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Nonostante gli inconvenienti sopra detti, credo che ogni chimico
conservi del laboratorio universitario un ricordo dolce e pieno di
nostalgia. Non soltanto perché vi si nutriva una camaraderie
intensa, legata al lavoro comune, ma anche perché se ne usciva,
ogni sera e piu acutamente a fine corso, con la sensazione di aver
“imparato a fare una cosa”; il che, la vita lo insegna, & diverso
dall’aver “imparato una cosa”.

Il segno del chimico, Primo Levi
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1. INTRODUCTION

Global concerning about climate changes implication is growing. Not
surprisingly, Greta Thumberg was chosen as Time's person of the 2019
year. In recent decades, due to the depleting of fossil fuels reserves and the
environmental pollution caused by the impact of CO, emission, different
international agreements have been rectified. In 2015 the United Nations
defined the 17 Sustainable Development Goals, which are still considered
the world's best plan to build up a better world for human beings and our
planet by 2030.! This urgent call for action led to rectification of the Paris
Agreement, that highlights the need of a global strategy to reach a
sustainable industrial and societal development.? So a balance needs to be
found among economic development, environmental impact and societal
equity. Conventional linear economy encourages short product lifespans,
resulting in wastefulness, overconsumption, and product inefficiency. A
more environmentaly friendly and stable economic model is proposed to be
based on circular grounds. A circular economy approach tries to eliminate
waste through deliberate design of products and processes by bearing in
mind both resource efficiency and recycling.’

Concerning the environmental impact of products design with a cradle-
to-cradle perspective, the first consideration is the choice of feedstock.
Alternative feedstocks are necessary to reduce dependence on non-
renewable sources, and among them biomass represents the only
renewable source of organic molecules for the manufacturing of chemicals
and fuels, nowadays mainly derived from petrol.*> Most of the process
developed in petrochemical industry to functionalize hydrocarbon are not
suitable for biomass conversion, which requires controlled de-
functionalization of the highly oxygenated raw materials. The development

of a bio-based industry passes through the development of efficient



catalysts. Homogeneous catalysts generally show high activity and
selectivity, but have some disadvantages in separation and disposal.
Heterogeneous catalysts offer in turn advantages in terms of easy
separation, reusability and de-corrosion issue, in addition to stability in
severe reaction environments.® Heterogeneous catalysts thus represent the
bes*t option in term of environmental impact and are the preferred option
for industrial applications, representing 80-85% among those employed

nowadays in industrial processes®.

1.1 Lignocellulosic biomass valorisation

Biomass is the results of plant photosynthesis, in which simple
molecules as CO,, H,0, O, are transformed into organic (bio)molecules,
mainly carbohydrates, using sun light as energy source. Biomass represents
an abundant renewable resource of organic molecules, for the subsequent
manufacture of chemicals. At first edible biomass was used as feedstock, as
maize and oil seeds, for the production of bioethanol and biofuels. The
employment of this “first generation” biomass is not considered as a
sustainable option in longer term, due to the obvious competition with food
production. “Second generation” bio-based fuels and platform chemicals, in
contrast, utilise lignocellulosic biomass as feedstock. The ideal scenario,
from the viewpoint of a truly circular economy, involves the valorisation of
waste biomass generated in the production of edible crops (as sugar cane,
corn stover, rice husks).

Lignocellulosic biomass is mainly composed of three polymers, i.e.,
cellulose, hemicellulose and lignin, as shown in Figure 1.1. Both structure
and amount of these plant components vary according to the species, but
generally, lignocellulosic biomass consists of 35-50% cellulose, 20-35%

hemicellulose, and 10-25% lignin.” Lignocellulose has evolved to resist



degradation and its polymers are organized in complex three-dimensional
structures. The major component is cellulose, a crystalline glucose polymer
organized in planar sheets packed through hydrogen bonding.
Hemicellulose, the second most abundant polymer, is a bracket polymer
composed of different pentoses (xylose, arabinose) and hexoses (mannose,
glucose, galactose) units. Lignin has a more complex structure, being
composed of different phenyl-propanoid units that polymerize by random

coupling reactions.
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Figure 1.1. Chemical structures of the main components of lignocellulosic
biomass.®

Different approaches have been proposed in the conversion of
lignocellulosic biomass. Biocatalytic processes, that generate bioethanol or
biobutanol using fermentation processes, have already reached the
commercial stage.* Thermochemical processes, as gasification and pyrolysis,
have also been applied, similar to those already used in the petrochemicals
industry.® Gasification yields syn gas, and fast pyrolysis leads to a complex
mixture of bio-oils, whose separation is difficult and expensive. Chemical
methods allow to better control reactivity and to improve selectivity. First

lignocellulosic biomass is fractionated into its main components



(hemicellulose, cellulose, and lignin) and then each fraction is processed in
different conditions. Cellulose and hemicellulose can be further hydrolysed
in their relevant monomers. Glucose is the sugar degradation product of
cellulose. The depolymerization of hemicellulose results in the formation of
a mixture of C-5 and C-6 sugars, mainly xylose. Chemical-catalytic methods
of biomass valorisation have the potential to utilize almost all of the
available carbon present in the feedstock, but they have attracted less
commercial attention than fermentative and thermocatalytic methods,
possibly due to the fact that they require new technologies. But the
potentiality of chemical methods is that higher value chemicals could be
produced, besides the production of low-margin/high-volume biofuels. In
fact, a variety of organic molecules can be produced in short times and
under mild conditions. For example, cellulose might be hydrolysed to
glucose, which might be dehydrated to 5-hydroxymethylfurfural (5-HMF),

rehydrated to levulinic acid (LA), and then hydrogenated to y-valerolactone.
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Figure 1.2. Top 13 platform chemicals.



Among 300 potential products derived from carbohydrate biomass to
produce chemicals, in 2004 the US Department of Energy™ sorts a final list
of top 12 platform chemicals, mainly based on their market potential. In
2010 Bozell and Petersen re-analyzed this list, using different criteria, as
multiple product applicability or technology development, and revisited this
list: 13 chemical opportunities were selected, as shown in Figure 1.2.'* The
selected molecules bear at least one functional group in their molecular
structure that can serve as entry points for further chemical

transformations.
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Figure 1.3. Possible value-added chemicals obtainable from 5-HMF.?

Among them, 5-hydroxymethylfurfural (5-HMF) is considered a key
platform chemical because it can be further converted in a variety of
commercially important chemicals, as proposed in Figure 1.3.** For
example, hydrogenation reactions result in the synthesis of 2,5-
dimethylfuran, a commonly used transportation fuel. Also, 5-HMF can be



oxidized to 2,5-furandicarboxylic acid, an important monomer for bioplastic
production. Condensation reactions of 5-HMF result in formation of long
chain alkanes, that could be used as direct transportation fuel. Hydrolysis of
5-HMF leads to the synthesis of LA and formic acid as well. LA is itself a
valuable building block for the production of liquid fuels, gasoline additive,
solvents, polymers and other important industrial products. Also formic acid
can be used as both a hydrogen donor and a reagent for the synthesis of
formaldehyde, plasticizers and pharmaceutical products.®

In HMF preparation many studies have used fructose as the starting
substrate, that can be easily converted showing high selectivity.!***** But
industrial application are limited by the high costs and restricted availability
of fructose. On the other hand, glucose represents an economic and
accessible alternative, being the product of cellulose depolymerisation.
Synthesis of 5-HMF from glucose is widely recognize to be a two-step
process: (i) isomerisation of glucose to fructose catalysed by either a base
or Lewis acids, and (ii) hydrolysis promoted by a Brgnsted acid catalysts.
Starting from glucose as substrate, the low yields have been mainly
attributed to self-polymerization reactions between reaction intermediates
and/or the 5-HMF itself, forming insoluble humins. Moreover 5-HMF is not
stable in water under acid conditions, forming LA and FA for rehydration
reaction. Two main strategies have been proposed to improve vyield and
selectivity: (i) continuous removal of the produced 5-HMF or (ii) design of
solid acid catalyst(s) properly tuned for selective formation of 5-HMF.** High
HMF selectivity seems to result from the Brgnsted acid density of the
catalyst, whereas the activity in fructose conversion seems to be correlated
with the strength of the Lewis acidity, which leads to simultaneous HMF
oligomerization.'? Practical and efficient glucose to 5-HMF conversion thus
requires bi-functional solid acid and base catalysts which can operate in
aqueous phase, as protonated zeolite, metal oxides and their modified



variations, functionalized silica materials, carbon-based catalysts and
phosphate-based catalyst.’

Nowadays acid-catalysed reactions represent and important class in
hydrocarbon conversions in the petrochemical industry. Reactions catalysed
by zeolites and oxides represent ca. 40 and 30%, respectively, of all acid—
base catalysed processes.!® Despite the importance of zeolites as acid
catalysts for the current chemical processes, the catalytic processing of
biomass involves the transformation of much larger and bulkier substrates
that cannot access the zeolite micropores and cavities, and occurs in
different conditions, in which zeolite suffer of weak stability. Metal oxides
offer the advantages of high thermal stability and to be easily tailored by

surface modifications.

We decided to focus our attention over zirconium oxide due to its
intrinsic chemical and physical characteristics that can be adjusted by
choosing different precursors and synthetic conditions. Moreover, by the
addition of dopants/promoters, in particular sulfate species, can modify
surface acidity, surface area and crystallization temperature. The acid-basic
properties of zirconia make it a catalytic material that can be used in the
isomerisation of glucose. Sulfated zirconia (SZ), possessing both Lewis and
Brgnsted acid sites, can act as catalyst in further dehydration reactions. The
reaction pathway and the role of surface sites is not still completely
understood. Qi et al'’ studied the production of 5-HMF from fructose and
glucose catalysed by ZrO, and their results suggest that zirconia acts as
base and promotes the isomerisation of glucose to fructose, producing small
yield of 5-HMF (ca 10%) and very small amount of LA (<1%). They
supposed that the isomerisation reaction involves an acyclic mechanism,
and that the rate-determinant step is the enolisation of the starting
substrate. Another study'® employed SZ as catalyst in fructose dehydration



to 5-HMF and reported that it has low catalytic activity in water, while high
conversion and 5-HMF vyield (ca 80%) are observed in non-aqueous
solutions. Both studies employed microwave (MW) heating to promote the

reaction. Osatiashtiani et al*°

reported that unsulfated monoclinic zirconia,
possessing only Lewis sites, is effective for glucose isomerisation to fructose
but poorly active towards fructose dehydration to 5-HMF, while using
sulfated tetragonal zirconia, possessing a significant Brgnsted acidity, the 5-
HMF production is enhanced. Their results suggest that for SZ an
appropriate mix of Lewis and Brgnsted sites is required for the tandem
isomerization of glucose to fructose and the latter subsequent dehydration

to 5-HMF, and isomerisation seems to be the rate-determinant step.

1.2 Zirconia and its modification

Zirconia is a well-known material, and it has found application in
different fields thanks to its interesting physical and chemicals properties.
ZrO, has low thermal conductivity, good corrosion resistance, and it is a
good refractory material used in thermal barrier coating applications®.
Zirconium oxide possesses a very high refractive index and it is used as
opacifier in ceramic grazes and to manufacture synthetic jewels. As a result
of its high oxygen ion conductivity, it is useful as solid electrolytes in oxygen
sensors and fuel cells.”>* Thanks to its high strength, toughness and
hardness it is employed as liner in combustion engines. Zirconia has been
used in orthopaedic and dental implants thanks to its high Young's
modulus.”® However, its most important application is in catalysis. ZrO,
exhibits acid-basic properties and it is also stable at high T, even under
reducing atmosphere and photoirradiation. These properties make zirconia a

more suitable candidate in catalytic applications if compared to other



ceramic materials as titania, alumina and silica: in fact, it has been

24,2
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employed both as such or as a suppor

Figure 1.4. Unit cells of crystalline phases of zirconia: from the left monoclinic®,
tetragonal” and cubic®.

ZrO, exhibits three crystallographic phases at atmospheric pressure:
monoclinic (m-) until 1175°C, tetragonal (t-) from 1175°C to 2370°C, and
cubic (c-) above 2370°C, as represented in Figure 1.4. Applications as a
ceramic at high temperatures are limited due to the unavoidable martensitic
monoclinic-to-tetragonal transformation. However, high temperatures-stable
phases (tetragonal and cubic) if properly (chemically and/or physically)
stabilised, can be used for low temperature applications. The existence of
high T polymorphs at room temperature has been reported in doped bulk
and in undoped nanocrystalline materials and various stabilization
mechanisms have been proposed by different research groups.”® In bulk
Zr0O,, tetragonal and cubic phases stabilization mechanism is supposed to
rely on the generation and association of oxygen ion vacancies with the Zr**
cations hosts. Tetragonal phase can be stabilized at lower T under reduced
oxygen partial pressure or at higher temperature at ambient pressure. The
most common way to stabilize bulk high temperature polymorphs is by
doping with tri-, tetra-, or pentavalent cations, which generate oxygen ions
vacancies in the zirconia lattice. First Garvie®®, in 1965, hypothesized that

the occurrence of t-ZrO, was related to a crystalline size effect, and small



size particles exist as tetragonal phase due to the its lower surface energy
compared to the monoclinic phase. The critical size for metastable
tetragonal phase stabilization was supposed to be 30 nm. Garvie claimed
that stabilization is due to both enhanced specific surface area and excess
surface energy below this critical size. He also proposed a thermodynamic
model for tetragonal stabilization.*® Further studies demonstrated the
stabilization of tetragonal nanocrystals of smaller size (from 2 to 26 nm)
than those proposed by Garvie.”® HR-TEM analysis suggests that the critical
size may be 18 nm.*! Surface energy theory suggests a critical size of 10
nm, below which isolated, strain free, ZrO, nanocrystals are stable, but they
must possess a spherical (or near-spherical) surface morphology.
Aggregation of zirconia nanocrystallite increases the critical size to 33 nm,
similar to value proposed by Garvie. Various other factors seem to affect
tetragonal phase stability at room temperature, such as hydrostatic strain
energy, structural similarities, foreign surface oxides, water vapour and
anionic impurities.

Zirconia can be obtained by the calcination of its hydroxide. The crystal
form of the final product depends on how the hydroxide is
prepared/obtained and treated. For example, Murase and Kato®* reported
that for hydroxides prepared by direct hydrolysis of a zirconium salt, aging
for a long period results in monoclinic formation, while the tetragonal phase
is predominant when aging is omitted. The influence of precipitation
conditions and aging time on the final crystal form has been interpreted in
term of the change of the unit structure of the hydroxide. The synthesis of
both tetragonal and cubic ZrO, in a nanocrystalline form has been
extensively studied in the last decades employing different approaches such

d**®, precipitation route®® and hydrothermal

as the sol-gel metho
synthesis®. In each approach, the crystal form of the final product depends

on both synthetic parameters and calcination temperature, still rendering
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the synthesis of nanoparticles in pure tetragonal or cubic phase a difficult
task.

Zr0O, is an acid-base bifunctional oxide, capable to absorb both CO, and
ammonia.>® Infrared study on adsorbed pyridine revealed the presence of
Lewis sites, but not of Brgnsted ones.*” Zirconia has been extensively used
as catalyst in the form of either pure oxide or dispersed on other oxides to
obtain larger surface area, or even promoted by the addition of properly
chosen ions, or finally as a support. In the form of pure oxide, it has found
industrial application in different reactions, as alkylation, condensation,
isomerization, dehydration.”* The addition of ions can modify ZrO, acid
properties: the presence of sulfate groups is known to modify intrinsic Lewis
acidic properties of zirconia.® Part of the surface is then occupied by
thermally stable sulfate groups and there is a lower amount of
coordinatively unsaturated surface available cations, but the residual Lewis
acidity has been observed to increase in strength; besides, surface sulfates

induce Brgnsted (protonic) acidity.

Sulfated zirconia was first proposed in 1980 by Hino and Arata®, and it
has found a large employ as solid acid catalyst. SZ has reported to be able
to promote short chain hydrocarbons isomerization reaction at relatively low
temperature: many studies have been carried out on this catalyst, because
of its possible industrial application in alkanes isomerization.?**** Sz has
been tested in many other reactions as such alkylation, acylation,
esterification, polymerization and nitration. SZ has demonstrated to be an
active catalyst in a heterogeneous liquid—solid system, for reactions as
Friedel-Crafts acylations, esterifications of acids with alcohols and reactions
between amines and ketones.”’ SZ has shown to be recoverable and
reusable, and so offers new opportunities in organic syntheses for
developing environmentally friendly processes. The tetragonal phase is

11



reported to possess higher activity, due to its superior Brgnsted surface
acidity with respect to the monoclinic one.* It is well recognized that
activity of SZ catalysts depends on a large number of factors, related in
particular to (i) preparation condition, (ii) nature of both zirconium and
sulfates  precursors, (iii) sulfate loading and (iv) calcination
parameters. ¥44%

SZ can be produced by means of several syntheses procedures.*® The
catalyst can be prepared by (i) impregnation with H,SO, or (NH4),SO, on
either dried Zr(OH), or crystalline zirconia, (ii) direct co-precipitation of
sulfate and Zr hydroxide or (iii) by reaction in the gas phase of ZrO, with
SO, or H,S and O,. The nature of the starting substrate has a pronounced
effect on the final SZ catalyst. Sulfate groups can be bonded onto different
surface sites. An high surface area SZ possessing tetragonal phase is
obtained by impregnation of amorphous zirconium hydroxide, containing a
mixture of defective and non-defective sites.*** The presence of sulfates
stabilizes the tetragonal phase avoiding it transform into the
thermodynamically more stable m-ZrO,, and different interpretations have
been proposed to explain this behaviour.”” Impregnation of sulfate
precursors onto crystalline zirconia tend to give non-defective surface

sulfate structures and only a minimal amount of defective sites.

