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Abstract

The demand of energy, fuels and chemicals is isargadue to the strong growth of
some countries in the developing world and the ldgwveent of the world economy.
Unfortunately, the general picture derived sparéecexponential increase in crude oil
prices with a consequent increase of the chemiigafroducts and energy, depleting
the global market. Nowadays biomass are the mashiging alternative to fossil fuels
for the production of chemicals and fuels.

In this work, the development of three differentatgic processes for the valorization
of biomass-derived has been investigated.

5-hydroxymethylfurfural oxidation was studied undeild reaction condition using
gold and gold/copper based catalysts synthetizegh fore-formed nanoparticles and
supported onto Ti®and CeQ.

The analysis conducted on catalysts showed theafowm of alloys gold/copper and a
strong synergistic effect between the two metads.tkis reason the bimetallic catalysts
supported on titania showed a higher catalyticvagtirespect to the monometallic
catalysts.

The process for the production of 2,5-bishydroxymgktfuran (BHMF) was also
optimized by means the 5-hydroxymethylfurfural hggknation using the Shvo
complex. Complete conversion of HMF was achievedkmg at 90 °C and 10 bar of
hydrogen. The complex was found to be re-usableatdeast three catalytic cycles
without suffering any type of deactivation.

Finally, the hydrogenation of furfural and HMF weaaried out, developing the process
of hydrogen transfer by using MgO as a catalyst methanol as a hydrogen donor.
Quantitative yields to alcohols have been achiewmed few hours working in mild
condition: 160 °C and at autogenous pressure. fihehy-products formed were light
products such as CO, G@nd CH (products derived from methanol transformation),

easily separable from the reaction solution deprggag the reactor.






Chapter 1
1 Aim of the work

In the XXI century the main issues related to tee af fossil fuels for the production of
energy and chemicals are essentially their limigedilability (non-renewable) and
chemical pollution derived from their use. Currgnthe greenhouse effect, increased
by the massive use of these non-renewable reso(@&@sproduction), is one of the
most important world's problems. The demand forrgyefuels and chemicals is
increasing due to the strong growth of some coesitin the developing world and the
development of the world economy. Unfortunatelg ¢eneral picture derived sparked
an exponential increase in crude oil prices wittoasequent increase of the chemical
by-products and energy, depleting the global market

Nowadays biomass are the most promising altern&tiessil fuels for the production
of chemicals and fuels.

The production of energy from biomass, in additionbeing a renewable source,
generates fewer greenhouse gas emissions compmarfedsil fuels, because the €O
released is consumed in the process of growtheobibimass itself.

The use of biomass has sparked several controsersgarding ethical issues, for
example the production of bio-ethanol used as raaterrals mainly beet and sugar
cane. The problems derived from the use of thesdsteck are substantially two: the
use of edible biomass and exploitation of arabtel [for the production of fuels and
chemicals and the use of large amounts of watatléav a fast growth of the biomass
and consequently a greater energy production.

For these reason, today, the research is movingrtsithe use of biomass derived from
land not cultivable and inedible raw materials sashigno-cellulosic biomass.
Ligno-cellulosic biomass is most abundantly raw enat on the earth and it is
composed of carbohydrates polymers (cellulose, ¢telnlose) and an aromatic

polymer (lignin).



Aim of the work

Ligno-cellulosic residues from agriculture and/@wsill can be using to produce

furfural and HMF. Furfural and HMF represent a fangéntal building blocks for the

biorefinery, seeing as their production are enwvitentally sustainable and the
economically feasible and they can be used asttoptamolecules for the production

of a large amount of chemicals, fuels and fuelstacd.

Nowadays, the chemical processes used for the eaimamt of these two chemicals are
numerous, but very often they are economically wfable, for example due to the use
of a large amounts of catalyst or the use of stracig conditions, and with a high

environmental impact, in fact, the use of homogesetatalysts and large amounts of
organic solvents are used in many processes.

For these reasons, the aim of my work was the dpwednt of new catalytic processes
to convert HMF and furfural into chemicals throughonomic processes with low

environmental impact.

In particular, my work has focused on:

» the 5-hydroxymethylfurfural (HMF) oxidation to 2fGrandicarboxylic acid
(FDCA) in liquid phase (water) using gold and gotiiper nanoparticles
supported on Ti@ and CeQ@. The nanoparticles synthesis was optimize by
means the use of glucose and NaOH as reductantsaaygh PVP as stabilizer to

make the process with low environmental impact.

= the HMF hydrogenation to 2,5-bishydroxymethyl fu@HMF) alcohol using
the Shvo catalyst in both homogeneous and biph@&siction mixtures. The
catalyst behavior, stoichiometric batch reactiai®ived by NMR, IR and ESI-

MS experiments supported by DFT calculations weareed out.

= the furfural hydrogenation to furfuryl alcohol imuid phase using magnesium
oxide (derived from hydrotalcite-type precursor)b@se catalyst and methanol

as hydrogen donor in inert atmosphere.



Chapter 2

2 Introduction

During the second half of #0century the consumption of petroleum has grown
considerably due to the birth of new economical ldvqgowers like China, India and
Brazil, the continue increase of the energy demand mainly of the rise of the
automobile industry. According to a Shell studye thumber of cars on the road is
expected to triple by 2050At the same time, the reserve of this non-rendéavab
resource is declining. Several studies have demaindt that the oil reserve will be
sufficient to ensure the energy and chemical denfandnly about another 40 years
even if today, fossil fuels such as coal, oil, awadural gas provide more than 75% of
the world’s energy. For all these reasons, in #wemt years, the oil price has risen a
lot®.

The use of oil as energy source is also produciteyge amount of C©(one of the
main greenhouses gas) and it has contributed tgltiel warming. It is necessary to
reduce the C@®emissions to avoid serious climate change. Totteyworld needs all
the sustainable transport fuel options availableeip meet this growing demand, with
fewer CQ emissions. In 2011, the direct greenhouses gassamns from facilities were
74 million tons on a C@equivalent basis, a decrease of 3% from 2010. mh@
reasons for this slight drop were divestments iwrtkiream business but more
government actions are needed, encouraging thef@lkeCQO,-reducing technologies.
Biomass can represent a valid alternative to preduels and chemicals, moreover for

our industrial society, it can be a sustainabl®uwese of energy and organic carbon.

! www.shell.com

2 BP Statistical Review of Energg006

http//www.bp.com/liveassets/bp_internet/globalbpidglibp_uuk English/publications/energy_reviews_2
006/STAGING/local_assets/downloads/powerpoint/stiatl _review_full_report_slidepack 2006.ppt;
¥M.J. Climent, A. Corma and S. Iborr&reen Chemistry, 2011, 13, 520;
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Energy production from biomass produces a loweal tgteenhouses gas emission
because, for example, GQenerated during oxidation processes of biofuatilzed in
the process of growth of same biomass.

Today, 85% of crude oil is used for the productdriuels, while only 10% is used for
chemicals, therefore the valorization of renewasdeirce into fuels will be a very
interesting way to control all the problems cau$sdgreenhouses gas emissions.
However, from biomass, it also possible to prodnomerous building blocks for the
fine chemistry and the work of the chemists will toefind new pathways to convert
biomass, through economic processes with low enmental impact.

For this reason, in this period, a lot of investisdoy chemistry departments are made
for the search in the treatment and conversiobiarhass. A report written by several
researchers (Roadmap for Biomass Technologiespteaicted that by 2030, 20% of
fuel and 25% of chemicals will be produced formrbis$.

US Department of Energy (DOE) and the US Departnoéragriculture (DA) have
predicted that to achieve these targets the USIdhmoduce 1.3 billion dry tons of

biomass per year

2.1 Use of biomass

Biomass is the biodegradable fraction of produstsste and residues from biological
origin, agriculture (including vegetal and animabstances), forestry, as well as the
biodegradable fraction of industrial and municipalsté.

As already mentioned, biomass and fuels derivenh fitkem emit into the atmosphere,
during their combustion, an amount of carbon diexidore or less corresponding to
that which is absorbed, previously, by the planisirgd) their growth process. Other

mainly environmental benefits of biomass are:

= Biodegradability;

* The Roadmap for Biomass Technologiesin the U.S, Biomass R&D Technical Advisory Committee, US
Departement of Energy, Accession No ADA 43652002,

® R. D. Perlack, L. L. Wright, A. Turhollow, R. L.r@ham, B. Stokes, D. C. ErbacBiomass as
Feedstock for a Bioenergy and Bioproducts Industry: The Technical Feasibility of a Billion-Ton Annual
Supply, Report No. DOE/G0-102995-2135; Oak Ridge Natidraddoratory, Oak Ridge, TN005

® European directive 2009/28/CE;
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= Absence of nitrogen and sulfur oxides and partteuia the fumes emit during
their oxidation.

Unfortunately there are also many disadvantagesectto biomass:

= Need large growing areas due to their low energgits
* Need to use fertilizers;

= Logistic problems for the supply of the resource;

= Problems of environmental conditions/weather;

= Annual productions are not constant.

For these reasons, at the current state of techpotbe only biofuels produced and
used on a large scale are vegetable oils, when dsedtly as such (typically for
powering agricultural machinery) or chemically sérmed into a mixture of esters
commonly known with the name of biodiesel, and ekiganol (or bio-ethanol) and its
synthetic derivatives. In recent years also biokae¢ was added to these, produced by
anaerobic fermentation of livestock waste, residaad agro-industrial waste and
dedicated crops (mainly corn). The latter is mainbed for powering buses used for
public transport.

Biofuel include a broad and diverse range of liguid gases can be used as alternative
fuels in the transport sector and derived from laesy thus all materials of organic
origin (plant or animal) that haven’'t undergone angcess of fossilization.

These products are blended in increasing percesitdge overall still limited, with
gasoline and diesel. In this way, there isn't a pefition between the need of the
companies cars to not modify the engine or othetomeehicle components and the
safety of the oil groups to introduce high quapitpducts on the market.

Biofuels are classified as first-generation biofilesecond generation and third
generation. The classification depends on the raatenal used and the production
process.

First-generation biofuels are considered thoseuwred from agricultural raw materials
while second-generation and third generation bisfaee considered those produced by
non-food organic material whose use has no impa¢he food chain (eg biofuels from

lingo-cellulosic or algae). Unfortunately, todayethndustrial processes currently
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developed for the production of biofuels of secamd third generation are much less
than those of first.

In fact, the pursuit of biofuels has triggered aadpof rising prices of agricultural
grains, such as soybeans and corn (crops useldeqroduction of biofuels), and it had
a strong impact on access to land, to water anthdgome by local communities.
Between the season 2004/2005 and 2008/2009, thalbgbal raw grains demand
has increased from 979.9 million tons to 1096 (8%%). In this period, while the
demand for food grains has remained essentialljamged, that of non-food grains has
increased from 179.2 million tons to 275.3 milli¢¥63.62%). To get an idea of the
growing influence of the application of these enesgurces on the market of food, it
has to consider that two-thirds of global corn pitbn have been converted into
bioethanol between 2003 and 2607

In terms of prices, the cost of most food has aerably increased, registering an
increase of 83% between 2006 and the beginning082resulting in an increase of
people suffering from hunger by more than 100 onillin 2008 alone. It is estimated
that to meet today's global demand for biofuelsiésessary to use more than 100
million hectares of agricultural land (about 7%atif arable land and permanent crops
that occupied by the planet). Europe alone forustsf necessary to achieve the target of
10% in the transport sector would need an areal égiao times as Belgium.

To cultivate any plant used for the production wifleel requires arable land, and then
subtract surface to other crops. In economic temeseasing the hectares used for the
production of biofuel at the expense of extendimg area under cultivation for human
consumption, the amount of food available in thekeiadecreases by supporting the
trend of prices.

Thus is it right to utilize agricultural raw matals to produce biofuels and chemicals?
Today, the research is moving towards the use omass derived from land not
cultivable and inedible raw materials: ligno-cetisic biomass.

170 billion metric tons of biomass per year aredpeed by nature and carbohydrates
represent the 75%. Surprisingly, humans utilizey @#% of these compounds for food

and non-food purpo8e Biomass carbohydrates are the most abundant adew

" www.actionaid.it
8 Roper H. Sarch-Sarke, 2002 54, 89;
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resources available, and they are currently vieaged feedstock for the green chemistry
of the futuré*®,

2.2 Ligno-cellulosic biomass

Ligno-cellulosic is referred to plant dry mattetr.id most abundantly raw material on
the earth for the production of chemicals and hatfu Mainly it is composed of
carbohydrates polymers (cellulose, hemicellulosg) an aromatic polymer (lignin).
This ligno-cellulosic biomass can be grouped irdarfmain categoriesagricultural
residues (including corn straw, sugarcane residue (bagaste)), dedicated energy
crops (poplar trees and Miscanthus gigantewg)od residues (including saw mill and

paper mill discards) anaiunicipal paper waste.

2.2.1 Cellulose

Cellulose is part of the family of polysaccharidikss certainly the biopolymer present
in greater amounts throughout the globe.

It consists of a large number of molecules of ghec(from about 7000 to 15000 units)
linked together by a linear bofid1 — 4) glycosidic¢* (Figure 1).

OH

HO

HO

X
Tacaa

Figure 1. Cellulose

The particular bond present between the glucods ohcellulose gives some important

characteristics:

= High hydrophilic character;

% Lichtenthaler F. W.Acc. Chem. Res,, 2002 35, 728;
19| ichtenthaler F. W.Carbohydr. Res., 1998 313, 69;
1 Gandini A.,Green Chem., 2011, 13, 1061;
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= High superficial energy;

= Biodegradable;

= Low temperature resistance (degradation temperatudg@igher than melting
point);

= High reactivity (mainly due to the presence of éhteydroxyl groups in every

glycosidic unit).

The main peculiarity of cellulose is representeditgyability to crystallize forming
hydrogen bonds between numerous monomers.

Generally, cellulose tends to form more crystalbtreicture generating a fibrous matrix
chemically inert.

In nature, cellulose is in the form of fibers at&l main task is to provide mechanical
strength to the plant structure. Often it incorpesalignin and hemicellulose giving
reinforcing and compatibilizer properties.

The isolation of cellulose from lignin and hemicddise is carried out during the
traditional process of manufacturing the pulp i thaper industry and in typical

processes of the integrated biorefinery.

2.2.2 Starch

Similar to cellulose, starch is a biopolymer andaiso is part of family of
polysaccharides.

The only difference that distinguishes starch frogtiulose it is the non-linearity of the
bondp (1 — 4) glycosidicll1 (Figure 2).

OH OH

OH H OH /
\o o) (o)

H OH H OH

Figure 2. Starch
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This polysaccharide is produced by all green plastan energy store. It is the most
common carbohydrate in the human diet and is coathin large amounts in such
staple foods as potatoes, wheat, maize (corn),aie cassava.

Starch molecules arrange themselves in the plarsemi-crystalline granules. Each
plant species has a unique starch granular sige:starch is relatively small (about
2um) while potato starches have larger granulesqu®@um).

Starch becomes soluble in water when heated. Tdreufgs swell and burst, the semi-
crystalline structure is lost and the smaller arsglonolecules start leaching out of the
granule, forming a network that holds water andaasing the mixture's viscosity. This
process is called starch gelatinization.

Starch consists of two polymers: amylose (which stitutes about 20%) and
amylopectin (about 80%). In both cases, these ahgmers of glucose, which differ
from one another in the structure. Amylose is @&dmpolymer that tends to wind
helically, in which the glucose units are linkedyether by glycosidic bonds (1 —
4)'?. The helix is composed of 6 molecules of glucosetprn, stabilized by hydrogen
bonds as in the DNA. Amylopectin is a branched pay instead that presents basic
chains of similar structure to amylose which amarged to form a branched structure;
every 24-30 glucose units are grafted side chairmigh bonds. (1 — 6) .

One molecule of amylose can contain up to 1000agl@cesidues. The amylose binds

together the expanded structure of amylopectin.

2.2.3 Lignin

Lignin is a heavy and complex organic polymer cstssimainly of phenolic
compounds. It is found mainly in the cell wall @rtain plant cells. The amount for the
second lignin are synthesized biopolymers on estdr cellulose. The biomass formed
between cellulose and lignin represents about 7D#tectotal biomass.

It is composed of a polymeric structure of phenyggane units. So, similar to cellulose,

the lignin also is a polymer very complex and whhee-dimensional structure formed

2Smith, Alison M., Biomacromolecule, 2001, 335, 41;
13 Ball, Steven G., Morell M.K.Annual Review of Plant Biology, 2003 54, 207;
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by a single phenyl-propane unit. The three fundaeidignin monomer precursors are

coumaryl alcohol, coniferyl alcohol and sinapylaol (Figure 3)**°

OH
Coumaryl alcohol
HO
o) \
-~ OH
Sinapyl alcohol
HO
0\
o \
- OH
Coniferyl alcohol
HO

Figure 3. Lignin monomer precursor

In all plants it plays the function of binding andmenting together the fibers to give
and to enhance the resistance of the vegetable.

Lignin is also known as encrusting material, beeatiscovers the fibers. Therefore,
processes for extraction of cellulose from a vdgetaequire an attack of lignin to
break these molecules.

The lignin belongs to the class known as phenypane compounds, it has no
character of carbohydrate, but it falls within ti@ss of aromatic compounds.

After the polysaccharides lignin is the most abumidarganic polymer in the plant
world.

This component allows to realize many functionsee8al to the life of plants, for
example it has a very important function in theingl transport of water, nutrients and
metabolites. It provides rigidity to the cell walied it makes the connection between
the various cells of the wood, creating a matdniigihly resistant to impact, compression

and bending.

4 Ralph J., Lundquist K., Brunow G., Lu F., Kim i$hatz P.F., Marita M., Christensen J.Phytochem
Rev., 2004 3, 29;

!5 Gellersted G., Henriksson @.jgnin: Major Source, Structure and Properties, in Ref 3, Chapter 9,
201;
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2.2.4 Hemicellulose

Hemicellulose is a polysaccharide with a low molacweight (500 — 3000 sugar units)
of irregular composition. It is closely associatedh the cellulose, from which can be
extracted®.

In contrast to cellulose, whose linear moleculdoisned by units of glucose alone,
hemicelluloses are composed of different suggitecdse, galactose, mannose, xylose e
arabinoséy) (Figure 4and italso have a branched structure and not fibfod$e main
feature of hemicellulose is its hydrophilic progert

It also is responsible for numerous propertieshefftbers, properties deriving from the
chemical structure. In nature, hemicellulose is gohous and it possesses adhesive

properties.

OH OH
o OH o
HO HO
OH OH
HO HO
OH
D-glucopyranose D-mannopyranose
OH
OH
o o)
HO
OH OH
HO HO
OH OH
D-galactopyranose D-xylopyranose

L-arabinofuranose D-gluconic acid

Figure 4. The main monomers of hemicellulose

The main problem in the use of ligno-cellulosicrbass in chemistry remains their high

cost of processing; today, these processes hawe aptimized from the economic point

'°Burton R.A., Gidley M.J., Fincher G.BNat. Chem. Biol., 201Q 6, 724;
7 Spiridon 1., Popa V.l Hemicellulose: Major Sources, Properties and Application, in Ref 3, Chapter 13,
289;
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of view. Obviously, the costs of processing affdw cost of final products and they
make them less competitive compared to synthetidymts derived from fossil fuels.
For these reasons, the organ arranged for thefaramstion and the development of

new processes for the valorization of biomasseibrefinery.

2.3 Biorefinery

The term biorefinery indicates a series of envirentally sustainable processes that
permit the use of an organic source for the pradocbf biomolecules, chemical

compounds, or biofuel$(Figure 5).

Ll

Biofuels " ;-o::::o:r' )
002 ) d

~ Heat -
« - -
ssss . Electricity

S Biorefinery = =

-
Ash Biomaterials

D . }
9!"?’/ Recycled \
£ 1 & '
g <)

End-of-life biomaterials

Figure 5. Biorefinery scheme

Biorefinery was born with two important objectives energetic objective, where the
biorefinery tries to dislocate the imported petune preferring the domestic

biodegradable raw materials, and an economic abgecbuilding a solid biobased

industry.

Nowadays unfortunately, the economy of the bioexfins based on the production of
biofuels, mainly bioethanol, biodiesel and biobwalaBut despite its high volume, fuel

is a low value product.

High financial investments are needed for the dmwekent of processes for the

production of biofuels, but the economic returnivid from the sale of fuels is not

18 Chieda J.N., Huber G.W., Dumesic J.Angew. Chem. Int. Ed., 2007, 46, 7164;
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enough to cover the initial outlay. Biofuels dedvieom algae are a prime example. The
costs for investment in plants are blocking thisnpising process.

Financial investments are used to work with unfamibuilding blocks derived from
renewable carbon, to develop the processes to dothase building blocks to final
products, and to take the technology to commestialé®.

The only products that can satisfy the economic atets of investors are chemicals,
with their high value and lower volume.

In US, the production of chemicals represents ¢mdy7-8% of overall oil impoft?223
but their integration in the biorefinery economyowals to obtain a positive balance
between income and expenditure, reaching energatid economic objectives
simultaneousl§*2°

As already mentioned, from the economic point @withe addition of chemicals to
the integrated biorefinery looks promising, butnfrprocessing point of view there are
numerous and critical problems.

Today, the knowledge of the processes for the asiore of biomass is much lower
respect to the conversion processes availablentonon-renewable compourigsbut
the main problem is the identification of primatetnicals and secondary intermediates
analogous to those used by petrochemical industry.

2.4 Conversion of biomass

Substantial difference between biomass and oihésftinctionality of their molecules.
Very few functional groups (e.g. OH, CO, COOH) presented in petroleum therefore
it is possible to use the fuels after few stepsg.(eatalytic cracking, isomerization,

addition of additives), while to produce chemicalsis necessary to do more

19 Chisti Y., Biotechnol. Adv., 2007, 25, 294;

?Bozell J.J., Petersen G.Rareen Chem., 201Q 12, 539;

I Donaldson T.L., Culberson O.|Energy, 1984 9, 693;

22 Kaiser J.P., Hanselmann K.VExperientia, 1982 38, 167;

2 Lipinsky E.S.Science, 1981, 212, 1465;

?*Bozell J.J.Clean: Soil, Air, Water, 2008 36, 641;

% Bozell J.J., Holladay J.E., Johnson D., White,JBp ValueAdded Chemicals from Biomass, Volume
I, 2007

% Weissermel K., Arpe H-Jindustrial Organic Chemistry, 4thedition, Wiley-VCH,Weinheim, 2003
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complicated steps. The molecules need of diffefteamttionalities and the refinery is be
able to add these functional groups in selectively.
On the contrary, biomass have numerous functioesldand the task of the biorefinery

to produce chemicals and biofuels is to controlftimetionality in the final products.

