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Abstract

The extended use of fossil resources for the production of chemicals and as a fuel
poses several environmental problems. Biomass can be used as substitute renewable raw
material for petrochemical resources to produce molecules similar to those from the
petrochemistry. The objective of this master thesis is to investigate the potential acidic
catalysts for the fructose dehydration into hydroxymethylfurfural (HMF) in a biphasic
MIBK:H,0 system at temperatures suitable for enzymes. The obtention of such catalyst
would allow the preparation of a bifunctional chemo-enzymatic catalyst to directly
transform glucose into HMF in one-step. The benefit of doing the transformation in one-
step is to avoid the recovery and purification costs between different reactions.

Using a Glucose Isomerase enzyme allows to obtain fructose from glucose with
high selectivity. Glucose is the most available and abundant monomer obtainable from
biomass. Hydroxymethylfurfural (HMF) is a platform chemical that can be obtained from
biomass and further transformed into many different molecules such as monomers, fine
chemicals or even fuels.

In this work, the catalysts for the fructose dehydration in biphasic conditions at
relatively low temperatures have been investigated. The most efficient catalysts identified
is the ion exchange resin Amberlyst-15. This work also showed the impact of both the
acidity of the catalyst and the hydrophobicity of its surface. For the acidity, both the
number of acid sites and the strength of these sites seems to have a positive impact on
the efficiency of the catalyst. A higher hydrophobicity allowed a better extraction of the
HMF in the organic phase of the system after its production leading to higher selectivities.

However, none of the investigated catalysts have shown sufficiently high
performances to be used with an enzyme and moreover, a negative impact of the
Amberlyst-15 on the enzyme has been detected.

The knowledge gained from this work thus allows to restraints the following
researches to the investigation of other strongly acidic resins such as Nafion-117 as well
as the screening of different reaction conditions such as the use of THF in place of MIBK.
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INTRODUCTION







1. Context

1.1 Fossil Resources Issues

The environmental impact of fossil fuels as well as their growing scarcity is an issue
that has to be addressed. Fossil resources such as oil, natural gas and coal are used
everywhere, they are a source of energy, a fuel for the transports and a raw material for the
production of synthetic monomers. These synthetic monomers are used to produce many
materials used every day such as nylon, polyesters or Teflon.

The global energy consumption in the world is mostly based on fossil resources; the
fossil resources accounts for 87% of the energy consumption in the world [1]-[4].
Furthermore, fossil resources are also the most used raw materials for the production of
common monomers such as ethylene, propylene or benzene. Indeed, 90% of these
monomers were produced using crude oil or natural gas [5]. This dependency of the energy
sector and the monomer industry to the fossil resources may cause major issues in the next
decades.

The environmental considerations are becoming more and more important and
efforts are made to reduce carbon dioxide emissions. Indeed, carbon dioxide acts as a
greenhouse gas in our atmosphere and increasing its concentration leads to an increase of
the global temperature on Earth [6]. In this perspective of carbon dioxide emission reduction,
the non-renewability of the fossil resources is a major issue concerning the environmental
crisis. While biomass can refill its stocks quite rapidly capturing and storing carbon dioxide to
grow through photosynthesis, fossil resources take millions of years to refill. Even if a carbon
dioxide in the atmosphere has the same impact whatever its origin, a carbon dioxide from
biomass is part of a cycle between the atmosphere and the biomass while a carbon dioxide
from fossil resources adds up to the amount of carbon dioxide in the cycle leading to an
increasing in the carbon dioxide of the atmosphere.

Moreover, these fossil resources are finite. This means that the total amount
remaining on Earth cannot be extended and that the stocks are not able to refill themselves
as fast as they are consumed. The proved reserves of oil and natural gas are only enough to
ensure our consumption for the next 5 decades (Figure 1) [4]. This is considering a constant
production of oil and natural gas over the period as well as no new reserves discovery and no
new technology implementation. The reserves could thus be partially extended but the
limited amount existing on our planet will still be a problem that mankind will have to face
quite rapidly.
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Figure 1 — Years of fossil fuel reserves left (adapted from Ritchie et al. (2020) [4])

A solution of growing interest is the use of biomass as a renewable raw material for
the production of monomers and biofuels to replace the petrochemical industry. This
replacement is not an easy task since the starting molecules are very different. On the one
hand, coal, natural gas and mineral oil are mostly composed of saturated alkanes which
contain reduced carbon atoms due to the absence of oxygen and other heteroatoms
(heteroatoms are in organic chemistry any atom that is not a carbon or a hydrogen). On the
other hand, biomass is mostly lignocellulose that can be separated into cellulose,
hemicellulose and lignin. Cellulose and hemicellulose are polymers made of saccharides and
lignin is a polymer made of various phenolic molecules. The biomass thus contains more
oxidised carbons.

Having such different raw materials induces that the syntheses to obtain specific
monomers are also very different: the petrochemical synthesis needs to add some
oxygenated functions through oxidation processes while the biorefineries needs to remove
some oxygen atoms through reactions such as dehydrations, hydrogenations or
decarboxylations. The biorefineries thus have very different needs than the petrochemical
industry and the knowledge we have from the use of fossil resources for decades is not useful
for the biomass valorisation.

In the emerging bio-based chemical industry, some intermediate molecules are very
interesting because they can be the starting point of a wide range of syntheses. These
molecules are called the “Platform Chemicals”. One of them is hydroxymethylfurfural.



1.2 Hydroxymethylfurfural

5-(hydroxymethyl)furfural also called hydroxymethylfurfural or HMF is an organic
compound which is a white solid at room temperature but with a melting point slightly above
30°C [7]. HMF is constituted of 6 carbon atoms arranged into a cycle containing 4 carbons and
1 oxygen (furanic ring) as well as two oxygenated functions: a primary alcohol and an
aldehyde (Figure 2).

HO O
O

\ / H

Figure 2 — Molecule of 5-hydroxymethylfurfural (HMF)

As a multifunctional molecule, HMF can be used in many different synthesis pathways
and can thus be the starting point for the production of a wide range products. Some of the
various possible uses of HMF (1 in the Figure 3) as a platform chemical are presented in Figure
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Figure 3 — Chemicals obtainable from HMF (from van Putten et al. (2013) [8]).



First, HMF can be used in the production of monomers such as diols such (e.g. 2,5-
bishydroxymethylfuran, 5 in Figure 3). This 2,5-bishydroxymethylfuran can be further
transformed into heat insulating material, resins, crown esters or polymers with interesting
properties (shape-memory and self-healing) [9]. Among the diol monomers, 2,5-
furandicarboxylic acid (FDCA, 3 in the Figure 3) — that can be used in the synthesis of succinic
acid — and the caprolactam (11 in the Figure 3) — the monomer used for the synthesis of
Nylon 6 — are other monomers obtainable from HMF.

Also, HMF can be used for the production of fine chemicals such as to produce
flavours, macrocycles, heterocycles, agrochemicals and even pharmaceutical compounds due
to the modification possibilities induced by the alcohol and aldehyde functions. For example,
the 5-amino levulinic acid is an agrochemical used as herbicide that can be synthetized from
levulinic acid (LA, 8 in the Figure 3) which can be obtained from HMF. [8], [10] Moreover,
levulinic acid also being a platform chemical [11], its obtainability from HMF creates a path to
synthetize many other molecules.

Finally, even if HMF cannot directly be used as fuel since it is a solid with poor fuel
blend properties, some furan derivatives such as dimethylfuran (DMF, 6 in Figure 3) presents
high energy content and are therefore interesting biofuels candidates [10]. Moreover, furans
could be further transformed into linear alkanes that could be used as diesel or jet fuel [8].

An economic analysis conducted by Bhaumik and Deppe (2015) shown that while
lignocellulosic biomass could be purchased for around 50S$ per ton, its derivative glucose
could be purchased around 5005 per ton and HMF around 300 000S per ton. Another updated
price comparison based on the Sigma-Aldrich online catalogue is presented in Table 1 [12].
The comparison has been conducted on the 1kg pack size of the products with over 99%
purity.

Table 1 — Price comparison of the HMF intermediates based on the Sigma-Aldrich catalogue (updated May 2022) [12]

Product Price [$/kg]

Glucose 57
Fructose 84
Hydroxymethylfurfural 4 500

As it can be seen, the prices from Sigma-Aldrich are much higher than those presented
by Bhaumik and Deppe (2015) [13]. This is probably due to the use of the 1kg pack size for the
Sigma-Aldrich comparison. Moreover, the purity of the products may be varying between the
comparisons and thus impact the price. However, the huge price increase between glucose
and HMF shown by both Bhaumik and Deppe (2015) and the Table 1 clearly indicates the
economic interest of HMF.



1.3 Hydroxymethylfurfural synthesis

Biomass that has been mentioned above as a potential solution to replace the
fossil resources can be used as raw material for HMF production. According to Pang (2016),
biomass can be defined as “matter originating from living plants, including tree stems,
branches, leaves as well as residues from agricultural harvesting and processing of seeds or
fruits” [14]. This matter is composed of a wide variety of complex molecules [15] and can be
divided into edible biomass (fruits, cereals,...) and lignocellulosic biomass (grass, crop wastes,
roots, ...) [13]. While edible biomass is considered as the first-generation raw material for the
production of biofuels (production of ethanol through the fermentation of glucose for
example) [16], the use of edible biomass as a feedstock to produce biofuel may threaten
human food supplies [17] and biodiversity [18]. The use of human food production by-
products such as crop wastes, roots and other non-edible biomass is thus more reasonable
and is known as second-generation raw material for the production of biofuels.

This non-edible biomass also known as lignocellulosic biomass is made of three main
components: cellulose (around 45%), hemicellulose (around 25%) and lignin (around 20%)
[19]. These 3 components may be separated using either physical or chemical methods [20]
and then used for the synthesis of value-added chemicals such as sugars (e.g. D-Fructose or
D-Glucose) (see Figure 4). These sugars obtained from lignocellulosic biomass can then be
used for the production of biofuels (ethanol production by the fermentation of glucose) or
for the production of other interesting chemicals, one of them being hydroxymethylfurfural.
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Figure 4 — Possible Pathways to produce Sugars from Biomass (from Bhaumik and Dhepe (2015) [13])

HMF can be obtained directly from fructose through successive dehydrations.
Fructose which is obtainable from both edible and lignocellulosic biomass can thus be used
as raw material for HMF production.

Fructose used for HMF production, is present in the biomass but only in small
guantities. Fructose can be obtained from glucose which is more abundant and more
accessible in the biomass. Whatever the type of biomass used (edible or lignocellulosic), the
intermediate for the production of fructose is thus glucose.

1.3.1 From Biomass to Glucose

A first reaction pathway to obtain glucose is by using starch. Indeed, starch which is a
branched glucose polysaccharide can be transformed in glucose monomers through
hydrolysis reactions (addition of one molecule of water to break the glycosidic link between
two monomers) [13]. This link cleavage can be catalysed by acids such as sulfuric acid or
hydrochloric acid [21] or by the presence of enzymes such as a-amylase and glucoamylase
[22], [23]. The production of glucose from starch is easier than its production from cellulose
or hemicellulose due to the reactivity of the starch polymer compared to the two others [24]
but as starch is an edible biomass, its use for the production of chemicals instead of human
food or animal feed can be questionable.



To avoid using edible biomass and starch as a raw material, another reaction to obtain
glucose from lignocellulosic biomass exists. As previously said, lignocellulosic biomass is
mainly composed of cellulose, hemicellulose and lignin, the rest being inorganic salts [25].
Glucose can be obtained from cellulose and hemicellulose [25]. The first step for the
production of glucose from lignocellulosic biomass is a pre-treatment removing lignin as well
as weakening the crystalline structure [26]. This pre-treatment step that facilitates the
following steps can be achieved through several different methods (Figure 5) that can be
chemical (acid or alkali treatment, deep eutectic solvents), physical (milling or extrusion) [27]
or physicochemical (supercritical fluids, ammonia fibre explosion, co-solvent enhanced
fractionation) [20], [28], [29].

