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In the past century, fossil resources, petroleum, natural gas, and coal, have been the main source for
the production of transportation fuels and chemicals and have played an important role in accelerating
economic growth as well.[1] In 2016, about 85.5% of the energy consumed worldwide came from fossil
resources. However, these resources are exhaustible, and the associated release of CO, in the

atmosphere has been the source of climate change and global warming.[2,3]

Biomass is one of the renewable and green resources that can sustainably meet our needs for the
production of fuels, chemicals and materials. An average of 1466 Mt of total terrestrial biomass (dry
matter) was produced annually from 2006 to 2015 and 1.5 Mt (dry weight) from fisheries and
aquaculture in the European Union (EU). [4,5] Lignocellulosic biomass refers typically to plant-based
biomass (such as corn stover, straw, forestry and agricultural residues) and it is the most abundant
(after atmospheric CO;) and inexpensive carbon source. Thus, it has been found to be a valuable
commodity due to its scalability, economic viability and its potential carbon neutrality. These
convenient aspects converge in the production of renewable biofuels and value-added products via
appropriate technologies. These plant biomass resources are diverse, and only a small part of these
raw materials is efficiently used. Hence, there exists a need to establish innovative, ecofriendly

processes and cost-effective perspectives to benefit from these resources.[6]

For these reasons, nonedible biomass such as lignocellulose has attracted attention of researchers and
scientists in the last decades as a renewable alternative. It is an abundant, sustainable, renewable, and

a cost-efficient source of organic chemicals and liquid biofuels.

Furfural, the first bio-sourced derivative that have been produced industrially, is derived from the
dehydration of pentoses, such as xylose, treated in acidic medium under heating. Historically, the
industrial synthesis of furfural from pentoses in the presence of dilute sulfuric acid began with the
Quaker Oats company for the recovery of waste from the grain industry.[7,8] Since then, the industrial
synthesis of furfural has been extensively modified and exploited, and new processes have emerged
such as Suprayield, Vedernikovs and Huaxia/WestPro processes. [9,10] The global furfural market held
a market value of USD 457.4 Million in 2022 and is projected to reach USD 840.7 Million by the year
2030. The market is anticipated to grow at a compound annual growth rate (CAGR) of 8.7% from 2022
to 2030. Around 390.31 kilo tons of furfural was sold in 2022. [11]

On the other hand, HMF is produced by dehydration from the transformation of hexoses, such as
fructose and glucose, contained in cellulose and starch. One of the major limitations of HMF synthesis
is related to its polarity and the need of D-Fructose, which is the best starting materials. The global 5-
Hydroxymethylfurfural market is valued at 55,8 Million USD in 2018 and is expected to reach 62,7
Million USD by the end of 2025, growing at a CAGR of 1.45% between 2018 and 2025. [12]
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The traditional valorization processes of these bio-sourced molecules used metal catalysis, usually with
noble metals to obtain good conversion, yields and selectivity. Though catalysis is one of the pillars of
green chemistry, the use of expensive, toxic and critical metals is often detrimental to this appellation.
Therefore, recently, cheap and nontoxic metals and metal-free catalysis have attracted the attention
of scientists and researchers and such catalyst can be considered as green catalytic materials, because
they can be highly efficient, easy to handle, environmentally friendly and economical in various
industrial sectors. This dynamic was motivated by the desire to overcome the disadvantages of metallic

catalysis and by the interests that can be gained from their substitution.

Previous studies have already been conducted on the development of more eco-friendly catalytic
oxidation of furanic derivatives within the Integrated Transformations of Renewable Matter (TIMR)
laboratory a joint research laboratory of the Université de Technologie de Compiegne (UTC) and the
Ecole Supérieur de Chimie Organique et Minérale (ESCOM). Therefore, in the frame of the chair for
“Green Chemistry and Processes” (financed by UTC/ESCOM/Région Hauts de France and FEDER) this
work was continued and this PhD project has been settled over these preliminary studies in
collaboration with laboratory of Materials, Catalysis, Environment and Analytical Methods (MCEMA)

at the Lebanese University, financed by both Région Hauts-de-France and Lebanon.

This project proposes to develop new methods for the oxidation of the platform molecules furfural
and HMF by proposing whether the use of metal free catalysis, new activation technologies or using
nontoxic and non-critical metal catalysts. We focused in this project on the methodological

development and the optimization of operating conditions.

This manuscript is divided in five chapters. Chapter 1 introduces the composition of the lignocellulosic
biomass and some examples of the synthesis of furfural from xylose, xylan and of HMF from fructose

and glucose.

In chapter 2, we propose to review the state of art of the traditional catalytic methods for the oxidation
of the two platform molecules furfural and HMF. The literature is divided in two main parts: metal
catalysis and metal-free (acid, basic, carbon based, organic, photochemical ...) catalysis for the

oxidation of these molecules into value-added products.

In chapter 3, an alternative system for HMF oxidation is studied in attempt to avoid the use of
expensive and toxic metal catalysts. The selective oxidation of the hydroxyl group on the HMF molecule
leading to the corresponding aldehyde, 2,5-diformylfuran (DFF), was catalyzed by 2-
iodobenzenesulfonic acid in the presence of Oxone®. An optimization of the catalytic system and scale

up of the process are presented as well.
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In chapter 4, we demonstrate a catalyst-free process for the gram-scale synthesis of maleic acid from
furfural using high frequency ultrasound irradiations. Selectivity towards maleic acid and furfural

conversion are studied under mild conditions using only H,0; as an oxidant.

In chapter 5, a novel metallic-catalyst process is developed using magnetite nanoparticles (MNP) under
mild conditions for the synthesis of succinic acid from furfural. Selectivity towards another bio-sourced

diacid: succinic acid is described and recyclability is evaluated.

In the last part, a general conclusion will provide the summary of the results from the developed
oxidation methods of furfural and HMF, and their advantages. Finally, several perspectives of this work

are presented.
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Chapter 1

Biomass Composition and valorization
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1. Introduction

Lignocellulosic biomass is a plentiful and renewable resource for fuels and chemicals. Despite this
potential, nearly all renewable fuels and chemicals are now produced from edible resources, such as
starch, sugars, and oils; the challenges imposed by notoriously recalcitrant and heterogeneous
lignocellulosic feedstock have made their production from nonfood biomass inefficient and

uneconomical.

Lignocellulosic biomass provides access to furan derivatives such as 5-hydroxymethylfurfural (HMF)
and furfural. HMF and furfural are considered as “building blocks”, so they can be used to obtain many
derivatives. The industrial production of furfural is already well mastered and its derivative, furfuryl

alcohol, is widely exploited. [1,2]

Hydrogenated and deoxygenated derivatives such as methyltetrahydrofuran (MTHF) are used both as
solvents and as additives for fuels. 5-hydroxymethylfurfural, for its part, is not currently produced on
an industrial scale. Due to poor stability in acidic media and high solubility in water, HMF is very difficult
to purify and maintain for long periods. To solve this problem, HMF can be oxidized to provide added-
value products such as 2,5-diformylfuran (DFF) or 2,5-furandicarboxylic acid (FDCA). These compounds
can be used for the synthesis of fuels and novel polymers capable of substituting for terephthalic acid

derivatives.

After presenting the composition of the lignocellulosic biomass, we will expose different synthesis of
furfural and HMF. Finally, we will present some examples of valorization of these compounds in fuels

and polymers.
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2. Composition of lignocellulosic biomass

The term biomass includes many compounds and its definition varies according to the authors and the
context of the study. In order to clearly define its use, the European Parliament has given a well-defined
definition: “biomass is the biodegradable fraction of products, waste and residues of biological origin
from agriculture (including plant and animal substances), forestry and related industries, including
fisheries and aquaculture, as well as the biodegradable fraction of industrial and municipal waste”.[3]
For the sake of clarity and in the rest of the manuscript, the use of the term biomass will refer only to

lignocellulosic biomass.

This biomass is composed mainly of three biopolymers (Figure 1.1): cellulose (glucose), lignin (aromatic
compounds) and hemicellulose (pentose and hexose). The distribution of these compounds varies
greatly depending on the botanical origin and the culture conditions. Despite this great variation of
composition from one source to another, a distribution of about 70% of saccharide compounds
(cellulose and hemicellulose) and 25% of lignin will generally be retained. In addition to the carbon

compounds, sulfur compounds, proteins and ashes will be found.

Bioenergy
crop
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Figure 1.1 - Classical representation of the structure of lignocellulosic biomass [4]

2.1. Cellulose

Cellulose is a polymeric carbohydrate material and is the basic structural component of the cell walls

of trees and other higher plants. It is the most abundant natural polymer in nature. It is estimated that

30



a tree can produce up to 10 g of it per day, which is equivalent to 1.3x10%° tons per year worldwide.
(5,6]

Cellulose is composed of a sequence of glucopyranose units linked by B-1,4-glycosidic linkages [7]. In
this polymer, the repeating unit is cellobiose, a glucose dimer often used as a model substrate for

cellulose transformation (Figure 1.2).

OH
0 OH
HO 0
OH @]
OH

Figure 1.2 — Cellobiose structure

It serves as a chemical feedstock for several commercially important polymer industries. One of the
more important of these industries is based on esterification of cellulose with a short-chain aliphatic
acid: acetic, propionic, or n-butyric. The resulting thermoplastic cellulose esters are characterized by
exceptional clarity and good mechanical performance. They are found in a various products, some of
which are photographic films, fibers, cigarette filters, membranes, and molded articles. Historically,
cellulose esters are the oldest manufactured thermoplastics, going back to the 1920's. Being plant-

derived, cellulose is a renewable resource.
2.2.  Hemicellulose

Hemicellulose is a mixed polymer composed of at least five different sugars with an additional large
number of acetyl groups. In contrast to cellulose which is composed of 6-membered sugars,
hemicellulose is mainly composed of xylan, a polymer of D-xylose. [8,9] Because of the great
complexity of hemicelluloses, a general structure will not be proposed. Xylan-type polysaccharides are
the main hemicellulose components of secondary cell walls constituting about 20—-30% of the biomass
of dicotyl plants For instance, a possible xylan-type and galactomannan hemicellulose structures are

described respectively in Figure 1.3 and Figure 1.4 below. [8]

OH oH
0
HO
OHO
OH
-0
HO ~0
OH

Figure 1.3 - Galactomannan structure
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Hemicelluloses, the second most common polysaccharides in nature, represent about 20-35% of
lignocellulosic biomass. In recent years, bioconversion of hemicellulose has received much attention
because of its practical applications in various agro-industrial processes, such as efficient conversion
of hemicellulosic biomass to fuels and chemicals, delignification of paper pulp, digestibility

enhancement of animal feedstock, clarification of juices, and improvement in the consistency of beer.

[10,11]
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AN : o
OH OH OH OH

-0

b

OH
HO 0 HO/\———-O
/O OHO 0 HO OH _
O OH o OMO

H /‘\O

Figure 1.4 - Primary structure of a B-(1->3)-D-xylan type X3 and b B-(1-3, 1->4)-D-xylan type Xm
2.3. Lignin
To conclude on the constituents of biomass, the last fraction is lignin. In contrast to the other two, it
does not consist of sugars but aromatic monomers, including para-coumaryl alcohol, sinapyl alcohol

and coniferyl alcohol (Figure 1.5). [12]

OH OH OH
= o L
~0 o~ ~0
OH OH OH
sinapyl alcohol coniferyl alcohol p-coumaryl alcohol

Figure 1.5 - Lignin monomers

It is immediately noticed that the polymerization of these species can lead to a great final complexity,

which explains the difficulty to propose a generic structure.

As part of this work, lignin will not be considered and its valuations will not be detailed. However, it
can be noted that the depolymerization of lignin is a highly researched field of research for the

formation of aromatic compounds. [11,13-18]
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3. Biomass valorization

Researchers and scientists have developed many biomass valorization methods since the dawn of time.
Historically, the first uses of biomass are the production of energy (heating, cooking ...) and the
manufacture of alcoholic beverages. Even if our societies are massively turned towards fossil
resources, we cannot deny that these resources has led us to our current way of life, mainly through
the development of agriculture. Currently, the valorization of biomass refers almost exclusively to
transformations after the industrial revolution, such as energy production using coal and thermal
power plants. Ancestral uses, such as the manufacture of furniture, fabrics and various utensils, are

increasingly competing with metals and polymeric materials (PET, polyamides ...) from petrochemicals.

Today, the valorization of lignocellulosic biomass is turning away from the most obvious direct
applications in order to reduce the share of chemicals derived from fossil resources. These new
applications are particularly interesting since they provide access, among others, to furan derivatives,

which find their utility in many areas such as biofuels [19,20] or fine chemistry [21,22].

The main approaches for converting of lignocellulosic biomass into platform molecules are gasification,
pyrolysis, and hydrolysis, as summarized in Figure 1.6. [23—25] Hence, lignocellulosic biomass can be
converted to bio-oil by pyrolysis and syngas by gasification. Biomass gasification means incomplete
combustion of biomass resulting in production of combustible gases consisting of carbon monoxide
(CO), hydrogen (H2) and traces of methane (CH,). [26] Biomass pyrolysis is generally defined as the
thermal decomposition of the biomass organic matrix in non-oxidising atmospheres resulting in liquid
bio-oil, solid biochar, and non-condensable gas products.[27] However, acid-catalyzed hydrolysis is
always a more complicated process than gasification and pyrolysis. This chemical transformation
consists of two steps, the first one is cracking the long carbon chains of lignocellulose into a series of
C5-C6 carbohydrates, [23,28,29] and those products can be further reformed by dehydration, to form
principally platform molecules such as furfural and 5-hydroxymethylfurfural (HMF). [30] In addition,
further catalytic transformations of these functionalized platform compounds lead to the production

of a wide range of chemicals and fuels, which are widely used in numerous fields and industries.
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Figure 1.6 - Main approaches for lignocellulosic biomass conversion.

3.1. Furfural

Furfural is derived from the degradation of pentoses, such as xylose, in acidic medium at high
temperature. Historically, the industrial synthesis of furfural from pentoses in the presence of dilute
sulfuric acid began with the Quaker Oats company for the recovery of waste from the grain industry
[31,32]. This process allowed to obtain up to 50% yield. The advantage of this method lies in its
simplicity, so much so that this synthesis has been adapted to the requirements of the practical work

of researchers. [33] Since then, the industrial synthesis of furfural has been extensively modified and

exploited. [34—-38]

Recently, Westpro has modified the Quaker Oats Technology process in China (Huaxia Furfural
Technology) into a continuous process. This method uses fixed bed reactors and a continuous dynamic

azeotropic distillation refining process, which led to 4%—12% production yield with respect to the initial
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weight of dry biomass used (i.e., corn cobs, rice hulls, flax dregs, cotton hulls, sugarcane bagasse, and
wood). However, no detailed information is available with regard to this technology. [31,32]
SupraYield is another modification of the Quaker Oats Technology process introduced in the late
1990s. In this technology, lignocelluloses (sugarcane bagasse) are hydrolyzed in one stage, and then
pentoses are converted into furfural in aqueous solution at its boiling point with or without phosphoric
acid). The solution containing furfural is then adiabatically flash-distilled, which facilitates the transfer
of the furfural formed from the aqueous phase to the vapor phase. This process has a production yield
of 50%— 70% and is less expensive than the traditional process described above. The high temperature
of this process (240 °C) promotes the conversion of mono-sugars to furfural. [39]

Alternatively, a single-step furfural production process based on simultaneous hydrolysis and
dehydration of lignocellulosic biomass to furfural in dilute sulfuric acid solution was developed by
Vedernikov. [36] As a result, more pentose would be converted to furfural (furfural yield was 75% in
this case). [40]

The furfural platform molecule can be derived into many compounds by reduction, oxidation, coupling,
dimerization or polymerization. The applications of these products are new polymers, solvents,
biofuels and bio-based carbon chemicals. [86] (figure 1.7)

Table 1. Main production processes of furfural production

Company / Process | Type of process Temperature (°C) Feedstock Furfural Yield (%)*
Quaker Oats Continuous flow 153 Bagasse sugarcane 55
Rice husk
SupraYield Continuous flow 240 50-70
Wheat straw
Vedernikovs Continuous flow 188 Wood chips 75
corncob
Huaxia-Westpro Continuous flow 160-200 35-50
* Furfural yield is based on the conversion of xylose
Dimers, Oligomers, Condensed product/intermediates Biofuel and Biofusl components
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Figure 1.7 - Biofuels and chemicals from furfural [86]
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3.1.1. Furfural synthesis from xylose

The transformation of xylose into furfural is the simplest process for its synthesis. As shown in Table
1.1, there are many ways to convert xylose to furfural. The simplest ones use strong acids in aqueous
medium at high temperature (Table 1.1, entries 1-3). However, the use of these acids at high
temperature is not compatible with the development of an environmentally friendly chemistry and
can pose handling problems (chemical risks for the manipulators, corrosion of the reactors...). In
addition, none of these systems makes it possible to obtain yields greater than 50% in furfural. This
limitation is due to the formation of polymeric compounds resulting from the condensation of furfural
on itself, as well as to the different reactions of degradation of sugars in these extreme conditions. To
overcome these limitations, the use of biphasic systems can be a major asset. The addition of methyl
isobutyl ketone to a dilute solution of hydrochloric acid increases the yield to 80% furfural (Table 1.1,
entry 4). Other studies have shown that excellent yields can be obtained in toluene combined with a

dilute solution of sulfuric acid in the presence of sodium chloride. [41]

To avoid the use of strong, corrosive and polluting acids, systems based on solid acids have been
developed (Table 1.1, entries 5, 6, 8-11). The resins make it possible to obtain up to 98% yield from
xylose in a water-toluene medium (Table 1.1, entry 5). The main advantage of this method is the
possibility of recycling the resin with however a loss of activity (90% at the second use). [42] The loss
of activity of the acid under these conditions puts forward a limitation of the heterogeneous catalysis
for this type of transformation. The derivatives of graphene, a highly structured carbon compound,
induce the conversion of xylose to furfural with satisfactory yields (entry 6). [43] Finally, the synthesis
of furfural from xylose was carried out without catalyst in ionic liquid acids used as solvents (Table 1.1,

entry 12). [44]

The comparison of the reactivity of xylose in the presence of acidic mesoporous silica in different
solvent systems (Table 1.1, entries 9-11) clearly shows that it plays a preponderant role for the
synthesis of furfural. Although water is a very ecofriendly solvent, it is clearly not competitive with
DMSO with a furfural yield of 14% (Table 1.1, entry 10) and 75% (Table 1.1, entry 9) respectively and
conversions of 25% and 91%. The addition of toluene to water (Table 1.1, entry 11) increases both the

selectivity and the conversion (91%) of the xylose and provides furfural with a yield of 76%. [45]

Finally, in DMSO without catalyst addition at 150 °C (Table 1.1, entry 7), the xylose is converted to
furfural with 25% yield. [46] It is important to note that to maintain liquid reaction media, some

reactions are conducted at high pressure (up to 50 bar).
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Table 1.1 - Furfural synthesis from xylose

Entry Solvent Catalyst Temperature (°C) Yield (%) Ref.
1 H,0 HCl 170 30 [47]
2 H20 H2S04 135 17 [41]
3 H.0 H3PO4 180 28 [48]
4 H.0/MIBK HCl 170 82 [47]
5 H20/toluene H-mordenite 260 98 [42]
6 H20 SGO 200 62 [43]
7 DMSO - 150 25 [46]
8 DMSO Nafion 117 150 60 [49]
9 DMSO MCM-41-SOsHc 140 75 [45]
10 H20 MCM-41-SOsHc 140 14 [45]
11 H20/toluene MCM-41-SOsHc 140 76 [45]
12 [EMIM][HSO4]? - 100 62 [44]

9 1-ethyl-3-methylimidazolium hydrogen sulfate

3.1.2. Furfural synthesis from xylan

As we have shown, the synthesis of furfural from xylose is relatively simple and effective in the
presence of acid catalysts. The recovery of xylan, which also involves a depolymerization step, is much
more difficult. As with xylose, many methods have been developed. Metal catalysts have proved its
effectiveness towards the conversion of this polymer. For example, chromium trichloride hexahydrate
provides 63% furfural yield at 200 °C in ionic liquid [BMIMI]CI under microwave irradiation. [50] More
conventionally, use in THF/H,0 medium of trichloride aluminum hexahydrate combined with sodium

chloride leads to an 80% furfural yield at 150 °C under microwave irradiation. [51]
3.1.3. Furfural synthesis from lignocellulosic biomass

To conclude, the valorization of natural pentose contained in hemicelluloses was studied. In this
context, two major strategies have been developed. The first is to separate the different constituents
before their transformations. These methods will not be detailed, but mention may be made of steam

explosion isolation and ethanol addition [52] precipitation and organic extraction [53].
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Figure 1.8 - The two ways of biomass valorization

Recently, some ionic liquids have been developed for the selective extraction of hemicelluloses but
the process still needs to be improved [54]. The advantage of these techniques is that other
compounds such as ash, proteins and lignin are no longer present during sugar processing. The second
approach is to valorize all components of the biomass in one-step and then separate the products
obtained. The undeniable advantage of this method is that it does not require pretreatment. However,
the simultaneous presence of all these compounds can cause undesirable side reactions such as

polymerization.

At first glance, the conversion of hemicellulose should be relatively similar to that of xylan, its main

constituent.

Table 1.2 - Furfural synthesis from lignocellulosic biomass

Entry Substrate Solvent Catalyst Temperature/Power  Time (min)  Yield (%) Ref.
1 Corn BMIMCI? CrCls, 6H.0 400 W 3 23 [50]
2 Corn THF/H20 AlCl3.6H20 140 °C 60 51 [50]
3 Pine THF/H20 AlCl3.6H20 140 °C 60 29 [51]
4 Corn H20 A1,5g-B90mMLT180° 180 °C 170 33 [55]
5 Corn H20 NbOPO4* 160 MW 30 23 [56]
6 Bagasse  H.0/toluene SAPO-444 170 °C 240 90 [57]
7 Straw H20 BHC® 150 MW 30 65 [58]

@ Butylmethylimidazolium chloride, ° Biochar catalyst, ¢ Niobium phosphate, ¢ Silicoaluminophosphate, € Betaine
hydrochloride

This is the reason why most studies are conducted on this substrate. Nevertheless, in the biomass, the
hemicellulose makes it possible in particular to bind cellulose and lignin because of its very trendy

structure. This particular organization leads to the formation of a rigid structure, with a dense network
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of hydrogen bonds, which makes the hydrolysis and the conversion of hemicelluloses much more

difficult than that of pure xylan.

As expected, the CrCls.sH,O/[BMIMI]CI system that yielded 63% furfural yield from xylan only yields
23% furfural from corn (Table 1.2, entry 1) [50]. Whereas the biphasic systems already described are
promising with 51% vyield of furfural material from corn, their effectiveness is limited by the presence
of salts, essential for the good separation of the organic phase and the obtaining of the biphasic system

(Table 1.2, entries 2-3) [51].

This difference clearly shows that the development of the production of products derived from
biomass and associated technologies must take into account the territorial constraints and the context
of local agriculture. By way of illustration, the transformation of bagasse from sugar cane into furfural
is very effective (Table 1.2, entry 6) [57]. As a result, it is a substrate of choice for its production, which
justifies the installation of production units near sugar cane fields as in the Dominican Republic. In the
presence of solid acidic resins in water, furfural is obtained in yields of less than 35% (Table 1.2, entries

4-5). [55,56]

Interestingly, it will be noted that the addition of betaine hydrochloride makes it possible to obtain up
to 65% yield of furfural in water at 150 °C under microwave irradiation (Table 1.2, entry 7) from wheat
straw [58]. This process also selectively provides xylose in place of furfural with 48% yield by decreasing
the temperature from 150 °C to 120 °C. During the production of furfural at 150 °C, hexoses are not
converted into HMF or levulinic acid. An increase in temperature to 180 °C after the formation of
furfural provides, in two steps, yields of 65% in furfural and 87% in levulinic acid. However, whatever
the conditions, HMF is not obtained by this method because of the presence of water. The use of y-
valerolactone, a solvent resulting from the conversion of levulinic acid, is noted in the presence of solid
acid catalyst. The difference between boiling points makes it possible to obtain furfural directly by
distillation [59]. Although this method is promising, the required high temperature (175 °C) and the

low initial xylose concentration (2% by weight) strongly limit its application.
3.2. Hydroxymethylfurfural

The second bio-sourced furanic compound is the 5-hydroxymethylfurfural (HMF). Unlike furfural,
which is obtained from the pentoses of hemicelluloses, HMF is produced by the transformation of
hexoses, mainly from fructose and less from hexoses like glucose, contained in cellulose and starch.
Just as in the case of furfural, we will first present the transformation of fructose and then that of
glucose to conclude by the conversion of natural polymers. 5-HMF was identified as a high potential

initial Ce-platform chemical serving biomass-based alternatives for polymers, pharmaceuticals,
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agrochemicals, flavors and fragrances, macro- and heterocycles, and natural products as well as it
could be a precursor for fuel components. The most important 5-HMF-based chemicals are

summarized on Figure 1.9. [86]

One of the major limitations of HMF synthesis is related to its polarity. Indeed, the HMF is hardly
extracted from the aqueous phases necessary for the treatment of the reaction mixtures. Several
techniques have emerged with the development of an efficient extraction system consisting of a
mixture of butanol and methylisobutylketone (MIBK). [60,61] A low-pressure reactive distillation
process has been specifically developed for extraction of HMF from ionic liquids. [62] However, both
of these techniques require high-energy expenditure because of the vacuum required for the
distillation of the solvent and the HMF respectively. Another constraint to the synthesis of HMF is its
instability that makes it necessary to precisely control reaction conditions such as temperature and
reaction time. Indeed, under prolonged heating or in acidic conditions, the HMF has a strong tendency
to form humins, which are, for the moment, little valorized and poorly defined. [63] One can also add

that, in the presence of water, the HMF can be converted to levulinic acid and formic acid.

[35,58,64,65]
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Figure 1.9 - 5-HMF as a platform chemical [86]
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3.2.1. Synthesis of Hydroxymethylfurfural from fructose

Historically, HMF has been synthesized by fructose degradation in an aqueous solution of sulfuric acid.
This synthesis, although effective, requires the use of a corrosive acid as in the case furfural.

Table 1.3 - Synthesis of HMF from fructose

Temperature
Entry Solvent Catalyst Q) Time (h) Yield (%) Ref.
1 H.0/MIBK Mordenite-H 165 1.5 74 [66]
2 H20/THF FePO4 140 0.25 68 [67]
3 Choline chloride (CsH1502N2)2HPW12040° 110 - 90 [68]
4 DMSO - 150 4 90 [46]
5 [EMIM][HSO4]® - 100 0.5 79 [44]
6 [EMIM][HSO4]/MIBK® - 100 0.5 88 [44]
7 [EMIM]CIP - 120 3 73 [69]

@ acid-base bifunctional heteropolyacids, ® EMIM: 1-ethyl-3-methylimidazolium ionic liquid

The development of new synthesis of HMF from fructose, similar to those used for the synthesis of
furfural from xylose, provides excellent yields without acidic aqueous solution (Table 1.3). [46,70,71]
The use of resins acids in an aqueous medium (Table 3, entry 1), in the presence of an organic solvent
to extract and stabilize the HMF, leads to a yield of 74% [66]. According to the same principle, a
biphasic system can be obtained with THF as organic solvent in the presence of a concentrated
aqueous solution (Table 3, entry 2). In this configuration, an iron-based catalyst provides HMF with

68% yield. [67]

However, biphasic systems involve technical constraints such as rigorous control of the reactor shape
and the stirring force. Single-phase systems, such as choline chloride at 110 °C (Table 3, entry 3), give
a yield of 90%. [68] Finally, DMSO as a solvent requires the use of high temperatures (Table 3, entry
4), but induces the conversion of fructose with very high selectivity without catalyst. [46] Such a high
yield despite hard conditions and without continuous extraction of HMF could be explained by the

stabilizing interactions between HMF and DMSO. [72]

The preferential interactions between hydroxymethyl and aldehyde substituents of HMF with DMSO
decreases its reactivity with the water responsible for the formation of levulinic and formic acid.
Finally, acid ionic liquids are excellent media for fructose dehydration at moderate temperatures
(Table 3, entry 5). The acidity generated by the presence of the derivatives of sulfuric acid is sufficient
to induce the formation of HMF with a yield of 79%. It can be noted that, if an organic solvent is added,
the yield increases up to 88% (Table 3, entry 6). [44] Other ionic liquids, preferably less acidic, also give
good yields of HMF at 120 °C (Table 3, entry 7). [69]
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3.2.2. Synthesis of Hydroxymethylfurfural from glucose

The literature review shows that HMF can be obtained from fructose with excellent yields. However,
fructose is not accessible directly from lignocellulosic biomass. It is therefore necessary to develop
methods for the formation of HMF from glucose derivatives and, ideally, from cellulose and
unprocessed agro-resources. Glucose conversion involves an isomerization step to fructose prior to
dehydration that leads to HMF. We will first treat the isomerization of glucose to fructose and its

application to the synthesis of HMF.
3.2.2.1. Glucose isomerization

Typically, the isomerization of glucose is favored in basic medium according to the reaction mechanism
of Lobry De Bruyn-Alberda Van Ekenstein (Figure 1.10). [73,74] In the presence of a base, the open
form of glucose equilibrates with the 1,2-enediol intermediate which can be stabilized by the
formation of a hydrogen bond with the proton of the neighboring alcohol. This intermediate can lead
to the formation of the open form of fructose by displacement of a hydrogen. The open form obtained
is itself in equilibrium with the pyranosic form of fructose. It is important to note that depending on
the base used, the cation may also be involved in the isomerization process, which explains the failure

of some heavy isotope incorporation experiments. [74]
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H—G—OH T H—C—OH T H—C—oH
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Figure 1.10 - Glucose isomerization mechanism [74]
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Table 1.4 - Glucose isomerization into fructose

Entry Solvent Catalyst Temperature (°C) Time (h) Yield (%) Ref.
1 H2.0 NEts? 100 0.5 31 [70]
2 H.0 Enzymes 55 - 42 [71]
3 H.0 Sn B-zeolites 110 0.5 31 [75]
4 H2.0 Na2B407/NaOH 90-100 - 90 [76]
5 DMSO/PEG/H20 NaAl03 55 3 49 [73]

@ Triethylamine

Conventionally, the bases used for the isomerization of glucose to fructose are strong inorganic bases
(NaOH, Ca(OH),...). Unfortunately, at the pH imposed by these bases, the monosaccharides are not
stable and at least fifty degradation products have been identified. [74] It is interesting to note that
the addition of borax to a dilute sodium hydroxide solution makes it possible to obtain up to 90%

fructose yield (Table 1.4, entry 4). [76]

Recently, the substitution of sodium hydroxide with triethylamine at 100 °C has led to a 31% yield of
fructose[70] (Table 1.4, entry 1) which is competitive with the results obtained with Sn B-zeolites (Table
4, entry 3) [75].

Industrially, isomerization is mainly used for the production of concentrated glucose syrup in fructose
for example for the replacement of sucrose in sweet products such as sodas in the United States. The
most efficient method involves immobilized enzymes and yields at 55 °C to 42% fructose (Table 1.4,
entry 2) [71]. It is possible to further enrich the mixture by raising the temperature above 70 °C.
However, these harsher conditions cause a decrease in the stability of the enzymes. Similarly,
variations in pH or purity of the substrate lead to the complete replacement of the catalyst. It can also

be noted that these technologies are large consumers of water.

