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Zusammenfassung 

Die Erhöhung der Effizienz von Photokatalysatoren mittels hierarchischer Strukturierung mit 

geordneten mesoporösensilikatischen Materialien wurde untersucht. Dazu wurden geordnete 

mesoporöseSilikate mit unterschiedlicher spezifischer Oberfläche, Porengröße, Porenvolumen  

und Porendimension hydrothermal synthetisiert: MCM-41, MCM-48, KIT-6, SBA-12, SBA-

15, SBA-16 und FDU-12. Die Präparation der hierarchisch strukturierten Photokatalysatoren 

erfolgte mechano-chemisch durch Mischung und Mahlung mit der katalytischen 

KompomenteAgVO3/g-C3N4und anschließender thermischer Nachbehandlung. AgVO3/g-

C3N4 wurde ebenfalls mechano-chemisch aus den Einzelkomponenten präpariert. Die 

erhaltenen komplexen AgVO3/g-C3N4/Meso-Materialien wurden hinsichtlich ihrer Struktur, 

Porosität und Morphologie mittels XRD, FTIR, SEM, TEM, SAXS und Stickstoff-Ad- und 

Desorption charakterisiert. Die Dispersität des Katalysators wurde zusätzlich mittelsElement-

spezifisches Mapping(EDX) vermessen. Die katalytische Aktivität wurde mittels 

photokatalytischen Abbaus von Ibuprofen unter anwendungsnahen Bedingungen wie 

niedriger Schadstoffkonzentration, niedriger Bestrahlungsintensität mitUV/Vis und 

sichtbarem Licht (Tageslicht bzw. Raumlicht) sowie niedrigem Katalysator-zu-Schadstoff-

Verhältnis untersucht und mit der von Titandioxid und Zinkoxid-basierten Katalysatoren 

verglichen. Der Gehalt der mesoporösen Komponente wurde variiert. Die oxidative Öffnung 

des aromatischen Ringes wurde UV/Vis spektroskopisch verfolgt. Die Mineralisation wurde 

mittels TOC-Messungbestimmt. Die beteiligten photokatalytisch aktiven Spezies wie 

Elektronenlöcher, OH- und Hydroperoxid- Radikale bzw. Superoxid-Radikal-Anionen 

wurden mittels Zusatzes vonĂScavenger-Molek¿lenñ untersucht. Die Untersuchungen zeigen, 

dass die hierarchische Strukturierung zu eine deutlichen Steigerung der Effizienz der 

Photokatalysatoren und damit zu einer erheblichen Materialeinsparung (Ag) führt. Außerdem 

ist die Abtrennung des Katalysators von der Reaktionslösung verbessert. Die mikroskopischen 

Untersuchungen zeigen, dass die Effizienzsteigerung auf eine erhöhte Dispersität der 

katalytischen Komponente beruht. Diese ist teilweise schalenförmig auf dem Träger 

angeordnet. Dadurch erhöht sich der Anteil der zugänglichen Oberfläche an der bzw. in deren 

Nähe die Photokatalyse abläuft. Der Stofftransport zum Katalysator  ist verbessert. Die 

Katalysatoren zeichnen sich durch eine geringe Bildung von Nebenprodukten aus und sind 

aktiv mit sichtbarem Licht.Mittels der hochaufgelösten SEM-Untersuchungen konnte erstmals 

festgestellt werden, dass es sich bei den mesoporösen Silikatenum Mesokristallehandelt, die 

aus kleineren sub-mikrometer- und nanometer-großen agglomerierten Partikeln bestehen 

(kein Vollmaterial).  
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Summary 

The enhancement of the efficiency of photocatalysts by hierarchical structuring with ordered 

mesoporous materials was investigated. For this, mesoporous materials of different pore 

structure and porosity were hydrothermally synthesized: MCM-4, MCM-48, KIT-6, SBA-12, 

SBA-15, SBA-16 and FDU-12. ɓ-AgVO3/mpg-C3N4 Core Shell catalysts and composites 

were used as photocatalytic component. For comparison ZnO and TiO2/mesoporous silica 

composites were involved. The hierarchical structured photocatalysts were prepared 

mechano-chemical by mixing and milling of the single components solvent free. The 

materials were characterized according to the structure, textural properties, chemical 

composition and the dispersion of the catalytic components using XRD, SEM, TEM, SAXS, 

