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ABSTRACT

Green chemistry is an important tool in the roadmap towards a sustainable economy
system. Biomass-waste valorization, in particular ligno-cellulosic wastes, and the use of
sustainable processes are pillars of the green chemistry approach. Notably, biobased
lactones can be valorized into new valuable molecules such as diols and amines that are
ubiquitous chemicals in today’s chemical industry. The use of simple and cheap
heterogeneous copper catalysts supported on various materials, prepared with the
Chemisorption-Hydrolysis method, will avoid toxic and expensive noble metal catalysts.
These materials are easy to prepare, resistant and provide reliable results. Depending on
the nature of the support they can have different acidic/basic or wettability properties making
them very versatile in organic synthesis. Deep characterization was performed on the
catalytic system to enlighten the relationship between physicochemical properties of the
catalysts with their performances. Particularly, a focus was given on the study of copper

phase morphology, wettability and acidity of the surfaces.

The first part of the Ph.D project was devoted to study the hydrogenation of y-
valerolactone (GVL) to 1,4-pentanediol (1,4-PDO) (scheme Al), using silica supported

copper catalysts under the green solvent cyclopentylmethylether (CPME).

o W Cu/SiO, )Oi/\/OH
CPME, 50 bar H,
T =160 °C
Scheme Al. Hydrogenation of GVL to give 1,4-PDO.

Notably, two different methods have been implemented to obtain low hydrophilic
catalysts namely the right choice of the support and the post-metal deposition
hydrophobization through silane grafting. In the first case, two different SiO2 materials,
namely one less hydrophilic pyrogenic and one hydrophilic gel, were chosen to prepare two
copper catalysts CuO/SiO2 A and CuO/SiO: B respectively. The wettability properties of the
two supports were confirmed through static contact angle measurements and with hydroxyl
density determination using TGA. The catalysts were tested in the hydrogenation of GVL to
give 1,4-PDO (T=160 °C, P(H2) = 50 bar, t = 22h) after catalysts pre-reduction under CPME.
The best performances were obtained using Cu/SiO2 A achieving 78% in the diol while 47%
was achieved by Cu/SiO:z B. The catalysts performances were ascribed to the SiO2 support

wettability: a low hydrophilicity allows the diol product a better desorption, preventing



methyltetrahydrofuran formation by dehydration side reaction. Moreover, as confirmed by
XPS analysis, a low -OH surface density allows to achieve a higher Cu dispersion, thus a
higher hydrogenation activity compared to the catalyst CuO/SiO2 B prepared with the more
hydrophilic silica. Furthermore, the activity was found to be dependent on the nature and on
the effective number of the acid sites on the surface measured in CPME through FT-IR after
pyridine adsorption and through liquid-solid titration using phenylethylamine (PEA) as a
probe molecule respectively. In fact, the presence of a lower quantity and density (1
pumolpea/m? vs 5 pmolpea/m? for CuO/SiO2 A and CuO/SiO:2 B respectively) of strong acid
sites observed with CuO/SiO2 A in CPME could therefore be the main reason for its much
higher selectivity (98% vs 82% for CuO/SiO2 A and CuO/SiO:2 B respectively). This has a

more pronounced masking effect on the case of CuO/SiOz A Lewis acid sites.

Successively, an uncomplicated procedure of surface functionalization of the more
hydrophilic CuO/SiO2 B catalyst using trietoxyoctylsilane (TEOCS), was set up to explore
the possibility to obtain low hydrophilic systems with a post metal deposition method. Four
samples with different silane loading were obtained (namely 1, 5, 10 and 15% wt/wt) and
the catalysts properties were investigated by several characterization techniques. The
effective silane grafting was confirmed by IR and XPS while the stability at the reaction
temperature (T=160 °C) was assessed using TGA. The progressive reduction of
hydrophilicity was confirmed by SCA measurements and water adsorption isotherms. The
results obtained showed that the functionalization significantly lowers the hydrophilicity of
the surface with a decrease of SCA of 20% from the bare CuO/SiO: to the CuO/SiO2 B -
15% TEOCS. The materials were tested in the hydrogenation reaction under the same
conditions and an increase in the diol yield from 47% in the case of the unfunctionalized one
to 80% in the case of the 10% wt/wt TEOCS was observed. However, a further organosilane
loading, as in the case of 15%, gives rise to a decrease in activity due to the scarce
accessibility of GVL to the copper sites. This behavior was corroborated by 2°Si CP MAS
solid state NMR measurements that is able to distinguish the silicon of the bulk silica and
the organosilicon. The spectra showed a dense surface silane layer on the 15% loaded
sample with a T2 configuration, namely in a reticulated-type structure, if compared to the
10% one. From the results it was possible to deduce that the capability to easily tune the
wettability properties of the metal supported catalysts paves the way to a wide range of
applications in which both the metallic phase activity and the polarity of the surface play a

pivotal role in affecting the catalytic reaction.



The second part of the Ph.D thesis was focused on the synthesis of N-heterocycles
once again starting from GVL. N-alkyl-5-methyl-2-pyrrolidinones and pyrrolidines are an
important class of chemicals that can be used as benign alternative solvent or as the starting
material for the synthesis of agrochemicals and pharmaceuticals. GVL has been coupled
with butylamine to obtain N-butyl-5-methyl-2-pyrrolidone (NBPO) and N-butyl-5-methyl-2-
pyrrolidine (NBPE) (Scheme A2) utilizing similar copper catalysts supported on different

materials.

o_o >N l\,l/l/ N(I/
Ao ke

Cu Catalyst
GVL Heptane NBPO NBPE

200 °C
Scheme A2. Reaction of amination of GVL to give NBPO and NBPE.

Initially, copper was deposited on three different supports widely used in catalysts
preparation: one amphoteric, namely hydroxyapatite (HAP), one acidic, namely SiO2-Al203
and one moderately acidic, namely SiO2 and the acidity of the readily made catalysts was
deeply characterized through FT-IR after pyridine adsorption and solid-liquid acid-base
titration using PEA as basic probe molecule. Copper phase morphology was investigated
through TEM, UV-DRS and TPR analysis. Subsequently the catalysts were tested in the
lactamization of GVL with butylamine. (T=200 °C, P(H2) = 10 bar and GVL:BuNH2= 1:1) The
reaction conditions and the set up were improved to lower the impact avoiding catalyst pre-
treatment and high hydrogen pressure. The best results were achieved by CuO/HAP with
the highest conversion and selectivity towards the green solvent product NMPO (77% and
61% respectively) while the most selective toward NBPE was CuO/SiO:z. This behavior was
ascribed to the high density while low strength Lewis acidity of the CuO/HAP if compared to
the other samples. Once again, this moderate Lewis acidity allows to coordinate the C=0
group and activate the GVL to the amine nucleophilic attack. On the other hand, the higher
reducibility of CuO/SiO2z gives account for its higher activity in the deoxygenation of NBPO
to NBPE, due to the in situ easier formation of reduced copper phase. Considering these
results, other supports, namely Al203 A, Al203 B, ZrO2 and TiOz2, were chosen to prepare
the corresponding copper catalysts that were also tested in the lactamization reaction. The
best performances were observed with the CuO/Al2.O3 B achieving 75% conversion of GVL
with a selectivity towards NMPO of 75% while the worst results were obtained using
CuO/Al203 A (30% conversion and 70% selectivity). The reasons were found in the higher

copper dispersion and in the lower particle size of Cu on the CuO/Al2z03 B catalyst



investigated by TEM and XRD. The system also showed its efficacy for the lactamization of

other biobased lactones.

Also in this case, the characterization of the morphology of the copper phase and of
the acidity of the systems was of great importance to understand the catalytic behavior of
the samples. Moreover, the activity and selectivity can be easily tuned by varying the
hydrogen pressure in the reaction environment and the acidic properties of the support. In
particular, modulating the acidity properties of the catalysts is an important tool to drive the

reaction selectivity towards each product.
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1.1 Introduction

1.1.1 Green Chemistry

Facing the pressing need for climate change mitigation, one of the most important
challenges in chemistry is to devise green and sustainable technologies for the conversion
of waste biomass to biofuels, commodity chemicals and new bio-based materials such as
bioplastics. Green or sustainable chemistry is an area of chemistry aimed to reduce or
eliminate, in chemical processes, harmful substances for humans and the environment
merging chemical competences to an ecological approach. Notably, green chemistry has
not to be mented as a single scientific discipline, but as a universal approach to science,
based on chemical, ecological and social responsibility [1]. Moreover, it is an innovative, non
regulatory and economically driven approach to sustainability that can be defined as
“‘meeting the needs of the present generation without compromising the needs of future
generations to meet their own needs” [2]. Pursuing these goals, green chemistry is focused
on innovative process design with the aim to protect human health and environment rather
than limiting the pollution generation through regulation: stimulating creativity and scientifical

innovations [3].

Paul Anastas and John Warner of EPA developed the twelve principles of green
chemistry (Table 1.1) in their Green Chemistry Theory and Practice book, 1998. These
principles are the product of environmental and social consideration of the authors summing

up the green chemistry approach.

Table 1.1. The twelve principles of green chemistry

The prevention principle is referred to waste generation. It is

Prevention

better to prevent waste rather than treat them after.

Waste generation can be prevented also planning synthetic
Atom economy methods in a way that the final product includes as much as

possible the starting reagents.

) Processes and synthetic pathways should be designed in
Safer chemical _
) order to use and generate non toxic substances both for
synthesis _
humans and the environment.
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) . The new chemicals should be designed to be the lowest toxic
Safer chemicals design )
possible.

It is better to avoid the use of solvents and other
Use of safer solvents o )
o supplementary reagents, if this is not possible they should be
and auxiliaries _
non toxic.

Chemical processes should be designed to require the less
Design for energy amount of energy as possible. They should be carried out, if

possible, at ambient temperature and pressure.

The use of renewable material should be preferred to non

Use of renewable raw o _ )
renewable ones when it is possible from the economic and

materials . ' _
technical point of view.
Reduction of The derivatization processes that are not necessary should
derivatives be avoided or minimized.
. The use of selective catalyst is preferred rather than
Catalysis

stoichiometric reagents.
_ The chemicals involved in a process should be designed in a
Degradation products
et way that when they decompose they produce harmless, not
esign _
polluting byproduct.
_ _ The chemical processes should be monitored with proper
Real-time analysis for _ _ _ _
) . analytical methods in order to avoid the formation of harmful
pollution prevention
substances.
The substances and the type of chemical process involved
_ _ should be chosen keeping in mind the minimization of
Accidents prevention ) ) . . -
potential accidents in order to obtain a safer situation both for

workers and the environment[3].

It can be derived that one of the main focuses of green chemistry is the general
prevention of wastes reducing the number of feedstocks needed for a process. A useful tool
used to estimate the efficiency of a process is the calculation of Atom Economy that is
defined as the ratio of the relative molecular masses of the desired products and all

reactants expressed in percentage [3].

An even more efficient way to quantify the wastes produced is the E factor that is
defined as everything but the desired product: the ideal E factor is zero. E factor not only

includes reagents and the chemical yield of the products but also solvents and auxiliaries.
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Water is generally not included in the calculation because it would increase exceptionally

the factors making comparisons among processes very difficult to perform [4].

A great challenge

A green chemistry approach to industry could be fundamental to reach social,
economic and environmental sustainability and chemists have a great role in reaching these
common objectives. In fact, chemical industry is one of the widest industrial sectors
considering the moles of production and invested money [5]. Pursuing green chemistry
principles surely provides a demanding challenge for the entire scientific community,
especially in the industry field. The final objective is to transform present technologies in
more innovative and environmentally friendly ones and, as a consequence, to radically
transform most of the current industrial processes. These huge changes require, of course,
a lot of money, time and intellectual and material resources making opportunities of profit
for company difficult to grasp. As a conseguence, newer greener processes are
implemented only if there is a reasonable probability of payback [6]. Moreover, generally the
green chemistry approach is perceived only as a cost without economic benefits. This is not
true for several reasons: the green technologies transformation surely requires initial high
investments cost but in the long term will provide an
advantageous economic return due to reduced cost of

wastes, energy and the use of less feedstocks [5]. ASteTETivE

Feedstocks

The great industrial research challenges provided

v

by green chemistry is oriented broadly into three

Alternative
Solvents

categories: the research of alternative feedstock,

alternative solvents and alternative synthetic pathways.

Alternative
. een . Synthetic
The most intuitive approach to alternative Pathways

feedstock is the substitution of the petroleum deriving
feedstocks with biobased, renewable resources [5]. Cellulose and hemicellulose represent
an important and versatile source of biomass because they can be obtained from agriculture

wastes. In this way, hydrocarbons, fuels and primary chemicals can be obtained easily [6].

Organic solvents represent one of the major problems because at the end of their
lifecycle they constitute a great toxic and polluting waste source. The most convenient way

to prevent this is to avoid their use. Since this strategy can not be suitable for every industrial
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process, non-toxic, easy to recover and greener solvents combined with recycle strategies

could be a great alternative [5].

The most convenient synthetic pathways usually include the use of a catalyst.
Heterogeneous catalysts are advantageous because they are used not in a stoichiometric
amount but only in catalytic. They can provide alternative synthetic routes that avoid the use
of many supplementary reagents or a big energy consumption [5]. Moreover, their easy

separation strongly limits purification steps that are usually time and cost consuming.

1.1.2 Biomass Valorization

As mentioned in the previous paragraph, the best way to conduct a chemical process
is to use raw materials deriving from renewable sources. Thus, to find alternative feedstock
to substitute non-renewable fossil materials is of a crucial importance [6,7]. Excluding fossils,
biomass is the only source of carbon available, and so represents one possible alternative
raw material for the production of energy and chemicals. In fact, the term biorefinery can be
associated with the coproduction of biofuels and chemicals from renewable biomass

feedstock, in a parallel way to the classic petroleum refinery [8].

There are several reasons to apply biorefinery processes to chemicals and energy
production. First of all, it would afford an environmentally beneficial reduction of carbon
emission of chemicals and liquid fuels, contributing also to provide a positive common
perception of the chemical industry. Then, the coproduction of biofuels combined to platform
chemicals in an integrated production chain will provide a higher return of investment [8].
Biobased chemicals also furnish a new portfolio of products that are diverse in terms of
structure and functional groups with the ones deriving from oil refinery [9]. Eventually, they
could meet legislative requirements for human toxicity and environmental pollution more

easily.

Dedicated crops vs Lignocellulosic wastes

The first generation of biomass feedstocks were grown for the biofuel production. In
North America it consisted especially in crops of maize and edible oil seeds, such as
soybean, while sugarcane was a relevant cultivation in Brazil. Corn was cultivated for this
scope in Asia while palm oil in Germany and Malaysia. Other investigated oilseed crops

were canola, sunflower and cotton flower. As already mentioned, the main problem is that
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this type of dedicated crops ultimately competes with food production for land, water and
other resources use. This enters in conflict with the concept of sustainability; the use of food
cultivation resources to produce biofuels can not be considered ethical, bearing in mind that
a large part of the human population still remains malnourished. Unfortunately, due to
biofuels economy, food commodities have encountered inflation in prices causing a
consisting number of people to fall into poverty [10,11]. Furthermore, dedicated crops for
the production of biofuels often use lands converted from rainforest, savannas and
grasslands causing a high amount of released that is several times more CO:2 than the

guantity saved for the production of biofuel [10].

To avoid this situation, instead of cultivating dedicated crops, renewable resources
can be obtained from agro-food industrial wastes, not competing with the global food supply
chain [4]. The main waste resources used as biomass are lignocellulose waste (figure 1.1),
such as corn stover, rice husks and inedible oil seeds, which are estimated to surpass 2 x
10! t/year worldwide. These residues can be divided into two categories: residues left in
the field directly after harvest of crops and residues separated from the product as it is
processed [12]. Such feedstocks could provide the basis of bio-renewable chemical
production without the need to allocate land for specific dedicated crops and itis in harmony
with the green chemistry concept of waste reduction considering that in the agricultural

sector this kind of waste is unavoidable [4].

Lignocellulose

y Y Y

Lignin Cellulose Hemicellulose
\ 4 A 4
Hexoses Pentose

Figure 1.1. Lignocellulose deriving biomasses.

Lignocellulose is a complex biopolymer with an intricate structure that is primarily
composed of cellulose (34-54 wt %), hemicellulose (19-34 wt %) and lignin
(11-30 wt %) [13]. Depending on the source, the percentege of this constitutive elements
could differ. Lignin is a cross-linked polymer with covalent linkages with cellulose and
hemicellulose, increasing its complexity [9,13]. It connects cellulose and hemicellulose fibers

in lignocellulosic biomass by filling the spaces between them, thus displaying a 3D
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cross-linked, stable molecular structure that consists of monomers of coniferyl, coumaroyl,
and sinapyl alcohols. Hemicellulose is a branched amorphous polysaccharide with a lower
polymerization degree. This feature makes it more prone to degradation than cellulose. Its
structure consists of random Cs or Ce sugars, being xylan the main structural unit. This gives
the possibility to produce from it xylitol, furfural, and furfural derivatives [14]. Cellulose is the
main component of lignocellulosic materials. It is a biopolymer constituted of glucosyl
residues and its valorization often entails depolymerization into glucose. Nevertheless, due
to its complex structure characterized by a dense H-bonds network, cellulose is almost
chemically inert and insoluble under usual conditions of solvent and temperature [15]. On
the other hand, it can be a valuable source for the production of ethanol, platform chemicals,

such as levulinic acid (LA) and 5-hydroxymethylfurfural (HMF), and liquid fuels [16].

Currently, four main classes of conversion processes are involved in biorefinery
system. These are the biochemical (fermentation), the thermochemical (pyrolysis,
gasification and aqueous phase reforming), the chemical (esterification) and the mechanical
(size reduction) ones [8] (figure 1.2).

H*
Syngas —_—

Gasification Alkanes
Ag. REW
. Pretreatment Hydrolysis Dehydrati
Lignocellulose — (Sl s Vs Cs + Co enydraton — HMF
Hemicellulose sugars Furfurals

+ \
Lignin Fermentation
Pyrolysis
Ho Lower
Pyrolisis ol H* Olefins, BTX

Figure 1.2. Methods for lignocellulosic conversion.

Alcohols,
diols, acids

One of the greatest challenges is converting lignocellulosic biomass to chemicals
achieving high selectivity and yields at economical costs. One-step methods, like pyro- lysis,
depend on high temperatures, but can deconstruct the polymeric matrix and lead to lower
costs due to the lack of pretreatment steps, excluding drying and size reduction. However,
downstream separations are required increasing the costs. In fact, the so-called bio-oll

produced is a mixture of hundreds of compounds, making separations of the targeted
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chemicals really challenging [9]. To improve selectivity controlling the reactivity, two-step
processing methods are often employed. Using this strategy, it is possible to fractionate the
lignocellulosic biomass into its main components, that are, as already mentioned,
hemicellulose, cellulose and lignin. Subsequently, each fraction can therefore be processed
under different conditions to achieve high yields of target products [9,16,17].

The obtained Cs and Cs sugars can be processed under mild conditions to produce
intermediate molecules that have enough reactivity to be used as building blocks to
synthetize a variety of chemicals and fuels depending on the necessities of the market
(Figure 1.3) [8,18].

Cellulose - Bioalcohols

OH

\\ &7)
v S/\)J R Furfuryl Alcohols
|

Bls(HydroxyImethyI)furan

Hydroxymethylfurfural W — L}J
/ \ o} / Furfuryl Esters

o g * T Ay oo -
O, — -
o ™M HJ\OH O \g Y
| Y . Levulinic Acid o)
Formic Acid GVL Valeric Esters
Hydroxymethylfurfural / i ~
Ethers
‘/ R HOW

N__o OH
H; \g 1,4-pentanediol

N-Alkylpyrrolidinones

Figure 1.3. Cellulose and hemicellulose derived molecules valorization.

One of the most promising building blocks is Levulinic Acid (LA) that can be obtained
from cellulose, starch or Ces sugars by acid dehydration passing through HMF as an
intermediate. In alternative, LA can be synthetized from hemicellulose in a three steps
process through furfural and furfuryl alcohol as intermediates [19]. LA has a wide application
scope: its derivatives constitute an important class of five carbon molecules with several
different applications (figure 1.3). Levulinic esters can be obtained through esterification of

LA and they are useful as oxygenated fuels. Hydrogenation of LA gives
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methyltetrahydrofuran which is an additive in gasoline and also finds a great application as

electrolyte for lithium rechargeable batteries [19,20].

LA and levulinates can also be hydrogenated to give y-valerolactone (GVL) [21-23]
that has excellent properties as solvent [24,25], food and perfume ingredient [26] as well as
fuel additive [27]. In this thesis the importance of GVL as substrates will be underlined: its
valorization produces important building block chemicals such as 1,4-Pentanediol (1,4-
PDO) [28,29]. See section 1.15 for a brief review for the production of GVL starting from LA

using copper heterogeneous catalysts.

As already mentioned, several methods can be employed for the valorization of
lignocellulosic biomass to upgraded chemicals, from the depolymerization of the starting
materials to the transformation of intermediates. The application of heterogeneous solid
catalysts, alternative to homogeneous liquid ones, has great importance because of their
versatile physicochemical properties, high hydrothermal stability, and efficient catalyst

recovery/reusability [30,31].

1.1.3 Heterogeneous Catalysis in Biomass Valorization, Criticity and Issues

Heterogeneous catalysis is one of the cornerstones of the chemical and energy
industries and will be a key tool towards sustainability and bioeconomy objectives.
Heterogeneous catalysts are solid materials that allow reactions at the solid interface.
Moreover, they can be easily separated from the reactants and product phase and recycled.
Generally, they are easier to handle, safer and prevent waste formation with respect to their
homogeneous counterpart [32]. The manageability, low harmfulness and high waste
prevention of heterogeneous catalysis perfectly meet the green chemistry principles, making
it one of the twelve [33].

The three key factors that describe the performances of a catalyst are activity,
selectivity and stability. The activity is generally related to the reaction rate, selectivity is the
percentage of the consumed reagent that forms the desired product while stability is referred
to the rate of catalyst activity decay, thus, it determines a catalysts frequency of replacement
[34].

The rational design of a catalyst is of fundamental importance to ensure high activity,
selectivity and stability and it is conducted by understanding the key descriptors that

determine the surface activation of reactants and intermediates for the synthesis of products.
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A heterogeneously catalyzed reaction is a combination of physical and chemical reaction
phenomena. These are associated to the mass transport of the substrates to the solid
surface, the reaction and the product desorption. Particularly, the steps involved are i)
diffusion of the reaction media through the boundary layer on the catalyst surface ii) pore
diffusion iii) adsorption of the reactants on the inner surface of the pores iv) chemical
reaction on the catalyst surface v) desorption of the products from the catalyst surface vi)
diffusion of the products out of the pores vii) diffusion of the products away from the catalyst
through the boundary layer [34]. It can be deduced that a catalytic reaction does not include
only a single interaction with the active site but a complex mechanism of adsorption and
desorption to the surface. In this respect, it is of paramount importance to understand, when
possible, the physicochemical properties of a catalytic material to establish structure-activity

relationship to carefully tailor its activity.

Valorization of oxygenated feedstock

Heterogeneous catalysts are used on large scale in the production of organic and
inorganic chemicals, particularly, in crude oil refining and petrochemistry [32]. However, due
to its versatility, it could be applied also for sustainable production of chemicals from
renewable biomass waste. Notably, the oxygen-rich and multifunctional nature of biobased
feedstocks imply that more cost-effective, direct synthetic route should be developed to
manufacture O-containing chemicals, i.e. alcohols, ketones, acids and esters.

The typical reactions involved in biomass valorization are hydrolysis, dehydration,
isomerization, aldol condensation, hydrogenation, hydrogenolysis, hydrodeoxygenation,
ring-opening, decarboxylation and oxygenation [35]. It is noticeable that the majority of the
reactions related to biomass require an acid (hydrolysis, dehydration, isomerization, aldol
condensation and ring opening) or a redox metal center (hydrogenation, hydrogenolysis,
hydrodeoxygenation and oxygenation). However, there are several issues related to these
procedures.

The catalytic processes requirements for biomass conversion are really distant from
the petroleum industry ones. In fact, as already mentioned, oil-deriving feedstocks are poor
in oxygenated compound in contrast to biomass ones [31]. Moreover, biomass supplies are
quite varied and complex as they can derived from many different resources [36]. The variety
and high density of functionalized molecules makes mass transport phenomena even more

complicated especially at the pores. In addition, biomass feedstock presents a high
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concentration of diverse impurities or chelating functional groups that can cause catalyst

poisoning or active phase leaching [37].

Stability of catalyst issue in biomass valorization processess

In a heterogeneous catalytic process, a catalyst may suffer of activity and or
selectivity loss as the reaction proceeds. This phenomenon is called catalyst deactivation
and it is defined as loss of activity/selectivity on reaction time. Deactivation can occur in
different ways that can be classified into three categories: mechanical, chemical or thermal
deactivation. The first is related to fouling events or attrition that cause crushing or erosion.
Chemical deactivation considers the poisoning and leaching of the active phase while the
thermally-induced deactivation is related to catalyst sintering that result in loss of surface
area [38].