Despite the good vyields of isomerization obtained in the presence of bases or enzymes, these
conditions are not suitable for the formation of HMF which is done in an acid medium at high
temperature. In the case where a one-pot transformation is desired, the isomerization can be catalyzed

by the addition of metals such as chromium [77,78] or tin [79-81] derivatives.
3.2.2.2. Application of glucose isomerization in the one-pot synthesis of HMF

When glucose is treated under the same conditions as fructose in DMSO or ethyl methylimidazolium
hydrogen sulfate (Table 1.5, entries 1 and 6), very little HMF can be detected in the medium despite a
total conversion of sugar. [44,46] In organic solvents, the addition of iron (Table 1.5, entry 3) or tin
catalyst results in average yields of 23% and 48%. The addition of boric acid to an aqueous glucose

solution results in the formation of HMF with 14% yield (Table 1.5, entry 4). In the ionic liquid [EMIM]CI,
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boric acid induces the conversion of glucose to HMF with a yield of 41% (Table 1.5, entry 9). These two

experiments clearly show the difference in reactivity of the glucose/boric acid system as a function of

the solvent.
Table 1.5 - HMF synthesis from glucose
Entry Solvent Catalyst Temperature (°C) Yield (%) Ref.
1 DMSO - 150 2 [46]
2 THF/DMSO Sn-Mont? 160 48 [79]
3 H.O/THF FesPO4 140 23 [67]
4 H.0 B(OH)s3 150 14 [82]
5 DMA CrCl3,6H.0/NaBr 110 65 [83]
6 [EMIM][HSO4] - 100 3 [44]
7 [EMIM]CI CrCl 100 70 [44]
8 [BMIM]CIP CrCl3 100 81 [44]
9 [EMIM]CI® B(OH)3 120 41 [84]
10 Choline chloride CrCl> 110 45 [77]
11 Choline chloride CrCl3 110 31 [77]

@ montmorillonite, ® 1-ethyl-3-methylimidazolium ionic liquid, ¢ 1-butyl-3-methylimidazolium

A simulation shows that boric acid catalyzes the isomerization of glucose to fructose by binding with
the oxygen atoms of sugar. The formation of borates would lower the energy of the various reaction
intermediates and promote isomerization [84]. A similar mechanism has been proposed for the same

isomerization in the presence of boronic acids. [85]

In contrast to boric acid, the effect of which depends on the solvent, the chromium chloride catalysts
make it possible to obtain good yields of HMF from glucose in both organic solvents (Table 1.5, entry
5) and in ionic liquids (Table 1.5, entries 7, 8). The various studies of chromium dichloride catalysis in
chlorinated ionic liquids suggest that the active species is in fact a chromium trichloride formed by the

association between the ionic liquid and the catalyst. [69]
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1. Introduction

Nowadays, the world is facing many challenges, the increasing demand for fuels and chemicals due to
the growth of global population faced by diminishing of fossil resources, energy stability and security

due to political conflicts, and the resulting global warming caused by CO, emissions. [1,2]

Biomass, a renewable non-fossil carbon source, is found to be an ideal alternative to traditional fossil
resources. The use of lignocellulosic biomass avoids the competition between food and fuel and can
potentially notably reduce CO, emissions. It is one of the most important and promising ways to embed
the concept of green industry and produce sustainable fuels and chemicals [3]. Since ever, sugars,
starches and vegetable oils were the main source of biofuels. However, lignocellulose represents a
more promising feedstock because it is cheaper, more abundant, and significantly more sustainable.

(4,5]

As detailed in the previous chapter, furfural is derived from the dehydration of pentoses, such as
xylose, treated in acidic medium under heating. Historically, the industrial synthesis of furfural from
pentoses in the presence of dilute sulfuric acid began with the Quaker Oats company for the recovery
of waste from the grain industry. [6,7] Since then, the industrial synthesis of furfural has been
extensively modified and exploited, and new processes have emerged such as Suprayield, Vedernikovs

and Huaxia/WestPro processes. [8,9]

On the other hand, HMF is produced by dehydration from the transformation of hexoses, such as
fructose and glucose contained in cellulose and starch. One of the major limitations of HMF synthesis
is related to its polarity. Another barrier to the synthesis of HMF is its instability that makes it necessary
to precisely control reaction conditions such as temperature and reaction time. Indeed, under
prolonged heating or in acidic conditions, the HMF has a strong tendency to form humins, which are,
for the moment, little valorized and poorly defined [10]. One can also add that, in the presence of

water, the HMF can be converted to levulinic acid and formic acid. [11-13]

Figure 2.1 outlines the most important fuel and chemical products derived from furfural and HMF,
mainly by oxidation transformations in accordance with the topic covered in the thesis. Nevertheless,
there is a giant number of ways to potentially transform these platform molecules into fuels and
functional chemicals. Exemplary, according to the literature, there are more than 80 valuable
chemicals derived directly and indirectly from furfural. [14] The oxidation of furfural can lead to the
production of organic acids, esters and ketones such as maleic acid and succinic acid, which are the
most important platforms for C4 diacids molecules in chemical industries. Usually, HMF can be either

reduced to a diols or oxidized to a diacids. These two compounds are used for the synthesis of
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polymers. In addition, hydrogenation is used in order to upgrade HMF into fuel molecules.
Furthermore, due to the furan structure, these synthons can permit to produce biologically active

molecules in pharmaceutical industry. [15]
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Figure 2.1 - Summary of furfural and HMF derived chemicals

The traditional valorization processes of these bio-sourced molecules used metal catalysis, usually with
noble metals to obtain good conversion, yields and selectivity. Though catalysis is one of the pillars of
green chemistry, the use of expensive, toxic and critical metals is often detrimental to this appellation.
Therefore recently, metal-free catalysis have attracted the attention of scientists and researchers and
such catalyst can be considered as green catalytic materials, because they can be highly efficient, easy
to handle, environmentally friendly and economical in various industrial sectors. This dynamic was
motivated by the desire to overcome the disadvantages of metallic catalysis and by the interests that

can be gained from their substitution.

In this context, we propose to review, in this chapter, the catalytic methods for the oxidation of the
platform molecules furfural and HMF obtained by dehydration of the oses. We will endeavor to present
the benefits and disadvantages associated with oxidation methods with metallic or metal-free

catalysis.
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2. Metal catalysts for the oxidation of furan derivatives

Catalytic transformation of biomass-derived compounds to different platform chemicals and liquid fuel
is a prominent way to reduce the global dependence on fossil resources. In past few decades, biomass-
derived furans such as furfural and HMF have received outstanding attention because of their wide
applications in the production of various industrially important value-added chemicals and fuel
components. Various catalytic systems and methodologies have been extensively explored for the
transformation of these furans to a wide range of products. This chapter is aimed to provide an
extensive overview of the recent developments of several high-performing metal-based catalysts for

the catalytic oxidation of the key biomass-derived furans (furfural and HMF) to value-added chemicals.

Several metallic heterogeneous and homogeneous catalysts, mainly based on Pt, Pd, Au, Ru, Ir, Re, Rh,
V, Ni, Cuand Co metals, have been extensively studied in various catalytic transformations to efficiently

upgrade furan derivatives.

Several recent reviews deal with the subject of oxidation by metallic catalysis, and readers may refer
to them. For example, there are methods of oxidizing 5-HMF for its transformation into FDCA and DFF
(figure 2.2). [16-23] In the case of furfural for its transformation into furanone, anhydrides and C4
diacids. [24—26] Noteworthy, the special case of base-free oxidation of furfural and HMF on supported

gold catalysts. [27]

2.1. Metal catalysts for the oxidation of HMF

Of course, the platinum with its exceptional catalytic properties and its inertia to oxidation naturally
have been studied in depth for oxidation transformations of furanic derivatives and especially HMF
due to the application interest of the FDCA. As it could be predicted, HMF is oxidized very effectively
in the presence of platinum. The classic conditions are to use nanoparticles of Pt dispersed on a
support, to use oxygen as an oxidant and to work in a basic medium which greatly improves the kinetics
of the transformation. The results obtained are generally very good, even excellent, however the
separation of the FDCA from the reaction medium is a major problem due to neutralization and the
presence of inorganic salts resulting from the bases used. [28] This can be illustrated by the work of
Ait Rass et al. which have explored the oxidation of HMF over Pt catalysts supported on metallic oxide
like TiO; or ZrO,, where the catalyst exhibited high activity towards the conversion of HMF into FDCA.
(Table 2.1, Entry 2) [29]
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Figure 2. 2 - Main products obtained by oxidation of HMF by metallic catalysis

Several transformation improvements have been achieved, in particular by preparing bimetallic
catalysts containing a fraction of other metals such as lead or bismuth, [30,31] and by working without

base on zirconium oxide support or with the use of ionic polymers. [32,33] (Entries 1 and 3, Table 2.1)

From a mechanistic point of view, the significant presence of the 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA) intermediary proves that the oxidation of the aldehyde function of HMF takes place
faster than the hydroxyl function. The FDCA is, therefore, obtained through the HMFCA. (Scheme 2.1)

Palladium behaves like platinum, it mainly catalyzes the oxidation of HMF towards the formation of
FDCA, but under similar conditions, it is generally less active. [34,35] In order to improve its properties,
the same studies and strategies of support modifications and doping have been applied to palladium.

Some recent examples are reported in Table 2.1.

In some cases, the structure and size of the nanoparticles is critical and can strongly affect the yield,
the smallest being the most active.[36,37] In addition, in a basic medium, nanoparticles of Pd/PVP
suffer from stability and recycling problems. These problems can be partially overcome by supporting
them on metallic oxide such as TiO,, y-Al,03, ZrO,-La,0s.[38] The use of magnetic iron oxide particles
in combination with palladium provides the advantage of facilitating separation of the catalyst to

increase its stability and recyclability. [39-41]

In order to facilitate the extraction of the FDCA and to avoid the neutralization stage of the reaction
medium, many efforts were made to develop base free protocols. Effective solutions are reported
using hydrotalcite (HT) support. [42] Similarly, the use of bimetallic systems improves efficiency,

stability and recycling (Table 2.1, Entry11). [43]

Like platinum and palladium, gold shows a high catalytical efficiency and a very good selectivity
towards various oxidation products of HMF particularly FDCA, its precursors HMFCA, DFF and its ester
derivatives (Table 2.1, entries 12 to 25). Many supports have been used and they influence

responsiveness. Metal oxides such as CeO; and TiO; are better supports than Fe,0s for example. These
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supported catalysts have the advantage of being able to be separated and recycled quite easily.
However, even if this phenomenon may be negligible, a decrease in catalytic activity during the cycles

is sometimes reported.

For instance, Au/TiO, catalyst was used for an efficient oxidative esterification of HMF to furan-2,5-
dimethylcarboxylate (FDMC, 98% yield), a building block for bio-based polymers, using 4 bar O3 in
methanol at 130 °C. [44] In parallel, Casanova et al. also used oxidative esterification of HMF over Au
nanoparticles supported on nanoparticulated ceria (Au/Ce0Q,) to obtain FDMC in more than 99%

selectivity in methanol at 130 °C using 10 bar 0,.[45]

Similarly, chemical and electrochemical oxidation of HMF has also been explored over several metal
catalysts (Au/TiO,, Rh/C, Pt/C, Pd/C and Ru/C) in aqueous reaction conditions at 10 bar O, and 50 °C.
Among these catalysts, Au/TiO; had the highest catalytic activity for the oxidation of HMF to FDCA.[46]
Results showed that the pH of the reaction medium and the catalyst surface have a significant effect
on the efficiency of the reaction and the catalytic activity. [46] It was observed that in acidic conditions,
oxidation of alcoholic group of HMF was favored over the formyl group, while in highly basic medium
(pH = 13) the oxidation of alcoholic group was observed to be slow. Furthermore, studies also
extrapolated that for Au-TiO; and Au-CeO; catalysts, base additives improved the production of FDCA
by protecting the catalyst from deactivation and extending its lifetime. [47,48] In addition, the
oxidation of HMF over Au/CeO; and Au/TiO, catalysts led to the formation of FFCA in 17% and 45%
yields respectively, at 130 °C and 10 bar O,. It is noteworthy that by adding 1 wt% of trifluoroacetic
acid (TFA), a significant increase in the yield of FFCA to 71% and 79%, respectively was observed for
Au/Ce0O; and Au/Ti0,.[49] Megias-Sayago et al. explored the Au/C catalyst and the effect of gold
nanoparticle size on the oxidation of HMF. A series of gold nanoparticles in the 4-40 nm range were
tested at 70 °C and 10 bar O,. Whatever the gold nanoparticle size used, the conversion of HMF was
100%. But with 4 nm gold size, the yield of FDCA was more than 90% and this percentage decreased
by increasing the gold nanoparticle size.[50] In the same direction, Au/Al,O3 exhibited high activity and
selectivity in the oxidation of HMF in the presence of NaOH under mild conditions (70 °C for 4 h) and
led to the production of FDCA with over than 99% yield.[51]

Typically, bimetallic systems of gold and palladium or copper nanoparticles show improved catalytic
properties and appear superior in stability. The preparation of catalysts is not necessarily complex but
generally requires several operations: the reduction of metal salts, the absorption and stabilization of
nanoparticles formed on the substrate, filtration and washings and finally one or more heat

treatment(s).
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For example, monometallic Au and bimetallic Au-Cu catalysts have been employed and compared over
TiO, for the oxidation of HMF. The results demonstrate that Au-Cu/TiO, was more efficient compare
to Au/TiO,.[52] Furthermore, using Au-Pd nanoparticles supported over functionalized carbon
nanotubes to catalyze the oxidation of HMF, 94% selectivity in FDCA was achieved in water during 12
h at 100 °C and 50 bar O,. [53] Similarly, Antonyraj et al. described the oxidation of HMF over Au-Pd
alloy nano-particles supported on a basic anion-exchange resins (AER) to obtain FDCA with 93% yield
at 100 °C and 10 bar O,. [54] Interestingly, this catalyst was used 6 times without any significant loss
of its catalytic activity. Xia et al. explored the oxidation of HMF over hydrotalcite-supported (HT-
supported) monometallic Au or Pd and bimetallic Au-Pd. [43] The monometallic Au/HT and Pd/HT
catalysts exhibited a low oxidation activity toward the hydroxyl groups of HMF, therefore a low yield
of FDCA. However, the bimetallic catalyst Au-Pd/HT was able to oxidize efficiently the hydroxylmethyl
group of HMFCA which led to the highest yield of FDCA up to 90% at 60 °C for 6 h with a Au/Pd ratio
of 4. Interestingly the selectivity of the oxidation of HMF functions can be tuned, a good example is
given with the selective oxidation of HMF to DFF. As example a high catalytic activity and selectivity
(98% DFF) is observed using Au-Pd nanoparticles supported on MnO; (Au-Pd/MnQO,) at 90 °C under O,

atmosphere in 6 h. [55]

The comparison of some examples of catalysis involving gold alone or in the presence of other metals
on various supports are shown below in table 2, entries 12 to 25. The preferred solvent is water. Apart
from some examples, the O, pressures used for these transformations are of the order of 10 bars. The
transformation is generally completed from 4 to 18 hours. The conversion of HMF is very often
guantitative, and the selectivity and yield are excellent. However, too often the omission is made on

the mass percentage of starting product and the resulting product is not isolated from the reaction

mixture.
Ox. by 7
DFF route o) 0 Ox.
—_— | p /) —_—
OH 0 0
DFF / Ox.

0 /o 0 O ____ 5 HO o) 0
| Y/ Ox. by OH | / OH | / OH
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Scheme 2.1 - The two-oxidation route of HMF to FDCA

Ruthenium also has a very interesting catalytic activity. It is particularly effective for selective oxidation
of the alcohol function of HMF leading to DFF. [56—61] The mechanism of the transformation and the

effects of catalytic carriers have been thoroughly explored. [62,63] One example is the ruthenium
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nanoparticles embedded on a mesoporous poly-melamine-formaldehyde material (Ru@mPMF) that
displayed a good activity in the oxidation of HMF into DFF with 85% selectivity in toluene at 105 °C and
20 bar O for 12 h. [56] This catalyst exhibited an important stability and reusability. After a simple
filtration, the catalyst was used 6 times and showed a 0.0021% Ru leakage only. Wang et al. reported
also the HMF oxidation over another ruthenium catalyst: the ZrP—Ru catalyst.[57] This catalyst showed
a good activity towards the oxidation of HMF and afforded a total conversion at 130 °C at an oxygen
flow rate of 20 ml/min after 12 h, yielding to DFF as the main oxidation product. Mishra et al. reported
manganese-cobalt spinels (MnCo,0,) supported ruthenium (Ru) nanoparticles, Ru/MnCo,04 to
catalyze HMF to DFF. This catalyst afforded a high yield of DFF (98.3%) with total conversion at 130 °C
in toluene and 10 bars of O,. [58]

However it has also been shown that the oxidation with ruthenium can be pushed to FDCA with very
good results.[64—-68] Among the important observations, it should be noted that the use of weak bases
or base free conditions will be preferred to avoid the degradation of HMF which is observed at too
high pH. The support based on hydrotalcite, allows base-free protocol as in the case of catalysis with

palladium or gold.

In view of the oxidation transformations reported in the literature with vanadium-based catalysts,
some tests were conducted on HMF. Interesting results were obtained, particularly good selectivity in
DFF. [69,70] In the field of rare metals, oxidation of HMF catalyzed by more common but less active
metals has also been explored. This is the case with silver-manganese, [71] iron, [72] iron-cobalt [73,74]
and manganese, [75] and cobalt-manganese. [49,76—-80] Some remarkable results were obtained with
good selectivity in FDCA or DFF. However, the reaction conditions are harsher, oxygen pressures and
temperatures are higher, and reaction times are longer. That said, among the industrial processes for
manufacturing FDCA, the cobalt/manganese-based catalysts used by Avantium in his process showed

a very good performance.
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Scheme 2.2 - Avantium's Process to polyethylene furandioate via 5-methoxymethylfurfural [20]
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Table 2.1 - Some examples of HMF oxidation using metallic catalysts

Entry  Catalyst Solvent Oxidant T(°C) T(h) Conversion Product Yield Ref.
(%) (%)

1 Pt/C Water 0, 1 bar 25 2 100 FDCA 81 [30]
1,25M NaOH

2 Pt-Bi/TiO, Water Air, 40 bar 100 6 99 FDCA 99 [29]
2eq. Na,COs

3 Pt-NP-CI Water 0, 1 bar 80 6 100 FDCA 65 [33]
Base free

4 Pd/C Water 0>, 6.9 bar 65 6 100 FDCA 71 [35]
2 eq. NaOH

5 Pd-NCs Water 0., 25 90 4 100 FDCA 92 [36]
4eq. NaHCO; mL/min

6 PVP-Pd NP @ Water 0, 35 90 7 >99 FDCA 90 [37]
1,25 eq. NaOH mL/min

7 Pd/ZrO,/La,0s Water 0,, 35 90 8 100 FDCA 90 [38]
1,25 eq. NaOH mL/min

8 C-Fe304-Pd Water 0, 30 80 4 98.2 FDCA 82 [41]
0,5eq. K,CO; mL/min

9 y-Fe, 03 @HAP- Water 0., 30 100 6 97 FDCA 93 [39]
Pd(0)® mL/min
0,5eq. K,CO3

10 Pd/C@Fes0, Water 0,, 30 80 6 100 FDCA 89 [40]
0,5eq. K,CO3 mL/min

11 Pd/HT Water O, bubbling 100 8 100 FDCA 100 [42]
Base free

12 Au/TiO; Methanol 0,, 4 bar 130 3 100 FDMC 98 [44]
4eq. NaOH

13 Au/CeO; Methanol 05, 10 bar 130 5 >99 FDMC 99 [45]
2eq. NaOH

14 Au/TiO; Water 05, 10 bar 50 4 100 FDCA 81 [46]
pH=13

15 Au-CeO;, Water 0., 10 bar 65 8 100 FDCA >99 [47]
2eq. NaOH

16 Au-TiO; Water 0., 10 bar 65 8 100 FDCA >99 [47]
4eq. NaOH

17 Au-Fe;03 Water 03, 10 bar 65 8 100 HMFC 85 [47]
4eq. NaOH A

18 Au/TiO; Acetic acid, 0,, 10 bar 130 3 82 FFCA 79 [49]
Base free trifluoroacetic

acid

19 Au/C Water 0., 10 bar 70 4 100 FDCA >90 [50]
2eq. NaOH

20 Au/Al,03 Water 0., 10 bar 70 4 100 FDCA 99 [51]
4eq. NaOH

21 CNT-supported Water 0>, 50 bar 100 12 100 FDCA 94 [53]
Au-Pd
Base free

22 Au-Pd/ MnO, Water 0,, 1 bar 90 6 76 DFF 99 [55]
Base free

23 Au-Pd/IRA-7438  Water 0, 10 bar 100 4 100 FDCA >93 [54]

24 Au-Pd/HT Water 0,, 60 60 6 100 FDCA 90 [43]
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25

26
27

28

29

30

31

32
33

30

31

33

35

2eq. NaOH mL/min

Au-Cu/TiO, Water 0,, 10 bar 95 4 100 FDCA 99

4eq. NaOH

Ru@mPMF¢© Toluene 0,, 20 bar 105 12 >99 DFF 85

ZrP—Rus® p-chlorotoluene 0,, 20 130 12 100 DFF 55
mL/min

Ru/MnCo,04 Toluene 0,, 10 bar 130 3 100 DFF >98

Base free

Ru/C Toluene 0,, 20 bar 110 0.5 30 DFF 96

Base free

Ru/C Water 0,, 20 bar 110 0.5 79 DFF 60

Base free

Ru/C Water 0,, 5 bar 120 10 100 FDCA 88

Base free

C1aVOPO,¢ Toluene 0,, 1 bar 110 6 91 DFF 87

V,0s@Cu-MOR DMSO 0, balloon 120 7 100 DFF 91

Base free

Ag-OMS-2 © 2-propanol 0,, 15 bar 165 4 99 DFF 100

Base free

Fe"-POP-1 f Water 0,, 10 bar 100 10 100 FDCA 79

Base n.r.

Fe-Co/C-500 Toluene 0>, 10 bar 100 6 100 DFF 99

leq. Na,COs

MnOy-CeO; Water 0,, 20 bar 110 12 91 FDCA 91

0,25eq. NaHCO;

(81]

(56]
(57]

(58]
(60]
(60]
(64]

(69]
[70]

[71]
[72]
(73]

[75]

[a] poly (N-vinyl-2-pyrrolidone) stabilized Pd nanoparticles, [b] Pd-exchanged hydroxyapatite-encapsulated magnetic y-Fe,03,
[c] Ruthenium nanoparticles embedded on a mesoporous poly-melamine-formaldehyde, [d] Ci4: length of alkyl group is 14,
VOP: vanadium phosphate oxide, [e] Silver substituted manganese oxide octahedral molecular sieve, [f] Fe''-porous organic
polymer, [g] catalysts deposited on a basic support.

2.2.  Metal catalysts for the oxidation of furfural

As a reminder, the global furfural market held a market value of USD 457.4 Million in 2022 and is
projected to reach USD 840.7 Million by the year 2030. Most of the production is located in China, the
Dominican Republic and South Africa, where agricultural residues rich in xylose polymers are present
(sugar cane bagasse, rice bran). If the majority of furfural is reduced to furfuryl alcohol (70 to 80%), a
platform molecule used in resins industry, it can be converted by oxidation into many products of
interest. As stated in the introduction, Furfural oxidation is one of the most important and versatile
reactions for the production of C4 chemicals, especially acid anhydrides and dicarboxylic acids [14].
Currently, the commercial processes for C4 maleic anhydride (MAN), maleic acid (MA), and succinic
acid (SA) production are all derived from fossil feedstock (Figure 2.3). Commonly, MAN is produced by
the oxidation of butane and benzene, knowing that butane oxidation is more preferred for
environmental and economic reasons.[82] Further hydrolysis of MAN can produce MA, while SA is
produced by the selective hydrogenation of MAN and MA. However, the depletion of fossil fuels and
control of the carbon footprint increased the interest to produce acid anhydride and dicarboxylic acids

from biomass as an alternative carbon source.
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The wide variety of products resulting from the oxidation of furfural requires the use of the right
reaction conditions in order to be highly selective in producing a targeted product. This selectivity
requirement is linked to the constraint imposed by industrial processes to avoid complex purification

steps.

Some typical studies of furfural oxidation with metal catalysts are summarized in Table 2.2.

HO
o 0 0 o OH 0 OH OH
OH = \\
OH OH OH OH OH
Furoic Maleic Succinic Maleic Fumaric Malic
Acid (FA) Anhydride Acid (SA) Acid (MA) Acid (FumA) Acid (MalA)
(MAN)

Figure 2.3 - Structures of common products after oxidation of furfural.

As for HMF the oxidation of furfural has been studied in the presence of catalysts based on noble
metals, Pt, Au, Pd, V, Mo of their combinations and also other metals. Among the many parameters
studied are the effect of the support, co-catalyst, synergy of polymetallic systems, conditions of pH,
concentration, temperature and pressure. The transformations take place in the liquid or gaseous

phase and the oxidants of choice are air, oxygen and hydrogen peroxide.

O
Aerobic oxidation (@]
\ / OH
’ 0,, Au-based catalysts
FA
i
O Aerobic oxidation OWO
\ / 0,, VO, i —
Furfual MAN
| - OH O
Aqueous oxiation A\_)L
O OH
H,0,, TS-1 —_—
MA

Figure 2. 4 - Furfural oxidation to afford dicarboxylic acids and acid anhydrides

Compared to HMF, without surprises these catalytic systems lead to the same effects, with the
difference that furfural having one less carbon and having no alcohol function, the oxidation can take
place only on the furanic part and/or the carbonyl function of aldehyde. Some typical oxidation
reactions and catalysts for the selective oxidation of furfural into MAN, MA, FA are summarized in

figure 2.4. Noteworthy, dicarboxylic acids and maleic anhydrides present important raw materials in
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chemical industries for the production of polyester resins, pharmaceuticals, plastics, lubricant

additives, and vinyl copolymers. [83—85]

Compared to HMF platinum has not been used as much, however it has shown good catalytic activity
for the simultaneous oxidation and esterification of furfural into methyl furoate. For example in the

conditions reported by Radhakrishnan et al., but it is less active than Pd or gold.[86]

The high efficiency of gold catalysis has led to numerous researches, they have been much more
explored, on many metal oxide supports in the presence or not of bases and especially by using oxygen
as an oxidant. Generally under the reaction conditions used for these transformations, the solvents
are often alcohols and mainly methanol, the product obtained is therefore mainly the result of
oxidation of furfural and esterification, this is referred to as oxidative esterification (scheme 2.3). [87]
Oxidative
o) /O esterification o) o)
) + ROH ——> E/)—/{
O,, Au NPs O-R

on support
Base or
Base free

Scheme 2.3 - General representation of oxidative esterification of furfural in presence of gold nanoparticles catalyst.

As a first example, the conditions used on HMF with a gold catalyst deposited on cerium oxide and
transposed to furfural have shown that the latter can easily be oxidized to methylfuroate under soft
conditions of temperature and pressure, 22 °C and 1 bar of oxygen. However the presence of a 30%

sodium methanolate solution is necessary.[44]

More recently, Metal Organic Framework (MOF) materials have been used by Ning et al. to support
gold nanoparticles. Depending on the functional changes made on the MOF, a control between the
oxidative condensation and oxidative esterification reactions of furfural with different aliphatic
alcohols is observed. The oxidant used is the dioxygen and the base is potassium carbonate. Using
methanol as a reagent and as a solvent, the Au@UiO-66 catalyst enables oxidative esterification

transformation with 100% selectivity to methyl-2-furoate with complete conversion of furfural [88].

Furoic acid may also be obtained as an oxidation product. This was reported by Douthwaite et al. with
the use of a 1% AuPd/Mg(OH); bimetallic catalyst in the presence of NaOH for the oxidation of furfural
which can selectively lead to furoic acid. Nevertheless, multiple concurrent transformations are
observed, including Cannizzarro’s reaction. The experimental conditions and the metal ratio AuPd can

be precisely adjusted to provide good control of the selectivity of the reaction.[89]

In order to avoid the secondary reactions induced by the base, the neutralization steps or the

manipulation of virulent bases, a major research effort was conducted by many researchers to develop
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base free protocols. Thus, the oxidation of furfural without a base begins with the work reported by
Menegazzo et al. who explored the effect of several supports like ZrO;, CeO,, and TiO,. The first

showing the best properties.[90]

For example, Radhakrishnan et al. working without a base obtained very good results for the
preparation of 2-methylfuroate with a mesoporous carbon catalyst CMK-3 supporting gold
nanoparticles. This Au/ CMK-3 catalyst, at 5 wt% Au showed a remarkable conversion of furfural
(99.7%) with a very high selectivity to 2-methyl furoate (99.6%). The recyclability of the catalyst proved
to be very good even after five catalytic cycles.[86] In this study, the authors impregnated several
metals, Ni, Pt, Pd and gold on different supports such as SBA-15, graphite, graphene, MWCNT, active
charcoal and TiO; and their catalytic activities were compared. In addition, different oxidizing systems
were used, tertiobutylperoxide, air and oxygen. Under these conditions, among the different metals,
gold had the most important activity for the conversion of furfural to 2-methylfuroate. In addition,
oxygen was the best oxidant, more active than air and leading to fewer secondary products compared

to tertiobutyl peroxide (TBHP).

Ferraz et al. investigated different Au-based catalysts supported on MnO; in the base-free oxidation of
furfural to furoic acid. Au nanoparticles of controlled size were deposited on MnO, of different
morphology (nanoflowers, nanowires), which allow to study the effects of the metal-support
interaction on catalytic activity. The best results were obtained using MnO, having a nanoflower
structure (MnO,-NF) which was found to have the largest specific surface area and a large pore volume.
Very good catalytic properties: furfural conversion and selectivity were observed. The superior
catalytic activity of this catalyst is attributed to the presence of a significant amount of Au* species on
the surface, which is considered to be responsible for the most active catalytic sites in these oxidation
reactions.[91] Recently the same authors reported the transformation of furfural by oxidative
esterification, with the use of Au nanoparticles immobilized on alkaline earth metal oxide supports
(MgO, Ca0, Ba0, Zr0Q), in the presence of oxygen between 6 and 26 bars. The reaction conditions used
alcohol as both a reagent and a solvent. Substrates based on alkaline earth oxide have the advantage
of being free from the use of additional bases. In fact, it has been verified that their basic properties
promote the formation of esters, resulting in high selectivity, and preventing the formation of acetal
as a by-product. e.g. the Au/MgO sample provided up to 95% yield of methyl furoate (M2F). In addition,
this catalyst has been shown to be quite stable upon reuse. This method was extended to other linear
and branched alcohols leading to the formation of esters up to C5 (isopentyl furoate) with high
selectivity (>99%). The linear esters being obtained with better yields than the branched ones.[92]
Pursuing the same goal to work base free, Ferraz et al. reported in another article the use of a catalyst

based on bimetallic AuPd nanoparticles incorporated in a titanosilicate matrix under an air pressure of
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6 to 26 bar. These catalysts were compared to the activity of monometallic Au and Pd, which were
both less effective. Working without addition of a base, the best AusPd:@SiTi catalyst showed 50%
conversion of furfural and 83% selectivity to furoic acid. It has been shown that the performance of
this type of bimetallic catalyst is highly dependent on the Au-Pd ratio. Under the conditions of
transformation the optimum value is 4 Au per 1 Pd with a pH always less than 3.5 so that no loss of

metals was detected.[93]

Many gold-based catalysts have been reported recently for green and selective oxidation of furfural
with oxygen as an oxidant. These catalysts reveal that it is important to control the size of Au particles,
to choose the nature of the support and to control its morphology and the electronic properties of the
material obtained. The sizes of gold nanoparticles ranging from 2 to 6 nm seem to be the most active.
In general, these catalytic systems require a basis as a co-catalyst and several studies on the effect of
the nature of the basis have been carried out, however more and more research reports that it is
possible to achieve these transformations without a basis. These new green processes without a base
are essential to be able to transform furfural into furoic acid and its esters in a perennial way by

allowing easier purification as for example by simple filtration of the heterogeneous catalyst.