EDX, FTIR, and N2 adsorption/desorption. The photocatalytic activity of the materials was 

tested in the degradation of ibuprofen under reliable conditions (as low pollutant 

concentration, low catalyst/IBPratioof 4, low intensity sun and room light equivalent 

irradiation). Reaction by-products were studied by ESI-TOF-MS and the contribution of 

different reactive oxidation species (ROS) such as hydroxyl radicals (ÅOH), superoxide 

radical anions (ÅO2
-
) and holes (h

+
) was investigated by using scavenger experiments. As a 

result, highly active Core Shell and composite 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 catalytic component on the mesoporous material allowing better access of 

hazardous contaminants to the catalyst and the enhanced 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 and Objectives 

1.1. Goals 

1- Removal of low concentrated organic and pharmaceutical pollutants from 

contaminated water by solid state semiconductor photocatalyst for drinking water 

supply, 

2- Improvement of photocatalytic performance of ZnO, TiO2 andɓ-AgVO3/mpg-C3N4 

Core Shell catalyst by hierarchical structuring with mesoporous silica to improved 

accessibility and mass transfer, 

3- Preparation of composite and of complex advanced inorganic composite nanomaterial 

(ACIN) photocatalysts by mechano-chemical solvent free synthesis, and 

4- 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 intense visible light 

(room light lamps). 

1.2. Objectives 

This study focuses on preparation and characterization of the supported visible light active 

photocatalysts, and their detailed investigation of UV/Vis photocatalytic performance. The 

main objectives are: 

¶ Synthesis and characterization of mesoporous silica with tuned porosity for supports, 

¶ Development of visible light active photocatalytic materials based on mesoporous carbon 

nitrides and silver vanadate, 

¶ Development of supported photocatalysts based on mesoporous supports and photocatalysts such 

as Zinc Oxide, Titania and visible light active ɓ-AgVO3/mpg-C3N4, and testing of the supported 

catalyst for possible photocatalytic potential, such as (ɓ-AgVO3/mpg-C3N4)/mesoporous silica, 

¶ Detailed investigation of the photocatalytic abatement and degradation of pharmaceutical 

organics such as ibuprofen, at low concentration and low irradiation power and detecting 

the formation of intermediates, 

¶ The contribution of active species valence 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 EDTA (h
+
), t-BuOH 

(¶OH), and 1,4-BQ (/¶- or ¶OOH), and  
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¶ Comparison of the photocatalytic performance of ɓ-AgVO3/mpg-C3N4) composites and of 

complex ɓ-AgVO3/mpg-C3N4)/mesoporous silica photocatalysts with that of ZnO and 

titania as well as ZnO and titania /mesoporous silica composite photocatalysts. 

 

1.3. Approach 

¶ Catalyst preparation, characterization and photocatalytic testing, 

¶ Synthesis of mesoporous graphitic carbon nitride with the help of soft templates thermal 

polymerization at 600°C, 

¶ Physical mixing and milling of beta silver vanadate and mesoporous graphitic carbon 

nitride resulting with different percentage of AgVO3/mpg-C3N4 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 SBA-12, SBA- 16, FDU-12, KIT-6, MCM-41, and 

MCM-48, 

¶ Physically mixing, milling and thermally treating of photocatalysts with mesoporous 

silica in different percentage ratios tuning for best photocatalytic activity, such as  

¶ ZnO/mesoporous silica materials 

¶ TiO2 /mesoporous silica materials 

¶ (AgVO3/mpg-C3N4)/mesoporous silica materials  

¶ Detailed study of the photocatalytic performance of each composite photocatalyst in 

photocatalytic degradation of Ibuprofen (IBP), under practical and reliable conditions 

(low concentration of substrate and low ratio of catalyst to substrate) with sunlight 

equivalent UV/Vis radiation. 
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2. Introduction  

2.1. General 

The remediation of hazardous organic contaminants from polluted drinking water is highly 

required to reduce indirect or direct health problems.
 [1]

