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Abstract

Biomass valorization is a process of converting different types of plants and residual wastes into
high-value chemicals and energies carriers. Zeolites and Metal-Organic Frameworks (MOFs) have
attracted a great deal of interest as solid catalysts owing to their developed chemical properties as
well as large available surface areas. A further functionalization can tune their intrinsic acid-base
properties to boost their catalytic performance in a given reaction. Such tailoring mostly implies
framework functionalization in MOFs and isomorphous substitution in zeolites. However, both
processes are accompanied with several challenges associated with the realization and
characterization of such-modified solids.

In this regard, a series of framework functionalization was performed on UiO-66 to produce UiO-
66-SO3H, UiO-66-COOH, UiO-66-NH2 and UiO-66-OH MOFs. On the other hand, isomorphous
substitution in a [Si,Al]-MFI type zeolite was conducted in order to replace Al by Zr atoms to
make [Si,Zr]-MFI zeolitic solids. Thus-formed solids were exposed to a detailed characterization
on structural, textural and chemical properties and eventually applied as solid catalysts. Thus, UiO -
66-SO3H demonstrated superior performance in fructose dehydration to 5-hydroxymethylfurfural
due to its pronounced Brgnsted acid properties making it the best catalyst with respect to other
tested solids. Subsequently, this was followed by upscaling of its small-scale synthesis and shaping
by extrusion. At the same time, [Si,Zr]-MFI showed the highest activity in glucose isomerization
to fructose as compared to other solids owing to its basic features.

KEYWORDS: MOFs, Zeolites, Biomass Valorization, Shaping, Dehydration, Isomerization
Résume

La valorisation de la biomasse inclus les processus de conversion de différents types de plantes et
de déchets végétaux en produits chimiques et biocarburants a haute valeur ajoutée. Les zéolithes
et une classe récente de matériaux appelés Metal-Organic Frameworks (MOFs) ont suscité un
grand intérét en tant que catalyseurs solides en raison de leurs propriétés chimiques développées
ainsi que de leurs grandes surfaces spécifiques. Une modification spécifique peut moduler leurs
propriétés acido-basiques afin d’améliorer leurs performances catalytiques dans une réaction
donnée. De telles modifications impliquent notamment une fonctionnalisation du réseau des
MOFs, ou une substitution isomorphe dans la charpente de la zéolithe. Cependant, les deux
procédés sont accompagnés de plusieurs difficultés associées a la réalisation et a la caractérisation
des solides ainsi modifiés.

A cet égard, différentes fonctionnalisations chimiques ont été réalisées sur la phase UiO-66 pour
produire des matériaux UiO-66-SO3H, UiO-66-COOH, UiO-66-NH: et UiO-66-OH. D'autre part,
une substitution isomorphe dans une zéolithe de type [Si,All-MFI a été réalisée afin de remplacer
les atomes Al par des atomes Zr pour fabriquer des solides zéolithiques de type [Si,Zr]-MFI. Les
solides ainsi formés ont été caractérisés pour obtenir une description détaillke des propriétés
structurales, texturales et chimiques, et finalement ont été appliqués en tant que catalyseurs. Parmi
les solides testés, 'UiO-66-SO3zH a démontré des performances supérieures pour la déshydratation
du fructose en 5-hydroxyméthylfurfural, en raison de ses propriétés acides Brgnsted prononcées.
A cet égard, une synthése a grande échelle de I'UiO-66-SO3H a été réalisée suivi de sa mise en
forme par le procédé d’extrusion. D’autre part, [Si,Zr]-MFI a montré lactivité la plus élevée pour



I'isomérisation du glucose en fructose par rapport aux autres solides testés en raison de ses
propriétés basiques.

MOTS-CLES : MOFs, Zéolithes, Biomasse, Mise en forme, Déshydratation, Isomerisation
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General introduction

For decades, the worldwide production of energy and energy carriers has been based on traditional
fossil fuels derived from natural sources of hydrocarbons such as coal, petroleum and natural gas.
They enable heat and electricity generation used in everyday household as well as manufacture of
transportation fuels such as gasoline and diesel. Technological breakthroughs and rapid progress
of humankind economic development within the past decades lead to a growing demand of energy
thus provoking further increase of its production and consumption. This unavoidably leads to a
higher release of exhaust gases mainly carbon dioxide into the surrounding environment. As a
consequence, concentration of CO2 and other greenhouse gases in the atmosphere increases
surpassing the cycling capacity of biogeochemical processes occurring in nature. Indeed, within
the past 15-20 years the scientific community has alerted the world to the irreversible climate
change caused by the elevated emission of greenhouse gases, notably CO2. As a response to this
call, the world’s developed countries have launched numerous common policies to reduce these
emissions and reach carbon neutrality by establishing low-carbon economies. This is one of the
central points of the famous Paris Agreement adopted at the United Nations Climate Change

Conference in 2015.

General strategy towards the carbon neutrality is based ona gradual reduction of carbon emissions
while moving progressively towards renewable energy such as solar, wind or hydro as well as
towards cleaner energy derived from nuclear power. The latter is of particular importance in France
which is one of the world’s three biggest nuclear power generating countries alongside the USA
and China. According to Eurostat, total energy produced in the European Union in 2018 originated

from fossil (35 %) and renewable sources (34 %) as well as nuclear power (31 %). Of note, France
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and Belgium are the biggest nuclear energy producers with 78 % and 65 % of their total national

energy productions, respectively.

At the same time, renewable energy is more diverse and mainly includes biomass burning for
generation of heat and electricity as well as the electricity produced from wind, hydro and solar
power plants. According to the ministry of ecological transition of France, biomass burning
represented 41 % of the total renewable energy produced in the country in 2018. Whereas, hydro,
wind and solar energy accounted for 20 %, 7 % and 3 %, respectively. Therefore, biomass is
characterized as the main source of renewable source covering around the half of the producible
energy. In addition to that, it is the only carbon-based renewable source which enables
manufacturing liquid hydrocarbon alternatives to the traditional fossil fuels i.e. biofuels. Over the
past 30 years, sustainable production of bioethanol and biodiesel has been successfully developed

and industrially implemented by many countries in the world.

The potential of biomass can also cover the needs of chemical industry by providing renewable
feedstocks in numerous productions. This is especially true in the case of the plastic industry which
has become a central point of the environmental pollution. In this regard, using biomass as
feedstock allows for biodegradable polymers as promising alternatives to the traditionally used

petroleum-derived polymers and therefore contributing to a cleaner and safer environment.

Special attention has been drawn in recent years to production of renewable alternatives to the
conventional solvents used in chemical industry. Primarily, this implies the replacement of the
petroleum-based feedstock by biomass for production of alcohols, diols, esters and so on.
However, it is also relevant to use biomass for production of entirely new green organic solvents

such as, for instance, cyrene which has become a hot topic recently.
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Another interesting aspect is that biomass enables production of biomolecules such as, for instance,
sorbitol which are either impossible or highly challenging to produce from petroleum-based
feedstock. Thus, more and more newly-derived compounds have found application in such fields

as medicine, pharmacy and food industry further expanding the relevance of biomass.

Among different existing types of biomass, the so-called lignocellulose is of particular interest as
it is the most abundant biomass and not used in food production. Its complex molecular and
structural composition requires a certain pre-treatment prior to its conversion into useful
chemicals. The latter depends on the targeted compound and in some cases might proceed through
a chain of complex transformations. The majority of them are conditioned by the presence of a
catalyst and therefore falls into the domain of enzymatic, homogeneous or heterogeneous catalysis.
Itis well known that the latter is characterized by the reaction mixture (typically liquid or gas) and
the catalyst (typically solid) being in different phases. This allows for an easier separation of the
catalyst from the reaction mixture as compared to homogeneous catalysis. Additionally, enzymes
are generally highly sensitive to reaction conditions i.e. temperature and pH thus further
highlighting the advantages of heterogeneous catalysis. Therefore, the latter is beneficial and
stimulates the development of solid catalysts for various transformations within the field of

biomass conversion.

In 2019, in MATCAT team (MATériaux pour la CATalyse) at UCCS (Unité de Catalyse et de
Chimie du Solide) at Université de Lille, a study on application of microporous solids in biomass
valorization was launched. It has resulted in a 3-year PhD project in collaboration with UPHF
(Université Polytechnique Hauts-de-France) for which | was recruited. Essentially, the Matériaux
Céramiques et de Mathématiques (CERAMATHS) team at UPHF has a great competence in

upscaling and characterization of shaped objects based on ceramics. Whereas, MATCAT team has
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a great expertise in synthesis and application of bulk (perovskites, mixes oxides) and supported
mesoporous (SBA-15) materials in biomass conversion with several scientific contributions to this
topic. Therefore, this new project has been initiated with the attempt to respond to the dynamics
with which microporous solids are designed and successfully applied in biomass conversion with

a certain effort made on their upscaling and shaping.

With this being said, the primary attention was given to zeolites which are among the most
recognized and widely used microporous solids. Their unique structure composed of mixed SiO -
AkLO3 grants them crucial physico-chemical properties which make them excellent catalysts in
numerous applications even without further deposition of active sites. This is because zeolites
exhibit intrinsic acidic properties making them important solid acids. One of the appealing and yet
challenging subjects in zeolite synthesis is the possibility to replace Al atoms by another element
which unavoidably leads to alteration of their acid properties. Such replacement is known in the
literature as isomorphous substitution and many elements have been successfully incorporated and

some of them are poorly described in the literature.

Metal-Organic Frameworks (MOFs) are another type of microporous solids which were first
discovered in the end of the 1990s. As compared to zeolites, they are considered new and have
already attracted a great deal of both academic and industrial interest. The period from the late
1990s to the 2010s was the time of intense discovery of new MOFs leading to the outstanding
90 000 structures known so far. The application-targeted studies on MOFs vastly increased from
the 2010s onwards. Essentially, MOFs are constituted from a metal node (ions or clusters)
coordinated by organic linkers (acids or heterocyclic compounds) resulted in a crystalline, highly
porous framework. Similar to zeolites, MOFs can be considered solid acids with their acid

properties possible to modify via framework functionalization.
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Therefore, this project aims at designing zeolites and MOFs with varied functionalities for further
application as solid catalysts in the catalytic transformation of monosaccharides. It was decided to
pick two representative reactions namely fructose dehydration to 5-hydroxymethylfurfural (HMF)
and glucose isomerization to fructose. The idea behind this choice was dictated by the simplicity
of both reactions as well as the different nature of active sites they require. Therefore, MOFs and
zeolites produced in this work were subjected to modification of their acid-base properties in order
to make them active in the Bragnsted acid catalyzed fructose dehydration as well as in the Lewis

acid (or base) catalyzed glucose isomerization.

The work has been done in the period from March 2019 to June 2022 and this manuscript is written

in five chapters:

- Chapter | introduces general concepts of the work including biomass conversion, fructose
dehydration and glucose isomerization with a short review of the active sites needed for each of
the two reactions. It covers also the bibliographic research on the typical solid catalysts used for
this purpose. A certain attention was given to the classical zeolites and MOFs and their comparison
when applied in fructose dehydration and glucose isomerization. Chapter | also reviews the
existing literature on upscaling and shaping of MOFs as it has recently become a central research

interest in order to facilitate their industrial implementation.

- Chapter 1l summarizes the materials and methods used to accomplish the experimental part of
this thesis. This includes the synthesis of a classical zeolite as well as isomorphous substitution
performed to replace Al by Zr. As for MOFs, chapter 1l also describes the synthesis of the classical
UiO-66 as well as its functional analogues via insertion of different groups into its framework:
-SO3H, -COOH, -OH and -NH:. Besides, a detailed information on characterization methods

applied on both zeolites and MOFs was provided. A special care was given to establish a green,
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scalable synthesis of the functionalized MOFs in order to facilitate their upscaling and further

shaping.

- Chapter 111 contains insights into the synthesized zeolites and includes detailed discussion of their
characterization. It includes the classical MFI-type zeolite composed of SiO2-AkOz and its
isomorphously substituted analogues i.e. MFI-type metallosilicate composed of SiO2-ZrO». The
role of Zr and especially its location (either inside or outside the framework) will be discussed in
detail. Therefore, aspecial attention was drawn to the evolution of their acid-base properties caused
by the presence of Zr and its impact on the catalytic performance in fructose dehydration and

glucose isomerization.

- Chapter IV comprises discussions on the synthesized MOFs and firstly includes the results of
their functionalization i.e. characterization of the classical UiO-66 and its functionalized
counterparts, UiO-66-SO3H. Secondly, a certain effort was made to replace a hazardous and toxic
solvent used for the synthesis of UiO-66-SO3sH by water thus providing green synthesis conditions.
The solvent replacement led to some irreversible structural changes which were discussed in detail.
This strategy was further successfully applied to a series of MOFs such as UiO-66-COOH, UiO-
66-OHand UiO-66-NH2. Chapter 1V also provides insights into catalytic performance in fructose
dehydration and glucose isomerization of thus-synthesized MOFs. This is followed by correlating

the results with the acid-base properties induced by the functional groups.

- Chapter V represents a small contribution into the growing need for MOFs commercialization. It
includes the outcome of the UiO-66-SOsH synthesis upscaling after the optimization of its small-
scale synthesis in green conditions. This was made in order to ensure the large amount of powdery
UiO-66-SO3H needed for its further shaping. For the latter, pelletization and extrusion were chosen

as preliminary techniques to probe applicability of shaping on UiO-66-SO3sH. Therefore, chapter V
6
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includes discussions on the effect of shaping on structural and textural properties of the MOF. This
was followed by a quick evaluation of usability of thus-shaped UiO-66-SOsH in fructose

dehydration and their overall catalytic performance.

At the end, this manuscript contains the general conclusion of the performed work by outlining the
critical and relevant points. Some future perspectives on the possible continuation of this project

were also given.
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1. Biomass Valorization

1.1. General Concepts

Over the past few decades, the world has faced several global problems. One of them is climate
change, which would inevitably occur due to uncontrollable emissions of greenhouse gases into
the atmosphere. Nowadays it is becoming a central topic of debates as its first effects (higher
temperatures, wildfires more frequent, storms more severe) became significant. Also, others, even
more dramatic effects, are expected (sea level rise, more health risks, less food, loss of
biodiversity). On the other hand, there is a full awareness that social and economic growth
especially in developing countries will necessarily require a larger amount of energy. The latter,
in turn, will unavoidably trigger even more emissions of greenhouse gases, especially carbon
dioxide. Therefore, there is a strong need for developing sustainable fuels, power, heat and
biomaterials to gradually substitute traditional fossil feedstocks. Due to the finite nature of the
latter, a great deal of attention was drawn towards biofuels and biopower derived from renewable
sources [1]. Among different types of renewable sources such as hydropower, wind power, solar
power, geothermal energy and others, biomass is considered the only carbon-based energy source
and therefore can potentially yield liquid hydrocarbon energy carriers. Generally speaking,
biomass is any organic matter which can be used as energy source. This includes herbaceous
biomass such as agricultural crops, woody biomass, marine algae or even animal organic
matter [2]. Over the past decades, a great deal of attention has been drawn into biomass-derived
biofuels for needs of transportation. Thus, one of the first biofuels of this kind is the famous
bioethanol which has been used as a blend with gasoline for more than 40 years now. Besides,
biodiesel or the so-called FAME (fatty acids methyl esters) can be added to this list of

commercially available biofuels so far [3]. However, the major concern about the use of such
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biofuels lies in the way they are produced. More precisely, they are both made of the crops
traditionally used for food and animal feed. Thus, bioethanol production relies on corn or sugar
cane while biodiesel requires vegetable oils and soybeans as raw materials. Therefore, there is a
need nowadays for production of biofuels and biomass-derived fine chemicals from “non-food”
i.e. inedible biomass mostly originated from residues of different nature: agriculture, food or wood

production.

1.2. Lignocellulosic Biomass

Among different sources of biomass, lignocellulosic biomass is without a doubt the most attractive
simply because it is the most abundant. The term “lignocellulosic” implies biomass mainly derived
from agricultural wastes, hard or soft wood and grasses. It consists of three major components:
cellulose, hemicellulose and lignin (figure 1-1) and the ratio between each component varies

depending on the plant it was issued from [3-5].

OH

OH

O,
HO O
HO 10}
OH o

OH "

Lignin
(~25 %)

Cellulose
(~45 %)

OH

OH
10] HO 10]
[0)
OH
n
Hemicellulose

(~30 %)

Figure 1-1. Schematic representation of a typical chemical composition of lignocellulosic
biomass derived from a wood-based biomass. Lignin’s composition is simplified due to its
complex structure. Adapted from [4,5].
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Typical valorization of lignocellulosic biomass upon harvesting includes drying and thermal
processing via combustion, pyrolysis, gasification, liquefaction or fermentation to produce
biofuels (gas, liquid, bioethanol) and bioenergy (heat, electricity) [2,5]. Inaddition, lignocellulosic
biomass has a great potential towards production of a wide variety of high-value chemicals. For
this, a certain pretreatment is needed. This step is crucial as it allows to convert carbohydrate
polymers into sugar monomers in a cost-effective way, however technologically challenging at
large scale due to separation issues. Nevertheless, general pretreatment technologies include
physical (ultrasonic, irradiation), chemical (acid, alkal), and biological (microbes/enzymes)
methods [5]. Upon typical acidic or enzymatic pretreatment used oftentimes, cellulose and
hemicellulose are depolymerized into hexoses and pentoses, respectively, whereas the lignin
component breaks down into phenolic compounds [6,7]. Thereafter, many reactions may be
performed to convert the sugar monomers and the phenolic compounds derived hereafter into more

valuable products, such as hydrogenation, isomerization, and deoxygenation (figure 1-2).
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Figure 1-2. Schematic representation of examples of valuable chemicals derived from
lignocellulosic biomass upon its pretreatment step. Adapted from [8,9].
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Some of them, such as furfural, can only be produced from lignocellulosic biomass, while for
others, such as lactic acid, the traditional petroleum-derived production is progressively replaced
by a sustainable route via fermentation of lignocellulosic biomass [10]. Interestingly, vanillin,
which is widely-used in food industry and traditionally made from the petroleum-derived guaiacol,
was shown to be sustainably produced from lignin with the remarkable 15 % of the total annual

vanillin production [11,12].

1.3. Valorization of Glucose

One of the critically important biosourced molecules is glucose, a six-membered monosaccharide.
Glucose is naturally found in plants, mostly in fruits and berries, and is primarily used in the food
industry as a sweetener. In chemical industry, glucose is a well-known starting material for the
synthesis of high-value platform chemicals [13]. Industrial production of glucose consists of acid
or enzyme catalyzed hydrolysis of polysaccharides, notably starch derived from corn or wheat
[14]. At the same time, glucose can be produced from lignocellulosic biomass as well via acid or
enzyme catalyzed process [15]. However, it is more challenging due to the composition of
lignocellulosic biomass from which only the cellulose fraction can break into glucose monomers.
This requires additional separation and purification steps. Moreover, cellulose is generally less

soluble in water than starch which further complicates the treatment.

Nevertheless, glucose has a high potential for further chemical transformations. Thus, upon
hydrogenation, it is converted into sorbitol, animportant sugar alcohol with numerous applications
especially as a precursor for the synthesis of vitamin C [16]. Upon further dehydration, sorbitol
yields isosorbide, another important biosourced molecule with a high potential as a renewable and
biodegradable monomer for the production of biopolymers such as polyesters and polycarbonates
(fgure 1-3) [17].
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Figure 1-3. Schematic representation of the routes towards glucose-derived biomolecules [13].

Glucose isomerization into fructose is a critical process as the latter opens up the doors towards a
large variety of bio-derived platform chemicals. Glucose isomerization is a reaction typically
catalyzed by Lewis acids therefore a plethora of classical Lewis acids have been applied for this
purpose [18-20]. Generally, glucose isomerization over Lewis acids proceeds via the so-called
“intramolecular hydride shift” multi-step mechanism (figure 1-4). The latter includes glucose ring-
opening to the acyclic form once adsorbed on a catalyst. This is followed by glucose-to-fructose
isomerization at C1to C2 positions (at this stage hydride shift occurs on a Lewis acid site). Finally,
ring-closure proceeds in order to release the formed fructose. On the other hand, bases can also
catalyze the glucose-to-fructose isomerization and many bases have also been examined in both
heterogeneous [21-25] and homogeneous [26-28] catalysis domains. Of note, over a solid base
catalyst, the reaction proceeds in a different fashion, viathe so-called “proton transfer” mechanism
which implies deprotonation of glucose by a base catalyst. Upon isomerization at C1to Cz positions

the proton is moved back from the catalyst to release fructose (figure 1-4).
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Figure 1-4. Schematic representation of the mechanisms of glucose isomerization into fructose

catalyzed by bases (B, top: “proton transfer”’) and Lewis acids (LA, bottom: “intramolecular

hydride shift”). The Lewis acid site (L) is represented here as a metal site on a typical zeolitic
material. Adapted from [29].

1.4.Valorization of Fructose

Fructose is another important biomass derived molecule, a simple six-membered monosaccharide.
As aglucose isomer, fructose has the same natural occurrence as glucose and is used as well mainly
in the food industry, more precisely for the production of beverages. It is an important starting
material in chemical industry which enables high-value chemicals and is produced from glucose
via isomerization as discussed above. Also, the industrial production of fructose mainly implies
isomerization of glucose obtained from hydrolysis of corn or wheat starch. This process is

catalyzed by enzymes and is considered one of the first examples of industrial implementation of
enzymatic catalysis [30].
Fructose dehydration into 5-hydroxymethylfurfural (5-HMF or HMF) (figure 1-5) is of particular

interest as it is considered as a key renewable platform chemical for the production of additives
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for conventional hydrocarbon fuels as well as a substitute for the preparation of building blocks in
polymers production. Industrial production of HMF was only implemented a few years ago, in
2014, by a Swiss company “AVA Biochem” with the annual capacity of 20 tons. HMF formation
via fructose dehydration is typically catalyzed by Bransted acids, however, direct formation from
glucose is also possible through the initial isomerization step catalyzed by Lewis acids or bases as
shown above. The latter is more desirable as glucose is more abundant and cheaper than fructose,
however, the yields are much lower due to the additional isomerization step which limits the
overall reaction rate. Typically, the direct fructose-to-HMF dehydration is a one step process
which, due to the simplicity, has been extensively studied for many years, therefore constantly
enriching the existing literature on this subject. Accordingly, it includes studies on fructose
dehydration in many different solvents (organics, water, binary systems) as well as ionic liquids
[31-36]. Besides, there is a wide variety of applied catalysts such as mineral/organic acids [37—
41] and solid acids [42-47] bringing this reaction in both homogeneous and heterogeneous

catalysis domains, respectively.

Of note, it is clear that the choice on heterogeneous catalysis profits the product-catalyst separation
and therefore is more beneficial over homogeneous catalysis. At the same time, water as the
solvent is a poor choice as it does not favor dehydration and shifts the chemical equilibrium
towards the reactant. lonic liquids, on the other hand, despite their activity are expensive as
compared to the conventional solvents. Therefore, a reasonable fructose dehydration process
would be performed over a solid catalyst in an organic solvent. The choice of the latter is limited

due to the poor solubility of fructose, and sugars in general, in organic solvents.

15



Chapter | — Solid Acids as Catalysts

HO o OH
\\Q( Deh) dration v Rehydration )b\”/ 0
OH
+ \ / OH
- ont H (BA) H (BA)

Fructose 5-HMF Levulinic Acid Formic Acid
Humins and Humins and Side Products
Soluble Oligomers Soluble Oligomers

Figure 1-5. Schematic representation of fructose dehydration over Brgnsted acids and potential
side reactions. Adapted from [48].

Nevertheless, upon further dehydration HMF can undergo ring-opening due to rehydration leading
to lewulinic acid, another important platform chemical formed equimolarly together with formic
acid [49,50] (figure 1-5). The former is a precursor to ethyl-levulinate and gamma-valerolactone
(GVL), two potential biofuels which can be also used as green solvents [51,52]. Lastly, despite
challenges a cascade reaction starting from glucose to form HMF is possible using conventional

solid acids with pronounced acidic properties (dual Brgnsted-Lewis) [53,54].

2. Solid Acids as Catalysts

Typical solid acids classically include oxides such as Al2Os; mixed oxides: amorphous or
crystalline  SiO2-AkOg3; mixed metal oxides: Nb203-WOs; resins: Amberlyst or Nafion; or
promoted oxides: SiO2-SOsH, ZrO2-SOsH. Traditionally, acidic properties of solid acids are

described by the following features:
1) nature of acid sites: Lewis and/or Bransted:;
2) number of acid sites which is analogous to concentration of liquid acids;

3) acid site strength which is analogous to pKa values of liquid acids.
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2.1. Zeolites

Zeolites are crystalline microporous aluminosilicates. As the name suggests they are composed of
silicalite (SiO4) and aluminate (AlO4") tetrahedral units (or Primary Building Units, PBUS) with
an approximate molecular formula Mxn(AlO2)x(SiOz2)y-zH20, where M is the cation of valence n
(n = 1 or 2) compensating the negatively charged framework originated from the tetrahedrally
coordinated Al atom. Interconnection of the PBUs via bridging oxygen atoms enables formation
of the so-called Secondary Building Units (SBUs) which upon further interconnection define the
final zeolite framework. Nowadays, there are around 255 unique structures approved by IZA
(International Zeolite Association) and the number continues to grow [55]. The frameworks are
usually named after the scientists or companies who first discovered them. For example, the
famous FAU zeolite is named after the French geologist Barthélemy Faujas de Saint-Fond.
Additionally, zeolites are oftentimes described by the number of framework atoms constituting the
“rings” i.e. the associated pores. “Members” in a zeolite ring are represented by Si and Al atoms
(or more generally T-atoms) and serve as an additional way to distinguish zeolites frameworks.
For instance, there are frameworks with 8-membered rings (MR) having 8 Si or Al atoms forming
pores with asize of <0.45nm, 10-membered rings with <0.6 nm, 12-membered rings with <0.8 nm

and even 14-membered rings with >0.8 nm pore size [55,56].

Thanks to their excellent textural and physico-chemical properties as well as their high thermal
stability, zeolites have been used in numerous applications including ion-exchange, adsorption,
heterogeneous catalysis and many more [57-60]. Among these 255 zeolite structures, only a few
retained most of academic and industrial interest making up the “Top-5” zeolites: Mordenite which
belongs to MOR framework type according to 1ZA, Ferrierite (FER), beta (*BEA), Y (FAU) and

ZSM-5 (MFI) (figure 1-6). Notably, the ZSM-5 zeolite is composed of SBUs of “pentasil” type,
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forming a continuous 3-dimensional organization. Its framework consists of intersecting straight
and sinusoidal pores of around 0.55 nm originated from the interconnection of the pentasil SBUs
and thus resulting in 10-membered rings. Specifically, the ZSM-5 has been used as an industrial
catalyst for cracking, isomerization and alkylation processes over decades and continues to be the

benchmark catalyst in petrochemical industry [61].
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Figure 1-6. The “Top-5” zeolite frameworks: MOR (12 MR, a) with pore size of 0.65 nm x
0.70 nm; FER (10 MR, b) with pore size of 0.48 nm x 0.55 nm; MFI (10 MR, c) with pore size
of 0.51 nm x 0.55 nm; *BEA (12 MR, d) with pore size of 0.67 nm x 0.66 nm and FAU (12 MR,
e) with pore size of 0.74 nm x 0.74 nm [56]. Adapted from [62].

Traditionally, zeolites are produced via hydrothermal method i.e. under elevated pressure and
temperature using a Si-source (colloidal SiO2 or tetraethyl orthosilicate, TEOS) and an Al-source
(Al-salts). Besides, their synthesis relies on the use of organic structure-directing agents (OSDAS)
to form the desired types of pores and channels. These represent a large class of compounds and
include tetrapropylammonium hydroxide (TPAOH), ethylenediamine (EDA), diethanolamine
(DEA) and many others. Last but not least, crystallization of zeolites during hydrothermal
treatment is ensured by the alkalinity of the synthesis solution, therefore implying the use of
classical alkali hydroxides such as NaOH [63,64]. The latter results in Na* acting as cations

compensating the negatively charged zeolite framework once the synthesis is accomplished.

As for acidic properties, when the charge is compensated by a proton (H*), thus-formed bridging

hydroxyl groups Si-(OH)-Al serve as Brgnsted acid sites; while their Lewis counterparts are
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generally associated with the so-called extra-framework Al atoms or framework defects on the
surface (figure 1-7). At the same time, acid site density is directly linked to the number of Al atoms
and therefore associated with the SI/Al ratio; whereas acid strength is dictated by the position of
Al atoms with respect to the next nearest neighbors (NNN). Thus, the more Al-atoms occupy these
NNN positions the lower the resulting acid strength will be [65]. With this being said, one of the
possibilities to vary the acidic properties of zeolite implies changing the number of Al atoms in

their framework.

2.2. Metal-Organic Frameworks (MOFs)

Over the past ten years, MOFs have been extensively investigated until becoming a major material
for studies on adsorption and catalysis. Their structure is comprised of a metal node (ion or cluster)
and an organic linker (for example, organic acids). Together they form highly crystalline 1-, 2- or
3-dimensional microporous solids. Due to their large surface area and tunable physicochemical
properties, they have been used in different applications such as heterogeneous catalysis, waste-
water purification with a special interest in toxic gas removal and gas storage [76-80]. During the
past years, new MOFs have appeared to achieve the outstanding 90 000 structures known so far
and the number continues to grow [81]. A selection of 5 most studied MOFs as in the case of the

“TOP-5” zeolites is depicted in Table 1.1.
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Table 1.1 — “TOP 5” selected MOFs among the most studied structures as for now.
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Once it was first described in 1999 by Chiu et al. [82], HKUST-1 (Hong Kong University of
Science and Technology) also named MOF-199, raised a great deal of academic interest in MOFs.
Its well-defined 3-dimensional structure composed of the so-called “paddlewheel” building units
based on Cu?* clusters and benzene-1,3,5-tricarboxylate linkers give rise to a highly crystalline
microporous framework (Table 1.1). Its textural features are governed by a high surface area
~1500 n?-g! and pore size originated from 3 different cavities within its framework: 0.5 nm,
1.1 nm and 1.4 nm. At the same time, HKUST-1 was shown to be easily scalable with high space-
time yields in industrially relevant and “green” conditions [83]. Nevertheless, HKUST-1 exhibits
low hydrostability i.e. it is highly sensitive to moisture even after short exposure to ambient
conditions [84]. It leads to continuous coordination of water molecules on Cu centers over time
leading to their complete hydration and subsequently structural collapse due to formation of copper
hydroxide. Consequently, it requires special storage conditions which seriously limit its industrial

application.

