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Title of the doctoral dissertation: Titania-based photocatalysts prepared by sonication in

understanding the selective oxidation of lignin-inspired molecules to phenolics

Abstract

Lignin is considered as a vast and abundantly available renewable resource for the production of
various aromatic compounds. Green and economical approaches, such as catalytic selective
transformation of lignin-based model compounds to high value products by avoiding the addition
of oxidizing agent and the harsh experimental conditions, are still a challenging and highly
interesting research tasks. In general, titania-based materials showcase great photocatalytic
performances towards the decomposition of a plethora of emerging organic pollutant. However,
some dominant drawbacks such as low porosity, fast recombination of photogenerated electron-
hole pairs, and an unselective photoreactivity limit the potential application for selective catalytic
conversions. This research work focused on the synthesizing the novel titania based photocatalysts
with the assistance of ultrasound (US) to overcome the above mentioned drawbacks and the
nanomaterials to be utilized for the catalytic selective transformation of lignin based model
compounds. US irradiation during the synthesis can lead to various physical and chemical effects,
such as the enhanced mass transfer, de-passivation, formation of free radicals like hydroxyl etc.,
due to the nano-jets, localized hotspots where the temperature and pressure can reach up to 5000
°C and 1000 bars, respectively, which in result can tune the physiochemical features of the
synthesized nanomaterials on demand. The physical and chemical effects depend on the utilized
US frequency. Therefore, US irradiations of different frequencies (22, 40, 80 and 500 kHz) and
with different amplitudes were utilized during the synthesis of titania photocatalyst via a simple
slow precipitation method under ambient conditions. For the sake of comparison and to shed light
on which physicochemical features are affected upon US irradiation, a titania sample was also
synthesized in “silent conditions”, using magnetic stirring instead of US, while keeping all other
parameters same. The synthesized photocatalysts were characterized by various techniques such
as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), thermal gravimetric analysis (TGA), nitrogen sorption (for the porosity), and
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diffused reflectance spectroscopy to estimate the optical band gap. The synthesized photocatalysts
were tested for the additives-free photocatalytic selective conversion of lignin inspired model
compounds such as the benzyl alcohol and 2-phenoxy-1-phenylethanol in the bath catalytic
reactors. The photocatalysts synthesized by using the low amplitude (30 um) of low frequency (22
kHz) (22kHz-3) showed the highest photocatalytic conversion of benzyl alcohol (75 %) to benzyl
aldehyde (67 %) as compared to all other US assisted synthesized photocatalysts. This best
performing US-assisted synthesized sample (22kHz-3) showed also the highest yield of the
valuable products such as benzyl aldehyde, phenyl formate and 2-phenoxy-1-phenylethanone from
the catalytic conversion of 2-phenoxy-1-phenylethanol as compared to the sample synthesized in
silent conditions as well as benchmark commercial titania P25 sample. These photocatalytsts were
reused for up to five runs of photocatalytic experiments with the similar photoreactivity being
intact and without Ti leaching to be observed. The sonophotocatalytic studies revealed that 22kHz-
3 sample showed higher selective sonophotocatalytic conversion of 2-phenoxy-1-phenylethanol
than photocatalytic process, resulting in an elevated aromatic balance of the reaction. The
photogenerated holes were identified as the most reactive species for this photocatalytic reaction
revealed by the scavengers studied. This research work showed that utilization of US after
optimizing the frequency and amplitude during the synthesis steps can lead to desired materials
and specific physicochemical features in order to achieve elevated selective redox photocatalytic

performance.
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Streszczenie

Ligning uwaza si¢ za bogate i powszechnie dost¢gpne odnawialne zrodto zwigzkoéw aromatycznych.
Uwzgledniajagc wymagania ekologiczne 1 ekonomiczne, katalityczna selektywna transformacja
zwigzkow modelowych na bazie ligniny w produkty o wysokiej wartosci nadal stanowi wyzwanie
i cieszy si¢ duzym zainteresowaniem. Ogoélnie rzecz biorgc, materialy na bazie tlenku tytanu
wykazuja doskonale wiasciwosci fotokatalityczne w zakresie rozkladu zanieczyszczen
organicznych, bez dodawania $rodka utleniajacego i1 trudnych warunkow eksperymentalnych.
Dominujace wady tych materiatlow, takie jak niska porowato$¢, szybka rekombinacja
fotogenerowanych par elektron-dziura i nieselektywna fotoreaktywno$¢, ograniczaja potencjalne
zastosowanie w selektywnej konwersji katalitycznej. Prace badawcze skupiaty si¢ na syntezie
nowych fotokatalizatorow na bazie tlenku tytanu z zastosowaniem ultradzwigkow w celu
przezwyci¢zenia wyzej wymienionych wad oraz na nanomateriatach, ktére mozna wykorzysta¢
do katalitycznej selektywnej transformacji zwigzkéw modelowych na bazie ligniny. Fale
ultradzwiekowe podczas syntezy moga prowadzi¢ do roznych efektow fizycznych i chemicznych,
takich jak zwigkszone przenoszenie masy pod wplywem nanostrumieni, tworzenie
zlokalizowanych goracych punktéw (w ktorych temperatura i ci$nienie mogg siega¢ odpowiednio
do 5000 °C 1 1000 bardéw), co pozwala na kontrole wihasciwosci fizykochemicznych
syntetyzowanych nanomaterialéw. Efekty fizyczne 1 chemiczne zaleza od zastosowanej
czestotliwosci ultradzwiekow, dlatego podczas syntezy fotokatalizatora tytanowego metoda
powolnego  wytragcania, wykorzystano promieniowanie ultradZzwigkowe o roéznych
czestotliwosciach (22, 40, 80 1 500 kHz) i réznych amplitudach. W celu poréwnania i wyjas$nienia
wplywu tego promieniowania na wlasciwosci fizykochemiczne, material zsyntetyzowano takze w
,cichych warunkach”, stosujagc mieszanie magnetyczne zamiast ultradzwiekow, zachowujac
wszystkie pozostale parametry bez zmian. Zsyntetyzowane fotokatalizatory scharakteryzowano
przy uzyciu roznych technik, takich jak dyfrakcja promieni rentgenowskich (XRD), rentgenowska
spektroskopia fotoelektronéw (XPS), transmisyjna mikroskopia elektronowa (TEM), analiza
termograwimetryczna (TGA), sorpcja azotu (BET) 1 spektroskopia rozproszonego odbicia.
Zsyntetyzowane fotokatalizatory przetestowano w selektywnej konwersji zwigzkéw modelowych
inspirowanych ligning, takich jak alkohol benzylowy i 2-fenoksy-1-fenyloetanol, w reaktorach
katalitycznych wsadowych. Fotokatalizatory zsyntetyzowane przy uzyciu niskiej amplitudy (30
pm) 1 niskiej czestotliwosci (22 kHz) (22 kHz-3) ultradzwigkow wykazaly najwyzsza
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fotokatalityczng konwersje alkoholu benzylowego (75 %) do aldehydu benzylowego (67 %) w

poréwnaniu do wszystkich innych syntezowanych z pomocg ultradzwigkdw.

Najbardziej aktywna probka zsyntetyzowana przy udziale ultradzwiekoéw wykazata rowniez
najwyzszg wydajnos¢ w katalitycznej konwersji 2-fenoksy-1-fenyloetanolu do cennych
produktow, takich jak aldehyd benzylowy, mrowczan fenylu i 2-fenoksy-1-fenyloetanon, w
poréwnaniu ze wszystkimi zsyntetyzowanymi z pomoca ultradzwigkow lub bez, a takze w
poréwnaniu z wzorcowym komercyjnym fotokatalizatorem TiO2 P25. Powyzsze fotokatalizatory
wykorzystano ponownie w maksymalnie pigciu kolejnych eksperymentach fotokatalitycznych, w
ktorych utrzymaty wysoka fotoreaktywno$¢ bez wymywania tlenku tytanu. Badania
sonofokatalityczne wykazatly, ze probka 22 kHz-3 cechowata si¢ wigckszg selektywna konwersja
do 2-fenoksy-1-fenyloetanolu niz podczas fotokatalitycznej reakcji, ponadto z podwyzszong
robwnowaga aromatyczna reakcji. Wylapywanie wolnych rodnikow ujawnito najbardzie;
reaktywne kwaziczastki w tej reakcji fotokatalitycznej, fotogenerowane dziury. Ta praca
badawcza wykazala, ze wykorzystanie ultradzwigkow do syntezy materialdw, po optymalizacji
czestotliwosci 1 amplitudy, moze prowadzi¢ do wuzyskania pozadanych wlasnos$ci
fizykochemicznych sprzyjajacych podwyzszonej selektywnosci w fotokatalitycznych reakcjach
redoks.
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1. Chapter 1: Introduction

1.1. Lignin composition

Lignocellulosic biomasses are considered renewable sources for biorefinery, energy production
and obtaining high-value chemicals/products and materials. Lignocellulose contains three major
fractions: cellulose, hemicelluloses, and lignin. Cellulose is a major fraction of biomass, containing
30-55 % of the dry woody mass and glucosidic linkages. Cellulose is a potential source for the
production of cellulose-based functional materials. Hemicellulose is the second major fraction (20-
40 %) of the biomass containing sugar linkages. Whereas lignin is the third major fraction, which
is 15-35 % of the dry woody mass. Lignin is the only fraction containing the aromatic units that
form the three-dimensional network containing aromatic linkages, which are connected by the C-
O-C and C-C bonds representing the formation of complex aromatic polymers. The most
representative combinatorial coupled monolignols are sinapyl alcohol, confiryl alcohol and p-
coumaryl alcohol (Figure 1.1), which further provide the different aromatic polymers by the
substitution of different groups such as syringyl, guiacyl and hyroxyphenyl [1]. These monolignols
contained a different degree of methoxylation, which indicate the number of attached methoxy
group with the individual monolignol moiety, such as p-coumaryl alcohol, which did not have any
methoxy group, while coniferyl has one followed by sinapyl alcohol which has two methoxy
groups. In addition to methoxy group, the lignin structure also contained some other functional
groups, such as carbonyl, carboxyl, hydroxyl (OH) or phenolic group. The methoxy and phenolic
groups are attached to the individual lignin monomeric unit, whereas aliphatic hydroxyl, carbonyl,

or carboxylic groups are linked as substituents within the lignin structure [2].

There are different types of bonding exist in the three-dimensional network such as a-O-4, 3-O-4,
B-B, B-1, B-5, 4-O-5 and 5-5' (Figure 1.2). Among these bonding, B-O-4 is the major existing
bonding in the range of 45-55 % [3], while the other linkages a-O-4 ( 4-8%), B-B (2-7 %), B-1 (3-
7 %), B-5 (4-12 %), 4-O-5 (4-7 %) and 5-5 (4-10 %) are also present [4—6].
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The lignin can be used to produce various high-value chemicals with potential applications in
various industries. Around 98 % of the lignin-based waste evaluated from industries such as paper,
pulp etc. are used as fuel in the burning process, whereas only less than 2 % of lignin waste is just
used for the synthesis of chemical compounds such as surfactants, adhesives, dispersants and some
other value compounds [9]. The demand for biomass refinery is getting increasing interest due to
producing lignin residue at a larger scale. It is estimated that the production of lignin residue from
biofuel production as a side product will increase by more than 200 million tons per year till 2030
[10,11]. Therefore, the lignin-based residue/waste can be converted to synthesize high-value

compounds.

The reactivity of aromatic units of lignin is determined by the depolymerization reaction with the
ability of the selective cleavage of C-O-C or C-C bond between these aromatic units. Various
functional groups on the aromatic compounds or/and the connecting side chain, including the
phenolic, aliphatic hydroxyl compound, benzyl alcohol (Ph-CH>OH), methoxyl compounds,
carbonyl and carboxyl compounds etc., which also influence the reactivity of lignin [4,12]. These
compounds can be used to produce various high-value chemicals with potential applications in

various industries.
1.2. Conventional lignin valorization techniques

The aromatic compositions of lignin can lead to a valuable source for producing various chemical
compounds, particularly phenolics. The first step to convert the lignin to high values products is
the cleavage of the existing primary linkage, resulting in the functional groups' mono-aromatic
compound substitution. The oxidation of these functional groups led to the formation of the
targeted compound, such as corresponding aldehydes and acids. The removal of these functional
groups led to the formation of simple aromatic compounds such as phenol (Ph-OH), toluene or
benzene. However, due to the complexity of the lignin structure, the selective cleavage of the lignin
is a challenging task to produce the targeted products. Various valorization techniques such as
hydrolysis, hydrogenolysis, gasifications, pyrolysis and chemical oxidation are used to convert the

lignin to high-value compounds [13].

Lignin valorization can be performed by hydrolysis such as chemical hydrolysis (acid and alkaline)

[14,15] and biological hydrolysis (enzymatic, bacterial and fungal) [16,17] etc. to enhance the
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hydrolysis of lignin. This lignin valorization can be divided into different categories, such as
depolymerization of the lignin, solubilization, and mineralization [18]. The lignin valorization by
hydrolysis requires the pretreatment steps as well as the harsh conditions to be performed, which
affect the lignin structure and ultimately lower the product’s yield and increase the cost of this

reaction [13].

Hydrogenolysis is also a thermal method, which is utilized for the lignin valorization by the
addition of hydrogen for the cleavage of aromatic linkage. In hydrogenolysis, the solvent acts as a
hydrogen donor, leading to the cleavage of C-C or C-O-C of lignin compounds and the formation
of phenolic compounds [19]. Zhu et al. [20] investigated the hydrogenolysis of different aromatic
compounds possessing [-O-4 linkages, which contained different functional groups such as
phenolic OH groups, methoxyl and (Ph-CH20OH) in the presence of chemical agents such as formic
acid and methanol. These chemical agents act as hydrogen donors in the presence of catalysts. It
was found that the B-O-4 linkage containing diaromatic compounds was directly converted to the
two monoaromatic compounds. Whereas the 3-O-4 linkage containing monoaromatic compounds
showed a lower conversion to a complicated product distribution. The presence of methoxyl
groups did not show such a hindering effect on the cleavage of f-O-4 linkages. Whereas phenolic
OH groups showed a small negative impact on the cleavage of B-O-4 linkages. Lignin is
depolymerized by converting into monomeric units, and the formed bond via a recondensation
process is very difficult to break. Whereas the hydrogenolysis and recondensation processes are
carried out simultaneously. The prevention of depolymerization of lignin is a key problem during
hydrogenolysis, and the formed products are observed as complex compounds, leading to the
lowering of the selectivity toward the targeted products. This less selectivity needs additional

purification and separation process, which is another challenging task [21].

Pyrolysis is one the most promising techniques used to produce biofuel from lignin. Pyrolysis is
the thermal process carried out at more than 450 °C in the absence of oxygen to produce a mixture
of noncondensable gases, liquid and solid [22]. This is a straightforward approach for
depolymerizing lignin in the small fragments representing the aromatic compounds [4,23].
Different products from the same lignin can be formed by tuning the pyrolysis process's time and
temperature. Lower heating rate and temperature led to char production, while the higher heating

rate and temperature, but for a short duration, led to obtaining the liquid products [9]. During the
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high temperature used for pyrolysis, the breakage of different chemical linkages of lignin
compounds results in the formation of volatile compounds, which can further be reduced to
produce stable oligomers that can also lead to char formation by rearrangement reactions. The
particle size of the raw lignin can also indirectly influence the rate of heating because of heat
transfer within the different sizes of the lignin materials [22]. However, the final temperature of
the pyrolysis is a crucial parameter, as it can affect the distribution of the product. Additionally,
the higher oxygen contents on the obtained products, such as biofuel, lower heating rate, which is
one of the key issues in this process. Thus, the use of acidic catalysts such as zeolite may help to
reduce the oxygen contents and enriched in lignin base compounds such as xylenes, toluene and
benzene among others. [24]. The selection of the proper acidic catalysts by considering porosity,
size, shape and selectivity is a crucial aspect of the performance of the acidic catalysts as well as
the physicochemical features of the obtained products [25]. Pyrolysis is the cost-effective method
used for the lignin valorization. Still, the produced compounds, such as biofuel, may possess a
highly reactive carbonyl or carboxylic group, which may lead to further undesirable
polymerization. These obtained products by pyrolysis may also exhibit instability issues, which

demand additional hydro-stabilization processes prior to further upgradation step [26].

The oxidative depolymerization of lignin can be performed by using various oxidizing agents, such
as dioxygen, chlorine dioxide, peroxyacids or/and, hydrogen peroxide etc., in an alkaline medium
or acidic medium or ionic liquids [27]. Oxidative depolymerization mostly leads to the more
oxygen-containing functional groups such as carboxyl, aldehyde and ketone as the formed
products [28]. However oxidative depolymerization can results in either the formation of aromatic
compounds or aliphatic compounds. Moreover, it is also possible that the cleavage of the formed

aromatic compounds is carried out, resulting in the formation of aliphatic compounds [27].

Most of these mentioned techniques used for depolymerizing the lignin were carried out in harsh
experimental conditions, such as strong oxidizing agents or acidic or basic medium, which can
facilitate the breakage of C-O-C linkage. However, the selective cleavage of C-C or C-O-C linkage

is challenging using mild experimental conditions [29].

Catalysis is one of the key route approaches used for lignin valorization. Various research has been

focused on lignin valorization using catalytic approaches such as biocatalysis, organometallic
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catalysis and biomimetic catalysis [30]. Biocatalysts are considered an efficient approach for lignin
valorization, but they need very specific experimental conditions due to the utilization of biological
species such as enzymes, bacteria etc. [31]. Biomimetic catalysis is also utilized for the oxidation
of lignin by taking advantage of metalloporphyrins in the presence of molecular oxygen or
hydrogen peroxide. The electronic features of the catalysts used for biomimetic catalysis can be
tuned by adding functional groups, which results in the solubility and stability of the catalysts,
enhancing catalytic efficiency. The porphyrin complexes exhibited the bleaching effect, which
resulted in decreasing the selectivity of the obtained products [30,32].

Organometallic catalysis involves the polyoxometalates, iron tetraamido macrocyclic complex,
cobalt/manganese salen complexes and methyltrioxorhenium complexes utilized for the
conversion of lignin to the high-value products. Various ligands can tune the steric and electronic
properties of catalysts, which are connected to the activity, stability and solubility of the catalysts
[32]. Most of the homogeneous catalytic approaches suffer from some issues, such as
decomposition of the catalyst and less selectivity as well as lower separation efficiency and
reusability of the catalyst, which limit these approaches for lignin valorization. Heterogeneous
catalysis can overcome these mentioned disadvantages and can enhance the selective conversion

of lignin to high-value products.
1.3. Heterogeneous catalysis

Heterogeneous catalysis is where the phase of the catalysts is different from the reaction medium.
They include the reaction between the liquids or gases or both at the surface of the solid catalysts.
The heterogeneous catalysis mostly contained the solid phase catalyst and liquid phase reaction
medium. During heterogeneous catalysis, molecular adsorption, desorption or reactions occur at
the catalyst's surface. Various factors such as heat transfer, pH, mass transfer and thermodynamics
affect the kinetic of the reaction. Heterogeneous catalysis provides the faster and more selective
formation of products and the easy recovery of the catalysts, which overcome the drawbacks

provided by homogeneous catalysis [32].
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1.3.1. Semiconductor-based heterogeneous photocatalysis

Photocatalysis is the rate of change of the chemical reaction by the interaction of light in the

presence of a substance (photocatalyst). A photocatalyst is a substance that absorbs light and can

transform the parameters in a chemical reaction. Heterogeneous photocatalysis is the acceleration

of the photoreaction in the presence of a photocatalyst. Fujishima and Honda 1972 discovered the

electrophotocatalytic splitting of water to hydrogen and oxygen by using titanium dioxide (Ti0.),

which opened a new window for the potential research direction in the field of photocatalysis [33].

