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1. Introduction 

INTRODUCTION 

“The race is now on between the technoscientific and scientific 

forces that are destroying the living environment and those that 

can be harnessed to save it. If the race is won, humanity can 

emerge in far better condition than when it entered, and with most 

of the diversity of life still intact.” 

– Edward O. Wilson, The Future of Life 
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1.1 The NOx pollution problem 

Numerous studies have shown that the quality of air in cities with high urban 
density is being threatened due to the increase of the nitrogen oxides (NOx) 
pollutants despite strict regulations on pollutant emissions [1–5]. The main 
sources of the added NOx pollution are high amounts of traffic, industry, and the 

energy sector. Also, agriculture with high amounts of fertilizers contributes to the 
increasing amount of NOx in the air through bacterial processes causing 
nitrification of ammonia [6].  

Especially in the air, NOx is a dangerous pollutant, which can negatively affect 

the respiratory organs in animals and plants [1, 7, 8]. For humans, exposure to 
NOx may lead to health problems, like simple nose and throat irritation and more 
serious illnesses, like bronchoconstriction. Furthermore, NOx can react with water 
molecules in the air forming acid rain containing nitric acid. Acid rain can damage 

ecosystems due to corrosion of metals and minerals in the soil via the 
groundwater. Moreover, as the sensitivity to the negative effects of the pollutant 
NOx can vary enormously between different animals and plants, it can lead to a 
decrease in biodiversity. 

More and more attention is being paid to the removal of these pollutants and 
actions are actively being taken to reduce the pollutant concentrations, for 
example, by filtrating the air [9], increasing the quality of public transport [10] or 
banning the most environmentally-harmful vehicles in inner-cities [11, 12]. 

However, despite these actions, the problem of high concentrations of NOx and 
other pollutants is not decreasing and is even still increasing in certain developing 
areas [4]. Therefore, more air-purification is required which could be done by 
applying another method.  

In this thesis, the investigated method of reducing NOx in the air is by applying 
the photocatalytic function on building materials. Heterogeneous photocatalysis 
is an interesting and promising process that can be applied simultaneous to other 
actions to reduce the concentration of certain pollutants. After absorption of UV-
light, the material can catalyze the oxidation of several reactions including the 

photocatalytic oxidation (PCO) of NOx as shown in Figure 1.1. Heterogeneous 
photocatalysis brings several clear advantages over other methods: photocatalytic 
materials can degrade different pollutants simultaneously even if they are present 
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in low concentrations, the fact that the pollutants do not have to be stored as is 
the case with filtration, but are in turn converted into less harmful side-products 
(e.g. CO2 from organic molecules), that it does not interfere with normal daily-life 

actions and it requires little maintenance and further energy input besides 
irradiance. 

 
Figure 1.1: Schematic drawing of the photocatalytic oxidation of NOx on the surface of 
titania.  

 
However, the NO2 being formed from the PCO of NO might cause concerns as 

NO2 appears to be a more harmful toxic than NO [1, 8, 13]. Thus, some care needs 

to be taken that the amount of NO2 being produced is not higher than the amount 
of NO2 being oxidized [13, 14]. If the photocatalyst has not a too high selectivity 
for the oxidation of NO instead of NO2, the chance of the abatement of NO2 being 
more than its production is relatively high, as often the concentration of NO2 is 

higher than that of NO in highly dense urban environments [3, 11, 15–17]. 
Another concern that might be raised with the PCO of NOx is the acidification 
around the photocatalytic surface due to the formation of the strong acid HNO3. 
While the rate of the possible HNO3 formation is small, due to the relatively low 

concentrations of NOx, its cumulative effect might impact the building material 
on which the photocatalytic function is applied. This problem can be remedied by 
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the removal of the nitrate with water and a protective layer between photocatalyst 
and the building material.     

1.2 Photocatalysis 

Since the discovery of the electrochemical properties of certain semiconductors 
under UV-irradiation by Keidel [18] and later by Fujishima and Honda [19], the 
now so-called photocatalytic materials, like titania, have been greatly 

investigated. The process of photocatalysis starts when a photon is absorbed by an 
electron in the valence band of titania [20–27]. This electron is then excited to the 
conduction band, and by doing so, a hole is left behind in the valence band: 

TiO2 + light → TiO2 + e- + h+ (1.1) 

where e- is an excited electron in the conduction band, h+ is a hole in the valence 
band. The valence and conduction bands of titania have the right energy levels for 
many important redox reactions as Fujishima et al. [22, 24] showed. After the 
excitation of electrons, holes in the valence band have a redox potential of +2.5 V 

versus the standard hydrogen electrode, which is enough for the oxidation of 
hydroxyl ions into OH•: 

OH• is a radical hydroxyl which can react with materials nearby. The largest 

source of hydroxyl ions for this reaction is generated during the dissociation of 
water:    

    

The redox potential of electrons in the conduction band is -0.5 V, which is enough 
to reduce oxygen to superoxide:    

     

O2- is a superoxide which is a strong oxidant that can oxidize adsorbed molecules. 

It is also possible that the excited electrons and holes will react with different 
adsorbed species depending on the environment. For example, if there is a 
sufficient amount of adsorbed water, more radical hydroxyls may form through 
the reaction of hydrogen peroxide:    

       OH- + h+ → OH• (1.2) 

H2O ⇄ OH- + H+ (1.3) 

O2 + e- → O2- (1.4) 

O2 + 2 H2O + 2e- →2 H2O2 (1.5) 
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In Figure 1.2, a schematic view is given to show the photocatalytic mechanism. 

 
Figure 1.2: Schematic drawing of the photocatalytic activity of titania. 1): the absorption of 
a photon 2): the excitation of an electron to the conduction band 3): the transport of the 
electron and hole from the initial point to reach the surface of titania where the electron and 
hole can react with an adsorbed molecule. 

 
The production of radical hydroxyl groups, superoxides, and the ability to 

directly degrade certain molecules led to many different applications of the 
photocatalytic materials. Besides the already mentioned important application of 

photocatalytic materials for air-purification [20, 28–39], photocatalytic materials 
are also being used in municipal and industrial wastewater treatment [22, 27, 40, 
41]. Another important application of the photocatalytic process is the formation 
of the self-cleaning surfaces [20, 42–44]. The ability to degrade organic materials 

on the surface through photocatalytic oxidation prevents organic substances to 
accumulate on the surface and can prevent the growth of bacteria and fungi. 
Another reason why titania can be used for self-cleaning surfaces is the photo-
induced hydrophilic nature [3]. The hydrophilicity of the surface increases the 
water absorption so that it can replace other adsorbed species and it lowers the 

energy required for water to slide over the surface so that contaminants can be 
washed off.  

1.3 Photocatalytic building materials 

The best way to utilize photocatalysts for the air-purification function is by 
applying them to building materials either by embedding or by coating. Building 
materials in urban environments possess large surface areas that are illuminated 
by sunlight and are in contact with the high pollutant concentrations. Therefore, 

 

H2O2 + e- → OH- + OH• (1.6) 
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the combination of photocatalysts with building materials could be promising for 
pollution abatement. In that way, the photocatalyst is also applied in areas where 
a decrease in NOx concentration is desired the most.   

Several studies show that the abatement of pollutants can indeed be realized 
[45]. The effectiveness of photocatalytic building materials has already been 
proven in successful and some less successful studies in both lab-scale 
experiments and tests performed in real urban environments with the 

photocatalyst coated on the surface [20, 32, 33, 38, 39, 46–67]. From these studies, 
much information on photocatalytic building materials has already been gathered. 
For example, it has been shown that the conversion efficiency can be increased 
with a higher irradiance but decreased by both a very low and very high relative 

humidity.  
While showing promising results to reduce pollutant levels, these tests also 

showed that, for practical applications, large amounts of photocatalytic building 
materials are required for more significant reductions of pollutant concentrations. 

However, applying these large amounts can be challenging. The most often used 
photocatalyst is titania (titanium dioxide) because of its low toxicity and high 
efficiency/cost ratio. Still, even titania is considerably more expensive than 
standard building materials. The most photocatalytic active form of titania is 

anatase. Amorphous titania, which is produced with low-temperature methods 
like the sulfate route [68], has a low photocatalytic activity. Also, rutile, the most 
common crystal form of titania when it is being produced at high temperatures 
like in the chloride route [68], is not as photocatalytic active. Therefore, the 

photocatalytic titania is produced by adding an extra crystallization step after the 
sulfate route to transform amorphous titania to the anatase form.  

Reducing the dosage of photocatalytic material by coating a thin nanolayer of 
titania directly onto substrates is often considered. However, such a thin layer 

could have a low durability and if the titania layer is broken up by wear or washed 
away in rain in the form of nanoparticles, it could be dangerous for human health 
[69–71]. The main problem that occurred during most of the studies was an entire 
deactivation of the photocatalytic function. Long-term degradation of activity can 
have several reasons like wear or fouling or by the reaction products itself. In 

addition, when the photocatalyst is incorporated inside the matrix of a building 
materials like concrete, deactivation can be caused by the covering of the 
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photocatalytic active surface and pores leading to the inside of the material by the 
growth of the substrate’s volume due to hydration and carbonation [72, 73]. This 
durability problem decreases the applicability of photocatalysis in urban 

environments due to the extra cost of resources by having to apply even more 
photocatalytic material or increase the maintenance. Therefore, developing a new 
photocatalyst, which is not only more durable and effective for longer times but 
has also lower production costs, is required.    

1.4 Titania-silica composites 

Many of the named problems can be solved by binding titania chemically to a low-
cost support. For this, silica is one of the most promising supporting materials. 

Composites made from both silica and titania can have the photocatalytic 
properties from titania, the high stability from silica and extra properties coming 
from chemical bonds between the two materials [74]. Titania and silica can form 
bonds relatively easily through the hydroxyl groups on the surface of both 

materials following:  
 

   
Silicon and oxygen are the most abundant elements in the earth’s crust, and 
therefore, silica (silicon dioxide) can be a low-cost commodity. As the 
photocatalytic activity takes place only on the exposed surface area of titania, the 
amount of titania needed for the same photocatalytic efficiency can be reduced 

enormously by coating a thin layer of titania on silica or having titania particles 
homogenously scattered around a large specific surface area (SSA). As the 
production of silica can be cheaper than that of titania, the costs of photocatalytic 
material can be significantly reduced by applying titania-silica (TS) composites.  

The higher mechanical and chemical stability of silica than that of titania could 
potentially increase the durability when the titania is bonded to a silica support. 
It has been shown that the anatase-rutile transformation happens at higher 
temperatures when the titania is bonded to silica [75–77]. This increase in energy 

requirement shows that the silica anchors the titania atoms in place, making it 
harder for the atoms to rearrange themselves into a lower active photocatalytic 

 ≡Si-OH+ ≡Ti-OH → ≡Si-O-Ti≡ + H2O (1.7) 
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crystal lattice or to be removed, and thus, the bond to the silica increases the 
durability of the photocatalyst. So, when the composites are used instead of pure 
titania, the photocatalytic material could potentially be used for a longer time with 

high photocatalytic efficiencies. The enhanced thermal stability, besides enabling 
a higher durability, enables photocatalytic materials to be used in applications 
that require higher preparation temperatures. Moreover, often silicate binders are 
used in building materials that could potentially bond with the silica from the 

titania-silica photocatalyst that then can bond to the building material itself, 
potentially increasing the lifetime of the photocatalytic function significantly. 
Furthermore, even when released, the composite particles are micron-sized 
instead of nano-sized, so that at least the potential hazards are minimized.  

Many studies report that the TS composites can have higher photocatalytic 
activity than pure titania with the addition of silica causing higher conversion 
efficiencies [40, 78–89]. Most of these studies attribute this higher activity to the 
large SSA that can be produced with silica and its ability to adsorb some pollutants 

and intermediates for a longer time than pure titania [90]. Due to these better 
adsorption properties on the photocatalytic material, the chance of the adsorbent 
being oxidized increases. The oxidation of pollutants adsorbed to the silica close 
enough to the titania is possible due to the reaction with superoxides and radical 

hydroxyls traveling to these pollutants before reacting with other species. Some 
studies also attributed the higher activity to the influence of the silica on the 
morphology of the titania particles during their synthesis [77]. Another 
advantageous property of silica for a high activity is its large bandgap. Silica has 

such a large energy bandgap that it does not absorb the light the titania requires 
for its photocatalytic activity but instead scatters the light in all directions, 
including towards the titania. The recombination rate of the photogenerated free 
holes and electrons in TS-composites is also reduced as the bandgap of the titania 

close to the silica is more expanded than the bulk titania. 
Presently, a wide range of silica materials can be applied for TS materials. 

Current standard silica materials with large SSA include precipitated silica from 
the neutralization of alkaline silicate solutions, fumed silica from flame 
hydrolysis, or silica from the sol-gel reaction of silane alkoxides. However, these 

silicas have relatively high environmental impacts as both the sodium silicate and 
fumed silica have high-temperature requirements of over 1000 °C [91] and the 
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silicon alkoxides require metallurgical silicon for its production [92]. Recently, a 
new more environmentally friendly and cost-effective production method for nano-
silica was investigated [91, 93–97]. This method consists of reacting the silicate 

mineral olivine with sulfuric acid without the need for a high energy input. This 
nano-silica can have a large SSA and a high amount of silanol groups on its 
surface, making it potentially very promising support for the composites. 

1.5 Motivation and goals of the thesis  

Due to their promising properties as photocatalysts, but also as other applications, 
the number of studies on different TS currently is enormous and is still growing. 
However, despite the benefits these composites can have (e.g. higher activity, 

lower costs, higher durability), the TS are not as often applied as pure and doped 
titania are in the research field of photocatalytic building materials. The 
composites would add extra complexity to the already complex photocatalytic 
building material field. For the synthesis of the TS alone, there are many different 

methods, each with their parameters that can be changed in multiple ways 
resulting in a multitude of different TS, each with their distinct properties. Some 
of these TS are either not suitable for photocatalysis or are associated with a very 
expensive production method.  

In this thesis, an investigation was made into the synthesis of the TS and the 
design of photocatalytic building materials applying the produced composites. 

• The first intermediate goal was to synthesize promising low-cost TS 
with higher photocatalytic activities than pure photocatalytic titania 
materials. As an enormous amount of promising synthesis methods 
for TS already has been investigated, a small selection of different 
routes is needed to be made. Subsequently, these selected routes are 

to be thoroughly investigated.  

• The second goal was to investigate how the resulting TS could be 
optimally applied to building materials to achieve a high 
photocatalytic active material. For this goal, different photocatalytic 
active building materials were prepared on a small scale and analyzed 
in a laboratory setup.  
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• The third goal was to test the photocatalytic active building materials 

on a larger scale in an outdoor setup. For this goal, a new protocol was 
devised to monitor the photocatalytic activity of these materials 
during different outdoor conditions.  

• Finally, all work was combined to devise a long-term experiment in 
which a photocatalytic building material containing the TS was 
successfully monitored to have verifiable air purification in an outdoor 

environment.  

1.6 Outline of the thesis 

The first intermediate goal is described in Chapters 2, 3 and 4. In Chapter 2, a 
literature review on a variety of possible different synthesis methods for TS is 

performed. This is then followed by an experimental investigation on three 
selected routes, which is described in Chapter 3. These routes are the precipitation 
route, the slow addition route and the sol-gel route. The results from the synthesis 
of the TS are compared to a plain titania reference photocatalysts, which was 

chosen to be the commercial Degussa P25 (from the company Evonik, Essen, 
Germany). Furthermore, different parameters are investigated including the 
crystallization and the titania-silica ratio.  

For the silica part of the TS synthesis in Chapter 3, the silica from the 

precipitation of silicic acid from the reaction of olivine with sulfuric acid is selected 
due to its beneficial properties and its potentially environmentally friendly 
production method. In Chapter 4, mesoporous silica is also investigated due to its 
very high SSA and ordered structure. For this, the synthesis of mesoporous silica 

from two different alternative silica sources is investigated. One silica source is 
the same olivine-sulfuric acid reaction and the other source is bottom ash (BA) 
from municipal solid waste incineration (MSWI). After their formation, the 
mesoporous structure is coated with titania and analyzed.  

The second intermediate goal is mainly addressed in Chapter 5. The 
investigation of photocatalytic building materials with the composites is 
performed in Chapter 5 by both the incorporation of the composites in a concrete 
mix and as a coating on different substrates. First, the addition of the composites 

and the reference P25 into concrete mixes are investigated. Then, for coatings, 
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different mineral binders are investigated to find out which could support the TS. 
The best binder is then used in a long-term experiment on the durability of the 
composites and reference P25 and Kronoclean 7000 (from Kronos Worldwide, 

Leverkusen, Germany) as a coating on both autoclaved aerated concrete (AAC) 
and glass plates.  

The third intermediate goal is described in Chapter 6, in which a novel protocol 
is devised for the evaluation of the air pollutant removal efficiency of a 

photocatalytic coating. By collecting and analyzing rainwater coming off the 
photocatalytic coating and some extra washing water, the PCO product nitrate 
can be accurately measured. This protocol is applied in a long-term study on a 
photocatalytic coating on different panels of 0.6 m2 vertically placed on the flat 

roof of the Vertigo building, Technical University of Eindhoven, Eindhoven, 
Netherlands. 

In Chapter 7, The applicability of the TS in a coating on an outdoor panel is 
investigated. The TS with the highest NO conversion efficiency from Chapters 3 

and 4, is coated with the best binder from Chapter 5 on panels in a similar setup 
as described in Chapter 6. The panels were monitored over the course of 13 
months. The influences of the type of photocatalyst, the weather conditions, and 
long-term exposure are investigated and captured by a simplified analytical 

prediction model.  
And finally, in Chapter 8, a comprehensive summary is presented including 

the most important conclusions of the presented work in this thesis. Subsequently, 
some future aspects and recommendations for further research are presented. 

  



 

 

 

  



 

 

 

2. Literature review 

LITERATURE REVIEW 
 

Parts of this chapter was published 

elsewhere as “Titania-silica 

composites: a review on the 
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2.1 Photocatalytic titania  

Anatase, rutile, and brookite are the main three different crystal structures for 
titania [20]. The bandgap of rutile is 3.0 eV and the bandgap of anatase is 3.2 eV. 
For rutile and anatase to become photocatalytically active, they need to absorb 
electromagnetic radiation with wavelengths smaller than 413 nm and 387 nm, 

respectively. While rutile can absorb more light in the visible range, anatase is 
more photocatalytically active. Luttrell et al. [98] showed this higher 
photocatalytic efficiency by studying the difference in PCO efficiencies of anatase 
and rutile thin films of different sizes for the PCO of methyl orange. They showed 

that for films thinner than 2.5 nm the difference was not significant between the 
two forms, but for thicker films up to 5 nm, the anatase films had higher efficiency. 
From this study, it became clear that excited electrons and holes in anatase can 
travel farther than in rutile so that more electrons and holes can reach the surface. 

By reacting the titanium and oxygen atoms in a crystal structure into Ti3+ and 
O- (from having an oxidation state of 4+ and 2-, respectively), the potentials of the 
excited electrons and holes increase their lifetimes at the surface. Because the 
difference in charge between the titanium and oxygen atoms is reduced, the 

oxygen atoms in the lattice become more unstable and can, with relatively little 
energy, leave the crystal and form oxygen vacancies [98, 99]. These oxygen 
vacancies are important in photocatalytic titania for different mechanisms. For 
example, around an oxygen vacancy, there is an excess of electrons, making titania 

an n-type semiconductor, which has a higher conductivity than when titania is an 
intrinsic semiconductor. In addition, it has been suggested that the photo-induced 
hydrophilic nature comes from water molecules occupying these oxygen vacancies 
[20, 24, 44], although it needs to be noted that according to other academia, the 

photo-induced hydrophilic nature comes from the simple removal of hydrophobic 
contamination by PCO [100]. Furthermore, according to Yang et al. [101], the 
oxygen vacancy might also play a role in the PCO mechanism of NOx. 

An important reason why excited electrons and holes have a longer lifetime 

and higher conductivity in anatase are the differences between the oxygen 
vacancies that are formed in anatase and rutile. Oxygen vacancies cause extra 
energy levels within the bandgap. Calculations that were performed by Mattioli et 

al. [99] showed that oxygen vacancies in an anatase crystal can cause both shallow 
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delocalized energy levels and deep localized energy levels in the bandgap, while in 
rutile only deep localized levels can form as shown in Figure 2.1. Since anatase 
contains shallow delocalized energy levels in its bandgap, it has a higher 

conductivity. Furthermore, the excited electrons and holes have longer lifetimes 
in anatase than that in rutile, because in the rutile, both the hole and excited 
electrons are drawn to the deep localized energy levels, increasing the chance of 
recombination [102].  

 

 

Figure 2.1: Difference between vacancy levels 
caused by oxygen vacancies for a; rutile and b; 
anatase, whereas CB is conduction band and 
VB the valence band (taken from [99]). 

Figure 2.2: excited electron and hole 
movement at the interface between 
anatase (right) and rutile (left) (taken 
from [103]). 

 

Titania that contains multiple crystal structures can have enhanced properties 
that they would not have individually [103]. For example, Degussa P25 consists of 
both anatase and rutile. Rutile has a smaller bandgap of 3.0 eV while anatase has 
a bandgap of 3.2 eV, making the absorption of photons with energies in between 

those two possible while the higher photocatalytic activity of anatase remains. 
This enhancement is possible because of the alignment of the energy bands 
between the two, as shown in Figure 2.2. The bottom level of the conduction band 
of rutile has a higher energy level than that of anatase, causing electrons to flow 

to the lower empty energy orbitals of anatase. Since the formed holes will move 
from the anatase to the rutile and the excited electrons from the rutile to the 
anatase, the recombination chance is reduced. In addition, a difference in electron 

 
 

 



16 Chapter 1. Introduction 

 
density is produced at the interface between the two forms, causing an increase in 
conductivity and lifetimes for the electrons and holes, resulting in a higher 
photocatalytic activity.  

There have been many studies performed on the alteration of the crystallinity 
of the photocatalytic titania to make it more attractive for practical applications. 
One of the main solutions researchers have investigated is doping the crystal 
lattice of titania [104]. Bandgap alteration of crystalline titania by doping the 

crystal structure with other elements has been shown to make new energy levels 
in the bandgap. These new energy levels enable the material to absorb photons 
with larger wavelengths, making it possible to have photocatalytic activity under 
visible light, for example, for indoor applications. On the other hand, the bandgap 

can be enlarged if the size of the titania crystal becomes very small resulting in 
quantum confinement [105]. While less of the sun’s light can then be absorbed, the 
reduction potentials of the electron and hole increase, enabling different 
photocatalytic reactions like CO2 into CH4, which could help slow down climate 

change, or NO into N2 and NH3. However, this higher potential does not aid in the 
photocatalytic oxidation reaction of NOx into NO3-.  

2.2 Titania-silica composites and their synthesis methods 

While alterations to the crystal structure of titania are one way to achieve 
different photocatalytic properties, a higher photocatalytic activity can also be 
achieved by joining titania with a support like silica, as discussed in Chapter 1 
[74, 106]. There is a wide range of titania-silica composites (TS) that can be 
synthesized. The method applied to form the TS is the most important criterion, 

besides the silica and titania themselves, determining the properties of the 
composites, such as their morphology and bond-strength. An indirect way to 
prepare a TS is by adding premade titania nanoparticles to a silica support [107, 
108] at a pH of around 3-4. At that pH, the titania and silica have opposite charges 

so that the titania and silica will have an electrical attraction. 
For more stability and a better homogenous coating, direct methods that form 

chemical bonds are often more favorable like the vapor-deposition methods [105, 
109, 110], impregnation and grafting methods [111–113]. However, applying these 

three different kinds of methods only allows for the coating of a monolayer of 
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titania in one step due to the absence of water, as no new hydroxyl groups can 
form on the coated titania during the reactions for further condensation. The 
crystallinity of such a monolayer is not favorable for the PCO of NOx.  In addition, 

these methods are not optimal for low-cost production since either very high 
temperatures or expensive organic solvents are required. Methods that are more 
promising for low-cost photocatalytic materials use continuous hydrolysis and 
condensation. 

2.2.1 Hydrolysis and condensation 

During the hydrolysis, hydroxyl side groups are added to the targeted molecule. 
Either side-groups of a precursor are replaced by hydroxyl groups or polymeric 
bonds are replaced. For titania, the product of full hydrolysis in neutral water is 

Ti(OH)4 since titanium has four valence electrons [74, 105, 109, 112, 114–118]. 
However, the pH value plays an important role. Below a pH of 4, the ions Ti(OH)3+ 
and Ti(OH)22+ will be formed according to Figure 2.3. These titanium hydroxides 
are titania monomers that can form larger titania molecules by polymerization.  

The polymerization happens through condensation with other monomers if their 
concentration is high enough. If the concentration of these monomers stays low, 
they are likely to react with available surface hydroxyl groups, like those on the 
surface of silica particles, causing slow growth through condensation. The reason 

behind this preference of particle growth over new nucleation is caused by a high 
energy barrier to form new surfaces. The interface between two materials or 
phases is always energetically unfavorable, as otherwise, they would 
spontaneously merge. A new nucleated particle, therefore, requires a relatively 

high amount of energy to form, due to the high surface to bulk ratio instead of 
increasing the size of already available particles.   
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Figure 2.3: concentration of Ti(OH)22+ and Ti(OH)3+ relative to Ti(OH)4 as a function of pH 
(taken from [117]). 

 
Nucleation of small particles will take place after reaching the supercritical 

saturation point if the concentration of monomers increases faster than the 
condensation reaction rate either by insufficient possibilities to react with these 

hydroxyl groups (for example, if they are absent) or if the hydrolysis is much faster 
than the condensation reaction. Therefore, for the synthesis of TS, the hydrolysis 
rate is a very important parameter that needs to be low enough to avoid secondary 
nucleation instead of coating. Two main parameters, pH and temperature, affect 

the hydrolysis rate of titania precursors the most and can stop it entirely if low 
enough. Besides the hydrolysis rate, the formation of positive ionic monomers 
plays another important role in the synthesis of the TS. Namely, it also influences 
the electrical charge of both materials. The isoelectric point of silica is at a pH of 

around 1 to 2. Therefore, if the pH of the dispersion medium is between 2 and 4, 
the silica and titania are oppositely charged [101, 119]. Otherwise, the charges are 
either both positive (pH < 2) or negative (pH > 6). An opposite charge increases 
the chance of the titania monomers and polymers to make contact available due 
to electrical attraction. After making contact, they can bond with the silica surface 

through the hydroxyl groups. 

2.2.2 Synthesis methods based on hydrolysis and condensation  

For a high photocatalytic conversion of the targeted molecules in this study (NO 
and NO2), the titania that is coated on the silica should be crystalline with a 

thickness in the nano-range and homogeneously distributed on the surface of the 
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silica substrate [106, 111, 120]. Three commonly used methods that can form TS 
with these requirements and involve the hydrolysis-condensation reactions are 
the precipitation method, sol-gel method, and a method that uses the slow addition 

of a titanium alkoxide precursor to the silica. These methods have their 
advantages and disadvantages, resulting in composites with different properties. 

With the precipitation methods [111, 112, 121–123], the titania precursor is 
normally first dissolved in the dispersion By then changing conditions of this 

dispersion (e.g. temperature,  pH), the solubility of the precursor changes, making 
the precursor react and precipitate around the silica. Most often the precursor is 
dissolved in an aqueous solution with a low pH and low temperature, to prevent 
hydrolysis as hydrous titania is stable at these parameters as shown in Figure 2.4. 

Titanium chlorides (TiCl3, TiCl4) and titanium oxysulfate (TiOSO4) are low-cost 
precursors for titania which are, just like the titania monomers, stable and non-
reactive in low pH (pH < 2) solutions at room temperature. Therefore, they are 
often applied as the precursor for the precipitation methods.  

 
Figure 2.4: Solubility of hydrous titania at different pH values at room temperature (taken 
from [124]). 

 
When the solution containing the dissolved precursor is either neutralized with 

an alkaline solution or heated up to a specific temperature, the precursors form 
titanium hydroxides. This specific temperature depends on the pH and solvent 
used. By increasing the pH and/or temperature, titania slowly forms, which can 
be on a silica support for a coating if the hydrolysis is slow enough so that the 

concentration of titania monomers does not reach the critical supersaturation. 
Another precipitation method is by using a titanium alkoxide precursor and a 
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dispersion without any water as without water the hydrolysis is also prevented 
[125, 126]. The precipitation in this method can be controlled by the water addition 
rate.  

The addition method consists of slowly adding titanium alkoxides to a silica 
dispersion in an organic solvent (e.g. ethanol, n-propanol) containing a low water 
concentration [112, 127–131]. The idea is to slowly add the precursor to have only 
small amounts of hydrolyzed titania monomers inside the dispersion, preventing 

the critical supersaturation concentration of the monomers. The method is close 
to that of the well-known and well-working Stöber method [132] used for 
preparing silica colloids and coatings. However, unlike the fast hydrolyzing 
titanium alkoxides, the silicon alkoxides require an alkaline or acid catalyst and 

are therefore more easily controlled. The pH value at which the hydrolysis rate is 
minimum for titanium alkoxides is below 2 at room temperature. Therefore, the 
hydrolysis rate can be slowed down by using a pH close to it. On the other hand, 
using a low amount of water also prevents fast hydrolysis with this method.  

For low-cost titania coating, the sol-gel method is another possibility [82, 114, 
122, 133]. Instead of relying on the slow hydrolysis of a precursor, the sol-gel 
method relies on the slow hydrolysis of hydrated amorphous titania gels into a sol 
in the presence of silica. Hydrated, amorphous, and small-sized titania particles 

are more dissolvable than crystalline titania and titania bonded to larger particles 
like the silica, especially in the presence of sulfuric acid. Once the sol is formed, 
the hydrated titania can slowly form bonds either with the titania gel, titania 
crystals, or with the silica. The constant dissolution of titania gel into titania 

monomers and condensation of the titania monomers into titania can, therefore, 
be used to slowly coat titania on the silica. 

Besides coating nanoparticles, many studies have applied this method to coat 
different supports, like glass plates, with a thin film using the dip-coating method. 

During this method, the support is lowered into a titania sol that does not contain 
solid material for titania to condensate on before the support is added. When the 
support is then slowly pulled out of the mixture, a thin layer of the sol is adsorbed 
on the surface. During the drying, a thin titania film is then formed. Polymers 
such as Poly(ethylene glycol) can be used to obtain a higher porosity due to the 

large pores in the titania that remain when these molecules are removed after 
formation.   
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2.3 Crystallization of titania  

Amorphous titania has the lowest photocatalytic efficiency due to a low 

conductivity, large bandgap, and many defects in which the holes and excited 
electrons can be trapped. However, the amorphous form is most likely to be 
present in the synthesized titania. When the hydrolysis rate, and subsequently 
the condensation rate is very slow during the reaction, thermodynamics plays a 

more important role than kinetics. Since crystalline titania is more energetically 
favorable than amorphous titania, crystallization of the titania can then directly 
happen, especially at a low pH, where the solubility difference between amorphous 
titania and crystalline titania is larger [13,14,22-24]. However, the direct 

formation of crystalline titania is hard to control. If the hydrolysis is too slow, it 
can result in large rutile crystals with a small SSA, which is undesirable for 
photocatalysis. Therefore, conditions in which amorphous titania is firstly formed 
and later crystalized are preferred. Crystallization can then happen through two 

main routes; calcination or hydrothermal treatment.  
During the calcination of pure titania, the transformation of amorphous titania 

to anatase happens at temperatures between 300 °C and 600 °C. At temperatures 
above 600 °C, the transformation to rutile occurs [20, 134]. At these high 

temperatures, chemically bonded hydroxyl groups condense so that more bonds 
are formed between the titanium and oxygen atoms. Through rearrangements, 
crystal nuclei are slowly formed. Once a crystal is large enough to be stable, it will 
further increase in size by taking up more titania atoms, either through more 
rearrangements or by merging with other crystals.  

Besides calcination in dry air, it is also possible to use hydrothermal 
treatments for the formation of crystalline titania [129, 135, 136]. During a 
hydrothermal treatment, water in autoclaves is heated to temperatures above its 
boiling point causing high pressure. The extra heated water and pressure make 

crystallization possible at lower temperatures than calcination through stabilizing 
intermediate forms and increasing the mobility of the atoms. As shown in Figure 
2.5, at high pressures and low temperatures the anatase form is relatively more 
stable than rutile. Moreover, since the formation of crystalline titania takes place 

in an aqueous environment during hydrothermal treatment, hydroxyl groups are 
incorporated into the formed structure which can be helpful for the photocatalytic 
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activity. Wang and Ying [137] showed that using a hydrothermal treatment on 
amorphous titania leads to smaller and more stable titania nanoparticles than 
with calcination.  

 
Figure 2.5: Diagram of most stable titania forms at different pressure and temperatures: 
anatase, rutile, and TiO2 II (also known as srilankite) (taken from [138]).  

 

The exact temperature at which the transformation to either anatase or rutile 
happens during both calcination and hydrothermal treatment also depends on the 
size of the particles. According to Banfield et al. [139], anatase is more 

thermodynamically stable than rutile below the size of 14 nm. The pH and other 
chemicals (e.g. adsorbed polymers, salts) can also influence the mobility of the 
atoms. The formation of anatase or rutile from the amorphous titania does not 
start at a single point where all amorphous material crystallizes into anatase or 

rutile. By using higher temperatures, more amorphous titania will transform into 
anatase. However, higher temperatures will also transform anatase into rutile 
and increase the growth rate of the crystals, which leads to smaller SSA’s.   

When titania is chemically bonded to a substrate like silica, the substrate 

stabilizes the different structures of titania and suppresses the transformation of 
amorphous titania to anatase and the transformation of anatase to rutile by 
decreasing the mobility of the titania atoms like an anchor [140]. Thus, higher 
temperatures are required to form anatase and rutile when titania is coated on 

silica. While more energy is needed for the formation of anatase from amorphous 
titania on a support, the anatase that is then formed has a higher thermal 
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stability. It has even been reported that the anatase-rutile transformation only 
happens in some composites with a high temperature of 1000 °C [123]. The 
increase in temperature required for the crystalline transformations depends on 

the thickness of the titania since a thicker layer is less influenced by the support. 
For the TS, the crystal growth by calcination can cause stress when the titania 
structure shrinks due to the density increase by rearrangements of atoms and 
removal of chemically and physically adsorbed water. As the silica works like an 

anchor against the shrinkage, stress is generated in the structure which can lead 
to the breakage of some Ti-O-Si bonds.    

2.4 Silica 

Besides the titania, which can influence the properties of the formed TS 
significantly as mentioned, the silica itself can also have a significant effect on the 
resulting composites. All kinds of silica structures have been used in different 
studies on TS, from smooth colloidal spheres prepared with the Stöber method 

[114, 115, 130, 141], to sand [128], clays [56, 57, 142–144] and the mesoporous 
silica with very large surface areas and pore structure [113, 126, 145, 146]. One 
parameter that affects the synthesis of the composite and the resulting durability 
is the reactivity/crystallinity of the silica. Quartz silica is much less reactive than 

amorphous silica, making it harder to form bonds with the titania [109]. However, 
it also makes the resulting composite more stable. For this thesis only two 
structures were investigated; the randomly precipitated silica from the dissolution 
of olivine and mesoporous silica.  

2.4.1 Olivine nano-silica 

Most of the silica used in this thesis comes from the dissolution, and subsequent, 
random precipitation at a low pH of olivine from dunite [95, 96]. Olivine is a 
combination of forsterite (Mg2SiO4) and fayalite (Fe2SiO4). Dunite was 
investigated for the production of nanostructured silica as an alternative to 

precipitated and fumed silica by Lazaro et al. [93, 94, 96]. It was found that the 
olivine bonds between metal and silicate are broken in an exothermic reaction 
when dunite is introduced into a solution of sulfuric acid. Olivine reacts with an 
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acidic medium forming silicic acids which are the basic units for any silica-based 
structure. The formation of silicic acids from olivine happens through:  
 

 
 
This reaction can happen at room temperature and is an exothermic reaction. 
Since the method of producing nanostructured silica from olivine only requires 

this reaction, this method could be more environmentally friendly than the current 
production methods. Furthermore, there is a high interest by researchers to apply 
this reaction to reduce CO2 concentrations. By employing carbonic acid as the 
source of H+, carbonic salts are formed that can be stored [147–151]. However, the 

kinetics of the reaction of olivine with CO2 under standard conditions is too slow 
for practical purposes for now.   

The silicic acids that are formed from the reaction have a low solubility at low 
pH and high ion concentrations. Therefore, the nucleation of small nanoparticles 

takes place relatively swiftly after their formation and reaching supersaturation. 
Due to the low pH, further nucleation is favored over further growth of these 
particles. Therefore, only the primary particles of a few nanometers are formed. 
At low pH and high ionic activity, the charge repulsion of these silica nanoparticles 

is negligible, causing them to aggregate into secondary particles and then further 
agglomerate into the larger structures shown in Figure 2.6. The reaction rate of 
olivine into silicic acid can be controlled with the pH, SSA, particle size of the 
olivine, and temperature.  

 
Figure2.6: TEM pictures of the structure of the silica produced from olivine below the IEP. 
(A) Shows the primary particles and (B) shows the aggregates of olivine (taken from [152]). 
 

(Mg, Fe)2SiO4 + 4 H+ → Si(OH)4 + 2 (Mg, Fe)2+ (2.1) 
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The reaction also yields byproducts, namely a mixture of magnesium sulfate 
and iron sulfate, non-reacted residues, and nanostructured silica particles. Due to 
the low density of the formed silica, it can be separated from the remaining 

residues with sedimentation and decantation and can be separated from the 
sulfate salts with washing and filtration cycles. In an earlier study, it was shown 
that these side products can then be further recycled to prevent the production of 
any environmentally harmful waste. The produced particles can have a highly 

hydrated SSA between 100 and 400 m2/g and a porous network with a random 
pore size distribution. Especially the large highly hydrated SSA makes this silica 
a promising substrate for the composites.  