Moreover, due to the high polarity of the bioderived feedstock, valorization processes
often rely to water as solvent. As a consequence, catalysts must be chosen or designed to
resist water or polar solvents. Low hydrothermal stability of the materials could cause
dissolution or leaching in the agueous media especially under different pH conditions. Water
can be presentin the reaction environment not only as solvent medium but also as byproduct
of dehydration or condensation reaction. Hence, development of water-tolerant catalyst, in
particular acid catalysts, could have a major impact on industrial applications involving
biomass transformation. Water can adsorb on hydrophilic solid acid surface resulting in a
partial deactivation of acidic sites and or, sometime, even the hydrolysis of the inorganic
frameworks. Most Brgnsted and Lewis acids sites can be permanently poisoned by water
adsorption creating a highly stable water adduct that can block their original Lewis acidity.
Moreover, in some cases Lewis acids are unstable into the water environment tend to
decompose into the corresponding metal hydroxides. It was also reported that Lewis acid
(M*) could react with water molecules acting as Lewis Base, saturating the coordinative
unsaturation and forming surface hydroxyl groups that generate a Brgnsted acid site [39,40].
On the other hand, if two Brgnsted acid sites dehydrates could convert into one Lewis site
and one base site. This can be observed for many different materials such as silica aluminas
metal oxides and zeolites with several techniques such as IR measurements after probe

adsorption like pyridine or CO [40-42].
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In this respect the effect of water must be properly studied to design a water tolerant
solid acid catalyst [43]. For instance, in the case of y-Al2Os the Lewis acidity decreases due
to water and no Brgnsted acid sites are produced [44,45]. However, many examples of
water-resistant catalysts are reported in literature. In particular, the behaviors of niobium
oxide and H-ZSM-5 zeolites in presence of water vapor was studied using FT-IR
spectroscopy after pyridine adsorption. While H-ZSM-5 showed no changes in acidity,
niobium oxide exhibited the presence of new reversible Brgnsted acid sites caused by water
addition to Lewis centers [44]. Niobium oxide materials acidic centers had showed a typical
water resistance: in the case of Nb2Os e n H20, in the presence of water, readily forms NbOa-
H20 adducts that preserve the Lewis acid functionality and still catalyze the conversion of
glucose into 5-(hydroxy- methyl)furfural in water [46]. Zeolites acidic sites can also show
water tolerance: Sushkevich and coworkers [39] demonstrated that the Lewis and Brgnsted
acid properties of Sn-BEA zeolite before and after the adsorption of water on Lewis sites
change in a significant manner. In fact, it causes the formation of bridged OH groups that
act as new Brgnsted sites. Conversely, in the case of just Sn supported Si-BEA zeolites,
water causes the hydrolysis of Si-O-Sn bonds without the formation of new acidic sites due
to a different coordinative environment of the Sn respect to the one of Sn incorporated
zeolite [39]. The water resistance of a solid material is strictly related to its surface wettability
[43]. Its modulation could be also an effective tool to impart water resistance and protect
acidic active sites [43]. In the following section, the importance of the catalysts surface

wettability will be discussed.

Wettability of solid catalysts

Surface phenomena are related to surface free energy that regulates the adsorption
and desorption of different chemical species. This is connected to the wettability properties
of a solid surface that can be defined as the ability to be covered by a liquid, therefore
describing the affinity between a solid and liquid interface [47-49]. Understanding the
wettability properties of a surface is fundamental in heterogeneous catalysis studies. A
surface can be hydrophobic or hydrophilic depending on the affinity that it has with water.
This property is generally described by the contact angle, which is the result of the balance
between interfacial free energies. In fact, the water contact angle value is the most
straightforward way to evaluate wettability measuring the angle formed by a drop of water
with a solid surface. If the angle 8 is smaller than 90°, the surface is hydrophilic, if 8 > 90°

the surface is hydrophobic [50] (figure 1.4).
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Figure 1.4. Water contact angles for hydrophilic (a), hydrophobic (b) and superhydrophobic (c)

surfaces.

According to this, surface hydrophobicity and hydrophilicity regulates its catalytic
applications range since key catalytic steps are related to adsorption and desorption of the

substrates.

Surface polarity or wettability of a catalyst is affected by several surface groups such
as hydroxyl (-OH), carboxyl and esters (-COOH, -COOR), carbonyl (-C=0), ethers (R-O-R)
and ionic species (H*, Na*, CI, COs? etc.) that are highly polar or alkylic groups, siloxanes,
etc. that have low polarity. Biomass transformation involves hydrophilic and hydrophobic
molecules or substrates that possess different functional groups with opposite polarity.
Hence, once again, it is necessary to tune the wettability properties of a catalysts surface to
optimize the adsorption and desorption of the substrates and products towards the catalytic
active site. Therefore, catalytic materials with suitable hydrophobic properties may enhance
adsorption of more lipophilic reactants and desorption of hydrophilic reactants or products,
thus boosting the catalytic activity and preventing poisoning of the active sites caused by
strong molecules adsorption. For instance, in a work of 2020, copper catalyst with a low
hydrophilic character was found to be more effective in the selective hydrogenation of the
a,B double bond of natural enones compared to a more hydrophilic material. The results
were in agreement with the easier interaction of the hydrophobic C=C bond with a less polar

surface [51].

The water scavenging during condensation reactions is very well known to improve
the catalytic activity therefore pushing the conversion. Otomo et al. tested a series of zeolites
with different Si/Al ratio in the dehydration of sorbitol to give isosorbide. Materials with a low
Al content exhibited a higher catalytic activity if compared to the one with high Al content,
despite the small number of acid sites. The reason was ascribed to the higher hydrophobicity
of the beta Si/Al=75 catalyst surface that allowed a better desorption of the water produced

during the dehydration step and a higher hydrothermal stability of the material [52].

As already mentioned, another important aspect of surface studies is the presence

of water in the reaction medium both as solvent or as byproduct of dehydration and
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condensation reactions that can cause the poisoning of the active sites and the hydrolysis
of the inorganic frameworks of the catalytic materials [53]. Moreover, water environment can

cause the leaching of many active sites especially metal-based Lewis acid ones [53].

Hydrophobization of a solid surface through functionalization can drastically improve
the hydrothermal stability of a catalyst protecting frameworks and active sites from water. In
a work of Resasco’s research group [54] it was demonstrated that hydrophobization of H-
USY zeolite with octadecyltrichlorosilane drastically enhances the stability of the material in
the alkylation of m-cresol with cyclopentanol in a water/oil emulsion system. The
organosilane grafting onto -OH groups of the zeolite prevents a direct contact between the
zeolite with the condensed water, thus stabilizing it from structural degradation and
poisoning and also making it more active if compared to the bare zeolite [54]. Similarly,
SBA-15 mesoporous silica can be functionalized with hydrophobic phenyl sulfonic groups in
three steps. These modified materials had greater stability towards water if compared to the
simply sulfonated SBA-15. It was demonstrated that phenyl residues imparted a suitable
hydrophobicity to drive out water formed during the synthesis of 2H-indazolo[2,1-

b]phthalazine-triones and triazolo[1,2-a]indazole-triones [55].

Bifunctional supported metal catalyst for biomass valorization

In the previous sections it has been underlined that multifunctional catalysts could be
effective in biomass valorization processes. Notably, solid catalysts offer the possibility to
integrate different types of active sites that is not possible to obtain with homogeneous
catalysis. In fact, solid materials can have on their surface the co-existence of acidic, basic
and redox active sites. This opens a wide spectrum of possibilities to implement complex
transformations in one-pot processes. In this case catalyst design becomes even more
crucial: actually, multistep synthesis performed in one pot can often result in the formation
of several byproducts [56]. In particular, bifunctional catalysts consisting in supported acid-
basic functions and metals are fundamental in promoting organic reaction such as hydrolysis
and condensation and reactions involving hydrogen such as hydrogenation and oxidation,
that are crucial in the valorization of the high content of oxygenated molecules present in
the biomass feedstocks. Moreover, acid sites could have a role in the activation of C-O
bonds making them more prone to hydrogenation. It can be derived that combining two
different active sites and finely tuning their properties could be a fundamental tool in biomass

valorization.
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Metallic phases can be supported on a variety of materials such as metal oxides,
mixed oxides, carbons or organic polymeric frameworks [32]. Supports have different

properties in terms of acidity, basicity, wettability or inertness.

For instance, in a work of Zhu’s group several 1% Pt/HBeta Zeolite with different
Bragnsted acid sites to Pt ratio were prepared changing only the acid sites density combining
the hydrogenation power of the platinum phase with the acidity of the support. This series
of catalyst was tested in the hydrodeoxygenation of the lignin derived monomer m-cresol.
The fine tuning of acidity was pivotal in diverting the reaction conversion and selectivity. In
fact, varying the acid sites/Pt ratio affects the product distribution and the reaction turnover
frequency due to the different transportation of the reactant/intermediates through the

micropore of the zeolite crystallite [57].

Another example demonstrating the significant effect of the proper choice of the
support and, as consequence, of the combination of the various functionality of a catalyst in
diverting conversion and selectivity of a process was shown by a work from Ravasio’s group.
A one step synthesis of butyl butyrate starting from butanol was set up using a Cu/ZrO:2
catalyst. They manage to demonstrate that ZrO2 was fundamental in the first activation of
the alcohol to alkoxide if compared to SiO2, but not enough as itself to promote the
dehydrogenation step. For this a metallic phase such as the supported copper one was
necessary. Thus, the synergistic effect of ZrO2 and Cu was found to be crucial in the

successful reaction proceeding [58].

Bifunctionality can be also imparted by a single element of a catalytic material. In a
work of the same group copper was supported on a quite inert SiO2 material. Thanks to the
preparation method, the very low particle size of Cu not only showed a remarked
hydrogenation power but also a sharp Lewis acidic character. The combination of both
features was the key in achieving good yields of pentyl valerate starting from GVL and 1-
pentanol. The moderate copper Lewis acidity activates the carbonyl group of the lactone to
the 1-pentanol attack and to the consequent hydrogenation step [57], while limiting the by-

product formation otherwise formed in higher amounts when using an acidic support.

1.1.4 Deposition of dispersed metal oxides phases on supports

In the previous section, the advantages, the criticality and issues of heterogeneous

catalysis in sustainable chemistry processes has been discussed, in particular concerning
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supported metal catalyst. In the literature, there are several developed methods for the
preparation of supported metal catalysts, but only few examples exist relying on robust and

active materials for industrial applications [34,59].

The most widespread methods to prepare supported metal catalysts are the
coprecipitation and impregnation techniques, that consist in effortless preparation
procedures that utilize cheap and simple precursors. Nevertheless, materials prepared with
these strategies present some drawbacks such as low metal phase dispersion and lack in
particle size control and uniformity, especially for high metal loadings. For instance,
supported, mixed and single component catalysts can be produced with the coprecipitation
method but the synthesis could be difficult to be controlled, in particular, the final features of
the solid could not be easily tuned. Similarly, impregnation methods consist in facile
preparation steps but low dispersion of the metal phase, low homogeneity, different size and
shape of the active particles and support interaction are the main drawbacks [34,59].

In the work of this thesis, catalysts were prepared using an unconventional method
called Chemisorption-Hydrolysis (CH), which allowed us to prepare supported copper
catalysts that have hydrogenation and acidic catalytic properties with an easy and
reproducible protocol. This method has been demonstrated to combine the easiness of
impregnation techniques while ensuring high metal dispersion and low particle size [60].
Furthermore, the versatility of this method offers the possibility to obtain highly dispersed
copper catalyst on a variety of different inorganic matrices on which the final catalyst
properties will depend [61]. The peculiar feature of the copper phase deposited with CH
method confers outstanding hydrogenation activity to the copper oxide nanoparticles and
an unexpected Lewis acidic character that is due to the Cu phase morphology. This method
offers the possibility to exploit hon-noble Cu catalysts that have hydrogenation activity
comparable to the most used noble metal catalysts, such as Ru, Pt and Pd, and of Ni using
a cheap, non-noble and non-toxic Cu catalysts. Catalysts prepared with this method
demonstrated to be highly stable and suitable for many industrial applications. For instance,
Cu/ZrO2 system was stable up to 90 hours of reaction during the production of a mixture of
butanol/butyl butyrate via a dehydrogenative coupling reaction under no solvent conditions
at 250-350 °C of temperature [62]. In another case Cu/SiO2 was stable up to 250 °C and
100 bar of Hz pressure during dimethyl adipate hydrogenolysis [63].

A detailed explanation of the synthetic procedure and overlook of the characteristic

features of the Cu catalysts prepared with CH method is shown in appendix section 6.3.
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1.1.5 y-Valerolactone: an important bioderived platform chemical

In the work of the present thesis GVL was used as the main substrate for the
production of value-added chemicals. GVL is a Cs membered lactone that has natural
occurrence i.e., in fruits and vegetables. It is a renewable, non-toxic and biodegradable
substance that can be easily and safely stored and transported due to its low melting point
(-31 °C) and high boiling one (207 °C). For these reasons, GVL is widely employed in the
industrial and manufacture field as food and fuel additive, solvent and as renewable and
sustainable precursor for other important chemicals such as 2-methyltetrahydrofurane,
alkanes and 1,4-pentanediol [16,64].

As already mentioned, GVL can be obtain by hydrogenation of LA that can be derived
from cellulosic biomass (see section 1.2). Actually, there are different ways to produce GVL
from LA following two main mechanism pathways (Scheme 1.1). One route starts from
hydrogenation of LA to give y-hydroxyvaleric acid followed by a dehydration step to the
desired GVL. The second way proceeds via dehydration of LA to give angelica lactone that
is subsequently hydrogenated to GVL. In both cases, there is a dehydration step that relies

on an acidic active site and a hydrogenation step that requires a metal active center [19,65].
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Scheme 1.1. LA hydrogenations pathway to give GVL.

Several hydrogenation strategies can be utilized in the hydrogenation of LA to give
GVL. Hydrogenation of LA to give GVL can be achieved using indirect source of hydrogen,
such as formic acid or alcohols, with a mechanism called catalytic transfer hydrogenation
(CTH) that is surely one of the most interesting approaches for a safe, environmentally

friendly and cost-effective GVL production.
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However, typically hydrogenation is carried out by using exogenous hydrogen gas
that is the most straightforward way to hydrogenate different compounds [66]. Non-noble
metal catalysts, in particular supported copper catalysts, has demonstrated to be efficient
system for the hydrogenation of LA with molecular hydrogen. In agreement with the scope
of this thesis work, some structure-activity-relationship examples of heterogeneous copper
catalysis used to perform hydrogenation of LA to GVL will be briefly discussed.

As already mentioned, in this case, a highly performing catalyst must possess a great
hydrogenation activity combined with a marked acidity to activate the carbonyl group to
hydrogen attack and to enhance dehydration. Hydrogenation power can be enhanced by
well-dispersed, low size metal nanoparticles: In a work of Obrégon’s research group [67]
different bimetallic Ni-Cu materials prepared with wet impregnation and sol gel methods
were tested in the hydrogenation of LA to GVL. Similar conversions and yields profiles (up
to 96% yield after six hours) in GVL were achieved with the catalysts prepared with wet
impregnation and sol gel method. However, the materials prepared with the latter method
possessed around half of the metal content (14% against 34% wt/wt respectively). The
better performances were ascribed to the higher dispersion obtained with the sol gel method
in contrast to the wet impregnation technique together with a balanced amount of acidic and
metallic sites. The authors stated that a higher dispersion allowed a more intimate contact
between the acidic and hydrogenating sites, therefore boosting the reaction rate, and
preventing coke deposition [67]. Similarly, the dispersion of the metal phase in Cu/ZrO2
catalysts prepared with coprecipitation was again critical in the hydrogenation of LA to give
GVL. In this case, activity was not proportional with copper content because it could be
incorporated into the zirconia lattice or present as large bulk aggregates. A proper Cu/Zr
(ratio =1) with high dispersion was the key to achieve the highest yields in GVL (80%) with
a total conversion of LA [68].

A well-fitting example of tailoring hydrogenation activity and acidity is proposed by a
work of Chary’s group [23]: Cu/Al203 systems were prepared with different Cu loading. The
conversion of LA reached a maximum at 5-10% copper loading (98%), then it decreased to
41% at 20% Cu loading wt/wt. The drop of catalyst activity was ascribed to the lacking of
availability of acidic sites at high Cu loading that enables the dehydration step from LA to
angelicalactone. Selectivity towards GVL followed the same trend and the authors
suggested that selectivity was related to the copper dispersion too [23]. The same catalytic

behavior was observed when using Cu/ZrO2 materials by the same group [69].
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1.1.6 Aims of the thesis

The work of this Ph.D thesis project was dedicated to the valorization of platform
molecules derived from biomass cellulosic waste, in particular, biobased lactones such as
GVL using heterogeneous copper catalysts. These can be valorized into new valuable
molecules such as diols and amines that are ubiquitous chemicals in today’s chemical
industry. The use of simple and cheap heterogeneous copper catalysts supported on
various materials, prepared with the Chemisorption-Hydrolysis method [70], will avoid toxic
and expensive noble metal catalysts. These materials are easy to prepare, resistant and
provide reliable results. Depending on the nature of the support they can have different
acidic or wettability properties making them very versatile in organic synthesis. Deep
characterization was performed on the catalytic system to enlighten the relationship
between physicochemical properties of the catalysts with their performances. Particularly, a
focus was given on the study of copper phase morphology, wettability and acidity of the
surfaces.

The work will follow two main research lines:
1. Study on GVL hydrogenation to give 1,4-PDO

2. Synthesis of N-containing chemicals starting from bioderived molecules.
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2.1 Introduction

In this introduction section, an overview on the recent literature concerning
heterogeneous catalytic processes aimed to obtain 1,4-Pentandiol (1,4-PDO) starting from

Levulinic acid (LA) and y-valerolactone (GVL) is proposed.

1,4-PDO is an interesting and useful biomass deriving diol that could be utilized not
only as bio-monomers to synthetize bioderived polyesters [1,2] and polyurethanes [3,4] but
also as solvent [5,6]. As already showed in the previous chapter, LA can be converted in
GVL through hydrogenation and dehydration reactions but also can be furtherly
hydrogenated to give the 1,4-PDO. The reaction pathways of LA hydrogenation to give GVL
and 1,4-PDO can divert depending on dehydration or hydrogenation sequences involving
the formation of 4-hydroxypentanoic acid (4-HPA) intermediate if the hydrogenation occurs
at first, or angelicalactone (AL) intermediate if the dehydration takes place before. GVL can
be subsequently hydrogenated to 1,4-PDO that can be further dehydrated to give 2-
Methyltetrahydrofuran (2-Me-THF) [7]. As observable, the fine tune of the dehydration
acid/base properties and the hydrogenation power of the catalysts could modulate the

reaction mechanism pathways and subsequently the obtained products.
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Figure 2.1. LA hydrogenation pathways to give GVL and or 1,4-PDO. Adapted from ref.
[7].

2.1.1 Levulinic acid hydrogenation to 1,4-pentandiol
Noble metal catalysts

LA hydrogenation to 1,4-PDO is a non-trivial reaction that in the literature is reported
to be mainly achieved by using noble metal catalyst. Supported noble metal catalysts can
be utilized such as Mo-modified Rh/SiO2 catalyst in agueous media at 80 °C and 6 MPa of
hydrogen [8]. The modification of the catalyst with small amount of Mo was effective in

switching the selectivity from the product GVL to the 1,4-PDO reaching 70% yield using the
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optimized 0.13 Mo/Rh ratio. Exceeding ratio of 0.25 shifts the selectivity back to GVL. After
some tests with model carboxylic acid, it was found that the Mo modification may promote
the adsorption of the acid group and subsequently its hydrogenation. This could be the
reason for the high selectivity towards the diol [8]. Similarly, Mo can be used to prepare
Pt-Mo system supported on hydroxyapatite using a co-impregnation method [9]. This
catalyst was effective in the hydrogenation of LA reaching 93% of 1,4-PDO yield at 130 °C
and 6 MPa of Hz. Similarly, to the previous example, the Pt/Mo ratio affected the selectivity

towards the 1,4-PDO with a volcano-type dependency with the maximum at Pt/Mo=4 [9].

LA hydrogenation to 1,4-PDO can be achieved with 100% yield using a commercial
catalyst 1 wt% Au/TiO2 by AUROIite™ with microwave irradiation at 200 °C and 5 MPa of
H2 for 4 h under no solvent conditions [10]. The presence of water strongly inhibited the
reaction influencing the reversibility as it proceeds through a hydration/dehydration step.
The choice of the support was of pivotal importance for the selectivity towards the diol as in
the case of 2.5 wt% Au/ZrO2 100% conversion of LA was reached but with only 9% selectivity
in the diol. In fact, it was found that in the case of TiO2, the presence of oxygen vacancies
generated by the loss of structural oxygen, alters reactant adsorption/activation and
therefore affects the catalytic performance. Moreover, at the surface of the titania,
dissociated H atoms are ionized to H* that in turns react with activated LA and GVL

improving the dehydration and hydrogenation process [10].

Non-noble metal catalysts

There are few examples of non-noble metal supported catalysts used in the LA
hydrogenation to give 1,4-PDO: supported Cu catalysts with tunable distribution of acidic
and basic sites could switch the production of GVL or of 1,4-PDO from levulinic acid/ester.
Brgnsted acid sites over CuAl catalyst suppress the opening of the ring of GVL, thus,
inhibiting 1,4-PDO formation. On the contrary, the introduction of basic Mg species boosted
the selective conversion of GVL to 1,4-PDO via opening of the ring structure of GVL [11].
Similarly, in a work of the same group, the hydrogenation of ethyl levulinate to give 1,4-PDO
was favored on CuMg catalyst with abundant basic sites that were essential in the GVL ring-
opening process [12]. Moreover, a proper amount of Brgnsted acid sites could promote the
GVL ring-opening in the case of Co-based catalyst. Also in this case, an excessive amount
of Brgnsted sites suppresses the formation of 1,4-PDO facilitating the formation of
byproducts [13].
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2.1.2 [-valerolactone hydrogenation to 1,4-pentandiol

Due to the complexity of the LA hydrogenation mechanism, the separation of the LA
hydrogenation step to give GVL from the further GVL hydrogenation to give 1,4-PDO could
be efficient in the achievement of high diol yields. Moreover, GVL hydrogenation to 1,4-PDO
is easier to achieve using non-noble metal catalysts. However, some consideration about

the reaction mechanism has to be done also in this case.

The group of Resasco has proposed a possible reaction pathway and intermediates
formation thanks to a combination of experimental and theoretical studies, considering in
particular the hydrogenation in aqueous phase over a 5% Ru/C catalyst [14]. The reaction
may start with a ring opening step between the carbonylic carbon and oxygen that forms a
surface intermediate, CH3CH(Ox)—(CH2)2 —CO=+. This intermediate can undergo three
reversible parallel pathways: i) decarbonylation that leads to 2-butanol, ii) hydrogenation
that leads to 1,4-PDO and iii) C-O hydrogenolysis that leads to 2-pentanol [14].
Successively, the same research group has further investigated the reaction profile to shed
light on the rate limiting step. In particular, DFT studies suggested that the rate limiting step
for the formation of the 1,4-PDO is the hydrogenation one underlining the need to design
hydrogenation-promoting catalysts [15]. Actually, in a work on hydrogenation of GVL, Zhang
et al. observed also the formation of valeric acid (VA) caused by the cleavage of the C-O
bond between the -O- oxygen ester and the -CHz- [16]. Utilizing MoOx decorated Ni/Al203
catalyst, it is possible to switch the selectivity form VA to 1,4-PDO. In particular, when the
reduction temperature is increased from 400° to 600 °C, the 1,4-PDO yield increases from
25% to 66%. This could be due to the fact that the catalyst reduced at 600 °C possesses
more exposed surface catalytically active Ni® with a high hydrogenating power. Moreover,
the MoOx decoration was crucial in tuning the selectivity towards the diol: the surface oxygen
vacancies allow a stronger adsorption of GVL, that interacts with the lone electron pair of
the oxygen of carbonyl group. In this way, the C-O ester bond can be weakened and finally
hydrogenated to 1,4-PDO [16].

Copper catalyst for GVL hydrogenation to 1,4-PDO
Recently, supported copper-based catalysts had showed to be effective in the
selective hydrogenation of GVL to give 1,4-PDO. Copper can be supported on a wide variety

of metal oxide supports with different properties. A summary of the main results that can be

found in the literature is shown in table 2.1.
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Table 2.1 Hydrogenation of GVL to give 1,4-PDO by using copper catalysts.

