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Zusammenfassung

Die Erhohung der Effizienz von Photokatalysatoren mitietsarchischer Strukturierung mit
geordneten mesopordsensilikatischen Materialien wurde untersucht. Dazu wurden geordnete
mesoporoseSilikate mit unterschiedlicher spezifischer Oberflache, Porengréf3e, Porenvolumen
und Porendimension hydrothermal synthetisiMCM-41, MCM-48, KIT-6, SBA12, SBA

15, SBA16 und FDU12. Die Praparation der hierarchisch strukturierten Photokatalysatoren
erfolgte  mechanehemisch durch Mischung und Mahlung mit der katalytischen
Kompoment&gVO3/g-CsNsund  anschliel3ender thermischer NachbehandlukgyOs/g-

CsNs wurde ebenfalls mecharahemisch aus den Einzelkomponenten prapariert. Die
erhaltenen komplexeAgVOs/g-CsNs/MesoMaterialien wurden hinsichtlich ihrer Struktur,
Porositat und Morphologie mitteRD, FTIR, SEM, TEM, SAXSund StickstoffAd- und
Desorption charakterisiert. Die Dispersitat des Katalysators wurde zusatzlich mittelsElement
spezifisches Mapping(EDX) vermessen. Die Kkatalytische Aktivitat wurde mittels
photokatalytischen Abbaus von Ibufen unter anwendungsnahen Bedingungen wie
niedriger Schadstoffkonzentration, niedriger Bestrahlungsintensitat mvislV und
sichtbarem Licht (Tageslicht bzw. Raumlicht) sowie niedrigem Katalygat@chadstoH
Verhéltnis untersucht und mit der von Titaoxid und Zinkoxidbasierten Katalysatoren
verglichen. Der Gehalt der mesoporésen Komponente wurde variiert. Die oxidative Offnung
des aromatischen Ringes wurde M spektroskopisch verfolgt. Die Mineralisation wurde
mittels TOGMessungbestimmt. Die beligiten photokatalytisch aktiven Spezies wie
Elektronenlécher, OH und Hydroperoxid Radikale bzw. SuperoxiBadikalAnionen
wurden mittel s Zu\oatezkessl ewnain Auct aevr esnugcehrt . Di e
dass die hierarchische Strukturierung zueeiteutlichen Steigerung der Effizienz der
Photokatalysatoren und damit zu einer erheblichen Materialeinsparung (Ag) fiihrt. Aul3erdem
ist die Abtrennung des Katalysators von der Reaktionslosung verbessert. Die mikroskopischen
Untersuchungen zeigen, dass didfizienzsteigerung auf eine erhodhte Dispersitat der
katalytischen Komponente beruht. Diese ist teilweise schalenférmig auf dem Trager
angeordnet. Dadurch erhoht sich der Anteil der zugéanglichen Oberflache an der bzw. in deren
Nahe die Photokatalyse abl&uDer Stofftransport zum Katalysator ist verbessert. Die
Katalysatoren zeichnen sich durch eine geringe Bildung von Nebenprodukten aus und sind
aktiv mit sichtbarem Licht.Mittels der hochaufgeltsten SBNMersuchungen konnte erstmals
festgestellt werdergass es sich bei den mesoporésen Silikatenum Mesokristallehandelt, die
aus kleineren sulmikrometer und nanometegrol3en agglomerierten Partikeln bestehen

(kein Vollmaterial).



Summary

The enhancement of the efficiency of photocatalysts by hierarchioatising with ordered
mesoporous materials was investigated. For this, mesoporous materials of different pore
structure and porosity were hydrothermally synthesi¥#dM-4, MCM-48, KIT-6, SBA-12,
SBA-15, SBA16 and FDU12. b-AgVO3/mpgCsN, Core Shell catalysts and composites
were used as photocatalytic component. For comparison ZnO antmégdporous silica
composites were involved. The hierarchical structured photocatalysts were prepared
mechanechemical by mixing and milling of the singleomponents solvent free. The
materials were characterized according the structure, textural properties, chemical
composition and the dispersion of the catalytic components using XRD, SEM, J&XS,

EDX, FTIR, and N adsorption/desorption. The photaalgtic activity of the materials was
tested in the degradation of ibuprofen under reliable conditi@s I¢w pollutant
concentration, low catystIBPratioof 4, low intensity sun and room light equivalent
irradiation). Reaction byproducts werestudied by ESFTORMS and the contribution of
different reactive oxidation species (ROS)uc h as hydroxyl radi cal ¢
radi cal ypamd lwless(h wad iBvestigatedy using scavenger experiments. As a
result, highly active Core Shadhd compsite catalysts were obtained with superior UV/Vis

and visible light activity. The efficiency of the photocatalysts could be markedly enhanced by
hierarchical structuring with ordered mesoporous materials. The reason is an improved
dispersion of the catalgt component on the mesoporous material allowing better access of
hazardous contaminants to the catalyst #r@lenhanced mass transfer to and from the
catalyst surface. The porosity of mesoporous materials had minor impact on the efficiency

enhancement.
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1. Goals andObjectives

