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Abstract

Titania, as a heterogeneous photocatalyst has a significant potential for the conversion
of biomass to valuadded 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,-btsad
visible lightdriven photocatalysis for the selective oxidation of biortEss/ed
platform chemical is considered to be economical and environmentally benign
approachThis thesis primarily focused on the visiltight activation of titania for its
applicationin the photocatalytic selective oxidation of biomdssived platform
chemicals into valuadded products. Two approaches were empldyethe visible

light activation of titania for the selective oxidation of biomaesived platform
compounds i.e. i) Ligantb-metal charge transfer (LMCTensitization ii) Preparation

of nanocomposites of titania and carbon materkds. LMCT-sensitization, titania
nanoparticle were synthesized via sgél 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
hydroxymethylfurfuralHMF). The resulting LMCIcomplex enabled the oxidation of
HMF (59% conversion) to an industrially relevant compoundd{érmylfuran (DFF),
with high selectivity (87%) wunder visible
the visible light activiy of titania through nanocomposite formation, firstset of
chitosanlignin (CL) composites have been synthesized via a hydrothermal method by
varying the proportion of chitosan and lignin. Afterward, thepiepared CL
composites have been coupled wiitania (T) to prepare a nanocomposite (T/CL)
through solgel and hydrothermal approach. The test reaction used to assess the

photocatalytic activity of T/ CL nanocompo



selective oxidation of benzyl alcohol (BnOHp benzaldehyde (Bnald). A
representative nanocomposite, 75T/CL(25:75) exhibited excellent selectivity for Bnald
(100%) at moderate BnOH conversion (19%dler visible lightOn the basis of XPS
measurements, it is suggested that the T/CL nanocompaditesyainder visible light

may ascribed to the doping of nitrogen into titania framework from chitosan. The
current findings, therefore suggest that visilimdt driven heterogeneous
photocatalysis employing abundantly available titania holds signifcaantial for the

valorization of biomasslerived platform compounds via selective oxidation.

Xi
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1.INTRODUCTION

1.1Titania as photocatalyst

The photocatalytic activity of titania has inspired a wide range of resefiocts snce

the discovery of phoectrochemical water splittingn titaniaunder ultraviolet lyht

(UV) by Fujishima and Honda 1972 Few years latethe photocatalytic application

of titania was extended to environmental frontiers. Frank and Bagported the
photocatalytic oxidation of cyanide ion (an industrial pollutant) in aqueous solution
using titania under solar irradiatidiBubsequent reports on titania catalyzed reduction
of carbon dioxide to organic compounds (methafaimaldehyle, formic acid and
methane¥, and photeKolbe decarboxylation for the produatiof butané opened a
new chapter of photocatalgtorganic synthesi©ver the past few decades, titania has
continued to behe most extensively studied photocatalyst for numerous applications
such as, degradation of pollutaftdyydrogen generation via water splitting reactién,
dye-sensitized solar cellCO; reductioff and organic transformation reactiti1213

It has various advantages for its application in photocatalytic reactions for example,
low cost, abundant availability, chemical and thermal stability, st@ste to
photocorrosion eté*'° Titania generally exist in three different polymorphs including
anatase (tetragonal), brookiferthorhombic)and rutile (tetragonal) All the three
crystalline phases of titania are made up of distorted do@xhedrhunit (Figure 1)

but connectedn different wayst®’ Among the three crystalline phases, rutileéhie
most thermodynamically stabjghase, whereas anatase dmdokite are metastable
phases thatransforminto rutile phase at elevated temperaturé0Q °C).'® The
photocatalytic activity of titania is influenced by its pha&eatase is considered to be
the most photocatalyticallycive polymorph oftitania ascribed to ithigher surface

adsorption capacity to hydroxyl groups and a lower cheagéer recombination rafé

1



Though, the band gap energy ofilei(~3.0 eV)is narrower than anatage3.2 eV),

which broaden the light response rawofeutile. Howevertherutile phase tends toe

stable atarger particle siz€35 nm) andexhibit lower specific surface areahich is

not desirable from the phmcatalytic point of view® Whereasthe activity of the
brookite phase has not been investigated systematically becatlge difficultiesin
preparing its pure phasé®?® Possibly for these reasongarliest studies on
photocatalysis were carried out on anatase, and hence generally conclude that anatase

phase of titania is the finest candidate in photocatalytic applicafiéhs.

(a) (b) (c)

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

titania. (Reprinted an openaccess article content®)

However, several studies reported the excellent photocatalytic activity of bPgbkite
and rutilé® phases ofitania. For example, Zhao et%lreported that nanosheets of
brookite efficiently catalyzed the oxidation of tetramethylbenzidine fy.tdscribed

to its defects and flexible electronic statt8esides that, singlerystalline brookite
nanosheets showed enhanced activity toward the degradation of orgaaimioants
compared to commercial titania (P25), owing to the {@gargy facets exposure and

the efficient suppression of recombination rates of photogenerated charge carriers by

these facet$’ Similarly, rutile phasas alsoreported to haveuperior photocatalytic

2



activity than other phases of titania. For instance, the microspheres consist of rutile
nanorods showed relatively higher photocatalytic activimtR25 for the degradation

of papermaking wastewater due to specific crystal surface (001) exposuremeyich
improve the separation of charge carriers, and enhahegahotocatalytic activity®

There are numeraufactorssuch as, particle size, surface apae structureratio of
polymorphs, density afefecs, electronic structuresynthesis methoghhase purity etc.
thataffect the photocatalytic activity ditania.l”202%1930 Therefore the differences in

photocatalytic activity among anatase, rusited brookitgphases still under debate.
1.1.1Mechanism and application of titaniabasedphotocatalysis

Titania photocatalysis is a photdniven procesdnitiated by the absorption of photon

( hwith an energy higher or equalttee bandgap of titanid he photon absorptian

the bulk or at the surfaa# titania excites the electns in the filled valence band (VB)

to the vacant conduction band (CB), leaving behind the holes in the VB. During the
transferencerocessnost (~90%)! of the electrons and holes undergo radiative of non
radiative recombinatio?? The electronsnoved tothe CB are good reducing agents,
whereas the holes inglVB are strong oxidizing ageniss shown in Figure 2, the CB
electrons can react with thex @ the surrounding medium and produce superoxide
radical anions® O°" (redox potential +0.89 V vstandardhydrogen electrode
SHE).2%34 Additionally, the 09" generated may react with the VB holes and form
singlet oxygen’.).>> Neverthelesghe electronmayalso reduce other ions or species

in thesurrounding mediunf this is thermodynamicallyavored While, the VB holes

may react with the adsorbed water molecule (Figure 2) and form hydroxyl radicals,
SOH (redox potential +2.81 V \SHE), hydrogen peroxide (#0), and hydroperoxyl
radical (HOQ).2%3* The®OH can then participate in different oxidatiogactions, on

or near the surface of thiéania (Figure 2)TheH»O:is further reported to be produced

3



by thehydroperoxyl radicatoupling®® While, HO, may further react witHOH and
form HOO.2° During the photocatalytic process, free electrons, holes, and the reactive
oxygen species (ROS) such®®H , H O O} raant dviththe surface adsorbed

species and inorganic and organic compounds in the surrounding nf&éfum.

| reduction

Superoxide
radical

/ reduction

Hydrogen
H,0, peroxide

4@ Hydroxyl

oxidation *, radical

oxidation

Figure 2. The generation of reactive oxygen species in titanimased photocatalysis

(Adapted with the permissionof ref.3)

The light absorption property and oxidaticeduction capability of titanidepends on

its band gap value armhnd edgepositionof the CB and VBrespectivelyMoreover,

charge (electrons and holes) separation also play an important role in determining the
efficiency of a photocatalytic reactidhBesides that, many elementary mechanistic
processes have been involved in the photocatalytic redox processtitaoia (Table

1). The efficient transformation of the absorbed photon to a chemically stored redox

equivalent also depends on the rate of competing mechanistic prodeddes).



Table 1: Primary processes in heterogeneous titania photocatalysis arheir
characteristic times. >TiVOH depicts the primary hydrated titania surface,ecgis
the conduction band electron,h*vg is the valence band hole>Ti'VOH? is the
surface bound hydroxyl radical or surface trapped hole>TiOH'"" is the surface

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

Electronic step Primary process Time
Chargecarrier generation TiO+ W 3ecs+ htye fs
Charge carrier trapping h*+ >TiYOHY >Ti'VOHo * 10 ns
Shallow trap e +>TiVOH ¢ >TiOH" 100 ps
Deep trap e+>TivVy T 10 ns
Charge carrier recombinatio & + >Ti'VOH® *Y >Ti'VOH 100 ns

h*+>Ti"OH YVOHi 10 ns
Interfacial charge transfer  >TiYOH® * + organic moleculeY >TiVOH + oxidized 100 ns

molecule

>TI"OH + O, Y >TiVOH + O5 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
polychrlorinatedbiphenyl®® methylene blué® methyl orage?® Rhodamne B#°
eriochrome black 1 and phenof! Besdes that, photodegradation of different
pharmaceutical products such aamoxifen*? gemfibrozil*? ibuprofen*® and
carbamazepirfé has &0 been successfully achieved using titania. The mechanism of
photocatalytic degradation of organic compounds is similar to the titasied
photocatalysis described above. The photoinduced hydroxyl raé@Blproduced at

the VB of titania acts as arehg oxidizing agents, and drive the oxidation of organic
pollutant to purify the wastewater. Furthermore, the photoinduced electron$, @0

5



O2° "can reduce toxic metal ions, such as lead ion&Phcadmium ions (Cd)*® and
chromium ions (C§)*¢in wastewater. In addition, titania has also shown wide potential
for the decontamination of various pollutants (alkefies)cohols?® nitrogen

containing compound$etc) in gasphase?

