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ABSTRACT

Enhanced Photocatalytic NOy Oxidation-Storage over

Titania-Metal Oxide Physical Mixtures under UV and Visible Light

MUSTAFA CAGLAYAN
M.S. in Chemistry
Advisor: Emrah Ozensoy

June 2017

Developing new technologies for the abatement of gaseous nitrogen oxides (NO, NOz,
etc.) will still be one of the popular research fields; because fossil fuels (mainly coal and natural
gas) will remain as the main energy sources for many decades to come. Although various
technologies have been developed and implemented for DeNOx processes, alternative approaches
are still open to discussion. Among these; Photocatalytic NOx Oxidation-Storage (PhoNOS) can
offer promising opportunities to overcome this environmental challenge, as it can be utilized

under ambient conditions with the help of UV and visible light irradiation.

In this study; firstly, a new performance analysis method was developed other than the
photonic efficiencies used in previous works. In this analysis method, a “DeNOx Index’” was
utilized. This index indicates the net change in total air pollution due to NOx species by
comparing the relative contributions of NO and NO: along with NO conversion and solid state
NOx storage selectivity. This new method was first applied on previously studied TiO2-Al203
binary oxide samples (P2) synthesized by sol-gel co-precipitation method in comparison with
commercially available Degussa P25 TiOz. Furthermore, TiO2-Al203 (P2) binary oxides were
also physically/mechanically mixed with an alkaline earth oxide, CaO. Addition of CaO to P2
binary oxides decreased the NO conversion while enhancing the NOx storage. In order to
alleviate the loss of NO conversion in CaO+P2 systems, physical mixtures of P25 TiO2 with two
different commercial metal oxides (CaO and y-Al203) were prepared and investigated. While
CaO provides “higher alkalinity” (i.e. a desirable property for the solid state storage of acidic

gaseous NOx species) than y-Al203, mesoporous y-Al2O3 can provide a higher porosity and



specific surface area for the adsorption and storage of the oxidation products in the solid state.
Considering these, binary or ternary mixtures with various compositions were prepared and
catalytically tested under UV and Visible light irradiation. It was found out that the boosting
effect of CaO on NOx storage is more significant than that of y-Al.O3 for the binary oxides. On
the other hand, it should be noted that ternary mixtures containing smaller amounts of titania
with high performance can also be obtained by incorporating alumina into the mixture.

In addition to these, performances of selected samples were studied under different
humidity conditions and experimental durations. These experiments yielded interesting
implications regarding NOx adsorption-oxidation phenomena on the investigated mixed oxide
surfaces. Current findings indicate that further experiments are required to fully understand the

fundamental mechanisms of photocatalytic NO oxidation and storage at the molecular level.

Keywords: Photocatalytic NOx Oxidation-Storage, Titania, DeNOx Index, NO Conversion
Activity



OZET

Titanya-Metal Oksit Fiziksel Karisimlarinin UV ve Gorinar Isik
Altinda Gelistirilmis Fotokatalitik NOy Yikseltgeme-Depolama

Performanslari

MUSTAFA CAGLAYAN
Kimya, Yuksek Lisans
Danisman: Emrah Ozensoy

Haziran 2017

Ontimiizdeki onlarca yil boyunca fosil yakitlarn (basta kdmiir ve dogal gaz olmak iizere)
ana enerji kaynaklar1 olarak kullanilacagi goz oniline alindiginda, gaz halindeki azot oksitlerin
(NO, NO2, vb.) azaltilmasi i¢in yeni teknolojilerin gelistirilmesi, popiiler arastirma alanlarindan
biri olmaya devam edecektir. Bu dogrultuda birgok teknoloji gelistirilmis ve uygulaniyor olsa da
alternatif teknolojilerin gelistirilmesi hala tartigmaya ag¢ik bir konudur. Bu baglamda,
fotokatalitik metodlar bu c¢evre probleminin Ustesinden gelmek icin olduk¢a umut vadeden
firsatlar sunabilir; ¢linkii mor Gtesi (UV) ve goriiniir 151k yardimiyla atmosferik kosullarda NOx
doniisiimlerine imkan tanimaktadirlar.

Bu calismamizda, daha onceki calismalarda performans analizi i¢in kullanilan fotonik
verimliligin yerine farkli bir analiz yontemi onerilmistir. Bu yontemde, toplam NO doniisiimii ve
NOx depolama segiciligi ile birlikte “DeNOx Endeksi” kullanilmistir. Bu endeks, NO ve NO2’nin
zehirliliklerini g6z ©ntine alarak toplam hava kirliligine etkilerini gostermektedir. Bu yeni
yontem, oncelikli olarak “sol-jel birlikte ¢oktirme yontemiyle” sentezlenmis ve daha Once
fotokatalitik testlerde calisilmis TiO2-Al203 (P2) malzemelerine uygulanmistir. Bir sonraki
asamada ise bu P2 oksit karisiminin igine toprak alkali oksidi olan CaO eklenmis, NOx
yiikseltgeme/depolama iizerindeki etkileri incelenmistir. CaO’in P2 malzemesine eklenmesi her
ne kadar NOx depolanmasini artirmissa bile toplam NO doniisiimiinii zayiflatmistir. Bu yiizden,
referans malzeme olarak kullanilan Degussa P25 TiOz’in piyasada bulunan iki farkli oksit (CaO

ve y-Al203) ile fiziksel olarak karigtiritlmasina karar verilmistir. Bu metal oksitlerden, CaO v-

\"



Al203’e oranla NOx depolamasi igin “yiiksek alkalilige” sahip olsa da y-Al203’nin oksidasyon
iirtinlerini depolamak i¢in yiiksek yiizey alanina ve gézeneklilige sahip olmasi da baska 6nemli
bir unsurdur. Bunlar1 gdz oniine alarak, ¢esitli oranlarda ikili veya {iglii karisimlar hazirlanmus,
UV ve goriiniir 151k altinda fotokatalitik testlere tabii tutulmustur. Bu deneyler sonucunda,
CaO’in y-Al203’e oranla NOx depolamasii daha biiyiik dlgiide iyilestirdigi gdzlenmistir. Ote
yandan, daha az miktarda titanya igeren yiiksek performansli ii¢lii karigimlarin aliimina sayesinde
elde edilebilecegini de belirtmek gerekir.

Bunlara ek olarak, bazi fiziksel karigimlarin farkli bagil nem kosullar1 ve deney siireleri
altinda performanslari incelenmistir. Bu deneyler, incelenen malzemelerin yizeylerinde
gerceklesen NOx adsorpsiyonu ve oksidasyonu ile ilgili ilging sonuglar sunmustur. Fakat mevcut
bulgular, molekiler dizeyde fotokatalitik NO oksidasyonu ve depolanmasmin temel
mekanizmalarin1 tamamen anlamak igin yeterli olmadigindan; daha detayli ¢alismalarin gerekli

olduguna karar verilmistir.

Anahtar Sozcikler: Fotokatalitik NOx YUkseltgenmesi-Depolanmasi, Titanya, DeNOx Endeksi,
NO Doéniistimii Aktivitesi
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Chapter 1

Introduction

1.1.NOx EMISSIONS

In today’s world, air pollution is still one of the major issues mankind tries to overcome.
Atmospheric pollutants (e.g. sulfur dioxide, carbon monoxide, volatile organic compounds,
ground level ozone etc.), have a variety of detrimental effects on environment and living
organisms. Along with severe health problems such as ischaemic heart disease, acute lower
respiratory infections, lung cancer; acid rains, climate change, haze and eutrophication can be

considered as some of the critical air pollution related problems [1].

Nitrogen oxides (NOx) constitute a very imperative family of chemicals with several adverse
effects. Due to their contribution to secondary particulate aerosols and tropospheric ozone (Os)
formation, NOx species can be linked both directly and indirectly to various environmental and
health problems [2]. In general, NOx emission sources can be studied under two groups;
anthropogenic sources and natural (biogenic) sources. While cement production, fossil-fuel
combustion, iron mills and petroleum refineries are some examples for anthropogenic sources;
forest fires, lightning and yeasts are examples for the latter one [3]. According to European
Environmental Agency (Figure 1) [4], among other anthropogenic sources, road transport and
energy production are the leading contributors to NOx-related air pollution (40.5% and 22.5%

contribution, respectively).

When the latest NOx emission rates (kg/capita) of OECD (Organisation for Economic Co-
operation and Development) countries are compared, it is obvious that Turkey has one of the
lowest rates (Figure 2) [5]. This result indicates that despite having a great potential for
economic/industrial growth, Turkey has to leap a great gap in terms of industrialization and

1



energy production. Interestingly NOx emission rates in Turkey has also some correlation with the
economic growth/industrialization as can be inferred indirectly from Figure 3. In addition to
these, the emission inventories for Turkey from EMEP (European Monitoring and Evaluation
Programme) are listed in Table 1 [2]. Based on this inventory; in 2010, the road transport and
combustion in energy and transformation industry is responsible for the 2/3 of the total national

NOx generation.

@ Agriculture 1.8%

@ Commercial, institutional and
households 12.8 %

@ Energy production and
distribution 22.5%

@ Energy use in industry 12.6 %
@ Industrial processes 2.4%
@ Mon-road transport 7.3 %
@ Road transport  40.5 %
Other 0.1%

Figure 1. Sector share of NOxemissions in Europe 2011 (Copyright notice © European
Environmental Agency, 2017 [4])
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Figure 3. Turkey’s NOx emission rates (kilograms/capita) between 1990 and 2014 (Copyright
notice © OECD, 2017 [5])



Table 1. The NOx emission inventories of Turkey in 2009 and 2010 [2]

Sources of Air EMEP (thousand tonnes)

Pollution 2009 2010

S1- Combustion in
energy and

_ 341,493 329,176

transformation

industry

S2- Non-industrial
) 76,369 73,230
combustion

S3- Combustion in
manufacturing 87,295 100,765

industry

S4- Production
6,797 8,073
processes

S5-
Extraction/distribution
fossil/geothermal

energy

S6- Solvent use and
other product use

S7- Road transport 395,214 375,397

S8- Other mobile

_ 53,216 57,290
sources and machinery
S9- Waste treatment
) 616 439
and disposal
S10- Agriculture 0 0
TOTAL 961,000 945,000




1.2.NOx GENERATING FUELS AND NOx GENERATION MECHANISMS

When the sector share of anthropogenic NOx emissions is analyzed, it is apparent that NOx
generation is mainly related to combustion processes. In these processes; most of the produced
NOx is in the form of nitric oxide (NO), while nitrogen dioxide (NOz2) concentration is relatively
low [6]. Ratio of NO amount to total NOx amount for emissions of different combustion

processes is represented in Table 2.

Table 2. NO/NOx generation ratios of different fossil fuel-based energy transformation systems

[6]
Source Type NO/NOy Ratio

Industrial Boilers

e Natural Gas 0.90

e Coal 0.95

e Fuel Qil 0.96
Motor Vehicles

e Internal Combustion Engine 0.99

e Diesel Powered Car 0.77
Petroleum Refinery Heater: Natural Gas 0.93
Gas Turbine Electrical Generator: Fuel Oil 0.55

During combustion, NOx molecules are formed via oxidation of N2 in air or combustion
nitrogen containing species in fossil fuels. Nitrogen in fuels is present predominantly as pyridine

and/or pyrrole species (Figure 4) [6].

pyridine pyrmole

Figure 4. Pyridine and pyrrole [6]



Therefore; while the combustion of high purity methane leads to NOx via oxidation of Nz in
air; combustion of coal or heavy oils containing significant amounts of nitrogen derivatives
contributes via both pathways. Chemical formation mechanisms of NOx can be categorized in

two main groups; namely, thermal NOx formation and flame NOx formation [7].

1.2.1. THERMAL NOx

The thermal route can be described as the oxidation of nitrogen molecules at high
temperatures (T >1600-2000 °C) [7]. In this route, the generation rate is mainly dependent on the
gas residence time and the temperature in the combustion chambers. The consecutive elementary

reactions (Equation 1 and 2) of this pathway were first proposed by Zeldovich in 1946 [8].
N, +0 < NO+N (1)
0,+Ne NO+O (2)

Among the reactions shown above, reaction (1) is the one determining the rate of
formation of NO due to high activation energy to break the strong nitrogen triple bond [7]. In
1970, these reactions were extended with the reaction of atomic nitrogen and hydroxyl groups

(Equation 3), which makes significant contribution to the thermal production [9].
N+ OH & NO+H (3)

Later, it was supplemented by considering the effect of nitrous oxide as shown in
Equations 4, 5 and 6 [10].

