Alma Mater Studiorum - Universita di Bologna

SCUOLA DI SCIENZE

Dipartimento di Chimica Industriale“Toso Montanari”

Corso di Laurea Magistrale in

Chimica Industriale
Classe LM-71 - Scienze e Tecnologie della Chimnzhuktriale

Selective photo-oxidation of glucose

Tesi di laurea sperimentale

CANDIDATO RELATORE
Carlo Recchi Prof. Fabrizio Cavani
CORRELATORI

Dott. José Antonio Lopez Sanchéz

Dott. Luigi Da Via

Dott. Thomas Davies

Sessionell

Anno Accademico 2013-2014







Keywords

Photocatalysis
Selective oxidation
Glucose
Titania

Gold and silver nanoparticles



Acronim list

ACN Acetonitrile

CB electronic conduction band of a semiconductor
DAD Diode Array Detector

ESI ElectroSpray lonization

GA Glyceraldehyde

HPLC High Pressure Liquid Chromatography
NHE normal hydrogen electrode

OES Optical Emission Spectrometry

P25 Titania Degussa

Q-TOF Quadrupole Time Of Flight Mass Spectrometry
RID Refractive Index detector

RSD relative standard deviation

SPR Surface Plasmon Resonance

TEM Transmission Electron Microscopy

UV Ultra Violet wavelength (100-400nm)

UV-VIS Ultra Violet-Visible spectroscopy

VB electronic valence band of a semiconductor
VIS Visible wavelength (400-800nm)

WI wetness impregnation method

XRD X-Ray diffractometry






Abstract:

Biomass transformation into high-value chemicals &i#racted attention according to the
“green chemistry” principles. Low price and highadability make biomass one of the
most interesting renewable resources as it provilesmeans to create sustainable
alternatives to the oil-derived building blockstbé chemical industry In recent year, the
need for alternative environmentally friendly rat® drive chemical reactions has in
photocatalytic processes an interesting way toimbtaluable chemicals from various
sources using the solar light as energy source. ptiipose of this work was to use
supported noble metal nanopatrticles in the selegitvoto-oxidation of glucose through
using visible light. Glucose was chosen as moddéoute because it is the cheapest and
the most common monosaccharide. Few studies abadsg photo oxidation have been

conducted so far, and reaction mechanism is gtiltatally explained .

The aim of this work was to systematically analgrel assess the impact of several
parametersgg catalyst/substrate ratio, reaction time, effefcthe solvent and of the
light source) on the reaction pathway and to merttie product distribution in order to

draw a general reaction scheme for the photo aridatf glucose under visible light.

This study regards, first of all, the reaction nmeubm and the influence of several
parameters, such as solvent, light power and comnposand substrate concentration.
Furthermore, the work focuses on the influenceitdémnt noble metal nanoparticles, in
particular gold and silver, and on the influencenwdtal loading as well. The glucose
oxidation was monitored through the mass balance #me products selectivity.

Reactions were evaluated in terms of glucose ceisermass balance and selectivities

towards the main products, such as arabinose aicdrgt acid are.

In conclusion, this study is able to demonstraé the photo oxidation of glucose under
visible light is feasible; the full identificatioaf the main products allows, for the first

time, a comprehensive reaction mechanism scheme.
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Objective:

Photocatalysis is one of the recently fields iniggded for the exploitation of biomass. It
has attracted great interest according to “greeamdstry” principles, because it
combines the use of renewable raw materials asdssrand the use of solar light. This
new field of catalysis has been limited so farite studies of few model molecules, such
as cellulose cellobiose and glucose, in order &ehee greater understanding on the
reaction mechanism and on the role of the catalystich reactions.

Titania P25 is one of the most used supports figr kimd of catalyst, Ti@ along with
Al,O3, are the most widely used supports in photocatapybcesses due to their activity
under UV irradiation, their high efficiency and ntoxicity..> Moreover, to improve the
catalytic performances of the aforementioned supptheir surface can be decorated
with supported metal nanopatrticles, and experinhevigence of the increased activity
can be found in the literature for alcohols ofimta reaction$®. This know-how was
transferred to the biorefinery philosophy and foe upgrade of biomass into valuable

chemicals.

In particular, the purpose of this project was\totketize supported metal nanopatrticles
and use them in the selective photo-oxidation o€gée, and the main products expected
from this oxidation were gluconic acid, derivednfrahe oxidation of the aldehydic
group of G, and glucaric acid, derived from the further oxiola of the alcoholic group
of Cs. Arabinose was another product expected by detiomdaf glucose. These
products were expected according to the experirheb&ervations made by Colmenares
et al®and Chonget al®, These work represents the state-of-the-art ofgpbgidation of
glucose, the reaction mechanism and the influehseweral parameters, such as solvent,

pH, atmosphere, are not totally explained.

OH OH OH OH (0]
HOM
Z - - OH
OH OH OH OH
a) glucose b) gluconic acid



Al [e]
T

o} OH OH OH OH
C) glucaric acid d) arabinose

Figure 1: Structure of reactant (a) and main products expettec, d).

Titania P25 was used as support for its catalyiividy under ultraviolet irradiations, but

it can be doped with semiconductors to enhancalsorption under visible region of
light spectrum. Doping Enhancement of photo efficieof titania was done using noble
metal nanoparticles for their capacity to act aectebn acceptor through the
characteristic phenomenon of Surface Plasmonic iRese (SPR). In fact, they act as
“antennas” through their SPR bahdnd then they transfer electrons to the titanies th

enhancing the activity of the support. The nobl¢aineganoparticles present good activity

in few photocatalytic reactions as weéll.
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1. Introduction:

1.1 Biomass:

Biomass is defined as “any material, excluding ifdsel, which was a living organism
that can be used as a fuel either directly or adteronversion proces8”Raw plant
biomass consists of lignocellulosic material thatmainly made up of three primary
fractions: cellulose, hemicellulose and lignin. Tinain constituent of that is cellulose
(CsH1005)x, a polysaccharide made up of a linear chain Dagaclinked byp-(1,4)-
glycosidic bonds to each other, as shown in FiguteThe degree of crystallinity and
other peculiarities are influenced by inter andamtolecular hydrogen bonds and this
peculiar framework make cellulose insoluble in mosgjanic solvents and resilient to

acid and alkali solutions under mild conditidrg.

CH,OH

geseesd

CH,OH
Figure 2: Structure of cellulos&:

Hemicellulose (GHsO4)m, reported in Figure 4, is the second most abungalymer in
biomass, and consists of heterogeneous branchpdljaoers contains D-glucopyranose,
D-galactopyranose, D-mannopyranose, L-arabinofis@anoand D-xylo-pyranose
monomers (Figure 3} this polymer is relatively easy to hydrolyze besmuwf the
amorphous, and branched structure (with short dhtehain) which lowers the

impermeability to the protons and hydroxyl anidhs.

OH 0 O
% o 59 o
e 0 el EI
HO OH L %=
HD:&"T:.“"{ l—-"‘-—l. ~AH :HCI l__.-J-.__, H !'ID L"‘l‘-\'.-"'ﬂ“
OH ‘ OH
D-Glucopyranose D-Galactopyranose D-Mannopyranose Le-Arabinofuranose D-Xylopyranose

Figure 3: Main sugar monomers of hemicelluldSe.
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Figure 4: Structure of hemicellulose.

Finally, lignin (Figure 6) is an amorphous heterdgpter network built up of phenyl
propane units reported in Figure 5. It is presemilant cell walls and it is responsible of
some peculiar plant characteristics as rigidityp@mmeability and resistance to microbial

attack and oxidative stre&s.
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Figure 5: basic constituents of lignin.
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Figure 6: Example of lignin’s structure.

The ratio between these three components variesding to the type of biomass, tissue
type, growth stage and growing conditions of trenpl*

This work is focused on glucose, indicated in FéegBras D-Glucopyranose, because it is
the most common and cheapest carbohydrate avaitahkgure. It is the main product of
the photosynthetic processes and it is one of tbmdss building blocks, as reported

above. It can be obtained from the hydrolysis dlutese and hemicellulose, and then it

13



can be easily convertible in valuable chemicalough chemical and biochemical

transformations.

1.1.1. Importance of biomass in industrial chemistry:

The chemical industry of the last century was fecdusn crude oil exploitation, available
in high amount and low prices. As fossil raw matksriare decreasing, researchers
worldwide had to focus their attention on the nsitggo switch to renewable resources
as feedstock. Because of the uncertain availalofitipssil resources and the increasing
concerns of the public opinion for the environmettitgrnative solutions able to mitigate
environmental concerns, and the use of bio-comigatidsources in the production of
bio-fuels and specialty chemicals should be prothtt®ifferent techniques have been
developed to convert biomass into bio-fuels, mabbrethanol that is derived from food
crops. Nevertheless, one of the main problems kifuels is the competition between
their production and food demalfitiThis issue was solved using second generation
feedstock for fuel production. Biomass can be uf®dadd-value chemicals using

biorefinery processes.

The biorefining concept is a way to join the usebaj-compatible resources as raw
materials with the use of low environmental impaethnologies, embodying the
principles of the “green chemistry” and of the “gmeengineering”. Biorefining has
increasingly drawn much attention, due the possésl of provide a wide range of bio-
based products, such as bio-fuels, bio-chemicatk @o-materials. Therefore, green

chemistry and green engineering are integratedtiwdiorefining concept

1.1.2. Biochemical and chemical oxidation of biomass:

Biochemical oxidation of biomass and glucose wasdusince the ancient times.
Biofermentation of glucose leads to several prodwcih as succinic acid and gluconic
acid, and bioethanol is obtained from batch fermugont of sugars derived from
sugarcane and grain.Research on better processes was required bedhese
fermentative ones had poor energy balance (eneutpubof the biofuel/energy inputs
required during production), and grain-based ftieheol production also created a moral

dilemma over the use of agricultural crops andémdlfor fuel vs. food.Furthermore,
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the biochemical methods still have various disath@ges such as slow reaction rate, low

space-time and difficulty in the separation of eneyfrom product?

Several chemical processes have been investigagpacially the catalytic ones run

through supported nanoparticles such as palladiatinum and gold.

Biella et al '’ reported for the first time the oxidation of glseoon gold sols supported
on carbon and found a total selectivity towardscghic acid. Additionally, a recycling
test of the gold catalyst was carried out, andrdéiar runs a 50% decrease in activity
was noted, mainly due to leachitfgAt the same time, the presence of fructose was
observed during the oxidation of the glucose. Townation of fructose indicates the
isomerization of glucose. It is known that by tnregtmonosaccharides with concentrated
alkaline solution, the sugars are destroyed, wiseatialine media with lower pH induce
an isomerization reaction of glucose to fructoseiteng in an equilibrium mixture of the

two sugars.

Temperature also influences reaction kinetic. Cateation is an effect observed when
temperature reaches 353 K, but over 333 K a sligtrease in selectivity was

observed?

Nowadays, bio-products such as sorbitol, 5-hydnmethylfurfural (HMF)!® and
levulinic acid?®are produced in high yields and large scale pradiiatolumes through
using supported metal nanoparticles catalysts. tfefess, the use of harsh reaction
conditions and the high energy-demand make sepsraésses uncompetitive, especially
for new environment safeguard laws. In recent yeaigstrial chemistry has changed its
priority with the diffusion of “green chemistry” dn“green technology” principles.
These principles promote the reduction of impactleémicals production on human
health and environment performing chemical reastiamder milder conditions and using

greener solvents such as water.
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1.2 Nanotechnologies and metal nanopatrticles:

From 19" century, interest in the properties of materialsnanometric scale has been
increasing.. In this scale, properties of materaks different from individual atoms or

bulk materials, and the study of them allowed &ate a new field in chemistf$.

Those differences are mainly influenced by the shapd the surface to volume ratio of
atoms, instead of the nature of material, and obsmg the properties can be obtained
from the same starting materfal.

Metals have been deeply studied because of thsiindily different physic-chemical
properties at a nanometric scale, from the mostdmndtiniest to the most evident
properties such as the color. For example, theandl electrical conductivities are two
features influenced by size. Bulk systems possegh Ilthermal and electrical
conductivity because electrons can be delocalizedthee surface, while in metal
nanoparticles electrons cannot be delocalized lagyl move in confined spaces allowing

different propertie$®

Among these features, nanoparticles typically mevihighly active centers for
superficial reactions but are very small and are atoa thermodynamic stable state.
Structures at this size range regime are unstalddahigh surface energy and the large
surface. Several synthetic pathways have been a@elto achieve the production of
stable particle&® but nanoparticle research is still focused on tha to the difficulty in

generating the desired shape, size and monodigpefshe nanoparticles.

Several features, such as size, shape, monodispedsifects, plasmonic band and
oxidation state of metal, can be used to classifg thanoparticles systems.
Characterization of the nanoparticles systems gerthe evaluation of those features,
and it is donevia several analytical instruments and techniquesicdéjly X-Ray
photoelectron spectroscopy (XPS), X-ray diffractigfRD) and transmission electron
microscopy (TEMY? According to catalyst characterization, not orflg hanoparticles
features have to been assessed, but also the soppsr Supports are described in terms
of accessibility of the catalytic sites, texturabperties (pore volumes, dimension and
micro- or mesopore capacity), particle size, molpiy chemical nature, surface
functionality (species, loading and acidity/basigitand surface energy characteristics

(hydrophobicity/hydrophilicity >
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Recent studies on nanoparticles have been maintyséal on silver and gold
nanoparticles due to their particular stability sananoscale levéf. The increase of
knowledge in synthesis and the development of nemications of nanoparticles have
improved their exploitation in a lot of differentisnces, such as medicine (as contrast
agents and magnetic resonance imaging [MRI]), cbansensors (as electrochemical
sensors and biosensors) and heterogeneous catalyisiations, hydrogenations and C-C

coupling reactions’’

1.2.1. Metal nanoparticles: synthesis and immobilization rethods

Different methods for the synthesis of nanoparided their support have been developed
in the last yearsThere are two general strategies to obtain nas$eon the nanoscale: top
down method where material is removed from the Iouditerial, leaving only the desired
nanostructures, or bottom up method where the afproesluced from reduction of ions)
are assembled to generate nanostructdr@he first comprehends photo and electron
beam lithography, but they require an expensivetrungentation and, for

photolithography, size resolution is currently lied to 60 nnf?

