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Abstract

In this work, new heterogeneous catalysts based on mesoporous silica nanoparticles
(MSNPs) with different cations of ionic liquids (ILs) covalently bonded to their surface,
1-butyl-3-methylimidazolium ([CaMIM]Y), 1-butylpyridinium ([C4PY]H) and
tetrabutylammonium ([Ns444]"), and with the polyoxometalate (POM) derived from
phosphomolybdic acid ([HzPM01,040]") as anions were prepared. Their analogous
homogeneous compounds were also prepared for comparison (POM-ILS),
[Na,4,4,4]3[PM0120.0], [CaMIM]3[PM01,040] and [C4Py]s[PM01,040].

The catalysts were characterized by elemental analysis, in solution (*H and *P) and
solid-state (**C and *'P) NMR spectroscopy, DLS (for the silica nanoparticles), SEM,
TEM, EDS, X-ray fluorescence spectroscopy, FTIR spectroscopy and ICP-MS.

The homogeneous catalysts were applied in the preliminary oxidation reactions of two
lignin model compounds, cinnamyl alcohol and guaiacol, varying the reaction
conditions (time, presence of hydrogen peroxide and use of conventional heating or
microwave heating). The results obtained were characterized by solution *H NMR
spectroscopy. The oxidation of cinnamyl alcohol seems to be promissory using
microwave heating process in comparison to conventional process.

All catalysts prepared were also applied in the oxidative desulfurization reactions of a
multicomponent model diesel, composed by 1-benzothiophene, dibenzothiophene, 4-
methyldibenzothiophene and 4,6-dimethyldibenzothiophene in order to study the
performance of each catalyst in the removal of sulfur compounds present in fuels. This
part of the study was performed in Faculdade de Ciéncias from Universidade do Porto,
and the catalytic performance was evaluated by gas chromatography.

The heterogeneous catalysts had the most promising results, in particular MSNPs-
[N44,44]POM achieving 100% of total desulfurization after only 2 hours. Its recycling
ability was evaluated for three consecutive cycles and it was observed an increase of
the catalytic efficiency for the second and third cycles reaching the complete
desulfurization of the model diesel after just 1h instead of the 2h. The catalysts with
cation tetrabutylammonium had the best results in both heterogeneous and
homogeneous catalysis in comparison to the other two catalysts. In general, all
catalysts tested had interesting results.

Keywords: Green Chemistry, Polyoxometalate based Ilonic Liquids (POM-ILS),
Mesoporous Silica Nanoparticles (MSNPs), Lignin valorization, Oxidative
Desulfurization.


https://en.wikipedia.org/wiki/Phosphomolybdic_acid




Resumo

Neste trabalho foram preparados novos catalisadores heterogéneos suportados em
Nanoparticulas Mesoporosas de Silica (NPMs) com diferentes catides de liquidos
ionicos ligados covalentemente as suas superficies (1-butil-3-metil-imidazélio
([C4MIM]"), 1-butilpiridinio ([C4Py]") e tetrabutilamoénio ([Nss44]’)), € com o anido
derivado do polioxometalato acido fosfomolibdico ([HzxPM012,040]). Os compostos
homogéneos andlogos (sem as nanopatrticulas de silica) foram também preparados
para comparacdo  (LI-POM), [N4,4.4,4]3[PM012040], [C4MIM]3[PMO012040] e
[C4Py]s[PM01,040].

Os catalisadores homogéneos e heterogéneos foram caracterizados por andlise
elementar, espectroscopia de RMN de sélidos (**C e *P) e em solucdo (*H e *'P),
DLS, analises SEM e TEM, EDS, fluorescéncia de raios-X, espectroscopia de
infravermelhos e ICP-MS.

Na segunda parte do trabalho experimental, os catalisadores homogéneos preparados
foram aplicados em reacdes preliminares de oxidagdo de dois compostos modelo da
lignina, alcool cinamil e guaiacol, variando as condi¢bes de reagéo (tempo, presenca
de peréxido de hidrogénio e uso de aquecimento convencional ou de microondas). Os
resultados destes ensaios foram caracterizados por *"H RMN em solucdo. A oxidacio
do alcool cinamilico parece ser promissora utilizando microondas, em comparagéo
com o processo de aguecimento convencional.

Todos os catalisadores preparados foram aplicados em reacdes de dessulfurizacdo
oxidativa de um gaséleo modelo multicomponente, contendo na sua composi¢cao 1-
benzotiofeno, dibenzotiofeno, 4-metildibenzotiofeno e 4,6-dimetildibenzotiofeno. O
objectivo foi estudar as suas eficiéncias na eliminagcdo de compostos de enxofre
presentes nos combustiveis. Esta parte do estudo foi realizada na Faculdade de
Ciéncias da Universidade do Porto, e os resultados foram caracterizados por
cromatografia de gas. Os catalisadores heterogéneos tiveram os resultados mais
promissores, particularmente o catalisador MSNPs-[N,444]POM, que apds apenas 2
horas obteve uma desulfurizacdo total de 100%. A sua capacidade de reciclagem foi
avaliada para trés ciclos consecutivos e observou-se um aumento da eficiéncia
catalitica para o segundo e terceiro ciclos, atingindo-se uma desulfurizacdo completa
ap6s apenas 1 hora em vez de 2 horas. Os catalisadores com o catido
tetrabutilamonio tiveram os melhores resultados em ambos os tipos de catalisadores,
em comparacdo aos outros dois catifes utilizados. No geral, todos os catalisadores
tiveram resultados muito interessantes.

Palavras-chave: Quimica Verde, Liquidos l6nicos baseados em polioxometalatos
(POM-LIs), Nanoparticulas de Silica Mesoporosa, Valorizacdo de Lignina,
Dessulfurizagdo Oxidativa.
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1. Introduction

1.1. Green Chemistry

Nowadays, the society in general, has developed using natural resources, which
brought some consequences. In the last years, it has been notice an increase in the
use of non-renewable resources that now are scarce. Some of the long-term negative
effects of these advancements could not be ignored. Pollution ruined oceans and acid
rains deteriorated forests worldwide. The air is contaminated and the Earth's ozone
layer has significant holes. Also, as consequence, the residues formed with the
constant use of fossil fuels and chemical products are accumulating and harming the
environment as well as public health. Some of these chemicals were suspected of
causing human cancer and other health outcomes. In our efforts to improve crop
protection, commercial products, and medicines, we also caused inadvertent harm to
the environment. It is important that there are changes in human behavior to
acknowledge the importance of maintaining our planet a safe place.

Chemistry was always considered a dangerous science for society and the
environment. Therefore, it is important to change that mindset, showing that there are
ways to adopt safer and sustainable practices in syntheses processes and treatment of
toxic residues.” The United States of America (USA) formed the Environmental
Protection Agency (EPA) in 1970, responsible for protecting human and environmental
health. Later, the concept of Green Chemistry (or Sustainable Chemistry) was created
by EPA with the intent to reduce or eliminate the dangers associated to handling,
synthesizing and treating chemical products.? To encourage industries to adopt a
“greener” and sustainable technology and practice, it was proposed twelve principles of
Green Chemistry and twelve principles of Green Engineering.®>* The following table
(Table 1.1.) represents the principles of Green Chemistry and Green Engineering.

Table 1.1. - Principles of Green Chemistry and Green Engineering.

Principles of Green Chemistry Principles of Green Engineering

Prevent waste - P | - Inherently non-hazardous and safe
Renewable materials - R M — Minimize material diversity
Omit derivatization steps - O P — Prevention instead of treatment
Degradable chemical products - D R — Renewable material and energy inputs
Use safe synthetic methods - U O — Output-led design
Catalytic Reagents - C V — Very simple
Temperature, Pressure ambient - T E — Efficient use of mass, energy, space and time
In-process Monitoring - | M — Meet the need
Very few auxiliary substances - V E — Easy to separate by design
E-factor, maximize feed in product - E N — Networks for exchange of local mass & energy
Low Toxicity of chemical products - L T — Test the life cycle of the design
Yes, it's safe - Y S — Sustainability throughout product life cycle

Green Chemistry principles were firstly described in 1998 by Paul Anastas and John
Warner, with the intent to turn the methods applied to chemical compounds more
sustainable.” Since these principles don’t cover all the important aspects for the
environmental impact, Green Engineering principles were also proposed. Sustainable
engineering allows the development of products and processes economically viable
and the reduction pollution since the beginning of the process, avoiding risks to human
health and to the environment.



Some examples about the impact of Green Chemistry on the environment are: the
discovery of a catalytic chemical process that uses less energy and possess a great
potential to reduce greenhouse gas emissions at normal temperature and pressure
conditions; the use of supercritical carbon dioxide in one of the steps of computer chip
preparation, and it significantly reduces the quantities of chemicals, energy, and water
needed to produce chips; the pharmaceutical industry is continually seeking ways to
develop medicines with less harmful side-effects and less toxic waste; Several
companies have been working to develop plastics that are made from renewable,
biodegradable sources; mixture of soya oil and sugar that replaces fossil-fuel-derived
paint resins and solvents, among others.®

The previous examples showed the importance of Green Chemistry in the distinct
types of industry, offering a pathway to a sustainable world. Even though nowadays
these principles are still not being used in all industries, there is a constant growing
effort to manipulate chemical compounds in a safe way and to operate in an eco-
friendly manner.

1.2. Biomass
Biomass is a renewable source of energy originated from the energy stored in chemical
bonds by materials that stem from organic matter. It can be found in different forms like

wood and respective waste products, agricultural crops and respective waste, food,
animal manure and human sewage (Fig. 1.1.).”

Solar Energy

Residues from Urban
forest-based industries waste
and agribusinesses

BIOMASS

Fig. 1.1. - Representation of Biomass sources: Agricultural and forest residues, industrial
residues, urban waste and livestock waste (Adapted from Kunakawan GroupB).

Biomass is composed mainly by long chain natural polymers, cellulose (representing
40 to 50% of the biomass by weight), hemicellulose (representing 20 to 40% of the
biomass by weight) and lignin.®

In plants, solar energy is captured by chlorophyll by photosynthesis and, in the
presence of carbon dioxide (CO,) and water, CO, converts into carbohydrates that
form building blocks of biomass (Fig. 1.2.). When the carbon, hydrogen and oxygen
molecule bonds are broken, the solar energy that was once captured and stored in the
chemical bonds is released.”? Biomass is considered a renewable source of energy
because it is a cyclical process. The CO, can be available again in short period of time,
in comparison with fossil fuels. *°
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Fig. 1.2. - Photosynthesis process (Adapted from Wisegeek ™).

Currently, fossilized biomass is exploited as coal and oil. Since it takes millions of years
to convert biomass into fossil fuels, these cannot be considered a renewable source of
energy, since burning “old” biomass and converting it into “new” CO, contributes to the
greenhouse effect.

1.2.1. Application of Biomass

In the process of producing energy, there are two alternatives. Either biomass is
burned and the energy is released as heat, or it is converted to a different form of
energy like liquid biofuels such as ethanol and biodiesel, or biogas so it can be later
burned as a fuel (e.g. methane). Ethanol is produced by fermentation of corn and sugar
cane, biodiesel is produced from vegetable oil and animal fat, and methane is
produced in digesters from agricultural and human waste.*
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Fig. 1.3. - Comparison between the use of fossil fuels and the use of biomass to produce fuel,
chemical products and biomaterials (adapted from GLW Energylz).



Using biomass as a source of energy has gotten a lot of attention for several reasons:
The application of biomass can be done at a lower cost and at a higher conversion
efficiency, since biomass residues can be used as fuel. In this context, the production
of food surpluses in Western Europe and in the United States, which promotes the
introduction of alternative non-crops desirable; and the production of biomass as a
sustainable renewable source of energy since it does not contribute to a buildup of CO,
in the atmosphere.?

Knowing the properties of the biomass source and the type of energy required, it is
possible to determine the adequate conversion process. Therefore, specific properties
become important depending of the selected energy conversion process. The main
interest properties are related to moisture content, calorific value, proportions of fixed
carbon and volatiles, ash/residue content, alkali metal content and cellulose/lignin ratio.

1.2.2. Biomass and Sustainability

Biomass energy can be harmful to the environment if harvested at unsustainable rates
and damage ecosystems. It can have negative outcomes, such as the production of
harmful air pollution, large consumption of water and large global warming emissions.
For these reasons, it is important to manage and monitored carefully the production of
energy from biomass. In order to understand the potential role of biomass as a primary
energy source, it is necessary to look at the carbon emissions and compare it to the
most important competitor, fossil fuels.?

Nowadays, there are researchers worldwide trying to develop several ways to develop
the use of biomass for fuel, since it is presently estimated to contribute of the order
10% to 14% of the world’s energy supply.? In 2016, biomass provided 5% of the
primary energy consumed in the USA in the forms of biofuels (mainly ethanol, in a total
of 48%), wood and derived products of wood (41%) and municipal waste (11%).*

1.3. Lignin

Lignin is a natural polymer derived from lignocellulosic biomass (composed by
cellulose, hemicellulose and lignin) of plants and some algae (Table 1.2.). The main
function of this polymer is to provide structure to the plant and protect against
degradation.

Table 1.2. - Average distribution of the three main biopolymers in softwood, hardwood and
switchgrass (Adapted from McKendry et al.g).

Softwood Hardwood Switchgrass
Lignin 27-30% 20-25% 5-20%
Cellulose 35-40% 45-50% 30-50%
Hemicellulose 25-30% 20-25% 10-40%

This polymer’s complex amorphous structure is the result of the polymerization of three
phenylpropanoid monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol




(Fig. 1.4.). *® These monomers are bonded with C-O and C-C linkages to form a
complex three-dimensional structure.

OH OH OH
s F P
H3;CO H3zCO OCHs3
OH OH OH
p-Coumaryl Alcohol Coniferyl Alcohol Sinapyl Alcohol

Fig. 1.4. - Phenylpropanoid monomers, p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol of lignin polymer.

Although representing more than 20 % of Earth’s biosphere, about 98 % of this
polymer is currently burned for paper and pulp industry.* This happens because of its
complex structure. Structural studies (such as NMR and GC-Mass Spectra) indicated
that more than 50% of lignin components are aromatic hydrocarbons. This way, it
represents an attractive source of aromatic compounds in chemistry, being the only
renewable source of key and high-volume aromatic compounds for the chemical
industry.*®

Although most lignin is burned, it is currently used to produce low-value products such
as foams and resins, not being used for the production of high-value products. The
main reason is that its molecular structure is very stable and there is no efficient
depolymerization method to modify the molecule.

In the context of green chemistry, lignin valorization to produce value-added chemical
products, fuels and materials, represent a challenge to environmental protection and
sustainability. The conversion of this polymer into aromatic molecules has become the
center of scientists especially for the decline in fossil fuels resources. Lignin does not
compete with food production, therefore causing no detrimental social and ecological
consequences.'®

One of the issues in lignin valorization is not knowing the exact composition and correct
structure, since the biomass source, type of wood, season and growing parameters
vary. *’ There are diverse types of lignin (kraft lignin, lignosulfonated lignin,
organosolvlignin, pyrolytic lignin, steam-explosion lignin, acidolysis lignin, etc),
depending on parameters such as polarity, purity, molecular weight, frequent linkages
and specific chemical groups.18 Another difficulty is that this polymer structure is very
stable (Fig. 1.5.), so it is difficult to depolymerize it.

The first step for lignin valorization is to make a pretreatment. This way, lignin is
separated from other components, making the isolation an easier step. The choice of
the type of lignin influences the valorization process, since the cost, presence of
impurities, compounds obtained can vary. From all types of lignin, kraft lignin and
organosolv lignin have potential to produce high value products.

Using oxidation reactions to modify lignin bring advantages such as the production of
complex platform aromatic compounds with additional functionalities, as well as an
easy product separation. The use of homogeneous catalysts is focused in biocatalysis,
biomimetic catalysis and organometallic processes. Even being an efficient process,
biocatalysis requires specific conditions due to the presence of enzymes. (laccases,
manganese peroxidases and lignin peroxidases).'*?° Biomimetic catalysis is essentially



based on the use of metalloporphyrins in the presence of hydrogen peroxide or
molecular oxygen.*
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Fig. 1.5. - Lignin Chemical structure (Adapted from Lignoworks®?).

Organometallic catalysis is performed using metal-organic complex or material such as
methyltrioxorhenium, cobalt/manganese salen complexes, iron tetraamido macrocyclic
complex, polyoxometalates, and catalysts with various ligand systems, etc.”® A wide
range of ligands that can affect the electronic and steric properties of the catalysts,
which are directly linked to their activity, solubility and stability, is available.

Although interesting results have been reported, most of these homogeneous catalysts
suffer from catalyst decomposition, or lack of selectivity for lignin. In addition, the
recyclability of the catalyst cannot be envisaged. These problems could be solved by
using heterogeneous catalysts, that are currently being study worldwide.

When using lignin for studies, it is common the use of lignin model compounds. The
most reported model compounds in the literature are guaiacol, vanillyl alcohol,
apocynol, syringyl alcohol, veratryl alcohol, etc. Using these model compounds as
substrates showed the advantage to study the reactivities and selectivity’s of the
multifunctional groups, as well as how specific bonds can be broken.

In the present work, two lignin model compounds, guaiacol and cinnamyl alcohol (Fig.
1.6.) are selected to be used as substrates in catalytic oxidations.
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Fig. 1.6. - Lignin Model Compounds, Cinnamyl Alcohol and Guaiacol.

Nowadays, lignin valorization is investigated with oxidation reactions in raw lignin and
model compounds. The coupling of heterogeneous catalysts is promising for exhibiting
several advantages such as easier separation, recyclability and for being eco-efficient
processes. There are challenges to be addressed by the scientific community to
develop new and efficient process in industrial scale, making lignin a fair competitor
with the currents energy sources tested.

1.4. Catalytic Oxidation

The word “catalysis” was employed in 1836 to refer to an entity that is capable to
promote the occurrence of chemical reactions by contact, to speed up the rate of the
reaction without being consumed. Though the word was created at that time, there
were already used catalytic processes in more ancient times, for example, the
fermentation process (example of biocatalysis). Catalytic reactions only started to gain
weight in the beginning of the 20™ century, and now, 95 % of chemicals are produced,
ate least, with one catalytic step.

A catalytic oxidation is a process that consists on oxidizing compounds by the addition
of a catalyst. The catalyst contributes to the product formation by increasing the
reaction rate by reducing the activation energy of the oxidation. It is not present in the
stoichiometry of the reaction and it is not consumed. It is important that the catalyst is
eco-friendly and easy to recycle, this way, choosing the right oxidizing agent for
oxidation catalysis is a key step. It is also important to consider the cost and
commercial availability, as well as properties of the oxidizing agent like high selectivity,
high reaction rate, sustainability and percentage of active oxygen.

The most used “green” oxidants are molecular oxygen and oxygen peroxide. Using
molecular oxygen is very difficult to control in a reaction, it results in low selectivity.
Oxygen peroxide is also a very eco-friendly choice and it is also capable of oxidizing
organosulfides compounds in low and high pH values. This oxidant is commonly used
for being a liquid and it is easy to implement in standard batch equipment. The
disadvantages of using this oxidant are the slow reaction with aromatic hydrocarbons
and it is very unstable when in aqueous solution, decomposing in water and oxygen.
To be useful, catalysts should be effective with 30% aqueous hydrogen peroxide, but
many systems described in the literature do not fulfill this requirement.

The oxidation of hydrocarbons such as alkanes, alkenes and aromatics is the most
important process to apply in the conversion of oils and natural gas feedstocks to
industrial organic chemicals. Even though heterogeneous and homogeneous catalytic
oxidations are already practiced industrially, the pressure of Green Chemistry, is
stimulating the deployment of catalytic oxidations in order to produce fine chemicals.
This application is more difficult, but in some cases, such technologies have been
successfully applied. An example of this is the BASF process for the synthesis of a
citral (used for fragrances and vitamins), since it uses a catalytic vapor phase oxidation
with a silver catalyst.


https://www.google.pt/search?rlz=1C1AVNC_enPT732PT734&biw=1280&bih=629&q=stoichiometry&spell=1&sa=X&ved=0ahUKEwiFttuHzqLWAhXO0RoKHeEiBqAQvwUIIigA

1.4.1. Homogeneous and Heterogeneous Catalysis

Catalytic oxidations can be conducted with heterogeneous or homogeneous catalysts.
In heterogeneous processes, the catalyst is in a different phase from that of the
reactants. Heterogeneous catalysts still have low selectivity rates and low chemical
stability at low temperature and pressure, but can be recovered and recycled. Usually,
these catalysts are made of platinum, vanadium and molybdenum, and in some cases,
these are modified with additives to enhance selectivity. Therefore, when using
heterogeneous catalysts, it is important to optimize the surface area and the access
from the solvent to the active center of the catalyst. The fact that the catalysts is in a
distinct phase with respect to the reaction medium, accounts for the major advantage
of the heterogeneous catalysts over the homogenous as it makes the separation e
reutilization of heterogeneous catalysts simple and cheaper compared to the
homogenous catalysts.