NyO+Mo N, +0+M 4)
N,0 + 0 & 2NO (5)
N,0+0 & N, + 0, (6)

1.2.2. FLAME NOx

In some cases, NOx formation can be achieved by mechanisms distinct from the thermal

ones. One of these routes, named as “flame mechanism”, consists of the reactions having C, H, O
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and N-containing compounds inside the flame zones. There are various chemical mechanisms
involved, all linked to intermediates that may exist only in the reaction zone of the flame [7].
Among these, the first discovered (in 1971) and well-known one is Fenimore mechanism leading
to what is termed as prompt NOx [11]. Although the actual formation consists of a complex
series of reactions, Fenimore mechanism can be understood in general by considering the

following reactions:

CH+ N, & HCN + N (7)
N+ 0, NO+0 (8)
HCN + OH & CN + H,0 (9)
CN 40, & NO + CO (10)

In addition to the Fernimore mechanism, some of the other prominent flame reactions are:
e NNH mechanism, principal reaction: [12]
NNH + 0 & NH + NO (11)
e NO formation via nitrous oxide (N20), principal reaction: [13]
N,0 + CH; < CH,NH + NO (12)
e Basic mechanism via NCN, key reaction: [14]

CH+N, & NCN +H (13)

1.3.TITANIA-BASED PHOTOCATALYSIS: PAST AND TODAY

The history of TiO2 as a photoactive material can be started from 1930s. In 1938, C. F.
Goodeve and J. A. Kitchener discovered that dyes can be bleached via active oxygen species
formed on the titania surface [15]. At that time; instead of using the term photocatalyst, they
called titania a photosensitizier as it was realized that titania did not change through the reaction.

The first time that titania was referred to as a photocatalyst was in 1956 by S. Kato and F.



Mashio [16]. In their work entitled “Autooxidation by TiO2 as a Photocatalyst”, it was reported
that titania dispersed in various organic solvents initiates autoxidation of organic compounds and
formation of hydrogen peroxide (H202) under a mercury lamp. However; until the late 1960s,
titania drew limited attention of researchers in the field of catalysis and photochemistry. For the
first time in 1969, setup for photo-electrochemical water splitting was demonstrated and tested
(as shown in Figure 5) [16]. And in 1972, this work published in Nature by A. Fujishima and K.

Honda attracted great attention due to crude oil crisis in 1970s [17].

1) n-type TiO2 electrode

A 2)platinum black counter
4 \J 4 electrode

3)ionically conducting

/—\ o separator
p
— 'CEJ —

- d)gas buret

5) load resistance

6)voltmeter
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=~/
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—0
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h-
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2 f 3

Figure 5. Schematic diagram of electrochemical photocell (Copyright notice © The Japan
Society of Applied Physics, 2017 [16])

When this remarkable work done by A. Fujishima and K. Honda is studied, it could be seen
that photons having shorter wavelengths than titania’s bandgap, ca. 415 nm (i.e. 3.0 eV),
generates current flowing from platinum electrode to the titania electrode. Thus, the direction of
the photocurrent shows that oxidation reaction takes place on TiO2 surface and the reduction
occurs at the Pt counter electrode [16]. Whole process can be summarized based on the following

reactions.



Light irradiation:

TiO, + hv > e~ +h?* (14)
On titania surface:

2H,0 + 4h* - 0, + 4H™ (15)
On platinum surface:

2H* +2e™ > H, (16)
Overall reaction:

2H,0 + 4hv - 0, + 2H, (17)

As revealed in Figure 6, the increase in the number of publications related to titania-
based photocatalysis started in 1970s-1980s. Especially since 1990s, this number has been

growing tremendously due to the demand on renewable energy sources [18].
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Figure 6. Annual number of publications related to titania-based photoactive materials research
topics when survey is done in Web of Science (Copyright notice © The Royal Society of
Chemistry, 2017 [18])

In today’s world, main investigation on photocatalysts including titania has been

concentrated on improving the solar energy conversion efficiency which focus on three main
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topics. As titania is mainly an UV active material, shifting its bandgap into the visible-light
region would allow more photons to be absorbed because solar photon flux consists of 5% UV
(300-400 nm), 43% visible (400-700 nm) and 52% infrared (700-2500 nm) photons [19]. Thus,
introducing assorted dopants (metal or nonmetal) into titania’s lattice is one of the most common
methods to improve the light absorption. In most of such cases, doping process ends with either
the occurrence of isolated impurity states within the band gap or direct narrowing of the gap
[20]. In Figure 7, it is shown that different metal dopants result in different scenarios depending
on their position with respect to valence and conduction band of titania [21]. Former studies in
the literature indicate that the activity of these doped materials depends on dopant concentration,

distribution of dopants, electron donor density and incident light intensity [22].

a) Ti02

b) Fe/TiO2

c) Cu/TiO2

d) Zr/Ti02
e) Ce/TiO2
f) V/TiO2

g) W/Tio2

Figure 7. Schematic representation of energy levels of various metal dopants in TiO2 (Copyright
notice © American Chemical Society, 2017 [21])

Another focus of interest in titania photocatalysis is charge separation; because rapid
electron-hole recombination limits the total activity of the material. To achieve a successful
catalytic surface redox reaction on the photocatalytic material, electrons and holes formed after
photon absorption are needed to migrate to the surface. Therefore, the pathway to the surface and
lifetime of excitons are important parameters when the charge carriers recombine faster than the
desired reactions. One of the possible ways to keep electron-hole pairs separated is the utilization

of dopants. For instance; the metal ions may provide trap states for electrons or holes based on
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the position of the generated electronic states with respect to the conduction and valence bands
[22]. When charge separation properties of metal dopants are studied, it is typically observed that

usually electron trapping is much faster than hole trapping as shown below [22].

TiO, + hv > e~ +h* (t=10" sec) (18)
e” > e trappea(M™or 0,)  (t=30x10" sec) (19)
h* = h* g appea (M™ or OH™) (t=250x10" sec) (20)

In addition to doping process, the creation of heterojunctions is another solution for
charge recombination issue. In this method, excitons formed in one photocatalyst can be
subsequently transferred to another material [23]. Heterojunction studies in the literate can be
divided into five groups; conventional, p-n, surface, direct z-scheme, semiconductor/graphene
heterojunctions [24]. Figures 8-12 depict simplified electron transfer routes for some of the most
common heterojunction systems. Particular examples of such heterojunctions involving titania

domains are also listed in Table 3.

Semiconductor ks Smﬁm:duﬂgr et
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\CB | \ ]
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Oxidation Oxidation )

Straddling gap (type-1) Staggered gap (type-11)
Semiconductor
2 A
..’.: e

(c) *

CB
\ I Semiconductor
. B
1

Broken gap (type-III)

Figure 8. Illustration of three different types of conventional light-responsive heterojunction
photocatalysts (Copyright notice © John Wiley and Sons, 2017 [24])
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Figure 9. Illustration of the electron-hole separation under the effect of the internal electric field
of a p—n heterojunction photocatalyst under light (Copyright notice © John Wiley and Sons
2017, [24])
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Figure 10. Illustration of the electron—hole separation on the surface of anatase titania with an
optimal ratio of the exposed {001} and {101} facets (Copyright notice © John Wiley and Sons,
2017 [24])
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Figure 11. lllustration of a direct z-scheme heterojunction photocatalyst under light (Copyright
notice © John Wiley and Sons, 2017 [24])
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Figure 12. lllustration of the photocatalytic mechanism on Graphene/TiO2 nanosheets
(Copyright notice © John Wiley and Sons, 2017 [24])

Table 3. Titania based heterojunction examples in recent years

Heterojunction Heterojunction | Photocatalytic
o Year Reference
Sample Type Application
) Conventional Rhodomine B
SnO -TiO2 _ 2008 [25]
Type 1l Degradation
] ) p-Chlorophenol
NiO - TiO2 p-n Type ] 2010 [26]
Degradation
{001} - {101} TiO2 | Surface Type CO2 Reduction 2014 [27]
) Direct Z- Formaldehyde
g-CsNa - TiO2 o 2013 [28]
Scheme Type | Decomposition
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Graphene - TiO2 Semiconductor- Hydrogen
2011 [29]

nanosheets Graphene Type Production

Finally; as redox reactions occur on the material surface, the surface reactivity of titania is
another important topic to investigate. Surface atomic arrangement and coordination has a great
influence on the adsorption of reactants, surface charge transfer to reactants, and the desorption
of products [30]. Therefore, the heterogeneous catalysis applications (gas-solid or liquid-solid
interfaces) are sensitive to surface atomic structure which can be modified by controlling the
surface morphology. Thanks to the recent developments in nanoscience and nanotechnology,
nature and relative abundance of the surface crystal facets of photocatalysts can be fine-tuned to
optimize the activity (Figure 10). It should be noted that utilization of doping and heterojunctions
has also strong influence on the surface reaction mechanisms [31]. For instance, it was found out
that introducing of noble metals on semiconductor surfaces can enhance the yield of a desired

product and change the reaction mechanism.

1.4.CRYSTAL STRUCTURE OF TITANIA: ANATASE vs RUTILE

Since the photocatalytic activity is closely related to the crystal structure of titanium dioxide,
it is essential to investigate the properties of different crystal structures of titania in a
comparative manner. In the literature, it is reported that rutile and anatase are the most common
crystal phases under atmospheric pressures [32]. Besides brookite phase is also another
observable phase under atmospheric pressure, which is relatively more difficult to be synthesized
[32]. In addition to all of these, there are also high-pressure phases of titania reported in the
literature (e.g. TiO2-1l [Srilankite], cubic fluorite-type, pyrite-type, monoclinic baddeleyite-type,
cottunnite-type polymorphs etc.), however, they have little activity in photocatalytic applications
[32].

When the bulk stability was studied in terms of thermodynamics, it was predicted that
rutile phase is the most stable one at all temperatures and pressures up to sixty thousand bar

(Figure 13) [33]. On the other hand; relatively small stability differences between three phases

15




(i.e. rutile, anatase and brookite) in terms of Gibbs free energy (4-20 kJ/mol) indicate that
anatase and brookite may be considered as metastable phases which can also be observed along
with rutile under atmospheric conditions. Furthermore, the transformation from anatase to rutile
at room temperature is Kinetically hindered, rendering anatase a metastable state that can exist
under atmospheric conditions for long durations of time. The transformation speed reaches
measurable levels at temperatures typically higher than 600 °C [33]. Moreover; in numerous
titania synthesis protocols, the crystalline phase that is formed at low temperatures is usually
anatase. This observation can be attributed to the lower surface free energy of anatase as

compared to that of rutile favoring the crystallization of anatase polymorph instead of rutile [32].
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Figure 13. For anatase and rutile polymorphs, (a) Gibbs Free Energy vs. Temperature - (b)
Gibbs Free Energy vs. Pressure (Copyright notice © Springer, 2017 [32])

While doing analysis in nanoscale, it should be remembered that the relative stability of
titania polymorphs may change [34]. Under atmospheric conditions; anatase is the most
thermodynamically stable polymorph for particles smaller than 11 nm, while for the particle
sizes ranging from 11 nm to 35 nm, brookite appears to be the most stable one. For particles

bigger than 35 nm, rutile is the most stable phase [35].

Crystal structures of the prevalent polymorphs of titania (i.e. anatase, rutile and brookite)
are commonly represented using octahedra (TiOs%) [33]. As depicted in Figure 14, the major

differences between these crystal structures originate from the various distortions of octahedra
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and the changes in the assembly patterns of the octahedral chains. While octahedra are connected
by their vertices in the anatase phase; rutile phase is constructed by the connections of octahedra
at the edges. On the other hand, in brookite, octahedra are connected through both edges and

vertices [33].