In heterogeneous photocatalysis, generally, the photocatalyst is used in the solid phase while the

reaction phase is in the liquid or gas phase, and the interaction is carried out between the phases,

such as solid-liquid or solid-gases. There are a few aspects which are concerned with

photocatalysis, such as:

>

YV V V V

Adsorption and desorption of reactant substrates and establishment of equilibration on the
surface of photocatalyst.

Interaction of light on the photocatalyst.

Activation of the adsorbed reactant substrate.

Interaction of the adsorbed reactant substrate on the surface of the photocatalyst.

Diffusion of the products from the surface of the photocatalyst in the liquid or gas phase.

The main principles (Figure 1.3) of semiconductor base catalysis are as follows;

>

By the irradiation of photons of the light on the surface of the semiconductor materials, if
the energy of irradiated light is equivalent to or higher than the bandgap energy of the
semiconductor materials, then the ¢ in the valance band are excited toward the conduction
band of the semiconductors.

After the excitation of the electron, vacancies {such as holes (h")} are generated in the
valence band of the semiconductor material, which can oxidize the donor molecules and
may produce OH radicals. The OH radical possessed a higher oxidizing ability for the
conversion of organic molecules.

The e in the conduction band react with the dissolved molecular oxygen to form the

superoxide ions, and these e can proceed with the reduction reaction.
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The photogenerated electron-hole pairs can proceed with an oxidation or reduction process with
the molecules that can be adsorbed on the semiconductor, leading to the corresponding products.
The photocatalysis process mainly depends on the wavelength and the power of the utilized light
source as well as the properties of the photocatalyst. Generally, semiconductor-based materials are
considered good photocatalysts due to some key characteristics such as being photoactive,
absorbing a range of ultraviolet (UV) and visible light, chemically and biologically inert materials,
stable against light corrosion, cost-effective and least toxic. Semiconductor materials such as
Ce032, SnO», ZnO and TiO> are considered good heterogeneous photocatalysts due to compatible
electronic structures with filled valance bands, empty conductance bands, and good light

absorption features.

Conductance Reduction
Band Photo-reduction
e e e e ]
/ T Oxidation
hv > E,
Oxidation
Photo-oxidation
h* h* h"™ h' ]
Nalanoo Reduction
Band

Figure 1.3. The key principle of photocatalysis.
1.3.2. Titania based nanomaterials

Ti0;-based nanomaterials are considered the best candidate for the heterogeneous catalytic process
among the other semiconductor photocatalysts due to superior properties such as optical and
electronic features, cost-effectiveness, eco-friendliness, and high chemical and biological stability.

TiO; exists in three phases: anatase, rutile and brookite (Figure 1.4). TiO, was found to be
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metastable form in the anatase phase with the tetragonal crystal structure. The anatase phase of
Ti0; exists in the colourless or white colour, but it may also exist in black color due to impurities.
The anatase phase of TiO; is usually formed at lower temperatures and is first observed in the look
of TiO, anatase phase because of lower surface energy, while it can be transformed to a rutile
phase by calcining at a higher temperature [34]. Whereas the rutile phase is the most stable phase
of TiO,, and once it is formed, it grows very fast [35,36], and has a higher refractive index at a
higher wavelength of light compared to the UV region [37]. The rutile phase has a tetragonal
structure [36]. The anatase photocatalysts were found better compared to the rutile phase [38].
Anatase phase of TiO> possesses a band gap of 3.2 eV, while the rutile phase of TiO> showed 3.0
eV bandgap [39]. The bandgap of the photocatalyst is inversely proportional to the absorption of
light, suggesting that the rutile phase has higher light absorption than the anatase phase. This
increased photocatalytic activity may be due to higher fermi levels, less ability toward oxygen
adsorption and higher hydroxylation degree observed in the anatase phase [40]. Another possible
reason is that the lifetime of photogenerated electron-hole pairs in anatase was found to be higher
compared to the rutile phase, which results in the higher charge carrier can participate in the

anatase phase [41].

c . Brookite phase

Figure 1.4. Different phases of TiO». (Presented with the permission of reference [37])
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Brookite is the third phase of TiO», which is rare compared to its anatase and rutile phases. It
possesses an orthorhombic structure [41,42]. The brookite phase is also metastable and shows a
low symmetric and complicated structure, and its formation usually occurs as the secondary phase
of the anatase or rutile phase [43]. The brookite phase TiO> photocatalyst showed a bandgap in the
range of 3.1 to 3.4 eV, which contained a lower and higher bandgap than the anatase phase, and it

depend on the utilized synthesis method [44].

The brookite phase TiO> showed higher photocatalytic activity compared to anatase and rutile
Ti0,. Kandiel et al., [45] studied hydrogen production by the photocatalytic activity using different
phases of TiO2 photocatalysts. It was found that the anatase/brookite mixtures, as well as pure
brookite TiO2 photocatalyst showed higher photocatalytic hydrogen production under UV light
irradiation. This is ascribed to the edge of the conduction band of brookite photocatalyst being
more shifted toward the cathodically as compared to the anatase phase. However, the
photocatalytic activity of brookite phase photocatalyst is not well explored due to the difficult and
complex synthesis of the pure brookite phase [46].

1.3.2. Different synthesis approaches of TiO2-based photocatalysts

Various synthesis methods, such as sol-gel, hydrothermal, oxidation, solvothermal, electro-
deposition and chemical vapour deposition among others, are being used to prepare the TiO»-based
photocatalysts (Figure 1.5). Sol-gel is one of the most commonly used methods to synthesize
nanomaterials, which can tune the surface characterization and the textural features of the
synthesized materials [47]. The sol-gel is proceeded by a few steps, such as mixing, dehydration,
ageing, densification and some other steps to synthesize the final materials. The sol-gel method
starts with forming a stable colloidal solution or a sol by hydrolysis or/and polymerization of the
precursor compounds, which can be metallic organic compounds or inorganic metallic salt in the
form of chloride, nitrate or alkoxide etc. The complete polymerization and dehydration lead to the
formation of a gel phase after the ageing and drying steps. The mechanism of the sol-gel method
can be tuned by hydrolysis with the acidic or basic solvent in order to obtain the targeted features

of the synthesized materials [48—50].

Various factors such as selection of solvent, temperature, ageing time and drying, pH and some

others are the key parameters to alter the physicochemical properties of the synthesized materials
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[51]. For example, the particle size of the synthesized materials by sol-gel can be controlled by the
effect of the condensation reaction and the hydrolysis’s rate [48]. The sol-gel presents various
advantages such as mild synthesis parameters, low-temperature synthesis, high purity of
synthesized materials and synthesis of homogeneous materials. However, some limitations, such
as complex preparation protocol, low yield and scalability, moisture sensitivity, formation of
possible byproducts etc., are also associated with the sol-gel method and can detract from the

targeted application of the synthesized nanomaterials [49].

Figure 1.5. The most commonly used methods for the synthesis of TiO,.

The solvothermal method is also one of the commonly used approaches for synthesizing TiO>
materials. This method needs high pressure and temperature to carry out the chemical reaction or
the transformation of the precursor solution to prepare the targeted materials. The solvothermal
method can use different solvents, such as ammonia, water, hydrofluoric acid, hydrochloric acid,
etc. When water is used, this method is termed as a hydrothermal method. The precursors of the
desired materials are mixed in the solvent in an autoclave. The autoclave is used as a closed system
to heat at a higher temperature than the boiling point of the solution; and high pressure can be

maintained, and crystallization can be achieved. The high pure and homogeneous materials can be
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synthesized using this method with the controlled size using the proper composition of the selected
precursors and the experimental parameters. Various parameters such as pH, selection of
temperature and pressure, and the composition of precursors lead to altering the synthesized
materials' phase, morphology and size [52,53]. The solvothermal and hydrothermal methods have
many advantages such as cost-effective, one-step synthesis, environmentally friendliness etc. [54].
However, these methods require expensive autoclaves, high temperatures and pressures, and the

synthesis of pure crystal growth is difficult to control [55].

The electro-deposition is also a commonly used method to synthesize the TiO catalysts.
Electrochemical deposition is carried out at the interface of the electrolyte solution containing the
targeted metal to be deposited and the electrically conductive metallic substrate [56]. Different
studies are also reported for two steps electrochemical deposition synthesis of TiO; catalysts. For
example, in the first step, the TiO- or hydroxide, is formed at the surface of the electrode either by
the hydrolysis of titanium (Ti) precursor or the electrochemical oxidation process [57]. Another
step is the TiO; or hydroxide is formed by the electrochemical hydrolysis of Ti (IV) precursor [58].
Further thermal calcination steps lead to the synthesis of crystalline TiO>. The electrochemical
synthesis presents some advantages, such as controlled formation of the formed layer,
homogeneous coating, direct development of metal on the conductive materials and well-
established connection between the supporting electrodes and the deposited materials [59].
However, there are some disadvantages, such as a supporting electrode is also required to avoid
the combination of the utilized electrolyte, which can be expensive. Another non-homogeneous
electric field in the reactor creates the hot spots, which can hinder the current flow through the

reaction [57].

Chemical vapour deposition is one of the old synthesis approaches used to synthesize
semiconductor-based materials [60]. This method describes the condensation of the substances in
the vapour form or the gaseous compounds to form the solid form materials by the chemical
reaction of these vapour compound and the surface of the material which need to be coated. During
the chemical vapour deposition synthesis of TiO», the volatile substances pass through the surface
of the material to be coated, which results in the formation of the solid phase, leading to the
deposition on the surface. The temperature of the substrate is a crucial aspect as it influences the

way of the chemical reactions occur at the surface of the substrate [61]. The chemical vapour
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deposition method leads to the formation of a uniform film of low porosity with high stability and
purity, whereas it needs highly expensive instrumentation and the additional cost of protective and

safety from the used chemical agents for this method [62].

TiO2-based nanomaterials can be synthesized via the oxidation of Ti metal by using an oxidizing
agent or through the anodization process. The direct oxidation of the Ti metal using oxidizing
agents such as hydrogen peroxide results in high crystalline TiO> materials [63]. Whereas the direct
oxidation of the Ti metal by using different inorganic salts leads to the different crystalline phases
of the synthesized TiO». For example, by using sodium fluoride or sodium sulfate as an oxidizing
agent, the synthesized TiO2 will have an anatase phase, while using sodium chloride leads to rutile
phase TiO; materials [64]. The use of these chemical oxidizing agents is mostly costly, and the

toxic lead to hazardous material [65].

The chemical precipitation approach is one of the most common methods used to synthesize TiO».
The chemical precipitation method is the complete precipitation of the metallic solution in the
insoluble form of materials. The precipitation method can lead to synthesizing materials of high
surface area. In this process, a solution of the precipitation agent, such as hydroxide, oxalate
carbonate etc., is added to the cationic solution of targeted oxides. The chemical precipitation
method can proceed through homogeneous precipitation, co-precipitation and direct precipitation
[66]. The insoluble form of the materials is obtained by settling down this mixture or filtration.
The key steps involved in this process are precipitation, neutralization, coagulation, and solvent
removal. Various factors, such as the selection of the type of metal and its concentration in the
solution, selection of precipitating agent and condition of the parameters among others, may affect
the precipitation synthesis of the materials [67]. pH value of the solution is the key parameter in
the precipitation method, which can be used by using the proper metallic hydroxide. Hydroxide
precipitation is most commonly used for chemical precipitation methods by using sodium
hydroxide, ammonium hydroxide or calcium hydroxide as a precipitating agent [68]. The key
advantage of the precipitation method is the high yield of the materials that can be obtained, high

purity, cost-effective and more reproducibility with homogeneous precipitation reaction [69].

The sonochemical synthesis method is also beneficial to synthesize TiO» catalysts with elevated

textural, surface and morphological properties [70]. The use of US leads to the acoustic cavitation
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phenomenon, which impacts the different physical and chemical effects depending on the utilized
frequency of the US during the synthesis. Various aspects of US play a key role in altering the

physicochemical features of the synthesized materials, which should be discussed in detail.
1.4. Sonochemistry

The chemical reactions are usually carried out by traditional energy sources such as heating, sand
bath, light, among others, but these energy sources are generally established by temperature
gradients leading to the other side effects. So, alternative sources such as US, microwave, electrical
energy, etc. should replace these traditional sources, which facilitate restricting these temperature
gradients to avoid side effects [71]. Sonochemistry describes the effect of energy produced by US
leading to the physical and chemical processes in the liquid phase [72].

The US is the most promising technique, which can produce high energy that can be localized to
US wave-carrying medium, leading to the potential to initiate the chemical reaction [73].
Sonochemistry is the use of US energy in various fields. The frequency of the US is divided into
three different regions. The US of less than 20 kHz the frequency which is audible by normal
humans. The US in the range of frequency 20 kHz to 2 MHz is related to the sonochemistry and
has a different effect on a different frequency in this range. Whereas, the US of frequency higher
than 2 MHz is mostly used for diagnostic purposes [74]. The US is causing the sono-chemical
effects by taking advantage of the cavitation phenomenon. The propagation of US waves in the
liquid medium leads to the compression and rarefactions patterns resulting in the creation of
positive and negative pressure, which can have the push or pull behaviour for the liquid molecule
to move either toward or away from each other. (Figure 1.6). This process generates energy for
the liquid phase, forming cavitation [75]. The formation of the cavitation describes how the
gaseous bubbles form, grow and collapse. When a liquid is subjected to US irradiation, the vapour
pressure of this liquid becomes higher than the pressure of the liquid, which creates a cavitation

bubble containing liquid vapour and gasses [76].

After forming these cavitation bubbles, the bubbles absorbed energy from the further US
irradiation and grew, followed by the bubble's collision. The collision of the cavitation bubbles
leads to the formation of the localized hotspot, and the temperature and pressure increase up to

5000 °C and 1000 bars, respectively [77], which can significantly accelerate the chemical
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reactivity of the medium and can be utilized for various purposes. This acoustic cavitation bubble
formation can have different intensities, which determine the rate or the productivity of the

sonolysis [78].
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Figure 1.6. Schematic presentation of the formation of hot spots by the US. (Presented with the

permission of reference [78])

1.4.1. Different parameters affecting the acoustic cavitation phenomenon

Various parameters of the US play key roles in significantly different effects of the US, which
can be utilized for the other targeted applications. The details of these parameters are discussed

as follows:

1.4.1.1. Effect of frequencies

The frequency in the sonochemistry range is divided into two different regions based on their
produced effects. The first range of the frequency lies in the range of 20-100 kHz, followed by the
range of 100 kHz - 2 MHz [73]. The utilized frequency of the US affects on the produced cavitation
bubbles. For example, the frequency in the range of 20 - 100 kHz leads to the formation of large-
size cavitation bubbles and their collapsing lead to the physical effect of US such as high-speed
jets, shock jets, mass transfer etc. (Figure 1.7) [79]. The physical effect of the US is mostly used
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for the synthesis of materials, crystallization, emulsification etc. [80]. Whereas the increase of the
frequency above 300 kHz, the size of the produced cavitation bubbles was observed in the
decreasing trend but the gradually increasing number of the cavitation bubbles. These low-size
cavitation bubbles form free radicals, which produce the chemical effect of US that can be

potentially used for various chemical reactions and other scientific purposes [79,81].

strength
of effect

40 kHz 500 kHz 1 MHz
frequency

Figure 1.7. Effect of different frequencies of US. (Presented with the permission of reference [79])

1.4.1.2. Effect of intensity

The intensity of the US is a determining parameter for the formation of the cavitation bubbles.
Each frequency's threshold intensity can facilitate sufficient energy to produce cavitation bubbles
[74]. Brotchie et al. [82] measured the sizes of cavitation bubbles by using different frequencies
with different intensities. They found that the mean size of the cavitation bubbles increased with
the increased intensity of the studied frequency. In the case of increasing the frequency, this
observation was found in reverse trend, as the mean size of the cavitation bubbles was found in

decreasing trend with the increase in the frequencies.

The intensity of US is proportional to the amplitude of the US waves. As the intensity of US
increases, the sonochemical effect also increases due to an increase in the amplitude of the US

waves, which results in a higher number of cavitation bubbles. Nevertheless, some of the formed
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bubbles may combine to form bigger and enlarged bubbles, which can be a barrier to the movement
of US energy through the liquid medium [73]. High intensity of the US led to some other factors
like damaging the US transducer and lack of movement of the US power to the liquid medium due
to the formation of more bubbles, and their collapses did not increase the US energy in the
sonicated system [71]. The dynamic of the cavitation bubbles can be co-related with the usage of
high intensity of US [83]. The use of the optimum intensity of the frequency may lead to better

utilization of US.

1.4.1.3. Effect of geometry and distance of US transducer

The geometry and the distance of the US transducer to the liquid medium lead to the formation of
different acoustic fields in the US reactor, which also affects the formation of cavitation bubbles.
A slight modification in the geometry of the US transducer may change the sonochemical reaction.
Santos-Zea et al. [84] studied four different geometries of US transducer, such as base model,
cylindrical hreadmass, circular section sonotrode and multiplate configuration of 30 kHz sonicator
using similar power for the extraction of the antioxidant compound from oregano source. It was
found that all these geometries did not produce the same sonochemical effect. The multiple
configuration transducer showed higher sonochemical activity by increasing the irradiation surface
and also improved the US energy’s distribution in the whole treated area. Whereas circular section
sonotrode showed the least sonochemical activity as it distributed the US energy in the smaller
area. Moreover, the distance of the US transducer from the sonicated liquid also affects the
sonochemical activity. Recently, Son et al. [85] studied the effect of different distances (in the
range of 80-340 mm) of US transducers of 36 and 108 kHz of cylindrical shape sonicators. It was
found that the cavitation yield was observed in an increasing trend with the increased liquid height
or irradiation distance. Moreover, the stable and stronger standing field was observed with greater

sonoluminescence activity at the higher liquid height or irradiation distance.