Catalyst GVL conversion (%) 1,4-PDO selectivity (%) Reference
Cu/MgO 91 94 [17]
Cu/ZnO (flow) 82 99 [18]
Cu/SiOz2 (flow) 32 67 [19]
Cu1.5Mg1.5AI0 93 99 [20]
ZnCu/Al203 91 98 [21]

A 18% Cu/MgO prepared with metal-organic chemical vapor deposition method
allowed to achieve 91% of y-GVL conversion and 94% selectivity to 1,4-PDO at 10 MPa for
10 h [17]. The copper loading was found to be crucial in the catalytic activity and selectivity
towards 1,4-PDO. Passing from 6% Cu/MgO catalysts to the 18% loaded one, the
conversion of GVL increased from 71.4% to 80.0% respectively, reaching the maximum
selectivity of 1,4-PDO observed of 86%. If the copper loading is further increased an
increase in selectivity for 2-MTHF and n-pentanol was observed [17]. Cu can be supported
on ZnO with a co-precipitation method with a different copper loading and calcination
temperature. These catalysts, were used in the hydrogenation of GVL to give 1,4-PDO in a
continuous flow reactor. The 40% Cu/ZnO calcined at 500 °C was the best and gave the
GVL conversion and the PDO selectivity of 82.3 and 99.2%, respectively at a GVL feed rate
of 0.4 g h™%, 140 °C, Hz pressure of 1.5 MPa and H2 flow rate of 90 cm? min™1[18]. Also in
this case, the selectivity towards the 1,4-PDO increased with the Hz pressure, while the
increase in temperature enhances the formation of the dehydration product such as 2-Me-
THF [18]. These dependances were observed also in a work of Simakova et al. where
Cu/SiO2 were used to achieve 1,4-PDO from GVL [19] with a 32% GVL conversion in a
continuous flow reactor using n-butanol as the solvent and reaching a selectivity of 1,4-PDO
of 67% (GVL = 6.9 mmol, n-butanol = 15 mL, mcat = 0.455 g, T = 130 °C, PH2 = 1.3 MPa,
time = 4 h). The lower selectivity towards 1,4-PDO compared to the one achieved with
Cu/zZnO was ascribed to the acidity of the silanol groups that promotes the dehydration of
the diol to 2-Me-THF [19]. As already cited, it is important to underline the major role of
acid/basic sites when considering this hydrogenation reaction. The basic Cui.sMg1.5AIO0
catalyst derived from layered double hydroxides precursors was found particularly efficient
achieving a conversion of GVL of 93% and a selectivity to 1,4-PDO >99% [20]. These results

were mainly attributed to the cooperative effect of its well-dispersed active Cu nanopatrticles
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and the appropriate surface base sites nearby. Notably, when the acidic Cu/HZSM-5 is
utilized, larger amount of 2-Me-THF were obtained due to the acidic-assisted dehydration of
the diol. This was observed also when 1,4-PDO was used as the substrate: a conversion of
69% for 1,4-PDO to 2-Me-THF was found over the Cu/HZSM-5 catalyst when, in contrast,
no conversion of 1,4- PDO was observed using the basic Cu1.5Mg1.5AIO catalyst [20]. The
addition of Zn on Cu/Al203 catalyst improved significantly the selectivity towards the diol
passing from 46% of the bare Cu/Al203 to 98% reported in the case of ZnCu/Al2O3 catalyst
with a Zn/Cu molar ratio =1 [21]. It was observed that 1,4-PDO selectivity increases while
selectivity of 2-Me-THF decreases when the amount of Lewis acid sites is decreased by the
addition of Zn. In fact, Zn decreases the quantity of surface Lewis acid sites and then
promotes the preferential formation of 1,4-PDO than 2-Me-THF [21]. However, high yields
in 1,4-PDO from GVL hydrogenation can be obtained using mild acidic supports such as

SiO2 not only under flow conditions [19] but also in batch.

2.1.3 Hydrophobization of heterogeneous catalysts

A reaction catalyzed by heterogeneous catalyst involves a combination of physical
and chemical phenomena. Notably, they include the transport of the reactants to the solid
surface, the reaction and the removal of the products. Thus, itis clear that a heterogeneously
catalyzed reaction does not only include a single interaction with a distinct active site but a

complex scenario of adsorption and desorption pathways on and from the catalyst surface.

This becomes of fundamental importance in the rational catalyst design process
especially when the reaction takes place in a liquid medium. In particular, if it is true that the
reactant chemisorption to the catalyst active site is crucial during a catalytic reaction, it could
not be considered independently from its physisorption. In this respect, the study of the
wettability properties of a surface could be critical: a solid surface presents a surface free
energy that have a role in the adsorption and desorption of different chemicals. In fact, it can

be described as the affinity between a solid and a fluid interface [22,23].

As widely explained in the 1.1.3 section, heterogeneous catalysis has been employed
in biomass valorization processes being versatile and in agreement with the Green
Chemistry principles [24,25]. Nevertheless, biomass is a really diverse and complex
resource that requires the development of new chemical processes compared to the
traditional oil refinery-based ones. In fact, compared to the fossil resources, biobased

molecules can contain up to 50% wt/wt of oxygenated groups imparting a certain polarity to
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the feedstock [26,27]. Bearing this in mind, it is deducible that working with highly polar
molecules make a catalyst surface property such as wettability a key problem to be faced in
order to improve the performances of a catalytic material, in particular, to modulate the

stability and the preferential adsorption or desorption of organic molecules [28,29].

In the literature, several examples are reported describing the ability of a more
hydrophobic surface to increase the solid resistance towards water, in particular, avoiding
the poisoning of the active sites, especially acidic ones, hence allowing long-life and good
recyclability of the system [30-33]. Moreover, a low hydrophilic surface is excellent in
improving the catalytic dehydration of bio-based molecules [34,35], but also the
condensation reactions like esterification of fatty acids [36—38] or biobased acids [39,40]
and etherification [41,42].

Despite this, there are still few studies in the literature about the hydrophobization of
metal catalysts that are able to promote hydrogenation or oxidation reactions too. An
interesting strategy is represented by the deposition or incorporation of metal particles onto
a hydrophobic support matrix. Pd can be incorporated in hierarchically porous zeolites, with
different hydrophobic/hydrophilic character, imparting water resistance and demonstrating
that modulating the wettability properties of the support affects the activity of the Pd active
phase [43]. Differently, Pd can be deposited on carbonaceous material for furfural and
5-(hydroxymethyl)-furfural hydrogenation in water. Again, finely tuning of the support
wettability was crucial to modulate the selectivity of the reaction obtaining up to 99%

selectivity towards tetrahydrofurfuryl alcohol [44].

Another strategy to tune the wettability properties of metal catalysts is the post-
synthesis modification of the surface [45]. A high water tolerance and stability can be
achieved by grafting phenyltriethoxysilane onto Ru/TiCeOx catalysts surface for o-
dichlorobenzene catalytic combustion obtaining a superhydrophobic water repellant and
self-cleaning material [46]. Many works had showed how surface modification of supported
metal catalyst can drive the reaction pathway, boosting the selectivity towards a desired
product. A series of organophosphonic acids can be used to tune the surface hydrophobicity
of Pd/AI203 catalyst therefore allowing to control the selectivity in vanillin
hydrodeoxygenation reaction pathways [47]. Stearic acid functionalized Cu/ZnO exhibited a
strong inhibitory effect on the unfavorable water—gas shift reaction in one-step synthesis of
dimethyl ether from syngas [48]. Trietoxyoctylsilane was utilized as a coupling agent for Cu

catalyst in the hydrogenation of levulinic acid to give GVL. The obtained higher water
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repellency of the grafted materials not only boosted catalyst resistance but also GVL yield
preventing the stabilization of the 4-hydroxyvaleric acid intermediate through intermolecular

hydrogen bonds with water molecules [49].

2.1.4 Aim of the work

The aim of the work presented in this chapter is to obtain 1,4-PDO through GVL
hydrogenation (Scheme 2.1) by using silica supported copper catalyst. In the literature, there
are no evidence of effective Cu/SiO2 catalysts due to the low activity and selectivity of silica-
based systems in this type of reaction. The chosen strategy is to modulate the surface
properties of the catalysts in different way to tune the morphology of the copper phase, the
wettability and the acidity to boost the catalytic performances and selectivity towards the diol

product.

Cu/SiO, OH

o. .0
\/J I MOH
Scheme 2.1. Hydrogenation of GVL to give 1,4-PDO using silica supported copper catalysts

To modulate the wettability two different strategic pathways were pursued, namely
the choiche of the appropriate silica support to drive the final physico-chemical properties

and the post copper deposition organosilane grafting.

2.2 Choosing the appropriate SiO2 support

Silica materials comprise a large variety of material with the general formula SiO:2 that
could, however, present different textural properties. Generally, the silica materials used
with chemical application are from synthetic origins. There are several methods to synthetize
amorphous silica materials. In this thesis, two classes of silica were utilized for the catalyst
preparation: silica gel and pyrogenic silica. The former is prepared solubilizing a soluble
silicate, i. e. alkoxysilane, in water and then acid is added. In this way, stable particles of
colloidal size are formed by condensation. As condensation proceeds, a gel is formed that
is successively dried and washed. Silica gels result in a coherent, rigid, 3D network of
contiguous particles of colloidal silica [50]. Silica could be also synthetized using high

temperature processes burning SiCls with oxygen or hydrogen. In this way, pyrogenic silicas
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are formed in which primary particles are connected into linear chains and a non-porous

structure is formed [50].

In this work, four commercial silicas, namely two pyrogenic (SiOz2 A and SiO2 C) and
two silica gel (SiO2 B and SiO2 D) were used as the support in the preparation of four
CuO/SiOz2 catalysts with the aim to obtain copper catalysts with different textural, wettability
and acidity properties. In fact, the adsorption-desorption mechanism of reactants and
products on the catalyst surface is crucial in affecting the activity and selectivity of a catalytic
system in a reaction, in particular considering the different polarities of the substrate GVL
and product 1,4-PDO. The acidity of the surface has also a major role: acid sites can activate
the carbonyl functionality of the GVL to the hydrogenation reaction thus, boosting the
conversion [51]. However, it could limit the selectivity favoring the formation of dehydration
byproduct such as 2-Me-THF and valerates. The textural properties of the four silicas are

shown in table 2.1.

Table 2.1 . Specific Surface Area (SSA) and Pore Volume (PV) of the selected silica supports.

SSA/m?g? PV /cmig?
SiO2 A 251 1.74
SiO2B 486 0.79
SiO2C 30 /
SiO2D 681 0.66

In truth, surface wettability and acidity are related to each other [30], and their fine
tuning is of great importance to drive the reaction pathway. Thus, the supports surface
properties were deeply studied focusing in particular on their wettability properties and

surface acidity. This had the scope to enlighten their role in the catalyst performances.

2.2.1 Characterization of the SiO2 support

Several characterization techniques aimed to investigate the wettability feature of a
solid material are reported in the literature [28]. In this work, Static Contact Angle (SCA)
measurements and TG analysis were performed with this aim (figure 2.2). SCA were
evaluated depositing a drop of 1,3-propandiol, as a model, onto pressed disk of the silica
samples (see experimental section 5.4.1) and the angle was obtained with extrapolation with

a fitting function. On the other hand, TGA was used to measure the weight loss of the sample
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between 200° and 900 °C. The loss values were elaborated with equation (4) showed in
experimental section 5.4.4 to obtain the hydroxyl density of each sample. The SCA values
and the surface hydroxyl density determined with TGA are reported in table 2.2. The relevant
SCA standard deviation of the SiO2 B is due to the inhomogeneity surface texture.
Notwithstanding slight differences are appreciable due to the typical hydrophilic character of
silica, observing the SCA values and the hydroxyl density values of the samples, it is clear
that the two pyrogenic silicas present a less hydrophilic surface. In particular, in the case of

SiOz2 C, the hydroxyl density was under the detection limit using this method.
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Figure 2.2. TGA thermograms (A) of the SiO, supports and an example of DTGA of SiO- B (B).
Adapted from ref. [52].

Moreover, it also presented the highest contact angle among the analyzed samples.
On the contrary, SiO2 D emerged to be the most hydrophilic sample among the silicas with
the highest value of hydroxyl density and the lowest contact angle value. Porous fumed SiO2

A and silica gel SiO2 B were then selected as models.

Table 2.2 . Hydroxy density and 1,3-propandiol contact angle of the silica supports

Hydroxyl density (mmolox g?) 6 (°)2
SiO2 A 3.1 25+3
SiO2 B 6.6 19+6
SiO2C n.d. 31+£3
SiO2 D 7.9 174

21,3-propandiol was used for the measurement
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To quantify and identify the strenght of the surface acidic sites of the support materials
is of outstanding importance due to the nature of the surface adsorption phenomena that
take place during metal deposition and catalytic processes. With this aim, liquid-phase
acid-base titrations of the two model silicas by a strong basic probe, such as 2-
phenylethylamine (PEA) were performed to investigate the acidic properties of the chosen
silica support before copper deposition. The titrations were carried out using a closed HPLC
line as apparatus (see paragraph 2.5.4 in the experimental section) choosing a non-polar,
aprotic solvent such as cyclohexane that mimics gas-solid titration conditions. The amount
of the acidic sites determined with this method corresponds to the intrinsic acidity of the
sample as result of the characteristics of the cyclohexane [53,54]. The adsorption isotherms
are shown in figure 2.3. Data were collected and elaborated as explained in the materials
and methods section. The first run quantifies the total amount of acid sites resulting in the
surface saturation of the solid with the probe PEA. After the desorption of the physisorbed
and weakly adsorbed PEA with fresh solvent, the second run evaluates the remaining weak
acid sites. The difference in the adsorbed PEA between the two runs therefore corresponds
therefore to the number of strong acid sites. It is observable from the isotherms that the SiO2
B sample surface presents a higher number of acidic sites if compared to the SiO2 A sample
that is coherent with the more hydrophilic behavior showed by the wettability

characterization [30].
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Figure 2.3 . Liquid-solid acid-base adsorption isotherms (T = 30.0 £ 0.1 -C) of PEA on A) SiO; A e
B) SiO; B in cyclohexane. Adapted from ref. [52].
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2.2.2 Synthesis and Characterization of the copper catalysts

The copper catalysts were synthetized utilizing Chemisorption-Hydrolysis (CH) as
deposition method. This technique allows to obtain a high dispersion of the metal phase and
lower particle size with respect to the traditional impregnation methods [55] (see section
1.1.2). The catalysts were prepared with a nominal copper loading of 16% wt/wt. The
procedure was optimized to achieve the 16% of Cu confirmed by ICP analysis several times
in previous works [56]. The morphological properties such as SSA and porosity are showed
in the appendix section 6.4. Notably, the TEM analysis of CuO/SiO2 A sample displayed a
similar nanoparticle morphology and the particle size distribution was centered around a
mean value of 2.8 nm. On the other hand, the distribution of CuO/SiO2 B nanoparticles was
reported to be centered around 2.3 nm (figure 2.4 A2 and B2) and in both cases more than
90% of the nanoparticles were under 3.5 nm. Besides, the nanoparticles are dispersed on
the SiO2 support very homogeneously and without aggregation. Moreover, in previous

works, no significant copper phase reflection was detected by XRD analysis suggesting that
the particle size is under the detection limit [55].
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Figure 2.4. TEM micrograph of CuO/SiO; A sample (Al) and CuO/SiO; B (A2) and related size

distribution (B1 and B2 respectively). Yellow arrows highlighted small Cu nanopatrticles. Adapted
from ref. [52]. Copyright Elsevier.
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X-ray Photoelectron Spectroscopy (XPS) analysis were performed with the scope to
further investigate the copper phase dispersion and the surface elemental composition of
the two catalyst CuO/SiO2 A and CuO/SiO2 B both before, and after the reducing pre-
treatment (obtaining Cu/SiO2 A and Cu/SiO2 B). The surface atomic composition expressed
in percentage are showed in table 2.3. Si, O and C were presents as elements on the surface
at the expected binding energy coherently. The presence of moderate quantities of carbon
even after the subtraction of the adventitious one is probably due to residues of the
precursors in the synthesis of silica. The Cu/Si ratio was calculated for both the calcined and
reduced sample as a measure of the copper surface dispersion. In particular, considering
the CuO/SiO2 A sample the Cu/Si ratio is halved passing from the calcined to the reduced
form (table 2.3). This could be caused by a rearrangement phenomenon of the support that
may occur during the reduction pre-treatment in presence of hydrogen. Despite this,
CuO/SiO2 A possesses a higher Cu/Si ratio if compared to CuO/SiO2 B, even after reduction.
Considering that the CH preparation method exploits the electrostatic interaction between
the silica surface and the copper precursor, a lower hydroxyl density, as in the case of SiO2
A, permits a better distribution of the non-vicinal copper centers, thus preventing clusters

aggregation during the calcination step.

Besides, the photoelectron spectra of the Cu 2p region was deconvoluted (figure 2.5).
With this method it is possible to investigate the copper oxidation state before and after
reduction and some possible interactions between the metallic phase and the silica. The
values of the Cu 2pY2and Cu 2p3? binding energies can be found in table S3 in the appendix
section. Split spin-orbit components can be noticed with the typical splitting (A ca. 19 eV)
[57]. Cu(ll) species can be recognized in the sample CuO/SiO2 B at the characteristic
binding energies of Cu 2p%2 peak at about 933 eV and of Cu 2p'? peak at about 953 eV.
Moreover, they can be also identified by the typical shake up peaks near the main 2p*? and
2p%? [58]. However, two different Cu(ll) species are present, recognizable by two
contributions [59]. Analogously, Cu(ll) can be acknowledged also in the case of CuO/SiO2
A but the main 2p¥? and 2p®? photopeaks present only one main contribution. Furthermore,
it is noticeable that the binding energies for all the contributions are shifted at slightly higher
values if compared to the sample CuO/SiO2 B and the typical value of CuO systems. In the
literature, it can be found some evidences of copper species binding energy shift for a
Cu/SiOz2 system, ascribing it to the decrease of electron density of the copper caused by the
electron scavenging properties of the SiO2z [60]. This phenomenon could indicate a strong

interaction between the metal phase and the support. This was observed also in the case
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of CuO supported on SiO2-Al203 systems [61]. The XP spectra of the reduced Cu/SiO2 A
and Cu/SiO2 B presented a different peak profile with the absence of any shake ups. It is

known that Cu(l) and Cu(0) species are hardly distinguishable considering the binding

energies of the relevant peaks, however, it could be assumed that almost all the Cu (ll)

species was reduced to Cu(0). In fact, the highest contribution peaks are now at 933.1 eV
(Cu 2p%?) and 952.9 eV (Cu 2p*?) in the case of Cu/SiO2 A and 932.7 eV (Cu 2p%?) and
952.3 eV (Cu 2p*?) in the case of Cu/SiO: B. These values are in agreement with the binding

energies of various Cu(0) standard [62,63]. Moreover, a minor contribution peak could be

still observed in the Cu 2p®2 and Cu 2p*? main peak for both the reduced samples. This

could be due to partial oxidation of the Cu(0) to Cu(l) caused by a brief contact with air

previous the analysis.

Table 2.3. Atomic percentages of surface elements present on CuO/SiO, A and CuO/SiO; B

before and after reduction determined by XPS analysis.

Sample Si Atomic % | O Atomic % | C Atomic % | Cu Atomic % | Cu/Si
CuO/SiO2 A 25 55 15 5 0.2
Cu/SiOz2 A 29 60 3 0.1
CuO/SiO2 B 30 63 6 1 0.03
Cu/SiO2 B 32 61 6 1 0.03
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Figure 2.5 . Cu 2p High resolution XP spectra of CuO/SiO; A and CuQO/SiO; B catalysts before
(up) and after reduction (bottom). Adapted from ref. [52]. Copyright Elsevier.
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Considering the results obtained with the performed surface characterizations, it is
deducible that the fumed silica favors the formation of very small copper nanoparticles
together with a high dispersion. Besides, the presence of unsaturated coordination sites on
the Cu nanoparticle, specifically when reduced, provides a Lewis acidity character [56].
Thus, the nature and quantity of the acidic sites present onto the surface of the reduced
catalysts was studied using a spectroscopic approach. In particular, IR spectroscopy using
pyridine as probe molecule is able to distinguish between Lewis and Brgnsted acid sites and
to quantify them through integration of the typical absorption bands. The one at 1450 cm™*
and 1610 cm can be ascribed to the pyridine-Lewis acid sites bond, while the bands at
1550 cm, 1620 cm™* and 1640 cm™ are related to the Bransted acid sites [64]. The FT-IR
spectra of the pre-reduced Cu/SiO2 A and Cu/SiO2 B in comparison with the corresponding
support after pyridine adsorption are showed in figure 2.6. It is noticeable that the catalysts
present only a Lewis type of acidity, identified through the distinctive bands. According to
the quantification calculations (table 2.5), Cu/SiO2 A displays a higher number of sites
compared to the Cu/SiO2 B. This evidence confirms furtherly that a highly dispersed copper

phase confers the material Lewis acidity that is absent on the bare silica.
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Figure 2.6. FT-IR spectra of absorbed pyridine onto the Cu/SiO; catalysts. Spectra were taken
after pyridine desorption at 150 °C (see Experimental section). Adapted from ref. [52]. Copyright

Elsevier.

Table 2.5. Lewis acid sites quantification at 100 °C and 150 °C by FT-IR of pyridine desorption.

Adsorbed pyridine (mmolpy gearl)
Desorption T (°C) Cu/SiO2 A Cu/SiO2 B
100 0.18 0.15
150 0.13 0.08

Liquid-solid titrations with PEA were performed also for of the two catalysts, in
cyclohexane to determine the intrinsic acidity and into the two chosen reaction solvents,
namely dioxane and CPME, for the effective acidity [53]. The quantification of the acidic
sites is displayed in figure 2.7 while experimental isotherms in figure S20 in the Appendix
section. As presented, the CuO deposition impacts differently on the acidity of the two silica
supports. In particular, the number of total sites of SiO2 B after the deposition of copper
(from 0.813 to 0.512 mmolprea gear* SiO2 B and CuQ/SiO:2 B, respectively), while the strong

sites increase slightly from 0.336 to 0.392 mmolrea geat’* and significantly in percent

On the other hand, if the CuO/SiO2 A is compared to SiO2 A the total number of
acidic sites increases from 0.427 to 0.483 mmolpea geat™* after copper deposition, whereas the
strong sites almost double passing from 0.180 to 0.316 mmolpea geat* and in percentage from
42% to 65%. Interestingly, none of the two silica supports were able to adsorb the PEA
probe in the reaction solvents, namely dioxane and cyclopentyl methyl ether (CPME). This

indicates that the support acidity is not involved in the reaction.

51



0.6

W Cyclohexane
m CPME
- 09 M Dioxane
W
8 .
£ m Total Sites
04 Erngans B Strong Sites
=5 SRR
o i
3 e
© i
e
E O 3 :++++++:=E:E=E
S St
e
=~ e
s
% :'I-'I-
g 02
<
&
0.1

A CuO/Sio, B

CuO/SiO,

Figure 2.7 . Intrinsic acidity of CuO/SiO2 A and CuO/SiO2 B in cyclohexane and Effective acidity
of CuO/SiO2 A and CuO/SiO2 B in CPME and in dioxane. Adapted from ref. [52]. Copyright
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With this results in mind, it is likeable that the copper deposition involves a decrease
in the silica surface silanols that mainly affects the total acidity as measured with PEA
titration. Moreover, the copper phase imparts also a further Lewis type acidity proportional
to the copper dispersion. In fact, XPS results display a higher copper dispersion for the
CuO/SiO2 A. In particular, the coverage of the surface silanols by copper is balanced by the
addition of the metal that causes an increase in the total acidity. On the contrary, a lower
copper dispersion, as in the case of CuO/SiO2 B is not enough to raise the total acidity if
compared to the bare SiO2 B support. Furthermore, as already enlightened, the intrinsic
acidity of SiOz, in particular the number of strong acidic sites, is almost twice than the one
of SiO2 A. Nonetheless, after the formation of the CuO phase the total and strong acidic
sites number are comparable between the two materials. This is due to a strong decrease

in the total sites, particularly on the silica gel.

2.2.3 Catalytic test and discussion

The aforementioned acidity and dispersion properties of the CuO/SiO: catalysts make

them suitable candidates for GVL hydrogenation into 1,4-PDO. The catalytic test results are
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shown in table 2.6. The reaction conditions were the same reported for a CuMgAl system,
namely dioxane as solvent, P(H2) = 50 bar and T = 160 °C (table 2.6, entries 1 and 2) [65].

To improve the sustainability of the reaction the green solvent CPME was chosen as
alternative to the toxic dioxane. Under the conditions, the differences between the two
catalysts started to show. The Cu/SiO2 A allowed to obtain a 78% yield of 1,4-PDO with no
formation of 2-Me-THF (table 2.6, entry 3) while no differences were noticed for the Cu/SiOz2
B catalyst. The result achieved with Cu/SiO2 A was quite outstanding if compared to a 37%
Cu/SiOz2 system that, under the same conditions, was able to achieve only 5% conversion
[65]. Similarly, as showed in another paperwork [66], various 30% Cu catalysts at 200 °C
and under 50 bar of H2 gave unsatisfactory results. In particular, Cu/TiO2 allowed to obtain
84% selectivity to 1,4-PDO at 45% of conversion whereas Cu/SiO2 gave 58% of conversion
with no selectivity to 1,4-PDO [66]. It is worth to note that when the hydrogenation is carried
out in a continuous flow reactor using a 27% Cu/SiO2 catalyst poor results in terms of activity
and selectivity were obtained. On the contrary, a 44% Cu/ZnO catalyst allowed to achieve

98% selectivity to the diol at 16% conversion.

In a work of Simakova et al. [19,] a deep study was performed on the influence
reaction conditions such as temperature, pressure, solvent and substrate/catalyst on
Cu/SiOz2 achieving 32% conversion of GVL and 67% selectivity of 1,4-PDO.

Table 2.6. Catalytic tests for hydrogenation of GVL. Reaction conditions were T=160 °C, pH2>= 50
bar, Substrate/Catalyst = 5/1 for 22 h. Catalysts are pre-reduced at 270 °C.

Entry Catalyst Solvent Conversion (%) Selectivity to 1,4-PDO (%)
1 Cu/SiOz2 A dioxane 49 81
2 Cu/SiO2 B dioxane 57 80
3 Cu/SiOz2 A CPME 80 98
4 Cu/SiO2 B CPME 57 82
5 Cu/SiO2 A? CPME 58 81
6 Cu/SiO2 AP CPME 30 82
7 Cu/SiO2 A° CPME 90 74
8 Cu/SiO2 Ad CPME 49 90
9 Cu/SiO2 A® CPME 67 93

3pH,= 30 bar, "T=140 °C, °T=180 °C, YSubstrate/Catalyst = 10/1 (wt/wt), ét=12 h.
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Bearing this in mind, the effect of the variation of the reaction conditions was also
studied for Cu/SiO2 A and Cu/SiO2 B. An increase in the temperature to 180 °C enhances
the conversion but significantly compromise the selectivity, leading to a yield of 63% (table
2.6, entry 7), while a decreasing in both the temperature and H2 pressure has a negative
effect on the conversion (table 2.6, entry 4, 5 and 6). In contrast, the increase in
Substrate/Catalyst ratio or the decrease of reaction time negatively impacted on the

conversion despite keeping a good selectivity.

