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Today, air quality continues to be an important issue affecting public health, environment,
and economy around the world. One of the most fundamental problems faced by
industrialized societies is air pollution caused by high amounts of nitrogen oxides (NOx)
released from crowded cities and industrial areas to the atmosphere. Thanks to remarkable
technological developments, such problems are reduced using ultraviolet (UV) rays from
solar energy, and new solutions are tried to be produced for large surface areas of building
materials. Considering that concrete is the most widely used material after water, it can
be said that one of the main ways to overcome the air pollution faced by modern societies
is to develop innovative, functional, and economical building materials reducing air
pollutants by chemically binding them. In this context, titanium dioxide (TiO2), a type of
photocatalytic material and also a semiconductor, comes to the fore with some of its
properties such as its strong oxidation capacity under UV light irradiatons, its chemical
stability when exposed to acidic and basic compounds, its chemical inertness in the
absence of UV lights, and its non-toxicity. Due to these properties, it is an important
photocatalyst material that can be used in construction applications. Within the scope of
this thesis study, TiOz-added photocatalytic cementitious composites were developed by

considering many parameters at different scales (nano and micro scales) at the same time,
i



which can offer applicable solutions to the abovementioned environmental problems. In
this context, first of all, an efficient mixing method to be used in experimental studies of
this thesis was developed in order to homogeneously disperse TiO: particles of different
sizes (especially nanoscale) throughout cement-based materials. After that, TiO. particles
under different crystal phases (anatase and rutile) were substituted into the cement-based
systems at the rates of 2.5%, 5%, 7.5%, and 10% of the total weight of binder to
investigate their effects on composite materials’ properties and the most appropriate
usage rate of TiO2 was determined. Then, the optimum particle size distribution (PSD) of
TiO: particles was determined by using TiO> particles with three different size ranges
(nano, submicron and micron) in combination at the optimum substitution rate by
adjusting their PSDs with three different PSD moduli (g): 0.1, 0.5, and 0.9. Finally, the
photocatalytic degradation capability of TiO. particles under different crystal phases
(anatase and rutile) were investigated by incorporating them into the cementitious
systems and the most suitable combination of anatase and rutile TiO2 particles was
determined.

Keywords: NOx reduction, Titanium dioxide, Photocatalytic performance, Particle size

distrubution, Optimum substitution rate, Optimum combination, Anatase and rutile phase.



OZET

FOTOKATALITIK INDIRGEME KABILIYETINE SAHIP
YENI NESIL COK FONKSIiYONLU CIMENTO
BAGLAYICILI KOMPOZITLER

Emrah BAHSI

Doktora, insaat Miihendisligi Boliimii
Tez Damismani: Prof. Dr. Mustafa SAHMARAN
Mart 2022, 216 sayfa

Giiniimiizde diinya genelinde hava kalitesi; halk sagligini, ¢evreyi ve ekonomiyi etkileyen
Oonemli bir husus olmaya devam etmektedir. Gelismis sanayi toplumlarinin karsilastigi en
temel problemlerden birisi kalabalik sehirlerden ve sanayi bolgelerinden atmosfere
salinan yiiksek miktardaki nitrojen oksitlerden (NOy) kaynaklanan hava kirlilikleridir.
Dikkate deger teknolojik gelismeler sayesinde bu tip sorunlar giines enerjisinden gelen
ultraviyole (UV) i1smnlarindan yararlanilmasi ile azaltilmakta ve yapi malzemelerinin
genis ylizey alanlarina yonelik olarak yeni ¢oziimler tiretilmeye ¢alisilmaktadir. Hacimsel
olarak sudan sonra en ¢ok kullanilan malzemenin beton oldugu diisiiniildiiglinde, modern
toplumlarin karsi karsiya kaldigi hava kirliliklerini asmanin temel yollarindan birisinin
de var olan temel yap1 malzemelerini havada kirliligi olusturan maddeleri kimyasal olarak
baglayarak azaltacak nitelikte, yenilik¢i, fonksiyonel ve ekonomik tasarimlar ile
gelistirmek oldugu sdylenebilir. Bu kapsamda fotokatalitik malzemelerin bir tiirii ve ayni
zamanda bir yar1 iletken olan titanyum dioksit (TiO2) bazi 6zellikleri ile 6n plana
cikmaktadir. Bunlar, UV 1sinlan altindaki giiclii oksidasyon kapasitesi, asidik ve bazi
temel bilesiklere maruz kaldig1 durumlarda kimyasal stabilitesini koruyabilmesi, UV

1isiklarinin yoklugunda aktive olmamasi ve toksik herhangi bir 6zellik gostermemesidir.



Sahip oldugu bu 6zelliklerinden dolayr TiOz insaat uygulamalarinda kullanilabilecek
onemli bir fotokatalizor malzeme olarak karsimiza c¢ikmaktadir. Tez calismalar
kapsaminda, bahsedilen c¢evre problemlerine uygulanabilir ¢6ziimler sunabilen,
geleneksel yontemlerden farkli olarak, tasariminda ayni anda farkli 6lgeklerde (nano ve
mikro Olgekler) bir¢ok parametre dikkate alinarak, TiO: katkili ¢imento baglayici
kompozitler gelistirilmistir. Bu baglamda 6ncelikle, farkli boyutlardaki 6zellikle nano
Olcekli TiO: taneciklerinin homojen olarak dagitilabilmesi amaci ile uygun pratik
karigtirma yontemleri iizerinde calismalar yapilarak verimli karistirma yontemleri
gelistirilmis ve tez boyunca bu yontem uygulanmistir. Daha sonra farkl kristal fazlardaki
(anataz ve rutil) TiO: partiliilleri, toplam baglayici agirhiginin %2,5, %5, %7,5 ve %10
oranlarinda ikame edilmis ve kompozit malzemeler tizerindeki etkileri arastirilarak, en
uygun kullanim orami tespit edilmistir. Daha Sonra optimum ikame oraninda, farkli
dagilim modiilleri (q:0,1- 0,5 ve 0,9) kullanilarak optimum dagilim modiilii belirlenmistir.
Son olarak, farkli kristal fazlardaki (anataz ve rutil) TiO: taneciklerinin birlikte farkli
kombinasyonlarda ¢imentolu sistemlere dahil edilmesiyle elde edilen kompozitlerin,

fotokatalitik etkileri arastirilarak, en uygun kombinasyon belirlenmistir.

Anahtar Kelimeler: NOy indirgeme, Titanyum dioksit, Fotokatalitk performans,
Pargacik boyut dagilimi, Optimum ikame orani, Optimum kombinasyon, Anataz ve rutil

fazi.
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1. INTRODUCTION

1.1. Problem Definition

As a consequence of the rapidly increasing urbanization, population, number of vehicles,
advancing industry among many other reasons, air pollution has reached serious levels
and become one of the most pressing environmental issues facing the nations in the world.
The World Health Organization (WHO) reported that air pollution is responsible for the
death of 8 million people around the world annually and 9 out of 10 people living in low-
and middle-income countries are exposed to environmental air pollution (WHO, 2020),
pointing out the disturbing effect of air pollution on the quality of life of our society,

which is increasingly urbanizing every day.

Air pollution is caused by different types of solid, liquid, and gaseous materials suspended
in the air; the most important of which are the harmful gases of carbon monoxide (CO),
sulfur dioxide (SO2), and nitrogen oxides (NOx). These gases are particularly important,
because if inhaled without any protection up to certain level, they can be very dangerous
health-wise, especially for the upper respiratory tract given their toxic nature. In order to
reduce/eliminate the amount of these gases, several solutions focusing on their
reduction/elimination on the source level and their existence after their production have
been attempted. Given the situation of these gases, however, it is evident that current

measures are not adequate and needed to require advancements to be made.

Among air pollutant gases that are harmful to human health, NOx requires special
attention since they are highly reactive, odorless, colorless and water-insoluble. They are
generated in the compound forms of NO and NO». The exhaust gases of vehicles are one
of the main contributors to the world’s NOx emission alongside with industrial activities
(Cunha-Lopes et al., 2019). It has been stated by a report related to the worsening in air
quality of the Sao Paulo State of Brazil that major factors found responsible for the air
pollution are around 2000 industrial establishments located in the city and around 9.7
million registered vehicles. It was also reported that the NOx release amount from these
sources was around 376k tons in 2009, and the vehicles were responsible for
approximately 96% of the NOx-related air pollution (Prodesp, 2009). According to a
report published by the South Korea National Air Pollutants Emission Service (National



Air Pollutants Emission Service of Korea. Emission Rate Inquiry, 2020), NOx emitted
from different sources, which is the substance with the highest emission rate, is
responsible for about 26% of the total pollution. Total NOx emission in South Korea
measured in 2017 was about 1189k tons, and the road transport had the biggest share with
434Kk tons/year. Considering that the cases in regard to NOx emission in other countries
are similar to the above examples, many developed countries have taken measures to
limit/reduce their NOx emission over the years. So as to control/limit the rate of NOx
emission to the atmosphere, United States Environmental Protection Agency (EPA,2010,
2018) has set a one-hour ambient air quality standard for NO- at a level of 100 parts per
billion (ppb) and an annual NO2 standard at a level of 53 ppb based on annual average
NO- concentrations, and strict control measures were applied to interested parties to
properly comply with this matter. NOx release is a major concern in European countries
(The United Kingdom and EU-27) as well. They have made a number of adjustments to
limit NOx emission rates and minimize its detrimental effects. For the European countries,
the determined critical/limit value for NOx concentration in air is 40 pg/m3 as an annual
average. The vegetation critical level set for the protection of vegetation (beyond/above
this level, direct adverse impacts on sensitive vegetation may happen) is 30 pg/m? as an
annual average and the official 1-hour NO; standard is for a level at or below 200 pg/m®
(EEA, 2018; EU, 2008; WHO, 2000). Owing to such adjustments related with NOy, the
rate of decrement in the amount of NOx emission from 2017 to 2018 was 4.1% and this
decrement rate was 60% for 1990-2018 (EEA, 2020). Despite the availability of measures
taken to combat the high levels of NOy, additional solutions must be sought since the

problem of air pollution is far from being reduced currently.

1.2. Scope and Objectives

One innovative and new-generation way to eliminate NOx in the air is using
photocatalysts in photocatalytic degradation reactions via photoactivation. Photocatalysts
induce the formation of photoinduced negative electrons and positive holes (surface
charge carriers) when exposed to visible or ultraviolet light (UV). A series of reduction
and oxidation reactions (redox) are initiated by these surface charge carriers resulting in
the generation of reactive radical species (mainly hydroxyl and/or superoxide radicals)
and these radicals exhibit capability to oxidize/degrade various pollutants such as NOx
(Nishikawa and Takahara, 2001; Martyanov and Klabunde, 2003; Ohama and Gemert,
2011). There are various photocatalyst materials used in the photocatalytic applications
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like cadmium oxide (CdO), titanium dioxide (TiOz2), zinc oxide (ZnO) etc.. Among them,
TiO> is one of the most popular photocatalysts, most probably because of its enhanced
photocatalytic activity (Hager et al., 2000), safety, chemical inertness while not being
exposed to irradiation, cost-efficiency, and nontoxicity (Zhao and Yang, 2003; Wang et
al., 2007; Husken and Brouwers, 2008). Moreover, it’s a commonly used material in a
variety of applications like as different self-cleaning purposes including water and air
purification, cancer treatment, development of dye-sensitized solar cells, sterilization,
development of antifogging surfaces, water splitting, and CO; reduction (Fujishima et al.,
1986; Cai et al., 1991, 1992; Anpo et al., 1995; Blake et al., 1999; Fujishima et al., 2000;
Mills et al., 2003; Mor et al., 2006; Supeno and Siburian, 2018). It also has very wide and
rapidly expanding area of use in many subbranches of different industries through its

superior photocatalytic degradation capability.

The photocatalytic degradation capability of TiO> has become of interest particularly to
those working on the construction-related sectors utilizing construction materials heavily.
This is mainly because of the structural members have large surface areas that can be
easily subjected to irradiation from the sun and/or any other artificial source to trigger
photocatalytic activity and can be useful instruments for air purification purposes. In line
with this idea, incorporation of photocatalysts (e.g., nano-TiO) into cementitious systems
has been an option to provide air purification property for the construction materials in
favor of achieving multi-functionality alongside the improvement of other performance
indicators (e.g., strength, permeability, durability, material greenness).

Within the scope of this thesis study, it is aimed to develop new generation
multifunctional cementitious systems with high photocatalytic performance and NOx
reduction capability without endangering fundamental engineering properties by using a
multi-scale design approach. With this thesis work carried out, some of the superior
properties of cement-based systems is integrated with the functions of photocatalyst
materials to combat environmental (air) pollution. In this context, new generation
photocatalytic cement-based systems are developed for the decomposition of polluting
agents that cause air pollution, especially in city centers, and their conversion into the
harmless products. In order for achieving a long-term stable photocatalytic performance,

superior photocatalytic efficiency and NOy reduction capability, TiO2-incorporated



cement-based systems are designed through a holistic approach evaluating many
parameters simultaneously. It is expected that the outputs obtained from this study will
contribute to the improvements in life standards when considering the air pollution has

seriously threatened human life all over the world.

So as to get at the primary of this thesis study, the following particular objectives are
determined.

» Determination of a cost-effective, practical and feasible mixing method allowing
proper dispersion of TiO; particles throughout the cement-based systems.

» Determination of the optimum utilization rate of TiO. particles in terms of
different engineering properties of the cement-based systems (especially for
photocatalytic performance)

» Determination of optimum TiO; particle size distribution of TiO> particles in a
wide range of sizes incorporated into cement-based systems in terms of the
engineering properties of cementitious systems and/or the degree of
photocatalytic reactions in favor of NOx degradation capability.

» Determination of the optimum combination of anatase and rutile TiO> particles
providing the optimum NOx reduction capability for photocatalytic cement-based

systems.

1.3. Thesis Outline
The content of the five main sections of this thesis is summarized below.

In the first section, the main problems that are the subject of the studies carried out within
the scope of the thesis are defined and the aim, scope and objectives of the thesis study

are explained. Generel content of the thesis study is also detailed under this section.

Within the scope of the second section, a detailed literature review on the TiO; as a
photocatalyst and its NOx reduction mechanism, the factors affecting the photocatalytic

performance of the systems, and the use of TiO in cementitious systems is presented.

In the third section, detailed information about the materials used, the preparation of the

specimens, the mixing methods investigated, and the tests performed are given.



The fourth section is the main section in which the results obtained from the experimental
studies are presented. This section is comprised of the determination of (i) best mixing
method achieving the most homogeneous distribution of TiO> particles throughout the
cement-based systems, (ii) the optimum utilization rate of TiO; particles in the cement-
based systems in order to provide efficient photocatalytic degradation process, (iii) the
optimum TiO» particle size distribution to develop microstructure of the cement-based
systems in favor of photocatalytic performance, and (iv) the optimum combination of
anatase and rutile TiO2 particles.

Finally, within the scope of the fifth section, the important conclusions obtained within

the framework of the experimental studies of thesis are summarized.



2. LITERATURE REVIEW

2.1. Introduction

In this section, the properties of the TiO, materials, the photocatalytic reaction mechanism
of the TiO- particles and parameters affecting the photocatalyic reduction effectiveness
of TiO particles/TiOz-incorporated systems are explained. In addition, studies from the
current literature mainly focusing on the photocatalytic systems are summarized
extensively outlining the current understanding, situation, and research directions to equip

cementitious systems with the air purification property.

2.2. TiO2 as a Photocatalyst

Photocatalytic reactions occur as a result of the activation of heterogeneous semi-
conductive photocatalysts through irradiation. Owing to their considerably high activity
in NOyx degradation through photocatalytic reactions, TiO2, ZnO and CdO are often
preferred as photocatalysts (Juan and Xudong, 2003; Chen et al., 2008). Among these
materials, TiO2 is the most commonly used semi-conductive photocatalyst, given its
superior characteristics including its enhanced photocatalytic activity (Hager et al., 2000),
safety, chemical inertness while not being exposed to radiation, cost-efficiency, and
nontoxicity (Zhao and Yang, 2003; Wang et al., 2007; Husken et al., 2009). Under this
title, detailed information in regard to the use of TiO2 as a photocatalytic material are
shared.

2.2.1. Structure of TiO2

There are three crystalline phases of TiO2 in nature, under atmospheric pressure; anatase
(tetragonal), rutile (tetragonal), and brookite (orthorhombic) (Gamboa and Pasquevich,
1992; Mo and Ching, 1995; Ding et al., 1996; Ghosh et al., 2003; Smith et al., 2009)
crystallographic structures of which are shown in Figure 2.1. Rutile is the most stable
thermodynamically and is the most prevalent type (Gouma and Mills, 2001; Lin et al.,
2013; Mayabadi et al., 2014; Fazli et al., 2017;). Anatase can transform into rutile phase
at elevated temperatures and this transformation is not reversible. There are also other
phases of TiO formed under high pressure, which are TiO- Il or srilankite, cubic fluorite,

pyrite-type, monoclinic baddeleyite-type and cotunnite-type phases (Hanaor and Sorrell,
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2011). The generation of brookite phase is more difficult, therefore, its presence is less
common compared to other natural phases of TiO2, which led researchers to focus on
more common phases of metastable anatase and stable rutile. Anatase and rutile phases
have a tetragonal ditetragonal dipyramidal crystal system, where Ti** is bonded with six
O? resulting in the formation of TiOs octahedra chain (oxygen atoms around a titanium
atom), with different lattice parameters of a=0.378nm; b=0.951nm and a=0.459nm;
b=0.296nm, respectively (Cromer and Herrington, 1955; Burdett et al., 1987; Peters and
Vill, 1989; Fisher and Egerton, 2001; Austin and Lim, 2008). They are both inert and
insoluble in water (Fisher and Egerton, 2001). The number of atoms per unit cell (Z) is 4
for anatase and 2 for rutile (Cromer and Herrington, 1955; Burdett et al., 1987; Peters and
Vill, 1989; Mo and Ching, 1995). It can be seen from lattice parameters of these two
forms of TiO2 that rutile has a relatively shorter and wider lattice structure compared to
anatase making it different in terms of physical and chemical properties. The unit cell
volumes (volumes of the lattices) of rutile and anatase phases are approximately 0.0624
and 0.1363 nm? (Burdett et al., 1987; Peters and Vill, 1989; Hanaor and Sorrell, 2011;
Hanson, 2014), while their hardnesses are 5.5-6 and 6-6.5 Mohs, respectively (Hanaor
and Sorrell, 2011; Oi et al., 2016). While rutile can be excited by both visible and UV
light, anatase is only excited by the UV light (Hanson, 2014). Anatase and rutile have
bandgap energies (Eg) of 3.2 eV and 3.0 eV, respectively, which correspond to
wavelengths of 388 nm and 413 nm (Daude et al., 1977; Kavan et al., 1996; Reddy et al.,
2003; Wang and Lewis, 2005; Beltran et al., 2006; Serpone, 2006; Hanaor and Sorrell,
2011).

a) b) c)

Figure 2.1. lllustration of crystallographic structure of (a) anatase, (b) rutile, (c) brookite.



2.2.2. Utilization of TiOz2 for air purification

There are several photocatalyst used for air purification purposes including TiO2, ZnO,
Fe203, WO3, CdS, CdO, and bismuth (Bi) and others. (Zhao and Yang, 2003; Chen et al.,
2008; Ibhadon and Fitzpatrick, 2013). Band energies and beam wavelengths of some of

these semi-conductive materials are presented in Table 2.1.

Table 2.1 Band energies and beam wavelengths of some semi-conductive photocatalysts.

Semi-conductive photocatalysts Wavelength (nm) Band Energy (eV)
Titanium Dioxide (TiO2) — rutile 413 3.0
Titanium Dioxide (TiO.) — anatase 388 3.2
Zinc Oxide (ZnO) 388 3.2
Zinc Sulfide (ZnS) 335 3.6
Cadmium Sulfide (CdS) 516 2.4
Hematite (Fe203) 539 2.3
Tungsten Trioxide (WO3) 443 2.8

Photocatalytic reaction is a photochemical process, where semiconductive photocatalyst
absorbs energy of the incident light, which is stimulated to be used especially in removing
air/water pollution. Photocatalytic activity of semiconductive materials, used as a
catalyst, under light irradiation depends on the amount of energy difference between the
valence band and conduction band. Although the band energy required for the stimulation
of TiO2 (Table 2.1) is somewhat higher than that for the CdS, Fe.O3 and WOg; TiOz is
more preferred than other semiconductors. This is partly because of the fact that the
wavelength required for the activation of TiO- falls in the range of 315-400 nm, which is
the range of UV-A rays emitting from the sun and reaching to the atmosphere and TiO2
is photochemically stable, chemically inert in the absence of irradiation, safe, cost-
efficient, nontoxic and with enhanced photocatalytic activity (Hager et al., 2000; Zhao
and Yang, 2003; Wang et al., 2007; Husken and Brouwers, 2008). Enhanced
photocatalytic activity of TiO2 which brings about effective NOx degradation capability

(Husken and Brouwers, 2008), is largely dependent on the shape, size, phase, type, and



particle properties of TiO. (Znaidi et al., 2001). Given both anatase and rutile phases of
TiOare thermally/chemically stable, have high oxidation capability, permeability against
visible rays and high hydrophilic properties, their use as photocatalytic materials in
numerous applications has been more comment compared to other semiconductive
photocatalysts (Sakai et al., 2004; Banerjee et al., 2006).

2.2.3. Photocatalytic property of TiO2

2.2.3.1. NOx degradation mechanism of TiO2

A photocatalyst is a material capable of improving the quality of atmospheric air, which
degrades or removes air pollutants such NOx by absorbing the energy of light (i.e. UV
irradiation) to stimulate a chemical reaction called photocatalytic degradation. It is
necessary to trigger this photochemical degradation process via UV and/or visible light
irradiation having a photon energy equivalent to or greater than the energy of the band-
gap of the semiconductive photocatalysts. Mechanism of photocatalytic degradation

process of TiO; is explained step-by-step below and schematized in Figure 2.2.

e First, photons emitted from an irradiation source reach the surface of photocatalysts to
start the photochemical degradation process. When the photons' energy (hv) is equal
to or greater than the photocatalysts' electronic band gap value (Eg) (hv>Eg), the
photocatalysts absorb the light energy (visible light or UV rays). A gap in the valence
band of the photocatalyst is formed in this first step of the photocatalytic reaction,
which is aided by a photon from an irradiation source, as a result of electron movement
from the valence band of the photocatalyst to the conduction band. In this way, photo-
generated electron hole (e7/h*) pairs are formed (Zhu and Zhou, 2019) following the

reaction below:

Ti02+ hv > h+ +e
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Figure 2.2. Mechanism of photocatalytic degradation process of TiO2 (Poon and Cheung,
2007; Dyllaetal., 2011; Boonen and Beeldens, 2013; Janus and Zajac, 2016).

e The photogenerated holes (h*) are one of the critical reactive oxidation species
stimulating oxidation of electron donors in photocatalytic degradation process. In the
second step, the holes oxidize the hydroxyl groups to form highly active hydroxyl
radicals (OH*) (Yang et al., 2007; Zhao et al., 2007). Another critical highly reactive
oxidation specie for the photodegradation process is superoxide radical (O?") obtained
from the reduction of oxygen (O.) by using the free electron available in the
conduction band as an electron acceptor (Banerjee et al., 2006; Husken and Brouwers,
2008; Zhu and Zhou, 2019). This oxidation-reduction process which is schematized
in Fig. 2.2 takes place following the reactions given below. It is of significance to
stress that generally, in the absence of O, photocatalytic degradation process stops
almost completely. Since the resulting superoxide ion (O2) obtained from the
reduction of O is highly active, it either directly attacks the pollutant molecules
oxidizing and decomposing them, or causes the formation of hydroxyl radicals.
Therefore, oxygen is very important for the photocatalytic degradation process.

Hole trapping, OH™ + h* — OH"

Electron trapping, O2 + e — O2"
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e Finally, highly reactive hydroxyl radicals oxidize the pollutants such as NOx. The
photocatalytic particles can adsorb airborne pollutants via reactions, the processes of
which are:

Oz + H"— HO,"
NO + HO;" — NO; + OH*
NOz + OH* — HNO3

2.2.3.2. Factors affecting photocatalytic activity

There are numerous factors affecting the photocatalytic activity of TiO. particles
including photocatalyst-related parameters such as specific surface area/particle size,
crystal structure, crystallite size, type of phase, and operational parameters such as
amount of TiO2, concentration of the pollution, type/intensity/wavelength/duration of the
irradiation, temperature/humidity/pH of the ambient, amount/type of substituted
metal/non-metal materials. All these factors play incontrovertible and essential role on
the formation of effective photocatalytic degradation and are mainly influential on the
energy released through the combination/recombination of electrons and holes, photon
(light) absorption rate of TiO., concentration/number of active surface sites and
diffusion/capture rates of pollutant compounds. The influence of some of these factors on
the photocatalytic degradation capability is detailed in the following sections.

2.2.3.2.1. Specific surface area and particle size of TiO2

Photocatalytic activity of TiO2 is in direct relationship with its surface morphology,
specific surface area and particle size, which are influential on the amount of available
active sites for the photocatalytic reactions to take place, light absorption rate, photon
conversion efficiency, photoactivation of electron-hole pairs on its surface, carriage of
the photoinduced charges (electron [e’] and hole [h*]) on its surface, recombination of e-
and h™ and mass transfer of reactants to its surface reaction sites (Serpone et al., 1995;
Lin et al., 2006; Koci et al., 2009, 2012) However, there are several other material-,
production-, target substance- and operation-related parameters having clear effect on the
photocatalytic activity of TiO> apart from the abovementioned parameters TiO> itself.
Therefore, different photocatalytic activity results are generally observed in the available

literature studies. In accordance with Vorontsov et al., (2018), the particle size and
11



specific surface area of TiO, particles are only secondary factors affecting the
photocatalytic activity while the production-related parameters such as calcination
temperature and pH are more influential on photocatalytic activity (Vorontsov et al.,
2018). Several studies reported that the reduction in particle size of TiO; particles up to a
certain level has a positive effect on the photocatalytic activity, although different particle
size levels have been reported to be optimum in these studies. For example, Zhang et al.
(1998) stated that the optimum particle size of TiO> for photocatalytic decomposition
activity for chloroform (CHCIs) (oxidation of CHCI3 in liquid phase) is about 10 nm
(Zhang et al., 1998). Maira et al. (2000) found that optimum particle size of TiO for the
photocatalytic degradation of trichloroethylene (TCE) in gas phase is 7 nm (Maira et al.,
2000). There are also other TiO> particle size and/or size ranges that are reported to be
optimum from different studies for the photocatalytic degradation of different substances.
For example, Almquist and Biswas (2002) stated that the optimum particle size range of
TiO> for the oxidation of phenol is 25-40 nm (Almquist and Biswas, 2002), while Wang
et al. (1997) stated that 11 nm is the optimum particle size for the liquid-phase
decomposition of chloroform (Wang et al., 1997). Studies from the literature therefore
clearly show that there is no unified particle size and/or range of TiO,, as there are many
other parameters being influential on the achievement of effective photocatalytic activity.

Decrement in the particle size of TiO2 causes increment in the specific surface area and
the large specific surface area of smaller particles contributes to the enhanced
photocatalytic activity, most probably due to modifications in the physical and
electrochemical properties of TiO2 resulting in higher photon energy absorption,
stimulation of the radiation-free transfer of the absorbed photon energy, a rise in the
number of places on the surface where pollutant molecules can be absorbed and thereby
higher electron—hole generation and higher rate of surface reaction of e~ and h*
(Yamashita et al., 1996; Kominami et al., 1998; Xu et al., 1999; Jang et al., 2001; Dodd
et al., 2006; Lin et al., 2006; Chou et al., 2007; Kim et al., 2007; Carneiro et al., 2010;
Cheng et al., 2014; Retamoso et al., 2019). Although the increase in particle size improves
the optical properties of TiO2, which is beneficial for its photocatalytic activity, the gain
in the photocatalytic activity due to improved optical properties is compromised because
of decrements in the specific surface area of TiO2 when the particle size increases (Lin et
al., 2006). Moreover, the conduction band energy and the band gap energy of

photocatalysts increase with the decreasing particle size (Brus, 1986; Lippens and
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Lannoo, 1989; Retamoso et al., 2019). Increments in the conduction band energy level
lead to increments in the redox potential stimulating the reduction of oxygen on the
catalyst surface and contribute to the efficient photocatalytic degradation (Wang et al.,
2000; Abreu et al., 2012). This increment in the band gap energy can lead to a decrease
in the photocatalytic activity (Ko¢i et al., 2009, 2012). However, some studies have stated
that the observed increments in the band energy are not possible when the particle size of
TiO2 gets smaller than a certain limit and under such cases, band energy can decrease
(Lin et al., 2006). It is also known that when the particle size of the photocatalyst is
smaller, the charges of e” and h* are closer to each other, and this closeness can increase
the interaction between them (Anpo et al., 1984).Photogenerated electron-hole (e/h")
pairs are also formed sufficiently close to the surface, when the particle size of the
photocatalyst is smaller, leading the pairs to reach the surface more quickly (Zhang et al.,
1998). The closeness in the charges of e” and h* can increase the rate of surface
recombination (Harada and Ueda, 1984; Wang et al., 1997; Zhang et al., 1998; Almquist
and Biswas, 2002; Yeung et al., 2003; Cheng et al., 2014; Yuangpho et al., 2015) and
accumulation of charge carriers (Gao and Zhang, 2001; Yeung et al., 2003; Pellegrino et
al., 2017; Zhu et al., 2017). As the particle size decreases, the density of recombination
centers increases and thus the recombination of photoinduced charges (e and h™) is also
enhanced (Grela and Colussi, 1996; Lin et al., 2006). Below a certain particle size, the
surface recombination process is more dominant than the carriage of photoinduced
charges, which affects the photocatalytic activity negatively. This is most probably the
reason why an optimum particle size is reported in numerous studies for the achievement
of the best photocatalytic activity (Zhang et al., 1998; Dodd et al., 2006) and is in line
with the literature, which states that the surface reactions and recombination of charge
carriers (e~ and h*) should be balanced to guarantee the achievement of highly effective
photocatalytic activity of semiconductors (Zhang et al., 1998; Asilturk et al., 2006;
Kominami and Ohtani, 2010). In addition, decrement in particle size of TiO2 beyond a
certain limit can ease the formation of rapid flocculation and agglomeration, reducing the
availability of active surface areas and interaction of pollutants on the surface of the
photocatalyst, thereby lowering the photocatalytic activity (Maira et al., 2000; Lin et al.,
2006; Yuangpho et al., 2015; Pellegrino et al., 2017).
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2.2.3.2.2. Crystal structure, crystallite size and crystalline phase of TiO2

TiO2 is a widely preferred photocatalytic material and has two polymorphs (phases),
namely, anatase and rutile. Although there are disputed results about the photocatalytic
activity of these two phases in the literature, it is generally reconciled that anatase has a
more effective photocatalytic degradation capability (Brown et al., 1985; Sclafani et al.,
1990; Tanaka et al., 1991; Augustynski, 1993; Fox and Dulay, 1993; Linsebigler et al.,
1995; Safarzadeh-Amiri et al., 1996; Jung and Park, 1999; Blimes et al., 2000; Hassan
etal., 2010 a,b; Arunmetha et al., 2013; Etacheri et al., 2015; Wang et al., 2015; Garcia-
Seguraand Brillas, 2017; llie etal., 2017). Despite this general agreement in the literature,
it has also been reported by several other researchers that rutile has a better photocatalytic
activity than anatase (Mills et al., 2003; Watson et al., 2003; Jia et al., 2018;
Vijayarangamuthu et al., 2018). Furthermore, a number of studies have reported that the
combined use of anatase and rutile phases leads to a better photoelectrochemical activity
and degradation of pollutant compounds than the single use of anatase phase (Bacsa and
Kiwi, 1998; Muggli and Ding, 2001; Ohno et al., 2001; Poon and Cheung, 2007; Kim
and Ehrman, 2009).

The differences between the photocatalytic activities of anatase and rutile phases of TiO:
are directly related to their crystal structure, which affects the kinetic behavior of the
charge carriers, including their optical and transport properties. It was reported that the
band gaps of rutile and anatase TiO> are 3.00 and 3.20 eV, respectively, indicating that
the conduction band of anatase phase is 0.2 eV more than that of rutile phase. Thanks to
the excess electrons in the conduction band of anatase resulting in lower oxygen
absorption capacity and higher degree of hydroxylation (Maruska and Ghosh, 1978;
Tanaka et al., 1991; Gerischer and Heller, 1992), the reduction of reactants is more
stimulated in the anatase phase than the rutile phase (McLendon, 1983; Banerjee et al.,
2006; Reza et al., 2017). Anatase also exhibits longer lifetimes of photogenerated excess
charge carriers because of its lower recombination rate and higher specific surface area
owing to the presence of differently oriented facets on its surface, resulting in better
photocatalytic degradation capability than rutile (Schindler and Kunst, 1990; Xu et al.,
2011; Schneider et al., 2014). Another possible reason for the better photocatalytic
activity of anatase is related to the wider optical absorption gap and smaller electron

effective mass of anatase, which provide higher mobility of photogenerated e~ and h*
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compared to rutile (Mo and Ching, 1995; Banerjee et al., 2006). Although it has been
reported in many studies that anatase has a more effective photocatalytic activity in
general, it should be kept in mind that there are many other factors other than phase type
largely affecting the photocatalytic activity such as crystal size, surface area, defects,

porosity, and pore size distribution of photocatalyst and others.

2.2.3.2.3. Amount of TiO>

In photocatalytic degradation, the amount of TiO> is one of the key factors for the
photocatalytic activity of the process. The utilization of TiO2 at optimum levels is
necessary in order to ensure complete/efficient absorption of the photons on the surface
of TiO; particles and lower the excess use of TiO> in favor of achieving cost-efficiency.
The optimum amount of TiO2 to be used for the achievement of a more effective
photocatalytic activity varies in accordance with the material-, production-, target
substance—, and operation-related factors such as the process of synthesis, particle size/
specific surface area of the photocatalyst, concentration, and structure of degraded
substances together with the concentration of the pollution (Krysa et al., 2004).

Many studies in literature have reported that an increment in the amount of photocatalyst
leads to a rise in the rate/amount of photocatalytic activity (Hung and Yuan, 2000; Saquib
and Muneer, 2003; Qamar et al., 2005; Saggioro et al., 2011; Kumar and Pandey, 20173,
2017b, 2017c). On the other hand, some other studies claimed that the increase in the
photocatalytic activity is valid up to a certain TiO2 amount, after which, there was either
decrement or no change in the photocatalytic activity (Wei and Wan, 1991; Neppolian et
al., 2002; Zhang et al., 2002; Daneshvar et al., 2003; Chen and Liu, 2007; Coleman et al.,
2007; Sohrabi and Ghavami, 2008; Huang and Wen, 2019). As the amount of
photocatalyst increases above the optimum level, although some of the photocatalyst
particles can be activated as a result of the stimulation through the irradiation reaching
their surface, there is a likelihood that some particles cannot be activated due to
inadequate interaction with the irradiation, resulting in lower overall photocatalytic
activity (Chun et al., 2000). Moreover, TiO. particles are prone to agglomeration and
sedimentation, which limits the interaction of the particles with photons and thereby the
formation of further photocatalytic reactions especially in the presence of high dosages
of TiO2 (So et al., 2002; Garcia and Takashima, 2003; Kaneco et al., 2004; Li et al., 2010;
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Pellegrino et al., 2017). It was also reported that in the presence of high concentrations of
photocatalyst, photoinduced and nonphotoinduced particles can collide with each other
before they allow photocatalytic reactions to occur, resulting in the inactivation of
induced particles (Neppolian et al., 2002; Asilturk et al., 2006). All these findings from
the literature therefore clearly show that there is an optimum amount of TiO for the
achievement of effective photocatalytic activity, and this situation is also closely related

to other influential parameters.

2.2.3.2.4. Pollutant concentration

TiO2's photocatalytic activity is influenced by the pollutant type and concentration as
well. It was stated that the increment in the pollutant (substrate) concentration up to a
specific level increments the pollutant degradation rate of the photocatalyst although there
are studies found that increment in pollutant concentration causes continuous increments
(Mazierski et al., 2017) or decrements (Behnajady et al., 2011; Martinez et al., 2011;
Tayeb and Hussein, 2015; Thennarasu and Sivasamy, 2016; Lucas, 2017) in degradation
rate. However, once the pollutant concentration rises over a specific threshold, the
photocatalytic degradation rate decreases (Kiriakidou et al., 1999; Augugliaro et al.,
2002; Sakthivel et al., 2003; Saquib and Muneer, 2003; Sivalingam et al., 2003; Kabra et
al., 2004; Sohrabi et al., 2009). One of the possible reasons for the reported decrement in
photocatalytic activity is that higher pollutant concentrations prevent the irradiation-
based induction of the active surface areas on the photocatalysts’ surface, hindering
further generation of OH* and O? radicals required for the photocatalytic degradation
process (Kiriakidou et al., 1999; Augugliaro et al., 2002; Saquib and Muneer, 2003;
Chong et al., 2010; Tayeb and Hussein, 2015; Kumar and Pandey, 2017a, 2017b;
Mazierski et al., 2017). One of another possible reason reported for the decrement in
photocatalytic degradation rate with increased pollutant concentration is unavailability of
sufficient active sites and thereby intermediate products to meet available pollutant
substrates for an efficient degradation process (Lucas, 2017). Another possible reason is
that when there are a lot of pollutants in the air, a lot of the irradiation that causes
photocatalytic degradation reactions is absorbed by the pollutants rather than TiO>
molecules. This means that the formation of OH* and O2- radicals that help to get
pollutant molecules off the photocatalyst surface is blocked, which slows down the rate
of photocatalytic reactions (Jun et al., 2006; Tayeb and Hussein, 2015).
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2.2.3.2.5. Temperature

Reaction temperature has significant role in the kinetic behavior of charge carriers, which
are influential on photocatalytic degradation of the pollutants. For a more effective
photocatalytic degradation process, the balance between the adsorption and desorption
processes needs to be ensured. Considering the effect of temperature on these processes,
there is an optimum temperature range and/or value for the photocatalytic degradation
process, as reported by the literature (Pichat and Hermann, 1989; Ollis et al., 1992;
Hermann, 1999; Kim and Hong, 2002; Gogate and Pandit, 2004; Soares et al., 2007,
Kumar and Pandey, 2017a). In general, when the temperature rises, the rate of electron-
hole pair recombination on the photocatalyst surface increases (Moser et al., 1987; Zeltner
and MA, 1993; Kumar and Pandey, 2017a, 2017b). Due to the competitive nature of the
processes involving the combination and recombination of charge carriers, excessively
high temperatures limit photocatalytic activity by preventing the creation of redox
reactions on the photocatalyst surface.

Lowering the temperature promotes the adsorption of reactants (e.g., NO, NO3, dye) and
final reaction product. Moreover, increase in the temperature increments the desorption
of the final reaction product of the redox reactions from the surface of the photocatalyst
inhibiting the reactions, thereby reducing the number of radicals formed on the
photocatalyst surface. Therefore, the desorption of the final reaction products determines
the level of reaction in the case of low reaction temperatures while adsorption of reactants
determines the level of reaction in the case of high reaction temperatures (Fu et al., 1996;
Peral et al., 1997; Hashimoto et al., 2005; Soares et al., 2007; Hussein, 2016).