2.4.2 Mesoporous structured silica 

From all the silica structures, synthesized ordered mesoporous silica has the 
largest SSA, modifiable pore structure, and high potential for catalysis while being 
somewhat relatively easy to synthesize compared to similar structures like 
zeolites and aerogels. Mesoporous silica structures are an important, and 

interesting material group, which can be applied as specialized catalysts [153], 
adsorbents, or used in drug delivery [154] and molecular separation [155]. These 
applications are made possible because mesoporous silica contains a large SSA of 
1000 m2/g and pores between 2 to 50 nm, which makes them as well a potential 

silica candidate for the synthesis of the TS. While naturally occurring zeolites also 
have large SSA, the well-defined and modifiable porous network of mesoporous 
structures with pores larger than 2 nm are crucial for the aforementioned 
applications. The surfactant aided synthesis of long-range ordered mesoporous 

silica has been performed since the early 1990’ [156–158]. The first mesoporous 
silica products were made by hydrothermal treatment of aluminosilicate gels in a 
solution with a crystal liquid template formed by surfactants. Since then the 
research on mesoporous silica has expanded extensively. Huo et al. [158] laid the 

groundwork for more general methods for the long-range ordered mesoporous 
structures by applying either alkaline silicates or silicon alkoxides through the 
cooperative self-assembly methods, which can be done in a large variety of 
conditions. Although, since then many other methods have been investigated as 

well. 
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Figure 2.7: Formation mechanism of mesoporous silica using tetraethyl orthosilicate (TEOS) 
as the precursor and cetyltrimethylammonium bromide (CTAB) as surfactant (taken from 
[159]) and a TEM image of one resulting sample showing its hexagonal structure (taken from 
[160]). 

 
From the different precursors that are used for mesoporous silica, sodium 

silicate is the raw material that is often used due to its low production cost. 
However, sodium silicate is often associated with certain technical difficulties, for 
instance, having a high pH value and low stability. In addition, high temperatures 
of 1300-1600 °C are required for its production [95]. In several studies, alternative 

silica sources with lower environmental impact have been investigated, e.g. fly ash 
[161], rice husk ash [162], and bottom ashes [163, 164]. However, the mesoporous 
silicas mentioned in these studies were produced by first extracting the silica in 
the form of silicate ions by reacting the ashes with alkaline chemicals at very high 
temperatures. 

2.5 Photocatalytic building materials 

As discussed in Chapter 1, many studies have already been performed on 
photocatalytic building materials. There are two main ways to incorporate the 

photocatalytic function onto building materials: either by incorporation into their 
matrix or by coating a top layer on its surface. Both methods have been studied in 
detail before. A highly durable photocatalytic material can be potentially made by 
incorporating the photocatalyst inside the matrix of the building materials, but it 

increases the amount of photocatalyst necessary for a significant air-quality 
increase. Cementitious systems are often investigated building materials for the 
incorporation of photocatalyst due to their low-cost and their high production 
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amount. On the other hand, while a surface coating requires less amount of 
photocatalytic material, it also often requires a binding agent. Furthermore, it will 
lose the photocatalytic material if the top layer is damaged or eroded, for example 

by rainwater, making it less durable.  

2.5.1 Cementitious photocatalytic systems 

There are two main reasons why many investigations have been made into the 
combination of cementitious systems with photocatalytic materials. The first 

reason is based on the visual effect of the added photocatalyst. The self-cleaning 
function can help buildings to remain clean looking without a high amount of 
maintenance. In addition, the combination of titania and white cement gives a 
nice alluring look as can be seen in Figure 2.8 [31, 33, 55]. The second reason is 

the air-purification function. Cement is a low-cost material that can hold the 
photocatalyst in place near the pollution source. Furthermore, during the PCO of 
NO, it has been shown that cementitious systems can help with the adsorption of 
the intermediate product NO2 [165], preventing this even more toxic gas from 

escaping the system.   

 
Figure 2.8: Example of photocatalysis applied to buildings: The Jubilee Church, Rome, Italy, 
designed by Richard Meier (picture taken from [42]). 

 
The efficiency of air-purification with the cementitious photocatalytic systems 

depends on several different parameters. One important parameter is the particle 
size and subsequently the SSA of the photocatalyst [31, 55, 166]. While normally 

a larger SSA would give better activity due to more active sites, in cementitious 
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systems this correlation is not automatically true. One problem that occurs during 
the setting of hydrated photocatalytic cementitious systems, is an agglomeration 
of the photocatalytic particles due to low charge stability in cementitious-water 

mixtures. Due to the high ionic activity of especially calcium ions in this mixture, 
the zeta potential of the particles is shielded significantly. The small particles tend 
to agglomerate more due to having even lower stability than larger particles, 
resulting in larger agglomerates than agglomerates formed from large particles. 

The resulting structure after hydration also influences the photocatalytic 
abatement of pollutants. Especially the porosity plays an important part in 
exposing the photocatalytic material to possible air pockets where the pollutant 
can reach it [31, 55, 72, 166] and for the air-flow through the material [62]. The 

porosity is influenced by several parameters like the particle size distribution of 
aggregates and the added photocatalyst whereas smaller particles are able to fill 
up empty pores left by larger particles.  

Also, the photocatalytic material itself can affect the pollutant removal 

efficiency. The added photocatalyst can act as nucleation sites for cement 
hydration production. These nucleation sites, curing age and water content can 
cause the porosity to decrease by increasing the amount of nucleated hydration 
products [33, 72, 167]. In addition, the photocatalytic material can be coated by 

the products if they are formed on the surface of the particles.  
The materials used in the cementitious mixture and the crystallinity also play 

a role as the resulting product determines how well light penetrates the structure 
[55, 168]. The more UV-light can penetrate the system, the more the photocatalyst 

is activated. Therefore, waste-glass can be a possible beneficial material to 
include.  Another important influential factor from the cementitious system on the 
PCO of NOx is the high pH values from the cement. According to Folli et al. [55], 
the preferred reaction pathway of NO to nitrate at high pH would directly go from 

NO to the ionic NO2- and then NO3- instead of through the intermediate HONO 
into NO2 gas ending in HNO3. Thus, involving even more alkaline reactants could 
be beneficial.  
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2.5.2 Photocatalytic coatings 

One of the main components in coatings is the binder. Binders are often a polymer 

that irreversibly hardens during drying by entangling the polymers in such a way 
that new bonds form between the polymers, decreasing the solubility significantly 
so that the binder remains in place [169]. Since organic binders are degraded by 
the photocatalysts, an initial treatment is required to expose the top layer of 
photocatalyst enough that the binder does not interfere [170].  When only silicate-

based binders are considered, the binder does not negatively influence the activity. 
In fact, silicates have been shown to promote the conversion efficiency of several 
pollutant oxidations by increasing the adsorption properties and preventing 
agglomeration of titania particles during the curing stage [87, 171–173].  

Silicate ions can form long polymer networks that can be applied for coatings 
when it is concentrated enough that the kinetic energy overcomes the charge 
repulsion of the negatively charged ions [90, 174–176]. Therefore, drying through 
water evaporation is often the main method to form the coating structure. Due to 

an increase in concentration, the silicate ions can come close enough and condense 
to polymerize into longer-chained silicate structures. Since silicon has four 
covalent bonds, the silicate polymers can form bridges when the concentration is 
high enough that even the charge repulsion between one-dimensional polymers is 

not strong enough causing the silicate to form two dimensional structures and 
eventually forming gels. Fast gelling causes a fragile porous agglomerate to form, 
while slow gelling causes more compact structures. In addition, the ionic activity 
plays an important role as with higher activities, the charge repulsion between 

silica monomers and polymers decreases. In a study performed by Strini et al. 
[171], different binders were already investigated for pure titania photocatalysts. 
The study showed that the binder itself can have a large influence on the 
photocatalytic activity as it influences the porosity and amount of titania on the 

surface of the sample. 

2.6 Photocatalytic abatement of NOx in outdoor studies 

Many investigations on photocatalysis under laboratory conditions have already 
been performed to study the different properties of the photocatalytic materials 

and to search for optimum conditions for high photocatalytic activity [38, 62, 177–



30 Chapter 1. Introduction 

 
180]. Besides the photocatalytic surface itself, which has been investigated 
considerably, the influences of parameters like irradiance, humidity, and 
pollutant concentration on the photocatalytic activity have also been studied 

extensively. They show that the irradiance gives a positive influence on the 
conversion efficiency up to a point, while a negative influence is observed by either 
a very low or very high relative humidity. Furthermore, some studies show that 
the reaction kinetics of the photocatalytic oxidation during these lab-tests can be 

described by a Langmuir–Hinshelwood model [28, 52, 53, 64, 179–181].   
However, lab-scale studies do have a main downside, namely that they are only 

models of the photocatalytic reactions under certain strictly defined conditions. 
For the practical application of photocatalytic surfaces for air-purification, more 

complex outdoor conditions need to be considered, especially during long term 
services. In addition, the combined influences of several independent 
environmental parameters are often overlooked. The application of photocatalysis 
in outdoor conditions has shown to be highly complex by studies that focused on 

photocatalytic building materials in long-term real-life situations [39, 48, 49, 51, 
54, 59, 60, 67].  

One of the first outdoor studies was performed by Maggos et al. [51], which 
used an artificial street canyon for 3 months. They measured NOx concentrations 

reductions of 36 to 82% between canyons with a photocatalytic mortar and a 
reference. Another artificial canyon study performed by Gallus et al. [47] did not 
observe any photocatalytic effect. Ballari and Brouwers [48] investigated 
photocatalytic pavement during 30 measurement days over the course of more 

than a year They found an average decrease of 18% of the NOx concentration, with 
a clear correlation between the reduced NOx levels and high temperature, high 
irradiation, and low humidity. However, they also noticed that the efficiency of the 
photocatalyst decreased rather quickly due to the wear of the pavement surface.   

Several other long-term studies on photocatalysis performed under outdoor 
conditions reported deactivation of their photocatalytic surface as well. In two 
similar independent papers on photocatalytic pavements, a highly significant 
decrease in photocatalytic activity was measured, which was attributed to wear 

and coverage by dirt [54, 67]. In an investigation on photocatalysis for wastewater 
treatment, a decrease in photocatalytic efficiency within weeks was reported due 
to fouling caused by over-exposure [59]. In a study on the effect of photocatalysis 
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on phototrophs, it is shown that no effective performance by photocatalysis could 
be detected after long-term exposure to outdoor conditions, while this performance 
was significant in lab-scale tests [142]. 

In Figure 2.9 a schematic setup is shown of a large-scale test on the PCO of 
NOx performed inside the Leopold II tunnel, Brussel, Belgium [39, 49, 182]. At 
first, the NOx concentration appeared to be lower in the air that was being blown 
through the photocatalytic part. However, the researchers normalized the NOx 

concentration with the CO2 concentrations measured at the same sites to test the 
accuracy of the measurements, since CO2 should be unaffected by the 
photocatalytic surface. From the normalization, it became clear that differences 
in NOx levels between the coated and non-coated part of the tunnel were not 

caused by photocatalytic activity. Lab-tests on the exposed photocatalytic surface 
showed that the surface was covered with soot and dust, and thus, significantly 
lost activity. This study shows that just measuring differences in NOx 
concentrations might not be the best measurement technique to observe the 

performance of the photocatalytic surface for air-purification. Therefore, a new 
protocol is designed and evaluated in Chapter 6 of this thesis.  

 
Figure 2.9: Setup of the experiment in the Leopold II tunnel for photocatalytic abatement of 
NOx (taken from [182]). 

 
Deactivation of the photocatalytic surfaces, thus, seems to be one of the main 

occurring problems during outdoor investigations. However, wear might not be 
the main contributor to the deactivation. Studies trying to simulate abrasion only 
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showed a slight decrease in the photocatalytic activities.  On the other hand, 
studies involving the covering of the photocatalytic surface by fouling measured 
significant decreases [56, 183]. Fouling as a major cause for the decrease in 

photocatalytic activity was confirmed in a two-year study on photocatalytic 
mortars, during which a significant decrease in photocatalytic efficiency could be 
recovered up to 70% by cycles of UV-light and rinsing [60].  To conclude, these 
studies show that regular washing of the photocatalytic surface might be required 

to remove fouling when the surfaces are over-exposed, especially in the absence of 
rainwater. 

2.7 Conclusions 

• Anatase is the most photocatalytic active single-crystal form of pure 
titania. Still, there are forms of titania with improved photocatalytic 
properties. By making rutile-anatase composites with good bandgap level 

alignment, more light can be absorbed while maintaining the properties 
of anatase. Furthermore, bandgap alteration of titania, by either doping 
or quantum confinement, can change the photocatalytic properties.  

• To obtain cost-effective photocatalytic composites, the optimal method 
deposits anatase crystals with a thickness of 2.5-5 nm on silica with a 
large SSA. In addition, the titania should be chemically bonded to the 

silica substrate and homogenously distributed.  

• The most promising methods for low-cost photocatalytic composites are 
the ones that involve a slow hydrolysis rate, which ensures that more 
than one layer of titania can form without the need for undesirable 
materials like toluene. The most important parameters on which the 
hydrolysis rate is dependent are the pH, temperature, concentration of 
water and precursor, the speed at which these parameters are changed 

during the reaction (e.g. by addition of water), and the type of precursor 
used. The reaction speed of the hydrolysis must be slow enough so that 
the condensation of titania monomers on the substrate’s surface is more 
likely to happen than polymerization between monomers. 

• For the transformation of amorphous titania to anatase, calcination or 
hydrothermal treatment can be applied. The temperature and time 
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required to obtain anatase crystals from amorphous titania depend on the 
mobility of the titania molecules. While having more crystalline anatase 
instead of other titania forms at the surface is beneficial for the 

photocatalytic activity, crystallization does not always produce materials 
with a higher photocatalytic efficiency, since during the growth of the 
crystals, the SSA of the titania is reduced and anatase can transform to 
rutile at a too high temperature.  

• Besides the titania, also the silica influences the photocatalytic 
properties. Precipitated nanostructured silica from olivine shows to be 

potentially a highly beneficial silica support due to its morphology, silanol 
density, and low cost. Ordered mesoporous silica as well, has a high 
potential to be an excellent support for highly active photocatalysts due 
to its large SSA with a well-structured pore network.  

• Both laboratory tests and outdoor tests on photocatalytic building 
materials show that their application could be an excellent method for 
air-purification. However, the standard method of monitoring the NOx 

concentration in the air close to the photocatalytic coating has shown to 
be imperfect and open for improvement. Furthermore, degradation of the 
photocatalytic activity over time is still a critical problem for further 
analysis and application of the material.
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3.1 Introduction 

In the previous chapter, it was discussed that there are many methods that can 

be applied to produce titania-silica composites (TS). In this chapter, a closer look 
is taken at the influence of the different methods and their parameters on the 
resulting composites. To gain a better understanding of the direct relationship 
between the coating method and the resulting composite, a range of different 

synthesis routes is systematically investigated in this chapter. The three 
mentioned promising methods from Chapter 2, precipitation, addition, and sol-gel, 
were applied with different variations to produce different TiO2-SiO2 composites. 
This investigation aimed to find the most active photocatalytic composite made 

from 15% titania and 85% silica following the aim of the study performed by 
Castillo et al. [112]. The silica used was the precipitated silica from olivine due to 
the many advantages it has for this application, like large surface area and high 
hydroxyl density [93].   

An overview of all performed coating experiments is shown in Table 3.1. For 
the precipitation and addition methods, the three main parameters investigated 
where: pH, temperature, and liquid composition. As stated in Chapter 2, the 
solubility and stability of the titania precursor depend on these three parameters 

[116, 119, 125, 184, 185], and thus, it was important to investigate how each 
change in the parameters influences the titania formation when applying these 
methods. Since a change in one parameter could also affect an influence from a 
different changed parameter, combinations of different changes were investigated. 

For the precipitation method, 6 different combinations of parameter changes were 
investigated. In addition, the precipitation method of only raising the temperature 
was investigated at three different end-temperatures to see its influence on the 
crystallization and yield. For the addition methods, the liquid composition had to 
stay the same (low water content) so only 4 experiments were performed where 

the influences of the pH and temperature were investigated. For the sol-gel 
method, the initial titania formation did not have to be investigated as it was done 
purposely in gel form. Only the titania gel source was investigated for the sol-gel 
method.      
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Table 3.1: Overview of the experiments performed. 
Sample code Precursor Dispersion 

medium 
pH Temperature 

°C 
Pr1 TS Water *1→3 20 
Pr2 TS Ethanol *1→7 20 
Pr3 TS Water 1 *50 
Pr4 TS Water 1 *70 
Pr5 TS Water 1 *90 
Pr6 TS Water *1→3 *50 
Pr7 TP Ethanol + * 

water 
7 20 

Pr8 TP Ethanol + * 
water 

3 50 

Ad1 TP Ethanol + water 7 20 
Ad2 TP Ethanol + water 3 20 
Ad3 TP Ethanol + water 1 70 
Ad4 TP Ethanol + water 3 50 
Sg1 TP Water *7→2 20 
Sg2 TG Water *7→2 20 
Sg3 TS Water *7→2 20 

* = changed after adding the titanium precursor, → = changed into, Pr = precipitation 
method, Ad = slow addition method, Sg = Sol-Gel method, TS = titanium oxysulfate, TP = 
titanium isopropoxide and TG = titania gel. 

 

The photocatalytic properties of all composites were evaluated by testing their 

photocatalytic conversion of NO under UV-A light using the ISO 22197-1 standard 
[186] for comparative purposes. It is important to note that every parameter in 
the evaluation method to determine the NO conversion can have an enormous 
impact on the photocatalytic oxidation efficiency [74]. For example, the substrate 

on which the photocatalyst is anchored can greatly alter the NOx abatement by 
influencing the pollutant adsorption, the product adsorption, airflow [62], and 
light adsorption [41]. To eliminate influence from the substrate and assess 
primarily the synthesized photocatalysts, a relatively high amount of 

photocatalyst was used on a smooth glass surface to have as little as possible 
contact between the glass substrate and the pollutants. 

Despite using the same method to apply the same sample to the glass plate, 
the NO2 production and oxidation varied significantly between several 

measurements, while the NO varied not as significantly. During experiments 
performed further in this thesis in Chapters 5 to 7, where photocatalytic surfaces 
are measured instead of just the photocatalytic powder, this problem did not occur. 
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Therefore, it was concluded that the samples as a loose adsorbed powder on the 
plates were not representative when it comes to the NO2 oxidation. The reason for 
this problem could be due to differences in drying causing different properties 

related to keeping the NO2 adsorbed, like water content and morphology. Thus, it 
was chosen to show only the average NO oxidation efficiencies in this chapter even 
though NO2 is significantly more toxic than NO and its oxidation could be more 
relevant concerning the abatement of pollution in general.  

To understand why some samples had higher photocatalytic activities than 
other samples, several analysis techniques were used. X-ray diffraction (XRD) was 
applied to measure the produced titania crystal size. With X-ray photoelectron 
spectroscopy (XPS), it was determined how the titania was spread over the silica 

surface. In addition, Fourier-transform infrared spectroscopy (FTIR) was used to 
semi-quantify the bonds between the two materials, and nitrogen physisorption 
was employed to determine the SSA. 

3.2 Experimental methods 

The silica used in this study was prepared by the dissolution of the silicate mineral 
olivine. During this dissolution, the olivine and sulfuric acid react to form 
dissolved silica monomers following [93–96]: 

 
    
 
The silica forms and precipitates after the critical supersaturation point of the 
silica monomers is reached. This silica is filtrated and washed with a diluted 

sulfuric acid solution to remove the remaining iron and magnesium ions and 
subsequently washed to remove the acid. The resulting product is silica with a 
large specific surface area (SSA) of around 200 m2/g, particle size between 1 and 
10 µm and a high hydroxyl density between 13 and 22 OH/nm2. Before each 

experiment, the nano-silica was dried at 120 ºC overnight. Subsequently, 20 grams 
of the silica was weighed, milled, and dispersed in the chosen dispersion medium 
to a total volume of 500 ml. Table 3.1 shows an overview of the parameters used 
in the experiments. In all experiments, the molar ratio of Ti:Si was kept at 15:85 

to have an equal amount of titania in each composite. The precursors used were 

(Mg,Fe)2SiO4 + 4H+ → Si(OH)4 + 2(Mg,Fe)2+ (3.1) 
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Titanium oxysulfate 15% in dilute sulfuric acid and titanium (IV) isopropoxide 
97% (both from Sigma-Aldrich, Zwijndrecht, Netherlands) and a titania gel 
suspension (concentration 80%) produced from the sulfate process used for large 

scale nano-titania production (provided by Kronos Worldwide, Leverkusen, 
Germany). Each experiment with titanium oxysulfate started at a pH of 1 because 
of the sulfuric acid. After the composite synthesis, the resulting samples were 
filtered and washed four times with water. Afterward, the samples were dried 

overnight at 120 ºC and then calcined at 500 ºC for four hours.  

3.2.1 Precipitation method  

During the precipitation method, the titanium precursor was first dissolved in the 
dispersion medium and then hydrolyzed by changing the pH, temperature, or 

water content, making the titania precipitate on the silica. The samples Pr1 and 
Pr2 were synthesized at 20 °C by increasing the pH of the titanium oxysulfate 
solution using sodium hydroxide. The difference between these two experiments 
was that the method for Pr1 used water as the dispersion medium while the 

method for Pr2 used ethanol. No extra water was necessary for the hydrolysis of 
the titania precursor during the formation of Pr2, since the solution in which the 
precursor was dissolved already contained enough water. Pr3, Pr4, and Pr5 were 
synthesized by slowly increasing the temperature from 20 to 50, 70, and 90 ºC, 

respectively. For the formation of Pr6, both the temperature and pH were 
increased. The preparations of Pr7 and Pr8 were done using titanium isopropoxide 
in ethanol as the dispersion medium without water so that hydrolysis was 
prevented by the absence of water. Afterward, water was slowly added during 12 

hours until the water content of the dispersion medium reached 2.5 vol.%. For Pr8, 
the pH value was lowered to 3 by adding sulfuric acid (50 vol.%) to have a slower 
hydrolysis reaction and opposite charge between the silica and formed titania.  

3.2.2 Addition method 

Applying the addition method, the titanium isopropoxide was slowly added to the 
silica-ethanol dispersions as described in the general method section. The silica 
dispersions for the addition methods contained only 2.5 vol.% water with the rest 
being ethanol to have a slow hydrolysis rate. Ad1 was prepared at neutral pH and 
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room temperature. The other three samples (Ad2-Ad4) were prepared at lower pH 
values using sulfuric acid to have even slower hydrolysis. A pH value of 3 was used 
for Ad2 and Ad4, and a value of 1 for Ad3. To increase the yield, the temperature 

of the dispersion medium was set as 70 ºC and 50 ºC for Ad3 and Ad4, respectively.  

3.2.3 Sol-gel method  

For the preparation of the sol-gel method samples, the titanium gels were first 
made and then added to the silica dispersions. Three different sources for the gel 

were investigated, as shown in Table 3.1. The gel for Sg1 was prepared by adding 
titanium isopropoxide to water; the gel for Sg2 was premade and provided by 
Kronos and the titania gel for Sg3 was made by rapid neutralization of titanium 
oxysulfate with sodium hydroxide, after which it was first washed and dried to 

remove the sodium and sulfate ions. Subsequently, the pH was lowered to 2 with 
sulfuric to form the composites. Sulfuric acid can catalyze the hydrolysis of the 
surface of the hydrated gel, forming titanium hydroxide monomers and smaller 
polymers referred to as sol. Afterward, three different reactions are possible: the 

sol binds again to the amorphous titania gel, it binds to the silica surface or it 
forms crystalline titania. Since amorphous titania is thermodynamically more 
soluble than the silica-bonded titania and the crystalline titania, the latter two 
will be favored over time just like in the Ostwald ripening process.  

3.2.4 Analytical methods 

The crystalline structures of the composites were measured using, XRD 
equipment with a Cu Kα source at 40 kV and 30 mA in steps of 0.02° every 8 
seconds. The crystal size of anatase was determined using the Scherrer equation:

      
   
 

where L is the crystal size (m), K particle shape factor (0.89 was used), λ 

wavelength of the used X-ray, β width of a peak at half the maximum intensity in 
radians, and θ corresponding peak angle. An approximation of the average size of 
the measured crystal structure can be calculated using this equation because the 
width of the XRD peaks depends on this value if the material consists of nano-

        𝐿𝐿 = 𝐾𝐾𝐾𝐾
𝛽𝛽 cos𝜃𝜃�  (3.2) 
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sized crystals.  In addition, nitrogen physisorption was performed with a Tristar 
II equipment to determine the SSA using the BET theory. Also, XPS 
measurements were performed to determine the Ti:Si ratio on the surface of the 

composites. They were performed with a Thermo Scientific K-Alpha using an Al 
Kα source of 1486.6 eV at 72 W measuring spots with a size of 400 µm at reduced 
pressure. 

FTIR measurements were performed using a Perkin Elmer spectrometer 

model Frontier with a resolution of 2 cm-1. A small amount of the samples was 
first heated to 850 ºC to remove all surface silanol groups since their IR absorption 
corresponds close to the Ti-O-Si bond absorption [187]. An example of the FTIR 
spectra of pure titania, pure silica, and a TS sample (Pr7) is shown in Figure 3.1. 

Because of the low titania amount, the Ti-O-Si is not clearly visible. To compare 
the bonding composition at the surface of the different samples, the following 
equation:  

was used to calculate the ratio between the Ti-O-Si bond absorption and Si-O-Si 

bond absorption, where Absorption Ti-O-Si is the integral of the absorption by the 
Ti-O-Si bond between 900-975 cm-1 and Absorption Si-O-Si the integral of the 
absorption by the Si-O-Si bond between 975-1300 cm-1. If this bond ratio is high, 
it means that the titania is well-bonded to the silica. While this method might not 

be highly accurate, it can be used to compare the different samples with each other 
semi-quantitively. 

For microstructure analysis, Transmission Electron Microscopy (TEM) was 
performed using a Tecnai 20 microscope equipped with a LaB6 filament, operated 

at 200 kV. The sample was put on a 200-mesh copper grid with a carbon support 
layer. The TEM was applied to a TS sample made with the same method as Ad1.     

bond ratio = Absorption Ti − O − Si
Absorption Si − O − Si�  (3.3) 
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Figure 3.1: The shape of the FTIR spectra of bare TiO2, bare SiO2, and a composite sample 
(Pr7). Y-axis presents normalized absorption of IR-light but is left out to represent the 
different spectra in the same figure.  

3.2.5 Photocatalytic conversion measurement and NO adsorption 

To compare the photocatalytic properties of all synthesized TS, their 
photocatalytic conversion ability was determined by oxidizing the pollutant NO 
under UV-light irradiation. Photocatalytic oxidation of NO under UV-light 
produces NO2, HNO2, and HNO3. The produced NO2 and HNO2 are likely to be 
further oxidized into HNO3 by further photocatalytic oxidation if they are 

adsorbed near the photocatalyst. Due to photoexcitation, the surface of titania can 
cause the production of hydroxyl radicals (OH•) and superoxide radicals (O2-) [20, 
24], which are highly reactive and can oxidize NO into the mentioned products. 
The photocatalytic conversion efficiency of the samples was determined by 

measuring how much of a continuous inflow of NO gas was oxidized following the 
standard ISO 22197-1 [186]. The setup for these measurements is shown in Figure 
3.2.  

In addition to the TS samples, reference samples were prepared consisting of 

the commercial photocatalyst (P25), both pure and mixed with dried silica under 
the same molar ratio (15:85). For a standard measurement, one gram of the 
samples was milled and dispersed in 10 ml water. This dispersion was then slowly 
dropped onto one side of a glass plate (200 mm × 100 mm) and with the use of a 

glass rod evenly spread over its entire surface. Subsequently, these glass plates 
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were dried at room temperature overnight. Whether the powdered coating 
obtained enough cohesion was tested by hanging the glass plates up-side-down.  

Afterward, the coated glass plates were put in the reactor with a surface with 

the same dimensions (200 × 100 mm2) and with a 3 mm height between the top of 
the reactor and the glass plate. Through this gap, an airflow of 3 L/min was 
maintained with a NO inlet concentration of 1 ppm at an ambient temperature of 
about 20 ± 1 ºC. The relative humidity of the gas flow was kept constant at 50% ± 

3% using a bottle of water through which a controllable amount of the gas was 
pumped. During the photocatalytic oxidation (PCO) measurements, the samples 
were illuminated with UV-A light with an intensity of 10 W/m2. The desired 
concentration of the NO pollutant was reached by mixing the NO with synthetic 

air. The desired humidity was obtained by flowing the gas through a water bottle. 
With each measurement, first the NO gas was flown through a bypass in order 

to reach a stable condition. Then, the NO flow through the reactor is opened and 
the bypass switched off. For about 10 mins, the NO goes through the reactor 

without illumination to reach equilibrium because of surface adsorption. Then the 
reactor is illuminated for 2 hours to reach a stable NO oxidation rate. The time it 
took to reach a stable NO conversion was different for each sample. The samples 
with the highest conversion efficiencies reached their equilibrium the fastest. 

However, after the 2 hours, all samples had a steady NO oxidation rate. The PCO 
conversion of NO was determined by the concentration difference between the 
inlet and outlet, applying: 

where CNO-outlet is the average concentration of NO during the last 5 minutes of the 
PCO test during the UV-A illumination and CNO-inlet the average concentration of 
NO during 5 minutes before the illumination started.  

 

NO oxidation conversion (%) = 100 × �1 − CNO outlet
CNO inlet
�  � (3.4) 



44 Chapter 3. Titania coating on the olivine nanostructured silica 

 

 
 
Figure 3.2: Schematic view of the PCO measurement setup: 1) NO gas source, 2) synthetic 
air source, 3) valve, 4) bottle containing water, 5) humidity and temperature sensor, 6) light 
source, 7) reactor, 8) air vent, 9) NOx detector and 10) computer to control the inflow of 
gasses and data collection.  

 
The NO adsorption on the surface of the photocatalyst was estimated by using 

the difference in concentration between the 10 minutes of NO flow through the 
bridge and the 10 minutes through the reactor. This difference is caused by a drop 

in NO concentration caused by the filling of the reactor and NO adsorption on the 
photocatalyst. Thus, the total adsorption of NO on the surface of the photocatalyst 
can be estimated by subtracting the mass of NO in the reactor from the 
accumulated mass difference of the NO after the gas flow is derived to the reactor 

until equilibrium was reached.  

3.3 Results composite synthesis 

3.3.1 Precipitation composites  

The results of the precipitation samples and their pH values are shown in Table 
3.2. The results show that the pH has a significant effect on the resulting 
composites as mentioned in Chapter 2. The pH influenced two main properties: 
the hydrolysis-condensation rates and the electrical charge on the silica surface 

and the formed titania. As Sugimoto et al. [116] reported, the formed titania 
monomers complexes (Ti(OH)n(4−n)+) change with different pH values. The majority 
of the monomers consist of Ti(OH)4 at pH > 4, Ti(OH)3+ at a pH between 2 and 4, 
and Ti(OH)22+ at pH < 2. In addition, the isoelectric point of silica is at a pH of 

around 1 to 2 and that of titania at a pH of around 4 to 5. Therefore, if the pH of 
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the dispersion medium is between 2 and 4, the silica and titania are oppositely 
charged. Otherwise, both charges are either positive (pH < 2) or negative (pH > 5). 
An opposite charge increases the chance of the titania monomers and polymers to 

make contact and form bonds with the silica surface due to electrical attraction, 
and thus, increasing the coverage of the titania over the silica.  

The samples Pr1 to Pr6, which were prepared at a starting pH of 1, had a low 
coverage, little bonding and a poor photocatalytic activity with low adsorption 

relative to the other two Pr samples, which is attributed to the pH value. These 
samples were prepared at a starting pH of 1 to prevent the hydrolysis reaction 
during the dissolution of the precursor. However, it might be that because of the 
electrical repulsion, the titania nucleated in the solution instead of on the silica 

particles, which is thermodynamically favorable under conditions without 
repulsion. 

 
Table 3.2: Results of the precipitation samples. 
Sample 

code 
pH used 
during 

synthesis 

NO 
conversion 

(%) 

NO 
Adsorption 

(µg) 

BET 
SSA 

(m2/g) 

XPS Ti 
content 

(%) 

Anatase 
crystal size 

(nm) 

FTIR: 
Bond 
Ratio 

Pr1 1→3 13.4 0.32 152.1 1.5 18 0.033 
Pr2 1→7 13.0 0.35 161.1 0.8 25 0.052 
Pr3 1 12.7 0.61 188.0 0.8 22 0.026 
Pr4 1 32.8 0.71 173.6 1.4 24 0.032 
Pr5 1 26.0 0.47 180.3 2.7 24 0.038 
Pr6 1→3 8.6 0.21 176.2 1.3 16 0.022 
Pr7 7 80.4 1.67 199.2 19.3 12 0.083 
Pr8 3 82.3 1.92 199.9 13.0 11 0.089 
 
While the pH was increased during the preparation of Pr1, Pr2, and Pr6, the 

neutralization process did not raise the pH instantaneously to a more favorable 
pH value. Therefore, the initial nucleation happens while there is still charge 

repulsion between the formed titania and silica. If the neutralization happened 
faster, the hydrolysis reaction would have been too rapid for controlled 
condensation. Compared to Pr1, it is shown that changing the dispersion medium 
to ethanol did not contribute to an enhanced efficiency (Pr2). Due to the high 
stability of the precursor at low pH values, Pr3, Pr4, and Pr5 had low yields during 

the titania reaction. Their yields were 1, 41, and 76 wt.% of the potential titania, 
respectively, as calculated with:  
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All other samples had yields close to 100%. The low yield comes from non-reacted 

titania precursor going through the filter during the washing. Therefore, it can be 
assumed that the titania content of Pr3 and Pr4 is very low, which explains their 
low PCO efficiencies. However, even with a much higher yield, Pr5 did not show a 
higher NO conversion than Pr4. For Pr5, the high temperature caused a better 

yield, but it also caused hydrolysis to happen faster, which might have resulted in 
secondary nucleation, and consequently less titania growth on the silica surface. 
The low bond ratio as measured with FTIR and the low coverage from the XPS 
measurements support this hypothesis, which will be further discussed in the 
following sections.  

Pr7 and Pr8 show very high PCO activity, especially compared to samples Pr1-
Pr6, as shown in Table 3.2. These two samples were prepared by slowly adding 
water to the system continuously. As reported by Park et al. [125], the hydrolysis 
reaction of titanium isopropoxide requires a certain minimum concentration of 

water to take place. During the formation of Pr7 and Pr8, the hydrolysis started 
after reaching the critical concentration. The hydrolysis reaction consumes water, 
and thus, its rate was controlled by the water addition speed. Therefore, if the 
water addition is slow enough, the concentration of titania monomers will stay 

below the critical supersaturation point so that secondary nucleation is prevented.  
Another reason these two samples showed a high PCO efficiency was that, 

before the water was added to the system, the precursor had a chance to react with 
the silanol groups on the silica surface. This successful bonding between the silica 

and titania through Ti-O-Si covalent bonds in these two samples is confirmed by 
the FTIR results which showed a much higher bond ratio compared to the other 
six precipitation samples. For Pr8 made at a pH of 3, the charge attraction 
between the formed titanium hydroxides and the silica surface and higher 

precursor stability caused the photocatalytic activity of this composite to be even 
higher. The reason that Pr7, prepared at a pH of 7, still obtained the high bond 
ratio and high coverage is that at pH > 6 the form of the titania monomers is 
Ti(OH)4 [116],  and thus, uncharged. In addition, the excellent properties of Pr7 

Yield(%) =
Product weight −  added silica

Mol mass of Ti𝑂𝑂2   ×  moles precursor
 (3.5) 
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confirm that bonding can still happen without the charge attraction between the 
titania and silica as long as the hydrolysis is slow enough. 

3.3.2 Addition composites  

The results of the samples which were made by slow addition of precursor are 
shown in Table 3.3. Ad1 showed a relatively high photocatalytic efficiency, which 
is in line with the reported studies using the same method [74]. Nevertheless, the 
method can be further improved as shown by the samples Ad2 and Ad4 which 

achieved higher conversions. Sample Ad2 that was made in a dispersion with pH 
3 showed higher photocatalytic activity than Ad1, the sample prepared at a pH of 
7, which might be related to the charge attraction at that pH value. The higher 
temperatures used during the preparation of Ad4 helped to achieve an even higher 

NO conversion. In contrast, Ad3 had a very low NO conversion rate compared to 
the other addition samples even with higher temperatures. The NO conversion of 
Ad2 and Ad4 are rather similar, although the higher temperature used during the 
synthesis of Ad4 resulted in a slightly higher conversion efficiency of the sample. 

This indicates that under this condition, the temperature does not play a 
significant role. Therefore, the clearly lower efficiency of Ad3 can be primarily 
attributed to the very low pH (1) which might have caused the same disadvantages 
as mentioned before for the Pr3, Pr4, and Pr5 samples namely; charge repulsion 

and too fast hydrolysis induced temperature causing secondary nucleation. In 
addition, Ad3 shows that the high PCO efficiency of the other samples made by 
this method cannot be contributed solely to the use of the alkoxide precursor as 
Ad3 used the same precursor.  

 
Table 3.3: Results of the addition samples.  

Sample 
code 

NO 
conversion 

(%) 

NO 
Adsorption 

(µg) 

BET SSA 
(m2/g) 

XPS: Ti 
(%) 

Anatase 
Crystal 

size (nm) 

FTIR: 
Bond Ratio 

Ad1 58.2 0.44 215.3 15.1 13 0.075 
Ad2 75.6 0.82 199.0 13.0 13 0.040 
Ad3 20.4 0.49 178.3 8.8 16 0.054 
Ad4 79.2 0.66 205.9 19.9 12 0.085 
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3.3.3 Sol-Gel composites 

Many studies have been performed on the formation of titania nanoparticles with 

the sol-gel method since the study of Bischoff et al. [124]. The preparation of TS 
applying this method is also possible but the number of studies on it is still 
relatively limited [78, 101]. Still, much of the gained information from studies on 
the titania nanoparticle formation can be used for the TS. For the sol-gel methods, 

a pH of 2 was chosen in order to enable the hydrolysis of the amorphous titania, 
and thus, the Ostwald ripening process to precipitate the titania-sol on the larger 
silica structures. In addition, pH 2 is close to the isoelectric point of silica. Without 
charge on the silica surface, there was no charge repulsion during the coating 
between the titania and silica, while there was charge repulsion between titania 

particles. Furthermore, the pH-dependent stability of the precursor had no 
influence on the coating during the sol-gel method, since it was hydrolyzed before, 
unlike with the other two methods. As Table 3.4 shows, the sol-gel sample Sg1, 
which was prepared with titanium isopropoxide, shows an unexpectedly low 

efficiency. The reason for this low performance might be that the propanol that is 
formed during the hydrolysis disrupted the hydrolysis of the gel. Since the gel was 
more stable, the Ostwald ripening process was much slower, causing a great 
amount of the titania gel to remain separated from the silica, as confirmed by the 

low bond ratio determined by the FTIR analysis (see Table 3.4). Also, the large 
drop in the SSA from 200 to less than 160 m2/g by only 15 at.% of the sample 
indicates as well, that most of the titania in Sg1 consisted of large and smooth 
titania particles.  

