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ABSTRACT

The glucaric acid (GLA) has been identified as a “top value-added chemical from biomass” that can
be employed for many uses; for instance, it could be a precursor of adipic acid, a monomer of Nylon-
6,6. GLA can be synthetized by the oxidation of glucose (GLU), passing through the intermediate
gluconic acid (GLO). In recent years, a new process has been sought to obtain GLA in an economic
and environmental sustainable way, in order to replace the current use of HNO3 as a stoichiometric
oxidant, or electrocatalysis and biochemical synthesis, which show several disadvantages. Thereby,
this work is focused on the study of catalysts based on gold nanoparticles supported on activated
carbon for the oxidation reaction of GLU to GLA using Oz as an oxidant agent and NaOH as base.
The sol-immobilization method leads us to obtain small and well dispersed nanoparticles,
characterized by UV-Vis, XRD and TEM techniques. Repeating the reaction on different batches of
catalyst, both the synthesis and the reaction were confirmed to be reproducible. The effect of the
reaction time feeding GLO as reagent was studied: the results show that the conversion of GLO
increases as the reaction time increases; however, the yields of GLA and Other increase up to 1 hour,
and then they remain constant. In order to obtain information on the catalytic mechanism at the
atomistic level, a computational study based on density functional theory and atomistic modeling of
the gold nano-catalyst were performed. Highly symmetric (icosahedral and cubo-octahedral) and
distorted Auss nanoparticles have been optimized along with Au(111) and Au(100) surfaces.
Distorted structures were found to be more stable than symmetrical ones due to relativistic effects.
On these various models the adsorptions of various species involved in the catalysis have been
studied, including OH" species, GLU and GLO. The study carried out aims to provide a method for

approaching to the study of nanoparticellary catalytic systems.
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1. Introduction

1.1. Catalysis: concept and historical context

The term “catalysis” was proposed in 1835 by Jons Jakob Berzelius (1779-1848): [1] it comes
from the Greek words kata, that means “down”, and lyein, meaning “loosen”. But this
phenomenon has its origins long before: it has been used for thousands of years for fermentation
processes, although the theory behind it was not known. In 1781 Antoine Augustin observed
that by mixing potato starch with distilled water and cream of tartar (potassium hydrogen
tartrate), the starch acquired a sweet taste after a few months. Dobereiner (1780-1849)
discovered by heating the starch in water in the presence of mineral alcohols, it worked
converted into alcohol. In 1811 Sigismund Konstantin Kirchhoff (1764-1833) saw that, by
heating an aqueous solution of amide in the presence of acids, rubber, distrina and sugar were

obtained.

The study of catalysis had its foundations between the late eighteenth and early nineteenth
centuries, with the accumulation of experimental data which show the presence of foreign
substances in various chemical reactions. At the beginning of the nineteenth century the
properties of some metals, such as platinum, were noted, hypothesizing the functioning
mechanism of homogeneous catalysis based on an unstable intermediate. In 1830s physical

adsorption was proposed as a catalysis mechanism.

At the end of the nineteenth century by J.H. Van 't Hoff and W.H. Nernst (from 1898) was
given a definitions of catalysis based entirely on the variation of the speed of a reaction in the
presence of a catalyst. Giving a similar definition, W. Ostwald won the Nobel prize in 1909 for
his studies on chemical equilibrium and catalysis. He defined catalysis like "the acceleration of
a slow chemical process due to the presence of one foreign and unnecessary substance in itself
to the reaction "pointing out that "It is necessary without any change in the energy situation
[thermodynamics]" and that “At the end of the same process, the foreign substance can be

considered as removed”. [2]

Catalysis is a chemical phenomenon where the speed of a chemical reaction undergoes changes
due to the intervention of a substance (or a mixture of substances) called catalyst, which is not

consumed by the progress of the reaction itself. It has a kinetic nature: the catalyst in fact acts



on the intermediate stages of a reaction, without modifying the initial and final one, thus not

modifying the probability that a reaction takes place.

The basic principle is the variation of the reaction mechanism, preferring paths with a lower

activation energy, increasing the reaction speed, as reported in Figure 1.

E, (no catalyst)

Energy

E, (with catalyst)

XY

Reaction Progress

Figure 1: Variation of the reaction mechanism using a catalyst

Catalysts can be classified in several ways based on the chemical nature, the physical state or
the type of reaction; however, the commonly classification used is based on number of phases

present in the reaction system, such as:

e homogeneous, when the catalyst is in the same phase in which the reactants are present;

e heterogeneous, when the catalyst and the reactants are not in the same phase.
The characteristics of a catalyst may be defined by different parameters:

activity: it corresponds to the speed with which a chemical reaction proceeds towards
equilibrium in the presence of the catalyst in question. It is related to the law of

Arrhenius, which relates the speed constant to the temperature:
k = koe RE/RT 1.1)

where K is the velocity constant; ko is the pre-exponential factor, which it was considered
constant for not too high temperature variations; AE the activation energy; R the gas
constant; T the temperature;

o selectivity, which is linked to the ability to slow down unwanted reactions;



o stability: the catalyst must be stable over time, since loss of stability (deactivation)
leads to a decrease in activity and selectivity. The possible causes of deactivation are:
mechanical (particle deterioration, abrasion); thermal (component volatility, phase
changes, formation of new compounds, sintering); chemical (poisoning, coke

deposition; physical (fouling).

Theoretically, a catalyst should carry out a catalytic cycle ad infinitum without undergoing
modifications and without reducing its activity, but in reality this is not true it will become

inactive.

Two other indicators are important: the Turn Over Number (TON) and the Turn Over
Frequency (TOF); studying these can give us an idea of how the catalyst can change. In
particular, the TON indicates the number of moles of substrate that a mole of catalyst can

convert per second; instead the TOF is used to refer to the turnover per unit time. [3].
1.1.1. Homogeneous catalysis

As previously said, a catalyst is considered homogeneous when it is in the same phase as the
reaction medium. For a homogeneous catalyst all active sites are equal to each other;
furthermore, since it is homogeneously distributed in the reaction mixture, many active sites
are available to interact with the substrate. For all these reasons it is usually possible to conduct
reactions in mild conditions and without using a large amount of catalyst. Another advantage
is that for homogeneous catalysts it is not necessary to consider the diffusion rate in the

understanding of catalytic chemistry.

Among the industrial processes where homogeneous catalysis is used there are: oxidation,
carbonylation, hydroformylation, oligomerization, polymerization, hydrocyanation and

synthesis of fine chemicals, among other processes. [4]

The homogeneous catalysts used in industrial chemistry are generally organometallic
compounds. In particular, transition metals play a central role in catalytic processes. This is due
to their electronic configuration: having the d-orbitals partially filled, the formation of bonds
with ligands is favoured, so as to be available for other reactions.

Among the possible binders of the organometallic complexes are CO, N2, CN, RNC, PR3, =n-
aryl, m-allyl, —SiR3 and m-acyl. Tolman [5] proposed that the functioning of the catalytic cycle
is based on a defined rule of 16 or 18 electrons (Figure 2). It gives importance to the oxidation

state and to the coordination number of the metal centre of the catalytic complex.
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The two main postulates of the rules are:

» Diamagnetic organometallic complexes of transition metals exist only if the valence shell of

the central metal contains 16 or 18 electrons.

* Intermediates that form during the reaction must also contain 16 or 18 valence shell

electrons.

Saturated 18e
complex

'

Unsaturated Substrate
16e complex

Saturated Saturated m
complex
18e complex s

AN

Unsaturated
16e
complexes

Figure 2: Cycle explaining the 16/18 electron rule

The main disadvantage of homogeneous catalysis is found in the difficulty to separate and
recovering the catalyst from the reaction medium since the catalysts are in the same phase as
the reactants and products. This makes the process unfavorable from an economic and
environmental point of view, therefore difficult to achieve on a large scale. Moreover, there are
mass transfer problems when one of the reagents is a gas; in a gas-liquid reaction there is the

problem of the gas diffusion at the gas-liquid interface and in the liquid film.

1.1.2. Heterogeneous catalysis

Heterogeneous catalysts are for definition in a different phase from reaction medium and they
are generally in solid phase. The use of heterogeneous catalysts in the chemical industry began
in the early 1800s with Faraday, who discovered the use of platinum for oxidation reactions.

[6] During the second world war, Pt-Al.O3z was used for the dehydrogenation of methyl



cyclohexane to toluene. After the war, heterogeneous catalysts such as Ni-aluminosilicate were
used for oil hydrocracking and high boiling point: this allowed to obtain fuels, leading to the
automotive industry revolution. Heterogeneous catalysts are used for a great number of

chemical reactions, such as oxidation, nitration, coupling, condensation, and hydrogenation.

Chemical reactions take place through the adsorption of the reagents on the surface of the
catalyst: The American chemist-physicist I. Langmuir [7] in 1916 proposed a model called the
adsorption isotherm (later the isotherm of Langmuir), which explains adsorption by assuming
an adsorbate behaves as an ideal gas at isothermal conditions. The model used for this
formulation is still considered valid only for some borderline cases, since the assumption that
the solid surface is uniform and the equivalent adsorption sites, that there are no interactions
between adsorbed molecules and that only a single layer of molecules is adsorbed, represents

an extreme simplification for the treatment of adsorption / desorption kinetics.

This model, however, provided the impetus to formulate new studies related to the adsorption

mechanism on catalytic surfaces, up to the model Langmuir - Hinshelwood still used today.

The Langmuir - Hinshelwood theory is the one most used to explain the kinetics of
heterogeneous catalyst processes. The equation that explains the Kinetics of heterogeneous

catalysts is as follows [10]:

_dC _ k.KC
T dt T 1+KC

1.2)

where r represents the rate of reaction that changes with time, C is the concentration and k the

rate costant.
This theory is based on fundamental assumptions:

e Concentration gradients of the reagents in correspondence with the external film and
inside the granules are negligible

e Concentration of each reagent at each point of the active surface equal to the
concentration in the bulk of the homogeneous adsorbed phase.

The term r is represented by the initial velocity ro, which can be expressed as a function of the

initial concentration Co or the equilibrium concentration Ceq: [8]

kyKC
rp=—1=9%
1+KCy

1.3)



_ krKCeq

o=
0 14K Coq

1.4)

Some years after the formulation of the Langmuir equation, Eley and Rideal, in 1939, proposed
the reaction mechanism between chemisorbed and physisorbed molecules. Rideal proposed that
a reaction not only occurs between chemisorbed molecules or a chemisorbed molecule and a
molecule colliding with it form the gas phase, but can also occur between a chemisorbed
molecule and a physisorbed one, holding the latter in a Van der Waals trough, without

adsorbing.
For the reaction:
A(g) + S(s) = AS(s)
AS(s) + B(g) — Products 1.5)
Rate equation is: r= kCs6aCs

Considering the steady state approximation for AS and considering the reaction the limiting

step, we obtain:

r= kCBCS k1Ca 1.6)

1+k.Cy

At low concentrations of A, r = kCgCsk,C4 and the order is one with respect to A.

At high concentrations of A, r = kCgCs, and the order is zero with respect to A.

The reaction cycle using a heterogeneous catalyst takes place in 7 main steps (reported in Figure
3):

1. Diffusion of the reagents from the bulk of the homogeneous phase to the external surface
of the CT (external diffusion);

Diffusion within the catalytic granule (intraparticle);

Adsorption of reagents on the catalyst;

Surface reaction of adsorbed reagents;

Desorption of the products from the surface of the catalyst;

© a0k~ w N

Diffusion of products from inside the catalyst to the external surface (internal counter-
diffusion);
7. External diffusion of products.



1. External diffusion of
reagent A on the
catalyst surface

ﬁ 7. External
diffusion of R

® ®
U

2. Internal ®® 6. Internal

diffusion into the diffusion from the

pores of the inside of the

catalyst catalyst to the
external surface

3. Adsorption of A 5. Desorption of R

on the catalyst from the catalyst

4. Reaction @ == ®

Figure 3: 7 steps of reaction in presence of a heterogeneous catalyst

Stages 1, 2, 6 and 7 are physical processes of matter transfer, while stages 3, 4 and 5 are

chemical phenomena.
The heterogeneous catalyst consists of several parts:

e The active phase: where the reaction takes place;

e The support: where the active phase is deposited;

e The promoters: they can be physical, which improve the physical properties (surface
area, mechanical strength) or chemicals, which modify the activity and selectivity of

the active phase (such as semiconductivity n or p).

The active phase is generally expensive, so the advantage of having a support is that it
allows to use less of it. The support, in fact, gives optimum porosity and surface area to the
active phase. It also increases the mechanical resistance of the catalyst; creates
multifunctional CTs, introducing new sites (basic or acid); increases the heat exchange

capacity (e.g. SiC).

1.2. Biorefinery

The current world energy needs are largely supplied by fossil fuels (coal, oil and natural
gas). However, these resources are slowly running out. [9] Furthermore, there is scientific

evidence of greenhouse gas (GHG) emissions, such as carbon dioxide (CO2), methane
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(CH4) and nitrous oxide (N20), updated by the combustion of fossil fuels, are harmful to
the Earth [10,11]. For all these reasons, in recent years the use of renewable raw materials,

i.e. biomass, becomes a crucial issue for the future of the chemical process industries.

Chemical products depend heavily on fossil fuels: it is estimated that around 4% [12] of oil
is invested in this sector, for the production of plastic and chemical products. To cope with
these problems, the world industry is looking for new sources of energy and production
methods: [13] Plant-based raw materials (i.e. biomass) are known to have the potential to
replace fossil fuels as raw materials for industrial production and an energy source in the
transport sector; [14] moreover, biomass is abundant (about 180 billion tons per year) and
more uniform distributed on the planet, so the incorporation of biomass into the industrial
profile can help to keep energy independence and develop new opportunities for the
chemical industry. This approach is fully compatible with the sustainability principle
development, ensuring economic development based on local renewable resources, create

jobs in both industry and agriculture fields and protect the environment.
1.2.1. Biorefinery: definition

The biorefinery is a structure that integrates various processes and equipment to convert
biomass, such as wood, corn, etc., into its building blocks, such as carbohydrates, proteins,
triglycerides, as well as biofuels and chemicals. Therefore, it is based on the same principles
as oil refineries but using biobased and sustainable resources. An ethical and political
discussion point is that some of the biofuels and chemicals are produced from raw materials
in competition with the food and feed industries from first generation. To overcome these
problems, a second generation of biofuels and chemicals has been introduced, from raw
materials based on waste, residues or biomass from non-food crops. Lignocellulosic crops

have the advantage of being able to be grown on land unsuitable for agricultural crops.

The raw materials for the biorefinery are supplied by different sectors, as reported in Figure
4.