 Among various pollutants, organic 

compounds like pharmaceuticals, dyes containing aromatic hydrocarbons (aromatic rings) 

have impacted seriously on natural ecosystems and public health.
 [2,3]

These hazardous 

compounds often contain aromatic hydrocarbon units and may have a severe impact on 

humanôs and aquatic systems in the environment. Recent investigations have shown that 

among others numbers of biological compounds are not eliminated in wastewater treatment 

and also not biodegraded in the environment.
 [4]

 Many pollutants are present in very low 

concentrations within the lower ppt-ppb-ng/L scale. A couple of active compounds such as 

antibiotics and contraceptives have extremely high biological potency even at low 

concentration down to 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, can be dangerous.
 [5] 

Mainly physical, chemical, and biological treatments are used for the removal of organic 

pollutants from water for drinking water production.
 [4,6]

In the chemical treatment oxidizing 

chemicals as chlorine or ozone are used for the elimination of organics and colors. Due to the 

high costs, there are limitations for the use of these AOPs 
[7,8]

 Contrary 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 make this procedure 

less active for full abatement of pollutants.
 [7,8]

 Physical treatments including conventional 

processes such as reverse osmosis, adsorption on activated charcoal or flocculation are unable 

to degrade eliminate or degrade completely but are only transferring the pollutants to 

secondary form which may be more dangerous than preliminary pollutants. In general with 

applications of these processes ca. 95% of these contaminants remain in the water. Pure 

ground water resources are limited. Reliable processes 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 effective water mineralization technologies to produce harmless 

clean water.  

Beside these methods advanced oxidation processes (AOPs) are of potential for the 

remediation of organic pollutants.
 [9]

 Highly oxidative species are produced and utilized for 
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the degradation of organics. Hydroxyl radicals (ÅOH), super oxides (ÅO2) and other species are 

formed and used by heterogeneous photocatalysis.
 [10]

 This process allows full mineralization 

of organics to CO2 and water. Low-cost materials such as TiO2 and ZnO are UV light active 

photocatalysts.
 [9]

 

Due to the availability of sufficient sun light and growing demand for sustainable renewable 

energy sources, sunlight-driven systems such as photocatalysis, photodegradation, 

photovoltaics etc, have been extensively studied and still under development.
 [5,11] 

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 the non-hazardous photocatalysts can be separated and re-used. 

Photocatalysis has been explored rapidly after the report of Fujishima and Honda for water 

splitting under UV radiations.
[12]

For the remediation of hazardous materials from polluted 

water, photocatalysis with semiconductors has been investigated with much 

attention.
[5]

Photocatalysis is non-selective which can decompose a broad range of organic 

moieties such as alkenes, phenolic compounds, aromatics, organic acids and amines and also 

inorganic compounds. Especially cyanide or nitrite can be degraded. Suitable possible 

applications are in low concentration range. 

Semiconducting metal oxides such as specially ZnO and TiO2 are potential photocatalysts for 

the remediation of drinking water from organic pollutants. 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. Other systems like CdS, ZnS, SnO2, Fe2O3, BiPO4, BiWO3 and WO3in 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 even 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 photocatalytic materials.
 [13]

 Therefore this study focuses CN, TiO2, ZnO, 

Supporting in mesoporous silica involving benign available and stable, ZnO less stable 

because other system poisonous. Therefore this study focuses on development of visible light 

activity photocatalytic materials. Specifically this work aims to prepare hierarchical structured 

ɓ-AgVO3/mpg-C3N4 Core Shell photocatalytic structures by solvent-free mechano-chemical 

method and to compare it with commercial TiO2, ZnO photocatalysts which catalytic 

performance was also improved by supporting on mesoporous materials. 
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The study is not only concentrated to binary system but is extended to the ternary system 

ɓ-AgVO3/mpg-C3N4/SiO2 composite nanoparticles, with large specific surface area, which are 

synthesized by the application of a solid state mechano-chemical mixing of 

ɓ-AgVO3/mpg-C3N4 or ZnO and TiO2 with mesoporous silica. It will be shown that 

mesoporous silica supports markedly enhance the dispersion and, therefore, accessibility of 

the catalytic component. The photocatalytic activity 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 substrate ratio of 4, with room light active visible irradiations or low UV 

irradiations. The contribution of active species and formation of by-products, the formation of 

intermediates during the photocatalytic treatment was thoroughly studied. Obtained Core 