Bottom up methods can be divided in four main catieg: reduction of transition metal
salts precursors, electrochemical synthesis, remuctof organic ligands in
organometallic precursors and metal vapor chemf3tffrese methods are the most used
but they suffer poor monodispersity because of rired to stop the growth of the
nanoparticles at the same lefelOther less common methods include thermal and
photochemical decomposition of metal complex preats, redox surface techniques and

sonochemical synthesis.

Of the synthetic methods mentioned above, wetmapsegnation was the one applied in

this work due to its easy application to supportiagoparticles.

1.2.2. Wetness impregnation method:

Wetness impregnation is one of the most used mdthodmobilize metal nanoparticles
on supports such as metal oxides ( Titanium, zaecium, zirconium and aluminum

oxides) and mesoporous materfls.

It is widely used because it is the simplest imriipdiion method, temperatures needed

for the synthesis are around 353-373"&nd nanoparticles are formedsitu
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Despite of the quantity of metal immobilized withs method, which is generally higher
than other techniques such as deposition preaguitatr CVD, the activity of the wetness
impregnation catalysts sometimes is lower than rotmethods such as reduction

depositior?®

Wetness impregnation consists of a few steps; itse df them is the addition of the
metal salt solution to the support. Then, the dyystep allows the immobilization of
nanoparticles on the surface, and finally the mistadéduced by calcination in air or heat

treated under hydrogen atmosphere, according ttypeeof metal used.

Several parameters need to be monitored carefullyngl the nanoparticles formation,
such as the control of thermal activation and rédaas they can have a huge effect on

the final dispersion and on the dimension of theiglas on the surface of the cataly&ts.

In addition to the mediocre dispersion of the nambgles®® as previously described,
their size and shape are influenced by the diftepants of support where they grow and
the heating ramp used. The latter influences thewtyr and multinucleation of
nanoparticles, because allows the switch amongntbgynamic and kinetic controls.
Growth and multinucleation, in fact, are influendaygl those controls, and the heating

ramp needs to be accurately programmed.

Wetness impregnation is also used with mesoporappasts due to their higher pore
dimensions. Those pores are able to encapsulatadnigparticles on themselves. Size
and dispersion of nanoparticles are indeed infladrxy pore dimensions.

The use of metal salt solution leads to the probdéroounter ion, because it can affect
and compromise the catalytic activity. Chlorinenislely used as counter ion, but it can
poison the active sites and enhanced the nandparsmtering. Several solutions have
been studied to avoid this problems, from the thghowashing of catalyéto the double

precipitation with a base. The second one allowesdiposition of gold in the hydroxide

form facilitating the removal of chlorine iofi.

18



1.3 Photochemistry and photocatalysis:

IUPAC defines photochemistry as “a branch of chémisoncerned with the chemical
effects of light (far UV to IR)”. Chemical reactisrcaused by absorption of UV, Vis or
IR radiation are called photochemical reactionssiorply photoreactions, and involve
photochemical counter parts of normal chemical treas, such as photooxidations,
photodegradations, phootcicloadditions, etc. Tlweegfphotocatalysis can be defined as

the acceleration of a photoreaction by the presehaecatalyst®

When the light is absorbed by the catalyst, thetesysrepresents a sensitized
photoreaction which may occur through energy tensft electron transfer. The first

involves the formation of activated state of thactant of interest, which is more easily
oxidized than their ground state. The latter all@atalyst to act as an electron donor or

acceptor.

Until now the most analyzed applications for phatatysis were only the destruction of

pollutants in wateéf and water splitting®

1.3.1. Semiconductors as photocatalysts:

Semiconductors are materials that exploit theirncaptfeatures to convert light into
chemical energy, behaving as photocatalysts. Télettronic structure, made up of a
filled valence band (VB) and an empty conduction&CB), has a characteristic gap
among these bands that permits the excitation eftten through a specific
electromagnetical radiation wavelength.

The semiconductors band gap influences their behas photocatalysts, because the
redox potential for the generation of reactive @tygted compounds from water (as

oxygen radicals) has to lie within their band dap.

The activation of the semiconductor photocatalystdhieved through the absorption of a
photon of light corresponding to the bandgap enevbich excite electrons from the
valence band to the conduction band leaving halethe valence band. A necessary
condition for this phenomenon is that the apprdpneavelengthof the incident radiation
has to be equal to the energy of band gap. Théreteélole pair is the driving force of
this kind of catalyst, and the redox potential of the/€ couple must lie within the

bandgap domain of the photocatalifst.
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Figure 7: Photoactivation of a semiconductor and generatfaieztrorvhole’ pair.*

Bandgap energies can be evaluated in electron wdisg the Normal Hydrogen
Electrode (NHE) as referenéeBand gap energies of most common semiconducters ar
illustrated in . Redox potentials of electron/hpkar can be influenced by the material
and the pH of the environment. According to thetemtial vs NHE, conduction band
electrons can act as reductants (+0.5 to -1.5 \d) \adence band holes can act as
oxidants (+1 V to +3.5
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Figure 8: Bandgaps of semiconductors in aqueous electradglietion at pH 1.

The deactivation of photocatalysts can be due ¢oellectron/hole pair recombination.
The catalytic activity of a semiconductor that aats photocatalyst can be evaluated
through the ratio among the activation by light #mel deactivation described above.

The surface area is an important feature for tHeati@n of photocatalytic activity. A
high surface area of the material involves a highsity of localized states, which have
energy within the conduction and the valence barthese localized states enhance the

charge separation because they can act as trappasy for electrons, and adsorbed

20



species density can promote the radical formatioough the trapped charge carriers
preventing the recombinaticn.

Semiconductor are evaluated according to the greemistry principles and economical
sustainability of the process. Non toxicity, simpiathetic method, low production cost,
catalytic effects, solar light activatitf stability and durability under irradiation or in
water and air-saturated environntérare somecatalyst's features appreciated. Several
materials, generally metal sulfides and chalcoges)idlespite of their photo activity
cannot be used as photocatalysts because of theioqorrosion, especially in agueous

environments.
1.3.2. Titanium (IV) dioxide:

The first studies about the effects of light oarium dioxide was published on 1921 by
Renz, who reported that titania was partially regliainder sunlight irradiation in
presence of glycerol, turning its color from whitegrey or blué! Applications of titania

in photocatalysis started 50 years later, when9in21Fujishima and Honda published a
paper where explained that titania could photolager under UV light in presence of an
appropriate electrochemical systdn.Titania had started to be exploited in
photocatalysis for its peculiar features, firstdifits potential bandgap, that reflected the
appreciated characteristics described in the papégt.3.2*

Titania is present in nature in different allotromtructures: the most common are
anatase, rutile and brookite. Rutile is the onlbkd structure while anatase and brookite
are metastable, so they tend to transform in rutilder harsh conditiorfs.Brookite is

photocatalytically inactive, so it is not studiedthis field, while anatase and rutile show

photocatalytic activity under UV ligHt>®

Anatase shows better photoactivity due to its highensity of localized states. The
localized states, as previously described, actegeping sites for electrons slowing their
recombination and letting them reacting with otmeolecules in solutiof® Rutile

presents a worse photoactivity than anatase, beadwslarger grain size that not allows

a good surface absorption of species along witiglaen charge carriers recombination.

Due to the phase composition, the presence of iitigsjrparticle size, surface area and
other physicochemical parameters that strongly caffeharge recombination and
electron/hole trapping, a large variation in theotpleatalytic activity of the material

depending on the origin can be observed. Commereb TiQ from Degussa
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(constituted by 80% anatase and 20% rutile) prepbbyespray pyrolysis has become a
standard material because it had exhibited good tophtalytic activity and
reproducibility? Although the use of standard material, huge nurobéactors present in
the reaction systems or in the environment carctaffee reproducibility of the results.
Light intensity, spectra distribution of the emgsss, geometry, impurities are common
variables*®f this kind of reactions and have to be considehadng the design of the

systent’

The excitation of electrons of anatase and rutlguires photons whose wavelength
belongs of the UV region of spectrum due to thaigé band gap, which is3.2eV for

anatas# and~3.0eV for rutile*

The electrons produced by UV radiation in the catidn band can present a mild
reducing ability (&4 ca. -0.3V), on the other hand, holes in the vaddpmand can act as
strong oxidizers ( ca. +3.0V}* towards the molecules adsorbed on the surfac®, as
or H,O. The bandgap of titania is compared with sevexdbx couples in . The first
potential allows the reduction of the electron @toes as oxygen with the formation of
superoxide (*@) and then hydroperoxide radicals (*OOH) whilsg thtter, permits the
oxidation of water generating hydroxyl (*OH) rad&caThese radicals can subsequently
interact with target molecules as occurring durthg degradation of pollutants in

wasters
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Figure 9: Titania bandgap compared to different redox couffles

The UV region, at ground level, is the most enecgeart of light which compose the

solar radiation, but it is present for ca. 5% of tiotal emission. On the other hand,
visible and infrared compose the solar light for 43% and ca. 52% but they cannot be
utilized in the photo activation of titania duetbeir low energy content. Solar light is the
most attractive energy for its renewability, ande@ch is now focused on bandgap
tuning of titania that allows the exploitation dfet visible region of spectrum for the

excitation of the electrons. This bandgap tuningaexis the possible applications of

titania as a photocatalyt.

Different techniques can be used to enhance theiditband gap that space from the
coupling with other semiconductors to doping witms and noble metal nanoparticles
deposition. Noble metal nanoparticles depositioans of the most common techniques
because the metal modifies the electronic bandtsirel leading to an opportune surface
structure. This surface structure conducts to agheri quantum efficiency that is

reflected, for example, in higher rates of organdegradation in water under solar

irradiation>*
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1.3.3. Surface Plasmon Resonance band on metal nanopargsl.

Noble metal nanoparticles are one of the mostzatilistrategies of visible-enhancement
of semiconductors bandgap, because they can captisolar radiation and transfer the
incoming energy through the charge carriers to $pport (generally titanium,

zirconium and silicon oxide’:*°

Two different absorption bands are involved in pheto-excitation of nanopatrticles, and
the mechanism is well explained by gold example ifhe first one, called Surface
Plasmon Resonance band, originates from intrabacitadon of 6sp electrons through
visible irradiation. The latter results of the widand transition of electrons from 5d to

6sp orbitals through UV irradiation.

The electronic transitions caused by the visibtadiation are more frequent, and the
excited electrons leave reactive holes on the raiojes. On the other hand, holes in
the 5d band, caused by UV irradiation, are moregswoxidant than the 6sp ones. That
allows the exploitation of nanopatrticles as phaialgats under irradiation of light with

wavelength from UV to visible region of spectrdm.
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Figure 10: proposed mechanism for photocatalysis through gaitparticles for the degradation of

organic molecules such as SRahd phenof!
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Moreover, supported materials have to satisfy $ijge@quisites to be used as catalysts,
suchs as a suitable surface for thermodynamicalypurable reactions and an high

catalytic activity with low activation barriers ftine selected reactioh.

These features, along with the specific charadiesisregarding photocatalysis and
supported materials, such as solar photoactivatiwhinteraction between nanopatrticles
and support, make complex the development andatigeiscale applications of this kind
of catalysts®

Plasmonic photocatalysis has recently come intoadags a very promising technology
for high-performance. It involves dispersal of robhetal nanoparticles (Au and Ag are
the most used, in the range size of nanometers)s@miconductor photocatalysts and
obtains drastic enhancement of photoreactivity uide irradiation of UV and a broad
range of visible light. Localized Surface Plasma@s&hance band (LSPR) and Schottky
junction are the two peculiar feature of plasmopiotocatalysis, and each influences
photocatalysis differentl$?

Localized Surface Plasmon Resonance band is orggiray the collective oscillation of
the metal nanoparticle’s free electrons in phasth Wie varying electric field of the
incident light (), and it can be tailored to fall the visible range or the near-UV range,
depending on the size, the shape and the surrayiedivironment.

This phenomenon is strongly dependent on the pelgiciimension, because surface
plasmons decay in different ways if the particles ligger than 50nm or smaller than
30nm. In the first case, radiative scattering aforeance photons occur from the bulk,
while in smaller particles there is a formation afarge carriers that they can be
transferred to the suppoftTherefore, all interactions are expected to bé wie surface
if particles are smaller than 30rfiThis charge transfers create “hot spots”, higlfieser

energy density regions around the nanoparticles.

When the wavelength of light is much larger tha@ tlanoparticle size it can set up the
resonance conditions as illustrated in . When tlaeenfront of the light passes, the
electron density in the particle is polarized te tbhpposite side and oscillates in
resonance with the light's frequency causing aditanoscillation.

The resonance condition is determined by absor@rmahscattering spectroscopy and it
is influenced by several features, not only of th@noparticles but also of the

environment. Nanoparticles can be tailored in ihe and the shape to have a SPR band
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that falls in different region of the spectrum. Theapossible because surface geometry is

modified and it leads to a change in the surfaeetatal density.

Dielectric constant of the media can influence akeillation frequency of the electrons
because it modify the interactions between nanmpeid electrons present on the surface
and other molecules present nearby. The influeftleeochemical bonded molecules on

the electron density of the surface induces a Bhifte surface absorption maximdm.

E - field

e cloud

Figure 11: Interaction among electromagnetic radiation andparticle electron cloutf.

The interactions among the nanoparticle and thelemt light are well described by
solving the Maxwell's equation taking into accouyamoper boundary conditions. Mie’s
theory® described rigorously these interactions for alsisgherical nanoparticle.

He used the total extinction cross sectieg), given by absorption and scattering, as the
product over all electric and magnetic multipoleildstions. For particles that have size
a much smaller than the light wavelengtka<<), the quasi-static approximatio can

be applied and the equation 1 can be used. Thabxpation can be applied also for
gold nanoparticles with size smaller than 25¥inThat approximation considers the
dipole absorption as the only that contributes e &xtinction cross section of the

nanoparticle.

