameter of 0.32 mm and length25 m). The gas
chromatograph was equipped with a split injectdne Tlow rate of helium as a
carrier gas was 1 mL niih The injector was held at 250, the oven started at 30
and the temperature was increased with a gradfe®® & min~*up to 150°C and

finally maintained constant for 10 min.
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Two photos of the photoreactor set—up for in—sif0—GIS gaseous photocatalysis
are presented in Figure 18.

12

Air Cylinder

Fig_17: Schematic diagram of the set—up for in—sitt6C—MS gaseous photocatalysis: (1) gas
regulator, (2) 3—way valve, (3) mass flow meter/ctmoller, (4) humidifier, (5) mixing chamber,
(6) syringe pump, (7) thermometer and humidity metg (8) diaphragm pump, (9) water bath,

(20) reservoir vessel, (11) flow meter, (12) reagatcell with surrounding UVA lamps, (13)
sampling port, (14) GC-MS
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GC-MS instrument
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V. Results and discussion

5.1. Unsupported titania materials

5.1.1. XRD analysis
First, the X-ray diffraction analysis was performaa the raw TiQ sample before

subjected to reflux treatment and without using peptizing agent (acid) (Figure
19). As it can be seen, the composition of the evprecipitate of neutralized TigClI
with ammonia solution is a mixture of mainly amoopk phase of Ti@with a small
amount of anatase phase. The diffraction peaks leithintensity at 8 = 25.4,
38.2, 47.6, 54.5 associated with (1 0 1), (1 1 2), (2 0 0) and (5)0anatase

reflections indicate a weak crystallinity of thewmter.
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Fig 19: X—ray diffraction pattern of the precipitate obtained after neutralization of TiCl, and
washing with water (A = anatase)

5.1.1.1. Impact of peptizing agent (acid)

The crystalline phases grow gradually by using atid reflux in treatment of TiO
powders. The effect of the type of the acid, HNbd HCIQ, and the effect of the
amount of [H] ions on the crystallinity of pure TiQvere investigated. The X—ray
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diffraction patterns in Figure 20 illustrate thaetTiO, crystalline structures of Ti—N

and Ti—Cl powders are quite similar although thengla prepared using HCIO
contains additional sharp peaks of TiIO(@QK®BH,O (JCPDS powder diffraction file
000-18-1410) superimposed on the broader anatades.p&he existence of the
peaks of TiO(CIQ)..6H,O originates from the interaction between Ti(QHNhd

HCIO,. Ti—-N(0.5) powders consist of anatase crystalphase and small portion of

rutile (evident by the shoulder peak &t227.1) while for Ti-N(2.5) powder mainly

anatase crystalline phase is evident. In additiba,small peak of brookite ab 2=

30.8 appears in the patterns of all as—prepared powEagsre 20).
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Fig 20: X—ray diffraction patterns of as—prepared amples Ti—N and Ti—Cl at the (a) [Ti]/[H] =
0.5; (b) [Ti)/[H "] = 2.5 ratios (A = anatase, R = rutile, B = brooke, * = TiO(CIO 4),.6H,0)

5.1.1.2. Impact of the [Ti]/[H'] ratio

The X-ray diffraction patterns concerning the dffetthe amount of acid (HNO
and HCIQ) used for peptizing the Tiprecipitate are shown in Figure 21. As it was
shown previously, in HCl@-prepared powders, there is mainly anatase crysall
phase with small peak of brookite & 2 30.8. The amount of [H ions had no
significant effect on the crystal structure of thi®©,, except that some peaks of
TiO(ClO4)2.6H,0 are sharper with [Ti]/[H = 0.5 because of using higher amount of
the acid. HN@-prepared powders mostly consist of an anataseephasvever, by
increasing the amount of acid (Ti—N(0.5) powdeg #mall portion of rutile phase
becomes evident (shoulder peak @t27.1).
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Fig 21: X—ray diffraction patterns of as—prepared amples (a) Ti—CI(0.5), Ti—Cl(2.5); (b) Ti-
N(0.5), Ti-N(2.5) (A = anatase, R = rutile, B = brokite, * = TIO(CIO 4),.6H,0)
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5.1.1.3. Impact of calcination temperature

The X-ray diffraction patterns for as—prepared ealdined TiQ powders are shown
in Figures 22 and 23. As expected, the crystapiim@ses grow by heat treatment. Ti—
N(2.5) powders consist of a very small portionwfle phase after calcination at 600
‘C. However, Ti—N(0.5) powders with higher amountacfd consist of the mixture
of anatase and rutile phases while the peaks anengan intensity with the heat
treatment. The phase transformation from anatasetite for the Ti—N(0.5) powder
started even at lower calcination temperature (400 In fact, thermal analysis
(TGA-DSC) of Ti—N(0.5) shows that after heat treafinabove 400C the weight
remained constant, however, DSC shows a broad eroit peak which is ascribed
to the phase transformation from anatase to r(géetion 5.1.6.). The small peak of
brookite at B = 30.8 is evident in all diffraction patterns which intégysis not
increased by calcination.
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Fig 22: X-ray diffraction patterns of samples befoe and after calcination at 600C (a) Ti—
N(2.5); (b) Ti—-N(0.5) (A = anatase, R = rutile, B brookite)

In HCIO,—prepared samples the Ti@rystallinity gradually grows by calcination
treatment as in the case of HpPrepared powders. Ti—Cl powders consist of
mainly anatase phase even after heat treatmensiftladd peak of brookite phase is
evident at 8 = 30.8) however, by increasing the amount of acid, Ti6Gl powder,
the intensity of the small peak of rutile is inged by calcination treatment.
Calcination treatment has significant effect on (G{,),.6H,O peaks. By using
high calcination temperature, this compound is dgmmsed and corresponding peaks

disappeared as well (Figure 23).
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Fig 23: X—ray diffraction patterns of samples befoe and after calcination at 600C (a) Ti—
Cl(2.5); (b) Ti-CI(0.5) (A = anatase, R = rutile, B= brookite, * = TiO(CIO ,),.6H,0)
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The crystallite sizes of unsupported Fi®amples determined by the Scherrer’s
equation are in the range from 4 to 8 nm for thepeepared powders and in the
range from 17 to 30 nm for calcined powders (Tah)leThe grain sizes obtained by
the Scherrer formula are actually the effectivesiaf coherently scattering domains
and the values in as—prepared samples are smalkiemldr in size for different

samples.

Table 4: Crystallite sizes (obtained by XRD) and pdicle sizes in solution (obtained by DLS)

Crvstallite size before Crystallite size after Particle size of non—calcined

Sample Zalcination (nm) calcination at 600°C powders in aqueous solution
(nm) (nm)
Ti—CI(0.5) 5 30 36
Ti—ClI(2.5) 8 25 32
Ti—N(0.5) 4 17 79
Ti—N(2.5) 6 20 -

5.1.2. Dynamic light scattering

The sizes of aggregated Ti@articles in the colloidal suspension solution ever
measured by DLS technique (Table 4). It has totbessed that the particle sizes
were measured under exactly the same conditionghag were used in a
photocatalytic test, because a correlation betwden particle size and the
photocatalytic activity was tried to be found dubr this purpose, dried Tipowder
(at 150°C) was dispersed in acidified water with pH valde28B to obtain the
concentration of Ti@in the measured sol equal to 1 @.IThe particle sizes of non—
calcined powders in aqueous solution are evidemtlych bigger than the
corresponding crystallite sizes, which were meabuirem XRD patterns and
calculated by Scherrer’'s equation. The sizes op#récles from HCIQ-based TiQ
sols were approximately twice smaller (between®@36 nm) than the sizes of the
particles from HN@-based sols (79 nm). Although the sizes of crysallare
similar in case of HN@as well as in HCI@based Ti@, we can conclude that the
perchloric acid has better peptizing charactegdti@an nitric acid, because it resulted
in solutions with less aggregated particles. Thxessiof the measured particles did
not depend much on the [Ti]/[Hratio, when the same acid was studied.
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5.1.3. UV-vis spectra

5.1.3.1. UV-vis transmittance

Figure 24 presents the UV-vis transmittance specifeer Kubelka—Munk
transformation of the sols used in photocatalytipezgiments, i.e. the colloidal
suspensions of dried Tipowders in water with the concentration of 7&2t at 1 g
L. 1 mm quartz cell was used to present more clehdyoptical characteristics of
the sol. The transmittance spectra of Ti—-N(2.5) @reCl(2.5) were skipped out of
the figure, because they are almost identical &ir ttounterparts with the different
[Ti]/[H "] ratio. The Ti—CI(0.5) sol scatters visible lighst minorly. On the contrary,
scattering of radiation can not be neglected ire cdsTi—N(0.5) sol, which contains
larger colloidal particles. The transmittance af sol correlates well with the particle
size. The decrease of transmittance below 400 nompe to the band gap of anatase
TiO,. Lower transmittance of the Ti—N(0.5) sol in thége does not correspond to
the red shift of the band gap of Ti(but this difference between transmittances of
both samples in this range belongs to the scattanedreflected radiation, which

does not reach the detector of the spectrometer.
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Fig 24: UV-vis transmittance spectra of the colloidl solutions (the same as used for the
photocatalytic experiments) made from as—prepared @wders: (a) Ti—CI(0.5); (b) Ti—N(0.5)
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5.1.3.2. UV-vis diffuse reflectance