2.4.1 Fermentation

First process developed in biorefinery was theladtio fermentation for the production
of bioethanol. Nowadays bioethanol is the biofuedimty produced in the world,

especially in South America.

Several plants in the world produce first generab@methanol (from corn) even though
biorefinery is developing new processes for thedpation of second generation
bioethanol starting from polysaccharides.

Fermentation is a form of energy metabolism whidtuos in some yeasts in the
absence of oxygen.

The fermentation takes place in two phases: in first the yeast cleavages the

glycosidic bonds in complex sugars (Reaction 1),

Ci12H20011 + HO — CgH1206 + CsH1206

Reaction 1. Formation of sugar units

while in the second step is there is the formatibethanol starting from simple sugars
(e.g. fructose or glucose) (Reaction 2).

CeH1206— 2 CH,CH,OH + 2 CQ

Reaction 2. Production of ethanol

In the second step (real fermentation), anaerolyotysis occurs in the cytoplasm of
the organism, as already mentioned staring fronpl&irsugars.

Sugar molecule is divided in two molecules of pycuscid, after the loss of two
molecules of ATP. The absence of oxygen prevertsitinmal Krebs cycle.

The yeast deprives a molecule of carbon dioxiden{eated in the extra-cellular) from

pyruvic acid, reducing a-COOH group to form acelehyde as intermediate product,

14
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extremely poisonous compound. Aldehyde is furtleeluced with two hydrogen ions,
with formation, as a by-product, ethanol.

2.4.2 Thermal treatments (BtL)

Thermal treatments are processes that allow ta@ttlirebtain biofuels or bio-oils with
high heat value in a non-selective way. The finaldpcts obtained are more handling
and their transportation and storage are more dasyto the greater energy densities
than raw bioma$5?® The properties of the obtained products changemtding to the
nature of the initial raw materials.

The two main processes are pyrolysis and liquefecti

Pyrolysis is a thermochemical decomposition of orgadry material at elevated
temperatures, in absence of oxygen. It involvessihmiltaneous change of chemical
composition and physical phase, and it is irrebdesiThere are three types of pyrolysis:

= Conventional (slow heating rate and long residdimse)
= Fast (heating rate 10-200kand residence time 0.5-10 s)
= Flash heating rate 1000°kand residence time 0.5 s)

The formation of liquid products (bio-oils) is faned utilizing the fast pyrolysis, even
if the process and the products are very diffitaltontrol, due to the critical reaction
conditions. The yield of the reaction is often hi@@%% liquid products) and the only
by-products are char and gas. Unfortunately, thal fbio-oils have yet a high oxygen
content (35-40%f and they are not miscible with organic solvents. this reason they
can't directly blend with the common diesel butytineed other treatmerits?

A lot of research groups are working to develop sénategies to upgrade bio-oils such

as cracking, hydrotreating and decarboxylation

" Badger P.C., Fransham Bipmass Bioenergy, 2006 30, 321;

8 Rogers J.G., Brammer J.®ipmass Bioenergy, 2009 33, 1367;

? Huber G.W., Iborra S., Corma A., Chem. Rev., 200, 4044;

% perego C., Ricci MCatal. Sci. Technol., 2012 2, 1776;

31 shihadeh A., Hochgreb Energy Fuels, 200Q 14, 260;

%2 Zhanga Q., Changa J., Wanga T., XuaE¥iergy Convers. Manage., 2007, 48, 87;
%3 Stocker M. Angew. Chem. Int. Ed., 2008 47, 9200;
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On the contrary liquefaction allows to obtain hygaimobic bio-oils from wet biomass,
working at 300°C andta 180 bar with a long residence time (10-90 rjn)ising an
aqueous phase, most often provided by the constitugter of the raw biomass.

The composition of bio-oils is very complex contag for example alcohols, acids,
lignin derived phenols, ketones, etc., because meagtions occur during the thermal
treatment (depolymerization, decarboxylation, isopagion, aromatization, etc.).

To produce fuels from biomass, it is possible te asother thermal treatment. This
process is called gasification and it is carrietlinypresence of air at high temperature
(800-1000°C), under low to moderate pres&tite

Generally, the gasification process leads to thenébion of bio-syngas, that is a gas
stream of H and CO. When the gasification is carried out udigmass the final
product is a gaseous mixture of, LO, CQ and water.

The syngas can be burned directly in internal catibn engines, used to produce
methanol or hydrogen, or converted via Fischer-3cbpreaction (Reaction 3) in
synthetic fuel (BtL).

nCO + H, — GHy, +nH,O

Reaction 3. Fischer-Tropsch reaction

Unfortunately, to avoid the deactivation of the dhisr-Tropsch catalyst, the bio-gas
must be clean, principally desulfurization treatindiecause biomass often contains a
large amount of nitrogen, sulphur and chlotfhe

The thermal treatments to produce biofuels fronmdigellulosic biomass look very
promising even if still there are some doubts likegrading processes, biomass

availability, plant capacity, etc.

3 peterson A.A., Vogel F., Lachance R.P., Froling Mhtal M.J., Tester J.WEnergy Environ. ci.,
2008 1, 32;
% West R.M., Kunkes E.L., Simonetti D.A., Dumesi8.J Catal. Today, 2009 147, 115;
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2.4.3 Hydrolysis

In the biorefinery, hydrolysis is one of the masipprtant processes used to treat the
ligno-cellulosic biomass.
Hydrolysis is a reaction, basic, acidic or enzymatatalyzed, to be able to break

glycosidic bond between two sugar units (Figure 6).

Ce Cs
CHO CHO
——OH ——OH
Hydrolysis
Sugars — HO———1—H HO——1—H
H——OH H———O0H
H————OH CH,OH
CH,OH

Figure 6. Hydrolysis reaction

The reaction conditions change depending to tha finoducts desired. Typically, the
hydrolysis is carried out in acidic condition (1800°C), even if the enzymatic catalysis
can lead to the total conversion of cellulose aP@P4 yield in glucos®.

The main problems derived from the use of enzymeditalysts is the non-constant
catalytic activity and the difficult control of trehemical process (T, p).

In acidic conditions, hydrolysis allows to achieup to 60-70% vyield in glucose,
starting from cellulose as substrate. As alreadgtimeed, cellulose is not very reactive,
due to its high degree of crystallization. It pb$sito use milder conditions (70-150°C)
using hemicellulose and soluble starch, achievimntjtative yield in sugats®

Basic conditions are less selective, leading to férenation of condensation and/or
oligomerization product, even if often, working with acid catalysts, detation of
sugars may occur. The degradation of sugar with @i six carbon atoms leads to the

% Huber G.W., Iborra S., Corma AChem. Rev., 2006 106, 4044;

3" Moreau C., Durand R., Duhamet J., RivalierdPGarbohydr.Chem., 1997, 16, 709;
38 Nagamori M., Funazukuri TJ, Chem. Technol. Biotechnol., 2004 79, 229;

%9 Bobleter O Polysaccharides, 2™ edition,2005 893;
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formation of furfural and/or 5-hydroxymethylfurfuréHMF), compounds that may be

undesirabl&,

2.4.4 Dehydration

Furan compounds (e.g. HMF, furfural, furfuryl alobhetc.) represent a large group of
chemicals very important for the economy of therdfioery. The process that leads to
their production involves the dehydration of canpdtates and of carbohydrates
derived. Various side reactions compete with thenmqpeoces& 442

To avoid the low selectivity of this reaction, selestudies have shown the possibility
to carry out the process in various solvents (wateper-critical water, ionic liquids,

organic), and in a range of temperature included/den 100-300°C.

fo) o]
He /
HO / OH 3= [Intermediates] ——————p- |
-H,0 /

Figure 7. Carbohydrates dehydration

The main parameter to control the production ofalficompounds is the catalyst.
Organocatalysts, salts, mineral and organic addid acid catalysts (ion-exchange
resin, zeolite) have been studied.

However, the process is hardly feasible on largéesclue to the high cost for the plant,

derived from corrosive problems (use of water aaits$>.

“0'Moreau C., Durand R., Razigade S., Duhamet Jgdfas P., Rivalier P., Ros P., Avignon Gppl.
Catal. A, 1996 145, 211;

** Antal M.J., Mok W.S.L., Richards G.NCarbohydr. Res., 1990 199, 91;

2 Antal M.J., Mok W.S.L., Richards G.NCarbohydr. Res., 1990 199, 111;

“30tt L., Bicker M., Vogel H.Green Chem., 2006 8, 214;
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2.4.5 Isomerization

Similar to petrochemical refinery, isomerizationas important based reaction. It is
used primarily to produce fructose from glucosengermediate to HMF production.
Generally, the catalyst used for the isomerizai®ma base (magnesium-aluminum
hydrotalcité®) at mild temperatures (40-80°C).

The conversion of glucose in the reaction is veny because only the sugar in the
open-chain form undergoes the isomerization. Theage in solution is present as
open-chaif?, but, for example in DMSO, only the 3% of ovetalbacyclic and in water
is only the 0.8%. The temperature can increasadtlyelic form, but drastic conditions
lead to a side reactiotfs"”.

The isomerization reaction involves formation ofemmediate enolate species through

open-chain forms to transform aldohexoses to keides (Figure 8).

Aldo form Keto form
CHO CHO CHOH CHOH
——OH ——OH ——0 ——O0
HO —+——H HO———H — 3 HO——p—H HO———H
H————OH H—1——0OH H———OH H—1—O0H
H—1—O0H CH_OH H ——1——OH CH,OH
CH OH CH,OH

Figure 8. Isomerization reaction

2.4.6 Reforming reactions

Reforming reaction could be considered a thernmedttnent of biomass, even if the

temperature of the reaction doesn’t exceed 200°C.

*4 Lecomte J., Finiels A., Moreau (arch/Saerke, 2002 54, 75;

“5 Collins P., Ferrier RMonosaccharides, Wiley, 1995

“6 Bicker M., Kaiser D., Ott L., Vogel HJ. Supercrit. Fluids, 2005, 36, 118;
" Dais P. Carbohydr. Res., 1987, 169, 159;
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The products obtained from carbohydrates and waterH (used for synthesis of
ammonia, fuel cells, etc.) and g@ssential for the biorefinery econofthy

This process is called aqueous-phase reforming JAPR

Catalyst support, feed concentration, pH and teatpsx can change the selectivity in
H, or in CQ. Catalysts tried are monometallic platinum and etainalloy nickel-tin
supported on different metal oxid&g’

Unfortunately the selectivity in hydrogen are yetvl(1.05-1.41 mmol per gram of
carbohydrates). The main by-products are choalightiorganic chair.

APR process is also used in biorefinery to prodiuglet alkenes in a reaction that
involves sorbitol and platinum supported on aluniika catalyst.

It is a very promising reaction but still it neetbaof improvements.

2.4.7 Aldol condensation

Aldol condensation is a fundamental biorefineryctm using for creating a C-C bond.
The reaction permits to obtain a large molecules(f) that can subsequently be
converted in components of diesel fidel

Two molecules (aldehyde or ketone) with at least bpdrogen atom in positiom to
the carbonyl group (C=0) are combined with eacleoth form aB-hydroxyaldehyde
or ap-hydroxyketone.

Moreover, the product formed, commonly called gldchn dehydrate, due to its
instability. It can lose a molecule of water ancerthit is converted into the
corresponding unsaturated compound conjugafe,unsaturated aldehyde or arp
unsaturated ketone. It is also possible to cartyaocross-aldol condensation between
two different aldehydes or ketones.

Typically, the reaction is carried out using a basatalyst at mild temperatures (30-
100°C).

“8 Cortright R.D., Davda R.R., Dumesic J.Nature, 2002 418, 964:

“9Huber G.W., Shabaker J.W., Dumesic JS&ience, 2003 300, 2075;

* Shabaker J.W., Huber G.W., Davda R.R., Cortright. RDumesic J.A.Catal. Lett., 2003 88, 1;
L valenzuela M.B., Jones C.W., Agrawal P.Energy Fuels, 2006 20, 1744;

*2 Huber G.W., Chheda J.N., Barrett C.J., Dumesic, Sdence, 2005 308, 1446;
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Factors such as reaction temperature, solventtamamolar ratio, structure of reactant
molecules, and the nature of the catalyst deterthiaselectivity of the process towards

heavier compoundd

2.4.8 Catalytic Oxidation

Gluconic acid is a very important biodegradabledpat for the pharmaceutical and
food industry (100000 tons per year). Nowadayss thacid is produced using a
microbiological oxidation starting from D-glucose.

Catalytic oxidation of ligno-cellulosic biomass e is a promising alternative to
produce a large variety of compounds. This processeasily be integrated into pre-
existing carbohydrate technologies in biorefinery.

Recently studies have demonstrated that noble roatalysts (Pt, Pd, Au, and bi or tri
metallic systenTf>>°® supported on various mixed oxides are be able xidize
carbohydrates in aqueous solution under oxygelr @ressure, forming chemicals may
be a useful alternative to those derived from méieoical sources.

Today, the aim of researchers is to find catalystl high activity and selectivity, and
long-term stability. An advantage of numerous nofletal catalysts with respect to
biological systems is the possibility to work fratkaline to acidic conditions even if
the most promising alternative is to work in abgent base using bimetallic metals

(e.g. Au-Pd) like catalyst.

2.4.9 Hydrogenation

Sorbitol, mannitol and xylitol are the more reprgséives of the sugar alcohol industry.
Overall are produceda 700000 tons per year of this compounds and thenesent an
important economic resource for the biorefinery.

Starting from polysaccharides, a single step hyelnagjon is carried out using bi-
functional catalysts with acidic and metal sites.

%3 Barrett C.J., Chheda J.N., Huber G.W., Dumesic, Agpl. Catal. B, 2006 66, 111;
M. Besson M., Lahmer F., Gallezot P., Fuerte§Rghe G.,). Catal., 1995 152, 116;
* Karski S., Witonska | Chem. Environ. Res., 2007, 10, 283;

% Abad A., Concepcion P., Corma A., Garcia Ahgew. Chem. Int. Ed., 2005 44, 4066;
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In some biorefinery processes, the production dbisa from starch was carried out in
a batch reactor in aqueous phase using Ru supportea zeolite (Figure 9)
Unfortunately, the reaction condition need to abtdiigh conversion and high
selectivity are quite drastic (more than 50 banyafrogen).

Acid sites and different metals as Ru, Ni, W pernmibbtain quantitative conversion of
the substrate and high selectivity in the prodestird, even if the control of the acidity
is fundamental for the process and for the seliggtiv

For instance, using W supported on activated caliencatalyst, in aqueous phase at
high temperature (250°C), cellulose can be comigietenverted, producing a lot of

compounds including ethylene glycdl

CHO CH-OH

——OH ——OH
Ru-HUSY H,

Starch — HO ———H —_— HO—F—H
H———OH H———OH
H———OH H———OH

CH-OH CH-OH

D-Glucose Sorbitol

Figure 9. Hydrogenation of starch to sorbitol

2.5 Building blocks of biorefinery

Recently studies have identified some chemicalb Wigh added value produced from
carbohydrates and syngas in biorefinery procéSs@his chemicals were selected
through the evaluation of strict parameters. Compsuchosen will be the subject of
present and future studies and they should le#itetdevelopment of processes used for
the production of other substances, similar to Wiagipens in the petroleum industry.

This compounds will be an important platform molesy building blocks for the

>" Jacobs P., Hinnekens H., Eur Pat.EP, 3299283
8 Zhang N.Ji.T, Zheng M.Y., Wang A.Q., Wang H., WaXd., Chen G.G.Angew. Chem. Int. Ed.,
2008 47, 8510;
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biorefinery, with the aim to synthetize many otpeoducts in massive quantities from
these.

2.5.1 Ethanol

The US Department of energy excluded ethanol froenlist of the potential platform
chemicals of the future because it is consideredpgrcommaodity due to its production
volume.

Nowadays, the ethanol chemistry is based on th@ugtmn of ethylene, acetic acid and
ethyl acetate even though, until today, the cheigas focused the production of
ethylene on processes of petrochemical industry

On the contrary the low cost of sugarcane in Brazd the new technologies developed
to obtain ethanol from ligno-cellulosic biomass &ancreased the importance of this
chemicals in the biorefinery concept.

Activated alumina is be able to dehydrate ethah@08°C in a fluidized bed reactor,
allowing to obtain 99.9 % of selectivity to ethy&h

Catalysts based on gold nanoparticles supportediftearent mixed oxides permit to
oxidize ethanol in acetic acid or ethyl acetatehigh yield, giving nearly 95%

selectivity*®%

2.5.2 Glycerol

The high production of first generation biodiesetl @f green fuel were allowed to have
a large amount of glycerol at low cost.

Until today, glycerol was burned to recover eneiigythe process of biodiesel
production and to make the process economicalkiliéza

Since several studies have established that the coodd reach at 0.11 $ per Kg,
glycerol has become a fundamental building blockie biorefinery to produce a huge
guantities of chemicals. Today, glycerol is consedea mini sugar in the biorefinery

concept.

%9 Morschbacker A.Polym. Rev., 2009 49, 79;

® Christensen C.H., Jorgensen B., Rass-HansenehldfhK., Madsen R., Klitgaard S.K., Hansen S.M.,
Hansen M.R., Andersen H.C., Riisager Angew. Chem. Int. Ed., 2006 45, 4648;

®1 Jorgensen B., Christiansen S.E., Thomsen M.L.Bris&nsen C.H.]. Catal., 2007, 251, 332;
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Glycerol reduction
Propylene glycol, lactic acid, acetol and ethylghgol are produce by hydrogenolysis

reaction of glycerol (Figure 10).

0o
OH HO\/\
OH
HO HO OH
Propylene glycol lactic acid ethylene glycol

Figure 10. Chemicals from glycerol hydrogenolysis

The most important product, propylene glycol, haspprties similar to those of
ethylene glycol and industrially the latter is @g#d with propylene glycol when more
safely is needed. Propylene glycol is used fort @l@pplications: as a solvent in many
pharmaceutical preparations, specifically for dpeza, as a food additive, to produce
polyesters, etc, and its production is over 450ionilof kilograms per yeéf.

Catalysts, such as copper chromite or supportdaeniim, can reduce glycerol to
propylene glycol with high selectivity and about¥s®f conversion, carrying out the
reaction at 200 psi and 200°C. Acetol can be thernmediate in the reduction of
glycerol in the production of propylene glycol. Agkis usually prepared by the
reaction between bromoacetone and sodium or potassormate followed by
hydrolysis of the ester with methanol. Also thesdiroxidation of acetone with Baeyer
Villiger's acetone peroxide reagent furnishes dcktn together with the formation of
pyruvic acid.

Hydrogenolysis of glycerol is the reaction thatrpis the higher selectivity in acetol
(90%), eliminating hydrogen and using a reactistilthtion®.

Treatment of glycerol with hydrogen in the preseat&u/C or Pt/C leads to mixtures
of ethylene and propylene glycol. Carrying out ttegluction in the presence of

hydroxide bases induces formation of lactic acithesmajor produéf.

%2 Dasari M.A., Kiatsimkul P.P., Sutterlin W.R., S&spG.J.Appl. Catal. A, 2005 281, 225;
83 Chiu C.W., Dasari M.A., Suppes G.J., Sutterlin WARChE J., 2006 52, 3543;
% Maris E.P., Ketchie W.C., Murayama M., Davis RlJGatal., 2007, 251, 281;
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Glycerol dehydration

Possible chemicals derived from glycerol dehydratce hydroxypropionaldehyde and
acrolein (loss of primary hydroxyl group), and hydyacetone (loss of secondary
hydroxyl group). Changing the reaction conditionpémged, it is possible to modify the
selectivity in these final products.

Dehydration of glycerol can produce acrolein in 86&tectivity at 70% conversion,
employing hot water for 8 s under supercritical dibans, using HSO, or Zn(SQ);
promoter§>. Acrolein oxidation provides the acrylic acid puation, a chemical with an
annual production of 1.2 x 1&ilograms. For this reason, in recent years, ttention

over this aldehyde has increased a lot.

Glycerol carbonate

Glycerol carbonate is used as nonvolatile solvasta component in coatings, as a
component in gas separation membranes, polyurefoaneS® and surfactant§ and as

a source of new hyperbranched polyrfitrs

Glycerol can be converted in glycerol carbonatéigh yeld, using urea at 120°C in
diethylene glycol for 24 houts Another possible route to produce glycerol cagten
from glycerol is the use of ethylene or propyleaebonate in place of urfain every

case the highest yield achieved is 58%.

From glycerol to epichlorohydrine

Epichlorohydrine is an organochlorine compound andepoxide. It is moderately
soluble in water, but miscible with the most padaganic solvents. Epichlorohydrine is
a highly reactive compound and it is used in thedpction of polymers, epoxy glues,
resins and elastomers. In contact with water epid¢hidrine hydrolazes to 3-
chloropropane-1,2-diol, a carcinogen found in séooels.

Nowadays, this epoxide is producad propylene hydrochlorination, generating a lot of

by-products and chlorinated wastes.

% Watanabe M., Lida T., Aizawa Y., Aida T.M., Inomaat., Bioresour. Technol., 2007, 98, 1285;
® Randall D., De Vos REur. Pat. EP 419114, 1991

®" Weuthen M., Hees UGer. Pat. DE 4335947, 1995

% Rokicki G., Rakoczy P., Parzuchowski P., Sobi&¢kiGreen Chem., 2005 7, 529;

%9 Okutsu M. Japan Pat. JP 2007039347, 2007

"©Mouloungui Z., Yoo J.W., Gachen C.A., Gaset A.rideersch G Eur. Pat. EP 739888, 1996
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Glycerol chlorination is an alternative very promg route to produce
epichlorohydrine. 1,3-dichloro-2-propanol is théenmediate in this process, produced
treating glycerol with 2 equivalents of HCI in theesence of a carboxylic acid catalyst,
typically HOAc. This process is not quantitativdeséivity, in fact also 1,2-dichloro
isomer is formed.

In the second step, this mixture is treated witbelda give the epoxide (Figure 11).

By using glycerol as the starting material, thecpss reduces chlorinated residues
eightfold and water use by 90% over conventionaéprhydrin processes.