Shell and composite materials were characterized by XRD, SEM, 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 detected even in ground and drinking water.
[14]

 

Conventional water treatment systems are not able to remove these contaminants sufficiently 

by applying biological treatment and adsorption on active carbon.
[4, 6-8]

There is a lack of 

knowledge about treatment of such low concentrations and the behaviour of small 

concentrated solutions regarding adsorption and mineralization.
[5]

 Some methods for 

oxidative decomposition of organic compounds like pharmaceutical are available such as 

ozonation, chlorination, oxidation with H2O2. However, they require often chemicals, soluble 

homogeneous catalysts and they are less eco-friendly. New advanced oxidation processes 

(AOP) are required to address this problem.
 [9-15]

 

Advanced oxidation processes (AOPs) with the use of high oxidation potential species such 

as, hydroxyl radicals (ÅOH), superoxide (ÅO2) and other species allows full mineralization of 

organics to CO2 and water.
 [16]

 Low-cost materials such as TiO2 and 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 part. New available carbon 
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nitride based photocatalysts show visible light response but suffer from photocatalytic 

activity. 

Materials: The visible light response of titania could be improved by doping with metals (e.g. 

Ni, Co, Ga, Ta, Cr. V, Mn, Fe, Mo, W, Ru, Pt, and non-metals (e.g. B, C, N, S, O, P, 

F).
[5,1718]

But for practical application still further improvement is required.  

Several other materials for example BiOCl, AgVO3, TaON, Ta3N5,
 [19]

 CaBi6O10,
 [20]

 

Sr0.25Bi0.75O1.36,
 [21] 

Ag3PO4,
 [22]

 BiVO4,
 [23] 

or polymeric carbon nitride C3N4 are shown to be 

visible light active photocatalysts for the degradation of organic pollutants. But still these 

photocatalysts suffer from rapid recombination of photo-generated electronïhole pairs 

resulting in low photocatalytic activity. Because of the unique electronic structure, the g-C3N4 

could act as a candidate for coupling with various functional materials to enhance the 

performance. A couple of composite catalysts based on the g-C3N4/single metal oxide (metal 

sulfide) heterojunction, the g-C3N4/halide hetero junction, g-C3N4/composite oxide, g-

C3N4/noble metal hetero structures, the g-C3N4 based metal-free hetero junction and the g-

C3N4 based complex system have been prepared and investigated in order to further increase 

the activity of the mesoporous graphitic nitrides mpg-C3N4. Core Shell Ag / C3N4,
[24]

 binary 

C3N4 / Ag3VO4,
[25]

Ag3PO4/C3N4,
[26]

AgX / C3N4,
[27]

SmVO4 / C3N4,
[28]

tΆLaVO4 / C3N4, mΆLaV

O4 / C3N4,
[29]

andternary systems such as Ag/Ag3PO4/gȤC3N4,
[30]

 Ag / AgVO3 / C3N4,
[31]

 

gΆC3N4 / Ag / TiO2,
[32]

with 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 

sol-gel, impregnation or co-precipitation methods such as ZnO-SiO2, TiO2-SiO2, CrO3/TiO2-

SiO2, V2O5/TiO2-SiO2, Rh/TiO2-SiO2, Ni/TiO2-SiO2.
 [33]

 Most of them are nonporous. 

Impregnated mesoporous silica often show low activity.
 [34]

 Ordered mesoporous silica carbon 

nitrate composites with a variety of different mesoporous silica structures were not reported to 

our knowledge. Mostly such materials are used as heterogeneous catalysts in different types 

of organic synthetic reactions.
 [35] 

Some reports have shown increased photocatalytic 

efficiency of these supported catalysts compared to the single photocatalysts.
[36]

 However 

these materials are embedded in non-active silica which hinders irradiations to active 

photocatalytic sites. Great efforts are devoted to improve the charge separation (electron-hole 

pairs).
 [14]

 Metallic or non-metallic doping and supporting metal nanoparticles are used to 
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reduce recombination.
[16,37]

 Metallic nanoparticles have lower Fermi energy than that of the 

semiconductors, resulting in electron capturing via Schottky-contact.  