Low rotation time forest

« willows
+ poplars
« eucalyptus

Wood waste

« forest residues
+ sawdust
« industrial woodworking residues

Harvests of sugar-rich products
+ sugar beat
* sugar cane

Harvests of strach-rich products
= corm
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Collection of grass and wood-cellulosic products

Collection of oily products

= sunflower seeds
* rape
+ rapeseed

Agricultural waste

* straw

Urban solid residues

Industrial processing residues

« Food industry
+ Wheat

Industrial woodworking residues

Figure 4: Sectors that supply biomass as a raw material

The main biomass feedstocks are the lignocellulose, made up of three different components:
cellulose, hemicellulose e lignin. They can be found in different percentages depending on

the substance.

Cellulose (CsH100s6)n (Figure 5) is a polysaccharide consisting of a large number of glucose
molecules joined together by a B-glycosidic bond. It has a branched chain, which
differentiates it from starch. This latter, in fact, can be easily hydrolyzed by enzymes and
acid attacks; cellulose, on the other hand, is much more difficult to hydrolyze.



HO ]
H 0 o\
H
OH H
H
H OH |

Figure 5: Cellulose structure

Hemicellulose (CsHsOs)n (Figure 6) is a polysaccharide which can be extracted from
cellulose; it is relatively amorphous and scarcely soluble, but easier to hydrolyze than

cellulose; it contains high hexose and pentose sugars.
Hi

HO
S .

7 on OH O ff
N o’ o

OH no (_; OH
OH f
| ~_|

OH

Figure 6: Hemicellulose structure

Lignin (CoH1002 (OCHs3)n) is a heavy and complex organic polymer consisting mostly of

phenolic compounds. It is found mainly in the cell wall of some plant cells and it main

function is to give rigidity to the structure. It is composed essentially of many methoxylated

derivatives of benzene, especially coniferyl, sinapyl and coumaryl alcohols, shown in

Figure 7. [15] Cellulose and hemicellulose are polysaccharides hydrolysable in sugars and

therefore usable in fermentation processes. Lignin, on the other hand, cannot be used in

fermentation processes but is useful for other purposes, such as chemical extraction and

energy generation.
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coniferyl alcohol sinapyl alcohol p-coumaryl alcohol

Figure 7: The three main components of lignin

1.2.2. Biorefineries platform molecules: glucaric acid

Bio-refineries must have a limited number of platform molecules, from which the chemicals
are then derived. In particular, the fraction of carbohydrates collected from cellulose and
hemicellulose from lignocellulosic biomass have a fundamental role for the formation of
biochemical products: polysaccharides have in fact been hydrolyzed obtaining
monosaccharides such as glucose, fructose and xylose, which can be converted in platform
molecules with fermentative processes. The "Biomass Value-Added Chemicals™ report
published by the United States Department of Energy in 2004 [16] reported twelve
molecules derived primarily from renewable sources, listed along with their potential in a
bio-based chemical industry (Figure 8). The twelve building blocks can be subsequently
converted to a number of high-value bio-based chemicals or materials. They are molecules
with multiple functional groups that possess the potential to be transformed into new
families of useful molecules.

Building blocks

1,4 succinic, fumaric and malic acids
Xylitol/arabinitol
Itaconicacid
Glycerol
3-hydroxybutyrolactone
Glutamic acid
Glucaric acid
Levulinic acid
Aspartic acid
3 hydroxy propionic acid
Sorbitol
2,5 furan dicarboxylic acid

Figure 8: The twelve building blocks with a great potential in a bio-based chemical industry (reported by the

United States Department of Energy)
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In this work we will focus on glucaric acid, that can be obtained from the oxidation of

glucose.
Glucose

Glucose is an aldehyde monosaccharide; it is the most widespread organic compound in
nature and is the product of chlorophyll photosynthesis. It is an aldohexose sugar as it is
made up of six carbon atoms; it is a chiral molecule and is naturally present in the form of
two enantiomers: the left-handed and the right-handed; the latter (D-glucose) is the most
common: it is also present in the human body and is fundamental because it represents one
of the major sources of energy. Glucose is produced industrially from starch through the
use of acids or, with increasing popularity in recent years, through an enzymatic hydrolysis

process.

World annual sugar production is around 20 million tons. [17] It is therefore a widely
distributed raw material that is accessible from an economic point of view. Glucose is used
as a platform molecule for the synthesis of chemicals and fuels (Figure 9). Starting from
glucose it is possible to obtain alcohols such as ethanol and butanol through fermentative

and enzymatic processes, but also to obtain organic acids such as citric acid and gluconic

12



acid. The latter is obtained by oxidation of the aldehyde group of glucose to obtain a
carboxyl group. By oxidizing gluconic acid, glucaric acid can be obtained.

OH  OH

OH 0
OH OH OH
: OH
N HD/&UA‘/ E Q Hij/\/[\l/’\lr WU‘H
=~ OR HO ;
HO T HO HD\)J\ OH OH O 1,6-hexanediol
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i \ 'a [ oH
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solvent fuel HG

“AHre=_ 1\ 7 g.m;’:\ \\\*(_7'

B HO. -0
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palyethylens formic ackd ‘_)\ Fual fuel

plastic caftle food O

[0}
OH ‘

o oH \a

/u\ / HO o
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ethyl acetate itaconic acid OH prylane
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| HE‘\_)L plating, foods
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acrylic acid

easti
plastic " - / OH s-aminolevulinic ac:d
precursor na:r].—o as o l agrichemicals
o
A 0{'3‘40 Q/ AN
butenes

Polyhydroxycarboxylales PBS n 2-MeTHF precursor to fuels
plastics biodegradable plastic solvent and plastics

|RD

Figure 9: Derivative of glucose and their applications

Glucaric Acid

Glucaric acid, also known as saccharic acid, is a dicarboxylic polyidroxy acid with structure
CeH100sg obtained from the oxidation of both terminal groups of glucose to carboxylic
groups, following the mechanism reported in the Figure 10. It is used as a chelating agent
and raw material for pharmaceutical or food products. The gluconated ion in fact, with a net

negative charge (anion), chelates Ca?*, Fe?*, AI**, and other heavy metals.
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Figure 10: Mechanism of oxidation of glucose to glucaric acid

It can be obtained both in nature and in the laboratory: it is produced by some species of
mammals and plants and together with D-glucaro-1,4-lactone it represents the final product

of the metabolism of glucuronic acid. [18]

It has several possible uses: for example, it can be used in the medical field: it has been
proposed as an anticancer agent [19], for the early diagnosis of heart attacks [20] and as a
food supplement for the regulation of the cholesterol level. [21] Furthermore, it can be used
as a metal corrosion inhibitor [22] and as a cationic sequestering agent for the production

of phosphate-free detergents. [23]

Glucaric acid is a very interesting molecule for the chemical industry: salts and esters can
be used for the production of new hyper-branched polyesters and its derivative, a-

ketoglucarate, for the synthesis of innovative elastomers, [24] as shown in Figure 11.

HOLC” O OH OH
O\
R

HO “OH
Glucaro-y-lactone OH OH O

Esters and salts

0 OH O
OH

OH OH O
o-ketoglucarates
CgHy0p MW = 208.12

_ OH H
Glucarodilactone OH OH O

Polyhydroxypolyamides

CeHgOp MW = 174.11

Figure 11: Chemical structure of glucaric acid and its derivatives
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Particularly important is the process of catalytic reduction of glucaric acid to adipic acid, nylon-
6.6 monomer (Figure 12). The global annual productions of adipic acid and its derivative &-
caprolactam are 2.2 and 4 million metric tons, respectively. [25] In 2012, more than 90% of the
global adipic acid production relied on the nitric acid oxidation of cyclohexanol or a mixture of
cyclohexanol — cyclohexanone (KA-oil), all derived from fossil-based benzene. For these
reasons, a bio-based production of adipic acid starting from glucaric acid is interesting for the
environment [26]. However, much of the interest of research on the synthesis of glucaric acid

is mainly due to its potential use in polymer chemistry.

HO/\/HA&O — HO)J\I/WOH — Ho)k/\/\n/OH
OH OH -H:0 OH OH O -4H0 0

Figure 12: Synthesis of adipic acid starting from glucaric acid, obtained from biobased resources

1.2.3. Synthesis of glucaric acid

The most common method of obtaining glucaric acid is the oxidation of glucose via nitric
acid, using the method introduced by Sohst-Tollens. This method has the advantage of being
relatively simple, since nitric acid works both as an oxidant and as a solvent; consequently,
it is still the most convenient, although it has many disadvantages and problems: indeed, it
is not convenient from an economic and environmental point of view. HNOs3, in fact,
decomposes at NOX, classified as air pollutants: its presence in the atmosphere is one of the
causes of acid rain production, which causes damage to buildings and monuments. [27] It
is therefore clear that it is necessary to find a new synthesis method that is less harmful from

an environmental point of view.

In last years, various alternatives based on both chemical and biochemical processes have
been proposed, even if none of them has proved economically advantageous to be developed
on an industrial scale. [28] In the next paragraph it has been reported the main used.

Sohst-Tollens synthesis
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As it has been already introduced,in 1888 the German chemists Sohst and Tollens proposed
as a synthetic method of glucaric acid the oxidation of glucose by nitric acid, followed by
the addition of potassium hydroxide in order to isolate the product as monopotassic

glucarate. [29]

This process has numerous advantages: first of all, nitric acid, a relatively cheap reagent, is
used both as an oxidant and as a solvent; furthermore, the reaction can be carried out at

atmospheric pressure. In the 1950s a pilot plant was proposed for this process.

However, there are numerous problems for this process: nitric acid, as mentioned above, is
a reagent considered to be polluting: during the reaction it is partially decomposed to NOx
and N20, which must be killed according to the regulations, leading to further costs.
Furthermore, the reaction is poorly selective, leading to a low vyield of glucaric acid,;
consequently, there is a low productivity and therefore an increase in costs due to the
separation of the desired product from the by-products obtained during the reaction;
furthermore, nitric acid is a strong acid, consequently the plant must be made using specific

and expensive materials, leading high cost.
Glucaric acid production in recombinant E. Coli

In 2009 a mechanism of synthesis of glucaric acid starting from glucose was proposed by
T.S. Moon et al., exploiting an enzymatic process with recombinant Escherichia Coli [30]
through a complex genetic manipulation procedure. To perform the synthesis, three

enzymes from three different organisms are transferred to Escherichia Coli (Figure 13).

This process has the advantage of being carried out at low temperatures, around 30 ° C; it
also does not require the use of oxidants or catalysts. The disadvantage is that the yield of
glucaric acid is only 17%, therefore it is not a process achievable on an industrial scale as
it would not lead to great economic advantages.
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Figure 13: Pathway for the production of glucaric acid in recombinant E. Coli [30]

Catalytic oxidation with vanadium pentoxide

Various mechanisms of glucaric acid synthesis have been proposed over the years using
heterogeneous catalysts. In particular, V. Pamuk et a. have seen that in the presence of
vanadium pentoxide supported on silica, a yield of 64% glucaric acid can be obtained in a
cylindrical reactor air—molasses co-current downflow. [31] Specifically, it starts from a
molasses containing 52% sucrose, oxidized with air in the presence of nitric acid, sulfuric
acid and sodium nitrite. The latter helps the inversion reaction of sucrose and the oxidation
of the glucose formed. The air has the function of oxidizing the glucose and nitrogen oxides
that were formed during the reaction, in order to partially regenerate the nitric acid. The

synthesis is carried out in a fixed bed reactor thermostated at 60° C.

This synthesis has numerous advantages: air is used as an oxidant, which is low cost;
moreover, we start from molasses, a waste product of the sugar industry. However, there
are problems with the use of high concentration strong acids and the formation of NOx.
Therefore, there is no convenient process from an economic and environmental point of

view for a large-scale application.
Oxidation catalyzed by nitroxides

Merboubh et al. proposed to synthesize glucaric acid by oxidizing glucose by 4-acetamide-
TEMPO [32] (Figure 14). In this process glucose is oxidized in the presence of catalytic
quantities of the nitroxide, using potassium hypochlorite as a co-oxidant species. It is
necessary to increase the basicity of the solution with NaOH up to a pH of 11,5. The reaction
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is carried out between 0 to 5 °C. Finally, by adding ethanol the product precipitates in the
form of monopotassium glucarate and therefore isolated. This synthesis has numerous
advantages, among which the high selectivity and the high yield of glucaric acid (about
90%). However, the problem is not feasible on an industrial scale due to the high cost of the

oxidizing agent.

Hic OONa
OH
H H H
H ! Bleach OH
H OH - { NaOH Ok
OH = CooNa

Figure 14: Glucose oxidation by 4-acetamide-TEMPO

Electrocatalytic oxidation of glucose

Another method of synthesis of glucaric acid is the oxidation of glucose in a catalytic
reactor. The system consists of a nanoparticle MnO> anode deposited on a titanium electrode
and a cathode consisting of a metal mesh around an electrode. The reaction occurs by
applying a difference in potential between the two electrodes, causing the passage of
electrons in the circuit. This leads to surprising results, with a yield of gluconic acid of 15%
and 84% of glucaric acid. [33] This method has the advantage of not requiring the use of an
oxidizing agent. In addition, the reaction is carried out under mild conditions, at a
temperature of about 30° C, pH around 7 and with a current intensity of 6 mA cm=,
However, although there are numerous advantages, the use of an electrocatalytic reactor on

an industrial scale is too expensive to use. [34]
Catalytic oxidation with metallic nanoparticles

Over the years, various methods of synthesis of glucaric acid have been proposed using
metal nanoparticles. Some noble metals, such as gold, platinum and palladium, on the
nanometer scale are in fact particularly active for oxidation reactions. Furthermore, the
possibility of supporting them, as seen above, allows their use as heterogeneous catalysts,
therefore easily reusable and not subject to high separation costs. Gold nanoparticles are
preferred because they do not undergo large leaching and poisoning phenomena, unlike
those of Pd and Pt. [35]
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1.3. Nanoparticles

Nanoparticles are particles with sizes ranging from 1 to 100 nm [36]. Although they appear to
be a modern invention, they have been known for hundreds of years: for example, in the 11th
century the artisans of Mesopotamia used them to generate a sparkling effect on the surface of

the pottery.

Nanoparticles are a bridge between bulk materials and atomic or molecular structures. In fact,
they have different properties compared to their large counterparts: they have a very high
surface area to volume ratio; consequently, having the under coordinated surface atoms, they
are more reactive. The high surface area therefore leads the nanoparticles to have interesting

and unexpected properties.

Thanks to their special characteristics, in recent years, nanoparticles have become of great

scientific interest, being used in numerous sectors, as reported in Figure 15.

