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RESUME

La biomasse va devenir le nouveau pétrole en raison de son abondance et du ratio oxy-
gene/carbone élevée, ce qui en fait une excellente alternative aux composées a haute valeur
ajoutée. Le marché de la production d’électricité a partir de la biomasse ne cesse d’augmen-
ter et atteindra environ 50 Milliards USD d’ici 2022 Market Research Reports Search Engine
(2015). Les processus bio-catalytiques, chimio-catalytique et les modifications chimiques des
biopolymeres sont les trois principales conversions de la biomasse Gallezot (2012). La fermen-
tation vers le bioéthanol est la valorisation de sucres la plus propagée, représentant plus de
60 % de la production mondiale Business insider (2018). Cette voie majeure de conversion dé-
coule de son application de biocarburant. En effet, le bioéthanol présente un plus faible cofit
de production et un nombre d’octane plus élevé comparé a I’essence. La fermentation présente
deux limitations principales : un rendement molaire théorique maximal de 50 % et une faible
valeur marchande. L’équation chimique inclue une formation de CO, par molécule de sucre
ayant réagi. La marge du bénéficie nette du bioéthanol est faible, et est déterminée par la
différence entre les prix des matieres premieres et ceux du produit final. Le sucre blanc cotite
environ 300 USD/t International Sugar Organization (2018), alors que le prix du bioéthanol
est approximativement de 450 USD/t S & P Global Platts (2018). Le fructose représente une
matiére premiere a haut potentiel pour la transformation en 5-hydroxymethylfurfural (HMF),
2 5-furandicarboxylique acide (FDCA), acide 1évulinique, furfural (FUR), dimethylfurfural,
dimethyltetrahydrofurane et acide lactique.

Le processus de déshydration des hexoses en HMF joue un rdle clef dans la valorisation
du sucre, dii a 'importance des produits chimiques et biocarburants de moyenne a haute
valeur ajoutée. La synthese est enrayée par la polymérisation d’HMF en produits insolubles
- appelés humins - et la réhydratation de THMF, qui sépare la molécule en acide lévulinique
et formique. Les solvants organiques et ioniques, les réacteurs multiphasiques et les systemes

d’extraction minimisent les étapes de dégradation.

Nous avons abordé la conception catalytique de la conversion du fructose en molécules spé-
cifiques a partir de deux points de vue. La premiere était de développer une technologie
alternative pour convertir le fructose en molécules présentant une plus haute valeur mar-
chande que ’éthanol. Nous avons désigné un p-réacteur a lit fluidisé (15mm ID), ou un
atomiseur pulvérisait une solution aqueuse de sucre directement dans le lit catalytique. Cette
partie du projet s’est déroulée & 1’'Ecole Polytechnique de Montréal. La seconde étape s’est fo-

calisée sur la valorisation de ’acide 1évulinique, un co-produit de la deshydratation de 'THMF.
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Nous avons developpé une nouvelle voie catalytique pour oxyder le substrat en acide succi-
nique, en combinant de I'acide tungstique et du peroxyde d’hydrogene pour la conversion de

Baeyer-Villiger. Ce projet a été conclu a I'Université de Bologne.

Nous avons identifié I'injection du liquide dans le p-réacteur a lit fluidisé (FBR) comme une
alternative pour convertir le sucre en molécules a haute valeur ajoutée. La conception du
systeme est basé sur une vitesse de réaction plus élevée en biomolécules que la dégradation
en humins ou en coke. Le lit fluidisé a réduit le temps de contact a une fraction de secondes,
minimisant les réactions paralleles. Le réacteur travaille dans la gamme de 300 °C to 400 °C et
a pression atmosphérique. Nous avons synthétisé et caractérisé quatre catalyseurs hétérogenes
composés de différentes concentrations d’oxyde de tungstene déposées sur TiO,. La synthese
a été spécifiquement congue pour accomplir toutes les exigences spécifiques pour les particules
dans un FBR - tailles de particules, vitesse de fluidisation minimale, résistance a ’attrition,

densité apparente.

Nous avons optimisé le chargement de tungsténe, la concentration en oxygene pour la fluidisa-
tion et la température pour la décarbonylation du fructose en furfural. Nous avons obtenu un
maximum de 22 % pour le furfural a 200 °C, avec 5 % de WO, et un ratio molaire O, :fructose
de 20. Nous avons détecté et quantifié des concentrations en acide acétique et diformylfuran
(DFF) pour chaque heure des 6 h expérimentales. Ces résultats démontrent la création d’une
nouvelle voie pour la conversion du sucre C-6 en phase gazeuse dans un FBR, conduisant a

la publication d’un article scientifique et la poursuite d’un brevet.

La mise en ceuvre du processus passe par I’optimisation du systeme FBR, du catalyseur et des
variables du processus pour maintenir les 6 atomes de carbones dans la solution de fructose
et ainsi augmenter 'efficacité du carbone. Nous avons alors ciblé I'oxyde-deshydratation du
fructose en FDCA. Nous avons ajouté du Pt sur la surface du catalyseur, et avons identifié
puis optimisé les parametres de la réaction. Un faible temps de contact et la plus faible
concentration en platine ont favorisé la deshydratation du fructose en HMF. Les analyses
de la réaction en HMF ont démontré un pouvoir oxydant relativement haut en platine pour
convertir le groupement alcool en aldéhyde - HMF en DFF -, mais pas assez pour oxyder
I’aldéhyde en acide carboxylique - DFF en FDCA. Une sélectivité maximum en HMF égale a
12 % est obtenue apres 6h en utilisant le fructose comme réactif initial. Cependant, injecter
I’'HMF comme un substrat, nous a permis d’obtenir un maximum en sélectivité de 43 % en
DFF avec 1.5g de catalyseur a 250 °C. Augmenter la température a favorisé I'oxydation mais

aussi la vitesse de dégradation du 'HMF.

L’un des principales avantages démontré par cette nouvelle technologie est la grande polyva-

lence, qui permet l'adaptation a de nombreuses réactions différentes.
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Dans la troisieme partie de cette these, nous avons identifié et développé une réaction verte
pour convertir 1'acide 1évulinique — le produit de I'hydrolyse de 'HMF. Dans un réacteur
BATCH, nous avons développé 'oxydation de Baeyer-Villiger par du peroxyde d’hydrogene

et de l'acide tungstique comme catalyseur de I’acide succinique.

Une concentration plus élevée en H,O, et le temps ont augmenté la conversion de l’acide
lévulinique. Augmenter la charge de H,WO, a produit plus d’acide succinique, atteignant une
sélectivité maximale de 75 % avec un ratio molaire initial d’acide lévulinique :catalyseur de 50
et un ratio H,O, :acide 1évulinique égale a 5 apres 3h. L’oxydation de Baeyer-Villiger passe
par deux voies réactives, formant de ’acide succinique ou de 'acide 3-hydroxypropionique
(HPA). H,WO, a formé un abduct avec le substrat durant 1’oxydation ; augmentant la charge
catalytique, l'interaction module le ratio des produits, déplacant la sélectivité du HPA a
l'acide succinique. Nous avons récupéré jusqu’a 70 % en masse du catalyseur. Les essais de

recyclage du H,WO, ont démontré une activité similaire du catalyseur.
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ABSTRACT

Biomass will become the new petroleum because of its abundancy and higher oxygen /carbon
ratio that make it an excellent alternative feedstock to value-added compounds. The biomass
power generation market is continuously increasing, and it will reach approximately 50 billion
USD by 2022 Market Research Reports Search Engine (2015). Bio-catalytic processes, chemo-
catalytic processes and chemical modifications of biopolymers are the three main biomass con-
versions Gallezot (2012). Fermentation to bio-ethanol is the most diffused sugars upgrading,
accounting to more than 60 % of the global production Business insider (2018). This major
conversion pathway derives from its application as bio-fuel. In fact, bio-ethanol presents
lower production cost and higher octane number compared to gasoline. Fermentation has
two main limitations: maximum theoretical molar yield of 50 % and low market value. The
chemical equation includes the formation of a molecule of CO, per sugar molecule reacted.
The bio-ethanol net profit margin is low, and it is determined by the difference between feed-
stock and product market price. White sugar costs around 300 USD/t International Sugar
Organization (2018), while bio-ethanol is approximately 450 USD/t S & P Global Platts
(2018). Fructose represents a high potential feedstock to 5-hydroxymethyl furfural (HMF),
2,5-furandicarboxylic acid (FDCA), levulinic acid (LEV), furfural (FUR), dimethyl furfural,
dimethyl tetrahydrofuran and lactic acid.

The hexoses to HMF dehydration process is acquiring a key role in the sugar valorization,
due to its importance as intermediate to high value chemicals and bio-fuels. The synthesis is
hindered by the polymerization of carbohydrates and HMF to insoluble products — humins
—, and the water rehydration of HMF, that cleaves the molecule to levulinic and formic
acids. Organic solvents and ionic liquids, coupled with multi-phasic reactors and extraction

systems, minimize the degradation steps.

We approached the catalytic design of fructose conversion to speciality chemicals by two
points of view. The first was developing an alternative technology to convert fructose to
value-added chemicals, which present higher market value than ethanol. We designed a u-
fluidized bed reactor (15mm ID), where an atomizer sprayed the aqueous sugar solution
directly into the catalytic bed. This part of the project was carried out at Polytechnique
Montreal. The second step focused on the valorization of levulinic acid, the dehydration
by-product of HMF. We developed a new catalytic route to oxidize the substrate to succinic
acid, combining tungstic acid and hydrogen peroxide for the Baeyer-Villiger conversion. This

part of the project was carried out during the period at University of Bologna.