Titania alsoholds a significant potential to ease the energy crisis through effective
exploitation of solar energy based on photovoltdavices® and photocatalytic
hydrogen productiaP® One of the keyapplication oftitaniain photovoltaicis dye-
sensitized solar cell®SSCs)? Regan and GratZélprovided a breakthrough in this
field by developing a solar cell through titania thin films (rvath monolayercoating

of a chargdransfer dye to sensitize the film for harvesting liglihe overall
photoconversioefficiency (PCE) achieved undsimulated solar lightvas 7.17.9%>!
Though for titania thin films the owrall PCE is limited due tocharge carrier
recombinatiorandlossof electrors during percolation through thiganiananoparticle
networkwithin the film>* However, the PCE of titanibased DSSCwas improvedip

to 12.3%using diquid cobalt(Il/1l)-based electrolyte andzanc porphyrin sensitizet®
Photocatalytic hydrogegeneration over titanis considered a kegeactiontowards

the shift to a sustainable enerdjowever pristinetitania could not easily spliwater

into H2 and Q in the simple aqueous suspension, ascribed tastheecombinatiorof
electronhole pair3? Immobilizing highly dispersedmetal (Au, Pd, Ag and P}
nanoparticlesas cocatalyst on titania can help to improve the charge separation and
photocatalytic efficiency for hydrogen productithi’ Moreover, the use of sacrificial
donors(glycerol methanol ethano)*® can also enhance thégtocatalytic hydrogen
generationefficiency by scavenging the holgsChen eta.’° reported that gold

decorated P25 (Au/P25) showed much higher photocatalytic effyciémic Ho



generation (27.9 mmol §h'tin 10 vol.% glycerol) compared to bare P25 (1.9 mmol
g''h'tin 10 vol.% glycerolf°

The photocatalytic application of titania is extended to organic synthesis, providing an
effective synthetic alternative for various industrially relev@rgmicals. It offers the
possibility of synthesizing high valeedded chemicals through various processes, for
example, oxidations, reductiof’s, isomerization$? condensatiorf$®* and
polymerization$® However, most of the titaniassisted photocatalytic organic
transformation studies were focused on oxidation or reduction reactions, since the
photoinduced active specipsoducedntrinsically possess redox ability.

Titania has a significant pential to drive photocatalytic reductive chemical
transformation of organic compouri®& 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 %)lmamuraet al® reported that, the highly
selective eduction ofm-nitrobenzenesulfonic acitb m-aminobenzenesulfonic acid
(with >99% yield) could be achieved in an acidic aqueous suspensions utilizing formic
acid as hole scavenger. The high yieldreminobenzenesulfonic acwas ascribed

to the efficienthole 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 rexidation ofm-aminobenzenesulfonic aci8

@2 @ = [(@rwe] #- D)

Figure 3. Photocatalytic reduction of nitrobenzeneover titania. (Reprinted with

the permission of ref%7)



Furthermore, titania was successfully applied for the selective reduction of carbonyl
compound$? The efficient photocatalytic reduction of acetophenone derisdind
diaryl ketonego secondary alcohols (with ~100% yield ) were achieved using ethanol

as hole scavengef

Titaniaassisted photocatalytic selective oxidatioh alcohols, hydrocarbons, and
aminesis a major and weltudied category of organic transformation reactions
Photocatalytic selective oxidah 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 crysita¢ phase of titania, electronic and
surfacestructure characteristiggay an important role in the adsorption and selective
oxidation of amine$! Mixed-phase titania exhibited enhanced photocatalytic activity
for the selective oxidation obenzylamine under visible lighafter 7 hours of
illumination. The nanocomposite consists6&% TiOx(B) and 35% anatasshowed
92% benzylamine conversion, whereas, swpilase TiQ(B) and anatase showed
much lower activity, with ~60% and ~50% benzylamine conversion, respectively.
However, both mixegbhase and singlphase titania exhibited high (~93%) selectivity
for imine. The enhanced photocatalytic performance of mptee titania for the
selective oxidation of benzylamine corresponds tchdterojunction between the two
phaseswhich improved the chargeparation efficiency’

Selective activation of saturated-B bondsin hydrocarbons (alkanes and aromatics)
for the formation of valu@added products (alcohols aldehyde and ketone) is of crucial
importance for the chemical industry. However,ttiermodynamicallgtable and inert
nature of saturated-8 bonds make it significantly challengifglt was observed that
crystallinity of titania affect the photocatalytic selective oxidation of aromatic

compounds to corresponding aldehyde. Cao étraported that the anatase titania with



higha degree of crystallinityand exposed {001} facetexhibited 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 grstallinity andcommercial titaniaB25 both showed ~9%
toluene conversion with simildrenzaldehydselectivity. The improved performance

of the anatase with comparatively higher degree of crystallinity ascribed to the
improved charge separation effico’* Moreover, tuning of electronic structure of
titania through ruthenium doping also regorto improve the selective oxidation of
toluene to benzaldehydender UVlight.”® It has been observed that introduction of
Ru*4* statesat0.4 eV below theonduction band of titania improved the benzaldehyde
selectivity by trapping electron, and suppressing the formation of eRges®

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 additivég.here are number of factors that influence
the photocatalytic selective oxidation of alcohols over titania. In particular,
crystallinity, polymorph type, surface acidibasicity, crystal facet exposure, valence
and conduction band edge positioharge ecombination ratenydroxyl group density
specific surface aremodification of titania (metal or nemetal doping / coupling with
other semiconductors etédwhich results in alifferent photocatalytic activity, rad
selectivitytowards a target producturdakal et aP®> demonstrated thabw-crystalline
homeprepared rutilssampledHP333 showedimprovedphotocatalyticperformance

for the selective oxidation of benzyl alcohol afnethoxybenzyl alcohoto the
corresponding aldehyde®mpared to highly crystallineommercialrutile (SA). The
poorly crystalline HP333 exhibited a selectivity of 88 and 60%for benzaldehyde

and 4methoxybenzaldehydeespectively at 50% conversion of the substr&t@he

amorphous phase of titania improved the selectivity of the target product by offering
9



additional active sites for thpartial oxidation andmpeding the kectron transfer
betweerthe particleslue to the presencetbfe strongly basic terminal hydroxgtoups

in amorphous phasé Moreover, Wang et dPf reported that pretreating titania (P25)
with B r 3 n actde significantly enhanced the rate of oxidation of various aromatic
alcohols under UV light. The photocatalytic conversion of benzyl alcohol oretitaas
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 oBr B n st eprktreated ititdnia was ascribed to the
decompositionof surface THperoxide species by thB r 3 n sctdeptoton This
phenomenon results in the regeneration of activ@t@s for the photocatalytic selective
oxidation of alcohol$® Additionally, the effect of surface basic sites the selective
oxidation of alcohol$asalso beerinvestigated. Leow et &.found that, AJOszin the
presence of dyefvoredthe partial oxidatiorof benzylalcohol This isattributedto

the surface complexation of takcoholontheBr R nst ed b asOgxwhgh t es
decreases its oxidation potential arebults inan upshift of itsHOMO for the
abstractiorof electron by the dy& In the last few years, attention has beguaidto
study the influence of differefacetsof titania on the photocatalytic selective oxidation
of alcohols. The anatase wiffredominain (001) facet (TO01) exhibited enhanced
photocatalytic performance for the selective oxidation of aromatic alcohols than the
anatase with greater number of (1€49et(T101) under UV light in aqueous medium.
The TO01 sample showed much higher conversion fialogen substituted benzyl
alcohols (4953%) as compared to T101 (32%) keeping similar selectivity (97
100%) to corresponding aldehydes. The imprqu&tbrmance of the sample TO01 was
attributedto a highesurface energyalueof the {001} facetwhich helpsthe activation

of the substrates. Besides that, higher number of oxygemacanciesand better

adsorption of @on (001) could trap photoelectron and prevent charge recombifiaition.
10
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The effect of hydroxyl group density of titania on the photocatalytic selective oxidation
of alcohols has been rarely studied. Di Paola &tialvestgated the role of hydroxyl
group density of titania on the selectimeidation of 4methoxybenzyl alcohollt has

been found that homgrepared titania sample with higher hydroxyl group density
(10.76 w/w%) i.e. HPCI showed remarkably enhanced selec(®&9o) towards4-
methoxybenzaldehydsompared to poorly hydroxylated (0.76 w/w%) sample i.e. P25
(28%) at 20% substrate conversion under UV Ifghithe enhanced selectivity of
aldehyde with higher degree of hydroxyl group density is probably related to the
improved desorption of the aldehyde from the hydrophiliantd surface, which

impedes its further oxidatidii.