2.2.3.2.6. Irradiation

The light absorption intensity of a photocatalyst is significantly effective on its
photocatalytic performance and the photocatalytic activity of a photocatalyst improves
with the increased light absorption intensity (Zhang et al., 2020). One of the main
requirements for the initiation of the photocatalytic activity is to have the energy of
photons reached to the surface of photocatalyst to be equivalent to or greater than its
electronic band gap. Therefore in addition to the light absorption performance of the
photocatalysts, irradiation-related factors affect photon absorption rate of a photocatalyst

and thereby the photocatalytic reaction process. For one of these factors, namely, the
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intensity of light irradiation, it was reported that the reaction rates of photocatalyst
increases with the increased light intensity, which results in higher amount of light
absorption and further electron—hole formation (Aguado et al., 1994; Bahnemann, 1999;
Hung and Yuan, 2000; Curco et al., 2002; Xiao et al., 2007). However, despite the
availability of increased number of photons with the increased light intensity resulting in
further potential for photon activation, owing to limited number of activation areas, the
increase in the reaction rates becomes limited and after a certain level; therefore the
increments in the light intensity become ineffective on the photocatalytic degradation rate
(Ollis and Al-Ekabi, 1993; Xiao et al., 2007; Reza et al., 2017). In addition, exposure to
higher light intensity can lead to increments in the rate of recombination of electron—hole
pairs (Aguado et al., 1994).

2.2.3.2.7. Humidity

Water molecules have a very significant role to play in the photocatalytic degradation
process of pollutants, namely, transforming the pollutant molecules into harmless
products (Zhang et al., 2020). The presence of water molecules in the photocatalytic
reaction medium is a necessity for the photocatalytic degradation. Briefly, upon
irradiation of the photocatalyst with light, the interaction of the photocatalyst with water
molecules is a critical step for the photocatalytic oxidation to take place, which leads to
the formation of reactive radical species (mainly hydroxyl and/or superoxide radicals)
(Kim et al., 2002). Moreover, the water molecules also increase the rate of recombination
of photoinduced charges (e~ and h*) (Fox and Dulay, 1993; Mark et al., 1993). There is
also a tough competition between the water molecules and pollutant molecules for
adsorption on the catalyst surface sites decreasing the generation of the number of radicals
(Luo and Ollis, 1996; D’Hennezel et al., 1998; Wang et al., 1998; Kim and Hong, 2002;
Assadi et al., 2012; Héquet et al., 2018; Zhang et al., 2020). The concentration of water
molecules also affects the generation of carbon deposits on the surface of photocatalyst,
which decrease the activity of photocatalyst (Einaga et al., 1999, 2002). At higher
humidity levels, formation of a film on the surface of the photocatalyst is also possible,
which decreases the adsorption of pollutant molecules and thereby blocks the
photodegradation reactions (Zhang, et al., 2007; Rismanchian et al., 2014; Zhang, et al.,
2020). It can be stated in this regard that humidity can impact the photodegradation rate
of a pollutant both positively and negatively, depending on its level,
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hydrophilic/hydrophobic characteristics of the pollutant compounds, and other factors as
concluded by several studies available in the literature (Einaga et al., 1999, 2002; Kim et
al., 2002; Ao et al., 2003; Maggos et al., 2007; Zhang et al., 2007; Hay et al., 2015; Zhang
et al., 2020). Therefore in order to ensure an ideal and stable photocatalytic degradation

process, the humidity level of the reaction environment needs to be balanced.

2.3. Utilization of TiO2 in Cementitious Systems for Air Purification Purposes

Researchers with innovative opinions who consider themselves responsible for
contributing to sustainability have achieved remarkable progress in developing new
generation advanced construction materials in recent years. Environment-friendly multi-
functional construction materials with air purification capability act as valuable options
in contributing to the sustainability perspectives, and there are increasing efforts in the
route of solving/combating the problems related to low air quality, which affects our lives
as a whole. The incorporation of different types of photocatalysts into the cement-based
mixtures, with the aim of equipping the resultant construction material with NOx
degradation capability, is one of the initiatives to tackle air pollution. Large surface areas
of structural/nonstructural members manufactured by the use of cement-based mixtures
make them unique and ideal options that can be used for the stimulation of photocatalytic

reactions.

One of the most important challenges to achieve effective photocatalytic activity from
TiO2-based cementitious composites is to allow the irradiation to reach all surfaces
together with the in-depth regions of cement-based specimens/elements. Therefore, for
an effective photocatalytic activity in the case of cementitious systems, optimized design,
development, and production processes are required by taking into account all related
factors. There are numerous studies available in the current literature focusing on the
usage of TiO- particles within cementitious systems to develop sustainable photocatalytic
construction materials with NOy degradation capability. In the following sections, these
studies are reviewed, especially from the perspectives of material-, production-, and

operation-related parameters.
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2.3.1. Relationship between the quality of distribution of TiO2 particles in the
cement-based systems and NOx degradation capability

Agglomeration of nanomaterials including nano-TiO is a general problem, which arises
because of high surface area/energy of the nanomaterials triggering very strong attractive
forces and intense surface interactions among nanosized particles (Kawashima et al.,
2014). Cement-based systems are also very alkaline and have a lot of calcium, which
makes it easier for nano-TiO> particles to stick together. Agglomeration leads to the
formation of nonhomogeneous microstructure, thereby reducing the UV light reachable
photocatalyst surface area in the photocatalyst-incorporated matrix, lowering the number
of active sites and leading to the occurrence of weak zones in the matrix. Therefore, one
of the most important requirements to obtain the optimum photocatalytic performance
and make sure reliable reproducibility of TiO.-based photocatalytic systems identically
is the achievement of homogeneous dispersion of nano-TiO. particles along the
cementitious matrix (Figure 2.3).
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Figure 2.3. Nano-TiO2-incorporated cementitious systems with (a) nonhomogeneous and

(b) homogeneous dispersion of nano-TiO particles.

Other characteristic properties of TiO.-incorporated photocatalytic cementitious systems
such as microstructure, mechanical properties, etc., are also affected by the homogeneous
distribution of TiO». As in the case of other nanomaterials, selection of proper treatment
method to ensure homogeneous dispersion of nano-TiO> particles along the cement-based
systems requires specific attention, especially in order not to risk the chemical state of the
cement-based systems and hydration process. Several studies available in the literature
approve the significance of surface charge on the distribution of nano-TiOz in
cementitious systems and show that pH of the environment can markedly change the

magnitude of the surface charge and hence affect the degree of distribution of
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photocatalyst (Folli et al., 2010; Cardenas et al., 2012; MacPhee and Folli, 2016). The
attraction or repulsion of nano-TiO- particles determines the stability and distribution
quality/state of the system depending on their electrical charge (Oliveira, 2000; Folli et
al., 2010). Therefore, an environment with specific/proper pH is usually required to obtain
negatively or positively charged surface properties, which leads to the effective dispersion
of nano-TiO; particles. When the pH of the environment increases, a negatively charged
surface is obtained, on the contrary, when the pH decreases, a positively charged surface
is obtained. Thus, via surface charging, particles repellent to each other are obtained so
as to avoid agglomeration; and the larger the magnitude of charge, the stronger the
repulsion and nonagglomeration property of nano-TiO. particles is (Figure. 2.4)
(MacPhee and Folli, 2016).

Agglomeration Surface Modification TiO, Dispersion

> )

Figure 2.4 Nano-TiO distribution through surface modification (surface charging)
(Source: Redrawn after Li et al., 2018).

Zeta potential is an indicator of the surface charge status of the particles and measurement
of the magnitude of zeta potential of a system gives valuable information about the
stability and surface properties. At pH levels, where the zeta potential is or close to zero,
an environment in which the particles can agglomerate, resulting in instability and
insufficient distribution can be obtained (Suttiponparnit et al., 2011). Positive and/or
negative threshold values for the zeta potential, that can eliminate the agglomeration of
particles, have been reported in the available literature such as [25-30] mV (Mandzy et
al., 2005), <—30 mV (Cardenas et al., 2012), £30 mV (Jiang et al., 2008; Cardenas et
al., 2012; Pérez-Nicolas et al., 2017), although these values have the potential to be
seriously affected by different conditions. It is therefore essential to obtain an
environment with an appropriate distribution-oriented pH value (i.e., zeta potential
value), considering the characteristics of the developed systems, especially alkaline

medium of cementitious paste together with the presence of complex ions in this
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environment. Accordingly, various studies have been carried out to research the
distribution of nano-TiO: particles throughout the cementitious systems and its effects on
the properties of such systems specifically considering the photocatalytic activity
(Yousefi et al., 2013; MacPhee and Folli, 2016; Dantas et al., 2019; Sahin et al., 2021;).
Different procedures have been utilized in the literature in order to uniformly distribute
nano-TiO, particles throughout the cementitious systems with the aim of acquiring
photocatalytic capability through manipulating the status of surface charge of the
particles. Such procedures include optimization by curing process (Strini et al., 2016),
proper selection of the constituents (Strini et al., 2016; Giosug¢ et al., 2018), mixing of the
mixture ingredients with high-shear energy (Dantas et al., 2019) or handheld electric
mixer (Jin et al., 2019), incorporation of TiO> particles as suspension instead of powder
form (Hunger et al., 2008), particle surface modification/treatment through chemical and
physical processes including the implementation of different mixing procedures via
sonication (Yousefi et al., 2013; Karapati et al., 2014; Rhee et al., 2018; Xu et al., 2020
a, 2020b; Sahin et al., 2021;), utilizing different surfactant materials such as modified
polycarboxylate polymer (Cardenas et al., 2012; Pérez-Nicolas et al., 2018), polyacrylic
acid— and polycarboxylic ether-based superplasticizer (Sahin et al.,, 2021),
incorporating saturated Ca(OH). solution (Yousefi et al., 2013), doping different
metal/nonmetal materials such as P-OH surface modification (Folli et al., 2010), Fe
doping (Pérez-Nicolas et al., 2017), etc. In more details about some of these studies which
are directly focused on ensuring of effective dispersion of TiO> powder in cementitious
systems, Dantas et al. (2019) evaluated the TiO> dispersion capability of two different
dispersion procedures based on two different mixing equipment including ‘“‘standard
energy mix” (standard shear energy) and “high energy dispersion” (high shear energy)
and observed that mixing with “high energy dispersion” is more efficient more
deagglomeration providing better dispersion quality than that with “standard energy
mix.” Sahin et al. (2021) investigated five different mixing procedures created with
combination of different surfactant material content (single or binary utilization of
polyacrylic acid— and polycarboxylic ether—based superplasticizer) and different type of
mixing equipment (conventional cement mixer, high-speed kitchen-type hand blender,
ultrasonic mixer and mixer combinations) to evaluate their TiO> dispersion capability in
cement pastes. According to their results, the mixing procedure based on ultrasonication
operation and dual usage of surfactant (mentioned above) provides more homogeneous

cementitious system with higher photocatalytic activity compared to those prepared with
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other mixing methods. They claimed that increasing the fluidity of cementitious systems
may increase the uniform dispersion of components in the system. Yousefi et al. (2013)
also made some efforts to obtain a method for efficient dispersion of nano-TiO, powder
in cement media. They prepared nano-TiO> dispersions by using two different dispersants
(deionized water and saturated Ca(OH)2 solution) and two different mixing methods
(mechanical stirring or ultrasonication) and obtained better nano-TiO. dispersion
capability from the suspension prepared with saturated Ca(OH). solution and
ultrasonication. Pérez-Nicolas et al. (2018) experimented with different superplasticizer
molecules to evaluate their compatibility with cement-based systems in terms of
dispersion of nanosized photocatalytic particles. According to their findings, using
polycarboxylate-based superplasticizers effectively prevented the agglomeration of TiO>
particles, whereas using a naphthalene sulfonate formaldehyde polycondensate resulted

in the production of significant agglomerations of nanosize TiO> particles.

2.3.2.Relationship between the particle size of TiO2 in the cement-based systems and
NOx degradation capability

Considering that the particle size of TiO- is a significantly influential factor on the activity
of photocatalytic systems, studies addressing the relationship between the particle size of
TiO2 incorporated into the cement-based systems and photocatalytic activity of such
systems have been carried out. Seo and Yun (2017) used two different-size (35 and 100
nm) TiOz particles and obtained higher NO absorption/removal rate from mortar mixtures
produced with smaller TiO> particles (35 nm) compared to those with larger TiO> particles
(100 nm) (Seo and Yun, 2017). Their results were found attributable to two factors: (1)
smaller-size particles mean the presence of larger number of particles and thus large
surface area and high porosity beneficial for NO absorption capability, and (2) smaller-
size particles provide higher amount of active surface areas. Similarly, Hunger et al.
(2008), Husken et al. (2008); Chen and Poon (2009a), Folli et al. (2010) and Meng et al.
(2020) found results indicating that TiO particles with higher surface area exhibits better
photocatalytic degradation capability compared to TiO. with lower surface area (Hunger
et al., 2008; Husken and Brouwers, 2008; Chen and Poon, 2009; Folli et al., 2010; Meng
et al., 2020). Considering the results obtained from abovementioned studies, other factors
affecting the photocatalytic degradation capability of the specimens were reported such
as 3D structure of the TiO2, porosity, kinetic of the reactions in cement-based system,
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dispersion of the TiO. particles etc. Contrary to results from above-mentioned studies,
Poon and Cheung (2007) obtained better results with the use of TiO> particles having
larger particle size, although they have made their comparison by taking three different
types of commercially available TiO> powders and stated that their findings require
further research in order to take other factors influential on the photocatalytic activity
(Poon and Cheung, 2007). It was also reported in the works of Husken et al. (2008), Folli
et al. (2010) and Pérez-Nicolas et al. (2017) that although smaller-size TiO; particles are
better, they tend to exhibit more agglomeration, which may lead to the realization of

certain decrements in the photocatalytic degradation capability.

2.3.3. Relationship between the amount of TiO2 in the cement-based systems and
NOx degradation capability

The amount of irradiation-reachable photocatalyst material is an important parameter to
be considered in order to obtain an optimum cementitious product that is affordable and
characterized with the enhanced photocatalytic degradation capability. Many studies have
addressed this issue, yet there is no consensus on the best/optimum utilization rate of TiO>
in cement-based systems. Considering that the photocatalytic reactions can occur on the
surfaces accessible to irradiation and pollutant NOy gas, establishing a direct relationship
between the amount of TiO> substituted and photocatalytic activity is a complex process.
Considering that there are many material-, production-, target substance- and operation-
related parameters that can affect the performance of cement-based photocatalytic
systems, it can be anticipated that the optimum usage rate to obtain the maximum
performance may vary based on the application. Furthermore, the presence of large
amounts of nanomaterials can increase the tendency of agglomeration and make their
distribution difficult, which can lead to a decrease in photocatalytic degradation activity
(Senff etal., 2013; Xu et al., 2020a, 2020b).As also reported by, Chen and Poon (2009a),
a marked increase in the utilization rate of TiO> cannot exhibit a proportional increase in
photocatalytic degradation capability. Therefore it can be stated that there is a certain
threshold for TiO> utilization rate/range to ensure efficient photocatalytic degradation
capability (Yousefi et al., 2013; Karapati et al., 2014; Rhee et al., 2018; Xu et al. 202043,
2020b; Sahin et al., 2021). Lucas et al. (2013) found different TiO> incorporation rates
(0.5,1.0, 2.5, 5.0 wt.% of cement) as optimum for NOx degradation, which are changeable
according to the utilization of different ingredients and compositions. They have found a
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decreasing trend in the NOy degradation capability of cementitious mortars with the
increased utilization rate of NOy and attributed this general outcome to the electron—hole
pair deactivation in the case of excess amounts of photocatalyst. It was also stated in this
work that the utilization rate of TiO2 and the composition of the mixtures can affect the
microstructural properties of the specimens and the photocatalytic degradation capability.
Xu et al. (2020a, 2020b) observed that utilizing 5% TiO2, by the weight of cement, is
optimum for the best photocatalytic capability and the reaction rate of NOyx degradation
decreased as the TiO> content was increased from 5% to 10%. Similarly, according to
Seo and Yun (2017), TiO2 utilization rate of 5%, by the weight of cement is optimum for
the photocatalytic activity and there is no important increment in the NO removal rate
with the increase in the TiO> utilization rate from 5% to 10%. Senff et al. (2013) also
pointed out the optimum TiO: utilization rate to be 5%, by the weight of cement,
considering the NO reduction levels of mixtures having TiO2 with utilization rates
ranging from 5% to 20%. Rhee et al. (2018) obtained the best photocatalytic activity from
cement paste specimen prepared by using utilization rate of 10wt.% of cement among
cement paste specimens prepared with utilization rates of 0, 5, 10, 20wt.% of cement and
attributed this result to the increase in electron—hole recombination due to relatively large
amounts of TiO2 beyond this rate (10%) (Rhee et al., 2018). However, for mortar
mixtures, the continuous increase was observed in photocatalytic degradation with
increasing TiO; utilization rate in mortar specimens prepared at the same utilization rates
with cement paste specimens (0, 5, 10, 20 wt.% of cement), most probably due to
relatively less TiO2 by volume compared to paste specimens because of presence of sand
providing balance in the redox reactions (preventing excess electron-hole recombination).
In some other studies, different utilization ranges of TiO2 were also given such as 0%—
10% (Pérez-Nicolas et al., 2015), 3%-10% (Hunger et al., 2008; De Melo et al., 2012),
0%—-5% (Hassan et al., 2010 a, 2010b; Cardenas et al., 2012; Guo and Poon, 2018; Janus
etal., 2019) 0%—-3% (Janus et al., 2020), 5%-10% (Chen and Poon, 2009a, 2009b; Chen
etal., 2011), by the weight of cement; replacing 5%—-10% weight of cement (Hernandez-
Rodriguez et al., 2019); 0.5%—2.5%, by the weight of binder (Pérez-Nicolas et al., 2017);
0%-5%, by the weight of cementitious materials (Guo et al., 2012); 0.1%-2% (Matéjka
et al., 2012), 0%-10% (Poon and Cheung, 2007), by the weight of the mixture without
water and 2%—4%, by the volume of binder (Giosu¢ et al., 2018). It has been reported in
these studies that increasing the utilization rate of TiO2 within the given range increases

photocatalytic degradation capability continuously.
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2.3.4. Relationship between the type of TiO2 in the cement-based systems and NOx
degradation capability

The effect of different types (phases) of TiO incorporated into the photocatalytic cement-
based systems is another point that drove the researchers’ attention with the aim of
ensuring optimum photocatalytic performance in terms of cost, producibility, and NOx
degradation activity. Numerous papers dealing with the effect of different types of TiO-
on the photocatalytic performance of cement-based systems indicated that cement-based
systems containing the combination of anatase and rutile phases of TiO; in the form of a
commercial product named “Degussa P25 outperform those containing the different
forms of TiO> singly in terms of photocatalytic performance (Poon and Cheung, 2007;
Chen and Poon, 2009b; Rhee et al., 2018), although there are other works which state the
opposite most probably due to production- and operation-related parameters effecting
overall performance (Park et al., 2020). Hernandez-Rodriguez et al. (2019) compared two
different commercial TiO2 products including “Kronos” [100% Anatase (7 nm)] and
“Degussa P25” [82% Anatase (23 nm) +18% Rutile (44 nm)] at different utilization rates
and generally obtained better photocatalytic degradation performance from Kronos-
containing mortars with some exceptions due to operational and content-related factors
(Hernandez-Rodriguez et al., 2019). On the other hand, although it is accepted that
anatase is more effective in degrading not only NOx gas but also other pollutants (Yu and
Brouwers, 2009; De Melo et al., 2012) an opposite behavior was observed in the work of
Poon and Cheung (2007), who tested cement-based mortar mixtures with different types
of TiO, for NOx degradation capability and found better results for mixtures with rutile
than mixtures with anatase. Cardenas et al. (2013) produced cement paste mixtures
containing the combination of anatase and rutile particles with different utilization rates
(anatase:rutile-“0:0,” “100:0,” “85:15,” “50:50) and achieved better NOx degradation
performance from mixtures containing anatase-rutile combination of 85:15 at early age
of 65 hours. This result was found attributable to the reduction in the charge
recombination due to the difference in Fermi levels (the highest energy level of an
electron at absolute zero temperature) of anatase and rutile, and ease of transfer of
holes/electrons due to closer contact of the anatase and rutile particles. It was also noted
that as the anatase-rutile combination was changed to be 50:50, early age NOx degradation
performance similar to the case of anatase-rutile combination of 85:15 could not be

obtained because of decrements in the surface active sites as a consequence of the
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increments in the number of larger-size particles. On the other hand, at 28 days, mixtures
containing only anatase (100:0) showed better photocatalytic degradation performance,
possibly because of the fact that the microstructure got densified thanks to ongoing
hydration reactions further blocking the mixtures containing the combination of anatase-

rutile in terms of photocatalytic activity compared to those containing anatase solely.

2.3.5. Relationship between the combined presence of metal/non-metals and TiOz in
the cement-based systems and NOx degradation capability

Doping TiO2-based cementitious systems with metallic/nonmetallic materials is a way to
increase the photocatalytic degradation capability. Lucas et al. (2013) developed mortar
mixtures containing Fe-doped nano-TiO2, which outperformed the mortar mixture
containing nonFe-doped nano-TiOz in terms of NOx degradation. This result was
associated to the narrowing of the band gap (Figure 2.5) and inhibition of the electron—

hole recombination as a result of Fe doping (Moser et al., 1987; Yamashita et al., 1996).

Similarly, Hunger et al. (2008) obtained better degradation results from concretes
containing carbon-doped TiO- than those containing noncarbon-doped TiO> (Hunger et
al., 2008). They stated that this finding was obtained as concrete products containing
carbon-doped TiO> use UV-A radiation more efficiently. MacPhee and Folli (2016) stated
that although doping of TiO>s (such as with tungsten and niobium) can affect the photonic
efficiency negatively, doped TiO2s have better visible light response and nitrate
selectivity providing removal of NO and highly toxic NO2 from the atmosphere, thanks
to high nitrate conversion rates, which is very im- portant to improve the air quality in
urban areas (MacPhee & Folli, 2016). Although the effect of different parameters was
noted, results similar to the work of MacPhee and Folli (2016) were also observed in the
work of Pérez-Nicolas et al. (2017), where visible light-sensitive photocatalytic
performance was obtained from cement mortars through the incorporation of iron- and
vanadium-doped TiO,. Pérez-Nicolas et al. (2015) obtained the worst photocatalytic
degradation results from mortars containing iron-rich calcium aluminate cement
compared to those containing iron-lean cement. The reason for this finding was stated to
be the generation of iron titanates (with lower band gaps and photocatalytic activity)
because of the interaction between the TiO, and ferrite phase available in the iron-rich

calcium aluminate cement.
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Figure 2.5. The influential mechanism of metal ion doping TiO2/Bad gap (Eg) narrowing.
(Source: Redrawn after Li et al., 2020.)

Laplaza et al. (2017) observed that incorporation of iron oxide—based pigments into
cement-based systems containing TiO> can enhance the visible light performance of TiO-
and is influential on the separation/occurrence of photoinduced electron—hole pairs,
recombination of the photogenerated electron—hole pairs, and formation of OH*radicals,
which can sabotage or enhance the photocatalytic activity (Laplaza et al., 2017). They
also stated that Fe/Ti ratio and the band edge position of pigment—-cement heterostructure
are important parameters affecting the electron transfer between the conduction band of
the pigment and the photocatalytic colored cement mortar, which are determining factors

on the above-mentioned behavior.

The effect of the presence of transition metals or mixed oxides on the photocatalytic
activity is a complex issue, as there are many factors influencing the phenomenon and
there is possible variability potential depending on the nature/properties/proportion of the
material used, the method selected and so on. Hernandez-Rodriguez et al. (2019) obtained
better photocatalytic degradation results from mortar mixtures manufactured with gray
cement compared to white cement, and they attributed this result to the higher Fe>O3
content of gray cement, which is regarded as photocat- alytic activity enhancer up to a
certain level. They also obtained better NOx removal rates from mixtures containing sand

compared to mixtures without sand most probably because of higher aggregation
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behavior of the nano-TiO particles and possibility of chemical interaction between the
TiO2 and smaller-size cement particles. However, Chen and Poon (2009a) arrived at a
contrasting result and stated that the utilization of white cement is better for the increased
photocatalytic degradation capability due to light absorption characteristics of white
cement. The presence of transition metals (manganese and iron) in gray cement, which
results in absorption or blocking a portion of incident photons usable for the
photocatalytic reactions and electron—hole recombination was also stated to be
responsible for the lower degradation capability of gray cement. Similarly, in the work of
Guo and Poon (2018), NOx degradation activity of white cement paste was found to be
better compared to that of gray ordinary Portland cement paste. They attributed this result
to the presence of higher quantities of Fe2Oz in the ordinary Portland cement, which led
to higher light absorption ability and stronger charge transfer resistance in ordinary
Portland cement resulting in higher rate of electron—hole pair recombination compared to
that of electron—hole pair generation. They also incorporated different dosages of Fe2O3
(2, 5, and 10 wt.% of white cement) into the pastes as a replacement of white cement and
observed that increase in the Fe2O3 dosage caused decrease in the NOx removal rate. Park
et al. (2020) also obtained better NO removal capacity from mortars with white cement
compared to those with gray cement due to higher light absorption ability of the gray

cement leading to fewer electron—hole pairs (Park et al., 2020).

2.3.6. Relationship between the mixture composition of cement-based systems and

NOx degradation capability

Although the properties of TiO2 used as photocatalyst in cement-based systems have
noticeable effects on the NOy degradation capability, the mixture composition of such
systems undeniably affects the activity as well, especially considering the content-
specific microstructural changes. Pérez-Nicolas et al. (2017) manufactured mortars with
different types of binders, namely, Portland cement, high-alumina cement, low-alumina
cement, and dry slaked lime and obtained relatively higher photocatalytic degradation
activity from mortars prepared by using high-alumina cement and lime separately, which
contained higher amounts of pores with diameters above 0.05 pm allowing easier reach
of NO molecules into more in-depth parts of the mortars in favor of further contact
between the surface of photocatalytic materials and pollutants. In addition, they attributed

the relatively higher photocatalytic activity of calcium aluminate cement—containing
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mixtures to the sensitivity of calcium aluminates to illumination and concluded that the
availability of important amounts of calcium carbonate in these mortars (both high-
alumina cement and lime-based mortars) is also influential on the better photocatalytic
degradation capability of these mortars. Pérez-Nicolas et al. (2015) stated that the
presence of calcium aluminates in the cement-based systems is beneficial for NOx
abatement rate. Lucas et al. (2013) prepared several mortars by using different types of
binders (e.g., lime, cement and gypsum) and established links between the microstructure
and photocatalytic performance of these mortars. They emphasized that high porosity
promotes the photocatalytic activity by facilitating gas diffusion in an effort to assist the
contact between the photocatalyst and NOx gas at the irradiated surface, and the diameter
of pores should not be less than 1 um (nanopores) to restrict the gas diffusion, as also
reported by Giosue et al. (2018). Moreover, Lucas et al. (2013) also concluded that
exceedance of the optimum TiO2 content, the presence of excessive porosity and
overabundant light exposure of TiO2 on the surface may trigger higher electron—hole
recombination and thus decrease the photocatalytic degradation capability. Similarly,
Sugrafiez et al. (2013) stated that the formation of higher amount of hydration products
provides a denser microstructure through the filling of the pores, while lower amount of
hydration products and the amount of adsorbed water filling the space between the cement
grains provide a more porous structure, which is beneficial for higher photocatalytic
activity (Sugrafiez et al., 2013). They also concluded that photocatalytic activity is
enhanced as the total porosity increases because of higher possibility of having larger
number of active sites accessible to the molecules needed for the photocatalytic reactions
and increasing in the generation/amount of hydroxyl radicals to react with NOy, and they
proposed that poor packaging of aggregate particles (through modification of particle size
distribution) is a method that can be used to create a macroporosity structure. In order to
achieve improved photocatalytic activity through altering the porosity of cementitious
materials, Chen and Poon (2009a, 2009b) and Poon and Cheung (2007) recommended
changing the particle-size distribution of aggregates or decreasing the cement content of
the mixtures. Xu et al. (2020a, 2020b) obtained a more porous structure by using fly ash
Matéjka et al. (2012), Boonen and Beeldens (2014), Lee et al. (2014), Guo et al. (2015b)
and Meng et al. (2020), observed increments in the NO removal rate with increased
porosity as well. Chen et al. (2020) also noted the positive contribution of porosity to the
photocatalytic activity, as it provides a channel for pollutants to easily flow through, more

surface area for the deposition of photocatalysts, and more space for
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holding/accumulation of final products, which prevents the covering of the surface of the

photocatalyst (Figure 2.6).

In contrast to above-mentioned works, Giosu¢ et al. (2018) stated that macroporosity is
not beneficial for increasing the photocatalytic capability of mortar specimens. Jin et al.
(2019) stated that the presence of larger amount of micropores (<5 nm) in cement-based
mortars is beneficial for NOx uptake (Giosu¢ et al., 2018; Jin et al., 2019). In addition,
Jimenez-Relinque et al. (2015) achieved a more effective NOx reduction process in a
given porosity range (which was below a speci- fied limit value of 1 um as reported by
Lucas et al. (2013) for the enhanced photocatalytic performance), and stated that
excessive porosity reduced the photocatalytic activity by letting the pollutant gas into the
nonirradiated regions of the cement-based matrix (Jimenez-Relinque et al., 2015). In
addition to the effect of the cement-based system’s microstructure formed depending on
the mixture composition on the photocatalytic activity, Jimenez-Relinque et al. (2015)
stated that difference in mixture composition (e.g., utilization of different binder
materials) can also affect the photocatalytic activity by causing chemically mixture-
specific/different photocatalytic reaction mediums (e.g., chemically different aqueous
phases in the pores and different photoabsorption energies resulting different oxidation-
reduction potentials). Poon and Cheung (2007) and Chen et al. (2020) observed that
utilization of ag gregates with higher porosity and low specific density provides an
increase in the NO removal capability of the final cementitious products. Additionally,
they demonstrated that, due to the high light transmittance of recycled crushed glass
cullet, incorporating it as aggregates in cement-based systems allows photocatalytic
reaction-provocative light to reach deeper TiO> particles, activate them, and result in an

enhanced photocatalytic degradation process (Fig. 2.6).
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Figure 2.6. Penetration of rays and NOx gases into deeper layers of cement-based systems

with pores and crushed glass. (Source: Redrawn after Chen and Poon,
2009b).

Chen and Poon (2009b), Guo et al. (2012), and Guo and Poon (2013) observed similar
results that utilization of glass cullet as aggregates promises better NO removal
performance for the cement-based systems. They also indicated that light-tinted glasses
are more effective in increasing the photocatalytic activity thanks to their low UV
absorbance and the light-transmitting property of glass aggregates has significant impact
on the photocatalytic performance of cement-based systems. In their work, Guo and Poon
(2013) also used pigments with different colors and observed that the utilization of
different-colored pigments in cement-based systems reduces the NO removal rate of
photocatalytic products most probably due to increase in the light absorption capability,
covering of TiO> particles and filling of the pores with the pigments. They further
concluded that pigments with lighter colors lower the photocatalytic performance less
than those with darker colors having higher light absorption capability. Giosue et al.
(2020) used aggregates with different colors and obtained the lowest NO removal activity
from the mortar mixtures containing activated carbon (Giosue et al., 2020). This was
found attributable to the dark color of the activated carbon, which results in lower
reflectance of radiation. Chen et al. (2018) prepared separate mortar mixtures by using
two different types of aggregates and found that the mortar mixture containing aggregates
with the rough surface, high water absorption, many cracks and high porosity had higher
photocatalytic activity, most probably because of the higher potential of this type of
aggregate to accommodate more TiO particles in their pores and cracks. Similarly,
Giosue et al. (2020) obtained better NO removal rate and selectivity (low) from mortars
containing ag- gregates with higher water absorption due to increased availability of

absorbed water providing enhancement in the production of OH* radicals.
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2.3.7. Relationship between the abrasion/wearing/weathering of the surface of
cement-based systems and NOx degradation capability

Abrasion/wearing of the photocatalytic surface is an important issue considering the real-
time exposure conditions of the photocatalytic cement-based systems. In this route, some
researchers performed studies positioned on the assessment of abrasion/
wearing/weathering effects on the photocatalytic activity of the cement-based systems.
Hassan et al. (2010b) performed a study to evaluate wear and abrasion resistance of the
TiO2 incorporated cement-based systems by using an accelerated loading test and rotary
abrasion (Hassan et al., 2010a, 2010b). Although they observed a little reduce in the NO
removal performance for the cement-based mixtures with high amount of TiO:
substitution (5%) after abrasion and wearing, they obtained better NO removal
performance from mixtures with low amount of substitution (3%) after the same
processes. They also observed from the energy-dispersive X-ray spectroscopy analysis
that the relative concentration of Ti on the worn specimens, which under-went the
abrasion and wearing process, did not essentially change in comparison to the original
samples. It was observed in the work of Chen et al. (2020) that the photocatalytic cement-
based specimens can show some loss of photocatalytic activity after abrasion. They stated
that increase in the rough and porous material content can reduce the loss potential of
photocatalytic activity of the specimens after abrasion, namely a more preferable
antiabrasion performance since the rough surfaces can enable photocatalysts to clamp and
photocatalysts accommodating in deeper pores/spaces can become available to receive
UV rays after the abrasion. Guo and Poon (2013) observed not-so-evident fluctuations in
the NO removal rates at the end of abrasion applied to concrete specimens for different
periods of time most probably due to the scattered distribution of TiO. particles
throughout the photocatalytic specimens and stated that the incorporation of TiO; into
cement-based systems is a robust and good option to prevent loss of photocatalytic
performance caused by abrasion when compared to coating/spraying applications (Figure.
2.7). Boonen and Beeldens (2014) also stated that incorporation of TiO2 into cement-
based systems provides more stable photocatalytic performance under wearing action
although only the TiO; at the irradiation-reached surface can be stimulated for the
degradation process. Guo et al. (2015a) tried to simulate weathering actions on the air
cleaning properties of cement-based systems by using “Rain/dry” and “day/night” cycles.

They observed reduction in the photocatalytic activity of the TiOz-incorporated
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specimens after weathering which was attributed to the reduction in the blocked pores by
the deposition of impurities moved due to repeated raining process reducing NOx removal
ability by preventing penetration of light and NO gas to deeper to contact with the TiO2

particles.
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Figure 2.7. TiOz-incorporated cement-based systems (a) new material, (a) after abrasion.

2.3.8. Relationship between the curing age/condition of cement-based systems and
NOx degradation capability

Curing age/condition applied to photocatalytic cement-based specimens/products have
direct influence on the development of microstructure, therefore can be considered as
critical factors affecting the NOx degradation capability. In general, NOx degradation
capability of cement-based systems shows a decreasing trend with the prolonged curing
due to time-dependent changes in the microstructure of the cement-based systems (Poon
and Cheung, 2007; Chen and Poon, 2009a, 2009b; Sugrafiez et al., 2013; Garcia et al.,
2017; Guo & Poon, 2018; Chen et al., 2020; Sahin et al., 2021). One of the main reasons
for the observed decrease in the photocatalytic activity with prolonged curing is ongoing
hydration reactions affecting pore structure and ion concentration by reducing the
size/volume/connectivity of the pores together with the ion concentration of the pore
solution. Ongoing hydration also changes the microstructure making the cementitious
matrix denser, coating TiO> particles with the ongoing hydration products and lowering
the adsorption capacity of the photons and target pollutants (Figure 2.8). Another possible
reason for the lower photocatalytic performance with the extended curing periods is the
formation of carbonation products on the surface of cement-based specimens causing the
surface to be coated. Carbonation is an influential mechanism on the pore characteristics
of cement-based systems; therefore it can manipulate/affect the overall photocatalytic

degradation capability of the cement-based systems. In the work of Chen and Poon
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(2009a), cement-based specimens were subjected to accelerated carbonation, which
caused decrements in the NOx removal performance. This finding was attributed to the
increased volume of carbonation products as a result of the conversion of Ca(OH)2 into
CaCO:s, filling the pores, reduction the total porosity, thereby blocking the diffusivity of
NOxy into the cement-based matrix.
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Figure 2.8. Representative scheme showing the blockage of photocatalytic reactions due

to ageing (a) new material, (b) aged material. (Source: Redrawn after
Vittoriadiamanti and Pedeferri, 2013.)

2.3.9. Relationship between the final surface texture of cement-based systems and

NOx degradation capability

Numerous research have established that the design of cement-based materials/products
with a rougher surface (more open roughness) provides higher photocatalytic activity
because of the availability of higher active surface areas for the photocatalytic reactions
and exposure of larger amounts of TiO> particles to lights and pollutants (De Melo et al.,
2012; Sugranez et al., 2013; Jimenez-Relinque et al., 2015; Laplaza et al., 2017; Rhee et
al., 2018; Jin et al., 2019). However, photocatalytic materials with high surface roughness
are likely to accumulate dirt, dust, or any blocking materials on their surface that will

prevent photocatalytic reactions (Figure 5.9) (Rhee et al., 2018).
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Figure 2.9 Blocking the interaction between TiO. particles and irradiation/pollutants
because of the accumulation of blocking materials on rough concrete surface,

(@) new material (b) old material (under service).

Poon and Cheung (2006) also reported that because of low possibility of accumulation of
dust, dirt, oil, and grease on the surface, a product with dense surface texture provides
much more stable photocatalytic degradation activity over time, (i.e., lower decrease in

degradation capability with prolonged time).

2.3.10. Relationship between the operation-related parameters and NOx degradation

capability

In addition to the material- and production-related parameters detailed above,
environment- and operation-related parameters including humidity, pollutant
concentration, and irradiation to be exposed may affect the photocatalytic activity of
cement-based materials. In terms of pollutant concentration (amount), although there are
contradicting results in the literature, there is a general consensus that increased pollutant
concentration decreases the rate of photocatalytic degradation. In the work of Lucas et al.
(2013), it was observed that the decrease in the pollutant (NOx) concentration (from 0.7
to 0.5 ppmv and from 0.5 to 0.3 ppmv) increased the photocatalytic activity of specimens.
They also reported that for pollutant concentration beyond a certain level, in which all
active sites can be used in the NOx degradation process, an excessive amount of
intermediate reaction products is formed, which sabotage the degradation process. It was
observed in different studies that the increase in the inlet NO concentration (Hunger et
al., 2008, Bolte, 2009; Ballari et al., 2010, 2011) and flow rate (Hunger et al., 2008; Bolte,
2009; Ballari et al., 2010; Folli et al., 2010) decrease the photocatalytic degradation rate.
Contrary to these results, Yang et al. (2019) found results indicating that the increase in

NO flow rate (L/min) and initial NO concentration (ppb) cause increase in the
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photocatalytic activity of mortars. It was also noted that the increased blockage of the
photocatalyst surface with NO molecules can increase the rate of photocatalytic reaction

between photocatalyst particles and NO molecules.

There are studies that have been performed to appraise the effect of irradiation to be
exposed on the photocatalytic activity of cement-based systems. Yang et al. (2019)
indicated that the utilization efficiency of incident photons from light source is reduced
with the increase in incident UV-A light intensity, causing decrement in the
photocatalytic activity of photocatalytic products. In contrast to the results found in Yang
et al. (2009), Ballari et al. (2011) stated that better NOx conversion rates are obtained
when the irradiance is increased, and they attributed this result to the increment in the
production of electrons/holes leading to the generation of higher amount of hydroxyl
radicals. Similarly, Hunger et al. (2008) and Bolte (2009) observed increments in the NOx
degradation rates with the increments in UV-A intensity. In addition to light intensity,
type of irradiation and light source are influential on the photocatalytic degradation
capability of cement-based systems as well. In this regard, Guo et al. (2015b) obtained
lower NO conversion results under sunlight irra- diation compared to those under UV-A
irradiation. Hunger et al. (2008) and Guo et al. (2015a) obtained better photocatalytic
degradation results under UV-A irradiation compared to visible light. Pérez-Nicolas et al.
(2017) used three different light sources including UV light, solar light and visible light.
They obtained the highest NO removal results from the specimens irradiated by UV light
regardless of other factors. The NO removal capability of identical specimens under two
other light sources (solar and visible) varied depending on the mixture content and curing

condition.