Around the same time as HKUST-1, IRMOF-1 also calltd MOF-5in reminiscence of the famous
ZSM-5 zeolite was first described by Yaghi et al. [85]. It is buit from ZnsQS- clusters
interconnected by benzene-1,4-dicarboxylate linkers. This MOF has a high thermal stability
exceeding 300 °C and exceptional textural properties with a surface area of around 3000 m? gt
and pore size of around 1.85 nm. As a consequence, MOF-5 became apromising candidate for gas
storage application [86]. Nevertheless, the chemical stability of MOF-5is considered moderate as

it is prone to structural degradation in the presence of moisture, similar to HKUST-1 [87,88].

In 2006, Yaghi et al. [89] reported on the large family of ZIFs, zeolitic imidazolate frameworks,
consisting of Zn2* (or Co?*) bound together by 2-methylimidazole linkers in the same manner as

Siand Al are bound via bridging oxygen atoms in conventional zeolites. Among the reported
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MOFs, ZIF-8 gained the most attention due to its exceptional thermal stability up to 500 °C which
is one of the highest reported for MOFs in general [90]. This is due to the strong bonding between
Zn and nitrogen atoms of 2-methylimidazole which also provides high chemical stability [89]. In
addition, ZIF-8 is highly porous with a typical surface area around 2000 m2-g! and pore size

around 1.2 nm.

In 2002, the group of Férey [91] reported the family of MIL (Matériaux de I'Institut Lavoisier)
MOFs. Typically, they consist of a M(ll1): Al, Fe or Cr octahedra interconnected via benzene-1,4-
dicarboxylate linkers leading to three-dimensional porous structures with surface areas above
1000 m?-gL. Interestingly, some MOFs issued from this family exhibit a unique pore breathing
feature which implies achange ofits intrinsic pore dimensions. Indeed, it was shown that Al-based
MIL-53 underwent pore expansion from an average size of 0.77 nm x 0.73 nm to 0.85 nm X
0.85 nm upon removal of guest molecules by thermal treatment. This was followed by the
reversible pore contraction down to 0.26 nm x 1.36 nm upon re-adsorption of water molecules

which apparently bind Al clusters via H-bonding and therefore decreases the pore size [92].

Lastly, among the most famous and well-studied MOFs there is the so-called UiO-66
(Universitetet i Oslo) first described in 2008 by Lillerud and co-workers [93]. This MOF is
composed of ZrsO4(OH)412* clusters connected by terephthalate linkers to form a continuous 3D
structure with a cubic orientation of the unit cell (Fm-3m space group). Its approximate surface
area accounts for 1000-1200 n?-g! with pore sizes below 2 nm derived from the tetrahedral and
octahedral cages of 0.8 nm and 1.2 nm, respectively. Importantly, UiO-66 is considered as one of
the most stable MOFs both thermally (with decomposition temperature above 300 °C) and
chemically [94,95]. Due to the phenomenon known as “missing linkers”, the classical UiO-66

exhibits Coordinatively Unsaturated Sites (CUS) on Zr-clusters which serve as a source of Lewis
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acidity. Besides, -OH groups on the clusters give rise to Brensted acidity making them typical

solid acids (figure 1-7).

i) o O o

Figure 1-7. Schematic representation of acid sites in UiO-66 (i): hydroxyl groups acting as
Bransted sites (a) and open sites on Zr atoms acting as Lewis sites (b) due to a missing linker on
the cluster represented as a blue polyhedron; as well as in a zeolite (ii): Lewis sites due to the
defects on Si and Al atoms (c) and Brgnsted sites as bridging hydroxyl groups (d) and terminal
silanol groups (e). Hydrogen atoms in the MOF’s structure are omitted for simplicity.

2.3. Tuning of Acidic Properties in Zeolites and MOFs

Varying the SVAI ratio in zeolite compositions is one of the well-known and straightforward
strategies to modify the number of acid sites and the strength of a single site. It has been
successfully employed for different =zeolite structures [66-68] for various applications.
Importantly, it was experimentally proven that zeolites with a high Al content exhibited a higher
fraction of weak acid sites. Thus, H-MOR zeolite with SVAI =6 displayed 75 % of weak acid sites
as compared to 68 % of the H-MOR with SVAl = 16 [69]. This further supports the hypothesis on

Al atoms occupying the NNN positions discussed above.

Another widely-used and yet challenging methods to vary acidic properties of zeolite is the so-

called isomorphous substitution of Al by a heteroatom [70]. The term “isomorphous” implies the
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tetrahedral coordination of the newly-inserted heteroatom into the framework. The latter includes
main group metals (Ga, Ge, Sn), non-metals (B) and transition metals (Ti, Fe). Thus-formed solids
can no longer be called “zeolites” as they contain no Al but rather “zeotypes” or simply ‘“element-
silicates™, for example “Ti-silicates”. It is important to understand that quadrivalent elements such
as Ti or Sn cause no negative framework charge when in tetrahedral coordination. Thus, when
replacing Al, they are believed to decrease the number of Brgnsted sites to a great extent and
mainly generate Lewis acid sites which was confirmed by several authors [71,72]. On the other
hand, isomorphous substitution of Al by another trivalent element retains the intrinsic acidic
properties of classical zeolites, however considerably modifying them. Thus, the milestone study
conducted on several zeotypes with B, Fe and Ga as heteroatoms in the MFI framework
experimentally revealed the decrease in strength of Brgnsted acid sites in the following order: [B]-
MFI < [Fe]-MFI ~ [Ga]-MFI < [Al]-MFI [73]. These observation were later confirmed by several
authors [74,75]. Thus, such tunability of acidic properties via variation of the SV/Al ratio or
iIsomorphous substitution in zeolites allows modification of their chemical properties and hence

their application.

Lastly, although zeolites are predominantly known as solid acids they also exhibit intrinsic basic
properties They are less pronounced and only ascribed to the presence of alkali (Li, Na, K or Cs)
and alkali-earth metals (Ca, Mg) asthe charge compensating cations. Therefore, their number also
primarily depends on the number of Al atoms as the source of the negative charge and tuned
accordingly via the SI/AI ratio. Whereas the strength of basic sites in zeolites are considered to
increase in the following order: Li <Na< K <Csand Mg < Ca and simply modified by performing

ion-exchange to replace one by another.
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Like zeolites, MOFs are capable of tuning the acidic properties in order to modify their
performance in the targeted application. Nevertheless, owing to their relative novelty as compared
to zeolites, the research in this field is still gaining momentum. Accordingly, there are several ways
towards alteration of their acidic properties. Firstly, the metallic center in isostructural MOFs can
be replaced by another metal. Thus, when Crwas replaced by Fe in MIL-100, the strength of Lewis
acid sites was considered to increase as confirmed by higher activity of MIL-100(Cr) in
isomerization of dicyclopentadiene as compared to MIL-100(Fe). Same conclusion was made on
MIL-101(Cr) and MIL-101(Fe) [96]. Similar study was conducted on a series of isostructural UiO-
66 composed of Zr, Ce and Hf. Specifically, strength of the Bransted acid sites (-OH) on the metal
cluster were shown to increase in the following order: UiO-66(Zr) < UiO-66(Ce) < UiO-66(Hf)

supported by the highest activity of the latter in glycerol acetalization [97].

Besides, MOFs are known for their excellent capacity towards framework functionalization. For
instance, acidic groups (-COOH or-SO3H)can be inserted on their frameworks in order to generate
Bransted acid sites. This can be done by grafting a functional group on the linker viapost-synthetic
modification [98]. Such method requires the use of aggressive oxidizing agents and therefore
cannot be employed for many MOFs due to their limited chemical stabilities. Contrary, direct
framework functionalization allows to avoid this problem and consists of using linkers
functionalized before the actual MOF synthesis. For instance, employing benzene-1,2,4-
dicarboxylate linker with one additional carboxylic group instead of the original benzene-1,4-
dicarboxylate linker for the synthesis of UiO-66(Zr) allows to make UiO-66(Zr)-COOH. This
method is therefore considered more pertinent and is applied for variety of MOFs. Thus, generation
of Bragnsted acid sites was successfully performed on UiO-66(Zr), MIL-101(Cr), MIL-53(Al) and

others [99-101].
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Importantly, basic functional groups such as -NH2can also be easily inserted to generate basic sites
and therefore expand their intrinsic applications. The list of such basic MOFs continuously
increases and includes UiO-66(Zr)-NHz, MIL-101(Cr)-NHz, MIL-53(Al)-NHz and many others

[102,103].

2.4. MOFsvs Zeolites — Chemical and Structural Comparison

Both classes of solids exhibit intrinsic acid properties which are originated from their unique
chemical compositions as discussed above. Table 1.2 summarizes corresponding features of each
class depending on the nature, number and strength of acid sites as well as the ways to modify

them.
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Table 1.2 — Comparison of acid properties of MOFs and zeolites and the ways to their tunability.

MOFs

Zeolites

Lewis:

1) Structural defects i.e. missing

linkers.
Brgnsted:

-OH groups on metal clusters.

Usually weak.

Depends on the nature of the
metal constituting the MOF and
of the linker.

Depends on the metal and linker
constituting the MOF.

1) Replacement of the metal,
2) Defects control

3) Framework functionalization.

Nature of Acid Sites

Number of Acid Sites

Strength of Acid Sites

Modification Strategy

Lewis:

1) Extra-framework Al species;
2) Defects on Si or Al atoms.
Bransted:

1) -OH groups in Si-(OH)-Al.

2) Si-OH silanol groups. Usually

weak.

Depends on the number of Al

atoms i.e. SVAI ratio.

Depends on the number of Al

atoms and their position (NNN).

1) Variation of the SVAI ratio;
2) Replacement of Al by another
i.e.

element isomorphous

substitution.

As seen from Table 1.2, both MOFsand zeolites share common features. Nevertheless, despite the

similarities in chemical properties, MOFs and zeolites are much different in terms of structural

properties. Indeed, built completely from inorganic SiO2 and AkO3 units, zeolites are usually more

chemically and thermally stable than MOFs which exhibit rather a hybrid (inorganic + organic)

composition (Table 1.3).
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Table 1.3 — Comparison of general features of MOFs and zeolites.

MOFs Zeolites
less Synthesis Difficulty higher
higher Surface Area and Pore Volume lower
less Thermal Stability higher
less Chemical Stability higher
higher Properties Tunability lower
higher Cost lower
lower Regeneration higher

To sum up, each of the materials have their “pros and cons” and the final choice depends on the
targeted application. However, due to their superior surface area and pore volume and therefore
higher hosting capacities, MOFs are slowly but surely replacing zeolites in gas adsorption
applications (storage, separation, purification). This applies especially to inert gases (H2, N2, He)
or gases having low reactivity (CH4, CO2, CO). Otherwise, in the case of reactive gases, for
example, in NHs or HCOH removal, regeneration might be challenging due to possible strong
interactions with MOF surfaces as the latter is intolerant to high temperatures or washing media.
On the other hand, due to their superior thermal stability, zeolites remain indispensable for

processes operating at high temperatures (>300 °C).
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3. Fructose Dehydrationon Solid Catalysts

3.1. Zeolites

Zeolites have been used in biomass conversion for decades now. Particularly, the first work on
direct fructose dehydration over zeolites was published in 1994 by Moreau et al. [104]. The authors
consistently studied different zeolites in their acidic form: H-beta, H-ZSM-5, H-faujasite and H-
mordenite in H2O/MIBK (methyl isobutyl ketone) biphasic system with the latter acting as a

simultaneous extraction solvent (Table 1.4).

Table 1.4 — List of zeolites applied in fructose dehydration under different conditions.

Catalyst4 Mrrud/Mear,  Solvent T,°C t,h Fructose HMF yield Ref
mg/mg conv., % (selec.), %

Blank - H,OIMIBK 160 1 32 12 (38) [104]
H-beta (15)* 35/10 H,O/MIBK 160 1 85 34 (40) [104]
H-ZSM-5 (25) 35/10 H,O/MIBK 160 1 90 53 (59) [104]
H-faujasite (15) 35/10 H,O/MIBK 160 1 76 40 (53) [104]
H-mordenite (11) 35/10 H,O/MIBK 160 1 76 69 (91) [104]
H-beta (16) 20/4 H,O 165 - ~80 20 (25) [105]
H-ZSM-5 (13) 20/4 H,0 165 - ~80 20 (25) [105]
H-mordenite (12) 20/4 H,0 165 - ~80 32 (40) [105]
H-beta (16) 20/4 H,O/MIBK 165 - ~80 32 (40) [105]
H-ZSM-5 (13) 20/4 H,O/MIBK 165 - ~80 50 (62) [105]
H-mordenite (12) 20/4 H,O/MIBK 165 - ~80 56 (70) [105]
H-ZSM-5 (25), micro  60/8 H,O 130 10 63 3(5) [106]
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Table 1.4 continued

H-ZSM-5 (25), hierar ~ 60/8 H,O 130 10 73 15 (21) [106]
H-beta (12), micro 60/8 H,0 130 10 75 5 (7) [106]
H-beta (10), hierar 60/8 H,O 130 10 77 10 (13) [106]
H-USY (30), micro 60/8 H,O 130 10 59 4(7) [106]
H-USY (26), hierar 60/8 H,0 130 10 65 6 (9) [106]
H-beta (19) 625/62 H,0 150 4 76 13 (17) [107]
H-beta (19) + BP2000  625/62 H,O 150 4 82 28 (34) [107]
H-beta (22), nano 218/18 DMSO 120 5 73 52 (71) [108]
H-beta (22), microsph.  218/18 DMSO 120 5 78 68 (87) [108]

A Powder catalyst dispersed in a batch reactor;

* Numbers in brackets correspond to the Si/Al ratios;

BP2000 — carbon black.

They found that the presence of acidic zeolites largely increases fructose conversion and HMF
yield as compared to the “no catalyst” runs. Thus, after 1 h of reaction at 160 °C, fructose
conversion increased from 32 % (blank test) up to 85 % over H-beta, 90 % over H-ZSM-5, 76 %
over H-faujasite and 76 % over H-mordenite. The corresponding selectivities towards HMF
accounted for 38 %, 40 %, 59 %, 53 % and 91 %, respectively. The higher selectivity over H-
mordenite was attributed to the structural features of the zeolite i.e. to its two-dimensional pore
organization which limits HMF rehydration into side products or its oligomerization. Whereas the
lower HMF selectivity over H-faujasite and H-beta probably originates from the three-dimensional
pore organization with larger apertures. Thus, H-mordenite can be considered as the catalyst with
the highest shape selectivity towards HMF among the studied zeolites. Their further work [109]

addressed the diffusion of fructose and HMF in H-mordenite as-such or after dealumination which

led to the formation of mesopores. Thus, they found that the selectivity towards HMF decreased
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from 91 % to ~61 % over H-mordenite with an increase in mesopore volume from 0.056 cm3-g'?
to 0.163 cmi-g1, respectively.

Similarly, Ordomsky et al. [105] examined H-ZSM-5, H-beta and H-mordenite zeolites in fructose
dehydration both in H20 and H2O/MIBK biphasic system. They found that H-ZSM-5 was the most
active in fructose dehydration reaching the complete conversion after ~4 h of reaction at 165 °C
in H20 as solvent whereas H-mordenite and H-beta reached their maximum conversion with ~85 %
and ~70 % after ~5 h, respectively. At the same time, at 80 % fructose conversion HMF selectivity
accounted for ~40 % for H-mordenite and ~25 % both for H-ZSM-5 and H-beta. The higher
selectivity over the former agrees well with the results reported by Moreau [104]. Besides, the
authors confirmed an increased selectivity towards HMF when using the biphasic H.O/MIBK
solvent system as compared to monophasic aqueous system over all of the studied solids. At ~80 %
fructose conversion, HMF selectivity raised to nearly 70 %, 62 % and 40 % respectively over H-
mordenite, H-ZSM-5 and H-beta. These results, therefore, also proved the positive effect of using
MIBK as the HMF extracting solvent in H2O/MIBK biphasic system and thus its protection from

further rehydration into side products.

Importantly, contrary to the work of Moreau [104] the authors attributed the higher HMF
selectivity over H-mordenite to its higher acid site strength rather than to shape selectivity features
I.e. two-dimensional pore organization. Indeed, the latter exhibited stronger acid sites examined

by NHs-TPD measurements as compared to H-ZSM-5 and H-beta.

Rac et al. [106] studied the effect of mesopores insertion into a series of zeolites and its impact on
HMF selectivity. The results suggested higher fructose conversion at 130 °C in H20 over
hierarchical micro/mesoporous H-ZSM-5, H-beta and H-USY as compared to their microporous

counterparts with nearly 10 %, 3 % and 7 % increase, respectively. This is also true when
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considering HMF selectivity. Moreover, mesopores avoid deactivation and therefore maintain
selectivity at a nearly fixed value for up to 10 h of reaction time: ~22 %, 15 % and 12 %
respectively over H-ZSM-5, H-beta and H-USY. At the same time, their microporous analogues
exhibited a progressive decline in selectivity after 6 h. Owverall, considering the works by
Ordomsky et al. [105] and Rac et al. [106] it is possible to conclude that selectivity towards HMF
upon fructose dehydration in various solvents systems depends mostly on the acid site strength of

the microporous zeolites used as catalysts instead of their structural properties.

Interestingly, Dornath et al. [107] applied a different strategy in order to increase HMF selectivity.
Namely, they used carbon black in addition to the catalyst, H-beta, in order to adsorb the HMF
formed during fructose dehydration. This imitates the effect of MIBK which serves as HMF
extracting solvent except that carbon black is a solid which adsorbs and therefore protects the
newly formed HMF from further rehydration into levulinic or formic acids. Indeed, the porous and
hydrophobic nature of BP2000 carbon black favors adsorption of HMF in its pores. Thus, addition
of 4 wt.% carbon black for fructose dehydration over H-beta at 150 °C in H2O doubled HMF
selectivity from ~17 % to ~34 % while decreasing the combined levulinic and formic acid

selectivity from ~17 % to ~4 %.

Shi et al. [108] studied the assembly of H-beta nanocrystals into microspheres in order to generate
hierarchical micro/meso-porosity. This was done by the so-called polymer-induced colloidal
aggregation method (PICA) using a urea-formaldehyde resin as the template for aggregation of the
zeolite crystals. This procedure yielded H-beta microspheres with large pores of around 50 nm
between zeolite nanocrystals, which were subsequently applied in fructose dehydration. The
results suggested an increase in fructose conversion over the hierarchical H-beta microspheres up

to ~78 % as compared to 73 % over the conventional microporous H-beta with HMF vyields of
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~68 % and ~52 %, respectively. This suggests that insertion of larger voids between individual
zeolite crystals increases its external surface and therefore positively affects fructose dehydration

by providing more accessible acid sites.

Lastly, Kruger et al. [110] highlighted several critical points to consider during fructose
dehydration over zeolites. As an example, they performed catalytic tests over H-beta zeolite in
H20 as the solvent. They noticed that extra-framework Al species serving as Lewis acid sites could
catalyze fructose-to-glucose isomerization. As for fructose dehydration, they concluded that the
use of H-beta increased the overall conversion and HMF yield. Interestingly, they stated that the
zeolite exhibited preferential adsorption of HMF over fructose, implying rapid rehydration of the
former into levulinic acid. Furthermore, they evidenced aremarkable contribution of an unknown
compound in the chromatograms with a tripled area of that of levulinic acid. They attributed this
compound to oligomers of HMF which can be once again catalyzed by zeolites. Another
interesting point derived from their study is the dissolution of zeolite by acids formed as by-
products, mainly levulinic and formic acids. They observed a considerable zeolite dissolution

mostly via Al leaching, however Si leaching was also proven.

3.2. MOFs

MOFs have been progressively used as solid acid catalysts in fructose dehydration. This includes
dehydration in different media and batch conditions, Table 1.5. Thus, one of the first works on the
one pot fructose dehydration over MOFs was published by Chen et al. [98]. In their work, the
authors performed framework functionalization via post-synthetic modification route in order to
generate Brgnsted acid sites on several known MOFs including Cr-based MIL-101, Zr-based UiO-

66 and Al-based MIL-53.
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Table 1.5 — List of MOFs applied in fructose dehydration under different conditions.

Catalyst4 Mirud/Mear, Solvent T,°C t, h  Fructose HMF yield Ref
mg/mg conv., % (selec.), %
Ui0-66-SOsH (50 %)* 300/10 H,O 140 3 48 23 (48) [111]
UiO-66-NH, 300/10 H,O 140 3 40 29 (73) [111]
UiO-66-NO, 300/10 H,O 140 3 48 31 (65) [111]
UiO-66-(OH), 300/10 H,O 140 3 32 21 (66) [111]
UiO-66-(COOH), 300/10 H,O 140 3 60 41 (68) [111]
MIL-101(Cr) 500/300 DMSO 120 1 45 24 (53) [98]
MIL-101(Cr)-SO;H (3.0 %) 500/300 DMSO 120 1 83 63 (76) [98]
MIL-101(Cr)-SO3H (6.2 %) 500/300 DMSO 120 1 a1 71 (78) [98]
MIL-101(Cr)-SO;H (15.0 %) 500/300 DMSO 120 1 >99 90 (91) [98]
MIL-53(Al)-SO;H (8.2 %)  500/300 DMSO 120 1 >99 79 (80) [98]
UiO-66(Zr)-SOzH (9.5 %)  500/300 DMSO 120 1 >99 85 (86) [98]
UiO-66(zr) 50/35 DMSO 100 1 5 - () [112]
UiO-66(Hf) 50/50 DMSO 100 1 12 8 (67) [112]
NUS-6(2r) 50/35 DMSO 100 1  >99 84 (85) [112]
NUS-6(Hf) 50/50 DMSO 100 1 >99 98 (99) [112]
MIL-101(Cr) 250/100 DMSO 120 2 ~39 ~27 (69) [113]
MIL-101(Cr)-SO;H (2.32 %) 250/100 DMSO 120 2 ~73 ~50 (68) [113]
MIL-101(Cr)-PhSO;H 250/100 DMSO 120 2 ~99 ~98 (99) [113]

A Powder catalyst dispersed in a batch reactor;
* Numbers in brackets correspond to the degree of functionalization.

The modification process implied grafting of acidic -SO3H groups onto a MOF surface using a
strong oxidizing agent such as chlorosulfuric acid, CISO3H. This yielded acidic MOFs with various
grafting degrees: 3 %, 6 % and 15 % for MIL-101(Cr)-SOsH as well as 9.5 % for UiO-66(Zr)-
SOsH and 8.2 % for MIL-53(Al)-SOsH as confirmed via elemental analysis. As a consequence,
this led to an increased number of Bregnsted acid sites as estimated by acid-base titration and

therefore to an increased activity in fructose dehydration into HMF. Thus, the series of MIL-
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101(Cr)-SOsH resulted in a progressive increase of fructose conversion and HMF yield after 1 h
of reaction at 120 °C in DMSO. More precisely, the pristine MIL-101(Cr) converted 45 % fructose
with 24 % HMF yield as compared to respectively 83 % and 63 % over MIL-101(Cr)-SOsH
(3.0 %), 91 % and 71 % over MIL-101(Cr)-SOsH (6.2 %) and >99 % and 90 % over MIL-101(Cr)-
SO3H (15.0 %). This underlines the positive effect of grafting -SOsH groups on the MOF surface
on their catalytic performance. Similarly, MIL-53(Al)-SOsH (8.2 %) and UiO-66-SO3zH (9.5 %)
converted >99 % fructose each and yielded 79 % and 85 % HMF, respectively. However, no data

on the performance of the pristine MIL-53(Al) and UiO-66(Zr) as well as the blank test was given.

Zhong et al. [113] showed the possibility to graft -SOsHacidic groups to yield MIL-101(Cr)-SOszH
with high hydrophobicity. They found that insertion of benzenesulfonic or naphthalenesulfonic
acid could increase both the number of Brensted acid sites and hydrophobicity of the modified
MOF. This was done in order to increase HMF selectivity by preventing its rehydration into
levulinic acid by water released as a by-product upon fructose dehydration. Thus, fructose
conversion after 2 h of reaction at 120 °C in DMSO reached ~73 % with approximate 50 % HMF
yield over MIL-101(Cr)-SOsH (2.32 %) prepared in the same way as in the work by Chen et al.
[98]. The yield of levulinic acid and humins made up 5 % and 18 %, respectively. At the same
time, grafting of -SOsH groups via benzenesulfonic acid increased the number of acid sites from
0.77 mmol-g! in MIL-101(Cr)-SOzH (2.32 %) to 1.17 mmol-g! in MIL-101(Cr)-PhSOsH
(3.68 %). Besides, increased hydrophobicity of the latter was proven by a wider contact angle of
H20 114 ° vs99 ° with MIL-101(Cr)-SOsH (2.32 %). Consequently, fructose conversion and HMF

yield reached 99 % and 98 %, respectively boosting selectivity towards HMF up to nearly 100 %.

Hu and coworkers [112] reported fructose dehydration over NUS-6(Zr) and NUS-6(Hf) which can

be basically considered as highly defective UiO-66(Zr)-SOsH and UiO-66(Hf)-SOzH,
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respectively. Indeed, the presence of the bulky -SOsH groups causes structural defects mainly due
to steric hindrance and therefore leading to a change of intrinsic structural properties of the parent
UiO-66 topology. Nevertheless, both solids demonstrated good activity towards fructose
dehydration. Thus, after 1 h of reaction at 100 °C in DMSO, NUS-6(Zr) reached complete fructose
conversion (>99 %) yielding 84 % HMF while its Hf counterpart, NUS-6(Hf), yielded 98 % HMF
at the complete fructose conversion reaching an excellent 98 % selectivity. Besides, they found
that the latter provides higher acid sites density i.e. 13.9 mol of H* per mol of MOF than NUS-
6(Zr) with its 12.9 mol-molt. This was also given as a possible explanation of the increased HMF
selectivity over NUS-6(Hf). In turn, it was attributed to an easier dissociation of ps-OH groups
and therefore more acidic nature of the proton in the Hf-oxocluster due to the higher oxophilic
nature of Hf** as compared to Zr**. This was further proven by the catalytic tests over the non-
functionalized MOFs i.e. UiO-66(Zr) and UiO-66(Hf). Accordingly, the former showed ~5 %

fructose conversion with no HMF yield while UiO-66(Hf) converted ~12 % with ~8 % HMF yield.

Recently, Oozeerally et al. [111] reported an extensive study on performance of the functionalized
UiO-66-based MOFs in fructose dehydration. The list of studied MOFs includes remarkable UiO-
66-SO3H, UiO-66-NO2, UiO-66-(COOH)2 and UiO-66-(OH).. The results suggested the highest
fructose conversion of 60% and HMF vyield of 41 % after 3 h of reaction at 140 °C in water over
UiO-66-(COOH).. These relatively modest results at high temperature and long reaction time as
well as unpredictable results are probably due to the chosen solvent as water does not favor

dehydration reactions.

Summing up, fructose dehydration is a simple one step Brgnsted acid-catalyzed reaction. The
present studies showed a decent catalytic performance of zeolites in their acidic H-form with

activity correlated to their acid site strength and textural properties based on pore size dimensions.
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Different approaches to facilitate diffusion of the reactant within the pores were shown to increase
both fructose conversion and HMF yield. At the same time, the catalytic activity of MOFs strongly
depends on insertion of Brgnsted acid functional groups as they originally exhibit pronounced
Lewis acidity. It was shown that strong -SOsH groups were capable to increase catalytic

performances of original MOFs.

4. Glucose Isomerizationon Solid Catalysts

4.1. Basic Zeolites

Among the first published studies on basic zeolites applied in glucose isomerization, Moreau et al.
[114] studied a wide variety of cation-exchanged A, X and Y zeolites (Table 1.6). They found that
the parent zeolites exhibited different catalytic activities which they attributed to differences in
basic site strength. Briefly, it can be concluded that the basicity decreases in the following order:
Y <A< X. This statement was further supported by the increased fructose selectivity (62 %, 72 %
and 86 %) obtained at 95 °C in H20 over NaY, NaA and NaX zeolites, respectively. The glucose
overall conversion accounted for 9 %, 26 %, and 20 %, respectively. Importantly, they stated that
the selectivity towards fructose also increased as the basic nature of the cation increased. Thus,
LiX, NaX, KX and CsX exchanged zeolites resulted in fructose selectivities of 85 %, 86 %, 80 %

and 77 %, respectively. Of note, K and Cs were prone to a more drastic leaching than Li and Na.
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Table 1.6 — Glucose isomerization over basic zeolites.