1.1.Goals

Removal of low concentrated organic and pharmaceutical pollutants from
contaminated wateby solid state semiconductor photocatalyst for drinking water

supply,

Improvement of photocatalytic performance of Zn@O, and-AgVO3/mpgCsNy

Core Shell catalyst by hierarchical structuring with mesoporous silica to improved
accessibility and mass transfer,

Preparation of composite and of complex advanced inorganic composite nanomaterial
(ACIN) photocatalysts by mechammtiemical solvent fresynthesis, and

Testing under reliable (practical) conditions as low pollutant concentration , low
catalyst to substrate ratio (use of low catalyst amount), sun light equivalent radiation
power instead of higher power UV light irradiation, use of low irdevisible light

(room light lamps).

1.2 Objectives

This study focuses on preparation and characterization of the suppisitdd Mght active

photocatalgts, and heir detailed investigation of UVis photocatalytic performance. The

main objectives are:

1
1

Synhesis and chargarization of mesoporous siliedgth tuned porosity for supports,

Development of visible light active photocatalytic materials based on mesoporous carbo

nitrides and silver vanadate

Development of supported photocatalysts based on meagpsupports and photocatalysts such
asZinc Oxide, Titania and visible light actiie-AgVOs/mpgCsN,4, and testing of the supported
catalyst for possible photocatalytic potential, suctbasgVOs/mpgCsN4)/mesoporous silica,

Detailed investigation of thehotocatalyticabatemenand degradation of pharmaceutical
organics such as ibuprofen, at low concentration and low irradiation @mdeletecting

the formation of intermediates

The contribution of active speciesalence band holes (h hydroxyl (OH) and
superoxide /()/hydroperoxyl {OOH) radicals) to the photocatalytic degradation of
contaminants has been studied by the addition of the scavengers EDTAROOH
("OH), and 1,4BQ (/ ™ or "OOH), and



=

Comparisonof the photocatalytiperformance ofb-AgVO3s/mpgCsN,) composites and of
c o mp | -&g¥Os/fapgCsNs)/mesoporous silica photocatalyststh that of ZnO and

titania as well as ZnO and titania /mesoporous sil@aposite photocatalysts.

1.3 Approach
Catalyst preparation, characterization and photocatalytic testing

Synthesis of mesoporous graphitic carimgtride with the help of soft templates thermal

polymerization at 600°C

Physical mixing and milling obetasilver vanadate and mesoporous graphtrbm
nitride resulting with different percentage of Agy¥y®pgCsN, composite visible light

active photocatalysts

Preparation of mesoporous silica with tuned porosity from small pores to large pores with
1D, 2D and 3D pores system, such as SIRASBA- 16, FDU12, KIT-6, MCM-41, and
MCM-48,

Physically mixing, milling and thermally treating of phot&lysts with mesoporous

silicain different percentage ratios tuning for best photocatalytic activity, such as
1 ZnO/mes@orous silica materials
1 TiO2/mesoporous silica aterials
1 (AgVO3s/mpgCsNg4)/mesoporous silica aterials

Detailed study of the photocatalyterformanceof each composite photocatalyst in
photacatalytic degradation of Ibuprofen (IBPunder practical andeliable conditions
(low concemration of substrate and low ratio of catalyst to substratéh sunlight
equivalent UWis radiation.



2. Introduction

2.1 General

The remediation of hazardous organic contaminants from polluted drinking water is highly
required to reduce imct or directhealth problemd” Amongvarious pollutantsorganic
compounds like pharmaceuticals, dyamtaining aromatic hydrocarbons (aromatic rings)
have impacted seriously on natural ecosystems and public .Wédfithese hazardous
compounds often contaiaromatic hydrocarbon units and may have a severe impact on
humandés and aquatic systems in the environi
among others numbers of biological compounds are not eliminated in wastewater treatment
and also not biodegradein the environment” Many pollutants are present in very low
concentrations within the lower pppb-ng/L scale. A couple of active compounds such as
antibiotics and contraceptives have extremely high biological potency even at low
concentration dowrno the ng/day doses. They are enriched in the body and unpredictable
cross effects with other hazardous low concentrated contaminations can occur. Therefore,

even concentrations, which are low as 1 ng/L, cadangerous”

Mainly physical, chemical, anbiological treatments are used for the removal of organic
pollutants from water for drinking water productitf'In the chemical treatment oxidizing
chemicals as chlorine or ozone are used for the elimination of organics and colors. Due to the
high coss, there are limitations for the use of these ABBsContrary to chemical methods

in biological treatment of organic pollutants enzymes are used to degrade organic pollutants.
Due to high poisonous nature and resistivity of pollutants to microbes thiakprocedure

less active for full abatement of pollutarit€! Physical treatments including conventional
processes such as reverse osmosis, adsorption on activated charcoal or flocculation are unable
to degrade eliminate or degrade completely but @iy transferring the pollutants to
secondary form which may be more dangerous than preliminary pollutants. In general with
applications of these processes 95% of these contaminants remain in the water. Pure
ground water resources are limited. Rekalgrocesses to recycle water for household,
industrial and agricultural use are highly required. There is a strong need for new advanced
drinking water treatment technologies based on innovative research for economic,
environmentally friendly and effectiwgater mineralization technologies to produce harmless
clean water.