Relative humidity is another influential parameter on the photocatalytic degradation
capability of the cement-based systems. Hunger et al. (2008), Husken et al. (2008),
Ballari etal. (2011), Seo and Yun (2017) and Hernandez-Rodriguez et al. (2019), obtained
higher NO degradation rates under lower relative humidity conditions, which was
associated to the competition between excess water molecules at high humidity and
pollutant molecules to occupy the active TiO: sites. Presence of excessive water can
prevent further interaction between the pollutant and TiO, particles because of the
blocking effect of absorbed relative humidity on the penetration of pollutant gases to

places where TiO particles are.
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3. EXPERIMENTAL STUDIES

In this section, detailed information about the materials including their physical and
chemical characteristics used in the experimental studies of the thesis is given. In addition
to this, experimental procedures including mixture and specimen preparations, curing of

the specimens and testing procedures are presented under this section in detail.

3.1. Materials

3.1.1. Binding Source Material (Cement)

Considering its lower light absorption ability compared to that of Ordinary Portland
Cement (OPC), CEM 1 52.5R type White Portland Cement (WPC) conforming to the EN
197-1 cement standard was used as the main binder material in all mixtures. The specific
gravity of WPC was determined as 3.15 g/cm?®. The physical and chemical characteristics
of WPC were investigated using a variety of characterization methods. Laser diffraction
analysis and X-ray fluorescence analysis (XRF) were used to determine particle size
distribution and chemical composition of WPC, respectively. Furthermore, X-ray
diffraction analysis (XRD) was used to determine the crystalline phases of WPC and
scanning electron microscopy (SEM) was used to assess its morphological features. To
prevent any error in results, a representative sample of powder was obtained from the
inside of the premixed powder batch of WPC. Figure 3.1 shows a digital camera picture
and a SEM image of WPC, and Table 3.1 shows the chemical composition and some
physical properties of WPC.

Figure 3.1. Images of WPC under digital camera and SEM.
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Table 3.1. CEM 1 52.5 R WPC chemical composition and physical attributes.

Chemical Composition, %

Physical Properties

. Loss on Density | Specific surface,
Si0, | Al.Os | Fe:0s | CaO | MgO | SO ignition | (g/cm?®) | Blaine (cm?/g)
21.39 | 3.37 | 0.89 62.6 2.39 4.55 3.1 3.15 4650

Figure 3.2 shows the particle size distribution of WPC and Table 3.2 presents the particle

size properties of WPC. XRD pattern of WPC is presented in Figure 3.3.
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Figure 3.2. Particle size distribution of WPC.
Table 3.2. Particle size properties of WPC.
o Surface-weighted || Volume-weighted
Type of Binding Source . ) d(0,1) || d(0,5) d(0,9)
] average size D[3,2] |[laverage size D[4,3]
Material (um) (| (um) (um)
(rum) (um)
WPC 4,7 16,5 2,1 13,2 36,2
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Figure 3.3. Crystal structure of WPC.

3.1.2. Titanium Dioxide (TiO-)

A total of 6 different types (in terms of size and crystal phase) of TiO. was used used as
photocatalysts to degrade the NOy in the presence of UV light. These were nano-sized
(10-20 nm), submicron-sized (~200 nm) and micron-sized (approximately 1.40-1.50 pm)
anatase- and rutile-phase TiO2 powders. Additionally, Degussa Evonik P25 brand TiO:
as a commercial product, which has a proven photocatalytic performance, was used to
compare its photocatalytic performance with developed cement-based composites. SEM
and XRD analyses were utilized to analyze the different-sized TiO2 powders employed
as photocatalyst materials in this investigation. To rule out the possibility of error in the
results, a representative sample of powder was collected from the inside of the premixed
TiO2 powder batch and dried overnight in an oven prior to analysis. XRD patterns of the
different-sized anatase and rutile TiO> powders and Degussa Evonik P25 TiO> particles

used in experimental studies are shown in Figures 3.4, 3.5 and 3.6, respectively.
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Figure 3.4. XRD analysis of TiO: in anatase phase.
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Figure 3.5. XRD analysis of TiO: in the rutile phase.
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As can be seen from the XRD analysis of TiO: particles, anatase-phase TiO2s have a
single peak at the same angle, while in the rutile phase, multiple peak values are observed
at different angles. Degussa Evonik P25 TiO, which is a commercial product, contains
80% anatase and 20% rutile phase and this situation can be clearly seen from the the XRD
analysis (Figure 3.6) considering that crystalline phases detected for Degussa Evonik P25
TiO2 point out both anatase and rutile phases. Images taken by a digital camera and SEM

micrographs of TiO:s used in this study are shown in between Figure 3.7 and Figure 3.13.

Figure 3.7. Micron anatase TiO2: General view (left figure) and SEM micrograph (right
figure).

Figure 3.8. Sub-micron anatase TiO2: General view (left figure) and SEM micrograph

(right figure).
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Figure 3.9. Nano anatase TiO2: General view (left figure) and SEM micrograph (right

figure).

Figure 3.10. Micron rutile TiO2: General view (left figure) and SEM micrograph (right
figure).

Figure 3.11. Sub-micron rutile TiO.: General view (left figure) and SEM micrograph
(right figure).
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Figure 3.12. Nano rutile TiO2: General view (left figure) and SEM micrograph (right
figure).

Figure 3.13. Degussa P25 TiO2: General view (left figure) and SEM micrograph (right
figure).

Particle size distribution of nano- and submicron-sized TiO: particles were determined by
using a nanosizer. On the other hand, laser diffraction analysis was used to determine
particle size distribution of micron-sized TiO: particles. In addition, the surface areas and
chemical compositions (purities) of the TiO2 particles were determined by using
Brunauer-Emmett-Teller (BET) surface area analysis and XRF, respectively. The
particle size distributions and some physical and chemical properties of TiO> particles are
presented in Figure 3.14 and Table 3.3, respectively.
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Figure 3.14. Particle size distributions of TiO: particles used in the studies.

Table 3.3. Some physical and chemical properties of Anatase, Rutile and Degussa P25

TiO: particles.
. . Maximum |[[Minimum
Purity | BET Density i . .
Type of TiO: Label Particle Size | Particle
(%) | (m%g) | (gricm?) .
(nm) Size (nm)
Anatase-micron MA 99.8 52.9 3.60 1100 250
Anatase-sub micron SMA 99.8 74.3 3.55 250 50
Anatase-nano NA 99.8 79.6 3.55 50 10
Rutile-micron MR 95.6 54.8 3.81 1100 250
Rutile-sub micron SMR 99.7 74.8 3.72 250 50
Rutil-nano NR 99.9 82.7 3.72 50 10
Degussa Evonik P25 (| D P25 99.9 79.8 3.35 40 10

3.1.3. Surfactant Materials
In order for homogeneously incorporating TiO> particles into the cement-based systems,

two different surfactants were used in experimental studies of thesis, namely
polycarboxylic ether-based superplasticizer (PCE) and polyphosphates and
aminocarboxylate-based liquid polyacrylic acid (PAA). The PCE (produced by BASF

Construction Chemicals company and marketed under the trade name MasterGlenium 51)

was liquid, conforming with ASTM-C494/C494M standard (1999), with 40% solid

material content and a specific gravity of 1.1. The PAA (produced by Acar Kimya A.S.)
45



consisting of polyphosphate and aminocarboxylate was used to provide particle surface
charges with its polyelectrolyte dispersant ability (Sahin et al., 2021). White, milky liquid
PAA contained 48% solid material, with a density of 1.22 kg/l and pH value of in the
range of 3-4.5. The dispersive effect of the surfactant materials on small-sized particles

IS schematized in Figure 3.15.
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Figure 3.15. Effect of surfactants on dispersion.

3.2. Methodology
Experimental procedures including the preparation of mixtures and specimens, and their

testings are detailed under this section.

3.2.1. Mixture and Specimen Preparation Procedure

Considering that higher water/binder ratio (w/b) can cause segregation/bleeding and
lower mechanical properties, and surfactant materials are used, all mixtures were
prepared at a constant water to powder ratio of 0.35, by weight. Firstly, mixtures were
prepared using the relevant mixing method (detailed in Section 4.1.3.4). Immediately
after the mixtures were prepared, they were placed into the pre-oiled molds so that each
section was filled in two parts. The poured mixture was spread evenly with a large
spreader by moving it back and forth once in each section of the mold. The mold and
mold head were firmly placed on the mold casting vibration table, and the first layer was
compacted/placed with 60 jolts. Then, the second layer was filled into the mold and
smoothed with a small spreader and compacted/placed with 60 jolts. Finally, the mold
was removed from the mold casting vibration tableand its surface was smoothed with a
metal plate. All specimens were then demolded after curing for 24 hours in the laboratory
environment and moisture cured in plastic bags at 95 £ 5% RH, 23 °C until testing age.

This molding/demolding procedure was same for all mold types.
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Within the scope of the thesis studies, 50x50x50 mm cube specimens and 50x50x100
(heightxwidthxlength) mm prismatic specimens were produced for compressive strength
tests and photocatalytic tests, respectively. Additionally, cylindrical specimens with a
diameter of 100 mm and a height of 50 mm (@100%50 mm) were made to determine the
mixes' electrical impedance. The molds used in the mixtures and the specimens produced
are presented in Figure 3.16.

Figure 3.16. The molds used in the mixtures and the specimens produced.

3.2.2. Test Procedures

3.2.2.1. Compressive Strength Test

The compressive strength of all mixtures was evaluated according to the ASTM C109
(2003) standard. 50 mm cubic specimens were prepared to determine uniaxial
compressive strength. A 100 ton capacity test device (Figure 3.17) was used compressive
strength tests and tests were conducted using a loading rate of 0.9 kN/s. The average
compressive strength value of three cubic specimens was reported for each curing age of
2, 7,28 and 90 days. The compressive strength test setup is shown schematically in Figure
3.18.
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Figure 3.17. Compressive strength measuring device.
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Cube sample \\I q-"‘ loading plate
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Figure 3.18. Schematic representation of the compressive strength test.

3.2.2.2. Photocatalytic Performance Measurement Experiment

The dynamic test method was used as in study of (Sahin et al., 2021) to obtain the NOx
degradation capability of the specimens. In this method, gas passes continuously
throughout a test unit at a constant flow rate by interacting with the surface of specimen
and the difference in gas concentration between the system inlet and outlet, which is
directly related to photocatalytic efficiency is monitored by measuring simultaneously in
real time. The comparison of some parameters used in the experimental studies with the
those of methods applied in 1SO 22197-1, JIS 1701-1 and UNI 11247 standards is shown
in Table 3.4. As evidenced by the table, photocatalytic tests were carried out in
accordance with the parameters specified in 1ISO 22197-1 and JIS 1701-1 standards, while

keeping the test time less.
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Table 3.4. Comparison of NOx test standards and parameters used in the thesis study.

Parameters Used in the
Test Parameters 1SO 22197-1 JISR 1701-1 UNI 11247
Study
Gas Type NO NO NO and NO: NO
. 400 ppb NO +
Gas Concentration 1000 ppb 1000 ppb 150 ppb NO: 1000£50 ppb
Gas Flow Rate
(L/min) 3 3 3 3
Test Period 5 hours 5 hours 1 hour 30 min
UV Light Intensity
(W/m?) 10 10 20 10
Sample Surface
Area (cm?) 49.25 49,25 65 50+1
Analysis Absorbed pollutant || Absorbed pollutant NOx reduction .
p NOx reduction percentage
arameters gas gas percentage

*: During the pre-experimental studies, the experiments were completed in 30 minutes, since there was a negligible|
difference between the measurements made at the end of 30 minutes and the measurements made at the end of 5 hours.

50x100x100 mm prismatic specimens were prepared separately for each curing age of 7,
28, and 90 days to determine photocatalytic efficiency of the mixture. NO gas at a
concentration of 1000+50 ppb was supplied at a rate of 3.0 I/min into the reaction
chamber via a 5 mm gap between the 50+1 cm? specimen surface and a UV permeable
quartz glass window above the closed reaction cabinet. UV light with an intensity of 10
W/m? was dropped on the specimen surface with two 18W UV-A blue lamps and one
36W (UVA-1) white lamp. The wavelength ranges of these lamps are presented in Figure
3.19. Photographs taken while the light sources are active on the system are shown in
Figure 3.20.

----- 6w Plulips e 2 X 1 B Ot

Concentration
=

300 325 350 375 LHE 125 450 475 500

Wavelength (nm)

Figure 3.19. Wavelength changes of lamps used in thesis studies.
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Figure 3.20. Two Osram brand and 1 Philips brand lamps (blue + white color).

NO gas entering the system was moistened with a humidifying bottle to reach 50-60%
humidity level. Dry air was used to dilute NO gas from 100 ppm to 1 ppm in the system,
which ensured a suitable flow rate. Thermo Scientific Model 42i NOx analyzer (Figure

3.21) was used continuously to measure change in NO concentration.

Figure 3.21. Thermo brand 42i model NOy analyzer.

To ensure reliable testing under consistent conditions and to prevent the manipulative
effects of humidity on photocatalytic efficiency reported by Cassar et al. (2007), Dylla et
al. (2010), and Seo and Yun (2017), prior to testing, all specimens were dried at 45°C for
48 hours in an oven. The testing surface of the specimen was then sanded and cleaned,
and the specimen was placed in the reaction cabinet, where its upper surface could be
illuminated with UV light. To adapt the specimen to the test environment, it was kept
under active UV-light sources for four hours without any gas flow through the system.
After this process, UV light sources were switched off and pre-adjusted gas flow was

introduced to the system. After the gas concentration stayed stable for at least 10 minutes,
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the UV light sources were switched on. Under the influence of UV irradiation,
photocatalytic specimens started to reduce the NOy concentration of flow. The test was
performed until the lowest point at which NOx concentration remained constant as a result
of photocatalytic degradation reactions on the specimen. After that point, UV lights were
turned off and gas flow was continued until NOy concentration reached its initial level
again. Details of the equipment used to measure NOx reduction capability can be found
in Figure 3.22 and 3.23. Figure 3.22 depicts a schematic depiction of the experimental
setup constructed and employed within the scope of the thesis to identify the
photocatalytic degradation capability of the cement-based mixtures, whereas Figure 3.23

depicts the actual experimental setup used to determine the photocatalytic property.

Gas Flow Gas Flow Controller Mixing

Pump
Dark Test Cabinet -
Anal Exhausting
> N
{2 > G ! Gas Flow
UV Light Source
7 ; - ; N Ventilation
/
— )

Reaction Cabinet Specimen Quartz Glass
Data recorder

Figure 3.22. Schematic representation of the photocatalytic performance measurement

experimental setup.

Gas Flow Controller

Dark Test Cabinet

NO, Analyzer

Figure 3.23. Photocatalytic performance measurement experimental setup.
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At the end of the tests, in order to determine the photocatalytic performance of the
cementitious systems, the NOy and NO reduction, and NO, formation (%) values, which
were calculated according to Equations (3.1), (3.2), and (3.3), respectively, were
obtained. Furthermore, for the purpose of assessing the photocatalytic effectiveness of
the system, selectivity, which represents the ratio of degraded NO that ends up as
harmless nitrate rather than harmful nitrogen dioxide, is utilized and is calculated using
Equation (3.4) (Balbuena et al., 2018; Si et al., 2021).
NO,; —

NO,;
NOyreq(%) = TNO. x 100,(3.1)
Xi

NO;, — NO;
NO,.4(%) = ———=x 100, (3.2)

NO,
NO,; — NOy,
Noz_for‘ (%) = NO. % 100, (3.3)
i
Noxr'ed[%}
S (%) = ——=" % 100, (3.4)
Noled{%}

where NOxred (%), NOred (%), and NOyfor (%) are NOy reduction, NO reduction and NO,
formation, respectively; NOyi, NOj, and NO,; are of the initial concentrations in order of
NOy, NO, and NO,; and NO,s, NOs, and NO,s are the final concentrations of the NOx,
NO, and NO,, respectively; finally, S (%) is the system selectivity.

3.2.2.3. Electrical Impedance Test

Electrical impedance measurement is a non-destructive testing method used to quickly
and practically evaluate the electrical resistance of cement-based systems. Electrical
impedance testing is frequently used by researchers on concrete samples. Electrical
impedance testing was utilized to assess the performance of composites as part of the
research. A typical RCON concrete resistivity meter with axial unidirectional design was
used to test electrical impedance. Details of configuration and typical test setup for this
type of resistivity meter can be found in the work of Spragg et al. (2013). To be used in
electrical impedance tests, three @100x50 mm (50 mm thickness, 100 mm diameter)

cylinder specimens from each mixture were prepared. @100x50 mm cylindrical samples
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were placed between two parallel plate electrodes with their 100 mm surface parallel to
the plate electrodes. It is essential to have a conductive medium between the electrodes
and the test sample (Newlands et al., 2008). Therefore, wet cylindrical sponges with a
thickness of 5 mm and a diameter of 150 mm (@150x10 mm) were used to ensure
sufficient electrical contact between the plate electrodes and the specimen. This sufficient
conductive contact can also be achieved with a conductive gel or wet paper towels instead
of wet sponges (Spragg et al., 2012). Before each measurement, the weight of the wet
sponges used was measured to ensure that they were saturated with the same amount of
water. Before starting the electrical impedance measurements, electrical impedance
measurements of the sponges were made in the saturated state of water and no results
were obtained. For this reason, the electrical impedance measurements of the specimens
were used as they were recorded from the device, without any correction. In order to
perform electrical impedance measurements more precisely, special attention was paid to
select to select the contact surface of all test samples with the sponge with similar
properties (without large gaps and microcracks). The concrete resistance meter device
used throughout the experimental studies provides characterization by means of an
alternating current impedance technique. The device can operate in a wide range of
frequency values (1 Hz to 30 kHz) and can detect phase angle values between 0° and 180°.
In addition, the device performs electrical impedance measurements in less than 5
seconds. Although the device can operate in a wide range of frequency values, the
frequency value was chosen in line with the suggestion made by Hou (2008). Hou stated
that the polarization effect in the material can be eliminated by applying an alternating
current with a frequency of 1 kHz. As a result, electrical impedance measurements were
performed at a constant frequency level of 1 kHz throughout the experimental studies.
During the electrical impedance test, a line was drawn in the middle of the cut surfaces
of the @100x50 mm cylinder samples in order to carry out repeated measurements on the
same sample from the same point for each test, and the measurements were carried out in
the direction of the line by accepting the drawn lines as reference. At the same time, it is
aimed to easily observe the changes in electrical impedance measurements in this way.
During electrical impedance measurements, the humidity level of the specimens is an
important parameter, and it is known that the humidity can directly affect the results.
Therefore, after curing, the specimens were kept in laboratory environment (50+5%
relative humidity, 23+2 °C temperature) for one day, after being removed from the water,

and then left to dry in an oven at 50 °C for two days. After that, the specimens, which
53



were left to dry, were removed from the oven and kept in laboratory environment for 6
hours, and the experiment was carried out. In addition, the test was carried out quickly in
order to prevent the water from the wet sponges entering the pores and/or micro-cracks,
so that the electrical impedance measurements could be more sensitive. The electrical
impedance measuring device with two probes gives impedance and phase angle results
and these values can be converted to resistance values using Equation 3.5. However, in
this study, the impedance values measured by using the test specimens with same

geometrical properties are considered as an indicator of resistance values.

A
p=Zxcos(d)x 7 % 100, (3.5)

Here, p, Z, ¢, A and L values represent resistance (£2), electrical impedance (€2), phase
angle (°), cross-sectional area (m?) and length (m), respectively. The electrical impedance

test is shown schematically in Figure 3.24.
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Figure 3.24. Schematic representation of the electrical impedance test setup.

3.2.2.4. Mercury Intrusion Porosimetry (MIP) Test

The mercury intrusion porosimetry (MIP) test can be used on powder or bulk samples to
determine the size of the pores in the sample, the pore size distribution, surface area, and
the mass density. Mercury is used in the experiment due to its non-reactive and non-
wetting properties and its properties such as not penetrating fine pores if sufficient
pressure is not applied. By means of the device used in the experiment, the amount of
mercury that decreases in the cell depending on the applied pressure is determined from
the change in capacitance between the cell ends. The Washburn equation indicates the
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link between applied pressure and pore diameter, and the equation that discloses this
scenario is illustrated in Equation 3.6.

D= (-4y cosB)/P , (3.6)

Here P: represents the applied pressure, D: the pore diameter, y: the surface tension of the
mercury (480 dyne/cm), and 0: the contact angle between the mercury and the pore wall
(usually 140°). Pore size/volume distributions are generated using mercury porosimetry
data. MIP can be performed on a wide range of materials, including catalysts, ceramics,
minerals and mineral products, sintered material, and building materials, etc. Figure 3.25

shows the MIP test device.

Figure 3.25. MIP test device.

The mercury porosimeter includes two sample chambers: one for low pressure (up to 50
psi) and one for high pressure (up to 55,000 psi). It is possible to use penetrometers
(sample cells) of various lengths and diameters for measurements. Pore diameters
between 200 um and 0.004 pm can be measured in the device. The porosimeter is
computer controlled. While low pressure analysis is used for samples with pores between
4 and 200 pm, high pressure analysis is used for samples with pores between 0.004 um

and 10 pm.

In this thesis, MIP testing technique was used to characterize porosity and pore size
distribution of TiO>-based cementitious systems. First, 28-day-old prismatic specimens
used for photocatalytic degradation tests were broken into small pieces, with sizes
between 7-10 mm. The specimens were then dried in an oven at 50 °C for 1 day and the

MIP test was conducted on the dry specimens. The instrument used for MIP testing
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(Figure 2.25) (Quantachrome Corporation, Poremaster 60) had a pressure capacity of 380
MPa (55000 psia) with a contact angle of 140°.

3.2.2.5. X-Ray Diffraction Analysis (XRD)

The premise behind X-Ray Diffraction (XRD) Analysis is that each crystal refracts X-
rays in a unique manner depending on the phase's atomic arrangement. These diffraction
profiles for each crystal phase serve as a fingerprint for that crystal. The XRD technique
does not cause damage on the tested material and may be used to analyze even extremely
tiny samples. The XRD equipment can be used to investigate rocks, crystalline minerals,

thin films, and polymers.

Within the scope of this thesis investigation, the Rigaku Ultima IV X-Ray Diffractometer
(Figure 3.26) was used. The crystal structures of TiO:-based cementitious systems
produced within the scope of the thesis were determined using XRD Analysis. First, the
samples used for photocatalytic activity (degradation) tests were powdered. The samples
(approximately 30 mg) were then dried in an oven at 50 °C for 1 day and XRD tests were

performed on these dried samples.

Figure 3.26. XRD Analysis

3.2.2.6. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis
(EDX)

Microstructural characterization of TiO2-based cementitious systems were investigated
with scanning electron microscopy observations coupled with energy-dispersive X-ray
spectroscopy (SEM/EDX) [Tescan- GAIA3+Oxford XMax 150 EDS (Figure 3.27)] to
clarify their morphologies and elemental compositions. For this purpose, specimens were
obtained from 28-day-old prismatic specimens used for photocatalytic degradation tests.
To do that, tested surface of the photocatalytic specimen was firstly sanded and cleaned.
After that, the specimen was broken into small pieces and samples were randomly
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selected from among the broken pieces. SEM/EDX analyses were conducted on these
specimens after being oven-dried overnight. SEM micrographs were captured, and the

elemental compositions of the sections viewed were analyzed by SEM-EDX mapping.

Figure 3.27. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Analysis (EDX).

3.2.2.7. Hydration Kinetics

Hydration kinetics of TiO.-based cementitious mixtures were examined using a TAM Air
Microcalorimeter in isothermal conditions at 25 °C, in accordance with the practice of
ASTM C 1679-17. The freshly prepared pastes were immediately put in plastic containers
with tight-fitting lids, and the ampoules were taken to the calorimeter for testing.
Ampoules were placed into the calorimeter within 2 minutes of the end of mixing.
Thermal power (measured as mW/g of total powder in the cement paste) was measured
for 72 hours to determine the rate of hydration (rate of heat evolution). Using the area
under the rate of hydration vs. time curves, cumulative heat of hydration curves of

cementitious pastes were also generated.
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4. RESULTS AND DISCUSSION

Experimental studies consist of four different parts. The first is placed on the
determination of the most appropriate mixing method. The second is related to the
determination of the optimum substitution ratio for different phases (anatase and rutile).
Third is focused on determination of the most suitable dispersion modulus using different
dispersion modules. Final part includes the determination of the most appropriate anatase
and rutile combination using the data obtained. In this regard, in this section, experimental
studies are detailed step by step. In this regard, specific experimental details and

experimental results and discussions are presented in the following sections.

4.1. Determination of the Best Mixing Method in Cement Binder Systems with No,
Reduction Capability

4.1.1. Introduction

At this stage of the thesis, by using a multi-scale design approach, it is aimed to determine
the best mixing method to develop TiO:-substituted new generation cement-based
systems without endangering engineering properties. The presence of non-homogeneous
zones in the cement-based systems incorporating photocatalysts is one of the most critical
factors which causes poor photocatalytic efficiency (low degradation level, unpredictable
performance characteristics, low reproducibility etc.). In this context, it is important to
determine practical new mixing methods for the homogeneous dispersion of nano-sized
TiO: particles into the cement-based matrix. Here, it was investigated in which case the
mixtures be prepared with different mixing methods can make more positive
contributions to the photocatalytic activity and best mixing method to be used in the
following stages of the experimental studies was determined.

4.1.2. Experimental Studies

At this stage of the experimental studies, with the purpose of determining a suitable
mixing method to disperse TiO> particles throughout the cement-based matrix, in addition
to the different mixing methods used in the literature (Kim et al., 2001; Musso et al.,
2009; Al- Dahawi et al., 2016), different mixing methods (as detailed after) were applied
using basically three different mixing tools (a conventional mortar mixer, high-speed

hand blender, and ultrasonic mixer) (Figure 4.1). The ultrasonic mixer (Vibra-Cell) has a
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probe diameter of 25 mm and may work at various amplitudes (0-100%) and energy levels
(0-9999 Joules).

Figure 4.1. Mixing of TiO: particles with (a) conventional mortar mixer, (b) ultrasonic

mixer and (c) high-speed hand blender.

First, optimum parameters related with ultrasonication (optimum amplitude and energy
value) and surfactant materials (optimum utilization rates and combination) were
determined by performing preliminary studies (zeta potential measurement of TiO»-
incorporated suspension and determination of the suspended period of TiO> particles in
suspensions). By considering these parameters, five different mixing methods were
determined (detailed in Section 4.1.3.4) and TiO2-incorporated cement-based mixtures
were produced by using these mixing methods. All mixtures were prepared at a constant
water to powder ratio of 0.35, by weight. For all mixes, the utilization rate of TiO>
particles was maintained constant at 5% of the total weight of powder material. Degussa
P25 and nano-sized anatase and rutile TiO, powders were employed individually in the
experimental trials to identify the optimal mixing procedure. Compressive strength
values, electrical properties and photocatalytic activities of the specimens prepared by
using each mixing method were determined at different ages. Tomography imaging and
SEM characterisation were used to assess the dispersion level of the TiO» particles
throughout the cement-based matrix. In addition, the effects of different surfactants on

hydration kinetics were determined by using an isothermal calorimeter device.

4.1.3. Experimental Study Results and Discussion
4.1.3.1. Effect of Ultrasonic Mixer on the Dispersion of Nanoparticles
Solutions (water and nano-sized anatase TiO, powder) were created to find the optimal

amplitude and energy values of the ultrasonication process in order to achieve the most
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homogenous dispersion of nano TiOz particles. The solutions prepared was adjusted to
have a water/binder ratio of 0.35 and 5% TiO> substitution ratio as in the cement paste.
Hence, 140 ml of water and 20 g of nano anatase TiO2 were used in the solutions. It was
discovered that changing the amplitude value of the ultrasonic mixer had an influence on
the zeta potential values of the suspension, therefore this was explored first. Ultrasonic
mixing was done for 10 minutes at different amplitudes and 1000 J energy levels, and the
zeta potentials of the suspensions were found out after that time. The zeta potential values

of suspensions are presented in Figure 4.2.

Amplitude (%)
0O 10 20 30 40 50 60 70 80 90

Zeta Potential (mV)
5

Figure 4.2. Effects of sonication amplitude variation on zeta potential (mV) of

suspensions.

It is discovered that increasing the amplitude value of the ultrasonic mixer leads in a
negative rise in the zeta potential values of the suspensions. This means that the particles
are better dispersed with increased amplitude, and the suspension stability of the particles
increases, as the increase in amplitude value allows the nanoparticles to apply more
repulsive force to each other. Following an assessment of the impact of ultrasonication
amplitude on the zeta potential of the suspensions, a series of experiments was conducted
to determine the effect of varying the amplitude and energy values on the suspension
stability of nano TiO.-incorporated solutions. The mixture content and mixing time was
same with the previous stage. The amplitude and energy values used for the experiments

are presented in Table 4.1.
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Table 4.1. Ultrasonic mixer amplitude and energy input values.

Suspension Name | Amplitude (%0) Energy (J)
D 40 1000J
D, 80 1000
Ds 40 1900
D4 80 1900
Ds 40 40001
Ds 80 40001

The suspensions prepared with the above-mentioned amplitude and energy input values
were left to stand in the same environment and the suspension duration of nano-TiO:
particles are compared with each other. The changes in dispersion state of the TiO>

particles throughout the suspension over time are presented in Figure 4.3.

Figure 4.3. Dispersion states of nano TiO: particles after a) 15 minutes, b) 30 minutes, c)
1 hour, d) 2 hours from ultrasonication.

When the suspension stabilities of nano TiO:-incorporated solutions prepared with
various amplitude values and energy input levels depending on time are compared, it can
be clearly seen that the increment in amplitude value and energy levels increase
proportionally the suspended duration of TiO. particles. The nano TiO: particles
collapsed completely within the first 30 minutes for the mixtures prepared with an
amplitude value of 40% and energy values of 1000 J and 1900 J (D1 and Ds). It was
observed that the suspension, which was prepared with same amplitude value (40%) but
an energy level of 4000 J, did not completely collapse even after 1 hour. Although
complete collapse was observed within 30 minutes in the suspension with an amplitude
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value of 80% and an energy level of 1000 J, almost no collapse was observed for other
energy levels with the same amplitude value (%80) in 1 hour. In line with all these results,
it was determined that the ultrasonic mixer should be used at 80% amplitude and 1900 J
energy level in order to obtain the optimum performance from the ultrasonic mixing

process.

4.1.3.2. The Effect of Surfactant Materials on the Dispersion of Nanoparticles

In addition to the investigation on the effect of the ultrasonication-related parameters on
the zeta potential of the suspension, the effect of usage rates/combination of surfactant
materials was also determined. At this point, an ultrasonication mixing with a 40%
amplitude and a 1000 J energy input level was utilized to examine the influence of
surfactants alone on the zeta potential of the solutions. The utilization rates were renged
between 0%-2% (by total weight of binder material) for PCE, 0%-4% for PAA, and 0%-
3% for PCE+PAA (equal amount). The mixture content (in terms of water and TiO>) and
mixing time was same with the previous stage. The zeta potential measurements are

graphed in Figure 4.4.

Surfactant Usage Rate (%)

o o5 1 15 2 25 3 35 4
-45

-50

-55

-60

Zeta Potential (mV)

-65

——PAA PCE —@—PCE+PAA

-70

Figure 4.4. Effect of surfactant materials on zeta potential of solutions.

First, the effects of PCE on the zeta potential value of the suspensions were investigated.
Using just PCE, the zeta potential values increased in a negative manner up to 1.5%
utilization rate and reached a maximum value of -55 mV. A negative drop in the zeta
potential value occurs when the PCE is used in excess of 1.5% utilization rate. Secondly,
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the effects of using PAA on the zeta potential values of the suspensions were investigated.
The zeta potential values of the suspensions prepared using only PAA increased
negatively up to a 2% utilization rate and reached the highest value of -65 mV. After 2%
utilization rate, the increase in the utilization rate of PAA caused a negative reduce in the
zeta potential values. Finally, the changes in zeta potential values of the suspensions were
observed when PAA and PCE were used together in equal proportions. In this case, the
zeta potential values of the suspensions containing both PAA and PCE incremented up to
total usage rate of 2% in the negative direction and reached a value of -62 mV. When the
total usage rate of PAA and PCE was more than 2%, negative decreases in the zeta
potential value were observed. In addition to the zeta potential measurements, in order to
compare the effects of surfactant materials on the suspension stability of nano TiO--
incorporated solutions, suspensions containing surfactant materials were prepared. The
mixture content (in terms of water and TiO2) and mixing time was same with the previous
stages. The usage rates of the surfactant materials in the mixtures (by weight of binder

content) are presented in Table 4.2.

Table 4.2. Different surfactant ratios of the mixture.

Suspension Name PCE (%) PAA (%)
S1 - -
S 0,5 -
Ss 0,5 0,5
S4 - 0,5
Ss 1 -
Sé - 1
S7 1 1

The suspensions prepared with the above-mentioned usage rates of surfactant materials
were left to stand in the same environment and the suspension duration of nano-TiO:
particles are compared with each other. The changes in dispersion state of the TiO>

particles throughout the suspension over time are presented in Figure 4.5.
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Figure 4.5. Dispersion states of nano TiO: particles after a) 2 hours, b) 1 month, ¢) 3
months, d) 6 months from the ultrasonication.
For the suspension prepared without the use of surfactant materials, complete
precipitation of TiO> particles was observed after approximately 2 hours. When both
surfactant materials (PAA+PCE) were used at the utilization rate of 1% (0.5+0.5) (S3), it
was observed that there was no complete precipitation of TiO; particles even after 6
months. Considering the suspended period of TiO- particles, it can be stated that the single
use of PAA provides better dispersion and suspension stability than that of PCE at the
same utilization rate. Accordingly, considering the zeta potential values and suspension
stability properties obtained according to the utilization rates of the surfactant materials,
it can be stated that the ideal utilization rates for singly-utilized PCE and PAA are 1%
and among 0.5-1%, respectively. In the case of co-utilization of PCE and PAA, it was
observed that the suspension is more stable when the total utilization rate is 1-1.5%. In
line with these results, it can be stated that the co-utilization of PAA and PCE at the
utilization rate of 1% (0.5+0.5) resulted that the nanoparticles remain suspended for a
very long time. At this point, it should be kept in mind that the effect of surfactant
materials on hydration process is an important parameter that should be considered when
designing mixtures. As a result, considering the preliminary studies detailed above, five
different mixing methods given in Section 4.1.3.4 were designed and mixtures were
prepared using these mixing methods. The feasible and effective mixing method was
determined by evaluating the performance of the prepared mixtures. Details of all this

evaluation process are presented in the following sections.

64



4.1.3.3. Hydration Kinetics

The effects of different surfactant materials on hydration kinetics of the cement-based
systems were examined by using an isothermal calorimeter device. In this context,
mixtures were prepared by singly using PCE and PAA at the rates of 1% and 0.5% by
weight of the total binder, respectively. In case of concomitant utilization of PCE and
PAA, mixtures were prepared by using them at utilization rate of 1% by weight of the
total binder (0.5% PCE and 0.5% PAA) and their effects on hydration kinetics were
evaluated. For comparison, a reference mixture (non-containing surfactant materials) was
also produced. The hydration rate and cumulative heat of hydration of cementitious pastes

are presented in Figure 4.6.

T Ref. Mix.
= 0,5% PAA
------ 1% PCE
0.5 % PAA+ 0,5% PCE

Rate of hydratation, mWig
7

Rate of hydration, mWig
[+;]

0 6 12 18 24 30 36 42 48 54 60 66 72
Time, h

Heat of hvdration J/a

0O 6 12 18 24 30 36 42 48 54 60 66 72
Time, h

Figure 4.6. a) Rate of hydration and b) heat of hydration of cementitious systems with

variable surfactant materials content.

As can be followed from Figure 4.6, the reference mixture (without surfactant materials)

reached the hydration peak first and had the highest rate of hydration. The singly

utilization of surfactant materials (1% PCE or 0.5% PAA) in the mixture, especially in
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the early hydration period, delayed the occurrence of peak of the rate of hydration and
caused a reduction in the cumulative heat of hydration released (Cheung et al., 2011).
However, this effect reduced over time. The binary utilization of PCE and PAA
(0.5%+0.5%=1%) caused significant delay in the hydration reactions, although the
amount of heat released stabilized over time.

4.1.3.4. Mixing Methods Used

4.1.3.4.1. First mixing method (reference)

This mixing process for the paste phase was designed by modifying the standard mortar
mixing procedure given in TS EN 196-1. For 10 minutes, the mortar mixer was running
at 100 rpm (revolutions per minute) with dry TiO2 and cement. After 10 minutes, all the
mixing water was added to the dry powder ingredients in roughly 30 seconds, while the
mixer was running at 100 rpm. After that, the mixer rotation speed was raised to 300 rpm,
and the PCE (1% by total weight of binder) was added to the mixer in less than 30
seconds. Finally, at this pace (300 rpm), all ingredients were mixed for an additional 10

minutes, and the mixing process was completed (Musso et al., 2009).

4.1.3.4.2. Second Mixing Method

Ultrasonic mixing was used to mix TiO2 powder, PCE (1%) powder, and all the mixing
water for 10 minutes. With an amplitude of 80% and energy input of 1900 Joules, an
ultrasonic mixer was employed. In about 30 seconds, the suspension made after 10
minutes of ultrasonication was gently added to the cement in a mixer that was moving at
100 rpm. Then, all ingredients (cement, TiO2 powder, water, and PCE) were mixed in
mixer for 10 minutes at 300 rpm (Moore et al., 2003; Sobolkina et al., 2012; Saafi et al.,
2013).

4.1.3.4.3. Third Mixing Method

A hand blender was used to mix TiO2 powder, PCE (1%) powder, and all of the mixing
water at high speed (3000 rpm) for 10 minutes. After mixing at high speed for about 30
seconds, the resulting suspension was gently added to the cement in the mixer operating
at 100 rpm. Finally, all ingredients (cement, TiO2 powder, water, and PCE) were mixed

in mixer for 10 minutes at 300 rpm.
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4.1.3.4.4. Fourth Mixing Method

This mixing technique was primarily used to determine the influence of PAA on the
dispersion of TiO> particles in cement-based systems. In this mixing method, PAA (0.5%)
was utilized singly as surfactant material. First, an ultrasonic mixer was used to mix TiO>
powder and all mixing water for 10 minutes at 80% amplitude and 1900 Joules energy
input. PAA was added to the solution slowly and steadily during ultrasonication process.
After the ultrasonication procedure, the resulting suspension was mixed with the cement
for 30 seconds in a mixer spinning at 100 rpm. Finally, all ingredients (cement, TiO>

powder, water, and PCE) were mixed in mixer for 10 minutes at 300 rpm.

4.1.3.4.5. Fifth Mixing Method

Using binary surfactant materials PAA and PCE (0.5 % +0.5 %) in this mixing technique,
the impact of PAA and PCE on the dispersion of TiO2 particles in cementitious systems
was investigated. The goal was to enhance the homogeneous distribution of TiO2 powder
along cement-based systems. For 10 minutes at an amplitude of 80% and an energy input
of 1900 Joules, an ultrasonic mixer was used to mix TiO2 powder with water, PCE, and
PAA. The resulting suspension was added to the cement in a mixer spinning at 100 rpm
for 30 seconds after the ultrasonication procedure. Finally, all ingredients (cement, TiO>

powder, water, PAA and PCE) were mixed in mixer for 10 minutes at 300 rpm.