Huo et al. exhibited the oxidative transformation of furfural into M2F using a non-precious metal Co-
N-C/MgO (cobalt N-doped carbon catalyst). This catalyst showed a high performance and catalytic
activity by converting 93% of furfural into M2F with 92 % yield at 100 °C and 5 bar O, for 12 h (Table
2.2, entry 21). [94]

AuPd/Mg(OH); is a highly effective catalyst for the oxidation of furfural into FA. This catalyst promotes
the direct oxidation of the aldehyde group into the acid; furoic acid was obtained with 84% yield under
0> pressure of 3 bar, at 30 °C for 4 hours (table 2.2, entry 8). [89] The gas-phase oxidation of furfural
to maleic anhydride, MAN, over vanadium oxide-based catalysts under air or oxygen pressure has been
studied for decades. For example, Alonso-Faglndez et al. employed the oxidation of furfural to MAN
at 300 °C using V,0s/y-Al,0s as the catalyst, and over 60% yield of MAN was obtained (table 2.2, entry
12). [95] Li et al. performed the aerobic oxidation of furfural over a Mo4VO14 catalyst at 120 °C and 20

bar O, for 16 hours, and a 65% yield of MAN was achieved in water solvent (table 2.2, entry 16). [96]

While catalytic systems based on gold lead essentially to the synthesis of furoic acid and its esters.
Vanadium catalysis generally leads to more advanced oxidation with the loss of a carbon atom
corresponding to carbonyl. In the gas phase the formation of maleic anhydride is observed and in the
liguid phase the opening of the furanic cycle with formation of maleic acid or other C4 diacides is
observed. In addition, in the gaseous phase, the air or oxygen are used as an oxidant whereas in the

liquid phase it is rather the hydrogen peroxide that is used. Vanadium-based catalysts are often in
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combination with other metals, particularly molybdenum. Vanadium-based catalysts have long been
known for their oxidizing catalytic properties. Indeed the oxidation of furfural in gaseous phase was
first reported in 1928 by Session, the catalyst used was vanadium pentoxide, and air was used as
oxidant, a flow of 4 L per minute of air allowed to oxidize about 0.3 g per hour of furfural in maleic

acid, the best yield obtained being 12%.[97]

This work stems from preliminary results conducted in the liquid phase by Milas in 1927 relating the
use of vanadium pentoxide as a catalyst used in the presence of sodium chlorate as an oxidant. The
dominant diacide formed was fumaric acid obtained with a yield of 78% in 12.5 h, which is quite

remarkable for the time, but according to Milas, the reaction was violent and difficult to control.[98]

Noteworthy, vanadium-based catalysts have long been known and used to oxidize petrosourced C4
fractions such as butane or butene to make anhydrides or diacides C4. [85,99-101]

Once again, numerous supports were explored to optimize catalytic activity. For example, in the gas
phase, Ce0,, Si0,, ZrO,, TiO,, Al,O5; were used as catalytic support. Among them alumina proves to be
an excellent support to oxidize furfural to maleic anhydride in gaseous phase.[95,102-104] For
example, Alonso-Fagundez et al. converted furfural to maleic anhydride at 320 °C using VO4/Al,O3 as a

catalyst, and a 73% yield in maleic anhydride is reported. [105]

Recently Li et al. performed very well with vanadium phosphate used without support, working at 350
°C with 6 to 10 vol% of furfural in synthetic air with a flow of 40 mL.min, 90% maleic anhydride yield

was obtained. In addition, the catalyst is stable without loss of activity during 25 hours of testing.[106]

Polymetallic catalysts based on V-Mo-Fe phosphates were studied [102,104,107] as well as those
based on mixed vanadium oxide and tin [108]. They are all effective in the formation of maleic
anhydride, but the yield is very temperature dependent. The associated kinetic studies confirm the
total oxidation of furfural if the reactive temperature is greater than 300 °C. [107,108] In the gas phase,
the transformation temperatures are high, ranging from 200 to 300 °C. As a result, secondary products
are formed in the form of solid residues that clog and deactivate the catalyst. To solve this problem
several approaches, such as water introduction and increased oxygen concentration were proposed,

but their effects were limited.[98]

Another strategy is to carry out a heat treatment at high temperature i.e. a pyrolysis of the catalyst,
which usually allows to reactivate it and to return it its original properties.[95] Some catalysts are

reported to be particularly resistant to this type of deactivation, for example the work of Li et al.[106]

Oxidation in the liquid phase leads to the formation of maleic acid rather than anhydride, which is

predictable if the transformation is carried out in the presence of water. The advantage of these
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transformations lies mainly in the implementation of milder reactive conditions, particularly with
temperatures of the order of 70 to 90 °C. However, if the used oxidant was oxygen, pressure of several

tens of bars must be managed.

In the homogeneous phase, it was demonstrated that polyoxometalates containing vanadium and/or
molybdenum oxides, demonstrated a good conversion and selectivity for the transformation of
furfural into maleic acid [109,110] and maleic anhydride[111] depending on the solvents used. For
example Shi et al. reported the combination of copper nitrate with phosphomolybdic acid to be
selective in the oxidation of furfural to maleic acid with a 49.2% yield and 51.7% selectivity, in aqueous
phase under 20 bar O, at 98 °C for 14 hours, while the conversion of furfural is 95.2% (table 2.2, entries
18-19). [110] Guo et al. further investigated the oxidation of furfural in an aqueous/organic biphasic
system with O; using phosphomolybdic acid catalysts and 34.5% yield of MA and 68.6% selectivity for
MA are obtained (table 2.2, entry 14). [109]

In heterogeneous phase very good results were observed in the presence of mixed vanadium oxide
and molybdenum MosVO14 [96] or modified graphene oxide supporting vanadium oxides VO-NH2-VO
or VON-GO. [112,113] The latter transformations are particularly selective and effective when carried

out in acid protic polar solvents such as acetic acid or formic acid.

In the liquid phase, hydrogen peroxide is an interesting oxidant in the presence of vanadium catalysts.
Many studies have been reported by Poskonin and Badovskya et al. which have helped to demonstrate
the ability of vanadium at different oxidation states to transform furfural in the presence of H,0,, and
other transition metals have been compared. In these various studies and according to the conditions,
many products have been identified, including furanones and diacides C4.[114-116] Recently

vanadium pyrophosphate has also been used in the presence of H,0,.[117]

Many more abundant metals have been also tested to catalyze these transformations. For example
and without being exhaustive, catalysts based on copper [118,119], iron [120,121] or titanium [122—-
125] have been used alone or in combination.

For example, Da Silva et al. reported very good results of oxidative esterification of furfural, in the
presence of hydrogen peroxide catalyzed by metal silicotungstate salts, cobalt, copper, nickel,
aluminum and iron were tested. The best results were obtained with copper silicotungstate,
Cu,SiW1,049 leading to 2-methylfuroate with a selectivity of more than 80% for 95% conversion of
furfural (table 3, entry 20) [119]. Alonso-Fagundez and co-workers reported the aqueous oxidation of
furfural to obtain MA in a high yield of 78% using titanium silicalite (TS-1) as the catalyst and hydrogen
peroxide as the oxidant at 50 °C for 24 hours (table 3, entry 23). [122,123] We have even demonstrated

the efficiency of this catalyst by working in acetic acid in the presence of 1.8 wt% TS-1, with hydrogen
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peroxide as oxidant. In 4 h, the total conversion of furfural was observed and a high yield of 62% MA

was obtained as the only product without the mixing with FA. [124]

Although these methods have the great advantage of using metals that are much more economical

because they are much more abundant and available, for the moment, the selectivity and yield are

often lower than those obtained by vanadium catalysts.

Table 2. 2 - Furfural oxidation using metallic catalysts

Entry  Catalyst Solvent Oxidant T(°C) T(h) Conversi Product Yield (%) Ref.
on (%)

1 Pt/CMK-3 CH;0H TBHP 120 3 60 M2F 53 [86]
(0,3wt%)

2 Au/MgO CH;0H 0y, 6 bar 110 2 100 M2F 94 [126]

3 Au/MnO,-NF - Air,12bar 110 2 86 FA 62 [91]

4 Au@UiO-66 CH3OH 0y, 3 bar 140 4 100 M2F 100 [88]

5 Au/CMK-3 CH;0H 0y, 15 bar 120 3 >99 M2F >99 [86]

6 Au/CMK-3 CHsOH TBHP 120 3 78 M2F 75 [86]

7 AusPd,@SiTi - Air, 26 bar 110 10 99 FA 48 [93]

8 AuPd/Mg(OH), Water 0,, 3 bar 30 4 >99 FA 84 [89]

9 V-Zr/KIT-6 ACN H,0, 70 1 81 MA 29 [117]
(VZPK2)

10 VON-GO AcOH 05, 20 bar 90 10 86 MAN 60 [113]

AcOH
11 VPO - 0,/He, 20 340 8 99 MAN 97 [127]
mL/min
12 V205/y-Al,03 - 0,, 20 300 15 100 MAN >60 [95]
vol.%

13 VO,/Al,03 Vapor 0, 5.7kPa 320 - 100 MAN 73 [105]

14 H3PMo01,040 Biphasic 0,, 20 bar 110 14 50 MA 35 [109]

15 Mo04VO14 Acetic 0,, 20 bar 120 16 84 MAN 47 [96]

anhydride

16 Mo4VO14 Water 05, 20 bar 120 16 100 MAN 65 [96]

17 CaCu,P,0y water 0,, 8 bar 115 18 68 MA 37 [118]

18 Cu(NOs),+HsPWi1,  Water 0,, 20 bar 98 14 36 MA 12 [110]
Ou0

19 Cu(NOs)+HsMo1,  Water 0, 20 bar 98 14 95 MA 49 [110]
Ou0

20 Cu;SiW1204 CH3OH H.0, 50 1 95 M2F 76 [119]

21 Co-N-C/MgO CH3OH 0,, 5 bar 100 12 93 M2F 92 [94]

22 FeT(p-Cl)PPCI Water 0., 12 bar 90 10 96 MA 44 [120]

23 TS-1 Water H20, 50 24 100 MA 78 [122]

24 TS-1 AcOH H,0, 80 4 100 MA 62% [124]

3. Metal-free catalysts for the oxidation of furan derivatives

Day by day, catalysis is making our life more sustainable. Nevertheless, how sustainable are catalysts

themselves? Dematerializing catalysts, in using less noble and expensive materials to afford the same

68



or better level of functionality, has become a serious challenge for researchers and engineers.
According to the Federal Register of the United States on February 2018, 35 metals and metalloids
such as platinum metals, rare-earth elements group, cesium, chromium, aluminum, cobalt, titanium
and many others have been listed as critical minerals [128]. Remarkably, these metals are familiar
catalysts in chemical industries and lately they were widely used in nanomaterial-based catalysts, such
as Co, Au, Ni, Pd and Pt, for numerous chemical reactions. This is due to the various advantageous
chemical properties, such as high catalytic activity, redox properties, and acid-base sites and physical
properties such as porosity, thermal stability, and high surface area. Despite all the valuable properties
of nanomaterial-based catalysts, their high cost, deactivation and leakage problems and toxicity
remain an important drawback. In this context, the best solution for the future industry of catalysts is
to replace when possible metal catalysts by “metal-free” catalysts. This could establish a new concept
or class of catalysis where metals are completely absent. The increasing use of metal-free catalysis in
the recent years is not a new trend but their return to grace coincides with the development of

industrial interests for more economical, eco-friendly and safer processes.

Catalytic transformation of biomass-derived compounds to different platform chemicals and liquid fuel
is a leading way to reduce the global dependence on fossil resources and to establish a sustainable
concept in chemical industries. However, the wide use of metallic catalysts is still, to some extent, a
sustainability constraint. This is due to the use of noble and expensive metals, with their deactivation

problems, toxicity and waste production.

In past few years, biomass-derived furans such as furfural and 5-hydroxymethyl-2-furfural (HMF) have
received prominent attention and various metal-free catalytic systems and methodologies have been
extensively explored for the transformation of these furans to a wide range of value-added chemicals

and fuel components.

In the following, the metal free oxidation methods will be detailed for HMF and furfural.

3.1. Metal-free catalysts for the oxidation of HMF

As we have seen in the previous paragraph, the literature is rich in methods of oxidative
transformations of HMF by metal catalysis, the advantages and disadvantages of which we have dealt
with. Very briefly, we have seen that these oxidation methods or processes are rather carried out in a
heterogeneous phase using catalysts based on heavy or noble metals in the presence of oxidants such
as air or oxygen under pressure and sometimes under high temperatures. [34,129,130] Despite the
high efficiency and excellent selectivity of these methods, they however require the preparation of

catalysts often in several stages, industrial techniques which can be restrictive both on energy
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consumption and on safety. Although the effects may be very small, there is deactivation and/or loss
of metals by leaching, making these processes dependent on catalyst replenishment. Many academic
methods are described over too short a time to estimate long-term catalytic capabilities. Management
of heavy metal wastes can also be problematic under environmental regulations. These processes must
now be assessed in the long term; they must be sustainable with minimal impact on the environment.
For several decades, scientists have developed a new concept of HMF oxidations offering promising
alternatives to metal catalysts. The trend toward green chemistry and sustainable technologies
requires replacing the traditional concepts by new ones, controlling the carbon cycle and energy
sobriety. Catalysis play an important role in this purpose.

In this paragraph, we will see the effects of acid-base catalysis, carbon-based catalysts and organic

catalysts used to replace metal catalysts.

3.1.1. Acid catalysis

Preliminary work on transforming HMF into metal-free DFF began with the work of Morikawa, who
applied the methods of oxidizing alcohols by activating DMSO with acetic anhydride or in the presence
of nitroxide. This led to good DFF yields of 76% and 71%, respectively (table 2.3, entries 1 and 2) [131].
Cottier et al. then proposed the transformation of HMF to DFF in two steps by silylation of HMF
followed by oxidation of the sililated intermediate in the presence of NBS and AIBN in different
solvents. Carbon tetrachloride and dodecane being the best solvents 91% and 88% of DFF are obtained.

[132]

Since the dehydration step of the osidic fractions leading to HMF is carried out in an acidic medium, it
would be advantageous to continue the oxidative catalysis step at acidic pH. In addition, supported
acid catalysis is one of the most important types of catalysis in all sectors of the chemical industries. A
major reason which has led to this advance is the diversity of acid sites on the surface of solid acid
catalysts and the ease of purification. [133-135]

Although many protocols for the oxidation of furfural and HMF are described in the presence of acids,
no systematic studies of the source of acid had been reported prior to the work of Choudhary et al.

then Lv et al. [136-138]

Before that, the oxidation of HMF in an oxidizing acid medium was reported by Descotes et al. which
used 65% nitric acid and water as solvent. The energy supply by heating or by sonication were
compared, under these conditions. The authors observed the formation of FDCA and
formylfurancarboxylic acid (FFCA) with yields of 43% and 5% in 22 hours by heating to 100 °C and 37%
and 12% by sonication at 40 °C for 5 hours. [139] Sonochemical irradiation allows to divide reaction

time by four. Replacing water with acetic acid with this method does not improve yields. These results
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come as a result of pioneering work carried out by the same team with many metal oxidants but also

nitric acid. [140]

The strategy of HMF oxidation in an acid medium was pursued by Choudhary et al. by exploring a panel
of mineral and organic acid catalysts in the presence of hydrogen peroxide. First developed for the
oxidation of furfural, the method was later extended to HMF. Transformation was studied in water in
the presence of an equivalent or less of acids. Under the optimized conditions, unlike furfural which
leads to succinic acid as the main product in the case of HMF, 31% of 2-oxoglutaric acid are obtained
as the main product, with 18% of succinic acid and 60% of formic acid. Optimum conditions are 1.5
wt% Amberlyst-15, 3 wt% HMF and four equivalents of hydrogen peroxide, at 75 °C for 24 hours (table
2.3, entry 7). Therefore, Amberlyst-15 and H,0, system was found to be an effective converter of furan
compound into linear di-carbonyl compounds [136]. Note that in the case of the oxidation of furfural,
APTS is as effective as Amberlyst-15 but unfortunatly the oxidation of HMF has not been tested under
the same conditions with the APTS. This result should be compared with those described by Li et al.
which also demonstrated the advantage of using aromatic acids as catalysts [137]. The beneficial effect
can be attributed to a ri-it stacking interaction between HMF and aromatic species. We will see a little
further on how this feature will be exploited with the use of carbon catalysts with a polyaromatic

structure related to graphite.

If acid catalysis is very useful for metal-free oxidation, there is a particularly interesting family of
oxidants which allow working without metals, these are the oxide derivatives of 2,2,6,6
tetramethylpiperidine alias TEMPO that many researchers have used to explore the transformations
of HMF without a metal catalyst. The first studies reporting the use of free radical derivatives of 2,2,6,6
tetramethylpiperidine oxide for the oxidation of HMF appeared in 1995 reported by Cottier et al.[141]
A screening of four TEMPO derivatives used in catalytic amounts is described in the presence of a co-
oxidant to obtain DFF. With a two-phase water/DCM system, calcium hypochlorite as a co-oxidant and
4-benzoyloxy-2,2,6,6-tetramethylpiperidine oxide, 81% DFF is obtained after only 10 min of reaction.
Interestingly, the methods described were used on a gram scale. Unfortunately, in this article two
structures of TEMPO derivatives have been omitted (Table 2.3, entry 8). An efficient co-oxidant was
tested in this study which is p-toluenesulfonic acid (p-TsOH)[142] that gave the desired product in 81%
yield. The largest disadvantage was the necessity of using more than two-fold of oxidants in respect to

HMF. [143]

The very good catalytic properties of TEMPO derivatives make it a particularly interesting tool for
metal-free oxidation strategies. Because yields are good and selectivity is very high, many researchers

have wished to add other benefits by regulating the steric and electronic effects of various substituents
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on TEMPO, from the research of co-oxidant meeting the specifications of sustainable chemistry and

easy purification by heterogenisation of TEMPO.

This is for example what was proposed by Mittal et al. using bisacetoxy-iodo-benzene periodinane as
a co-oxidant and then heterogenizing TEMPO on SBA-15. Using a protocol based to those proposed by
Margarita, Piancatelli et al. or Epp and Widlanski. [144,145] The HMF was successfully converted to
DFF using TEMPO as oxidant (0.2 eq.) and [bis(acetoxy)-iodo]benzene (BAIB) (1,5eq.) as secondary
oxidant in presence of acetic acid (0.1 eq.). 66% of DFF yield was achieved rapidly (<1h) under metal-
free condition at ambient temperature (table 2.3, entry 10).[146] With the use of TEMPO-
functionalized mesoporous silica (TEMPO-SBA-15) and the same co-oxidants as in [146] in an oxygen-
rich medium, 73% of DFF was obtained under mild reaction conditions(table 2.3, entry 11). [147]

Krystof et al. also reported the use of silica-grafted TEMPO for the transformation of HMF into DFF,
with the objective of preparing FDCA under mild and sustainable conditions by continuing the
oxidation without purification during a second stage by enzymatic catalysis, similarly to the work of
Anelli and Cottier et al. [141,148]. The commercial silica-grafted TEMPO catalyst was used in a biphasic
system with water and ethyl acetate in the presence of sodium hypochlorite as a co-oxidant. Under
these conditions in 1h working at room temperature, 32% DFF was obtained.[149] Karimi et al. also
developed a catalyst based on mesoporous silica doubly functionalized both by TEMPO and by
imidazolium groups. This bifunctional catalyst (TEMPO @ PMO-IL-Br), showed a very good activity for
the aerobic oxidation without metal of different alcohols in the presence of two co-oxidants
terbutylnitrite (10 mol%) and oxygen (1 atm) in 1 hour at 50 °C. In toluene, 99% of DFF were obtained.
Once should note that the presence of acetic acid as a co-catalyst is required under the optimized

conditions. [150]

Support
-
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Figure 2.5 - Some examples of structure of TEMPO and TEMPO derivatives.

The use of oxygen as a co-oxidant with TEMPO was studied by Li et al. [137] This catalytic system is
possible in the presence of acids and a screening was carried out by comparing mineral and organic

acids. With inorganic acid, despite the high HMF conversion (95.6% to 98.2%), DFF selectivity was very
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poor (less than 10%) due to the oligomerization side reactions. On the other hand, organic acids lead
to good selectivity and a good conversion. It turns out that aromatic organic acids were the most
effective, especially benzoic acid. Its availability and abundance makes it particularly interesting,
however better results were obtained with pyrenecarboxylic acid. Finally, benzoic acid/TEMPO system
was found to be effective in the catalytic aerobic oxidation of HMF and alcohols in terms of selectivity

and yield and could replace the traditional metal catalysts (Table 2.3, entry 14).

These results are to be compared with the polyaromatic catalytic systems that we will describe below.
Let us underline here the importance of two factors, the presence of the carboxylic acid function and
that the effect of the aromatic structure which brings an undeniable advantage in these
transformations. The obtained results show that the use of TEMPO as a radical initiator is particularly
effective. TEMPO is often used with a very low ratio in the presence of a co-oxidant, but it is not

necessarily essential.

Anthraquinone derivatives are well known for their reactivity with molecular oxygen and are applied
in the global industrial preparation of hydrogen peroxide. It was therefore very wise to try this catalyst
for metal-free oxidation of HMF. This was recently reported by Zhao et al.[151]. A relatively high mass
percentage of HMF was implemented. The solvents used were either toluene or water with DMSO,
and six different anthraquinone derivatives were tested. The best results for DFF preparation were
obtained with anthraquinone-2-carboxylic acid at 130 °C for 24 hours, with 60% conversion of HMF for
a selectivity of 88% to DFF or an overall yield of about 50%. In addition, for a 60% HMF conversion,

56% FDCA selectivity and 42% DFF are observed with 2,6-dihydroxyanthraquinone.

Lui et al. achieved a remarkable result with oxygen as an oxidant without radical initiator. They
reported the generation of radicals by simply heating dioxygen under pressure from 1 bar to 115 °Cin
the presence of the solvent 1,2 diethoxyethane. The radical species formed could be identified by EPR
analyses and by the use of radical scavengers such as TEMPO or butylated hydroxytoluene (BHT). Thus
Lui et al. described a metal-, acid-, base-, external promotor-free oxidation of HMF for the production
of FDCA. Under optimal conditions, 1,2-diethoxyethane showed the best behavior playing dual task;
solvent and free-radical initiator. Using the atmospheric oxygen as the sole oxidant, the yield of FDCA
was found to be 87% with 99% of HMF conversion while Bis (methoxypropyl) ether showed higher
selectivity towards FFCA (Table 2.3, entries 20 and 21). [152]

73

Chapter 2



Chapter 2

Table 2.3 - HMF oxidation using acid catalysts

Entry  Catalyst Solvent Oxidant T(°C) T(h) Conversi  Product Yield Ref.
on (%) (%)
1 - DMSO Ac,O DMSO 80 - - DFF 76 [131]
2 - DMSO N,Os DMSO 120 - - DFF 76 [131]
3 HNO3 DMSO HNOz 60% - - - DFF 31 [131]
FDCA 67
4 HNOs H.O HNO3 65% 100 22 - FDCA 43 [139]
FFCA 5
5 HNO3 H.O HNO3 65% 40 5 - FDCA 37 [139]
Ultrasounds FFCA 12
6 HNO; AcOH HNOz 65% 40 5 - FDCA 11 [139]
7 Amberlyst-15 H20 H.0, 75 24 >99 OGA 31 [136]
8 APTS/TEMPO  DCM/ H,0 TEMPO 2to 3 - DFF 81 [143]
der./APTS RT
9 TEMPO der. DCM/ H,0 TEMPO der. Oto 0.2 - DFF 81 [141]
(NaHCO3 5%) Ca(0dCl) 15
10 AcOH-TEMPO  AcOEt TEMPO/BAIB/ 30 0.75 - DFF 66 [146]
AcOH
11 TEMPO-SBA- AcOEt BAIB, AcOH/O, 40 1 - DFF 73 [147]
15
12 TEMPO or AcOEt/H,0 NaOCl RT 1 - DFF 32 [149]
TEMPO graft
on silica
13 TEMPO@PMO Toluene TBuNO,, 0,1 50 1 - DFF >99 [150]
-IL bar
14 Benzoic AcN 0,, 4 bar 100 24 79.6 DFF 77.1  [137]
acid /TEMPO
15 Salicylic AcN 0>, 4 bar 100 24 80.5 DFF 76.8 [137]
acid/TEMPO
16 p- AcN 0y, 4 bar 100 24 81.2 DFF 79.2 [137]
Methoxybenzo
ic/TEMPO
17 Pyrenecarboxy AcN 0,, 4 bar 100 24 87.7 DFF 87.2 [137]
lic
acid/TEMPO
18 SiOy/Anthraqu  Toluene 0,, 10 bar 130 24 60 DFF 52.8 [151]
inone 2-
carboxylic acid
19 2,6- Toluene 0,, 10 bar 130 24 60 DFF 25.2 [151]
dihydroxyanth FDCA 34
raquinone
20 - 1,2- 0y, 1 bar 115 24 99 FDCA 87 [152]
Diethoxyethy
lane
21 - Bis(methoxy O, 1 bar 115 24 85 FFCA 63 [152]

propy) ether

The general mechanism of oxidation with TEMPO is now well establish as shown below, in which the

secondary oxidant transforms TEMPO, or a related stable radical, in an oxoammonium salt that

74



operates as the primary oxidant, transforming the alcohol into the corresponding aldehyde. This
results in the formation of a hydroxylamine that is oxidized to a TEMPO radical, thus completing the
catalytic cycle. The catalytic cycle can in fact be more complex, because TEMPO radicals can
disproportionate into oxoammonium salts and hydroxylamines under acidic catalysis. Interestingly,
TEMPO inhibits the oxidation of aldehydes to carboxylic acids when this oxidation proceeds via a
radical mechanism, with oxygen for example. That is why Anelli’s oxidation can be carried out under
air and be easily stopped at the aldehyde stage with no competing overoxidation due to the presence

of gaseous oxygen. [148]

Oxidation can continue in some cases, indeed the aldehyde, in the presence of water, equilibrates with
the corresponding hydrate that can be oxidized via a similar mechanism to the corresponding acid

(Scheme 2.4). Additionally, the co-oxidant can act as the primary oxidant for the oxidation of aldehyde

to carboxylic acid.

Oxoammonium >(j< >(j<
N Hydroxylamine

oxidant specie ” \
©
A

Co-omdak >(j< Co-oxidant

0
TEMPO radical
Scheme 2.4 - Schematic representation of oxidation of HMF to DFF with TEMPO

3.1.2. Carbon based catalyst

Other oxidizing systems besides TEMPO show a strong potential in the substitution of metallic
catalysts. These are based on the use of graphene materials in the form of graphene oxide or graphene

doped N.

Graphene oxide (GO) is an easily available and inexpensive material, it allows to prepare chemically
modified graphene. GO-based materials are of great interest because of their electronic properties.
The relatively harsh conditions used in typical GO synthesis protocols (Hummers method) have

introduced a variety of oxygen-containing features, for example, hydroxyl, epoxy, carboxylic acids and
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others. As a result, these features give GO weak acidic properties (pH 4.5 to 0.1 mg.mL?) and strong
oxidizing properties. It is therefore used as a catalyst support, solid acid, and of course as oxidant [153].

(Figure 2.6)

These acidic and oxidizing properties were exploited by the team of Lv et al. in combination with
TEMPO for the conversion of HMF to DFF. They were able to demonstrate the interest and
effectiveness of this strategy for this oxidation under mild conditions and without metals. Thus, GO
was found to be very effective with TEMPO used as co-catalyst for the selective oxidation of HMF into
DFF. It has been demonstrated that GO could function as an oxidant in anaerobic oxidation of HMF by
reduction of the carboxyl groups [138]. Full HMF conversion and 99.6% of DFF selectivity are obtained
under optimal conditions (Table 2.4, Entries 2 and 3).

Similar to acid catalysis, metal-free carbon based materials have gained the attention of researchers
and scientists due to its wide range of applications from catalysis to energy storage. [154-157] The
traditional oxidation of alcohols to carbonyls can be achieved in several ways. To encourage green
chemistry, organocatalytic systems have gained attention and heavy and noble metal complex systems
are substituted by carbonaceous materials. Graphite, graphene oxide, and nitrogen enriched
carbonaceous materials are capable of catalyzing the selective oxidation of alcohols to carbonyls. [158—

160]

Figure 2.6 - Structural model of graphene oxide (GO) on the basis of proposed structure of ref [153].

With carbon nitride catalyst, it is very interesting to note that the presence of basic groups in these
compounds can prove to be particularly beneficial. The nitrogen-enriched catalysts allow working
under neutral conditions. This is the case with N-doped graphene and activated carbon which have
been used successfully in the aerobic oxidation of benzyl alcohols, hydroxyl alcohol and HMF. [158,161]
Indeed, in 2015 Watanabe et al. reported various nitrogen-doped carbon materials that were prepared
by processing activated charcoal with ammonia and hydrogen peroxide. Their catalytic performance

were tested for aerobic oxidation of several alcohols including HMF remarkably using ethanol as a
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solvent. For the oxidation of HMF, a conversion of 24% was achieved at 80 °C with the nitrogen-doped
activated carbon catalyst in 15 h with a selectivity of 93% (table 2.4, entry 4) [161].

Lv et al. have, for example, enriched graphene with various functions containing nitrogen by treating
graphene oxide with a stream of ammonia. The resulting catalysts were then tested for the selective
aerobic oxidation of HMF in the presence of TEMPO as a co-oxidant and adding a co-catalyst. Under
relatively mild conditions, 6 hours at 100 °C and under a pressure of one atmosphere, a complete
conversion of HMF and a selectivity to DFF close to 100% were observed. The activation of oxygen

could be shown to be due to nitrogenous graphitic species [162].

In addition, several teams were able to demonstrate the efficiency of nitrogen-doped carbon catalysts.
This is, for example, the case of Nguyen et al. who reported a metal-free catalysis of aerobic HMF
oxidation to FDCA using zeolitic-imidazole framework (ZIF-8) derived, nitrogen-doped nanoporous
carbon (NNC) as heterogeneous catalyst. NNC-900 was obtained by calcination of ZIF-8 at 900 °C. NNC-
900 was found to be the best catalyst to produce FDCA with a maximum yield of 80% passing by the
main intermediates HMFCA and FFCA (Table 2.4, Entry 6) [163].

