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Streszczenie

Dwutlenek tytanu, jako heterogeniczny fotokatalizator, ma wysoki potencjal w
transformacji biomasy w produkty o duzej wartosci dodanej, jednak czgsto jest
nieselektywny w reakcji utleniania zwigzkéw organicznych ze wzgledu na
wytwarzanie wysoce aktywnych indywidudw utleniajacych, ktore nadmiernie utleniaja
substraty pod wplywem wysokoenergetycznego promieniowania UV. Wrecz
przeciwnie, fotokataliza wykorzystujaca Swiatlo widzialne oparta na dwutlenku
tytanu do selektywnego utleniania zwigzkéw modelowych sktadnikéw biomasy jest
uwazana za podej$cie ekonomiczne i przyjazne dla $rodowiska. Teza ta skupia si¢
przede wszystkim na aktywacji $wiattem widzialnym dwutlenku tytanu w celu jego
zastosowania w fotokatalitycznym selektywnym utlenianiu tychze zwigzkow
organicznych sktadnikow biomasy w produkty o duzej wartosci dodanej. Zastosowano
dwa podej$cia do aktywacji $wiattem widzialnym dwutlenku tytanu zdolnego do
selektywnego utleniania organicznych sktadnikéw biomasy, tj.1) Uczulanie z
przeniesieniem tadunku z liganda na metal (LMCT, skrét z ang. Ligand-to-Metal
Charge Transfer), 1i) Przygotowanie nanokompozytow z dwutlenku tytanu i
materiatow  weglowych. W celu uwrazliwienia LMCT, nanoczastki dwutlenku
tytanu zsyntetyzowano metoda zol-zel potaczong z hydrotermalng, a nastepnie
uczulenie dwutlenku tytanu osiggnigto poprzez utworzenie kompleksu LMCT
(absorbujacego $wiatto widzialne) przez adsorpcje czasteczki sktadnika biomasy (5-
hydroksymetylofurfural, HMF) na powierzchni dwutlenku tytanu. Otrzymany
kompleks LMCT umozliwit utlenianie HMF (59% konwersji) do przemystowo
waznego zwiazku 2,5- diformylofuranu (DFF) z wysoka selektywnoscia (87%) w
$wietle widzialnym (A = 515 nm). Prébujac poprawi¢ aktywnos¢ dwutlenku tytanu
w $wietle widzialnym poprzez tworzenie nanokompozytéw, najpierw zsyntetyzowano

zestaw kompozytow chitozan-lignina (CL) metodg hydrotermalna, zmieniajac
viii
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proporcje chitozanu 1 ligniny. Nastgpnie, tak przygotowane kompozyty CL
zintegrowano z dwutlenkiem tytanu (T) w celu przygotowania nanokompozytu (T/CL)
metoda zol-zel potaczong z hydrotermalng. Jako reakcja testowa stosowana do oceny
aktywnosci fotokatalitycznej nanokompozytu T/CL w §wietle widzialnym (A =515 nm)
wybrano selektywne utlenianie alkoholu benzylowego ( BnOH ) do benzaldehydu
(Bnald). Reprezentatywny nanokompozyt 75T/CL(25:75) wykazywat doskonalg
selektywno$¢ wobec Bnald (100%) przy umiarkowanej konwersji BnOH (19%) w
swietle widzialnym. Na podstawie pomiaréow XPS, sugeruje si¢, ze aktywnosé
nanokompozytoéw T/CL w §wietle widzialnym mozna przypisa¢ domieszkowaniu azotu
(pochodzacego z chitozanu) do struktury dwutlenku tytanu. Przestawione wyniki
sugeruja zatem, ze heterogeniczna fotokataliza sterowana Swiattem
widzialnym, wykorzystujaca powszechnie dostepny dwutlenek tytanu, ma wielki
potencjat do waloryzacji organicznych sktadnikéw pochodzacych z biomasy poprzez

selektywne utlenianie.
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Abstract

Titania, as a heterogeneous photocatalyst has a significant potential for the conversion
of biomass to value-added products. However, it is often unselective in organic
oxidation reaction due to the generation of highly active oxidizing species, which over
oxidizes the substrate under high energy UV radiation. On the contrary, titania-based
visible light-driven photocatalysis for the selective oxidation of biomass-derived
platform chemical is considered to be economical and environmentally benign
approach. This thesis primarily focused on the visible light activation of titania for its
application in the photocatalytic selective oxidation of biomass-derived platform
chemicals into value-added products. Two approaches were employed for the visible
light activation of titania for the selective oxidation of biomass-derived platform
compounds i.e. i) Ligand-to-metal charge transfer (LMCT)-sensitization ii) Preparation
of nanocomposites of titania and carbon materials. For LMCT-sensitization, titania
nanoparticles were synthesized via sol-gel and hydrothermal method, subsequently
sensitization of titania was achieved through the formation of visible light absorbing
LMCT-complex on the titania surface by the adsorption of platform molecule, 5-
hydroxymethylfurfural (HMF). The resulting LMCT-complex enabled the oxidation of
HMF (59% conversion) to an industrially relevant compound 2,5- diformylfuran (DFF),
with high selectivity (87%) under visible light (A = 515 nm). In an attempt to improve
the visible light activity of titania through nanocomposite formation, first, a set of
chitosan-lignin (CL) composites have been synthesized via a hydrothermal method by
varying the proportion of chitosan and lignin. Afterward, the as-prepared CL
composites have been coupled with titania (T) to prepare a nanocomposite (T/CL)
through sol-gel and hydrothermal approach. The test reaction used to assess the

photocatalytic activity of T/CL nanocomposite under visible light (A = 515 nm) is the

http://rcin.org.pl



selective oxidation of benzyl alcohol (BnOH) to benzaldehyde (Bnald). A
representative nanocomposite, 75T/CL(25:75) exhibited excellent selectivity for Bnald
(100%) at moderate BnOH conversion (19%) under visible light. On the basis of XPS
measurements, it is suggested that the T/CL nanocomposites activity under visible light
may ascribed to the doping of nitrogen into titania framework from chitosan. The
current findings, therefore suggest that visible-light driven heterogeneous
photocatalysis employing abundantly available titania holds significant potential for the

valorization of biomass-derived platform compounds via selective oxidation.

Xi
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1. INTRODUCTION

1.1 Titania as photocatalyst

The photocatalytic activity of titania has inspired a wide range of research efforts since
the discovery of photoelectrochemical water splitting on titania under ultraviolet light
(UV) by Fujishima and Honda in 1972.! Few years later, the photocatalytic application
of titania was extended to environmental frontiers. Frank and Bard? reported the
photocatalytic oxidation of cyanide ion (an industrial pollutant) in aqueous solution
using titania under solar irradiation.? Subsequent reports on titania catalyzed reduction
of carbon dioxide to organic compounds (methanol, formaldehyde, formic acid and
methane),® and photo-Kolbe decarboxylation for the production of butane* opened a
new chapter of photocatalytic organic synthesis. Over the past few decades, titania has
continued to be the most extensively studied photocatalyst for numerous applications
such as, degradation of pollutants,>® hydrogen generation via water splitting reaction, -’
dye-sensitized solar cells,® CO» reduction® and organic transformation reaction,!%-11:12.13
It has various advantages for its application in photocatalytic reactions for example,
low cost, abundant availability, chemical and thermal stability, resistance to
photocorrosion etc.!*!5 Titania generally exist in three different polymorphs including
anatase (tetragonal), brookite (orthorhombic) and rutile (tetragonal). All the three
crystalline phases of titania are made up of distorted TiOs octahedral unit (Figure 1),
but connected in different ways.'®!” Among the three crystalline phases, rutile is the
most thermodynamically stable phase, whereas anatase and brookite are metastable
phases that transform into rutile phase at elevated temperature ( 600 °C).'"* The
photocatalytic activity of titania is influenced by its phase. Anatase is considered to be
the most photocatalytically active polymorph of titania ascribed to its higher surface

adsorption capacity to hydroxyl groups and a lower charge carrier recombination rate. "

1
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Though, the band gap energy of rutile (~3.0 eV) is narrower than anatase (~3.2 eV),
which broaden the light response range of rutile. However, the rutile phase tends to be
stable at larger particle size (>35 nm), and exhibit lower specific surface area, which is
not desirable from the photocatalytic point of view.'® Whereas, the activity of the
brookite phase has not been investigated systematically because of the difficulties in
preparing its pure phase.'®?° Possibly for these reasons, earliest studies on

photocatalysis were carried out on anatase, and hence generally conclude that anatase

21,22

phase of titania is the finest candidate in photocatalytic applications.

(a) (b) (c)

Figure 1. The primitive unit cell of (a) rutile, (b) anatase and (c) brookite phase of

titania. (Reprinted an open-access article content 2%)

However, several studies reported the excellent photocatalytic activity of brookite®**

and rutile?® phases of titania. For example, Zhao et al. reported that nanosheets of
brookite efficiently catalyzed the oxidation of tetramethylbenzidine by H20O- ascribed
to its defects and flexible electronic states.?® Besides that, single-crystalline brookite
nanosheets showed enhanced activity toward the degradation of organic contaminants
compared to commercial titania (P25), owing to the high-energy facets exposure and
the efficient suppression of recombination rates of photogenerated charge carriers by

these facets.?” Similarly, rutile phase is also reported to have superior photocatalytic
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activity than other phases of titania. For instance, the microspheres consist of rutile
nanorods showed relatively higher photocatalytic activity than P25 for the degradation
of papermaking wastewater due to specific crystal surface (001) exposure which may
improve the separation of charge carriers, and enhanced the photocatalytic activity.?®
There are numerous factors such as, particle size, surface area, pore structure, ratio of
polymorphs, density of defects, electronic structure, synthesis method, phase purity etc.
that affect the photocatalytic activity of titania. !72%2%!%-30 Therefore, the differences in

photocatalytic activity among anatase, rutile and brookite phase is still under debate.
1.1.1 Mechanism and application of titania-based photocatalysis

Titania photocatalysis is a photon-driven process, initiated by the absorption of photon
(hv) with an energy higher or equal to the bandgap of titania. The photon absorption in
the bulk or at the surface of titania excites the electrons in the filled valence band (VB)
to the vacant conduction band (CB), leaving behind the holes in the VB. During the
transference process most (~90%)3! of the electrons and holes undergo radiative or non-
radiative recombination.*> The electrons moved to the CB are good reducing agents,
whereas the holes in the VB are strong oxidizing agents. As shown in Figure 2, the CB
electrons can react with the O in the surrounding medium and produce superoxide
radical anions,® 0,°" (redox potential +0.89 V vs standard hydrogen electrode,
SHE).?%3% Additionally, the O,®" generated may react with the VB holes and form
singlet oxygen (102).3° Nevertheless, the electrons may also reduce other ions or species
in the surrounding medium if this is thermodynamically favored. While, the VB holes
may react with the adsorbed water molecule (Figure 2) and form hydroxyl radicals,
*OH (redox potential +2.81 V vs SHE), hydrogen peroxide (H>0>), and hydroperoxyl
radical (HOO®).2>** The *OH can then participate in different oxidation reactions, on

or near the surface of the titania (Figure 2). The H>O: is further reported to be produced
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by the hydroperoxyl radical coupling.*® While, H,O» may further react with *OH and
form HOO®.2° During the photocatalytic process, free electrons, holes, and the reactive
oxygen species (ROS) such as *OH, HOO- and O,°* react with the surface adsorbed

species and inorganic and organic compounds in the surrounding medium.?%>’

/ reduction

Superoxide
radical

Hydrogen
H,0, peroxide

N G hy

oxidation

Hydroxyl
7 radical
oxidation

Figure 2. The generation of reactive oxygen species in titania-based photocatalysis.

(Adapted with the permission of ref.33)

The light absorption property and oxidation-reduction capability of titania depends on
its band gap value and band edges position of the CB and VB, respectively. Moreover,
charge (electrons and holes) separation also play an important role in determining the
efficiency of a photocatalytic reaction.?! Besides that, many elementary mechanistic
processes have been involved in the photocatalytic redox processes over titania (Table
1). The efficient transformation of the absorbed photon to a chemically stored redox

equivalent also depends on the rate of competing mechanistic processes (Table 1).
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Table 1: Primary processes in heterogeneous titania photocatalysis and their
characteristic times. >Ti'"VOH depicts the primary hydrated titania surface, e cg is
the conduction band electron, A%y is the valence band hole, >Ti""OH*"is the
surface bound hydroxyl radical or surface trapped hole, >TiOH™! is the surface

trapped conduction band electron (adapted with the permission of ref.3%)

Electronic step Primary process Time
Charge-carrier generation TiO;+ hv — ecs+ htyp fs
Charge carrier trapping h*+ >Ti'"OH — >Ti""OH** 10 ns
Shallow trap e +>Ti""OH = >TiOH" 100 ps
Deep trap e +>Ti"" — Till 10 ns
Charge carrier recombination e + >Ti"OH*" — >Ti""OH 100 ns

h* +>Ti""OH — Ti""OH 10 ns
Interfacial charge transfer >TiYOH** + organic molecule — >Ti'"OH + oxidized 100 ns

molecule

>Ti""OH + O, — >Ti'"OH + 0,* ms

The applications of titania as a photocatalyst can be broadly classified in to three
categories, environmental applications (air and water purification), energy related
application (hydrogen generation, photovoltaics), and organic synthesis (oxidation,
reduction, and other transformations). Titania has been most widely used for the
photocatalytic =~ degradation  of  various organic  pollutants such as
polychrlorinatedbiphenyls,” methylene blue,*® methyl orange,** Rhodamine B,*

1.41

eriochrome black T,** and phenol.*! Besides that, photodegradation of different

2 gemfibrozil,* ibuprofen,* and

pharmaceutical products such as tamoxifen,*
carbamazepine® has also been successfully achieved using titania. The mechanism of
photocatalytic degradation of organic compounds is similar to the titania-based
photocatalysis described above. The photoinduced hydroxyl radicals *OH produced at
the VB of titania acts as a strong oxidizing agents, and drive the oxidation of organic

pollutant to purify the wastewater. Furthermore, the photoinduced electrons, HOO® and

5
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0,*" can reduce toxic metal ions, such as lead ions (Pb*")*, cadmium ions (Cd*")* and

chromium ions (Cr®")* in wastewater. In addition, titania has also shown wide potential
for the decontamination of various pollutants (alkenes,*’ alcohols,*® nitrogen-

containing compounds*® etc.) in gas-phase.>

Titania also holds a significant potential to ease the energy crisis through effective
exploitation of solar energy based on photovoltaic devices’! and photocatalytic
hydrogen production.>? One of the key application of titania in photovoltaic is dye-

sensitized solar cells (DSSCs).>* Regan and Gratzel’!

provided a breakthrough in this
field by developing a solar cell through titania thin films (nm) with monolayer coating
of a charge-transfer dye to sensitize the film for harvesting light. The overall
photoconversion efficiency (PCE) achieved under simulated solar light was 7.1-7.9%.°"!
Though, for titania thin films, the overall PCE is limited due to charge carrier
recombination and loss of electrons during percolation through the titania nanoparticle
network within the film.>* However, the PCE of titania-based DSSCs was improved up
to 12.3% using a liquid cobalt(II/III)-based electrolyte and a zinc porphyrin sensitizer.>
Photocatalytic hydrogen generation over titania is considered a key reaction towards
the shift to a sustainable energy. However, pristine titania could not easily split water
into H> and O> in the simple aqueous suspension, ascribed to the fast recombination of
electron-hole pair.*> Immobilizing highly dispersed metal (Au, Pd, Ag and Pt)
nanoparticles, as cocatalyst on titania can help to improve the charge separation and
photocatalytic efficiency for hydrogen production.>®>” Moreover, the use of sacrificial
donors (glycerol, methanol, ethanol)*® can also enhance the photocatalytic hydrogen

generation efficiency by scavenging the holes.”® Chen et al.** reported that gold

decorated P25 (Au/P25) showed much higher photocatalytic efficiency for H:
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generation (27.9 mmol g ' h™! in 10 vol.% glycerol) compared to bare P25 (1.9 mmol
g 'h™!in 10 vol.% glycerol).®°

The photocatalytic application of titania is extended to organic synthesis, providing an
effective synthetic alternative for various industrially relevant chemicals. It offers the

possibility of synthesizing high value-added chemicals through various processes, for

61 63,64

example, oxidations, reductions, isomerizations,®>  condensations and
polymerizations.®> However, most of the titania-assisted photocatalytic organic
transformation studies were focused on oxidation or reduction reactions, since the
photoinduced active species produced intrinsically possess redox ability.

Titania has a significant potential to drive photocatalytic reductive chemical

transformation of organic compounds®®-¢!

in the presence of suitable hole scavengers,
and preferably in the absence of oxygen. The photocatalytic reduction of nitro
compounds over titania produce corresponding amines through the formation of
hydroxyl amine intermediates (Figure 3).®” Imamura et al.%® reported that, the highly
selective reduction of m-nitrobenzenesulfonic acid to m-aminobenzenesulfonic acid
(with >99% yield) could be achieved in an acidic aqueous suspensions utilizing formic
acid as hole scavenger. The high yield of m-aminobenzenesulfonic acid was ascribed
to the efficient hole scavenging ability of formic acid and probable repulsion of the

reduced ammonium group from positively charged surface of titania in acidic medium,

which prevents the re-oxidation of m-aminobenzenesulfonic acid.®®

<@—No2 A @~No L @—NHOH e @—NH;

Figure 3. Photocatalytic reduction of nitrobenzene over titania. (Reprinted with

the permission of ref.%)
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Furthermore, titania was successfully applied for the selective reduction of carbonyl
compounds.®® The efficient photocatalytic reduction of acetophenone derivatives and
diaryl ketones to secondary alcohols (with ~100% yield ) were achieved using ethanol

as hole scavenger. "

Titania-assisted photocatalytic selective oxidation of alcohols, hydrocarbons, and
amines is a major and well-studied category of organic transformation reactions.
Photocatalytic selective oxidation of amines over titania produce corresponding imines,
which are essential building blocks for the synthesis of pharmaceuticals, pesticides and
fine chemicals.”! It has been found that the crystalline phase of titania, electronic and
surface structure characteristics play an important role in the adsorption and selective
oxidation of amines.”! Mixed-phase titania exhibited enhanced photocatalytic activity
for the selective oxidation of benzylamine under visible light after 7 hours of
illumination. The nanocomposite consists of 65% TiO2(B) and 35% anatase showed
92% benzylamine conversion, whereas, single-phase TiO»(B) and anatase showed
much lower activity, with ~60% and ~50% benzylamine conversion, respectively.
However, both mixed-phase and single-phase titania exhibited high (~93%) selectivity
for imine. The enhanced photocatalytic performance of mixed-phase titania for the
selective oxidation of benzylamine corresponds to the heterojunction between the two
phases, which improved the charge separation efficiency.”?

Selective activation of saturated C-H bonds in hydrocarbons (alkanes and aromatics)
for the formation of value-added products (alcohols aldehyde and ketone) is of crucial
importance for the chemical industry. However, the thermodynamically stable and inert
nature of saturated C-H bonds make it significantly challenging.” It was observed that
crystallinity of titania affect the photocatalytic selective oxidation of aromatic

1‘74

compounds to corresponding aldehyde. Cao et al.”” reported that the anatase titania with
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higher degree of crystallinity and exposed {001} facets exhibited enhanced
photocatalytic performance for the selective oxidation of toluene (with 21%
conversion) to benzaldehyde (with >90% selectivity) under UV light. Whereas, anatase
with comparatively low crystallinity and commercial titania (P25) both showed ~9%
toluene conversion with similar benzaldehyde selectivity. The improved performance
of the anatase with comparatively higher degree of crystallinity ascribed to the
improved charge separation efficiency.”* Moreover, tuning of electronic structure of
titania through ruthenium doping also reported to improve the selective oxidation of
toluene to benzaldehyde under UV light.”® It has been observed that introduction of
Ru*"#* states at 0.4 eV below the conduction band of titania improved the benzaldehyde
selectivity by trapping electron, and suppressing the formation of excess O *.”

Selective oxidation of alcohols to aldehydes and ketones gained burgeoning interest
ascribed to their significance as raw materials for the production of vitamins, drugs,
fragrances and flavors or food additives.”! There are number of factors that influence
the photocatalytic selective oxidation of alcohols over titania. In particular,
crystallinity, polymorph type, surface acidity-basicity, crystal facet exposure, valence
and conduction band edge position, charge recombination rate, hydroxyl group density,
specific surface area, modification of titania (metal or non-metal doping / coupling with
other semiconductors etc.),!® which results in a different photocatalytic activity, and
selectivity towards a target product. Yurdakal et al.> demonstrated that low-crystalline
home-prepared rutile samples (HP333) showed improved photocatalytic performance
for the selective oxidation of benzyl alcohol and 4-methoxybenzyl alcohol to the
corresponding aldehydes compared to highly crystalline commercial rutile (SA). The
poorly crystalline HP333 exhibited a selectivity of ca. 38% and 60% for benzaldehyde
and 4-methoxybenzaldehyde, respectively at 50% conversion of the substrates.?> The

amorphous phase of titania improved the selectivity of the target product by offering
9
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additional active sites for the partial oxidation and impeding the electron transfer
between the particles due to the presence of the strongly basic terminal hydroxyl groups
in amorphous phase.”” Moreover, Wang et al.”® reported that pretreating titania (P25)
with Brensted acids significantly enhanced the rate of oxidation of various aromatic
alcohols under UV light. The photocatalytic conversion of benzyl alcohol on titania was
increased from 46% to 66% after treating titania with hydrofluoric acid, retaining
similar benzaldehyde selectivity (~99%). The improvement in the benzyl alcohol
conversion in case of Brensted acid-pretreated titania was ascribed to the
decomposition of surface Ti-peroxide species by the Bronsted acids proton. This
phenomenon results in the regeneration of active Ti-sites for the photocatalytic selective
oxidation of alcohols.”® Additionally, the effect of surface basic sites on the selective
oxidation of alcohols has also been investigated. Leow et al.” found that, Al,Os in the
presence of dyes favored the partial oxidation of benzyl alcohol. This is attributed to
the surface complexation of the alcohol on the Bronsted basic sites of the Al,O3, which
decreases its oxidation potential and results in an upshift of its HOMO for the
abstraction of electron by the dye.”” In the last few years, an attention has been paid to
study the influence of different facets of titania on the photocatalytic selective oxidation
of alcohols. The anatase with predominant (001) facet (T001) exhibited enhanced
photocatalytic performance for the selective oxidation of aromatic alcohols than the
anatase with greater number of (101) facet (T101) under UV light in aqueous medium.
The TO01 sample showed much higher conversion for halogen substituted benzyl
alcohols (49-53%) as compared to T101 (28-32%) keeping similar selectivity (97-
100%) to corresponding aldehydes. The improved performance of the sample TO01 was
attributed to a higher surface energy value of the {001} facet which helps the activation
of the substrates. Besides that, a higher number of oxygen vacancies and better

adsorption of O2 on (001) could trap photoelectron and prevent charge recombination.*
10
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The effect of hydroxyl group density of titania on the photocatalytic selective oxidation

1.8! investigated the role of hydroxyl

of alcohols has been rarely studied. Di Paola et a
group density of titania on the selective oxidation of 4-methoxybenzyl alcohol. It has
been found that home-prepared titania sample with higher hydroxyl group density
(10.76 w/w%) i.e. HPCI showed remarkably enhanced selectivity (92%) towards 4-
methoxybenzaldehyde compared to poorly hydroxylated (0.76 w/w%) sample i.e. P25
(28%) at 20% substrate conversion under UV light.%! The enhanced selectivity of
aldehyde with higher degree of hydroxyl group density is probably related to the

improved desorption of the aldehyde from the hydrophilic titania surface, which

impedes its further oxidation.®?

Moreover, a higher surface hydroxylation may hinder the oxidation of the reactant by
limiting the surface coverage and the hole transfer to the substrate.®! Besides the
characteristic feature of titania, the nature of reaction medium also strongly influence
the photocatalytic oxidation of alcohols over titania. Molinari et al.®* demonstrated the
positive influence of acetonitrile on the adsorption of aliphatic alcohols and subsequent
photocatalytic oxidation on titania. According to ESR-spin trapping measurements, the
minor water content (~2%) in acetonitrile strongly inhibit the adsorption and
subsequent oxidation of alcohols on titania. For the photocatalytic oxidation of geraniol
to corresponding aldehyde (citral), the selectivity of the citral was decreased from 73%
to 50% after the addition of water (~4%) to acetonitrile. This is ascribed to the increase
in the polarity of the dispersing medium by the addition of water, which facilitates the
removal of the polar alcohols from the surface of titania. Besides that, water compete
with the alcohol for the adsorption, which hampers the interaction of alcohol with the

photocatalytic centres.®?