SZ has shown high activity toward isomerisation of hydrocarbons under
mild condition, but unfortunately it suffers of fast deactivation. The addition
of small amount of noble metals to the catalyst was proposed to overcome
this drawback. In particular, the addition of platinum has been shown to
improve both catalytic activity and stability in pentane isomerisation.?**” In
oxidation catalysis, ZrO, is a promising support as well as an active phase.*®
For example it is suggested to be the best support for gold-based catalysts

in the oxidative esterification of furfural, promoting activity, selectivity and
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also stability.” The effect of numerous transition metals was investigated,
and all resulted in a modification of the surface acidity.”*° Non-noble
metals are less expensive and can be active catalysts as well as metal
oxides, showing different properties as single, mixed or supported systems.
We decided to investigate the effect of nickel addition into either plain
ZrO, or SZ. Nickel is the fourth most abundant transitional metals on earth
and has a long history in modern catalysis. Its first application as a
hydrogenation catalyst dates back to the 19th century and its discovery led
Paula Sabatier and Victor Grignard to the Nobel Prize in Chemistry in 1912.
Another advantage on the use of Ni is its currently cost (1/5000 of the price
of gold).” Ni-based catalysts have shown high catalytic activity, or high
selectivity in many industrial processes such as steam reforming of
hydrocarbons, hydrotreatment, hydrocarbon hydrogenolysis, and CO/CO,
methanation.> But it can also act as cooperative site on other catalysts. In
ethylene dimerization it has been reported that Ni is required for a SZ
catalyst to be active, and both Ni* and Ni** species have been proposed as

potential catalytic sites.>*>*

The possible methods for the synthesis of metal oxides require long
reaction times and/or long thermal treatment at high temperatures to
obtain crystalline materials. Coupling these methods with microwave
irradiation has the advantages of rapid synthesis and very rapid heating to
the required temperature. For example, the formation of SnO, by
hydrothermal process requires only 3 min instead of hours with
conventional heating.> It is well known that the catalytic activity and
selectivity is dependent on surface structure. Therefore, the different
reaction mechanisms between conventional methods and MW-assisted
processes may lead to a different structure of the metal oxide obtained and
this, may influence their functional properties. In particular, the crystal

13



structure (phase, crystallinity degree), morphology (size, shape, anisotropy)
and composition interplay important role in determining the presence of
active catalytic sites in the nanomaterials.

1.3 Microwave heating

Microwaves (MW) are electromagnetic waves in the 0.3-300 GHz
frequency range (. = 1 mm-1 m) occupying in the electromagnetic
spectrum the region between infrared and radio frequencies. MW are
extensively used in telecommunication systems, and to avoid interferences
international agreement requires that industrial reactors and domestic
ovens operate at 2.45 GHz.>®* MW heating effect was accidentally discovered
in 1945 during studies on radar applications, observing the melting of
chocolate bars.”’. The first paper on MW-assisted synthesis was published in
the middle of the 1980s: Komarneni and Roy® reported the synthesis of
titania gel sphere in liquid phase, while Gedye et al.>® and Giguere et al.®
reported the use of MW employed for the organic synthesis. Starting from
these reports, MW heating technology has been receiving increasing
attention and it has become an important tool, especially in organic
syntheses. The major advantages of MW heating reside in the enhanced
rate of reactions, which allows to synthesise materials in a few minutes,
instead of hours or even days as usually required by the conventional
heating methods. It is considered more environmentally friendly than
conventional heating being more efficient in selective heating.®’ Several
attributes of MW heating contribute to greener syntheses: shorter reaction
time, lower energy consumption and higher product yield. MW-assisted
methods can help to overcome disadvantages of common techniques in the
synthesis of nanoparticles and nanostructures, whose growth is highly
sensitive to the reaction conditions and could benefit from the efficient and

14



controlled heating as provided by MW irradiation.®* It has been reported
that the synthesis of compounds in a metastable phase, with small particles
size, small distribution on average particle size, high purity and enhanced
physicochemical properties.*

Many inorganic nanostructured (metals, metal oxides, chalcogenides,
nanocomposites) materials have been prepared by MW heating in liquid
phase employing various solvents as water, polyols, ionic liquids, and mixed
solvents.”” It has been reported that in liquid phase MW irradiation
accelerated not only nucleation, but also crystal growth.®*

MW energy in not enough to break chemical bonds, so MW chemistry is
based on efficient heating of materials, that in turn depends on the ability
of materials to absorb and transform electromagnetic energy into heat. MW
can penetrate the material and supply energy: heat can be generated
throughout the volume of the material resulting in volumetric heating. As a
consequence of the direct heating of samples, the temperature profile of a
microwave-heated material is the inverse of conventional heating, resulting
in the surface being cooler than the inner one. Materials, with respect to
their interaction with MW, can be divided into different categories: (i)
Reflectors, not effectively heated by MW (metals); (ii) Transmitters,
transparent to MW (Teflon and fused quartz); (iii) Absorbers, that take up
the energy from the MW field and get heated up very rapidly.®

MW dielectric heating is a bulk effect, consequence of a dielectric loss.
The heating mechanism is supposed to involve two main processes: dipolar
polarization and ionic conduction. MW irradiation of a sample results in the
alignment of the dipoles or ions in the electric field. As the applied field
oscillates, the dipoles or ions continuously attempt to realign themselves in
the electric field and, during the process, energy is lost in the form of heat
through rotation, friction and collision of molecules. The ability of a specific
substance to convert electromagnetic energy into heat, at a given frequency

15



and temperature, is determined by the so-called loss tangent (tans),

expressed as:

tans = €, 1)

The dielectric constant (¢") describes the ability of the molecules to be
polarized by the electric field, and the dielectric loss (¢”) indicates the
efficiency with which electromagnetic radiation is converted into heat.®* A
reaction medium with a high loss factor (so high tans value) is required for
efficient absorption and rapid heating. In Table 1.1 the values of loss
tangent of common solvents are reported.

Table 1.1. Loss tangent (tand) values at
2.45 GHz and 20°C.*’

Solvent tané Tg (°C)

Ehtylen glycol 1.350 ~198
Ethanol 0.941 78
2-propanol 0.799 82
Methanol 0,659 65
1,2-diclhorobenzene 0.280 180.5
Acetic acid 0.174 118-119
Water 0.123 100
Acetone 0.054 56-57
Tetrahydrofuran 0.047 66
Hexane 0.020 68-69

Another important parameter is the penetration depth (dp), which is
defined as the point where 37% of the initially irradiated MW power is still
present. The penetration depth is inversely proportional to the loss tangent
as shown in eq. 2, where % represents the wavelength of the microwaves.
So, solvents and materials with high loss tangents have short penetration

depths.
3,

= (2)

P~ g686mtan §(e')05
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The penetration depth is an important parameter to consider during
the design of the synthesis. Vessels of appropriate materials, with specific
shape and dimension, have to be chosen to allow MW penetration in the

reaction environment.

Table 1.2. Temperature dependence of dielectric properties and penetration
depth (d,) of selected materials.®® Underlining indicates MW transparency.

Material T (°C) g g"” d, (m)
590 10.37 0.027 4.65
Alumina 980 11.06 0.15 0.84
1340 11.64 0.74 0.18
25 4.2 <0.05 >1.3
Borosilicate-Glass 500 4.9 0.24 0.29
880 7.5 3.2 0.028
25 245 95 0.007
o—SiC 800 433 175 0.0047
1350 456 360 0.0025
200 34 0.04 5.68
3%Y,03 - ZrO, 600 40 6.25 0.039
1200 50 93 0.004

’

The loss tangent is not a constant for a giving material, being € and €’
T dependent. Many solids that do not absorb MW energy at room
temperature will begin to absorb when the temperature is increased, as
shown in Table 1.2. For example, alumina remains MW transparent until
900°C, but efficiently couples with the MW at higher temperature. Or the
low-lossy zirconia becomes an excellent MW absorber above 600°C. It may
be noted that dielectric properties also depend on the physicochemical
properties of the material, as density, morphology and chemical purity, so
the exact T may vary, but the trend remains the same.

The MW heating rate is primarily determined by dielectric and magnetic
losses of the materials (¢” and 1), but it is affected by several other factor
as sample size, geometry/position of the sample, type of MW oven, input

power. So the heating rate may vary with the experiment condition.
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Walkiewicz et al.”

performed a series of systematic experiments on
different materials with fixed design parameters. Table 1.3 shows the
results in term of maximum attainable temperature for each material and
the time required to achieve it. Their results are in accordance with the
dielectric loss of the material: low-lossy materials are very difficult to heat,
while lossy materials reach 1000°C in few minutes. It is also shown that
powdered metals can be heated, although bulk metals are reflector. Also in
this case the exact temperature and time requested may vary changing

experimental design, but the trend remain to be the same.

Table 1.3. The heating rate of various materials (25 g). Data from Ref. 67

Material T (°C) Time (min) [Material T (°C) Time (min)
Al,O3 78 4.5 Graphite Carbon® 1073  1.75

Zr0O, 63 4 NiO 1305 6.25

Fe,05 182 7 CuO 1012  6.25

PbO 91 2.25 Al 577 6

MgO 203 5.5 Fe* 768 7
Amorphous Carbon® 1283 1 Ni 384 1

Graphite Carbon® 780 6 Zrc 462 6

a=size < 1um, b~200 mesh, c=powdered samples

When reaction involved MW transparent materials it is possible to use a
secondary MW adsorbing material or susceptor, used as dopant or as
external susceptor. The former technique is invasive and can alter the
chemical composition of the material, so the latter is the most used one.
Susceptors are a class of highly lossy materials (as SiC, carbon and CuO),
that are rapidly heated by MW, even at room temperature. The heat is
transferred to the sample via the conventional model of heat transfer. When
the coupling T of the sample is reached, it becomes able to interact with
MW. Susceptor assisted MW heating is often referred as ‘hybrid heating’
because it occurs via a mixed mode: conventional heating in the initial

phase and MW heating during the later stage. The efficiency of this
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technique is primary dependent on the design of the susceptor, that must
provide heating but not shield the material. The most common
configuration requires to pack the susceptor around the sample via a two
crucibles set-up: the smaller crucible containing the sample is placed is a
larger crucible filled with the susceptor powder (see Image 2.1). MW hybrid
heating has been applied in material processing (polymers, metals, ores,
glass), syntheses and waste treatments.®

In literature some studies reporting MW assisted synthesis of zirconia
materials can be already found. Zirconia nanoparticles, generally possessing
tetragonal phase, can be obtained by MW-hydrothermal treatment using
different precursors.®®®¥”° Tetragonal zirconia has been obtained also by
sol-gel synthesis in presence of MW irradiation. For example, Fetter et al
reported the synthesis of ZrO, and Cu/ZrO, starting from zirconium butoxide
at different pH.”! Gel formation was induced by MW irradiation, and then
the obtained powder calcined at 600°C. They reported that powder always
crystallized in the tetragonal phase. Dwivedi et al.”> applied microware
assisted citrate sol-gel method to zirconia synthesis. The gel was dried
under MW irradiation and then calcined at 450°C. Also in this case the
formation of t-ZrO, was observed. More recently, Silva et al” reported the
preparation of zirconia by a two-step synthetic route, both assisted by MW
irradiation. The first step involved gel formation, while in the second step
the obtained xerogel was calcined by the MW hybrid method. Their results
suggest that MW heating enhanced the formation of tetragonal phase.

1.4 Aim of the work

In this work we investigated the effect of MW heating in the synthesis

of zirconia and its modification, to understand if this synthetic procedure
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can produce an active catalyst to be further employed in glucose hydrolysis,

an important reaction in biomass valorisation.

In the first part the development and optimization of a MW-assisted
procedure for zirconia synthesis will be reported and discussed. The
proposed method involves two MW-assisted steps: in the first the gel is
dried under MW irradiation, while in the second the obtained xerogel is
calcinated by a MW hybrid method. MW-assisted methods allow to
considerably reduces both time and energy consuming in the synthesis and
can affect material properties. Then the optimized method has been applied
to the synthesis of Ni-promoted zirconia, sulfated zirconia (SZ) and a
preliminary study has been conducted to investigate the effect of addition of
both nickel and sulfates species on zirconia. Raman and FTIR
spectroscopies, powder X-Ray diffraction (PXRD) and HR-TEM were used to

characterized samples.

In the second part the results of the employment of SZ as catalyst in
glucose hydrolysis for 5-HMF and LA production will be discussed. The
surface properties (as sulfates nature, presence of acid sites) of the
employed catalyst have been investigated by means of FT-IR spectroscopy,
using CO and 2,6-dymethylpyridine (2,6-DMP) as probe molecules.
Mechanism of glucose hydrolysis can follow different routes. Activity and
selectivity of employed materials is supposed to be related to the presence,
strength and amount of Lewis and Brgnsted acid sites. To understand if any
correlation between catalytic activity and the presence of surface acid sites
exists, it is necessary to quantify the amount of Lewis and Brgnsted sites:
thus, integrated molar absorption coefficients (¢) of the relevant 2,6-DMP
modes related to Lewis and Brgnsted are required and have been

experimentally determined.
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2. MATERIALS AND METHODS

2.1 Synthetic procedures

All solvents and reagents employed for the syntheses were commercial
products; and as MW heating system an adapted household multimodal MW
oven (SAMSUNG C109STF; working at 2,45 GHz) was used.

The general procedure for the preparation of zirconia nanoparticles
involved three steps, as represented below:

MW-ASSISTED MW-ASSISTED
Acid Catalyst DRYING CALCINATION
Zr(0-"Pr), » Gel » Xerogel —— 5 t-7r0,

H,0

At first, the gel was formed adding water dropwise in a solution
containing 5 ml of Zr propoxide (70 wt%, in 1-propanol), 7 ml of solvent
and the appropriate amount of the acid hydrolysis catalyst to obtain a final
pH~2. The gel obtained was dried into MW oven to rapidly remove the
solvent by evaporation. This step is named MW-ASSISTED DRYING and
requires 2 cycles of 90 s at 600 W. The obtained xerogel was washed with
ethanol and dried. In order to obtain a crystalline product, a further thermal
treatment at high temperature was carried out in MW oven using graphite
as external susceptor (~10 g per 1.6 g of xerogel, synthetic powder, <20
um). To promote an homogeneous heating of the sample, graphite
completely surrounded the sample crucible (two crucibles set-up),
represented in Image 2.1. The thermal treatment is named MW-ASSISTED
CALCINATION and requires 2 cycles of 90 s at 600 W. Starting from 5 ml of
zirconium precursor about 1.2 g of ZrO,. was obtained.
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Sample Graphite

"4

Al;O4

Image 2.1. Schematic representation of susceptor-sample crucibles
set-up during MW-assisted calcination.

In Table 2.1 attempted syntheses are summarized. A first set of
samples was prepared according to a general procedure using ethanol as
solvent and either acetic (Za) or sulfuric (Zb) or nitric (ZE) acids as catalyst
to promote hydrolysis. A second set of samples was prepared according to a
general procedure using ethanol (ZE) or 2-propanol (ZP) as solvent and
different gel aging time (from 0 to 24 hours, indicated as subscript in the
relevant sample names). A third set of samples (ZM) was prepared
according to a general procedure, but the xerogel was calcinated in a muffle
at 400°C or 450°C for 1 hour (dT/dt = 5°C/min). Calcination T is indicated
as subscript in the relevant sample names. A fourth set (Z_prec) was
prepared by a controlled co-precipitation from aqueous solutions of
ZrOCl,'8H,0, and carried out at room temperature and at constant pH (pH
= 8.5, using NH4OH 5.0 M). The precipitate was aged in the mother liquor
for 20 h at 90°C, filtrated and washed from chloride ions. MW-assisted
calcination was carried out on dry powdery materials.

Sulfates and nickel species were added using, respectively, (NH4),SO,
and Ni(NOs),-6H,0O by either wetness impregnation (WI) or by incipient
wetness impregnation (IWI) on xerogels prior to calcination or on already
formed t-ZrO,. MW-assisted calcination was carried out on dried
impregnated samples (2 cycles of 90 s at 600 W for impregnated xerogel
and 2 cycles of 90 s at 450 W for impregnated ZrO,). Ni addition was also

attempted during gel formation using either Ni nitrate, acetylacetonate or
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etylendiammine complexes. Ni(acac), and [Ni(en);](NOs), were prepared

according to literature procedures.’” Samples with Ni or sulfate were

designated as NixZ_y or SxZ_y where x stands for addition step (0=added

during gel formation, 1=impregnated on xerogel, 2=impregnated on t-Zr0O,)

and y stands for Ni/S nominal content (as wt%).

Table 2.1. Details of the MW-assisted syntheses.

Acid - 2- -
Sample Aspect catalyst Solvent| Ni/SO,” Impregnation
Za Brown powder [CH;COOH| EtOH ---
Zb Brown powder | H,SO, EtOH ---
ZE,
ZE ZE;  |White powders| HNO; EtOH ---
ZEy
ZP, Yellow powder
ZP ZP; White powder | HNO; i-PrOH ---
ZPy4 White powder
zm | ZMao0  |\hite powders| HNO; | EtOH
ZMaso
Z_prec White powder --- ---
S1z_WiI White powder | HNOs EtOH |WI with (NH4),SO4sol. (0,5 M)
S$2Z_WI | White powder | HNO; | EtOH |WI with (NH4),SO4sol. (0,5 M)
S1Z 5
S1Z | S1Z 10 |White powders| HNO; EtOH IWT with (NH,),SO4
S1Z_15
S2Z 5
S2Z_8 . .
$2z | o | White powders| HNO; | EtOH IWI with (NH4),SO4
S2Z_15
. Nil_2 Dark grey . .
Nilz Ni1Z_10 powders HNOs EtOH IWI with Ni(NOs),
Ni2Z ,\';:'2222—120 Black powders| HNO; | EtOH IWI with Ni(NOs),
Ni0Z | Ni0Z_2 pov HNO; | EtOH Ni(NO), in EtOH
. Brownish
Ni0Z_5
powder
; . [Ni(en)3](NOs),
NiOZ_en Pinkish powder| HNOs EtOH in H,0 (2 wt%)
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Table 2.1. Details of the MW-assisted syntheses.
Acid
catalyst

Sample Aspect Solvent| Ni/SO,> Impregnation

NiOZ_acac | Grey powder | HNO; EtOH Ni(acac), in EtOH (2 wt%)

WI with (NH4)2504 sol. (0,5 M)
containing Ni(NOs); (2 wt%)
WI with (NH4)2504 sol. (0,5 M)
containing Ni(NOs), (2 wt%)
WI with (NH4)2504 sol. (0,5 M)
IWI with Ni(NOs), (2 wt%)
Ni(NOs), in EtOH (2 wt%)
IWI with (NH4),S0, (8 wt%)

NiS1z White powder | HNOs EtOH

NiS2z White powder | HNOs EtOH

Ni3S2z Grey powder | HNO; | EtOH

S2Ni0Z Pink powder | HNO; EtOH

Our materials were compared to two ‘model’ systems: sulfated zirconia
prepared by a standard precipitation route (SZ_prec) and SBA-SO;H.
SZ_prec was synthesized starting from ZrOCl,'8H,0 according to the
precipitation method described above, but the dry powder obtain after
washing was impregnated with 8 wt% of sulfates (using (NH4),S0,) and
then calcinated in a furnace at 555°C (dT/dt = 10°C/min) for 180 min under
air flow (30 ml/min). SBA-SOs;H was kindly supplied by C. Pizzolitto
(CATMAT lab. Universita Ca’ Foscari Venezia, Italy). Details on both
preparation method and material characterization can be found in

literature.?