We identified the liquid injection in a p-fluidized bed reactor (FBR) as alternative technology
to convert sugars into value-added chemicals. The concept of the system was based on the
higher reaction rate to bio-chemicals than the degradation to humins or coke. Fluidized bed
reduced the contact time to fractions of second, minimizing the side reactions. The reactor
operated in the range of 300°C to 400°C and at atmospheric pressure. We synthesized and
characterized four tungsten oxide loading on TiO, as heterogeneous catalyst. The synthesis
was specifically tailored to accomplish all the specific requirements for particles in a FBR:
particle size distribution, minimum fluidization velocity, attrition resistance and bulk density.
We optimized tungsten loading, oxygen concentration in the fluidization gases and tempera-
ture for the fructose decarbonylation to furfural. We achieved a maximum of 22 % of furfural
at 200°C, with 5% WO, and a molar ratio O,:fructose of 20. We detected and quantified
also the concentration of acetic acid and diformylfuran (DFF) every 60 min, for a total of 6 h
reaction. The system demonstrated the creation of a new pathway for the conversion of C-6

sugars in gas phase in a FBR, leading to a scientific article and a continuation of a patent.

Implementation of the process included the optimization of the FBR system, the catalyst
and the process variables to maintain the six atoms of carbon of the feed and consequently
to increase the carbon efficiency. We targeted the oxidehydration of fructose to FDCA. We
added Pt on the surface of the catalyst, and we identified and optimized the reaction variables.
Lower contact time and higher amount of platinum favored the dehydration reaction to
HMF. Analysis of the HMF reactivity demonstrated relatively high oxidation power of Pt to
convert the alcohol functional group to aldehyde — HMF to DFF —, but not enough strength
to further oxidize the aldehyde to carboxylic acid — DFF to FDCA. Fructose as starting
material showed a maximum selectivity to HMF of 12 % after 6 h. Differently, injecting HMF
as substrate, we reached a maximum of 42 % selectivity to DFF with 1.5 g catalyst at 250 °C.

Increasing the temperature favored the HMF degradation rate.

One of the main advantage of this new technology is the great versatility, that can be tailored

to a variety of reactions.

In the third part of the thesis we identified and developed a green reaction to convert levulinic
acid — the HMF hydrolysis product. In a batch reactor, we developed the Baeyer-Villiger
oxidation by hydrogen peroxide and tungstic acid as catalyst to succinic acid. Higher H,O,
concentration and time increased the levulinic acid conversion. Increasing H,WO, loading
produced more succinic acid, reaching a maximum selectivity of 75 % with a levulinic acid:
catalyst molar ratio of 50, and H,O,:levulinic acid of 5 after 3h. The Baeyer-Villiger oxidation
passes through two possible attack of the oxygen, forming in prevalence more succinic acid

or more 3-hydroxypropionic acid (HPA), based on the reaction conditions and the type of
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catalyst. H,WO, formed an abduct with the substrate during the oxidation; increasing the
catalyst loading, the interaction modulates the product ratio, shifting the selectivity from
the HPA to the succinic acid. We recovered up to 70 % in mass of catalyst. Recycle tests of
the H,WO, demonstrated similar activity of the fresh catalyst.
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CHAPTER 1 INTRODUCTION

1.1 Background and problem identification

Hexoses represent the majority of carbohydrates, and a fundamental resource to bio-chemicals.
Glucose and fructose are the two most abundant sugars in nature. The extraction by acid
hydrolysis of cellulose or sucrose produces high purity glucose or a 50 : 50 mixture of glucose
and fructose, respectively. Bio-ethanol is the main sugar transformation. The fermentation
process requires acidic/basic catalysts or enzymes. The final yield, which is largely influenced
by the starting materials and the process technology, can almost be the maximum theoretical
molar conversion of 50 % Sanchez and Cardona (2008). Its synthesis increased exponentially
since the application of bio-ethanol as bio-fuel. USA — 16 000 million gallons — and Brazil
— 7million gallons are the two main world producers Statista (2017a). In addition to the
stoichiometry limitation, this alcohol presents lower market value than others sugars bio-
chemicals. Fructose is an extremely interesting bio-feedstock, and a substitute to various
petroleum based chemicals. Mainly found bonded with glucose — sucrose —, the molecule
has six atoms of carbon and oxygen. Fructofuranose, a fructose conformation, has a fura-
nic structure, which favors the synthesis of bio-chemicals such as 5-hydroxymethyl furfural
(HMF) Tang et al. (2018); Hou et al. (2018), 2,5-furandicarboxylic acid (FDCA) Gawade
et al. (2018); Albonetti et al. (2015), furfural Cui et al. (2016); Karinen et al. (2011) and
dimethyl furan Kazi et al. (2011); Roman-Leshkov et al. (2007).

HMF is one of the most promising bio intermediates for a large variety of bio-chemicals and
bio-fuels ; hydrogenation produces dimethyl furan, a bio-fuel with 40 % more energy density
than ethanol Guerrero Pefia et al. (2018), while the oxidation forms diformyl furan (DFF)
and consequently FDCA, the furanic substitute of terephthalic acid to plastics Avantium
(2018). Transition metals demonstrate high yields in the FDCA synthesis from HMF Yang
et al. (2016); Albonetti et al. (2012).

Compared to glucose, fructose shows faster reaction rate and higher yield for the dehydration
to HMF. The reason is the similarity in the spatial conformation — fructofuranose versus
glucofuranose — and the faster enolisation reaction Tan-Soetedjo et al. (2017). Aqueous

systems with homogeneous catalysts dehydrate fructose to HMF with high yield.

The reaction suffers from the product rehydration, which cleaves the molecule to levulinic
acid Son et al. (2012); Victor et al. (2014) and formic acid Sairanen et al. (2014). Furthermore,

in presence of acidic catalyst, fructose and HMF polymerize to insoluble compounds called



humins. To increase the carbon efficiency and the final yield, the main approach is to develop
multi-phasic reactors or ionic liquid systems, that continuously extract the HMF or suppress
the degradation/rehydration reaction. The main drawbacks are the higher production final
costs and the increase of the safety/environmental risks. Furthermore, higher temperature
increases the products reaction rate, but also triggers the caramelization and the degradation

of the materials.

To overcome those limitations, we identified as suitable alternative to multi-phasic systems
the liquid injection into a micro-fluidized bed reactor. A sprayer atomized the aqueous su-
gar solution into the catalytic bed, where rapidly evaporated and reacted, minimizing the

caramelization process. In fact, this technology ensures :

— Elevate heat and mass transfer

— No hot spots

— Avoid organic solvents

— Extremely fast kinetic and contact time (order of fractions of second)

— Fast feed atomization and elevate reaction rate with the catalyst, minimizing the

caramelization /degradation process

Developing a new catalytic system is one route to improve the carbon efficiency of a reac-
tion, and reduce at the same time the wastes production. Another pathway is to identify or

investigate new reactions to valorize the by-products.

Levulinic acid, the HMF rehydration product, is a bio building block to value-added bio-
chemicals such as v-valero lactone, methyltetrahydro furan, succinic acid and a-angelica
lactone. Bozell and Petersen (2010) listed succinic acid and levulinic acid as top 10 bio-
based products from carbohydrates. Acidic hydrolysis of biomass dehydrates firstly to HMF
and consequently cleaves the molecule to levulinic acid and formic acid. Oxidation of levu-
linic acid forms succinic acid, but a carbon atom is lost during the transformation. Succinic
acid is a potential intermediate to a variety of bio-chemicals, and the precursor for the po-
lymerization of polyesters and the starting material of 1,4-butanediol. In nature, it is the
intermediate in the citric acid cycle, the series of chemical reactions that convert carbohy-
drates into energy. Industrially, hydrogenation of maleic acid, carbonylation of ethylen glycol
or enzymatic transformation of glucose are the main succinic acid synthesis. Its market va-
lue is in continuous expansion, and by 2021 it will reach 700 millionUSD Markets & Markets
(2018a). Its derivatives are divided into four class, based on the industrial application : acyclic
O-containing, acyclic O,N-containing, cyclic O-containing and cyclic O,N-containing Bech-
thold et al. (2008). Converting levulinic acid to succinic will reduce the conversion of the

C4-fraction of crude oil necessary for the synthesis, obtaining a more environmental friendly



process.

1.2 Objectives

The main objective of this project is the catalytic design for the fructose conversion to value-
added molecules, and the upgrade of levulinic acid to succinic acid. To achieve the main goals,
we divided the project into three specific objectives, that produced three articles published or

to be submitted to peer-reviewed scientific journals, and a continuation of a previous patent.
The specific objectives of this work and their milestones are :

1. Demonstrate the gas-phase conversion of fructose in a p-fluidized bed reactor to value
added molecules. The results of this objective are described in chapter 4, and publi-
shed as scientific article in ACS Sustainable Chemistry and Engineering (I.F.
6.0). Furthermore, the work produced a continuation of the patent US9598343B2 —
Oxidation of C5 and C6 sugar feedstocks to carboxylic acids, ethers and
ketones (Appendix A).