OH

OH cl
RCOOH
Ho\/IVOH b . CI\J\/CI a\)\/w
OH
NaOH 9
cl cl > I>\/CI

Figure 11. Epichlorohydrine production from glycerad

2.5.3 Lactic acid

As already mentioned, although it is possible todprce lactic acidvia glycerol
hydrogenolysis, the main process to obtain lactid & biorefinery is the fermentation
of glucose usindractobacillus delbrueckii .

Lactic acid is utilized to produce polylactic acadthermoplastic aliphatic polyester.
Lactic acid could directly polymerize to polylacacid, but unfortunately, the yield of
the polymer is low. So, the process provides tit@lrdehydration of lactic acid to form

a pre-polymer with lower molecular weight, andhe second step, the latter undergoes
a depolymerization, producing the monomer lactidectide is easily converted using a
catalytic way.in the corresponding polymer withthigolecular weight (PLA)(Figure
12).

" Datta R., Henry M.J. Chem. Technol. Biotechnol., 2006 81, 1119;
2 Amgoune A., Thomas C.M., Roisnel T., Carpenti€t,&hem. Eur. J., 2006 12, 169;
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OH CH;
)\ l 0
COOH
0 n
lactic acid pre-polymer (LMW)
0
CH
. CH,
(o)
(o)
o}
o/n HC
(o)
PLA HMW) lactide

Figure 12. Production of polylactic acid

Polylactic acid is a very important polymer for #¢a@nomy of the biorefinery.

PLA can be used as a compostable packaging mateitia¢r cast, injection molded, or
spun. Cups and bags have been made of this mateigluseful for producing loose-
fill packaging, compost bags, food packaging, aispakable tableware. In the form of
fibers and non-woven textiles, PLA also has manjemial uses, for example as
upholstery, disposable garments, awnings, feminyggene products, and diapers.

PLA is also used as a medical implants in the fofrecrews, pins, rods, and as a mesh.
Depending on the exact type used, it breaks dovtinirwihe body within six months to
two years.

Acrylic acid, propylene glycol and lactate estems produced by using lactic acid as a

starting material too.
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2.5.4 Succinic acid

Succinic acid has a an annual production of ab®@®0G@ tons. In the biorefinery,
succinic acid is produced using a various bio wigjas such ask. coli modified,
Anaerobiospirillum succiniciproducens, Mannheimia succiniciproducens, performing a
fermentation of numerous available sugars

Succinic acid represents a promising platform mdkdo produce some chemicals
today produced in petrochemical industry.

Succinate ester, derived from esterification of cguc acid, is the intermediate
compound to produce tetrahydrofurarhutyrolactone and 1,4-butanediol.

For instance 1,4-butanediol is used industriallyaa®lvent and in the manufacture of
some types of polymers, elastic fibers and polyhaees.

For instance, world production of 1,4-butanediobixout one million metric tons per
year and market price is about 2000 $ per ton.

Succinic acid is also a component of biobased petgm such as nylon and
polyester§*’.

Another important process regarding succinic acdthe production of unsatured
dicarboxylic acid. The dehydrogenation cyclizatmnsuccinic acid leads to formation
of maleic anhydride, an important intermediatermdpice maleic acid and fumaric acid.
Maleic anhydride was traditionally manufacturedtbg oxidation of benzene or other
aromatic compounds. As of 2006, only a few smallants continue to use benzene;
due to rising benzene prices, most maleic anhydpidats now use n-butane as a
feedstock. For this reason, now biorefinery carettgya new promising green route to

produce a maleic anhydride economically favorab$pect to petrochemical industry.

2.5.5 Levulinic acid

Levulinic acid is an organic acid, with low moleauleight, classified as a keto-acid.
The process utilized to produce this organic acaipes an acid treatment of ligno-

cellulosic biomass at temperature above 100°C.

3 Bechthold 1., Bretz K., Kabasci S., Kopitzky Rpriiger A.,Chem. Eng. Technol., 2008 31, 647;
" Song H., Lee S.YEnzyme Microb. Technol., 2006 39, 352;
5 Zeikus J.G., Jain M.K., Elankovan Rppl. Microbiol. Biotechnol., 1999 51, 545;
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Sugars with six atoms of carbon dehydrate, undier @ndition, producing a molecule
of 5-hydroxymethylfurfural, that undergoes an aiddit of water with subsequent
cleavage of the furan ring and the formation of or@ecule of formic acid and one of
levulinic acid. The process proceeds via the inéghiacy of glucose, which is

isomerized to fructose and then 5-hydroxymethyiftaf. Other sugar-derivatives can
be used in this process including levulose (D-fvae), inulin and starch.

The most common acid catalysts used are hydrochladid, sulfuric acid and

Amberlyst.

Still, the mechanism that lead to the formationlesulinic acid is not entirely clear,

therefore, its process continues to be investigated

The side reactions lead to the formation of humanganic material that do not dissolve
when treated with diluted alkali solutidfs”.

Levulinic acid is used principally for the produsti of lactones, pyrrolidones and

levulinate esters (Figure 18)

5% Pt/C Hy, 1/SI05
| 150°, 500psi PhCN \ O
O
)J\/\ 1) Ha Ru CHaPh
ArNHz, H2 5
5% Rh/C COOH 150°, 500psi
y levulinic acid 2) formaldehyde
/& 10 1507 500k /(_i
160°C o o
vacuum
1) glycerol OH
2) NaOMe, MeOH
ROH
/U\/\ acid or base catalyst / 3 5
COOR —-—— o” YO ></\COOMe

Figure 13. Levulinic as a bulk chemical

Carboxyl group can also reacts with alcohols tanf@sters (known more than 75), A
lot of esters with a strong smell of fruit are s®d subsequently as additives, while the

"% Girisuta B., Janssen L., Heeres HGreen Chem., 2006 8, 701;
" Girisuta B., Janssen L., Heeres HChem. Eng. Res. Des., 2006 84, 339;
8 Manzer L.E. ACS Symp. Ser., 2006 921, 40;
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ethyl levulinate can be used as an additive forgexyated fuels for diesel engine since
the extent of 20%.

Several researchers are studying the possibilitycdovert levulinic acid using
heteropoly acids in diphenolic acids, a promigigngen replacement for bisphenol A in
the production of polycarbonafés

The levulinic acid chemistry is huge, so as to m#ke chemicals needful for the

economy of the biorefinery.

2.5.6 Furan derivates

The chemistry of furans and their derivatives appé¢a be more interesting than the
other monomers sugars and polymers (cellulose trdh3, because the use of these
compounds for obtaining of macromolecular matecals be planned until obtaining of
synthetic strategies similar to those of petroleleanvatives.

Another relevant aspect is that using furan comgeuyit is possible to obtain a huge
variety of chemicals. One of the founders of thasnily is undoubtedly furfural,
obtained by acid-catalyzed hydrolytic depolymei@aif pentose sugars that are easily
found from the residues from wood processing anstevaroducts in agriculture.

The second fundamental derivative belonging to fbeans family is the 5-

hydroxymethylfurfural (HMF).

Guo Y.H., Li K.X., Yu X.D., Clark J.H.Appl. Catal. B, 2008 81, 182;
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Chapter 3
3 Furfural and HMF

Furfural and HMF represent a fundamental buildilugks for the biorefinery, seeing as
their production are environmentally sustainable #re economically feasible.
Ligno-cellulosic residues from agriculture and/@wsill can be using to produce
furfural and HMF.

Furfural can be also produce as a co-product ablgellulosic biofuels while HMF is

produced exclusively from C6 sugars such as gluaoddructose.

3.1 Furfural Synthesis

Furfural was isolated in 1832 by the German cheistann Wolfgang Dobereiner,
who obtained it as a byproduct of the synthesi®ohic acid. At the time, the formic
acid was formed by the distillation of ant bodikattprobably contained a bit of plant
material. In 1840, the Scottish chemist John Stesédound that the same chemical
could be produced by distilling a wide range ofeeds, such as corn, oats, wheat, bran,
in an aqueous solution of sulfuric acid. Later re® aetermined the empirical formula
(CsH40;) .

W,

Furfural

Figure 14. Furfural

Today, xylose and arabinose are the C5 sugars wtfarfaral is mainly produced.
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Xylose is a carbohydrate with five carbons (aldotpse). It is commonly called wood
sugar as obtained from the rich part of the xylamicellulose from the cell walls and
the fiber of the plant. Arabinose is a monosaccleamldo-pentose with empirical
formula (GH100s).

Unlike many other saccharides, arabinose is mucte mommon in organisms in its
configuration L (left-handed) rather than in the(fiyht-handed). In nature it can be
found in plant tissues in the form of saponin, ®@acomponent of biopolymers such as
hemicellulose and pectih®

Generally, a plant contains a large quantity ofaryhnd arabinan: 10% in softwood,
20% in hardwood and up to 28% in grasses.

The content of pentose compounds in sugarcane f&agasery interesting (up to 27%
wt), mainly due to the removal of hexose sugarsnguthe processing for production of
sugaf?.

Hemicellulose is treated in aqueous stream at higmperature to produce
monosaccharides such as xylose and arabinose hisoreason, industrially, furfural
production is carried out in aqueous solution.

Processes of xylose dehydration proceeds generaliicid conditions (bBBO, up to
2.5% wif* to accelerate the reaction rate, working in a eatgmperature included
between 150 and 220%€

Nowadays, the highest furfural yield obtained ddesrceed 60-70%, due to several
side reactions that occur in these industrial coorli

Numerous by-products are produced, in particulainipadegradation products to
humins, compounds of fragmentation,( aldehydes and ketones) and products of
aldol condensation of the furfural.

Although to work in an agueous media could simplifg processes of separation and

purification of furfural, the low yields make theggess industrially disadvantaged.

8 carvalheiro F., Garrote G., Paraj J.C., PereiraBibtechnol. Prog., 2005 21, 233;

8 Kootstra A.M.J., Mosier N.S., Scott E.L., BeeftifkH., Sanders J.P.MBiochem. Eng. J., 2009 43,
92;

8 Alves E.F., Bose S.K., Francis R.C., Colodette.,Jlakovlev M., Van Heiningen A.Carbohydr.
Polym., 201Q 82, 1097;

8 Montan D., Salvad J., Torras C., Farriol Bipmass Bioenergy, 2002, 22, 295;

8 Zeitsch K.J., The Chemistry and Technology of Furfural and its many By-Products’, Amsterdam,
2000
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For this reasons, the possibility to work whit argasolvents has been investigated by
several researchers.

By using cellulose and hemicellulose, dimethylsxille (DMSO) allows to obtain
higher furfural yield, even if the process is ed@le, due to the high costs derived
from the solvent extractiGn

Non aqueous media such as a mixture of organic/isnlvents can be a promising
solution to convert xylose/xylan in high furfurakld, but the feasibility of the process
depends on the cost for the recovery of the finatlpct®.

Biphasic solvents can be a hopeful alternative htesé processes. High yields are
achieved using water/toluene or water/methyl isgbtetone (MIBK) at high
temperature (170°€j%® Some acid catalysts (acid Lewis, HMOR zeolite,)eare
tested in these conditions, showing an improvenmefirfural yield.

However, today, the best process of dehydratioligab-cellulosic biomass proceeds
using a micro-mesoporous silica functionalized vatBulfonic acid group, working in

an aqueous medium, and giving high furfural seléyt{82%) at 91% conversiéh

3.2 Furfural hydrogenation

Methylfuran (MF), methyltetrahydrofuran (MTHF) andimethylfuran (DMF) are
considered promising biofuel components due tortiégh energy density, high
research octane number (e.g. RON=119 for DMF) dedliboiling point.

Several studies have reported that furfural carergalselectively the hydrogenolysis of

its carbonyl group and of its furan ring to form MRd MTHF (Figure 15).

Figure 15. Furfural hydrogenation

% Dias A.S., Pillinger M., Valente A.AJ. Catal., 2005 229, 414;

% Binder J.B., Blank J.J., Cefali A.V., Raines R @hemSusChem, 201Q 3, 1268;

8 Moreau C., Durand R., Razigade S., Duhamet Jgdfas P., Rivalier P., Ros P., Avignon Gppl.
Catal. A: Gen., 1997, 145, 211;

8 Moreau C., Durand R., Peyron D., Duhamet J., Riv&.,Ind. Crops Prod., 1998 7, 95;

8 Dias A.S., Pillinger M., Valente A.AJ. Catal., 2005 229, 414;
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In literature some articles report processes phaduce MF in gas phase, liquid phase
or in reactive distillation.

The gas process of hydrogenolysis of furfural igied out at 200-300°C and at low
pressureda 1 bar of H) and with a H/furfural molar ration included between 5 and
8°. By using copper based catalysts (Cud3| Raney-Cu and Cu@d,) the reaction
has a high MF selectivity (95%), but in the proceatlysts tend to deactivate rapidly
(few hours). The deactivation is attributable te thrmation of coke and the deposition
of furfuryl alcohol oligomers on the active sitefstloe catalysts. Furfuryl alcohol is the
hydrogenated intermediate in furfural hydrogenaysiMF and MTHF production.

It is possible to regenerate the catalyst oxidizthg system at high temperature
(400°C), even if this operation makes the processn@mically not economically
feasible.

For these reasons, the process carried out irdliglniése can be used to avoid the rapid
deactivation of the catalysts.

Several articles describe the hydrogenolysis reactising palladium supported
catalysts at milder temperature (20-50°C) thanpdase. In this case, the main problem
Is the selectivity in MF, typically due to ring hydyenation of furfural, furfuryl alcohol
and/or MF. The addition of an acid co-catalyst lve tise of a bi-functional catalyst
could decrease the formation of by-products ang toeld inhibit the side reactions.
Reaction conditions affect the conversion and glecsivity of the process, in particular
the use of polar solvents such as methanol andheitladiow to obtain 100% MF yield
in 1 hour at 18°C using a polymer supported paliadt.

MF has a low boiling point (65°C) that permits tonk under stripping conditions, with
its continuous removal (reactive distillation). Qrtlinately, it isn’t possible carrying
out the reaction at mild reaction condition to aslei good results, in fact the distillation
requires higher temperatures (100-150°C) and at emicatalyst such as,80, to
improve the activity of palladium supported cat&sys

MF and DMF can undergo the ring hydrogenation, litaim fuel components with a

higher energy density with respect to aromatic commols. The most widely used

% Bremner J.G.M., Keeys R.K.RL, Chem. Soc., 1947, 1068;
Lsun Q., Liu S., Yao X., Su Y., Zhang BEecheng Huaxue, 1996 4, 146:
%2 Lange J.P., Van Buijtenen W0-2009/156439, 2009
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catalyst for the ring hydrogenation is nickel-basedalyst at quite low temperature
(130°C¥?.

As already mentioned, furfural derived compounds aery interesting as biofuels
additives. One of the most important diesel fughponent is the 6-butylundecane.

The process to produce this chemical provides uhieiral hydrogenation to form MF

that undergoes a trimerization reaction in an agseeid medium at 60°C. The product
formed is hydrogenated with Pt on carbon and Ptitania as catalysts at 50 bar of
hydrogen and high temperature (200-350°C) (Fig6ié*1

0
H,S0, o / Hy o
SugarC5s —_— | —_— |
/ CuZn/Al Vi

Figure 16. 6-butylundecane production

3.3 Upgrading to oxygenated biofuel components

Levulinate ethyl ester is an important platform roie@al which can be further converted
to pentenoate, valerate and polybutene bioft&ls
The intermediate of this reaction is furfuryl alobivhich is subsequently esterificated

with ethanol using a strong acids catalyst (Figufe

% Ahmed 1.,WO-2002/34697, 2002

% Corma A., de la Torre O., Renz M., Villandier Nngew. Chem. Int. Ed., 2011, 50, 2375;

% Lange J.P., Price R., Ayoub P.M., Louis J., PetryClarke L., Gosselink JAngew. Chem., 201Q
122, 4581,

% Bond J.Q., Alonso D.M., Wang D., West R.M., DurgekiA., Science, 201Q 327, 1110;
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NS TN e
| / - E/ > OEt

Figure 17. Ethyl levulinate production

HCl and BHSQ, are excellent acid homogeneous catalyst to conithecesterification
reaction, even if their use makes the industriatpss not feasible. The main problems
is the need to use equipment resistance to straddoat above all the recovery of these
acid catalysts is very difficult, raising the priaethe final product.

For these reasons the use of heterogeneous catayseferred. Acid catalysts such as
zeolite, acidic ion-exchange or macroreticular cnudited ion-exchange resins
(Amberlyst 46) are very active even if the highgsld obtained is 80% in levulinate
estef’. The only by-product formed in the esterificatimocess is diethyl ether.

Similar to ethyl levulinate ester, also ethyl fusfu ether is a very interesting
oxygenated gasoline component.

This process proceeds by furfuryl alcohol etheaiien using a mild acid catalyst and
ethanol as co-reagent. Zeolite is the catalystdalatvs to achieved the highest yield in
ethyl furfuryl ether (509%5. By-product more formed is ethyl levulinate esfBests
carried out with homogeneous catalysts such asrsukicid lead to maximum 30% of

selectivity and low furfural conversion.

3.4 Furfural decarbonylation

Tetrahydrofuran is a fundamental biofuel comporenblending into gasoline and it is
mainly used as an aprotic solvent of moderate pwlailetarhydrofuran can be
produced catalytically from furan hydrogenation.

Furfural can be decarbonylated at high temperat(889-800°C) using different
heterogeneous catalysts based on Zn, Mg, Cr, EelJatortunately, the selectivity and
the yield of the reaction are very low, due to rathe formation of heavy compounds

" Lange J.P., Van de Graaf W.D., Haan RCBiemSusChem, 2009 2, 437;
% Haan R.J., Lange J.RMO-2009/77606, 2009
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and furan decomposition. In these conditions theéalgsts undergo a rapidly
deactivation making the process economically nasifde.

To increase the selectivity of the process, catslyased on noble metals are employed
at much milder condition.

Pd/ALLOs is an excellent catalyst for decarboxylation wogkin a range of temperature
between 250-400 °C in a stream of hydrogen. Unfately, even this catalyst
undergoes rapid deactivation in a few days, althatg easily re-generable, oxidizing
the coke formed on the catalyst surface using @astr of oxygen at high
temperaturg1®

Also catalysts based on Pt for example offer higdg in furan even if the selectivity
of the process remains low, because products suighogpane and propene, or methyl
furan or products of ring opening products are poed®’. The production of propane
and propene is intriguing and warrants further stigation. In contrast to literature
reports, the catalyst appeared to deactivate dgvamnd had a half-life of approximately

two days®?

3.5 HMF synthesis

Generally, raw materials used for the HMF producioe cellulose, hemicellulose and
sucrose.

Sucrose is the organic compound commonly knowrugars It is extracted from beets
in European countries and from sugar cane in tsieofethe world.

It is a disaccharide with a bond between the anmnoarbon of glucose and fructose
(reducing ends) in 1 and 2, so as to form a non-reducing sugar.

The fundamental steps for the HMF synthesis are depolymerization of
polysaccharides, which generally occurs under beetalysis, and the dehydration of
the C6-sugar with loss of three molecules of wgderd catalysis).

A considerable problem is the extraction and peaifon of HMF from the aqueous

}03

medium, due to the high affinity of this producthwvwater . For this reason have been

% Gardos G., Pechy L., Csaszar E., RedeyAng. J. Ind. Chem., 1976 4, 125;
1% Gardos G., Pechy L., Csaszar E., SzigetHBng. J. Ind. Chem., 1975 3, 589;
191 \wambach L., Irgang M., Fischer MUS-4,780,552, 1988

1921 ange J.P., van der Heide E., van Buijtenen dcefR.,ChemSusChem, 2012, 5, 150;
198 Cukalovic A., Stevens C.VGreen Chem, 201Q 12, 1201;
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used various organic solvents such as dichloromethaethyl acetate and
tetrahydrofuran , to realize the extraction process

The use of two different catalysts and the additdrco-solvent to extract the final
product are the main problems of this process,reiaé the final price of the product.
The dehydration process of fructose is favored @ to that of glucose, due
primarily to its higher prevalence of being in theyclic conformation, thus to its

highest reactivity (Figure 18).

HO OH HO
(o) (o)
H’
e
HO HO OH
OH *®
OH OH
fructose
-Hzol H*
HO
(0) (0)
HQ
HO \ / Ny < / o
H0
HMF
OH

Figure 18. HMF production

Glucose is not very active also because its ligistep is the process of enolization of
the aldehydic group, giving low conversion and kslectivity (Figure 18).

For these reason, as already mentioned, one ahtst important process presents in
biorefinery is the isomerization of glucose to tage.

In literature some articles show the dehydratiohefoses using different acid catalysts
such as organic acid (oxalic and maleic), inorgamid (HCI and HSO,)'** ion-

exchange resin®, zeolité®® organic and inorganic saitéand VOPQ'*®

104 Asghari F.S., Yoshida Hind. Eng. Chem. Res., 2006 45, 263;

195 Mercadier D., Rigal L., Gaset A., Gorrichon J.P Chem. Technol. Biotechnol., 1981, 31, 489;
1% Moreau C., Durand R., Pourcheron C., Razigadm&.Crops Prod., 1994 3, 85;

17 Fayet C., Gelas JGarbohydr. Res., 1983 122, 59;

198 Carlini C., Patrono P., Galletti R., Maria A., 8ha G.Appl. Catal. A, 2004 275, 111;
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Unfortunately, the selectivity and the conversidntiee dehydration process are very
low due to the formation of numerous by-products.

The main side reactions in this process are cotigecteactions to the formation of
HMF: furan ring cleavage and oligomerization/polyination of HMF.

The furan ring opening proceeds by the additionwsd molecules of water to HMF
with subsequent dehydration of the hydroxyl grougaosition five and as the last step
there is the furan cleavage with formation of onglaoule of formic acid and one of
levulinic acid®.

Another parallel reaction that can occur during #yathesis of HMF is the auto-
condensation to form polymers of high molecularghei

The highest HMF selectivity (80%) is obtained usmgiobium based catalyst and
vanadium phosphate in water, even if with a lovetioge conversion (25-5094).

Also DMSCO*! and N-methylpyrrolidonie? are used as a high-boiling organic solvents,
with good results (conversion 70-90%) using an aesin as catalyst. The selectivity is
high because the organic solvent such as DMSO pievke formation of by-products
such as humic acids and levulinic acid. The disathge is the difficulty of separation
of HMF and the formation of toxic by-products basedsulfur.

In recent years new catalytic systems have beeeplalgd such as the synthesis of
HMF in aqueous solution under supercritical coodisi at 240°C in the presence of
zirconium phosphate; the catalyst was stable amedothly products obtained were
soluble polymers.