9 T"e'ms’ : we,(w)
Oext — - ’ 2 2
- [€,(w) + 2¢_]” + €,(w2)

“1m

Equation 1: Mie’s equation with quasi-static approximation.

WhereV is the volume of the spherical particles,is the angular frequency of the

exciting radiationg is the speed of light, ang, is the dielectric constant of the medium

(assumed as frequency independent)®) and €2(w) are respectively the real and
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imaginary part of the dielectric function of therfpgle material, according tcee(w) =
e1(®) +iga(®)].> If &, is small or weakly dependent anresonance occurs whef{o)~-
2em While the width of band and the peak height gopreximated byey(w).>* This
theory presents some problems in predicting thelteefor small nanopatrticles, due to its
approximations>

The quasi-static approximation doesn’t comprehend the variationtlod individual
radius, because it limits the dependence on tleetsithe variation of the total volume of
particles. Instead, particle size affect plasmomdiadth and the position of the
adsorption maximum can suffer blue or red-shiftwdecreasing the particle size.

When nanoparticle diameter is below 20nm quadru@old other high-order terms
become significart: Subsequently, Mie's theory has to assume thedi@gunction of
the metal nanoparticle as size dependefat)[= ¢(»,R)], and for small nanopatrticles it
has to considered also the size in the total etxtinacross section, due to the intrinsic
size effects?

Mie’s theory has been modified by Gans. Mie-Gansleh@xpands the validity to the
particles that have different structures or shapesause it allows the correction of the
overall extinction spectra of spherofisThis model is corroborated by experimental
UV-Vis spectra of spheroidal nanoparticles, becatissy present the characteristic
plasmonic band¥® However, SPR band is not a common behavior foryeweetal
presents in nanometer size, as demonstrated bgttoeet al>*

SPR band can improve the presence of the chargersain the support through some
different ways, and direct contact is most usetheim.

Noble metal particle and semiconductor contact e€sauan effect called Schottky
junction. That effect consists of an bulk electiield close to the surface of contact
between metal and support. When the electron/haileip created, Schottky junction
forces the electrons and holes to move in differeitections, avoiding the
recombinatiorf® Furthermore, the nanoparticles allow a fast-laharge transfer and

their surface acts as a charge-trap center torhost active sites for photoreactions.

Energy position of bands is important to value,duse it influences the energy of the
excited electrons produced. As reported in andrde=] in paragraph 1.3.1, conduction
band is around +0.5 and -1.5 V and valence bamtsstam +1 V to +3.5 V, while

Surface Plasmon Resonance band energy is compeghantbng 1.0 and 4.0 V.
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Only the excited electrons can be transferred frioenmetal to the semiconductor, while
the positive holes remaining on the metal are oéitmargetically insufficient to run a

reaction, especially in case of particles sizetgrehan 50nni>

Several studies about the supported semicondudt@glasmon photocatalysis and the

possible application involved are been conductedmny>®°’

1.3.3.1. Gold nanoparticles:

The most important feature of gold is its differenrom massive dimension to
nanometer size. The first is considered chemidakyt, and the origin of the adjective
“noble” is attributed to this feature. The lattemshreceived more attention in the last
decades, especially after the work conducted bytdat al. They demonstrated that
nanoparticles of gold could be active on the oxiabf CO at low temperaturédput
this activity disappeared when particle size exede2dnnt° After that, supported gold
nanoparticles has attracted the interest in heteregus catalysf8;®? above all for

oxidation and hydrogenation reactidig:*®

Gold nanoparticles present an absorption band dr&80nm that causes the red color
observed in gold colloidal solutions. The mechanisivelectrons excitation in metal
nanoparticles is already described, and electrém/fecombination can be avoided by

other molecules that can trap them.

Low gold loading and small size of nanoparticleadleto a good activitiy as a
photocatalystfor gold supported on titania, due to the capabitit producing charge
separations under mild redox potentials. Titaniatie most used as support for
photocatalytic systems, but several metal oxide€e®, ZrO,, FeO; are used due to

their high surface ared.

Nowadays different reactions are performed withTAD4 as catalyst, above all selective

4-66a

oxidations®**%and hydrogenatiofof organic compounds.

1.3.3.2. Silver nanopatrticles:

Silver nanoparticles have shown good activity algsts, and their peculiar optical
features have led to application in Raman scatierifftuorescence and plasmon
photocatalysis field&’ Furthermore, Ag/Ti@have found applications as bactericide due
to its enhanced activity under UV light.
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Silver nanoparticles, through their LSPR band, egpand the absorption of titania into
the visible part of the light spectrum. They casoatlowed the recombination of charge
carriers®® The mechanisnids similar to the one described for gold and fokothe
general rules explained in paragraph 1.3.3. Thealnmetnoparticle’s free electrons are
excited by Plasmon Resonance effect under visihg, Igenerating electron/hole pairs.
Excited electrons are then transferred to the smmdiector where they finally act

superficial reactions with the adsorbed molecules.

Photochemical activity of silver nanoparticles damnmodified by changing size, shape
and geometry. These features can be tailored tairoldptimal performance for a

particular photoreaction as described by Christophal®®

Particularly interesting for the purposes of thierkvis the study conducted on silver
nanoparticles supported on titania Degussa P25 tgbdksaet al®’ They have
demonstrated that metal loading and catalytic agtivnder visible light are not linearly
correlated, mainly due to the increase of parscte and support coverage caused by the
increasing of metal loaded. In fact, under visiligt, the catalyst with low content of
silver (1% w/w) reached the best performances,edniider UV light the best results are
obtained by higher percentage of silver loaded (2%).

The optical characteristics of silver nanoparticiasaddition to the low cost of the raw

material have improved the interests for poterapglications in photocatalysis.
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1.4 Photocatalysis for the upgrade of bio-derived molades:

The “green chemistry” principles have encouragesl study of different ways to run
chemical reactions by using bio-derived moleculed greener solvents under milder
conditions. Photocatalysis is one of the most eding routes for the upgrade of bio-
molecules, as sugars, into add-value chemicalsl blmt/, photocatalysis is mainly used
for the degradation of pollutarfior organic compounds, but the aim is the produation
“green” fuels and chemicals through using solarrgynend renewable raw materials

such as biomass.

Colmenarest al® have demonstrated that the selective oxidatioglafose occurs on
titania-based photocatalysts, and some add-valamiclals, such as gluconic acid and
glucaric acid, can be obtained. The oxidation ieastare not the only studied, but also

hydrogen productiof’has attracted much attention.

Nowadays, water splitting is used to obtaip*Hbut yields remains quite low. Recent

studies have obtained hydrogen from biomass, ssigfugose, sucrose, and stafth

Titania and metal nanoparticles are the most studliehe field photocatalysis, but the
studies can be expanded to,®@d, ZrO, and every material that shows photochemical
activity. In a study of Peet al., a degradation of an organic carboxylic acid (2,4-
Dichlorophenoxyacetic acid) has been performed Wwiimuth tungstate (BiVOe) and
hydrogen peroxide under UV irradiatiéh.
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2. Chemicals and Experimental part:

2.1 Chemicals:

All chemicals were used as purchased without fumplification.

* Metal salts:Gold (lIl) chloride trihydrate 99.9% (Sigma-Aldhy Silver nitrate
>99.0% (Sigma-Aldrich).

e Supports:Titanium (IV) Oxide Aeroxide P25 (Acros Organic3)tanium (1V)
oxide anatase (Sigma-Aldrich), Titanium (IV) oxidatile 99.99% (Sigma-
Aldrich).

e HPLC calibration standardsD-(-)-Arabinose >98% (Sigma-Aldrich), D-(+)-
Glyceraldehyde>98% (Sigma-Aldrich), D-(-)-Erythrose75% (Sigma-Aldrich),
Formic acid>95% (Sigma-Aldrich), D-(+)-Glucose99.5% (Sigma-Aldrich) , D-
Glucaric acid potassium sat98% (Sigma-Aldrich) , D-Gluconic acid sodium
salt>99% (Sigma-Aldrich).

e Other chemicalsNaOH.

* Solvents:Ultrapure water (purification system Millipore MLL-DI resistivity
>1MQxcm at 25°C, UK), Acetonitrile99% (Fisher).
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2.2 Experimental part:

2.2.1. Synthesis of catalysts and calcination of titania:

Catalysts synthesis were carried following the mettused by Suganet al?’ The
method is quite different from the common WI methbdcause hydrogen flow is used
during the calcination to avoid the oxidation o tmetal. The catalysts were filtrated in
one all-glass filter holder (Millipore, UK) with Bum nylon filters (Whatman).
Subsequently, the catalysts were dried in a Vacuawan (Mod. OV-11, Fischer
Scientific, UK). Finally, calcination of catalystgere done in a 1100°C ashing furnace
(Mod. AAF-1100, Carbolite, UK) equipped with a teenature control (Mod. 2416
Carbolite, UK) under hydrogen flow or static aihi§ furnace was also applied to calcine
Degussa Ti@QP25 powders used to study the effect of calcinagonperature.

2.2.2. Reactivity tests:

Tests were carried out in 16 mL glass vials, at B0&nd under magnetic stirring.
Glucose solutions were prepared solubilising tHessate in pure water or in a 50/50 v/v
ACN/H,O solution> Subsequently, 14 mg of catalyst were added tosthetion. The
reactions were performed for 2 or 4 hours and sesnpere taken every 30 minutes for
the first 2 hours and then every hour until the ehdhe reaction. Long run tests were
carried for 24 hours and samples were taken evéryu2s for the first 6 hours and then
at 22 and 24 hours. The Ti@egussa, P25) was used without any further ation

and it was used as blank.

Reactions were run in two different photoreactastams, one for the UV tests and the
other for the visible light tests. These two diffier systems are needed in order to
evaluate correctly the impact of the visible and WAgion of the spectrum in the

reaction.

For UV tests, a Luzchem photoreactor was used(Md€:-4, Luzchem Research Inc.
ON, CAN) equipped with 14 UVA lamps (Mod. Hitachi®BL-B) arranged 6 at the top
and 4 on each side. The temperature controllersgast 303 K for the whole reaction
and the temperature was kept constant with a canmantrolled fan. The emission
spectra of the UV set of lamps is reported in Fegl@ for UVA lamps.
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Figure 12: Emission spectrum of the UVA Luzchem lamps measurdte range 235-850nm. Data from

www.luzchem.com.

Region Range nm Dose mWm™ % energy

UvA 216400 2670 B5.51
VB 281-315 1200 219
LVC 235-280 3675 0.&7
Visible 401-700 711.0 1.29
MIR 701-850 187.0 D234

Table 1: Energy distribution at the target expressed asreeptage of the total energy in the monitored

range. Data from www.luzchem.com.

For Visible tests, a Universal Arc Lamp Housing HgniMod. 66902, Newport, UK)
equipped with a Xenon lamp with nominal power 3005 used. Figure 13 is taken
from the manual and reports the irradiance specwbrnhe lamp. Several filters were
used to select only the visible region of the spewot In order to remove the IR radiation,
the lamp was provided with a distilled water lig@ii¢er (Newport, UK) with circulating
water moved by a peristaltic pump (speed 60rpm, M@%S, Watson-Marlow, USA).
The transmittance spectrum of the liquid filterinsFigure 14. Furthermore, a colored
glass filter (Mod. FSQ-GG420, Newport, UK) with at-off value of 420nm was put to
maintain only the visible part of the emission gpgu, and its transmittance is reported
in Figure 15. The filters were positioned in théarin which they are reported here, in
the direction of the beam.

The reaction vial was positioned at a distanceaoflelcm from the filters on a stirring
plate. The shade of the fumed cupboard was coweithdtinfoil and kept closed during

reaction, in order to avoid the influence from em& light sources.
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Figure 15: Transmittance spectrum of the colored glass flted.GG420. Data from www.newport.com.
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2.2.3. HPLC and Q-TOF analyses:

Reaction solutions consist of a mixture of glucasd several products that need to be
identified and quantified. HPLC samples were maalkang 0.5 mL of solution and
centrifuging them for 60 seconds at 13400 rpm tmawee any suspended catalyst
particles from solution. Centrifuging time was iease to 3 minutes in case of pure water
solvent due to the greater difficult to separate powders from the solution. Samples
were filtered with HPLC filters if the catalyst pders still suspended.

The utilized HPLC (Mod. 1200 Santa Clara, Agildd§A) was equipped with an inline
degasser, a quaternary pump, an autosampler andluanrc switch. The selected
detectors were: Diode Array Detector (DAD) and &awtive index one (RID); the
analytical column was an Aminex HPX-87H 300mmx7.8n@mum particle size (Bio-
Rad CA, USA). The system was controlled by the é&gilChemstation software running
on a desktop computer. Sugar standard method veak fos the analysis. It consist of
0.65mL/min flux of 25mM sulfuric acid in ultrapuveater throughout Aminex HPX-87H
column. Injection volume was {0, Column Temperature was 65°C and RID

Temperature was 50°C.

RI detector was used to measure glucose and asgbamount while Diode-Array (DA)
detector was used to measure gluconic acid andagtuacid amounts. In fact, Rl is a
system based on different refractive index betwibemmobile phase and the analyte, and
it is characterized by high sensitivity. DA systexdds a new dimension of analytical
capability to liquid chromatography because it pesngualitative information to be
obtained beyond simple identification by retentione. The major advantage is related
to the problem of peak purity. Often, the peak shapitself does not reveal that it
actually corresponds to two (or even more) comptmeln this case, absorbance
rationing at several wavelengths is particularlypheé in deciding whether the peak

represents a single compound or is, in fact, a csitepeak>

The injection of each standard solution was rege&td¢imes and the values for the
retention times {f were obtained by averaging the 15 retention ticwkected for each

sample. As it can be seen in Table 2, the instranhew a linear response in the
concentration range considered, and the lineardtevéen the concentration and the
signal is confirmed by the linear regression caefit R which is greater than 0.99 for
each of the molecules considered. For DA detectiemyelength of 210nm was used,
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because absorbance of glucose is negligible awnglengthcompared to gluconic and
glucaric acid absorbance, as recommended by &raki”.