Reaction conditions: Most of these studies are focussed on the easier decolourization of dyes 

such as methyl orange, methyl blue and rhodamine B while much less attention has focused 

on the decomposition and mineralization of recalcitrant materials such as pharmaceuticals in 

low concentrations. Often huge amount of catalysts are used to decompose small amounts of 

pollutants (catalyst to substrate mass ratio ca. 100).Further there is a lack of practical and 

reliable conditions for photocatalytic testing. Mostly huge catalyst to 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 power. Supporting 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 friendly, 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 photocatalysts will 

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 semiconductors to 2D 

carbon containing materials.
 [38] 

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 processes using 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 well-known oxidants are hydroxyl radicals 

(ÅOH, 2.70 eV), ozone (O3, 2.07 eV), fluorine (F, 2.85 eV), and chlorine (Cl, 1.49 eV).
[39]

 

Advanced oxidation processes for the degradation of organic pollutants in water often use 

species such as ozone (O3), O3/H2O2, UV, O3/UV, UV/H2O2, and O3/UV/H2O2.
 [40]

 In case of 

photocalysis so called reactive oxidative species (ROS) as hydroxyl radicals (OH
Å
), 

hydroperoxyl radicals (
Å
OOH) and Super oxide (oxygen radical anions) (O2

Å-
) are involved in 

the oxidation process, which are formed in situ by the photocatalyst. Photocatalysis differ 
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from other AOPs by the use of semiconductors and light energy instead of external expensive 

oxidants such as H2O2 and O3 (Esplugas et al., 2002).The effectiveness of the AOPs is related 

to the formation of a high number of hydroxyl radicals and highly active electron holes h
+
. 

Total mineralization of organic compounds is achieved by complete oxidation to carbon 

dioxide and water at the end of treatment.
 [41]

 

According to Herrmann,
 [42] 

the photocatalytic degradation of pollutants proceeds in 5 steps: 

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

2ï Adsorption of the reactants on the catalyst surface, 

3ï Photochemical reaction on the surface, 

4ï Desorption of the reaction products from the surface, 

5ï Mass transfer of the photocatalytic oxidation 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 (VB) consists 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 energy (E g) of the semiconductor. The excitation of a 

VB electron to the conduction band leads to the formation of holes in valence band and 

accumulation of electrons occurs in the conduction band. The whole process proceeds in three 

steps: i) photo excitation of charge carriers (electrons),(ii) charge carrier separation (formation 

of electron hole pairs (e
-
 - h

+
) and its diffusion/migration to the photocatalyst surface; and (iii) 

the reaction of electrons and holes with adsorbed electron acceptors and donors.
[20,43]

 Thereby, 

ROS are formed and organic molecules are oxidized or reduced. General reaction mechanisms 

are formulated as below in scheme 1. 
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e-h
+ 

pair formation:  

TiO2+hɜŸTiO2+ecb
ï
+h

+
 

e
ï
+O2+H

+
ŸTiO2+HO2

Å 

e
ï
+H2O2ŸOH

ï
 + OH

Å 

2O
ïÅ

+2H2OŸH2O2+2OH
ï
+O2 

Hole trapping:  

h
+
 + H2O Ÿ OH

Å
 + H

+
 

h
+
 + OH

ï
Ÿ OH

Å
 

Oxidation of organic pollutants:  

Organics + HO
Å
 Ÿ CO2 + H2O  

Nonïproductive radical reactions : 

e
ï
+ h

+
 + TiO2 Ÿ TiO2 + heat  

Recombination:  

2 OH
Å 
Ÿ H2O2 

2 H
Å
O2 Ÿ H2O2 

2 H
Å
O2 +  H2O2Ÿ2 H2O + O2 

 
. 