Homogeneous catalysis is characterized by all reactants, products and catalyst at the
same phase, usually in liquid phase. Some common homogeneous catalysts used for
organic catalysis are carboxylates of cobalt, iron and manganese. Though this type of
catalysis has advantages, such as higher selectivity, activity and manipulation, but
there are some problems associate to homogeneous catalysis. This type of catalysis
showed lower productivity and chemical stability and limitations in the recovering of the
catalyst, which have a negative impact in the development of sustainable chemistry.
Today, a variety of homogeneous catalysts are known, such as Brgnsted and Lewis
acids, metal complexes, metals ions, organometallic complexes, etc.

The main advantages and disadvantages of these catalysts are described in Table
1.3.

Table 1.3. - Comparison of main advantages/disadvantages of Homogeneous and
Heterogeneous catalysts (adapted from ).

Property

Homogeneous Catalysts

Heterogeneous Catalysts

Recovery

Difficult, high cost

Easy, low cost

Thermal Stability

Poor

Good

Selectivity

Excellent

Poor

In general, the main difference between homogeneous and heterogeneous catalysts is
the fact that in homogeneous catalysts, each catalytic entity acts as an individual active
site. Therefore, these catalysts are more active and selective, in comparison to
heterogeneous catalysts.

It is very difficult to separate homogeneous catalysts from the reaction medium, and it
requires intensive and expensive processes. After recognizing the limitations of
homogeneous catalysts, scientists all over the world had the need to study the
complementary capacities that heterogeneous catalysts could bring. There are
constant attempts to combine the advantages of both catalysts, such as activity,
selectivity and recyclability.

It is also important to consider the different steps of the catalytic reaction when
choosing the use of heterogeneous catalysts, such as: external diffusion, internal
diffusion, adsorption of reagents, surface reaction, desorption of products, internal
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diffusion and external diffusion. Since homogeneous catalysts are molecularly
dispersed in the reaction medium, there is no internal diffusion.

1.4.2. Oxidative Desulfurization

When fuels are burned, sulfur compounds can be converted in SOx and contribute to
acid rain, corrosion and global warming. In order to minimize the environmental impact,
it has been studied the removal of organosulfides compounds present in fossil fuels.
Therefore, in the last years, different methods of desulfurization to remove 1-
benzothiophene compounds (1-BT) and derivatives (Fig. 1.7.) from fuels have been

developed.
Co O

1-Benzothiophene Dibenzothiophene
HsC H;C CH,
4-Methyldibenzothiophene 4,6-Dimethyldibenzothiophene

Fig. 1.7 - Chemical representation of some types of sulfur-organic compounds present in fuel:
1-benzothiophene (1-BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and
4,6-dimethyldibenzothiphene (4,6-DMDBT).

The most effective method to remove the sulfur-organic compounds from fuels is
Oxidative Desulfurization (ODS). In this method, a catalytic reaction occurs in a two-
phase system composed by a phase of oil and another as organic phase of solvent,
oxidant (usually oxygen peroxide) and catalyst, according to the Green Chemistry
Principles.

This method demonstrated high selectivity and performance in removing compounds
like DBT, by oxidizing sulfur to sulfoxides and sulfones. These are extracted to the
solvent phase by the increase of polarity. Other desulfurization methods included
Hydrodesulfurization (HDS)®, Desulfurization by adsorption (ADS)*, Desulfurization by
extraction (EDS)?’ and Biodesulfurization®.

1.5. lonic Liquids

Even though ionic liquids (ILs) gain more attention with the beginning of Green
Chemistry in the 90’s, these compounds are older than what people think. The first
example of an ionic liquid known was in 1888, synthesizing ethanolammonium nitrate,
with a melting point at 12.5 °C.*

More recently, Parshall in the 70’s, published the use of ionic liquids as a
homogeneous catalysis media, and Osteryoung who developed an alkylation method
of Friedel-Crafts, with a reaction medium as a salt with a low melting point.***

There were a lot of discoveries in the last 100 years, but the last 20 years there was a
significant increase of the use and investigation of these compounds in different areas.



lonic Liquids are organic salts with a melting point lower than 100 °C, having potential
to be applied in diverse areas in industrial and academic levels. These compounds
exhibit 3r;igh ionic conductivity, consisting of organic cations and organic or inorganic
anions.

The fact that they are in liquid state at room temperature is justified by its composition
and crystalline structure. The weak intermolecular interactions are the cause for the low
melting points, depending on the combination of organic cations and anions. These
class of peculiar materials possess negligible vapour pressures, non-flammability, high
range of solubilities, higher chemical and thermal stability as well as a wide
electrochemical window.*

Due to these properties, ILs can be distinguished from other used salts, and can be
attractive in terms of a Green Chemistry context. Through its use, ionic liquids
contribute for the reduction of environmental pollution by reducing the greenhouse
gases to the atmosphere.?* One of the most interesting characteristics of the ILs is
related to their ability to alter the final properties according to the suitable cation-anion
combinations.®

In the last years, different ionic liquids have been developed based on organic cations
such as imidazolium, pyridinium, ammonium, pyrrolidinium, phosphonium, sulfonium,
guanidinium, thiazolium, triazolium, etc., combined with a variety of organic or inorganic
anions.* The following figure (Fig. 1.8.) represents some examples of the most
common cations and anions used in ionic liquids.

Cations:

M M M
| R A, 6’ R

M- Al pyridinium N, M-Dialkylpyrralidinium N, N-Dialkylpiperidinium

A, Ry
R,—N*"—R, R,—P*—R, M
R A, Ry 5."".
Tetraakylammaonium Teetraalkylphos phonium Trialk ys ulfonium
L
a JC )
e N B H C}NH\-?-}/‘NLF'

A g

R.

1.2-Diak vl pyrazolium M- Ak Wihiazolium 1-Alkyk3-methylimidazolivm

Anions; Br; CF; [NOT; [ACLE,; [ALCLT; [PF,T: [BF.J; [CHyCeH, 50, [CF.S0.T; [MSC,CF LT
[MICHT; NS 0CF, LI [[CF L PR [SeFT [ColCOLT CHOC G eto

Fig. 1.8. - Common structures of cations and anions present in ionic liquids (R, Ri, R,, Rz and
R, are alkyl groupsSS).

Some examples of ILs included the cations: 1-alkyl-3-methylimidazolium, [C,MIM]" and
1-alkylpyridinium  cations, [C.Py]", tetraalkylammonium, [Nnnnnl©  and
tetraalkylphosphonium, [P nnnl’

There is a subclass of ionic liquids designated Room Temperature lonic Liquids (RTIL).
These ionic liquids are characterized for being liquids at room temperature, having
asymmetric and bulky ions.*® This specific subclass of ILs is relevant in some
applications where the liquid state is a great advantage.

ILs are commonly used in catalysis and biocatalysis, separation processes as solvents,
pharmaceutical chemistry, biotechnology and production of new functionalized
materials (Fig. 1.9.).> This way, throughout the years, ionic liquids have been used
more often, increasing the possible applications, as well as publications and citations.
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In the last years, ionic liquids have been studied as an alternative to the use of
conventional organic solvents in organic reactions. Therefore, new reactions involving
C-C linkage were explored, as well as linkages of carbon with nitrogen, oxygen, sulfur
and halogenates.®’

In general, ionic liquids are considered “green solvents” because of their ability to
substitute toxic, volatile and flammable organic solvents in phase transfer processes,
with low reaction time, high yields and easier purification. lonic liquids can also be
inserted in homogeneous and heterogeneous catalytic reactions. By dissolving
transition metal catalysts in IL media, it is possible to improve the catalytic activity as
well as the possibility to reuse the reaction medium many times.*® Catalytic processes
that use organic solvents to dissolve the final product and not the ionic liquid catalyst
are preferred.®® The low solubility of ionic liquids in supercritical CO, and high solubility
of CO; in ionic liquids make the use of these as a sustainable process to extract
products.* lonic Liquids are also developed to be incorporated in cations or anions of
catalysts, as well as the development of chiral ionic liquids in asymmetric reactions.

o Lubricants
o Fuel additives

o Biocatalysis o
o CatalyticReactions o Dlstllla'_unn
o OrganicReactions o Extraction
o MNPssynthesis o Membranes
o Polymerization o GasSeparation
o FuelCells
. o Sensors
o Monitors o Batteries
o Linings
o Robotic
o Thermal Fluids o Artificial Muscles

o MALDI-TOF matrix
o GCsolvents
o Protein crystallization

Fig. 1.9. - Some of the applications of lonic Liquids (Adapted4°).

The use of ionic liquids is also beneficial for the environment, due to the capacity to
replace other toxic organic solvents, capacity to reduce chemical waste and the
improvement of safety of chemical processes and products, according to Green
Chemistry.*®

Even though the study of ionic liquids has increased in the last years, there is still the
possibility to develop new methods and technologies in some investigation fields. The
contribute of sciences such as physics, biology, biochemistry, medicine and materials
can help the application of IL in a global way. The properties of IL are relevant to
developing new purification processes of biological components as well as
functionalization of specific materials.*
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1.6. Polyoxometalates

Polyoxometalates (POM) are nanoclusters with transition metals from groups 5 and 6
in the highest oxidation state, and oxygen atoms in its constitution.** These complexes
are very attractive to scientists all over the world because of their morphology and size
(up to 4 nm of dimension and 40.000 g/mol of molecular mass), oxidation/reduction
properties, as well as magnetic and electric properties.

These complexes have also a significant role in overcoming environmental struggles,
since they can be used to retain toxic gases and radioactive residues. The synthesis of
these complexes is a low-cost process and doesn’t use toxic reagents.
Polyoxometalates are currently used in medicine, electronics and in the development of
new materials.*?

Polyoxometalates consist in a metallic oxide with the structure M,Oy. M represents the
metal in the complex, designated by addenda atom, usually Molybdenum (Mo),
Tungsten (W), Vanadium (V) or Tantalum (Ta). These complexes can be divided in two
distinct groups: isopolyanions ([MxOy],) and heteropolyanions ([XzMxOy],). The
difference between the two types, is that there is another essential atom (X) to
complete the structure. An example of an isopolyanion is the anion Lingvist,
represented by the structure [MgO10]n, and some examples of heteropolyanions are the
anions Keggin, Wells-Dawson and Anderson-Evans, represented respectively by the
structures [XMi2040]n’, [X2M150¢2]n and [XMgO24], (Fig. 1.10.).

Lindqvist Anderson Keggin Wells-Dawson
{E E » %I g ﬁ‘
[MgO1q]™ [XMgO4]™ [XM;2040]™ [X2M1506,]™

Fig. 1.10. - Chemical representation of an isopolyanion (Linqvist) and heteropolyaninons
(Keggin, Wells-Dawson and Anderson-Evans) (Adapted from 43).

For the present work, the Keggin anion is going to be used. This heteropolyanion is
represented by the structure [XM2040],, having a tetrahedral central structure (XOy)
connected by oxygen atoms to twelve octahedrons (MOg).** Keggin polyoxometalates
are stable at high temperatures and can be synthesized in large quantities at a low cost
and low toxicity.

Due to their high capacity to oxidize, polyoxometalates have been studied in order to
be applied in catalytic reactions to overcome problems such as cost, chemical stability,
thermal stability and recycling.

Even being efficient in oxidation processes, polyoxometalates can be hard to be
recovered and recycled. This way, it is important to keep developing immobilization
methods to produce new heterogeneous catalysts. The incorporation of metallic
complexes in supported materials is a sustainable alternative to the conventional
heterogeneous catalysts.

The materials that are most utilized in the immobilization of polyoxometalates are
mesoporous silica nanoparticles, activated carbon and zeolites. In this work,
mesoporous silica nanoparticles are used as a support material.
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1.7. Mesoporous Silica Nanoparticles

In the last years, silica-based nanoparticles have attracted much attention because of
their different applications and versatility. Silica nanoparticles are known for having low
toxicity, therapeutic delivery, biocompatibility, scalable synthetic availability, and high
chemical and thermal stability.”® These can be altered to have precise measures of
size, high surface area, morphology, shape, pore size (2 to 30 nm), particle size and
crystallinity, to be applied in different nanotechnological applications. This way, by
functionalizing these nanoparticles and modifying their properties, it is possible to
obtain specific materials targeted to different chemical reactions.*

MSN are very attractive in nanotechnology because of their structural basis, since it
can be applied in processes of nanomedicine, nanomaterials, adsorption, separation
processes, biomedical systems, drug delivery systems, biological imaging and
chromatography.*’

Currently, nanoparticles are the most promising nanomaterial for drug delivery
applications. This is due to MSNPs high surface area and pore volume, high
biocompatibility in vitro and in vivo, tunable particle size.*® Their large pore volume can
transport large quantities of drugs into perfused organs.” Nowadays, the main
challenge in the use of MSNPs is the design of optimal carries that could more
specifically bind to and/or accumulate in the targeted organs or tissues, such as
tumors. This would imply more selective drug doses, the need to control charges and
sizes (determines the cell uptake of MSNPs and ability to penetrate through tissues),
as well as minimizing toxicity and side effects.* Since the nanoparticle size is important
to be controlled in these cases, it is important ensure the requirements for synthesizing
smaller particles.

In the following work, MSNPs were synthesized using the protocol reported by
Bouchoucha et al **, in which an altered version of the synthesis reported by Kim et al
°2 was used, tuning the concentration of the triblock copolymer Pluronic F127 as a non-
ionic surfactant. Triethanolamine (TEA) was added to the synthesis as a dispersion
agent, as co-inhibitor of particle growth and/or as the base catalyzing hydrolysis and
condensation reactions of silicate species.*

silicate CTA micelle F127 micelle

to & &
+

+
=] @
negatively  positively nonionic
charged charged
L 1
Assembly of silicate and CTA micelles
through electrostatic interaction <

Inhibition of grain growth
by nonionic surfactants (F127)

Fig. 1.11. - Schematic representation of the functions of two surfactants for assembly of the
MSNPs (adapted from Wu et al *%).
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It has been studied the immobilization of transition metallic complexes in solid
supports, such as mesoporous silica, activated carbon and zeolites. This way, barriers
such as higher cost, low chemical and thermal stability and recovery in homogenous
catalysis are overcome.>

The use of mesoporous silica increases the ratio area/volume, which increasing the
accessibility of reagent molecules to the catalytic centers. Silica nanoparticles are also
a sustainable alternative to the conventional heterogeneous catalysts.

Even though using polyoxometalates as catalysts increases the efficiency of the
reaction, its recovering and recycling is problematic. These problems can be overcome
by immobilizing the catalysts in solid supports. One of the most used materials for
immobilizing polyoxometalates is mesoporous silica.

By functionalizing silica nanoparticles with cationic groups, there is a higher
electrostatic interaction with polyoxometalates as anions. In this work, heterogeneous
catalysts are prepared by using functionalized mesoporous silica nanoparticles as a
solid support by immobilization of different ionic liquids (providing the cation) and
polyoxometalate phosphomolybdic acid, HsPMo01,04, (providing the anion).
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2. Experimental Section

2.1. Materials and Equipments

Solvents and Reagents

All the listed products were used without previous purification: 1-Benzothiophene
(Merck KGaA); 1-Butyl-3-methylimidazolium chloride, [BMIM]CI (Solchemar, >99%); 1-
Butyl-3-methylimidazolium hexafluorophosphate, [BMIM][PF¢] (Sigma-Aldrich, 297%);
1-Chlorobutane (Alfa Aesar, >99%); (1-chloropropyltriethoxysilane (Sigma-Aldrich,
95%); 1-Methylimidazole (Sigma-Aldrich, 99%); 1,3,5-Trioxane (Sigma-Aldrich, 299%);
3-lodopropyltrimethoxysilane  (Sigma-Aldrich, >95%); 4-Methyldibenzothiophene
(Sigma-Aldrich, 96%); 4,6-Dimethyldibenzothiophene (Alfa Aesar, 97%); Acetonitrile (J.
T. Baker, p.a.); Acetonitrile Anhydrous (Sigma-Aldrich, 99.8%); Amberlyst® A15 (H")
(Fluka); Amberlyst® A26 (OH") (Alfa Aesar); BTEB (Fluorochem); Chloroform (Carlo
Erba, >99%); Cinnamyl Alcohol (BDH Chemicals); n-cetyltrimethylammonium bromide,
CTAB (BDH Chemicals, >99%); n-cetyltrimethylammonium chloride, CTAC (Sigma-
Aldrich, 25 wt% in H,0); Dibenzothiophene (Sigma-Aldrich, 98%); Deuterated
Dimethylsulfoxide (DMSO d6) (Euriso-top, 99.80 D Water <0.02%); Deuterium
Chloroform (Euriso-top, 99,80 D Water <0.01%); Deuterium Oxide (Sigma-Aldrich, 99.9
atom %); Dichloromethane (Sigma-Aldrich, >99.9%); Diethyl ether (Honeywell |Riedel-
de Haénr®, 299.8%); DOWEX® 50WX8-100 (H") (Sigma-Aldrich); Ethanol absolute
anhydrous (Carlo Erba, p.a.); Glycerol (Fisher Chemical); Guaiacol (Janssen Pharma);
Hydrochloric Acid (Sigma-Aldrich, p.a.); Methanol (Sigma-Aldrich, p.a.); n-Octane
(Acros Organics, +99%); NaOH (pellets) (Eka); Perdrogen 30% H,O, (w/w) (Sigma-
Aldrich, p.a.); Phosphomolybdic acid (Merck, p.a.); Pluronic F127 (Sigma-Aldrich);
Pyridine (Merck, p.a.); Sodium phosphomolybdate hydrate (Sigma-Aldrich, 299.9%);
Sodium Sulfite (Sigma-Aldrich, p.a.); Tetradecane (Sigma-Aldrich, =299.0%);
Tetraethylorthosilicate (TEOS) (Sigma-Aldrich, 98%); Triethanolamine (TEA) (Alfa
Aesar, >98%); Toluene (Valente e Ribeiro Lda., synthesis grade); Tributylamine (Fluka,
>98%).

Equipment and Technigues

Dynamic Light Scattering (DLS)
DLS analyses were performed in a Horiba Scientific Nano Particle Analyzer SZ-100.

Elemental Analyses (EA)

Elemental Analyses for C, H and N were performed in a Thermofinnigan Flash EA 112
series at Laboratério de Analises (LAQV/UCIBIO — REQUIMTE) and the Mo analyses
were performed by ICP-OES on a Perkin-Elmer Optima 4300 DV instrument at the
University of Santiago de Compostela.

FTIR Spectroscopy
FTIR spectra were obtained on a Bruker Tensor 27 infrared spectrophotometer using
KBr pellets for solid samples and NaCl cells for the liquid samples.

Gas Chromatography (GC)

The Oxidative Desulfurization was tracked by Gas Chromatography, using the
chromatograph Bruker, model 430-GC, in Faculdade de Ciéncias from Universidade do
Porto.
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NMR Spectroscopy

Solution NMR spectroscopy was used to obtain 'H NMR and *P NMR spectra,
operating, respectively, at 400.13 MHz (*H) and 162 MHz (*'P). The equipment used
was a Bruker Avance Ill 400, part of the National NMR Facility supported by Fundacéo
para a Ciéncia e a Tecnologia (RECI/BBB-BQB/0230/2012).

Solid State *C CP MAS and *P CP MAS NMR spectra were acquired with a 7 T (300
MHz) AVANCE Il Bruker spectrometer operating respectively at 75 MHz (**C) and 121
MHz (*'P) equipped with a BBO probehead. The samples were spun at the magic
angle at a frequency of 5, 6 or 10 kHz in 4 mm-diameter rotors at room temperature.
The *C CP MAS NMR experiments were acquired with proton cross polarization (CP
MAS) with a contact time of 1.2 ms and the recycle delay was 2.0 s. The 3P MAS NMR
spectra were obtained by a single pulse sequence with a 90° pulse of 5.0 us at a power
of 20 W and a relaxation delay of 2.0 s.

Scanning Electron Microscopy (SEM)

SEM and energy dispersive X-ray spectroscopy (EDS) studies were performed at
Centro de Materiais da Universidade do Porto (CEMUP) using a high-resolution
(Schottky) scanning electron microscope with X-ray microanalysis and electron back
backscattered diffraction analysis Quanta 400 FEG ESEM/EDAX Genesis X4M. The
samples were studied as powders and were coated with an Au/Pd thin film by
sputtering using the SPI Module Sputter Coater equipment.

Transmission Electron Microscopy (TEM)

TEM images were obtained using a Hitachi transmission electron microscope model H-
8100, with thermionic emission (LaB6) and 200 kV acceleration voltage at MicroLab
(Instituto Superior Técnico) . Digital image acquisition with a CCD MegaView Il bottom-
mounted camera. The samples were supported on a carbon-coated copper grid.