Krivtsov et al. reported the use of graphitic carbon nitride (g-CsN4) which shows a good photocatalytic
activity in the oxidation of HMF to DFF in aqueous medium. The conditions were mild the reaction
being carried out at room temperature, in water and in the presence of air as the oxidant, but the HMF
concentration was relatively low 0.5 mmol.L™. Under artificial light irradiation, 42% HMF conversion
and 45% DFF selectivity were obtained. The catalyst performance was enhanced under the sunlight
reaching 50% of DFF selectivity and 40% of HMF conversion [164]. Similarly, this catalyst showed a
good photocatalytic behavior in another study, where 85.6% of DFF selectivity and 31.2% of HMF
conversion were achieved under the irradiation of light with wavelength > 400 nm (Table 2.4, Entry 8).
These catalytic systems are very interesting but, at the same time, are limited by the concentration of
starting substrates here the concentration of HMF is 2 mmol.L'? [165]. The same team reported a scale
up of the transformation on a solar pilot with a continuous flow photoreactor, using catalysts based
on PCN (N and P doped carbon) and PCN-H,0,. The flow rate was 12 L.min? with a catalyst
concentration of 0.1 to 0.4 g.L' and an HMF concentration of 0.5 to 4 mmol.L?, the transformation
was followed for 5 hours. The authors observed a 50% conversion of HMF with a selectivity of 80 to
90% of DFF. The results are comparable to those obtained in the laboratory scale photoreactor
irradiated with both artificial UV lamps and natural sunlight. The pristine PCN sample showed higher
HMF conversion compared to that of the PCN-H,0, adduct, but the latter was more selective for DFF

formation.[166]
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Figure 2.7 - Schematic representation of HMF oxidation over polymeric carbon nitride (g-C3N4) catalyst in presence of
oxygen. [164] And the solar pilot plant for continuous flow oxidation. [166]

The natural nitrogenous osidic polymer chitosan is described as a very interesting precursor for the
synthesis of carbonaceous materials enriched in nitrogen obtained by simple pyrolysis. By following
this approach, Verma et al. evaluated a porous carbon nitride (PCNx) as a solid catalyst for the selective
oxidation of HMF to FDCA. The PCNy with the highest catalytic activity was synthesized by calcination
of chitosan under nitrogen at 300 °C. After 36 hours and at 70 °C, 83% of FDCA have been obtained
from HMF oxidation under atmospheric air pressure (Table 2.4, Entry 10) [167]. The catalytic activity
of this type of materials greatly depends on the surface area and the type of nitrogen atoms. In
addition, following an identical strategy, Youngshen reported the preparation of the NC-950 catalyst
by pyrolysis of chitosan in the presence of urea under nitrogen atmosphere at 950 °C. The as prepared
nitrogen-doped carbon materials, NC-950 showed the highest stability and catalytic activity towards
the oxidation of HMF due to its large surface area. The oxidation was initially promoted by HNOs (0,15
eq.) and oxygen was used as co-oxidant (10 bar). With an initial concentration of 0.05 mol.L?, full HMF
conversion with 95.1% of DFF yield was obtained in 14 hours at 100 °C in acetonitrile (Table 2.4, Entry
11) [168].

Table 2.4 - HMF oxidation methods using carbon-based catalysts

Entry Catalyst Solvent  Oxidant T(°C) T(h) Conversion Product Yield Ref.
(%) (%)
1 GO ACN Air, 1 bar 100 12 95 DFF 86.3 [138]
2 GO/TEMPO ACN Air, 1 bar 100 18 100 DFF 99.6 [138]
3 GO/TEMPO ACN 0, 4 bar 100 9 100 DFF 99.5 [138]
4 N-doped EtOH Air, 1 bar 80 15 24 DFF 22%  [161]
activated Carbon
5 NG-800/TEMPO ACN Air, 1 bar 100 6 100 DFF 99.5 [162]
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10
11

(no acid-base

additive)

NNC-900 Water 0, 1 bar 80 48 100 FDCA 80

3 eq. K,CO; 100ml/min

g-C3Ng hv H,O Air RT 4 40 DFF 20

g-C3Ng hv ACN and 0,10 mL/min - 6 31.2 DFF 26.7
PhCF3

PCN hv H,0,12  Air, 1 atm 42- 5 50 DFF 43

Or PCN-H,0; hv L/min 45

PCNy Water Air, 1 bar 70 36 100 FDCA 83

NC-950 ACN HNOs/0,, 10 100 14 100 DFF 95.1

bar

[163]

[164]
[165]

[166]

[167]
[168]

Finally, these catalysts look very promising as they allow to replace metallic catalysis by materials based
on carbon very common and relatively simple to prepare. From a mechanistic point of view, it has been
possible to demonstrate a strong activation of oxygen in radical superoxide species #0,, acting as a
highly selective oxidant of dehydrogenation.

In the case of graphene oxide, the contribution of carboxylic acid functions as a primary oxidant has
been demonstrated. With N-doped graphite-type materials, the catalytic activity is attributed to the
different nitrogen species of the type pyridinic-N, pyrrolic-N and graphitic-N, giving them semi-metal
properties. These doped graphitic nitrogen species have the effect of modulating the electronic
structure of sp2 carbon materials. Near nitrogen carbons, an electronic structure with a metal band is
observed, making these materials capable of generating the formation of reactive oxygen species. As
a result, excited conduction band electrons (LUMO) reduce molecular oxygen to form 0O, under mild
conditions. In application to oxidation of HMF, these catalysts are very active for its selective aerobic

oxidation.

3.1.3. Organic catalysts

The use of iodine and its derivatives as an oxidant or co-oxidant also offer attractive strategies for
selective oxidation without metals. lodine is used in several degrees of oxidation and depending on
the conditions helps to regulate its oxidizing power. For example, hypervalent iodine derivatives are
known for the selective oxidation of primary alcohols into aldehydes [169,170] particularly 2-
iodoxybenzenesulfonic acid (IBS) [171]. We have been able to demonstrate the effectiveness of this
catalyst in selectively converting HMF to DFF. Under optimal conditions, DFF yield was 89% with total
conversion of HMF (table 2.5, entry 1) with high grade of purity using IBS catalyst and Oxone as co-
oxidant. Interestingly, this method could be extended to a gram-scale production of DFF without any
effect on the selectivity. [172] This method will be discussed in details in Chapter 3. Among the
hypervalent iodine derivatives we have seen previously that [bis(acetoxy)-iodo] benzene has also been

used with interest as a co-oxidant in combination with TEMPO for the selective oxidation of HMF to
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DFF. Under these mild conditions 66 and 73% DFF yield are obtained selectively in the presence of low

proportions of TEMPO.[146,147] Descotes et al. also demonstrated the benefit of using iodine as a co-

oxidant in the presence of TEMPO, for a selective transformation of HMF into DFF. Only a 2/100 ratio

of TEMPO/HMF was necessary to obtain at room temperature 58% of DFF.[141] Finally, Hazra and co-

workers developed a metal-free synthesis of carboxylic acid from aldehyde and alcohol groups

catalyzed by I,/NaOH in presence of tertiobutylhydroperoxyde (TBHP) as co-oxidant. Their work

indicates that 10,™ is the most likely active catalyst, which was formed and regenerated by the oxidation

of I0” by TBHP. One of many potential applications of this technique was the oxidation of HMF to FDCA

in water as the reaction medium. The use of |I,/NaOH/TBHP enables a gram-scale oxidation of HMF to

FDCA with a yield of 53% or in 41% by a one-pot synthesis from D-fructose (Table 2.5, entry 5). [173]

Table 2.5 - HMF oxidation methods using organic catalysts

Entry Catalyst Solvent Oxidant T(°C) T(h) Conversion Product Yield Ref.
(%) (%)

1 IBS? CH3NO; Oxone 70 4 100 DFF 89 [172]

2 AcOH- AcOEt TEMPO/BAIB/AcOH 30 0.75 - DFF 66 [146]
TEMPO

3 TEMPO- AcOEt BAIB, AcOH/O; 40 1 - DFF 73 [147]
SBA-15

4 TEMPO/ DCM/H,0 TEMPO/ I, RT 2 DFF 58 [143]
KOH

5 I[,/NaOH Water TBHP 70 10- - FDCA 53 [173]

16

[a] 2-iodoxybenzenesulfonic acid

3.2. Metal-free catalysts for the oxidation of furfural

As in the case of HMF, metal catalytic oxidations of furfural showed high efficiency and excellent
selectivity. Despite these advantages, they will always have a big constraint; the use of metals and
heavy metals. This limitation includes the deactivation problem of metal catalysts, their high cost,
treatment and  recyclability efficiency and the  production of toxic wastes.
Under the environmental regulations, these processes must now be sustainable with minimal impact
on the environment.

In this part, we will present all metal-free catalytic oxidations of furfural

3.2.1. Acid catalysis

The autoxidation of furan derivatives has been observed and studied since long time [174,175].
Furfural left in the open-air take on a particular brown color. The oxidation products have been
identified as a complex mixture of acids, volatile or not, compounds among others, of acids, formic,

acetic, furoic, B-formylacrylic, as well as acid resins resulting from the polymerization of furfural in the
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presence of these acids and giving this characteristic brownish appearance to solutions of furfural in
contact with oxygen. In order to prevent autoxidation and polymerization in an acidic environment, it
is possible to add anti-oxidants such as hydroquinone and bases such as tertiary amines. Under these
conditions, oxidation can be inhibited. Obviously, this oxidation phenomenon is faster as the surface

area of furfural exposed to oxygen is larger.

Storage | 0 /O +
/ . .
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HCO,H CH3CO,H
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Scheme 2.5 - Furfural autoxidation in presence of air.
f
1

&

Figure 2.8 - Furfural evolution with time by autoxidation

Acid catalysis represents a large part of the oxidation methods of furfural reported in the literature.
Ebitani et al. published two articles dealing with the research and optimization of a method for the
oxidation of furfural and its derivatives into succinic acid. A panel of Lewis and Bronsted acids in
homogeneous and heterogeneous phases were tested. The acids were used in catalytic proportions.
The best results were obtained with Amberlyst-15 by working at 80 °C in water as solvent and in the
presence of hydrogen peroxide as an oxidizer with a molar ratio hydrogen peroxide/furfural of four.
Under these conditions, 74% of succinic acid (SA) mixed with 11% of maleic acid (MA) were obtained.
Traces of fumaric and furoic acids were also reported. [136,176] Note that equivalent results were
observed with APTS in the homogeneous phase, but the separation of Amberlyst-15 by filtration makes
its use much more advantageous. Strong mineral acids such as H,SO. or HCI then gave intermediate
yields of the order of 45 to 50% of SA, and finally Lewis acids the lowest yields around 10 to 25% (Table

2.6, entry 1). The same conditions were applied by Rakshit et al. directly on a raw grade of furfural
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obtained by dehydration of hemicellulose prehydrolysate. The furfural being obtained in toluene
during the dehydration step, the oxidation takes place in a biphasic water-toluene medium and the

final yield of succinic acid is thereby slightly affected 52%. [177,178]

Similarly, the sulfonated catalyst could be prepared directly from polystyrene waste. Granados et al.
prepared several catalysts by sulfonation of different polystyrene sources recovered in different
packaging and demonstrated the possibility of recycling it through several acid catalyzed reactions for
biomass valorization, including the oxidation of furfural. The transformations were carried out in the
aqueous phase with hydrogen peroxide as oxidizing agent. Mixtures of diacids have been obtained

with a predominance for MA and SA. [179]

Smopex 101 is another polymer-supported sulfonic acid catalyst, used under identical conditions by
Murzin et al. This catalyst was also very effective, depending on the protocol used in batch or semi-
batch mode, the yield of succinic acid varies from 60 to 80%. Detailed kinetic studies confirmed the

different mechanisms leading to succinic and maleic acids. [180,181]

A first strategy using a biphasic water/tetrachloroethane system was described in 2011 by Yin et al.
which allows furfural to be selectively oxidized to maleic acid.[109] The reaction was catalyzed by
phosphomolybdic acid and oxygen as the oxidizing agent. Using oxygen, or better, air as an oxidant
gives at least two remarkable advantages, they are very economical oxidants and the weight
percentage (wt%) of the constituents is improved. In this case, the wt% of furfural was 5.8% which is
good compared to other oxidation methods. The authors demonstrated that the oxidation took place
in the aqueous phase. With this method the conversion of furfural was relatively low 50.3% and the
selectivity and the yield of maleic acid were 69% and 35%. However, the solubility of furfural and
maleic acid being opposite for each of the two phases, the separation of the products and the recycling

at the end of the reaction were all made easier.

Wang et al. also developed a protocol using a biphasic system for selectively oxidized furfural to 2(5H)-
furanone.[182] Formic acid was found to be the best acid catalyst of the panel of acids tested. The
oxidizing agent used was hydrogen peroxide with a relatively low molar ratio Oxidant/furfural = 2.4,
which limit the oxidation of furfural to furanone without forming too many diacids. In addition, the
furanone produced is extracted gradually in the organic phase avoiding overoxidation. Note that
formic acid reacts with hydrogen peroxide leading to formic peracid, which is the oxidizing agent in
this system. The maximum yield and the greatest selectivity to 2(5H)-furanone was obtained with 1,2
dichloroethane (1,2-DCE) as organic solvent in this study. However, small proportions of succinic acid

(12%) and maleic acid (6%) were observed.

82



Figure 2. 9 - Recapitulation of furfural oxidation in biphasic systems

Under different conditions, maleic acid can be produced almost quantitatively from furfural. By
keeping formic acid as a catalyst but also as a solvent and by considerably increasing the amount of
hydrogen peroxide. Thus with a molar ratio of oxidant/furfural = 10,1, maleic acid was obtained with

ayield of 95%.[183]

Among the organic acids, Betaine Hydrochloride (BHC, Figure 2.10) showed good catalytic properties
for the transformation of furfural into maleic and fumaric diacids. This was recently demonstrated by
Vigier et al. who used it as a catalyst in the presence of hydrogen peroxide in water as a solvent.[184]
At a temperature of 100 °C and with an oxidant/furfural molar ratio equal to 10, a total conversion of
the furfural was observed and yields of 61% maleic acid and 31% fumaric acid were measured, i.e. a
90% overall yield of C4 diacids. At 100 °C the transformation is particularly rapid since it was completed
in half an hour. Note that BHC is a biobased product obtained as a co-product from the beet sugar
industry. In addition, since BHC is insoluble in acetone, it was possible to precipitate it and to easily
separate it by filtration after adding acetone to the reaction medium, which allows it to be recycled 6
times. The same authors having previously demonstrated the possibility of carrying out the
dehydration of xylose by BHC in water at 180 °C, they carried out in one pot two steps the dehydration
of xylose to furfural (48%) followed by its oxidation to diacids. The overall yield of maleic acid was 17%

and 4% fumaric acid, with a starting quantity of xylose of 0.8 wt%.
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Figure 2.10 - Betaine Hydrochloride (BHC) structure

Succinic acid was obtained by catalysis with sulfonated graphene oxide at 1.2 wt% sulfur content and
which proved to be remarkably effective and selective [229]. Only 0.27 wt% of this catalyst was
sufficient in the presence of hydrogen peroxide to obtain more than 88% succinic acid and traces of
maleic and furoic acids. This result should be compared with other sulfonated acids such as APTS,
Amberlyst or sulfuric acid. All selectively and predominantly led to succinic acid, but none was used in
such low proportions [160,185—-187]. The sulfonated B-cyclodextrin used as another heterogeneous
catalyst also effectively resulted in the conversion of furfural to succinic acid. Under optimal
conditions, Maneechakr et al. reported a yield of 81% succinic acid and the advantage of being able to
recycle and regenerate the catalyst many times. [230] Badovskaya et al. explored the oxidation of
furfural using selenium dioxide and hydrogen peroxide at 50 °C during 2 hours. [140] When adding
ethanol (EtOH) or acetamide (AcNH) to the reaction mixture, 70% of ethoxy-2(5H)-furanone and 60%
of 5-acetamido-2(5H)-furanone were obtained respectively (Table 2.6, entries 18 and 19).
Furthermore, Badovskaya et al. studied the influence of the pH medium on the oxidation reaction of
furfural in water-hydrogen peroxide system.[139] It was found that the process was slow in low acidic
media (pH 5-7), and the consumption of furfural was greater in more acidic media. When the pH was
maintained below 3, the conversion was almost total and the reaction was more selective towards 2-
(5H)-furanone but when working in higher pH medium (up to 7), the conversion decreased to around

50% and the reaction became more selective towards furoic acid (Table 2.6, entries 20 and 21).

On the other hand, furfural oxidation in more complex media have been evaluated as well. Rakshit et
al. worked on a biphasic system to produce succinic acid from furfural. Toluene was found to be the
best solvent to convert FUR into SA. However, the oxidant H,0, is immiscible in toluene and miscible
in water, therefore a 10% V/V of water was added to solubilize the mixture. 50 mg of Amberlyst-15
was enough to carry out the oxidation reaction of FUR to produce SA in a 49% yield at 80 °C (Table 8,
entry 15). [188] In parallel, the oxidation of furfural, in dichloromethane (DCM) using H,0, as oxidant
and in the presence of sodium sulfate, afforded the production of 2(3H)-furanone and 2(5H)-furanone
(Table 2.6, entry 16). This mixture was separated by distillation and 2(3H)-furanone could be converted
to 2(5H)-furanone by isomerization in the presence of triethylamine (EtsN). [189] On the other hand,
according to experimental results and based on the activation parameters, the action of H,0, on furan

compounds involves an autocatalytic transition state complex. [190] Eventually, 2-(5H)-furanone could
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be produced from furfural in a high yield (61%) by an oxidation reaction using formic acid as the

catalyst, H,0; as the oxidant and ethyl acetate as the solvent (Table 2.6, entry 21). [191]

Recently, interesting results were obtained by acetic acid catalysis in the presence of 1.2 hydrogen
peroxide equivalents. With this low quantity of oxidant, as expected the 2-(5H)-hydroxyfuran was
formed mostly with 71% yield, some secondary products being also produced, including maleic acid
11% and other acids such as succinic, Fumaric and formic, but less than 10%. Surprisingly the presence
of traces of cinnamic acid was observed at 1%. Note that these results were obtained with a very high
mass percentage of FUR of 16%, so this is the best method so far for a large-scale preparation of 2-
(5H)-furanone. (Table 2.6, entry 22) [192] Subsequently, 2-(5H)-furanone could be further
hydrogenated to obtain y-butyrolactone, which is also an important product that has been widely used

in the fields of medicine, chemicals and fine organic synthesis.

Table 2.6 - Furfural oxidation using acid catalysis

Entry Catalyst (wt %) Fur. Solvent  Oxidant (m.r. O/F T(°C) t(h) Convers Product Yield Ref.
wt % or pressure MPa) ion (%) (%)
1 Amberlyst-15 2,7  Water  H,0,(4) 80 24 >99 SA 74 [176]
(1,4%) MA 11 [136]
2 Amberlyst-15 1 Water-  H,0,(4) 80 24 >99 SA 52 [177]
(0,5%) Toluene [178]
3 - PSSA® (3,6%) 4,5 Water H.0:(15) 50 24 100 SA 27,5 [179]
- WTC-PSSA MA 45,8
(3,6%) FO 17,5
others
6,1
4 Smopex-101 4 Water H,0, (3-4) 80 8 80 SA 80 [180]
(0,7%) [181]
5 Formic Acid 10 1,2 DCE- H,0;(2,4) 60 3 >99 FO 62 [182]
(4%) Water SA
MA 12
6,3
6 Formic Acid 1,6 Formic H,0,(10,1) 60 4 100 MA 95 [183]
(80%) Acid
7 BHC® (16%) 4,0 Water H,0, (10) 100 0,5 100 MA 61 [184]
FA 31
8 Graphene 2,55 Water H,0, (6) 70 24  >99 SA 88,2 [193]
Oxide (0,27%) MA 1,1
Furoic 0,8
Acid
9 SOzH- 0,6 Water H.0: (4,5) 60 1,1 - SA 81,2 [194]
cyclodextrin
(2,25%)
10 Nafion NR50 2.7 Water H.0; 80 24  >99 SA 41 [136]
11 Nafion SAC13 2.7 Water H.0; 80 24 >99 SA 29 [136]
12 TsOH 2.7 Water H.0; 80 24 >99 SA 72 [136]
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13
14

15

16

17

18

19

20

21

22

H2S0. 2.7 Water H,0; 80 24  >99 SA 45
Amberlyst-15 1.9 Water+t H,0, 80 24  >99 SA 49
oluene
- - DCE H,02+Na,S04 60- 12 100 FO 67
70
- - - H20> 60- - 100 SA 40
70 FO 40
-2 - Water H,0, 60 4 100 FO 50
SA 40
P - Water H,0, 60 4 50 FA 65
SA 20
- - Ethanol H,0; 60 35 70 Furfural 70
a-
hydroxy
hydrope
roxide
- - Dioxane H,0, 60 73 70 Furfural 98
a-
hydroxy
hydrope
roxide
Formic acid - Ethyl H,0,+Na,S04 60 3 100 FO 61.5
acetate
Acetic acid 19 Water H.0; 60 24h - FO 71
MA
11

[136]
[188]

[189]

[116]

[115]
[115]

[195]

[195]

[191]

[192]

[a] pH=1, [b] pH=7.

3.2.2. Basic catalysis

In the same manner as acid catalysis described above, the oxidation of furfural in a basic medium has

also been reported.

The oxidation of furfural to furoic acid was reported by disproportionation of furfural by applying the
famous method described by Cannizzaro on non-enolizable aldehydes. According to this process, the
maximum vyield of acid can only be 50% because half of the starting material is reduced in alcohol. A
step of neutralization of the residual base and of the sodium carboxylate obtained is to be expected.
This method was used successfully by Wilson in 1926 by transforming 1 kg of furfural to which was
added an aqueous solution of caustic soda at 33.3% [196]. The temperature of the reaction medium
was maintained at less than 20 °C and the transformation lasted 2 hours. Furfuryl alcohol was
separated from furoic acid in its sodium carboxylate form by liquid/liquid extraction. Then the furoic
acid was precipitated and purified by successive recrystallizations. The yield of furoic acid obtained
was 32%. Although this method is the oldest, and despite the yield was relatively low, no other method

allows to work on quantities of furfural in such a high weight percent (wt%), with these conditions the

86



furfural represents 55 wt% of the reaction medium, which is remarkable and unmatched. For this
reason and the fact that furfuryl alcohol is easily recoverable and desirable, this process is still in line

with industrial development.

Much more recently, furoic acid was obtained by oxidation in a basic medium using salts of sodium
sulphate and chloride previously mixed with hydrogen peroxide. This results in a white solid having a
clathrate structure in which the Na*, SO4* and Cl" ions organize themselves in a cage having the
dimensions of H,0,. The hydrogen peroxide trapped in these cavities serves as a stable and easy to
handle source of oxidizing agent. Water was again used as a solvent, and sodium hydroxyde as the best
base. The optimization of the reaction was carried out on 4-bromobenzaldehyde and then applied to

furfural. According to this protocol 85% of furoic acid was isolated.[197]

The oxidation of furfural in a basic medium was reported recently in the presence of N-heterocyclic
carbene (NHC) by Nakajima et al. [83] This method allowed to oxidize furfural to furoic acid
guantitatively. The reaction takes place in DMSO at 40 °C over four hours and under a pressure of 0.1
MPa of oxygen in a Teflon autoclave. The same group of researchers demonstrated that it is also
possible to obtain furoic acid in two relatively simple steps from xylose, keeping the same solvent. A
first dehydration step was carried out in DMSO in the presence of Amberlyst-70 which was filtered,
then during a second step the reaction mixture without further purification was subjected to oxidation
according to the method developed, thus 57% furoic acid was obtained in the final reaction mixture.
This method is remarkably efficient given the low temperature but required the use of a pressurized

medium.

While the methods of oxidation of furfural without metals in a basic medium all led to furoic acid, the
mixtures of KBr salts with KOH or graphitic carbon nitride (g-CsN4) led to the exclusive production of
maleic acid. Indeed, Li et al. reported that with 3 wt% of these catalytic systems, using water as solvent

and H;0; as oxidant, maleic acid was obtained with a yield of about 70%.[198]
3.2.3. Oxidative amidation
Among the various methods of oxidation in a basic medium, let us mention the case of oxidative

amidation (Scheme 2.6). The reaction medium was basic due to the use of amines as starting material.

o o HN. N H0z H0 AN\ /
¥ | -
\_/ = \ / ©
N-(pyridin-2-yl)furan-2-carboxamide

Scheme 2.6 - Oxidative amidation of furfural
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This transformation could be carried out without metal catalysis with success on furfural with the
method developed and optimized on benzaldehyde by Maheswari et al. [199] Only 2-aminopyridine
was specifically used for the transformation into an amide. This type of transformation is usually
catalyzed by copper salts. In this case, only hydrogen peroxide was used as an oxidizer, and the solvent
was water. With this method an isolated amide yield of 80% was reported. Moreover, Nguyen et al.
reported the catalytic oxidation of furfural using nitrogen-doped carbon catalyst NC-900 [200]. After a
parametric study (reaction conditions, solvent type, time, operating temperature, H,0,
concentration...), a total conversion of furfural and a high yield of MA (61%) could be achieved in 5

hours at 80 °C (table 2.7, entry 6).

Table 2.7 - Furfural oxidation using basic catalysis

Entry Catalyst (wt %) Fur. Solvent Oxidant (m.r. T(°C) t(h) Convers Product Yield Ref.
wt % O/F or pressure ion (%) (%)
MPa)
NaOH (13%) 55 Water Furfural (0,5) >20 2 - FA 32 [196]
NaOH (1%) 1,5 Water 4NayS04.2H,0,. 80 4 - FA 85 [197]
NaCl (1,7)
NHC? : DMSO 0, (0,1 MPa) 40 4 >99 FA 99 [83]
- BTIC, DBU 2,0
(6,0%)
-BTDIY (1,0%) 2,1
- KBr/KOH 3,0 Water H.0, 100 3 >99 SA 68,4 [198]
(3,1%)
- KBr/g- 3,0 SA 70,4
CsNa
(3,1%)
- No 3,8 Water H,0,(3) 80 4 - Amide® 80 [199]
catalyst
NC-900 1.9 Water H,0; 80 5 100 MA 61 [200]

3.2.4. Photochemical oxidation of furfural

The photochemical excitation of oxygen from its triplet ground state to the excited singlet state using
a photosensitizer under light irradiation has long been known and has been used brilliantly to oxidize
furfural (scheme 2.7). It was first described by Schenck in 1953, using eosin as a photosensitizer. The
generated singlet oxygen adds to the furfural leading to the formation of unstable endoperoxide which
rearranges into 5-hydroxy-2-furanone. [202,203] Note that the methyl and ethyl ethers of 5-hydroxy-
2-furanone were obtained when the transformation temperature is greater than 40 °C in the presence
of methanol or ethanol solvents. [204,205] Since then other teams have used the same strategy with
other photosensitizers such as the very effective Rose Bengal or Methylene Blue. The direct use of
sunlight and a solar photoreactor have been shown to achieve this oxidation. [206,207] New custom-
designed photoreactors allowed continuous flow transformation. [208] And it has been shown that

relatively energy efficient light sources such as compact fluorescent lamps could be used. [209] This
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transformation was selective for 5-hydroxy-2-furanone which could be formed quantitatively. A
racemic mixture of two enantiomers was obtained. The latter could be separated, for example, by
synthesis of intermediate diastereoisomers by coupling the racemic mixture of 5-hydroxy-2-furanone
with menthol. Note that the kinetics of photo-oxidation of furfural diethyl acetal is about 140 times
faster than that of furfural. Depending on the conditions, forming this intermediate in situ could

significantly accelerate the transformations.

This oxidation strategy has been used for many applications; in 2013, Hoffmann et al. derived 5-
hydroxy-2-furanone as a surfactant. [210] Very recently, this method was used by Gu et al. in the first
step of the synthesis of quinaldic acids [211] and by Thiyagarajan et al. to obtain selectively maleic
acid from furfural in two steps. By combining a first step of photochemical oxidation of furfural to 5-

hydroxy-2-furanone followed by a second step of electro or biochemical oxidation. [212]

ho
(0]
= rg/ "o o
Y ;7’<<:' o]
\
Dye 5-hydroxy-2-furanone

30, 10,

Scheme 2.7 - Photo-oxidation of furfural in the presence of singlet oxygen generated in situ
Furthermore, Schenk and others have extended the same strategy to other derivatives derived from
furfural notably furoic acid and furfuryl alcohol which also lead to 5-hydroxy-2-furanone. [202,213—
216]

The photochemical oxidative degradation of furfural has also been studied and reported for the
purpose of pollution control, the optimum degradation conditions combine the use of hydrogen
peroxide under UV irradiation. The degradation products were not described, but the pH metric
degradation monitoring showed acidification of the medium. [217] In comparison with HMF, it is
interesting to note that the new catalysts based on g-CsN4, which have demonstrated interesting

properties for the activation of oxygen, have not yet been tested on furfural. [164,165]

4. Conclusion

To develop greener and more sustainable processes, impressive studies have been made through the
last decades by employing metal-free catalysts in a wide range of chemical reactions. The aim of this
chapter was to demonstrate the potential and effectiveness of metal-free catalysts, for the oxidation
of biomass-derived products (furfural and HMF) into numerous value-added chemicals. Notably,

metal-free catalysts are cheap and efficient for various industrially important applications. Comparing
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it with main described metal catalysts, we proved that metal-free oxidation of biomass-derived
products showed a competitive performance. For HMF oxidation, acid catalysts like Amberlyst-15 and
IBS afforded great conversion and yield with possibility to scale-up the process to gram scale.
Moreover, carbon based catalysts; especially GO with TEMPO, provided total conversion with more
than 99% DFF yield. For furfural oxidation, acid catalysts showed great selectivity towards diacids (SA,

MA...) while basic catalysts were more selective towards furoic acid.

In conclusion, we were able to reflect on the combination of the advantages of the different methods
and move quickly towards the conditions that seemed most effective to us. We therefore explored
several paths that seemed to us to be the most advantageous following different catalytic strategies
in agreement with sustainable development. In the following chapters, we will develop the results

obtained from this exploratory research according to the conditions of the different catalytic systems.
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1. Introduction

As already described in previous chapters, biomass, as a source of chemicals, represents a sustainable
alternative to fossil fuel. Carbohydrates are the main carbon source in biorefineries, but must be
deoxygenated to regain similar properties to those of petroleum compounds. The dehydration of C5
and C6 carbohydrates leads to the formation of furan derivatives such as furfural [1-3] and 5-
hydroxymethylfurfural [4—6] (HMF). This latter compound is therefore a platform molecule that
represents a major interest in the context of sustainable development. Numerous applications,
towards bio-based solvents, lubricants, bio-based polymers or fine chemicals, are being developed. [7—
11] Among these applications, transformations by selective oxidation of HMF is particularly studied
because it leads to bifunctionalized molecules of interest like furanedicarboxylic acid (FDCA) or

diformylfuran (DFF). [12,13]

Numerous oxidation methods of HMF to DFF have been reported in the literature, mainly in
heterogeneous phase using noble or heavy metals in the presence of oxygen or other oxidants as
detailed in the previous chapter. [14-20] However, as shown in chapter 2, metal-free catalysts
predominates from the synthesis of DFF, whereas metallic catalysts predominates for the synthesis of
FDCA. With metal free catalysis, much more diversity of products is observed heavily depending on
operating conditions such as the type of catalyst or oxidant. However, we can still note a stronger
tendency for the production of DFF. With these catalysts, oxidation selectivity over hydroxyl function
is frequently well controlled.