 

Schem e 1:  Photocatalytic reaction mechanism.
 [16] 

Formed CB electrons and VB holes react with adsorbed organic species, water or dissolved 

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

(
Å
OH), hydro peroxyl or superoxide radicals, hydrogen peroxide, organic oxidation products  

and others.
[44]

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. water, oxygen or 

other organic molecules are located within the band gap of the VB and CB of the 

semiconductor (Fig. 1).
[16]

In other words to oxidize an organic substrate, its redox potential 

must be negative than the redox level of the photo generated hole, in result reducing the h
+ 

and itself converting to organic cat ion. If the consecutive reactions of organic cat ion are 
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faster than electron accepting, substrate proceeds to product formations. Mean while if water 

adsorbs or reduces the hole, it changes in HO
Å
 and 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 lasting e
-
 - h

+
 pairs, can be 

diminished by recombination of photo generated charge carriers and results in release of 

energy in form of heat or luminescence. Either excited electrons e
-
 jump back into VB holes 

(h
+
) directly or are trapped in crystal defect sites.

[45]
 

 

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 

 

Schem e 2 :  Formation of (1) side chain products and (2) deep oxidation products, (3) aromatic ring 
opening of phenol and (4) decarboxylation as intermediate during the photocatalytic degradation of 
ibuprofen.

[47,38e]
 

 

Usually, the photocatalytic degradation of organic pollutants proceeds in three main steps, the 

formation of different side chain products via hydroxylation (partial oxidation) and/or 

demethylation, the hydroxylation of the phenyl group and the following 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 (Kolbe-reaction) and water.
[30-31]

 Systematically an 

example of ibuprofen as a modal pollutant consisting of single phenyl ring is discussed below 

in Scheme 2. 

2.4.  Description of used Photocatalytic Materials and Mesoporous Supports 

Here i will review the own prepared materials corresponding of this thesis, i.e. photocatalysts, 

mesoporous materials and composite photocatalysts. In addition, the standpoint (view point) 

of this work will be described. 

2.4.1 Polymeric Graphitic Carbon Nitrides (g-C3N4) 

Polymeric graphitic carbon nitride is an inorganic polymer consisting of a network of C and N 

atoms and is generally denoted as (g-C3N4). g- C3N4 is a potential material for the remediation 

of hazardous organic pollutants. Due to its band gap (2.69 eV) in the visible-light range, 

chemical stability, high thermal, electrical conductivity, and synthesis from less expensive 

available starting materials it a promising photocatalyst.
[48]

 But its use is limited due to the 

fast recombination rate of its photo generated electron- hole pairs.
[9,10]

 Therefore, the first 

generation of carbon nitrides are subjected to modification with different techniques, out of 

which chemical functionalization with different functionalities such as aldehydes,ketones and 

acids are mentionable. Designing suitable porosity, texture with soft and hard template has 

improved the photocatalytic activity to greater extent. Doping and coupling g-C3N4 with 

metals, etc., is another approach developed so far for enhancing photocatalytic capacity.
[35, 41] 
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Scheme 3 : Reaction Pathway for synthesis of carbon nitride C3N4.
 [50]

 

Structurally, graphitic carbon nitrides are related to 2D sheets-like graphenes, containing 

alternating carbon-nitrogen atoms with sp
2
 hybridization. Sheets are stacked together with p-

conjugation. Precursors such as cyanamide, dicyanamide, urea, melamine and different types 

of C to N ration containing molecules are used for the synthesis of carbon nitrides.
[49]

 In brief 

precursor materials undergo condensation and rapid transform to a melamine (Scheme. 3), 

which transforms to melem under heating. Two pathways are predicted to happen to reach 

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

ammonia molecule.
 [36]

 While via path B, melamine forms melamine-melem composites at 

350-400°C.Both the intermediates further condensate the melem. On further heating above 

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

polymerize to polymeric N-bridged tri-s-triazine.
[50]

Usually, soft templates such as surfactants 

and block polymers are used for the synthesis of mesoporous g-C3N4.
[51]

 Programmed thermal 

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

resultant polymeric species.
[52]

 Hard templates produce high surface area and porosity but are 

more difficult to remove.
[53]

 Soft templates can be easy removed and are suitable for the 

synthesis of microporousg-C3N4 materials. 
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2.4.2 Silver Vanadate (ɓ-AgVO3) 