 
Table 3.4: Results of the sol-gel samples. 
Sample 

code 
Gel source NO 

conversion 
(%) 

NO 
Adsorption 

(µg) 

BET 
SSA 

(m2/g) 

XPS Ti 
content 

(%) 

Anatase 
crystal size 

(nm) 

FTIR: 
Bond 
Ratio 

Sg1 Titanium 
isopropoxide 

5.6 0.33 159.7 1.3 22 0.029 

Sg2 Gel provided 
by Kronos 

68.9 0.22 198.3 3.9 20 0.082 

Sg3 Titanium 
oxysulfate 

61.3 0.55 181.0 0.9 24 0.029 

 

On the other hand, Sg2 and Sg3 show excellent NO conversions of 68.9%, and 
61.3%, respectively. Anatase could even be measured before the calcination step. 
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The difference in photocatalytic efficiency can be attributed to the bond ratio. 
While Sg3 shows higher photocatalytic efficiency than Sg1, FTIR shows that it has 
a low amount of bonds formed between the titania and silica. In fact, the samples 

Sg1 and Sg3 show the same bond ratio, meaning that the titania formed small 
particles (as indicated by the significantly higher SSA than Sg1) but these small 
particles almost did not form bonds to the silica surface. On the other hand, Sg2 
shows the same bond ratio as Ad4, Pr7, and Pr8, which also showed the highest 

NO conversion indicating a positive relation between bond ratio and NO 
conversion efficiency.  

The difference between Sg2 and Sg3 that caused this difference in bonding was 
the titania source. The gel for Sg2 was already in an acidic environment with high 

water content (~80 wt.% water), meaning that the titania was more hydrated and 
acidified for a longer time, and thus, had a higher solubility. The titania gel for 
Sg3 was first washed, and thus, contained no organic molecules unlike the gel for 
Sg1 and fewer acid molecules inside the gel than Sg2. Therefore, the formed 

titania nanoparticles during the preparation of Sg3 had a more effective electric 
charge on their surface, and thus, were more stable. However, this extra stability 
might have been one of the reasons for the low bonding ratio of Sg3 as stable 
particles are less likely to form additional bonds, which also explains the larger 

SSA than Sg1.  

3.3.4 P25 reference  

The NO conversion of the reference sample (P25) mixed with silica is lower than 
the NO conversions of the samples Ad2, Sg2, and Sg3, as shown in Table 3.5. 

However, the conversions of these three samples are lower than the plain P25. On 
the other hand, Pr7, Pr8, and Ad4 have even higher conversions than that of pure 
P25. These results prove that TS can be more photocatalytically efficient than 
pure titania, which can be explained by the improved adsorption capabilities close 

to the titania added by the silica if the titania is homogeneously distributed over 
the silica [74, 106, 112]. 
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Table 3.5: Results of the reference, pure and mixed with the nano-silica in the ratio of 15:85. 

Sample 
code 

NO conversion 
(%) 

NO adsorption 
(µg) 

BET SSA 
(m2/g) 

Crystal size (nm) 

P25 78.9 0.29 50.0* 21* 
P25+SiO2 58.3 0.58 - 21* 

* Data acquired from the supplier 

 
Therefore, the surface area also correlates with the PCO efficiencies as shown 

in Figure 3.3. The oxidation of NO does not require the NO molecules to be directly 
adsorbed onto the titania since the silica surface near the titania can also act as 

active sites. Therefore, as long as the titania is well distributed over the silica, a 
larger external surface of the composites will have a higher number of active sites, 
and thus, a higher photo-oxidation efficiency. Especially the difference in 
photocatalytic efficiency between Sg1 and Sg3 caused by the different morphology 

as larger titania particles cause a smaller SSA, and thus, a lower adsorption 
capacity. This effect also explains why P25, with only a surface area of 50 m2/g, 
had lower PCO efficiencies than the well-coated samples even though it had a 
100% titania surface. Nevertheless, the lower PCO efficiencies of the other 

samples confirm the crucial role the preparation method plays for the composites.  

   

 
Figure 3.3: Correlation between the surface areas of the composite samples and the NO 
oxidation of the photocatalysts.  
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3.3.5 Comparison between methods 

The differences in photocatalytic efficiency between some samples are relatively 

small. For example, the samples Pr7, Pr8, Ad2, and Ad4, which were all 
synthesized with the alkoxide precursor in dispersions with low water content, all 
show promising results. However, the photocatalytic efficiencies of Pr2 and Ad3, 
which were also made with relatively low water content, are almost insignificant 
showing that at pH 1 the coating goes wrong for the desired result. However, the 

trends do not always predict the best photocatalysts. For instance, Ad2 and Sg2 
had a lower SSA and XPS titanium amount than Ad1, but a higher photocatalytic 
activity, indicating the system is complex and future research is still needed. On 
the other hand, all the sol-gel samples are very different than both the 

precipitation and addition samples in terms of the end morphology since its 
method relies on a different chemical process. Due to the Ostwald ripening process 
of the titania at low pH, the final titania on the composite particles from the sol-
gel method will be smoother and larger than with the other two methods. 

Therefore, the sol-gel samples had lower coverage and smaller SSA, which in turn 
lead to lower photocatalytic efficiencies even with a high bond ratio like with Sg2. 
Despite this lower efficiency, the cost-efficiency of the sol-gel method is still 
potentially good due to the significantly lower costs of the precursor needed for 

this method. 

3.4 Coverage of titania over the silica support 

3.4.1 The prepared samples 

The XPS results from these 15 samples correlate with the PCO conversion 
efficiency because the XPS measures the surface of the material where the 
photocatalytically active agent is coated. This result means that the coverage of 
the silica support with the titania correlates with the amount of titania that is 
exposed and accessible for photocatalysis. Figure 3.4 shows that there is indeed 

an overall trend that with a higher surface titanium amount, the photocatalytic 
conversion efficiency is higher. Most of the samples with low photocatalytic 
conversion efficiency showed very low titanium amounts (below 4%), which was 
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most likely because of imperfect coating whereby large titania agglomerates 
formed during the synthesis of these experiments, causing the low titanium 
amounts as determined with XPS.  
 

 
Figure 3.4: Correlation between the titanium surface fraction of the composite samples as 
measured with XPS and the activity of the photocatalysts.  

 
The reason why all titanium surface fractions are below 20% as determined by 

XPS is explained by the low amount of titania. The SSA of the titania can only be 
19.6% of that of the silica when their molar ratio is 15:85 if one takes the titania 
as free spheres with a crystal size of 11 nm (Table 3.2) and compares it directly to 
the external SSA of the bare nano-silica (168 m2/g). Using the density of anatase 

(3.9 g/cm3) the calculated SSA is 32.8 m2/g SiO2. This result was calculated with:  

 
However, the surface area calculated in Equation (3.7) should not directly be used 

in Equation (3.6) since not the whole surface area of spheres can directly cover the 

Coverage =
titania SSA

silica external SSA (× 100%) (3.6) 

and 

Titania spheres
SSA

g SiO2 =
mass titania × surface per sphere

Density × volume per sphere × mass silica

=
mass titania × 3

Density × radius sphere × mass silica  

 
 

 
(3.7) 
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silica support.  Since, the silica surface consists of nanoparticles agglomerated into 
larger structures with many irregular pores [93, 95, 152] it is almost impossible 
to say exactly how much of the surface area of the titania spheres could be covering 

the silica. In addition, the assumption for an almost optimal case in which the 
titania is spread as much as possible is unlikely to be the case. In some samples, 
the titania could be lumped together. Even if then the titania would be in one 
layer, its surface area would be only 5.5 m2/g SiO2 with a coverage of 3.3% as 

calculated using again 11 nm for thickness with: 

 
Figure 3.5, showing TEM pictures of a TS sample made with the method of Ad1, 
presents the structure of the titania to be more complex, i.e. the titania consists 
not only of smooth spheres. The assumption that all titania is in the form of perfect 

monodisperse spherical crystals was only made to be able to use Equation (3.2), 
while the actual shape is rougher and more irregular. As well, the actual average 
size of the titania crystals could be potentially smaller as the titania that is too 
amorphous due to having a too-small crystal size is not measurable with XRD.  

 

 
Figure 3.5: TEM pictures of titania crystals coated on the silica from olivine using the same 
method as Ad1. A) Anatase crystal lattices visible between agglomerated nanoparticles, B) 
Overall morphology of the agglomerated nanoparticles. 

Titania monolayer
SSA

gSiO2
=

Mass titania used
density of anatase × thickness of layer × mass silica    (3.8) 

 A B 
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3.4.2 Higher coverage 

While it is clear from Figures 3.3 and 3.4 and the theory explained in Chapter 2 

that a large surface area of silica with a well-spread titania coating is beneficial 
for the photocatalytic activity, it is not clear how much influence a higher titania 
amount will have on the photocatalytic activity. With Equations (3.6) to (3.8), it 
becomes clear that the coverage of the silica with titania cannot be very high with 
only 15 at.%. According to Equation (3.7), titania amounts higher than 47.4 at.% 

have a chance for full coverage but as explained, because of the assumptions being 
very unlikely to be true, the chance is very small. The chance for full coverage 
increases up to 85 at.% at which according to Equation (3.8) full coverage is taken 
place if the thickness of the layer stays at 11 nm. However, full coverage is then 

still not certain as the thickness of the coating unlikely remains at 11 nm due to 
the thermodynamics of particle growth. Thus, the influence of a higher amount of 
titania for higher photocatalytic activity is complex and it has not yet been clearly 
investigated if the low coverage achieved so far in this chapter is optimal for a 

high photocatalytic activity.   
Therefore, several new experiments were performed to investigate whether 

raising the titania to silica ratio further increases the coverage and the 
photocatalytic activity of the resulting composites. The method that produced the 

composite with the highest photocatalytic activity (Pr8) was used with higher 
titania precursor amounts resulting in composites with 50 at.% (Pr9)  and 75 at.% 
(Pr10) titania amounts. 

The results of the tests done on these two samples in Table 3.6 show that while 

coverage increased to more than 60%, the photocatalytic activity did not increase 
significantly. The main reason can be seen in the SSA and adsorption ability which 
was especially lower for Pr10 than Pr8. Pr10 showed a lower Ti content as 
measured with XPS than the Ti content of Pr9, while more titania was produced 

and the thickness of the titania crystals only increased with 6 nm. A highly likely 
explanation for this result is that most of the titania formed in secondary particles. 
That the XPS Ti content did not increase further with the 75% sample shows that 
even with the Pr8 method, coating titania on silica is difficult beyond a certain 

amount. That the NO conversion of both samples did not increase from that of Pr8 
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shows that higher titania amounts are unnecessary and the 15% titania content 
is a good amount for cost-effective photocatalytic composites.      

Table 3.6: Results of the higher titania ratio samples Pr9 and Pr10. 
Sample Ti:Si 

ratio 
NO 

conversion 
(%) 

NO 
Adsorption 

(µg) 

BET 
SSA 

(m2/g) 

XPS Ti 
content 

(%) 

Crystal 
size(nm) 

Pr9 50:50 82.0 0.91 200.01 68.0 17 
Pr10 75:25 81.9 0.65 120.6 62.4 23 

3.5 Crystallization 

As stated in Chapter 2, the formed titania requires to be crystallized into the 
anatase form as the amorphous form has very low photocatalytic activity due to 

low conductivity and poor bandgap alignment [20, 98, 99]. However, the main 
method for crystallization, calcination has two main disadvantages related to the 
titania coating: firstly, the sizes of the titania particles increase, lowering the 
potential spread over the silica, and bonds between the silica and titania are 

broken due to rearrangement of the titania atoms at high temperatures [134, 188]. 
Secondly, the amount of hydroxyl groups on the surface decreases due to the dry 
high-temperature air, reducing adsorption sites.  

To investigate the influence of the calcination temperature, the method Pr8 

was again used to produce composites with 15% titania but the calcination 
temperature was varied. The used temperatures were 300, 400, 500, and 600 ºC. 
In addition, another sample was crystallized by performing a hydrothermal 
treatment at 120 ºC inside an autoclave to see if it can be used to prepare higher 

photocatalytic active composites as was stated to be the case in literature [129, 
139].     

Table 3.7: Results of the different calcination temperatures and hydrothermal treatment on 
NO conversion, adsorption, and crystal size. 

Temperature 
(ºC) 

NO conversion 
(%) 

NO adsorption 
(µg) 

Crystal size (nm) 

No calcination 53.9 0.46 10.7 
300 86.0 2.32 12.0 
400 85.5 2.04 11.9 
500 82.8 1.66 13.4 
600 82.0 1.01 14.7 

120 in autoclave 18.8 0.31 12.2 
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The results of these crystallization experiments are shown in Table 3.7 which 

indeed indicate that higher calcination temperatures cause a larger crystal size 
with lower NO conversion. The non-calcined sample shows a higher conversion 

efficiency than Pr1 to Pr6, Ad3, and Sg1. The diffractogram showed anatase 
crystals of about 11 nm, which shows that the formation of titania on the silica 
happened slow enough for some anatase to be formed via thermodynamics. 
However, even with 300 ºC, the NO conversion went up immensely meaning that 

there was still a high amount of amorphous material that could be transformed 
into anatase, increasing the photocatalytic activity. As expected, the crystal size 
of anatase increased with higher temperatures, causing the conversion efficiencies 
to go down despite some extra amorphous content being transformed into anatase. 

This result shows that the 300 ºC is the optimal temperature for calcination to 
happen to obtain the highest active photocatalytic TS. 

The sample treated with a hydrothermal treatment in an autoclave shows 
surprisingly low conversion efficiency while keeping a small crystal size. The low 

conversion efficiency is especially surprising due to its conversion efficiency being 
below that of the non-calcined sample. Several reasons that can explain the low 
conversion efficiency for the other samples with low conversion efficiencies as 
stated in Section 3.3 could play a role in this sample as well. For example, a high 

aggregation of titania particles covering themselves instead of being spread over 
the silica. In addition, change in the morphology of the silica is likely another 
reason. The silica used as support is highly amorphous with a large SSA and pore 
volume. These properties make the silica to have a high solubility [189],  meaning 

it could have been affected easily by the hydrothermal treatment. While the silica 
with all other samples has been considered to not be significantly affected by the 
coating methods due to their mild conditions, hydrothermal treatments have been 
reported to affect amorphous silica [190].  

3.6 Cost-efficiency  

The largest advantage of the TS composites compared to the plain titania 
reference is the cost-efficiency. Cost-efficiency in this thesis follows the description 
given by Verbrugge et al. [191]. Therefore, the average cost-effectiveness is 

calculated per conversion of NO in this section following:  
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At 1 ppm with an inlet of 3 L/min, the total amount of NO going through the setup 
in Figure 3.2 is about 7.49 millimoles/hour and the amount of photocatalyst used 
was 1 gram each time. Therefore Equation (3.9) can also be rewritten as  

For the cost of the photocatalyst, only the resource costs can be taken as the 
cost for water and the energy for stirring and heating should be insignificant and 
highly dependent on too many factors. For the conversion efficiencies in Equation 

(3.10) the results in this chapter were applied. Table 3.8 was used to calculate the 
cost per photocatalyst. The results from the calculation are stated in Table 3.9, 
showing that most of the TS samples are indeed more cost-efficient than P25.  

Table 3.8 estimates of the costs for the resources for the photocatalysts. 
Material Cost 

P25 120 euro/kg [191] 
Silica from olivine 1.023 euro/kg [91] 

Titanium isopropoxide 256.31 euro/kg TiO21 
Titanium oxysulfate 71.8 euro/kg TiO21  

1best estimate using lowest price found per kg of precursor 

 

Table 3.9 Average cost-efficiency of the photocatalysts. 
Sample Cost efficiency 

(Euro/mole NO 
per hour 

converted) 

Sample Cost efficiency 
(Euro/mole NO 

per hour 
converted) 

Pr1 115.97 Ad1 90.19 
Pr2 119.54 Ad2 69.43 
Pr3 122.36 Ad3 257.31 
Pr4 47.38 Ad4 66.28 
Pr5 59.77 Sg1 937.35 
Pr6 180.70 Sg3 25.35 
Pr7 65.29 P25 203.06 
Pr8 63.78   

average cost efficiency =
cost of photocatalyst used in reactor

Moles of NO oxidized
time�

 (3.9) 

average cost efficiency =  
cost of photocatalyst per gram

conversion efficiency × 0.00749  (3.10) 
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3.7 Conclusions 

This study shows that coating silica with titania can result in very promising 

photocatalysts. These newly synthesized photocatalysts show excellent 
photocatalytic activity, in terms of the NO oxidation, attributed to the large SSA, 
high amount of Ti-O-Si bonds, small crystal sizes of 10-20 nm and high titania 
coverage of the silica surface. The influence of the synthesis conditions on the 

photocatalytic efficiency were evaluated giving the following conclusions  

• The pH plays the most important role in the investigated methods since 
it determines the stability of the precursor and the interaction between 
the silica and titania. All samples prepared at a pH value of 1 showed 
rather poor photocatalytic conversion efficiencies.   

• For both the precipitation and addition methods, the best results were 
obtained using a medium with low water content and a pH value of 3. 
These resulting TS with only 15 at.% titania are more photocatalytically 
efficient than the reference P25.  

• The sol-gel method obtained the best result when used without organic 
solvents and with a fully hydrated and acidified titania gel. The resulting 

composite photocatalysts had lower efficiencies than that of the other two 
methods but still higher than the reference P25 mixed with silica. In 
addition, Sg3 appeared to be the most cost-efficient sample.  

• The coverage of the titania over the silica plays an important role in the 
photocatalytic activity. However, the sample with the highest conversion 
only measured a titanium % of around 13% (Pr8) with XPS, while samples 
with higher amounts of titania did not show significantly increased 

activity.   

• The highest conversion efficiency was reached with the method of Pr8 and 
calcination temperature of 300 ºC. Higher temperatures might turn more 
amorphous titania into anatase, but the negative influence of higher 
temperature reduces the activity more. In addition, the hydrothermal 
treatment caused the activity to go down immensely instead of up.  
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4.1 Introduction 

In Chapter 3 the randomly precipitated silica from olivine showed its potential as 
a support for photocatalytic titania-silica composites (TS). Another silica structure 
that has a high potential for the catalyst support was discussed in Chapter 2, 
namely mesoporous silica. Mesoporous silica has a large specific surface area 

(SSA) and can contain a large hydroxyl density as well. There are two main 
synthesis routes to form mesoporous silica. Namely, the liquid crystal method in 
which a micellar structure is prepared in advance and the cooperative self-
assembly method in which the micellar structure is formed during the 

precipitation of the silica.  
The first synthesized long-range ordered mesoporous structures were produced 

in the early 1990s [157, 158, 160]. Unlike naturally occurring porous structures, 
such as zeolites, these synthesized mesoporous structures have a more well-

defined structure that is modifiable with pores larger than 2 nm, enabling 
applications like catalysis [153, 192], drug delivery [154] and molecular separation 
[155]. The first silica source for the mesoporous structure used to be alumosilicate 
gels which were slowly formed into the mesoporous structure with a liquid-crystal 

template by applying a hydrothermal treatment [157]. Afterward, Huo et al. [158] 
laid the groundwork for more general methods to form these long-range ordered 
structures with a cooperative assemble method using either silicon alkoxides or 
soluble silicate solutions as silica precursors [158].  

From these precursors for mesoporous silica, sodium silicate is the mostly used 
low-cost resource. However, the current industrial production method for sodium 
silicate requires an immense energy input. The major production method is fusing 
sodium carbonate with high-quality quartz sand at temperatures between 1300 ºC 

and 1600 ºC [94]. Therefore, the synthesis of sodium silicate and mesoporous silica 
from other silica-rich materials is currently being intensively explored, e.g. fly ash 
[161], rice husk ash [162, 193] and bottom ashes [163, 164]. Although these 
resources appear more sustainable, the extraction to make silicate from them was 

performed with conventional fusion methods under high temperatures.  
In this chapter, two alternative silica sources are investigated both with low-

temperature synthesis methods, namely: the silicate mineral olivine and bottom 
ash (BA) from municipal solid waste incineration (MSWI). The silica with the 
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randomly precipitated structure from the mineral olivine already showed its 
potential to be a decent support. In addition, olivine is abundantly present on 
earth [194] and can even be found in the industrial waste material dunite. In 

addition, the formation of silica from olivine has been shown to be possible at the 
low temperatures of 50 to 80 ºC, while producing heat from the reaction itself.  

BA originating from MSWI is a silica-rich residue, which is a good candidate 
for the synthesis of sodium silicate due to its high silica content and easy 

availability. In 2014, the total quantity of the BA produced in the European Union 
was 18 million tonnes [195]. BA is a complex mineralogical mixture containing a 
variety of contaminants such as heavy metals, which make its recycling 
challenging. Hence, investigating a low-temperature synthesis route to extract 

silica from this problematic incineration ash, and subsequently forming 
mesoporous silica with it, could also provide a promising alternative application. 
In all, both silica sources are promising alternatives for the production of long-
range ordered mesoporous silica but require different investigations. 

4.2 Mesoporous silica from olivine 

The main difference to sodium silicate is that olivine is not soluble in water, and 
thus, cannot be used directly for special-structured silica. However, just like 

dissolved sodium silicate, olivine reacts in an acidic medium, forming silicic acids 
which are the basic units for any silica-based structures. The formation of silicic 
acids from olivine happens around the temperatures of 50-80 ºC through the 
following exothermic reaction [196]: 

which releases 233 kJ/mol in heat, which speeds up the reaction [196]. Therefore, 

this silica source requires potentially significantly less energy to be prepared for 
the mesoporous silica than the before-mentioned mesoporous silica sources. The 
reaction rate can be controlled by adjusting the temperatures, pH of the acidic 
solution,  SSA, and particle size of olivine [95, 97, 152]. The reaction yields a 

mixture of magnesium/iron sulfate solution, non-reacted residues, and the silica 
monomers, which will precipitate after enough monomers formed to reach the 
critical supersaturation. The low density of the formed silica makes it relatively 

(Mg, Fe)2SiO4 + 4 H+ → Si(OH)4 + 2 (Mg, Fe)2+ (4.1) 
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easy for the silica to be separated. The formation of the nanostructured silica 
happens through precipitation into primary nanoparticles, which then 
agglomerate and aggregate into larger micron-sized particles [93–96, 152]. 

Without any template present, these produced particles already have an SSA 
between 100 and 400 m2/g with an unstructured porous network containing a 
random pore size distribution. Therefore, the structure of the produced silica can 
be improved by using a micellar template producing well-ordered mesoporous 

silica.  
There are some issues related to the synthesis of mesoporous silica from 

olivine. Traditionally, the formation of mesoporous silica can be achieved in a large 
range of pH values. However, the formation of silica from the reaction of silicate 

minerals with acidic reactants needs to be performed at pH levels below 0, to 
oxidize the mineral silicate into silicic acids at a practical reaction rate. The high 
proton activity together with the number of ions formed in the reaction slurry 
makes it impractical to apply the standard cooperative self-assembly method [197, 

198]. Therefore, the method of forming a liquid crystal template formed by a high 
concentration of non-ionic surfactants will be used in this section. This method 
has shown to be able to produce mesoporous structures from silicates [157]. By 
applying a non-ionic surfactant significant interaction between the micellar 

structure, the ionic activity and silicic acid groups are prevented [199–201].  
The main purpose of this study is to show that it is feasible to directly 

synthesize ordered mesoporous silica from olivine, as a more sustainable 
alternative silica source than the sodium silicate. For this purpose, a new one-step 

synthesis method is devised for the mesoporous silica. This research aims to 
develop a sustainable and environmentally friendly process to produce functional 
and tailorable ordered mesoporous silica from the waste dunite. Furthermore, the 
produced mesoporous silica is tested as a support for the photocatalytic TS using 

the method developed in Chapter 3.   

4.2.1 Materials  

The olivine containing ore dunite (GL50 and GL70) was supplied by Eurogrit, 
Papendrecht, The Netherlands. Table 4.1 lists the chemical composition of the 

dunite, loss on ignition, and the olivine content as measured by X-ray fluorescence. 
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The GL50 and GL70 have a grain size of 0.10-0.50 mm and 0.20-1.20 mm, 
respectively. The BET surface areas of GL50 and GL70 are 0.28 m2/g and 0.22 
m2/g, respectively. 
 
Table 4.1: Chemical composition of olivine produced from dunite rock (wt.%). 
Composition MgO Fe2O3 SiO2 Cr2O3 Al2O3 NiO MnO CaO LOI* Olivine 

GL 49.3 7.32 41.4 0.31 0.46 0.32 0.09 0.15 0.59 88.9 
*Loss on ignition 

 
Sulfuric acid (H2SO4, 50%) and ethanol absolute (CH3CH2OH, 100%, VWR, 
Radnor, US), n-heptane (C7H16, Analytic grade, Biosolve, Valkenswaard, 
Netherlands), distilled water and non-ionic surfactant Triton X-100 (Sigma-

Aldrich, Zwijndrecht, Netherlands) were used to prepare mesoporous silica from 
olivine. 

4.2.2 Synthesis method of mesoporous silica from olivine 

The main procedure to synthesize the ordered mesoporous silica with olivine as a 

precursor (OMS) was as follows: Triton X-100 was dissolved in a 3 M H2SO4 
solution at 50 ºC and stirred continuously for 24 hours in the setup shown in 
Figure 4.1a. The temperature of 50 ºC was chosen since it is just below the cloud 
point (63-69 ℃) of Triton X100 but still high enough to be suitable for the reaction 

of olivine with acid. Then, dunite particles were quickly added to this mixture. The 
mixture was kept stirred and heated at 50 ºC for over 48 hours. Afterward, the 
formed mesoporous silica was separated from the unreacted residues by 
centrifugation, followed by decantation of the lower density silica. The produced 

silica was then aged at 60 ℃ in an oven overnight. Subsequently, the aged silica 
was diluted with distilled water for filtration. The produced mesoporous silica was 
then washed with a diluted H2SO4 solution (0.1 M) to prevent recrystallization of 
the sulfate salts and then washed several times with distilled water. The washed 

mesoporous silica was dried at 60 °C overnight. Lastly, the remaining surfactants 
in the mesoporous silica were removed by calcination at 550 ºC for 6 hours. 

The resulting centrifuged solution is a three-layered mixture as shown in 
Figure 4.1b. From the top layer to the bottom layer, low-density mesoporous silica, 

waste sulfuric acid solution rich in ferrous/magnesium ions, and unreacted dunite 
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particles are positioned, respectively. Afterward, low-density silica can be easily 
separated by decantation without any dunite. Still, the low-density silica is 
washed and filtrated after aging in an oven as it still contains contaminants inside 

the porous network. Since the decanted silica gel is highly viscous and difficult for 
filtration and washing, diluting the silica gel is an important step. Therefore, the 
diluting ratio between silica gel and water was investigated in a series of 
experiments to study its influence. The dilution factor was calculated according 

to: 

 
The resulting particle size distribution was measured with Dynamic Light 
Scattering (DLS).  

a b 

Figure 4.1: The end mixture of olivine dissolved sulfuric acid solution (a) inside the reactor 
setup before and (b) in the centrifugation tubes after centrifugation at 4800 rpm for 5 min. 

 
The mix design for the production of olivine derived mesoporous silica (OMS) 

is presented in Table 4.2. Firstly, to investigate the influence of TX100 
concentration on the properties of OMS, it was varied from 10% to 40%. The TX100 

concentration influences the shape of the liquid crystal template and viscosity of 

Dilution Factor =
Volume of silica gel + volume of distilled water

Volume of silica gel  (4.2) 
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the resulting mixtures. Secondly, the influence of the dunite content on its particle 
size was investigated. These two parameters influence the viscosity of the end 
mixture due to the silica gel content as well as the final pH of the mixture by 

influencing the amount of acid that is consumed. Finally, the influence of the 
amount of washing cycles was studied.  

Table 4.2: The mix design of mesoporous silica production from olivine.  
Group Dunite (wt%) Triton X-100 

(wt%) 
Dunite type Washing 

cycles 
OMS-1 20 10 GL50 5 
OMS-2 20 20 GL50 5 
OMS-3 20 30 GL50 5 
OMS-4 20 40 GL50 5 
OMS-5 10 30 GL50 5 
OMS-6 40 30 GL50 5 
OMS-7 10 30 GL70 5 
OMS-8 10 30 GL70 3 
OMS-9 10 30 GL70 7 

 

4.2.3 Characterization 

The chemical composition of the mesoporous silica was analyzed with an X-ray 
fluorescence spectrometer (XRF; PANalytical Epsilon 3) by using fused beads. 

Prior to the analysis, the loss on ignition of the sample was measured at 600 °C 
for a duration of 7 h to obtain constant mass. Afterward, the sample was mixed 
with flux (Li2B4O7 and LiBO4) in the presence of a wetting agent (LiBr) and the 
melt was prepared in a fluxer oven (clasisse leNeo) at 1100 °C. Dynamic Light 

Scattering (DLS) was used for the determination of the particle size of the silica 
suspension. Nitrogen physisorption was performed with a Tristar II equipment at 
77 K using liquid nitrogen to determine the SSA using the BET theory and pore 
size distribution using the BJH theory. For microstructure analysis, Transmission 

Electron Microscopy (TEM) was performed using a Tecnai 20 microscope equipped 
with a LaB6 filament, operated at 200 kV the sample was put on a 200 mesh 
copper grid with a carbon support layer. For determining the long-range order, the 
diffraction pattern of the mesoporous silica was obtained at lower angles (1-8° 2θ) 

with XRD from Bruker, Billerica, US (Model: D2) equipped with beam knife (0.5 
mm), divergence slit (0.1°) and soller slits (2.5°). For the confirmation of the 
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removal of the template, a Fourier transform infrared spectroscopy (FTIR) test 
was performed with a Varian 3100 equipment with the wavenumbers ranging 
from 4000 to 400 cm-1 at a resolution of 1 cm-1. 

4.2.4 Results and discussion on the mesoporous silica from olivine 

The nitrogen physisorption isotherms of the OMS produced with different 
concentrations of TX100 using a content of 20% dunite GL50 are shown in Figure 
4.2. The SSA, average pore size, and pore volume are given in Table 4.3. The 

TX100 concentration changes the liquid crystal template and viscosity of the 
mixture. The four physisorption isotherms of OMS show a typical type IV isotherm 
with an undefined and unrecognizable hysteresis. The small hysteresis is caused 
by the narrow pore size distribution with most pores below 5 nm as shown in 

Figure 4.2(b). The small pore sizes could be attributed to the high ionic 
concentrations without any swelling agents resulting in tight pores of the OMS. 
The narrower pore size distribution leads to a larger SSA of more than 900 m²/g 
for OMS samples with 20% and 30% TX100.  

Figure 4.2: (a) Nitrogen physisorption isotherm and (b) pore size distribution of OMS with 
different TX100 concentration. 
 

The sample made with a TX100 concentration of 10% shows a poor isotherm 
with a relatively flat absorption at the beginning of the curve, indicating a too low 
TX100 content, which lead to an insufficient template to support the silica. The 
pore size of OMS-1 is randomly distributed below 4 nm (See Figure 4.2 (b)). Also, 

a b 
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the SSABET was measured to be only 536 m2/g and pore volume 0.32 cm³/g 
according to Table 4.3.  Another reason for the low SSA could have been that silica 
from random precipitation was being formed with lower SSA next to ordered 

mesoporous silica due to lack of template for the silica to precipitate on, reducing 
the SSA of the total sample. However, due to having measured no pore sizes above 
4 nm, this seems not to be the case as the randomly precipitated silica from olivine 
showed to contain pores well above 4 nm in previous work [93, 96].   

On the other hand, with a TX100 concentration of 40%, the synthesized OMS-
4 sample showed as well a small SSA, randomly shaped pores but also a quite low 
purity (83.3%). This result was caused by the high viscosity of the end mixture 
solution, leading to inefficient separation of the silica and residue olivine solution. 

Therefore, the favorable values for the TX100 concentration in this research were 
between 20-30% as both OMS-2 and OMS-3 showed a large SSA and narrow pore 
size distribution.  

 
Table 4.3: SSABET, average pore width, pore volume, and purity of OMS with increasing 
content of TX100. 

Group SSABET 
(m2/g) 

Average Pore 
width (nm) 

Pore volume 
(cm³/g) 

Purity (%) 

OMS 1 536 2.9 0.32 98.0 
OMS 2 1022 2.6 0.63 99.8 
OMS 3 999 2.9 0.73 98.9 
OMS 4 605 3.1 0.39 83.8 

 

Table 4.3 also shows the purity of OMS with different TX100 concentrations. 
Although iron and magnesium ions could be incorporated into the silica structure, 
all OMS show a purity higher than 98% except for OMS-4. The high purity can be 
explained by the very low pH of the mixture during the synthesis that causes 

charge repulsion between the silica and metal ions. In addition, at low pH values, 
these ions have a very high solubility, meaning that it is energetically favorable 
for these ions to remain in the solution. Furthermore, the non-ionic TX100 was 
used to prevent attraction between the template and the other ions. While for a 

concentration of TX100 higher than 40%, due to the high viscosity during the 
production of OMS-4. These ion contaminants were most likely stuck in the 
sample matrix and could not be effectively separated, showing the importance of 
the viscosity of the end-mixture on the final properties. 
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The dunite content also influences the viscosity of the end mixture due to the 

silica gel content as shown in Figure 4.3. OMS-6, the sample prepared with 40% 
content of dunite, had a viscous silica gel during its synthesis leading to a difficult 

separation of the end mixture, as was the case with OMS-4. Consequently, the 
ferrite and magnesium ions got stuck in the pores of OMS 6 during the washing 
resulting finally in a lower purity (72%), SSABET (566 m2/g), and pore volume (0.38 
cm³/g) as shown in Table 4.4. At a 10% content of dunite, the rate of silicic acid 

formation was low, leading to a slow formation of a thin silica layer that was 
coated on the surface of the micelles. Therefore, the isotherms of OMS with 10% 
(OMS-5) and 20% (OMS-3) GL50 content, shown in Figure 4.3 a, show a steeper 
curve at p/p0 between 0-0.4 than the one of 40% (OMS-6) indicating a larger 

adsorption potential and better mesoporous structure [202]. 

a b 

Figure. 4.3: (a) Nitrogen physisorption isotherm and (b) pore size distribution of OMS with 
different dunite content and particle size. 

 

Table 4.4: SSABET, average pore width, pore volume, and purity of OMS with different dunite 
content and particle size. 

Group SSABET 
(m2/g) 

Average Pore 
width (nm) 

Pore volume 
(cm³/g) 

Purity (%) 

OMS-5 980 2.8 0.70 99.6 
OMS-3 999 2.9 0.73 98.9 
OMS-6 566 2.8 0.38 72.0 
OMS-7 945 3.0 0.80 99.9 
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The particle size of dunite influences the formation speed of the silicic acid and  
viscosity, and thus, the final properties of OMS as shown by OMS-7. The particle 
size of the GL70 is slightly bigger than GL50, which means less active surface area 

and better separation of the unreacted residue and silica gel. Therefore, the 
formed silica gel of OMS-7 was, less viscous and the separation and the unreacted 
particles sedimented faster after stopping the stirring, causing a high washing 
efficiency. As shown in Table 4.4, the purity of OMS-7 is 99.9% and the SSABET 

945 cm3/g. Thus, the particle size of GL70 showed to be more optimal than GL50. 
Another synthesis parameter that influences the samples, is the amount of 

water used during the washing. Table 4.5 shows the results from the nitrogen 
physisorption and XRF of the OMS samples with different washing cycles of 200 

ml distilled water. As the amount of washing cycles increases, the purity and pore 
width increase as it lowered the amounts of contaminated ions inside the 
mesoporous network of the OMS. Next to the cycle amount, also the volume of 
water used influences the samples. Figure 4.4 shows the DLS measurement of the 

particle size of silica with an increasing amount of distilled water. The particle 
size decreases with the dilution factors. At a lower dilution factor such as 2, the 
particle size of the silica gel was around 20 μm. While the silica gels could be 
filtrated, the filtration was very slow and could not be filtrated completely within 

3 hours. The filtration with a dilution factor of 4 was significantly faster due to 
the lower particle size (8.3 μm) but the loss of silica was very high. Improved 
results were obtained with a dilution factor of 3, which had a short filtration time 
and a high yield. Once a filter cake was formed during washing, the loss of silica 

became insignificant. 

Table 4.5: Washing cycles amount versus the SSABET, pore width and purity of OMS. 
Sample Washing 

cycles 
SSABET 
(m2/g) 

Pore width 
(nm) 

Purity (%) 

OMS-8 3 746 2.4 95.2 
OMS-7 5 980 2.8 99.6 
OMS-9 7 966 3.0 99.9 
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Figure 4.4: Effect of dilution factor on the particle size of decanted silica gel. 

 

TEM and small-angle XRD were applied to a typical successfully formed OMS 
to determine its microstructure. The TEM of OMS-5 shown in Figure 4.5 confirms 
the long-ranged tubular structure of the mesoporous network inside the particles. 

Different from what was observed in previous studies, the cations present in the 
solution did not interfere with the long-range structure of the tubes [198]. The 
particle structure itself is the common structure of low-pH silica microparticles. 
As stated by previous work, below the isoelectric point of silica, the growth of silica 

happens through aggregation rather than condensational growth [152]. This low 
condensation rate causes that the particles are not spherical but more randomly 
shaped with a rough surface that is caused by aggregation of smaller primary 
particles during their formation.  