Milling
Extrusion

Microwave
Ultrasound

Organosolv
Deep Eutectic
Solvents (DESs)

Ammonia Fiber Explosion (AFEX)

Co-Solvent Enhanced Lignocellulosic

Fractionation (CELF)
Supercritical Fluids

£, S
" treatment Method

Figure 5 — Lignocellulosic Biomass Pre-treatment Methods (from Mankar et al. (2021) [28])

After the pre-treatment, cellulose can be converted to glucose through hydrolysis
catalysed by either homogeneous (in the same phase than the reaction) acid catalysts (e.g.
sulfuric acid or hydrochloric acid) or heterogeneous (in a different phase than the one of the
reaction) acid catalysts (e.g. H-form zeolites, heteropolyacids, ion exchange resins or SOzH
bearing supports) [30]—[32]. Hemicellulose can also be used for the production of glucose
using homogeneous acid catalyst such as formic acid [33] or heterogeneous catalysts such as
CuO [34].

1.3.2 Glucose to Fructose Transformation

After the production of glucose, it is still needed to convert it to fructose. This reaction
from glucose to fructose is an isomerization known as the Lobry—de Bruyn—van Ekenstein
transformation [35], [36]. It can be promoted by either heterogeneous or homogeneous
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catalysts. This reaction needing either Lewis basicity or Lewis acidity as active sites, the
catalysts may vary a lot.

Lewis acidity can be brought by homogeneous catalysts such as CrClz [37], AICl3 [38]
or aluminium complexes [39]. Some other existing catalysts are heterogeneous catalysts
which are mostly zeolites containing metals as active sites. Typically used metals are tin (Sn)
[40]-[42], iron (Fe) [43] or titanium (Ti) [44] incorporated in a B-zeolite framework [40]-[44].

Lewis basic sites can also be used as catalysts for the isomerization of glucose to
fructose [35], [42], [45], [46]. One of the basic sites containing heterogeneous catalysts used
for the isomerization is the Mg-Al hydrotalcite [35]. Hydrotalcite is a magnesium-aluminium
hydroxide that presents a layered crystalline structure [47] and that contains bicarbonate
(HCOs3") groups on its surface [35], [48].

The main issue with the use of such catalysts is their poor selectivity towards fructose
which leads to high amounts of by-products and requires the use of more glucose to obtain a
same quantity of fructose. Moreover, the presence of by-products can also reacts during the
following steps thus creating a complex mixture containing glucose and fructose as expected
but also many other unwanted compounds. To avoid such complexity, separation and
purification steps are required to obtain a solution mostly composed of the molecules of
interest.

A possibility to avoid the formation of by-products is through the use of enzymes.
Enzymes are proteins that can act as biological catalysts in living organisms. One enzyme is
generally able to increase the speed of only one very specific reaction with a very high
selectivity. For the isomerization of glucose to fructose, the glucose isomerase (Gl) enzyme
can be used as catalyst [22], [49], [50]. This enzyme is already widely used in industry for the
production of high-fructose syrup (aqueous solution with high glucose and fructose
concentrations used in de food industry) [51]. In addition to being a more selective catalyst
than the chemical catalysts presented before, glucose isomerase, as other enzyme, is
environmental friendly [51] due to the fact that enzymes are biodegradable and are non-toxic
for the environment [52], [53].

Enzymes sometimes need to have co-factor to have a better activity. The glucose
isomerase, requires co-factors that are divalent metal ions such as cobalt or magnesium [50]
but that can vary depending on the organism at the source of the enzyme [49].

Enzymes are proteins synthetised by living organisms. They thus have been created to
function in an aqueous media. The change of solvent can have an impact on the activity of
the enzyme as well as its stability. Furthermore, many enzymes require the presence of
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cofactors to work properly. In the case of the Glucose Isomerase, the cofactors are bivalent
cations such as Mg?* or Co?* [49], [50], [54]. These cofactors thus have to be present in the
solvent to ensure the activity of the enzyme.

Enzymes have an optimal temperature where their activity is maximal. Working at
lower temperature will lead to a reduction of the activity. At a higher temperature, the activity
will also be reduced and a too high temperature can even lead to a denaturation of the
enzyme which irreversibly loses its 3-dimensional structure and thus loses all its catalytic
activity. The optimal temperature for the classical Glucose Isomerase is around 30°C [55] but
some Gl from thermophilic organisms have their optimum around 60°C [55] and sometimes
up to 90°C [54].

The pH impact on the enzymes is due to the change of the charges of the amino acids
composing the enzyme. This charge change will lead to a change in the interactions between
the amino acids and the conformation of the amino acid chain will thus be impacted
modifying at the same time the catalytic activity of the enzyme. In the case of glucose
isomerase, the optimal pH is between 6.0 and 8.5 [49], [55], [56]. The pH optimum may also
vary a little depending on other parameters such as temperature or buffer solution. For
example, Srih-Belghith and Bejar (1998) showed that the optimal pH of the Gl from a
Streptomyces was 6.0 at 60°C and shifted to 6.4 at 90°C [54].

Finally, the presence of salt in the solution can affect the enzyme. Indeed, an increase
in salt concentration will lead to an increase in ionic strength leading to a lower amount of
water molecule to interact with the charges present on the enzyme. Above a certain salt
concentration, enzymes will precipitate and thus will not have a catalytic activity anymore.
This precipitation of the enzymes due to high salt concentration is reversible meaning that if
the concentration of salt decreases, enzymes will be able to solubilise again and recover their
catalytic activity.

1.3.3 Fructose Dehydration to HMF
Now that the production of glucose from biomass and its transformation into fructose
have been discussed, the remaining reaction is the conversion of fructose to HMF. This last

step is as shown on the Figure 6, a succession of three dehydration reactions of the fructose
molecule.
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Figure 6 — Fructose to HMF reaction (from Zhang et al. (2019) [57])

Brgnsted acids (containing at least one hydrogen atom that can leave as a proton) are
known to be efficient catalysts for these dehydrations. Even though the mechanism through
which these dehydrations occur depends on the conditions (nature of the solvent or solvents,
nature of the catalyst), a mechanism proposed by Testa et al. (2020) is composed of two steps
of 1,2-elimination followed by one 1,4-elimination. These 3 steps follow a E1 mechanism
(reaction is facilitated through the loss of a leaving group) and are catalysed in this case by
the acidic hydrogen present on the hydroxyl group (-OH) of the sulfonic acid (-SOsH) function

(Figure 7).
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Figure 7 — Reaction mechanism proposition for the fructose dehydration to HMF (from Testa et al. (2020) [58])

Many different conditions have been used for the production of HMF from fructose.
First, several solvent systems exist from the most simple monophasic aqueous system to more
complex biphasic systems using high salt concentrations. Moreover, many catalysts are used.
Also the reaction temperature as well as many other parameters such as the initial reactant
concentration, the solvents ratio and the reaction duration are varying parameters. Table 1
presents results obtained in some of these conditions. The different solvent systems and
catalysts observed in this Table are discussed in the following sections.
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Table 2 — Survey of reported catalysts and conditions for the fructose dehydration to HMF in different solvent systems
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1.4 Existing Solvent Systems
1.4.1 Monophasic Aqueous Systems

As presented in the Table 2, the most commonly used solvent is water since it is widely
available and non-toxic for the environment (lines 1-20). But since water is a product of the
dehydration reaction, the presence of water in high quantities shifts the reaction equilibrium
towards the reactants thus leading to lower HMF productions. Moreover, the stability of HMF
in aqueous solution is low because of the possible reactions in which HMF can be consumed
(Figure 8). These reactions are humins production by condensation of HMF with sugars and
the HMF degradation into levulinic acid (LA) and formic acid (FA) [88]. Finally, Ledn and
collaborators have demonstrated that the produced HMF stays on the surface of the
dehydration catalysts thus preventing the arrival of new substrate molecules and their
transformation to HMF (poisoning by the product of the catalyst) [89].
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Humin byproducts
Figure 8 — Potential side-reactions during the production of HMF (from Zhang et al. (2016) [88])

A possibility to decrease these side reactions is to use an organic solvent. This organic
solvent can be used in either a monophasic or a biphasic system.

1.4.2 Monophasic Organic Systems

In the case of the use of an organic solvent in a monophasic system (Table 2 lines 21-
27), the solvent must allow to solubilise high fructose concentration. Indeed, fructose is a very
polar molecule that is also an H-bond donor and acceptor. These two properties make
fructose a very hydrophilic molecule. Only some polar solvents such as dimethylsulfoxide
(DMSO) or dimethylfuran (DMF) are able to solubilise fructose less than water but still up to
significant concentrations (e.g. up to 36g/L for DMSO).

16



These solvents have shown a good results and a catalytic activity of DMSO for the
fructose dehydration has even been proposed [90]. One of the problems of DMSOQ is that since
this solvent has a good affinity towards HMF, its separation is hard and requires either large
extraction solvent amounts or a high energy consumption [8], [91]. This is incompatible with
the development of a new catalyst in the field of green chemistry where the savings of energy,
reactants and solvents are a priority [92].

1.4.3 Biphasic Systems

Another possibility to use organic solvent is by using biphasic systems (Table 2, lines
28-36). In a biphasic system, two phases are present in the same reactor and consists of an
aqueous phase where fructose can be solubilised easily [84] and where the reaction occurs
[93] and an organic phase that allows extracting the produced HMF directly after its
production. The organic phase of such systems has to be immiscible with water and have a
high affinity towards HMF to ensure an efficient extraction. The use of this kind of system has
shown a better stability of HMF due to its extraction in the organic phase thus leading to a
reduction in the side reactions that were previously occurring in the aqueous phase [94], [95].
The reduced rate of side-reaction thus increases the selectivity of the dehydration of fructose
into HMF. Moreover, the HMF extraction also helps removing the HMF adsorbed on the
surface of the catalyst [89]. The adsorption of HMF on the catalyst leads to a reduction of its
activity (poisoning by the product) and thus extracting the HMF adsorbed to the organic phase
leads to a clearing of the catalytic sites and thus to a higher activity compared to the catalyst
with product adsorbed on its surface. This clearing is possible through a good mixing of the
reactor to ensure the contact of the catalyst with the organic phase.

The most common organic solvents used for the biphasic systems is methyl isobutyl
ketone (MIBK) [96]. MIBK is immiscible in water [84] and thus a MIBK-water mixture produces
a biphasic system. This organic solvent has a partition coefficient (R) of HMF of between 0.8
and 1 [87], [97], [98]. The partition coefficient is the ratio of the concentration of HMF in the
organic phase to the concentration of HMF in the aqueous one. This R value of 1 means that
the concentrations in both organic and aqueous phase are identical. Another commonly used
organic solvent is tetrahydrofuran (THF) [8]. Unlike MIBK, THF is soluble in water and needs
to be used with highly saline aqueous solutions. Indeed, the addition of salt such as NaCl
increases the ionic strength of the aqueous phase and leads the separation of an organic
phase mostly composed of THF and an aqueous phase containing mostly the saline solution.
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Salting-out

The addition of salt to biphasic systems also has an impact on the extraction of HMF.
The polarity of HMF being low, the increase in the ionic strength of the aqueous solution
favours the extraction of HMF to the organic phase (higher HMF partition coefficient) [99],
[100]. This better extraction leads to a better selectivity due to the reduction of the side
reactions in the aqueous phase as well as a better conversion [100].

1.4.4 Specific Case of lonic Liquids and Deep Eutectic Solvents

To avoid some issues caused by the solvents, lonic Liquids (ILs) that are salts of ions
liquid at a temperature below 100°C have also been studied because they have the advantage
of reducing the rehydration reaction of HMF to FA and LA as well as reducing the production
of humins by having a high selectivity towards HMF and allowing a high solubility of fructose
compared to organic solvents [91]. They can be used with or without catalyst and some results
are shown in the Table 3:

Table 3 — Production of HMF in lonic Liquids

Temperature
Solvent Catalyst [°C] Time [h] | HMF Yield | Reference
[MIm]CI? |/ 90 0.75 92% [101]
[BMIm]CI® | CrCls 100 6 96% [102]
[BMIm]CI® | WCls 50 4 63% [103]
[BMIm]CI® | HCI 23 24 72% [104]

3[MIm] stands for 1-H-3-methyl imidazolium, ® [BMIm] stands for 1-butyl-3-methylimidazolium

As it can be seen, the reaction temperatures are mostly lower than those required for
the catalysts previously mentioned. Even if they have several advantages such as easy product
recovery, high selectivity, low reaction temperature and good reusability, ILs have high costs
and could have negative impacts on the environment [105], [106].