1.4.1.4. Factors affecting the acoustic cavitation phenomenon

Various factors, such as vapour pressure, dissolved gasses, solvent, reaction temperature and some
others, can affect acoustic cavitation's intensity. Utilizing a proper solvent for sonication is one of
the key factors, which possess some physical aspects such as vapour pressure, surface tension,

viscosity and some other factors that can affect the formation of acoustic cavitation [86]. The
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cavitation phenomenon needs pressure to be initiated during the rarefaction cycles to disrupt the
cohesive forces of the used solvent, resulting in a vacuum's creation. The viscosity of the used
solvent is another aspect, as the higher viscosity or higher surface tension impacts the higher
molecular interactions, significantly increasing the cavitation threshold [87]. The solvent's vapour
pressure also affects the cavitation bubbles' collapse. The lower vapour pressure leads to more
intense collapsing than the high vapour pressure [88]. Also, the higher vapour pressure with low
surface tension and the viscosity of the used solvent improves the formation of the cavities [89].
The higher temperature can also improve the formation of cavitation bubbles. However, it may
give the reverse effect, such as a higher temperature leading to the easier formation of bubbles, but
it may contain higher vapours, which can lead to a decrement in the overall formation of the
cavitation bubbles [90]. These effects suggested that the consideration of these factors can perform

the selection of solvent for the sonication.

The dissolved gasses in the sonicated liquid also tune the formation of cavitation bubbles. The
dissolved gasses act like a small spot in the liquid and can form a higher number of cavitation
bubbles. The other factors of the dissolved gas, such as a higher heat ratio, provide more giant
cavitation bubbles and high solubility facilitation with a higher nucleation effect of cavitation [91].
Moreover, during the compression of the bubbles, the interfacial area shrinks. At a similar time,
the dissolved gasses also diffuse toward the outer side. More diffusion of the dissolved gasses

inside the cavitation bubbles leads to an increment in the area of the bubbles [92].
1.4.2. Role of US in the synthesis of nanomaterials

The US-assisted chemical reactions for synthesizing the nanomaterials are termed as sonochemical
synthesis and are most widely explored. The US energy coming from acoustic cavitation is the
main driving attribution to the sonochemical synthesis [93]. The most prominent phenomena
involved in the sonochemical synthesis of nanomaterials are shock waves and microjets (Figure
1.8) [94]. The shock waves are produced by the spherical collapsing of the bubbles, which results
in the yield of high (> 10 kbar) pressure [95]. Whereas, a hetero-phase surface causes cavitation
bubbles to form, leading to high-speed microjet development [96]. Most acoustic cavitation bubble
energy is transported to accelerate the microjet phenomenon, increasing the microjet velocities

[95].
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Figure. 1.8. The systematic presentation of the acoustic cavitation phenomenon. (Presented with

the permission of reference [94])

The formation of microjets distorts the collapsing of the cavitation bubbles, which results in the
surface deformation of the synthesized materials [94]. Sonochemical synthesis consists of two
types such as homogeneous and heterogeneous chemical synthesis, based on the nature of the
acoustic cavitation [97]. Homogeneous chemical synthesis takes advantage of the applied US as
physical and chemical effects on the synthesis of the nanomaterials. In the case of heterogeneous
chemical synthesis, the physical effect plays a major role, as the shock waves provide the drastic
transformation of smaller particles to impose the collision and then enhance the microjet
phenomenon due to the boundary effect. The nucleation and the cavitation bubbles lead to the

fracture-forming particles to synthesize the fine nanomaterials [98].

The physical effect of US can enhance the rate of a chemical reaction during the synthesis by better
mass mixing effect heat transferring phenomenon, which results in the tuned structures of the
synthesized materials such as deformation, fragmentation, exfoliation and erosion etc. [99]. The
important driving force to form the crystalline lattices is the generation and relaxation of the
mechanical forces [100]. The US provides sonicated energy, which results in a diverse
consequence of the lattice formation, which cannot be facilitated by the other synthesis techniques
[101]. The key benefit of using the US to synthesize the nanomaterials over the other conventional

techniques is obtaining the tuned properties such as higher porosity, high purity, and more uniform
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distribution of particle size [102]. Yu et al. [ 103] synthesized the TiO> nanoparticles leads by using
the mixture of water and ethanol containing titanium tetra isopropoxide which was irradiated with
the assistance of 20 kHz of US for 3 h. US lead accomplished three steps such as hydrolysis of
titanium tetra isopropoxide, crystallization and extraction of surfactant in one step. The US assisted
synthesized TiO> samples showed more than two times higher photocatalytic oxidation of n-

pentane as compared to commercial TiO, sample P25.

Compression and rarefactions cycles of the sound waves were observed for a shorter time by using
the high-frequency of US. The generation of the acoustic cavities needs time to pull out the
molecule, but this cycle for a short time makes it problematic to form the cavitation [104].
However, in the lower range of high-frequency US, the cavitation bubbles are produced but are
less violent. But in the case of a high range of frequency, cavitation events happen so quickly that
the lifetime of these events is very short, resulting in the production of free radicals, which result
in the chemical effect of US [105]. Ghows et al. [106] prepared the TiO; nanomaterials by the
hydrolysis of the precursor of the TiO2 under the low intensity of high-frequency US (500 kHz).
The obtained TiO, nanomaterials showed the formation of nanoparticles of less than 10 nm and a

single anatase crystalline phase. However, these authors did not study any photocatalytic activity.
1.4.3. Role of US in photocatalysis

US is a versatile approach used for various purposes. When the US waves pass through the aqueous
liquid, they produce sonolysis, which may lead to the splitting of water and generate free radicals.
This sonolysis phenomenon may proceed via acoustic cavitation, nucleation, the dynamic of the
cavitation bubbles and chemical process [107]. There are some key advantages which are
associated with the sonophoto-catalysis. For example, increased formation of free radicals
depending on the used frequency also facilitates the chemical reaction. The enhanced mass transfer
between the liquid phase and catalyst leads to improved light-harvesting for this process.
Moreover, the US waves improve the mass transfer leading to the whole volume of the catalyst,
including the shield part of the catalyst, high concentration or slurry concentration of the catalysts
can participate in the catalytic process [ 108]. Coupling various US effects, such as de-aggregation,
de-passivating effect among others, improves the provided surface area of the catalyst, enhancing

the catalytic performance [109].
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Figure. 1.9. The factors affecting sonophotocatalysis. (Presented with the permission of reference

[110])

There are various factors, such as the frequency and intensity of US, solvent, the operating
temperature of the reaction, pressure, pH, initial concentration of the substrate and catalysts, the
volume of the solution, the geometry of the reactor, etc., which affect the sonophotocatalysis
(Figure 1.9) [110]. The mechanism of sonophotocatalysis leads to the same effect that governs
photocatalysis. The photocatalytic conversion of the organic compounds in an aqueous medium is
carried out by the OH radicals formed during the photolysis. The combination of the US irradiation
with the photocatalysis enhanced the rate of the conversion of the organic compounds via the
additional production of free radicals. The presence of the solid catalysts also enhances the
generation of the cavitation bubbles via facilitating the additional nuclei, which results in the
cleavage of water and the generation of OH radicals. This phenomenon proposes that the US
irradiation on the semiconductors may also facilitate the generation of OH radicals [111]. The

sonophotocatalytic activity of the heterogeneous catalyst enhanced the conversion of the organic

21
http://rcin.org.pl



compound as compared to photocatalytic and sonocatalytic activity [112].

1.5. Photocatalytic applications of TiO2 nanomaterials and limitation for selective oxidation

The TiO»-based photocatalysts are widely used for the conversion of organic pollutant compounds,
and they showed complete conversion of the organic compounds under UV light irradiation.
Nevertheless, this conversion of the organic compounds is unselective to the targeted products.
Various factors can be potentially responsible for this non-selective photocatalytic activity of
TiO2-based photocatalysts. For example, Marotta et al. [113] studied the photocatalytic activity of
pure anatase TiO» photocatalyst for selective oxidation of Ph-CH>,OH under the UV light
irradiation, 72 % conversion of Ph-CH20H to 35 % and 8 % selectivity toward the benzyl aldehyde
(Ph-CHO) and benzoic acid, respectively. Another researcher, Augugliaro et al. [114] investigated
the photocatalytic activity of the TiO» catalyst for the conversion of aromatic alcohol to the
aldehyde. This investigation showed the 50 % conversion of Ph-CH>OH with 28 % selectivity and
65 % methoxybenzyl alcohol with 41 % selectivity toward the corresponding aldehydes.

There are various factors associated with TiO; catalysts, which lead to lower selectivity of the
targeted products. One of these factors is the free radical intermediates participation in chemical
reactions carried out under UV light irradiation. Especially when these photocatalytic selective
oxidations of aromatic compounds are performed by the addition of molecular oxygen as an
oxidizing agent. The attachment of molecular oxygen may easily lead to the formation of free
radical intermediates, which can result in different uncontrollable products [115]. Another, UV
light irradiation may lead to the production of different oxygen species, which can also lead to the

formation of non-targeted products [116].

Some prominent drawbacks such as low specific surface area, low pore volume, and fast
recombination of photo-generated electron-hole pairs, which are associated with the characteristic
properties of TiO2, may also lead to unselective photocatalytic activity [117,118]. Moreover, the
use of reagents, such as bromine and chlorine, among others for the photocatalytic selective
oxidation of aromatic alcohol by using TiO; is corrosive, and this leads to the unselective
transformation of this aromatic alcohol [119]. The surface features of the TiO, nanomaterials
possessed less adsorption of the targeted substrate, such as Ph-CH>OH, and it leads to limited

adsorption phenomena. Moreover, the agglomeration and aggregation of TiO2 nanomaterials also
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restrict light penetration, resulting in lower selective conversion of Ph-CH>OH [120]. The excess
photocatalytic oxidation of Ph-CH>OH leads to the generation of undesired products, such as
aliphatic compounds, which also lowers the selectivity toward the Ph-CH2OH [121]. The synthesis
of novel TiO»-based photocatalysts which can overcome the above-mentioned characteristic
features and the mild reaction parameters even without the addition of an oxidizing agent, which
leads to the selective performance of the catalytic oxidation of various aromatic compounds to the

corresponding products, is a challenging task.
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2. Chapter 2: Research hypothesis and goals

Selective conversion of lignin-based aromatic molecules to the corresponding products is highly
desirable for industries and bio-refineries, as these feedstocks are of low cost, renewable and
abundantly available, one of the most abundant sources of various aromatic compounds. Due to
the complexity of lignin structure, the conversion of lignin-based model molecules is a challenging
task. Developing a green and more sustainable approach is highly desirable for converting lignin-
inspired model molecules. Semiconductor-based heterogeneous catalysis is considered among the
most promising materials for this purpose. As mentioned previously, TiO2-based nanomaterials
are considered the most active photocatalyst for the degradation of organic compounds, but they
possess unselective transformation, which limits their applications for synthetic applications where
the yield and selectivity towards the targeted products are the ultimately important goal. Therefore,
the designing and synthesis of novel TiO;-based photocatalysts is a very prosperous part of
determining the feasibility of utilization for selective transformation. Sonochemistry is one of the
key driving attribution used for synthesizing nanomaterials. The optimization of the frequency and
amplitude of US for synthesizing nanomaterials can lead to tuned on-demand physiochemical
properties and catalytic performance owing to the advantages of the cavitation phenomenon. In
this doctoral research, the key established objective was to convert the lignin-based model
molecules via heterogeneous catalysis using TiO»-based photo-catalysts prepared by US

assistance.
The proposed hypotheses of this doctoral research work are as follows:
2.1. Hypothesis 1 and goals

US irradiation can have chemical and physical effects, depending on the frequency, which can
vary in the range of 20 kHz to 2 MHz. The frequency and amplitude both significantly affect the
cavitation phenomenon, such as the size of the formed bubbles and size distribution. The frequency
in the range of 22 kHz to 100 kHz results in large-size cavitation bubbles forming, which
predominately leads to physical effects such as microjets, turbulence, better mass transfer and
shock waves. While the intensity of the chemical effects is more pronounced as the frequency rises
from 100 kHz and above. The amplitude of the applied frequency determined the sufficient energy

supplies to induce the cavitation. The frequency and the amplitude are the key parameters to utilize
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the sonochemistry to achieve the targeted goal. Therefore, the first hypothesis is to design and
synthesize TiO»-based nanomaterials by using low frequency (22 kHz) may take advantage of the
derived physical effects during the synthesis that can affect/control the growth of the crystals.
Furthermore, it is also hypothesized that different powers/amplitudes of the same US frequency
(22 kHz) may impact differently the material’s crystallization and, as a result, the photocatalytic

performance of the synthesized nanomaterials can be tuned accordingly.
The key objectives coming from the hypothesis 1 are as follows;

» To study the effect of US on the physiochemical features of the US-assisted synthesized
TiOz-based nanomaterials as compared to the nanomaterials synthesized without US
irradiation.

» To understand the role of the different amplitudes of US (22 kHz) on the synthesized
nanomaterials.

» To explore the photocatalytic performance of 22 kHz assisted synthesized nanomaterials

for the selective partial oxidation of Ph-CH>OH to Ph-CHO.
2.2. Hypothesis 2 and goals

The dynamics of the cavitation bubbles, such as the size of cavitation bubbles and size distribution,
are significantly different at different operating frequencies. In the case of low frequencies, the
size of cavitation bubbles decreases by increasing the frequency from 20 kHz-100 kHz, results in
lowering the physical effect of US. It is hypothesized that utilization of the different frequencies
in this range during the synthesis of nanomaterials results in the altering the physiochemical
features as well as the photocatalytic efficiency of these synthesized nanomaterials due to a
decrease in the physical effects of the US. The key goal is to synthesize the catalysts with the
assistance of 40 and 80 kHz US by using the optimized amplitude of 22 kHz and compare the

nanomaterials in terms of characterization and photocatalytic performance.
The key objectives coming from hypothesis 2 are as follows;

» To understand the effect of different frequencies of US on the porosity, morphology,

surface heterogeneity, and size of the US-assisted synthesized nanomaterials.
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» To investigate the additive-free photocatalytic activity of nanomaterials synthesized by

different frequencies of US for the partial selective oxidation of Ph-CH>OH to Ph-CHO.
2.3. Hypothesis 3 and goals

The increase in the frequency from mid to high in the range of 300-800 kHz of US irradiation,
high numbers of small-size cavitation bubbles are produced, and the collapsing of these small-size
cavitation bubbles can impact the chemical effects such as radical polymerization and increase in
the rate of sonochemical radical formation. It is hypothesized that the utilization of high-frequency
US during the synthesis step of TiO2-based nanomaterials can influence the synthesis due to the
potential chemical effect of US, resulting in the tunable physiochemical properties of the
synthesized nanomaterials compared to the physical effect of US. Therefore, by taking advantage
of this knowledge, the synthesis of TiO;-based nanomaterials is designed using the different

amplitudes such as 30 and 70 um of 500 kHz of US.
The key objectives coming from hypothesis 3 are as follows;

» To understand the effect of high-frequency US on the synthesis of nanomaterials.

» To explore the altered physicochemical features of the 500 kHz US-assisted synthesized
nanomaterials.

» To study the photocatalytic partial selective oxidation of Ph-CH>OH to Ph-CHO without

the addition of oxidizing agents.
2.4. Hypothesis 4 and goals

Lignin contains B-O-4 linkage between the aromatic structures, which is considered the richest
unit of lignin. It is presumed that the selective catalytic cleavage of this f-O-4 linkage may lead to
the formation of various valuable phenolic compounds. So, it is hypothesized that the US-assisted
synthesized photocatalyst, which showed the highest yield of Ph-CHO from the conversion of the
monoaromatic compound such as Ph-CH>OH can also have the ability to form the higher selective
cleavage of Co-Cp bond of the B-O-4 linkage containing lignin inspired diaromatic compound to
high-value phenolic compounds. Furthermore, coupling sonication to photocatalysis can also

improve the selective catalytic activity due to the cavitation phenomenon and better mass transfer.
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The key objectives coming from hypothesis 4 are as follows:

>

To study the photocatalytic selective conversion of 3-O-4 linkage containing lignin-based
diaromatic compound to the corresponding high value phenolic compounds.

To investigate the potential pathway of the formation of the different products from the
catalytic cleavage of lignin-based di-aromatic compound without the addition of any
oxidizing agent.

To study the effect of calcination on the crystallinity and photocatalytic performance in
order to explore the green synthesis approach.

To study the reusability and stability of the US-assisted synthesized photocatalyst up to
various runs of photocatalytic experiments.

To study the sonophotocatalytic conversion of lignin-based diaromatic compound.

To understand the potential mechanism of photocatalytic activity of best performing US-

assisted synthesized photocatalyst by identification of the active species.
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3. Chapter 3: Methodology
3.1. Materials

The chemicals and materials used were isopropanol (99.7 %, POCH), titanium isopropoxide (98
%, Acros Organics), sodium hydroxide (Chempure), acetonitrile (HPLC grade, POCH), benzyl
alcohol (Ph-CH20H, 99.5 %, Chempure), 2-phenoxy-1-phenylethanol (PP-ol, 95 %, abcr), benzyl
aldehyde (Ph-CHO, 99 %, Chempure), 2-phenoxy-1-phenylethanone (PP-one, 97 %, Sigma
Aldrich), phenyl formate (Ph-OCHO, >98 %, Sigma Aldrich), phenol (PP-OH) 99 %, Alfa Aesar),
1,4-benzoquinone (BQ, >98 %, Sigma Aldrich), potassium iodide (KI, 99 %, Chempur), silver
nitrate (AgNOs, 99.8 %, Stanlab), tert-butanol (t-BtOH, >98 %, TCI) and commercial TiO> (P25,

Evonik Degussa). All the chemicals were used as received.
3.2. Synthesis of the catalysts

TiO2-based samples were synthesized using 20 mL solution of titanium isopropoxide in
isopropanol (ratio of 1:3) in a reactor (glass beaker, 250 mL). This solution-containing reactor was
irradiated by the US using the cuphorn sonicator of 22 or 40 or 80 kHz (Sinaptec, NexTgen Lab500
generator) or 500 kHz (Sinaptec, NexTgen Lab1000 generator). 100 mL of aqueous solution of
sodium hydroxide of 2 M concentration was added to this solution with the flow rate of 1 mL/min
under the stabilized temperature at 60 °C using the water-bath and circulating water (ultrabath
Julabo DB-5 (Corio CD-B5)). After the complete addition of 100 mL of aqueous solution of
sodium hydroxide, the obtained white dispersion was filtered using pre-acidified Whatman filter
paper (Carl Roth Gmbh & Co). The obtained residue was washed with dilute hydrochloric acid
and milli Q. water until the neutral pH of the filtrate, followed by drying the residue at 90 °C for

16 h in an oven under static air to obtain the solid white powder.

A series of samples were synthesized using different amplitudes of different frequencies of US.
The amplitudes such as 10, 30, 50, 70 and 90 um of 22 kHz, and 30 and 70 pm amplitudes of 40,
80 and 500 kHz sonicators were utilized. The synthesized nanomaterials, referred to as US
(frequency in kHz)-(amplitude in pm) representation depending on the used amplitude and

frequency, are represented in Table 3.1. In order to study the effect of US during the synthesis of
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these samples, a sample of TiO, was also synthesized using the same method but just replacing

the US irradiation with magnetic stirring (200 rpm).