The UV-vis diffuse reflectance spectra of HGHprepared powders are shown in
Figure 25(a). As it is clearly observed, the speetre red shifted by increasing the
amount of [Ti]/[H] from 0.5 to 2.5. By calcination treatment of THE5) at 400C
and 600C, as it is shown in Figure 25(b), the spectraadse red shifted. The band—
gap energies determined for Ti—CI(0.5), Ti—Cl(2aby calcined Ti—CI(0.5) at 40CQ
and 600C are reported in Table 5. The results are welletated with the crystallite
sizes. When the [Ti])/[H ratio changed from 0.5 to 2.5, the crystalliteesi of Ti—Cl
powders increased from 5 to 8 nm, subsequently b#imel-gap energies decreased
from 3.16 to 3.11 eV. By calcination treatment ¢+T1(0.5) the crystallite sizes are
increased following a decrease of the band—gapgesseirom 3.16 to 3.05 eV.

a)

(a) Ti-CI(0.5)
(b) Ti-CI(2.5)

(K*h\))1/2 ( eV1/z)

T T T T T T T 1
300 350 400 450 500
wavelength (nm)
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b)

(a) Ti-CI(0.5)
(b) Ti-CI(0.5)-calcined at 400 °C
(c) Ti-ClI(0.5)-calcined at 600 °C

(K*hV)1/2 ( e\/1/2)

T T T T T T T 1
300 350 400 450 500
wavelength(nm)

Fig 25: DR UV-vis spectra of (a) Ti—Cl(0.5) and Ti€l(2.5); (b) Ti—CI(0.5), calcined Ti—CI(0.5) at
400°C and 600°C

5.1.4. Nitrogen—sorption measurement

The surface area, pore volume and mean pore sizs-gfrepared and calcined
powders are shown in Table 5. The Tifowders after drying were used for the
measurements. It is evident from Table 5 that fog powders with the same
[Ti/[H"] ratio the specific surface areas of HGPrepared powders are
approximately two times higher (98.0°rg™%) than those of the HNOprepared
powders (46.4 mg™). The difference in the specific surface areahsf samples
prepared using the same acid, but a different[[1)/ ratio is not significant. The
surface area results correlate well with the DLSults. If we assume that the colloid
particles have spherical shapes, then the partalissthe diameter two times larger
will have half the surface area if the mass come#ion, i.e. the density of the
material, is the same and if the porosity is snfdll.conditions are fulfilled in our
case and the comparison between the DLS and BEdifispsurface area indicate
that even in the powder form the colloidal parsot® not aggregate.

After calcination treatment at 40C, the surface area of the Ti—N powders was

increased significantly but it is not the same TerCl powders. By increasing the
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calcination temperature up to 600, the surface area of the all powders decreased

drastically.

The adsorption—desorption isotherm curves for ti@eepared samples and calcined
samples at 400C are shown in Figure 26. All isotherm curves carclassified as
the type IV adsorption isotherm (Sing et al., 19Bf)icating mesoporous structure
for both types of samples. This type of isothermlassified for materials without or
with small part of micropores. The hysteresis Iémpas—prepared samples is of the
type H4 which is often associated with narrow $ke- pores. However, the
hysteresis loop for the calcined samples is like e that shows that the

distribution of pore size and shape is not wellrdad (Sing et al., 1985).

Table 5: Surface area, pore volume, pore size anc&ibd—gap energy of as—prepared and calcined

powders
Sample Surfaé:e_?rea "Pore \3/ol_ume Pore size Band gap
(m“g™) (cm'g™) (nm) (eV)
Ti—Cl(0.5) 98 0.053 2.2 3.16
Ti—Cl(2.5) 80 0.045 2.3 3.11
Ti-N(0.5) 46 0.031 2.65 3.22
Ti-N(2.5) 158 0.137 35 -
Ti—Cl(0.5)(400°C) 85 0.099 4.6 3.11
Ti—Cl(2.5)(400°C) 94 0.103 4.3 -
Ti—N(0.5)(400C) 126 0.124 3.9 -
Ti—-N(2.5)(400°C) 117 0.111 3.8 -
Ti—Cl(0.5)(600°C) 22 0.043 7.8 3.05
Ti—Cl(2.5)(600°C) 30 0.053 7.1 -
Ti-N(0.5)(600°C) 48 0.091 7.5 -
Ti—-N(2.5)(600°C) 41 0.123 12.0 -

"Single point adsorption total pore volume of pdess than 1343 nm at p/p° = 0.998578917.
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Fig 26: The adsorption—desorption isotherm curvesdr the titania samples; (a) before

calcination; (b) calcined at 400C
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5.1.5. Scanning electron microscopy of titania powals

The morphology of the Ti—Cl(0.5), Ti—CI(2.5) and-N(0.5) powders are shown in
Figure 27 while SEM micrographs for the Ti—CI(0.8hd Ti—N(0.5) powders
calcined at 400C are shown in Figure 28. As it is demonstratedalinprepared
powders (Ti—Cl and Ti—N) we deal with the aggredaparticles. HCI@-prepred
powders consist of formless particles which havenbieised together. It seems that
by increasing the amount of acid in HGIprepared powders, the small particles
agglomerate on the big particles (the powder ctssissmall and big particles). The
sizes of the particles in Ti—CI(2.5) powder are Wenacompared to Ti—Cl(0.5)
powder. However, by calcination the sizes of thgiples do not differ significantly.
In HNOs—prepared powder, as it is shown, the size of #méigtes is grown after
calcination while the particles are spherical befand after calcination. The
important point is that the size of the particléspdrsed in agqueous solution (Table
4) is much lower than the size of powder aggregatésch is due to the acid that

provides charging of colloidal particles in solutio
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Fig 28: SEM micrographs of calcined powders at 40T (a) Ti—CI(0.5); (b) Ti—N(0.5)

5.1.6. Thermal analysis (TGA-DSC)

TGA and DSC curves of Ti-N(0.5) and Ti—CI(0.5) p@ssiare shown in Figure 29.
The first weight loss of the Ti—N(0.5) powder (apgmately 5 %) takes place in the
temperature range of 27-150 and is attributed to desorption and evaporatibn o
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water molecules. In the DSC curve this processesponds to an endothermic peak
with a minimum positioned at 8C€. The second weight loss of about 15 % occurs in
the temperature range of 170-3%5and coincides with two endothermic peaks in
the DSC curve. In this temperature range nitratesnally decompose. Above 400
‘C the weight of the powder remains constant antbadexothermic peak between
400 and 600C in the DSC curve is ascribed to the phase tramsftion from

anatase to rutile (Figure 29(a)).

Ti—CI(0.5) powder loses around 9 % of its weightewhheated from room
temperature up to 20C due to the loss of adsorbed water (Figure 294wjdlitional
weight loss of around 9 % takes place in the teatpee range from 200 to 25CG
and can be ascribed to two simultaneous reactigdhge, dehydration of
TiO(ClOy)2:6H,0 and the evolution of water molecules formed dugondensation
process. The sharp exothermic peak with a maximu®3@ C in the DSC curve and
the accompanying weight loss of ca. 19 % is atteduto the decomposition of
TiO(ClOy),. Upon releasing perchlorates, this compound shbelttansformed into
TiO, and subsequently crystallized, but the associat@dhermic process is very
poorly expressed in the DSC curve.
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Fig 29: TGA-DSC analysis of (a) Ti-N(0.5); (b) Ti-0.5) powders

5.1.7. Photocatalytic degradation of phenol

Figure 30 shows the photocatalytic degradationhaeinpl in the presence of the ©iO
colloids. As expected, there is no significant @elgtion of phenol for the
experiments carried out in absence of catalyst und®& radiation. The
disappearance curves indicate the zero—order datgwadckinetics. It seems that the
concentration of the phenol in solution is not thee—determining in this case. If we
suppose that the degradation of phenol occurs predmtly on the surface of T
the constant surface coverage (which is equal tdyl)phenol molecules is a
prerequisite for the zero—order degradation kiseti©bviously the dissolved
concentration of phenol in our degradation expent®és high enough (it is above
15 mg LY so that the coverage of the catalyst surface tbgnpl molecules is
complete at least in the initial steps of degramhatiThis is confirmed also with the
data in Figure 30, where the zero—order degraddtioetics is no longer obeyed
after the phenol concentration drops below onedtlof the initial concentration
(Tasbihi et al., 2009).
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The zero—order degradation rate constants of phentthe presence of different
powders are listed in Table 6.

Table 6: The zero—order degradation rate constantef phenol in the presence of different
powders

Sample rate constant,
k (mg L™ min™)
Ti-ClI(0.5) 0.767
Ti-CI(2.5) 0.645
Ti=N(0.5) 0.362
Ti-N(2.5) 0.436
Ti—Cl(2.5)(400°C)-milled 0.228
Ti—Cl(2.5)(400°C)-non-milled 0.205
Ti—N(0.5)(400°C)-milled 0.213
Ti—N(0.5)(400°C)-non-milled 0.229

It is evident from Figure 30 that the type of adids a higher effect on the
photocatalytic activity of the prepared samplesttiee [Ti]/[H'] ratio. The HCIQ-
prepared powders show approximately a 1.5 timdsenighotocatalytic activity than
the HNQ—prepared powders regardless the [Till[Hatio. It is known that the
photocatalytic activity of TiQ is a function of many physico—chemical
characteristics of the material (crystal structargstallite size, particle size, surface
area...). The rate of degradation of the phenol nuiéemay differ if individual or
aggregated anatase particles are involved in tlo¢opatalysis. For instance, if the
aggregated particles are involved then the chamrgesfier from the center to the
surface of the particle is certainly facilitated sSmaller aggregates with a smaller
number of primary particles. The other differensein the degradation kinetics
results. The zero—order degradation rate indicdted the phenol has to be
preadsorbed on the surface of the colloidal padidiefore it is degraded, which
increases the importance of colloidal surface amed makes it an important
parameter affecting the photocatalytic activity.téaly, the colloidal particle size
could be the linking parameter in the studied syst®maller colloidal particles lead
to a higher surface area and consequently moreophesiecules can be adsorbed on

the titania surface.
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Fig 30: Photocatalytic degradation of phenol by usig different as—prepared powders

The photocatalytic experiments were also done lierdgamples Ti—CI(0.5) and Ti—
Cl(2.5) calcined at 400C. The results showed that the photocatalytic agtiof

these powders (Figure 31) is lower as comparethégpbwders before calcination.