Figure 14. Illustration of octahedra in three crystal phases (a) anatase, (b) rutile, (c) brookite
(Copyright notice © Elsevier, 2017 [33])

Anatase polymorph typically comprises of two particular low-energy surfaces namely,
{001} (minority facets) and {101} (majority facets) [35]-[37]. Although {101} facet is the
dominant one (more than 94 %, according to the Wulff construction which involves a
methodology for estimating the shape of an equilibrium crystal considering the Gibbs
thermodynamic principle, by minimizing the total surface free energy associated to the crystal-
medium interface), {001} is the most reactive facet [36]. Additionally, less common {100} facet
can be observed readily on rod-like anatase grown hydrothermally in basic environments [35].
Based on Wulff construction, although the calculated surface energy of {010} facet, 0.53 J/m?, is
between {001}-0.90 J/m? and {101}-0.44 J/m?, there is no {010} in equilibrium shape [30]. On
the other hand, rutile crystal phase has three primary facets. Among these, {100} and {110} are
quite low in Gibbs free energy, thus they are practically relevant for polycrystalline and powder
materials. While the latter one is the most thermally stable; the third, {001}, is less stable one

due to having the highest surface energy [30], [35]. In the literature; it has been reported that
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{011} of rutile and {001} of anatase provide favorable sites for oxidation, whereas {110} of
rutile and {101} of anatase serve sites for reduction [38]. The equilibrium shapes of anatase and

rutile based on Wulff construction are shown in Figure 15.

(a) ©m (B) (oo

/@W

Figure 15. The equilibrium shapes of (a) rutile and (b) anatase based on Wulff construction
calculated via surface Gibbs energies (Copyright notice © The Royal Society of Chemistry, 2017

[37])

Titania is classified as an n-type semiconductor due to the presence of a small amount of
oxygen vacancies [38]. The molecular-orbital bonding structure for anatase titanium dioxide is
shown in Figure 16, with representation of atomic levels, crystal-field split levels and final
interaction states. While the nonbonding O p. orbital is at the top of the valence bands, the
nonbonding dxy states are located at the bottom of the conduction bands [39]. Due to having
smaller metal-metal distance and denser phase, in rutile polymorph the bottom of the conduction
band lies lower than the one in anatase [38], [39]. In Figure 17, a comparison of the calculated

electronic density of states for bulk rutile and anatase polymorphs is given.
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Figure 16. Molecular-orbital bonding structure for anatase phase (Copyright notice © American
Physical Society, 2017 [39])
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Figure 17. Electronic density of states for bulk (a) rutile and (b) anatase. the valence band
maximum is taken as 0 eV (Copyright notice © 10P Publishing, 2017 [40])

In most of the applications, anatase gives better photocatalytic performance than rutile
although it has larger band gap as mentioned before. The reason is considered to lie in the facts
that there are higher density of localized states due to surface-absorbed hydroxyl radicals, and

slower charge carrier recombination rate in anatase relative to rutile [32]. The high
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recombination rate of rutile polymorphs is generally attributed to the larger grain size and its

lower capacity to absorb species [32].

Some of the fundamental properties of anatase and rutile are also summarized in Table 4.

Table 4. Properties of anatase and rutile crystal phases of titania [32]

Property Anatase Rutile
Crystal Structure Tetragonal Tetragonal
Atoms per Unit Cell 4 2
Unit Cell Volume (nm?) 0.1363 0.0624
Density (kg/m®) 3894 4250
Calculated Indirect Band Gap
(eV) 3.23-3.59 3.02-3.24
(nm) 345.4-383.9 382.7-410.1
Experimental Band Gap
(eV) ~3.2 ~3.0
(nm) ~387 ~413
Refractive Index 2.54,2.49 2.79, 2.903
Solubility in HF Soluble Insoluble
Solubility in H20 Insoluble Insoluble
Hardness (Mohs) 5.5-6 6-6.5
Bulk Modulus (GPa) 183 206

14.1. DEGUSSA P25 TiO2: THE BENCHMARK PHOTOCATALYST

Degussa P25 is a widely used commercial photocatalyst due to its relatively high activity
in various photocatalytic reactions. It is mainly composed of anatase and rutile crystalline phases
of titania with reported anatase/rutile ratios ranging from typically 85/15 to 70/30 [41]. However,
exact phase composition of Degussa P25 is still debatable due to the lack of a statistically
precise/accurate methodology to determine crystalline contents at the nanoscale. Ohtani et al.

who developed a technique to separate crystalline phases by using a mixed solution of hydrogen
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peroxide and ammonia reported that there are discrepancies in the phase composition of
commercial Degussa P25 samples obtained from the same material batch which are synthesized
by identical procedure [41]. As shown in Table 5, they also reported that P25 also contains a

certain extent of amorphous titania.

Table 5. Crystal phase composition of P25 collected from the same package [41]

Entry Composition %
Anatase Rutile Amorphous
1 78 14 8
2 73 14 13
3 82 16 2
4 83 17 0
5) 84 16 0
6 85 15 0

In the same study, Ohtani and his colleagues argued that phases of titania behaved
independently when working as a photocatalyst; in spite of the former reports suggesting that co-
presence of different titania phases caused the high-level activity of P25. In these earlier reports
emphasizing the superiority of anatase-rutile heterojunctions, transfer of electrons and holes
between interconnecting anatase and rutile particles was argued to reduce the charge

recombination and hence improve the efficiency of the utilization of electron—-hole pairs [41].

Some of the physical properties of P25 reported in the literature and also provided by the

manufacturer are summarized in Table 6.

Table 6. Some physical properties reported in literature [42]-[45]

Surface Area (BET) 35-65 m?/g
Primary Particle Size (TEM) 21 nm
Pore Volume 0.177-0.25 cm®/g
Pore Size 7.57-17.5nm
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1.5.PHOTOCATALYTIC NOx REMOVAL

Due to the harmful effects on environment and health, various methods for NOx removal
have been developed. These methods can be classified into two groups, primary and secondary
procedures [46]. The primary methods mainly consist of NOx removal techniques applied before
or inside a combustion zone, whereas the secondary methods are post-combustion processes
usually including additional equipment [7]. Some main primary and secondary methods are

shown in Figure 18.

Semiconductor based photocatalysts provide environmentally friendly and sustainable
opportunities for air pollution control. Thus, their exploitation in the removal of volatile organic
compounds and nitrogen oxides is becoming increasingly popular worldwide. There are three
main methods for NOx removal by photocatalysis; photo-selective catalytic reduction (photo-
SCR), photo-oxidation and photo-decomposition [7]. Each of these methods have certain

advantages and disadvantages as discussed in following sub-sections.
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Figure 18. Some of the main methods for NOx removal (Copyright notice © Elsevier, 2017 [7])
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1.5.1. PHOTO-DECOMPOSITION

In the photo-decomposition process, the aim is to decompose NOx molecules into N2 and
O2. In literature, most of the studies focused on increasing the decomposition activity and
enhancing the selectivity towards N2 [7]. Possible mechanisms for photo-decomposition of NO

proposed by Bowering et al. are [47]:

TiO, + hv > e~ +h* (28)
NO(qas) + e~ + h* = Ngas) + Oqas) (29)
NO(qas) + Neaas) = N20qas) (30)
NO(aas) + Ocaasy) = NOz 445 (31)
20(ads) = O02(gqs) (32)
2N (aas) = Nz () (33)
2ZNO(qqs) = Ny + Oz (34)
2N;000as) = Naygy + O3 qas) (35)

In addition to the above mechanism, there is also an alternative mechanism as shown
below [48]:

TiO, + hv > e~ + ht (36)
0% (cusy T h* = 07 (cu) (37)
NOaas) + €~ = NO™ (qas) (38)
NO~ (aasy + 0™ (cus) = Niaas) + Oaasy + 0% (aas) (39)

The abbreviation *“cus” stands for “coordinatively unsaturated”. The above reactions are
followed by following ones:

N(ads) + N(ads) - NZ (ads) - NZ(g) (40)
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Naas) + NO(aas) = N20(qas) = N0y (41)
O(ads) + O(ads) - Oz(ads) - 02 9) (42)

In this process, the major product is nitrous oxide [7]. However; in the presence of high
amount of gaseous oxidizers (e.g. oxygen, water), formation rates of nitrogen dioxide and
nitrates increase. Thus, it can be stated that the product distribution of photo-decomposition of
NO strongly depends on the reaction conditions. In addition to the reaction conditions, it was
also observed that there is a strong relation between the coordination number of the Ti** species
and selectivity towards N2 [49], [50]. As shown in Figure 19, the lower the coordination number
becomes; the higher efficiency and selectivity can be obtained for Ti-oxide species. Moreover,
the lifetime of excitons on isolated tetrahedral Ti*" species are longer than that on the
octahedrally-coordinated Ti*" species for bulk titania [7]. Therefore, the formation of N2O and
NOz2 can be inhibited.
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Figure 19. Relationship between the coordination number of Ti** species and the selectivity for
N2 formation in the photocatalytic decomposition of NO on various titania photocatalysts
(Copyright notice © Elsevier, 2017 [49])
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1.5.2. PHOTO-SELECTIVE CATALYTIC REDUCTION

Photo-SCR which does not require high temperatures to operate is a very attractive
approach for NOx abatement. In this process, the reduction of NOx occurs in the presence of a
reducing agent, such as NHs or hydrocarbons, under light irradiation. In most of the cases,
hydrocarbons or carbon monoxide is chosen as the reducing agents, because excess NHs release
can lead to unwanted secondary emissions. However, utilization of photo-SCR with
hydrocarbons or CO is not straightforward either. For instance, oxidation of hydrocarbons into
CO:2 is one of the major challenges which must be considered. Also, undesired N2O may appear

as a by-product (tough its photocatalytic reduction could be possible) [7].

The mechanisms of photo-SCR are still unclear and under investigation. In the presence
of CO, the photocatalytic mechanism proposed mainly consists of photocatalytic decomposition
of NO which is discussed in the previous section. Therefore, the main product of the
decomposition mechanism, N20, can be transformed into N2 and COz2 in the presence of CO

[47]. The main reactions occurring on commercial titania, Degussa P25, are [47]:

O(ads) T CO(ags) = €Oz, (43)
2NO0(aas) + COas) = N>0taas) + €02 qs) (44)
N20(aasy + COtaasy = Nagy + CO2aas) (45)
Naas) + CO = NCO (445 (46)

In the presence of propane, Su and Wu tested photo-SCR of NO on Pd-loaded TiOz [51].
It was found that Pd improved the adsorption of propane molecules which led to an increase in
NO conversion and N20 was not observed in the effluent. Stoichiometric mass balance reactions

proposed for this process are [51]:
10NO + C3Hg = 5N, + 3C0, + 4H,0 (47)

12NO + C3Hg = 2N,0 + 3C0, + 4H,0 + 4N, (48)
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In addition to these overall reactions, other side products and reaction mechanisms were
also reported. For instance, Matsuoka et al. observed acetaldehyde (CH3CHO) formation on
vanadium silicate-1 surface in the presence of propane and under light irradiation [52]. In a
similar system studied by Anpo et al., acetone (CH3COCHS3) was detected as a by-product under
UV irradiation [49]. Moreover, photo-reactions carried out on the C4sHs-NO2-Air system revealed
that the side products of this process contained cyano products (e.g. HCN and CH3CN) [7]. In
the reaction mechanisms summarized in equations (43-48), one of the major shortcomings is the
disregarding the water and oxygen presence. Therefore, the influence of such oxidizing

compounds needs to be investigated in depth.

When ammonia (NHs) is introduced as a reducing agent, the overall reaction of photo-
SCR resemble that of the thermal SCR shown in equation (49) [7]. The mechanism of photo-
SCR in the presence of ammonia over titania surface is presented in Figure 20 [53].