Beside these methods advanced oxidation processes (AOPs) are of potential for the
remediation of organic pollutantd Highly oxidative species are produced and utilized for

3



thedegradai on of organi cs. Hy d r o x 3 &nd otherdspeciesbre  ( A O
formed and used by heterogenephstocatalysis'® This process allows full mineralization

of organics to C@and water. Lowcost materials such as Ti@nd ZnO ardJV light active
photocatalysts”

Due to the availability of sufficient sun light and growing demand for sustainable renewable
energy sources, sunligdtiven systems such as photocatalysis, photodegradation,
photovoltaics etc, have been extensively igdand still under development!
Photocatalysis with solid semiconductors is considered to be an attractive and sustainable
technology with high utilization potential for the degradation of water pollutants. It needs no
additional chemicals, and theonhazardous photocatalysts can be separated andete
Photocatalysis has been explored rapidly after the report of Fujishima and Honda for water
splitting under UV radiation$?For the remediation of hazardous materials from polluted
water, photocatgsis with semiconductors has been investigated with much
attention®Photocatalysis is neselective which can decompose a broad range of organic
moieties such as alkenes, phenolic compounds, aromatics, organic acids and amines and also
inorganic compouts. Especially cyanide or nitrite can be degraded. Suitable possible
applications are in low concentration range.

Semiconducting metal oxides such as specially ZnO andar&potential photocatalysts for

the remediation of drinking water from organic Iptdnts. They are available, not poisonous,
environmental benign and not soluble in water and stable (ZnO is less stable). But still low
efficiency due to the low quantum efficiency and small spectral range of light sensitivity i.e.,
in UV range. Othesystems like CdS, ZnS, SaOFe0s;, BiPO,;, BiWO3; and WQin part
hazardous, less stable or show much lower activity. Carbon nitride is new visible active
photocatalytic material for water remediation, but its photocatalytic activity is still not
sufficient exen the activity might by larger than that of tungsten containing materials. This
challenge requires the improvement of available photocatalysts and the development and
searching for new photocatalyticaterials!™® Thereforethis study focuse€N, TiO,, ZnO,
Supporting in mesoporous silica involvirgenign available andtable, ZnOless stable
because other system poisonous. Therdfosestudy focuses on development of visible light
activity photocatalytic materials. Specifically this work aims to pre@erarchical structured
b-AgVO3s/mpgCsN4 Core Shell photocatalytic structures by solvigae mechanahemical
method and to compare it with commercial 7iQZnO photocatalysts which catalytic

performance was also improved by supporting on mesopordesiata



The study is not only concentrated to binary system but is extended to the ternary system
b-AgVO3/mpgCsN4/SiO, composite nanoparticles, with large specific surface area, which are
synthesized by the application of a solid state meclchemical nxing of
b-AgVO3s/mpgCsN4 or ZnO and TiQ with mesoporous silica. It will be shown that
mesoporous silicgupports markedly enhance the dispersion and, therefore, accessibility of
the catalytic component. The photocatalyaictivity of the synthesized nanoparticles was
evaluated in the photodegradation of Ibuprofen (as a model for pollutants in wastewater).
Attention has focused on the decomposition and mineralization of IBP at low concentration at
low catalyst to substrateatio of 4, with room light active visible irradiations or low UV
irradiations. e contribution of active species and formation epbyducts, the formation of
intermediates during the photocatalytic treatment was thoroughly studied. Obtained Core
Shell and composite materialwere characterized by XRDSEM, TEM, SAXS, EDX,
UV/Vis/DRS, and BET analysis.

2.2 State-of-The-Art

Water Treatment The problem of emerging hazardous pollutants in water is very dangerous
even they occur in very low concentrations. The development of new technologies for the
removal of these contaminations is a new challenge. Pharmaceuticals often appear in lower
(lower ppm to ppb) concentrations and were detectesh éw ground and drinking watgf!
Conventional water treatment systems are not able to remove these contaminants sufficiently
by applying biological treatment and adsorption on active cdfb®fiThereis a lack of
knowledge about treatment of such low concentrations and the behaviour of small
concentrated solutions regardingdsorption and mineralizatiéh. Some methods for
oxidative decomposition of organic compounds like pharmaceutical are avalatiieas
ozonation, chlorination, oxidation with,B,. However, they require often chemicals, soluble
homogeneous catalysts and they are lessfremadly. New advanced oxidation processes
(AOP) are rquired to address this problefi*”

Advanced oxidatiorprocesses (AOPs) with the use of high oxidation potential species such
as, hydroxyl r adi caand othersaeles allovs fup rmimemlicatioheof ( A O
organics to C@ and water ¥ Low-cost materials such as TiGand ZnO are active
photocatalysts with relative high chemical stability. However, the titania and zinc oxide
photocatalysts suffer from efficiency due to low quantum yield, charge separation and limited

use of the spectral range of the sunlight which is limited to the UV [daw available carbon



nitride based photocatalysts show visible light response but suffer from photocatalytic
activity.