Catalyst4 Mgiu/Mear, Solvent T,°C t,h Glucose  Fruc. yield Ref
mg/mg conv., % (selec.), %
NaY 5000/1000 H,O 95 - 9 <6 (62) [114]
NaA 5000/1000 H,O % - 26 <19 (72) [114]
NaX 5000/1000 H,O 95 - 20 <18 (86) [114]
LiX 5000/1000 H,O 95 - 19 <17 (85) [114]
KX 5000/1000 H,O 95 - 23 <19 (80) [114]
CsX 5000/1000 H,O 95 - 25 <20 (77) [114]
NaX 50/20 H,O 100 2 27 <21 (76) [115]
Na-ETS-10 50/20 H,O 100 2 33 <25 (74) [115]
K-ETS-10 50/20 H,O 100 2 31 <21 (66) [115]
5wt.%Mg/NaY 500/100 H,O 100 2 28 <23 (82) [116]
10wt.%Mg/NaY 500/100 H,O 100 2 45 <33 (73) [117]
15wt.%Mg/NaY 500/100 H,O 100 2 49 <33 (66) [117]
5wt.%Mg/NaMOR 500/100 H,O 100 2 37 <29 (76) [116]
5wt.%Mg/Na*BEA 500/100 H,O 100 2 39 <25 (64) [116]
5wt.%Mg/NaZSM-5 500/100 H,O 100 2 38 <34 (88) [116]
5wt.%Mg/NaFER 500/100 H,O 100 2 27 <24 (86) [116]
5wt.%Mg/NaY, hierar 500/100 H.,O 100 2 34 34 (100) [118]
2.5wt.%Ca/Na*BEA, hierar  50/20 H.,O 100 05 39 <32 (80) [119]
2.5wt.%Mg/Na*BEA, hierar  50/20 H,O 100 05 42 <30 (70) [119]

A Powder catalyst dispersed in a batch reactor.

Lima et al. [115] showed the possibility to convert glucose into fructose over basic microporous
titanosilicates (SiO2/TiO2): ETS-10 and ETS-4. The former has 12-membered ring channel system
with aperture diameter of around 0.8 nm while the latter possesses 8-membered rings with a

smaller pore dimeter of around 0.5 nm. They found that Na-ETS-10 converted 33 % glucose with

38



Chapter | — Glucose Isomerization on Solid Catalysts

74 % fructose selectivity after 2 h at 100 °C, which is comparable to the commercial NaX zeolite
(27 % and 76 %, respectively). Also, they demonstrated that the catalytic activity can be altered
upon replacement of Na* cations by K*as the latter is considered to generate stronger basic sites.
Nevertheless, K-exchanged ETS-10 exhibited lower conversion (31 %) and selectivity (66 %),
attributed to the incomplete or inefficient ion-exchange. Lastly, Na-ETS-4 outperformed Na-ETS-
10 converting 48 % (vs 33 %) glucose with 84 % (vs 74 %) fructose selectivity. The authors

attributed this to different basic properties originating from structural features of each solid.

Graca et al. [116]. conducted an extensive study on a series of Mg-impregnated zeolites which
include NaY, NaMOR, Na*BEA, NaZSM-5 and NaFER. First, they found a negligible (<6 %)
glucose conversion after 2 hat 100 °C over each of the examined solids before impregnation. Low
conversion over NaY was also observed by Moreau et al. [114] and this is probably due to its weak
basic sites. Nevertheless, once impregnated with 5 wt.% Mg, glucose conversion accounted for
28 %, 37 %, 39 %, 38 % and 27 % with fructose selectivity 82 %, 76 %, 64 %, 88 % and 86 %
respectively over Mg/NaY, Mg/NaMOR, Mg/Na*BEA, Mg/NaZSM-5 and Mg/NaFER. Despite
its modest activity, Mg/NaY was chosen as the most promising catalyst due to the less pronounced
leaching of Mg upon glucose isomerization as well as less coke formed on its surface. The latter

is probably due to larger pores of the parent Y zeolite (~0.74 nm).

Therefore, the authors further continued the study on Mg/NaY [117], examining the effect of Mg
loading on the zeolite support gradually increasing it from 5 wt.% up to 15 wt.% under the same
conditions, 2 h at 100 °C. They established a correlation between the Mg loading on catalyst
activity. While the parent NaY exhibited around 6 % glucose conversion, the impregnated zeolites
showed a consistent increase in conversion reaching 28 %, 45 % and 49 % over 5 wt.%Mg/NaY,

10 wt.%Mg/NaY and 15 wt.%Mg/NaY, respectively. Interestingly the corresponding fructose
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selectivities made up 82 %, 73 % and 66 %, respectively, indicating nearly similar performance of
10 wt.%Mg/NaY and 15 wt.%Mg/NaY. This was explained by the considerable growth of MgO
particles upon increasing the Mg loading which causes a partial pore blocking. This subsequently
leads to an increased residence time of fructose within the catalyst’s pores and therefore to its
further condensation into undesirable oligomers. Furthermore, 10 wt.%Mg/NaY was considered
preferential due to the lesser Mg leaching upon glucose conversion (0.8 % against 2.8 % in
15 wt.%Mg/NaY). Importantly, bulk MgO itself showed 66 % glucose conversion at 42 % fructose
selectivity demonstrating an increased conversion but decreased selectivity as compared to
5 wt.%Mg/NaY and 10 wt.%Mg/NaY. This was attributed to a higher number of strong basic sites
on MgO which favor side reactions. Therefore, Mg loadings between 5 wt.% and 10 wt.% were

found to be optimal to provide a decent catalytic activity.

Finally, the authors completed the study on the 5wt.%Mg/NaY by creating mesopores in the parent
zeolite support via partial desilication [118]. Mild desilication in 0.01 % NaOH solution increased
mesoporous volume from 0.045 cmé-g! to 0.055 cmi-gl. The generation of a hierarchical
micro/mesoporosity should improve the diffusion of molecules within the pores of the catalyst,
and hence the conversion of glucose and yield of fructose. Indeed, the hierarchical zeolite reached
34 % glucose conversion with a remarkable 100 % fructose selectivity, ascompared to respectively

28 % and 82 % over its microporous analogue.

One of the recent works was done by Antunes et al. [119] who also applied desilication on
Na*BEA zeolite to improve its textural properties, before subsequent impregnation with Mg or Ca
(2.5 wt.%). They found that desilication with NaOH resulted in higher mesopore volume of
0.33 cm®-g1, as compared to 0.09 cm3-g! for the pristine Na*BEA zeolite. This had a positive

effect on the catalyst performance, converting 32 % glucose at 85 % fructose yield whereas the
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pristine *BEA zeolite only converted 12 % glucose with no fructose after 30 min at 100 °C.
Furthermore, upon Caand Mg impregnation, the glucose conversion increased further to 39 % and
42 %, respectively, however, the selectivity decreased to ~80 % and ~70 %, respectively. This
agrees well with the other reported results mentioning a certain decrease of fructose selectivity
upon generation of strong basic sites via impregnation which leads to partial pore blocking.
Importantly, the authors found severe metal leaching from both the charge-compensating cation
and the impregnated metal oxide. Thus, upon lowering the reaction temperature from 100 °C to
75 °C, Na leaching decreased from 61 % to 38 % while Mg — from 14 % to 4 %. Further decrease
to 35 % and 3 %, respectively, was reached by applying ultrasonic irradiation as the activation

source instead of conventional conductive heating.

4.2. Lewis Acid Zeolites

Studies on glucose isomerization over Lewis acid zeolites had their debut in 2010 with the work
of Moliner et al. [120]. They showed the possibility of a complete isomorphous substitution of Al
by Sn in *BEA zeolite framework to result in Sn-silicate. The insertion of the tetravalent Sn causes
a neutral framework i.e. no negative charge as in the case of the trivalent Al atoms. Thus, no
compensation by cations or H* is needed, therefore no intrinsic Brgnsted acidity is generated

allowing to consider Sn-beta zeotype as a pure Lewis solid acid (Table 1.7).
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Table 1.7 — Glucose isomerization over Lewis acid zeolites.

Catalyst4 Mgiu/Mear,  Solvent T, t,h Glucose Fruc. yield Ref
mg/mg °C conv., % (selec.), %

Ti-Beta (100)* 120150  H,0 110 15 26 14 (54) [120]
Sn-Beta (100) 120/150 H,0 110 05 55 32 (58) [120]
Sn-Beta (100) cycle 1 120/150 H,O 110 05 59 32 (54) [120]
Sn-Beta (100) cycle 2 120/150 H,O 110 05 55 30 (55) [120]
Sn-Beta (100) cycle 3 120/150 H,O 110 05 53 29 (55) [120]
Sn-Beta (100) cycle 4 120/150 H,O 110 05 55 32 (59) [120]
Sn-Beta (100) 30/150 H,O 110 1 54 29 (54) [120]

A Powder catalyst dispersed in a batch reactor;

* Numbers in brackets correspond to the Si/Sn or Si/Ti ratios.

* After calcination at 540 °C

Indeed, when applied in glucose isomerization, it showed adecent activity exhibiting 55 % glucose
conversion with 32 % fructose yield after 30 min of reaction at 110 °C in water. Catalyst recycling
test performed under the same conditions revealed the preservation of its initial activity after 3
cycles. Calcination at 540 °C thereafter (after the 3" cycle) did not alter the initial activity meaning
that Sn-beta zeotype can easily withstand a typical zeolite regeneration procedure. Importantly,
there was no Sn leaching observed during catalytic tests as it was the case for the alkali metal-
impregnated basic zeolites discussed above. At the same time, no glucose conversion took place
once the catalyst was removed from the reaction mixture meaning that the catalytic performance
of Sn-beta is of heterogeneous nature. Besides, when applying SnO2 or SnCh no fructose was
observed among the products implying that the catalytically active species is the Sn coordinated
in beta framework alongside Si atoms. Interestingly, the Ti-incorporated analogue, Ti-beta,

demonstrated a 26 % glucose conversion with 14 % fructose yield after 90 min at 110 °C, while

Sn-beta reached respectively 55 % and 32 % already after 30 min. This might serve as a hint
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towards the difference in acid site strength, however, this remained beyond the scope of this study.
Of note, it was shown that Sn-beta exhibited the same performance in the presence of HCI (pH
= 2) which is critically important as it allows for coupling glucose isomerization with fructose
dehydration step to produce HMF via cascade reaction. Indeed, glucose isomerization/dehydration
viaintermediate fructose over Sn-beta + HCI catalyst system resulted in 72 % glucose conversion
with 18 % fructose and 11 % HMF vyields after 2 h of reaction at 140 °C. In comparison, such
coupling with basic zeolites is impossible due to neutralization of basic sites by inorganic acids.
The authors further proposed a mechanism of glucose isomerization to fructose based on
computational studies and confirmed the metal-assisted intramolecular hydride shift catalyzed on
Lewis acid sites [121]. They further claimed that not only fully incorporated framework Sn species
are responsible for glucose isomerization but also extra-framework SnO: particles could isomerize
glucose [122]. The latter, however, proceeds viathe base-assisted proton transfer as confirmed via
IHand 13C NMR spectroscopic studies using deuterium-labelled glucose. At this point, the authors
suggested that activity in glucose isomerization towards fructose cannot be attributed only to the
Lewis acid sites generated by framework Sn species. Therefore, conclusions on the complete or
incomplete Snincorporation into a zeolite framework based on its activity in glucose isomerization
to fructose is impossible. Rather, detailed studies involving deuterium or 13C labelled glucose is
recommended in order to fully understand the mechanism and therefore the active sites responsible
for glucose isomerization.

In addition to that, the authors investigated the mechanism of glucose isomerization [123]. They
confirmed that the formation of fructose is favored by silanol groups (-SIOH) via 1,2-

intramolecular hydride shift, as seen by 1Hand 13C NMR experiments on the 13C-labelled glucose.
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To sum up, glucose isomerization is a simple one step reaction which can be catalyzed by both
Lewis solid acids and solid bases. Its mechanism is strongly defined by the catalyst used: Lewis
acids rather transform glucose via the so-called intramolecular hydride shift, whereas solid bases
preferably via proton transfer. Glucose isomerization over basic zeolites is enabled due to their
cationic (mainly Na, K)-exchanged forms. In order to further improve their catalytic performance,
deposition of basic metal oxides (such as CaO or MgO) via classical impregnation is possible. In
that case, a special attention should be given to the total content of deposited metal oxide in order
to avoid particle agglomeration and therefore pore blocking. As for the textural properties of the
parent zeolites, generation of hierarchical micro/mesoporosity improves the diffusion of glucose
and fructose within the pores therefore improving the overall catalytic performance by avoiding
the formation of by-products. However, considerable leaching of both impregnated metal oxides
and charge-compensating cations remains a problem. At the same time, the purely Lewis acidic
Sn-beta zeolite is considered as a benchmark solid catalyst for glucose isomerization into fructose
and was shown to actively form fructose even at low reaction durations. Its stability against metal
leaching and therefore high capacity of reusability was demonstrated after the corresponding
catalytic tests. Potential coupling of glucose isomerization and fructose dehydration steps to yield

HMF as the targeted product was demonstrated as well.

4.3. MOFs

The pioneering work on glucose isomerization on MOFs was done by Akiyama et al. [124]. They
did a comparative study between two Cr-based MOFs: MIL-100 and MIL-101, which have 1,3,5-

benzenetricarboxylate and 1,4-benzenedicarboxylate linkers, respectively (Table 1.8).
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Table 1.8 — Glucose isomerization over MOFs.

Catalyst4 MgiW/Mear,  Solvent T,°C t, h  Glucose Fruc. yield Ref
mg/mg conv.,, % (selec.), %

MIL-100(Cr) 251200 H,O 100 24 7 4 (57) [124]
MIL-101(Cr) 25/200 H,O 100 24 22 13 (59) [124]
MIL-101(Cr)-NH, 25/200 H,O 100 24 55 11 (20) [124]
MIL-101(Cr)-NO, 25/200 H,0 100 24 42 18 (43) [124]
MIL-101(Cr)-SOzH 25/200 H,O 100 24 22 22 (100) [124]
NU-1000(Zr) 30/12 E+H* 90 70 63 30 (46) [125]
UiO-66(Zr) 4077 P+H* 90 24 48 33 (69) [126]
UiO-66(Zr) 4017 E+H* 90 24 35 10 (29) [126]
UiO-66(Zr) 4017 M+H* 90 24 55 2 (4) [126]
MIL-101(Cr) 36/18 E+H* 100 24 39 24 (62) [127]
Cr(OH),/MIL-101(Cr) 36/18 E+H* 100 24 77 59 (77) [127]
MIL-101(Cr) 36/50 H,O 100 24 14 12 (86) [128]
UiO-66(Zr) 36/50 H,O 100 24 37 5(14) [128]
UiO-66(Zr)-NH, 36/50 H,O 100 24 59 4(7) [128]
MIL-101(Cr) 50/80 H,O 140 05 <5 - () [129]
MIL-101(Cr) 50/80 H+G* 140 05 67 22 (33) [129]

A Powder catalyst dispersed in a batch reactor;

*Two-step glucose isomerization in EtOH, PrOH or MeOH followed by hydrolysis in H20 (E+H),
(P+H) or (M+H), respectively.

Thus, MIL-101 exhibits a larger surface area and, most importantly, a larger pores size as
compared to MIL-100 (1.2 nm x 1.6 nm vs 0.55 nm x 0.86 nm, respectively). Thus, the latter
exhibited only 7 % glucose conversion with 4 % fructose yield after 24 h of reaction at 100 °C in
H20. At the same time, under the same conditions MIL-101 demonstrated higher glucose

conversion (22 %) and fructose yield (13 %) originated from an easier diffusion of the reactants

through its larger pores. Further, they found that introduction of functional groups (-NHz, -NO2
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and -SO3zH) onto MIL-101 considerably improved its catalytic activity. Thus, glucose conversion
on MIL-101-NHz:increased up to 55 %, however yielding only 11 % fructose. This was attributed
to the strong interaction of glucose with the basic amino groups. However, MIL-101-NO2 and
MIL-101-SO3H each converted 42 % and 22 % glucose with 18 % and 22 % fructose vyield,

respectively, with the latter exhibiting the remarkable 100 % fructose selectivity.

Among other early works on glucose isomerization into fructose over MOFs, there is the study
published by D. Malonzo et al. [125]. The authors examined the catalytic activity of NU-1000, a
MOF composed of Zr-oxoclusters ([Zre(is-0)a(pe-OH)a(OH)a(H20)218*1). The latter, as stated by
the authors, serves as Lewis acid sites required for glucose isomerization upon dehydration at high
temperatures (300 °C). Indeed, once dehydrated, it yieldled 30 % fructose at 65 % glucose
conversion at 90 °C in ethanol after 70 h, following hydrolysis in water at 90 °C for 2 days, thus

following a “two-step” isomerization process (figure 1-8).

Step 1 Step 1 OCH,CH3 Step 2

Isomerization Ketalization Hydroly5|s
Lewis acid cata!yst CH3CH,0H

OH
Glucose Fructose Ethyl fructoside Fructose

Figure 1-8. Proposed mechanism of the “two-step” glucose isomerization into fructose. Adapted
from [125].

When NU-1000 was calcined, giving pure Zr-oxoclusters, no activity at the given conditions was
observed due to their agglomeration upon thermal treatment. However, Zre@SiO2 obtained via a
nanocasting approach through creating SiO2 layer within the inner walls of the parent NU-1000,
and subsequent calcination, showed a comparable catalytic activity yielding 23 % fructose at 50 %
glucose conversion under the same conditions. The authors attributed this activity to the isolated
Zr-oxoclusters on SiO2 matrix therefore enabling the so-called single-site catalyst as a result of the
nanocasting procedure.
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De Mello et al. [126] examined the performance of UiO-66 MOF both modulated and defect-free
in different solvents: methanol, ethanol, 1-propanol. They found that the modulated i.e. defect-
containing UiO-66 outperformed its defect-free counterpart in each of the tested solvents. They
attributed that to the presence of larger (~1.5 nm) pores induced by the structural defects in UiO-
66 which favor hosting glucose molecules. Of note, defects in UiO-66 MOFs generate open metal
sites and thus Lewis acidity, which was not quantified herein. Besides, they demonstrated that 1-
propanol was the best solvent to provide higher fructose yields. After 24 h of reaction at 90 °C in
1-propanol and subsequent hydrolysis step as described above, the modulated UiO-66 yielded
~33 % fructose at ~48 % glucose conversion. At the same time, 35 % glucose conversion with
10 % fructose yield and 55 % glucose conversion with <2% fructose yield were reported in ethanol
and methanol, respectively. The decreased fructose yield with an increase of the alkyl chain of the
solvent was attributed to formation of alkyl fructoside by-products. This was explained by higher

fructose-framework interaction in methanol and ethanol as compared to 1-propanol.

Guo and co-workers [127] examined the activity of the Cr(OH)3/MIL-101(Cr) MOF-based
catalyst. Notably, they found that the synergetic effect of both phases greatly improves glucose
conversion and fructose yield. Indeed, this catalyst is composed of the basic Cr(OH)s hydroxide
deposited on the surface of MIL-101(Cr) exhibiting predominantly Lewis acid sites. The authors
performed the catalytic tests in the same “two-step” fashion as in the works mentioned above
[125,126]. After 24 h of reaction at 100 °C in ethanol, followed by hydrolysis in water at 100 °C
for another 24 h, 77 % glucose conversion with 59 % fructose vyield were obtained over
Cr(OH)3/MIL-101(Cr). This is for now the highest activity demonstrated by a MOF or a MOF-
derived catalyst in similar conditions. Interestingly, MIL-101(Cr) MOF alone converted 39 %

glucose with 24 % fructose yield whereas Cr(OH)s alone converted 49 % glucose yielding 24 %
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fructose under the same conditions. Thus, the authors showed the positive dual effect of basic and

Lewis acid sites in glucose isomerization into fructose.

Luo et al. [128] extensively studied two MOFs: MIL-101(Cr) and UiO-66(Zr) applied in glucose
isomerization. First, the former showed similar results as in the work by Akiyama et al. [124]
converting 14 % glucose and yielding 12 % fructose after 24 h of reaction at 100 °C in H20. Under
the same conditions, UiO-66 reached 37 % glucose conversion and 5 % fructose yield. The
remarkable difference in conversion and yield might be originated from stronger Lewis acid sites
generated by open metal sites on Zr atoms in the cluster. Indeed, this might be explained by the
larger atomic radius and therefore higher polarizability of Zr as compared to Cr. Further, upon
introduction of basic -NH2 groups onto the UiO-66 surface, fructose conversion increased even
more up to 59 %, but yielding only 4 % fructose. This agrees well with the results reported by
Akiyama et al. [124] who also stated a considerable decrease in fructose selectivity over MIL-

101(Cr)-NH2 as compared to the parent MIL-101(Cr).

Oozeerally et al. [130] also reported on functionalized MOFs, namely UiO-66-SOzH, applied in
glucose isomerization. Thus, the classical UiO-66 reached 17 % glucose conversion yielding 7 %
fructose after 3 h of reaction at 140 °C in H20 confirming once again a lowered selectivity over
UiO-66 as in the work by Luo et al. [128]. Upon insertion of 10 % an 20 % -SOsH groups onto
the parent UiO-66, glucose conversion increased up to 30 % and 32 % with fructose yields reaching
16 % and 21 %, respectively. The increase of the catalytic activity upon insertion of -SOsH

functional groups is in a good agreement with the results reported by Akiyama et al. [124].

Recently, Lara-Serrano et al. [129] reported on a comparative study on different MOFs’ activities
towards glucose isomerization in a GVLwater binary solvent system (90:10, wt.%wt.%). They

stated that aprotic solvents such as GVL do not tend to ligate to metal centers as protic ones such
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as water, therefore maintaining the open metal sites available as source of Lewis acidity. They
supported their statement by catalytic tests over MIL-101(Cr) MOF which demonstrated negligib le
(<5 %) glucose conversion and fructose yield after 30 min at 140 °C in water, whereas upon using
of GVL.water mixture, the MOF showed considerable 22 % fructose vyield at 67 % glucose
conversion. Besides, they found that among the tested MOFs MIL-101(Cr) showed superior
catalytic activity due to its larger pores as compared to the other tested MOFs MIL-53(Al),

HKUST-1, MIL-53(Cr) and MIL-100(Fe).

To sum up, in order to catalyze glucose isomerization into fructose over MOFs, several conditions
must be fulfilled: first, the MOF should exhibit pore diameters large enough to host glucose
molecules with the Kinetic diameter around 0.8 nm and decrease diffusion limitation. Second, they
should possess Lewis acid sites provided by open metal sites in the cluster or basic sites provided
by a functionalized linker. Third, they should be thermally stable in order to withstand
hydrothermal conditions applied (T > 100 °C, few bars). The present studies showed that a large
number of MOFs exhibited high capacities towards glucose isomerization due to their pronounced
Lewis acid features. It should be noted as well that MOFs exhibit not only tunable acidic properties
via framework functionalization but also tunable textural properties via structural defects due to

missing linkers.
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5. Upscaling and Limitations

5.1. Large Scale Synthesis

Transition from the small laboratory scale to the large-scale production (upscaling) of materials
such as MOFs is a critical step towards their implementation in real industrial applications. This
transition is possible due to technologies and equipment enabling MOFs manufacture at the
required scale, purity and price. Such commercialization of zeolites was done decades ago and
nowadays the list of commercially available zeolites includes MFI, FAU, MOR, CHA, BEA and
others provided by CLARIANT, Zeolyst, and BASF. On the other hand, MOFs are still making
their way towards the industrial production and up to now afew MOFs are commercially available
and provided by major chemical actors including BASF (HKUST-1/Basolite C300, ZIF-8/Basolite
Z1200, Fe-BTC/Basolite F300), and Strem Chemicals (MIL-53(Al), MIL-101(Cr), UiO-66).
Several start-ups also emerged on this specific topic, counting MOFapps, MOFgen Ltd, MOF
Technologies, novoMOF AG, Framergy, MOFWORX, Mosaic Materials, ProfMOF, Water

Harvesting Inc, PrometheanParticles, and NuMat Technologies.
There are a few challenges associated with upscaling of MOFs which are based on:
1) Use of toxic, hazardous and flammable organic solvents;
2) Metal precursors as generally-employed nitrate and chloride salts generally provoke a
safety hazard and corrosion, respectively;
3) Linker accessibility as many MOFs oftentimes require the use of sophisticated linkers;
4) Activation i.e. removal of the unreacted species and the solvent;

5) Shaping which is required for the final industrial application of MOFs.
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Thus, upscaling strongly relies on optimization of the synthesis at small scale in order to establish
the appropriate conditions. This includes the possible replacement of hazardous and toxic solvents
by less dangerous analogues. Indeed, synthesis of many MOFs oftentimes requires the use of toxic
for health and environmentally non-friendly solvents such as N,N-dimethylformamide (DMF) and
N,N-dimethylacetamide (DMA) as well as aggressive mineral and organic acids such as
hydrochloric, acetic, formic acid and so on. Besides, optimization should include suitable metal
precursors (oxides or sulfates) and available linkers as well as the reasonable activation and
purification steps to ensure a product with a high yield and purity. Novel synthetic routes of MOFs
manufacturing were extensively reviewed by Maspoch et al. [131] who outlined a few production
techniques with a high space-time yield (STY). The latter is the key parameter which implies the
amount of MOFs possible to produce per unit volume of reactor per unit of time. Thus, among
others, MOF synthesis by means of mechanochemistry, spray-drying and continuous flow methods

were stated to be capable of high STYs.

5.2. Shaping

Lastly, as seen above shaping is a crucial step towards the industrial implementation of MOFs.
Usually, powders are not convenient to use in big industrial reactors as they cause several
difficulties from the process point of view. They induce, for example, consequent pressure drops
within the reactor bed. In addition to that, powders can induce clogging and are generally
complicated to handle and recover, involving additional costly separation steps. In order to
overcome these issues and enable industrial implementation of solid catalysts, powders should be
formulated into packed objects with defined size and dimensions. This process is called “shaping”

and generally represents the compaction of individual crystallites into millimeter-sized objects.
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Shaping allows for production of easily-handled objects required for industrial processes and

generally has a few objectives:

1) Formulation of powders into mechanically stable objects to withstand a variety of process
conditions (elevated pressure, gas/liquid flow, mixing);
2) Reduction of mass transfer limitation within the reactor volume;

3) Preservation of the physico-chemical properties of the pristine powder.

The latter represents the major challenge especially for MOFs as they are prone to drastic losses
in available surface area and pore volume upon formulation process. Oftentimes, shaping implies
the use of binders to enhance the mechanical stability of the shaped objects. Generally, they are
classified into organic such as starch, cellulose or polyvinyl alcohol (PVA) and inorganic such as
clays, silica or graphite. Nowadays, there are plenty of available shaping techniques which enable

the formulation of powders into shaped bodies for the use in different types of reactors (Table 1.9).

Table 1.9 — Shaped bodies for different types of reactors. Adapted from [132].

Shaping technique Object dimensions Shape Type of reactor

Pelletization d=3-15mm Pellet Fixed bed reactor
h=3-15mm

Extrusion d=1-20mm Extrudate Fixed bed reactor
h=3-50mm

Granulation d=1-20mm Bead Fixed bed reactor

Spray-Drying d=0.02-0.2 mm Microspheres Fluidized bed reactor
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Therefore, each of the shaping techniques provides unique features to the final objects in terms of
size and appearance for a defined application. Thus, pelletization is one of the most widely used
shaping technique and represents compaction of powder particles by applying pressure [133,134].
Owing to its simplicity, pelletization is the first shaping technique to have been applied at industrial
scale. Extrusion is nowadays considered the most commonly used technique for shaping of
catalysts or adsorbents for industrial applications in fixed-bed reactors. As the main principle,
extrusion relies on passing the pre-formed paste inside an extruder through a die. Depending on
the form of the die, the final objects can have different shapes: hollow tubes, sheets, strips,
cylinders with various cross-sections and others [135,136]. Granulation is another commonly-used
shaping process which is based on size enlargement of a parent powder material into an assembly
of bigger agglomerates via adhesion with a solvent. A typical body shaped via granulation is
referred as a “granule” with an average size range of 2-20 mm [137,138]. Spray-drying relies on
atomization of a solution (MOF precursor) into micron-sized droplets within a heated chamber.
During this process, the precursors rapidly react thus forming MOF particles inside droplets
replicating their shape and size. Eventually, the droplets are completely evaporated and freshly
formed MOF beads are collected leaving the dried powder to be further captured and collected.
Therefore, the entire spray-drying process can be viewed as a technique for simultaneous synthesis

and shaping of MOF particles into micron-sized spherical agglomerates [139,140].

These represent the so-called conventional shaping techniques already implemented in industry.
Instead, the 3D printing method is a newly-emerged type of extrusion with controlled deposition
of the forming paste in three dimensions in space [141,142]. Therefore, 3D printing allows shaping
powders with desired shapes and dimensions for a wide variety of applications. Recently, shaping

of MOF powders into solid objects was extensively reviewed by our team, outlining positive and
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negative sides of each technique when applied on typical MOFs [143]. Thus, it was concluded that
MOFs in general are prone to remarkable changes of structural and textural properties upon
shaping. There are MOFs such as HKUST-1 and MOF-5 which exhibit lower tolerance for high
pressures, formulation or binders and therefore suffer significantly structural and textural collapse.
On the other hand, MOFs such as ZIF-8, UiO-66, MIL-101 are generally less affected by shaping

and therefore considered more appropriate and appealing for shaping.
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Chapter Il

This chapter includes a detailed description of the materials and methods applied to accomplish
synthesis, characterization and catalytic performance of zeolitic materials and MOFs. It is
therefore divided into three parts with the first containing full information on the synthesis
methodologies. The second part comprises specification of the applied characterization techniques
with the information derived thereof. And finally, the last part concerns the catalytic performance

of the synthesized solids with illustrations of the employed equipment.