This behavior could be related to the bigger pkrtgize of powders (evident also

from SEM micrographsufn—sized particles) (Figure 28(a)) due to the sinteof

the particles after calcination treatment. We triednill these calcined powders to

make them finer as much as possible. Unfortunatitlgre were not significant

differences between non—milled and milled powderstas shown in Figure 31. It

seems that physical milling of the particles canpobmote the photocatalytic

activity.
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Fig 31: Photocatalytic degradation of phenol for H®O ,~prepared powders calcined at 400C
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5.2. Titania/silica powders

5.2.1. XRD analysis

5.2.1.1. Small-angle XRD analysis

The maintenance of the support framework order upgregnation of titania and
the effect of increasing the molar ratio was stddig the analysis of the small-angle
range XRD patterns. The small-angle X—ray powdiradition patterns in the range
of 0.5 < 20 < 5 are illustrated in Figure 32. In Figure 32(A) ti¥BA-15
diffractogram illustrates three diffraction peaksresponding to the (1 0 0), (1 1 0)
and (2 0 0) reflections typical for 2D—hexagonakrep@rrangement witlp6mm
symmetry. However, it can be seen in Figure 32 tafter loading of titania on
SBA-15 in samples STi/SBA-15(x), the diffractiorage are still present and their
260 values are only slightly shifted, indicating thilaé channels with good order are
maintained during preparation procedure; though,inkensity of peaks is decreased
by increasing the Ti/Si molar ratio and in the SBA-15(2/1) it becomes low. It is
believed that the presence of titania could leadtalom collapse of the mesoporous
channels (Busuioc et al., 2006). The most intehse () diffraction peak was used to
calculate the unit cell dimensions (Calleja et 2002; Ding et al., 2005; Wang and
Song, 2006), which are reported in Table 7. Thaniat loading influenced; ¢ o and
the unit cell dimensions for the STI/SBA-15(x) paksl However, the near
retention of unit cell dimensions indicates tha sitructure of SBA-15 is maintained
during the loading of titania, confirming that thexagonal SBA-15 is stable
(Grieken et al. 2002; Ding et al., 2005). For th&ildBA-15(1/1) powder, as it is
shown in Figure 32(A), introduction of hydrolyzed-iBopropoxide strongly reduced
the intensity of the low—angle diffraction peak$us it can be assumed that this
synthetic approach, which started from Ti—isopragexas a precursor and required
an additional calcination step, was more detrimdntthe silica framework structure
(Busuioc et al., 2006; Grieken et al., 2002). Té$tatement was also confirmed by
SEM as it is shown in section 5.2.4. The low—-angRD patterns of KIL-2,
MTi/KIL-2(1/1) and STi/KIL-2(x), as shown in Figurg2(B), do not exhibit any
peaks, indicating that the KIL-2 materials had sodiered mesoporous structure
(Novak TuSar et al., 2010).
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Fig 32: Small-angle X-ray powder diffraction (XRD): (A) SBA-15, STi/SBA-15(x), MTi/SBA-
15(1/1); (B) KIL-2, STi/KIL-2(x), MTi/KIL-2(1/1)
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5.2.1.2. Wide—angle XRD analysis

The X-ray diffractograms recorded in the wide—anglege (5< 20 < 60) are
displayed in Figure 33. They confirm that in boypds of mesoporous silica
powders, SBA-15 and KIL-2, anatase is the majostatine phase in all prepared
powders, as indicated by the peaks emergind at 25.3, 37.8, 48.1, 53.9, 55.1
associated with (1 0 1), (0 0 4), (2 0 0), (1 0 &,1 1) anatase diffractions,
respectively. The wide—angle XRD spectra of SBAathl KIL-2 possess one broad
peak at A around 23 corresponding to glass—like amorphous silicateoparticles
while the crystalline titania phase is growing graltly by incorporation of titania. As
can be seen in Figures 33(A) and (B), the intensitypeaks is increased by
increasing the Ti/Si molar ratio. It is importantrhention that there is no difference
in the position of the anatase peaks between thepported titania and silica—titania
powders. In addition, by increasing the amountitahta, the presence of a brookite
phase with a small peak a6 2 30.8 becomes evident (Lavréik Stangar et al.,
2006). For the MTi/SBA-15(1/1) and MTi/KIL-2(1/1powders, the anatase peaks
are the strongest and sharpest compared to the ptbpeared samples which is a
consequence of the different preparation procedurdahis case the grafting and
growth of crystalline titania is obviously less tdibed by the host sites and
additionally it forces the SBA-15 meso—ordereddtme to collapse or it blocks the
mesopores to such an extent that the low—angleadiibn peaks no longer appear
(Figure 33(A)). It is worthwhile mentioning that wided X—ray measurements for the
STi/SBA-15(1/1) and STi/KIL-2(1/1) samples aftetcazation at 300C for 6 h as
well. There was no significant difference notedwsstn non—calcined and calcined

samples (Figure 34).
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Fig 33: Wide—angle X-ray powder diffraction (XRD): (A) SBA-15, STi/SBA-15(x), MTi/SBA-
15(1/1); (B) KIL-2, STi/KIL-2 (x), MTi/KIL-2(1/1)
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Fig 34: Wide—angle X-ray powder diffraction (XRD): (A) STi/SBA-15(1/1); (B) STi/KIL-2(1/1)

The average crystallite sizes were determined fitwanScherrer’'s equation using the

broadening of the (1 0 1) anatase peak reflecticth ¥he usual assumption of
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spherical crystallites (Table 7). We did not cadtelthe crystallite size of anatase in
the samples with lower titania loading (STi/SBA-/2), STi/SBA-15(1/1) and
STi/KIL-2(1/2)) because there the anatase (1 0eBkpnterferes with the broad
silica peak, making the determination of the hatight peak width difficult. As
expected, the anatase nanocrystallites are mugemig case of MTI/SBA-15(1/1)
and MTIi/KIL-2(1/1) samples, confirming that theatita source (pre—crystallized
colloidal solution or hydrolyzed Ti—isopropoxidesion) has an important effect on

the structure of silica—titania composites.

Table 7: Structural parameters of titania/silica povders determined from XRD

Sample Anatase crystallite size dioo Unit cell Wall thickness
(nm) A) (hm) (nm)
SBA-15 - 111 12.73 7.73
STi/SBA-15(1/2) - 98 11.28 4.28
STi/SBA-15(1/1) - 100 11.52 6.52
STi/SBA-15(2/1) 12 100 11.52 6.52
MTi/SBA-15(1/1) 23 - - -
KIL-2 - - - —

STI/KIL-2(1/2) - - - -

STi/KIL-2(1/1) 5 - _ _
STi/KIL-2(2/1) 7 - _ _
MTi/KIL-2(1/1) 19 - - -
Ti—-Cl(2.5) 8 - - —
Millennium PC500 5-10 - - -

The value ofd,qqis derived from XRD measurements. The unit cell etision for hexagonal
structure was calculated ash;2/V3

5.2.2. UV-vis diffuse reflectance

The UV-vis diffuse reflectance spectra of Ti—CIj2.5Ti/SBA-15(x), STi/KIL—
2(x), MTi/SBA-15(1/1) and MTI/KIL-2(1/1) are shown Figure 35. The presence
of broad absorption band at 330 nm confirms theterce of the nanocrystalline
titania in the STiI/SBA-15(x) and STi/KIL-2(x) powde The spectra are blue
shifted by incorporation of titania within mesopososilica in both types of used
supports (SBA-15 and KIL-2). However the spectearad shifted by increasing the
amount of titania from 1/2 to 2/1 in STI/SBA-15@0d STi/KIL-2(x) powders.
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The band—gap energies determined for all the sgitbe powders are reported in
Table 8. The band—gap energy of titania, wheregtbath of anatase crystallites is
unperturbed, is 3.11 eV for Ti—CI(2.5) powder. Hoee it changes when

impregnated within silica support. By increasing thi/Si molar ratio from 1/2 to

2/1, the band—gap energy decreases from 3.39 t &/1in STiI/SBA-15(x) and

from 3.26 to 3.15 eV in STi/KIL-2(x) powders.