Very often, these methods however require the presence of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) or its derivatives as an oxidation mediator. These methods are sometimes very effective but
may require the preparation of a complex catalyst or multi-component mixture, long reaction times,
high boiling solvents and a large excess of oxidant. The old methods with conventional oxidants can
also be very effective, for example, the use of barium manganate gives 93% yield of DFF. However
these methods suffer from the use of dangerous compounds and the generation of significant amounts
of waste. [21-24] These reactions are also often carried out in very dilute media making these methods

difficult to exploit with the aim of changing the production scale from milligrams to kilos.

Hypervalent iodine derivatives such as 2-iodoxybenzoic acid [25][26] (IBX) or Dess-Martin reagent [27]
(DMP) are well known for effective and selective oxidation of primary alcohols to aldehydes. (Scheme
3.1) These compounds offer an interesting alternative to the use of metal catalysts, which can make
the processes more sustainable and less expensive, without the need of extraction, purification and
recycling or treatment of metals that are often rare and/or toxic. This strategy has already been used

to oxidize HMF into DFF. Lee et al. reported the use of a polymer bearing group similar to IBX, leading
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under optimal conditions to quantitative yields of DFF. [28] However to use this strategy in a viable
process, major constraints need to be overcome. Indeed, the polymer contains only a low
concentration of oxidant 1.02 mmol.g?, and it must be prepared in its oxidative form with a large
excess of tetrabutylammonium oxone (5 equivalents) in the presence of methanesulfonic acid in
dichloromethane for 12 hours followed by filtration before use. Other teams have prepared IBX
supported on polymer which prove to be very effective for the oxidation of alcohols (not HMF),
nevertheless, the same usage constraints are encountered, in particular the numerous stages of
preparation of the catalyst, the very low molar fraction of iodine hypervalent on the polymer and
generally its activation in the organic phase by tetrabutylammonium oxone.[29-32] Among the iodine
derivatives used for catalytic oxidation, Ishihara et al. have demonstrated that 2-
iodoxybenzenesulfonic acid (IBS, scheme 3.1) is a particularly selective and effective catalyst for this

type of oxidation. [33]

HO AcO_ OAc HO

\ /O \ /O
IT IS0AC 1T
o) o Je
//S\\O
@) (@] O
IBX DMP IBS

Scheme 3.1 - Hypervalent lodine derivatives used to oxidize selectively primary alcohols to aldehydes.

Furthermore, it has been demonstrated that it is possible to generate the catalytic species of
hypervalent iodine in situ from 2-iodobenzene carboxylic or sulfonic acids in the presence of Oxone®
(2KHSOs, KHSO4, K2S04) as co-oxidant (Scheme 3.2). This makes it possible to avoid the preparation of
the hypervalent iodine species in stoichiometric proportions and to handle these compounds reported
to be shock-sensitive.[34,35] This strategy has been reported for the selective oxidation of primary

alcohols by Vinod et al., Giannis et al. and Ishihara et al. [33,36,37]

O, OH
I Oxone \\|<
—— [Lb»
R-OH R
R=CO, SO, R=CO (IBX)
SO, (IBS)

Scheme 3.2 - One step preparation of hypervalent iodine compounds from 2-iodobenzoic acid or 2-iodosulfonic acid and
Oxone®, leading to highly selective oxidant species of primary alcohol, IBX and IBS.

Compared to oxygen and hydrogen peroxide, which are well responding oxidants to the principle of
atom economy, Oxone® provides an inert and useless mass for oxidation. However, the processes

using oxygen or hydrogen peroxide require special precautions related to the management of gas
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pressure or the risk of concentration and rapid decomposition of hydrogen peroxide. [38] Oxone® has,
moreover, many advantages, it is a solid oxidant which can be easily transported and handled, it has a
non-toxic nature and doesn’t produce polluting by-product, and it is rather economical. [39]

Considering some of these criteria, it can be classified among green oxidants. [36]

In the context of dematerializing of processes, we report, in this chapter, the metal free selective
oxidation of HMF into DFF in the presence of Oxone® as a co-oxidant and 2-iodobenzenesulfonic acid
as a catalyst. This work falls within the context of research to develop sustainable processes for the

valorization of platform molecules derived from biomass.

2. Experimental section

2.1. Materials, solvents and reagents

Hydroxymethylfurfural (HMF), potassium peroxymonosulfate (Oxone®), nitromethane (CHsNO,), ethyl
acetate (AcOEt), Acetone, methyl isobutyl ketone (MIBK), formic acid, acetic acid, dimethylacetamide,
Acetonitrile (CHsCN), dichloromethane (DCM), chloroform (CHCIs), tetrahydrofuran (THF), cyclohexane
and tert-butanol were purchased from Sigma Aldrich, Fisher Chemicals or Acros Organics and further

used without any purification.

2.2.  Instruments and analytical methods

2.2.1. Gas Chromatography

In this study, a PerkinElmer Autosystem Xl instrument was used, and it was equipped with an auto
sampler and a flame ionization detector (FID) with a 30 m length and 0.25 mm diameter AT-1HT column
Part No. 16368. The different experimental parameters for the GC analyses were as follows: nitrogen
as carrier gas with a flowrate of 1 mL/min, temperature of the injector (Tinjector) Set at 350 °C,
temperature of the column (Tcoumn) set at 40 °C for 2 min and then increased up to 250 °C with a heating
rate of 20 °C/min. The injection volume is set to 1 pL.

Qn2= 45 ml/min and Q4;=450 ml/min.

2.3.  Catalyst synthesis and characterization

To a stirred suspension of 2-aminobenzenesulfonic acid (5.0 g, 28.9 mmol) and crushed-ice (20 g) in
concentrated HCI (10 mL) was added NaNO; (2.09 g, 30.3 mmol) in water (10 mL) slowly at 0 °C, and
stirred for 20~30 min at below 5 °C. (Immediate precipitation of the diazonium salt was observed). A
solution of Nal (4.76 g, 31.76 mmol) in water (10 mL) was then added slowly with stirring at 0 °C. After

addition was complete, stirring was continued at 0 °C for 1 h, at room temperature for 1 h and at 50
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°C for 12 h to remove all N,. The mixture was than refrigerated, and the insoluble component was
separated. After the solid was treated with boiling EtOH (some Et,O and MeOH then added), the
mixture was allowed to cool to separate the insoluble solid. The solid was washed with cold EtOH and
Et,0 to isolate as the monohydrate of Sodium 2-lodobenzenesulfonate. [33]

The obtained catalyst was characterized using Nuclear Magnetic Resonance (NMR)

2.4. Catalytic experiments

All the oxidation reactions were performed in a reactor (100 mL), which was coupled to a reflux
condenser, oil bath heater and a magnetic stirrer (stirring speed of 600 rpm). HMF was introduced (200
mg, 1.58 mmol) in the reactor after it reached the desired temperature, and then the catalyst sodium
2-iodobenzenesulfonate (30 mg) was added with 6 mL of solvent and 1.17 g of well grinded Oxone®.
Immediately after the given time, the reactor was cooled to room temperature, the organic phase was
recovered by adding ethyl acetate, washed with water to dissolve any potassium salt traces and then

filtered out.

Solvent was evaporated under reduced pressure, and the recovered product was diluted with ethyl

acetate then analyzed with Gas Chromatography (GC).

2.5. Catalyst recovery

After following the typical procedure of oxidation of HMF. The resulting mixture was cooled to room
temperature and filtered through a plug of tightly packed celite, which was successively washed with
EtOAc, and removed of solvents in vacuum to give crude mixture which containing catalyst derivatives.
To this crude mixture was added diethyl ether (2—-4 mL) and iodines derivatives were precipitated.
After simple filtration, pH acidic precipitates were obtained in 50%. Alternatively, the reaction mixture
is basified by adding an aqueous solution of sodium hydrogencarbonate. Then the DFF is extracted
with ethyl acetate. The aqueous phase containing the sulfate salts and the catalyst is then acidified
and the catalyst extracted with ethyl acetate four times. The solvent is evaporated and the catalyst is

recovered.

2.6. Gram-scale reaction procedure

The gram-scale oxidation reaction was performed in a three necks flask, which was coupled to a reflux
condenser, an oil bath heater and a magnetic stirrer (stirring speed of 600 rpm). 60 mL of solvent, the
catalyst sodium 2-iodobenzenesulfonate (300 mg) and 11.7 g of well grinded Oxone® were added in
the reactor, as soon as the set temperature (70°C) is reached, the HMF was introduced (2 g) in the

reactor for 4 hours. At the end of the reaction, about 100 mL of ethyl acetate were added in the reactor.
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Then, the mixture was transferred in a separatory funnel by filtrating the residual sulphate salts that
settle out at the bottom of the reactor. The insoluble sulphate salts were washed with ethyl acetate
and organic phases were combined. The organic phase was washed with 3 times 40 mL of water and
the aqueous phase was discarded. The organic layer was then evaporated and 1.78 g of DFF was

recovered as a yellowish-white powder (Yield = 87%). The DFF was further analyzed by GC, NMR.

2.7. Products analysis

Proton nuclear magnetic resonance (*H NMR) and Carbon-13 nuclear magnetic resonance (**C NMR)

dTM

were conducted on a Brucker Ascen 400 MHz device. The samples were prepared in deuterated

water, DMSO, CDs;0D or chloroform depending on their solubility.
RMN of diformylfuran:

'H NMR (400MHz, CDCls): 8/ppm 7.73 (s, 1H), 9.87 (s, 1H);

13C NMR {*H} (100MHz, CDCl5): §/ppm 122.1, 153.6, 180.7.

The identification of the compounds was performed by comparison of the retention times with pure
standards and by GC analysis. The solvent delay time was 3.00 min. Toluene was used as an internal
standard.

The retention time of DFF: 6.9 min, HMF: 8.2 min and Toluene: 4.4 min.

HMF conversion and DFF selectivity and yield were calculated according to the following equations:

NHMF; NHMF

initial ~

Conversionyyr = — Rt % 100 (1)
initial
. NDFF, i
YleldDFF — —obtained X 100 (2)
nDFFtheoretial
.. NpFF i
Selectivityppr = hiaintd x 100 (3)
nHMFinitial_ nHMFremaining

3. Results and discussion

3.1. Preliminary tests

During our preliminary tests, we evaluated the efficiency of the hypervalent iodine derivatives
formed "in situ" during the transformation of HMF into DFF, and compared the two catalysts,
2-iodobenzenecarboxylic acid and 2-iodobenzenesulfonic acid. As we can see in table 3.1, the

two catalysts lead to the formation of DFF selectively but IBS is particularly more effective.
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In addition, Ishihara et al. have proved that IBS is a selective and effective catalyst for this type

of oxidation and more active than IBX. [33]

Table 3.1 - Comparison of the effectiveness of IBX and IBS formed in situ for the selective oxidation of HMF to DFF

HO O ® o O
o ) Oxone \ 0 /
\ / Catalyst \ /
Cata'yst DFF Y|e|d

|

IBX (:E 81%
CO,H
I

IBS 89%

So::,Na

Reaction conditions: 200 mg (1.6 mmol) of HMF, 1.17 g Oxone®, equivalent to KHSOs/HMF mol ratio = 1.2, 30mg of catalyst
in 6 ml of nitromethane, 70°C, 4h.

3.2. Solvent screening

With these very encouraging results, we decided to explore the reaction conditions of the
transformation with IBS.

Polar aprotic solvents often show good properties for the oxidation of HMF to DFF, DMSO, for
example, has frequently been reported as the best solvent for this type of transformation.
[12][40] However, exposure to DMSO sets problems of toxicity because of its ability to easily
dissolve the chemical substances that can be absorbed through the skin, moreover it has a very
high boiling point (191 °C), which complicates its separation or recycling in the processes. To
this purpose, we carried out a solvent screening for this transformation in order to find an
alternative to DMSO. (Table 3.2)

The same procedure was used with all solvents (same conditions of concentration, agitation
speed and temperature), by mixing the Oxone® previously ground using a mortar with the
hydroxymethylfurfural and the 2-iodoxybenzensulfonic acid as catalyst. The set temperature is
70 °C. The solvents having a boiling point below this temperature (chloroform, DCM, THF and
acetone) were heated under reflux (table 3.2, entries 10, 11, 13, 3).

Results are presented in table 3.2. For most of the solvents, the conversions are high and no
trends can be drawn between the nature of the solvent and the HMF conversion. Among these
solvents, the best selectivity of HMF to DFF is obtained digressively in nitromethane,
acetonitrile, ethyl acetate and acetone. This can be interpreted by 64% and 89% of DFF yield
and selectivity using, respectively, acetonitrile and nitromethane that appear to be the most

effectives (entries 1 and 8).
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Table 3.2 - Catalytic oxidation of HMF into DFF using different solvents. 2

) o ) Dielectric constant Boiling point
Entry solvent Conversion (%)  Selectivity (%) Yield (%)

(20°C) (°C)
1 CHsNO; 100 89 89 36 101
2 AcOEt 87 62 54 6 77
3 Acetone 49 84 41 21 56
4 MIBK 95 39 38 13 116
5 DMA 100 0 0 37 164
6 Formic Acid 100 0 0 58 101
7 Acetic Acid 100 11 11 6 118
8 CH3CN 100 64 64 38 82
9 DMSO 91 0 0 47 190
10 CHCl5 87 23 20 5 61
11 DCM 100 36 36 9 40
12 H,0 97 0 0 80 100
13 THF 53 0 0 7 66
14 Cyclohexane 100 10 10 2 81
15 Tert-butanol 100 0 0 12 83
16 - 97 23 22 - -

a Reaction conditions: 200 mg (1.6 mmol) of HMF, 1.17g of Oxone® (KHSOs/HMF mol ratio = 1.2), 30 mg of sodium 2-
iodobenzenesulfonate (0.36 wt%), 6 ml solvent, 70°C with reflux for solvents having boiling point below this temperature, 4h.

Furthermore, a 50/50 mixture of acetonitrile and nitromethane leads to a DFF yield equivalent
to that carried out in pure nitromethane (data not shown). One must note that DMSO in our
case is inefficient. When using solvents that completely dissolve the reactant and catalyst (DMA
and water), no DFF formation was detected. With acidic solvents (entries 6 and 7) the reaction
medium rapidly turned dark brown which signifies the formation of humin and degradation of
HMF. However, acetic acid, which is less dissociating and less acid (er = 6.2 and pKa = 4.7 at 20
° C), allows to obtain a small proportion of DFF. These results corroborate the observations
already reported that an excessively acidic environment is not favorable and can lead to the
degradation of furan derivatives or its polymerization into humin. [41][42] Compared with the
work of Yoon Sik Lee et al. which reports the best oxidation results in chloroform[28], when
using chlorinated solvents (entries 10 and 11) only low yields of DFF were obtained. However,
with DCM, 35% yield of DFF was obtained which relatively remarkable in view of the relatively
low boiling temperature (40 °C), compared to the other solvents. Regarding the reaction
without solvent, which was carried out under the same conditions, almost total HMF
conversion is obtained but with a 22% yield of DFF, even though the homogenization of the

reaction mixture was difficult to be achieved. This result should be compared with similar ones
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obtained with non-polar solvents, justifying the hypothesis of complete insolubility of the

catalytic oxidizing species of hypervalent iodine in these solvents.

In conclusion, the best solvent for this selective oxidation of HMF to DFF turns out to be
nitromethane. The great diversity of results obtained demonstrates the difficulty of being able
to predict the efficiency of a solvent according to its physical properties; we can simply note
that for this transformation, aprotic polar solvents tend to be more selective towards DFF in
the oxidation of HMF. On the base of the proposed mechanism by Santagostino [43] (Scheme
3.3), we can assume that partial solubilization of the different species produced during the
oxidation is a necessary but not sufficient condition for the selective oxidation of DFF. This
should be tampered by the fact that oxidation takes place under partial acid conditions in all
cases (Oxone® is a salt of persulfate and hydrogen sulfate pKa = 1.9) and that acidic conditions
could lead to the formation of humins. Note that, the oxidation depends in particular on the

dissociation of the pairs of ions and the solubility of Oxone® in different solvents.
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Scheme 3.3 - Different iodine derivatives and supposed catalytic cycle during the selective oxidation of HMF to DFF [43]
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Figure 3.1 - Effect of solvent on HMF conversion, selectivity and yield of DFF. 1.6 mmol of HMF, 1.17 g Oxone® (KHSOs/HMF
mol ratio=1.2), 30 mg of catalyst (0.36 wt%), 70°C, 4h.

3.3. Effect of reaction temperature

In view of the good results obtained in nitromethane and their potential optimization, we
studied, in this solvent, the effects of the various reaction parameters of the transformation.
First, we evaluate the influence of the temperature over a 4 h reaction (Figure 3.2). The
conversion of HMF is larger than 90% at 40 °C; however, this value is 100% at temperatures
above or equal to 70 °C.

Despite the fact that there were no traces of DFF formation at room temperature (21 °C) after
4 hours of reaction, it was interesting to note that around 50% of HMF have been converted to
unknown products (probably intermediate species) that could not be identified by our GC
method. DFF yield and selectivity varied similarly with the reaction temperature reaching a
maximum for 70 °C. Furthermore, above 70 °C, the conversion rate of HMF is total, but the
yield of DFF gradually drops, demonstrating its instability at high temperatures. At 101 °C, the
boiling point of nitromethane, only 18% of the DFF can be measured in GC after 4 hours of
reaction. The degradation products have been identified as being mainly maleic acid (NMR
analysis). Noteworthy, in other conditions, for example, by Mishra et al., the DFF is prepared
at much higher temperatures (up to 130 °C) in toluene and in the presence of Ruthenium

catalyst and oxygen. [44]
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Figure 3.2 - Effect of temperature on HMF conversion, selectivity and yield of DFF. 1.6 mmol of HMF, 1.17 g Oxone®
(KHSOs/HMF mol ratio=1.2), 30 mg of catalyst (0.36 wt%), 6 ml nitromethane, 4h.

3.4. Effect of reaction time

In order to verify the hypothesis of DFF degradation at temperatures above 70 °C, we performed

reaction monitoring at 70 °C, 80 °C and 90 °C as shown in the figures below.

As the temperature increases, the conversion of HMF increases and could achieve 100% of total

conversion in only half-an hour at a temperature higher than 70 °C.

M DFFyield (%) ™ DFF Selectivity (%) ™ HMF conversion (%)
100 -

90 -
80 A

60
50 ~
40 H

20 -
10 4

0,5

Time (h)

Figure 3.3 - Effect of reaction time on DFF yield and selectivity, and the HMF conversion at T=70 °C
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Metal-free catalyst for the selective oxidation of hydroxymethylfurfural into 2,5-diformylfuran
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Figure 3.4 - Effect of reaction time on DFF yield and selectivity, and the HMF conversion at T=80 °C
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Figure 3.5 - Effect of reaction time on DFF yield and selectivity, and the HMF conversion at T=90 °C
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Figure 3.6 - Effect of temperature as a function of time on the conversion of HMF at 70°C and the yield of DFF at 70 °C, 80 °C
and 90 °C. HMF 1.6 mmol, Oxone® 1.17g (KHSOs/HMF mol ratio=1.2), catalyst 30mg (0.098mmol, 0.36 wt%), 6 ml
nitromethane.

These experiments show that high yield of DFF could be reached rapidly at higher temperature,
80% at 90 °C in half an hour (Figure 3.6). This also indicates that the catalyst presents a good
stability at higher temperature and could play its full role without inconvenience.

The catalyst’s stability was also verified by preheating it at 90°C for one hour then introducing
it into the reactor for 4 hours of oxidation at 70°C. Despite this, a DFF yield of 90% was still
obtained.

Nevertheless, these results also demonstrate once again the instability of the formed DFF
towards temperature in nitromethane. Thus, the best results are obtained for a moderate
heating at 70 °C over 4 h. This is in accordance with the known instability of DFF (storage at low
temperature is recommended to avoid its degradation). In conclusion, a strong acceleration of
the transformation is observed by increasing the temperature as well as a more rapid

degradation of the DFF formed.

3.5. Effect of the catalyst weight

For the purpose of verifying a potential acceleration of the reaction with the increase of the
catalyst quantity, we investigated the effect of its concentration (Figure 3.7). It is observed that
in the absence of catalyst, the HMF conversion reaches only 60% without leading to the

formation of DFF. This result is indicative of one or more competitive transformations with the
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selective oxidation reaction from HMF to DFF. With increasing amount of catalyst at 70 °Cin 4
hours, the conversion reaches 100 % and the yield of DFF attain a maximum using 0.36 wt% of

the catalyst before decreasing to values around 50 to 40%.
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—&— DFF selectivity (%)
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Figure 3.7 - Effect of the catalyst weight sodium 2-iodobenzenesulfonate (wt%) on HMF conversion and DFF selectivity.
HMF 1.6 mmol, Oxone® 1.17g, sodium 2-iodobenzenesulfonate 0 to 1.44 wt%, 6 ml nitromethane, 70 °C, 4h.

In order to further investigate these results, we compared the formation of DFF with time at
0.36 and 0.73 wt% of catalyst (Figure 3.8). Even though an acceleration of the DFF formation is
observed during the two first hours using more catalyst it quickly appears that the DFF
concentration decreases with extended processing times in these conditions and over-
oxidation becomes preponderant mainly into maleic acid. Therefore, it could reasonably be
hypothesized that increasing the quantity of catalyst is detrimental to DFF stability and
formation, probably due to the acidic nature of the catalyst leading to DFF degradation and
polymerization into humins. To conclude, the best compromise is a reasonable 70 °C heating

over 4h with 0.36 wt% of catalyst.
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Figure 3.8 - Effect of the amount of catalyst on DFF yield as a function of time. HMF 1.6 mmol, Oxone® 1.17g, sodium 2-
iodobenzenesulfonate 0.36wt% (green) and 0.73wt% (blue), 6 ml of nitromethane, 70°C.

3.6. Effect of Oxone® and HMF amounts

The effect of the introduced amount of HMF at the beginning of the reaction was examined, the

corresponding results were illustrated in figure 3.9.

A total conversion could be achieved regardless the introduced amount of HMF even if the oxone®
becomes the limiting reactant. However, we notice that the DFF yield could be affected by the mass of
HMF. From 1.21 to 2.43 of HMF wt% (100 mg to 200 mg), the DFF yield increases from 55% to a
maximum of 89%. Beyond this mass, the DFF yield decreases progressively. This is due to the
deceleration of the reaction rate at higher amounts of HMF. This could be explained by the following,
this exact amount of oxidant is sufficient for total conversion of furfural but insufficient to accelerate

the reaction rate to obtain DFF in high yields, however the reaction stops at intermediate products.
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Figure 3.9 - Effect of the amount HMF on DFF yield and HMF conversion. Oxone® 1.17g, sodium 2-iodobenzenesulfonate
0.36wt%, 6 ml of nitromethane, 70°C.

In order to maximize the production of DFF by limiting the production of wastes, we studied
the effect of the amount of co-oxidant Oxone® and the HMF concentration on the yield of DFF.
We know that these factors can have a significant impact on the transformation.

We carried out a first series of experiments by keeping the quantities of catalyst and Oxone®
constant and varying only the HMF mass. This, therefore, implies a variable Oxone®/HMF ratio
ranging from 2.4 corresponding to 100 mg to 0.6 corresponding to 400 mg of HMF introduced
(Figure 3.10, blue line (O)). We observe that the Oxone® used in excess, corresponding to 2.4
eq, leads to a loss of selectivity and yield of DFF (Figure 3.10 (o), point at 100 mg). While it is
used as a limiting reagent, we observe a quantitative yield compared to the Oxone® which is
totally consumed to oxidize the HMF to DFF (Figure 3.10 (), points at 300 and 400 mg of HMF).
Furthermore, in the latter two cases, the remaining expected HMF is no longer visible,
demonstrating its transformation along unknown reaction path. During a second series of
experiments, we maintained the Oxone®/HMF ratio at 1.2, keeping the other parameters
constant (Figur 5 (A), Green curve). In this case, the constant amount of catalyst (30 mg) mainly

affects the yield of DFF, there is a slight decrease in the yield at low HMF concentration (point
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at 100 mg), and a loss of activity when the HMF concentration increases with respect to the

amount of catalyst.

100
90 A
ﬂ
80 -
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30 A —l— DFF yield (%): Oxone: 1.17 g; Catalyst: 30 mg
—&— DFF yield (%): Oxone/HMF = 1.2; Catalyst: 30 mg
20 1 —&— DFF yield (%): Oxone/HMF = 1.2; Catalyst/HMF = 0.06
10 A HMF conversion (%)
O T T T T
0 100 200 0 400

HMF weight (mg) 30

Figure 3.10 - Effect of the amount of HMF (from 100 mg to 400 mg) on the yield of DFF with various oxone® to HMF ratio and
catalyst to HMF ratio, 6 ml of nitromethane, 70°C, 4 h. (0): Oxone®/HMF ratio= 2.4 (100 mg of HMF), 1.2 (200 mg of HMF),
0.8 (300 mg of HMF) and 0.6 (400 mg of HMF), (A): catalyst/HMF ratio = 0.12 (100 mg of HMF), 0.06 (200 mg of HMF), 0.04
(300 mg of HMF) and 0.03 (400 mg of HMF)

Finally, during a final series of experiments, the volume of solvent is kept as the only constant
parameter, i.e. 6 ml. The Oxone®/HMF ratio is maintained at 1.2 and the Catalyst/HMF ratio at
0.06.

In this case, it is interesting to note that the yield obtained in DFF remains very high, close to
the maximum yield under optimal conditions. Thus, with 1.3wt%, 3.4wt% and 4.2 wt% of HMF
corresponding to a mass of 100 mg, 300 mg and 400 mg, the corresponding DFF yields are 85%,
86 % and 84% (Figure 3.10 (¢), red curve). These last results are very important because they
confirm the possibility of working at higher HMF concentrations without significantly affecting

the production of DFF.

3.7. Catalyst recyclability

For effective industrial utilizations of heterogeneous catalysts, the lifetime, stability and
reusability is an important parameter.
At the end of the transformation the catalyst can be partially separated from the sulphate salts

that is, recovered by filtration and extraction. This allowed us to study its recycling potential.
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Hence, the recyclability test of 2-iodobenzenesulfonic acid was investigated on the oxidation
of HMF to DFF under the optimized experimental conditions. After the catalytic test, the
catalyst was recovered by simple filtration and extensively washed with ethyl acetate. After
being dried under vacuum, 14 mg of catalyst precipitates were obtained (around 50% of initial
mass). This exact amount was reused for the next reaction, instead of 30 mg, and a DFF yield
of 50% was obtained.

Note that, at the end of the reaction, the catalyst is present in different forms with different
oxidation degrees (+l, +1l1l and +V) more or less soluble in the washing solvent. This could explain
the loss of around 50% of the catalyst.

Thus, the catalyst recovery is a feature to improve, but it appears that the recovered catalyst

is still active and permit to perform the reaction as efficiently.

3.8. Gram-scale synthesis of DFF

At the end of this work, we wanted to verify that this method could be adapted to the
preparation of DFF on the scale of several grams. By equally multiplying the quantities of
materials we obtained DFF with the same grade of selectivity and yield, with structure assigned
by NMR analysis, confirming the possibility of extending our method to this first stage of scale-
up. Finally, a gram scale synthesis was performed in the optimized conditions. Starting with 2
g of HMF, an 87% isolated yield of DFF (1.78 g) was achieved (Scheme 3.4), which further

highlighted the interest of this catalyst in this oxidation reaction.

HO o (0] [¢]
° J 6 mol% catalyst \ ° J
\ / 1.2 equiv. oxone \ /
6 ml nitromethane
209 70°C, 4h 87% isolated yield

Scheme 3.4 - Synthesis of DFF by selective oxidation of HMF in gram scale

4. Conclusion

With this work, we demonstrated the possibility of using hypervalent iodine derivatives in the
presence of persulfate (Oxone®), an economical and non-toxic oxidant with non-toxic
byproducts, to carry out the oxidation of HMF to DFF with great selectivity and yields. The
method is particularly simple, because only filtration or extraction of the sulfate salts and the
catalyst at the end of the reaction are required to obtain the DFF with a high grade of purity.
The active oxidizing species obtained "in situ" eliminate the risks associated with the use of

iodine derivatives in stoichiometric proportions and reduce the costs of the catalyst. We
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optimized the reaction conditions by considering the product stability and competitive
reactions. The best compromise was obtained for a 4 hours of reaction at 70 °C, using
nitromethane. In these conditions, 89% of DFF is obtained as the only product. In addition, very
good results are also observed over much shorter times, in 30 min at 90 °C, where 80% of DFF
is obtained. On the contrary to what was described in literature this method involves no
metallic catalyst, uses reasonable concentration of HMF, and we have demonstrated the
possibility of extending the method to a gram-scale production of DFF. Therefore, we believe

that these results lay the foundation for the development of a larger scale process.
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1. Introduction

The use of biomass is increasing in order to achieve valuable compounds used in chemical
industry. A variety of platform molecules can be synthesized, of which furfural and other
furanic derivatives such as HMF and CMF are produced by the hydrolysis and dehydration of

C5 and C6 carbohydrates contained in lignocellulose [1-3].

In chapter 3, we developed an oxidation method of HMF into DFF using an organic catalyst in
the aim of dematerializing chemical processes. In the same concept, we decided to develop, in
this chapter, a catalyst-free oxidation of a new furanic derivative, which is furfural. Furfural is
one of the most important renewable resources obtained from corn, wheat and barley [4] and
offers a rich source of derivatives that are potential biofuel components. This platform
molecule is used and valued by many transformations, especially by oxidation and reduction.
Selective oxidations of furfural are particularly studied due to the formation of bifunctionalized
molecules like maleic anhydride and diacids such as maleic acid (MA), succinic acid (SA), fumaric

acid [5-7].

Numerous oxidation methods to convert furfural into MA have been reported in the literature.
Significantly, MA is an important raw material used in the manufacture of resins, plasticizers,
copolymers, surface coatings, lubricant additives, and agricultural chemicals [8-10]. Typical
oxidation reactions for the selective transformation of furfural to MA necessitate the use of
heavy metal catalysts, require the preparation of complex catalysts [8,11-14] and sometimes
are performed at high temperatures [15,16]. Furthermore, these methods require the use of
oxygen as an oxidant at high-pressure values, sometimes up to 20 bars [8,11,12,17]. Other
methods present a selective oxidation towards MA. The use of TS-1/H,0; catalytic system, for
example, can give 78% yield of MA with total conversion of furfural. However, this method
suffer from the long reaction time (24 h) to achieve this efficacy [18]. Besides, most of these
methods works in low concentration mediums and are not adapted to produce MA in a gram-

scale.