Moreover, ahigher surface hydroxylatiomay hinder the oxidation of the reactant by
limiting the surface coverage and the hole transfer to the sulfStiaésides the
characteristic feature of titania, the nature of reaction medium also strongly influence
the photocatalytic oxidation of alcohots/er titaniaMolinari et al®® demonstrated the
positive influence of acetonitrile on the adgap of aliphatic alcohols and subsequent
photocatalytic oxidation on titania. Accordingg&R spintrapping measurements, the
minor water content (~2%) in acetonitrile strongly inhibit the adsorption and
subsequent oxidation of alcohols on titania. Rerghotocatalytic oxidation geraniol

to corresponding aldehyde (citral), the selectivity of the citraldeaseaseé from 73%

to 50%after the addition of water (~4%) to acetonitrile. This is ascribed to the increase
in thepolarity of the dispersing mediuby the addition of water, which facilitatése
removal of thepolar alcohols from the surfacé titania. Besides that, water compete
with the alcohol for the adsorption, whiblhmperghe interaction of alcohol with the

photocatalytic centrée¥.
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Different mechanism&avebeen proposefbr the photocatalytioxidation of alcohols

over titania, based on the selectivity amttivity. Zhang et af* performed oxygen
isotope studies to provide fundamental insight to the oxidation of alcohols over the
titania.'®0-enriched benzyl alcohol and cyclohexahaVe been used as representative
alcohols to study the associated mechanism on titania. In orgfjerent environment
(under Arflow), the alcohol is oxidized to corresponding aldehyde viadigotron
transferprocessand the oxygen atom of the alcbi®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 pairwere generated. The adsorbed alcokatts with the holes and subsequently
underwent deprotonation to generate a carbon radical, while therdpped the

photogenerated electrons and foFifl (Structure 11, Figure 4.
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Figure 4. Proposed mechanism for alcohol oxidation on titania in benzotrifluoride
solvent (a) inthe absence of @ (b) in the presence of @ (Reprinted with the

permissionof ref.84)

Both Ti"" andthe carborradical can easilgombine withmolecular oxygen to form a

bridged oxygen structure (StructureHFigure 40) via twopossible ways. 1IReduction
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of oxygen by electron/Ti to form superoxide, which react with the carbon radical and
form structure lli(Figure 4b). 2) Reaction of carbon radical with molecular oxygen to
form organic superoxyl radical, which then reactshwii" and form structure Il
(Figure 4b).The breaking of €& bond of alcohol and the-O bond of molecular
oxygen is possibly realized via such an oxygen bridged structure (Structiigulie

4b). The concerted bond cleavage of structure Il prodaickehyde and titaribound
peroxide bridged structure (Structure IV, Figure 4b). The protons may readhwith
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@hols), has been provided. More details about the
selective oxidation of biomasterived platform chemicals (with special referencg-to
hydroxymethylfurfural andbenzyl alcohol) is discussed in section.1.2nd 1.2.2

1.1.2 Drawbacks of titania agphotocatalyst

Despite several advantages of titania for photocatalytic application, it has some
drawbacks toathat limit its largescale applications in photocatalysis. The main
drawback of titania is the relatively wide bagdp (~3.2 eV for anatase and.6 eV

for rutile), which only permits the absorption of UV light (~5% of solar radiaffon).
This presents a crucial problem because UV light accdantbout <5% of the solar
radiation®® which limit the possibility of using solar energy as a light source. Visible
light absorption of titania is indpensable 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 efficieasgribedto the fast
recombination of the elen-hole pairst® Besides that, the separation or recovery of
nanostructured titania from the liquid reaction medium is another issue related to its

photocatalytic applicatiorf.
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1.1.3Strategies to overcome the@rawbacks of titania as photocatalyst

Various strategies have been adopteavtercome the narroght response range, low
guantum efficiency and recovery issue of titania nanoparticles. Some of these
approaches are discussed as follows.

1.1.3.1 Doping

Metal or noametal doping of titania is a common strategy to modify the wide-band
gap and improve the visible light absorption of titania. {dwetal doping is found to be
more effective owing to the formation of fewer recombination centres in comparison
with metal doping’ Nitrogendoping has been most extensively studied, among all
nortmetal doping in titania, and the possible means of vidighe absorption of N
doped titania has been elucidatBdinnill et al®® showedthat interstitial Ndoping of
titania results in visible light absorption of titaffWhereas, Asahi et &.proposed

that substitutional Mloping of titania triggers the visible light absorption of titania.
This is ascribed to the bamgpnarrowing of titania due to mixing of O 2p states with
the N 2p statesf substitutedN atoms in the newly formed V& Another proposition
related to the origin of visible light absorption ofdgped titania ishe formation of
isolated N2p states above the VB of titania. These isolated energy levels facilitate the
transfer of electron to the CB upon visiliight irradiation®® Besideghat, Ihara et a*
reported that the visible light absorption ofddped titania isttributedto thecreation

of oxygen vacanciesdue to Ndoping®! Although N-doping of titania is widely studied
area, however, the underlying reason fed®pinginduced visibleight absorptionthe
exactnature ofthe chemical statdermedvia N-doping and the locatioof nitrogen in

the titania lattice is still a matter of debate.

1.1.3.2 Coupling titania with other semiconductors

Fabrication of hetrostructure by combiningtania with narrow banejap

semiconductois another attractive approach to extend the phegponse of titania
14



into the visible light region and improve the separation of photogenealaitdnhole
pairsvia different carrietransfer pathway¥: Couplingtitania with CdS (bandgap 2.4

eV) is most typicalexample ohetrostructureditania-based TiO2/CdS photocatalyst
When TiQ/CdS photocatalyst is irradiated under visible light, electrons are feasibly
transferred from th€B of CdSto the CB of titania, whereas, the photogenerated hole
remained in the VB of Cd%.The potential gradient builin at the interfacef titania

and CdSassistsn thebetterseparation of electrehole pairs antesensthe chance of
recombination, which consequently improved the photocatalytic performance of the
hetrostructureditania®

1.1.3.3Sensitization by d/esand ligand to metal charge transfer (LMCT)-complex
formation

Dye-sensitization Dye-sensitization ine of the commonly used techniques for the
visible light activation of titania. The organic dyes suclEaghrosin B, thionine,
Eosin Y and Rhodamine Btc.,adsorbed ontsurface of titania areften used as
sensitizersascribedto ther visible light absorption ability>®® The process of dye
sensitization is initiated by th@hotoexcitation of dye moleculesubsequently
electrons are transferred from the excited dye molecules to the CB of titania (Figure 5).
The oxidized dyemolecules can besgeneratedn the presence dfuitable electron
donors®® Dye sensitization also improve the photocatalytic performance of titania due
to effective electrdhole pair separatiotf,as the transfer of electron from excited dye
molecule to CB of titania occurred afeantosecond scala comparison to the electron
hole pair recombination, which occurred at nanoseconds to millisecond®s€ale.
However, the low photiability of some organic dyes is a key concern associated with

the dyesensitization technigu&:1°
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Figure 5. The schematic illustration of dyesensitization 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, ard
represent the sensitizer (Dye molecule), electron donor, and electron acceptor,
respectively. (9: ground state, S*: excited state of the sensitizer (Dye molecule).

(Adapted with the permissionof ref.2)

Ligand to metal charge transfer (LMG$gnsitizationAnother approackemployedor

visible light activation of titania ighe ligand to metal charge transfer (LMGCT)
sensitization,which involves thesensitizationof titania by surface adsorbates
substratesthat do not absorb visible light by themsel§®¥* During LMCT-
sensitization electrons are transferred from linghest occupied molecular orbital
(HOMO) of substratesidsorbateso the CB of titania upon visible light irradiation
(Figure 6)2%192|n contrast to dyesensitization, the electrons are directly excited from
the ground state of adsorbate/substrate to the CB of titania, without involving the
adsorbate/substragxcited state. The adsorbate/substrate could be regenerated by back

electron transfer or by interacting with the electron donors in the reaction m&dium.
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Figure 6. The schematic illustration ofligand to metal charge transfer (LMCT)-
sensitizationof titania. 1) visible light-induced LMCT transfer, (2) recombination,
(3) electron transfer to theacceptor, and (4) regeneration of adsorbate/substrate
by an electron donor.S, D, and A represent the sensitizeragdsorbate/substrate)
electron donor, and electron acceptor, respectively. {Sground state, S: excited

state of the sensitizefadsorbate/substrate) (Adapted with the permissionof ref.)

The LMCT-complexformationon titania is generally accompaniey thevisible light
absorptionwhich is notobservedvith either the adsorbate titaniaalone® Generally,
LMCT-surfacecomplexation inducewisible light absorption extending up tar
visible region (650 nn). However, the intensity of visibleght absorption of LMCT
complexed titania is influenced by thkaracteristic features of titarsach as particle
size, specific surface area, surface structure, hydroxyl groupgs éRajh et all®®
reported that the overall optical absorpion in dopaminecomplexedtitania was
improved byreducingthe particle size(from 15 nm to 4.5 nin Moreover, the
absorption was observed to be proportional to the fractidnatbmsat the surfacé?®
Various studieshave beerperformedon LMCT-complex formation on titania to
elucidate th& MCT-induced vidble lightactivation of titaniaPhenolic compoundsre

potential candidates form LMCT-complexeon titania throughhydroxyl functional
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groups (Figure 7) The LMCT-complex formation viahydroxyl groups facilitates
strong couplingas only asingle oxygen atom parts the phenolic ligand frontitaaia
surface(Figure 7)®° Titaniacatechol LMCFcomplex is a typical example, where
catechol 6rm a complex on titania via different binding modes (Figure 7) and impart
visible light absorption around 4&D0 nm!® The bidentate bindingnode is
comparatively more stable than theonodentate bindint® besides that bidentate
binding also enhanced the visible light absorpfokloreover, presence of electron
donating group such as methyl or tkutyl groupsonto catechol further extend the
visible light absorption of titantaatechol LMCTFcomplex towards longer
wavelengtht®® The effect of substituent on visible light absorption is related to the
dipole moment change in LMGGomplex formed between titania and substituted
(electrondonating group catechol, that may shift the electronic clengithin the

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

of ref.8)
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Shi et all% reported that titani@atechol LMCT-complex, canefficiently oxidize
amines (>90% conversion)into correspondingimines (>90% selectivity) using
TEMPO (2,2,6,6tetramethylpiperidine -bxyl radical)as cecatalystunder blue light
irradiation!% Several organic compounds with hydroxyl moieties (benzyl alcohol,
phenol, glucose, catechol, chlorophenols, ascorbic acidaattgarboxylic acid group
(formic acid, citric acid, lactic acid, etc.) could form LM&®dmplexes on titania,
accompanied by visible light absorpti&nThe LMCT-complex formed between
ascorbic acid (AA) and titaniean extendhe visible light absorption of titania up to
800 nm, which is also accompanied by the change in color of titania from white to
orange (Figure8).r®* However, neither the ascorbic acid (AA) or titania showed
absorption above 400 nm (Figu8g!®* Surfacecomplexation of benzyl alcohols and

its substitued derivativesi(OCHs, 1 CHz, 1 C(CHg)s, T Cl, i CFs andi NO2) on titania
selectively oxidize them into corresponding aldehydes (>99% selectivity) at high

conversion of benzylic alcoho{s99%) upon blue light irradiatiof’
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Figure 8. UV-Visible diffuse reflectanceabsorption spectraof ascorbic acid (AA),
titania (TiO 2) and ascorbic acidadsorbed titania=complex (AA-TiO2). (Adapted

with the permissionof ref.19%)
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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-carboxylatecomplex i.e. monodentate binding and bidentate binding (Figure 7).
Kim and Chot% demonstrated thathgylenediaminetetraacetic acfEDTA) form a
LMCT-complex on titania via carboxyl functional group, preferably through bidentate
bridging coordinationinstead of monodentate bind. The surface&omplexation of
EDTA on titania induces absorption of visible light extending up to 550 nm, and
exhibited significant photocatalytic activity for the reductiorCotVI) to Cr(lll) and
hydrogen generation in wat&¥Hydrogen peroxidéH-05) also has a tendencyfrm
aLMCT-complexon titania viacondensation reactidh The surfacecomplexation of
H2O> on titania changes its color from white to yellow amaluce visible light
absorption up to 550 nm. However, the titaHi#> complex is not stable and generate
hydroxyl radicals{OH) under visible light. This implies that titari&O, complex can
potentially be applied for the degradatidroeganic contantiantst©®