The moderate increase in both conversion and selectivity when using CPME as the
solvent was primarily observed for the catalyst prepared with the less hydrophilic silica. On
the contrary, the activity and selectivity of the one prepared with the silica gel did not show
remarkable differences. The substantial effect of the solvent on the catalyst acidity was
underlined by the titration with PEA. As shown in figures 2.7, the total acid sites density and
the strong ones over CuO/SiO2 A remarkably decreases when titrations are performed under
dioxane and CPME. Comparing the effective acidity measurements in the two solvents it is
noticeable that, in dioxane, the number of strong acid sites is comparable while in CPME
both the number of total and strong sites are truly higher on CuO/SiO2 B (0.163 vs 0.025
mmolpea geat ). According to this, the higher selectivity of CuO/SiO2 A in CPME could be
ascribable to the lower strong acidic site density. As a consequence, acidity could be finely
tuned through the reaction solvent, preserving the lactone activation capacity and, at the
same time, limiting the side reactions. In fact, moving from dioxane to CPME a mitigation of
strong acid sites occurred, improving thus the selectivity, despite the preservation of a

moderate total sites density.

The choice of CPME was the pivotal point in achieving these results. Moreover, it
was demonstrated that using Cu catalyst under dioxane mitigates the copper hydrogenation
activity [67,68]. The physicochemical properties such as low toxicity, high boiling and low
melting point and mostly low peroxide formation rate, make CPME a suitable green solvent
that can be employed in a variety of chemical reactions [69—-71]. Nevertheless, its usage in
platform molecules valorization is not common. Moreover, alcoholic solvents are not suitable
for this kind of reaction, in fact, as already reported, alcohols can add to the carbonyl group
with a nucleophilic attack resulting in the formation of esters. In particular, the use of Cu/SiO:2

D under the reaction conditions of 250 °C and 10 bar of Hz gives high yield in the ester [56].

The activity of the catalysts in the hydrogenation of GVL is related to the Lewis acidity,
in this case expressed by the metal nanoparticles. The CPME solvent allows to exploit the
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higher dispersion of Cu/SiO2 A demonstrated by XPS results. Moreover, the less hydrophilic
nature of the silica support has a role in promoting the product desorption, preventing side
reactions. Recently, the fine tuning of the wettability has been considered as a new tool for
the improvement of a catalytic process. HMF can be obtained as the only dehydration of
product using a superhydrophobic mesoporous acid that prevents HMF rehydration [72].
Naturally hydrophobic carbon supports were utilized to improve the catalytic efficiency of
palladium nanoparticles in the dehydrogenative coupling of organosilanes [73]. An
outstanding catalytic turnover frequency in hydrolysis of acetate esters was reached using
sulfonic group by a highly hydrophobic environment [74]. It is worth to mention that the tune
of wettability properties of a catalysts has a primary role in three-phase gas-liquid-solid
reactions, such as catalytic hydrogenations [75,76]. In fact, the solubility of hydrogen in liquid
media is quite low deriving in a low H2 availability on the surface of the catalyst. However,
lowering its hydrophilicity, that is related to an increase aerophilicity, can improve the
hydrogen availability on the surface, thus allowing the use of lower hydrogen pressure.
Indeed, by lowering the H2 pressure over the more hydrophobic catalyst Cu/SiO2 A we have
the same result obtained at higher P over the less hydrophobic Cu/SiOz B (entries 5 vs 4).
This could be related to the higher catalytic performance of Cu/SiO2 A observed in the
catalytic hydrogenation of a,B-unsaturated ketones and sulphones compared to the Cu/SiO2
B (prepared with 8% wt/wt Cu loading) [77].

In the present case, the lower hydrophilcity of SiO2 allows the highest conversion.
This is in full agreement with the contact angle trend, in fact, the higer the 8 the lower is the
affinity of the surface with the diol. As a consequence, a lower hydrophilicity seems to
facilitate the desorption of the diol molecules, justifying the optimal conversion as shown in

figure 2.9.

55



Desorption

Adsorption
'
@

<t o)

P

Hydrophobicity I

| cu/sio, Acidity

Hydrophylicity |

HA> H‘O HO
4

Figure 2.9. Supposed adsorption and desorption mechanism on the Cu/SiO2 A and B

catalysts. Adapted from ref. [52]. Copyright Elsevier.

2.2.4 Conclusion

The large abundance of biobased lactones deriving from renewable sources gives
the opportunity to synthetize diols using hydrogenation processes. In this paragraph, it was
shown that the finely tune of the GVL hydrogenation processes that includes catalyst
preparation method, choice of the support and solvent, allowed to reach 78% vyield of
1,4-PDO. In particular, it has been demonstrated that the wettability feature of the catalyst
surface drives the dispersion of the copper phase: XPS analysis results showed that a
Cu/SiO2 A presents an higher Cu/Si ratio. Moreover, a lower hydrophilicity increases Hz

availability on the surface and promotes the product desorption.

The presence of acidic sites is fundamental in activate the carbonyl group of lactone
which opening requires harsh conditions therefore often resulting in the formation of
byproducts. Indeed, the proper choice of the reaction solvent had shown to be a very
effective tool to tune the catalysts surface acidity. Using liquid-solid acid-base titration with
PEA, it was demonstrated that moving from dioxane to CPME the number of acidic sites on
CuO/SiO2 A increased by 24%, enhancing the activity while the strong ones decrease by

almost one third enabling to reach 98% of selectivity.
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2.3 Modification Cu/SiO2 catalyst with organosilane compounds

On the basis of the results shown in the previous paragraph, the aim of the work
presented this section was use an uncomplicated procedure of functionalization of the
surface of a supported copper catalyst using trietoxyoctylsilane (TEOCS) to improve the
catalytic performance of an hydrophilic catalyst, namely Cu/SiO:2 B, in the hydrogenation of
GVL to give 1,4-PDO in order to reduce the overall hydrophilicity. Silanization has revealed

to be effective for the hydrophobization of silica based materials [78-80].

2.3.1 Functionalization and characterization of the CuO/SiO2 B catalyst

CuO/SiO2 B was prepared as explained in the previous paragraph, through the
Chemisorption-Hydrolysis method [55]. To modify the wettability properties of the surface,
TEOCS molecules were grafted to the surface hydroxyl groups using diverse silane
percentage loadings, namely 1, 5, 10 and 15% wt/wt (see the experimental section for the
procedure). In this section, a deep characterization of the physico-chemical surface
properties of the catalysts was realized with the aim of enlight their relationship with the

catalytic activity.

The effective grafting of octylsilane functional groups on the catalyst surface was
investigated by IR spectroscopy (figure 2.10). In the IR spectra are visible the characteristic
bands of alkanes. Specifically, at 2926 cm' and 2853 cm™ the signals ascribable
respectively to the asymmetric and symmetric stretching of C-H bond and -CHz- groups of
the organosilane residues can be detected. Furthermore, the signal at 2962 cm™ are
diagnostic of the asymetric stretching of C-H bond in the -CHs residues [46,81]. Moreover,

the intensity of the alkane bands proportionally grows to the silane loading coherently.
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Figure 2.10. IR spectra of the catalysts. Adapted from ref. [82] Copyright Elsevier.

XPS was also utilized as a tool to investigate the enrichment of silane groups on the
catalyst chains, particularly, to clear the effect of the grafting on the copper reducibility (figure
2.11). Samples were therefore analyzed before and after reduction (see the experimental
section for the reduction procedure). Although the high complexity of the Si 2p and O 1s
peaks does not enable an exhaustive fitting, the main species can be still acknowledged
(figure 2.11 A and B). From the spectra, it is noticeable a moderate enlargement of the Si
and O bands. This could be ascribed to the contributions related to the oxidated surface

species, namely the siloxane bonds [83].

The reducibility of the copper phase was investigated performing XPS on a fresh
calcined and reduced selected sample (namely CuO/SiO2 — 10% TEOCS). As it can be
noticed in figure 2.11, Cu(ll) can be identified by Cu 2p®? peak at about 933 eV and of by
Cu 2p*? peak at about 953 eV and by recognizing the presence of the shake up peaks near
the main ones. The copper phase reduction was corroborated by the changing of the

contribution peak areas [52] and from the disappearance of the shake-up peaks [58].
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Figure 2.11. XPS spectra A) Si 2p*? band of bare sample CuO/SiO, and CuO/SiO, — 15% TEOCS.
The typical bands of defective (Si*) [84,85], Si**(SiO.) [86,87], Si-OH [88], Si-Os-C3; [89] are
reported. B) O 1s High resolution spectra of the bare and functionalized CuO/SiO; — 15% TEOCS
catalysts The typical band of SiO; reticular oxygen [90,91], CuO oxygen [58], Si-O-Si [88] bond of
silane, SiOx [92,93] are showed. C1) Cu 2p spectra of the calcined CuO/SiO, — 15% TEOCS and
(C2) Cu 2p spectra of the reduced CuO/SiO, — 15% TEOCS catalyst (right). Adapted from ref. [82].
Copyright Elsevier.

Nitrogen adsorption isotherms were performed to determine the specific surface area
(SSA) and the total pore volume (PV) of the samples (table 2.7, column 2 and 3). The SSA
and PV values of the silane grafted catalysts were slightly lower if compared to the non-
functionalized CuO/SiOz2. This could be ascribed to the progressive loss of accessibility of
the pores caused by the interaction of the silane chains [94]. On the other hand, the small
increase in SSA and PV of CuO/SiO2 — 15% TEOCS could be due to a rougher surface

caused by the organosilane grafting [95].
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Table 2.7. Specific surface area (SSA), total pore volume (PV) and diol static contact angle (SCA)

values
Sample SSA/m?g? | Pore Volume /cm® g | SCA (Bdia) / °
SiO2 410 0.63 501
CuO/SiO2 365 0.54 62x1
CuO/SiO2 - 1% TEOCS 358 0.52 651
CuO/SiO2 - 5% TEOCS 331 0.41 72+1
CuO/SiO2 - 10% TEOCS 245 0.37 75+3
CuO/SiO2—- 15% TEOCS 263 0.50 75+t4

TG analysis was chosen to the stability of the silane bond under the reaction

temperature. Thus, the analyses were carried out on the bare and modified samples and

the TG profiles are shown in figure 2.12 while the temperature values of the onset and end

of the major weight loss steps with the associated weight loss percentage are reported in

table S4. As deducible, the great mass loss evaluated at 550 °C was reconducible to the
CuO/SiO2 -15% TEOCS sample followed by, in decresing order of mass loss, CuO/SiO: -
10% TEOCS, CuO/SiO2 -5% TEOCS, CuO/SiO2 -1% TEOCS and CuO/SiO2. Generally, the

loss of the physisorbed water ends at around 200 °C where a plateau is noticed. Then, the

mass loss related to the decomposition of the grafted silane is observed at around 320-
330 °C [96]. From the TGA datas it is deducible that the silane grafting bond is stable onto

the surface of the catalysts up to 320 °C, fairly higher compared to the reaction temperature

of 160 °C.
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Figure 2.12. TGA profiles of all the CuO/SiO, samples. Adapted from ref. [82] Copyright Elsevier.
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After this, TEM analyses were performed on the bare and silanized samples to
understand the possible influence of the organic moieties on the metallic phase morphology
and the micrograph are shown in figure 2.13. From the analysis results it is clear that all the
samples have a similar copper nanoparticles morphology: the mean value of the particle
diameter was around 2.3 nm and they appeared well dispersed onto the support. No copper
nanoclusters bigger than 5 nm nor aggregation were detected (see figure 2.13 size
distribution graph). A different case was observed on the 15% functionalized sample
surface. In fact, the copper nanoparticles are less detectable in TEM but are visible in STEM
analysis (figure 2.14). HAADF-STEM contrast is less sensitive to the particle morphology
and proportional to the atomic number Z, thus, it allows a detection of particles buried in thin
depth. However, the particle size and morphology are comparable to those of the other

samples.

To have a clue onto the variation wettability properties of the catalysts surfaces
according to the silane loading, the static contact angle (SCA) among 1,3-propandiol and
the sample surface was measured (table 2.7, column 3). The 1,3-propandiol is a poorly
viscous diol that can efficiently mimic the reaction product 1,4-PDO, giving an overall
indication of the alcoholphilicity of the surface. From the SCA data it is noticeable that copper
deposition limits the polarity of the surface and, as a consequence, increases the SCA
probably due to a partial coverage of the surface hydroxyl groups of silica. Moreover, after
the silanization the affinity with the 1,3-propandiol decreases, from a value of 62° of
CuO/SiO2 to a one of 75° of CuO/SiO2 -15% TEOCS.
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Figure 2.13. Representative TEM micrographs of selected samples a) CuO/SiO,, b) CuO/SiO; -
5% TEOCS, c) CuO/SiO; - 10 % TEOCS, top, and associated size distributions of copper NPs,
down. Adapted from ref. [82] Copyright Elsevier.
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Figure 2.14. Representative micrographs for sample CuO/SiO; - 15 % TEOCS. On the left bright
field TEM image and on the right side HAADF-STEM image (copper particles are the brighter
roundish spots). Adapted from ref. [82] Copyright Elsevier.

Due to its intrinsic nature, SCA measurements on porous solids present some
limitations caused by the roughness and irregularity of the sample surfaces. To overcome
these constraints, water adsorption isotherms could be effective into assess the
hydrophilicity of a porous solid, measuring the water affinity. The water adsorption isotherms
of the support and of the catalyst samples are shown in figure 2.15. A decreasing trend
similar to the one observed for the N2 adsorption experiments can be found: the affinity with
water drops as the density of the silane increases on the CuO/SiO:2 catalyst surface.
Particularly, the computed monolayer volume, Vm, decreases from a value of 42 cm?®/g to a
value of 22 cm®/g in the case of CuO/SiO2 and CuO/SiOz2 respectively. This was analogue
to the decrease of the Vm calculated for the N2 adsorption experiments, which drops from
84 to 29 cm?/g for the same samples respectively. Consequently, there are appreciable
differences in the SSAwater of the samples that goes from 128 m?/g in the case of CuO/SiO2
to 68 m?/g for the CuO/SiO2 —10 % TEOCS. This could be ascribed to the hydrophobic
interactions among the organosilane chains that decrease the affinity of the surface towards
water. The differences in the adsorbed volume of water are more significant moving towards
higher relative pressures (p/p° = 0.5). In fact, passing from the bare SiO2 support to
CuO/SiO2, the adsorbed volume of water decreases from 107 cm3/g STP to 88 cm3®/g STP
respectively. Moreover, it decreases proportionally with the increase of silane loading (from
88 cm?/g STP for the bare catalyst to 23 cm?3/g STP for the 10% functionalized one).
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Figure 2.15. Water adsorption isotherms at temperature of 40 °C on SiO,, CuO/SiO,, CuO/SiO, —
5% TEOCS and CuO/SiO; — 10 % TEOCS. Adapted from ref. [82] Copyright Elsevier.

2.3.2 Catalytic test and discussion

The fresh prepared silane-functionalized CuO/SiO2 catalysts were tested in the
hydrogenation of GVL to give 1,4-PDO (scheme 2.1) to determine the effect of the silane
hydrophobization on the catalytic performances under the same conditions used in the

paragraph 2.2.2 catalytic tests. The results of the experiments are shown in figure 2.16.

It is evident that even after low silane anchoring degree (1% of loading) on Cu/SiOz2
the selectivity to 1,4-PDO readily increases reaching 99% with the 5%, or superior, loading.
The overall activity improved too: there was an increase in the yield of diol from 47%
obtained with the bare Cu/SiO2 catalyst reaching 80% of yield using the Cu/SiO2 — 10%
TEOCS. Surprisingly, a considerable decrease of the yield is appreciable when the silane
loading is increased from 10% to 15%, despite keeping an excellent selectivity towards the
1,4-PDO. This is in agreement with the fact that a more efficient desorption of the 1,4-PDO,
occurring on a less hydrophilic surface, strongly limits the formation of dehydration
byproducts such as 2-Me-THF [52]. Surprisingly, if the spent catalyst is analyzed with the
same procedure the presence of the same alkane bands can be still clearly visible, therefore

indicating the stability of the grafted organosilane chains (figure 2.17).
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Figure 2.16. Catalytic test results of the organosilane grafted catalysts in the GVL hydrogenation.
Reaction conditions: T = 160°C, P(H2) = 50 bar, t = 22 h, substrate/catalyst = 5/1 (500 mg of
GVL/100 mg of catalyst) and solvent: CPME. Conversion was normalized by the copper content
percentage of the samples. Adapted from ref. [82]. Copyright Elsevier.
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Figure 2.17. IR spectra of the spent CuO/SiO, — 15% TEOCS catalyst. Adapted from ref. [82].
Copyright Elsevier.

The characterization results of SCA and water adsorption measurements underline
the reduction of the surface polarity deriving from the silane functionalization in a
proportional manner with the silane loading. The overall decrease in hydrophilicity/polarity
of the catalysts surface significantly boosts the selectivity to the 1,4-PDO having a role in

preventing the side reactions as demonstrated also in the previous section. However, it can
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be observed that the activity of the catalytic system conspicuously decreases, surprisingly,
when the silane loading is increased from 10 to 15% despite the decrease in alcolphilicity.
The reasons could be searched in the different bonding configuration of the silane moieties
bonded to the catalyst surface (figure 2.18) that could hinder the Cu active sites. Particularly,
TEOCS molecules could be bounded to the surface mainly into three different
configurations: with a single bond (T%), two bonds (T?) and bonding with adjacent silane
chain (T3) [94,97]. Considering this, the prevalence of a T3 type structure configuration could
lead to a decrease of the copper active site accessibility, hampering the GVL substrate to
approach the hydrogenation site. To validate this hypothesis, CP-MAS NMR was chosen as
characterization technique: 2°Si CP-MAS NMR spectra of our samples were recorded and
compared to the 2°Si NMR of the pure triethylethoxysilane as standard. As shown in figure
2.18 inset, the 2°Si NMR of pure TEOCS presents a singlet at -45 ppm. Conversely, 2°Si CP-
MAS NMR of bare CuO/SiO2 presents the two contributions attributable to the bulk of the
SiO2 support, namely the tetra-coordinate siloxane Si-(0OSi)s (Q* at -110 ppm) and the
siloxane bonded to a single silanol Si-(0Si)s-(OH) (Q® at -101 ppm) [98]. On the other hand,
if the functionalized catalysts are taken into consideration, a further group of signals can be
detected at higher ppm. If the spectra are deconvoluted, four distinguished contributions can
be identified between -80 and 30 ppm. Notably, T configuration can be identified at -49
ppm, at -58 ppm the T2 and finally T2 configuration can be assigned to the signal at -68 ppm
[49,94,98]. Besides, a small amount of the silane precursor (T° configuration) can be still
found at -40 ppm [99]. If the CuO/SiO2 — 5% TEOCS is considered, no fitting analysis
procedure was performed due to the fact that the signal intensities were comparable to the
background noise. Conversely, CuO/SiO2 — 10 % TEOCS and CuO/SiO2 — 15 % TEOCS
spectra revealed that the silane molecules are bounded in a different configuration
depending on the silane surface loading. In particular, the signal ascribable to T* and T?
structures decreases, while the T2 contribution enhances, passing from the 10% to the 15%
TEOCS loaded catalyst. Area percentage of the deconvolution peaks are reported in table
2.8. This demonstrates that, at higher concentration, the silane is prone to reticulate [94],

hindering the copper active site.
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Figure 2.18. A) 2°Si NMR of pure triethylethoxysilane and *Si CP-MAS NMR of the sample
catalysts; fitting procedures of B) CuO/SiO; — 10 % TEOCS and C) CuO/SiO; — 15 % TEOCS. D)

sketches of the possible silane/SiO- configurations. Adapted from ref. [82].

Table 2.8. 29Si CP-MAS NMR chemical shifts and relative percentages for the three proposed

structure
Adji.RZ [ T? T2 T3
0 (ppm) % |0 (ppm) % | O (ppm) %
10% TEOCS 0.99 -49 24 | -58 64 |-67 12
15% TEOCS 0.98 -48 13 |-58 46 | -67 41

In the previous section, it has been already demonstrated that the fine tune of the

surface acidity properties is functional to achieve high selectivity and yield in 1,4-PDO

starting from GVL [52]. Again, FT-IR characterization after pyridine adsorption can enlighten
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the nature and quantity of acidic sites and the possible influence of the silane moieties on
the copper Lewis acidic sites. Moreover, the use of a moderately hindered probe molecule
could give another clue on copper accessibility. The FT-IR spectra after pyridine adsorption
on the bare and functionalized catalysts are shown in figure 2.19 and the quantification of
the acidic sites is shown in table 2.9, first column. From the data, it is deducible that the
catalysts preserve the typical acidity of those prepared with the CH method. Besides, the
band at 1575 cm™ was more enhanced in the case of silanized samples. This could be
ascribable to the in-plane atomic displacements for the pyridine 8b vibrational modes of
adsorbed pyridine corresponding to the vibrational modes of its benzenic ring [100,101]
(figure S25). If quantitative analysis is considered, the concentration of Lewis acid sites was
higher for the silane grafted samples with the only exception represented by the 15% loaded
one. This suggests that the TEOCS grafting plays a role in promoting the acidity of the
surface, particularly, the mild electron withdrawing ability of Si involved in -Cu-O-Si-R bonds
could further lower the electron density of copper nanoclusters, promoting their acidity. In
the literature, this phenomenon was observed by Tsou and co-workers: the silane grafted
on copper phyllosilicates catalysts induced the formation of new acidic sites [49].
Interestingly, in the case of CuO/SiO2 — 15% TEOCS, the values of acidic sites drop to a
number even lower to the bare sample one. This could be explained by the fact that the
higher density of silane chains of the 15% sample encourages the reticulation of the
structure on the surface as already explained before in the case of CP-MAS NMR
experiments. Again, this could hamper the pyridine probe to approach the copper active
sites, coherently with the hypothesis regarding the GVL interaction with the copper site.

Thus, the masking effect of the silane chain could cause the apparent reduction of acidity.
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Figure 2.19. FT-IR spectra after pyridine adsorption of the catalysts. The spectra are obtained after
pyridine desorption at 150 °C (L = Lewis, B = Brgnsted). Adapted from ref. [82]. Copyright Elsevier.

Total surface acidity of the samples can be measured also through gas-solid titration
with ammonia (table 2.9, second column). In this case, all the samples have a similar acidity
guantification value (0.31-0.35 mmol(NH3) gcat-1), suggesting that the silanization doesn’t
compromise the acidic features of the copper phase. The steric hindrance of the two different
molecules could be the reason of the different observed results: ammonia has a smaller
kinetic diameter compared to pyridine; thus, it could be less influenced by the steric
hindering effect of the organosilane chains and could be able to titrate all the accessible Cu
sites on the surfaces independently on the silane loading degree. The use of different sized
probes to evaluate the acidic site accessibility is a common method that could be found in
literature [101-103].

Table 2.9. Adsorbed pyridine and ammonia quantification

Adsorbed pyridine at Adsorbed ammonia? /
Sample

150 °C (mmol(py) geat™?) (mmol(NHz3) geat™)
Cu/SiO2 0.24 0.35
Cu/SiO2 — 5% TEOCS 0.25 0.31
Cu/SiO2 — 10% TEOCS 0.34 0.33
Cu/SiOz2 — 15% TEOCS 0.22 0.36

2 the measure were affected by 8% error

The information obtained by the characterization of the surface properties such as
morphology, wettability and acidity help to visualize a feasible explanation for the increased
selectivity to the 1,4-PDO in the hydrogenation of GVL. The wettability properties of the
catalyst surface are a key factor in promoting the desorption of the diol product from the
active sites thus preventing side reactions. Those properties are finely tuned introducing on
the catalyst surface alkyl silane chains that lower the hydrophilicity/alcoholphilicity of the
materials. In particular, the selectivity to the diol increases up to 99% when silane loading
reaches the 5% wt/wt. Nevertheless, acidity has a major role in the reaction conversion,
activating the carbonyl group of GVL. In fact, the conversion trend of the GVL is coherent
with the acidic sites density one, that in both cases reaches both a maximum for the Cu/SiO:
— 10% TEOCS catalysts and then decrease when using the 15% TEOCS loaded catalyst.

(0.34 against 0.22 mmolpy geat® respectively). Nonetheless, the activation of GVL is
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connected to Cu accessibility that is hampered by a too high TEOCS concentration (figure
2.20). Considering these results, it is clear that the proper choice of the TEOCS grafting
degree allows to opportunely modulate the surface properties and the copper activity finding

in Cu/SiO2 — 10% TEOCS the best compromise for catalyst performances.