It should be noted that heterogeneous catalytic methods in the gas-phase rather lead to the
preparation of maleic anhydride. Whereas liquid phase methods rather lead to the synthesis
of maleic acid. For example, in the liquid phase in the presence of hydrogen peroxide and
titanium silicalite catalyst (TS-1), MA yields oscillating between 60 and 80% are observed with
total furfural conversion. [19-22] Acid catalysis also demonstrates good efficacy, particularly

with Amberlyst® or formic acid (Table 4.1, entries 2-5, 7). Among these methods, the results
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reported by Cao et al. in a biphasic medium are remarkable in view of the high concentration
of 2-(5H)-furanone (FO) produced under optimized conditions. [23,24] (Table 4.1, entry 3) A
comparison of the operating conditions of the excellent oxidation methods developed in the
liquid phase are summarized in Table 4.1 and gives us an idea of the parameters which could
be improved. These are the catalytic system, the nature of the oxidant, the time and
temperature of transformation, the oxidant/furfural molar ratio, the mass concentration of
raw material. On this last point, it is important to note that most methods are described at
mass concentrations below 5 wt%, leading to the management of secondary material flows and
the associated energy expenditure. Let us recall now that the solubility of maleic acid is very
important in water (789 g.L) at 25 °C, [25] which is also the solvent of the majority of the
methods described for its preparation. (Table 4.1) This poses a major problem for recovering
MA, particularly by recrystallization, because we are forced to evaporate or freeze-dry water
almost as a whole. Pure oxygen or better the direct use of air as an oxidant is ideal both
economically and ecologically, the problem with its use lies in the activation of oxygen, which
requires a catalytic system and / or conditions of temperature and pressure above ambient. A
good alternative lies in the use of hydrogen peroxide which is also considered an ideal oxidant
in terms of economics, availability, green metrics, atom economy, degradability, so particularly

relevant as a green oxidant for industrial processes. [26]

The main disadvantage of hydrogen peroxide is its instability and the risk of an explosion from
concentrated solutions by disproportionation. [27] Pursuing our goal of developing new

methods of transformation of furfural by oxidation, we turned to high-frequency ultrasound

technology.
Table 4.1 - Different methods of MA production highlighting the concentration of FUR
]
(0] | o] o]
\ / . HO OH
Furfural Maleic Acid
Catalyst Wt% m.r. Temp. Time Product( Products
Ent Solvent Conv. Ref.
iy Wit% Fur. @ 2OV gp@ (o) (hy  s)sel.ea O (gL €
1 TS-14.6% 4.6 H.0 7.5 50 24 MA 78% 100% 45 [21,22]
SA 74% 25.6
Amberlyst-15 MA 11% 3.8
2 1,4% 2.7 H.0 4 80 24 FA 1.9% >99% 0.6 [28,29]
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1.2 FO 60.3% 110

HCOOH DCE®/ SA 12% 13.3
3 4,6% 11.5 H.0 2.4 60 3 MA6.3%  >99% 25.6 [25,26]
4 HCOOH 80% 1.6 HCOOH  10.1 60 4 MA95%  100% 22 [10]
MA 61% 39
5 BHC® 16% 4 H20 10 100 0.5 FA 31% 100% 20 [16]
_ 0,
o (Br/EGN2% Ha0 . 100 3 MAT0%  >99% 26 [30]
7 AcOH/TS-1 2% 4.3 AcOH 8 80 4 MA60%  100% 32 [24]
1-Methylene 4.1 MeOH 0;® RT.O 6 ség;o >99% 32
o Blue 0.1% 0
MA 90% . [31]
2Electrocatal. 55 4o . R.T. 10r24 FA7.4% >%0r/’ <5.8
Or enzymatic MAoggg% >99%
9 CD'ZSSE:; us 5.9 H2.0 4.5 60 1.2 SA 81% 65 [32]
MA 70% 180
Catalyst Free, SA 5% 13
HFUS @ MalA 7% 21 This
10 565kHz > 20 H2.0 3.9 42 2 FO 16% 92% 33 Work

(1) weight% furfural (2) Molar ratio H,0,/Furfural (3) Products selectivity (4) Acronyms : BHC: Betaine Hydrochloryde, 1,2
DCE : 1,2 dichloroethane, FA: fumaric acid, FO: 2-(5H)-Furanone, g-C3N4: graphitic carbon nitride, 5-HFO: 5-Hydroxy-2-(5H)-
Furanone, MA: Maleic Acid, MalA : Malic Acid, SA: Succinic Acid, HFUS: High Frequency Ultrasound, (5) Atmospheric pressure,
250ml.mint (6) Biphasic system, (7) Room Temperature, these concentrations could be almost multiplied by two considering
each phase separately FO in DCE and MA, SA in aqueous phase

2. Sonochemistry

The use of ultrasound to promote chemical reactions is called sonochemistry. The first chemist who
used intense sound waves was Alfred L. Loomis in 1927 since then, the term “sonochemistry” was born
[33].

Sonochemistry has several advantages, including being able to generate oxidizing radical
species such as HOe without the use of catalysts as in Fenton conditions for example, which
will be discussed in the following chapter. [34] This can be of great interest in the
implementation of the process by facilitating the purification steps while reducing costs. The
sonolysis of water is well described. The physical phenomena of sonication such as bubble sizes
and temperatures reached when they collapse have been studied extensively, as well as the
generation of radical species and their concentration. These different phenomena are

correlated with the frequency and power of irradiation. [35—39]
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Ultrasounds, passing through a medium, consist of alternate compressions and refractions,
which create regions with high and low pressure. This change of pressure gives rise to a physical
process consisting of formation, growth and collapse of acoustic cavitation. This process
induces high local pressure and temperature inside the cavities (bubbles) which enhance the

mass transfer in the reaction medium and lead to a turbulent flow (figure 4.1). [40—-42]

Radicals formation
launch chemical
reactions inside
the bubble in

vapor phase  ——

In the cavity: high
pressure and
temperature

At the interface:
intermediate
conditions

ture/Pressure

Bulk media ——

Figure 4.1 - Cavitation bubble in a homogeneous medium

On increasing frequency, the pressure cycle roughly changes, causing high turbulence in the
medium. This effect is known as acoustic streaming, dominates acoustic cavitation at high
frequency ultrasound (HFUS). High frequency ultrasound range can be considered from 300 to
1000 kHz where sonochemical reactions are particularly predominant. Therefore, the yield of
chemical products is greater at higher frequencies.[43,44]

Sonochemistry has wide applications in chemical transformations and recently, by its

advantages, finds a growing place in sustainable development and green chemistry [45—49]

Noteworthy, sonochemistry has been used also for the production of furfural. Ultrasound-
assisted acid hydrolysis has shown to be efficient for lignocellulose conversion into furfural
using only diluted HNO3 with ultrasound [50,51]. Furthermore, ultrasound with the solid acid
HSO3-ZSM-5 have proven to be useful for the xylan conversion to furfural. Without
ultrasonification, an 89% yield of furfural has obtained in 120 min at 160 °C. With ultrasound
pretreatment, the same yield was achieved in 15 min at 60 °C [52].

Moreover, ultrasonic oxidation has been used for the degradation of furfural in contaminated
wastewater. Sonochemical degradation of furfural conversion was found to be 83% with low
ultrasound wave frequency (20 kHz) at 2 h treatment duration. [53] Free hydroxyl radicals produced in
cavitation bubbles during water sonication are responsible. Aside, the degradation of furfural was
clearly enhanced in acidic conditions since pH value can affect the ultrasonic decomposition rate of

furfural and water as well. [54,55] In the same context, Kermani et al. studied the degradation of
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furfural in aqueous solution by ultrasonic waves using the activated persulfate and

peroxymonosulfate, and the main radical in the oxidation reactions was the sulfate radical.[56]

Moreover the oxidation of furfural under ultrasound has already been reported for the
selective production of succinic acid (SA). [32] With this method, a yield of 81% of SA was
obtained, ie. the equivalent of 65g.L! in the presence of H,0, as oxidant with a
Oxidant/furfural molar ratio of 4.5 and catalyzed by an acid B-cyclodextrin-SOsH at 60°C under
25 kHz ultrasonic irradiation for 68 min (table 4.1, entry 9).

These methods, although developed at low frequencies, demonstrate the value of this
activation technique for oxidation. In this project, we present the development of an effective
catalyst-free method for oxidizing furfural into maleic acid in water by activation under high
frequency ultrasound (HFUS, 565kHz), from a highly concentrated solution of furfural (2.4
mol.L?) is 5 to 12 times more concentrated than the methods generally reported in the

literature. (Table 4.1, entry 10)

3. Experimental part

3.1. Materials, solvents and reagents

Furfural and hydrogen peroxide (H.0,) were purchased from Acros Organics and Fisher Chemicals

respectively and further used without any purification.

3.2. Instruments and analytical methods
3.2.1. Gas Chromatography

In this study, a PerkinElmer Autosystem Xl instrument was used for the detection of furfural. It was
equipped with an auto sampler and a flame ionization detector (FID) with a 30 m length and 0.25 mm
diameter AT-1HT column Part No. 16368. The different experimental parameters for the GC analyses
were as follows: nitrogen as carrier gas with a flowrate of 1 mL/min, temperature of the injector
(Tinjector) set at 350 °C, temperature of the column (Tcoumn) set at 40 °C for 2 min and then increased up
to 250 °C with a heating rate of 20 °C/min. The injection volume is set to 1 pL.

Quz= 45 ml/min and Q.i=450 ml/min.

3.2.2. High performance liquid chromatography

In this study a Shimadzu HPLC equipped with a corgel 87H3 column.
Mobile phase: formic acid 8.103 M, flow 0.6 mL/min. Column Temp: 35 °C. The injection volume was

10 pL.
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3.2.3. Evaporative Light Scattering Detector

An evaporative light scattering detector ELSD-LTII from Shimadzu is a used in conjunction with high-
performance liquid chromatography (HPLC), to detect some diacids that could not be detected by UV
lights. ELSD is related to the charged aerosol detector (CAD).

These particles are pushed through the drift tube by the carrier gas which is nitrogen (N3) to the
detection region. In this region, a beam of light crosses the column of analyte and the scattering of
light is measured by a photodiode or photomultiplier tube.

Detection is done at 50 °C, with a gain of 10. The used mobile phase is formic acid 8.103 M having a

flow rate of 0.6 mL/min

3.2.4. NextGen Lab 1000 reactor

The high-frequency ultrasonic reactor used was SinapTec Ultrasonic Technology, NextGen Lab 1000,
550 kHz, designed cylindrical stain steel reactor in a cup-horn configuration with a 75 mm diameter

base-surface, and equipped with a double-jacket cooling system.
The sonication base integrates ultrasonic cells (piezoelectric ceramics).

Piezoelectric ceramics transform applied electrical energy into mechanical energy in the form of high
frequency vibrations. These vibrations are transmitted to the solution to be generate ultra-sound
irradiation and create a pressure field in the fluid. If the power level is sufficient, a cavitation

phenomenon is triggered in the fluid.

Figure 4.2 - NextGen Lab 1000 reactor
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PC Computer
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Figure 4.3 - Installation Synoptic

The solution is placed under sonication in double-jacketed reactor.

The optimum capacity of the reactor is 200ml.

The reactor is provided with a sealed double jacket allowing the circulation of a fluid (in general, water)
which ensures the cooling or the temperature regulation of the solution to be insonified. The
connection to the circulation pump is made via two 1/8" barbed fittings for 6 mm internal diameter
tube.

A PT100 type temperature probe is placed in the reactor cover and must be immersed in the solution

to be insonified.

3.3. Oxidation reactions

All oxidation reactions of furfural to maleic acid was carried out in a 250 mL high-frequency ultrasonic
reactor (SinapTec Ultrasonic Technology, NextGen Lab 1000, 550 kHz, designed cylindrical stain steel
reactor in a cup-horn configuration with a 75 mm diameter base-surface, and equipped with a cooling
system). The total material volume introduced in the reactor was 50 mL, which is the minimum

operating capacity of the reactor.

For the optimal reaction, 0.12 mol of furfural (10 mL) and 0.46 mol H,0, (40 mL) were introduced in
the reactor. A water-cooling stream (30 °C) circulated in the double jacket reactor since the oxidation
reaction is highly exothermic and may cause the increase of temperature for above 60 °C (maximal
operating temperature) in about 30 minutes. In this way, we maintained the temperature of the

reaction medium at 45 °C.
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Figure 4.4 - The experimental setup

3.4, Product analysis

Preliminary tests were analyzed by NMR where maleic acid has been detected.

Proton nuclear magnetic resonance (*H NMR) and Carbon-13 nuclear magnetic resonance (**C NMR)
were conducted on a Brucker Ascend™ 400 MHz device. The samples were prepared in D;0.

'H NMR (frequency, D,0): Maleic acid: §/ppm 4.79 (s, 1H), 6.28 (s, 1H)

13C NMR (frequency, D,0): Maleic acid: 6/ppm 130.5 and 169.4

Furfural was detected and quantified using by Gas Chromatography (Perkin Elmer instruments,
AutoSystem XL) equipped with a Column Alltech Part No. 16368 AT-1ht 30m x 0.25mm D x 0.1um. The
injection volume 1ul, oven temperature 250°C, Qup= 45 ml/min and Q.i=450 ml/min.

Retention time of furfural is 4.9 min.

Maleic acid (MA), hydroxyfuranone (5-HFQO) and furanone were analyzed on a Shimadzhu HPLC
equipped with a corgel 87H3 column, Mobile phase: formic acid 8.103 M, flow 0.6 mL/min. Column
Temp: 35°C. The injection volume was 10 pL.

Retention time of MA, 5-HFO and furanone are 7.8, 19.8 and 33.4 min respectively.
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Diacids such as succinic acid and malic acid were detected by an evaporative light scattering detector.

Furfural conversion and products’ selectivities and yields were calculated according to the following

equations:
i Nfurfuraliniiqr ~ Murfural ini
Conversionsyy fyrar = fnitial Temam™i % 100 (1)
Nfurfuralinjtiqr
. Nproduct, i
Yieldproguct = npro ““obtained  y 1()() (2)
productipeoretial
.. Nproduct i
Selectivityyroduct = L ot ined x 100 (3)
furfuralinitiql nfurfuralremaining
3.5. Synthesis of 5-hydroxy-2(5H)-furanone

In a 250 mL three-necked round bottom flask equipped with a cooler condenser and a thermometer
was charged with freshly distilled furfural (5.0 g, 52.1 mmol) and methanol (150 mL). A catalytic
amount of methylene blue indicator was added and air was bubbled in the reaction mixture while
stirring at room temperature. The set-up was fenced using two 400 watt construction lamps in such as
way that the light falls on the reaction mixture. During the reaction, aliquots were taken and the GC-
MS analyses showed full conversion of hydroxyfuranone within 6 h. After evaporating the methanol at
reduced pressure, the obtained crude product was further purified using automated column
chromatography (5:1, PE:EtOAc eluents), yielding hydroxyfuranone as yellow crystalline solid in >95%
purity.

NMR: 1H NMR (400.17 MHz, D20): 6= 7.51 (d, Hb, H-1, J = 5.7 Hz), 6.34 (m, a+a’, 2H). 13C NMR
(100.62 MHz, D20): 6= 173.8, 153.8, 123.6, 99.6.

Figure 4.5 - The experimental setup for the synthesis of hydroxyfuranone
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4. Results and discussion

4.1. Effect of frequency

One of the key parameters that control the effectiveness of ultrasounds is the applied frequency by
affecting on the rate of radical formation [39,57]. For example, the highest rate of hydroxyl radical
formation is achieved with an optimal frequency from med- to high ultrasound frequencies [58]. In
homogeneous solutions, as in our case, the effects of ultrasounds are controlled by the collapse of
cavitation bubbles generating a strong shear forces that activate reagents towards a particular
chemical reaction.

The effectiveness of activation via high-frequency ultrasound (HFUS) on a mixture of 10 mL furfural
and 40 mL of a 35% aqueous hydrogen peroxide solution was tested. Initially the system is biphasic.
Under these conditions, without temperature control, the HFUS activation quickly initiates the very
exothermic oxidation of furfural by hydrogen peroxide. The reaction becomes out of control and runs
to the violent boiling of the reaction medium. In order to control the transformation, a maximum
temperature of 42 °C was imposed. Sonication can be maintained without runaway for several hours
under these conditions. After 2 h of sonication, the obtaining of a single cloudy phase demonstrates
the overall transformation of furfural. Following the sonication step, the mixture was transferred to
traditional glassware for analysis. Surprisingly, the reaction mixture began to boil again after only a
few minutes left at rest. This translates the further transformation out of ultrasound activation. Let us
immediately note that the same transformation conducted without irradiation does not lead to this
phenomenon. Note that this boiling only lasts for few minutes. After allowing the reaction mixture to
cool at room temperature, its analysis shows the presence of maleic acid as the majority product
(Figure 4.6, results at 565 kHz).

Compared to the oxidation methods reported in the literature, the absence of catalyst, the very high
concentration of furfural (20 wt%), the relatively low oxidant/furfural molar ratio (3.8), that is, close to
stoichiometry, and the particularly short reaction time are so many advantages that make this result

very interesting and encouraged us in the optimization of this transformation.

In order to quickly verify the effect of HFUS on this transformation, we compared it with the results of
the experiments conducted at lower US frequencies 50 and 25 kHz and without US. Knowing the
literature describes a production of much more important radical species in the frequency zone at 500
kHz. [38,39,50] That is, the generation of free radicals HOe by sonolysis of hydrogen peroxide is

anticipated as an oxidizing species that initiates oxidation at higher concentrations.

Without irradiation, at 42 °C and after 2 h the system becomes monophasic, furfural has however not

fully reacted as a conversion of 31% is observed and a selectivity to MA and 5HF less than 15%. (Figure
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4.6, no US) Under these conditions a low selective mixture of maleic, fumaric, malic and succinic acid
in the presence of other intermediates such as 5-HFO, or FO are obtained. These results are consistent
with the work described by Muzychenko et al. [59] The transformation is catalyzed by the acids formed
during oxidation which lead to the corresponding peracides which promote oxidation but without

selectivity.
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M Furfural conversion M Maleic acid selectivity
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W Hydroxyfuranone selectivity [ Furanone selectivity
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Figure 4.6 - Effect of the frequency (kHz); Furfural 10 mL (0.12 mol); H,0, 40 mL (0.46 mol), 2 h, 42 °C, 80 W, after boiling

We then wanted to compare with the effects of an ultrasound probe at lower frequencies of 25 and
50 kHz, described as producing fewer radicals. In these conditions, the selectivity of the products is
affected, the method is less effective under low frequency irradiations, however the effect of
ultrasound still improves the conversion to furfural measured between 70 and 80%. Note that at 50

kHz the selectivity in maleic acid becomes already remarkable 54%. (Figure 4.6, 50 kHz)

Moreover, we investigated the effect of high frequency ultrasound irradiations by applying
three different frequencies between 525 and 565 kHz (the frequency operating range of the
reactor). As shown in figure 4.7, we have approximately the same values regardless of the
applied frequency.

Thus, HFUS has the same effect on furfural conversion, nor on selectivity. Note that, 565 kHz is
the maximal operating frequency, it will be interesting to explore the effect of ultra-high
frequency ultrasound irradiations (> 800 kHz and even > 1 MHz) on the reaction rate and

mechanism.
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Figure 4.7 - Effect of the frequency (kHz); Furfural 10 mL (0.12 mol); H,0, 40 mL (0.46 mol), 2 h, 42 °C, 80 W.

These good results observed at 50 kHz, led us to compare them with those obtained under HFUS before

and after boiling especially the selectivity of the intermediate 5-HFO before boiling. (Figure 4.8)

At low frequency, furfural conversion is 54% vs 70% under HFUS, and selectivity to 5-HFO remains very
good (68%) while it appears lower (52%) but with the presence of maleic acid (11%) before boiling
under HFUS. Overall, after boiling, furfural conversion and maleic acid yield are better after sonication
under high frequencies at 565 kHz rather than at 50 kHz. (Figure 4.8)

Note that the frequency comparison was done at identical power of 80 W. The major difference
between probes is their geometry and the power per unit area of these probes. Finally, the frequency
test results are well in agreement with the observations already reported in the literature, that is to
say, an acceleration of the oxidation transformation by sonication by the generation of radical oxidizing
species. The higher the frequency, the higher the radical concentration and the faster the rate of
transformation to selective intermediate 5-HFO formation before maleic acid formation. Hasten to
add, a temperature lower than 42 °C could prevent the activation of the reaction and then no

transformation took place.
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Figure 4.8 - Conversion and yields before and after boiling; Furfural 10 mL (0.12 mol); H,02 40 mL (1.7 mol), 2 h, 42 °C, 80
W, after boiling.

4.2. Effect of power

The extent of sonochemical reactions produced by acoustic cavitation depend on the applied
power. The applied power reflects on the pressure amplitude and should be able to supply the
pressure need for cavitation. Increasing power can however disrupt bubble dynamics as it helps
bubbles grow during expansion.

In this context, we confirmed the effect of HFUS power on transformation kinetics. As expected, at
increasing power, furfural conversion and maleic acid yield increase with the rate of oxidation. Thus,
by going from 0.9 (40 W) to 1.8 W.cm™ (80 W), conversion increases after boiling from 64% to 92% and
selectivity in MA increases from 25% to 70%. Intermediates are less consumed at lower power levels
with a higher proportion of 5-HFO and FO remaining. All these results are consistent with the

hypothesis of a first stage of oxidation corresponding mainly to the formation of HOe radicals and their

145




reaction with furfural leading to the selective formation of 5-HFO. This intermediate is then rapidly

oxidized to maleic acid as soon as we allow the temperature of the reaction mixture to rise.
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Figure 4.9 - Effect of power variation; Furfural 10 mL (0.12 mol), H202 40 mL (0.46 mol), 42 °C, 565 kHz, 2 h,
after boiling.

4.3, Effect of reaction time

In order to control the synthesis of this 5-HFO intermediate and the MA, we decided to study the effect
of the HFUS irradiation time by working at full power that is 80 W or 1.8 W.cm™. (Figure 4.10)

At least 1 h of HFUS sonication is required to obtain a monophasic mixture, the reaction mixture
behaves in the same way, that is to say boiling when the temperature is no longer maintained at 42
°C. A conversion of 90% of furfural is measured, however maleic acid is obtained with low selectivity
25% in mixture with several secondary products such as 5-HFO, SA, FO and malic acid. After 2 hours of
irradiation, we observe a selectivity of 70% maleic acid, 18% FO, 7% malic acid and 5% succinic acid.
After 3 h of sonication the boiling phenomenon is still observed, however maleic acid selectivity
decreases to 40%. After 4h of sonication, the boiling no longer takes place, the vast majority of the
oxidation process is carried out under temperature control (42 °C), all the oxidant having almost been
consumed during the sonication for the oxidation of furfural or by dismutation. Note that the
selectivity in maleic acid (20%) is almost obtained in equivalent proportion with succinic acid (25%)
which becomes the majority product, the proportion of other remaining products is relatively low, 5-
HFO (15%), malic acid (10%) FO (9%). Note that in all cases the conversion to furfural is never reached,

however it almost reaches its maximum value after one hour of sonication, 88% of furfural are
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converted, and after 2 h it is maximum at 92%. This last observation indicates that the amount of
oxidant used is not sufficient to convert all furfural.

To achieve the overall consumption of furfural, an Ox/Fur molar ratio of 5.9 was tested with a 50%
hydrogen peroxide solution. Under these conditions, under HFUS irradiation, it was not possible to
maintain the temperature of the reaction medium and to avoid runaway reaction, leading very quickly
to its violent boiling.

Therefore, we decided to continue our work with molar ratios below 4. We then studied the stability
of hydrogen peroxide under HFUS sonication conditions. It is well described in the literature that
hydrogen peroxide decomposes rapidly under the influence of temperature. Beyond 80 °C, its
dismutation becomes quite fast. Similarly, sonication leads to its decomposition. Under our conditions
we therefore expect a loss of hydrogen peroxide by the effect of temperature and that of sonication.

This is what we were able to verify by sonication at 565 kHz of hydrogen peroxide solution (35%)

maintained at 42 °C for 1 hour, and the concentration fell from 11.6 mol.I"* (35%) to 7.6 mol.I™t (23%).
This result allows us to understand that only a partial conversion of furfural is observed, and confirms

the activation of hydrogen peroxide under high frequency ultrasound irradiation.
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Figure 4.10 - kinetic profile of the reaction; FUR 10 mL (0.12 mol), H202 40 mL (0.46 mol), 42 °C, 565 kHz, 80 W.

4.4, Effect of oxygen as oxidant

However, this result raises the question of the potential role of oxygen from dismutation in oxidation.
Is it added in the form of an activated oxygen (singulet) on furan by cycling to form the corresponding

endoperoxides in the same way as photochemical oxidations? To verify this, the same transformation
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was carried out by replacing the hydrogen peroxide solution by an aqueous phase saturated in
dioxygen with a continuous bubbling of 20 ml.min of pure dioxygen throughout the irradiation period
(2 h). Under these conditions, no transformation of furfural was detected. In conclusion, dioxygen is

not responsible for the first stage of the oxidation mechanism.

4.5, Effect of H,02/FUR mol ratio

Based on these results, those reported in the literature and our expertise, we know that when
hydrogen peroxide is used as an oxidant, selectivity is highly dependent on the furfural concentration
and the H,0,/furfural molar ratio. We can recall the following trends for the low oxidant/furfural <3
molar ratio, 5-HFO or FO are the majority products beyond 3 < m.r. < 12 oxidation continues towards
the formation of C4 diacids, an optimum is usually reached between 6 and 9 H,0, equivalents, then
overoxidation can be observed with the degradation of the present diacids. Lower concentrations of
furfural generally allow for better selectivity control. [10,24,31,60]

This is why we decided to study the effect of the variation of the weight percentage of furfural and the
H,0,/furfural molar ratio ranging from 1 to 3.8 corresponding to 0.48 to 0.12 mol furfural respectively.
It should now be noted that following the nonradical mechanisms of oxidation of furfural by hydrogen
peroxide, normally at least one equivalent of hydrogen peroxide is necessary to theoretically convert
the whole furfural. Then to oxidize it until the formation of maleic acid, in theory a minimum of three
equivalents of hydrogen peroxide are required. In the case of a radical mechanism, since each
hydrogen peroxide molecule can potentially release two HOe radicals, in principle it is possible that
only half the equivalent of hydrogen peroxide is needed for a total conversion of furfural in the first
stage. Note also that a catalytic amount of radicals could be sufficient for a total conversion by
considering a chain radical mechanism. Nevertheless, when the reaction is carried out without
hydrogen peroxide no reaction is observed contradicting that HOe radical are formed from water by

HFUS irradiation.

Moreover, when the quantity of hydrogen peroxide is only one equivalent, the conversion of furfural
is the lowest (50%). (Figure 4.11) It is very interesting to note that succinic acid is very predominantly
obtained under these conditions with a selectivity of 50% in the presence of 15% of 5-hydroxyfuranone
and 9% of furanone, without the presence of maleic or malic acid. With two equivalents of hydrogen
peroxide, the conversion increases slightly, but the selectivity for succinic acid (35%) decreases in favor
of that of maleic acid (18%), 5-HFO and FO are also obtained but with selectivity below 10%. Increasing
the H,0,/furfural molar ratio to 3 does not bring much change in products distribution, but improves

furfural conversion to 70%. Finally, for a H,O,/furfural ratio of 3.8, the maximum conversion is
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observed with high selectivity for maleic acid (70%) accompanied by FO (16%) and succinic and malic

acids with selectivity of < 10%. (Figure 4.11)

M Furfural conversion ® MA selectivity 1 5-HFO selectivity ® FO selectivity M SA selectivity ® MalA selectivity
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Figure 4.11 - kinetic profile of the reaction; Furfural 10 mL (0.12 mol), H,0, 40 mL (0.46 mol), 42 °C, 565 kHz, 80 W.

4.6. Reaction mechanism

In view of these results and the preliminary studies of oxidation of furfural by hydrogen peroxide,
among the various possible oxidation pathways in competitions, the first stage seems to be the attack
of HOe radicals from the homolytic cleavage of hydrogen peroxide. Again, the formation of these
radicals is very favorable due to the power and frequency used. [61] Under these extreme conditions,
water molecules can be cleaved into He and HOe radicals. Oxygen, if present in the bubble, can also
decompose. [57,61] Some examples of radical formation and their equilibria under HFUS are given in
scheme 4.1. As for hydrogen peroxide, the enthalpy of the 0-O bond being relatively low 210 klJ.mol?
[62], the homolytic cleavage of this bond is easily done at the very high temperatures reached by the
implosion of the cavitation bubbles. [35] HOe radicals cannot recombine at these very high
temperatures, unlike He radicals. Consequently, the HOe radicals persist and diffuse within the
solution and then react very quickly with the molecules of furfural present. As indicated above, high
frequencies are more efficient than low frequencies for the generation of radicals, which is particularly

interesting for oxidation. [61]
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In scheme 4.1, the formation of the radicals of equations 3, 4 and 5 most probably occur at the margin
in the oxidation mechanism because the transformation carried out under optimum conditions (2 h,
42 °C) without hydrogen peroxide does not lead to oxidation, as when the transformation is conducted
under a flow of oxygen (20 mL.min?). The high frequency sonication experiments under dioxygen
atmosphere reported by Hart et al. show a measured concentration of hydrogen peroxide formed from
aqueous phase was around 17.10°mol.L"t.min. [35] This is marginal compared to 9.3 mol.L"? engaged

in optimum conditions.
(1) HO0, > 2 HO-
(2) H,0, < —> H-+ HOO -
(3) HO <> H:<+ HO-
(4) O, ~——> 20

(5) H-+ 0, ———> HOO -

Scheme 4.1 - Examples of radical formation under HFUS

Product and kinetic study of the HO® initiated gas-phase oxidation of furan derivatives, particularly
furfural, has already been reported by Bierbach et al. [63] As Zhao et al. in their study of atmospheric
oxidation mechanism of furfural initiated by hydroxyl radicals. [64,65] The described intermediates
agree with our experimental observations in the liquid phase, i.e. the formation of 5-hydroxyfuranone
and 2-(5H)-furanone as main products. Based on this work, HOe radicals initiate oxidation by attacking
mainly the C2 and C5 positions of furfural leading to the A and B radicals of scheme 4.2 in equilibrium
with the open forms of the furan cycle. Then the radicals A and B react quickly with the surrounding
species, water, hydrogen peroxide, dissolved oxygen or with other radicals. The regioselectivity of this

second addition also takes place mainly in position 2 and 5. (Scheme 4.3)

The intermediates probably formed are C, D, E, F, G, H and | in balance between the proton forms (C,
D and E) and the free radicals (F, G, H and I). According to the calculations of Zhao and Wang, the
rearrangement of these radical species (F, G, H and 1) would lead to the elimination of carbonyl in the
form of formaldehyde. The latter oxidizes rapidly into formic acid. [64]

It can be assumed that these reactions occur both in the gas phase and in the liquid phase, but mainly
in the liquid phase, since it has been shown that hydroxyl radicals diffuse more predominantly in the
liquid phase compared with the He radicals which recombine faster. On the other hand, intermediates

A and B can still capture hydrogen by reacting with the solvent or He radicals present, leading to
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intermediates K, L and finally 2-(5H)-Furanone. (Scheme 4.4) Many other possibilities of intermediates
resulting from regioselective attacks in positions 3 and 4 of furfural are possible, which can lead to the
formation of secondary products. After the sonication step, we observe as the majority product the

relatively stable 5-HFO under these conditions.
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Scheme 4.2 - Proposal for the first step of oxidation of furfural under HFUS.
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Scheme 4.5 - Proposal reaction pathway leading to maleic acid from 5-hydroxyfuranone and 2-(5H)-Furanone via non-
radical mechanism.
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Scheme 4.6 - Proposal pathway leading to Succinic acid.