ANO + 4NH; + 0, - 6H,0 + 4N, (49)
112 H,O
Step 5 4
1140, 7/_/—- Ti—0—Ti lI"Ha
- |
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Figure 20. Schematic representation of the Photo-SCR reaction mechanism on the titania surface
in the presence of NHs (Copyright notice © Elsevier, 2017 [53])
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1.5.3. PHOTO-OXIDATION

In photo-oxidation systems, the aim is converting NOx molecules into surface nitrates or
nitrites. This transformation is possible in the presence of oxidizing agents such as H20 and Oa.
During photo-oxidation, the photocatalyst surface eventually gets saturated with HNOs and
requires frequent catalyst regeneration. The NO photo-oxidation mechanism on titania-based
photocatalysts can be summarized via the following reactions [7], [54], [55]:

Charge carrier generation and electron-hole trapping:

TiO, + hv > e~ +h* (50)
h* + Hy0(qas) = HO® (qas) + H* (51)
h* + HO™ (aasy = HO® (aas) (52)
e~ + 02(ads) - 02_(ads) (53)

Oxidation reactions via hydroxyl radicals and oxygen radicals:

NO + HO® (45, = HNO, (54)
HNO, + HO® (445) = NO, + H,0 (55)
NO, + HO® (445 = HNO; (56)
NO + 0™ e = NO3~ (57)

Reaction of NO2 with surface hydroxyl groups:
3NO, + 20H™ = 2NO3;~ + NO + H,0 (58)

As it is seen from equations (51) and (52), hydroxyl radicals can be formed via oxidation
of surface hydroxide groups or water molecules. When oxygen is present in the reaction
environment, produced electrons are rapidly quenched by oxygen [55]. Superoxide anions are
less effective than hydroxyl radicals in initiating oxidation reactions [54]. Thus, the photo-

oxidation of NO depends mainly on the presence of water molecules. The reaction mechanisms
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above also indicate the surface saturation with nitrate formation. Therefore, as Dalton et al.
suggested, DeNOx cycle should be closed by HNOs removal via water treatment [56].

Wu and Cheng discussed NO adsorption and photo-oxidation on titania surface using in-
situ FTIR spectroscopy [57]. Based on adsorption mechanism they proposed (Figure 21), NO
initially attacks on free surface hydroxyl groups and is subsequently oxidized to monodentate
nitrite by surface active oxygen. Then oxygen vacancies and surface peroxo species transforms
monodentate nitrite into bidentate nitrite and hydroperoxo. Based on their photo-oxidation
mechanism (Figure 22), holes generated due to irradiation are trapped by surface peroxo species,
which in turn are transformed to superoxo species. These superoxo species are extremely
reactive with very short lifetime. If they do not react with bidentate nitrite to form
monodentate/bidentate nitrate, they are photo-oxidized to oxygen molecules, leaving oxygen

vacancies [57].

To achieve photo-oxidation of NO effectively, the maintenance of process parameters at
optimum levels is important. Some of these parameters are light intensity, light wavelength,
residence time of NOx in the reactor, humidity and catalyst type. If these parameters are not
optimized, NO2 formed in the oxidation steps can easily be released from the surface [7]. For
instance; as NO2 adsorption depends on surface acidity, lower surface acidity can enhance NO2

adsorption and conversion [55].
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Figure 21. A possible mechanism of NO adsorption on titania (Copyright notice © Elsevier,
2017 [57])
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1.6.AIM OF THE CURRENT STUDY

The starting point of this study was previous research conducted by former member of
Ozensoy Research Group, Asli Melike Soylu [34], [58], [59]. In this work, (P2) titania-alumina
based binary mixed oxides were synthesized by a sol-gel co-precipitation method at different
titania/alumina mole ratios and at various calcination temperatures. These materials were tested
for photocatalytic NOx oxidation-storage under UV light irradiation. The results obtained were
compared with benchmark TiO2 photocatalyst, Degussa P25. To analyze the performance of
materials, two photonic efficiency parameters (equations 59 and 60) were used. In this process,
the presence of oxygen, water and UV light induce photocatalytic oxidation of NO molecules on
the surface of the material and some of the gaseous oxidation products can be captured by the
adsorption-sites as solid nitrates, while some can be released back into the atmosphere as NOx.
Thus; in this approach, the aim is to have high storage of NOx while releasing small amounts of
NO2z which is more toxic than NO. As shown in Figure 23; the best performance was obtained
with (P2) 0.5 Ti/Al mixed oxide calcined at 900 °C with the parameters used thereof [58].

n(NO, stored)
n(available photons)

NO, Storage Ef ficiency % =

X100 (59)

n(NO, generated)

x100 (60)

NO, Generation Ef ficiency % =

n(available photons)
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Figure 23. Photocatalytic DeNOx performance results for the TiO2/Al20 binary oxide samples
under UV irradiation with different molar compositions that were calcined at various
temperatures in air (Copyright notice © Elsevier, 2017 [58])

In the current work, it was realized that during the performance tests there were some
unstable parameters (e.g. humidity level, sample preparation etc.) which can affect the results
significantly. Additionally, the previously used conventional performance parameters used were
not clear enough to make precise conclusions. Considering these issues, in the current work, it
was decided to optimize the experimental setup and the performance analysis methodology, and
redo the performance tests for (P2) 0.5 Ti/Al at 800 °C/900 °C/1000 °C. Furthermore; to increase
the NOx adsorption capacity, an alkaline oxide storage component, CaO, was decided to be
mixed with P2 mixed oxides physically. Moreover, Degussa P25 having superior photocatalytic
activity compared to P2 samples was also mixed with commercially available y-Al203 and CaO

to obtain cheap and highly active materials for photo-oxidation and storage of NOx.

Furthermore, prepared binary and ternary mixtures were treated under various conditions to
analyze their influence on the performance results. The following parameters were investigated

in the current work:

e Light Irradiation Type/wavelength (i.e. UV or VIS)
e Relative Humidity (i.e. 20%, 50%, 80%)
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e Experimental Duration (i.e. 1 h, 5 h, 12 h)

1.6.1. WHY CaO AND y-Al,O3?

TiO2-based building materials are being utilized for removal of poisonous compounds in
recent years. For instance, one of the most famous applications is Misericordia Church in Rome,
Italy shown in Figure 24. During the construction of Misericordia Church, outside surface was
coated by cement containing titania [7]. Since cement is the widely-used construction material in
various applications, mixing titania with cement could be one of the best solutions to remove

NOx from the atmosphere.
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Figure 24. Misericordia Church, Rome, Italy; surface coated with cement including titania [60]

When various cements are investigated, it can be seen that the most common combination
of ingredients is limestone coupled with much smaller quantities of clay as a source of silica,
alumina and iron oxides. If iron and aluminum are not present in sufficient quantities in clay,
bauxite and iron ore can be added. Limestone, the source of calcium carbonate is the
predominant one among all raw materials. Therefore, for various cements, the most dominant
component is CaO as shown in Table 7. When photocatalytic NOx oxidation-storage applications

are studied, CaO usage with photocatalyst can be advantageous due to its high alkalinity and
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abundance. As NO2 adsorption gets better on less acidic surfaces (i.e. more basic surfaces),

alkalinity of calcium oxide can enhance NOz adsorption (Figure 25).

Table 7. Typical composition of binders used in construction industry [61], [62]

British White ) _ Ordinary Portland
Cement Tiel White Cement Cement

CaO 67.70 67.43 64.1

SiO; 22.13 21.56 22.0

Al2O3 4.07 0.77 55

Fe20s 0.46 0.53 3.0

MgO 0.46 1.72 1.4
Na2O 0.11 - -
K20 0.12 - -

SOs3 2.39 0.89 2.1
Loss on Ignition 2.64 6.48 -

Among the different transitional alumina phases, y-Al203 is the most widely used support

material due to its superior chemical and thermal stability, high surface area and textural

acid/base properties [63], [64]. In automotive industry, y-Al20s3 is frequently used as a support

material in three-way catalytic converter systems (TWC) and NOx storage reduction systems
(NSR) [64]-[68]. Although it is universally accepted that most of the NOz2 is stored on the basic

oxides (commonly BaO or K20) supported on alumina, it is also proven that y-Al2Os can

contribute to the total NOx storage capacity of the catalytic systems [64]-[68]. Therefore,
Puralox SBa200 y-Al203 provided by SASOL GmbH is chosen due to its high catalytic activity,

high surface area, low attrition loss, purity and non-toxicity [69]. Some of its properties are listed

in Table 8.
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Table 8. Typical chemical and physical properties of Puralox SBa200 (SASOL GmbH) [69]

v-Al203 Amount in Pore Size Specific Surface
o Pore Volume
the Package Distribution Area (BET)
98% 4-10 nm 200 m?/g 0.35-0.50 ml/g

Based on these facts, although it may seem that CaO is preferable in photocatalytic NOx
oxidation-storage systems due to its high alkalinity, it is chemically less stable than y-Al20s.
CaO can easily react with H20 and CO2 and form CaCOs and Ca(OH)2z, which may change NO2
adsorption mechanism [70]. Furthermore; while Ca(NOs)2 formed during absorption of NOz2 is
water soluble, NO: absorbed on Al20s does not form any soluble nitrate salt. Thus, in

regeneration treatments with water, there can be loss of calcium component.

NO3

Figure 25. Illustration of photocatalytic NOx oxidation — storage process on titania containing (a)
calcium oxide (b) aluminum oxide systems.
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Chapter 2

Experimental Method

2.1.SAMPLE PREPARATION

2.1.1. PREPARATION OF SOL-GEL TiO2/Al.03 BINARY OXIDES (P2 0.5 Ti/Al) [58]

To prepare titania-alumina binary oxides having 0.5 TiO2/Al203 mol ratio, 55 ml propan-
2-ol (99.5 +%, Sigma Aldrich) and 1.6 ml acetylacetone (99.3 %, Fluka) were mixed with 12.4 g
of aluminum sec-butoxide (97%, Sigma Aldrich) for half an hour. Then, 4 ml titanium(IV)
isopropoxide (97 %, Sigma Aldrich) was added dropwise to the mixing solution for thirty
minutes. All of these steps were carried out at room temperature and atmospheric pressure under
continuous stirring. Next, 5 ml of 0.5 M nitric acid was added to the mixture gradually to
precipitate the corresponding hydroxides. Obtained yellow slurry was left for aging under
ambient conditions for 2 days. Then, the dried sample was ground for calcination steps (2 h in air

at chosen temperatures).

Table 9. Calcination temperatures of the synthesized P2 0.5 Ti/Al

Calcination Temperature Sample Name
800 °C (P2) 0.5 Ti/Al 800
900 °C (P2) 0.5 Ti/Al 900
1000 °C (P2) 0.5 Ti/Al 1000
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2.1.2. PREPARATION OF CaO CONTAINING P2 0.5 Ti/Al MIXED OXIDES AS A
PHYSICAL MIXTURE

These samples were composed of TiO2/Al203 binary oxides (P2 0.5 Ti/Al) synthesized
by sol-gel method and commercially available CaO (Sigma Aldrich, Reagent Grade). P2 0.5
Ti/Al samples obtained after calcination step were ground with CaO via a mortar and a pestle.

The obtained samples were used without further process.

Table 10. Compositions and calcination temperatures of CaO + P2 0.5 Ti/Al mixed oxides via
physical mixing

Calcination Temperature of CaO Amount in the
P2 0.5 Ti/Al Mixture (weight %0) sample Name
800 °C 1 (P2) 0.5 Ti/Al 800 + 1 Ca 800
800 °C 5 (P2) 0.5 Ti/Al 800 + 5 Ca 800
800 °C 10 (P2) 0.5 Ti/Al 800 + 10 Ca 800
800 °C 25 (P2) 0.5 Ti/Al 800 + 25 Ca 800
900 °C 1 (P2) 0.5 Ti/Al 800 + 1 Ca 900
900 °C 5 (P2) 0.5 Ti/Al 800 + 5 Ca 900
900 °C 10 (P2) 0.5 Ti/Al 800 + 10 Ca 900
900 °C 25 (P2) 0.5 Ti/Al 800 + 25 Ca 900
1000 °C 1 (P2) 0.5 Ti/Al 800 + 1 Ca 1000
1000 °C 5 (P2) 0.5 Ti/Al 800 + 5 Ca 1000
1000 °C 10 (P2) 0.5 Ti/Al 800 + 10 Ca 1000
1000 °C 25 (P2) 0.5 Ti/Al 800 + 25 Ca 1000

35



2.1.3. PREPARATION OF CaO/TiO2 BINARY OXIDES AS A PHYSICAL MIXTURE
(WITH DEGUSSA P25)

Commercially available benchmark photocatalyst, Degussa P25 was mixed with
commercially available CaO (Sigma Aldrich, Reagent Grade) by using a mortar and a pestle.