4.3 Mesoporous silica from BA 

Bottom ash (BA) originating from municipal solid waste incineration (MSWI) is a 
silica-rich residue, which is a good candidate for the synthesis of sodium silicate, 
and alternatively, as a silica source for mesoporous silica due to its chemical 

nature and its availability [195]. BA is a complex mineralogical residue containing 
a variety of contaminants [203] such as heavy metals that make their re-use or 
recycling challenging. Currently, these ashes are being recycled in the form of 
loose aggregates, adsorbents [204], ceramics [205], blended cement [206], and 
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alkali-activated materials [207]. However, to the best of the author’s knowledge, 
there is only one reported study in which MSWI bottom ash was utilized for the  

Figure 4.5: The mesoporous structure of OMS-5 shown by (a) small-angle XRD and (b) TEM 
At room temperature in a solution of pH > 13, glass, and other amorphous silica. 
 
recovery of silica [208], which reported the extraction of silica from BA by fusing 
it with LiBO2 at a high temperature of 900 °C. The aforementioned study focuses 

more on the silica extraction efficiency instead of on the reaction mechanism and 
limiting factors that affect the extraction of silica. The complex mineralogy and 
the heterogeneity of these ashes make it difficult to obtain a clear insight into the 
reaction mechanisms and kinetics. The fundamental understanding of the 
extraction process of silica and accompanying changes in the mineral composition 

is not well investigated. Furthermore, it would be desirable from an economic and 
environmental point of view if the production of silicate species from the silica 
from these incineration ashes can be achieved at significantly lower temperatures 
than the high temperatures used for fusion. 

species react relatively easily with the OH- anions. This reaction goes via 
etching in which the silica framework is broken down by a couple of catalyst 
reactions of the hydroxyl anions releasing ionic silicon oxide species into the 
solution [90]. The first steps of the dissolution happen according to:  
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≡Si–O–Si≡ + OH¯ ⇄ ≡ Si–OH + ≡Si–O¯ (4.3) 

≡Si–O¯ + H2O ⇄ ≡Si–OH + OH¯ (4.4) 

Reaction (4.3) is an equilibrium reaction in which the ≡Si–O- group is being 
protonated. For this reaction to proceed, the silica surface needs to become 
negatively charged so that the reaction is energetically favorable. Once the silanol 
group is present at the silica surface, the glass framework becomes open to be 

attacked by the hydroxyl group to produce soluble silica species. However, BA 
contains other elements and silicon species that might interfere with these 
reactions. Their influence has yet to be fully investigated. 

In this section, a low-temperature synthesis of mesoporous silica by using 

MSWI bottom ash as a silica source is described. For this synthesis, firstly the 
production of sodium silicate was investigated through sequential treatments. The 
first step was an acid treatment to remove unwanted species, increase both the 
surface area and the amorphous silica content, and loosen the BA for increased 

extraction efficiency. Subsequently, reactions with a sodium hydroxide solution 
were performed to extract the silica in silicate solution form. During this step, an 
in-depth characterization of the BA and the residues after the reactions were 
performed via Rietveld analysis. During the extraction process, the mineralogical 

changes in the BA residues were quantified to identify the reaction mechanisms 
of the amorphous silica from the BA into other species including the side reactions 
which hinder the complete reaction of the silica into sodium silicate. These data 
were then used to optimize the silica to sodium silicate efficiency. Lastly, the 

production of mesoporous silica from this silicate solution was performed and 
analyzed.  

4.3.1 Materials, methods and characterization  

The company Heros, Sluiskil, the Netherlands, provided the MSWI bottom ash 

used in this study. The coarse fraction of BA (< 32 mm) was dry sieved at the 
company to separate particles with sizes below 4 mm. Afterward, this BA fraction 
(4 – 32 mm) underwent magnetic separation and advanced dry recovery to remove 
ferrous and non-ferrous materials, respectively. Subsequently, the BA fraction (4 
– 12 mm) was obtained after the size-separation and in this study, this fraction of 

BA was used because of its high SiO2 content. The BA fraction (4 – 12 mm) was 
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milled in the lab in a planetary ball mill (Fritsch; Pulverisette 5) to reduce the 
particle size to below 125 µm. All the following chemicals used in this study were 
of analytical grade and used as received without any further purification. Sodium 

hydroxide pellets, 70 vol. % nitric acid, 37 vol. % hydrochloric acid and 
Cetyltrimethylammonium bromide (CTAB) were obtained from Sigma Aldrich, 
Zwijndrecht, Netherlands. 

The BA was pretreated in the presence of 4 M nitric acid. A ratio of 1:3 (wt:vol) 

between BA and nitric acid was used and the mixture was stirred for 24 h at 20 
°C. After this pretreatment, the mixture was left standing for 48 h to facilitate the 
precipitation of dissolved silica species. Subsequently, the mixture was filtered 
and the treated bottom ash (TBA) was separated and this TBA was used for the 

silica extraction experiments. This acidic pretreatment can be performed in the 
presence of any strong mineral acid; however, in this study nitric acid was 
preferred because it would not lead to the precipitation of solid by-products. For 
example, using sulfuric acid will cause the precipitation of gypsum under these 

conditions, which will then add extra solid residues making separation and yield 
calculations more difficult. To investigate the mineral transformation of the ash 
residues after the extraction experiments, it was necessary to avoid precipitation 
of extra phases.  

The reaction of silica to silicate from the TBA with sodium hydroxide was 
studied by varying the reaction time (24, 48 and 72 h), temperature (20, 75 and 90 
°C) and liquid-to-solid ratio (L/S: 25 and 50) to ascertain the optimal conditions 
for silica extraction. Initial extraction experiments were performed by adding TBA 

to NaOH with a mass ratio of 1:0.8 in water with an L/S ratio of 50 to investigate 
the effect of the reaction time and temperature on the reactions with the silica. 
The higher L/S ratio of 50 was used to avoid reaching oversaturation during 
extraction and maximize the silicate content. The residues after the extraction 

experiments were carefully separated and analyzed via XRF to quantify the 
remaining silica content.  

The extraction efficiency (EE) was calculated by taking the difference between 
the potentially available silica (excluding quartz) and the silica that is remaining 
after the extraction experiment:  

EE(%) = (1 − SiO2 residue

SiO2 total−SiO2 quartz
) × 100%  (4.5) 
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Only the silica that could potentially react into silicate was considered to 

calculate the EE of an experiment, as quartz is not reactive under the applied 
conditions. The effect of the reaction time and temperature was analyzed by 

comparing the resulting EE from the different experiments with each other. 
Another set of experiments was performed in which the L/S ratio of the system 
was reduced to 25 while keeping the TBA to NaOH ratio constant to investigate 
the influence of the L/S ratio.  

The cooperative self-assembly mechanism method was used for the 
preparation of mesoporous silica following the S+I- route. During this route, a 
cationic surfactant (S+) is added in small quantity to the silicate (I-) solution to 
form ionic bonds. During precipitation of the silicate, the surfactant molecules are 

brought together by their bonds to the precipitating silicate causing them to form 
micellar structures. CTAB was the used cationic surfactant and was added to a 
silicate solution extracted from BA using the optimal conditions (48h/75 ºC). The 
molar ratio of CTAB to silicate was chosen to be 0.16:1 since it has been shown to 

be the optimum ratio by Yan et al. [161]. The concentration of the used silicate 
solution was measured to be 0.2 M, which is a typical value for the synthesis of 
silica structures from sodium silicate. This mixture was heated up to 80 °C for two 
hours. After these two hours, the pH of the solution was slowly lowered over the 

course of 3 h with 2 M hydrochloric acid until a pH value of 9 was reached. The 
formed suspension was transferred to a closed container and left to age for 72 h at 
room temperature. The aged precipitate was then filtered and washed with de-
ionized water and finally calcined at 650 °C to remove the remaining surfactants.   

The chemical composition of the BA was analyzed with XRF in the same way 
as with the OMS samples. The mineral compositions of the original BA and the 
residues collected after the extraction experiments were determined with XRD. 
Samples for XRD analysis were milled below 10 μm and 10 wt. % of Si was added 

as an internal standard for the quantification of the crystalline and amorphous 
phases. The diffraction patterns of the samples were obtained between the ranges 
of 5 – 90° 2θ with a measurement step size of 0.02 by using a D2 diffractometer 
from Bruker. The diffractometer was equipped with Co-Tubes (Kα1:1.7901 Å and 

Kα2: 1.7929 Å), a LynxEye detector, divergence slit and soller slits of 0.2° and 2.5°, 
respectively. The identification of the phases in the sample was carried out with a 
software (X’Pert HighScore Plus 2.2) from PANalytical which was equipped with 
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an ICDD PDF-2 crystal structure database. After the identification of the phases, 
Rietveld analysis was performed for the quantification of the crystalline phases 
and amorphous content with the help of TOPAS software (version 4.2) from 

Bruker. The crystal structures used for the refinement were obtained from the 
ICSD database (FIZ Karlsruhe). To ensure the accuracy of the Rietveld analysis, 
the content of quartz in the BA was quantified independently and used as an 
external reference. The α-β inversion thermal transition of quartz at 573 °C was 

measured with a heating and cooling rate of 10 °C min-1 by using differential 
scanning calorimetry (DSC 822e; Mettle Toledo). After two consecutive heating 
cycles between 500 – 600 °C, the cooling peak was used for the determination of 
the quartz content. After the extraction experiments, liquid samples were 

obtained by filtration and acidified using 0.2 (vol.%) of 15 M ultrapure HNO3. The 
chemical composition of the sodium silicate solution was measured with 
inductively coupled plasma-optical emission spectroscopy (ICP-OES; Varian 730-
ES). Characterization of the mesoporous silica from BA was carried out in the 

same terms as the OMS with both nitrogen physisorption and small-angle XRD. 

4.3.2 Results and discussions of the silica extraction 

SiO2 has the biggest content in BA, comprising up to 59 wt. % as is shown in Table 
4.6. In addition to the listed oxides, BA contains a range of other elements, like Ti, 

Zn, Cu, Ba, Pb, Cr and Mn. Earlier studies reported that most of the silica in BA 
comes from the amorphous bottle glass [209] and melilitic silicates [210]. The 
presence of a high amorphous content and silicate minerals makes this fraction of 
BA ideal for the extraction of silica. Under the alkaline conditions, the dissolution 

of the amorphous content and soluble silicate phase such as melilite is expected. 
 
Table 4.6: Chemical composition of original BA and acid-treated BA (TBA) in wt. %. LOI: 
loss on ignition, LOD: loss on dissolution after acid pretreatment. 

 SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O Rest LOI LOD 
BA 58.8 15.8 8.8 4.6 3.1 1.9 1.0 3.5 2.7 -- 

TBA 56.9 10.3 6.7 3.6 2.4 1.4 0.8 1.5 2.9 13.4 
 
Due to the presence of contaminants, an acid pretreatment of BA was 

performed to extract dissolvable and reactive species and to increase the surface 
area of the particles to assist the reaction of the silica in the further treatments. 
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As reported in an earlier study on BA, carbonates act as a reservoir of divalent 
metallic ions, especially Zn, and Cu [211]. Therefore, because of the treatment, a 
reduction in the content of these metals in the BA was achieved. Additionally, 

some of the silicates, like melilite reacted into silica species which were recovered 
by letting these silica species slowly precipitate into a silica gel-like structure in 
the acidic environment [212]. The silica in a gel form was separated along with 
the ash residues via filtration. As a result, minimal loss of silica (2 wt. %) during 

the acid pretreatment of BA was achieved and the treated bottom ash (TBA) 
contained 57 wt. % of SiO2, as shown in Table 4.6. Furthermore, the SSA of the 
TBA increased more than 12 times (from 2.2 to 27.2 m2/g). This increase in 
amorphous silica and SSA is expected to enhance the dissolution of silica from the 

ash residues obtained after acid treatment. 
The treatment of the TBA with NaOH was performed in different conditions 

to investigate the effect of reaction time and temperature. The results are shown 
in Figure 4.6. Approximately, only 20 % of the available silica reacted during the 

first 24 h at 20 °C. This amount doubled with a double reaction time of 48h. 
However, with a reaction time of 72 h under the same conditions, only a minor 
increase of the EE could be observed. The initial source of this silica can be 
attributed to the silicate mineral melilite; a sorosilicate with isolated double 

tetrahedrons. A previous study suggests that the BA particles are covered in X-
ray amorphous incineration slag [210]. This slag reacts due to its amorphous 
nature into silica during the acid treatment and this silica was precipitated and 
conserved for the subsequent alkaline treatment. The increase of silicate in the 

solution at reaction times higher than 24 h, indicates the dissolution of glass from 
BA. The glass in BA originates from waste bottle glass and the dissolution of glass 
under alkaline condition is reported to produce soluble monomeric silica species 
[213]. However, even employing the longest reaction times (72 h) at 20 °C could 

only achieve an EE of 45 %. 
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The use of non-ambient temperature has been reported to enhance the reaction 
of glass into a sodium silicate solution under alkaline conditions [214]. Therefore, 
slightly higher reaction temperatures of 75 and 90 °C were selected for the 

desilication of the ash. It can be seen in Figure 4.6 that the increase in the reaction 
temperature increases the EE. More than 55 % of the silica was removed from the 
BA when extraction was performed at 75 °C for 48 h. However, no significant 
difference in the EE was noticed upon a further increase in the reaction 

temperature to 90 °C. Consequently, the extraction time of 48 h and a temperature 
of 75 °C was found to be the most efficient conditions for the reaction to take place. 
However, even under these conditions only half of the potentially soluble silica 
was extracted which indicates that limiting factors are hindering the dissolution 

process.  

 

Figure 4.6: Effect of reaction time and temperature on the extraction efficiency (EE) of 
SiO2 from MSWI bottom ash, extraction experiments were performed with the L/S of 50. 
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In an alkaline media, silica oxidation depends upon the transfer of reacted 

silicon oxide species away from the etching particles [215]. Then the silica can 
keep reacting until the precipitation of secondary silicate species creates a layer 

on the surface of the particles. Due to the formation of this layer, the mass transfer 
will be hindered, increasing the concentration of reacted species in the solution 
around the particles, and thus, reducing the overall reaction process [96, 216]. In 
this investigation, a similar phenomenon was observed which limits the full 

extraction of silica. Figure 4.7 shows a glass particle covered by the newly formed 
silicate species effectively covering the surface of the glass. 

Mineralogical transformations in the ash residues after alkaline treatments at 
different temperatures were examined and quantified via the Rietveld method 

using powder XRD (Figure 4.8). The ash residues from the 48 h duration 
experiments were chosen. The amorphous content of the residue obtained from 
the experiment at 20 °C was 70.6 wt. % (Figure 4.8a). The extraction of silica 
increased further at the higher reaction temperature of 75 °C but the amorphous 

content remained 63 wt. % (Figure 4.8b). Thus, a large part of the amorphous 
content was still not extracted at this temperature. However, the residues of the 

Figure 4.7: SEM image (kV: 15) showing the morphology of the glass particle identified in 
the ash after the extraction experiment shows formation of the reaction products on the 
surface. Inset presents EDS spectrum of the encircled area on the surface of glass. 
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ash from the 90 ºC treatment show a more significantly reduced amorphous 
content of only 29.7 wt. % (Figure 4.8c). Although, this decrease in amorphous 
content did not result in an increase in the EE.  

 

 
The reason for the loss of amorphous content is revealed in the diffraction 

pattern of the residues obtained after the extraction experiment at 90 °C (Figure 
4c), namely the formation of zeolites. Zeolite P and Zeolite ZK14 were identified 

in the residue as a major (12.2 wt. %) and minor (0.2 wt. %) undesired by-products, 
respectively. These zeolites are sodium aluminosilicates which form under 
hydrothermal conditions at 90 °C if enough reactive Al3+ and silicate ions are 
present. The zeolite formation consumes the silicate species in solution and tilts 

Figure 4.8: XRD diffractogram and quantification of mineral phases present in the ash 
residues recovered after the extraction experiments with L/S of 50 for the duration of 48 h 
at different reaction temperature a) 20 °C, b) 75 °C and c) 90 °C. 
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the equilibrium in favor of further silica oxidation, explaining why the amorphous 
content in the residues of the extraction experiment at 90 °C is so low.  

The L/S ratio was also investigated. The extraction was performed under the 

conditions that obtained the highest EE (at 75 °C and 48 h) with the L/S ratio of 
25 instead of 50. The results are shown in Figure 4.9. The difference between this 
experiment and the one with the L/S ratio of 50 is explained by the precipitation 
of zeolite P. While no zeolite precipitation was observed at the experiment 

performed at a higher L/S of 50, by reducing the total volume the reaction mixture 
becomes more saturated with ions. Thus, the precipitation of the zeolite P 
happened even at 75 ºC, enhancing the extraction of amorphous silica while 
decreasing the silicate ions in the solution. 

Figure 4.9:  Diffraction pattern and mineral quantification of the ash residues of the 
extraction experiments performed for the duration of 48 h at 75 °C with L/S of 25. 

 

4.3.3 Results and discussions of the mesoporous silica 

The XRF analysis performed on the sodium silicate used for the synthesis of 
mesoporous silica showed that the concentrations of Si and Na in the extraction 

solution were 0.2 and 0.66 molar, respectively. Furthermore, traces of other heavy 
metals (Fe: 0.02, Cu: 0.02, Pb: 0.03, Sb: 0.07, Zn: 0.02 mg/L) were also noticed. 
XRF and FTIR performed on the mesoporous silica product show that most of the 
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precipitate was consisting of SiO2 species. Most likely, the remaining 
contaminants present in the extracted silicate solution did not precipitate and 
were washed away during filtration, making the mesoporous silica with a high 

purity of 98.5 %. The synthesis yield of the mesoporous silica from BA-derived 
sodium silicate was 47 %, which means that 26 % of the available silica from BA 
was converted into the final product. Using the BET theory, it could be calculated 
that the SSA of the mesoporous structure was 869.6 m2/g [217].  

 
 Figure 4.10: a) Nitrogen physisorption isotherm and b) pore size distribution of the 
mesoporous silica synthesized from MSWI bottom ash. 
 

The pore size distribution of this material in Figure 4.10b shows that the 
porous network mostly contained pore sizes between 2 and 4 nm along with some 
larger pores. The isotherm from the nitrogen physisorption on the produced 
mesoporous silica is shown in Figure 4.10a. The hysteresis is too small to be 

definable since most pores were too small (< 4 nm). Therefore, the isotherm is a 
type IVb isotherm, which is associated with mesoporous structures with small 
pore sizes. The shape of the isotherm is formed by monolayer formation of 
adsorbed nitrogen molecules on the external surface followed by capillary 

condensation of the nitrogen inside the porous structure. In addition, unlike 
normal type IV isotherms, there is another adsorption range at the higher 
pressure, meaning a multilayer is being formed on a large rough external surface.  

The small-angle X-ray diffractogram shown in Figure 4.11a confirms the 

presence of an ordered mesostructure. Using Bragg’s law, the average interplanar 
spacing was calculated to be 3.9 nm. This spacing includes both the pore radius 
and wall thickness and is common for mesoporous silica structures.  
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Figure 4.11: a) XRD diffractogram of the mesoporous silica synthesized from MSWI bottom 
ash b) and c) TEM images showing internal structure. 

 
The TEM pictures in Figure 4.11b and 4.11c. shows the overall structure of the 

produced mesoporous silica. The product contained both free colloidal particles of 
around 100 nm and larger micron-sized agglomerations of smaller primary 
particles. The TEM pictures confirm that the structure has a rough large external 
structure. The internal porous structure is slightly more disordered than the 
standard porous structure of mesoporous silica. Instead of tubes in a clear 

hexagonal structure, the pores are more spherical with random orientations. As 
reported in the literature, this kind of mesoporous structure can be caused by iron 
cations in the solution during the formation [198]. The chemical composition of the 
used silicate solution still contained iron and other cations, indicating that these 

indeed could have interfered with the formation. The silicate anion attracts the 
cations which can either disrupt the S+I- interaction or be incorporated into the 
structure during the condensation. Due to different properties like bond distance 
to the oxygen, defects in the structure are then produced, making a long-ranged 

structure less likely. However, even with these defects, the product still contains 
a mesoporous structure with a large open SSA and high purity. 
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4.4 Photocatalytic titania-mesoporous silica composites  

In the previous two sections of this chapter, two different mesoporous silicas were 

produced. From the two silica, the mesoporous silica produced from olivine was 
directly synthesized and showed to contain a long-range ordered porous network. 
In addition, while only one mesoporous silica was produced from the BA derived 
sodium silicate due to difficulties in its synthesis, more than 10 mesoporous silica 

samples could be produced from olivine without too much difficulty. While the 
mesoporous silica from BA can be done with significantly less surfactant and 
lower-cost material, its yield is smaller and requires more steps. In addition, the 
disordered porous network that the TEM images showed on the BA mesoporous 

silica might negatively impact the airflow around and in the particles, and thus, 
the photocatalytic activity. Therefore, it was chosen to only test the mesoporous 
silica from olivine in this chapter for the photocatalytic titania-mesoporous silica 
composites. From the OMS sample, OMS-9 showed promising surface area, pore 

size distribution, and purity. Therefore, this sample was used as the support. 
Titania was added to the mesoporous silica applying the best working method 
presented in Chapter 3. Due to the significantly larger surface area (966 m2/g for 
the mesoporous silica instead of around 200 m2/g for the random precipitated 

silica), a 50:50 silica-titania molar ratio was used. The products from the silica 
extraction from BA will be tested in Chapter 5 to prepare other composite 
materials.  

4.4.1 Methods   

OMS-9 was dried overnight at 120 ºC prior to being dispersed in ethanol. The pH 

of the dispersion was lowered to 3 with concentrated (50%) sulfuric acid (Sigma-
Aldrich, Zwijndrecht, Netherlands). Subsequently, Titanium (IV) isopropoxide 
97% (Sigma-Aldrich, Zwijndrecht, Netherlands) was dissolved in the dispersion. 
Then, water was slowly added to precipitate the titania around the silica. The 

resulting composites were filtered, washed, dried, and then calcined at 300 ºC for 
4 hours. The resulting composite was tested with nitrogen physisorption using the 
Tristar II equipment to see changes in the SSA and pore size distribution. The 
resulting sample was tested for its photocatalytic activity using the method 

described in Section 3.2.5.    



84 Chapter 4. Alternative synthesis of mesoporous silica and its role as titania support 

 
4.4.2 Results 

While the mesoporous silica has a high potential as silica support for the TS due 

to its high SSA, the result of the photocatalytic activity test shows a poor NO 
conversion efficiency of only 41% to NO2 and 7.4% to NO3- as shown in Figure 4.12. 
The low conversion of NO can be attributed to the small pore sizes of the applied 
mesoporous silica. The titania most likely formed inside the pores, which 
subsequently, filled the pore completely, blocking gas to go through so that the NO 

gas was prevented from reaching some of the titania. This blockage was confirmed 
by the nitrogen adsorption result. An SSABET of only 482 m²/g was measured, 
which was less than half of the used mesoporous silica sample before the coating 
(966 m2/g). The average pore size was measured to be around 3.7 nm while the 

crystal size of the anatase was measured to be 10.2 nm with XRD. While the 
crystal size is small, it is larger than 87% of the pores of the total pore volume of 
OMS-9.  

Figure 4.12: NO conversion by the titania-mesoporous silica sample under UV-A light. 
 
While it is possible to extend the pore size with swelling agents, the process is 

difficult with the two methods described here due to the ionic activity decreasing 
the pore size. In addition, it would require extra resources, like apolar long-chain 
hydrocarbons, which defeats the purpose of using alternative silica sources with 
low-CO2 footprints. It would also be possible to decrease the titania crystal size 

further by using methods like CVD, impregnation, or grafting but again this would 
increase the resources necessary to synthesize the composites and decrease the 
conversion efficiency of NO by photocatalysis. Nevertheless, by using different 
surfactants or perhaps other methods, it should still be potentially possible but 
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that is out of the frame for this thesis. Due to the uncertainty of what it would 
require making the mesoporous titania-silica composite with high conversion 
efficiency, no cost-efficiency can yet be calculated.  

4.5 Conclusions 

Mesoporous silica was directly produced both by the dissolution of olivine in 
sulfuric acid with the liquid-crystal template method and from silica extracted 

from MSWI BA with the cooperative self-assembly method at low temperatures. 
From the results of these two mesoporous silica studies, the following conclusions 
can be drawn: 

• OMS with high SSA’s of more than 900 m2/g were produced with pore sizes of 
around 2.8 nm and high purity of up to 99.9%. For OMS with large SSA and 
high purity, the optimized Triton X-100 concentration was 20%-30% and the 
optimal dunite content and type was found to be 10% - 20% and GL70.   

• The mesoporous silica produced from BA-derived sodium silicate solution had 
a high SSA of 870 m2/g and a purity of 98.5 wt. %. An initial acid pretreatment 

was devised, making the material more reactive for an increase in the 
extraction of silica. In an alkaline medium, the optimal reaction time and 
temperature for a high extraction efficiency were observed to be 75 °C and 48 
h.  

• From the two methods, the olivine derived mesoporous silica had higher yields 
and more successful results with longer-ranged porous networks according to 

TEM. The mesoporous silica from the BA had a significant lower surfactant 
requirement and created more disordered porous networks.  

• Both mesoporous silica products had small pore size distributions. The 
mesoporous silica from olivine was tested to be coated with titania but the 
product showed a low NOx conversion efficiency. Therefore, further research 
is required to make them more cost and energy effective as supports for the 
photocatalytic composites. 

 



 

 

 

 



 

 

 

5. Application of the titania-silica composites in building 

materials 

APPLICATION OF 
THE TITANIA-SILICA 

COMPOSITES IN 
BUILDING 

MATERIALS
 

  

What's nice about concrete is that it looks 

unfinished.  

- Zaha Hadid 
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as “Design and evaluation of photocatalytic 

lightweight concrete applying newly 

synthesized TiO2-SiO2 nano-composites” In 6th 

international conference on Non-traditional 

cement and concrete, 19-22 June 2017, Brno, 

Czech Republic 



88 Chapter 5. Application of the titania-silica composites in building materials 

 

5.1 Introduction 

In Chapter 3, to investigate the photocatalyst itself without influence from a 

substrate, a high amount of the photocatalysts was put on a smooth glass plate 
covering the entire top surface. As shown in Chapter 2, several studies have 
pointed out that the photocatalytic activity and selectivity can indeed be 
significantly influenced by the substrate. The substrate can have a significant 

impact as it determines the bonding with the photocatalyst, can help with the 
absorption of the pollutant and its formed products and influence the airflow and 
light absorption near the photocatalyst [62, 170, 218–221]. Both the incorporation 
of a photocatalyst in cementitious systems and its coating on the surface of 

building materials have benefits and disadvantages. As explained in Chapter 2, 
building materials with high porosity are more suitable as a substrate for 
photocatalytic air-purification because it leads to a higher photocatalyst exposure, 
greater adsorption capabilities, and better accessibility for the pollutants. 

Therefore, light-weight concrete, building materials based on wood materials, and 
autoclaved aerated concrete (AAC) are interesting choices [62, 222, 223].  

The biggest drawback for both photocatalytic building materials is that titania, 
one of the cheapest photocatalyst, is significantly more expensive compared to 

conventional building materials. By applying the titania-silica (TS) composites 
instead of pure titania, the photocatalytic function becomes potentially more cost-
effective. Therefore, the increased amount of photocatalyst required for the 
incorporation of the photocatalytic function on the building materials becomes less 
problematic. However, by applying TS instead of titania, other problems are 

created. The high pH of cement and the large SSA of the TS samples could make 
the incorporation of the TS into cement-based materials difficult. Also, with the 
coating of the photocatalytic material on different building materials, The TS 
could interfere with the binder differently due to containing silica with a high SSA. 

Moreover, the durability of a coating containing TS particles has yet to be 
investigated and compared to the durability of coating containing a plain titania 
photocatalyst. 

In this chapter, three different investigations on the performance of the TS 

photocatalyst with the interaction of several building materials are performed. 
First, the possibility of incorporating the TS sample into a light-weight concrete 
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matrix for photocatalytic concrete is investigated. Then, an investigation to coat 
wood-fiber boards is performed to see if it is possible to have decent NO 
conversions while having an organic-based substrate. In the same investigation, 

different binders for making a coating with the TS sample and a plain titania 
reference is performed to see if it is possible to make a coating by using a silicate 
polymer that was made without high temperatures of more than 1000 °C as a 
binder. Lastly, autoclaved aerated concrete is studied as a possible substrate due 

to its high porosity and good light-reflective properties. This last one was also 
investigated during a long-term experiment where the durability was tested in an 
outdoor environment for several months. In all, the performance of the TS 
photocatalyst applied to different building materials is compared to that of the 

plain titania reference P25 and in some cases to the doped Kronoclean 7000 
photocatalyst.   

5.2 Methods 

5.2.1 Incorporating TS in concrete 

The TS composites were synthesized using the precipitation method from Chapter 
3 and applied to prepare photocatalytic light-weight concrete. To synthesize 
enough TS for these experiments and the experiments in the next sections, five 

batches of TS composites were made. Precipitated silica produced using the olivine 
method was dispersed in an ethanol solution with enough sulfuric acid (50%) to 
reach a pH of 3. Titania was coated on this nano-silica by adding titanium 
isopropoxide to the nano-silica dispersion with a titania to silica ratio of 15:85. The 
titania was precipitated after adding water to this dispersion, which reacts with 

the precursor into titanium hydroxides. The resulting sample was washed four 
times with water, then dried at 120 ºC, and lastly calcined for four hours.  

For the photocatalytic substrate, the recipe given in Table 5.1 for lightweight 
concrete was chosen due to its high porosity, allowing more pollutants to reach the 

photocatalyst and better adsorption properties. The 5 different TS batches and the 
plain titania reference P25 were tested with two different amounts to test the 
influence of the amount on the photocatalytic activity. The amounts were 5% and 
2.5% of the cement amount, which corresponds to about 2.4% and 1.2% of the total 
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dry mass of the concrete mix. Thus, in total 12 different concrete slabs were 
produced.  

The photocatalyst and the cement, together with the substitutions fly ash and 

limestone, were mixed with light-weight aggregates ranging from 0.09 to 4 mm 
and then water was added. The dosage of water was adjusted with each batch to 
reach sufficient workability. The mixtures were cast using a mold of 200 mm 
length, 100 mm with and 20 mm height. This cast was aged over 7 days, after 

which the topside was smoothened with sandpaper. It was then put under UV-A 
light for five hours and subsequently washed by immersing it into a bath of demi-
water for 2 hours. Lastly, it was dried at 65 ºC until no weight loss could be 
detected. All the twelve slabs were then tested using the photocatalytic oxidation 

tests as shown in Chapter 3. 

Table 5.1: Recipe for the photocatalytic light-weight concrete mix. 
Materials Amount (kg/m3) 

CEM III/A 52.5 N 429 
Fly ash 45 

Limestone powder 59 
LWA 0.09-0.3 119.2 

LWA 0.5-1 74.2 
LWA 1-2 83.4 
LWA 2-4 96.7 

Superplasticizer 3.43 (0.8%) 
Photocatalyst  2.5% / 5% of cement 

5.2.2 Photocatalytic coating with binders on wooden fiberboards 

Three different binders were tested with the TS photocatalyst on wooden 

fiberboards. Wood fiberboards are boards made out of wood fibers that are pressed 
and heated together with an adhesive to produce a sturdy material that can be 
applied as an isolating building material. This material was investigated as it an 
interesting material that can be environmentally friendly, low cost, and has good 

adsorption properties making it promising for photocatalysis. It was applied 
specifically in this section instead of the glass plates because it can hold the 
binders and photocatalyst in place during drying of the dispersions without the 
coffee ring effect.  

Since two environment-friendly silica sources have already been investigated 
in this thesis, their application as a binder was promising. These two were silicate 
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made from the silica from olivine and silicate from the municipal solid waste 
incineration bottom ash (MSWI BA). Besides the two ecological friendly silica 
sources also a commercial binder was investigated, supplied by Keim, Almere, 

Netherlands. The commercial binder consists of a potassium silicate containing 
silica sol.  

The binder from olivine was made by reacting 1 mole of precipitated silica from 
olivine, prepared using the method of Lazaro et al. [93, 94, 96], with 2 mole NaOH 

in enough water to reach a sodium silicate solution concentration of around 8%. 
The second binder was made using the method with the highest extraction 
efficiency to extract silica from bottom ash as described in Chapter 4. 8 grams of 
bottom ash was added to 40 ml of 8M NaOH and heated to 75 °C for 48 hours. The 

sodium silicate that was formed was extracted from the remaining unreacted 
bottom ash and formed byproducts by filtration. The extracted sodium silicate 
solution was dried by slowly heating until reaching a concentration of 8%. The 
third tested binder was a commercial binder provided by Keim, Almere, 

Netherlands, which was diluted to 8%. The pH of all three binders was neutralized 
with nitric acid to be between 7 and 8 to make sure the silica from the TS would 
not dissolve too much after being introduced in the binder.  

TS particles remaining from Section 5.2 were mixed and wet-milled in the lab 

in a planetary ball mill for 4 hours at 250 rpm with 10 minutes breaks each half-
hour (Fritsch; Pulverisette 5). The result of the milling was a TS dispersion in 
water of 8.7 wt%. For each sample, 10 ml of TS dispersion was then added to each 
binder solution in a 50:50 ratio and half of the resulting dispersions were slowly 

coated on a wooden fiberboard with dimensions of 20 x 10 cm2 using a brush. The 
amount of added dispersion was carefully weighed to ensure the same amounts 
were applied. The boards were left to dry at room temperature overnight. They 
were illuminated for 5 hours and then washed by immersing them in a bath with 

distilled demi-water for 2 hours. They were then dried for 72 hours at 60 °C. 
Afterward, they were tested using the photocatalytic conversion efficiency test as 
shown in Chapter 3. 
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5.2.3 Efficiency and durability of coatings on AAC and glass 

AAC as the substrate for a photocatalytic coating was evaluated with the 

conversion efficiency and durability when placed fair-faced in outdoor conditions. 
Three slabs of AAC were used to study the interaction with three different 
photocatalysts coated on their surface using the Keim binder. For comparison, 
smooth glass plates were simultaneously coated with the same materials. The 
PCO of NOx was used to determine the initial photocatalytic properties of both the 

coated AAC and glass plates and subsequently the deterioration of the coating 
during a period of 15 months. 

Materials used for the manufacture of AAC samples were technical grade and 
fulfill the recommended requirements for AAC production [224–226] or originated 

from AAC material suppliers. All experiments follow a sand-based reference recipe 
(provided by HESS AAC Systems, Enschede, Netherlands). Aluminum powder 
(Benda-Lutz® 5 6380) was provided by Benda-Lutz, Skawina, Poland. For the 
preparation of AAC, water was preheated at 45 °C and placed into a Swinko mixer 

(A EZR 22 R,R/L) and stirred at slow speed. Aluminum powder was manually pre-
dispersed in water, from which a small part of the mixing water (100 ml) was 
separated. Then, the aluminum dispersion, with a surfactant, was mixed and 
strongly shaken in a closed container. Quartz, Glass, Granite, and Portlandite 

were added to a volume of 7.5 L of water and mixed for 60 seconds in order to 
ensure homogeneity. Lime, cement and anhydrite are added and mixed for 90 
additional seconds. Finally, the aluminum powder suspension was added to the 
blend. After mixing, the slurry was immediately cast in insulated molds (30x30x34 

cm³). The curing was performed at the intrinsic temperature reached from the 
hydraulic reactions (approximately 90 °C). Samples were demolded on the 
following day and placed in the autoclave (MaschinenbauScholz GmbH & Co. 
KG/steam generator: WIMA ED36). The autoclave is programmed as follows: 

Vacuum (0.2 bar/20 min), heating up to 187 °C/12 bar within 1.5 hours, holding a 
plateau of 187 °C/12 bar for 5 hours, cooling down to room temperature/1 bar 
within 1.5 hours. Afterward, the resulting slabs were cut into dimensions of 20x10 
cm2. 

Three photocatalysts were tested in this experiment. The plain titania 
reference P25 (Evonik, Essen, Germany); a carbon-doped titania reference 
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Kronoclean 7000 (Kronos worldwide, Leverkusen, Germany); and the TS 
dispersion, synthesized in Section 5.2.2. 0.87 gram of P25 and the same amount of 
the Kronoclean 7000 were dispersed in 10 ml water each. These three dispersions 

were added to 10 ml of Keim binder each in turn. The photocatalysts were then 
sprayed over an AAC slab and a glass plate also with dimensions of 20x10 cm2 
resulting in 6 different photocatalytic panels. These were dried for 72 hours at 
room temperature and were then washed by illuminating them for 5 hours with 

UV-A light, bathed for 2 hours in distilled water, and then dried again at 60 ºC (24 
hours for the glass plates and 48 hours for the AAC). After the initial analysis of 
the PCO conversion efficiency, they were put outside with their coated sides 
exposed (18 December 2017). The box was kept in place by heavy weights. Then 

each time, after a couple of months they were washed in a bath of distilled water, 
dried at 60 ºC and analyzed to measure any loss in photocatalytic activity. After 
the fifth month, one glass plate sample showed no more photocatalytic activity, so 
the measuring of the glass plates was stopped. The AAC sample monitoring was 

continued 10 more months afterward. 

5.3 Results 

5.3.1 TS and P25 in concrete results 

Results from the incorporation of the TS into concrete, as shown in Table 5.2, 
reveal that only one sample containing the TS photocatalyst performed better 
than the samples containing P25. Besides this sample, two other concrete samples 
containing 5% of the TS Samples performed relatively similar to the P25 concrete 
but all other concrete containing TS performed very poorly. It is clear from these 

results that most of the concrete samples performed inadequately. Especially with 
the samples containing only 2.5% photocatalyst, the difference in results was 
immense between the sample with P25 and samples with TS.  

Several reasons are possible to explain why most of the TS photocatalyst 

samples performed worse, especially the 2.5% samples. One reason why the TS 
samples performed inefficiently is because of the size of the composites. The 
particle sizes of the composites, consisting of 85% of silica from olivine which 
consists in turn of agglomerated nanoparticles aggregated into micron-sized 
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particles that are much bigger than the particle size of P25 [93], which is only a 
few nanometers (average 21 nm). As a result, the P25 could be distributed more 
evenly in the concrete and contained less total bulk mass, resulting in an increased 

effective surface area near the surface of the concrete. Therefore, more of the P25 
was available for the photocatalytic oxidation of NO.  

Table 5.2: Results of the photocatalytic conversion efficiency tests on lightweight concrete 
samples with incorporated photocatalysts. 