Its concentration increases during the first two hours, then after reaching its extremum decreases

slowly with the continuation of HFUS irradiation over longer times (3 and 4h). (Figure 4.11)

In our case, the prolonged irradiation time eventually degrades 5-HFO and other intermediates by
continuing oxidation with loss of selectivity for maleic acid. For this reason, we believe that the
following oxidation steps follow a non-radical oxidation mechanism. (Scheme 4.5) This is the step
corresponding to the oxidation of 5-HFO by hydrogen peroxide without temperature control and
without sonication. It is well known that 5-HFO or FO are good starting compounds for maleic acid
formation. This transformation being very exothermic and given the quantities of raw materials

engaged the reaction mixture is quickly brought to the boil.

Finally, it should be noted that with hydrogen peroxide used as a limiting reagent, that is, with an
excess of furfural of 4:1, selectivity is largely affected leading to succinic acid as the majority diacid. To
explain this observation we make the hypothesis that the lack of hydroxyl radicals imposes mainly to
the insertion of hydrogen on the radicals A and B. The sources of hydrogen noted ("H", Scheme 4.6)

are the solvent, hydrogen peroxide, or hydrogen radicals. The intermediates obtained in keto-enol
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balance with the 2-oxopentadial would then be oxidized to succinic acid following a non-radical
mechanism. [28,59,60]

To conclude, we believe that the oxidation takes place in two steps, following a radical mechanism
during sonication and a non-radical mechanism on the intermediates e.g. 5-HFO, FO, 2-

oxopentanedial.

4.7. Energy consumption

To approximately estimate the energy consumption using the traditional energy source, which is
heating plates, we use this calculation protocol:

Heating plate adopts a 2-points regulation system: either at P=650 W or P=0 W.

The data sheet provided from the manufacturer indicates a temperature rate for the heating plate at
6.5 K/min (0.11 K/s). This accounts for the conduction from the central coil to the metallic plate.
Therefore we have: Tyiate = Toprate + 0.11¢

To estimate the heating energy necessary for maintaining oil bath at Ts,;, a thermal balance is done
on three stages:

1- Warm-up
2- Heating stoppage
3- Re-heating

In all phases, the thermal balance is done by equating the sum of acting heat fluxes to the change in
energy state of the system composed of oil bath, that is:

AToil _
Poit X Voil X Cpoil? - ZQ

*Assumption: Due to continuous stirring, T,;; is uniform.

1- Warm-up phase:

In this phase, warm-up consists of heating oil from T,,,p to Tt

*Assumption: heat losses to ambient air are negligible in this phase, especially at low temperatures
-> The only heat flux acting upon the oil bath is the conductive heat from the surface of heating plate

-k
> 2Q = qcona = ?AAT

AToi1 _ —kA
= Poit X Voil X Cpoil t e (Toil - Tplate)

With Ty1ate = Toprate +0.11¢

Given:

Specific heat capacity of oil: Cp,;; = 1510]/Kg.K
Oil density: p,;; = 0,96 kg/L

Oil Volume: V,; =1L

Convective coefficient: h = 10 W /m?. K (Heat loss of oil through convection with air)
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Thickness of the bath: e = 3 mm
Ambient temperature Ty, = 293 °C

Lateral surface A = 0.035 m?

Tplate

Figure 4.12 - Representation of an oil bath and a heating plate

2- Heating stoppage:

*Assumption 1: From experimental observations we will consider a threshold for lower limit of the
temperature regulation.

Ty = Tser — 2
*Assumption 2: By comparing Ty 4¢¢ at tand Ty -> Thiate = Tour
Which means that conduction is almost instantaneous - we will consider from now on that
Tplate =Tou =Tp +0.11¢
Which means that Tj,; = Text

This is logical considering the type of bath (aluminum, a very good heat conductor) and the thickness
of the bathise = 3 mm.

Heat is lost through convection with air, with a convective coefficient that has an order of magnitude
of h=10 W/m?.K.

In this case XQ =hXxXA;, X AT

AT,;
= Poir X Voil X Cpoil tOl = —h X AL X (Toil - Tplate)

With ATOil == TLI - Tset == _2 OC
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Figure 4.13 - Oil bath

3- Re-heating:
Same as first phase except that Ty = Tger — 2

= To make it even simpler, since conduction is instantaneous:
T,y =T, + 0.11t
Since we need to heat oil to Tse¢

$P(W)
. T(s)
t—> <> -
Ewarm—up ton toff

Figure 4.14 — Power consumed by the plate in function of time

At the end, we should calculate the number of times it turned off (x) and the number of times it went
on (y).

Tset - TLI
Aton = =17
Poil X Voil X Cpoil X 2
Atoss =

h X AL X (Tset - Tamb)
ttotal = X-Atoff +y. Aton + twarm-up
x=y+1

_ trotal _twarm—up —Aton

- Aton"'Atoff

Hence, the consumed energy is calculated according to the following equation:

= energy = (y.Aty, + twarm_up) X Power

155




Chapter 4

The results are presented in Table 4.2.

Note that the transformation takes place at 42 °C during the HFUS sonication step, then left at rest it
continues releasing heat. This process is singularly different from those reported in the literature
whose operating temperatures are generally in the order of 80 + 20 °C with a transformation time
greater than 2 h. (Table 4.2) The energy consumption of these different processes was estimated and
compared to the HFUS process developed in this work. This estimate only takes into account the
processing step without taking into account the energy consumption related to the purification
processes, such as recrystallization, evaporation, or filtration. Thus, table 4.2 shows the consumed
energy estimated in recent studies, needed to synthesize one gram of MA from furfural. This
comparison materializes the advantage of the process with HFUS that needs 134 kl.g* of MA. In the
other hand, we estimated that we need at least the double of this amount of energy to produce one

gram of MA by any other method.

Table 4.2 - Energy consumption to produce 1 g of MA from furfural

Method Conversion  Yield MA Consumed Energy Ref.
(%) (%) obtained energy (kJ) per gram
mass (g) (k)/g)
TS-1, Water, H202, 50 °C, 24 h 100 78 1.69 368 218 [18]
TS-1, AcOH, H202,80 °C, 4 h 100 62 0.187 414 2216 [22]
Formic Acid, H202, 60 °C, 4 h 100 95 0.11 278 2526 [10]
BHC, Water, H202, 100 °C, 0.5 h 100 61 0.968 482 498 [16]
FeT(p-Cl)PPCI, Water, 02,90 °C, 10 h 96 44 0.123 585 4756 [12]
CaCu2P207, Water, 02, 115 °C, 18 h 68 37 0.076 961 12646 [13]
Cu(NO3)2+H3Mo012040, Water, 02, 98 °C, 14 h 95 49 0.391 724 1852 [8]
V-Zr/KIT-6, Acetonitrile, H202, 70 °C, 1 h 81 29 0.296 308 1041 [14]
H3PMo012040 .XxH20 (11%), Water, Oz, 110 °C,
50 34 0.047 829 17639 [11]
14 h
NC-900, Water, H202, 80 °C, 5 h 100 61 0.116 429 3702 [66]
This
HFUS, H20,,42°C, 2 h 92 70 8.97 1199 134
work

5. Conclusion

Herein, we report the catalytic-free oxidation of furfural into MA using high frequency ultra-
sonic waves in the H,0; liquid oxidant in an acid-free medium. This method shows a high
selectivity of 70% towards MA with 92% of furfural conversion. SA can also be obtained with
50% selectivity when one equivalent of hydrogen peroxide was used but with 50% furfural
conversion. We optimized the reaction conditions and the effect of various operating

parameters such as furfural concentration, frequency, power and time were systematically
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studied in details. The best compromise was obtained for 2 h of reaction, 4 H,0; to furfural mol
ratio, 565 kHz and 80 W.

This work shows that high-frequency ultrasound is very effective in activating hydrogen
peroxide without a catalyst, which is a major advantage for the development of oxidation
processes such as furfural towards the production of MA. This process combines many
advantages: the solvent is water, the method is catalyst-free, under mild conditions, the
temperature is low 42 °C, the transformation time is short and the molar ratio H,O,/Furfural is
close to stoichiometry. In addition, the mass percentage of raw material is very high 20 wt%
making this method appropriate for gram-scale production of MA (up to 9 g) and lay the
foundation for the development of a larger scale process. Moreover, it improves energy
efficiency by consuming the lowest amount of energy (134 kl) to produce one gram of MA from
furfural comparing to any other method in the literature. Therefore, we believe that this
simple, green and energy-efficient process is a promising and transformative technology in

chemical industries.
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1. Introduction

Several processes have been developed for the conversion of furfural into a number of valuable
chemicals and fuels such as succinic acid, maleic acid, malic acid, and so on as detailed in previous
chapters.

In chapter 4, we discussed that the oxidation of furfural using hydrogen peroxide takes place in two
steps. The first stage was the attack of HOe radicals from the homolytic cleavage of hydrogen peroxide.
Therefore, the oxidation of furfural could be achieved following a radical mechanism.

On the other hand, numerous advanced oxidation processes has been evaluated as a pretreatment to
minimize the presence of pollutants in wastewater, such as furfural. Among them, Fenton-like
processes have been widely studied and showed high effectiveness for the treatment of wastewater
streams resulting from the mixture of the concentrated furfural stream and other wastewater lines of

the refinery. [1-5]

Usually, Fenton process lies on the interaction between H,0; and Fe cations, present in iron oxides.
However, magnetite nanoparticles have an important surface to volume ratio. Hence, they are used to

catalyze a Fenton-like process to oxidize furfural in diacids.

In the present work, a novel non-noble metallic catalyst process was developed using iron oxide and
magnetite nanoparticles under mild conditions for the synthesis of succinic acid. Traditional
applications of succinic acid include food additives, detergents, cosmetics, pigments, toners, cement
additives, soldering fluxes, and pharmaceutical intermediates. [6,7] Moreover, this method could be

used for the wastewater treatments contaminated by furfural pollutants.

1.1. lIron oxides

Iron oxides have been widely used as catalysts in various heterogeneous catalytic processes such as
Haber-Bosch to produce ammonia [8], the Fischer-Tropsch hydrocarbon synthesis [9,10], steam
reforming [11,12], water-gas shift [13,14], ethylbenzene dehydrogenation to produce styrene
monomers [15,16], water splitting for hydrogen production [17,18], aerobic oxidation of organic
compounds to produce new products for the fine chemical industry [19,20] and in advanced oxidation

processes (AOPs) to oxidize pollutants in water and soils [21-26].

The AOPs have received special attention because of their high oxidative power towards contaminants
in wastewaters and soils, which is promoted by "OH radicals. These radicals can be produced by several
AOPs such as the homogeneous Fenton, heterogeneous Fenton, photo-Fenton, photocatalysis and

ozonation, among others.
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Fenton process lies on the interaction between Fe cations and H,0; as the primary oxidant. This gives
the impression of being relatively simple. However, numerous reaction mechanisms have been
proposed based on different active intermediates such as FeO,*, "OH and *OOH radicals. All of these
can be divided into two main groups. The first is based on the *OH radical mechanism proposed by
Haber & Weiss (1934) and is probably the most popular mechanism for describing the interactions

between Fe ions (Fe;" and Fes*) and H,0,[27].
Fe?" + H,0, «—» FeOOH' + H"
FeOOH" + HY ———» Fe(OH)*" + * OH
FeOOH' + HY ———» FeO?' + H,0
2Fe?" + H,0, + 2H" —— 2Fe*" + 2H,0

FeOOH' + Fe** + 3H" ——— 2Fe’" + 2H,0
Scheme 5.1 — Mechanistic aspect for Fenton reaction [28]

The homogeneous Fenton reaction was first reported in 1894 by H.J.H. Fenton [29]. He showed that
ferrous ions strongly promote the oxidation of malic acid by H,0,. He subsequently suggested that the
mixture of H,0, and a ferrous salt, since called the ““Fenton reagent”’, was an effective oxidant for a
variety of organic compounds. On the other hand, the reaction of H,0, and other cations such as Fe*",
Co?*, Mn?* and Cu?* instead of Fe?" is called a “Fenton-like reaction”.

The biggest advantages of classic Fenton reactions are that Fe and H,0, are environmentally nontoxic,
H,0, activation takes place at room temperature and under atmospheric pressure, and the reaction
times are relatively short. On the other hand, the reaction depends strongly on the pH, and
maintenance of the pH close to the optimum of 3 requires large amounts of acid, the subsequent
neutralization of which leads to sludge formation. [30,31]

Studies based on new forms of generation of reactive "OH radicals such as the heterogeneous Fenton-
like process have therefore received increasing attention during the last decade.

Similar to the classic Fenton, the heterogeneous Fenton-like reaction is a reaction between H,0; and
Fe in a solid matrix to produce highly oxidizing species. The heterogeneous Fenton-like process has
several advantages over the homogeneous process. Reaction can take place at neutral pH, sparing the
need for the acidification and neutralization step, thereby avoiding sludge formation. The catalysts can
also easily be recycled and regenerated, and all operations in the effluent treatment are significantly

simplified if the solid catalyst is easy to handle. [32,33]
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1.2. Magnetite nanoparticles

Magnetite is an ideal oxide support, easy to prepare, having a very active surface for adsorptions or
immobilization of metals and ligands, which can be separated by magnetic decantation after the
reaction, thus making it a more sustainable catalyst. [34] In the last few years, various forms of iron
oxides such as FeO (wdstite), Fe,0; (iron Il oxides), a-Fe,0; (hematite), B-Fe,0s (beta phase), and y-

Fe;05; (maghemite) were successfully deployed in catalysis. [35—38]

In recent years, magnetite/magnetite-supported catalysts have been successfully deployed in organic

synthesis for a variety of important reactions.

Fes0, is highly soluble in aqueous medium (28 mg.mL?), financially affordable, non-toxic and readily
recyclable. Accordingly, Fes0, is a valuable candidate to be used as heterogeneous catalyst in Fenton
reaction. Magnetite nanoparticles were used in this study as the catalyst. It is believed that the
nanostructured and well-dispersed catalyst particles offer both more number of active sites and less
resistance to mass transfer. [39] A variety of chemical and hydrothermal methods have recently been
utilized to generate nanostructured magnetite. [39,40] The methods, however, usually employ toxic

and costly chemicals as reactants, complex devices, or high-energy cost. [40]

In this work, FesO4 were manufactured with co-precipitation method. This method was selected for its
simplicity, reproducibility and low cost in terms of solvents and chemical reagents. In this method, Fe?*
and Fe*" are generally precipitated in alkaline solutions, sodium hydroxide (NaOH) at 35 °C. The size of

nanoparticles generated will have a strong impact on their magnetic properties [41].

2. Experimental part

2.1. Materials, solvents and reagents

Furfural, iron (Il) chloride tetrahydrate and iron (lll) chloride hexahydrate were purchased from Acros
Organics, hydrogen peroxide (H20,, 35%), hydrochloric acid and sodium hydroxide were purchased
from Fisher Chemicals and Iron oxide from Alfa Aesar. These products were further used without any

purification.

2.2.  Instruments and analytical methods
2.2.1. Gas Chromatography

In this study, a PerkinElmer Autosystem Xl instrument was used for the detection of furfural. It was
equipped with an auto sampler and a flame ionization detector (FID) with a 30 m length and 0.25 mm

diameter AT-1HT column Part No. 16368. The different experimental parameters for the GC analyses
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were as follows: nitrogen as carrier gas with a flowrate of 1 mL/min, temperature of the injector
(Tinjector) set at 350 °C, temperature of the column (Tcoumn) set at 40 °C for 2 min and then increased up
to 250 °C with a heating rate of 20 °C/min. The injection volume is set to 1 pL.

Qu2= 45 ml/min and Qai;=450 ml/min.

2.2.2. High performance liquid chromatography

In this study, a Shimadzu HPLC equipped with a corgel 87H3 column, Mobile phase: formic acid 8.1073

M, flow 0.6 mL/min. Column Temp: 35°C. The injection volume was 10 pL.

Diacids were detected by an evaporative light scattering detector ELSD-LTIl from Shimadzu in
conjunction with HPLC at 50 °C, with a gain of 10. The used mobile phase is formic acid 8.10 M having

a flow rate of 0.6 mL/min

2.2.3. Transmission Electron Microscope (TEM)

TEM micrographs were recorded using a JEOL JEM-2100F instrument at an acceleration voltage of 200
kV and visualized with a CCD camera. Samples were diluted in deionized water, a drop was added onto
a copper mesh grid coated with an amorphous carbon film and allowed to air-dry. The crystallinity and
cartography of the NPs was analyzed using selected area electron diffraction (SAED) and high-
resolution transmission electron microscopy (HRTEM). The solution was dried using freeze-dryer or

lyophilizer before it was attached to the microscope sample holder.

2.2.3.1. Image analysis by Image J

TEM micrographs were analyzed with Image J software to determine NPs crystalline diameter. A script
was created in which images were converted into 8-bit, contrast was enhanced with a fixed saturation
value of 4 and normalized. A band pass filter and a color threshold were applied to the image. Scale
bar was set from a previous measurement to convert pixels into nm and the scale bar from the image
was removed to avoid its measurement as a particle. Particles parameter were analyzed using the
Analyze particle option by setting size from 100-900 (in pixels) and circularity from 0 to 1. An overlay
image was created in each case containing the counted NPs with their assigned number, the calculated

values were saved in an excel file.

2.2.4. X-Ray Diffraction (XRD)

The sizing of the nanoparticles was performed by XRD powder method. Diffraction patterns (26) were
recorded with a BRUKER D8 ADVANCE diffractometer, equipped with copper cathode (Cu Ka; 1.54178

A) and Ni filter, operating at 40 kV and a current of 40 mA. A continuous scan with a step of 0.020 (1
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deg/50 s) was used to collect 20 from 10 to 80 degrees, using DIFRACT.EVA V4.2.1 software to treat

the results.

2.2.5. Ultraviolet-Visible Spectroscopy (UV)

The concentration of magnetite nanoparticles was measured by UV method and was carried out using
a Perkin Elmer Lambda 12 UV-vis spectrophotometer in 1 cm path length quartz cuvette at room
temperature. This equipment has a double beam with deuterium and tungsten lamps, with a
wavelength range (nm) 200-800. There were two analysis done: direct measure on nanoparticles

sample and KSCN method.

2.3. Magnetite nanoparticle synthesis

Magnetite nanoparticles were synthesized by an alkaline co-precipitation method. 0.01 mol of
FeCl,-4H,0 were dissolved in 7.5 mL of HCl 1 M to prevent premature oxidation of Fe?* to Fe?* in
aqueous solutions. 0.02 mol of FeCls:6H,0 were dissolved in 160 mL of water, and mixed with the
ferrous solution in an ultrasound bath. The obtained Fe?*/Fe3* solution was added, with a peristaltic
pump set at 400 mL.min%, into a reactor with a controlled temperature (T = 30 °C) containing 84 mL of
2 M NaOH solution. The addition speed will define nanoparticle size [42]. Reaction was carried under
constant stirring at 2000 rpm during 2 h. At this point a 2.5 M HCl solution was used to neutralize the
remaining NaOH. The dispersion was then placed at neutral pH as NPs are not charged and can easily
be separated by magnetic force. Neodymium magnets were used to induce NPs precipitation. Water
was added to the precipitated NPs to wash them. The procedure was repeated three times. Then, pH
was set to 2 by adding 1M HCI to stabilize the obtained nanoparticles. The magnetite nanoparticles

suspension was stored at 4 °C.

2.4.  Magnetite nanoparticle concentration

The magnetite concentration dispersions were calculated by a direct and indirect method. For direct
method UV-vis spectrometry was used to measure absorbance at 480 nm of a diluted iron oxide
nanoparticles dispersion. The Beer-Lambert Law gives the correlation between the obtained

absorbance and the dispersion concentration. Herein we used € = 420 L.mol*.cm™.

Abs x Dilution factor

exL

[Fe] =

However, this is only and approximate concentration given that ¢ is highly dependent on the size of
the obtained NPs. The exact magnetite concentration can be calculated by an indirect method using

KSCN. Herein a complete oxidation is required to convert all iron ions into Fe¥*, which is able to form

169

Chapter 5



Chapter 5

the FeSCN?* complex (as described in the equation above) whose maximum absorbance is found at

475 nm.
Fe3t* + SCN~ & FeSCN?*

By using the approximate concentration determined by direct method, 15 mM of nanoparticles
dispersions were prepared and 10 plL were added into a 15 mL falcon. The iron oxidation was carried
out by adding 100 uL of 20% H,0, and 100 pL of 7 M HNOs. Mixtures were heated at 80 °C between 2-
3 h. Cooled samples were then mixed with 1 mL H,0 and 100 pL of 2 M KSCN. The addition of KSCN
results in a reddish color apparition with a specific UV-Vis maximum absorbance at 475 nm. UV-Vis
absorbance at 475 nm was measured immediately after KSCN addition using a Perkin ElImer Lambda
12 UV-vis spectrophotometer in 1 cm path length quartz cuvette at room temperature. Calibration
curve was obtained by preparing solutions with known iron concentrations, processing them in the
same manner and plotting the absorbance as function of the iron concentrations. Experimental € was

determined from the calibration curve and used to determine sample iron concentration.

2.5. Catalytic experiments

The catalysts used in these oxidation reactions is the magnetite nanoparticles and iron oxides. Usually
the furfural oxidation reaction is conducted in a batch reactor (Three-neck round-bottom flask) by
introducing 3.34 mL of reactant, 5.4 mL of water, 20.4 mL (0.3 mol, 6 eq.) of H,0,, and 0.615 ml (80

pumol) of magnetite nanoparticles as catalyst.

The operating conditions (temperature, reaction duration, concentrations and quantities ...) were
variated in order to optimize the process. At the end of each reaction, the used catalyst (Magnetite

nanoparticles or iron oxides) was separated from the reaction medium using a magnet.

Solvent was evaporated under reduced pressure, and the recovered product was diluted with ethyl

acetate then analyzed with GC and HPLC.

2.6.  Product analysis

Furfural was detected and quantified using by Gas Chromatography (Perkin Elmer instruments,
AutoSystem XL) equipped with a Column Alltech Part No. 16368 AT-1ht 30m x 0.25mm D x 0.1um. The
injection volume 1ul, oven temperature 250°C, Qup= 45 ml/min and Q,i=450 ml/min.

Retention time of furfural is 4.9 min.

Maleic acid (MA), hydroxyfuranone (5-HFQO) and furanone were analyzed on a Shimadzhu HPLC
equipped with a corgel 87H3 column, Mobile phase: formic acid 8.103 M, flow 0.6 mL/min. Column

Temp: 35°C. The injection volume was 10 L.
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Retention time of MA, 5-HFO and furanone are 7.8, 19.8 and 33.4 min respectively.

Diacids such as succinic acid and malic acid were detected by an evaporative light scattering detector.
Formic acid was detected by HPLC using C-18 column. Mobile phase: water, flow 1 mL/min. Column
Temp: 35°C. The injection volume was 10 L.

Furfural conversion and products’ selectivities and yields were calculated according to the following

equations:
. Nfurfuralipitiqr ~ "Hfurfural i
Conversionsy, fyrar = e A x 100 (1)
Nfur furalinitia
Yield = [Prodicloptained w 100 2
le product — n ( )
productipeoretial
.. Nproduct ;
Selectivity,roquer = P “obtained x 100 (3)

Nfurfuralinisiqr ™ "Yurfuralremaining

3. Results and discussions

3.1. Magnetite nanoparticles

Three samples of magnetite nanoparticles were prepared using the procedure described above. A
small volume of each one was dried by freeze-dryer or lyophilizer. The dried samples are then attached
to the transmission electron microscope (TEM) to be characterized. Here are the images of
nanoparticles taken by the TEM and the sizes of each one is determined using Imagel. The size

distribution of each sample is shown in the graphs below.

Figure 5.1 - TEM images for the three different samples of magnetite nanoparticles
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Figure 5.2 - Diameter distribution of the three different samples of magnetite nanoparticles
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Figure 5.3 - Nanoparticle size using XRD technique
Figure 5.3 also shows the magnetite nanoparticles using the XRD technique.
Many parameters have influence on the nanoparticle size, such as the initial molar fraction X of Fe(ll).
According to Massart et al., the size of nanoparticles increases with X. Moreover, an increase of the pH

can lead to a decrease in the nanoparticle size. [42]
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Furthermore, other factors related to the operating conditions, could have a light influence on the
nanoparticle size. For example, increasing the addition speed of Fe(ll)-Fe(lll) mixture to the reactor
tends to the formation of smaller nanoparticles. [42]

The average particle diameter of samples (1), (2), and (3) are 2.9, 5.6, 6.7 nm respectively.

For the rest of experimental tests, we used sample (3) of magnetite nanoparticle, having a

concentration of 0.136 mol/L, to catalyze the oxidation of furfural.

3.2.  Preliminary tests

In our preliminary tests, we tested the oxidation of furfural using magnetite nanoparticles. We
introduced 3.34 mL of reactant, 5.4 mL of water, 20.4 mL (0.3 mol, 6 eq.) of H,0,, and 0.615 ml (80
pmol) of magnetite nanoparticles. We were surprised by 95% of furfural conversion and unexpected
selectivity towards succinic acid (figure 5.4). In view of these results, we decided to further investigate

the operating conditions in order to obtain higher selectivity.

100 -
90 A
80 A
70 A
60 -
50 A
40 A
30 A
20 -
10 A
; B - N
Fufural Succinicacid ~ Maleic acid Malic acid Formic acid
conversion selectivity selectivity selectivity selectivity

Figure 5.4 — Products of furfural oxidation; 0.04 mol of furfural, 0.3 mol (20.4 mL) of H,03, 5.4 mL of H,0, 80 umol (0.615
mL) of magnetite nanoparticles, 40 °C, 12 h.

3.3. Effect of reaction time
In view of the good results obtained, we studied the effect of the various reaction parameters

on the transformation. To do so, we evaluated the influence of time on the reaction, especially

on furfural conversion and succinic acid yield.

First, we studied the reaction kinetics at 40 °C since it is the optimal temperature as
demonstrated before. Figure 5.5 shows that a total conversion of furfural could be achieved

after 17 h. The highest yield of succinic acid is 67% is obtained after 24 h.

173




Chapter 5

Moreover, until 10 h, we obtain around 40% of succinic acid yield, which increases rapidly after
longer reaction durations. The oxidation corresponds mainly to the formation of HOe radicals and
their reaction with furfural leading to the selective formation of 5-HFO and furanone. These
intermediates are then rapidly oxidized to succinic acid as soon as we keep heating the mixture for

longer time.

Above 24 h, succinic acid yield remains the same. Strong oxidizing conditions such as high
reaction duration lead to the degradation of succinic acid. Besides, the problem of catalyst

dissolution when it is heated for longer times.

Despite the fact that after 24 h the yield of succinic acid slightly decreases, the yield of the
other by-products decreases as well. Therefore, going further in the oxidation can reduce the
impurities and decrease the yield of by-products, which can be highly interesting since it is
difficult to separate the succinic acid especially from a mixture containing maleic acid. This is
shown in figure 5.5, at t = 48 h we almost have only one pure product. Note that, the decrease
of formic acid yield is due to its evaporation during the step of water evaporation using a rotary

evaporator (Formic acid boiling point: 100.8 °C).

In the same context, we performed a series of reactions in function of time but at 50 °C. We
see in figure 5.6 that total conversion of furfural is achieved faster than at 40 °C and this is due
to a faster reaction rate at higher temperature. However, at higher temperatures, succinic acid
yield decreases and reaches 43% at t = 6 h along with a decrease of other by-products’ yields.
This can be explained by the dissolution of a part of magnetite nanoparticles, which becomes
more important at higher temperatures.

Hence, heating at 50 °C for long reaction time can promote the chelation of iron ions and acids,

which lead to the loss of catalytic activity and then loss of selectivity.

Therefore, the best compromise was to work at 40 °C and during 24 h to guarantee a good
stability and catalytic activity of magnetite nanoparticles and to obtain the highest yield of

succinic acid in addition to a total conversion of furfural.
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Figure 5.5 - Effect of time on furfural conversion and products’ yields; 0.04 mol of furfural, 0.3 mol (20.4 mL) of H,0,, 5.4 mL
of H,0, 80 umol (0.615 mL) of magnetite nanoparticles, 40 °C.
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Figure 5.6 - Effect of time on furfural conversion and products’ yields; 0.04 mol of furfural, 0.3 mol (20.4 mL) of H,0,, 5.4 mL
of H,0, 80 umol (0.615 mL) of magnetite nanoparticles, 50 °C.
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3.4. Effect of reaction temperature

We decided to figure out the optimal reaction temperature in order to further optimize the other
operating conditions. To do so, we performed a reaction monitoring at three different temperatures,
30 °C, 40 °Cand 50 °C. It is noteworthy to mention that magnetite nanoparticles and their activity are
highly sensitive to temperature in our case. Working at 60 °C and above can lead to the deactivation
of nanoparticles. Hence, there can be a dissolution as we heat the nanoparticles when we are in an
acidic medium, which is the case here since there is formation of diacids. In fact, what happens is that
acids and diacids are metal chelators and therefore will gradually tear ions from the surface and then
gradually dissolve the nanoparticles. In addition, oxido-reduction reactions can lead to the deactivation
of nanoparticles. The phenomenon, which is slow at room temperature, with these acids will therefore
intensify on heating. As a result, it will not be possible to recover the catalyst and reuse it for another

run.

Figure 5.7 shows the furfural conversion and the yield of succinic acid in function of time. As shown
below, 40 °C is the optimal temperature where we obtained a total conversion and 67% of succinic
acid yield. At 30 °C, furfural conversion and succinic acid were smaller and this is explained by lower

catalytic activity at lower temperatures.

Furthermore, at higher temperature, furfural conversion and succinic acid yield decrease due to the
dissolution of a part of magnetite nanoparticles when they are heated at 50 °C for 24 h. This

demonstrates the fast consumption of the catalyst at high temperature.

In addition to succinic acid, other by-products were observed at the end of each reaction. Figure 5.8,
shows the yields of maleic acid and malic acid. Moreover, some traces of furanone and

hydroxyfuranone could be detected as well.
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Furfural oxidation using magnetic and abundant catalyst from iron oxide

100 ~

90 -

80 -

70 -

60 -

50 -

40 -

30 H

20 ~

30°C

m Fufural conversion

40 °C 50 °C

M Succinic acid yield

Figure 5.7 - Effect of temperature on furfural conversion and succinic acid yield; 0.04 mol of furfural, 0.3 mol (20.4 mL) of

H203, 5.4 mL of H0, 80 umol (0.615 mL) of magnetite nanoparticles, 24 h.
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Figure 5.8 - Yields of the obtained by-products; 0.04 mol of furfural, 0.3 mol (20.4 mL) of H,0;, 5.4 mL of H,0, 80 umol
(0.615 mL) of magnetite nanoparticles, 24 h.
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3.5. The effect of the catalyst weight

In order to verify if there is any potential acceleration of the reaction, we investigated the effect of the
catalyst weight on furfural conversion and succinic acid yield. At first, we introduced 12.8 mg of
magnetite nanoparticles, which is equivalent to 0.615 ml (80 umol). Then we investigated the effect of
introducing the double and the triple of this quantity. As shown in figure 5.9, there’s an effect of the
catalyst weight, the reaction rate increase but no effect on the selectivity, as the results remain the
same in the three experiments. With greater quantities of catalyst, the reaction rate increases and high
yields of succinic acid are obtained in a shorter time, but at longer reaction time, this yields decrease,

most probably, due to over-oxidation or polymerization of SA.

m Fufural conversion
M Succinic acid yield

100 ~

60 -

20 A

12,8 mg 25,6 mg 38,4 mg

Figure 5.9 - Effect of the catalyst weight on furfural conversion and succinic acid yield; 0.04 mol of furfural, 0.3 mol (20.4
mL) of H,03, 5.4 mL of H,0, 40°C, 24 h.