X-ray Fluorescence (XRF)

The X-Ray Fluorescence results were obtained by energy dispersive X-ray
fluorescence (U-EDXRF) using a portable p-XRF spectrometer ArtTAX 800, Bruker in
FCT-UNL. It operates with a molybdenum (Mo) X-ray source, focusing polycapillary
lens and electro-thermally cooled xFlash (Si drift) detector, with 170 eV resolution (Mn
Ka).

In this experimental work, it was also used the complementary equipments: Centrifuge
(20.000 rpm; Beckman Avanti J-25 Centrifuge); Centrifuge (5.000 rpm, Tehtnica
Centric 150, 650 2006); Domestic Microwave (Laser); Muffle (Nabertherm L5/11/C6D);
pH Meter (Crison pH-Meter BASIC 20+; Scale, Sartorius Analytic Research R200D);
Ultrasonic Bath (ElIma S 100H Elmasonic) and Vortex Mixer (Janke & Kunkel IKA
Labortechnik VF2).
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2.2.Synthesis of POM-IL catalysts

2.2.1. Synthesis of lonic Liquids

Synthesis of 1-butylpyridinium chloride

1-butylpyridinium chloride

This synthesis was performed in 1.4:1 molar ratio, by reflux of 1-chlorobutane (9.3 mL,
88.5 mmol) and pyridine (5.1 mL, 63.2 mmol) without additional solvent. The reaction
mixture was kept in reflux under stirring conditions for 48 h. Then, the final product was
washed with diethyl ether (2x20 mL), decanted and dried under vacuum. The final
product was obtained as a brownish solid (3.69 g, 28 %).

'H NMR (400.13 MHz, CDCls, 25 °C) 6§ = 9.70 (d, J = 4.0 Hz, 2H), 8.50 (t, J = 4.0 Hz,
1H), 8.16 (t, J = 8.0 Hz, 2H), 5.02 (t, J = 8.0 Hz, 2H), 2.05 (m, 2H), 1.40 (m, 2H), 0.93
(t, J = 8.0 Hz, 3H) ppm. FTIR (NaCl cell, b/cm™): 3417 (m); 3079 (m); 3025 (m); 3000
(m); 2961 (m, -CH,); 2934 (m, -CH,); 2874 (m, -CHs); 2361 (m); 1986 (m); 1920 (m);
1868 (m); 1580 (S, C=Ngom); 1482 (m); 1438 (s); 1380 (M, C-Naom); 1313 (m); 1287
(m); 1242 (m); 1216 (m); 1146 (m); 1068 (m); 1030 (m); 991 (m); 931 (m); 873 (m); 747
(m); 704 (m); 649 (m); 602 (m).

Synthesis of N-(3-triethoxysilylpropypyridinium chloride

T/\CHS
| \J/\/\Ti_o/\CHS
~Z  cr O/\CH3

N-(3-triethoxysilylpropyl)pyridinium chloride

The synthesis was performed in 1:1 molar ratio, by reflux of (3-
chloropropyl)triethoxysilane (0.5 mL, 2.08 mmol) and pyridine (0.168 mL, 2.08 mmol).
The reaction was stirred under nitrogen atmosphere at 80 °C for 24 hours. The
resultant liquid was washed with diethyl ether (2x20 mL) and dried under vacuum with
stirring at 50 °C for 3 hours. FTIR and *H NMR spectra allowed to conclude that the
reaction did not occur according to single presence of the reagent (3-
chloropropyl)triethoxysilane in the spectra. The possible cause for this is the lower
reactivity of the chloro- derivative reagent.

Synthesis of N-(3-trimethoxysilylpropypyridinium iodide

The synthesis was performed in 1:1 molar ratio, by reflux of 3-
iodopropyltrimethoxysilane (0.404 mL, 1 mmol) with pyridine (0.167 mL, 1 mmol). The
reaction was stirred under nitrogen atmosphere at 80 °C for 3 h. The product was

17



washed with diethyl ether (2x20 mL). The pure product was obtained as a viscous
brownish yellow oil after dried in vacuum for 2 h (0.72 g, 94 %).

OCHs;
TN | .
| N TI—OCHg
Z OCHs

N-(3-trimethoxysilylpropyl)pyridinium iodide

'H NMR (400.13 MHz, CDCls, 25 °C) 6§ = 9.36 (d, J = 4.0 Hz, 2H), 8.62 (t, J = 8.0 Hz,
1H), 8.20 (t, J = 8.0 Hz, 2H), 4.99 (t, J = 16.0 Hz, 2H), 3.59 (s, 9H), 2.22 (m, 2H), 0.73
(t, J = 4.0 Hz, 2H) ppm. FTIR (NaCl cell, d/cm™): 3441 (m); 3128 (m); 3028 (m, -CHy,);
2943 (s, -CHy); 2839 (s, -CH,); 1632 (s, C=Ngaom); 1579 (m); 1486 (s); 1460 (m); 1413
(m); 1350 (M, C-Ngom); 1317 (m); 1245 (m); 1191 (s); 1079 (s, Si-OR); 889 (m); 815 (s);
776 (s); 682 (s); 646 (M).

Svynthesis of N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide

N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide

The synthesis of N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide was performed
in 1:1 molar ratio, by reflux of 1-methylimidazole (0.165 mL, 2.068 mmol) and 3-
iodopropyltrimethoxysilane (0.405 mL 2.068 mmol). The reaction was stirred for 24 h
under nitrogen atmosphere at 100 °C. The viscous brown liquid was then washed with
diethyl ether (2x20 mL) and dried in vacuum for 3 h (0.75 g, 98 %).

'H NMR (400.13 MHz, CDCls, 25 °C) 6§ = 9.89 (s, 1H), 7.59 (s, 1H), 7.45 (s, 1H), 4.34
(t, J = 8.0 Hz, 2H), 4.11 (s, 3H), 3.55 (s, 9H), 2.02 (t, J = 4.0 Hz, 2H), 0.65 (t, J = 8.0
Hz, 2H) ppm. FTIR (NaCl cell, b/cm™): 3456 (m); 3142 (m); 3076 (m, -CH,); 2945 (s, -
CHy,); 2840 (s, -CH,); 2360 (m); 2356 (m); 1571 (m, C=N); 1459 (m); 1348 (m); 1188
(s); 1170 (s); 1079 (s, Si-OR); 916 (m); 821 (s); 775 (m); 619 (m).

Synthesis of N-(3-triethoxysilylpropyl)-3-methylimidazolium chloride

VA St | N

H3C--.N\// | PN
— Cf o) CH3

N-(3-triethoxysilylpropyl)-3-methylimidazolium chloride

1-Methylimidazole (0.298 mL, 3.74 mmol) was added in excess to (3-
chloropropyl)triethoxysilane (0.6 mL, 2.49 mmol) and stirred at 100 °C for 24 h under
nitrogen atmosphere. The next day, the final product was washed several times with
diethyl ether (2x20 mL) and dried in vacuum for 3 h at 50 °C (0.86 g, 95 %).
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'H NMR (400.13 MHz, CDCls, 25 °C) & = 7.65 (s, 1H), 7.34 (s, 1H), 4.27 (t, J = 4.0 Hz,
2H), 4.06 (d. J = 8.0 Hz, 3H), 3.76 (m, 6H), 3.63 (t, J = 4.0 Hz, 1H), 1.97 (m, 2H), 1.16
(t, J = 8.0 Hz, 9H), 0.55 (t, J = 8.0Hz, 2H) ppm. FTIR (NaCl cell, b/cm™): 3385 (m);
3181 (m); 3055 (m); 2974 (s, -CHy); 2928 (s, -CH,); 2888 (s, -CHy); 2734 (m, -CHy);
1635 (m, C=N); 1571 (m); 1445 (m); 1390 (m); 1295 (m); 1248 (m); 1167 (s); 1078 (vs,
Si-OR); 987 (m); 958 (s, C-Ngji); 876 (m); 781 (s); 623 (m).

Svynthesis of N-(3-triethoxysilylpropyDtributylammonium chloride

/I (|3/\CH3
/\/\NJ'\/\\/S'i;\O\/\CHs

0 CH
cr 3

N-(3-triethoxysilylpropyl)tributylammonium chloride

The synthesis was performed in 1:1 molar ratio, by reflux of (3-
chloropropyl)triethoxysilane (0.6 mL, 2.5 mmol) and tributylamine (0.592 mL, 2.5
mmol). The reaction was stirred under nitrogen atmosphere at 100 °C for 48 h. The
obtained brown oil was washed several times with diethyl ether (2x20mL) and then
dried in vacuum for 3 hours. The reaction was not complete due the lower reactivity of
the chloro- derivative reagent. FTIR and ‘*H NMR spectra indicated a mixture of
compounds.

Svynthesis of N-(3-trimethoxysilylpropyDtributylammonium iodide

OCH3
/\/\NL/\/ Si—OCH3;
f (|)CH3
.
N-(3-trimethoxysilylpropyl)tributylammonium iodide

Tributylamine (0.491 mL, 2.07 mmol) and 3-iodopropyltrimethoxysilane (0.405 mL, 2.07
mmol) were mixed in 1:1 molar ratio. The mixture was kept under stirring and nitrogen
conditions, at 80 °C for 24h. The desired product was washed with diethyl ether (2x20
mL) and then dried in vacuum for 3 hours. The final product was obtained viscous pale-
yellow liquid (0.49 g, 50 %).

'H NMR (400.13 MHz, CDCl;, 25 °C) 6 = 3.60 (s, 9H), 3.40 (m, 8H), 1.72 (m, 8H), 1.51
(m, 6H), 1.05 (t, J= 8.0 Hz, 9H), 0.78 (t, J = 8.0 Hz, 2H) ppm. FTIR (NaCl cell, b/cm™):
3432 (s); 3193 (s); 2948 (vs, -CH,); 2723 (s, -CHy); 2626 (s, -CHa); 2520 (s, -CHy);
2397 (s); 2167 (s); 1908 (s); 1724 (s); 1614 (s); 1467 (vs); 1407 (s); 1380 (s); 1077 (vs,
Si-OR); 933 (s, C-Ngjir); 884 (s); 823 (vs); 683 (s); 645 (S).
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2.2.2. Synthesis of POM-IL catalysts

Synthesis of [N44.4.4]3[PM01,040] catalyst

N | PMog0ag*

[Na4 4.4,4]3[PM012040] catalyst

Tetrabutylammonium bromide (0.8026g, 2.48 mmol) was dissolved in methanol, and
added to ion exchange resin Amberlyst® A26 (OH) (10 mL, 7.44 mmol). The mixture
was stirred, and after 1 h the resin was filtered and washed with methanol, obtaining
tetrabutylammonium hydroxide. HsPMo01,04, (0.8049 g, 0.44 mmol) was slowly added
in excess dissolved in methanol and the solution was stirred for 20 min. Then, a yellow
precipitate is formed, filtered and washed with methanol. The final product was
obtained as a yellow solid after dried in vacuum for 24 hours at 85 °C (0.67 g, 42 %).

'H NMR (400.13 MHz, DMSO d6, 25 °C) & (ppm) = 3.19 (t, J = 8.0 Hz, 8H), 1.58 (s,
8H), 1.35 (m, 8H), 0.96 (t, J = 8.0 Hz, 12H) ppm. *P NMR (162 MHz, DMSO d6, 25 °C)
& =-4.10 ppm. FTIR (KBr, D/cm™): 3451 (m); 2963 (s, -CH,); 2934 (s, -CH,); 2874 (m, -
CH,); 1923 (w); 1635 (m); 1481 (m); 1469 (m); 1380 (m); 1282 (m); 1150 (m); 1106
(m); 1062 (s); 1030 (m); 954 (s, C-Naji); 880 (s); 807 (s); 740 (m); 617 (m); 505 (m);
465 (m). Elemental analysis calculated for (CisHzsN)3sPM01,049 (2549.63): C, 23.18;
H, 4.39; N, 1.65; Found: C, 22.59; H, 4.24; N, 1.65.

Synthesis of [C4MIM]3[PM01,040] catalyst

[PM012040]>

X
\/\/N\’/‘)W\

CH
3/3

[C4MIM]3[PMo1204¢] catalyst

1-Butyl-3-methylimidazolium chloride, [C,MIM][CI], (0.2309 g, 1.3 mmol) was dissolved
in methanol, and then added to the ion exchange resin Amberlyst® A26 (OH) (8.4 mL,
6.7 mmol) for 1 h with continuous stirring. The product was filtered and the resin was
washed with methanol. H3PMo01,040 (0.9047 g, 0.43 mmol) was slowly added in excess
dissolved in methanol and the solution was stirring for 24 hours. Then, a yellow
precipitate is formed, filtered and washed with methanol. The final product was
obtained as a yellow solid after dried in vacuum for 24 hours at 85 °C (0.84 g, 73 %).

'"H NMR (400.13 MHz, DMSO d6, 25 °C) & = 9.10 (s, 1H), 7.77 (s, 1H), 7.70 (s, 1H),
4.19 (t, J = 8.0 Hz, 2H), 3.86 (s, 3H), 1.81 (m, 2H), 1.28 (t, J = 8.0 Hz, 2H), 0.93 (t, J =
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8.0 Hz, 3H) ppm. *'P NMR (162 MHz, DMSO d6, 25 °C) & = -4.11 ppm. FTIR (KBr, D
lcm™): 3454 (s); 3146 (s); 3110 (s); 3089 (s); 2959 (s, -CH,); 2931 (s, -CH,); 2867 (s, -
CH,); 2356 (m); 1924 (m); 1602 (m, C=N); 1563 (m); 1462 (m); 1425 (m); 1379 (m);
1334 (m); 1165 (s); 1105 (s); 1062 (s, Si-OR); 1020 (s); 956 (S, C-Nai); 878 (s); 796 (s);
648 (s); 620 (s); 504 (s); 464 (m). Elemental analysis (%) calculated for
(CgH15N2)sPM01,04 (2239.88): C, 13.20; H, 3.72; N, 1.99; Found: C, 12.86; H, 3.75; N,
2.00.

Synthesis of [C4Py]:[PM01,040] catalyst

=

. | [PMo+12040]>
\/\/ A
3

[C4Py]3[PMo04204¢] catalyst

1-butylpyridinium chloride (0.2580 g, 1.46 mmol) was dissolved in methanol. lon
exchange resin Amberlyst® A26 (OHY) (9.13 mL, 7.3 mmol) was added to the ionic
liquid with stirring conditions for 1 h. The product was filtered and washed with
methanol. HsPMo01,040 (0.9729 g, 0.53 mmol) was slowly added in excess dissolved in
methanol and the solution was stirring for 30 min. Then, a yellow precipitate is formed,
filtered and washed with methanol. The final product was obtained as a yellow solid
after dried in vacuum for 24 hours at 85 °C (0.92 g, 74 %).

'H NMR (400.13 MHz, DMSO d6, 25 °C) 6 = 9.10 (d, J = 4.0 Hz, 2 H), 8.63 (t, J = 8.0
Hz, 1H), 8.19 (t, J = 8.0 Hz 2H), 4.63 (t, J = 8.0 Hz, 2H), 1.95 (m, J = 8.0 Hz, 2H), 1.31
(m, 2H), 0.94 (t, J = 8.0 Hz, 3H) ppm. *'P NMR (162 MHz, DMSO d6, 25 °C) & = -4.11
ppm. FTIR (KBr, D/cm™): 3454 (s); 3124 (s); 3080 (s); 3063 (s); 2963 (s, -CH,); 2929 (s,
-CHy,); 2869 (s, -CHy); 2361 (m); 2333 (m); 1922 (m); 1632 (m, C=N); 1581 (m); 1485
(m); 1462 (m); 1384 (m); 1316 (m); 1278 (m); 1247 (m); 1209 (m); 1168 (m); 1063 (s,
Si-OR); 956 (s, C-Ngji); 878 (s); 795 (s); 682 (s); 644 (m); 594 (m); 504 (m). Elemental
analysis calculated for (CgH14N)sPMo01,04 (2230.87): C, 15.04; H, 1.88; N, 1.87,
Found: C, 14.52; H, 1.88; N, 1.88.

2.3.Synthesis of MSNPs-POM-ILs catalysts

2.3.1. Synthesis of Mesoporous Silica Nanoparticles (MSNPs)

OH
OH
OH

Mesoporous Silica Nanoparticles (MSNPs)

The following method for the synthesis of Mesoporous Silica Nanoparticles was
described by Bouchoucha et al **.
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For this synthesis, CTAB (0.6632 g, 1.82 mmol), Pluronic F127 (2.68 g) and
Triethanolamine (15.64 g, 0.105 mmol) were dissolved in a solution composed by 57
mL of ethanol and 125 mL of distilled water. The solution was then stirred at room
temperature for 24 hours. The next day, TEOS (2.56 mL, 11.48 pumol) was added to the
solution at room temperature under vigorous stirring conditions for 1 min. The final
solution was aged without stirring and at room temperature for 24 hours. After adding
100 mL of ethanol to the solution, the product was centrifuged at 20.000 rpm at room
temperature, and washed after with distilled water. After the centrifugations, the white
solid obtained was dried at 80 °C. Once dried, the MSNPs were calcinated (Fig. 2.1.)
at 550 °C for 5 h, using a heating rate of 1 °C/min (1.3081 g).

FTIR (KBr, /cm™): 3442 (s); 1706 (m); 1631 (m); 1084 (vs, Si-OR); 807 (m); 455 (s).

e

Fig. 2.1. — Calcination of Mesoporous Silica Nanoparticles (MSNPs) at 550 °C for 5 h, using a

heating rate of 1 °C/min.

For the preparation of the samples for DLS analysis (Fig.2.2.), 3 mL of filtered
bidestilled water were added to 5 mg of MSNPs. The sample was put in an ultrasonic
bath for 15 minutes and then was shaken in a vortex equipment for 5 minutes to
disperse the nanoparticles. This process was repeated several times. Several
dispersions with different concentrations of MSNPs were prepared (with 1 mg and 2 mg
of MSNPs).

Fig. 2.2. — Sample preparation for DLS analysis. Use of bidestilled water (left), Ultrassound to
disperse particles (middle) and analysis using a Horiba Scientific Nano Particle Analyzer SZ-100

(right).
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2.3.2. Synthesis of MSNPs-POM-IL catalysts

e Synthesis of MSNPs-[C,MIM]POM catalyst

Synthesis of MSNPs-[C.MIM][I]

O
~ N
N

MSNPs-[C4MIM][I]

After drying 0.4513 g of MSNPs at 180 °C for 2 h under vacuum, it was added to ionic
liquid N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide with 20 mL of
dichloromethane as solvent. The reaction occurred for 24 hours at 40 °C and under
stirring conditions. The product was then centrifuged several times with chloroform, and
was left drying under vacuum (0.68 g, 57 %).

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 7.35 (s, 1H), 7.28 (s, 1H), 4.6 (t, J =
8.0 Hz, 2H), 3.76 (s, 3H), 3.22 (s, 1H), 1.84 (m, 2H), 0.30 (t, J = 8.0 Hz, 2H) ppm. FTIR
(KBr, ©/cm™): 3444 (m); 1634 (m, C=N); 1573 (m); 1454 (m); 1382 (m, C-Naom); 1087
(vs, Si-OR); 806 (m); 617 (m); 455 (m).

Svynthesis of MSNPs-[C,MIM][OH]

o OH"~ N
O—Si\/\/N/w
o \\/N\

MSNPs-[C4MIM][OH]

To change the anion I' to OH’, MSNPs-[C,MIM][I] was treated with a NaOH solution
(0.025 M) for 3 h, and then centrifuged and washed with distilled water. The product
was then dried at 80 °C (0.25 g, 71 %).

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 7.33 (s, 1H), 7.28 (s, 1H), 4.05 (t, J =
8.0 Hz, 2H), 3.75 (s, 3H), 2.06 (s, 1H), 1.84 (m, 2H), 0.29 (t, J = 8.0 Hz, 2) ppm. FTIR
(KBr, D/cm™): 3450 (s); 1640 (m, C=N); 1573 (m); 1456 (m); 1428 (M, C-Naom); 1086
(vs, Si-OR); 963 (m, C-Ngj); 798 (m); 620 (m); 558 (m); 460 (S).

Synthesis of MSNPs-[C,MIM]POM

HsPMo01,040 (0.1501 mg) was dissolved in 10 mL of ethanol and then added to MSNPs-
[C4MIM][OH] with constant stirring at room temperature. After centrifugation and
washings with ethanol several times, the final product was dried under vacuum for a
few hours (0.20 g, 59 %).