The opportunity to modulate the surface wettability through organic molecules
grafting is already known in the literature: the affinity of a catalyst surface for a reaction
substrate is an important parameter to be considered when designing materials. The
hydrophobicity increasement of Pd/SiO2 catalyst was beneficial in decreasing the
hydrogenation of styrene to ethylbenzene activation energy improving the affinity of the
catalyst surface with the phenyl substrate [104]. Furthermore, the grafting of
trietoxyoctylsilane grafting onto CuPS catalysts increases the hydrophobicity, thus raising
the yield in GVL in the hydrogenation of LA and preventing the stabilization of the 4-
hydroxyvaleric acid intermediate [49]. Another example reported is the hydrophobization of
Cu/ZnO catalysts that showed a great inhibitory effect on the water gas-shift occurring in the
one step synthesis of dimethyl ether from syngas, preserving also the catalytic activity. Also
in this case, an excessive degree of stearic acid loading negatively influenced the

conversion causing a partial coverage of the active sites [48].

2.4 Conclusions

The design of the heterogeneous catalytic systems becomes crucial in the biomass-
derived platform molecules transformation. Particularly, the high oxygen content and polarity
of bioderived molecules requires a fine tune of the surface wettability. In this section, it was
demonstrated that a simple and reliable protocol can be exploited for the surface
modification of CuO/SiOz2 catalyst. The effective functionalization was confirmed by several
characterization techniques, namely IR and XP spectroscopy, that enlighten the presence
of C-C, Si-O and O-C bonds. SCA and water adsorption measurements demonstrated the
efficacy of the organosilane grafting in lowering the hydrophilicity of the surface. The silane-
modified catalysts were tested in the hydrogenation of GVL to give 1,4-PDO and the results
confirmed that as soon the silane is introduced on the surface the selectivity to 1,4-PDO
boosted up to 99% due to easier desorption of the produced diol, therefore preventing side
reactions. Notably, a silanization degree corresponding to the 10% wt/wt was optimal to
increase the diol yield of about 40% while a further organosilane loading affects negatively

the activity causing scarce accessibility of the GVL to the copper active site. This
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phenomenon was confirmed by CP MAS analysis that showed a denser surface silane

reticulation (Figure 2.20).
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Figure 2.20. Possible mechanism for the hydrogenation of GVL on CuO/SiO; silane-grafted

catalysts. Adapted from ref. [82]. Copyright Elsevier.
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3 AMINATION OF BIODERIVED SUBSTRATES
WITH Cu CATALYST
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In this chapter the amination of some bioderived alcohols and lactones with
heterogeneous supported copper catalysts will be deeply discussed. In a previous work [1,2]
Cu catalysts with low metal loading deposited with CH method on different supports has

demonstrated to be effective in the amination of ketones and alcohols.

The aim of this chapter is to face the challenging synthesis of N-containing chemicals

starting from biobased alcohols and lactones using similar supported copper catalysts.

3.1 Amination of alcohols

3.1.1 Amination of alcohols with heterogeneous metal catalysts: recent work

Amines are important class of molecules that are useful as intermediates in the
chemical industry for the production of drugs, agrochemicals, polymers and solvents.
Traditionally, amines are produced through the direct reaction of alkyl halides and ammonia
or through the reduction of nitro and nitriles compounds. These processes produce harmful

byproducts and wastes, while also using stoichiometric amounts of reducing agents.

Nevertheless, amines can be prepared also starting from alcohols and ammonia (or
other amines) through the so-called “hydrogen borrowing” “hydrogen auto-transfer”

mechanism (Scheme 3.1) that can be achieved also using heterogeneous catalysts.

OH Cl) Ri=NHz2 oy < R e
I — —_— AR ™M P T
RN R” N1
R R) R™ NP H
\H—/
Hz

Scheme 3.1. Amination of alcohol using hydrogen borrowing mechanism.

In this process, the alcoholic moiety is dehydrogenated to give the corresponding
carbonyl group: this condenses with ammonia (or amine) to form an imine that is in turn
hydrogenated by the hydrogen obtained from the first step to obtain a primary amine. This
process could be really convenient especially considering that exogenous hydrogen

pressure is not required in the reaction mechanism and it can be suitable to produce amines
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starting from biomass-derived alcohol substrates. Several reviews [3,4] have extensively
discussed about this topic. However, despite the numerous benefits, the heterogeneously
catalyzed synthesis of primary amines starting from alcohols and ammonia still gives raise
to many challenges. In fact, ammonia is a poor amination reagent compared to the readily
generated primary amine, thus resulting in lack of selectivity. In a work of Sautet and Pera-
Titus groups [5], a deep computational study on the factors ruling on catalyst activity and
selectivity in this process was carried out. The results enlighten that the catalytic activity was
mainly controlled by the oxophilic nature of the metal catalysts that determines the
adsorption energy of oxygen. Moreover, they discovered that the major reason for the loss
in primary amines selectivity was the low activation energy of the surface mediated C-N
bond coupling between two N-containing intermediates CHsz-NH and CH2-NH that was small
enough to compete with the hydrogenation towards the amine product. The more the metal
is oxophilic, the higher is this activation energy and, as a consequence, the selectivity

towards the primary amines [5].
Non-noble metal heterogeneous catalysts for amination of alcohols

Noble metal heterogeneously catalyzed amination of alcohols has been extensively
studied. In particular, ruthenium has been demonstrated to be particularly active and
selective towards the primary amine [6—8]. Nevertheless, in the next section some recent
examples relying on non-noble metal heterogeneous catalysts used for this aim will be
discussed (table 3.1).

Propylamine can be efficiently prepared from propanol and ammonia using
hydroxyapatite (HAP) supported nickel catalysts [9]. The reaction pathway proceeds through
a hydrogen transfer mechanism and the rate limiting step is the a-H-abstraction from
propanol. The Ni/HAP showed an excellent activity with a selectivity towards the primary
amine of 92%. The good catalytic performances of this system were ascribed to the high
density of basic sites on HAP that stabilizes the alkoxide intermediates and avoids the
subsequent alkylation to secondary amine. Notably, Ni/HAP showed a turnover frequency
of an order of magnitude greater than Ni/SiO2 catalysts that have a selectivity of 74% [9]. In
a similar way, basic sites of USY@NIi-3 catalyst [10] derived from NiAl-Layered-Double-
hydroxides precursors ensured the stabilization of the alkoxide intermediate during
amination of 1-octanol with ammonia. This was combined with highly dispersed metallic Ni
active sites reaching up to 77% conversion with a selectivity to the primary amine of 82%
(P(Hz2) = 5 bar; T=180°C; t=16 h) [10].
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As already mentioned, heterogeneous catalyzed amination strategy can be utilized
also for the valorization of bioderived alcohols. In a paper of 2021, hydrotalcite-derived nickel
catalysts NixAl-CT demonstrated to be suitable for the valorization of furfuryl alcohol and
aminomethyl-2-furanmethanol with ammonia [11]. Particularly, Ni2Al-600 catalyst with a high
quantity of Ni° sites and properly tuned acid-basic site density showed the best catalytic
performance that was related to a high dehydrogenation activity reaching 84% vyield in

furfurylamine at 180 °C, 4 bar of hydrogen pressure in 36 hours of reaction [11].

Nickel and copper can be efficiently combined to prepare CuNiAIOx bifunctional
catalysts that are active in the amination of biomass-derived 5-hydroxymethylfurfural (5-
HMF) into 2,5-bis(aminomethyl)furan with ammonia obtaining 86% of yield in the amine. The
process proceeded through two catalytic steps: reductive amination of hydroxymethylfurfural
at 90 °C followed by the hydrogen-borrowing of its alcoholic group at 210 °C (P(Hz2) = 45

bar, Na2COs used as H-borrowing promoting agent) [12].

Table 3.1 Catalytic amination of alcohols with ammonia using non-noble heterogeneous catalysts.

Alcohol substrate | Catalyst T (°C) | Conversion Selectivity to R- Ref.
(%) NH: (%)

Propanol Ni/HAP 150 TOF=1.7s?t |92 [9]

1-octanol USY@Ni-3 180 77 82 [10]

furfuryl alcohol Ni2AI-600 180 100 84 [11]

5-HMF CuaNi1AlsOx 90-210 | 100 86 (diamine) [12]

1,6-hexanediol Cu/ZnOly- 200 100 93 (diamine)? [13]
Al203

3-(3,4- Cu/ZrO2 190 95 97 (tertiary amine)? | [14]

dimethoxyphenyl)-

1-propanol

adimethylamine was used instead of ammonia.

Nevertheless, copper can be also used alone to prepare active catalysts in bioderived
alcohol amination. Cai et al. [13] developed Cu/ZnOl/y-Al203 catalysts by co-precipitation
method and used them in the amination of 1,6-hexanediol with dimethylamine to N, N, N’,
N’-tetramethyl-1,6-hexanediamine in a fixed-bed reactor under the reaction conditions of
200 °C of temperature and a hydrogen pressure of 30 bar, obtaining a yield in diamine of

93%. The high dispersion of copper, promoted by ZnO doping, was the reason of the
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excellent activity showed by the catalyst due to the strong interaction between the metal and
the doping agent [13]. Finally, tertiary amine can be prepared from a lignin model monomer
3-(3,4-dimethoxyphenyl)-1-propanol with dimethylamine using Cu/ZrO: prepared with
incipient wetness impregnation with a conversion and a selectivity up to 95% and 97%

respectively [14].

The Role of Hydrogen pressure

Although hydrogen pressure wouldn’t be required for the proceeding of amination
through hydrogen borrowing (scheme 3.1), several works have demonstrated that not using
hydrogen compromises the activity and the selectivity of the catalyst particularly when
ammonia or short-chained amines are used [13-15]. In a work of Baiker [15], it was
demonstrated that the reactant amine can undergo disproportionation on amination
catalysts under normal amination process conditions (Scheme 3.2):

2R,NH == RNH, + R3N
2RNH, === R,;NH + NH3
R3N + NH; == R,NH + RNH,

Scheme 3.2. Amine disproportionation on amination catalyst.

This can cause nitride formation on the metal catalyst surface, namely copper or
nickel, caused by ammonia itself or originated from disproportionation of another reactant
amine (scheme 3.3) that causes catalysts deactivation adsorbing on catalyst active sites.

NH; + 3Cu == CusN + 3/5H,

Scheme 3.3. Nitride formation on copper catalyst.

Introducing an exogenous hydrogen pressure allows one to avoid the deactivation of
the catalyst due to the immediate regeneration of the metal phase. Furthermore, the
presence of hydrogen creates a reducing environment, stabilizing the active metallic Cu®

sites for dehydrogenation [14].

3.1.2 Aim of the work

Herein, some preliminary results of preparation of amines starting from alcohols and
ammonia using copper catalysts through an hydrogen borrowing strategy is reported. As
already mentioned, supported copper catalysts have demonstrated to be effective in the
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amination of ketones and alcohols [1,2]. The final aim is to obtain primary diamines starting
from diols coming from renewable resources. Diamines are actually highly useful as

monomers in the production of biobased polymers.

3.1.3 Results and discussion

In the first place, some bioderived monoalcohol substrates were chosen for the
amination tests namely 1-octanol, 2-octanol, 1-butanol. Moreover cyclooctanol (Scheme
3.4) and diisopropylcarbinol were chosen for the sake of comparison. As catalytic materials,
Cu/Al203 at 16% wt/wt Cu loading prepared with the CH method (see section 1.1.4) was
chosen following the previously obtained results [1,2] using a reduction pre-treatment before
any reaction (see experimental section 5.3). After some screening, the best reaction
conditions were found to be temperature of 180 °C, using ammonia (P(NHs) = 3 bar), heptane
as the solvent under hydrogen atmosphere (P(H2) = 10 bar) at 2 hours of reaction. The

catalytic tests results are shown in table 3.2.

OH NH, H
NH3 N
- . +
Cu Catalyst

Cyclooctanol Cyclooctylamine Dicyclooctylamine

Scheme 3.4. Amination of cyclooctanol with ammonia using copper catalyst.

Under these conditions, the results were quite different depending on the alcohol
used as the substrate. Considering the Cs alcohols, the most prone to react were the
secondary and the cyclic one, allowing to reach a conversion up to 98%. On the contrary
when using the linear primary alcohol, the conversion was not higher than 49%, that means
the half of the previous described. Besides, using n-butanol as the substrate a 100%
conversion was reached while no conversion was obtained with diisopropylcarbinol. For the
sake of comparison, a moderately acidic Cu/SiO2 (16% wt/wt Cu) catalyst, prepared with
the same method, was tested in the amination of 1-octanol and cyclooctanol under the same
conditions obtaining 44% and 66% of conversion respectively. The lower activity of the silica
supported catalyst could be searched in the surface acid-base properties of the material. In
fact, the fine tuning of the acidity and basicity of the catalysts has shown to be pivotal in the

amination of alcohols: it was demonstrated that amphoteric supports contribute to the high

86



conversion of the substrates stabilizing the alkoxide intermediates [9,10], thus explaining
the higher activity of Cu/Al2Os.

Exogenous hydrogen pressure was employed even if not required by the reaction
pathway. In fact, reactions that were carried under nitrogen atmosphere did not show any
conversion of the substrate. The reason could be searched in the deactivation of the catalyst
by nitride formation as already explained in the 3.1.1. paragraph. The hydrogen pressure
maybe well regenerates the copper phase from the nitride adsorption on the surface.
Moreover, hydrogen preserves the copper reduced and active for the dehydrogenation a
hydrogenation steps [15].

From the catalytic results it was clear that the amination reactions suffered from poor
selectivity towards the primary amine. In most of the cases the selectivity was almost total
towards the secondary amine, such as 1-octanol and 2-octanol (94% and 86% selectivity
respectively) or even for the tertiary amine as in the case of the short-chained n-butanol.
Cyclooctanol was the only substrate that allowed us to isolate the primary cyclooctylamine
with a 40% yield.

Table 3.2. Amination of various alcohols with ammonia using Cu/Al,O3 catalyst. Reaction
conditions: T=180 °C, P(NH3) = 3 bar, P(H2) = 10 bar, t =2 h heptane as solvent.

Alcohol Substrate Conversion (%) | R-NHz2 (%) R-NH-R R-NR1R2
Cyclooctanol 98 41 57 0
1-Octanol 49 0 94 2
2-Octanol 98 0 86 0
n-BuOH 100 0 0 99
Diisopropylcarbinol | O

The main reason of the poor selectivity to the primary amine, in particular for linear
alcohols, could be related to the fact that ammonia is a poor nucleophile if compared to
primary amines: as soon as the latter forms on the catalyst surface, it is readily alkylated by
another alcohol molecule. This could be enhanced by the moderately low oxophilicity of
copper [16] that decreases the activation energy of the C-N bound coupling between two
primary amines intermediates [5]. Moreover, the high steric hindrance of the cyclooctylamine
could be a detrimental factor for further alkylation to secondary amine. In order to investigate

the effect of time on the product distribution, 1-octanol was let to react under the same
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conditions for 30 minutes only reaching 50% of conversion but with almost no effect in
selectivity to the primary amine. This could confirm the fact that the latter is alkylated as

soon as it forms.

From the obtained results, it was clear that primary amines could not be obtained
easily from monoalcohols using this catalytic system. For comparison, it was decided to test
biobased diols, namely isosorbide and 1,4-butanediol, in the amination with ammonia with
the same catalytic set up. While isosorbide didn’t react under this conditions, 1,4-butanediol
was almost quantitatively converted into the product 3-(pyrrolidin-1-yl)propanol (Scheme
3.5). Even though the obtained product was not the desired one, namely the corresponding

primary diamine, N-substituted pyrrolidines are a class of valuable intermediates and

solvents.
HO NFs [ >
~N"0H N
Cu/Al,O4
T=180 °C KAo|—|
butane-1,4-diol Heptane 1
3-(pyrrolidin-1-yl)propan-1-ol
99% yield

Scheme 3.5. Amination of 1,4-butanediol with ammonia using copper catalyst.

Therefore, considering the interesting result obtained, a deep investigation on the
catalytic synthesis of N-substituted N-heterocycles starting from biobased molecules was

carried out. The main results obtained are described in the following section.
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3.2 Synthesis of N-alkylpyrrolidinones with Cu catalyst

Herein, we wish to report that heterogeneous copper catalyst can promote
lactamization of GVL and other bioderived lactones with butylamine under mild reaction
conditions (scheme 3.6). Using this methodology, it is possible to obtain N-alkylated
pyrrolidinones and pyrrolidines, that are important class of molecules: the formers can be
used as green solvents substitutes, while the latter class can be used as drug synthesis

scaffolds.

3.2.1 N-containg Green Solvents: N-alkylpyrrolidinones

One of the main objectives and challenges presented by green chemistry is to reduce
or replace the use of hazardous substances and processes. In particular, solvents are
substances involved ubiquitously in the chemical industry with a broad range of applications.
In recent times, solvent emissions or usage of harmful chemical substances has been limited
by environmental legislation [17]. As a consequence, the academic and industrial field has
grown the interest into find green alternatives or technologies to replace toxic, non-
renewable solvents. In this regards, bio-derived substances obtained from renewable

biomass feedstock could be an excellent alternative.

N-Methylpyrrolidinone (NMP) is a polar aprotic solvent extensively used in
pharmaceutical and chemical industrial processes and formulations. However, it is reported
in the candidate list of substances of very high concern due to its toxicity and reprotoxicity

[18,19], therefore, its replacement is highly desirable [20,21].

Several alternative solvents have been proposed as renewable, biobased substitutes
of NMP, in particular, y-valerolactone (GVL) [22,23] and dihydrolevoglucosenone, with the
trademark of Cyrene® [24,25] could be a sustainable and less harmful substitutes. Besides,
N-butylpyrrolidinone (NBP) has showed to be non-reprotoxic, non-mutagenic and
biodegradable and, therefore, could be a promising candidate [26]. In fact, it has been
employed successfully in organic [27,28], solid phase peptide synthesis [29] and polymers

synthesis [30].
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N-alkyl-5-methyl-2-pyrrolidinones (NAMP) are also remarkably attractive to be used
as industrial solvents due to their similarities to NMP and NBP. These compounds can be
synthetized through reductive amination of levulinic acid (LA), ethyl levulinate (EL) or GVL

using mostly noble metal based heterogeneous catalysts.

NAMP synthesis from levulinates

LA is a suitable substrate for the production of pyrrolidinones. In particular, it can be
aminated with ammonia to produce 5-methyl-2-pyrrolidinones with yields higher than 95%
by using Pd/C catalyst [31]. Furthermore, a similar catalytic system with low metal content
was used to produce the same product using LA and ammonium formate as a source of
hydrogen and nitrogen [32]. Reductive amination of LA with different amines can be
achieved using cellulose-derived carbon supported Pt nano-catalyst in mild conditions
(T =30 °C, PH2 = 1 atm) obtaining yield from 84% to 100% [33]. Another evidence found in
the literature is the synthesis of various N-alkyl pyrrolidinones starting from LA using Pt
nanoparticles catalyst supported on TiO2 nanosheets achieving yields up to 89% at T =
25 °C and PH2 = 1 atm [34]. Similarly, AuPd alloy nanoparticles demonstrated their efficacy
in catalyzing the reductive amination of EL with different aliphatic amines obtaining a yield
in isolated product >90% [35].

The aforementioned examples are related to the use of noble metal catalysts.
Nonetheless there are only few reported cases in the literature relying on non-noble metal
catalytic processes, in particular, copper catalysts. A non-conventional CuPr/Al2Os prepared
through incipient-wetness impregnation method was used to achieve the reductive
amination of LA with various amines reaching up to 94% yield at T = 175 °C and PH2 =50
atm [36]. A 90% yield of pyrrolidinone products can be achieved using 5% Cu/H-ZSM-5
prepared with the wet impregnation method in the reductive amination of LA with different

amines using also NHs-BHs as the reducing agent [37].

3.2.2 Pyrrolidine: a useful scaffold in medicinal chemistry

Pyrrolidine ring is one of the most used nitrogen-containing heterocycles used in
medicinal chemistry field to obtain compounds for the treatment of human diseases.
Pyrrolidine appears to be a ubiquitous and versatile scaffold found in molecules that exhibit

a wide variety of biological activities. Particularly, they are useful to synthetize compounds
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that have anti-cancer, anti-microbial properties and are active for the treatment of metabolic
diseases [38]. It is also found in many other pharmaceuticals such as procyclidine and
bepridil [39].

As already shown in the previous section, the combination of a reductive amination
of levulinic acid is a convenient approach to synthetize pyrrolidinones and pyrrolidines, with
a subsequent deoxygenation step. However, while significant efforts have been made for
the synthesis of N-substituted methyl-2-pyrrolidinones in the presence of Hz or as reducing
agent by the reductive amination of LA, the production of N-substituted pyrrolidines have
been hardly addressed. In the literature, few examples reporting the synthesis of pyrrolidine
starting from LA can be found and they mainly relying on homogeneous catalysis. Moreover,
these studies are focused on the switchable synthesis of pyrrolidines and pyrrolidinones.
For instance, Sakai and co-workers proposed a direct switch from lactam synthesis to
pyrrolidines changing the catalyst from In(OAc)s to Inls. This approach was allowed by the
reduction of the lactam using the indium/silane pair. The reason was found in the stronger
Lewis acidity of Inls than the one of In(OAc)s. This results in an over-reduction of the lactam
to give N-substituted pyrrolidines [40]. AICIs and RuCls can be effectively used in the
reductive amination of levulinic acid using phenylsilane to selectively synthetize
pyrrolidinones or pyrrolidines under mild conditions. In fact, using AICl3 as the catalyst,
pyrrolidinones were obtained with complete selectivity at room temperature, while the use
of RuCls as the catalyst allowed one to selectively obtain pyrrolidines in high yields at 45 °C
[41].

Another example was the use of iron catalysts for the synthesis of N-substituted
pyrrolidinones and pyrrolidines starting from levulinic acid and esters and a variety of amines
via reductive amination using phenylsilane as the reducing agent. Particularly, by changing
two diverse N-heterocyclic carbene iron complexes allowed to obtain selectively to a single

derivative: pyrrolidinones or pyrrolidines [39].

Conversely to its precursor LA, GVL is more prone to react with heterogeneous non-
noble metal catalysts [42]. In fact, its physico-chemical properties make it a stable but at the
same time a reactive compound, therefore, it can be a suitable starting material to synthetize
a wide variety of chemicals. Besides, lactamization of lactones with amine is an appropriate
way to produce lactams. Nevertheless, there are only few examples of homogeneous

catalysts in the literature.
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3.2.3 Results and discussion

The effectiveness of supported copper catalysts in reactions that entail carbonyl
group activation and amination was already demonstrated in previous works. Thus, it has
already been reported the efficacy of supported copper catalysts in reactions involving
carbonyl group activation [43—-45] and amine-coupling. In particular, Cu/Al2O3 resulted to

enable the synthesis of amines starting from ketones [2] and alcohols [1].

Considering these achievements, the amination of y-valerolactone with butylamine to
obtain N-butyl-5-methylpyrrolidinone (NBPO) as the main product was studied in the present
thesis using the same class of materials (Scheme 3.6). In particular, copper was initially
deposited on three different supports: one amphoteric, namely hydroxyapatite (HAP), one
acidic, namely SiO2-Al203 and one moderately acidic, namely SiO2. See appendix section

6.4 for the textural properties of the supports.

(\/(\/

o / t

T =200 °C
GVL BuNH, t=2h, Heptane NBPO NBPE

Scheme 3.6. Lactamization of GVL with butylamine using supported copper catalysts.

3.2.4 Characterization of the catalysts

Copper was deposited using the Chemisorption-Hydrolysis method. The textural
properties (SSA and PV) and the copper loading determined by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) analyses are showed in table 3.3. The copper
content of the materials is slightly different among the samples. This was expected because
catalysts were prepared to reach at least 8% wt/wt of Cu content in the solids with a

procedure optimized for SiO2 support.

Table 3.3 Textural properties (1% and 2" column) and copper content (3™ column) of the copper

catalysts
SSA (m?/g) PV (cm3/g) % Cu (ICP-OES)
CuO/HAP 77 0.72 10
CuO/SiO2 271 1.23 8
CuO/SiOz — Al203 302 0.57 11

92



[
=1
1

o
1

2
>
[$)
=
]
=
o
)
L
o
=2
£
o
0]
o

T T T 1
10 20 30

40
Bin Center

Figure 3.1. TEM images of Top: CuO/SiO,-Al,O3 sample with relative particle size distribution.
Bottom: CuO/HAP sample.

To have an outlook of the copper morphology TEM micrograph of the samples were
acquired. Surprisingly, CuO/SiO2-Al203 (figure 3.1, top) showed a bimodal Cu nanopatrticle
size distribution: on the same sample the micrographs enlightened the presence of two
different particle populations: one between 1.7 and 6 nm with a mean value of 3.2 nm and
another one with a really broader distribution of larger size, between 9 to 25 nm. Moreover,
larger nanoparticles of 30 nm up to 70 nm size were also identified. On the other hand,
CuO/HAP (figure 3.1, bottom) presented a very different nanoparticle morphology: the
nanoparticles were much smaller (mean value 2-3 nm) and very well dispersed. A similar
situation was found for CuO/SiO2 as enlighten by STEM micrographs which showed the

presence of highly dispersed small Cu nanoparticles of mean size value of 2.4 nm [46].

Successively, a characterization work focused on the copper phase and acidity
properties of the materials was carried out. To investigate the coordination environment of
the copper species on the catalysts surfaces, UV-vis Diffuse Reflectance (UV-DR) spectra

were recorded in the 200-1200 cm™ range. Due to their enlargement, absorption bands
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were deconvoluted to understand the different speciation contributions and the spectra and

the deconvolution results are shown in figure 3.2.
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Figure 3.2. UV-DR spectra of the A) CuO/SiO2, B) CuO/ SiO»-Al,03 and C) CuO/HAP catalysts.