2.2 Characterization methods

Materials were characterized by means of X-Ray diffraction powder
(PXRD) using a X'Pert powder diffractometer operating in a Bragg—Brentano
geometry, equipped with a graphite crystal monochromator and using
Cu(K.:) radiation (A=1.5406 A). Crystallite size was calculated using the
Scherrer equation (d = (k- 1) (B cos ). Monoclinic volume was calculated

using Toraya equation (eq. 1).* Fitting procedure of the experimental
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spectra was made in the 27°-33° range using Lorentzian curves in order to
determine integrated intensity of individual signals.

1,131 X B+t
) m T ;30, 728, 731
B+ 128+ I3

m 1+ 0,311 Xy

(1)

Raman spectra were recorded on pure samples using a Bruker Vertex
70 spectrometer, equipped with the RAMII accessory and Ge detector, by
exciting samples with Nd:YAG laser source (1064 nm), with resolution of 4
cm™. Monoclinic volume was calculated using equation proposed by Tabares
et al (eq. 2).” Integrated intensity of individual peak were obtained by
fitting procedure, using a Lorentzian curve on a linear background in the

125-205 cm™ spectral range.

1717180 + 1717190

= (2)

M (2,07-147) 1380+ [190

ATR and FIR spectra were obtained on pure samples with a Bruker
Vertex 70 spectrophotometer equipped with Harrick MVP2 ATR cell and
DTGS detectors (64 scan, 2 cm™ resolution).

FTIR spectra were recorded using a Bruker IFS28 spectrometer,
equipped with both MCT and DTGS detectors at 4 cm™ resolution. The solid
samples, in form of self-supported pellets (=10 mg/cm?), were inserted in a
conventional quartz vacuum cell equipped with KBr windows connected to a
glass vacuum line (residual pressure<10® Torr) that allows to perform in
situ adsorption/desorption runs. Samples were activated at 300 °C and
treated under oxidizing environment. Adsorption/desorption tests of CO and
2,6-dimethylpyridine (2,6-DMP) were carried out at ambient temperature.
First, 100 torr of CO was allowed on the sample and then totally evacuated,
recording spectra at decreasing pressure. Then a relatively large amount of
2,6-DMP (~ 4 Torr) was allowed on the samples and left in contact for 2

min in order to reach a complete monolayer formation, and then the 2,6-
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DMP excess was evacuated for increasing times in the 1-15 min range in
order to put into evidence only the more strongly held fraction. Differential
spectra were obtained by subtracting the spectra of activated catalysts from
the spectra obtained after adsorption/desorption runs.

High resolution transmission electron microscopy (HR-TEM) images of
the samples were acquired with a JEOL JEM 3010 UHR operating at 300 kV,
equipped with a LaBg filament and an Oxford Inca spectrometer for energy-
dispersive X-ray spectroscopy (EDS) determinations. All powders were ‘dry’
dispersed on Cu grids coated with lacey carbon film.

Specific surface areas and pore size distributions were evaluated from
N, adsorption/desorption isotherms in subcritical conditions (=196 °C),
obtained by means of a ASAP 2020 instrument. Surface area was calculated
using the B.E.T. model® whereas pore size distribution was determined by
DFT method’ (with slit pores and low regularization).

Thermogravimetric analysis (TGA) were performed on a SDT Q600
instrument in air flux (20 mL/min) using a temperature rate set at 10
°C/min in the 25-650 °C temperature range.

ATR spectra were recorded at Laboratoire Catalise&Spectrochimie
(ENSI Cean), by with Nicolet Magna spectrometer equipped with MCT
detector and Smart iTR sampling accessory (resolution 4 cm™, 32 scans),
properly equipped to allow controlled heating. Consecutive spectra were
collected under thermal ramp (5°C/min) from ambient T to 180°C, on
glucose and on slurry of glucose solution (1,5 M) and catalyst powder (SBA-
SO3H or S2Z_8).

Integrated molar absorption coefficients determination

Infrared spectra were recorded at Laboratoire Catalise&Spectrochimie
(ENSI Cean), with Nicolet Magna 550 FTIR spectrometer equipped with
both DTGS and MCT detectors (resolution 4 cm™, 128 scans). Samples
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(SBA-SOsH and S2Z_8) were pressed into discs (ca. 20 mg; 2 cm?),
activated successively in vacuum and in O, at 300 °C (573 K), and cooled
down to ambient temperature. The experiments were performed by adding
known amounts of 2,6-DMP: increasing pressures were introduced in a
known small volume and then expanded in the cell. The probe molecule
was allowed to diffuse for 1 min prior to collect the spectrum. Differential
spectra were used to calculate the absorbance integrated intensity (noted
A) for the considered band (vg; and vg, modes of 2,6-DMP). Differential
spectra were obtained by subtracting the spectra of activated catalysts from
the spectra obtained after 2,6-DMP adsorption.

The integrated molar coefficients (€) were determined using an
equation similar to the Beer-Lambert law:

A= v”:Av-dv=g-b-nS_b 1)

=472 4 (g in cm pmol™?) (2)

where n, S and b denote respectively the amount of 2,6-DMP adsorbed,

the surface of the disc and the optical path, assumed as a first
approximation to be equivalent to the thickness of the disc. For systems
containing several types of bonding between 2,6-DMP and the surface (i.e.
2,6-DMP adsorbed on Lewis or Brgnsted acid sites), it must be considered

that n is the sum of molecules on different sites:
Nror = Npewis T Npronsted; Aror = AL+ Ap (3)
n, =" g, M= . Ep (4)
So, the following equation is obtained:
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Shyds ®

For calculating the Lewis and Brgnsted integrated molar absorption
coefficients eq. 5 was applied and the resulting set of equations was solved
by a least-squares procedure. Curve-fitting was used, and best fits were
obtained with Voigt curves. The added 2,6-DMP was assumed to be fully
adsorbed on the solid. It was assumed that integrated molar absorption
coefficient is independent to the degree of coverage and that absorbing
molecules do not interact between them. These assumptions are based on

previous studies.®*1°

2.3 Catalytic tests

Different sulfated zirconia samples were employed as catalysts in
glucose hydrolysis (SZ_WI, SZ_prec, S1Z_5, S2Z_8), in collaboration with
CATMAT lab (Universita Ca’ Foscari Venezia). Reaction was carried out in a
batch stainless still autoclave with mechanical stirring and electric heater.
Before the reaction, 500 mg substrate, 100 mL of water and appropriate
amount of catalyst (from 200 to 500 mg) were added to the reactor and
then heated to 180 °C under a 10 bar pressure of N,. The initial time of the
reaction was taken once the reaction temperature was reached. The
reaction was carried out for 1-5 hours at 1000 rpm. After this time, the
mixture was cooled down to room temperature and separated by filtration.
Reaction mixture was analyzed by HPLC (Agilent Technology 1260 Infinity
IT) equipped by an Aminex HPX-87H column kept at 50°C. The mobile
phase was 5 mM H,SO, with a flow rate of 0,6 mL/min. UV-Vis detector
(A=195 nm) was used for the identification of the analytes and their
quantitative determination. Reactivity parameters were calculated based on

moles of carbon as follow, where i represents a general product of reaction:
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3. MICROWAVE-ASSISTED SOL-GEL SYNTHESIS

3.1 MW-assisted synthesis of zirconia

The proposed synthetic procedure for the synthesis of zirconia can be
divided in three steps, as shown in Scheme 3.1. First, the gel was formed
starting from an alcoholic solution of zirconium propoxide, using an acid
catalyst to promote hydrolysis. Then the polar solvent was eliminated from
the gel by evaporation promoted by few minutes of MW irradiation (MW-
assisted drying). Finally, the obtained xerogel was calcinated in the same
MW oven using graphite as external susceptor (MW-assisted calcination). A
white crystalline powder, that is demonstrated to be tetragonal zirconia (t-
Zr0Q,), (vide infra) was obtained in three steps of few minutes.

MW-ASSISTED MW-ASSISTED
Acid Catalyst DRYING CALCINATION
Zr(O-"Pr)y —o pGel —_____ Xerogel 5 t-7r0,

H,0

Scheme 3.1. Synthetic procedure.

Many parameters are known to influence sol-gel synthesis, as gel-time,
starting precursor, employed catalyst, drying condition, aging time, etc.*%***
We always used the same starting precursor and drying condition, and we
investigated effects of different solvents (2-propanol or ethanol) at different
aging time and we tested different acid catalysts (acetic, nitric and sulfuric
acid). Many parameters could influence MW treatment: volume of the
sample, dimension and shape of the vessel, power used during procedure.
>678 Many trials were attempted to test and optimized the procedure in
drying and calcination steps. To ensure reproducibility the same vessels
(positioned in the focusing position of oven) and the same volume of

samples were used for each specific treatment in MW oven. The employed
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multimodal MW oven can operate at different power levels: 180 W, 300 W,
450 W, 600 W and 900 W. It works in continuous mode at the higher power
level and in pulsed mode at lower levels, with on-off cycle of irradiation (20
s on-10 s off). In MW-assisted drying, we started from lower power levels,
but it was noted that is it necessary to work at least at 450 W to observe
quantitative solvent evaporation from the gel. On the contrary, work at 900
W seems to cause superheating and hot spot formation’, so it was avoided.
Analogously, in MW-assisted calcination it was noted that the minimum
power level to rapidly heat graphite was 450 W, and the continuous mode
was not used to avoid superheating and ensure reproducibility of the
process. In addition, studies suggest that pulsed mode leads to smaller
particles.’

In the first step, to remove solvent, few minutes are requested at 600
W. After this treatment the majority of the solvent was evaporated from the
samples and the obtained xerogel interacts no more with MW: even using
maximum power and long exposure time no changes are observed in the
material. Raman spectrum of the liquid collected from evaporation, reported
in Figure 3.1, exhibits signals attributable to 1-propanol, from zirconium
precursor, and ethanol, used as solvent. It is possible to observe the vy,
modes at 861 cm™ (of 1-propanol) and at 885 cm™ (of solvent)'®. Powder
products obtained after MW-assisted drying is still amorphous as evidenced
by the diffractogram shown in the inset of Figure 3.1: it is supposed to be
formed by zirconium oxy-hydroxide, as suggest by the broad peak at 450
cm™ and signals below 1000 cm™ present in Raman spectra and ascribable
to Zr-O modes'*°. The intense band at 1050 cm™ can be attributable
either to the symmetric vibration of the nitrate ions, or to a vibration of the

Zr-OH group.*
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Figure 3.1. Raman spectrum of zirconium precursor (in black), of washed xerogel
(in red) and of the liquid removed from the gel (in blue). In the inset diffractogram
of the xerogel.

Since xerogels show no heating when exposed to MW, in the
subsequent step we decide to use a susceptor?, which is defined as a
substance that has the ability to absorb electromagnetic energy and convert
it into heat, allowing to quickly reach high temperature. A crystalline
powder was obtained after few minutes of treatment at 600 W. It is not
simple to define a specific calcination temperature. It is in general not easy
to define the correct temperature of MW treatment, being the recorded T
depended upon both the measurement method and the position of the
measuring device within the system. Measurement can be carried out with
shielded thermocouple, fiber optic or infrared temperature sensors.'® It was
shown that there is often a difference in the T recognition by possible
sensors.™ In the case of the thermocouple the measure is punctual and can
be done inside the reaction mixture, whereas IR sensor usually reads
temperature in the outside of the vessel and fiber optic sensor can be
inserted directly in the reaction solution. The thermal effect induced by MW
irradiation is caused by inverse heat transfer and so T profile is opposite to
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conventional heating, being the inside hotter than the surface. Trying to
define an appropriate profile temperature in our synthetic procedure, T was
measured during the MW-assisted calcination using an optic pyrometer and
after the treatment using a thermocouple, into graphite and into sample
crucible. To avoid graphite contamination, the sample is placed in a
separated crucible (see Image 2.1) and heat is transferred by direct contact
between hot graphite and vessel walls. Alumina was chosen as material for
crucible being MW transparent, a good thermal conductor, resistant at high
temperature and chemically inert.!***> During the MW treatment in pulsed
mode it is possible to observe graphite powder becoming incandescent (red
colour) after few seconds in cycle on, and return black when irradiation
stops (cycle off). Temperature variation is fast and the maximum and
minimum detected T, during cycle on, were 750°C and 380°C. These values
are comparable to literature.’? The temperature seems to be slightly higher
in the centre of the system, where the sample is located. It has been
reported that zirconia is a MW absorber at high T*?, so we can suppose that
the sample, heated by graphite, starts to absorb MW radiation. The
temperature of the susceptor after MW-assisted calcination resulted of
450°C, becoming 250°C after 5 minutes and 40°C after half an hour. Inside
the sample crucible, after MW-assisted calcination, the recorded
temperatures were the same. This suggests that during cycle off (of 10 s)
the temperature does not get down below 400°C. We can conclude that the
temperature of calcination is cyclic (as represented in Figure 3.2), reaching
a maximum of 750°C at the end of cycle on and a minimum 400°C during

cycle off.
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Figure 3.2. Temperature profile during MW-assisted calcination,
by optic pyrometer.

We decided to explore the effect of different acid catalyst to promote
hydrolysis of zirconium alkoxide: nitric, acetic and sulfuric acid. Using acetic
and sulfuric acid the hydrolysis is slow, taking at least 15 minutes, and gels
are dense, like a cream. Changing stoichiometry and aging time has no
effect on the final density of gels. Gels were dried in MW oven until
evaporation is no longer observed. In Figure 3.3 ATR spectra of xerogels
are reported. It is possible to recognize signals ascribable to acetate
species: CHj; stretching, scissoring and rocking modes are evident at 2932,
1455, 1344, 1050 and 1020 cm™, and the COO symmetric and asymmetric
stretching modes are present at 1407 and 1544 cm™.'® Spectrum of xerogel
from sulfuric acid presents a broad band in the 1250-900 cm™ region,
ascribable to the combination of v; and v; modes of sulfate species.®
Powders obtained after calcination of these xerogels are amorphous, as
evident from the diffractograms shown in Figure 3.4b: moreover, Raman
spectra of the obtained brown powders are dominated by a broad
fluorescence band (not show). Many attempts of MW-assisted calcinations
were done increasing time and power levels, but almost the same results

were obtained. ATR spectra of final products (reported in Figure 3.3)
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compared to those of xerogels are very similar, confirming that calcination

was ineffective.
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Figure 3.3. ATR spectra of xerogel (dot line) and calcinated powder (solid line)
obtained using acetic acid (in red) and sulfuric acid (in blue).

At the contrary, using nitric acid the hydrolysis reaction is fast (less
than 2 minutes), and the obtained gel is compact, like jelly. After the MW-
assisted drying the powder was calcinated in MW oven and a white powder
of tetragonal zirconia'” was obtained, as confirmed by PXRD pattern shown
in Figure 3.4a. It can be noticed that, during MW-assisted calcination,
sample produces a red dense smoke, probably related to the formation of
NO, in the degradation of nitrate ions, reported to occur around 300°C8,
Raman spectra, reported in Figure 3.4c, allow to investigate the
transformation that is taking place during the synthesis. In the gel it is
possible to recognize signals of the Zr precursor, of ethanol solvent (at 885
cm™), of nitrate ions (around 1050 cm™) and of the Zr-O bonds present in
gel network (below 650 cm™)*. Signals attributable to nitrate and Zr-O
bonds are still present in the xerogel spectrum, and the absence of organic
residues is confirmed by the vanishing of CH vibration mode at ~2900 cm™.
Calcinated product exhibits the pattern of tetragonal ZrO, with characteristic
signals at 149, 271, 317, 461, 602 and 646 cm™.'"*® Among the tested
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catalysts, nitric acid is resulted to be the only appropriate one, forming
quickly a gel and giving a crystalline tetragonal product. From here on,
HNO; has been employed as acid catalyst in the reported syntheses.
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Figure 3.4. Diffractograms of calcined products using: (a) HNOs (in red);

(b) CH3COOH (in brown) and H,SO, (in blue), (triangles indicate tetragonal

signals)’’; (c) Raman spectra of zirconium precursor in black, gel in green,
xerogel in pink and final product in red (all from HNO3).

Moreover, we decided to study the variation of two synthetic
parameters: solvent (ethanol and 2-propanol) and gel aging time. As
already stated, using nitric acid gelification is fast, and the formed gel is
kept at ambient temperature untill to 24 hours. Pure t-ZrO, has been
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obtained from both solvents, but with different aging time. Using ethanol as
solvent, Raman spectra in Figure 3.5a, evidence the formation of tetragonal

zirconia!?°

. Extending aging time till 24 hours, a growth of monoclinic
fraction was observed, with characteristic peaks at 176, 186, 380 and 475
cm ™% pPXRD characterization confirms the formation of tetragonal
zirconia'” and also the presence of monoclinic?! fraction in samples with
longer aging time, as evidenced in Figure 3.5b. In samples prepared using
2-propanol as solvent we observe an opposite trend. Raman and PXRD
characterizations (presented in Figure 3.5) evidence that without aging time
the product obtained after calcination is largely amorphous and it becomes
more and more crystalline when gel aging time is extended, showing typical

11,17,20

patterns of tetragonal phase after aging of 24 hours.
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Figure 3.5. Raman spectra (a) and diffractograms (b) of calcinated products
obtained using ethanol (solid line) or 2-propanol (dot line) as solvent
at increasing aging time.

Further characterizations have been carried out on pure tetragonal
samples: ethanol with no aging time (ZE,) and propanol aged 24 hours
(ZP,4). Both samples exhibit IV type adsorption isotherm curves, as shown
in Figure 3.6, with the characteristic hysteresis loop of a mesoporous
material, presenting a H4 loop shape. Samples exhibit very similar SSA
values (respectively 60 and 70 m?/g) and pore size distribution. The curve,
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in the inset to Figure 3.6,evidences a bimodal distribution of pores size:

both micro and mesopores are present.
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Figure 3.6. Adsorption/desorption isotherms of ZE, (black) and ZP,4 (blue),
in the inset curves of pores distributions.
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Figure 3.7. HR-TEM images of ZE, (on the left) and ZP,4 (on the right)
at the same magnification.