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 7.34 (s, 1H), 7.28 (s, 1H), 4.05 (t, J =
8.0 Hz, 2H), 3.75 (s, 3H), 3.53 (s, 1H), 1.84 (m, 2H), 0.29 (m, 2H) ppm.
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0
N N/ﬁ
O—Si _"~_" H - yPM012040"
CH3
X

MSNPs-[C4MIM]POM catalyst

Solid State **C CP MAS NMR (100,61 MHz, 25 °C) & = 137.28, 124.17, 52.65, 36.65,
24.24, 9.72 ppm. Solid State 3P CP MAS NMR (162 MHz, 25 °C) & = -3.67 ppm. FTIR
(KBr, D/cm™): 3423 (s); 3164 (m, -CH,); 2976 (m, -CH,); 2923 (m, -CHz); 2361 (m);
1636 (m, C=N); 1575 (m); 1457 (m); 1089 (vs, Si-OR); 961 (m, C-Ngji); 803 (m); 620
(m); 462 (s). Elemental analysis (%) found: C, 7.60; H, 1.63; N, 2.27.

G/ Hgis .

Fig. 2.3. — FTIR tablet prepa}atlon in KBr as a solid solvent.

e Synthesis of MSNPs-[C4Py]POM catalyst

Svynthesis of MSNPs-[C,Py]II]

After drying 0.4014 mg of MSNPs at 180 °C for 2 h in vacuum conditions, it was added
to 1-(3-trimethoxysilylpropyl)-3-piridinium iodide dissolved in 20 mL of acetonitrile. The
reaction was left for 24 hours at 85 °C, under stirring conditions and nitrogen
atmosphere (0.58 g, 52 %).

O\ 7 ]
27Si\/\/N+\

MSNPs-[C4Py[l]

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 8.42 (t, J = 8.0 Hz, 1H), 7.93 (d, J= 8.0
Hz, 2H), 4.46 (t, J = 8.0 Hz, 2H), 3.20 (s, 1H), 1.97 (m, 2H), 0.31 (t, J = 12.0 Hz, 2H)
ppm. FTIR (KBr, D/cm™): 3443 (s); 2950 (m, -CH,); 2923 (m, -CH,); 2850 (m, -CH,);
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2354 (m); 2333 (m); 1865 (m); 1635 (m, C=Ngaom); 1488 (m); 1456 (m); 1379 (m, C-
Narom); 1090 (s, Si-OR); 958 (m, C-Naji); 801 (m); 673 (m); 561 (m); 460 (s).

Synthesis of MSNPs-[C,Py][OH]

OH"
F
O
\ . N+ |
O—'_'Sl\/\/ s
o

MSNPs-[C4Py][OH]

MSNPs-[C4Py][I] (0.4000 g) was then treated with a NaOH solution (0.025 M) for 2 h
with constant stirring. The product was then centrifuged for 15 minutes several times at
5.000 rpm, and washed with distilled water. The product was then dried in the oven at
80 °C (0.28 g, 69 %).

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 8.60 (d, J = 8.0 Hz, 1H), 8.39 (t, J = 4.0
Hz, 1H), 7.90 (d, J = 8.0 Hz, 2H), 4.43 (t, J = 8.0 Hz, 2H), 1.94 (m, 2H), 0.23 (t, J=4.0
Hz, 2H) ppm. FTIR (KBr, b/cm™): 3442 (s); 2356 (m); 2335 (m); 1637 (M, C=Nawom);
1490 (m); 1090 (s, Si-OR); 960 (m, C-Ngji); 796 (m); 678 (m); 533 (M); 463 (S).

Svynthesis of MSNPs-[C,Py]POM

O

J
O>Si\//\/N+\ H(3- yPMo12040"

0

X

MSNPs-[C4Py]PCOM catalyst

HsPMo01,040 (0.2 mmol, 0.3804 g) was in contact with exchange ion resin DOWEX®
50WX8-100 (H") (0.6 mL, 1 mmol) for 30 min. It was then dissolved in methanol and
added to MSNPs-[C,Py][OH] (0.2511 g) with stirring conditions for 2 days. The mixture
was washed and centrifuged several times (5.000 rpm for 20 min). The solid was dried
at 80 °C for 24 hours. At this point, after the *P NMR results being analyzed, it was
discovered that the salt NasPMo0,,049 used was contaminated, so it was necessary to
repeat the NaOH treatment for 4 h to eliminate the polyoxometalate ion from the
sample. The blue mixture was then centrifuged at 5.000 rpm and washed with distilled
water several times. The white solid was left to dry for 24 hours at 80 °C. A different
HsPM01,04 (0.1190 g) dissolved in methanol was added to MSNPs-[C4Py][OH]
(0.1299 g) for 2 days with constant stirring. The whitish-green solid was left to dry at
the oven at 80 °C, after being centrifuged and washed with methanol for several times
(0.13 g, 51 %). Several analysis were perfomed, including X-Ray Fluorescence
Spectroscopy (Fig. 2.4.).

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & (ppm) = 8.43 (t, J = 8.0 Hz, 1H), 7.94 (d,
J =4.0 Hz, 2H), 4.48 (t, J = 8.0 Hz, 2H), 3.22 (s, 1H), 2.02 (m, 2H), 0.32 (t, J = 8.0 Hz,
2H) ppm. FTIR (KBr, D/cm™): 3441 (s); 2952 (m, -CH,); 2926 (m, -CH,); 2852 (m, -
CH,); 2360 (m); 2337 (m); 1636 (m, C=Ngom); 1489 (m); 1457 (m); 1091 (s, Si-OR);
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960 (m, C-Ngji); 801 (m); 680 (m); 551 (m); 465 (s). Elemental analysis (%) found: C,
8.58; H, 1.65; N, 1.03.

Figure 2.4. - X-Ray Fluorescence Spectroscopy preparation of the heterogeneous catalyst
MSNPs-[C;MIM]POM.

e Synthesis MSNPs-[N44.44]POM catalyst

Synthesis of MSNPS-[N4 4.4.4][1]

0 r

0—Si~_~_N_~_~
o

MSNPs-[N4 4.4 4][]

After drying MSNPs (0.4011 g) for 2 hours, it was added to the previously prepared
ionic liquid N-(3-trimethoxysilylpropyl)tributylammonium iodide dissolved in acetonitrile
for 48 h. The white mixture was centrifuged at 5.000 rpm and washed with methanol
several times. The resulting white solid was dried at the oven at 80 °C (0.46 g, 51 %).
'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 3.02 (m, 8H), 1.58 (m, 8H), 1.23 (m,
6H), 0.80 (t, J = 8.0 Hz, 9H), 0.22 (t, J = 4.0 Hz, 2H) ppm. FTIR (KBr, b/cm™): 3452 (s);
2964 (m, -CHg); 2877 (m, -CH,); 2347 (m); 1634 (m); 1481 (m); 1463 (m); 1380 (m);
1087 (s, Si-OR); 968 (m, C-Ngji); 804 (m); 561 (m); 458 (m).

Synthesis of MSNPS-[N4 4.4.4][OH]

To change the anion I" by OH", 0.4006 g of MSNPS-[N4 4 4.4][lI] was treated with a NaOH
solution (0.025 M) for 2 h, and then centrifuged and washed with distilled water. The
product was then dried in the oven at 80 °C (0.3601 g, 89.89 %).
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FTIR (KBr, b/cm™): 3452 (s); 2964 (m, -CHz); 2877 (m, -CH,); 2347 (m); 1634 (m);
1481 (m); 1463 (m); 1380 (m); 1087 (s, Si-OR); 968 (m, C-Ngji); 804 (m); 561 (m); 458
(m).

0 OH
S N
o/

MSNPs-[Ns 4,4 4][OH]

Synthesis of MSNPS-[N4 4.44]POM

HsPMo01,040 (0.9011 g) was in contact with exchange ion resin DOWEX® 50WX8-100
(H" (1.4 mL, 2.38 mmol) for 30 min. It was then dissolved in methanol and added to
MSNPs-[N44.44][OH] (0.3364 g) with stirring conditions for 2 days. The greenish-yellow
mixture was washed and centrifuged several times. The yellow and green solid was
dried at 80 °C for 24 hours, resulting in a two-layered color solid (blue and green). Like
it was mentioned before, it was necessary to repeat the NaOH treatment (for 5 h) to
eliminate the ion H,PM0,,04, from the sample.

O

. + - -
O7SI\//\\/N\/'\\/ Hz . yPMo12040"
(0]

X
MSNPs-[N4 4,4,4]POM catalyst

The blue mixture was then centrifuged at 5.000 rpm and washed with distilled water
several times until pH was 8.11. The grey solid was left to dry for 24 hours at 80 °C. A
different H3PMo0,,04 (0.2323 g) dissolved in methanol was added to MSNPs-
[N4.4,44][OH] (0.2494 @) for 2 days with constant stirring. The whitish-green solid was
left to dry at the oven at 80 °C, after being centrifuged and washed with methanol for
several times (0.26 g, 54 %).

'H NMR (400.13 MHz, D,O + NaOH, 25 °C) & = 3.08 (m, 8H), 1.56 (m, 8H), 1.26 (m,
6H), 0.84 (t, J = 8.0 Hz, 9H), 0.30 (t, J = 8.0 H, 2H) ppm. Solid State **C CP MAS
NMR (100,61 MHz, 25 °C) & = 59.27, 24.61, 20.35, 13.57, 9.12 ppm. Solid State *'P
CP MAS NMR (162 MHz, 25 °C) & = -3.55, -4.12 ppm. FTIR (KBr, b/cm™): 3423 (s);
2965 (m, -CHjs); 2879 (m, -CH,); 2360 (m); 2341 (m); 1868 (m); 1635 (m); 1467 (m);
1382 (m); 1089 (vs, Si-OR); 959 (s, C-Ngji); 890 (s); 810 (s); 667 (s); 545 (s); 462 (S).
Elemental analysis (%) found: C, 11.11; H, 2.41; N, 0.70.
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2.4.Catalytic Reactions
2.4.1. Oxidation of Lignin Model Compounds

2.4.1.1. Conventional Heating using acetonitrile as solvent

e Oxidation of Cinnamyl Alcohol

The oxidation reactions of cinnamyl alcohol were performed based on Badamali et al
% experimental procedure.

Catalvst HqPMO1704n with H,O,

Cinnamyl alcohol (1 mmol) was dissolved in 10 mL of acetonitrile with hydrogen
peroxide (3 mmol) and HsPMo0,,049 (1 mmol). The mixture was stirred for 47 h at 80 °C.
After the reaction, the solvent was removed by evaporation in rota-vapor and dried
under vacuum conditions. No reaction was observed by NMR spectroscopy.

Catalyst HsPM0,,040 Without H,O,

For this oxidation reaction, cinnamyl alcohol (1 mmol) was dissolved in 10 mL of
acetonitrile and HzPMo0:,04 (1 mmol). The mixture was stirred for 47 h at a
temperature of 80 °C. After the reaction, the solvent was removed by evaporation in
rota-vapor and dried under vacuum conditions. The reaction was checked by NMR
spectroscopy from final crude.

Catal\/st [N4,4,4‘4-|3[PM012040.| with H,O,

Cinnamyl Alcohol (0.5 mmol) was dissolved in 5 mL of acetonitrile with hydrogen
peroxide (3 mmol) and [N 4.4.4]3[PM0;1,040] (0.5 mmol). The mixture was maintained at
the same conditions as the previous reaction, being stirred for 47 h at a temperature of
80 °C. After the reaction, the solvent was removed by evaporation in rota-vapor and
dried under vacuum conditions as well. No reaction was observed by NMR.

e Oxidation of Guaiacol

The oxidation reactions of Guaiacol were performed based on Hwang et al °°

experimental protocol.

Catalvst H’;PM012040 with H,O,

For this oxidation reaction, guaiacol (1 mmol) was dissolved in 10 mL of acetonitrile
with hydrogen peroxide (3 mmol) and the H3PM01,04 (1 mmol). The mixture was
stirred for 47 h at a temperature of 80 °C. After the reaction, the solvent was removed
by evaporation in rota-vapor and dried under vacuum conditions.
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CataIVSt [HqPMO12040] without H,0O,

For this oxidation reaction, guaiacol (1 mmol) was dissolved in 10 mL of acetonitrile
with HsPMo01,040 (1 mmol). The mixture was stirred for 47 h at a temperature of 80 °C.
After the reaction, the solvent was removed by evaporation in rota-vapor and dried
under vacuum conditions.

Catalvst [N4’4’4‘4-|q[PM012040.| with H,O,

Guaiacol (0.5 mmol) was dissolved in 5 mL of acetonitrile with hydrogen peroxide (3
mmol) and [Ny 4.4.4]3[PM01,04] (0.5 mmol). The mixture was maintained at the same
conditions as the previous reaction, being stirred for 47 h at a temperature of 80 °C.
After the reaction, the solvent was removed by evaporation in rota-vapor and dried
under vacuum conditions as well.

2.4.1.2. Microwave Heating using acetonitrile as solvent

e Oxidation of Cinnamyl Alcohol

Catalvst HqPM012040 with HzOz

For this oxidation reaction, cinnamyl alcohol (0.62 mmol) was dissolved in 10 mL of
acetonitrile with hydrogen peroxide (0.31 mmol) and H3zPMo0,,0,4, (0.031 mmol). The
reaction occurred during 1 minute in a domestic microwave, stirring after each 20
seconds. It was necessary to keep adding acetonitrile, since it is removed quickly after
a few seconds. The color changed from yellow to dark green. The addition of K,CO; to
solution was performed to eliminate H,O, residues. The final crude was obtained after
evaporation of the solvent in rota-vapor.

Catalyst [C4sMIM]3[PM015040] with H,O,

For this oxidation reaction, cinnamyl alcohol (0.62 mmol) was dissolved in 10 mL of
acetonitrile with hydrogen peroxide (0.31 mmol) and [C4;MIM]3[PM0;,040] (0.031 mmol).
The reaction occurred during 1 minute in a domestic microwave, stirring after each 20
seconds. It was necessary the addition of more acetonitrile. The color changed from
yellow to dark blue. The addition of K,CO3 to solution was performed to eliminate H,O,
residues. The final crude was obtained after evaporation of the solvent in rota-vapor.

Catalyst [C4Py]3[PM015040] with H,O,

For this oxidation reaction, cinnamyl alcohol (0.62 mmol) was dissolved in 10 mL of
acetonitrile with hydrogen peroxide (0.31 mmol) and [C4Py]3[PM01,040] (0.031 mmol).
The reaction occurred during 1 min in a domestic microwave, stirring after each 20
seconds. It was necessary to keep adding acetonitrile. The color was yellow before and
after the reaction. The addition of K,CO; to solution was performed to eliminate H,O,
residues. The final crude was obtained after evaporation of the solvent in rota-vapor.
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2.4.2. Oxidative Desulfurization of a Model Diesel

Synthesis of Model Oil (2000 ppm)

In order to obtain a Model oil (2000 ppm) with the 4 main sulfur compounds present in
petroleum, 1-benzothiophene (1-BT) (500 ppm), 4,6-dimethyldibenzothiophene (4,6-
DMDBT) (500 ppm), 4-methyldibenzothiophene (4-MDBT) (500 ppm) and
dibenzothiophene (DBT) (500 ppm) were mixed at room temperature.

Synthesis of Internal Standard solution
Tetradecane and n-octane were mixed in same molar proportions (1:1) at room
temperature.

2.4.2.1. Homogeneous Catalysts

Catalyst [N 4.4.4]3[PM01,040]

Homogeneous catalyst [N 4 4.4]5[PM012040] (3 umol) was used for the reaction of 750 pl
of model olil, in 750 pl of acetonitrile. The mixture was stirred at 70 °C for 15 min. After
the first 15 min, it was added 75 pl of H,O, 30% (w/w).

Meanwhile, Gas Chromatography (GC) equipment was prepared and an acetonitrile
sample was measured to clean the equipment and an internal standard. The analysis
tubes were previously filled with 20 pl of internal standard. After adding hydrogen
peroxide to the reactor, samples of 20 ul were taken and measured after 10, 30 and 60
min. The GC measurements continued to be taken after each 60 min for a total of 6 h
of measurements.

Catal yst [C4M | M] 3[PMO 12040]_

Catalyst [C4MIM]3[PM01,040] (3 umol) was added to 750 pl of model oil in 750 pl of
acetonitrile. The mixture was stirred at 70 °C for 15 min, and after that phase, it was
added 75 pl of H,O, 30% (w/w). The analysis tubes were previously filled with 20 pl of
internal standard.

Samples of 20 ul were taken and measured after 10, 30 and 60 min of adding the
hydrogen peroxide. The GC measurements continued to be taken after each 60 min for
a total of 6 h of measurements.

Catalyst [C4PVY]3[PM015040]

Homogeneous catalyst [C4Py]3[PM01,040] (3 pmol) was used for the reaction of 750 pl
of model oil, with 750 pl of acetonitrile as solvent. The mixture was stirred at a
temperature of 70 °C for 15 min. After adding 75 pl of H,O, 30% (w/w), samples of 20
pl were taken and measured after 10, 30 and 60 min. The GC measurements
continued to be taken after each 60 min for a total of 6 h of measurements.
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2.4.2.2. Heterogeneous Catalysts

MSNPs-[C;MIM]POM, MSNPs-[C,Py]POM and MSNPS-[N444POM catalysts were
used in three different cycles in the same conditions. The following method describes
each reaction of the three repeated cycles.

Heterogeneous catalyst (3 pumol of active center, 59 mg) was used in reaction of 750 pl
of model oil, with 750 ul of 1-butyl-3-methylimidazolium hexafluorophosphate as an
ionic liquid solvent. The mixture was stirred at a temperature of 70 °C for 15 min. After
adding 75 pl of H,O, 30% (w/w), samples of 20 ul were taken and measured after 10,
30 and 60 min. The GC measurements continued to be taken after each 60 min for a
total of 6 h of measurements.

Additionally, there were also two more studies applied to catalyst MSNPs-
[C4,MIM]POM, using half of solvent quantity and half the oxidant quantity used
previously. The methods are described below.

- Half Solvent guantity

Catalyst (3 pumol of active center, 19.5 mg) was used for the reaction of 250 pl of model
oil, with 125 pl of 1-butyl-3-methylimidazolium hexafluorophosphate as an ionic liquid
solvent. The mixture was stirred at a temperature of 70 °C for 15 min. After adding 25
ul of H,O, 30% (w/w), samples of 20 ul were taken and measured after 10, 30 and 60
min. The GC measurements continued to be taken after each 60 min for a total of 3 h
of measurements.

- Half Oxidant quantity

Catalyst (3 pumol of active center, 19.5 mg) was used for the reaction of 250 pl of model
oil, with 250 pl of 1-butyl-3-methylimidazolium hexafluorophosphate as an ionic liquid
solvent. The mixture was stirred at a temperature of 70 °C for 15 min. After adding 12.5
ul of H,O, 30% (w/w), samples of 20 ul were taken and measured after 10, 30 and 60
min.
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3. Results and Discussion

3.1. Objectives

The main objective of this thesis is focused on the development of efficient and
environmental-friendly homogeneous and heterogeneous catalysts to apply in oxidative
processes, focusing in the oxidations of lignin and a model diesel.

The first phase of the experimental work comprised the synthesis and characterization
of the ionic liquids (new homogeneous catalyst) based on the polyoxometalate
phosphomolybdate ([PMo1,04]*) anion with different organic cations as counter ions,
as well as their analogous heterogeneous catalysts through their immobilization in
mesoporous silica nanoparticles. Therefore, different ionic liquids were prepared with
tetra-alkylammonium  ([N4444]"), alkylpyridinium ([C4Py]") and methylimidazolium
([C4aMIM]?) cations combined with chloride (CI) and iodide (I) anions. The prepared
ionic liquids were characterized by 'H NMR and FTIR to attest the desired molecular
structures.

After preparing different ionic liquids, their halogen anions were changed to
[PMo,,040]*anion. In parallel, heterogeneous catalytic materials were prepared using
mesoporous silica hanoparticles (MSNs) as supports to functionalized selected organic
cations. This experimental protocol is divided in three steps: first the cations of the ionic
liquids was immobilized through covalent linkage to the mesoporous surface using
iodide as counter ion, then the iodide anions were exchanged by hydroxyl groups and
finally by an acid-base reaction with the phosphomolybdic acid the final heterogeneous
catalyst was achieved.

The second part of the work was dedicated to test the prepared Homogeneous and
Heterogeneous Catalysts in two different preliminary oxidation reactions: a) the
oxidation of Lignin model compounds such as cinammyl alcohol and guaiacol using the
homogeneous catalysts by conventional heating and microwave heating (*H NMR
technique was used to confirm the presence of oxidation products); b) the oxidative
desulfurization (ODS) of petroleum model compounds using heterogeneous catalysts
and checking the catalytic performance by Gas Chromatography analysis.
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3.2. Preparation and characterization of IL and POM-IL catalysts
3.2.1. Preparation and characterization of lonic Liquids

In order to prepare POM-IL catalysts, the first step was the synthesis of the ionic liquids
based on cations tetra-alkylammonium ([N4444]"), alkylpyridinium ([C4Py]") and
methylimidazolium ([C4,MIM]"), combined with chloride (CI) and iodide (I") anions (Fig.
3.1)).