1. Materials and Synthesis

Zirconium chloride (99.5 %, Alfa Aesar), zirconium sulfate tetrahydrate (98 %, Alfa Aesar),
terephthalic acid (99 %, Acros Organics), monosodium 2-sulfoterephtalate (98 %, TCI Chemicals),
2-aminoterephthalic acid (99 %, Thermo Scientific), 1,2,4-benzenetricarboxylic acid (>99 %
Sigma-Aldrich), 2-hydroxyterephtalic acid (97 % Sigma-Aldrich) D-fructose (99 %, Acros
Organics), N,N-dimethylformamide (pure, Carlo Erba Reagents), dimethyl sulfoxide (99.7 %,
Fisher BioReagents), acetic acid (100 %, VWR), ethanol (96 %, VWR), b5-
(hydroxymethyl)furfural (98 %, Acros Organics), Ludox HS-40 colloidal silica (Sigma-Aldrich);
zirconium sulfate tetrahydrate (98 %, Alfa Aesar); Tetrapropylammonium hydroxide, TPAOH
25% aqueous solution (Sigma-Aldrich); tetraethyl orthosilicate, TEOS (98%, Sigma-Aldrich)

were used as-received in this work

1.1. Synthesis of UiO-66-based MOFs

1.1.1. UiO-66
UiO-66 was synthesized following a method issued from the literature [1,2]. Accordingly, 0.32 g

ZrCly and 0.22 g terephthalic acid, TA (molar ratio of 1:1) were dissolved in 100 mL DMF. Upon
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dissolution, 3 mL acetic acid were added and thereafter the solution was placed in oven to
crystalize at 120 °C for 24 h. The white precipitate was recovered by centrifugation at 10 000 rpm
for 15 min and washed thoroughly in fresh DMF at 50 °C to dissolve unreacted species. This was
followed by 3 consecutive washing and centrifugation steps in ethanol at 50 °C, with the last
washing step lasting overnight. Eventually, the product was recovered and dried overnight at

100 °C.

1.1.2. UiO-66-SO3H Traditional Approach

The preparation of UiO-66-SOsH-D following the so-called traditional “DMEF” approach was done
by dissolving 0.31 g ZrCls and 0.35 g monosodium 2-sulfoterephtalate (molar ratio of 1:1) in 100
mL DMF as described in the literature [3]. Upon addition of 3 mL acetic acid, the resulting solution
was left to crystallize at 120 °C for 24 h. In the same manner, UiO-66-SO3H-D containing 25 %,
50 % and 75 % of monosodium 2-sulfoterephtalate linker were prepared, with the rest of the
composition corresponding to terephthalic acid linker. The recovering and washing steps were

identical as in the case of the classical UiO-66 described above.

1.1.3. UiO-66-SOsH Green Approach

For UiO-66-SOsH-W prepared in a green way, a modified synthesis protocol was applied [4].
Namely, 19 Zr(SOa4)2-4H20 and 1.44 g monosodium 2-sulfoterephtalate (molar ratio of 1:2) were
dissolved in 100 mL water. The resulting solution was heated up to 100 °C in a round-bottom flask
supplied with a condenser to crystallize for various durations (from 2 h to 24 h) in oil bath. The
resulting white solid was recovered by centrifugation and washed 3 times with fresh H20 at 50 °C
until neutral pH as well as with ethanol at 50 °C overnight. Upon washing, the product was dried

at 100 °C overnight.
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1.1.4. UiO-66-OH

For a typical preparation of UiO-66-OH, 1 g Zr(SO4)2:4H20 and 1 g 2-hydroxyterephtalic acid
(molar ratio of 1:2) were dissolved in 100 mL water. Upon addition of 3 mL acetic acid, the
resulting pale brown turbid suspension was heated up to 100 °C in a round-bottom flask supplied
with a condenser to crystallize for 24 h in oil bath. The resulting white solid was recovered by
centrifugation and washed 3 times with fresh H20 at 50 °C until neutral pH as well as with ethanol
at 50 °C overnight. Upon washing, the product was dried at 100 °C overnight.

1.1.5. UiO-66-COOH

UiO-66-COOH was prepared following the procedure described by [5] with slight modifications.
Thus, 1 g Zr(SO4)2:4H20 and 1.2 g 1,2,4-benzenetricarboxylic acid (molar ratio of 1:2) were
dissolved in 100 mL water. Thus-formed white suspension was heated up to 100 °C in a round-
bottom flask supplied with a condenser to crystallize for 3 h in oil bath. After that, the resulting
white solid was recovered by centrifugation and washed 3 times with fresh H2O at 50 °C until
neutral pH as well as with ethanol at 50 °C overnight. Upon washing, the product was dried at
100 °C overnight.

1.1.6. UiO-66-NH;

For a typical preparation of UiO-66-NH2, 1 g Zr(SO4)2.4H20 and 1 g 2-aminoterephtalic acid
(molar ratio of 1:2) were dissolved in 100 mL water. Upon addition of 3 mL acetic acid, the
resulting yellow turbid suspension was heated up to 100 °C in a round-bottom flask supplied with
a condenser to crystallize for 24 h in oil bath. The resulting white solid was recovered by
centrifugation and washed 3 times with fresh H20 at 50 °C until neutral pH as well as with ethanol

at 50 °C overnight. Upon washing, the product was dried at 100 °C overnight.

70



Chapter Il — Materials and Synthesis

The recapitulation of the synthesized MOFs is given in Table 1.1 with the linkers depicted in

figure 11-1.
Table 11.1 — UiO-66 and UiO-66-based MOFs prepared in this work.
MOF Zr-source Ligand Modulator  Solvent
UiO-66 ZrCl, BDC (TA) AA DMF
UiO-66-SO;H-D-25 ZrCl, TA-SO;3Na (25%) + TA (75%) AA DMF
UiO-66-SO;H-D-50 ZrCl, TA-SO;Na (50%) + TA (50%) AA DMF
Ui0-66-SOsH-D-75  ZrCl, TA-SO;Na (75%) + TA (25 %) AA DMF
UiO-66-SO;H-D-100  ZrCl, TA-SO;Na AA DMF
UiO-66-SO;H-W Zr(SO4),.4H,0  TA-SO;z;Na None H,O
UiO-66-OH Zr(SO,4),.4H,0  TA-OH AA H,O
UiO-66-COOH Zr(SO,),4H,0  124-BTC None H,O
UiO-66-NH, Zr(SO,4),.4H,0  TA-NH, AA H,O

Linker abbreviations: BDC (TA) — 1,4-benzenedicarboxylic acid, TA-SOsNa — monosodium 2-
sulfoterephtalate, TA-OH — 2-hydroxyterephtalic acid, 1,2,4-BTC — 1,2,4-benzenetricarboxylic
acid, TA-NHz — 2-aminoterephtalic acid;

Modulator: AA — acetic acid;

Solvent: DMF — N,N-dimethylformamide.

(0} OH O OH (0) OH () OH (0} OH
i) ii) iii) iv) v)
SO;zNa OH COOH NH,
HO (8] HO (0] HO () HO (0] HO (0]

Figure 11-1. Linkers used to prepare UiO-66 MOF and its derivatives: i) BDC (or TA) —1,4-
benzenedicarboxylic acid, if) TA-SOsNa — monosodium 2-sulfoterephtalate, i) TA-OH — 2-
hydroxyterephtalic acid, iv) 1,2,4-BTC — 1,2,4-benzenetricarboxylic acid, v) TA-NHz — 2-
aminoterephtalic acid.
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1.2. MFI Zeolitic Materials

For simplicity, in this chapter and further on, the elements comprising an MFI-type material will
be given in square brackets prior to the framework name. A short summary of the synthesized
zeolitic materials is given in Table 11.2.

Table 11.2 — MFI-type materials prepared in this work.

Zeolite Si-precursor  Al-precursor  Zr-precursor  Si/Al ratio  Si/Zr ratio
[Si]-MFI TEOS - - N N
[Si,Al]-MFI TEOS NaAlO; - 30 -
[Si,Zr]-MFI-in TEOS - Zr-propoxide - 30
[Si,Zr]-MFl-ex Ludox - Zr(SQy4)2.4H,0 - 30

TEOS — Tetraethyl orthosilicate; Ludox HS-40: colloidal silica, 40 wt.% SiO2 in water.

1.2.1. [Si]-MFI

Foratypical synthesis of the reference [Si]-MFI, a starting gel with a molar composition of 30 SiO>
: 850 H20 : 12 TPAOH was prepared by mixing TEOS with TPAOH (Tetrapropylammonium
hydroxide, 25 wt.%) aqueous solution. Then, the mixture was transferred into a 250 mL PTFE
(polytetrafluoroethylene)- lined autoclave for crystallization under autogenous pressure and static
conditions at 180 °C for 72 h. Upon this treatment, a white solid product was recovered by
filtration, washed with a decent amount of distilled water to lower pH until ~7, dried at 120 °C

overnight and calcined in air at 550 °C for 8 h at 0.5 °C-min'1,

1.2.2. [Si,Al]-MFI
For a typical synthesis of the reference [Si,All-MFI, a starting gel with a molar composition of

30 SiO2: 0.5 AkOs3: 850 H20 : 12 TPAOH was prepared by mixing TEOS with TPAOH aqueous
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solution with pre-dissolved NaAlO2. Then, the mixture was transferred into a 250 mL PTFE-lined
autoclave for crystallization under autogenous pressure and static conditions at 180 °C for 72 h.
Upon this treatment, a white solid product was recovered by filtration, washed with a decent
amount of distilled water to lower pH until ~7, dried at 120 °C overnight and calcined in air at

550 °C for 8 h at 0.5 °C-min'L.

lon-exchange to replace Na* by H*was performed on the calcined [Si,All-MFI. Typically, 1 g of
the powder was immersed into a 100 mL of 1M NH4NO3zaqueous solution. This was followed by
stirring the suspension for 24 h at 40 °C. After that, the solid was separated by centrifugation and
immersed into a fresh 1M NHsNOzaqueous solution and stirred for another 24 h at 40 °C. Upon 3
consecutive ion-exchange steps, the solid was recovered, dried at 120 °C for 24 h and calcined in

air at 550 °C for 4 h (0.5 °C-min'1) to convert the NH4* into H*-form.

1.2.3. [Si,Zr]-MFl-in

Synthesis of Zr-substituted MFI zeolites was adapted from [6]. For a typical synthesis, a starting
gel with a molar composition of 30 SiO2: 1 ZrO2 : 850 H20 : 12 TPAOH was prepared by mixing
Zr-propoxide and TEOS with TPAOH aqueous solution. Then, the mixture was transferred into a
250 mL PTFE-lined autoclave for crystallization under autogenous pressure and static conditions
at 180 °C for 72 h. Upon this treatment, a white solid product was recovered by filtration, washed
with a decent amount of distilled water to lower pH until ~7, dried at 120 °C overnight and calcined

in air at 550 °C for 8 h at 0.5 °C-mint.

1.2.4. [Si,Zr]-MFl-ex
An alternative method to prepare the Zr-substituted MFI zeolite was employed. A starting gel with
a molar composition of 30 SiO2: 1 ZrO2 : 900 H20 : 15 TPAOH : 40 NaOH was prepared by

adding Ludox HS-40 to an aqueous solution containing NaOH and TPAOH. This was followed by
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addition of a pre-dissolved Zr-sulfate solution. Then, the mixture was transferred into a 250 mL
PTFE-lined autoclave for crystallization under autogenous pressure and static conditions at 180 °C
for 72 h. Upon this treatment, a white solid product was recovered by filtration, washed with a
decent amount of distilled water to lower pH until ~7, dried at 120 °C overnight and calcined in

air at 550 °C for 8 h at 0.5 °C-min'L.

1.3. Upscaling

Upscaling or large-scale synthesis was performed in a Reactor-Ready double-wall reactor of 3 L
capacity from Radley equipped with a PTFE stirrer and a thermocouple as well as a condenser and
a silicon oil circulating system (figure 11-2.). This setup was used to scale-up the preparation of
UiO-66-SO3H-W owing to its superior catalytic activity in fructose dehydration as compared to
other MOFs from Table Il.1. Typically, 30 g Zr(SOs)2-4H>O and 45 g monosodium 2-
sulfoterephtalate (molar ratio of 1:2) were dissolved in 1200 mL water and poured into the double-
wall reactor. The synthesis temperature was set to 100 °C and stirring speed to 300 rpm. After 24 h
under these conditions, the white solid product was recovered, washed thoroughly with fresh water
to lower pH until ~7 and solvent-exchanged with ethanol at 50 °C overnight. Thereafter, the solid

was separated by centrifugation and dried at 100 °C for 15 h.
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Figure 11-2. Images of the 3 L double-wall reactor used for upscaling (i) and the one from the
provider’s official website (i, https//www.radleys.com/range/reactor-ready- lab-reactor/)
demonstrating the stirring controller (a), condenser (b), thermocouple (c), silicon oil circulating
system (d), double-wall reactor with a stirrer inside (e), reactor exit for product recovery (f).

1.4. Shaping

1.4.1. Extrusion

Extrusion was carried out with the scaled-up amounts of UiO-66-SOsH-W MOF using a Caleva
Multi Lab equipment. Typically, prior to extrusion, a MOF-based paste was prepared as follows:
150 mL of deionized water was heated up to 80 °C in oil bath under stirring. Then, ~6 g of HEC
(2-hydroxyethylcellulose used asa binder) were slowly added to the heated water. The stirring was
stopped at some point due to the increase of viscosity. Thus-formed HEC gel was left to cool down
and placed in a fridge at 4 °C overnight prior using. Then, 8 g of UiO-66-SO3H-W were mixed
with about 8 g of HEC gel for the final binder content of 4 wt.% (or with about 4 g of HEC gel for

the binder content of 2 wt.%) at 150 rpm for 1 h. The paste was further recovered and pushed by
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a single screw through a 3 mm die at the rotation speed of 90 rpm. Thereafter, the extrudates were

cut into 1 cm length cylinders and subsequently dried overnight at 120 °C.

1.4.2. Pelletization
Densification of UiO-66-SO3H-W powder into pellets was performed on a Eurolabo hydraulic

press (figure 11-3). A force of ~2 tons was applied for ~10-15 seconds.

Figure 11-3. The extruder (i) with speed (a) and time (b) indicator panels, speed controller (c),
paste feed-port (d) and die (e) as well as the hydraulic press (i) used for shaping in this work.

2. Characterization

2.1. Structural Properties

2.1.1. Powder X-Ray Diffraction (PXRD)
PXRD is a technique that allows to examine the crystal structure of powdery materials. It allows
the identification of crystalline phases via determination of lattice structural parameters, as well as

an estimation of crystallite size. Typically, X-Rays have short wavelengths in the range of
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Angstroms i.e. are highly energetic and therefore have high penetration depth into a matter’s bulk.
They are generated within the X-Ray source (also called X-Ray tube) due to the bombardment of
a target (anode, usually Cu) by high-energy electrons. Apart from a continuous background
spectrum called Bremsstrahlung, this process allows for generation of the characteristic X-Rays,
Cu Ka lines, having an energy (E) of ~8.04 keV and a wavelength (L) of 1.54 A. This radiation is
used for typical X-Ray analysis and is generated due to filling a core hole in the K-shell, produced

upon electron bombardment, by an electron from the L-shell.

It is essential to note that X-Ray diffraction is based on the elastic scattering of X-Rays by atoms
that compose a matter’s periodic lattice structure (figure I1-4, i). Thus, constructive interference
takes place once the scattered X-Ray photons become “in phase” which further enables their
detection (figure I11-4,ii). Therefore, diffraction of X-Rays by crystal planes allows to determine
interplanar lattice distance (d) by applying the Bragg’s law: nk = 2dsinf; where n is an integer
describing the “order” of reflection; A is the X-Ray wavelength, d is the interplanar lattice distance

and 0 is the angle of incidence.

Crystal lattice planes

Figure 11-4. Schematic representation of X-Ray photons diffracted from a crystalline matter (i) as
well as a representation of a typical XRD measurement on the widely used Bragg-Brentano
geometry equipment with a rotating sample holder (ii).
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Upon measuring 26 which is the angle between the incident and the diffracted beam, one can derive
the corresponding interplanar distances d which are characteristic of a certain given compound. In
this work, powder XRD patterns were recorded on a D8 Advance instrument from Brucker,
equipped with a CuKa X-ray source (A = 1.54184 A) and a LynxEye XE-T detector, using the
following acquisition parameters: 20 range between 5-80 °, scan rate of 0.02 ° per step and

acquisition time of 1 s per step.

2.1.2. ATR-IR (Attenuated Total Reflectance-Infrared Spectroscopy)

Infrared spectroscopy is a universal and the most prevailing type of vibrational spectroscopy.
Vibrations in molecules or solids are generally excited by absorption of infrared radiation and
allow to describe structural properties of a specimen via its characteristic vibrations. Currently,
there are a few methodologies to perform an infrared spectroscopy in general use operating in
different modes such as Attenuated Total Reflectance (ATR), transmission and Diffuse

Reflectance (DRIFTS), figure 1I-5.

Evanescent IR (Ip>1,)
i) wave Sample ii)
IR (Iy) IR (I~1)
&/ \® ) o
IR
ATR crystal Transmission Reflectance

Figure 11-5. The most common modes of IR spectroscopy: ATR (i), transmission (i) and
reflectance ().
The choice of the operating mode strongly depends on the nature of the material under study and
defines the sample preparation. Among the mentioned types of infrared spectroscopy, ATR has
become one of the most used techniques nowadays. Specifically, it implies the interaction of the

studied material with the so-called evanescent wave. The latter is the result of reflection of IR light
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within a crystal (usually diamond or germanium) having a high refractive index and high
robustness. This evanescent wave protrudes outside the crystal and usually has a penetrating depth
of ~2 pym which enables interaction with the sample and therefore excites its characteristic
vibrational modes. Particularly in this work, IR spectra were recorded in ATR mode using a
Nicolet iS50 FT-IR spectrometer from Thermo-Fisher equipped with a diamond crystal, an iS50
ATR sampling station and a DTGS detector. Typically, a small amount of a powdery sample was
deposited on the sampling station and 50 scans over a scanning range from 4000 cm! to 400 cn?

with a resolution of 2 cmr! were recorded.

2.1.3. Raman Spectroscopy

Similar to IR, Raman spectroscopy allows to probe structural properties of materials via examining
their characteristic vibrations. While the former is based on the absorption of photons to excite
characteristic vibrations requiring specific energies, Raman spectroscopy is based on inelastic
scattering of photons which occurs with a certain change of their primary energy. During this
inelastic scattering process, a monochromatic light (usually sourced from a laser) interacts with a

sample in several different ways (figure 11-6, i).

Virtual unstable
energy states
i) ii)
Yo
hv, hv, hv,
Vibrational
energy states
n=3
n=2 Vo= Vyib
VotVuip
n=1
] l hvy, A
n=0 Anti-Stok
nti-Stokes i-S
IR Stokes Raman Rayleigh Raman Stokes Raman Rayleigh A“é;rit::es
absorption scattering scattering scattering scattering scattering scattering

Figure 11-6. Schematic representation of the processes behind a typical IR and Raman
measurements (i) and the bands resulted upon an inelastic scattering of photons from a sample

(i.
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As evident from figure 11-6 (i), the majority of the photons are scattered elastically (Rayleigh
scattering) i.e. with no loss of their initial energy as if they excite molecules in the sample to an
unstable state with a subsequent decay back to the ground vibrational state (n=0). However, once
the decay takes place to the first vibrational level (n=1) at the frequency wib, a part of the initial
energy (hvo - hwip) is lost upon scattering. Such decay provokes appearance of a Raman active
band which is called the “Stokes band” in the spectrum, at the frequency corresponding to vo - Wib.
At the same time, light scattering might cause a transition in the sample from the excited
vibrational state (n=1) to an unstable energy state with a subsequent relaxation back to the ground
vibrational state (n=0). This process gives rise to a total energy gain of hvo + hwin of the scattered
photons and therefore generates bands at a higher frequency (vo + wib). These bands are referred
to as the “anti-Stokes bands” and usually have much lower intensity than the Stokes bands due to
the lower population of excited vibrational states. In general, Raman spectroscopy employs a
higher energy visible or near IR radiation as compared to the mid-IR radiation used in IR
spectroscopy and therefore both techniques complement each other. In this work, typical Raman
spectra were recorded on a XPlora Plus Horiba Scientific micro-spectrometer equipped with a 50X
focal length objective. The acquisition of spectra was performed using a laser excitation
wavelength of 532 nm or 785 nm and a filter (up to 50 %) to avoid possible sample degradation

under the laser beam especially in the case of MOFs.

2.2. Textural Properties

2.2.1. N2 Physisorption
Nitrogen physisorption is a typical analysis done to probe the textural properties of porous
materials at N2 liquefaction temperature, 77 K. The most useful characteristics quantified by N2

physisorption include surface area (SA), total pore volume (Vt) and pore size distribution (PSD).
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The critical step prior to a measurement is the sample preparation, done by outgassing it under
vacuum at elevated temperatures to liberate its surface from pre-adsorbed molecules. Once
outgassed, the sample is exposed to N2 gas which is adsorbed onto the sample’s surface through
van der Waals-type weak physical interactions. The quantity of adsorbed gas progressively
increases with N2 pressure therefore yielding a typical adsorption isotherm, while the reverse
process results in a desorption isotherm. The resulting adsorption-desorption isotherm serves as a
fingerprint of the porous nature of amaterial indicating its micro (<2 nm), meso (2-50 nm), macro
(>50 nm) or non-porous features. The most used way to assess the surface area of a porous material
is via the so-called ‘“Brunauer-Emmett-Teller method” or simply “B.E.T. method”. It is based on
the multi- layer model of adsorption and allows estimation of the surface area by considering the
monolayer capacity or the gas quantity in the monolayer and the cross-sectional area of the gas
molecule (~0.162 nm? for N2). At the same time, the total pore volume is estimated using the gas
quantity at relative pressure close to 1 i.e. ~0.99, where it is mostly converted to liquid. The pore
size distribution in microporous materials is nowadays mostly estimated by using computational
approaches such as the Density Functional theory (DFT). In this work, textural properties of the
synthesized materials were measured by N2 physisorption experiments performed at 77 K using a
Micromeritics Tristar Il instrument. Before analysis, a known mass (~50 mg) of solid was treated
at 120 °C under vacuum for 15 h in the case of MOFs and at 250 °C for 4-6h in the case of zeolites.
The specific surface area (Seet)was calculated using the B.E.T. method, on the linear part of the
B.E.T. plot (p/po <0.3). The total pore volume was calculated using the adsorption branch of the

isotherms  at a p/po value of 0.99.
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2.3. Morphological Properties

The size and shape of solid particles are routinely examined via various types of electron
microscopy techniques. Interaction of the matter with high-energy electrons having wavelengths
in the range of interatomic distances or even smaller causes a variety of phenomena (figure 11-7,
i). Thus-produced electrons are used to further derive valuable information on the chemical
composition or internal structure of a sample under study therefore greatly expanding the

application of electron microscopy.
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Figure 11-7. Schematic representation of the detectable signals upon the interaction between the
primary electron beam and the sample (i) as well as the simplified configurations of SEM (i) and
TEM (iii).

82



Chapter Il — Characterization

As depicted in figure 11-7 (i), the electron-sample interaction causes the formation of the following

species:

- secondary electrons (SE) which are emitted by the sample due to inelastic scattering of the

primary electron beam and originate from the surface region, thus providing information on its

topology;

- backscattered electrons (BSE) which are the result of collisions of the primary electrons with the
atoms in the sample. They originate from a deeper part than SE and are sensible to the atomic

mass. Therefore, heavier atoms appear brighter in a resulting image due to a higher yield of BSE;

- X-rays which are generated in the same way as in XRD experiments i.e. due to ejection of an
electron from an inner atomic shell, leaving the atom in an ionized state, followed by the filling of
the vacancy by an electron from an outer shell. This process generates X-ray photons characteristic

to a certain element, which are further used for its identification;

- Auger electrons are produced following the interaction of X-rays, generated as described above,

with electrons from other shells. They are typically used in Auger Electron Spectroscopy (AES);

- diffracted electrons which can be used to further derive crystallographic information i.e.

orientation of diffracting planes and interplanar distance (d);

- transmitted electrons which are a fraction of electrons passing through the sample without energy
loss. Transmission strongly depends on the energy carried by the primary electrons as well as the

thickness of the sample. Higher electron energies and thinner samples favor transmission.
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2.3.1. Scanning Electron Microscopy (SEM)

SEM (figure 11-7,ii) typically uses low-energy electrons of up to 15-20 keV, which are focused on
the sample by a series of lenses. This causes generation of secondary electrons, backscattered
electrons, X-rays and a small portion of diffracted electrons which are used to derive information
on surface topology, particle size and shape (SE), contrast topographic imaging (BSE), elemental
analysis and mapping (X-Rays) and atomic planes orientation (diffraction) with a typical
resolution of 5-10 nm. In this work, SEM micrographs were registered on a JEOL JSM 7800F
microscope using an electron beam energy in the range of 5-10 keV. Before observation, the
samples were covered with a thin layer of Cr (150 A). When SEM was coupled with EDS (Energy
Dispersive X-Ray Spectroscopy) for elemental analysis, the samples were covered with a thin

carbon layer (~200 A) and were observed under an applied electron beam energy of 15 keV.

2.3.2. High Resolution Transmission Electron Microscopy (HRTEM)

HRTEM usually employs higher-energy electrons of up to 300 keV which are directed onto the
sample following a parallel beam (figure 11-7, iii). Under these conditions transmission and
diffraction dominate the electron-sample interaction which allow for images with high resolution
of up to 0.3-0.5 nm as well as diffraction patterns and elemental analysis. Herein, HRTEM images
were taken on a FEI TITAN Themis 300 microscope using an electron beam energy in the range
of 80-200 keV. Prior to observation, powdered samples were deposited directly on a copper grid

covered with a carbon film.

2.4. Surface Properties

2.4.1. X-Ray Photoelectron Spectroscopy (XPS)
XPS is a frequently used analytical technique which provides information on the chemical

composition, oxidation state and therefore the chemical environment of the elements composing a
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material. XPS is based on the photoelectric effect during which an atom absorbs a photon energy
(hv) which forces avalence electron with a binding energy (BE) to be ejected with a kinetic energy
(KE). Typically, an XPS spectrum represents the intensity of thus-ejected photoelectrons plotted
as a function of the binding energy. The latter can be calculated by a simplified equation: BE = hv
— KE. In this work, XPS analysis was performed ona Kratos Axis Ultra DLD instrument equipped
with a monochromatized AIK, X-ray source at 1486.6 ev. The base pressure in the analysis
chamber was lower than 5.10-° Torr. General survey spectra were recorded at a 160 eV pass energy
and Zr 3d,C 1s, O 1s, S 2p and Si 2p core level spectra were recorded at a 20 eV pass energy. The
Kratos charge compensation system was used during all analysis and binding energy scales were

adjusted according to the Zr 3ds,2 peak placed at 182.8 eV.

2.4.2. ToF-SIMS (Time-of-Flight — Secondary lon Mass Spectrometry)

ToF-SIMS is another widely known surface technique with surface sensitivity surpassing that of
XPS. The principle behind ToF-SIMS is based on the sputtering of atoms, ions or molecular
fragments from the surface via a bombardment with a primary ion beam, usually Ar* with 0.5-
5 keV or Biz* with ~25 keV. Secondary ions produced as a result of such sputtering are directed
into the ToF mass spectrometer where they are analyzed and quantified. Thus, the obtained results
represent a typical mass spectrum representing the intensity of ions plotted against their mass-to-
charge (mV2) ratio. Inthis work, the samples were analyzed using a TOF.SIMS 5 spectrometer (ION
TOF GmbH, Germany) equipped with a pulsed bismuth liquid metal ion gun and Bis* as the
primary ion source (25 keV, 1 pA current). The analyzed sample area was 500 um x 500 pm for

spectral analyses while maintaining static conditions.
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2.5. Elemental Analysis

2.5.1. Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES)

ICP-OES is aroutine and yet powerful analytical technique used to qualitatively and quantitative ly
determine elements composing a sample under study. The principle behind this technique is based
on excitation of electrons from the ground state to an excited state using a hot plasma as an energy
source. As electrons return back to the ground state they emit light at a specific wavelength which
is analyzed by means of optical emission spectroscopy. By measuring the intensity of each
wavelength, it is possible to calculate the proportion of each element in a sample. Therefore, in
this thesis, chemical composition of the synthesized materials was determined by means of ICP-
OES. Analyses were performed on a Perkin Elmer Optima 2000 DV instrument to determine the
chemical composition of the solids based on Zr, Sand Nafor MOFsand Si, Al and Zr for zeolites.
Before analysis, a known amount of sample was dissolved in a diluted HF-HCI solution, and then

heated under microwave until complete dissolution before exposition to the plasma.

2.5.2. Carbon, Hydrogen, Nitrogen and Sulfur (CHNS) Analysis

CHNS is a routine technique to qualitatively and quantitively analyze the organic matter in a solid
sample. The principle behind the analysis lies in combustion of the specimen followed by
determination and quantification of the combustion products. In this thesis, the CHNS compounds
were determined using the thermo scientific FlashSmart automated elemental analyzer. The
samples (~10 mg) were weighed in tin (Sn) containers and introduced into the combustion reactor
maintained at 950 °C and promoting dynamic flash combustion of the sample. The products are
then directed into the column reactor filled with copper oxide for their oxidation and pass through
the nickel reducer. The N, C, H and S were therefore detected as N2, CO2, H20 and SO,

respectively. The resulted gases were separated in a packed column heated at 65°C and detected
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by athermal conductivity detector. The analysis duration was 10 min with 3 repetitions performed

for each sample.

2.6. Chemical Properties

2.6.1. Temperature-Programmed Desorption (TPD)

TPD is an analytical technique that allows examining the strength of interaction of the adsorption
gases with the material’s surface. It is based on a progressive desorption of a pre-adsorbed gas
from a surface upon gradual temperature increase. Quantification of the desorbed gas by means of
mass spectrometry as a function of temperature allows one to derive information on surface

chemical properties (acidity or basicity) and their related strength.