HR-TEM images of both samples show small crystallites, with
dimension around 10 nm. We can observe that for ZE, all the particles look
smaller and have roundish contours with closed packed features, while for
ZP,4 particles seems to be more closed packed and look less individual
compared to the former one, as evident in Figure 3.7. ZE, particles exhibit a
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highly ordered habit, as it is quite simple to single out fringe patterns
confirming the high crystallinity of the materials. The detailed inspections of
the distances of the fringe patterns, and the parallel analysis of the
diffraction patterns, indicate that the most frequently observed fringe
patterns belong to (101) family planes of t-ZrO,?* with dyg= 0.299 nm and
(112) family planes of t-ZrO,**> with dpe= 0.183 nm (in Figure 3.8). EDS
analyses (in Figure S1) were carried out for both samples in many different
portions of the grids and confirmed the purity of nanoparticles.

Figure 3.8. HR-TEM image and electronic diffraction patterns of ZE, particles.

These results allow us to discriminate between the role played by the
two solvents involved in the preparation. Samples are in both cases
belonging to crystalline tetragonal zirconia, with nanoparticles exhibit similar
surface area, pore sizes and distribution. HR-TEM images show that
particles are very small, but ZE, nanoparticles are more crystalline and
appears to be more homogeneous. This effect could be related to MW
irradiation. The drying process of gel is faster and more effective for ZE,: in
fact, differently to ethanol,2-propanol signals are still present and intense in
Raman spectra of xerogels (see Figure S2). Ethanol has higher dielectric
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loss tangent than 2-propanol’: the interaction with MW seems to promote a
more rapid and homogenous evaporation of this solvent from gel, that may
influence dimension and aggregation of the final particles.

To understand which step is more influenced by MW irradiation, we
decided to prepare samples subjected to only one MW treatment:

— Set A: xerogel (obtained from MW-assisted drying) calcinated in
muffle;

— Set B: MW-assisted calcination of Zr intermediate (by precipitation
from ZrOCl,).

For set A, xerogel obtained by MW-assisted drying is calcined in a
muffle at 400°C or 450°C for 1 hour. These temperatures were chosen
because they lay in the range of recorded T. As discussed before, during
the cycle of irradiation off we supposed that temperature does not go down
beyond 400°C, reaching cyclical 750°C. Calcination in muffle has been
conducted in static atmosphere, similar to MW-assisted treatment, to better
compare the two methods. In both samples we observe the presence of
both tetragonal and monoclinic phases. At 400°C the minor intensity of
signals in vibrational and structural characterizations indicates that the
sample has poor crystallinity, but still both phases are detectable, as shown
in Figure 3.9. At higher T it is possible to notice an increase of the
tetragonal fraction. For set B, zirconium oxy-hydroxide intermediate was
chosen being similar in composition to xerogel, and MW-assisted calcination
leads to formation of a pure tetragonal product (see Figure 3.9). These
results suggest that the last step is the most influenced by MW irradiation:
the rapid heating provided by susceptor during MW-assisted calcination
seems to favour nucleation, grown and stabilization of the tetragonal phase.
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Figure 3.9. Raman spectra (a) and diffractograms (b) of sample obtained from
precipitation method (in black), and samples calcinated in muffle
at 400°C (in red) and 450°C (in blue).

The quantitative analysis of polymorphic zirconia systems has been
object of interest due to the study on the martensitic monoclinic-tetragonal
transformation and the effect on the material toughening, for example in its
application as implants. Quantification can be done using both XRD and
Raman data. In fact, diffractograms of the monoclinic phase possesses
characteristic signals at 28.2° and 31.51°, whereas the tetragonal phase
most intense signal lies at 30.2°. Also in Raman spectra there are
characteristic peaks: the monoclinic doublet at 180-190 cm™ and the
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tetragonal peak at 147 cm™. In 1984, Toraya et al proposed equation (1) to

determine monoclinic volume from X-ray data.”?

1,131 Xp ¥
m T 140311 Xy, m

IZE+ 13

= 30 28 31
130+ 128+ 13

(1)

Several equations are given in the literature for determining the
composition of monoclinic and tetragonal mixtures from Raman spectra.

Tabares et al*

analysed t- and m-ZrO, mixtures with known composition
from PXRD and Raman spectroscopy, and used literature equations for
determining the relevant composition. Comparison of results indicated that
Toraya’s equation provided the actual composition of the mixtures with an
excellent accuracy. Using Raman data, researchers estimated k for the
linear equation (2), which value (2,07) is similar to that reported in other

25,26

two papers~ <, while logarithmic and power law equations seems to be

inaccurate for predicting the composition.

R0+ 1370

M (k-IR7) 4138047190

(2)

In Table 3.1 the volume of monoclinic fraction (V,,) calculated with
Toraya’s”® and Tabares's®* equations has been reported. There is a good
accordance between volumes calculated using PXRD and Raman data, but
values resulted in general higher in the latter case. This could be related to
the fact that monoclinic fraction is very low and in this case Raman
spectroscopy is more sensitive, being Raman scattering of m-ZrO, more
intense than the tetragonal one. The calculated crystallite dimension (D)
resulted a little overestimated as compared to the mean value of 10 nm
suggested by HR-TEM images for ZE, and ZP,4. Sherrer's equation
determines crystallites dimension and is not the most appropriate way to
determine nanoparticles size but allow us to quickly compare samples. We
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can notice a general dimension increase when the samples are not pure
tetragonal. The smallest particles have been obtained in Z_prec, suggesting
again that MW-assisted calcination promotes the formation of small
tetragonal nanoparticles.

Table 3.1. Comparison of crystalline data of ZrO,.
Sample Cryst. Phase V,°® V.’ D(A)

ZE, t- -- -- 10.6
ZE; t-+m- 0.17 0.18 18.6
ZE;, t-+m- 0.34 0.37 14.7
ZPq am.+ t- -- -- 45.2
ZP; t- + am. -- -- 36.5
ZP;, t- -- -- 11.1
ZMyqo t-+m-+am. 035 0.38 12.1
ZMys t-+m- 0.11 0.14 17.2
Z_prec t- -- -- 7.43

2=from PXRD data, °=from Raman data

The rapid heating seems to favour the crystallization into metastable
tetragonal phase. Thermal analysis, in Figure 3.10, indicates that after
dehydration, completed at around 400°C, the material is stable untill 580°C.
At this temperature the signal derivative heat flow curve could suggest a

modification of crystalline phase in the material.
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Figure 3.10. TGA of ZE,: black line indicates loss weight and blue line
indicates derivative heat flow.
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The proposed MW-assisted synthesis leads to the formation of
tetragonal zirconia. Various parameters have been investigated and the
procedure was optimized. Homogenous roundish crystalline nanoparticles of
t-ZrO, were obtained using ethanol as solvent; MW-assisted sol-gel
synthesis involves three steps, each one less than 5 minutes long.
Compared to a classic sol-gel route the main advantages are (i) the time
and (ii) energy saving in calcination step that is completed is 3 minutes
instead of hours needed for the traditional method. To the best of our
knowledge no similar method been reported for calcination on metal oxides.
Furthermore, the rapid heating seems to promote a rapid crystallization in
tetragonal phase, the most valuable for catalytic applications.

3.2 MW-assisted synthesis of Ni-promoted ZrO,

Dopants addition can enhance tetragonal stability and also affect
surface properties. We investigated the effect of Nickel addition during the
different synthetic step. During zirconia synthesis, nitrate species have been
shown to easily degrade during MW-assisted calcination, so we chose
Ni(NO3), as nickel precursor. It was added in different synthetic steps: (i)
dissolved in ethanol (named Ni0OZ), (ii) impregnated on xerogel (NilZ) or
(iii) on already formed zirconia (Ni2Z). A first set of samples was prepared
adding 2 wt% in Ni. Macroscopically speaking, calcined samples are very
different, passing from a pink powder for Ni0Z_2, to darker powder for
NilZ_2 (grey) and Ni2Z_2 (black). On the contrary samples diffractograms
exhibit very similar features, as evident in Figure 3.11a. Both cubic®’ and
tetragonal phase!’ are present and singled out, even though their patterns
are very similar, exhibiting signals with analogous relative intensities in
similar position. Results suggest that Ni0Z_2 and Ni2Z_2 are made up of

tetragonal zirconia, showing double peaks around 35° and 60° and a weak
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signal at 43.1°. The position and the shape of analogous peaks in the
diffractogram of NilZ_2 indicate the formation of the cubic phase. Adding
Ni on xerogel, i.e. in the still amorphous intermediate, leads to the
stabilization of the cubic phase, the same of Ni oxide.

a)

h o 20,

b) | * = NiO
*= m~ZrOZ

30 45 20 60

Figure 3.11. (a) Diffractograms of Ni1Z_2 (in blue), Ni2Z_2 (in red) and Ni0Z_2
(in pink) and calculated patterns of cubic*” and tetragonal'’ ZrO,; (b)Diffractograms
of Ni-rich samples: Ni1Z_10 (in blue), Ni2Z_10 (in red) and Ni0OZ_5 (in pink).

To confirm this assumption, samples with an higher concentration of Ni
were then prepared: Ni0Z_5, NilZ_ 10 and Ni2Z_10. The lower
concentration in the sample NiOZ, is due to the limits of solubility of nitrate
salt in the alcoholic solution. As shown in Figure 3.11b, Ni-rich samples

confirms the trend: impregnation on xerogel leads to the cubic phase?,
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whereas in the diffractogram of Ni2Z_10 and NiOZ_5 it is possible to
recognize the presence of crystalline t-ZrO,". Inspection of Ni2Z_10 pattern
indicates also the formation of crystalline NiO (26=37.3°, 43.4°, 63.0°)%®
and of a small fraction of m-Zr0,*.

Raman spectroscopy is a useful tool to discriminate between the
crystalline phase of zirconia, each phase exhibiting a characteristic pattern.
As shown in Figure 3.12a, spectra of Ni0Z_2 and Ni2Z_2 present the typical

11,20

pattern ascribable to the tetragonal phase ", whereas Ni1Z_2 exhibits only

a weak broad band at around 620 cm™, characteristic of cubic phase? .
We can observe a general broadening of Ni0Z_2 signals, suggesting the
formation of a solid solution®*. Raman spectra of Ni-rich samples are
dominated a broad fluorescence band (employing a near-IR laser, at 1064
nm), so Far-InfraRed (FIR) spectra were also recorded. According to
literature® t-ZrO, is expected to give rise to 3 active IR bands in this spatial
region: one near 160 cm™, dominated by the movement of Zr ions (E,
mode), and two in the 400-650 cm™ range, associated with the movement
of oxide ions. Cubic phase is expected to have only one IR active mode
which generates a broad band with a maximum near 500 cm™. Spectra of
ZE and Ni0Z_5 (in Figure 3.12b) present a band at 160 cm™ and a broad
signal with a maximum around 460 cm™, which could be ascribed to t-ZrO,.
The poor resolution of the spectra is related to the small dimension of the
particles, which influence peaks width, and to the fact that two bands at
higher wavenumbers underwent to TO-LO splitting, in fact similar spectra
are reported for zirconia nanoparticles”. FIR spectrum of Ni1Z_10 shows a
broad band in the 100-650 cm™ range, that confirms cubic phase, as
suggested by diffraction data. In this case the broadening of the band could
be related to the presence of Ni dopant. FIR spectrum of Ni2Z_10 presents
a broad band with a maximum at 405 cm™, probably due to the sum of NiO
-1)31

(reported a strong band at 465 cm and t-ZrO, signals.
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Figure 3.12. (a) Raman spectra of ZE (in black), Ni0Z_2 (in pink), Ni1Z_2 (in blue)
and Ni2Z_2 (in red); (b) FIR spectra of ZE (in black), Ni0Z_5 (in pink), Ni1Z_10 (in
blue) and Ni2Z_10 (in red).

In the literature it is possible to find other examples of Ni-promoted

I*2 investigated the incorporation of Ni** into the

zirconia. In 1995 Valigi at a
zirconia structure. Samples were prepared by impregnation of hydrous
zirconium oxide with an Ni nitrate solution. Authors suggest the formation
of a solid solution where nickel ions are incorporated into the zirconia
structure in a substitutional site, favouring the tetragonal modification at
the expense of the monoclinic one (found in Ni free sample). In 1996

Alvarez at al* prepared a series of Ni-promoted sulfated zirconia catalysts,
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depositing sulfate and Ni nitrate over a zirconium hydroxide precursor prior
to calcination. Authors reported to have obtained pink powders of
tetragonal zirconia, as confirmed by diffraction data. More recently a series
of metallic oxide-modified sulfated zirconia were prepared by a solvent-free
route heating the mixture of metal oxide, ZrOCl,-8H,0 and (NH,4),SO4. Also
in this case it is suggested that the incorporation of metallic oxides
enhanced/favoured the formation of tetragonal ZrO,. In our samples,
differently to those reported previously, the formation of the cubic phase is
favoured when the Ni precursor was impregnated on xerogels, but in the
same studies, the undoped samples are reported to be monoclinic, and not
tetragonal as in our case. We can observe that NiO crystallizes in a fluorite-
type structure®® and that Ni** ion has a dimension very similar to Zr*'
(respectively 69 and 72 pm)®. Impregnation on the still amorphous
intermediate seems to lead to incorporation of nickel ions in the zirconia
lattice, forming a solid solution that stabilizes the cubic phase, as indicated
by both vibrational and diffraction data. After impregnation of Ni on already
formed t-ZrO, nanoparticles, NiO is formed on top of the particles surface
as expected from the thermal degradation of nickel nitrate®. When Ni was
dispersed in solvent prior to gel formation, we obtained tetragonal zirconia,
but since the same phase was obtained for undoped system, in our case
tetragonal stabilization cannot be due to Ni alone. To understand the
influence of Ni content in tetragonal phase stabilization, samples with
different amount of Ni (from 0.5 to 5 wt%) were also prepared. As shown in
Figure 3., Raman spectra and diffractograms present the typical pattern of
tetragonal phase'?* '/, but also Raman signal broadening with the increase
of Ni content. These could be related to an increase of disorder in the
zirconia lattice and support the hypothesis of the formation of a solid

solution®.
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The effect of Ni source was also investigated, using as alternative
either acetylacetonate or etylendiammine complex during gel formation. In
the case of Ni(acac),, the complex was dissolved in the alcoholic solution,
obtaining an homogenous green solution that forms a not uniform gel.
Xerogel obtained after MW-assisted drying are green but presents ATR
spectrum analogous to ZE samples. Thermal decomposition of Ni(acac), is
reported to start around 200°C, producing CO,, methane, acetone and
other gases (that include mesityl oxide, methyl acetate, butane, propylene,
propane), which amounts increase with increasing T.” A similar behaviour
is observed during MW-assisted calcination: a white smoke starts to be
evolved from the sample and its production increases during heating. A grey
powder is obtained, and its diffraction pattern, shown in Figure 3.13b,
indicates to be tetragonal zirconia'’. Its Raman spectrum is covered by
fluorescence and it is not reported. We can suppose that the grey colour of
Ni_acac can be ascribed to the deposition of carbonaceous species,
generated by the ligand degradation and responsible of Raman
fluorescence, at the surface. In the case of [Ni(en);](NOs),, because of the
insolubility of the complex in ethanol, it was necessary to dissolve it in
water, and the solution was then added to promote gelification. Also in this
case the obtained gel is not homogenous and during MW-assisted
calcination it is possible to observe the formation of white smoke. Thermal
degradation studies'® indicate that [Ni(en);](NOs), decomposes at 220°C in
a single step to give nickel oxide as a residue. The gaseous products include
N,, NO and N,O species from nitrate degradation and ammonia, hydrogen
and nitrogen from the fragmentation of ethylenediamine. Vibrational and
structural data, reported in Figure 3.13, indicate that the pink powder is

made up of tetragonal zirconia.!!*"%
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Figure 3.13. Raman spectra (a) and diffractograms(b) of ZE (black line),
Ni0Z_0.5 (pink dot line), Ni0Z_2 (pink solid line), Ni0Z_5 (pink dash line),
NiOZ_en (violet line) and Ni0Z_acac (blue line).

To understand the nature of Ni on samples surface, CO was used as
probe molecule.®®*** Prior to adsorption all samples were activated in the
same conditions. Samples were heated at 300 °C for 1 hour, first in
vacuum, then in oxidizing atmosphere for 20 minutes and eventually in
vacuum. Spectra of activated sample in OH stretching region, presented in
Figure 3.14, show the presence of terminal and bridged groups on ZrO,,
with signals respectively at 3765 cm™ and 3675 cm™.* For Ni0Z_en, signals
around 2900 cm™ suggests that a organic fraction is still present in the

sample.
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Figure 3.14. FTIR spectra of activated samples in OH spectral region: ZrO,
(in black), Ni0Z_2 (in pink), Ni0Z_en (in purple), Ni1Z_10 (in blue)
and Ni2Z_10 (in red).

CO adsorption on ZE at room temperature gives a characteristic band
related to formation of Zr**—CO complex at 2181 cm™, which is shifted to
higher frequencies with decreasing pressure and vanished after evacuation
(in Figure 3.15a), similar to literature reports.***** For Ni0Z_2, as shown in
Figure 3.15c, in addition to the strong signal at 2181 cm™, a series of peaks
is evident at lower wavenumbers. The higher intensity of the signal at 2181
cm™ with respect to pure ZrO, could be ascribable to the contribution of the
stretching mode of CO coordinated to Ni**, which is reported to be located
in this range.’®***° Below 2100 cm™ signals can be ascribed to carbonyl
species of metallic Ni.*® In the spectral region between 2160 and 2100 cm™
signals were supposed to be ascribable to Ni* species, an oxidation state
that has been observed on others Ni catalysts.*®**** These results suggest
that Ni0OZ_2 contains Ni species of different nature on the surface. If we
inspect differential spectra relative to NiOZ_en, reported in Figure 3.15b, it
is possible to observe a strong signal at 2179 cm™ and a weak peak around
2038 cm™. The intensity of peak at 2180 cm™ is lower it compared

to pure ZrO,,
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Figure 3.15. Differential FTIR spectra of CO adsorbed on (a) ZrO,, (b) Ni0Z_en,
(c) Ni0Z_2, (d) Ni1Z_10 and (e) Ni2Z_10. Solid line for 100 torr,
dash line for 50 torr, dot line for 5 torr.

suggesting a negligible contribution of Ni** and a reduced presence of

coordinative unsaturated surface cations. The weak signal at lower
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wavenumbers could be ascribable to metallic Ni.*® For Ni1Z_10 and Ni2Z_10
spectra, in Figure 3.15d and Figure 3.15e, it is possible to observe the
strong signal at 2180 cm™, whose intensity suggests that is related both to
Zr** and Ni** sites coordinated with CO***, In Ni1Z_10 spectra the weak
peak at 2035 cm™ could be related to metallic Ni.*® It can be observed that
signals related to metallic Ni are absent only in Ni2Z_10, where the
impregnated Ni nitrate degraded into NiO during thermal treatment. On the
contrary, when Ni in added in an intermediate step a metallic fraction is
always detected when CO interacts with the surface, even if samples were
treated in mild oxidative atmosphere prior to analysis. It can be noted that
CO interaction with metallic nickel strongly depends on metal particle size.?
Generally, linear and bridged forms are generated by CO adsorption on flat
Ni surfaces, but when the surfaces are rough (and the metal particles are
small) Ni(CO), is formed. It can re-adsorb on the surface and generate
many different species, complicating spectra interpretation. These results
suggest that in those cases Ni is incorporated in the zirconia structure and
also exposed on the surface and seems to be partially reduced. Results also

suggest that for NiOZ_en, Ni-doping does not enhance acid properties.