— Design a process to atomize the sugar solution into a fluidized bed reactor

— Prepare and characterize 4 WO4 loading on TiO, support

— Determine the effects of temperature, tungsten content and O, concentration on
furfural selectivity

— Investigate the steady-state and the effects of coke on the selectivity to furfural

and by-products
2. Develop the fluidized bed system, targeting the oxidehydration of fructose. Results

will be submitted as scientific article in Bioresource Technology (I.F. 6.1)

— Prepare and characterize Pt-WO, /TiO, for the fructose to HMF dehydration reac-
tion

— Screen 6 parameters that can affect the reaction

— Develop an analytical method for the quantification of furanic products

— Develop a design of experiments to optimize temperature, oxygen concentration
and mass of catalyst to dehydrate fructose to HMF

— Optimize the oxidation of HMF to DFF

3. Establish the levulinic acid upgrade to succinic acid through organic solvent-free
Baeyer-Villiger oxidation with hydrogen peroxide. Results are published in Applied
Catalysis A : General (I.F. 4.4)

— Determine the effects of catalyst loading, time and hydrogen peroxide on the le-

vulinic acid conversion and products selectivity



— Identify the reaction pathway through intermediate reactivity
— Propose an interaction mechanism with the catalyst to modulate the regioselecti-

vity of the reaction

The first two specific objectives were achieved at Polytechnique Montreal, while the third at
University of Bologna (Italy).



CHAPTER 2 COHERENCE OF THE ARTICLES

A brief description of the chapters and the coherence between them :

Chapter 1 : this first section highlights the potential of sugars conversion to value-added
chemicals and bio-fuels. After a rapid summary of the importance of the lignocellulosic ma-
terial transformation, we will define the fructose dehydration methodologies to HMF and
the further oxidation to FDCA, indicating advantages and drawbacks. We will propose an
alternative technology for the valorization of fructose, highlighting the major advantages. A
second part will focus on the levulinic acid oxidation to succinic acid, describing the market
value and the potential of the two molecules. To achieve the main goal of the thesis, we

propose three specific objectives, underlying the major milestones of each one.

Chapter 2 : a brief description of the chapters of this manuscript, and the main links

between them.

Chapter 3 : this section covers the state of the art of the oxidehydration of hexoses and the
oxidation of levulinic acid to succinic acid. Conversion of sugars in a p-fluidized bed reactor,
operating in the gas-phase, is a breakthrough technology, and based on our knowledge only
few articles or patent describe similar work. To explore the state of the art, the section will
mostly delineate the liquid phase dehydration and oxidation of hexoses, and will illustrate few
application of liquid injection into a fluidized bed reactor. The second part of the section will
describe the importance of levulinic acid as bio-feedstock to value-added chemicals, and the
potential of one derivative, the succinic acid. We will define the main valorization processes
for the synthesis of the two compounds, outlying the Baeyer-Villiger oxidation to convert

levulinic acid to succinic acid.

Chapter 4 : according with the first specific objective, this chapter describes an alternative
methodology for the conversion of fructose, through the liquid injection of the feed into
a fluidized bed reactor. The results are published in ACS Sustainable Chemistry &
Engineering and are the basis for the patent continuation Oxidation of C5 and C6 sugar
feedstocks to carboxylic acids, ethers and ketones. To demonstrate the sustainability
of the system on the conversion of sugar in the gas phase, we synthesized and characterized
four tungsten oxide loadings on the TiO, inert support. We developed and improved the
atomizer, able to continuously inject the feed for 19 h. The sparger injected the sugar aqueous
solution directly into the fluid bed, where formed an aerosol that reacted with the catalyst.
We analyzed the influence of temperature, tungsten loading and O, :fructose molar ratio on

the furfural selectivity. A GC-MS measured the liquid products concentration, while an online



MS monitored the non-condensable gases during the reaction. Acetic acid and diformyl furan
were the two main by-products. During the reaction, coke built up on the surface, increasing

the selectivity to furfural and decreasing the acetic acid.

Chapter 5 : the main limitation described in the article of chapter 4 is the low carbon
efficiency, due to the decarbonylation of the fructose to furfural. We targeted the dehydration
of fructose to HMF, investigating the effects of six reaction variables and synthesizing a Pt-
WO, /TiO, catalyst. Furthermore, we established the relationship between platinum content,
temperature, oxygen concentration and catalyst loading on the furanic selectivity. Addition
of Pt increased the oxidative power of the catalyst, but demonstrated the inefficiency to

convert HMF directly to FDCA. We investigated the oxidation of HMF to DFF.

Chapter 6 : fructose dehydration has as by-product levulinic acid. This molecule is an
important intermediate to bio-chemicals and bio-fuels. This section describes the oxidation
of levulinic acid to succinic acid. This process is an interesting route to increase its market
value and at the same time valorize the undesired products. We developed the green oxi-
dation with H,O, in a batch reactor, catalyzed by H,WO,. We estimated the influence of
the reaction time, catalyst loading and reagent concentration on the products selectivity and
on the LEV conversion. For a deep understanding of the reaction pathway, we investigated
the reactivity of the main intermediates and proposed a reaction network. Furthermore, we
explained how the interaction mechanism between catalyst and reagent modulates the se-
lectivity of two competitive reaction kinetics. Results are published as scientific article on

Applied Catalysis A : General.
Chapter 7 : general discussion of the work and summary of the results achieved.

Chapter 8 : summary of the project, focusing on the main hurdles and the limitations,

providing recommendations for future work.



CHAPTER 3 LITERATURE REVIEW

Biomass is the main resources for fuels and bio-chemicals. Worldwide, biomass and wastes
grant 10 % of the global energy demand Jahirul et al. (2012). In 2017, Canada produced
more than 2000 MW of energy from solid biomass and renewable wastes Statista (2017b).
Petroleum refinement establish 7 main building blocks, as base of the main industrial chemical
processes Boisen et al. (2009). Shifting from crude oil to renewable feedstock will reduce the

fossil fuels dependence and diminish the CO, emission.

This chapter, divided in five main sections. Initially, after a brief description of biomass and
sugars, a section will explain the extraction and hydrolysis of hexoses from lignocellulosic
materials, and further the fermentation process to obtain bio-ethanol. A second section will
focus on the fructose potentialities and the corresponding applications. The next part will
discuss one of the most important reaction of fructose, the dehydration to 5-hydroxymethyl
furfural and the further oxidation to 2,5-furandicarboxylic acid. The fourth section clarifies
the benefits of fluidized bed reactors, the advantages of micro systems and the liquid injection
directly into the catalytic bed. The last part will evaluate the importance of levulinic acid
— the by-product from the fructose dehydration — and its valorization to succinic acid. The
section includes the Baeyer-Villiger oxidation mechanism, as interesting reaction to oxidize

levulinic acid to succinic acid.

3.1 Biomass and sugars

Biomass is organic matter, which can be converted to bio-fuels and bio-chemicals. Based on
the origin, Vassilev et al. (2010) classifies it in : woody, herbaceous and agricultural, aqua-
tic, animal and human wastes, contaminated and industrial wastes (semi-biomass) and a
mixtures of the previous. Thermal (to produce heat), thermo-chemical (to gas, liquid and
solid bio-combustibles) and bio/chemical (to speciality chemicals) are the three main valori-
zation routes. Dry lignocellulose contains around 55 % to 75 % carbohydrates Mosier et al.
(2005). Around 80 % in weight of lignocellulosic material can be transformed into chemi-
cals and fuels Alonso et al. (2017). Cellulose, hemicellulose and lignin forms the majority of
lignocellulosic material, the most value and abundant group of biomass. The three compo-
nents proportion varies with materials. Lignin is an organic cross-linked polymer, where the
high-molecular units are bonded to create a complex amorphous structure. Polysaccharides,
and especially glucose, mannose, xylose and arabinose, composes hemicellulose. Cellulose is a

polymer, consisting of D-glucopyranose units linked by (1—4) -glycosidic bonds. Hemicellu-



lose differs from cellulose by the insertion of xylose and C5 monosaccharides in the polymeric

matrix.

High oxygen/carbon ratio and the low cost extraction give to sugars a huge potential as
substrate to speciality chemicals. The US chemical market value is approximately 2 trillion
USD each year, while the speciality chemicals value is around 400 billion USD Markets &
Markets (2018b).

3.1.1 Extraction and hydrolysis

Glucose and fructose are the most abundant sugars in nature, formed by six carbon and
six oxygen atoms. Hydrolysis of cellulose cleaves the polymeric bonds, producing monomeric
glucose, while sucrose — molecule deriving by the bonding of glucose and fructose, the sweet
component of fruit and vegetables — hydrolysis breaks the disaccharide bond forming a 50 :50

mixture of both hexoses.

Monosaccharides industrial production includes two steps : the lignocellulosic material pre-
treatments and the polysaccharides hydrolysis. The first approach removes lignin and hemi-
cellulose, reducing the sugar degradation and the by-products formation, resulting in higher
hydrolysis yields Kan et al. (2016). In fact, reducing the crystallinity contributes to facilitate
the interaction between the enzymes or the catalysts with cellulose. Pre-treatments include
physical Shuping et al. (2010), thermal Isaksson et al. (2013), chemical Carrier et al. (2011);
Kilambi and Kadam (2015); Camarero Espinosa et al. (2013) and biological Fu et al. (2011)
processes. Industrially, the prevalent treatment is the steam explosion ; the material is high-
pressure saturated by a steam (160 °C to 260 °C with a pressure of 0.69 MPa to 4.83 MPa),
then exposed to atmospheric pressure, causing an explosive decompression. The approach
thermally degrades the hemicellulose and transform the lignin Kumar et al. (2009), which
presence drastically reduces the hydrolysis efficiency Rahikainen et al. (2013).