Thus, in this thesis, acidic properties of the synthesized materials were probed by means of NH3-
TPD. Typical experiments were performed on a Micromeritics Autochem 1 2920 instrument.
Ammonia concentration in the outlet mixture was monitored using an OmnistarTM Pfeiffer mass
spectrometer. Prior to the desorption, the samples (~100 mg) were outgassed under helium flow at
250 °C in the case of MOFs and at 500 °C in the case of zeolites (60 min, 10 °C-mint). Sample
saturation was performed at 10 % NHs in He (30 mL-min') at 100 °C for 30 min and the sample
was then purged under He flow (50 mL-mint) for 2 h at 100 °C to remove physisorbed NHs. The
desorption experiment was performed following a heating ramp of 2 °C-min't from 100 °C to
250 °C for MOFs, and following a ramp of 5°C-min't from 100 °C to 700 °C for zeolites. Similar
conditions were applied to study surface basicity by changing the probe gas from NHs to CO:

(CO2-TPD).
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2.6.2. Pyridine Adsorbed Infrared Spectroscopy (Py-FTIR)

Py-FTIR spectroscopy allows the qualitative and quantitative analysis of acid sites of both Lewis
and Brgnsted nature present in a solid sample. The latter is possible because pyridine complexes
formed with Lewis and Bregnsted acid sites can be easily distinguished in an IR spectrum and
therefore acid site strength and density can be deduced. The principle behind this technique lies in
a gradual desorption of the pre-adsorbed pyridine molecules from a solid’s surface. This is
followed by examining the evolution (progressive decrease) of the IR bands corresponding to the
pyridine complexes (with Lewis and Brgnsted acid sites) as a function of the applied desorption
temperature. Thus, in this thesis, infrared spectra were recorded during pyridine adsorption—
desorption experiments using a Nicolet Protege 460 infrared spectrometer equipped with an MCT
detector. Prior to each experiment, samples were activated at 450 °C in the case of zeolites and at
150 °C in the case of MOFs under high vacuum (10® mbar) overnight. Pyridine adsorption took
place at room temperature until saturation coverage at the equilibrium (1.2 mbar). Desorption
under vacuum was performed at 150 °C, 250 °C, 350 °C and 450 °C. Qualitative and quantitative
analyses of acidic sites were done by examination and integration of the bands at ~1450 cm-! and

~1550 cmr! for Lewis and Brensted acid sites, respectively.

2.7. Thermal Stability Properties

2.7.1. Thermogravimetric Analysis with Differential Scanning Calorimetry (TGA-DSC)

TGA is an analytical technique of thermal analysis during which the mass of a sample is
continuously measured as a function of increasing temperature. Coupled with DTA (Differential
Thermal Analysis) or DSC, it allows identification of the phenomena taking place at different
temperatures and including combustion, desorption, phase transition, and others. Importantly,

TGA enables establishing the thermal stability of materials by quantifying, for example, the
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organic fraction in them and the temperature at which its combustion starts. Therefore, in this work
thermal stability properties were evaluated by recording the TG and DSC profiles with a thermal
analyzer instrument Q600 from TA Instrument within the temperature range 25-800 °C at a heating

rate of 5 °C-mint under air flow (100 mL-mint).

3. Catalytic Tests

3.1. Fructose Dehydration

Fructose dehydration tests were performed in a Carousel 12 Plus Reaction Station (Radleys)
(figure 11-8, i) under atmospheric pressure, using 1.2 mmol of fructose, 2 mL of solvent (dimethyl
sulfoxide, DMSO) and 20 mg of catalyst. The reaction mixture and the catalyst were stirred at
600 rpm and heated to the desired reaction temperature (80-120 °C) for a reaction duration up to
6 h. At the end of the reaction, the reactors were cooled to room temperature by quenching in cold
water and the products were removed with a syringe, filtered and diluted 10 times with 5 mM
sulfuric acid solution. The products were analyzed in high-performance liquid chromatography
(HPLC) equipped with UV-vis and refractive index (RID) detectors and a Rezex ROA-Organic
Acid column using sulfuric acid (5 mM, 0.6 mL-min'l) as a mobile phase. For the recycling
experiment, the catalyst was separated by centrifugation and then reused directly for the next run
with a fresh fructose solution in DMSO. The fructose conversion and 5-HMF yield were defined

as:

mol of Fructose, — mol of Fructose,,

Conversion (%) = 4 %100 %

mol of Fructose,

i mol of HMF
Yield (%) = *100 %
mol of Fructose,
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Selectivity (%) mol of HMF 100 %
electivi = *
Yo mol of Fructose, — mol of Fructose,,, °

3.2. Fructose Dehydration on Shaped MOFs

Fructose dehydration over shaped MOFs was performed in a batch stainless steel reactor of 250 mL
provided by Anton Paar and equipped with a stirrer, a thermocouple and a catalyst basket (figure
11-8, ii and ii). The round, metallic catalyst basket presents aperture dimensions of 1.5cm x 0.5 cm
to insert a catalyst. The applied reaction conditions were similar to the ones applied for the tests in
the Carousel station. In the same way, products identification and quantification were done by

HPLC as described above.

3.3. Glucose Isomerization

Glucose isomerization tests were performed in a Carousel 12 Plus Reaction Station (Radleys)
working at atmospheric pressure, using 1.2 mmol of glucose, 2 mL of solvent (water) and 20 mg
of catalyst. The reaction mixture and the catalyst were stirred at 600 rpm and heated to 120 °C for
a reaction time of 3 h. At the end of the reaction, the reactors were cooled to room temperature by
quenching in cold water and the products were removed with a syringe, filtered and diluted 10
times with 5 mM sulfuric acid solution. The products were analyzed in high-performance liquid
chromatography (HPLC) equipped with a refractive index (RID) detector and a Rezex ROA-
Organic Acid column using sulfuric acid (5 mM, 0.6 mL-min'!) as a mobile phase. Glucose

conversion and fructose yield were defined as:

mol of Glucose, — mol of Glucose,,, 100 %
* 0

Conversion (%) = mol of Glucose
0

. mol of Fructose
Yield (%) = * 100 %
mol of Glucose,
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Selectivity (%) mol of Frutose 100 %
electivi = *
Yo mol of Glucose;, — mol of Glucose,,, °

Figure 11-8. Setups used to perform catalytic tests: Carousel Station (i) as well as the catalyst
basket with the catalyst inside (i), and the batch reactor Paar (iii).
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Chapter Il

As it was discussed in chapter I, isomorphous substitution of Al by another element is a classical
approach for tuning acid properties of zeolites resulting in the so-called metallosilicates. With this
in mind, this chapter is focused on the characterization of the zeolitic materials prepared according
to the procedures described in the section 1.2 of chapter Il and presented in Table 11.2. This
includes basic techniques applied for routine characterization such as XRD, N2 physisorption,
ATR-IR spectroscopy and others as well as advanced spectroscopic techniques: XPS and ToF-
SIMS. The two latter are less often used for characterization of zeolitic materials and therefore the
information they provide are of particular interest. A special attention will be given to the MFI
type Zr-containing metallosilicates i.e. [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex which, to the best of

the manuscript’s author knowledge, are poorly described in the literature.

Finally, catalytic performances of the prepared zeolitic materials in fructose dehydration to HMF

and glucose isomerization to fructose is discussed.

1. Characterization of Zeolitic Materials

1.1. Structural Properties

1.1.2. XRD

Characterization of a solid product often starts by examining its structure to establish whether it is
crystalline or amorphous. As discussed in the previous chapter, XRD is the ultimate technique to
probe crystallographic properties of solids. Figure I11-1 demonstrates the diffractograms of the

zeolitic materials prepared in this work.
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Figure 111-1. XRD patterns of the synthesized solids as compared to the simulated diffractogram
of a MFI-type zeolite with a SVAIl of 300 (i), and magnification into the 7-10 ° region to
evidence asmall shift of reflections in [Si,Zr]-MFI-in as compared to the pure siliceous [Si]-MFI
(if). The pattern simulation was done using the corresponding CIF file [1]. The intensities are
normalized to the intensity of the reflection at ~8 °.

First of all, all the synthesized solids exhibit the typical diffraction pattern of the MFI topology
with a monoclinic symmetry organization, as in the case of the simulated pattern (figure 1lI-1, i).

Of note, MFI-type materials are oftentimes described by the principle reflections at 7-9 ° and 23-

25 ° two theta values, representing a combination of families of the diffraction planes [1].

Interestingly, [Si,Zr]-MFI-in experienced a small shift of its reflections towards smaller 2 theta
values when compared to a pure siliceous Silicalite-1, named [Si]-MFI hereafter (Figure 1lI-1, ii).
This might serve as a first indication of the introduction of bigger ions in the MFI framework.
Indeed, according to the existing databases [2,3] Zr** ionic radius (0.59 A) in tetrahedral
coordination is much bigger than that of Si** (0.26 A). In contrast, there is no perceptible shift in
the diffractogram of [Si,Zr]-MFl-ex, indicating that tetrahedral Zr** might not be present in the
MFI structure and that the diffraction pattern is related to a Silicalite-1-like material. At the same

time there is no evidence of a secondary crystalline phase neither in [Si,Zr]-MFI-in nor in [Si,Zr]-
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MFI-ex, despite possible crystallization of ZrO2 phases upon hydrothermal treatment in basic
medium [4,5]. Therefore, this might suggest either the presence of ZrO> nanocrystals non-

detectable by XRD and/or simply amorphous ZrO2 phase.

Overall, XRD confirms the successful crystallization of the synthesized solids into MFI-type
zeolitic materials. In the case of [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex, it is possible to hypothesize
that the former contains framework-incorporated Zr atoms within the MFI lattice resulting in a
shift of the reflections, whereas in the latter the Zr species are mostly extra-framework. The

corresponding prefixes “in” and “ex” in the solids’ names are thus related to this hypothesis.

Nevertheless, further characterization is needed to support or deny these results.

1.1.3. ATR-FTIR and Raman Spectroscopy
Structural properties via examining characteristic vibrations of the MFI-type solids were probed

by ATR-FTIR and are revealed in the spectra presented in figure 111-2 (i).
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Figure I11-2. ATR-IR spectra (i) of [Si]-MFI (a), [Si,Zr]-MFI-in (b), [Si,Zr]-MFI-ex (c) and
[Si,All-MFI1 (d) and their corresponding Raman spectra (ii). The intensities are normalized to the
intensity of the band at 1064 cm? (ATR-IR) and at 380 cmr? (Raman).
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By a careful look at the presented zone, one can distinguish the bands originated from several
vibrations that include: external asymmetric Si-O-Si stretching (~1228 cm?), internal asymmetric
Si-O-Si stretching (~1064 cmrt), internal symmetric Si-O-Si stretching (~800 cml) and the double
ring vibration (~548 cmrl). The latter represents the characteristic vibration of the MFI framework
and therefore serves as its fingerprint in IR spectra [6-8]. Once again, a small shift towards lower
wavenumbers, when compared to [Si]-MFI, is attributed to the presence of heteroatoms in SiO2
framework i.e. Al and Zr which require higher energy to excite the corresponding vibrational states
upon binding to Si atoms. For example, the band at ~1064 cn! is observed at~1060 ctin [Si,Zr]-

MFI-in and at ~1055 cn? in [Si,All-MFI.

In addition, Raman spectroscopy is a powerful and sensitive tool to distinguish all the three existing
ZrO2 phases: cubic, monoclinic, and tetragonal [9]. Therefore, it was used in this work to probe
possible ZrO: phases formed upon hydrothermal syntheses of [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex,
by comparison to the spectrum of [Si]-MFI. The Raman spectra are depicted in figure 111-2 (i) in
which the characteristic vibrations can be distinguished. The latter include: Si-O-Si symmetric
stretching (~832 cmrl), Si-O-Si bending (~471 cmrt), Si-O-Si asymmetric stretching (~438 cm?)
and the characteristic vibration of the MFI framework (~380 cm) [10]. Importantly, there is no
evidence of any crystalline ZrO2 phase which, according to the literature, all present an intense
band at ~650 cmr® [9]. This correlates with the XRD results obtained for [Si,Zr]-MFI-in and
[Si,Zr]-MFl-ex. The latter, however, exhibits a weak, broad band in the range of 520-630 cnmr!

which corresponds to amorphous ZrO2 [11].

Hence, [Si,Zr]-MFI-in is expected to mostly contain framework-inserted Zr** species owing to

XRD and spectroscopic results. In the case of [Si,Zr]-MFI-ex, however, Zr-species not inserted in
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the framework might be only of amorphous nature as-evidenced by Raman analysis. Nevertheless,

further assessment of the presence of Zr heteroatoms in MFI-type zeolitic materials is needed.

1.2. Textural Properties

1.2.1. N2 Physisorption

Figure 111-3 shows the adsorption/desorption isotherms recorded upon N2 physisorption analyses.
All the solids are represented by a classical type I isotherm, which is defined by a sharp gas uptake
at low relative N2 pressures. Usually, this uptake is associated with a consequent filling of
micropores by the sorbent until a plateau is reached, usually below 0.3. This monolayer
corresponds to the formation of the N2 monolayer which is at the basis of the BET equation,
allowing one to calculate the surface area (Table I11.1). Accordingly, all the synthesized materials

exhibit similar surface areas which are consistent with MFI-type ZSM-5 zeolites [12,13].

220 - Table III.1 — Textural properties of the
& 20+ synthesized solids.
L 180 4
E, 140 ] ﬁ Sample Seer, Pore volume, cm® gl
ol P P m?g!  Micro? Total®
g 100 a [Si.AI]-MFI 419 0.17 0.20
N 50 ] [Si.Zr]-MFI-ex 394 0.14 0.25
g o [SiZr]-MFI-in 421 0.18 021
g w0 ] [Si]-MFI 438 0.19 0.24
] a — calculated by the t-plot method;

b — using the adsorption branch at p/p, ~0.99.

=

T
0.0 02 04 0.6 08 1.0
Relative pressure (-)

Figure 111-3. N2 physisorption isotherms of [Si]-MFI (a, offset y-axis: 0), [Si,Zr]-MFI-in (b,
offset y-axis: +20 cmé-g1 STP), [Si,Zr]-MFIl-ex (c, offset y-axis: +35 cmé-g1 STP) and [Si,All-
MFI (d, offset y-axis: +60 cmé-gt STP).

Upon further increase of relative pressure, gas adsorption is considerably slowed down as the

interaction of N2 molecules with the surface becomes weaker. This plateau region continues until
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p/po<0.9, above which asubsequent uptake is often associated with gas adsorption on the external
surface of particles and therefore might provide valuable information on their size and
homogeneity. Thus, the open character of adsorption/desorption branches of the isotherm of
[Si,Zr]-MFl-ex implies a strong inhomogeneity of its surface as compared to the other solids.
Based onthe results obtained from Raman spectroscopy, it might originate from the external ZrO2
amorphous phase and should be further studied by electron microscopy. Lastly, the region at
p/po >0.9 is associated with complete condensation of liquid N2 in the pores and therefore the
quantity of adsorbed gas at p/po ~0.99 is typically used to calculate the total pore volume

(Table I11.1). The latter agrees well with the values reported elsewhere [12,13].

1.3. Elemental Analysis

1.3.1. ICP-OES
The elemental analysis was performed according to the theoretical chemical composition of the

synthesized solids, with the quantified elements presented in Table 111.2.

Table 111.2 — Elemental composition of the synthesized solids.

Elements for quantification

Sample Si, wt.% Zr, wt.% Al, wt.% Na, wt.%

Theor* Exp Theor* Exp  Theor* Exp  Theor* Exp

[Si,Zr]-MFI-in 43.7 36.1 4.7 2.7 - - - -
[Si,Zr]-MFl-ex 43.7 38.0 4.7 3.4 - - <12 0.3
[Si,All-MFI¢ 44.6 38.0 - - 1.4 1.3 <l2 <<01

* calculated from the composition of gels considering pure non-hydrated oxide forms;
¥ after ion-exchange.

As seen from Table 111.2, all the synthesized solids are composed of the targeted elements within

the desired percentage range. The theoretical values were calculated from the pure oxide forms

99



Chapter Il — Characterization of Zeolitic Materials

without considering water molecules and therefore it can explain the remarkable difference
between theoretical and experimental values especially in the case of Siand Zr. The ion-exchange
step performed on [Si,All-MFI to convert Na*to H*-form was successful as the amount of Na
present in the solid is negligibly small. As for [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex, both exhibited
comparable Si (36.1 wt.% and 38.0 wt.%) and Zr (2.7 wt.% and 3.4 wt.%) experimental contents,
respectively. Of note, some Na* cations remain present in [Si,Zr]-MFI-ex, while the framework

should be electroneutral. This could be due to insufficient washing of the sample after synthesis.

1.4. Chemical Properties

1.4.1. TPD and Py-FTIR
Prior to use in catalysis, it is crucial to determine the acid-base properties of the synthesized solids.

They were evaluated by means of NH3-TPD, CO2-TPD, Py-FTIR and the results are depicted in

Table 111.3.
Table 111.3 — Acidic and basic properties of the synthesized solids
Acidic properties Basic prop.
Py-FTIR, pmol-gt
Sample Weak, Med-strong, Strong, NHs-TPD, CO2-TPD,
<250 °C 250-350 °C  >350 °C pmol- gt pmol- gt
B L B L B L
[Si-MFI - - - - - - 10 -
[Si,Zr]-MFI-in 10 48 - - - - 109 -
[Si,Zr]-MFI-ex - 19 - - - - 65 34
[Si,All-MFI 398 104 166 23 79 23 684 -
[Si,All-MFI-c* 834 216 292 84 104 73 1983 -
t-ZrO¢ - 201 - 9 - - not meas-d -
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B - Bronsted;

L - Lewis;

* - commercial H-ZSM-5 (MF1) zeolite with a Si/Al molar ratio of 11;
¢ - commercial tetragonal ZrOx.

According to Table I11.3, both synthesized [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex exhibit acidic
properties confirmed by NHs-TPD as well as Py-FTIR. Both techniques suggested a doubled
amount of acid sites in [Si,Zr]-MFI-in (109 pmol-g! by NH3-TPD) as compared to [Si,Zr]-MFI-
ex (65 pmol-gt by NH3-TPD). At the same time, Py-FTIR suggested the presence of rather weak
Lewis acid sites which are more pronounced in [Si,Zr]-MFI-in (48 pmol-g!) than in [Si,Zr]-MFI-
ex (19 pmol-g1). This agrees well with the acidic properties of the commercial t-ZrO2 which
possesses mainly weak Lewis acid sites (201 pmol-g1) as suggested by Py-FTIR. This implies that

Zr introduction into the MFI framework generates mainly weak Lewis acid sites.

Notably, [Si,All-MFI synthesized in this work with a SVAI molar ratio of 30 exhibits three times
less acid sites probed by NHs-TPD when compared to its commercial analogue with a SYAl molar
ratio of 11 (684 pmol-g* vs 1983 pmol-gt), while as seen in Table 1.2 complete sodium-to-
proton ion-exchange was obtained. This difference in the amount of acid sites agrees with the
nearly 3 times less amount of Al in the synthesized [Si,Al]-MFI. Besides, both solids mainly
exhibit Brensted acid sites as probed by Py-FTIR as the result of the ion-exchange procedure.
Interestingly, the percentage of strong Brensted acid sites in the synthesized [SiAll-MFI
represents nearly 12 % of the total Brensted acid sites, whereas it represents about 8% in its
commercial counterpart. This supports the NNN theory briefly discussed in chapter | according to

which a smaller number of Al atoms results in stronger (but lesser) Bransted acid sites.
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Importantly, there is acertain amount of basic acid sites in [Si,Zr]-MFI-ex as probed by CO2-TPD.
This might be due to the presence of trace amounts of Na* as suggested by the ICP-OES elemental

analysis.

1.5. Morphological Properties

1.5.1. SEM

SEM micrographs of representative crystal morphologies of the synthesized solids are displayed
in figure I11-4. Accordingly, [Si]-MFI is composed of coffin-shaped crystals of different size
ranging from ~200 nm up to ~2 pm, as described in the literature [14,15]. Similar crystal
morphology, i.e. coffin shape but rather rounded crystals, is observed for [Si,Zr]-MFI-in, along
with a considerably smaller and homogeneous crystal size distribution of around 200 nm, as also
described previously [16]. Importantly, particles in [Si,Zr]-MFI-ex exhibit rather a complex
morphology. They are composed of large cross-shaped crystals of around 7 pm with a visible
secondary phase deposited on their surface. This secondary phase is represented by fine particles
whose size and shape are difficult to evaluate by SEM due to its limited resolution. Therefore,
further assessment by TEM is necessary. Nevertheless, this remarkable inhomogeneity of crystal
size is probably at the origin of the open N2 adsorption-desorption isotherm shown in figure 111-3
and increased N3 uptake at p/po>0.9 due to liquid N2 condensation in inter-particle space. Finally,

[Si,All-MFI consists of aggregates of small coffin-shaped crystals of around 200 nm [17,18].

Figure 111-4. SEM images of [Si]-MFI (i, scale bar: 500 nm), [Si,Zr]-MFI-in (ii, scale bar:
200 nm), [Si,Zr]-MFI-ex (iii, scale bar: 5 um) and [Si,Al]-MFI (iv, scale bar: 200 nm).
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As [Si]-MFI and [Si,All-MFI have been extensively described in the literature, more emphasis has
been put on the investigation of [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex. Consequently, the elemental
composition of both solids was evaluated by the coupled SEM-EDS analysis (figure 111-5). [Si,Zr]-
MFI-in exhibits rather a homogeneous distribution of the elements across the particles with Zr
being less detectable due to its lowered percentage. At the same time, when examining [Si,Zr]-
MFI-ex, one can notice that the large cross-shaped crystals are mainly composed of pure SiO2
according to the elemental mapping, while the fine particles at the surface of these crystals are rich
in Zr. Therefore, atthis point it is possible to conclude that [Si,Zr]-MFI-ex is mainly composed of
large Si-rich MFI crystals along with a secondary phase containing fine particles of zirconium

oxide species.

Figure 111-5. SEM images and EDS mapping of the targeted elements of [Si,Zr]-MFI-in (i, scale
bar: 200 nm) and [Si,Zr]-MFI-ex (ii, scale bar: 5 pm).

1.5.2. HRTEM

HRTEM reveals the crystalline nature of the particles composing [Si,Zr]-MFI-in (figure 111-6, a
and b insets) represented by electron diffraction patterns collected on selected areas (SAED) thus
confirming the XRD data. Similar to SEM-EDS, high-angle annular dark-field (HAADF) imaging
made on scanning transmission (STEM) mode (figure I111-6, iii) followed by elemental mapping

(figure 111-6, iv-vi) confirms a homogeneous distribution of the elements within the crystals. The
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latter is critical in the case of Zr to understand its localization and therefore one can observe no

surface saturation with Zr as also confirmed by SEM-EDS.

Figure 111-6. HRTEM images (i and ii) of [Si,Zr]-MFI-in with the insets (a and b) corresponding
to SAED; HAADF-STEM image (i) and elemental mapping (iv-vi) of the area shown in (iii).
When examining the two phases present in [Si,Zr]-MFI-ex, the amorphous nature of the fine ZrO:
aggregates on top of SiO2 crystals can be deduced from the absence of a diffraction pattern in the
SAED image (figure 111-7, a). In contrast, the large crystals yielded a diffraction pattern viewed as
the dots in its SAED image (figure 111-7, b). This allows to prove the results obtained by XRD and
Raman spectroscopy which suggested that the diffraction originated mostly from the crystalline

SiO2 phase with the presence of amorphous ZrOo.

In order to investigate whether or not Zr atoms are also present within the zeolite framework,

[Si,Zr]-MFI-ex was cut into small (50-100 nm) slices prior to observation as shown in figure 111-7
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(ii)). Further elemental analysis on this area (figure I11-7, iv-vi) confirmed that the crystals are
purely composed of SiO2, whereas the secondary phase is mainly composed of ZrO: with a

negligible percentage of SiO2 which may be assigned to the formation of amorphous ZrO2-SiO2

mixed oxide.

Figure 111-7. HRTEM images of the secondary phase located on the large cross-shaped crystals
of [Si,Zr]-MFl-ex (i-if), with inserts corresponding to SAED (a-b). HAADF-STEM image where
“cut” represents smaller slices of the large cross-shaped crystals (iii), and related elemental
mapping (iv-vi).
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1.6. Surface Properties

1.6.1. ToF-SIMS

To further investigate the effective insertion of Zr species within the zeolite frameworks, the

surface composition of [Si,Zr]-MFI-ex and [Si,Zr]-MFI-in were examined by ToF-SIMS and the

related spectra are presented in figure 111-8.
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Figure 111-8. Global ToF-SIMS spectra of [Si,Zr]-MFIl-ex and [Si,Zr]-MFI-in as compared to
SiO2 and ZrO: references over the m/z range of 255-275 (i) and 375-400 (iv) as well as the
simulated spectra of the fragments: ZrSi2O7H- (ii), SisHOg (iil), Zr3SiOsH- (v) and ZrSisHO11
(vi).

390

As it is evident, both solids exhibit fragments corresponding to mixed SiO2/ZrO2 as compared to

the spectra of pure ZrO2 and SiOz. Critically, when examining the mv/z range between 256 and 276

(figure 111-8, i), one can notice that [Si,Zr]-MFIl-ex spectrum reveals fragments with higher Zr

content, by comparison with the simulated pattern of ZrSi.O7H-. Indeed, they share the same most
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intense peak at 259 m/z. On the other hand, [Si,Zr]-MFI-in exhibits more pronounced Si-
containing fragments, deduced by comparison with the simulation of Si4sHOg™ and their common
most intense peak at 257 mV/z. At the first glance, this suggests Zr-enrichment of [Si,Zr]-MFI-ex
surface and can be further confirmed by studying the mvVz range of 376-400 (figure 111-8, iv). In
this region, the results once again point at a majority of Zr-rich fragments such as Zr3SiOsH- from
[Si,Zr]-MFl-ex as confirmed by the good match between the experimental spectrum of the solid
and the simulated pattern of the fragment. This clearly shows the qualitative evidence of surface
saturation with Zr. Also, it agrees well with the presence of an amorphous ZrOx phase deposited
on pure SiO2 crystals as seen in SEM and TEM micrographs. In contrast, [Si,Zr]-MFI-in is
composed of Si-rich fragments such as ZrSisHO11" peaking at m/z of 379, which interestingly can
serve as a fingerprint of a tetrahedral Zr atom surrounded by 4 Siatoms. In fact, this corresponds
well to the configuration that Zr atoms would have in the MFI framework and therefore can be
used as a proof of the successful introduction of Zr atoms in the MFI framework. Once again, this
can be supported by the SEM and TEM images which suggest rather a homogeneous composition

with Zr atoms evenly distributed across the crystals.

1.6.2. XPS
Although the surface sensitivity of XPS is somewhat less than that of ToF-SIMS, the former is a
quantitative technique and therefore allows obtaining both qualitative and quantitative

information. Figure 111-9 represents the spectra of [Si,Zr]-MFIl-ex and [Si,Zr]-MFI-in.
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Figure 111-9. XPS surveys of [Si,Zr]-MFIl-ex (i) and [Si,Zr]-MFI-in (iv) with the assigned
elements as well as the spectra of their respective Si 2p (ii and v) and Zr 3d (iii and vi)
contributions used for establishing the SVZr ratios.

Once again, the global surveys suggest the presence of the targeted elements. Interestingly, the Zr

2p and Zr 3d peaks have higher apparent relative intensities in [Si,Zr]-MFI-ex than in [Si,Zr]-MFI-

in (figure 111-9, i and iv) confirming once again the surface enrichment of the former with Zr.

Further integration of Si 2p and Zr 3d contributions allows quantifying the elements and therefore

establishing the corresponding SiVZr ratios (Table 111.4).

Table 111.4 — Surface fragments and SVZr ratios in the bulk and on the surface.

Si/Zr ratio
- - Key fragment
Sample Theor. Experim. Experim. (TOF-SIMS)
(Synthesis gel) ICP-OES (bulk) XPS (surface)
[Si,Zr]-MFI-ex 30 36 8 Zr3SiOsH
[Si,Zr]-MFI-in 30 40 29 ZrSyHO11
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Accordingly, [Si,Zr]-MFI-ex exhibits a low Si/Zr molar ratio of ~8 which is considerably lower
than the theoretical value (30) and the value derived from ICP-OESelemental analysis (36), which
is a bulk analytical technique. This again confirms the surface enrichment of Zr species. At the
same time, [Si,Zr]-MFI-in exhibits a Si’Zr molar ratio of ~29 which is close to the theoretical value
(30) and not largely different from the one suggested by the ICP-OES analysis (40). Thus, it is
possible to conclude that Zr distribution is rather homogeneous within [Si,Zr]-MFI-in as both the

bulk and the surface Si/Zr ratios are somewhat comparable, on the contrary to [Si,Zr]-MFI-ex.

2. Catalytic Tests

2.1. Fructose Dehydration to HMF

Following previous works dedicated on fructose dehydration on solid acid catalysts, 3 different
solvent compositions were studied in order to test their suitability with respect to catalysts. This

includes the following solvent systems: water, watereethanol (viv, 1:1) and DMSO (figure 111-10).
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Figure 111-10. Fructose conversion and HMF yield over a series of tested catalysts compared to
blank tests. Reaction conditions: T = 100 °C, Patm., m(catalyst) =20 mg, c(fructose) = 0.6 mM,
V(solvent) =2 mL, 600 rpm, solvents: H20 (after t=2 h) (i) and DMSO (after t= 1 h) (i).
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First of all, [Si]-MFI and [Si,Zr]-MFIl-ex showed no conversion in water under these conditions.
Therefore, these two catalysts were not plotted. As seen in figure 111-10 (i), water does not seem
to be an appropriate choice for the targeted dehydration reaction, as briefly discussed in chapter I.
It shifts the chemical equilibrium towards the reactant i.e. fructose and thus does not favor its
conversion. In this regard, no HMF was detected after 2 h of reaction in water, without catalyst
(blank test) or with [Si,Zr]-MFI-in. The detected conversions of 5 % (blank) and 10 % ([Si,Zr]-
MFI-in) might be attributed to the formation of fructose oligomers as well asto fructose adsorption
on [Si,Zr]-MFI-in surface. When [Si,All-MFI was used as the catalyst, fructose conversion
reached 21 % with only traces of HMF (~3 % yield) observed after 2 h, while it increased to 27 %
and ~5 %, respectively, using the commercial [SiAll-MFI-c. The slight difference might be
attributed to the higher number of Bregnsted acid sites, as confirmed by Py-FTIR analyses
(Table 111.3). Additionally, in terms of selectivity the results shown by both [Si,All-MFI and
[Si,All-MFI-c are somewhat in agreement with the ones reported elsewhere [19-21]. Indeed, they
both demonstrated considerably low HMF selectivities of 14 % and 19 %, respectively, with a

small amount of levulinic acid as the major by-product in both cases.