Nanoparticlesfields

Medicalfield | SYnthesisof
polymer
Microelectronic Catalysis

Figure 15: Fields of application of nanoparticles

In the medical field, for example, gold nanoparticles can be exploited to detect the presence of
cancer cells. In addition to being biocompatible, they can be used as a scaffold for the transport
of antibodies, which agglomerate in the vicinity of the cancer cells, highlighting them. This

technique is advantageous because it is accurate and not very invasive. [37]
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The clay nanoparticles are then used for the synthesis of polymers, as they increase their
resistance by increasing the glass transition temperature. This allows to obtain nanocomposite
polymers with significantly improved mechanical performance. Sometimes the nanoparticles

are also tied to textile fibers to make the clothing more functional. [38]

In the field of microelectronics, metal nanoparticles are used for the production of printed
circuits. They allow to lower the melting temperature of the conductive paste used to print the
circuit, so that it is lower than the softening temperature of the card, made of polymeric material.
The most conductive and weather-resistant metal is gold, but given its high cost, copper is often
used. [39]

Nanoparticles have found wide use in the area of catalysis. Indeed, having a very high surface
area they are more reactive, because of atoms on the surface with lower binding energy. This
has allowed the use of bulk metals considered inactive for a long time. A significant example
is gold: group VIII metals, copper (Cu), silver (Ag) and gold (Au), have the d-band fully
occupied; For this reason, in bulk form, these metals are catalytically inactive as they do not
have vacant sites in the d band; as we know, surface atoms, being undercoordinated, are
reactive; in nanoparticles the surface to volume ratio is very high: as a consequence, as
evidenced by the research of prof. M. Haruta [40] and prof. G. J. Hutchings [41], metals such
as gold are catalytically active if their size falls below 10 nm, even at relatively low

temperatures.

1.3.1. Nanoparticles: synthetic methods

Impregnation method

The impregnation method (IMP) is widely used for the preparation of different metal catalysts
because it is simple and easy to control. In their Ki-Joong Kim work and Ho-Geun Ahn [42]
report the synthesis of a bimetallic Pt-Au catalyst supported on ZnO / Al>,O3 through a classic
IMP and an incipient wetness impregnation (IW-IMP). The catalysts were characterized by
ultraviolet-visible spectroscopy (UV-vis), X-raydiffraction (XRD), CO chemisorption,
temperature-programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS) and
scanning transmission electron microscopy (STEM) in conjunction with energy dispersive

spectroscopy (EDS).

The impregnation method (IMP)
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Chlorinated precursors are used for Al,Os support due to the strong interactions between
precursor and support. 4% ZnO was loaded supported on alumina. H2PtClg-5H20 (Aldrich) and
HAuCl4- 3 H20 solutions were used as precursors of Pt and Au. Two grams of powder of the
support of ZnO / Al,O3 were introduced and 20 ml of an aqueous solution of 2,47 102 M
HAUCI; and 1,95 102 M HzPtCls at room temperature; the water was evaporated at 80° C,

finally obtaining a paste. The catalyst obtained was dried and finally calcined.
The incipient wetness impregnation method (IW-IMP)

To prepare the catalyst with the incipient wetness impregnation method (IW-IMP) the
necessary quantity of precursor was dissolved in deionized water; the volume of water used
was chosen by imposing it equal to the volume of the pores of Al>O3. Keeping the ZnO / Al203
support under stirring, the freshly updated solution was added slowly and at room temperature
for 20 minutes. The powder was dried for 24 hours and calcined for 3 hours at various

temperatures.

For both methods it is necessary to pre-treat the catalysts with a reducing gas such as H> to
remove the chlorine atoms coming from the solutions of the precursors, which is what would

cause the sintering of the nanoparticles and therefore those of their size and of the latter.

This method has the advantages, besides being simple, to be capable to use different types of
substrates and which do not require pH control. However, it does not allow to control the size

of nanoparticles.
Anion adsorption

V. Pitchon and coworkes reported in their article [43] the direct anionic exchange (DAE). This
method consists in a simple contact between a gold solution prepared with HAuCl4 as precursor
and alumina as support over a narrow range of pH. They start from the aqueous solutions of
HAUCI4 with concentrations of 1072, 1.44 x 1072 or 2.23 x 10~* M; support is Al,O3 (IEP=8-9).
The solution is added to the support, then it is heated to 70° C and aged for an hour. The obtained
product is filtered, washed with hot water, dried at 120° C and calcined at 300° C for 4 h. In
Figure 16 we reported the method of synthesis. With this method, a loading of gold of 2% by
weight is reached; the nanoparticles are large, about 10-20 nm. Their size depends on the
presence of chlorine, which causes the sintering of the nanoparticles: to avoid this, it is possible

to carry out a limited treatment with an ammonia solution, which however leads to a loss of
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gold, reaching a final quantity of 1.5%. The dimensions of the nanoparticles are measured with
HRTEM.

Calcinated at

Support (Al,Os)  Heat at 70°C Agedforlhour  Filtred Diredat 120°C  300°C for 4 hours
> > — —> —> —>
Washed
with hot
HAuCI, *3H,0 water

Figure 16: Scheme of anion adsorption method

This method is based on the direct anion exchange (AED) of the gold species with the hydroxyl
groups of the medium. For this process, the isoelectric point (IEP) of the substrate is
fundamental: if the pH of the solution is lower than the IEP: when the oxide surface is positively
charged (OH?* groups are present), consequently the anions present in the solution can adsorb;
on the other hand, if the pH of the solution is higher than the IEP of the substrate, the substrate
is negatively charged due to the presence of O surface groups, consequently the cations present

in the solution are adsorbed.

As the preparation of the catalyst proceeded, Pitchon and colleagues noticed a continuous
increase in the pH of the solution over time for all three prepared solutions [44]: for example,
for a higher concentration of HAUCI4, 1.44 x 1073 M, is observes an increase in pH from 2.9 to
3.7. At this pH, the gold species present in the solution are [AuCIzOH] and [AuCIl2(OH)2]™: it
is the latter being the main species that makes possible a reaction between the support and the
complexes. The pH of the solution increases because the H* in the solution protonate the OH"

groups of Al>O3 forming OH2 on the surface of the support (Figure 17).

pH=3 pH=4
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Figure 17: Mechanism of interaction of the gold complex with the alumina surface according to the pH

Sol-imobilization
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Supported nanoparticles can be obtained in water by sol-immobilization method. In this
technique, introduced by Prati and Martra in 1999 [45], metal nanoparticles are formed as sol,
which are then stabilized by means of a support; the nanoparticles are obtained by reducing a
solution of the metal precursor desidered, for example HAuCl4 to obtain gold nanoparticles, by
means of a strong reducing agent like sodium borohydride, or reducing agent with lower
strength, like hydrous hydrazine.

Nanoparticles are thermodynamically unstable in solution, therefore it is necessary to avoid that
they aggregate [46]; consequently, before adding the support, it is necessary to add a stabilizing
agent: this can be a steric, electrostatic or steric-electrostatic stabilizer (Figure 18). For
electrostatic stabilization, the anions and cations that are in solution interact with the
nanoparticles forming a double electric layer, which avoids their aggregation; electrostatic
stabilization has the disadvantage of being sensitive to ionic strength and pH; in fact the addition
of an electrolyte like NaCl can cause the agglomeration of the nanoparticles [47]; for these
reasons steric stabilization is preferred, since it is not influenced by these factors; it consists in
the adsorption of large molecules onto the surface of the nanoparticles: for steric reasons they
consequently do not allow the nanoparticles to approach and therefore to agglomerate; some
polymers, such as PVA (polyvinyl alcohol), combine steric and electrostatic effects. Part of the
PVP adsorbs on the NP surface, while the other part dissolves freely in the suspension, creating

a second protective shell. [48]

Electrostatic stabilization Steric stabilization

Figure 18: Scheme of electrostatic and steric stabilization

The stabilization of the nanoparticles is also fundamental for the immobilization phase through
the support, as it increases their long-term stability. Moreover, this method allows to obtain
nanoparticles with different shapes simply by varying the ionic environment (from the
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octahedron to the cube, to the rhombic dodecahedron) [49]. Other parameters that influencing
the morphology of the nanoparticles are metal, stabilizing agent and reducing agent
concentration. [50,51] Indeed, it also turned out that a PVA / Au 3:1 weight ratio must not be
exceeded, in order to avoid total immobilization of the NPs. [52] The immobilization of the
nanoparticles allows to obtain a uniform and narrow size distribution of the latter on the surface
of the support; the nanoparticles obtained with this method are not sensitive to pH, and

furthermore it is possible to control their size, shape, oxidation state and final morphology.

30 min later filtration :
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Figure 19: Sol immobilization preparation method

3 min later

>

NaBH,

HAuCl, *3H,0
+ stabiliser

To support the nanoparticles in order to obtain the heterogeneous catalyst, the solution
containing the nanoparticles must be brought to a pH lower than the isoelectric point of the
support: this allows to facilitated the interactions between support and nanoparticles.

Deposition-precipitation

Deposition-Precipitation (DP) method consists in the deposition, by precipitation, of a
hydroxide or hydrated oxide of the metal precursor on the surface of the support. The precursor
of the metal, in fact, which is soluble, is rendered insoluble by increasing the pH: it has to be
higher than the support IEP by the addition of a base. The procedure (Figure 20) generally
consists in stirring a solution containing the support and the precursor of the soluble metal; the
precipitating agent is added gradually for increasing the pH. Once the metal has precipitated on

the support, the solid obtained is recovered, washed, dried and activated.

Zanella and collaborators [53] report the synthesis procedure of the catalysts with two different
deposition-precipitation methods: with NaOH and with urea. They report for 1 g of support, in
this case TiOz, 100 mL of aqueous solution HAUCI4 or [Au(en)z]Cls (4.2 103 M) (Au 8% wt).
In the case of the reaction with NaOH, the temperature was set at 80° C and the pH adjusted to
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8 with the addition of soda; the support and solution were left in contact for about an hour. For
the reaction with urea, it was added to the solution of the gold precursor until it reached a
concentration of 0,42 M. The reaction is carried out in the absence of light, so as not to

decompose the precursor Gold.

Dried under Activation (air

Support Soda (pH=8) / 1 hour Filtred vaacum at flow for 4
urea t=100°C hours)
_ > > » ————»

Washed
with
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T=80°C

HAuCI, *3H,0

Figure 20: Deposition-precipitation synthetic method

Once the deposition is finished, the solid obtained is a state separated from the solution by
centrifugation and washed several times with distilled water and dried under vacuum at room
temperature or at 100° C. Finally, to activate the catalyst, it was calculated by a flow of
industrial air at 300° C for 4 hours (50 mL /min).

In his work, Zanella and co-workers [54] propose a reaction mechanism. By XAS
characterization, they demonstrated that a gold hydroxide structure is formed during NaOH DP.
The dominating species in solution at the preparation pH (pH = 8) and the temperature of 80°
C, are [AuCl2 (OH)2] and [AuCI (OH)]s]. [55] They observed that there is no chlorine in the
close vicinity of gold in the catalyst prepared by DP NaOH. Moreover, the number of
neighbours is found to be four and not three (indicates a square planar geometry of Aulll
species). For these reasons they proposed that deposition could occur via a grafting reaction of
the metal complexes with hydroxyl groups of the support surface.

For the DP urea preparation, the deposition of gold into the TiO surface occurs from the
precipitation of a gold compound, which is gold (I11). Indeed, metallic gold does not form
during DP urea preparation. For the reaction mechanism, it has been proposed that the gold
species in the HAuUCI4 solution react with the ammonium ions or isocyanate ions, obtained by
the decomposition of urea; while for the reaction between the isocyanate ions and gold there
are no testimonials in the literature, the reactivity between gold and ammonia complexes is
widely documented, in particular for the formation of planar square complexes of Aulll, such

as [Au (NHs)4 J** [54]: it is obtained by slowly adding concentrated ammonia to the solution of

25



the gold precursor, keeping the pH below 5; [56] this process is similar to that which occurs

during urea hydrolysis.

The products were characterized by inductively coupled plasma emission spectroscopy;
calcinated Au / TiO2 were analysed by TEM, X-ray (XANES and EXAFS) and RAMAN

spectroscopy.

With this method it is possible to obtain 3-5 nanometer sized nanoparticles [57][58].
Furthermore, it is suitable for the deposition of gold on oxide supports with IEP higher than 5,
such as magnesia, titania, alumina, zirconia, and ceria. It is not suitable for silica (IEP = 2),

silica-alumina (IEP ~ 1), and tungsten (IEP = 1), activated carbon or zeolites.

The catalysts prepared from DP urea are more active than those obtained by the impregnation
method, regardless of the quantity of gold. This is probably due to the fact that the impregnated

catalysts have a larger particle size distribution than that of the catalysts obtained by urea DP.

1.3.2. Bimetallic nanoparticles

A bimetallic nanoparticle is a combination of two different metals that exhibit several new
and improved properties. [59-61]

They have gained great interest from the scientific and industrial world thanks to their unique
physicochemical properties; in fact, by blending two metals in one particle you can have more
possibility to vary the properties of the obtained particle. They are used in various fields,
including biomedical, imaging [62-72] and as catalysts: in fact, they often show higher catalytic

activity compared to the corresponding monometallic nanoparticles.
1.3.3. Bimetallic nanoparticles: synthetic methods

As with monometallic nanoparticles, bimetallic ones can be summarized in two main ways:

bottom-up method and top-down method.

For the bottom-up method it is necessary to start from solutions of the metal cations of interest
in the form of soluble salts; subsequently these cations are reduced with suitable agents, which
will then influence the properties of the particles. As seen above, the addition of stabilizers is
required to prevent the nanoparticles from clumping. For bimetallic nanoparticles it is necessary
to start from its solutions of the metal cations which will then constitute the nanoparticles. [73-
76] The synthesis method can be of two types, depending on how the precursors are added: co-

reduction method or subsequent reduction method. We speak of co-reduction method if both
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pre-cursors are present at the same time, therefore they bind to each other according to a
statistical mixture. Otherwise we speak of successive reduction method if one precursor is
added after the other: the precursor of the metal that must form the core is added along with the
stabilizing agent first. This is followed by the reducing agent. Once the complete reduction of
the first metal is ensured, the second metal precursor is added: this can lead to the formation of
core-shell structures. [77-80]

Considering that, for core-shell nanoparticles, the core will consist of the most noble metal,
while the shell will be the least noble (Figure 21). For example, gold forms the core and silver
forms the shell. If the opposite were done, first reducing Ag* to Ag to form the core, and
subsequently adding Au®*, the latter would oxidize the metallic silver that will dissolve; to avoid
this problem you can proceed with the addition of an excess of strong oxidizing agents together
with the more noble metal, but this does not always work and there are numerous complications

to be taken into consideration. [81-84]

Among the top-down methods, the most used is laser ablation: a solid target, which in this case
is a bimetallic alloy, is hit by a laser beam, allowing to obtain well dispersed bimetallic

nanoparticles.