Another type of interesting solvents are the Deep Eutectic Solvents (DESs) since they
have similar properties compared to the ILs but without having negative environmental
impacts. Indeed, they have a higher biodegradability as well as lower toxicity [106]-[108].
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Table 4 — Production of HMF in Deep Eutectic Solvents

Temperature | Time HMF
Solvent Catalyst [°C] [h] Yield Reference
[Choline]Cl/Citric Acid | / 80 1 91% [109]
[Choline]Cl CrCl3 100 4 75% [110]
[Choline]Cl HCl 100 4 90% [110]
[Choline]Cl H,S04 100 4 83% [110]
[Choline]Cl Maleic acid 90 1 71% [111]

The results presented in the Table 4 are similar to those observed with the ILs (Table
3) since in both cases, high yields (above 70%) are observed at low temperatures (below
100°C).

1.5 Existing Catalysts

The dehydration reaction of fructose to produce HMF can be enhanced by a catalyst.
A catalyst allows to accelerate the reaction rate. Moreover, the catalysts are not consumed
by the reaction and can thus be recycled an infinite number of times, in theory. A good
catalyst can thus lead to a higher production or to a reduction of the energy demand by
reducing the required temperature or the required pressure.

1.5.1 Homogeneous Catalysts

Homogeneous catalysts are catalysts that are present in the same phase as the
reaction. In this case, the dehydration reaction occurs in a liquid phase, the homogeneous
catalysts are thus soluble compounds.

For this reaction, some of the existing homogeneous catalysts are presented in the
Table 2. As it can be seen, in a monophasic aqueous system, the catalysts used can be organic
acids (such as oxalic acid or toluene sulfonic acid, lines 1-2), inorganic acids (such as H,SO4 or
HCI, lines 3-6) or metal chlorides (e.g. Ytterbium Chloride YbCls line 7). These three different
types of catalysts can be separated in two different classes. First, the Brgnsted acids
composed of both the organic and inorganic acids. Their acidity is due to their property of
being proton donors. Secondly, the Lewis acid-based catalyst such as YbClz that have acidic
properties due to their capacity to accept an electron pair in an empty orbital of the molecule.

As it can be seen in Table 2, homogeneous catalysts based on Lewis acidity (such as
YbCls, line 7) used in aqueous systems can also be used monophasic organic solvent systems
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(such as LaCls or AlCls, lines 21-23). In biphasic systems, both Lewis (AICls, line 28) and
Brgnsted (inorganic acids such as HCl and H3BOs lines 29-30) acid catalysts can be used.

The issue of the homogeneous catalyst is that since they are in the same phase as the
reaction, they are hardly recovered from the solvent system. It is thus needed to add fresh
catalyst at the start of every new reaction. Moreover, since the catalysts stays in the solvent,
some specific treatment steps may be needed to avoid the dispersal of catalyst in the
environment. An easy solution to this problematic is the use of heterogeneous catalysts.

1.5.2 Heterogeneous Catalysts

Heterogeneous catalysts are catalysts that are present in the system in another phase
than the one where the reaction occurs. In the case of the fructose dehydration to HMF, the
reaction occurs in the liquid phase and the heterogeneous catalysts are thus solids.

As presented in Table 2, many different types of catalysts for the fructose dehydration
into HMF exist. They can be metal phosphates (lines 8-12, 35), niobium based (lines 13-15),
metal oxides (lines 15-17), zeolites (lines 18-19, 26, 36) as well as ion exchange resins (noted
IER, line 20, 24-25, 32). All these different compounds contain acid sites that can be either
from Brgnsted or Lewis type. All the catalyst types presented have been found to be active in
the different systems. For example, IER are used in aqueous (line 20), organic (lines 24-25)as
well as biphasic systems (line 32).

1.6 One-Pot Reactions

A possibility to increase the yield and reduce the amount of resources used for the
production of HMF is to couple several steps into one such as the direct production of HMF
from glucose in one-pot.

This way, the separation steps needed to recover fructose as intermediate are
removed thus reducing the need for extracting solvent and energy. Moreover, since the
products of the first reaction are directly used as the reactants for the second one, the
equilibrium of the first reaction is shifted toward the products leading to a higher yield.

To perform both reactions at the same time, either two catalysts or one bifunctional
catalyst with the two needed active sites that are active in the same reaction conditions have
to be used. Most of the time, an heterogeneous catalyst is used for the isomerization and is
either transformed into a bifunctional catalyst or working with an inorganic acid able to
perform the dehydration reaction [112]. The two reactions occurring at the same time, it
diversifies the compounds presents in the reaction medium. If the specificity of the catalyst is
not good enough, this would lead to the formation of by-products.
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Enzymes can be used to avoid this specificity issue. But since enzymes are not easily
recovered, they need to be fixed on a support. The latter can be a simple carrier. Interestingly,
the enzyme support can also have an intrinsic catalytic activity. Using a zeolite has the support
for the enzyme could fulfil these two functions [113]. The use of bifunctional catalyst brings
some difficulties. The first difficulty is that both catalysts have to be active in the same
conditions (solvent system, temperature, ...). Then, the preparation of the bifunctional
catalyst has to use methods that do not negatively impact the activity of any catalysts.
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2. Objectives

This work is a part of the PhD thesis of Marty Kinnaer. The general objective of his PhD
is to investigate the potential bifunctional chemo-enzymatic catalysts for the transformation
of glucose into HMF in a one-pot reaction.

This work focuses on the investigation of acidic heterogeneous catalysts that could be
used for the second step of the reaction: the dehydration of fructose into HMF. The main
objective of this work is to find the catalysts with the highest performances for this specific
reaction. Moreover, this work will also investigate the possibilities to use the catalysts at
lower temperatures trying to match the operating temperature of the enzyme.

3. Strategy

Seeing the side reactions issues in aqueous system, the extraction problems in organic
solvents such as DMSO and the potential toxicity of lonic Liquids in the environment, this
project will focus on the screening of catalysts in biphasic conditions.

3.1 Mild conditions

The final objective of the PhD thesis being the preparation of a bifunctional chemo-
enzymatic catalyst, the presence of water was considered as mandatory to ensure the
stability of the enzyme. Moreover, the presence of high salt concentration was considered as
a potential risk for the enzyme (that could precipitate). Finally, the temperatures investigated
have been chosen to be relatively low (between 80°C and 130°C). Even if these temperatures
are most likely to be too high for the enzyme, this allows to first observe the activity of the
catalyst to determine the most promising ones before attempting to reduce the temperature
and match the enzyme stability.

3.2 Solvent system of interest

The organic solvent chosen for this screening is MIBK. It has been identified has one
of the best solvents for HMF production [96]. Moreover, it allows to work in biphasic
conditions without requiring to use high salt concentrations. Also, MIBK allows an extraction
of the HMF thus reducing the side reactions, reducing the quantity of adsorbed HMF
potentially blocking the active sites of the catalyst [89] as well as allowing an easier extraction
compared to the DMSO [91].
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3.3 Catalysts of interest

The acidity of the catalyst has been identified has an important factor for the fructose
dehydration into HMF. The catalysts chosen for this screening thus have acidic sites and can
sometimes be modified to tune the number of acid sites as well as their acidic strength.

3.3.1 Zeolites

Zeolites are aluminosilicates based on a silica structure SiO4 where a portion of silicon
atoms have been replaced by aluminium atoms leading to a material with a given Si/Al ratio.
This ratio has an important impact on the surface properties of the zeolites because since
silicon has 4 valence electrons and aluminium only 3, the aluminium atoms will be charged
negatively. Zeolites thus have naturally a negative surface that will be compensated by
cations. These cations can undergo ionic exchanges to obtain a surface with chosen cations.
Due to this ion exchange property, zeolites are called natural ion exchangers.

Several factors are important. First, the cations present at the surface have an impact
on the catalytic activity. The presence of protons on the surface as cations leads to Brgnsted
acid sites and thus to potential catalytic sites for the fructose dehydration into HMF.
Moreover, the Si/Al ratio determines the quantity of negative charges at the surface and thus
the amount of cations that will be present to compensate. The lower the Si/Al ratio, the higher
the amount of cations. This Si/Al ratio also has an impact on the hydrophilicity of the zeolite.
Indeed, a low Si/Al ratio leads to a higher number of charges at the surface and thus to a more
polar environment which is more hydrophilic.

Also, zeolites are tuneable catalysts that can act as a support for interesting groups
that can bring interesting properties such as acidity.

3.3.2 lon Exchange Resins

lon Exchange Resins or IER are constituted of a polymer of styrene with side-chains
containing ion-active groups [114]. The interesting ion-active groups in the case of this study
are Brgnsted acids. The different IER presented in the Table 2 are containing sulfonic acid
groups (lines 20, 24-25, 32) which are very acidic sites with a pKa below 0 [115].
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4. Materials and Methods

4.1 Catalysts Preparation
4.1.1 H-B zeolite Si/Al =12

H-B (12) zeolite was prepared via the ionic exchange (Section 4.1.10) of a commercial
B zeolite from Zeolyst (CP814E). The obtained zeolite was then calcined (Section 4.1.11) to
obtain the H-form.

4.1.2 H-B nanocrystalline zeolite Si/Al = 12

First, 2.0425g of aluminium isopropoxide (98%, Acros Organics) was added to 29mL of
tetraethylammonium hydroxide (20% aqueous solution, Sigma-Aldrich). The solution was
stirred for 1 hour at room temperature to ensure the good dissolution of the aluminium
isopropoxide. Then, 6mL of deionised water and 18.78g of colloidal silica (Ludox AS-40,
Sigma-Aldrich) were added to the solution. The mixture was stirred for 2 hours at room
temperature before being placed in a Teflon autoclave at 160°C for 160 hours. Finally, the
obtained solid was washed using deionised water and centrifugated at 14000 rpm for 45
minutes. Five washes using deionised water followed by centrifugation were performed
before drying at 120°C overnight and calcinating the solid using the protocol presented in
Section 4.1.11.

4.1.3 MCM-22 zeolite

This zeolite was prepared in our lab before the start of this work following the protocol
from Wang et al. (2020) [116].

4.1.4 H-ZSM-5 zeolite Si/Al = 12

This zeolite was prepared in our lab before the start of this work following a protocol
adapted from the one proposed by Shang et al. (2019) [117]. Typically, 0.255g of sodium
aluminate (technical anhydrous, Sigma-Aldrich) was added to a solution made of 4.1496g of
deionised water and 4.2916g of tetrapropylammonium hydroxide (40% solution in water,
Sigma-Aldrich). The mixture was then stirred 30 minutes at room temperature. Then, 6.7531g
of tetraethyl orthosilicate (299.0%, Sigma-Aldrich) was added dropwise into the solution.
After stirring 30 minutes at room temperature, the mixture was heated to 80°C during 1 hour
under constant stirring. The mixture was finally stirred 20 more hours at room temperature
before being transferred in a Teflon autoclave an treated 48 hours at 180°C. The solid was
collected by 20 minutes of centrifugation at 10000rpm and then washed several times using
deionised water to obtain a neutral pH. After being dried at 120°C overnight, the obtained
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product was treated by ion exchange and then calcined to obtain the H-form zeolite (using
the protocols from Sections 4.1.10 and 4.1.11).

4.1.5 H-ZSM-5 zeolite Si/Al = 30

This catalyst was prepared using the same protocol as for the H-ZSM-5 zeolite with a
Si/Al ratio of 12 (Section 4.1.4) but with adapted reactant quantities. The adapted quantities
for 0.255g of sodium aluminate are 10.3744g of deionised water, 10.7289g of
tetrapropylammonium hydroxide and 16.8826g of tetraethyl orthosilicate.

4.1.6 H-ZSM-5 zeolite doped with Nb2Os (5% wt.)

This modified zeolite was prepared in our lab before the start of this work following a
protocol adapted from the one proposed by Barros et al. (2008) [118]. Ammonium niobium
(V) oxalate (99.99%, Sigma-Aldrich) in aqueous solution was mixed with the ZSM-5 parent
zeolite using 120mg of the ammonium niobium (V) oxalate precursor per 1g of zeolite. The
system was then stirred at 80°C until all water had evaporated. Then, the recovered solid was
dried at 100°C to remove the remaining solvent from the pores. Finally, the solid was
calcinated in a muffle furnace using ambient air at 450°C for 8hours using a temperature ramp
of 10K.min™.