4.1.4.4. Compressive Strength

The compressive strength of 5% (by weight of cement) anatase-phase, rutil-phase and
Degussa P25 TiO--substituted cementitious systems for different curing ages was
determined. The compressive strength results are presented in Figure 4.7 (anatase-phase
TiO:-substituted cementitious systems), Figure 4.8 (rutil-phase TiO--substituted
cementitious systems), and Figure 4.9 (Degussa P25 TiO.-substituted cementitious

systems).
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Figure 4.7. Compressive strength results of nano-anatase TiO-substituted cementitious

composites prepared with different mixing methods.

As seen in Figure 4.7, the compressive strength values of the nano-anatase TiO»-
substituted cementitious composites varied between approximately 54.1 MPa (for 2-day)
and 93.8 MPa (for 90-day). When the compressive strength values were examined,
although some natural variations were observable, the lowest 2-day strength values were
obtained from the specimens prepared with fourth and fifth mixing methods (54.8 MPa
and 54.10 MPa, respectively). The highest 2-day compressive strength was recorded from
the mixtures prepared by using first mixing method as 58.0 MPa. Although some natural
variations were observable, the lowest 90-day strength values were obtained from the
specimens prepared with third, fourth and fifth mixing methods (91.0 MPa, 88.0 MPa
and 91.0 MPa, respectively ). The highest 90-day compressive strength was recorded
from the mixtures prepared by using first mixing method as 93.8 MPa. Although there
are some natural variations when the whole curing ages are taken into account, the highest
compressive strength values were obtained from the mixtures prepared with first mixing
method while the lowest ones were obtained from those prepared with fourth mixing

method.
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Figure 4.8. Compressive strength results of nano-rutile TiO»-substituted cementitious
composites prepared with different mixing methods.

As seen in Figure 4.8, the compressive strength values of the nano-rutile TiO2-substituted
cementitious composites varied between approximately 54.6 MPa (for 2-day) and 93.6
MPa (for 90-day). When the compressive strength values were examined, although some
natural variations were observable, the lowest 2-day strength values were obtained from
the specimens prepared with fourth and fifth mixing methods (54.6 MPa and 55.2 MPa,
respectively). The highest 2-day compressive strength was recorded from the mixtures
prepared by using first mixing method as 59.3 MPa. Although some natural variations
were observable, the lowest 90-day strength values were obtained from the specimens
prepared with third and fourth mixing methods (90.0 MPa and 88.5 MPa, respectively).
The highest 90-day compressive strength was recorded from the mixtures prepared by
using first mixing method as 93.6 MPa. Although there are some natural variations when
the whole curing ages are taken into account, the highest compressive strength values
were obtained from the mixtures prepared with first mixing method while the lowest ones
were obtained from those prepared with fourth mixing method.
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Figure 4.9. Compressive strength results of Degussa P25 TiO»-substituted cementitious

composites prepared with different mixing methods

As seen in Figure 4.9, the compressive strength values of the Degussa P25 TiO»-
substituted cementitious composites varied between approximately 57.2 MPa (for 2-day)
and 94.2 MPa (for 90-day). When the compressive strength values were examined,
although some natural variations were observable, the lowest 2-day strength values were
obtained from the specimens prepared with third and fourth mixing methods (both 57.2
MPa). The highest 2-day compressive strength was recorded from the mixtures prepared
by using fifth mixing method as 63.6 MPa. Although some natural variations were
observable, the lowest 90-day strength values were obtained from the specimens prepared
with third and fourth mixing methods (86.6 MPa and 85.7 MPa, respectively). The highest
90-day compressive strength was recorded from the mixtures prepared by using fifth
mixing method as 94.2 MPa. Unlike the anatase- and rutile-phase TiO-substituted
composites, as a striking point, although there are some natural variations when the whole
curing ages are taken into account, the highest compressive strength values were obtained
from the mixtures prepared with fifth mixing method while the lowest ones were obtained

from those prepared with fourth mixing method.

When the compressive strength results are evaluated in general, the compressive strength
values of the cementitious composites produced with anatase- and rutile-phase exhibited
close results. This was an expected result when considering their similar particle size
distributions and chemical inertness structures, mutually. Considerably lower
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compressive strength values obtained from the mixtures prepared by using third mixing
method (high-speed mixing with hand blender) are attributable to the reduction in the
thickness of electrical double layers as a consequence of increased ionic concentration
during the mixing process, resulting inrements in agglomeration (Han and Ferron, 2016).
The reduced compressive strength of mixes created using the fourth and fifth mixing
procedures might be attributable to the presence of a large number of voids caused by the
use of PAA in these methods (Tian et al., 2013; Negim et al., 2017). In the available
literature, there are many studies showing that the use of PAA beyond a certain level
adversely affects the compressive strength (Ma et al., 2011; Ma and Li, 2013; Tian et al.,
2013; Algedra et al., 2014). The influence of different PAA concentrations on the
mechanical parameters of concrete was investigated by Algedra et al. (2014). The
compressive strength of 3-day and 28-day old concrete specimens increased up to a 1%
PAA use rate, after which the strength results decreased. Although a lower dosage of PAA
was used within the scope of the thesis, it can be thought that the compressive strength
values obtained from the fourth and fifth mixing methods are affected by the addition of
PAA. However, when evaluating the mixing methods' performance in dispersing nano-
sized TiOz, not only compressive strength should be considered, but also photocatalytic
activity, electrical properties, and, most importantly, the microstructural characteristics
of the samples prepared using the various mixing methods, as this will help determine the

best mixing method.

4.1.4.5. Electrical Impedance

The electrical impedance values of 5% (by weight of cement) anatase-phase, rutil-phase
and Degussa P25 TiO--substituted cementitious systems for different curing ages was
determined. The electrical impedance results are presented in Figure 4.10 (anatase-phase
TiO2-substituted cementitious systems), Figure 4.11 (rutil-phase TiO:-substituted
cementitious systems), and Figure 4.12 (Degussa P25 TiO-substituted cementitious
systems). Considering the differences in electrical impedance results depending on
mixing methods, the dispersion quality of the TiO; particles throughout the cement-based
systems prepared with five different mixing methods were evaluated. Homogeneously
dispersed TiO: particles can improve electrical conductivity of the cementitious systems,
since they will create much more surface area than agglomerated TiO: particles, and
conductive paths throughout the matrix. In this way, the electrical conductivity/resistivity

can give an idea about the general distribution of TiO: particles in the matrix. The most
71



stable and lowest electrical resistance value means that the mixture is mixed more

homogeneously.
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Figure 4.10. Electrical impedance results of nano-anatase TiO-substituted cementitious

composites prepared with different mixing methods

When the electrical impedance results of 5% (by weight of cement) nano-anatase TiO»-
substituted cementitious composites prepared with different mixing methods are
evaluated from Figure 4.10, it can be observed that, regardless of the mixing method used
for mixture preparation, the electrical impedance values of all specimens increase with
the prolonged curing age. However, the increase rate varied depending on the mixing
method. The electrical impendance values of 180-day-old specimens produced by using
the first, second and third mixing methods were considerably higher than those produced
using the fourth and fifth mixing methods. At the end of 180-day curing age, the electrical
impedance values of nano-anatase TiO,-substituted cementitious composites prepared by
using the first, second and third mixing methods ranged between 10570 Q and 12567 Q,
while those prepared by using fourth and fifth mixing methods were 3630 Q and 3075
Q, respectively (Figure 4.10).
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Figure 4.11. Electrical impedance results of nano-rutile TiO,-substituted cementitious

composites prepared with different mixing methods

When the electrical impedance results of 5% (by weight of cement) nano-rutile TiO»-
substituted cementitious composites prepared with different mixing methods are
evaluated from Figure 4.11, as in the nano-anatase TiO.-substituted cementitious
composites, it can be observed that, regardless of the mixing method used for mixture
preparation, the electrical impedance values of all specimens increase with the prolonged
curing age. However, when the results are compared with those of nano-anatase TiO-
substituted cementitious composites, it is observed that lower electrical impedance values
are obtained from nano-rutile TiOz-substituted cementitious composites. While the
electrical impendance values of 180-day-old specimens prepared with nano-anatase TiO-
substituted cementitious composites were more than 10000 Q for the first, second and
third mixing methods, the electrical impedance values for the the first, second and third
mixing methods in nano-rutile TiO2-substituted cementitious composites were recorded
as 8050 Q, 6071 Q and 7500 Q, respectively. The 180-day electrical impedance values of
the nano-rutile TiO.-substituted cementitious composites prepared by using fourth and
fifth methods were recorded as 2650 Q and 1950 Q, respectively (Figure 4.11). Obtaining
considerably lower electrical impedance values from the nano-rutile TiO2-substituted
cementitious composites was an expected result when considering the fact that the
electrical properties of the materials are closely related to the electronic band structure
and the rutile-phase TiO2 shows better conductivity than the anatase-phase TiO. because

of its lower band gap (Sayilkan, 2007).
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Figure 4.12. Electrical impedance results of Degussa P25 TiO-substituted cementitious

composites prepared with different mixing methods

When the electrical impedance results of 5% (by weight of cement) Degussa P25 TiO,-
substituted cementitious composites prepared with different mixing methods are
evaluated from Figure 4.12, as in the nano-anatase and nano-rutile TiO2-substituted
cementitious composites, it can be observed that, regardless of the mixing method used
for mixture preparation, the electrical impedance values of all specimens increase with
the prolonged curing age. When the electrical impedance results are evaluated in general,
it can be seen that the electrical impedance values increase over time, regardless of the
mixing method and the type of TiO. used. The electrical impedance values of concrete
are highly dependent on the microstructure-related parameter such as pore structure, pore
solution, etc. (Spragg et al., 2013). It is well established that one of the primary causes
for the increment in electrical impedance over time is the composite's time-varying
microstructure. Ongoing hydration reactions, reduction in the size, volume, and
connectivity of the pores, decrease in pore solutions effective on transporting the
conductive ions, and more condensation of the matrix over time affect the electrical
properties. When the electrical impedance values of the composites prepared by using
anatase-phase, rutile-phase and Degussa P25 TiO: at the same utilization rate are
examined, it can be seen that the increase in the impedance values of the composites
decreased with the increased curing age. This reduction was greater for the mixtures
prepared by using fourth and fifth mixing methods, which means a more stable electrical

performance over time. Therefore, it can be said that composites prepared using these two
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methods are more regular and nano-sized TiO: particles are more homogeneously
dispersed in composites prepared by using these mixing methods. When the foregoing
findings are taken into consideration, it is evident that the fifth mixing method is the most

effective in terms of decreasing the electrical impedance of TiO-substituted composites.

The electrical impedance values of nano-rutile TiO2-substituted specimens were lower
than those of nano-anatase- and Degussa P25 (containing approximately 80% anatase-
and 20% rutile-phase TiO2)-substituted specimens. As mentioned before, this is because
of that the conduction band of anatase phase is (0.2 V) more than that of rutile phase (the
band gaps of rutile and anatase TiO2 are 3.00 and 3.20 eV, respectively) (Daude et al.,
1977; Kavan et al., 1996; Reddy et al., 2003; Beltran et al., 2006; Serpone, 2006; Hanaor
and Sorrell, 2011). Because, as the band energy increases, the materials show more

insulating properties.

As previously stated, the electrical conductivity of cementitious composites is very reliant
on the pore structure and the pore solution. Additionally, the incorporation of
nanoparticles affects the matrix's compactness, porosity, and microstructure. Moreover,
incorporating nano-sized TiO2 as a semiconductor, on the other hand, increases electrical
conductivity of cement-based systems by generating conductive channels (Xiong et al.,
2006; D'Alessandro et al., 2017; Li et al., 2017; Jiang et al., 2018). In addition, it should
be stated that both PCE and PAA can enhance the electrical conductivity of cement-based
systems (Li et al., 2018; Ismail et al., 2019; LeonaviClus et al., 2019). This circumstance
was true for all mixes generated in this investigation, however, and the surfactant
materials were used at a modest rate. As a consequence, it is plausible to conclude that
surfactant materials have a minimal influence on electrical conductivity and hence have

no effect on the findings.

As a consequence of all of these assertions, it is clear that nano-sized TiO: particles are
more uniformly dispersed throughout the composites prepared by using fifth mixing
method. Because this mixing method resulted in an increase in the electrical conductivity
by forming additional conductive paths with semiconductor TiO. particles via
homogenous dispersion of them along the matrix. The results of the microstructural study

reported in the next sections corroborate these findings.
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4.1.4.6. Photocatalytic Performance

The photocatalytic performance of 5% (by weight of cement) anatase-phase, rutil-phase
and Degussa P25 TiO:-substituted cementitious systems for different curing ages was
determined. The NOy, NO, and NO: concentration profiles obtained during the NOx
degradation tests under illumination are presented in Figure 4.13 (anatase-phase TiO--
substituted cementitious systems), Figure 4.15 (rutil-phase TiO:-substituted cementitious
systems), and Figure 4.17 (Degussa P25 TiO--substituted cementitious systems). In
addition, NOyx and NO degradation and NO: formation rates (in percentage) of the
developed systems together with the system selectivity values are summarized in Figure
4.14 (anatase-phase TiO:-substituted cementitious systems), Figure 4.16 (rutil-phase
TiO:-substituted cementitious systems), and Figure 4.18 (Degussa P25 TiO:-substituted
cementitious systems) for easy comparison of photocatalytic performances of the
specimens. Considering the differences in NOy and NO degradation and NO- formation
rates depending on mixing methods, the dispersion quality of the TiO particles
throughout the cement-based systems prepared with five different mixing methods were

evaluated.
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Figure 4.13. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,
and 90-day-old samples of nano-anatase TiO-substituted composites

prepared with different mixing methods.
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Figure 4.14. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day-old specimens of nano-
anatase TiO,-substituted composites prepared with different mixing methods.

When the degradation rates of 7-day, 28-day and 90-day-old nano-anatase TiO>-
substituted specimens are evaluated from Figure 4.13 and Figure 4.14, it can be seen that
NOx and NO reduction rates reduced with the prolonged curing ages, irrespective of
mixure design parameters and mixing method used. This time-dependent trend may have
come from the ongoing hydration reactions, leading to the coating of TiO: particles with
further hydration product and thereby reducing the presence of TiO:. materials on
specimen surfaces reached by UV irradiation. A more likely reason is that carbonation
products, produced by binding carbon dioxide (CO2) into solid carbonates on the
specimen surface or another possible process, cause the specimen surface to be coated
(Lackhoff et al., 2003; Poon and Cheung, 2007; Chen and Poon, 2009; Matéjka et al.,
2012,). As shown in Figure 4.14, the nano-anatase TiO»-substituted composites prepared
by using fifth mixing method had the largest NOx reduction rates for each curing age. NOx
reduction rates of the 7-, 28-, and 90-day-old nano-anatase TiO-substituted composites
prepared by using fifth mixing method were obtained as 47.9%, 38.8%, and 37.3%,
respectively. The reason of obtaining higher NOyx reduction rates from fifth mixing
method compared to other mixing methods can be related to that this mixing method
distributes TiO: particles more homogeneously thoroughout the matrix, preventing TiO-

particles from agglomeration and staying deep dark zones of the composites and
78



providing the presence of relatively higher TiO. particles on the irradiation-reached
specimen surface. As followed from Figure 4.14, different NO. formation levels were
obtained from the specimens at the end of the photocatalytic reactions. The formation of
NO: in photocatalytic reactions can be related to the HNOs and NO3™ accumulation on the
TiO:2 surface over time, reacting with NO, beyond a threshold value, to form NO2 (Wang
et al., 2007; Mills and Elouali, 2015). Besides, the reactions between NO and O and/or
HNO; and OH* could be another possible reason of the formation of NO. (Wang et al.,
2007; Mills and Elouali, 2015; Han et al., 2021). Considering the fact that the toxicity of
NO: is significantly higher than the primary pollutant NO (Yang et al., 2018), it was
critical to monitor the change of NO: levels throughout the photocatalytic reactions, and
the system selectivity. When the system selectivity of the cementitious systems is
evaluated, it was clearly observed that the system selectivity of almost all specimens
exhibited a decremental trend starting from 7 to 90 days whereas the reverse was true for
composites prepared by using fifth mixing method. Furthermore, the composites made
utilizing the fifth mixing procedure had the greatest system selectivity value (85.8%) at
the conclusion of the 90-day curing period. As a result, among nano-anatase TiO»-
substituted specimens, the highest photocatalytic performance and efficiency values were
obtained from those prepared by using fifth mixing method. Therefore, it is thought that
the fifth mixing method among all mixing methods provides a more homogeneous

distribution of TiO: particles thoroughout TiO2-substituted composites.
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Figure 4.15. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,
and 90-day-old samples of nano-rutile TiO2-substituted composites prepared

with different mixing methods.
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Figure 4.16. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day-old samples of nano-rutile

TiO»-substituted composites prepared with different mixing methods.

When the degradation rates of 7-day, 28-day and 90-day-old nano-rutile TiO2-substituted
specimens are evaluated from Figure 4.15 and Figure 4.16, as in the nano-anatase TiO-
substituted specimens, it can be seen that NOy and NO reduction rates decreased with the
prolonged curing age, irrespective of mixure design parameters and mixing method used.
However, this decrease was much lower in composites prepared by using fifth mixing
method. This is due to the fifth mixing method's better TiO> distribution capacity, which
results in more homogenous composites. As can be seen from Figure 4.16, the composites
prepared by using fifth mixing method achieved the highest NOy reduction rates for each
curing age. The 7, 28, and 90-day NOy reduction rates of the composites prepared by
using fifth mixing method were recorded as 18.5%, 15.4%, and 8.6%, respectively. When
the system selectivity of the cementitious systems is evaluated from Figure 4.16, It was
readily seen that the system selectivity of all specimens exhibited a decremental trend
starting from 7 to 90 days. The composites generated utilizing the fifth mixing procedure
had the greatest system selectivity value (85.6 %) at the conclusion of the 90-day curing
age. In addition, on contrary to the composites prepared by using fifth mixing method, it
was determined that the system selectivity values of the composites prepared using first,
second, third and fourth mixing methods showed a sudden decrease at the 90-day curing
age. This situation can be accepted as an indication that the composites prepared using

the fifth mixing method behave more time-dependent stable. As a result, among nano-
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rutile TiO2-substituted specimens, the highest photocatalytic performance and efficiency
values were obtained from those prepared by using fifth mixing method. Therefore, it is
thought that the fifth mixing method among all mixing methods provides a more

homogeneous distribution of TiO: particles thoroughout TiO-substituted composites.

Another remarkable point was that the composites prepared by using nano-rutile TiO>
powder showed considerably lower NOy reduction performance compared to those
prepared by using nano-anatase one, as expected. Recent studies have shown that rutile-
phase TiO: particles have better photocatalytic activity than anatase-phase ones (Hanson
and Tikalsky, 2013). One of the primary reasons for the anatase-phase's superior
photocatalytic activity is that it has a lower density than rutile-phase, resulting wider TiO>
surface area in the TiOz-incorporated (by weight) cement-based systems (Melo et al.,
2012). Furthermore, the crystal structural problems in rutile-phase TiO2 are much greater
than in anatase-phase TiO.. Because of an excited electron being in the conduction band
for a little period of time, the rutile phase is not favoured as an efficient photocatalytic
material (Schindler and Kunst, 1990). In addition, another reason for the lower
photocatalytic degradation performance of rutile-phase compared to the anatase-phase is
the presence of defects in the crystal structure of the rutile-phase TiO», resulting decrease
in the amount of adsorption on the surface of the rutile-phase TiO2 and thereby a decrease

in photocatalytic efficiency (Lewis and Rosenbluth, 1989).
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Figure 4.17. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,

and 90-day-old samples of Degussa P25 TiOz-substituted composites

prepared with different mixing methods.
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Figure 4.18. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of Degussa P25
TiO»-substituted composites prepared with different mixing methods.

When the degradation rates of 7-day, 28-day and 90-day-old Degussa P25 TiO,-
substituted specimens are evaluated from Figure 4.17 and Figure 4.18, as in the nano-
rutile and nano-anatase TiO,-substituted specimens, the specimens prepared by using
fifth mixing method achieved the highest NOy reduction rates for each curing age. The 7,
28, and 90-day NOx reduction rates of the composites prepared by using fifth mixing
method were recorded as 38.1%, 31.9%, and 30.5%, respectively. When the system
selectivity of the cementitious systems is examined from Figure 4.18, the composites
created using the fifth mixing technique have the greatest system selectivity value
(85.9%) at the conclusion of the 90-day curing age. These findings may be ascribed to
the fifth mixing method's increased TiO> dispersion capability, which results in more
homogenous composites. As a result, it can be possible to state that the fifth mixing
method among all mixing methods provides a more homogeneous distribution of TiO2

particles thoroughout TiO2-substituted composites.

4.1.3.7. Image Analysis with Computed Tomography Device

Considering the compressive strength values, electrical properties, and photocatalytic
performances of the specimens prepared by using five different methods, the fifth mixing
method was the best method providing more homogeneous dispersion of TiO: particles.

At this point in the study, a computed tomography device was used to figure out how well
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the TiO; particles were spread out in the cement-based matrix. Tomographic imaging was
performed on the nano-anatase TiO2-substituted specimens. The data generated via this
approach is intended to be used to examine the dispersion level of nano-TiO; particles
along the cement-based matrix with an image processing method. A representative
computed tomography image of the sample (with 18 mm diameter and 20 mm height) is
shown in Figure 4.19.

Figure 4.19. Computed tomography image of nano-anatase TiO--substituted composite.

Figure 4.20 depicts cross-section views of the computed tomography scans of the
specimens. TiO: particles are shown as yellow dots. There are no traces of aggregation
along the cross-section of the matrix in the mixtures made using the fourth and fifth
mixing procedures, as shown in Figures 4.20-d and 4.20-e. As a result, the time-dependent
stability of photocatalytic performance in these samples may be a result of the uniform
distribution of nano-sized TiO- particles. Because of the optimal distribution of nano-
sized TiO; particles, which provides a relatively high TiO. particle concentration on the
sample surface exposed to UV radiation, the specimen prepared utilizing the fifth mixing
procedure exhibited the largest photocatalytic degradation capability. Using third mixing
method for mixture preparation, on the other hand, resulted in relatively lower
photocatalytic degradation capability because of agglomeration issues with nano-sized
TiO2 particles and generated instability along the matrix, as seen in Figure 4.20-c. Due to
the agglomeration issue induced by the surface charge of the TiO. particles, the vast
majority of TiO> particles may remain in the dark depths of composites, preventing them

from coming into touch with UV irradiation (inhomogeneous dispersion). As a result, this
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inhibits photocatalytic reactions from occurring. While this is true for the first and second
mixing procedures, it is more pronounced for the third one, as seen in Figure 4.20-c.

Figure 4.20. Image analysis of nano-anatase-substituted composites prepared with
different mixing methods with a computed tomography device; a) first, b)
second, c) third, d) fourth and e) fifth mixing method.

4.1.3.8. Scanning Electron Microscopy (SEM) Analysis

At this stage of the study, microstructural imaging of nano-anatase TiO»-substituted
composites prepared by using different mixing methods was performed by scanning
electron microscopy analysis (SEM). Figure 4.21 shows the distribution of Ti elements
thoroughout the cement-based specimens prepared by using various mixing procedures.
Ti particles (red) were found to be evenly distributed in the cross-section of the composite
prepared by using fifth mixing method (Figure 4.21-¢). This can be shown as an indication
that the fifth mixing method has a very good nano-sized TiO: dispersion capability. The
specimens prepared by using fourth and fifth mixing methods exhibited much higher
photocatalytic degradation capability than the others. As a result, PAA greatly contributes
to the homogenous dispersion of nano-sized TiOz particles throughout the matrix. In a
number of studies, it was stated that the fluidity of the mixtures has an effect on their

homogeneity (Jimenez-Relinque et al., 2015). Thus, it is highly likely that the increased
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fluidity of the mixture prepared using the fifth mixing method (as a result of the presence
of PCE and PAA) will result in a more homogeneous matrix, further enhancing the
mixture's microstructural characteristics in favor of photocatalytic degradation capability.
As for the mixture prepared by using third mixing method, it can be seen from Figure
4.21-c that, the third mixing method results in a significant degree of agglomeration.
Figures 4.21-a and 4.21-b illustrate the occurrence of agglomeration zones in the TiO»-

substituted composites prepared by using first and second mixing methods.

As a result, according to the results discussed in Section 4.1, the fifth mixing method was
chosen to be used for the preparation of the mixtures in the next stages of the experimental

studies.

Figure 4.21. SEM images of nano-anatase TiO-substituted composites prepared with a)
first, b) second, c) third, d) fourth and e) fifth mixing method.
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4.2. Determination of Critical Utilization Rate of TiO, Particles in Cement-Based
Systems with NO, Reduction Capability

4.2.1. Introduction

Developing technology allows materials to be produced in much smaller sizes.
Applications and research mostly aim to develop new generation function-added
construction materials with small-sized (nano- and micron-sized) materials. Developing
environmentally friendly multi-functional construction materials with air purification
capability (photocatalytic degradation capability) is one of the research interests using
small-sized materials (e.g., TiO2 as a photocatalyst). Despite having the same chemical
content, materials with smaller size have physically different properties from those with
larger ones. Therefore, the influence of photocatalyst particle size on the characteristics
of cement-based materials must be well understood and researched. In addition to that,
considering the fact that the amount of irradiation-reachable photocatalyst material
available on the cement-based materials’s surface IS an important parameter to be
considered in order to obtain an optimum cementitious product that is affordable and
characterized with the enhanced photocatalytic degradation capability, optimum
utilization rate of the photocatalyst materials in the cement based-materials should be
studied. Therefore, in this step of the thesis, it was planned to determine the optimum
utilization rates in cases where nano, sub-micron and micron-sized TiO> particles were
used individually. By doing this, both the optimum utilization rate of TiO2 materials in
the cement-based systems was determined and the influences of particle size on the
various engineering features of TiOz-substituted cement-based materials were

investigated.

4.2.2. Experimental Studies

The fifth mixing technique, which was considered to be the best mixing procedure (in
Section 4.1), was used to produce mixtures at this stage of the experimental research. A
constant water to powder ratio of 0.35, by weight for all mixtures and four different usage
rates of TiO2 powders (2.5%, 5%, 7.5% and 10% by total weight of powder materials)
were used for the preparation of the mixtures. In the experimental studies where the
optimum utilization rate of TiO, materials was determined, Degussa P25 and nano-,
submicron-, micron-sized anatase and rutile TiO, powders were used separately.
Compressive strength values, electrical properties and photocatalytic activities of the

specimens prepared were determined at different ages. Dispersion level of the TiO2
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particles throughout the cement-based matrix was determined by using tomography
imaging. In addition, the effects of TiO> utilization rate or particle size on the hydration
kinetics of the cement-based systems were determined by using an isothermal calorimeter

device.

4.2.3. Experimental Study Results and Discussion

4.2.3.1. Hydration Kinetics

The hydration kinetics of cement-based systems prepared by using nano-, submicron-,
micron-sized anatase-phase TiO> powders (separately) at four different utilization rates
(2.5%, 5%, 7.5% and 10% the total powder material weight) were determined using an
isothermal calorimeter device. The hydration rate and cumulative heat of hydration of
cementitious pastes are presented in Figure 4.22 (nano-sized anatase-phase TiO--
substituted cementitious systems), Figure 4.23 (submicron-sized anatase-phase TiO:-
substituted cementitious systems) and Figure 4.24 (micron-sized anatase-phase TiO--

substituted cementitious systems).

q
a) : Hles :‘III
q e 50 %
g ™ ThW
a o 100%

Rate of hydration, mW/qg

6 6 12 18 24 30 36 42 48 54 60 66 T2
Time, h

Red. Mix

50 %

Heat of hydration Jig

100%

0 6 12 18 24 30 3B 42 48 54 GO BB 72
Time, h

Figure 4.22. a) Rate of hydration and b) heat of hydration of nano-sized anatase-phase
TiO2-substituted (2.5%, 5%, 7.5%, and 10% by weight of the binder)

cementitious systems.
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When isothermal calorimetry results of the nano-sized anatase-phase TiO--substituted
(2.5%, 5%, 7.5%, and 10% by weight of the binder) cement-based materials are evaluated
from Figure 4.22, it can be noticed that the addition of nano-sized anatase-phase TiO>
resulted in a faster rate of hydration peak. As is generally known, the use of nanoparticles
in cementitious systems accelerates hydration (Mohseni et al., 2015). After a certain level
of TiO> utilization rate, the utilization of nano-sized anatase-phase TiO2 began to have a
more noticeable influence on the hydration kinetics, and it was particularly effective on
the rate of hydration, and the total heat of hydration in the early period of the reactions.
As can be clearly seen from Figure 4.22, nano-sized anatase-phase TiO--substituted
mixtures had a higher rate of hydration and reached rate of hydration peak earlier
compared to the reference mixture (without TiO2), when the utilization rate of TiO-
exceeded the rate of 7.5%. As a striking point, although the highest rate of hydration was
obtained from the mixture prepared by using 10% nano-sized anatase-phase TiO., the
mixture prepared by substituting 2.5% nano-sized anatase-phase TiO» reached hydration
peak earliest. Although mixtures with higher rate of hydration were obtained when the
utilization rate of nano-sized anatase-phase TiO. exceeded 7.5%, higher compressive
strength results were obtained from the reference mixture and the mixture prepared by
using 2.5% nano-sized anatase-phase TiO: (Section 4.2.3.2). When the utilization rate of
TiO2 exceeded a certain level (especially 7.5% and 10% for this study), the amount of
hydration products decreased, and lower compressive strength was obtained. This can be
atrributed to the fact that there is less reactive cement (in percentage) because of
substitituon (Jayapalan et al., 2013; Xu et al., 2019; Erdem et al., 2020) and the presence
of nano-sized of TiO: particles can limit the formation of dicalcium silicate (C2S)

(Behfarnia et al., 2013).

90



Rate of hydration, mW/g

Heat of hydration J/g

0 6 12 18 24 30 36 42 48 54 60 66 T2
Time, h

Figure 4.23. a) Rate of hydration and b) heat of hydration of submicron-sized anatase-
phase TiO--substituted (2.5%, 5%, 7.5%, and 10% by weight of the binder)

cementitious systems.

When isothermal calorimetry results of the submicron-sized anatase-phase TiO--
substituted (2.5%, 5%, 7.5%, and 10% by weight of the binder) cement-based materials
are evaluated from Figure 4.23, as in the nano-sized anatase-phase TiO:-substituted
cement-based materials, it can be seen that the addition of submicron-sized anatase-phase
TiO2resulted in a faster rate of hydration peak. Similar to nano-sized anatase-phase TiO-
substituted cement-based materials, when the TiO2 usage rate rose, so did the rate of
hydration peak values. As a remarkable point, the composites prepared by using
submicron-sized anatase-phase TiO. powder exhibited lower hydration peak magnitudes
compared to those prepared by using nano-sized one. This clearly shows the effects of
particle size of TiOz incorporated on hydration. In the study of Chen et al. (2012), it was
determined that nano-sized TiO: substitution resulted in reaching heat of hydration peak
value earlier, and it was stated that the peak magnitude increased when the substitution
rate increased from 5% to 10%. Although incorporation of anatase-phase TiO- resulted
in reaching rate of hydration peak earlier and increase in the TiO> utilization rate resulted
in increases in the rate of hydration peak values, very small differences were observed

between the total heat of hydration of different mixtures in the late periods.
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Figure 4.24 a) Rate of hydration and b) heat of hydration of micron-sized anatase-phase
TiO:-substituted (2.5%, 5%, 7.5%, and 10% by weight of the binder)

cementitious systems.

When isothermal calorimetry results of the micron-sized anatase-phase TiO--substituted
(2.5%, 5%, 7.5%, and 10% by weight of the binder) cement-based materials are evaluated
from Figure 4.24, as in the nano- and submicron-sized anatase-phase TiO--substituted
cement-based materials, it can be observed that the addition of micron-sized anatase-
phase TiO> accelerated the rate of hydration. Similar to nano- and submicron-sized
anatase-phase TiO.-substituted cement-based materials, with the increment in the TiO:
usage rate, rate of hydration peak values increased. However, it was determined that even
at the micron-sized anatase-phase TiO- utilization rate of 10%, the hydration peak level
obtained from the reference mixture (without TiO2) could not be reached.

In various studies, it has been stated that when nanomaterials with finer grain size
compared to cement are added to the mixture, particles act as filler and accelerate the
hydration of the mixture by creating nucleation effects (Yesilmen et al., 2015). Many
fine-grained materials in question are chemically active, thus contributing to and assisting
the hydration process to some extent. However, the chemically inert TiO> particles poses

various question marks in terms of hydration development. Due to the fact that TiO>
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particles used in different sizes are both chemically inert materials and have much smaller
particle size than the cement, it is very important to fully reveal their effects on hydration
development. As a consequence, it was seen that TiO> particles with various particle size
ranges added to the mixture have a significant influence on the pace of hydration and the
total heat of hydration. In general, it was determined that utilization of anatase-phase TiO-
resulted in reaching rate of hydration peak earlier compared to the reference mixture
(without TiO2). This indicates that TiO: substitution accelerates early age hydration. In
addition, the increase in the particle size of TiO. particles resulted in reaching rate of

hydration peak later and a lower rate of hydration.

4.2.3.2. Compressive Strength

To determine the optimum utilization rate of TiO, materials in the cement-based systems
and the effect of the particle size/type of TiO> substituted on the mechanical properties of
the cement-based systems, the compressive strength of anatase-phase (nano-, submicron-
and micron-sized), rutil-phase (hano-, submicron- and micron-sized) and Degussa P25
TiO:-substituted (at four different utilization rates: 2.5%, 5%, 7.5% and %10 by weight
of the powder materials) cementitious systems for different curing ages was determined.
From Figure 4.25 through Figure 4.31, the compressive strength results are shown.
Considering the differences in compressive strength depending on utilization rate or type
of TiOz used, the mechanical performances of the TiO2-substituted cement-based systems

were evaluated.
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Figure 4.25. Compressive strength results of nano-anatase TiO»-substituted composites
prepared with different substitution rates.
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Figure 4.26. Compressive strength results of nano-rutile TiO2-substituted composites
prepared with different substitution rates.
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Figure 4.27. Compressive strength results of Degussa P25 TiOz-substituted composites

prepared with different substitution rates.

When the compressive strength results of the nano-sized anatase, rutile and Degussa P25
TiO2-substituted composites are evaluated from Figure 4.25, 4.26, and 4.27, respectively,
it can be seen that, owing to continued hydration processes, the protracted aging/curing
resulted in constant increments in compressive strength findings, regardless of mixture
parameters. The compressive strength of the nano-sized TiO»-substituted cement-based
systems, which was in an upward trend, displayed opposite trend after a certain point of
diffraction, where the utilization rate was 2.5%. This means that the maximum
compressive strength values were obtained from 2.5% nano-sized TiOz-substituted
cement-based systems. Besides, the incorporation of nano-sized TiO, up to a certain point

of utilization rate resulted in higher compressive strength values compared to reference
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mixture (without TiO2). This certain point of utilization rate was 2.5% for nano-sized
anatase and rutile TiO2-substituted cement-based systems and 5% for Degussa P25 TiO»-
substituted cement-based systems. Numerous studies have reported that substituting
nano-sized TiO> materials increases the compressive strength of cement-based
composites and decreases their porosity, most probably due to the filler effect of TiO:
particles (Feng et al., 2013; Noorvand et al., 2013; Ma et al., 2015; Yang et al., 2015;
Rahim and Nair, 2016; Li et al, 2017). However, it has been reported in the current
literature that the mechanical performance of cement-based systems can be improved by
incorporating different nanomaterials up to a certain utilization rate, and beyond this
utilization rate, decreases or negligible increases can be recorded (Xu et al., 2019; Erdem
et al., 2020). According to Jimenez-Relingue et al. (2015), replacement of 2% (by weight
of cement) TiO, decreases the compressive strength of cementitious systems. Salemi et
al. (2014), moreover observed that by adding 2% (by weight of of cement) nano-sized
TiO», compressive strength of cementitious composites was higher at 27% compared to
the control mixture (without TiO2). Additionally, it was observed that the TiO»-added
cement-based composite had a greater rate of hydration and a lower porosity (at
nanoscale) than the control mixture. Similarly, Li et al. (2017) demonstrated that by
adding nano-sized TiOg, it is possible to minimize the porosity of cement-based
composites, hence increasing the composite's compressive strength. Various parameters,
including the TiO: dosage used (Turcyc and Loukili, 2003; Nazari and Riahi, 2011;
Aslani, 2015; Salman et al., 2016), particle size of TiO. (Chen et al., 2012; Folli et al.,
2012; Li et al., 2018), and the water/cement ratio (Lee et al., 2013) may influence the
compressive strength of cementitious composites incorporating nano-sized TiOa.
Besides, it has been stated in the studies carried out that the optimum dosage of nano-
sized TiO: particles is directly dependent on the degree of agglomeration of the particles
(Behfarnia et al., 2013; Salemi et al., 2014). Li et al. (2018) studied the influence of 10
and 15 nm TiO> size on the mechanical characteristics of cement. It was observed that
both sizes of TiO> particles increased the cement-based composite's 28-day compressive
strength. However, when TiO> with a particle size of 10 nm was used, the number of
nucleation sites was increased while the energy needed to generate each nucleation zone
was decreased. Consequently, the compressive strength of the cement-based composite
containing 10 nm TiO2 enhanced higher compared to those containing 15 nm TiOz. In
addition, self-agglomeration of nano-sized TiO: particles can occur more when finer-

sized TiO: particles are added, and this can affect the mechanical characteristics of
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cement-based composites adversely (Sanchez et al., 2010). According to other research,
nano-sized TiO particles did not enhance the mechanical characteristics of cement-based
composites (Noorvand et al., 2013), but rather damaged them after 28 days due to the
limitation of dicalcium silicate (C>S) hydration (Meng et al., 2012; Behfarnia et al..2013).
According to Li (2019), adding 10% TiO> (by weight of cement) to the engineered
cementitious composites (ECC) decreased the 28-day compressive strength by 12%, due
to agglomeration of nano-sized TiO2 particles resulting flaws in the cement paste.
Considering all these studies detailed above, there are several parameters influential on

the properties of nano-sized TiO,-substituted cement-based systems.

As a result of the detailed studies carried out within the scope of the thesis, in general, it
was seen that the compressive strength of nano-sized anatase, rutile, and Degussa P25
TiO2-substituted composites are quite similar, apart from minor differences. However, it
should be noted that the highest strength results were obtained from Degussa P25 TiO»-
substituted composites. As a result, in this study, it was revealed that the nano-sized TiO-
substitution improves the compressive strength up to a certain substitution rate beyond
which decreases was noted. The probable reason for the improvement in compressive
strength, primarily at the relatively low nano TiO> substitution rate (2.5%) is that nano-
sized powders create higher density due to the filler effect arising from comparatively
smaller particle size (Al-Dahawi et al., 2016). This behavior can also be attributed to the
seeding effect, which is the formation of additional area (nucleation sites) due to the
extremely fine particle size of nano materials (and thereby their high surface area) that
can pull unhydrated cement particles towards themselves, resulting in more suitable
places for the precipitation of hydration product (Yesilmen et al., 2015; Al Najjar et al.,
2016). However, the decrease in compressive strength after a certain substitution rate can
be related to the fact that the addition of inert TiO. powders resulted a less amount of
presence of reactive cement (in percentage) in the mixtures decreasing the rate/amount of
hydration products manufactured and causing lower compressive strength (Jayapalan et
al., 2013; Xu et al., 2019; Erdem et al., 2020) and nano-sized TiO: particles can limit the

formation of dicalcium silicate (C.S) (Behfarnia et al., 2013).
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Figure 4.28. Compressive strength results of sub-micron anatase TiO-substituted

composites prepared with different substitution rates.
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Figure 4.29. Compressive strength results of sub-micron rutile TiO.-substituted

composites prepared with different substitution rates.
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Figure 4.30. Compressive strength results of micron-anatase TiO2-substituted composites

prepared with different substitution rates.
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Figure 4.31. Compressive strength results of micron-rutile TiO2-substituted composites

prepared with different substitution rates.