Materials: Thevisible light response of titania could be improved by doping with metals (e.qg.
Ni, Co, Ga, Ta, Cr. V, Mn, Fe, Mo, \WRu, Pt, and nometals (e.g. B, C, N, S, O, P,
F).51™8But for practical application still further improvement is required.

Several other materials for example BiOCI, AgyOraON, TaNs, ¥ CaBiOyo, *
Stp.2Bi0.7801.36 22 AgsP Oy, 24 BiVO,, ¥ or polymeric carbon nitride M, are shown to be
visible light active photocatalysts for the degradation of organic pollutBotsstill these
photocatalysts suffer from rapid recombination of pky#oerated electrdhole pairs
resulting in low photocatalit activity. Because of the unique electronic structure, $0gNy,

could act as a candidate for coupling with various functional materials to enhance the
performance. A couple of composite catalysts based on-@®lgsingle meal oxide (metal
sulfide) heterqunction, the ¢CsNs/halide hetero junction, -GsNs/composite oxide, g
CsN4/noble metal hetero structures, th&€gN, based metalree hetero junction and the g
CsN4 based complex system have been prepared and investigated in order to further increase
the activity of the mesoporous graphitic nitridepgCsNa. Core Shell Ag C3N4,?? binary

CaNa/ AgaVO., 2T AgsPOYCaN4PIAGX 1 CaN4PISmVO, 1 CoNL,PAtALaVO, / CsNs, mALaY

04/ CsNa®¥andternary systems such a&g/AgsPOJ/GZsN4EY Ag/ AgVOs/ CaNg Y
gACsN4 / Ag / TiO,,23with low carbon nitride loading. However improvements achieved with
carbon nitride composites are still not sufficient for visible light application. These materials
contain large amounts of expensive noble metals and resulted with low atomic efficiency and
complicated preparation methods.

Different types of silica containing composite materials are reported which are prepared by
solgel, impregnation or cprecipitation methods such as 4800, TiO,-SiO,, CrOy/TiO,-

Si0,, V,0s/TiOx-Si0,, Rh/TiO-SiO,, NifTiO--SiO,. ¥ Most of them are nonporous.
Impregnated mesoporosgica often show low activity*>¥ Ordered mesoporous silica carbon
nitrate composites with a variety of different mesoporous silica strustnesnot reported to

our knowledge. Mostly such aterials are used as heterogeneous catalysts in different types
of organic synthetic reaction$® Some reports have shown increased photocatalytic
efficiency of these supported catalysts compared to the single photocatflystsvever

these materials ra embedded in neactive silica which hinders irradiations to active
photocatalytic sites. Great efforts are devoted to improve the charge separation falgetron
pairs) [** Metallic or normetallic doping and supporting metal nanoparticles are used to



reduce recombinatioi®*” Metallic nanoparticles have lower Fermi energy than that of the

semiconductors, resulting in electron capturing via Schatthyact.

Reaction condions: Most ofthese studiearefocussed on theasierdecolourization ofdyes

such as methyl orange, methyl blaledrhodamine B while mch less attention has focused

on the decompositioand mineralizatiorof recalcitrant materials such as pharmacaeigimn

low concentrationsOften huge amount of catalysts are used to decompose small amounts of
pollutants (catalyst to substrate mass raao 100).Further there is a lack of practical and
reliable conditions for photocatalytic testing. Mostly huge lgatao substrate ratio is used.

And the power of irradiations is mostly higher above 300 watt lamps. So a quick reaction is
needed to understand completely the photocatalysis in low concentration, low catalyst to
substrate ratio and low irradiation pow&upporting catalysis is one of the phenomena to
improve the dispersion of the active photocatalysts sites. Supporting catalysts will prove to be
easily recovered and purification. Recycling of the materials will be easy, economical and
environmentally fiendly, resulting in saving energy and materials. Supporting catalysts will
improve the transferring of active species to the surface of photocatalysts which results in
reducing charge recombination and improved photocatalysis. Supporting photocatdlysts wi
help in increasing the efficiency with respect to single ingredients. Composite formation has
shown an important strategy to reduce the charge carrier combination of active
semiconductors. The photo excited electrons are transferred from semicondac&ds

carbon containing materiat&®

2.3.Theoretical Background

2.3.1 Solid State Semiconductor

The transfer of electrons from an electron donor (reductant) to an electron acceptor (oxidant)
is known as oxidation. In oxidation processesing oxidants used species may be radicals,
having high reactive unpaired electron which can initiate oxidation reactions. The strength of
an oxidant is related its oxidation potential. Some Wetwn oxidants are hydroxyl radicals

( AOH, 2. 7 qOs;&97eV), fluazire (Fe2.85 eV), and chlorine (Cl, 1.49 E%).