Industrially, technical-economic studies have bperformed to examine the possibility
to carry out a scale-up of the process of prodactb HMF and try to assess the
possible costs of production.

The price of production of HMF is directly correddt with the cost derived from the
raw materials and in particular from the cost atfose.

In order to use the HMF as a platform chemicahi biorefinery of the future and then
get the chemicals competitive in the market, thegpof HMF should be around 1$/Kg.

199 Horvat J., Klaic B., Metelko B., Sunjic VIgtrahedron Letters, 1985 26, 2111;

10 carlini C., Giuttari M., Galletti A.M.R., Sbrana. GArmaroli T., Busca G Appl. Catal. A, 1999 183,
295;

1 Musau R.M., Munavu R.MBiomass, 1987, 13, 67;

12 sanborn A.World Pat. WO 2006/063220, 2006
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Numerous designs of pilot plants have been caroat by developing catalytic

processes through the use of heterogeneous catdiystn today, in the literature it is
hardly possible to find news complete on the ideahlyst for the production of HMF,

such as the life time, the regeneration after deatcdn, the solvent needed for the
extraction and purification of the final product.

The table shows some of the prices for the prodoaf HMF from fructose.
Table 1. Cost of HMF production

Process Design capacity Fructose price HMF price
Low bailing 0.5 $/K 2 €/K
solvent; acetorté® ' J J
Two solvent:
MIBK and 2- 0.55 $/Kg 2.16 €/Kg
butanot Production of

HMF: 7000 ton per

Two solvent: water

d THEY year 0.55 $/Kg 1.97 €/Kg
an
Two solvent:

MIBK and 0.55 $/Kg 2.43 €/Kg

water/2-butandi

The lowest price relative to HMF production foumdthe literature concerns the study
of a pilot plant for the co-production of DMF, artkative of HMF used as fuel or as an
additive for fuel. The process provides the comthipeoduction of these two chemicals
through the use of a reaction biphasic system ceppof water saturated with NaCl
and 1-butanol (Figure 19). The flow sheet proposskes into consideration the
recycling of the solvent and of the unreacted sabstthe processes of purification of
the products and the isolation of the by-produdth Wgh added value such as levulinic
acid, important for as bulk chemical in the bionefly. The final price of HMF, as

already said, is strongly influenced by the costhef raw material, even if the cost of

the catalyst and the possibility to sell the byearcts can significantly impact the cost

113 Bjcker M., Hirth J., Vogel H.Green Chem., 2003 5, 280;
Y4 Torres A. 1., Daoutidis P., Tsapatsis Mnergy Environ. Sci., 201Q 3, 1560;
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of the process. Feeding a current of 300 tons pgradl fructose with an approximate
cost of 0.3 $/Kg the final price of HMF would bé8.$/Kg.

To arrive at such a low price, the lowest producitid HMF must be at least 100 Kton
per year. Unfortunately, all possible products \ktifrom HMF will not enter in the
market as a new and innovative products, but agugste that will replace the chemicals
that are being produced on a large scale in thiaduistry
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Figure 19. Flow sheet of DMF and HMF productior™
“5van Putten R-J., Van der Waal J.C., De Jong EsrdRalra C.B., Heeres H.J., De Vries J@emical

Reviews, dx.doi.org/10.1021/cr300182R012
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The main lines of study on HMF are two: the fissthe technical and economic studies
on the feasibility of production and the scale-uppdot plants, the second is the
development of catalytic processes for the produatif chemicals, polymers and fuels
from HMF.

In fact, the HMF can be converted into highly attrge products for the chemical
industry (Figure 20).

N N
\ ) \ J
RO 0 NS0 ~0"0
L o If X
- ~_|/ } -\ HO o --'\ .
Yy H Caprolactam Caprolactone T "OH
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- \ /
0 0 -~
Lo I "o 7 1
TN T S N HO. A~~~
HO . OH - 1 \ H - I . OH
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HO OH
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~%— ~ %
2,5-Bishydroxymethylfuran 2,5-Dimethylifuran

Figure 20. Chemicals derived from HMPE*®

3.6 HMF hydrogenation

As already mentioned for the hydrogenation of frafuthe most important compound
derived from the hydrogenation of the HMF is the BMused as biofuel. It is
immiscible with water and it is easier to blendhmgiasoline than ethanol.
Hydrogenolysis of HMF is carried out in agueous raeahd using a heterogeneous
catalyst under hydrogen pressure.

Pd/C allows to obtain 36% yield in DMF at 60°C impalar solvent such as propanol.
Good results are also obtained using an hydrogersfer reaction. In this case, the
hydrogen donor is cyclohexene and the additiomadi@d co-catalyst such as AkGir

another Lewis acid improves the DMF yield (90%).
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HMF hydrogenolysis proceeds by formation of anrimtediate: 2,5-bishydroxymethyl-
furan (BHMF) (Figure 21).

o | o | o
»«ﬁ@//—’m T

Figure 21. DMF production

BHMF is an important molecule for the production mdlymers and polyurethane
foams*®. The reduction of HMF can occur with sodium bohyairideé"*’, but also with
NaOH"® aqueous and with catalysts such as nickel, cogipemite, cobalt oxide and
molybdenum oxide.

Complete HMF conversion and BHMF selectivity ardaiied using Pt/C, PtOor
2CuO+Cp0O3 working at 140°C and 70 bar of hydrogen, while pinesence of Pd/C or
nickel Raney" catalysts allow to achieve the hydrogenation effiiran ring forming

the 2,5-bishydroxymethyl-tetrahydrofuran.

3.7 Transformations of the formyl group

The aldehydic group of the HMF can undergo numermeection, including the
formation of hemiacetals and acetals. In particuldie hemiacetalization is an
equilibrium reaction shifted toward the aldehydd @rtakes place under basic or acidic
conditions and in a polar solvent, typically ano&icl.

On the contrary, the formation of acetals is catdlyby only acid catalysts such as

zeoliote, ytterbium sulfate supported on Ambertystewis acids (e.g. TiG).

116 Moreau C., Belgacem M.N., Gandini Agp. Catal., 2004 7, 11;

7 Timko J.M., Cram D.JJ. Am. Chem. Soc., 1974 96, 7159;

Y8 Turner J.H., Rebers P.A., Barrick P.L., Cotton RAsal. Chem., 1954 26, 898;
19 35chiavo V., Descotes G., MentechBLll. Soc. Chim. Fr., 1991, 704;
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One of the most important acetal is the 5-hydroxtayle2-furfuraldehyde bis-5-
formylfurfuryl acetal (Figure 22), a chemical uséar the production of flavor-

improving agents°.
OH

_—

o / H* o/
———-

= \ / EtOAc

o
()
o
7
A@// =
\o
Figure 22. Reaction for flavor improving agent prodiction

Furthermore, it is possible to produce cyclic aeetased as chemical intermediate,
carrying out a reaction between HMF and levogakstp or another glycol, at

100°C*,

Another interesting transformation of the formylbgp is the aldol condensation, a
reaction very important for the production of bugilwally active compounds,

components for bio fuels and liquid alkanes.

In fact, several studies claim the possibility tmquce liquid alkanes performing a
crossed aldol condensation with acetone and subsedeep hydrogenatith

Changing the acetone equivalents in the reactispbssible to modify the selectivity
in the final products (&- C;5 alkanes).

Finally, HMF carbonyl group can also undergo a odgle amination in the presence of

hydrogen gas or liquid Nfusing a nickel Rané§f to form a large variety of chemicals

120 Terada I., Takeda T., Kobayashi T., Hiramoto Tuyoshi K.,US2010029786-A1 WO2008044784-
A1, 2008

2L yrashima T., Suyama K., Adachi Sarbohydr. Res., 1985 135, 324;

122 Elming N., Clausonkaas NActa Chem. Scand., 1956 10, 1603;
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or using iodine in aqueous ammonia it is possibleanvert the aldehyde function into
nitrile in good yield at room temperattfa

3.8 HMF oxidation

The transformation of HMF formyl group can be cadriout through the selectively
oxidation on the aldehyde group or on the hydraxylup to obtain respectively the
acid 5-hydroxymethyl-2-furancarboxylic (HMFCA) arii5-diformylfuran (DFF). It
also can be performed on both functional groupshis case there is the formation of
the acid 2,5-furandicarboxylic (FDCA).

The first oxidation reaction (HMF to HMFCA) can hlmarried out with different
catalysts such as AQ or AgO-CuO under basic conditions, andQ4 and CPO an
enzyme active in the presence of hydrogen peroxitle. reaction is performed using
air or oxygen as oxidant at mild temperattfés

HMFCA is a very interesting acid, and also the ematjc oxidation is studied. 97%
conversion of HMF is achieved using a whole cefl&\cetobacter rancens or Serratia
liquefaciens'?>.

HMF oxidation to DFF is more difficult due to lowlectivity of the process.

DFF is an important platform chemical, used to picml various polymers and fine
chemicals such as polypinacols and polyvinyls. stdally, it is also a starting material
for the production of ligands, pharmaceutical antifagal agents.

Several studies report the reaction catalyzed mdiplhomogeneous catalyst such as
pyridinium chlorochromate (PC&f and DMSO-potassium dichromate oxidative
complex at 100°€".

One of the best heterogeneous catalysts useddarxidation to DFF is the vanadium
oxide (\V»0s) bulk or supported.

Numerous screening are carried out with these tgbesatalysts with the attempt to

improve the selectivity of the process. Total sy in DFF is achieved by utilizing

123 Baliani A., Bueno G.J., Stewart M.L., Yardley Brun R., Barrett M.P., Gilbert I.HJ. Med. Chem.,
2005 48, 5570;

124E|hajj T., Masroua A., Martin J.C., Descotes Bull. Soc.Chim. Fr., 1987, 855;

125 Mitsukura K., Sato Y., Yoshida T., Nagasawa Biotechnol. Lett., 2004 26, 1643;

126 McDermott P.J., Stockman R.Arg. Lett., 2005 7, 27;

127 Cottier L., Descotes G., Lewkowski J., SkowrorRkiOrg. Prep. Proced. Int., 1995 27, 564;
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the vanadium oxide supported on titania at 90°C Hhbar of @, although in this case
the main problem is the excessive amount of cdtahgcessary to obtain high
conversion¥®

Currently, PdGICuClL is the heterogeneous catalyst that has the bastytia
performances in terms of selectivity, even if tlwersion of the HMF not exceed
70%, due to the presence of water in the reatlon

Quantitative DFF yield is obtained performing HMKdation with (NH,)2[Ce(NGs)g]
(CAN) in ionic liquid [EMIM][OTf] 1-ethyl-3-methyl imidazolium
trifluoromethylsulfonate as a solvéfit The use of this complex catalytic system
increase the cost of the process and for thesemnrgls selective production of DFF is
still under investigation.

Another important chemical derived from the HMF dation is FDCA. FDCA is
considered by the DOE as a bulk chemical essdntidhe future of chemistry because
it can be used as a starting point for productshsas succinic acid, 2,5-
furandicarboxylic acid dichloride, and 2,5-furaraticoxylic acid dimethyl ester.
Furthermore, the FDCA is possible replacement i&ptethalic acid for the production
of PET and other polymers.

In literature numerous homogeneous catalysts such\,®;, HNO;, KMnO, are
reported to perform the catalytic oxidatioh

Several patents have been published using catdigstsd on platinum (supported on
charcoal and/or zirconia) obtaining almost quanuéayields and selectivity in basic
medium under pressure of &3

Even the process directed by fructose to FDCA legs Istudied, although the yields of
di-acid-are very low. The reaction involves the yiiation of the sugar and the

subsequent oxidation to FDCA.

128 Martin T.S.A,Ger. Patent DE 19615878, 1997

129 Halliday G.A., Young R.J., Grushin V.\MQrg. Lett., 2003 5, 2003;

130 Mehdi H., Bodor A., Lantos D., Horvath I.T., De ¥®.E., Binnemans K., J. Org. Chem., 2007, 72,
517;

131 Miura, T.; Kakinuma, H.; Kawano, T.; Matsuhidd, (Canon Kabushiki Kaisha) U.S. Patent
7411078, 2008.

1328 W. Lew, U. S. Pat. 3326944, Chem. Abstr., 1%8,P49434n

133M. A. Lilga, R. T. Hallen, J. Hu, J. F. White akt J. Gray, US2008103318-A1, 2007
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The catalyst tested is Pt-Bi/C in combination vétkolid acid catalyst in a water/MIBK
solution. Using this type of catalytic system theld and selectivity in FDCA are
respectively 25% and 5094,

Best results (99% selectivity) are obtained usingaCac)-Si@ as bifunctional catalyst
at 160 °C and 20 bar air pressure even if the asioreis low yet®.

134 Kroger M., Prusse U., Vorlog K.-ETpp. Catal., 200Q 13, 237;
135 Ribeiro M. L., Schuchardt UGatal. Commun., 2003 4, 83;
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Chapter 4
4 HMF Oxidation

DOE has identified FDCA as one of 12 chemicalgliergreen chemistry of the future.
In fact, FDCA is as an important renewable buildogck because it can substitute for
terephthalic acid (produced in petrochemical inggstin the production of
polyester§'®.

As mentioned earlier, the oxidation of HMF leadshte formation of the FDCA.

FDCA is an important platform molecule for the puotion of polyesters and adipic
acid, for this reason several companies have tdadddustrialize its synthesis process.
In particular, Avantium Chemicals has made thetstarof a pilot plant for the
production of FDCA methyl ester using a catalystdshon Co/Mn/Br®.

At the same time, there has been an exponentiagdase in recent years of publications
on the oxidation of HMF using numerous catalysten{bgeneous and heterogeneous)
and processes that are more green.

Lately, gold nanoparticles based catalysts havevsigmod results in this process.
Corma et al. have used gold-based catalysts suggport various oxides such as ceria,
titania and carbon, working in mild condition (6%} in an aqueous medium to obtain
quantitative yields in FDCA in 8h reaction in aridixing atmosphere (§*".

TiO,, CeQ, Fe0O3; and activated charcoal were used as support &byezatthis reaction
oxidation reaction, using gold nanopatrticle asatigve phase.

The catalysts supported on Li@nd CeQ were the best catalysts because they allow to
obtain a yield in FDCA of 100%, while working witianoparticle ceria it was possible
to halve the reaction time achieving the 97% FDGCAIdy This fact showed the

13 Mun-oz de Diego C. Schammel W.P., Dam, M.A., GruBJ.M.,Int. Patent WO 2011043660, 2011;
187 Casanova O., Iborra S., Corma 8hemSusChem, 2009 2, 1138
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presence of a synergistic effect between the agthase (gold nanoparticles) and the
support (nano ceria).

Unfortunately, one of the major problems of thigatéon using gold based catalysts was
the need to use a co-oxidant such as sodium hylpwhich makes the process less
environmentally sustainable.

Christensen et al. have studied the influence eflihse on the yield of di-acid. Their
work has shown that a quantity of less than 4 edents of NaOH with respect to HMF
significantly slows the reaction rate, while an amioexceeding 5 equivalents does not
affect particularly on the final yield¥.

Also other articles showed a decrease of the digield and a higher yield in the first
intermediate HMFCA for reactions carried out in fresence of a lower pressure of
oxygen or of low concentrations of base. This metra in the presence of an
insufficient amount of oxygen the aldehyde groumisre easily oxidized compared to
the group -CHOH'® while the absence of base in the reaction doesltmt to obtain
high conversions of the substrate, which suggegisssible deactivation of the gold
based catalyst by acids initially formed.

Probably, in the absence of base, desorption of ADQGm the catalyst is significantly
disadvantaged.

In the HMF oxidation process another common prohikethe phenomenon of leaching
of gold in optimal reaction conditions. This prabléeads to a decrease of the catalytic
activity of the catalyst, occurring with a lowereld in the desired product during
subsequent catalytic cycles. But using a very actatalyst for the oxidation, the
formation of by-products is very low.

The formation of by-products is also mainly dueth® rapid deactivation of the
catalysts due to the active phase being blockemblmpetitive adsorption.

In this work, bimetallic nanoparticles Au/Cu basedalysts have been synthesized and
tested in the reaction of oxidation of HMF to FD@Ath the aim to develop a catalytic

process using a highly active and stable catalyst.

138 Gorbanev Y.Y., Klitgaard S.K., Woodley J.M., Cheissen C.H., Riisager AGhemSusChem, 2009
2,672;
139 Jorgensen B., Christiansen S.E., Thomsen M.L.Bris2nsen C.HChemSusChem, 2008 251, 332;
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4.1 Experimental section

This work describes the synthesis and charactesizaif colloidal suspensions of
nanoparticles mono and bimetallic gold and copp&th different metal loading and
different nanoparticles composition, the preparatamd characterization of catalysts
supported on Ti@and CeQ prepared using the sols synthetized and the gctbfi
these catalytic systems in the reaction of oxiaatb 5-hydroxymethylfurfural (HMF)
in liquid phase.

The synthesis of nanoparticles has been developad agueous medium, by reduction
of metal precursors with glucose in the presencéla®H and polyvinylpyrrolidone
(PVP) as a stabilizer, while the catalysts werepared by incipient wetness
impregnation of sols of Tigand CeQ.

The techniques used for the characterization ofstispensions and catalysts were the

following:

= DLS (Dynamic Light Scattering) for measuring thedtgdynamic diameter of
the particles in suspension;

= XRD (X-Ray Diffraction), both on the suspensionttioa the catalyst, for the
evaluation of the type of phases formed and theragee diameter of the
crystallites metal;

= XRF (X-Ray Fluorescence) for the evaluation of tleaction yield in the
synthesis of nanopatrticles;

= measurement of the surface area of the catalysBElytheory;

= TGA (Thermogravimetric analysis) and DTA (DiffereitThermal Analysis)
for estimating the amount of organic material pnés the catalyst at the end
of the preparation; such organic residue derivethfthe synthesis of sols;

= TEM (Transmission Electron Microscopy) for estimagtithe average size of
nanoparticles and for the evaluation of the typplases present;

= Oxidation in programmed temperature (TPO) to eualtlae behavior of redox
support;

= X-ray photoelectron spectroscopy (XPS) measurements

The catalysts prepared were used for the studhefokidation reaction in the liquid
phase of the 5-hydroxymethylfurfural (HMF) to 2 &-dndicarboxylic acid (FDCA).
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4.1.1 Materials

The following reagents and products were used ler work: 5-hydroxymethyl-2-
furfural (Sigma-Aldrich), 2,5-furandicarboxylic ac(Toronto Research Chemicals), 5-
hydroxymethyl-2-furan carboxylic acid (Toronto Rasgh Chemicals), HAuGl
analytic grade (Sigma&ldrich), CuSQ-5H,0 analytic grade (Sigmaldrich), [3-D-
glucose (SigmaAldrich), Polyvinylpyrrolidone PVP (Sigma&ldrich), TiO, Anatase
(DT51 Millennium Chemicals), CeO2 (Ceria 90 Evonik)

4.1.2 Synthesis of nanoparticles

To perform the synthesis of the suspensions of peticles of gold and gold-copper, it

has been used a procedure already optimized inopetests’®

varying the heating
system and the mode of addition of the reagents.

The procedure used involved the preparation ofcueaus solution containing sodium
hydroxide and the stabilizing agent, polyvinylpyidone (PVP), followed by heating
the system up to the reaction temperature (90°C).

At the right temperature, glucose (reducing agenty metal precursor solution were
added to the system, obtaining the rapid nucleatbmanoparticles (the time of
reaction is only 2.5 minutes).

The formation of the metallic phase took place leans of reduction by glucose.
Despite theB-D-glucose is a reducing sugar, it was necessaryptasence of NaOH to
increase the reaction rate of the reduction. InféHewing reaction (Figure 23) sugar is

represented in an open form, although in aquedus@oit is in cyclic form.
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Figure 23. Metal reduction by glucose/NaOH

140 pasini T., Piccinini M., Blosi M., Bonelli R., Atinetti S., Dimitratos N., Lopez-Sanchez J. A., $&nk
M., He Q., Kiely C.J., Hutchings G. Cavani &reen Chem,, 2011, 13, 2091,
! Blosi M., Albonetti S., Dondi M., Baldi G., Barztii., PCT/EP2010/052534, 201Q
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Concentration of metal (5*10M) was always kept constant in every nanoparticles
synthesis.

The molar ratios used for the synthesis of nanabest monometallic gold and
monometallic copper were the following: [PVP] / [Eu= 2.75; [NaOH] / [AG'] = 8;
[glucose] / [AG'] = 2 ; [PVP] / [Cd'] = 15; [NaOH] / [C§T] = 18; [glucose] / [CH] =

12. On the contrary, optimized values were used th@ synthesis of bimetallic
suspensions, that are reported in Table 2.

Table 2. Amount of reducing and stabilizing agentdr suspension

% mol % mol mol PVP/  mol NaOH/  mol glucose/
Suspension

u Cu mol metal  mol metal mol metal

Au 100 / 2.75 8.00 2.00
AusCuy 75 25 5.81 10.50 4.50
AuiCuyy 50 50 8.88 13.00 7.00
Au;Cug 25 75 11.94 15.50 9.50
AuiCus 14 86 13.25 16.57 10.57
Cu / 100 15.00 18.00 12.00

The reaction was carried out with two differentteyss:

= in a microwave reactor with an heating velocity36PC min' able to drawing
the desired temperature profile using a softwaad ttynamically adjust the
microwave power to only deliver what is need durihg reaction to reach the

desired temperature.

= in a three-necked flask, equipped with thermometefrigerant (traditional
heating system);

Typically, nanoparticles synthesis was carriedroixing PVP, glucose and NaOH in a
round bottom flask with 180mL of water. This sobuti was heated at 90°C and
atmosphere pressure using the microwave oven. dstestep involves the precursors

addition and the agitation of the mixture for 2.Bates at constant temperature.
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Regarding the traditional system, the only diff@econcerns the addition of glucose at
high temperature (90°C), just before of the mabva¢xursors. This procedure is need to

avoid the degradation of glucose due to the lorgtiheating (30 min).

4.1.3 Characterization of nanoparticles

The suspension of metal nanopatrticles were charaeteby the use of three techniques
such as DLS, XRD and XRF. The operation perfornwditie characterization of the

suspensions synthesized are summed in a schenati(Rigure 24).

Suspension
Centrifugation Qualitative
with 50 kDa analysis of the
filters suspension
Water Concentrated
filtration suspension

XRF analysis to
evaluate the
reaction yield

Impregnation

Figure 24. Work-up of suspensions synthetized

DLS (Dynamic light scattering)

The measurement of the average size of the pariitisuspension has been carried out,
through the technique DLS (Dynamic Light Scatteyingising the instrument
Nanoseries Zetasizer (Malvern Instruments).