Table 3.1. The detailed of the utilized US and labelling of the synthesized sample

Serial No. Ultrasonic frequency Amplitude Samples labelling
(kHz) (um)

1 10 22kHz-1
2 30 22kHz-3
3 22 50 22kHz-5
4 70 22kHz-7
5 90 22kHz-9
6 40 30 40kHz-3
7 70 40kHz-7
8 80 30 80kHz-3
9 70 80kHz-7
10 500 30 500kHz-3
11 70 500kHz-7
12 Magnetic stirring 200 rpm MgSt

3.3. Physicochemical characterizations

The synthesized samples were characterized using different techniques. Nitrogen (N2)
adsorption/desorption measurements of all the synthesized samples were performed using
Micromeritics instrument (ASAP 2020) at -196 °C in order to study the textural features. Before
this measurement, the samples were degassed at 90 °C for 6 h under the vacuum. Brunauer Emmett
Teller (BET) approach was used to estimate the specific surface area, while Barret Joyner Halenda

(BJH) approach was used to estimate the pore volume [118].
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The optical properties of all the synthesized samples and P25 sample were studied by using
ultraviolet-visible diffuse reflectance spectroscopy (UV—-Vis DRS) using the Jasco V-570
spectrophotometer in the wavelength range of 250-900 nm. The poly(tetra- fluoroethylene) was

used to obtain the baseline.

The XRD method by using Siemens D5000 diffractometer equipped with a horizontal goniometer
operating at 40 kV and 40 mA was utilized to study the crystallinity of all these samples.

Transmission Electron Microscopy (TEM) (JEOL JEM 2100) of the US assisted synthesized
samples by 22, 40 and 80 kHz and MgSt samples were used to study the morphology of these
samples. The microscope was operated at 200 kV using the lanthanum hexaboride filament.
Whereas the morphological features of samples, which were synthesized with the assistance of
different amplitudes of 500 kHz US, the TEM and high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) was carried out using Model Titan Themis
60-300 instrument, which was equipped with a Cs image and probe corrector. Before this
measurement, the samples were dispersed in the ethanol by US and then deposited on a 200 mesh

carbon grid (Ted Pella Inc.).

Thermal gravimetric analysis (TGA) of all the synthesized samples and P25 sample were

performed to study the weight loss by Mettler Toledo TGA/DSC3+ using a thermo-balance.

The surface pH of the synthesized samples and P25 sample was measured by using the using a pH
meter (Sevencompact). Before this measurement, 100 mg of the sample was dispersed in 50 mL

of Mili Q. water and suspension for 16 h to establish an equilibration under dark conditions [122].

X-ray photoelectron spectroscopic (XPS) analysis of the US-assisted synthesized samples by 22,
40 and 80 kHz, MgSt and P25 samples was performed using PHI 5000 VersaProbe™ Scanning
ESCA Microprobe. The XPS spectra for the studied samples were obtained using X-ray source
(Al-Ka radiation; hv = 1486.6 €V), which operated at 15 kV, 25 W and 100 um spot size. Whereas,
high resolution XPS spectra were obtained by an analyzer pass energy of 23.5 eV and an energy
step size of 0.1 eV. Survey spectra were analyzed using Multipak PHI software, while
deconvolution and quantification of the obtained spectra were performed using Casa XPS software

(v.2.3, Casa Software Ltd, United Kingdom).
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In addition, the surface chemistry of samples synthesized by the assistance of different amplitudes
of 500 kHz US, MgSt and P25 samples (for the sake of comparison) was studied by XPS
measurements using ESCALAB 50Xi instrument equipped with a monochromatic Al Ka X-ray
source. Spectra was obtained using a high-resolution hemispherical analyzer (hv =20 eV) and 200
eV for survey spectra. Avantage (Thermo Fisher Scientific) data processing software was used for

the peak fitting, while quantification was performed by sensitivity factors in the avantage library.

Temperature Programmed Desorption (TPD) And Temperature Programmed Oxidation (TPO) of
22kHz-3, MgSt and P25 samples were studied in a tabular quartz flow reactor. The evolved gas
was analysed using a mass spectrometer (Dycor Dymaxion) in the range 1-200 m/z. The
calcination of these samples (around 20 mg) was performed under the helium (He) (99.9999 %)
flow at 100 °C/min for 1 h before the TPD study. However, during the TPD measurement, the
samples were heated to 700 °C with a ramp of 10 °C/min under the He flow (flow rate was 25
mL/min). After the TPD measurement, the samples were cooled down to room temperature. Then,
these samples were studied for the TPO measurement. The samples were heated up to 700 °C with
the ramp of 10 °C/min under the mixed flow of He and the synthetic oxygen (O2) for Flame
Ionization Detector (FID) 2% Oz/(He + N2) with the controlled flow rate of 25 mL/min.

Energy dispersive X-ray fluorescence analysis (EDXRF) was carried out using MiniPal 4
equipment from PANalytical Co, with a rhodium (Rh) tube and silicon drift detector (resolution
145 eV). EDXRF method was used to gain information on the elemental compositions of samples

under investigation.
3.4. Photocatalytic activity tests

Photocatalytic activity of all the synthesized samples and P25 sample was investigated without the
addition of any oxidative agent for the conversion of Ph-CH>OH or PP-ol to the corresponding
products under irradiation of UV (365 nm) produced by light emitting diodes (LEDs) (LEDMOD,
Omicron, Germany). For the photocatalytic studies, 15 mg of the sample was suspended in the 15
mL of the substrate solution in the acetonitrile in the batch reactor (15 mL) at the temperature 30
°C which was stabilized using water-bath (ultrabath Julabo DB-5 (Corio CD-BS5)). The batch

photocatalytic setup is presented in Scheme 3.1.
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Scheme 3.1. Schematic illustration for the utilized setup for the photocatalytic studies.

(Represented from the open access article [123])

This suspension was kept homogenous using magnetic stirring. The reactor was covered with
aluminum foil to block any possible external light irradiation. Prior to the light irradiation, the
suspension was stirred for 1 h to establish the adsorption/desorption equilibration. After the 1 h of
stabilization, the suspension was irradiated by the UV light. The sample before and after specific
intervals of light irradiation was collected for the analysis, and immediately filtered by using a
syringe filter of pore size of 0.20 pm. While the sonophotocatalytic experiments were performed
by coupling the US (22 kHz with 30 um amplitude) to the photocatalytic setup by replacing the

magnetic stirring.

To study the effect of calcination on the photocatalytic activity of the selected samples (22kHz-3,
MgSt and P25), these selected samples were calcined at 500 °C (with the ramp of 10 °C/min) under
static air for 5 h, and the photocatalytic activity was performed as above-mentioned protocol. The
reusability of the selected samples (22kHz-3, MgSt and P25) was studied for the investigation of
catalytic activity for multiple runs of experiments of these samples for photocatalytic conversion
of PP-ol to the corresponding products. After the first and the proceeding runs of the photocatalytic
experiment, the decanting of the PP-ol solution, was washed with the water multiple times and

then dried at 90 °C for 16 h. This dried sample was used for the next run of photocatalytic
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experiment by taking the fresh PP-ol solution. This procedure was continued up to the fifth run of

photocatalytic studies.

A series of photocatalytic experiments were performed using various substrates such as 2- PP-
one, Ph-OCHO, Ph-OH to understand the potential pathway for the formation of the products from

the catalytic conversion of PP-ol.

To identify the major active species which are responsible for the catalytic cleavage of Co-Cp bond
of the PP-ol solution, a series of photocatalytic experiments were performed by the addition of
various scavengers such as KI as h* scavenger, BQ as super oxide anionic radicals (O2") scavenger,
t-BtOH as OH radicals and AgNOs as electrons (€7) scavenger. The concentration of the scavenger

substance per initial concentration of PP-ol substrate was kept equimolar (1:1).

The collected samples from the catalytic studies were analyzed by using the gas chromatograph
(GC) (Shimadzu GC-2010) equipped with a FID and the capillary column (Zebron ZB-5MS,
Phenomenex USA) of film thickness of 0.5 um, diameter of 0.25 mm and length of 30 m. He was

used as carrier gas. The volume of injected sample was 1 puL and the split ratio was 8:1.

The analysis of samples collected from the photocatalytic experiment of partial selective oxidation
of mono-aromatic substrate was performed by maintaining the temperature of the column at 50 °C
for 3 min, and increasing up to 300 °C with the ramp of 9 °C/min holding this temperature for 2

min.

The conversion of the monoaromatic substrate such as Ph-CH>OH, yield and selectivity of the

obtained products, and the aromatic balance of the reaction was calculated by the following

equations (Eq.):
. Ci—-Cr
Conversion of substrate (%) = [ o ] * 100 (eq.3.1)
Yield of product (%) = [Z] + 100 (eq. 3.2)
Selectivity toward product (%) = [%] * 100 (eq. 3.3)
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Cr+Cp

Aromatic Balance (%) = [ c ] *100 (eq. 3.4)

1

Where Ci is the initial concentration of substrate in mM, while Cr is the concentration of substrate
at the specific interval of reaction time, whereas Cp are the concentrations of the product such as

Ph-CHO at a selected specific time interval of each photocatalytic reaction [118,124].

To analyze the samples collected from the catalytic conversion of lignin-inspired model diaromatic
molecule (PP-ol), the temperature of the column of GC was initially maintained at 40 °C for 3 min
and then increased up to 280 °C with the ramp of 10 °C/min, and then increased up to 300 °C with
the ramp of 20 °C and hold this final temperature for 5 min.

The following equations were used to calculate the catalytic conversion of substrate, such as PP-

ol, , yield of each corresponding product, and aromatic balance of the reaction [125].

Conversion of PP — ol (%)

Moles of reacted substrate (PP — ol)
= *
Moles of initial added substrate (PP — ol)

100 (eq.3.5)

Yield of Ph — CHO(%)

B Moles of formed Ph — CHO
~ [Moles of initial added substrate (PP

— 01)] * 100 (eq.3.6)

Yield of Ph — OCHO (%)

B Moles of formed Ph — OCHO
~ [Moles of initial added substrate (PP

— 01)] * 100 (eq.3.7)

Yield of Ph — OH (%)

B Moles of formed Ph — OH
~ IMoles of initial added substrate (PP — ol)

] * 100 (eq.3.8)

Yield of PP — one(%)

B Moles of formed PP — one
~ Moles of initial added substrate (PP — ol)

] * 100 (eq.3.9)
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Aromatic balance (%) =

2 ( Moles of reacted substrate PP — ol) + Moles of Ph — CHO
+ Moles of Ph — ol
+Moles of Ph — OCHO + 2(Moles of pp — one)

— * 100
2{Moles of initial added substrate(PP — ol) ,

(eq.3.10)
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4. Chapter 4: Results and discussion

This chapter includes the research work published in Catalysis Communications [123], Ultrasonic
Sonochemistry [126] and the research work submitted to the ACS Sustainable Chemistry and

Engineering.
4.1. Synthesis of titania samples using ultrasonication at different amplitudes of 22 kHz

Sonochemistry utilizes US to tune the synthesis process for the preparation of nanomaterials by
enhancing the reaction rate due to cavitation phenomena [127]. When US wave passes through the
liquid, it generates microbubbles, leading to imploding and collapsing, giving rise to acoustic
cavitation, high-speed velocity and shock waves. The use of low-frequency US leads to the
physical effect of US due to the production of large-size cavitation bubbles, intensifying the mixing
effect, better mass transfer and deagglomeration [128]. The amplitude of the ultrasonic waves
refers to the strength of the ultrasonic waves, which is represented by the height of the ultrasonic
waves. The use of US with the optimized amplitude of the US during the synthesis of
nanomaterials leads to altering the physicochemical features as well as catalytic performance. In
this chapter, the effects of the different amplitudes (10, 30, 50, 70 and 90 um) of low frequency
(22 kHz) US for the synthesis of TiO>-based nanomaterials on the physicochemical properties and
the photocatalytic performance for the additive-free partial selective oxidation of Ph-CH>OH to
Ph-CHO were presented.

4.1.1. Characterization of 22 kHz US-assisted synthesized samples

XRD method was used to study the crystallographic properties of US-assisted synthesized samples
by using different amplitudes of 22 kHz, without US assistance synthesized sample and
commercial P25 sample. The XRD patterns of crystallographic structure refinement are presented
in Figure 4.1, whereas crystalline sizes were calculated based on the Scherer approach and are
presented in Table 4.1. Anatase and rutile phases were observed for the P25 sample, which was
in good agreement with the published literature [129,130]. Whereas all the synthesized samples
showed the presence of a predominantly amorphous phase. However, some low-intense peaks

appear at 20 of 25, 45 and 63°, which correspond to the presence of anatase phase [118,131].
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Figure 4.1: XRD patterns of TiO samples synthesized by the US of 22 kHz. (Based on the results

of the article submitted to ACS Sustainable Chemistry and Engineering)

Table 4.1. Calculation of crystallite size of TiO2 samples synthesized by the US of 22kHz, MgSt

and P25 samples by the Scherer method. (Based on the results of the article submitted to ACS

Sustainable Chemistry and Engineering)

Sample Dcr Anatase (011) [nm] Dcr Rutile (110) [nm]
22kHz-1 - -
22kHz-3 3.1 -
22kHz-5 - -
22kHz-7 - -
22kHz-9 - -

MgSt - -

P25 17.3 223
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The N> sorption technique was adopted to explore the textural features of the synthesized and
commercial TiO; samples. The obtained outcomes are presented in Table 4.2 and Figure 4.2. The
utilization of low amplitude US for the synthesis of nanomaterials led to a sample of high porosity
compared to the sample synthesized using the high amplitude of US. The 22kHz-3 sample showed
the highest specific surface area (319 m?/g) compared to all other US-assisted synthesized samples,
MgSt sample and P25 sample. A similar trend was observed in the case of pore volume. The
highest pore volume was presented by 22kHz-3 sample (0.34 cm®/g) followed by 22kHz-1 sample
(0.19 cm?/g) and 22kHz-7 sample (0.15 cm?/g), whereas 22kHz-5, P25 and MgSt samples showed

pore volume 0.14 cm®/g, 0.14 cm?/g and 0.13 cm?/g, respectively.

Tables 4.2. Textural, surface pH and optical parameters of TiO, samples synthesized by the US
of 22kHz and MgSt samples. (Based on the results of the article submitted to ACS Sustainable
Chemistry and Engineering)

Index Material Specific Pore volume Estimated band Surface pH
surface area gap
number Vp (cm®/g)
(m*/g) (eV)
1 22kHz -1 155 0.19 3.45 8.2
2 22kHz-3 319 0.34 3.32 7.3
3 22kHz-5 108 0.14 3.49 8.4
4 22kHz-7 109 0.15 3.45 8.5
5 22kHz-9 82 0.12 3.44 8.6
6 MgSt 124 0.13 3.45 8.1
7 P25 46 0.14 3.21 6.3
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The higher porosity of the low amplitude US-assisted synthesized samples and MgSt sample can
be attributed to the presence of higher OH groups on the surface of samples [123,126], which are
presented in later parts. The isotherms obtained from N> sorption measurements revealed that US-
assisted synthesized samples by using low amplitudes such as 22kHz-1 and 22kHz-3 possessed
the complex isotherms that revealed that these samples contained microporous and mesoporous
features (Figure 4.2a). Whereas, US-assisted synthesized samples using high amplitudes such as
22kHz-5, 22kHz-7 and 22kHz-9 samples possessed isotherms more closely similar to type I (b)
and type Il isotherms [123,132]. These outcomes revealed that the microporous features are present
in the 1.6-2 nm range, whereas mesoporous features are in the 2.5 - 9.5 nm range. The outcome of

pore-size distribution is also supported the microporous and mesoporous features (Figure 4.2b).
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Figure 4.2. N> adsorption-desorption isotherms (a), and the pore size distribution (b) of TiO:
samples synthesized by the US of 22 kHz, MgSt and P25 samples. (Based on the results of the
article submitted to ACS Sustainable Chemistry and Engineering)

The weight loss of the commercial P25 sample and all the synthesized samples was estimated by
the TGA. A low weight loss (< 2.5 %) was observed by P25 sample till the heating at 400 °C,
whereas all the synthesized samples showed weight loss higher than 13 %, as described in Figure
4.3a. The higher weight loss shown by the synthesized samples suggested that these samples
contained elevated amounts of OH radicals, which may be due to the low temperature (90 °C) of
the drying step during the synthesis of these samples. Another factor is that these synthesized

samples contain a more porous character compared to commercial P25 sample, and the porous
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character can absorb higher water moieties [70]. P25 sample showed the least weight loss
compared to all the synthesized samples, which is due to synthesis at a higher temperature during
the pyrolysis, and this low weight loss suggested a comparatively lower amount of OH groups or
water moieties than the synthesized samples. One of the key objectives of the research work was
to avoid any energy-demanding step, such as calcination at a higher temperature, for the synthesis
of these samples in order to adopt a greener synthesis approach. These pre-adsorbed water moieties

might be helpful for the formation of the reactive oxygen species, which can facilitate the catalytic

process.
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Figure 4.3. Thermograms (a), and differential scanning calorimetry (b) of TiO> samples
synthesized by the US of 22kHz, MgSt and P25 samples. (Based on the results of the article
submitted to ACS Sustainable Chemistry and Engineering)

The phase transformation upon continuous thermal exposure of all the samples from room
temperature to 1000 °C was studied by differential scanning calorimetry (DSC). Different phase
transformations for P25 and all the synthesized samples were observed with the gradually
increased temperature (Figure 4.3b). The DSC measurement of all the synthesized samples up to
200 °C corresponds to the endothermic process based on the heat flow (HF), which might be due
to the removal or evaporation of water contents [133]. Whereas, in the case of P25 sample, this
endothermic process was not observed. The temperature ranges from 200 °C to 450 °C, and all the
synthesized and P25 samples showed a different trend of DSC outcome corresponding to an

exothermic process, which suggests the removal of other possible organic moieties from the
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samples [134]. In the temperature range from 450 °C to 600 °C, the observed peaks suggested the
transformation of the amorphous to anatase phase [135], whereas peaks appeared in the

temperature range of 600 °C to 900 °C indicate the transformation of anatase to rutile phase [136].