AgVO3with band energy of about 1.9 eV a visible-light active photocatalytic material but its 

activity is not sufficient due to fast recombination and low capacity of e
-
,h

+
 pair separation(the 

intrinsic optical properties of ternary metal-oxide photocatalysts with low band gap energies, 

they are able to absorb a wide range of visible light. In addition, the mobility of photo 

generated charges was also improved, attributed to the incorporation of various elements in 

ternary metal oxides, thus preventing electron-hole recombination via charge-separation 

mechanisms).
[54] 

 

 

Figure 2: Solid state structure of Ŭ-AgVO3 and ɓ-AgVO3.
 [55]

 

Typically silver vanadate with formula of AgVO3 has three crystallographic forms, Ŭ-AgVO3, 

ɓ-AgVO3 and g-AgVO3shown in Figure.2.
[56]

 Alpha form is dynamic and metastable and 

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 a 3D network of [V4O12]n double 

chains, which are linked together with AgO6 octahedral with interconnected Ag2O5 and Ag3O5 

square pyramids(Fig. 2). It is synthesized by precipitation from salt solutions. Silver 

vanadates (Ag3VO4, Ag4V2O7, Ŭ-AgVO3, and ɓ-AgVO3,) were used for the investigation of 

photocatalytic evolution of O2.
 [44d,57]

 Due to the availability of more positive valence band 

than the O2/H2O potential level (1.23 V vs. SHE, pH=0), silver vanadate has oxidizing 

potential. 

2.5. Porous Materials 

Porosity as variable pores, pore arrangement, pore diameters, pore volume and particle sizes 

have an important influence and allow to tune material properties regarding application in the 
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field of sensors, electrochemistry, catalysis, gas storage etc. and allow Materials with 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 inorganic and 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 cylindrical, ink-bottled, slit shaped 

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

according to IUPAC nomenclature as micro porous, mesoporous and macro porous:
[58]

 

¶ Microporous materials have pore diameter below 2 nm. 

¶ Mesoporous materials have pore diameter between 2 and 50 nm. 

¶ Macroporous materials have pore diameters above 50 nm. 

Porosity is more defined as ratios of pore and void volumes compared to the total volume 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 and sorption and are classified into six types 

typically observed with materials containing different sized pores as shown in (Fig. 3): 

Type I    Micro porous materials, 

Type II, III, VI Non porous or macro porous materials, 

Type IV, V Mesoporous materials. 

 

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 denoted with Hôs as shown in (Fig. 4). H1 type is associated with 

cylindrical pores whereby H2 types are associated with bottle neck type materials. H3 types 

are normally slit shaped pores or aggregates with plate-like particles. 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.
 [44,59 ] 

 

 

Figure 4: The four main types of hysteresis loops according to IUPAC classification.
 [60]

 

Mostly pores materials may be crystalline, paracrystalline or amorphous. Amorphous 

materials do not possess long-range order in the bulk material e.g., silica gel or alumina gel. 
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While zeolites are crystalline containing a well-defined pore system as a part of 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 bulk. Due to the periodicity 

of ordered and uniform sized and shaped pores, ordered porous materials show low angle 

XRD reflections. These ordered materials possess narrow to broad pore size distribution, high 

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

potential adsorption and desorption capacity for active compounds.  

2.5.1 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 Kresge et al. 

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 surface area, are developed with 

surfactant-directed synthetic procedures (Fig. 5).
 [61]

 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 structurally can be altered with the help of these 

auxiliaries chemicals, reaction parameters, which results in families of either 1D, 2D 

(cylindrical pores), or 3D (interconnected cage type pores) ordered mesoporous materials. 

M41S family is a common example of such tunable system. 

 

Figure 5: Formation pathway of hexagonal structured mesoporous silica MCM-41.
 [62 ]

 

Extensive research with the mentioned discovery of surfactant to surface-directed assembling 

of building inorganic blocks has opened new area of specific architecture and organized 

materials. Non covalent interactions drive this specific organization and assembling 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., thermal treatment, calcination, washing and 

acidic etching etc. These procedures have resulted in various shapes, size and pores of 
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mesoporous materials with hexagonal, lamellar, cubic, and other mesostructured as shown in 

(Fig. 6). 

 

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, (SBA-16), (E) Cubic, (FDU-2) (F) Centered cubic closed-packing (fcc) 
mesostructure, (KIT-5).