11
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Different mechanisms have been proposed for the photocatalytic oxidation of alcohols
over titania, based on the selectivity and activity. Zhang et al.** performed oxygen
isotope studies to provide fundamental insight to the oxidation of alcohols over the
titania. '%0-enriched benzyl alcohol and cyclohexanol have been used as representative
alcohols to study the associated mechanism on titania. In oxygen deficient environment
(under Ar flow), the alcohol is oxidized to corresponding aldehyde via two-electron
transfer process, and the oxygen atom of the alcohol is retained in the product (Figure
4a). Whereas, in the presence of oxygen, alcohol underwent deprotonation and adsorb
on the surface of titania (Structure I, Figure 4b). Upon UV light excitation, electron-
hole pair were generated. The adsorbed alcohol reacts with the holes and subsequently
underwent deprotonation to generate a carbon radical, while the Ti'V trapped the

photogenerated electrons and form Ti'! (Structure II, Figure 4b).
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Figure 4. Proposed mechanism for alcohol oxidation on titania in benzotrifluoride
solvent (a) in the absence of O2: (b) in the presence of Oz. (Reprinted with the

permission of ref.3%)

Both Ti'™! and the carbon radical can easily combine with molecular oxygen to form a

bridged oxygen structure (Structure III Figure 4b) via two possible ways. 1) Reduction

12
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I

of oxygen by electron/Ti"" to form superoxide, which react with the carbon radical and

form structure III (Figure 4b). 2) Reaction of carbon radical with molecular oxygen to

I and form structure II1

form organic superoxyl radical, which then reacts with Ti
(Figure 4b). The breaking of C-O bond of alcohol and the O-O bond of molecular
oxygen is possibly realized via such an oxygen bridged structure (Structure III, Figure
4b). The concerted bond cleavage of structure III produces aldehyde and titania-bound
peroxide bridged structure (Structure IV, Figure 4b). The protons may react with the
structure IV and form hydrogen peroxide, which is corroborated by iodometric titration
studies.®

In this section an overview of titania catalyzed organic transformation reaction
(especially for photooxidation of alcohols), has been provided. More details about the
selective oxidation of biomass-derived platform chemicals (with special reference to 5-
hydroxymethylfurfural and benzyl alcohol) is discussed in section 1.2.1 and 1.2.2.
1.1.2 Drawbacks of titania as photocatalyst

Despite several advantages of titania for photocatalytic application, it has some
drawbacks too that limit its large-scale applications in photocatalysis. The main
drawback of titania is the relatively wide band-gap (~3.2 eV for anatase and ~3.0 eV
for rutile), which only permits the absorption of UV light (~5% of solar radiation).%
This presents a crucial problem because UV light accounts for about <5% of the solar
radiation,® which limit the possibility of using solar energy as a light source. Visible
light absorption of titania is indispensable to harness sunlight due to high abundance of
visible light (~45%) in the solar spectrum. The other major problem for titania material
in the photocatalytic applications is its low quantum efficiency ascribed to the fast
recombination of the electron-hole pairs.!> Besides that, the separation or recovery of

nanostructured titania from the liquid reaction medium is another issue related to its

photocatalytic applications.®
13
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1.1.3 Strategies to overcome the drawbacks of titania as photocatalyst

Various strategies have been adopted to overcome the narrow-light response range, low
quantum efficiency and recovery issue of titania nanoparticles. Some of these
approaches are discussed as follows.

1.1.3.1 Doping

Metal or non-metal doping of titania is a common strategy to modify the wide band-
gap and improve the visible light absorption of titania. Non-metal doping is found to be
more effective owing to the formation of fewer recombination centres in comparison
with metal doping.®” Nitrogen doping has been most extensively studied, among all
non-metal doping in titania, and the possible means of visible-light absorption of N-
doped titania has been elucidated. Dunnill et al.®® showed that interstitial N-doping of
titania results in visible light absorption of titania.’® Whereas, Asahi et al.*” proposed
that substitutional N-doping of titania triggers the visible light absorption of titania.
This is ascribed to the band-gap narrowing of titania due to mixing of O 2p states with
the N 2p states of substituted N atoms in the newly formed VB.** Another proposition
related to the origin of visible light absorption of N-doped titania is the formation of
isolated N2p states above the VB of titania. These isolated energy levels facilitate the
transfer of electron to the CB upon visible-light irradiation.”® Besides that, Thara et al’!
reported that the visible light absorption of N-doped titania is attributed to the creation
of oxygen vacancies due to N-doping.®! Although N-doping of titania is widely studied
area, however, the underlying reason for N-doping-induced visible-light absorption, the
exact nature of the chemical states formed via N-doping and the location of nitrogen in
the titania lattice is still a matter of debate.

1.1.3.2 Coupling titania with other semiconductors

Fabrication of hetrostructure by combining titania with narrow band-gap

semiconductor is another attractive approach to extend the photo-response of titania
14
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into the visible light region and improve the separation of photogenerated electron-hole
pairs via different carrier-transfer pathways.”?> Coupling titania with CdS (band-gap 2.4
eV) is most typical example of hetrostructured titania-based (TiO2/CdS) photocatalyst.
When TiO2/CdS photocatalyst is irradiated under visible light, electrons are feasibly
transferred from the CB of CdS to the CB of titania, whereas, the photogenerated hole
remained in the VB of CdS.”® The potential gradient built-in at the interface of titania
and CdS assists in the better separation of electron-hole pairs and lessens the chance of
recombination, which consequently improved the photocatalytic performance of the
hetrostructured-titania.**

1.1.3.3 Sensitization by dyes and ligand to metal charge transfer (LMCT)-complex
formation

Dye-sensitization: Dye-sensitization is one of the commonly used techniques for the
visible light activation of titania. The organic dyes such as Erythrosin B, thionine,
Eosin Y and Rhodamine B etc., adsorbed onto surface of titania are often used as
sensitizers, ascribed to their visible light absorption ability.”>*® The process of dye-
sensitization is initiated by the photoexcitation of dye molecules, subsequently
electrons are transferred from the excited dye molecules to the CB of titania (Figure 5).
The oxidized dye molecules can be regenerated in the presence of suitable electron
donors.®® Dye sensitization also improve the photocatalytic performance of titania due
to effective electro-hole pair separation,’” as the transfer of electron from excited dye
molecule to CB of titania occurred at a femtosecond scale in comparison to the electron-
hole pair recombination, which occurred at nanoseconds to millisecond scale.?*”
However, the low photostability of some organic dyes is a key concern associated with

the dye-sensitization technique.”-!%
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Figure 5. The schematic illustration of dye-sensitization of titania. 1) excitation of
dye molecule by visible light absorption, (2) electron injection from the excited
state of the dye to CB of titania, (3) recombination, (4) electron transfer to the
acceptor, and (5) regeneration of the dye by an electron donor. S, D, and A
represent the sensitizer (Dye molecule), electron donor, and electron acceptor,
respectively. (So: ground state, S*: excited state of the sensitizer (Dye molecule).

(Adapted with the permission of ref.%5)

Ligand to metal charge transfer (LM CT)-sensitization: Another approach employed for
visible light activation of titania is the ligand to metal charge transfer (LMCT)-
sensitization, which involves the sensitization of titania by surface adsorbates or
substrates that do not absorb visible light by themselves.’>!°! During LMCT-
sensitization electrons are transferred from the highest occupied molecular orbital
(HOMO) of substrates/adsorbates to the CB of titania upon visible light irradiation
(Figure 6).8192 In contrast to dye-sensitization, the electrons are directly excited from
the ground state of adsorbate/substrate to the CB of titania, without involving the
adsorbate/substrate excited state. The adsorbate/substrate could be regenerated by back

electron transfer or by interacting with the electron donors in the reaction medium.*
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Figure 6. The schematic illustration of ligand to metal charge transfer (LMCT)-
sensitization of titania. 1) visible light-induced LMCT transfer, (2) recombination,
(3) electron transfer to the acceptor, and (4) regeneration of adsorbate/substrate
by an electron donor. S, D, and A represent the sensitizer (adsorbate/substrate),
electron donor, and electron acceptor, respectively. (So: ground state, S': excited

state of the sensitizer (adsorbate/substrate). (Adapted with the permission of ref.?5)

The LMCT-complex formation on titania is generally accompanied by the visible light
absorption, which is not observed with either the adsorbate or titania alone.® Generally,
LMCT-surface-complexation induces visible light absorption extending up to far
visible region (~650 nm). However, the intensity of visible light absorption of LMCT-
complexed titania is influenced by the characteristic features of titania such as particle
size, specific surface area, surface structure, hydroxyl groups etc.®* Rajh et al.'*
reported that the overall optical absorption in dopamine-complexed titania was
improved by reducing the particle size (from 15 nm to 4.5 nm). Moreover, the
absorption was observed to be proportional to the fraction of Ti atoms at the surface.'®*
Various studies have been performed on LMCT-complex formation on titania to
elucidate the LMCT-induced visible light activation of titania. Phenolic compounds are

potential candidates to form LMCT-complexes on titania through hydroxyl functional
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groups (Figure 7). The LMCT-complex formation via hydroxyl groups facilitates
strong coupling, as only a single oxygen atom parts the phenolic ligand from the titania
surface (Figure 7).% Titania-catechol LMCT-complex is a typical example, where
catechol form a complex on titania via different binding modes (Figure 7) and impart
visible light absorption around 420-600 nm.!®* The bidentate binding mode is
comparatively more stable than the monodentate binding,'® besides that bidentate
binding also enhanced the visible light absorption.®> Moreover, presence of electron-
donating group such as methyl or tert-butyl groups onto catechol further extend the
visible light absorption of titania-catechol LMCT-complex towards longer
wavelength.!® The effect of substituent on visible light absorption is related to the
dipole moment change in LMCT-complex formed between titania and substituted
(electron-donating group) catechol, that may shift the electronic charge within the

complex and extend the absorption to higher wavelength.!%
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Figure 7. The possible binding modes of representative ligand to metal charge
transfer (LMCT)-complexes on the titania surface. (Reprinted with the permission

of ref.%)
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Shi et al.!% reported that titania-catechol LMCT-complex, can efficiently oxidize
amines (>90% conversion) into corresponding imines (>90% selectivity) using
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl radical) as co-catalyst under blue light
irradiation.!®® Several organic compounds with hydroxyl moieties (benzyl alcohol,
phenol, glucose, catechol, chlorophenols, ascorbic acid, etc.) and carboxylic acid group
(formic acid, citric acid, lactic acid, etc.) could form LMCT-complexes on titania,
accompanied by visible light absorption.®® The LMCT-complex formed between
ascorbic acid (AA) and titania can extend the visible light absorption of titania up to
800 nm, which is also accompanied by the change in color of titania from white to
orange (Figure 8).!°! However, neither the ascorbic acid (AA) or titania showed
absorption above 400 nm (Figure 8).!°! Surface-complexation of benzyl alcohols and
its substituted derivatives (~-OCH3, —CH3, —C(CH3)3, —Cl, —CF3 and —-NO3) on titania
selectively oxidize them into corresponding aldehydes (>99% selectivity) at high

conversion of benzylic alcohols (>99%) upon blue light irradiation.!?’
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Figure 8. UV-Visible diffuse reflectance absorption spectra of ascorbic acid (AA),

titania (TiO2) and ascorbic acid-adsorbed titania-complex (AA-TiO2). (Adapted

with the permission of ref.!’!)
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Moreover, various organic compounds with carboxylic functional group are capable of
forming LMCT-complex on titania. There are two possible binding configuration of
titania-carboxylate complex i.e. monodentate binding and bidentate binding (Figure 7).
Kim and Choi'® demonstrated that ethylenediaminetetraacetic acid (EDTA) form a
LMCT-complex on titania via carboxyl functional group, preferably through bidentate
bridging coordination instead of monodentate binding. The surface-complexation of
EDTA on titania induces absorption of visible light extending up to 550 nm, and
exhibited significant photocatalytic activity for the reduction of Cr(VI) to Cr(IIl) and
hydrogen generation in water.!%> Hydrogen peroxide (H20>) also has a tendency to form
a LMCT-complex on titania via condensation reaction.®® The surface-complexation of
H>O: on titania changes its color from white to yellow and induce visible light
absorption up to 550 nm. However, the titania-H>O> complex is not stable and generate
hydroxyl radicals (*OH) under visible light. This implies that titania-H>O> complex can
potentially be applied for the degradation of organic contaminants.'%

Furfuryl alcohol, an important class of biomass-derived compounds with a variety of
applications in chemical industry, can potentially form a LMCT-complex on titania,

ascribed to the presence of hydroxyl group (OH). Wang et al.!%”

reported that furfuryl
alcohol can efficiently be chemosorbed over monolayer titanate nanosheet forming the
surface coordination species via C-O groups. Upon visible light (A > 420 nm) absorption
the chemisorbed furfuryl alcohol over monolayer titanate nanosheets enables the
oxidation of furfuryl alcohol (with 54% conversion) to furaldehyde, with high
selectivity (99%).!% This signifies that the derivatives of furfuryl alcohols, like 5-
hydroxymethylfurfural (a platform compound) with hydroxyl moiety could potentially
be employed for the visible light activation of titania and self-selective oxidation via

LMCT-approach. This open-up a new avenue for the visible light active titania-based

photocatalytic system for biomass valorization.
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1.1.3.4 Titania/carbon composite

Recently, combining titania nanoparticles with carbon materials to form composites at
nanoscale (nanocomposite) have attracted great deal of attention for the visible light
activation of titania, to improve the photocatalytic performance of titania and, to
overcome the problem of nanofiltration of titania nanoparticles. Carbon materials
exhibit distinct features such as hydrophobic surfaces, multi-functionalities, high
specific surface area, large pore volume, good chemical and thermal stability, that will
enable their use in preparation of photocatalytic material. Comprehensive studies have
been done on the advancement of titania/carbon composite formation and their
application in heterogeneous photocatalysis.!!'®!!! In the context of green chemistry,
renewable materials derived from biomass such as lignin, cellulose, chitosan,
agriculture residues, activated carbon, fly ash and biochar are potential candidates for
the preparation of composite.

Virkutyte et al.!'? reported that the nanocomposite prepared using titania and
microcrystalline cellulose (TiO2/MC) via sol-gel method under mild reaction
conditions (atmospheric pressure and room temperature) exhibited efficient
photocatalytic activity for the degradation (~90%) of methylene blue under visible light
(A >420 nm). Whereas, commercial P25 showed negligible activity for the degradation
of MB under visible light. The efficient photocatalytic activity of TiO2/MC ascribed to
the synergistic effect of the physical and/or chemical interactions between titania and
MC."2 It is suggested on the basis of XPS results that some of lattice titanium atoms
may be substituted with carbon and form a Ti—-O—C structure.!'* Moreover, combining
microcrystalline cellulose with titania imparts the visible light absorption edge in
TiO2/MC up to 580 nm, and reduced the band gap of titania from 3.2 eV to 2.31 eV.!!?
Activated carbon (AC), is a porous, amorphous solid carbon material derived mostly

from carbonaceous or lignocellulosic materials.!'* It exhibits well-developed pore
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structure, high specific surface area, and adsorption capacity, which are advantageous
for its application in the preparation of photocatalytic materials.®® Combining AC with
titania could improve the photocatalytic efficiency of titania, as AC possess large
number of adsorption sites which can assist in the adsorption of organic molecules
before being transferred to the active center (titania).!'> Consequently, the ROS
generated by the photocatalyst do not have to move very far from the active sites of the
titania to catalyze a reaction. Moreover, AC can also act as a photosensitizer for titania
by transferring electrons into the CB of titania upon light irradiation, and trigger the
generation of ROS which can drive oxidation/reduction reaction.'!®

Titania-activated carbon composite (TiO2(AC-700)) prepared via sol-gel method
followed by calcination at 700 °C under air flow for 2 h, exhibited complete degradation
of methylene blue (MB) in an aqueous solution after 2.5 hours of irradiation under
visible light. Bare titania (prepared through sol-gel and calcination method) showed
similar results for MB degradation at longer irradiation time (~3.5 hours). The apparent
first-order rate constant of TiO2(AC-700) for MB degradation (49.75 x 107 min)
under visible light irradiation showed that TiO>(AC-700) catalyst was found to be
approximately two times more active than bare titania (18.58 x 107 min™).!'” It has
been proposed that degradation of MB over TiO2(AC-700) and bare titania is driven by
photosensitization, photolysis and photocatalysis. To further confirm the photocatalytic
activity of TiO2(AC-700), the degradation of photolysis resistant contaminant, 4-
nitrophenol was carried out over TiO2(AC-700) under visible light. Interestingly,
TiO2(AC-700) showed over 90% degradation of 4-nitrophenol after 6 hours of
irradiation under visible light with an apparent first order rate constant of 2.03x1073
min '.""7 The improved photocatalytic activity of TiO2(AC-700) compared to bare
titania for MB degradation is ascribed to number of factors. For example, bare titania

predominantly consist of rutile phase, whereas, TiO2(AC-700) consist of anatase phase,
22

http://rcin.org.pl



which shows that addition of activated carbon to titania prevents the transformation of
anatase to rutile phase. Moreover, the addition of activated carbon to titania, results in
the blue shift of light absorption, prevents the agglomeration of titania particles and
reduces the grain size of titania.!'”"!!® Besides that, TiO2(AC-700) also showed higher
specific surface area (51 m?g™!) compared to bare titania (5 m?g™). All these factors
contributed to the improved photocatalytic activity of TiO2(AC-700).!"”

Multi-walled carbon nanotubes (MWNT) have attracted considerable attention to
improve the photocatalytic performance of titania due to their unique electronic
properties and excellent electrical conductivities.!!” Preparing a composite of titania
and MWNT could suppress the charge recombination within the composite due to
electron scavenging ability and conductive nature of MWNT.!?* MWNT and titania
composite was prepared via acid-catalyzed sol-gel method followed by calcination (400
°C) for 2 hours under N atmosphere with the aim to improve the visible light activity
of titania for phenol degradation.!?! It was observed that the composite (20-MWNT-
Ti0;) prepared using 20wt% MWNT and 80wt% titania showed high photocatalytic
activity for the degradation (95%) of phenol. Whereas, pristine titania showed 40%
phenol degradation under the same conditions. The activity of pristine titania for phenol
degradation might be related to the traces of UV light from the illumination source and
the oxidation effect ascribed to the presence of dissolved oxygen in the reaction
medium.'?! Whereas, the high photocatalytic activity of 20-MWNT-TiOz is due to the
synergy between titania and MWNTS. Where, MWNT acted as a photosensitizer and
inject electrons into the conduction band of titania upon visible light absorption (Figure
9a).!21:122 Simultaneously, back electron transfer from valence band of titania to MWNT
result in the formation of hole (Figure 9b). These events triggered the formation of
reactive oxygen species (ROS) such as superoxide radical anion O™ and hydroxyl

radical (*OH), which accomplished the degradation of phenol.'?!
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OH- + H* == H,0

(b) HO*+ H*

Figure 9. Multi-walled carbon nanotubes (MWNT) acting as photosensitizer in the
composite catalyst: (a) electron injection into the conduction band of
TiO2 semiconductor; (b) electron back-transfer to MWNT with the formation of
a hole in the valence band of TiO2 semiconductor and reduction of the so formed
hole by adsorbed OH™ oxidation. (Reprinted with the permission of ref.!!)

Biochar, a porous solid-rich byproduct of thermal decomposition of organic waste,'**
can possibly be used to improve the photocatalytic performance of titania. Biochar has
number of advantages over conventional activated carbon such as the presence of
surface functional groups (C—O, C=0, COOH, and OH). Besides that, the presence of
sulphur and nitrogen containing functional group may also impart catalytic properties
to biochar.!!* Lisowski et al.> prepared a composite from biochar (obtained from soft
wood pellets (SWP) at 700 ©C) and titania via sol-gel and ultrasound assisted method
followed by calcination at 400 °C.° It was found that the composite (TiO2/SWP700)
prepared using ~20wt% of titania and ~80wt% of biochar (SWP700) exhibited high

photocatalytic activity for the degradation (33%) of phenol under visible light (400-680
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nm).'>* Whereas, the mechanical mixture of titania and biochar (SWP700) showed
much lower activity (9%) for the degradation of phenol under visible light. The
improved photocatalytic activity of TiO2/SWP700 compared to physical mixture
(titania + SWP700) ascribed to the narrower band gap (2.12 eV) of TiO2/SWP700
composites, which enhanced the visible light harvesting. Besides that, the reduced
recombination rate of photogenerated electron-hole pairs in TiO2/SWP700 enhanced

the photocatalytic efficiency.’

Chitosan (derived from the partial deacetylation of chitin) is a nitrogen-rich (~7 wt %)
polymer, composed of repeating units of N-acetyl-D-glucosamine and D-glucosamine
(Figure 10).!12>12% The presence of large number of amine and hydroxyl moieties in
chitosan, may help to interact with titania for composite formation.'?” Besides that,
chitosan may also act as nitrogen dopant for titania, which possibly improve the visible

light harvesting of a chitosan-titania composite. Yan et al.'*8

prepared visible light
active chitosan-titania (CTS-TiO2) nanocomposites via solvothermal method (180 °C
for 12 hours) for the degradation of methylene blue (MB). The results showed that CTS-
Ti0, nanocomposite displayed a higher visible light photocatalytic activity for MB
degradation compared to pure titania and commercial titania (P25). The apparent rate
constant of the CTS-TiO> for MB degradation was 9.1 x 10~ min™!, which was greater
than P25 (4.4x 10 min') and pure titania (4.3 x 107 min'). The enhanced
photocatalytic activity of CTS-TiO; could be ascribed to the improved visible light
harvesting of CTS-TiO; due to N-doping, and the efficient separation of the photo-
generated electrons and holes pairs by carbon modification. Besides that, the carbon

species in the CTS-TiO, may act as photosensitizers and the electron transport medium,

and thereby improved the photocatalytic activity of CTS-TiO,.!2%122
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Figure 10. Chitosan, a linear polysaccharide composed of (1-4)-linked d-

glucosamine and N-acetyl-d-glucosamine. (Reprinted with permission of ref.!?)

Lignin (derived from lignocellulosic waste) is a three-dimensional network
macromolecular polymer composed of different polyphenolic units (Figure 11).12%13°
The presence of various functional groups (hydroxyl, methoxy, ether, and aldehyde

groups) in lignin'?’

offer great potential for the preparation of composite and
photocatalytic materials.!?® The hydroxyl groups in lignin can involve in specific
interactions with titania for the formation of composites.!*! Lignin has been used as a
template to develop mesoporous titania nanoparticles via a hydrolysis precipitation
method using TiCls as precursor.'®! The highly electronegative hydroxyl groups in
lignin display a strong affinity towards titanium atom, with comparatively low
electronegativity (Figure 12).13"!!* During the partial hydrolysis of TiCls, the positively
charged Ti(OH)“ ™", were formed, which have tendency to react with nucleophilic
ligand, resulting in adsorption on the surface of lignin through electrostatic forces of
attraction. The adsorbed Ti(OH)“ ™", subsequently hydrolyzed and converted to Ti—

(O-lignin)4 over the lignin surface. The well-dispersed titania nanoparticles were

formed on the surface of the lignin after complete hydrolysis, (Figure 12)."!
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Figure 11. Cross-linked structures of lignin composed of phenolic monomers (p-
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol). (Reprinted with the

permission of ref.!3?)

o0—Ti—
(0] el S
o Lignin
—Lignin O— Lignin ngnin

Ti/ NH; . H,0_ 1|'1

Nofmel” STA SN

Ti(OH);"™*

Figure 12. Formation mechanism of mesoporous titania with lignin as a template.

(Adapted with the permission of ref.!3!)

Moreover, the phenolic functional groups in lignin could improve the hole transport
features of the composite materials.'*>!3} Whereas, the aromatic rings in lignin may

serve as chromophore site and assist in absorption.!3%!33

specifically in the range of
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295-400 nm.'*¢ Additionally, lignin may also act as a photosensitizer, and undergo a
photoinduced electron transfer implying molecular oxygen and other substrate species,
which result in the generation of reactive oxygen species (ROS) for example,

superoxide radical anion (O2*) and hydroxyl radical (*OH)."*’

Chitosan and lignin exhibit number of beneficial properties, however, there are some
limitations associated with the individual materials. For instance, chitosan, has low
mechanical and thermal stability.!*® Furthermore, it is usually insoluble in neutral and
basic pH range.'** However, the lignin solubility in various solvents differs with the
type of lignin. In the view of the fact, blending chitosan with lignin is a viable approach
to obtain a biopolymer composite material with improved physicochemical properties.
In an acidic medium, the amine groups of chitosan can easily be cationized,**!!* which
favors the interaction of chitosan with negatively charged materials. Adding, sulfonated
lignin, as an anionic polymer into chitosan may help in the formation of ionic
interaction between the two polymers,'*! which probably enhance the stability of the
composite material.'*? Therefore, blending chitosan with lignin to prepare a composite
for photocatalytic application is a captivating approach to benefit from the
advantageous properties of both polymers and overcome the limitations of individual

polymer.

Several methods have been reported to prepare chitosan-lignin (CL) composite, one of
the most commonly used approach is the solvent cast method. In this technique,
individual solutions of chitosan and lignin were prepared, subsequently mixed together
and later by evaporating the solvents CL composite were formed.!**'* Sonochemical
technique has also been employed for the preparation of CL composites, in which
chitosan suspension has been prepared and lignosulfonate particles were incorporated

with the high intensity ultrasonic probe to obtain ionically cross-linked CL
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composite.'*? Other approaches include reactive electrospinning process that involves
the formation of polyelectrolyte solution of chitosan and lignin by controlling pH of the
solution. Subsequently, the polyelectrolyte solution underwent electrospinning to

acquire chitosan-lignin fibres.'*!

Hydrothermal carbonization (a thermochemical
process) is another potential method to prepare CL composite. The hydrothermal
carbonization is carried out at relatively mild conditions at a temperature range of 180-
280 °C under autogenous pressure in neutral/acidic/basic solutions,'* which make it a
sustainable process for preparation of CL composite. Moreover, the synthesis of CL
composite through hydrothermal carbonization method, to the best of our knowledge
has not yet documented.