4.1.7 H-ZSM-5 zeolite treated with phosphoric acid (10% wt.)

This protocol is adapted from the one proposed by Pande et al. (2018) using a
H-ZSM-5 (12) zeolite (Section 4.1.4) in place of an H-USY zeolite [119]. Typically, 1g of zeolite
was added to an aqueous solution of 10% weight phosphoric acid (>85%, Merck). The mixture
was then aged 2 hours at 100°C under constant stirring before being stirred at room
temperature for 1 hour. The product was recovered through centrifugation at 14000rpm for
15 minutes and then washed three times with deionised water and recovered by
centrifugation. The obtained product was then dried at 120°C overnight and then calcined
using the protocol presented above.

4.1.8 Phenyl Sulfonic Acid modified silica

This protocol is adapted from Cano-Serrano et al. (2003) [120] for the impregnation
step and from Wang et al. (2008) for the sulfuric acid treatment step [121]. First, 1g of silica
(Aerosil® 380) was impregnated with pure trimethoxyphenylsilane solution (97%, Sigma-
Aldrich) until incipient wetness (around 3.2mL). The mixture was then kept 24 hours at room
temperature. Then, 12.43g of concentrated sulfuric acid (96%, Carl-Roth) was added and the
mixture was stirred at 80°C for 24 hours. Finally, 80mL of deionised water were added to the
mixture before filtration of the solution using a Durapore PVDF Membrane Filter (0.22um
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pore size, Sigma-Aldrich). The product was washed three times with 40mL of deionised water
and the dried at 60°C during 24 hours.

4.1.9 Silica treated with sulfuric acid

This silica has been prepared following the same protocol as the one presented at
Section 4.1.8 except that the trimethoxyphenylsilane precursor solution was replaced with
deionised water.

4.1.10 Na*for NH4* lonic Exchange

Zeolites were treated 3 times with 10mL of an ammonium nitrate 1mol.L"t aqueous
solution for 1g of zeolite. The solution was stirred 3 hours at 80°C before being centrifugated
at 14000rpm for 10 minutes.

4.1.11 Calcination

The NHs-zeolites were calcinated under static air in a muffle furnace to obtain the
corresponding H-form zeolite by the volatilisation of ammoniac molecules. These calcinations
were performed under static air at 550°C for 6 hours using a temperature ramp of 3 hours
(increase of 3 K.min).

4.2 Catalytic performances evaluation

4.2.1 Standard tests in autoclave

The catalytic activity was tested in Teflon or glass flasks placed in a sealed autoclave
with temperature and agitation control. Classical reactions were conducted with a headspace
of 30% of the total volume of the reactor. The liquid phases were constituted of 50mL MIBK
(298.5%, Sigma-Aldrich) and 20mL deionised water (volume ratio of 5:2 MIBK:H,0). 0.2000g
of fructose (299%, Sigma-Aldrich) was added in the reactor to obtain a starting concentration
of 10g.L! in the aqueous phase and the catalyst was weighed to obtain a loading of
1:1 gcat:Bfructose. Finally, 200uL of n-Dodecane (liquid, 99%, Sigma-Aldrich) were added as
internal standard.

One sample from each phase was taken before the start of the reaction, filtered using
a syringe filter (PTFE, 0.2um pore size, VWR) and stored in a vial before being analysed in
HPLC for the aqueous phase or GC for the organic phase. The volumes taken were 1mL of the
aqueous phase and 2.5mL of the organic phase to keep the volume ratio constant. For the
tests of the IER, the quantity of catalysts added at the start was reduced to match the absence
of the IER in the sample taken before the reaction and thus keep the catalyst loading constant
(IER being small beads they are not taken by the syringe used). For all the other tests, the
sampling was performed just after the stop of the agitation and the concentration of the
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catalyst in the two phases was thus considered homogeneous (the concentration of catalyst
before and after the sampling is thus assumed to be constant in these cases).

The reactions were conducted for 6 hours using a constant temperature between 80°C
and 130°. At the end of the reaction, the reactor was quenched in tap water for 15 minutes
before the sampling of one sample from each phase. As for the sampling at the start of the
reaction, the samples were filtered and stored before analysis.

4.2.2 Standard tests in glass bottle

These tests followed the same protocol as the one explained above for the tests using
autoclaves except that the glass bottle was placed in an oil bath with agitation and
temperature control to be heated.

The second difference is that samples before the reaction were taken after the
temperature had already reached 80°C. After the sampling, the system was heated to the
desired temperature.

4.2.3 One-Pot reactions at fixed temperature

Two solutions were prepared before starting the experiment. A Tris buffer solution
was prepared by adding a Tris Buffered Saline tablet (Sigma-Aldrich) in 500mL of deionised
water. To obtain a concentration of 0.01 mol.L’* of Mg?*, 0.4761g of magnesium chloride
(298.5%, Carl-Roth) was added to the Tris buffer solution. The resulting solution will be called
Tris-Mg solution hereafter. The second solution was prepared by adding 0.1190g of cobalt (II)
chloride hexahydrate (>99%, Carl-Roth) in 10mL of deionised water to obtain a 0.05 mol.L?
Co?* solution.

The catalytic tests were conducted as such: 12mL of Tris-Mg solution was added in a
100 mL glass bottle (Laboratory bottles, narrow neck, with screw cap, VWR). From this
solution, 240uL were removed twice. The first 240uL removed were replaced with 240l of
the cobalt solution. Then, 0.1200g of glucose (99.5%, Sigma-Aldrich) and 0.0600g of sorbitol
as internal standard (99%, Sigma-Aldrich) were added to obtain agueous concentrations of
10g.L't and 5g.L ! respectively. Also, 0.1120g of the IER catalyst were added to obtain a loading
of 1gcat:18glucose after the sampling. To obtain an organic to aqueous ratio of 5 to 2, 30mL of
MIBK are added in the bottle and finally, 120uL of n-dodecane are added as internal standard.
The system was then heated to 80°C in an oil bath before the addition of 240uL of a 100mU
of Glucose Isomerase (replacing the second 240uL removed earlier).

After stirring, a 2mL sample from the organic phase and a 0.8mL sample from the
aqueous phase were taken. The aqueous sample was added to 0.8mL of 0.01mol.L?
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hydrochloric acid (prepared from hydrochloric acid 37%, VWR) to stop the enzyme activity.
Both samples were then filtered and stored in vials before analysis.

The system was then heated to the chosen temperature (80 or 90°C) to start the
reaction. Samples were taken after 1, 2, 4 and 8 hours following the procedure explained just

above.

Table 5 — Concentrations in the aqueous phase before and after the initial sampling

Before the sampling After the sampling
Glucose 10 gLt 10 gLt
Sorbitol 5g.Lt 5g.Lt
Tris-HCI 0.5 mol.L? 0.5 mol.L?
Nacl 0.15 mol.L? 0.15 mol.L?
Mg 0.01 mol.L? 0.01 mol.L?
Co* 0.001 mol.L*? 0.001 mol.L*
Glucose Isomerase 2muU 2mu
Amberlyst-15 9.333g.L? 10g.L?

Table 5 presents the different concentrations in the agueous phase before and after
the initial sampling. As it can be seen, the quantity of Amberlyst-15 before the sampling is
lower than the quantity of glucose but after the intake of 0.8mL of the aqueous phase, the
concentration of Amberlyst-15 is equal to the one of glucose thus leading to a 100% weight
Amberlyst-15 loading. This loading will however not be maintained after the following
samplings at 1, 2 and 4 hours. After 8 hours, the system was quenched 15 minutes in tap
water before taking the last sample.

4.2.4 One-Pot reactions with temperature step

This reaction was performed exactly as those conducted at constant
temperature (Section 4.2.3) starting with a temperature of 80°C. After the start of the
reaction, samples were taken after 1 and 4 hours before stopping the reaction timer and rising
the system temperature to 120°C. After reaching that temperature, new samples were taken
and the reaction was continued for 4 more hours. After 8 hours of reaction (4 at 80°C and 4
at 120°C), similarly to the reactions at a constant temperature, the system was quenched

before the last sampling.
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4.2.5 Gas Chromatography (GC)

GC analysis of the organic samples was carried out on a Bruker SCION 456-GC. The
system was equipped with a Agilent DB-5 column (30m x 0.32mm x 1um), a split/splitless
injector (split ratio of 1 to 20) set a temperature of 250°C and an automatic sampler injecting
10pL. The detector used was a FID detector at a temperature of 250°C using 300mL.min! of
air, 30 mL.min! of hydrogen and 25 mL.min! of helium as make-up gas. The system was kept
at a constant pressure of 10psi. The oven followed a temperature program starting at 100°C
and rising to 220°C in 6 minutes (ramp of 20K.min). The temperature of 220°C was then kept
constant for 3 minutes (Figure 9).

U
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Figure 9 — Temperature profile of the GC oven during an analysis

GC calibration

To quantify the concentration of HMF in the organic phase, a calibration curve has
been produced. First, 100uL of n-dodecane were added to 25mL of MIBK to produce a stock
solution of organic solvent (n-dodecane concentration of 3g.L!). Then, 0.0500g of HMF were
weighed and 5mL of the organic solution were added to obtain a HMF stock solution of 10g/L.
2mL of this solution were then diluted with 2mL of the MIBK/n-dodecane stock solution to
obtain a 5g/L HMF solution. This dilution step was performed four more times to obtain
solution of 2.5, 1.25, 0.625 and 0.3125g/L. Finally, 1mL of the last solution (0.3125g/L) was
added to 3mL of the MIBK/n-dodecane stock solution to obtain an MIBK solution of
0.078125g/L concentration.

These solutions were produced thrice for three different starting HMF stock solutions
and three different MIBK/n-dodecane solutions.
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Figure 10 — Calibration of the GC: variation of the area ratio compared to the concentration ratio

Since the ratio of the areas is a linear function of the ratio of the concentrations :

[HMF|] CRymF Areayyr
= *
[dOdecane] CRdodecane Areadodecane
With the HMF and n-dodecane concentrations being expressed in g.L'! and LT
CRgodecane

being the ratio of the response coefficient. Figure 10 allows to determine the ratio of the

. CR . . . .
response coefficient ——=2— using a linear regression that gives a value of 0.3823. The R?
dodecane

value obtained for this linear regression being above 0.99, the confidence about this value is
high.

Quantification of HMF concentration in the organic phase

Since the areas of HMF and n-dodecane are measured and the concentration of

n-dodecane is known, the HMF concentration in the organic phase in g.L™* can be calculated

and is equal to :

Area
[HMF] = 0.3823 * uLL— [dodecane]

Areadodecane
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4.2.6 High Performance Liquid Chromatography (HPLC)

HPLC analysis of the aqueous samples was carried out on a Waters 1525 Binary HPLC
Pump equipped with a Aminex® HPX-87C (300mm x 7.8mm, Bio-Rad) and an automatic
sampler injecting 25uL precisely. The detector used was a Waters 2414 Refractive Index
Detector. The analysis were conducted with a column temperature of 85°C, a detector
temperature of 30°C using milli-Q water as mobile phase with a flow of 0.5 mL.mint. The
results were analysed using the Breeze 2 software to obtain the retention times and peak

areas.

HPLC calibration

The calibration of the HPLC has been carried out to enable the quantification of both
fructose and glucose concentrations in the aqueous phase. For both glucose and fructose, a
first 10g.L solution was prepared by adding 100mg of glucose or fructose into 10mL of
deionised water. A 5g.L"* was obtained via a dilution of the initial 10g.L? solution. Then, a
2g.L " solution was prepared by adding 200mg of glucose or fructose into 100mL of deionised
water. Two successive dilutions of the 2g.L ™! solution allowed to obtain solution of 1g.L! and
0.5g.L respectively. Finally, a 0.1g.L™? solution was obtained through the addition of 1 volume

of the 0.5g.L* solution into 4 volumes of deionised water.
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Figure 11 — Calibration of the HPLC: variation of the area compared to the concentration for both glucose and fructose
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As for the GC calibration, the area measured follows linearly the increase in the
concentration (Figure 11):

Area, = CR,, * [x]

With x being either glucose or fructose. Using a linear regression, the response
coefficients can be determined: CRglucose = 583352 and CReructose = 578301. Once again, both R?
values are equal to 1 meaning that the linear regression is accurate.