The most controllable top-down method is laser ablation. [85-89]

Figure 21: Alloy (left) and core shell (right) nanoparticles

1.4. Gold nanoparticles

1.4.1. Gold nanoparticles: main reactions

CO oxidation

CO+%0O— CO2
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Gold-based catalysts have a high activity for oxidation reactions. In particular, small
nanoparticles, below 5 nm, are more active than larger ones. Among these reactions there is the
oxidation of carbon monoxide [90], which allows to purify the combustion fumes by

eliminating CO and breaking down the CO in the fuel cells. [91]

By varying the support, the activity of the catalyst varies: Au/Fe,Oz3 catalyst has the advantage

of being active even at low temperatures (i.e. -76 ° C).

The mechanism of the reaction is not clear yet, but it has been hypothesized that oxidation
occurs with a charge transfer from the electronic lacks present on the surface of the support

towards the gold nanoparticles and that activates the metal in the oxidation reaction. [92]
Glycerol Oxidation

Gold-based catalysts are active, as evidenced by J. Hutchings and coworkers [93], for the
selective oxidation of glycerol to glyceric acid in the presence of NaOH under stoichiometric
conditions. Indeed, basic conditions are essential to obtain selective oxidation to glyceric acid
and a high conversion of glycerol. They saw that with high concentration of NaOH, remarkably
high selectivities to glyceric acid can be observed. The reaction is carried out at 60 ° C at a

pressure of 3 bar. The support is based on carbon or graphite.

L. Prati and coworkers studied the oxidation reaction of glycerol using unsupported gold
nanoparticles, stabilized in an aqueous environment by chelating agents, as a catalyst. The
reaction was carried out at 50 ° C in the presence of a base. The catalysts showed a selectivity
of 76% for the desired reaction [94] and a conversion of 90%. By varying the stabilizing agent,
a variation in catalytic activity was observed: in particular, the catalysts in the presence of
tetrakishydroxypropylphosphonium chloride (THPC) show a catalytic activity measured in
terms of TOF 3 to 15 times greater than nanoparticles stabilized with sodium citrate or PVA.
Using THPC and PVA as stabilizers, they were able to obtain nanoparticles of about 2 nm.

Glucose oxidation to glucaric acid

Prati and co-workers [95] studied the possibility of oxidizing glucose to glucaric acid with a
catalyst based on gold nanoparticles, in order to replace Pt and Pd which give leaching
phenomena, as mentioned above. They conducted the reaction under basic reaction conditions
(pH = 7-9.5) and at moderate temperatures (50 ° C). For the first step of the reaction, from
glucose to gluconic acid, they found a selectivity greater than 99%, without leaching

phenomena.
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They noted that basic conditions are required for this reaction: by raising the pH to 9.5, in fact,
an increase in the initial velocity of the formation reaction of gluconic acid was observed.

1.4.2. Glucose oxidation: mechanism of reaction

There is no numerous information on the mechanism and stoichiometry of the oxidation
reaction of gold with gold nanoparticles. Rossi and co-workers [96] in 2005 focused on their
study and noted that, in this reaction, hydrogen peroxide is formed by a two-electron reduction
of O catalysed by gold. This occurs not only in the case of molecular hydrogen as a reducing

agent, but also using more complex organic molecules as glucose, as reported in Figure 22.

OH OH
0 OH
+0,+ H,0 » HO + H,0,
- Ho COOH
HO HO

Figure 22: Mechanism of glucose oxidation studied by Rossi and co-workers [96]

Au

In addition, the importance of a basic environment for this reaction was investigated. In
particular, hydrated glucose anion, obtained by the reaction of glucose with OH", binds to the
gold nanoparticle (Figure 23), forming electron-rich gold species. Molecular oxygen is
activated by nucleophilic attack from the electron-rich Glucose-Au nanoparticle complex: a
two-electron transfer occurs from the adsorbed glucose anion to the activated molecular
oxygen. The discussion is valid if we consider it as dioxogold intermediate either Au*- O, or
Au*-02%.
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Figure 23: Proposed mechanism of oxidation of glucose by Rossi and co-workers [96]

Saliger and co-workers studied the oxidation reaction of glucose with gold nanoparticles under
alkaline conditions, using both molecular oxygen and hydrogen peroxide as the oxidizing agent.
[97] They saw that the two reactions with the two oxidizing agents have similar activation
energies and comprise the same rate-determining step in the 30-60 °C temperature range. This
has led to the imputation that the effective oxidizing agent is in both cases Oz, which is obtained

in the case of hydrogen peroxide from its decomposition.
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1.5. Glucose oxidation: a computational point of view

1.5.1. Computational chemistry in heterogeneous catalysis

Computational chemistry developed only around the beginning of the twentieth century. The
reason was lack of machines sufficiently powerful to perform simulations: the number of
floating-point operations per second and the memory capacity are the most important
parameters that determine the possibility of performing simulations in reasonable times. At the
beginning of the 1960s, the advent of computational sciences in numerous sectors led to a real
scientific revolution, producing significant technological innovations, changing the conception
of science known up to that time. For these reasons only in the last years of the twentieth century
computational chemistry has reached a great development. Computational has then joined
experimental research allowing to understand the results obtained in the laboratory, comparing
the measurements with the calculations; in some cases, it also allows predictions of results and
to obtain additional information not accessible even with the most advanced experimental

techniques.

In the field of heterogeneous catalysis, the synergy between computational and experimental
chemistry has opened up a new approach for the study of catalytic systems: indeed, this
cooperation has allowed us to understand reactive mechanisms of catalytic systems and the
existence of preferred active sites for a large part of heterogeneous systems currently in use.
[98,99]

Computational chemistry methods can be summarized in two main categories: methods based
on quantum mechanics (QM) and those based on classical mechanics. The former allows to
obtain information at the atomic and molecular level on the electronic structure of chemical
systems, which is out of reach for methods based on classical mechanics. Consequently, a QM
approach must be preferred for the study of heterogeneous catalysis processes, since it allows

to determine the chemical reactivity of catalytic processes.

QM studies are based on the solution of the Schrddinger's equation [100]; however, this is
impossible to solve exactly for multielectronic systems, and it requires involvement of several
approximations that allow the treatment of the large number of particles present in a chemical
system. Among the various QM methods developed so far, the "density functional theory"
(DFT) [101] represents the main tool for the study of reactivity in catalytic system. This method,
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based on the so-called “mono-determinant” approach, offers the great advantage of possessing
good accuracy both for the calculation of structural and energy properties at a reasonable

computational cost.

1.5.2. Mechanism of glucose oxidation

Ishimoto and co-workers computationally studied by DFT the oxidation mechanism of glucose
to gluconic acid on Au catalyst in direct alkaline fuel cell. [102] They started from a cube-
octahedral structure (i.e. a Auss cluster) to model small gold nanoparticles and, since the
oxidation reaction takes place under alkaline conditions, they decided to analyze the adsorption
of a hydroxyl group (OH") on the gold cluster, comparing it with that of H2O. From the results
obtained in their study, it can be concluded that the adsorption of OH is favoured on the Auss
structure with cube-octahedral symmetry. Subsequently, they moved toward the study of the
oxidation of the aldehyde group of glucose to carboxylic group, proposing two possible
adsorption of glucose on the cube-octahedral Auss structure: i) the direct adsorption of glucose
on the Au surface or ii) the adsorption of glucose on top of an adsorbed OH™ group. It was
found that the direct adsorption of glucose on Au surface is 13 kJ/mol favoured compared to
that on the OH™ adsorbed on the cluster.

Considering a direct adsorption of glucose on the Au surface, two possible reaction mechanisms
have been studied (see Figure 24): i) an H-transfer from the aldehyde group to the gold surface,
and subsequently the attack of an adjacent surface OH™ group to the glucose aldehydic group;
i) an attack of the OH" from the Au surface to the aldehyde group of glucose, followed by the
H-transfer from the carboxylic group to the gold surface. Comparing the energetics of the two
mechanisms it apperas that the second is the favourite one. The rate determining step (RDS)
turns out to be the transfer of OH from the gold surface to the aldehyde group of glucose,
forming a tetrahedral intermediate.
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(1) H transfer + OH transfer
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(2) OH transfer + H transfer
Figure 24: Reaction energy diagram of oxidation reaction assuming direct adsorption of glucose on Au surface
[102]

In conclusion, Ishimoto et al. proposed a catalytic cycle summarized in Figure 25. First of all,
glucose adsorbs on OH" adsorbed on Au surface; OH" in alkaline solution interacts with CHO
group of glucose, forming water by proton transfer from CHO group to OH" in agueous phase.

Gluconic acid is then formed by OH transfer from Au surface.

luconic acu)/1ﬁ| \
g Au catalytic

iv) Gluconic reaction cycle ; Adsorption of

acid formation o OH~on Au

glucose
A oxidation e %
e in alkaline . ;
H0 solution glucose

iii) Water i) Adsorption of
formation glucose on OH

ii) Interaction of
OH- in solution

Figure 25: Proposed mechanism of glucose oxidation in alkaline solution [103]
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2. Scope

It has been found that gold nanoparticle-based catalysts are stable and are reactive for oxidation
reactions. For these reasons, in this work heterogeneous catalysts of gold nanoparticles
supported on activated carbon were synthetized using the sol immobilization technique.
Subsequently, the catalysts were characterized by various techniques, such as UV-VIS
spectroscopy, X-ray diffraction and TEM, in order to evaluate the formation of gold

nanoparticles and to know their average size.

The synthesized catalysts were then tested for the oxidation reaction of glucose to glucaric acid
in liquid phase under basic conditions, using oxygen as an oxidizing agent. Three different
batches of catalysts were tested in order to evaluate the reproducibility of the operator, both for
the synthesis phase of the materials and for the reaction. The effect of the reaction time

parameter was investigated by carrying out the reactions for 15 minutes, 1 hour and two hours.

It was decided to combine the experimental study with a computational one based on DFT. In
particular, a modeling using Auss gold clusters (representing small nanoparticle) and Au(100)
and Au(111) surface clusters, which are the main exposed surfaces present in (medium-size)
gold nanoparticles, was performed. Subsequently, on the DFT optimized structures, the study
of the adsorption of reactants and products of glucose oxidation was carried out, in particular:
OH-, glucose and gluconic acid. The aim was to propose a method to approach from a
computational point of view the study of nanoparticulate catalytic systems, studying the

structure of the clusters and the adsorption of the various surface species.
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3. Theoretical and experimental background

3.1. Experimental section
In this chapter it was reported:

e Materials and procedures for synthesis and characterization of catalysts
e Reaction scheme
e A description of the analytical techniques and the procedures used for data analysis.

In Table 1 all the reagents used for the synthesis of the catalysts, the glucose oxidation
reaction and the HPLC calibration are reported.

Molecular weight

F | Puri
Compound ormula (g/mol) urity
Activated carbon Carbon / Information not
NORIT SX1G provided
Arabinose CsH100s5 150,13 >98%
Formic acid CH20; 46,02 >95%
Fructose CsH1206 180,16 =99%
Glyceric acid C3HsO4 106,08 >97%
Glycolic acid C2H405 76,05 99%
Glucose CsH1206 180,16 >99%
Gluconic acid CsH1207 196,16 97%
Glucaric acid CsH100s 210,14 98%
Lactic acid C3Hs0O3 90,08 85%
Mannose CsH1206 180,16 99%
Mesoxalic acid C3H,0s5 118 98%
Oxalic acid C2H204 90,03 >99%
Polyvinyl alcohol (C2H40)n 13.000-23.000 87-89% hydrolyzed
Tartaric acid C4Hs0s 150,09 >99%
Tartronic acid C3H40s5 120,06 >97%
Tgtrachloroaurlc acid HAUCL*3H,0 393,83 599%
trihydrate
Sodium borohydride NaBH; 37,83 >98%
Sodium hydroxide NaOH 39,99 >98%
2-keto-D-gluconic 0
acid (2KDG) CeH1007 194 99%
5-keto-D-gluconic 0
acid (5KDG) CsH1007 194 98%

Table 1: Reagents used for catalyst preparation, oxidation reaction of glucose, calibration curves for HPLC
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3.1.1. Preparation of catalysts

Supported gold nanoparticle catalysts were prepared using the sol immobilization technique.
All the catalysts were prepared in order to obtained a metal loading of 1 wt%.

A fresh aqueous solution of PVA was prepared. In details, the stabilizing agent, PVA (0,1010
g) was added and dissolved in 10 mL of distilled water using a flask. After that, the flask was
placed on a plate at 60 ° C and was stirred for a period of 5 minutes. In the meantime, the good
metal precursor solution was prepared: 0,0209 g of HAuUCls * 3H20 were dissolved in 385 mL
of distilled water and the solution was stirred at room temperature. After that, 0,643 mL of the
PVA aqueous solution previously prepared was added, keeping the solution stirred (PVA: Au
= 0,65:1 weight ratio). After three minutes, the reducing agent NaBH4 was added (0,0096 g in
2.5 mL of distilled water; NaBH4: Au = 5:1 molar ratio) and the solution immediately turned
from yellow to dark red, indicating the formation of gold colloidal nanoparticles. After 30
minutes, the support was added, Activated Carbon (0,99 g) and the solution was acidified with
sulphuric acid up to pH = 2 for enhancing the immobilisation of the gold colloidal nanoparticles
onto the support. The slurry solution was left under stirring at room temperature for one hour.
At this point the solution was filtered with a Buchner filter. The catalyst was washed with
abundant distilled water (about 1 L) in order to remove the impurities, until the washing water
had reached neutral pH. The catalyst was left to dry overnight at room temperature and

subsequently dried in an oven for 4 hours at 80 ° C (Figure 26).

30 min later
> >
support H,S0,
pH=2
HAuCl, *3H,0

+ stabiliser J
Filtration

Dry overnight LE
( k‘ ), Dryinoven .k‘ | e 7o\
- 4h at 80°C A . U

3 min later
>

NaBH,

Figure 26: Preparation of catalyst with sol-immobilization technique
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3.1.2. Characterization of catalysts

3.1.2.1. UV-VIS spectroscopy

UV-VIS spectroscopy is an analytical technique based on molecular absorption: when a
molecule is hit by radiation with a wavelength between 200-400 nm (UV) or 400-800 nm
(visible), it absorbs energy, leading to electronic transitions from a ground state to an excited
one. In details, electron moves from a molecular orbital level to one of higher energy level, and
this phenomenon is called electronic transitions. Therefore, for the transition to take place, the
radiation must have a frequency comparable to or greater than the energy gap between the
ground and the excited state. Beyond that, it is necessary to respect other criteria, the selection
rules: the first says that "in an electronic transition there must be a strong redistribution of the
charge and therefore a concrete variation of the dipolar moment ". The second, called the rule

of orbital symmetry, states that™ the total spin in a transition must be conserved”.