Interestingly, the composite of chitosan and lignin (CL) is adaptable to couple with
titania nanoparticles due to the presence of various functional groups.'#® In this context,
preparing a nanocomposite by coupling CL composite with titania nanoparticles
presents a possibility to improve the photocatalytic efficiency and the visible light
activity of the titania. The varied functional groups of CL composite, especially
aromatic groups of lignin, may enhance the substrate adsorption because of n-n stacking
interaction with organic adsorbates, which is advantageous for enhancing the
photocatalyst activity.'*” Whereas, nitrogen containing functional groups of chitosan
may possibly improve the visible light harvesting of a titania via nitrogen doping.'?°
Numerous approaches have been used in the literature for the preparation of titania-

d, 48199150 chemical

based composites materials at nanoscale that include sol-gel metho
vapor deposition,'>! hydrothermal method!>?!>} and solvothermal method.!?® The sol-
gel technique is the most widely used due to its simplicity and possible ability to control
the surface properties of the composite. The sol-gel method involved the hydrolysis and

polycondensation of a titanium alkoxide, which ultimately yields titanium dioxide

(titania).!*? Titania obtained via sol-gel method is amorphous in nature, therefore titania
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nanoparticles are subsequently calcined (400-700 °C) > 148121 to acquire the crystalline
phase of titania. However, calcination may lead to particle agglomeration, smaller
specific surface area and rutile phase formation, which may result in lower
photocatalytic activity of titania.'>> Moreover, the high temperature calcination (400-
700 ©C) is not an economical and sustainable approach. The hydrothermal treatment
presents an alternative to the calcination for the crystallization of titania at mild
temperatures (120-200 ©C).!3% 15515 Besides that, the characteristic features (grain size,
particle morphology, crystalline phase, specific surface area and surface chemistry) of
the titania nanoparticles can be adjusted by varying the experimental variables like pH,
temperature, aging time, nature of solvent and additives.!>>!*7138 Hydrothermal method
provides a facile route for the synthesis of well-crystalline titania nanoparticles.!>?
Moreover, to the best of our knowledge, the sol-gel-hydrothermal method has not been
used for the preparation of titania/CL nanocomposite.

1.2 Valorization of biomass to value-added products

Biomass is considered as the most profusely available renewable resource. Globally,
over 170 billion metric tons of biomass is produced every year."”® Along with the
increasing interest in exploring biomass for the preparation of photocatalytic material
(as discussed in section 1.1.3.4), exploiting the biomass potential for the production of
value-added chemicals and fuels is the key to a bio-based economy. Biomass mainly
consist of cellulose (40-50%), hemicelluloses (16-33%), lignin (15-30%), and small
fraction of other components.!'®® Cellulose, a homopolymer of glucose (C-6 sugar) is
recognized as the most economically beneficial, as it can be depolymerized into
monosaccharide and glucose, which can subsequently be used as a precursor for other
value-added chemicals by chemical or biochemical strategies. Unlike cellulose,
hemicellulose is a hetropolymer consist of different monomers such as arabinose,

mannose, galactose, glucose, and xylose.!! Lignin is a complex polymer composed of
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three-dimensional network of aromatic units connected through C—O—C ether bonds
and C—C linkages.!®? It holds a significant potential for the production of aromatic
compounds, however the recalcitrant nature of lignin structure makes its
depolymerization quite challenging. The key problem associated with lignin
valorization is the selective and effective cleavage of complex linkages which connect
the aromatic units in the lignin structure, !62163:164

1.2.1 Conversion of 5-hydroxymethyl furfural (HMF) into value-added products
Biomass-derived sugars obtained from cellulose could be converted in to number of
platform chemical such as furfural, 5-hydroxymethyl furfural (HMF), sorbitol, isorbide
etc.'® Among various building-block chemicals, 5-hydroxymethyl furfural (HMF)
exhibit numerous application as intermediate compounds for the production of
industrially relevant chemicals such as solvents, polymers, fuel additive lubricants,
resins, decolorizing agents, drugs, fungicide etc.!9¢1¢7-168 The commercial production
of HMF by acid-catalyzed hydrolysis-dehydration of C-5 sugars is well
developed.!6%16%170 Interestingly, the versatile chemical reactivity of HMF ascribed to
the presence of a hydroxyl group, an aldehyde group, and a furan ring offers great
potential for the production of value-added products such as 2,5-diformylfuran (DFF),
2,5-furandicarboxylic acid (FDCA), 2,5-dimethyl furan (DMF), 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), levullinic

acid, maleic anhydride etc.!7!-172173.174

via hydrogenation, oxidation, polymerization,
hydrogenolysis of C-O and dissociation.!”>!’ However, partial oxidation of HMF is
the most investigated process for the production of value-added derivatives of
HMF.!7%178179 Ag shown in Figure 13, the selective oxidation of hydroxyl functional
group of HMF produces 2, 5-diformylfuran (DFF). Whereas, the selective oxidation of
aldehyde functional group form 5-hydroxymethyl-2-furancarboxylic acid (HMFCA).

Subsequent selective oxidation of DFF and HMFCA generate 5-formyl-2-
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furancarboxylic acid (FFCA). With the further partial oxidation of the aldehyde group

of FFCA, 2,5-furandicarboxylic acid (FDCA) is obtained.!”®

Selective
oxidation of 0 0
the hydroxyl moiety

a e ' AS 0 o o o 0
Ny P H OH
Bl‘§s ; HO \ / H \ / OH — HO \ /

w :\:‘ﬂ

Selective HO OH
oxidation of \ /
the aldehydic moiety HMFCA

Figure 13. The pathways for the selective oxidation of S5-hydroxymethyl furfural
(HMF) to 2, 5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA), 5-formyl-2-furancarboxylic acid (FFCA) and 2,5-furandicarboxylic

acid (FDCA). (Reprinted with the permission of ref.!7%)

Among various value-added products derived from HMF, significant attention has been
paid to the production of FDCA and DFF. FDCA has been identified among the top 12
building-block compounds derived from biomass by US Department of Energy.
Interestingly, FDCA is a structural analogue of terephthalic acid, therefore considered
as a viable substitute of terephthalic acid for the synthesis of different polymers like
polybutyleneterephthalate (PBT) and polyethylene terephthalate (PET) plastics.'8%!7
FDCA has enormous market potential, BASF and the Dutch technology firm Avantium
is striving to develop a next generation bioplastics based on 2,5-furandicarboxylic acid
(FDCA). 181182

In the recent years, the selective oxidation of HMF to FDCA is carried out over noble

metal catalysts at high (80-150 °C) temperatures.!®>!%* The major shortcoming of

thermal catalytic oxidation methods include the high cost of expensive noble metal
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catalysts, high energy consumption (due to high reaction temperatures) and high
oxygen pressures (3-20 bar),!”®!® which hinders their large scale industrial
applications. Hence, developing processes for the selective oxidation of HMF to FDCA
under mild reaction conditions is a significant challenge. Heterogeneous photocatalysis
is considered to be a relatively mild alternative approach for the selective oxidation of
HMF to FDCA. Xu et al.,'®® reported that cobalt thioporphyrazine (CoPz) dispersed on
graphitic carbon nitride (g-C3N4) showed exceptional photocatalytic activity for the
selective oxidation of HMF to FDCA under simulated solar radiation (300-1000 nm)
using molecular oxygen in air as an oxidizing agent, and alkaline reaction condition
(pH = 9.18). High HMF conversion (99%) and FDCA selectivity (97%) was observed
after 14 hours of illumination. '%

DFF, another value-added product obtained from the selective oxidation of HMF has
numerous applications for the preparation of drugs, pharmaceuticals, furan-urea resins,
macrocyclic ligands, polymers, antifungal agents etc.!””!%¢ Numerous studies have
been performed to selectively oxidize HMF to DFF using noble-metal catalyst, non-
precious metal-containing catalyst, metal-organic frameworks (MOFs)-based catalyst.
Baruah et al.!®” demonstrated that copper nanoparticles supported on cellulose, along
with bismuth nitrate pentahydrate as a cocatalyst exhibit efficient catalytic activity for
the selective oxidation of HMF to DFF in acetonitrile at 80 °C using air as an oxidant.
High DFF yield (82%) with 85% HMF conversion was observed after 120 minutes.'®’
Mesoporous manganese doped cobalt oxide catalyst (Meso 5%Mn/CoOx) showed the
potential for the selective oxidation of HMF to DFF in different solvents such as
toluene, acetonitrile, water, N,N-dimethylformamide (DMF) and 1,4-dioxane at 130 °C
using air as an oxidizing agent after 4 hours. However, the Meso 5%Mn/CoOx catalyst

showed best results in the presence of DMF, with 80% HMF conversion and 96% DFF
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selectivity. Whereas, in aqueous medium moderate HMF conversion was achieved
(70%) with high DFF selectivity (99%) at 100 °C after 4 hours. '8}

In the recent years, much emphasis has been given to heterogeneous photocatalytic
approach for the selective partial oxidation of HMF to DFF, ascribed to its economical
and environmentally-benign nature compared to thermocatalytic processes. 8190191
Melamine-derived graphitic carbon nitride (MCN) prepared via thermal (520 ©C)
condensation method demonstrated the reasonable potential for the photocatalytic
selective oxidation of HMF to DFF in an aqueous medium. Moderate DFF selectivity
(30%) was exhibited by MCN at 30% HMF conversion in an aqueous medium under
UV-visible light (340-420 nm) irradiation. The thermal exfoliation of MCN at 540 °C
further improved the DFF selectivity up to 45% at similar HMF conversion (30%). The
improved photocatalytic performance of exfoliated MCN may ascribe to its relatively
higher specific surface area (169 m?g™!') compared to non-exfoliated MCN (7 m?g™).
Moreover, thermal exfoliation of MCN may also improve the selectivity of DFF by
eliminating the uncondensed NH: sites, which are considered detrimental for the partial
oxidation of HMF to DFF."? Wu et al.!?? reported that graphitic carbon nitride (g-C3N4)
obtained from the calcination (540 ©C) of melamine showed better performance for the
selective oxidation of HMF to DFF. The high DFF selectivity (~87%) was achieved by
g-C3N4, with 31 % HMF conversion using molecular oxygen as oxidant in acetonitrile
after 6 hours of illumination (A > 400 nm). The photocatalytic selective oxidation of
HMF over g-C3Ny in the presence of different radical scavengers revealed that the
superoxide radical anion O»"* is the key active species involved in the oxidation of HMF
(Figure 14). It was proposed that upon light irradiation, electrons are generated on the
conduction edge, which reduced the oxygen to superoxide radical anion O>™®. The O,™*
preferably stays on the surface of g-C3Na, probably as an interface bound exciton pair

to compensate for the positive charge within g-C3Ns. The deprotonation of the hydroxyl
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group of HMF (A) leads to the formation of alkoxide anion (B), which upon reaction
with the hole by electron transfer form a radical (C). Further reaction of a radical (C)
with hydroperoxyl radical (*OOH) forms the target product, DFF (D) and generate

H,0: as a side product (Figure 14).!%3

8-C3N,4 » -GN, (ht, e)
0,
o¥ < H \/ ~¢°
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H,0 00H Y e

(D) ©)

Figure 14. A possible reaction pathway for the photocatalytic selective oxidation
of HMF to DFF over graphitic carbon nitride (g-C3N4). (Reprinted with the

permission of ref.!*)

Zhang et al.!”* demonstrated the potential of niobium pentoxide (Nb2Os) obtained from
the calcination (800 °C) of niobic acid for the selective oxidation of HMF to DFF under
visible light (A > 400 nm). A high DFF selectivity (~91%) was exhibited by Nb,Os at
low HMF conversion (~19%) in benzotrifluoride after 6 hours of illumination (A > 400
nm). The mechanistic studies performed in the presence of radical scavenger showed
that the holes (h") are the dominant active species involved in the oxidation of HMF to
DFF. Based on radical scavenging experiments, a plausible mechanism has been
proposed for the oxidation of HMF to DFF over Nb>Os (Figure 15). The adsorption of

HMF on Nb,Os via hydroxyl group form alcoholate species, which is activated upon
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visible light irradiation by injecting electrons in to the CB to reduce the Nb>* to Nb*".
Subsequently, alkenyl radical is formed, which is finally converted in to DFF, and water
is formed as a side product. After the desorption of DFF the reduced Nb*" is re-oxidized

by the molecular oxygen.'**
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Figure 15. A possible reaction mechanism for the photocatalytic selective

oxidation of HMF to DFF over Nb20s. (Reprinted with the permission of ref.!*4)

Though, these studies have demonstrated the practical applicability of visible light-
driven photocatalytic selective oxidation of HMF to DFF. However, the synthesis of
these photocatalysts (Nb2Os and g-C3N4) is based on high-temperature calcination (800
OC and ~550 ©C, respectively) method, which is not economical from sustainability

point of view. Besides that, MnO> nanorods prepared through ultra-slow controlled
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precipitation procedure using KMnOy as oxidant shown great potential for the selective
oxidation of HMF under UV light (365 nm). The MnO: rods showed high HMF
conversion (89%) and DFF selectivity (93%) in acetonitrile at 28 °C after 6 hours of
illumination. A slight increase in temperature (from 28 to 39 ©C) as a result of UV light
irradiation (when experiment was performed without external cooling of reactor) acts
synergistically with light irradiation and enhanced the photocatalytic activity of MnO»,
HMF conversion reaches up to 99% with ~100% DFF selectivity after 6 hours of
illumination.'®® Although various studies carried out in the past showed that the
photocatalytic approach has significant potential for the selective oxidation of HMF.
However, the quest for a cost-effective, chemically stable and high performance visible
light active photocatalyst is actively pursued to selectively oxidize HMF to DFF.

1.2.2 Conversion of benzyl alcohol (BnOH) into value-added products

Lignin, as one of the few renewable resources consisting of highly oxygenated
polyphenolic units possess a significant potential for the production of value-added
aromatic compound. Therefore, selective oxidation of lignin model compounds, which
contains the functional groups found in native lignin has been the subject of intensive
investigation.!”® The oxidation of benzyl alcohol (BnOH) has been used as a model
reaction for the selective oxidation of lignin-derived aromatic alcohols. Besides that,
the selective oxidation of BnOH to corresponding aldehyde or benzoic acid has
immense application in pharmaceutical, cosmetics, perfumery, agrochemicals and
flavor/fragrance industries.!”® Numerous photocatalytic systems have been developed
for the selective oxidation of benzyl alcohol. Among various photocatalysts, titania and
titania-based nanocomposite have been widely investigated for the selective oxidation
of BnOH. 819718 Magdziarz et al."”” demonstrated that iron-containing TiO»/Zeolite-
Y photocatalyst synthesized through sonophotodeposition (SPD) method followed by

calcination (300 ©C) in air could be used for the selective oxidation of BnOH to
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benzaldehyde (Bnald). High Bnald selectivity (>95%) was achieved with 48% BnOH
conversion, by iron-containing TiO2/Zeolite-Y photocatalyst in acetonitrile under solar
simulated irradiation for 8 hours. Whereas, iron-containing TiO/Zeolite-Y
photocatalyst obtained via ordinary wet impregnation (WI) method showed much lower
activity for the selective oxidation of BnOH (10% conversion), with 90% Bnald
selectivity. The enhanced photocatalytic performance of the nanocomposite obtained
via SPD, ascribed to its improved visible light absorption (up to 700 nm) and reduced
charge recombination due to the lower at.% of Fe (0.04) compared to the
nanocomposite obtained from W1 method (0.19 at.% of Fe).!*

Band-gap alteration of titania via nitrogen doping is another approach used for the
selective oxidation of BnOH under visible light. Zhang et al.>°® prepared a series of
nanostructured N-doped titania by annealing the titania nanoparticles (synthesized via
sol-gel and calcination method, 450 °C under O> flow) under pure NH3 gas streams at
various (400, 450, 500, 550 and 650 °C) temperatures for the selective oxidation of
BnOH under visible light (A > 420 nm). The optimal N-doped titania (containing 0.28
wt% N)?! obtained at 500 °C showed ~20 % BnOH conversion and 100% Bnald
selectivity in an aqueous medium after 2 hours of illumination. Whereas, the pristine
titania showed negligible activity for the selective oxidation of BnOH (5% BnOH
conversion, 100% Bnald selectivity) under visible light. The improved visible light
activity of N-doped titania was attributed to the visible light absorption due to its
reduced band-gap (2.28 eV) compared to pristine titania (~3.3 eV). Moreover, the
electrochemical impedance spectroscopy (EIS) results showed that N-doping improved
the charge separation efficiency, which also improved the visible light activity of N-
doped titania for the selective oxidation of BnOH. Based on electron paramagnetic
resonance (EPR) measurements the mechanism for the selective oxidation of BnOH

over N-doped titania was proposed (Figure 16).2%°
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photogenerated electrons (e) were scavenged by O> to form superoxide radical anion
O2*, which subsequently form hydroperoxyl radical (*OOH). Whereas, the
photogenerated holes (h") react with the deprotonated a-C-H group of BnOH and form
a BnOH radical. Finally, the BnOH radical react with the hydroperoxyl radical (*OOH)
radical and form Bnald.?*

visible 0,

05— o HOO-
. )——»m-c:o + H,0,
Ar-C-OH :

= : H

H H

|

Ar—('l:-OH
H

Figure 16. The proposed mechanism for the selective photocatalytic oxidation of
benzyl alcohol (BnOH) to benzaldehyde (Bnald) under visible light irradiation.
(Reprinted with the permission of ref.2’?)

1.22 prepared a visible light active Au/TiO, nanocomposite via colloid

Tanaka et a
photodeposition (300 nm) with a hole scavenger (oxalic acid) method followed by
calcination (973 K) for the selective oxidation of BnOH to Bnald. It was observed that
Au/TiO2 nanocomposite exhibit high Bnald selectivity (>99%) at >99% BnOH
conversion in an aqueous medium using molecular oxygen as oxidant under red light
(A > 600 nm) after 12 hours of irradiation. Whereas, pristine titania showed negligible
activity for the selective oxidation of BnOH under red light. The high photocatalytic
performance of Au/TiO2 nanocomposite compared to pristine titania ascribed to the
surface plasmon resonance (SPR) of gold nanoparticles, which improved the

photoabsorption of Au/TiO2 nanocomposite.???
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Though, the possibility of selective oxidation of BnOH under visible light especially
under far visible region (red light) seems to be an attractive approach for the
exploitation of renewable solar energy. On the contrary, high temperature calcination
methods and use of expensive noble metal (gold) to achieve visible light activity limits
their large-scale implementation for practical applications. Hence, there is a need for
the sustainable processes for the valorization of biomass under visible light.

1.3 Prospects and challenges in titania-based photocatalysis for the selective
oxidation of biomass-derived platform chemicals

There are several bottlenecks for the application of titania in organic oxidation
reactions. However, the nonselective oxidation under UV light, which leads to poor
product selectivity, is the biggest challenge associated with titania-based photocatalysis
for the selective oxidation reactions. There are number of factors involved in the
nonselective photocatalytic oxidation of organic substrates over titania. For instance,
the formation of highly active oxidizing species especially in aqueous medium, which
over oxidizes the substrate and often leads to mineralization and results in poor
selectivity of the target product. Yurdakal et al.?® reported that the photocatalytic
selective oxidation of HMF over titania in an aqueous medium under UV light (365
nm) suffers from low DFF selectivity (22%) with 50% HMF conversion. The low
selectivity of DFF by titania is ascribed to the generation of highly active oxidative
species in aqueous medium such as hydroxyl radicals, which may destroy the furan ring

).29 Moreover,

and results in complete oxidation of HMF to CO> and H>O (Figure 17
the reaction medium (solvent) can affect the conversion efficiency of the substrate and

product selectivity either by competing with reactants and products for the catalytic

centres or by solvating adsorbed species.?%*
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Figure 17. Mechanism for HMF oxidation to DFF over titania under UV light.

(Reprinted with the permission of ref.?%3)

Molinari et al.®® demonstrated that the adsorption of geraniol and its subsequent
photocatalytic oxidation to citral over titania (P25) is limited by the presence of water
in the dispersing medium (acetonitrile). Interestingly, in anhydrous acetonitrile 3%
adsorption of geraniol on titania (P25) was observed, which was slightly decreased (less
than 1%) by adding small amount of water in the dispersing medium (ACN/H20 96/4).
However substantial difference in the photocatalytic activity of titania (P25) for the
oxidation of geraniol was observed in different reaction medium. In anhydrous
acetonitrile, 73% selectivity of citral (at ~18% geraniol conversion) was observed after
35 minutes of illumination (A > 320 nm). However, adding small amount of water in to
acetonitrile (ACN/H20 96/4) reduced the selectivity of citral up to 50% (at ~11%
geraniol conversion). It was proposed that the water as highly polar solvent increased
the polarity of the dispersing medium (ACN/H20 96/4), which favours the interaction
of geraniol with ACN/H20 mixture. Moreover, ESR (electron spin resonance)-spin
trapping investigation revealed that the competitive adsorption of water with geraniol

inhibit the adsorption of geraniol on titania and subsequent oxidation.®’
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The characteristic feature of titania such as surface hydroxyl groups, specific surface
area, crystallinity etc. also play a crucial role in determining the activity for the selective
oxidation reaction. Higashimoto et al.!"?*> demonstrated the critical role of surface
hydroxyl group of titania for the selective oxidation of BnOH to Bnald under blue light
(A >420 nm). It was found that the adsorption of BnOH on the surface of titania,
involving surface OH groups result in the formation of LMCT-complex, which upon
blue light absorption catalyzes the oxidation of BnOH to Bnald. A high BnOH
conversion (>99%) with high Bnald selectivity (>99%) was achieved in acetonitrile
using molecular oxygen as an oxidant after 4 hours of illumination. To corroborate the
role of surface hydroxyl group of titania in the visible light active LMCT-complex
formation, titania was treated at high temperature (~973 K) with the aim to remove the
hydroxyl groups. The heat treatment drastically decreased the activity of titania for
BnOH conversion (20%) with slight decrease in Bnald selectivity (~90%). The decrease
in the activity of titania with heat treatment is ascribed to the removal of OH groups
responsible for the adsorption of BnOH, and ultimately reduced the activity of titania.
This was also evidenced by the surface fluorination of titania, that OH groups are
critical for the adsorption of BnOH and visible light activity of titania. Moreover, the
specific surface area of the titania (320 m? g ') was substantially reduced (up to 91 m?
g 1) after the heat treatment, which shows that the reduced number of active sites may
also decrease the activity of titania.!!

Crystallinity of titania is a crucial factor affecting the activity and selectivity of titania.
It has been commonly observed that the higher degree of crystallization provides better

1.2%6 reported that less-

separation of charge carriers. However, Augugliaro et a
crystalline rutile (HP333) phase of titania displayed better results for the selective

oxidation of BnOH compared to more-crystalline rutile (HP973) and commercial P25

under UV light (A = 360 nm). The HP333 sample showed 38% Bnald selectivity with
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50% BnOH conversion, Whereas, HP973 exhibited ~10% Bnald selectivity at similar
BnOH conversion (50%). Moreover, commercial P25 showed the four to five times
lower Bnald selectivity (~8%) than HP333 at 50% BnOH conversion.?” The enhanced
selectivity of HP333 was ascribed to the facilitated charge recombination, and
consequently hindered the generation of strong oxidizing *OH radicals. Besides that,
OH groups formed from deactivated *OH radicals were preferred to adsorb on the less-
crystalline rutile (HP333), creating a more hydrophilic surface. Desorption of Bnald
was consequently improved, so was its selectivity.2¢ 207

In a nutshell, there are number of factors that influence the selectivity of desired product
in titania-based photocatalysis, for example the intrinsic features of titania
(crystallinity, specific surface area, number of surface OH groups, crystalline phase
etc.) reaction medium, adsorption-desorption behavior of substrate and products. The
literature review showed that different ways such as the use of relatively less polar
solvent (compared to water) like acetonitrile may help improve the selectivity of the
desired product, specifically in selective oxidation of alcohols over titania. This might
be related to the reduced competition of solvent with the substrate for the adsorption
site, which may improve the activity and selectivity of the titania. Moreover,
acetonitrile would also minimize the formation of highly oxidizing *OH radicals, which
often leads to the over-oxidation and poor selectivity of desired product. Additionally,
the higher number of surface OH groups and greater specific surface area observed to
improve the activity and selectivity of titania in selective oxidation reaction, which may
have ascribed to the availability of increased number of adsorption sites/active sites for
the substrate. Another challenge of titania-based photocatalysis in the selective
oxidation reaction is the utilization of visible light. Titania is in principle active under
UV light, but often poorly selective for the oxidation reaction under UV light. The

literature review showed that different approaches such as doping (with metals or non-
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metals), dye-sensitization, LMCT-sensitization, formation of composite (discussed in
detail in section 1.1.3) etc. could be helpful in improving the visible light activity of
titania. However, there is still a need for the improvement of visible light activity of
titania to utilize solar energy efficiently, which allows the absorbance of a broader range
of wavelengths (green and red light), using mild conditions (without the use of noble

metal and high temperature (400-700 °C) calcination method).
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2. RESEARCH HYPOTHESIS AND OBJECTIVES

From the current state of knowledge, it was inferred that the pristine titania has some
limitations for its application in selective oxidation reaction. The foremost limitation is
the requirement of UV light irradiation for its activity, which often lead to the low
selectivity of partial oxidation products. This implies that more strategic approaches
should be developed to extend the response of titania to the visible light region for the
selective oxidation of organic substrates to high value-added products. On the basis of
literature survey, two approaches have been used in this thesis for the visible light
activation of titania for the selective oxidation of biomass-derived platform compounds
i.e. 1) Ligand-to-metal charge transfer (LMCT)-complex formation ii) Preparation of

nanocomposites of titania and carbon materials.
2.1 Research hypothesis I

Ligand-to-metal charge transfer (LMCT)-complex formation: It is known from the
literature that the furfuryl alcohol can be chemosorbed over titania and form a visible
light-active surface-complex involving hydroxyl group. The surface-complex enables
the oxidation of furfuryl alcohol to furaldehyde upon visible light (A > 420 nm)
irradiation.!” This implies that the 5-hydroxymethylfurfural (a derivative of furfuryl
alcohol), a platform compound with hydroxyl functional group could potentially be
employed for the visible light (A = 515 nm) activation of titania and self-selective

oxidation via LMCT approach.
Following are the sub-hypotheses for the research hypothesis I.