TPD measurements of the selected samples, such as 22kHz-3, MgSt and P25 samples, was also
performed, and the derived outcomes are presented in Figure 4.4a-c. The results of TPD
measurements showed that the 22kHz-3 and MgSt samples showed higher amounts of water
moieties on the surface of the samples than the P25, which are in good agreement with the thermal
analysis. After the TPD measurement, the samples were used to study the TPO and the derived
outcome is presented in Figure 4.4d. The results of TPO measurements showed that the 22kHz-3
and MgSt samples revealed the elution of carbon dioxide (CO3), while in the case of P25 sample,
no elution of CO, was observed, which indicates that these 22kHz-3 and MgSt samples contained

the carbonaceous species on their surface.
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Figure 4.4. Temperature program desorption in range 1-100 m/z of 22kHz-3 (a), MgSt (b), P25
(c); temperature program oxidation of samples after temperature program desorption for m/z 44
(CO») samples after temperature program desorption. (Based on the results of the article submitted

to ACS Sustainable Chemistry and Engineering)

The UV-Vis DRS technique was used to explore the optical properties of all the 22 kHz US-
assisted synthesized MgSt and P25 samples in the range of 250-900 nm, and the derived outcomes
are presented in Figure 4.5. All the synthesized samples showed absorption in less than 400 nm,
while the P25 sample showed absorption in the broader ultraviolet-visible range and less than 450
nm (Figure 4.5a). These outcomes showed that photocatalytic experiments can be only possible

under the irradiation of UV light.
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The bandgaps of all these samples were estimated Tauc plots based on the Kubelka—Munk theory
function [137], which revealed that P25 sample showed 3.2 eV, whereas all the synthesized
samples showed higher bandgaps compared to P25 sample (Figure 4.5b). 22kHz-3 sample showed
the lowest bandgap (3.32 eV) than all the synthesized samples.
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Figure 4.5. UV—Vis DRS spectra (a) Tauc plots (b) of TiO> samples synthesized by the US of
22kHz, MgSt and P25 samples. (Based on the results of the article submitted to ACS Sustainable
Chemistry and Engineering)

The morphological features of US-assisted synthesized samples and MgSt sample were studied by
TEM, and the TEM images are collected in Figure 4.6. The first outcome of the morphological
studies was that the utilization of US for synthesizing TiO»-based samples resulted in the formation
of the 1-dimensional nanostructure, which resembles the appearance of nanorods compared to

synthesized samples without the utilization of US. Another outcome is that the amplitude of the
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utilized US is a crucial parameter in tuning the obtained nanostructures. The increasing utilized
amplitude led to an increasing trend in the length of the formed nanorods-like structure. The sample
synthesized using a low amplitude of US such as 22kHz-3 sample, showed a nanorods like
structure in the length range of 15-45 nm, whereas the samples synthesized by using a high
amplitude of US such as 22kHz-9 sample showed the nanorods in the length range of 30-70 nm.
Furthermore, the arrangement of these nanorods-like structures results in the formation of the
cobweb structure. While the sample synthesized without the irradiation of US showed a totally

different morphology, as it showed the formation of spherical shape nanoparticles of size 2-10 nm.

XPS technique was used to study the surface chemistry of all the US-assisted synthesized samples
along with MgSt and P25 samples. The observed atomic percentages of O 1s, C 1s, Ti 2p and Na
2p for these samples were presented in Table 4.3, while the high-resolution deconvolutions spectra
were presented in Figure 4.7-8. The outcome of XPS studies revealed that the three peaks that
appear at 284.5-284.9 eV, 286.1-286.9 eV and 288.5-289.9 eV were obtained from the high-
resolution deconvolution spectra of C 1s, indicating the adventitious carbon C-C, epoxide C-O-C
and carboxyl (O-C=0) functional groups, respectively [138,139]. While two peaks in the range of
529.9-531.1 eV and 531.5-532.2 eV were observed from the high energy core resolution
deconvolutions spectra of O Is, indicating the presence of bridging oxygen (Ti-O-Ti) of the
metallic oxide and surface OH groups, respectively for all the herein studies samples [138,140].
In the case of high-resolution deconvolutions spectra of Ti 2p, two doublet peaks at 459.18 eV and
464.88 eV, which correspond to Ti2p 3/2 and Ti 2p 1/2, respectively for all the samples [140,141].
An additional peak at 31.53 eV was observed for all the herein studies samples except the P25
sample, which showed the presence of sodium on the surface. The sodium was observed only in
the case of the synthesized samples, which may be due to the aqueous sodium hydroxide solution

utilization during the synthesis step.
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Figure 4.6. TEM images of TiO, samples synthesized by the US of 22kHz and MgSt sample.
(Based on the results of the article submitted to ACS Sustainable Chemistry and Engineering)
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Table 4.3. The atomic percentages of Ols, C 1s, Ti 2p and Na 2p for synthesized and commercial

P25 samples. (Based on the results of the article submitted to ACS Sustainable Chemistry and

Engineering)
Cls Cls Cls Ols Ols Ti2p3/2 Ti2p1/2 Na2p
(COOH/
Sample (C-C) (C-O-C) COOR) (Ti-O-Ti) (C=0)

284.8 286.17 289.58  530.72 531.99 459.18 464.88 31.53

eV eV eV eV eV eV eV eV

22kHz-1 2.26 0.72 0.7 54.8 7.6 16.72 8.35 8.85
22kHz-3 2.32 0.8 0.65 59.06 5.99 17.91 8.95 4.32
22kHz-5 3.34 0.45 0.67 55.63 4.15 16.24 8.11 11.41
22kHz-7 2 0.29 0.54 57.7 4.43 16.55 8.27 10.22
22kHz-9 2.53 0.43 0.67 56.5 4.14 16.04 8.02 11.67
MgSt 2.66 0.45 0.85 57.75 4.08 16.26 8.12 9.83

P25 8.76 1.08 1.18 58.84 4.38 17.18 8.58 ---
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Figure 4.7. High-resolution core energy spectra for the 22kHz-1, 22kHz-3, 22kHz-5 and 22kHz-
7 samples. (Based on the results of the article submitted to ACS Sustainable Chemistry and

Engineering)
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Figure 4.8. High-resolution core energy spectra for the 22kHz-9, MgSt and P25 samples. (Based
on the results of the article submitted to ACS Sustainable Chemistry and Engineering)

4.1.2. Photocatalytic studies of 22 kHz of US-assisted synthesized samples for partial selective
oxidation of Ph-CH20H to Ph-CHO

The additive-free photocatalytic activity of 22 kHz US-assisted synthesized samples along with
MgSt and P25 samples were studied for the selective oxidation of Ph-CH>OH to Ph-CHO. The
commercial P25 sample is well-known photocatalyst for the higher conversion of organic pollutant
compounds, but this conversion was found to be very unselective to the targeted products, leading

to the mineralization of the organic compounds [125,142]. For the synthesis of high-value
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compounds, the selectivity and the yield of the targeted products are the key parameters to be
obtained. The results of the photocatalytic activity of P25 sample showed higher and faster
conversion of Ph-CH20OH as compared to the synthesized samples, but the yield and selectivity
toward the Ph-CHO were observed lowered [123,126]. After 6 h of UV light irradiation, P25
sample showed 95.5 % conversion of Ph-CH>OH to 34.9 % yield of Ph-CHO with 36.5 %
selectivity toward Ph-CHO and 38.3 % aromatic balance (Figure 4.9). One of the key objectives
of this doctoral thesis is the synthesized TiO»-based sample, which revealed the higher selective
conversion of aromatic alcohol to the corresponding aldehyde. US-assisted synthesized TiO»-
based catalysts using different amplitudes revealed a wide-ranging deviation of photocatalytic
partial selective oxidation results. The samples synthesized using low amplitudes of 22 kHz US
showed higher photocatalytic selective oxidation of Ph-CH>,OH to Ph-CHO than the samples
synthesized using high amplitudes of 22 kHz US. The 22kHz-3 sample observed the higher and
faster conversion of Ph-CH2OH among all the synthesized samples, which showed 75.5 %
conversion of Ph-CH>OH after 6 h of UV light irradiation to the 67.1 % yield of Ph-CHO with
88.8 % selectivity and 92.1 % aromatic balance. Whereas the second higher photocatalytic results
were shown by the 22kHz-1 sample, which showed 51.7 % conversion of Ph-CH,OH to the 50.1
% yield of Ph-CHO with 96.8 % selectivity and 98.3 % aromatic balance after 6 h of UV light
irradiation. Whereas the samples synthesized using high amplitudes of 22 kHz US showed the
lower conversion of Ph-CH20OH to Ph-CHO. While, the MgSt sample which prepared under silent
conditions without US assistance showed lower photocatalytic performance than sample prepared
with the low amplitudes of 22 kHz US. MgSt sample showed 30.5 % conversion of Ph-CH>OH to
the 29.6 % yield of Ph-CHO with 96.8 % selectivity and 98.5 % aromatic balance after 6 h of UV

light irradiation.
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Figure 4.9. Photocatalytic activity of TiO, samples synthesized by the US of 22 kHz, MgSt and
P25 samples. (Based on the results of the article submitted to ACS Sustainable Chemistry and

Engineering)

The discussion of these obtained results from the commercial P25, which showed higher and faster
conversion of Ph-CH,OH compared to all the synthesized samples with US assistance (22 kHz
with different amplitudes) and without US assistance. The increasing trend in the conversion of
Ph-CH>OH was observed, but with a decreasing trend in the selectivity toward the Ph-CHO with
the increase in the duration of light irradiation, resulting in the lowering of aromatic balance. The
used analytics, such as GC column, are dedicated to analysing the aromatic compounds, and no

other aromatic compound, such as benzoic acid was detected.

Due to many possible factors, the higher catalytic selective conversion of lignin-inspired model
molecule by using 22kHz-3 samples to the targeted products such as Ph-CHO. The US-assisted
synthesised nanomaterials possessed the most favourable textural properties, such as higher
specific surface area and pore size distribution of nanomaterials. The enhanced textural properties,
as well as the morphology of the US-assisted sample, especially the observation of interlayer
spacing, is also a crucial aspect that helps improve the absorption of the lignin-inspired model
compounds and enhances the light penetration inside the samples. Another, the surface
heterogeneity of the US-assisted nanomaterials showed the existence of the basic medium, which

confirms the blockage of acidic groups on the surface. The XPS analysis's surface composition of

50
http://rcin.org.pl



the US-assisted samples also revealed the presence of sodium on the surface, which enhanced the
surface's basicity. The higher oxygen species corresponding to C=0 on the surface of 22kHz-3
sample, as described by XPS analysis, also suggested that the C=0 functional group may lead to
the photosensitizer effect, which improved the light penetration [143]. As XRD analysis described,
the 22kHz-3 sample possessed a predominantly amorphous phase with a small-size anatase crystal
phase, which also improved the catalytic activity compared to a well-defined crystal phase [144].
Also, elevated OH radicals formation revealed by the thermal analysis improves the catalytic

activity [145].
4.1.3. Conclusions of section 4.1

The synthesis of novel catalysts by the green approach, such as US, avoids the energy-demanding
step in order to prepare the proper catalysts for the targeted goal. The utilization of low-frequency
US with lower amplitude led to the synthesis of nanostructure with the elevated specific surface
area and pore size distribution compared to high amplitude US-assisted synthesized samples, non-
US assisted synthesized samples and commercial P25 sample. All the TiO, samples showed a
predominantly amorphous structure. The sample synthesized using 30 um of 22 kHz US (22kHz-
3) showed the highest yield of Ph-CHO from the photo-catalytic oxidation of Ph-CH>OH without
the addition of any oxidative reagent compared to all other US-assisted synthesized samples.
Whereas the utilization of a higher amplitude of US of 22 kHz showed a lower yield of Ph-CHO.
These results suggested that the optimization of the amplitude of the utilized frequency of US for
the synthesis of the catalyst is ultimately important to tune the physiochemical properties as well

as the photocatalytic selective oxidation performance.
4.2. Synthesis of TiO2 samples with the assistance of US of 22, 40 and 80 kHz

As the 22kHz-3 sample showed higher photocatalytic selective oxidation of Ph-CH>OH to the Ph-
CHO, the 30 um amplitude of 22 kHz was considered the optimized US amplitude for the
nanomaterial’s synthesis. More TiOz-based samples were synthesized using 40 and 80 kHz US in
the range of physical effect of US with 30 um as well 70 pm in order to study the effect of higher
amplitude of utilized US. All these synthesized samples were compared with the 22kHz-3 and
22kHz-7 samples as well as MgSt and P25 samples, in terms of characterization and the

photocatalytic oxidation performance.
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4.2.1. Characterization of TiO: samples synthesized with the assistance of US of 22, 40 and
80 kHz

The crystallographic nature of all the herein-studied samples was studied by the powder XRD. The
obtained XRD patterns are collected in Figure 4.10. The first outcome from the XRD studies is
that all the synthesized samples are predominately contained amorphous structures. However, the
appearance of some peaks at the 20 of 25, 47 and 63° corresponds to the presence of anatase

characteristics.

—22kHz-3 —22kHz-7
—40kHz-3 —40kHz-7
80kMz-3 ——80KkIT2-7

—MeSt___—P25

35 55 75 95
2 6 (degree)

1L HI[H [

Figure 4.10. XRD patterns of TiO2 samples synthesized by the US of 22, 40 and 80 kHz, MgSt
and P25 samples. (Based on the results of the article submitted to ACS Sustainable Chemistry and

Engineering and the published open-access article [126])

The textural properties of all the synthesized and P25 samples were studied by the N> sorption
method, and the obtained outcomes are collected in Figure 4.11 and Table 4.4. The key outcome
is the utilization of a low amplitude of US during the synthesis step led to the formation of more
porous samples compared to the utilized high amplitude of US. Another outcome is that the
increment of the utilized frequency from low to high US with the same amplitude, either low or
high, has a negative impact on the textural features of the synthesized samples. The sample
synthesized using low amplitude (30 um) of low frequency 22 kHz named 22kHz-3 showed the
elevated textural properties such as specific surface area (319 m%/g) and pore volume (0.34 cm?/g),

which was found more than two times of all the US assisted samples as well as MgSt sample.
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The low amplitude of US-assisted synthesized samples, such as 40kHz-3 and 80kHz-3 showed a
specific surface area of 141 and 131 m?*/g and pore volume 0.21 and 0.16 cm?/g, respectively.
Whereas the samples synthesized using higher amplitude (70 um) of 22, 40 and 80 kHz showed a
lower specific surface area and pore volume with a similar trend as observed in the case of low
amplitude of US-assisted synthesized samples. Whereas, MgSt and P25 samples showed a specific

surface area of 124 and 46 m?/g and pore volume of 0.13 and 0.14 cm?/g, respectively.

250

8

o
e
n

——22kHz-3 -©-22kHz-7 .
S 22kH73 -O-22KH7-7
—H40kHz-3  —5€40kHz-7 : —40kHz-3 -¢40kHz-7
$0kHz-3 -%-80kHz-7
A-MeSt__ A1-P25

200 80kHz-3 -%80kHz-7
- MgSt 1+P25

=)
=
l
T

e
W
!

Quantity adsorbed (cm®/g)

dV/dlog(w) Pore Volume (cm?/g)
=]
[\

0.1 1
1 -..-‘.‘.T-i‘!'... = — . S—_ 0 e ¥
0 0.2 04 0.6 0.8 1 1.5 15 150
Relative pressure (p/p°) Pore Width (nm)

Figure 4.11. N> adsorption-desorption isotherms (a), and the pore size distribution (b) of TiO:
samples synthesized by the US of 22, 40 and 80 kHz, MgSt and P25 samples. (Based on the results
of the article submitted to ACS Sustainable Chemistry and Engineering and the published open-

access article [126])

The obtained isotherms (Figure 4.11a) of the 22kHz-3 and 40kHz-3 samples showed a complex
shape, which indicates that mesoporous and microporous properties are present. In the case of all
other samples, the obtained isotherms are closed to type I(b) and II [132], indicating that these
samples possessed the microspores feature in the range 1.6 to 2 nm and mesoporous in the range
2.5 t0 9.5 nm, which can be observed in the pore size curve (Figure 4.11b). These results suggested
that the optimization of the utilized frequency and amplitude during the synthesis is necessary for

the synthesis of novel nanomaterials with tuned textural features.

53
http://rcin.org.pl



Tables 4.4. Textural and optical parameters of titania samples synthesized by the US of 22, 40 and
80 kHz, MgSt and P25 samples. (Based on the results of the article submitted to ACS Sustainable
Chemistry and Engineering and the published open-access article [126])

Index Material Specific Pore volume Estimated
Cmber surface area V. (em¥) band gap Surface pH
(m*/g) (eV)
1 22kHz-3 319 0.34 3.32 7.3
2 22kHz-7 109 0.15 3.47 8.4
3 40kHz-3 141 0.21 3.44 7.9
4 40kHz-7 60 0.09 3.57 8.5
5 80kHz-3 131 0.16 3.52 8.3
6 80kHz-7 12 0.04 3.56 8.9
7 MgSt 124 0.13 3.45 8.1
8 P25 46 0.14 3.21 6.3

TGA of all the herein samples were investigated in order to study the loss in weight upon the
increment of temperature. The P25 sample showed the least weight loss which was observed ~2.4
% up to 400 °C (Figure 4.12a). Whereas, all the synthesized samples showed higher weight loss
with the same increment in temperature up to 400 °C. The samples 22kHz-7 and 40kHz-7 showed
13 % weight loss, while the samples 22kHz-3, 40kHz-3 and MgSt showed around 16 % weight
loss. Whereas both samples synthesized with the assistance of 80 kHz US showed higher weight
loss, 80kHz-3 showed 20 % weight loss, and 80kHz-7 sample showed 23 % weight loss till 400
°C, but 80kHz-7 sample also showed more weight loss 23 —25.5 % in the range of 500 to 800 °C.
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The higher weight loss shown by the synthesized samples suggested that these samples contained

OH groups or water moieties.