The technique is based on the DLS scattering ®dfbry a laser beam that invests a
colloidal suspension, in which the size of the ipbet are sub-micrometer (the

detectability of the instrument is between 0.6 06 in).
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The DLS technique is non-invasive, it is foundedtlom assumption that each particle
(subject to random motion of Brownian type) produtiee phenomenon of scattering.
The speed of particles is related to their sizetigdas that possess a fast motion will
have smaller dimensions than other that move m@wlys The intensity of the
scattered light has a frequency of fluctuation deleat on the rate of diffusion of the
particles, related to their size: the size of tlaetiples can be extrapolated from the
analysis of the fluctuations of the intensity oatiered light.

The instrument measures the hydrodynamic diamdténeonanoparticles, that is the
diameter of the unit kinetic movement, comprisihg ttoordination sphere and any
adsorbed species on the surface (for example posyaresurfactants).

The concentrations of solid advisable to have ialsld measurement depend on the size
of the particles in suspension: for smaller diamseté 10 nm it is contemplated only a
lower limit of solid ([conc.] > 0.5 g/L), while foparticles with diameter between 10
and 100 nm in the range of optimum concentratiobasveen 0.1 mg/L and 5% in
weight (for density of 1 g/cf, in order to avoid phenomena of particle-particle
interaction that alter the size estimation, by diag the diffusion rate.

The instrument allows to obtain a statistical disttion of sizes, based on the intensity
of scattering. Furthermore, from the results olgdjnit is possible to obtain two
different types of distributions calculated: thesfiprovides the distribution with respect
to the volume occupied by the particles while tbeond compared to the number.

From measurement, various data are obtained: g aufryparticle size distribution, a
value of average diameter, and an index that pesvidformation about the degree of
polydispersity (PDI) of the suspension.

PDI index is between 0 and 1, more it is close tan@re the suspension is mono-
disperse, while for an index equal to 1 the suspessare considered totally poly-
disperse. In general, a mono-disperse suspensigrhbeneonsidered for values of PBI
0.2, average poly-disperse for &2PDI < 0.5 and poly-disperse for values greater than
0.6.

XRD (X-Ray Diffraction)
The X-ray diffraction (XRD) is a technique widelged for the study of a solid. This

technique allows to determine:

= the crystallinity of a solid or of a phase preserd solid,;
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= the estimate of the size of the microcrystals prese
= the type of phases present;

» the dimensions of the unit cell and the type ofretdhat compose it.

To calculate the crystallites size Scherrer equnatan be used:

d=Kd/bco8

where b is the width at half height of reflectignis the angle of incidencg, is the
wavelength of the incident X-ray and K ~ 0.9 - 1.

The analyzes were carried out at room temperatuith va diffractometer
Bragg/Brentano X'pertPro PANalytical, using as arse of X-rays to an anode copper
(Ka, A = 1.5418 A).

All samples were analyzed from 30 to 8®,°acquiring 2s each 0.1 §2Furthermore,
to evaluate the size of the crystals of gold, aosdcacquisition of 10s every 0.16°2

from 34 to 46 °8 was performed.

XRF (X-Ray Fluorescence)

The XRF analysis is used to determine the chemamahposition of a sample,
evaluating the elements present.

XRF analysis were carried out using a Panalyticabs& Advanced equipped with a Rh-
target X-ray tube (4kW power) at 298 K.

Powder analysis were recorded in vacuuni®(b@r) while liquid tests were carried out
using Helium at atmospheric pressure.

This analytical technique was used to verify theld/iof reaction in the synthesis of the
nanoparticles, and to verify that precursors hasenlreduced and that cations do not
remain in solution.

To perform the XRF analysis, aliquot of nanopagtislispension was concentrated by
centrifugation at 1500 rpm/min using Millipore &ls. These filters consist of a
membrane of regenerated cellulose having a variaidess, it able to retain the
suspension of metal, eliminating the excess PVPo#imel reagents present dissolved in

water.
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4.1.4 Catalysts synthesis

Different catalysts were prepared using the narnimbaisuspensions obtained, through
incipient wetness impregnation method, using tuamioxide (TiQ) and cerium oxide
(Ce(Q) as supports.

The preparation of a supported catalyst by impregnacomprises a step of contact
between the support and the suspension contaihmgnetals, up to occupy with the
liquid the entire volume of the pores of the suppt@wllowed by a drying step, to
remove the solvent. At the end, the catalyst isddim an oven at 120 °C overnight.
Some catalysts were prepared by keeping constanntiar ratio between Au and Cu

by varying the metal loading (Table 3).

Table 3. Au and AuCu, catalysts synthetized with different metal loading

Catalyst Metal loading (%wt) Au (% wt) Cu (% wt)

0.5Au-Ti 0.5 0.5 /
1.0Au-Ti 1.0 1.0 /
1.5Au-Ti 15 15 /
2.0Au-Ti 2.0 2.0 /
0.5AuCuw-Ti 0.5 0.38 0.12
1.0AuCuw-Ti 1.0 0.76 0.24
1.5AuCuw-Ti 1.5 1.14 0.36
2.0AuCuw-Ti 2.0 1.52 0.48

Others catalysts were prepared by changing theenafuhe active phase while keeping

constant the metal loading (1.5%) on the suppabld 4).
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Table 4. Bimetallic catalysts synthetized with diférent Au/Cu molar ratio

Metal loading
Catalyst Support Au (% wt) Cu (% wt)
(% wt)
1.5Au-Ti 15 /
1.5AuCW-Ti 1.34 0.16
TiO; 1.5
1.5AuCu-Ti 1.14 0.36
1.5AuCus-Ti 0.76 0.74
1.5Au-Ce 15 /
1.5ACw-Ce 1.34 0.16
CeQy 1.5
1.5AuCuw-Ce 1.14 0.36
1.5AuCuws-Ce 0.76 0.74

The cerium oxide used as support also containd, @eaddition to C& species; the
ceria is in fact an oxide which tends easily toreguced under mild conditions. The
presence of reduced species on the support hasybaged by performing an oxidation
at programmed temperature (TPO) with a ramp of@®nin from 60 °C up to 650 °C
and an isotherm at this temperature for 30 minufédge instrument used was a
ThermoQuest TPRDO 1100.

4.1.5 Catalyst characterization

The catalysts obtained were characterized by thlewimg analytical techniques:
measurement of the surface area (BET), XRD (X-Raffrdation), XPS (X-ray

photoelectron spectroscopy), TGA (Thermogravimedralysis) and DTA (differential
thermal analysis). Analysis by TEM (Transmissioreddlon Microscopy) was also

carried out for samples Au-Ti@and TiQ-Au;Cu.

Surface area
The measurement of the surface area of a catakstessed as 7y, is one of the main
parameters that characterize a material. The im&nt used for the determination of the

surface area was a BET Fisons Sorpty 1750 CE.
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This technique uses the theory of BET (method dapesl by Brunauer, Emmett and
Teller), and the area is measured by determiniagjttantity of gas that is adsorbed as a
monolayer. The conditions are more favorable feratisorption of gases on the surface
of the solid occur at liquid nitrogen temperatufé K); the measurement of the specific
surface therefore takes place immediately aftercti@ing of the sample with liquid
nitrogen. The analysis was conducted after a driyg@tment of the sample at 120 °C.

XRD (X-Ray Diffraction)

XRD analysis is performed on the powder of the lgatato be able to observe the
different crystalline phases present and to vetlfg formation of the alloy in the
bimetallic species. The analysis were carried outra@bm temperature with a
diffractometer Bragg/Brentano X'pertPro PANalytioaduipped with a X'Celerator
detector, using as a source of X-rays to an anag@er (ki A = 1.5418 A). For
samples supported on titania, analysis were carigdfrom 10 to 80 °@ with
acquisitions of 20s every 0.0562Furthermore, to evaluate the size of the crytaall
of gold, a second acquisition of 1500s was perfarenery 0.08 °@ from 40 to 47 °R.
The coherence length of the Au crystalline domawas evaluated through single line
profile fitting of the reflection at 44.3 82since at this particular angle no overlap with
the anatase pattern of the support was observeds&mples supported on ceria,
analyses were carried out from 20 to 89,®ith acquisitions of 20s every 0.056°2
Furthermore, to evaluate the size of the crystélgotd, a second acquisition of 400s
was performed every 0.03¢&om 36 to 46 °R.

TGA and DTA

The methods of thermal analysis are based on tity sif the effects of heat on the
sample and consist in monitoring the variation gbraperty of the test sample as a
function of temperature. The thermogravimetric gsial (TGA) is used to study the
variation of mass in function of temperature, tliecential thermal analysis (DTA)
instead studies the effects endothermic and exwoibegxpressed as the difference in
temperature between the sample and the inert sample

The instrument used to perform the analysis is Risoc Scientific STA1500;

analyses were performed in air with a ramp of 10rfi@ from 25 °C up to 600 °C.
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Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) is &tegue where an electron beam is
transmitted through a sample very thin (5 to 500.nm

The transmission electron microscope works undeuwa in the absence of vibration
and magnetic fields and it provides images formgdhe interaction of the electrons
transmitted, which are projected on a screen, ngatkiam visible. The electrons of the
beam are generated usually through a process kmaswthermionic emission from a
tungsten filament. The electrons are then accelérby an electric potential (100-300
kV) and focused by electrostatic and electromagnetises onto the sample.

The samples were analyzed with a JEOL 2200FS SWv#Mh uses a detector HAADF

(high angle annular dark field) and operates atvago of 200 kV. To study in detail the

composition and the structure of individual nantipkes, analyses XEDS (X-ray

energy dispersive) were conducted using a spectesribermo-Noran XEDS.

The samples for the analysis of transmission eaatnicroscopy in scanning (STEM)

were prepared by dispersing the catalyst on a oafthm supported on a grid of

molybdenum from 300 mesh.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurememrte performed on a Kratos

Axis Ultra DLD spectrometer. Data were acquirechgsa monochromatic Al source,

operating at 120 W. All spectra were acquired usireggKratos immersion lens system
for charge compensation, and the hybrid spectrosoopde at pass energies of 40 and
160 eV for high resolution and survey scans resgeygt Data were calibrated to the C

1s line at 284.8 eV, attributable to adventitiouarbon and quantified using

CasaXPSTM v2.3.15, using sensitivity factors suggpby the manufacturer.

Catalytic tests

The oxidation of 5-hydroxymethylfurfural (HMF) wasarried out using a Parr
Instrument 4561 autoclave reactor of 300mL capaanity equipped with a mechanical
stirrer (0-1200 rpm) and provision for measurement of tempeeaiand pressure

(Figure 25).
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Figure 25. Autoclave reactor

The reaction was carried out in water, using sodhydroxide as co-oxidant and the
appropriate amount of catalyst.
If not differently indicated, each test was coneédctor four hours with the following

amounts of reagents:

= 25.5mL of HO;

» 0,259 HMF;

= 4 equivalents of NaOH,;

= Catalyst (HMF/total metal molar ratio 1:0.01)
= 10 bar of oxygen.

At the end of the reaction, the reaction mixtureswaoled in an ice bath. The recovery
of the catalyst was done by centrifugation andrdyyi at 120 °C.

The analysis of the reaction mixture was carried aging a HPLC (Agilent
Technologies 1260 Infinity), with detector DAD UW/ equipped with a Biorad
AMINEX HPX 87H column (300 x 7.8 mm), ideal for tkeparation of organic acids.
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Before carrying out the analysis it was necessargentrifuge and filter the reaction
mixture to separate the catalyst. The reactionumexthus purified was diluted in water
at a ratio 1/5 and injected by means of auto-samipléiPLC.

Identification of compounds was achieved by catibrausing reference commercial

samples.

62



HMF oxidation

4.2 Results and Discussion

The aim of the first part of this work was to pradumonometallic gold and bimetallic
nanoparticles of gold and copper by reduction ofaingrecursors (HAuGland CuSQ)
with glucose in aqueous solvent and in presence NHOH and PVP
(polyvinylpyrrolidone, stabilizing agent).

This procedure represents a synthesis method wthelhvironmental impact for the
production of metal nano-suspensions.

The suspensions obtained had a coloration whiclkerdkpon the metallic phase; those
containing only monometallic gold were dark andrebterized by reflections of red
color. Coloring of these nanopatrticles is due t® pnesence of a plasmon absorption
band at 525 nm. The formation of bimetallic allogenerates a variation of the
electronic structure of the system: this variattanses a shift of the band of absorption
with resulting change of color. The suspension katlie were gray, typical of Au-Cu

alloy.

4.2.1 Sol characterization

DLSanalysis

The suspension thus prepared were characterizexhéysis DLS. In contrast to the
classical analytical techniques for the determomatf the size and the nature of the
crystallites (XRD, TEM), DLS allows to quantify thieydrodynamic radius of the

nanoparticles formed and the nature of the solnatfhere.

In Figure 26 it is possible to note an example bS@xnalysis, where the intensity of the
scattered light from the nanoparticles presentesblation as a function of the size of
the hydrodynamic radius.

By DLS analysis and subsequent XRD analysis, tmoparticles prepared by the use
of a microwave oven or by means of a conventioeakihg were found to be identical,
for this reason, it was subsequently decided tbdrly the catalysts prepared by the

impregnation of sol synthesized with conventioredting.
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Figure 26. DLS analysis. Au (black line), AgCu;, (red line), Au;Cu;, (green line), AuCus (blue line),
Au;Cug (dotted line).

The analysis carried out on monometallic suspensiayold and bimetallic suspension
up to 1:1 molar ratio shows the formation of a naispersed curve, with an average
hydrodynamic diameter between 17 and 20 nm.

The tool also provides a polydispersity index (R@hHd the latter confirms that the size
distribution is closely related to the averageipkridiameter (Table 5).

Table 5. DLS data

_ Hydrodynamic
Suspension _ PDI
diameter (nm)

Au 21 0.20
AuzCuy 17 0.22
AU]_CU]_ 18 0.27
Au;Cus 20 0.37
Au;Cus 120 0.45
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By increasing the copper content, the suspenstoow & different behavior. The curves
are widened (high PDI) with average diameters up2® nm with regard to the sample
Au;Cus.

This result displays that increasing the copperta@nnanoparticles become large,
probably the formation of aggregates or nanoclasteith an inhomogeneous size

and/or composition occurs.

XRD analysis

XRD analysis was performed on the suspensions sgizibd to determine the type of
phases present and the size of the primary crgs&glthrough the Scherrer equation For
this purpose an analysis was made with large aitiguisn the area 34-46 82in which
the main peak of gold is presented (38.2) (Eigure 27).

e Cu’
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Figure 27. XRD analysis. Au (black line), AgCu; (red line), Au;Cu; (green line), AuCus (blue line),
Au;Cug (violet line).

The peaks shown in the figure have been widendigtdight the plane 111 of the fcc

structure of gold, the peak with relative intensify100%.

As reported in Figure 27, there is a shift of theimpeak characteristic of gold, towards
higher angles, increasing copper content; this aupphe hypothesis of the formation

of an alloy Au/Cu.
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Only in the sample AlCus it is possible to see the peak (43.D)°2elating to the
formation of segregated oxides of copper (Qu@hile in all other samples, peaks do
not manifest any kind of segregation.

This technique does not allow anyway to exclude metely the presence of copper
compounds, seeing the formed oxides may have amospform or they may be too
little concentrated and very dispersed to be detect

The size of the crystallites of the suspensionsh&gized, calculated using the equation

of Scherrer, are shown in Table 6.

Table 6. XRD data for the suspensions synthetized

Suspension Size (nm)
Au 4.0
AuzCuy 4.0
Au:Cuy 3.5
Au:Cus 3.0
Au;Cus n.d

n.d. = not detectable

Increasing copper content, the bimetallic matenigde broader XRD peaks, probably
due to the formation of smaller crystallites resgecthe monometallic sample or with
low copper content.

In the sample AiCus the presence of the reflection characteristichefgold or AuCu

alloy was not detected, probably because it wasepitan low quantities.

XRF analysis

To evaluate the yield of the reaction of synthedithe nanoparticles a quantitative
analysis was carried out using a X-ray fluoresceié®F) on the waters obtained from
the concentration of the suspensions with Milliphiters. The absence of metal ions in
agqueous solution confirms the complete reductiothefprecursors, which means that
all metals, introduced as a reagent in the forsattf have been reduced.

It is reported in Table 7 the reaction yield foe thynthesis carried out with different

content of gold and copper.
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Table 7. XRF analysis of the water filtered

Suspension Au yield (%) Cu yield (%)
Au 100 100
AusCu 100 100
AuiCu 100 ~ 99
Au:Cus 100 96
Au1Cus 100 94

As seen from the data obtained, the reaction yrelgbld is always total, while that of
copper is quantitative for samples with a high gaodditent. Increasing Cu content the
yield decreases slightly, confirming the greatdfiailty of copper nucleation already

previously highlighted.

4.2.2 Supported catalysts preparation

The catalysts were prepared by immobilization & thetal suspensions concentrated
on the different oxides using the incipient wetn@spregnation method. Titanium
oxide (TiQ,) and cerium oxide (Cefpwere used as supports.

Two series of bimetallic catalysts were synthesizZedone series, the molar ratio
between gold and copper was kept fixed to 1, wihiéeemetal loading was varied from
0.5 to 2.0%. In the second series, the metal lgpdims kept constant at 1.5%, while the
molar ratio between gold and copper was varied féohto 1:3.

The catalysts synthesized are shown in Table 8.
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Table 8. List of catalysts synthetized

Total metal Molar
Catalyst Support loading Au (% cu (% ratio
(Yow/w) wiw) wiw) (Au/Cu)
0.5Au-Ti TiO, 0.5 0.5 - -
1.0Au-Ti TiO, 1.0 1.0 - -
2.0Au-Ti TiO, 2.0 2.0 - -
0.5AuCuw-Ti TiO, 0.5 0.38 0.12 1
1.0AuCu-Ti TiO, 1.0 0.76 0.24 1
2.0AuCwy-Ti TiO, 2.0 1.52 0.48 1
1.5Au-Ti TiO, 15 1.5 - -
1.5AiCY-Ti TiO, 15 1.34 0.16 3
1.5AuCu-Ti TiO, 15 1.14 0.36 1
1.5AuCus-Ti TiO 15 0.76 0.74 0.33
1.5Au-Ce Ce@ 15 1.5 - -
1.5AwCuw-Ce CeQ 15 1.34 0.16 3
1.5AuCuw-Ce CeQ 15 1.14 0.36 1
1.5AuCus-Ce CeQ 15 0.76 0.74 0.33

4.2.3 Catalysts characterization

Catalysts supported on TiQ

Catalysts supported on titania were characterizgdsurface area, XRD analysis,
thermal analysis TGA/DTA and TEM analysis ( 1.5Auand 1.5A4yCu-Ti samples).

BET analysis
The measures of surface area reported in the Taldeow that the surface area is
inversely proportional to the content of copperspre in the catalyst. In fact, comparing
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the value of the support with the sample at higbepper content (AlCuw), it is
possible to note that the difference in surfaca és@bove 20 fg, while as regards the
monometallic catalysts, the surface area does ndérgo very substantial variations

respect to titanium oxide.

Table 9. measures of surface area

Catalyst Area sup. (nf/g)
TiO, 83
0.5Au-Ti 78
1.0Au-Ti 74
2.0Au-Ti 73
0.5AuCWw-Ti 74
1.0AuCw-Ti 73
2.0AuCu-Ti 58
1.5Au-Ti 74
1.5AWCW-Ti 72
1.5AuCw-Ti 64
1.5AuCus-Ti 60

Probably, the decrease of the porosity of the gsitavith increasing copper content is
related to the greater quantity of organic phassent in the sol with low molar ratio of
Au/Cu, as previously seen.

The catalyst 2.0AMCw-Ti has a low surface area, due to the large amofusiispension
bimetallic deposited on the support, and accorgingl the large amount of organic

content.

XRD analysis
On all catalysts synthesized, XRD analysis wereiadrout to identify the type of
phases present and to determine the average sthe ofystallites of the active phase.

The diffractograms of monometallic catalysts oladiare shown in Figure 28.
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Figure 28. XRD analysis Au-Ti. a) 0.5Au-Ti, b) 1.0A-Ti, ¢) 1.5Au-Ti, d) 2.0Au-Ti

From the data it is possible to identify the refleas of titania, in the form of anatase.
The most intense reflections belonging to goldZ38and 44.3 °) are given respectively
by the crystal planes (111) and (200) of the cle#iracteristic fcc gold and they have
relative intensity of 100% and 50% . Unfortunatelye peak at 38.2 62is covered

from a titanium oxide peak, for this reason onle treflection to 44.3 ® was

considered. For all samples this reflection is vemjarged, indicating that the metal
nanoparticles are highly dispersed on the supptmough the equation of Scherrer it

has been possible to estimate the size of the pyiorgstallites (Table 10).

Table 10. XRD data of monometallic catalysts

Catalyst Au crystallite size (nm)
0.5Au-Ti n.d.
1.0Au-Ti 6.0
1.5Au-Ti 6.5
2.0Au-Ti 6.5

n.d.=not detectable
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Despite the size of the crystallites are very snib# data reported in table show that
aggregation occurred during the impregnation ploasiee sol on the support.

Also regarding the catalysts with molar ratio Au/€qual to 1 and different metal
loading it is possible to notice a slight increasénhe size of the crystallites with respect
to the bimetallic suspensions, although in thisecdke copper seems to perform an
action of inhibition of the sintering of gold narasficle, with the result of obtaining

smaller active phases than monometallic catalyi&blé 11,Figure 29).
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Figure 29. XRD analysis. AyCu;-Ti. a) 0.5Au,Cu;-Ti, b) 1.0Au;Cu;-Ti, ¢) 1.5Au,Cu-Ti, d)
2.0Au,Cu4-Ti

Table 11. XRD data of bimetallic catalysts with madr ratio 1

Catalyst Au crystallite size (nm)
0.5AuCuw-Ti n.d.
1.0AuCu-Ti 4.0
1.5AuCuw-Ti 5.0
2.0AuCuw-Ti 5.0

n.d.=not detectable
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Samples with the same metal loading confirm what dleeady been seen; increasing
the copper content in the catalyst are obtainechaioparticles smaller than the

monometallic catalysts and therefore more activasph dispersed (Table 12).