Furfuryl alcoho) animportantclass of biomasderived compounds with ariety of
applications in chemical industrgan potentially form a LMCEomplex on titania,
ascribed to the presence of hydroxyl group (OMang et at% reported that furfuryl
alcohol can efficiently behemosorbedver monolayer titanate nanoshéeining the
suiface coordination spgesviaGOgroups Upon vi si bl e Iight
the chemisorbed furfuryl alcohaver monolayer titanat@manosheets enables the
oxidation of furfuryl alcohol(with 54% conversion) to furaldehyde, with high
selectivity (99%)'%° This signifies that the derivatives of furfuryl alcohols, lie
hydroxymethylfurfural & platform compoundwith hydracxyl moiety could potentially

be employed for the visible light activation of titania and-seléctive oxidation via
LMCT-approach. This opeap a new avenue for the visible light active titab&sed

photocatalytic system for biomass valorization.
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1.1.34 Titania/carbon composite

Recently, combining titaninanoparticlesvith carbon material® form composites at
nanoscale (nanocompositegve attracted greateal ofattentionfor the visible light
activation of titania, tamprove the photocatalytiperformanceof titania and, to
overcome the problem of nanofiltration of titania nanoparticlerb@ materials
exhibit distinct featuresud as hydrophobic surfaces, mdfitinctionalities, high
specificsurface area, large pore volume, gobémical andhermal stabity, that will
enable their use ipreparation of photocatalytic material. Comprehensive studies have
been done on the advancement of titania/carbon composite formation and their
application in heterogeneous photocatalysist! In the contextof green chemistry
renewable materials derived from biomassch as lignin, cellulosechitosan,
agriculture residues, activated carbon, fly ash and biochar are potential candidates for
the preparation of composite.

Virkutyte et all'? reported that the nanocomposite prepared using titania and
microcrystalline cellulose TiO2/MC) via solgel method under mild reaction
conditions (atmospheric pressure and room temperatesd)ibited efficient
photocatalytic activity for the degradation (~90%) of methylene blue under visible light
(& O 420 nm). Whereas, commerci al P25 shov
of MB under visible light The efficient photocatalytic activity of TWIMC ascribed to

the synergistic effect of the physical and&remical interactions betweditania and
MC.12t is suggested on the basis of XPS resultsgbate of lattice titanium atoms
may be substitutedith carbonandform a Ti Oi C structure'* Moreover, combining
microcrystalline cellulosewith titania imparts the visible light absorptiadge in
TiO2/MC up to 580 nm, and reduced the band gap of titania from 3.2 eV te\2231
Activated carbon (AC)is a porous, amorphous solidrbon material derived mostly

from carbonaceous or lignocellulosic materfafsit exhibits welldeveloped pore
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structure, high specific surface area, and adsorption capacity, which are advantageous
for its application in the preparation of photocatalytiaterials® 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 tde active center (titanid}®> 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 ngdmht irradiation, and trigger the
generation of ROS which can drive oxidation/reduction reaétfon.

Titaniaactivated carboncomposite (TIQ(AC-700)) prepared via sgel method
followed by calcination at 70C 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 (mpared through sael and calcination method) showed
similar results for MB degradation at longer irradiation time (~3.5 hours). The apparent
first-order rate constant of THQAC-700) for MB degradation (49.75 10° min?)

under visible light irradiatiorshowed that TiQAC-700) catalyst was found to be
approximately two times more active than bare titania (18.3®3 min%).*'" It has

been proposed that degradation of MB over:{AQ-700) and bare titania is driven by
photosensitization, photolysis and photocatalysis. To further confirm the photocatalytic
activity of TiOx(AC-700), the degradation of photolysissistant contaminant,- 4
nitrophenol was carried out over TABC-700) under visible light. Interestingly,
TiO2(AC-700) showed over 90% degradation ohitophenol after 6 hours of
irradiation under visible light with an apparent first order rate constdnt 2 ."0 31 10
min' 1117 The improved photocatalytic activity of TiBAC-700) compared to bare
titania for MB degyradation is ascribed to number of factors. For example, bare titania

predominantly consist of rutile phase, whereas(AG-700) consist of anatase phase,
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which shows that addition of activated carbon to titania prevents the transformation of
anatase toutile phase. Moreover, the addition of activated carbon to titania, results in
the blue shift of light absorption, prevents the agglomeration of titania pawiotes
reduces the grain size of titartid!'8 Besides thafJiO2(AC-700)also showed higher
specific surface area (51%gt) comparedo bae titania (5 mg?l). All these factors
contributed to the improved photocatalytic activityTé®2(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»eellent electrical conductiviti€s? Preparing a composite of titania
and MWNT could suppress the charge recombination within the composite due to
electronscavengingability and conductive nature of MWNF® MWNT and titania
compositevas prepared via acichtalyzed sefel method followed by calcination (400

RC) for 2 hours under Natmosphere with the aim to improve the visible light activity

of titania for phenol degradatidf It was observed that the composite-{@WNT -

TiO2) 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
degradatn 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 activity28FMWNT-TiOzis due to the
synergy between titaniand MWNTS. Where, MWNT acted as a photosensitizer and
inject electrons into the conduction band of titania upon visible light absorption (Figure
9a) 1?1122 Simultaneouslyback electrotransfer 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) suchsaperoxide radicahrion O2° and hydroxyl

radical POH), which accomplished ttdegradation of phendf?
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Figure 9. Multi -walled carbon nanotubegMWNT ) acting as photosensitizer in the
composite catalyst: (a) electron injection into the conduction band of
TiO2 semiconductor; (b) electron backtransfer to MWNT with the formation of

a hole in the valence band of TiQsemiconductor and reduction of the so formed

hole by adsorbed OH oxidation. (Reprinted with the permission of refl??)

Biochar, a porous sokdch byproduct of thermal decomposition of organic wéaste,

can possibly be used to improve the photocatalytic performance of titania. Biochar has
numkber of advantages over conventional activated carbon such as the presence of
surface functional groups (O, C=0, COOH, and OH). Besides that, the presence of
sulphur and nitrogen containing functional group may also impart catalytic properties
to biochart'* Lisowski et aP prepared a composite from biochar (obtained from soft
wood pellets (SWP) at 70@) and titania via seyel and ultrasound assisted method
followed by calcination at 400C.° It was found that the composite (BSWP700)
prepared using ~20wt% of titania and ~80wt% of biochar (SWP700) exhibited high

photocatalytic activity for the degradation (33%pbenol under visible light00-680
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nm)1?* Whereas, the mechanical mixture of titania and biochar (SWP700) showed
much lower activity (9%)for the degradation of phenainder visible light The
improved photocatalytic activity ofiO2/SWP700compared to physical mixture
(titania + SWP700) ascribed to the narrower band (@ap2 eV)of TiO2/SWP700
composites which enhanced the visible lighiarvesting. Besides that, the reduced
recombination rate of photogenerated electiote pairs inTiO2/SWP700enhanced

the photocatalytic efficiency.

Chitosan @erivedfrom the partial deacetylation of chitirg)a nitrogerrich (~7 wt %)
polymer, composed of repeating units eabktytD-glucosamine and {glucosamine
(Figure 10)!?5126 The presence darge number ofimine and hydroxyl moietieis
chitosan,may help tointeract with titaniafor composite formatio#?’ Besides that,
chitosan may also act as nitrogen dopant for titania, which possibly improve the visible
light harvesting of a chitosatitania composite.Yan et alt?® preparedvisible light
active chitosantitania(CTS-TiO2) nanocompositesia solvothermal method (188C
for 12 hours) for the degradationmaethylene blu¢MB). The results shoadthat CTS
TiO2 nanocompositalisplayed a higher visible light photocatalytic activifpr MB
degradation compared puretitania andcommercialitania 25. The apparent rate
constant of the CTSiO2for MB degradatiorwas9 . 1 'Simini, Whichwasgreater
than P25(4.4 ' einY) and pure titania (4.3 "2 @inY). The enhanced
photocatalytic activityof CTS-TiO2 could beascribed tathe improved visible light
harvesting ofCTS TiO> due toN-doping and theefficient separation of the photo
generated electrons and hofesrs by carbam modification.Besides thatthe carbon
species in the CT-$iO>mayact agphotasensitizers and the electron transpeedium,

and thereby improved the photocatalytic activityCdiS TiO,. 128122
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Figure 10. Chitosan, a linear polysaccharide composed of i@)-linked d-

glucosamine and Nacetytd-glucosamine.(Reprinted with permission of ref.125

Lignin (derived from lignocellulosic w#s) is a threalimensional network
macromolecular polymeromposed of different polyphenolic units (Figure 12p§3°