DSC of all the herein samples was also performed in order to study the phase transformation of
the samples. The different peaks of DSC studies were observed in the increment of temperature
(Figure 4.12b). The appearance of the first peak was observed in the temperature range of 0-200
°C for the synthesized samples that correspond to the endothermic process and also suggested the
removal of water [146,147]. But in the case of P25 sample, this peak was not observed. Another
peak was observed in the temperature range of 200-450 °C for the synthesized and P25 samples,
suggesting the exothermic process and removal of some possible organic residues from the
samples [148,149]. The peak in the temperature range of 450-700 °C also showed exothermic and
suggested the transformation of amorphous to anatase crystalline phase. Whereas the peak in the

temperature range of 700-900 °C suggested the phase transformation of anatase to rutile [150].
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\Figure 4.12. Thermograms (a), and differential scanning calorimetery (b) of TiO» samples
synthesized by the US of 22, 40 and 80 kHz, MgSt and P25 samples. (Based on the results of the
article submitted to ACS Sustainable Chemistry and Engineering and the published open-access

article [126])

UV-Vis DRS of all the herein samples was performed in order to study the optical properties of
the sample. The obtained absorption spectra were presented in Figure 4.13a, which suggested that

all the synthesized samples showed light absorption in the range of 300-390 nm, whereas the P25
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sample showed absorption in a slightly longer wavelength (370-410 nm). Tauc plots method based
on the Kubelka—Munk function was utilized to estimate the bandgaps [153,154], and the bandgap

was presented in Table 4.4.
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Figure 4.13. UV-Vis DRS spectra (a) Tauc plots (b) of TiO> samples synthesized by the US of
22, 40 and 80 kHz, MgSt and P25 samples. (Based on the results of the article submitted to ACS
Sustainable Chemistry and Engineering and the published open-access article [126])

The P25 sample showed bandgaps of 3.21 eV, whereas all the synthesized samples showed slightly
higher bandgap in the 3.32 to 3.58 eV range. The samples synthesized using the low amplitude (30
um) of 22 kHz showed the lowest band gap amount among the synthesized samples (Figure
4.13b). Another outcome is that the utilization of low amplitude US, regardless of frequency,
showed a lower bandgap compared to the high amplitude, which also supported the finding

described in Section 4.1 that the utilization of low amplitude led to a lower bandgap.
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The altered textural and thermal properties of the herein-studied samples indicate that the
utilization of US of different frequencies of low and high amplitude plays a key role in tuning the
characteristics of the synthesized sample. The morphological feature of herein-studied samples
was also investigated by TEM in order to examine the effect of US of different frequencies on the
morphology of synthesized samples, and the obtained TEM images are presented in Figure 4.14.
The first observed outcome is that all the US-assisted samples form a 1-dimensional nanostructure,
which agrees with XRD results. The sample synthesized using a low amplitude of 22 kHz revealed
the most distinguishing nanomaterials showing better morphology, which look like nanorods with
a length in the range of 20-60 nm compared to the samples synthesized using a high amplitude
(Figure 4.14a,b). The samples synthesized using the low and high amplitude of the 40 and 80 kHz
frequencies did not show more specific morphology (Figure 4.14c-f). Another outcome from the
TEM images is that the MgSt sample, which was synthesized without the assistance of US, showed
the formation of spherical-shaped nanoparticles of small-sized (2-10 nm) instead of the formation

of 1-dimensional nanomaterials (Figure 4.6f).
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Figure 4.14. TEM images of TiO2 samples synthesized by the 22, 40 and 80 kHz US. (Based on
the results of the article submitted to ACS Sustainable Chemistry and Engineering and the

published open-access article [126])

58
http://rcin.org.pl



The XPS analysis studied the surface chemistry of all the herein samples. The obtained atomic
percentages of O 1s, C 1s, Ti 2p and Na 2p from the high energy core level analysis are collected
in Table 4.5, whereas the deconvoluted spectra are presented in Figure 4.15-16. The surface
chemistry analysis revealed that all the synthesized samples showed the presence of sodium on the
surface, which might be due to the adopted precipitated synthesis method. Whereas the commercial
P25 sample did not show sodium on the surface. Ti 2p spectra were observed as a doublet (Ti 2p
3/2 and Ti 2p 1/2), as the corresponding peaks were separated by almost 5.7 eV, possibly due to
spin-orbit coupling [151]. The position of Ti 2p 3/2 was observed at approximately 459.18 eV,
which is also in good agreement with the reported titanium oxide (IV) [122,152,153]. The high-
resolution deconvoluted spectra observed two peaks corresponding to O 1s. The first peak
appeared in the range of 529.9-530.9 eV, indicating the Ti-O-Ti bridging oxygen. The second
peak, which appears in the range of 531.2-532.1 eV represents the presence of adsorbed oxygen
on the surface of samples in the form of OH groups [139,154]. Three peaks representing all the
synthesized samples C 1s core energy levels were also observed. The first peak appears in the
range of 284.6-284.9 eV, confirming the presence of C-C group on the surface. The second peak
appeared in the 286.0-286.8 eV range, which corresponds to the C-O-C group. Whereas, the third
peak appears in the 288.8-289.6 eV range, representing the C=0 group [122,155].
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Figure 4.15. High resolution core energy spectra for the 22kHz-3, 22kHz-7, 40kHz-3 and 40kHz-
7 samples. (Based on the results of the article submitted to ACS Sustainable Chemistry and
Engineering and the published open-access article [126])
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Table 4.5. The atomic percentages of Ols, C 1s, Ti 2p and Na 2p for TiO; samples synthesized
by the US of 22, 40 and 80 kHz, MgSt and P25 samples. (Based on the results of the article

submitted in ACS Sustainable Chemistry and Engineering journal and the published open-access

article [126])

Cls Cls Cls Ols Ols Ti2p3/2 Ti2pl/2 Na2p
(C-O-
(C-O) 0] (C=0) (Ti-O-T1) (O-H)

284.8 286.17 289.58 530.72 531.99 459.18 464.88 31.53

eV eV eV eV eV eV eV eV

22kHz-3 2.32 0.8 0.65 59.06 5.99 17.91 8.95 4.32
22kHz-7 2.00 0.29 0.54 57.7 4.43 16.55 8.27 10.22
40kHz-3 2.49 0.47 0.46 57.63 5.16 16.56 8.27 8.96
40kHz-7 3.87 0.64 0.8 54.97 3.72 15.57 7.78 12.65
80kHz-3 291 0.48 0.65 56.39 4.57 16.26 8.13 10.61
80kHz-7 3.97 0.54 1.29 52.86 4.43 15.17 7.58 14.16
MgSt 2.66 0.45 0.85 57.75 4.08 16.26 8.12 9.83

P25 8.76 1.08 1.18 58.84 4.38 17.18 8.58 -
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4.2.2. Photocatalytic performance studies of 22, 40 and 80 kHz of US-assisted synthesized
samples for partial selective oxidation of Ph-CH20H to Ph-CHO

All these synthesized samples and P25 sample, were studied for the photocatalytic partial selective
oxidation of Ph-CH>OH to Ph-CHO without the addition of any oxidizing agent. The P25 sample
is well known for the conversion of the organic compound, but this conversion was unselective
toward the products. The key goal was to design and synthesize the more active and selective TiO»
catalyst, which showed higher yield and selectivity toward the formation of Ph-CHO from the Ph-
CH>OH.

The results of the photocatalytic activity of all the herein studies samples were presented in Figure
4.17. As the P25 sample showed the highest conversion (95.5 %) of Ph-CH>OH after the 6 h of
light irradiation with the yield (34.9 %) of Ph-CHO, and the selectivity toward the Ph-CHO was
found 36.5 %. These results suggested that the P25 showed an unselective transformation of Ph-

CH20H to Ph-CHO, and no other aromatic compound such as benzoic acid was detected.
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Figure 4.17. Photocatalytic activity of TiO> samples synthesized by the US of 22, 40 and 80 kHz,
MgSt and P25 samples for partial selective oxidation of Ph-CH>OH to Ph-CHO. (Based on the
results of the article submitted to ACS Sustainable Chemistry and Engineering and the published

open-access article [126])
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The US-assisted synthesized samples showed a variation in the results of photocatalytic partial
selective oxidization of Ph-CH2OH to Ph-CHO. The first outcome is that the utilization of low
amplitude independent of the frequency during the synthesis of TiO> samples led to the samples,
which showed higher photocatalytic activity. Another outcome is that the increase in the utilized
frequency from 22 to 80 kHz of the same amplitude results in the samples, which showed a

decrease in the results of photocatalytic performance.

The sample (22kHz-3) synthesized using low frequency with low amplitude showed the highest
conversion (75.5 %) of Ph-CH>OH to the 67.1 % yield of Ph-CHO among all the US-assisted
synthesized samples. Whereas the selectivity toward the Ph-CHO was found 88.8 % with a 92.1
% aromatic balance. The second-best photocatalytic performance was shown by the 40kHz-3
sample, which showed 52.9 % conversion of Ph-CH>OH to 45.5 % yield of Ph-CHO with a
selectivity of 86.1 % and an aromatic balance 92.3 %. The other US-assisted synthesized samples
by using high amplitude (70 um) of 22 and 40 kHz as well as both samples synthesized by using
80 kHz showed less than 22 % conversion of Ph-CH>OH till the 6 h of light irradiation, while the
yield of Ph-CHO was found less than 20 %. Whereas the MgSt sample showed less conversion
(30.5 %) of Ph-CH2OH to 29.6 % of Ph-CHO compared to the 22kHz-3 and 40kHz-3 samples. To
sum up, the 22kHz-3 showed the highest photocatalytic partial selective oxidation of Ph-CH.OH
to Ph-CHO followed by 40kHz-3 sample.

All the discussed characterizations as well as the results of photocatalytic activity, showed that the
designing and synthesis of proper catalyst is attributed to the different features which are tuning
or altering the photocatalytic partial selective oxidation of the Ph-CH>OH. All the above-presented
results clearly stated that the optimization of the utilized amplitude as well as the frequency of US
during the synthesis of the sample, led to an effective and flourishing approach for the designing
of a proper catalyst. The utilization of US during synthesis was bimodel due to the occurrence of
physical and chemical phenomena. The physical phenomena may lead to dispersion mixing and
can also control crystal growth by using optimized amplitude. Whereas, the chemical phenomena

may affect the chemical heterogeneity of the surface of the samples.

As described above, all the synthesized samples showed a surface pH in the range of basic medium

due to using of strong base (sodium hydroxide), which leads to blockage of acidic surface sides.
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The higher oxygen groups on the surface of 22kHz-3 sample compared to the synthesized and P25
samples shown by XPS measurement revealed that these oxygen groups might oxidize the organic
residue to the potential carbonate or carboxylate groups, which may lead to act as a photosensitizer
effect [143]. The photosensitizer effect enhances the absorption of light penetration [70,156].
22kHz-3 sample showed one-dimensional nanostructure formation, which enhanced the light
penetration. Moreover, the formation of the cage of nanostructures was observed, which also
improved the absorption of the Ph-CH>OH in the interior part of the sample, resulting in an
increase in the contact area for this partial selective oxidation reaction. Another was the higher
weight loss suggested by the thermal analysis, which revealed elevated OH radicals, improving
the photo-oxidation performance [146]. The higher specific surface area (319 m?/g) of 22kHz-3
sample predicted by the N> sorption and the formation of amorphous materials also enhances the
photocatalytic partial selective oxidation process [144,157,158]. All these discussions suggested
that the utilization of optimized amplitude and the frequency of US during the synthesis step

altered physicochemical features and photo-oxidation performance.
4.2.3. Conclusions of section 4.2

The utilization of the US as a synthetic tool by altering the amplitude and the frequency led to the
tuned physiochemical features. The low amplitude of low-frequency US-assisted synthesized
samples revealed a higher specific surface area of 319 m*/g (pore volume, 0.34 cm?/g) and the
formation of 1-dimensional nanostructures. Whereas the samples synthesized without US
assistance showed a lower specific surface area of 124 m?/g and the formation of spherical-shaped
nanoparticles. The samples synthesized using the low amplitude of US frequency showed higher
photocatalytic performance. Whereas samples which were synthesized by increasing the US
frequency from 22 to 80 kHz with the same amplitude (30 pum), the photocatalytic oxidation
performance was found in the decreasing trend. The sample synthesized using low amplitude (30
um) of low frequency (22kHz-3) showed the best photocatalytic partial selective oxidation of Ph-
CH20OH to Ph-CHO compared to all other US-assisted synthesized samples followed by the
samples synthesized using low amplitude of 40 kHz frequency (40kHz-3). Whereas, the samples
synthesized using 80 kHz were found to be the least photo-catalytically active. So, these results

showed that the utilization and optimization of amplitude and frequency of US during the synthesis
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led to a novel catalyst with tuned physicochemical properties and enhanced selective

photocatalytic performance.
4.3. Synthesis of TiO2 samples by the US of 500 kHz

As discussed in sections 4.1 and 4.2, the utilization of 30 pm of 22 kHz frequency in the physical
effect of US showed higher photocatalytic activity toward the partial selective oxidation of Ph-
CH>OH to Ph-CHO compared to other utilized amplitudes of corresponding frequency US. The
change of frequency used for the synthesis revealed a wide deviation of physicochemical features
and photocatalytic performance. The utilization of the higher frequency US, which impacts the
chemical effect, is also necessary to study how this chemical effect of US alters the material
synthesis, physicochemical properties and catalytic performance. For this purpose, two amplitudes
(30 and 70 um) of 500 kHz were used during the synthesis of TiO, samples by using the same

procedure as for other US-assisted synthesized samples.
4.3.1. Characterization of TiO2 samples by the US of 500 kHz

The powder XRD investigation of 500 kHz US-assisted synthesized samples was performed in
order to study the crystallographic nature, and the obtained results are presented in Figure 4.18.
The first outcome is that all the synthesized samples showed an amorphous structure. Some peaks
appear at 25, 48 and 63° 20, suggesting that the anatase crystalline phase was also present
[159,160]. Moreover, it is also possible that the formation of these small sizes anatase phases was
initially formed due to oxidation reactions, which may act as substrates leading to the formation

of an external amorphous or any other nano-layered crystalline phase [70,106,161].

The textural properties of the herein studied samples were investigated by the N2-sorption method,
and the obtained results are presented in Table 4.6 and Figure 4.19a,b. The first derived outcome
is that utilization of low amplitude of 500 kHz US irradiation results in the formation of porosity,
while the utilization of high amplitude leads to comparatively non-porous materials. The sample
500kHz-3 revealed an elevated specific surface area (156 m?/g), which was found to be around 25
% higher than the MgSt sample, more than 3 and 14 times compared to P25 and 500kHz-7 samples.
The 500kHz-3 sample showed higher pore volumes (0.21 cm?/g) compared to 500kHz-7, MgSt
and P25 samples.
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Figure 4.18. XRD of 500kHz-3, 500kHz-7, MgSt and P25 samples. (Based on the results
published in open access article [123])

Table 4.6. Textural features, surface pH and optical properties of all the 500kHz-3, 500kHz-7,
MgSt and P25 samples. (Based on the results published in open access article [123])

Index Material Specific Pore volume Estimated
Cmber surface area v, (cm¥g) band gap Surface pH
(m?/g) (eV)
1 500kHz-3 156 0.21 3.53 7.7
2 500kHz-7 11 0.03 3.42 8.1
3 MgSt 124 0.13 3.47 8.1
4 P25 46 0.14 3.21 6.3

Based on the previous literature [70,162,163], the observed porosity of these samples can be linked
to the interior aggregated spaces. The shape of these particles showed the main role in the
arrangement of these particles in the space, as well as the size and volume of the formed cages or

pores. As shown by the XRD analysis and the previous literature, it can be assumed that the high
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porosity of 500kHz-3 and MgSt samples can be linked to the amorphous nature as well as the
chemical heterogeneity of the surface of the material, which contained more OH groups which are
discussed in the later part of this section. The isotherms of the synthesized samples (Figure 4.19a),
derived from the N> sorption measurements, were found closer to Type I(b) and (II) in shape
according to [UPAC report [132], which is also in good agreement with the outcome of the pore
size distribution (Figure 4.19b). The pore size distribution showed that the 500kHz-3 and MgSt
samples contained voids on a wide range of diameters, including wider micropores (1.7-2 nm),
and narrow mesopores (2-8 nm). These results suggested that the existence of the pores can be
linked to the extent and way of organization of the nanoparticles, with the 500kHz-3 sample having

the lowest density of aggregation.
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Figure 4.19. N> adsorption-desorption isotherms (a), and the pore size distribution (b) of 500kHz-
3, 500kHz-7, MgSt and P25 samples. (Based on the results published in open access article [123])

The surface pH of all the herein-studied samples was measured in order to study the surface
chemistry, which showed that P25 exhibited a weakly acidic pH, while all the synthesized samples
showed basic pH (Table 4.6). This can be linked to the surface heterogeneity and the presence of
OH groups on the samples, which can be further confirmed by thermal analysis and the XPS
measurements. The thermal analysis (Figure 4.20a) showed that P25 sample revealed around the
least weight loss 2.4 % till 400 °C, whereas all the synthesized samples showed more than 15%
weight loss. This weight loss suggested that the utilization of 500 kHz US facilitates the oxolation

reaction, which increases OH groups and the water moieties [70].
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DSC analysis of 500kHz-3, 500kHz-7, MgSt and P25 samples showed the phase transformation
of these samples. These samples, except P25 sample, showed an endothermic process up to 200
°C, indicating the removal of water moieties (Figure 4.20b) [133,146,147]. Whereas all these
samples indicated the exothermic process in the temperature range from 200 to 450 °C, which
indicated the removal of other possible organic residues from the samples [134,148,149]. In the
range of temperature 450-700 °C, the transformation of amorphous to anatase crystalline phase
was observed, while the transformation of anatase to rutile phase was observed in the temperature

range of 700-900 °C [135,136,150].
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Figure 4.20. Thermographs (a), and differential scanning calorimetry (b) of 500kHz-3, 500kHz-
7, MgSt and P25 samples. (Based on the results published in open access article [123])

The optical properties of all these samples were studied by using UV-Vis DRS approach. The
absorption spectra revealed that all the samples except P25 sample showed absorption in the UV
range, which suggested that the photocatalytic activity can be studied under UV light irradiation
(Figure 4.21a). The optical band gap was estimated by using Tauc plots based on Kubelka—Munk
theory [164,165], and the derived outcome is presented in Figure 4.21b and Table 4.6. P25
samples showed a smaller bandgap (3.21 eV), while all the synthesized samples showed a larger

bandgap.
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Figure 4.21. UV—Vis DRS spectra (a), Tauc plots (b) of 500kHz-3, 500kHz-7, MgSt and P25

samples. (Based on the results published in open access article [123])

As a significant difference was observed in the textural properties, the morphological features are
also necessary to be investigated in order to study the effect of 500 kHz US on the morphology of
the synthesized samples. The morphological features are studied by the TEM analysis, and the
obtained images are presented in Figure 4.22. The TEM images showed that the 500kHz-3 sample
showed the formation of a 1-dimensional nanostructure that looks like nanorods in the length of
10-30 nm (Figure 4.22a). Moreover, these nanostructures form 3-D cobweb-like aggregates of
size in the range of 100 to 300 nm. The sample synthesized by using a high amplitude of 500 kHz
(500kHz-7) also showed the formation of one-dimensional nanostructures, but these
nanostructures showed a condensed nature, and their aggregation was also observed in the bigger

size (Figure 4.22b). The observed morphology of the MgSt sample consists of spherically shaped
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nanoparticles of 2 to 10 nm (Figure 4.6f). These results are in good agreement with the outcome
from the textural features, which explained that the utilization of low amplitude led to a
nanomaterials possessing higher textural properties. The inter-layer spacing was also estimated,
which was found to be around 0.75 +/- 0.07 nm for both the US-assisted synthesized samples,
which suggested that the interpolated water moieties or sodium ions existed but in a small portion,

which is reported for the titanate-based nanotubes [166].

500kHz-3

Figure 4.22. TEM images for 500kHz-3 sample (a), 500kHz-7 sample (b). (Based on the results
published in open access article [123])

The morphological studies of 500kHz-3 and 500kHz-7 samples were also performed using
HAADF-STEM techniques, and the obtained images are presented in Figure 4.23a,b. The first
derived outcome is that the nanoclusters of the size in the range of 1 to 3 nm were observed on
both studied samples. The density of these observed nanoclusters was found to be higher in
500kHz-3 compared to 500kHz-7 samples, which suggested that the observed nanoclusters are due
to the potential chemical effect of 500 kHz US. Although it is not possible to study all these

nanoclusters, some of them are clearly seen in the inset of Figure 4.23a,b.

71
http://rcin.org.pl



500kHzZ-3

Figure 4.23. HAADF-STEM images of 500kHz-3 (a) and 500kHz-7 (b). (Based on the results
published in open access article [123])

The XPS measurements studied the surface chemistry of all these herein studies samples, and the
obtained results are presented in Table 4.7 and Figure 4.24a-d. The first outcome is that the US-
assisted synthesized samples showed a higher amount of sodium than the synthesized without US-
assisted synthesized samples (MgSt), which can be linked to the titanium oxide layers, where the
sodium can exist between these layers. The two contributions of Na 1S were observed in the
500kHz-3 sample, which suggested that the sodium existed in different chemical environments, as
shown in Figure 4.24a. But, in the case of 500kHz-7 sample, only one contribution of Na 1S was
observed, which suggested that the increasing amplitude of 500 kHz US led to the removal of the
high energy environment of sodium. In the case of MgSt sample, one contribution of Na 1S was
also observed. The high core energy level deconvulated spectra of Ti 2p of all the herein studied
samples showed that the synthesized samples possessed a different environment compared to P25
sample as the maximum of Ti 2p was observed as shifted toward the low energy (Figure 4.24b).
The observed outcome revealed that higher amount of oxygen compared to titanium was found in
the US-assisted synthesized samples, which suggested that the higher amount of OH group or the
water moieties are present in the layer of one-dimensional nanostructure (Figure 4.24¢) [163,167].