?AcHg (|DCH3
+
HC—n VA N/\/\Sl //\\CH3 H3C=—__N/\N Si——OCH;
u 4)/’\-\ — OCHj,
-

MN-{3-triethoxysilylpropyl)-3-methylimidazolium chloride N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide

OCH,4 OACHa
@ //\//\éi—OCHg | N N+/\/\\S|i_0/\CH3

LLCHa ~~ O 'E'L/\\CHE,

N-(3-trimethoxysilylpropyl)pyridinium iodide N-(3-triethoxysilylpropyl)pyridinium chloride

OCH, ?ACHs

/\/\NWJ'I—OCHs /\/\N\/“\/T'—OACHS
J// t|DCH3 JJ ’/\\
cr

N-(3-trimethoxysilylpropyl)tributylammaonium iodide N-(3-triethoxysilylpropyljtributylammaonium chloride

ST NN
.
1-butylpyridinium chloride
Fig. 3.1. - Chemical structures of the desired lonic Liquids.
The different chloride and iodide salts were firstly prepared and summarized in the
following table (Table 3.1.). This table describes some details related to synthetic

method such as temperature (°C), reaction time (hours) and molar proportion of the
reagents as well as the yield (%) and physical state of the final product.
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Table 3.1. - Reaction conditions and results of the synthesis of the prepared ionic liquids.

proportion

Physical state

. o o
Jori (g i) |t of reagents ) of the product
. . e ) Viscous
N-(3-trimethoxysilylpropyl)pyridinium iodide 80 3 1:1 94 yellow oil
N-(3-triethoxysilylpropyl)pyridinium chloride 80 24 11 - No reaction
SHEHEE TSI HIAO)E- 100 24 1:1 98 Brown liquid
methylimidazolium iodide
N-(3-triethoxysilylpropyl)_-3-methylimidazolium 100 o 151 95 Pale_z ye_:llow
chloride liquid
N-(3-trimethoxysilyl_prqpyl)tributylammonium 80 24 11 50 Non-_col_oured
iodide liquid
N—(3—tr|ethoxy5|IyIpropyI)trlbutylammonlum 100 48 11 80 Vlscous_
chloride Brown oll
1-butylpyridinium chloride 100 48 1.4:1 28 Brown solid

All prepared ionic liquids were characterized by *H NMR and Fourier-Transform
Infrared Spectroscopy (FTIR) spectroscopies in order to prove the desired chemical
structures as well as the final relative purity of the products.

3.2.1.1.

N-(3-trimethoxysilylpropyl)pyridinium iodide

The synthesis of the desired salt was performed following a method already described

in the literature by Cho et al®’

, by reflux of pyridine with 3-iodopropyltrimethoxysilane in

1:1 of molar ration according to Figure 3.2.. The product was obtained as viscous

yellow oil in high yield (94%).

OCHj,4
SN /\/\ |
+ I Sll—OCH3
7 OCHg
Fig. 3.2. - Schematic representation

of the

synthesis  of

ionic

trimethoxysilylpropyl)pyridinium iodide with pyridine and 3-iodopropyltrimethoxysilane.

OCH;

NN ‘
N LTi—OCH3

— A
Q I OCH;

liquid N-(3-

The FTIR spectra of the obtained product and reactants are represented in Fig. 3.3..
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Fig. 3.3. - Fourier-Transform Infrared Spectrum of N-(3-trimethoxysilylpropyl)pyridinium iodide
(blue), pyridine (grey) and 3-iodopropyltrimethoxysilane (green).

According to Jovanovski et al*®, the dominant modes of —OCH; groups are shown in
2844, 1194, 1080, 820 and 775 cm™. When analyzing the obtained FTIR spectrum, it is
possible to observe that the bands 2839, 1191, 1079, 815 and 776 cm™ are present in
the final product, as it was expected. Also, according to Urbanksi*®, the ranges 3250-
3000 cm™ bands correspond to the C—H aromatic bond vibrations of pyridine, and
1650-1400 cm™ bands correspond to aromatic C—C, C=C and C=N vibrations. These
bands artle present in the obtain spectrum at 3128, 3028, 1632, 1579, 1486, 1460 and
1413 cm™.

To prove the desired chemical structure, *"H NMR spectra of the final compound was
performed as indicated in Figure 3.4.
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Fig. 3.4. - Solution 'H NMR Spectrum of N-(3-trimethoxysilylpropyl)pyridinium iodide, in
deuterated chloroform.
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Analyzing the obtained spectrum it is possible to confirm the structure of N-(3-
trimethoxysilylpropyl)pyridinium iodide where all protons from organic cations were
attributed in the spectra (the numerated peaks correspond to the numbers of the
structure presented). From "H-NMR is possible to confirm the chemical structure of the
compound as well as to check the relative purity (no significant additional peaks were
observed).

3.2.1.2. N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide

The synthesis of the desired salt was performed following a method (Fig. 3.5.) already
described in the literature by Jovanovski et al . The product was obtained in very high
yield (98%) and relatively good purity level.

CHg OCH, OCH;

+/\/\\ |
I/\/\S|i—OCH3 — /SN Si—OCH,

|
:“ + HaC—N |
\ ? c|)c|-|3 Q |- OCH,

Fig. 3.5. - Schematic representation of the synthesis of ionic liquid N-(3-trimethoxysilylpropyl)-3-
methylimidazolium iodide using 1-methylimidazole and 3-iodopropyltrimethoxysilane.

The obtained FTIR spectrum of N-(3-trimethoxysilylpropyl)-3-methylimidazolium iodide
is overlapped with the spectra of the reactants 1-methylimidazole and 3-
iodopropyltrimethoxysilane, represented in the following figure (Fig. 3.6.).

Transmittance (%)

— rimathayslyigrogyl)-3-meiyiimidazaium lodide | U at
—— 1My R | |
Hodapramirimatnaoysian e l
e 22 2900 240 150 1200 0 o
‘Wavenumber (cm-1)
Fig. 3.6. - Fourier-Transform Infrared Spectra of N-(3-trimethoxysilylpropyl)-3-
methylimidazolium iodide (blue), 1-methylimidazole (grey) and 3-iodopropyltrimethoxysilane
(green).

According to Jovanovski, the dominant modes of —OCHj; groups are shown in 2844,
1194, 1080, 820 and 775 cm™. When analyzing the obtained FTIR spectrum, it is
possible to observe that the bands 2945, 1188, 1079 and 821 and 775 cm™ are present
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in the final product, as it was expected. Comparing the spectra from the product and
the reagents, it is possible to observe that the bands at 2360 and 2356 cm™ are
maintained. The ring modes at 1575 and 1170 cm™ bands also described by
Jovanovski, are also part of the product spectrum at 1571 and 1170 cm™. According to
the experimental work of Jovanovski, the cation imidazolium was assigned to the
bands at 3140 and 3078 cm™ and the aliphatic stretching modes appeared at 2976 and
2945 cm™. According to the spectrum obtained, 3142, 3076 and 2945 cm™ are present
in the product. Having characteristics bands from both reactants, it is possible to affirm
that the desired product was synthesized.

The NMR spectra of the final compound is indicated in Fig.3.7.
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Fig. 3.7. - Liquid State 'H NMR Spectrum of N-(3-trimethoxysilylpropyl)-3-methylimidazolium
iodide, in deuterated chloroform.

Peak 2 corresponds to the protons of the propyl chain. It is represented as an
asymmetric triplet, but it proves the proton neighbors. The remaining protons of the
propyl chain are represented by numbers 3 and 4.

The singlet represented by the number 1 corresponds to the nine protons of the
methoxy groups, and the singlet from number 6 corresponds to the three protons of the
methyl group of the aromatic ring.

The numbers 5, 7 and 8 represent, respectively, the single protons of the aromatic ring.
Even though the numbers 7 and 8 are represented in the spectrum as singlets, they
should be represented as duplets because of their neighbor protons.

The peak presented in 7.28 corresponds to the deuterated chloroform used as solvent
for the *H NMR analysis. There are also a few extra peaks that don’t correspond to the
structure of the ionic liquid prepared, which implies that there were still present some
impurities or some residues of the reagents used.
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3.2.1.3. N-(3-trimethoxysilylpropyltributylammonium iodide

The synthesis was performed by reflux of tributylamine  with  3-
iodopropyltrimethoxysilane according to Fig.3.8.. Contrarily to previous reactions the

desired salt based on functionalized ammonium cation was obtained in low yield (49%)
according the reactivity of the tertiary amine.

c:|3c|-|3 /

4/—/ _\—\ deH, OCH3
Hico” OCHg

Fig. 3.8. - Schematic representation of the synthesis of ionic liquid N-(3-

trimethoxysilylpropyl)tributylammonium iodide using tributylamine and 3-

iodopropyltrimethoxysilane.

In the following obtained FTIR spectra (Fig. 3.9.), ionic liquid N-(3-

trimethoxysilylpropyl)tributylammonium iodide is represented

in green, and the
reagents used, tributylamine and 3-iodopropyltrimethoxysilane, are represented in blue
and grey.
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Fig. 3.9. - Fourier-Transform Infrared Spectrum of N-(3-trimethoxysilylpropyl)tributylammonium
iodide (green), tributylamine (blue) and 3-iodopropyltrimethoxysilane (grey).

Since the product is very concentrated, analyzing the obtained spectrum is difficult.
According to Jovanovski, the dominant modes of —OCHj; groups are shown in 2844,
1194, 1080, 820 and 775 cm™. When analyzing the obtained FTIR spectrum, it is
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possible to observe that only the bands 1077 and 823 cm™ are present in the final
product.

'H NMR Spectroscopy analysis was performed with deuterated chloroform as solvent.
The obtained spectrum is presented in the following figure (Fig. 3.10.).
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Fig. 3.10. - Liquid State 'H NMR Spectrum of N N-(3-trimethoxysilylpropyl)tributylammonium
iodide, in deuterated chloroform.

Analyzing the obtained spectrum it is possible to confirm the structure of N-(3-
trimethoxysilylpropyl)tributylammonium iodide where all protons from organic cations
were attributed in the spectra (the numerated peaks correspond to the numbers of the
structure presented). From *H-NMR is possible to confirm the chemical structure of the
compound as well as to check the relative purity.

3.2.1.4. 1-butylpiridinium chloride

This synthesis was performed in 1.4:1 molar ratio, by reflux of 1-chlorobutane and
pyridine (Fig. 3.11.) following the method described in the literature by Cho et al %,

SN A N"/\/\
| R /\/\ — ‘
F ~ cr

Fig. 3.11. - Schematic representation of the synthesis of ionic liquid 1-butylpiridinium chloride
using pyridine and 1-clorobutane.

The desired salt based on functionalized pyridinium cation was obtained in a very low
yield (28%) according the reactivity of the ion chloride.
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The liquid phase and solid phase of 1-butylpiridinium chloride are represented in dark
blue and green, and the reagents used, pyridine and 1-chlorobutane, are represented
in grey and light blue in the FTIR spectrum presented (Fig.3.12.).
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Fig. 3.12. - Fourier-Transform Infrared Spectrum of solid 1-butylpiridinium chloride (blue),
pyridine (grey), liquid 1-butylpiridinium chloride (green) and 1-clorobutane (light blue).

By analyzing the spectrum, it is possible to observe that the product has characteristic
bands from 1-clorobutane at 2961, 2934 and 2874 cm™. Also, according to Urbanksi,
the ranges 3250-3000 cm™ bands correspond to the C—H aromatic bond vibrations of
pyridine, and 1650-1400 cm™ bands correspond to aromatic C—C, C=C and C=N
vibrations. These bands are present in the obtain spectrum at 3079, 3025, 3000, 1580,
1482 and 1438 cm™,

To prove its molecular structure, a *H NMR Spectroscopy analysis was performed, and
the obtained spectrum is presented in the following figure (Fig. 3.13.).
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Fig. 3.13. - Liquid State 'H NMR Spectrum of 1-butylpiridinium chloride, in deuterated
chloroform.
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The structure of 1-butylpyridinium chloride is represented in the upper left corner. The
triplet that appears at 0.93 ppm, represented by peaks at 1, corresponds to the three
protons of the methyl group. Peaks 2, 3 and 4 correspond, each, to two protons of
remaining part the aliphatic butyl chain. Numbers 2 and 3 are represented as
quintuplets and number 3 as a triplet in the spectrum, validating the proton neighbors.
The aromatic ring peaks arise as duplet at 9.70 ppm corresponding to the protons 5
and as two triplets for protons 6 and 7, respectively. The peak presented at 7.29 ppm
corresponds to the deuterated chloroform used as solvent for the *"H NMR analysis.
There are also a few extra peaks that don’t correspond to the structure of the ionic
liquid prepared, which implies that there were still present some impurities or some
residues of the reagents used.

This way, with the *H NMR analysis, it is possible to confirm that the expected product
was form, with the right structure.
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3.2.2. Preparation and characterization of POM-IL catalysts

The three Homogeneous catalysts prepared are constituted by cations ammonium
(INg444]), pyridinium ([C4Py]) and imidazolium ([C4;MIM]) with phosphomolybdate
[PMo01,04]° as anion (Fig. 3.14.)

~ S [PMo1,040]* [N4.4 4 4]a[PM015040] catalyst

\/\/NN
\;’;N\*\ [PM015040)*  [CaMIM]a[PMo42040] catalyst

CH
3 /3

/
] Mol (CePYLIPMor;O4] catalyst

~ Y 3

Fig. 3.14. - Chemical structures of the prepared Homogeneous Catalysts, [Ny 44 4]3[PM012040],
[C2aMIM]3[PM01,040] and [C4PY]3[PM01,04].

The catalysts were then characterized by Elemental Analysis (EA), Fourier-Transform
Infrared Spectroscopy (FTIR) and Solution *H NMR and *P NMR Spectroscopy.

3.2.2.1. [Nga.44]3[PM012040] catalyst

The synthesis of catalyst [N444.4]3[PM01,040] was performed by changing the bromide
anion, Br-, from tetrabutylammonium bromide, [N4444][Br] to the final anion,
phosphomolybdate [PM01,04]> (Fig.3.15.).

Br OH- PM012040'3

o Amberlyst 26 N HiPMo.20s |~ N
N _ —

3

Fig. 3.15. - Schematic representation of ion exchange from [Ny 4.4.4][Br] t0 [N444.4]3[PM012040],
using ion exchange resin Amberlyst® A26 (OH") and polyoxometalate H3PMo01,040.
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The product was characterized by Elemental Analysis, Fourier-Transform Infrared
(FTIR) and '*H NMR and *P NMR Spectroscopies. In Table 3.2. are shown the
calculated values of C, H and N for each possible structure. Elemental analysis allowed
to conclude that the salt with the molecular structure [N4 4 4.4]3[PM01,040] was formed.

[Na4,4,4.4]3[PM012040] catalyst.

Table 3.2. - Elemental Analysis calculated and determined results (C, N and H) for

C (%) N (%) H (%)
Calc. Exp. Calc. Exp. Calc. Exp.
[N4’4’4‘4][H2PM012040] 9.21 0.67 1.82
[N4.4,4,4]2[HPM01,040] 16.39 23.18 1.20 1.65 3.11 4.39
[N4.4.4.4]5[PM0120.40] 22.14 1.61 4.15

The FTIR spectra of the catalyst [N44.4.4]3[PM0:,040] and reagents tetrabutylammonium
[N1444][Br] and polyoxometalate H;PMo:,04 are represented respectively in blue,
green and grey in figure Fig. 3.16..

0.9

— [Mageds[PMoy:0g] catalyst
[Mes[Br]

_ HiPMoOgy

3900 3400 2400 1900

Wavenumber (cm-1)

1400

Fig. 3.16. - Fourier-Transform Infrared Spectra of catalyst [Ny 44.4]3[PM01,040] (blue), [N4 4 4.4][Br]
(green) and polyoxometalate H3PMo01,0,4, (grey).

The characteristic bands from H;PMO;,0,, are from 1014, 976, 890 and 790 cm™, that
can be observed in 1030, 954, 880 and 740 cm™.

The *H NMR spectrum of [C4MIM]5[PMo1,04] is shown in Fig 3.17..
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Fig. 3.17. - Solution 'H NMR Spectrum of [Ny 4.4.4]3[PM01,0,0], in DMSO-d6.

With the obtained spectrum, it is possible to observe that the triplet at 0.96 ppm,
represented by number 1, corresponds to the twelve protons of the CHj; terminations of
the cation [N4444]". Even though numbers 2 and 3 represent correctly eight protons of
the two CH; in the middle of the chain, they should be represented respectively as
sextuplet and as a quintuplet. The triplet represented at 3.19 ppm of the spectrum by
number 4 corresponds to the eight protons closer to the nitrogen atom. It is possible to
conclude that the chemical structure obtained is the expected.
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Fig. 3.18. - Solution *'P NMR Spectrum of [Ny 4 4 4]s[PM01,040], in DMSO-d6.
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The *P NMR spectroscopy is very common used to characterize phospho-
polyoxometalates and it has been shown that the chemical shift of *'P in the anion is
highly sensitive to structural changes. The spectrum of the catalyst [Ny 4.4.4]3[PM01,040]
contains a peak at -4.10 ppm which is in agreement with the values reported in
literature for the same solvent.”® (Fig. 3.18.).

3.2.2.2. [C4MIM]3[PM012,040] catalyst

The synthesis of catalyst [C,MIM]5[PMo0,,04] was performed by exchanging the
chloride anion, CI', from 1-butyl-3-methylimidazolium chloride, [C4,MIM][CI], to the final
anion, phosphomolybdate [PMo:,0.0]* (Fig.3.19.).

N/ﬁ N/ﬁ N/ﬁ
~_ Amberlyst 26~ _-~_~ H3PM ~TN .
\”—;Ni Yy \fNi 3 012040 \%Ni PM0120403

cr CHa — OH CHs — CHa

3

Fig. 3.19. - Schematic representation of ion exchange from [C4MIM][CI] to [C4MIM]3[PM01,04¢],
using ion exchange resin Amberlyst® A26 (OH") and polyoxometalate H3PM01,040.

The product obtained was characterized by elemental analysis, FTIR, *H and *'P NMR
spectroscopies. In Table 3.3. the calculated values of C, H and N for different
structures that could be formed and the experimental values obtained by elemental
analysis are shown. With the first look at the table, it is possible to see that the closest
results to the experimental value are the values obtained for the structure
[C4aMIM]3[PM01204].

Table 3.3. - Elemental Analysis calculated and determined results (C, N and H) for
[C4aMIM]3[PMo012040] catalyst.

C (%) N (%) H (%)
Calc. Exp. Calc. Exp. Calc. Exp.
[C4MIM][H,PMO01,0,0] 4.89 1.43 0.87
[C4MIM],[HPMO0;,040] 9.14 13.20 2.66 3.72 1.48 1.99

The infrared spectra of the reactants [C,MIM][CI] and H3PMo1,0,,, and the synthesized
catalyst [C4MIM]3[PMo01,040] are represented respectively in blue, green and grey in
Fig. 3.20.
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Fig. 3.20. - Fourier-Transform Infrared Spectra of [C4;MIM][CI]

(blue), polyoxometalate

H:PMo0,,04 (green) and catalyst [C,;MIM]5[PMo01,040] (grey).

The characteristic bands from HsPMO;,0,, are from 1014, 976, 890 and 790 cm™, that
can be observed in 1020, 956, 878 and 796 cm™.

The 'H NMR spectrum of [C,MIM]3[PMo1,0.0] is shown in Fig 3.21.
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Fig. 3.21. - Solution 'H NMR Spectrum of [C4MIM]3[PM015040], in DMSO-d6.

The triplet of number 1 represent the CH; termination of the aliphatic chain, and
numbers 2, 3 and 4, represent the remaining eight protons. Numbers 5 and 6 represent

47




the two atoms of the aromatic ring with the proton of number 7. The singlet represented
in number 8 corresponds to the methyl in the aromatic ring, with a total of three
protons. In conclusion, the chemical structure of [C4sMIM]3[PM01,04] is proven.

The following **P NMR spectrum was obtained using DMSO-d6 as deuterated solvent
(Fig. 3.22.).
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Fig. 3.22. - Solution p NMR Spectrum of [C4MIM]5[PM015,04c], in DMSO-d6.

The 3P NMR spectrum obtained of [C,MIM]s[PMo,,04,] catalyst proves the presence of
phosphorus at 4.11 ppm in the product obtained. The obtained spectrum is similar to
the previous catalyst prepared, the chemical drift is probably due to the effect of the
counter-ion in the structure. This is a good sign in proving the expected chemical
structure, showing that there was a reaction with the polyoxometalate used.