The presence ofarious functional groups (hydroxyl, methoxy, ether, and aldehyde
groups) in lignin'?® offer great potential forthe preparation of composite and
photocatalytic materiaf€® The hydroxyl groups in lignin can involve in specific
interactions with titania for the formation of composit&d.ignin has been used as a
template to develop mesoporous titania nanoparticles via a hydrolysis precipitation
method using TiGlas precursot®! The highly electronegative hydroxyl groups in
lignin display a strong affinity towards titanium atom, with comparatively low
electronegativity (Figur&2).13%14During the partial hydrolysis of TiGlthe positively
charged Ti(OH) “V*, 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(OHY*, subsequently hydrolyzed and converted tb Ti
(Oi'lignin)s over the lignin surface. The walispersed titania nanoparticles were

formed m the surface of the lignin after complete hydroly@fagure 12)t3!
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Moreover, the phenolic functional groups in lignin could improve the hole trenspo
features of the composite materi&d$:33 Whereas, the aromatic rings in lignin may

serve as chromophore site and assist in absorpfibii.specifically in the range of
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295400 nm?3® Additionally, lignin may also act as a photosensitizer, and undergo a
photoinduced electronansfer implying molecular oxygen and other substrate species,
which result in the generation of reactive oxygen species (ROS) for example,

superoxide radical anion §®) and hydroxyl radical’OH).**’

Chitosan and lignin exhibit number of beneficial properties, however, there are some
limitations associated with the individual materials. Hatance, chitosan, has low
mechanical and thermal stabil#§ Furthermore, it is usually insoluble in neutral and
basicpH range!t*® 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 biopolymecomposite material with improved physicochemical properties.
In an acidic medium, the amine groups of chitosan can easily be catiétfiZéd;hich

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 betwe® the two polymers? which probably enhance the stability of the
composite materidt? Therefore blending chitosan with lignin to prepare a composite
for photocatalytic applicatn 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 épaire chitosafignin (CL) composite, ne of

the most commonly usedpproach isthe solvent cast methodn this technique,
individual solutiors of chitosan and lignin were prepareibsequently mixed together

and later by evaporating the solve@is composite were formet#31** Sonochemical
technique has also been employed the preparation of CL compositas, which
chitosan suspension has been prepared and lignosulfonate particles were incorporated

with the high intensity ultrasonic prob& obtain ionically crostinked CL
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compositet*2 Other approaches include reactalectrospinning process thatolves

the formation of polyelectrolyte solution of chitosan and lidnjrcontrolling pH of the
solution Subsequently, thgolyelectrolyte solution underwent electrospinning to
acquire chitosatignin fibres#! Hydrothermal carbonizatiorfa thermochemical
process)is another potential method to prepare CL composit€éhe hydrothermal
carbonizaionis carried out at relatively mild conditioas a tempeature range of 180
280A C u autbgenous pressure in neutralflidbasic solutions$? which make it a
sustainable process fpreparation of CL amposite Moreover,the synthesis o€L
composite through hydrothermal carbonization method, to the best of our knowledge
has not yetlocumented

Interestingly, the composite of chitosan and lignin (CL) is adaptable to couple with
titania nanoparticles due the presence of variofimctional groups?® In this context,
preparing a nanocomposite by coupling CL composite with titania nanoparticles
presents a possibilitto improve the phaicatalytic efficiencyand the visible light
activity of the titania. The varied functionalgroupsof CL composite, especially
aromatic groups of lignin, may -endhtaacli nfe
interaction with organic adsorbates, which is advantageous for enhancing the
photocatalystctivity.1#” Whereas, nitrogen containing functional groupslufosan
maypossiblyimprove the visible light harvesting otiganiavia nitrogen doping?®
Numerousapproaches have been used in the literature for the preparation of titania
based composites materials at nanoscale that includglseiethod;*8149150 chemical

vapor depositiod®! hydrothermal methdd>>® and solvothermal methdd® The sot
geltechniquas themost widely used due to issmplicity andpossible abilityto control

the surface properties tifecompositeThe solgel method involvethe hydrolysis and
polycondensation of &tanium alkoxide, which ultimately yieldgitanium dioxide

(titania)*®? Titania obtained via sadel method is amorphous in nature, therefore titania
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nanoparticles are subsequently calcined {200 C) >148121tg acqiire 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 titani®? Moreover, thehigh 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 (12200 C).1°41%5156Besides that, the characteristiatigres (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 additi?é¥’1>8Hydrothermal method
provides a facile route for the synthesis of vegjistalline titania nanoparticlé#?
Moreover, to the best of our knowledge, thegelthydrothermal method has not been
used for the preparation of titania/Canocomposite.

1.2 Valorization of biomass to valueadded products

Biomass is considered as the most profusely available renewable resource. Globally,
over 170 billion metric tons of biomass is produced every y&aAlong 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
valueadded chemicals and fuels is tkey to a biebased economy. Biomass mainly
consist of cellulose (4®0%), hemicelluloses (183%), lignin (1% 30%), and small
fraction of other component&’ Cellulose, a homopwiner of glucose (& 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
valueadded chemicals by chemical or biochemical stratedikdike cellulose,
hemicellulose is a hetropolymer consist of different monomers such as arabinose,

mannose, galactose, glucose, and xyté5keignin is a complex polymer composed of
30



threedimensional network of aromatic units connectadth g h  Céth@erib@nds
and [lhka@Ges!® It holds a significant potential for the production of aromatic
compound, however the recalcitrant nature of lignin structure makes its
depolymerization quite challenging. Thkey problem associated with lignin
valorization is the selective areffectivecleavage of coplex linkages which connect
thearomatic units in the lignin structut@s163164

1.2.1Conversion of Shydroxymethyl furfural (HMF) into value -added products
Biomassderived sugars obtained from cellulose could be converted in to number of
platform chemical such as furfurathfydroxymethyl furfura{HMF), sorbitol, isorbide
etc1%® Among various buildingblock chemicals, Hydroxymethyl furfural (HMF)
exhibit numerous application as intermediate compounds for the production of
industrially relevant chemicals such as solvents, polymers,afiditive lubricants,
resins, decolorizing agentdrugs, fungicide ett®416”1%8 The commercial production

of HMF by acidcatalyzed hydrolysislehydration of € sugars is well
developed?®1%9170 |nterestingly, the ersatile chemical reactivity of HMF ascribed to
the presence ad hydroxyl groupan aldehyde group, and a furan rioffers great
potential for the production ealueadded products such as 2lBormylfuran (DFF),
2,5furandicarboxylic acid (FDCA)2,5-dimethyl furan (DMF), 5-hydroxymethyi2-
furancarboxylic acid (HMFCA)5-formyl-2-furancarboxylic acid (FFCA)levullinic
acid, maleic anhydride ett/}172173174 yia hydiogenation, oxidation, polymerization,
hydrogenolysis of @ and dissociatioh’>'’® However, partial oxidationf HMF is

the most investigated process for the production of vatlteed derivatives of
HMF.17717817% A5 shown in Figurel3, the selective oxidation of hydroxyl functional
group of HMF poduce2?, 5diformylfuran (DFF) Whereas, the selective oxidation of
aldehyde functional group forf-hydroxymethyi2-furancarboxylicacid (HMFCA)

Subsequent selective oxidation of DFF amtMFCA generate 5-formyl-2-
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furancarboxylic acid (FFCAWith the futher partial oxidation ofhe aldehyd group

of FFCA, 2,5furandicarboxylicacid (FDCA)is obtained.’

Selective
oxidation of

the hydroxyl moiety )k@)k
"
A BIOMASS - u()/\@/u\ )‘\Q/”\O" =g noWou

HMF
‘ (0]
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Selective HO OH
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the aldehydic moiety HMFCA

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

acid (FDCA). (Reprinted with the permission of refl’)

Among various valuadded products derived from HMF, significant attention has been
paid to the production of FDCA and DFF. FDCA has been identified athertgp 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 politkeers
polybutyleneterephthalate (PBT) and polyethylene terephthalate (PET) ptéstigs.
FDCA has enormous market potential, BASF and the Duttintdogy firm Avantium

is striving to develop a next generation bioplastics based efu@bddicarboxylic acid
(FDCA) 181182

In the recent years, the selective oxidation of HMF to FDCA is carried out over noble
metal catalysts at high (860 C) temperature¥38* The major shortcoming of

thermal catalytic oxidation methodisclude the high cost ofexpensivenoble metal
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catalysts, high energy consumption (due to highction temperatures) and high
oxygen pressures {30 barn,1’8185 which hinders their lay 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 approachhselective oxidation of
HMF to FDCA. Xu et al}® reported that cobalt thioporphyrazine (CoPz) dispersed on
graphitic carbon nitrid€g-C3N4) showed exceptional photocatalytic activity for the
selective oxidation of HMF to FDCA under simulated solar radiation-(Z@® nm)

using molecular oxygen in air as an oxidizing agent, and alkaline reaction condition
(pH = 9.18). High HMF conversion (99%hd FDCA selectivity (97%) was observed
after 14 hours of illuminatiort®®

DFF, another valuadded product obtained from the selective oxidation of HMF has
numerous applications for the preparation of drugs, pharmaceuticalsufeanesins,
macrocyclic ligands, polymers, antifuigagents eté”*!® Numerousstudies have
beenperformedto selectively oxidize HMF to DFF using nobigetal catalyst, non
precious metatontaining catalystnetalorganic frameworks (MOFg)ased catalyst.
Baruah et at®” demonstrated that copper nanoparticles supported on cellulose, along
with bismuth nitrate pentahydrate as a cocatalyst exhibit efficient catalyticyabivi

the selective oxidation of HMF to DFF in acetonitrile at 80using air as an oxidant.
High DFF yield (82%) with 85% HMF conversion was observed after 120 mitfiites.
Mesoporous manganese doped cobalt oxide catalyst (Meso 5%Mn/CoOx) showed the
potential for the selective oxidation of HMF to DFF in different solsesuich as
toluene, acetonitrileyater, N,Ndimethylformamide (DMF) ath1,4dioxane at 130C

using air as an oxidizing agent after 4 hotiewever, 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 agqueous medium moderate HMF conversiorachss/ed