These results are correlated with the crystalite sf the anatase, being smaller at
lower loadings due to their fit in the open poréshe silica support and formation of
plugged mesopores, where anatase nanocrystallitds avlimited size can be
accommodated. By increasing the particle size ptrel—gap energy decreases. The
band—gap energies of MTiI/SBA-15(1/1) and MTIi/KIL:Z() are 3.07 and 3.11 eV,
respectively, resembling the values characteridtidania.
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Fig 35: DR UV-vis spectra of (A) STi/SBA-15(x), MTSBA-15(1/1), Ti—CI(2.5); (B) STi/KIL—
2(x), MTi/KIL-2(x), Ti—CI(2.5)

The UV-vis absorption spectra of the samples amsvshin Figure 36. It can be
observed that the absorption band—gap energy d6BA-15(x) and STi/KIL-2(X)
in comparison with Ti—CI(2.5) powder is notably &lshifted indicating smaller
anatase crystalline size for STiI/SBA-15(x) and KI[i-2(x) powders. The results
confirm that by incorporation of titania within isd mesoporous powders, the
particles are not agglomerated together resultingprieparation of separated
nanocrystalline titania particles (Yang et al. 2006 STi/SBA-15(x) and STi/KIL—
2(x) powders by decreasing the amount of titaneci@asing the Ti/Si molar ratio
from 2/1 to 1/2) the absorption band—gap energies ldue shifted, in good

agreement with the values of band—gap energy (T&ble
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Table 8: Band—gap energies of the powders determidevith different amount of Ti

Ti/Si Theoretical Theoretical | Amount of Ti
) . Band
Sample nominal | amount of TiO, | amount of | by elemental a

molar in the powder Ti analysis (ge VF;

ratio (wt.%) (wt.%) (wt.%)
SBA-15 - - - - -
STi/SBA-15(1/2) 1/2 40 24 8 3.39
STi/SBA-15(1/1) 1/1 58 35 29 3.20
STi/SBA-15(2/1) 2/1 74 44 38 3.14
MTi/SBA—-
15(1/1) 1/1 - - - 3.07
KIL-2 - - - - -
STi/KIL-2(1/2) 1/2 40 24 12 3.26
STi/KIL-2(1/1) 1/1 58 35 27 3.17
STi/KIL-2(2/1) 2/1 74 44 36 3.15
MTI/KIL-2(1/1) 1/1 - - - 3.04
Ti—ClI(2.5) - 73 44 - 3.11
Millennium
PC500 B 100 B B B

The concentration of Ti in different samples wasaswed by elemental analysis
(Table 8). Results show that by increasing the iTi®minal molar ratio,

experimental amount of Ti were increased accorglingbwever, the values are
lower compared to the theoretical amount of Ti. Tiféerence is obviously due to

the some loss of Ti during the synthesis procedure.

5.2.3. Nitrogen—sorption measurement
Nitrogen—sorption isotherms for SBA-15, MTI/SBA-1H4() and STi/SBA-15(x)

powders are shown in Figure 37(A), whereas stratparameters determined on the
basis of these isotherms are listed in Table 9. -SFAsample exhibited adsorption
isotherm typical for SBA-15 silica, that is, witblatively narrow hysteresis loop of
H1 type (Sing et al., 1985). It can clearly be oted that the presence of Tith
SBA-15 leads to a marked change in the shape dfyteresis loop. The hysteresis
loop of all samples is closing down at lower refatpressure values in comparison to
the original support (SBA-15), which indicates tttet pores are partially narrowed
with titania nanoparticles. The increase of the amioof the deposited TiO
nanoparticles on SBA-15 prepared by aqueous $aDnot only led to a decrease of
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specific surface area (from 589 to 336 gn'), total pore volume (from 0.903 to
0.378 cnig™), primary mesopore volume (from 0.682 to 0.303 g), and pore
diameter (from 11.2 to 8.6 nm) but also resultecaimappreciable widening and
tailing of hysteresis loops and in a two-step dasmm, thus evidencing the
formation of PHTS—like material (Celer et al., 200&ynen et al., 2004; Meynen et
al., 2007). N sorption isotherms of PHTS are of type IV accordiaghe IUPAC
classification (Sing et al., 1985), showing a omepscapillary condensation,
indicating the filling of the uniform mesopores atwdb—step desorption. The first
step is similar with desorption in pure SBA-15 amdassigned to desorption of
nitrogen from the open pores; the second desorgiep can be attributed to the
nanoparticles (plugs) within the mesopores (theowaed mesopores) (Van der
Voort et al.,, 2002; Kruh et al., 2003). The secatelp on the desorption branch
indicates the existence of plugged mesopores. tWusstep desorption is similar to
that of the PHTS materials with amorphous micropersilica nanoparticles (plugs)
in the mesopores (Kruh et al., 2003; Mazaj et28lQ9; Meynen et al., 2004). It can
be concluded that the titania nanoparticles haes lokspersed inside the channels of
SBA-15 thereby narrowing parts of the mesoporeserd@fbre, desorption is
postponed to lower relative pressures resultintpéensecond desorption step. Further
increase of the titania amount results in a mom@unced growth of the titania
nanoparticles causing a significant decrease ofoften pores volume and in the
change of the second desorption step. When titaa@ing is further increased the
growth of the titania particles on the externaface is expected. The decrease of the
interparticle (textural) porosity (given by the dmlaysteresis at PP= 0.95-1)
suggests the growth of the Ti@anoparticles on the outer surface, filling thédso
between SBA-15 particles. The shape of isothernssumiples STiI/SBA-15(1/1) and
MTi/SBA-15(1/1) (Figure 37(A)) are different due #o different precursor. The
primary mesopore volume and pore diameter of MTASBE5(1/1) are significantly
lower than for STiI/SBA-15(1/1). The preparation noet using Ti—-isopropoxide as
titania source also caused the destruction of eddenesostructure, which is in

agreement with the XRD pattern of this material.

Pore size distribution of the different mesoporanaterials has been determined
using the BJH model widely used for these typesawhple (Lukens et al., 1999).
Although this model often underestimates pore sidemev et al.,, 1993), it is
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appropriate for comparative purposes. Figure 37(Bgplays the pore size

distribution determined from adsorption isotherihss clear that after impregnation

two maxima appear representing the open mesopmrated at the mesopore mouths
and the narrowed pores in which the pore radiush#ied to lower values (Busuioc

et al., 2006), while pore size distribution of p@BA—-15 shows only one maximum.
As it can be observed, the maxima characteristiop®sn mesopores shift to lower
pore sizes (Landau et al., 2005), are less intanddbecome broader with the growth
of the titania plugs located inside the channels.tie same time, the maxima
characteristic for narrowed pores shift to lowerepsize values and are broader.
Impregnating higher amounts of titania results ifower amount of open pores
present in the material. These results match widvipus observations, where the
pore size distribution shifted to lower pore diaemst(Landau et al., 2005). The
difference between two types of precursor is algimesnced from the pore size
distribution of MTiI/SBA—-15(1/1) sample, where omge broad maximum appears.
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Fig 37: (A) Nitrogen—sorption isotherms; (B) pore &e distribution of SBA-15, STi/SBA-15(x),
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Table 9: Structural parameters of powders determind from N, sorption measurements

e | e | ) | ey | oy | oy | o | e
SBA-15 580 | 0903|  0.682 114 488 11.2 _
STI/SBA-15(1/2) 560 | 0779 0580 87 447 8.9 6.0
STi/SBA-15(1/1) 498 | 0578 0491 58 410 9.3 4.2
STi/SBA-15(2/1) 33 | 0378  0.303 51 310 8.6 5.2
MTi/SBA—15(1/1) 107 | 0154| 0097 37 90 8.4 _
KIL—2 504 | 1561 | 1.337 122 324 316| 197
STIKIL-2(1/2) 345 | 1016 | 0.728 157 278 27.9 5.5
STIKIL-2(1/1) 300 | 0499 |  0.488 8 322 14.2 5.5
STIKIL-2(2/1) 206 | 0577 | 0.501 52 287 27.4 3.8
MTI/KIL—2(1/1) 130 | 0306 | 0303 9 115 27.4 163;§7
Ti-CI(2.5) 80 0.045 _ - - - -
Millennium PC500 300 - - - - - -

Sgett the BET surface area;Motal pore volume evaluated from adsorption ieati at the relative
pressure about 0.96;.\ primary mesopore volume evaluated by dkemethod; S external surface
area evaluated bys—method; §e mesoporous surface area evaluateddbynethod; w;y: mesopore

diameters at the maximum (maxima) of the BJH p@e distribution.

Nitrogen adsorption isotherms for KIL-2, MTIi/KIL-P1) and STi/KIL-2(x)
powders are shown in Figure 38(A), whereas stratparameters determined on the
basis of these isotherms are listed in Table d.—Klsample exhibited an adsorption
isotherm typical for KIL-2 silicas (Novak TuSaradt, 2010), that is, with relatively
narrow hysteresis loop of type IV (Sing et al., 328t can be clearly observed that
the introduction of titanianto KIL—2 also leads to a marked change in thepshat
the hysteresis loop. Again, the hysteresis loogllafamples is closing down at lower
P/Ry values in comparison to the original support, Whitdicates that the pores are
partially narrowed with titania nanopatrticles. lease of the amount of the deposited
titania nanoparticle on KIL-2 led to a decreaseecBg surface area (from 504 to
296 nf g%, total pore volume (from 1.561 to 0.499 tg1"), primary mesopore
volume (from 1.337 to 0.488 ¢hg™), and pore diameter (from 31.6 to 14.2 nm).
Beside these changes an appreciable widening aingj @af hysteresis loops and/or a
two—step desorption were observed, thus evidentiadormation of materials with
plugs in pores. The first step is similar with dggimn in pure KIL-2 and is assigned

to desorption of nitrogen from the open pores; gheond desorption step can be
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attributed to the nanoparticles (plugs) within tineesopores (the narrowed
mesopores{Van der Voort et al., 2002; Kruh et al., 2003).sAcond step on the
desorption branch indicates the existence of pldggesopores. Therefore, it can be
concluded that the titania nanoparticles have lgggpersed inside the pores of KIL—
2 thereby narrowing parts of the mesopores. Fuiti@ease of the titania amount
results in a significant decrease of the open poiemes and in the change of the
second desorption step. Higher titania loading eduke growth of titania particles
on the external surface. This evidence is cleaglgnsin a relative pressure range
from 0.95 to 1, where hysteresis loops due to tekfoorosity become smaller. The
pore size distribution determined from adsorptisotherms of KIL-2 shows 3
distinguished maxima (Figure 38(B)). Pore size ritigtions of STi/KIL-2(x)
samples show only 2 maxima, while pore size distiim of MTi/KIL-2(1/1)
sample shows 3 maxima. As it can be observed, #nama characteristic to open
mesopores and to narrowed pores shift to lower gares, are less intense and

become broader with the growth of the titania pliogsited inside the channels.