Comparison glucose, gluconic acid and glucaric acid DAD 210nm
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— glucaric acid TmM
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Figure 16: Comparison between Glucose 50mM, Gluconic acid lamél Glucaric acid 1mM absorbance
at 210nm with DAD.

Difference in absorbance can be seen in FigurdP&ék of most concentrated glucose
solution (50mM) is comparable with most diluted ggnic and glucaric acid solutions
(ImM) peaks. Retention times of these three comg®uare different, and peaks of
glucose and gluconic acid can be evaluated witferdift detectors (RID for glucose,
DAD for gluconic acid). Calibration curves were meaoh the range of 1-50mM for
glucose. Due to low concentrations of some produwabbrations in the range of 0.05-

5mM were made for gluconic acid and arabinose.

Calibration curves were made in the range of 0.22for some by-products, such as
formic acid, erythrose and glyceraldehyde. It wapassible to define precisely the
amount of erythrose and glyceraldehyde becausedbelit. Their peak was evaluated
using the erythrose’s calibration curve. The selggtand the production of both were

simply calculated as 50% of the total amount.

Stock solution of 50mM was prepared, and then 11220-50mM solutions were used

for calibration curve. Table 2 reported the caliloracurve for each substance.
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Table 2: Calibration curves of reactant and products recaaghi

Analyte Re.tention time Range (mmol 1) Detection  Equation R?
(min)

Glucose 8.665 1-50 RID y =25537x - 58.818  0.9999
Gluconic Acid 8.234 0.05-5 DAD 210 y = 85.308x - 2.8859 0.9908
Arabinose 10.02 0.05-5 RID y =21878x + 232.63 0.9996
Arabitol 10.381 0.05-5 RID y =20344x + 183.23 0.9998
Glyceraldehyde 10.718 0.1-2 RID y = 12320x + 698.47  0.99]'7
Erythrose 10.871 0.1-2 RID y=12771x - 73.12 0.9999
Formic Acid 12.944 0.25-2 DAD 202 y=36.163-0.3251 0.9988

The accurate mass of the oxidized products obtdnoea cellobiose were analysed with
an Agilent 6510 Q-TOF LC/MS system and interpretesing Agilent MassHunter
Workstation Software (Version B.06.00). The coluonsed for the mass spectrometry
analysis was a Varian MetaCarb 67H (300 mm x 6.5 igilent , USA) kept at 65 °C
using a 0.1 % w/w formic acid aqueous solution #bwa rate of 0.8 mL miit. The Q-

TOF was operated in positive ESI mode.

Before the analysis the samples were centrifugdd4d0 rpm for 60 seconds to remove
any suspended particles. The glucose and the seagtoducts were determined using
the same commercial standards used for the HPLOysmsa The total ion
chromatograms (TIC) for the samples obtained ferrémaction with the 10mM glucose
solution after 4 hours under visible and UV lighte areported in Figure 17. In
figureErrore. L'origine riferimento non e stata trovata. are also reported the TIC for
the same reaction samples along with the TIC xedatd the glucose, arabinose, and
arabitol standards. It can be seen how the retertiioe of the arabinose matches the
peak observed in the samples, presence confirméd the presence of the [M-Na]

adduct.
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Figure 17: Total lon Chromatogram for the reaction samplethef10mM glucose solution with the UV

lamp (green) and the Xe lamp (pink) after 4 hourgeaction, compared with arabinose (black) and

arabitol (green) standards.

2.2.4. Catalysts characterization:

The solid UV-VIS reflectance spectra were donehi@ tange 200-800nm (Instrument
Mod. UV-2550, Shimadzu, USA). Instrument settinggev sampling interval 0.5nm, slit
5nm and BaS@was used as reference. The catalyst powder wais utjuartz sample
holder. The Kubelka-Munk function for scatteredhtigvas used to transform the
reflectance data into absorbance data (EquatiomtB.assumption of this theory is that
the particle distribution is random and the dimenss much smaller than the thickness
of the layer. Regular reflections of the light tve sample are not considered by this law.
This function is related to the extinction factey iy transmission spectroscopy and it is
proportional to the concentration (as Lambert-Baas for dilute species. The function,
as absorbance, depends on the waveleayth (

(1-Rx)? k exc
FRaA =R, =55

Equation 1: Kubelka-Munk function.

WhereR,, is the absolute Reflectance of the sample bsttigpically substituted with the
reflectance relative to a standatt, (BaSQ is a usual standard for UV-VIS rang&)is
the absorption factosis the scattering factor armds the concentration of the sample.
The relative LSPR band was recognized evaluatirg itidirect allowed transition.
Kubelka-Munk function for the indirect allowed tsation (F(Ro)*hv)"2 was plot in
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function of the energy (eV) and the peak of chanéstic LSPR value was observed.
Energy bandgap (eV) and wavelength (nm) are mathestig correlated, and the
equation is explained below.

XRD instrument (Mod. D8 Advance, Bruker, USA) wagipped with a Cude 1.54 A
source of radiation and a Ge monochromator ineefie mode. Scans were done for 2h
in the range @ 10-80. Catalyst powders were loaded on zero brackgl silica wafers.
Nanoparticle TEM images were obtained with JEOL®bPerated at 200kV. Samples
were prepared by dispersion in methanol with saimnaand depositing on 300 mesh

holey carbon film.
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2.3.Synthetic methods:

2.3.3. Synthesis of gold catalyst:

The synthesis follows the method used by Sugara?’. Concentrated aqueous solution
of gold salt was prepared. P25 (1.0 g) was addeeater (50 mL) containing HAuCl4
4H,0 (45.8 mg). The pH of solution was adjusted to tavith 1ImM NaOH, and the
solution was stirred at 353 K for 3 h. The parscieere recovered by centrifugation,
washed thoroughly with water, and dried at 353 Kif® h. The powders were calcined
at 673 K for 2 hours under hydrogen flow, with theating rate of 2 K mifl. Metal
loadings were calculated as weight percent of togthal on the support as in Equation 2.
Minerar(9)

w
%—=—————-x100
w msupport(g)

Equation 2: Calculation of metal loading of a supported catalys

2.3.4. Synthesis of silver catalysts:

This method was used to prepare silver catalydtis eifferent amount of metal loaded.
Different AgNG; solutions were prepared solubilizing the salt ¥HTIO, P25 has been
suspended in 4ml of @ in a vial under magnetic stirring. Subsequerttig, appropriate
volume of the metal solution has been added anddhgion was left to evaporate under
magnetic stirring at 353 K. The paste obtained Iesn then dried overnight under
vacuum at 383 K. Calcination has been conducteérmnstdtic air at 673 K for 3 hours at

2 K min™.
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2.4 Kinetic tests:

2.4.3. Effect of a catalyst/substrate ratio:

First of all, the optimum ratio between catalystl sabstrate was investigated mantaining
constant the catalyst concentration (1 g/L) as usediteraturé®’® while glucose
concentration was varied from 2.8mM to 50mM. Diéfier stock solution of glucose were
prepared (2.8-5-10-20-50mM) using a mixture of watetonitrile 50/50 v/V. Tests
were carried out for 4 hours as previously repgried.uzchem photoreactor for the UV
tests and Xenon lamp for Visible light tests. Asédywere made as reported, but for
50mM tests the samples were diluted 1:1 with a mnéobf water/acetonitrile 50/50 v/v

due to the calibration range.

2.4.4. Effect of Solvent and lamp power:

The solvent effect was studied using two differeoiutions and two different catalysts.
Luzchem and Xenon lamp systems were respectivedg ts perform these tests under
UV and visible light. Two different glucose stoakdgtions were made, using pure water
and the mixture of water/acetonitrile 50/50 v/v.nCentration of glucose was fixed at
20mM, and 1%Ag/TiQWI and TiQ P25 were used. Reaction time was fixed at 2 hours,
and samples were taken every 30 minutes. HPLC semlyere carried out as previously

reported, without any further dilutions or purificms.

The effect of solvent was crossed with the effdclamp power. For the study of this
effect, a Universal Arc Lamp Housing Family (Modb9%2, Newport, UK) equipped

with a Xenon lamp with nominal power 1000W was usdtk reactions were carried out
with 14mg of catalyst and 14mL of 20mM glucose solu Reaction time was set at 2

hours, with the same procedure to take samples.

Furthermore, to compare effect of different ligbtmposition, 300W and 1000W Xenon
systems were used with and without UV glass filtethe same reaction conditions used

above.

2.4.5. Adsorption of Glucose on catalyst:

Adsorption of glucose was investigated using theesaystem reported above. A 16mL
vials were used at 303 K under magnetic stirring-irzchem photoreactor. Glucose
concentration of 20mM was used, and the stock isoluivas made of a mixture of
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water/acetonitrile 50/50 v/v. The lamps were kephéd off, and tests were carried out in
dark conditions for 120 minutes, with an interméelisample after 30 minutes.
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2.5 Photocatalytic tests:

2.5.3. Reactions under visible and UV light:

Visible and UV reactions were carried out using #ame system described for the
kinetic tests. These systems were used for thesiigpation several parameters such as
the effect of the crystalline structure, the cation, the metal loading and the different
metal used. Reaction time was kept constant augshand samples were taken every 30
minutes. Degussa Tg®25 was used as a blank, and silver and gold stgapoatalysts

were compared.

2.5.4. Long term reactions:

Long term reactions were conducted for 24 hourk Wie same reaction conditions used
for the kinetic studies. Luzchem and 300W Xenonpaystems was used to carry out
these tests, and Ti®25, 1% Au/TiQ and 1% Ag/TiQwere used as catalysts. Samples
were taken at 2-4-6-22-24 hours and treated asqugy described.

2.5.5. Recycling tests:

The recycling tests of the catalyst were done ® ls®v much activity was lost if the
catalyst was reuse several time. The tests werducted using 1% Ag/Ti®as sample
catalysts. The reaction conditions used were theesaf the photocatalytic tests, with
20mM glucose solution in 50/50 Acetonitrile/water £ hours at 303 K under UV and
visible light. These tests were divided in threasuln the first one, 3 reactions were
performed using 14mg of catalysts, and catalystsewecovered, centrifuged and
washed with water. After an overnight drying, theewders were grinded and 28mg of
catalyst was used for the second run, in 2 readtitm 14mg of catalyst each. After 2
hours, the catalyst was recovered and the samegwoe was applied to recover 14 mg
with which the third run was conducted. The firedults obtained for the conversion and

selectivity values are the average of the firsh@ 2 runs respectively.
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3. Results and discussion:

3.1 Optimization of reactivity tests: catalyst to substate ratio:

First of all, initial glucose photo oxidation tesji focused on finding the optimum
catalyst to substrate ratio for the standard Dexy#25. The selected range of glucose
concentration varied from 2.8 to 50mM mantainingstant the quantity of the catalyst
(1 g/L). The different catalyst to substrate ratiere tested in a water/acetonitrile 50/50
viv mixture for 4 hours under visible light, usiag300W Xenon Lamp, and under UV
irradiation, through Luzchem photoreactor. Seléfstivalues of the reaction products are
comparable for all the catalyst to substrate ratios at the lowest glucose concentration
the contribution of mineralization is significanthe total mass balances have been
calculated, and for the lowest glucose concentmatiowas of 92% with a glucose
conversion of 41% for the Xenon lamp and of 85%hvatconversion of 33% for the
Luzchem photoreactor.
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Figure 18: Time-on-line conversion at different catalyst tdstate ratio under UV light (on the left) and

visible light (on the right).
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Figure 19: Mass balance and product selectivity at differextlyst to substrate ratio under UV (left) and
visible light(right).

Significative differences can be observed in FiglBeand Figure 19. Selectivity towards
arabinose sligthly increase under UV irradiationthwia similar trends for each
concentration of glucose, but gluconic acid sel#eats are lower than 10%. Colmenares
et al® suggest a reaction pathway that leads to the ptimsiuof gluconic acid, glucaric
acid and arabitol using UV irradiation. Arabinosasfound instead of arabitol leading to
the hypothesis of a different mechanism patwhaylwed instead of the Colmenares
one. The mass balance slightly improves increasuigstrate concentration in both the
reaction systems considered (Table 3). The 20mMogle concentration was used as a
standard solution for all testing, in order to mide the mineralization reactions to €0
and HO. The lower mass balance is considered to bedltreetformation of C@and H
from the total degradation or mineralization patiwahich is well documentet®
Furthermore qualitative offline GC analysis did shihe presence of Gand H.

The great mineralization of 2.8mM glucose soluts@ems to be due to the adsorption of
glucose in the reactive site and the higher ratmiokralization pathway with the smaller
carbohydrates. The adsorption of glucose, at lomcentration, seems to be difficult and
free reactive sites can be occuped by by-produgfivte further reaction under visible
light and mineralization in case of higher energylWV light. The trend are the same
under visible and UV light, but mineralization iggher under UV. Nevertheless further
investigations are required to understand the kinetder of reaction and the mass

transfer involved.
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Table 3: Oxidation of glucose results at different catatgssubstrate ratio under UV light.