Figure 3.16. HR-TEM images of Ni0Z_2 at different magnification.
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In order to find out both external habits of the crystallites and the
possible location/shape of the Ni species, HR-TEM investigations were
carried out: Figure 3.16 reports some images of Ni0Z_2 sample in which the
presence of roundish crystallites, around 10 nm, with uniform size and
distribution is evident. Particles exhibit a highly ordered habit, as it is quite
simple to single out fringe patterns confirming the high crystallinity of the
materials. The detailed inspections of the distances of the fringe patterns,
and the parallel analysis of the diffraction patterns, indicate that the fringe
patterns belong to (111) family planes of t-ZrO,** and to different family
planes of m-ZrO,"™. The presence of monoclinic planes could be related to
the formation of this phase on particle surface. In fact, reported studies™®*
demonstrate that nanocrystalline ZrO, particles within size range of 7-32 nm
can exhibit a core-shell morphology with monoclinic phase in the ‘shell” and
tetragonal phase in the ‘core’. In our particles the tetragonal phase is
identified in the most ordering region, and the monoclinic phase in the more
heterogeneous portions. This could suggest that when particles aggregate,
a monoclinic phase may format the surface, whereas isolated particles
maintain a pure tetragonal phase. EDS analysis does not give evidence of Ni
presence in the surface (see Figure S3), confirming its incorporation into
zirconia structure and formation of a solid solution.

NilZ_10 samples is made wup of nanoparticles, which are
heterogeneous both in shape and dimension, as evident is Figure 3.17 (a
and b). It is possible to recognize the presence of very small Ni metallic
particles on the zirconia surface. The poor crystallinity of the sample,
already suggested by the low intensity of signals in PXRD, make impossible
to recognize fringes pattern. EDS analysis (see Figure S4) indicates that Ni
is present and heterogeneously dispersed in the material. Inspection of
images of Ni2Z_10, presented in Figure 3.17 (c and d), reveals that also in
this case the sample is heterogeneous, being composed of either very small
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roundish nanoparticles (around 5 nm) and/or of aggregates of bigger size.
Inspections of the distances of the fringe patterns indicate the presence of
(101) family planes of t-Zr0,?, of different planes of m-ZrO2 and of NiO.
EDS analysis (see Figure S5) indicate an high rate of Ni, if compared to
Ni1Z_10, supporting the hypothesis that NiO is formed on t-ZrO,
nanoparticles, while in NilZ_10 part of Ni is incorporated into zirconia

lattice, promoting the formation of cubic phase.

Figure 3.17. HR-TEM images of Ni1Z_10 (a and b)
and Ni2Z_10 (c and d) at different magnification.

Ni0Z_2, NilZ_2 and Ni2Z_2 exhibit IV type adsorption isotherm curves
with the characteristic hysteresis loop of a mesoporous material and loop
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has a H4 shape (see Figure 3.18). Specific surface areas are reported in
Table 3.2 and evidenced that while Ni0Z_2 has a SSA similar to undoped t-
Zr0O,, impregnation of Ni leads to a decrease of the specific surface area of
around 30%.

Table 3.2. SSA of samples.

§ | |sample  ssA (m%/g)
> ] tzo, 61
Ni0Z_2 64
NilZ_2 45
Ni2Z_2 39

0,0 0,2 04 0,6 08 1,0
P/Po

Figure 3.18. Adsorption/desorption isotherms of
Ni0Z_2 (in pink), Ni1Z_2 (in blue) and Ni2Z_2 (in red).

We can conclude that three different behaviours are observed
depending on the step of Ni addition. In particular: (i) When Ni is
impregnated in t-ZrO, nanoparticles, crystalline NiO is formed on the
particles’ surface. Crystallinity of zirconia seems not to be affected, but
specific surface area is drastically reduced. (ii) Impregnation on the still
amorphous intermediate promotes the formation of cubic phase. The
physic-chemical characterization suggest that Ni is incorporated in zirconia
lattice as Ni**, and very small particles of metallic nickel are present on the
surface. Ni incorporation causes a decrease of crystallinity and surface area,
if compared to pure zirconia. (iii) The best way to obtained Ni-promoted
zirconia appears to be adding metal during gel formation, and the best
precursor is resulted to be nickel nitrate. Vibrational and structural data of
Ni0Z suggested that the obtained material is a solid solution of Ni in
tetragonal zirconia. Ni addition affects neither crystallinity nor surface area
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compared to pure t-ZrO, obtained with the same synthetic procedure. Ni
site of different nature are also present on material surface, as supported
by CO absorption results. The presence of these sites could influence
catalytic properties.

3.3 MW-assisted synthesis of sulfated zirconia

As reported before, the MW-assisted synthesis allows to obtain
tetragonal zirconia, the crystalline phase that has been reported to have
superior catalytic activity. We apply the proposed procedure to the
synthesis of sulfated zirconia, a well-known solid acid catalyst.”® Sulfated
(from (NH4),SO4) were added by means of WI or IWI on xerogel or the
already formed t-ZrO, (respectively indicate as S1Z and S2Z). In both cases,
after impregnation dried powders are calcined by MW-assisted calcination.
During the thermal treatment it is possible to observe the formation of a
white smoke due to salt degradation. Ammonium sulfate is reported to
thermally degrade around 200°C producing a gas mixture rich of NH;.*

In the case of S1Z_WI, as shown in Figure 3.19, Raman spectra exhibit
the typical pattern of t-Zr0,?>?°, even if signals possess very low intensity.
The broad band above 1000 cm™ is supposed to be associate to sulfates
with @ more ionic character formed in the material. In S2Z_WI spectra it is
possible to recognize signals of monoclinic phase (at 175, 186, 376 cm™) %,
absent before sulfation, as evident in Figure 3.19. PXRD data confirmed that
sulfation on S2Z_WI induces modification on its crystal phase (Vm=0,04),
while the lower intensity in S1Z WI peaks suggests that sulfation on
intermediate inhibits crystallization. In literature® it is known that sulfation
on zirconia precursor lead to a stabilization of tetragonal phase, but in our

case seems to promote a little growth of monoclinic fraction.
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Figure 3.19. Raman spectra (on the top) and diffractograms of S1Z_WI
(in black) and S2Z_WI (in blue), dot line for intermediate ZrO,
prior impregnation. Stars indicate -monoclinic signals.

Figure 3.20 reports FTIR spectra relative to S1Z WI and S2Z_WI,
recorded after activation at 573 K in vacuum. In the vibrational region of
surface sulfates (1400-1000 cm™) it is possible to recognize signal
attributable to surface sulfates with a covalent configuration for S2Z, while
for S1Z sulfate species seem to possess a more ionic character.” In fact, it
has been demonstrated that the covalent character increases the separation
of signals related to stretching mode of S=0 and S-O, respectively around
1400 and 1050 cm™.* Other signals in the 1650-1200 cm™ region are
ascribable to residual water, carbonate and bicarbonate species adsorbed
on the surface. At higher wavenumbers it is possible to observe signals
related to water and -OH groups.>! For S2Z both terminal OH component at
3755 cm™ and a strong bridged OH component at 3670 cm™ are detectable
after activation, whereas for S1Z dehydration was not totally complete (as
also suggested by the strong signal related to OH scissoring mode at 1630
cm™) and only a weak signal related to terminal OH can be singled out.
Results suggest that: (i) sulfation is more effective on zirconia rather than

on xerogel and (ii) a more crystalline product is obtained in the former case.
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Figure 3.20. FT-IR spectra of S2Z_WI (in blue) and S1Z_WI (in black)
in vacuum (activated at 573 K).
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Figure 3.21. Diffractograms of S1Z (in black) and S2Z (in red),
impregnated by IWI with sulfates at increasing wt%.

Sulfates were added in different synthetic steps at growing wt%. When
IWI was made on xerogel (S51Z), structural and vibrational characterizations
indicate that, as far as the amount of nominal sulfates increases, the
material exhibits a partially amorphous structure. As evident in Figure 3.21,
XRD peaks present in the S1Z_5 indicate the formation of the tetragonal
phase!’; whereas for S1Z_10 and S1Z_15 the presence of a still amorphous
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fraction is suggested by the minor intensity of the peaks and by the
broadening around 30°. Raman data (see Figure 3.22a) confirm these
assumptions. S1Z_5 curve exhibits the pattern of t-ZrO,%, with signals at
149, 271, 317, 461, 602 and 646 cm™, and for S1Z_10 and S1Z_15 spectra
are very similar to those reported for amorphous zirconia. The broad signal
at 1050 cm™ could be related to ionic sulfate groups. On the contrary, when
sulfation by IWI was carried out on already formed t-ZrO, (S2Z), the
obtained materials are crystalline, exhibiting the typical pattern of
tetragonal phase both in the diffractograms'’and the Raman spectra®, as
evidenced respectively in Figure 3.21 and Figure 3.22b. It is possible to
note that S2Z_5 and S2Z_15 exhibit a small fraction of monoclinic phase
(more evident in the PXRD data), and S2Z_15 also exhibit a series of peak

at lower angles that is was not possible to assign.
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Figure 3.22. Raman spectra of S1Z (in black) and S2Z (in red), impregnated by
IWI with sulfates at increasing wt%.

The nature of surface sulfates is better investigated by means of IR
spectroscopy. ATR spectra (see Figure 3.23) of S1Z samples exhibit a signal
around 1650 cm™, ascribable to the bending mode of water molecules and
a broad band in the 1250-900 cm™ range. These spectra are similar to that

of Zr(SO,), ** and indicate an ionic nature of sulfates on samples
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impregnated on the intermediate. Band broadening in samples with higher
sulfates loading is similar to that observed for S1Z_WI, supporting the
hypothesis of the ionic character. For S1Z_5 the band is more structured,
suggesting that at lower concentration, sulfates reached, almost in part, a
covalent character.
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Figure 3.23. ATR spectra of S1Z (in black) and S2Z (in red), impregnated by WI
(dash line) and by IWI (solid line) with sulfates at increasing wt%.

In the S2Z spectra, peak located at 1423 cm™ is ascribable to the
asymmetric stretching mode of the S=0 bond of polynuclear sulfates as
indicate in the literature®, and the broad band at lower wavenumbers is
ascribable to the stretching mode of S-0.°**> S2Z_5 and S2Z_10 have
signals similar to that observed for S2Z_WI, suggesting a covalent character
of sulfate groups. We can conclude that when sulfation is carried out on
tetragonal ZrO,, sulfate species with covalent character are present at the
surface. FTIR spectra of S2Z_10 and S1Z_5, recorded in vacuum and after
activation at 573 K, are presented in Figure 3.24. Samples exhibit similar
signals at 1375 and 1030 cm™, attributable to sulfate groups covalently

bonded to the surface.
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Figure 3.24. FT-IR spectra of S2Z_10 (in red) and S1Z_5 (in black)
in vacuum, activated at 573 K.

We can conclude that sulfation is generally more effective if carried out
on tetragonal zirconia with respect to the intermediate. In fact, in the
former case covalent sulfate species are observed by vibrational
spectroscopy characterization. Sulfation and the second thermal treatment
seem have no effect on zirconia phase, that retains its tetragonal structure,

even if some increase of the monoclinic fraction has been observed.

3.4 MW-assisted synthesis of sulfated Ni-zirconia

With the aim to investigate if the proposed procedure can lead to the
synthesis of a bifunctional material, containing Ni and sulfate groups, we
carried out a preliminary study comparing different preparation routes: (i)
Ni and SO4* on xerogel by WI (NiS1Z), (ii) Ni and SO,* on t-ZrO,by WI
(NiS22), (iii) Ni on sulfated zirconia (52Z_WTI) by IWI (Ni352Z), (iv) SO,* on
Ni-promoted zirconia (S2Ni0Z_2) by IWI (S2Ni0Zz).

Diffractograms and Raman spectra indicate that all samples are made

17,29

up of tetragonal zirconia™’~~*, as shown in Figure 3.25. Impregnation on the

intermediate leads to a white powder (NiS1Z), that PXRD data suggests
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being poorly crystalline and still partly amorphous, as confirmed by the
Raman pattern ascribable to amorphous ZrO,. The broad signal at 1050 cm’
! could be related to sulfates with ionic character. A similar behaviour has
been observed in previous MW-assisted syntheses for xerogel impregnated
by sulfates. Differently from NilZ samples, no cubic phase is ever present.
This could be related to the different impregnation method (from solution or
IWI), but also to the simultaneous presence of sulfate ions. Impregnation
on zirconia particle (NiS2Z) seems to promote the formation of a small
fraction of the monoclinic phase, observed in PXRD but not detectable in
the vibrational data. A white powder was obtained, and no signals related to
the formation of NiO was ever observable. On the contrary, when Ni nitrate
is added by IWI on S2Z_WI (Ni3S2Z), a black powder is obtain and
diffraction data indicate the formation of small fractions of crystalline NiO%,
The intensity of the Raman signals ascribable to tetragonal zirconia is very
low, but we can observe very intense diffraction peaks that suggest that
crystallinity is not affect by impregnation and by subsequent thermal
treatment. In fact, the peak ascribable to the monoclinic fraction was
already present for the sulfated precursor, as evident in Figure 3.25. Nickel
oxide seems to affect more Raman scattering and a similar behaviour has
been observed for Ni2Z, suggesting that NiO crystallizes on the particle
surface and affects surface scattering. When sulfation is carried out on
Ni0Z_2 by IWI (S2Ni0Z), no substantial modifications are observed on the
material, that retains the tetragonal phase. If compared to NiOZ_2
precursor, both Raman signals and diffraction peaks suggest only a slight
loss of crystallinity. These results suggest that WI seems not to be the
appropriate method to add (or deposit) Ni on zirconia. Instead when Ni is
added by IWI on SZ, NiO crystallizes on the particles surface.
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Figure 3.25. Diffractograms (a) and Raman spectra (b) of NiS1Z (in blue), NiS2Z
(in red), Ni3S2Z (in black, dash line for S2Z_WI precursor) and S2Ni0Z
(in pink, dash line for Ni0Z_2 precursor).

ATR spectra were recorded to investigate the nature of the sulfate
species (in Figure 3.26). The broad band of NiS1Z suggest a ionic nature of
the sulfate groups. The idea that impregnation on xerogel does not lead to
the formation of catalytic active sites on zirconia surface is supported by
similar results previously described for S1Z sample. The same signal is more
structured in S2NiOZ spectra, and the absence of similar signals in the
spectrum of the precursor indicates that sulfate species with covalent
character are formed on the powder surface. A similar band is less
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structured in the Ni3S2Z spectrum, if compared to the precursor one,
suggesting the Ni addition negatively affects also the nature of surface
sulfate groups. No signal attributable to sulfate species is ever present for
NiS2Z, confirming the hypothesis that this impregnation route is the least

promising.

T v
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Figure 3.26. ATR spectra of NiS1Z (in blue), NiS2Z (in red), Ni3S2Z (in black, dash
line for S2Z_WI precursor) and S2Ni0Z (in pink, dash line for NiOZ_2 precursor).

In order to find out both habits of the crystallites and the
location/shape of the Ni species, HR-TEM investigations were carried out on
the most interesting samples: Ni3S2Z and S2NiOZ. For the former (see the
image in Figure 3.27a) it is evident that the obtained powder is
heterogeneous: small nanoparticles are observed, whose average size is
less than 10 nm, besides bigger aggregates. These aggregates, as evident
in Figure 3.27b at higher magnification, seems to be slightly crystalline and
holes are observed. Ni3S2Z underwent to three MW-assisted calcination,
and probably these subsequent heating treatments affected particles
crystallinity and influenced the formation of aggregates. EDS analysis (in
Figure S6) evidences the presence of Ni and S on the surface, but their

concentration is small and appears to be not uniform.
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Figure 3.27. HR-TEM images at different magnification of Ni3S2Z (a and b)
and S2Ni0Z (c and d).

In the case of S2Ni0Z, images suggest that this pink powder is
composed by very small nanoparticles (less than 10 nm), as evident in
Figure 3.27c. Particles exhibit a highly ordered habit, as it is quite simple to
single out fringe patterns confirming the high crystallinity of the materials,
as shown in Figure 3.27d. The detailed inspections of the distances of the

fringe patterns, and the parallel analysis of the diffraction patterns, indicate
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the many fringe patterns belong to the monoclinic family planes 100, 110,
111*, analogously to Ni0OZ. This supports the hypothesis that for Ni-
promoted zirconia small core-shell nanoparticles are formed, and that the
tetragonal stabilization seems to be promoted by the formation of a shell of
monoclinic phase. EDS analysis evidences a not uniform presence of Ni and
S species on the particles.

The nature of the surface (i.e., its acid/basic/redox character) was
further investigated on the best product S2Ni0Z by FTIR spectroscopy,
using CO and 2,6-dimethylpyridine (2,6-DMP) as probe molecules. Carbon
monoxide allows to investigate the nature of metal sites and so to recognize
the presence of Ni, but also indicate the presence of Lewis acid sites.* 2,6-
DMP allows the identification of both Lewis and Brgnsted acidic centers
present at the surface of an oxide, even distinguish sites of different
strength.>®>’” Differential spectra are presented in Figure 3.28. Upon CO
adsorption, a strong signal is present at 2194 cm™, whose intensity
decreases after desorption. A similar behavior has been reported for
sulfated zirconia as were.”* The comparison of intensity, with ZrO, and
Ni0Z_2 (in Figure 3.15), suggests that for S2Ni0Z the signal is partially due
CO coordinated on Ni** sites. Differently to the starting Ni0Z_2 samples, no
signal is detectable at lower wavenumbers. Previous characterizations
suggest that Ni0Z_2 is a solid solution of zirconia and Ni**, and Ni sites of
different nature are exposed on the surface. In S2Ni0Z, part of the surface
is occupied by thermally stable sulfate groups and a lower amount of
coordinatively unsaturated surface cations can become exposed. Absorption
of 2,6-DMP evidences the presence of Brgnsted and Lewis acidic sites,
presenting spectra similar to those reported for tetragonal sulfated
zirconia.”” In particular the formation of lutidinium for absorption on

Brgnsted sites yields to two strong bands centered at 1647 and 1628 cm™,
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whereas multiple band at lower frequencies are ascribable to Lewis-bonded
(1601 cm™) and H-bonded species (1594 and 1580 cm™) 2,6-DMP species.
Characterization results suggest that the most appropriate way to
synthesize a bifunctional material is to impregnate sulfate of Ni-promoted
zirconia. On the surface of the high crystalline material Lewis and Brgnsted

acidic sites were detected by basic probe.
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Figure 3.28. Differential FTIR spectra of (a) CO adsorbed on S2Ni0Z (solid line
for 100 torr, dash line for 50 torr, dot line for 5 torr); (b) adsorption/desorption
of 2,6-DMP on S2Ni0Z (dash line under maximum pressure of 2,6-DMP,
solid line after evacuation for 15 min).