Compositions of these materials are listed in Table 10.

Table 11. Compositions of CaO containing Degussa P25 titania

CaO Amount in the Mixture (weight %) Sample Name
1 0.01 CaO/P25
5 0.05 CaO/P25
10 0.10 CaO/P25
25 0.25 CaO/P25

2.1.4. PREPARATION OF y-Al,03/TiO2 BINARY OXIDES AS A PHYSICAL
MIXTURE (WITH DEGUSSA P25)

Commercially available benchmark photocatalyst, Degussa P25 was mixed with
commercially available y-Al203 (PURALOX, 200 m?/g, SASOL GmbH) by using a mortar and a

pestle. Compositions of these materials are listed in Table 12.

Table 12. Compositions of y-Al203 containing Degussa P25 titania

v-Al203 Amount in the ) ]
] _ TiO2/Al,03 Mol Ratio Sample Name
Mixture (weight %0)
10 11.49 0.10 y-Al20s/P25
30 2.98 0.30 y-Al203/P25
50 1.28 0.50 y-Al203/P25
70 0.55 0.70 y-Al20s/P25
90 0.14 0.90 y-Al203/P25
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2.1.5. PREPARATION OF CaO CONTAINING v-Al,03/TiO; TERNARY MIXED
OXIDES AS A PHYSICAL MIXTURE (WITH DEGUSSA P25)

70% y-Al203 (PURALOX, 200 m?/g, SASOL GmbH) containing Degussa P25 TiO2 was

mixed with CaO (Sigma Aldrich) by using a mortar and a pestle. Compositions of these materials

are listed in Table 13.

Table 13. Compositions of CaO containing y-Al203/TiO2 mixed oxides

CaO Amount v-Al203 TiO:
v-Al203/TiO2 in the Amount in the | Amountin
Binary Oxides Mixture Mixture the Mixture Sample Name
(weight %) (weight %) (weight %0)
0.70 Al/Ti 1 69.3 29.7 0.70 y-Al205/P25 + 1 CaO
0.70 Al/Ti 5 66.5 28.5 0.70 y-Al203/P25 + 5 CaO
0.70 Al/Ti 10 63.0 27.0 0.70 y-Al20s/P25 + 10 CaO
0.70 Al/Ti 25 52.5 22.5 0.70 y-Al203/P25 + 25 CaO

2.1.6. HIGH PURITY RUTILE SYNTHESIS

Commercially available anatase dominant titanium dioxide (Sigma, > 99%) was also

tested in photocatalytic performance experiments. To obtain rutile dominant titania, this anatase

dominant one was placed in a crucible with lid and then heated in muffle furnace at 1000 °C for 8

h.

37




2.2.PHOTOCATALYTIC PERFORMANCE TESTS

2.2.1. PHOTOCATALYTIC FLOW REACTOR SETUP

Pressure
I'ransducer

| NO, Analyser }

|

Humdifier

Nzg)

-~ 45—1 By-pass line Exhaust

O g) )

Sample
holder

NO/Ns(g)

Figure 26. Illustration of photocatalytic NOx oxidation-storage performance test setup
(Copyright notice © Elsevier, 2017 [58])

The experimental setup for photocatalytic performance test is illustrated in Figure 26. By
mixing three different gases (N2 -99.99%, Oz -99.00%, NO - 100 ppm balanced with N2) via
mass flow controllers, 1 L/min gas flow with ca. 1 ppm NO concentration is obtained. This gas
mixture is fed through the reactor where the sample holder is placed. The sample holders used in
this study are designed to hold 950 mg powder material (Figure 27). At the top of the reactor, the
light source is placed for irradiation during the experiments. In this study, two different light
sources were used; UV irradiation: 8W UVA lamp (F8W/T5/BL350, Sylvania/Germany) —
Visible irradiation: Osram 35 W high intensity discharge lamp (metal halide lamp with ceramic
burner, HCI-TC 35 W/942 NDL PB 400-700 nm range) with UV filter. The outlet of the reactor
is connected to the chemiluminescence ambient NOx analyzer, Horiba Apna-370, where the
online concentration data can be monitored and recorded as shown in Figure 28. To humidify the
gas mixture, nitrogen-oxygen gas mixture is fed through the tube side of the hollow membrane
shown in Figure 29. Through the shell side of the hollow membrane, water with controlled

temperature was circulating by using a pump-chiller system. Therefore, adjusting the

38



temperature of water in the shell side allowed controlling the humidity level of the gas mixture.
Humidity level of the gas mixture was measured before/after experiments with a Hanna HI 9565
humidity analyzer at the sample position in the photocatalytic flow reactor. Additionally, the
photon flux (umol/(m?sec)) or the photon power density were measured with a photo-radiometer
(DeltaOhm HD2302.0) at the sample position after performance tests. Parameters for the

performance tests are listed in Table 14.

Table 14. Experimental parameters and their corresponding values used in the current
photocatalytic tests

N2 Flow (SLM) Set Value on MFC 0.782 SLM
O; Flow (SLM) Set Value on MFC 0.208 SLM
100 ppm NO (balanced with N2) Flow
0.010 SLM
(SLM) Set Value on MFC
Relative Humidity of the Gas Mixture in
~50 %
the Reactor
Temperature of the Gas Mixture in the
21-25°C
Reactor
Visible Light Photon Flux (400-700 nm) 450-500 pmol/(m?sec)

UV Light Photon Power Density (315-400

7.75-8.25 W/m?
nm)

Experimental Duration (Light Irradiation) 1 hour

UV Irradiation Treatment Before

_ 18 hours
Experiment
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Figure 27. Illustration of the sample holders designed for photocatalytic performance tests [34]
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Figure 28. Example of a typical recorded data during the photocatalytic performance test
(Copyright notice © Elsevier, 2017 [58])

Figure 29. PermSelect silicone fiber membrane module used in the humidifier unit [71]
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2.2.2. PERFORMANCE ANALYSIS PARAMETERS

To analyze and compare the performances of the materials, three parameters were
defined. The first one is “NO CONVERSION%” as shown in equation (61). In the current
photocatalytic tests, there are two main outcomes, NO: release and surface nitrate-nitrite storage;
thus, NO CONVERSION% shows the total oxidation activity of the material. Therefore;
achieving high NO conversion values is one of the desirable outcomes for photocatalytic

oxidation processes.

__ J(INOlin—[NOlpyp)dt
NO CONVERSIONY% = TINOTpat x100 (61)

The second term used is “SELECTIVITY%” as shown in equation (62). This term
represents the percent of NO oxidation products converted into NOx species (i.e. NO and NOz2)
stored on the surface of the catalyst in solid state. Therefore; achieving high value of selectivity
is essential in this study, because NO2 is a much more toxic pollutant than NO.

_ f([NOx]in_[NOx]out)dt
SELECTIVITY% = (N0l —INOlour)d x100 (62)

The last performance parameter used in the current work is “DeNOx INDEX”. As it is
mentioned earlier, NO2 is much more toxic than NO. According to OSHA (Occupational Safety
and Health Administration), ACGIH (American Conference of Governmental Industrial
Hygienists) and NIOSH (National Institute for Occupational Safety and Health); short term
exposure limit value of NO is 25 ppm while the corresponding limit value of NO2 varies from 1
to 3 ppm [72]. The photolysis of NO2 ensued by reaction with Oz may result in ozone (Ozs),
which is even more toxic with a limit value of 0.1 ppm [72]. Therefore, J. Z. Bloh and his
colleagues developed DeNOx INDEX parameter to understand if the photocatalytic material is
worth to be utilized by considering abovementioned facts. Their main assumption was that NO:
contributes three times more than NO to the total toxicity of atmospheric NOx. Based on these
facts; if DeNOx Index has a positive value, it is good to use that material for photocatalytic NOx
oxidation-storage; otherwise it should not be used. The parameter defined in equation (63) is a

modified version of one proposed by Bloh et al.
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DeNOX INDEX — f([NO]in_[NO]Out)dt_3 .{([NOZ]Out_[NOZ]in)dt (63)
f[NO]indt

2.3.XRD MEASUREMENTS

Crystal structures of commercially available anatase dominant titania, P25 and synthesized
rutile were investigated with Rigaku Miniflex X-Ray Diffractometer, equipped with Cu Ka
radiation operated at 30 kV, 15 mA and 1.54 A. The materials pressed onto a standard-sized
glass slides and scanned in the 20 range of 10-80° with a step width 0.01° s,

2.4.FTIR MEASUREMENTS AFTER PHOTOCATALYTIC TEST

To analyze the functional groups on the surface of the material; from each selected material,
two samples were prepared. While one of them was treated under UV light for 18 hours, the
other one was placed in the photocatalytic NOx oxidation-storage reactor under UV irradiation
for 18 hours. From the UV activated fresh sample 50 mg material was removed and mixed with
600 mg KBr to prepare a pellet. Same procedure was followed for the one tested in
photocatalytic reactor. While the pellet prepared from fresh sample was used as background in
IR measurements, the one contaminated with NOx was analyzed for NOx adsorption by using the
background measurement mentioned. In all measurements, a liquid nitrogen cooled MCT (Hg-

Cd-Te) mid-IR detector with a resolution of 4 cm™ was used (Bruker Tensor 27).
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Chapter 3

Results and Discussion

3.1.XRD EXPERIMENTS

3.1.1. DEGUSSA P25, ANATASE AND RUTILE
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Figure 30. XRD patterns of Degussa P25, anatase (Sigma) and rutile (prepared by calcination of

anatase)

Figure 30 presents the XRD patterns of P25, anatase, rutile used in photocatalytic
performance tests. It can be interpreted from the graph that commercially available anatase and

rutile obtained from this anatase are not completely pure. They contain other phases in relatively
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small amounts. To calculate the mass fraction of anatase and rutile phases in these titania
samples, the method developed by Spurr and Myers was utilized. Based on their method, one can
calculate the mass fractions by using the intensity of the anatase {101} diffraction line at 25.18°
(1a) and the intensity of the rutile {110} diffraction line at 27.35° (Ir) as follows [73].

Anatase Mass Percentage = (1 +i‘4261 ) x100 (64)
AT R
Rutile Mass Percentage = (%) x100 (65)
AT R

The obtained results are tabulated in Table 15. For P25, the calculated values are similar

to the ones in the literature [41].

Table 15. Composition of titania samples used in photocatalytic performance tests

Sample Name Anatase Mass Percentage Rutile Mass Percentage
Anatase (Sigma) 94.4% 5.6%
Rutile (1000 C) 5.0% 95.0%
P25 79.5% 20.5%

3.1.2. PURALOX SBa200 y-Al,O3 AND CaO
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Figure 31. XRD pattern of Puralox SBa200 y-Al20s provided by SASOL GmbH
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Figure 32. XRD pattern of CaO (Sigma Aldrich, Reagent Grade)

XRD pattern obtained for SBa200 shows the typical characteristics of y-Al20s. It is same
with the XRD data provided by manufacturer [69]. On the other hand, XRD pattern of
commercial CaO is more complex. As it is shown in the Figure 32, calcium hydroxide (slaked
lime) peaks are observable. This is because of the fact that CaO can react with atmospheric
moisture spontaneously [70]. Therefore, to avoid this transformation, CaO must be kept in a

desiccant or a sealed box.

3.1.3. SOL-GEL TiO2/Al,03 BINARY OXIDES (P2 0.5 Ti/Al)

The XRD patterns for TiO2/Al203 binary oxides prepared via sol-gel co-precipitation
were compared with previous work done by Asli Melike Soylu [34], [58]. The patterns obtained
are comparable with the ones obtained in the past. In Figure 33, it is seen that TiO: starts
crystallizing as rutile at 900 °C. As discussed by Wang et al., addition of alumina can inhibit the

transformation of amorphous titania into anatase polymorph by increasing the nucleation
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temperature to higher point where rutile forms spontaneously [74]. At 1000 °C, titania particles
becomes fully crystalline in the form of rutile, while y-Al2Os3 is transformed into a-Al203

(corundum phase).
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Figure 33. XRD patterns of TiO2/Al203 binary oxides (P2 0.5 Ti/Al) prepared via sol-gel
method

3.2.PHOTOCATALYTIC PERFORMANCE TESTS

3.2.1. CaO CONTAINING P2 0.5 Ti/Al MIXED OXIDES (UV IRRADIATION)

Photocatalytic NOx oxidation-storage performances of the thermally treated Ti/Al binary
oxides and their mixtures with CaO were compared against Degussa P25 TiO2. The analysis was

made by considering “NO Conversion %” and “Selectivity %”.