[63]
 

Materials with Hexagonal Phases: Normally hexagonal silica are found in 1D structures 

consisting of close packed cylindrical pored tubes, (e.g., MCM-41), but 2D structured 

SBA-15 is also reported with cylindrical pores with uniform pore diameter.MCM-41 and 

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

2.5.2 1D Mesoporous Silica: MCM-41 

MCM-41 is mesoporous silica with uniform structure and shape composed by isolated parallel 

channels disposed in a hexagonal packing and extendable over micrometer length scale. Pore 

apertures are accessible and tunable with diameter of 1.5 nm - 6.5 nm with different alkyl 

chain templates and additives. Micro porous MCM-41 of 1.2 nm pore size and a specific 

surface area of 1000 m
2
/g, were synthesized with C6H13N (CH3)3Br as template. Different 

models out of which classical molecular dynamic (CMD) simulations confirms the cylinder-

like pore channels, matching the experimental XRD pattern completely. Some reports have 

prediction of hexagonal prism-like pore channels.
[64]

 Powder x-rays diffractions, confirms the 
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quasi-regular arrangement of mesopores with strong diffraction at 2ɗ of about 2° followed by 

weak diffraction peaks at 2-3. At higher angles, diffractions are indexed to (100), (110), (200), 

and (210) planes of hexagonal symmetry.
 [65]

 

2.5.3 2D Mesoporous Silica: SBA-15 

 

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

[66 ]
 

Mesoporous silica sieve SBA-15 has 2D uniform hexagonal pores showing narrow pore size 

distribution as shown in (Fig. 7). The pore sizes are tunable within diameter range of 5-15nm. 

The synthesis of SBA-15 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 mechanical 

stability compared toMCM-41.
[67]

As temperature increases the mesopore size increases with 

decrease in pore wall thickness and the amount of small micro pores (and ultra micro 

pores)within the pore walls. At higher temperature (100°C) 2D inter-connected pores can be 

produced, which results in irregular micro pores and mesopores interconnecting main 

hexagonal channels. The interconnected 2D uniform pores system results in the high internal 

surface area of typically 400ï900 m
2
/g. 

SBA-15 shows XRD pattern having a main single diffraction peak with two to three weak 

diffractions, proves 2D hexagonal phase system. Shifting to lower angle of the diffraction 

patterns confirms the larger cell parameters than MCM-41.
 [68]

 

2.5.4 3D Mesoporous Silica: SBA-12 

SBA-12 has a partially hexagonal close packing 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 1)diffractions. TEM images confirm the presence of inter grown hcp and ccp meso 

structures. Also at SBA-12 structure containing large portion of cubic phase, with the cell  
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parameters of 8.2 nm, where each cage is connected via a small 

window to 12 other cages, was reported.
[69]

NLDFT calculations 

predict a diameter of ~6.1nm of spherical cages, with a wall 

thickness of ~1.3 nm. SBA-12 is known as more stronger and 

thermal stable than SBA-2 due to think walls.
 [70]

 N2 sorption 

study shows type-IV adsorption isotherm, with well-ordered 

mesopores structure. 

2.5.5 3D Mesoporous Silica: KIT -6 

KIT-6 is an ordered mesoporous material with large pores, which was synthesized for first 

time at Korea Institute of Science and Technology. It has a similar structure as MCM-48 

(Fig.9). shows similar structure of KIT-6 as MCM-48 but with the similar pore wall thickness 

and dimension as SBA-15.
[71]

 KIT-6 is structured with a pair of bi-continuous interwoven 

cylindrical pores, of changeable diameter of 4 to 12 nm via hydrothermal synthesis 

temperature (25-35ęC). The pores are interconnected by micro pores or small mesopores 

within a disordered way. It results in efficient adsorption properties. KIT-6 with its 

interpenetrating branched channels provides an open pore structure with fluent flow and 

diffusion of guest species, without pore blockage. KIT-6 shows a nitrogen adsorption 

isotherm of type IV which is similar to MCM-48. The micro pores 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]
 

 

a b 

Figure 8: 3D structure of 
SBA-12.

 [70]
 

 














































































































































































