In summary, the proposed MW-assisted sol-gel synthesis has proved to
be a very efficient method to obtain high crystalline tetragonal zirconia
nanoparticles. The proposed procedure was the applied for the synthesis of
other zirconia-base materials: (i) sulfated zirconia, (ii) Ni-promoted zirconia
and (iii) sulfated Ni-ZrO,. The preliminary studies on Ni-containing materials
indicate that the crystal phase and surfaces properties strongly depend on
the nickel addition step. For sulfated zirconia (SZ) the nature of surface
sulfate species is influenced by impregnation methods and starting
precursor. It can be obtained SZ samples that presents sulfates with a
covalent character, that could be employed as solid acid catalyst in glucose

hydrolysis. On the basis of physicochemical characterizations, the most
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crystalline samples, whose surface sulfates exhibiting the stronger covalent
character were chosen as catalysts: S2Z_WI, S1Z_5 and S2Z_8.
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4. SZ AS CATALYST IN GLUCOSE HYDROLISYS

Sulfated zirconia (SZ) samples were tested as catalysts in glucose
hydrolysis for the production of platform chemicals, as either 5-
hydroxymethylfurfural (5-HMF) or levulinic acid (LA). It is widely accepted
that the reaction pathways for HMF and LA are quite similar and the overall
reaction scheme proposed for acid catalyzed hydrolysis of glucose is shown
in Scheme 4.1. This reaction is consecutive and involves various steps,
catalysed by either Lewis or Brgnsted acidic sites present at the surface of
the solid catalyst. Glucose conversion has been proposed to start via Lewis
acid catalysed isomerization to fructose, followed by several Brgnsted acid
catalysed dehydration/hydration reactions. Fructose dehydration provides
HMF, that can be further converted in LA and formic acid (FA) by acid
hydrolysis. Humins are unavoidable by-products in the acid catalyzed
hydrolysis step, and can significantly affect yield. Humins can cause catalyst

deactivation and adsorb intermediates and substrates.!
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Scheme 4.1. Reaction pathway proposed for glucose acid hydrolysis.

Osatiashtiani et al’ reported that for SZ an appropriate mix of Lewis
and Brgnsted sites are required for the tandem isomerization of glucose to
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fructose and the latter's subsequent dehydration to 5-HMF. In fact, their
studies evidenced that unsulfated monoclinic zirconia, possessing only Lewis
sites, is effective for glucose isomerisation to fructose but poorly active
towards fructose dehydration to 5-HMF, while using sulfated tetragonal
zirconia, possessing a significant Brgnsted acidity, the 5-HMF production is
enhanced. Another study® on acid-catalyzed dehydration of fructose to 5-
HMF reported that SZ in water solvent has low catalytic activity in these
conditions. On the contrary, in non-aqueous solution SZ promotes a high
fructose conversion with high 5-HMF yield.

Lewis and Brgnsted acidity are related to both nature and the amount
of sulfate ions, that are so fundamental parameters to be tuned in order to
improve catalyst activity. The nature of surface sulfates, and nature and the
strength of surface acidity as well, is influenced by the preparation method
and thus we compared our catalysts to a ‘model’ SZ system (i.e. obtained
by a standard precipitation route)**® and named this as SZ_prec. SZ_prec is
composed by nanoparticles possessing tetragonal phase, as suggested by
structural and vibrational characterizations (see Figure S7). Three SZ
samples obtained by MW-assisted sol-gel synthesis, as previously described,
were tested and compared to SZ_prec. In these MW-assisted samples
sulfation was carried out using the same precursor (i.e., ammonium
sulfate), by impregnation in different synthetic steps: (i) S2Z_WI (by WI on
t-Zr0,), (ii) S1Z_5 (by IWI on xerogel) and (iii) S2Z_8 (by IWI on t-ZrO,).
All these samples consist then of sulfated zirconia in tetragonal phase, as
discuss previously for S2Z WI and S1Z_5 and as it has been shown in
Figure S8 for S2Z_8.
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4.1 Surface properties of the catalysts

We suppose that an important parameter which can influence both
reaction pathway and selectivity is the nature of the sulfate groups present
on the zirconia surface, that generates Lewis and Brgnsted sites of different
strength on the surface of the catalysts. Further investigations have been
carried out by infrared spectroscopy to investigate and understand the
nature of these sites in the catalysts obtained by MW-assisted synthesis and
comparing them to the ‘model’ SZ. The nature of surface sulfates depends
on several preparative parameters, as (i) the temperature of the thermal
treatment, (ii) the crystal phase of zirconia and (iii) the overall sulfates
content.>’ It has been proposed that the amount of surface sulfates does
not give per se all information concerning the properties of a sulfated
zirconia catalyst, being the nature of the sulfates more important than just
its presence.” Sulfate groups formed at the surface of metal oxides are
known to possess a highly heterogeneous nature, and they are
characterized by complex spectral features.

T T T T T T —
1700 1600 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm™)

Figure 4.1. ATR spectra of S2Z_WI (in blue), S1Z_5 (in black), SZ_prec
(in green) and S2Z_8 (in red) in the 1750-850 cm™ spectral region.
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Nature and IR spectral features of surface sulfates are affected by the
overall degree of surface hydration. On highly hydrated surface, as those
observed in the ATR spectra reported in Figure 4.1, the formation of several
broad bands in the 1200-900 cm™ range, and have been related to sulfates
mainly in an ionic configuration, resembling that of inorganic (bidentate)
sulfato complexes.®® It is possible to recognize signals ascribable to other
species adsorbed onto the surface, as the strong broad band located at
1630 cm™ and due to adsorbed/coordinated undissociated water (bending
or scissor mode) molecules. The component due to sulfate species is less
structured for S1Z_5, suggesting a different nature of surface sulfates in
this catalyst. On medium-highly dehydrated surfaces, sulfates tend to
acquire a more covalent configuration, that allows to better discriminate
their nature: at higher frequencies ( v > 3000 cm™), as shown in Figure
4.2a, we can observe signals due to the stretching (voy) of “free” hydroxyl
groups. For SZ_prec there is a weak band centred at 3745 cm™, ascribable
to terminal OH groups, and a strong band at 3645 cm™ that has been
ascribed to bridged OH groups, similar to that reported for t-Z0,/SO,.}%
For samples obtained by MW-assisted synthesis, we can observe signal of
terminal OH groups at 3765 cm™ and a broad band at lower wavenumbers
related to the stretching modes of both bridged hydroxyls
(shoulder/component around 3650 cm™) and to OH groups involved in weak
perturbation of the H-bonding (broad envelope in the lower part of the
spectra). The presence of this broad band and of another around 1600 cm™
(related to water scissoring mode) suggests that only a low-medium degree
of dehydration is achieved on these samples after treatment at 300 °C.

In the early stage of dehydration, elimination of adsorbed/coordinated
undissociated water causes a shift of the related band at lower
wavenumbers, as evident in Figure 4.2¢, but signals remain quite similar

after activation. On the surface of MW-assisted calcined materials seems to
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be present also carbonate species that are not removed after activation at
this mild temperature. For S2Z_WI a broad band at ~1560 cm™ and signal
at 1450 cm™ are quite evident: they may be ascribed, respectively, to bi-
and mono- dentate carbonate'?. In S1Z_5 and S2Z_8 spectra, these signals
are less recognizable, but the presence of carbonate species could be
responsible of the broadening of the sulfates bands. No similar signals are
present in the SZ_prec spectrum, suggesting that carbonate species are
formed on the surface of the material during the MW-thermal treatment,
that is carried out in static atmosphere and in presence of incandescent
graphite.

FTIR spectra of SZ_prec, in Figure 4.2b, are similar to those reported
for comparable systems and indicate a highly covalent character of surface
sulfate.” In the early stages of surface dehydration most of the sulfates
have already assumed a covalent configuration (bands at v>1350 cm™ and
at ca 1080 cm™), but a residual amount of sulfates still exhibits a mainly
ionic configuration (bands at 1250 and below 1140 cm™). Activated sample
shows: (i) an intense signal at 1395 cm™ related to the S=0 asymmetric
stretching mode, (i) a broad band at ca 1070 cm™ due to the S-O
stretching and (iii) a weak peak at 1180 cm™ ascribable to the v(0=S=0)
symmetric mode. The increase of spectral separation between high and low
frequency modes is ascribable to a high covalent character of sulfates.®
S2Z 8 and S2Z_WI exhibit comparable behaviour after activation, as shown
in Figure 4.2b-c. The band of the vs-o mode at 1360 cm™ is broad and
relatively weak, and the broad band of vs_o mode is centred at = 1030 cm™:
both are attributable to sulfate species with a covalent character. There is
also a broad and complex band centred at 1230 cm™, suggesting that part
of surface sulfates still possesses a mainly ionic character, and S2Z_WI
seems to present a major fraction of surface sulfates with covalent

configuration.
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Figure 4.2. FTIR spectra of SZ_prec (in green), S2Z_8 (in red) S2Z_WI (in blue)
and S1Z_5 (in black ), recorder at ambient condition (dot line) in vacuum (dash
line) and after activation at 573 K (solid line); in the vOH spectral region (a),
in the 1700-880 cm™ spectral region (b and c).
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Spectra of S1Z_5 in different degrees of dehydration (black lines in
Figure 4.2b) are very similar, exhibiting a broad band in the 1400-900 cm™
range, which becomes only partially structured after thermal activation (see
the black solid-line in Figure 4.2b). The presence of at least a fraction of
covalent surface sulfates is supported by the spectral pair at 1365 and 1030
cm™, but the relatively high intensity of the band at 1220 cm™ could suggest
that a large part of sulfates still retains a more ionic configuration.

On the basis of these spectral features, the amount of surface sulfates
with covalent configuration is suggested to follow this order: SZ_prec >
S2Z WI > S2Z_8 > S1Z 5. As already suggested by the literature, the
nature of surface sulfate is strongly affect by both preparation and
calcination methods.'**> If compared to SZ calcinated in a conventional
way, samples calcined by the MW-assisted procedure present sulfates with
a less covalent character. Comparing the impregnation methods each other,
the covalent character of surface sulfates is more pronounced in the sample
prepared by the wetness impregnation, S2Z_WI, that has a low amount of
S0,> groups. Samples impregnated with larger amount of sulfating agent
by incipient wetness impregnation seems to present a major fraction of

sulfates with ionic configuration.

In order to understand how the nature of surface sulfates affects the
acid properties of these catalysts, the presence and strength of Lewis and
Brgnsted acid sites was investigated by means of FTIR spectroscopy of
adsorbed probe molecules. The RT adsorption of CO has proven to be a
very convenient tool to evaluate the acidic strength of strong Lewis sites at
the surface of non-d (d’) metal oxides. The strength of the acid-base
interaction, and thus the Lewis acidity of the surface acid sites, has been
found to be correlated to the upwards shift of the CO stretching mode with

respect to the frequency of the free gaseous molecule (~2143 cm™).1617:18
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Adsorption of 2,6-dimethylpyridine (2,6-DMP) permits to easily identify both

Brgnsted and Lewis sites, forming two typical groups of bands.?***

For plain and sulfatedt-ZrO,, the RT adsorption of CO has been shown
previously to yield a strong signal in the 2200-2180 cm™ spectral range,
related to coordinatively unsaturated surface (cus) Zr** cations located in
crystallographic defective positions.'®'® Upon sulfation, the CO frequency
increases, as it is expected to occur in the presence of electron withdrawing
groups, such as surface sulfates, and can be related to an increase of the
Lewis-acid of the Zr**cus cations. In the case of pure tetragonal zirconia
obtained by MW-assisted method, CO adsorption gives rise to a strong
signal at 2181 cm™, whose frequency increases as CO coverage decreases
(see Figure 3.15a). In addition, at 100 torr, a well recognizable shoulder at
2155 cm™ is present, which decreases rapidly in intensity by evacuation. It
has been proposed that the CO signal can be resolved into two peculiar
components: (CO), at higher wavenumbers, yet saturated at low coverage,
and (CO), at low wavenumbers, exhibiting a lower intensity.!? The former
component is attributable to CO adsorbed on the most acid Lewis sites, i.e,
cationic sites located on crystallographic defective configuration; besides,
the latter component has been assigned to CO uptake onto cus cationic
sites on extended patches of regular crystal planes. The shoulder at 2155
cm™ could be then assigned to the (CO), component. Upon CO adsorption
on the ‘model’ sulfated sample (SZ_prec) a strong and sharp signal is
observable at 2199 cm™, which decreases in intensity with decreasing
coverage, as shown in Figure 4.3a, suggesting the presence of strong Lewis
sites. In the sulfated sample obtained by MW-assisted method the related
signal can be observed at lower wavenumbers, and so Lewis strength is
supposed to decrease as follow: SZ prec > S2Z 8 > S1Z 5 > S2Z WI.
Signal intensity of SZ sample is slightly lower compared to pristine zirconia,
suggesting that surface sulfates reduces only partially the amount of Lewis-

84



acid sites, and increases only to a very limited extent their acid strength.
For all MW-synthesized samples it is possible to observe a shoulder at 2155
cm™?, already observed in pure zirconia, and probably related to CO
absorption on regular planes. We may suppose that this feature could be
related to MW-calcination, being this spectral feature absent only in
SZ_prec. MW-assisted calcination seems to generate heterogeneous surface
sulfates that occupy both defective and regular sites, while on ‘model’

systems only the defective sites are set free and may interact with CO
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Figure 4.3. Differential FTIR spectra of CO adsorbed on (a) SZ_prec, (b) S2Z_8,
(c) S2Z_WI and (d) S1Z_5. Solid line for 100 torr, dash line for 50 torr,
dot line for 5 torr.
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Many studies have confirmed that 2,6-DMP uptake can reveal the
presence of acidic sites that differ either in nature (i.e., Lewis or Brgnsted)
or in acidic strength.?®*#2 On plain zirconia only the presence of Lewis acid
sites is revealed, but different sites could be distinguished, characterized by

different reversibility to evacuation. On SZ systems, surface 2,6-DMPH*

species are easily recognizable

by IR and are strongly held to the surface,

indicating the presence of medium-strength Brgnsted acid sites resulting

from sulfation.?

w

Absorbance . &

1645°,
[ NLasp

.,
1625
Wavenumber (cm™)

0,0 +—= T =
1675 1650 1600

c)

e
N
e

1595

Absorbance

1649

/ .

1625

0,00 ——=

1675 1600

1650
Wavenumber (cm™)

.'1608 1594 N\

1581

b)

2
s

Absorbance

Y / \ N \
1580 . i \ /1594 1578
1360 . o N 1603 |

, 0,00 \ : : —
1575 1650 1625 1600 1575
Wavenumber (ecm™)

Absorbance

1650

1675
Wavenumber (cm™)

Figure 4.4. Differential FTIR spectra of 2,6-DMP adsorbed on (a) SZ_prec, (b)
S2Z_8, (c) S2Z_WI, (d) S1Z_5. Dash line under maximum pressure,
solid line after evacuation for 15 min.

2,6-DMP adsorption on SZ_prec (in Figure 4.4a) gives rise to spectra

similar to those reported for similar tetragonal sulfated zirconia.” At the
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maximum pressure (~4 torr) the strongest signals are represented by the
two bands at 1594 and 1580 cm™ (ascribable to H-bonded and physisorbed
2,6-DMP molecules), with a shoulder at 1604 cm™, due to Lewis-
coordinated 2,6-DMP, and a broad envelope above 1620 cm™, due to 2,6-
dimethylpyridinium, is present. Upon outgassing, the overall intensity of the
envelope at lower wavenumbers decreases drastically, as expected for the
elimination of physisorbed/weakly held species, but bands at 1580, 1594,
1608 cm™ are still observable, suggesting the presence of strong Lewis acid
centres. The spectral features of Brgnsted-bound 2,6-DMP species are
strong, with only a partial modification in intensity and profile as well. For
S27_8 the adsorption of 2,6-DMP reveals the presence of both Lewis and
Brgnsted acidic sites, as shown in Figure 4.4b. We can notice that at the
maximum pressure the strongest band is that related to 2,6-DMPH* modes,
whose spectral profile remains virtually unchanged after outgassing. Signals
related to the strongest Lewis acid sites, which retain 2,6-DMP at low
pressure, are observable at 1578, 1594 and 1604 cm™, similar to those
observed in the previous sample. On the contrary, both S2Z_WI and S1Z_5
show a different behaviour: these two samples present the two bands
related to 2,6-dimethylpyridinium modes at 1648 and 1629 cm™, ascribable
to Brgnsted acidity. Below 1620 cm™ a resistant fraction of physisorbed
and/or H-bonded 2,6-DMP is evident and gives rise to a multiple band still
intense after evacuation. Curve fitting (by means of the facility present in
the OMNIC software) of this unresolved band (in the inset of Figure 4.c and
Figure 4.d) suggests that it is composed by 3 distinct components,
respectively located at ~ 1582, 1596 and 1604 cm™, analogous to those
observed in previous samples. Shape and position of these spectral
components are more similar to that reported for t-ZrO,, than to other
analysed SZ materials, suggesting that for S1Z_5 and S2Z WI sulfation
does not particularly affect the strength of the Lewis acidity, even if
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Brgnsted acid sites are present on the surface. On the basis the spectral
features previously described, the proposed scale of the strength of Lewis
acidity is analogous to that suggested by CO absorption and the same trend
is also suggested for Brgnsted acidity (SZ_prec > S2Z_8 > S2Z WI >
S1Z_5).