Advanced oxidation processes for the degradation of organic pollutants in water often use
species such as 0zones{00s/H,0,, UV, Oy/UV, UV/H,0,, and Q/UV/H,0,.? In case of
photocalgis so called reactive oxidative species (ROS) haglroxyl radicals OH’S),
hydroperoxyl radicaIsAtDOH) and Super oxide (oxygen radical anionsf}[@re involved in

the oxidation process, which are formed in situ by the photocatalyst. Photocati#fyesis
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from other AOPs by the use of semiconductors and light energy instead of external expensive
oxidants such as#,and Q (Esplugas et 312009.The effectiveness of the AOPs is related

to the formation of a high number of hydroxyl radicals and higitjve electron holes’h

Total mineralization of organic compounds is achieved by complete oxidation to carbon
dioxide and water at the end of treatmé&

According to Herrmani* the photocatalytic degradation of pollutants proceeds in 5 steps:

1i Mass transfer of reactants (contaminants) to the catalyst surface,

2i Adsorption of the reactants on the catalyst surface,

3i Photochemical reaction on the surface,

41 Desorption of the reaction products from the surface,

51 Mass transfer of the photocatttyoxidation products from the catalyst surface into the
fluid.

2.3.2 General Mechanism of the Photocatalytic Process:

The electronic band structure of semiconductor materials consists of two bands. Highest
occupied energy band denoted as valence band ¢@Bssts of electrons available while
lowest unoccupied band are denoted as conduction band (CB). The energy difference between
the VB and the CB is called band gap enefgg) of the semiconductor. The excitation of a

VB electron to the conduction band leadsthe formation of holes in valence band and
accumulation of electrons occurs in the conduction band. The whole process proceeds in three
steps: i) phot@xcitation of charge carrie(slectrong,(ii) charge carrier separation (formation

of electron holgairs (€- h") and its diffusion/migration to the photocatalyst surface;(@hd
thereaction ofelectrons and holes with adsorteectron acceptors and don&%? Thereby,

ROS are formed and organic molecules are oxidized or red@ea@rakeactionmechanisms

areformulatedasbelow in scheme 1.



e-h" pair formation:

TiOy+h3 YTiO,+ech' +h*
e'+0,+H'Y Ti0,+HO,
e'+H,0,Y OH' + OH*
20'%2H,0Y H,0,+20H' +0,
Hole trapping:

h*+H,0 ¥ OHM+ H
h*+OH'Y OH"

Oxidation of organic pollutants:
Organics + HOMY CO H,0
Noni productive radical reactions
e+h"+TiO, Y Tj+Deat
Recombination:

20H" ¥ 0,

2H0, ¥ 0,

2HD, + H,0,Y2 ,8+0,

Energy N.\.

/ «OH

03

F4 T ———————ee
Photoreduction
LU:

e~ + H;0; - “"OH + «OH

O

TiO,

Recombination

Excitation
e__________

«OH + R

VB ®_) H,O/ OH; R

Photooxidation

«OH; R +

- intermediates — CO; + H,0

Scheme 1: Photocatalytic reaction mechanism.

Formed CB electrons and Vi®oles react with adsorbed organic species, water or dissolved

oxygen in contact to the surface of the particle, resulting in the formation hydroxyl radical

(AOH), hydroperoxyl or superoxide radicals, hydrogen peroxide, orgaxidation products

and otters!*/To achieve photocatalytic degradation of organic compounds by oxidation, the
valence band (VB) and conduction band (CB) edge positions of semiconductors should be
located in such a way that the redox potential of reacting molecule, e.g. watern axyge
other organic molecules are located within the band gap of the VB and CB of the
semiconductorRig. 1).*®In other wordsto oxidize an organic substrate, its redox potential

must be negative than the redox level of the plyateerated hole, in resuktducing the h

and itsdéf converting to organic cabn. If the consecutive reactions of organic cat are
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faster than electron accepting, substrate proceeds to product formationsvMieaih water
adsorbs or reduces the hole, it changes it 8@ or OH ions followed by oxidation of
organic moieties. The electron is taken up by an oxidizing agent, normally the adsorbed
oxygen. The charge separation efficiency, i.e. the formation of lastindy’epairs, can be
diminished by recombination of photgenerated charge carriers and results in release of
energy in form of heat or luminescence. Either excited electrgnmp back into VB holes

(h") directly or are trapped icrystal defect siteé”

o
g

A
25— 2.0 —
35— -L
45—

SS—

65—

15—

85— 40—

Figure 1: Band gaps and band edge positions of some semiconductor photocatalysts on a potential
scale (V) versus the normal hydrogen electrode (NHE) at pH= 0. [46]
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2.3.3 General Course of the Photocatalytic Degradation