Table 12. XRD data of catalysts with metal loadingf 1.5%

Catalyst Au crystallite size (nm)

1.5Au-Ti 6.5
1.5AwCuw-Ti 5.0
1.5AuCuw-Ti 5.0
1.5AuCus-Ti 5.0

XPSanalysis

Monometallic and bimetallic catalysts were chanmazéel in a region including between
83.2 — 83.8 eV corresponding to thindecese Au gfore where the gold is in its
oxidation state ¥*'*® while the acquisition of copper peak (Cu 2p) veasitered
around to 932 eV.

XPS data are reported in Figure 30 (monometallialgsts), Figure 31 (bimetallic

catalysts with molar ratio 1) and Figure 32.

142 7wijnenburg A., Goosens A., Sloof W.G., Graje M0 Kraan A.M., Jongth L.J., Makee M., Moulijn

J.A.,Journal of Physical Chemistry B, 2002, 106, 9853;
3pimitratos N., Villa A., Bianchi C.L., Prati L., M&ee M.,Applied Catalysis A, 2006 311, 185;
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Figure 30. XPS analysis0.5Au-Ti, (b) 1.0Au-Ti, (c) 1.5Au-Ti, (d) 2.0Au-Ti
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Figure 31. XPS analysis0.5Au;Cu;-Ti, (b) 1.0Au;Cu;-Ti, (¢) 1.5AuCu;-Ti, (d) 2.0Au;Cu;-Ti
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Figure 32. XPS analysis0.5Au;Cu;-Ti, (b) 1.0Au;Cu;-Ti, (¢) 1.5AwCu;-Ti, (d) 2.0Au;Cu;-Ti

From the data shown in Table 13, we can see teajyréater binding energy acquired is

less than 84 eV, binding energy corresponding tk dald.

Table 13. XPS binding energies

Catalyst B.E. Au Oxidation B.E. Cu 20 Oxidation
4f7p state state
0.5AuU-Ti 83.6 Au(0) / /
1.0Au-Ti 83.7 Au(0) / /
1.5Au-Ti 83.8 Au(0) / /
2.0AU-Ti 83.7 Au(0) / /
0.5AuCu-Ti 83.2 Au(0) 931.9 (82), 932.6 (18) Cu(0) &)
1.0AuCuy-Ti 83.3 Au(0) 931.6 (67.2), 932.9 (32.8) Cu(0) E(
1.5ALCU-Ti 83.6 Au(0)  931.7 (66.7), 932.4 (33.3) Cu(0) &(
2.0ALCW-Ti 83.7 Au(0)  931.9 (67.0), 933.2 (33.0) Cu(0) &(
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This means that the active phase present in owlys&g has a rounded nature,
consistent with Au nanoparticfés

The low binding energy may be due to the small sfzbe nanoparticles or to a transfer
of electrons from the copper to gold. The later &@nexplained as gold is more
electronegative than copper according to Paulietgstronegativity table therefore we
could expect some electron transfer shifting ofdgabre levels toward lower binding
energie&™.

However, the Cu 2p peak centered at ca. 932 edwerl than the expected bulk value
(932.7 eV) and that observed for smaller clustersSCa and this contradicts the
explanation of an electron transfer from coppeydial.

In view of this, we suggest that the dominant faébo the lower core level observed for
Au 4f7/2 is mainly due to the smaller particle stfethe AuCu particle. While the
FWHM of the Cu 2p3/2 peak is almost twice thatfof,example the corresponding O
1s, Ti 2p and Au 4f (FHWM- 1.1 eV), this could possibly in part be attributied

broadening of the Cu signal within the ATu intermetalli¢*®, coupled with possible
oxide formation which would present as a shouldethe higher binding energy side,
suggesting that the major component is metallioM@hin a Cu-Au alloy, whereby the

shift is a result of charge transfer between the@liAu atoms within the alldy/*42

TGA and DTA

On the catalysts with metal loading correspondiogli5%, thermal analysis were

carried out in air to have an estimate of the arhofiorganic waste present around the
nanoparticles and on the support, because it isvael that this may lower the catalytic

activity of the system, by blocking the active site

For all samples the first weight loss, associateth wen endothermic peak around

100°C, is given by the evaporation of the waterodasd on the catalyst. The second

weight loss and the exothermic peak present atdestyres slightly above 300°C are

144 Radnik J., Mohr C., Claus FRhysical Chemistry Chemical Physics, 2003 5, 172;

145 Chimentao R.J., Medina F., Fierro J.L.G., LlorcaSleiras J.E., Cesteros Y., SalagreJurnal of
Molecular Catalysis A: Chemical, 2007, 274, 159;

146 Cole R.J., Brooks N.J., Weightman Physical Review Letters, 1977, 78, 3777;

147 Kuhn M., Sham T.K.Physical Review B, 1994 49, 1647;

198 Albonetti S., Pasini T., Lolli A., Blosi M., Piadni M., Dimitratos N., Lopez-Sanchez J.A., Morgan
D.J., Carley A.F., Hutchings G.J., Cavani@atal. Today, 2012 195, 120;
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attributable to the organic oxidation (PVP and gke&) present on the surface of the
nanoparticles and adsorbed on the support.

Comparing the results obtained for the differemhgi@s (Figure 33, Figure 34) an
increase in weight loss is presented with increpsopper content; this trend is justified
by the fact that in the syntheses with higher commatent, in order to stabilize the
nanoparticles and monitor its growth, it has beecessary to use a larger amount of
reducing agent and PVP. Furthermore, copper coirterdase corresponds a decrease
of the temperature of the exothermic peak maxim8amples with a high content of
organic release a greater heat during the oxidafenroring more the combustion at

lower tem peratures.
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Figure 33. TGA analysis. 1.5Au-Ti (black line), 1.BusCu;-Ti (red line), 1.5Au;Cu;-Ti (green line),
1.5Au;Cus-Ti (blue line).
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Figure 34. DTA analysis. 1.5Au-Ti (black line), 1.BusCu,-Ti (red line), 1.5Au,Cu;-Ti (green line),
1.5Au;Cus-Ti (blue line).

TEM analysis

The TEM analysis of the samples 1.5Au-Ti and 1.8Ay-Ti confirms the XRD data
and XPS data in terms of size of the particlesiartdrm of nature of the active phase;
in fact, as can be seen from the graphs below\beage size of the particles is about
6.6 nm for the sample containing only gold (Figld® B), while for the sample
containing gold and copper in an equimolar rati® dimensions are smaller, equal to
about 4.4 nm (Figure 35 A).

1.5Au,Cu,-Ti 1.5Au-Ti
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c=19nm
skewness = 1.7

3

Frequency (%)
5 &

o w

2 4 6 8 10 12 1 2 4 6 8 10 12 1
Particle diameter (nm) Particle diameter (nm)

Figure 35. TEM analysis. A)1.5AyCu;-Ti, B) 1.5Au-Ti
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The TEM analysis was critical to verify the presemé an alloy AuCu. In fact, in the
spectrum obtained from analysis XEDS, shown in @36, the copper and the k
gold are presented, indicates the presence of aodpmeous alloy AuCu 1:1. This
technique does not show any effect of segregatointlae ratio between the two metals
in the nanopatrticle is constant result in all naartples analyzed, regardless of their

size.
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Figure 36. XDES spectrum of 1.5AuCu;-Ti nanopatrticle

Catalysts supported on Ce@

Even in this case, measure of the surface area, XiRiysis, thermogravimetry (TGA)
and differential thermal analysis (DTA) were conidac to characterized all the

catalysts supported on ceria.

BET analysis

The surface area of the catalyst 1.5Au-Ce is coaipparwith the surface area of the
support (Table 14), which means that, even indage, the deposition of the suspension
of gold does not lead to a decrease of the poradityre oxide. However, there is a
decrease in surface area with the deposition obiseétallic. The catalyst with a lower
surface area is the sample 1.58u;-Ce. The decrease in surface area does not appear
to be strictly attributable to an increase of thrgamic content (in particular of the
stabilizer PVP), in fact, the sample 1.58uy-Ce display a greater surface area respect

to the sample with molar ratio Au/Cu equal to 3.
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Table 14. Measures of surface area

Catalyst Area sup. (nf/g)
Ce( 89
1.5Au-Ce 85
1.5AuCu-Ce 62
1.5AuCu-Ce 84
1.5AuCus-Ce 49

XRD analysis
To elaborate the data relative to the size of tetahmanoparticles supported on GeéO

was possible to acquiring the gold peak at 38.2 rilative to intensity of 100%,

because in this case it was not covered by peatktecfupport (Figure 37).

*: Au

Intensity (a.u.)

Figure 37- XRD ceria. a) 1.5AuCus-Ce, b) 1.5AyCu;-Ce, c) 1.5Au4Cu;-Ti, d) 1.5Au-Ce
The crystallite size of Au and Au/Cu seems slightigher respect to the catalysts

supported on titania. In effect, the calculatiortly Scherrer equation reported in Table

15 shows an average size of about 5-6 nm.
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Table 15. XRD data of catalysts supported on ceria

Catalyst Au crystallite size (nm)

1.5Au-Ce 6.0
1.5AwCw-Ce 5.0
1.5AuCuw-Ce 5.0
1.5AuCus-Ce <5.0

TGA and DTA

The thermal analysis carried out on catalysts supgamn ceria, showed a trend almost
similar to those relating to catalysts supporteditamia.

Even in this case it can be seen as the first iamniaf the weight occurs at about 100
°C, temperature at which water adsorbed on thdysavaporates.

The second weight loss, the most significant oregus at a lower temperature

compared to samples supported on titania. This gghenon can be attributed to the
higher oxidizing power of CefQOthat catalyzes the reaction of combustion. in,fact

cerium oxide is a support used to catalyze totalaiion reactions.
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Figure 38. TGA analysis. 1.5Au-Ce (black line), 1AusCu;-Ce (red line), 1.5AyCu,-Ce (green line),
1.5Au;Cus-Ce (blue line).
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Figure 39. DTA analysis. 1.5Au-Ce (black line), 1AusCu;-Ce (red line), 1.5AyCu;-Ce (green line),
1.5Au;Cus-Ce (blue line).

81



HMF oxidation

4.2.4 Catalytic test

In literature numerous articles of oxidation of HNi-FDCA are reported using gold
based catalysts. In each case examined to imphavexidation rate a co-oxidant (base)
was used.

The first catalytic tests carried out have beendooted to see the stability of our
reagent under the reaction conditions in the alesefccatalyst. For this reason, the
blank tests were carried out in an agueous medinmresence of a large amount of
sodium hydroxide (20 equivalents) at 10 bar of @xygTest were conducted at 30°C
and the results are reported in Figure 40.
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Figure 40. Blank experiment. Reaction condition:30C, 10bar of oxygen, HMH:NaOH molar ratio
1:20

As it can be noticed, the conversion of HMF is vieigh in the first few minutes (60%)
and it arrives at a quantitative conversion in iiQutes of reaction.
From the first data obtained, test monitoring thituence of the base on the conversion
of the substrate were conducted.

The results shown in
Figure 41 display that the HMF is a very reactiuestrate in our operating conditions.
In the absence of base, working at 60 °C, in 3Quibei of reaction the conversion of the
reagent is equal to 60%. The addition of base, avem small quantities, triggers
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numerous degradation reactions and it leads téotineation of many by-products even

at low temperature.
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Figure 41. Blank experiments. Reaction condition: @min, 10bar of oxygen. T:60°C (blue line), T:
30°C (red line).

The identification of by-products was found to kerwcomplex. Surely, the products
formed with a high molecular weight are formed byeagations of
oligomerization/condensation of the aldehyde grprgsent in position 5 on HMF.

To verify that the degradation reactions were aredeéd by the presence of sodium
hydroxide and not by the pressure of oxygen, thevesion of HMF was evaluated in
tests conducted in the absence of catalyst, usiaguivalents of soda with respect to

the starting substrate at atmospheric pressurecamd temperature (Figure 42).
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Figure 42. Blank experiment. Reaction condition. 78C, HMF:NaOH molar ratio 1:4, 1 bar of air

Also in this case the conversion was very highGnminutes of reaction confirming the
previous hypothesis. The same test was conductéukimbsence of base, confirming
further the data obtained up to now, in fact aB@rminutes of reaction the HMF was
guantitatively recovered from the reaction medium.

The data so far obtained have allowed to underdfaaudit is necessary to have in the
reaction a very active catalyst for the HMF oxidatto avoid these parallel reactions of
degradation of the substrate.

The oxidation of HMF to FDCA follows the pathwayHigure 43.

Fast HO 0 =
|4
OH

HMFCA

Slow
0
HO 0 0 Fast o)
| / k | /
OH

FDCA FFCA

Figure 43. Reaction pathway for the HMF oxidatior*°

HMF is not oxidized directly to diacid, but it ungees oxidation to two reaction
intermediates, 5-hydroxymethyl-2.furancarboxylicidadHMFCA) and 5-formyl-2-
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furancarboxylic acid (FFCA). The first reactionvery fast leading to the formation of
the monoacid already in the first minutes of reactiThe formation of the second
intermediate is the limiting step of the whole syst the oxidation of the hydroxyl
group of the HMFCA. The last oxidation is also véagt, leading to the formation of
the desired product.

To evaluate the effective role of bimetallic nantickes in the oxidation reaction, a
first comparison was made between the monomeitalialysts supported on titania in
different metal loading and the respective bimitadlatalysts with a molar ratio

gold/copper equal to 1 (Figure 44).
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Figure 44. FDCA vyield on different studied catalyss. Reaction conditions. 60°C, 240min, 10 bar of
oxygen, HMF:metal loading:NaOH molar ratio 1:0.01:4 Au-Ti (blue bar), AulCul-Ti (white bar).

Titanium dioxide and copper supported on titaniaenvsot active in the oxidation
reaction. From the figure it is immediately clefatt all of the bimetallic catalysts
explained higher catalytic activity than the montetie catalysts at constant metal
loading. The best catalyst was the catalyst 1;8AuTi.

The copper was found to be selectively inactive tfer production of FDCA but it
seems to favor the catalytic activity of gold.

To understand what was the role of the copper hacftfectiveness of the synthesis of

bimetallic nanoparticles other three catalysts wamthesized. Gold was impregnated
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on a support of Cu/TiQusing three different techniques: a) an incipiamtness
impregnation of a monometallic sol stabilized byFR\b) an immobilization of PVA
stabilized gold sol or ¢) simple impregnation of t{2\,.

With the catalysts prepared, catalytic tests simitathose already made have been
conducted and in any case the selectivity in FDG& Yow or even null. HPLC analysis
showed the formation of numerous by-products, coaipa to those seen in the test
blank. The higher activity of bimetallic 1.5A0w/Ti samples prepared utilizing the
pre-formed AuCu sol could be due to copper aiding the dispersfdhe gold and/or to
Cu acting as a gold promoter.

As already mentioned the catalyst which led toltkst yield in the FDCA has been
1.5AunCu-Ti, for this reason the main reaction conditioasdn been studied using this

catalyst in comparison with the monometallic cataly.5Au-Ti.

Effect of reaction conditions on catalyst performance

As the first catalytic test a time on line was peried to confirm the pathway reported
in the literature for the HMF oxidatidf!.

Test conducted at 95 °C using the catalyst 1,884Tu showed that actually the
formation of the final product is the consequentthiee consecutive reactions. After a
few minutes reaction time almost everything HMFaverted to HMFCA. When in
the reaction medium is present about 80% of tts iintermediate, the formation of the
diacid start. In all tests carried out, the preseoicthe second intermediate, FFCA, has
never been noted, confirming that the last oxidmti@action is very fast and that the
limiting step of the process is the oxidation af thydroxyl group of HMFCA.

In all subsequent tests will be shown the HMF cosioe was 100%, for this reason,

the yield in products coincides with the selectivit
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Figure 45. Products yield as a function of the timeReaction conditions. 95°C, 10 bar of oxygen,
HMF:metal loading:NaOH molar ratio 1:0.01:4. Conversion (blue line), HMFCA (black line),
FDCA (red line).

The base is essential to obtain high yields in losgaction times. In the Figure 46 the
yield in FDCA as a function of equivalents of sadilnydroxide with respect to the
initial substrate has been studied.

Confirming the data already present in the litemtwith a quantity greater than 4
equivalents of base to yield the same operatinglitons do not undergo any particular
increases, while it is possible to note that us&sg than 4 equivalents yield the desired
product remains very loW.

Even in this case, the metal catalyst was alwayisdrithan the monometallic catalyst in
terms of yield in FDCA.
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Figure 46. FDCA yield as a function of NaOH. Reaabin condition. 60°C, 240 min, 10bar of oxygen,
HMF:metal loading molar ratio 1:0.01. 1.5AwuCus-Ti (blue line), 1.5Au-Ti (red line).
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Another fundamental parameter that has been stiglibe reaction temperature.
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Figure 47. Products yield as a function of temperatre. Reaction condition. 240 min, 10 bar of
oxygen, HMF:metal loading:NaOH molar ratio 1:0.01:4 HMFCA (red line), FDCA (blue line).

The yield data obtained with increasing temperasin@v that this parameter is critical
for this type of reaction. In fact, working at 11@ the quantitative FDCA yield with
selectivity of 100% was achieved in 4 hours of tieag while at 60 °C the yield slightly
exceeds 30%.

Also the pressure of oxygen in the reaction medwas evaluated and as already
reported in the literature also our results hawenshthat increasing the pressure a large

increase in yield in the final product occurred.
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Figure 48. FDCA yield as a function of oxygen presse. Reaction condition. 60°C, 240 min,
HMF:metal loading:NaOH molar ratio 1:0.01:4.
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Effect of the copper content
Seen that the bimetallic catalysts have shown geod catalytic performance the effect

of copper content was studied, by performing aestrg of catalysts synthesized at

constant metal loading (Figure 49).
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1.5Au-Ti 1.5Au3Cul-Ti 1.5AulCul-Ti 1.5AulCu3-Ti 0.36Cu-Ti

Figure 49. Effect of copper content. Reaction contidons. 70°C, 240min, 10 bar of oxygen,
HMF:metal loading:NaOH molar ratio 1:0.01:4. FDCA (white bar), HMFCA (blue bar), by-
products (black bar).

The addition of a small amount of copper has ledritagmprovement of the diacid yield
compared to the catalyst containing only gold. Hesvewith increasing copper content
than the value in the equimolar system, a collapsthe FDCA yield occurred and
polymer by-products were mainly obtained. From ¢heata it can be seen, increasing
the amount of copper in addition the molar ratio,@us, the bimetallic catalyst
provides the same performance of monometallic @oni; only copper, which is
virtually inactive for the production of FDCA.

This seems to indicate that the active phase feratkidation reaction is gold or an alloy
AuCu with high gold content, and that the coppercemaging their catalytic activity
when present in a molar ratio greater than 1:thAtmoment, it is still unclear how the
copper promotes the catalytic activity. The effebtained might be to disperse the
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nanoparticles of gold, preventing aggregation, dlgb the formation of a bimetallic
alloy with better performance of only gold.

From the comparison between the characterizatiah @talytic activity can then
hypothesize that the loss of activity observed wittreasing copper content, is related
to the formation of CuOx on the surface of the\actphase and that this phase is
inactive in the reaction of interest .

The effect of reaction temperature was also studietthe bimetallic catalysts with a
high gold content (Figure 50).
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Figure 50. Products yield as a function of temperatre. Reaction conditions. 240 min, 10 bar of
oxygen, HMF:metal loading:NaOH molar ratio 1:0.01:4 1.5AwCu;-Ti (red line), 1.5Au,Cu,-Ti
(blue line)

Probably, the oxidation reaction of the aldehydeugrof HMF takes place even at low
temperatures, whereas oxidation of the hydroxyugrof HMFA via FFCA requires a

higher temperature, above at 80 °C,to obtain goelds/in lower reaction times.

Catalyst stability

Gold based catalytic systems used for this reaatiodergo rapid deactivation due
mainly to two reasons: a) Au leaching and b) thevacphase being blocked by
competitive adsorption.

The vyield in FDCA as a function of catalytic cyclésr the catalysts 1.5Au-Ti,

1.5AwiCuw-Ti and 1.5A4Cuw-Ti is shown in Figure 51.
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In each experiment, the catalyst was recoveredltpgtion off, then it was washed and
then it was loaded into a new batch with a fresbtsm of HMF/NaOH.

The data obtained with the monometallic catalystfiom the results reported in the
literaturé®"1*° In fact, after three catalytic cycles the cataly$Au-Ti has undergone
rapid deactivation leading to the formation of egtaamount of by-products. On the
contrary, the presence of copper in the bimetabitalysts has significantly improved
the catalyst stability. By increasing the coppenteat the deactivation was in fact
reduced, in particular, the catalyst 1.58uw-Ti only presented a slight decrease of
FDCA yield confirming the importance of Au site liatoon in the bimetallic systems

due to the alloying with Cu present in this materia
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FDCAyield (mol %)
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1.5Au-Ti 1.5Au3Cu1-Ti 1.5Au1Cu1-Ti

Catalysts

Figure 51. Catalyst re-use. Reaction condition. 6@, 240 min, 10 bar of oxygen, HMF:metal
loading:NaOH molar ratio 1:0.01:4. | use (white baj}, Il use (blue bar), Il use (black bar).

Catalyst supported on ceria
To evaluate the effect of the support and the aatésn of the support with the active

phases synthesized, the same catalytic tests c¢amuieuntil now have been conducted
using the catalysts supported on ceria.

Catalysts were prepared by the same suspensiorefdrmed nanoparticles, for this
reason, any differences in catalytic performanaikhbe attributable to a participation

of the support in the reaction, rather than to #iace on the formation of the active
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phase. Molar yields of HMF and HMFCA and any by¢arats are shown in Figure 52
as a function of copper content for the catalysppsrted on Ce

The catalyst more active in the formation of FDCAsmhe monometallic catalyst,
which showed a high yield in diacid, without thenf@ation of by-products.

In this case, the yield obtained with the catalyStAu-Ce was approximately twice that
obtained with the sample 1.54Cw-Ce and significantly greater than those obtained

with the best systems supported on JiO
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1.5Au-Ce 1.5Au3Cul-Ce 1.5AulCul-Ce 1.5AulCu3-Ce

Productsyield (mol %)

Figure 52. Effect of copper content in the catalystsupported on ceria. Reaction conditions. 70°C,
240 min, 10 bar of oxygen, HMF:metal loading:NaOH rolar ratio 1:0.01:4. FDCA (white bar),
HMFCA (blue bar), by-products (black bar).