1. It is hypothesized that 5-hydroxymethyl furfural (HMF) could adsorb on the
titania surface and form a LMCT-complex, which can act as an in situ sensitizer
and enable the selective oxidation of HMF to diformylfuran (DFF) under visible

light (A =515 nm).
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ii.

iil.

1v.

It is hypothesized that the dissociative interaction of hydroxyl groups of HMF
and the titania surface leads to the formation of LMCT-complex

It is known from the literature that the higher specific surface area of titania may
likely enhance the LMCT-mediated visible light photocatalytic activity of
titania, ascribed to increased number of adsorption sites (hydroxyl groups).!! It
is therefore conjectured that the LMCT-mediated visible light photocatalytic
activity of titania is correlated with its specific surface area.

Referring to the current state of knowledge, it is presumed that the LMCT-
complex formation between titania and HMF can extend the absorption of
titania into the visible light region, which may facilitate the selective oxidation

of HMF to DFF under visible light.

Following objectives were established to verify the research hypothesis I.

L.

11.

1il.

Understand the in situ sensitization of titania via LMCT-complex formation
between HMF and titania, through various characterization techniques
(Raman Spectroscopy, FTIR spectroscopy, DRS UV-Visible spectroscopy,
XPS).

Evaluate the role of surface hydroxyl group (OH) groups of titania in
LMCT-mediated visible light activation of titania for the selective oxidation
of HMF through heat treatment (to remove the surface hydroxyl groups) and
surface fluorination (to replace the surface hydroxyl groups with F~ ions) of
titania.

Develop a mechanistic insight into the photocatalytic selective oxidation of
HMF via LMCT-mediated activation of titania through radical scavenging
experiments and by carrying out photocatalytic experiments in the presence

of different additives.
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iv.  Investigate the effect of specific surface area on the activity of LMCT-
activated titania for the selective oxidation of HMF to DFF.
2.1 Research hypothesis 11
Preparation of nanocomposites of titania and carbon materials: The literature study
showed that combining titania with carbon materials to form a composite at nanoscale
could improve the visible light activity of titania.!??*128 In respect of selection of
carbon material, the literature review revealed that chitosan and lignin exhibit number

127.129.131 and combining chitosan with lignin is a viable

of advantageous properties,
approach to obtain a biopolymer composite material with improved physicochemical
properties. Subsequently, coupling titania with chitosan-lignin (CL) composite to
prepare a nanocomposite (T/CL) can possibly improve the visible light (A = 515 nm)
activity of titania for the selective oxidation of benzyl alcohol (BnOH) to benzaldehyde
(Bnald).

Following are the sub-hypotheses for the research hypothesis II.

1. According to literature survey, chitosan and lignin have some inherent flaws, it
is hypothesized that combining chitosan with lignin may form a composite with
improved physicochemical properties.

1. It is presumed that CL composite bearing multiple functional groups may
potentially interact with titania nanoparticles and form a nanocomposite.

iii. It is known from the literature that lignin may act as a photosensitizer,'®’
therefore it is hypothesized that CL as part of nanocomposite (T/CL) may act as
a photosensitizers and electron transport medium, and thereby improved the
visible light activity of titania for the selective oxidation of BnOH.

iv.  Referring to the literature survey, chitosan may act as a nitrogen dopant.'?® It is
therefore conjectured that CL composite may incorporate nitrogen in to the

titania lattice and form a new-mid-gap energy state, which may decrease the

47

http://rcin.org.pl



band-gap of titania and improve the visible light activity of titania for the

selective oxidation of BnOH.

Following objectives were established to verify the research hypothesis II

1.

11.

iii.

Design a low temperature (hydrothermal) synthesis route for the preparation of
chitosan-lignin (CL) composite.

Develop a low temperature (150 °C) synthesis method utilizing sol-gel and
hydrothermal techniques for the preparation of titania/chitosan-lignin (T/CL)
nanocomposite.

Understand the synergy of titania and chitosan-lignin composite by
characterizing them through wide range of techniques, e.g. X-ray diffraction
(XRD), N> physisorption, FTIR spectroscopy, DRS UV-Visible spectroscopy,
and X-ray photoelectron spectroscopy (XPS) for the visible light activation of
T/CL nanocomposite for the selective oxidation of benzyl alcohol (BnOH) to

benzaldehyde (Bnald).
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3. EXPERIMENTAL

This chapter includes the work published in ChemSusChem and the work submitted for
publication in RSC Advances.

Chemicals: Titanium(IV) isopropoxide (97+%, Sigma Aldrich), nitric acid (65%, Alfa
aesar), 2-propanol (99.7%, Alfa aesar), commercial titanium(IV) oxide, P25 (99.5%,
Evonik), brookite (99.9%, Sigma Aldrich), 5-hydroxymethylfurfural (98%, Acros
Organics), acetonitrile (99.9%, POCH), anatase (98%, Acros Organics), 2,5-
diformylfuran (98%, abcr), methanol (99.9%, POCH), sodium acetate (99.0%
Chempur), sodium fluoride (99%, Chempur), 1,4-benzoquinone (98%, Sigma Aldrich),
silver nitrate (99.8%, STANLAB), potassium trioxalatoferrate (III) trihydrate (98%,
abcer), 1,10—phenanthroline (99.5%, Chempur), citric acid monohydrate ( >99.0 %,
STANLAB), alkali lignin, low sulfonate content (average Mw ~10,000, 4% sulfur,
Sigma Aldrich), medium molecular weight chitosan (75-85% deacetylated, Sigma
Aldrich), orthophosphoric acid (85%, POCH), sodium sulfate (>99%, ROTH), benzyl
alcohol (99.8%, Sigma Aldrich), benzaldehyde (99.0%, Chempur), dimethylsulfoxide
(>99.5%, ROTH), Nafion (~5% in a mixture of lower aliphatic alcohols and water,
Sigma Aldrich), and active carbon Norit® SX 2 (POCH) were used without further
purification. Water used was purified up to 18 MQ cm resistivity via Milli-Q water
purification system.

3.1 In situ LMCT-sensitization of titania and its photocatalytic activity
3.1.1 Synthesis of titania nanoparticles

Titania nanoparticles were prepared via sol-gel and hydrothermal method adapted from
the literature.**?% A titania sol was prepared by acid-catalyzed hydrolysis of
titanium(IV) isopropoxide (TTIP). In a typical procedure, a specified volume of TTIP

(30.5 mL) was dissolved in 25 mL of 2-propanol and stirred (400 rpm) at room
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temperature for 2 hours. Subsequently, 1M nitric acid (1 mL) was added to the prepared
solution under continuous stirring (for 5 minutes) till gelation takes place. Then, water
(25 mL) was slowly added to the gel and stirred (400 rpm) for additional 3 hours.
Afterwards, the synthesized titania nanoparticles were filtered, washed three times with
water, and subsequently dried at 80 °C in hot air oven for 12 hours. The dried titania
nanoparticles were ground to powder and shifted to a Teflon lined autoclave filled with
water (~80%) for hydrothermal (150 °C) treatment for 8 hours. Finally, the obtained
titania nanoparticles named as SGH-TiO», were dried in hot air oven at 110 °C for 12
hours.

Preparation of sensitized titania nanoparticles: For the preparation of sensitized titania
nanoparticles (HMF-adsorbed titania nanoparticles, HMF-Ads-SGH-Ti03), a specified
amount (20 mg) of SGH-TiO; is suspended in 20 mL of 1 mM HMEF solution in
acetonitrile in the glass photoreactor. The resulting suspension was stirred (400 rpm) in
dark for 1 hour. Afterwards, the HMF-Ads-SGH-TiO; was collected, dried in hot air
oven at 80 °C for 3 hours and characterized further. HMF-adsorbed P25 (HMF-Ads-
P25) was prepared following the same procedure. However, for the photocatalytic
experiments the catalyst was not removed and the light experiment was started after 1
hour of stirring in dark.

Chemical and thermal modification of titania nanoparticles (SGH-TiO3): The
synthesized SGH-Ti0: nanoparticles were further modified through chemical (surface-
fluorination) and thermal treatment to exchange or remove the surface hydroxyl (OH)
groups, respectively. Thermal modification involves high temperature calcination (600
°C) of SGH-TiOx for 3 hours under static air at a heating ramp of 5 °C /min.!! Thermally
modified SGH-TiO; nanoparticles were named as SGH-TiOz-cal-600. Whereas,

surface-fluorinated titania (F-SGH-Ti0;) nanoparticles were prepared according to the
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method reported by Park and Choi 2 with some modifications. An aqueous solution
of sodium fluoride (0.05 M) was prepared and the pH of the sodium fluoride solution
was maintained to ~3.5 using HCI. Afterwards, 0.06 g of SGH-Ti0O, were suspended in
sodium fluoride solution (6 mL) and stirred at room temperature for 5 hours to exchange
the surface OH groups of SGH-TiO; with fluoride ions. Afterwards, the fluorinated
SGH-TiO (F-SGH-TiO2) were collected and dried in hot air oven at 110 °C for 12
hours.

3.1.2 Characterization of titania nanoparticles

Powder XRD measurements for the titania samples were carried out by applying Bragg-
Brentano configuration. This type of configuration has been provided by means of
Empyrean diffraction platform, Malvern PANalytical Co., powered at 40 kV x 40 mA
and furnished with a vertical goniometer, using theta-theta geometry applying nickel
filtered Cu Ka radiation. Data were collected in range of 20 = 9°-100°, with 0.008° step
size, and counting time 60 second per step. The percentage phase composition of titania
samples were estimated through the Rietveld refinements of the XRD patterns.
Whereas, the average crystallite size of titania samples was calculated using Scherrer
equation (Equation 1), where D is the average size of the crystallite (nm), A is the Cu
ka X-ray radiation wavelength (A = 0.154056 nm), k is a coefficient taken as 0.94, B is
the full width at half maximum intensity (FWHM) of the peak observed at 20 (radian),
and 0 is the diffraction angle.

D =k A /BCosB (Equation 1)

The textural features such as specific surface area and pore width distribution of the
titania samples were studied via N physisorption isotherms by employing Brunauer-
Emmet-Teller (BET) and Barrett, Joyner, Halenda (BJH) method, respectively. The N»

physisorption measurements were performed at Micrometrics ASAP 2000 automated
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system. The FTIR spectrum of titania samples was measured on Bruker ATR
spectrometer in the transmittance mode, within the range of 4000-400 cm™!, with 16
scans and a resolution of 4 cm™!. DRS-UV-Visible absorption spectrum were recorded
by means of Jasco V-570 UV/VIS/NIR spectrophotometer equipped with an integrating
sphere. The baseline has been recorded using a reference material, Spectralon™
(poly(tetrafluoroethylene)). Band-gaps values of titania samples were estimated using
Tauc plot by applying Kubelka-Munk function. The non-polarised Raman spectra were
recorded using Renishaw micro-Raman system equipped with an integrated Leica
microscope, in the back scattering geometry. The infrared solid state laser (785 nm),
powered at 20 mW was used as a source of excitation light. Laser beam was focused
on the titania sample through the objective of 20x/0.4NA, the spatial resolution was
about 2 um. The titania samples were scanned in 3 spectral range: i. 100 -1000 cm™ (1),
1000-2000 cm™ (IT) and from 2750 -3450 cm! (IIT) with 1 cm™! spectral resolution. The
Rayleigh radiation was blocked by a holographic notch filter. The backscattered
Raman-light has been dispersed by 1800 mm™ (785 nm) holographic grating on the
Peltier cooled CCD. All the measurements were recorded at ambient temperature.
Artefacts from cosmic ray have been eliminated and spectra analyses was performed
on Bruker OPUS software. The leaching of titanium ion after the photocatalytic reaction
was determined using the energy dispersive X-ray fluorescence analysis (EDXRF),
carried out using MiniPal 4 equipment from PANalytical Co, with a Rh-tube and silicon
drift detector (resolution 145 eV) to assess the elemental composition of liquid
samples. The spectrum was recorded in atmosphere without using any filters, at a 30
kV tube voltage in order to detect the presence of Ti. The acquisition time was set to
600 seconds and the tube current ~50 pA. X-ray photoelectron spectroscopy (XPS)
measurements were carried out in a PH1 5000 VersaProbe™ — spectrometer (ULVAC-

PHI, Chigasaki Japan). The XPS spectra were recorded using monochromatic Al-Ka.
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radiation (hv = 1486.6 eV) from an X-ray source operating at 15 kV, 25 W and 100 uym
spot size. Both high resolution (HR) and survey XPS spectra were recorded with the
analyser pass energy of 117.4 eV and 23.5 eV with the energy step size of 0.4 and 0.1
eV, respectively. The Casa XPS software (v.2.3.19, Casa Software Ltd.) was applied to
analyse the XPS data. The Shirley background subtraction and fitting of peak with
Gaussian-Lorentzian shaped profiles has been applied on XPS data. The binding energy
(BE) scale has been referenced to the C 1s peak with binding energy = 284.8 eV. The
PHI Multipak sensitivity factors and estimated transmission function of the
spectrometer were applied for quantification. The fluorine content in fluorinated SGH-
TiO2 (F-SGH-Ti0;) was estimated using elemental analyzer (UNICUBE). The high
resolution TEM (HR-TEM) measurements were performed on FEI Talos F200X
transmission microscope at 200 kV. In order to estimate the particle size more than 200
particles were counted.

Hydroxyl (OH) group density measurement: The hydroxyl (OH) group density of
titania samples were estimated through thermogravimetric analysis (TGA) weight loss,
using a thermobalance (Mettler Toledo TGA/DSC 3+). The method applied for TGA

210211 involved two steps. In the 1% step, the samples were heated under air flow

analysis
(40 mL/min) from 25 to 120 °C at a ramp of 5 °C/min and held at this temperature for
3 hours to remove the physically bound water from the titania surface. In the 2" step,
the temperature was increased up to 750 °C at a heating rate of 10 °C/min and held for

1 hour. The mass loss occurred during the 2™ step was used to estimate the number of

OH groups per surface area using the following formula (Equation 2)*!*:

Ny

Z(mT - mc)
/nmz = 5T cq (Equation 2)
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The mris the mass loss per mg of the catalyst between the temperature range of 120-
750 °C, mc is the mass loss per mg of the sample due to carbon content (based on the
evolved CO,), SSA is specific surface area (m*g™'), MH>O is the molar mass of H>O in
gmol™!, a is the calibration constant (0.625)?!"2!2 and N is Avogadro’s constant (mol”
1.

The carbon content in titania samples were determined via temperature programmed
oxidation (TPO) experiments. The samples were heated from 25 °C to 120 °C at a
heating ramp of 5 °C/min under air flow (25 mL/min), with the 3 hours of holdup time.
Then, samples were cooled down to room temperature and then heated from 25 °C to
750 °C, with the heating ramp of 10 °C/min under air flow (25 mL/min). The oxidation
of titania samples was analyzed by quadrupole-mass-spectrometer (QMS) Dycor
Ametek. The carbon content was estimated from the CO; signals of the QMS, calibrated
using CO; (with the pulse of 1.01 x 10~ mol).

3.1.3 Evaluation of the photocatalytic activity of LMCT-sensitized titania for the
selective oxidation of 5-hydroxymethylfurfural (HMF)

Photocatalytic selective oxidation of 5 Hydroxymethylfurfural (HMF): The
photocatalytic selective oxidation of HMF was performed in a glass photoreactor (20
mL). In a typical experiment, ImM (0.02 mmoles) HMF solution in acetonitrile (20
mL) and 20 mg of SGH-TiO» photocatalyst (1g/L) was added into a glass photoreactor.
Afterward, the suspension was stirred at 400 rpm in the dark for 1 hour to attain the
equilibrium in dark. The photocatalytic reaction began with the irradiation of green
LED lamp (A= 515 nm). The intensity of the LEDs was measured to be 6 x ~90 W/m?,
determined via light meter (Delta OHM HD 2302.0) with LP 471 RAD probe having
400-1050 nm spectral range. In addition, the selective oxidation of HMF was also
carried out under UV light using UV LED lamp (A= 375 nm) having similar intensity

(6 x ~9 W/m?) as green LED lamps, measured by a Delta OHM HD 2302.0 light meter
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with a LP 471 UVA probe having a spectral range of 315-400 nm. The distance between
the photoreactor wall and the irradiation source is ~2 mm. At given illumination time
intervals, 0.15 mL aliquots were collected, and subsequently filtered via nylon filter
(0.2 um pore size) to remove the photocatalyst. The same experiments were performed
with commercial titania (P25 and P90) photocatalyst. The experimental set-up used for
the photocatalytic experiment is shown in Figure 18a

Recycling of the SGH-TiO:: After each run the SGH-TiO> was recovered by decanting
the solvent washed three times with water, dried in hot air oven for 48 hours at 110 °C
and used again in the next run with fresh HMF solution. This procedure was repeated

up to five times of application.

Fan for cooling

Sample collection tube

Heat Sink

LED

Photoreactor

/

Magnetic stirring plate

Figure 18. a) Experimental setup used for the photocatalytic experiments under

visible light. b) Vertical cross-section view of photocatalytic set-up

Analysis of HMF oxidation reaction: The quantitative analysis of products and
reactants was performed on Waters 2487 high-performance liquid chromatography
(HPLC) instrument equipped with C18 Thermo scientific column (250 x 4.6 mm), using
an eluent consist of acetonitrile (55%) and Milli-Q water (45%) at a 1 mL/min flow
rate. The column oven temperature was set at 25 °C. The HMF conversion (Equation
3) and DFF selectivity (Equation 4) were determined as follows:
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Myyr — M
%HMF Conversion = —=~ S 7 % 100 Equation 3

MHMF

M
%DFF Selectivity = —; DFF

x 100 Equation 4
umr~ Mumr

Where M’ uur refers to the initial amount of HMF in mmoles, whereas Muur and Mprr
corresponds to the amount of HMF (mmoles) and DFF (mmoles) after the
photocatalytic reaction.

For the detection of side products, the liquid samples were analyzed on Agilent 7890A
& 5975C GC/MS system, equipped with HP-5MS column (30 m x 250 pm x 0.25 pm).
The temperature of the inlet was set at 250 °C, and the column temperature was
increased from 40 to 320 °C with 10 °C/min ramp rate. The injection volume used was
1 uL in a split less mode.

Adsorption sites and HMF conversion per surface OH group: The number of OH
groups and conversion (conv.) of HMF with reference to area and adsorption sites of

titania samples were calculated as follows.

number of molecules of HMF,,,,,.

A lized L= Equation 5
rea normalized conv SSA X s (Equation 5)

) number of molecules of HMF,,,,,. )
Area normalized rate = - (Equation 6)
SSA X m, X time

number of OH groups = Doy X SSA X Mgy, (Equation 7)

c oH _ number of molecules of HMF_;y,, (Equation 8)
onv. per surface groups = mumber of OH groups quation

number of molecules of HMF,,,,.

Conv. per surface OH groups per unit time = (Equation 9)

number of OH groups X time

Where, area normalized conv. is the conversion of HMF per m? of the catalyst (m?),

while area normalized rate is the conversion of HMF per m? per unit time (m™s™"), SSA
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is the specific surface area (m?g’") of photocatalyst, mca is the mass of the photocatalyst
(g) and Do is the density of OH groups per m? of the photocatalyst.

Apparent quantum yield (AQY) measurement: The apparent quantum yield (@) for the
DFF production is defined as the ratio of the amount of DFF formed per unit time to

the number of photon absorbed by the system per unit time (Equation 10).

Number of moles of DFF produced per unit time

N 100 (Equation 10
Number of photons (Einstein) absorbed per unit time ) (Equation 10)

To determine the apparent quantum yield (®), the photon flux to the photoreactor was
calculated by potassium ferrioxalate actinometry.?!3214213:216 The = Actinometry
experiments were carried out in a dark room under green LED lamp (515 nm) with an
intensity of 6 x ~9 W/m?. In a typical procedure, 0.15 M potassium ferrioxalate
solution (20 mL) was charged into a glass photoreactor used for the photocatalytic
experiments. Then the actinometer solution was illuminated for 30 s while stirring (400
rpm). At the same time, another sample prepared following the same procedure was left
in the dark as a control. Upon completion of illumination an aliquot (3 mL) of 0.15 M
potassium ferrioxalate was taken in glass vials and then 0.1% buffered 1,10-
phenanthroline solution (500 puL) was added to irradiated and non-irradiated samples.
The samples were then allowed to develop for half an hour in the dark. After that, the
absorption of each of the sample was recorded on Thermoscientific Evolution 220 UV
Vis Spectrophotometer at 510 nm. The amount of Fe?* produced during the illumination
is measured using the optical difference (A Asionm) between the illuminated and control
sample (prepared in dark) and the extinction coefficient at 510 nm (¢ = 11,100 M™!

cm ).
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The quantum yield for Fe?" production is 1.0, the photon flux absorbed by the sample
per unit time is estimated using the following formula (Equation11).?!® Where t is the

irradiation time in seconds and F is the fraction of light absorbed.

Nhv _ moles of Fe**
t ®tF

(Equation 11)

3.2 Titania/chitosan-lignin nanocomposite and its photocatalytic activity
3.2.1 Synthesis of chitosan-lignin (CL) composite

CL composites were synthesized in different weight ratios (10:90, 25:75, 50:50, 75:25
and 90:10) through the following method. At first, 0.5 wt% chitosan solution was
prepared in aqueous citric acid (0.2 M) solution (100 mL) and stirred (800 rpm) well
for 2 hours to get a homogeneous solution. A known mass of lignin was introduced in
to as prepared chitosan citric acid solution and stirred (800 rpm) for 2 hours.
Subsequently, the brown suspension formed was transferred to a Teflon equipped
stainless steel autoclave, which was then placed in an oven followed by hydrothermal
treatment (200 °C) for 12 hours. Afterwards, the autoclave was cooled down naturally
at room temperature. The blackish brown suspension obtained was filtered, and the
precipitates were washed with water and 2-propanol twice and then dried in an oven
(80 °C) for 12 hours. The obtained CL composites were named as CL(10:90),

CL(25:75), CL(50:50), CL(75:25) and CL(90:10).

3.2.2 Synthesis of titania sol
A titania sol was prepared by acid-catalyzed hydrolysis of titantum(IV) isopropoxide
(TTIP).* 1In atypical procedure, a specified volume (9.077 mL) of TTIP was dissolved

in in 25 mL of 2-propanol and stirred (400 rpm) at room temperature for 2 hours.
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Subsequently, 1M nitric acid (I mL) was added to the prepared solution under
continuous stirring (400 rpm for 5 minutes) till gelation takes place. Then, water (25
mL) was slowly added to the gel and stirred (400 rpm) for additional 3 hours.

3.2.3 Synthesis of titania/chitosan-lignin (T/CL) nanocomposites

To prepare the T/CL nanocomposites with the weight fraction of 75/25 (75wt% titania/
25wt% CL composite), the prepared titania sol was introduced into a suspension of CL
composite (0.8 g) in 160 mL of water, while stirring (600 rpm) at room temperature.
The resulting suspension was stirred for 5 hours, then filtered, washed with water and
dried in oven (80 ©C) for 12 hours. Afterwards, the obtained solid sample was ground
to powder and then shifted to Teflon lined autoclave filled (~80%) with water for
hydrothermal treatment (150 °C) for 8 hours. Finally, the nanocomposite obtained
named 75T/CL was dried in hot air oven (110 ©C) for 12 hours. Following the same
procedure, a series of nanocomposites were prepared using CL composites synthesized
in various weight ratios (10:90, 25:75, 50:50, 75:25 and 90:10). The optimization of
titania content in the nanocomposite is given in Appendix (Section A4). For the purpose
of comparison, an activated carbon (Norit)-based nanocomposite (75T/Norit), lignin-
based nanocomposite (75T/L) and chitosan-based nanocomposite (75T/C) were also
synthesized using the same sol-gel and hydrothermal route. Furthermore, to elucidate
the effect of titania content higher than 75wt%, a series of nanocomposites was also
synthesized by increasing the titania content (85wt%, 95wt% and 99wt%) for the
selected CL composite (CL(25:75)). A specified volume of TTIP, equivalent to the
definite wt% of titania (85wt%, 95wt% and 99wt%) was used to synthesize the titania
sol, and the synthesized nanocomposites were named as, 85T/CL(25:75),

95T/CL(25:75) and 99T/CL(25:75), respectively.
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3.2.4 Characterization of CL composites and titania/chitosan-lignin (T/CL)
nanocomposite

The CL composites morphology was evaluated by FEI Nova Nanolab 200 scanning
electron microscopy (SEM) at 15 kV accelerating voltage. The X-ray diffraction (XRD)
measurements for CL composite and T/CL nanocomposite were performed following
the same procedure used for the XRD analysis of SGH-TiO; (see section 3.1.2 for
details). The textural properties of CL composites and T/CL nanocomposites were
measured through N> physisorption isotherms by applying Brunauer-Emmet-Teller
(BET) and Barrett, Joyner, Halenda (BJH) method. The measurements for CL
composites and T/CL nanocomposite were carried out at Micrometrics ASAP 2000
automated system and Micrometrics ASAP 2020 automated system, respectively. The
FTIR measurements and Diffuse reflectance UV-Visible spectroscopy measurements
for CL composite and T/CL nanocomposite were performed following the same
procedure applied for the analysis of SGH-TiO» (see section 3.1.2 for
details). Elemental analysis of the samples has been carried out on Thermo
Scientific Flash 2000 Organic Elemental Analyzer. X-ray photoelectron spectroscopy
(XPS) experiments were performed in a PHI 5000 VersaProbe™ — spectrometer
(ULVAC-PHI, Chigasaki Japan). The XPS spectra were recorded using
monochromatic Al-Ka radiation (hv = 1486.6 eV) from an X-ray source operating at
100 pum spot size, 25 W and 15 kV. Both survey and high-resolution (HR) XPS spectra
were collected with the analyser pass energy of 117.4 eV and 23.5 eV with the energy
step size of 0.4 and 0.1 eV, respectively. The Casa XPS software (v.2.3.19, Casa
Software Ltd,) was used to analyse the XPS data. The Shirley background subtraction
and fitting of peak with Gaussian-Lorentzian shaped profiles has been performed. The
binding energy (BE) scale was referenced to the C 1s peak with binding energy = 284.8

+ 0.2 eV and Ti 2p32 peak with binding energy = 458.6 + 0.2 eV. For quantification the
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PHI Multipak sensitivity factors and determined transmission function of the
spectrometer were used. Thermal stability of CL composites was examined using
thermogravimetric analysis (TGA) carried out on Netzsch STA 409 TG/DTA device.
The samples were analyzed under N> flow (75mL/min) with the heating ramp of 10
°C/min. Whereas, TGA measurements for nanocomposites were performed under air
flow (30 ml/min) with the heating rate of 20 °C/min using Mettler Toledo TGA/DSC
3+ system, to estimate the titania content. The TEM measurements for nanocomposites
was performed following the same procedure used for the TEM measurement of SGH-
TiO: (see section 3.1.2 for details).