CH,
OH

OH
no—{ A
K _
0
o;@: \ o
\ ~
, < nood  \coon HOOC  COOH
°*OH
0
HOOC—COOH_~_-COOH \)K/\COOH
l’OH
o

O
R

T
Lo

o 0o
R/Y_» R/by/—> R + cO,
o o

Scheme 2 : Formation of (1) side chain products and (2) deep oxidation products, (3) aromatic ring
opening of;)henol and (4) decarboxylation as intermediate during the photocatalytic degradation of
ibuprofen 1738l

Usually, thephotocatalytic degradation of organic pollutants proceeds in three main steps, the
formation of different side chain products via hydroxigla (partial oxidation) and/or
demethylation, the hydroxylation of the phenyl group and ftiwing aromatic ring
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opening, and the oxidative decarboxylation of intermediate carboxylic acids which ends up in
the total mineralization to carbon dioxide (Kolteaction) and watéi>*? Systematically an
example of ibuprofen as a modal pollutant consisting of singleyphieg is discussed below

in Scheme 2.

2.4. Description of used PhotocatalytidMaterials and Mesoporous Supports

Herei will review theown preparednaterials corresponding of this thesis, photocatalysts,
mesoporous materials and composite photocatalys@ddition, the standpoint (view point)

of this work will be described.

2.4.1 Polymeric Graphitic Carbon Nitrides (§°3N4)

Polymeric graphitic carbon nitride is an inorganic polymer consisting of a network of C and N
atoms and is generally denoted a<C)ls). g CsN4is a potential material for the remediation

of hazardous organic pollutants. Due to its band gap (2.69 eV) in the Jhiglileange,
chemical stability, high thermal, electrical conductivity, and synthesis from less expensive
available startingnaterials it a promising photocatalyét But its use is limited due to the

fast recombination rate of its photenerated electrerhole paird®'® Therefore, the first
generation of carbon nitrides are subjected to modification with different techniques, out of
which chemical functionalization with different functionalities suclaldghydes,ketones and
acids are mentionable. Designing suitable pibyo texture with soft and hard template has
improved the photocatalytic activity to greater extent. Doping and coup@gNg with

metals, etc., is another approach developed so far for enhancing photocedplytity "
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Scheme 3 : Reaction Pathway for synthesis of carbon nitride C3;N,.
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Polymerlc N-bridged Tri-s-Triazine

[50]

Structurally graphitic carbon nitrides areelated to2D sheetdike graphens containing

alternating carbomitrogenatoms withsg? hybridization. Sheets are stacked together ith

conjugation. Recursors such asyanamidedicyanamide, urea, melamine and different types

of C to N ration containing molecules are used for the synthesis of carbon dittitesrief

precursormaterials undergo condensatiand rapid transform toa melamine(Scheme3),

which transforms to melem under heatifigvo pathways are predicted to happen to reach

thermal polymerization. Via Path,Anelamine dimerizes to melam, with release of a single

ammoniamolecule ¥ While via path B melamine forns melaminemelem composit at
350-400°CBoth the intermediatesurther conderste the melemOn further heatingabove

600°Cmelenpolymerize for the formation of melon, which quickly further thermally

polymerize to polymeric Mridged tris-triazine®Usually, soft templates such as surfactants

and block polymers are used for the synthesis of mesopor@ss.d°Y Programmed thermal

treatment removes the soft templates materials, while subjecting controlled mesoporosity in

resultant polymeric speci€¥ Hard templateproduce high surface area and porosity but are

more difficult to remove!®™ Soft templates can beasy removed and are suitable for the

synthesis of microporogsCsN, materials.
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2.4.2 Silver Vanadatgb-AgVQs)

AgVOswith band energy of about 1.9 eV a visilight active photocatalyticnaterial but its
activity is not sufficient due to fast recombination and low capacitylfgair separatiortiie

intrinsic optical properties of ternary metatide photocatalysts with low band gap energies,
they are able to absorb a wide range ofbl&silight. In addition, the mobility of photo
generated charges was also improved, attributed to the incorporation of various elements in
ternary metal oxides, thus preventing electnote recombination via chargeparation

mechanismg!®*

A
b

a-AgVO,

Figure 22Sol i d st at e-AgVOgauncdtAghtOg™o f U

Typically silver vanadate with formula of Ag\i®as three crystallographic form$AgVOs,
b-AgVO; and g-AgVOsshown in Figur@.*® Alpha form is dynamic and metastatded
converts into stable beta form even at temperature near to 200°C, while gamma form requires
high thermal treatment. Out of different phases of silver vanadates, beta form is a highly
studied in photocatalysis. Beta silver vanadates consists of at@Drkeof [V40:2], double

chains, which are linked together with Ag&xtahedraivith interconnected Ags and AgOs

square pyramids(Fi@). It is synthesized by precipitation from salt solutions. Silver
vanadates (AyO., AgsV.07, UAgVOs, andb-AgVOs,) were used for the investigation of
photocatalytic evolution of %> Due to the availability of more positive valence band
than the @H,O potential level (1.23 V vs. SHE, pH=0), silver vanadate has oxidizing

potential.