In order to increase the HMF selectivity, one can use a biphasic solvent system such as H.O/MIBK.
Upon formation, HMF would be preferentially solubilized by the MIBK phase, preventing its
further rehydration into by-products as discussed in chapter I. In this work, the mentioned biphasic
system was also applied as solvent. However, due to certain difficulties with the analytical
instrumentation, originated from the used HPLC equipment, a reasonable analysis of the MIBK
phase, rich in HMF, was not possible. Another binary solvent system i.e. H2O/ethanol was

attempted with the same intention to increase the HMF selectivity. However, such system did not
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show any fructose conversion under the same reaction conditions used with water. Therefore, the

last solvent considered in this work was DMSO.

Figure 111-10 (ii) illustrates the results of fructose dehydration in DMSO. Accordingly, one can
notice a decent performance of DMSO alone, without catalyst (blank test), converting 55 %
fructose and yielding 23 % HMF after 1 h at 100 °C (selectivity = 42 %). Thus, DMSO itself
outperforms all the catalysts tested in water at 100 °C for 2 h and underlines its positive catalytic
effect. Indeed, its activity towards fructose dehydration is well known and therefore it has been
considered as an optimal solvent for a long time [22,23]. However, when examining the
performance of the tested catalysts, it is clear that fructose conversion and HMF vyield are
comparable to those of the blank test and remain around 55 % and 23 % on average, respectively.
It is critically important to note that all the catalysts were found dissolved after the catalytic tests.
After 1 h of reaction at 100 °C, the reaction mixture turned from a turbid suspension into a clear

solution (figure I111-11).

Dispersed solids in DMSO: stable catalysts

Figure 111-11. Hlustration of the reaction mixtures after 1 h of catalytic test at 100 °C in DMSO.
The tests run with the zeolitic solids yielded clear solutions with colors similar to that of the
blank test. Dispersed MOF-based solids after catalytic tests shown for comparison (reactors 3
to 7).
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Partial dissolution of zeolites during fructose dehydration by the side products was shown before
[24-26]. It implies mostly Al-leaching induced by levulinic and formic acid attacks on the zeolite
framework, which also provoke Si-leaching to some extent. In this work, however, the dissolution
was rather remarkable as the catalysts were impossible to recover by filtration or centrifugation.
This might explain the similar performance of the tested catalysts relative to the blank test,
implying no heterogeneous catalytic activity provided. It is possible to increase a zeolite’s stability
under solvothermal conditions by grafting hydrophobic groups onto its surface [27,28]. However,

this is beyond the scope of the present work.

Therefore, considering the results presented above i.e. low selectivity of zeolites towards HMF in
water and their complete dissolution in DMSO during fructose dehydration, it was decided to move
to the one-step glucose isomerization into fructose in aqueous medium. The corresponding results

will be discussed below.

2.2. Glucose Isomerization to Fructose

The reaction conditions for glucose isomerization were similar to those applied in fructose
dehydration in water. The temperature, however, was increased from 100 °C to 120 °C. The list of

the applied catalysts and their corresponding performances are presented in Table 111.5.

Table 111.5 — Glucose conversion and fructose yield over the series of zeolitic catalysts under the
following reaction conditions: Patm, 600 rpm, c(glucose) = 0.6 mM, m(catalyst) =20 mg, V(H20)
=2mL, T=120°C,t=3h.

Catalyst Gl. conv., % Fr. yield, % Fr. sel., %
Blank 0 0 0
[Si]-MFI 0 0 0
[Si,All-MFI 0 0 0
[Si,All-MFI-c* 0 0 0
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Table 111.5 continued

t-Zr0z* <5 0 0
[Si,Zr]-MFI-in 0 0 0
[Si,Zr]-MFI-ex 26 25 96

* - commercial [Si,Al]-MFI with Si/Al = 11;
4 - commercial tetragonal ZrO».

As seen from Table 111.5, in the applied conditions without catalyst (blank test) there is no glucose
conversion. Therefore, they are appropriate to evaluate the catalytic activity of the applied solids.
Similarly, commercial [Si,Al]l-MFI-c and synthesized [Si,Al]-MFI showed no glucose conversion
even though both exhibited considerable amount of weak, medium-strong and even strong Lewis
acid sites as seen in Table 111.3. This might be originated from the synergetic effect of Bransted-
Lewis acid sites which apparently limits glucose isomerization in water. Nevertheless, similar

negligible results over ZSM-5 zeolites in H*-form were reported by other authors [29,30].

Interestingly, the commercial tetragonal ZrO2 was found to be also inactive for glucose
isomerization, showing insignificant glucose conversion and no fructose formation under the
applied conditions. As reported in Table 111.3, t-ZrO2 possesses mostly weak Lewis acid sites with
a negligible number of medium-strong sites. As discussed in chapter I, glucose isomerization
proceeds via the intramolecular hydride shift mechanism over Lewis acids. Therefore, this allows
to make an intermediate conclusion that weak Lewis acid sites are incapable of this transfer. This
could also explain the complete inactivity of the synthesized [Si,Zr]-MFI-in towards glucose
isomerization. Indeed, once incorporated in the MFI framework, Zr generates weak Lewis acid

sites which can be visualized when comparing [Si]-MFI and [Si,Zr]-MFI-in (Table 111.3).

As it was discussed in chapter I, the average pore size associated with the MFI framework is around
0.51 nm x 0.55 nm which is somewhat smaller than the reported kinetic diameter of a glucose
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molecule of ~0.8 nm [31]. Therefore, glucose transformation over MFI-type materials takes place
mostly on the surface. Also, since Zr incorporation into the MFI framework does not favor glucose
isomerization, it was decided to look for an alternative approach to make [Si,Zr]-MFI type catalyst
active in the given reaction. The idea is built around the proton transfer mechanism catalyzed by
basic sites to form fructose from glucose. In this regard, [Si,Zr]-MFI-ex could be a good catalyst
for glucose isomerization due to its basic characteristics. As was discussed above (figure 111-7),
this solid mostly consists of pure SiO2crystals with an amorphous zirconium oxide phase deposited
on its surface. In terms of its chemical properties, it has around two times less amount of Lewis
acid sites (19 pmol-g vs 48 pmol-g1) as compared to [Si,Zr]-MFI-in. However, [Si,Zr]-MFI-ex
exhibits a certain number of basic sites (34 pmol-gt) as confirmed by the CO2-TPD measureme nt,
being the only zeolitic material with basic properties presented in this work. This explains its high
catalytic activity in the given conditions which is provided both by its basicity and the accessibility
of its active sites for glucose molecules. The latter can be confirmed by the SEM-EDS elemental
mapping presented in the figure annex-1 which clearly shows the presence of Na together with

ZrO2 amorphous phase on the surface of the SiO2 crystals.

With this being said, [Si,Zr]-MFI-ex demonstrated 26 % glucose conversion and 25 % fructose
yield (selectivity =96 %) after 3 h of reaction at 120 °C. This agrees well with the results reported
over cation-exchanged zeolites [32-35]. Also, it is comparable to the results published on the
hierarchical micro/mesoporous NaY zeolites impregnated with 5 wt.% MgO, which showed a
remarkable 100 % fructose selectivity at 34 % glucose conversion after 2 h of reaction at 100 °C
[34]. Sofar, it is the highest reported activity among zeolites with basic sites. Although the applied
temperature and reaction duration were higher in the present work, the catalyst-to-glucose ratio

was considerably higher i.e. 1:11 vs 1.5 in the reference work [34]. Thus, there is still room to
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further optimize the reaction conditions and therefore to increase glucose conversion and fructose
yield over [Si,Zr]-MFIl-ex. Additionally, the reported catalyst, 5 wt.% MgO impregnated Nay,
exhibited 98 pmol-g! basic sites as compared to the nearly 3 times less 34 pmol-g in [Si,Zr]-
MFIl-ex. This might indicate an easier accessibility of the active sites on the surface of the latter

rather than in the micro/mesopores of 5 wt.%MgO/NaY.

Importantly, after the first catalytic run, [Si,Zr]-MFIl-ex was recovered from the reaction mixture
and regenerated by calcination at 550 °C for 3 hours. Upon such regeneration, the catalyst
converted 24 % glucose and yielded ~23 % fructose (selectivity =95 %) under the same reaction
conditions. This suggests a good recyclability of the catalyst as well as a presumably low Na
leaching from the composition. As shown before, Nais less prone to leaching as compared to other
alkali and alkali-earth metals [32]. Although a long-run capability of regeneration is necessary to
adequately assess the catalyst’s reusability i.e. after at least 3 and ideally after 5 runs, the obtained
results are promising and therefore should be further addressed. In the meantime, the structural
integrity of [Si,Zr]-MFI-ex upon the first catalytic run and catalyst regeneration is retained as

confirmed by XRD and ATR-IR spectroscopic analyses (figure 111-12).
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Figure 111-12. XRD patterns (i) and ATR-IR spectra (i) of the fresh and the reused [Si,Zr]-MFI-
ex after regeneration at 550 °C.
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Considering the discussions above in this chapter, it is possible at this point to provide a

hypothetical glucose isomerization scheme over [Si,Zr]-MFIl-ex (figure 111-13).
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Figure 111-13. Schematic representation of the proposed mechanism of glucose isomerization to
fructose over [Si,Zr]-MFI-ex via the base-catalyzed “proton transfer” route.

Accordingly, the generation of basic sites is conditioned by the presence of Na* which provides a

saturation of lone pairs of electrons on oxygen atoms. The latter are readily available to be donated

to a typical electron pair acceptor i.e. H* originated from the C: of glucose in this case. This

provokes a chain of intramolecular transformations leading to the displacement of the double bond

from Cy1to C2 position. In turn, this is followed by the H* positioning at Cieventually leading to

fructose formation. Lastly, the catalyst is recovered via the charge recompensation by Na*.
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3. Conclusion

In summary, the zeolitic materials synthesized in this work exhibit structural, textural and
morphological properties characteristic of MFI-type materials. Indeed, it is the case for [Si]-MFI
and [Si,All-MFI known in the literature as Silicalite-1 and ZSM-5 zeolites, respectively. The latter,
with a SVAI molar ratio of 30, demonstrates three times lesser acid sites than the commercial ZSM-
5 with a SVAI molar ratio of 11, while their acid strength is proportionally higher. Besides, all
characterization performed on [Si,Zr]-MFI-in suggest successful and homogeneous insertion of Zr
heteroatoms within  Si,Zr-MFI-in. [Si,Zr]-MFI-ex, however, is composed of amorphous ZrO:
nanoparticles deposited on the surface of SiO2 crystals. Indeed, the combination of bulk and
surface characterization techniques provides valuable qualitative and quantitative information on
heteroatoms in MFI-type zeolitic materials, including their location and distribution within the
solids. For atoms such as Zr which present a challenging nucleus for solid-state NMR, such
combination could be a possible way to examine whether or not the heteroatom is present in the
MFI framework in atetrahedral coordination. Importantly, it was shown that the presence of Zr in
the MFI structure, indeed, generates weak Lewis acid sites when compared to [Si]-MFI. Thus,
[Si,Zr]-MFI-in resulted in a higher amount of these weak Lewis sites as compared to [Si,Zr]-MFI-
ex. The latter, in turn, additionally exhibited a certain number of basic sites due to the presence of

Na used for its synthesis.

The catalytic performance of the synthesized zeolitic materials was investigated as well. This
included the Bransted acid catalyzed fructose dehydration to HMF and the Lewis acid (or base)
catalyzed glucose isomerization to fructose. In accordance with the results reported in the
literature, it was shown that the classical [Si,All-MFI zeolites exhibiting dual Brensted-Lewis acid

properties have considerably low activity towards fructose dehydration to HMF especially in
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water. Same applies to the Zr-incorporated [Si,Zr]-MFI zeolites which is explained by the absence
of Bragnsted acid sites necessary for dehydration. Besides, the zeolite dissolution via acidic attack
of the framework by side products, notably levulinic and formic acids, remains a problem. The
latter is more pronounced when performing fructose dehydration in DMSO, a conventional
solvent, leading to the complete zeolite dissolution. Besides, upon catalytic tests in DMSO, the
activity of the zeolitic materials was found to be similar to the one shown by the solvent itself.
This implies a negligible catalytic impact of the tested solids in the applied conditions. Therefore,
the zeolitic materials examined in this thesis were found to be inappropriate for the use as solid

catalysts for fructose dehydration.

In this regard, glucose isomerization into fructose seemed a better way to avoid the formation of
aggressive side products as well as the dissolving effect of DMSO. As expected, the conventional
[Si,All-MFI zeolites demonstrated no activity regardless of their considerable amount of strong
Lewis acid sites. Interestingly, it was shown that Lewis acidic [Si,Zr]-MFI-in had insufficient acid
strength to isomerize glucose, which can also be supported by the catalytic inactivity of the
reference t-ZrO.. Of note, the bulky glucose molecules can hardly diffuse within the porosity of
the zeolite, thus making the active sites hardly reachable. Thus, a pertinent way to make the Zr
presence in MFI zeolitic materials beneficial for isomerization is to generate basic sites which
would be accessible for bulky glucose molecules. Indeed, such strategy resulted in [Si,All-MFI-
ex which exhibited high activity in glucose isomerization with a remarkable 96 % fructose
selectivity. Nevertheless, further optimization of the reaction conditions as well as the complete
evaluation of its long-term activity should be critically studied. This needs to include more
recycling tests (up to 5 cycles or until complete catalyst deactivation) with further characterization

of structural and chemical integrity.
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Chapter IV

The present chapter concerns the results on characterization of the synthesized MOFs including
the classical UiO-66 and its functionalized analogues: UiO-66-SO3sH, UiO-66-COOH, UiO-66-
OH and UiO-66-NH2. As it was briefly mentioned in chapter I, UiO-66 and its functionalized
analogues are oftentimes synthesized in aggressive and toxic solvents such as DMF (N,N-
dimethylformamide) and DMA (N,N-dimethylacetamide). This is especially the case of UiO-66
since its linker, terephthalic acid, is insoluble in most conventional solvents, therefore the use of
either DMF or DMA is, for the moment, unavoidable for its synthesis. However, the direct
synthesis of functionalized UiO-66 implies using functionalized linkers, for instance monosodium
2-sulfoterephtalic acid or 2-aminoterephtalic acid to insert sulfonic acid (-SOsH)or amino (-NH2)
groups, respectively. These linkers are usually water-soluble and thus make possible the
preparation of UiO-66-SO3H and UiO-66-NH2 without using aggressive solvents. Nevertheless,
still, up to this point, DMF and DMA are oftentimes used for synthesis in most of the publications
on functionalized UiO-66 MOFs. Therefore, in this chapter, a special care was given to establish
green and reproducible routes towards the synthesis of functionalized UiO-66 MOFs, and to
compare them to the traditional “DMF” route providing a detailed characterization and a further

perspective to facilitate upscaling and shaping of the resulting solids.

Eventually, all synthesized MOFs were applied as solid catalysts in fructose dehydration to HMF

and glucose isomerization to fructose and their performances were discussed accordingly.
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1. Characterization of the Synthesized MOFs

1.1. Ui0-66 and UiO-66-SO3H by Traditional Way

1.1.1. Structural Properties (XRD)

As described in chapter 11, UiO-66 and UiO-66-SOsH were prepared following similar synthesis
protocols, with the only difference being the linker used for preparation: terephthalic acid and
monosodium  2-sulfoterephtalate, respectively [1-4]. Figure 1V-1 (i) demonstrates the XRD
patterns derived from the as-synthesized solids. It is clear that all of them exhibit well-
distinguished reflections corresponding well to that of the simulated pattern. These include
reflections at ~7.4 ° (111), ~8.5 ° (002), ~12.0° (022) and ~25.7 (006) [5,6]. Importantly, all
reflections are retained upon functionalization of UiO-66 with monosodium 2-sulfoterephtalic acid
with its content progressively increasing from 25 % (UiO-66- SO3H-D-25) to 100 % (UiO-66-
SO3H-D-100). This suggests the preservation of the crystalline structure i.e. the UiO-66 framework
topology upon insertion of -SOsH groups as already reported [2,3]. Also, as described in the
literature, the classical UiO-66 MOF exhibits a face-centered cubic (FCC) crystal system

belonging to Fm-3m space group with a = 20.7551(5) A [1,7].

1.1.2. Structural Properties (ATR-IR)
Direct evidence of -SOsHgroups presence on the surface of MOFs is given by ATR-IR and shown

in figure 1V-1 (ii).
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Figure IV-1. XRD patterns (i) of the as-synthesized UiO-66 and its sulfonic acid functionalized
analogues as well as the simulated pattern of UiO-66 for comparison. Simulation was performed
using the CIF file of UiO-66 provided in [7]. The intensities were normalized to the intensity of
the reflection at ~7.4 °. ATR-IR spectra (i) of the synthesized MOFs: UiO-66 (a), UiO-66-
SO3H-D-25 (b), UiO-66-SO3H-D-50 (c), UiO-66-SO3H-D-75 (d) and UiO-66-SO3H-D-100 (d).
The band intensities were normalized to the intensity of the band at ~1388 cm™.

Firstly, the bands corresponding to the principal vibrations of the UiO-66 framework are present
in all the studied solids. Namely, the IR bands at ~1388 cnmr! and ~1587 cmv! are characteristic of
symmetric and asymmetric stretching mode of v(O-C-O) in the terephthalate linker, respectively.
The small IR band at ~1508 cm! stem from v(C=C) of the benzene ring while the band at
~1022 cmrl is originated from the aromatic ring breathing. Moreover, the bands below 1000 cm?
correspond to a combination of vibrations: C-H (=745 cnmr!) and pe-O (=650 cnt) stretching [1,8—
10]. Importantly, all the functionalized UiO-66-SO3H-D exhibit additional IR bands that
correspond to S-O vibrations (~615 cmr! and ~1070 cnrt) and S=O vibrations (~1170 cm® and
1233 cmr!) which provide aclear evidence of the framework functionalization [2,11]. Importantly,
there is also an IR band corresponding to C=0 stretching (~1665 cnt) in all synthesized MOFs.
Despite a rigorous activation step, carbonyl groups are typically associated with the presence of

residual DMF in the pores [9].
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1.1.3. Textural Properties (N2 physisorption)

Figure 1V-2 represents the N2 physisorption isotherms recorded for the series of as-synthesized
solids. As evident, UiO-66 and UiO-66-SO3H-D-100 exhibit classical Type | isotherms with a
characteristic sharp N2 uptake at low relative pressures (p/po<0.2-0.3) and a pronounced plateau
region at higher relative pressures (p/po>0.3). This plateau region is more evident in UiO-66 and
UiO-66-SO3H-D-100whereas UiO-66-SO3H-D-25, UiO-66-SO3H-D-50and UiO-66-SO3H-D-75
exhibit a hysteresis of type H4 taking place at p/po >0.45. Usually, the presence of the latter is an
indication of mesoporosity i.e. the pores with a dimeter between 2 and 50 nm [12]. This can be
attributed to structural defects within the framework originated from missing linkers for which
UiO-66 is well-known [13,14]. The exclusive presence of such hysteresis in the partially
functionalized UiO-66-SO3H-D (with 25 %, 50% and 75 % loading) might be explained by the
presence of both linkers: terephthalate and 2-sulfoterephtalate which apparently provide different
crystallization rates resulting in more defective frameworks. Nevertheless, all the five synthesized
solids exhibit large surface areas which decreases with increasing the sulfonic acid groups loading.
The latter is well explained by the volume occupied by the bulky -SO3Hgroups within the porosity

(Table IV.1).
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40 Table IV.1 — Textural properties of the synthesized
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200 4 Ui0-66 1287 0.53 0.54
] Ui0-66-SO,H-D-25 935 0.37 0.49

150 Ui0-66-SO;H-D-50 670 0.25 0.40
Ui0-66-SO;H-D-75 592 0.20 0.24

100 Ui0-66-S0,H-D-100 474 0.13 0.16
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a — calculated by the t-plot method,
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Figure 1V-2. N2 physisorption isotherms of the synthesized MOFs: UiO-66 (a), UiO-66-SO3H-D-
25 (b), UiO-66-SO3H-D-50 (c), Ui0-66-SO3H-D-75 (d) and UiO-66-SO3H-D-100 (e).

1.1.4. Morphological Properties (SEM)

The shape and size of the synthesized MOF crystals were evaluated by SEM, and representative
micrographs are depicted in figure 1V-3. Accordingly, the classical UiO-66 exhibits well defined
octahedrally shaped crystals with a mean size of ~200 nm (figure V-3, a) in agreement with other
reports [15,16]. It is clear that upon insertion of sulfonic acid groups the crystals undergo shape
distortion which can be seen in figure 1V-3 (b) for UiO-66-SO3H-D-25. This becomes more
evident upon further increase of the functionalization degree from 25 % to 100 %, as the crystals
lose completely their shape and grow into aggregates of various size and shape (figure 1V-3, c-e).
In turn, this once again might suggest a different nucleation and crystal growth mechanism of the
functionalized UiO-66 when using monosodium 2-sulfoterephtalate linker as compared to the

classical UiO-66 with terephthalic acid [2,4].
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Figure 1V-3. SEM images of UiO-66 (a), UiO-66-SOsH-D-25 (b), UiO-66-SO3H-D-50 (c), UiO-
66-SO3H-D-75 (d) and UiO-66-SO3H-D-100 (e); scale bars: 500 nm.
At the light of these first characterizations, it is possible to conclude that functionalization of the
UiO-66 framework with -SO3H sulfonic acid groups leads to preservation of the crystallograp hic
properties of the pristine UiO-66. Additionally, it was shown that insertion of bulky -SOsH groups
leads to a drastic decrease of the textural properties of the microporous hybrid solids. Besides, we
clearly observe a modification of the crystal morphology, from an octahedral shape to aggregated
particles poorly defined. Critically, in spite of several consecutive solvent exchange steps to wash
away residual DMF, it is still found in all synthesized solids. As will be discussed in the next
chapter, it could negatively affect the catalytic performance of the functionalized MOFs and

therefore alternative routes without using DMF are of particular interest.

1.2. Ui0-66-SOsH, UiO0-66-COOH, UiO-66-OH and UiO-66-NH, Green Way

The use of aggressive and toxic solvents such as DMF have considerable negative impact on the
environment and public health. Specifically, DMF is classified as toxic to reproduction, acute
toxicant (inhalation and dermal route) and as an eye irritant in accordance with Regulation (EC)
No 1272/2008 of the European Parliament and of the Council of 16 December 2008. Moreover,
there are studies claiming that DMF is responsible for severe liver damages upon exposure
provoking hepatitis and cancer [17]. In 2021, the European Commission adopted a regulation
amending Annex XVII of REACH (Registration, Evaluation, Authorisation and Restriction of

Chemicals) to ban DMF from the EU market starting from December 2023. Therefore, there is an
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urgent need to find replacements of solvents as DMF in order to enable sustainable MOF

production.

In response to this need for avoiding the use of DMF, a series of functionalized MOFs were
synthesized using water as the solvent. This includes UiO-66-SOsH-W (“W” standing for
“water”), UiO-66-COOH, UiO-66-OH, and UiO-66-NH2. Detailed characterization of these

MOFs is presented below.

1.2.1. Structural Properties (XRD)

Figure 1V-4 demonstrates the XRD patterns of the synthesized functionalized MOFs. As one can
notice, they are all well crystallized solids exhibiting well-defined reflections. More precisely:
UiO-66-COOH, UiO-66-OH and UiO-66-NH2 exhibit similar diffraction patterns which
correspond to the one of the simulated UiO-66 (figure V-4, i). This suggests preservation of the
UiO-66 framework topology upon functionalization under the given conditions with -COOH, -OH
and -NH2 groups, respectively. At a closer look on the principle reflections at ~7.4 ° and ~8.5 °,
one can notice their certain broadening in UiO-66-OH and UiO-66-NH2 which might suggest a
smaller crystal size as compared to UiO-66-COOH. Interestingly, UiO-66-SO3H-W demonstrated
a variety of newly observed reflections in addition to the ones present in the simulated pattern of
the classical UiO-66, especially at 2 theta angles lower than 8 ° (figure 1V-4, ii). This phenomenon
implies certain changes of the crystallographic properties and originates from X-Rays diffracted
from planes with a large interplanar distance, d.Indeed, according to the Bragg’s law (nk = 2dsinf

i.e. 2d = n\*sin'10), higher values of d causes smaller 0 angles.
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Figure 1V-4. XRD patterns (i) of a series of MOFs synthesized in water as compared to the
simulated pattern of UiO-66; simulation was performed using the CIF file of UiO-66 provided in
[7]. XRD patterns (ii) of UiO-66-SO3H-W and its simulation made using the CIF file provided in

[18]. The intensities were normalized to the intensity of the reflection at ~7.4 °.

In other words, when prepared in water, UiO-66-SO3H-W exhibits increased unit cell parameters
as compared to UiO-66-SO3H-D and the classical UiO-66. This was first mentioned a few years
ago by Juan-Alcaniz et al. [19] and studied in more detail by Taylor et al. [18]. Accordingly, it
was shown that UiO-66-SO3H-W experienced remarkable structural defects viewed as a high
number of missing linkers resulting in Zr-clusters connected mostly by 8 linkers and not 12 as in
the case of the classical UiO-66 (figure IV-5). Importantly, 12 and 8 linkers in UiO-66-SO3H-W

result in  Zrs04(OH)4[CsH3(CO0)2S03H]e and ZrsO4(OH)4[CsH3(CO0)2SO3H]s molecular

formulas, respectively, as each linker coordinates to 2 neighboring ZrsOs(OH)4 clusters.
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Figure IV-5. Schematic representation of the Zr-cluster (blue polyhedra) connected by 12 (i) and
8 (ii) sulfoterephthalic acid linkers in UiO-66-SO3H. Hydrogen atoms are omitted for simplicity.

These structural defects are at the origin of a twofold increase of the unit cell volume and therefore
lowering the crystallographic symmetry resulting in a body-centered cubic system (Im-3 with a=
41.4440(8) A) as compared to the face-centered cubic system in UiO-66 made in DMF (Fm-3m
with a = 20.7809(3) A) as depicted in figure annex-2. Indeed, as seen in figure V-4 (i), the
experimental pattern of UiO-66-SO3H-W fits well the one simulated for the Im-3 system with the
doubled unit cell parameter, a. This suggests that UiO-66-SO3H-W undergoes a structural change
and does not preserve the intrinsic framework topology of UiO-66. Therefore, some authors
attributed a different name to UiO-66-SO3sH-W: NUS-6 (National University of Singapore) [20].
Nevertheless, this particular MOF is surprisingly rarely described in the literature therefore

underlining the need to contribute to its study.

1.2.2. Structural Properties (ATR-IR Spectroscopy)
The ATR-IR spectra collected on the synthesized solids are depicted in figure 1V-6. As it can be

seen, all the bands characteristic of the UiO-66 framework are present in all the 4 depicted spectra
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as it was discussed in more detail above. Briefly, these include the bands at 652 cm, 766 cnr?,
1392 cml, 1502 cm! and 1595 cmr! (figure 1V-6, i). Clearly, UiO-66-SO3H-W exhibits S-O
(~615 cm! and ~1070 cm!) and S=O vibrations (~1170 cm® and 1233 cm!) confirming the
presence of -SO3H groups. In contrast, functionalization in UiO-66-COOH and UiO-66-OH is
somewhat less evident as both -COOH and -OH groups are present in the classical i.e. non-
functionalized UiO-66 and represent a broad band at >3000 cm® (figure 1V-6, ii). In this region,
two weak contributions from -NH: (at ~3375 cm-* and ~3480 cmr!) can be seen in the spectrum of

UiO-66-NH2 which demonstrates its functionalization.
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Figure 1V-6. ATR-IR spectra of a zoomed (i) and the global area (i) recorded for UiO-66 (a),
UiO-66-SO3H-W (b), UiO-66-COOH (c), Ui0-66-OH (d) and UiO-66-NH: (e).

Importantly, the band at ~1665 cm! attributed to the carbonyl group in DMF is logically absent in

all MOFs prepared in water.

1.2.3. Textural Properties (N2 physisorption)

Figure V-7 depicts the N2 physisorption isotherms recorded on the synthesized MOFs and

representing their porous nature. Accordingly, all 4 solids exhibit Type I isotherms characterizing
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purely microporous materials. An increased N2 uptake at relative pressure above 0.9 represent
nitrogen condensation in interparticle voids. As a result, all studied solids possess high surface
area and micropore volume (Table 1V.2) which, however, experienced a considerable drop as
compared to the classical UiO-66 (1287 n?-g! and 0.53 cmé-gl, Table 1V-1). Once again, this
drop is due to the presence of functional groups (-SOsH, -COOH, -OH and NHz) in the framework

causing a partial pore blocking.

Table IV.2 — Textural properties of the synthesized
// MOFs.
~ 250
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0 d
f—‘n 200 h S Pore volume, cm*'g!
s b Sample BED :
= 150 /a —/ m*g! Micro? Total®
E Ui0-66-SO;H-W 639 0.26 0.27
§ 100 Ui0-66-COOH 773 0.29 0.38
3 Ui0-66-OH 709 0.26 0.34
£ Ui0-66-NH, 797 0.31 0.42
S 50+
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Figure 1V-7. N2 physisorption isotherms of the synthesized MOFs: UiO-66-SO3H-W (a, offset:
0), UiO-66-NH:> (b, offset 0), UiO-66-COOH (c, offset: +5 cm3'gt STP), UiO-66-OH (d, offset:
+10 cm3'g’t STP).

Of note, UiO-66-SO3H-W prepared in water exhibited higher surface area and micropore volume
(639 m?-g! and 0.26 cmé-g1) as compared to its analogue prepared in DMF (474 m2.g1 and
0.13cm?-g1) showing also the positive impact of the structural changes implied by water as solvent

on the textural properties of the resulted MOFs.

1.2.4. Thermal Stability (TGA)
Thermal stability of MOFs is a crucial feature oftentimes defining their final application.