Photoelectrochemical characterization: The photoelectrochemical characterization
was performed on Ivium Bipotentiostat electrochemical workstation in a three-
electrode system, applying Pt wire as a counter electrode and Ag/AgCl electrode as a
reference electrode. Sodium sulphate (0.2 M) was used as an electrolyte solution. The
ITO electrode covered with the photocatalyst used as a working electrode. The working
electrode was prepared by the following method:?!” The photocatalyst (10 mg) was
mixed with 300 pL of 2-propanol, 100 pL of Milli-Q water and 20 pL of Nafion
solution then ultrasonically treated for 30 minutes to obtain a suspension. Afterwards,
20 pL of the suspension was drop-cast onto the ITO glass surface (0.77 cm?) and then
dried in air at room temperature to form the working electrode. The electrochemical
impedance spectra (EIS) were measured over the frequency range of 0.01 to 1000 Hz
with a 10 mV amplitude of the AC signal at 0 V vs. OCP (open circuit potential). The
transient photocurrent responses were measured using chronoamperometry method at

0 V vs. OCP using green (515 nm) LED lamp as a light source.
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3.2.5 Evaluation of the photocatalytic activity of titania/chitosan-lignin (T/CL)

nanocomposite for the selective oxidation of benzyl alcohol (BnOH)

Photocatalytic selective oxidation of benzyl alcohol (BnOH): The photocatalytic
selective oxidation of benzyl alcohol (BnOH) was performed in a glass photoreactor
(20 mL). 20 mL of 0.5 mM (0.01 mmoles) BnOH solution in acetonitrile and 20 mg of
photocatalyst (1g/L) were charged into the photoreactor. Then, the suspension was
magnetically stirred at 400 rpm at room temperature for 1 hour in the dark to achieve
the equilibrium. The photocatalytic reactions were performed under the irradiation of
UV LED lamps (A= 375 nm) and green LED lamps (A= 515 nm). Each light source
equipped with six LEDs and the intensity of the green and UV LEDs was measured to
be 6 x ~9 W/m?, recorded by a light meter (Delta OHM HD 2302.0) with a LP 471
RAD probe having a spectral range of 400-1050 nm and LP 471 UVA probe having a
spectral range of 315-400 nm, respectively. The distance between the photoreactor wall
and the light source was ~2 mm. At given illumination time intervals, aliquots (0.15
mL) were collected, and then filtered via nylon filter (0.2 um pore size) to remove the
photocatalyst. The set-up used for the photocatalytic oxidation of BnOH is shown in
Figure 18.

After each catalytic run the photocatalyst was collected by decanting the solvent,
washed multiple times with water, dried in hot air oven (110 °C) for 48 hours and reused
for the next run with a fresh BnOH solution. Multiple photocatalytic runs were carried
out following the same procedure.

Analysis of BnOH oxidation reaction: The quantitative analysis of substrate and
reaction products was carried out on Waters 2487 high-performance liquid
chromatography (HPLC) instrument equipped with Sunfire C18 (4.6 x 150 mm)

column using an eluent consisting of Milli-Q (77.4%), acetonitrile (20%), methanol
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(2.5%) and 0.05 M orthophosphoric acid (0.1%) at 1 mL/min flow rate. The temperature
of the column oven was kept at 28 °C. The BnOH conversion (Equation 12), and Bnald

selectivity (Equation 13) were calculated as follows:

()
MBnOH - MBnOH

% BnOH Conversion = 5 x 100 Equation 12
Mgnon
M
% Bnald Selectivity = —; Bnald x 100 Equation 13

BnOH ™~ MBnOH

Where M’g,0n corresponds to the initial amount of BnOH (mmoles), whereas Mgon
and Mpnaia refers to the mmoles of BnOH and mmoles of Bnald after the photocatalytic

reaction.

Apparent quantum yield (AQY) measurement: The apparent quantum yield (@) for the
Bnald formation is the ratio of the amount of Bnald formed per unit time to the number

of photons absorbed by the system per unit time (Equation 14)

Number of moles of Bnald produced per unit time

N 100 (Equation 14
Number of photons (or Einstein) absorbed per unit time ) (Equation 14)

To measure the apparent quantum yield (®), the photon flux to the photoreactor was
determined by potassium ferrioxalate actinometry (see section 3.1.3, Apparent quantum
yield (AQY) measurement). The experiment was performed using 0.006 and 0.15 M
potassium ferrioxalate solution under UV and visible light, respectively.

3.2.6 Stability of titania/chitosan-lignin (T/CL) nanocomposite

The leaching of titanium from 75T/CL(25:75) nanocomposite (a representative
photocatalyst) into BnOH solution after photocatalytic reaction (after 4 hours of

irradiation) was determined via energy dispersive X-ray fluorescence analysis
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(EDXRF). The EDXRF analysis was carried out using a MiniPal 4 equipment from
PANalytical Co, with a Rh-tube and silicon drift detector (resolution 145 eV) to
measure the elemental composition. The spectrum was collected in atmosphere, without
using any filter, at a tube voltage of 30 kV in order to evaluate the presence of Ti
dissolved in the solution. The time of acquisition was set to 600 seconds and the tube
current up to 50 pA.

Moreover, the stability of 75T/CL(25:75) nanocomposite (a representative
photocatalyst) in terms of the degradation of lignin and chitosan was assessed under
dark conditions and light irradiation (UV and visible). For this purpose, 20 mg of the
photocatalyst and 20 mL of acetonitrile were loaded in to a photoreactor and the
suspension formed was stirred at 400 rpm in dark for 4 hours. Same experiments were
carried out under UV and visible light to test the photostability of the 75T/CL(25:75)
nanocomposite. After the experiments, 2 mL of the sample was collected, and then
filtered via a nylon filter (pore size 0.2 um) to remove the photocatalyst. Finally, UV-
Visible absorption spectra were recorded (Thermo Scientific Evolution 220, UV-Vis

Spectrophotometer) in the range of 200-800 nm, for the filtrate obtained.
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4. RESULTS AND DISCUSSION

This chapter includes the work published in ChemSusChem and the work submitted for
publication in RSC Advances.
4.1 In situ LMCT-sensitization of titania and its photocatalytic activity

4.1.1 Characterization of titania nanoparticles

The characteristic features of as-synthesized titania (SGH-Ti102) were compared with
commercial titania (P25) which is considered as a benchmark material in
photocatalysis. The XRD reflexes (Figure 19) found in both P25 and SGH-TiO, at 25.4°
{101},37.9°{004},48.0° {200}, 54.4° {105}, 63.2° {204}, 69.3° {116} and 75.7° {215}
indexed to the anatase phase (JCPDS Card No. 21-1272) 2!® of titania. However, the
XRD reflex observed in SGH-TiO: at 30.8° {121} corresponds to the brookite phase

(JCPDS no. 29-1360) 2! of titania.

—SGH-TiO,

* Anatase
+ Brookite

=

«

£z

z — P25

3T

= * Anatase
* + Rutile

29/°

Figure 19. X-ray diffraction (XRD) pattern of P25 and SGH-TiO:. (Reprinted an
open-access article content'?)
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Whereas, P25 exhibited (Figure 19) characteristic reflexes at 27.3° {110}, 36.1° {101},
41.2° {111}, 53.9° {211} and 56.6° {220}, which are assigned to the rutile phase
(JCPDS card no. 21-1276) 2!8 of titania. The phase composition and crystallite size of

P25 and SGH-TiO» is summarized in Table 2.

Table 2. Textural (BET-specific surface area (SSA) BJH-pore volume (BJH Vp)
and BJH-pore width (BJH wp)) and crystallographic features (phase composition

and crystal size) of P25 and SGH-TiO: (Reprinted an open-access article

content.'?)
Entries  Sample Ratio of crystalline Crystal SSA/ BJH Vp/ BJH
phases size [m?g"] [em’g™] wp / nm
Anatase:Brookite:Rutile/  Anatase/  Brookite/  Rutile/
% nm nm nm
1 SGH- 74:26:0 5 6 177 0.20 3
TiO,
2 P25 87:0:13 17 24 53 0.22 16
160
=— SGH-TiO,
1404 _o— P25
.Thll
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E=]
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Figure 20. Nitrogen adsorption-desorption isotherms of P25 and SGH-TiO:

(Adapted from an open-access article!?)

The textural properties of P25 and SGH-TiO> were examined by N> adsorption-

desorption isotherms. As shown in Figure 20, that SGH-TiO, displayed type IV
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isotherm and H2 hysteresis that is indicative of mesoporous materials. However, P25
revealed type II isotherm and H3 hysteresis that is typical of plate-like particles or slit-
shaped pores.??° It was found that SGH-TiO; exhibited higher specific surface area (177
m?g™!) compared to P25 (53 m?g™!), which could be beneficial from photocatalytic point
of view. The detailed microstructure properties of P25 and SGH-TiO», such as pore
volume, pore width etc. are summarized in Table 2. According to TGA weight loss, the
hydroxyl group density (OH/nm?) of P25 and SGH-TiO; is estimated to be 7 OH/nm?
and 9 OH/nm?, respectively. The results attained are comparable with the reported OH
group density of P25 in literature (8 OH/nm? ?*!, 5.3 OH/nm? ?*?), and sol-gel
synthesized titania (11.9 OH/nm??%* 8.7 OH/nm??'? and 10.2 OH/nm???%).

4.1.2 Photocatalytic activity of in situ LMCT-sensitized titania for the selective

oxidation of HMF

It was hypothesized that the adsorption of HMF on SGH-TiO; results in the formation
of LMCT-complex which impart the visible light activity to titania for the selective
oxidation of HMF. To investigate the formation and reactivity of LMCT-complex of
HMF on titania, the photocatalytic experiment for the selective oxidation of HMF was
carried out under visible light (A = 515 nm). Interestingly, in situ LMCT-sensitization
of SGH-Ti0, by HMF displayed a high activity for the oxidation of HMF (Figure 21a).
After 4 hours (240 minutes) of illumination under visible light (A= 515 nm), 59% HMF
conversion was achieved with high (87%) DFF selectivity. The DFF selectivity
increases steadily (Figure 21a) in the beginning, which may attribute to the slow
desorption of DFF from the surface of SGH-Ti10;. Additionally, the selectivity of DFF
remains stable over the course of reaction under visible light (Figure 21a), which
indicates that relatively low energy visible light radiation prevents the over-oxidation

of DFF. However, commercial titania (P25) exhibited very low activity (Figure 21b)
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with 18% HMF conversion and moderate DFF selectivity (69%) after 4 hours (240
minutes) of irradiation. The low activity of P25 compared to SGH-TiO> under visible
light might be related to the low specific surface area of P25 (53 m?g’!) than SGH-TiO:
(177 m?g"). Furthermore, SGH-TiO> and P25 exhibited high activity for the oxidation
of HMF (Figure 22a and 22b) under UV light (A = 375 nm). However, the DFF
selectivity exhibited by SGH-Ti02 (36%) and P25 (44%) was very low (Figure 22a and

22b) at 52% and 54% HMF conversion, respectively.

1004 g SGH-TiO, 1009 p P25
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Figure 21. HMF conversion and DFF selectivity profile in the photocatalytic
oxidation of HMF to DFF under visible light (. = 515 nm) over a) SGH-TiO2 b)

P25 (Adapted from an open-access article!'?)
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Figure 22. HMF conversion and DFF selectivity profile in the photocatalytic
oxidation of HMF to DFF under UV light (A = 375 nm) over a) SGH-TiO2 b) P25
(Adapted from an open-access article'?)
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The low selectivity of DFF, under UV light suggests that the DFF produced may
compete with HMF and underwent further oxidation until complete mineralization.
Besides that, HMF may undergo complete oxidation to CO2 and H,O via different
intermediates, which may not desorb from the surface of the photocatalyst to liquid
medium.?* This is in consistent with the study performed by Yurdakal et al.?** who
evaluated various crystalline phases of titania to selectively oxidize HMF to DFF in
aqueous medium under UV light.

4.1.3 Recyclability and stability of SGH-TiO:

The recyclability and stability of the catalyst has crucial importance for the industrial
application view point. To evaluate the recyclability of the photocatalyst, the reusability
experiment was performed for the selective oxidation of HMF using SGH-TiO,. As
presented in Figure 23, SGH-TiO> could be employed in multiple cycle without

significant drop in the DFF selectivity and HMF conversion.

100 4 [ HMF Conversion [ DFF Selectivity

Conversion, Selectivity / %

Run 1 Run 2 Run 3 Run 4 Run 5

Figure 23. Recycling runs for the selective oxidation of HMF over SGH-TiO:

under visible light irradiation. (Adapted from an open-access article!?)
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Moreover, the XRF analysis (Figure 24) of HMF solution after photocatalytic reaction
under visible light (after 4 hours of irradiation), did not show the titanium leaching from
SGH-TiO», which indicates the stability of SGH-TiO. The peaks appeared in XRF

spectrum refers to Rh from Rh lamp and, Cu signals that are finger print of the

spectrometer.
Rh
g
~
£ Cu
o
=
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T T T T
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Energy / keV

Figure 24. XRF analysis of HMF solution catalyzed over SGH-TiO: under visible

light.

4.1.4 Apparent quantum yield (AQY)

The photon flux absorbed under visible light by the photocatalytic system was
estimated to be 11.63 x 10” Es'. Whereas, the AQY demonstrated by P25 and SGH-
TiO: for the production of DFF after 4 hours of irradiation were estimted to be 2.2%
and 6.3% at a wavelength of 515 nm, respectively.

4.1.5 Formation of ligand-to-metal charge transfer (LMCT)-complex on SGH-

TiO2

In order to verify that the activity of SGH-TiO2 under visible light is ascribed to in situ

LMCT-sensitization, a series of characterization was performed for pristine titania and
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in situ sensitized titania (HMF-adsorbed titania). To evaluate the effect of adsorption
of HMF on the optical absorption behavior of SGH-TiO2 and P25, DRS-UV-Visible
absorption spectra (Figure 25) was recorded for P25, SGH-TiO,, HMF-adsorbed P25
(HMF-Ads-P25) and HMF-adsorbed SGH-TiO, (HMF-Ads-SGH-TiO2). As shown in
Figure 25, the adsorption of HMF on P25 expanded the absorption in the visible light
region, which is also accompanied by the slight change in color of P25. However, the
adsorption of HMF on SGH-TiO; results in a pronounced increase in the absorption of
visible light (up to 650 nm), which is also complemented by a noteworthy change in
color (from white to yellow) of SGH-TiO: (Figure 25). Nevertheless, HMF does not
show absorption in the visible light region like titania. It is therefore suggested that the
absorption of visible light is related to the LMCT-complex formation between HMF
and titania. In order to confirm that the selective oxidation of HMF under visible light
was not a result of direct photosensitization of the HMF, a control experiment was
carried out in the absence of SGH-TiO», no activity in terms of HMF conversion was

observed (Entry 16, Table 3).

—— SGH-TiO, b |

—— HMF-Ads-SGH-TiO, ¢

—— P25

—— HMF-Ads-P25 /ad
i

SGH-TiO,  HMF-Ads-SGH-TiO,

Intensity / a.u.

300 400 500 600 700
P25 HMF-Ads-P25

Wavelength / nm

Figure 25. DRS-UV-visible absorption spectra of P25, SGH-TiO:, HMF-Ads-P25

and HMF-Ads-SGH-TiO:. (Reprinted an open-access article content'?)
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To further evaluate the phenomenon of LMCT-complex formation between titania and
HMF, FTIR analysis was carried out for SGH-TiO,, HMF and HMF-Ads-SGH-TiO»
samples. The characteristic bands observed in FTIR spectrum of HMF-Ads-SGH-TiO:
in comparison with individual components can be observed in Figure 26. The band
observed at 1662 cm™, 1537 cm™ and 1420 cm™ in HMF-Ads-SGH-TiO; are typical
IR bands for HMF, which refers to C=O0 stretching vibration, C=C symmetric stretching
and asymmetric stretching, respectively.??> These bands indicate the adsorption of HMF
on SGH-TiO; surface. However, a weak band appeared at 1198 cm™ in the HMF-Ads-
SGH-TiO; assigned to the multiple rocking vibrations of C-C-C bond.!** Interestingly,
the band corresponding to the O-H stretching vibrations in SGH-TiO: (hydroxyl groups
present in the form of hydrogen bonded water or free or metal (Ti) hydroxyl moiety)
and HMF at 3200-3400 cm™ was found to be absent in the HMF-Ads-SGH-TiO,. The
absence of an obvious O-H stretching band in the HMF-Ads-SGH-Ti0; suggested that,
the adsorption of HMF over SGH-Ti0O2 may have occurred via OH group on the metal

surface and result in the formation of a metal alkoxide complex.

—— HMF-Ads-SGH-TiO,
SGH-TiO,
—— HMF

Intensity / a.u.

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm'l

Figure 26. FTIR spectra of HMF, SGH-TiO2 and HMF-Ads-SGH-TiO2 (Reprinted

an open-access article content!?)

72

http://rcin.org.pl



Furthermore, the distinctive band of titania due to the Ti-O-C and Ti-O-Ti stretching
vibration in the range of 800-400 cm™ was also found in HMF-Ads-SGH-TiOs.
However, the bands observed in SGH-TiO, and HMF-Ads-SGH-TiO; at 2357 cm™,

2115 cm’!, may have attributed to physically adsorbed CO, CO», respectively.

To further corroborate the LMCT-complex formation via interaction of HMF and SGH-
TiO2, Raman spectra for SGH-TiO2, HMF and HMF-Ads-SGH-TiO; has also been
recorded (Figure 27). It can be seen (Figure 27b), that HMF-Ads-SGH-TiO; exhibited

distinctive furan ring C=C symmetric vibrations at 1521 ¢m™ 22

, which suggests the
HMF adsorption on the surface of SGH-TiO». In addition, the broad band observed at
3200-3400 cm™ (Figure 27c) for O-H stretching vibrations in HMF and SGH-TiO:
totally disappeared in HMF-Ads-SGH-TiO;, suggesting the formation of LMCT
complex possibly through a dissociative adsorption of CH2OH moiety of HMF and
hydroxyl group of SGH-TiO,. Besides that, a weak band observed at 2941 cm™ in

HMF-Ads-SGH-TiO> corresponds to C-H stretching vibrations.?*’

Intensity / a.u.

—— HMF-Ads-SGH-TiO4 —— HMF-Ads-SGH-TiO, b c) —— HMF-Ads-5GH-TiO,
a) 3G H-Tif TH-Ti SGH-TIO,
SGH-TiO, SGH-TiO, z
—— HMF —— HMF —— UMF
P
i 3 | 3 ! I S )
[\ 2 I B e gl o e -
'\ ) I e =
Ji B — £ ‘ N z
J e | £ S I

T T T T T T T T T T T T
200 400 600 800 1000 1000 1200 1400 1600 1800 2800 3000 3200 3400

Wavenumber / em™! Wavenumber / cm”! Wavenumber / em”

Figure 27. Raman spectra of HMF, SGH-TiO:2 and HMF-Ads-SGH-TiO:

(Reprinted an open-access article content!?)

On the other hand, a broad doublet observed at 1637 cm™ and 1680 cm™ may refers to
the stretching vibrations of C=0O due to HMF adsorption. Additionally, HMF-Ads-
SGH-TiO> exhibited a new weak band at 1048 cm! that may ascribe to the stretching

73

http://rcin.org.pl



vibrations of C-O group of the alcoholate species formed between HMF and SGH-TiO:x.
These results suggested that the adsorption of HMF on SGH-TiO; may form a LMCT-
complex, which impart visible light activity to HMF-Ads-SGH-TiO;. Furthermore,
Raman spectra of HMF-Ads-SGH-TiO, also corroborated the existence of three
distinctive Raman active modes of anatase phase (Figure 27a) of titania at 399 cm™,
513 cm! and 635 cm™!, which are indexed to unresolved doublet (Bi,, A1g/Big) and Eg
symmetries, respectively.??® While, the strong band appeared at 152 cm! refers to A,

mode of brookite.??’

XPS measurements were performed to evaluate the changes in the surface chemical
environment of SGH-TiO; due to interaction with HMF. As shown in Figure 28a, the Ti
2p peaks of SGH-Ti0O2 deconvoluted into four peaks, the peak observed at 458.5 eV (Ti
2p312) and 464.3 eV (Ti 2pi2) corresponds for Ti*" in TiO; lattice.!** While, the peak
found at 457.0 eV (Ti 2ps3r) and 462.8 eV (Ti 2pi2) assigned to Ti** in Ti03.2°
Whereas, the HMF-Ads-SGH-TiO2 XPS spectrum of Ti 2p has not shown a pronounced
shift in the binding energies and substantial differences in the peak area (Figure 28b).
This indicates that HMF adsorption did not greatly influenced the electronic state of Ti
element. Furthermore, negligible changes (~1%) in the peak area contribution of Ti*"
and Ti*" was observed after the adsorption of HMF, which is an indication of stable
titania lattice. This suggests that interaction of HMF with titania may possibly occur
via a terminal OH groups instead of Ti substitution. The Ols spectrum of SGH-TiO»
split into four peaks (Figure 28c), the peak observed at 529.7 eV may ascribe to lattice
oxygen. While, the peaks appeared at 530.5 eV and 531.3 eV refers to oxygen in Ti203
and oxygen linked with carbon (C=0), respectively. Whereas the peak observed at
532.8 eV assigned to hydroxyl groups attached to carbon or titanium (C-OH or Ti-OH).

Whereas, the Ols spectrum of HMF-Ads-SGH-TiO» corresponding to the surface
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bound oxygen in the form hydroxyl group, showed a slight shift (Figure 28d) in the
binding energy (532.5 eV). This may have attributed to slightly higher electron

194 around hydroxyl group associated oxygen, after HMF adsorption. Though, a

density
negligible change in the peak area contribution of O 1s associated to surface bound and

lattice oxygen was observed after the adsorption of HMF (Figure 28d).
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Figure 28. XPS spectra of a) Ti 2p SGH-TiO:2 b) Ti 2p HMF-Ads-SGH-TiO:2¢) Ols
SGH-TiO:2 d) Ti 2p HMF-Ads-SGH-TiO2. (Reprinted an open-access article

content'?)

4.1.5.1 Role of surface OH groups for LMCT-sensitization of SGH-TiO2
To further evaluate the role of surface OH groups in LMCT-complex formation, SGH-

Ti0; was calcined at high temperature (600 °C) with the goal to eliminate surface OH
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groups through condensation. FTIR (Figure 29) and Raman (Figure 30) spectra of
calcined SGH-TiO2 (SGH-Ti02-cal-600) exhibited that the band for O-H stretching
vibration at 3200-3400 cm™!, and bending vibrations at 1333 cm™ vanished upon
calcination. Interestingly, the SGH-TiO2-cal-600 was found to be inactive as a
photocatalyst for HMF oxidation under visible light (Entry 5, Table 3), suggesting that
the OH groups are crucial for the visible light photocatalytic activity. They are possibly

involved in the LMCT-complex formation and visible light activity.
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Figure 29. FTIR spectra of SGH-TiO2, SGH-TiO2-cal-600 and F-SGH-TiO:.

(Reprinted an open-access article content!?)
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Figure 30. Raman spectra of SGH-TiO2, F-SGH-TiO2 and SGH-TiO2-cal-600.

(Reprinted an open-access article content!?)
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In a further approach to corroborate the contribution of surface OH groups for LMCT-
sensitization, SGH-Ti0O; has been modified chemically through surface-fluorination to
exchange the surface OH groups with fluoride (F") ions.?” The F ion surface coverage
is estimated to be 7 OH/nm?, which accord for ~80 % of surface exchange of F~ ion
with the OH groups. The XPS measurement (Figure 31) for surface-fluorinated SGH-
TiO2 (F-SGH-TiO3) also evidenced the presence of F~ions on the titania surface, and
the surface hydroxyl groups of titania were modified to Ti-F (Figure 31). Besides that,
the absence of an evident O-H stretching band 3200-3400 cm™ in the FTIR (Figure 29)
and Raman (Figure 30) spectra of F-SGH-TiO; further confirm the replacement of
terminal hydroxyl group with F~ ion. Expectedly, the surface-fluorination totally
hindered the photocatalytic activity of SGH-TiO; under visible light (Entry 6, Table 3).
This is again accordant with inhibiting the HMF adsorption on the titania surface and,

therefore, the LMCT-complex formation via OH group interaction.

Ti-F
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Figure 31. XPS spectra of F 1s of surface-fluorinated SGH-TiO:2 (F-SGH-TiO2).