Products selectivity (%)

Mass .
Glucose time Gluconic Glyceraldehyde Formic Conversion
Arabinose balance
[mmol/L]  [h] Acid + Erythrose Acid [%]
[%0]
2.6 0E 14% 36% 15% 35% 96.17% 182
2.6 1 0% 47% 10% 44% 92.69% 182
2.6 1E 0% 45% 21% 34% 89.97% 24.(
2.6 2 0% 47% 12% 41% 86.98% 272
2.6 3 0% 50% 8% 42% 85.89% 29
2.6 4 0% 45% 9% 46% 84.719 32.¢
10 05 0% 48% 17% 34% 95.61% 10£
10 1 0% 50% 11% 39% 95.04% 123
10 1E 6% 44% 10% 41% 96.20% 132
10 2 5% 45% 11% 38% 89.39% 20.€
10 3 5% 50% 9% 35% 88.76% 21.¢
10 4 5% 49% 11% 35% 88.33% 23.€
20 05 0% 45% 24% 31% 99.00% 3.1
20 1 0% 48% 12% 40% 98.86% 3.
20 1kt 0% 49% 17% 34% 98.91% 3.7
20 2 9% 43% 15% 33% 99.28% 4.€
20 3 % 45% 8% 40% 99.49% 4.€
20 4 7% 47% 12% 34% 98.51% 6.C
50 0.t 16% 44% 16% 25% 96.62% 5.2
50 1 13% 47% 17% 24% 97.13% 54
50 1kt 12% 49% 19% 20% 95.02% 7.€
50 2 11% 48% 17% 24% 94.60% 8.t
50 3 10% 49% 12% 28% 91.88% 11.t
50 4 9% 48% 18% 25% 92.10% 11.€
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Table 4 Oxidation of glucose results at different catatgssubstrate ratio under visible light.

Product selectivity (%)

Glucose time Gluconic Glyceraldehyde Formic Mass conversion
) Arabinose ) balance
[mmol/L] [N Acid + Erythrose Acid %] [%]
8 0s 0% 19% 7% 75% 90.94 157
g N 14% 19% 18% 49% 98.72 155
g 15 9% 23% 18% 50% 100.549 184
g ) 10% 22% 19% 50% 96.55 6.2
g 3 8% 21% 19% 53% 99.85 982
8 4 7% 20% 17% 56% 91.62 209
10 05 0% 26% 22% 52% 100.129 7
10 1 0% 30% 17% 54% 98.71% a6
10 15 12% 29% 20% 39% 100.67% 44
10 ) 9% 29% 18% 44% 99.029 64
10 3 9% 25% 20% 46% 99.09% 88
10 4 10% 26% 19% 45% 99.67% 102
20 05 15% 16% 13% 56% 101.579 05
20 1 16% 26% 20% 39% 99.91% o5
20 15 14% 23% 17% 46% 99.69% 36
20 2 15% 23% 14% 48% 100.20% 37
20 3 11% 26% 29% 35% 100.88% 4.3
20 4 12% 30% 18% 39% 99.99% 5.4
50 0.5 0% 35% 65% 0% 97.38% 2.€
50 1 0% 45% 55% 0% 97.14% 3.2
50 15 0% 61% 39% 0% 97.11% 34
50 2 21% 32% 47% 0% 96.94% 4.z
50 3 14% 29% 24% 33% 97.04% 4.t
50 4 14% 35% 15% 36% 94.84% 6.7
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3.2ldentification of the pathway and the products of eaction:

The application of photocatalytic processes towdhdsselective oxidation of glucose
has been previously reported by Colmenateal>">"%and by Chonget al®. These are
the first studies in which the first experimentaldences of the selective oxidation of

glucose into valuable chemicals (gluconic acidegtic acid and arabinose) are reported.

Colmenareset al. suggest two parallel schemes of reaction, repomeérigure 31.:
selective oxidation of glucose, with production glficonic acid, glucaric acid and
arabitol, and total mineralization of reactant i@, and HO.

OH OH O OH OH O OH
HO R + HO < :

+
OH OH OH OH O OH OH OH OH

_0 gluconic acid glucaric acid arabitol

HO/\;/H/k/
OH OH )
CO, + H,0

glucose

Figure 20: mechanism suggested by Colmenaeal®

Chonget al °consider the mechanism of reaction as a sequengegoadations. Glucose

iIs mainly converted into arabinose, with a lossook carbon of the chain and the
formation of formic acid. Arabinose is subsequertfgraded into erythrose, with the
formation of formic acid. Water is used as mainlgimoxidant and the catalyst is made

of metal nanoparticles photodeposited onliO

OH
07 : OH * HO&O + Hp
OH OH formic acid
OH OH arabinose
(0]
HO™ =
OH OH
glucose OH

+ HO&O + H,

O&Y\/OH
formic acid

OH

erythrose
Figure 21: mechanism suggested by Chataal®
Stapley et al’” have recently reviewed different mechanisms inedlvin the
decarboxylation of sugar acids for the productidn smaller carbohydrates. Ruff
degradation is the most interesting reaction mashanbecause it involves a Fenton’s
like system, composed by Fe(lll) and®4, for the decarboxylation of aldonic acids to
produce aldoses with one less carbon. The reactiechanism is still debated, and

multiple reaction pathways are suggested, but tBpgrt the experimental evidence that
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transition metal ions can catalyse the decarboxylabf organic acids and specifically
TiO, under UV light. The UV light can generate holésthat can oxidise the organic
molecules adsorbed on the surface. The holes,altheir high oxidizing potential, can

further oxidize the molecules adsorbed on the sarfa CQ.

The Ruff degradation occurs via two different reacpathways, the first producing acid
products, the latter producing the aldoses after dbcarboxylation of the acid. This
reaction pathway corroborates the experimentaltsesbtained, as it was found out that
arabinose is the main product of the reaction aldogic acid is found in smaller

concentrations.

HO 0] h* h*
OH OH O
on [0] f ™ C?)H f HO,, O F
. 5 _© _ Ho e Ho\/'\/-\)J\q .
HOY "“OH E E 0 Y )0 i .
OH OH 0 HO® OH

OH OH

OH o Co, H
glucose gluconic acid OH
HO—H
OH O OH OH HO,, _O HO,, O . /
Ho\/'\)J\ HO “__OH | [0 Q Q
o ( HOY ™~ YOH HOY ™~ YOH
OH OH O A =
CO, OH OH
erythrose arabinoic acid arabinose

OH 0 OH
o L o L
" SOH N\
OH co, o)

eryrthronic acid glyceraldehyde

Figure 22: Reaction pathway for the Ruff degradation, follogvithe Kolbe mechanism suggested by
1

Stapleyet al.”" The molecules into brackets are not being isolated

The reactions considered in this work used 25 (Degussa), a mixture of anatase and
rutile particles with a ratio of 3:1, as a referemoaterial. In fact, this oxide is one of the
reference materials in photocatalysis due to & heactivity’®

Moreover, as the produced arabinosg) (@&s a similar structure to the starting glucdse,
can undergo the same reaction mechanism thus pngdecythrose (¢) which can

further produce glyceraldehyde JCAIl these products have been identified andrthei
selectivities are reported, but erythrose and ghldehyde selectivities have been
reported together because they coelute with the GHleblumn used, as previously

described in paragraph 2.2.3.
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Additionally, to investigate the presence of thabamose instead of the arabitol, as
previously suggested by Colmenae¢sl®, HPLC-QTOF analysis have been run and the

molecular ions found in the mass spectra rule efihdevely the presence of the sugar

alcohol from the reaction mixture.
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Figure 23: Total lon Chromatogram for the reaction samplethef10mM glucose solution with the UV

lamp (green) and the Xe lamp (pink) after 4 hourgeaction, compared with arabinose (black) and

arabitol (green) standards.

Finally, a gluconic acid and arabinose solutior@{®1) were used under visible light in

the same experimental conditions and the produaese videntified using the same

procedure. The chromatograms of these reactionsv stmmparable trends in the

products distribution values, as reported in thearés below. (Figure 25 and Figure 26).
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Figure 24: HPLC chromatograms for the reactions with glucgsegconic acid and arabinose as substrates.

Sigral (A1)

RID and DAD at 210nm chromatograms have been regort

Figure 24 reports HPLC chromatograms of reactiarsdacted with glucose, gluconic
acid and arabinose as substrates.

Formic acid peak can be observed in all DAD 210mecta at 12.9 min, and gluconic
acid peak can be observed in glucose DAD 210nmtigpacat 8.3min. Presence of
arabinose is confirmed by RID spectrum, with peiak(a0 min. Peak at 10.8 min in RID
spectra is coelution of glyceraldehyde and ery#aros

The main products of reactions were indentifiechiiPLC analysis and evalueated with
calibration curves previously reported, that conéd the presence of arabinose as main
product, and gluconic acid as co-product. Glyceriaydle, erythrose and formic acid
were identified as by-products of the degradatibithe respectively one-more carbon

aldoses.
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Figure 25: Time-on-line results for the reaction conductechveitabinose as substrate. Selectivity towards

the main products are reported.
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Figure 26: Time-on-line results for the reaction conductedhvgtuconic acid and glucose as substrates.

Selectivity towards the main products are reported.

To look at the stability of the potential intermatgis and determine whether arabinose
does indeed from gluconic acid, reactions were gotadl with arabinose, gluconic acid,
glucose as substrates under visible light. Thecteittes are reported in Figure 25 and
Figure 26 and show similar trend for every reactidfhen glucose was the substrate,
arabinose was present already after 30 minutes, itiseselectivity went down and
presence of gluconic emerged. For gluconic aciceastant, presence of arabinose was
observed and degradation products as glyceraldednyd@rythrose were present as well.
When arabinose was utilized as reactant, glycengtike and erythrose were present as

degradation products.
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Those trends corroborate the hypothesis of Ruffatiggion as one of the photochemical
pathways. Oxidation and degradation of glucosecamepetitive reactions, and the latter
seems to be the most favourite. Thescission suggested by Chong seems to be
confirmed by the presence of glyceraldehyde, eogiirand formic acid every reaction
performed, but the presence of arabinose during rdaetion with gluconic acid
corroborathes the hypothesis of the Ruff's degradapathway. Those products were
used to value selectivities and mass balance cofiogs. Selectivities were calculated as
a ratio between concentration of the specie andstime of all products. Mass balance
was valuated as a ratio between the total g/L ofiypcts and glucose unreacted present at
the end of reaction and the mass of glucose pregean the reaction started. Missing
mass was referred to “other products”, such aspecies, that cannot be identified

precisely, and gases as £ H,.

53



3.3 Role of titania:

3.3.1. Effect of structure:

Titania has different crystalline structures, botyorutile and anatase are photoactiVe.
The difference between the phases is due to tlaivelposition and coordination of
titanium and oxygen atoms in the crystal latticeatase and rutile present a tetragonal
structure, but the different position of the atomsthe structure causes different
electronic properties in the semiconductor andtia reason the bandgap differs from a
phase to another. The values are around 3.4e\hfiasé’and 3.0eV for rutilé’and the

excitation falls in the UV region of the spectra.

Several papers reports that the higher activitaradtase than rutifés due to its higher
density of localized states within its bandgap, there the community is still debating
about that. In this work, for example, rutile sholgher activity than anatase and the
photo activity of titania P25 seems to be improwdeen the rutile content is increased.
Localized states slow the recombination of chaayei@rs and improve the production of
surface adsorbed hydroxyl radicals. Rutile presentsigher kinetic of electron-hole
recombination due to its larger grain size and lowapacity of absorbing species
compared to anataSePresence of impurities, particle dimension amdsiinface area are
some features of the synthesis that can affect dleetron-hole recombination,

determining an influence in the catalytic activifythese phasés.

Ohnoet al’®

demonstrated that the anatase and rutile phassisseparately and they
form agglomerates with an average particle size2bf and 85nm respectively.
Additionally, it is reported that the rutile paittis in the P25 are considered to havg Ti
ions as during the synthetic process the ,Tigbwders are treated at elevated
temperatures. The Jispecies are considered to be the electron dombesactivity of
the different phases of titania was evaluated tdw/éne reaction of oxidation of glucose

under UV and VIS irradiation, following the sam@g@edure previously reported.

The activity of rutile and anatase phases was comdpaith Degussa P25 and later with

a physical mixture of rutile and anatase.
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Figure 27: Diffuse reflectance UV/Vis of the different crydiaé phases of Tigcompared with Degussa
P25.

Figure 27 shows the solid UV/VIS spectra of AnatdRetile and Degussa P-25. The
difference in activity between anatase and rutd® ©e explained in relation to the
bandgap of the two crystalline structures. In fattte bandgap position for a
semiconductor can be determined experimentally fitsrsolid UV-VIS spectrum by

extrapolation of the cut-off value from the grdphEnergy bandgap and cut-off

wavelength are mathematically related:

_h><c_ 4135 x 10 x 3 x 108

A A

Equation 3: Relation between the energy bandgap (E) and thefEutavelength X).

WhereE is the bandgap energy (e\f)is the Planck constant (eVxg)js the speed of
light (m/s) andt is the cut-off wavelength in the UV-VIS spectrum)(fithe calculated
from the above reported bandgaps is respectivendl for rutile and 365nm for
anatase. This determines that rutile absorbs muesgg than anatase because its cut-off
value comprehends all the range of the spectrutd\ emission. On the other hand,
anatase only covers the energy given by the emiggido 365nm (emission spectrum in

section 2.2.2). Degussa P25 spectrum seems tagiaptomparative trend with anatase
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from 200nm to 350nm and with rutile from 350nm @0Bm. Those trends follow the

hypothesis of a synergic effect of these two phas&egussa P25.
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Figure 28: Time on line of the reactions run with the differeatalysts under UV and Visible radiation.

In Figure 28 the time on line results of the diéfietr TiO, crystalline structures (rutile and
anatase) are compared against the Degussa P25PZHehows higher conversions
under UV and visible light, while rutile seems t® & better catalyst than anatase under
UV and visible light. Glucose conversion is genlgridwer than 10% despite the change

in the illumination source.
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Table 5: Effect of the different TiQ crystalline structures on the products selectjvipyoducts

concentrations and total mass balance for theiogesctun under Visible light [a] and UV light [b].