Figure 1V-8 (i) represents the TGA profiles of the synthesized MOFs, which correspond well to
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the ones reported in the literature [21,22]. It is evident that all of them exhibit a similar behavior
characterized by the following steps: 1) loss of the solvent and physisorbed species up to 100-
150 °C; 2) loss of chemisorbed molecules i.e. cluster dehydration between 150 °C and 300 °C
and 3) linker decomposition above 300 °C leading to a residual zirconium oxide-like compound at
temperatures above 500 °C (figure 1V-8, ii). As evident, the sharp weight decrease associated with
linker decomposition starts at relatively lower temperature (~350 °C) in UiO-66-OH and UiO-66-
NH2 as compared to ~400 °C, 450 °C and ~500 °C in UiO-66-COOH, UiO-66-SO3H-W and UiO-
66, respectively. This is due to the lower decomposition temperatures of the corresponding

functionalized linkers as compared to terephthalic acid [21].
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Figure 1V-8. TGA profiles of the synthesized MOFs (i) and UiO-66 (ii) to demonstrate the
typical decompositions steps.
With this being said, it is possible to establish thermal stability of the MOFs increasing in the
following order: UiO-66-OH < UiO-66-NH. < Ui0-66-COOH < Ui0-66-SO3H-W < UiO-66.
Lastly, TGA allows for an estimation of the number of missing linkers by examining the weight
loss corresponding to the linker’s decomposition as described by Shearer et al. [23,24]. As an

example, this concerns the area in the TGA profile of UiO-66 (figure 1V-8, i) from ~475 °C to
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550 °C and represents ~44 % weight loss. Based on ZrsO4(OH)4[CsHa(COO)2]e molecular formula,
one terephthalate linker represents ~10 % of the total mass while 6 of them represent ~59 %.

Therefore, the difference of ~15 % (59 % - 44 %) allows to estimate around 1 missing linker in

Ui0-66 (Table 1V.3).

Table 1.3 — Number of missing linkers estimated by TGA and Zr/S ratio in UiO-66-SO3H-W.

Sample Zr/S atomic ratio Missing linkers per
ICP?2 XPSP Zr-cluster®
UiO-66 - n 09
Ui0-66-SO3H-W 1.41 1.46 2.3
UiO-66-COOH - - 15
UiO-66-OH - . 0.7
UiO-66-NH; - - 10

a — derived from ICP-OES;
b — derived from XPS using Zr 3d and -SOsH component from S 2p spectra.
c —estimated by TGA.

1.2.5. Elemental Analysis (CHNS)

Table 1V.4 represents the composition of the organic part constituting the synthesized MOFs. As
can be seen, the analyzed amount of C is somewhat less than the theoretical ones thus suggesting
missing linkers correlating with the TGA results. The latter is more pronounced in UiO-66-SO3H-
W (experimental 20.6 wt.% vs theoretical 26.9 wt.%) which implies a more drastic number of
missing linkers. This statement can be further supported by the decreased amount of sulfur which
is 1.5 times lower than expected (6.2 wt.% vs 9.0 wt.%). At the same time, anincreased percentage
of H in all solids might be due to the presence of physisorbed water, as they were not thermally

treated prior to the experiment.
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Table 1V.4 — Elemental analysis of the organic part of the synthesized MOFs.

Elements for quantification

Sample C, wt.% H, wt.% N, wt.% S, wt.%
Th. Exp. Th. Exp. Th. EXp. Th. EXp.

UiO-66* 346 332 1.7 2.1 - - - -
UiO-66-SOsH-W* 26.9 20.6 1.3 3.2 - 9.0 6.2
UiO-66-COOH* 33.6 295 1.3 3.6 - - - 0.3
UiO-66-OH™ 328 307 1.4 2.8 - - - 0.3
UiO-66-NHy4 329 29.0 1.7 3.1 4.8 3.9 - 0.2

* based on ZrsO4(OH)4[CeH4(COO)2]6 molecular formula;

* based on ZrsOs(OH)2[ CsH3(C00)2S03H]s molecular formula;

* based on ZrgO4(OH)4[ CeH3(COO)2COOH] e molecular formula;

® based on ZreO4(OH)4[ CeH3(COO)20H]s molecular formula;

A based on ZrgOs(OH)4[ CsH3(COO)2NH2]6 molecular formula.

Lastly, a certain amount of sulfur observed in UiO-66-COOH, UiO-66-OH and UiO-66-NH:2 is

due to the Zr-sulfate used for the synthesis and probably still present in the cluster.

1.2.6. Surface Properties and Elemental Composition (XPS)

Complementary analysis of the elemental composition of UiO-66-SO3sH-W was performed by
means of XPS (figure 1V-9). As indicated by the positions of the photopeaks, one can clearly see
the presence of all the targeted elements in UiO-66-SOsH-W (figure 1V-9, i). Interestingly, there
are two contributions to the S 2p signal (figure IV-9, iii). One of them is shifted towards lower
binding energies with its 2ps/2 signal centered at 166 eV and the other exhibits a shift towards
higher binding energies with the 2ps/2signal centered at 168 eV. The latter can be attributed to the
sulfur species originated from the linker and therefore constituting the -SO3sH groups of interest
(noted “Link” in the spectra) [25]. This signal was therefore used for quantification to estimate the
Zr/S atomic ratios (Table IV.3). Concerning the S 2p signal with lowered binding energy, this
might be due to S species bound directly to the Zr-clusters (noted “Clus” in the spectra) and related
to the S found in UiO-66-COOH, UiO-66-OH and UiO-66-NH: after the CHNS analyses as

mentioned above. The presence of such “cluster” S-species is observed in small amounts in the
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spectra of UiO-66 (figure annex-3) although no sulfoterephtalate linker nor Zr-sulfate precursor

were used. Hence, they are considered as an impurity.
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Figure 1V-9. XPS survey spectrum (i) of UiO-66-SO3H-W as well as its Zr 3d (i) and S 2p (iii)
signals.

Lastly, no sodium was detected in UiO-66-SOsH-W implying the complete in-situ -SO3sNato -

SOsH ion-exchange during synthesis generating Brgnsted acid sites.

According to Table V.3, the classical UiO-66 exhibited around one missing terephthalate linker
per Zr-cluster. This observation is also valid for UiO-66-OH and UiO-66-NH:, while UiO-66-
COOH presents aslightly more defective framework with 1.5 (25 %) missing linkers. Importantly,
UiO-66-SOsH-W exhibits approximately 2.3 (38 %) missing ligands per cluster as estimated by
TGA, suggesting that less than 4 coordinated sulfoterephtalate linkers per ZreO4(OH)4 cluster. The
latter is further supported by ICP elemental analysis according to which UiO-66-SO3H-W exhibits
1.41 zirconium atoms per sulfur atom, which implies approximately 4 sulfoterephtalate linkers per
Zrs04(OH)4 cluster. Similarly, XPS suggests a Zr/S atomic ratio of 1.46 which is in good
accordance with that derived from ICP. All of these observations are in line with previous reports
[18]. With this being said, it is possible to derive the simplified ZreO4(OH)4[CeH3(COO)2SOzH
molecular  formula for  UiO-66-SO3sH-W as compared to the  theoretical

Zrs04(OH)4[CsH3(CO0)2SO3H]e.
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2. Catalytic Tests

2.1. Fructose Dehydration on MOFs

As in the case of zeolites discussed in chapter 1ll, the evaluation of activities of MOFs in fructose
dehydration started with establishing the appropriate conditions. Hence, Table 1V.5 demonstrates
preliminary results of the tests performed over a series of MOFs in water. As can be seen, after 2 h
of reaction, no considerable fructose conversion was observed with the maximum reached over
UiO-66-SO3sH-W providing rather a low selectivity towards HMF of (~13 %) at 23 % fructose
conversion. The other examined MOFs resulted in poor performances which are well in line with
the low conversion and selectivity obtained over zeolites discussed in chapter I, confirming the

inhibiting role of water in fructose dehydration.

Table V.5 — Fructose conversion and HMF vyield over a series of MOFs.

Catalyst T,°C t,h Solvent Fr.conv, % HMFy-d % HMFsel., %
Blank 100 2 H20 5 0 0
UiO-66 100 2 H20 0 0 0
UiO-66-SO3H-D-100 100 2 H20 15 <2 <13
UiO-66-SO3H-W 100 2 H20 23 <3 <13
UiO-66-COOH 100 2 H20 0 0 0

Reaction conditions: Patm, 600 rpm, Vsoiv = 2 ML, Ctructose = 0.6 mM, mcat = 20 mg.

As reported in chapter | (Table 1.5), several functionalized Zr-based MOFs exhibit a good activity
in water solvent. For instance, UiO-66-(COOH). demonstrate 60 % fructose conversion with 68 %
HMF selectivity after 3 h, however at 140 °C [26]. Thus, the relatively weak performance of the

MOFs examined above might be explained by the lower applied temperature.
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H20/ethanol solvent system was then employed in attempt to increase HMF selectivity and
therefore find a more appropriate solvent. The results were similar to the ones obtained over the
zeolites demonstrating no fructose conversion and HMF yield after 2 h of reaction at 100 °C.
Following these first negative results, DMSO was further used as the solvent to evaluate catalytic
performance of the synthesized MOFs. Table 1V.6 shows the preliminary results upon tests for 2 h

at 100 °C.

Table 1V.6 — Fructose conversion and HMF vyield over a series of functionalized MOFs.

Catalyst T,°C t,h Solvent Fr. conv.,, % HMFy-d, % HMFsel., %
Blank 100 2 DMSO 82 45 54
UiO-66 100 2 DMSO 87 51 59
UiO-66-SO3H-D-25 100 2 DMSO 74 43 58
UiO-66-SO3H-D-50 100 2 DMSO 75 38 51
UiO-66-SO3H-D-75 100 2 DMSO 85 43 51
UiO-66-SO3H-D-100 100 2 DMSO 97 64 66
UiO-66-SO3sH-W 100 2 DMSO >99 73 73
UiO-66-COOH 100 2 DMSO 82 43 52

Reaction conditions: Patm, 600 rpm, Vsoiv = 2 mL, Ctructose = 0.6 mM, Mcat = 20 mg.

As mentioned briefly in chapter I1l, DMSO is well known for its activity in fructose dehydration
[27-30]. In the applied conditions, DMSO alone (blank test) yields 45 % HMF at 82 % fructose
conversion after 2 h of reaction at 100 °C. Indeed, recent studies showed that its catalytic activity
is provided by the valence unsaturation of both S and O atoms resulting in an electron-rich double
bond [31]. The latter acts as a donor of an electron pair and therefore enables fructose dehydration
via deprotonation. The activity of DMSO is even higher in the presence of oxygen due to formation
of the [O2 : DMSO] complex as compared to the inert N2 atmosphere. Therefore, the results

obtained herein are in line with the reported 70 % fructose conversion after 3 hat 100 °C in DMSO
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alone [32]. This underlines the positive effect of the latter in the presence of O2 at 100 °C and

higher.

In the presence of an acid catalyst, DMSO preferably interacts with the latter forming the
[DMSOH]* complex which further increases its activity [31]. Thus, both DMSO as solvent and
Bransted acid sites on a catalyst surface (such as sulfonic acid groups) are able to convert fructose
to HMF [33,34]. The UiO-66-assisted reaction gave 87 % fructose conversion and 51 % HMF
yield, comparable to that of the blank test therefore allowing to attribute such activity to the
presence of the reactive solvent and not to the MOF. In fact, the same conclusion can be made
with UiO-66-COOH, which converted 82 % fructose vyielding 43 % HMF under the same
conditions. This suggests that insertion of carboxylic groups into the UiO-66 framework is
insufficient to improve fructose conversion. This, in turn, might be originated from the weak

Bransted acid sites generated by -COOH (pKa(-coon) ~5).

At the same time, the series of UiO-66-SOsH-D-x (x = 25 to 100) prepared in DMF demonstrated
an irregular conversion pattern. First of all, the addition of UiO-66-SO3H-D-25, UiO-66-SO3H-D-
50 and UiO-66-SO3H-D-75 led comparable results to the ones obtained with the blank test in spite
of the increasing functionalization degree and therefore the increasing number of Brgnsted acid
sites. This remains unclear and the only explanation can be derived from the fact that all these
MOFs were synthesized in DMF. Indeed, it was shown that it is still found trapped in the pores of
MOFs as confirmed previously by ATR-IR studies. There is, however, no clear explanation of the
hindering effect of DMF on fructose dehydration particularly in DMSO. On the other hand, studies
on binary mixtures showed that there is a complexation behavior of DMSO-DMF mixture via H-
bond interactions through H and O atoms both in DMSO and DMF over a wide range of

concentrations [35]. This might explain the decreased conversion over UiO-66-SOsH-D with
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residual DMF which is prone to complexation with DMSO inhibiting formation of the [DMSOH]*

and [O2 : DMSO] complexes therefore decreasing its dehydration capacity.

It is worth mentioning that UiO-66-SO3H-D-100 showed the highest activity among the MOFs
prepared in DMF under the given conditions, converting 97 % fructose with 64 % HMF vyield.
This is in line with the previously reported activities of functionalized MOFs and even surpasses
that of MIL-101(Cr)-SO3zH at 120 °C [33,36]. This suggests that -SOsH groups provide Brgnsted
acidity of sufficient strength (pKac-sosH) ~ -7) to deprotonate and hence favor fructose dehydration,

contrary to -COOH.

Same applies to UiO-66-SO3H-W which demonstrated the highest activity in the given reaction
conditions among all tested MOFs in this work. After 2 h of reaction at 100 °C, complete fructose
conversion was obtained with an HMF vyield of 73 %. The latter is higher than that of UiO-66-
SO3H-D-100 (73 % vs 64 %) and agrees well with that over NUS-6(Zr) reported by Hu et al. [20].
This also underlines the positive effect of framework functionalization with strong acidic -SOsH

groups.

At first glance, both solids exhibit comparable catalytic performance in fructose dehydration.
Further investigations were conducted to understand the solvent effect during the preparation of

sulfonic acid MOFs and its subsequent impact on the catalytic performance

2.1.1. Kinetic Profiles
In order to examine the catalytic activity of our catalysts throughout a certain reaction duration, a
Kinetic study was performed under the conditions applied in the screening test (Table 1V.6). For

this, the two most active solids that are UiO-66-SO3H-W and UiO-66-SO3H-D-100 were chosen
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and further compared to the reference UiO-66 and blank tests. Figure 1V-10 represents the Kinetic

profiles of fructose conversion performed at 100 °C from 30 min to 6 h.
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Figure 1V-10. Kinetic profiles of fructose conversion (i) and HMF yield (i) in blank tests as well
as over UiO-66, UiO-66-SO3H-D-100 and UiO-66-SO3H-W. Reaction conditions: T =100 °C,
Patm, 600 rpm, solvent — DMSO, Vowmso = 2 mL, Ctructose = 0.6 MM, meat = 20 mg.

As illustrated, all tested catalysts as well as the blank test demonstrated activity starting already
from 30 min with the latter converting 45 % fructose and yielding 13 % HMF. At the same time,
UiO-66 and UiO-66-SO3H-D-100 follow the same conversion and yield curves characterized by a
progressive increase and finally reaching total conversion after 3 h, yielding approximatively 66 %
HMF. Importantly, UiO-66 and UiO-66-SO3H-D-100 both exhibited slower conversion and HMF
formation rates as compared to the blank test up to 1 h of reaction. This might be attributed to the
presence of residual DMF as discussed above which might hinder formation of the active
[DMSOH]* and [O2: DMSOY] species by forming the DMSO-DMF complex. This statement was
further supported by the blank tests run in DMSO alone and DMSO/DMF 3:1 viv mixture. As a
result, fructose conversion in DMSO reached 80 % after 2 h at 100 °C yielding a light-brown

colored solution characteristic of HMF and indicating its presence (figure annex-4), whereas no
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fructose conversion was observed for the reaction in DMSO/DMF mixture under the same
conditions as well as no HMF formed which was supported by the colorless reaction solution after

2 h.

Therefore, it can be hypothesized that DMSO takes initial time to wash away the DMF adsorbed
on the surface of the catalyst and form the DMSO-DMF complex to further liberate the active sites
for interaction with fructose. Indeed, almost total fructose conversion (>98 %) with 64 % HMF
yield over UiO-66-SO3H-D-100 was reached in 2 h thus suggesting an enhanced activity as
opposed to the blank test. As for UiO-66, its overall performance matches well with the one of the
blank test with an insignificant improvement in fructose conversion after 2 h (87 % vs 82 %) and
HMF yield (51 % vs41 %), which could originate from the presence of a low amount of Brgnsted

sites in its Zr-clusters.

At the same time, fructose conversion over UiO-66-SO3H-W was almost quantitative (~98 %)
already after 30 min of reaction, yielding 48 % HMF and confirming its superior catalytic activity
as compared to the blank test and the other catalysts mentioned above. It suggests that the active
sites in UiO-66-SO3H-W are readily available for interaction with the solvent and fructose without
the hindering effect of DMF as it was the case in UiO-66-SO3H-D-100. Not only UiO-66-SO3H-
W allows the fastest fructose conversion but also the highest overall HMF yield of 78 % after 6 h
as compared to 72 % over UiO-66-SO3H-D-100. Of note, all the examined catalysts remained
stable and are easily recovered after the catalytic tests suggesting no structural damage in DMSO

as it was the case of zeolites.

Overall, the Kinetic tests suggest the superior performance of UiO-66-SO3H-W as compared to the
other tested MOFs and the blank test, demonstrating almost the complete (>98 %) fructose

conversion after 30 min. In the work reported by Hu et al. [20], NUS-6(Zr), which is essentially
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UiO-66-SO3H-W, reached the complete fructose conversion after 1 h at 100 °C yielding 84 %
HMF. In this work, UiO-66-SO3H-W exhibited as well the full fructose conversion after 1 h but
with 68 % HMF yield. This difference might be attributed to the relatively low amount of catalyst

with a fructose-to-catalyst ratio of 11:1, as compared to the work of Hu et al. with 2:1 [20].

These results allow to underline the positive impact of the synthesis procedure in green conditions
resulting in UiO-66-SO3H-W, a highly active catalyst with readily available acid sites. In contrast,
the traditional “DMF” route resulted in UiO-66-SO3H-D-100 which exhibited overall better

performance than the blank test but poorer than that of UiO-66-SOsH-W.

2.1.2. Temperature Effect

The performance of the most active UiO-66-SO3H-W was further evaluated at decreased (80 °C)
and increased (120 °C) temperatures. Figure IV-11 represents the corresponding Kinetic profiles.
Accordingly, after 6 h at 80 °C (figure 1V-11, i) UiO-66-SO3H-W converted remarkable 93 %
fructose yielding 65 % HMF while the blank test revealed 40 % conversion with 13 % HMF yield.
Interestingly, after 3 h there was no fructose conversion observed in the blank test whereas UiO -
66-SO3H-W exhibited 81 % conversion with 52 % HMF vyield. This shows that the latter exhibits

a high catalytic activity even when there is no contribution from DMSO.
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Figure 1V-11. Kinetic profiles of fructose conversion and HMF yield at 80 °C (i) and 120 °C (ii)
in blank test and over UiO-66-SO3H-W. Reaction conditions: Patm, 600 rpm, solvent — DMSO,
Vomso =2 mL, Ctructose = 0.6 MM, mcat = 20 mg.

At the same time, when tested at 120 °C, UiO-66-SO3H-W reached complete fructose conversion
already after 30 min yielding 75 % HMF. This is considerably higher than 60 % fructose
conversion and 30 % HMF yield upon the blank test. Additionally, the blank test demonstrated the
complete fructose conversion only after 2 h of reaction yielding 71 % HMF. Nevertheless, the
maximum HMPF yield accounts for 78 % and is obtained over UiO-66-SOsH-W after 3 h, which is

the same observed at 100 ° C but after 6 h (figure 1V-10, ii).

2.1.3. Catalyst Reusability

In order to probe the durability and reusability of UiO-66-SO3H-W, a series of recycling tests were
done. Briefly, recycling in this work implies catalyst recovery by centrifugation after the first run
and, without further washing, immersing it into a fresh fructose solution in DMSO for the
subsequent second run. Thus, 9 runs in total were performed at 80 °C and 100 °C with a 30 min

duration of each run (figure 1V-12). As seen previously (figure I1V-11, i) after 30 min at 80 °C,
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DMSO has no contribution to fructose conversion therefore providing good conditions to tests the

reusability of UiO-66-SOsH-W.

i) s B Conversion [ HMF Yield i) 100 m Conversion [0 HMF Yield
Tnu

;’3 m g " L] ] ] ] ] n ™
s =
< _ = .
o 40 [ ] E 80
=

] =
g =
vy 30 1 | E 60 -
= [ ~
% " = = g
E 20 4 E 40 4
: 2
g =
=]
Z 10 - -g 20 -
N [ e L

=]
U 0 T T T T T T T HI _I O 0
1 2 3 4 5 6 71 8 9 1 2 3 4 5 6 7 8 9

Run Run

Figure 1V-12. Fructose conversion and HMF yield upon 9 consecutive catalytic runs over UiO-
66-SO3H-W at 80 °C (i) and 100 °C (ii). Reaction conditions: tryn = 30 min, Patm, 600 rpm,
solvent — DMSO, Vbmso = 2 mL, Ctructose = 0.6 MM, meat = 20 mg.

Therefore, at 80 °C (figure 1V-12, i), UiO-66-SO3H-W demonstrated 48 % fructose conversion
and 18 % HMF yield upon the 1%t run and a gradual decrease of its performance over the following
runs. The apparent loss of its activity is observed after the 37 run with the negligible 3 % HMF
yield which is probably originated from considerable humin deposition on the active sites of the
catalyst, a known phenomenon in biomass conversion [37-39]. The latter can be easily confirmed
by TGA and ATR-IR experiments (figure 1V-13). Accordingly, upon 9 cycles, UiO-66-SOsH-W
exhibited a 10 % weight increase as confirmed by TGA (figure I1V-13, i). Furthermore, it is
supported by the new broad IR band at ~1668 cm? (figure I1V-13, ii) which corresponds to C=C
bond stretching in a furanic ring implying humins formed from HMF. Additionally, the new bands

at ~951 cmr® and 1004 cv! might be indicative of unwashed and therefore adsorbed HMF species

on the catalyst surface [40].
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Figure 1V-13. TGA profiles (i) and ATR-IR spectra (i) of UiO-66-SO3H-W before (fresh, a) and
after 9 consecutive catalytic runs (b).

Importantly, one can notice that the bands originated from -SO3zH functional group i.e. 615 cmr!
and 1070 cmv! (S-O stretching) aswell as 1170 et and 1233 cnr! (S=0 stretching) are still present
in the MOF after 9 cycles [2,11]. This suggests the retaining of -SO3H functional groups in UiO-

66-SO3H-W upon reuse.

At the same time, fructose conversion still takes place after the 37 run accounting for 35 % and
remains at 25 % upon the last 91" run. This is probably due to the presence of Lewis acid sites
which are responsible of ongoing fructose conversion into longer-chain oligomers non-detectable
by HPLC [41,42]. The trends observed upon catalyst recycling at 100 °C for 30 min (figure 1V-
12, i) follow a similar pattern as at 80 °C. Namely, after the 1% run, UiO-66-SO3H-W
demonstrated almost complete (>98 %) fructose conversion with 48 % HMF vyield after 30 min
which gradually diminished upon the subsequent runs. Namely, upon the 3 run, HMF vyield
dropped to 16 % and hereafter it dropped even further to 13 % making up the value of the blank
test at 100 °C after 30 min (13 %, figure 1V-10, ii). This allows to conclude that after the 37 run,
the catalyst is deactivated and that the observed HMF formation is due to DMSO alone. The high
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fructose conversion throughout the 9 cycles at 100 °C is again attributed to the reactive solvent
which converts up to 45 % fructose at the given conditions (figure 1V-10, i) and also to the Lewis

acid sites in UiO-66-SO3H-W.

Importantly, UiO-66-SO3H-W preserves its structural integrity upon 9 runs at both 80 °C and
100 °C as described by the XRD reflections remaining intact before and after recycling. The same

applies to the tests done at 80 °C, 100 °C and 120 °C after 6 h (figure 1V-14).
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Figure 1V-14. XRD patterns of UiO-66-SO3H-W after 6 h of reaction at 80 °C, 100 °C and
120 °C (i) as well as after 9 consecutive catalytic runs at 80 °C and 100 °C (ii) as compared to
the pristine UiO-66-SO3H-W.

With this being said, one can notice that the observed catalyst deactivation is not due to structural

collapse of the MOF structure but rather to inaccessibility of the sulfonic acid groups due to the

remarkable humin deposition.
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2.1.4. Comparison with a Commercial Solid Acid Catalyst

Lastly, since UiO-66-SO3H-W can convert fructose into HMF at 80 °C thus avoiding the solvent
effect, further decrease down to 60 °C was attempted to confirm its usability at even lower
temperatures. As expected, there was no fructose conversion observed in the blank test even after
24 h at 60°C. At the same time, UiO-66-SO3sH-W demonstrated decent 68 % fructose conversion
with 39 % HMF after 24 h further confirming its strong acidic nature. Interestingly, both UiO-66-
SO3H-W and Amberlyst-15©, a commercial solid catalyst with sulfonic acid functions,
demonstrated surprisingly similar performances (Table 1V.7). The latter was not the case for UiO-

66-COOH and UiO-66-OH.

Table 1V.7 — Fructose conversion and HMF vyield over a series of functionalized MOFs as
compared to Amberlyst-150©.

Catalyst T,°C t,h Solvent Fr.conv.,, % HMFyield, % HMFsel, %
Blank 60 24 DMSO 0 0 0
UiO-66-COOH 60 24 DMSO 0 0 0
UiO-66-OH 60 24  DMSO 23 5 22
Amberlyst-15© 60 24 DMSO 69 41 59
UiO-66-SOsH-W 60 24  DMSO 68 39 57

Reaction conditions: Patm, 600 rpm, Vbmso = 2 mL, Ctructose = 0.6 MM, Mcat = 20 mg.

This allows to predict that UiO-66-SO3H-W could, in some time, extend the list of benchmark
solid acid catalysts and become a promising candidate supported by its easily scalable green

synthesis. The latter will be discussed in more detail in the following chapter.

To conclude this section, it was shown that the functionalized MOFs are active catalysts towards
fructose dehydration to HMF. Using UiO-66-SO3sH synthesized traditionally in DMF, it was
shown than it was difficult to evaluate their catalytic performance due to the unavoidable effect of

the residual DMF. It was clearly seen that upon increasing the functionalization degree from 25 %
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to 100 %, both fructose conversion and HMF yield over UiO-66-SO3H-D followed a non-traceable

trend. Therefore, it underlines the need for the complete elimination of DMF from their structure.

Hence, a series of functionalized acidic MOFs were prepared in water and their intrinsic catalytic
activity was studied. Thus, UiO-66-COOH showed no enhancement of fructose conversion neither
at 100 °C nor at 60 °C, related to its rather weak acidic properties. On the other hand, UiO-66-
SO3H-W demonstrated superior catalytic performance over the temperature window comprised
between 80 °C and 120 °C and reaction durations up to 6 h, as compared to all tested MOFs in this
work. This is related to its strong acidic nature comparable to a commercial solid acid catalyst,

Amberlyst-150©.

2.2. Glucose Isomerization

The series of functionalized MOFs was also examined in glucose isomerization to fructose

(Table 1V.8) under the same conditions as for the zeolites discussed in chapter III.

Table 1.8 — Glucose conversion as well as fructose and HMF yields over functionalized MOFs.

Catalyst T,°C t,h Solvent Gl conv, % Fr. yield % HMFyield, %
Blank 120 3 H20 0 0 0
UiO-66 120 3 H20 5 0 0
UiO-66-NH> 120 3 H20 11 2 0
UiO-66-SOsH-W 120 3 H20 13 0 7

Reaction conditions: Patm, 600 rpm, Vsoiv = 2 mL, Cglucose = 0.6 MM, Mcat = 20 mg.

As evidenced, UiO-66 exhibits negligible glucose conversion of 5 % with no traces of fructose or
HMEF. This probably originates from the short reaction duration of only 3 h as compared to 24 h in
the reference works [43,44]. Nevertheless, UiO-66 is stated to possess a low selectivity towards

fructose. At the same time, UiO-66-NH: exhibited 11 % glucose conversion with only 2 % fructose
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yield making up 18 % selectivity. In spite of such low conversion and yield, the results are in line
with those obtained over MIL-101-NH: by Akiyama et al. [43]. Indeed, they stated that insertion
of amino groups leads to an increase of basic sites in MOFs and therefore positively impacts
glucose conversion. However, NH2 functional groups provide rather strong basic sites causing a
strong interaction with glucose which therefore remains adsorbed on the surface after reaction. As
a consequence, this leads to a lowered selectivity towards fructose which explains the low

selectivity of 18 % observed over UiO-66-NH; in this work.