Quantification of sugars in the aqueous phase

After the measurement of the glucose and fructose areas using the HPLC, their
concentration can be determined using the equation presented above and their respective
response coefficient.

4.2.7 Determination of the partition coefficients

To obtain the total quantity of a molecule present in a biphasic system, the
concentration of the molecule in both phases has to be determined. This can be done through
the analysis of the two phases or by the analysis of one phases and the use of the partition
coefficient. The partition coefficient is the ratio of the concentration of a molecule in the
organic phase to the concentration of the same molecule in the agueous phase.

Since HMF coeludes with MIBK in HPLC, the determination of the HMF area in HPLC
was impossible and the determination of the HMF concentration in the aqueous phase has
been done using its partition coeffiecient.

Partition coefficient of HMF

To determine the partition coefficient of HMF between MIBK and water, three
solutions containing 5mL MIBK, 2mL deionised water, 20uL of n-dodecane and different HMF
masses (50mg, 20mg and 5mg) have been prepared. After mixing, a sample of the organic
phase was taken to be analysed. The concentration of HMF in the organic phase was then
determined using the calibration presented before (Section 4.2.5). Since the total amount of
HMF was known and the HMF present in the organic phase was measured, the quantity of
HMF remaining in the aqueous phase could be determined as well as its concentration.

For each solution, the partition coefficient has been calculated and the average values
of 0.89 has been used.
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Partition coefficient of fructose

The partition coefficient of fructose has been determined by adding 0.1400g of
fructose in a mixture containing 5mL MIBK and 2mL deionised water. After stirring, a sample
of the aqueous phase was analysed by HPLC and the fructose concentration was determined
using the calibration presented in Section 4.2.6. The fructose quantity observed in the
aqueous phase being bigger than 98% of the total quantity, the fructose concentration in the
organic phase was considered negligible and all the fructose was thus considered as being in
the aqueous phase.

4.2.8 Determination of the measurements variability

GC Variability

The variability of the GC analyses has been performed by three successive
measurements of the same sample. The variation of the ratio between the HMF area and the
IST area has been calculated and was below 1% (around 0.6%).

HPLC Variability

The variability of the HPLC analyses has been investigated by analysing multiple times
a reference solution containing 10g.L* of glucose and 10g.L* of fructose. The variation
coefficient calculated was a slightly above 1% in each case (1.4% for the glucose and 1.1% for
the fructose).

4.2.9 Calculation of the catalytic performances
HMF yield

The HMF yield after t hours of reaction was calculated using the following equation :

HMF, t — MHMF

Yymr = 100 * e

nfructose, 0
With Yy r the HMF yield being calculated in %, nyyr o and nyyr .+ being the HMF
molar quantities in the whole system at the start and after t hours of reaction and 1y crose, 0
being molar quantity of fructose at the start of the reaction. The HMF quantities were
obtained using the GC measurements while the fructose quantity was known through HPLC

measurements.

Fructose yield

The fructose yield after t hours of reaction was calculated using a formula similar to
the one used for the HMF yield but by replacing the HMF quantities by the fructose
concentrations in g.L'! obtained through the HPLC measurements.
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Fructose conversion

The fructose conversion after a t hours of reaction was calculated using the following
equation:

[fructose]® — [fructose]®
[fructose]®

Cfructose = 100 =

With Crrycrose being calculated in % and [fructose]® and [fructose]® being the
fructose concentrations in g.L! at the start of the reaction and after t hours of reaction
respectively. These fructose concentrations were determined through HPLC analysis.

Glucose conversion

The glucose conversion was calculated using a formula comparable to the one used
for the fructose conversion but with the replacement of the fructose concentrations by the
glucose concentrations also determined using HPLC analysis.

Selectivity

The selectivity towards a product P was calculated using the general formula for the
transformation of a reactant R into a product P :

Sp = 100+ 2
= * —
With Sp the selectivity in %, Yp the product P yield in % and Cy the reactant R

conversion also expressed in %.

4.3 Characterization techniques
4.3.1 X-Ray Diffraction

The crystallinity of the prepared catalysts was verified using X-Ray Diffraction (XRD).
XRD allows the identification of crystalline phases based on the diffusion of photons through
crystalline phases. The diffractometer used was a Druker-D8 Advance with a Bragg-Brentano
geometry. A copper anode under 40 kV and 30mA was producing the X-ray radiation with a
Ka of 0.154nm. The Bruker detector was using a LynxEye XE-T technology and was recording
values obtained with a 26 value between 5° and 80° with 20 increments of 0.015° and an
increase rate of 5.93°/min. The diffractograms obtained were analysed with the Highscore
software and using the ICDD-PDF2-2004 database. In practice, sample powder was dispersed
on a sample holder coated with Nivea cream.
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4.3.2 NHs3 Temperature Programmed Desorption

The NH3 Temperature Programmed Desorption (NHs-TPD) is used to characterize the
acidity of a sample by adsorbing ammoniac molecules onto the acid sites. Measuring the
temperature at which the NHs; molecules are desorbed gives information about the strength
and number of acid sites. NH3-TPD analyses were performed using a Hidden CATLAB-PCS
microreactor coupled with a mass spectrometer equipped with a quadrupole separator.

Practically, between 50 and 100mg of the samples were placed in the microreactor.
The NH3-TPD was composed of several steps (Figure 12). First, the sample was degassed by
increasing its temperature from 50°C to 500°C at a rate of 10K.min? under a flow of
60mL.min! of Argon. The temperature was kept for 60 minutes before being reduced to
100°C always under a 60 mL.min? Argon flow. The second step was the adsorption of
ammoniac. This step was conducted at a constant temperature of 100°C using a flow of
20mL.min! of Argon and 10mL.min? of Helium with 5% NHs during 60 minutes. The sample
was then flushed at 100°C using 60mL.min! of Argon during 90 minutes. The last step was the
NHs desorption: under a 30mL.mint Argon flow, the sample was heated at a rate of 10K.min!
until 750°C. The sample was finally kept at 750°C for 30 minutes.
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Figure 12 — Summary of the temperature program and flows program of the NH3-TPD analysis
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5. Results and Discussion
5.1 Catalytic Tests

5.1.1 Screening of the previous catalysts

Before the start of this work, several catalysts for the fructose dehydration in aqueous
conditions had already been tested in our lab. Due to the low HMF yield observed, it has been
decided to change the conditions and to use a biphasic reactor with both water to solubilise
the sugars and MIBK to extract HMF after its production. The first experiment carried out with
these new conditions is the screening of the catalysts that were already prepared.

These catalysts are two different zeolites: H-ZSM-5 and MCM22 as well as a ZSM-5
zeolite impregnated with Niobium Oxide (Nb,Os). The reaction was conducted in the
conditions previously used for the catalytic tests in a single phase aqueous reactor: a
temperature of 100°C, a duration of 6 hours, 10g/Liquid of fructose, 10% weight of catalyst
loading and a headspace of 30% of the total reactor volume. The results obtained are shown
on Figure 13:
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Figure 13 — Fructose conversion and HMF yield obtained with the first catalysts

As it can be seen on the Figure 13Figure 13, the conversion and selectivity of these
catalysts are really low leading to tiny values of yield. Moreover, the observed negative
conversion of the H-ZSM-5 is questioning. The possibility of an increase in the fructose
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concentration during the reaction leading to a negative conversion is impossible because the
reactor only contains water, MIBK, fructose and the H-ZSM-5 and none of these compounds
can react to form fructose. The observed negative conversion is thus probably due to
experimental error. It has to be noted that the positive yield observed for this same H-ZSM-5
zeolite is due to the use of another method to quantity the HMF concentration (based on the
GC analysis). Since a positive yield is observed, fructose has to be converted.

The only yield difference that can be noticed is the higher HMF production of the
ZSM-5 doped with Nb,0s (0.29% against a maximum value of 0.20% for the others).

Seeing the results obtained by these 3 zeolites, it has been decided to not further
analyse the performances of the MCM-22. Indeed, this zeolite seems to have the lowest
selectivity (less than 2%). This means that even if it has a high activity to convert fructose, the
products obtained are mostly not the one that is wanted. Even if the products have not been
identified, the unwanted by-products are probably humins as well as levulinic and formic
acids. The HMF produced thus represents only a very small fraction of them and the use of
such zeolite for the catalytic dehydration of fructose to HMF is not useful since most of the
reactant used will be converted into waste products. This low selectivity towards the
compound of interest leads to a waste of reactant and is incompatible with Green Chemistry
[92].

Also, it has been decided to work with the non-doped ZSM-5 for screening
experiments. Indeed, due to the slight difference between the two yields obtained and since
the preparation of the zeolite doped with Niobium Oxide (Nb20Os) is much more complicated
than the preparation of the non-doped ZSM-5 zeolite, the use of the doped zeolite requires

extra costs and results in no significant improvements.

After this first set of experiments, several mistakes and imprecisions have been
detected and some corrections have thus been made for the next experiments:

First, the fructose concentration that was calculated in order to have a 10g/Liiquid
concentration in the whole system has been reduced to obtain a fructose concentration of
10g/Lwater (in the aqueous phase). Indeed, since fructose is not soluble in the MIBK phase, the
theoretical concentration of 10g/Liiquid Was divided in two different concentrations in the
reactor: a concentration of 35g/Lwaterin the agqueous phase and a concentration of 0g/Lmisk in
the organic phase.

Also, to allow a better observation of the catalytic activity of the zeolite, it has been
decided to increase the catalyst loading (in gcat/gfructose) from 10% to 100% in weight. This
increase still stays in the range of loadings existing in the literature that usually vary between
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10% [74], [122] to 100% [123] for the heterogeneous catalysts. Furthermore, since the
catalyst is not consumed by reaction and is most of the time recyclable, the use of more
catalyst is thus just representing higher economical cost and environmental impact only at
the start of the production.

Impact of the first changes

Due to the changes in the fructose concentration as well as the catalyst loading, the
yields obtained in the same conditions (temperature and duration of the reaction as well as
the same solvent ratio) have also changed. As it can be seen on the Figure 14, the yields
obtained are around 3 times higher with the new conditions. It can also be noticed that the
ratio between the H-ZSM-5 HMF yield and the Blank HMF yield is nearly conserved in both
conditions (1.176 for the 15t Experiment and 1.192 after the changes). This indicates that the
modifications have not induced major changes in the system.
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Figure 14 — Impact of the changes in the reaction setup on the yields obtained
5.1.2 Impact of the temperature on the zeolites
Since the yield observed after 6 hours of reaction were really low at a temperature of

100°C, it has been decided to increase the temperature to accelerate the reaction and thus

observe higher yields.

Moreover, the impact of the temperature on the selectivity is also important because
most of the time, when the temperature increases, side-reactions (catalysed or not) also

occur thus leading to a lower selectivity.
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H-ZSM-5 zeolite

To study the impact of the temperature on the dehydration reaction, the H-ZSM-5
zeolite previously tested at 100°C has also been used as the catalyst in biphasic systems at
110, 120 and 130°C. The results obtained are shown in the Figure 15.
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Figure 15 — Temperature impact on the fructose conversion and HMF yield of the H-ZSM-5 zeolite

As expected, the catalytic activity of the H-ZSM-5 zeolite increases with the
temperature for both conversion and yield. However, it can be noticed that the increase does
not follow an exponential growth. First, the negative conversion at 100°C is again just due to
the variability and should be a positive value. Also, the HMF yield observed increases with the
temperature between 100°C and 130°C as expected [124]. Even if the relation does not really
corresponds to an exponential, the increasing trend is conserved.
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The selectivities are presented in the Table 6, they have been calculated for each
temperature except 100°C. Indeed, the conversion being negative, the selectivity would also
be negative which makes no sense.