4.2 Catalytic tests

Acid hydrolysis of glucose was carried out at 180°C in solution with a
low concentration (0.027 M) to minimize side reaction of products, as
suggested by similar studies*?. In fact the formation of humins is suggested
to be strongly affected by the initial substrate concentration, being formed
in a second order reaction.”* In Table 4.1 results relative to tests carried out
on samples prepared by MW-assisted procedure (S2Z_WI, S2Z_8, S1Z_5)
and on the ‘model’ system, SZ_prec are reported and compared. FTIR
analysis on the employed catalysts, described in the previous section,
suggests that these materials possess surface sulfates with different nature,
leading to surface acid sites of different strength. Results on
adsorption/desorption of probe molecules suggest that SZ_prec and S2Z_8
present stronger Lewis and Brgnsted surface sites if compared to S2Z_ WI
and S1Z_5.

Table 4.1. Results of catalytic tests for SZ.

Catalyst Conversion ° Product Yield (Selectivity)%
(Reaction balance

time) ® % % FA % LA % HMF
S2Z WI (1) 60.0 473 1.02 (1.70) 0.17 (0.28) 26.1 (43.4)
S2Z_WI (3) 76.0 47.7 6.74 (8.87) 0.17 (0.22) 28.0 (36.9)
SZ_prec (3) 88.9 28.9 4.09 (4.60) 3.43 (3.86) 17.0 (19.1)
S2Z 8 (3) 59.0 16.6 0.00 (0.00) 0.12 (0.21) 10.1 (17.1)
S2Z_WI (5) 78.0 493 1.71 (2.19) 0.18 (0.23) 34.9 (44.8)
S2Z_8 (5) 91.4 24.0 2.67 (2.92) 3.29 (3.60) 14.6 (15.9)
S1Z_5 (5) 91.3 7.71 0.24 (0.26) 0.12 (0.13) 6.45 (7.07)
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Different reaction time (from 1 to 5 hours) were tested for S2Z_WI: a
good yield of HMF (around 30%) was obtained, with an increase for longer
reaction time. For S2Z_8 glucose conversion is significantly improved for
longer reaction time, enhancing HMF production (~15%), and promoting
the formation of small amounts of LA (~3%). Instead S1Z_5 shows poor
selectivity, and only a small amount of HMF (6.5%) was observed even for
longer reaction time. Even if glucose conversion is high, the carbon balance
is very low suggesting that glucose hydrolysis generates condensation and
degradation products, not easy to identify. Besides, the ‘model’ SZ_prec
promotes the formation of HMF (17%) and LA (3.4%) after 3 hours,
showing good rate of conversion and carbon balance.

According to the catalysts’ surface properties previously described, we
can rise some consideration on catalysts’ activity and selectivity. SZ_prec
possesses surface sulfate groups with a high covalent character, that
generates strong Lewis and Brgnsted sites. The latter are suggested to
promote glucose isomerization, and the former to act on the following
hydration/dehydration reactions. Also S2Z_8 presents medium-strong Lewis
and Brgnsted acid sites, which promote the formation of HMF and LA.
Catalyst that is supposed to possess weaker Brgnsted acid site, such as
S2Z_WI, promotes the formation of HMF, but no further hydrolysis to LA.
Fructose yield was found to be maximal when the reaction is stopped after
1 hour, suggesting that the reaction passes through glucose isomerization
to produce good HMF yield, but long reaction time are required to improve
conversion. On the contrary, S1Z_5 shows poor catalytic activity, even if
Lewis and Brgnsted sites have been recognized to be present on its surface.
The presence of a stable Lewis or Brgnsted acidity on SZ is a necessary but
not sufficient condition to observe catalytic activity. Morterra et al.> have
already evidenced this behaviour in SZ catalysts employed in the mild
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temperature isomerization of n-butane, a standard reference reaction to

test the catalytic activity of SZ-based materials.
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Figure 4.5. Differential FTIR spectra of 2,6-DMP adsorbed on SBA-SO3H obtained
using hexane (in blue), toluene (in red) or saline solution (in pink) as grafting
solvent (dash line under maximum pressure, solid line after evacuation for 15 min
at RT).

Recently Pizzolitto et al.”

10%) could been obtained using sulfonated SBA-15 (SBA-SO;H) as catalyst.

In this research the role of different grafting solvents (toluene, hexane, and

reported that a good vyield of LA (more than

saline solution), wused for post-synthesis modification with 3-
mercaptopropyltrimethoxysilane, on catalysts’ activity was investigated. The
most active catalyst is resulted to be that obtained using saline solution.
Sulfonated materials have shown to present strong Lewis and Brgnsted acid
sites, as evidenced by FTIR investigations (2,6-DMP ads/des), whose results
are summiresed in Figure 4.5. After adsorption of a large dose of base
(dash line), it is possible to observe the typical two signals pattern
ascribable to 2,6-dimethylpyridinium ions generated by interaction with
Brgnsted sites, at 1628 and 1652 cm™, and a intense band due to
phisosorbed/H-bounded 2,6-DMP.?® After outgassing, above 1620 cm™ the

spectral profile remains virtually unchanged, whereas net signals remain at
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lower wavenumbers, respectivelyat 1602 and 1583 cm™ and ascribable to
2,6-DMP molecules coordinatedto Lewis acid sites of medium-high strength,
more strongly held at the surface.?’ Results suggest that Brgnsted acidity
seems to be more pronounced in samples obtained employing saline

solution, and this catalyst produces the highest yield of LA.

In Figure 4.6 we compared results obtained for glucose conversion
catalyzed by SZ obtained by MW-assisted sinthesis and SBA-15 materials,
after 5 hours at 180°C. We can observe a major glucose conversion for SZ
materials, probably related to the higher thermal stability of zirconia with
respect to the siliceous materials. Sulfonated SBA-based catalysts promote
HMF and LA formation, while SZ exhibits a good selectivity to HMF.
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Figure 4.6. Products yields and glucose conversion after 5 hours of reaction at
180°C for: (a) SZ catalysts obtained by MW-assisted synthesis (b) SBA-15 and
SBA-SO3H catalysts (from Ref. 25).

All catalysts (with the exception of S1Z_5) present Lewis and Brgnsted
acid sites of medium-high strenght that promote glucose hydrolysis
according to the pathway proposed in Scheme 4.1. Selectivity in this
reaction seems to be influenced by both strength and number of Lewis and
Brgnsted acid sites, thus the ratio between Lewis and Brgnsted acidic sites

(L/B) could play a key role. The estimation of L/B ratio requires the
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knowledge of molar absorption coefficients (g) values, specific for each

vibrational mode considered and influenced by the surface.

4.3 Quantitative determination of surface acidity
(Lewis/Brgnsted ratio)

Quantitative measurements and interpretations from infrared spectra
require the knowledge of the molar absorption coefficient(s) (¢) of a
relevant species. Molar absorption coefficients can be determined assuming
that the system (absorbent and substrate) conforms to Beer-Lambert type
behaviour. Determination of the absorption coefficient for a particular mode
require the measurement of both the integrated band area and the number
of moles adsorbed on that particular species. Volumetric gas dosing or
gravimetric measurements using a microbalance into an infrared cell allows
to measure the number of moles adsorbed simultaneously with recording
the spectrum in situ.””?® More recently it has been develop a new method
that combines IR and gravimetric analysis (AGIR) by using specifically
designed cells which allows the simultaneous measurement of both uptake
and FTIR spectrum.”® Several values of integrated molar absorption
coefficients for 2,6-DMP can be found in the literature, regarding H-bonded,
protonated and coordinated 2,6-DMP for similar systems. In Table 4.2 a
series of these values has been reported and a large variation among them
is evident.?3* For pyridine, another commonly used base probe molecule,
molar absorption coefficients of pyridine modes have been reported to vary
as a function of acid sites density that in turn is dependent on sulfates
concentration.*®**2 But a similar behaviour is observed also for phosphated
zirconia. The correlation, or lack of, between molar absorption coefficients
of phosphated (¢,=1.02-1.07 cm-pmol™!, &=0.50-0.76 cm-pmol™) and

phosphate free (e,.=1.78 cm-umol™?, g=0.53 cm-umol™) samples indicated
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that the Lewis acid site environment was modified by phosphate addition,
whereas the Brgnsted sites remained relatively unchanged.®® It can be
supposed that also molar absorption coefficient of Lewis and Brgnsted
modes of 2,6-DMP vary in function of acid sites density, and so the use of
literature values can lead to errors. We have determined the values of
integrated molar absorption coefficients for SZ and SBA-SOsH by volumetric

method, using the procedure described in chapter 2.2%%728

Table 4.2. Absorption coefficients for adsorbed 2,6-DMP on acidic sites.

Lewis / H-bond modes Brgnsted modes
Metal Oxide Wavenumber  Coefficient =~ Wavenumber Coefficient Ref.
(cm™) (cm pmol®)  (cm) (cm pmol™)
Silica-Alumina 1617 1.01-1.16 1650 3.70-4.06 1
. 1606 1.9
SI0; 1585 1.9 ” - 21
Phosphated 1655 + 1630 7.9 21
Sio,
H-Y Zeolite 1652 + 1627 6.5 21
Alumina 1617 5.3 - -- 21
SBA-SO3zH 1604 + 1583 3.9 1652 + 1628 5.2 -vl;lg'rsk
ZrO, 1609 3.4 -- -- 21
WO,/ZrO, 1643 + 1628 5.9 21
NbO,/ZrO, 1644 + 1628 7.3 21
1579 + 1594 This
S04-Zr0O, + 1604 1.1 1646 + 1630 5.8 work

Figure 4.7a reports the infrared spectra in the 1675-1565 cm™ range
for increasing doses of 2,6-DMP (from 0.068 to 3.8 umol) adsorbed on SBA-
SO;3H. The spectra exhibit the vg, and vg, bands, respectively, at 1652 and
1630 cm™, characteristic of 2,6-DMP protonated species, and at 1604 and
1583 cm™, attributed to 2,6-DMP adsorbed on the surface by H-bonding, as
already discussed previously. Curve-fitting results (in Figure S9b) suggest
the presence of a third component (at 1640 cm™) in the band associated to
protonated species, whose intensity increases similarly to the more evident
components. A linear variation of the intensity of Lewis and Brgnsted

integrated areas is observed as a function of the added 2,6-DMP amount, as
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evident is Figure 4.7b. For oxidic systems presenting different types of
bonds between 2,6-DMP and their surfaces, integrated molar absorption
coefficients were obtained from eq. 1, derived from Beer-Lambert law.
Solving the resulting set of equations, molar coefficients of Lewis and

Brgnsted bands resulted respectively 3.9 cm-pmol™ and 5.2 cm-pmol™.
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Figure 4.7. SBA-SO;H: (a) Infrared spectra for increasing amounts of 2,6-DMP
(from 0.068 to 1.4umol); (b) evolution of the bands area of Lewis bands
(red line) and of Brgnsted bands (blue line) with the amount of added 2,6-DMP.

The obtained values are slightly different if compared to those reported
in the literature, for which a large variation is generally reported (Table
4.2). The calculated &g is slight smaller than that reported for phosphated
silica (7,9 cm-umol™), but comparable to zeolite or silica-alumina values; on
the contrary, € is bigger than those reported for pristine silica (1.9
cm-umol™). These results suggest that integral molar absorption coefficients
can considerably vary when more than one types of bonds between 2,6-
DMP and the surface can occur. All the reported systems possess strong

sites of a unique nature, but SBA-SO3;H presents both Lewis and Brgnsted
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sites with medium strength. This affects both location and bonding type of
adsorbed molecules and consequently the values of their molar absorption
coefficients.
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Figure 4.8. SZ: (a) Infrared spectra for increasing amounts of 2,6-DMP (from 0.78
to 3.4 umol); (b) evolution of the bands area of Lewis bands (red line) and of
Brgnsted bands (in blue) with the amount of added 2,6-DMP.

Figure 4.8a shows the infrared spectra between 1630 and 1550 cm™
for increasing doses of 2,6-DMP adsorbed on SZ. The spectra exhibit bands
characteristic of protonated species, at 1646 and 1629 cm™, and bands
ascribable to 2,6-DMP adsorbed on the surface by Lewis/H-bond
interactions at 1604, 1594 and 1583 cm™. Also in this case, curve-fitting
results (in Figure S9a) suggest the presence of a third component (at 1637
cm™) in the envelope associated to the protonated species, whose intensity
increase slower than the more evident components. The system containing
different types of bonds between 2,6-DMP and the surface and eq. 1 were
used and, by solving the resulting set of equations, molar coefficients of
Lewis and Brgnsted bands have been obtained, being respectively 1.1
cm-umol™® and 5.8 cm-umol™. It has been reported that, for adsorption

experiments on SZ systems carried out by adding small increasing doses,
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2,6-DMP uptake starts first at protonic acidic sites and is over 50%
complete before the onset of uptake at Lewis sites.”> A similar behaviour
was observed for our system, and so values are obtained from higher
amount of added base molecules. Obtained values are slightly different if
compared to those reported in the literature (Table 4.2), being €_bigger
that those reported for pristine zirconia (3.4 cm-umol™) and &g smaller than
that reported for zirconia supported W/Nb oxide (respectively 5.9 cm-pmol™
and 7.3 cm-umol™). As previously suggested, the presence of both Lewis
and Brgnsted sites could affect the location and bonding type of absorbed
molecules and, consequently, the values of molar absorption coefficients.

To verify if the experimental calculated € and &g values give a good
estimation, a cross-check was done calculating the total number of
adsorbed 2,6-DMP molecules, comparing then the results with experimental
values. For SBA-SOsH and SZ percent errors are very low (<1%) at high
amount of adsorbed molecules, but become more relevant for smaller
doses, especially in the case of SZ, for which the interaction of 2,6-DMP
with Brgnsted and Lewis sites is suggested to occur not simultaneously. A
different approach to calculate integral molar coefficient consists in
subtracting the contribution due to H-bond or Lewis sites components,
using the values determined with other solids in order to calculate the
amount of 2,6-DMPH", and then ez was calculated directly using the slope
of the linear part of the curves (Az = (e5-ng) S). For SBA-SOsH, using
£=1.9 cm-umol™® of pristine silica, the value of &z resulted to be 5.5
cm-umol™?, but the corresponding calculated numbers of adsorbed 2,6-DMP
molecules resulted overestimated at high doses of 2,6-DMP (average error
23%). Similarly, calculation was done for SZ, using €=3.4 cm-umol™
obtained for pure zirconia, but we obtained a ez<g, that has to be
considered meaningless. These results support the previous hypothesis that
integral molar coefficients of sulfated oxides presenting both Lewis and
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Brgnsted acid sites could be very different from those obtained for the
corresponding pure metal oxides.

The concentration of Lewis and Brgnsted acid sites on the catalyst
described in the previous section was quantified using the calculated molar
extinction coefficients (Table 4.3). As evident, the concentration of Lewis
and Brgnsted sites is very different among the various SZ systems. Equal
nominal % wt amount of sulfates were impregnated on SZ_prec and S2Z_8,
but the amount of Brgnsted sites is lower. MW-synthesized SZ, S1Z_5 and
S27Z_WI, impregnated with smaller sulfates amount exhibit a very low
Brgnsted concentration. Results suggest that MW-assisted calcination seems
not to be the best option to obtain surface sulfates sites able to enhance
Brgnsted acidity and then the catalytic activity thereby.

Table 4.3. Acid sites concentration and L/B ratio.
N Lewis N Brgnsted

Catalyst (mmol g*) (mmol g% A /As
SZ_prec 0.21 0.32 0.7
S2Z_8 0.052 0.12 0.4
S2Z_WI 0.21 0.081 2.7
S1Z 5 0.16 0.068 2.4
SBA 0.60 - -
SBA-SO5H (NaCl) 0.43 066 0.7
SBA-SO3H (Hex) 0.31 048 0.7
SBA-SO5H (Tol) 0.22 034 06

However, some correlations between catalytic activity and L/B ratio can
be done. All catalysts that promote LA formation possess L/B values lower
than 1, confirming that Brgnsted acidity is a necessary condition. On the
contrary, to obtain 5-HMF Lewis acidity seems to be sufficient. Similar yields
(around 35%) were obtained using SBA, a system presenting only Lewis
acidity, and S2Z_WI, a system having a pronounced Lewis character.
S1Z 5, even showing some acidity, has poor catalytic activity. This confirms
that the presence of surface acid sites is a necessary but not a sufficient

parameter to evaluate the catalytic activity. These results suggest that
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contrary to what reported, the formation of HMF is observed even when
Brgnsted acidity is absent. It has been proposed that glucose can directly
transform into HMF, without passing thought fructose isomerization.*>~® In
addition, glucose and/or fructose can be converted to multiple other
products, with more than one reaction pathway taking place
simultaneously.?” For example humins can be formed from degradation and
condensation of glucose and many other intermediates. But also retro-aldol
reactions, that lead to the formation of short carboxylic acids, as shown in
Scheme 4.2, can occur.

Glucose = Fruchose —a /
= HO “L«'\ - —== Laetic aeid
"\

Fnrrnu: acid
Acebtic ackd

Scheme 4.2. Possible pathway of fructose degradation.

4.4 Thermal studies by ATR

Understanding the mechanism of catalytic reactions is of particular
importance in order to design functional catalysts. We made a preliminary
study to understand if it is possible to investigate the possible mechanisms
by ATR spectroscopy. We monitored heating of pure glucose and of
glucose+catalyst mixtures (from ambient T to 180°C) recording time-
resolved spectra by ATR. Raman and IR have been successfully applied to
identify and quantify glucose in blood and food. Specific signals (1123 and
1033 cm™ in Raman and IR spectra, respectively) are commonly used as
marker bands for glucose. Another series of band allow the identification of

o and B anomers, because the OH moiety directed either below or above
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the ring plane, respectively, exhibits different features in the relevant

vibrational spectra.®®

ATR spectrum of hydrated glucose is extremely rich in bands, see
Figure 4.9. The most intense signals are located in the 1150-950 cm™
spectral range, and are ascribable to C—C and C-O stretching and bending
modes. At higher wavenumbers signals related to stretching mode of CH
groups are well structured and recognizable singled out at 2944, 2912,
2891 and 2880 cm™, while hydroxyl groups give rise to a broad band. ATR
spectra at increasing temperature are shown in Figure 4.9 and as
consecutive spectra in Figure S10-S12. No relevant spectral changes are
observed increasing T up to 150°C: the spectral components generally shift

to lower wavenumbers and broaden, in particular in the voy region.
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Figure 4.9. ATR spectra of glucose at increasing temperature
(from 27°C to 180°C).