Sample code 
Dosage by cement 

mass 
(%) 

NO conversion 
efficiency  

(%) 

NOx conversion 
efficiency  

(%) 
1 5  38.95 37.46 
2 5  40.84 39.73 
3 5  51.47 49.54 
4 5  7.68 6.78 
5 5  7.02 6.18 

P25 5  48.74 44.09 
1 2.5  4.39 3.07 
2 2.5  5.18 4.17 
3 2.5  6.56 5.23 
4 2.5  7.12 5.84 
5 2.5  5.27 3.79 

P25 2.5  33.52 23.85 
 
Another reason for the low performance of the TS samples is that the high 

alkali cement reacted with the silica. Precipitated silica from olivine is known to 
react relatively fast with sodium hydroxide or calcium hydroxide, forming silicate 
species. Moreover, nano-silica is often used in concrete formation, because of its 
reactivity with cement to increase the pozzolanic reaction forming more C-S-H. its 

reaction products could have then covered the titania or reduced the adsorption 
properties of the silica. Furthermore, a study by Chen and Poon [72] observed a 
continuous NOx removal efficiency reduction at the increase of the concrete age. 
This reduction was attributed to increased hydration reducing the porosity. With 
the high hydroxyl density and high-water absorption by the TS, this effect could 

have been increased. Carbonation could also have played a similar role [73]. 

5.3.2 Results of the different binders 

Table 5.3 shows that the wood board with the binder from olivine nano-silica 
performed the worst when it comes to NO conversion, while the board with the 
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binder from BA performed worse with the total conversion into nitrate. On the 
other hand, the board with the Keim binder had the highest conversion of the NO. 
These results show that indeed the binder has a high influence. While all three 

contained the same photocatalyst, pH, binder concentration, and the fact that all 
three had silicate binders, the differences between the coatings are still large. 
 
Table 5.3: Results from the photocatalytic conversion efficiency tests on wooden fibreboard 
samples coated with the TS photocatalyst in different binders. 

Binder used NO conversion (%) NOx conversion (%) 
Olivine nano-silica 

binder 
61.5 31.2 

BA binder 69.5 25.3 
Keim binder 72.1 49.8 

 

The main differences between these three samples are the alkaline: silicate 
ratio and other chemicals that the binders contained. The BA silicate solution still 
contained traces of other chemicals. As stated in Section 4.3.3, a silicate solution, 
which was made with the same method contained 0.2 molar silica and 0.33 molar 
sodium hydroxide. The binder from olivine nano-silica was made with a 1:2 molar 

ratio between silica and sodium hydroxide. Due to the higher silica to sodium ratio 
of the binder from BA, the stability of the binder should have been higher, but 
with a lower SSA [175]. This lower SSA could be one possible explanation for the 
higher NO conversion but lower NOx conversion due to having lower adsorption 

capabilities impacting the adsorption of the formed NO2. 
Another large difference between the three binders was that for both the 

binder from olivine nano-silica and BA, sodium hydroxide was used because of its 
increased reactivity to transform the solid silica into the dissolved sodium silicate 

species. However, the Keim binder consists of potassium silicate. By applying 
potassium as cation instead of sodium, the coagulation of silica species at high 
alkaline environments and concentrations is significantly less [227]. Especially at 
the concentrations used, potassium silicate contains many more stable polymer 

silicate species in the solution and less agglomeration of silica particles causing 
better film formation properties [90, 174, 175, 228]. It was likely due to the better 
film formation that the board with Keim binder lost less material during the 
washing stage and therefore could maintain a better photocatalytic activity. It 

will, therefore, be the main binder for the rest of this thesis as the main binder.      
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5.3.3 Results of the efficiency and durability of coatings on AAC 
and glass  

The results of the PCO tests for the three different AAC samples and glass plate 
samples, as shown in Figure 5.1, show that the NO to NO3- conversion efficiencies 
of all samples started very high. In fact, the conversion efficiency of NO to nitrate 
for the TS and P25 glass plate samples are similar to the conversion efficiency of 

NO to NO2 in Chapter 3. In Chapter 3, a similar TS and the P25 were measured 
on a glass plate without binder, showing that the binder has a positive influence 
on the total conversion of NOx to NO3-. The other photocatalyst, Kronoclean 7000, 
shows similar efficiencies despite it being carbon-doped, which should have 
increased its conversion efficiency. This result could point to a slight decrease in 

efficiency due to the coverage of the surface by the binder. Compared to the glass 
plate samples, the three AAC samples started with much higher NOx conversion 
efficiencies, most likely due to the rougher surface of the AAC.  

After the first month, the conversion efficiencies of the glass samples 

decreased, with the highest decrease for the P25-glass plate sample. On the other 
hand, the AAC samples did not show a significant decrease in their efficiencies. 
At the beginning of this experiment, there were alkaline ions left from the binder 
(pH values of the dispersions were around 10) in the coating. Even after the first 

washing, the surface of the coating most likely contained a high amount of alkaline 
silicates. This high pH could have caused some of the silicates to again dissolve 
when the rain hit the samples, making them wet. A high alkaline content can 
make silica dissolve when the two come in contact with water [90]. The dissolved 

silicate on top of the AAC most likely remained on the AAC due to its high 
absorption capabilities of water, unlike the silicates on the glass plates, which 
were likely rinsed off by the rain. While titania is not dissolvable by a high alkaline 
content, it can be more easily removed after the binder is removed.  
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Figure 5.1: Results of PCO measurements showing the total NOx conversion by (A) the AAC 
samples over the course of 15 months, and (B) the glass plates over the course of 5 months. 

 
Between the first and third month, the conversion efficiency of the AAC started 

to decrease as well. Their decrease was even more than the ones from the glass 

plates except for the P25 samples which lost again the most efficiency. After the 
fifth month, no significant photocatalytic activity remained on the P25-glass plate 
sample. Also, the other two glass plate samples showed much lower conversion 
efficiencies than the P25 and TS AAC samples. This lower conversion efficiency 
on the glass plates was due to the removal of photocatalytic material indicating 

the durability on the glass plates was already much lower.  
After 15 months of being exposed to the outside conditions, the AAC samples 

had a clearly decreased conversion efficiency. This decrease was mostly due to the 
durability issues with the AAC itself as it was crumbling significantly during this 

period. As mentioned, the strength of AAC can be weakened after absorbing water. 
Therefore, some of the surfaces of the samples were damaged and removed 
entirely, decreasing the photocatalytic active area as the photocatalyst was only 
coated on the surface. Thus, while being a potentially promising substrate, both 

the glass plates and AAC are not durable enough to have long-term photocatalytic 
surfaces on the outside of buildings for significant NOx concentration decrease. 
However, photocatalysis could still be applied to AAC for its self-cleaning surface. 
As shown in Figure 5.2, the unwanted algae only grew on the AAC sides that did 

not contain the photocatalytic coating. Due to the PCO of organic compounds, the 
development of bio-organism and vegetation is limited [142, 229], enabling the 
application of having a fair-faced application of AAC. 
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Figure 5.2: Photos of the AAC samples after the 13 months of exposure to outside conditions. 
Algae on the non-coated side of the AAC and lack of algae on the photocatalytic side. 

 

5.4 Conclusions 

Several different case studies were performed in this chapter to investigate the 
application of the TS and other photocatalysts to building materials.  From the 
results several conclusions can be made: 

• The investigation on the incorporation of TS and P25 into lightweight 
concrete showed that from 10 different batches, only one light-weight 
concrete sample with the TS photocatalyst obtained a higher conversion 
efficiency than the P25. While being a promising alternative to pure 

titania photocatalysts in other cases, this study showed that the TS 
sample is not suitable for the incorporation into concrete due to its 
particle size, high SSA, and low stability at high pH values. 
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• Three different mineral binders were successfully applied for the coating 
of TS. However, a significant difference was observed between the two 
alternative mineral binders and the commercial mineral binder, where 
the NOx conversion efficiency of the sample with the commercial binder 
from Keim was significantly higher than the other two. 

• TS and P25 were successfully coated on the wood fiberboard, AAC, and 
glass plates using the commercial binder, from which the latter two also 

were coated with Kronoclean 7000. From the three materials, the wooden 
fiberboards showed the lowest NO conversion efficiencies. The NOx 
conversion efficiencies of the photocatalytic coatings on the glass plates 
were remarkably higher than those presented in Chapter 3 and with the 

AAC, the NOx conversion efficiencies were even higher due to 
advantageous properties of AAC as photocatalytic substrates such as 
high porosity, rough surface and favorable interactions with light for the 
PCO of NO.  

• The durability of the coatings on the glass plates was measured to be 
poor. After 5 months under outdoor conditions, the P25 coated glass plate 
had lost all photocatalytic activity and the conversion efficiencies of the 

other two samples were significantly lower as well. The high 
photocatalytic activity of the coatings on the AAC lasted longer but the 
AAC itself did not. Due to the outdoor conditions, the AAC significantly 
lost mass on the surface caused by poor strength after absorbing high 

amounts of water. However, the coating did prevent algae to form on the 
AAC.  

 

  



 

 

  



 

 

 

6. A novel method to measure NOx degradation in a field study  
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6.1 Introduction 

As expressed in previous chapters, exposure to harmful pollutants such as NOx, 

SOx and particulate matters (PM) has been associated with adverse health effects 
[2–5, 9–11]. Photocatalysis offers distinctive advantages regarding air pollutant 
removal, for instance, no extra energy input is required, and large surfaces can be 
applied. Extensive studies on the photocatalytic oxidation of NOx have been 

carried out in the past years as shown in Chapter 2. The reviewed literature shows 
that the environmental conditions play an essential role in the air pollutant 
degradation efficiency, reflected by the highly varied performance of the 
photocatalytic coatings in various field studies. However, it is difficult to design a 

reliable field monitoring protocol as well as evaluation methods to assess the 
complex synergetic effects of all the different conditions on the photocatalytic 
activity. 

The main method of evaluating the reduction of NOx so far has seemed to be 

measuring the NOx concentration around areas with and without photocatalytic 
coatings. However, there are several disadvantages to this method: (1) It is 
difficult to have completely the same conditions in both the tested and reference 
areas, and thus, an exact reduction value; (2) By just measuring the 

concentrations in one or a few points, it is impossible to measure how big of a 
volume was impacted by the photocatalysis, and subsequently, the total amount 
of removed pollutant; (3) The measurement points may lack representativeness of 
other places; (4) A short monitoring period does not provide a reliable spectrum of 
the effect of the environmental conditions on the air pollutant removal efficiency; 

(5) Even by knowing the reduction in NOx levels, expressing those levels into exact 
amount values will still be difficult. 

 In this chapter, a novel monitoring method is devised for the evaluation of the 
air pollutants removal efficiency of an outdoor photocatalytic coating. The 

photocatalytic oxidation mechanism can be divided into three main steps: (1) mass 
transport and adsorption of pollutants from the bulk air to the surface of catalyst; 
(2) photocatalytic reaction on the catalyst; (3) desorption and mass transport of 
the reaction products. The targeted pollutant NOx is a gas that when oxidized to 

the final product, NO3- will be either a solid or dissolved in water due to the general 
physical nature of ions. This indicates that the efficiency of NOx removal can be 
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interpreted if the amount of the produced NO3- can be precisely quantified. In this 
case, if one can efficiently collect the nitrate, then the evaluation of the NO 
degradation by the photocatalysis becomes feasible. A similar method was also 

performed for lab-scale measurements around the same time as this study by Guo 
et al. [230] who showed that it is indeed a viable method.  

In this project, this principle was for the first time applied on an outdoor 
photocatalytic coating, and a monitoring setup was designed for this purpose. The 

setup allows for the capturing of the water coming off the photocatalytic coatings, 
including both the rainwater and water used to wash the surface to prevent 
fouling. By measuring the nitrate amounts in this water, and water from a non-
photocatalytic panel, the newly formed nitrate amount from NOx oxidation can be 

calculated.  
This method was first tested on a newly developed mineral-based transparent 

photocatalytic coating.  Firstly, the air pollutant degradation performance of the 
mineral coating was evaluated under laboratory conditions following the protocol 

from Section 3.2.5. Then, the photocatalytic coating was applied to a panel with 
lime-render as the substrate with a size of 100 × 65 cm2. A second panel with the 
same size and using the same lime render as substrate was coated with the 
mineral coating without photocatalyst as a reference. In addition, the same 

coating was applied on a polycarbonate panel at a later stage, to investigate the 
effect of the substrate on the air pollutants removal performance of the 
transparent mineral-based photocatalytic coating. 

6.2 Methods 

The air pollutant removal activity of the photocatalytic coating was firstly 
assessed under fully controlled laboratory conditions, following the ISO 22197-1 
standard [186]. The photocatalyst used in this coating was provided by Joma 
International, Bergen, Norway, and the mineral-based coating binder was the 

same as in the previous chapter provided by Keim, Almere, Netherlands. Panels 
with a surface size of 20x10 cm2 were first coated with the mineral-based coating. 
Subsequently, the samples were irradiated by UV-A light for 5 hours, then washed 
by demi-water for two hours and finally dried in an oven. As in Chapter 3, the 
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following testing conditions were applied: 10 W/m2 of UV-A irradiance, 50% of 
relative humidity, 3 L/min of flow rate, 1 ppm of NO inlet concentration.  

The 2nd floor roof of the educational building Vertigo of the Eindhoven 

University of Technology (Eindhoven, The Netherlands) was selected as the field 
study site. The main reason was that this building is adjacent to two main traffic 
roads, roughly 8.5 km away from Eindhoven airport and located within a campus 
containing a good number of residential/office buildings, as shown in Figure 6.1 

making this situation representable to a typical Dutch city environment. A full 
weather station is installed on the roof of this building so the full spectrum of the 
environmental parameters could be collected. 

 
 
Figure 6.1: Picture of the monitoring city and area (Google map@) the arrow marks the place 
of the setup at the coordinates 51°26'44.9"N 5°29'05.7"E. 

 

The setup of the outdoor monitoring is shown in Figure 6.2. Two panels of 100 
× 65 cm2 were prepared with lime-render as substrate (No. 1 and 2 in Figure 6.2) 
and one panel with polycarbonate as substrate (No. 3 in Figure 6.2). The panels 
No. 1 and No. 3 were coated with the mineral-based transparent photocatalytic 

coating and mounted to a back support. No. 2 was coated with only the base of this 
transparent coating (i.e. without photocatalyst) and was used as a reference panel. 
The panels were fixed to the handrail of the roof, about 60 cm from the roof, facing 
to the south. Rainwater reaching the surface of the panels was collected by a 2L 

bottle hanging beneath the panels. The water in the bottles was collected weekly 
and the panels were washed with distilled water using the red spray bottle in 
Figure 6.2 to reset the amount of ions on the panels. In the case of heavy rains, 
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the collection frequency was adjusted in order to avoid possible water loss due to 
overflowing. The adopted artificial washing procedure was to make sure each 
week’s measurement only measured the ions collected by the panels in that week 

and not from the previous weeks.  
Furthermore, an online NOx monitoring analyzer was placed on the roof so the 

NOx concentration could be continuously monitored during the whole period. The 
NOx concentrations at the location next to the panels were measured continuously 

using an online HORIBA 370 NOx analyzer (see the sampling point, labeled with 
No. 4 in Figure 6.2). The NOx analyzer measures the NO and NO2 concentrations 
every 5 seconds. 

The ions in the collected water were determined by employing an ion 
chromatography (IC) (Thermo Scientific Dionex TM ICS-1100 Ion 
chromatography). Calibrations were made in order to quantify the tested species, 

including Fluoride; Chloride; Nitrite; Bromide; Nitrate; Sulfite; Phosphate; and 
Sulphate. Based on the calibration lines, the ions in the collected liquid can be 
reliably quantified. Furthermore, the used demi-water was first analyzed in order 
to determine whether the demineralized water was suitable for the washing of the 

samples. This analysis showed that no significant impurities could be found, thus 

4 

2 3 
1 

Figure 6.2: The setup of the panels outside on the roof of the Vertigo building, Eindhoven. 1: 
PCO lime render panel, 2: Reference panel, 3: PCO polycarbonate panel, 4: air tube connected 
to NOx analyzer. 
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the demineralized water that was used was indeed suitable. Before analysis, the 
samples went through filters to remove small particles. 

The real field study monitoring study began in July 2015 and ended in 

November 2016, covering the full four seasons. Within this period, the NOx 
concentration and other weather conditions were continuously monitored and the 
nitrates from the panels were periodically collected. The NOx analyzer measured 
NOx concentration based on the amount of molecules NOx compared to the amount 

of air molecules, i.e. with the unit of ppm.  

6.3 Results 

6.3.1 Pre-monitoring labratorium experiments  

The NOx removal efficiency of the photocatalytic coating on the lime render panel 
was measured to be 48.2% and the efficiency of the coating on the polycarbonate 
panel was 34.2%. The higher efficiency of the lime render panel can be attributed 
to the rougher surface which results in more available photocatalytically active 

sites and a more turbulent airflow. Furthermore, it should be noted that the 
generation of NO2 during both the experiments was very low, which could be 
attributed to the high amount of the non-photocatalytic part of the panels being 
able to adsorb the NO2, increasing its chance to be further oxidized. It was shown 

in the literature [48] that a photocatalytic building material with a NOx removal 
efficiency of 38% under the ISO 22197-1 conditions was able to achieve a 
significant reduction of NOx in outdoor environments. Therefore, a decent air 
purifying performance applying the present photocatalytic coating can be expected 
under outdoor conditions with the investigated photocatalytic coatings.  

6.3.2 NOx concentration and weather data 

The NOx concentration monitoring setup was tested between March 2015 and May 
2015 before the commencement of the real monitoring experiment. Furthermore, 
the analysis was performed to evaluate the suitability of the environment for the 

analysis of the photocatalytic efficiency of the panels. Besides the NOx collection 
from the applied NOx analyzer, NO and NO2 data were also taken from the 
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Rijksinstituut voor Volksgezondheid en Milieu (National Institute for Public 
Health and the Environment), (RIVM, Bilthoven, Netherlands) to verify data from 
the analyzer. The data from the RIVM was measured at the Genovevelaan Street 

in Eindhoven, Netherlands (about 4 km from the monitoring site in the presented 
study).  

It was found that the RIVM data was in agreement with the own monitored 
values. The data from the RIVM is shown in Figure 6.3 and shows that the NO 

concentration varies significantly during the day. In the peak hours, the 
concentration even reached up to 97 μg/m3 (first week of April), although this high 
concentration is very exceptional. The highest peaks in May reached around 30 
μg/m3, in June the peaks reached around 15 μg/m3, and in general, the average 

values are about 5-10 μg/m3. The measured NO2 concentrations are higher than 
NO concentrations. In the peak hours, the concentration reaches up to 77 μg/m3 
(in April). The highest peaks in May reached around 67 μg/m3 and in June the 
peaks reached around 45 μg/m3. Nevertheless, the average values in this period 

were about 10-15 μg/m3.  

Figure 6.3: NO and NO2 data taken from the RIVM, Bilthoven, Netherlands. 
  
The collected NOx concentration data are shown in Figures 6.4, where Figure 

6.4(a) shows the average values of each day, and Figure 6.4(b) shows the highest 
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values of every single day. A clear difference in concentration between the two 
figures can be observed, which shows that the NOx concentration can increase for 
short times. The EU goal is to have, on average, not more than 40 µg/m3 NO2 

(annual mean) and not more than 18 hours per year in which the concentration is 
200 µg/m3 or more [5]. It was calculated that over the year only for 4.2 hours the 
200 µg/m3 limit was exceeded. In addition, according to Figure 6.4(a), the NOx 
concentration on average indeed did not reach 40 µg/m3 in most days. 

Nevertheless, these low concentrations clarify that the number of nitrates 
measured could have been higher if the same test would have been performed in 
more polluted areas [55]. 

 
Figure 6.4: Average (a) and highest per day (b) values of NO, NO2, and NOx measured on 
each day between 16-10-2015 and 28-10-2016. 

 
The data of the weather condition close to the panels were collected and shown 

in Figures 6.5. The weather can have a large influence on the NOx conversion 

efficiency [53, 181]. The humidity shown in Figure 6.5D shows that the average 
humidity in Eindhoven is very high most of the time. The RH is most often over 
60% and even reaches over 80% many times. Such a high humidity level negatively 
influences the PCO efficiency [53, 181, 231]. The wind (Figure 6.5C) is relatively 

strong as the average wind speed is in general higher than 2 m/s, while according 
to Gallus et al. [47] a wind speed value of 1 m/s would provide good air removal 
efficiency. During the autumn and winter, in addition to the very high humidity 
and wind speed, the irradiance was low (Figure 6.5A). In this period, the light 
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intensities were, in general, lower than 50 W/m2, about 20-30 W/m2, indicating a 
very low UV light intensity of about 1 W/m2 [232]. Folli et al. [55] reported that a 

UV irradiance value of 6.9 W/m2 can provide an adequate NO abatement. This 
indicates that the acquired low UV irradiance value in this research would provide 
a rather poor photocatalytic effect. Overall, these poor weather conditions would 
contribute to rather low photocatalytic activities [65].  

 
Figure 6.5: Weekly average amounts of irradiance (A), temperature (B), wind speed (C), and 
humidity (D) of each week between 15-10-2015 and 27-10-2016. 

6.3.4 Nitrate measurement results from the panels   

The washing of the panels in the first few weeks was performed several times to 
firstly assess whether artificial washing once or more times is efficient enough to 
collect the produced ions from the surface of the panels. The PCO panel was 
washed several times with small amounts of water that were captured separately 

to determine how much water must be used in order to get representative results. 
The ion amounts of these washings were compared to the reference panel. Figure 
6.6 shows the washing efficiency results based on two dates (2.10.2015 and 
9.10.2015). The results show that two sets of washing are relatively sufficient to 

wash most of the ions adsorbed on the surface of the PCO panel. This result was 
obvious in the case of the sample washed on 2.10.2015. Three sets of washing were 
required on 9.10.2015 in order to get to the same level as on the REF panel. 
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Therefore, 3 sets of washing each panel were applied to wash both panels 
effectively throughout the whole monitoring period. The result of the 
measurement of 2.10.2015 shows that after two washing, the reference panel even 

had higher levels of the ions. This result means that the ions were faster dissolved 
in the washing water on the PCO panel, which could be due to a higher 
hydrophilicity.   

  
Figure 6.6: The results of the washing efficiency test on the measurement of 2.10.2015 and 
9.10.2015. Ion amounts in the washing water of the PCO panel from each set relative to the 
ion amount from the water of the reference panel. 

 
The results of the weekly collection during the entire period are shown in 

Figure 6.7 and 6.8. The amount of washing and rainwater collected by the panels 

is presented in Figure 6.7. The total amount of ions collected in the rainwater 
should depend on these amounts. The total amount of nitrate found in this water 
of the photocatalytic panels minus the nitrate from the reference panel is shown 
in Figure 6.8 It must be emphasized that nitrite was also analyzed in the collected 

water, but the amount was too low to be detectable. Therefore, only the amount of 
nitrate is shown here. 
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Figure 6.7: The average amount of collected wash and rainwater per panel per week.  

 
Figure 6.8: The amounts of nitrate ions measured in the wash and rainwater of the 
photocatalytic panels minus the amounts of the reference panel.  

 

The photocatalytic activity of the photocatalytic panel with lime render as the 
substrate is visible for most of the measurements as its nitrate amount exceeds 
those of the reference panel and the result is positive. Nevertheless, in some 
weeks, the nitrate amount from the reference panel exceeds that of the 

photocatalytic lime render panel resulting in negative values. For example, in the 
first week of August 2016, the collected nitrate from the reference panel was 
obviously more than that from the photocatalytic panel. This result could have 
been caused by the unfavorable weather condition, as can be seen from Figure 6.7, 

a lot of water was collected in this week. Because of the high amount, the 
measurement error could be very high. Furthermore, due to the heavy amount of 
rain, the photocatalytic activity due to the supersaturation of the panels should 
have been very low. It was found [67] that it is very hard to reconcile NO 

abatement entirely with a photocatalytic process under the conditions of little sun 
and substantial rain.  
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It is also rather obvious that the activity of the photocatalytic lime render panel 

decreased over the entire monitoring period. Initially, the activity was supposed 
to increase during the summertime of 2016. However, the overall collected data as 

shown in Figure 6.8 does not show any extra high difference in nitrate amounts 
between the photocatalytic lime render panel and the reference. This decrease in 
activity could be possibly attributed to the high amount of raining washing away 
some of the photocatalyst and deactivation of the photocatalyst that remained. 

The reason for the deactivation will be further analyzed in Section 6.4. 
The polycarbonate panel (No. 3 in Figure 6.2) was installed at a later stage, in 

June 2016. It did not show significant differences in nitrate amounts in the first 
weeks after installation, compared to the reference panel. However, after the first 

three weeks, the photocatalytic activity started increasing. This initial low activity 
can be explained by the time needed for the activation of the photocatalysts which 
were partly covered by the binder in the mineral coating. In fact, the nitrate 
amounts surpassed those of the lime render panel immensely. This higher activity 

as well indicates the deactivation of the lime render panel. The pre-monitoring 
lab-scale measurements showed that the lime-render panel should have had a 
higher efficiency indicating that if there would have been no deactivation, the lime 
render panel should have had a higher activity. Also, it needs to be said that the 

adhesion of the coating on the polycarbonate was not perfect as visible detachment 
in the left top corner of the large panel where the coating was not well bonded to 
the substrate can be seen in Figure 6.9. 
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Figure 6.9: the top part of the coated polycarbonate panel showing bad adhesion between 
substrate and coating in the top left corner. 

 
In the whole monitoring period of 471 days, a total of 497 mg of nitrate was 

collected by the reference panel and 831 mg of nitrate by the photocatalytic lime 

render panel. In the whole monitoring period of 105 days, the photocatalytic 
polycarbonate panel collected 365.0 mg against 97.2 mg collected by the reference 
panel in that period. These results show on the one hand the effectiveness of the 
photocatalytic oxidation of NOx by the mineral coating and on the other hand the 
deactivation of the photocatalysts on the lime-based panel over time.  

6.4 Post-monitoring analysis 

After the full field monitoring period, a post-monitoring analysis was performed 
to study the lime-render and polycarbonate panels after the experiment. The 

experiments were carried out under the laboratory condition to specimens that 
were extracted from the large photocatalytic panels after the monitoring period. 
These specimens were washed and dried before each experiment series. By 
comparing the results of the lime render panel after 2 years’ exposure to outdoor 

conditions to that of the measurements on the panel when it was just made, it 
becomes clear that the NOx degradation efficiency dramatically reduced. Namely, 
the NOx removal efficiency reduced from 48.2% to 7.4%. For the polycarbonate 
panel, this reduction was from 34.2% to 9.9% after the exposure duration of 105 
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days. These reductions can be explained by deactivation and potential loss of 
photocatalytic active sites by loss of the photocatalyst and surface modification.  

From the lime-render panel specimen collected after the monitoring period, the 

elemental composition and phase content of the aged coating were analyzed 
employing X-ray fluorescence (XRF) and X-ray diffraction (XRD), respectively. The 
quantitative XRF analysis was performed using a PANalytical Epsilon 3 XRF 
device. The XRD analysis was performed by using a Bruker D8 advance powder 

X-ray diffractometer with a Cu tube (20 kV, 10 mA) with a scanning range from 
5° to 65° (2θ), applying a step 0.02° and 0.2 s/step measuring time. The qualitative 
analysis was carried out by using the Diffracplus Software (Bruker AXS) and the 
PDF database of ICDD.  

The result from the XRF shows that the sample contains: CaO 45.2%, MgO 
7.5%, TiO2 0.1%, Br 4.2% and LOI 42.1% among a few other trace elements. The 
results from the XRD are shown in Figure 6.10(B). It is clearly shown that calcite 
is the primary phase in the tested coating. All major peaks correspond to the 

calcite crystal structure. Only a very small trace of dolomite (MgCa(CO3)2) peak 
can be seen. No detectable TiO2 is observed, both in the XRD and with the XRF 
analysis. While in the original photocatalytic coating, also shown in Figure 
6.10(A), it can be clearly seen that the broad peaks around 25 and 38 indicate the 

existence of anatase nanocrystals and the sharp peaks at 28 and 40.5 rutile.  
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 Figure 6.10: X-ray diffractogram of A) the initial binder and photocatalyst mixture and B) 
of the aged coating from the lime render panel specimen after the monitoring experiment. 

 
One reason for this disappearing of the initially applied photocatalysts is the 

gradual reaction of lime binder to calcite which over time overgrows the surface of 

the photocatalyst. Karatasios et al. [233] observed a uniform and compact 
carbonated layer of about 5 μm on the surface of TiO2 modified lime mortar after 
only 4 weeks of curing. In addition, the TiO2 induced photocatalysis accelerated 
the carbonation due to the locally increased CO2 concentration resulting from 

photocatalytic oxidation of organic matters, which is further confirmed by 
Diamanti et al. [234] who reported an increased carbonation coefficient from 20 
mm/year of plain concrete to 24 mm/year of concrete containing 5% of TiO2 by 
mass of cement. The carbonation process of Portland cement-based concrete leads 

to a continuous but slight reduction of the photocatalytic activity under normal 
curing conditions and a dramatic reduction under accelerated carbonated 
conditions [29]. Another reason for the removal of the photocatalyst from the 
surface is the weathering from the rain, wind and artificial washing over the 

entire monitoring time (20 months). Especially, since the applied photocatalyst 
was a small amount of titania inside the matrix of an alkaline silicate binder that 
still contained alkaline ions at the start of the experiment. 
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6.5 Conclusions  

In this chapter, a new air purification quality monitoring protocol was proposed. 

The air pollutant removal efficiency was interpreted by using the measured NO3- 
that was produced by the photocatalytic oxidation of NOx. A mineral-based 
transparent photocatalytic coating was used to test this protocol through an 
outdoor field study for almost two years. From the results of this two-year study, 

several interesting conclusions can be made: 

• Both the lab-scaled test and the outdoor experiment confirm that the 
commercial titania coating together with the binder from Keim can be 
used for making photocatalytic surfaces. 

• While lime render and polycarbonate can be substrates for photocatalytic 
coatings, both are not ideal for outdoor photocatalytic building materials 
due to the low chemical stability of the lime render and the smooth 
surface of the polycarbonate and low adhesion with the binder.   

•  Deactivation of the photocatalytic coating on both the panels was 
observed, most probably caused by the overgrowth of calcite on the 
surface of the lime render panel and weathering on both panels.  

• Despite the deactivation, the proposed monitoring principle and test 
protocol worked relatively well. The applied weather parameters 
collection system shows robustness, together with the NOx monitoring. 

 

 



 

 

 

7. Field study with P25 and titania-silica composites using their 

nitrate formation 

FIELD STUDY ON THE 
PHOTOCATALYTIC 

PERFORMANCE OF TWO 
PANELS COATED WITH 
P25 AND THE TITANIA-

SILICA COMPOSITES 
USING THEIR NITRATE 

FORMATION 

 

 

 

Parts of this chapter will be published 

elsewhere as “Field study of air 

purification performance of 

photocatalytic panels by measuring the 

nitrate formation” 



118 Chapter 7. Field study on the photocatalytic performance of P25 and TS 

 
7.1 Introduction 

As shown in Chapters 2 and 6, many investigations on photocatalysis under 

laboratory conditions have already been performed to study the different 
properties of the photocatalytic materials and to search for optimum conditions 
for high photocatalytic activity. Some studies show that the reaction kinetics of 
the photocatalytic oxidation during these lab-tests can be described by Langmuir–

Hinshelwood models [28, 53, 65, 179–181]. However, lab-scale studies do have a 
main downside, namely that they are only limited models of the photocatalytic 
reactions under certain strictly defined conditions. For the practical application of 
photocatalytic surfaces for air-purification, more complex outdoor conditions need 

to be considered, especially during long term services. In addition, the combined 
influences of several different parameter changes are often overlooked. 
Unfortunately, like Chapter 2 and Chapter 6 already showed, most studies that 
tried to study the air-purification in outdoor conditions were unable to do so, due 

to a decrease, or even complete deactivation of the photocatalytic activity of the 
surface.  

In this chapter, another long-term study on the influence of weather conditions 
and photocatalysts on the nitrate formation on photocatalytic panels was 

performed. The method presented in Chapter 6, of capturing and measuring the 
resulting nitrate was used to monitor the performance of three mortar panels, 
from which two were coated with different photocatalysts, during 13 months. To 
prevent significant deactivation. high amounts (6 mg/cm2) of P25 and the TS 
dispersion from Chapter 5 were coated on the panels. These high amounts are 

should compensate for the small expected loss of surface content by rainwater and 
the regular washing. Due to the application of the high amounts of these two 
highly active photocatalysts, the influence of the photocatalysts under different 
weather conditions during 13 months could be successfully investigated. In 

addition, by studying the amount of nitrate these two photocatalysts were able to 
produce during this period, the potential of the TS as an interesting alternative 
photocatalyst could be verified. 
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7.2 Methods 

7.2.1 The preparation of the panels 

Three mortar panels were made by mixing Cuglation Gietmortel 4MM with 11-
13% water. The mortar was then transferred into molds with a surface dimension 
of 0.65 x 1 m2 and a thickness of 5 cm. It was then covered with plastic foil and 
left to harden over a week. Commercial Degussa P25 was dispersed in water with 

a concentration of 9 wt.%. Both the TS dispersion from Chapter 5 and P25 
dispersion were mixed 50/50 vol% with the silicate binder from Keim, Almere, 
Netherlands, and coated on a mortar panel with a photocatalysts surface load of 6 
mg/cm2. The third panel, named as “reference” in this chapter, was only coated 

with the silicate solution. The panels were then left to dry for another week prior 
to being installed outside. The location of this project was again the roof terrace of 
the Vertigo building of the TU/e campus, (Eindhoven, The Netherlands) as shown 
in Figures 6.1 and 7.1. 

7.2.2 Lab-scale NOx conversion measurements 

Both the P25 and TS mortar panels were recreated at a smaller scale (20 x10 cm2) 
to test their efficiency to degrade NOx in a controlled test setup at the beginning 
stage of this study. At the end of the outdoor monitoring, specimens with the same 

dimensions (20 x10 cm2) were extracted from the big panels to test the efficiency 
of the panels after the long-term monitoring under outdoor conditions. All four 
small panel samples were treated before analyzed by 5-hour UV-A illumination, 
followed by washing them 2 hours in baths of distilled water, subsequently rinsed 

by spraying water on them, and finally dried at 60 °C for 24 hours. The main tests 
were performed following the ISO 22197-1 standard [186] with a 3 L/min gas 
inflow of 1 ppm NO at a relative humidity of 50% and UV-A-irradiance of 10 W/m2. 
To investigate the influence of humidity and irradiance on the small panels in the 
beginning stage and end-stage of the research, the panels were measured at 

different irradiance and relative humidity levels.       
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7.2.3 Outdoor NOx conversion measurements 

To measure the amount of NO3- formed upon the oxidation of NO and NO2 during 

the PCO process, the same procedure as described in Chapter 6 was used. The 
water from rain that was captured and washed off from the panels was collected 
in bottles connected to a funnel underneath the panel as shown in Figure. 7.1. The 
panels were also manually washed weekly by spraying distilled water over them. 
This washing was done to collect the NO3- during dry periods, to make sure all the 

nitrate which was accumulated weekly was collected, and to make sure the panels 
were clean from adsorbed contaminations. The bottles were emptied weekly after 
the washing phase and weighed prior to sampling. Finally, the weekly collected 
water from each panel was analyzed by Ion chromatography (IC) (Thermo 

Scientific Dionex TM ICS-1100 Ion chromatography), so that the total mass of 
nitrate formed during each week could be calculated. 
 

   
Figure 7.1: Test setup of the three panels with funnel and collection bottles underneath.  

  
The NOx data in this chapter were collected from the Dutch National Institute 

for Public Health and the Environment (the RIVM, Bilthoven, Netherlands) who 

Titania silica P25 Reference 
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uses several monitoring stations throughout the Netherlands including one close 
to the project at the Genevovalaan, Eindhoven. In Chapter 6, this database was 
shown to be reliable and to be very close to the actual NOx concentrations on the 

roof terrace.  

7.3. Results and discussion 

Two main parts influence the photocatalytic activity of the photocatalytic panels. 

The intrinsic photocatalytic activity of the photocatalyst and the prevailing 
conditions around it. Since the influence of the combination of all parameters is 
still somewhat unclear in outdoor environments, first the photocatalytic activity 
of the panels under lab conditions is discussed in Section 7.3.1, for both the panels 

before and after the 13 months exposure to outdoor conditions. Then the effect of 
outdoor conditions is discussed in Section 7.3.2 following the actual nitrate 
amounts in Section 7.3.3. With the help of both the lab-scale measurements and 
outdoor conditions, the resulting nitrate amounts are explained individually in 

Section 7.3.4 and together in 7.3.5. Finally, the implications of this study on 
photocatalysis as a potential solution for high pollutant concentrations are 
discussed in Section 7.3.6.  

7.3.1 Lab-scale photocatalytic activity measurements  

The results of the photocatalytic activity measurements under the conditions of 
the ISO 22197-1 standard [186] were difficult to interpret because the panels 
possess such a high photocatalytic activity that any differences were almost 
negligible.  When comparing the panels before and after the exposure, the panels 
showed even a slight increase in their activity under these conditions, namely, the 

P25 panel went from 98.3% degradation of NOx to 99.5% and the TS panel from 
98.2% to 99.0%. These results mean that no significant difference could be 
measured. They also show that with the standard conditions almost complete 
oxidation of the NO was reached whenever the molecules were adsorbed on the 

panels, making the reaction rate only dependent on the diffusion. Thus, the 
increase in conversion efficiency can be explained by an increase in surface 
roughness.  
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To increase the contrast, making any degradation of the photocatalytic activity 

of the panels clearer, less favorable UV-A irradiance (e.g. very low values of ≤ 10 
W/m2) and relative humidity (e.g. high values ≥ 50%) were used. Both irradiance 

and humidity are important parameters, which influence the photocatalytic 
efficiency. The amount of hydroxyl groups on the photocatalytic surface is 
determined by the humidity in the air. Bonded hydroxyl groups can either react 
with the formed holes from the photocatalytic reaction (Chapter 1)  themselves 

and form radicals or adsorb other hydroxyl groups and water molecules which can 
subsequently react with the holes and excited electrons [235, 236]. The 
photocatalytic activity in the air can thus be higher with higher humidity. 
However, very high humidity will lower the photocatalytic activity by taking up 

more adsorption sites on the surface and by lowering the accessibility of gases to 
the photocatalytic surface, for example by blocking pores. The PCO of NOx depends 
on the adsorption to titania and is thus lower with very high humidity. 