(70%) with high DFF selectivity (99%) at 10Q after 4 hours®

In the recent years, much emphasis has been given to heterogeneous photocatalytic
approach for the selective partial oxidation of HMF to DFF, ascribed ¢ocatsomeal

and environmentalbpenign nature compared to thermocatalytic proce$8&E81%
Melaminederived graphitic carbon nitride (MCN) prepared via thermal (52
condensation method demonstrated the reasonable potential for the photocatalytic
selective oxidation of HMF to DFF in an agueous medium. VeideDFF selectivity

(30%) was exhibited by MCN at 30% HMF conversion in an aqueous medium under
UV-visible light (340420 nm) irradiation. The thermal exfoliation of MCN at 54D

further improved the DFF selegitly up to 45% at similar HMEonversion30%). The
improved photocatalytic performance of exfoliated MCN may ascribe to its relatively
higher specific surface area (16%g") compared to noexfoliated MCN (7 rig?).
Moreover, thermal exfoliation of MCN may also improve the selectivity of D¥F b
eliminating the uncondensed Nsites, which are considered detrimental for the partial
oxidation of HMF to DFF22Wu et al**3reported that graphitic carbon nitride @gNa)
obtained from the calcination (54Q) of melamine showed better performance for the
selective oxidation of HMF to DFF. The high DFF selectivity (~87%) was achieved by
0-CsNg, with 31% HMF conversion using molecular oxygen as oxidant in acetonitrile
after 6 hours of illumination (& > 400 nn
HMF over gCsN4in the presence of different radical scavengers revealed that the
superoxide radical &mn O;F 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 affiofit@ Q°
preferably stgs on the surface of-GsN4, probably as an interface bound exciton pair

to compensate for the positive chavg#in g-C3N4. 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 holeby electron transfer form a radical (C). Further reaction of a radical (C)
with hydroperoxyl radical®0OOH) forms the target product, DFF (D) and generate

H.0; as a side product (Figure 1'45.

8-C3N, » 8-GN, (h, e)
>/o,
0, .OOH
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Figure 14. A possible reaction pathway for the photocatalytic selective oxidation
of HMF to DFF over graphitic carbon nitride (g-CsN4). (Reprinted with the

permission of ref.1%

Zhang et al**demonstrated the potential of niobium pentoxidex(dépobtained from

the calcination (800C) of niobic acid for the selective oxidation of HMF to DFF under

visi bl e | i ghtghQBFseectdity -91%)mas exhibitet by I at

| ow HMF conversion (~19%) in benzotrifluorl
nm). The mechanistic studies performed in the presence of radical scavenger showed

that the holes (h are the dominargctive species involved in the oxidation of HMF to

DFF. Based onradical scavenging experiments, a plausitiechanismhas been

proposed for thexidation of HMF to DFFover NOs (Figure B). The adsorption of

HMF on NBOs via hydroxyl groupform alcoholate speciesvhich is activated upon
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visible light irradiation by injecting electrons in to the CB to reduceNtb¥ to Nb*.
Subsequently, alkenyl radical is formed, which is finally converted in to DFF, and water
is formed as a side product. Aftee desorption of DFF the reduced*Nis re-oxidized

by the molecular oxyget??
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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 ref1%)

Though, thesestudieshave demonstrated the practical applicability ofhblesilight
driven photocatalytic selective oxidatioh HMF to DFF. However, theynthesisof
these photocatalysts (Mbs and gCsNy) is basedn high-temperature calcination (800
C and ~550 C, respectivelymethod,which is not economical from sustainability

point of view. Besides thaivinO2 nanorods prepared through ulsiaw controlled
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precipitation procedure using KMn@s oxidant shown great potential for the selective
oxidation of HMF under UV light (365 nm).hE MnQ rods showed high HMF
conversion (89%) and DFF selectivity (93%) in acetonitrile atQ&fter 6 hours of
illumination. A slight increase in temperature (from 28 to39as a result of UV light
irradiation (when experiment was performed withatteenal cooling of reactor) acts
synergistically with light irradiation and enhanced the photocatalytic activity of2MnO
HMF conversion reaches up to 99% with ~100% DFF selectivity after 6 hours of
illumination 18 Although various studies céed out in the past showed that the
photocatalytic approach has significant potential for the selective oxidation of HMF.
However, the quest for a cestfective, chemically stable and high performance visible
light active photocatalyst is actively pursuedselectively oxidize HMF to DFF.

1.2.2 Conversion of benzyl alcohol (BnOH) into valuadded products

Lignin, as one of the few renewable resources consisting of highly oxygenated
polyphenolic units possess a significant potential for the productimaloéadded
aromatic compound. Therefore, selective oxidation of lignin model compounds, which
contains the functional groups found in native lignin has been the subject of intensive
investigationt®> The oxidation of benzyl alcohol (BnOH) has been used as a model
reaction for the selective oxidation of ligriierived aromatic alcohols. Besides that,
the selective oxidation of BnOH to corresponding aldehyde or benzoic acid has
immense application in pinmaceutical, cosmetics, perfumery, agrochemicals and
flavor/fragrance industrie$® Numerous photocatalytic systems have been developed
for the selectivexidation of benzyl alcohol. Among various photocatalysts, titania and
titaniabased nanocomposite have been widely investigated for the selective oxidation
of BnOH.8219%198 Magdziarz et at®® demonstrated that irecontaining TiQ/Zeolite-

Y photocatalyst synthesized through sonophotodeposition (SPD) method followed by

calcination (300 C) in air could be usefbr the selective oxidation of BnOH to
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benzaldehyde (Bnald). High Bnald selectivity (>95%) was achieved with 48% BnOH
conversion, by irorcontaining TiQ/Zeolite'Y photocatalyst in acetonitrile under solar
simulated irradiation for 8 hours. Whereas, irecontaining TiQ/ZeoliteY
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 nanocibenpbtained

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 WI method (0.19 at.% of ¥e).

Bandgap alteration of titania via nitrogen doping is another approach used for the
selective oxidation of BnOH under visible light. Zhang et®&prepared a series of
nanostructured Mloped titania by annealing the titania nanoparticles (synthesized via
solgel and catination method, 450C under Q flow) under pure NH gas streams at
various (400, 450, 500, 550 and 63D) temperatures for the selective oxidation of
BnOH under visible lighfee O 420 n m) .-dopedhtiania (pontainimg 0.28 N
wt% N)?°! obtained at 500C showed ~20 % BnOH conversion and 100% Bnald
selectivity in anaqueous 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 titamia was attributed to the visible light absorption due to its
reduced bandap (2.28 eV) compared to pristine titania (~3.3 eV). Moreover, the
electrochemical impedance spectroscopy (E¢Sdilts showed that-Noping improved

the charge separation efficmn 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 BhOH

over N-doped titania was proposed (Figul6)2°° Upon visible light irradiation, the
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photogenerated electrons)(eiere scavenged by-@ form superoxide radical anion

029, which subsequently form hydroperoxyl radicdlOQH). Whereas, the
photogenerated holes'lh r eact wi t h -GHgeoupdoEBnOHandformat e d
a BnOH radical. Finally, the BnOH radical react with the hydroperoxy! regficedH)

radical and form Bnalé&®®
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Figure 16. The proposed mechanisnifor the selective photocatalytic oxidation of
benzyl alcohol (BnOH) to benzaldehyde (Bnald) under visible light irradiation.

(Reprinted with the permissionof ref.2%9)

Tanaka et ai prepareda visible light active Au/TiQ nanocomposite vigolloid
photodeposition300 nm)with a hole scavengdoxalic acid) methodollowed by
calcination(973 K)for the selective oxidation of BnOtd Bnald It was observed that
Au/TiO2 nanocompositeexhibit high Bnald selectivity (>99%) at >99%BnOH
conversionn an aqueous medium using molecular oxygen as oxidant under red light
(> > 6 @fter 18 hoyrs of irradiation. Whereas, pristine taastiowed negligible
activity for the selective oxidation of BnOH under red light. The high photocatalytic
performance ofAu/TiO2 nanocompositeompared to pristine titania ascribed to the
surface plasmon resonance (SPR) of gold nanoparticles, which indprinee

photoabsorption oAu/TiO2 nanocomposité®
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Though, the possibility of selective oxidation of BhOH undsible light especially
under far visible region (red light) seems to be an attractive approach for the
exploitation of renewable solar ener@n the contrary,igh temperature calcination
methodsand use of expensive noble metal (gold) to achieve visible light activity limits
their largescaleimplementation for practical applicatiortdence, there is a need for
the sustainable processes for the valorizationarhass under visible light.

1.3 Prospects and challenges in titanidased photocatalysis for the selective
oxidation of biomassderived platform chemicals

There are several bottlenecksr the application of titania in organioxidation
reactions.However, the nonselective oxidation under UV light, which leads to poor
product selectivity, is thieiggest challenge associated with titab&sed photocatalysis
for the selective oxidation reactionShere are number of factors involved in the
nonselectre photocatalytic oxidation of organic substrates over titdfuainstance,

the formation of lghly active oxidizing species especially in aqueous megwinich

over oxidizes the substrate and often leads to mineralization and results in poor
selectivity of the target productyurdakal et al?®® reported thathte photocatalytic
selective oxidation of HMF over titania an aqueous medium under UV light (365
nm) suffers from low DFF selectivity (22%yith 50% HMF conversion. The low
selectivity of DFF by titania isascribed to the generation lighly active oxidative
speciesn aqueous mediursuch as hydroxyl radicale/hich may destroy the furan ring
and results in complete oxidatiof HMF to CO; and HO (Figure 17)2% Moreover,

the reaction mediunsflent) canaffectthe conversion efficiency of the substrate and
product selectivity either by oapeting with reactants angroducts forthe catalytic

centresor by solvating adsorbed speci€%

40



o7 Y H
HMF 0 DFF
//ﬂ\/OH h* or'OH h* or'OH //@\\
/O /O |\
0 0 0

1 I\ o
‘OH, h* o
0
CO, + H,0 aliphatic intermediates

Figure 17. Mechanism for HMF oxidation to DFF over titania under UV light.