When the compressive strength results of the submicron- and micron-sized anatase- and
rutile-phase TiO.-substituted composites are evaluated from Figure 4.28-Figure 4.31, it
can be seen clearly that the lengthy aging/curing resulted in continuing increases in
compressive strength findings, regardless of mixture parameters, owing to ongoing
hydration processes. Like the nano-sized anatase and rutile TiO»-substituted cement-
based systems, the incorporation of submicron- and micron-sized TiO2 up to a certain
point of utilization rate resulted in higher compressive strength values compared to

reference reference mixture (without TiO2). This certain point of utilization rate where
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the maximum compressive strength values were obtained from was 2.5%. As shown by
the compressive strength data, the highest strength was obtained in composites using
nano-sized TiO». Relatively less strength was obtained in the sub-micron size, and the
least strength was obtained in the micron size substitution. It is expected that the
beneficial effect of TiO. incorporation on compressive strength of cement-based systems
can diminish as the TiO particle size range increases, most probably because of the lower
capability of the TiO: particles with higher particle size in terms of refinement of pore
size structure in the paste due to their coarser structure and thereby lower surface areas
(Chen et al., 2012).

As a result of the detailed studies carried out within the scope of the thesis, effects of
different usage rates (2.5%, 5%, 7.5%, and 10% by weight of the cement) in the mixtures
prepared by using TiO: particles in different phases with different particle size ranges
(nano, sub-micron, and micron) on the compressive strength were similar, but the effect

of TiO2 particle size affected the compressive strength results in different ways.

4.2.3.3. Electrical Impedance

The electrical impedance values of anatase-phase (nano-, submicron- and micron-sized)
and rutile-phase (nano-, submicron- and micron-sized) TiO-substituted (at four different
utilization rates: 2.5%, 5%, 7.5% and %10 by weight of the powder materials)
cementitious systems for different curing ages were determined. The electrical impedance
results are presented in Figure 4.32 (anatase-phase TiO:-substituted cementitious
systems) and Figure 4.33 (rutile-phase TiO.-substituted cementitious systems).
Considering the differences in electrical impedance values depending on utilization rate
or type of TiO2 used, the performances of the TiO-substituted cement-based systems

were evaluated.
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Figure 4.32. Electrical impedance results of anatase TiO-substituted composites

prepared with different substitution rates.

When the electrical impedance results of anatase TiO.-substituted (at four different
utilization rates: 2.5%, 5%, 7.5% and %10 by weight of the powder materials)
cementitious composites were evaluated from Figure 4.32, it can be seen that, irrespective
of the utilization rate of TiOo, the electrical impedance values of all specimens increase
with the prolonged curing age. However, the increase rate varied depending on the
utilization rate of TiO». Highest 28-day-old electrical impedance results were obtained
from the specimens prepared with the TiO: utilization rate of 2.5%, regardless of the
particle size range of TiO2 used. Figure 4.32 shows that when the substitution rate rose
from 2.5% to 7.5%, the electrical impedance values fall. On the other hand, there was an
important increment in electrical impedance values with the increase in the utilization rate
from 7.5% to 10%. This can be related to the fact that, after exceeding a certain
substitution rate of TiO2, the mixture cannot be mixed homogeneously and therefore
regional agglomerations occur. Besides, with the increment in the particle size of the
anatase-phase TiO: substituted, the electrical impedance results also increased. According
to the electrical impedance results of the 28-day-old specimens, the highest values were
obtained from the micron-sized anatase TiO2-substituted composites. It is thought that the
differences between the electrical impedance results of the anatase TiO.-substituted
composites can be related to the microstructural differences considering that the electrical
conductivity of cementitious composites is very reliant on the pore structure and the pore

solution.
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Figure 4.33. Electrical impedance results of rutile TiO2-substituted composites prepared

with different substitution rates.

When the electrical impedance results of rutile TiO,-substituted (at four different
utilization rates: 2.5%, 5%, 7.5% and %10 by weight of the powder materials)
cementitious composites were examined from Figure 4.33, it can be seen that, irrespective
of the utilization rate of TiOa, the electrical impedance values of all specimens increase
with the prolonged curing age. However, the increase rate varied depending on the
utilization rate of TiO». Highest 28-day-old electrical impedance results were obtained
from the specimens prepared with the TiO: utilization rate of 2.5%, regardless of the
particle size range of TiO> used. The electrical impedance values decreased when the
replacement rate increased from 2.5% to 7.5%, as shown in Figure 4.33. On the other
hand, there was a significant increment in electrical impedance values with increase in
the utilization rate from 7.5% to 10%. Besides, with the increase in the particle size of the
rutile-phase TiO: substituted, the electrical impedance results also increased. According
to the electrical impedance results of the 28-day-old specimens, the highest values were
obtained from the micron-sized rutile TiO,-substituted composites. It can be said that the
electrical impedance results of anatase and rutile TiO2-substituted cementitious
composites showed a similar trend with each other based on the curing age, particle size,

and substitution rate.

As defined before, the electrical impedance values of concrete are highly dependent on
the microstructure-related parameter such as pore structure, connectivity of the pores,
pore solution etc. (Spragg et al., 2013). For this reason, it can be stated that any factor

affecting these parameters can also affect the electrical resistance of the concrete material.
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It's one of the main reasons why the electrical resistance of the composite increases over
time is because its microstructure changes over time. The electrical characteristics are
affected by ongoing hydration processes, reductions in the volume, size, and connectivity
of the pores, decreases in pore solutions efficient at transporting conductive ions, and
increased matrix condensation with time. Additionally, as mentioned before, since TiO2
Is a semiconductor, it can affect the electrical properties of cement-based composites.
Therefore, in addition to the effects of final hydration products such as CSH gels and CH
on the porosity, particularly for specimens containing semiconductor TiO> materials,
significant increases in electrical resistance over time can be related to limiting the
interaction between conductive materials by surrounding them with hydration products
(Liu et al., 2013). Homogeneously dispersed TiO: particles can improve electrical
conductivity of the cementitious systems, since they can create much more surface area
than agglomerated TiO:2 particles, and conductive paths throughout the matrix (Xiong et
al., 2006; D'Alessandro et al., 2017; Li et al., 2017; Jiang et al., 2018; Kannan et al.,
2018). Therefore, the decrease in electrical impedance values with the increase in the
substitution rate from 2.5% to 7.5% can be attributed to the beneficial effect of the TiO-
materials on the electrical conductivity of concrete. In contrast, as a counter-trend, a
significant increase in electrical impedance values with increase in the utilization rate
from 7.5% to 10% can be related to the lack of the formation of conductive paths due to
agglomerations in the inhomogeneous mixture (because of higher utilization rate). In
addition to that, increase in the electrical impedance results with the increment in the
particle size of the TiO: substituted can be related to the occurrence of larger interparticle
distances between larger-sized TiO: particles compared to smaller ones. When the results
are evaluated comparatively, it can be observed that lower electrical impedance values
(higher conductivity) were obtained from rutile TiO2-substituted cementitious
composites. Obtaining considerably lower electrical impedance values from the nano-
rutile TiO,-substituted cementitious composites was an expected result when considering
the fact that the electrical properties of the materials are closely related to the electronic
band structure and the rutile-phase TiO, shows better conductivity than the anatase-phase
TiO2 because of its lower band gap (Sayilkan, 2007). Since the reasons of this were

discussed in detail previously, no further comments were made here.
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4.2.3.4. Photocatalytic Performance

The photocatalytic performance of anatase-phase (nano-, submicron- and micron-sized),
rutil-phase (nano-, submicron- and micron-sized) and Degussa P25 TiO--substituted (at
four different utilization rates: 2.5%, 5%, 7.5% and %10 by weight of the powder
materials) cementitious systems for different curing ages were determined. The NOy, NO,
and NO: concentration profiles obtained during the NOx degradation tests under
illumination are presented in Figure 4.34, Figure 4.36, Figure 4.38, Figure 4.40, Figure
4.42, Figure 4.44 and Figure 4.46. In addition, NOy and NO degradation and NO:
formation rates (in percentage) of the developed systems together with the system
selectivity values are summarized in Figure 4.35, Figure 4.37, Figure 4.39, Figure 4.41,
Figure 4.43, Figure 4.45 and Figure 4.47. Considering the differences in NOx and NO
degradation and NO- formation rates depending on utilization rate or type of TiO2 used,

the performances of the TiO2-substituted cement-based systems were evaluated.
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Figure 4.34. Variation of NOy, NO, and NO: concentrations during each test for 7, 28,
and 90-day samples of nano anatase TiO»-substituted composites prepared
with different substitution ratios.
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Figure 4.35. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of nano-anatase

TiO»-substituted composites prepared with different substitution ratios.

When the degradation rates of 7-day, 28-day and 90-day-old nano-anatase TiO»-
substituted specimens are evaluated from Figure 4.34 and Figure 4.35, regardless of the
utilization rate of TiOg, it can be seen that NOx and NO reduction rates decreased with
the prolonged curing ages. This time-dependent trend may have come from the ongoing
hydration reaction, leading to the coating of TiO: particles with further hydration product
and thereby reducing the presence of TiO. materials on specimen surfaces reached by UV
irradiation. A more likely reason is that carbonation products, produced by binding carbon
dioxide (COy) into solid carbonates on the specimen surface or another possible process,
cause the specimen surface to be coated (Lackhoff et al., 2003; Poon and Cheung, 2007;
Chen and Poon, 2009; Matéjka et al., 2012). When the results are evaluated in terms of
the effect of the TiO> utilization rate on the photocatalytic performances of nano-anatase
TiO»-substituted composites from Figure 4.35 and Figure 4.36, it can be seen that NOx
reduction rates (in percentage) of the nano-sized anatase TiO-substituted cement-based
systems, which was in an upward trend, displayed opposite trend after a certain point of
diffraction, where the utilization rate was 5% (irrespective of curing age). This means that
there is an optimum amount of TiO> for the achievement of most effective photocatalytic
activity. Inadequate interaction of TiO> particles with the irradiation and agglomeration
in the case of overuse of TiO2 can be shown as the reason for the reversal of the trend
after a certain utilization rate of TiO, (Senff et al. 2013; Xu et al. 2020b). At the
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conclusion of the 90-day curing period, the highest NOx reduction rate (37.3%) and
system selectivity value (85.6%) were obtained from 5% nano-sized TiO,-substituted
cement-based systems. This means that utilization rate of 5% for nano-sized TiO:

provided a more effective photocatalytic degradation process.
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Figure 4.36. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,
and 90-day samples of sub-micron anatase TiOz-substituted composites

prepared with different substitution ratios.
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Figure 4.37. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of sub-micron
anatase TiO»-substituted composites prepared with different substitution

ratios.

When the degradation rates of 7-day, 28-day and 90-day-old submicron-anatase TiO»-
substituted specimens are evaluated from Figure 4.36 and Figure 4.37, as in the the nano-
anatase TiO»-substituted specimens, regardless of the utilization rate of TiOo, it can be
seen that NOx and NO reduction rates decreased with the prolonged curing age. In contrast
to the presence of a diffraction point where the trend (increase in NOx reduction rates with
the increment in the TiO2 usage) reversed after a certain point (at the utilization rate of
5% of the total binder weight) in nano-anatase-substituted mixtures, for the submicron-
anatase TiOz-substituted specimens, NOy reduction rates increased continuously with the
increment in the TiO- usage rate. At the end of 90 days, the highest NOx reduction rate
(22.3%) was obtained from 10% submicron-sized TiO2-substituted cement-based system
although the highest system selectivity value (87.8%) was obtained from the 5% TiO--
substituted mixture. Considering the fact that the toxicity of NOx: is significantly higher
than the primary pollutant NO (Yang et al., 2018), it was critical/necessary to monitor the
change of NO: levels throughout the photocatalytic reactions, and the system selectivity
to assess the photocatalytic efficiency of the mixtures. In this regard, higher system
selectivity can be an indicator to determine the mixtures as exhibiting more efficient
photocatalytic degradation process. In addition, although an increase in the utilization rate

from 5% to 10% resulted in an increase (relatively low) in the NOx reduction rate of the
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cement-based systems, negative effect of the increased TiO, content on the mechanical
properties and cost-efficieny must also be considered. In the light of this information,
although the highest NO reduction rate was obtained from 10% submicron-sized TiO»-
substituted cement-based system, considering its higher system selectivity, it can be said
that 5% submicron-sized TiO.-substituted cement-based system exhibited the optimum
photocatalytic performance.
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Figure 4.38. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,
and 90-day samples of micron anatase TiOz-substituted composites

prepared with different substitution ratios.
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Figure 4.39. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of micron anatase

TiO»-substituted composites prepared with different substitution ratios.,

When the degradation rates of 7-day, 28-day and 90-day-old micron-anatase TiO»-
substituted specimens are evaluated from Figure 4.38 and Figure 4.39, as in the the other
TiO»-substituted specimens, regardless of the utilization rate of TiOo, it can be seen that
NOy and NO reduction rates decreased with the prolonged curing age. In terms of the
effect of the TiO> utilization rate on the photocatalytic performances of micron-anatase
TiO2-substituted composites that can be followed from Figure 4.38 and Figure 4.39, as in
the nano-sized anatase TiO»-substituted cement-based systems, it can be stated that there
IS a certain point of diffraction (at the utilization rate of 7.5% of the total binder weight)
where the trend reversed. NOy reduction rates (in percentage) of the micron-sized anatase
TiO2-substituted cement-based systems increased with the increment in TiO2 usage rate
up to 7.5% of total weight of binder and displayed opposite trend after this point. At the
end of 90 days, the highest NOy reduction rate (14.4%) was obtained from 7.5% micron-
sized TiO2-substituted cement-based system although the highest system selectivity value
(90.2%) was obtained from the 5% TiO.-substituted mixture. As a result, although the
highest NOx reduction rate was obtained from 7.5% micron-sized TiOz-substituted
cement-based system, considering its higher system selectivity, it can be said that 5%
micron-sized TiOz-substituted cement-based system exhibited the optimum

photocatalytic performance.
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In general, the optimum TiO- utilization rate in terms of NOx reduction rates varied
depending on the particle size of the anatase-phase TiO» substituted. This can be
attributed to the easy current transfer capability of the smaller-sized TiO- from its surface
resulting increase in reaction efficiency (namely the differences in their efficiency) (Zhao
and Yang, 2003; Carp et al., 2004). This can also be related to the differences in the
mixtures' workability because of the differences in the particle size of TiO> used. Besides,
increasing the substitution rate of anatase-phase TiO: particles did not provide a linear
increase in the NOy reduction rates. The reason for this is that as the rate of TiO:
substitution increases, it becomes more difficult to spread the TiO particles through
cement-based systems. This means that most of the TiO» particles can stay in the dark
parts of the composites, where UV rays can not reach them. As a result, this inhibits
photocatalytic reactions from occurring. When considering the results obtained from the
anatase TiO»-substituted specimens, it is thought that the TiO- substitution rate of 5% was
ideal because of superior characteristics of 5% TiO»-substituted mixtures in terms of cost

effectivenes, mechanical properties and photocatalytic performance-related issues.
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Figure 4.40. Variation of NOy, NO, and NO: concentrations during each test for 7, 28,

and 90-day samples of nano rutile TiO-substituted composites prepared

with different substitution ratios.
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Figure 4.41. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of nano rutile TiO»-

substituted composites prepared with different substitution ratios.

When the degradation rates of 7-day, 28-day and 90-day-old nano-rutile TiO2-substituted
specimens are evaluated from Figure 4.40 and Figure 4.41, as in the anatase TiO-
substituted specimens, regardless of the utilization rate of TiO», it can be seen that NOx
and NO reduction rates decreased with the prolonged curing age. This time-dependent
trend can be related to the ongoing hydration reactions. In general, the photocatalytic
activity of nano-rutile-containing mixtures lagged far behind nano-anatase TiO-
containing mixtures. The differences between the photocatalytic activities of the anatase
and rutile phases of TiO: particles are directly related to their crystal structures. Since the
reasons of this were discussed in detail previously, no further comments were made here.
As can be followed from from Figure 4.40 and Figure 4.41, the general trend was towards
an increase in the NOy reduction rate of nano-rutile TiO-substituted composites as the
TiO: utilization rate increased in nano-rutile composites. However, when both the
increase rate in the NOx reduction rate with the increment in the usage rate of TiO, and
its effect on system selectivity are evaluated, it can be said that increment in the TiO>
usage rate beyond a certain point was not efficient for photocatalytic performance. The
presence of large amounts of nanomaterials can increase the aggregation tendency, which
can negatively affect photocatalytic efficiency and lead to a reduction in photocatalytic
activity (Xu et al., 2020). At the conclusion of the 90-day curing period, the highest NOy

reduction rate (8.6%) and system selectivity value (85.6%) were obtained from 5% nano-
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sized TiO2-substituted cement-based systems. This means that the utilization rate of 5%

for nano-sized TiOz provided a more effective photocatalytic degradation process.
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Figure 4.42. Variation of NOy, NO, and NO: concentrations during each test for 7, 28,

and 90-day samples of sub-micron rutile TiO.-substituted composites

prepared with different substitution ratios.
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Figure 4.43. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of sub-micron
rutile TiO2-substituted composites prepared with different substitution

ratios.

When the degradation rates of 7-day, 28-day and 90-day-old submicron-rutile TiO»-
substituted specimens are evaluated from Figure 4.42 and Figure 4.43, as in the other
TiO»-substituted specimens, regardless of the utilization rate of TiO., it can be seen that
NOy and NO reduction rates decreased with the prolonged curing age due to the ongoing
hydration reactions. Similar to nano-anatase TiO»-substituted composites, photocatalytic
degradation capability of the rutile TiO2-substituted composites decreased generally with
the increment in the particle size of TiO. used. However, the highest photocatalytic
activity results (NOx reduction rates) obtained from the 10% TiO: substituted composite
for each curing age. At the conclusion of the 90-day curing period, the highest NOx
reduction rate and system selectivity were recorded as 10.4% and 91.3%, respectively,
which were obtained from 10% submicron-sized rutile TiO»-substituted cement-based
systems. A striking point was that the best photocatalytic performance obtained from the
sub-micron rutile-substituted composites, which contain coarser particles compared to
nano-rutile-substituted composites, was higher than the best photocatalytic performance

obtained from the nano-rutile TiO2-substituted composites.
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Figure 4.44. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,

and 90-day samples of micron rutile TiO2-substituted composites prepared

with different substitution ratios.
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Figure 4.45. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of micron rutile

TiO,-substituted composites prepared with different substitution ratios.

When the degradation rates of 7-day, 28-day and 90-day-old micron-sized rutile TiO»-
substituted specimens are evaluated from Figure 4.44 and Figure 4.45 as in the other
TiO»-substituted specimens, regardless of the utilization rate of TiO,, it can be seen that
NOy and NO reduction rates decreased with the prolonged curing age due to the ongoing
hydration reactions. Among all rutile TiO2-substituted cement-based composites, the
lowest reduction rates were obtained from the micron-size rutile TiO»-substituted ones.
NOy reduction rates of the micron-sized rutile TiO2-substituted specimens generally
increased with the increment in TiO: substitution rate up to 5% of the total binder weight.
Beyond the 5% TiO- substitution rate, the NOy reduction rates of the micron-sized rutile
TiO2-substituted specimens decreased. At the conclusion of the 90-day curing period, the
highest NOy reduction rate and system selectivity (recorded as 6.6% and 86.9%,
respectively) were obtained from 10% micron-sized rutile TiO2-substituted cement-based

systems.
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Figure 4.46. Variation of NOy, NO, and NO: concentrations during each test for 7, 28,

and 90-day samples of Degussa P25 TiO»-substituted composites prepared

with different substitution ratios.
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Figure 4.47. The rate of NOx reduction, NO reduction, and NO: conversion and system
selectivity (%) in each test for 7, 28, and 90-day samples of Degussa P25
TiO,-substituted composites prepared with different substitution ratios.

When the degradation rates of 7-day, 28-day and 90-day-old Degussa P25 TiO,-
substituted specimens are evaluated from Figure 4.46 and Figure 4.47, as in the the other
TiO»-substituted specimens, regardless of the utilization rate of TiO., it can be seen that
NOy and NO reduction rates decreased with the prolonged curing age. In terms of the
effect of the TiO> utilization rate on the photocatalytic performances of Degussa P25
TiO2-substituted composites that can be followed from Figure 4.46 and Figure 4.47, it
can be stated that there is a certain point of diffraction (at the utilization rate of 7.5% of
the total binder weight) where the trend reversed. NOx reduction rates (in percentage) of
the Degussa P25 TiO2-substituted cement-based systems increased with the increment in
TiO2 usage rate up to 7.5% of total weight of binder and displayed opposite trend after
this point. At the end of 90 days, the highest NOy reduction rate (31.3%) and system
selectivity value (86.5%) were obtained from the 7.5% Degussa P25 TiO»-substituted
cement-based system. However, the NOy reduction rate (30.5%) and system selectivity
(85.9%) of the the 5% Degussa P25 TiO»-substituted cement-based system were really
close to the those of 7.5% Degussa P25 TiO,-substituted one.

The most important requirement for efficient photocatalytic performance is the high NOx
or NO reduction levels, which is directly related to the air cleaning performance of the

photocatalyst-containing cementitious composites. In photocatalytic systems, one of the
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main requirements for the reaction mechanism is that the UV light reaches the
photocatalyst particles. Because of this, it is vital to ensure that there is adequate
photocatalyst on the surfaces exposed to UV radiation in order to promote photocatalytic
reactions and obtain a high photocatalytic efficiency. To ensure an efficient photocatalytic
degradation process, the presence of photocatalyst particles on the UV-illuminated
surface should be maximized, while the formation/increase of embedded/agglomerated
particles in the dark depths of cement-based composites should be avoided. By ensuring
a homogenous distribution of TiO. particles in the mixtures, specimens with more stable
and regular microstructures may be created, which is good for repeatability and stability.
In the light of all these reasons, it is understood that there is an important relationship
between the microstructure of the photocatalyst-containing cement-based composites and
their photocatalytic efficiency. In addition, as followed from the results of experimental
study, the utilization of TiO. particles above a certain level can be harmful or less
beneficial than expected in terms of both electrical resistivity and photocatalytic
performance. This is most probably due to the increased agglomeration of the TiO>
particles with the increased TiO> content, as mentioned before, which results in remaining
TiO2 particles in the dark depths of the specimens and thereby insufficient contact with
UV-light and TiO: particles preventing photocatalytic reactions. In the light of all the
information presented above (in Section 4.2), optimum TiO. utilization rate was
determined as 5% and this utilization rate was chosen to be used for the preparation of

the mixtures in the next stages of the experimental studies.

4.2.3.5. Image Analysis with Computed Tomography Device

At this stage of the study, the dispersion level of the TiO, particles throughout the nano-
anatase TiO»-substituted (at four different utilization rates: 2.5%, 5%, 7.5% and %10 by
weight of the powder materials) cement-based matrix was determined by using a
computed tomography device. The data generated via this approach is intended to be used
to examine the distribution level of nano-TiO: particles along the cement-based matrix
through the use of an image processing method. Figure 4.48 shows the cross-section view
of the computed tomography images of the specimens. Yellow dots indicate TiO:
particles. Figures 4.48-a, 4.48-b, and 4.48-c (the mixtures prepared with prepared with
the utilization rates of 2.5%, 5%, 7.5%, respectively) indicate that nano-sized TiO>

particles are effectively disseminated and there is no evidence of aggregation along the
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matrix's cross-section. Agglomeration zones (inhomogeneity in the dispersion of
particles) were observed on the 10% TiO»-substituted cement-based system (Figure 4.48-
d). Figure 4.48-d shows that exceeding a certain utilization rate led to less photocatalytic
degradation capability because small-sized TiO. particles agglomerated and caused
instability in the matrix. The great majority of TiO2 particles might stay at the dark depths
of composites, preventing them from coming into touch with UV irradiation, due to an
aggregation problem produced by the surface charge of the particles (inhomogeneous
dispersion caused by the presence of an excessive quantity of TiOz). As a result, this

inhibits photocatalytic reactions from occurring.

Figure 4.48. Image analysis of nano-anatase TiO»-substituted composites prepared with
different utilization rates with a computed tomography device a) 2.5%, b)
5%, c) 7.5% and d) 10% of total powder material.
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4.3. Determination of Optimum TiO2 Particle Size Distribution for Photocatalytic

Cementitious Systems
4.3.1. Introduction

Photocatalytic degradation capability of the TiO2-incorporated cementitious systems is
directly related to surface morphology, specific surface area and particle size of TiO:
utilized and the number of photocatalyst particles on UV-reached surfaces of
photocatalytic cementitious systems. Considering that the particle size of TiO; is a
significantly influential factor on the activity of photocatalytic systems, studies
addressing the relationship between the particle size of TiO2 incorporated into the cement-
based systems and photocatalytic activity of such systems have been performed. In the
case of co-utilization of TiO. particles of different sizes, optimizing particle size
distribution (PSD) of all TiO: particles can be essential for optimum performance and/or
improvement in performance of systems in several ways. Feret (1892) first studied the
PSD to obtain more economical concrete mixture designs by filling in voids among
particles. The Fuller and Thompson method has also been used for a long time in
determining the extent to which concrete aggregates should be mixed during PSD
optimization (Fuller and Thompson, 1907). In 1980, the “minimum particle diameter”
technique, which considers the size of the smallest grain used as well as the largest one,
was used by Funk et al. (1980) to create mixtures with the highest packing density. There
have also been other methods used to ensure high compactness of aggregates (Andreasen
and Andersen, 1930; Johansen and Andersen, 1991). On the other hand, in addition to
PSD optimization of aggregates, proper gradation of powdery materials such as cement
or mineral admixtures can fill entire voids among different particles. There are number
of studies related to the effects of optimizing the PSD of some powder materials on
several properties of cementitious systems. Sevim and Demir (2019a) studied the effect
of optimizing the PSD of fly ash on the performance of cement-based systems in terms
of mechanical and durability perspectives. They concluded that optimizing the PSD of fly
ash particles in a proper manner provided much better performance for cementitious
systems. Another study of Sevim and Demir (2019b) investigated changes in physical and
permeability properties of cementitious mortars through optimizing the PSD of fly ash.
They found that modifying the PSD of fly ash particles as a pozzolanic material has an
undeniable effect on properties of cement-based systems, due to proper PSD playing a

major role in filler effect and providing a good distribution of solid concentration. Lim et
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al. (2019) also studied the effects of particle grading on autogenous shrinkage and
strength of ultra-high-performance concrete, and they reported that PSD is reasonably

influential on these concrete properties.

As results of several literature studies show, the PSD of powder materials has a significant
influence on several properties of cementitious systems. However, until now, there have
been no specific studies on using different-sized TiO. materials with optimized PSD in
cementitious systems to improve microstructures in favor of optimum photocatalytic
efficiency. In this instance, optimization of the PSD of TiO: particles in a wide range of
sizes (inert ingredients that can be considered filling materials along with their
photocatalytic efficiency) is necessary to improve the engineering properties of
cementitious systems and/or the degree of photocatalytic reactions in favor of NOx
degradation capability. Therefore, due to the absence of relevant studies, at this stage of
the thesis, the effects of PSD of TiO: with ternary use of nano-sized, sub-micron-sized,
and micron-sized TiOa particles on photocatalytic performance and mechanical properties
of cementitious systems were investigated. The goal of this step of the thesis research is
to determine optimum PSD when the nano, sub-micron, and micron-sized TiO>s are used

together.

4.3.2. Experimental Studies

At this step of the experiment, mixes were made using the fifth mixing procedure (in
Section 4.1), which was judged to be the best. A constant water to powder ratio of 0.35,
by weight for all mixtures and TiO: utilization rate of %5 (by total weight of powder
materials) (determined as optimum utilization rate in Section 4.2) were used for the
preparation of the mixtures. Six different types of TiO2 (nano-, submicron-, micron-sized
anatase and rutile TiO2 powders) were used. Nano-, submicron-, micron-sized TiO:
powders were used as ternary and their incorporation rates were determined in accordance
with the PSD equation proposed by Funk et al. (1980). Various PSD moduli (0.1, 0.5,

0.9) representative of a wide region were used.
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To study the influence of optimizing the PSD of TiO: particles in co-utilization of
different-sized TiO: particles on the mechanical properties and photocatalytic efficiency
of the cementitious systems, the PSD Equation (6.1) proposed by Funk et al. (1980), was
adapted to this study. When using this equation to calculate incorporation rates of TiO-
powders with different particle size fractions, three sieve diameters of 50 nm, 255 nm and
1110 nm were considered: the maximum grain sizes of each TiO2 powder batch classified
by particle size (nano-, submicron-, micron-sized; respectively) and the limit values

separating the TiO: materials from each other in accordance with particle size.

D% —p?.
Dmax Dmin

where P(D) is the passing percentage of TiO, particles passing through relevant sieve, D
is the diameter of relevant sieve opening, Dmin IS the minimum particle diameter in all
TiO, powders and Dmax is the maximum, and ¢ is the PSD modulus. Three different PSD
moduli of 0.1, 0.5 and 0.9 were used. It should be noted that mixtures containing relatively
higher proportion of particles with larger grain size were obtained when the numerical
value of the PSD modulus increased. Nano-, submicron-, micron-sized anatase or rutile
TiO, powders were also used solely to observe their individual influences on the
performance of cementitious systems. In addition, a reference mixture was manufactured
without TiO, powder content for comparison. PSD curves were plotted using the equation
above for values of g: 0.1, g: 0.5 and g: 0.9. These PSD curves and those of nano-,
submicron-, micron-sized anatase and rutile TiO, powders TiO, powders are displayed
in Figure 4.49 and Figure 4.50
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Figure 4.50. PSD curves of nano-, submicron-, micron-sized rutile TiO. powders and

TiO, powders with varying PSD moduli
The effects of PSD optimization on the mechanical properties (compressive strength),
physical properties (pore volume and pore size distribution-by using MIP), hydration

kinetics, and NOy degradation capability were investigated using different dispersion

In addition, microstructural features of specimens were examined by

moduli.
microstructural characterization analyses including scanning electron microscopy with

energy-dispersive X-ray spectroscopy (SEM/EDX).
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4.3.3. Experimental Study Results and Discussion

4.3.3.1. Hydration Kinetics

Isothermal calorimetry was used to examine the hydration of cementitious pastes, using
0.35 water-to-powder ratio at 25°C to observe the influence of the PSD of anatase-phase
TiO, on hydration Kinetics. Since the anatase-phase TiO-incorporated cement-based
systems exhibited higher photocatalytic degradation performances, the effect of the PSD
optimization on the hydration kinetics was evaluated by using anatase-phase TiO:
incorporated systems. Figures 4.51 and 4.52 show the hydration rate and cumulative heat
of hydration of cementitious pastes, respectively.
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Figure 4.51. Rate of hydration of cementitious systems with variable PSD of anatase TiO,
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As seen from Figure 4.51, although reference specimen non-containing TiO, was not the
specimen which reached rate of hydration peak earliest, the highest rate of hydration peak
value was obtained from this specimen. This result can be attributable to the relatively
higher cement content of reference specimen compared to those of TiO,-substituted

specimens, which is detailed in compressive strength results section (Section 4.3.3.2.).

Among the non-optimized specimens (specimens prepared by using nano-, submicron-,
micron-sized anatase TiO, powders, solely), nano-sized anatase TiO, addition resulted
in an earlier and higher rate of hydration peak compared to submicron- and micron-sized
anatase TiO,s, probably due to more effective nucleation effects provided by significantly
smaller particles of nano-sized anatase TiO,. Incorporating nano materials with extremely
small particle size has a hydration agitation and acceleration effect (Chen et al., 2012;
Mohseni et al., 2015; Han et al., 2017; Li et al., 2017). This caused higher heat of
hydration for the cementitious system containing nano-sized anatase TiO, than for the
pastes with submicron- and micron-sized anatase TiO,s, especially between 8-48 hours
of hydration (Figure 4.52). However, the heat of hydration values of nano-, submicron-,
micron-sized anatase TiO,-substituted mixtures were similar at the end of 72 hours of
hydration. On the other hand, cementitious systems containing a combination of nano-,
submicron-, micron-sized anatase TiO, powders with varying PSD moduli exhibited a
maximum rate of hydration comparable to that of the paste with only nano-sized anatase
TiO, indicating similar seeding/nucleation effects. However, the apparent initial
retardation effect-where a longer induction period is observed but without a reduction rate
of peak heights for the mixtures prepared by using three different PSD moduli of 0.1, 0.5
and 0.9 may be attributed to retardation of cement grains dissolution because of residual
inorganic substances. Knowing that some inorganic materials (S042", CO3%", POs*, and F°
) have an adverse effect on early dissolution rate (Taylor, 1997). In this regard, sulfate
ions, coming from extracting and purifying process, on TiO2's surface may be dissolved
into C3S particles, causing dissolution to be delayed (Chernet, 1999;Lee and Kurtis,
2010). The reason why shifted peak observed by the mixtures prepared by using three
different PSD moduli of 0.1, 0.5 and 0.9 were related with the retardation effects of
residual inorganic materials. However, these retardations were not effective on non-

optimized TiO used paste mixtures. This could be attributed to the effects of PSD which
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lead more densify structure and covering more cement grain in fresh stages, hence results

more retardation effects and less dissolution of particles in initial duration.

When comparing the influence of PSD modulus on the rate and heat of hydration,
increasing PSD modulus of TiO, particles from 0.1 to 0.9 made no considerable
difference. Besides, TiO, addition with varying PSD moduli resulted in a higher heat of
hydration than submicron- and micron-sized anatase TiO, for hydration time of up to 48
hours. However, the reverse was true thereafter. This finding indicates that using nano-,
submicron- and micron-size particles, mixed to provide varying PSD moduli, is highly
effective on the rate and total heat of hydration at early periods before 48 hours.
Furthermore, anatase-TiO, with varying PSD moduli caused a small shoulder formation
in the rate of hydration curves at around 8 hours. This kind of shoulder formation in the
deceleration stage of the main hydration peak is generally associated with conversion of
AFt to AFm (Aitcin and Flatt, 2016). Earlier conversion of AFt to AFm, in the case of
anatase-TiO, with varying PSD moduli, could be attributed to the specific influence of
PSD on the hydration of calcium aluminates, which cause earlier conversion of AFt to
AFm.

The hydration kinetics results of cementitious pastes shown in Figure 4.51 and 4.52 show
that using nano-sized TiO2 (NA) caused an enhanced/accelerated degree of hydration
reaction (kinetics) of the cementitious paste (larger peak magnitude and earlier time of
peak occurrence) owing to its considerably fine structure providing significant surface
energy. This acceleration confirms that using nanoparticles (NA) provides higher early-
age strength. As the particle size of the TiO: in cementitious systems increased (among
specimens characterized by single use of TiO: particles), the peak occurrence time
increased and the peak magnitude decreased. This circumstance is consistent with

compressive strength findings, which show that increasing particle size reduces strength.

When the hydration kinetics results shown in Figure 4.51 and 4.52 are evaluated, it can
be clearly seen that using TiO2 with varying PSD moduli resulted in a retardation of peak
occurrence compared to the single-sized TiO: (longer time of peak occurrence) due to
retardation of early dissolution as a result of residual inorganic chemicals (Lee and Kurtis,

2010) and better-covering capability of PSD-optimized TiO particles. As the PSD
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modulus increased, the peak occurrence time increased and also its magnitude decreased
due to decrement in seeding and nucleation capability with increased coarser TiO:

particles.

4.3.3.2. Compressive Strength

Compressive strength of TiO-substituted (at a usage rate of 5% by weight of the powder
materials) cementitious systems for various curing ages was evaluated to better
understand the impacts of PSD optimization of TiO, particles on the mechanical
characteristics of TiO»-substituted systems. The compressive strength results are
presented in Figure 4.53 to 4.54. Considering the differences in compressive strength
depending on PSD of TiOz used, the mechanical performances of the TiO»-substituted

cement-based systems were evaluated.
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Figure 4.53. Compressive strength results of anatase TiO-substituted cement-based

composites

The compressive strength test results of each anatase TiO2-substituted mixture for various
curing ages are shown in Figure 4.53. Because of continued hydration processes, the
protracted aging/curing resulted in constant increases in compressive strength findings,
regardless of mixture characteristics. Submicron-sized anatase-phase TiO.-incorporated
specimen showed the highest strength increase at 33.7%, from 2-day to 7-day curing age.
Between 7-day and 28-day curing ages, strength increases slowed for all mixtures. The
highest compressive strength test results were recorded from reference specimen (non-

containing TiO,) for each curing age with the values reaching 59.32 MPa for 2-day-old
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specimens, 71.33 MPa for 7-day-old specimens and 85.30 MPa for 28-day-old specimen.
In the available literature, it was reported that the mechanical performance of
cementitious systems can be improved with the incorporation of different nano materials
up to a certain nano-material utilization rate beyond which decrements or negligible
increments can be noted (Xu et al., 2019; Erdem et al., 2020). In the study of Jimenez-
Relinque et al. (2015), incorporation of 2% TiO, (by mass of cement) reduced the
compressive strength of the cementitious systems. In this regard, considering relatively
higher incorporation rate of TiO, powder in this study (5% of total weight of powder
material), the relatively lower compressive strength results of the TiO,-incorporated
systems (especially of nano-sized anatase-phase TiO.-incorporated specimen) compared
to that of reference specimen can be attributed to the dilution effect (diminution of
cement). The addition of inert TiO, powders resulted a less amount of presence of
reactive cement (in percentage) in the mixtures decreasing the rate/amount of hydration
products manufactured and causing lower compressive strength (Jayapalan et al., 2013;
Xu et al., 2019; Erdem et al., 2020).

Among the non-optimized specimens (specimens prepared by using nano-, submicron-,
micron-sized anatase TiO, powders, solely), it was evident that those containing nano-
sized anatase TiO, showed the highest compressive strength results for each curing age.
The compressive strength values of nano-sized anatase-phase TiOz-incorporated
specimen for 2-day, 7-day and 28-day curing ages were 55.40, 66.00 and 77.63 MPa,
respectively. The probable reason for this behavior is that nano-sized powders create
higher density due to the filler effect arising from comparatively smaller particle size (Al-
Dahawi et al., 2016). This behavior can also be attributed to the seeding effect, which is
the formation of additional area (nucleation sites) due to the extremely fine particle size
of nano materials (and thereby their high surface area) that can pull unhydrated cement
particles towards themselves, resulting in more suitable places for the precipitation of
hydration product (Yesilmen et al., 2015; Al Najjar et al., 2016).

Although the NA showed highest compressive strength performances among non-
optimized specimens for each curing age, the incorporation of nano-sized TiO: reduced
the compressive strength results of the cementitious system considering relatively higher

compressive strength performance of the TiO2 non-containing specimen (Ref. Mix). In
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this regard, it is possible to state that the decremental effect of the decrease in the reactive
cement content of NA, because of replacement of cement with inert TiO2, on mechanical
performance was more dominant than the enhancing effects of the nano materials
incorporation into cementitious systems. It should be also stated that although, at the end
of the 48 hours, heat of hydration released from NA was higher than the reference mixture
(detailed in previous section), the compressive strength results were inconsistent with this
case. The possible reason of this situation can be related with (i) differences in the
consistency of the mixtures due to the different sized TiO2 content, (ii) formation of
heterogenous reaction product for faster hydration at the early age and (iii) differences in
the hydration products because the possible effects of TiO> existence.

Micron-sized anatase-phase TiO2-incorporated specimen showed the lowest compressive
strength performance among all tested mixtures for each curing age, most probably
because of the lower capability of the micron-sized TiO, particles in terms of refinement
of pore size structure in the paste due to their coarser structure and thereby lower surface

areas.