The second step is the polysaccharides hydrolysis, which cleaves the polymeric bonds to form
mainly monomeric hexoses from cellulose and a combination of hexoses and pentoses from
hemicellulose. Industrial processes rely on homogeneous, heterogeneous and enzymatic cata-
lysts. The number of Brgnsted acid sites, affinity with the substrate and catalyst stability are
the most influence variables for the lignocellulosic hydrolysis Huang and Fu (2013). Concen-
trated acids (H,SO, and HCI) demonstrate higher activity then heterogeneous catalysts, but
suffer for high environmental impact, high system corrosion and require complex recovery
steps von Sivers and Zacchi (1995). Diluted acids, combined with higher temperature (above
130°C) reduce the toxicity and improve the operational range of the process Lenihan et al.

(2010). Heterogeneous catalysts present easier separation steps, higher recyclability and lo-



wer system corrosion, but lower yield. Addition of W to mesoporous transition-metal oxides
— like Nb — demonstrates higher activity than other traditional solid acidic catalyst, such
as Amberlyst-15 or pure Nb,O,. Tagusagawa et al. (2010) describe the glucose production
of 12mmol g~ h™!, with a turnover frequency of 40 h~!. Heteropolyacids present high acidic
density, which reflects the higher activity compared to mineral acids and H-zeolites Huang
and Fu (2013) ; H,BW,,0,, demonstrates a maximum glucose yield of 77 % at 60 °C.

Enzymatic hydrolysis is the prevalent methodology for glucose production, due to the low
toxicity, costs and reactor corrosion compared to acidic hydrolysis. Type of substrate, cellulase
activity and reaction conditions affect the hydrolysis efficiency. Each type of substrate requires
a specific type of cellulase enzyme. The optimal conditions range between 40 °C to 50 °C and
4 pH to 5 pH Neves et al. (2007). Increasing the cellulose concentration increments the reaction
rate Cheung and Anderson (1997), but an excessive amount of substrate inhibits the reaction
Penner and Liaw (1994).

b-fructofuranosidase shows an almost complete cleavage of sucrose at 50°C Akgdl et al.
(2001). Glucose inhibits the enzymatic cleavage. Coupling the fermentation process with the
cellulose hydrolysis reduces the hexose concentration and improve the ethanol production
Sun and Cheng (2002).

3.1.2 Fermentation to ethanol

Despite numerous energy forms, liquid fuels are the main type of energy transportation. Cur-
rently, the transportation sector is responsible of 20 % of global CO, emissions The Royal
Society (2008). Blending gasoline with bio-fuels will limit the increment of the net carbon
dioxide production. In USA, around 85 % of gasoline is now blended with ethanol from bio-
mass Demirbag (2005). The current fermentation technology still requires improvement on
processing the lignocellulosic materials — pre-treatments — and developing new methodo-

logies to reduce the total costs — like adding a mixture of micro organisms.

Fermentation of sugars proceeds with the formation of two molecules of ethanol and two
of carbon dioxide (equation 3.1). The maximum molar theoretical yield of 50 %, combined
with the lower market value versus bio chemical, highly limits the potential of the sugars

valorization.

CgH,,0, — 2C,H,0 + 2CO, (3.1)

Industrially, the process passes through two steps : the broth fermentation and the distillation.

After the pre-treatments, the starting material is mixed with micro organisms to ferment.
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This step is limited by the lack of efficient enzymes able to simultaneously convert hexoses and
pentoses, which requires purification of the starting materials. Furthermore, most of enzymes
lose activity or are completely inhibited at higher concentration of glucose (saccharification).
Wyman and Yang (2009) report a maximum yield of 90 % of the theoretical from glucose,
adding Saccharomyces yeast. Mixing micro organisms to the fermentation broth favors the
conversion to ethanol and reduces the decline of activity. This process is called simultaneous

saccharification and fermentation (SSF).

The advantages are Sun and Cheng (2002) :

— higher hydrolysis rate

— lower minimum enzymes concentration

— enhance ethanol yield

— reduce the sterile conditions, due to the instantaneous removal of glucose

— lower process time

— lower reactor volume
The second step is the separation of ethanol from the fermentation broth with distillation.
This technique ensures the separation of the product from the solid residue, such as lignin,
unreacted cellulose and hemicellulose, ash and enzymes, which will be further burned to
supply energy to the system Wooley et al. (1999). Periodical distillation, coupled with batch
fermentation, produces 92 % of theoretical yield and an ethanol concentration of 10gL~! to
80 g L~! Kishimoto et al. (1997).

Based on the fructose and ethanol market price, and the limitation of the fermentation
reaction, the potential of this substrate is not fully exploited. Fructose is an high value

feedstock with a wide range of applications.

3.2 Fructose valorization

3.2.1 Applications

Fructose is an hexose (6 carbon and 6 oxygen atoms), and the structural isomer of glucose.
Sugar cane and sugar beets are the main sources, from which is extracted as mixture with
glucose, and commercialized as high-fructose corn syrup. In the food industry, it is largely
added as sweetener, due to low cost and the highest sweetness among all the carbohydrates.
One of the carbohydrates limitation is the caramelization process, which is a non-enzymatic
browning of sugars, caused by excessive temperature. During the caramelization, various
reactions occur, such as condensation, dehydration, intra-molecular bonding, formation of

unsaturated polymer and isomerization. In the food industry, sugar browning is largely used
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to give colour and in the cooking process. The thermal limit value depends on the type of
saccharide, and for the most common sugars varies between 110°C to 180°C. The fructose
threshold is 110 °C.

In the chemical industry, fructose is one of the main bio-feedstock, thanks to its furanic ring,
that makes it suitable for the synthesis of a variety of chemicals and bio-fuels. Its importance
is highlighted by the presence of 7 molecule on the list of the top 10 bio-based products from

carbohydrates, which are directly associated to fructose Bozell and Petersen (2010).

As already mentioned, fermentation to ethanol is the largest fructose conversion, but various
reactions can exploit the sugar potential to bio-chemicals and bio-fuels. Figure 3.1 shows the
main trasformation of fructose. The reforming process cleaves the molecule to H, and CO,
which is further injected into a Fisher-Tropsch reactor to produce hydrocarbons Michailos
et al. (2017). The hydrogenation process forms sorbitol and mannitol, the corresponding
alcohols. Even if their sweetness is lower compared to sucrose — 50 % to 60 % less —, they
are largely added as sugar substitute to prevent caries, due to the low fermentation rate
of oral bacteria Livestrong (2018). Catalytic hydrogenation over CuO-ZnO produced from
60 % to 68 % mannitol, at 35bar to 65 bar and 90°C to 130°C Kuusisto et al. (2005). The
retro-aldol reaction, the opposite of the aldolic reaction between two carbonyl groups, cleaves
the molecule into an aldehyde and a ketone. In the case of fructose, the breakage produces

glycol aldehyde and erythrose.

Another important reaction is the isomerization to glucose. Acidic catalyst, basic catalyst or
enzymes are able to convert one sugar into the corresponding isomer. Industrially, D-glucose
/ xylose isomerase XI (GI, EC 5.3.1.5) isomerize the glucose to high-fructose corn syrup.
The main drawbacks are the loss of activity at temperature higher than 60°C, a small pH
work capability, necessity of high amount of catalyst and a deactivation after few cycles
Bhosale et al. (1996). Glucose oxidation forms firstly gluconic acid and further glucaric acid.
Gold supported on activated carbon demonstrates an high oxidation power in liquid phase.
Changing operative conditions modulate the oxidation Megias-Sayago et al. (2018); Onal
et al. (2004); An et al. (2012). Gluconic acid is mainly applied in the medical field and in the
food industry as additive. Glucaric acid is added as detergent builder, due to its property
to suspend calcium and magnesium ions in water, reducing the hard deposits. A further
dehydration and hydrogenation of glucaric acid gives adipic acid Boussie et al. (2010). This

monomer, is also the precursor to synthesize nylon.
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Figure 3.1 Fructose conversion to bio-chemicals and bio-fuels

3.2.2 Furfural and pyrolysis

The US Department of Energy listed furfural as one of the “top 10 biobased products”
Werpy and Petersen (2004). Industrially is found mainly as extraction solvent. Reduction by
hydrogen Ying Hao et al. (2005) or enzymes Diaz De Villegas et al. (1992) produces furfuryl
alcohol, a monomer to furan resins. Pentoses — like xylose — from hemicellulose are the
industrial starting materials to furfural. The reaction includes the loss of three molecules of
water, and requires the presence of acid catalyst. Industrially, the batch process of QUAKER
OATS produces furfural in presence of sulfuric acid at 153°C for 5h Zeitsch (2000). The
main limitations are the multiple passages of a steam through the reactor, long contact time,

toxicity and corrosive catalysts and formation of acidic wastes Bu et al. (2011).