3.2.2.3. [C4Py]3[PM01,04] catalyst

The synthesis of catalyst [C4Py]:[PMo0:,040] was performed by exchanging the chloride
anion, CI, from 1-butylpyridinium chloride, [C4PY][Cl], to the final anion,
phosphomolybdate [PMo,,04]> (Fig.3.23.).

s ﬁ/\/\ Amberlyst 26 > Z NN HPMop204g N ﬁ/\/\ ,
| P > | P — | | PMo12040™
3

cr OH Z

Fig. 3.23. - Schematic representation of ion exchange from [C4Py][CI] to [C4Py]s[PM01,04],
using ion exchange resin Amberlyst® A26 (OH") and polyoxometalate H3PM01,040.
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The product obtained was characterized by elemental analysis, FTIR, *H and 3P NMR
spectroscopies. In Table 3.4 the calculated values of C, H and N for different structures
that could be formed and the experimental values obtained by elemental analysis are
shown. With the first look at the table, it is possible to see that the closest results to the
experimental value are the values obtained for the structure [C4Py]s[PM01,040].

Table 3.4. - Elemental Analysis calculated and determined results (C, N and H) for [C4Py]3s[PM012040]

catalyst.
C (%) N (%) H (%)
Calc. Exp. Calc. Exp. Calc. Exp.
[C4Py] [H2PM012040] 5.39 0.70 0.80
[C4PY],[HPMO0;1,0,0] 9.88 15.04 1.28 1.88 1.33 1.87
[C4PY]3[PM01504] 13.70 1.78 1.78

With the first look at the table, it is possible to see that the closest results to the
experimental value are the values obtained for the structure [C4Py]s[PM01,0,q].

FTIR spectra of the reactants 1-butylpiridinium chloride [C4Py][CI] and polyoxometalate
HsPMo01,049, and the synthesized catalyst [C4Py]s[PM01,040] (represented respectively
in blue, green and grey) in represented in Fig. 3.24.

— [C4RYIICH
H3PMD120;@

— [C:Pyls[PM04;0s] catalyst
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Fig. 3.24. - Fourier-Transform Infrared Spectra of 1-butylpiridinium chloride [C4Py][CI] (blue),
polyoxometalate Hz;PMo1,0,4, (green) and catalyst [C4Py]s[PMo01,040] (grey).

The characteristic bands from HsPMO;,0,, are from 1014, 976, 890 and 790 cm?, that
can be observed in 1063, 956, 878 and 795 cm™.
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'H NMR spectrum of catalyst [C4Py]s[PM01,040] is presented in Fig. 3.25.
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Fig. 3.25. - Solution "H NMR Spectrum of [C4PYy]s[PM01,04c], in DMSO-d6.

The triplet at 0.94 ppm, represented by number 1, represents the three protons of the
end of the CHj; aliphatic chain. Numbers 2 (quintuplet at 1.31 ppm), 3 (quintuplet at
1.95 ppm) and 4 (triplet at 4.63 ppm) represent the two protons present in each carbon
atom of the aliphatic chain. On the left side of the spectrum, numbers 5, 6 and 7,
represent the protons of the aromatic ring. The duplet of number 5 represents the two
protons closer to nitrogen at 9.10 ppm, and the triplets of number 6 (at 8.19 ppm) and 7
(at 8.63 ppm) represent, respectively, the two middle protons and the further single
proton. In conclusion, it is possible to confirm that the chemical structure obtained with
the synthesis process expected is correct.

The following *P NMR spectrum was obtained using DMSO-d6 as deuterated solvent
(Fig. 3.26.).
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Fig. 3.26. - Solution P NMR Spectrum of [C4Py]3[PM01,040], in DMSO-d6.
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The 3P NMR spectrum obtained of [C,Py]s[PMo;,04] catalyst proves the presence of
phosphorus at peak -4.11 ppm in the product obtained. It is a good sign, since the
obtained spectrum is similar to the previous spectrums presented of the other two
catalysts. As it was already mentioned before, the chemical drift from the first one is
probably due to the effect of the counter-ion in the structure.

51



3.3.Preparation and characterization of MSNPs and MSNPs-POM-IL
catalysts

3.3.1. Preparation and characterization of Mesoporous Silica
Nanoparticles (MSNPs)

Mesoporous silica nanoparticles of the type MCM-48 were synthesized following a
method described in the literature by Bouchoucha et al.’® that uses a mixture of two
surfactants, Pluronic F127 and Hexadecyltrimethylammonium bromide (CTAB), and
triethanolamine to control the particle size. After the reaction of formation of MSNPs,
the colloidal solution obtained was centrifuged and washed several times with water
and the powder obtained was dried in an oven. To remove the surfactants and
triethanolamine from the pores, the material was calcinated. The experimental
procedure followed in this work ®* reported a size distribution of 45 nm.

Mesoporous Silica Nanoparticles were characterized by Dynamic Light Scattering
(DLS), Fourier-Transform Infrared Spectroscopy (FTIR) and Transmission Electron
Microscopy (TEM).

After analyzing the results from the DLS study (Fig. 3.27), it is possible to observe that,
after three measurements, the experimental size obtained was in the range 90-110 nm
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Fig. 3.27 - DLS analysis of the Mesoporous Silica Nanoparticles size distribution with three
measurements.

The discrepancy in these values can be justified by the existence of nanoparticle
aggregates in the samples during the analysis.

Transmission Electron Microscopy images were obtained at resolutions of 500 nm, 200
nm and 100 nm using water as solvent. In Fig. 3.28, it is possible to observe that the
nanoparticle sizes obtained are approximately between 80 nm to 100 nm (supporting
the DLS results), having small variations in size. It is also possible to observe the pore
distribution in the 100 nm resolution, confirming the existence of pores in the material.
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Fig. 3.28. - TEM images of the Mesoporous Silica Nanoparticles used for the production of the
catalysts magnified to 500 nm, 200 nm and 100 nm, using water as solvent.

The Fourier-Transform Infrared spectra obtained for the mesoporous silica
nanoparticles before and after the calcination process are presented in the Figure
3.29. below.
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Fig. 3.29. - Fourier-Transform Infrared Spectra of Mesoporous Silica Nanoparticles before
(green) and after (blue) calcination process.

The two spectra obtained are very similar, and have the characteristic signature bands
in the range 1000 - 400 cm™, corresponding to the molecular vibrations of silica
network. The broad band at 3443 cm™ is attributed to the stretching vibration of the OH
bond which indicates the presence of adsorbed water and silanol groups (Si-OH). The
band at 1635 cm™ corresponds to the bending modes of water. The bands at 1200-
1084 cm™ are assigned to the asymmetric stretching vibrations of Si-O-Si, the band at
960 cm™ corresponds to the stretching vibration of the surface Si-OH, the band at 808
cm™ is due to the symmetric stretching vibration of Si-O-Si, and the band at 455 cm™ is
assigned to bending vibration of Si-O-Si.®° By this way, it is possible to confirm that the
structure of the silica nanoparticles was not damaged and there was no degradation.

The non-calcinated nanoparticles spectrum has some additional bands at 2924 cm™,
and at 2853 cm™ attributed to the stretching vibrations modes of CHz, CH, and CH,
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groups and at 1490 cm™ and at 728 cm™ due to the bending vibration modes of CH;
and CH, from Pluronic F127 and CTAB surfactants.

3.3.2. Preparation and characterization of MSNPS-POM-IL catalysts

The prepared Heterogeneous catalysts were characterized by Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray
Spectroscopy (EDS), X-Ray Fluorescence Spectroscopy (XRF), Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), Elemental Analysis (EA), Fourier-Transform
Infrared Spectroscopy (FTIR) and NMR Spectroscopy (Solution *H NMR, and solid
state **C CP MAS and *P NMR).

3.3.2.1. MSNPs-[C;MIM]POM

The heterogeneous catalyst MSNPs-[C,MIM]POM was prepared via the three steps
method shown in Fig.3.30..

OCH,8
OH  HiC- N”‘N/‘\/‘é'c OCHs
OH 3 o—s.W
OH \’N
3

MSNPs MSNPs-[C/MIM][1] NaOH (0.025 M)
OH"
o N H3PMo 2040 o N
o si Ny Hya. yPMos20.40" " O\SI
~_ - W
O/ \”N\ (3 - %) ——— \/N
CH CH3
X
MSNPs-[C,MIM]POM catalyst MSNPs-[C;MIM][OH]

Fig. 3.30. - Schematic representation of the three-step synthesis method of heterogeneous
catalyst MSNPs-[C,;MIM]POM.

First, the surface of the pristine MSNPs was functionalized with N-(3-
trimethoxysilylpropyl)-3-methylimidazolium iodide and then the iodide anions were
exchanged by OH" anions using a NaOH solution (0.025M) following the method
described by Udayakumar et al®*. Finally, to this last material phosphomolybdic acid
was added and through an acid-base reaction the catalyst was obtained.

The intermediates materials were characterized by FTIR and soluton 'H NMR
spectroscopies to verify the integrity of the functionalized cation [C,;MIM] (see
experimental section). The final material was characterized by Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray
Spectroscopy (EDS)

In order to evaluate if the catalyst produced had the desired morphology, size and
porosity, a TEM analysis was performed. In the Figure 3.31. presented below, it is
possible to observe the catalyst prepared, MSNPs-[C,MIM]JPOM in two different
resolutions, 100 nm and 500 nm. The color contrast in the obtained 100 nm images
show the existence of multiple pores, resulting in a highly mesoporous structure of the
catalyst. In general, the particles sizes are in the range 60-80 which is in agreement
with the DLS results.
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Fig. 3.31. - TEM images of the heterogeneous catalyst MSNPs-[C;MIM]POM, i

nm and 100 nm, using water as solvent.

SEM gives information about the surface topography of the sample and local in EDS
mode. In the Figure 3.32. presented below, it is possible to observe the catalyst
prepared, MSNPs-[C,MIM]POM, in three different resolutions, 4 pm, 1 ym and 500 nm.

g 4pm
25000 x |1 ETD T Amostra 6

0 x S D 3 mm 6 CEMUP 0 x 15.00 K D|1 M Amostra 6
Fig. 3.32. - SEM images of heterogeneous catalyst MSNPs-[C,MIM]POM, magnified in
resolutions 4 ym, 1 ym and 500 nm.

The images allowed to observe that the material consists of small spherical particles

with their size in the range 60-80 nm. In the closest resolution (500 nm) it is possible to
see that there was no degradation of the catalyst morphology and shape, which means

55



that the catalyst structure and morphology were kept after the basic treatment with
NaOH solution and after the functionalization.

By Energy Dispersive X-Ray Spectroscopy, it is possible to identify the present

elements in the analyzed sample. The obtained spectrum is presented in the following
figure (Fig. 3.33.).
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Fig. 3.33. - EDS analysis of the elements present in the heterogeneous catalyst MSNPs-
[C4MIM]POM prepared.

The main peaks correspond to Silicon (Si) and Oxygen (O), which was expected since
they are the main constituents of the silica nanoparticles. The presence of Molybdenum
(Mo) is also observed which confirm the presence of the anion in the catalyst
composition. (A presenca de carbono ndo é indicadora da presenga do catido uma vez
gue a amostra é preparada em fita de carbono). The presence of Phosphorus (P) is not
observed because it is in a small quantity in comparison with Molybdenum. The EDS
results proved the functionalization of the silica nanoparticles with the anion.

X-Ray Fluorescence Spectroscopy analysis of catalyst MSNPs-[C,MIM]JPOM was
performed in order to prove the elemental composition of the catalyst prepared. The
following figures (Fig. 3.34. and Fig. 3.35.) show the results of the x-ray fluorescence
spectroscopy of the heterogeneous catalyst MSNPs-[C,;MIM]POM.
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Fig. 3.34. - X-Ray Fluorescence Spectroscopy results of the heterogeneous catalyst MSNPs-
[C4sMIM]POM.

After magnifying the first spectrum (Fig. 3.35.), it is possible to observe, as expected,
the evidence of Silicon (Si) and Molydbedum (Mo) in the sample. These elements
confirm the presence of the silica network of the nanoparticles and their successful

functionalization with the anion.
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Fig. 3.35. - X-Ray Fluorescence Spectroscopy results magnified, of the heterogeneous catalyst
MSNPs-[C;MIM]POM.

In the analysis, it was not visible the element Phosphorus (P). There is also lodine (l) in
the sample, which means that there is still a residue of iodine present in the sample
from the first step of functionalization. There are also trace elements of Argon (Ar) and

Iron (Fe) in the sample from impurities.
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It was performed an ICP-MS analysis for the heterogeneous catalyst MSNPs-
[C.MIM]POM to study the presence of phosphorus (P) and molybdenum (Mo). The
following tables (Table 3.5. and Table 3.6.) show the obtained results from the
analysis.

Table 3.5. - ICP-MS results for P and Mo for MSNPs-[C4sMIM]POM catalyst.

Element Concentration (g/Kg)
P line (214.914) 1.45
MSNPs-[C,;MIM]POM :
Mo line (202.031) 58.44

The molybdenum (Mo) content is significantly superior to the phosphorus (P) content.
After obtaining the proportion mol (Molybdenum)/g (product), this relation can give the
information of mol (POM)/g (product), knowing that there are twelve atoms of
molybdenum per POM molecule. This way, it is possible to determine the active site
guantity. Therefore, there are 0.05 mmol of POM in 1 g of catalyst.

Table 3.6. - ICP-MS results for Mo content of MSNPs-[CsMIM]POM catalyst.

MSNPs-[C,;MIM]POM 58.44 0.06 0.60 0.05

The results obtained for N content allowed to conclude that the loading cation [C;MIM]
is about 0.8 mmol per g of material (Table 3.7.). This means that only about 6% of the
total cation anchored is balanced with the POM. The obtained C/N ratio is 3.9, higher
than the expected value of 3,5 if the three alkoxysilane groups react with the silanol
surface groups, this indicates that probably there is some cations present that are not
covalently bounded to the surface and/or there is an incomplete condensation of the
alkoxysilane with the surface.

Table 3.7. - Elemental Analysis results in mmol/g of material for C and N content in MSNPs-
[C4MIM]POM catalyst.

C N
mmol /g prod | mmol /g prod

MSNPs-[C,;MIM]POM 0.91 0.81

The synthesized catalyst MSNPs-[C,MIM]POM, polyoxometalate H3;PMo0;,0,4 and
MSNPs-[C,;MIM][OH], are represented respectively in blue, green and grey in the FTIR
spectra presented (Fig. 3.36.).
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Fig. 3.36. - Fourier-Transform Infrared Spectra of MSNPs-[C;,MIM]POM catalyst (blue),
MSNPs-[C4MIM][OH] (green) and polyoxometalate HsPM01,040 (grey).

The characteristic bands from H;PMO;,0,, are from 1014, 976, 890 and 790 cm?, that
can be observed 1089, 961 and 803 in cm™. There are some bands in the 900 cm-1
area, that could represent part of linkage Mo-O.

The catalyst was characterized by solution *H NMR following a method described in
the literature by Crucho et al ®? that uses a high basic solution of deuterium oxide with
sodium hydroxide to destroy the silica network and to release the ligand anchored into
solution. This strategy allows to quantify the loading of ligand in the material by using
an internal standard (1,3,5-trioxane). The following figure (Fig. 3.37.) represents the 'H
NMR spectrum obtained of MSNPs-[C,MIM]POM.
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Fig. 3.37. - Solution *H NMR Spectrum of MSNPs-[C,MIM]POM, in Deuterium Oxide basified
with sodium hydroxide and 1,3,5-trioxane as internal standard.
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The spectrum contains peaks at 0.29 ppm, 1.84 ppm and 4.05 ppm that are attributed
to the protons 1, 2 and 3 of the alkyl chain, respectively. The singlet at 3.53 ppm can
be due to the methoxy groups resulting from the incomplete condensation of the
alkoxysilane with the surface silanols which is in agreement with the results obtained
from elemental analysis. The singlet at 3.75 ppm is attributed to the methyl group of
methylimidazol. The protons of the imidazol ring are not resistant to a high basic
medium. The peak represented with “OCH3” is derivated, propably, from the methoxy
group from the alkoxysilane that did not reacted to the surface of the MSNPs.

Aromatic protons appear above 6 ppm, and, as it was possible to see, protons from
number 5 and 6 were degraded with the basicity of the solution as it was verified.

The following spectrum represents the Solid State *C CP MAS NMR (Fig. 3.38.).
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Fig. 3.38. - Solid State 3C CP MAS NMR Spectrum of MSNPs-[C;MIM]POM.

The peaks at 9.72 ppm, 24.24 ppm and 52.65 ppm are assigned to the carbons
numbered as 1, 2 and 3 of the alkyl chain, respectively. The peak at 36.65 ppm is
attributed to the carbon of methyl group numbered as 7. The peaks at 124.17 ppm and
137.28 ppm correspond to the carbons of imidazol ring numbered as 4, 5 and 6. The
spectrum shows that the integrity of the cation is preserved after the treatment with the
phosphomolybdic acid.

The following spectrum represents the Solid State *'P NMR obtained (Fig. 3.39.).
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Fig. 3.39. - Solid State *'P NMR Spectrum of MSNPs-[C;MIM]5[PM01,04].

The 3P NMR spectrum obtained of MSNPs-[C,MIM]JPOM contain a peak at -3.67 ppm
which is close to the chemical shift of -3.20 ppm reported in the literature for the same
POM immobilized in a silica hybrid material containing the same cation (Wang et al ).
This proves the successful immobilization of the POM in the final material.

3.3.2.2. MSNPs-[C4Py]POM catalyst

The heterogeneous catalyst MSNPs-[C,Py]POM was prepared using the same three
steps method used for MSNPs-[C,MIM]POM (Fig.3.40.).

. OCH,
SN7TT 8- OCH, - -
OH | | o}
OH ~ T OCH; O\)\Si\/\_/Nt\ ‘
OH [ — 0/
MSNPs MSNPs-[C,PyI[l] N NaOH (0.025 M)
OH
O\\ @ H3PMo15040 O\ @
O7Si\/\/|\| . H(S B X}PM0120401‘ B | O7Si\/\/Nt\
O e 0
MSNPs-[C,Py]POM catalyst MSNPs-[C4Py][OH]

Fig. 3.40. - Schematic representation of the three-step synthesis method of heterogeneous
catalyst MSNPs-[C,Py]POM.

A TEM analysis was performed to study the morphology, size and porosity. In the
Figure 3.41. presented below, it is possible to observe the catalyst prepared, MSNPs-
[C4PYy]POM in the resolutions, 100 nm, 200 nm and 500 nm.
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2
Fig. 3.41. - TEM images of the heterogeneous catalyst MSNPs-[C4Py]POM, in resolutions 500

nm, 200 nm and 100 nm, using water as solvent.

The 100 nm image shows the existence of pores in the nanoparticle structure.
According to the images obtained, there was no degradation of the catalyst particles,
which means, just like the other catalysts, the structure and morphology were intact
after the basic treatment with NaOH solution and after the functionalization. As it also
possible to observe, the nanoparticles size is not homogeneous, having a size
distribution of approximately 50 to 100 nm.

It was performed an ICP-MS analysis for the heterogeneous catalyst MSNPs-
[C4PY]IPOM to study the presence of molybdenum (Mo). The following tables (Table
3.8. and Table 3.9.) show the obtained results from the analysis.

Table 3.8. - ICP-MS results for Molybdenum for MSNPs-[C4Py]POM catalyst.

Element Conc. (g/KQg)
] MSNPs-[C,Py]POM | Mo line (202,031) 28,99

After obtaining the proportion mmol (Molybdenum)/g (product), this relation can give
the information of mol (POM)/g (product), knowing that there are twelve atoms of
molybdenum per POM molecule. By this way, it is possible to determine the active site
quantity. Therefore, there are 0.025 mmol of POM in 1 g of catalyst.

Table 3.9. - ICP-MS results for Molybdenum for MSNPs-[C4Py]POM catalyst.

MSNPs-[C,Py]POM 28,99 0,029 0.30 0.025

The results obtained for N content allowed to conclude that the loading cation [C4Py][ is
about 0.7 mmol per g of material (Table 3.10.) This means that only about 3.6% of the
total cation anchored is balanced with the POM. The obtained C/N ratio is 9.7, higher
than the expected value of 8 if the three alkoxysilane groups react with the silanol
surface groups, this indicates that probably there are some cations groups present that
are not covalently bounded to the surface and/or there is an incomplete condensation
of the alkoxysilane with the surface.

Table 3.10. - Elemental Analysis results in mmol/g of material for C and N content in MSNPs-
[C4Py]POM catalyst.

C N
mmol /g mmol / g
prod prod
MSNPs-[C,Py]POM 7.15 0.74
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The spectra of polyoxometalate H3PMo0,,0,4 MSNPs-[C,Py][OH], and the synthesized
catalyst MSNPs-[C4,Py]POM are represented respectively in blue, green and grey in
Fig. 3.42.

HzPMo120.

MSENPs-[C.PYJIOH] 0.8

— MSMPs-[C:Py]POM catalyst
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Fig. 3.42. - Fourier-Transform Infrared Spectra of MSNPs-[C,Py]POM catalyst (blue), MSNPs-
[C4PY][OH] (green) and polyoxometalate HsPMo01,04 (grey).