In the PSD-optimized specimens (the mixtures prepared by using three different PSD
moduli of 0.1, 0.5 and 0.9), although there was no important difference in their
compressive strength values, the mixture prepared by using PSD moduli of 0.1 had the
highest compressive strength values at approximately 52.10 (2-day), 65.82 (7-day) and
78.01 MPa (28-day), for almost all curing ages except for 7 days. After 28 days of curing,
the lowest compressive strength achieved among PSD-optimized specimens was 75.37
MPa for the combination created with PSD moduli of 0.9. When all results (obtained from
TiO,-incorporated mixtures) are evaluated together and micron-sized anatase-phase
TiO2-incorporated specimen results are excluded, the differences in compressive strength
results of mixtures at 28 days was not significantly evident, and compressive strength test
results were 76-79 MPa for tests carried out on all TiO,-incorporated mixtures after 28
days. It is especially noteworthy that the compressive strength of A-QO0.1 is higher than
that of NA, which can be attributed to its well-graded PSD achieving high particle packing
density. Peak magnitude values (maximum rate of hydration) of cementitious systems
containing a combination of NA, SMA, and MA TiO: particles with varying PSD moduli

were higher than those in systems containing SMA or MA TiO-, and lower than in those
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containing NA TiO2. As aresult, considering the higher peak magnitude value, the earlier
peak occurrence and the higher cumulative heat of hydration of cementitious system
containing NA TiO: at the end of 72 hours of hydration, it can be clearly stated that A-
QO0.1's relatively high compressive strength compared to NA was geometry-related
(physical) rather than chemistry-related (chemical), and PSD optimization with PSD
modulus of 0.1 provided the highest particle packing density.

Considering all of these results, it can be clearly stated that although the difference
between compressive strength results was not significantly prominent, meaningful
differences were noted for 28-day-old specimens. Less pronounced effect of the
modification/optimization of the PSD of TiO. powders on the compressive strength of
specimens containing PSD-optimized powders can be attributed to the relatively wide
range of particle sizes of NA and SMA TiO: batches, resulting in naturally good particle
grading, thereby positively affecting the mechanical properties of specimens. Although it
was minimally effective in increasing compressive strength for this study, the advantages
of PSD-optimization of TiO2 powders in tailoring microstructural properties are also
likely to improve compressive strength results of mixtures with PSD-optimized powders

over those containing TiO: powders with a narrower range of particle sizes.
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Figure 4.54. Compressive strength results of rutile TiO2-substituted composites

When the compressive strength results of the rutile-phase TiO»-substituted composites

are evaluated from Figure 4.56, it can be seen that the extended aging/curing resulted in

continuous increments in the compressive strength results, regardless of mixture
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parameters, due to ongoing hydration reactions. According to the compressive strength
results, in general, the compressive strength of nano-anatase and nano-rutile TiO--
substituted composites are quite similar, apart from minor differences. The compressive
strength values of the mixture containing nano-sized rutile TiO2 were recorded as 57.3,
70.10 and 79.0 MPa for the curing ages of 2 days, 7 days and 28 days, respectively. This
can be attributed to the fact that the rutile phase TiO. contributes relatively more to the
strength than the anatase phase TiO- for each curing age. Apart from nano size, it was
observed that composites using PSD modulus provide better compressive strength
compared to single size uses (submicron and micron). This shows that PSD optimization
has a positive effect on compressive strength. At the end of 28 days, the compressive
strengths of the samples produced with PSD optimization (g 0.1, 0.5 and 0.9) were
determined as 75.27, 76.74 and 77.90 MPa, respectively. In other words, higher
compressive strength was obtained in the composite containing less nano-sized material.
The compressive strength of the reference mixture without TiO2 (Ref. Mix.) was the
highest among all mixtures, regardless of the curing age. Among the TiO:-incorporated
mixtures, modification/optimization of the PSD of TiO:. powders with a proper PSD
modulus provided relatively better mechanical performance by ensuring high
compactness. Specimens prepared by using TiO: powder optimized with the PSD
modulus of 0.9 performed comparatively better under compressive strength test than other

non-optimized and PSD-optimized specimens at the end of 28 days.

4.3.3.3. Photocatalytic Performance

The photocatalytic performance of anatase-phase and rutil-phase TiO:-substituted
cementitious systems for different curing ages were determined. The NOy, NO, and NO:
concentration profiles obtained during the NOx degradation tests under illumination are
presented in Figure 4.55 and Figure 4.57. In addition, NOx and NO degradation and NO-
formation rates (in percentage) of the developed systems together with the system
selectivity values are summarized in Figure 4.56 and Figure 4.58. Considering the
differences in NOy and NO degradation and NO- formation rates depending on PSD of
TiO2 used, the performances of the TiO.-substituted cement-based systems were
evaluated.
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Figure 4.55. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,

and 90-day specimens of anatase TiO2-substituted composites
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NO: conversion in each test for 7, 28, and 90-day specimens of anatase

TiO»-substituted composites

When the degradation rates of 7-day, 28-day and 90-day-old anatase TiO2-substituted
specimens are evaluated from Figure 4.55 and Figure 4.56, it can be clearly seen that the
NOx degradation rates of nano-sized anatase-phase TiO2-substituted composite were the
highest for each curing age. Although utilizing nano-sized materials in cementitious
systems causes agglomeration issues because to the particles' large surface area and
energy (Kawashima et al., 2013), specimens using nano-sized anatase TiO2 powder
demonstrated comparably strong photocatalytic degradation capacity. This can be
attributed to the easy current transfer capability of the nano-sized TiO, from its surface,
especially when uniform distribution was guaranteed (Almquist and Biswas, 2002; Zhao
and Yang, 2003; Carp et al., 2004).

Due to the fact that photocatalytic reactions occur at the surface of the photocatalyst and
photons are captured from the surface of materials (Minero et al., 1992), it is also possible
to state that the photocatalytic activity directly depends on the total surface area of the
photocatalyst where UV irradiation is reached and on the grain size of the photocatalyst
affecting this area, and therefore nano particles can provide maximal photocatalytic
surface area accessible to polluting substances. However, the microstructure of
cementitious systems incorporating TiO, particles is significantly influential on the

dispersion of TiO, particles throughout the surface where the photocatalytic reactions

134



occur and thereby on the performance of these systems. On the other hand, submicron-
and micron-sized anatase-phase TiO-substituted composites showed considerably lower
photocatalytic degradation performance than nano-sized anatase-phase TiO-substituted
one, with the differences in degradation results becoming significantly more pronounced
with longer curing periods. Among the PSD-optimized specimens, photocatalytic
degradation rates of the mixture prepared by using PSD moduli of 0.9 were the highest
for all curing ages and after that, in decreasing order, those of for the mixture prepared
by using PSD moduli of 0.5 and for the mixture prepared by using PSD moduli of 0.1.
Photocatalytic degradation rates of all specimens exhibited a decremental trend starting
from 7 to 90 days. This time-dependent trend may have come from the ongoing hydration
reaction, leading to the coating of TiO, particles with further hydration product and
thereby reducing the presence of TiO, materials on specimen surfaces reached by UV
irradiation. A more likely reason is that carbonation products, produced by binding carbon
dioxide (COy) into solid carbonates on the specimen surface or another possible process,
cause the specimen surface to be coated (Poon and Cheugn, 2007; Chen and Poon, 2009;
Matéjka et al., 2012). The rate of decrement in photocatalytic degradation results of non-
optimized specimens from 7 to 28 days was more evident than in PSD-optimized
specimens. With further aging of specimens beyond 28 days, the rate of decrement in
photocatalytic degradation results of submicron- and micron-sized anatase-phase TiO»-

substituted composites was significantly higher than in other specimens.

As followed from Figure 4.58, different NO. formation levels were obtained from the
specimens at the end of the photocatalytic reactions. The formation of NO: in
photocatalytic reactions can be related to the HNOs and NO3™ accumulation on the TiO2
surface over time, reacting with NO, beyond a threshold value, to form NO: (Mills and
Elouali 2015 ; Wang et al., 2007). Besides, the reactions between NO and O and/or HNO>
and OH* could be another possible reason of the formation of NO: (Wang et al., 2007;
Mills and Elouali 2015; Han et al., 2021;). Considering the fact that the toxicity of NO2
is significantly higher than the primary pollutant NO (Yang et al., 2018), it was critical to
monitor the change of NO: levels throughout the photocatalytic reactions, and the system
selectivity. When evaluating the system selectivity of the cementitious systems, it was
clearly observed that the system selectivity of all specimens exhibited an incremental
trend starting from 7 to 90 days. In terms of NOx and NO reduction, although the nano-
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sized anatase-phase TiO.-substituted specimen was exhibited better performances, the
higher selectivity values were obtained from the PSD-optimized specimens. Therefore, it
is possible to state that PSD optimization significantly contributed to enhancement in the
photocatalytic efficiency of the cementitious systems by increasing the system selectivity.
In the PSD-optimized specimens (the mixtures prepared by using PSD moduli of 0.1, 0.5
and 0.9), although there was no significant difference in their system selectivity values,
the mixture prepared by using PSD moduli of 0.9 had the highest one (91.1%) at the
conclusion of the 90-day cure period. Relatively higher system selectivity of A-Q0.9
means a more efficient NOx degradation capability. Although a refined pore structure due
to good particle grading caused relatively greater compressive strength, this negatively
affected the photocatalytic activity of the mixtures, thereby causing NOy degradation with
low efficiency. This situation was also valid for PSD-optimized specimens. Although A-
Q0.1 contains higher amounts of more active nano-sized TiO-, its dense structure resulted
in lower photocatalytic efficiency compared to other PSD-optimized specimens. On the
other hand, A-Q0.9 showed superior photocatalytic efficiency among all PSD-optimized
specimens, despite having a small amount of nano-TiO.. Therefore, it is plausible that the
NOx degradation capability of the mixtures is strongly related to the microstructure
characteristics of matrix (as mentioned earlier) although their relationship is quite
different than the relationship between microstructure and compressive strength. Namely,
the optimal TiO: quantities from different-sized TiO. batches sufficient for efficient
photocatalytic activity were different than those sufficient for mechanical property. In
this regard, the most favorable particle packing was provided at a PSD modulus of 0.1
with well-graded TiO: particles (A-QO0.1), which achieved higher strength results than the
other PSD-optimized mixtures, although some natural variations were observed. This can
be attributed to the improvement/optimization of the PSD of powder materials in a proper
manner, which promoted pore refinement of the microstructure of the cementitious

systems, thereby obtaining a relatively denser matrix.

Higher photocatalytic degradation capability of the A-Q0.9 compared to the other PSD-
optimized specimens may stem from the larger number of pores limiting coverage of the
TiO: particles with hydration product. Another possible reason for the better
photocatalytic efficiency of A-QO0.9 is due to the multiple pore-structure of A-QO0.9
homogeneously spread throughout the surface morphology, which causes a large number

of TiO: particles to be dispersed throughout pore walls for maximum photocatalytic
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surface area. In addition, larger pores can allow pollutant gas (NOy gas) to diffuse into
the cementitious matrix more easily, thereby more pollutants participate in the
photocatalytic reactions and provide easily reaching of photons to the TiO.-containing
inner parts of the specimens in favor of further contact between the surface of
photocatalytic materials and UV irradiation. This situation also evident for MA and SMA.
Although SMA contained submicron-sized TiO: particles with photocatalytic efficiency
that is expected to be higher than in micron-sized TiO-, the NOy degradation capability
of MA at 7 and 28 days was higher than that of SMA. This may also be attributable to the
fact that MA had a greater volume of holes, the vast majority of which were pores larger
than 50 nm.

Although specimens containing nano-sized TiO. particles showed the highest
photocatalytic activity, a comparatively high efficiency cementitious system in terms of
NOx degradation capability was obtained with PSD optimization of TiO: powders,
probably due to the pore structure. High photocatalytic efficiency was obtained by using
a considerably smaller number of nano TiO: particles, which have higher photocatalytic
activity than larger ones. By optimizing the PSD of TiO: particles, lower decrements in
NOx degradation of mixtures over curing time were also achieved. Furthermore, PSD
optimization increased the system selectivity, which proves that PSD optimization
contributes to the enhancement in photocatalytic efficiency of the TiO.-incorporated

cementitious systems.
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Figure 4.57. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,

and 90-day specimens of rutile TiO»-substituted composites
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Figure 4.58. The rate and system selectivity (%) of NOx reduction, NO reduction, and
NO: conversion in each test for 7, 28, and 90-day specimens of rutile TiO-

substituted composites

When the degradation rates of 7-day, 28-day and 90-day-old rutile TiO2-substituted
specimens are evaluated from Figure 4.57 and Figure 4.58, as in the the anatase TiO-
substituted specimens, regardless of the utilization rate of TiO», it can be seen that NOy
and NO reduction rates decreased with the prolonged curing age due to the ongoing
hydration reactions. In PSD optimized mixtures, the highest NOx reduction value was
obtained from R-Q0.9 composite with 10.4 % at the end of 90-day. There is a similar
situation in the system selectivity, and the highest value was obtained from this composite
(83.5% for 90-day). As followed from the results, optimizing the PSD of TiO: particles
did not generally affect the photocatalytic performance/efficiency of rutile TiO2-
substituted specimens positively and system selectivity values of rutile TiO2-substituted
composites decreased continuously with the prolonged curing age, in contrary to the
anatase TiO»-substituted composites. In general, the photocatalytic activity of rutile-
containing mixtures lagged far behind anatase TiO> containing mixtures. The differences
between the photocatalytic activities of the anatase and rutile phases of TiO: particles are
directly related to their crystal structures. Since the reasons of this were discussed in detail

previously, no further comments were made here.

However, the mixture using the PSD modulus of 0.9 had the highest selectivity value

(91.1% and 83.5% for anatase and rutile TiO2-substituted specimens, respectively) at the
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conclusion of the 90-day cure period. This means that the highest photocatalytic
efficiency was obtained from the PSD modulus of 0.9.

4.3.3.4. Mercury Intrusion Porosimetry Test (MIP)

Since the mixtures with the best results in the cement-binding systems developed within
the scope of the study are the mixtures with anatase substituted, the pore size and pore
size distribution on the anatase-substituted mixtures were determined by using the

mercury porosimetry test (MIP).

MIP was used to test the pore size distributions of 5% anatase-phase TiO,-substituted
cementitious systems containing nano-, submicron- and micron-sized TiO, particles
individually or in combination and with varying PSD moduli, at the age of 28 days. MIP
was also performed on reference specimen for comparison. The current pore size
classification proposed by the International Union of Pure and Applied Chemistry
(IUPAC) was used to describe the pore structure of the cementitious system (IUPAC,
1971). This proposed classification classifies the pores into three groups according to
their sizes, including macropores, over 50 nm; mesopores, from 50 to 2 nm; and
micropores, under 2 nm. According to studies available in the literature, voids larger than
50 nm are, more influential on impermeability and strength characteristics of cement-
based systems, whereas voids smaller than 50 nm are more influential on drying shrinkage
and creep (Jones, 1990; Mehta and Monteiro 1993; Song and Kwon 2007). Therefore, in
addition to the IUPAC classification, in this paper, pores were divided into two
categories: pores larger than 50 nm termed as pores above 50 nm and pores smaller than
50 nm termed as pores below 50 nm. Total porosity (% of volume) of specimens is
presented in Figure 4.59. Pore size distribution percentages and curves of all specimens
are illustrated in Figures 4.60-a and 4.60-b, respectively. As indicated in Figure 4.59 and
Figure 4.60, reference specimen had the lowest total porosity value (3.9%) and all pores
available in this specimen were smaller than 50 nm, evidencing the highest compressive
strength results of the reference specimen. The figures also show that almost all pores
dispersed throughout nano-sized anatase TiO2-substituted specimen were smaller than 50
nm. Furthermore, a total porosity value of 4.0% for nano-sized anatase TiO.-substituted
specimen (Figure 4.59) reveals that nano-sized anatase TiO»-substituted specimen has a

relatively low pore volume compared to the other single size TiO,-substituted specimens
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(submicron- and micron-sized anatase TiO2-substituted specimens). As the size of TiO,
incorporated to the matrix got coarser, the volume of pores smaller than 50 nm formed in
the matrix decreased. The rate of pores, ranged between 0—50 nm, dispersed throughout
submicron- and micron-sized anatase TiO-substituted specimens was at 87.5% and
47.4% of the total amount of pores, respectively. Moreover, the total porosity values of
these mixtures were 8.6% for submicron-sized anatase TiO»-substituted specimen and
10.4% for micron-sized anatase TiO-substituted specimen: higher than that of nano-sized
anatase TiO»-substituted specimen, as previously mentioned. It is therefore reasonable to
state that using nano-sized TiO,, (the much finer fraction of the TiO;) leads to better
packaging of the grains, as expected and consequently improves the compactness of the

microstructure of specimens because of its filler effect.
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Figure 4.59. Total porosity (% of volume) of the anatase-substituted composites

The MIP test results of PSD-optimized specimens show that the number of pores below
50 nm in the mixtures prepared by using PSD moduli of 0.1 and 0.5 were 100% and the
specimen incorporated with TiO, using a PSD modulus of 0.9 resulted in a lower rate of
pores below 50 nm (64.8%) compared to other PSD-optimized mixtures (Figure 60-a).
Total porosity values were 4.5%, 4.8% and 6.4% for the mixtures prepared by using PSD
moduli of 0.1, 0.5 and 0.9, respectively; the increase in PSD modulus resulted in an
increase in total porosity and proportion of pores above 50 nm. The probable reason for
this is that the TiO, with the lower PSD modulus (g=0.1) contained a higher proportion

of small particles, which can provide more closable smaller interparticle spacing, better
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fill the voids between larger particles, and improve the packing density of the powder
materials (TiO, and cement). Moreover, for the mixture prepared by using PSD moduli
of 0.9, which contained the highest proportion of micron-sized TiO, particles among the
PSD-optimized specimens, the small-sized TiO, content was not enough to fill the voids
between large particles and thereby prevented significant improvement in packing density
of the powder materials compared to other specimens prepared using a smaller PSD
modulus. Consequently, these results show that PSD-optimized specimens have a
relatively low amount of porosity compared to non-optimized specimens, except nano-
sized anatase TiO»-substituted specimen and PSD optimization significantly contributes
to the pore refinement of mixtures, although the use of nano-sized TiO, alone performed

slightly better.

Figure 4.59 and Figure 4.60 show a low amount of total porosity in NA and more small-
size pores compared to the others, both of which indicate good packing density in favor
of particle distribution homogeneity and higher compactness. Therefore, the relatively
lower difference between NO, degradation rates of NA and A-Q0.9 was most probably
due to the surface of the nano-TiO: particles in NA being further covered with hydration

products.

MIP test results of A-Q0.9 showed 6.4% total porosity and 64.8% pores below 50 nm,
the highest total porosity and lowest number of pores below 50 nm among all the PSD-
optimized specimens. This means that the PSD modulus of 0.9 provided a considerably
higher number of pores above 50 nm, and that the amount/volume of pores dispersed
throughout A-Q0.9 was relatively high compared to the other PSD-optimized specimens.
Hence higher photocatalytic degradation capability of the A-Q0.9 compared to the other
PSD-optimized specimens may stem from the larger number of pores limiting coverage

of the Ti0: particles with hydration product.
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Figure 4.61 shows the relationship between the total porosity (% of volume) and NOy
degradation rate of specimens. Although MIP tests were carried out on 28-day specimens,
total porosity (% of volume) of 28-day old specimens (considering that these reflect the
tendency of specimens to 694 form pores), was associated with NOy degradation results
at all ages of relevant specimens. It can be seen from Figures 4.61.a and 4.61.b that the

general trends of these two graphs are different from each other. According to Figure
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4.61.a (non-optimized specimens), NOx degradation had an inversely proportional
relation to the total porosity of the specimen, whereas the opposite was the case with the
PSD-optimized specimens in Figure 4.61.b. Considering the limitations of using trend
lines to show the general trend of specimens, as well as the complexity of this situation
due to the presence of many factors affecting the characteristics of the specimens, this
requires a deeper, more careful assessment. In this regard, if NA is excluded, it can be
clearly stated that the increased total porosity value contributes positively to
photocatalytic degradation capability. NA not fitting this trend is due to its relatively
smaller particle size TiO: content, resulting in higher NOy degradation capability. The
photocatalytic efficiency of a cementitious system is significantly related to factors such
as physically and chemically effective factors including pore structure and quantity or
NOx degradation capability/efficiency in relation to photocatalyst particle size. When they
were more dominant/prominent, the negative effect of comparatively less porosity on
photocatalytic efficiency was not dominant enough for NA to cause lower degradation in
the positive effect of finer TiO: particle content on photocatalytic efficiency compared to
SMA or MA. However, this was not the case for PSD-optimized specimens. As
mentioned earlier, the relatively higher presence of nano-TiO: content could not provide
greater NOx degradation results for PSD-optimized specimens. Increments in total
porosity and the presence of pores above 50 nm had a greater effect on NOx degradation
capability of PSD-optimized specimens, indicating that more pores could lead to high

photocatalytic efficiency for TiO2-substituted cementitious systems.
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specimens

Matrix transformations that also take place on the surface of the cementitious matrix with
prolonged age mostly affect the photocatalytic activity of the specimens. The results of
PSD-optimized specimens showed that optimizing the PSD of TiO: particles can limit the
decrease in photocatalytic performance with further aging, such limitation was more
pronounced for specimens with denser structure. These results revealed that a TiO batch
optimized with the proper PSD modulus could be used as a long-term, stable and efficient

photocatalyst for air purification, with optimum performance in practical use.

Of the non-optimized specimens, those with denser structure (NA) also showed more
stable photocatalytic efficiency over time. This could be because the dense structure of
the specimens limits further coating of the already coated TiO: particles over time with
further hydration and leads to less sensitivity to carbonation because their network of
interconnected pores is more significantly developed than in mixtures with dense
structure. Low efficiency of SMA and MA in terms of aged photocatalytic efficiency can
be also attributed to their relatively high pore volume content. This situation was also
valid for PSD-optimized specimens, even though it was more pronounced for non-
optimized specimens. A-Q0.9, which has highest pore volume content among the PSD-
optimized specimens, also showed more unstable photocatalytic degradation performance

over time than denser PSD-optimized specimens.
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High porosity allows further penetration of carbonation in deeper layers. By sanding the
surface of specimens with lower pore volume, most of the carbonation product can be
removed from the UV-reached surface, thereby freeing it of TiO: particles. In this way,
photocatalytic reactions occurred due to a surface being free from carbonation product,
and more stable specimens were obtained depending on time. Further investigations are
necessary to clarify the effect of carbonation on NO, photocatalytic efficiency of
cementitious systems by considering its relationship with the pore structure

characteristics of these systems.

4.3.3.5. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis
(EDX)

Since the mixtures with the best results in the cement-binding systems developed within
the scope of the study were the mixtures with anatase substituted, microstructural
characterization was performed on the anatase substituted mixtures and whether the TiO:
particles were homogeneously dispersed or not was determined by using scanning
electron microscopy (SEM) analysis. In this context, the micron-sized images of the
samples under SEM were taken, and the elemental distributions of the scanned areas were
determined by Energy Dispersive X-ray Analysis (EDX).

SEM micrographs with EDX analyses, performed to determine the number of Ti elements
dispersed throughout a specific section, were obtained for microstructural
characterization studies of anatase TiO,-based cementitious systems. Analyses of non-
optimized and PSD-optimized specimens are shown in Figure 4.62 and 4.63, respectively.
It can be clearly seen from these figures that carbon (C), oxygen (O), calcium (Ca) and
silicon (Si) were the primary elements of all specimens, and substantial part of the
chemical content of all specimens was composed of Ca and O. The C contents by weight
of all specimens were lower than 9%. The Ti contents (by weight %) of nano-, submicron-
, micron-sized anatase TiO»-substituted specimens were 2.4, 1.7 and 4.9, respectively.
When the EDX analyses of NA and MA in Figures 4.62 (a) and 4.62 (c) are evaluated, it
is evident that the Ti content (by weight %) dispersed throughout the viewed section of
NA (2.4%) was lower than that of MA (4.9%), possibly due to the denser structure of the
NA. However, higher amounts of the Ti element throughout MA did not provide higher
NOx degradation results than in NA. This result also confirmed that smaller-size

photocatalysts provide a more efficient photocatalytic degradation process than larger
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ones. This was not the case when SMA and MA results were compared, which is likely
related to the microstructural characteristics of these specimens. However, it should be
kept in mind that EDX results of the equivalent specimens can vary according to the

section viewed.

For the PSD-optimized specimens, Ti contents (by weight, %) of the mixtures prepared
by using PSD moduli of 0.1, 0.5 and 0.9 were 1.9, 2.2, and 4.9, respectively. On the other
hand, for PSD-optimized specimens, A-Q0.9 showed better NOx degradation capability,
even though it contained a significantly lower amount of nano-sized TiO: than the other
PSD-optimized specimens. In addition, whereas the amount of nano-sized TiO: in NA
was quite a bit larger than in A-QO0.9, a remarkable difference in the nano-sized TiO-
content was not apparent when comparing NOy degradation rates of these two specimens.
This situation is directly related to specimen microstructure and surface characteristics
and may be attributed to the ability of the mixtures, through PSD optimization of TiO-
particles, to keep distribution and/or the amount of TiO: particles optimal throughout the

UV-reached surface where photocatalytic reactions occur.

Although the amount of photocatalyst located across the surface reachable by UV-
radiation has an undeniable influence on photocatalytic performance of cementitious
systems, there was no obvious correlation between the amount of photocatalyst and the
photocatalytic degradation rate of specimens. Considering that photocatalytic efficiency
of TiO, particles can be affected by their crystal structure, surface area and particle size
(Cirkva and Zabova, 2010), the NO, degradation results should be associated with the
higher presence of small-sized TiO, on the UV-reached surface, which resulted in
increments in the number of active surface sites and thereby high separation and transfer

efficiency of surface charge carriers.

EDX elemental mapping images of relevant specimens are also illustrated in Figure 4.62-
63: red corresponds to Ti atoms and green to Ca atoms. One of the main elements (Ca)
was detected in all regions of the specimens. Based on the evidence in these images, Ti
elements have more uniformly dispersed throughout the PSD-optimized specimens. For
the non-optimized specimens, the distribution of the Ti atoms on the surface of nano-,

and micron-sized anatase TiO2-substituted specimens was also generally homogeneous,
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although some irregularities in the distribution of the TiO> particles were seen in the

microstructure of submicron-sized anatase TiO.-substituted specimen.
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Figure 4.62. Representative EDX elemental mapping images and SEM micrographs

with EDX spectra of non-optimized specimens
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4.4. Determination of the Optimum Combination of Anatase- and Rutile-Phase TiO:
in Photocatalytic Cement-based Systems

4.4.1. Introduction

Titanium is the fourth most common metal element in the world after aluminum,
magnesium and iron. There are three crystalline phases of TiO2 in nature, under
atmospheric pressure; rutile (tetragonal), anatase (tetragonal), and brookite
(orthorhombic) (Gamboa and Pasquevich, 1992; Mo and Ching, 1995; Ding et al., 1996;
Ghosh et al., 2003; Smith et al., 2009). The generation of brookite phase is more difficult,
therefore, its presence is less common compared to other natural phases of TiO2, which
led researchers to focus on more common phases of metastable anatase and stable rutile.
Given both anatase and rutile phases of TiO are thermally/chemically stable, have high
oxidation capability, permeability against visible rays and high hydrophilic properties,
their use as photocatalytic materials in numerous applications has been more common
compared to other semi-conductive photocatalysts (Sakai et al., 2004; Banerjee et al.,
2006; Ohtani et al., 2010). It is generally reconciled that anatase has a more effective
photocatalytic degradation capability (Brown et al., 1985; Sclafani et al., 1990; Tanaka et
al., 1991). Despite this general agreement in the literature, it has also been reported by
several other researchers that rutile has a better photocatalytic activity than anatase (Mills
et al., 2003; Watson et al., 2003; Jia et al., 2018; Vijayarangamuthu et al., 2018).
Furthermore, a number of studies have reported that the combined use of anatase and
rutile phases leads to a better photoelectrochemical activity and degradation of pollutant
compounds than the single use of anatase phase (Bacsa and Kiwi, 1998; Muggli and Ding,
2001; Onho et al., 2001; Poon and Cheung, 2007; Kim and Ehrman, 2009).

As results of several literature studies show, the combined utilization of anatase- and
rutile-phase TiO. materials in photocatalytic cement-based systems can be beneficial for
obtaininig better photocatalytic degradation performance. In this regard, at this stage of
the experimental studies, by using experimental-based material design approach, it was
aimed to determine the optimum combination of anatase- and rutile-phase TiO>s to be

used in the cement-based systems in favor of higher efficiency.
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4.4.2. Experimental Studies

At this step of the experimental studies, mixtures were prepared using the fifth mixing
method which was determined as the best mixing method (in Section 4.1). A constant
water to powder ratio of 0.35, by weight for all mixtures, TiO- utilization rate of %5 (by
total weight of powder materials) (determined as optimum utilization rate in Section 4.2)
and PSD modulus of 0.9 (determined as optimum PSD modulus in Section 4.3) were used
for the preparation of the mixtures. Six different types of TiO. (nano-, submicron-,

micron-sized anatase and rutile TiO, powders) were used in combination.

To study the influence of co-utilization of different-phase TiO: particles on the
mechanical properties and photocatalytic efficiency of the cementitious systems, each
phase of TiO2 (nano-, submicron-, micron-sized anatase and rutile TiO2 powders) firslty
was combined by using the PSD modulus of 0.9. Then, obtained anatase and rutile-phase
TiO2 powder batches were used in combination to prepare TiO2-substituted cement-based
systems. In this regard, cement paste mixtures containing the combination of anatase- and
rutile- TiO particles were produced in different utilization rates (anatase:rutile-“80:20”,
“50:507, “20:80”). The effects of the co-utilization of different-phase TiO- particles on
the mechanical properties (compressive strength), and NOx degradation capability were

investigated.

4.4.3. Experimental Study Results and Discussion

4.4.3.1. Compressive Strength

To determine the optimum combination of anatase- and rutile-phase TiOzs in cement-
based systems and the effect of the co-utilization of different-phase TiO: particles on the
mechanical properties of the cement-based systems, the compressive strength of the
mixtures containing anatase-rutile combination of “80:20”, “50:50”, “20:80” (at the
utilization rate of 5% by weight of the powder materials and prepared by using the PSD
modulus of 0.9) for different curing ages was determined. The compressive strength
results are presented in 4.64. Test results of the mixtures prepared by solely using anatase-
and rutile-phase TiO2s with the PSD modulus of 0.9 (presented in previous section) were
also included in this figure for easy comparison of their properties. Considering the
differences in compressive strength depending on the combination rates, the mechanical

performances of the TiO2-substituted cement-based systems were evaluated.
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Figure 4.64. Compressive strength results of the mixtures containing anatase-rutile

combination

When the compressive strength results of the mixtures containing anatase-rutile
combination are evaluated from Figure 4.64, it can be seen that, due to ongoing hydration
reactions, the extended aging/curing resulted in continuous increments in the compressive
strength results, irrespective of mixture parameters. According to the compressive
strength test results of the mixtures produced by using the anatase-rutile combination,
generally, differences in compressive strength values of the mixtures were quite low.
When the 2-day compressive strength results were examined, the highest compressive
strength was obtained with 55.28 MPa in the only rutile-containing composite. In the
compressive strengths of 7 and 28-day composites, the highest compressive strengths
were also obtained from this composite. These values are respectively; 69.80 and 77.90
MPa. In combination cases, the compressive strength relatively increased with the
increase of the rutile substitution ratio. The highest compressive strength results were
obtained from the the composite containing 20% anatase and 80% rutile phase for each
curing age. Even in this composite, the compressive strength results lagged behind the

reference mixture.

4.4.3.2. Photocatalytic Performance

The photocatalytic performance of the mixtures containing anatase-rutile combination of
“80:207, “50:507, “20:80” (at the utilization rate of 5% by weight of the powder materials
and prepared by using the PSD modulus of 0.9) for different curing ages were determined.
The NO,, NO, and NO: concentration profiles obtained during the NOy degradation tests

under illumination are presented in Figure 4.65. In addition, NOx and NO degradation and
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NO: formation rates (in percentage) of the developed systems together with the system

selectivity values are summarized in Figure 4.66. Test results of the mixtures prepared by

solely using anatase- and rutile-phase TiO.s with the PSD modulus of 0.9 (presented in

previous section) were also included in this figure for easy comparison of their properties.

Considering the differences in NOx and NO degradation and NO: formation rates

depending on the combination rates, the performances of the TiO»-substituted cement-

based systems were evaluated.

7-day 28-day 90-day
‘11UU ‘__‘I‘IUU 1100
= 200 = =
£ = %00 ‘ ’ £ w0 '| ’
= 700 = 700 = 700
2 2 ]
OO’_ g 500 3 500 -.% 500
o = 300 UV-off Uv-on UV-off T 300 wv-off Uv-on UV-off £ 300 uvor Uvion UV.off
<;: § 100 £ 100 S oo
e, s s s e e U —_— =1 —_—
~ -100 © 100 O 00
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (min) Time (min) Time (min)
Moo __1oo 1100
s = \ F —_ _-\—/-‘_.
g 00 __\_—/_ = 900 ‘E‘a 200
= 700 = 700 =~ 700
S S ]
o = 500 = 500 = 500
o = ]
o £ 300  uv-oif UV-on UV-off T 300  UV-off uv-on UV-off g 300 | UV-off Uv-on UV-aff
o £ 100 £ 100 2 10
e
~ -100 © 100 “ -100
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (min) Time (min) Time (min)
. 1100 1100
p = a0 Ennn Z o0
=Y 2 00 =
© = 700 = 700 = 700
! 2 S 8
Q:o 5 500 g 500 3 500
% £ 30 uveor wilon UVoft g 300 | UV-off UV-on UV-off T 200 | UV-off UV-on UV-off
o £ 100 o 100
2! £ 100 S g T [ [ [ [ =t 5 B e e S e ey " B
S < 100 0 5 10 15 20 25 30 35 40 45 50 “ 100
S 0 5 10 15 20 25 30 35 40 45 50 Time (min) 0 5 10 15 20 25 30 35 40 45 50
[e¢] Time (min) Time (min)
1100 1100
o E w0 1100 =
=) = 2 800 \ / 2 900
o = 700 = 2
= = 700 = 700
x F 00 £ 500 2 500
< =
(=] =1 = -
g E 300 | UV-off UV-on UV-off T 300  UV-off UV-on UV-off £ 300 | UV-off UV-on UV-off
g g 100 £ 100 2 100
o — T N— s — T N (=] — e
- -100 -
3 QS -100 100
S 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Irs) Time (min) Time (min) Time (min)
o 311"'] j—— — 1100 1100 [~
(=) = %00 2 900 — -‘é 900
— =N -—
q 5 700 E 700 g 10
o = 500 Z 500 T %0
X = =] £
OO 5 00  UV-off UV-on UV-off < 300  UV-off UV-on UV-off £ 300  UV-off UV-on UV-off
b £ 100 E 100 E 100
<o =] e —————— © 100 © -100
N “ 100 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
IS 0 5 10 15 20 25 30 35 40 45 50 Time (min) Time (min)
Time (min)
®NO, ®NO MNO;

Figure 4.65. Variation of NOx, NO, and NO: concentrations during each test for 7, 28,

and 90-day-old specimens of composites containing anatase-rutile
combination of ©“80:20”, “50:50”, 20:80”
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Figure 4.66. For 7, 28, and 90-day-old specimens of composites containing anatase-rutile
combination of “80:20”, “50:50”, “20:80”, the rate of NO, reduction, NO

reduction, and NO: conversion in each test, and the system selectivity (%).

When the degradation rates of 7-day, 28-day and 90-day-old specimens of composites
containing anatase-rutile combination of “80:20”, “50:50”, “20:80” are evaluated from
Figure 4.66, regardless of combination rares, the utilization rate of TiO., it can be seen
that NO, and NO reduction rates decreased with the prolonged curing age. At the end of
the 7-day curing age, the highest photocatalytic performance (NOx reduction rate) (36.9
%) was obtained from the anatase TiO»-substituted mixture prepared with PSD modulus
of 0.9. However, at the end of the curing age of 28 and 90 days, the highest photocatalytic
performance performances (NOx reduction rate) were obtained from the mixture
containing anatase-rutile combination of “80:20” (32.6 % and 27.9% respectively). This
situation is directly related to the excess amount of anatase-phase TiO.. In addition, as
mentioned before, the photocatalytic efficiency (system selectivity) of the anatase TiO»-
substituted mixture increased continuously with the prolonged curing age. In the
composite in which only the rutile phase is used and in the composites of the
combinations, the selectivity generally decreased with prolonged curing age. The highest
selectivity value in 7-day composites was obtained from the mixture containing “80:20”
anatase-rutile combination (90.9%). In combinations, highest selectivity at each curing
age (7-day, 28-day, and 90-day) was obtained from the mixtures containing the 80:20”

anatase-rutile combination. These values are 90.9%, 90.0% and 89.9%, respectively.
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Besides, as the rutile substitution rate increased, there was a significant decrease in
photocatalytic performance and efficiency.

As a result, at the end of the curing age of 28 and 90 days, the highest photocatalytic
performance performances (NOx reduction rate) were obtained from the mixture
containing anatase-rutile combination of “80:20”, which is the closest combination to the

Degussa P25 in terms of content.
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5. CONCLUSION

Within the scope of this thesis study, the main focus was to develop new generation TiO--
substituted cement-based systems with efficient photocatalytic degradation capability by
using a multi-scale design approach without endangering engineering properties. To do
this, compherensive experimental studies were performed by producing specimens in
different scenarios. Mechanical properties (compressive strength), physical properties
(pore volume and pore size distribution), hydration kinetics and NOy degradation
capability of the developed specimens were investigated. In addition, microstructural
features of specimens were examined by microstructural characterization analyses. The
important results obtained within the scope of the thesis studies are presented under sub-

headings.

Determining the Best Mixing Method

At this stage of the thesis, the best mixing method was determined by planning the
development of new generation cement-based systems with TiO- substituted by using a
multi-scale design approach without sacrificing engineering properties. The important
results obtained at this stage, where the best mixing method is determined, are presented

below.

» The ultrasonic mixer should be operated at 80% amplitude and 1900 J energy
level in order to get the best performance from the ultrasonic mixing technique.

» Considering the suspended period of TiO> particles, it can be stated that the single
use of PAA provides better dispersion and suspension stability than that of PCE
at the same utilization rate.

» Considering the zeta potential values and suspension stability properties obtained
according to the utilization rates of the surfactant materials, it can be stated that
the ideal utilization rates for singly-utilized PCE and PAA are 1% and among 0.5-
1%, respectively. In the case of co-utilization of PCE and PAA, it was observed
that the suspension is more stable when the total utilization rate is 1-1.5%.

» The co-utilization of PAA and PCE at the utilization rate of 1% (0.5+0.5) resulted
that the nanoparticles remain suspended in solution for a very long time.

» The singly utilization of surfactant materials (1% PCE or 0.5% PAA) in the

mixture, especially in the early hydration period, delayed the occurrence of peak
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of the rate of hydration and caused a decrease in the cumulative heat of hydration
released. However, this effect reduced over time.

Although there are some natural variations when the whole curing ages are taken
into account, the highest compressive strength values were obtained from the
mixtures prepared with first mixing method while the lowest ones were obtained
from those prepared with fourth mixing method (for anatase and rutile,
separately).

Unlike the anatase- and rutile-phase TiO2-substituted composites, as a striking
point, although there are some natural variations when the whole curing ages are
taken into account, the Degussa P-25 TiOz-mixtures made using the fifth mixing
technique had the greatest compressive strength values, while those prepared
using the fourth mixing method had the lowest.