With this technique it is therefore possible to perform analysis on different types of molecules
that respect the selection rules, in particular: metals of block d, organic compounds containing
a high number of conjugated double bonds and biological macromolecules (generally in the

liquid phase).

Gold nanoparticles solution could be studied using this technique; indeed, the solutions of the
metals of the d block are often colored due to electronic transitions of the d orbitals: these,

degenerate, undergo an energetic separation when they are hit by a photon (Av).

UV-VIS spectroscopy permit also to perform quantitative analysis thanks to the Lambert-Beer
law. In fact, when a monochromatic light beam with a specific intensity (lo) hits a sample of
thickness | in a medium, part of the radiation is absorbed by the sample and a part is reflected
with residual intensity I1. The ratio between the reflected light and the incident light can be
indicated as Transmittance T:
_I
T
We can therefore define another quantity, the absorbance A, which is related to the

transmittance by the following equation:

T
A= —logm
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For a solution, the Lambert-Beer law is:
A= lggM

where g, is the molar extinction coefficient, M the concentration of the solution and | the
geometric path. The value of &) is considered constant for a given substance at a given

wavelength and for a given range of concentrations.
The spectrophotometer consists of:

e Energy source, which in this case is a Tungsten filament for the visible range (350 —
700 nm) and a Deuterium lamp for the UV range (190 — 400 nm);

e Monochromator, which has the aim to select the radiation in the range around the
wavelength of interest;

e Cuvette, which contains the sample solution;

¢ Signal detector.

The spectrophotometer can be single beam or double beam (Figure 27): in the single beam, the
radiation affects only the sample of interest; in the double beam one there is a sector rotating
mirror (or chopper) which reflects the beam of the source, directing it alternately towards the
reference and towards the sample. The reference beam intensity is taken as 0 absorbance and
the ratio of the two beam intensities is displayed. The instrument used is a Perkin Elmer UV-
VIS-NIR Lambda 19 with a double beam.

Mirror \LF

Reference Photo-Detector

v

Ratio
Monhochromator Soriwple Photo-Detector
¢ >
Lamp :
Beam spliter

Figure 27: Double beam spectrophotometer operation diagram [104]
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3.1.2.2. X-ray Diffraction (XRD)

X-ray diffraction is an analytical technique that allows the study of crystalline solids. It is based
on the phenomenon of diffusion (or scattering): when an X-ray beam hits a sample, its electrons
vibrate, so the radiation is diffused, propagating in different directions. Diffraction occurs from
the coherent sum of all the radiations diffused by the atoms present in the same lattice planes,
and therefore placed in an orderly manner (Figure 28). Moreover, X-ray waves have to be in
phase with each other to have constructive interference. From the constructive interferences a
reflection pattern is obtained with typical peaks (called Bragg peaks), dependent on the angle
of incidence and the step of the crystal lattice. From this it is possible to derive Bragg's law,

which is the condition for the phenomenon to take place. It can be expressed as:
niA=2dsinf

Where:

n = integer (diffraction order)

A = wavelength of the x-rays

d = distance between adjacent planes in the lattice

0 = incident angle of the x-ray beam

!

d (hiey

S
A, \d sin@

Figure 28: Bragg diffraction

It is possible to calculate the average size of gold nanoparticles applying the Scherrer Equation:

KA
L cos@

FWHM(26) =
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FWHM = Full Width Half Maximum
A = wavelength

L = crystallite size

K = the Scherrer constant

From this equation it can be noticed that the thickness of the peaks and the size of the crystal
are inversely proportional: wider is the peak, smaller are the crystals.

The Scherrer constant k is the constant of proportionality, which depends on how the width,

shape of the crystal and the size distribution are determined.

For this work, XRD analysis were performed with a Bragg-Brentano X’pertPro Panalytical
diffractometer using a copper anode (K, radiation at A = 1.5418 A) as source of X-radiation

with 0,08° step size and acquisition time of 1300 s per step in 36 - 41° 20 range.

3.1.2.3. TEM (Transmission electron microscopy)

Transmission electron microscopy (TEM) is a high resolution technique for the characterization
of nanometric materials. The instrument is composed by a source where an electron beam
(generated by a tungsten filament) was created. After that, the beam passes through a section,
where previously the vacuum was made, and then it crosses the sample. In this microscope there
are systems capable of modifying the electromagnetic field, driving the electrons through
magnetic lenses that widen the electron beam passed through the sample; in this way it is
possible to obtain an enlarged image. The electron beam hits a fluorescent screen (sensitive to
them) projecting on it a real and highly magnified image of the portion of the sample previously
crossed. The sample must be very thin, with dimensions between 50 and 500 nm. It is placed
on a copper or nickel mesh disk, generally with a diameter of 2,5 mm. The resolving power of
the instrument is approximately 0,2 nm. This technique is very useful in order to calculate the
average particle size, its standard deviation and particle size distribution by frequency (%). For
each distribution, 300 to over 400 particles per sample are required in order to have an accurate

result.
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Analysis were performed using a TEM / STEM FEI TECNAI F20 microscope at 200 keV.
Samples were suspended in ethanol and treated by ultrasound for 15 min. A drop of the
suspension was deposited on "quantifoil-carbon film" supported by a grid of Cu. The

preparation was dried at 120°.

3.1.3.Catalytic Testing-Oxidation reactions

3.1.3.1. Reactor

The oxidation reaction of glucose to glucaric acid was carried out in an autoclave batch reactor
with a capacity of 50 mL. It consists of a lower part of a stainless steel container closed by a lid
with a flanged joint. This part was connected to the upper one, where there was a loading and
unloading line, each controlled by an interception valve, a pressure gauge and a steel cable
capillary for the introduction of a thermocouple, so as not to put the thermocouple in direct
contact with the solution in the reactor (Figure 29). The reactor was placed on a hot plate with

magnetic stirrer in order to control temperature and stirring rate.

Figure 29: Photo of the batch reactor used in the oxidation of glucose

Pl Pressure gauge WIKA 315SS (0-25 bar)
V1: Valve for the load line
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V2: Valve of discharge line

TI: Capillar tube for insertion of thermocouple

3.1.3.2. Preparation of the reaction solutions

Glucose oxidation

The reaction was prepared by measuring a total water volume of 15 mL. 0,7895 g of glucose
and 0,0087 g of catalyst were weighed (the solution is 5% wt of glucose); a small volume of
previously measured water (about 3-4 mL) was used to pour the glucose and the 1% wt gold
nanoparticle catalyst into the reactor vessel (Au: glucose molar ratio of 1: 1000); the remaining
water was used to dissolve the weighted NaOH (0,5259 g, molar ratio glucose: NaOH = 3:1)
and to transfer this solution into the reactor vessel. A magnetic stir bar was added together with
the reagents and catalyst. At this point, the reactor was carefully closed with bolts, it was then
purged three times with oxygen and finally pressurized with 10 bar of O..

Then the reactor was placed in a heating mantle and the thermocouple was inserted in the
appropriate conduit.

The reaction was carried out at 60 °C with a stirring of 1000 rpm for one hour (the time is
measured from the moment in which the thermocouple marks the temperature of 60 °C).

At the end of the reaction the reactor was placed in an ice bath for about ten minutes to reach

temperature below 10 °C, venting the unreacted oxygen and any by-products.

Oxidation using gluconic acid as reagent

To understand better the reaction pathways and reaction network and to evaluate which
molecule of glucose, gluconic acid and glucaric acid adsorbs more strongly on the catalyst,
leading to the blocking of the sites and therefore to a decrease in activity, it was decided to
study the oxidation reaction starting from gluconic acid.

The grams of gluconic acid to be weighed were calculated considering as all the glucose had

converted into gluconic acid.

C6H1206 + %2 02 — CeH1207
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Considering the weighted grams of glucose in the preparation of the previous reaction, the
grams of gluconic to be misured were calculated considering a commercial solution at 50% by

weight:

0,7895 g
PM glucose

Nglucose=

=0,00438 mol

Jgluconic acid solution—= 0,00438 * PM glUCOﬂiC acid * 2=1,7193 g

The reaction was prepared by measuring a total water volume of 15 mL. 1,7193 g of gluconic
acid solution and 0,0087 g of catalyst were weighted; a small volume of previously measured
water was used to pour the gluconic acid and the 1% wt gold nanoparticle catalyst into the
reactor vessel; the remaining water was used to dissolve the NaOH and transfer this solution
into the reactor vessel. The reaction was then carried out according to the same procedure at
60°C for reaction times of 15 minutes, 1 hour and two hours, to evaluate its progress as the time

changed.

3.1.4. Sample treatment

The solution obtained after the reaction is collected and centrifuged at 4500 rpm for 15 minutes
in order to separate the catalyst from the liquid. The solution is then poured into a cylinder, its
final volume is measured, and finally it is filtered with a PTFE filter; after that, the liquid has
been analysed thought HPLC and the catalyst used is left to dry overnight in ambient conditions

and stored.

3.1.5. Analysis of products

The quantitative analysis on the products obtained were carried out using the High-
Performance Liquid Chromatography (HPLC) technique.

3.1.5.1. HPLC (High-performance liquid chromatography)

Quantitative analysis on the products obtained were carried out using the High Performance
Liquid Chromatography (HPLC) technique.
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HPLC is an evolution of classic normal column chromatography. The column consists of a
stationary phase, placed inside it, and a mobile phase, which flows through the entire column.
It is possible to separate two or more components present by exploiting the different affinities
with the two phases: for example, if a substance is more similar to the stationary phase than
another molecule, it will take longer to travel through the column. The time necessary to a
substance to pass thought the column is called retention time and it can depend on the column
nature, the eluent used during the analysis, the characteristic of the molecule and the parameter

(P, T) settled in the analysis.

The analysis is performed by injecting a small volume of the sample at the beginning of the
column into the eluent stream; then it is carry on through the stationary phase by the mobile
phase by means of pressures of the order of hundreds of atmospheres. Such a high pressure is
necessary because the filling particles of the column have very small dimensions (with
diameters from 3 to 10 um) in order to have a high separation efficiency. The column packings
used in liquid chromatography could be silica gel, charcoal and alumina. This kind of columns
have an efficiency about 10,000 plates per column. Once the components have been separated
and come out of the column, they are analysed by a detector, which can be Refractive Index
detector (RI), UV-VIS, spectrofluorimetric, etc. In particular, organic compounds that possess
double bonds, aromatic compounds and similar functional group can be detected by UV
radiation at different wavelengths; moreover, quantification analysis could be done correlating
the amount of absorbed light with the amount of the compound. The RI detector, on the other
hand, allows the detection of compounds which cause a difference in R1 between the compound
of interest and the mobile phase. In our case, at the end of the column, both a UV-VIS and an

RI are present as detectors.

One of the advantages of this technique is that the column has small dimensions, typically 10 -

25 cm long and 4,6 mm in internal diameter. Usually the column is made of stainless steel.

The reaction mixture quantitative analyses were carried out using an Agilent 1260 Infinity
Quaternary HPLC system (Figure 30). Analyses were performed using 0,0025 M sulphuric acid
in ultra-pure water as eluent with a flow of 0,5 ml/min. The injection system consisted of a six-
way valve with an injection volume of 20 pl. Two Rezex ROA-H+ (8%) 300x7,8 mm ion
exclusion columns connected in serie were used for the separation of products. A diode array

detector (DAD) set to 202 nm was used to detect organic acids and a refractive index detector
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(RID) was used to detect monosaccharides. The column compartment was thermostated at 80°C
while the RID was kept at a constant temperature of 40°C.

Figure 30: HPLC instrument used for these analysis of the reaction mixtures

3.1.5.2. Calculation of reaction products concentration

The calibration curves were carried out by analysing with HPLC the concentrated and diluted
solutions (1: 2, 1:10 and 1:20) of the glucose (reagent) and of all the main reaction products:
gluconic acid, glucaric acid, glycolic acid, tartronic acid, tartaric acid, oxalic acid, lactic acid,
2-keto-D-gluconic acid, 5-keto-D-gluconic acid, fructose, mannose, arabinose, formic acid,
acid glyceric and mesoxalic acid. The analysis was done keeping the same method use to
analyse the reaction liquid reported in the previous part. The response factor (f;) was achieved
from the slope of the calibration curve obtained correlating the area and the concentration of

the standard solution.

To calculate the moles of each component, the area of the corresponding peak of the

chromatogram was divided by the response factor:

AV

™M= 1000
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ni = number of moles of compound i

fi = response factor of the compound i

Ai = area of the peak corresponding to the compound i
V = volume of the reaction mixture

In the case of gluconic acid and glucose, the situation is more complex: the peaks in the RID
chromatogram are in fact overlapped. In order to quantify this two product, it has been assumed
that the DAD signal of glucose was considered negligible; consequently, the quantity of glucose
can be calculated by subtracting the concentration of gluconic acid (GO) obtained at the DAD
from the total GO + glucose concentration obtained at the RID.

The moles of glucose are therefore obtainable from the following equation:

A _ ADAD GO ,
RID GO+GLU f fRID GO V
g _ DAD GO "
glucose =
frip 6Lu 1000

Nglucose = Moles of glucose

Arip co+cLu = Area of the peak in RID chromatogram related to gluconic acid and glucose
Abap co = Area of the peak in DAD chromatogram related to gluconic acid

foao co = response factor of gluconic acid in DAD

frio co = response factor of gluconic acid in RID

fripoLu = response factor of glucose in RID

V = volume of the reaction mixture

Similar problem of peak overlap occurs for glyceric acid and arabinose; in this case, however,
we proceeded differently as there was no proportion between the theoretical sum of single areas
and the area of GC peaks. Because of the two response factor compounds are similar, an average

response factor was calculated:
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C _ A RID glyceric acid+arabinose 4

1 i id+ bi - ’
glyceric acid+arabinose f arabinose + fglyceric acid 1000
2

Cylyceric acid+arabinose = Concentration of glyceric acid and arabinose in the solution
f= response factor
V = volume of the reaction mixture

ARID glyceric acid+arabinose = the peak’s area corresponding to glyceric acid and arabinose

The glucose conversion is calculated according to the definition:

_ Ngiucose (t=0) — Mglucose(t=f)

X * 100

nglucose(t:O)

X = glucose conversion
Nglucose(t=0) = INitial number of moles of glucose
Nglucoset=f) = final number of moles of glucose

The yield of the various products was instead calculated by dividing the moles of the product
generated by the initial moles of reagent; the value has been corrected with the Cr factor, which

considered the ratio between carbon atoms of the product molecule to the carbons of glucose:

Tll*Cf

Y, = «100

*
N glucose (t=0) 1000

c atoms of Carbon in the molecule of the product
f =

atoms of Carbon in glucose
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Yi = yield of the product i

ni= number of moles of the product i
Nglucose(t=0) = INitial number of moles of glucose
V= volume of the reaction mixture

Cs = normalization factor for carbon atoms based on the substrate

In the end, the selectivity for given compound i is calculated by dividing the yield of that

compound i by the glucose conversion:

Y;
Si =3 *100

l

The sum of the selectivities of all products i represents the carbon balance.