4.1.6 Plausible mechanism of oxidation of HMF via LMCT-sensitized SGH-TiO:
To elucidate the dominant active species involved in the selective oxidation of HMF
under visible light, various additives/radical scavengers such as 1,4-benzoquinone
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(BQ), methanol, and silver cations were separately introduced in to the reaction
medium. The methanol was added as hole (h") scavenger, did not affect the conversion
of HMF (56%) and selectivity for DFF (88%) greatly, suggesting that h" may not be
the main active species involved in the oxidation of HMF (Entry 8, Table 3). However,
the addition of BQ in the reaction medium as a superoxide radical anion (02 *)
scavenger completely inhibited the HMF conversion and DFF production (Entry 9,
Table 3). This indicates that the O, ® is the dominant active species involved in the
selective oxidation of HMF to DFF. Whereas, introducing silver cations as electron
acceptors completely hindered the photocatalytic activity of SGH-TiO2 (Entry 10, Table
3). This represents the potential involvement of electrons in the active intermediates
formation for the oxidation of HMF. It is proposed that silver cations as electron
acceptor may hamper the generation of O> °, potentially responsible for HMF
oxidation. Additionally, to examine the effect of oxygen on the activity of SGH-Ti0,,
the oxidation of HMF was performed under anoxic (degassed acetonitrile and under Ar
flow, 25 mL/min) conditions as well as by bubbling air into the reaction medium. The
anoxic environment significantly affects the photocatalytic activity and inhibit the HMF
conversion (Entry 11, Table 3). However, bubbling air (25 mL/min) into the reaction
medium enhanced the selectivity of DFF up to 96% (Entry 12, Table 3), nonetheless
the conversion of HMF was slightly decreased (52%), which suggests that increased
oxygen content inhibit the side reactions probably through neutralizing the reactive
oxidizing species possibly formed by the potential side product (H2O-). Furthermore,
bubbling air in to the reaction medium may also facilitate the desorption of DFF from

the surface of catalyst, which further enhanced the selectivity for DFF.
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Table 3. The results of the photocatalytic selective oxidation of HMF under

variable conditions. (Adapted from an open-access article!?)

Entries photocatalyst Light Additive HMF DFF Carbon
Conv. Sel. Balance
! % ! % 1%
1 SGH-TiO, Visible None 59 87 92
2 SGH-TiO» R OAY None 52 36 66
3 P25 Visible None 18 69 94
4 P25 auv None 54 44 70
5 SGH-Ti0,-cal-600 Visible None 0.0 0.0 100
6 F-SGH-TiO, Visible None 0.0 0.0 100
7 P90 Visible None 35 75 91
8 SGH-TiO» Visible Methanol 56 88 93
9 SGH-TiO» Visible 1,4-benzoquinone 0.0 0.0 100
10 SGH-TiO» Visible Ag’ 0.0 0.0 100
11 SGH-TiO, Visible Ar 0.0 0.0 100
12 SGH-TiO, Visible Air 52 96 98
13 SGH-TiO, Visible Ar:Air 38 87 97
14 SGH-TiO» Dark None 0.0 0.0 100
15 *SGH-TiO> Visible None 0.0 0.0 100
16 None Visible None 0.0 0.0 100
17 Anatase Visible None 0.0 0.0 100
18 Brookite Visible None 0.0 0.0 100
19 Ana:Brook (74:26) Visible None 0.0 0.0 100

(Reaction conditions: HMF (0.02 mmol, 1 mM), photocatalyst, (20 mg, 1g/l),

scavenger (1:1 molar ratio of substrate, 0.02 mmol), reaction time (240 minutes),

ireaction time (30 minutes), solvent (acetonitrile), ®solvent (degassed acetonitrile),

“solvent (water), HMF solution volume (20 mL), air flow rate (25 mL/min, 21 % O>),
Ar flow rate (25 mL/min, 99.9 % Ar), Ar:Air flow rate (15 mL/min:10 mL/min, 60%
Ar and 8.4% O2), LED wavelength (UV = 375 nm, Visible = 515 nm), light intensity

was 6 x ~9 W/m?, Ana:Brook (Physical mixture of anatase and brookite))
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To get further insight on the selective oxidation of HMF, some additional experiments
were performed and results are summarized in Table 3. Commercial titania (P90)
exhibited higher activity (Entry 7, Table 3) for the selective oxidation of HMF under
visible light compared to P25 (Entry 3, Table 3). This might be related to higher specific
surface area of P90 (100 m?g!) than P25 (53 m?g™). Similarly, SGH-TiO» displayed
superior photocatalytic activity for the selective oxidation of HMF as compared to P25
under visible light (Entry 1 and 3, Table 3). There are couple of advantageous features
exhibited by SGH-TiO, that may enhance its photocatalytic activity. For instance,
HMF-ads-SGH-TiO> displayed marked shift in the light absorption from 400 to 650 nm
in comparison with HMF-ads-P25 (Figure 25). This may attribute to higher (177 m?g’
1Y specific surface area of SGH-TiOx than P25 (53 m?g™!). The higher specific surface
area of SGH-TiO: contribute 4 times higher number of potential adsorption sites (OH
groups) for HMF than P25, which in turn improved the activity of SGH-TiO: for the
selective HMF oxidation under visible light. On the basis of characterization results and
the photocatalytic experiments performed in the presence of various additives and
scavengers, a possible reaction mechanism is proposed for the selective oxidation of
HMF over SGH-TiO> under visible light (Figure 32). The HMF adsorption on SGH-
Ti0; initiate all the oxidation steps. LMCT-complex formed by the HMF adsorption is
activated upon visible light irradiation, that transfer electrons into the CB of SGH-Ti0,
and HMF is converted to the corresponding radical cation (Step 2, Figure 32). While,
the oxygen dissolved in the reaction medium accepts electron from the CB of SGH-
TiO, and transformed to superoxide radical anion (O2 *). Subsequently, the radical
cation reacts with O ® and produces an intermediate radical and hydroperoxyl (*OOH)
radical (Step 3, Figure 32). In the last step, the *OOH abstract hydrogen atom from the
intermediate radical to furnish the desired (DFF) product and side (H20:) product (Step

4, Figure 32).
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Figure 32. Plausible mechanism for the oxidation of HMF over SGH-TiO:z under

visible light (A = 515 nm). (Adapted from an open-access article!?)

The H20> formed may have adsorbed on the SGH-TiO; and probably react with the
electrons to form *OH, that could affect the reaction mechanism and DFF selectivity.
The radical cation produced in the step 2, may or may not move into the liquid reaction
medium. However, our experiments could not explain whether the radical cation stays
on the surface or released. If the radical cation stays over the surface of SGH-Ti0», it
could react with another HMF molecule and generate an intermediate radical by
deprotonation. Successively, the O> ® may react with the intermediate radical and
generate DFF and hydroperoxide (OOH) anion. While, the ‘'OOH could react with the
proton and produce H>O». Though, the probability of free radical cation attacked by the
0> * in the beginning is greater in comparison with the intermediate radical attacked at

later stages.
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4.1.7 Active sites and HMF conversion per surface OH group

In catalysis, the expression active site is commonly used for the adsorption site
operative for catalytic reactions. In photocatalysis, the active site is generally employed
for the dispersed chemical entities for example metal complexes/adsorbed chemical
species, on the support.*! Nevertheless, the photocatalytic reaction can only occur upon
light absorption by these species, and the species that are not irradiated cannot act as an
active site.2>!"23 Thus, the expression active site is often ambiguous in photocatalysis,
and its relationship with photocatalytic activity is difficult to assess.?*! However, the
estimation of photocatalytic activity based on the active sites number cannot be entirely
ruled out. Here, the surface OH groups of titania are considered as potential active sites.
Accordingly, the photocatalytic activity has also been investigated based on the number
of HMF molecules converted after 1 hour of irradiation and the number of OH groups
originally present. The HMF conversion with regard to surface hydroxyl groups and
area related parameters are presented in Table 4. The number of surface hydroxyl
groups exhibited by SGH-TiO> was four times higher as compared to P25 (Table 4),
which might be related to higher specific surface area (177 m? g'!') and slightly higher
OH group density (9 OH/nm?) of SGH-TiO,. Though, the HMF conversion per surface
hydroxyl groups per unit time (area- normalized rate) exhibited by P25 was 1.5 times
higher as compared to SGH-Ti10; (Table 4). Moreover, P25 displayed two times higher
HMF conversion per surface hydroxyl groups as compared to SGH TiO; (Table 4).
Nonetheless, various factors may affect the HMF conversion per surface hydroxyl
groups. The comparatively lower HMF conversion per surface hydroxyl groups by
SGH TiO2 suggest that all the hydroxyl groups may not necessarily be accessible for
HMF adsorption to initiate the catalytic cycle. Furthermore, the entire surface area is

not accessed by light, specifically the aggregated particles and inside the pores.?**
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Table 4. Area-normalized conversion (conv.), area-normalized rate, conv. per
surface hydroxyl groups and conv. per surface hydroxyl groups per unit time

accomplished by P25 and SGH-TiO:. (Reprinted an open-access article content'?)

Entries Catalyst Area-normalized Area-normalized Don/OH Number of Conv. Conv. per
Conv. / m? rate / m?2 s nm OH groups per OH per unit
OH time/ s!
1 SGH- 8.1 x10" 22.7 x10"3 9 32.5 x10'8 0.08 24.7x10¢
TiO,
2 P25 12.5%10" 349 x 1013 7 7.8 x10'3 0.17 47.2%107°

(Reaction conditions: HMF (0.02 mmol, 1 mM), photocatalyst (20 mg, 1g/1), solvent
(acetonitrile), volume of HMF solution (20 mL), irradiation time (1 hour), incident light
wavelength (515 nm) and the light intensity (6 x ~9 W/m?))

4.1.8 Conclusions

In conclusion, the adsorption of biomass-derived platform chemical (HMF) on the
titania surface form a LMCT-complex, which played a role of in situ sensitizer and
enabled the selective oxidation of HMF to the industrially important chemical
diformylfuran (DFF) under visible light (A = 515 nm). Based on the FTIR and Raman
characterization, it is concluded that the dissociative interaction of OH groups of HMF
and the titania surface is crucial for the visible light active LMCT-complex formation.
Moreover, the modification (surface-fluorination) and removal (calcination) of
hydroxyl groups of titania also inhibited the HMF oxidation, demonstrating that
hydroxyl groups are crucial for LMCT-complex formation and visible light activity.
DRS-UV Visible results showed that the LMCT-complex formation with HMF
extended the visible light absorption of titania up to 650 nm. Upon visible light
irradiation, the LMCT-complex transport electrons in to the CB of titania. The electrons
subsequently interact with the oxygen dissolved in the reaction medium and form

superoxide radical anion, dominantly involved in the oxidation of HMF. The visible
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light activity of LMCT-complex influenced by the available surface area, SGH-TiO:
showed higher activity for HMF conversion (59%) compared to P25 (18%) and P90
(35%). This might be related to the higher specific surface area of SGH-TiO (177 m?g’
1 than P25 (53 m?g™!) and P90 (100 m?g!), which provide higher overall number of
potential adsorption sites (OH groups) for HMF and ultimately improved the activity
of SGH-TiOx.

4.2 Titania/chitosan-lignin (T/CL) nanocomposite and its photocatalytic activity

for the selective oxidation of benzyl alcohol (BnOH)
4.2.1 Characterization of chitosan-lignin (CL) composite

The as-synthesized chitosan-lignin (CL) composite were characterized through various
analytical techniques and the distinguishing features of the CL composites were
compared with Norit (commercial activated carbon). The surface morphology of
chitosan, lignin, CL composites and Norit was investigated by means of the scanning
electron microscopy (SEM) technique. SEM images of the chitosan exhibited rough
and flaky surface (Figure 33a). Whereas, lignin showed rounded or semispherical shape

particles with voids on flat the surface (Figure 33b).

Figure 33. Scanning electron microscope (SEM) images of a) Chitosan, b) Lignin,
¢) CL(10:90), d) CL(25:75), e) CL(50:50), f) CL(75:25), g) CL (90:10), h) Norit
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However, CL composite showed different morphology compared to parent materials.
The CL composites lack ordered structure and displayed coarse and non-uniform
surface. Moreover, the relative proportion of chitosan and lignin did not significantly
change the composite morphology. Whereas, Norit showed porous irregular surface
structure (Figure 33h).

The chemical composition of chitosan, lignin, CL composites and Norit was evaluated
via elemental analysis (Table 5). Chitosan (Entry 1, Table 5) exhibited high nitrogen
content (6.2 wt%) attributed to the presence of nitrogen-containing functional moieties
(acetamide and amine). However, nitrogen has not been detected in Norit and lignin.
As expected, the increase in chitosan proportion in the CL composite increased the

nitrogen content in the CL composites (Entry 3-7, Table 5).

Table 5. Elemental composition (CHNS wt%) of chitosan, lignin, Norit and CL

composites.
Entries Samples C/% H/ % S/ % N/ %

1 Chitosan 40.71 6.64 ND 6.26
2 Lignin 48.26 4.73 4.16 ND
3 CL(10:90) 62.47 4.98 2.06 0.06
4 CL(25:75) 60.59 4.83 1.62 0.29
5 CL(50:50) 62.84 4.75 1.25 0.55
6 CL(75:25) 64.77 4.7 0.89 0.76
7 CL(90:10) 64.93 4.65 0.44 1.28
8 Norit 84.41 0.43 0.03 ND
9 75T/CL(10:90) 15.45 1.67 0.52 ND
10 75T/CL(25:75) 15.00 1.59 0.35 ND
11 75T/CL(50:50) 13.79 1.44 0.25 ND
12 75T/CL(75:25) 15.82 1.52 0.24 ND
13 75T/CL(90:10) 15.87 1.44 0.07 ND
14 75T/Norit 20.18 0.56 ND ND

ND: Not detected
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Furthermore, ~4 wt% sulphur was found in lignin owing to the presence of sulfonate
group. The decrease in lignin proportion in the CL composites decreased the sulphur
content in the CL composites (Entry 3-7, Table 5). Additionally, traces of sulphur were

also detected in Norit (Entry 8, Table 5).

In order to evaluate the textural properties of CL composites and Norit the N>
adsorption-desorption isotherms were recorded. All the CL composites exhibited Type
IT isotherms (Figure 34), which is a characteristic of non-porous materials. The specific
surface area of CL composites according to Brunauer-Emmett-Teller (BET) analyses
were calculated to be in the range of 10-16 m?g! (Entries 1-5, Table 6). Whereas, Norit
exhibited different textural properties compared to CL composites. The shape of N>
adsorption-desorption isotherms observed for Norit corresponds for Type IV isotherm
with H3 hysteresis (Figure 34), which is indicative of mesoporous material with slit-
shaped pores. Moreover, Norit showed much higher specific surface area (558 m?g™!)

compared to CL composites.
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Figure 34. Nitrogen adsorption-desorption isotherms of CL composites and Norit
(Quantity adsorbed by CL composites displayed on Y1 axis and quantity adsorbed

by Norit displayed on Y2 axis).
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To study the thermal degradation of CL composites and individual biopolymers
(chitosan and lignin), thermogravimetric analysis (TGA) has been performed under
nitrogen atmosphere (Figure 35). Interestingly, the CL composites showed significant
changes in the shape of TGA curves compared to chitosan and lignin (Figure 35). The
CL composites exhibited improved thermal stability in the range of 100-500 °C
compared to lignin and chitosan, which is an indication of the interaction of the
composite components. However, Norit is thermally more stable than CL composites,

chitosan and lignin (Figure 35).
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Figure 35. Thermogravimetric analysis (TGA) curves of chitosan, lignin, CL

composites and Norit under N2 atmosphere.

To study the functional groups of CL composites and Norit, FTIR analysis was carried
out. No obvious IR bands were observed for Norit except at 2113 cm!, which refers to
the adsorbed carbon monoxide. Though, some distinct features have been observed in
the FTIR spectrum of CL composites (Figure 36), which is indicative of chitosan and
lignin interaction. The band observed in parent materials for N-H stretching vibrations
(3300-3400 cm™) and O-H stretching vibrations (3200-3550) were disappeared
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completely in CL composites, which indicates the probable interaction of chitosan and
lignin through hydroxyl group. Moreover, the band observed for C=O stretching
vibrations at 1702 cm™! may attribute to the shift in Amide I band present in chitosan
(1648 cm™) or the presence of citric acid in the CL composite. Besides that, the
characteristic bands for aromatic ring vibrations (1605, 1506, 1456 cm™!) in lignin
remain intact in CL composites. However, the intensity of aforementioned bands
reduced with the decrease in lignin proportion in the CL composite. Whereas, the band
corresponds to the aryl ether bonds in ligninat 1260 cm™!, disappeared in CL composite,
which suggests the cleavage of ether bonds while composite formation. Besides that,
the band associated to alkyl substituted ether bonds at 1036 cm™ in lignin has noticeably

reduced in intensity with the decrease in the lignin proportion in the CL composite.
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Figure 36. FTIR spectra of chitosan, lignin, Norit and CL composites.

XPS analyses was performed to study the surface functionality and the surface chemical
compositions of CL composites and Norit (Figure 37). The deconvolution of Cls
spectrum of chitosan, lignin, CL composites and Norit resolved into multiple

components that possibly assigned to number of functional groups on the surface.
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Figure 37. XPS spectra of chitosan, lignin, CL(25:75) and Norit a) C 1s, b) O 1s ¢)
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Taking CL(25:75) composite as a typical example, the peak observed at 283.5 and
284.6 eV in high-resolution XPS spectrum ascribed to sp? carbon (C=C) and sp® carbon,
respectively (Figure 37a). Whereas, the peak at 285.4 eV corresponds to ether linkages
(C-O-C) and carbon bound to nitrogen (C-N) or sulphur (C-S). Besides that, the peak
corresponding to alcohol functional group and amide functional group has also
observed at 286.6 eV and 288.1 eV, respectively. Moreover, the peak for the carboxylic
group (288.5-288.9 eV) have also been observed in the composites, which may arise
from the citric acid used in the preparation of composites (Figure 37a). The peak
appeared at a higher binding energy (289.9-290.6 eV) was characteristic of aromatic
satellites, which may appear due to the presence of lignin (Figure 37a). In the O 1s
spectrum of CL(25:75) composite (Figure 37b), the peaks at 530.9 eV and 532.2 eV
may correspond to C=0 group and C-O group, respectively. Furthermore, the
deconvolution of N 1s signal of composite resolved to two peaks (Figure 37c), which
is assign to amine (399.1 eV) and amide (400.8 eV) functional groups, due to the
presence of chitosan. Whereas, Norit did not show any signal for nitrogen containing
surface functional group. Additionally, a few sulphur containing functional moieties
were also observed in the composite, which are ascribed to the use of low sulfonate
alkali lignin for the synthesis of composite. The peaks (Figure 37d) appeared at 162.7
eV and 163.9 eV corresponds to S 2p3» and S 2pi» of the S* group, respectively.
Whereas, the peaks observed at 166.9 eV and 168.2 eV are related to the alkyl sulfonate
group (Figure 37d). However, sulphur containing surface functional moieties were not
detected in Norit. The XPS analysis showed the distinct differences in the surface
functional moieties of CL composite and Norit, which can play a vital role in
determining the characteristic properties of nanocomposite synthesized from titania

nanoparticles and CL composites or Norit.
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4.2.2 Characterization of titania/chitosan-lignin (T/CL) nanocomposite

The as-synthesized CL composites and Norit (activated carbon) have been used to
prepare a series of nanocomposites based on titania nanoparticles. The distinctive
properties of the CL-based nanocomposites (75T/CL) have been compared with Norit-
based nanocomposite (75T/Norit). X-ray diffraction (XRD) analysis was used to
investigate the crystal size and phase composition of pristine titania (SGH-TiOz),
75T/CL nanocomposites and 75T/Norit nanocomposite. It can be seen in Figure 38, that
75T/CL nanocomposites, 75T/Norit nanocomposite and SGH-TiO, showed
comparable X-ray diffraction pattern. The XRD reflexes appeared at 25.4 °(101),37.9
°(004), 48.0° (200), 54.4 ° (105), 63.2 ° (204), assigned to the anatase phase (JCPDS
Card No. 21-1272)*'® of titania (Figure 38). While, the XRD reflex appeared at 30.8 *
(121) refers to the brookite phase (JCPDS no. 29-1360)*" of titania (Figure 38). Besides
that, no remarkable difference was observed with respect to the phase composition and
crystal size of SGH-TiO,, 75T/Norit nanocomposite and 75T/CL nanocomposites. The
detailed results for the phase composition and crystal size of the SGH-Ti10,, 75T/Norit

nanocomposite and 75T/CL nanocomposites are summarized in Table 6.

* Anatase, + Brookite

— N_ SGH-TiO,

* e e~

+ * * * « 15T/Norit

75T/CL(90:10)

T5T/CL(75:25)

T5T/CL(50:50)

75T/CL(10:90)

Intensity / a.u.

T T T

15 30 45 60 15
201/°

Figure 38. X-ray diffraction (XRD) patterns of 75T/CL nanocomposites, SGH-

TiO2 and 75T/Norit nanocomposite.
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In order to study the textural properties (specific surface area and porosity) of as-
synthesized nanocomposites, N2 adsorption-desorption isotherms were measured. As
displayed in Figure 39a, that 75T/Norit nanocomposite, 75T/CL nanocomposites and
SGH-TiO> showed Type IV isotherm and H3 hysteresis, which is indicative of
mesoporous materials. Moreover, 75T/CL nanocomposites showed reasonable
BET specific surface area in the range of 162-174 m?g™!, which is also comparable to
the specific surface area observed for SGH-TiO2 (177 m?g™!). However, the specific
surface areas observed for 75T/Norit nanocomposite was slightly higher (269 m’g™)
than 75T/CL nanocomposites and SGH-TiO;, which may attribute to the greater
specific surface area of Norit (Entry 6, Table 6). Additionally, the pore width
distribution analysis (Figure 39b) also suggest that SGH-TiO,, 75T/CL nanocomposites
and 75T/Norit nanocomposite are mesoporous in nature (Entry 7-13, Table 6).

250

—— 75T/CL(10:90) a 149D —=— 75T/CL(10:90)
—— 75T/CL(25:75) 1 —e— 75T/CL(25:75)
200 J——75T/CL(50:50) 1.2 —a— 75T/CL(50:50)

———T5T/CL(75:25)

—— 75T/CL(90:10)

1504 75T/No.ril
—— SGH-TiO,

‘ 75T/CL(75:25)
1 —e—75T/CL(90:10)
] —<—75T/Norit

0.8 —— SGH-TiO,

S
S
dV/dlog(w) / cm3g'l

Quantity adsorbed / (cm®g™)
wk
S

0.2 Oj4 0f6 0.8 1 0 10 20 30 40 50 60 70 80 90

Relative pressure P/P° Pore width / nm

Figure 39. a) Nitrogen adsorption-desorption isotherms of 75T/CL
nanocomposites, SGH-TiO: and 75T/Norit nanocomposite. b) Pore width

distribution in 75T/CL nanocomposites SGH-TiO2 and 75T/Norit nanocomposite.

TGA measurements (Figure 40) were performed to estimate the actual titania content
in the 75T/CL nanocomposites and 75T/Norit nanocomposite. Approximately 26-29%

weight loss was observed for nanocomposites after TGA measurements (Figure 40).
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The nanocomposites amount remained after TGA measurements (Figure 40) was

reasonably comparable to the nominal (75wt%) titania content.

Table 6. Textural (BET-specific surface area (SSA) BJH-pore volume (BJH-Vp)

and BJH-pore width (BJH-wp)) and crystallographic features of the samples.

Entries Samples SSA/ BJH- BJH- Ratio of Crystal size
[m?g']  Vp/[em¥g'] wp/[nm] crystalline phases
Anatase:Brookite = Anatase Brookite
I /nm /nm
1 CL(10:90) 10 NA NA NA NA NA
2 CL(25:75) 16 NA NA NA NA NA
3 CL(50:50) 11 NA NA NA NA NA
4 CL(75:25) 12 NA NA NA NA NA
5 CL(90:10) 9 NA NA NA NA NA
6 *Norit 558 0.40 5 NA NA NA
7 SGH-TiO, 177 0.20 3 74:26 5 6
8 75T/CL(10:90) 162 0.32 6 83:17 5 6
9 75T/CL(25:75) 174 0.23 3 79:21 5 6
10 75T/CL(50:50) 170 0.23 4 78:22 5 6
11 75T/CL(75:25) 169 0.19 3 81:19 5 6
12 75T/CL(90:10) 164 0.18 3 74:26 5
13 *75T/Norit 239 0.35 5 66:30 6
*Sample contain traces of silica
100 =
—— 75T/CL(10:90)
g% —— 75T/CL(25:75)
727 ——75T/CL(50:50)
T5T/CL(75:25)
< 90 —— 75T/CL(90:10)
~ ——75T/Norit
£ 85
= 80
=
754
11 T
65 T T T T
200 400 600 800 1000

Temperature / °C

Figure 40. Thermogravimetric analysis (TGA) curves of 75T/CL nanocomposites

and 75T/Norit nanocomposite.
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To explore the optical properties of the as-synthesized nanocomposites and SGH-Ti0»,
DRS-UV-Visible- absorption spectra were measured in the range of 220-800 nm. It can
be seen in Figure 41a, that the 75T/Norit nanocomposite and 75T/CL nanocomposites
showed absorption in the entire UV-visible region (220-800 nm), which is possibly
advantageous for visible light photocatalysis. However, SGH-TiO> showed a
distinctive absorption edge in the UV region. The optical band gap estimated for SGH-
Ti0O, via Kubelka-Munk function was ~3.3 eV (Figure 41b). Whereas, the shape of the
DRS-UV-visible absorption spectra of nanocomposite did not allow to calculate the
band gap of titania. However, to further examine the CL composite effect on the optical
band gap of titania, the nanocomposite was synthesized with the 99:1 ratio of titania
nanoparticles and CL composite. However, the optical band gap of titania seems
unaffected (Figure 41b), which suggests the surface interaction of CL composite with
the titania nanoparticles, and also indicates that the bulk properties of titania remains

same.

a b 50— serTiO, 200 —— 99T/CL(25:75)
s 150
o
3 o 1004 =
: P 5
z =z £ 100+
g , E -
2 (.4 4 sGH-TiIO, ==
< —— IS T/CL(10:90
—751'/('1.:25:75; 50
—— TS T/CL(50:50) 50
0.2 ——7517C1(75:25)
—— TSTICL(90:10)
—— 75T /Norit
—— 9ITICL(25:75)
0 T T T T T 0 ' " : : : 0 T T T T T
300 400 500 600 700 800 28 3 32 34 16 28 3 32 34 36
Wavelength / nm Energy / ev Energy / eV

Figure 41 a) UV-Visible-DRS absorption spectra of 75ST/CL nanocomposites,
SGH-TiO:2 and 75T/Norit nanocomposite b) Optical band gap of SGH-TiO: and

99T/CL(25:75).
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To study the functional groups of 75T/Norit nanocomposite and 75T/CL
nanocomposite, FTIR analysis was carried out (Figure 42). A broad band appeared at
580-800 cm! in the 75T/CL nanocomposite and 75T/Norit nanocomposite may ascribe
to Ti-O-Ti bridge stretching modes. Though, the IR bands related to CL composites
have not been observed in 75T/CL nanocomposites possibly due to high (75wt%)
titania content in the nanocomposites. Furthermore, the elemental analysis of the
75T/CL nanocomposites was performed to evaluate the elemental composition, and the

results are summarized in Table 5 (Entry 9-13).