Solvents modifies the reaction mechanism : alcohols stabilize the intermediates formation,
and promotes the furfural production. Iso-propanol and 2-butanol converts directly xylose
to the corresponding levulinic ester, while ketones inhibit the dehydration to furfural. Esters
as solvent — such as methyl formate — at 150 °C promote the dehydration (yield 70 %) and
produces formates, highly volatile molecules that can be easily separated from furfural Hu
et al. (2014).

The main drawbacks of furfural production is the limitation to C5 carbohydrates as starting
material. Furthermore, the presence of this molecule in the fermentation broth inhibits the

transformation of hexoses, and glucose in particular, to bio-ethanol Taherzadeh et al. (1999).
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Identify new route to simultaneously convert hexoses and pentoses will make the lignocellulo-
sic processes more accessible to various starting materials. C5 sugars generally dehydrate to
furfural, while C6 carbohydrates form HMF. However, fast pyrolysis of sugars decarbonylates
hexoses. This technique consists of a rapid increase of the temperature (more than 500°Cs™1)
up to 400°C to 600°C, to mainly produce bio-oils or bio-fuels. Carlson et al. (2010) report
the synthesis of furfural from glucose via fast pyrolysis (1000 °C with H-ZSM-5 up to 20 %
in the molar ratio to glucose ratio of 1.5. Decreasing the pore size distribution increases the
oxygenated products and reduces the coke formation. ZK-5 (zeolite with SiO,/Al,O4 of 5.5)
produces 40 % of the oxygenated products Jae et al. (2011).

As well as fast pyrolysis, combination of heterogeneous catalysts with organic solvents de-
carbonylate glucose to furfural. H-mordenite in v-valero lactone reaches a 80 % furfural yield
from hemicellulose and 37 % from glucose Giirbiiz et al. (2013). Zhang et al. (2017) report
69 % yield from glucose at 180 °C after 33 min, with Sn-Beta zeolite.

Among all the solvents tested, y-valero lactone or vy-butyrolactone are the two main solvents

that demonstrated higher yields during the decarbonylation of glucose.

3.3 5-hydroxymethyl furfural

3.3.1 Dehydration to HMF

5-hydroxymethyl furfural (HMF') encases a huge potential as bio-intermediate to a wide range
of bio-chemicals and bio-fuels. In nature is found in various food, produced by the thermal
decomposition of carbohydrates. The molecule has medical properties : it increases the blood

circulation, behaves as antioxidant and against the sickle-cell disease.

Due to the lower concentration of acyclic conformation of glucose than fructose, aldoses are

less reactive than ketoses for the dehydration reaction Kuster (1990). The six atoms ring of

N
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Figure 3.2 The triple dehydration of fructose to HMF starts with the loss of a water molecule
in position 2, and the formation of a cyclic intermediate.
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glucose is more stable and less reactive than the furanic ring. Furthermore, only 1 % of glucose
is in the furanose form, while fructose reaches 21.5% as fructofuranose Chao Wang et al.
(2017). Enolisation is the reaction limiting step, resulting in higher fructose reactivity than
glucose. The dehydration mechanism of C6 sugars is still under investigation. Two pathways
describe the reaction : the formation of acyclic intermediates or the creation of closed ring
intermediates (Figure 3.2). Recently, '*C NMR in DMS demonstrated the presence of cyclic

molecules in the dehydration mechanism Akien et al. (2012).

The first HMF synthesis was described by pressurizing a solution of inulin — a polysaccharide
— and oxalic acid Dull (1895). Commercially, high-fructose corn syrup is the starting material
for the HMF production Klausli (2014). During the years, the dehydration process was largely
improved, testing and comparing type of reactors, solvents, type of catalysts and product

isolation methodologies.

The two main hurdle of the process are :

— Polymerization of HMF /hexoses to insoluble brown materials, called humins

— Rehydration of the HMF, that cleaves to formic acid and levulinic acid
Brgnsted acid sites on the catalyst surface favors the dehydration reaction. Mineral acids,
such as HCI and H,SO, (Table 3.1, entry 1 and 2), are the most applied catalysts, but at
high fructose concentration, the HMF yield decreases due to the elevate polymerization rate
to humins. Switching to organic acid, like acetic acid and lactic acid (Table 3.1, entry 3 and
4), decreases the environmental and process risks. Excessive corrosion, high level of toxicity
and necessity to recycle the catalyst induced to shift to heterogeneous catalysts. Coupling
solid particles with organic solvents are a viable solution to extract HMF from the aqueous
phase and avoid the side products (Table 3.1, entry 5 to 7).

The main advantages are :

— Shift the equilibrium through the products, continuously removing the HMF formed
— Decrease the by-products formation
— Reduce the polymerization to humins

— Increase conversion and selectivity

Methyl isobutyl ketone (MIBK), dichloromethane (DCM), ethyl acetate, dimethylether (DME),
tetrahydrofuran (THF') and dimethyl sulfoxide (DMSO) are the most common organic media.
Fructose in presence of DMSO at 150 °C dehydrates without catalysts Musau and Munavu
(1987). Two main sections compose biphasic and triphasic reactor : the aqueous phase, where
the dehydration process occurs, and the organic phase, where HMF migrates due to the low
solubility in water (Figure 3.3). Further purification of the organic media isolates the pro-

ducts. Combination of organic phase and heterogeneous catalyst shows easier separation,
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Table 3.1 Fructose dehydration to HMF. [BMIM][C] | : 1-ethyl-3-methylimidazolium chlo-
ride ; MW : microwave assisted ; (ho) : homogeneous catalyst ; (he) : heterogeneous catalyst ;
X : conversion; S : selectivity

Entry

Solvent

Catalyst

T, °C

Time min X, %

SHMF’ %

Ref.

1

10

11

12

13

1,0

Ethylen glycol,
DME

H,0

H,0

1:5 H,O : DMSO/
MIBK - 2-butanol

5 :5 H,O-DMSO/
7 :3 MIBK :2-butanol

Saturated Hy,O with
CsCl - 1-butanol

DMSO

DMSO

Acetone-DMSO

subcritical H,O

90 :10 supercritical
acetone - HyO

[BMIM] [C1 ]

HCI (ho)

H,SO, (ho)

Acetic acid 10 % wt (ho)

Lactic acid 50 % wt (ho)

HCI (ho)

HCI (ho)

HCI (ho)

Amberlyst15 (he)

FePW,,0,, (he)

Dowex-type (he)
ion-exchange
resin

H,PO, (ho)

H,SO, (ho)

Amberlyst 15 (he)

150

150

185

170

180

120

120

150 (MW)

240

180

80

1

210

120

120

15

120

120

20

10

71

100

38

95

98

95

92

100

100

99

99

)

70

76

67

81

89

80

100

97

84

65

7

83

Tuercke
et al.
(2009)

Chen et al.
(1991)
de Souza
et al.
(2012)
de  Souza
et al.
(2012)

Tuercke
et al.
(2009)

Chheda
et al.
(2007)

Roman-
Leshkov
and  Du-
mesic
(2009)
Shimizu

et al.
(2009)
Shimizu

et al.
(2009)

Qi et al
(2012)
Asghari
and  Yo-
shida
(2006)

Bicker
et al.
(2003)
Qi et al
(2010)
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Figure 3.3 The dehydration of fructose occurs in the aqueous phase of the biphasic reactor.
HMF migrates into the organic phase, reducing the rehydration to levulinic acid and formic
acid, and the polymerization to humins

lower corrosion, and a possible recycling of the solid particles (Table 3.1, entry 8 to 10).
Recently, liquids in supercritical and subcritical state improve the final products separation
step (Table 3.1 entry 11 and 12).

Ionic liquids are largely applied as solvents. They can dissolve more concentrated carbohy-
drates respect to organic solvents, and can be easily recycled. Furthermore, they demonstrated
higher yields than heterogeneous catalysts Zhao et al. (2007). A combination of acidic solid
catalyst and ionic liquids ensure high yields with low contact time —10 min (Table 3.1 entry
13). The main limitations are the higher costs, the low biodegradability (may be toxic to

micro-organisms) and are potentially toxic (especially the so-called first generation).

3.3.2 HMF valorization

HMF is the intermediate to various furanic-based bio-chemicals and bio-fuels. Figure 3.4
shows the main products from HMF. Lewkowski (2005) classifies the conversion to value-
added molecules based on the type of reaction and the functional group involved in the

process :

— Reaction with the hydroxymethyl group ; includes formation of esters, ethers, halides
and oxidation to aldehydes and acids
— Reaction with the formyl group ; reduction to alcohol, condensation and oxidation

— Reaction with the furan ring
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— Polymerization

— Electrochemical conversion

Etherification of the hydroxymethyl moiety forms to 5-alkoxymethyl furfural. In particular,
methylation produces methoxymethyl furfural, which is the key part on the oxidation to 2,5-
furandicarboxylic acid (FDCA) from HMF in the Avantium YXY technology. Commercially
it is applied as antifungal, while in the tobacco industry, addition of alkoxymethyl furfural
enhanced the sweet flavor of the smoke Hind et al. (1963). The hydrogenation of both func-
tional groups forms 2,5-dimethyl furan (DMF), a potential bio-fuel. Compared to ethanol,
it possesses higher energy content, higher boiling point and octane number, with a reduced
oxygen content. Furthermore, its miscibility with gasoline is higher than ethanol, while it
is immiscible with water Romdan-Leshkov et al. (2007). Pt/rGO (reduced graphene oxides)
hydrogenates HMF to DMF, with 73 % yield at 3 MPa of H, after 2h reaction Shi et al.
(2016). Partial reduction forms 2,5-bishydroxymethyl furan, a component to fabric resins,
polymers and artificial fibers Lewkowski (2005). Water hydrolyses HMF to formic acid and
levulinic acid, which can further dehydrate to a-angelica lactone in presence of acidic ca-
talyst. This molecule is added in oral care formulation to increase the mint and the coffee
flavor. Decarbonylation of HMF produces furfural, which in nature spontaneously occurs at

high temperature.