Products Selectivity [%] Products Concentration (g/L)

Catalys Gluconi  Arabinos GA+Erythros  Formi Glucose Gluconi  Arabinos  GA+erythros  Formi Mass Conversio
: ; unreacte . ] balanc
t ¢ Acid e e ¢ Acid ¢ acid e e ¢ Acid n (%)
d e (%)
Rutilel 0% 39% 41% 20% 3.520 0.0000 0.0284 0.0206 0.0044 .8299 1.7
Anatase 0% 50% 50% 0% 3.652 0.0000 0.0037 0.0025 0000. 100.03 0.1
P-25 18% 28% 17% 37% 3.499 0.0411 0.0496 0.0206  196.0 99.88 3.7
Rutild” 8% 32% 31% 29% 3.497 0.0181 0.0553 0.0365 0.0151 .1299 4.3
Anatase 24% 36% 12% 28% 3.581 0.0296 0.0330 0.0078 0.0080 100.16 2.0
P-25 10% 50% 17% 22% 3.481 0.0216 0.0809 0.0192 11@.0 99.06 4.6

P25 is the only one that shows selectivity towagtigonic acid after 2 hours under
visible light (Table 5).Under UV irradiation the uglonic acid selectivity improves
slightly but the P25 remains the most selectivalgst towards the acid relative to pure
rutile and anatase. It is clear how the coexistemc®25, of the two different phases of
rutile and anatase has synergic effect. For thésae, a physical mixture of the two
phases, with a ratio of rutile/anatase of 3:1, wsesd to simulate the properties of the
Degussa P25 under visible and UV light. Resultsdesplayed in Table 6. Surprisingly,
the conversion values obtained under visible lght.1% and under UV light of 3% are
higher than the equivalent values of the pure phasesidered. This results confirmed
the results previously report€dn which some synergic effects by the contact betw
the rutile and anatase crystallites was reportetbetqoresent without the two phases
coexisting on the same solid. Therefore, the higflalgtic activity and its importance in
photocatalysis justifies the choice of using titam25 as a support for the synthesized

catalysts in this study.
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Table 6: Effect of the physical mixture of rutile and ana&as a ratio 3:1 on the products selectivity,

products concentrations and total mass balanchéareactions run under visible[a] and UV light.[b]

Products Selectivity [%] Product concentrations (gl)

) ) ) . . Mass )
time Glucpnlc Arabinose GA+Erythrose Formlc Glucose Glucpmc Arabinose GA+erythrose Form|c balance Conversion
(h) Acid Acid  unreacted acid Acid %) (%)
30[a] 0% 30% 70% 0% 3.60¢ 0.000( 0.003( 0.005( 0.000( 100.1« 01
60 0% 38% 62% 0% 3.601 0.000( 0.009: 0.010¢ 0.000( 100.2¢ 0.3
90 0% 32% 29% 39% 3.59: 0.000( 0.017¢ 0.011: 0.006¢ 100.5: 05
120 17% 25% 21% 37% 3.57(C 0.020¢ 0.023¢ 0.0137 0.010¢ 100.7¢ 11
30[b] 0% 33% 28% 39% 3.55:¢ 0.000( 0.022: 0.013: 0.008: 99.9¢ 12
60 12% 28% 21% 39% 3.55] 0.018: 0.033¢ 0.017¢ 0.014: 101.0¢ 13
90 11% 34% 19% 36% 3.53¢ 0.018: 0.043: 0.017: 0.014: 100.¢8 17
120 10% 29% 14% 46% 3.49] 0.025( 0.053¢ 0.018¢ 0.025¢ 100.47 30

3.3.2. Effect of calcination temperature:

Effect of calcination temperature in the structafeDegussa P-25 was determined. The
aim of this study was the study of the effect ia tatalytic activity of Degussa P-25 in
order to discriminate every single effect in thadst of supported metal nanoparticles as
photo-catalyst. To assess the effect of the straatfithe Degussa P25, the catalyst was
calcined in air at 3 different temperatures 400800°C and 600°C at 2°C/min for 2
hours. The catalyst was subsequently analyzed MRD to determine changes in the
crystalline structure of the solid. Influence omigerature in crystalline structure and
photochemical properties of Tiave already been demonstratéd.

Figure 29 shows the diffraction pattern for unteelaTiO, P25 and calcined ones and it
indicates that the content of the different phasesTiO, changes increasing the

calcination temperature.
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Figure 29: XRD for a) TiQ, —P25, b) 40tC, ¢) 500C, d) 600C calcined TiQ.

Solid UV-Vis shows, in Figure 30,a difference irfleetance for 600°C calcined P25.
The solid UV/Vis spectra recorded for the differdm®2 crystalline phase (Figure 27)
and the samples calcined at different temperatffigsire 30) show how, increasing the
temperature, the profile of the sample calcine@0&°C is similar to the one recorded for
rutile. In fact, at high temperature the Degussa &f#anges its crystalline structure and
the initial ratio of 3:1 anatase rutile is not resi@d anymore. Anatase crystallites starting
to change their structure to rutile at 600°C, aseobed by Dostaniet al®
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Figure 30: Diffuse UV/Vis reflectance of Degussa P25 samp#siced at different temperatures
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Figure 31: Time on line results of the calcined Ti®25 at different temperatures. On the left coluties
values of the selectivity towards arabinos& {}, gluconic (O -), formic acid (<I-), glyceraldehyde and
Erythrose (E1-) and the glucose conversiorx(-) are reported for the visible light (Xenon langrd UV
light (Luzchem).
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Table 7: Effect of the calcination temperature on the P25 tha products selectivity, products

concentrations and total mass balance for theiogectun under UV [a] and visible light [b]

Products Selectivity [%] Products Concentration (g/L)
Catalys Gluconi Arabinos GA+Erythros  Formi UGr:lrJg;)stZ Gluconi  Arabinos  GA+erythros  Formi b’\gﬁ';sc conversio
t ¢ Acid e e ¢ Acid c acid e e ¢ Acid n (%)
e (%)

podal 9% 43% 15% 33% 3.481] 0.021¢ 0.080¢ 0.019: 0.018¢  99.2¢ 4.€
200°C % 43% 11% 39% 3.33¢ 0.031¢ 0.147: 0.027¢ 0.041:  99.57 7.2
500°C % 44% 12% 37% 3.37: 0.027¢ 0.141( 0.026¢ 0.036. 100.1f 6.2
600°C % 41% 12% 39% 3.39] 0.027¢ 0.119° 0.024¢ 0.034¢  96.5¢ 9.C
poghl 15% 23% 14% 48% 3.49¢ 0.041: 0.049¢ 0.020¢ 0.031(  100.2( 3.7
200°C 14% 26% 20% 39% 3.53¢ 0.031¢ 0.045: 0.024: 0.020¢ 100.47 29
500°C 12% 26% 20% 43% 3.55¢ 0.025( 0.041( 0.021° 0.020¢  98.4: 45
600°C 13% 33% 20% 34% 3.53¢ 0.025( 0.048: 0.020° 0.0157 97.96% 5.0

During the UV testing, a significant difference ghucose conversion was observed.
Calcined P25 shows an increasing trend from 40@°600°C., but the reaction mass
balances decrease with the same trend, from +9%% 4G0°C and 500°C catalyst to
96% with 600°C catalyst. In other words, a grealegree of mineralization was
observed with the P25 calcined at 600°C probabtabse of it is changing in crystalline
phase during the calcination treatment. Arabinas@ gluconic acid production were

generally the same for each P25 catalyst.
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Figure 32: Time-on-line of glucose conversion under UV andbleslight.

Figure 32 shows glucose conversion under UV ligid wisible light. The temperature
treatment seems to improve the catalytic activitpegussa-P25 Tig) because there is a
general enhancement of glucose conversion witltat@ned catalysts. TiOcalcined at
600°C shows a significant enhancement of glucoseversion, while the difference
between 400°C and 500°C TiB25 is just 1%.

A slightly decrease in mass balance can be obsdovegD0°C calcined Ti@P25 under
UV irradiation, despite a higher conversion thaa tthers. Arabinose production was
higher than visible testing, and gluconic acid pitbn as well. A difference in
diffusive reflectance between Ti®25 and the one calcined at 600°C, illustrated in
Figure 30, is reflected in the differences in tewhselectivity and conversion along the

reaction.

Under visible light, conversions are generally lowean the reactions conducted under
UV light, but P25 treated at 600°C exhibits an leigbonversion than others catalysts. A
general trend can be observed between P25 caleingififerent temperatures, from the
lowest values of conversion of the 400°C one tohiglest of the 600°C one, but most
interesting is the gluconic acid trend shows iruFeg33.
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Figure 33: Time-on-line selectivity towards gluconic acid fBregussa P25 and calcined FiOnder
visible light.

Figure 33 displays Time-on-line of gluconic seleityi. The final results obtained are not
so different from each other, with the selectitdwards the acid around 15-18%, but the
calcined catalysts start to catalyze the oxidgpatway of the glucose reaction after 60
minutes. In fact, gluconic acid appears after 6@utas with a final selectivity of 15%
for each calcined catalyst, while the productiontled acid by TiQ P25 starts at the

beginning of the reaction time and the final resithe highest.
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3.4 Effect of the solvent and irradiation power:

Solvent and irradiation power were investigatederatrystalline structure of titania.
Differences between pure water and mixture of aceie/water were observed, and
differences between 300W Xenon Lamp and 1000W Xdranp were investigated as
well. A 20mM glucose solution in pure water wasdisiirst of all, solvent effect was
evaluated using the same 300W Xenon Lamp, withvaitftbut a 420nm cut-off filter.

Subsequently, 1000W Xenon Lamp was used in the sanditions. A comparison
between pure water and mixture of acetonitrile/wateas possible, but also an

investigation of difference in irradiation powertlre same type of solvent.

Degussa P25 was compared with 1% Ag on TiO2 syimtieeivith wetness impregnation

method.
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Figure 34: Time on line data of the reactions run with P25 AgdTiO, (1% w/w) using two different Xe
lamp (300W and 1000W) equipped with visible cutfifers (\=420nm). The top two graphs display the
values obtained using,B as a solvent and the bottom ones using the 50¥661,0/ACN mixture. The
values without filters are reported using the ermgytynbols [J,0)and the values obtained with the lamps

equipped with the filters are reported with the fyimbols @l,®).

After having investigated the effect of the cryka structure, the effect of the presence

of the acetonitrile as a co-solvent in the reactisedium was analyzed. In (Figure 34)
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the effect of the solvent is evaluated for the tamps and it can bseen how by
incrementing the power of the lamp, there is a g@necrease in the glucose conversion.
As the Xe lamps emits in various regions of thetetenagnetic spectrum, as reported in
paragraph 2.2.2, with the removal of the visibdtifilters, the part of the spectrum with
a wavelength<420nm is able to excite also the pi@nd the Ag supported onto the
catalyst surface with the intraband mechanism. 8foeg, higher conversion values were
expected for the reactions run with no filters. Masalances show a enhanced
mineralization when the visible light filters weremoved. Presence of the part of
spectrum with a short wavelengths combined withpilesence of Ag nanopatrticles, that
act as antennas, increase mineralization of thetaet Those combined effects are
highlighted by acetonitrile/water mixture. In faobass balances are around 100% when
UV filters were used, independent from catalysmpaand solvent used, but they go
down when the filters were removed. Pure watertfintihat effect, in fact the mass
balance keeps around 97% with 300W lamp, and gommdov®3% with Ag catalyst with
1000W lamp.

Acetonitrile/water mixture seems to enhance minmeatibn process, because the mass
balances go down to 95% for P25 and 90% for the@ated catalyst with 300W lamp,
but they fall to 90% and 87% with 1000W lamp.
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Figure 35: Time on line mass balance of the reactions run Wb and Ag/TiQ (1% w/w) using two
different Xe lamp (300W and 1000W) equipped witkilvie cut off filters {=420nm). The top two graphs
display the values obtained using@Has a solvent and the bottom ones using the 50{661,0/ACN
mixture. The values without filters are reporteihgsthe empty symbol§1,0)and the values obtained

with the lamps equipped with the filters are repdrivith the full symbol¢ll, ®).

Irradiation from 1000W lamp with 420nm cut off &éls hindered arabinose and gluconic
production, independent by solvent used. Convensias lower than using 300W lamp,
and selectivity towards those main products wetehigh. That kind of irradiation seems
to promote glyceraldehyde and erythrose producsorRuff degradation was enhanced.
When visible light filters were removed, a sigrégiint improve in conversion and main
products selectivity were observed. Conversionsesmed linearly, and 22-28% of
conversion were reached with 1000W lamp and mixagesolvent, when in pure water
conversion was lower. Trends of selectivity weretiygr much the same when visible
filters were removed, independent by solvent usedact, Arabinose selectivity was

around 63-67% with 1000W lamp, and 52-60% with 300&khp. Under 1000W

irradiation, gluconic selectivity was higher witlurp water (8-12%), but in terms of

production was the same of using ACNIHmixture.

Under 300W irradiation, conversions and trends wdiféerent. Conversions, when

visible light filters were used, were slight higheith Acetonitrile/water mixture. When
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420nm filters were removed, a significant differenm terms of conversion was
observed. In fact, conversion with solvent mixtegach 13.7% with P25 and 22% with
1%AQg/TIO,, instead of 6-7% when pure water was used. Trevele the same, but
despite of higher selectivity towards gluconic, garction of that was significant with
solvent mixture. Gluconic selectivity followed ansmon trend, in those cases, and it
kept constant during every reaction but with supggbrcatalyst in pure water. There,
gluconic produced was kept constant, and its geigctvent down from 34% to 15%. A

“plateau-like” step seems to be reached.

Table with product selectivity and concentratiorass balance and conversion of the
reactions run with different solvent, lamp powed aut-off filters can be observed in the
appendix (Table 10).

The effect of the solvent in the reaction under iddiation was investigated as well.
Solvent mixture and pure water are used with timeeseatalysts used above. Conversion
shows a significant difference between ACMIHmixture (9%) and pure water (6%)
when supported catalyst was used. Selectivity tdgvéormic acid is influenced by water
under UV light. It appears after 30minutes and kempund 10% with Degussa P25, and
after 60minutes it appears when Ag catalyst is uSedectivity’s trends of “no-filter”
reactions and reactions under UV irradiation aedlyeclose. UV impact in this kind of
photo reaction seems to be high and, despite tdwscontent in solar light, it influence
can be observed most of all regards arabinosets@igecThe presence of acetonitrile
seems to be influent for the reaction pathway, iitrole cannot be explained yet.
Colmenareset al® suggest that acetonitrile can stabilize the carboxgcids by
solvation, suppressing any further oxidation, andimmzing carboxylic acid adsorption
onto the surface and enhancing product selectityther and deeper investigation are
required to explain completely its role in the t&@at mechanism.
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Figure 36: Time on line of glucose conversion under UV lighithwdifferent solvents and catalysts.