Table 6 — Selectivity of the H-ZSM-5 at different temperatures

100°C 110°C 120°C 130°C
Selectivity [%] / 2% 16% 13%

As it can be noticed, the selectivity does not seem to decrease with the temperature,
the very low selectivity at 110°C is also questionable. This could be explained by the very low
concentrations observed and the variability of the system.

In 2013, Lucas and collaborators observed a HMF yield of 28% after 1 hour at 165°C
using a H-ZSM-5 zeolite (Si/Al = 23) [125]. Even if the results observed in this work are much
lower, the temperature is probably the factor that has the most important impact. Since the
only results existing for H-ZSM-5 are at higher temperature [45], [99], [125], the results
presented in this work can also be compared to those presented by Lima et al. (2021) that
showed a HMF yield of 2.4% and a selectivity of 17% in an aqueous system at 120°C after 2
hours using a commercial ZSM-5 zeolite with a Si to Al ratio of 12 [73]. Even if the results
obtained in this work are a bit lower, they are in the same range. However, other results
observed in agueous conditions are higher than those presented before. Indeed, Rac et al.
(2013) showed 8% vyield after 6 hours at 130°C using a ZSM-5 with Si/Al = 25 [74]. This
difference is surprising since the acidity of a zeolite with higher Si/Al ratio is presumed to be
lower. The hydrophobicity of the surface is thus maybe the important factor since a higher
hydrophobicity could lead to a better expulsion of water molecules from surface.

H-B zeolite

The impact of the temperature increase on the fructose dehydration has then been
tested using another zeolite, the H-B as heterogeneous catalyst. This B type zeolite has been
used by many researchers as a potential catalyst for this dehydration reaction [73], [74]. Alike
the ZSM-5, the B zeolite has Brgnsted acid sites due to the presence on its surface of protons.
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Figure 16 — Temperature Impact on the Conversion and Yield of the H-B zeolite

In Figure 16, it can clearly be seen that the temperature impacts both the conversion
and the yield as an exponential relation. The selectivity of the reaction has also been
calculated and is presented in the Table 7:

Table 7 — Selectivity of the H-B zeolite at different temperatures

100°C 110°C 120°C 130°C
Selectivity [%] 0% 5% 16% 29%

The selectivity of the H-B clearly increases with the temperature between 100°C and
130°C. This could be due to a higher activation energy of the side reactions leading to a higher
increase in the reaction rate of the fructose dehydration compared to the reaction rate of the
other reactions involving fructose or HMF.

The results observed in this work could once again be compared to results obtained
at higher temperatures [125] but since the temperature has a too high impact on the results,
such comparison do not give more information and is not really useful.

ZSM-5 and B zeolites comparison

The comparison of the catalytic activities of the two tested zeolites is presented in
Figure 17. It can be seen that even if the yield seems to be nearly equal at each tested
temperature, the conversions appear to be very different. Except for the negative value
obtained at 100°C, the H-ZSM-5 zeolite has a higher conversion than the H-B. The selectivity
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of the H-B zeolite is around two times higher than the selectivity of the H-ZSM-5 meaning that
H-ZSM-5 is more likely to produce other compounds than HMF such as degradation products
(levulinic and formic acids) or condensation products (humins) [88].
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Figure 17 — Comparison of the catalytic activities of the H-ZSM-5 (solid line) and the H-B (dotted line)

The results obtained by these first experiments showed that the catalytic activity of
the two zeolites were the highest at the highest temperature as it was expected. Moreover,
the activities were quite similar in terms of yield at temperatures between 100 and 130°C but

the conversion and selectivity were quite different in the tested range.

To fulfil the objective of working with an enzyme to first isomerize glucose to fructose,
the activity of the catalyst has to be as high as possible at a temperature suitable for the
enzyme. All the temperatures tested in this experiment are already too high to ensure the
survival of the enzyme while not presenting high enough HMF productions. Trying to obtain
higher catalytic activity, several zeolite modifications have been tested and will be presented
in the next section.

At the end of this experiments, several changes have been made on the reaction
setup. To avoid having a negative conversion, the addition of a sampling of both reaction
phases at the start of the reaction has been added to the experimental protocol. This sampling
before the start of the reaction allows to know exactly the quantity of the reactant added in
the system and thus avoid potential errors that could have occurred before. Also, the
temperature has been raised from 100°C to 120°C as it is the first temperature where the
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reaction rate seems to increase by a significative extent. Even if this temperature is too high
for the subsequent use of an enzyme, the first objective here is to obtain a catalyst for the
fructose dehydration that can produce HMF selectively and in high quantities.

5.1.3 Tested zeolite modifications

H3PO4 treatment of a ZSM-5 zeolite

In 2018, Pande and collaborators reported HMF vyields up to 65% from fructose at
120°C for 5 hours in a biphasic water/MIBK system. The catalyst was a commercial H-USY
zeolite (Si/Al = 30) modified using either sulfuric acid (H250a4) or phosphoric acid (H3PO4). The
best result being obtained with the modification using a 10% weight solution of H3POa.

In this work, the same treatment was applied but on a different zeolite. The chosen
parent zeolite was a commercial ZSM-5 with a silicon over aluminium ratio of 12 and the
obtained modified zeolite is called H-ZSM-5-10P hereafter.

The measured catalytic performances can be compared with the activities obtained
with the parent H-ZSM-5 in the same conditions (Table 8) :

Table 8 — Comparison of the catalytic performances of the H-ZSM-5-10P and parent H-ZSM-5 after 6hours at 120°C

Fructose Conversion Selectivity HMF Yield
H-ZSM-5-10P 1.4% 92% 1.3%
H-ZSM-5 11% 8% 0.9%

As it can be seen, the fructose conversion obtained with the modified zeolite is nearly
10 times lower than the one obtained with the unmodified zeolite. This very low conversion
is questioning since the base structure of the catalyst is the same and could thus be due to
very important changes in the zeolite structure (such as a loss of porosity) after the treatment
with the phosphoric acid. Unlike the conversion, the yield obtained with the modified zeolite
is slightly higher than the one of the parent. Pande and collaborators (2018) explain the better
performance of the HsPO4 treated zeolite by the presence of Al-O-P bonds that present a high
acidity which is useful for the fructose dehydration [119].

However, compared to the results obtained by Pande et al. (2018) that presented the
phosphoric acid treated USY zeolite as a good catalyst for HMF production, the results
obtained in this work are different. Indeed, in their work, Pande et al. showed that the
conversion, the selectivity and the yield increased with the treatment (1.5 times higher for
the conversion and two times higher for the yield) [119]. In our case, the yield increase slightly
while the conversion dropped drastically (nearly 8 times lower) leading to a huge selectivity
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increase. This could be due the HPLC measurements variation, the conversion value being not
really higher than 1%, an error on the HPLC measurement lead to bigger changes.

Since the results obtained are very different from the one presented in the article and
no other sources mention such kind of treatment and the benefits of the Al-O-P bondings, it
has been decided to first try other modifications before coming back to this one if needed.

ZSM-5 zeolite with higher Si/Al ratio

MIBK being a solvent of relatively low polarity compared to the water, its accessibility
to a very acidic and hydrophilic surface seems complicated. This difficulty to reach the surface
could lead to a lower extraction ability of the HMF adsorbed on the surface thus leading to a
potential poisoning of the catalyst by the HMF staying adsorbed on the active sites. The idea
to use a zeolite with a higher Si/Al ratio to increase the hydrophobicity and thus allow the
MIBK to reach the surface more easily and extract HMF has thus been tested.

To avoid reducing the number of acid sites too much, the new zeolite has been
prepared with a Si/Al ratio of 30. As the zeolite chosen for this experiment was a ZSM-5 type
framework, the newly prepared catalyst will be called H-ZSM-5 (30) in this work.

Also to verify if the solvent filling the pores of the catalyst at the start of the reaction
was important or not, the reaction has been conducted with the H-ZSM-5 (30) by adding the
catalyst either into the aqueous phase or added in the MIBK phase (before starting the
reaction in the biphasic mixture, under intense stirring). The results are compared to the ones
obtained with the previously used H-ZSM-5 with a Si/Al ratio equal to 12.

Table 9 — Comparison of the conversion, selectivity and yield of the H-ZSM-5 with different Si/Al ratios

after 6 hours at 120°C
Fructose Conversion Selectivity HMF Yield
H-ZSM-5 (30)° 4.9% 29% 1.4%
H-ZSM-5 (30)° 5.7% 21% 1.2%
H-ZSM-5 (12)° 11% 8% 0.9%

3: catalyst added in the organic phase (MIBK), °: catalyst added in the aqueous phase

In the results presented in the Table 9, several things can be observed. First, the
medium in which the catalyst is added does not seem to have an important impact on the
activity of the catalyst since both conversion and yield differences are within the range of
error (around 1% for the conversion and around 0.5% for the yield, Section 4.2.8). This means
that whatever the solvent filling the pores of the catalysts at the start of the experiment, the
pores of the catalyst will rapidly be filled by the same solvent.
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However, the comparison with the classical H-ZSM-5 (12) shows important variations:
the conversion obtained with this zeolite is nearly two times higher while the yield is slightly
lower than the one obtained in the two other experiments. The conversion difference can be
explained by the lower amount of acidic sites in the H-ZSM-5 (30) zeolite due to the lower
amount of aluminiums replacing silicons. The yield difference can be explained by the better
extraction of HMF into the organic solvent due to the higher hydrophobicity of the surface.
With this better extraction, the active sites will also be more frequently available to dehydrate
a fructose molecule. This results shows that the variation of the Si/Al ratio (and thus the
acidity and hydrophobicity variations) appears to be a relevant option to increase the catalytic
performances of the zeolites.

Nanocrystalline B-zeolite

Another tested modification is the use of nano-f zeolites. These zeolites have crystals
that are smaller than the ones of the commercial H-B. This implies that the active sites present
in the crystals of the nano-catalyst can be reached through shorter diffusion times. If the
diffusion of the molecules in the porosity of the zeolite is shorter, the molecules could be in
contact with less active sites during their diffusion and thus undergo less unwanted reactions.
This modification could thus lead to a increase in the selectivity.

To compare the nanocrystalline zeolite with the previously synthetised B zeolite, the
preparation of the nano-B has been conducted to have a Si/Al ratio similar to the previously
tested H-B zeolite: 12.

Table 10 — Comparison of the conversion, selectivity and yield obtained with the nano-B and H-B zeolites

after 6 hours at 120°C
Fructose Conversion | Selectivity HMF Yield
nano-f3 (12) 5.3% 28% 1.5%
H-B (12) 9.4% 9% 0.9%

In Table 10, it can be seen that despite having the same framework and silicon to
aluminium ratio, the two zeolites have different activities: the nanocrystalline zeolite has a
conversion nearly two times lower than the H-B but its HMF yield is much higher. This higher
selectivity could be explained by a shorter diffusion time of the molecules from the solution
to the active sites in the nano-B compared to the H-B. The molecules diffusing in the nano-3
are thus less in contact with potentially active sites and are thus less likely to be transformed
in unwanted products resulting in a higher selectivity.
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Summary of the different zeolite modifications

The results obtained by the different modifications presented in the previous sections
are summarized in the Figure 18 below:
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Figure 18 — Comparison of the catalytic performances obtained by the different catalysts

As it can be seen, most of the catalyst are not really better than the blank reaction in
the same conditions. Moreover, none of the tested catalyst presents interesting results at the
temperature of 120°C. since this temperature is already much higher than the temperature
range at which the enzyme is stable. Seeing that none of the modification changed
significative the activity that the “classic” catalyst had on the fructose dehydration, another

solution has to be investigated.

The next section will discuss the use of the lon Exchange Resins as catalysts for the
fructose dehydration.
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5.1.4 lon Exchange Resins

As explained before, IER are constituted of a polymer of styrene with side-chains
containing ion-active groups [114] that can be Brgnsted acids (e.g. sulfonic acid). Several
different IER have been used in the literature for the HMF production from fructose in a
biphasic MIBK-water system. Amberlyst-15 [35], [112], DIAION RCP®160M [83], Nafion 117
[126] are some of them.

In this work, two resins have been tested: the Amberlite IRC120 and the Amberlyst-15
that are noted IRC120 and Amb15 respectively.