One of the most important and famous reaction is the oxidation to 2,5-furandicarboxylic

acid, the furanic substitute of terephthalic acid to plastics.

Partial oxidation to DFF and HMFCA

HMF oxidation follows two pathways, depending on the fastest moiety that reacts (Fi-
gure 3.5). Type of metal and solvents modulate the selectivity of the two-competitive kinetics.
Transition metals demonstrate high catalytic activity in the oxidation. Ru/C in toluene, with
2MPa O,, efficiently produces DFF with a yield of 96 % at 110°C Nie et al.. Hydroxyapa-
tite as support for ruthenium nanoparticles increases the oxidation power, converting HMF
to FDCA with 99.6 % yield at 120°C and with 1 MPa oxygen Gao et al. (2018). Magne-
sium/cerium oxides selectively oxidized HMF to DFF in water with O, and without any
other additives. The same amount of acidic and basic sites establish the maximum yield of
98 % Ventura et al. (2018).

One-pot conversion of DFF from fructose requires acidic sites for the dehydration step, and
transition metal oxides for the further oxidation. Sulphonated MoO;-ZrO, oxides converted
directly fructose to DFF with a yield of 74 % Zhao et al. (2018a). Combining MoO, with
nitrogen-doped carbon (Mo-HNC) produces 77 % DFF after 9h at 150 °C Zhao et al. (2018b).
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Figure 3.4 Conversion of HMF to value added molecules

Formation of HMFCA requires a faster oxidation step for the formyl moiety than the hydroxyl
group. Like for DFF, transition metals demonstrated high selectivity toward the oxidation
of HMF. Cs-substituted tungstophosphate-supported ruthenium particles converted HMF
to HMFCA with a yield of 72.9% after 12h at 130°C, with molecular oxygen flowing at
20 mLmin~!. Addition of aromatic solvents enhanced the yield, but the catalyst suffered
from instability and loss of activity during the recycling experiments Wang and Zhang (2017).
Molybdenum acetylacetonate complex, immobilized on montmorillonite K-10 clay, shows a
selective oxidation to HMFCA with 87 % yield after 3h in toluene, without any significant
loss in activity after several recycles Zhang et al. (2014). HMFCA is quite unstable, and
easily oxidize to FDCA.

3.3.3 Oxidation to FDCA

2,b-furandicarboxylic acid is one of the most promising monomer to replace terephthalic
acid to green plastics. Polymerization with ethylen glycol forms poly(ethylene furanoate)
(PEF). This material possesses superior chemical and physical properties than poly(ethylene
terephthalate) (PET), such as higher O, (X 9 Burgess et al. (2014a)), CO, (X 11 Burgess
et al. (2015)) and H,O vapors (X 2 Burgess et al. (2014b)) barriers, higher glass transition

temperature, lower melting point and higher modulus Burgess et al. (2014c). Furthermore,
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PEF is recyclable and can be included up to 5% into PET recycle stream without affecting
its performance Gotro (2013). The main application regards bottles, fibers and films.

The Coca Cola Company, Avantium, Danone and ALPLA are working together to commer-
cialize PEF bottles. Avantium developed the YXY technology, where methanol or ethanol
etherificates 5-hydroxymethyl furfural, which is further oxidized by O, to FDCA Avantium
(2018). The process demonstrated more than 96 % yield, but requires a catalytic hydroge-
nation purification step Janka et al. (2013). In 2016, the joint venture with BASF, Synvina,
aimed to built a reference plant with a capacity up to 50000 metric tons per year BASF
(2016), but the commercial facility was delayed by 2023 - 2024, due to process inefficiency in
the pilot plan Scott (2018).

The oxidation of HMF to FDCA passes through two ways : the conversion of the hydroxyme-
thyl moiety to the corresponding aldehyde, or the formation of an acidic functional group from
the formyl moiety. The first leads to diformyl furan, while the second to 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA). HMF to 5-hydroxymethyl-2-furancarboxylic acid (HMFCA)
is thermodynamically more inclined to oxidation, but type of catalyst and reaction conditions
modulate the kinetic. A further oxidation gives 5-formyl-2-furancarboxylic acid (FFCA) and
finally FDCA (Figure 3.5).

The are many hindrances in the FDCA synthesis :
— Reagents and intermediates degrade in acidic conditions, cleaving to smaller by-
products or polymerize to humins
— Furanic compounds generally demonstrate poor solubility in water. Organic solvents,
like dimethylsulfoxide (DMSO) or v-valero lactone (GVL), dissolves reagents and pro-
ducts, but are not environmental friendly

— Polymerization to PEF requires high purity of the final product. In fact, intermediates
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Figure 3.5 Catalysts and solvents define the HMF oxidation pathway : through the conversion
of the hydroxymethyl group to aldehyde, or the formyl group to acid.
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and by-products like HMF, furfural and DFF modify the colour, which will shifted to
yellowish tones
— Glucose is less reactive than fructose, and requires an isomerization step to increase
the yield
Enzymatic oxidation of HMF to FDCA requires engineered micro-organisms able to convert
both alcohol and aldehyde moieties. Furthermore, the process needs a purification step to
recover the products or separate the enzymes from the broth. Raoultella ornithinolytica BF60
shows an HMF conversion of 93.6 %,with a maximum concentration of 93.6 mM FDCA pro-
duction Yuan et al. (2018). Koopman et al. (2010) demonstrate that Cupriavidus basilensis
HMF 14 achieve 97 % yield, and propose a purification step to obtain 99.4 % pure dry FDCA

from the fermentation broth, with a maximum concentration of 190 mM.

The three major limitations for the bio-oxidation are the narrow experimental conditions, the
high enzymatic concentration required and the low reusability. A great step forward is the
immobilization over a material, which overcomes the majority of the drawbacks. A magnetic
laccase catalyst, with (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO) as solvent, produces
90 % yield FDCA after 96 h reaction, maintaining 84.8 % of its activity Wang et al. (2018).

Supported noble metals drastically reduce the reaction rate, but require harsher conditions.
Furthermore, most of them need the addition of a base, to attack the HMF aldehyde moiety.
In aqueous condition, Pd/CC converts HMF to FDCA with 85 % yield. The reaction requires
addition of O, at 140 °C for 30 h. The same catalyst demonstrates also the two-step conversion
from fructose with a yield of 64 % Rathod and Jadhav (2018). Deposition of 4.9 % Pt over
carbon nanotubes in aqueous media and with 0.5 MPa of molecular oxygen oxidizes HMF
with a yield of 98 % to FDCA and 1.5% to FFCA at 95°C. The carbon support presents
some carbonyl/ quinone groups that accelerate the hydrogen transfer from the Pt sites and
favor the reaction Zhou et al. (2015).

As for the fructose dehydration to HMF, biphasic or multiphasic reactors ensure the oxida-
tion of HMF to FDCA, minimizing the by-products, and also allow the two-step conversion
directly from fructose. Leshkov et al. (2006) developed a multiphasic reactor with methyl-
isobutyl ketone and 2-butanol as organic phase ; in the aqueous solution, fructose dehydrates
to HMF, while the organic phase extracts it and further oxidizes to FDCA. Pt/C oxidehy-
drates fructose to FDCA in 7-valero lactone and H,O Motagamwala et al. (2018). Yi et al.
(2015) developed a tri-phasic system to convert sugars to FDCA. In the first phase (tetraethy-
lammonium bromide (TEAB) or water), Amberlyst-15 dehydrates fructose to HMF, which
is extracted and transported by a bridge (methyl isobutyl ketone) to another phase (water),
where AugPd,/HT catalyst and Na,CO, oxidize HMF to FDCA. After 20 h, FDCA reached
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a maximum yield of 78 % at 95°C.

Recently, a combination of ionic liquids and non-noble metals avoid the organic phase and
directly converted fructose to FDCA Yan et al. (2018).