The characteristic bands from H;PMO;,0,, are from 1014, 976, 890 and 790 cm™, that
can be observed in 1091, 960 and 801 cm™.
There are some bands in the 900 cm-1 area, that could represent part of linkage Mo-O.

The following solution *H NMR spectrum was obtained for the heterogeneous catalyst
MSNPs-[C,Py]POM (Fig. 3.43.).
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Fig. 3.43. - Solution 'H NMR Spectrum of MSNPs-[C,Py]POM, in Deuterium Oxide basified with
sodium hydroxide and 1,3,5-trioxane as internal standard.
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The spectrum contains peaks at 0.32 ppm, 2.02 ppm and 4.48 ppm that are attributed
to the protons 1, 2 and 3 of the alkyl chain, respectively. The singlet at 3.22 ppm can
be due to the methoxy groups resulting from the incomplete condensation of the
alkoxysilane with the surface silanols which is in agreement with the results obtained
from elemental analysis. As it was previously seen in the previou catalyst, the peak
represented with “OCH3” is derivated, propably, from the methoxy group from the
alkoxysilane that did not reacted to the surface of the MSNPs.

3.3.2.3. MSNPS-[N4v4v4'4]POM

The catalyst MSNPs-[N44.44]POM was prepared in the same way indicated for the
previous heterogeneous catalysts (Fig. 3.44.).

- OCHj,
OH /\/“Nt‘/\/?li(DCHS 0\ I
OCH . -
OH — 3 O—S8i_~_N_~_~
OH ' o i
MSNPs MSNPs-[N 4 4 41[1]
NaOH (0.025 M)
o H3PMo4,04q o OH-
. + . +
873'\/\/?\/\\/ H3 - PM013040" 87&\/\)\;\/\/
X
MSNPs-[N, , , ]/POM catalyst MSNPs-[N, 4 4 41(OH]

Fig. 3.44. - Schematic representation of the three-step synthesis method of heterogeneous
catalyst MSNPS-[N4 4.4 4]POM.

Just like it was made to the two previous heterogeneous catalysts, a TEM analysis was
performed to study of morphology, size and porosity. In the Figure 3.45. presented
below, different images were taken of MSNPS-[N,444POM in the resolutions 100 nm,
200 nm and 500 nm.

Fig. 3.45. - TEM images of the heterogeneous catalyst MSNPs-[N4 4 44]POM, in resolutions 500
nm, 200 nm and 100 nm, using water as solvent.

The images show the existence of pores, especially in the 100 nm resolution. There
was some aggregation, but it is possible to see that there was no degradation of the
catalyst particles, which means the catalyst structure and morphology were intact after
the basic treatment with NaOH solution and after the functionalization with the
phosphomolybdic acid. As it also possible to observe, the nanoparticles size is not

64




homogeneous, having a size distribution of approximately 50 to 90 nm. Even having a
round shape, the form is not regular.

It was performed an ICP-MS analysis for the heterogeneous catalyst MSNPs-
[N4.4.4.4]POM to study the presence of molybdenum (Mo). The following tables (Table
3.11. and Table 3.12.) show the obtained results from the analysis.

Table 3.11. - ICP-MS results for Molybdenum of MSNPS-[Na 4.4.4]POM catalyst.

Element Conc. (g/Kg)

After obtaining the proportion mol (Molybdenum)/g (product), this relation can give the
information of mol (POM)/g (product), knowing that there are twelve atoms of
molybdenum per POM molecule. This way, it is possible to determine the active site
quantity. Therefore, there are 0.06 mmol of POM in 1 g of catalyst.

Table 3.12. - ICP-MS results for Molybdenum for MSNPs-[N4.4.44]POM catalyst.

g(Mo)/Kg(prod) | g(Mo)/g(prod) | mmol(Mo)/g(prod) | mmol(POM)/g(prod)

An elemental analysis for the elements C, N and H was performed to MSNPs-
[N4.4,44]POM catalyst.

The results obtained for N content allowed to conclude that the loading cation [N44.4.4]
is 0.5 mmol per g of material (Table 3.13.) This means that about 12% of the total
cation anchored is balanced with the POM. The obtained C/N ratio is 18.5, higher than
the expected value of 15 if the three alkoxysilane groups react with the silanol surface
groups, this indicates that probably there is some cations groups present that are not
covalently bounded to the surface and/or there is an incomplete condensation of the
alkoxysilane with the surface.

Table 3.13. - Elemental Analysis results in mmol/g of material for C and N content for MSNPs-
[Na,4.44]POM catalyst.

C N
mmol / g
mmol / g prod prod
MSNPS-[N, 4.4 4]POM 9.26 0.50

The FTIR spectra of Polyoxometalate H3;PM0:,04, MSNPS-[N4444][OH], and the
synthesized catalyst MSNPs-[N4444]POM are represented respectively in blue, green
and grey in (Fig. 3.46.).
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Fig. 3.46. - Fourier-Transform Infrared Spectra of MSNPs-[N4 4 44]POM catalyst (blue), MSNPs-
[N4.4,4.4][OH] (green) and polyoxometalate H3PM01,04o (grey).

The characteristic bands from HsPMO1,04, are from 1014, 976, 890 and 790 cm™, that

can be observed in 1089, 959, 890 and 810 cm™.

There are some bands in the 900 cm-1 area, that could represent part of linkage Mo-O.
The "M NMR spectrum of MSNPs-[N4444]POM is shown in Fig. 3.47.The spectrum
contains the peak at 0.30 ppm attributed to the two protons numbered as 5, the triplet
at 0.84 ppm, the quartet at 1.26 ppm and the multiplet at 1.56 ppm are assigned to the
protons numbered as 1 (nine protons), 2 (six protons) and 3 (six protons) of the butyl
chains, respectively. The multiplet at 3.08 ppm corresponds to the eight protons
numbered as 4.
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Fig. 3.47. - Solution 'H NMR Spectrum of MSNPs-[N4444]POM, in Deuterium Oxide basified
with sodium hydroxide and 1,3,5-trioxane as internal standard.

With the obtained spectrum, it is possible to observe that the triplet that is represented
by number 1 corresponds to the nine protons of the CH; terminations. Numbers 3 and
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4 represent eight protons of the two CH, in the middle of the chains. The multiplet is
represented by number 2 corresponds to six protons and number 5 corresponds to the
two protons closer to the Si atom. The *C NMR spectrum of MSNPSs-[N, 4. 4POM is
shown in Fig. 3.48.
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Fig. 3.48. - Solid State *C CP MAS NMR Spectrum of MSNPs-[N, 4.4 4]POM

The obtained spectrum contains a peak at 9.12 ppm which is attributed to the carbon of
the CH, group numbered as 1. The peaks observed at 13.57 ppm, 20.35 ppm, 24.61
ppm and 59.27 ppm are assigned to the methyl groups of butyl chains numbered as 5,
and to the CH, groups numbered as 4, 2 and 3, respectively. The spectrum confirms
the successful immobilization of the cation. The following spectrum represents the
Solid State **P NMR (Fig. 3.49.).
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Fig. 3.49. - Solid State *P NMR Spectrum of MSNPs-[N, 4 4 4]POM.
The *'P NMR spectrum obtained of MSNPs-[N, 4 44]POM catalyst shows a peak splitted

into two at -4.12 ppm and -3.55 ppm which means that there is two different
phosphorous coordination environments.
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3.4.Catalysis
3.4.1. Oxidation of Lignin Model Compounds

The obtained results of the following catalytic oxidations of lignin model compounds,
guaiacol and cinnamyl alcohol, were characterized by "H NMR spectroscopy.

3.4.1.1. Conventional Heating

> Oxidation of Guaiacol using acetonitrile

As it was described in the Experimental Section, a study was performed in order to
oxidize guaiacol with conventional heating using polyoxometalate HzPMo01,0,4, (with
and without hydrogen peroxide) and [Ny 4.4 4]3[PM01,0,0] as catalysts.

In all three reactions, there was no sign of a new product after the oxidation process in
the 'H NMR spectra obtained. This gives the indication that guaiacol was not oxidized,
and no oxidation products were formed.

> Oxidation of Cinnamyl Alcohol with using acetonitrile

The study of the oxidation of cinnamyl alcohol was performed in the same conditions
and with the same catalysts as the study of guaiacol, as it was previously described in
the Experimental Section.

e Catalyst [HsPM01,040]

In the first oxidation reaction, cinnamyl alcohol, hydrogen peroxide (3 mmol) and
HsPMo01,0,4¢ were dissolved in acetonitrile.

According to the *H NMR results, there were no oxidized products obtained. This
means that cinnamyl alcohol was not oxidized and no oxidation products were formed.
With the "H NMR results, it was also possible to observe that the peaks gave the
information that the product was degraded. The probable reason for these results is the
high quantity of hydrogen peroxide used in the reaction.

Therefore, a new study was performed in the same conditions without adding hydrogen
peroxide to the mixture (Fig.3.50.).

L X
A OH Acetonitrile _

H3PMo12040 (1 mmol), 80 °C, 47 h

Fig. 3.50. - Oxidation of cinnamyl alcohol using polyoxometalate Hz;PMo0:,049 as catalyst,
without using hydrogen peroxide, with conventional heating.

In this study, the "H NMR spectrum obtained (Fig A.1.7., in Annexes) showed the
presence of a new peak, representing the new product formed (in comparison to the *H
NMR spectrum of model compound cinnamyl alcohol).

Comparing the integrals of the obtained product and the model compounds, it was
obtained a yield of 10%. It is interesting to observe that this reaction had better results
than the previous one. This confirms that the oxidizing power of the polyoxometalate is
enough to oxidize cinnamyl alcohol, while using 3 mmol of hydrogen peroxide
degrades the model compound.
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e Catalyst [N4’4’4‘4-| 3[PMo 1204_()1

Another study was performed in the same conditions and with hydrogen peroxide to the
mixture, with catalyst [N 4 4 4]s[PM012040] (Fig.3.51).

H202 (3 mmol)

N"0H Acetonitrile . NN
[N4.4,4.4]3[PM012040] (0,5 mmol), 80 °C, 47 h

Fig. 3.51. - Oxidation of cinnamyl alcohol using catalyst [Ny 44.4]3[PM01,040], using hydrogen
peroxide with conventional heating.

In this study, the 'H NMR spectrum obtained (Fig A.1.8., in Annexes) showed the
presence of a new peak, representing the new product formed (in comparison to the *H
NMR spectrum of model compound cinnamyl alcohol). Comparing the integrals of the
obtained product and the model compounds, it was obtained a yield of 43%.

In terms of using conventional heating for the oxidation processes, it is possible to
observe that the homogeneous catalyst with hydrogen peroxide had better results than
using polyoxometalate without hydrogen peroxide.

3.4.1.2. Microwave Heating

» Oxidation of Cinnamyl Alcohol using acetonitrile

Since the oxidation results of cinnamyl alcohol were more promising than the results of
oxidation of guaiacol, the application of the catalysts was only performed in the first
model compound.

e Catalyst [H:PM01,040]

For this oxidation reaction, cinnamyl alcohol was oxidized in acetonitrile with hydrogen
peroxide (0.31 mmol) and H3PMo,,0, as catalyst (Fig. 3.52.).

H205 (0.31 mmol)

N OH Acetonitrile . 0
H3PMo42040 (0.031 mmol), 1 min

Fig. 3.52. - Oxidation of cinnamyl alcohol using polyoxometalate H3PMo01,0,4o, using hydrogen
peroxide and microwave heating.

The 'H NMR spectrum obtained (Fig A.1.9., in Annexes) showed the presence of a
new peak, representing the new product formed. Comparing the integrals of the
obtained product and the model compounds, it was obtained a yield of 37%.

e Catalyst [C4MIM] g[PMomO@l

This oxidation reaction, cinnamyl alcohol was oxidized in the same conditions as the
last reaction, using [C4MIM]5[PMo,,04] as catalyst (Fig. 3.53.).
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H202 (0.31 mmol)

\ OH Acetonitrile . NN 0
[C4MIM]3[PM0+12040] (0.031 mmol), 1 min

Fig. 3.53. - Oxidation of cinnamyl alcohol using catalyst [C4;MIM]3[PM01,040], using hydrogen
peroxide and microwave heating.

The 'H NMR spectrum obtained showed the presence of more than one new peaks,
showing that new products were formed. Therefore, it was not possible to compare the
integrals, since it is not possible to know which product belongs to each peak.

e Catalyst [C4PY]3[PM012040]

This oxidation reaction, cinnamyl alcohol was oxidized in the same conditions as the
last reaction, using [C4Py]s[PMo01,04] as catalyst (Fig. 3.54.).

Ho05 (0.31 mmol)

tri N
X OH Acetonitrile . 0
[C4Py]3[PM042040] (0.031 mmol), 1 min

Fig. 3.54. - Oxidation of cinnamyl alcohol using catalyst [C4Py]s[PM01,040], using hydrogen
peroxide and microwave heating.

Just like it happened in the last reaction, the *"H NMR spectrum obtained showed the
presence of more than one new peaks, showing that new products were formed. As it
was said before, it was not possible to compare the integrals, since it is not possible to
know which product belongs to each peak.

Comparing the results obtained from microwave heating, it is possible to observe that

the use of H3PMo01,040 only oxidizes into 1 product, while the use of the homogenous
catalysts facilitate the oxidation of more than one product.
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3.4.2. Oxidative Desulfurization of a multicomponent model diesel

Oxidative Desulfurization is a process that consists in the oxidation of sulfur
compounds by turning them into sulfoxides and sulfones (Fig. 3.55.). It is particularly
important in the oxidation of benzothiophene compounds, since it is a difficult oxidation
process. The following study was performed at Faculdade de Ciéncias in Universidade
do Porto.
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Fig. 3.55. - Schematic representation of Oxidative Desulfurization (ODS) of 1-benzothiophene
(1-BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-
dimethyldibenzothiophene (4,6-DMDBT) using a catalyst, a solvent and an oxidant.
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For this study, it was necessary to prepare a stock solution (2000 ppm) of the four
model compounds (1-BT, DBT, 4-MDBT and 4,6-DMDBT) with 500 ppm each to
produce the model oil used in the process. It was also prepared a standard solution of
n-octane and tetradecane to control the gas chromatography results. The Oxidative
Desulfurization process is divided in two different stages.

e First Stage: Initial Extraction

After the addition of solvent (in this work, acetonitrile for homogeneous catalysts and
ionic liquid 1-butyl-3-methylimidazolium hexafluorophosfate ([BMIM][PF¢]) for the
heterogeneous catalyst), model oil prepared and respective catalyst to a reactor at a
temperature of 70 °C in paraffin bath for 10 minutes, the first stage of the process
begins. This stage consists of the initial extraction of the sulfur compounds to the
solvent phase of the reactor (Fig. 3.56.).



Solvent phase

S Model Oil phase

Fig. 3.56. - Representation of the initial extraction of the Oxidative Desulfurization of sulfur
compounds.

e Second Stage: Catalytic phase

In this stage, the oxidant (oxygen peroxide 30%) is added to the reactor, and the
oxidation of sulfur compounds begins. After the moment the oxygen peroxide is added
to the reactor, samples are taken after for a few hours (up to 6 hours) and are analyzed
in a Gas Chromatograph.
In the following section, it is presented a study on the application and performance
comparison in the use of homogeneous and heterogeneous catalysts in the oxidative
desulfurization of the petroleum model compounds presented previously (1-BT, DBT,
4-MDBT and 4,6-DMDBT).

3.4.2.1. Homogeneous Catalysts in ODS
In the oxidative desulfurization using homogeneous catalysts it was used acetonitrile as
extraction solvent. Acetonitrile has been used as a solvent in these oxidation processes
since it has a high extraction potential. Though it is an excellent extraction solvent,
acetonitrile is not a “green” choice, since it is toxic, volatile and flammable.
In the initial extraction, the model oil prepared, catalyst and standard solution were put
in a reactor in the described quantities in Table 3.14.

Table 3.14. - Quantities of solvent (acetonitrile), oxidant (hydrogen peroxide), model oil and standard
solution used in the study of the Homogeneous catalysts in ODS.

Homogeneous Catalysts
[N4,4,4,4]3[PM01204] [C4sMIM]5[PM012,040] [C4PY]3s[PM01,040]
Acetonitrile (ul) 750 750 750
Catalyst (mg) 7.62 6.72 6.70
Model Oil (ul) 750 750 750
Standard solution (pl) 20 20 20

The mixture was kept under stirring conditions at a temperature of 70 °C in paraffin
bath for 10 minutes. In this stage, the sulfur compounds transfer to the solvent phase

(Fig. 3.57.).
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Fig. 3.57. - Reactors with acetonitrile, model oil and standard solution used in the study of the
Homogeneous catalysts in ODS.

The initial point (t = 0 min) represents the time when the oxidant, hydrogen peroxide at
30%, is added to the reactor to begin the second stage, the oxidation phase. After 10
minutes of adding the oxygen peroxide, the first sample of oil is taken and is analyzed
in a Gas Chromatograph for 20 minutes. The next samples were taken after 30, 60,
120, 180, 240, 300, 360 and 420 minutes after the addition of oxidant to the reactor.
Taking the example of the ODS catalysis using [N44.4.4]3[PM01,040] as catalyst, it is
possible to observe that after a few hours, the content of 1-BT, DBT, 4-MDBT and 4,6-
DMDBT has decreased (Fig. 3.58.). The different colors represent the different
samples taken after a specific amount of time. For example, the bright blue color
represents the highest peaks that correspond to the addition of oxygen peroxide to the
mixture and the point when the oxidation began. After continuing taking samples for the
next hours, the curves start to show lower intensity, proving that the sulfur compounds
are being oxidized and its content in the sample is decreasing.

1-Benzothiophene
Standard Solution

4 6-Dimethyldibenzothiophene

4-Methyldiberzotriophene

Dibenzothiophene

J.Lhtui

2 4 G 8 10 12 14 16
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Fig. 3.58. - Graphic of the development of the Oxidative Desulfurization process of sulfur
compounds using [Ny 4 4.4]s[PM01,040] catalyst.

The following table (Table 3.15.) shows the gas chromatography results of the
oxidations performed using the homogeneous catalysts ([Naa4.44]3[PM012040],
[CaMIM]3[PM01,040], and [C4Py]s[PM01,040]) from the initial addition of hydrogen
peroxide (t = 0 min) up to 7 hours later (t = 420 min), representing the quantity of sulfur
compounds present in the sample (ppm) and total desulfurization (%).
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Table 3.15. - Results and comparison of the performance of Homogeneous catalysts in ODS.
Representation of the oxidation of the model oil compounds (ppm) and total desulfurization (%),
over time (min).

Homogeneous Catalysts
[N4.4.4,4]3[PM01,040] catalyst [C4MIM]3[PM01,0,0] catalyst | [C4Py]s[PM0:,0,0] catalyst
Time (min) ppm Total Dessulf (%) ppm Total Dessulf (%) ppm Total Dessulf (%)

0 2016 0 1538 0 1538 0

10 929 53 - - 901 41

30 631 68 581 62 665 56

60 - - 291 81 275 82
120 149 92 258 83 265 82
180 61 96 239 84 257 83
240 39 98 322 79 273 82
300 43 97 223 85 336 78
360 41 97 232 84 206 86
420 49 97 - - 254 83

ok

Some of the points taken are represented with a
or were not taken.

Comparing the three catalysts at the last common analyzed time (t = 360 min, 6 hours),
it is possible to conclude that the best performing catalyst is [N 4.4.4]3[PM01,040], with a
total desulfurization rate of 97.96% (remaining 41.12 ppm of model compounds in the
sample), followed by [C,Py]3s[PMo0:,040] with a total desulfurization rate of 86.61%
(remaining 206.00 ppm of model compounds in the sample) and [C4MIM]3[PM012040]
with a total desulfurization rate of 84.90% (remaining 232.31 ppm of model compounds
in the sample).

When comparing the results of both catalysts [Nga4.4]3[PM012,040] and
[C4PY]3[PM01,040] after t = 420 min, 7 hours, it is also possible to see that there is not a
significant alteration in the results comparing with the previous hour, since
[Ng.4,44]3[PM0;,040] performed a total desulfurization of 97.52 %, remaining 49.94 ppm
of sulfur compounds in that sample, and [C4Py]s[PM01,04] performed a total
desulfurization of 83.43 % remaining 254.83 ppm of sulfur compounds in the sample.
Overall, all three catalysts had a good performance in the oxidative desulfurization of
petroleum model compounds.

In the next graph (Fig. 3.59.) it is possible to see the oxidative reactions using the three
CataIyStS [N4'4'4'4]3[PM012040], [C4M|M]3[PM012O4O] and [C4Py]3[PM012040] (reSpeCtiVEIy
represented in blue, green and grey).

, since the results were inconclusive
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Fig. 3.59. - Graphic representation of the Gas Chromatography results of the Oxidative
Desulfurization of petroleum model compounds using Homogeneous Catalysts.