Comparison between P25 and Ag catalyst in pyf@ &d HO/ACN mixture is illustrated.

Table 8: Effect of the solvent on the products selectiviiyoducts concentrations and total mass balance

for the reactions run under UV ,8/ACN mixture [a] and pure #D [b] are used.

Products Selectivity [%] Products Concentration ¢/L)
Catalyst Rf)iCII Glucqni Arabinos Er?/tﬁr;s Formi 15?1':]:;;2 Gluconi  Arabinos GA+erythros Formi b':::iie Cgir:)\:]er
time ¢ Acid e ¢ Acid c e e ¢ Acid

(min) e d (%) (%)
PZéa] 30 0% 45% 24% 31% 3.53¢ 0.000( 0.047: 0.017¢ 0.009¢ 99.0( 31
P25 60 0% 48% 12% 40% 3.52% 0.000( 0.055: 0.009¢ 0.014: 98.8¢ 33
P25 90 0% 49% 17% 34% 3.51: 0.000( 0.065: 0.0157 0.014: 98.91 37
P25 120 9% 43% 15% 33% 3.481 0.021¢ 0.080¢ 0.019: 0.018¢ 99.2¢ 46
1 Ag/TIO, 30 13% 41% 19% 27% 3.38:2 0.043¢ 0.103: 0.033: 0.020¢ 99.9: 5.7
1 Ag/TIO, 60 13% 48% 28% 12% 3.33¢ 0.041: 0.1207 0.048¢ 0.008¢ 99.0¢ 70
1 AgITiO, 90 10% 40% 19% 31% 3.30¢ 0.041: 0.134( 0.044¢ 0.031: 99.1¢ 78
1 AgITiO, 120 10% 46% 18% 25% 3.25¢ 0.041: 0.140:¢ 0.0381 0.023: 97.6¢ 9.1
PZéb] 30 18% 51% 32% 0% 3.48: 0.018: 0.040( 0.017¢ 0.000( 99.0¢ 30
P25 60 15% 46% 16% 23% 3.45¢ 0.022° 0.051¢ 0.012¢ 0.0081 98.8¢ 38
P25 90 13% 46% 22% 19% 3.41¢ 0.022° 0.063: 0.020¢ 0.008: 98.2¢ 4.9
P25 120 12% 50% 20% 18% 3.39¢ 0.022° 0.072¢ 0.020: 0.008: 97.9¢ 55
1 AgITiO, 30 30% 45% 25% 0% 3.47¢ 0.034: 0.040: 0.0157 0.000( 99.2¢ 32
1 AgITiO, 60 22% 48% 31% 0% 3414 0.034: 0.057¢ 0.025¢ 0.000( 98.3¢ 4.9
1 AgITiO, 90 19% 41% 21% 18% 3.38¢ 0.041: 0.067¢ 0.024¢ 0.009: 98.3¢ 5.6
1 AgITiO, 120 18% 45% 20% 17% 3.371 0.036¢ 0.071¢ 0.022¢ 0.008: 97.7¢ 6.1
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3.5 Effect of metal loading:

In the literaturé*®is reported that the presence of metal nanopasticte the surface

enhances the light absorption in the visible rafayetitania and other semiconductors.
Supported metal nanoparticles can be prepared iffaret techniqueéd such as

impregnation, deposition, precipitation and immiziiion. Last one has great
advantages due to the potential high control inphology and homogeneity of the
nanoparticles as compared with simple metal saftrégnation method. The metal
nanoparticles act as an electron acceptor whefréfjgency of excitation source is close
to their SPR band. These electrons are then traedfeo the titania conduction band and
they are responsible for the generation of higldgctive species as hydroxyl and

hydroperoxyl radical§3*®’

Different effects have been investigated until nimwthe optimization of the reaction
conditions. Enhancing of catalyst through supportadoparticles on the surface can be
observed in the last paragraph. Presence of sitagoparticles, with influence of
calcination temperature, can improve catalyticvagtiof Degussa P25 especially under
1000W lamp irradiation without 420nm filters withCAI/H,O mixture as solvent. 1%
w/w Ag on TiQyis the only one that has been observed so farirdiugnce of different
guantities of metal nanoparticles supported on $leface of Titania has been
investigated. Metal nanoparticles on the surface liieeen evaluated through their weight
percentage as previously reported. Different anohtilver nanoparticles (0.5%, 1%,
2.5%, 5% w/w) have been observed in the same ocgactinditions, under visible and

UV irradiation.
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Figure 37: On the left, Diffuse Reflectance spectra of theTAQ, with different metal loading. On the
right, the peak of the LSPR can be recognisedi®icatalysts considered.
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Diffusive reflectance of those supported catalyste be seen in Figure 37. From the
lowest to the highest amount of Ag, a significaehtl can be observed. In fact, peak of
LSPR can be evaluated, with a linear increasingdtieom 0.5% to 5%, with a direct

correlation between the amount of metal and th&iposof the maximum of the band.

Figure 38: TEM images of a) Ag/TiO2 0.5 w/w, b) Ag/TiO2 1 whe) Ag/TiO2 2.5 w/w and d) Ag/TiO2

5 wiw

TEM images of Ag catalysts are reported above. 8upg metal nanoparticles can be
observed on the surface of titania, and the snigtiaticles size is obtained with the

highest amount of Ag loaded. Size distribution barevaluated below.
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Figure 39: Particle size distribution values for the Ag/Ti€atalyst considered. The values are normalized
over 200 counts. a) Ag/Ti®.5 wiw, b) Ag/TiQ 1 wiw, ¢) Ag/TIiG 2.5 w/iw and d) Ag/Ti@5 wiw.

Different size distribution can be observed in FgB9. There is not a linear trend of
distribution with the increase of silver amountidTis due to the difficult of controlling
the nucleation and growth of nanoparticles anch ligh mobility of ions during the
thermal treatment. This is influenced by the heat@mp that controls thermodynamic

and dynamic trends.

Grabowskaet al®’ have been demonstrated that the catalytic actisitpot linearly
correlated to the metal loading because increaiegquantity of metal leads to an
increase in the particle dimension and semicondwsttdace coveragén fact, that study
showed that under UV irradiation better performanaee reached with high silver loadings
on titania P25 (2% wi/w), while using visible ligiie 1% w/w catalyst gave the best results.
Latter trend is the same that can be observed baidvwigure 40
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Figure 40: Time on line data of the reactions run with difftramount of Ag/Ti@. The values under UV

are reported using the empty symbols and the valbtsned under visible light are reported with thik
symbols.

In Figure 40, a linear trend under visible irragiatcan be observed. That shows a
general enhanced of catalytic activity of P25 wittetal nanoparticles. Highest
conversion has been obtained with the lowest amofuig loaded ( 0.5% w/w ), and the
lowest conversion has been reached with the higimesunt of silver ( 5% w/w ). Under
UV irradiation, a not linear trend can be noticéiche highest amounts of silver
nanoparticles improve the catalytic activity oétita in terms of glucose conversion, but
the lowest amounts reduce that. Catalytic actigity2.5% Ag/TIQ is the highest one,
according to Grabowska et®a] and a reducing of activity can be correlatedte
particles size as reported by Christopher &f.abecause mean size of 5% Ag/Ti®
really smaller than 2.5% Ag/TiQ and the total amount of metal.

uv Visible
100 1085 100 108
I Glucose Conversion I Glucose Conversion
I Gluconic Acid Selectivity I Gluconic Acid Selectivity
I Arabinose Selectivity I Arabinose Selectivity
80 - 80
B Mass Balance W Mass Balance

60 - 60
(100

40|

Normalized Values (%)
Mass Balance (%)
Normalized Values (%)

Mass Balance (%)

0.5 1 25 5 Tio, 0.5 1 25 5 Tio,
Ag loading (%) Ag Loading (%)

Figure 41: Final selectivity, mass balance and glucose coioefer reactions run with different amount
of Ag, under UV (on the left) and visible light (¢ime right).
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In terms of mass balance, the lowest values un¥eiriddiation is for the higher amount
of silver loaded and it can be seen in Figure 4B%2 Ag/TiO, shows greater
mineralization than titania P25 and the catalysith Wower amount of silver. Glucose
selectivity slightly increase with higher amountsdfer, but in the other hand selectivity
towards arabinose decrease increasing the silveyu@im Better results have been
obtained under Visible irradiation. Silver nanopaes increase glucose conversion but,
in the same time, don’'t improve mineralization me& Mass balance, in fact, doesn’t
change with supported catalysts. Greatest converdiglucose and selectivity towards
gluconic acid have been obtained with the lowesbwarh of silver, as indicated by
Grabowskaet al®’

In particular, as reported in Table 9, gluconiadagaroduced by 0.5 % Ag under visible
light is 50% higher than the respectively UV reawtiand it is three times more than
reactions conducted with greater amount of silWghile gluconic acid production is

favored by visible light, under UV irradiation ambse production and selectivity reach
higher levels than visible ones. Arabinose selégtidoesn’t change increasing silver
amount, and GA + erythrose and formic acid seldgtincrease to the detriment of
gluconic acid. Ruff degradation enhancement caolserved under UV light, instead of

oxidation of glucose that be improved by silver oygarticles under visible irradiation.

Table 9: Effect of the Ag loading on the products selecyiviproducts concentrations and total mass

balance for the reactions run with the Xe lampafad the Luzchem [b] photoreactor

Products Selectivity (%) Products Concentration (g/L}

Catalyst GIL_JCO Arabinos  Glyceraldehyd Formi | Glucos Gluconi  Arabinos  Glyceraldehyd  Formi Mass
,'-::I::d e e + Erythrose ¢ Acid e ¢ Acid e e + Erythrose ¢ Acid t;al(f:)c

0.5 Ag/TiCZ[EJ 19% 34% 16% 30% 3.367 0.073:¢ 0.099¢ 0.032¢ 0.027: 100.4(
1 Ag/TIO, 18% 34% 19% 29% 3.47¢ 0.050: 0.073¢ 0.029¢ 0.019¢ 99.8:
2.5 AgITIC, 15% 31% 20% 34% 3.54¢ 0.025( 0.038" 0.017¢ 0.013: 100.0¢
5 Ag/TiO, 15% 38% 21% 26% 3.561 0.020« 0.038! 0.014¢ 0.008: 100.2¢
0.5 Ag/TiCJEJ 8% 40% 13% 39% 3.251 0.041: 0.158¢ 0.036" 0.047¢ 98.6(
1 Ag/TIO, 10% 46% 18% 25% 3.25¢ 0.041: 0.140: 0.0381 0.023: 97.6%
2.5 Ag/ITIC, 10% 43% 18% 29% 3.22% 0.050: 0.175¢ 0.051( 0.036: 97.0%
5 Ag/TiO, % 41% 16% 36% 3.191 0.043¢ 0.187: 0.0497 0.050: 98.21
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3.6 Effect of different metal nanoparticles:

Gold and silver catalysts were synthesized follgvitl method and they were both
tested in the same reaction conditions. A comparisiween them has been done using
1% of metal loading as sample. Reactions have pedormed for 2 hours under visible
and UV irradiation, with 1 g/L of catalyst loadad 14 mL of 20mM glucose solution in
ACN/H,0O 50/50 v/v. Samples have been taken every 30 esniReactions have been
performed with Degussa-P25 and have been useduals. bl
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. : : . . : . ; . . . . . r . .
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Figure 42: On the left, diffusive reflectance of Au/Ti@nd Ag/TiQ. On the right, characteristic LSPR

band can be recognized.

In Figure 42, typical LSPR band of gold and silvemoparticles can be observed.
Percentage of metal loaded is the same for bothwa). The position of the maximum
of the gold’s LSPR band is blue-shifted and the imaxis higher than the silver
nanoparticles, so it explained the greater photiwific of the gold particles than the
silver ones under UV light. That is reflected imgbse conversion under UV and visible
light in Figure 43.
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Figure 43: Time-on-line glucose conversion for each catalyster UV and visible light.

Conversion of reactions run with gold and silvenayarticles, under UV and visible
light, have been reported in Figure 43. Gold ddeant as improvement of catalytic
activity of titania under visible light. In fact,edpite of high conversion reached after
only 30 minutes, there is no enhancement of catabdtivity of titania in terms of

glucose conversion. Under UV irradiation, an opgeosifect can be observed. Catalytic
activity of titania has been improved dramaticddly metal nanoparticles. Difference in
terms of glucose conversion between supported ysasaland pure titania can be

observed, and difference between gold and silveoparticles can be seen as well.
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Figure 44: Selectivity and mass balance after 2 hours for eatdlysts under visible light.

In terms of selectivity, there is a slight enhaneatrof selectivity towards gluconic acid
by metal nanoparticles that pass from 18% to 20#4stgported catalysts. Arabinose
also shows an increasing selectivity, passing f28%b to 32% for gold nanoparticles and
38% for silver ones. Decreasing of selectivity tadgaGA + erythrose and formic acid
prove a major capability in the selective oxidatiohglucose by supported catalyst,
because further degradations of the main prodeesis to be avoided.
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Figure 45: Selectivity and mass balance after 2 hours for eatdilysts under UV light.

For UV light tests, selectivity is showed in Figu®. Supported catalysts don’t enhance
the selectivity towards gluconic acid, and arabénssffer a decrease in selectivity. Metal
nanoparticles are more active under UV light, daetheir LPSR band, and that is
reflected on their catalyst behavior. Glucose cosive is higher with supported

nanoparticles, but on the other hand, further digran of the main products are

favorites.
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3.7.24h reactions:

Long term reactions have been conducted with thmesaatalysts used in the last
paragraph. The reactions have been run for 24 haouttse same conditions described

above, and samples have been taken after 2-4-622's.