These data appear to suggest an evident actione@ Gupport in the oxidation
reaction. This oxide, known for its property of geyn donor bulk, is in fact very often
used in catalysts for total oxidation reactions asdd as an additive to improve the
ability of resistance to coking.

Using bimetallic systems, the catalytic performancethe systems supported on GeO
decreased, contrary to what was observed for sgssempported on Ti§) wherein the
best catalyst was that prepared by the salCAu

The largest differences between the two suppodspaesent for the Cu content less
than 0.3% wt. while high ratio Cu/Au catalytic adly decreases drastically for both
systems, confirming the importance of gold whickivecspecies and / or an effect of

deactivation due to the presence of a high comdkergsidual organic in the samples. In
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fact, by comparing the yields obtained with thes&ssin weight provided by thermal
analysis, the most active catalysts are also thadde a smaller amount of organic
adsorbed. The organic substances present on tfeeeswof the catalyst may partially
block the active sites, causing a decrease ofatadytic activity.

The difference observed for low Cu content may,tlom contrary, be imputed to the
different properties of the support. In particuldrjs known that the properties of
reducibility of CeQ are strongly influenced by the presence of nanmbes of Au. In
the case, the predominant effect on the catalgtivity seems to be due to the ability of
the substrate to release oxygen in reaction medilims property is greater in the
presence of Au rather than Au/Cu. On the contriarythe case of titania, the type of

active phase appears to affect predominantly thetikaty.
Catalyst stability
The stability of systems supported on Ga®subsequent reactions was verified by tests

of reuse at 70 °C, as in the case of catalystsastggpon TiQ. In particular, tests were
performed to reuse the catalysts 1.5Au-Ce (Fig@)eahd 1.5AgCu-Ce (Figure 54).
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Figure 53. Monometallic catalyst reuse. Reaction aalition. 70°C, 240 min, 10 bar of oxygen,
HMF:metal loading:NaOH molar ratio 1:0.01:4. FDCA (white bar), HMFCA (blue bar)
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Figure 54. Bimetallic catalyst reuse. Reaction coriiibn. 70°C, 240 min, 10 bar of oxygen,
HMF:metal loading:NaOH molar ratio 1:0.01:4. FDCA (white bar), HMFCA (blue bar), by-
products (black bar)

Surprisingly, the monometallic catalyst and the dtimlic AuCu with molar ratio 3:1
showed an increase in FDCA yield proportional te ttumber of the catalyst use. The
catalysts appear to undergo an activation afterfitst use. This behavior can be
explained assuming that the conditions of reactind/or the treatment of recovery of
the catalyst can modify the active phase. In paldic these conditions may promote the
oxidation of the substrate and consequently tdifai@ the oxygen mobility from the
CeO2 surface, or probably may help the releasbebtganic substances adsorbed on
the solid. To test these hypotheses, a catalyshulGe was pretreated under the
reaction conditions without HMF and once recovdrgdneans the standard procedure
it was used for an oxidation reaction. The resuiittined showed a significant increase
of the catalytic activity, with a yield of FDCA thpasses from 47% to 92%.

The increase of the catalytic activity observed floe sample prepared under the
reaction conditions may be due to a cleaning eféécthe catalyst from the species

adsorbed organic.
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4.2.5 Conclusion

In this work, the synthesis of monometallic golddamimetallic gold/copper
nanoparticles at different molar ratio has beemuped. The synthesized nanoparticles
were characterized by XRD and DLS analysis. Thdyaizsashowed that our synthesis
has generated bimetallic nanoparticles in the rarig&4 nm. The active phases were
supported on titanium oxides and cerium oxidesnlgypient wetness impregnation and
subsequently they were tested in the reaction adaton of HMF to FDCA. The
catalysts supported on TiGshowed a catalytic activity superior respect te Hil
monometallic catalysts (except the catalyst withigh copper content 1.5A0us) and
they are also more stable and more resistant sopirig than the monometallic ones.
The catalyst 1.5ACu; presented the best catalytic activity, which abBdwa fast
oxidation of the limiting step of the reaction, shtihe oxidation of HMFCA to FDCA.
The analysis conducted on catalysts showed theattwm of alloys gold/copper and a
strong synergistic effect between the two metals.

The same synergistic effect was not observed incttialysts supported on CgOn
fact, the monometallic catalyst showed the beshlglat activity in the oxidation of
HMF to FDCA. Even in terms of stability, Au and A catalysts have had very
similar behaviors, activating in each catalyticleyc

The different behavior obtained during the reusigbiest using the catalyst supported
on ceria and titania is probably attributable te tlature of the supports. In fact, the
reducibility of cerium is known to be favored byetpresence of nanoparticles of Au,

with a consequent release of bulk oxygen in thetr@a medium.
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Chapter 5
5 HMF hydrogenation

The production of diols from HMF is a very inteiagt process for the chemical
industry, because these chemicals may be useddgham carbon atoms, or as chemical
intermediates or directly for the production of yokrs. In particular the 2,5-
bishydroxymethyl furan (BHMF) turns out to be a wheal very versatile because it
can be used for the production of polyurethane B&trbut also as an intermediate for
the production of adipic acid, alkyldiols, or hexatinylenediamint?1°0-151

The BHMF is also used as an intermediate for treayction of 2,5-dimethyl furan
(DMF), in fact it can undergo hydrogenolysis undmmditions very strong (high
hydrogen pressures) and through the use of cadddgsted on Ni, Ru and Pt.

As already mentioned, nowadays the DMF is a vetgrasting product because its
chemical characteristics (high octane, high eneleysity and low boiling point) make
it a perfect chemical compound for fuel.

The main problem of the reduction of HMF to BHMFtise low selectivity of the
process. In fact, using catalysts for hydrogenafpracesses in liquid phase, the
conversion of the starting substrate is very hlglt, the selectivity in the diol is quite
low due to the necessary drastic conditions oftreacFor example the hydrogenation
conducted with copper chromite at 150 °C and 35 dfahydrogen leads to the
formation of BHMF, but also of 2,5-bishydroxymethyetrahydrofuran, 1,2,6-
hexanetriol, 1,2-hexanediol and 1,6-hexanétfiol

Thus, the reaction conditions of the process becium#@amental in order to obtain the

high selectivity, but also the catalyst plays anierportant role.

199 ewkowski J. ARKIVOC, 2001, i, 17;

%0 Lichtenthaler F.W., Peters S.C.Rhimie, 2004 7, 65;

131 Gandini A., Belgacem M.NProg. Polym. Sci., 1997, 22, 1203;
%2 Utne T., Garber, J.D., Jones RH.S Patent 3083236, 1963
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In fact the use of Ra-Ni or Ra-Cu based catalystistb nonselective reactions also in
mild conditions, due to the of over reduction of HMwith formation of 2,5-
bishydroxymethyl tetrahydrofuran, while the use Rii supported onto alumina or
bimetallic catalyst Ni-Cu supported onto zircorni@s good selectivity in BHMF.

The reduction of HMF can occur with sodium boromitige*'’, but also with NaO~?®
aqueous and with catalysts such as nickel, cokaeand molybdenum oxide.
Complete HMF conversion and BHMF selectivity ardaiied using Pt/C, PtOor
2CuO+Cp0O3 working at 140°C and 70 bar of hydrogen, while pnesence of Pd/C or
nickel Rane}*® catalysts allow to achieve the hydrogenation effilran ring forming
the 2,5-bishydroxymethyl-tetrahydrofuran.

A process proposed by Dumesic involves the useat#lysts based on Ru, Pd or Pt
supported in a monophasic or biphasic reactor. pagose of his work was to
determine the effect of the metal present on thalyst, the acidity of the system, the
effect of the support and of the solvent, to see tieese could influence the selectivity
in BHMF. The optimal process conditions developgdhe research group of Dumesic
have led to a maximum yield of 90% in BHME

Homogeneous catalysis, which in principle mightiaye selectivity and require milder
reaction conditions, has been scarcely investigatedhis field. Example include
hydrogenation of HMF accomplished by using formitdaas a hydrogen donor in the
presence of iridium or ruthenium compleX&sOn the light of these considerations we
decide to employ a ruthenium based homogeneoustgdation catalyst, well known
as the Shvo catalyst [Ph@-C4CO)2H(CO)4Ru2](-H)**° in the selective reduction of
HMF to BHMF. The di-nuclear complex is stable tg anoisture and acidic conditions
and selectively reduces polar double bonds leaviragtered the aromatic orfa%*>’

At temperature higher than 90°C it dissociates tato monomeric forms: an oxidant

specie B) and a reducing formA() (Figure 55).

133 Alamillo R., Tucker M., Chia M., Pagan-Torres Dymesic J.A.Green Chem., 2012 14, 1413;
1% Thananatthanachon T., Rauchfuss TGhemSusChem, 201Q 3, 1139;

%5 Shvo Y., Czarkie D., Rahamim Ya, Am. Chem. Soc., 1986 108, 7400;

1% Karvembu R., Prabhakaran R., NatarajanQdgrd. Chem. Rev., 2005 249, 911;

137 Conley B.L., Pennington-Boggio M.K., Boz E., Wdlins T.J.Chem. Rev., 201Q 110, 2294;
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Hel Ph Ph
Ph/@\pn . Ph / P ~—= Ph \\Rlu\ Ph + _||_
PR py— g P T> 60°C ocOC/ H Ph\‘.Ru\Ph
oc" éo OCl ‘cO ] OCO Cl |
Shvo Complex Complex A Complex B

Figure 55. Dissociation of Shvo catalyst

The complex A having 18 electrons is the true gatdlor the hydrogenation reaction
by performing an hydrogen transfer (hydride cocatkd to ruthenium and hydrogen of
the hydroxyl group) to a carbonyl group. At the saime the reduction, the complex A
is transformed into B complex having 16 electross,unstable. In the presence of
molecular hydrogen, the B complex is able to briéek bond between two atoms of
hydrogen and reconstitute the complex A. This gétalcycle stops when all the
carbonyl groups present in solution have been ggazkin the respective alcohol.

The upgrading of bio-oil from white poplar have eatty demonstrated using Shvo
catalyst by means of the quantitative hydrogenatibthe polar double bonds under
mild reaction conditions®. Shvo catalyst has been object of several medimstsdies
developed by Shvo and more recently by Casey arckvB#™>*%%!®! the catalytic
cycle involved in the case of hydrogenation of hidkes, an example of metal-ligand

bi-functional catalysis.

138 Bysetto L., Fabbri D., Mazzoni R., Salmi M., Ta®i, Zanotti V.Fuel, 2011, 90, 1197;
139 Ccasey C.P., Beetner S.E., Johnson J.BAm. Chem. Soc., 2008 130, 2285;

10 Ccasey C.P., Guan Horganometallics, 2012, 31, 2631;

161 casey C.P., Johnson J.B., Singer S.W., Cul.@\m. Chem. Soc., 2005 127, 3100;
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5.1 Experimental section

In this work, a detailed investigation on the cgial activity of the Shvo catalyst is
reported in the selective hydrogenation of HMF tdHBE- in both homogeneous and
biphasic reaction mixtures. The catalyst behavioowsed to be influenced by the
product BHMF. Stoichiometric batch reactions foledvby NMR, IR and ESI-MS
experiments supported by DFT calculations allowsdai propose some mechanistic

hypotheses, which will be also presented and dészlis

5.1.1 Materials

The following reagents and products were used far work: methanol (Sigma-
Aldrich), toluene (Sigma-Aldrich), CDgIl (Sigma-Aldrich), toluene-d8 (Sigma
Aldrich), tetraphenyl-cyclopentadienone (Sigma Addy, triruthenium-dodecacarbonyl
(Ru(CO)2) (Strem), 5-hydroxymethylfurfural (Sigma-Aldrich), 2,5-
dihydroxymethylfuran (Toronto Research Chemical).

5.1.2 Catalyst preparation

The procedure reported in the literature stat itodieed for the production of the
complex of Shvo {[2,3,4,5-Rfns-CsCO),H}Ru(COM(p-H) (1). 3 equivalents of
cyclopentanedione together to 1 equivalent of(RQ), were reacted in methanol for
40 hours®,

Subsequently, the complex has been purified byimtaton and characterized by
means of IRH-NMR, **C-NMR and ESI-MS.

5.1.3 Catalytic test

The hydrogenation of 5-hydroxymethylfurfural (HMm®)as carried out using a Parr
Instrument 4561 autoclave reactor of 300mL capaanity equipped with a mechanical
stirrer (0-1200 rpm) and provision for measurement of tempeeaiand pressure
(Figure 25). The reaction was carried out in touen in a solution of toluene/water,

using the appropriate amount of catalyst.

162 3ohnson J.B., Backvall J.B.,0rg. Chem., 2003 68, 7681;
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If not differently indicated, each test was conédcfor one hour at 90°C with the

following amounts of reagents:

= 30 mL of toluene or 30mL of a solution toluene/wdte variable ratio);
= 0.200g HMF;

= Catalyst (HMF/total metal molar ratio 1:0.001);

= 10 bar of hydrogen

The autoclave reactor was purged 3 times wigh40 bar) and then pressurized at 10
bar (H). The temperature was increased to 90 °C ancetition mixture was stirred at
ca. 1000 rpm for the time requested.

At the end of reaction, the reaction mixture wasled in an ice bath and the final
product BHMF was separated from 1 and analyzedyudinLC (Agilent Technologies
1260 Infinity), equipped with a C-18 core shelluoh 50x4.6mm employing a solution
of 80% of 0.01 M HPO, and 20% acetonitrile as mobile phase.

Identification of compounds was achieved by catibrausing reference commercial

samples.

5.1.4 Analytic methods

The complex was characterized using a Perkin El8pectrum 2000 FT-IR
spectrophotometer. The analysis were carried o026 4C and atmosphere pressure.
ESI-MS spectra were recorded using Waters Micromé®s 4000 with samples
dissolved in CHCN. The instrument used for the NMR analysis isaaidh Mercury
Plus VX 400 instrumentd, 399.9;*C, 100.6 MHz).

5.1.5 XRF analysis

The XRF analysis is used to determine the chemamahposition of a sample,
evaluating the elements present.

XRF analysis were carried out using a Panalyticabs Advanced equipped with a Rh-
target X-ray tube (4kW power) at 298 K.

Powder analysis were recorded in vacuuni®(b@r) while liquid tests were carried out

using Helium at atmospheric pressure.
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5.2 Result and Discussion

5.2.1 Effect of the reaction conditions

Initially a screening of the main operating coraht of the process has been carried
out. As already mentioned previously, the real bgénation catalyst is the complex A
while the complex of Shvo is only its precursoreTapture of the complex di-nuclear
occurs at high temperature while it is stable atnrotemperaturé®. This theory is
confirmed by the data shown in the figure. The feigehows the trend of the yield in
BHMF as a function of temperature. In fact it ispible to note that the yield in BHMF
is greater with increasing temperature, while thereo catalytic activity at 30 °C
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Figure 56. BHMF yield as a function of temperature Reaction condition. 60min, 10 bar of
hydrogen, HMF:complex molar ratio 1:0.001

Working at 90 °C the conversion of HMF was quatitiea and selective of 100% in
BHMF. Important to note that in 1 hour of reactiower reducing products or by-
products were not formed.

The yield and the selectivity of the reaction wagestigated by varying the pressure of
hydrogen too.

The yield in the desired product is greatly inflaed by the amount of hydrogen present
in solution. In fact, by varying the pressure fr@mbar to 10 bar in the same reaction
time yield in BHMF rises of 30%.
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Figure 57. BHMF yield as a function of hydrogen presure. Reaction condition. 60min, 90°C,
HMF:complex molar ratio 1:0.001

The high pressure of hydrogen promotes the formatibthe complex A from the
complex B and thus to build up the catalyst.

Last, the kinetics of the hydrogenation reactiors lheen studied. The kinetics of
hydrogenation of BHMF was compared with that ofzsddehyde in the same reaction
conditions. From the data obtained in the Figuré ¥8possible to note that the yield of
benzyl alcohol follows the trend of a classicaldtio, while the curve corresponding to
the yield in BHMF presents a flexed between 30 @Mhdninutes of reaction.

Probably the kinetics of hydrogenation reactionHMF is influenced by interaction
between the catalyst and the product formed BHM&t tunlike the benzyl alcohol has
two hydroxyl groups instead of one.

The interaction between the catalyst and the prodilcthen be investigated by DFT

calculations
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Figure 58. Kinetic studies. Reaction condition. 9@, 10 bar of hydrogen, HMF:complex molar ratio
1:0.001

5.2.2 Catalyst stability and recyclability

Despite being a homogeneous catalyst, the impatahcarrying out the re-use of the
catalyst was evaluated. In particular different kvop of the final reaction mixture have
been developed in order to use the catalyst foermatalytic cycles.

The complex of Shvo is completely insoluble in watdile HMF and BHMF have a
great affinity for this solvent. For this reasom, extraction in water was made at the
end of reaction, the reagent and the product werevered in the aqueous phase and
the catalyst in the organic phase. After threelgttacycles the yield in BHMF was
halved (55%) due mainly to a deactivation of thelyat (Figure 59, black bar on the
right). The deactivation was confirmed by XRF as@&\of the agueous phase extraction
which showed the presence of ruthenium metal, oonig a partial degradation of the
catalyst during the extraction step.

To avoid the degradation of the catalyst, threalgat cycles were conducted without
removing the product at the end of reaction andragdd quantity of fresh HMF after
each cycle. At the end of the three cycles, algtigicase, a small catalyst deactivation
is observed (90% yield) compared to the first cyEigure 59, bar with dots on the left
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and on the right). This behavior confirms the palssinteraction of the catalyst with the

product formed, which slows down the reaction Koget
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BHMF yield
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Figure 59. Re-use test. Reaction conditions. 60 mi&0°C, 10 bar of hydrogen, HMF:complex molar
ratio 1:0.001. Extraction with water (black bar), no workup (bar with dots), BHMF precipitation
(blue bar)

Surprisingly, it was discovered that cooling veryakly the final reaction mixture, the
product crystallizes, precipitating and separafiogn the solvent. On the light of these
considerations, as the last test, three catalytites were carried out by removing the
product by precipitation. As can be seen from tlgaiife 59 (blue bars), after the three
tests, the yield of BHMF was always quantitativhisTdemonstrates that the catalyst is
usable for more catalytic cycles, not undergoingctigation, and that, in this particular

process, it can be easily separated from the crgampounds.

5.2.3 Solvent effect

Industrially, a process which provides a very fasiling process for the recovery of the
product is economically unfavorable. For this reagbe possibility of carrying out the
reaction in a biphasic solution was investigatede Tise of water may facilitate the

separation of the catalyst from the organic compsumithout further processes
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In particular, tests were conducted in a mixturd¢ewtoluene trying to optimize the
ratio between the two solvents and to avoid thectilestion of the catalyst in contact
with the water.

In Table 16 results obtained from the tests camwigcat 90°C are reported.

Table 16. Biphasic hydrogenation at different toluae/water ratio

toluene/water BHMF yield
Reaction time
(vIv) (mol %)
1 0.1 30 11
2 9 30 34
3 29 30 66
4 29 60 90
5 29 80 99
6 toluene 30 80

As already noted, the data reported display a Hegctivation of the catalyst when the
reaction mixture is composed of a large quantityvater (Reaction 1) respect to the
organic solvent (Reaction 6).

Increasing the quantity of organic and decreasimg water, the yield in BHMF
increases to reach a quantitative yield in 80 neéswif reaction (Reaction 5), compared
to 60 minutes used in homogeneous phase.

The really interesting thing is that using watercassolvent, the BHMF once formed
enters into aqueous solution and it does not iotevéth the catalyst. In fact, as can be
seen in the Figure 60, the kinetic curve derivaainfrthe data obtained in biphasic
conditions no longer shows the point of inflectioltained in toluene solution alone.
This behavior confirms the hypothesis of an inteosicof the catalyst with the product

as opposed to other substrates such as for exdngpbenzyl alcohol
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Figure 60. Time on line of biphasic reaction. Reawn conditions. 90°C, 10 bar of hydrogen,
HMF:complex molar ratio 1:0.001. Biphasic reaction(green line), monophasic reaction (black line)

5.2.4 Hypothesis of mechanism

The test previously carried out have shown that#talyst may undergo a deactivation
on the part of the final product, in this case BHMRe catalytic cycle of hydrogenation
is shown in Figure 61. As already said, the compleis the catalyst that makes the
hydrogen transfer, producing the product BHMF, ahdhe same time it forms the B
complex, which breaks the bond to a hydrogen mégetcuform again the complex A.
Several mechanisms may be considered to explaiddaetivation of the catalyst in our
process. For example, in contrast to the benzyhal; the BHMF has two hydroxyl
groups and it presents the oxygen on the aromatg of the furan. Precisely the
oxygen present on the ring of furan could interath the hydroxyl group of the
catalyst, preventing to a molecule of HMF, in parar of its aldehyde group, to

coordinate (Figure 62) (complex D).
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Figure 61. Catalytic cycle of HMF hydrogenation

D

Figure 62. Interaction between catalyst and the fuan oxygen

Another possible deactivation may be caused byfdheation of a complex between
the B complex having 16 electrons and BHMF (FigeB& In particular, an interaction
between the hydroxyl group of BHMF and the cycldpdienone with a resulting

interaction between the oxygen of the furan ringl ahe vacant coordination of

ruthenium (complex E), or even stronger interactian be established between the two
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hydroxyl groups of the BHMF and the oxygen of tletdae on the cyclopentadienone

(complex F).

HO

Figure 63. Interaction between complex B and BHMF

5.2.5 DFT calculation

DFT calculations were performed to determine if ariythe proposed intermediates
correspond to energy minima, and to evaluate tiedative stability. Calculations were
done using B3LYP*'®*and the LANL2DZ basis set on all atof’s Given the known
X-ray data and calculatiotf§ available for this type of compounds, the helical
disposition of the four phenyl groups was employedll the starting geometries. All
the optimized geometries of hypothesized complek atirrespond to energy minima
(no imaginary frequencies were observed in theuegy analysis), and the optimized
Ru-C bond length were very similar to that obseriredhe solid state for a similar
compound®. While the relative energy of complex E is muchhir, the calculated
energies for complex C (Figure 61) and complex &samilar, and the lowest energy
structure depends on the kind of calculation. Thetérmediate was calculated to be
more stable by 0.6 kcal/mol when the internal epasgconsidered. If the solvent is

included in the calculations (toluene, PCM metfidthe two conformations are

183 Stephens P.J., Devlin F.J., Chabloski C.F., Frist.J.,J. Phys. Chem., 1994 98, 11623;

184 Becke A.D.,Chem. Phys., 1993,98, 5648;

1% Hay P.J., Wadt W.RJ. Chem. Phys., 1985 82, 299;

%6 Brydges S., McGlinchey M.JJ, Org. Chem., 2002 67, 7688;

7 Hollmann D., Jiao H., Spannenberg A., Bahn S.|]a@i A., Parton R., Altink R., Beller M.,
Organometallics, 2009 28, 473;

1% Tomasi J., Mennucci B., Cammi RChem. Rev., 2005 105, 2999;
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isoenergetic. If thermochemistry corrections arepliad without considering the
solvent, the C conformation becomes the most staple4 kcal/mol.