98



A)

B)

Fig 38: (A) Nitrogen—sorption isotherms; (B) pore &e distribution of KIL-2, STi/KIL-2(x),
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5.2.4. Scanning electron microscopy

The SEM micrographs of all the various samplessii@wvn in Figures 39 and 40.
The SEM image of pure SBA-15 presented in Figur@)38hows curved rod—like
particles of relatively uniform size with a quitsisoth surface (Mazaj et al., 2009).
In the STI/SBA-15(1/2) and STi/SBA-15(1/1) powdeas,evidenced from Figures
39(b) and (c), these powders show a homogenoushdisbn of the titania on the
internal surface of SBA-15 powder and the morphploigsamples does not change
compared to pure SBA-15. However, at higher titdoeding in the STiI/SBA-
15(2/1) powder, the external surface of SBA-15ilied significantly by titania
(Figure 39(d)), which is in accordance with theragen—sorption results. In the
MTi/SBA-15(1/1) sample (Figure 39(e)), impregnatioof hydrolyzed Ti—
isopropoxide changed the morphology of SBA-15 drally, again well in
accordance with the results discussed above.

As it is shown in Figure 40(a), the SEM micrograph KIL-2 powder is
characterized by the porous and rough surfaceadh these powders suggest the
main type of porosity, which is so—called interpaet or textural porosity (Novak
TuSar et al., 2010). The roughness in the surfdcKllo-2 increases by adding
titania. Thus by increasing the Ti/Si molar ratiorh 1/2 to 2/1 in the STI/KIL-2(x)
powders, the roughness increases considerablyr@sgi0(b)—(d)). In the MTi—KIL-
2(1/1) sample, as it is represented in Figure 4@e) roughness of KIL-2 seems to

decrease resulting in a less textured surface.
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Fig 39: SEM images of (a) SBA-15; (b) STi/SBA-15@); (c) STiI/SBA-15(1/1); (d) STi/SBA-
15(2/1); (e) MTi/SBA-15(1/1)
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Fig 40: SEM images of (a) KIL—2; (b) STI/KIL-2(1/2) (c) STi/KIL-2(1/1); (d) STI/KIL-2(2/1);
() MTi/KIL—2(1/1)

It is useful to mention that we did SEM measuremédot the STiI/SBA-15(1/1) and
STi/KIL-2(1/1) samples after calcination at 3@for 6 h as well (Figure 41). There
was no significant difference noted between norehtgatl and calcined samples as it
was already shown with the wide—angle XRD measunésne

b)

Fig 41: SEM images of (a) STi/SBA-15(1/1); (b) SKIL-2(1/1) after calcination at 300°C

5.2.5. High resolution transmittance electron micrecopy (HR-TEM)

Figure 42 illustrates the HR-TEM micrographs of SBA and STi/SBA-15(x).
Figure 42(a) evidences the presence of the paraiebtubular channels of SBA-15
mesoporous silica. The introduction of titanium sloet alter the regular order array
of SBA-15 and the ordered mesostructure of SBAslkept quite unaffected by
incorporation of the titania into the channels (Fes 42(b)—(d)). Indeed, the HR—
TEM micrographs of STiI/SBA-15(x) show the mesopsretructure of the SBA-15
with the black spots corresponding to the Fi@noparticles inside the channels.
This is in good agreement with low—angle XRD measwent of SBA-15 and
STiI/SBA-15(x) (section 5.2.1.1.). Left images imgiie 42(b)—(d) show STi/SBA-
15(x) matrix along (1 1 0) channel directions. Tihmages at higher magnification
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reveal the presence of anatase nanoparticles ihsize between 5 and 10 nm,
slightly lower than estimated by XRD measuremefit(e 7). Figure 42(d) at the
highest magnification shows the lattice image ddtase (PDF 21-1272) confirmed
with the d spacing of 3.52 A corresponding to (1) ®lane and tetragonal Ti®/pe
cell with space group {amd. The fact that anatase nanoparticles are lgense
distributed throughout the silica walls with randonentation suggests that they are
deposited on the surface of mesoporous silica medther than incorporated within
the silica walls. Wittmann et al. (2005) confirmiict the crystalline titania particles
appeared on the silica structure when the Ti/Siamahtio was higher than 0.05.
Furthermore, these results are in agreement witlogan—sorption measurements
(section 5.2.3.). As it is mentioned there, themoration of titania into SBA-15 led
to more narrow pores and decreased surface ardheosilicate materials. An
increase of Ti/Si molar ratio resulted in a deceeakthe surface area of SBA-15
(Table 9). We observed that titania nanoparticlesewdispersed inside the channels
of SBA-15 when Ti/Si molar ratio was 1/2. Furthecrease of titania content
resulted in a more pronounced growth of titaniaopanticles causing a significant
decrease of the open pores. For the Ti/Si molao 21, nanocrystalline titania

particles grew also on the external surface of SBA—

a)
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Fig 42: HR-TEM micrographs of (a) SBA-15; (b) STi/f8A-15(1/2); (c) STi/SBA-15(1/1); (d)
STi/SBA-15(2/1) at different magnifications

Figure 43 demonstrates HR-TEM micrographs of mesysosilica STi/KIL-2(x)
powders with textural (interparticle) porosity. Theage at higher magnification
reveals the presence of anatase nanoparticles thithestimated size of 5 nm,
confirmed also by XRD measurements (Table 7). Aset@anoparticles seem to be
deposited on the silica nanoparticles causing qalgtial blocking of mesopores.
This result is also in good agreement with nitreggamption measurements (section
5.2.3.). It was concluded that the titania nanoglag were dispersed inside the pores
of KIL-2. this causes narrowing of the pores andrelasing of the surface area of
KIL-2. For the Ti/Si molar ratio of 2/1, the nangstalline titania particles grew also
on the external surface of KIL-2 silica similar éoir observation with SBA-15

silica.

a)
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Fig 43: HR-TEM micrographs of (a) STi/KIL-2(1/2); (b) STi/KIL-2(1/1); (c) STi/KIL-2(2/1) at
different magnifications and inset ED pattern of ST/KIL—2(2/1)

The local EDX analysis results of Ti/SBA-15(1/1)}dahi/KIL-2(1/1) are shown in

Figures 44 and 45, respectively. As it is seeniguifes 44(A) and 45(A) there is no
titania evident in these two specific points whimtuld be associated to an empty
part of the silica pore (channel), while in FigusegB) and 45(B) the presence of
titania is obvious. In fact, the local EDX resuleveal that the titania nanoparticles

are not homogenously distributed within the mesopsipores (channels).
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5.2.6. Fourier transform infrared spectroscopy (FFIR)

Figure 46 illustrates FT—IR spectra of all powdéfgure 46(A) shows the FT-IR
spectrum of the Ti—CI(0.5) powder prepared fromataystalline aqueous titania sol.
The broad band centred at around 3300'dm assigned to the O—H stretching
vibration of Ti-OH groups and4@ molecules (Kanna et al. 2008). The band at 1622
cm ! belongs to O—H bending vibration of surface adsdnvater (Nag et al. 2007).
All the sharp bands positioned at 1145tn112 cm*, 1088 cm* and 637 cm'
relate to perchlorate (Janik et al. 1969) and mteraction with titania (Ti@-
perchlorate) (McQuillan et al. 2001), which is igreement with XRD results
(section 5.1.1.) confirming the presence of TiO(4®H,O (Tasbihi et al., 2009).
Namely, perchloric acid was used as a peptizingiab@din the synthesis of titania
sol (section 4.2.1.). The broad band below 800"dm assigned to the stretching
mode of Ti—O-Ti (Velasco et al., 1999).