Higher atomic percentages of carbon were observed for the US-assisted synthesized samples,
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which suggests that carbon-containing functionalities are present in the sample that led to a
positive effect on the photo-oxidation performance of TiO;-based nanostructures (Figure 4.24d)

[118,162].
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Figure 4.24. XPS high-resolution core energy level spectra of Na 1s (a), T1 2p (b), O 1s (¢) and C
IS (d) for the 500kHz-3, 500kHz-7, MgSt and P25 samples. (Based on the results published in

open access article [123])
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Table 4.7. The atomic percentages of O 1s, C 1s, Ti 2p and Na 2p for the 500kHz-3, 500kHz-7,
MgSt and P25 samples.

Cls Cls Cls Ols Ols Ti2p 3/2 Na 1s

(COOH/
(Ti-O-

Sample (C-C) (C-0-C) COOR) Ti) (C=0)

284.8-  286.1- 288.8- 529.6- 531.0- 458.2- 1070.5- 1073.1-
286.0 286.2 289.28 530.0 531.1 458.5 1072.2  1074.3

eV eV eV eV eV eV eV eV
500kHz-3 11.8 4.5 2.0 44.4 10.5 17.1 6.9 2.8
500kHz-7 12.8 5.1 24 38.1 13.2 15.3 12.6 0.5
MgSt 11.1 2.3 1.7 294 11.9 40.2 2.9 0.5
P25 9.5 1.8 1.6 374 4.9 4277 0.8 1.3

4.3.2. Photocatalytic performance studies of 500 kHz of US assisted synthesized samples for
partial selective oxidation of Ph-CH20H to Ph-CHO

The photocatalytic activity of all the herein samples was studied for the photocatalytic partial
selective oxidation of Ph-CH>OH to Ph-CHO without the addition of any oxidizing agent by using
the same experimental conditions as used for the above-discussed samples. As P25 showed higher
photocatalytic conversion (95.5 %) of Ph-CH>OH, the yield of the Ph-CHO was found 34.9 %. No
other aromatic compound such as benzoic acid, was detected by GC analysis, which suggested that
the formed Ph-CHO was further unselective converted to any possible aliphatic compound (Figure
4.25). P25 sample is also well known and reported for the ability to the unselective transformation
of organic compounds under UV light irradiation [168—170]. These results suggested that the P25

showed higher photocatalytic conversion, but this conversion was unselective toward the products.
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The higher photocatalytic activity can be assigned to its nano-size particles as well as the
composition of its crystallinity, which contains the two crystal phases such as anatase and rutile,
in a well-defined order [171]. The selectivity toward the products is ultimately important due to
lowering the formation of any side products, which need further purification steps for the realistic
production process. The key target to synthesize novel nanomaterials, which showed higher

selective transformation of the aromatic alcohol by targeting the final yield of produced aldehyde.
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Figure 4.25. Photocatalytic activity of 500kHz-3, 500kHz-7, MgSt, and P25 samples for partial
selective oxidation of Ph-CH,OH to Ph-CHO. (Based on the results published in open access

article [123])

The US-assisted synthesized samples showed a variation in the result of photocatalytic activity.
500kHz-3 sample exhibited an increasing trend of Ph-CH2OH conversion with an increasing yield
of Ph-CHO. After the 6 h of light irradiation, the 55.6 % conversion of Ph-CH>OH was observed,
and the yield of Ph-CHO was found 52.7 %, which was found 80 % higher as compared to the
yield of Ph-CHO obtained in the case of P25. The selectivity and aromatic balance were found
>95 %. So, these results showed that the 500kHz-3 sample was found to be a good catalyst, which
showed the highest partial selective oxidation of Ph-CH>,OH to Ph-CHO. Whereas the sample
synthesized by using the higher amplitude (70 pm) of the same 500 kHz US was found unreactive.
The sample synthesized without US assisted sample (MgSt), showed lower conversion (30.5 %)
of Ph-CH20H as compared to 500kHz-3 and P25 samples till the 6 h of light irradiation, but the
yield of Ph-CHO was found 29.6 %, which was found slightly lower as compared to the obtained
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yield of Ph-CHO in case of P25 after 6 h of light irradiation. But, in this case, the selectivity was

found > 96 %, which is a more crucial aspect in order to avoid any further purification steps.

The photocatalytic activity results of US-assisted synthesized samples can be linked to several
features, such as morphological properties. 500kHz-3 contained the cages of nanostructures, which
can enhance the absorption of Ph-CH>OH molecules toward the photo-reactive sides, such as the
nanorods. The higher photo-catalytic activity of 500kHz-3 samples can also be linked to the
formation of 1-dimension nanostructures such as nanorods and the presence of higher surface
functional groups on the surface of the sample, as shown by the thermal analysis. Another, the
formation of the nano-cluster on the nanostructure of 500kHz-3 sample, which also facilitates the
light penetration spots, led to improvement in the photocatalytic activity [172,173]. Whereas the
500kHz-7 sample was found to be almost inactive, which may be due to the condensed or non-
porous nature of the samples, resulting in the blockage of the diffusion of Ph-CH>OH molecule in
the inner part of the cage formed by the nanostructure of 500kHz-7 sample. The condensed nature
of 500kHz-7 sample did not allow the higher penetration of light in the inner parts compared to
the 500kHz-3 sample, which also lowered the photocatalytic performance. The presence of a
higher amount of sodium on the surface of 500kHz-7 compared to 5S00kHz-3 sample results in the

blockage of the photo-catalytic activity [174].
4.3.3. Conclusions of section 4.3

The US of the high frequency of 500 kHz, which lies in the chemical effect range of US with two
different amplitudes, was used during the synthesis of the TiO> sample to study the effect of 500
kHz US on the physiochemical feature and photocatalytic performance. The derived outcome was
that nanostructure with elevated textural, surface heterogeneity, and structural and morphological
properties play an important role in the photocatalytic performance. Another observed outcome
was that the utilization of 500 kHz US led to different multiphase titanium oxide nanorods like
structure, which were decorated with nanoclusters. The use of a low amplitude of 500 kHz resulted
in the formation of the sample with high porosity and the formation of the caged of formed 1-
dimension nanorods like structure as compared to the sample synthesized by using high amplitude,
which showed less porosity and dense morphology. Due to these altered features, the 500kHz-3
sample showed higher partial selective oxidation of Ph-CH>OH to Ph-CHO, whereas 500kHz-7
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sample was found unreactive. These results suggested that the utilization of different amplitude of
high frequency 500 kHz of US leads to altering the physicochemical properties as well as

photocatalytic performance.
4.4. Catalytic selective cleavage of Co-Cp bond of lignin-based p-O-4 model compound

Among the US-assisted synthesized TiO> samples by 22, 40, 80 and 500 kHz frequency and
different amplitudes, the 22kHz-3 sample showed the highest photocatalytic conversion of Ph-
CH>OH to the highest yield of Ph-CHO compared to all other US-assisted synthesized samples.
Therefore, 22kHz-3 was selected among the US-assisted synthesized TiO samples for the catalytic
selective cleavage of Cy-Cp bond of lignin-based B-O-4 model compound along with MgSt and
P25 catalysts. PP-ol is selected as a model diaromatic compound, which possesses $-O-4 linkage
with the additional bonds such as C,-Cp, C-O and C-OH and is the representative of the diaromatic

model compound of lignin.
4.4.1. Photocatalytic conversion of PP-ol

It is very important to study the photocatalytic reaction's dependence on substrate concentrations
and catalytic loading. Initially, commercial P25 was studied to optimize the concentrations of PP-
ol and catalytic loading to get the best experimental conditions for the catalytic oxidation process.
Firstly, the effect of various substrate concentrations ranging from 0.5 mM to 2.5 mM on
photocatalytic activity was studied using 1g/L of catalyst loading of commercial P25 sample. The

derived outcomes are presented in Figure 4.26.

The photocatalytic conversion of PP-ol was observed in the production of various compounds such
as Ph-CHO, phenyl formate (Ph-OCHO), phenol (Ph-OH) and PP-one, which are in the good
agreement with the reported literature by using other photo-catalysts [175,176]. Among these
obtained products, the Ph-CHO has higher potential usage for different industrial applications and
in the synthesis of high-value products compared to other obtained products. Therefore, the yield
of Ph-CHO is the key targeted product to optimize the reaction’s parameters. The first outcome
from the optimizations of different substrate concentrations is that conversion of low concentration
of PP-ol was found to be higher compared to high concentration of PP-ol. But in the case of the

target products, this scenario was observed in the opposite trend, a low concentration of PP-ol
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showed a low yield of Ph-CHO, while a higher concentration showed a higher yield of Ph-CHO.
Whereas, the yield of other products was found in varying amounts. The aromatic balance of these
reactions was found to increase trend with the increasing concentration of PP-ol. A higher yield
(25 %) of Ph-CHO was found by using the 1.5 mM concentration of Ph-CHO, and it also showed
higher aromatic balance compared to a low concentration of PP-ol, indicating lower formation of
any possible side products till the 6 h of light irradiation. So, 1.5 mM concentration of PP-ol was

used for the optimization of catalytic loading.
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Figure 4.26. Optimization of different concentrations of PP-ol for the photocatalytic activity of
P25. (Based on the results of the article submitted to ACS Sustainable Chemistry and Engineering)

Various catalytic loading in the range of 0.5 g/L to 4 g/L was optimized by using the 1.5 mM
concentration of PP-ol. The obtained results are presented in Figure 4.27. Conversion of PP-ol
was found in the opposite trend as compared to the results of the optimization of different
concentrations of PP-ol. The conversion of PP-ol was found in the increasing trend with the
increasing catalytic loading of P25 sample. 1 g/L catalytic loading of P25 showed a 69 %
conversion of PP-ol with a 25 % yield of Ph-CHO and 74 % aromatic balance till the 6 h of light
irradiation, which was found higher selective conversion compared to other catalytic loadings.

Thus, 1 g/L was found to be the optimized catalytic loading.
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Figure 4.27. Optimization of different catalytic loading P25 of photocatalytic conversion of PP-
ol to the corresponding products. (Based on the results of the article submitted to ACS Sustainable
Chemistry and Engineering)

Using the optimized concentration (1.5 mM) of PP-ol substrate and catalyst loading (1 g/L), the
photocatalytic performance of the synthesized 22kHz-3 and MgSt samples was studied and
compared to the results of P25 sample. The P25 sample revealed the conversion of PP-ol (69.9 %)
to the yield of different products such as Ph-CHO (24.9 %), Ph-OCHO (28.9 %), Ph-OH (20.5 %)
and PP-one (6.2 %) with the 73.6 % aromatic balance, after the 6 h of light irradiation. While in
case of the US-assisted synthesized 22kHz-3 sample showed a 57.2 % conversion of PP-ol to the
yields of Ph-CHO (41.8 %), Ph-OCHO (19.5 %), Ph-OH (2.6 %) and PP-one (10.1 %), with the
84.9 % aromatic balance (Figure 4.28). Whereas the sample synthesized without US assistance,
MgSt showed 35.8 % conversion of PP-ol, with 17.3 % yield of the targeted Ph-CHO product,
which was found to be lower than 22kHz-3 and commercial P25. While the yield of other products
such as Ph-OCHO, Ph-OH and PP-one was found 8.2, 1.7 and 4.5 %, respectively. The outcome
of these results indicated that the utilization of US with optimized amplitude during the synthesis
elevated the photocatalytic selective performance to obtain the targeted products comparing to

MgSt sample which synthesized without US assistance, even the commercial P25 sample.
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Figure 4.28. Photocatalytic conversion of PP-ol to the corresponding products by using
commercial 22kHz-3 (a), MgSt (b) and P25 (c) samples. (Based on the results of the article
submitted to ACS Sustainable Chemistry and Engineering)

4.4.2. Effect of calcination on the crystallinity and photocatalytic performance

One of the key aims of this thesis is to synthesize the catalyst by avoiding high-energy demanding
steps, such as calcination, in order to be greener. To verify this task, the calcination of the best
performing US-assisted sample, MgSt and P25 samples were calcined at 500 °C for 5 h. The XRD
method was used to study the crystalline nature, and the photocatalytic selective activity was
studied for the conversion of Ph-CH>OH to the corresponding products by the same reaction
conditions. The outcome of the crystalline study was presented in Figure 4.29, Table 4.8, which
showed that the increment in the anatase phase was observed in the 22kHz-3 calcined (22kHz-3
Cal.) sample compared to the without calcined sample. MgSt calcined sample also possessed the
more prominent anatase phase as can be observed in Table 4.8. While in the case of P25 sample,

the calcination did not significantly affect the crystalline nature.
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Figure 4.29. Effect of calcination on the crystallinity of the 22kHz-3, MgSt and P25 samples.
(Based on the results of the article submitted to ACS Sustainable Chemistry and Engineering)

The outcome (Figure 4.30) of the photocatalytic selective conversion of PP-ol showed that the
22kHz-3 Cal. revealed a slightly higher conversion of PP-ol, but the yield of the targeted Ph-CHO
product was found to be lower than the 22kHz-3 sample without calcination. MgSt calcined sample
(MgSt Cal.) showed higher conversion of PP-ol as well as a higher yield of Ph-CHO as compared
to MgSt sample without calcination, but the yield of Ph-CHO was still observed to be less than the
yield obtained by 22kHz-3 and 22kHz-3 Cal. sample till the 6 h of light irradiation. While P25
calcined sample (P25 Cal.) showed significantly lower conversion of PP-ol and yield of all
products except the yield of PP-one. These results exhibited that the adopted method for the US-
assisted synthesized samples showed higher photocatalytic selective conversion of PP-ol to the
corresponding products without using the high energy-demanding step of calcination during the

synthesis of the sample.
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Table 4.8. Calculated crystallite size of calcined samples by Scherer method. (Based on the results
of the article submitted to ACS Sustainable Chemistry and Engineering)
(Calcination at 500 °C with ramp of 10 °C/min for 5 h)

Sample Dcr Anatase (011) [nm] Dcr Rutile (110) [nm]
22kHz-3 3.1 -
22kHz-3 Cal. 9.5 -
MgSt - -
MgSt Cal. 9.1 -
P25 17.3 22.3
P25 Cal. 17.4 22.5

Conversion of Yield of Yield of Yield of Yield of Aromatic
PP-ol Ph-CHO Ph-OCHO Ph-OH PP-one Balance

022kHz-3 m22kHz-3 Cal. O MagS mMagS Cal. @P25 mP25 Cal.

Figure 4.30. Effect of calcination on photocatalytic activity for converting PP-ol to the
corresponding products using calcined and without calcined 22kHz-3, MgSt and P25 samples.
(Based on the results of the article submitted to ACS Sustainable Chemistry and Engineering)
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4.4.3. Reusability and stability studies

The designing and synthesis of the catalysts with key features such as stable, easy recoverable and
reusable without affecting the catalytic efficiency for multiple experiments is the most important
parameter for the solid catalyst. The stability and reusability of the 22kHz-3, MgSt and P25
samples were studied for the photocatalytic conversion of PP-ol to the corresponding products.
US-assisted synthesized sample 22kHz-3 showed a similar conversion of PP-ol to a similar yield
of the corresponding products after the fifth run of the photocatalytic experiment till the 6 h of
light irradiation (Figure 4.31). Whereas the MgSt sample revealed a lower conversion of PP-ol
and the yield of the products after the second run of photocatalytic experiments. P25 sample also
showed a similar photocatalytic performance up to the fifth run. Thus, these results showed that
the US-assisted synthesized 22kHz-3 sample can be reusable without losing the catalytic

performance up to multiple runs.

The leaching of Ti metal from the catalyst during or after the photocatalytic experiments should
be avoided to keep a stable catalyst and same photocatalytic performance. EDXRF of the filtered
solution after the fifth run of photocatalytic reaction for 22kHz-3, MgSt and P25 samples were
performed to study the Ti leaching after the photocatalytic experiments. The derived outcome is
presented in Figure 4.32, a peak analogous to Ti metal was not observed. The appearance of peaks
in EDXRF spectrum corresponds to Rh and Cu, which are coming from Rh lamp and finger prints
of the spectrometer, respectively. These results showed that all the herein samples were stable and

could be reused for multiple runs of photocatalytic experiments without leaching of Ti metal.
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Figure 4.31. Reusability photocatalytic studies of 22kHz-3 (a), MgSt (b) and P25 (c) samples.
(Based on the results of the article submitted to ACS Sustainable Chemistry and Engineering)
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Figure 4.32. EDXRF spectra of the solution after the fifth run of photocatalytic experiments for
the conversion of PP-ol substrate for 22kHz-3, MgSt and P25. (Based on the results of the article
submitted to ACS Sustainable Chemistry and Engineering)

4.4.4. Sonophotocatalytic oxidation of PP-ol

The coupling of US with photocatalysis is called sonophotocatalysis and is broadly studied for the
degradation of organic pollutant compounds [107,177,178], but it is not widely used for the
selective oxidation of organic compounds, especially for the diaromatic phenolic compounds. So
sonophotocatalytic studies of 22kHz-3, MgSt and P25 samples was explored by replacing the
magnetic stirring with the US of 22 kHz, by taking advantage of the different physical effect. The

derived outcome is presented in Figure 4.33.

The results of the sonophotocatalytic activity of 22kHz-3 sample showed a 45.8 % conversion of
PP-ol, which is lower than the conversion (57.2 %) shown by photocatalytic process. Whereas, the
yield (45.5 %) of the targeted Ph-CHO product was found to be higher than the yield (41.8 %).
obtained from the photocatalytic activity till the 6 h of light irradiation. The key important
observation was the increment in the aromatic balance, which was found 96 %, and is higher than
the aromatic balance (84.8 %) found in photocatalytic activity. The results of the
sonophotocatalytic activity of MgSt sample showed 23.2 % conversion of PP-ol, which is less than
the conversion of PP-ol revealed by the photocatalytic test, whereas the yield of all the products

was found to be almost the same in photocatalytic and sonophotocatalytic activity, which is also
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leading to increasing the aromatic balance. P25 sample also 54.8 % conversion of PP-ol by
sonophotocatalytic tests, which was also observed lower by the photocatalytic tests. But, the yield
of the targeted Ph-CHO product was found to be the same, while the yield of the other products

by sonophotocatalytic tests was found to be slightly lower than photocatalytic tests.

The outcome of the sonophotocatalysis showed that coupling of the US to the photocatalysis could
increase the selective cleavage of the Co-Cp bond during the sonophotocatlytic reaction, as the
conversion of PP-ol was found lower, but interestingly, the yield of the targeted products i.e. Ph-
CHO and also the yield of the oxidation product PP-one were found to be either the same or slightly
higher than the yield obtained in case of photocatalysis, which led to higher selectivity toward the
targeted products. Due to this, the aromatic balance was significantly elevated. This increment in
the aromatic balance indicated the formation of any possible byproducts by hindering the side
reaction, which may lead to non-selective conversion or mineralization of the aromatic

compounds.