Given the presence of two hydroxyl groups in BHMR, alternative hypothesis could
be the interaction of a second molecule of the [&6t®n B with the free hydroxyl of

complex C to yield a bis-ruthenium complex (D2-BHMFigure 64).
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Figure 64. Bis-ruthenium complex (D2-BHMF)

A reliable calculation of the stabilization energly D2-BHMF with respect to the C
complex is not straightforward because of the kneiect of basis set superimposition
error (BSSE)®®. The optimization of the 2:1 complex at the B3LYRNL2DZ level of
theory confirmed that it did correspond to an ewerginimum with global C2
symmetry. When the energy difference between thea?id the 1:1 complex was
calculated by the sum of the energies of the 1lrhptex C and one molecule of free
D’ the dimeric structure was favored by 21.1 kcal/(as internal energy without
thermochemical corrections, by 9.3 kcal/mol if ZBkrected free energy was
considered).

When the BSSE was taken into account by the copwite methot®, the stabilization
was still 16.4 kcal/mol (4.8 with ZPE-correctionhus, regardless the calculation
method, the D2-BHMF complex appears to be stalilizgh respect to the C and F
complexes. If the same approach is applied to atalthe total stabilization of D2-
BHMF complex with respect to free BHMF and two nmiles of B, the total energy
gain increases to 35.6 kcal/mol (8.0 with thermagiséry corrections).

The availability of the dimeric complex D2-BHMF ddualso explain the peculiar
behavior of the substrate under study versus ttedytia activity of the Shvo catalyst.

On the basis of what previously described, a nealytéc cycle can be proposed for the

1%9Boys S.F., Bernardi FMol. Phys., 197Q 19, 553;
0 Tyri L., Dannenberg J.J1, Phys. Chem., 1993 97, 2488;
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HMF reduction catalyzed by Shvo catalyst in whictaf D2-BHMF are involved.
DFT calculations are in agreement with the expemniiaeobservation of a concomitant

decrease in the reaction speed while increasingihdF yield.

5.3 Conclusion

In this work, the hydrogenation of HMF in BHMF wawestigated using the complex
of Shvo as a catalyst in mild condition. The preoegas optimized by studying the main
reaction parameters such as temperature, hydrogessyse and time. Complete
conversion of HMF and selectivity of 100% were aeled working at 90 °C, 10 bar of
hydrogen and with a molar ratio between catalyst substrate equal to 1000. Several
types of work up of the final reaction solution badween developed to make the process
economically feasible. The catalyst of Shvo wastbto be re-usable for at least three
catalytic cycles without suffering any type of diaaation.

Unfortunately, it has been discovered that BHMFagld the reaction rate, forming
stable complexes with the catalyst. The assumptaescribed were subsequently
proven through the use of DFT calculations. Theakutations have shown the
feasibility of formation of different complexes, iparticular the complex of bis-

ruthenium D2-BHMF was found to be the more stable.
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Chapter 6

6 Furfural hydrogenation

The furfural is a renewable building block presenbiorefinery used for the production
of numerous chemicals and fuels. in particular oingnese chemical can be the furfuryl
alcohol (FFA). Nowadays, the FFA is mainly usedaawsodifier of phenolic and urea
resins or as a solvent non-reactive for the prodaaif epoxy resins.

Another important application of FFA is certainkg iuse as an intermediate for the
production of vitamin C, lysine and tetrahydrofusfiualcohol.

Its hydroxyl group and its sufficiently high ratio/O make this chemical a perfect
candidate for the production of additives for faeld as a lubricant, in fact several
studies are investigating the application of théeet derived from furfural in
biorefinery concept.

Industrially, the production of FFA is carried dntiquid phase or in gas phdse

Similar to HMF hydrogenation, the control of theogess parameters of hydrogenation
of furfural has to be accurate as well as the isa@ppropriate catalyst, to obtain high
selectivity in furfuryl alcohol. In fact, decarbdation, hydrogenolysis, hydrogenation
and furan ring opening can occur.

One of the most employed catalysts is the Cu-Crenhigxides used in gas phase
processe<?!”® For the above reasons described Cr-free cataystbeing considered
to work at mild condition and to achieve high salety to the desired product.

Products derived from ring opening are butanalahoit and butane obtained using

mainly undoped-silica supported Nickél On the contrary, Nickel alloy such as Ni-Cu,

"1 Bauer K., Garbe DGommon Fragrance and Flavor Materials, VCH, Weinheim, 1985
'2Rao R.S., Baker R.T.K., Vannice M.ACatal. Lett., 1999 60, 51;

1% Seo0 G., Chon HJ. Catal., 1981, 67, 424;

7 Roman-Leshkov Y., Barrett C.J., Liu Z.Y., Dume3ié., Nat. Lett., 2007, 447, 982;
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Ni-Fe or Ni-Ce were found to be very active in tudl hydrogenation, allowing to
achieve 98% selectivity to FER"

Heterogeneous catalytic hydrogen transfer (HT) rbayregarded as an alternative
pathway for the production of alcohols in the preseof a carrier of hydrogen and not
of molecular hydrogen.

As already mentioned earlier for example hydrogenabf HMF accomplished by
using formic acid as a hydrogen donor in the preseaof iridium or ruthenium
complexes allowed to obtain high yield in BHIE

The use of Cu-MgO catalysts was employed in thegs® of reduction of furfural to
FFA with cyclohexanol as hydrogen donor working2@0-300°C of temperature. The
process doesn’t need the use of molecular hydrdmdrthe maximum yield achieved is
no higher than 60%%’.

Isopropanol, having a particular structure, is ohéhe most hydrogen donor employed
in the HT process. Furfural was converted into RFith a 99% yield using isopropanol
accomplished with a Ru carbene complex and KOtBOHKand THF as solvents at
60°C and 24 hours of reaction time. Unfortunatéiyg by-product obtained from the
isopropanol HT is acetone, which has to be sepdifaden the final mixture, increasing
the cost of the procesé

1 vaidya P.D., Mahajani V.VInd. Eng. Chem. Res., 2003 42, 3881;

% ju B.J., Lu L.H., Wang B.C., Cai T.X., Iwatani KAppl. Catal. A, 1998 171, 117;

1" Nagaraja B.M., Padmasri A.H., Raju B.D., Rao K.SIR. J. Hydrogen Energy, 2011, 36, 3417;

178 Strassberger Z., Mooijman M., Ruijter E., AlbeAd., de Graaff C., Orru R.V.A., Rothenberg G.,
Appl. Organometal. Chem., 201Q 24, 142;
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6.1 Experimental section

In this work, an investigation on the catalytic igity of MgO, synthetized from
hydrotalcite-type precursor, is reported in theehmjeneous catalytic hydrogen transfer
using methanol as hydrogen donor in the reductibnfuofural and HMF into
respectively FFA and BHMF.

Methanol, employed as co-reagent and solvent, faasdy-products only gaseous
compounds, i.e. CO, GCand CH, derived from the methanol transformation during

the catalytic process.

6.1.1 Materials

The following reagents and products were used @ work: magnesium nitrate
hexahydrate (Sigma-Aldrich), sodium carbonate (Sigktdrich), sodium hydroxide
(Sigma-Aldrich), methanol (Sigma-Aldrich), furfurésigma-Aldrich), HMF (Sigma-
Aldrich), FFA (Sigma-Aldrich), BHMF (Toronto Reselr Chemicals).

6.1.2 Catalyst preparation

MgO synthesized has been prepared by thermal destigm of brucite. The brucite
was synthesized following the procedure of conweati coprecipitation reported in the
literature "8

The salt of magnesium nitrate was co-precipitategpwise into a solution containing
sodium hydroxide 1 molar. The base solution wag &kepstant at temperature of 55 °C
and at pH of 10.5. At the end of the precipitatian, aging treatment (1 hour) was
carried out in order to increase the crystallimfythe formed phase. The obtained solid
was then filtered and washed with two liters of evgber gram of solid. Finally, the
brucite was dried at 70 °C in static air overnight.

The precursor obtained was calcined in air at 45@f 5 hours.

The phase of the precursor and of the magnesiudleoxere characterized by XRD

technique to evaluate the yield of the synthesie @nalysis were carried out at room

19 cavani F, Trifird F., Vaccari ACatal. Today, 1991, 11, 173;
180 Bolognini M., Cavani F., Scagliarini D., Flego ®erego C., Saba MCatal. Today, 2002 75, 103;
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temperature with a diffractometer Bragg/BrentanpextPro PANalytical and they were
carried out from 5 to 80 82 with acquisitions of 10s every 0.16°2

The catalyst was also characterized by analysssidace area. The measurement of the
surface area of a catalyst, expressed &4,nis one of the main parameters that
characterize a material. The instrument used ferd#termination of the surface area
was a BET Fisons Sorpty 1750 CE.

The analysis was conducted after a drying treatroktiite sample at 120 °C.

6.1.3 Catalytic test

The hydrogenation of furfural and HMF was carried osing a Parr Instrument 4561
autoclave reactor of 300mL capacity and equippett wimechanical stirrer {2200
rpm) and provision for measurement of temperatacepaessure (Figure 25).

The reaction was carried out in methanol, usingatty@opriate amount of catalyst.

If not differently indicated, each test was conedctor three hours at 160°C with the

following amounts of reagents:

50 mL of methanol;

1.21 mmol of furfural or HMF;
0.25 g of MgO;

= 1 bar of nitrogen

The autoclave reactor was purged 3 times witl{29 bar) and then pressurized at 1 bar
(N2). The temperature was increased to 160 °C andetition mixture was stirred at
ca. 1000 rpm for the time requested.

At the end of reaction, the reaction mixture wasled in an ice bath and the MgO was
separated by filtration. The liquid products wenealsgzed using HPLC (Agilent
Technologies 1260 Infinity), equipped with a C-18rec shell column 50x4.6mm
employing a solution of 80% of 0.01 MsPIO, and 20% acetonitrile as mobile phase.
The gas phase was collected and analyzed with aospstem XL (Perkin Elmer) GC
equipped with an Elite Plot Q capillary column 30rth82mm attached to a
methanizer assembly flame ionization detector (FID)

Identification of compounds was achieved by catibrausing reference commercial

samples.
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6.1.4 NMR analysis

NMR analysis were carried out using a 400MHz NMBtrimment.

6.2 Results and Discussion

The precursor of the catalyst and magnesium oxidee weharacterized by means of
XRD analysis. The Figure 65 shows the comparisotwden the brucite and the
magnesium oxide. The peaks relative to the phasbeomagnesium hydroxide (blue
line) allow to affirm that the synthesis of the quesor was good and the subsequent
oxidation has allowed us to obtain the phase ofrmasigm oxide in homogeneous way.
The analysis of surface area conducted on magnesixyde showed an area of

125nf/g.
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Figure 65. XRD analysis of brucite (blue line) andgO (red line)

The first catalytic tests were carried out with fh&pose to optimize the amount of
catalyst in the process of hydrogenation of futfuds shown by the graph in Figure 66
guantitative yield in FFA was obtained within 3 hewf reaction at 160 °C and with a
quantity of MgO equivalent to 1 gram. Lowering #@ount of catalyst selectivity in
FFA remains constant at 100%, but the yield deeeas the value of 46% using a

guantity of catalyst equal to 0.1 gram (10 timesdo.
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Figure 66. Conversion and selectivity as a functionf grams of catalyst. Reaction condition. 180
min, 160°C, 1.21 mmol Fu, 1 bar of nitrogen. Conveion:black bar; Selectivity: bar with dots.

Changing the reaction conditions, especially termjpee and concentration of substrate,
the yield in FFA undergoes some changes.

Table 17. Effect of reaction temperature and conceration of furfural in FFA yield

Entry Temperature time  Concentration  MgO FFA TOF®
O (min)  of furfural (M) (9) yield (%) (h-l)

1 100 180 0.024 0.5 0 0
2 130 180 0.024 0.5 55 1.2
3 160 180 0.024 0.5 97 2.2
4 210 45 0.024 0.25 51 9.1
5 230 30 0.050 0.1 43 57.8
6 160 180 0.024 0.1 46 52
7 160 180 0.121 0.5 61 6.8
8 160 180 0.242 1.0 55 6.2

*TOF= expressed as mol FFA produced per basicesigtion time in hours; the number of basic sites is
assumed to coincide with the number of moles of @@3orbed during CEOTPD experiments.
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The data in Table 17 show that increasing the teatpes it is possible to obtain
guantitative yields and selectivity of 100% in adhr reaction time and with a lower
amount of catalyst (Entry 4 and 5).

In the table the value of TOF also is showed, dated by assuming that all the surface
basic sites, previously determined by means of,-TRD'®!!%? contribute to the
reaction; this assumption clearly leads to an ugstanation of the TOF value.

At low temperatures, the acetalization reaction favored at the expense of
hydrogenation of furfural, in fact working at 10C€ the only product formed is the
acetal of furfural with a yield of 17%, while at@3C the yield of acetal is equal to 5%
(Entry 1 and 2).

This behavior displays that the selective activatad methanol on MgO occurs at
temperatures above 130 °C, allowing to obtain s&igcof 100% in alcohol.

Despite TOF value increases considerably with ¢éineperature (57.8 Entry 5), it turns
out to be a quite low value. This result could leevced from a partial deactivation of
the catalyst by means of the €@roduced by the transformation of methanol (see
below). In fact, the C@is able to adsorb on the sites of basic catalystsning
carbonates and deactivating partially the MgO.

The TOF value also increases with increasing canagon of the initial substrate. This
results confirms the catalytic nature of the react@nd that the reaction rate is heavily
influenced by the concentration of the reagentr{fEgtand 7).

The same experiments conducted in the hydrogenafidarfural were carried out in
the HMF hydrogenation.

The data obtained (Figure 67) from the tests dyspkat also in this case, with
increasing the amount of catalyst an increase ®fBHMF yield was obtained and a
quantitative yield was achieved using 1 gram of MigCthree hours of reaction at
160°C.

These data demonstrate that the reaction of hydrtrgasfer with methanol and MgO
is not affected by the type of substrate, but thatlimiting step of the reaction appears

to be the activation of methanol on the catalyst.

181 Bolognini M., Cavani F., Scagliarini D., Flego ®erego C., Saba MCatal. Today, 2002, 75, 103;
182 Bolognini M., Cavani F., Scagliarini D., Flego ®erego C., Saba MVjicrop. Mesop. Mater., 2003
66, 77.
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Figure 67. Conversion and selectivity as a functionf grams of catalyst. Reaction condition. 180
min, 160°C, 1.21mmol HMF, 1 bar of nitrogen. Convesion:black bar; Selectivity: bar with dots.

To confirm the yields obtained by HPLC analysis &mderify the possible presence of
by-products, the reaction solutions were charaztdrby NMR.

A
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Figure 68. NMR analysis of the final reaction mixtue carried out with 12.1 mmol of HMF,
methanol 50 ml, reaction time 180 min, temperaturd 60°C. [A] 1tH-NMR (CDCI 3); [B] 13C-NMR
(CDClI3)

NMR spectra were compared with the NMR spectra inbth from commercial
compounds of HMF and BHMF. The formation of by-pwots was not detected in
solution and are present only HMF and BHMF

As previously said, hydrogen transfer processe®notly reported in the literature using
alcohols such as iso-propanol or iso-butanol asrdgegh donors, forming in the
environment of reaction by-products which must sgbently be separated from the
products. In this case, the only by-products aredyzerived from the transformation of
methanol were CO, CQand CH. These by-products, which are present in the loéad
the reactor, were easily separated from the ligh@se depressurizing the autoclave.

In the liquid phase, products of dimerization amfaldehyde were never detected. CO
is the product of dehydrogenation of formaldehydejich is formed by the
dehydrogenation of methanol. The £@nd CH are derived from the rapidly
decomposition of methylformate at high temperatunebich is produced by the

condensation of two molecules of formaldehyde @enctitalyst (Scheme 1).
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CH3OH - H.CO + H
H.CO-> CO+H
H.CO + HCO - HCOOCH;
HCOOCH - CO, + CH,

Scheme 1. Transformation of methanol over MgO

In Figure 69, a test as a function of the reactiore is reported, showing the moles of
FFA produced and the moles of CO, £dhd CH generated at the same time. The data
confirm the scheme described above, in fact by tB€ moles of C@and CH were
found to be always equimolar while the moles of @&€re about double of the latter

two.

100 6,0

FFAyield (mol %)
G-o1x100) "HOCOD'0D

0 50 100 150

time (min)

Figure 69. FFA yield (Diamonds), CO (squares), C&(crosses) and CH (triangles) generated as a
function of reaction time. Reaction conditions. 160, 1.21 mmol Fu, 0.5 g MgO, 1 bar of nitrogen.

knowing the moles of by-products generated by theva scheme it is possible to
calculate the total moles of hydrogen generateditiRrly the moles of hydrogen
generated and the moles of FFA produced as a amofitime it is possible to note that
the two curves coincide at every point of the graipbwn.
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Figure 70. FFA moles (diamonds), kl(squares) generated as a function of reaction tim&eaction
conditions. 160°C, 1.21mmol Fu, 0.5g MgO, 1 bar afitrogen.

These data demonstrate that all the hydrogen peadidsy the transformation of
methanol is used in the reaction of hydrogen temahd hydrogen gas is not produced.
However, the total selectivity in hydrogen is nd0% but it is 45% due to the
production of methane.

Test of recycling of the catalyst were also perfednand the data shown in the figure
show that MgO can be used for several catalytidesywithout any loss of catalytic
activity even if a thermal treatment at 450 °C3dnours in air is required to remove the
adsorbed substances on the basic sites of thgsiatal

A simple heat treatment of drying is not sufficiémtclean the catalyst, in fact, the yield
obtained in a second catalytic cycle with this lystais lower ( than the yield obtained

with the fresh catalyst or re-calcined.
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Figure 71. Reusability test. Reaction condition. Bmin, 160°C, 1 bar of nitrogen, 1.21 mmol
furfural, 0.5 g of MgO.

6.2.1 Conclusion

In this work, the hydrogenation of furfural and HMB&s been investigated with the aim
of producing selectively the respective alcoholbe process has been optimized by
using MgO as a catalyst and methanol as a co-rdgaatel as a solvent. Quantitative
yields to alcohols have been achieved in a fewaarking in mild condition: 160 °C
and at autogenous pressure. The only by-produatsefd were light products such as
CO, CQ and CH, easily separable from the reaction solution degrezing the
reactor.

The reusability of the catalyst was also evaluadad it was possible to re-use the

catalyst without any loss in yield and selectiiy several catalytic cycles.
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7 Conclusion

In this work, development of three different cat@lyrocesses has been optimized, in
particular, the liquid phase oxidation of HMF to €EB using gold and gold/copper
based catalysts, the hydrogenation in the liquasptof HMF to BHMF with the use of
Shvo complex and the catalytic hydrogenation ofuia to furfuryl alcohol by a
process of hydrogen transfer using methanol asolggir donor and magnesium oxide
as base catalyst.

The synthesis of monometallic gold and bimetallicldgcopper nanoparticles at
different molar ratio has been optimized. The sgstbed nanoparticles were
characterized by XRD and DLS analysis. The analgsmwved that our synthesis has
generated bimetallic nanoparticles in the range3-df nm. The active phases were
supported on titanium oxides and cerium oxidesnigypient wetness impregnation and
subsequently they were tested in the reaction adation of HMF to FDCA. The
catalysts supported on TiGshowed a catalytic activity superior respect te Hil
monometallic catalysts (except the catalyst withigh copper content 1.5AGus;) and
they are also more stable and more resistant sopiig than the monometallic ones.
The catalyst 1.5ACw-Ti presented the best catalytic activity, whicloaked a fast
oxidation of the limiting step of the reaction, shtlhe oxidation of HMFCA to FDCA.
The analysis conducted on catalysts showed theattwm of alloys gold/copper and a
strong synergistic effect between the two metals.

The same synergistic effect was not observed incttialysts supported on CgOn
fact, the monometallic catalyst (1.5Au-Ce) showbd best catalytic activity in the
oxidation of HMF to FDCA. Even in terms of staljlitAu and Au/Cu catalysts have
had very similar behaviors, activating in each lgatacycle.

The different behavior obtained during the reusigbiest using the catalyst supported

on ceria and titania is probably attributable te tlature of the supports. In fact, the
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reducibility of cerium is known to be favored byetpresence of nanoparticles of Au,
with a consequent release of bulk oxygen in theti@a medium.

The hydrogenation of HMF to BHMF was investigateihg the complex of Shvo as a
catalyst in mild condition. The process was optedidy studying the main reaction
parameters such as temperature, hydrogen pressdriénze. Complete conversion of
HMF and selectivity of 100% were achieved workin@@ °C, 10 bar of hydrogen and
with a molar ratio between catalyst and substrgteakto 1000. Several types of work
up of the final reaction solution have been devetbfm make the process economically
feasible. The catalyst of Shvo was found to besable for at least three catalytic
cycles without suffering any type of deactivation.

Unfortunately, it has been discovered that BHMFagld the reaction rate, forming
stable complexes with the catalyst. The assumptaescribed were subsequently
proven through the use of DFT calculations. Theakutations have shown the
feasibility of formation of different complexes, iparticular the complex of bis-
ruthenium D2-BHMF was found to be the more stable.

Finally, hydrogenation of furfural and HMF has beewestigated with the aim of
producing selectively the respective alcohols. prozess of hydrogen transfer has been
optimized by using MgO as a catalyst and methas@ ao-reactant and as a solvent.
Quantitative yields to alcohols have been achiewed few hours working in mild
condition: 160 °C and at autogenous pressure. fihehy-products formed were light
products such as CO, G@nd CH (products derived from methanol transformation),
easily separable from the reaction solution deprggag the reactor.

The reusability of the catalyst was also evaluated it was possible to use the catalyst

without any loss in yield and selectivity for seafecatalytic cycles.
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