3.6. Catalyst recyclability
For green and sustainable aspects, economical reasons and effective industrial utilizations of
heterogeneous catalysts, the lifetime, stability and reusability are important parameters. Hence, the

recyclability test of magnetite nanoparticles was investigated on the oxidation of furfural to succinic

acid under the optimized experimental conditions.

After the catalytic tests, the catalyst was quantitatively separated from the reaction mixture by

employing an external magnetic field, thoroughly washed with water, and reutilized in subsequent

178



runs under identical reaction conditions. The results indicate that no efficiency loss was observed in

furfural oxidation in up to three successive runs (Figure 5.10).

It is also noticed that at 50 °C, we cannot recover all the catalyst quantity introduced in the reaction
medium. This is due to the dissolution of a part of magnetite nanoparticles when we heat at 50 °C and

after 24 h of reaction time.

Thus, the catalyst recovery is a feature to improve, but it appears that the recovered catalyst
is still active and permit to perform the reaction as efficiently. The catalytic properties remain
quite stable for at least three runs. Therefore, the catalyst showed a good stability at 40 °C,
could be reused without any loss of activity and no obvious dissolution problems were

detected.

m Fufural conversion
M Succinic acid yield

100 H~

80 -

20 A

1 2 3
Run

Figure 5.10 - Reusability of MNP catalyst in the oxidation of furfural into succinic acid ; 0.04 mol of furfural, 0.3 mol (20.4 mL)
of H,0,, 5.4 mL of H,0, 80 umol (0.615 mL) of magnetite nanoparticles, 40 °C, 24 h.

3.7. Magnetite nanoparticles Vs. Iron oxide

To investigate the effect of the particle size, we decided to catalyze the oxidation of furfural using iron

oxide instead of magnetite nanoparticles (same molar quantity).

First, we performed a series of reactions in order to figure out the activity of iron oxide at different
temperatures, from 30 °C, to 80 °C. Figure 5.11 shows the furfural conversion and the yield of succinic

acid in function of time. As shown below, 50 °C is the optimal temperature where we obtained a total
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conversion and 57% of succinic acid yield. Furthermore, at higher temperature, furfural conversion and

succinic acid yield remain the same.

In addition to succinic acid, other by-products were observed at the end of each reaction. Figure 5.12,
shows the yields of maleic acid and malic acid. Moreover, some traces of formic acid, furanone and

hydroxyfuranone could be detected as well.

Moreover, we evaluated the influence of time on the reaction, especially on furfural conversion
and succinic acid yield. We studied the reaction kinetics at 50 °C since it is the optimal
temperature. Figure 5.13 shows that a total conversion of furfural and the highest yield of

succinic acid is 57% are obtained after 24 h.

Above 24 h, succinic acid yield remains constant. Strong oxidizing conditions such as high
reaction duration lead to the degradation of succinic acid. Besides, the problem of catalyst
dissolution when it is heated for longer times. This can explain why there is no production of

additional quantities of succinic acid.

Therefore, the best compromise was to work at 50 °C and during 24 h to guarantee a good
stability and catalytic activity of iron oxide and to obtain the highest yield of succinic acid in

addition to a total conversion of furfural.

By comparing the two catalysts, we can notice that a temperature of at least 50 °C is needed to achieve
a total conversion with a succinic acid yield of 57% (Figure 5.11). However, a total conversion of furfural

is achieved at 40 °C with higher succinic acid yield (67%) using magnetite nanoparticles.

In addition, when we change the particle size, the distribution of by-products changes as well. For
instance, in the case of magnetite nanoparticles, maleic acid is the second major product while when

iron oxide is used, the second major product is furanone.

Therefore, when the particle size of the used catalyst is smaller, the oxidation reaction is more efficient
and economic since we could achieve total conversion of furfural at lower temperature and in shorter
time. Moreover, we obtain higher succinic acid yield. Besides, with nanoparticles, we go forward to

the ultimate product with less by-products, which is not the case with iron oxide.
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Figure 5.11 - Effect of temperature on furfural conversion and succinic acid yield; 0.04 mol of furfural, 0.3 mol (20.4 mL) of
H,0,, 5.4 mL of H,0, 18.5 mg of iron oxide, 24 h.
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Figure 5.12 - Yields of the obtained by-products; 0.04 mol of furfural, 0.3 mol (20.4 mL) of H,0,, 5.4 mL of H,0, 18.5 mg of
iron oxide, 24 h.
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Figure 5.13 - Effect of time on furfural conversion and products’ yields; 0.04 mol of furfural, 0.3 mol (20.4 mL) of H,0,, 5.4
mL of H,0, 18.5 mg of iron oxide, 50 °C.

3.8. Application of ultrasound irradiations

We investigated the effect of ultrasound irradiations on the yield of succinic acid. To do so, we
performed this method under the same conditions but in the NextGen Lab 1000 reactor described in

chapter 4 at a frequency of 565 kHz.

In the previous chapter, ultrasound irradiations showed a good selectivity towards maleic acid. When
we added magnetite nanoparticles, we noticed a competition between two main products, maleic acid
and succinic acid. As shown in figure 5.14, the succinic acid yield decreases from 67% to 36% and the
maleic acid yield increases from 19% to 42% when we apply high frequency ultrasound irradiations at
565 kHz. Therefore, with the use of US, we lose selectivity and we get back to the initial major product,

the maleic acid.
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Figure 5.14 - Effect of US irradiations on the yields of different products; 2 h, 40 °C.

3.9. Reaction mechanism

As discussed in chapter 4, the proposed mechanism is divided into two steps: first, a radical mechanism

represented by the attack of radicals followed by a non-radical mechanism.

As detailed in the previous chapter, HOe radicals initiate oxidation by attacking mainly the C2 and C5
positions of furfural leading to the A and B radicals of scheme 5.2 in equilibrium with the open forms
of the furan cycle. Then the radicals A and B react quickly with the surrounding species, water,
hydrogen peroxide, dissolved oxygen or with other radicals. The regioselectivity of this second addition
also takes place mainly in position 2 and 5. On the other hand, intermediates A and B can still capture
hydrogen by reacting with the solvent or He radicals present, leading to intermediates C, D and finally
2-(5H)-Furanone. (Scheme 5.2) Many other possibilities of intermediates resulting from regioselective

attacks in positions 3 and 4 of furfural are possible, which can lead to the formation of by-products.

In our case, the prolonged reaction time eventually degrades furanone and other intermediates by
continuing oxidation. For this reason, we believe that the following oxidation steps follow a non-radical
oxidation mechanism. (Scheme 5.3) This is the step corresponding to the oxidation of furanone by
hydrogen peroxide. It is well known that FO are good starting compounds for succinic acid formation.
In our case, FO is formed in higher concentrations than 5-HFO, which explains the selectivity to succinic

acid rather than to maleic acid.
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Scheme 5.2 - Proposal for the first step of oxidation of furfural and the structures of potential intermediates leading to 2-
(5H)-Furanone

Scheme 5.3 - Proposal reaction pathway leading to succinic acid from 2-(5H)-Furanone via non-radical mechanism

4. Conclusion

We reported in this chapter the catalytic oxidation of furfural into succinic acid. The asset of this
method is the use of a metallic catalyst for the SA production. A quick revision of the literature shows
that all studies reported the oxidation of furfural in metal-free catalytic conditions. A total conversion
of furfural and 67% of succinic acid yield were obtained in 24 h at 40 °C. If we go further in oxidation
conditions (time and temperature), succinic acid lightly decreases but without the detection of by-
products. We also investigated the effect of particle size on the behavior of the catalytic system. When
we use magnetite nanoparticles, the yield of succinic acid increases and the operating conditions are
smoother. However, using larger particle size, the yields of by-products are negligible. Moreover, the
catalyst showed a good behavior, good stability, recyclability and was easy to be separated. In addition,
iron oxides is a non-toxic and cheap catalyst. Furthermore, we saw that under ultrasound irradiation
we lose selectivity and we produce maleic acid rather than succinic acid. The reaction pathway and the
role of iron ions in furfural-H,0,-iron oxides system has been investigated as well. Therefore, we

believe that this simple process is a promising technology in in the production of diacids without the

generation of toxic wastes.
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General conclusion and perspectives
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The aim of this PhD project was to explore novel and green methods for the conversion of
furfural and 2,5-hydroxymethylfurfural to produce high value-added bio-sourced products such
as, diformylfuran, maleic acid and succinic acid.

Catalysis is one of the fundamental pillars of green and sustainable chemistry, however, most
of the time; catalysts are neither green nor sustainable due to many reasons. Therefore, we
tried to focus on the main catalysis problem in the oxidation of furanic derivatives and we
suggested catalytic processes, enhanced and optimized, with good selectivity while

maintaining eco-friendly as much as possible.

First, numerous catalytic conversions of furfural and HMF are catalysed by noble or heavy
metals such as, Au, Pd and Pt. In addition, those methods suffer from toxicity, recyclability and
deactivation problems of catalysts and most of the time using complex protocols for their
synthesis.

In the notion of metal catalysis for the catalytic oxidation of furfural, we suggested a novel
method using magnetite nanoparticles as the catalyst. MNP are, first, simple to synthesize, and
iron is considered as a cheap and non-toxic metal. Moreover, this catalyst showed a good
stability and was easy to be separated and recycled. In addition, we lied on Fenton-reaction
principle since the main interaction was between Fe cations and H,0,, used as primary oxidant.
In terms of numbers, we achieved total conversion of furfural with 67% of succinic acid yield
under mild conditions. Interestingly, the particle size had an effect on the selectivity. When we
use magnetite nanoparticles, the yield of succinic acid increases and the operating conditions
are smoother (lower temperature and shorter time for total conversion). However, using larger
particle size, the yields of by-products become negligible. Moreover, we saw that under
ultrasonic irradiations, we lose selectivity and we produce maleic acid rather than succinic acid.
The reaction pathway and the role of iron ions in furfural-H,O,-iron oxides system has been

investigated as well.

Dematerializing catalysts, in using less noble and expensive materials to afford the same or
better level of functionality, has become a serious challenge for researchers and engineers.
Moreover, numerous metals and metalloids such as platinum metals, cesium, chromium,
aluminum, cobalt, titanium and many others have been listed as critical minerals. Despite all
the valuable properties of metallic catalysts, their high cost, deactivation and leakage problems
and toxicity remain an important drawback. In this context, the best solution for the future
industry of catalysts is to replace when possible metal catalysts by “metal-free” catalysts. This

could establish a new concept or class of catalysis where metals are completely absent.
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For this purpose, we developed a metal-free oxidation of 2,5-hydroxymethylfurfural using an
organic catalyst, the 2-iodobenzenesulfonic acid. Furthermore, this catalyst is simple to be
synthesized, non-toxic and cheap. We demonstrated the possibility of using hypervalent iodine
derivatives of this catalyst in the presence of Oxone®, as an economical and non-toxic oxidant
with non-toxic by-products, to carry out the oxidation of HMF to DFF with great selectivity and
yield.

The method is particularly simple, because only filtration or extraction of the sulfate salts and
the catalyst at the end of the reaction are required to obtain the DFF with a high grade of purity.
We optimized the reaction conditions by considering the product stability and competitive
reactions. The best compromise was obtained for a 4 hours of reaction at 70 °C, using
nitromethane as solvent. In these conditions, 89% of DFF is obtained as the only product after
a simple filtration an evaporation. In addition, very good results are also observed over much
shorter times, in 30 min at 90 °C, where 80% of DFF is obtained. On the contrary to what was
described in literature this method involves no metallic catalyst, uses reasonable concentration
of HMF, and we have demonstrated the possibility of extending the method to a gram-scale
production of DFF. Therefore, we believe that these results lay the foundation for the

development of a larger scale process.

In the same context of dematerializing catalysts, we reported the catalytic-free oxidation of
furfural into MA using high frequency ultra-sonic waves in the H,0; liquid oxidant in an acid-
and catalyst free medium. This method shows a high selectivity of 70% towards MA with 92%
of furfural conversion. SA can also be obtained with 50% selectivity when one equivalent of
hydrogen peroxide was used but with 50% furfural conversion. We optimized the reaction
conditions and the effect of various operating parameters such as furfural concentration,
frequency, power and time were systematically studied in details. The best compromise was
obtained for 2 h of reaction, 4 H,0, to furfural mol ratio, 565 kHz and 80 W.

This work shows that high-frequency ultrasound is very effective in activating hydrogen
peroxide without a catalyst, which is a major advantage for the development of oxidation
processes such as furfural towards the production of MA. This process combines many
advantages: the solvent is water, the method is catalyst-free, under mild conditions, the
temperature is low 42 °C, the transformation time is short and the molar ratio H,0,/Fur is close
to stoichiometry. In addition, the mass percentage of raw material is very high 20 wt% making
this method appropriate for gram-scale production of MA (up to 9 g) and lay the foundation
for the development of a larger scale process. Moreover, it improves energy efficiency by

consuming the lowest amount of energy (134 kJ) to produce one gram of MA from furfural

192



comparing to any other method in the literature. Therefore, we believe that this simple, green
and energy-efficient process is a promising and transformative technology in chemical

industries.

The results obtained in this work pave the way for further improvements. First improvement can be
done is the oxidant. Many other oxidants can be attempted instead of hydrogen peroxide such as
oxygen, air bleach and percarbonate/persulfate with many organic catalysts as well. Hence, a screening
of oxidants can be carried out in the aim of enhancing the yield and the selectivity of reactions.

In addition, other furanic derivatives could be exploited and investigated such as furoic acid that has
been used many times to synthesize bio-based dimers [1]. Moreover, 5-chloromethylfurfural (CMF) is
an appealing alternative to HMF, due to its higher stability, lower polarity and higher accessibility from
glucose and cellulose [2,3]. Thus, it seems to be interesting to attempt the CMF oxidation into DFF
using oxone® or transform it into other furan derivatives by inserting nitrogen.

Furthermore, since the high-frequency ultrasound irradiations showed an interesting behavior in the
oxidation of furfural, it would be appealing to use this technique for the oxidation of HMF and other
furanic derivatives as well. Additionally, it would be interesting to try ultra-high frequency ultra-sound
irradiations (> 800 kHz).

In the same point, continuous processing is a future goal for the industry, hence, the oxidation of
furanic derivatives under HFUS irradiations should be exploited in continuous flow. This transition from
batch to continuous allows to, continuously, obtain higher quantities of products of interest, reduce
waste and environmental impact and improve the ability to meet market demands.

From the kinetic point of view, we could use spin labels in order to make sure that we have a radical
mechanism. In addition, a kinetic study will be a plus since it will provide evidence for the mechanism
of each chemical process.

From eco-compatibility perspective, if we should look to the catalytic systems through their
environmental impact, so in-depth study with the life-cycle analysis of the different catalysts and
processes would be highly important. Nevertheless, we can recall and still propose the following.
Whatever the catalytic system, in all cases the energy consumption associated with the transformation
processes induces pollution. The most economical methods are preferred. Hence, it should be possible
to determine the amount of energy consumed per unit of material obtained, for example, how many
KJ we consumed to prepare one kg or mol from a product. This data should include the energy
associated with the shaping and processing of the catalytic system. Researchers need to develop and
disseminate tools that give them access to this information in order to be able to compare the catalytic

systems they develop while not focusing solely on selectivity and yield criteria.
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Continued efforts in metal catalysis should focus on substituting rare metals by more abundant and

least toxic metals, or using metals from recycling to limit extraction.

In non-metallic catalysis, it is necessary to continue the efforts of substitution of fossil or chlorinated
solvents, and continue to exploit the biphasic systems having the advantage of naturally separating
the products according to their affinity for the different phases. Promote simple or heterogeneous
catalytic systems facilitating separation by filtration as is the case in supported acid catalysis. For
example, although this has already been partially explored we could recommend the development of
heterogeneous catalytic systems with TEMPO derivatives supported with an adapted co-oxidant. [4—
6]

Finally, from the point of view of keeping a balance between green chemistry and commercial
economics, there are many fundamental questions remaining, which must be answered by catalysis
and material scientists: how to reduce the high cost of processing? How to fix the defects in catalytic
systems? How to achieve intensification processes? How can metal-free catalyst be produced in more
sustainable and safer ways? How can they be scaled-up to ultimately find commercial and industrial
applications? To what extent can they respect environmental and health measures? Answering such
questions will require new perception in sustainable and green chemistry in order to overcome the

challenges mainly synthesis and recycling problems.

For industrial applications, the main issue is to optimize reaction operating conditions for the
production in large-scale with high product yield and purity, at low costs, improve the existing

technologies and find new applications.
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HMEF oxidation into DFF
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Figure A.1 - 1H spectrum of DFF after filtration and evaporation (DMSO-d6), (4.485 ppm corresponds to nitromethane
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Figure A.2 - 13C spectrum of DFF after filtration and evaporation (DMSO-d6)
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Figure A.4 - 13C spectrum of over-oxidation of HMF (CDCls)
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Figure A.6 - 13C spectrum of IBS catalyst (CDCl3)
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Furfural oxidation using HFUS
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Figure A.12 - 1H spectrum; Furfural 10 mL (0.12 mol), H,0, 40 mL (1.7 mol), 42 °C, 2 h, 565 kHz, 80 W (D,0)
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Figure A.13 - 13C spectrum; Furfural 10 mL (0.12 mol), H,0, 40 mL (1.7 mol), 42 °C, 2 h, 565 kHz, 80 W (D,0)
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Figure A.14 - HPLC chromatogram; Furfural 10 mL (0.12 mol), H,0, 40 mL (1.7 mol), 42 °C, 2 h, 565 kHz, 80 W
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Nanoparticles synthesis

Three samples of magnetite nanoparticles were prepared by alkaline co-precipitation. A mixing of iron
ions in form of hydrated chloride salts were poured in alkaline medium, in the proportion of Fe3*/Fe?*
of 2/1. Initially, 0,01 mol of FeCl,-4H,0 were dissolved in 7,5 mL of HCI 1 mol-L? to prevent premature
oxidation of Fe?* to Fe3* in aqueous solutions. 0.02 mol of FeCls3:6H,0 were dissolved in 160 mL of
water, and mixed with the ferrous solution through an ultrasound bath. Afterwards, the binary solution
of Fe?* and Fe3" was added, with a burette of 100 mL, into a solution of NaOH 2 mol.L (84 mL). For 2

h, under constant stirring at 2000 rpm, the solution reacted at constant temperature (35°C).

It is important to note that, when NaOH was used, the binary solution of Fe?* and Fe** was added over
the base contained. The resulting black precipitate was isolated by a magnetic field and washed several
times with distilled water, reaching a value of pH equal to 7. This process is characterized by the

following chemical equation:
F€2+ (aq) + 2F€3+ (aq) + 80H™ (aq) d F€304 () + 4H20

To produce nanoparticles of Fe;04 by co-precipitation methodology there are two parameters to be
considered in order to obtain nanoparticles with a uniform length (between 9 and 16 nm). The
methodology used is the co-precipitation. The first one is to respect concentrations of Fe?* and Fe®* to

a proportion 1:2. The second one is to follow the molar relations explained in the table below:

Table A.1 - Molar relations for the different reagents

Molar relations

Fe3*/Fe?* 2
NaOH/Feiotal 5.50
H20/Fetotal 298.60
HCl/Fe?* 0.75

The chemicals reagents used in this experiments were FeCls-6H,0, FeCl,-4H,0, NaOH, distilled water
and HCI. Normally when planning these experiments, it is better to fix one component and equilibrate
the others with the molar relations (Fe?* for example). If the Fe?* is fixed to 1.5 g, then the other

reagents, holding the molar relations, are as follow:
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Table A. 2 - Weights and volumes of reagents fixing FeCl,-4H,0 to 1.5 g

Weight (g) Volume (mL) Mol

FeCl-4H,0 1.5 - 0.007

FeCl3-6H,0 3.78 - 0.014

H20 - 112.86 6.27
HCI (1M) - 5.25 0.00525

NaOH (2M) - 58 0.11

To prepare the solution of Fe3*, we weigh the powder of FeCls-6H,0 to follow the relation 1:2 of
Fe?*/Fe®*. To do so, we place it on a beaker and we add water until the relation H,0 is fulfilled. Be
aware of the water contained on the Fe* and Fe* powders. Homogenize the sample with an

ultrasonic-bath for 5 min.

It is better to prepare the solution of Fe?* the same day the reaction is going to take place, to avoid
premature oxidation. We weigh the powder of FeCl;-4H,0, and we placed it in a beaker and we add
the necessary volume of HCl to reach the relation HCI/Fe?*. The HCl used for these experiments was 1
M. Homogenize the sample with an ultrasonic-bath for 5 min. Once homogenized, the solutions
Fe¥*/Fe?* should be mixed and stirred on an ultrasonic-bath to achieve the perfect molar relation

Fe3*/Fe?".

To prepare the solution of NaOH, we weigh the powder on a beaker and we mix it with water to obtain

a 2 M concentration solution. Stirred it with a magnetic agitator to homogenize.
The equipment used in the experiments was the following:

— Thermal bath
— 250 mL reactor
— Mechanical stirrer

— Peristaltic pump

The thermal bath is used to maintain the temperature of 30 °C to allow the repeatability of the

experiments.

To do so, the bath is connected to the thermal shell of the reactor through plastic pipes. A peristaltic

pump is required to do the impulsion. The flow rate was set to 1.5 L/min.

To start the experiment, the bath was heated to 30 °C and the pump was set to 1.5 L/min. Wait 20
minutes to heat and stabilize the temperature inside the reactor. First, the NaOH solution was placed

inside the reactor. Then the reactor was sealed and stirred for 1 minute.
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Using another peristaltic bomb, at a speed of 400 mL/min the solution of Fe?*/Fe3* was poured into
the reactor. This procedure is relevant because the speed addition will give uniformed diameters and

less agglomerations.

Figure A.17 - The used reactor with thermal shell

After adding the ferrous solution, the mix is left for 2 hours with vigorous agitation. If the reaction is

well done, the color of the solution inside will be black, indicating the magnetite is formed.

If the nanoparticles precipitate at the bottom of the reactor when the stirring stops, it indicates
agglomeration and different diameters of nanoparticles. If the size is uniform, the particles will stay in

suspension. The ferrofluid is transferred to a 1 L beaker.

Figure A.18 - The synthesis process
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A specific volume of HCl 2.5 M must be added to the solution to neutralize it. This volume depends on
the concentration of NaOH remaining in the solution. At this pH 7, MNP loose their surface charges,
tend to aggregate themselves, become sensible to the magnetic field, and therefore are easy to be

separated through a magnet.

In order to wash the nanoparticles, a magnetic separator was used for the separation of MNP and the
solution. The solution inside the beaker was first neutralized with HCI 2.5 M and then divided into 50
mL falcon tubes. Afterwards, the tubes were placed inside the magnetic separator and left for 5 min.
After checking that nanoparticles have been attracted by the magnet and the solution has become
transparent, poor the solution and rinse it with water. Keep the pH at 7 and repeat the operation 4

times.

Figure A.19 - The magnetic separator

After washing down the samples, nanoparticles are scattered in water, adjusting the pH to 2 with a
known volume of HCIl. At the end, a black ferrofluid is obtained. In this state the nanoparticles are

stable.

The concentration of Fes04 nanoparticles is done by spectroscopy UV. The equation used in this case

is as follows:

ex L 420 x 1

[Fe] =

The UV is done at a wave length A=480 nm, being Abs (absorbance) given by the UV spectroscopy, k
(factor of dilution), € (absorptivity) and L (length of the optical path containing the sample). In this case
for Fes04 nanoparticles k oscillates between 300 and 500 depending on the volume used to wash the
nanoparticles. € equals to 420 L/mol-cm and L to 1 cm. To calculate the concentration of Fe;04 do the

conversion as it follows:
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mol  1molFes0, ~231.53gFe30,

g
X = |Fe30,] =
L 3 mol Fe Tmol Fe,0, €0l

- Concentration determination

To know the exact concentration of nanoparticles, a full oxidation is required. The nanoparticles
created of Fes0,are a mixture of Fe?* and Fe*'. In order to form the complex FeSCN?*, and to obtain a

solution, which has its band of absorbance at 475nm, all Fe** must be transformed in Fe**.

Fe3* + SCN™ & FeSCN?*

First, the concentration of the nanoparticles solution must be between 2 mM and 20 mM of Fe, which
are the detection limits. To do so, we calculate the theoretical concentration of Fe and we dilute it till
15 mM are reached. For example, with 1.5 g of FeCl,-4H,0 and 4.5 g of FeCl;-6H,0 and a volume of

187.6 mL the theoretical concentration of Fe is 0.12 M.

1.5 g FeCl, - 4H,0 x —moLFeCls - 4H,0 1 mol Fe = 0.0075 mol F
B FE2 T 2N X 198,83 g FeCl, - 4H,0 . 1mol FeCl, - 4H,0 - > Motre
1 mol FeCl; - 6H,0 1 mol Fe
4.5 g FeCl3 - 6H,0 = 0.015mol Fe

X X
270.35 g FeClz - 6H,0 ~ 1 mol FeCls - 6H,0

mol Fe _ 0.0075 mol Fe + 0.015 mol Fe
Total Volume 0.1876 L

=0.12 Mo/, Fe

To place it to 15 mM, dilute 84 pL of nanoparticles solution in 1 mL of deionized water with a factor 12

dilution.
Once the solution is ready in a Falcon tube of 15 mL, place the next reagents:

1. 10 pl of nanoparticles solution 15 mM [Fe]
2. 100 pL of a H,0; solution 20% m/m
3. 100 pL of a HNOs solution 7 M

Heat the falcon tube in a thermal bath for 2-3 hours to destroy the nanoparticles and oxidize Fe?* to

Fe3+

4, Add 1 mL of deionized water
5. 100 pL of a KSCN solution 2 M
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Once the KSCN is introduced inside the falcon tube it is important to measure the absorbance
immediately. Place the UV to 475 nm and measure the absorbance. The blanc used was water. With

the following equation, the concentration of Fe can be found:

AbS 475 nm = 0.054 X [Fe] onmum X Dilution factor

For a direct measure of nanoparticles concentration, the wave length was 480 nm (A=480 nm), the
dilution factor was 1/300, € was 420 L-molt-cm™ and L being 1 cm. With the following equation, the

concentration was determinated:

_ Abs x Dilution factor

[Fe]

exL

By doing the calculation, we can obtain the concentrations of the three nanoparticles samples, and

they are 0.096 M for the first one, 0.153 M for the second and 0.136 M for the third.
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Résume

La biomasse fait partie des ressources renouvelables qui peuvent répondre durablement a nos besoins
de production de carburants, de produits chimiques et de matériaux. En effet, la biomasse non
comestible telle que la lignocellulose a attiré I'attention des chercheurs et des scientifiques au cours
des dernieres décennies en tant qu'alternative renouvelable.

Le furfural et le 5-hydroxyméthylfurfural (HMF), dérivés de la déshydratation des pentoses et des
hexoses respectivement, sont produits a plusieurs millions de tonnes par an. Ces derniers composés
sont donc des molécules plateformes et représentent un intérét majeur dans le cadre du
développement durable. Ce travail vise a explorer des méthodes nouvelles et vertes pour I'oxydation
sélective du furfural et de HMF afin de produire des produits biosourcés a haute valeur ajoutée tels

que le 2,5-diformylfurane (DFF), I'acide maléique et |'acide succinique.

Tout d'abord, un systéme alternatif d'oxydation de HMF a été présenté, sans |'utilisation de catalyseurs
de métaux nobles, de hautes pressions et évitant la production de déchets toxiques. Dans ce contexte,
|'oxydation a I'échelle du gramme de HMF conduit a la formation de DFF. Cette réaction a été catalysée
par l'acide 2-iodobenzénesulfonique en présence d'Oxone®. Dans des conditions expérimentales
optimisées, la conversion du HMF s'est avérée étre de 100%, tandis que le rendement et la sélectivité
du DFF étaient vers 90%.

Par la suite, nous avons démontré un processus sans catalyseur pour la synthése a I'échelle du gramme
de I'acide maléique a partir de furfural en utilisant des irradiations ultrasonores a hautes fréquences.
Une sélectivité de 70% en acide maléique avec 92% de conversion du furfural a été obtenue sans aucun
catalyseur dans des conditions douces en utilisant H,O, comme oxydant.

Notre approche alternative permet I'utilisation de la biomasse au lieu du pétrole pour synthétiser
I'acide maléique a partir du furfural dans un processus écologique et économe en énergie.

Enfin, un nouveau procédé catalytique est développé en utilisant des nanoparticules de magnétite,
comme catalyseur métallique bon marché et non noble, et du peroxyde d'hydrogéne pour I'oxydation
du furfural en acide succinique. La conversion totale du furfural a été obtenue avec 67% de rendement

en acide succinique dans des conditions douces.

Mots-clés : furfural, HMF, oxydation, catalyse non-métallique, acide maléique, DFF, acide succinique,

nanoparticules, ultrason a haute fréquence.
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Abstract

Biomass is one of the renewable and green resources that can sustainably meet our needs for the
production of fuels, chemicals and materials. Indeed, nonedible biomass such as lignocellulose has
attracted attention of researchers and scientists in the last decades as a renewable alternative.

Furfural and 5-hydroxymethylfurfural (HMF), derived from the dehydration of pentoses and hexoses
respectively, are produced in multimillion ton-scale annually. The latter compounds are, therefore,
platform molecules and represent a major interest in the context of sustainable development. This
work aims to explore novel and green methods for the selective oxidation of furfural and HMF to
produce high value-added bio-sourced products such as, 2,5-diformylfuran (DFF), maleic acid and

succinic acid.

First, an alternative system of HMF oxidation was presented, without the use of noble metal catalysts,
high pressures and avoiding the production of toxic wastes. In this context, the gram-scale oxidation
HMF leads to the formation of DFF. This reaction was catalyzed by 2-iodobenzenesulfonic acid in the
presence of Oxone®. Under optimized experimental conditions, the HMF conversion was found to be
100%, while the DFF yield and selectivity were almost 90%.

Subsequently, we demonstrated a catalyst-free process for the gram-scale synthesis of maleic acid
from furfural using high frequency ultrasound irradiations. A 70% selectivity of maleic acid with 92%
of furfural conversion were achieved without any catalyst under mild conditions using H,0, as oxidant.
Our alternative approach enables the use of biomass instead of petroleum to synthesize maleic acid
from furfural in an eco-friendly and energy-efficient process.

At last, a novel catalytic process is developed using magnetite nanoparticles, as a cheap and non-noble
metal catalyst, and hydrogen peroxide for the oxidation of furfural into succinic acid. Total conversion

of furfural was achieved with 67% of succinic acid yield under mild conditions.

Keywords: furfural, HMF, oxidation, metal-free catalysis, maleic acid, DFF, succinic acid, nanoparticles,

high frequency ultra-sound.
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