100 —+

Conversion Yield of Yield of Yield of Yield of Aromatic
of PP-ol Ph-CHO Ph-OCHO Ph-OH PP-one Balance

022kHz-3 ®m22kHz-3 SP OMgSt mMgSt SP @P25 mP25 SP

Figure 4.33. Sonophotocatalytic activity for the oxidation of PP-ol to the corresponding products
by using 22kHz-3, MgSt, and P25 samples. (Parenthesis “SP indicated the results of
sonophotocatalytic experiments) (Based on the results of the article submitted to ACS Sustainable

Chemistry and Engineering)

86
http://rcin.org.pl



This selective conversion and the elevated aromatic balance could be attributed to the potential
physical effect of mixing and enhanced mass transfer produced by low frequency US. The particles
of the catalysts can move in the horizontal direction during the magnetic mixing, which can lead
to the aggregation of the catalyst in the suspension, resulting in a less reactive reaction. Whereas
the particles of the catalyst can move in the vertical direction during the US, which results in the
deaggregation of particles and availability of specific surface area resulting in increasing the

selective transformation [109,179].

The aqueous solution of the different organic compounds, such as methylene blue, methyl orange,
congo red, rhodamine and paracetamol etc., are subjected to the US can significantly degrade these
compounds. The sonication of water results in the formation of OH radicals, which can degrade
these organic compounds [5]. But acetonitrile was used as a reaction medium for the current
sonophotocatalytic tests. Thus the sonocatalytic studies for all the herein studies samples were also
performed without irradiation of light in order to study whether this sonophotocatalytic conversion
of PP-ol was due to the US solely or due to coupling of US with the photocatalysis. The results of
the sonocatalytic test were presented in Figure 4.34a, which showed that no conversion was
observed. These results are supported by the literature. Such as, Matsuzawa et al. [179] also studied
the commercial P25 sample for the sonocatalytic (US of 45 kHz with power 50 W) degradation of
2-dibenzothiophenes by using the acetonitrile as a reaction medium, and no conversion of 2-

dibenzothiophenes was observed.

Some control experiments, such as photolysis, sonolysis and sonophotolysis for PP-ol solution in
acetonitrile solvents, were also studied without the addition of catalyst samples. The results of all
these control experiments (Figure 4.34b) revealed that the PP-ol substrate was found stable under
light irradiation or US irradiation, and also the coupled light and US irradiation as there was no
conversion of PP-ol was observed. This no conversion of PP-ol in acetonitrile under sonolysis,

sonophotolysis and sonocatalytic conditions might be due to the non-aqueous reaction medium.
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Figure 4.34. Sonocatalytic activity of 22kHz-3, MgSt, and P25 samples for the conversions of PP-
ol (a), Control experiments for the sonolysis, photolysis and sonophotolysis (b). (Based on the

results of the article submitted to ACS Sustainable Chemistry and Engineering)
4.4.5. Potential pathway studies

To study further insight into the potential origin of these products from the photocatalytic or
sonophotocatalytic selective conversion of PP-ol, a series of various reactions using different
substrates was studied to find the potential pathways of this reaction. The first possible way is that
selective cleavage of B-O-4 can be proceeded by the cleavage of Cy-Cp and Cp-O bond between
the two aromatic linkages of PP-ol compound, which can proceed to the formation of different
compounds (Scheme 4.1). Another possible way is that the photocatalytic oxidation of PP-ol to
PP-one and also the direct cleavage of C,-Cp and Cp-O of PP-ol compound occurs, which leads to
the production of Ph-OCHO and Ph-CHO [180-182]. These potential pathways were studied by a
series of photocatalytic tests. The photocatalytic activity by using PP-one as a substrate showed

that PP-one did not convert into the corresponding products (Figure 4.35).
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Scheme 4.1. Proposed potential pathway of the formation of various phenolic compounds by

o

photocatalytic conversion of PP-ol. (Modified from the article submitted to ACS Sustainable
Chemistry and Engineering)
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Figure 4.35. Photocatalytic conversion of PP-one by using samples 22kHz-3 (a), MgSt (b) and
P25 (c). (Based on the results of the article submitted to ACS Sustainable Chemistry and

Engineering)
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Thus, these results suggested that PP-one is not an intermediate for the conversion of PP-ol to the
corresponding products such as Ph-CHO, Ph-OCHO and Ph-OH. Whereas, photocatalytic studies
using Ph-OCHO as a substrate showed that Ph-OCHO converted to Ph-OH (Figure 4.36).
Additionally, styrallyl alcohol or acetophenone was not identified, which also supported that the

selective cleavage of B-O-4 has proceeded via the breakage of Cy-Cg bond.
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Figure 4.36. Photocatalytic activity of 22kHz-3, MgSt and P25 samples for the conversion of Ph-
OCHO (a), yield of Ph-OH (b). (Based on the results of the article submitted to ACS Sustainable
Chemistry and Engineering)

4.4.6. Photocatalytic studies of the plausible mechanism for the conversion of PP-ol to the

corresponding products

The photocatalysis process is usually governed by active species such as e”, h*, OH and O, [183].
It 1s necessary to understand which active species is the key responsible for the photocatalytic
conversion of the PP-ol to the corresponding products. Adding the corresponding scavenger is a
good way to study the effect of these active species, and it is widely used in photocatalytic reactions
[174,184]. For example, Liang et al., [185] proposed three potential mechanisms for the
photocatalytic selective cleavage of Cy-Cp bond of the PP-ol molecule based on the photogenerated

h" and the singlet oxygen. The scavenger tests were studied for the experimental confirmation of
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the role of photogenerated h* and singlet oxygen on the photocatalytic conversion of the PP-ol
solution. Another researcher, Han et al., [186], also studied the photocatalytic selective oxidation
of PP-ol compound by using Ultrathin Metal/CdS, and they found that photogenerated h™ are

responsible for this reaction.

To understand the insight plausible mechanism of the PPol conversion to the corresponding
products, a series of photocatalytic experiments were performed by the addition of the chemical
scavengers such as AgNOs;, KI, t-BtOH and BQ as ¢, h", OH and O™ scavenger, respectively.
The equimolar ratio, such as 1:1 of concentration of the PP-ol and the respective scavenger was

used for this study.

The obtained results (Figure 4.37a,b) revealed that the addition of KI inhibited the photoactivity
of 22kHz-3 and P25 samples for the conversion of PP-ol, while the yield of all the corresponding
products was decreased. The addition of AgNOs, t-BtOH, and BQ scavenger did not affect the
photoactivity of 22kHz-3 and P25 samples. In the case of 22kHz-3 sample, the yield of Ph-OH
using BQ as a scavenger was observed to be higher as compared to the without using any
scavenger, which can be potentially linked to the conversion of BQ to the Ph-OH formation on the
surface of the sample. These scavengers’ studies suggested that the photogenerated h* are the most
reactive species for the photocatalytic selective cleavage of Cu-Cp bond of the PP-ol molecule

using US-assisted synthesized 22kHz-3 sample and commercial P25 sample.

The obtained key products are Ph-CHO, PH-OCHO, Ph-OH and PP-one from the catalytic
conversion of PP-ol for all the herein studies samples are the same. The same products suggested
that the potential mechanism for the formation of these products is also the same. Therefore, a
potential mechanism is proposed in Scheme 4.2. As from the scavenger studies, the
photogenerated h” were found to be the major active species responsible for the transformation.
So, at the first step, the Cy-Cg linkage of PP-ol was cleavaged by the attack of the photogenerated
h" on the Cp, resulting in the formation of diaromatic and hydrogen radicals. The hydrogen radical
reacts with the dissolved molecular oxygen to form the hydrogen superoxide radical (*OOH),
which further reacts with the diaromatic radical to form the intermediate complexes. The
rearrangement of the intermolecular electron leads to the transfer of e from the OH group to the

Cq, which further leads to the cleavage of the Co-Cp and O-O bond of Cg, which results in the
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formation of the Ph-CHO and Ph-OCHO. Photocatalytic conversion of Ph-OCHO can lead to the
formation of Ph-OH (Figure 4.36). A part of PP-ol was also directly oxidized to the PP-one by the
photogenerated h'.

Figure 4.37: Photocatalytic study of 22kHz-3 and P25 samples by the addition of scavengers for
various potential active species. (Based on the results of the article submitted to ACS Sustainable

Chemistry and Engineering)
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Scheme 4.2: Proposed potential mechanism for the catalytic cleavage of Cy-Cp bond of PP-ol.
(Represented from the article submitted to ACS Sustainable Chemistry and Engineering)

The elevated selective photocatalytic conversion of PP-ol compound using 22kHz-3 sample to the
corresponding high-value products is due to various factors. The surface heterogeneity of the
22kHz-3 sample revealed the presence of sodium presenting the basic medium, which can block
the acidic groups of the surface of the sample. The higher amount of oxygen species such as C=0,
may act as a photosensitizer effect, leading to enhanced penetration of light [143]. The higher
amount of hydroxy radicals shown by thermal analysis also facilitates to enhance the catalytic
activity [145]. The predominately amorphous phase shown by 22kHz-3 sample also improves the
photocatalytic phase as compared to the crystalline sample [144].

The higher textural features, such as higher specific surface area and pore volume distribution as
well as the morphology of nanomaterials, also lead to more adsorption of the substrate molecule,
resulting in improved photocatalytic activity. The 22kHz-3 sample contained a higher specific
surface area 319 m?/g and pore volume 0.34 cm®/g than MgSt and P25 samples and this sample
also showed the 1-Dimentional nanostructures with the presence of the interlayer spacing, which
also a crucial aspect to improve the absorption and enhance penetration of light resulting the higher

selective conversion of PP-ol to the corresponding products.
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4.4.7. Conclusions of section 4.4

The catalytic selective cleavage of Cq-Cp bond of B-O-4 linkage of lignin-inspired model
molecules such as PP-ol was successfully proceeded by the novel synthesized TiO2 samples to
obtain the corresponding products. 22kHz-3 sample revealed a higher yield of the targeted
products, such as Ph-CHO, compared to other herein samples. The selected samples were calcined
at 500 °C for 5 h to study the effect of calcination on the crystal structure and the photocatalytic
performance. The synthesized samples after calcination (22kHz-3 Cal. and MgSt Cal.) samples
did not show the elevated yield of the targeted products by the catalytic selective cleavage of Co-
Cp bond of PP-ol, which suggested the elimination of the energy-demanding step during the
synthesis of the novel US assisted samples. The coupling of the US with low amplitude to the
photocatalytic system instead of magnetic stirring revealed the lowering of the substrate's
conversion by keeping the similar yield of the targeted products, which enhanced the selectivity.
The key derived results by the sonophotocatalytic studies were the significantly higher aromatic
balance of 97 % by 22kHz-3 sample compared to the aromatic balance (84 %) observed by
photocatalytic studies. The addition of scavengers for the various active species showed that the
photogenerated h' are the main active species for the selective catalytic cleavage of the Co-Cp bond
of lignin-based model compounds. Considering all these aspects, a green, cost-effective, and
avoiding the energy demanding steps such as using US to synthesize the novel TiO2-based sample

to elevate additive-free selective catalytic performance.

94
http://rcin.org.pl



5. Chapter 5: Summary and future perspectives

In the thesis, all the results and the discussion presented that ultrasonication (US) can be used as a
green-oriented approach for the synthesis of the nanomaterials by avoiding the energy-demanding
approach, such as calcination steps. The major advantages of this utilized approach are that this
approach is easy, fast and more economical, through which the formation of any possible side
products can be avoided. The utilization of US of different frequencies as well as different
amplitudes as the process intensification led to the formation of different nanostructures with
elevated or tuned textural and surface heterogeneity features, which are very important for the
catalytic process. The US-assisted synthesized photocatalysts by wusing different
frequencies/amplitudes showed a wide deviation in the photocatalytic process, which revealed that
the optimization of frequency, as well as the amplitude of utilized US, is a very crucial step to
design and synthesize photo-catalyst that can result in the enhanced photocatalytic selective
oxidation of lignin-based aromatic alcohols to the potential targeted product by avoiding the

formation of any byproducts.
The main conclusions of the PhD thesis and the proposed hypothesis are as follows;
5.1. Outcome of hypothesis 1

The utilization of low-frequency US such as 22 kHz with different amplitudes, which possessed
mostly the physical effect of US, results in the formation of novel photocatalysts with tuned
physicochemical features. The first outcome was that the utilization of low amplitude of US, leads
to more porous materials with elevated specific surface area and total pore volume. The highest
textural properties (specific surface area 319 m?*/g and total pore volume (0.34 cm?/g) and the
surface heterogeneity were shown by the sample (22kHz-3), which was synthesized by using 30
um of 22 kHz of US. The photo-catalysts synthesized using higher amplitudes such as 50, 70 and
90 um lowered the textural properties. The 22kHz-3 photocatalyst revealed the highest conversion
(75 %) of Ph-CH>OH with 67 % yield of the Ph-CHO as compared to all other 22 kHz US-assisted
synthesized samples under the UV light irradiation without the addition of any oxidizing agent.
The obtained yield of Ph-CHO was found to be much higher than the sample synthesized without
the assistance of US and the commercial P25 photo-catalyst. The physicochemical properties and

the results of catalytic activity can be summarised as the proper designing and synthesis of the
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nanomaterials for the selective catalytic oxidation of lignin-inspired model compounds is very
important. Using US with the optimized amplitude (30 um) during the synthesis of nanomaterials
is considered a prosperous approach for designing a proper catalyst. The utilization of low
frequency in the range of sonochemistry, such as 22 kHz, mostly led to the physical effect of US,

which can improve the growth of nanostructure.
5.2. Outcome of hypothesis 2

The photocatalysts synthesized using 30 um of the 22 kHz US showed the highest yield of Ph-
CHO by the conversion of Ph-CH>OH compared to other utilized amplitudes of 22 kHz US. The
synthesis of more TiO-based catalysts was performed using the 30 pm of higher frequencies (40
and 80 kHz) in the range of physical effect of US. The derived conclusion was that increasing the
frequency from 22 to 80 kHz showed a decreasing trend in the textural properties, as well as the
higher amplitude of utilized US led to condensed morphology of the synthesized samples. The
highest selective yield of Ph-CHO was by sample synthesized using 30 pm of 22 kHz followed by
the 40 kHz and 80 kHz US. Also, 70 um of 40 and 80 kHz US was also used for the synthesis of
TiO2 samples to explore the effect of higher amplitude on the synthesized TiO> samples. A similar
trend of the photocatalytic performance was observed in the results of the photocatalytic activity
of the samples synthesized using 30 pm. The physical phenomena may lead to dispersion mixing
and can also control crystal growth by using optimized amplitude. Therefore, it was found by these
studies that the optimization of the frequency of US during the synthesis step is ultimately
important to design and synthesize the proper photocatalyst for the targeted application.

5.3. Outcome of hypothesis 3

The frequency in the range of 100 kHz to 2 MHz showed the chemical effect of US due to the
formation of a large number of small cavitation bubbles. The photocatalysts synthesized by using
the two different amplitudes (30 and 70 pm) of 500 kHz US during the synthesis steps led to the
formation of different multiphase titanium oxide resembles to nanorods. The low amplitude of
higher porous photocatalysts and the formation of the cage of the nanorods like structure result in
enhancement of the adsorption of substrate molecule as compared to TiO> samples prepared by
the high amplitude of 500 kHz. Some nanoclusters were also observed on the outer layers of both

US-assisted synthesized samples, which may lead to improving the light penetration, and also the
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surface compositions were also observed to be altered. The 500kHz-3 photocatalyst samples
showed higher additive-free photocatalytic partial selective oxidation of Ph-CH>OH to Ph-CHO
as compared to silent conditions synthesized photocatalyst and P25 sample. Whereas 500kHz-7
did not show photocatalytic performance due to the condensed arrangement of the nanostructures.
It was found that using different amplitudes of high-frequency US leads to altering the

physiochemical properties and photocatalytic performance.
5.4. Outcome of hypothesis 4

The photo-catalysts (22kHz-3) synthesized using the low amplitude 30 um of 22 kHz showed the
highest photocatalytic conversion of Ph-CH2OH to Ph-CHO as compared to all other herein
studied TiO2 samples. 22kHz-3 along non-US assisted synthesized MgSt sample and commercial
P25 sample was also studied for the photocatalytic conversion of lignin-inspired model molecules
such as PP-ol, and it was found that 22kHz-3 sample showed the highest yield of the products such
as Ph-CHO, Ph-OCHO and PP-one with the higher aromatic balance compared to other herein
studies samples. It was also hypothesized that the US-assisted synthesis approach led to more
active and selective photocatalysts by avoiding the energy-demanding step due to the cavitation
phenomenon. So, the herein-studied photocatalysts were calcinated at 500 °C for 5 h, followed by
the study of photocatalytic performance. As it was found that the 22kHz-3 sample possessed more
anatase phase after calcination, but the 22kHz-3 without calcination showed better photocatalytic
selective activity compared to the calcined samples. Also, the reusability of the herein-studied
samples was also explored up to the fifth runs of photocatalytic experiments. All the samples were
found stable without losing the photocatalytic activity, and no leaching of Ti was observed after
the fifth run by the EDXRF. The sonophotocatalytic studies showed that 22kHz-3 sample revealed
the elevated sonophotocatalytic selective cleavage of Co-Cs bond of PP-ol led to enhanced
aromaticity of the reaction as compared to the photocatalytic studies. A series of photocatalytic
experiments by the addition of scavengers found the photogenerated h* to be the main reactive
species, which led to an understanding of the potential mechanism for the photocatalytic

conversion of PP-ol to the corresponding products.
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5.5. Future perspectives

The present research work was focused on novel synthesis of metal oxide-based nanomaterials,
and specifically titanium oxide ones, using a “green” approach by taking advantage of
sonochemistry that is economic and easy to be performed. The use of sonication after during the
synthesis of nanomaterials after optimization of frequency and amplitude exhibited very
interesting outcomes in terms of the final material’s physiochemical features. The photocatalytic
activity was also affected positively in the case of the selective conversion of lignin-based model
compounds to the corresponding high-value phenolic compounds. However, there are ample
opportunities for further research on improving and tuning the materials design protocol and
transfer the obtained knowledge toward the design and synthesis of other metal oxides or mixed
metal oxides. As well as composites utilizing low-energy sonication. In addition, further studies
can be focused on improving the photocatalytic conversion of lignin derived/inspired aromatics

using sunlight irradiation.

Furthermore, photocatalytic studies for the real lignin-based waste materials from the pulp and
paper industries is also an interesting research task that can be explored. The photocatalytic and
sonophotocatalytic studies in the current research work were carried out by establishing batch
reactors and using the suspension of the catalyst in the targeted substrate solution. Further
alternative strategies, such as catalyst’s immobilization on desired substrates or coating the interior
walls of microreactors in order to achieve continuous flow configurations can be explored in the
future. The designing of the flow catalytic reactor for the flow photo(sono)catalytic can also be

studied in future.
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