The results of the test under lower UV-A irradiance and higher humidity levels 

are shown in Figure 7.2. Under these conditions, deactivation of the photocatalytic 
activity of the surface of the panels was more significant than that under the 
standard conditions and was the highest at low irradiance levels and high 
humidity. At the maximum tested relative humidity of the test setup (80%) and 

minimum UV-A irradiance (0.5 W/m2) the decrease in conversion after 13 months 
exposure was 71% for the P25 panel and 69% for the TS panel. However, the 
difference was less significant with UV-A irradiance levels above the minimum 
measured 0.5 W/m2. Furthermore, the measurements were performed with a high 

initial concentration of 1 ppm NO, much higher than the real outdoor 
concentrations. Since the NO conversion efficiency also depends on the initial NO 
concentrations, the differences between the panels would again be insignificant if 
realistic outdoor concentrations of NO were used. 
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Figure 7.2: Results of NO conversion measurements on all four panel pieces. Left; results of 
tests performed under different UV-A irradiance levels while at 80% relative humidity and 
Right; results of tests performed with different relative humidity levels while under UV-A 
irradiance of 0.5 W/m2.  

 
The results displayed in Figure 7.2 also show differences between the P25 and 

TS panels. The results show that the TS panel performed better under the 

conditions with low UV-A irradiance (i.e. 0.5 W/m2). This difference can be 
explained by the lower titania content in the TS making it have more light 
absorption by non-surface material. Furthermore, the silica in the TS 
photocatalyst does not absorb it but instead can scatter and reflect some of the 

UV-irradiance to the titania in the composite.  
On the other hand, the P25 panel performed relatively better during the tests 

with the higher humidity values under different irradiance levels. At high relative 
humidity, water is absorbed especially on the hydrophilic titania, blocking the 

access of NO to the surface of titania. Since the TS panel has less titania, relatively 
more percentage of its titania was coated with adsorbed water when it was in the 
presence of the same amount of water molecules as the P25 panel. 

Another possible influence on the photocatalytic activity was investigated, 

namely the influence of the formed nitrate. As ionic nitrate is formed from the 
oxidation of NO, it should be adsorbed to the surface, which could lead to the 
covering of the active spots on the surface. Another experiment was performed to 
investigate this influence. In a 64-hour long measurement with a continuous 
inflow of 0.5L/min (1 ppm), so beyond the ISO standards, the P25-before-exposure 

sample showed only a slight decrease in conversion efficiency from 91% to 90%. As 
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the NO concentration on the place of the setup is much lower, the amount of 
nitrate that formed during this test exceeds that of the amount that could form 
during a week in the outdoor experiment, and thus, its influence was not 

considered further in this chapter. 

7.3.2 Outdoor conditions during the investigated period 

Due to the high activity of the panels under standard ISO conditions, the influence 
of the weather conditions on the photocatalytic activity of the panels was mostly 

only significant when they were not favorable as otherwise, the nitrate formation 
was diffusion-controlled and not based on the activity of the panels. In Figure 7.3 
the variation on several atmospheric conditions is presented during the extent of 
this study. According to Figure 7.3B, there were two main different periods. 

During the period between October and February, the weekly average irradiance 
was around the lowest values in Figure 7.2. On the other hand, in the other period, 
March up till September, the average irradiance level is significantly higher. 
Moreover, the other weather conditions were often significantly different than the 

standard conditions, giving different influences on the photocatalytic activity. For 
example, the wind speed, which influences the diffusion of NOx to the panels, was 
stronger in the period between October up till March than in the second half of 
the monitoring period.  
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Figure 7.3; weather data from the monitor system next to the test setup. A) Weekly average 
wind speed, B) Weekly average irradiance, C) weekly average relative humidity, D) 
Precipitation intensity, and E) weekly average temperature, F) NOx concentration for 
Eindhoven provided by the Dutch RIVM. 

 
While the photocatalytic activity of the panels might change with the different 

weather conditions, the amount of nitrate that can form depends on the amount 
of available NO and NO2 in the air in contact with the panels. The NOx 

concentrations near the test site (Figure 7.3F) show that the concentration NOx 
changed during the year: The concentration was significantly lower in the summer 
than during the autumn and winter period. This result is most likely due to the 
lower amount of heating required during the warm summer. During this entire 

period, the average concentrations NO and NO2 were 8.3 µg/m3 and 23.4 µg/m3, 
respectively. In comparison to other European cities, the NO2 concentration is 
average, while the NO is on the lower side of the spectrum [3].  
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7.3.3 Nitrate measurement results from the panels   

The performance of the panels has been monitored in the period between the 

beginning of October 2017 and the end of November 2018. As shown in Figure 7.4, 
at the beginning of the experiment, the nitrate amounts were significantly lower 
than expected. This situation corresponds to the study in Chapter 6, in which 
these low nitrate amounts were attributed to the silicate binder covering the 
photocatalyst. As the top layer of the silicate binder was removed from the surface 

of the panel by the rain and washing water the photocatalyst got more exposed. 
Despite this short period with low nitrate formation, the remaining overlapping 
period (end October and November) of both years are interesting since they enable 
measuring a difference in the performance of the panels under similar weather 

conditions after a year of monitoring. 
When looking at the five overlapping weeks from the end of October to the end 

of November, similar nitrate amounts (Figure 7.4) can be seen. While the lab-tests 
show that under these kinds of unfavorable conditions any deactivation should 

cause significant changes, no significant change in nitrate formation can be seen 
in these periods of both years. Both periods show similar average nitrate amounts 
of 1.6 mg NO3-/day with similar trends in variation. In these time periods, the 
weather conditions show similar trends as well: low irradiance of 50 W/m2 at the 

end of October to 20 W/m2 in late November, average absolute humidities of 
around 7 to 7.7 g/m3 and average NOx concentrations of 38 to 42 µg/m3. These 
results indicate that the reduction in photocatalytic activity that is present on the 
panels according to the lab-scale tests (see Figure 7.2) was not significant enough 

under these real-life conditions to influence the nitrate amounts that were formed 
during these periods.  

During the other three-quarters of the year, the weekly nitrate that is collected 
per panel shifted from as low as 0.11 mg to 41 mg per week with a high variance. 

While the collected nitrate amounts look rather random, both the TS and P25 
photocatalytic coatings produced very similar amounts of nitrate every week. This 
similarity indicates that, generally, the collected nitrate results were reliable. 
Furthermore, the collected nitrate amounts from the two different panels show 

that the TS photocatalyst had a slightly higher conversion efficiency on average 
throughout the year than the P25. The TS panel outperformed the P25 panel 
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especially in the autumn and winter periods where the illumination was low and 
the humidity high, which is in line with the lab-scale tests (see Figure 7.2).  

 
Figure 7.4: Weekly calculated nitrate amount using the amount of collected water, nitrate 
concentration, and the difference between the photocatalytic panel and reference panel.  

7.3.4 Influence of individual parameters in real conditions 

As shown in Figure 7.2, several parameters can affect the efficiency of the 
photocatalytic oxidation of pollutants. Relative humidity, airflow and irradiance 

have been extensively studied in laboratory scale [53, 64, 179, 180] but their direct 
influence under outdoor conditions is still far less known. Using the weather 
measurement data (Figure 7.3) and the collected NO3- data (Figure 7.4), the effect 
of each parameter on the produced NO3- was studied individually and the results 

are shown in Figure 7.5.  
Among the different parameters, the irradiance (Figure 7.5A), the relative 

humidity (Figure 7.5B), and the temperature (Figure 7.5C) have the most obvious 
effect that can be well correlated individually. A first observation is that 

experimentally in outdoor conditions, all three parameters follow the results 
observed in the literature [53, 64, 179–181] such as an increase in irradiance or 
temperature increases the PCO efficiency. On the other hand, an increase in RH 
decreases the PCO efficiency. The PCO of NOx, is affected immensely by the 

amount of available water molecules as shown by Yang et al. [101]. While the 
reaction requires water molecules, the amount of available water molecules is a 
couple of magnitudes higher in the measured data in Figure 7.3, and thus, its 
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negative effects matter more. Furthermore, the effect of each parameter is non-
linear: as seen in Figure 7.5A, the average NO3- produced is quite low at low 
irradiance and increases until reaching a plateau at around 150 W/m2. The exact 

opposite phenomenon is observed with the relative humidity, with 10 to 20 
mg/week of NO3- produced when RH is below 80%, and the PCO efficiency 
significantly decreases for RH > 80%. For the temperature, it appears that this 
parameter has an exponential effect, with a very significant increase of the PCO 

efficiency at higher values (> 24°C).  

    
Figure 7.5: A) Average NO3- collected as a function of the irradiance; B) Average NO3- 
collected as a function of the RH; C) Average NO3- collected as a function of the temperature. 

 

7.3.5 The synergetic influence of outdoor conditions on the nitrate 

formation 

Besides the individual effect of the conditions, the synergetic effect of the 
experimental parameters has rarely been discussed in the literature. Therefore, 

in this field, there is also a lack of validation of these phenomena in real 
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conditions, and their potential synergetic effects are unknown. A possible equation 
was therefore devised to model the nitrate results. While the photocatalytic 
oxidation of NOx is a complex diffusion-controlled reaction that is already modeled 

in a Langmuir–Hinshelwood model [28, 53, 64, 179–181], the situations the panels 
were exposed to were too complex to model based solely on thermodynamics and 
kinetics. For example, instead of having a simple flow and diffusion, the panels 
are subjected each time to a different wind speed coming from a different direction 

bringing different amounts of NOx to the panel. Therefore, using the 
environmental conditions and weekly nitrate amounts, a simple equation was 
devised to best imitate the results by a large trial and error procedure, resulting 
in: 

𝑟𝑟NO3− = 𝑘𝑘 × 𝐶𝐶NOx × 𝑣𝑣× cos
𝛼𝛼
2

  (7.1) 

 
where 𝑟𝑟𝑁𝑁𝑁𝑁3−  the rate at which nitrate is formed per square meter in g/(m2·s), 𝐶𝐶NOx 

the sum is of the concentrations of NO and NO2 in g/m3, v the wind speed in (m/s),  
α the wind direction angle in relation to the direction of the photocatalytic surface 

and k is the reaction rate constant dependent on the photocatalytic conversion 
efficiency (PCE) following:  

𝑘𝑘 = 𝑐𝑐1 × 𝑃𝑃𝐶𝐶𝑃𝑃 (7.2) 
 
where, 𝑐𝑐1 being a constant (𝑐𝑐1 = 0.02535, resulting from the best fitting) and the 

PCE could be calculated with the following equation:   

𝑃𝑃𝐶𝐶𝑃𝑃 =
𝑐𝑐2×𝐸𝐸×𝑇𝑇
𝐴𝐴𝐴𝐴

(𝑐𝑐2×𝐸𝐸×𝑇𝑇
𝐴𝐴𝐴𝐴

+ 1)
�   (7.3) 

 

where c2 another constant (c2 = 0.0002 g/(ºC·W·m), resulting from the best fitting) 
is, E irradiance in W/m2, T temperature in degrees Celsius and AH absolute 
humidity in g/m3. Thus, the equation combines the positive correlations of 
irradiance and temperature with the negative correlation of the humidity into a 

certain activity with an asymptote at unity, representing immediate oxidation of 
the pollutants on the panels. The activity is multiplied with the available NOx 
amount being blown by the wind making the reaction, diffusion-controlled when 
the activity is high. That an equation where all exponents of the parameters are 
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simply unity, came out to be the best correlating equation was unexpected. Also, 
the fact that degrees Celsius instead of Kelvin for temperature correlated better 
was unexpected but this correlation might have to do with the water below its 

freezing point. In all, this equation with these inputs correlated the best.  

 
Figure 7.6: Comparison of nitrate amounts that were formed and collected from the TS panel 
and the combination of environmental conditions through Equation (7.1) to the predicted 
nitrate formation.  

 
By then putting in the measured environmental conditions from Figure 7.3, a 

simulated nitrate formation for every week was calculated by calculating the 
hourly nitrate formation (as one hour was the smallest unit of time in the available 
data) and then taking its sum per week.  This calculated formation was put next 
to the actual weekly nitrate formation of the TS panel in Figure 7.6. Most of the 

points and increase/decrease trends do seem to match well. However, there are 
still some nitrate amounts on certain dates that do not agree with each other. For 
example, the high nitrate amount on 22-01-2018 does not make much sense as 
none of the measured parameters indicate any extra-favorable conditions. Some 
of these mismatch points could simply be due to an error but it should also be 

noted that there are also still some influences that are not yet considered in the 
equation. One of the influences that are too complex is the influence of wetness 
coming from precipitation. The water from rain causes a reduced performance by 
wetting the panels, hence blocking NO to reach the surface.   
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To make the calculated values more accurate it was determined when the 
panel was wet First, the precipitation data was applied to establish when the 
panel became wet. Secondly, the amount of water that can stay adsorbed on the 

panel after complete wetting was measured to be on average 100.7 g. Thirdly, 
inspired by a version of the Penman equation [237], the wind speed, irradiation, 
and humidity difference between actual and maximum humidity at a certain 
temperature were used to calculate the rate of drying. Subsequently, the nitrate 

formation was set to zero during the hours when the panels were determined to 
be wet. To compensate for the loss in nitrate, c1 was increased to 0.0274. The 
calculated nitrate formation.  Figure 7.7 shows the result of the calculated nitrate 
formations without the hours when the panels were wet. Especially during the 

autumn and winter periods, reductions in the equation values can be seen 
bringing them a bit closer to the actual measured values.    

 
Figure 7.7: Comparison of nitrate amounts that were formed and collected from the TS panel 
and the combination of environmental conditions to the predicted nitrate formation 
excluding the hours when the panels were calculated to be wet.   

 
By comparing most of the results directly in Figure 7.8, the proposed model 

correlates relatively well with the experimental results, especially when 
considering the complexity of the outdoor setup. Figure 7.8B, which excludes 

nitrate formation during the hours the panels were wet, shows to be a bit more in 
line with the experimental results. In addition, this equation was fitted only with 
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the data of just one study. More studies in different environments will have to be 
performed to confirm or improve the equation.   

 
 Figure 7.8: Correlation between the theoretical prediction and the experimentally measured 
values with A including the wet hours and B excluding the wet hours. 

 

Still, some other outdoor conditions could not be quantified in this study. For 
example, the coverage of the panels by contaminations affected the nitrate 
formation as well. However, it was not quantifiable how much contaminations 

were adsorbed to the panels, how much got removed each time it rained, how much 
contaminations the rain also brought on its own. and what its impact was on the 
activity. Another influence that could not be quantified was the amount of nitrate 
that was lost due to various reasons (e.g. during the splashing of rainwater from 

the panels and by chemical reactions with contaminants). For example, the study 
performed by Guo et al. [230] showed that some of the nitrate from the 
photocatalytic surface can be carried off by particles in the air. 

While most of the mismatching points in Figures 7.6 to 7.8 may be too complex 

to explain, the first two shown measurements (16 and 30 October 2017), which 
seem to mismatch with the calculated values, may be explained. This situation 
corresponds to the first weeks in the study of Chapter 6, in which the first few 
weeks of both photocatalytic panels, the nitrate amount was very low even though 

the conditions were favorable. This low nitrate amount was attributed to the 
covering of the photocatalyst by the mineral binder. Therefore, in this study, the 
pH values in the captured water from the panels were measured. The pH of the 
captured water in the first weeks was measured to be above 10 and then slowly 

A B 
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became more neutral. The high pH indicates that indeed, the surface of the panel 
contained a high alkaline content that was slowly being washed away in the first 
few weeks. A high alkaline content can dissolve some of the silicates when being 

in contact with water, exposing the photocatalysts, which explains the low 
measured nitrate amounts in the first few weeks for both studies.  

7.3.6 Implication of results on photocatalysis as a solution to the 
NOx pollution 

The main issue with most long-term outdoor studies of photocatalysis was that 
the photocatalytic activity became deactivated, causing photocatalysis to seem to 
be an unpractical option for air-purification. Therefore, in this study where the 
degradation did not appear to play a significant role due to the improved 

durability, the NO3- amounts measured in the water from the panels could be 
added up to give insight in the total removal of nitrate during a calendar year. The 
total nitrate amounts of the P25 and TS panel in the monitored period minus the 
nitrate from the reference panel were 845.6 mg and 905.7 mg, respectively. 

Considering only the period 30-October 2017 to 29-October 2018, for yearly 
numbers, the P25 panel produced 1.176 g NO3-/m2 per year, and the TS panel 1.244 
g NO3-/m2 per year.  The standard deviation of these values for both panels was 
1.4% implying that the TS panel outperformed the P25 panel. Thus, 1 m2 of panel 

removes in a full year as much NOx as an average gasoline car that follows the 
Euro-6 emission limit  (60 mg NOx/km) [238] produces by driving about 21 km. 

By accumulating the NOx concentrations multiplied by the wind speed data in 
the same calculation period, a total of 1679 g NOx/m3 per year was calculated to 

have passed within one-meter distance from the panels. This amount would make 
the total conversion efficiencies to be 0.070% and 0.074% for the P25 and TS panels 
respectively. However, most of the NOx within a distance of one meter from the 
panel does not come near the surface, which is also the reason why the values of 

c1 in the previous section are so small. If only the NOx amount at the ISO-standard 
distance from the surface (3 mm) would be regarded, the conversion efficiency 
would go up to 23.3% and 24.7% for the P25 and TS panel, respectively. This 
efficiency is relatively high considering the insignificant activity during nighttime 

and when panels are wet, and the low activity during winter. Of course, more 
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investigations are required to obtain a better understanding of the distance at 
which the photocatalytic surface affects the NOx concentration.   

By applying the molar ratio NO:NO2 of 0.56 (extracted from the average NO 

and NO2 concentrations, 8.3 and 23.4 µg/m3, respectively), it is possible to make a 
rough estimation of how much NO and NO2 were oxidized by the P25 and TS 
panels, separately. For the P25 panel, these values are estimated at 0.200 g NO/m2 
and 0.554 g NO2/m2 per year. For the P25 panel, these values are estimated at 

0.207 g NO/m2 and 0.585 g NO2/m2 per year.   
More NOx can be removed close to the NOx source or in highly polluted areas 

in general, where the concentrations are higher. The activity of the photocatalytic 
surfaces in this study was only slightly affected by the concentration of NOx. Even 

at 1 ppm, almost full oxidation of the NOx could be detected under the standard 
ISO conditions. Therefore, it is expected that the total produced NO3- from NOx 
could increase linearly with an increase in pollutant levels. For example, some 
cities have an annual average NOx concentration of over 80 µg/m3 [239]. When 

comparing that to the annual average NOx concentration of 31.7 µg/m3 in the 
monitored environment of this study, it would mean that the potential NOx 
removal on the photocatalytic surfaces in those cities would be much higher. 
Moreover, the NOx concentration decreases exponentially from its production 

source (high-density traffic or industry) [16] until it reaches the background 
concentration. Thus, photocatalytic surfaces closer to the NOx sources could 
oxidize even higher amounts of pollution.  However, the amount of soot also 
increases in such a location. If the amount of soot accumulating on the 

photocatalytic surface becomes too high for it to be degraded and washed away, 
the surface will stay covered and becomes inactive. Nevertheless, the results show 
that if very large surface areas are coated with photocatalytic active material in 
regions with high concentrations of traffic more safe levels of NOx can be 

maintained by photocatalysis.  
Whether it will be feasible to coat large surfaces will depend mostly, on the 

used photocatalyst and binder as the amount of practically available concrete 
surfaces in cities should be enough. A durable binder is necessary to coat the large 
required number of surfaces as was done in this study to keep the photocatalyst 

in place. Since organic coating materials might be degraded by the photocatalyst, 
inorganic coatings consisting of silicate minerals are the best candidate. Whilst 
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alkaline silicates are currently mostly produced at extremely high temperatures 
[91], it was shown in Chapter 4 that alkaline silicates could be extracted from 
waste materials at low temperatures. For the photocatalyst, the TS photocatalyst 

has the potential to be even more low cost than the already cost-effective titania. 
This potentially lower cost is owing to the fact that the low-cost nano-silica makes 
up 85% of the TS photocatalyst while keeping a high photocatalytic activity as 
shown in Chapters 3 and 5, which was again proven in this study. Therefore, it 

might be indeed possible to coat large surfaces in populated areas to foresee a 
reduction in NOx levels.  

7.4. Conclusions 

A long-term field study was performed on the photocatalytic oxidation of NOx into 
NO3- by two panels coated with two different photocatalysts and a reference panel. 
The panels were tested on a lab-scale following ISO 22197-1 and under real-life 
conditions for a period of over 13 months using the proposed monitoring protocol 

from Chapter 6. Unlike in Chapter 6, positive nitrate formation on both panels 
was measured throughout the entire period on both panels making it possible to 
correlate the weather and produced nitrate amounts. From the results the 
following conclusions can be derived: 

• Both the P25 and TS photocatalysts were successfully coated using the 
silicate binder on a mortar substrate and showed a very high efficiency 
(almost 100%) of converting NOx into nitrate under the iso-standard 

conditions. 

• In the lab-scale tests, it was shown that both panels showed a similar 
reduction of the conversion efficiency after the long-term outdoor 
monitoring experiment. However, this degradation was only significant 
under unfavorable conditions, where the conversion efficiency is low. 
Furthermore, in the long-term study, the amount of nitrate formed 

during a similar period in both the beginning and ending stages was not 
significantly different, indicating the high durability of the photocatalytic 
panels. 

• Both the outdoor test and the lab-scale tests show that humidity reduces 
the conversion efficiency, especially on the TS panel, while the irradiance 
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increases the conversion efficiency, especially on the P25 panel. The 
outdoor tests demonstrated that the temperature had a positive influence 
on both panels. 

• A relatively simple model was devised to predict the nitrate amount being 
abated by highly active photocatalysts by considering the synergetic 

effects between different environmental conditions and the photocatalytic 
activity. The weekly resulting nitrate from this equation matched well 
with the weekly measured nitrate amount.   

• The P25 panel produced 1.176 g NO3-/m2 per year and the TS panel 1.244 
g NO3-/m2 per year, both with a standard deviation of 1.4%, This amount 
is about the same as what a gasoline car that follows the Euro-6 emission 

limit produces by driving about 21 km. 

• The TS photocatalyst has a slightly better performance, especially during 
days with low irradiance, showing that it is a promising alternative 

photocatalyst to the P25.  

 



 

 

 

8. Conclusions and recommendations 

CONCLUSIONS & 
RECOMMENDATIONS 

“Your dreams are like the cement. If 

you water it with actions, it becomes 

a hard concrete mass. But if you 

leave it exposed and unwatered, the 

air will easily blow it away!” 

- Israelmore Ayivor 
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In this thesis, an investigation was made into the synthesis of the titania-silica 
(TS) composites and the design of photocatalytic building materials. The main goal 
was to find a promising alternative method to reduce NOx concentrations in urban 

environments. Pollutants like NOx have been associated with adverse health 
effects [2–5, 9–11]. Despite this knowledge and active measurements being 
performed against them, their concentration is still increasing in many places. 
Especially in highly populated areas, this problem endangers large amounts of 

people. Photocatalysis can be a promising technique to be applied against the NOx 
in urban environments when embedded in building materials that are illuminated 
by the sun. From different photocatalytic materials, a promising candidate for this 
embedment is nano-titania crystals chemically bonded to a silica substrate with 

large SSA. Such a TS composite contains highly beneficial properties for the 
removal of NOx, such as a high cost-efficiency related to its NOx oxidizing 
potential. However, in the research field of the applications of photocatalytic 
materials, the TS is not applied yet. An important reason for this absence of 

composites can be the complexity of both the photocatalytic building material field 
and the research field of the TS. Therefore, three main research topics were 
investigated in this thesis, including titania-silica composite synthesis, embedding 
the photocatalyst to different building materials, and monitoring and validating 

the performance of photocatalytic abatement of NOx in an outdoor setup. Each 
investigated topic had many interesting results, from which many insightful 
conclusions are discussed in this chapter.  

8.1 Photocatalytic TS synthesis  

The first intermediate goal was to synthesize promising low-cost TS. As there is 
already much promising work performed on the synthesis of different TS, a 
literature review was performed in Chapter 2 on the photocatalytic TS and their 
synthesis methods. From this review, it became clear that the optimal method is 

to bond anatase crystals with a thickness of 2.5-5 nm on a silica support with a 
large SSA. In addition, the titania should be homogenously distributed over the 
surface to make use of the high adsorption capacity of the silica. 

To prevent titania forming adjacent to the silica instead of on top of it, the 

reaction speed of the hydrolysis should be slow enough so that the condensation 
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of titania monomers on the substrate’s surface is more likely to happen than 
polymerization between monomers. The methods that were selected from the 
literature review had a slow hydrolysis reaction. The selected methods were 

precipitation, slow addition and sol-gel methods. It was found that the most 
important parameters on which the hydrolysis rate depends were the pH, 
temperature, concentration of water and precursor, and the type of precursor used.  

The results in Chapter 3 showed that coating silica with titania can result in 

very promising photocatalysts but also in composites with almost no 
photocatalytic activity, depending on the parameters and methods used. The pH 
played the most important role in the investigated methods since it determines 
the precursor stability and the interaction between the silica and titania. All 

samples prepared at a pH value of 1 showed rather poor NOx conversion 
efficiencies. The best results were obtained with the addition and precipitation 
methods when using a dispersion medium with low water content and a pH value 
of 3. These resulting TS with only 15 at.% titania had higher conversion 

efficiencies than the plain titania reference (P25). Two TS samples prepared with 
the sol-gel method also showed higher conversion efficiency than P25 mixed with 
silica in the same ratio. 

Another investigated parameter was the transformation of amorphous titania 

to anatase. From the literature review in Chapter 2, it was found that either 
calcination or hydrothermal treatment can be applied. Crystallization is needed 
since amorphous titania has a low photocatalytic activity compared to anatase. 
However, it was found that more crystallization does not necessarily result in a 

higher conversion efficiency. The main reason for this observation was that during 
the growth of the crystals, the SSA of the titania was most likely reduced. In fact, 
the highest conversion efficiency was reached with the calcination temperature of 
300 ºC instead of higher temperatures. The hydrothermal treatment was shown 

to be potentially better than calcination for photocatalytic anatase in the 
literature review. However, when tested on the TS sample made in Chapter 3, it 
instead caused an immense reduction in the activity. Thus, the 300 °C 
temperature was shown to be the optimal temperature for the crystallization. 

Also, different silica substrates were investigated. In Chapter 3, precipitated 

nanostructured silica from olivine was applied as the silica substrate due to its 
morphology, silanol density, and low cost that are all beneficial for the application 
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of photocatalysis. In Chapter 4, also ordered mesoporous silica was investigated 
as it could be an excellent support due to its large SSA with a well-structured pore 
network and its acclaimed use in the field of catalysis. Both the reaction of olivine 

with sulfuric acid and silicate extracted from bottom ash (BA) from municipal solid 
waste incineration (MSWI) were shown to be possible silica sources for 
mesoporous silica.  

Several different mesoporous silica samples were produced from olivine with a 

liquid crystal template, showing high SSA’s of more than 900 m2/g and high purity 
of up to 99.9%. One mesoporous silica sample was successfully produced from a 
BA-derived sodium silicate solution and contained a high SSA of 870 m2/g and a 
purity of 98.5%. However, both mesoporous silica products had pore size 

distributions that are too small to incorporate titania for photocatalysis 
successfully as the product showed only a low NOx conversion efficiency. In all, 
titania coated using the precipitation method on the randomly precipitated 
nanostructured silica from olivine appeared to be the best TS for photocatalysis. 

8.2 Photocatalytic building materials 

The second goal was to investigate how the resulting TS could be best applied to 
building materials to achieve a material that could efficiently converse NOx into 

nitrate. Several different case studies were performed in Chapter 5 to investigate 
the application of the TS and other photocatalysts to a variety of building 
materials.   

In the investigation on the incorporation of TS and P25 into lightweight 
concrete, it was found that the TS sample with the best properties from in Chapter 

3 is not suitable for the incorporation into concrete due to its less favorable 
distribution properties and low stability at high pH values. In addition, the high-
water content required for its incorporation into concrete and the high SSA caused 
the concrete to have lower porosity meaning less photocatalyst was exposed.  

For the investigation of applying TS as coating, different silicate solutions were 
tested to bind the photocatalyst to building materials. Two alternative silicate 
materials (from olivine and BA) were compared to a commercial silicate binder for 
the coating of TS. A significantly higher conversion was observed for the 
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commercial binder than for the two alternative mineral binders. Thus, the 
commercial binder was selected to be applied in the rest of this thesis.  

TS and P25 were successfully coated on AAC, wood fiberboards, and glass 

plates in Chapter 5 using the binder. From the three materials, the wooden 
fiberboards showed the lowest NO conversion efficiencies. The NOx conversion 
efficiencies of the photocatalytic coatings on the glass plates were remarkably 
higher. The coated AAC samples showed the highest NOx conversion efficiencies 

which were most likely due to the properties of AAC, such as high porosity, rough 
surface, and favorable interactions with light for the PCO of NO.  

Degradation of the photocatalytic activity over time seems to be a problem that 
is occurring in outdoor field studies on photocatalytic materials. The durability of 

TS, P25, and Kronoclean7000 coatings using the commercial binder on the glass 
plates and AAC were measured by exposing them in an outside setting for 15 
months and measuring the conversion efficiencies periodically. The coatings on 
the glass plate were measured to degrade relatively fast. The P25 coating lost all 

photocatalytic activity after 5 months and the conversion efficiencies of the other 
two samples were significantly lower as well. The high photocatalytic activity of 
the coatings on the AAC decreased slower likely due to the morphology. However, 
the activity still decreased, especially since the AAC itself became unstable and 

lost its strength due to high water absorption. Nevertheless, the photocatalytic 
coating did prevent algae to form on the top of the AAC.  

8.3 Monitoring of NOx abatement by photocatalytic panels 

In Chapter 2, a literature review on some investigations on photocatalytic building 

materials in both laboratory-scale and outdoor studies showed positive results for 
air-purification. The reviewed literature reported that the environmental 
conditions play an essential role in the air pollutant degradation efficiency, 
reflected by the very varied performance of the photocatalytic coatings under 

different environmental conditions like relative humidity, irradiance and 
pollutant concentration. Based on laboratory tests, some studies even managed to 
model the activity based on these different parameters. Moreover, in various 
outdoor field studies, excellent decreases in pollutant concentrations were 

reported. However, the standard method of monitoring the NOx concentration in 
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the air close to the photocatalytic coating has shown to be imperfect and open for 
improvement. Therefore, in this thesis, a new monitoring protocol for the 
photocatalytic activity in outdoor settings was devised. 

To achieve the third goal of successfully monitoring the abatement of NOx by 
a photocatalytic surface on a larger scale in an outdoor setup, a new protocol was 
devised in Chapter 6. This new protocol was tested in an outdoor environment on 
a mineral coating on a lime cement render and polycarbonate panel. The air 

pollutant removal efficiency was interpreted by the measured NO3- in the water 
coming from the panels. While the coating was confirmed in both lab-scaled tests 
and the outdoor experiment to be initially photocatalytically active, the coating 
was shown to have a poor durability. The deactivation on the lime cement render 

was most probably caused by the overgrowth of calcite. In addition, weathering on 
both panels most likely played an important role in the deactivation as well. 
Despite the deactivation, the proposed monitoring principle and test protocol 
worked relatively well.  

The combination of all work in a long-term outdoor experiment with 
photocatalytic building material containing the TS was successfully performed, 
monitored and verified in Chapter 7. the photocatalytic oxidation of NOx into NO3- 
by mortar panels coated TS and P25 and a reference panel was monitored using 

the proposed monitoring protocol from Chapter 6. The panels were tested on a lab-
scale following ISO 22197-1 and under real-life conditions for a period of over 13 
months. In both the lab-setup and using correlations between the outdoor tests 
and weather conditions, it was shown that humidity reduces the conversion 

efficiency, while the irradiance and temperature increased the conversion 
efficiency. 

The durability of the coatings showed to be significantly better than those 
shown both in Chapter 5 and Chapter 6. In the lab-scale tests, it was shown that 

both panels showed a similar conversion efficiency after the long-term outdoor 
monitoring experiment. Both the P25 and TS photocatalytic coatings had almost 
100% converting efficiencies of NOx into nitrate under the iso-standard conditions 
before and after the 13 months period. However, there was still some reduction in 
the conversion efficiencies when measured under unfavorable conditions, where 

the conversion efficiency is low. Furthermore, the amount of nitrate formed during 
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a similar period in both the beginning and ending stages was not significantly 
different, indicating negligible deactivation of the photocatalytic panels. 

Considering the synergetic effects between different environmental conditions 

and the measured nitrate amounts the relatively simple Equations (7.1) to (7.3) 
could be devised to model the nitrate being formed on the highly active 
photocatalysts under certain humidity, temperature, irradiance, wind speed and 
NOx concentrations. When calculating the weekly nitrate formation from this 

equation with the measured weather conditions, it matched well with the weekly 
measured nitrate amount. The matching improved even further when the formed 
NO3- during hours when the panels were determined to be wet was removed from 
the calculated values.  

In all, the P25 panel produced 1.176 g NO3-/m2 per year and the TS panel 1.244 
g NO3-/m2 per year, both with a standard deviation of 1.4%. These values 
correspond to an oxidation of 0.750 g NOx/m2 and 0.793 g NOx/m2 per year for the 
P25 and TS panels, respectively. These amounts are equal to the production of 

NOx by an average gasoline car following the Euro-6 emission limit during 21 km. 
Due to their high activity, the photocatalytic surfaces could theoretically oxidize 
significantly higher amounts when placed in more polluted environments. In all, 
the TS photocatalyst demonstrated a significantly better performance, confirming 

that it is a higher active photocatalyst than the plain titania photocatalyst while 
being more cost-efficient. 

8.4 Recommendations 

In this thesis, many different topics were investigated to obtain cost-efficient 

photocatalytic building materials for air purification in urban environments. It 
was successfully shown that the potentially cost-efficient TS particles could indeed 
be coated and perform air purification during at least 13 months. Unfortunately, 
the limited time during this research was not enough to fully investigate all 

related topics. Some topics could not be investigated thoroughly enough to give 
positive results while having a high potential to improve the composites. 
Furthermore, some other topics, that were promising already, still could use more 
investigations as well, to perhaps give even more promising results. The summary 

of possible further investigations is as follows: 
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• During the investigation on the coating methods, two parameters were 

not investigated while they might influence the resulting composites. The 
first is the addition speed of water during the relevant methods. The other 
is the precursor used as there are more options than the two investigated.  
Besides those two, all investigated parameters could be further optimized 

as well.   

• More investigation can be performed on increasing the pore sizes of the 
investigated mesoporous silica structures. The pore sizes of the 
mesoporous silica in this thesis were found to be too small to apply these 
products as a substrate for titania for the PCO of NOx. However, 
increasing the pore size of mesoporous structures has been reported to be 

possible by changing the synthesis parameters. It can be done by having 
a larger surfactant or by adding swelling agents which are nonpolar 
molecules that will go inside the micelles, causing them to increase in 
size. Therefore, the high potential of the mesoporous structures can then 
still be applied for air-purification. 

• Due to the high potential to produce alkaline silicates from negative 
valued waste material, the extraction of silica from ash like the BA in 

Chapter 4 should be further optimized. Due to the research shown in this 
thesis, the extraction mechanism is now more understood, and further 
optimization is possible.  

• Further investigation of the incorporation of the composites into concrete 
is possible. The silica could be more protected from the high pH of a 
cement paste by using a low pH concrete paste or by hydrophobic capping 

ligands that can be degraded by the photocatalytic activity after setting 
and hardening. The latter would also cause extra porosity compensating 
for the problems caused by the hydration and carbonation products.  

• The two alternative silicates applied as binder could be produced to be 
more like the commercial binder. Instead of sodium, they could be 
produced with potassium hydroxide to form K2SiO3, has been reported to 
form more durable binders based on silicate [175]. In addition, with ion-

exchange, the alkaline:silicate ratio could be reduced, which also 
increases the durability of the binders. By improving the quality of these 
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two alternative binders, the cost-efficiency could increase for 
photocatalytic coatings.  

• The protocol developed in Chapter 6 of monitoring the outdoor air-
purification performance of photocatalytic surfaces should be applied to 
different conditions to verify Equation (7.1) and the amount of nitrate 

formation during a year/m2. Lab-scaled tests using the protocol of 
Chapter 6 could verify some of the relationships discussed in Chapter 7 
in a more controlled way. Moreover, while the environment during both 
the experiments of Chapter 6 and Chapter 7 changed significantly with 

both periods, the differences in average humidity, irradiance, 
temperature, and wind speed can be varied more significantly in other 
places in the world. In addition, the place of the setup was a relatively 
clean environment. By placing the setup in a more polluted environments 

with constantly higher NOx concentrations, the yearly nitrate formation 
could theoretically be much higher, which should be confirmed 
experimentally. Furthermore, an investigation into increasing the 
contact of the photocatalytic building materials with NOx could be looked 

into to increase the amount of produced nitrate.
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Summary 

In this thesis, photocatalytic titania-silica composites were studied, synthesized, 
and applied on different building materials for air-purification in urban 

environments. Titania-silica composites are a promising alternative to titania for 
photocatalysis, because of their lower material costs and higher activities. 
Different synthesis routes for titania-silica composites were thoroughly 
investigated to gain more fundamental insight on their impact on the resulting 
samples and their photocatalytic oxidation efficiency. The silica for the composites 

was synthesized by dissolving the silicate mineral olivine in sulfuric acid. This 
method is cheaper than conventional methods, environmentally friendly, and 
produces silica with desired properties. The best performing coating method was 
then further investigated on the titania to silica ratio and crystallization. The 

prepared titania-silica composites with only 15% titania showed the most 
promising properties. When compared to pure titania, this composite had a higher 
efficiency of degrading the pollutant NO.  

Since the specific surface area of the silica was shown to play an important role 

in the photocatalytic properties of the composites, mesoporous silica with surfaces 
larger than 800 g/m2, was investigated. By synthesizing mesoporous silica from 
olivine or bottom ash instead of the conventional sources, no high temperatures or 
reactants with a high CO2 footprint were required. For the mesoporous silica from 

olivine, the silicic acids released were directly guided to form high quality ordered 
mesoporous silica in a one-step synthesis route. For the mesoporous silica from 
bottom ash, a two-step synthesis route was devised to convert first the bottom 
ashes into sodium silicate and then into mesoporous silica. The dissolution process 

was systematically investigated to attain fundamental insight into the hydrolysis 
of silica and achieve maximum extraction efficiency. The produced mesoporous 
structures from both sources featured specific surface areas of up to 1000 m2/g and 
narrow pore size distributions of around 2-4 nm. However, when testing the 

mesoporous silica from olivine, this small pore size was shown to be unfit for 
photocatalytic titania-silica composites, so further research is still required. 