Figure 46 shows the results in terms of conversinass balance and main products
selectivity (arabinose and gluconic acid), undeibke and UV light. Trends previously

observed have been enhanced in 24 hours reactions.

Visible uv
100 100
P25; —#— Gluconic Acid —@— Arabinose P25: —— Gluconic Acid —O— Arabinose
1 AWTIO.: B Glucanic Acid @ Arabinose 1% AgITIO,: —— Gluconic Acid —C— Arabinose
2 1% AWTIO,: = Glugonic Acid —C— Arabinose
Ag/TIO,: —8— Gluconic Acid —@— Arabinose
80 - 2 804
g 60 - SR /: S
E‘ ‘E‘ .'_*—.:;i;—“‘: g .
2 > e ¢ -
" =
o 404 S 40
7] . ]
@, e R - )
. —%—e
20f 4w 20
1
- O
] ] ﬂs?;—_q—\___\___‘_
e ==
0 T T T T T T o T w T T T T i p—
0 4 8 12 16 20 24 0 4 8 12 16 20 24
100 o 105 100 105
e oo i —0—P25 —0—P25
2 0= AUITIO, —o—AgITIO —o— Ag/TIO L
A AgITIO, —A—AgiTio, | 2 h 9 2
2 Ly i )
80 go{ —oTAUTO, —A—AUTIO, 100
=}
F . e - =
< ﬁéﬂ e . F1o0 o & o—- r £
S & ;—é_ﬁ\_fﬁ"\ ] £ 5 L\ H
= - e ke t w 4 L
[ b " @ 5 60 J\ % o
s 5N o B
5 . ] A AN 2
O 404 E -] ) =4 ']
® 89 40 % Fo0 =
0 Los — @ : £
§ = :": o—70 =
i =}
O 2 o = "
S O 20 o A 185
.77_,,_:j:j:j::_t:—’:”’"’ - . ﬁﬁAl"“ﬁ‘ :‘:‘:\_
A g—o—" e
e
° T T T T T T 90 0 80
0 4 8 L 18 20 % L] fll lli 1‘2 1{5 2‘0 2‘4
Reaction Time (hr) Reaction time (hr)

Figure 46: Time-on-line results of long terms reactions und&t and visible light. Selectivity towards

main products, mass balance and glucose conveasioreported.

Under UV light, selectivity trends are the sameesbed until now. In fact, selectivity

towards arabinose increase along the reaction, fmooand 55-60% in the first hours
until 60% for P25 and silver nanoparticles and evVéfo for the gold catalyst after

22hours, but slight decrease in the last 2 houestduts further degradation. Selectivity
towards gluconic acid is interesting, because wihil2 hours tests no differences could
be observed between these three catalysts, now piossible to observe interesting
trends. Degussa P25 shows decreasing selectivilgrtis the acid production, and after
6 hours no gluconic acid can be observed, whilepsupd catalysts shows low and

similar selectivity that decrease from 11-13% td98-after 24 hours. According to
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glucose conversion and mass balance, general esthant by metal nanoparticles can
be recognized. Silver nanoparticles improve thedele conversion of glucose because
the mass balance reaches 91% and conversion is BG¥ead, gold nanoparticles

improve the mineralization pathway, because masmba decrease until 82% with 33%

of glucose conversion.

Unexpected results have been obtained from theioeacconducted under visible light,
in terms of conversion and mass balance. P25 and@i®@g display final conversion
values close to the values obtained under UV light,mass balance is constantly up to
95%. In the case of gold catalyst, conversion oletiis lower than the UV test, but the
final mass balance is 98%, so a greater amountluafoge has been converted in
interesting products. Regarding the selectivityb Rhows the lowest values towards

gluconic acid, despite of arabinose selectivitynas so higher than others.

Therefore, 24 hours reactions have shown how chapngegersion, mass balance and
selectivity in the long run, emphasizing the diéieces between P25 and supported

catalyst, and between silver and gold nanopartesesell.
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3.8 Recyclability tests:

Recyclability tests have been perform with the 1¢TAO, catalyst for three run under

UV and visible light. Final results have been ithased in Figure 47.
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Figure 47: Catalyst recycle runs for the Ag/TiQ% under UV light (left) and visible light (rightIhe
conversion, mass balance and main product selgctmlues reported are taken from the samples after

120mins of reaction.

Under visible light, no differences in terms of ghse conversion and mass balance have
been observed, because conversion is around 4%ery eun, and mass balance is kept
constant to +99%. The same trends have been olksander UV light.

In fact, glucose conversion doesn’t suffer sigifit variation from the first run to the
third, and mass balance is kept constant up to 9Meérefore, catalyst doesn’t suffer
deactivation or significant changes in morpholodyiti is reuse for three times,

independent of the light source.
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3.9 Future Work:

The reported data are exploring a new field of pbatalysis, continuing the first works
done by Colmenares and Onho. The study reportétisnwork has tried to explain the
mechanism of photo oxidation of glucose, but deepatysis are required, first of all the
guantification of gases produced. Also the effdcsavent in the reaction mechanism
have been observed, but the influence of acettenénd other mixture in general can be
explored in depth.

Gold and silver nanoparticles supported on titdvaee been used in this study, leading
to the observation of effect of different metal amband different LSPR band. The
study can be increased to a wide range of matefral® different support with bandgap
as BpWOg or Al,Os to different metals, as copper and nickel, tryimgncrease the yield
of the reaction or also the selectivity towardscghic acid and arabinose. Bimetallic

nanoparticles can be investigated as well forkind of reaction.

Finally, all this studies about the photo oxidatairglucose should be lead, as final step,

to the glucaric acid as main product of this oxmat

The production of glucaric acid from glucose usiigible light is one of the main
purposes of photocatalysis, because this acid eamsed as monomer in the production
of bio-polymers.
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4. Conclusions:

Titania and metal nanoparticles have been explaseghotocatalysts in the selective

oxidation of glucose under UV and visible light.

This study continues the first works done by Colareget al and Onhcet al. that have
not been completely explained the mechanism ofehetion. The mechanism has been
investigated, leading to the hypothesis that thé Regradation of glucose have been
catalyzed by a Fenton’s like system. Gluconic auid arabinose have been found as
main product, instead of arabitol. Further degradatan be catalyzed in presence of
high energy as UV irradiation, leading to the prat¢hn of products as glyceraldehyde
and erythrose. Formic acid has been found as wek to the decarboxylation of

gluconic acid and aldoses.

After the investigation of the mechanism, differemiuences have been evaluated, as
structure and phases of Titania and few featur@seafia. The mixed anatase-rutile phase
has been found more active and selective unddsl@ibght than the individual rutile and
anatase phases, with a similar values of Titanfa FRese results seem to corroborate
the hypothesis of a synergic effect of these phasesTitania P25. Calcination
temperature effect has been investigated aftey ainat changes in morphology during the
calcination lead to different results in terms bfogse conversion ,but the same trend in
selectivity towards gluconic acid. Also the medas lbeen investigated, and in particular
the influence of the solvent and the lamp powernévilization pathway can be
suppressed through the use of a water/acetonitrikéure, and power lamp influences

the conversion and mass balance only if it is weidabut the colored cut-off filters.

The addition of both Ag and Au resulted in improwaahversions while retaining high
selectivity to desired products. The catalyst was proven to be reusable over a number
of repeat reactions showing no loss in activitye Timplications of having a low energy,
environmentally sound and benign process for vzdbion of renewable feedstock are

profound.
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5. Appendix:

Table 10: Effect of solvent and power lamp on the P25 onpitealucts selectivity, products concentrations

and total mass balance for the reactions run withvaithout filters.

Product selectivity (%) Product concentration (g/L)
o, AT v PTG O v vy P dun coners
(min) Acid Acid ed acid Acid %)

Wr a0 o 20% 71% 0% 3612 00000 00034 00060  0.000.539 0.7

WOr 60 o 4% 59% 0%  3.604 00000 00065 00065  0.000.429 0.9

W7 o0 o 52% 48% 0% 3597 00000 00105 00068  0.000.339 1.1

WO 120 0w 4% 55% 0% 3577 00000 00163 00140 000015 17  1000W
1%829’“ 30 0% 28% 72% % 3508 00000 00040 00072 0000900 04  Fifer
1%829’“ 60 0%  52% 48% 0% 3587 00000 00114 00074  0.000.819 0.7
1%329’“ 90 0%  53% 47% 0% 3564 00000 00181 00110  0.000.469 1.3
1%329’“ 120 24%  39% 37% 0% 3562 00181 00227 00151 000002 1.4

Wr a0 1w sa% 15% 20% 3281 00342 01471 00291  0.096.60 9.7

W7 60 8w 56% 17% 19% 3118 00411 02204 00459  0.098.95  14.2

W7 o0 7% 5% 15% 24% 2990 00457 02813 00534  0.098.86  17.7

WO 120 6w s0% 15% 20% 2804 00411 03340 00592 009812 228
1%329’“ 30 12%  49% 21% 17%  3.154 00572 01749 00531 008838 121  Fer
1%329’“ 60 8%  49% 18% 26% 2933 00526 02610 00660 0083854 182
1%329’“ 9 5%  53% 14% 20% 2749 00411 03316 00594 008821  23.4
1%829’“ 120 5%  58% 14% 2% 2581 00457 03842 00668  0.085.06  28.0

WOr a0 1% 16% 13% 56% 3618 00227 00197 00106  0.0201.6 05

W7 60 6% 26% 20% 39% 3544 00250 00312 00168 008891 25

WOr 0w 23% 17% 46% 3505 00319 00406 00211  0.0929.69 3.6

T;% 120 15%  23% 14% 48%  3.499 00411 00496 00206 10.0300.2 3.7  300W
1%329’“ 30 0%  58% 42% 0% 3641 00000 00101 00009 0000041 04  Fiter
1%329’“ 60  13%  24% 19% 44% 3504 00227 00327 00184 001809 17
1%329’“ 9  12%  29% 22% 37% 3584 00296 00535 00278 002017 19
1%329’“ 120 18%  34% 19% 20% 3475 00503 00739 00294 00.089.82 4.9

Wr a0 1w 4t 20% 23% 3437 00250 00896 00262  0.099.37 4.9

W7 60 o s6% 17% 17% 3299 00206 01393 002030 9716 87

W7 o0 0w s5% 17% 19% 3216 00388 01723 00379 009839 110

WO 120 ow  ss% 17% 19% 3120 00457 02100 00449 009827 137
1%829’“ 30 14%  44% 19% 23% 3332 00457 01140 00348 008872 81 el
1%829’“ 60  10%  46% 23% 21% 3186 00503 0.1749 00613 009641 122
1%829’“ 9  10%  51% 20% 18% 3028 00595 02346 00646  0.096.09 165
1%329’“ 120 9%  56% 20% 15%  2.825 00641 02979 00726  0.086.55  22.1

Wr a0 o 57% 43% 0% 3613 00000 00089 00046  0.000.719 0.7

Wr 60 sw  30% 31% 0% 3598 00181 00106 00076  0.000.94 1.1 ngoog\i?t/
TOr 90  22%  20% 21% 37% 3563 00204 00144 00103 80.009.44 2.0 *
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P25

TiO,-

o7 120 21%  23% 20%  27% 3561 00227 00190 00166 70.089.70 2.1
1%829/ T 30 ow  53% 47% 0% 3606 00000 00072 00045  0000.489 0.8
1%83’ T 60  ow 5% 48% 0% 3595 00000 00197 00128  0.000.749 1.1
1%’83’ T 90 ow 3% 29% 38% 3584 00000 00220 00141 000876 15
1%’83’ T 120 0% 20% 38%  33% 3563 00000 0.0267 00242  0009.63 2.0

WOr a0 0% 4% 20% 25% ~ 3.468 00181 00605 00193 009998 3.1

WOr 60 0% 55% 14% 220 3400 00227 00979 00179 009225 50

7 o0 o 5% 18% 14% 3328 00250 01250  0.0272 000823 7.0

Wor 120 8w 2% 16% 14% 3238 00250 0.507  0.0270 009647 9.5 o
1%83’ T 30 14%  48% 23% 15% 3401 00319 00828 00279 000828 49  Fier
1%’83’ T 60 12%  56% 19% 13% 3260 00342 01263 00307  0.008.97 86
1%83’“ 90  12%  60% 19% 10% 3177 00411 01612 00355  0.008.66 112
1%83’“ 120 1% 60% 18% 10% 3046 00480 02017 00427 10.08359  14.9

WOr 30 o 40% 60% 0% 3625 00000 00078 00082 0000011 0.3

Wor 60 0% 43% 57% 0% 3585 00000 00121 00111  0.000.220 1.4

Wor e 25% 3% 42% 0% 3575 00181 00181 00162  0000.74 1.7

Wor 120 2a% 3% 41% 0% 3557 00204 00232 00187 000051 22  300W
1%829” T 30 ow 5% 48% 0% 3551 00000 0041 00080 000051 11 Fiier
1%83’“ 60  17%  28% 22%  33% 3525 00181 00221 00120 0008.82 1.9
1%829/ T 90 21%  33% 20% 26% 3501 00273 00339 00145 000881 25
1%OA§/ T 120 21%  36% 21%  22% 3471 00319 00428 00170 80.009.41 3.4

Wor a0 2% 5% 23% 0% 3534 00204 00397 00114 000014 28

Wor 60 0% 48% 23% 19% 3491 00181 00663 00218  0.008.14 4.0

WOr 0 13w 2% 19% 16% 3458 00273 00831 00215 000891 4.9

WO 120 1% s1% 21% 18%  3.404 00250 00989  0.0277 10.088.06 6.4 o
1%83’ T 30 34%  45% 21% 0% 3463 00388 00398 00130 0008.98 36
1%’83’ T 60 20w  41% 22% 17% 3429 00342 00554 00209 000873 45
1%83’“ 90  16%  45% 22% 17% 3395 00319 00697 00236 000823 55
1%829/ T 120 14% 7% 20% 19% 3346 00319 00841 00243 10.087.36 6.8
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