Glucose melts at ~148°C (depending on its isomeric form) and, starting
from this temperature on, signals start to increase in intensity and to
broaden, being this behaviour more pronounced between 160°C and 170°C.
At the final T (180°C) signals attributable to C—C and C-O give an intense
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and broad band with a maximum at 1008 cm™, and individual signals of CH
stretching modes generate a broad and intense band. New broad signals
appear in the 1200-1500 cm™ spectral range and above 3000 cm™. It is well
known that the thermal decomposition of sugars leads to the formation of
both brown-coloured compounds (that gives caramel colour) and volatile
products, with the typical caramel aroma. Caramelization consists in a
complex series of reactions due to decomposition under relatively dry
conditions: in the case of glucose the process takes place at 160°C.*° The
reaction pathway starts with an enolization, in which glucose gives rise to
1,2-enediol, an important intermediate in the formation of a large number
of furan and pyran compounds.”” The formation of these types of
compounds perfectly matches with the new signals observed and previously
ascribed to C-C, C-0 and O-H stretching and bending modes, but due to
the similarity among the several products, it is not possible to individually
single out them.

We prepared a semi-solid mixture composed by the catalyst and the
glucose solution (glu+SZ mixture), which has been then heated from
ambient temperature to 180°C. Glu+SZ mixture exhibits a spectrum
dominated by signals related to glucose and, subtracting the net SZ
contribution, gives a spectrum similar to those recorded for the plain
glucose solution, as evident in Figure 4.10b. ATR spectra recorded at
increasing temperatures are shown in Figure 4. 10a and as consecutive
spectra in Figure S13-514. Differently to those observed for pure glucose,
the spectral profile starts to change around 70°C for the glu+SZ mixture,
when water removal allows to recognize CH stretching signal at 2915 cm™.
The band in the 1150-950 cm™ starts to broaden with a parallel blue-shift of
16 cm™, whereas the band originally ascribable to CH bending modes (1201
and 1225 cm™) has a similar shift towards higher wavenumbers. Band
ascribable to hydroxyl stretching mode continues to decrease until the

100



maximum temperature is reached. With increasing temperature, it is
possible to observe the formation of a signal located at 1425 cm™, that
gradually decreases at T > 100°C until it vanishes. We can suppose that
this signal is related to a peculiar intermediate, that is forming and
consuming during heating. Infrared spectrum of fructose® exhibits a weak
signal around 1425 cm™, but the absence of other related strong signals in
our spectra is inconsistent for its identification. HMF presents strong
infrared signals around 1400 and at 1022 cm™.* Both are detectable in our
spectra, exhibiting similar pattern in intensity as well, suggesting that HMF
is formed and degraded during heating.
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Figure 4.10. (a) ATR spectra of mixture glu+SZ at increasing temperature (from
27°C to 180°C); (b) ATR spectra of glucose solution (in blue), SZ (in green) and
mixture glu+SZ (in red), in pink differential spectra (mixture - SZ).

We prepared a semi-solid mixture composed by SBA-SOsH and glucose
solution (glu+SBA mixture) which has been heated up to 180°C. The ATR
spectrum of the glu+SBA mixture is mainly attributable to the characteristic
catalyst peak around 1050 cm™, and only subtracting the SBA contribution,
glucose characteristic signals are identifiable, as shown in Figure 4.11b. ATR
spectra obtained at increasing temperature are shown in Figure 4.11a and
as consecutive spectra in Figure S15-S16. In the glu+SBA mixture the

spectral profile starts to change around T = 60°C, when the weak signals
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related to glucose start to decrease and vanish at ~70°C. Then spectra
remain virtually unchanged, in particular the typical peak of SBA located at

1058 cm™. Only a weak and broad signal can still be observed at ca 800 cm’
1
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Figure 4.11. (a) ATR spectra of mixture SBA-SO3H and glucose solution at
increasing temperature (from 49°C to 180°C); (b) ATR spectra of glucose
solution (in blue), of SBA-SO3H (in green) and of their mixture (in red),
in pink differential spectra (Mixture - SBA-SO3H).

This ATR preliminary study suggests that, even in the presence of small
amount of water, materials act as catalyst by inhibiting the caramelization
process observed for pure glucose, and thus promoting glucose conversion
at lower T. Mechanism seems to follow different pathways using two
different solid acid catalysts, even if both catalyst possess similar Lewis-
Brgnsted acid sites. A better investigation on the role of surface sites was
attempted by using FTIR spectroscopy. A pellet composed by a mixture of
glucose and catalyst (1:4 in wt) has been heated at 180°C adding small
doses of water in a controlled atmosphere. Unfortunately, this approach
resulted not properly informative. In particular, (i) there is problem in the
recognition of glucose signals: in the case of SZ it is possible to single out
only 3 signals (namely, at 915, 852 and 837 cm™), which on the contrary
are completely covered in SBA materials. (ii) Even if heating is performed
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adding water, pellets rapidly became brown giving rise to noisy spectra. (iii)
The identification of gaseous products is complicated by water signals that

completely cover the most relevant bands.
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5. CONCLUSION AND OUTLOOK

The prospecting of a sustainable industrial and societal development
requires the transition of our linear economy to a circular model. In
chemical manufacturing and fuels production this means to design with a
cradle-to-cradle perspective. Lignocellulosic biomass represents an
alternative sustainable feedstock, especially for the production of value-
added chemicals. Glucose represents one of the more abundant
intermediates in the lignocellulosic degradation and can be further
converted into many platform chemicals. The use of heterogeneous
catalysts allows to reduce both environmental impact and industrial cost.
Glucose hydrolysis requires bifunctional solid acid catalysts, with high
selectivity and activity in water. Sulfated zirconia (SZ), a well-known catalyst
already employed in several industrial processes, could be a valuable
alternative, and has shown to be able to promote the production of 5-
hydroxymethylfurfural (5-HMF) from glucose. Activity and selectivity of SZ
systems can be improved tuning both amount and strength of Lewis and
Brgnsted acid sites. It is well known that surface properties of SZ systems
are strongly affected by both preparation method and calcination
temperature. The most common methods employed for the synthesis of SZ
are long multi-step procedures, that usually require a final calcination.
Employment of MW heating can help to reduce energy consumption and

reaction time, rendering more sustainable the synthetic process.

We proposed a MW-assisted sol gel procedure that involves two steps
of few minutes, both assisted by MW heating. In the first step the gel is
dried (MW-assisted drying) and in the second step the obtained xerogel is
calcined using a susceptor to rapidly reach high temperature(s) (MW-

assisted calcination). At first this procedure was applied to the synthesis of
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plain zirconia, and homogeneous small nanoparticles exhibiting pure
tetragonal phase have been obtained, as indicated by both vibrational and
structural characterizations. Only few similar studies have been reported in
literature so far and suggest that MW heating promotes the formation of
tetragonal phase if applied during either gel formation or in gel drying. If
compared to the materials obtained in these studies, our samples appear to
be more crystalline.

To optimize the procedure and understand the effect of MW heating,
we investigated the effect of some synthetic parameters as (i) hydrolysis
catalyst, (ii) nature of the solvent and (iii) gel aging. Three different acids
(HNO;, H,SO4 and CH3;COOH) were used to promote the hydrolysis of the
zirconium propoxide precursor. The only appropriate acid hydrolysis catalyst
appears to be nitric acid, while using sulfuric and acetic acids, amorphous
products were obtained. This effect seems to be related to the different
mechanism of crystallization and degradation of the relevant anions during
MW-assisted calcination, as the temperature reached in the MW oven (T
maximum ~ 750°C) seems to be sufficient to promote zirconia crystallization
only in presence of nitrate ions, that easily degrade during calcination. Pure
tetragonal zirconia has been obtained from both the employed solvents,
ethanol and 2-propanol. HR-TEM images indicates that using ethanol the
obtained nanoparticles are more homogeneous in both shape and
dimension, exhibiting a more ordered external habit. It can be noted that
ethanol has a higher loss tangent than 2-propanol, and MW-assisted drying
seems to be more efficient for gels obtained from ethanol. This may affect
the nature of the obtained xerogel and of the relevant calcinated product.
With respect to gel aging time, the two solvents have shown a very
different behaviour. Using 2-propanol, pure t-ZrO, has been obtained after
24 hours of gel aging, whereas samples obtained after shorter times are
mainly amorphous. On the contrary, using ethanol as solvent, a tetragonal
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product is formed, no matter of the aging time, and an increase of the
monoclinic fraction is observed with the increase of aging time.

The step that seems to be more influenced by MW heating is
suggested to be calcination. Pure tetragonal zirconia has been obtained by
MW-assisted calcination of zirconium hydroxide (from ZrOCl,), while xerogel
(from MW-assisted drying) calcined by conventional method gives particles
showing both monoclinic and tetragonal phase. MW hybrid heating method,
which employed a susceptor to transfer heat to the sample, have been
applied previously in materials production, ceramic sintering and solid state
syntheses of mixed oxides, but to the best of our knowledge never to carry
out calcination on amorphous materials. MW-assisted method allows to
extremely reduce calcination time and energy consumption, if compared to
traditional thermal treatments. Moreover, the experimental results suggest
that the rapid heating provided by MW irradiation promotes the formation

of the tetragonal phase, the most valuable in catalytic applications.

The proposed MW-assisted procedure has been then applied in the
synthesis of both SZ and Ni-promoted ZrO,. After impregnation with either
nickel or sulfate precursors, the dried powders have been always thermally

treated by MW-assisted calcination.

In the case of nickel promotion, the addition step has shown to
strongly influence the chemical nature of the final product, as detailed in
the following:

(i) When Ni precursor is impregnated on crystalline zirconia, NiO is
formed on the particles surface that retain the tetragonal phase, as
evidenced by PXRD, vibrational and TEM analyses. FTIR data, obtained
by using CO as probe molecule, confirmed the presence of surface Ni**
sites.
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(if)

(iii)

The formation of the cubic phase is observed when Ni impregnation is
carried out on the still amorphous xerogel, as suggested by diffraction
data and confirmed by Raman spectroscopy. It is supposed that part
of the Ni species is incorporated into the zirconia lattice stabilizing a
fluorite-like structure, the same of nickel oxide. If we refer again to
FTIR spectroscopy, CO adsorption indicates that part of the Ni species
is exposed at the surface as Ni**, but the presence of metallic Ni is
suggested as well. TEM images confirmed the presence of small
nanoparticles of metallic Ni, but also that the material is poorly
crystalline and very heterogeneous in both shape and dimension of
nanoparticles and in chemical composition.

By adding Ni precursor in the starting solution, tetragonal zirconia
nanoparticles are formed. Ni ions are incorporated into the zirconia
structure (at least in the outer spheres of the crystallites), and the
lattice disorder causes a broadening in the Raman signals. Small
roundish nanoparticles, quite homogenous in shape and dimension are
observed in the TEM images. CO absorption indicates that nickel is

present on the surface as Ni**, Ni* and Ni° species.

The impregnation step is the most relevant parameter also in the

preparation of SZ. Impregnation on t-ZrO, seems to promote the formation

of a small fraction of monoclinic phase, and samples possess surface sulfate

species having a covalent character. When impregnation is carried out on

the xerogel, the powder obtained is less crystalline and sulfate species

seems to have a more ionic nature. Also the c-ZrO, samples obtained by Ni

impregnation on xerogel are poorly crystalline, suggesting that MW-assisted

calcination is less effective if carried out on the impregnated amorphous

intermediate. The nature and strength of surface acidity have been

investigated using CO and 2,6-dymethylpyridine (2,6-DMP) as probe
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molecules. Results indicate that both Lewis (L) and Brgnsted (B) acid sites
are present, but their relative strength is influenced by both the
impregnation method and impregnation step.

The mechanism of acid catalyzed glucose hydrolysis is supposed to
start via isomerization to fructose, and continue through dehydration in 5-
hydroxymethylpyridine (5-HMF), that could be possibly hydrolyzed into
levulinic acid (LA). The first step is supposed to be Lewis acid catalyzed,
while dehydration/hydration reactions are catalyzed by Brgnsted acid sites.
Three SZ samples have been tested as possible catalysts in glucose
hydrolysis: (i) S2Z_WI (by WI on t-ZrO,) having surface sulfates with a
covalent character and presenting weak L and B sites; (ii) S2Z_8 (by WI on
t-ZrO,) that has surface sulfate species with a more covalent character and
present L and B acid sites of medium strength; (iii) S1Z_5 (by IWI xerogel)
partially amorphous, showing surface sulfates with a less pronounced
covalent character, and presenting weak L and B acid sites. The first two
catalysts have shown to promote 5-HMF production at discrete yield, while
S1Z 5 is resulted to be poorly active. Catalytic results were compared to
those obtained from other systems presenting L and B acid sites of medium
strength on their surfaces: a ‘model’ SZ (obtained from standard
precipitation route) and SBA-SOsH. In glucose conversion these model
systems promote the formation of both 5-HMF and LA. To better
understand the relation between L and B acid sites and catalyst selectivity it

is necessary to quantify the amount of surface acid sites.

The quantitative assessment of acid sites can be carried out by means
of FTIR spectroscopy. In particular, the adsorption/desorption of 2,6-DMP
gives rise to two distinct and characteristic complex bands associated to the
interaction with both B and L acid sites, but the real quantitative
assessment requires the knowledge of molar extinction coefficients (€) of
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the relevant 2,6-DMP modes. Values of molar extinction coefficients for
Lewis and Brgnsted modes for SBA-SOsH and SZ were determined by
volumetric methods. The calculated €_and &g values were found to be 1.1
and 5.8 cm pmol?, respectively, for Sz, and 3.9 and 5.2 cm pmol?,
respectively, for SBA-SOs;H. These values are very different from those
reported in the literature for similar systems. We suppose that this
difference can be related to the different surface acid properties of the
materials. The values reported in the literature were obtained for materials
presenting either only strong Lewis acidity (as silica or plain zirconia) or
strong Brgnsted sites (phosphated silica or W/Nb oxides supported on
zirconia). On the contrary, our materials present at the same time both
Lewis and Brgnsted acid sites of medium strength. We suppose that the
simultaneous presence of both Lewis and Brgnsted sites could affect the
location and bonding type of adsorbed molecules and, consequently, the
values of molar absorption coefficients thereon. However, further studies on

other metallic oxide are necessary to confirm this assumption.

The calculated €, and €z values have been used to determine L/B ratio.
All catalysts that promote LA formation possess L/B values lower than 1,
confirming that Brgnsted acidity is a necessary condition to promote 5-HMF
hydrolysis. On the contrary, Lewis acidity seems to be sufficient to obtain 5-
HMF: discrete yields (around 35%) of 5-HMF were obtained using pristine
SBA, presenting only Lewis acidity, and S2Z_WI, having a pronounced Lewis
character. The mechanism of acid catalyzed glucose hydrolysis can follow
different pathway. Isomerization to fructose, that is supposed to be the
rate-determinant step, can proceed via acyclic and cyclic route.
Alternatively, glucose can be directly dehydrated to 5-HMF without fructose
formation. Moreover, glucose and/or fructose can be converted to multiple
other products, with more than one reaction pathways taking place
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simultaneously. One example is a retro-aldol reaction, that brings to the
formation of short-chain carboxylic acids (namely, acetic, lactic and formic
acid). We supposed that the nature and amount of L and B acid sites can

influence the reaction mechanism and lead to a different selectivity.

To verify this hypothesis, it will be appropriate to apply the operando
spectroscopy methodology. This approach permits to investigate
relationship between catalyst structure (bulk/surface) and catalyst
performance (activity and selectivity), by simultaneously collecting catalyst
characterization and online product(s) analysis data. To understand if this
approach could be valid to study glucose hydrolysis, we carried out some
preliminary studies by infrared spectroscopy. At first, we analysed the
heating of pure glucose and of mixtures glucose+catalyst (from ambient T
to 180°C) recording time-resolved spectra by ATR. Results indicate that,
even in the presence of small amounts of water, both systems (SZ and SBA-
SO3;H) seem to act as catalyst. In fact, caramelization, observed for pure
glucose, is inhibited in the presence of catalyst. These results suggest that
an appropriate experiment design could be applied to the study of acid-

catalyzed glucose hydrolysis.
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Supplementary Material

Element | Weight % | Atomic %
Zr 74.03 33.33
0] 25.97 66.67
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Figure S5. EDS pattern of ZE,.
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Figure S6. Raman spectra of xerogel from 2-propanol (in black) and ethanol (in

blue).
Element | Weight % | Atomic %
Zr L 74.03 33.33
0 27.97 66.66
Total 100.00 100.00

Full Scale 155 cts Cursor: 0.000 ke’

Figure S7. EDS analysis on Ni0Z_2.
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Element | Weight % | Atomic %
Ni K 5.26 3.66
ZrL 69.08 30.90
0 25.66 65.45
Total 100.00 100.00
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Element | Weight % | Atomic %
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ZrL 26.92 11.40
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Figure S8. EDS analysis of Ni1Z_10 on different portions of the grid.
Element | Weight % | Atomic %
Ni K 68.78 44.26
ZrL 9.23 3.82
0] 21.98 51.91
Total 100.00 100.00
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Figure S9. EDS analysis on Ni2Z_10.
Element | Weight % | Atomic %
Ni K 0.48 0.18
ZrL 31.23 7.46
SK 0.97 0.66
oK 67.32 91.7
Total 100.00 100.00
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Figure S10. EDS analysis on Ni3S2Z.
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Figure S11. Raman spectrum (a) and XRD diffractogram (b) of SZ_prec catalyst.
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Figure S12. Raman spectrum (a) and diffractogram (b) of S2Z_8 catalyst.
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Figure S13. Examples of curve-fitting at the maximum 2,6-DMP amount for: (a)

SZ and (b) SBA-SOsH.
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Figure S14. Temperature-resolved ATR spectra of glucose (from 27°C to 150 °C)

red colour indicates T multiples of 30°C.
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Figure S16. Temperature-resolved ATR spectra of glucose in the high frequencies
spectral range (from 27°C to 180°C).
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Figure S17. Temperature-resolved ATR spectra of glucose+SZ mixture (from 23°C
to 90°C); red colour indicates T multiples of 30°C.
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Figure S18. Temperature-resolved ATR spectra of glucose+SZ mixture (from 90°C
to 180°C); red colour indicates T multiples of 30°C.
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Figure S19. Temperature-resolved ATR spectra of glucose+SBA-SOsH mixture
(from 25°C to 90°C); red colour indicates T multiples of 30°C.
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Figure S20. Temperature-resolved ATR spectra of glucose+SBA-SOsH mixture
(from 90°C to 180°C); red colour indicates T multiples of 30°C
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