As can be seen in Figure 34, P2 0.5 Ti/Al-800 °C sample has almost negligible
photocatalytic activity although it has high selectivity towards storage. At 900 °C and 1000 °C,

where XRD patterns show rutile bands, significant NO oxidation can be observable. The
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corresponding NOx conversion values are close to the activity of Degussa P25, 33%. When their
selectivity values are analyzed, it can be seen that storage capacity of this binary oxide at 900 °C
becomes higher than that of the one at 1000 °C and also that of Degussa P25. As it is shown in
previous part; alumina at 900 °C is mainly in gamma phase, while at 1000 °C it turns into
corundum polymorph. Therefore, high storage at 900 °C can be explained with the high surface

area and porosity of y-Al203 compared to a-Al20s.
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Figure 34. Performance plots of thermally treated P2 0.5 Ti/Al in comparison with P25 titania
(UV Irradiation)

DeNOx Index values were also calculated for these set of catalysts as shown in Figure 35.
As seen from the graph, positive value was obtained only for (P2) 0.5 Ti/Al-800 °C sample.
However, it should be noted that binary oxides at 800 °C has negligible activity in terms of NO
conversion. Thus, positive DeNOx Index value for this sample does not correspond to a
worthwhile catalytic material. Considering these results, it was decided to mix these binary

oxides synthesized via sol-gel method with CaO to improve NOx storage.
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Figure 35. DeNOXx Index Values of Thermally Treated P2 0.5 Ti/Al in Comparison with P25
titania (UV irradiation)

Figure 36 shows the enhancement in NOx storage even after 1% (wt) CaO addition to P2
0.5 Ti/Al samples, especially for the ones calcined at 900 °C and 1000 °C. This result is
reasonable since alkaline earth oxides (e.g. BaO) improves NOx uptake in NSR (NOx Storage
Reduction) systems of automotive emission control systems [67], [75], [76]. As CaO amount in
the mixture increases, selectivity becomes higher; but between 10% and 25% there is no
significant improvement in terms of storage. 2.5 times higher CaO loading in the mixture leads
to only 2% increase in selectivity for 0.5 Ti/Al 900 samples and 3% for 0.5 Ti/Al 1000 samples.
On the other hand; with calcium oxide addition, an unwanted decrease in oxidation activity was
observed. It can be argued that the added CaO blocks the active titania surface sites which leads
to a decrease in the photocatalytic oxidative capacity. Therefore, it can be argued the addition of
CaO to the P2 0.5 Ti/Al 900 and P2 0.5 Ti/Al 1000 samples is not advantageous. However; for
the P2 0.5 Ti/Al 900 samples, it can be seen that 5-10 wt% CaO addition leads to a reasonable
sacrifice in %NO conversion while significantly improving the % selectivity and DeNOx Index.
Increasing CaO loading for the P2 0.5 Ti/Al 1000 presents a more monotonic trend in terms of
selectivity, where selectivity increases with increasing CaO loading. This is consistent with the
sintering of the alumina support during the calcination step occurring at 1000°C where y-Al203
transforms into a-Al203 losing its specific surface area and porosity. In other words, on the P2

0.5 Ti/Al 900, high surface area y-Al203 phase is already available for NOx storage and addition
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of only 5 wt% CaO is sufficient to maximize the NOx storage selectivity. On the other hand, for
the P2 0.5 Ti/Al 1000 sample, low-surface arca a-Al203 phase reveals limited NOx storage
capability and the NOx storage selectivity increases rather monotonically with the increasing

amount of CaO incorporation to the system.

In conclusion, utilization of the synthesized binary oxides directly (i.e. without
incorporating them with other additives) is not an effective way for photocatalytic NOx
abatement. Although CaO addition improves NOx storage selectivity and DeNOx index of P2
binary oxides with respect to the commercial benchmark (Degussa P25), decrease in conversion
is an important disadvantage. Thus; as the next step, Degussa P25 mixtures with CaO were

investigated in an attempt to alleviate some of these disadvantages.
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Figure 36. Performance plots of thermally treated 0.5 Ti/Al and their CaO containing mixtures
in comparison with P25 titania (UV irradiation)
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Figure 37. DeNOx index values of thermally treated 0.5 Ti/Al and their CaO containing
mixtures in comparison with P25 titania (UV irradiation)

3.2.2. CaO/P25 BINARY OXIDES AS A PHYSICAL MIXTURE (UV AND VIS
IRRADIATION)

Degussa P25 was mixed with CaO in various ratios and tested in the photocatalytic flow
reactor. Their performances under UV irradiation are given in Figure 38. As observed for the
previous case, CaO addition certainly improves the storage process. Similarly; as CaO loading
increases, selectivity converges to a limit, approximately 75-80%. However, in this case CaO
addition to P25 does not hinder the NO conversion activity. This can be attributed to the higher
titania wt% in the CaO/P25 samples as compared to CaO + 0.5 Ti/Al samples. In other words,
CaO amount is not high enough to block sufficient extent of the titania active sites that operate
under UV irradiation in the case of CaO/P25 samples. Contrary to CaO + 0.5 Ti/Al samples,
oxidation activity gets even better upon incorporation of CaO to P25. Further, in-situ
spectroscopic experiments need to be carried out under photocatalytic conditions in order to shed
light on this observation. However, one can speculate that increase in the conversion upon CaO
addition could be attributed to the facilitated diffusion (surface transport) of NOx oxidation
products from the active sites of titania towards the CaO domains, preventing the
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saturation/poisoning of the active sites with the reaction products. This seems not to be the case
for CaO+0.5 Ti/Al samples, where the presence of alumina domains may be hindering the
facile/direct transport of NOx oxidation products from the titania active sites to CaO domains and
hence leading to the saturation/poisoning of the titania active sites by the NOx oxidation

products.
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Figure 38. Performance plots of CaO/P25 binary oxides as a physical mixture (UV irradiation)

Moreover, CaO/P25 binary oxides samples were also tested for photocatalytic NOx
storage under visible light irradiation. As revealed in Figure 39, the conversion values are close
to the values obtained under UV. However, the selectivity values under visible light are
significantly higher than the ones under UV irradiation. It may reach up to 90% depending on the
CaO amount. This makes utilization of these materials under sun irradiation favorable since sun
light has a greater VIS photon flux than that of UV photons. Another striking observation can be
realized by comparing the UV vs. VIS performance/selectivity of P25 sample (Figure 38-39). It
is apparent that although NO conversion is comparable for both cases, NOx storage selectivity is
different. Thus, it can be argued that although initial photocatalytic NO oxidation steps may be
similar for under UV and VIS irradiation (yielding similar %NO conversion), further

mechanistic steps transforming this initial oxidation product into adsorbed nitrate/nitrite species
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vary with the irradiation wavelength. This interesting observation may also suggest that the
nature of the photocatalytic active sites on titania as well as their corresponding surface
concentrations on P25 could be dissimilar for UV and VIS irradiation cases. Since the UV
photon flux used in the experiments are significantly lower than that of the VIS photon flux, it
can be speculated that titania active sites for UV irradiation are either greater in surface
concentration with lesser “per-site” activity to that of VIS active sites, or they are fewer in
surface concentration revealing higher “per-site” activity than that of VIS sites. Unfortunately,
turn over frequency (TOF) values cannot be calculated in the current work due to the lack of

information regarding the nature and the surface coverage of the active sites.
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Figure 39. Performance plots of CaO/P25 binary oxides as a physical mixture (Visible
irradiation)

Finally, DeNOx Index values of CaO/P25 samples were calculated for UV and VIS
irradiation and presented in Figure 40. DeNOXx Index values are higher under visible light, due to

low NO2 emissions.
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Figure 40. DeNOx index values of CaO/P25 binary oxides as a physical mixture

3.2.3. y-Al03/P25 BINARY OXIDES AS A PHYSICAL MIXTURE (UV AND VIS
IRRADIATION)

Apart from the sol-gel synthesized P2 Ti/Al samples, Degussa P25 was also mixed with
commercially available y-Al20s (SASOL Puralox SBa200) using different weight percentiles.
This preparation route was chosen in order to provide a physical interface between alumina and
titania domains, so that NO oxidized on titania surface can subsequently be stored on the nearby

v-Al20s3 sites.

First of all, y-Al20s/P25 physical mixtures were tested under UV light. Their
corresponding conversion and selectivity values are shown in Figure 41. As displayed in the
graph, addition of y-Al203 (SBa200) certainly improves the storage capacity while enhancing the
conversion slightly. The optimum composition was achieved at 70 wt% y-Al203 (i.e. TiO2/Al203
mole ratio of 0.55). Even though pure alumina gave high selectivity towards storage, it had
negligible photocatalytic activity. Compared to CaO/P25 binary mixtures, y-Al203/P25 samples

have lower storage selectivity. While it is probable to achieve 75% selectivity on CaO/P25, the
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maximum selectivity is around 65% for y-Al203/P25. This shows that higher basicity of CaO is a
more critical characteristic than the higher surface area of y-Al203 in the P25 binary mixtures.

When the UV performances of y-Al203/P25 samples (Figure 41) are compared with sol-
gel synthesized P2 Ti/Al samples (Figure 34), y-Al203/P25 physical mixtures are found to be
superior. Note that even the y-Al.03/P25 physical mixture containing 90 wt% alumina (with a
TiO2/Al203 mole ratio of 0.14) gave far better performance than P2 0.5 Ti/Al-900 (with a
TiO2/Al203 mole ratio of 0.55). This shows that titania domains in P25 are intrinsically much
more active than titania domains in the sol-gel catalysts. This situation can be explained with the
fact that anatase is generally a better photocatalyst than rutile, and P25 has a higher amount of

anatase polymorph while P2 samples mainly consist of the rutile phase.
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Figure 41. Performance plots of y-Al203/P25 binary oxides as a physical mixture (UV
irradiation)

In addition to UV experiments, y-Al203/P25 physical mixtures were tested under visible
irradiation. Their performances are shown Figure 42. Conversion values (~39%) under VIS
irradiation of y-Al203/P25 are very close to that of obtained in UV experiments (~41%). When
selectivity trends are examined, similar trends to that of CaO/P25 samples can be observed.
Particularly for the y-Al203/P25 sample with an alumina loading of 70 wt%, NOx storage

selectivity under visible irradiation may reach up to 90%, while exhibiting an NO conversion
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superior to that of pure Degussa P25. This high selectivity value shows that only ca. 10% of
oxidation products are released as NO2. Thus, it can be stated that 70 wt% alumina loading yields

the is the optimum y-Al203/P25 composition.
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Figure 42. Performance plots of y-Al203/P25 binary oxides as a physical mixture (Visible

irradiation)
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Figure 43. DeNOx index values of y-Al203/P25 binary oxides as a physical mixture
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Finally, the DeNOx Index values for y-Al203/P25 were calculated and presented in Figure
43. For both types of irradiation (i.e. UV and VIS), the highest DeNOx index values were
obtained with 70 wt% y-Al203/P25 sample. Probably one of most important outcomes of the
current experiments on y-Al203/P25 system is the fact that extremely affordable photocatalysts
can be designed for mass production to be used in construction/civil engineering sector utilizing
very limited amounts of titania (which typically dictates the overall cost of the catalyst) and large

quantities of financially less demanding alumina.