The UV-DR spectra of the samples presented mainly two absorption bands one with
a peak around 270 cm™ and one broader in the range 600-1400 cm. According to the
literature, the band at around 270 cm™ can be ascribed to the ligand-to-metal charge-
transfer (Cu?* € 0%) [47]. If a deconvolution of the bands is performed, some other
contribution bands can be acknowledged. In the case of the CuO/SiOz2, it can be observed
a small band at 220 cm* that could be ascribed to the presence of some Cu* [48]. It is also
noticeable, in the case of CuO/HAP, a contribution band at 403 cm that indicates the
presence of Cu® in three dimensional clusters in the CuO matrix [47,49]. The presence of

Cu™ could be ascribable to the electron-rich environment produced by the phosphate groups
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that could partially cause the reduction of the Cu?*. The large absorption band from 600 to
1400 cm? is assigned to d-d (2Eq = 2T2g) transitions of Cu?* located in more or less
tetragonally distorted octahedral environment with an distorted On symmetry. Moreover, this
band is shifted to lower wavelength with a more distorted symmetry [47,50]. As observable,
the band presents two components at different wavelengths if we compare the catalysts. In
the case of CuO/SiO2 the bands are at lower wavenumbers meaning that the CuO presents
a quite distorted symmetry with a contribution of square pyramid valency (870 cm™) [47]. On
the other hand, the other two sample display a higher contribution at wavelengths >950 cm-!
suggesting an increase in crystallinity and the formation of bulk CuO, that it is also in
agreement with a higher Cu loading shown by the samples. In any case, both CuO/SiO2 and

CuO/SiO2-Al203 present a shoulder at 1400 cm typical of the tetrahedral symmetry.

Copper reducibility was investigated by Temperature Programmed Reduction (TPR)
to have more information about the copper phase morphology and its reducibility and the
profiles are showed in figure 3.3. The three materials presented a remarkably different
reduction behavior. The CuO/SiO2 catalysts presents a sharp peak centered at around
242 °C that can be ascribed to the reduction of a well dispersed and highly uniform single
CuO phase into Cu(0) that was already observed in the case of copper catalysts prepared
with the CH method [51].

Cu0/Sio,

H, Uptake

CuO/HAP
CuO/SiO,-AlLLO,

100 150 200 250 300 350
Temperature / °C

Figure 3.3. TPR profiles of the catalysts.
On the other hand, CuO/SiO2-Al203 sample presents a broader peak centered at

around 287 °C with a shoulder at around 267 °C, indicating a copper phase less prone to

be reduced. This reduction profile, was coherent with the bimodal size distribution found
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through TEM analysis: the two reduction events could be ascribed to the two different
particle size population. This was also in accordance with previous work results showing
that on CuO/SiO2-Al203 prepared with CH method, Cu isolated ions likely belonging to a
surface Cu-aluminate-like phase and strongly resistant to reduction were observed, while
on SiO2 small and well dispersed CuO particles were formed [53]. In fact, an explanation of
the higher reduction temperature values could be due to the electron withdrawing capacity
of aluminum that hampers the copper reduction. An even different situation was found for
the CuUO/HAP sample: the reduction profile presents one broad peak centered at 192 °C
with one shoulder at around 250 °C once again diagnostic of the presence of two well
dispersed copper species [54]. The lower reduction temperature peak could be ascribable
to the presence of Cu* clusters in the CuO matrix that was also detected in the UV DRs
spectrum. In both CuO/HAP and CuOQ/SiO2-Al203 cases, this phenomenon could be due to

a strong interaction between the copper species and the supports [53].

To understand the surface acidic features of the samples, two different
characterization techniques has been utilized, in particular, FT-IR after pyridine adsorption
and solid-liquid acid-base titration using phenylethylamine (PEA) as basic probe molecule

(see experimental section 5.4.6).

Liquid-solid acid-base titration of the samples using PEA as probe molecule. Were
carried out to have a clue of the effective acidity in the reaction solvents, namely n-heptane
performing two titration runs. The first run quantifies the total amount of acid sites saturating
the surface with PEA; the second run gives account to the weak acid sites obtained with a
new titration after desorption of physisorbed PEA. The difference in adsorbed PEA between
the two runs is therefore related to the number of strong acid sites (see 5.4.6 section). The
guantification of the acidic sites normalized for the mass and the area of the samples is
shown in table 3.5 and the Langmuir linearization of the strong sites in figure 3.4 See
appendix section 6.8 for a detailed explanation of data curing. Interestingly, the strength of
the acidic sites of the samples was quite different: the 82% of the acidic sites density of
CuO/SiO2-Al203 are strong acid sites while CuO/SiO2 and CuO/HAP presents only 62%.
Moreover, if the strong acid sites are normalized according to the mass of the sample (figure
3.4) we obtain an acidity strength ranking CuO/SiO2-Al203 > CuO/SiO2 > CuO/HAP.
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Table 3.5 Total sites quantification normalized for the mass (1% column) and for the surface area

(2" column) for the copper catalysts.

Total Acidic Sites Density Strong Acidic Sites Density
Lmolpea/m? Lmolpea/m?
CuO/SiO2 1.6+0.3 0.98 +0.27
CuO/SiO2 - Al203 28+0.1 2.33+£0.11
CuO/HAP 29+0.1 1.81£0.03
1.0
0.9
0.8
CuO SiO; - Al,04
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Figure 3.4. Adsorption isotherms (modeled through Langmuir linearization) of strong acid sites of
the copper catalysts obtained performing liquid-solid titration usin PEA as probe molecule (T=30
°C)

FT-IR after pyridine adsorption is useful to discriminate the nature of the acidic sites,
namely Brgnsted and Lewis ones, and to quantify them according to the different diagnostic
absorption bands of each site. Bands around 1450 cm™ and 1610 cm™ can be ascribed to
pyridine bounded to Lewis acid sites, while absorption at 1550 cm™ together with peaks

near 1620 cm™! and 1640 cm™ are related to the presence of Brgnsted acid sites [55].

CuO/HAP presented some issue during the experiment of pyridine adsorption. In fact,

HAP materials presents a high surface concentration of COs? which absorbs in the 1600-
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1400 cm* region [56], the same of the pyridine adsorbed on the acidic sites present onto a
solid surface (see figure S22 for the spectra). To overcome this problem, CuO/HAP was
dispersed with a non-acidic matrix such as pyrogenic SiOz, to limit the signal carbonates
absorption band (see experimental section 5.4.7 for the procedure and figure 2.6 for the
spectrum of SiOz2 A). The FT-IR spectra after pyridine adsorption of the catalysts are shown

in figure 3.5.
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Figure 3.5. A) FT-IR spectra after pyridine adsorption of the solid catalysts. B) Magnification if the

deconvoluted Lewis peak of CuO/HAP sample.

As observable, the samples show the presence of Lewis acidic sites as expected
from the copper catalysts prepared with the CH method [51]. Brgnsted sites that are typical

of HAP and SiO2-Al20O3 are no longer present or just in negligible amounts in the case of
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CuO/SiO2-Al20s. Interestingly, CuO/SiO2-Al203 and CuO/HAP, after deconvolution,
presents two contributions in the 1610 cm-* region. This could be ascribable to the presence
of two different Lewis sites center, namely Al and Cu in the case of CuO/SiO2-Al20zand Ca
and Cu for CuO/HAP. Similarly, it was observed by Zaccheria et al. in the spectra of
SiO2-Al203 and CuO/SiO2-Al203: the support presented a Lewis band at 1623 cm
ascribable to AI** while the copper catalyst presented not only the same band but also a
band at 1610 cm™ ascribable to Cu centers [57]. According to the quantification method
proposed by Emeis [55], the integration of the characteristic Lewis band is normalized for
the mass of the sample disk. Notably, CuO/SiO2-Al-O3 presented the highest number of
acidic sites followed by CuO/HAP and CuO/SiO:2 (table 3.4, first column). However, if the
density is considered (table 3.4, second column), namely normalized for the area of the
materials, CuO/HAP presented consistently higher acidic sites quantity on the surface
compared to the other samples. This is due to the presence of many functional groups
exposed on a considerably low surface area (see appendix section 6.2). However, it is
possible to observe a shift to lower wavelength of the Lewis band from 1611 cm™ to 1609
cm™* and 1595 cm! for CuO/SiOz2 -Al203, CuO/SiO2, and CuO/HAP respectively. This could
be an indication for the strength of the acidic sites: a lower wavelength is associated with a
lower strength of the site [57,58]. This is in agreement with the strong acid sites

quantification ranking obtained from titration with PEA.

Table 3.4. Quantification of Lewis acidic sites of the samples according to Emeis method at
outgassing temperature of pyridine of 150 °C [55].

Sample Adsorbed pyridine Adsorbed pyridine
MmMmOlpy geat* Lmolpy/m?

CuO/SiO2 0.047 0.18

CuO/SiO2-Al203 0.119 0.39

CuO/HAP 0.088 1.13
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3.2.5 Catalytic test and discussion

After the characterization of the morphological and acidic properties, the catalysts
were tested in the lactamization of GVL with butylamine. The reaction conditions were
optimized and they were found to be T=200 °C, P(H2) = 10 bar and GVL:BuNH2 molar ratio
of 1:1. The materials were tested up to 6 h of reaction when the conversion and yield of the
products reached a plateau. In fact, carrying out the reaction for longer time (up to 24 h) did
not significantly improve the catalytic performances. Again, the reactions were performed
under a hydrogen atmosphere to prevent catalysts poisoning, as deeply explained in section
3.1. Notably, if the reaction is performed under N2 atmosphere with no Hz, the conversion of
GVL was almost 0. The results of the catalytic tests are shown in figure 3.6. As observable,
the materials showed different performances in terms of activity and selectivity: CuO/HAP
was found to be the most active catalyst with the highest selectivity towards the green
solvent NBPO, reaching a conversion of 77% of GVL and a yield of NBPO of about 50%.
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Figure 3.6. Catalytic tests performed with the copper catalysts. Reaction conditions: T=200°C,
P(Hz) = 10 bar.
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To the best of our knowledge, in the literature, there are no evidences of
heterogeneously catalyzed lactamization of GVL with amines. Moreover, as deeply
explained in the section 3.2.1, when N-substituted pyrrolidinones are prepared starting from
LA harsh conditions [31,36], precious noble or toxic metal catalysts [59—61] or auxiliaries
[37] are required to achieve high yields in the desired product. Some instances of
homogeneous catalyzed lactamization of various lactones could be found as in the case of

an Ir complex [62] or a Zn based catalyst for the reaction of GVL with different amines [63].

The reasons of the different catalytic activity of the materials could be searched in the
surface properties. In particular, the role of Lewis acid sites is pivotal in promoting both
activity and selectivity in the hydrogenation of carbonyl compounds [43—45]. Thus, they can
coordinate with the Lewis basic C=0 group via one of the oxygen lone pairs, activating the
GVL to the amine nucleophilic attack (figure 3.7). This could be enhanced also by an

appropriate morphology of the copper phase.
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Figure 3.7. GVL carbonyl group activation of the copper Lewis sites.

CuO/HAP and CuO/SiO2-Al203 had shown to be markedly acidic when analyzed both
in-vacuum after pyridine adsorption and in solvent with PEA titration with the contribution of
both Ca?* and Cu?" and AI** and Cu?* in imparting Lewis acidity respectively. These
elements ensure high catalytic activity: a proper amount of acidity is fundamental int
activating the C=0 group of GVL towards the nucleophilic attack of the amine. However,
CuO/HAP presented weaker acidic sites compared to CuO/SiO2-Al20s. In this respect, it can
be hypothesized that a weaker acidity of the copper sites could prevent a strong amine-
copper adsorption, responsible for the formation of nitride species that poison the catalytic
active sites (see section 3.1.1). A clue can be found in a faster deactivation of the CuO/SiO:-
Al20s3 catalysts, reaching a plateau in conversion just after 4 hours of reaction. Besides, the
presence of smaller and well dispersed Cu nanoparticles present on CuO/HAP could be the

reason for its higher activity.
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Meanwhile, CuO/SiO2 presented a lower acidic sites density according to both the
characterization techniques. In this case, this could be detrimental for the catalytic activity
of the material. Nevertheless, despite being the less active material, CuO/SiO2 was the most
selective towards product NBPE namely the deoxygenated one. This result was not
unexpected: the efficacy of silica supported copper catalyst in the deoxygenation of aromatic
ketones was demonstrated in a previous work [64]. The fine tuning of copper morphology
has shown to be a pivotal tool in achieving high conversion of the substrates and selectivity
toward a desired product [65] (See chapter 2). In fact, despite the fact that unreduced
catalysts were used in the reaction, the high selectivity of CuO/SiO2 towards the
deoxygenated product could be ascribed to the presence on lone Cu Lewis sites centers
that are more prone also to be reduced from Cu(ll) to Cu(0) in situ by the reaction hydrogen
atmosphere and, due to the Cu(0) nature, have an higher hydrogenating power. This was
confirmed by the TPR qualitative profile of the samples: CuO/SiO:2 presents a single and
very sharp peak ascribed to the reduction of a well dispersed and highly uniform CuO phase
into Cu(0). Conversely, the other two samples present broader peaks with shoulders
indicating the presence of diverse copper species making the in situ reduction more

complex.

With the aim to furtherly reduce the impact of the reaction conditions and study the
effect of hydrogen pressure on the selectivity, the catalytic tests were performed lowering
the hydrogen pressure from 10 bar to 1 bar (figure 3.8).

It is readily observable that all the samples show a dramatic increase in selectivity to
the product NBPO while also keeping good conversion performances. Once again, the best
performances in terms of yield in product NBPO was the CuO/HAP catalyst. It can be
hypothesized that 1 bar of hydrogen pressure is not sufficient to enable the deoxygenation
of the product NBPO to product NBPE but it is enough to preserve the copper phase activity
necessary for the lactamization reaction. This allows one to raise the yield towards the
desired pyrrolidinone product making the process really convenient in terms of product

recovery.
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Figure 3.8. Catalytic tests performed with the copper catalysts. Reaction conditions: T=200°C,
P(H2) = 1 bar.

3.2.6 Comparison with other materials

Considering the catalytic tests results, it can be observed that a milder acidic support
with low acid strength was the key to achieve higher catalytic activity and selectivity even at
low hydrogen pressures. For the sake of comparison and catalytic processes performances
improvement other amphoteric supports were chosen to prepare another series of Cu
catalyst. In the first place, two different aluminas (Al203 A, Al203 B), ZrO2 and TiOz2, were
selected for their properties [66—68] (see appendix section 6.2) for the preparation of the
corresponding copper 8 wt% catalysts utilizing the CH method [51]. The textural properties,

namely SSA and PV, of the prepared catalysts are listed in table 3.6.
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Table 3.6. Textural properties of the catalysts.

SSA (m?/g) PV (cm3/g)
CuO/Al203 A 118 0.46
CuO/Al203 B 283 0.46
CuO/TiO2 60 0.38
CuO/ZrO2 286 0.27

Successively, the four materials were tested in the reaction and compared at 2 hours
of time. Results of the catalytic tests are shown in the figure 3.9.A). The best material in
terms of performances was found to be CuO/Al203 B achieving 72% conversion of GVL with
a selectivity towards product NBPO of 75%, higher if compared to the 55% of conversion
and 70% of selectivity obtained with CuO/HAP. Again, NBPE was the main byproduct

detected.
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Figure 3.9. Catalytic tests performed with A) the fresh calcined and B) the pre-reduced catalysts.
Reaction conditions were the same: T=200°C, P(Hz) = 10 bar, t = 2h.
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Subsequently to preliminarily optimize the reaction conditions optimization, the
investigation of other different variables was performed. Therefore, the catalysts were tested

performing a reduction pre-treatment and the results are displayed in figure 3.9.B).

Interestingly, Cu/Al203 B was again the best catalyst but the catalytic performance of
the pre-reduced catalyst (Conversion = 72% and molar % 1= 71% in 2h) was very similar to
the fresh calcined catalyst. However, under these conditions, Cu/HAP showed excellent
catalytic performances too (Conversion = 74% and molar % 1= 65%). At the same time, the
activity of the calcined Cu/TiO2 decreased slightly from 55% to 49% in terms of conversion,

while Cu/ZrO2z and in particular Cu/Al203 A show a marked increase in performances.

These results are quite promising in terms of sustainability: in fact, using CuO/Al203
B as the catalyst we can still obtain good yield of the N-butyl-5-methylpyrrolidinone product,
thus avoiding the high temperature and hydrogen consumption of the pre-treatment. It is
noticeable that the activity of the catalysts prepared with the two different aluminas was quite
diverse. Particularly, CuO/Al203 B, when used in the non-reduced form, was the most active
and selective material. Furthermore, the reduction pre-treatment did not increase its catalytic
performances. Conversely, CuO/Al203 A was the less active in the non-reduced form but,
after the reduction pretreatment, it doubled the conversion and increased the selectivity
towards product NBPE.

To investigate the reasons of the different activity some studies about the copper
phase has been performed, in particular, using XRD and TEM characterization techniques.
The presence of a monoclinic phase of CuO was detected in both the XRD patterns of
CuO/Al203 A and CuO/Al203 B. Specifically, the CuO crystallite size was estimated to be
around 7 nm in the case for the CuO/Al203 A sample (figure 3.10). On the contrary, the
presence of smaller nanoparticle was suggested by the XRD signal on Al203 B but the wide
peak broadening prevents a reliable crystallite size determination using the method used

(see experimental section 5.4.12).
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Figure 3.10. XRD patterns of the CuO/Al;O3; A and CuO/Al,O3 B catalysts.

Analogously, TEM measurements (figure 3.11) highlighted a similar morphology for
the two CuO/Al203 A and B catalysts where a heterogeneous crystalline support morphology
alternated roundish grain to acicular structures. Nevertheless, the CuO nanoparticles were
different at nanoscale. On sample CuO/Al203 A nanoparticles with a mean size of 3.6 nm
were detected, but with a broader distribution through a range of 1.5 to 6.5 nm. In fact,
almost 50% of the particles are bigger than the mean size, and nanoparticles larger than 6
nm were found. Conversely, on sample CuO/Al20O3 B, smaller nanoparticles were in general
detected, with a mean size of 2.8 nm and a narrower distribution where 72% of nanopatrticles

were smaller than 3 nm. In both cases no huge aggregates were detected.
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Figure 3.11. Representative TEM micrograph and related CuO nanoparticles size distribution of
the CuO/Al; Oz A (Above) and CuO/Al,O3 B catalysts (Bottom). In the magnified images the arrows
point out some nanoparticles.

Again, with the sustainability goal in mind, the catalytic tests were performed lowering
the hydrogen pressure from 10 bar to 1 bar (figure 3.12) to see also how it affected the
catalytic performances. Results were also compared to the ones achieved previously with
CuO/HAP. As it can be noticed, the activity of the catalysts regarding GVL conversions
slightly decreases for the CuO/Al20s B, CuO/ZrO2 and CuO/TiO2 catalysts but a total
selectivity towards the product NBPO (> 99%) was achieved. Once again, despite a slight
decrease in activity, these results were convenient in terms of selectivity, and in turn of

product recovery.
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Figure 3.12. Catalytic tests performed with the fresh calcined catalysts. Reaction conditions:
T=200°C, P(H2) =1 bar, t = 2h.
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A Quantitative Structure Toxicity Relationship (QSTR) analysis was performed in
order to evaluate the potential health effects of NMP, of the mutagenicity and developmental
effects. Neither developmental toxicity nor Ames mutagenicity was specified for N-butyl-5-
methyl-pyrrolidinone by the Discovery Studio module TOPKAT which provides a probability

value of toxicological outcomes of novel structures [69,70].

Considering the outstanding catalytic performances of the CuO/Al203 B system, the
lactamization of other bioderived lactones such as y-butyrolactone (GBL), y-caprolactone
(y-CPL), e-caprolactone (e-CPL) and dihydrocoumarin (DHC) with butylamine under the
same reaction conditions utilized for GVL was performed (table 3.7). From the results, the
catalytic system showed to be appropriate for the lactamization of different lactone
substrates, particularly, a conversion of 77% was achieved for the e-CPL with total selectivity
towards the ¢-N-butyl-caprolactam (table 3.7, entry 3). This is a promising result: in fact,
caprolactams are important platform molecules for the production of polymers such as nylon

6 and nylon 6.6 [71] and the synthesis of deep eutectic solvents [72].

Table 3.7. Lactamization of different lactones with and CuO/Al,O3 B catalyst. Reaction conditions:
T =200 °C, t=2 h, P(H2)=10 bar.

Entry Substrate Conversion (%) Mol % product (%)

1 &o 56 & 0 65
2 62 N 23
Aefo Wo

e
N_O

3 77 100
)

Z

=G

>99 H 100
0 O

To test the catalyst reusability, recycle tests were conducted with CuO/Al20s B
catalysts under the optimal reaction conditions using GVL and butylamine and the results

are shown in figure 3.13. In between the recycle steps the reaction solution was removed
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and the fresh solution was added to the reactor without any catalyst washing or treatment.
After one cycle, the catalyst loses catalytic activity passing from 75% to 35% of conversion
and it keeps constant for another step. After three recycle steps, the conversion was 15%.
The reasons for the deactivation could be searched in the nitride formation on the copper
surface explained in 3.1. section. In this case, hydrogen pressure introduced in the new step

could be not enough to enable the catalyst regeneration and some permanent poisoning
could occur.
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Figure 3.13. Catalytic tests performed with the fresh calcined catalysts. Reaction conditions:
T=200°C, P(H,) =1 bar, t = 2h.

3.3 Conclusions

The synthesis of green N-alkylpyrrolidinone solvents and pyrrolidine scaffold were
achieved using simple non-noble, supported copper catalysts with a facile protocol that
avoids high energy and hydrogen consumption pre-treatment of the catalysts. These
materials were prepared depositing copper on various materials with different acidic
properties. A high dispersion with a low particle size together with a mild acidity, in particular
a lower strength, of CUO/HAP and CuO/Al203 was the key to achieve high conversion of the
GVL and selectivity towards the NMPO product respectively. Exogenous hydrogen was
necessary to preserve the copper phase of the catalysts from deactivation, however,
lowering the H2 pressure from 10 to 1 bar totally diverted the selectivity to NMPO. Besides,

modulation of the selectivity was also possible choosing the appropriate support material:
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CuO/SiO2 was the most selective towards the pyrrolidine product due to its high

hydrogenating power and inclination to be reduced in situ.

The substrate scope was extended to the lactamization of other lactones, in
particular, for the production of e-N-butyl-caprolactame, suitable for the synthesis of

polymers and deep eutectic solvents.
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4 CONCLUDING REMARKS

The research work conducted in this Ph.D thesis investigated the use of supported
non-noble copper catalysts for the valorization of biomass derived chemicals such as
y-valerolactone (GVL) and bioalcohols. The copper was deposited on various support
materials with the Chemisorption-Hydrolysis method that ensures a high dispersion of the
copper phase and low particle size that gives excellent hydrogenation power and imparts
an unusual acidity to the Cu-centers. All the catalytic tests were supported by a deep
physicochemical characterization work in order to clarify the structure-activity-relationship

between the materials and their catalytic behavior.

CuO/SiO2 was found to have an excellent activity in the hydrogenation of GVL to give
1,4-Pentandiol. This result was ascribable to the bifunctionality of the copper catalysts
imparted by the preparation method. In fact, the moderate acidity of the copper phase
activates the carbonyl group of the lactone towards the hydrogenation. Moreover, the
modulation of wettability through the choice of the support or through post synthesis
organosilane grafting was important to boost the selectivity towards the diol, allowing a
better desorption of the product from the catalyst surface. The activity of the catalytic system
was also diverted by the choice of the solvent: the use of the green cyclopentylmethylether
was the key to achieve high conversion of GVL and selectivity to the diol due to finely tune
of the surface acidity of the materials. The choice of the support was important also in the
amination of GVL to obtain potential green solvents as N-alkylpyrrolidinones. In this case,
CuO/HAP and CuO/Al203 were the best materials in terms of activity and selectivity thanks
again to the well dispersed copper phase and to the mild, lower strength acidity without the
need of pre-activation. These CuO systems had shown promising results also in the
amination of bioalcohols to obtain primary amines that are benchmark chemicals in the

chemical industry.

In conclusion, the results achieved during the Ph.D thesis work showed that cheap,
simple, robust, bifunctional copper catalysts are applicable to the valorization of diverse
biomass-derived platform molecules with the possibility to obtain different products. This is
possible simply modulating the processes variables such as the catalyst support, the post-
synthesis functionalization, the reaction conditions and the pre-treatment, thus making these

materials promising catalysts for biomass valorization.
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5 EXPERIMENTAL SECTION
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5.1 Materials

Silica materials used as supports: SiO2 A and SiO2 C were obtained by Evonik, SiO2
B was purchased by Fluka Chemicals, SiO2 D was provided by Mitsubishi Chemicals. SiO2-
Al203 (Alumina content 13.5%) was purchased from Merck. y-Al2Os A was purchased by
Sasol, ZrO:z (3.5 % SiO2) was provided by MELCAT, TiO2 was purchased by Degussa.
Highly pure (>99%) trietoxyoctylsilane (TEOCS), y-valerolactone (GVL) with purity 99%, 1,4-
pentanediol (1,4-PDO) with purity 99%, copper nitrate trihydrate with purity 99% and 1,4-
dioxane with purity 99%, heptane (purity >99%) were purchased from Sigma Aldrich.
Cyclopentyl methyl ether (CPME) stabilized with butylated hydroxy toluene at > 99.5% purity
was purchased by Tokyo Chemical Industry. Urea (>99%) and aluminum isopropoxide

(298%) were purchased by Merck.