SGH-TiO

-
75T/Norit \
75T/CL(90:10) ‘/\J\_ﬂ
TST/CL(75:25) w\
75%/.(3.14(50:50) . :
75T/ICL(25:75) ﬁ———a-‘\
75T/CL(10:90) .

ﬁ,-‘_\

T T T
4000 3000 2000 1000
1

Transmittance / a.u.

Wavenumber / cm”™

Figure 42. FTIR spectra of 75T/CL nanocomposites, SGH-TiO2, and 75T/Norit

nanocomposite.

X-ray photoelectron spectroscopy (XPS) was used to study the distinct surface
functionality of 75T/Norit nanocomposite and 75T/CL nanocomposites (Figure 43).
Taking 75T/CL(25:75) as typical example, the Ti 2p signal of 75T/CL(25:75)
nanocomposite was deconvoluted into four peaks (Figure 43b), the peaks appeared at
458.6 and 464.3 eV corresponds to Ti*" 2p3» and Ti*" 2p1.2, respectively. Whereas, the
peaks observed at 457.0 and 462.8 eV indexed to Ti*" 2ps» and Ti*" 2pi., respectively.

Ti*" is usually defined as a surface defect of titania, which can possibly plays an
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imperative role in photocatalysis by inhibiting electron-hole recombination, and

improving the visible light activity.?*®
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Figure 43. Ti 2p XPS spectra of a) SGH-TiOz, b) 75T/CL(25:75) and ¢) 75T/Norit
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Figure 44. N 1s XPS spectra of a) 75T/CL(25:75) b) 75T/Norit and ¢) 75T/C

Furthermore, nitrogen-containing functional groups were detected in 75T/CL(25:75)

nanocomposite (Figure 44a) and 75T/Norit nanocomposite (Figure 44b). The
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deconvolution of N 1s spectrum of 75T/CL(25:75) nanocomposite resolved to three
chemical states of nitrogen (Figure 44a). The peaks appeared at 400.0 and 401.1 eV
may attribute to C-N and N-C=0 functional groups, respectively. While, the peak
observed at 399.0 eV is possibly ascribe to the substitution of oxygen with nitrogen in
the titania framework, suggesting the formation of N-Ti-O bond.?*® %7 This could be
advantageous from the viewpoint of photocatalytic activity of 75T/CL(25:75)
nanocomposite under visible light. It is suggested that, substitution of oxygen with
nitrogen into titania framework is related to the presence of chitosan. To confirm that
hypothesis two new set of nanocomposites has been synthesized by combining titania
with chitosan (75T/C) and lignin (75T/L). 75T/L nanocomposite did not show any
nitrogen signal. However, 75T/C showed a signal corresponding to N-Ti-O bond at
398.2 eV (Figure 44c), which indicates that nitrogen incorporation in 75T/CL(25:75)
nanocomposite is associated with the presence of chitosan. Conversely, no N element
signals were detected in SGH-TiO2. The core level N 1s spectrum of 75T/Norit was
deconvoluted into single peak (Figure 44b), observed at 400.1 eV, which refers to C-N
functional moiety. The C-N functional moiety may observe in 75T/Norit due to the
atmospheric interaction, as N was not found in Norit during elemental and XPS
analysis. TEM analysis was carried out to further corroborate the phase composition
average particle size and the morphology of the SGH-TiO,, 75T/CL (25:75) and
75T/Norit (Figure 45a-c). It was found that SGH-Ti10», 75T/CL (25:75) and 75T/Norit
composed of anatase and brookite phase (Figure 45a-c), Additionally, SGH-TiO,,
75T/CL (25:75) and 75T/Norit showed similar average particle size i.e. 6 nm (Figure
46a-c). Nevertheless, the particle size observed for SGH-TiO,, 75T/CL (25:75) and
75T/Norit nanocomposite appears quite larger than the mean size (Figure 45a-c),
possibly because of agglomeration. However, the results of TEM measurements are

comparable with the XRD results.
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Red - (101) anatase 0.35 nm, Green - (121) brookite 0.29 nm, Blue - (112) anatase 0.23 nm,
Magenta - (200) anatase 0.19nm,  Cyan - (105) anatase 0.17 nm

Figure 45. High resolution TEM image of a) SGH-TiO:2 b) 75T/CL(25:75)

nanocomposite c¢) 75T/Norit nanocomposite (The legend showed the crystal planes

and lattice spacing (nm)).
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Figure 46. Particle size distribution in a) SGH-TiO:2 b) 75T/CL(25:75)

nanocomposite ¢) 75T/Norit nanocomposite.
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Electrochemical impedance spectroscopy (EIS) was applied to elucidate the charge
transfer ability of SGH-TiO,, 75T/CL(25:75) nanocomposite and 75T/Norit
nanocomposite, and their Nyquist plots are presented in Figure 47a. Generally, Nyquist
plots’ arc radius represents the charge transfer resistance between the electrolyte
solution and catalysts. As shown in EIS spectrum (Figure 47a), the 75T/CL(25:75)
nanocomposite exhibited smaller arc radius than 75T/Norit nanocomposite and SGH-
TiO,. This represents the faster interfacial charge transfer and enhanced charge
separation efficiency'****® on 75T/CL(25:75), which might be advantageous for
photocatalytic point of view. Additionally, the photocurrent response of 75T/CL(25:75)
nanocomposite under visible light is relatively higher (Figure 47b) than SGH-TiO3,
which further indicates that the 75T/CL(25:75) has better charge transfer ability under
visible light illumination. Conversely, 75T/Norit was not photoactive under the visible
light as it has not shown any response when the light was switched on and off (Figure
47b). However, the noise observed in the signal of 75T/Norit (Figure 47b) may refers

to the imperfect contact between the electrolyte and electrode surface.
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Figure 47. a) EIS Nyquist plots of SGH-TiOz, 75T/CL(25:75) and 75T/Norit (b)

transient photocurrent responses SGH-TiOz, 75T/CL(25:75) and 75T/Norit.
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4.2.3 Photocatalytic activity of the titania/chitosan-lignin (T/CL) nanocomposite

for the selective oxidation of benzyl alcohol (BnOH) under UV light

The photocatalytic activity of 75T/CL nanocomposites, SGH-TiO,, 75T/Norit
nanocomposite and physical mixture (75T/CL(25:75)-PM) of SGH-TiO, and
CL(25:75) was evaluated for the selective oxidation of benzyl alcohol (BnOH) to
benzaldehyde (Bnald) under UV light (375 nm) in acetonitrile. 75T/Norit
nanocomposite and SGH-TiO,, both showed high photocatalytic activity under UV
light for the oxidation of BnOH, with 82% and 97% BnOH conversion after 4 hours of
irradiation, respectively (Figure 48a). However, the series of prepared 75T/CL
nanocomposite (75T/CL(10:90), 75T/CL(25:75), 75T/CL(50:50), 75T/CL(75:25) and
75T/CL(90:10)), demonstrated relatively lower photocatalytic activity under UV light,
with BnOH conversion in the range of 38-55% after 4 hours of irradiation (Figure 48a).
Furthermore, changing the proportion of chitosan and lignin within the 75T/CL
nanocomposites did not affect their photocatalytic activity to a larger extent (Entries 2-
6, Table 7). Interestingly, the physical mixture (75T/CL(25:75)-PM) showed 46%
BnOH conversion (Figure 48a) after 4 hours of irradiation, which was comparable to
the BnOH conversion achieved by 75T/CL nanocomposites. The high (97%) BnOH
conversion achieved by SGH-TiO2 might be related to the high oxidizing power of
titania under UV light. Besides that, the formation of highly reactive *OH radicals, due
to the presence of surface OH groups of titania (Ti-OH) may also enhance the BnOH
conversion. To further investigate, whether the comparatively lower activity of 75T/CL
nanocomposites is linked with overall lower content of titania (75wt%) or not, an
experiment was carried out with higher loading (1.35g/L) of nanocomposite
(75T/CL(25:75), which contain the same amount of titania as in 1g/L of SGH-TiOo. It

was found that, with the same amount of titania the BnOH conversion was not increased
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BnOH Conversion / %

substantially (Entry 7, Table 7). This suggests that the overall content of titania may
not be decisive for the enhanced photocatalytic activity of SGH-TiO,. Additionally,
75T/CL nanocomposites formed blackish-brown suspension, which affects the light
absorption possibly due to increased shielding effect and opacity which results in their
lower photocatalytic activity. Whereas, the enhanced photocatalytic activity of
75T/Norit nanocomposite under UV light in comparison with 75T/CL nanocomposites
may ascribe to its relatively higher (239 m?g") specific surface area. However, the
crystal size and phase composition of 75T/Norit nanocomposite, SGH-TiO,, and
75T/CL nanocomposites were comparable (Entries 7-13 Table 6) and possibly not
related to their different photocatalytic activity. Interestingly, 75T/CL nanocomposites
exhibited high selectivity (>90%) for Bnald under UV light over the course of reaction,

in comparison with 75T/Norit nanocomposite and SGH-TiO; (Figure 48b).
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Figure. 48 a) BnOH conversion profile of 75T/CL nanocomposites, SGH-TiOz and
75T/Norit nanocomposite as a function of time under UV light (375 nm) b) Bnald
selectivity profile of 75T/CL nanocomposites, SGH-TiO:2 and 75T/Norit
nanocomposite as a function time under UV light (375 nm) ¢) BnOH Conversion
versus Bnald selectivity plot for 75T/CL(25:75) nanocomposite, SGH-TiO2 and

75T/Norit nanocomposite under UV light (375 nm).
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Table 7. The summary of the photocatalytic oxidation of BnOH over titania and

titania/chitosan-lignin (T/CL) nanocomposite.

Entries photocatalyst Light BnOH Conv. Bnald Sel. C Balance
! % ! % ! %
1 SGH-TiO» uv a58 68 81
2 75T/CL(10:90) uv 38 100 100
3 75T/CL(25:75) uv 55 94 97
4 75T/CL(50:50) uv 53 97 98
5 75T/CL(75:25) uv 45 100 100
6 75T/CL(90:10) uv 46 99 <99
7 ®75T/CL(25:75) uv 62 92 95
8 75T/Norit uv 56 76 87
9 Phys. Mix. (TiO;: uv 46 99 <99
CL(25:75))
10 85T/CL(25:75) uv 459 79 88
11 95T/CL(25:75) uv €58 75 86
12 99T/CL(25:75) uv 247 82 92
13 75T/C uv 52 100 100
14 75T/L uv 6 100 100
15 SGH-Ti0; Visible 0.0 0.0 100
16 75T/CL(10:90) Visible 12 100 100
17 75T/CL(25:75) Visible 19 100 100
18 75T/CL(50:50) Visible 16 100 100
19 75T/CL(75:25) Visible 14 100 100
20 75T/CL(90:10) Visible 15 100 100
21 b75T/CL(25:75) Visible 30 99 <99
22 75T/Norit Visible 0.0 0.0 100
23 Phys. Mix. (TiO;: Visible 0.0 0.0 100
CL(25:75))
24 85T/CL(25:75) Visible 17 100 100
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25 95T/CL(25:75) Visible 33 100 100

26 99T/CL(25:75) Visible 12 100 100
27 75T/C Visible 14 100 100
28 75T/L Visible 0.0 0.0 100
29 75T/CL(25:75) Dark 0.0 0.0 100
30 99T/C visible 16 94 99
31 99T/C uv f62 67 78

(Reaction conditions: BnOH (0.5mM, 0.01 mmol), photocatalyst (1g/l, 20 mg),
reaction time (4 hours), reaction medium (acetonitrile), BnOH solution volume (20 mL)
incident light wavelength (UV: 375 nm, Visible: 515 nm), incident light intensity was
(6 x ~9 W/m?), reaction time (15 minutes), °catalyst loading (1.35 g/L) reaction time
(1 hour) Yreaction time (2 hours), °reaction time (45 minutes) ‘reaction time (30

minutes).

To further confirm that the increased Bnald selectivity is not related to the lower
activity, and therefore BnOH conversion vs Bnald selectivity has been plotted (Figure
48c) for 75T/Norit nanocomposite, SGH-TiO,, 75T/CL(25:75) nanocomposite (a
representative catalyst chosen from the 75T/CL nanocomposite series) and physical
mixture (75T/CL(25:75)-PM). 1t is clearly seen (Figure 48c) that, at a lower (~21%)
BnOH conversion all the photocatalysts showed high (>90%) Bnald selectivity.
Though, at a higher (~50%) BnOH conversion 75T/CL(25:75)-PM and 75T/CL(25:75)
nanocomposite demonstrated high (>90%) Bnald selectivity. The lower (68%) Bnald
selectivity exhibited by SGH-TiO; (Entry 1, Table 7) may attribute to the generation of
highly reactive species such as h" and *OH by SGH-TiO, under UV light irradiation,
which may lead to the over-oxidation of BnOH. In addition, the produced Bnald could
possibly compete with BnOH for the active sites for further oxidation till

mineralization. On the contrary, the high Bnald selectivity demonstrated by
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BnOH Conversion / %

75T/CL(25:75) nanocomposite and 75T/CL(25:75)-PM suggest that, the CL composite
present in the reaction medium either as physical mixture or nanocomposite may

prevent the mineralization reaction.

Additionally, it is conjectured that CL composite may act as a radical (O2®, *OH)
scavenger and thus hinder the undesirable over-oxidation reactions. To substantiate that
hypothesis, the SGH-TiO: catalyzed BnOH oxidation was performed in the presence of
different radical scavengers (Figure 49). When dimethylsulfoxide (DMSO) was added
as a *OH radical scavenger (SGH-TiO>-DMSO), the BnOH conversion was slowed
down initially (Figure 49a). However, no considerable changes in the conversion of
BnOH (91%) was observed after 4 hours of irradiation. This suggest that *OH may have
a minor contribution in the oxidation of BnOH. This is in agreement with the fact which
is known from the literature, that only limited number of *OH might be formed from a

UV-illuminated water-saturated surface of titania in acetonitrile (as solvent).?3-24
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Figure 49 a) Effect of radical scavenger on BnOH conversion profile of SGH-TiOz2,
as a function of time under UV light (375 nm) b) Effect of radical scavenger on
Bnald selectivity profile of SGH-TiO:, as a function of time under UV light (375
nm) c¢) Effect of radical scavenger on BnOH conversion versus Bnald selectivity

plot for SGH-TiOz2, under UV light (375 nm).
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Though, the enhanced selectivity of Bnald in the presence of DMSO (*OH scavenger)
suggests the inhibition of undesirable over-oxidation reaction driven by *OH. However,
the use of benzoquinone (BQ) as superoxide radical anion (O2*) scavenger (SGH-TiO:-
BQ) reduced the BnOH conversion up to ~50% (Figure 49a), suggesting that O™ is
one of the dominant species for the oxidation of BnOH. Although, the selectivity of
Bnald was not affected (Figure 49b), this suggests that O>™® scavenger may impede the
BnOH oxidation. However, the BnOH oxidation is still accomplished by other radical
species. Furthermore, these results also indicate that CL composite could possibly act
as radical scavenger and decrease the BnOH oxidation (by scavenging O:*) and
enhance the selectivity of Bnald (by *OH scavenging). Additionally, the enhanced
selectivity of Bnald (>90%) achieved by 75T/CL(25:75) nanocomposite and
75T/CL(25:75)-PM (Figure 49c), in comparison with 75T/Norit nanocomposite (76%)
and SGH-Ti0, (68%) also proposed that there is possibly an interaction of SGH-TiO»
and CL(25:75) either as physical mixture or nanocomposite within the suspension
(reaction medium), that hinders the mineralization reaction and assist in the partial

oxidation of BnOH to Bnald.

Moreover, the impact of titania content in the nanocomposite on the selective oxidation
of BnOH under UV light has also been explored. As depicted in Figure 50a, the
conversion of BnOH was improved with the increase in titania content in the
nanocomposite. Though, the Bnald selectivity (Figure 50b and 50c) has been decreased
with higher content (>75wt%) of titania (Entries 10-12, Table 7). To further evaluate
the contribution of lignin and chitosan on the activity of 75T/CL nanocomposites, the
nanocomposites synthesized by combining titania with chitosan (75T/C) and lignin

(75T/L) were also tested for the selective oxidation of BnOH under UV light.
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Figure 50 a) Effect of titania content in nanocomposites on the BnOH conversion
profile as a function of time under UV light (375 nm) b) Effect of titania content
in nanocomposites on the Bnald selectivity profile as a function time under UV
light (375 nm) c) Effect of titania content in nanocomposites on BnOH conversion

versus Bnald selectivity plot under UV light (375 nm).

Interestingly, 75T/C nanocomposite exhibited (Entry 13, Table 7) comparable
photocatalytic activity with respect to conversion of BnOH (52%) and selectivity of
Bnald (100%) as 75T/CL nanocomposites (Entries 2-6, Table 7). Whereas, 75T/L
nanocomposite exhibited negligible conversion for BnOH (Entry 14, Table 7) under
UV light after 4 hours of irradiation. The negligible activity of 75T/L nanocomposite
may ascribe to the improved UV shielding capability of lignin in the absence of
chitosan. However, this is not a direct evidence, it is proposed that lignin could
encapsulate the titania and probably block the UV light in the absence of chitosan and
hindered the photocatalytic activity of titania. Recently, there is a growing interest to
use lignin in sunscreen to scavenge the photocatalytic activity of titania owing to its

UV blocking tendency.?*!- 242
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4.2.4 Photocatalytic activity of the titania/chitosan-lignin (T/CL) nanocomposite

for the selective oxidation of benzyl alcohol (BnOH) under visible light

The photocatalytic activity of the 75T/CL nanocomposites was also evaluated under
visible light (515 nm) for the selective oxidation of BnOH to Bnald. Interestingly,
75T/CL nanocomposites were found to be photocatalytically active under visible light
for the selective oxidation of BnOH (Figure 51a). However, compared to UV light the
conversion of BnOH attained by 75T/CL nanocomposites after 4 hours of irradiation
under visible light was much lower (<20%). Though, all the 75T/CL nanocomposites
showed high (100%) selectivity for Bnald after 4 hours of irradiation (Figure 51a).
75T/CL(25:75)-PM, 75T/Norit and SGH-TiO2, observed to be photocatalytically
inactive under visible light for the selective oxidation of BnOH (Figure S51a). It is
proposed that the photocatalytic activity of 75T/CL nanocomposites under visible light
may attribute to the nitrogen doping of titania by the CL composite. The N 1s core level
XPS spectrum of a representative sample i.e. 75T/CL(25:75) nanocomposite indicated
that the substitutional N-doping (Figure 44a) of titania may lead to the activity of
75T/CL nanocomposites under visible light. It is in agreement with the fact that, this
kind of interaction of nitrogen and titania has not been observed for 75T/Norit
nanocomposite and SGH-TiO,, which did not show any photocatalytic activity under
visible light. It is proposed that the nitrogen incorporation into the framework of titania
may lead to the creation of a new mid-gap energy level (the N 2p band over the O 2p
valence band), which decreases the titania band gap.?** Although, 75T/CL
nanocomposite exhibited absorption (Figure 41a) in the entire UV-Visible spectrum. It
is therefore challenging to estimate the change in the absorption of titania to the visible
region ascribe to the probable N-doping. However, to elucidate the probable shift in the

optical band-gap of titania due to CL composite N-doping, the UV-Visible-DRS
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absorption spectrum was measured for nanocomposites containing higher (99wt%)
titania content i.e. 99T/CL(25:75). As shown in Figure 41b, no changes in the optical
band-gap of SGH-TiO;, and 99T/CL(25:75) nanocomposite was observed. It is
therefore suggested that titania N-doping by CL composites may result in surface
modification via bonding of nitrogen,?** whereas the bulk material is in the intrinsic
configuration of pristine titania. In addition, N-doping could potentially reduce the
recombination of photogenerated electron-hole pair, which can play an important role
in improving the selectivity and photocatalytic activity.>*** It is shown by the EIS
Nyquist plots (Figure 47a) and transient photocurrent response (Figure 47b) that
75T/CL(25:75) nanocomposite exhibited improved charge transfer in comparison with

SGH-TiO; and 75T/Norit nanocomposite.

a [ |BnOH Conversion[___| Bnald Selectivity - b [ BnOH Conversion [ Bnald Selectivity
100 R S R e
& 80
80 z
=
2
60 - 2 807
3
=
il Z 40
g
=
5
Q

ol L wlnlls

T T
T T T T i s 5 i 4 . 5 % ]
SCITIO, TSTICLiI096) TSTICLISS) STICLiSwS0) TSTICLOSES) ISTICLOMI®)  T5TNark 1STICLOS 1P SOT/CL2§:75) TSTCLRSTS) 8STICLQSTS) 9STUCLQSTS) 99TICLRSTS)  SGHATIO,

Figure 51. a) Photocatalytic performance of 75T/CL nanocomposites, SGH-TiO2
and 75T/Norit nanocomposite for the selective oxidation of BnOH under visible
light (515 nm) b) Effect of titania content on the photocatalytic performance of

nanocomposites for the selective oxidation of BnOH under visible light (515 nm).

Furthermore, it was found that varying the content of titania in the nanocomposite also

affect their activity under visible light. Increasing the titania content in the
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nanocomposite up to 95wt% (95T/CL(25:75), increases the conversion of BnOH up to
33% after 4 hours of irradiation (Figure 51b). However, increasing the content of titania
further up to 99wt% (99T/CL(25:75) reduced the conversion of BnOH (12%), though
the selectivity of Bnald was not affected (Entry 26, Table 7). The reduction in the
conversion of BnOH with increasing content of titania (99wt%) could be linked to the

lower chances of N-doping owing to the lesser CL amount.

4.2.5 Apparent quantum yield (AQY)

The photon flux absorbed under UV and visible light by the photocatalytic system was
estimated to be 8.70x 10 and 11.63x 10 E 57!, respectively. Whereas, AQY exhibited
by 75T/CL(25:75) nanocomposite, SGH-Ti0., and 75T/Norit nanocomposite for Bnald
formation under UV light after 4 hours of irradiation was estimated to be 4.1%, 2.3%,
and 4.1%, respectively. Additionally, the AQY exhibited by 75T/CL(25:75)
nanocomposite was 1.1% after 4 hours of irradiation under visible light. The observed
AQY are similar to the literature reported efficiency of Au/TiO> nanorods (3.4%)>%
and Pd-deposited CdS-TiO, composite (1.4%)** for the selective oxidation of BnOH

at >420 nm and 540 nm, respectively.

4.2.6 Stability and reusability of 7ST/CL(25:75) nanocomposite

To assess the stability of 75T/CL(25:75) nanocomposite, titanium leaching of
75T/CL(25:75) nanocomposite was evaluated by XRF analysis of BnOH solution after
4 hours of photocatalytic reaction. As shown in Figure 52, 75T/CL(25:75)
nanocomposite did not show any leaching of titanium under UV and visible light. The
peaks appeared refers to Rh from Rh lamp, Fe and Cu signals that are finger print of
the spectrometer. Furthermore, UV-Visible absorption spectra measured to evaluate the

stability of carbon materials in 75T/CL(25:75) nanocomposite in acetonitrile under dark
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and light irradiation (UV and visible) showed the leaching (Figure 53) of constituents

of 75T/CL(25:75) nanocomposite.
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Figure 52. XRF analysis of BnOH solution catalyzed over 75T/CL(25:75)

nanocomposite.
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Figure 53. UV-Visible absorption spectra of 75T/CL(25:75) extracts in

acetonitrile.
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The GC-MS analysis showed the traces of oleanitrile, acetamide, tetradecanamide,
hexadecanamide, 9-octadecenamide and 2,4-dimethyl-benzaldehyde in the liquid phase
extracts obtained after the stability experiments carried out under dark and light
irradiation (UV and visible) for 4 hours. The 2,4-dimethyl-benzaldehyde could be
detected due to the lignin fragmentation. However, the other compounds may be
observed from the chitosan depolymerization or formerly present as oligomers impurity
in the chitosan. To evaluate the recyclability of the 75T/CL(25:75) nanocomposite,
reusability experiments were performed for the selective oxidation of BnOH under the
UV and visible light. As shown in Figure 54a and 54b, 75T/CL(25:75) nanocomposite
maintained its activity after multiple run for the selective oxidation of BnOH to Bnald

under the UV and visible light.
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Figure 54. The recycling of 75T/CL(25:75) nanocomposite for the selective
oxidation of BnOH under a) UV light (375 nm) irradiation b) visible light (515 nm)

irradiation.