At the end of 180-day curing age, the electrical impedance values of nano-anatase
TiO»-substituted cementitious composites prepared by using the first, second and
third mixing methods ranged between 10570 Q and12567 Q, while those prepared
by using fourth and fifth mixing methods were 3630 Q and 3075 Q, respectively.
While the electrical impendance values of 180-day-old specimens prepared with
nano-anatase TiO.-substituted cementitious composites were more than 10000 Q
for the first, second and third mixing methods, the electrical impedance values for
the the first, second and third mixing methods in nano-rutile TiO2-substituted
cementitious composites were recorded as 8050 Q, 6071 Q and 7500 Q,
respectively. The 180-day electrical impedance values of the nano-rutile TiO»-
substituted cementitious composites prepared by using fourth and fifth methods
were recorded as 2650 Q and 1950 Q, respectively.

The fifth mixing method is the most effective in terms of decreasing the electrical
impedance of TiO2-substituted composites.

The electrical impedance values of nano-rutile TiO-substituted specimens were
lower than those of nano-anatase- and Degussa P25 (containing approximately
80% anatase- and 20% rutile-phase TiO)-substituted specimens.

Nano-sized TiO. particles are more uniformly dispersed throughout the
composites prepared by using fifth mixing methos. Because this mixing method
resulted in an increase in the electrical conductivity by forming additional
conductive paths with semiconductor TiO2 particles via homogenous dispersion

of them throughout the matrix.
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» The nano-anatase TiO-substituted composites prepared by using fifth mixing
method had the largest NOx reduction rates for each curing age. NOy reduction
rates of the 7-, 28-, and 90-day-old nano-anatase TiO-substituted composites
prepared by using fifth mixing method were obtained as 47.9%, 38.8%, and
37.3%, respectively. Additionally, at the conclusion of the 90-day curing period,
the composites made utilizing the fifth mixing procedure had the greatest system
selectivity (85.8 %). Therefore, it is thought that the fifth mixing method among
all mixing methods provides a more homogeneous distribution of TiO: particles
thoroughout TiO2-substituted composites.

» The composites prepared by using fifth mixing method achieved the highest NOx
reduction rates for each curing age (for rutile phase). The 7, 28, and 90-day NOx
reduction rates of the composites prepared by using fifth mixing method were
recorded as 18.5%, 15.4%, and 8.6%, respectively. At the conclusion of the 90-
day curing period, the composites made utilizing the fifth mixing procedure had
the greatest system selectivity (85.6%). Therefore, it is thought that the fifth
mixing method among all mixing methods provides a more homogeneous
distribution of TiO: particles thoroughout TiO2-substituted composites.

» When the degradation rates of 7-day, 28-day and 90-day-old Degussa P 25 TiO»-
substituted specimens are evaluated, as in the nano-rutile and nano-anatase TiO>-
substituted specimens, the specimens prepared by using fifth mixing method
achieved the highest NOx reduction rates for each curing age. The 7, 28, and 90-
day NOx reduction rates of the composites prepared by using fifth mixing method
were recorded as 38.1%, 31.9%, and 30.5%, respectively. At the conclusion of
the 90-day curing period, the composites made utilizing the fifth mixing procedure
had the greatest system selectivity (85.9%).

» Considering the compressive strength values, electrical properties, and
photocatalytic performances of the specimens prepared by using five different
methods, the fifth mixing method was the best method providing more

homogeneous dispersion of TiO: particles.

Determination of Critical Usage Rate
At this stage of the thesis, it was aimed to determine the optimum usage rates in cases
where nano, sub-micron, and micron sizes are used individually. In this context,

composites were produced by substituting TiO2 particles in different phases and with
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different particle sizes in the cement binder system at the rates of 2.5%, 5%, 7.5% and
10%. The important results obtained within this section are listed below.

» Nano-sized anatase-phase TiO:-substituted mixtures had a higher rate of
hydration and reached rate of hydration peak earlier compared to the reference
mixture (without TiO2) when the utilization rate of TiO2 exceeded the rate of
7.5%. As a striking point, although the highest rate of hydration was obtained
from the mixture prepared by using 10% nano-sized anatase-phase TiO., the
mixture prepared by substituting 2.5% nano-sized anatase-phase TiO2 reached
hydration peak earliest.

» Although mixtures with higher rate of hydration were obtained when the
utilization rate of nano-sized anatase-phase TiO, exceeded 7.5%, higher
compressive strength results were obtained from the reference mixture and the
mixture prepared by using 2.5% nano-sized anatase-phase TiO».

» The composites prepared by using submicron-sized anatase-phase TiO2 powder
exhibited lower hydration peak magnitudes compared to those prepared by using
nano-sized one. As with nano- and submicron-sized anatase-phase TiO-
substituted cement-based materials, the rate of hydration peak values rose as the
TiO2 usage rate increased. However, it was determined that even at the micron-
sized anatase-phase TiO: utilization rate of 10%, the hydration peak level obtained
from the reference mixture (without TiO2) could not be reached.

» In general, it was determined that utilization of anatase-phase TiO, resulted in
reaching rate of hydration peak earlier compared to the reference mixture (without
TiOy). This indicates that TiO> substitution accelerates early age hydration.

» The increase in the particle size of TiO2 particles (from nano to micron size)
resulted in reaching rate of hydration peak later and a lower rate of hydration.

» As with nano-sized anatase and rutile TiO-substituted cement-based systems, the
inclusion of submicron- and micron-sized TiO2 up to a certain point of utilization
rate resulted in increased compressive strength values when compared to the
reference mixture (without TiO). The highest compressive strength values were
achieved at a given point of usage rate of 2.5%.

» According to compressive strength results, highest strength was obtained in
composites using nano-sized TiO». Relatively less strength was obtained in the
sub-micron size, and the least strength was obtained in the micron-size

substitution.
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Highest 28-day-old electrical impedance results were obtained from the
specimens prepared with the TiO> utilization rate of the 2.5%, regardless of the
particle size range of TiO. used. The electrical impedance values decrease as the
rate of substitution increases from 2.5% to 7.5%. (For different size of anatase
phase). On the other hand, with an increase in the utilization rate from 7.5% to
10%, there was a considerable rise in electrical impedance values (This is valid
for the anatase/rutile phase.).

The increment in the particle size of the anatase or rutile-phase TiO: substituted,
the electrical impedance results also increased. According to the electrical
impedance results of the 28-day-old specimens, the highest values were obtained
from the micron-sized anatase TiO»-substituted composites.

When the results are evaluated comparatively, it can be observed that lower
electrical impedance values (higher conductivity) were obtained from rutile TiO»-
substituted cementitious composites compared to anatase TiO,-substituted ones.

At the conclusion of the 90-day cure period, the highest NOy reduction rate
(37.3%) and system selectivity value (85.6%) were obtained from 5% nano-sized
TiO»-substituted cement-based systems. This means that the utilization rate of 5%
for nano-sized TiO2 provides a more effective photocatalytic degradation process.
In contrast to the presence of a diffraction point where the trend (increase in NOy
reduction rates with the increment in the TiO- utilization) reversed after a specific
point (at the utilization rate of 5% of the total binder weight) in nano-anatase-
substituted mixtures, for the submicron-anatase TiO2-substituted specimens, NOx
reduction rates increased continuously with the increment in the TiO- usage rate.
At the end of 90 days, the highest NO, reduction rate (22.3%) was obtained from
10% submicron-sized anatase TiO»-substituted cement-based system although the
highest system selectivity value (87.8%) was obtained from the mixture with 5%
TiO»-substituted one. Although the highest NO reduction rate was obtained from
10% submicron-sized TiO2-substituted cement-based system, considering its
higher system selectivity, it can be said that 5% submicron-sized TiO-substituted
cement-based system exhibited the optimum photocatalytic performance.

At the end of 90 days, the highest NOy reduction rate (14.4%) was obtained from
7.5% micron-sized anatase TiO»-substituted cement-based system although the
highest system selectivity value (90.2%) was obtained from the mixture with 5%

TiO-substituted one. As a result, although the highest NOy reduction rate was
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obtained from 7.5% micron-sized TiOz-substituted cement-based system,
considering its higher system selectivity, it can be said that 5% micron-sized TiO»-
substituted cement-based system exhibited the optimum photocatalytic
performance.

When considering the results obtained from the anatase TiO2-substituted
speciments, it is thought that the TiO: substitution rate of 5% was ideal because of
superior characteristics of 5% TiO,-substituted systems in terms of cost
effectivenes, mechanical properties and photocataliytic performance-related
ISsues.

In general, the photocatalytic activity of nano-rutile-containing mixtures lagged
far behind nano-anatase TiO. containing mixtures. The differences between the
photocatalytic activities of the anatase and rutile phases of TiO2 particles are
directly related to their crystal structures.

At the end of 90-day curing age, the highest NOx reduction rate (8.6%) and system
selectivity value (85.6%) were obtained from 5% nano-sized rutile TiO»-
substituted cement-based systems. This means that the utilization rate of 5% for
nano-sized TiO provides a more effective photocatalytic degradation process.
(for rutile phase)

Among the all rutile TiO.-substituted cement-based composites, the lowest
reduction rates were obtained from the micron-size rutile TiO»-substituted ones.
NOy reduction rates of the micron-sized rutile TiOz-substituted specimens
generally increased with the increment in TiO, substitution rate up to 5% of the
total binder weight. Beyond the 5% TiO- substitution rate, the NOy reduction rates
of the micron-sized rutile TiO,-substituted specimens decreased.

NOx reduction rates (in percentage) of the Degussa P25 TiO2-substituted cement-
based systems increased with the increment in TiO> usage rate up to 7.5% of total
weight of binder and displayed opposite trend after this point.

At the end of 90 days, the highest NOy reduction rate (31.3%) and system
selectivity value (86.5%) were obtained from the 7.5% Degussa P25 TiO»-
substituted cement-based system. However, the NOy reduction rate (30.5%) and
system selectivity (85.9%) of the the 5% Degussa P25 TiO,-substituted cement-
based system were really close to the those of 7.5% Degussa P25 TiO»-substituted

one.
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» Exceeding a certain critical utilization rate resulted in relatively lower
photocatalytic degradation caspability because of agglomeration issues with
small-sized TiO- particles and generated instability throughout the matrix.

» Considering all results, optimum TiO. utilization rate was determined as 5%.

Determination of Optimum TiO: Particle Size Distribution

At this stage of the thesis, it was aimed to determine the optimum PSD when nano, sub-
micron and micron sizes are used together. In this context, the PSDs of TiO> particles in
different phases were optimized using different PSD modules (Q0,1, QO0,5, and QO0,9).
The important results obtained within this section are listed below.

» Although reference specimen non-containing TiO2 was not the specimen which
reached rate of hydration peak earliest, the highest rate of hydration peak value
was obtained from this specimen. This result can be attributable to the relatively
higher cement content of the reference specimen compared to those of TiO:-
substituted specimens.

» Among the non-optimized specimens (specimens prepared by using nano-,
submicron, micron-sized anatase TiO. powders, solely), nano-sized anatase TiO-
addition resulted in an earlier and higher rate of hydration peak compared to
submicron- and micron-sized anatase TiO»s, probably due to a more effective
nucleation effect provided by significantly smaller particles of nano-sized anatase
TiO..

» Incorporating nano materials with extremely small particle size has a hydration
agitation and acceleration effect. This caused higher heat of hydration for the
cementitious system containing nano-sized anatase TiO- than for the pastes with
submicron- and micron-sized anatase TiO:s, especially between 8-48 hours of
hydration. However, the heat of hydration values of nano-, submicron-, micron-
sized anatase TiO:-substituted mixtures were similar at the end of 72 hours of
hydration.

» The apparent first delay effect-in which a longer induction period is observed but
without a decreased rate of peak heights for the mixtures prepared by using three
different PSD moduli of 0.1, 0.5 and 0.9 may be attributed to retardation of cement
grains dissolution because of residual inorganic substances. However, these
retardations were not effective on non-optimized TiO2 used paste mixtures. This
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could be attributed to effects of PSD which lead more densify structure and
covering more cement grain in fresh stages, hence results more retardation effects
and less dissolution of particles in initial duration.

When comparing the influence of PSD modulus on the rate and heat of hydration,
increasing PSD modulus of TiO: particles from 0.1 to 0.9 made no considerable
difference. Besides, TiO: addition with varying PSD moduli concluded a higher
heat of hydration than submicron- and micron-sized anatase TiO: for hydration
time of up to 48 hours. However, the reverse was true thereafter. This finding
indicates that using nano-, submicron- and micron-size particles, mixed to provide
varying PSD moduli, is highly effective on the rate and total heat of hydration at
early periods before 48 hours.

Among the non-optimized specimens (specimens prepared by using nano-,
submicron, micron-sized anatase TiO2 powders, solely), it was evident that those
containing nano-sized anatase TiO. showed the highest compressive strength
results for each curing age. The compressive strength values of nano-sized
anatase-phase TiO-incorporated specimen for 2-day, 7-day and 28-day curing
ages were 55.40, 66.00 and 77.63 MPa, respectively. The probable reason for this
behavior is that nano-sized powders create higher density due to the filler effect
arising from comparatively smaller particle sizes. This behavior can also be
attributed to the seeding effect, which is the formation of additional area
(nucleation sites) due to the extremely fine particle size of nano materials (and
thereby their high surface area) that can pull unhydrated cement particles towards
themselves, resulting in more suitable places for the precipitation of hydration
product.

In the PSD-optimized specimens (the mixtures prepared by using three different
PSD moduli of 0.1, 0.5 and 0.9), although there was no important difference in
their compressive strength values, the mixture prepared by using PSD moduli of
0.1 had the highest compressive strength values at approximately 52.10 (2-day),
65.82 (7-day) and 78.01 MPa (28-day), for almost all curing ages except for 7
days.

After 28 days, A-QO0.1 had the highest compressive strength of the PSD-optimized
specimens. It is worth noting that A-Q0.1 has a greater compressive strength than
NA, which may be ascribed to its well-graded PSD reaching a high particle

packing density.
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The compressive strength values of the mixture containing nano-sized rutile TiO>
were recorded as 57.3, 70.10 and 79.0 MPa for the curing ages of 2, 7, and 28-
day, respectively. This is because of that the rutile phase TiO2 contributes much
more to strength than the anatase phase TiO2 at each curing age.

Apart from nano size, it has been observed that composites using PSD modulus
provided better compressive strength compared to single size uses (submicron and
micron) (for rutile phase).

PSD optimization has a positive effect on compressive strength. At the conclusion
of 28 days, the compressive strengths of the rutile-substituted samples produced
with PSD optimization (Q 0.1, 0.5 and 0.9) were determined as 75.27, 76.74 and
77.90 MPa, respectively. In other words, higher compressive strength was
obtained in the composite containing less nano-sized material.

The compressive strength of the reference mixture without TiO, (Ref. Mix.) was
the highest among all mixtures, regardless of the curing ages.

Submicron- and micron-sized anatase-phase TiO.-substituted composites showed
considerably lower photocatalytic degradation performance than nano-sized
anatase-phase TiO-substituted one, with the differences in degradation results
becoming significantly more pronounced with longer curing periods.

Among the PSD-optimized specimens, photocatalytic degradation rates of the
mixture prepared by using PSD moduli of 0.9 were the highest for all curing ages
and after that, in decreasing order, those of for the mixture prepared by using PSD
moduli of 0.5 and for the mixture prepared by using PSD moduli of 0.1.

All specimens degraded photocatalytically at a decreasing pace from 7 to 90 days.
This time-dependent trend may have come from the ongoing hydration reaction,
leading to the coating of TiO> particles with further hydration product and thereby
reducing the presence of TiO2 materials on specimen surfaces reached by UV
irradiation. A more likely reason is that carbonation products, produced by
binding carbon dioxide (CO>) into solid carbonates on the specimen surface or
another possible process, cause the specimen surface to be coated.

The rate of decrement in photocatalytic degradation results of non-optimized
specimens from 7 to 28 days was more evident than in PSD-optimized specimens.
With further aging of specimens beyond 28 days, the rate of decrement in
photocatalytic degradation results of submicron- and micron-sized anatase-phase

TiO»-substituted composites was significantly higher than in other specimens.
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When the cementitious systems' system selectivity was evaluated, it was clearly
evident that the system selectivity of all specimens increased incrementally from
7 to 90 days (Applicable to the anatase phase).

In terms of NOx and NO reduction, although the nano-sized anatase-phase TiO>-
substituted specimen was exhibited better performances, the higher selectivity
values were obtained from the PSD-optimized specimens. Therefore, it is possible
to state that PSD optimization significantly contributed to enhancement in the
photocatalytic efficiency of the cementitious systems by increasing the system
selectivity.

In the PSD-optimized specimens (the mixtures prepared by using PSD moduli of
0.1, 0.5 and 0.9), although there was no significant difference in their system
selectivity values, the mixture prepared by using PSD moduli of 0.9 had the
highest one (% 91.1) at the 90-day cure period's conclusion.

In PSD optimized mixtures, the highest NOx reduction value was obtained from
R-Q0.9 composite with 10.4 % at the end of 90-day. There is a similar situation
in the system selectivity, and the highest value was obtained in this composite
(83.5% for 90-day).

Optimizing the PSD of TiO> particles did not generally affect the photocatalytic
performance/efficiency of rutile TiO2-substituted specimens positively and
system selectivity values of rutile TiO-substituted composites decreased
continuously with the prolonged curing age, in contrary to the anatase TiO»-
substituted composites.

In general, the photocatalytic activity of rutile-containing mixtures lagged far
behind anatase TiO- containing mixtures. The crystal structures of the anatase and
rutile phases of TiO particles are closely connected to their photocatalytic
activity.

The mixture using the PSD modulus of 0.9 had the highest selectivity value
(91.1% and 83.5% for anatase and rutile TiO2-substituted specimens,
respectively) at the conclusion of the 90-day cure period. This indicates that a PSD
modulus of 0.9 results in the best photocatalytic efficiency.

The reference specimen had the lowest total porosity value (3.9%) and all pores
available in this specimen were smaller than 50 nm, evidencing the highest

compressive strength results of the reference specimen.
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» Using nano-sized TiO2, (the much finer fraction of the TiO2) leads to better
packaging of the grains, as expected and consequently improves the compactness
of the microstructure of specimens because of its filler effect.

» PSD-optimized specimens have a relatively low amount of porosity compared to
non-optimized specimens, except nano-sized anatase TiO»-substituted specimen
and PSD optimization significantly contributes to the pore refinement of mixtures,

although the use of nano-sized TiO: alone performed slightly better.

Determining the Best Phase Combination (Anatase and Rutile)
At this stage of the thesis, it was aimed to determine the optimum combination of anatase

and rutile. The important results obtained within this section are listed below as items.

» It was only in the rutile-containing composite that it had the highest compressive
strength of 55.28 MPa after two curing days. In the compressive strengths of 7
and 28-day composites, the highest compressive strengths were obtained from this

composite, as well. These values are respectively; 69.80 and 77.90 MPa.

» In combination cases, compressive strength rose proportionately as the rutile
substitution ratio increased. The highest compressive strength results were
obtained from the the composite containing 20% anatase and 80% rutile phase for
each curing age. Even in this composite, the compressive strength results lagged

behind the reference mixture.

» When the degradation rates of 7-day, 28-day and 90-day-old specimens of
composites containing anatase-rutile combination of “80:20”, “50:50”, “20:80”
are evaluated, regardless of combination rares, the utilization rate of TiOg, it can
be seen that NOy and NO reduction rates decreased with the prolonged curing

ages.

» At the conclusion of the 7-day curing period, the highest photocatalytic
performance (NOx reduction rate) (36.9 %) was obtained from the anatase TiO>-
substituted mixture prepared with PSD modulus of 0.9. However, at the end of the
curing age of 28 and 90 days, the highest photocatalytic performance
performances (NOx reduction rate) were obtained from the mixture containing
anatase-rutile combination of “80:20” (32.6 % and 27.9% respectively). This

situation is directly related to the excess amount of anatase-phase TiOa.
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» The highest selectivity value in 7-day composites was obtained from the mixture
containing “80:20” anatase-rutile combination (90.9%). In combinations, In
combinations, highest selectivity at each curing age (7-day, 28-day, and 90-day)
was obtained from the mixtures containing the 80:20” anatase-rutile combination.

These values are 90.9%, 90.0% and 89.9%, respectively.

» Besides, as the rutile substitution rate increased, there was a significant decrease

in photocatalytic performance and efficiency.

» As a result, at the end of the curing age of 28 and 90 days, the highest
photocatalytic performances (NOx reduction rate) were obtained from the mixture
containing anatase-rutile combination of “80:20”, which is the closest

combination to the Degussa P25 in terms of content.
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This paper explores the effect of the inchision size of titaniom dicxdde (Ti0q) partcles on a variety of perfor-

Frrsury
Titsium diaxide [Tl mance properties of cementitious spstems via experimental snadies. In addition o comprehensive micresmacanl

Pladouisiesis Sethulty analysis including pore size distribation and scanndng elecoron mbcroscopy with energy-dispersive Xoray spec-
E‘:"'“u:d:'m L troscopy (SEM-EDX) analyses, particular consitderation was given to the effect of particle size distribution (PSD)
I.n:lui:nmd.hlzun'h:]nm of TiO: particles on mechanical and photocaralytic properties and hydration kinetics of cementitiows systems.
Hydmbsn Nano-sized, submicron-sized and micron-sized anatase-phase TIO; powders were millzed o photocaalysts at a

dosage of 5% by weal weight of powder material. In addition o the single use of TIOy partickes with three
different size ranges (nano, submicron and micron], they were also osed in combination by adjusting their PEDs
with three different PED moduli (g): 0.1, 0.5, and 0.9. Test resubis show thar echniques for achleving oprimal
microstrocrural characteristics of cementitious systems also help design and improve thelr performance in favar
of maltifencricoality. As a result of PSD optimization of Ti0s particles with three different size mnges, which was
significantly inflsensial on the microstnactare of the cementiriows systems, superior photocatalyte degradation
results were cbtalned from mbmneres commaining lower amounts of mano-sized TIO; particles. Cementiticus
composites with derser micrestruchare showed lower performance in terms of being able to maincain phote-
catalyiic degradation capability for a prolonged period, whereas the opposite was the case for compressive
strength.

1. Introduction

Ajr pollution has become a major global issee with negative envi-
rommental, sconomic and health impacts. To overcome this problem,
many approaches have besn taken to eliminate or redoce polluting
emissians such as carbon monoxide, salfor oxides and nitrogen oxides
(MOL) sustained inoair [1-2]. Nitrogen axide (NOg [NO and NO21) leads
1o the formation of oeone gases and acid rain [9-10], and is particularhy
detrimental to the health of lving things. To reduce its negative effects,
it should be captured and permanently stored as hammless sabstances,
wming efficient process faclities/methods. In that regard, muli-
functional advanced materials with NO; redoction cipability have

been gaining importance with sectors kooking to improve air quality: the
construction industry is ane of those sectors. Their focus is shifting to-
wards use of N0 reducing materials (photocatalysis) in cementitions
systems to provide air purifying properties and decrease eovironmental
burden. In this regard, materials such as titaniom dioxide (Ti0), zinc
oxide (In()) and cadmium oxide (CA0) are photocatalysts frequently
msed by the construction sector workdwide [11-12]. Amang all the
available materials capable of reducing NOy under ultravialst (UV) ra-
diation, TiCk & recommendsd for nse in cementitions systems due to its
cost-effectivensss, high photocatalytic degradation capabiliny [13],
chemical stability, non-toxicity in the cement matrix and remaining in
an inert state unless exposed to UV radiation [12,14-15].
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Photocatabytic  degradation capability of the TiOzinoorporated
cementitions systems i divectly related to the sarface morphology,
specific surface area and particle size of Ti0s, utiltosd and the nomber of
photocatalyst particles on UVWereached surfaces of photocatalytic
cementitioss systems. Considering that the particle size of Tidy, is a
significantly influential factor on the activity of photocatalytic systems,
studies addressing the relationship between the particle stee of Ti0,
incorparated into the cement-based systems and photocatalytic activity
of sach systems have been performesd. Seo and Yun [16] wsed 35 nm- and
100 nm-sized Tk particles, and obtained higher MO removal rate from
mortar mixtures prodoced with smaller TiO: paticdes (35 nm)
compared to those with larger anes (100 nm). Their results were foand
attribatable to the fact that (i) smallersize particles mean the presence
of larger number of partides and thereby large surface area beneficial
far KO absorption capability, and (i) smallersize particks provide
higher amount of active surface areas. Similarly, Chen and Poon [17],
Huskoen et al., [18]; Hunger et al, [19], Meng et al., [20] and Folli et al.,
[21] found results indicating that TiCk particles with higher surface area
exhibits better photocatalytic degradation cpability compared o Ti0,
with lower surface area. Although high photocatalytic efficiency of
nang-sived  Tidy, particks compared to Loger-sized TR0, particles
[22-27], congidering the fact chat obtaining nano-sioed particles re-
quires a costly, demanding and intense production process, to snsare
muore sustainable and cost-effective air cleaning through photocatalytic
reactions  stimulated in Tilgincorporated cementitions systems,
cheaper larger-sdzed TiCk particles should be indeded in the photo-
catalytic cement-based systems along with nano-sized ones 1o improve
performances of cementitious systems other than photocatalytic per-
formamee in favor of multifanctionality. Althoagh the properties of TiCs
used as photocatalyst in cement-based systems have significant effects
o the MOy degradation capability, the microstrocture of such systems
(the number of voids and pores and pore size distribution) andenially
affects the activity as well. Pérez-Nicolas et al. [28] mannfactured
murtars with different types of binders namely, Portland cement, high-
alumina cement, low-alumina cement and dry slaked lime and ob-
tained relatively higher photocatalytic degradation activity from mor-
tars prepared by i=ing high-alumina cement and lime ssparately, which
contained higher amownts of pores with diameters above L05 pm
allowing easier reach of NO molecules into the mare in-depth parts of
the martars in favour of farther contact between the surface of photo-
catalytic materials and polhetants. Lucas et al. [29] prepared several
muortars by using different types of binders (e.g. lime, cement and gyp-
sum) and established links between the micostroctore and photo-
catalytic performance of these mortars. They emphasized that high
parosity promotes the photocatalytic activity through facilitating the
s diffusion in an effort to assist the contact between the photocatadyst
and MOy gas at the imadiated sarface, and the diameter of pores should
nat be less than 1 pm (nanopores) to restrict the gas diffasion, = ako
reported by Giosue et al. [30]. Similarly, Sugranez et al. [31] stated that
the formation of higher amount of hydmation producs provides a denser
micrastructure through the filling of the pores, while lower amount of
hydration products and the amount of adsorbed water filling the space
between the cement grains provide a more porous strocture, which is
beneficial for higher photocatalytic activity. They also concluded that
photacatalytic activity is enhanced as the total porosity incresses doe o
higher possibility of having larger number of active sites acossdble
the molecules nepded for the phoocatalytic reactions and inoreasing in
the generation /amount of hydroayl radicals to react with MO, and they
proposed that poor packaging of aggregate particles [through modifi-
cation of particle size distribution (PSD)] is a method that can be nssd o
create a macro-pomsity stmacture, [noorder o achisve improved photo-
catalytic activity through abering the porogity of cementitions mate-
rials, Chen and Poon [17,32] and Poon and Cheang [37] recommended
changing the PED of aggregates ar decreasing the cement content of the
mixtures, Meng et al. [20], Matejka et al, [34], Lee et al. [35], Goo et al.
[36], Xu et al [37-38] and Boonen and Beeldens [39] olserved
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increments in the NO removal rate with increased porosity as well. Chen
ef al. [40] also noted the positive contribution of porosity to the phao-
tncatalytic activity, as it provides a channed for pollutants to easily flow
through, more surface area for the deposition of photocatalysts and
more space for holding accumulation of fnal produects, which prevents
the covering of the surface of the photocatalyst. Jin et al. [41] stated that
the presence of larger amount of micropores (less than 5 am) in cement-
based mortars is beneficial for KO, aptake.

In the case of co-utilization of TiCy, particlks of different sizes, opti-
mizing PSD of all Tids particles can be essential for optimum perfor-
mance and/or improvement in performance of systems in several ways.
Peret [42] first studied the PSD to obfain more economical comorebs
mixture designs by filling in woids among particles. The Puller and
Thompson method has also been wsed for a long time in determindng the
extent to which concrete aggregates should be mixed during PSD opti-
mization [43]. In 1980, the “mini particle diameter™ technique,
which considers the size of the smallest grain wed as well as the bargest
one, was uwsed by Funk et al. [44] to create mixtures with the highest
packing density. There have also been other methods nsed to ensure
high compactness of aggregates [45-46]. Cn the other hand, in addition
t PSD optimization of aggregates, proper gradation of powdery mate-
riaks such as cement or mineral admixtures can fill entire voids among
different particles. There are number of sodies related to the effects of
optimizing the PSD of some powder materials on several properties af
cementitions systems. Sevim and Demir [47] studied the efect of opti-
mizing the P50 of fly ash on the perfformance of cement-based sysdems in
terms of mechanical and durability perspectives. They concluded that
optimizing the PSD of fly ash particles in a proper manner provided
much better performance for cementitions sysems. Another study of
Sevim and Deemir [48] investigated changes in physical and permeability
properties of cementitions montars through optimizing the PSD of fy
ash. They found that maodifying the PSD of Ay ash particles as a pomo-
Lanic material has an undenialde effect on the properties of cement-
haswed gystems, dwe to proper PSD playing a magor role in filler effect
and providing a good distribation of solid concentration. Lim et al. [45]
also studied the efects of particle grading on antogenows shrinkage and
strength of nltra-high-performance concrete, and they reported thae PSD
i reasomably infloential on these concrete properties.

As resabts of several Hierature studies show, the PSD of powder
materials has a gignificant infloence on several properties of cementi-
tions systems. However, antil now, there have been no specific stadies
on using different sized TiCy, materials with optimized PSD in cemen-
titions systems (o improve microstrocturess in fvor of optimaom  photo-
catalytic efficiency. In this mstance, optimization of the PSD of Tids
particles in a wide range of sizes (inen ngredients that can be consid-
ered filling materdals along with their photocatalytic efficiency) is
necessary to improve the enginesring properties of cementitions systems
and/or the degree of photocatalytic reactions in Bavor of KOy degrada-
tion capability. Therefore, due to the alsence of relevant studies, the
authors set owt to investigate the effects of PSD of TiCk with temary uss
of nano-sized, submicron-sized and miconsized Tilh particles on
phatocatalytic performance and mechanical properties of cementitious
systems. The effects of PSD optimization on mechanical properties
{compressive strength), physical properties {pore volome and pore size
distribution], hydration kinetics and NO, degradation capability were
mvestigated using different distribution modules, In addition, micro-
structural featores of specimens were examined by mimostructural
characterization amalyses inchiding scanning electron microscopy with
energy -dispersive X-ry spectroscopy (SEM/EDX).

2. Experimental program
2.1, Marericly

Congidering #ts lower light absorption ability compared to that of
COrdinary Portland Cement (0PC), CEM I 5258 type White Portland
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Cement (WPC) conforming to the EN 197-1 cement standard was used
it% the main binder material in all mixtares. [ts chemical composition and
physical properties are summarized in Table 1. Kano-sieed, sabmicron-
sized and micron-dzed anatase-phase (MA, SMA and MA) Ti0y, powders
were wed as photocatalysts 0 degrade the NO in the presence of UV
light. Physical properties of different sizes of anatase-phase Te(y, pow-
ders used in this stody are presented in Table 2. Different-sized TiCky
wsed as phatocatalyst material in this stody was characterized by using
scanning electron microscope (SEM) (Tescan GATA 3 FIB-SEM operated
at 2.0 kV) and X-Ray diffraction measurement ({RD) (Rigaku Ultima-TV
diffractometer at 40 kV, within a san range of 28 = 5-80° and 30 mA
with Cu-Ka (i = 1_‘-40.‘-5.] radiation. ). To prevent any srror in remlts, a
representative sample of powder was oblained from the ingide of the
premixed powder batch of TiCky powders and was dried ovemnight in an
oven before analyzes. Xeray diffraction (XRD) patterns of NA, SMA and
MA Tids powders are shown in Fig. 1. The morphology and micro-
strocture of NA, SMA and MA TiOs powders obtained by SEM for each
size of TiCh are presented in Fig. 2.

Two different surfactants were used in this experimental study,
namely polycarboxylic ether-based superplasticizer (PCE) and paly-
phosphates and aminocarboxylate-based Hquid polyacrydic acid (PAA).
The PCE was liguid, conforming with ASTM-CH04,/C494M standard
[501], with 40% solid material content and a specific gravity of 1.1. The
PAA was used to provide particle surface charges with its polyelectralyte
dispersant ability [51]. White, milky liguid PAA contained 48% solid
material, with a density of 1.22 kg1 and pi value of in the range of
3 4.5

2.2 Mixtire proportions

All mixtures were prepared af a constant water o powder mtio of
LS, by weight. Preliminary studies were performed for determining
optimum TiCy content to be wiilized in this study. Specimens prepared
with different TiCk: contents, ranging from 1% to 20% of total weight of
pavwder material, were subjected o MO degradation tests and there was
mat significant increase in NO removal rate beyond TiOs utilization rate
of 5% and even dedines after a certain point. Therefore, wtilization rate
of Ti(k; powders was kept constant at 5% of total weight of powder
material for all mixtares, KA, SMA and MA TiOs powders were used as
temary and their incorporation rates were determined in accordance
with the PSD equation proposed by Punk & al. [24]. Various PSD maduli
(0.1, 0.5, L8] representative of a wide region were wsed. NA, SMA and
Ma TiCky, powders were also wsed solely. To ensure homogensons dis-
tribation of Ti0, particles throughost matrix without compromising amy
vther properties of the mixtures, the proper amoants of PCE (amound
0.5% of the total weight of powder materials) and PAA (0.5% of total
weight] were nsed a5 binary sarfactant materials in all mixtures. These
wtilization rates for sorfactant materials were chosen baged on a previ-
vusly conducted study by the authors [51].

22 1. Particle size digtribution of Tils particles

To smdy the influence of optimizing the PSD of Ti(y particles in co-
wtilization of different-sized TiCk partides on the mechanical properties
and photocatalytic efficiency of the cementitionss systems, PSD Equation
(1] proposed by Punk et al. [44], was adapted to this sedy. When using
this sguation to calculate mcorporation rates of Tily, powders with
different particle size fractions, three seve diameters of 50 nm, 255 nm
and 1110 am were considered: the maximum grain sizes of each Ti0k
pavwder batch classified by particle size (NA, SMA, MA; respectively) and

= e ol Rusliling bl b 308 (AI2E) L2590
Table 2
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Fig- 1. XRD analysis of MA, SMA and NA TiO= [Anatase: Al

the limit vahees separating the Ti0: materials from esach other in
accordance with particle size.

=01
[

where P(IN) is the pessing percentage of Tilk, panticles passing
through relevant sieve, D i the diameter of relevant sieve opening, D,
i the minimum particle diameter in all Te0: powders and Dy §5 the
maximum, and q is the PSD modalus. Three different PSD moduli of 0.1,
0.5 and 0.9 were used. It should be noted that mixtores containing
relatively higher proportion of partides with larger grain size were
obtained when the numerical value of the PSD modubus increased. NA,
SMA amd MA TiCk powders were also nsed solely o observe their in-
dividual infloences on the performance of cementiions systems. In
addition, a reference mixture was mannfactursd without TiCs powder
content for comparison. PED curves were plotted using the sgquation
above for vahses of gz 0.1, gz L5 and q: (9. These PSD carves and those
of MA, SMA and MA Ti(y, powders are displayed in Fig. 3. A total of 7
different mixtures wers manufactured: their proportions can be seen in
Table 3.

Mixtures are denominated with letters and numbers based on in-
wredients used in producion. MO is the reference mixture, The second,
third and fourth mixtures (MMA, MSMA, MMA) were prepared wsing
Tz powders solely according to their particle size. For example, MMNA
was prepared using only NA Tily powder. The fifth, sixth and seventh
mnixtures (MQ0.1, MOO.5, MO0.9) were prepared by ternary use of NA,
SMA and MA TiCk powders with different PSD moduli. For example,
BICH 1 was prepared wsing a PSD modulos of g = 0.1,

PiD) = i

Table 1
Chemical composition and physical properties of CEM 1 525 R WPL
[ T Plivaiiad Frugestaes
B Al Peulty Cald Mg &0y Lo m1 iggmsteon Dhensity (g™ Spmfic worfue, Bhdue (=)
1.5 337 0w &6 239 455 a1 315 S50
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Flg. 2. SEM Images of a) NA, b) SMA and c) MA TiO=z
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Fig. 3. PSD curves of NA, SMA, MA TiOz powders and TiOz powders with
varying PSD modull.

2.3. Mixing Process, specimen preparation and testing

All mixing was conducted with an Vibra-Cell ultrasonic mixer with a
25 mm diameter (Fig. 4.2) and a planetary-type laboratory mixer with a
4-Hiter capacity (Fig. 4.b). To investigate the effects of PSD accurately by
providing more homogenous dispersion of TiOz in system, the mixing
procedure developed/determined in the study of [51] has been followed
in this study. The overall mixing process included the following steps: (i)
To eniformly disperse powder materials throughout the matrix, surfac.
tant materials (PCE, PAA), TiO: powders and water were initially mixed
with an ultrasonic mixer for 10 min at a working amplitude of 80% and
an energy input of 1900 Joules; (i) The suspension obtained after ul-
trasonic mixing was slowly added to a simultaneously operating
planetary-type laboratory mixer containing WPC at 100 rpm over 30 s;
(iii) Mixing speed was increased to 300 rpm and all ingredients (WPC,
TiOz, water, PCE and PAA) were mixed for another 10 min at 300 rpm.

Mixture performance was ¢ d by i
strength, photocatalytic degradation capability (NO reduction in per.
centage ), hydration kinetics, pore size distribution, and microstructural
characterization. For the compressive strength and photocatalytic

ing comp

degradation tests, mixtures were poured into pre-oiled molds and
compacted using a vibration table. All specimens were then demolded
after curing for 24 h in the laboratory environment and moisture cured
in plastic bags at 95 + 5% RH, 23 °C until testing age. The compressive
strength of all mixtures was evaluated according to the ASTM C109
standard. 50 mm cubic specimens were prepared to determine uniaxial
compressive strength. Tests were conducted using a kading rate of 0.9
kN/s and the average compressive strength value of three cubic speci-
mens was reported for each curing age of 2, 7, and 28 days.