Chatance = ZSi
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3.2. Computational studies of glucose oxidation

In this work we optimized Auss clusters and Au(111) and Au(100) surfaces using the DFT
theory [101]. the set of programs Gaussian16 [105] was used with the functionals B3LYP and
BP86 [101,106,107], in order to compare the results obtained. Subsequently, the adsorptions of
OH, glucose, and gluconic acid were studied.

For the atoms of the adsorbates (H, C and O) the basis set 6-31** was used [108,109]; for gold
clusters the Stuttgart effective core potential have been used to model the scalar relativistic

effects [109]. In the following subsections, an overview of the methodology used is provided.

3.2.1. Fundamental of quantum mechanics

In 1900 Planck [110] proposed that the black-body radiation emitted by microscopic particles,
such as electrons, was limited to discrete energies (levels). This phenomenon cannot be
explained with classical mechanics, which is why there are discrepancies between classical
models and experimental results. As initially proposed by de Broglie [111], microscopic
particles can have properties similar to waves, which are quantized phenomena, but they also
have properties of matter. This opens the concept of quantum mechanics, whose fundamental
postulate is that an appropriate operator acts on the wave function, which exists for every
chemical system, returning observable properties of the system. It is possible to write the
fundamental equation of quantum mechanics, the Schridinger equation, limiting to the non-

relativistic cases and in a time-independent form as:

Hy = Ey (3.1)

where H is the Hamiltonian operator describing all the interactions among the particles in the
system, s is the system wave function and E the energy associated to the state wave function .
The wave function yr is a complex-valued “probability amplitude”, with a non-trivial classical
interpretation, while the product of the wave function by its complex conjugate y*
corresponds to a “probability of density”, that is the probability that a (chemical) system is
found in some regions of the multi-dimensional space. The normalized integral of | Y [> over all
the space must then be one (normalization).

The Hamiltonian operator for a molecule (i.e. a many-body nuceli-electron problem) can be

written as:
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H = Z hz V?_ Z hZ - ZZ€ZZk+ZeZ +Zezzkzl
) ~ 2my * kil 7 ol T Tkl

i k i k i<j k<l (32)

where i and j correspond to electrons, k and | to nuclei, 7 is the Planck constant divided by 21,

72 is the Laplacian operator, me is the mass of the electron, my the mass of the nuclei k, Z the

atomic number, e is the charge on the electron, ryy the distance between particles x and y.

As we can see in the expression of the Hamiltonian, there is a correlation between the various
particles, they do not move independently of each other. To simplify this problem, the Born-
Oppenheimer approximation can be used: it is based on the fact that nuclei of molecular systems
move much slower than electrons (neutrons and protons are about 1800 times heavier than
electrons and mass is in the denominator in the kinetic energy formula), hence it is possible to
consider the nuclei as fixed. It is therefore convenient to decouple the two motions and calculate
the electronic energies for fixed positions of the nuclei. For fixed nuclei positions (i.e. at a given
molecular geometry), obviously, the term of the kinetic energy of the nuclei is zeroed, while
the term of the nucleus-nucleus repulsive potential energy becomes a constant.

The Schrodinger equation therefore becomes:
(Hel + VN) Wer (Qi; k) = Eet Wer (qi; qx) (3.3)

VN is the core-core repulsive energy, constant for a set of nuclear coordinates. The electronic
coordinates ¢; is independent from those of the nuclei qx. The system wave function {r is
reduced to an electronic wave function (\We) while the resulting energy Ee is the energy of a
given electronic state, i.e. the "electronic energy".

3.2.2. DFT theory

The key ingredients to obtain the energy of the multi-electronic system are thus the Hamiltonian
operator and the electronic wave function. In contrast with “wave function methods”, where the
electronic wave function is explicitly adopted to construct the Hamiltonian, the electron density
p can be used instead within the framework of the density functional theory, namely DFT.

Indeed, since the Hamiltonian only depends on the positions and atomic numbers of the nuclei
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and the total number of electrons, the electron density is a good physical observable to construct
it. In fact, the electron density, integrated over all space, gives the total number of electrons N:

N={ p(r)dr (3.4)

and positions of the nuclei (if approximated to point charges) obviously correspond to local
maxima in the electron density.

The DFT formalism development initiated in 1927, when Thomas and Fermi [112] [113]
introduced the first approximations to calculate a system energy using the electron density.
They divided total energy in potential and kinetic and then derived the kinetic energy of an
infinite number of electrons that move in an infinite volume of space with uniform positive
charge, called uniform electronic gas. Kinetic energy, thus, is a function of the density, while
the density itself is a function of the three-dimensional spatial coordinates. Kinetic energy

operator, hence, is a density functional.

In 1964, Hohenberg and Kohn set the DFT formalism foundation with two fundamental
theorems. In the first one, i.e. “Hohenberg-Kohn Existence Theorem”, they establish the
dependence of the energy on the electron density. The electrons interact with one another and
with an ‘external potential’, and they showed that the ground-state electron density must
determine such external potential, and thus the Hamiltonian and the wave function, hence the
energy of the system. With the second theorem (i.e. the ‘Varational Theorem’) they also found
a way to predict such density of a system by invoking the variational principle. Still, the two
theorems do not provide a way to compute the energy without recourse to the wave function
since one has to rely on the Hamiltonian and on the wave function determined by the electron
density. In 1965, Kohn and Sham solved this issue introducing the Kohn-Sham (KS) self-
consistent field (SCF) methodology that simplified the main difficulties deriving from the
electron—electron interaction term in the correct Hamiltonian by starting from a system of non-
interacting electrons. So they used a Hamiltonian of non-interacting electrons, where the overall
ground-state density is the same density as some real system where the electrons interact. Next,
they divided the energy functional into specific components that facilitate further analysis while

adding correction terms due to the missing contributions:

E[p(r)] = Thilp(1)] + Vre[p(r)] + Vee[p(r)] + AT[p(r)] + AVee[p(1)] (3.5)
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The first three terms of the right-hand side, in fact, refer to, respectively, the kinetic energy of
the non-interacting electrons, the nuclear—electron interaction and the classical electron—
electron repulsion, while the last two terms represent, respectively, the correction to the kinetic
energy deriving from the interacting nature of the electrons and all non-classical corrections to
the electron—electron repulsion energy. The ‘correction’, problematic terms AT[p(r)] and
AVee[p(1)] are generally grouped together into the term Exc, the exchange-correlation energy.
This term includes not only the QM effects of exchange and correlation, but also the correction
for the classic self-interaction energy and the difference in kinetic energy between the real and
the fictitious (non-interacting electrons) system. This Exc terms become the target of interest
for developing new and more accurate density functional methods, since DFT represents an
exact theory that must be resolved approximatively due to the unknown exact form of the
exchange-correlation operator. In the Kohn-Sham (KS) approach, thus, the many-body problem
is solved by finding the orbitals ¢; that minimizes the energy E[p(r)] and thus satisfies the

pseudo eigenvalue equation:

Z
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where the Hamiltonian is represented by the KS one-electron operator. The KS process, thus,
must be carried out as an iterative SCF procedure quite similar to that employed in other QM

methods based on the Hartree-Fock (HF) theory.

The Exc dependence from electron density p(r) can be expressed as:

Exc = IP(T)EXC [p(r)]dr (3.7)

where exc is the energy (per particle) density and is dependent on the electron (per unit volume)

density. It can also be expressed as the sum of exchange and correlation contributions:

exclp]l = exlp] + eclp] (3.8)
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Historically, the first approximation to the ey, is based on the ‘Local Density Approximation’
(LDA), which considers the real system as the sum of (“local”) infinitesimal space volumes
with uniform electron density, such as in an uniform electron gas. LDA can be extended to the
spin-polarized regime (LSDA) to include spin polarization in open-shell systems. However,
since the electron density of a molecular system is not spatially uniform, it has been
subsequently introduced the more accurate “Generalized Gradient Approximation” (GGA), in
which the Exc depends also on the gradient of the density Vp(r). This contribution can be added

as correction term to the LDA functional expression as

\%
eSGA ()] = eXPA[p(1)] + Agy e [' "8'] (3.9)
p3(r

3.2.3. The functionals

GGA functionals can be, for instance, of the ‘hybrid’ or the ‘pure’ types depending on the
inclusion of HF exchanges terms or not, respectively. In this work, we adopted a pure GGA
functional such as the BP86 one, composed by the Becke [114] exchange functional and the
Perdew [115] correlation functional. Alternatively, we used the B3LYP functional,
[101,106,107] a GGA functional defined as:

Exc®3-"P= (1 — a)Ex"SPA + a ExF + bAE,® + (1-c) Ec-PA + ¢ E-TP (3.10)
where a =0,218, b = 0,709 and c = 0,129.

B3LYP is a hybrid functional, because it includes both HF and DFT exchange (Ex) terms.
Indeed, experience tells us that the GGA functionals have a sort of systematic error. For
instance, they tend to overestimate the barrier heights to chemical reactions; HF theory, on the
other hand, tends to underestimate it. For this reason, it is common practice to add HF exchange
to ‘pure’ DFT results as something of a back-titration to accuracy. In particular, for the
functional B3LYP there is a 23,5% of HF exchange energy and a 76,5% of GGA.
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3.2.4. Basis sets

As for other QM methods, such as HF, the orbitals needed to solve the KS process and minimize
the (SCF) energy can be constructed as linear combination of atomic orbitals, where atomic
orbitals are built using a basis set of mathematical functions. Slater-type orbital (STO) functions
reproduce quite well the behaviour of atomic orbitals but are quite difficult to treat
computationally. On the other hand, Gaussian-type orbitals (GTOs) have a good computation
efficiency, but they have limitations in describing orbital functions, in particular for the radial
part. For this reason, most of the basis sets use linear combination of GTOs to reproduce as

much as possible STO functions:

¢(Xa Y, Z, {(X}, iaj: k) = Z%:l Ca(P(Xa Y, Z; Ua, i, j, k) (311)

where M is the number of Gaussian used in the linear combination, and c is a coefficient used
to optimize the shape of the basis functions and normalize them.

A basis function defined as the linear combination of Gaussians is a “contracted basis function”,
where each Gaussian is called “primitive Gaussian”. The grade of contraction indicates the total
number of primitives used for the contracted basis functions. In 1969 Hehre, Stewart and Pople
constructed several basis sets with different M.

In this work we used the 6-31G**(d,p) [107] for carbon, hydrogen and oxygen. 6-31G is a split-
valence basis set [108] of Pople and al. This means that the core orbitals are represented with a
single base function contracted, while the valence orbitals are split into several arbitral
functions. The nomenclature is a guide of the contraction scheme. The first number (in this case
‘6’) represents the number of primitives used in the contracted functions of core. The number
after the hyphen indicates the number of primitives used for the valence functions. In this case
there are two numbers, ‘31°. It means that it is a valence-double-( basis.

Split-valence sets use basis functions sp-type, with common exponents. Pople and his co-
workers chose the exponents and coefficients of the contracted functions based on variational
principle. Coefficients and exponents are optimized to find the minimal energy. The “**”
indicate that these are “polarization functions”, which include angular momenta higher than
those in the valence orbitals of each atom. They "embrace" the flexibility of atoms to form

bonds in any direction.
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3.2.5. Effective Core Potentials

Using all-electron basis sets, i.e. treating all electrons of each atom by a given basis set, might
be computationally unaffordable for heavy atoms. Effective Core Potentials (ECP) [109] are a
linear combination of specially designed Gaussian functions that can model the core electrons.
They have been introduced to replace core electrons with an effective potential which is added
to a Hamiltonian and can be used in combination with standard basis set for the (non-core)
remaining electrons of a given atom. They have been employed in our study to describe the
gold atoms. Their main functions are two: one is to decrease the computational cost of our
calculation: the ECPs, in fact, allow us to describe with an effective potential the electrons
closest to the nucleus and therefore less reactive from a chemical point of view, while the
outermost (and therefore most interesting) electrons are explicitly described. The second is to
best describe the relativistic effects, strongly present for heavy and transition metals. Figure 31
[108] describes the ECPs: core electrons are modeled with an effective potential while valence

electrons are described by basis set functions.

Core
ECP
electrons Valence
electrons

Figure 31: Scheme to describe the ECP idea [109]

Possible disadvantages should be considered: if the core considered is too large, the system will
be poorly described by the ECPs, since them do not consider polarization and core relaxation;
so, a reasoned choice of the core size must be made. Furthermore, errors due to the core-valence
overlap must be considered. In this work, we use Stuttgart ECP to model the scalar relativistic
effect and to allow reproducing experimental observables of a single atom, such as ionization

potentials and excitation energies.
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4. Results and discussion

4.1. Experimental results

4.1.1. Synthesis and characterization of materials

Figure 32: On the left: solution of the gold precursor; on the right: solution of gold nanoparticles

The catalysts were prepared with the sol-immobilization method described in Chapter 3. Figure
32 shows the gold precursor solution and the solution with the colloidal system. The solution
of the precursor, extremely diluted, appears with a pale yellow colour; following the addition
of the reductant (NaBH4), the solution immediately changes to a bright "wine red" colour,
indicating the successful formation of small gold nanoparticles, which typically have this shade.
Subsequently, the addition of support (Active Carbon) during the immobilization phase do not
permit to observe any shade changing because of the black colour of the solid.
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4.1.1.1. Uv-Vis analysis
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Figure 33: UV-VIS spectra of gold precursor and gold nanoparticles after 3 and 25 minutes from the addition of
NaBHs

In the Figure 33, it was reported the UV-Vis spectra related all the catalyst synthesis steps: the
gold precursor solution, the solutions after 3 and 25 minutes from the addition of the reducing

agent NaBHa.

Regarding the spectrum of the gold precursor there is a peak at 300 nm due to the hydrolysed
complexes of gold. Instead the two spectra at t = 0 (after 3 minutes from the addition of NaBHa)
and at t = 1 (after 25 minutes after the addition of NaBH4) show a peak at 502 nm, due to the
surface plasmon resonance of the nanoparticles of gold. Since the spectra are very similar, it is
not possible to estimate properly a dimension enlargement, but it can be deduced that the size

of the nanoparticles does not vary significantly fromt=0tot=1.
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4.1.1.2. XRD analysis

Counts Au/AC
AU AC

37 38 39 40
Position [*2Theta] (Copper (Cu))

Figure 34: XRD pattern of Au/AC catalyst prepared and of the support (AC)

As it was showed in the previous session, the UV analysis could give information about the
nanoparticles dimension in the colloidal solution, and the spectra analysed confirm the presence
of small nanoparticles. However, the immobilization step and the interaction with the support
could affect the final diameter of Au NPs and this is why XRD analysis was performed on the
final catalyst. Figure 34 shows the XRD patterns of the support (AC) and of the catalyst after
the immobilization and post-treatment phase. For the XRD pattern of the catalyst, the peak at
38.2 must be highlighted, which is the one with the greatest intensity. Through the Scherrer
equation, considering the crystallites as spherical, their size was estimated using the Au(111)
plane at 38.2 ° 20 (Table 2).