The application of the prepared titania-silica composites with the precipitated 
silica from olivine was investigated with different building materials. It was found 

that the properties of the composites were unfavorable for incorporation into 
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materials with cement. For coating, it was found that by applying the composites 
with a mineral-based binder, photocatalytic coatings could be made. In 
comparison studies, it was again shown that the composites performed better on 

different building materials than the plain titania reference photocatalysts by 
having higher conversion efficiencies. Subsequently, a method to exactly monitor 
air pollutant removal efficiency under realistic conditions was developed. It 
appeared that the efficiency of a photocatalytic paint could be accurately analyzed 

by capturing water from rain and wash water coming off the photocatalytic 
surface. This method was applied in an outdoor monitoring experiment with a 
duration of 15 months, during which also the weather conditions, including 
temperature, wind flow, humidity, precipitation, and NOx concentration were 

continuously monitored. However, it was found that the long-term performances 
of the used substrates and photocatalyst were insufficient since the activity of the 
panels decreased too rapidly. Therefore, it was not possible to investigate 
correlations between the different parameters and the nitrate amounts. In the 

relevant literature, similar deactivation is often reported for long-term studies 
performed on photocatalytic coatings in outdoor environments.  

Another long-term experiment on photocatalytic panels was then set up. To 
prevent deactivation, the substrate of the panels was made from cement mortar, 

which was coated with a relatively high amount of 6 mg/cm2 of highly active 
photocatalyst, namely the own developed silica-titania composite and a plain 
titania reference photocatalyst known for its high activity. This time, no 
significant de-activation was measured after a period of 13 months. From this 

experiment, a model could be proposed and validated on the synergetic influence 
of the outdoor conditions on the activity. In addition, it was found that the 
composite panel converted more NOx into nitrate than the plain titania reference 
panel. Thus, the produced composites were confirmed to be an excellent 

alternative product for air-purification. 
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Samenvatting 

In dit proefschrift werden fotokatalytische titania-silica composiet deeltjes 

bestudeerd, gesynthetiseerd en toegepast op verschillende bouwmaterialen voor 
de luchtzuivering in stedelijke omgevingen. Titania-silica composiet deeltjes zijn 
een veelbelovend alternatief voor titania voor fotokatalyse, vanwege hun lagere 
materiaalkosten en hogere activiteiten. Verschillende syntheseroutes voor de 

titania-silica composiete deeltjes werden grondig onderzocht om meer 
fundamenteel inzicht te krijgen in hun impact op de resulterende producten en 
hun fotokatalytische oxidatie-efficiëntie. Het silica voor de composieten werd 
gesynthetiseerd door het mineraal olivijn op te lossen in zwavelzuur. Deze 

methode is goedkoper dan conventionele methoden, milieuvriendelijk en 
produceert silica met voordelige eigenschappen. De best presterende coating 
methode werd vervolgens verder onderzocht op de titania-silica-verhouding en 
kristallisatie. De bereide titania-silica composieten met slechts 15% titania 

vertoonden de meest veelbelovende eigenschappen. In vergelijking met pure 
titania had dit composiet een hogere efficiëntie in het afbreken van de 
luchtverontreinigende stof NO. 

Doordat de specifieke oppervlakte van het silica een belangrijke rol bleek te 
spelen op de fotokatalytische eigenschappen van de composieten, werd 

mesoporeus silica met oppervlaktes groter dan 800 g/m2 onderzocht. Door 
mesoporeuze silica te synthetiseren uit olivijn of bodemas in plaats van de 
conventionele bronnen, waren geen hoge temperaturen of reactanten met een hoge 
CO2-voetafdruk vereist. Voor het mesoporeuze silica uit olivijn, werden de 

geproduceerde kiezelzuren geleid om geordend mesoporeus silica van hoge 
kwaliteit te vormen in een éénstaps syntheseroute. Voor het mesoporeuze silica 
uit bodemas werd een tweestaps syntheseroute ontworpen, waarbij eerst 
natriumsilicaat uit de bodemassen werd gehaald om vervolgens daarvan 

mesoporeus silica te produceren. De geproduceerde mesoporeuze structuren uit 
beide bronnen hadden specifieke oppervlakten vanaf 800 m2/g en nauwe 
poriegrootteverdelingen van ongeveer 2-4 nm. Bij het testen van de mesoporeuze 
silica bleek echter dat deze kleine poriegrootteverdeling ongeschikt te zijn voor 

fotokatalytische titania-silica composiet deetljes, dus verder onderzoek is nog 
steeds vereist.  
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De toepassing van de titania-silica-composiet deeltjes met het geprecipiteerde 

silica uit olivijn werd onderzocht met verschillende bouwmaterialen. Het bleek dat 
de eigenschappen van de composieten ongunstig waren voor de opname in 

materialen met cement. Voor de coatingtoepassing werd gevonden dat door het 
aanbrengen van de composieten met een bindmiddel op minerale basis, 
fotokatalytische coatings konden worden gemaakt. In vergelijkingsstudies werd 
opnieuw aangetoond dat de composieten beter presteerden op verschillende 

bouwmaterialen dan de gewone titania referentie-fotokatalysatoren door hogere 
conversie-efficiënties te hebben. Vervolgens werd een methode ontwikkeld om de 
verwijdering van luchtverontreinigende stoffen onder realistische 
omstandigheden nauwkeurig te volgen. Het bleek dat de efficiëntie van een 

fotokatalytische verf nauwkeurig kan worden geanalyseerd door het regenwater 
en waswater dat van het fotokatalytische oppervlakte af komt op te vangen. Deze 
methode werd toegepast in een experiment met een duur van 15 maanden, waarbij 
ook de weersomstandigheden, waaronder temperatuur, windstroming, 

vochtigheid, neerslag en NOx-concentratie continu werden gevolgd. Het bleek 
echter dat de prestaties op lange termijn van het gebruikte substraat en de 
fotokatalysator onvoldoende waren, wat er voor zorgde dat de activiteit van de 
panelen te snel afnam. Daarom was het niet mogelijk om correlaties tussen de 

verschillende parameters en de nitraathoeveelheden te onderzoeken. In de 
relevante literatuur wordt vaak soortgelijke deactivering gerapporteerd voor 
langetermijnstudies uitgevoerd op fotokatalytische coatings in buitenomgevingen. 

Vervolgens, werd er nog een langlopend experiment op fotokatalytische 

panelen opgezet. Om deactivering te voorkomen, was het substraat van de panelen 
gemaakt van cementmortel en bedekt met een relatief hoge hoeveelheid van 6 
mg/cm2 zeer actieve fotokatalysator, namelijk de eigen ontwikkelde silica-titania 
composiet en een pure titania referentie-fotokatalysator bekend om zijn hoge 

activiteit. Deze keer werd na een periode van 13 maanden geen significante 
deactivering gemeten. Uit dit experiment kon een model worden voorgesteld en 
gevalideerd over de synergetische invloed van de buitenomstandigheden op de 
activiteit. Bovendien werd gevonden dat het composietpaneel meer NOx in nitraat 
om had gezet dan het gewone titania-referentiepaneel. Aldus werd bevestigd dat 

de geproduceerde composiet een uitstekend alternatief product is voor 
luchtzuivering.
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is, photocatalytic titania-silica composites were studied, 
synthesized and applied on different building materials for 
air-purification in urban environments. Photocatalysts 
enable the abatement of the nitrogen oxides pollution 
when applied to illuminated surfaces. The first goal in this 
thesis deals with the synthesis of titania-silica composites as 
a promising low-cost alternative to plain titania for 
photocatalysis. By performing different synthesis routes for 
titania-silica composites, more fundamental insight is 
obtained on their impact on the resulting samples and their 
photocatalytic oxidation efficiency. In the second part of the 
thesis, the best performing titania-silica composites were 
applied to different building materials. Then, in the third 
part, an innovative method was developed to exactly 
monitor the air pollution abatement efficiency under 
realistic outdoor conditions and tested to gain more insight 
on the synergetic influence of outdoor parameters on the 
photocatalytic activity. 
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	1. Introduction
	1.1 The NOx pollution problem

	“The race is now on between the technoscientific and scientific forces that are destroying the living environment and those that can be harnessed to save it. If the race is won, humanity can emerge in far better condition than when it entered, and with most of the diversity of life still intact.”
	– Edward O. Wilson, The Future of Life
	Numerous studies have shown that the quality of air in cities with high urban density is being threatened due to the increase of the nitrogen oxides (NOx) pollutants despite strict regulations on pollutant emissions [1–5]. The main sources of the adde...
	Especially in the air, NOx is a dangerous pollutant, which can negatively affect the respiratory organs in animals and plants [1, 7, 8]. For humans, exposure to NOx may lead to health problems, like simple nose and throat irritation and more serious i...
	More and more attention is being paid to the removal of these pollutants and actions are actively being taken to reduce the pollutant concentrations, for example, by filtrating the air [9], increasing the quality of public transport [10] or banning th...
	In this thesis, the investigated method of reducing NOx in the air is by applying the photocatalytic function on building materials. Heterogeneous photocatalysis is an interesting and promising process that can be applied simultaneous to other actions...
	However, the NO2 being formed from the PCO of NO might cause concerns as NO2 appears to be a more harmful toxic than NO [1, 8, 13]. Thus, some care needs to be taken that the amount of NO2 being produced is not higher than the amount of NO2 being oxid...
	1.2 Photocatalysis

	Since the discovery of the electrochemical properties of certain semiconductors under UV-irradiation by Keidel [18] and later by Fujishima and Honda [19], the now so-called photocatalytic materials, like titania, have been greatly investigated. The pr...
	where e- is an excited electron in the conduction band, h+ is a hole in the valence band. The valence and conduction bands of titania have the right energy levels for many important redox reactions as Fujishima et al. [22, 24] showed. After the excita...
	OH• is a radical hydroxyl which can react with materials nearby. The largest source of hydroxyl ions for this reaction is generated during the dissociation of water:
	The redox potential of electrons in the conduction band is -0.5 V, which is enough to reduce oxygen to superoxide:
	O2- is a superoxide which is a strong oxidant that can oxidize adsorbed molecules. It is also possible that the excited electrons and holes will react with different adsorbed species depending on the environment. For example, if there is a sufficient ...
	In Figure 1.2, a schematic view is given to show the photocatalytic mechanism.
	The production of radical hydroxyl groups, superoxides, and the ability to directly degrade certain molecules led to many different applications of the photocatalytic materials. Besides the already mentioned important application of photocatalytic mat...
	1.3 Photocatalytic building materials

	The best way to utilize photocatalysts for the air-purification function is by applying them to building materials either by embedding or by coating. Building materials in urban environments possess large surface areas that are illuminated by sunlight...
	Several studies show that the abatement of pollutants can indeed be realized [45]. The effectiveness of photocatalytic building materials has already been proven in successful and some less successful studies in both lab-scale experiments and tests pe...
	While showing promising results to reduce pollutant levels, these tests also showed that, for practical applications, large amounts of photocatalytic building materials are required for more significant reductions of pollutant concentrations. However,...
	Reducing the dosage of photocatalytic material by coating a thin nanolayer of titania directly onto substrates is often considered. However, such a thin layer could have a low durability and if the titania layer is broken up by wear or washed away in ...
	1.4 Titania-silica composites

	Many of the named problems can be solved by binding titania chemically to a low-cost support. For this, silica is one of the most promising supporting materials. Composites made from both silica and titania can have the photocatalytic properties from ...
	Silicon and oxygen are the most abundant elements in the earth’s crust, and therefore, silica (silicon dioxide) can be a low-cost commodity. As the photocatalytic activity takes place only on the exposed surface area of titania, the amount of titania ...
	The higher mechanical and chemical stability of silica than that of titania could potentially increase the durability when the titania is bonded to a silica support. It has been shown that the anatase-rutile transformation happens at higher temperatur...
	Many studies report that the TS composites can have higher photocatalytic activity than pure titania with the addition of silica causing higher conversion efficiencies [40, 78–89]. Most of these studies attribute this higher activity to the large SSA ...
	Presently, a wide range of silica materials can be applied for TS materials. Current standard silica materials with large SSA include precipitated silica from the neutralization of alkaline silicate solutions, fumed silica from flame hydrolysis, or si...
	1.5 Motivation and goals of the thesis

	Due to their promising properties as photocatalysts, but also as other applications, the number of studies on different TS currently is enormous and is still growing. However, despite the benefits these composites can have (e.g. higher activity, lower...
	In this thesis, an investigation was made into the synthesis of the TS and the design of photocatalytic building materials applying the produced composites.
	 The first intermediate goal was to synthesize promising low-cost TS with higher photocatalytic activities than pure photocatalytic titania materials. As an enormous amount of promising synthesis methods for TS already has been investigated, a small ...
	 The second goal was to investigate how the resulting TS could be optimally applied to building materials to achieve a high photocatalytic active material. For this goal, different photocatalytic active building materials were prepared on a small sca...
	 The third goal was to test the photocatalytic active building materials on a larger scale in an outdoor setup. For this goal, a new protocol was devised to monitor the photocatalytic activity of these materials during different outdoor conditions.
	 Finally, all work was combined to devise a long-term experiment in which a photocatalytic building material containing the TS was successfully monitored to have verifiable air purification in an outdoor environment.
	1.6 Outline of the thesis

	The first intermediate goal is described in Chapters 2, 3 and 4. In Chapter 2, a literature review on a variety of possible different synthesis methods for TS is performed. This is then followed by an experimental investigation on three selected route...
	For the silica part of the TS synthesis in Chapter 3, the silica from the precipitation of silicic acid from the reaction of olivine with sulfuric acid is selected due to its beneficial properties and its potentially environmentally friendly productio...
	The second intermediate goal is mainly addressed in Chapter 5. The investigation of photocatalytic building materials with the composites is performed in Chapter 5 by both the incorporation of the composites in a concrete mix and as a coating on diffe...
	The third intermediate goal is described in Chapter 6, in which a novel protocol is devised for the evaluation of the air pollutant removal efficiency of a photocatalytic coating. By collecting and analyzing rainwater coming off the photocatalytic coa...
	In Chapter 7, The applicability of the TS in a coating on an outdoor panel is investigated. The TS with the highest NO conversion efficiency from Chapters 3 and 4, is coated with the best binder from Chapter 5 on panels in a similar setup as described...
	And finally, in Chapter 8, a comprehensive summary is presented including the most important conclusions of the presented work in this thesis. Subsequently, some future aspects and recommendations for further research are presented.
	2. Literature review
	2.1 Photocatalytic titania

	Parts of this chapter was published elsewhere as “Titania-silica composites: a review on the photocatalytic activity and synthesis methods” World J.Nano Sci, vol. 3, 2015, p161-177
	Anatase, rutile, and brookite are the main three different crystal structures for titania [20]. The bandgap of rutile is 3.0 eV and the bandgap of anatase is 3.2 eV. For rutile and anatase to become photocatalytically active, they need to absorb elect...
	By reacting the titanium and oxygen atoms in a crystal structure into Ti3+ and O- (from having an oxidation state of 4+ and 2-, respectively), the potentials of the excited electrons and holes increase their lifetimes at the surface. Because the diffe...
	An important reason why excited electrons and holes have a longer lifetime and higher conductivity in anatase are the differences between the oxygen vacancies that are formed in anatase and rutile. Oxygen vacancies cause extra energy levels within the...
	Titania that contains multiple crystal structures can have enhanced properties that they would not have individually [103]. For example, Degussa P25 consists of both anatase and rutile. Rutile has a smaller bandgap of 3.0 eV while anatase has a bandga...
	There have been many studies performed on the alteration of the crystallinity of the photocatalytic titania to make it more attractive for practical applications. One of the main solutions researchers have investigated is doping the crystal lattice of...
	2.2 Titania-silica composites and their synthesis methods

	While alterations to the crystal structure of titania are one way to achieve different photocatalytic properties, a higher photocatalytic activity can also be achieved by joining titania with a support like silica, as discussed in Chapter 1 [74, 106]....
	For more stability and a better homogenous coating, direct methods that form chemical bonds are often more favorable like the vapor-deposition methods [105, 109, 110], impregnation and grafting methods [111–113]. However, applying these three differen...
	2.2.1 Hydrolysis and condensation

	During the hydrolysis, hydroxyl side groups are added to the targeted molecule. Either side-groups of a precursor are replaced by hydroxyl groups or polymeric bonds are replaced. For titania, the product of full hydrolysis in neutral water is Ti(OH)4 ...
	Nucleation of small particles will take place after reaching the supercritical saturation point if the concentration of monomers increases faster than the condensation reaction rate either by insufficient possibilities to react with these hydroxyl gro...
	2.2.2 Synthesis methods based on hydrolysis and condensation

	For a high photocatalytic conversion of the targeted molecules in this study (NO and NO2), the titania that is coated on the silica should be crystalline with a thickness in the nano-range and homogeneously distributed on the surface of the silica sub...
	With the precipitation methods [111, 112, 121–123], the titania precursor is normally first dissolved in the dispersion By then changing conditions of this dispersion (e.g. temperature,  pH), the solubility of the precursor changes, making the precurs...
	When the solution containing the dissolved precursor is either neutralized with an alkaline solution or heated up to a specific temperature, the precursors form titanium hydroxides. This specific temperature depends on the pH and solvent used. By incr...
	The addition method consists of slowly adding titanium alkoxides to a silica dispersion in an organic solvent (e.g. ethanol, n-propanol) containing a low water concentration [112, 127–131]. The idea is to slowly add the precursor to have only small am...
	For low-cost titania coating, the sol-gel method is another possibility [82, 114, 122, 133]. Instead of relying on the slow hydrolysis of a precursor, the sol-gel method relies on the slow hydrolysis of hydrated amorphous titania gels into a sol in th...
	Besides coating nanoparticles, many studies have applied this method to coat different supports, like glass plates, with a thin film using the dip-coating method. During this method, the support is lowered into a titania sol that does not contain soli...
	2.3 Crystallization of titania

	Amorphous titania has the lowest photocatalytic efficiency due to a low conductivity, large bandgap, and many defects in which the holes and excited electrons can be trapped. However, the amorphous form is most likely to be present in the synthesized ...
	During the calcination of pure titania, the transformation of amorphous titania to anatase happens at temperatures between 300  C and 600  C. At temperatures above 600  C, the transformation to rutile occurs [20, 134]. At these high temperatures, chem...
	Besides calcination in dry air, it is also possible to use hydrothermal treatments for the formation of crystalline titania [129, 135, 136]. During a hydrothermal treatment, water in autoclaves is heated to temperatures above its boiling point causing...
	The exact temperature at which the transformation to either anatase or rutile happens during both calcination and hydrothermal treatment also depends on the size of the particles. According to Banfield et al. [139], anatase is more thermodynamically s...
	When titania is chemically bonded to a substrate like silica, the substrate stabilizes the different structures of titania and suppresses the transformation of amorphous titania to anatase and the transformation of anatase to rutile by decreasing the ...
	2.4 Silica

	Besides the titania, which can influence the properties of the formed TS significantly as mentioned, the silica itself can also have a significant effect on the resulting composites. All kinds of silica structures have been used in different studies o...
	2.4.1 Olivine nano-silica

	Most of the silica used in this thesis comes from the dissolution, and subsequent, random precipitation at a low pH of olivine from dunite [95, 96]. Olivine is a combination of forsterite (Mg2SiO4) and fayalite (Fe2SiO4). Dunite was investigated for t...
	This reaction can happen at room temperature and is an exothermic reaction. Since the method of producing nanostructured silica from olivine only requires this reaction, this method could be more environmentally friendly than the current production me...
	The silicic acids that are formed from the reaction have a low solubility at low pH and high ion concentrations. Therefore, the nucleation of small nanoparticles takes place relatively swiftly after their formation and reaching supersaturation. Due to...
	The reaction also yields byproducts, namely a mixture of magnesium sulfate and iron sulfate, non-reacted residues, and nanostructured silica particles. Due to the low density of the formed silica, it can be separated from the remaining residues with s...
	2.4.2 Mesoporous structured silica

	From all the silica structures, synthesized ordered mesoporous silica has the largest SSA, modifiable pore structure, and high potential for catalysis while being somewhat relatively easy to synthesize compared to similar structures like zeolites and ...
	From the different precursors that are used for mesoporous silica, sodium silicate is the raw material that is often used due to its low production cost. However, sodium silicate is often associated with certain technical difficulties, for instance, h...
	2.5 Photocatalytic building materials

	As discussed in Chapter 1, many studies have already been performed on photocatalytic building materials. There are two main ways to incorporate the photocatalytic function onto building materials: either by incorporation into their matrix or by coati...
	2.5.1 Cementitious photocatalytic systems

	There are two main reasons why many investigations have been made into the combination of cementitious systems with photocatalytic materials. The first reason is based on the visual effect of the added photocatalyst. The self-cleaning function can hel...
	The efficiency of air-purification with the cementitious photocatalytic systems depends on several different parameters. One important parameter is the particle size and subsequently the SSA of the photocatalyst [31, 55, 166]. While normally a larger ...
	Also, the photocatalytic material itself can affect the pollutant removal efficiency. The added photocatalyst can act as nucleation sites for cement hydration production. These nucleation sites, curing age and water content can cause the porosity to d...
	The materials used in the cementitious mixture and the crystallinity also play a role as the resulting product determines how well light penetrates the structure [55, 168]. The more UV-light can penetrate the system, the more the photocatalyst is acti...
	2.5.2 Photocatalytic coatings

	One of the main components in coatings is the binder. Binders are often a polymer that irreversibly hardens during drying by entangling the polymers in such a way that new bonds form between the polymers, decreasing the solubility significantly so tha...
	Silicate ions can form long polymer networks that can be applied for coatings when it is concentrated enough that the kinetic energy overcomes the charge repulsion of the negatively charged ions [90, 174–176]. Therefore, drying through water evaporati...
	2.6 Photocatalytic abatement of NOx in outdoor studies

	Many investigations on photocatalysis under laboratory conditions have already been performed to study the different properties of the photocatalytic materials and to search for optimum conditions for high photocatalytic activity [38, 62, 177–180]. Be...
	However, lab-scale studies do have a main downside, namely that they are only models of the photocatalytic reactions under certain strictly defined conditions. For the practical application of photocatalytic surfaces for air-purification, more complex...
	One of the first outdoor studies was performed by Maggos et al. [51], which used an artificial street canyon for 3 months. They measured NOx concentrations reductions of 36 to 82% between canyons with a photocatalytic mortar and a reference. Another a...
	Several other long-term studies on photocatalysis performed under outdoor conditions reported deactivation of their photocatalytic surface as well. In two similar independent papers on photocatalytic pavements, a highly significant decrease in photoca...
	In Figure 2.9 a schematic setup is shown of a large-scale test on the PCO of NOx performed inside the Leopold II tunnel, Brussel, Belgium [39, 49, 182]. At first, the NOx concentration appeared to be lower in the air that was being blown through the p...
	Deactivation of the photocatalytic surfaces, thus, seems to be one of the main occurring problems during outdoor investigations. However, wear might not be the main contributor to the deactivation. Studies trying to simulate abrasion only showed a sli...
	2.7 Conclusions

	 Anatase is the most photocatalytic active single-crystal form of pure titania. Still, there are forms of titania with improved photocatalytic properties. By making rutile-anatase composites with good bandgap level alignment, more light can be absorb...
	 To obtain cost-effective photocatalytic composites, the optimal method deposits anatase crystals with a thickness of 2.5-5 nm on silica with a large SSA. In addition, the titania should be chemically bonded to the silica substrate and homogenously d...
	 The most promising methods for low-cost photocatalytic composites are the ones that involve a slow hydrolysis rate, which ensures that more than one layer of titania can form without the need for undesirable materials like toluene. The most importan...
	 For the transformation of amorphous titania to anatase, calcination or hydrothermal treatment can be applied. The temperature and time required to obtain anatase crystals from amorphous titania depend on the mobility of the titania molecules. While ...
	 Besides the titania, also the silica influences the photocatalytic properties. Precipitated nanostructured silica from olivine shows to be potentially a highly beneficial silica support due to its morphology, silanol density, and low cost. Ordered m...
	 Both laboratory tests and outdoor tests on photocatalytic building materials show that their application could be an excellent method for air-purification. However, the standard method of monitoring the NOx concentration in the air close to the phot...
	3. Titania coating on the olivine nanostructured silica
	3.1 Introduction

	Parts of this chapter were published elsewhere as “Influence of synthesis conditions on the properties of photocatalytic titania-silica composites” J. Photochem. Photobiol. A Chem., vol. 371, 2018, P25-32
	In the previous chapter, it was discussed that there are many methods that can be applied to produce titania-silica composites (TS). In this chapter, a closer look is taken at the influence of the different methods and their parameters on the resultin...
	An overview of all performed coating experiments is shown in Table 3.1. For the precipitation and addition methods, the three main parameters investigated where: pH, temperature, and liquid composition. As stated in Chapter 2, the solubility and stabi...
	The photocatalytic properties of all composites were evaluated by testing their photocatalytic conversion of NO under UV-A light using the ISO 22197-1 standard [186] for comparative purposes. It is important to note that every parameter in the evaluat...
	Despite using the same method to apply the same sample to the glass plate, the NO2 production and oxidation varied significantly between several measurements, while the NO varied not as significantly. During experiments performed further in this thesi...
	To understand why some samples had higher photocatalytic activities than other samples, several analysis techniques were used. X-ray diffraction (XRD) was applied to measure the produced titania crystal size. With X-ray photoelectron spectroscopy (XPS...
	3.2 Experimental methods

	The silica used in this study was prepared by the dissolution of the silicate mineral olivine. During this dissolution, the olivine and sulfuric acid react to form dissolved silica monomers following [93–96]:
	The silica forms and precipitates after the critical supersaturation point of the silica monomers is reached. This silica is filtrated and washed with a diluted sulfuric acid solution to remove the remaining iron and magnesium ions and subsequently wa...
	3.2.1 Precipitation method

	During the precipitation method, the titanium precursor was first dissolved in the dispersion medium and then hydrolyzed by changing the pH, temperature, or water content, making the titania precipitate on the silica. The samples Pr1 and Pr2 were synt...
	3.2.2 Addition method

	Applying the addition method, the titanium isopropoxide was slowly added to the silica-ethanol dispersions as described in the general method section. The silica dispersions for the addition methods contained only 2.5 vol.% water with the rest being e...
	3.2.3 Sol-gel method

	For the preparation of the sol-gel method samples, the titanium gels were first made and then added to the silica dispersions. Three different sources for the gel were investigated, as shown in Table 3.1. The gel for Sg1 was prepared by adding titaniu...
	3.2.4 Analytical methods

	The crystalline structures of the composites were measured using, XRD equipment with a Cu Kα source at 40 kV and 30 mA in steps of 0.02  every 8 seconds. The crystal size of anatase was determined using the Scherrer equation:
	where L is the crystal size (m), K particle shape factor (0.89 was used), λ wavelength of the used X-ray, β width of a peak at half the maximum intensity in radians, and θ corresponding peak angle. An approximation of the average size of the measured ...
	FTIR measurements were performed using a Perkin Elmer spectrometer model Frontier with a resolution of 2 cm-1. A small amount of the samples was first heated to 850 ºC to remove all surface silanol groups since their IR absorption corresponds close to...
	was used to calculate the ratio between the Ti-O-Si bond absorption and Si-O-Si bond absorption, where Absorption Ti-O-Si is the integral of the absorption by the Ti-O-Si bond between 900-975 cm-1 and Absorption Si-O-Si the integral of the absorption ...
	For microstructure analysis, Transmission Electron Microscopy (TEM) was performed using a Tecnai 20 microscope equipped with a LaB6 filament, operated at 200 kV. The sample was put on a 200-mesh copper grid with a carbon support layer. The TEM was app...
	3.2.5 Photocatalytic conversion measurement and NO adsorption

	To compare the photocatalytic properties of all synthesized TS, their photocatalytic conversion ability was determined by oxidizing the pollutant NO under UV-light irradiation. Photocatalytic oxidation of NO under UV-light produces NO2, HNO2, and HNO3...
	In addition to the TS samples, reference samples were prepared consisting of the commercial photocatalyst (P25), both pure and mixed with dried silica under the same molar ratio (15:85). For a standard measurement, one gram of the samples was milled a...
	Afterward, the coated glass plates were put in the reactor with a surface with the same dimensions (200 × 100 mm2) and with a 3 mm height between the top of the reactor and the glass plate. Through this gap, an airflow of 3 L/min was maintained with a...
	With each measurement, first the NO gas was flown through a bypass in order to reach a stable condition. Then, the NO flow through the reactor is opened and the bypass switched off. For about 10 mins, the NO goes through the reactor without illuminati...
	where CNO-outlet is the average concentration of NO during the last 5 minutes of the PCO test during the UV-A illumination and CNO-inlet the average concentration of NO during 5 minutes before the illumination started.
	The NO adsorption on the surface of the photocatalyst was estimated by using the difference in concentration between the 10 minutes of NO flow through the bridge and the 10 minutes through the reactor. This difference is caused by a drop in NO concent...
	3.3 Results composite synthesis
	3.3.1 Precipitation composites


	The results of the precipitation samples and their pH values are shown in Table 3.2. The results show that the pH has a significant effect on the resulting composites as mentioned in Chapter 2. The pH influenced two main properties: the hydrolysis-con...
	The samples Pr1 to Pr6, which were prepared at a starting pH of 1, had a low coverage, little bonding and a poor photocatalytic activity with low adsorption relative to the other two Pr samples, which is attributed to the pH value. These samples were ...
	While the pH was increased during the preparation of Pr1, Pr2, and Pr6, the neutralization process did not raise the pH instantaneously to a more favorable pH value. Therefore, the initial nucleation happens while there is still charge repulsion betwe...
	All other samples had yields close to 100%. The low yield comes from non-reacted titania precursor going through the filter during the washing. Therefore, it can be assumed that the titania content of Pr3 and Pr4 is very low, which explains their low ...
	Pr7 and Pr8 show very high PCO activity, especially compared to samples Pr1-Pr6, as shown in Table 3.2. These two samples were prepared by slowly adding water to the system continuously. As reported by Park et al. [125], the hydrolysis reaction of tit...
	Another reason these two samples showed a high PCO efficiency was that, before the water was added to the system, the precursor had a chance to react with the silanol groups on the silica surface. This successful bonding between the silica and titania...
	3.3.2 Addition composites

	The results of the samples which were made by slow addition of precursor are shown in Table 3.3. Ad1 showed a relatively high photocatalytic efficiency, which is in line with the reported studies using the same method [74]. Nevertheless, the method ca...
	3.3.3 Sol-Gel composites

	Many studies have been performed on the formation of titania nanoparticles with the sol-gel method since the study of Bischoff et al. [124]. The preparation of TS applying this method is also possible but the number of studies on it is still relativel...
	On the other hand, Sg2 and Sg3 show excellent NO conversions of 68.9%, and 61.3%, respectively. Anatase could even be measured before the calcination step. The difference in photocatalytic efficiency can be attributed to the bond ratio. While Sg3 show...
	The difference between Sg2 and Sg3 that caused this difference in bonding was the titania source. The gel for Sg2 was already in an acidic environment with high water content (~80 wt.% water), meaning that the titania was more hydrated and acidified f...
	3.3.4 P25 reference

	The NO conversion of the reference sample (P25) mixed with silica is lower than the NO conversions of the samples Ad2, Sg2, and Sg3, as shown in Table 3.5. However, the conversions of these three samples are lower than the plain P25. On the other hand...
	* Data acquired from the supplier
	Therefore, the surface area also correlates with the PCO efficiencies as shown in Figure 3.3. The oxidation of NO does not require the NO molecules to be directly adsorbed onto the titania since the silica surface near the titania can also act as acti...
	3.3.5 Comparison between methods

	The differences in photocatalytic efficiency between some samples are relatively small. For example, the samples Pr7, Pr8, Ad2, and Ad4, which were all synthesized with the alkoxide precursor in dispersions with low water content, all show promising r...
	3.4 Coverage of titania over the silica support
	3.4.1 The prepared samples


	The XPS results from these 15 samples correlate with the PCO conversion efficiency because the XPS measures the surface of the material where the photocatalytically active agent is coated. This result means that the coverage of the silica support with...
	The reason why all titanium surface fractions are below 20% as determined by XPS is explained by the low amount of titania. The SSA of the titania can only be 19.6% of that of the silica when their molar ratio is 15:85 if one takes the titania as free...
	However, the surface area calculated in Equation (3.7) should not directly be used in Equation (3.6) since not the whole surface area of spheres can directly cover the silica support.  Since, the silica surface consists of nanoparticles agglomerated i...
	Figure 3.5, showing TEM pictures of a TS sample made with the method of Ad1, presents the structure of the titania to be more complex, i.e. the titania consists not only of smooth spheres. The assumption that all titania is in the form of perfect mono...
	3.4.2 Higher coverage

	While it is clear from Figures 3.3 and 3.4 and the theory explained in Chapter 2 that a large surface area of silica with a well-spread titania coating is beneficial for the photocatalytic activity, it is not clear how much influence a higher titania ...
	Therefore, several new experiments were performed to investigate whether raising the titania to silica ratio further increases the coverage and the photocatalytic activity of the resulting composites. The method that produced the composite with the hi...
	The results of the tests done on these two samples in Table 3.6 show that while coverage increased to more than 60%, the photocatalytic activity did not increase significantly. The main reason can be seen in the SSA and adsorption ability which was es...
	3.5 Crystallization

	As stated in Chapter 2, the formed titania requires to be crystallized into the anatase form as the amorphous form has very low photocatalytic activity due to low conductivity and poor bandgap alignment [20, 98, 99]. However, the main method for cryst...
	To investigate the influence of the calcination temperature, the method Pr8 was again used to produce composites with 15% titania but the calcination temperature was varied. The used temperatures were 300, 400, 500, and 600 ºC. In addition, another sa...
	The results of these crystallization experiments are shown in Table 3.7 which indeed indicate that higher calcination temperatures cause a larger crystal size with lower NO conversion. The non-calcined sample shows a higher conversion efficiency than ...
	The sample treated with a hydrothermal treatment in an autoclave shows surprisingly low conversion efficiency while keeping a small crystal size. The low conversion efficiency is especially surprising due to its conversion efficiency being below that ...
	3.6 Cost-efficiency

	The largest advantage of the TS composites compared to the plain titania reference is the cost-efficiency. Cost-efficiency in this thesis follows the description given by Verbrugge et al. [191]. Therefore, the average cost-effectiveness is calculated ...
	At 1 ppm with an inlet of 3 L/min, the total amount of NO going through the setup in Figure 3.2 is about 7.49 millimoles/hour and the amount of photocatalyst used was 1 gram each time. Therefore Equation (3.9) can also be rewritten as
	For the cost of the photocatalyst, only the resource costs can be taken as the cost for water and the energy for stirring and heating should be insignificant and highly dependent on too many factors. For the conversion efficiencies in Equation (3.10) ...
	3.7 Conclusions

	This study shows that coating silica with titania can result in very promising photocatalysts. These newly synthesized photocatalysts show excellent photocatalytic activity, in terms of the NO oxidation, attributed to the large SSA, high amount of Ti-...
	 The pH plays the most important role in the investigated methods since it determines the stability of the precursor and the interaction between the silica and titania. All samples prepared at a pH value of 1 showed rather poor photocatalytic convers...
	 For both the precipitation and addition methods, the best results were obtained using a medium with low water content and a pH value of 3. These resulting TS with only 15 at.% titania are more photocatalytically efficient than the reference P25.
	 The sol-gel method obtained the best result when used without organic solvents and with a fully hydrated and acidified titania gel. The resulting composite photocatalysts had lower efficiencies than that of the other two methods but still higher tha...
	 The coverage of the titania over the silica plays an important role in the photocatalytic activity. However, the sample with the highest conversion only measured a titanium % of around 13% (Pr8) with XPS, while samples with higher amounts of titania...
	 The highest conversion efficiency was reached with the method of Pr8 and calcination temperature of 300 ºC. Higher temperatures might turn more amorphous titania into anatase, but the negative influence of higher temperature reduces the activity mor...
	4. Alternative synthesis of mesoporous silica and its role as titania support
	4.1 Introduction

	Parts of this chapter were published elsewhere as “One-step synthesis of ordered mesoporous silica from olivine and its pore size tailoring” J. Clean. Prod., vol. 238, 2019, 117951 and as “Novel low temperature synthesis of sodium silicate and ordered mesoporous silica from incineration bottom ash” J. Clean. Prod., vol. 211, 2018, p874-883
	In Chapter 3 the randomly precipitated silica from olivine showed its potential as a support for photocatalytic titania-silica composites (TS). Another silica structure that has a high potential for the catalyst support was discussed in Chapter 2, nam...
	The first synthesized long-range ordered mesoporous structures were produced in the early 1990s [157, 158, 160]. Unlike naturally occurring porous structures, such as zeolites, these synthesized mesoporous structures have a more well-defined structure...
	From these precursors for mesoporous silica, sodium silicate is the mostly used low-cost resource. However, the current industrial production method for sodium silicate requires an immense energy input. The major production method is fusing sodium car...
	In this chapter, two alternative silica sources are investigated both with low-temperature synthesis methods, namely: the silicate mineral olivine and bottom ash (BA) from municipal solid waste incineration (MSWI). The silica with the randomly precipi...
	BA originating from MSWI is a silica-rich residue, which is a good candidate for the synthesis of sodium silicate due to its high silica content and easy availability. In 2014, the total quantity of the BA produced in the European Union was 18 million...
	4.2 Mesoporous silica from olivine

	The main difference to sodium silicate is that olivine is not soluble in water, and thus, cannot be used directly for special-structured silica. However, just like dissolved sodium silicate, olivine reacts in an acidic medium, forming silicic acids wh...
	which releases 233 kJ/mol in heat, which speeds up the reaction [196]. Therefore, this silica source requires potentially significantly less energy to be prepared for the mesoporous silica than the before-mentioned mesoporous silica sources. The react...
	There are some issues related to the synthesis of mesoporous silica from olivine. Traditionally, the formation of mesoporous silica can be achieved in a large range of pH values. However, the formation of silica from the reaction of silicate minerals ...
	The main purpose of this study is to show that it is feasible to directly synthesize ordered mesoporous silica from olivine, as a more sustainable alternative silica source than the sodium silicate. For this purpose, a new one-step synthesis method is...
	4.2.1 Materials