(Reprinted with the permission of ref2%9)

Molinari et al®® demonstratedhat the adsorption of geraniol and its subsequent
photocatalytic oxidabn to citral over titania (P25) is limited by the presence of water
in the dispersing medium (acetonitrile). Interestinglyaimhydrousacetonitrile 3%
adsorption of geraniol on titania (P25) was observed, which was slightly decreased (less
than 1%) by dding small amount of water in the dispersing medium (ACR/86/4).
However substantial difference in the photocatalytic activityitahia (P25)for the
oxidation of geraniol was observed in different reaction medium. In anhydrous
acetonitrile, 73% sectivity of citral (at ~18%eraniolconversion) was observed after
35 minut es o0 %320 rin)l Howavar, addingossmall &neount of water in to
acetonitrile (ACN/HO 96/4) reduced the selectivity of citral up to 50% (at ~11%
geraniol conversion)t was proposed that the water as highly polar solvent increased
the polarity of the dispersing mediACN/H20 96/4) which favours the interaction

of geraniol withACN/H20 mixture. MoreoverESR (electron spin resonanapin
trapping investigatiomeveded that the competitive adsorption of water with geraniol

inhibit the adsorption of geraniol on titania and subsequent oxidtion.
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The characteristic feature of titania such as surface hydroxyl groups, specific surface
area, crystallinity etc. also playcrucialrole in determining the activity for the selective
oxidation reaction. Higashimoto et #?% demonstrated the critical role of surface
hydroxyl group of titania for the selective oxidation of BnOH to Bnald under blue light

( & >4 2.0t was foond that the adsorption of BhOH on the surface of tjtania
involving surface OH groups result in the formationLMCT-complex, which upon

blue light absorption catalyzes the oxidation of BnOH to Bnald. A high BnOH
conversion (>99%) with high i&ald 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 LM&mmplex
formation, titania was treated lsigh 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 wittheat 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 adsorptionfdnOH and visible light activity of titania. Moreover, the
specific surface area of the titania (320gn') was substantially reduced (up to @i

g'l) after the heat treatment, which shows that the reduced number of active sites may
also decrease thetadty of titanialt

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
separation of charge carriers. However, Augugliaro eéf®ateported thatless
crystalline rutile (HP333) phase of titania displayed better results for the selective
oxidation of BhOH compared to meoceystalline rutile HP973) and commercial P25

under UV |light (& = 360 nm). The HP333
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50% BnOH conversion, Whereas, HP973 exhibited ~10% Bnald selectivity at similar
BnOH conversion (50%). Moreover, commercial P25 showedaheto five times
lower Bnald selectivity (~8%) than HP333 at 50% BnOH conver&biihe enhanced
selectivity of HP333 was ascribedto the facilitated chargeecombination, and
consequently hindered tlyeneration of strong oxizing °OH radicals. Bsides that

OH groups formed from deactivate@H radicals were preferred to adsorb on the-less
crystallinerutile (HP333),creating a more hydrophilic surface. DesorptiorBoald
wasconsequentlymproved, savasits selectivity?°6 207

In a nutshell, there are number of factors that influence the selectidiggmédoroduct

in titaniabased photocatalysis, for example the intrinsic features of titania
(crystallinity, specific surface area, number of surface OH groups, crystalline phase
etc.) reaction medium, adsorptidesorption behavior of substrate and produdie T
literature review showed that different ways suchhasuse 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.right

be related to the reduced competition of solvent with the substrate for the adsorption
site, which may improve the activity and selectivity of tti@nia Moreover,
acetonitrile would also minimize the formation of highly oxidizd@H radicalsyhich

often leads to the ovaxidation 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 re@agcivhich may

have ascribed to the availability of increased number of adsorption sites/active sites for
the substrate. Another challenge of titab&sed photocatalysis in the selective
oxidation reaction is the utilization of visible light. Titaniarmsgrinciple active under

UV light, but often poorly selective fahe oxidation reactiorunder UV light. The

literature review showed that different approaches such as doping (with metals or non
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metals), dyesensitization, LMCTsensitization, formation afomposite (discussed in
detail in section 1.1.3gtc.could be helpful in improving the visible light activity of
titania. However there is still aneed for the improvement efsible light activity of
titania toutilize solar energy efficientlyyhichallows the absorbance of a broader range
of wavelengths (green and red light), using mild conditions (without the use of noble

metal and higltemperatur€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 selectivaxidationreaction. The foremost limitation is

the requirement of UV light irradiation for its activity, whiciften lead b 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
selectiveoxidationof organic substrates to high valadded produst On the basis of
literature survey, two approachhave beerused in this thesis for the visible light
activation of titania for the selective oxidation of biomdssived platbrm compounds

i.e. i) Ligandto-metal charge transfer (LMCI0omplexformation ii) Preparation of

nanocomposites of titania and carbon materials.
2.1 Research hypothesis |

Ligandto-metal charge transfer (LMCIgomplexformation: It is known from the

literature that the furfuryl alcohalan be chemosorbed over titania and formiséble

light-active surface&omplex involving hydroxyl group. The surfacemplex enables

the oxidation of furfuryl alcohot o f ur al dehyde wupon vVvisibl e
irradiation® This implies thathe 5hydroxymethylfurfural (a derivative of furfuryl

alcohol), a platform compound with hydroxyl functional group could potentially be
employed forthe visb 1l e | i ght (& = 515 nliveelectve t i vat i

oxidation via LMCTapproach.
Following are the subypotheses for the research hypothesis I.

i. Itis hypothesized that-Bydroxymethyl furfural (HMF) could adsorb on the
titania surface and foraLMCT-complex, which can act as ansitu sensitizer
and enable the selective oxidation of HMF to diformylfuran (DFF) under visible

light (& = 515 nm).
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It is hypothesized that the dissociative interaction of hydroxyl groups of HMF
and the titania suré leads to the formation of LMGdomplex

It is known from the literature that the higher specific surface area of titania may
likely enhance the LMCAnediated visible light photocatalytic activity of
titania, ascribed to increased number of adsori@s (hydroxyl groupsi: It

is therefore conjectured that the LM@dediated 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 EMCT
complex formation between titanend 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.

Understand the in sitwessitization of titania via LMCIcomplex formation
between HMF and titania, through various characterization techniques
(Raman Spectroscopy, FTIR spectroscopy, DRSViBible spectroscopy,
XPS).

Evaluate the role of surface hydroxyl group (OH) groupsitahif 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 withng) of
titania.

Developa 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 theeffect of specific surface area on the activity of LMCT
activated titania for the selective oxidation of HMF to DFF.
2.1 Research hypothesis I
Preparation of nanocomposites of titania and carbon materitlfe literature study
showed that combiningtania with carbon materials to form a composite at nanoscale
could improve the vible light activity of titanial?%124128 |n respect of selection of
carbon material, the literature review revealed that chitosan and lignin exhitbenum
of advantageous properti€é!2%131 and combining chitosan with lignin is a viable
approach to obtain a biopolymer composite material with improved physicochemical
properties. Subsequently, coupling titania with chitdggmn (CL) composite to
prepare a nanocomposite (T/CL) can possiblpir ove t he visible 1ig
activity of titania for the selective oxidation of benzyl alcohol (BnOH) to benzaldehyde
(Bnald).
Following are the subypotheses for the research hypothesis Il.
I.  According to literature survey, chitosan and ligningnaome inherent flaws, it
is hypothesized that combining chitosan with lignin may form a composite with
improved physicochemical properties.
il. It is presumed that CL composite bearing multiple functional groups may
potentially interact with titania nanoparticles and form a nanocomposite.
ii. It is known from the literature that lignin may act as a photosenstfizer,
therefore it is hypothesized that CL as part of nanocomposite (T/CL) may act as
a photosensitizers and electron transpogdioim, 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 déplais.
therefore conjecired that CL composite may incorporate nitrogen in to the

titania lattice and form a nemid-gap energy state, which may decrease the
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bandgap 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 Il

I.  Design a low temperaturéydrothermgl synthesis route for the preparation of
chitosanlignin (CL) composite.

i. Develop a low temperature (19%) synthesis method utilizing sgkl and
hydrothernal techniques for the preparation of titania/chitekgmn (T/CL)
nanocomposite.

iii. Understand the synergy of titania and chitebgmin composite by
characterizing thenthrough wide range of techniques, e.gray diffraction
(XRD), N2 physisorption, FTIRspectroscopy, DRS UVisible spectroscopy,
and Xray 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 ChemSusChertnawdorksubmitted for

publication in RSC Advances

Chemicals:Titanium(1V) isopropoxide (97+%, Sigma Aldrich), nitric acid (65%, Alfa

aesar), Zropanol (99.7%, Alfa aesagpmmercialtitanium(lV) oxide P25 (99.5%,

Evonik), brookite (99.9%, Sigma Aldrich),-fsydroxymethylfurfural (98%, Acros

Organics), acetonitrile (99.9%, POCH), atese (98%, Acros Organics), 2,5
diformylfuran (98%, abcr), methanol (99.9%, POCH), sodium acetate (99.0%
Chempur), sodium fluoride (99%, Chempur),-bghzoquinone (98%, Sigma Aldrich),

silver nitrate (99.8%, STANLAB), potassium trioxalatoferrate (lll) trihnydrate (98%,

abcr), 1,10phenant hroline (99. 5%, Chempur ), Ci
STANLAB), alkali lignin, low sulfonate contenayerage Mw ~10,0004% sulfur

Sigma Aldrich), medium molecular weight chitosaftb-85% deacetylatedSigma

Aldrich), orthophosphoric acid (85%, POCH), sodium sulfate (>99%, ROTH), benzyl
alcohol (99.8%, Sigma Aldrighbenzaldehyde (99%, Chempur), dimethylsulfoxide

(>99.5%, ROTH), Nafion (~5% in a mixture of lower aliphatic alcohols and water,
Sigma Aldrich), and active carbon NoriteE
purification. Water used was purified upt8 1 Mq c¢cm r es i Qtwateri ty vi
purification system.