4.2.7 Conclusions
In conclusion, blending chitosan with lignin through a hydrothermal method formed a

composite with improved physicochemical properties. Moreover, chitosan-lignin (CL)
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composites with multiple functional groups potentially interacted with titania and
formed a nanocomposite (T/CL). This coupling of CL composite with titania not only
improved the selectivity to Bnald in BnOH oxidation reaction under UV light but also
stimulates the visible light activity. The interaction of chitosan and titania plays a
decisive role in the visible light activity. According to XPS measurements, it is
suggested that the T/CL nanocomposites and 75T/C nanocomposites activity under
visible light may ascribed to the doping of nitrogen into titania framework from
chitosan. However, no direct evidence related to the reduction of band-gap of titania
was observed upon amalgamation with CL composite, and visible light activity was
ascribed to the nitrogen doping of titania. Besides that, the inactivity of 75T/L under
visible light showed that the visible light activity of T/CL nanocomposites may not be
attributed to the photosensitizing effect of lignin. Whereas, the improved efficiency of
T/CL nanocomposites under UV light probably be associated to the radical scavenging
effect of CL composites. It is therefore concluded that nanocomposites prepared from
titania and renewable biomass-derived resources improved the photocatalytic
performance of titania ascribe to various non-intuitive benefits for instance, an indirect
enhancement in light harvesting (through N-doping), and improved selectivity via

mediation (scavenging) of unselective reactive radical species.
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5. CONCLUSIONS AND FUTURE PERSPECTIVE

Titania-based heterogeneous photocatalysis carried out under mild experimental
conditions such as ambient pressure and temperature, utilizing oxygen (dissolved
naturally in the reaction medium) as an oxidizing agent, and visible light as an
irradiation source is a green and economical approach for the valorization of biomass-
based platform chemicals. The results acquired during the course of the Ph.D.
investigations implies that ligand-to-metal charge transfer (LMCT)-sensitization, and
formation of nanocomposites of titania with chitosan-lignin (CL) can be successfully
employed for the visible light activation of titania for the selective oxidation of
biomass-derived platform chemicals. The formation of a LMCT-complex between a
platform compound, 5-hydroxymethylfurfural (HMF) and titania via hydroxyl
functional groups, can be employed as a suitable sensitization approach for harvesting
and utilizing visible light. The LMCT-complex formation of HMF on titania extended
the visible light absorption of titania up to 650 nm and enables the selective oxidation
of HMF to diformylfuran (DFF). The specific surface area and number of OH groups
on the titania surface are crucial factors affecting the formation and photoactivity of
LMCT-complex. In particular, the visible light activity of LMCT-complex has
increased with the specific surface area of the titania and increased number of OH
groups on the surface, owing to the increased number of potential adsorptive sites for
HMEF. Moreover, valorization of biomass via LMCT-sensitization utilizing a substrate
(HMF) is found to be a more sustainable and environmentally-benign approach than
popular dye-sensitization, which requires dyes that are often unstable under light
irradiation and costly. The current study evaluated the visible light activity of LMCT-
complex formed between HMF and titania under green light (A = 515 nm). However,

the visible light absorption of LMCT-complex is extended up to the far visible region
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(650 nm), which signifies the need for the investigation of LMCT-complex activity
under red light. This could also be beneficial for the efficient utilization of solar
radiation to advance solar-driven chemical conversion processes. Although, the
selectivity of desired products is improved via LMCT-sensitization approach under
visible light. However, the general photoactivity of LMCT-complexes in terms of
conversion of biomass-derived substrate under visible light has not reached the activity
of titania under UV light. Further investigation is required to improve the conversion
of substrate without compromising the selectivity of target product. Various approaches
could be employed for the process intensification such as using flow photoreactor,
testing alternative irradiation sources (solar simulator), using different solvents etc.
Besides that, there is a need to evaluate the LMCT-sensitization of other semiconductor
nanoparticles. The current study and the majority of studies carried out in the past
employ titania due to its abundant availability, nontoxic nature and stability to study
the LMCT-sensitization. However, other semiconductors like Nb2Os (upon

modification with HMF'* and amines?")

and CeO:z (upon modification with
alcohols®*®) also showed the potential for LMCT-sensitization. Compared to titania
these semiconductors are not explored to a substantial extent. Thus the results of this
thesis open a new avenue for visible-light driven photocatalysis for organic reactions
under mild and environmentally-benign conditions.

Furthermore, chitosan and lignin have tremendous potential for the preparation of
composites with improved physicochemical properties. Coupling titania with chitosan-
lignin (CL) formed a nanocomposite, which improved the visible light (A = 515 nm)
activity of titania for the selective oxidation of benzyl alcohol (BnOH) to benzaldehyde
(Bnald). More precisely, 75T/CL(25:75) nanocomposite (a representative
nanocomposite) exhibited excellent selectivity for Bnald (100%) at moderate BnOH

conversion (19%). Lignin has not exhibited any photosensitizing effect for the visible
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light activation of titania. Conversely, chitosan interaction with titania is critical for the
visible light activity of titania, possibly by introduction of nitrogen into the titania
framework. The present approach of utilizing biomass waste to improve the visible light
(515 nm) activity of titania has the potential to significantly contribute to advance
photocatalysis for biomass valorization and efficient utilization of solar energy. The
current approach of nanocomposite formation utilizing widely available biomass
material could be extended to improve the visible light activity of other wide band gap
semiconducting materials like ZnO and NiO for their application in selective oxidation.
In addition, further investigations are required to improve the conversion of BnOH
under visible light and to utilize the far visible light region (red light) for the
photocatalytic selective oxidation of BnOH. In this respect, the potential of chitosan
and lignin for the preparation of metal free carbonaceous photocatalyst for its
application in selective oxidation reactions can be evaluated. This could be a promising

approach for biomass-valorization for material synthesis and chemical production.
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APPENDIX

Al. Optimization of hydrothermal treatment temperature and duration for the

synthesis of SGH-TiO2

The X-ray diffraction pattern of titania synthesized through sol-gel technique and
hydrothermal method at different temperature (125 °C, 150 °C and 175 °C) and time
duration (4 hours, 8 hours and 16 hours) has been recorded (Figure A1). All the titania
samples exhibited almost identical XRD patterns differing only in terms of the intensity
of the XRD reflections. The reflexes observed in X-ray diffraction pattern of titania
samples at 25.4° 37.9°,48.1°, 54.6°, 63.0 °showed the presence of anatase. In addition
to anatase, reflex for brookite was found at 30.6 °. The XRD pattern of S0TCL(25:75)
nanocomposite showed only reflexes from anatase phase and these are comparatively

broader and less intense than the reflexes observed in pristine titania samples.

S0TCL(25:75)-150 *Cc.sh

SGH-Ti0,-175 °C-8h

SGlt I-'I‘i02-1 S0 t'l:f-1 6h

Intensity / a.u

SGIL-Ti0,-150 °C-8h

SGH-Ti 02- 150 *C-an

SGH-Ti0;-125 °C-8h
T

T
20 30 40 50 60 70 80

20/

Figure Al. XRD patterns of SGH-TiO: and S50T/CL(25:75) nanocomposite

prepared through sol-gel and hydrothermal method.

Interestingly, the intensity of the reflexes has not affected with varying the temperature
(125 °C, 150 °C and 175 °C). However, the intensity of the reflexes slightly increased

with increasing duration of hydrothermal treatment from 4 hours to 8 hours. Whereas,
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further increase in duration of hydrothermal treatment from 8 hours to 16 hours would
not affect the intensity of reflexes. The average crystallite size (Table A1) of pristine
titania samples and 50T/CL(25:75) nanocomposite was quite similar, in the range of
5-7 nm. The 8 hours of hydrothermal treatment at 150 °C showed crystalline phases of
titania in S0T/CL(25:75) therefore, 8 hours of hydrothermal treatment at 150 °C was

selected for the preparation of other nanocomposites.

Table Al. Crystallite sizes of SGH-TiO2 and 50T/CL(25:75) nanocomposite.

Entries Sample Crystallite size (nm)
1 SGH-Ti0,-125 °C-8-h 5
2 SGH-Ti02-150°C-4-h 6
3 SGH-Ti02-150°C-8-h 6
4 SGH-Ti0O2-150°C-16-h 6
5 SGH-Ti02-175°C-8-h 7
6 50T/CL(25:75)-150°C-8-h 6

A2. Optimization of HMF initial concentration for the photocatalytic selective

oxidation over SGH-TiO: under visible light

In order to optimize the initial concentration of HMF, the photocatalytic selective
oxidation experiments were carried out using different initial concentration (0.5mM,
ImM and 2 mM) of HMF (Figure A2). At lower (0.5mM) initial concentration of HMF,
high HMF conversion (82%) was achieved with high DFF selectivity (76%) after 4
hours of illumination. Whereas, at higher initial HMF concentration (2mM) very low
HMF conversion (16%) was achieved with excellent DFF selectivity (100%) after 4
hours of illumination. While, at ImM initial HMF concentration moderate HMF

conversion (59%) was achieved with reasonably high DFF selectivity (87%) after 4
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hours of illumination. Therefore, ImM initial HMF concentration was selected for the

detailed photocatalytic selective oxidation study.

1001 a = 0.5mM HMF 1004 = PO = =
e 1mM HMF
A 2 mM HMF s 1 = .
s 804 801 o
= < . 2
5 i -
2 60+ 604 o
: 8
= =
S > 2
© 40+ £ 40+
= 2
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204 204 = 0.5mM HMF
@ 1mM HMF
m, / A 2mM HMF
0 T T T T 0 T T T T
0 60 120 180 240 0 60 120 180 240
Irradiation time / minutes Irradiation time / minutes

Figure A2 a) HMF conversion and b) DFF selectivity profile in the photocatalytic
selective oxidation of HMF under visible light (A = 515 nm), using different initial

HMF concentrations.

A3. Chemical stability/solubility of chitosan, lignin and chitosan-lignin (CL)

composites

The chemical stability/solubility of chitosan, lignin and chitosan-lignin (CL)
composites was evaluated by preparing a suspension of composites in different solvents
(3mg/3ml). The suspensions were stirred for 15 minutes at 400 rpm. Afterwards the
suspensions were filtered (0.20 um, 25mm, nylon filters) and then filtrate was analyzed

using Thermoscientific Evolution 220-UV-VIS spectrophotometer.

Chitosan showed partial solubility in all the tested solvents (Figure A3). Whereas,
lignin was completely soluble in water and 0.1 M NaOH and partially soluble in
acetonitrile (ACN), methanol (MeOH) and 0.1 M H>SO4 (Figure A4). CL composites
also showed partial solubility in ACN and water (Figure A5). Though, the solubility of

CL composite in ACN and water is not desirable from the photocatalytic application
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point of view. However, the CL composite were further coupled with titania which
possibly improve the chemical stability of CL composites. The results of the chemical
stability/solubility of chitosan, lignin and chitosan-lignin (CL) composites are

summarized in Table A2
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i ~— Chitosan-Water :? - Chitosan-0.1 M H,SO,
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- 3
< <
0 0
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Figure A3. The chemical stability/solubility of chitosan in different solvents.

Table A2: Solubility of chitosan, lignin and chitosan-lignin (CL) composites in

different solvents.

Entries Solvents 0.1 M 0.01M Water Methanol Acetonitrile
NaOH H2S04
1 Lignin Soluble Partially Soluble Partially  Partially
soluble soluble soluble
2 Chitosan Partially Partially Partially Partially  Partially
soluble soluble soluble soluble soluble
3 CL Partially Partially Partially Partially  Partially
composites soluble soluble soluble soluble soluble
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Figure A4. The chemical stability/solubility of lignin in different solvents.
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acetonitrile (ACN).
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A4. Optimization of titania content in titania/chitosan-lignin (T/CL)

nanocomposites

In order to optimize the titania content, T/CL nanocomposites were prepared with the
weight fraction of 25/75 (25wt%titania/75wt%CLcomposite, 25T/CL) and 50/50
(50wt% titania/50wt%CLcomposite, SOT/CL) and (75wt%titania/25wt%CLcomposite,
75T/CL) following the sol-gel and hydrothermal route. To prepare a titania sol, a
specified volume of titanium(IV) isopropoxide (TTIP), equivalent to the definite wt%
of titania (25wt%, 50wt% and 75wt%) was dissolved in 25 cm® of 2-propanol and
stirred for 2 hours at room temperature. Afterwards, 1 cm® of 1M HNO; was added to
the solution stirred (400 rpm) for 5 minutes until gelation begins. Subsequently, 25 cm?
of water was added to the gel formed and further stirred for 3 hours. To prepare the
T/CL nanocomposites with different weight fraction of (25wt%, 50wt% and 75wt%)
the corresponding titania sol was separately introduced into a suspension of CL
composite (0.8 g) in 160 mL of water, while stirring (600 rpm) at room temperature.
The resulting suspension was stirred for 5 hours, then filtered, washed with water and
dried in oven (80 ©C) for 12 hours. Afterwards, the obtained solid sample was ground
to powder and then shifted to Teflon lined autoclave filled (~80%) with water for
hydrothermal treatment (150 °C) for 8 hours. Finally, the nanocomposite obtained were
dried in hot air oven (110 °C) for 12 hours. Following the same procedure, a series of
nanocomposites were prepared using CL composites synthesized in various weight

ratios (10:90, 25:75, 50:50, 75:25 and 90:10).
AS. XRD analysis of T/CL nanocomposites

The reflexes observed in X-ray diffraction pattern of 25T/CL(50:50), S0T/CL(50:50)

and 75T/CL(50:50) at 25.4°, 37.9°,48.1°, 54.6°, 63.0 ° showed the presence of anatase
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(Figure A6). In addition to anatase, reflex for brookite was also found at 30.6 ° in

75T/CL(50:50).

—— 75T/CL(50:50)
—— 50T/CL(50:50)
—— 25T/CL(50:50)

Intensity / a.u.

20/°

Figure A6. XRD patterns of 25T/CL(50:50), SO0TCL(50:50) and 75T/CL(50:50)

nanocomposites
A6. N2 sorption isotherm analysis of T/CL nanocomposites

N sorption isotherm (Figure A7) of 25T/CL(50:50) and 50T/CL(50:50) categorized
into Type IV isotherm which is an indication of mesoporous materials. The BET
specific surface area of 25T/CL(50:50) and 50T/CL(50:50) was 81 m?g! and 123 m?g’
!, respectively.
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Figure A7. N2 sorption isotherm of 25T/CL(50:50) and S50T/CL(50:50)

nanocomposite.

138

http://rcin.org.pl



A7. Optimization of BnOH initial concentration for the photocatalytic selective

oxidation over T/CL nanocomposite

Based on the optimization of initial concentration of HMF for the photocatalytic
selective oxidation, the preliminary experiments for photocatalytic selective oxidation
of BnOH over 75T/CL nanocomposites were carried out using 1mM initial
concentration of BnOH. As shown in Figure A8, 75T/CL nanocomposites showed 33-
48% BnOH conversion and high Bnald selectivity (>85%) after 4 hours of illumination
under UV light. However, under visible light (515 nm) 75T/CL nanocomposites
showed low BnOH conversion 3-17% with excellent Bnald selectivity (100%) after 4
hours of illumination (Figure A9). To test the effect of initial BnOH concentration on
the BnOH conversion, the photocatalytic selective oxidation of BnOH over 75T/CL
nanocomposite was carried out using 0.5 mM initial BnOH concentration. The BnOH

conversion and Bnald selectivity was slightly improved (Entries 1-6, Table A3) under

UV light.
1004 = 75T/CL(10:90) a 100 b +—= & , 7 v
® 75T/CL(25:75)
A 75TICL(50:50) .
o 80+ ¥ 75TICL(75:25) . 801 o
= ¢ 75TICL(90:10) 8 A
s 2
g 60+ E 60 4
2 &
c =
(=] [T}
(5] ")
T 40 4 k-] 404
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Figure A8. a) BnOH conversion profile of 75T/CL nanocomposites using 1mM
initial BnOH concentration, as a function of time under UV light (375 nm) b)
Bnald selectivity profile of 75T/CL nanocomposites.
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Table A3. The summary of the photocatalytic oxidation of BnOH over titania and

titania/chitosan-lignin (T/CL) nanocomposite.

Entries photocatalyst Light BnOH Conv. Bnald Sel. C Balance
! % ! % ! %
1 75T/CL(10:90) uv 38 100 100
2 75T/CL(25:75) uv 55 94 97
3 75T/CL(50:50) uv 53 97 98
4 75T/CL(75:25) uv 45 100 100
5 75T/CL(90:10) uv 46 99 <99
6 75T/CL(10:90) Visible 12 100 100
7 75T/CL(25:75) Visible 19 100 100
8 75T/CL(50:50) Visible 16 100 100
9 75T/CL(75:25) Visible 14 100 100
10 75T/CL(90:10) Visible 15 100 100
11 25T/CL(10:90) uv 0.0 0.0 100
12 25T/CL(25:75) uv 0.0 0.0 100
13 25T/CL(50:50) uv 0.0 0.0 100
14 25T/CL(75:25) uv 0.0 0.0 100
15 25T/CL(90:10) uv 0.0 0.0 100
16 25T/CL(10:90) Visible 0.0 0.0 100
17 25T/CL(25:75) Visible 0.0 0.0 100
18 25T/CL(50:50) Visible 0.0 0.0 100
19 25T/CL(75:25) Visible 0.0 0.0 100
20 25T/CL(90:10) Visible 0.0 0.0 100
21 50T/CL(10:90) uv 0.0 0.0 100
22 50T/CL(25:75) uv 0.0 0.0 100
23 50T/CL(50:50) uv 4 94 >99
24 50T/CL(75:25) uv 0.0 0.0 100
25 50T/CL(90:10) uv 5 80 99
26 50T/CL(10:90) Visible 0.0 0.0 100
27 50T/CL(25:75) Visible 0.0 0.0 100
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28 50T/CL(50:50) Visible 0.0 0.0 100
29 50T/CL(75:25) Visible 0.0 0.0 100

30 50T/CL(90:10) Visible 0.0 0.0 100

(Reaction conditions: BnOH (0.5mM, 0.01 mmol), photocatalyst (1g/l, 20 mg),
reaction time (4 hours), reaction medium (acetonitrile), BnOH solution volume (20 mL)
incident light wavelength (UV: 375 nm, Visible: 515 nm), incident light intensity was

(6 x ~9 W/m?)

Similarly, under visible light the BnOH conversion was slightly improved (12-19%)
using 0.5 mM initial BnOH concentration with similar Bnald selectivity (100%). On
the other hand, 25T/CL and 50T/CL nanocomposites were found to be
photocatalytically inactive for the selective oxidation of BnOH under UV and visible

light (Table A3).

[ BnOH Conversion [l Bnald Selectivity
100 ~

80

60 H

40

Conversion, Selectivity / %

20 4

75TICL(10:90) 75T/CL(25:75) 75T/CL(50:50) 75T/CL(75:25) 75T/CL(90:10)

Figure A9. Photocatalytic selective oxidation of BnOH (using 1 mM initial

concentration) over 75T/CL nanocomposites under visible light (515 nm).
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HMF Conversion / %

A8. Photocatalytic activity of 75T/CL nanocomposites for the selective oxidation

of HMF

The photocatalytic activity of 75T/CL nanocomposites was evaluated for the selective

oxidation of HMF to DFF under visible light (515 nm) in acetonitrile using the same

condition and parameters used for SGH-TiO,. As shown in Figure A10, 75T/CL

nanocomposite exhibited much lower activity (15-30% HMF conversion) after 4 hours

of illumination. However, 75T/CL nanocomposites showed comparatively improved

DFF selectivity (>90%) than SGH-TiO- at lower HMF conversion (5-15%). Whereas,

at higher HMF conversion (>20%) 75TCL nanocomposites and SGH-TiO, showed

comparable DFF selectivity.
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Figure A10. a) HMF conversion profile of 7ST/CL nanocomposites and SGH-TiO2

as a function of time under visible light (515 nm) b) DFF selectivity profile of

75T/CL nanocomposites and SGH-TiO:2 as a function time under visible light (515

nm) ¢) HMF conversion versus DFF selectivity plot for 75T/CL nanocomposite

and SGH-TiO: under visible light (515 nm).

A9. Thermogravimetric analysis (TGA) of SGH-TiOz and P25

Thermogravimetric analysis (TGA) of SGH-TiO; and P25 (Figure A11) was carried out

to determine the hydroxyl (OH) group density of titania samples. The weight loss
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occurred between 120 °C - 750 °C was used to estimate the hydroxyl (OH) group
density.
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Figure A11. Weight loss during TGA of SGH-TiO: and P25. (Reprinted an open-

access article content'?)
A10. UV-Visible-DRS absorption analysis of 99T/C nanocomposite

99T/C nanocomposite showed absorption (Figure A12) in the entire UV-visible region

(220-800 nm). However, the optical band gap estimated for 99T/C via Kubelka-Munk

function was ~3.2 eV.
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Figure Al12. UV-Visible-DRS absorption spectra of 99T/C nanocomposite, b)

Optical band gap of 99T/C nanocomposite.
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All. DRS-UV-visible absorption analysis of SGH-TiO2 and benzyl alcohol

adsorbed SGH-TiO2 (BnOH-Ads-SGH-TiO2)

To evaluate the effect of adsorption of BnOH on the optical absorption behavior of
SGH-Ti0,, DRS-UV-Visible absorption spectra (Figure A13) was recorded for SGH-
TiO; and benzyl alcohol adsorbed SGH-TiO> (BnOH-Ads-SGH-TiO2). As shown in
Figure A13, optical absorption behavior of SGH-TiO; is not affected after the
adsorption of BnOH, which indicates that the BnOH-Ads-SGH-TiO> might not be

photocatalytically active under visible light (515 nm).

———SGH-TiO,
~ BnOH-Ads-SGH-TiO,

Absorbance / a.u.

-
700 800

T T — """I' '_—'A—n(‘lr_-—A —
300 400 500 600
Wavelength / nm

0

Figure A13. DRS-UV-visible absorption spectra of SGH-TiO2 and benzyl alcohol

adsorbed SGH-TiO2 (BnOH-Ads-SGH-TiO3).
A12. Temperature programmed oxidation (TPO) of SGH-TiO:2 and P25

The temperature programmed oxidation (TPO) experiments were carried out to
determine carbon content in titania samples. The carbon content was estimated from
the CO» signals of the QMS (Figure A14), calibrated using CO (with the pulse of 1.01

x 107 mol).
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Figure A14 a) COzssignal as a function of temperature. b) CO: signals as a

function of time. (Reprinted an open-access article content!?)

A13. UV-Visible absorption analysis of potassium—ferrioxalate phenanthroline

complex (PFPC)

To determine the amount of Fe?" produced during actinometry experiment after the
illumination, the absorption of illuminated and control sample (prepared in dark) was

recorded (Figure A15) on Thermoscientific Evolution 220 UV Vis Spectrophotometer.

——— PFPC-dark (0.006 M)
PFPC-UV light (375 nm)
—— PFPC-dark (0.15 M)

1.5 \ —— PFPC-Visible light (515 nm)

Absorbance / a.u.

480 520 560 600
Wavelength / nm

Figure A1S. UV-Visible absorption spectrum of potassium—ferrioxalate

phenanthroline complex (PFPC).
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Al4. Calibration of 5-hydroxymethylfurfural (HMF), 2,5- diformylfuran (DFF),

benzyl alcohol BnOH and benzaldehyde (Bnald).

The calibration of 5-hydroxymethylfurfural (HMF), 2,5- diformylfuran (DFF), benzyl

alcohol BnOH and benzaldehyde (Bnald) in acetonitrile is shown in Figure A16 and

7000000
6000000 ™ DFF
6000000 -
5000000
+ 5000000 5
8 g
> = 4000000
= 4000000 2
5 3
< 3000000 &, 3000000 R?=0.999
uZ -t
4 5
A~ 2000000 - £ 2000000 4
1000000 1000000
0 T T T T T 0 T T T T T
0 02 04 0.6 0.8 1 0 0.2 04 0.6 08 I

Concentration / mM Concentration / mM

Figure A16. Calibration curve for 5-hydroxymethylfurfural (HMF) and 2,5-

diformylfuran (DFF) in acetonitrile.
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Figure A17. Calibration curve for benzyl alcohol (BnOH) and benzaldehyde

(Bnald) in acetonitrile.
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A1S5. Emission spectra of the light sources

The emission spectrum of the light sources used in the photocatalytic selective

oxidation experiments for HMF and BnOH are shown in Figure A18.

UV (375 nm) —— Visible (515 nm)

Intensity / a.u.
Intensity / a.u

300 350 400 450 400 560 660 700
Wavelength / nm Wavelength / nm

Figure A18. Emission spectrum for UV (375 nm) and visible (5§15 nm) LED light

source.

A16. UV-Visible absorption analysis of HMF

The UV visible absorption spectrum (Figure A19) of HMF in acetonitrile showed that

HMF showed absorption maximum at 280 nm.

——ACN
2+ e HMF-ACN

0.5+

D '\ T Ll T

200 300 400 500 600 700 800
Wavelength / nm

Figure A19. UV-Visible absorption spectrum of HMF in acetonitrile.
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