Catalyst Average crystallite size (nm)
Au/AC PVAO,6 31

Table 2: Average crystallite size calculated with Scherrer equation
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4.1.1.3. TEM analysis

TEM analysis were performed to establish the nanoparticle size of the synthesized catalysts.

Over 400 nanoparticles were considered in order to obtain a representative model for the
analysis. From Figure 35, it can be seen that the nanoparticles synthetized possess small
diameter, excepted for some larger nanoparticles, obtained by agglomeration of some of them:

the average size of the nanoparticles is 2,43 nm (Figure 36).

Figure 35: TEM images of Au/AC catalyst prepared

Average size: 2,43 + 1,58 nm
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Figure 36: Particle size distribution of the Au/AC catalyst prepared

59



Figure 37: STEM-HAADF images of Au/AC catalyst prepared

In Figure 37 the images obtained from the scanning transmission electron microscopy analysis
(STEM) are reported. This technique has the advantage of allowing to obtain sharp images that
allow to clearly distinguish the nanoparticles from the support with a strong colour contrast.
STEM, in fact, focuses an electron beam on a point and scans it on the sample to be analysed;
the scattered electrons are then collected by the HAADF detector: this is very sensitive to the
differences in the atomic number (Z) of the irradiated elements, where heavier atoms look
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brighter than lighter ones. From the STEM-HAADF image at 100 nm it is possible to see that
the nanoparticles are well dispersed, thanks to the presence of the stabilizer agent, except in
areas where agglomerations can be found; however, STEM confirms the presence of

agglomeration zones leading to larger particles (up to 38 nm).

4.1.2. Glucose oxidation

Reproducibility

To evaluate the reproducibility dealing with the catalyst preparation step and the catalytic
reactions, and therefore the reproducibility of the operator, , it is necessary to perform the same
procedure at least three times. Thereby, it was synthesized three batch of catalysts using the sol
immobilization technique (as reported above in Section 3), keeping all the parameter costant.
These three batch of catalysts was tested on the glucose oxidation in the presence of base under
standard conditions as reported in Section 3 (T =60 ° C; t =1 h; rpm=1000; PO, =10 bar;
Glu:Au:NaOH molar ratio of 1000:1:3000).

100

WmCAT1 wm CAT2 = CAT2
90
80

70

40
30
20

0

Glucose Gluconic Glucaric Others
conversion Acid yield Acid yield yield

Conversion and yields (%)

Figure 38: Reproducibility test on catalyst Au/AC-PVA 0,65 in standard conditions (PO2=10 bar; t=1 hour;
T=60°C; rom=1000; Glu:Au:NaOH molar ratio of 1000:1:3000). Three repetitions were carried out with three
catalysts prepared with the same method.
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Figure 38 shows the results obtained: in details, the three catalysts prepared similar value for
glucose conversion (around 90%), gluconic and glucaric acid yield and other byproduct. All the

catalytic data obtained was summarized in Table 3, where it has been reported also the average

and the deviation standard for each species.

Glucose Gluconic Acid Glucaric Acid Others

conversion % yield % yield % yield %
CAT1 90 51 19 44
CAT?2 89 42 19 33
CAT3 94 44 19 47

Average 912 46 + 3,7 19+1 41+477

Table 3: Glucose conversion and yield products for the three catalysts in order to test reproducibility

Gluconic acid oxidation with different time of reaction

In effort to study the mechanism of the reaction and some possible poisoning and deactivation
effect, it was performed tests using Gluconic acid as starting material. In particular, it was tested
in different reaction time (15 minutes, 1 hour and 2 hours) in standard conditions (reported in

Section 3), with the aim of evaluating the effects on conversion and yields.

In Table 4 it was reported the results obtained:

Gluconic Acid Glucaric Acid Others

conversion % yield % yield %
t=15 min 16 7 7
t=1h 35 21 21
t=2h 46 21 19

Table 4: Glucose conversion and yield products for reactions at different times (PO2=10 bar; t=15 min/1 hour/ 2
hours; T=60°C; rpom=1000; GO:Au:NaOH molar ratio of 1000:1:3000)
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Figure 39: Conversion of gluconic acid and yields as a function of reaction time (PO2=10 bar; t=15 min/ 1 hour/ 2
hour; T=60°C; rom=1000; Glu:Au:NaOH molar ratio of 1000:1:3000)

As shown in Figure 39, the conversion of gluconic acid increases as the reaction time increases.
The yield of glucaric acid increases with increasing reaction time up to one hour; after one hour
of reaction the glucaric acid yield (21%) does not increase but remains constant.

The yield of others, however, increases as the reaction time increases up to one hour; after one
hour, for longer times (2 h), it decreases slightly. Since, for a reaction time of two hours, the
conversion of glucose, is higher than the sum of the product yields, this could indicate that it
decomposes leading to the formation of light products or that some products or reagents remains

adsorbed on the surface of the catalyst, in both cases not identifiable by analytical methods.

The absence of an GA yield increases after 1hour of reaction is in agreement with the data
obtained with glucose (Figure 40); this phenomenon could be ascribe to the effect of Gluconic
acid or some other by-product from it that could decrease the catalyst activity, blocking the
active sites of supported gold nanoparticles.

From these results we understand that increasing the reaction time beyond an hour is useless in

not useful to obtain the product of interest.
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Figure 40: Conversion of glucose and yields as a function of reaction time (PO2=10 bar; t=15 min/ 1 hour/ 2
hour; T=60°C; rom=1000; Glu:Au:NaOH molar ratio of 1000:1:3000)
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4.2. Computational results

4.2.1 Modeling Gold Nanoparticles: structures and reactivity

To study the catalysts used in the laboratory we decided to simulate the gold nanoparticles using
a so-called “cluster” approach. A cluster is a set of finite number of atoms that can assume
different structures and can be treated as any molecular systems, thus allowing the use of
standard computational tools generally employed in quantum molecular chemistry. Still, these
computational tools allow QM treatment of limited size, which depends on the atomic number
of the atoms involved. In the case of gold, we are limited to gold cluster with less than 70 atoms
if one wants to obtain the desired results in a reasonable computational time. This implies that
our clusters represent realistic models of small nanoparticles (ca. 1 nm) and just simplified
models of the 4-5 nm nanoparticles obtained in the laboratory. Anyway, we considered different
type of (ca. 1 nm) gold clusters in order to model various possible exposed surfaces that could
be present in experimental nanoparticles larger than 1 nm. In particular, we considered 4 types
of structures, as described below, according to the state-of-the-art knowledge of metal
nanoparticle structures. Studies using photoelectronic spectroscopy combined with
computational calculations [116,117] have allowed us to understand that gold clusters of 55
atoms and more have a distorted, irregular structure, as a result of relativistic effects that induce
strong surface contractions analogous to bulk surface reconstructions. The fact that the gold
clusters have a low symmetry structure can be a cause of the high reactivity of the gold in the
nanoparticle form (which instead in bulk form, as we recall, is inactive) [117]. Indeed, the key
for the reactivity of the catalytic systems is the low surface coordination, which leads to the
formation of interactions with the reactants, to the breaking and formation of new bonds and
therefore of the products of interest. These distorted gold structures are strongly under-
coordinated and with surface defects, leading to an increase in catalytic reactivity. For
nanoparticles larger than 5 nm the surface area (and therefore the sub-coordinated sites) tends
to decrease, also corresponding to a decrease in the catalytic activity. Similar effect occurs with
the metals Pt and Pd, while for other metals, such as copper and silver, the Mackay icosahedron
(ICO) is the lowest-energy configuration [118,119], so the most stable. Still, for experimental
nanaoparticles of 4-5 nm, we could expect that clean Au(100) and Au(111) surfaces are (at least
partially) exposed. Thus, we have modelled these types of gold clusters, as reported in Figure
41. We also decided to optimize a cubo-octahedral (CUBO) Auss structure, in order to compare
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the results obtained with those of Ishimoto and co-workers, who studied the glucose oxidation
reaction in presence of base on such cluster model [102].

Au(100) Au(111)

Figure 41: Modelled gold clusters

4.2.2. Bare gold Nanoparticles

We optimized the Auss clusters and Au(111) and Au(100) surfaces using DFT approaches [101]
as implemented in the Gaussian16 QM code. [105] Along with the commonly used B3LYP
hybrid functional, we employed the pure BP86 functional[101,106,107] previously employed
for the study of PdAu bimetallic clusters. The Stuttgart effective core potential have been used

to model the scalar relativistic effects [109].

Amorphous structures

We considered the five lowest energy distorted structures obtained with density functional
tight-binding theory (DFT-B) in the work of Van den Bossche [118], re-optimizing them at
DFT level in order to obtain more accurate results. We also decided to optimize a positively
charged structure Auss™ and a negatively charged one Auss: during the glucose oxidation

reaction, indeed, the nanopatrticle is reduced, becoming negatively charged.

Ideal structure: icosahedral symmetry (ICO)
As previously mentioned, the other noble metals (Ag and Cu) have the icosahedral structure as

stable structure. For this reason, it was decided to optimize an icosahedral Auss cluster at DFT
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level, in order to compare the results obtained with those in the literature and to have a
comparison with other (amorphous or surface) structures considered in this work. The starting
structure was obtained with the MATLAB software "Cluster generator” [120].

Ideal structure: cubo-octahedral symmetry (CUBO)

It was also decided to optimize the cubo-octahedral Auss structure, in order to compare our
study with that of Ishimoto and co-workers, which studied the glucose oxidation mechanism
for the first step of the reaction, up to gluconic acid [102]. The starting structure was obtained

with the same MATLAB software used for the icosahedral structure [120].

4.2.3. Bare gold Nanoparticles: Auss models

In figure 42 are reported the figures of the five DFT-B Auss amorphous/distorted structures

after the DFT optimization: they are called "Sn", with n=1-5.

54 S5

Figure 42: Auss distorted structures optimized
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In Table 5 we summarized the results relative to the total energy of all the Auss structures,
optimized with the functional BP86: we reported the five distorted clusters and ICO and CUBO

clusters. In Table 6 we reported the same results but using the B3LYP functional.

Deviation from the lowest
energy structure
S1 0,0
S2 0,8
S3 0,9
S4 0,6
S5 0,4
ICO 30,2
CuBO S7,7

Table 5: Energies (in kcal/mol) for Auss structures using the functional BP86

Deviation from the lowest
energy structure

S1 0,6
S2 0,6
S3 0,0
S4 0,6
S5 0,8
ICO 33,9
CuBO 59,5

Table 6: Energies (in kcal/mol) for Auss structures using the functional B3LYP

As we can see, the most stable structure calculated with the functional BP86 is the distorted
structure S1. With the functional B3LYP, on the other hand, the most stable structure is the
distorted S3. In both cases the distorted structures are much more stable than the icosahedral
and cubo-octahedral ones: both with the functional BP86 and with the B3LYP, ICO is higher

68



in energy by over 30 kcal/mol compared to the distorted structure more stable; CUBO structure
is even higher in energy by over 50 kcal/mol. Although with the two functionals two different
structures are highlighted as more stable, among all the distorted clusters the difference in

energy is really negligible (< 1 kcal/mol).

These optimizations have allowed us to confirm that, as seen in the literature, gold nanoparticles

prefer a disordered geometry unlike other transition metals.

To compare the electronic structures of various models, it was decided to calculate the Density
of State (DOS) using the program Multifwn [121]. Below we report the DOS of the five
distorted structures optimized with the functional BP86 and the plot with their overlay (Figure

43). The vertical dashed line represents the HOMO energy reference, set to zero.

Overlapping DOS distorted structures
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Figure 43: overlapping DOS distorted structures

The graphs are very similar, indicating a similar electronic structures in the various models. It
is possible to compare the DOS with experimental data from Photoelectron spectra (PES)[117].

Both, in fact, show peaks (indicated in the figure by the arrows) towards 4.5 and 6 eV.
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Auss: positive, negative and neutral distorted structures

It was decided to optimize, using the functional BP86, the first distorted structure both
positively and negatively charged. We then compared the DOS of the Auss, Auss™ and Auss’
optimized geometries, as depicted in Figure 44.

Overlapping DOS Ausc, Aucc" and Auce’
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Figure 44: Overlapping DOS positive, negative and neutral S1 structures

The charged gold clusters feature DOS very similar to the neutral one, except in the area of
frontier orbitals/bands (i.e. near 0 eV) where the extra charge has a sizeable effect.

4.2.4. Bare gold Nanoparticles: Au(100) and Au(111)

The model clusters for the Au(100) and Au(111) surfaces, featuring 57 atoms and 64 atoms,
respectively, have been optimized with the same DFT methodology used for the Auss clusters
amorphous and symmetric clusters. The starting structures were adapted from the work of 1.
Rivalta and co-workers [122], where PdAu bimetallic cluster (with Pd dimeric ensembles) were
successfully used to study absorption and reactivity of organic molecules, but replacing two Pd
atoms (present in the surface core of the bimetallic cluster) with two gold atoms. The Au clean
surfaces clusters were thus constructed in the following way: the clusters were initially formed

by 4 (core) gold atoms linked together (see Figure 45); the first neighbor atoms were added to
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these Au atoms in the first and second layers, so that the active sites of Au(100) and Au(111)
surfaces are represent by the Auz1 and Auz. clusters, respectively. These atoms are generally
considered mobile during any geometry optimization. The clusters were completed by adding
the set of the first neighbor atoms for all the peripheral atoms of the active site atoms, obtaining
three layer clusters: an Ausy cluster for the Au(100) surface and an Aues cluster for the Au(111)
surface (see Figure 45). The position of all these additional atoms (beyond the fully optimized
Auz: and Auy; clusters) are generally kept frozen during geometry optimizations.

In our work we reoptimized the initially constructed Ausz and Auss clusters using both the BP86
and B3LYP functionals.

Au(111)

Figure 45: optimized surfaces Au(100) and Au(111) from a side and a top view
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4.2.5. Study of the reaction mechanism: Preliminary considerations

It was decided to study the glucose oxidation reaction by taking into consideration the
conditions of the reactions carried out in the laboratory and the Ishimoto's theoretical work on
a symmetric model. As seen above, the reaction was treated, for the experimental part, with a
heterogeneous catalyst of gold nanoparticles in presence of a base (NaOH). Therefore, the OH"
adsorption on the various optimized clusters was studied first. Subsequently, the study of the

adsorption of glucose and gluconic acid, the reaction intermediate, was performed.