3.2.4. CaOly-Al03/P25 TERNARY MIXED OXIDES AS A PHYSICAL MIXTURE (UV
and VIS IRRADIATION)
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Figure 44. Performance plots of CaO/(70 wt% y-Al203/P25) ternary mixed oxides as a physical
mixture (UV irradiation)

In previous section, it was demonstrated that the optimum composition for the y-
Al203/P25 system included 70 wt% y-Al203. Thus, this mixture was chosen to as a starting
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material to prepare CaO containing ternary mixtures. Prepared CaO/y-Al203/P25 ternary oxide
samples were first tested under UV irradiation. As presented in Figure 44, addition of CaO to y-
Al203/P25 mixture improves the NOx storage selectivity. While 70 wt% y-Al203/P25 sample has
approximately 66% NOx storage selectivity; after CaO introduction, selectivity can go up to
80%. Besides; when 70 wt% v-Al203/P25 + 25 CaO sample reveals comparable NO conversion
as compared to 0.25 CaO/P25 sample. However, it should be noted that there is 22.5 wt% of
TiO2 in 70 wt% v-Al203/P25+ 25 CaO whereas 0.25 CaO/P25 has 75 wt% TiO2. Thus, 70 wt%
v-Al203/P25 + 25 CaO sample exhibits superior cost efficiency as compared to the 0.25 CaO/P25

catalyst.

Then, CaO/y-Al203/P25 ternary oxide mixtures were photocatalytically tested under VIS
light. These results are shown in Figure 45. Compared to UV case, selectivity can go above 90%
in the VIS experiments. Moreover, NO conversion stays constant up to 10 wt% CaO. When CaO
loading is increased to 25 wt%, a drastic decrease occurs in conversion parameter. Thus, for
visible case experiments, 0.70 y-Al203/P25 + 10 Ca sample can be considered as sample with

optimum composition.
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Figure 45. Performance plots of CaO/(70 wt% y-Al203/P25) ternary mixed oxides as a physical
mixture (Visible irradiation)
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Figure 46. DeNOx index values of CaO containing CaO/(70 wt% y-Al203/P25) ternary mixed
oxides as a physical mixture

When DeNOx index values for CaO/(70 wt% vy-Al203/P25) samples are investigated
(Figure 46), it is seen that these ternary mixtures are promising for both UV and VIS
applications. Similar to the binary physical mixture cases, due to higher selectivity under VIS
illumination, DeNOx index values are relatively higher in VIS experiments than that of the UV

experiments.

3.2.5. LONG TERM PERFORMANCES

As mentioned in the experimental section; in the initial photocatalytic screening tests, UV or
VIS light irradiation is applied for 1 h during photocatalytic performance tests. Therefore, all
performance results presented in previous parts are based on 1 h long experiments. Considering

these; following samples were tested for 5 h and 12 h:

o P25
e 0.25 CaO/P25
e 0.70 y-Al203/P25
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e 0.70 y-Al203/P25 + 25 CaO

These samples were tested both under UV and VIS light illumination. Only the last one, (i.e.
0.70 y-Al20s/P25 + 25 CaO) could not be tested under VIS irradiation due to the

instrumentational malfunctions occurred in the chemiluminescence NOx analyzer.
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Figure 47. Long term photocatalytic performance results of selected samples under UV
irradiation

When the data for pure P25 in Figure 47 is examined, it can be noticed that the NO
conversion stays relatively invariant even after 12 h. On the other hand, NOx storage selectivity
decreases with time due to the surface saturation with oxidation products. Another important
point is that between 5 h and 12 h the decrease in NOx storage selectivity is negligibly small.
This may indicate that selectivity of P25 converges to a steady state after an induction period of t
> 5h.

Long term photocatalytic behavior of 0.25 CaO/P25 under UV irradiation is rather
interesting. For the 0.25 CaO/P25 sample, it is not possible to claim a drastic decrease in NOx

storage selectivity and the NO conversion decreases by a relatively small extent. Both parameters
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stay significantly high even after 12 h. Therefore, it can be stated that deterioration and

saturation of this sample is slow compared to others.

0.70 y-Al203/P25 reveals similar trends to that of P25 in long term. While its overall NO
conversion performance is stable, there is a considerable attenuation in the number of available
storage sites decreasing the NOx storage selectivity over time. This reveals that CaO is more
efficient in the storage of NO oxidation products (e.g. NOz, nitrites, nitrates etc.) in long run than
TiO2 and Al20s. Finally, although 0.70 y-Al203/P25 + 25 CaO ternary mixture has high NOx
storage selectivity after 12 h, deterioration of NO conversion is also apparent. It can be argued
that due to having relatively smaller amounts of titania in the mixture, deterioration of the 0.70 y-
Al203/P25 + 25 CaO photocatalyst occurs faster than other samples containing higher amounts

of titania.
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Figure 48. Long term performances of selected samples under visible irradiation

As expected; in the long run experiments under VIS light, NOx storage selectivity values
are higher than the ones under UV light. However, the behavior with respect to time is very
similar. While selectivity of 0.25 CaO/P25 sample does not change drastically, NOx storage
selectivity values for P25 and 0.70 y-Al203/P25 decreases after longer durations of operation.

Moreover, for the latter ones, selectivity values after 12 hours become similar to the ones under
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UV irradiation. On one hand, for all three samples, NO conversion does not change with the

time. DeNOx Index values are given in Figure 49 and 50.

03 0.70 y-Al,0,/P25
0.25 CaO/P25 + 25 Ca0
0.2
go-l Ti (P25) i I i 0.70 y-Al,0,/P25
0.2
M DeNOx INDEX
-0.3
-0.4 UV
-0.5

Figure 49. DeNOx index values of selected samples under UV irradiation in long term

0.4
0.3 0.25 CaO/P25 0.70 y-Al,0,/P25
I
0.2 I I
I
< 0.1 Ti (P25)
o I
o
<
0
S 2 B B = g g "
E 8 2 =) 8 2 - 8 - =
|03 32 R - : & 2
wn o wn (o] wn S
I . B
0.2
DeNOX INDEX

o
w
H

-0.4

Figure 50. DeNOx index values of selected samples under visible irradiation in long term
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Figure 47 and 48 suggest that in all cases except 0.25 CaO/P25 sample, it is seen that a
noticeable decrease in NOx storage selectivity occurs after long durations of operation under UV
or VIS illumination. Thus, one may question the operational lifetime of such materials under
realistic applications. The answer lies within the concentration of NOx. It should be noted that
the inlet concentration in the current study is 1 ppm which is extremely higher as compared to
the NOx concentration in the atmosphere. In atmosphere, NOx concentration is 10-20 times
smaller than 1 ppm. Typical realistic atmospheric NOx concentration measurements of Ankara’s
selected neighborhoods for June 2017 are listed in Table 16. Note that values presented in Table
16 can change depending on the weather conditions, time of the day, season of the year and
human activities. Besides, inlet concentration of NOx also plays an effective role on the
photocatalytic activity of the sample. In a research study conducted by Yu et al., various NO
concentrations ranging from 0.1 ppm to 1.0 ppm was tested while keeping other conditions
constant [77]. It was found that at lower NO concentrations higher conversion occurs. This
finding was later confirmed by Husken et al. stating that increase in inlet concentrations result in
lower degradation rates whereas lower pollutant concentrations enhance the performance [78].

Table 16. Typical realistic NOx concentrations in Ankara, measured and reported by the Turkish
Ministry of Environment and Urbanization [79]

Date:
03/06/2017 (4 | Bahgelievler | Cebeci | Demetevler | Dikmen Kayas Kecidren | Sihhiye
pm)
NO in pg/m? 7
66 (0.049) 3 (0.002) 6(0.005) | 3(0.002) | 5(0.004) | 36(0.027)
(ppm) (0.005)
NO; in pg/m? 32
14 (0.007) 22(0.012) | 32(0.017) | 18(0.010) | 20 (0.011) | 46 (0.025)
(ppm) (0.017)
Total NOx in 39
80 (0.056) 25(0.014) | 38(0.022) | 21(0.012) | 25(0.015) | 82 (0.052)
pg/m?* (ppm) (0.022)
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3.2.6. EFFECT OF HUMIDITY ON PERFORMANCE
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Figure 51. Humidity effect on photocatalytic performances under UV irradiation
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The typical relative humidity (RH) level of the inlet gas mixtures in the experiments
presented above was ca. 50% at 21-25 “C. To check the effect of water molecules, humidity was
set to different values for four samples chosen in previous section. Tests were done under UV

irradiation. The results collected are given in Figure 51.

As seen in Figure 51; between 20% and 50% RH, there is no significant difference in
terms of overall NO conversion for all samples. Nevertheless; for P25 and 0.70 y-Al203/P25
binary mixture, there occurs a substantial increase in NOx storage selectivity when relative
humidity was decreased to 20%. This can be explained with strong interaction of water
molecules and 0.70 y-Al20s/P25 binary oxide surfaces. Epling et al. examined the thermal NOx
adsorption on Pt/K/y-Al203 NSR catalysts in the presence of water and found out that the
presence of H20 in the inlet reduces the Al2Os-based nitrates on the surface [66]. They suggested
that water molecules compete with NOx for adsorption sites and saturate the surface sites by

leaving fewer vacant sites for NOx to adsorb. This finding was also supported by Toops et al. and
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Scholz et al. [68], [80]. When it comes to titania surface, it is reported that NO and NO2 weakly
adsorbs on TiO2 while water can be dissociatively chemisorbed [31], [81]. Therefore, it can be
argued that introducing extensive amounts of water result in a decrease in NOx storage on
alumina and titania surfaces. When CaO containing binary and ternary mixtures are investigated,
at 20% and 50% RH, it is seen that the selectivity results are very similar. This indicates that
increasing RH from 20% to 50% has a smaller effect on the ability of the catalyst to store NOx
on alkali-earth oxide adsorption sites. This idea was also supported by Epling et al. [66]. Figure
51 also shows that when RH was increased to 80% there is a decrease in photocatalytic oxidation
of NO for all samples. This decrease can be explained with the photocatalyst poisoning with
water. When water amount in the reactor is extremely high, probably titania sites for
photocatalytic oxidation are oversaturated with water and not able to oxidize NO molecules. This

decrease in conversion can lead to a decrease in selectivity even for CaO containing samples.

Effect of humidity on photocatalytic oxidation-storage of NOx was also addressed in various
former reports. Although all of them confirmed the importance of water in the photocatalytic
oxidation of water, their findings and conclusions differed sharply. The reason lies within the
experimental setup and the particular operational reaction conditions used in the studies. Uner et
al. reported that the NO conversion increases when relative humidity was increased from 0% to
93% [82]. Although their experimental setup is similar to the one used in the current study, their
inlet NO concentration (5 ppm), sample preparation technique (doctor blade coating), catalyst
loading (0.36 g TiO2) and UV photon power density (18.8 W/m?) are different from the ones
used in this study. Additionally, using totally different reactor setup with 40 ppm inlet
concentration, Devahasdin et al. stated that NO conversion increases from 0 to 50% relative
humidity and becomes stable after 50% relative humidity [83]. Besides, Husken et al. usesd
different sample preparation methods and a different gas feed rate of 3 L/min with 1 ppm NO
concentration to the reactor investigated the influence of relative humidity on conversion. They
found out that degradation of NO decreases with increasing relative humidity from 10% to 80%
[78], [84]. Yu et al. having similar parameters with Husken et al., investigated the humidity by
feeding 0.5 ppm NO. Contrary to Husken et al., it was found out that conversion increases with
increasing relative humidity from 10% to 70% [77]. To sum up, conversion and storage
performances of a photocatalytic material should be evaluated under comparable experimental

conditions by considering the effects of following important parameters:
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e Relative Humidity

e Flow Rate

e Composition of the Gas Introduced
e Experimental Setup Design

e Catalyst Loading

e Sample Preparation Technique

e Type of Light Source and Its Power

e Catalyst and Feed Gas Temperature

3.2.7. UV vs. VISIBLE

In previous sections, for most of the investigated samples, it was shown that that NOx
storage selectivity values under VIS irradiation are typically higher than the values under UV
irradiation while the NO conversion values are very similar. This interesting outcome deserves

further discussion.