5.2 Catalysts preparation

Hydroxyapatite preparation

Stoichiometric hydroxyapatite (Caio(PO4)s(OH),, atom/atom Ca/P ratio equal to 1.67
has been synthesized utilizing a coprecipitation method. A 0.1 M aqueous solution of
(NHa4)2HPO4 (250 ml) was placed in a three-necked round flask equipped with a mechanical
stirrer, a reflux condenser and an adaptor for peristaltic pump tube connection. The
(NH4)2HPO4 solution was heated to 80 °C under stirring (200 rpm) through an oil bath and
pH was adjusted to 9.7 adding 50 ml of a 28-30% wt/wt NH4OH solution. Subsequently,

250 mL of a0.167 M aqueous solution of Ca(NOs).-4H,O were fed to the flask through
a peristaltic pump (dropping rate = 1.5 mL min?). During the addition, the pH of the solution
was kept constant. All solutions were prepared from MilliQ water (15.0 MQ, Millipore).
Addition of the Ca(ll) precursor solution leads to the formation of a milky suspension. HAP

precipitates according to the following chemical equation:

10 Ca(N03)2+ 6 (NH4)2HPO4 + 8 NHz+ 2 H,O — Calo(PO4)6(OH)2 1t 20 (NH4)NO3
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y-Al203 B preparation

y-Al203 B was prepared via sol-gel procedure assisted by sonication [1]. In detail,
0.22 g of urea were dissolved in 30 ml of deionized water. After complete dissolution, 3.18
g of aluminum isopropoxide were added to the solution. The resulting gel was stirred for 1 h
at room temperature and then sonicated for 10 min. After sonication the gel was calcined
under air flow (100 ml/min) for 4 h at 500 °C.

Copper deposition

Catalysts were prepared using the Chemisorption-Hydrolysis (CH) method [2] widely
described in the paragraph 1.1.2. The following procedure and slight excess quantity of
Cu(NO3)2 + 3 H20 was optimized to obtain 16% wt/wt of Cu deposited on SiO2 material
confirmed by ICP analysis in previous studies [3].

8 g of Cu(NOs)2+ 3 H20 for 10 g of SiO2
8 g [Cu(NO3)2+ 3 H20]/ 241.6 g/mol [MW of Cu(NO3)2+ 3 H20] =
0.033 mol of Cu(NOs3)2+ 3 H20 = 0.0033 mol of Cu
0.033 mol [Cu] X 63.55 g/mol [AW of Cu] =2.11 g of Cu
2.119/(2.11g+10g) X 100 = 17.4%

Experimentally the catalyst is prepared by adding the SiO2 support to an aqueous
[Cu(NHS3)4]?* solution prepared by dropping NH4OH to a Cu(NOs3)2-3H20 solution (25 mL)
with the desired concentration until pH 9 had been reached. After 20 minutes under stirring,
the slurry was diluted with 3 L of water in an ice bath at 0 °C. The solid was separated by
filtration with a Buchner funnel, washed with water, dried overnight at 110 °C and calcined
in air atmosphere at 350 °C for 4 h. The following code was used in the discussion of this
work: CuO in the case of calcined catalysts, Cu in the case of reduced catalyst slash the

utilized support.

Organosilane grafting

A solution of TEOCS of the desired concentration was prepared (in the range
1%-15% wt/wt of nominal silane loading) with 80 mL isopropanol in which 1 g of dry catalyst
was dispersed accurately. After 1 h of vigorous stirring (750 rpm) at room temperature, the

isopropanol was evaporated under vacuum at 50 °C. The effective amount of organosilane
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grafted was analyzed by elemental analysis determined on the bases of the C content of the
samples. (1.7%, 6.5%, 6.9%, 9.8%).

5.3 Catalytic tests

Catalytic tests procedure of hydrogenation of GVL

Before any reaction the catalysts (100 mg) were pre-treated for 20 minutes at 270 °C
under air and for 20 minutes under vacuum and then reduced through three hydrogen (1
bar) and vacuum cycles (5 mins each) at the same temperature. Generally, GVL (5 mmol)
was dissolved in 20 mL of solvent. Then, the pre-reduced catalyst was suspended in the
reaction mixture and they were loaded under nitrogen flow in a 100 mL Parr reactor under
different Hz pressure (30-50 bar) and temperatures (140-180 °C) for 22 h under mechanical
stirring (750 rpm).

Reaction conversions and selectivity were determined by GC-FID analysis using an
Agilent 6890 Gas 0,25 Chromatography system with a Alltech Heliflex AT-5 capillary column
(30 m x 0.32 mm ID x 0.25 ym). Dodecane was used as internal standard (carbon balance
>98%). Byproducts were qualitative determined with GC-MS analysis using an Agilent
5957C GC-MS chromatograph with an HP-5 column. See appendix section 6.10 for an
example of chromatogram, method program and calibration lines.

Conversion was determined using the following equation (1):

_ n(ig)-n ()
% C = MU x 100 1)

Where n(to) are the initial moles of GVL introduced in the reactor and n(t) are the unreacted
moles of GVL determined with GC-FID analysis.
Selectivity was determined using this equation (2):

— __ p()
% S = m x 100 (2)

Where p(t) are the moles of products formed determined by GC-FID analysis.
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Catalytic tests procedure of amination of alcohols

Before any reaction the catalysts (100 mg) were pre-treated for 20 min at 270 °C
under air and for 20 min under vacuum and then reduced through three hydrogen (1 bar)
and vacuum cycles (5 mins each) at the same temperature.

After the pretreatment, the catalyst was suspended in the reaction solvent (10 ml
heptane) and loaded under nitrogen flow in a 100 mL Parr reactor together with the chosen
alcohol (100 mg). Then, the autoclave was pressurized with Hz (1-10 bar) and NHs (3 bar)
and the temperature was brought to 180 °C for the desired time of reaction under magnetic
stirring (750 rpm). Reaction conversions and selectivity were determined using GC-MS
analysis using an Agilent 5957C GC-MS chromatograph with an HP-5 column using

dodecane as standard.

Catalytic tests procedure of lactamization of GVL

Before any reaction the catalysts (100 mg) were pre-treated for 20 min at 270 °C
under air and for 20 min under vacuum and then, in the case of pre-reduced catalysts,
reduced through three hydrogen (1 bar) and vacuum cycles (5 mins each) at the same
temperature. After the pretreatment, the catalyst was suspended in the reaction solvent (10
ml) and loaded under nitrogen flow in a 100 mL Parr reactor together with the chosen lactone
(100 mg) and the butylamine (1 equivalent). Then, the autoclave was pressurized with Hz
(1-10 bar) and the temperature was brought to 200 °C for 2 h under magnetic stirring (750
rpm). Reaction conversions and selectivity were determined by GC-FID analysis using an
Agilent 6890 Gas 0,25 Chromatography system with a Alltech Heliflex AT-5 capillary column.
Dodecane was used as internal standard (carbon balance >98%). Products were qualitative
determined with GCMS- analysis using an Agilent 5957C GC-MS chromatograph with an
HP-5 column. See appendix section 6.10 for an example of chromatogram, method program
and calibration lines.

Conversion was determined using the equation (1).

The molar percentage of the products was calculated using the following equation (3):
Mol % = (np / Zn)x 100 (3)
Where np are the moles of the considered product and Zn is the sum of the moles of each

formed products determined with GC-FID analysis.
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5.4 Catalyst phyisco-chemical characterization

5.4.1 Static contact angle measurement

SCA of the tested solid supports were performed by means of a Krliss Easy
instrument. Notably, molded thin disks (25-30 mg of the sample powders, 1-5 tons) were
prepared by using a Specac manual hydraulic press to achieve a compact and flat surface.
A 1,3-propanediol drop of 5 yL was gently placed on the surface disk; the drop profile was
extrapolated using an appropriate fitting function to acquire the static contact angle (8).

Measurements were repeated ten times to obtain a statistically relevant population.

5.4.2 Specific Surface Area and Porosity

SSA and porosity (pore volume, pore size and pore size distribution) were determined
by N2 adsorption/desorption isotherms collected at -196 °C using automatic analyzers of
surface area Micromeritics ASAP 2020 (V4.02). Prior to the analysis, the sample, was
outgassed at 350 °C for 4 h under vacuum to remove water and other volatile organic
compounds adsorbed on the surface. Specific surface area values were calculated by
Brunauer-Emmet-Teller (BET) equation. Pore volume (PV), pore size and pore size
distribution were determined by Barrett-Joyner- Halenda (BJH) model from the desorption

branch of the collected isotherms.

5.4.3 Water adsorption isotherms

The water adsorption isotherms were collected on the same instrument and exploiting
the same pre-treatment method of the samples adopted for the morphologic analyses above
detailed. Adsorption of water was performed with 20 mL reservoir of ultrapure water MilliQ
water (15.0 MQ, Millipore) as a vapor source and held at 40 °C. The adsorption experiments

were carried out at 22 °C and the saturation pressure was 25 mmHg.

5.4.4 Thermogravimetric Analysis

Mass loss of bare silica supports was determined by thermogravimetric analysis
(TGA 7, Perkin Elmer analyzer) with targeted experiments aimed at determining the amount

of the surface hydroxyl groups. Prior to the analysis, the sample was stored in a vessel with
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water vapor at room temperature overnight for saturating the surface. Then, a weighted
amount of the saturated sample (ca. 10-15 mg) was loaded on the pan of the thermobalance.
Each experiment was carried out under air flowing gas (60 mL min-t). The thermal program
comprised three steps: i) heating at rate of 5 °C min~' from 25 to 200 °C; ii) maintenance of
the temperature of 200 °C for 30 min and iii) heating at rate of 10 °C min~" up to 900 °C [4].

The hydroxyl amount of each sample was evaluated through the determination of the
loss of mass in the range 200°-900 °C (third step of the thermal program) using the following
equation (4):

4 — [@2xAwt %) x 10]

mmolon Yeat 18 g mol”"

(4)

Mass loss of organosilane-grafted catalysts was determined on the same instrument
but with a different experiment aimed at determining the stability of the silane groups. Prior
to the analysis, the sample was stored in oven (110 °C) overnight. Then, a weighted amount
of the sample (ca. 10—-15 mg) was loaded on the pan of the thermobalance. Each experiment
was carried out under nitrogen flowing gas (60 mL min-1). The thermal program comprised
three steps: (i) isothermal step at 50 °C for 10 min; (ii) heating at rate 20 °C min-! up to 700
°C [5]. Weight loss percentage was determined in the 200°-700 °C interval. Tonset and Tend

were determined performing the 8TGA of the thermograms.

In any case, the calibration of temperature was performed by measuring the Curie
transitions (Tc) of high-purity reference materials (alumel, nickel, perkalloy, and iron: Tc of
163, 354, 596, and 780 °C, respectively) at the same heating rate () employed for the

analyses. The instrument accuracy is around few ug.

5.4.5 UV-vis Spectroscopy

UV spectroscopy was carried out using Shimadzu UV-3600 spectrophotometer
equipped with quartz cuvettes to assess the linearity between 2-phenylethylamine (PEA)
solution concentration and absorbance in the solvents using in the liquid-solid acid-base
titrations (Cyclohexane, CPME, dioxane and heptane). The concentration range was chosen
according to the operational concentration range used in the liquid-solid titration. After
performing an auto-zero blank with the solvents, spectra of solution with PEA at different
concentrations were acquired in the entire wavelength range (200-1100 nm) to assess the
PEA absorption range (see appendix section 6.8 for the spectra figures). Subsequently,

calibration lines were built using the Lambert-Beer law measuring the absorbance at the
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typical absorption wavelength of PEA (254 nm) for each concentration in photometric mode
with the aim to determine the molar extinction of PEA in each solvent and to check the
effective PEA solution concentration (0.1 M) before each titration experiment. See appendix

section 6.8 for more detail about data elaboration.

5.4.6 Liquid-solid acid-base titrations with PEA

The acid-base liquid-solid titrations on the samples were performed using 2-
phenylethylamine (PEA, pKa = 9.90) as a probe in different solvents namely cyclohexane
and heptane (aprotic-apolar), CPME and dioxane (both aprotic-polar). The experimental set
up consisted in a HPLC line, comprising a pump (Waters, model 515), a reservoir and a
monochromatic UV detector (Waters, model 2487, A = 254 nm), coupled to a personal

computer for the collection, storage, and processing of the data (figure 5.1 A).

filter
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Figure 5.1. A) Titrations experimental apparatus. B) Example of chromatogram obtained during
the liquid-solid acid-base titrations. Each step represents the achievement of the equilibrium at the
injected PEA concentration.

The sample (0.050-0.100 g, crushed and sieved as 80—-200 mesh particles) was
placed in a small stainless tubular sample holder between two sand pillows. The sample
was successively activated at 350 °C for 16 h in flowing air (8 mL min-t), then evacuated
and eventually filled with the operating solvent. The sample holder, inserted in a glass jacket
connected with a water thermostat to maintain a constant temperature (£ 0.1 °C), was placed

instead of the chromatographic column. The titrations were carried out by injecting
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successive dosed amount of PEA in the operating solvents (20 50 mL, 0.10 0.15 M) into the
line in which the solution continuously circulated. For each injection, the PEA solution
recirculated onto the sample until adsorption equilibrium was achieved, revealed by the
attainment of the UV-detector signal stability (figure 2.21 B). Assuming a 1:1 stoichiometry
for the PEA adsorption on the acid site, the number of acid sites per sample mass titrated
at each equilibrium PEA concentration was evaluated, obtaining adsorption isotherms for
the various samples. During the first run, the injections of PEA solution were done until
surface saturation; then, clean solvent was flowed through the sample to remove the
physisorbed PEA, and the second run adsorption was collected. Subtraction of the second
run from the first gives the chemisorption isotherm, from which the strong acid sites can be
computed. Total amount of acidic sites and strong acidic sites per mass of solvent were
obtained through Langmuir linearization model of the experimental adsorption isotherms.

The detailed mathematical elaboration method is displayed in the appendix section 6.8.

5.4.7 Infrared Spectroscopy

The Fourier Transform-Infrared (FT-IR) studies of the adsorption of the pyridine probe
molecule were carried out on an FTS-60 spectrophotometer equipped with mid-IR MCT
detector purchased from BioRad. The experiments were performed in all cases except for
CuO/HAP sample on a thin disk of sample (20—30 mg, pressed at 1-2 tons) after a reduction
pre-treatment consisting in 20 min at 270° at air followed by 20 min at 270 °C under vacuum
and finally a reduction under H2 through three hydrogen (1 bar) and vacuum cycle at the
same temperature. The first spectrum was collected before pyridine adsorption as a blank
and it was subtracted to each spectrum prior to data curation. Then, pyridine vapors were
adsorbed at room temperature and then desorbed in steps of 30 min until 250 °C at the
given vacuum (10-° bar). The spectrum of each desorption step was collected every 50 °C
up to 250 °C. See figure S23 and S24 in the appendix section 6.9 for examples of pyridine
adsorption spectra at different outgassing temperature for sample CuO/SiO2 and
CuO/Si0O2-Al203. For quantitative analysis the amount of absorbed pyridine (mmolpy geat™)

was calculated on the basis of the relationship (equation (5)) reported by Emeis [6] namely:

Pyridine Concentration of Lewis Sites (mmol g%) = (1.42 x IA x R?) / W (5)
Where:
R = radius of the catalyst disk (cm) = 0.65 cm
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W= weight of the disk (mg)
IA = Integrated Absorbance Band at 1449 cm™!

CuO/HAP sample was prepared dispersing the catalysts in an inert, non-acidic
matrix, namely SiO2 A, in a mass ratio of 1:15 wt/wt. This mixed powder was pressed and
pre-treated and analyzed with the same procedure of the other sample. This had the aim to
limit the CO3? signal which absorbs in the 1600-1400 cm region. Equation (5) was still
applied but W was only the weight of CUO/HAP contained in the disk. The Lewis site band

at 1600 cmt was deconvoluted and fitted by using a Gaussian function.

Attenuated Total Reflection (ATR) experiments of the silanized catalyst were
acquired with the same instrument equipped with Specac Golden Gate ATR platform with
diamond crystal. The ATR experiments of the pre and post reaction catalyst were performed

on a Nicolet iS50 FT-IR purchased from Thermo Scientific using diamond crystal also.

5.4.8 X-ray Photoelectron Spectroscopy

Surface composition of all the samples was analyzed by X-ray Photoelectron
Spectroscopy (XPS) by means of an M-PROBE Surface Spectrometer with an Al (Ka)
source and a spot size from 0.15 mm to 1 mm in diameter. An applied voltage of 10 V and
a vacuum of 10® —10"" Torr were used. The survey scans were investigated in 0-1100 eV
binding energy range, using a spot size of 800 microns with an energy resolution of 4 eV
(scan rate of 1 eV per step). The samples were pre-treated with the same procedure of FT-
IR analysis. ESCA Hawk Software was used for data curation. All the resulting binding
energy values were corrected using the C 1s peak (C—C) fixed at 284.6 eV, as a reference.
Normalized surface concentrations of all the species were computed by ruling out only the

contribution of adventitious carbon (C-C at 284.6 eV).

5.4.9 Transmission Electron Microscopy

TEM analysis was performed using a ZEISS LIBRA200FE. The samples were gently
smashed in an agate mortar, suspended in isopropyl alcohol for 20 min in an ultrasonic bath

and dropped onto a lacey carbon-coated copper TEM grid. The samples were analyzed after
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complete solvent evaporation. Histograms of the particle size distribution were obtained by
counting onto the micrographs at least 500 particles; the mean particle diameter (dm) was
calculated by using the equation (6):

dm = Zdini/Zn; (6)

where nj was the number of particles of diameter d..

5.4.10 Cross-Polarization Magic Angle Spinning Nuclear Magnetic Resonance

Solid state NMR spectra of bare CuO/SiO2 B and organosilane grafted samples were
obtained at 99.36 (?°Si) MHz on a Bruker Avance 500 spectrometer, equipped with a 4 mm
magic angle spinning (MAS) broad-band probe (spinning rate vR up to 6 kHz). The MAS
spectra were recorded on solid samples, typically around 150 mg. Each sample was packed
into a 4-mm MAS rotor (50 uL sample volume) spinning at 6 kHz and at a temperature of
303 K with a contact time of 6 ms and accumulation time of 68 h; no resolution improvement
was found at higher rate spinning and/or temperature. The experimental data were

deconvoluted and fitted by using a Gaussian function [7].

5.4.11 Total Acidity determined through NH3 adsorption tests

NHs adsorption tests of bare CuO/SiO2 B and organosilane grafted samples were
carried out in flowing dynamic experiments. Each dried and weighed sample (ca. 0.15 g,
previously sieved to have particles of 45-60 mesh, corresponding to 250-355 ym) was
activated at 150°C under air flow (3 NL-ht) for 30 min in a quartz reactor. Then, a NH3s/N2
mixture (NHs concentration of ca. 500 ppm) flowed at 6 NL-h! through the reactor and
reached a gas cell (path length 2.4 m multiple reflection gas cell) in the beam of an online
FT-IR spectrometer (Bio-Rad with DTGS detector). The NHs line (at 966 cm™) was
monitored along with time. On each sample, NHs was completely adsorbed, as observed
from the NHs-signal profile, which exponentially decreased and remained to zero for a given
measured time. When saturation of sites by NHsz was attained, the signal was restored at
the same value of its starting concentration. From the evaluation of the time during which
the NHs-signal was not at the level corresponding to its starting concentration, the amount

of total acid sites in excess was evaluated using the following equation (7):

moles of NH3 (Ads) B [NH3]fed xXFxtxP

(7)

Msample RT x Mgample
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Where:

[NHsJted (ppm) = flowing NHs concentration, in ppm;

F (NL-h1)=total flow rate of the NH3/N2 mixture in;

t (min) = time during which NH3z was completely adsorbed,
P(atm) = pressure

Msample (g) = Sample mass

Assuming a 1:1 stoichiometry for the NH3 adsorption on the surface site, the quantity
of total acid sites per sample mass (in umol-g™t), or per surface unit (in umoi-m2) was evaluated

by integration of the NH3 signal profile.

5.4.12 X-Ray Diffraction Spectroscopy

X-ray diffraction (XRD) patterns were recorded at room temperature (26 °C) with an
Aeris (PANalytical, Almelo, The Netherlands) diffractometer in the Bragg-Brentano
geometry and using Cu-Ka equipped with a PIXcel1D detector. Measurement range was 26
= 8° - 80°, with a step size of 0.0109° and acquisition time of 79 s per step. The identification
of crystalline phases was performed using the High Score Plus software including the PDF-
4+ and ICSD databases. Crystallite size (DV) of synthetized CuO nanoparticles was

estimated from the profile parameter of Rietveld refinement by the following equation (8):

_ 36000\
Dv = m2LX (8)

Where LX parameter is the profile parameter representing the 1/cosq like contribution to the

Lorentzian part of the pseudo-Voigt. In particular, the Rietveld analysis was performed
through the GSAS program [8] by using the y-Al2O3 cubic Fd-3m s.g. and the CuO tenorite
monoclinic C2/c s.g. structural models. During the refinement, the background was
subtracted using shifted Chebyshev polynomials and the diffraction peak profiles were fitted
with a modified pseudo-Voigt function. In the last calculation cycles, all the parameters were
refined: cell parameters, isotropic thermal parameters, profile broadening parameter,
background and diffractometer zero point. A discussion of the application of relation (1) is

reported in reference [9].
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5.4.13 UV-vis Diffuse Reflectance Spectroscopy

UV-vis Diffuse Reflectance (UV-DR) spectra were collected at room temperature in
200-2600 nm interval through a double beam UV-vis—NIR scanning spectrophotometer
(Shimadzu UV-3600 plus, Japan) equipped with a diffuse reflectance accessory (integrating
sphere from BIS-603). Each sample was pretreated in oven (110 °C) overnight and finely
ground, uniformly pressed in a circular disk (diameter of ca. 4 cm) and placed in the sample-
holder. This was inserted in a special quartz cuvette and placed on the window of the

integrating sphere for reflectance measurements. Spectra were measured using ultrafine

BaSO. as the reference. The measured reflectance values (Rx»%) were converted to

absorbance (Abs, a.u.) by the equation (9):

Abs = Log (1/ R=/100) (9)

To discriminate each contribution the collected UV-vis-DR spectra (Absorbance, a.u.,
vs. wavelength, nm) in 200-1800 nm and 200-800 nm ranges were deconvoluted using a

peak type Gaussian method.

5.4.14 Inductive Coupled Plasma Analysis

Cu loading of the catalysts samples was determined by ICP-OES, AAS, and IC
analyses by means of an «Activa », Jobin Yvon ICP-OES instrument, or a PinAAcle 900T,
S/N PTDS11062202, Perkin Elmer, Waltham, MA, USA, or a Dionex DX-120 instrument. It
was double checked both on digested solids (ca. 50 mg of sample treated in concentrated
HNO:sfor each analysis), and on the filtration solutions.

In particular, IC analyses were carried out by means of an lonPac CS5A analytical
column from Dionex, using a solution of 50 mM oxalic acid/95 mM lithium hydroxide (pH 4.8)
as eluent, and a solution of 0.4 mM PAR in 3 M NH4OH and 1 M acetic acid as colorimetric
indicator for UV-vis detection (at 520 nm) of metal ions (reagent flow rate of 0.6 mL-min-1).
Calibration lines for Cu determination were built by analyzing standard solutions with
concentration in 1-10 ppm interval prepared by a commercial multistandard certified by
Areachem.
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5.4.15 Temperature programmed reduction

Temperature-programmed reduction analysis was performed with a modified version
of the Pulse Chemisorb 2700 apparatus from Micromeritics. Catalysts (samples containing
ca. 2 mg of Cu) were diluted with quartz, calcined at 300 °C under Oz (40 mL/min) with a
thermal program consisting in: i) heating 10 °C/min until 300 °C ii) hold the temperature for
60 min. After calcination, catalysts were reduced at 8 °C/min under a flow (15 mL/ min) of

an 8% H2/Ar mixture. The H2 consumption was detected by a thermal conductivity detector
(TCD).
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6.1 Copper as raw material

Copper is a chemical element that is a soft, malleable, and ductile metal with very
high thermal and electrical conductivity. Copper naturally occurs in the mineral cuprite,
chalcopyrite, azurite, chalcocite, malachite and bornite that mostly are sulfides or oxides.
Pure copper contains the metal in uncombined form. Copper production can be divided into
the three main process steps, which are mining, processing and metallurgy. Each process
step can be done using different methods and in the majority of industrial processes, copper
is produced from the ore chalcopyrite, a mixed copper-iron sulfide mineral, or from the
carbonate ores azurite and malachite [1]. The use of copper has to be date back to
prehistoric times where it had numerous applications in every aspect of life. Due to its
properties, it has been employed in the metallic form to create alloys to manufacture various
objects and tools. Besides, thanks to its high conductivity, it has used in electric wiring,
switches and electrode production. Moreover, copper compounds, such as oxide, sulfates
and chlorides have diverse commercial application [2,3].

The majority of copper production has been historically held by Chile (21.5% world
production, followed by USA (18.5%). However, if potential copper resources are considered
Chile has again the largest reserves followed by Peru (13%), Australia and USA [4] (see
figure S1).
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Figure S1. Copper historical production and resources by country or region (per cent of global total).

This material was published in Ref. [4]. Copyright Elsevier.