2.5.Porous Materials

Porosity @ variable pores, pore arrangement, pore diametersyphn@me and particle sizes

have an important influence and allow to tune material properties regaptigation inthe
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field of sensors, electrochemistry, catalysis, gas storage etc. and alloviaMatgth variable

pores, pores arrangement, pores diameters, pores volume and particle sizes This has have
strongly encouraged the synthesis, characterization and applications of porous materials.
Modification of the pores materials surface with inorgaamd organic functionalities leads to

new and developed applications.

Definition and Classification of Porous Materials: Porous materials either natural or
synthetic have isolated or interconnected porosity. Usually porosity is emerged in the process
of crystallization or by following treatments. Pores can be cylindricatpwtkled, slit shaped

or more zigzag disordered. Depending on the pore size, porous materials are classified

according to IUPAC nomenclatuas microporous, mesoporous antacroporoust®®
1 Microporous materials have pore diameter below 2 nm.
1 Mesoporous materials have pore diameter between 2 and 50 nm.

1 Macroporous materials have pore diameters above 50 nm.

Porosity is more defined as ratios of pore and void volumes comparedttaaheolume of
solid materials. Therefore, porous materials are additional classified by its adsorption stuffs,
the adsorption and desorption isotherms of test molecules like nitrogen of Ar. and others,
They allow to extract relations between porosity aorbtion and arelassified into six types

typically observed with materials containing different sized pores as shown i8)Fig.

Type | Micro porousmaterials
Type II, 1II, VI Non porous or macrporousmaterials,
Type IV, V Mesoporousnaterials

Shape and hysteresis loops in the isotherms define the nature of the materials with respect to

its pore size distribution, geometry and connectivity. According to IUPAC hysteresis are
classified into 4 types deHlotypeid associadted witH6 s a s
cylindrical pores whereby H2 types are associated with bottle neck type materials. H3 types

are normally slit shaped pores or aggregates with -plkaeparticles. H4 is also associated

with narrow slit pores with limited adsorption.
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Figure 3: Types of adsorption isotherms according to IUPAC classification.

Figure 4: The four main types of hysteresis loops according to IUPAC classification.
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Mostly pores materials may be crystalline, paracrystalline or amorphous. Amorphous

materials do nopossess longange order irthe bulk material e.g., silica gel or alumina gel.

16



While zeolites are crystalline containing a wedifined pore system as a paf the crystal
structure with narrow pore size distribution. Mesoporous silica can be disordered in the bulk
but contain an ordered pore system embedded in the amorphous buli. tDaeperiodicity

of orderedand uniform sized and shaped pores, ordg@eus materialshow low angle

XRD reflections.These ordered materials possess natmlroad pore sizdistribution high

specific surface areas and volumes, and tunable porosity. Its molecular pore sizes have

potential adsorption and desorption capafor active compounds.

25.1 Mesoporous Materials

Mesoporous materials have pore diameter between 2 and 50 nm. Before 1990 mesoporous
materials were amorphous with broad distribution of pores sizes. Early in 1990 Ktesdge
announced the new family of molecular sieves. Its exceptional properties like high specific
surface areas promote adsorption, separation, catalysis, and energy storage.

Strategically synthesis of ordered porous materials with high surfaceaegaieveloped with
surfactantdirected synthét proceduregFig. 5). [*¥ In process of preparation ordered porous
structures are directed by the assemblies of molecules due to the energetic of solutions, e.g.,
micelles formation. Ordered materials struatly can be altered with the help of these
auxiliaries chemicals, reaction parameters, which tesul families of either 1D, 2D
(cylindrical pores) or 3D (interconnected cage type pores) ordered mesoporous materials.
M41S family is a common example sich tunable system.

ingrganic, arganic, ar
hybnid building blocks

v - 5 1) cooperative assemb
1) v J coap . surfactant
L a— 3 o — T
g s 2)reaction creates
— -_"“A covalent metallic bonds removal

1-\""‘. L e 3 _
e o % noncovalent imeractions mesastructured MESOSPOUS
® @ O hetween surfactant and nanocomposites matarials

building block

Figure 5: Formation pathway of hexagonal structured mesoporous silica MCM-41. (2]

Extensive research with the mentioned discovery of surfactant to sdifaceed assembling

of building inorganic blocks has opened new area of specific architecture and organized
materials. Non covalent interactions drive this specific organization asemiling the
spatial orientations of inorganic materials. Simultaneously condensation via covalent bonds
among the building blocks and inorganic blocks results in mesostructured materials. Various
methods are used to remove the surfactants e.g., thegaheént, calcination, washing and

acidic etching etcThese procedures have resulted in various shapes, size and pores of
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mesoporous materials witilexagonal, lamellar, cubic, and other mesostructured as shown in
(Fig. 6).