4.2.6. OH" adsorption on Au55 clusters

For the atoms of the adsorbates (H, C and O) the basis set 6-31** was used [108,109]. It was
chosen to use only the BP86 as functional: this because we observed that it gave good results
and in shorter times than the B3LYP.

First, we decided to investigate OH™ adsorption on Auss clusters. For the distorted structures we
focused on the first (S1) and third (S3) structures, which appear to be the lowest energy ones
with the B3LYP and BP86 calculations, respectively. We studied the OH™ adsorption also on
the ICO and CUBO structures for comparison. In the work of Ishimoto and co-workers [102],
where the adsorption of OH™ and -OH radical on Au(100) and Au(111) extended surfaces and
on CUBO Auss is studied, it is seen that the OH" for the cube-octahedral nanoparticle structure
is more stable on the vertex (top) position. For this reason, we have decided to focus the OH"
adsorption on the vertex position as regards the symmetrical structures (ICO and CUBO).

As regards the distorted structures, however, we have studied two different cases: one with the
OH- adsorbed in the position at the vertex and another with a less "protruding” position: to
distinguish them, the rows (or chain) of atoms starting from the vertex (gold) atom considered
were analyzed (see Figure 46): in particular, we considered as vertex either the gold atom
connected to 3 rows featuring 3 atoms each and to 2 rows with 2 atoms or, for the less protruding
position, the gold atom connected to 2 rows featuring 3 atoms each and to 3 rows with 2 atoms
each.
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Figure 46: Example of (from left to right) a rows of 3 atoms and a rows of 2 atoms

For the distorted structures we observed that (see Figure 47) when the OH" is initially
positioned on a vertex with 3 rows of 3 atoms and 2 rows of 2 atoms it tends to remain in the
same position; when instead (as for S3) it is initially bound to the alternative less "protruding"

vertex it tends to move to a Au-Au bridge position.

INITIAL STRUCTURE FINAL STRUCTURE

s1(I)

s1(11)

S3
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ICO

CuBO

Figure 47: Structures of OH minus adsorbed on Auss clusters before and after optimization

In table 7, the relative energies associated with these different adsoprtions are reported, showing
that the OH™ is adsorbed more stably on distorted structures than symmetrical ones.

Furthermore, the most stable structure is the S3, for which the OH™ move to a bridge position.

Deviation from the Change position
lowest energy of OH"
structure

ICO 34,1 /
CUBO 62,6 /
S1(1) 2,6 /
S1 (1) 3,6 /

S3 0,0 top—bridge

Table 7: Energies (in kcal/mol) for Auss structures with OH adsorbed
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In table 8 we report the bond lengths and the angles of the OH™ adsorbed on the clusters. For
the structures with OH"in vertex position and that with OH" in bridge we measured the AuAuO

angles, as reported in Figure 48.

Figure 48: Example of angles measured for OH"in vertex position (left) and in bridge position (right)

Aum-0O(1) (A) | Aun-O(2) (A) O-H (A) AumAlnO (°) AumOH (°)
S1(D) 2,063 / 0,980 126;149;122;102;99 105
S1 (I 2,065 / 0,980 131;162;114;96;99 106
S3 2,281 2,255 0,981 48;48 84
ICO 2,069 / 0,980 99;115;138;135;105 105
CuBO 2,140 / 0,976 115;115;118;118 118

Table 8: bond lengths and angles for OH™ on Auss

It can be seen that the O-Au bond length is more or less the same for S1(1), S1(I1) and ICO
structures. For the CUBO structure, the O-Au bond is a little bit longer. For the S3 structure,
the only one where the OH" is in bridge on two gold atoms, the two O-Au bonds lengthen
with respect to the previous cases; the AUAUO angles instead are equal (48°), forming an

isosceles triangle.
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4.2.7. OH" adsorption on Au(100) and Au(111) surface models

For the surfaces Au(100) and Au(111) surfaces we decided to study the adsorption of OH"
both when it is found on a top and on a bridge adsorption site (see Figure 49).

TOP BRIDGE

Figure 49: Example of the top and bridge structures of the OH on Au(100) and Au(111) surfaces

We report the initial and final structures of optimizations on various geometries (see Figure

50), named as “Sx”, with x=a-d.

INIZIAL STRUCTURE FINAL STRUCTURE

Sa: Au (100)
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Figure 50: OH minus adsorption on gold surfaces before and after optimization

We see that for all structures, starting either from top or bridge sites, the final optimized one is

the structure on the bridge sites, for both the negative and the radical OH group.

It is worth noting that for some models, (in particular Sb and Sc) the OH" group tends to pull a
gold atom to which it is bonded out of the surface. This phenomenon resembles that of gold

surface reconstructions induced by charged adsorbate.

Computations have also been carried out considering the -OH on the same gold surfaces. Also

in this case, there was a tendency of the -OH to prefer a bridge position over the top one.

Tables 10 and 11 show the relative energies obtained for the Au(100) and Au(111) surface
models, respectively, while Table 12 shows some corresponding geometrical parameters (i.e.

bond lengths and angles).

Deviation from the Change position of
lowest energy OH /-OH
structure
Au(100) OH" : Sa 0,0 /
Au(100) OH": Sb 2,5 top—bridge

Table 10: energy of optimized Au(100) surface with OH
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Deviation from the | Change position of
lowest energy OH /-OH
structure
Au(111) OH: Sc 2,8 /
Au(111) OH : Sd 0,0 top—bridge
Table 11: Energies (in kcal/mol) for Au(111) surfaces with OH-
O-Au()(A) | O-Au(2) (A) O-H (A) AuOAuU (°) | AuAuO(1) (°) | AuAuO(2) (°)

Au(100) OH- 2,238 2,239 0,983 88 43 43
bridge: Sa
Au(100) OHtop: 2,265 2,331 0,983 74 54 52
Sb
Au(111) OH- 2,914 2,214 0,982 90 44 46
bridge: Sc
Au(111) OHtop: Sd 2,324 2,304 0,983 80 50 50

Table 12: bond lengths and angles for OH on Au(100) and Au(111) surfaces

For the Sa structure, we observed that the OH" binds to the two gold atoms with bonds of the

same length, forming an isosceles triangle. For the other structures we observed that one O-Au

bond is longer than the other; in particular, for the structure Sc the difference is high, of 0,7 A.

This happens when the OH pulls one atom of gold out of the surface plane, thus making one

bond shorter than the other. Consequently, the two angles AuAuO are also different.

For the Sd structure the difference between the two bonds is small, about 0.2 A, and the two

AuAuU angles are identical: the OH" therefore forms an isosceles triangle with the gold surface.
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4.2.8. Glucose and OH" adsorption on Auss clusters

We analyzed the oxidation reaction of glucose. First, we studied the adsorption of glucose on
Auss—OH- clusters previously optimized. To decide where to place the glucose approaching the
nanoparticle, we considered the outcome of the computations of Ishimoto and co-workers
[102]: in particular, the adsorption of glucose on Au surface was assumed on the atom of gold
near to the one on which the OH" is bound and with carbon chain axe perpendicular to the
surface plane, as reported in Figure 51.

C

3.145% #3252

Y,

Figure 51: Example of initial position for OH + glucose in Ishimoto article [102] (left) and in our work (right)

Figure 52: Glucose and OH adsorption on S1 structure: initial (left) and final (right) position

As depicted in Figure 52, upon geometry optimization of the initial structure showed in Figure
51, we observed that the glucose carbon chain moves horizontally with respect to the Au(111)
surface plane of the nanoparticle S1. Moreover, there is a hydrogen bond (1,58 A) between the

(acceptor) oxygen of the adsorbed OH"and the hydrogen of one of the glucose hydroxyl group
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(working as H-bond donor). This H-bond stabilizes the structure along with an interaction
between one surface gold atom (at a vertex) and the oxygen of the hydroxyl group at the third

atom of the glucose carbon chain (with Au-O distance of 2,52 A).

Figure 53: Glucose and OH adsorption on S3 structure: initial (left) and final (right) position

In Figure 53 the adsorption of Glucose and OH™ on S3 is reported. In this case, we obtained a
glucose adsorbed vertically to the Au surface by the hydroxyl oxygen of the second carbon of
the chain, with Au-O(H) distance of 2,45 A. There is an hydrogen bond (1,76 A) between the
oxygen of the surface OH"and the hydrogen of the OH group of the third carbon of glucose. It
is important to note that, with the presence of the glucose on the S3 structure (stabilized by the
H-bond between the surface OH™ and the glucose), the OH" prefers a top position, while on the

clean S3 nanostructure it prefers a bridge position.
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Figure 54: Glucose and OH adsorption on ICO structure: initial (left) and final (right) position
On the ICO structure we observed (see Figure 54) that glucose adsorbs horizontally to the
Au(111) surface of the nanoparticle. In this case there are no interactions between glucose and

OH-, which remains in the position at the top as in the initial structure.

Figure 55: Glucose and OH adsorption on CUBO structure: initial (left) and final (right) position

In Figure 55 we report the adsorption of glucose and OH on the CUBO structure: while the
initial structure was prepared with separated OH™ and glucose (distance 3,07 A), as in the
remaining cluster models, during the geometry optimization the OH" spontaneously attacks the
carbon of the aldehyde group, forming a bidentate tetrahedral intermediate (the OH™ and
aldehyde carbon are now linked by a bond of 1.5 A): this is in accordance with the reaction

intermediate reported in the article of Ishimoto and co-workers [102].
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Deviation from the
lowest energy
structure
S1 0,0
S3 5,5
ICO 41,8
CuBO *

Table 13. Energies (in kcal/mol) for Auss structures with glucose + OH

*For the CUBO structure, during the optimization, the formation of a tetrahedral intermediate happens.

As reported in Table 13, the lowest energy is that found for the structure S1: also in this case,

indeed, the amprphous structures are the most stable.

4.2.9. Gluconic acid adsorption on Auss clusters

We also carried out a first study regarding gluconic acid, linking back to Ishimoto's article. In
particular, we initially focused on amorphous (distorted) nanoparticles that more realistic
models of the experimental nanoparticles. In figure 56 we report the starting structure for the

S3 cluster and the one at the end of the optimization.

Figure 56: Gluconic Acid and H on S3 structure: initial (left) and final (right) position
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As depicted in Figure 56, the gluconic acid adsorbs perpendicularly to the gold surface, as was
previously also seen for glucose on the same S3 structure. The distance between the oxygen of
the carboxylic OH" and the nearest gold is 2.99 A. The hydride ion, obtained from the aldehyde
group of glucose following the attack of the OH group, is positioned at the top of a gold atom,
with a distance of 1.08 A. Starting from this important structure, future computational work can
establish for the first time the thermodynamics and kinetics of the glucose oxidation on

amorphous gold nanoparticles.
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5. Conclusions

Nanoparticle gold-based catalysts were synthesized by the sol-immobilization method and
characterized by the UV-Vis, XRD and TEM techniques, from which it was possible to confirm
that nanoparticles of small size (approximately 2-3 nm) and well dispersed, thanks to the use of
stabilized PVA, have been obtained. Subsequently, the catalysts were tested for the oxidation
reaction of glucose to glucaric acid: to evaluate the reproducibility of the synthetic process,
three different batches of catalyst were tested for the glucose oxidation reaction under standard
conditions (t= 1 hour, T= 60°C, P= 10 bar O2, Glu:Au:NaOH molar ratio of 1000:1:3000). From
the data obtained it has been seen that the synthesis is reproducible, as well as the reaction, with
an average conversion of gluconic of 91%, a yield of gluconic acid of 46%, of glucaric acid of
19% and of others 41%. Subsequently, the effect of the reaction time on the oxidation reaction
from gluconic acid to glucaric acid was then tested (time of reaction: 15 minutes, 1 hour and 2
hours): the results show that the conversion of gluconic acid increases as the reaction time
increases up to one hour; after one hour of reaction the conversion continue to increase till 40%;
instead, the yield of glucaric acid and other by product follow a different trend: both the yields
increase with increasing reaction time up to one hour, but after one hour of reaction the glucaric
acid yield (21%) does not increase but remains constant and the yield of others decreases
slightly. The data obtained are in agreement with the trend of the oxidation reaction of glucose
to glucaric acid at the same reaction times (15 minutes, 1 hour and two hours) and suggest a
possible catalyst deactivation due to gluconic acid or other byproduct.

For the computational part of the work, both symmetrical (icosahedron and cubo-octahedron)
and distorted gold clusters of 55 atoms (approximately 1 nm) have been optimized by means of
DFT methods. The results obtained show that distorted structures are the preferred ones due to
relativistic effects, in agreement with previous studies. The surfaces Au(111) and Au(100),
which are the main surfaces of large gold nanoparticles, were also optimized at the DFT levels
using tailored cluster models. On these clusters, the adsorption of OH", glucose and gluconic
acid has been studied. It has been observed that, on both exposed gold surfaces, the OH" prefers
a bridge position than a top one. On the other hand, for amorphous structures the OH"adsorbed
at the vertices are the most stable. In order to start investigations on the glucose oxidation
reaction, the adsorption of glucose and gluconic acid on the Auss clusters was studied. The
study carried out aims to provide a method for approaching the study of gold-based nanosized

84



catalytic systems. The outcome provides important information that will be extremely useful to
carry out more studies that are necessary to determine the full reaction mechanism and the

corresponding energetics.
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6. Future work

The results of this work serve as a starting point for understanding the activity of the gold-based
catalysts prepared according to the procedure reported for the oxidation reaction of glucose to
glucaric acid. To better evaluate the structure of the synthesized catalysts, TEM and XRD
analysis should be carried out on each of them, in order to understand the size of the
nanoparticles, the shape, the crystalline phase and the distribution.

In order to understand better the possible poisoning effect of gluconic acid on the catalyst, the
idea to add different amount of GO at the beginning of the reaction could give us some clue on
the interaction between GO and Au. Furthermore, the reaction could be carried out by adding
also glucaric acid at the beginning, in order to evaluate if this adsorbs on the catalyst, modifying
its activity. At the end, to better understand the effect of the reaction parameters on the catalytic
activity, tests could be carried out at different oxygen pressures and at different temperatures
(over and below 60 ° C).

For the computational the analysis of the second step of the reaction, and therefore the
adsorption of glucaric acid on the surface of the catalyst should be performed. Furthermore, all
the possible positions of adsorption of glucose and products could be analysed in more detail.
Moreover, the study of the reactive mechanism could be carried out, in particular for the step
from gluconic acid to glucaric acid, as there are no relevant data in the literature, in order to

better understand the catalytic activity.
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