FT—IR spectra of SBA-15, STiI/SBA-15(x) are showrrigure 46(B) while spectra
of KIL-2, STi/KIL-2(x) in Figure 46(C). Spectra @il these samples look similar
without any significant differences, however, sdeetures can be figured out. In the
pure silica samples, the broad band centered & &84% and 3449 cnt is assigned
to O—H stretching vibration of water molecules &idOH groups of SBA-15 and
KIL-2, respectively. After loading titania, thesegks shift gradually to lower
frequencies (3412 crhfor STI/SBA-15(2/1) and 3415 cthfor STi/KIL-2(2/1)) due
to interaction of silanols with titania. The O—Hedthing vibration of Ti-OH groups
should also appear at lower frequencies (Kann#,e2@08; Ding et al., 2005). The
bands around 1090 cfnand 800 crt are attributed to asymmetric and symmetric
stretching vibration of the Si—-O-Si framework, resgvely (Ding et al., 2005). On
the Si-O-Si stretching vibration at around 1090 'cin the samples with titania
loading, the peaks of perchlorate ions are supeseg. This indicates that
perchlorates were not completely removed by washirtpe preparation procedure
of composite materials. Spectra of SBA-15 and KlshBw bands at 966 c¢fand
970 cm?, respectively, which are attributed to Si-O stutg vibration of Si—-OH
groups (silanol groups in the mesoporous materiéParathoner et al., 2006).
Similarly to the shift of O—H stretching vibratiodescribe above, also Si—OH
vibration is gradually shifted to lower frequenciggh increasing Ti/Si molar ratio

from, for example from 964 cthto 960 cm'and from 967 cit to 959 cm' in
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STiI/SBA-15(x) and STi/KIL-2(x), respectively. Theseaks might also correspond
to titanol (Ti—OH) and/or the interaction of titanwith silanol groups forming Si—O—

Ti groups (Perathoner et al., 2006; Boccuti et1889). In the case of samples with
the higher Ti/Si molar ratio (1/1 and 2/1), a br@adO stretching vibration appeared
while for lower Ti/Si molar ratio it was not obsed: It could be due to the fact that
the growth of titania on external silica surfacesvpaomoted after the titania species

had been anchored inside the pores of silicaterraltésee also discussion above).
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5.2.7. The photocatalytic activity towards gaseousopropanol degradation

Figures 47 and 48 illustrate the adsorption capaaitd the formation of acetone
during the photocatalytic degradation of isopropanothe presence of different
samples. Additionally, the profiles of acetone asambropanol in the absence of a
photocatalyst (blank) were included in the graphsall tests at the beginning of the
experiment the UV lamp was switched off to achiere adsorption—desorption
equilibrium. The adsorption—desorption equilibritimes were not the same for
various samples. Some adsorption took place alsbeirabsence of a photocatalyst
sample (onto the surfaces of the reactor systenfjigures 47(A) and 48(A) the time
zero represents the point when the UV lamp waschett on. Before that, there was
no detectable degradation of isopropanol in th& dat nevertheless the isopropanol
concentration decreased, mostly due to the adsaorpfiisopropanol on the catalyst
powders. In the case of SBA-15, MTi/SBA-15(1/1) &®iti/SBA-15(x) (Figure
47(A)) the adsorption capacity of SBA-15 was thghbkst, which corresponds to the
highest surface area of SBA-15 powders. By loadiitf) titania, the adsorption
capacity of the samples decreased, roughly in deome with the decreasing
specific surface area (Table 9). For example, thitase area decreased from 560 to
336 nf g for STiI/SBA-15(1/2) and STi/SBA-15(2/1), respeetiv The adsorption
capacity of Ti—Cl(2.5) is very low which is not puising due to its relatively low
surface area (80 Ty™). The photocatalytic activity of the powders wasessed
according to the value of the rate constaki) (epresenting the oxidation of
isopropanol into acetone. The analysis of data es&d on the following two—step

oxidation mechanism:

Isopropand [ E} - Acetond] 'ﬁ - Further oxidation products (35)

wherek; andk, are the corresponding rate constants. As regasdsrtier of these
two steps, the first step is usually considere@r@-zorder reaction (Munuera et al.,
1971, Bickley et al., 1973) while the second stap be assumed to be a first—order
reaction. These assumptions lead to the followimpgagon for the concentration of

acetone as a function of tim€,((t))
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Corei(t)(zer9 = %(1— e'kztj (36)

2

According to this simplified model, at the time @gk) all isopropanol has been
consumed and the acetone curve exhibits a peak iffraax concentration).
However, it has been shown that the interpretadiothe appearance of peak might
be much more complex than indicated by Eqs. (36)(&6). Besides being created
due to the exhaustion of the supply of isoproparagour to the irradiated titania
surface, one needs to take into account the rexatttso of the acetone vapour upon
the titania. In fact, the process of acetone resiqdion might even be a decisive
step, especially because the degradation rate eibme might be relatively slow.
Larson et al. (1995) studied the photocatalytiaddation of isopropanol on the thin
TiO, P-25 photocatalyst film in the annular reactore fhotocatalytic oxidation of
isopropanol to form acetone is rapid but subsedyexidation of acetone to GO
and HO is slower. The rate of the photocatalytic oxidatito form acetone is
essentially independent of, ©@oncentration above 1 Y%,(apparently because lattice
oxygen is involved in the reaction. The result®abowed that during steady-state
reaction, the degree of partial oxidation to acetd expected to depend on the
concentration of water vapor. Thermal oxidationsofpropanol first formed acetone
which oxidized faster than isopropanol, so thaptiepanol oxidation to COand
H2O is limited by the initial oxidation to acetone.dny case, the initial slope of the
curve is independent of these further complicati@esthe data obtained from this
initial slope are usually quite reliable. In ouseawe use these data mainly for rough
comparison of different catalysts without attemgtia find exact absolute values for
rate constants or exact underlying mechanisms. fféeds ink; for different
catalysts prepared in this study are seen fromeTabl

As expected, SBA-15 did not show any photocatalgtativity. However, the

photocatalytic activity of STI/SBA-15(x) increasley increasing the Ti/Si ratio from
1/2 to 1/1 (STi/SBA-15(1/2) and STi/SBA-15(1/1)ythin STiI/SBA-15(2/1) it

decreased significantly. As shown in XRD resulsc{®n 5.2.1.), the crystallinity
and the number of anatase nanoparticles increabed the Ti/Si molar ratio was
raised from 1/2 to 1/1 resulting in the high phetatytic activity. However, by
increasing the Ti/Si molar ratio further to 2/1the STi/SBA-15(2/1) powder, the
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partial blocking of mesopores occurred and theraatesurface of SBA-15 began to
fill with the high amount of titania, as it is denstrated above from nitrogen—
sorption measurements (section 5.2.3.) and SEMtse@ection 5.2.4.). Therefore,
the photocatalytic activity was the highest in firesence of the STi/SBA-15(1/1)
powders. In MTi/SBA-15(1/1) powder, having the sameninal Ti/Si molar ratio as
STiI/SBA-15(1/1), the adsorption capacity and phatalgtic activity were very low.

It is reported in Table 9 that the MTiI/SBA-15(18gmple has the lowest surface
area compared to other supported samples, whereas the most developed anatase
crystalline structure (Figure 33(A)). As shown bR and SEM results, the
structure of SBA-15 support was completely desuldyg using Ti—-isopropoxide as
a titania precursor. It should be pointed out thathigh crystallinity in MTi/SBA—
15(1/1) sample is also due to the calcination tneat at 300C for 6 h during the

synthesis procedure.

In the case of KIL-2, MTi/KIL-2(1/1) and STi/KIL-&) (Figure 48) there are some
important differences in comparison with samplesg$SBA-15 support. First, the
adsorption capacity of KIL-2 was lower than SBA-dite to its lower surface area
in comparison to SBA-15 materials. The adsorptiapacity of the STi/KIL-2(x)
samples decreased as the Ti/Si ratio increased @mo 1/1 (samples STi/KIL—
2(1/2) and STIi/KIL-2(1/1)). However, it slightlyéneased for STi/KIL-2(2/1) even
though its surface area was slightly lower than/ISlL2(1/1). This can be due to
the interparticle or textural properties of KIL—Atarials. The acetone formation rate
(Figure 48(B)) increased significantly by increasithe amount of titania from
STIi/KIL-2(1/2) to STi/KIL-2(1/1), while at the higlst titania loading, STiI/KIL—
2(2/1), it remained approximately the same. Howeverthe presence of the
MTi/KIL-2(1/1) sample, the adsorption capacity wasy low due to the low surface
area but interestingly, the photocatalytic actiwfythis sample was comparable to
the activity of STi/KIL-2(1/1) powder. Here, thergtture of the support was not
destroyed upon using the Ti—isopropoxide as a psecuFigure 40(e)), also the
hysteresis loop in the nitrogen—sorption measurésnén well evident (Figure
38(A)).

Note that the powders that were prepared using SBAas a support had a higher

adsorption capacity. This can directly be explaifmgdtheir higher surface area.
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Regarding the photocatalytic activity (acetone fation), when the Ti/Si molar ratio
was 1/2 and 1/1, the samples which were prepared) BBA-15 showed higher
photocatalytic activity. This means that the phatatytic activity of STiI/SBA—

15(1/2) and STi/SBA-15(1/1) is higher than the phatalytic activity of STi/KIL—

2(1/2) and STi/KIL-2(1/1). But when the Ti/Si molamatio was 2/1, the

photocatalytic activity of the STi/KIL-2(2/1) saneplvas comparable to the activity
of STi/SBA-15(2/1) (similar acetone formation ratmnstant). The acetone
formation rate constants are summarized for alistlisamples in Table 10. As it is
reported, the acetone formation rate was the higheke presence of the STi—-SBA—
15(1/1) powder, indicating the importance of mamtsg high mesostructural order
of the silica support upon titania loading and iitBuence of keeping the titania

nanoparticles relatively separated and accessible.