3.4 Fluidized bed reactor

Kunii and Levenspiel (1991a) describe fluidization as operation by which fine solids are trans-
formed into fluidlike state through contact with a gas or liquid. Fluidized bed reactors were
invented in 1920 by Fritz Winkler for the powdered coal gasification. Air and steam were
injected from the bottom of a reactor (22 m high) loaded with coal. The gas, passing through
a distributor, suspended the solid. This technology was extensively applied for the Thermal
Catalytic Cracking (TCC), and further to implement another process, the Fluid Catalytic
Cracking (FCC) Kunii and Levenspiel (1991b). Recent applications involve metallurgic and
thermochemical processes (combustion, gasification and pyrolysis). The main examples are
the synthesis of isobutene, naphta cracking and acetone recovery, FCC, methanol to olefins
(Exxon process) and Fisher-Tropsch synthesis. Particle size distribution Sun (1991) and in-
ter particle forces Shabanian and Chaouki (2015) largely affect the hydrodynamic properties.
The fluidization regime is dictated by experimental conditions, diameter and density of the
particles, and density and velocity of the fluidGeldart (1973). Increasing the fluid velocity,
the particles will behave as : fixed bed, minimum fluidization, particulate fluidization, bub-
bling, slugging, and finally as lean phase fluidization with pneumatic transport Kunii and
Levenspiel (1991a) . The main advantages of fluidized bed are :

— Particle homogeneity in the catalytic bed

— Continuous process

— Short contact time

— Elevate mass and heat transfer

— Easy handling and transport of solids

— Excellent gas-solid contact

— Avoid formation of hot spots
Biomass and wastes fluidized bed gasification are relatively easy to scale-up and avoid some
limitations of fixed bed reactors, such as the formation of hot spots Kurkela et al. (2004).
The main drawbacks are the non-uniformity of the particles, which makes the fluidization
more complex Cui and Grace (2007). Hydropyrolysis of biomass involves the reaction of the
starting material with hydrogen at high temperature and pressure. The great advantage,
compared to thermal pyrolysis, it the maximization of the process carbon efficiency. In fact,

for catalytic fast pyrolysis in fluidized bed reactor, the product’s yield is generally lower than
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20 %, while the coke formation can exceed 40 % Carlson et al. (2011).

3.4.1 p-fluidized bed

The concept of micro-fluidized bed reactor was introduced in 2005, and includes reactors with
a diameter from millimeters to few centimeters Potic et al. (2005). The operability benefits
of this system are the on-line pulse feeding of the reagents, the fast heating, the on-line
monitoring of the gases exiting the reactor and the minimization of the intra-particle diffusion
Yu et al. (2011, 2010). Furthermore, due to the small geometry, the system demonstrates
various benefits; the initial and the operational costs are drastically decreased, leading to
easier and more accessible study of reactions that involves expensive reagents or catalysts.
Those reactors are easier to control, making them suitable for a intensive hydrodynamic and
kinetic studies Chen et al. (2017a); Li et al. (2018). A great advantage of the system is also
the combination of low energy required to heat the system and the excellent heat transfer
inside the catalytic bed, which increase the safety of the operation. The main disadvantage is
the strong walls effect on the fluidization, which modify the hydrodynamic and can determine
the formation of a slug when particles aggregate Liu et al. (2008). In the biomass pyrolysis,
p-fluidized bed reactors allows a deeper understanding of the reaction kinetics, compared to
thermogravimetric analysis Guo et al. (2015). Furthermore, the design allows the fast release
of the volatile compounds. Biomass gasification is largely investigated in micro-fluidized bed
reactor. Gao et al. (2017) report the conversion at 700°C to 1000°C, demonstrating the

strong dependency of the activation energies with the particle size of the bed.

3.4.2 Liquid injection in FBR

Feed injection is crucial in the fluidized bed process, and affects the contact between the feed
and the solid and consequently the reaction rate. Industrially, liquid spray is largely developed
for a variety of applications. In the petroleum sector, crude oil is injected to produce gasoline
by FCC Patel et al. (2013). Compared to gas injection, liquid feed evaporates directly into
the fluidized bed, reducing the external costs for heat exchangers, and minimize the hot-
spots near the nozzle, due to the latent heat necessary for the evaporation Bruhns and
Werther (2005). Furthermore, atomization benefits from a rapid and uniform distribution
of the feed in the catalytic bed, reducing the formation of agglomerates, resulting in higher
yields. Applications and conditions determine the injector structure. In a dual-fluid nozzle,
generally the gas pushes and sprays the liquid feed. The zone of mixing of the two fluids
differentiate the spray types : internal mixing and external mixing. In the first conformation,

the liquid and the gas enter in contact directly into the injector. This system requires less
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atomization gas and demonstrates a deeper interaction between the fluids. In the second
conformation, the gas and the liquid are carried separately until the orifice, and the mixing

occur only at the exit of the nozzle, due to the difference of pressure between them.

Droplets size affects the interaction between the solid catalyst and the liquid feed. Gas-to-
liquid ratio, orifice diameter, and physical feed properties are the most affecting parameters
that affects the atomization quality Juslin et al. (1995); Portoghese et al. (2010).

One of the simplest method to spray a liquid feed through a single orifice is increasing the
pressure of the feed, producing a liquid jet at the exit of the nozzle. Outside the sparger,
the liquid feed fragments, due to the drastic pressure variation and to the shear of the
surrounding gas. Consequently, the fluid forms ligaments, which also break down into smaller
droplets (Figure 3.6). Decreasing the drop size enhance the feed evaporation and improve the

solid-liquid contact.

mamnalipe-

Jetting region and Fragmentation and Breakdown of

partial fragmentation formation of ligaments ligaments into drops
< > - > o«

Figure 3.6 Fragmentation of the liquid leads to small droplets Bruhns and Werther (2005).

Modeling liquid injection into fluidized bed improves the understanding of the interaction
between the catalytic bed and the feed, and help to develop new atomization system. Initially,
Theologos and Markatos (1993) assumed that the liquid instantaneously evaporates at the
orifice and the liquid feed was treated as a gas stream entering the bed. Successively, the
model was developed, including the formation of continuous droplets that vaporize inside the

gas phase and then interacts with the solid phase Gao et al. (2001).

Three zones defines the liquid spray Fan et al. (2010) :
— Spraying zone near the nozzle : the droplets wet the solid particles
— Drying zone : liquid instantaneously evaporates from the surface of wetted particles

— Heat-transfer zone : particles are heated up to begin the reaction
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3.5 Levulinic acid to succinic acid

Levulinic acid (LEV) is one of the top 10 chemicals from carbohydrates Bozell and Petersen
(2010). Industrially, LEV production is based on a continuous process of hydrolysis of car-
bohydrates with mineral acid at 210°C to 230 °C and contact time of 13s to 25s Fitzpatrick
(1997). To maximize the LEV production, the HMF produced from the hydrolysis of the C6
molecules is separated and further cleaved in another reactor. The yield exceeds the 60 %

with hexoses as starting material Bozell et al. (2000).

In addition to the low production costs, the great advantages, compared to the hydrogenolysis
or the oxidation of cellulose, are the process mild conditions and the absence of hydrogen
or oxygen during the synthesis Pileidis and Titirici (2016). The huge potential of LEV is
reflected in the variety of chemicals and fuels that can be synthesized from this bio-building
block (Figure 3.7).

3.5.1 Levulinic acid valorization

Levulinic acid is a bio-based material, with extended applications in a large variety of fields.
Methyltetrahydrofuran (MTHF) covers the majority of the levulinic acid market value, as-
sessing for 10000 million 1b per year to 100000 million b per year Bozell et al. (2000). This
bio-chemical is miscible with gasoline and acts like a fuel extenders. Upare et al. (2011)
describes the direct hydrocyclization of LEV with Cu/SiO, at 265 °C and 25 bar of H,, achie-
ving a yield of 64 %. Esterification of levulinic acid produces bio-chemicals for the flavoring
and fragrance industry, and also gasoline-additives. Industrially, the reaction occurs in the
presence of alcohols and mineral acids, but this methodology is not environmental friendly.
Solid acid catalysts, such as Amberlyst 70 Hu et al. (2013) and ZrO,-SBA-15 Siva Sankar
et al. (2016) replace the homogeneous catalysts and ensure less corrosion, easier recycling

and increase the overall process safety.

Selective introduction of an amino group in position 5 forms A-aminolevulinic acid (DALA),
a biodegradable herbicide. Condensation of levulinic acid with two molecules of phenol pro-
duces to diphenolic acid (DPA). With a similar spatial conformation to bisphenol A, it can
replace this polymer to synthesize polycarbonates, epoxy resins and polyarylates Moore and
Tannahill (2001). Homogeneous acids, such as HCl and H,SO, are the most applied catalysts
for this process. Recently, switching to mesoporous HPA, a solid particle, selectively produces
DPA from LEV, and reduces the harmfulness of the reaction Guo et al. (2008).

Valeric acid is the levulinic acid hydrogenation product. EtOH and MeOH esterficate to

produce ethyl valerate and methyl valerate, which present better fuel performances than the



25

& g
MO\

methyl levulinate

methyltetrahydrofuran

gamma-aminolevulinic acid
o

O.
dn ) oH MI/OH

o
5-hydroxymethyl furfural levulinic acid \

diphenolic acid

OH
o

OWOH valeric acid

o
succinic acid

Figure 3.7 Hydrolysis of HMF leads to LEV, a potential bio-intermediate for a variety of
bio-chemicals and bio-fuels.

current bio-fuels, such as ethanol, butanol and MTHF Lange et al. (2010).

Oxidation of levulinic acid produces succinic acid (SUCC), a precursor for polyesters.

Succinic acid

Succinic acid (SUCC) is a C4 diacid and one of the top 10 value added chemicals from biomass
Bozell and Petersen (2010), with a market value of 400 billion USD per year Zeikus et al.
(1999). Biologically, it is an intermediate in the Citric acid cycle and the anaerobic metabolism
product. Industrially, n-butane is converted to maleic anhydride, which hydrogenates to
succinic anhydride Li et al. (2011). With a conversion of around 15000 tons per year of C4
fraction, the price of succinic acid is around 6 $ kg™! to 9 $ kg=' Bechthold et al. (2008).
Reverdia, a Royal DSM and Roquette joint venture, aims to produce bio-succinic acid. With
a large-scale plant in Italy, it is the first commercial facility to produce 10000 tons per year

with yeast.