Alternatively, UiO-66-SO3H-W demonstrated the comparable 13 % glucose conversion, however
with only traces of fructose. This is somewhat different from the results obtained by Akiyama et al.
[43] and Oozeerally et al. [45] who suggested an increase of fructose vyield over MOFs
functionalized with -SOsHgroups. The absence of fructose could be explained in the same manner
as in the case of UiO-66-NH2, however, HMF yield is surprisingly considerable and accounts for
7 % giving 54 % selectivity. This might indicate the further fructose dehydration to HMF therefore
suggesting a cascade reaction implying glucose isomerization to fructose on Lewis acid sites with
its subsequent dehydration to HMF on Bransted acid sites. Indeed, it is possible as UiO-66-SO3H-
W, apart from -SOsH groups, exhibits a high number of structural defects as discussed above
therefore providing a high number of open metal sites in Zr-clusters. Thus, this MOF exhibits dual
Bransted/Lewis acid sites whose synergy enables the direct one-pot HMF formation from glucose.
In this regard, further evaluation of UiO-66-SO3H-W catalytic system could be a promising

candidate for glucose conversion into HMF it poorly performed in dehydration of fructose in water.
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3. Conclusion

A series of functionalized UiO-66-based MOFs was prepared and characterized. It was shown that
upon synthesis in DMF, UiO-66-SO3H and UiO-66 with mixed terephthalate and sulfoterephtalate
linkers retain the framework topology of the parent UiO-66. While the presence of sulfonic acid
groups was qualitatively proven, the textural properties of the resulting MOFs experienced a
certain drop both in available surface area and micropore volume due to partial pore occupancy.
To avoid the use of DMF and thus its presence within the porosity of the MOF, UiO-66-SO3H was
also prepared in water owing to the solubility of the sulfoterephtalate linker. Nevertheless, it was
demonstrated that its water-based preparation results in a highly defective framework leading to a
change of framework topology from the UiO-66 face-centered cubic system (Fm-3m with a =
20.7809(3) A) to a body-centered cubic system (Im-3 with a = 41.4440(8) A). Further qualitative
and guantitative elemental analyses revealed lower amounts of carbon and sulfur than expected in
UiO-66-SO3H-W confirming its higher number of missing linkers. Despite that, the thus-formed
MOF exhibits surface area and micropore volume higher than its counterpart prepared in DMF. A
“green” water-based synthesis was further applied to UiO-66-COOH, UiO-66-OH and UiO-66-

NH2 MOFs also resulting in highly porous crystalline solids but with preserved UiO-66 topology.

Further in this work, the catalytic performances of a number of acid- and base-functionalized UiO-
66-based MOFs were evaluated. When applied in fructose dehydration, sulfonic acid
functionalized UiO-66-SO3H showed superior activity as opposed to UiO-66-COOH, in line with
the stronger Brgnsted acid sites generated by -SOsH groups. It was shown that the preparation
method of UiO-66-SOsH had a clear impact on its performance. Thus, when prepared via
traditional DMF-involved route, UiO-66-SO3sH-D suffered from an inhibiting effect of DMF

resulting in slower conversion rates. In contrast, UiO-66-SO3H-W, the product of a water-based
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preparation route, demonstrated the highest catalytic activity among all tested MOFs and retained
its exceptional activity over a wide range of applied temperatures. At 60 °C and 80 °C, solvent
(DMSO) has no impact on fructose dehydration, however UiO-66-SO3H-W showed a decent

performance comparable to that of Amberlyst-15©, a commercial acidic solid catalyst.

Furthermore, a few MOFs were capable of glucose isomerization to fructose. Thus, UiO-66-NH;
showed a certain activity due to its basic sites generated by amino groups. The strength of the latter
is responsible for the increased interaction with glucose and therefore its adsorption on the surface
of the catalyst. This unavoidably leads to the low fructose selectivity that is reported in this work.
In contrast, UiO-66-SO3H-W once again demonstrates its relevance by favoring direct glucose
conversion to HMF through the glucose-to-fructose isomerization intermediate step. This is
possible due to the structural specificities of UiO-66-SOsH-W which exhibits both Lewis and
Bragnsted acid sites originated from structural defects and -SOsH groups, respectively. Further
study of the direct glucose conversion to HMF over UiO-66-SO3H-W should be addressed in more

detail as it provides promising results.
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Chapter V

This final chapter is dedicated to the large-scale synthesis of UiO-66-SO3H-W to ensure its further
shaping into solid objects by providing sufficient amounts of powdery MOF. As was discussed in
chapter 1, the list of existing commercialized MOFs includes HKUST-1, MIL-53(Al), MIL-
100(Fe), UiO-66(Zr) and continues to grow. It is important to mention that industrial production
of any material should procced with the least possible impact on the environment and public health.
Therefore, the green route for MOFs synthesis established via replacing the toxic DMF by water

and discussed in the previous chapter is beneficial for upscaling and further shaping.

As briefly discussed in chapter I, the major challenge associated with shaping of MOFs is
preservation of their intrinsic physico-chemical properties. It was the principle goal of the
systematic review conducted recently in our team [1]. Accordingly, it was concluded that some
MOFs experience more pronounced changes of their initial properties upon shaping. This is
directly linked to the nature of the parent MOFs i.e. their structural and chemical stabilities which
define their tolerance towards, for instance, compaction pressure or binder presence. Therefore, it
was underlined that UiO-66-based MOFs experience less dramatic physico-chemical properties

upon shaping as compared to the other reviewed MOFs.

Thus, in this chapter, we will only consider MOFs produced in water solvent via upscaling and
shaping. In this line, UIO-66-SO3H-W was selected as our best active solid acid catalyst. Thus,
the scaling-up of the initial batch synthesis includes a 30-times synthesis upscaling by using a 3 L
double-wall process reactor and subsequent shaping of the resulting powder by extrusion and

pelletization, as discussed in chapter II.
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1. Upscaling and Shaping

1.1. Powdervs Shaped Object: Characterization

As mentioned in chapter I, upscaling should be performed on an optimized synthesis protocol
applied at small scale by possibly avoiding the use of aggressive solvents. Therefore, sulfonic acid
functionalized UiO-66-SO3H-W produced in water as the solvent seems pertinent for scaling-up.
The results of the optimization of the synthesis duration (from 2 h to 120 h) on its structural and

textural properties are depicted in figure V-1.
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Figure V-1. XRD patterns (i) and N2 isotherms (ii) of UiO-66-SO3H-W obtained after various
synthesis durations. The isotherms were adjusted by applying the following offset functions: 15 h
offset - 10 cmé-g't STP, 72 h offset + 10 cm3-g1 STP and 120 h offset +20 cmé-g'* STP.

Accordingly, synthesis duration seems to play a key factor determining the quality of the final
product. Thus, UiO-66-SO3H-W gradually turns into a crystalline solid within the applied
synthesis durations (figure V-1, 1i). Thus, a considerable fraction of amorphous matter is observed

up to 6 h. Then, it becomes negligible after 15 h yielding a crystalline solid with well-defined
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reflections. This agrees well with the continuous increase of the surface areas (figure V-1 (i) and

Table V.1)

Table V.1 — Surface areas and yields of UiO-66-SO3sH-W at various synthesis durations.

Synthesis duration, h 2 3 6 15 24 72 120
Yield, % 35 41 55 68 78 81 83
Sger, M?-gt - 376 492 596 639 630 691

Yields are based on ZrsO4(OH)4[ CsH3(COO)2SO3H]s molecular formula.

Therefore, owing to the structural and textural properties as well as the decent yield, the optimal
synthesis duration for scaling-up the synthesis of UiO-66-SOsH-W in a 3 L double reactor was

defined as 24 h.

Thereafter, the amount of the up-scaled MOF (23 g with an approximate yield of 76 %) was
sufficient to perform several shaping experiments. Table V.2 presents the different solids including
the extruded, the pelletized and the up-scaled powdery UiO-66-SO3H-W as well as their available

surface areas.

Table V.2 — Short summary of the shaped UiO-66-SO3H-W and their surface areas.

_ Extrusion Pelletization
Solid ) N Sger, Mgl
Binder, wt.% Plasticizer Pressure, MPa
Powder - - - 600 (=)
Extrudate? HEC, 2 H20 - 192 (-68 %)
Extrudate4 HEC, 4 H20 - 7 (-99 %)
Pellet - - 62 150 (-75 %)

HEC — 2-hydroxyethylcellulose.
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As evidenced, the upscaling of UiO-66-SOsH-W resulted in a porous solid displaying a surface
area of 600 m?-g’* which agrees well with the 639 m?-g'! of the powder obtained at small scale
(chapter 1V, Table IV.2). It is clear that upon compression, the UiO-66-SOsH-W pellet underwent
a dramatic loss in surface area exhibiting 150 m?-g* which is 75 % less than that of the pristine
powder. Indeed, such decrease is expected due to the destructive impact of the applied pressure
and was previously observed for a wide variety of MOFs [1-5]. Specifically, UiO-66 possesses
high structural stability against elevated pressure and therefore can handle aconsiderable pressure
up to 665 MPa while preserving its surface area [6]. At the same time, its functionalized analogues
such as UiO-66-NHz and UiO-66-COOH experienced a considerable loss of their porosity upon
pelletization at lower pressures, underlining their less stable frameworks [7—9]. Nevertheless, there
is no data on pelletized UiO-66-SO3H so far and the mild pressure applied (62 MPa) on UiO-66-
SO3H-W in this work led to the remarkable loss of its textural properties. This might originate

from the highly defective framework of UiO-66-SO3H-W as discussed in chapter V.

On the other hand, extrusion is a shaping technique which requires fewer pressure but necessitates
the formation of a paste composed of the parent powder, a binder and a plasticizer. Such paste is
further drawn through a narrow nozzle of few millimeters and subsequently cut into smaller
cylinders (extrudates) and dried [1]. The total HEC contents of 2 wt.% and 4 wt.% were chosen as
an average of what is used in the literature for organic polymers as the binder [10-12]. Thus-

prepared extrudates are depicted in figure V-2 (iii).
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Figure V-2. Photographs of the pelletized (i) and extruded UiO-66-SO3H-W before (ii) and after
cutting and drying (iii).
As evident from figure V-3 (i), upon shaping the N2isotherms underwent a certain change in their
shape along with a considerable drop of adsorbed nitrogen over the whole range of pressures.
Notably, the pelletized UiO-66-SO3sH-W presents a decreased N2 uptake at relative pressure >0.90
and a small hysteresis between 0.45 and 0.80 as compared to the pristine powdery UiO-66-SO3H-
W. This indicates a loss of macroporous volume and creation of mesopores upon pelletization
following reduction of the free void space between individual crystals. Some mesopores could also
be created following a partial framework degradation. At the same time, Extrudate2 exhibits a
remarkable increase of adsorbed N:at relative pressure >0.9 contrary to the pelletized MOF. This
might suggest that the binder is responsible for the generation of additional macroporous void

space between the crystals.

The loss in surface area upon extrusion usually comes from pore blocking effect by the binder and
strongly depends on its nature and percentage in the final extrudates. Mostly, organic polymers are
used as binders (polyvinyl alcohol or methyl cellulose) therefore providing H-bonding with the
parent powder through their functional groups. The latter ensures mechanical stability of
extrudates. HEC has been used as a binder in several previous works and led to a certain decrease

of surface area [8,12-14]. In this work, however, addition of relatively small quantities of HEC
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(2 wt.% to 4 wt%) led to a surprisingly high drop of surface areas (from 68 % to 99 %,

respectively).

So far, there is no report on the extrusion of UiO-66-SO3sH and therefore no reference is available.
Nevertheless, it is possible to hypothesize that the severe pore blocking in Extrudate2 and
Extrudate4 in spite of the low amounts of binder is due to the specifics of the MOF itself. In
particular, sulfonic acid groups, -SOsH, serve as a great source of hydrogen bonding due to their
saturation with oxygen. When contacted with hydrogen-rich HEC, -SOsH might establish
numerous H-bonds which would be strong enough to cause a partial framework collapse. This can

be visualized by examining their XRD patterns (figure V-3, ii).
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Figure V-3. N2 isotherms (i) of powdery UiO-66-SOsH-W (a), Extrudate2 (b) and pellet (c) as
well as their corresponding XRD patterns (ii).
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Accordingly, all the shaped solids underwent amorphization to a certain extent as compared to the
pristine  UiO-66-SO3H-W, viewed as the remarkable broadening of the reflections at 5-10 ° and
20-30 °. MOF amorphization is the result of bond breakage between the Zr-clusters and the linkers

and it can be the result of sufficient applied pressures as already reported in several studies [2, 4,
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7]. In the case of extrudates, amorphization is suspected to be due to the presence of HEC forming
strong H-bonding with the MOF linkers (HEC)-O-H----O-(MOF) due to the high electronegativity
of oxygen. Therefore, the observed amorphization can take place as a consequence of the
participation of neighboring -SOsH groups in H-bonding with the same HEC molecule thus
causing framework distortion and finally amorphization. Moreover, Hu et al. [15] showed that
UiO-66-SOsH can even undergo amorphization due to the H-bonding formed between -SOsH
groups located in close proximity to one another. The reverse recrystallization of the framework

was achieved by elimination of the H-bonding via H* to Na* ion-exchange.

This hypothesis can be further supported by the fact that both extrudates preserved the positions
and intensity of the principal framework vibrations in their IR spectra suggesting framework

integrity, contrary to the XRD patterns (figure V-4).
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Figure V-4. ATR-IR bands of the pellet (a), Extrudate2 (b), Extrudate4 (c) and pristine UiO-66-
SO3H-W (d).
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Thus, a certain shift towards lower wavenumbers is observed for the bands at 655 cm (shifted to
651 cmrl), 1238 cmr? (shifted to 1230 cnrl), and 1586 cm? (shifted to 1582 cnrl) as compared to
the pristine powder. This is due to formation of the H-bonding as predicted by Hu et al. [15].
Importantly, the pelletized UiO-66-SO3H-W experienced a remarkable loss in intensity of its IR

bands suggesting a partial framework degradation also suggested by its XRD pattern.

1.2. Powdervs Shaped Object: Catalytic Performance

The catalytic performance of the shaped solids was evaluated in fructose dehydration and
compared to the parent powdered solids. Batch reactions were conducted in a 250-mL reactor
equipped with a catalyst basket as described in chapter Il. The reaction conditions were chosen to

eliminate the solvent effect on fructose dehydration. Table V.3 represents thus-obtained results.

Table V.3 - Fructose conversion and HMF yield over a series of powdery and shaped UiO-66-

SO3H-W.

Catalyst T,°C t,h Solvent Fr.conv., % HMFy-d, %  Amg, %2
Blank 60 24  DMSO 0 0 -
UiO-66-SO3H-WP 60 24  DMSO 68 39 -
UiO-66-SO3H-W¢ 60 24 DMSO 43 17 -
Extrudate? 60 24 DMSO 14 3 14
Extrudate4 60 24  DMSO 0 0 8
Pellet 60 24 DMSO 20 6 27

Reaction conditions: Patm, 300 rpm, Vpmso = 150 mL, Ctruc=0.6 mM, mcat=1.5 g (on MOF basis).
a—mass loss of the shaped catalyst after the reaction;

b — powdery UiO-66-SO3H-W tested in 2 mL reaction volume;

¢ — powdery UiO-66-SO3H-W tested in 150 mL reaction volume.

As evident, DMSO has no contribution to fructose conversion at 60 °C as confirmed by the blank

test. Once again, UiO-66-SO3H-W demonstrated its superior catalytic activity converting 43 %

fructose and yielding 17 % HMF at such low temperature. Interestingly, it is somewhat lower than
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when the test was performed in small carousel-type reactors under the same conditions, which
showed 68 % conversion and 39 % HMF vyield. The difference in reaction volumes (2 mL vs
150 mL) and related stirring inhomogeneity could be at the origin of the decreased reaction Kinetics
due to diffusion limitations in the 250-mL reactor. The extruded MOFs exhibited a poor
performance with Extrudate4 being completely inactive. As described in the characterization part,
it was expected as this extrudate composition led to a severe structural collapse viewed as
amorphization. At the same time, its analogue i.e. Extrudate2 demonstrated 14 % fructose
conversion with 3 % HMF vyield. This can be explained by the lowered binder amount in
Extrudate2 as opposed to Extrudate4 which led to less drastic structural collapse viewed as a partial
preservation of the surface area. Nevertheless, as it was hypothesized a part of acid -SO3H sites
remain unavailable due to the H-bonding with the binder thus explaining negligible 3 % HMF
yield. Additionally, the presence of the binder can greatly limit the diffusion of fructose/HMF

onto/from the active sites as polymeric HEC covers the UiO-66-SOsH-W crystals (figure V-5).

|

Figure V-5. SEM micrographs of UiO-66-SO3sH-W (i), Extrudate2 (ii) and Extrudate4 (iii); HEC
binder is shown in dashed circles.

At the same time, the pellet demonstrated 20 % fructose conversion with 6 % HMF yield which

rather suggests an enhanced performance with respect to Extrudate2. It can be speculated that in

spite of the considerable framework amorphization under the applied pressure, the active -SOsH

sites are still available and not blocked by a binder.
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Lastly, mechanical stability of shaped solids is an important parameter to consider in order to
provide an adequate performance in a targeted application. Nowadays, there are numerous ways
to probe the mechanical stability from sophisticated compression and attrition tests to simple crush
or drop-tests [16—20]. In this work, attrition was estimated by simply weighing the shaped solids
after 24 h of reaction and comparing to their starting mass. For this, each solid was filtered, washed
properly in ethanol and dried before weighing. Thus, the pelletized UiO-66-SO3H-W experienced
the most dramatic mass loss of 27 % which is considerably higher than that of Extrudate2 (14 %)
and Extrudate4 (8 %). This highlights the reinforcing effect of the binder as a function of its

content.
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2. Conclusion

To sum up this chapter, the synthesis of UiO-66-SO3H-W produced in water was demonstrated to
be easily scalable by a factor of 30. Structural and textural properties of thus-produced powder
agree well with those observed for the small-scale synthesis. Further shaping via pelletization at
62 MPa, revealed a considerable framework amorphization along with a remarkable 77 % loss in
surface area. Still, the pellets demonstrated a certain catalytic activity in fructose dehydration
meaning that in spite of the severe framework collapse, the active sites were still accessible. On
the other hand, extrusion with HEC as the binder displayed as well consequent structural
degradation, which was more remarkable with the highest binder content (4 wt.%). The latter is
thought to be responsible of complete pore blocking. It was hypothesized that strong H-bonding
formed between the MOF linker and the binder is at the origin of this degradation. This can be
supported by the fact that upon reduction of the binder content down to 2 wt.% the extrudates
exhibited less structural collapse and therefore larger available surface area than that with 4 wt.%
binder. As a result, it showed a certain activity in fructose dehydration therefore implying a partial
availability of the active sites. Importantly, it was shown that the binder content defines the
mechanical stability towards attrition of the shaped objects estimated as a percentage of the
recoverable part of the solid after application. Therefore, it is possible to state that a higher binder
content provides a higher mechanical stability but deteriorated textural/structural properties and
therefore worse catalytic performance. With this being said, a further optimization of the shaping
of UiO-66-SO3H-W should be considered with a certain stress on the binder choice. Replacement
of the polymeric organic compound used in this work by an inorganic binder (silica or alumina)

might seem pertinent.
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6. General Conclusionand Perspectives

The present thesis aimed at designing microporous solids with desired physico-chemical properties
for application in the catalytic transformation of monosaccharides. For this purpose, two similar
reactions were chosen i.e. fructose dehydration to HMF and glucose isomerization to fructose
proceeding on Brensted acid sites and Lewis acid or base sites, respectively. Therefore, the
microporous solids were, in turn, chosen accordingly so that they exhibited intrinsic acidic
properties. Thus, two well-known acid solids were considered in this work: MFI-type ZSM-5
zeolite and UiO-66-type MOFs belonging to inorganic and organic-inorganic hybrid class of
microporous crystalline solids, respectively.

Within the scope of this thesis, several important points were addressed in the case of zeolites.
First of all, a particular emphasis was given to isomorphous substitution of the framework Al by
Zr atoms in the MFI-type zeolite. This resulted in two similar synthesis methods resulting in two
major solids: [Si,Zr]-MFI-in and [Si,Zr]-MFI-ex both poorly described in the literature probably
because of the difficulties associated with characterization of these solids. Nevertheless, it was
shown in this work that it was possible to distinguish [Si,Zr]-MFI-in, the solid with Zr incorporated
in the framework, from [Si,Zr]-MFIl-ex in which Zr is mostly present as an extra-framework
species. It should be noted that Zr is a challenging nucleus for %1Zr MAS NMR and therefore the
latter cannot be used as a conventional technique to examine the coordination of Zr atoms within
the MFI framework. This encouraged us to seek alternative approaches to characterize Zr-silicates
and investigate the location and chemical environment of Zr atoms. This was done by combination
of bulk and surface techniques which enabled qualitative and quantitative insights into Zr atoms
in the two Zr-silicates. Further characterization demonstrated that, in spite of its location, Zr

considerably modifies acidic properties of zeolites by eliminating completely Brgnsted acid sites
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and generating rather weak Lewis acid sites. When further applied as catalysts, both solids showed
no activity towards fructose dehydration to HMF regardless the used solvent. This was somewhat
expected as neither [Si,Zr]-MFI-in nor [Si,Zr]-MFIl-ex exhibited Bregnsted acid sites. Besides, a
dramatic dissolution was observed upon catalytic tests in DMSO. However, when applied in
glucose isomerization [Si,Zr]-MFI-in showed no conversion either therefore allowing to make a
few important conclusions. First: weak Lewis acid sites are incapable of glucose isomerization and
second: another strategy should be considered to make Zr-silicates active in the given reaction. In
this regard, the base-catalyzed glucose isomerization route seemed pertinent. Due to the NaOH
used for the synthesis, [Si,Zr]-MFI-ex exhibited a certain amount of basic sites probed by CO2-
TPD and accounted for 34 pmol-gt. The latter are associated with zirconium oxide amorphous
phase deposited on the surface of SiO2 crystals and therefore available for guest molecules. As a
consequence, it displayed a good catalytic performance converting 26 % glucose and yielding 25 %
fructose after 3 h of reaction at 120 °C. When compared to the literature, these results are similar
to the best reported so far over the hierarchical micro/mesoporous basic NaY zeolite impregnated
with 5 wt.% MgO. The latter showed the remarkable 100 % fructose selectivity at 34 % glucose
conversion after 2 h of reaction at 100 °C. However, this solid is the product of a difficult and long
synthesis procedure including hierarchization and impregnation, while [Si,Zr]-MFI-ex seems

relatively easy to prepare and requires no additional post-synthesis steps after calcination.

Similarly, a considerable attention was given to alteration of acidic properties in the case of UiO-
66 which yielded a series of functionalized MOFs. Firstly, it was shown that direct framework
functionalization via insertion of -SO3H groups could yield UiO-66-SO3H with 25 %, 50 %, 75 %
and 100 % functionalization degree at a progressive drop of textural properties. This was feasible

due to DMF used as solvent in which the two employed linkers i.e. terephthalic acid and
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monosodium  2-sulfoterephtalic acid are readily soluble. All functionalized UiO-66-SO3H-D
exhibited the same crystallographic properties as the parent UiO-66. Besides, as it was
demonstrated by IR spectroscopy, DMF was still present in the synthesized solids in spite of
several consecutive washing steps. Thus, when applied in fructose dehydration in DMSO, UiO-
66-SO3H-D MOFs demonstrated illogical trends with UiO-66-SOsH-D-25 outperforming UiO-66-
SO3H-D-50 and UiO-66-SO3H-D-75 in terms of HMF selectivity (58 % vs51 % vs51 %) in spite
of the lower functionalization degree. This was attributed to the inhibiting effect of DMF on
fructose dehydration in DMSO. At the same time, UiO-66-SO3H-D-100 displayed the highest
activity converting 97 % fructose and yielding 64 % HMF after 2 h of reaction at 100 °C. However,
when performed the kinetic study, UiO-66-SO3sH-D-100 showed slow conversion rates after
30 min and 1 h (29 % and 50 %) lower than that of the blank test (45 % and 55 %). This further

supports the inhibiting effect of DMF on fructose dehydration in DMSO.

In order to eliminate this negative effect, DMF was replaced by water for the direct
functionalization of UiO-66 to form UiO-66-SOsH-W. This is only possible at 100 %
functionalization degree because of the limited solubility of terephthalic acid in water.
Nevertheless, this water-assisted synthesis resulted in a highly porous but yet highly defective
framework. The increased number of the structural defects are at the origin of its increased unit
cell and subsequent lowering of the crystallographic symmetry. Thus, it changes from the face-
centered cubic system of UiO-66 topology (Fm-3m with a = 20.7809(3) A) to the body-centered
cubic system (Im-3 with a = 41.4440(8) A). Nevertheless, UiO-66-SO3H-W showed the highest
activity in fructose dehydration among all the tested solids in this work. It readily reaches the
complete conversion (>98 %) after only 30 min of reaction at 100 °C in DMSO vyielding 48 %

HMF. The kinetic profile showed a gradual increase of HMF formation reaching the maximum of
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78 % after 6 h. Besides, UiO-66-SOsH-W demonstrated a decent performance at lowered
temperature of 80 °C converting 81 % fructose with 52 % HMF vyield after 3 h while DMSO had
no contribution. Even at a lower temperature of 60 °C, UiO-66-SO3H-W showed its superior
catalytic activity converting 68 % fructose with 39 % HMF vyield after 24 h. This agrees well with
respectively 69 % and 41 % demonstrated by Amberlyst-15©, a commercial solid acid, under the
same conditions. Also, upon 3 consecutive catalytic runs at 80 °C and 100 °C, UiO-66-SOsH-W
lost its catalytic activity but retained its structural integrity up to 9 consecutive runs. This suggests
rather a robust and stable framework and its deactivation by a remarkable humin deposition on its

active sites and not by structural collapse.

UiO-66-SO3H-W also demonstrated an appealing performance in glucose isomerization to
fructose. It allowed the direct transformation of glucose to HMF through the intermediate Lewis
acid catalyzed glucose-to-fructose isomerization and Bregnsted acid catalyzed fructose-to-HMF
dehydration steps. This is possible due to their positive synergetic effect. Thus, after 3 h of reaction
at 120 °C, UiO-66-SO3H-W converted 13 % glucose yielding 7 % HMF. This is somewhat
different from the results reported in the literature which stated rather high fructose yields without
considerable HMF formation. The latter might be due to the effect of DMF which inhibits further
fructose dehydration as UiO-66-SOszH is predominantly synthesized in DMF. This further

underlines the importance of avoiding the use of this solvent for synthesis purpose.

Such DMF-free synthesis approach was also applied to a series of functionalized UiO-66 MOFs
and included UiO-66-COOH, UiO-66-OH and UiO-66-NH2. All the three vyielded highly
crystalline microporous solids. Despite its clearly acidic nature, UiO-66-COOH showed no
activity in fructose dehydration in DMSO showing nearly the same performance as the blank test

itself. Therefore, this suggests weak Brgnsted acid sites generated by insertion of carboxylic
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groups. In this regard, UiO-66-OH somewhat surpassed the performance of UiO-66-COOH
converting 23 % fructose with 5 % HMF vyield after 24 h of reaction at 60 °C while the latter
showed no conversion. Finally, upon glucose isomerization over the basic UiO-66-NH;,
conversion reached 11 % with only 2 % fructose yield. Such low selectivity towards fructose
agrees well with the results reported in the literature and is explained by the strong basic properties
of amino groups which strongly bind glucose. Therefore, UiO-66-SOsH-W demonstrated the
highest catalytic activity in fructose dehydration to HMF as well as in glucose isomerization to

fructose further provoking its dehydration to HMF.

Based on its exceptional catalytic performances, UiO-66-SO3sH-W was further chosen as the
candidate for synthesis upscaling and shaping. Water-assisted synthesis was thus beneficial as to
avoid the aggressive and toxic DMF. After a quick optimization of the synthesis on milligram
scale, a 30-times scale-up was successfully performed resulting in a highly crystalline microporous
solid similar to the one derived from the small-scale synthesis. Upon pelletization, surface area of
UiO-66-SO3H-W drastically dropped by 75 % from 600 m?-g* to 150 m?-g? at the same time
experiencing a partial amorphization due to the applied pressure. Nevertheless, UiO-66-SOsH-W
pellets still exhibited activity in fructose dehydration reaching 20 % conversion with 6 % HMF
yield as compared to respectively 43 % and 17 % of the parent powder. This means that the active
-SOszH are still available after pelletization. In the case of extrusion, UiO-66-SO3H-W was found
to be highly dependent on the binder content, 2-hydroxyethylcellulose. Specifically, at 4 wt.%
(Extrudate4) the binder completely blocked the available surface area while at 2 wt.% (Extrudate?2)
the 68 % decrease from 600 m?-g 't to 192 m?-g! was observed. The latter exhibited 14 % fructose
conversion with 3 % HMF yield due to a part of surface area still available after formulation.

Importantly, such dramatic drop of textural properties and amorphization of UiO-66-SO3H-W after
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extrusion with a low amount of binder was hypothesized to originate from its strong interaction

with the MOF via H-bonding.
With this being said, the further progress of this work should be focused on several points:

-complete evaluation of [Si,Zr]-MFIl-ex on glucose isomerization by optimizing reactions
conditions: temperature, duration and catalyst loading. Catalyst reusability and regeneration under
the optimized conditions should be addressed. Cation exchange to replace Na*by K* or Mg?* to

increase the catalyst basicity is possible with a special care given to cation leaching.

-[Si,Zr]-MFI-in could be further studied to give more insights into the chemical environment and
local structure of Zr atoms in the MFI framework. X-Ray Absorption Spectroscopy performed in

a synchrotron facility might provide valuable information.

-Ui0-66-SO3H-W should be further studied on glucose isomerization. Similar to [Si,Zr]-MFI-ex,
the reaction conditions need to be optimized with a special interest in HMF. Therefore, the
potential of UiO-66-SO3H-W in the direct glucose-to-HMF conversion should be further

examined.

-Shaping procedure UiO-66-SO3H-W should be optimized as well. A detailed study on the binder
choice needs to be done for extrusion with a slight preference for inorganic binders. Ideally, the
most appropriate shaping technique for UiO-66-SO3H-W (extrusion, 3D printing or granulation)

should be established.
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Figure annex-1. SEM micrograph and elemental mappings of [Si,Zr]-MFI-ex showing the near
localization of Zr and Na to one another.
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Figure annex-2. Structural refinement of UiO-66-SO3H-W (i) and UiO-66 (ii) by Le Bail fitting
with the difference between observed and calculated patterns. Refinement details and reliability
factors (Rp and Rup) are given in the inset.
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Figure annex-3. XPS survey spectrum (i) as well as Zr 3d (i) and S 2p (iii) contributions
showing the presence of S-species in the cluster of UiO-66.
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Figure annex-4. Color of two blank tests: in DMSO only (left) and in 3:1 (viv) DMSO/DMF
mixture (right) mixture after 2 h at 100 °C.
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