3.1 Insitu LMCT -sensitization of titania and itsphotocatalytic activity
3.1.1 Synthesis of titania nanoparticles

Titania nanoparticles were prepared viageland hydrothermal method adaphexn
the literaturé’®2%® A titania sol was prepared by aadtalyzed hydrolysis of
titanium(1V) isoprgoxide (TTIP). In a typical procedure, a specified volume of TTIP

(30.5 mL) was dissolved in 25 mL offopanol 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 continuowdirring (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, wésteatimes with
water, and subsequently dried at@Din 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 (198C) treatment for 8 hours. Finallyhe obtained
titania nanoparticles named as SGKD», were dried in hot air oven at 1T for 12
hours.

Preparation of sensitized titania nanoparticl€gr the preparation of sensitized titania
nanoparticlesfMF-adsorbed titania nanopatrticles, HMids-SGH-TiO.), a specified
amount (20 mg) of SGHIO: is suspended in 20 mL of 1 mM HMF solution in
acetonitrile in the glass photoreactor. The resulting suspension was stirred (400 rpm) in
dark for 1 hour. Afterwards, the HMEAds-SGHTiO2 was collected, ded in hot air

oven at 80RC for 3 hours and characterized furthdMF-adsorbed?25 (HMFAds-

P25) was prepared following the same proceditewever, for the photocatalytic
experiments the catalyst was not removed and the light experiment was startéd after
hour of stirring in dark.

Chemical and thermal modification of titania nanoparticles (SG6&): The
synthesized SGHiO2 nanoparticles were further modified through chemical (suface
fluorination) and thermal treatment to exchange or remove the surjaroxyl (OH)
groups, respectively. Thermal modification involves high temperature calcination (600
RC) of SGHTIO, for 3 hours under static air at a heating ramp &min! Thermally
modified SGHTIO2 nanoparticles werenamed asSGHTiO2-cat600. Whereas,

surfacefluorinated titania (FSGHTiO2) nanoparticles were prepared according to the
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method reported by Park and CK®&iwith 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.@6 §GH TiO2 were suspended in

sodium fluoride solution (6 mL) and stirred at room temperature for 5 hours to exchange

the surface OH groups of SGHO2 with fluoride ions. Afterwards, the fluorinated

SGHTIO2 (F-SGHTiO>) were collected and dried in hot air oven at RDfor 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 ocbnfigurationhas beer provided by means of

Empyrean diffraction platfornriMa | ver n PANal yti cal Co., powe
andfurnishedwith a vertical goniometenysingthetatheta geometrypplying nickel
filtered Cu KU radiati on. °D0&twih0wWeBistep col | ec
size, and counting time 60 second per siée. 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 leddzliusing Scherrer
equation (Equation 1), where D is the ave
kU-r¥xy radiation wavelength (& = 0.154056
the full width at half maximum intensity (FWHM) ofthepealb s er ved at 2d (
and d is the diffraction angl e.

0 El1# 1[0 (Equation 1)

The texturalfeatures suclas specific surface area and pore width distribution of the
titania samples were studied via physisorption isotherms by employing Brunauer
EmmetTeller (BET) andBarrett, Joyner, Halenda (BJHjethod, respectively. Thd,

physisorptionrmeasurements weperformedat Micrometrics ASAP 2000 automated
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system. The FTIR spectrum of titania samples wasasured on Bruker ATR
spectrometer in the transmittance modéhin the range o#000400 cm!, with 16

scans and a resolution of 4 énDRSUV-Visible absorption spectrum were recorded

by means ofasco V570UV/VIS/NIR spectrophotometer equipped wéth integrating
sphere.The baselinehas been recordedsing a reference materiaSpectraloi
(poly(tetrafluoroethylene)). Bangaps values of titania samples were estimated using
Tauc plot by applying Kubelk®unk function. The nofpolarised Ramaspectra were
recorded using Renishaw mieRaman 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 wad focuse
on the titania sample tbugh the objective of 20x/0.4NAhé spatial resolutiomas

about 22 mThe titania samples were scanned in 3 spectral range:41@00 cmt' (1),
1000-2000cn (11) and from 27563450 cmt (1) with 1 cm™® spectral resolutin. The
Rayleigh radiation was blockebly a holographic notcHilter. The backscattered
Ramanlight has beerdispersed by 1800 mif(785 nm) holographic grating on the
Peltier cooled CCD. All the measurements were recordesimdtienttemperature.
Artefactsfrom cosmic rayhave been eliminateaind spectraanalysesvas performed
onBruker OPUS software. The leaching of titanium ion after the photocatalytic reaction
was determined using the energy dispersiveaX fluorescence analysis (EDXRF),
carried out using MiniPal 4 equipment from PANalytical Co, with gulfie and silicon

drift detector (resolution 145 eV) to assess the elemental composition of liquid
samplesThe spectrum was recorded in atmosphere without using any filters, at a 30
kV tube voltage in order to detect theesencef Ti. The acquisition time was set to
600secads and t he t ub-myphatoeleceom spectrdsdpy ¢XRS) X
measurements were carried out in a PHI 5000 VersaPtébspectrometer (ULVAE

PHI, Chigasaki Japan). The XPS spectra were recorded using monochrordétic Al
52



radiation (Im = 1486.6 eVfromanXr ay sour ce operating at
spot size. Both high resolution (HR) and survey XPS spectra were recorded with the
analyser pass energy of 117.4 eV and 23.5vél the energy step size of 0.4 and 0.1
eV, respectivelyTheCasa X software (v.2.3.1%asa Software Ltdwas applied to
analysethe XPS dataThe Shirley background subtracticand fitting of peak with
GaussiarLorentziarshaped profilebas been appliesh XPS datalhe bnding energy

(BE) scalehas beemeferenced to the C 1s peak witimding energy= 284.8 eV.The

PHI Multipak sensitivity factors andestimated transmission function of the
spectrometer were applied fguantification.The fluorine content in fluorinated SGH
TiO2 (F-SGHTIO2) was estimat using elemental analyze ICUBE). The high
resolution TEM (HRTEM) 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 measurementhe hydroxyl (OH) group density of
titania samples were estimated through thermogravimetric analysis (¥€&ght loss,
using a thermobalance (Mettler Toledo TGA/DSC 3+). irfethod applied for TGA
analysig'®?tinvolved two steps. In the''step, the samples were heated under air flow
(40 mL/min) from 25 to 12@C at a ramp of $C/min and held at this temperature for

3 hours to remove the physically bound water from the titania surface. |i%tsie2,

the temperature was increased up30 [C at a heating rate of J-/min and held for

1 hour. The mass loss occurred during thesp was used to estimate the number of

OH groups per surface areaingthe following formula (Equation 23

, 5
Cd A
60 L OV Of 6 &&'QE &
1 o YYo n ac
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Themris the mass loss per mg of tbatalyst betweethe temperature range 20

750°C, nc is the mass loss per mg of the sample due to carbon content (based on the
evolved CQ), SSA is specifisurface area (Agt), MH.0 is the molar mass of:B in

gnot, U is the cal i®%andiNdrs Aomgtaarto 6(s0 .chonS)!
1,

The carbon content in titania samples were determinetemaerature programmed

oxidation TPO) experiments. The samples were heated frofC2&® 120°C at a

heating ramp of 8C/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 filGrto25

750°C, with the heating ramp of P&/min under air flow (25 mL/min). The oxidation

of titania samples waanalyzed by quadrupolmassspectrometer (QMS) Dycor

Ametek. The carbon content was estimated from thesiifals of the QMS, calibrated

using CQ (with the pulse of 1.01 10° mol).

3.1.3 Evaluation of the photocatalytic activity of LMCT-sensitized titania for the

selective oxidation ofs-hydroxymethylfurfural (HMF)

Photocatalytic selective oxidation of 5 Hydroxymethylfurfural (HMF)he
photocatalytic selective oxidation of HMF was performed in a glass photoreactor (20

mL). In a typical experiment, 1mM (0.02 mmoles) HMF solution in acetonitrile (20

mL) and 20 mg of SGHiO 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
equilibriumin dark The photocatalytic reaction began with the irradiation of green

LED |l amp (&= 515 nm). The intensit% of th
determnedvia light meter(Delta OHM HD 2302.0with LP 471 RAD probe having

4001050 nmspectral rangeln addition, the selective oxidation of HMF was also
carried out wunder UV |light wusing UV LED I

(6 x ~9 W/nf) as gree.ED lamps, measured by a Delta OHM HD 2302.0 light meter
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with a LP 471 UVAprobehaving a spectral range of 3480 nm. The distance between
the photoreactowall andthe irradiationsource is ~2 mm. At given illumination time
intervals, 0.15 mL aliquotwrere collected, and subseqtig filtered via nylon filter

(0 . 2 pamemize}o remove the photocatalyst. The same experiments were performed
with commercial titania (P25 and P90) photocatali/se experimental setp used for

the photocatalyticx@eriment is shown in Figure 18a

Recycling of the SGHIO,: After each run th&GHTIO2 was recovered by decanting

the solvent washeithreetimes with waterdried in hot air oven for 48 hours at 110
andused againn the nextrun with fresh HMF solution. This procedure was repeated

up to five times of application.

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

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

Analysis of HMF oxidation reaction: The quantitative analysis of products and
reactants was performed on Waters 2487 Jpigtiormance liquid chromatography
(HPLC) instrument equipped with C18 Thermo scientfitmn (250 x 4.6 mm), using
an eluentconsist of acetonitrile (55%) and M water (45%) at a 1 mL/min flow
rate. Thecolumn overntemperature wasetat 25°C. The HMF conversion (Equation

3) and DFF selectivity (Equation 4) were determined as follows:
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