Comparison of the IERs

Both selected resins have been tested in the standard conditions to be compared by
the catalysts presented in the previous section. The catalytic performances observed are
shown in Figure 19:
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Figure 19 — Comparison of the catalytic performances of IERs and zeolites at 120°C for 6hours

Figure 19 clearly shows a difference in terms of fructose conversion and HMF vyield
between the previous catalysts (H-ZSM-5 and H-B) and the two tested resins. First, the yields
of both resins are around 20 times higher than the ones obtained with the H-ZSM-5 or the
H-B. Also, even if the fructose conversion obtained with the IER is bigger than the one
obtained with the ZSM-5 and B zeolites, the increase of the conversion is less important than
for the vyields. This implies a higher selectivity towards HMF with the IERs than with the
zeolites (Table 11):
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Table 11 — Comparison of the selectivities of the IERs and zeolites after 6 hours at 120°C

Blank

H-ZSM-5

H-B

IRC120

Amb15

Selectivity

17%

8%

10%

44%

68%

A significative difference in the selectivity of the resin compared to the selectivities
observed with the zeolites can be noted. The increased performance observed for the ion
exchange resins are probably due to a higher concentration of acid sites as well as the high
acidic strength of these sites. Moreover, these high performances could also be due to the
high hydrophobicity of the resin backbone which is made of styrene and divinyl benzene
monomers [127] and thus highly hydrophobic.

Due to its better performance in terms of yield and selectivity, the Amberlyst-15 has
been chosen as the best IER among the two to be used as the catalyst of the reaction in the
next experiments.

Even if the fructose dehydration results obtained in this work using the Amberlyst-15
seems really good, they are much lower than the results obtained by Sonsiam et al. (2019)
that observed a yield of 92% in 30 minutes. This difference could be explained by the use of a
different IER, the DIAION® RCP160M and by the use of a biphasic system composed of
H20:NMP:MIBK in proportion 3:7:40 (NMP being 1-methyl-2-pirrolidinonne) [83].

Impact of the temperature on the Amberlyst-15

As it was done for the H-ZSM-5 and H-P zeolites (page 47 and page 48), the Amberlyst-
15 has been tested at various temperature. As its activity is bigger than the ones observed for
the zeolites, the temperature range has been started at 80°C (in place of 100°C). Moreover,
due to the maximal operating temperature of the resin, the maximal temperature tested was
120°C [127], [128].
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Figure 20 — Temperature impact on the performances of the Amberlyst-15 resin

As for the H-ZSM-5 and H-B zeolites, the performances of the Amb15 increase with
the temperature. But unlike the two zeolites, this IER already has a significative HMF yield at
90°C and the results obtained at a temperature of 100°C are already better than the ones
obtained with all the zeolites at 120°C.

Seeing this relatively high activity (compared to the zeolites) even at temperature as
low as 90°C, the possibility to use the Amberlyst-15 and the Glucose Isomerase in the same
system to perform the transformation of glucose to HMF in one-pot is interesting.
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5.1.5 One-Pot reactions

The objective of the cascade reaction is to perform the direct conversion of glucose to
HMF by using in the same system an enzyme for the glucose isomerisation to fructose and
the Amberlyst-15 for the fructose dehydration into HMF. After verifying the activity of the
enzyme in biphasic conditions, three different cascade reactions are presented in the
following sections.

Activity of the Enzyme in biphasic conditions

For the isomerization of the glucose, several enzymes have been studied in the lab.
Since the temperature range used for the fructose dehydration reaction is most of the time
higher than the one of the stability of the enzyme, the best enzyme has been chosen as the
one able to work at the highest temperature. Previous research in the lab showed that the
best Glucose Isomerase was stable up to 80°C and could work at 90°C maximum during 1 hour
(unpublished results).

The activity and stability of the enzyme being known in water but not in MIBK:H;0
biphasic systems, the first experiment was the use of the enzyme as glucose isomerisation
catalyst in the biphasic system at 80°C. Figure 21 presents the activity of the enzyme in
biphasic conditions compared its activity in a monophasic aqueous system.
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Figure 21 — Glucose Conversion and Fructose Yield observed for the Gl at 80°C in monophasic aqueous and biphasic systems
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As it can be observed in the Figure 21, the activity of the enzyme in biphasic conditions
is much lower than the one that was obtained in the monophasic aqueous system. This is
probably due to the fact that enzymes are produced by living organisms and are thus normally
working in aqueous conditions. However, the presence of MIBK has not totally suppressed
the activity of the enzyme and after 10 hours 20% of the glucose initially present has been
transformed into fructose in the biphasic conditions.

It can be seen that the enzyme has a high selectivity towards fructose since the
fructose yield observed is always very close to the glucose conversion. The selectivities
observed during this experiment are indeed always higher than 70%. The very small
difference observed between the glucose reacted and the fructose produced seems to be
unvarying with the reaction duration. This could be due to a systematic underestimation of
the fructose quantity

One-Pot Reaction at 90°C

As the Amb15 already displays some catalytic activity as low 90°C and that the enzyme
could normally survive up to one hour at this temperature, it has been tried to use both

catalysts in a single flask to directly produce HMF from glucose using the catalytic activity of
both catalysts at the same time.

0.5 —e— Glucose Conversion
—@— HMF Yield
N
2 0.4 -
S
9
>~
© 0.3
c
©
S
‘o 0.2
—
[
>
c
S 0.1
0.0 1= ’ . -/
0 1 2 4 6 8
Time [h]

Figure 22 — Glucose conversion and HMF yield obtained with the Gl and Amb15 catalysts at 90°C for 8 hours

As shown in Figure 22, the glucose conversion is really low and only reaches 0.5% after
8hours of reaction. Moreover, a positive glucose conversion is only measured after 2hours of
reaction. As mentioned above, the enzyme is normally not active longer than one hour at a
temperature of 90°C. The glucose conversion is thus probably only due to the glucose
isomerisation to fructose without the impact of a catalyst. The inactivity of the enzyme cannot
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be due to the biphasic conditions because as shown above (Figure 21), the enzyme is active
during at least 10 hours in these biphasic conditions. This inactivity can be explained by a too
high temperature or an negative impact of the Amberlyst-15 on the enzyme affecting its
activity.

One-Pot Reaction at 80°C

To investigate the inactivity of the enzyme observed at a temperature of 90°C, the
same reaction has been performed at a temperature of 80°C even if we know that the IER
does not have a catalytic activity at that temperature.

The analysis of the samples taken during and after the reaction showed no production
of HMF in the organic phase. Moreover, no fructose was detected in any of the samples and
the glucose conversion appeared to be null. The inactivity of the enzyme is quite surprising.
Since the Gl was working well in the biphasic medium as showed before (Figure 21), this
inactivity is probably due to the presence of the Amb15 in the system. One possibility is that
the strongly acidic sites impacted the stability of the enzyme. Another possibility is a potential
affinity of the enzyme for the IER (for either the acidic or the polystyrene backbone) leading
to a strong adsorption and a concomitant modification of the 3 dimensional shape of the
enzyme and a loss of its activity.

Temperature step One-Pot reaction

The last one-pot reaction that has been tested using the combination of the Gl and
the Amb15 has been conducted starting with 4 hours at 80°C followed by 4 hours at 120°C.
These two temperatures have been chosen so that the enzyme would be able to isomerize
glucose into fructose during the first 4 hours and then, the Amb15 would be able to perform
the transformation of fructose into HMF. This reaction conditions allows to use each catalyst
at its optimal temperature. Due to analysis delay, the inactivity of the enzyme in the presence
of Amb15 was discovered after the completion of all the one-pot reactions. The addition of
Amb15 already at the start of the reaction is thus a problem since it will inactive the enzyme.
The reaction should thus have been conducted differently.
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Figure 23 — Glucose conversion and HMF yield obtained using the Gl and the Amb15
at 80°C for 4 hours followed by 4 hours at 120°C

It can be seen in the Figure 23 that the glucose conversion is really low until the 4t
hour of reaction. This conversion being really low (below 1%), it cannot be differentiated from
the experimental variation and it thus confirms the inactivity of the enzyme that was observed
in the one-pot reaction at a constant temperature of 80°C.

The increase of the glucose conversion between 4 and 8 hours of reaction could be
due to the non-catalytic isomerization of the glucose since a small yield (0.1%) of fructose is
observed after 8 hours but this glucose conversion is most likely to be due to unwanted side-
reactions consuming it.

As expected, no HMF is produced before the temperature increase due to both the
inactivity of the Amb15 and the absence of fructose produced. At the end of the reaction,
after 4 hours at 120°C, a small yield of HMF is detected (0.3%) showing that Amb15 catalyses
the dehydration of small amounts of fructose produced in the first stages of the reaction or
the direct dehydration of glucose.

Summary of the One-Pot reactions

The three one-pot reactions performed using the Gl and the Amb15 have shown that
even if both catalysts can be efficient in biphasic conditions, a reaction system containing
both of them at the same time leads to a complete loss of the enzyme activity. This loss of
activity is due to the presence of the Amberlyst-15 in the system since the enzyme is able to
isomerize glucose for at least 8 hours in the absence of IER in the same conditions (biphasic
system at 80°C).
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A possibility to produce HMF directly from glucose in one-pot is to use the enzyme at
80°C during 4 hours to produce fructose and then add the Amb15 and rise the temperature
to 120°C for 4 hours to transform the fructose into HMF. This one-pot but two-step reaction
should lead to an HMF production but also to a destruction of the enzyme used. This
destruction of the enzyme due to the Amb15 is not a real problem in this case since the
heating at 120°C for 4 hours already denatures the enzyme after the first 4 hours.

5.1.6 Addition of phenyl sulfonic acid on a silica support

Since the IERs have very low porosity as well as a low surface area (around 9m2.g%)
[129], the use of another support to hold the acidic sites has been investigated.

A commercial silica (Aerosil® 380) possessing a specific surface area of more than
300m2.g* has been chosen as the support for the addition of phenyl sulfonic acid groups since
the natural acidity of the zeolite is not required due to the addition of the phenyl sulfonic acid
groups. Moreover, Aerosil® 380 has a well-known high specific surface area of 380m2.g* thus
proposing a high exchange surface for the impregnation of the PTMS precursor.

The prepared A380 silica impregnated to obtain phenyl sulfonic acid sites (A380-PSA)
have been compared to the previously presented zeolites. Moreover, to verify the
impregnation of the PTMS precursor onto the silica, an A380 silica without the PTMS
impregnation step but with the sulfuric acid treatment (A380-H,S04) has also been tested .
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Figure 24 — HMF yield obtained at 120°C for 6hours with ZSM-5 and B zeolites compared to the treated A380 silica
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As it can be seen, A380-H,SO; silica is slightly more active than the zeolites discussed
above. More interestingly, the A380-PSA has a much higher yield. This indicates that the PTMS
impregnation onto the silica worked correctly and that the increased catalytic activity
observed for the two catalysts that have been treated with sulfuric acid is not due to sulfuric
acid molecules remaining on the catalyst even after the washes. The conversion values
measured for the two treated silica were aberrant (negative conversions) and are thus not
shown on the Figure 24 and cannot be discussed. These values are probably due to a problem
in the HPLC measurements. The yields observed can however be used since their values come
from the GC measurements.

The catalyst obtained with this PTMS and H,SO4 treatments is however clearly not as
efficient as the Amberlyst-15 which was the origin of the phenyl sulfonic acid modification.
Indeed, at 120°C, in the same conditions, the A380-H,S04 showed an HMF yield of 2.5% while
the Amb15 obtained 19% of HMF yield. This huge difference could be due to different factors:
reduced amount of acid sites, different acid sites onto the silica compared to the IER, higher
hydrophilicity of the A380-H,SOs compared to the Amb15 backbone thus leading to a lower
extraction of the HMF staying on the catalytic sites after being produced.