3.4.2.2. Heterogeneous Catalyst in ODS

In the oxidative desulfurization using three heterogeneous catalysts, an ionic liquid was
used as extraction solvent (1-butyl-3-methylimidazolium hexafluorophosphate,
[BMIM][PFg]). lonic Liquids have been used as solvents in these oxidation processes
for its sustainability and for its capacity to increase the extraction of sulfur compounds

to the solvent phase.
e MSNPs-[C,MIM]POM catalyst

In the table below (Table 3.16.) are presented the quantities of solvent, oxidant, model
oil and standard solution used in each study. Since MSNPs-[C;MIM]POM catalyst
quantity was becoming very low after its use for the three cycles, it was necessary to
reduce to 1/3 of the quantities of solvent, oxidant, model oil and standard solution used,
in order to have enough catalyst to apply in the two remaining studies. This way, the
same proportion was still kept in the last studies performed with half solvent quantity

and half oxidant quantity.

Table 3.16. - Quantities of solvent ([BMIM][PFe]), oxidant (hydrogen peroxide), model oil and standard
solution used in the study of the Heterogeneous catalyst in ODS, in 3 equal cycles, half the
solvent quantity and half oxidant quantity studies.

Heterogeneous Catalyst
MSNPs-[C,;MIM]POM
1st Cycle 2nd Cycle 3rd Cycle Half Solvent Half Oxidant
[BMIM][PFg] () 750 750 750 125 250
H,O, (uh) 75 75 75 25 12.5
Catalyst (mg) 59 59 59 19.5 19.5
Model Qil (ul) 750 750 750 250 250
Standard solution (pl) 20 20 20 6.7 6.7
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To initiate the first stage of each study, the initial extraction, the model oil prepared,
catalyst and standard solution were put in a reactor in the described quantities
previously. The mixture was kept under stirring conditions at a temperature of 70 °C in
paraffin bath for 10 minutes. In this stage, the sulfur compounds transfer to the solvent
phase (Fig. 3.60.).

Fig. 3.60. - Paraffin bath setting for the ODS reactions.

The initial point (t = 0 min) represents the time when the oxidant, hydrogen peroxide at
30%, is added to the reactor to begin the second stage, the oxidation phase. After 10
minutes of adding the oxygen peroxide, the first sample of oil is taken and is analyzed
in a Gas Chromatograph for 20 minutes. The next samples were taken after 30, 60,
120, 180, 240, 300, 360 and 420 minutes after the addition of oxidant to the reactor
(Fig. 3.61.).

Fig. 3.61. - Gas Chromatograph used to analyze the ODS samples.

The following table (Table 3.17.) shows the gas chromatography results of the
oxidations performed (three cycles and the studies of half solvent quantity and half
oxidant quantity) from the initial addition of hydrogen peroxide (t = 0 min) up to 7 hours
later (t = 420 min), representing the quantity of sulfur compounds still present in the oil
sample (ppm) and total desulfurization (%).
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Table 3.17. - Results and comparison of the performance of the Heterogeneous catalyst in ODS in 3
cycles and half the solvent quantity and half oxidant quantity. Representation of the oxidation of
the model oil compounds (ppm) and total desulfurization (%), over time (min).

MSNPs-[C,MIM]POM catalyst

1st Cycle 2nd Cycle 3rd Cycle Half Solvent Half Oxidant
t (min) | ppm | Des. (%) | ppm | Des. (%) | ppm | Des. (%) ppm Des. (%) ppm Tot. D. (%)

0 1871 0 1824 0 2166 0 2016 0.00 2016 0.00
10 1166 | 37.65 1060 | 41.89 1081 50.07 - - - -

30 697 62.75 336 81.57 406 81.22 1220 39.47 815 59.55
60 440 76.46 182 89.98 160 92.60 1490 - - -

120 318 82.99 86 95.25 104 95.17 768 61.88 494 75.46
180 284 84.80 56 96.90 64 97.03 593 70.54 - -
240 - - 39 97.81 53 97.55 935 - - -
300 262 85.95 26 98.55 23 98.94 336 83.30 - -
360 213 88.60 20 98.88 20 99.05 - - = -
420 243 86.97 - - - - - - - -

As it was previously explained, some of the points are represented with a “-“, since
some results were inconclusive or were not taken.

The three first studies compared the application of the heterogeneous catalyst in the
same conditions of solvent quantity, oxidant quantity and model oil quantity. In
conclusion, comparing the last sample common time (t = 300 min, 5 hours), it is
possible to observe that the 1% cycle has the worst results of the three applications,
having a total desulfurization of 85.95 %, and the 3" cycle has the best results having a
total desulfurization of 98.94 %.

Comparing the same common time samples (t = 120 min, 2 hours), it is confirmed that
the use of half the solvent and oxidant quantities in the oxidation processes had the
worst results in all of the heterogeneous catalyst application studies, in comparison to
the “integral” use in the three cycles. Even having similar results, the use of half solvent
guantity had better results having a total desulfurization of 75.46 %, remaining 494.67
ppm of model compounds in the sample, in comparison to the use of half solvent,
having a total desulfurization of 61.88 %, remaining 768.57 ppm of model compounds
in the sample.

The last two studies performed with half solvent and oxidant quantities applied were
problematic since there were used very small quantities of model oil, in comparison to
the cycles with optimized quantities. Since there was few oil in the reactors, the oil
extraction process was very difficult to keep. Therefore, only a few samples were taken
for half solvent (for 5 hours) and for half oxidant (for 2 hours).The fact that an ionic
liquid was used as extraction solvent also contributed to the difficult oil extraction
process with a syringe.

Overall, comparing all catalyst studies at the same common time (t = 120 min, 2
hours), the best performance catalyst application was the application in the 2" cycle
with a total desulfurization of 95.25 % and 86.65 ppm of sulfur compounds remaining in
the sample after only 120 minutes.

In the next graph (Fig. 3.62.) it is possible to observe the evolution of oxidative
reactions using the same catalyst MSNPs-[C;MIM]POM, in three equal condition
studies, half the solvent quantity study and half the oxidant quantity study (respectively
represented in blue, dark green, grey, light green and light blue).
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Fig. 3.62. - Graphic representation of the Gas Chromatography results of the Oxidative
Desulfurization of petroleum model compounds using MSNPs-[C;,MIM]JPOM as a
Heterogeneous Catalyst.

e MSNPs-[C,Py]POM catalyst

The experimental protocol was the same as the MSNPs-[C,MIM]POM catalyst, using
750 ul of solvent, 75 ul of hydrogen peroxide, 3 mmol of catalyst, 750 ul of model olil
and 20 ul of standard solution.

The following table (Table 3.18.) shows the gas chromatography results of the three
cycle oxidations performed from the initial addition of hydrogen peroxide (t = 0 min) up
to 2 hours later (t = 120 min), representing the total desulfurization (%) that occurred.

Table 3.18. - Results and comparison of the performance of MSNPs-[C4Py]POM catalyst in ODS in 3
cycles Representation of the oxidation of the model oil compounds (ppm) and total desulfurization
(%), over time (min).

MSNPs-[C,Py]POM catalyst
Time (min) | 1st Cycle Des. (%) | 2nd Cycle Des. (%) | 3rd Cycle Des. (%)
0 0.00 0.00 0.00
10 43.42 60.27 48.73
30 93.40 96.16 93.23
60 96.24 98.38 94.57
120 97.82 99.37 94.83

In the next graph (Fig. 3.63.) it is possible to observe the evolution of oxidative
reactions using the same catalyst MSNPs-[C,Py]POM, in three equal condition studies
(represented in blue, grey and green).
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Fig. 3.63. - Graphic representation of the Gas Chromatography results of the Oxidative
Desulfurization of petroleum model compounds using MSNPs-[C,Py]POM as a Heterogeneous
Catalyst.

The three studies compared the application of the heterogeneous catalyst in the same
conditions of solvent quantity, oxidant quantity and model oil quantity. In conclusion,
comparing the last sample common time (t = 120 min, 2 hours), it is possible to
observe that the 3" cycle has the worst results of the three applications, having a total
desulfurization of 94.83 %, and the 2" cycle has the best results having a total
desulfurization of 99.37 %.

e  MSNPs-[N4444]POM catalyst

The experimental protocol was the same as the MSNPs-[C,MIM]POM catalyst, using
750 ul of solvent, 75 ul of hydrogen peroxide, 3 mmol of catalyst, 750 ul of model oll
and 20 ul of standard solution.

The following table (Table 3.19.) shows the gas chromatography results of the three
cycle oxidations performed from the initial addition of hydrogen peroxide (t = 0 min) up
to 3 hours later (t = 180 min), representing the total desulfurization (%) that occured.

Table 3.19. - Results and comparison of the performance of MSNPS-[N4 4,.4.4]POM catalyst in ODS in 3
cycles Representation of the oxidation of the model oil compounds (ppm) and total desulfurization
(%), over time (min).

MSNPS-[Ny 44 4]POM catalyst
Time (min) | 1st Cycle Des. (%) | 2nd Cycle Des. (%) 3rd Cycle Des. (%)
0 0.00 0.00 0.00
10 34.14 85.76 80.07
30 66.33 95.13 93.32
60 88.53 98.40 98.39
120 97.98 100.00 100.00
180 100.00 100.00 100.00
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In the next graph (Fig. 3.64.) it is possible to observe the evolution of oxidative
reactions using the same catalyst MSNPs-[C,Py]POM, in three equal condition studies
(represented in blue, grey and green).
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Fig. 3.64. - Graphic representation of the Gas Chromatography results of the Oxidative
Desulfurization of petroleum model compounds using MSNPs-[N4 44 4]POM as a Heterogeneous
Catalyst.

The three studies compared the application of the heterogeneous catalyst in the same
conditions of solvent quantity, oxidant quantity and model oil quantity. In conclusion,
comparing the last sample common time (t = 180 min, 3 hours), it is possible to
observe that all the three catalysts achieved 100 % of desulfurization. The 2™ and 3"
cycle had the best results, already achieving 100 % 1 hour before.

After analyzing the final results of the study of the Homogenous and Heterogeneous
catalysts used in the Oxidative Desulfurization of 1-BT, DBT, 4-MDBT and 4,6-DMDBT,
it is possible to conclude that the Heterogeneous catalysts (specifically MSNPs-
[N4444POM) had the best performance of the six catalysts studied, reaching a total
desulfurization of 100% after only 2 hours (Table 3.20.).

Table 3.20. - Comparison of the performance of Homogeneous catalysts in ODS, over time

(min).
Homogeneous Catalysts
t (Min) | [N4444]5[PM01:040] | [CsMIM]3[PMO012040] | [C4Py]s[PM01,040]

0 0.00 0.00 0.00
10 53.92 - 41.37
30 68.66 62.16 56.72
60 - 81.03 82.08
120 92.60 83.19 82.72
180 96.95 84.40 83.26
240 98.06 79.04 82.24
300 97.86 85.47 78.11
360 97.96 84.90 86.61
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Comparing the three Homogeneous catalysts, it is also possible to conclude that after 6
hours the catalyst with best performance was [Ng4.4.4]3[PM01,040] with 97.96% of total
desulfurization, followed by [C4Py]s[PM01,04] (86.61 %) and [CsMIM]5[PM012040]
(84.90 %) (Fig. 3.65.).

97,96

100,00 -

84,90 86.61

80,00 |

60,00 -

40,00 -
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Fig. 3.65. - Graphic representation of the total desulfurization obtained (in percentage) of
Homogeneous Catalysts after 6 hours of oxidation.

Table 3.21. - Comparison of the performance of Heterogeneous catalysts and
Heterogeneous catalyst in ODS, over time (in minutes).

Heterogeneous Catalysts
t (min) | MSNPS-[Ng444]POM | MSNPs-[C;MIM]POM MSNPs-[C,Py]POM
0 0.00 0.00 0.00
10 85.76 50.07 60.27
30 95.13 81.22 96.16
60 98.4 92.60 98.38
120 100.0 95.17 99.37
180 100.0 97.03 -

Comparing the three Heterogeneous catalysts, it is also possible to conclude that after
only 2 hours the catalyst with best performance was MSNPs-[N,444]POM achieving
100% of total desulfurization, followed by MSNPs-[C,Py]POM (99.37 %) and MSNPs-
[C4MIM]POM (95.25 %) (Fig. 3.66.).
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Fig. 3.66. - Graphic representation of the total desulfurization obtained (in percentage) of
Heterogeneous Catalysts after 2 hours of oxidation.

The results obtained show that cation tetrabutylammonium [N4444]" had the best
results in both forms of catalyst, followed by cation pyridinium [C,Py]*. Heterogeneous
catalysts have also confirmed to be the best catalysts in the Oxidative Desulfurization
reactions performed

In the end, all six catalysts had excellent results and have a promising future as
catalysts in the oxidative desulfurization of petroleum model compounds for a “greener”
future.
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4. Conclusion

In this work, new heterogeneous catalysts based on mesoporous silica nanoparticles
(MSNPs) with different cations of ionic liquids (ILs) covalently bonded to their surface,
1-Butyl-3-methylimidazolium ([C4MIMY)), 1-butylpyridinium (IC4PY]) and
Tetrabutylammonium ([Ns444]), and with the polyoxometalate (POM) derived from
phosphomolybdic acid ([HzPMo1,040]") as anions were prepared. Their analogous
homogeneous compounds were also prepared for comparison (POM-ILS):
[N4V4V4’4]3[PM012040], [C4M|M]3[PM012040] and [C4Py]3[PM012040]. All CataIyStS were
characterized by several solution and solid state techniques that confirm their
successful preparation.

The homogeneous catalysts and the polyoxometalate H;PMo,,04 were tested in the
catalytic oxidation of lignin model compounds: cinnamyl alcohol and guaiacol. The
cinnamyl alcohol oxidations had promising results in comparison to the guaiacol
oxidation. The first tests applied to the model compounds using conventional heating
were performed in equal conditions in order to compare the results. 'H NMR
spectroscopy allowed to observe that for the guaiacol oxidation no product was formed.
Therefore, it is possible to conclude that maybe the conditions that were used in this
study, e.g. oxidant quantity, were not optimized to continue the study of this oxidation
reaction.

The study continued with the oxidation of cinnamyl alcohol since it had promising
results. By analyzing the obtained *"H NMR spectra when using conventional heating, it
was possible to observe that there was product formed when using [Ny 4,4.4]3[PM012,0.40]
as catalyst with hydrogen peroxide, and H3;PMo0:,04 as catalyst without hydrogen
peroxide. Also, when using oxidant H,O, and microwave heating, new products were
formed when using catalysts HsPMo01,0.,9, [C4MIM]3[PM01,040] and [C4Py]3[PM01,040).
In ODS studies, both heterogeneous and homogeneous catalysts were tested.
Comparing the performance of the different catalysts, it was shown that the application
of the heterogeneous catalysts had better results in less reaction time, in comparison to
the application of homogeneous catalysts. Interestingly, the cation tetrabutylammonium
had the best results in both homogeneous and heterogeneous catalysts, achieving,
respectively, 98% (in 6 hours) and 100% (in 2 hours) of total desulfurization. The
recycling study of the ODS process was also performed, showing that the catalytic
activity was improved in second and third cycles for MSNPs-[Ny4 4 4.4]POM.

Two additional studies of the application of the heterogeneous catalyst based on cation
imidazolium, MSNPs-[C,MIM]POM, with half the solvent and half oxidant (comparing to
the three “normal” cycles) were performed. These studies had the worst results
compared to the others, obtaining only 83% and 75% of total desulfurization. Even
though the values obtained are low compared to the others studies, the results are still
very positive. By this way, it is possible to conclude that these new materials can be
promising in ODS catalysis, since excellent results in the removal of 1-benzothiophene
and derivates from the petroleum model oil were obtained.
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5. Future Perspectives

The prepared heterogeneous and homogeneous catalysts had interesting results in
both applications tested: the catalytic oxidation of cinnamyl alcohol (a lignin model
compound) and the oxidative desulfurization of a petroleum model oil.

In terms of the oxidation of cinnamyl alcohol, if there was more time to optimize the
conditions of the catalytic processes tested, the first test that would be made is to
change the solvent used, using an ionic liquid as a solvent instead of acetonitrile in
microwave heating. When acetonitrile was used in a domestic microwave, it was
necessary to constantly stop the microwave heating process to stir the mixture.
Therefore, the advantage of using an ionic liquid is that it wouldn’t be necessary to stop
the reaction to stir the mixture after only a few seconds, making it possible to perform a
continuous oxidation process.

In the future, new catalytic oxidations of model compounds of lignin can be explored
and optimized in order to answer some questions such as: What can influence the
efficiency of the catalytic process? Are the heterogeneous catalysts more promising
than the homogeneous catalysts? Is it better the use of an ionic liquid or a conventional
solvent for applying these materials into the catalytic process? Is it better to use
conventional heating or microwave heating in these processes? If microwave heating is
used, what is the best time?

The results obtained prove that it is possible to apply the innovative catalysts in the
catalytic oxidation of lignin model compound cinnamyl alcohol. By this way, it is
possible to affirm that the future is promising for these new catalysts in the valorization
of lignin.

When referring to the ODS process of a petroleum model compound, both
homogeneous and heterogeneous catalysts had excellent results. As it was mentioned
before, all heterogeneous catalysts achieved almost 100 % of total desulfurization in
only a few hours, and homogeneous catalysts about 80% to 95%. The performance
and stability of the heterogeneous catalysts should be studied in more detail using a
higher number of consecutive cycles and characterizing the catalyst after the cycles.
These results are very interesting for the future of oil desulfurization and, consequently,
for reducing SOx compounds released to the atmosphere from combustion of fuels. It
would be very interesting to apply these new catalysts in a real sample of diesel.

With the obtained results, it is possible to affirm that the new heterogeneous and
homogeneous catalysts prepared based on ionic liquids and polyoxometalates have a
bright future in Green Chemistry, contributing to a greener future.
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Annexes

A.1. NMR Spectroscopy

Solution NMR Spectroscopy
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Fig. A.1.2. - *H NMR (400.13 MHz, D,0 + NaOH, 25 °C) of MSNPs-[C,MIM][OH].
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Fig. A.1.6. - '"H NMR (400.13 MHz, DMSO d6, 25 °C) of lignin model compound, cinnamyl
alcohol.
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Fig. A.1.7. - 'H NMR (400.13 MHz, DMSO d6, 25 °C) of the catalysis of cinnamyl alcohol using
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Fig. A.1.8. - "H NMR (400.13 MHz, DMSO d6, 25 °C) of the catalysis of cinnamyl alcohol using
H,0, (30%) and [Ny 4.4.4]3[PM01,040] as catalyst, in conventional heating.

92



|

I\ i “
» FWJ’ it l*ug.J@L,_

y
B

Jom =

1B

T T T T
s 10D 3.5 30 &5

- T - : : T . - T : : : . - :
80 75 A0 65 &0 _ 55 50 45 40 35 30 25 20 15 10 05
f1 (ppm)

Fig. A.1.9. - 'H NMR (400.13 MHz, DMSO d6, 25 °C) of the catalysis of cinnamyl alcohol using
HsPMo,,0, as catalyst, in microwaves.
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Flg A.1.10. - 31P NMR (10061 MHz, DMSO d6, 25 OC) of [N4y4’4y4]3[PM012040] CataIySt.
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Fig. A.1.11. - *'P NMR (100.61 MHz, DMSO d6, 25 °C) of [C,MIM]5[PM0,,04] catalyst.
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Fig. A.1.12. - ¥p NMR (100.61 MHz, DMSO d6, 25 °C) of [C4Py]3[PM01,04] catalyst.
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Solid State CP MAS NMR

13C CP MAS NMR
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Fig. A.1.13. - Solid State **C CP MAS NMR (162 MHz, 25 °C) of MSNPs-[C,MIM]POM catalyst.
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Fig. A.1.14. - Solid State **C CP MAS NMR (162 MHz, 25 °C) of MSNPs-[N, 4 44]POM catalyst.
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3p CP MAS NMR
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Fig. A.1.15. - Solid State *'P CP MAS NMR (100.61 MHz, 25 °C) of MSNPs-[C,MIM]POM
catalyst.
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Fig. A.1.16. - Solid State *'P CP MAS NMR (100.61 MHz, 25 °C) of MSNPS-[Ng 4.4 4]POM
catalyst.
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A.2. Fourier-Transform Infrared (FTIR) Spectroscopy
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Fig. A.21. - FTIR spectra of MSNPs-[C,MIM][l], N-(3-trimethoxysilylpropyl)-3-
methylimidazolium iodide and MSNPs.
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Fig. A.2.2. — FTIR spectra of MSNPs-[C,MIM][I] and MSNPs-[C,MIM][OH].
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Fig. A.2.3. — FTIR spectra of MSNPs-[C4Py][l], MSNPs-[C,Py][OH], MSNPs and N-(3-
trimethoxysilylpropyl)piridinium iodide.
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