We obtained the above results in our specific ptetadytic test condition, however,
Ohko et al. (1998) studied the effect of the ihiiancentration of isopropanol and
UV intensity on the degradation of gaseous isopmopausing TiQ film

photocatalyst in a batch reactor. The incident Wénsity and initial isopropanol
concentration were varied from 35 to 60 mW Tmnd from 0.1 to 100 ppmv,
respectively. They have mapped out a vast ranggmérimental condition, covering
6 order of magnitude of reactant concentration &ratders of magnitude of light

intensity, in the terms of mass transport vs, ligkensity control.
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Fig 47: (A) Dark adsorption of isopropanol (negatie illumination times) and its photocatalytic
disappearance; (B) acetone formation curves in presice of SBA-15, STi/SBA-15(x), MTi/SBA—
15(1/1), Ti—CI(2.5), blank
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Table 10: The acetone formation rate in the presemcof different powders

Sample Acetone formation rate constant,
ki (x10°mol L™ h™)

SBA-15 -
STi/ISBA-15(1/2) 1.07
STi/SBA-15(1/1) 2.68
STiI/ISBA-15(2/1) 1.19
MTi/SBA-15(1/1) 0.25

KIL-2 -
STi/KIL-2(1/2) 0.32
STi/KIL-2(1/1) 1.06
STI/KIL-2(2/1) 1.20
MTi/KIL-2(1/1) 1.02
Ti—Cl(2.5) 0.50

Note: The values fok; were calculated frork; (zero) = G/ t(peak). For all samples, the

value of G is taken as equal to the injected concentratianigh5 x 10° mol L™

5.2.8. The photocatalytic activity towards gaseousluene degradation

The course of adsorption and the photocatalyticratigion of toluene on the
synthesized samples are shown in Figure 49. Duhiagnitial dark periods indicated
by a negative time scale, adsorption/desorptiorcgsses were equilibrated. The
rapid disappearance of toluene in the first 30 ocarresponded to its adsorption on
the surface of particular sample. As one can sdaguare 49, adsorption properties
of different powders were different. In the caseSBA-15 nearly 53 % of the
available toluene was adsorbed while only 8 % t@®fbr STi/SBA-15(x) samples.
The highest observed capacity of SBA-15 correlaiés the highest surface area of
SBA-15 and probably also with its lower polarityngeared to Ti/Si samples (Table
9). Adsorption capacities of STiI/SBA-15(x) were @&sing with increasing Ti/Si
molar ratio. This corresponds well with the obsdrmegative trend of surface area,
which decreased from 560 to 336 gi* by increasing the Ti/Si nominal molar ratio
from 1/2 to 2/1 (Table 9). Adsorption capacity di. k2 was also higher compared to
the STi/KIL-2(x) powders and it was again decregsiith increasing Ti/Si molar
ratio (Figure 49(B)). However, adsorption capaatyKIL-2 was lower than that of
SBA-15 (approximately 50 %) which correlates witteit specific surface area
(Table 11). Also adsorption capacities of STi/SBBAT2) and STi/SBA-15(1/1)
were slightly higher than those of STi/KIL-2(1/2)daSTi/KIL-2(1/1), respectively,
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in correspondence with their surface areas (Tab)eHowever, adsorption capacity
of STiI/SBA-15(2/1) and STi/KIL-2(2/1) were foundrsiar even though the surface
area of STI/SBA-15(2/1) was slightly higher thamttlof STi/KIL-2(2/1). Also
adsorption capacities of unsupported Fi(@i—Cl(2.5) powder) and STi/SBA—
15(2/1) were similar that does not correlate witieit surface areas. It can be
concluded that the deposition of titania on mesopsrsilica lowers surface area of
the resulting materials and at the same time dpelif affects adsorption of toluene

on the surface.

Figure 49 also shows the photocatalytic periochef@xperiments (after switching on
UVA irradiation at time 0). The concentrations ofuene were decreasing according

to first—order reaction (the corresponding ratestants are given in Table 11).

There was no significant disappearance of toluartbe dark experiment carried out
without photocatalyst under UV irradiation (blankinee). The small observed
decrease of concentration was probably due to staonleakage of the toluene from
the closed loop of the photoreactor system. As &xpe the samples of bare
mesoporous silica SBA-15 and KIL-2 did not show phgtocatalytic activities.

There was no absorption of UVA radiation by puteaias well as no absorption of
photons by toluene molecules, therefore no photodata reactions were possible.
As soon as a photocatalyst was added to the systerphotodegradation of toluene
occurred. Photocatalytic degradation of toluene TonCl(2.5) proceeded more
slowly compared to titania immobilized on silicas An example, Ti—Cl(2.5) and
STi/SBA-15(2/1)) can be compared. They showed amdark adsorption but the
photocatalytic degradation of toluene proceeded tibdes faster in case of
immobilized titania (STI/SBA-15(2/1)). The resutit photocatalytic measurements
can not be simply explained by taking into accanly the amount of titania present
in the reactor cell (the calculated amount of tdafor the particular samples is
reported in Table 8). In photocatalysis not onlg tamount of the powder is
important, but many other parameters prevail. Theeosved lower photocatalytic
activity of unsupported titania could be caused thg aggregation of titania
nanoparticles in the absence of the silica supgpattmight reduce the direct contact
of gaseous molecules of toluene on the surface@f Manoparticles. In this way the

realized immobilization was found beneficial for@aseous photocatalytic system.
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In the case of SBA-15 and KIL-2 supports, the hsgipdotocatalytic performance
was found for samples with the Ti/Si molar rati@.lt should be remembered in this
respect that a constant amount of 0.1 g of thequatalyst powder was loaded into
the reactor cell for each experiment regardlesthefTi/Si molar ratio. It means at
the same time that the amounts of T{@esent in the reaction system depended on
the Ti/Si molar ratio as given in Table 8. In spdé€ this fact, the following
explanation of the observed trend could be propo3éeé silica surface was not
completely covered by titania in 1/2 compositesatlis why their photoactivity was
lower compared to 1/1 composite, where the covesingjlica surface by titania was
higher. When the amount of titania was additionallyreased in the 2/1 composite,
aggregation of titania on silica surface alreadyuoed causing the observed
reduction of the photocatalytic performance. Oneld@xpect that the photoactivity
would become similar to that of unsupported titaflia-Cl(2.5)) if more titania is
additionally loaded. Kuo et al. (2009) studied pgimtocatalytic removal of gaseous
toluene in the fluidized-bed reactor using FHdated activated carbon (AC/Tias

a fluidizing medium. The toluene concentration viesween 200 and 1000 ppm.
The amount of the Ti©coating on AC was changed from 0 to 20 wt. %. Wiien
TiO; loading increased from 0 to 13 wt. %, the toluegr@oval efficiency at steady
state increased. However, when the Ji@ading increased from 13 to 20 wt. %, the
toluene removal efficiency decreased. They fountlvat by increasing the amount
of TiO,, too many TiQ particles were coated on AC surface and hencerssggd
the adsorption of toluene transferring to 7TiQor photoreaction. In their
photocatalytic reaction test conditions, the bektene removal efficiency was found
when the loading of Ti©on the AC was 13 % and the relatively humidity \88s%.
Méndez-Roman and Cardona-Martinez (1998) also exfuthie various oxidation
products on the surface of Ti@-25 and 8 % SiETiO, binary catalyst in the
photocatalytic oxidation of gaseous toluene usmgiiu FT-IR spectroscopy. SiO
TiO, binary oxide was prepared by co-fuming the Si @ndhlorides and contained
only 8 wt. % SiQ and 92 wt. % Ti@ P-25. The adsorption capacity of toluene was
also increased in the presence of a binary-Si0O, photocatalyst. They have shown
that the Si@TiO, photocatalyst was more active and deactivatedesidghan TiQ

especially in the presence of water vapor.
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The intermediates which are adsorbed on the surtdc@hotocatalyst in the
photocatalytic degradation of toluene depend onrélaetion parameters, especially
the relative humidity (RH) of the reaction envirogmh. Sleiman et al. (2009) found
that benzaldehyde, benzoic acid, and traces ofdmenand formic acid are formed
on the surface of TiIOPC500 (100 % anatase) at high and low RH levebuincase
the only gaseous by—product, which was detected, @@, which is the final
degradation product of toluene oxidation, but thergitative measurements of

evolved CQ were not done.

The color of the powders was changed after phaabdat reaction tests. It was
probably associated with an accumulation of polgemsed aromatic intermediates
on the photocatalyst surface according to the teguiblished in (Barraud et al.,
2005). The color of STI/SBA-15(1/2) and STi/KIL-2Z) changed less than that of
STiI/SBA-15(1/1) and STi/KIL-2(1/1), which becamdight yellow. The color of

samples with the Ti/Si molar ratio 2/1 was even engellowish despite the slower
toluene photodegradation. To obtain more detaitddrination, an analysis of the
organics deposit needs to be performed. The cdltireoTi—CI(2.5) catalyst changed
from cream to light brown upon irradiation that hmiglso be due to accumulation of
polycondensed aromatic intermediates (Barraud .et28D5). One of the possible
explanations for differences in color appearanaddcbe the presence of silica. The
deposited intermediates degraded faster on titaviigch is in a close proximity to

silica (maybe silica prevents the deposition of titaylers of organic intermediates).
Therefore the unsupported titania (sample Ti—-C)(Z2aBd 2/1 supported titania

changed the color the most dramatically.