Even if the modified silica showed improved performances compared to the other
catalysts, the activity observed is clearly lower than the one of the Amb15 in the same
conditions. Since it has been shown that the Amb15 was not active below 90°C (Figure 20)
and that the enzyme is only stable up to 80°C (unpublished results), the modification of the
silica is clearly not sufficiently effective to be used.
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5.2 Characterization Results
5.2.1 X-Ray Diffraction (XRD)

Zeolites are crystalline materials. To verify that the synthesis of the zeolites had been
well performed, XRD analysis was performed on each prepared zeolite to verify the
crystallinity (Figure 25).
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Figure 25 — Diffractograms of the different prepared zeolites

As it can be seen, all the analysed materials possess crystalline phases and it was thus
assumed that the synthesis worked correctly to produce a zeolite. It can also be seen that the
different zeolite frameworks (ZSM-5 and B) effectively have different diffractograms.
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5.2.2 NHsz Temperature Programmed Desorption (NH3-TPD)

The acidity of different ZSM-5 zeolites has been measured through NHs3-TPD. The
results obtained are presented in the Figure 26 below:
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Figure 26 — Comparison of the NHs-TPD results obtained for different ZSM-5 zeolites

A first observation that can be make is that the ZSM-5 zeolite containing niobium oxide
contains much more acid sites than the other zeolites (Figure 26). Indeed, as presented in the
Table 12, this zeolite has a much bigger calculated specific acidity (0.64 mmol.g?) than the
two other ZSM-5 zeolites (0.13 mmol.g* and 0.20 mmol.g* for the H-ZSM-5 (12) and the H-
ZSM-5-10P respectively). This acidity difference explains the higher yield that was observed
in Section 5.1.1. However, the difference between the yields of the H-ZSM-5 (12) (0.2% of
HMF yield after 6 hours at 100°C) and the H-ZSM-5 with Nb;0s (0.29% in the same conditions)
is much lower than the one observed for the specific acidities. This difference could be
explained by a difficulty for the fructose molecules to access the acid catalytic sites. Some
sites of the zeolite impregnated with niobium are thus maybe accessible only to ammoniac
molecules and not to fructose leading to a higher specific activity detected by the NH3-TPD
but only to a slightly higher HMF yield.

65



Moreover, the zeolite impregnated with niobium also has stronger (peak above 300°C)
and weaker (peak below 200°C) acid sites than the other zeolites. The increased activity
cannot be associated to the specific increase of only of the two peaks since there is no other
zeolite with a similar weak or strong acid peak.

Table 12 — Specific acidities of the ZSM-5 zeolites

ZSM-5 Zeolite Specific Acidity [mmol.g?]
H-ZSM-5 (12) 0.13
H-ZSM-5 with Nb,Os (5%) 0.64
H-ZSM-5-10P 0.20

The HMF yield observed in Section 5.1.3 for the H-ZSM-5-10P (1.3% after 6 hours at
120°C) was a bit higher than the one observed for the H-ZSM-5 (12) (0.9% in the same
conditions). This corresponds to the increased specific acidity of the zeolite treated with
phosphoric acid compared to the untreated one. Also, the increase in the specific acidity of
the treated zeolite seems to be more due to an increase in the number of strong acid sites
(Figure 26) than to an increase in the number of the weak ones. This result seems to indicate
that the presence of stronger acid sites is more interesting in the case of fructose dehydration
into HMF. Furthermore, it matches well with the good results observed with the IERs that

possesses very strong acid sites [115].

The IERs could not be analysed with NH3-TPD due to the instability of the IERs above
120°C but according to several sources, the specific acidity of the Amb15 is around
4.6mmol.g* [127], [130]. This very high amount of acid sites is probably one of the reasons
explaining the very high catalytic activity of the IER compared to the zeolites presented.

5.3 Discussion

Figure 13 showed that at a temperature of 100°C, none of the tested unmodified
zeolite had interesting results in the scope of chemo-enzymatic bifunctional catalysis since
the observed yields were not really higher than the blank. Only the ZSM-5 impregnated with
Nb2Os showed a slightly higher performances 0.29% yield compared to 0.20% for the parent
ZSM-5 zeolite. Moreover, the impact of the temperature on the activity (Figure 17) showed
that for both H-ZSM-5 and H-f zeolites, the temperatures had to be raised to at least 120°C
to significative HMF yields. These temperatures are too high for an enzyme to survive [54],
[55]. This catalysts thus cannot be used as such as fructose dehydration catalysts in a context
of chemo-enzymatic bifunctional catalysts.
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The zeolite treated with phosphoric acid has shown a slightly better activity (Table 8)
which is probably due to a higher quantity of acidic sites as well as a higher strength of these
sites as presented in the Section 5.2.2.

The more hydrophobic H-ZSM-5 (30) zeolite also showed slightly better performances
in terms of HMF yield (Table 9) that could be due to easier contact between MIBK and the
catalyst surface thus leading to a better extraction of the HMF after its production on the
catalytic sites. This extraction may allow to reduce to quantity of HMF adsorbed on the active
sites. This leads to a clearing of the active sites and thus to an increase of the catalytic activity
[89] but it also avoid further transformation of the HMF thus enhancing the selectivity. The
lower conversion observed is probably due to the decrease in the number of acid sites due to
the presence of less aluminium atoms [131].

The more specific activity of the nano-B zeolite compared to the commercial zeolite
(29% compared to 8%, Table 10) shows the impact of the crystal size. With smaller crystals,
molecules will diffuse less in the porosity to reach the active sites and are thus less likely to
undergo side-reactions. The selectivity is thus bigger for the nanocrystalline catalyst.

As presented in the Figure 18, none of the modified zeolites (HsPO4 treatment, higher
Si/Al, nanocrystalline catalyst) showed interesting performances at an already quite high
temperature (120°C), these modifications are thus not efficient enough to produce
dehydration catalyst for a bifunctional catalyst using an enzyme.

lon Exchange Resins have been tested and allowed to obtain much higher vyields
compared to the other catalysts (24% after 6 hours at 120°C, Figure 19) with a catalytic activity
for the fructose dehydration starting around 90°C. As explained, the very high HMF vyields
observed are probably due to the high number of acid sites as well as the strength of these
sites [115], [127]. Indeed, Amberlyst-15 contains 4.6mmol.g* of acidic sites while the
H-ZSM-5 (12) contains 0.13mmol.g? and the phosphoric acid treated ZSM-5 contains
0.20mmol.g* (Section 5.2.2). The strength of the acid sites of the Amb15 is also really high
since it is know that phenyl sulfonic acid as a pKa below 0. Besides the acidity of the IER, the
hydrophobicity of its surface probably also has a important impact on its selectivity. Indeed,
as discussed before, the hydrophobicity allows a better extraction of HMF thus leading to
higher selectivities. The backbone of the IER being a polymer of styrene and divinylbenzene,
the resins is thus very hydrophobic.

Seeing the interesting results obtained with the Amberlyst-15 until temperatures
around 90°C (Figure 20), one-pot reactions have been tested using Glucose Isomerase and
Amberlyst-15 to directly transform glucose into HMF. It has been shown in Section 5.1.5 that
even if the enzyme was active at 80°C in biphasic conditions during at least 10 hours (Figure
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21), the presence of Amberlyst-15 in the reaction system drastically impacts the
performances of the enzyme thus leading to the impossibility to use the soluble enzyme with
the Amberlyst-15 in a one-pot reaction. A possibility to obtain HMF from glucose in one-pot
is by starting with the enzyme at 80°C for 4 hours and then adding the Amb15 and rising the
temperature to 120°C. This should lead to a production of HMF since the enzyme is active at
80°C in absence of Amb15 (Figure 21) and the Amb15 added later would thus have fructose
to produce HMF.

The modification of a silica to obtain similar acid sites as the one present on the
Amberlyst-15 has shown better results than the other zeolites in similar conditions Figure 24.
These results can be attributed to the grafting of trimethoxyphenylsilane followed by the
sulfuric acid treatment since the catalytic activity of the same silica treated with sulfuric acid
with no trimethoxyphenylsilane showed a yield of HMF nearly two times lower. However,
these results are still much lower than those observed with the Amberlyst-15. This difference
could be due to a lower quantity of acidic sites as well as a more hydrophilic support. This
modification is not reported in the literature and the protocol used was thus an adaptation
of two different articles. A better protocol could lead to a catalyst with better performances
however, even if the activity becomes comparable to the one of the Amb15, the minimal
temperature required for the catalyst to be active would be 90°C which is already a too high
temperature for the enzyme. Even if this modification could lead to interesting catalyst, it
would not be efficient enough at low temperature to be used with an enzyme.
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6. Conclusion and prospects

After the end of this master thesis, we confirmed the hypothesis that the acidity of
the catalyst (composed of both the specific acidity and the acidic strength of the sites) has an
important impact on the fructose dehydration into HMF. Furthermore, the impact of the
hydrophobicity that was not really considered at the start of this master thesis is thus now
better understood and taken into consideration as a very important parameter to enhance
the selectivity by promoting the extraction of the HMF.

lon Exchange Resins have clearly shown the best catalytic performances for the
fructose dehydration into HMF in biphasic conditions. However, one-pot reactions using
these catalysts is not possible due to a negative impact on the enzyme as well as a too low
activity at temperature suitable for the enzyme. The use of more acidic and more hydrophobic
lon Exchange Resins such as Nafion-117 or DIAION® RCP160M could be an interesting
possibility to reduce the temperature at which the IER is active and thus match the reaction
window of the enzyme.

The modification of a silica could also be investigated further. Investigation could be
made using different silica with different hydrophobicities and different porosities but also by
improving the functionalization protocol or by trying different precursors than the
trimethoxyphenylsilane such as (3-mercaptopropyl)trimethoxysilane (MPTMS) or
1,3-propane sultone. Moreover, the characterization of such modified silica would be very
important to verify the exact modifications that happened during the different steps of the

impregnation.

The exploration of different conditions and modifications of the system could also be
a very interesting since many different conditions are used in the literature. These
modifications can be an increased organic to aqueous ratio (up to 10:1), the addition of salts
or change of organic solvent using for example tetrahydrofuran (with high salt concentration)
or dimethylfuran.

With the proposed upgrades presented above and among which the use of a
Nafion-117 in highly saline MIBK:H,O or THF:H;0 systems are the most promising in my
opinion, it can be hoped to find an active dehydration catalyst working at temperatures as
low as 80°C and thus potentially usable with an enzyme in a one-pot reaction. It would then
be also useful to test the recyclability of the catalysts. Such tests have not been performed
during this work due to the absence of catalyst showing high performances during most of
the time. Recyclability tests are very important since the catalyst has to be used several times.
Such kind of experiment will thus be mandatory whatever the catalyst used.
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Screening of the catalysts for the fructose dehydration into 5-hydroxymethylfurfural in

biphasic conditions at low temperature
Presented by Noé Laloux

The extended use of fossil resources for the production of chemicals and as a
fuel poses several environmental problems. Biomass can be used as substitute
renewable raw material for petrochemical resources to produce molecules similar to
those from the petrochemistry. The objective of this master thesis is to investigate the
potential acidic catalysts for the fructose dehydration into hydroxymethylfurfural
(HMF) in a biphasic MIBK:H,O system at temperatures suitable for enzymes. The
obtention of such catalyst would allow the preparation of a bifunctional chemo-
enzymatic catalyst to directly transform glucose into HMF in one-step. The benefit of
doing the transformation in one-step is to avoid the recovery and purification costs
between different reactions.

Using a Glucose Isomerase enzyme allows to obtain fructose from glucose with
high selectivity. Glucose is the most available and abundant monomer obtainable from
biomass. Hydroxymethylfurfural (HMF) is a platform chemical that can be obtained
from biomass and further transformed into many different molecules such as
monomers, fine chemicals or even fuels.

In this work, the catalysts for the fructose dehydration in biphasic conditions
at relatively low temperatures have been investigated. The most efficient catalysts
identified is the ion exchange resin Amberlyst-15. This work also showed the impact
of both the acidity of the catalyst and the hydrophobicity of its surface. For the acidity,
both the number of acid sites and the strength of these sites seems to have a positive
impact on the efficiency of the catalyst. A higher hydrophobicity allowed a better
extraction of the HMF in the organic phase of the system after its production leading
to higher selectivities.

However, none of the investigated catalysts have shown sufficiently high
performances to be used with an enzyme and moreover, a negative impact of the
Amberlyst-15 on the enzyme has been detected.

The knowledge gained from this work thus allows to restraints the following
researches to the investigation of other strongly acidic resins such as Nafion-117 as
well as the screening of different reaction conditions such as the use of THF in place
of MIBK.
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