Global copper demand has increased in the last 10 years and it is expected to keep
rising concerning every production sector (figure S2). In fact, copper had earned a crucial
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role in modern processes and technologies and the always increasing demand will deplete

copper natural resources intensify the energy requirement for mining causing a high

environmental impact [5].
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Figure S2. Global copper demand by product category extimated for a eterogeneous development

due to isolated economies. High social inequalities scenario The dotted line for electricity generation.

This material was published in Ref. [5]. Copyright Elsevier.

Accordingly, copper prices have tripled between 2005 and 2009. This exponential

increase of copper price was coinciding with China economic development that restart

copper demand. Between 2010 and 2011 copper prices reached a maximum as result of an

increase in world demand (6.5%) and a decline in stocks [6]. Copper prices is estimated to

increase furtherly due to the growth of the demand (figure S3). To overcome the copper

supply and prices and limit the environmental impact of copper mining, circular economy of

copper could provide a possible solution that represents the secondary production.
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Figure S3. Variation in and Forecast for Copper price (US$/million tons; prices expressed in constant
2005 US$). Adapted from ref. [6].
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As already mentioned, copper founds application in many diverse industrial
processes and technologies. This, obviously, includes heterogeneous catalysis field. In
truth, noble metals had found many applications as catalysts active phase due to their good
catalytic properties. However, these metals are expensive, toxic and have a low availability
in nature. These reasons press the industrial research into find inexpensive and more
abundant metals such as copper, iron, nickel, cobalt and so on. Copper based catalysts are
widely used in industrial catalysis compared to other metals because they present similar
activity and performances without the high costs of noble metals (i.e. $/ounce 0.26 cost of
copper compared to platinum cost = $/ounce 1011 at January 2023) and high toxicity
problems of nickel [3]. Some examples of industrial processes that uses copper catalysts
are acrylamide manufacture, dehydrogenation of cyclohexane and hydrogenolysis of ethane
to methane. Recently, copper chromite spinel catalysts have been employed successfully
in the direct hydrogenation of fats to fatty alcohols that is suitable also for lower quality, acid-

containing fats and oil [7].
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6.2 Characteristic of the support materials

Silica (silicon dioxide, SiOz) are amorphous materials that are widely employed in the
industry field with many different purposes such as filler, as semiconductor, as insulator etc.
Due to its inert nature and high surface area, silica is often used as support for
heterogeneous metal catalysts. SiO2 is constituted by interlinked tetrahedral SiO4 and the
structure pattern can end with a siloxane group (Si-O-Si) or with a silanol group (Si-OH).
The latter assumes different definitions depending on its location: the silanol is isolated if
there are no adjacent silanols, it is vicinal if another silanol, present on an adjacent silicon
atom, is close enough to make a hydrogen bond and, eventually, it is geminal if the silanol
Is bonded to the same Si atom that bears another silanol [8]. The density of the silanol
groups present on the surface influences the hydrophilicity of the silica materials. However,
depending on the preparation method, silicas can possess different surface and textural
properties. Silica can derive from natural resource but usually when it is used with chemical
application is obtained from synthetic procedures. There are several methods to synthetize
amorphous silica materials. In this thesis, two classes of silica were utilized for the catalyst
preparation: silica gel and pyrogenic silica. The former is prepared solubilizing a soluble
silicate, i. e. alkoxysiloxane, in water and then acid is added. In this way, stable particles of
colloidal size are formed by condensation. As condensation proceeds, a gel is formed that
is successively dried and washed. Silica gels result in a coherent, rigid, 3D network of
contiguous particles of colloidal silica [8]. Silica could be also synthetized using high
temperature processes burning SiCls with oxygen or hydrogen. In this way, pyrogenic silicas
are formed in which primary particles are connected into linear chains and a non-porous

structure is formed [8].

Amorphous silica-aluminas (SiO2-Al203) are a class of materials that are ubiquitous
in the chemical process fields that, thanks to their high surface area and acidic properties,
could be utilized as heterogeneous catalysts themselves or as support for metal catalysts.

Low aluminum content SiO2-Al203 (Al content between 12-15% wt/wt) are usually fully
amorphous. They show the predominant presence of tetrahedral Al ions with small amounts
of octahedral Al ions, without significant detection of pentacoordinated Al that increase with
the increase of Al quantity. Besides, Siis in the typical silica configuration namely a silicates
tetrahedral bonded to four other silicate tetrahedral (Q# strucure) that have the tendency to

shift to higher ppm positions with the increase of Al content [9].
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SiO2-Al203 can be prepared with different methods both in laboratory and in industrial
scale. In the latter case, the cheapest precursor is represented by sodium silicate and
sodium aluminate and in this way low Al content, low acidic SiO2-Al203 can be achieved.
Aluminum salts such as aluminum chloride or sulphate can be used instead of sodium
aluminate [10].

The peculiar catalytic activity of amorphous SiO2-Al203 is attributed to their marked
acidic character. In spite of their wide applicability, both the structure of these largely or
completely amorphous materials and the origin of their acid properties are still not fully
clarified and somehow under studies. Characterization techniques had shown the presence
of strong Lewis acid sites attributed to AI** and a limited number of Brgnsted acidic sites. In
this case, the latter are attributed not, as in zeolitic structures, to bridged -OH groups but to

terminal silanols activated by AI** but not bridged [11] (see Scheme S1).

A) H B) H
O+ 0O
—Si/ \AI— — Si—0-Al—
/N | |

Scheme S1. A) bridged -OH groups in zeolitic materials vs B) terminal silanol -OH group.

Other characterization techniques showed that SiO2-Al203 don’t display any type of
basic or nucleophilic behaviour, in particular, CO2 adsorption does not produce any

carbonate or bicarbonate species [9].

Hydroxyapatite (HAP), are calcium dibasic phosphate materials with chemical formula
Caio(PO4)s(OH)2, that found many different applications in the field of catalysis thanks to its
peculiar structure and properties. Its unit cell is composed by a total of ten calcium atoms,
organized in two non-equivalent calcium sites: four of them are Ca(l)-type, whereas the
remaining six are Ca(ll)-type. Considering this, the chemical formula of HAP can be written
also as Ca(l)4Ca(ll)s(PO4)s(OH)2. Moreover, the HAP network is characterized by a three-

dimensional network of hexagonally packed tetrahedral PO, ions.

Several methods for production of HAP powders exist and they can be classified
under four different procedures: dry methods, wet methods, microwave-assisted methods,
ball-millingor ultrasound and miscellaneous methods [12].

HAP is characterized by a unique compositional and structural flexibility: it can

possess a high number of defects or it can be modified by ionic substitution without changing
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its lattice and structural properties. According to these features HAP can be classified as
stoichiometric with a Ca/P ratio of ca. 1.67; calcium deficient with a Ca/P ratio less than 1.67
or carbonate-rich [13]. Due to these features, it presents a marked adsorption capacity and
peculiar surface functionalization that confers acid-basic properties. The surface hosts

different functional groups, organized as acid and basic sites of different interaction strength:
Ca®" and HO vacancies impart Lewis acidity, Ca”" vacancies and 0%, PO4* and HO confers

basicity while Brgnsted acidity could be ascribable to HPO.* groups [14].

Aluminas, (Al203, namely aluminum oxide) is an important class of materials that
founds many different industrial applications. It is available in different structural
configuration that possess diverse properties. Some of these are a—Al203 (corundum), and
metastable phase aluminas, such as, y-Al203, n-Al203 and p-Al203[2,15]. y-Al203 is the
most used in catalysis mainly as support for catalysts synthesis due to its high mechanical
strength, surface area and low cost. Moreover, y-Al203 can be used as catalysts itself thanks
to its surface acidic and basic groups. It is produced through thermal dehydration of the
mineral boehmite that change structure with the increase of temperature (Boehmite — y —
® — 6 — a, a- Al203 (corundum) being the most thermodynamically stable phase) [16].

Despite the wide research into y-Al203, the precise definition of its structure is still
unresolved. One model proposes that it consists of irregularly stacked nanocrystals with all
AIP* cations that occupies spinel positions, while one other that AI®* cations occupy non-
spinel positions and, finally, a third model proposes that y- Al2Os does not have a spinel

structure [15].

The surface properties of y-Al2O3 have been widely studied like acidity, basicity and
zero point charge. The latter has been reported to be in a range between pH 6-9 depending

on the synthesis of the Al203 and the measuring technique used [16].

y-Al203 is a bifunctional catalyst that possess acidic and basic sites that are able to
catalyze a wide number of reactions. Surface acidity has been attributed doubtlessly to AI**
while surface basicity to oxygen anions. Moreover, hydroxyl groups can have acidic as well
as basic character (see Scheme S2). The surface concentration of these sites depends on
the surface dehydration of the material: the more is the dehydration the lower the surface
hydroxides [17].
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Scheme S2. Acid and basic sites on y-Al203.

Zirconia (ZrOgz, zirconium oxide) is a polymorphic crystalline material with exceptional
tensile strength, hardness and corrosion resistance. It can be found in nature as a mineral
called baddeleyite that is purified by various processes. Alternatively, it is more commonly
obtained as an intermediate in recovering zirconium from zircon, ZrSiO4. On laboratory
scale, it is produced through thermal decomposition of zirconium hydroxide or zirconium

carbonate [2].

It exists in four solid phases: monoclinic, tetragonal, orthorhombic, and a cubic
fluorite structure depending on the temperature and pressure conditions [18]. The cubic
structure can be stabilized at lower temperatures by the introduction of vacancies in the
anion lattice adding other oxide such as SiO2 [19]. The coordination of Zr and O are different
depending on the phase state: for instance, the Zr** cation is octacoordinated, and the O~
anion is tetracoordinated in a tetragonal phase, whereas the Zr** cation is heptacoordinated,
and the O? anion is either tri or tetracoordinated in a monoclinic phase [20]. ZrO2 can
possess different acidic or basic properties. Brgnsted basicity or acidity can be conferred by
the amphoteric hydroxyl groups while Lewis basicity is attributable to of coordinately
unsaturated O? species while the Lewis acidity is ascribable to Zr**. Moreover, this species
could form acid-basic pairs.[21]. It was demonstrated that ZrO2 can change the surface

acidity or basicity varying calcination temperatures.

Titania (TiO2, namely titanium dioxide) is a semiconduction material with a wide band
gap (3.2 eV) under ultraviolet light. Furthermore, it possesses a high physical and chemical
stability and due to its excellent properties it founds application in many fields such as solar

cells, photocatalysis, electrochemistry and heterogeneous catalysis.

The naturally occurring TiO2 exists in three crystalline forms: anatase, rutile and
brookite. Rutile, the most common form, has an octahedral structure, meanwhile, Anatase
and brookite have very distorted octahedral oxygen atoms surrounding each titanium atom.

Titanium dioxide can be mined from natural resources. It also is produced from other
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titanium minerals or prepared in the laboratory [2]. Due to its excellent properties, it founds
more applications in particular as support for the synthesis of heterogeneous catalysts
[2,22]. In addition, TiO2 surface has a marked amphoteric nature. It was modeled that the
strucure of the crystal leads to two types of -OH groups, one bounded to one Ti** terminal
sites and one bridged between two Ti** sites. The former present a predominantely basic
character wile the latter should be strongly polarized by cations and therefore be acidic [23].
Moreover Ti** presents a typical Lewis acidic character [24].
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6.3 Chemisorption Hydrolysis method

Chemisorption-Hydrolysis is a method for Cu deposition on different supports that
combine the easiness of impregnation techniques while ensuring high metal dispersion and
low particle size. The nature of the support and the pH of the preparation solution have a
pivotal role in shaping the metallic phase. Actually, the surface polarization of a solid material
changes depending on the pH of the solution and on the isoelectric point of the solid. When
the pH is below the isoelectric point, or Point of Zero Charge (PZC), of the surface

polarization equation (1) of the support is:
S-OH + H*A" & S-OH2*+ A~ (1)

In this way the surface will be positively charged and, as consequence, will attract
and adsorb anions for electrostatic reasons. On the other hand, if pH is above the PZC the

equilibrium equation (2) is:
S-OH + B-OH" < S-O-B*+ H20 (1)

Thus, the surface will be negatively charged and will attract the surrounding cationic
species that will be adsorbed.
According to this concept, the operation steps of the Chemisorption-Hydrolysis were

set up in the following procedure (Figure 1.5):

[Cu(NH3),]**

Figure S4. Chemisorption-Hydrolysis preparation scheme. Reproduced from Ref. [25] with

permission from the Royal Society of Chemistry.

1. Preparation of [Cu(NH3)4]?* complex by dropping NH4OH to a Cu(NOz)2+3H20
solution at the desired concentration until pH 9 has been reached

2. Dispersion of support powder to the readily prepared solution

3. Hydrolysis of the [Cu(NH3)4]?* complex by diluition with distilled water at 0 °C
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4. Filtration and calcination (350 °C, 4 h) of the solid to obtain CuO/support catalyst

With this procedure, it is possible to obtain high dispersion of the copper phase even
at very high metal loading with low particle size (3-6 nm as average), while the impregnation
methods, such as incipient wetness (IW), produces particle size ten times larger, thus
forming bigger aggregates. This was confirmed using Temperature-Programmed-
Desorption, X-Ray Diffraction (XRD) and Transmission Electronic Microscopy (TEM) as
investigation techniques. [25,26] For instance, in figure 1.4 XRD patterns of CuO/SiO2 (12
% Cu wt/wt) indicates the typical signal of CuO only for the samples prepared with W
samples (mean particle size estimated: 34 nm), while no signals are registered in the
diffractogram of CH sample collected under the same conditions, suggesting that either the
structure of copper species is amorphous or their size is very small. Increasing the counting

time (Figure 1.6 c) ) produces a very broad signal, caused by the finely dispersion of copper

oxide.
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Figure S5. XRD analysis of (a) 12 % CuOQ/SiO2 (Incipient Wetness) (1 second per step); (b) 12%
CuO/SiO; CH (1 second per step) and (c) 12% CuO/SiO, CH (4 seconds per step). Reproduced

from Ref. [25] with permission from the Royal Society of Chemistry.

Moreover, High-Resolution TEM analysis micrograph and FT patterns of a CuO/SiO2
(16% Cu wt/wt) were in good accordance with the presence of cuboctahedron copper
particles. The metallic phase was again high dispersed with small and highly defective Cu
nanoparticles [27].

The peculiar feature of the copper phase deposited with CH method confers

outstanding reactivity to the copper oxide nanoparticles, particularly, an unexpected Lewis
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acidic character. In fact, FT-IR spectra after pyridine desorption of CuO/SiO2 (12 % Cu wt/wt)
prepared with CH showed the presence of Lewis acid sites on its surface while the spectra
of the sample prepared with IW was mute [25]. This feature can be ascribed to the high
dispersion of the metallic phase and surface defectivity. Moreover, if the CuO phase is
reduced to Cu® the material not only preserves the acidity of the non-reduced precursor but
also show an increase in Lewis acidity [27].

All the described features, confers the Cu catalyst prepared with CH method excellent
catalytic properties, especially if compared with the IW samples. For example, a pronounced
difference in activity was observed in the hydrogenation of 1,3-cyclooctadiene to
cyclooctene if catalysts prepared with CH and IW are compared. In fact, the former showed
turnover frequencies 100 times greater than the latter [28]. More recently, it was reported
that a 75% yield of sorbitol and dulcitol can be obtained by CuO/SiO2 CH in the one-pot
hydrolysis and hydrogenation of lactose in water while only 6% yield can be reached with
the IW catalyst with the formation of important decomposition products under the same
reaction conditions and Cu loading [29].

Considering these results, it can be derived that CH method offers the possibility to
prepare supported metal catalysts that on one hand have the characteristic catalytic features
of a metallic phase such as hydrogenation or dehydrogenation with higher performances
with respect to the catalysts prepared with traditional techniques and on the other also show
unusual moderate acidity properties that are preserved even if the copper phase is reduced.
This makes CH Copper Catalyst perfect examples of robust bifunctional materials easy to

prepare and suitable for biomass valorization catalytic processes.
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6.4 Nitrogen adsorption and desorption isotherms of the materials
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Figure S6. N, adsorption and desorption isotherms of the silica materials collected at T = -176 °C.
Top left: SiO; A, top right: SiO2 B, bottom left: SiO, C, bottom right: SiO; D.
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Figure S7. N. adsorption and desorption isotherms of the CuO/SiO; catalysts collected at T = -176
°C. Top left: CuO/SiO; A, top right: CuO/SiO- B, bottom left: CuO/SiO, C, bottom right:

CuO/SiO2 D.

Table S1 Specific Surface Area (SSA) and Pore Volume (PV) of the CuO/SiO; catalysts.

SSA / m?g? PV /cm3g?
CuO/SiO2 A 323 1.12
CuO/SsiO2 B 364 0.53
CuO/sio:z2 C 396 1.01
CuO/SiO2D 211 0.28
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Figure S9. N, adsorption and desorption isotherms of the CuO catalysts collected at T =-176 °C.
Top left: CuO/SiO, top right: CuO/HAP, bottom left: CuO/SiO; -Al;Os.
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Figure S11. N, adsorption and desorption isotherms of the CuO catalysts collected at T = -176 °C.
Top left: CuO/Al;O3 A, top right: CuO/ Al,O3 B, bottom left: CuO/TiO,, bottom right CuO/ZrO- .

Table S2 Specific Surface Area (SSA) and Pore Volume (PV) of support used for catalyst

preparation.
SSA / m?g? PV /cm3g?
HAP 84 0.67
SiO2 — Al203 496 0.74
Al203 A 147 0.56
Al203 B 363 1.90
TiO2 81 0.36
ZrO2 357 0.20
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6.5 X-Ray Photolectron Spectroscopy

Table S3. Binding energies of deconvoluted Cu 2p spectra of CuO/SiO; A and CuO/SiO; B before

and after reduction.

CuO/SiO2 A

Cu 2p%? (eV) Cu 2p*? (eV)

Peak 1 935.5 Peak 4 955.3
Peak 2 937.7 Peak 5 958.1
Peak 3 944.5 Peak 6 964.2
CuO/SiO:2 B

Cu 2p3? Cu 2p'?

Peak 1 933.6 Peak 4 953.4
Peak 2 935.8 Peak 5 955.5
Peak 3 943.9 Peak 6 963.5
Cu/SiO2 A

Cu 2p3~2 Cu 2p*?2

Peak 1 933.1 Peak 3 952.9
Peak 2 934.6 Peak 4 954.5
Cu/SiO2 B

Cu 2p372 Cu 2pl?2

Peak 1 932.7 Peak 3 952.3
Peak 2 934.5 Peak 4 954.2
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6.6 Thermogravimetric Analysis
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Figure S12. Thermogravimetric analysis thermograms of the SiO, materials recorded as following:
(i) heating at rate of 5 °C min™ from 25 to 200 °C; ii) maintenance of the temperature of 200 °C for
30 min and iii) heating at rate of 10 °C min~t up to 900 °C
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Figure S13. Thermogravimetric analysis thermograms of the TEOCS functionalized CuO/SiO, B

catalysts recorded as following: (i) isothermal step at 50 °C for 10 min; (ii) heating at rate 20 °C

mint up to 700 °C.

Table S4. TGA results from 200 ° to 700 °C for the catalysts sample.

Am %
Sample T2onset /°C TP onset/°C TP end /°C
(200-700 °C)

CuO/SiO2 71 - 4.5
CuO/ SiO2- 1% TEOCS 67 - 4.6
CuO/SiO2- 5% TEOCS 68 320 492 6.7
CuO/SiO2-10% TEOCS 63 322 508 6.1
CuO/SiO2 - 15% TEOCS 63 335 >650 10.1
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6.7 Transmission electron microscopy

Figure S14. Representative micrographs for sample CuO/SiOz2 - 15 % TEOCS. On the left
bright field TEM image and on the right side HAADF-STEM image (copper particles are
the brighter roundish spots). Adapted from ref. [30], Copyright Elsevier.
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6.8 Liquid-solid acid-base titration — Langmuir modelization

6.8.1 Langmuir isotherm

Langmuir adsorption isotherm model was developer to describe gas-solid adsorption
phenomena. According to Langmuir theory, adsorption process of a gas adsorbate onto a
solid surface is based on a kinetic principle according to which a continuos adsorption
process of molecules onto the surface that corresponds to immediate desorption from the
surface with zero accumulation rate at the surface [31]. Postulates of the model are the
homogeneity of the sorbent sites toward the target species, the absence of interaction
between adsorbate species on the surface, mono-layer coverage of the surface and
constant heat of adsorption [31].

The linear form of Langmuir adsorption isotherm is described by the following

equation (1):

1
.&: +Ce (1)

Jde Nmax 0 Nmax

e C.is the equilibrium concentration of the adsorbate in the bulk phase (mmol L?);

e (.is the equilibrium concentration of the adsorbate on the sorbent (mmol g%);

* NmaxiS the maximum monolayer coverage of the adsorbate on the sorbent (mmol g2);
e Dbagsis the Langmuir constant, indicative of the adsorbate-sorbent interaction strength

(L mmol?).

6.8.2 Data curation

Experimental adsorption isotherms obtained by liquid-solid titration of the sample
using phenylethylamine (PEA) collected in | and Il runs have been modeled according to
Langmuir model equation. In this case Ce represents the PEA probe concentration in the
solution while ge represent the PEA concentration adsorbed onto the sample surface.
Adsorbed PEA can be calculated subtracting the moles of PEA in the operating solution to
the ones actually injected by the operator (see experimental section for the operating

procedure). After calculating Ce and ge at each equilibrium steps, a linear regression is
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performed to obtain nmax, that is the maximum amount of absorbed probe (molpgagcat™), and
bads, that is the adsorption constant (M?). Notably, nmax can be considered equal to the
number of acidic sites present on the sample surface, if a 1:1 stoichiometry is assumed
between the PEA molecule and adsorption site.

The | run experimental isotherm can be associated with PEA adsorption on the total
acid sites of the sample surface, namely weak and strong. Hence, its linear regression
returns the total number of surface acid sites. Meanwile, Il run experimental adsorption
isotherms concearns only weak acid sites. In fact, washing with fresh solvent between the
two runs is insufficient to desorb PEA probe from the strong acid sites. With its linear
regression, it is possible to obtain weak acid sites quantification.

Subsequently, at given probe concentrations, a subtraction of the quantity of probe
adsorbed in Il run from the one adsorbed in | run was made. In this way, a new set of data
is obtained: a set of PEA Ce concentration corresponding to the equilibrium steps of the |
run to which each computed ge is associated. Again, the data are linearly regressed

according to equation (1) to obtain nmax that corresponds to the quantity of strong acid sites.

6.8.3 Calibrations

The linearity between the absorbance and PEA probe concentration in the titration
solvents, namely cyclohexane, cyclopentyl methyl ether (CPME), dioxane and heptane, was
evaluated performing UV spectra of various solutions of PEA in the solvents and elaborating
them with the Lambert-Beer equation (2)

A=¢LC (2)
Where:
e A = absorbance of the solution measured at A = 254 nm that is the characteristic
absorption wavelenght of PEA

e L = path length of the beam
e C = PEA solution concentration
e ¢ =molar attenuation coefficient

Calibration lines were realized to obtain the molar attenuation coefficient of PEA in

each solvent.
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Table S5. Molar extinction coefficients of PEA in the solvents of interest.

Cyclohexane CPME Dioxane Heptane
Molar extinction
coefficient € 1785+4.3 189.2+3.5 229.3+6.2 167.5+3.8
(moliL cm?)
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Successively, calibrations between the HPLC line detector signal and PEA
concentration in the titration solvents were performed to obtain the characteristic response
factor (RF) in each solvent (figure XX).
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titration solvents.
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6.8.4 Experimental adsorption isotherms
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Figure S20. Experimental adsorption isotherm (T = 30.0 £ 0.1 °C) of PEA on CuO/SiO; catalysts.
Top: Intrinsic acidity in cyclohexane of A) CuO/SiO; A and B) CuO/SiO, B. Bottom: Effective acidity
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B. Adapted from reference [32]. Copyright Elsevier.
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6.9 IR Spectroscopy
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Figure S22. FT-IR spectrum of the CuO/HAP sample pretreated at 350 °C for 2 h under vacuum. It
is possible to observe the CO3? absorption band between 1600-1300 cm™. The intensity of the band

is to such an extent that saturates the signal.
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Figure S23. FT-IR spectra of the CuO/SiO, sample after pyridine adsorption at different outgassing

temperatures.
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Figure S24. FT-IR spectra of the CuO/SiO.-Al,03 sample after pyridine adsorption at different

outgassing temperatures.

Pyridine Absorption mode

For a molecule with "N" atoms there are 3N degrees of freedom. For a non-linear
molecule 3 degrees of freedom can be signed to translations movement of a body as a
whole (Tx, Ty, Tz) and 3 to rotations (Rx, Ry, Rz). The remaining motions of the atoms are
displacements of the atoms from their mean positions while the center of gravity does not
change. These fundamental vibrations are referred to as normal modes. Thus, a non-linear
molecule has 3N-6 normal modes. Pyridine has 3N-6=3 x 11 — 6 = 27 vibrational modes
that depends on the atom orientation onto Cartesian coordinates and on the nature of the
of the vibration that are similar to benzene ones. 8b mode (Figure S25) represent a
stretching one and it can be sometimes observed in IR spectra at 1577 cm* but it is not

commonly used for Lewis acid site strenght evaluation
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Figure S25. Schematic representation of pyridine 8b vibrational mode.

6.10 Gas Chromatography analysis and calibrations
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Figure S26. Example of Chromatogram of GVL hydrogenation to 1,4-PDO post-reaction analysis of
products and reagent.
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