Guo et al. (2008) studied the photocatalytic degtiad of toluene on the TiP-25
and TiQ-activated carbon fibers (TACFS) in a stainless steel environmental
condition controlled chamber. The effect of theimas relative humidity (RH) levels
(15 %, 30 %, 45 % and 60 %) on the catalyst deatitin was studied. Interestingly,
no catalyst deactivation was observed under anyc&Hlitions. The exposed ACFs
served as adsorption centers of the toluene, waer intermediates, allowing
intermediates to accumulate on the catalyst susfatteout hindering the interaction
between toluene and water. They believed that tackictive sites is the reason for

deactivation of catalysts and the negative effégtaier under high RH.
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Pengyi et al. (2003) studied the degradation ofitlelevel gaseous toluene in the
Os/UV, TiO,/UV and QJ/TiO,/UV processes. The effects of the inlet concermati
of toluene (1-20 ppmv), flow rate (1-5 L niy relative humidity (20-60 %) and UV
light wavelength (254 nm and 365 nm) on the conwearsf toluene in the three
processes were examined. The J@/ and QJ/TiO,/UV processes were slightly
affected by the relative humidity in the range 6t55 %, the optimal humidity was
around 35 % under experimental conditions studigte TiO, photocatalyst film
used in this study was prepared by a modified sbirgethod. The results obtained
have shown that thesO10,/UV process was the more efficient one than th&J$,
TiOo/UV processes and was the most steady and apmigabcess among them,

avoiding photocatalyst deactivation and reducirgideal ozone concentration.

For comparison of our samples with commercial ptatalysts, a Millennium
PC500 was chosen since it had a comparable BETacgurbrea and similar
fluidization behavior in the reactor cell as ourtemmls. Adsorption capacity of
Millennium PC500 was comparable to that of our daswith Ti/Si molar ratio 1/2,
however, its photocatalytic performance was as hglior the samples which were
prepared by Ti/Si molar ratio 1/1. It should be trmmed that PC500 is, as a highly
crystalline material, a better photocatalyst theanunsupported titania prepared by a
low—temperature synthesis. Therefore its fastectima of toluene degradation
compared to low—temperature prepared titania wasugrising. Nevertheless, we
showed that even low—temperature titania can becbigely photoactive when

adsorbed to an appropriate substrate.
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Table 11: Dark adsorption capacities and photocatagtic rate constants of used powders

Sample Dark adsorption capacity Rate constant of photocatabl/tic
(% of adsorbed toluene) degradation of toluenek (h™)
SBA-15 52.7 -
STi/SBA-15(1/2) 20.5 0.216
STi/SBA-15(1/1) 16.1 0.724
STi/SBA-15(2/1) 8.7 0.399
KIL-2 49.4 -
STi/KIL-2(1/2) 17.6 0.183
STi/KIL-2(1/1) 14.6 0.574
STi/KIL-2(2/1) 8.7 0.397
Ti—Cl(2.5) 8.9 0.034
Millennium PC500 18.6 0.685
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Fig 49: Concentration of toluene measured prior t@and after turning on the UV lamp for (A)
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124



5.2.9. Regeneration of the partially deactivated pdtocatalyst

As it is mentioned in section 5.2.8., the colottled STi/SBA-15(1/1) and STIi/KIL-

2(1/1) changed from white to light yellow after tieaction, indicating that the
catalysts were partially deactivated. The changeldrcof used photocatalysts is
directly associated with the accumulation of intedmtes on the surface of the

photocatalysts.

In the regeneration process, the used photocatalyste exposed to the UV in
uncontaminated flowing air for 2 h (the same floater which was used for
photocatalytic degradation of toluene, 0.2 L WinFigure 50 shows the adsorption
and photocatalytic degradation of toluene on tleshrand regenerated STi/SBA-
15(1/1) and STi/KIL-2(1/1) powders. In the Figur@, resh, once regenerated and

twice regenerated samples are compared.

As it is indicated, the differences of the adsampticapacity and photocatalytic
activity of fresh and regenerated STi/SBA-15(1/bwders were not significant.

However, the photocatalytic activity of STi/KIL-2() powder decreased by
regeneration. It is believed that the formed intdiates during the reaction can not
be completely removed from the surface of the ptetedysts, which might be due to
the different structure of the KIL-2 supporting mals and hence possibly stronger

interaction with the intermediates.
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Fig 50: Concentration of toluene measured prior t@and after turning on the UV lamp for (A)
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VI. Conclusions

The nanorystalline Ti@sol and powders were prepared from titanium tetoace

by using the low-temperature sol-gel method. Adtetaining the refluxed sol, the
solvent (water) was evaporated and the final povedesisted of TiQ with some
amount of the acid. The remaining acid in the pawatevents the aggregation of
synthesized Ti@particles; therefore the as—prepared samples ealispersed freely
in the aqueous solution obtaining stable, transitiaad even transparent sols also in
concentration of Ti@as high as 2 mol . The properties of the prepared samples
depend mainly on the type of the acid and lesgguantity. Using HCIQinstead

of HNOs as the peptizing agent resulted in approximatety times smaller colloidal
particles of TiQ in the obtained sol. This correlates well with BEBults, where the
surface area of Ti—Cl powders was approximatelgewiigher than the surface area
of the Ti—N powders. The photocatalytic activity T, prepared by using HCIO
was approximately 1.5 times higher than the agtioftsimilar catalysts prepared by
using HNQ. Due to the fact that the anatase crystallite gize similar in powders
prepared with HCIQ and in powder prepared with HNOit is supposed that a
smaller size of aggregated colloidal particles gueous solution presents the main

reason for better photocatalytic activity of HGidased TiQ.

Afterwards, in order to increase the photocatalgtitivity of the as—prepared TiO
powder in gaseous phase, titania—containing orderedl disordered mesoporous
silica (SBA-15 and KIL-2) have been synthesizedhwdifferent Ti/Si nominal
molar ratios (1/2, 1/1, 2/1) using sol-gel impregra method. Aqueous
nanocrystalline titania sol was used as a sourdgasfia (photoactive component)
while silica mesoporous materials were employe@ d&sgh—surface area supports.
For comparison, titanim isopropoxide in acidic $on was also used as a source of
titania. The adsorption capacity and photoactivofypowders were investigated
towards photocatalytic degradation of gaseous t&luen a fluidized—bed
photoreactor which was constructed for this purpd$e properties of the prepared
samples depend on titania precursor, preparatioitons and the type of the

framework of the mesoporous silica materials.

The results reveal that ordered mesoporous SBAydé&dnd disordered mesoporous

KIL-2 type with textural porosity has a major effen the structural properties and
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photocatalytic activity. It can be seen that thdeorof the SBA-15 framework was
maintained upon impregnation with nanocrystallitenia sol while it was destroyed
by using Ti—isopropoxide. The increase of Ti/Si amalatio led to decrease of the
surface area and random dispersion of titania remtiofes inside the channels of
SBA-15 thus narrowing parts of the mesopores of SBA Further increase of
titania amount results on the growth of the titgoaaticles on the external surface of
the silica support. The adsorption capacities @& thania containing SBA-15
powders are in concurrence with the surface ardahwk decreasing by increasing
the titania amount (the growth of anatase plugsdenshe channels of SBA-15
materials). Thus the total capacity to adsorb toduis the highest in the presence of
SBA-15, which is in agreement with the highest atef area of SBA-15 and
decreases with the growth of the titania nanogegidue to partial blocking of the
mesopores. The adsorption capacities of titaniaatwing KIL-2 powders shows the
behavior similar to the titania containing SBA—8th an exception of powder that
was prepared with Ti/Si molar ratio 2/1 and supgebr{immobilized) on KIL-2,
where the adsorption capacity was higher than égdedhe photocatalytic activity
depends on the accessibility and the number afisitaanoparticles. In powder that
was prepared with Ti/Si molar ratio 1/1 and supgariimmobilized) on SBA-15,
the loading of titania was not too high to decreaseessibility and not too low to
ensure sufficient quantity of active nanopartidtasreaction, therefore among all the
investigated samples the photocatalytic activity Wee highest in the presence of the

powder which was prepared with Ti/Si molar ratih &hd SBA-15 as a support.

The photocatalytic degradation of isopropanol isegais medium results show that
the adsorption capacity of isopropanol is the higlire the presence of the SBA-15-
supported materials. The photoactivity results dath that the powder which are
prepared using SBA-15 and a nominal Ti/Si molaioraf 1/1 are the most active

toward isopropanol oxidation.

As a conclusion the photocatalytic activity reswlbdained from two different solid—
gas photoreactor systems confirm the beneficidemice of the mesoporous support
on the low—temperature prepared titania for theoreahof an organic contaminant
from the gaseous phase, in the dark adsorptionetisa® in the photocatalytic stage

of the process.
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The main results of my Ph.D. work were publishethini three original scientific
articles in the peer—reviewed international jousnal

1- Tasbihi M., Lavrewi¢ Stangar U.,Cernigoj U., Kogej K. 2009. Low-—
temperature synthesis and characterization of s@at@® powders from

inorganic precursors. Photochem. Photobiol. Sciz18—725.

2- Tasbihi M., Lavreti¢ Stangar U., Sever Skapin A., Ris\., Novak Tu3ar
N. 2010. Titania—containing mesoporous silica pawdstructural properties

and photocatalytic activity towards isopropanol rdeigtion. J. Photochem.
Photobiol. A: Chem., 216: 167-178.

3- Tasbihi M., Lavreti¢ Stangar U.Cernigoj U., Jirkovsky J., Bakardjievac, S.
Novak TuSar N. 2010. Photocatalytic oxidation ofse@us toluene on
titania/mesoporous silica powders in a fluidized-beactor. Catalysis
Today, doi:10.1016/j.cattod.2010.08.015.
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