	The olivine containing ore dunite (GL50 and GL70) was supplied by Eurogrit, Papendrecht, The Netherlands. Table 4.1 lists the chemical composition of the dunite, loss on ignition, and the olivine content as measured by X-ray fluorescence. The GL50 and...
	*Loss on ignition
	Sulfuric acid (H2SO4, 50%) and ethanol absolute (CH3CH2OH, 100%, VWR, Radnor, US), n-heptane (C7H16, Analytic grade, Biosolve, Valkenswaard, Netherlands), distilled water and non-ionic surfactant Triton X-100 (Sigma-Aldrich, Zwijndrecht, Netherlands) ...
	4.2.2 Synthesis method of mesoporous silica from olivine

	The main procedure to synthesize the ordered mesoporous silica with olivine as a precursor (OMS) was as follows: Triton X-100 was dissolved in a 3 M H2SO4 solution at 50 ºC and stirred continuously for 24 hours in the setup shown in Figure 4.1a. The t...
	The resulting centrifuged solution is a three-layered mixture as shown in Figure 4.1b. From the top layer to the bottom layer, low-density mesoporous silica, waste sulfuric acid solution rich in ferrous/magnesium ions, and unreacted dunite particles a...
	The resulting particle size distribution was measured with Dynamic Light Scattering (DLS).
	The mix design for the production of olivine derived mesoporous silica (OMS) is presented in Table 4.2. Firstly, to investigate the influence of TX100 concentration on the properties of OMS, it was varied from 10% to 40%. The TX100 concentration influ...
	4.2.3 Characterization

	The chemical composition of the mesoporous silica was analyzed with an X-ray fluorescence spectrometer (XRF; PANalytical Epsilon 3) by using fused beads. Prior to the analysis, the loss on ignition of the sample was measured at 600  C for a duration o...
	4.2.4 Results and discussion on the mesoporous silica from olivine

	The nitrogen physisorption isotherms of the OMS produced with different concentrations of TX100 using a content of 20% dunite GL50 are shown in Figure 4.2. The SSA, average pore size, and pore volume are given in Table 4.3. The TX100 concentration cha...
	The sample made with a TX100 concentration of 10% shows a poor isotherm with a relatively flat absorption at the beginning of the curve, indicating a too low TX100 content, which lead to an insufficient template to support the silica. The pore size of...
	On the other hand, with a TX100 concentration of 40%, the synthesized OMS-4 sample showed as well a small SSA, randomly shaped pores but also a quite low purity (83.3%). This result was caused by the high viscosity of the end mixture solution, leading...
	Table 4.3 also shows the purity of OMS with different TX100 concentrations. Although iron and magnesium ions could be incorporated into the silica structure, all OMS show a purity higher than 98% except for OMS-4. The high purity can be explained by t...
	The dunite content also influences the viscosity of the end mixture due to the silica gel content as shown in Figure 4.3. OMS-6, the sample prepared with 40% content of dunite, had a viscous silica gel during its synthesis leading to a difficult separ...
	The particle size of dunite influences the formation speed of the silicic acid and
	viscosity, and thus, the final properties of OMS as shown by OMS-7. The particle size of the GL70 is slightly bigger than GL50, which means less active surface area and better separation of the unreacted residue and silica gel. Therefore, the formed s...
	Another synthesis parameter that influences the samples, is the amount of water used during the washing. Table 4.5 shows the results from the nitrogen physisorption and XRF of the OMS samples with different washing cycles of 200 ml distilled water. As...
	TEM and small-angle XRD were applied to a typical successfully formed OMS to determine its microstructure. The TEM of OMS-5 shown in Figure 4.5 confirms the long-ranged tubular structure of the mesoporous network inside the particles. Different from w...
	4.3 Mesoporous silica from BA

	Bottom ash (BA) originating from municipal solid waste incineration (MSWI) is a silica-rich residue, which is a good candidate for the synthesis of sodium silicate, and alternatively, as a silica source for mesoporous silica due to its chemical nature...
	At room temperature in a solution of pH > 13, glass, and other amorphous silica.
	recovery of silica [208], which reported the extraction of silica from BA by fusing it with LiBO2 at a high temperature of 900  C. The aforementioned study focuses more on the silica extraction efficiency instead of on the reaction mechanism and limit...
	species react relatively easily with the OH- anions. This reaction goes via etching in which the silica framework is broken down by a couple of catalyst reactions of the hydroxyl anions releasing ionic silicon oxide species into the solution [90]. The...
	Reaction (4.3) is an equilibrium reaction in which the ≡Si–O- group is being protonated. For this reaction to proceed, the silica surface needs to become negatively charged so that the reaction is energetically favorable. Once the silanol group is pre...
	In this section, a low-temperature synthesis of mesoporous silica by using MSWI bottom ash as a silica source is described. For this synthesis, firstly the production of sodium silicate was investigated through sequential treatments. The first step wa...
	4.3.1 Materials, methods and characterization

	The company Heros, Sluiskil, the Netherlands, provided the MSWI bottom ash used in this study. The coarse fraction of BA (< 32 mm) was dry sieved at the company to separate particles with sizes below 4 mm. Afterward, this BA fraction (4 – 32 mm) under...
	The BA was pretreated in the presence of 4 M nitric acid. A ratio of 1:3 (wt:vol) between BA and nitric acid was used and the mixture was stirred for 24 h at 20  C. After this pretreatment, the mixture was left standing for 48 h to facilitate the prec...
	The reaction of silica to silicate from the TBA with sodium hydroxide was studied by varying the reaction time (24, 48 and 72 h), temperature (20, 75 and 90  C) and liquid-to-solid ratio (L/S: 25 and 50) to ascertain the optimal conditions for silica ...
	The extraction efficiency (EE) was calculated by taking the difference between the potentially available silica (excluding quartz) and the silica that is remaining after the extraction experiment:
	Only the silica that could potentially react into silicate was considered to calculate the EE of an experiment, as quartz is not reactive under the applied conditions. The effect of the reaction time and temperature was analyzed by comparing the resul...
	The cooperative self-assembly mechanism method was used for the preparation of mesoporous silica following the S+I- route. During this route, a cationic surfactant (S+) is added in small quantity to the silicate (I-) solution to form ionic bonds. Duri...
	The chemical composition of the BA was analyzed with XRF in the same way as with the OMS samples. The mineral compositions of the original BA and the residues collected after the extraction experiments were determined with XRD. Samples for XRD analysi...
	4.3.2 Results and discussions of the silica extraction

	SiO2 has the biggest content in BA, comprising up to 59 wt. % as is shown in Table 4.6. In addition to the listed oxides, BA contains a range of other elements, like Ti, Zn, Cu, Ba, Pb, Cr and Mn. Earlier studies reported that most of the silica in BA...
	Due to the presence of contaminants, an acid pretreatment of BA was performed to extract dissolvable and reactive species and to increase the surface area of the particles to assist the reaction of the silica in the further treatments. As reported in ...
	The treatment of the TBA with NaOH was performed in different conditions to investigate the effect of reaction time and temperature. The results are shown in Figure 4.6. Approximately, only 20 % of the available silica reacted during the first 24 h at...
	The use of non-ambient temperature has been reported to enhance the reaction of glass into a sodium silicate solution under alkaline conditions [214]. Therefore, slightly higher reaction temperatures of 75 and 90  C were selected for the desilication ...
	In an alkaline media, silica oxidation depends upon the transfer of reacted silicon oxide species away from the etching particles [215]. Then the silica can keep reacting until the precipitation of secondary silicate species creates a layer on the sur...
	Mineralogical transformations in the ash residues after alkaline treatments at different temperatures were examined and quantified via the Rietveld method using powder XRD (Figure 4.8). The ash residues from the 48 h duration experiments were chosen. ...
	The reason for the loss of amorphous content is revealed in the diffraction pattern of the residues obtained after the extraction experiment at 90  C (Figure 4c), namely the formation of zeolites. Zeolite P and Zeolite ZK14 were identified in the resi...
	The L/S ratio was also investigated. The extraction was performed under the conditions that obtained the highest EE (at 75  C and 48 h) with the L/S ratio of 25 instead of 50. The results are shown in Figure 4.9. The difference between this experiment...
	4.3.3 Results and discussions of the mesoporous silica

	The XRF analysis performed on the sodium silicate used for the synthesis of mesoporous silica showed that the concentrations of Si and Na in the extraction solution were 0.2 and 0.66 molar, respectively. Furthermore, traces of other heavy metals (Fe: ...
	The pore size distribution of this material in Figure 4.10b shows that the porous network mostly contained pore sizes between 2 and 4 nm along with some larger pores. The isotherm from the nitrogen physisorption on the produced mesoporous silica is sh...
	The small-angle X-ray diffractogram shown in Figure 4.11a confirms the presence of an ordered mesostructure. Using Bragg’s law, the average interplanar spacing was calculated to be 3.9 nm. This spacing includes both the pore radius and wall thickness ...
	The TEM pictures in Figure 4.11b and 4.11c. shows the overall structure of the produced mesoporous silica. The product contained both free colloidal particles of around 100 nm and larger micron-sized agglomerations of smaller primary particles. The TE...
	4.4 Photocatalytic titania-mesoporous silica composites

	In the previous two sections of this chapter, two different mesoporous silicas were produced. From the two silica, the mesoporous silica produced from olivine was directly synthesized and showed to contain a long-range ordered porous network. In addit...
	4.4.1 Methods

	OMS-9 was dried overnight at 120 ºC prior to being dispersed in ethanol. The pH of the dispersion was lowered to 3 with concentrated (50%) sulfuric acid (Sigma-Aldrich, Zwijndrecht, Netherlands). Subsequently, Titanium (IV) isopropoxide 97% (Sigma-Ald...
	4.4.2 Results

	While the mesoporous silica has a high potential as silica support for the TS due to its high SSA, the result of the photocatalytic activity test shows a poor NO conversion efficiency of only 41% to NO2 and 7.4% to NO3- as shown in Figure 4.12. The lo...
	While it is possible to extend the pore size with swelling agents, the process is difficult with the two methods described here due to the ionic activity decreasing the pore size. In addition, it would require extra resources, like apolar long-chain h...
	4.5 Conclusions

	Mesoporous silica was directly produced both by the dissolution of olivine in sulfuric acid with the liquid-crystal template method and from silica extracted from MSWI BA with the cooperative self-assembly method at low temperatures. From the results ...
	 OMS with high SSA’s of more than 900 m2/g were produced with pore sizes of around 2.8 nm and high purity of up to 99.9%. For OMS with large SSA and high purity, the optimized Triton X-100 concentration was 20%-30% and the optimal dunite content and ...
	 The mesoporous silica produced from BA-derived sodium silicate solution had a high SSA of 870 m2/g and a purity of 98.5 wt. %. An initial acid pretreatment was devised, making the material more reactive for an increase in the extraction of silica. I...
	 From the two methods, the olivine derived mesoporous silica had higher yields and more successful results with longer-ranged porous networks according to TEM. The mesoporous silica from the BA had a significant lower surfactant requirement and creat...
	 Both mesoporous silica products had small pore size distributions. The mesoporous silica from olivine was tested to be coated with titania but the product showed a low NOx conversion efficiency. Therefore, further research is required to make them m...
	5. Application of the titania-silica composites in building materials
	5.1 Introduction

	What's nice about concrete is that it looks unfinished. 
	- Zaha Hadid
	Parts of this chapter was published elsewhere as “Design and evaluation of photocatalytic lightweight concrete applying newly synthesized TiO2-SiO2 nano-composites” In 6th international conference on Non-traditional cement and concrete, 19-22 June 2017, Brno, Czech Republic
	In Chapter 3, to investigate the photocatalyst itself without influence from a substrate, a high amount of the photocatalysts was put on a smooth glass plate covering the entire top surface. As shown in Chapter 2, several studies have pointed out that...
	The biggest drawback for both photocatalytic building materials is that titania, one of the cheapest photocatalyst, is significantly more expensive compared to conventional building materials. By applying the titania-silica (TS) composites instead of ...
	In this chapter, three different investigations on the performance of the TS photocatalyst with the interaction of several building materials are performed. First, the possibility of incorporating the TS sample into a light-weight concrete matrix for ...
	5.2 Methods
	5.2.1 Incorporating TS in concrete


	The TS composites were synthesized using the precipitation method from Chapter 3 and applied to prepare photocatalytic light-weight concrete. To synthesize enough TS for these experiments and the experiments in the next sections, five batches of TS co...
	For the photocatalytic substrate, the recipe given in Table 5.1 for lightweight concrete was chosen due to its high porosity, allowing more pollutants to reach the photocatalyst and better adsorption properties. The 5 different TS batches and the plai...
	The photocatalyst and the cement, together with the substitutions fly ash and limestone, were mixed with light-weight aggregates ranging from 0.09 to 4 mm and then water was added. The dosage of water was adjusted with each batch to reach sufficient w...
	5.2.2 Photocatalytic coating with binders on wooden fiberboards

	Three different binders were tested with the TS photocatalyst on wooden fiberboards. Wood fiberboards are boards made out of wood fibers that are pressed and heated together with an adhesive to produce a sturdy material that can be applied as an isola...
	Since two environment-friendly silica sources have already been investigated in this thesis, their application as a binder was promising. These two were silicate made from the silica from olivine and silicate from the municipal solid waste incineratio...
	The binder from olivine was made by reacting 1 mole of precipitated silica from olivine, prepared using the method of Lazaro et al. [93, 94, 96], with 2 mole NaOH in enough water to reach a sodium silicate solution concentration of around 8%. The seco...
	TS particles remaining from Section 5.2 were mixed and wet-milled in the lab in a planetary ball mill for 4 hours at 250 rpm with 10 minutes breaks each half-hour (Fritsch; Pulverisette 5). The result of the milling was a TS dispersion in water of 8.7...
	5.2.3 Efficiency and durability of coatings on AAC and glass

	AAC as the substrate for a photocatalytic coating was evaluated with the conversion efficiency and durability when placed fair-faced in outdoor conditions. Three slabs of AAC were used to study the interaction with three different photocatalysts coate...
	Materials used for the manufacture of AAC samples were technical grade and fulfill the recommended requirements for AAC production [224–226] or originated from AAC material suppliers. All experiments follow a sand-based reference recipe (provided by H...
	Three photocatalysts were tested in this experiment. The plain titania reference P25 (Evonik, Essen, Germany); a carbon-doped titania reference Kronoclean 7000 (Kronos worldwide, Leverkusen, Germany); and the TS dispersion, synthesized in Section 5.2....
	5.3 Results
	5.3.1 TS and P25 in concrete results


	Results from the incorporation of the TS into concrete, as shown in Table 5.2, reveal that only one sample containing the TS photocatalyst performed better than the samples containing P25. Besides this sample, two other concrete samples containing 5% ...
	Several reasons are possible to explain why most of the TS photocatalyst samples performed worse, especially the 2.5% samples. One reason why the TS samples performed inefficiently is because of the size of the composites. The particle sizes of the co...
	Another reason for the low performance of the TS samples is that the high alkali cement reacted with the silica. Precipitated silica from olivine is known to react relatively fast with sodium hydroxide or calcium hydroxide, forming silicate species. M...
	5.3.2 Results of the different binders

	Table 5.3 shows that the wood board with the binder from olivine nano-silica performed the worst when it comes to NO conversion, while the board with the binder from BA performed worse with the total conversion into nitrate. On the other hand, the boa...
	The main differences between these three samples are the alkaline: silicate ratio and other chemicals that the binders contained. The BA silicate solution still contained traces of other chemicals. As stated in Section 4.3.3, a silicate solution, whic...
	Another large difference between the three binders was that for both the binder from olivine nano-silica and BA, sodium hydroxide was used because of its increased reactivity to transform the solid silica into the dissolved sodium silicate species. Ho...
	5.3.3 Results of the efficiency and durability of coatings on AAC and glass

	The results of the PCO tests for the three different AAC samples and glass plate samples, as shown in Figure 5.1, show that the NO to NO3- conversion efficiencies of all samples started very high. In fact, the conversion efficiency of NO to nitrate fo...
	After the first month, the conversion efficiencies of the glass samples decreased, with the highest decrease for the P25-glass plate sample. On the other hand, the AAC samples did not show a significant decrease in their efficiencies. At the beginning...
	Between the first and third month, the conversion efficiency of the AAC started to decrease as well. Their decrease was even more than the ones from the glass plates except for the P25 samples which lost again the most efficiency. After the fifth mont...
	After 15 months of being exposed to the outside conditions, the AAC samples had a clearly decreased conversion efficiency. This decrease was mostly due to the durability issues with the AAC itself as it was crumbling significantly during this period. ...
	5.4 Conclusions

	Several different case studies were performed in this chapter to investigate the application of the TS and other photocatalysts to building materials.  From the results several conclusions can be made:
	 The investigation on the incorporation of TS and P25 into lightweight concrete showed that from 10 different batches, only one light-weight concrete sample with the TS photocatalyst obtained a higher conversion efficiency than the P25. While being a...
	 Three different mineral binders were successfully applied for the coating of TS. However, a significant difference was observed between the two alternative mineral binders and the commercial mineral binder, where the NOx conversion efficiency of the...
	 TS and P25 were successfully coated on the wood fiberboard, AAC, and glass plates using the commercial binder, from which the latter two also were coated with Kronoclean 7000. From the three materials, the wooden fiberboards showed the lowest NO con...
	 The durability of the coatings on the glass plates was measured to be poor. After 5 months under outdoor conditions, the P25 coated glass plate had lost all photocatalytic activity and the conversion efficiencies of the other two samples were signif...
	6. A novel method to measure NOx degradation in a field study
	6.1 Introduction

	Parts of this chapter were published elsewhere as "Field study of NOx degradation by a mineral-based air-purifying paint." Building and Environment, vol. 142, 2018, p70-82
	As expressed in previous chapters, exposure to harmful pollutants such as NOx, SOx and particulate matters (PM) has been associated with adverse health effects [2–5, 9–11]. Photocatalysis offers distinctive advantages regarding air pollutant removal, ...
	The main method of evaluating the reduction of NOx so far has seemed to be measuring the NOx concentration around areas with and without photocatalytic coatings. However, there are several disadvantages to this method: (1) It is difficult to have comp...
	In this chapter, a novel monitoring method is devised for the evaluation of the air pollutants removal efficiency of an outdoor photocatalytic coating. The photocatalytic oxidation mechanism can be divided into three main steps: (1) mass transport an...
	In this project, this principle was for the first time applied on an outdoor photocatalytic coating, and a monitoring setup was designed for this purpose. The setup allows for the capturing of the water coming off the photocatalytic coatings, includin...
	This method was first tested on a newly developed mineral-based transparent photocatalytic coating.  Firstly, the air pollutant degradation performance of the mineral coating was evaluated under laboratory conditions following the protocol from Sectio...
	6.2 Methods

	The air pollutant removal activity of the photocatalytic coating was firstly assessed under fully controlled laboratory conditions, following the ISO 22197-1 standard [186]. The photocatalyst used in this coating was provided by Joma International, Be...
	The 2nd floor roof of the educational building Vertigo of the Eindhoven University of Technology (Eindhoven, The Netherlands) was selected as the field study site. The main reason was that this building is adjacent to two main traffic roads, roughly 8...
	The setup of the outdoor monitoring is shown in Figure 6.2. Two panels of 100 × 65 cm2 were prepared with lime-render as substrate (No. 1 and 2 in Figure 6.2) and one panel with polycarbonate as substrate (No. 3 in Figure 6.2). The panels No. 1 and No...
	Furthermore, an online NOx monitoring analyzer was placed on the roof so the NOx concentration could be continuously monitored during the whole period. The NOx concentrations at the location next to the panels were measured continuously using an onlin...
	The ions in the collected water were determined by employing an ion chromatography (IC) (Thermo Scientific Dionex TM ICS-1100 Ion chromatography). Calibrations were made in order to quantify the tested species, including Fluoride; Chloride; Nitrite; B...
	The real field study monitoring study began in July 2015 and ended in November 2016, covering the full four seasons. Within this period, the NOx concentration and other weather conditions were continuously monitored and the nitrates from the panels we...
	6.3 Results
	6.3.1 Pre-monitoring labratorium experiments


	The NOx removal efficiency of the photocatalytic coating on the lime render panel was measured to be 48.2% and the efficiency of the coating on the polycarbonate panel was 34.2%. The higher efficiency of the lime render panel can be attributed to the ...
	6.3.2 NOx concentration and weather data

	The NOx concentration monitoring setup was tested between March 2015 and May 2015 before the commencement of the real monitoring experiment. Furthermore, the analysis was performed to evaluate the suitability of the environment for the analysis of the...
	It was found that the RIVM data was in agreement with the own monitored values. The data from the RIVM is shown in Figure 6.3 and shows that the NO concentration varies significantly during the day. In the peak hours, the concentration even reached up...
	The collected NOx concentration data are shown in Figures 6.4, where Figure 6.4(a) shows the average values of each day, and Figure 6.4(b) shows the highest values of every single day. A clear difference in concentration between the two figures can be...
	The data of the weather condition close to the panels were collected and shown in Figures 6.5. The weather can have a large influence on the NOx conversion efficiency [53, 181]. The humidity shown in Figure 6.5D shows that the average humidity in Eind...
	6.3.4 Nitrate measurement results from the panels

	The washing of the panels in the first few weeks was performed several times to firstly assess whether artificial washing once or more times is efficient enough to collect the produced ions from the surface of the panels. The PCO panel was washed seve...
	The results of the weekly collection during the entire period are shown in Figure 6.7 and 6.8. The amount of washing and rainwater collected by the panels is presented in Figure 6.7. The total amount of ions collected in the rainwater should depend on...
	The photocatalytic activity of the photocatalytic panel with lime render as the substrate is visible for most of the measurements as its nitrate amount exceeds those of the reference panel and the result is positive. Nevertheless, in some weeks, the n...
	It is also rather obvious that the activity of the photocatalytic lime render panel decreased over the entire monitoring period. Initially, the activity was supposed to increase during the summertime of 2016. However, the overall collected data as sho...
	The polycarbonate panel (No. 3 in Figure 6.2) was installed at a later stage, in June 2016. It did not show significant differences in nitrate amounts in the first weeks after installation, compared to the reference panel. However, after the first thr...
	In the whole monitoring period of 471 days, a total of 497 mg of nitrate was collected by the reference panel and 831 mg of nitrate by the photocatalytic lime render panel. In the whole monitoring period of 105 days, the photocatalytic polycarbonate p...
	6.4 Post-monitoring analysis

	After the full field monitoring period, a post-monitoring analysis was performed to study the lime-render and polycarbonate panels after the experiment. The experiments were carried out under the laboratory condition to specimens that were extracted f...
	From the lime-render panel specimen collected after the monitoring period, the elemental composition and phase content of the aged coating were analyzed employing X-ray fluorescence (XRF) and X-ray diffraction (XRD), respectively. The quantitative XRF...
	The result from the XRF shows that the sample contains: CaO 45.2%, MgO 7.5%, TiO2 0.1%, Br 4.2% and LOI 42.1% among a few other trace elements. The results from the XRD are shown in Figure 6.10(B). It is clearly shown that calcite is the primary phase...
	One reason for this disappearing of the initially applied photocatalysts is the gradual reaction of lime binder to calcite which over time overgrows the surface of the photocatalyst. Karatasios et al. [233] observed a uniform and compact carbonated la...
	6.5 Conclusions

	In this chapter, a new air purification quality monitoring protocol was proposed. The air pollutant removal efficiency was interpreted by using the measured NO3- that was produced by the photocatalytic oxidation of NOx. A mineral-based transparent pho...
	 Both the lab-scaled test and the outdoor experiment confirm that the commercial titania coating together with the binder from Keim can be used for making photocatalytic surfaces.
	 While lime render and polycarbonate can be substrates for photocatalytic coatings, both are not ideal for outdoor photocatalytic building materials due to the low chemical stability of the lime render and the smooth surface of the polycarbonate and ...
	  Deactivation of the photocatalytic coating on both the panels was observed, most probably caused by the overgrowth of calcite on the surface of the lime render panel and weathering on both panels.
	 Despite the deactivation, the proposed monitoring principle and test protocol worked relatively well. The applied weather parameters collection system shows robustness, together with the NOx monitoring.
	7. Field study with P25 and titania-silica composites using their nitrate formation
	7.1 Introduction

	Parts of this chapter will be published elsewhere as “Field study of air purification performance of photocatalytic panels by measuring the nitrate formation”
	As shown in Chapters 2 and 6, many investigations on photocatalysis under laboratory conditions have already been performed to study the different properties of the photocatalytic materials and to search for optimum conditions for high photocatalytic ...
	In this chapter, another long-term study on the influence of weather conditions and photocatalysts on the nitrate formation on photocatalytic panels was performed. The method presented in Chapter 6, of capturing and measuring the resulting nitrate was...
	7.2 Methods
	7.2.1 The preparation of the panels


	Three mortar panels were made by mixing Cuglation Gietmortel 4MM with 11-13% water. The mortar was then transferred into molds with a surface dimension of 0.65 x 1 m2 and a thickness of 5 cm. It was then covered with plastic foil and left to harden ov...
	7.2.2 Lab-scale NOx conversion measurements

	Both the P25 and TS mortar panels were recreated at a smaller scale (20 x10 cm2) to test their efficiency to degrade NOx in a controlled test setup at the beginning stage of this study. At the end of the outdoor monitoring, specimens with the same dim...
	7.2.3 Outdoor NOx conversion measurements

	To measure the amount of NO3- formed upon the oxidation of NO and NO2 during the PCO process, the same procedure as described in Chapter 6 was used. The water from rain that was captured and washed off from the panels was collected in bottles connecte...
	The NOx data in this chapter were collected from the Dutch National Institute for Public Health and the Environment (the RIVM, Bilthoven, Netherlands) who uses several monitoring stations throughout the Netherlands including one close to the project a...
	7.3. Results and discussion

	Titania silica
	P25
	Reference
	Two main parts influence the photocatalytic activity of the photocatalytic panels. The intrinsic photocatalytic activity of the photocatalyst and the prevailing conditions around it. Since the influence of the combination of all parameters is still so...
	7.3.1 Lab-scale photocatalytic activity measurements

	The results of the photocatalytic activity measurements under the conditions of the ISO 22197-1 standard [186] were difficult to interpret because the panels possess such a high photocatalytic activity that any differences were almost negligible.  Whe...
	To increase the contrast, making any degradation of the photocatalytic activity of the panels clearer, less favorable UV-A irradiance (e.g. very low values of ≤ 10 W/m2) and relative humidity (e.g. high values ≥ 50%) were used. Both irradiance and hum...
	The results of the test under lower UV-A irradiance and higher humidity levels are shown in Figure 7.2. Under these conditions, deactivation of the photocatalytic activity of the surface of the panels was more significant than that under the standard ...
	The results displayed in Figure 7.2 also show differences between the P25 and TS panels. The results show that the TS panel performed better under the conditions with low UV-A irradiance (i.e. 0.5 W/m2). This difference can be explained by the lower t...
	On the other hand, the P25 panel performed relatively better during the tests with the higher humidity values under different irradiance levels. At high relative humidity, water is absorbed especially on the hydrophilic titania, blocking the access of...
	Another possible influence on the photocatalytic activity was investigated, namely the influence of the formed nitrate. As ionic nitrate is formed from the oxidation of NO, it should be adsorbed to the surface, which could lead to the covering of the ...
	7.3.2 Outdoor conditions during the investigated period

	Due to the high activity of the panels under standard ISO conditions, the influence of the weather conditions on the photocatalytic activity of the panels was mostly only significant when they were not favorable as otherwise, the nitrate formation was...
	While the photocatalytic activity of the panels might change with the different weather conditions, the amount of nitrate that can form depends on the amount of available NO and NO2 in the air in contact with the panels. The NOx concentrations near th...
	7.3.3 Nitrate measurement results from the panels

	The performance of the panels has been monitored in the period between the beginning of October 2017 and the end of November 2018. As shown in Figure 7.4, at the beginning of the experiment, the nitrate amounts were significantly lower than expected. ...
	When looking at the five overlapping weeks from the end of October to the end of November, similar nitrate amounts (Figure 7.4) can be seen. While the lab-tests show that under these kinds of unfavorable conditions any deactivation should cause signif...
	During the other three-quarters of the year, the weekly nitrate that is collected per panel shifted from as low as 0.11 mg to 41 mg per week with a high variance. While the collected nitrate amounts look rather random, both the TS and P25 photocatalyt...
	7.3.4 Influence of individual parameters in real conditions

	As shown in Figure 7.2, several parameters can affect the efficiency of the photocatalytic oxidation of pollutants. Relative humidity, airflow and irradiance have been extensively studied in laboratory scale [53, 64, 179, 180] but their direct influen...
	Among the different parameters, the irradiance (Figure 7.5A), the relative humidity (Figure 7.5B), and the temperature (Figure 7.5C) have the most obvious effect that can be well correlated individually. A first observation is that experimentally in o...
	7.3.5 The synergetic influence of outdoor conditions on the nitrate formation

	Besides the individual effect of the conditions, the synergetic effect of the experimental parameters has rarely been discussed in the literature. Therefore, in this field, there is also a lack of validation of these phenomena in real conditions, and ...
	where ,𝑟-,𝑁𝑂-3-−..  the rate at which nitrate is formed per square meter in g/(m2 s), ,𝐶-,NO-x.. the sum is of the concentrations of NO and NO2 in g/m3, v the wind speed in (m/s),  α the wind direction angle in relation to the direction of the pho...
	where, ,𝑐-1. being a constant (,𝑐-1. = 0.02535, resulting from the best fitting) and the PCE could be calculated with the following equation:
	where c2 another constant (c2 = 0.0002 g/(ºC W m), resulting from the best fitting) is, E irradiance in W/m2, T temperature in degrees Celsius and AH absolute humidity in g/m3. Thus, the equation combines the positive correlations of irradiance and te...
	By then putting in the measured environmental conditions from Figure 7.3, a simulated nitrate formation for every week was calculated by calculating the hourly nitrate formation (as one hour was the smallest unit of time in the available data) and the...
	To make the calculated values more accurate it was determined when the panel was wet First, the precipitation data was applied to establish when the panel became wet. Secondly, the amount of water that can stay adsorbed on the panel after complete wet...
	By comparing most of the results directly in Figure 7.8, the proposed model correlates relatively well with the experimental results, especially when considering the complexity of the outdoor setup. Figure 7.8B, which excludes nitrate formation during...
	Still, some other outdoor conditions could not be quantified in this study. For example, the coverage of the panels by contaminations affected the nitrate formation as well. However, it was not quantifiable how much contaminations were adsorbed to the...
	While most of the mismatching points in Figures 7.6 to 7.8 may be too complex to explain, the first two shown measurements (16 and 30 October 2017), which seem to mismatch with the calculated values, may be explained. This situation corresponds to the...
	7.3.6 Implication of results on photocatalysis as a solution to the NOx pollution

	The main issue with most long-term outdoor studies of photocatalysis was that the photocatalytic activity became deactivated, causing photocatalysis to seem to be an unpractical option for air-purification. Therefore, in this study where the degradati...
	By accumulating the NOx concentrations multiplied by the wind speed data in the same calculation period, a total of 1679 g NOx/m3 per year was calculated to have passed within one-meter distance from the panels. This amount would make the total conver...
	By applying the molar ratio NO:NO2 of 0.56 (extracted from the average NO and NO2 concentrations, 8.3 and 23.4 µg/m3, respectively), it is possible to make a rough estimation of how much NO and NO2 were oxidized by the P25 and TS panels, separately. F...
	More NOx can be removed close to the NOx source or in highly polluted areas in general, where the concentrations are higher. The activity of the photocatalytic surfaces in this study was only slightly affected by the concentration of NOx. Even at 1 pp...
	Whether it will be feasible to coat large surfaces will depend mostly, on the used photocatalyst and binder as the amount of practically available concrete surfaces in cities should be enough. A durable binder is necessary to coat the large required n...
	7.4. Conclusions

	A long-term field study was performed on the photocatalytic oxidation of NOx into NO3- by two panels coated with two different photocatalysts and a reference panel. The panels were tested on a lab-scale following ISO 22197-1 and under real-life condit...
	 Both the P25 and TS photocatalysts were successfully coated using the silicate binder on a mortar substrate and showed a very high efficiency (almost 100%) of converting NOx into nitrate under the iso-standard conditions.
	 In the lab-scale tests, it was shown that both panels showed a similar reduction of the conversion efficiency after the long-term outdoor monitoring experiment. However, this degradation was only significant under unfavorable conditions, where the c...
	 Both the outdoor test and the lab-scale tests show that humidity reduces the conversion efficiency, especially on the TS panel, while the irradiance increases the conversion efficiency, especially on the P25 panel. The outdoor tests demonstrated tha...
	 A relatively simple model was devised to predict the nitrate amount being abated by highly active photocatalysts by considering the synergetic effects between different environmental conditions and the photocatalytic activity. The weekly resulting n...
	 The P25 panel produced 1.176 g NO3-/m2 per year and the TS panel 1.244 g NO3-/m2 per year, both with a standard deviation of 1.4%, This amount is about the same as what a gasoline car that follows the Euro-6 emission limit produces by driving about ...
	 The TS photocatalyst has a slightly better performance, especially during days with low irradiance, showing that it is a promising alternative photocatalyst to the P25.
	8. Conclusions and recommendations
	“Your dreams are like the cement. If you water it with actions, it becomes a hard concrete mass. But if you leave it exposed and unwatered, the air will easily blow it away!”
	- Israelmore Ayivor
	In this thesis, an investigation was made into the synthesis of the titania-silica (TS) composites and the design of photocatalytic building materials. The main goal was to find a promising alternative method to reduce NOx concentrations in urban envi...
	8.1 Photocatalytic TS synthesis

	The first intermediate goal was to synthesize promising low-cost TS. As there is already much promising work performed on the synthesis of different TS, a literature review was performed in Chapter 2 on the photocatalytic TS and their synthesis method...
	To prevent titania forming adjacent to the silica instead of on top of it, the reaction speed of the hydrolysis should be slow enough so that the condensation of titania monomers on the substrate’s surface is more likely to happen than polymerization ...
	The results in Chapter 3 showed that coating silica with titania can result in very promising photocatalysts but also in composites with almost no photocatalytic activity, depending on the parameters and methods used. The pH played the most important ...
	Another investigated parameter was the transformation of amorphous titania to anatase. From the literature review in Chapter 2, it was found that either calcination or hydrothermal treatment can be applied. Crystallization is needed since amorphous ti...
	Also, different silica substrates were investigated. In Chapter 3, precipitated nanostructured silica from olivine was applied as the silica substrate due to its morphology, silanol density, and low cost that are all beneficial for the application of ...
	Several different mesoporous silica samples were produced from olivine with a liquid crystal template, showing high SSA’s of more than 900 m2/g and high purity of up to 99.9%. One mesoporous silica sample was successfully produced from a BA-derived so...
	8.2 Photocatalytic building materials

	The second goal was to investigate how the resulting TS could be best applied to building materials to achieve a material that could efficiently converse NOx into nitrate. Several different case studies were performed in Chapter 5 to investigate the a...
	In the investigation on the incorporation of TS and P25 into lightweight concrete, it was found that the TS sample with the best properties from in Chapter 3 is not suitable for the incorporation into concrete due to its less favorable distribution pr...
	For the investigation of applying TS as coating, different silicate solutions were tested to bind the photocatalyst to building materials. Two alternative silicate materials (from olivine and BA) were compared to a commercial silicate binder for the c...
	TS and P25 were successfully coated on AAC, wood fiberboards, and glass plates in Chapter 5 using the binder. From the three materials, the wooden fiberboards showed the lowest NO conversion efficiencies. The NOx conversion efficiencies of the photoca...
	Degradation of the photocatalytic activity over time seems to be a problem that is occurring in outdoor field studies on photocatalytic materials. The durability of TS, P25, and Kronoclean7000 coatings using the commercial binder on the glass plates a...
	8.3 Monitoring of NOx abatement by photocatalytic panels

	In Chapter 2, a literature review on some investigations on photocatalytic building materials in both laboratory-scale and outdoor studies showed positive results for air-purification. The reviewed literature reported that the environmental conditions...
	To achieve the third goal of successfully monitoring the abatement of NOx by a photocatalytic surface on a larger scale in an outdoor setup, a new protocol was devised in Chapter 6. This new protocol was tested in an outdoor environment on a mineral c...
	The combination of all work in a long-term outdoor experiment with photocatalytic building material containing the TS was successfully performed, monitored and verified in Chapter 7. the photocatalytic oxidation of NOx into NO3- by mortar panels coate...
	The durability of the coatings showed to be significantly better than those shown both in Chapter 5 and Chapter 6. In the lab-scale tests, it was shown that both panels showed a similar conversion efficiency after the long-term outdoor monitoring expe...
	Considering the synergetic effects between different environmental conditions and the measured nitrate amounts the relatively simple Equations (7.1) to (7.3) could be devised to model the nitrate being formed on the highly active photocatalysts under ...
	In all, the P25 panel produced 1.176 g NO3-/m2 per year and the TS panel 1.244 g NO3-/m2 per year, both with a standard deviation of 1.4%. These values correspond to an oxidation of 0.750 g NOx/m2 and 0.793 g NOx/m2 per year for the P25 and TS panels,...
	8.4 Recommendations

	In this thesis, many different topics were investigated to obtain cost-efficient photocatalytic building materials for air purification in urban environments. It was successfully shown that the potentially cost-efficient TS particles could indeed be c...
	 During the investigation on the coating methods, two parameters were not investigated while they might influence the resulting composites. The first is the addition speed of water during the relevant methods. The other is the precursor used as there...
	 More investigation can be performed on increasing the pore sizes of the investigated mesoporous silica structures. The pore sizes of the mesoporous silica in this thesis were found to be too small to apply these products as a substrate for titania f...
	 Due to the high potential to produce alkaline silicates from negative valued waste material, the extraction of silica from ash like the BA in Chapter 4 should be further optimized. Due to the research shown in this thesis, the extraction mechanism i...
	 Further investigation of the incorporation of the composites into concrete is possible. The silica could be more protected from the high pH of a cement paste by using a low pH concrete paste or by hydrophobic capping ligands that can be degraded by ...
	 The two alternative silicates applied as binder could be produced to be more like the commercial binder. Instead of sodium, they could be produced with potassium hydroxide to form K2SiO3, has been reported to form more durable binders based on silic...
	 The protocol developed in Chapter 6 of monitoring the outdoor air-purification performance of photocatalytic surfaces should be applied to different conditions to verify Equation (7.1) and the amount of nitrate formation during a year/m2. Lab-scaled...
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