The dynamic test method was used as in study of [S51] to obtain the
NO degradation capability of the specimens. In this method, gas passes
continuously throughout a test unit at a constant flow rate by interacting
with the surface of the specimen and the difference in gas concentration
between the system inlet and outlet, which is directly related to pho-
tocatalytic efficiency, i me d by ing simult dy inreal
time. Details of the equip used to e NO reduction capability
can be found in Fig. 5. To determine photocatalytic efficdency of the
mixtures, 50 x 100 x 100 mm prismatic specimens were prepared
separately for each curing age of 7, 28 and 90 days. A flow of 1000 £+ 50
Ppb of NO gas was introduced at a rate of 3.0 1/min, from a 5 mm spacing
between the 50 £+ 1 cm? specimen surface and UV permeable quartz
glass positioned above a closed reaction cabinet. UV light with an in-
tensity of 10 W/m®* was dropped on the specimen surface with two 18 W
UV-A blue Lamps and one 36 W (UVA-1) white lamp. NO gas entering the
system was moistened with a humidifying bottle to reach 50-60% hu-
midity kevel In addition, NO gas flowing through the system was diluted

Table 3

Mixture Proportions (values are In g).
Mistre PSD Maduhas (g) wirc ™y Waler PAA KE
- 3] MA SMA NA
1 MO 2000 - 700 10 1o
2 MNA 1900 100 700 10 1o
3 MEMA 1900 - 100 700 10 10
4 MMA - 1900 100 - 700 10 1o
5 MO ot 1900 =0 235 515 700 10 10
6 MOQOS s 1900 531 7 1958 700 10 1o
7 M09 09 1900 735 204 6.1 700 10 10

201



E Bafgi et al

Gamn Flow G Fiow Conincller Moing
it %,

Cosnbruction and Budding Molersh S5 (2022) 125902

Dk Tead Cabinai

Flg. 5. Sch

Fascton Catwsst Bpecanan

e view of the ph

Tk ror rades

alytic testing system.

from 100 ppm to | ppm using dry air to ensure proper fow mate, Theme
Scientific Model 421 NO analyzer was wsed continuosly 1o measare
change in N0 concentration. To ensure reliable testing under consistent
conditions and to prevent the manipulative effects of hwmidity on
photacatalytic efficiency reported by Cascar et al. [52], Dylla et al. [52],
and Seo and Yun [16], all specimens were dried in an oven at 45 °C for
448 h before testing. The testing surface of the specimen was then sanded
and cleaned, and the specimen was placed in the reaction cabinet, where
its upper surface could be illominated with UV light. To adapt the
specimen to the test eovironment, it was kept under active UV-light
sounces for four howrs withont any gas fow throogh the system. After
this process, UV light sowrces were switched off and pre-adjusted gas
Aow was introdwced to the system. The UV light sources were turmed on
at least 10 min after the gas concentration remained constant. Under the
influence of UV imadiation, photocatalytic specimens started to reduce
the N concentration of flow, The test was performed antil the lowest
pimt at which MO concentration remainsd constant as a resalt of pho.
tocatalytic degradation reactions on the specimen. After that poing, UV
lights were tumed off and gas Aow was contineed wnitil MO concentra-
Hon reached its initial beveld again. At the end of the tests, in order o
determine the photocatalytic performance of the cementitions systems,
the N0y and NO reduction, and NCO: formation (36) values, which were
calenlated according to Equations (2], (33, and (4], respectively, were
obtained. Furthermore, for the porpose of determining the photo-
catalytic efficiency of the system, selectivity that expresses the ratio of
degraded KO that ends up as innocoous nitrate rather than toxic nitro-
gen dicxide is used and is derived according to Equation (5) [54-55].

h'u.,..[&:.-"'q;‘;c:qf-x 10, 2
L)
KO_{%) = ﬂ;l,—ﬂlfx 10, @
K (%)= E%x 100, {4}
NO. iy
%) - w100, (5)
%) WO —x,

wihene N0y (%), MO, (%), and MOk=g . (%) are MO, reduction, N
redsction and NCe formation, respectively; MOy, N0y, and MOy are of
the imitial concentrations in order of O, N0, and NO:; and MOy, NOyp,
and MOy are the final concentrations of the N0, N0, and NCw, respec-
tively; finally, § (%) is the system slsctivity.

Hydration kinetics of cementitions mixtares were examined using a
TAM Alr Microcalorimeter in isothermal conditions at 25 °C, in acoor-
dance with the practice of ASTM C 1679-17. The fresh pastes were
immediately placed in plastic with closed lids and the ampoules were
transferred into the calorimeter. Ampoules were placed into the calo.
rimeter within 2 min of the end of mixing. Thermal power (as mW./g of

total povwder present in the cement paste] was recorded for 72 hoto
measure rate of hydrmation (mate of heat svolution]). Cemulative heat of
hydration curves of the cementitions pastes were also obtained as area
under rate of hydration vs. time curves.

The mercery intrusion porosimetry (MIF) technique was ussd to
charcterize porosity and pore size distribation of Ti0=-based cementi-
tions systems. First, 28-day-old prismatic specimens nsed for photo-
catalytic degradation tests were broken into small péeces, with sizes
between 7 and 10 mm. The specimens were then dried in an oven at
50°C for 1 day and the MIP test was conducted on the dry specimens.
The instrument wsed for MIP testing (Quantachrome Cormporation,
Poremaster 607 had a pressure capacity of 380 MPa (55000 psia) with a
contact angle of 140°.

Microstructural charmcterization of TiOx-based cementitions systems
were investigated with scanning electron microscopy  observations
conupled with energy-dispersive X-ray spectroscopy (SEM/EDX) (Tescan-
GATAT + Oxford XMax 150 EDS) to clarify their mesphologiss and
elemental compositions. For this purpose, specimens were obtained
from 28-day-pdd prismatic specimens used for photocatalytic degrada-
tian tests. To do that, tested sarface of the photocatalytic specimen was
firstly sanded and cleaned. After that, the specimen was broken into
small pisces and samples were randomly selected from among the
broken pieces. SEM/EDX analyses were conducted on these specimens
after being oven-dried overnight. SEM micrographs were captured, and
the elemental compositions of the sections viewsd were analyzed by
SEM-EDX mapping.

3. Experimental results
A1, Mydration kinerics

Isothermal cilorimetry was osed 0 examine the hydration of
cementitions pases, wsing 0.35 water-to-powder ratio at 25 “C o
observe the influence of the PED of anatase-phase TiC: on hydration
kinetics. ydration rate and comulative heat of hydration of cementi-
tioms pastes are presented in Fig. 6. As seen from Fig. 6-a, although MO
(reference specimen non-containing TiCk) was oot the specimen which
reached rate of hydration peak earlisst, the highest ate of hydration
peak value was obtained from this spedimen. This result can be attrib-
utable to the relatively higher cement content of the reference specimen
compared to those of TiOe-substituted specimens, which will be detailed
in compressive strength results section (Section 3.2

the non-optimized specimens BISMIA, MIMA), NA
addition resulted in an sarfier and higher rate of hydration peak than
SMA and MA, probably due to a more efective nocleation effect pro-
vided by significantly smaller partichks of NA (Table 2). Incorporating
mann materials with extremely small particle size has a hydration
agitation amd acoeleration efect [56-59]. This cused higher beat of
bydration for the cementitious system containing MA than for the pastes
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Flg: 6. a) Rate of hydration and b) heat of hydration of cementitous systems
with varlable FSD of anatase Ti0s

with SMA and MA, especially between 8 and 48 h of hydration (Fig. 6-b).
However, the NA, ShMA and MA beat of hydration values were similar at
the end of 72 b of hydration. Cn the other hand, cementitions systems
containing a combination of NMA, SMA, and MA Tile particles with
wirying PSD maduli exhibited a maximom rate of hydration comparable
to that of the paste with only NA indicating stmilar seeding/nucleation
effects. Howewer, the apparent inital retardation efect—where a longer
induction period is observed bt without a reduction rate of peak heights
for the MQO0.1, MO0.5 and M09 may be attributed to retardation of
cement graing dissolution becuse of residual inorganic substances.
Enowing that some inonganic (50,7, 00,%, POY, and F) materials
have an adverse effect on early dissolution mte [60]. In this regard,
sulfate ions, coming from extracting and purifying process, on Tidy's
surface may be dissolved into C.8 particles, causing dissolution o be
delayed [61-62]. The reason why shifted peak olserved by MOQO.1,
MO0.5 and M09 were related with retardation effects of residual
inorganic materials. However, thess retardations were not effective on
non-aptimiesd Tidy wsed paste mictures. This could be attributed
effects of PSD which lead more densify structare and covering mare
cement grain in fresh stages, hence resalts more retardation efects and
less dissalution of particles in initial duration.

When comparing the influence of PSD modulus on the rate and heat
of hydration, increasing PSD modulns of TiCk particles from 0.1 to (0%
made no considerable difference. Besides, TiCk addition with varying
PAD moduli resulted in a higher heat of hydration than SMA and MA
Tik for hydration time of up o 48 b, However, the reverse was true
thereafter. This finding indicates that u=ing nang-, submicron- and
micran-size particles, mixed to provide varying PSD moduli, & highly
effective on the mte and total heat of hydration at early periods before
48 h. Purthermore, anatase-TiCk with varying PSD moduli cansed a
small shoulder formation in the rate of hydration curves at around 8 b
This kind of shoulder formation in the decelsration stage of the main
hydration peak is generally asociated with the conversion of APt o
AFm [63]. Earlier conversion of AFt to APm, in the cise of anatase- Tilx
with varying PSD moduli, could be attributed to the specific influence of
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PSD om the hydration of cabciuom aluminates, which cause earlier con-
version af AFt to AFm.

A Compressve strength

Fig. 7 illnstrates the compresdve strength test results of each mixture
for different curing ages. MNA, MSMA, MMA were designed to reveal
the effect of the particle size of Tilk powders on the performance of
cementitions systems. In addition, MOO.1, MO0.5, MO0.9 were designed
to better understand the «fects of PSD optimization on TiC: particles.
Dhee to onguing hydration reactions, the extended aging/curing resulted
in continuous increments in the compressive strength resubts, imme-
spective of mixture parameters. MSMA showed the highest strength
imcrease at 33.7%, from 2-day to T-day curing age. Between 7-day and
2B-day curing ages, strength increases slowed for all mixtores. The
highest compressive strength test results were recorded from MO spec-
imen (reference specimen non-containing Tilk) for each curing age with
the values reaching 59.532 MPa for 2-day-old specimens, 71.33 MPa for
Teday-old specimens and 85.50 MPa for 28-day-old specimen. In the
available literature, it was reported that the mechanical performance of
cementitions systems can be improved with the incorpormtion of
different mana materials up to a certain nano-material otiliztion rate
beyond which decrements or negligible increments can be noted
[64-65]. In the study of Jimenez-Relingue et al. [66], incorporation of
2% Ttk (by mass of cement) reduced the compressive strength of the
cementitions systems. In this regard, comsidering relatively higher
imcorporation rate of Tidk powder in this stody (5% of togal weight of
prwder material], the relatively lower compressive strength resules of
the TiCk-incorporated systems (especially of MKA) compared to that of
reference specimen (MO} can be attribated o the dilation effect (dimi-
mution af cement). The addition of inert Ti0s powders resulted a less
amaunt of presence of reactive cement (in percentage) in the mixvtares
decreasing the rate/amount of bydration prodects manufactured and
cansing lower compressive strength [65-67].

Among the non-optimiesd specimens (MNA, MSAMA, MMA), it was
evident that those confaining nano-sized Tile (MMNA) showed the
highest compressive strength results for each curing age. The compres-
sive strengih valoes of MNA for 2-day, 7-day and 2B-day curing ages
were 55,40, 66,00 and 77.63 MPa, respectively. The probable reason for
this behawior is that nano-sized powders create higher density doe to the
filler effect arising from comparatively smaller particles size [68]. This
behavior can alio be attributed to the seeding effect, which is the

[}
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=]
=

Compressive Strength (MPa)

2 days

T days
Curing Age

Fig. 7. Compressive strength test resuls.
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formatiom of additional area (nocleation sites) due o the extremely fine
particle size of nano materials (and thereby their high serface area) that
can pall mmbydrated cement particles towards themsebves, resulting in
more smitable plices for the precipitation of hydration product [69-70].

MMA showed the lowest compressive strength performence among
all tested mixtures for each coring age, most probably becanse of the
lower capability of the micron-simed TiCk particles in terms of refine.
ment af pore size strisctore in the peaste due to their coarser structure and
therely Lower surface areas. In the PSCeoptimized specimens (WM00.1,
MIQ0.5, MO0.9), although thers was no sgnificint difference in their
compressive strength values, MQO0.1 bhad the highest compresdwe
strength values at approximately 5210 {2-day), 65.82 (F-day) and
TR0 MFPa (28-day), for almost all curing ages except for 7 days. The
lowest compressve strength obtained after 28 days of curing among
FAD-optimined specimens was 7537 MPa for MOO.9. When all resules
[nbtained from TiCk-inoorporated mixtwres) are evaluated together and
MMA results are excluded, the differences in compressive strength re-
sults of mixtares at 28 days was oot Sgnificantly evident, and
compressive strength test resales were 76-79 MPa for tests carried owt on
all TiCe-incorporated mixtares after 28 days.

4.3, Photocarafytic performance

The photocatalytic activity of 5% anatase-phase Tidrsmbstinmbed
cementitions systems was tested to assess the effects of single or com-
bimed utilization of three different size mnges of TiCk particles on the
photocatalytic degradation capability of cementitions systems. Fig. B
shows Ny, N0, and NOs concentration profiles obtained during the MO
degradation tests under illumination. In additon, MO, and NO degra-
datiom and KCkx formation rates (in percentagel of the developed systems
together with the system selectivity vahses are summarized in Fig. 9 for
easy comparisom of phatocitalytic performances of the specimens. When
the degradation rates of 7-day, Z8-day and 90-day-old specimens are
evaluated, it can be clearly seen that the NO, degradation rates of MNA
were the highest for each curing age. Although asing nano-sized mate-
rials in the cementitions systems triggers agglomeration problems
cazsed by the high sarface inferactions duoe to the particles™ high surface
area and energy [71], specimens containing nano-sined T powder had
comparatively high photocatalytic degradation capability. This can be
attribmted to the easy coment transfer capability of the nano-sized TiO:
from its sarface, sspecially when uniform distribntion was guarantesd
19,12,72].

Doe to the fact that photocatalytic reactions oocur at the surface of
the photocataly st and phatons are captured from the surface of materials
[73], it is also possible to state that the photocatalytic activity directly
depends on the total surface area of the photocatalyst where UV irra-
diation ix reached and on the grain see of the photocatalyst affecting
this area, and thersfore nano particks can provide maximal photo-
catalytic surface area accesxible to polhdting sbstances. However, the
micrastructure of cementitions systems incarporating TiCk particles is
significantly influential on the dispersion of TiCk: particles throughom
the surface where the photocatalytic reactions oooor and thereby on the
performanece of thess systems. On the other hand, MSMA and MMA
showed congiderably lower photocatalytic degradation performanoe
than MKA, with the differences in degradation results becoming
significantly more pronounced with loager curing periods. Among the
FaD-optimined specimens, photocatalytic degradation rates of MO0
were Ehe highest for all curing ages and after that, in decreasing onder,
thewe of MOOS and MOOLL. Photocatalytic degradation rates of all
speecimens exhibited a decremental trend starting from 7 o 90 diys. This
time-dependent trend may have come from the angoing bydration re-
action, l=ading to the coating of TiCs particles with farther bydration
product and thereby reducing the presence of TiCk materials on spec-
imen surfaces reached by UV irradiation. A more lkely reason is that
carbenation produocts, produced by binding carbon dioxdde (C0y) inte
solid carbonates an the specimen surface or another possibde process,

[ e e Aasliling Ml b B8 (D5 12500

camse the specimen surface to be coated [17,33,.74]. The rate of decre-
ment in photecatal ytic degradation results of non-optimized specimens
from 7 to 28 days was more evident than in PSD-optimized specimens.
With farther aging of specimens bevond 28 days, the rate of derement
in photocatalytic degradation results of MEMA and MMA was gignifi-
cantly higher than in other specimens.

Ax followed from Fig. 9, different MO: formation levels were ob-
tained from the specimens at the end of the photocatalytic reactions. The
formuation of NCk in photocatalytic reactions can be related to the FINOy,
and KOs accomulation on the TiCe sarface over time, reacting with MO,
beyond a threshold value, 1o form NC: [75-76]. Besides, the reactions
between MO and O andfor NGz and *0H could be another possible
reasom af the formation of MOk [75-77]. Considering the fact that the
eoxicity of N0 is significantly higher than the primary pollutant KO
[781, it was critical to monitor the change of Nk kevels throughouat the
photocatalytic reactions, and the system selectivity. When evaloating
the system selectivity of the cementious systems, it was clearly
observed that the system selectivity of all specimens exhibited an in-
cremental trend starting from 7 to 90 days. In terms of MO, and KO
reduction, although the MNA specimen containing nano-sized TiCk was
exhibited better performances, the higher selectivity valees were ob-
tained from the PSD-optimized specimens. Therefore, it is posible to
state that PSD optimization significantly contribated to enhancement in
the photocatalytic eficiency of the cementitious systems by increasing
the system selectivity. In the PSD-optimized specimens (MO0, 1, MO0US,
BICxLS), although there was no significant difference in their system
selectivity valees, MO0.9 had the highest one (%31.1) at the end of the
Si-day curing age.

A4, Pore size dismibugion

MIP was used to test the pore size distribations of 5% TiCOs
substitnted cementitions systems containing KA, SMA, MA Te(k parti-
cles individually or in combination and with varying PSD moduli, at the
age of 28 days. MIFP was also performed on reference specimen (MO for
comparison. The coment pore size clasification proposed by the Inter-
mational Union of Pure and Applied Chemistry (TUPAC) was used fo
describe the pore strocture of the cementitions system [759]. This pro-
pused classification clasifies the pores into three groups according to
their sizes, including macropores, over 50 nm; mesopores, from 50 1o 2
am; and micropores, ander 2 nm. According o studies available in the
Eiterature, voids larger than 50 nm are, more infloential on imperme-
ability and strength characteristics of cement-based systems, whereas
wolids smaller than 50 nm are mors mfluential on drying shrinkage and
creep [80-8Z]. Therefore, in addition to the PAC classification, in this
paper, pares were divided into two categories: pores larger than 50 nm
termed as pores alsove 50 nm and pores amaller than 50 nm termed as
pores below 50 om. Total poragity (% of volume) of specmens is pre-
sented in Fig. 10, Pore size distribotion percentages and corves of all
specimiens are fllsrated in Fig. 11-a and 11-b, respectively. As indi-
cated in Fig. 10 and Fig. 11, reference spacimen (MO) had the Lowest
total porosity valoe (3.9%) and all pores available in this specmen were
smnaller than 50 nm, evidencing the highest compressive strength resabts
of the MO specimen. The figures alio show that almost all pores
dispersed throughowt MNA were smaller than 50 nm. Furthermore, a
total porosity value of 4.0% for MNA (Fig. 100 reveals that MNA has a
relatively low pore volume compared to the other singlesize TiOs-
substituted specimens (MSMA and MMA). As the size of TiCs incorpo-
rated to the matrix got coarser, the volume of pores smaller than 50 nm
formed in the matrix deoreased. The rate of pores, ranged between O and
50 nm, dispersed throughout MEMA and MMA was at B7.5% and 47.4%
of the total amount of pores, respectively. Moreover, the total porosity
valoes of these mixtures were 8.6% for MSMA and 1004% for MMA-
higher than that of MMA, as previously mentioned. It is thenefore
reasmable to state that nsing NA TiCk, {the much finer fraction of the

Telk) leads to better packaging of the grains, as expected and
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comsequently improves the compacmess of the microstracture of speci-
mens because of its fller effect.

The MIP test results of PED-optimized specimens show that the
number af pores below S50 nm in MOKL1 and MCE0.5 were 1009 and the
specimen incorparated with TiCk nsing a PSD modulus of 0.9 (MO0.9)
resulted in a bower rate of pores below 50 nm (64.8%) compared to other
PSD-optimized mixtures (Fig. 1lal. Total pomosity walses were 4.5%,
A B% and 6. 4% for MO0, 1, MOO.5 and MO0S, respectively; the inoreas
in PED modulus resalted in an inorease in total poresity and proportion
of pores above 50 nm. The probable reason for this is that the TiO: with
the lower PSD modules (g = 0.1) contained a higher proportion of small
particles, which can provide more closalde smaller interparticle spacing,
better fill the voids between larger particks, and improve the packing
dengity of the powder materials (Ti0s and cement). On the other hand,
fior ML, which contained the highest propartion of micron-sized TiCe
particles among the PSD-optimized specimens, the small-sized TiCk
comtent was mot enough to Gl the voids between barge particles and
thereby prevented significant improvement in packing density of the
powder materials compared to other specimens prepared wsing a smaller
PSD modules, Consequently, these results show that PSDeoptimized
specimens have a relatively low amoumnt of pomsity compared o non-
optimized specimens, except MNA and PSD optimization significantly
comtribuates to the pore refinement of mixtares, although the use of nano-
sived TiCk alone performed slightly better.

A5 Microsmuchmral charocterization

SEM micrographs with EDX analyses, performed to determine the
mumber of Ti elements disperssd throughout a specific section, were
obtained for microstrectural charaderization studies of Tids-based
cementitions systems. Analyses of non-optimized and PSD-optimized
specimens are shown in Fig. 12 and Fig. 13, respectively. It can be
clearly seen from these figures that carbon (C), axygen (0, calciam (Cal
amd silicon (5i) were the primary elements of all specimens, and sub-
stantial part of the chemical comtent af all specimens was compaosed af
Ca and 0. The C contents by weight of all specimens were lower than
9%, The Ti contents (by weight %) of MNA, MSMA and MMA were 2.4,
1.7 and 4.9, respectively. For the PSD-optimized specimens, Ti contents
by weight, %) of MQO.1, MOO5 and MOO.9 were 1.9, 2.2, and 4.9,
respectively. Although the amount of photocatalyst located across the
surface reachable by UWradiation has an undeniable infloence on
phatocatalytic performance of cementitions systems, there was no
obviows carrelation between the amount of phatocatalyst and the pho-
tcatalytic degradation rate of specimens. Considering that photo-
catalytic effidency of Tilk particles cn be affscted by their crystal
structizre, surface area and particke size [E3], the KO degradation resabs
should be amsociated with the higher presence of small-sieed TiCk: on the
UV.reached surface, which resalted i increments in the number of
active sarface sites and thereby high separation and transfer efficiency
of sarface charge carriers.

EDX elemental mapping images of relevant specimens are also
ilhstrated in Figs. 1213 red corresponds to Ti atoms and green to Ca
atoms. Oee of the main elements (Ca) was detected in all regions of the
specimens. Based on the evidence in these images, Ti elements have
maore umiformly dispersed thronghout the PSD-optimized specimens. For
the non-optimized specimens, the distribution of the Ti atoms on the
surface of MMNA and MMA was also generally homogeneous, althosgh
some irregularities in the dispersion of the TiCky particles were seen in
the microstracture of MSMA specimens.

In term of mechanical propertiss, in the oon-optimized specimens,
the compressive strength of the MNA sarpassed all other mixtures for all
curing ages. This finding has been reported by several other researchers
in the literatare. They attribwted it to varions enhancement influences of
nang-scale materials on microstroctural and mechanical properties in
favar of obtaining a denser matrix. Well-graded ingredients stimukate
the hydration process doe to their high soface area, resulting in
mucleation sites bonding with cement hydrates [58,84], hydration
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agitation, acceleration efect [56-559] and Gller effect, resulting in
relatively better particle packing of constitwents [56-57]. The hydration
kinetics results of cementitions pastes shown in Fig. 6 show that using
nanc-sized TiOs (MA) ciused an enhanced/accelerated degres of hy-
dration reaction  (kinstics) of the cementitous paste (lrger peak
magnitude and sarfier time of peak ooourmence]) owing to #s consider-
ably fine structure providing significant surface energy. This acoslera-
tion confirms that using nanoparticles (NA) provides higher sarby-age
strength. As the partide stee of the TiCk in cementitions systems
increased (among specimens characterized by single use of TiCk parti-
cles), the peak occurrence time inoreased and the peak magnitede
derreased. This situation is in accordance with the results of compres-
sive strength, which determined that increasing particle size decreases
strength. Althoagh the MNA showed highest compresive strength per-
formamees among non-optimized specimens for each ooring age, the
incorporation of nano-sized Ti0: reduced the compressive srength re-
sults of the cementitious systemm considering relatively  higher
compressive strength performance of the Ti(s non-containing specimen

Comb aumd Rusdding M L B NE) Pa500R
(M) In this regard, it is possible to state that the decremental effect af
the decrease in the reactive cement content of MMNA, becanse of
replacement of cement with inert TiCk, on mechanical performance was
more dominant than the ephancing effects of the nano materials
{detailed above) incorporation inte cementitious systems, It shoald be
also stated that although, at the end of the 48 h, heat of hydration
released from MMA was higher than the reference mixtore, the
compressive strength results were nconsistent with this cise. The
possible reason of this sitoation cian be related with (i) differences in the
consistency of the mixtures doe to the different sized TeO: contend, ([GE)
formation of heterogenows reaction product for faster hydration at the
early age and (iii} differences in the bydmtion products beciunse the
pussible effects of TiD: exitence.

Of the PElk-optimized specimens, MO0.1 showed better compressve
strength results than the other mixtures at the end of 28 days. It is
especially notewoarthy that the compressive strength of MOOU] is higher
than that of MMA, which can be atiribuied fo ifts well-gaded PSD
achieving high particle packing density. When the hydration kinetics
results shown in Fig. & are evaluated, it cam be clearly seen that wsing
Tl with varying PSD maoduli resulted in a retardation af peak occur-
rence compared to the single-sieed TiCe (onger time of peak occur-
rence) dee to retardation of early dissolution as a result of resdual
morganic chemicals [62] and better covering capability of PSDe
optimized Tilk, particles. As the PED moduolus imreased, the peak
oocurrence time inoreased and also its magnitude decreased duoe to
decrement in seeding and nocleation capability with increased coarser
Tz particles. The 28-day compressive strength reslts of optimized
specimens were consistent with these resubs. Peak magnitude values
{maximum mte of hydration) of cementidous systems containing a
combination of WA, SMA, and MA Tils particles with varying PSD
moduli were higher than thoss in systems containing SMA or MA Ti0s,
and kower than in those containing KA TiCs. The cumulative beat af
bydration values of single-size TiCa-substinsted cementitions systems at
the end of 72 b of hydration were higher than those of sysiems con-
taining a combination of KA, SMA, and MA Ti0: particles with varying
PSD moduli. As a result, consédering the higher peak magnitade value,
the earlier peak oocurmence and the higher comulative heat of hydration
of cementitions system containing MA TiCk at the end of 72 b of hy-
dration, it can be deardy stated that MO0 1's relatively high comprescive
strength compared to MMA was geometry-related (physical) rather than
chemistry-related {chemical), and PSD optimization with PAD modulus
of (.1 provided the highest particle packing density, a memtioned
earlier.

Congidering all of thess remlts, it cin be cleardy stated that although
the difference between compressive strength results was oot signifi-
cantly prominent, meaningful differences were noted for Z8-day-old
specimens. Less pronounced ffect of the modification foptimization aof
the PSD of TiCk powders an the compressive strength of specimens
containing PED-optimized powders cim be atiributed to the relatively
wide range of particde sizes of NA and SMA TiCk batches, resulting in
maturally good particle grading, thersby positively affecting the me-
chanical properties of specimens. Although it was minimally effective in
imcreasing compressive strength for this study, the adwvantages of PSD-
optimization of TiCk powders in tafloring microstrocteral properties
are also likely o improve compressive sirength results of mivtores with
PiD-pptimized powders over those containing TiCk powders with a
narmrwer range of panticle sipes.

The most important element of this stmdy is the enhancement of the
N0y degradation eficiency of mixtures through optimization of the PSD
of Tilk powders. As mentioned earlier, the photecitalytic adivity af
Tk is highly dependent on its size, shape, type, phase and on changes in
particle properties [85], and the photocatalytic degradation capability
of the nanp-sized TiCh particles i higher compared to the langer ones
[22-27]. It is therefore not surprising that the highest performance in
Ny degradation capability was obiainsd from MNA for all curing ages.
When the EDX analyses of MMA and MMA in Fig. 12(a) and 12(c) are
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a) MNA

b) MSMA

¢) MMA

Fig. 12. Rep ve EDX el

evaluated, it is evident that the Ti content (by weight %) dispersed
throughout the viewed section of MNA (2.4%) was lower than that of
MMA (4.9%), possibly due to the denser structure of the MNA. However,
higher amounts of the Ti element throughout MMA did not provide
higher NO degradation results than in MNA. This result also confirmed
that smallersize photocatalysts provide a more efficient photocatalytic
degradation process tham larger ones. This was not the case when MSMA
and MMA results were compared, which is Hiely related to the micro
structural characteristics of thess specimens (explained below). How
ever, it should be kept in mind that EDX results of the eguivalent
specimens can vary according to the section viewed. On the other hand,
for PSD-optimized specimens, MQO.9 showed better NOy degradation

C aral Budding M, b 318 (2022) 125092

. Map Sum Spectrum

B 129 S Specun
W% e

| mappling Images and SEM micrographs with EDX spectra of non-optimized specimens.

capability, even though it contained a significantly lower amount of
nano-szed TiOs than the other PSD-optimized specimens. In addition,
whereas the amount of nanosized TiO: in MNA was quite a bit Larger
than in MQ0.9, a remarkable difference in the nano-sized TiO: content
was not apparent when comparing NO, degradation rates of these two
specimens. This situation is directly related to specimen microstructure
and surface characteristics and may be attributed to the ability of the
mixtures, through PSD optimization of TiO= particles, to keep distriba
tion and/or the amount of TiO=z particles optimal throughowt the UV
reached surface where photocatalytic reactions occur. Fig. 10 and
Flg. 11 show a low amount of total porosity in MNA and more small-size
pores compared to the others, both of which indicate good packing
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a) MQO.1

b) MQO.5

¢ MQO.9
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L

Fig. 13. Representative EDX elemental mappéng images and SEM micrographs with EDX spectra of PSD-optimized specimens.

density in favor of particde distribution homogeneity and higher
compactness. Therefore, the relatively lower difference between NOy
degradation rates of MNA and MQO.9 was mast probably due to the
surface of the nano-Ti0: particlkes in MNA being further covered with
hydration products. As a result, nano-Ti0z particles are likely to remain
in the dark depths of the denser specimens, resulting in insufficient
contact with UV-light and TiOz particles and preventing photocatalytic
reactions. This situation was also valid for PSD.optimized specimens.
Moreover, when evaluating the system selectivity of the cementitions
systems, it can be clearly seen that MQO.9 exhibited relatively higher
performance, which means a more efficient NO, degradation capability.

Although a refined pore structure duee to good particle grading

caused relatively greater compressive strength, this negatively affected
the photocatalytic activity of the mixtures, thereby cansing NO, degra
dation with low efficiency. Furthermore, the optimal TiO: quantities
from differentsized TiO: batches sufficient for efficient photocatalytic
activity were different than those sufficient for mechamical property. In
this regard, the most favorable particle packing was provided at a PSD
modulus of 0.1 with well-graded TiOz particles (MQO.1), which achieved
higher strength results than the other PSD-optimized mixtures, although
some natural variations were observed. This can be attributed to the
improvement /optimization of the PSD of powder materiaks in a proper
manner, which promoted pore refinement of the microstructure of the
cementitions systems, thereby obtaining a relatively denser matrix
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Although MO0.1 containg higher amounts of more active nano-sized
Tike, its dense structare resulted in lower photocatalytic efficiency
compared to ather PSD-optimized specimens. On the other hand, MO0
showed superior photocatalytic efficiency among all PSD-optimized
specimens, despite having a small amount of mano-TiCe Therefore, it
is plangible that the MO, degradation capability of the mixteres is
strongly relabed o the micostructure characteristics of matrix (as
mentioned earlier) althowgh their relationship & quite different than the
relationship betwesn microstructure and compressive strength.

MIP test results of MOOLS showed 6.4% total porogity and 64.8%
pares below 50 nm, the highest total pomsity and lowest number of
pares below 50 nm amang all the PSC-optimized specimens. This means
that the PSD modulus of (0.9 provided a considerably higher number of
pares above 50 nm, and that the amount/volume of pores disperssd
thromghout M09 was relatively higher compared to the other PSD-
optimized specimens. Hence higher photocatalytic degradation capa-
bility of the MQ0.9 compared to the other PSD-optimized specimens
may stem from the larger number of pores limiting coverage of the Ti0:
particles with hydration product. Another possible reason for the better
photacatalytic eficiency of M09 is due o the mualtiple pore-strsctare:
of M{0.9 homogensously spread thronghout the surface morphology,
which canses a large number of Til: particles o be disperssd
thromghout pore walls for maximum photocatalytic surface area. In
addition, larger pores can allow pollatant gas (N0 gas) to diffuse into the:
cementitiows matrix more eagily, thereby more pollutants participate in
the photocatalytic reactions and provide easily reaching of photons to
the Til-containing inner parts of the specimens in favor of further
contact between the surface of photocatalytic materials and UV irraddi-
ation. This situation also evident for MMA and MSMA. Although MEMA
contained submicron-siosd TiOs particles with photocatalytic efficiency
that is expected to be higher than in micron-gized TiCk, the NO degra-
dation capability of MMA at 7 and 28 days was higher than that of
MEMA. This can alsy be attribated to the fact that MMA contained a
relatively higher volume of pores, the lrge majority of which were
pares above 50 nm. Fig. 14 shows the relationship between the total
parosity (% of volume] and MO degradation rate of specdimens. Although
MIP pests were carried out on 2B-day specimens, total pomosgity (% of
volume)} of 28-day odd specimens (congidering that thess reflect the
tendency of specimens to form pores], was associated with NOy degra-
dation results at all ages of relevant specimens.

It can be seen from Fig. 14a and 14b that the general trends of thess
two graphs are different from each other. According to Fig. 14a (non-
optimized specimens), MO, degradation had an inversely propartional
relation to the okl porosity of the specimen, whereas the opposite was
the case with the PSD-optimized specimens in Fig. 14b, Considering the
limitations of using trend lines to show the general trend of spedmens,
as well as the complexity of this situation due to the presence of many
factors affecting the characteristics of the spedimens, this requires a
deeper, more careful assesament. In this regard, if MNA is exchoded, it
can be clearly stated that the increased total porosity value contributes
pastively to photocatalytic degradation capability. MNA not fitting this
trend is due to its relatively smaller particke dsze Te0: content, resulting
in higher N0y, degradation capability. The photocaitalytic efficiency of a
cementitioss system is significantly related to fictors such & physically
and chemically effective factors including pore strocture and quantity or
MO, degradation capability/efficency in relation to photocatalyst par-
ticke gize. When they were mare dominant/prominent, the negative ef-
fiect of comparatively less porosity on photocatalytic eficency was not
daminamt encugh for MNA to cause lower degradation in the positive
effect of finer Tid: particle content on photocatalytic efficiency
compared to MSMA or MMA. However, this was not the case for PSD-
optimized specimens. As mentioned sarlier, the relatively higher pres.
ence of nano-TiCk content could not provide greater MO, degradation
results for PAD-optimized specimens. Increments in total porosity and
the presence of pores above 50 nm had a greater effect on MOy degra-
dation capability of PSD-optimized specimens, indicating that mare
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Fig: 14. Relmionship benween total porosity (% of volume) and NO degrada-
don rate of specimens for (2) FSD non-optimized specimens () FSD opd-

mized specimens.

pores coubd lead to higher photocatalytic efficiency for TeOz-substitated
cementitions systems.

Matrix transformations that also take place on the surface of the
cementitions matrix with prolooged age mostly affect the phatocatalytic
activity of the specimens. The resubts of PSD-optimized specimens
showed that optimizing the PSD of TiC: partickes can limit the decreass
in photocatalytic performance with further aging, such limitation was
more pronounced for specimens with denser strscture. These resalits
reveabed that a Tids latch optimized with the proper PSD modulus could
be used as a long-term, stable and efficient photocatalyst for air parifi-
cation, with optimum performance in practical nse.

Of the non-optimized specimens, those with denser strsctare (MNA)
also showed more stable photocatalytic efficiency over time. This could
be because the dense structare of the specimens limits further coating af
the already coated TiCk particles over time with further hydration and
leads to less sensitivity to cirbonation becanse their network of inber-
comnected pores is more significantly developed tham in mixtures with
denser structare. Low effidency of MSMA and MMA in terms of aged
photocatalytic eficiency can be also atiributed to their relatively high
pore volume content. This situation was also valid for PSDeoptimized
specimens, even though it was more pronpunced for non-optimized
specimens. M9, which has highest pore volume content amang the
PSD-pptimized specdmens, also showed more anstable photocatalytic
degradation performance owver time than denser PSDeoptimized
specimens.

High porosity allows further penetration of carbonation in desper
Layers. By sanding the surface of specimens with lower pore valume,
most af the carbonation prodect can be removed from the UV -reached
surface, therely freeing it of TiCk particles. In this way, phaotocatalytic
reactions ocourred duoe to a surface being free from carbonation product,
and muore stable specimens were obtained depending on time. Further
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investigations are necessary to darify the effect of cwbonation on
photocatalytic efficiency of cementitions systems by considering its
relationship with the pore strocture characteristics of these systems.

5. Conclusions

This stsdy investigated the effect of particle siee distribution (PSDY
and optimization of TiCk particles on the mechanical and photocatalytic
efficiency of cementitions systems. Specimens were prepared with
single-wie nand-sirad, submicron-sized and micron-siesd TiCk particles
and coeutiliring them with different PSD moduli. This assesced the ef-
fescts of PSD optimization with different PSD moduli on mechamical and
physical properties of mixtures based on compressive strength, porosity
and pore size distribution, bydration kinetics and MO, degradation
capability of cementitions systems. The following conclusions are based
vn the Godings of this stedy:

# The compressive strength of the reference micture withowt TiCk (MO}
was the highest among all mixtures, regardless of the coring ages.
Among the Til-moorporated mixturss:, modification ‘optimization
of the PSD af TiCk powders with a proper PED modulos provided
relatively better mechanical performance by  ensuring  high
compaciness. Specimens prepared by nsing Tid: powder optimized
with the PAD modubus of (.1 performed comparatively better under
compressive strength test than other non-optimized and PSD-
optimized specimens at the end of 28 days.

# Although specimens containing nano-sized TiCk particles showed the
highest photocatalytic activity, a comparatively high efficiency
cementitious system in terms of NOy degradation capability was
obtained with PED optimization of TiCs powders, probably doe to the
pore structure. High photocatalytic efficiency was obtained by using
a considerably smaller number of namo TiCk particles, which have
higher photocatalytic activity than larger ones. By optimizing the
PED of TiCk particles, lower decrements in WO, degradation of
mixtures over curing time were also achieved, Furthermare, PSDx
optimization ncreased the system selectivity, which proves that PSDx
optimization contribmtes to the enhancement in photocatalytic efi-
ciency of the TiCk-incorporated cementitions systems.

# When results related to hydmtion kinstics are evaluated separately
for the optimized and non-optimized cementitions systems, the sys-
tem with higher peak magnitude valoe, earlier peak oomarrence, and
higher cumuslative heat of hydration (at the end of 72 h of bydration)
shawed lower total porosity formation (% of volumes) and less pores
above 50 nm formation. A more proncunced enhanced facoslerated
hydration process was obtained by 1=ing nano-gized Tidh particles,
resulting in the decrease of total volume of pores and the formation
of pares above 50 nm. When all resullts are compared, it is clear that
althamgh an enhanced/accelerated hydration reaction (kinetics) was
not abtained, the formation of a dense structure with proper particle
packaging throngh ideal PSD optimization (for q = 0.1) prevented
the formation of pores above 50 nm and therely provided higher
compressive strength.

& The pore structare of the TiCk-substituted cementitious systems is
significantly influental on their mechanical and photocatalytic
properties. Althoagh higher volume of pores (espedally pores absove
50 om) increases the NO, degradation capability of specimens, it
canses higher rate of decrements in photocatalytic degradation
capability with increasing curing time. In addition, a higher pro-
portiom of pores reduces compressive strength of the cementitions
systems. The optimum PED valoe may differ depending on the per-
formance expected from the specimens. While the PSD value, which
canuses an optimem packing density and very dense microstructure,
was beneficial in terms of compressive strength, it provided a bess
effective photocatalytic activity.

Increasing the nomber of TiCke particles across the surface of speci-

mens that UV rays cam reach, is the key parameter in improving the
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photocatalytic efficiency of cementitious systems, and is significantly
related to specimen microstructure. Therefore, the PSD of TiCk par-
ticles, which is also effective on microstrecture, muast be considered

for the desizn of photocatalytic cementitions systems.
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