Firstly, the phase composition of content of P25 can be investigated. As it is known, P25
mainly consists of anatase and rutile polymorphs, and their band gaps are different. The band
gaps of anatase and rutile are ca. 3.2 and 3.0 eV (387 and 413 nm), respectively [32]. On one
hand, UV lamp (F8W/T5/BL350, Sylvania) used in experiments have emission wavelength
centered around 350 nm, whereas HCI-TC 35 W/942 NDL PB lamp used for visible irradiation
with UV filter have emission wavelength centered around 600 nm [34], [85]. Thus, it was
questioned whether the different sites are excited under different light sources. Therefore; to
understand the bandgap and irradiation relation, anatase dominant TiOz and rutile dominant TiO2
were tested in the reactor setup. Under UV irradiation (Figure 52), it is seen that rutile sample
obtained by the calcination has almost no activity in terms of NO conversion. Figure 52 also
shows that although anatase has similar NOx storage selectivity to that of P25, its NO conversion
is lower than P25. These selectivity values for anatase and P25, which are around 30-33% under
UV irradiation, are consistent with previous results published by Bloh et al. [72]. Additionally,
the VIS performances of these three samples are shown in Figure 53. Both polymorphs have

almost negligible NO oxidation activities under visible irradiation. Based on the current results,
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one cannot simply correlate the high NOx storage selectivity under VIS light source to crystal
structures of titania and their bandgaps. As shown, while rutile has negligible NO conversion
under both UV and VIS irradiation, reasonable anatase NO conversion under UV completely
disappears under VIS illumination. Therefore, higher NOx storage selectivity is catalytically
irrelevant for extremely low conversions. Furthermore, it should be noted that anatase and rutile
used in these experiments might be different than anatase and rutile particles in P25. It is known
that differences in the synthesis method of the commercial Degussa P25 can lead to differences

in catalytic performance and behavior.
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Figure 52. Performance plots of anatase and rutile in comparison with P25 titania (UV

irradiation)
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Since the higher selectivity under VIS irradiation could not be related to the crystal
phases, it was decided to check experimental conditions during the irradiation. During UV
irradiation, heat released from the lamp (due to blackbody radiation and IR photons) was not
high. Hence, catalyst temperature and relative humidity were not affected drastically and stayed
almost invariant. Nevertheless, when 35 W VIS light source was utilized, it was noticed that heat
released from the lamp increases the temperature within the reactor. With increasing
temperature, relative humidity in the reactor decreases as well. Note that in both cases amount of
water sent to the reactor is identical in terms of the number water molecules sweeping the reactor
per time. On the other hand, it was measured that the temperature raised from 21-25 °C to 36-43
°C at the end of 1 h of VIS irradiation. This increase in temperature probably affects the
photocatalytic processes in at least two different ways. Firstly, the heat provided to the
photocatalyst may alter the number of electron-hole pairs generated as well as their
(separation/recombination) mobilities on/inside the semiconductor. Eventually, an increase in the
number of charge carriers may lead to an increase in the radical formation rate which may affect
the surface nitrate formation favorably. Secondly, temperature rise in the reactor can influence
the relative adsorption capabilities of H20 and NOx molecules. During the humidity experiments;
it was found out that when water amount (i.e. relative humidity) was decreased, selectivity
towards NOx storage increased (Figure 51). This result may indicate that NOx molecules are less
strongly adsorbed onto the storage sites than water. Therefore; as temperature increases, if the
adsorption energy of water decreases by a greater extent than NOx, higher NOx storage
selectivity can be observed under VIS light illumination. To confirm these proposed arguments,
experiments under visible irradiation with varying temperatures were designed, but due to the
instrumental problems related to the NOx analyzer these experiments could not be conducted.
However, it was found out that Obee et al. and Fu et al. investigated effects of humidity and
temperature on photocatalytic oxidation of ethylene [86], [87]. In these studies, the results
revealed that water has poisoning effect on ethylene adsorption and with increasing temperature
enhancement on photocatalytic oxidation can be observed. Both studies attributed this

observation to the higher adsorption affinity of water molecules than ethylene.
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3.3.SURFACE FUNCTIONAL GROUP ANALYSIS VIAFTIR

To understand the storage process on the surface, four samples (i.e. P25, 0.25 CaO/P25, 0.70
v-Al203/P25, 0.70 y-Al203/P25 + 25 CaO) were tested in the photocatalytic reactor under UV
light for ca. 18 h and then examined via FTIR. During FTIR measurements, fresh samples which

were not exposed to any NOx were used as the background.
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Figure 54. FTIR spectrum of P25 after photocatalytic test under UV irradiation

As seen from Figure 54, IR spectrum of P25 exhibits a strong absorption band at 1636 cm™,
which is attributed to molecularly absorbed water. Furthermore, the broad band centered around
3389 cm can be identified to the hydroxyl groups revealing hydrogen bonding. The peak at
1383 cm? is also identified as nitrate ions accumulated on the titania surface during
photocatalytic oxidation of NO. Finally, the peak at 2360 cm™ is related to ambient CO2(g). In

general, this spectrum is consistent with previous results in the literature [88], [89].

FTIR spectrum of 0.70 y-Al203/P25 sample after the photocatalytic tests (Figure 55) has also
features resembling that of P25. IR absorption signal at 1384 cm™ can be identified as the nitrate
ions on the sample surface. The small peak at 1510 cm™ might be attributed to vz vibration mode

of bridging or monodentate nitrate groups, but low intensity and absence of other bands make
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this interpretation debatable. Moreover, the bands related to water adsorption are also visible ca.
at 1637 cm™ (due to the bending mode of adsorbed molecular H20) whereas the broad envelope
centered around 3454 cm™ can be related to -OH stretchings on alumina and titania surfaces. In
the literature; it is known that because of water adsorption on y-Al203 a broad band occurs at
3444 cm* with shoulders at 3188 and 3583 cm™ [90]. The shoulder at 2960 cm™ can be
attributed to organic compound with C-H bond at 2800-3100 cm™ or overtone modes of surface

nitrate species [88].
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Figure 55. FTIR spectrum of 0.70 y-Al203/P25 after photocatalytic test under UV irradiation

When results for CaO containing binary and ternary mixtures (Figure 56 and 57) were
investigated it was seen that there is no peak related to NOx storage. This happened because of
Ca(OH)2 formed during the photocatalytic test. As CaO quickly reacts with water in the air, after
18 h in photocatalytic reactor most of the CaO in the mixture probably turned into Ca(OH)2. The
strong O-H stretching band at 3640 cm™ supports the calcium hydroxide formation [70].
Furthermore, in both cases a split absorption band in the range 1400-1500 cm™* was observed.
This band is due to the chemisorption of CO2 on calcium hydroxide during FTIR measurement in
the form of monodentate carbonate. The splitting of the band (1479-1423 in Figure 56 and 1479-
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1413 in Figure 57) shows the distortion of carbonate groups [70]. Due to the domination of these
strong bands, nitrate related peaks are unobservable. Moreover, the bands in the range of 3000-

3600 cm! can be attributed to -OH groups on alumina and titania surfaces.
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Figure 56. FTIR spectrum of 0.70 y-Al203/P25 + 25 CaO after photocatalytic test under UV

irradiation
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Figure 57. FTIR spectrum of 0.25 CaO/P25 after photocatalytic test under UV irradiation
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To sum up, IR spectra obtained after post-photocatalytic tests were helpful only up to certain
extent. In the absence of calcium oxide, nitrate formation on surface was detected; however, it
was not possible to extract detailed information about the reaction mechanism using the ex-situ
FTIR analysis. As mentioned; when CaO was introduced, none of nitrate (nor nitrite) vibration
modes were observed in FTIR. Therefore, in-situ or operando FTIR measurements need to be
carried out in order to understand the photocatalytic NOx oxidation-storage mechanisms on the

relevant sample surfaces.
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Chapter 4

Future Work

To gain a deeper understanding of photocatalytic NOx oxidation-storage, the following future

experiments can be carried out:

e To understand the temperature effect on oxidation-storage performances, photocatalytic
experiments with various temperatures must be conducted. These experiments can give
better understanding on the difference between visible and UV experiments presented in
this thesis.

e P25 can be separated into its crystal phases, and each phase can be tested in the
photocatalytic reactor independently. This can also give more information about relation
between bandgap and light irradiation.

e The samples used in photocatalytic tests should be regenerated with water or heat
treatment, then re-tested. This provides information about the reusability of samples.

e To learn more about photocatalytic oxidation and storage mechanisms, in-situ or
operando FTIR experiments with various water and NOx concentrations should be
designed.

e Due to the malfunctioning of chemiluminescence NOx analyzer, long term performance
of 0.70 y-Al203/P25 + 25 CaO under VIS irradiation could not be studied. Thus, checking
its performance during long run experiments would be informative.

e To decrease the bandgap of the photocatalyst and electron-hole recombination rate, new
material synthesis protocols can be explored. Formation of heterojunctions or
introduction of dopants into the structure could be promising.

e To optimize NOx and H20 adsorption affinities, surface properties (i.e. surface acidity)

can be adjusted.
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e Commercially available cements (or other construction materials) can be mixed with
photocatalytically active other affordable semiconductors to analyze their influence on
performance.

e (P2) 1.0 Ti/Al binary oxides synthesized via sol-gel co-precipitation can be prepared and

tested using the currently demonstrated performance analysis methods.
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Chapter 5

Conclusion

In this study, application of cost-effective physical mixtures for the effective
photocatalytic oxidation and storage of gas phase NOx species was proposed and tested. In this
regard, a new set of performance analysis parameters (%NO Conversion, %Selectivity, DeNOx
INDEX) were developed and adapted due to the lack of information provided by conventional
photonic efficiencies. Then; previously tested and optimized, (P2) 0.5 Ti/Al binary oxides were
re-synthesized and re-tested under UV irradiation based on new performance evaluation
methods. Photocatalytic performances of (P2) 0.5 Ti/Al binary oxides were not satisfactory to be
used as stand-alone catalytic systems. Inspired from NOx Storage Reduction systems (NSR) used
in automotive emission control systems, (P2) 0.5 Ti/Al binary oxides were mixed with an
abundant alkaline earth oxide, CaO, to increase NOx storage. It was observed that although
selectivity towards NOx storage increased with CaO addition, total NO conversion of samples
decreased. It was also found out that addition of CaO into commercially available Degussa P25

resulted in superior performances compared to (P2) 0.5 Ti/Al-900 °C + CaO samples.

CaO/P25 binary physical mixtures with four different compositions (1wt%, 5wt%,
10wt%, 25wt% CaO) were tested under both UV and VIS irradiation. As CaO amount increased,
NOx storage selectivity increased up to a certain limit for both cases. However; while NO
conversion values were similar under both UV and VIS irradiation, NOx storage selectivity
values under VIS light were significantly higher. Then, y-Al2O3/P25 were prepared with 10 wt%,
30 wt%, 50 wt%, 70 wt%, 90 wt% y-Al.03. These samples were also tested photocatalytically
under UV and VIS illumination. Similarly, NOx storage selectivity performances in VIS
experiments were higher compared to UV experiments but were not as good as CaO/P25
physical mixtures. 70 wt% y-Al203/P25 physical mixture was chosen as the best sample based on
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composition-performance analysis. Then, this alumina and titania containing 70 wt% v-
Al203/P25 binary mixture were mixed with 1 wt%, 5 wt%, 10 wt%, 25 wt% CaO. After
photocatalytic tests, these ternary physical mixtures were found to perform comparable to the
0.25 CaO/P25 while containing a lower TiO2 content and thus revealing a lower catalyst material

cost for mass production.

Long term performances of chosen samples (i.e. P25, 0.25 CaO/P25, 0.70 y-Al.03/P25
and 0.70 y-Al203/P25 + 25 CaO) were investigated. Except 0.25 CaO/P25 sample, decrease in
selectivity was observed in all catalysts upon extended duration of operation. It was realized that

NO conversion stays constant even after 12 h for all binary mixtures.

The effect of humidity on the photocatalytic oxidation-storage was also studied on P25,
0.25 CaO/P25, 0.70 y-Al203/P25 and 0.70 y-Al203/P25 + 25 CaO samples. It was revealed that
although water is important to initiate photocatalytic reactions by possibly forming hydroxyl

radicals, it has also a poisoning effect because of its competitive nature of adsorption.

The differences in terms of selectivity in UV and VIS experiments were discussed.
Although it requires further work to understand, differences might be explained with the
temperature rise due to heat released from VIS light sources. This temperature rise may affect the
adsorption affinities of H20 and NOx, which in turn, might enhance the NOx abatement
performance. Besides, via ex-situ FTIR measurements, NOx storage on sample surfaces was
studied. For CaO containing samples, no nitrate (or nitrite) related bands were observed due to
the bands resulting from calcium carbonate; but nitrate bands were detected on P25 and 0.70 vy-
Al203/P25 samples.
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