A

Figure 6: Pore models of mesostructures with different symmetries of (A) Hexagonal, (SBA-15), (B)

3D gyroidal cubic pores structured,(MCM-48), (C) Cubic, (SBA-1 and6), (D) Cubic, 3D cage-like
structure of pores, ﬂSBA-16), (E) Cubic, (FDU-2) (F) Centered cubic closed-packing (fcc)
mesostructure, (KIT-5).15%

Materials with Hexagonal Phases:Normally hexagonal silica are found in 1D structures
consisting of close packed cylindrical pored tubes, (e.g., MM but 2D structured
SBA-15 is also reported with cylinidal pores with uniform pore diameter.MGHL and

SBA-15 are mostly studied and representative ones and are used in this research topic.

25.2 1D Mesoporous SilicaMCM-41
MCM-41 is mesoporous silica with uniform structure and shape composed by isotaié pa
channels disposed in a hexagonal packing and extendable over micrometer length scale. Pore
apertures are accessible and tunable with diameter of 1.5 nm with different alkyl
chain templates and additiveldlicro porousMCM-41 of 1.2nm pore &e and a specific
surface area of 1008%g, were synthesized withgB13N (CHs)sBr as template. Different
models out of which classical molecular dynarf@D) simulationsconfirms the cylinder
like pore channels, matching the experimental XRD pattern completely. Some reports have
prediction of heagonal prisrike pore channel$? Powder xrays diffractions, confirms the
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guastregular arrangement of mesopores with strong difioacat 2{ of about 2° followed by
weak diffraction peaks at2. At higherangles, diffractions are indexed(00), (110, (200,
and(210) planes of hexagonaymmetry!®

25.3 2D Mesoporous SilicaSBA-15

=0 (b) o
LRSS Q%% J
T = Y ke

Figure 7: A schematic representation of SBA-15, synthesized at 80 °C (a) and 140 °C (b),
respectively. ©°°!

Mesoporous silica sieve SBE5 has 2D uniform hexagonal pores showing narrow pore size
distribution as shown in (Fi@). The pore sizes are tunable withiamtieter range of-25nm.

The synthesis of SBAS5 is sensitive to the temperature and wall thickness can be tailored in
the range from 2.5 to 6.4nm, which gives the material a higher hydrothermal and rca&chani
stability compared toMCMI1*7As temperature increases the mesopore size increases with
decrease irmpore wall thickness and the amount of small mipares (and ultramicro
pores)within the pore walls. At higher temperature (100°C) 2D-odenected pores can be
produced, which reswdtin irregular micropores and mesopores interconnecting main
hexagonal channels. The interconnected 2D uniform mysem results in the high internal
surface area of typically 40000 nf/g.

SBA-15 shows XRD pattern having a main single diffraction psak two to three weak
diffractions, proves 2D hexagonal phase system. Shifting to lower angle of the diffraction

patterns confirms the larger cell parameters than MEINF®

25.4 3D Mesoporous SilicaSBA-12

SBA-12 has a partially hexagonal clopacking and partially cubic structure as shown in
(Fig.8).XRD peaks are usually merged together and are undistinguishable such as for (1 0 0)
and (1 0 l)diffractions. TEM images confirm the presence of inter grown hcp amdescp

structures. Also at SBA2 structure containing large portion of cubic phase, witltétle
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parameters of 8.2 nm, where each cage is connected via a small
window to 12 other cages, was report@NLDFT calculations
predict a diameter of ~6.1nm of spherical cages, with a wall
thickness of ~1.3 nm. SBA2 is known as more stronger and
thermal stat# than SBA2 due to think walls!’® N2 sorption
study shows typ#V adsorption isotherm, with webrdered

Figure 8: 3D structure of
mesopores structure. SBA-12. 1™

255 3D Mesoporous SilicaKIT -6

KIT-6 is an ordered mesoporous material with large pores, which was synthesized for first
time at Korea Institute of Science and Technology. # &asimilar structure as MCKIB

(Fig.9). showssimilar structure of KIT6 as MCM48 but with the similar pore wall itkness

and dimension as SBA5.!"Y KIT-6 is structured with a pair of 4gontinuous interwoven
cylindrical pores, of changeable diameter of 4 to 12 nm via hydrothermal synthesis
temperéure (253 5e C) . The ©pores ar eords orsealcmesopoes t e d
within a disordered way. It results in efficient adsorption properties.-&KIWith its
interpenetrating branched channels provides an open pore structure with fluent flow and
diffusion of guest species, without pore blockage. -BIShows a nitrogen adsorption
isotherm of type IV which is similar to MCM8. The micropores of materials can be
visualized using this material as hard template for nanocasting, e.g. the preparation of

mesoporous carbons.

Figure 9: KIT-6 with interpenetrating mesoporous channels in the template (a) [111] projection of the
mesostructure (b). 72
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