Microorganisms, like fungi, yeast and bacteria, ferment cellulose and sugars to SUCC. The
main drawback of the natural conversion are the higher concentration of organisms required,
and the low selectivity of the reaction, which produces large amount of by-products. Mu-
tated Fscherichia coli aerobically converted glucose to succinic acid, achieving a maximum
production of 58.3 g L=! after 59h, but obtained as by-products pyruvic acid and acetic acid
Lin et al. (2005).

The chemical valorization of succinic acid is classified in four main products categories : the
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acyclic O-containing, the acyclic O,N-containing, the cyclic O-containing and the cyclic O,N-
containing Bechthold et al. (2008). The first category includes the formation of 1,4-butanediol
(BDO) and esters of succinic acid. Ru-Sn/AC reduced SUCC with a yield of 71 % in a trickle
tubular bed, maintaining the activity for 96 h on stream Vardon et al. (2017). One example
of cyclic O,N-containing group chemical is N-methyl-2-pyrrolidone (NMP), a petrochemical

process solvent to recover 1,3-butandiene and acetylene.

Oxidation to succinic acid

Oxidation to succinic acid is an attractive route to upgrade levulinc acid. The first conversion
included V,0; as catalyst and temperatures in the range of 300°C to 400°C Dunlop and
Shelbert (1952). Addition of HNO, decreased the temperature to 40°C to 60°C and the
reaction time to 1h to 4h Van Der Klis et al. (2012). These methodologies achieve high
yields, but strong acids combined with long contact time increase the system corrosion, and
require high levels of safety. Shifting to more environmental technique will make the LEV

conversion more accessible and less dangerous.

Acidic and metal-based catalysts successfully oxidized levulinic acid to succinic acid in both
aqueous and organic solvents. Functionalized ruthenium nano particles posses both acidic and
redox properties. A silica protection is coated with magnetite, and successively functionalized
with aminopropyl groups. The particle is finally stabilized with ruthenium cations. The nano
particles produced succinic acid in aqueous solution with a yield of 78 %, at 150 °C after 6 h.
The oxidation agent was molecular oxygen, added until the reactor reached the pressure of
5 bar to 14 bar Podolean et al. (2013).

Kawasumi et al. (2017) developed a methodology based on I, and ¢-BuOK in tBuOH. The
reaction evolves through the formation of ¢-BuOI, that chemoselectively demethylate the LEV
to SUCC. The conversion demonstrated a selectivity of 87 % after 1h at 25°C. Molecular

oxygen bubbled in the reaction media or pressurized into the reactor is the oxidizing agent.

The Baeyer-Villiger mechanism involves the nucleophilic addition of a hydroperoxide anion
to the carbonyl carbon Rozhko et al. (2015). Hydrogen peroxide is a green oxidant, which
decomposes to atomic oxygen and water. H,O, oxidation catalysts involves Al,O5;, H,WO,,
titanium silicalite-1 and selenium. H,0O, and Amberlyst-15 converted furfural to succinic
acid after 24 h with a yield of 74 %. H,0, oxidize humic acids and lignite to malonic and
succinic acid. After 4h the succinic acid selectivity achieved a maximum of 62.2 %, and
continued dropped to 7.4 % after 16 h reaction. The optimal conditions were 40 °C with 50 mL
of 3% weight of H,O, Doskodil et al. (2014). Only few publications describes the oxidation

of levulinic acid and levulinate to succinic acid and succinate. Wu et al. (2015) reported the
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conversion of levulinic acid with H,O,, determining the influence of basic and acid catalysts
on the reaction pathway ; the first one mainly produces 3-hydroxypropionic acid (3-HPA) —
a precursor of acrylic acid—, while H,SO, shows a maximum selectivity of 48 % to succinic
acid. Increasing the catalyst acidity improved the SUCC production; in fact, trifluoroacetic
acid increased the selectivity up to 62 % at 90 °C after 2h Dutta et al. (2015).
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CHAPTER 4 ARTICLE 1 - GAS-PHASE FRUCTOSE CONVERSION TO
FURFURAL IN MICRO-FLUIDIZED BED REACTOR

Davide Carnevali, Olivier Guévremont, Marco G. Rigamonti, Marta Stucchi, Fabrizio Cavani,

and Gregory S. Patience

Article published in ACS Sustainable Chemistry & Engineering (I.F. 6.0)

4.1 Abstract

Specialty chemicals from sugars are destined to displace fermentation to alcohols due to
their superior economic value and atom efficiency. Compared to bio-ethanol, retention of
oxygen functional groups increase by 2 to 5 times the market value of specialty chemicals
like furfural, 2,5-furan dicarboxylic acid, 2,5-dimethyl furan and 7-valerolactone. For the
first time, we report a gas-phase process that converts C-6 monosaccharides to furfural in a
micro-fluidized bed reactor. A spray nozzle inserted directly into the catalytic bed atomizes a
fructose-water solution to micron-sized droplets; water evaporates and WO, /TiO, converts
fructose to furfural. Furfural yield reached 22 % after 3h time-on-stream with 15 % diformyl
furan as co-product. Acetic acid yield was mostly below 10% but was as high as 27 %.
During the initial tests, coke and catalyst agglomerates blocked the sparger tip and run time
varied between 1h to 3 h. Insulating the nozzle leading into the bed reduced the injector wall
temperature and improved reactor operability; the 15 mm ID reactor ran continuously for
19h after this modification.

Keywords

sugar, micro-reactor, fluidized bed, furfural, gas-phase, tungsten, atomization, diformyl furan

4.2 Introduction

Bio refineries require a diverse portfolio including speciality chemicals and monomers to
achieve economic sustainability. The commercial value of bio building blocks is higher com-
pared to biofuels Liu and Wu (2016) and has a market price ranging from 1 USD to 4 USD
per kg; a market study reported seventeen building blocks with an estimated total produc-

tion capacity of 2.4 million tons in 2016, expected to reach 3.5 million tons in 2021, and
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with a compound annual growth rate of 8 %.de Guzman (2017) In comparison, ethanol costs
0.5 USD per kg. NASDAQ (2017) Sugars, lignocellulosic feedstock, are mainly fermented to
ethanol and this lignocellulosic-based alcohol accounts for approximately 97 % of the total
ethanol produced in the United States.Shapouri and Salassi (2006) Considering that the ave-
rage price of sugars in the US market is 0.3 USD per kg, profit on ethanol production is
mediocre. US Department of Agiculture (2016) Lignocellulosic feedstock —cellulose and he-
micellulose Vassilev et al. (2012) — is a valid starting material to produce high-value added
molecules. Chemical processes Caratzoulas et al. (2014); Fanselow et al. (2007) (T < 200 °C)
lead mainly to C-6 and C-5 carbohydrates, while thermal processes (T > 400 °C) produce C-1
to C-3 molecules ;Sun and Cheng (2002) Bozell and Petersen (2010) listed 14 bio platform
chemicals from biorefinery carbohydrates that are potential candidates to replace petroleum
feedstocks. Fructose is the second most abundant sugar on Earth; it consists of 6 carbon
atoms and six oxygen functional groups, thus it is more suitable than fossil fuels to produce
oxidized green platform chemicals, such as 5-hydroxymethylfurfural Wang et al. (2016); Fa-
chri et al. (2015); Leshkov et al. (2006); Antonetti et al. (2017), glucaric acid Derrien et al.
(2017), 2,5-furandicarboxylic acid (FDCA) Zuo et al. (2016); Pasini et al. (2011), adipic acid
Vardon et al. (2015) and 2,5-dimethyl furan Gawade et al. (2016). Furfural (FUR) is a precur-
sor for furfuryl alcohol Sitthisa and Resasco (2011); Li et al. (2016b), furoic acid Verdeguer
et al. (1994), methylfuran Zheng et al. (2006), tetrahydrofuran (THF') Ding et al. (2011) and
~-valerolactone Bui et al. (2013) and the market will double from 700 million USD in 2015
to 1.4 billion USD by 2022. Allied Market Research Report (2017) Its applications include
selective extraction solvents Mariscal et al. (2016), agents for vulcanization Kuipers (1966),
precursors for resins and plastics Pan et al. (2013), and flavouring agents. Yaghmur et al.
(2002) The main reaction pathway contemplates the conversion of C-5 carbohydrates from
hemicellulose to furfural by aqueous acid catalysts. Dutta et al. (2012) However, industrial
yields are low and range between 44 % to 55 % ; furthermore, process issues include corrosion
due to acids, high costs for heating during the product recovery, and difficult catalyst reco-
ver ; Peleteiro et al. (2016) moreover, secondary reactions produce formaldehyde, formic acid,
acetaldehyde and humins. Karinen et al. (2011) Heterogeneous biphasic/triphasic reactors,
ionic liquids or fluidized bed fast pyrolysis convert pentosan or xylose to furfural : Amberlyst
70 as solid catalyst converted furfural from xylose in an autoclave reactor at 160 °C, with 20
different solvents; Hu et al. (2014) dimethyl sulfoxide gave a selectivity of 80 % to furfural
after 60 min. H-mordenite reached 82 % selectivity from xylose to furfural, operating in ~-
valero lactone (GVL) at 175°C. Giirbiiz et al. (2013) Niobium catalyst oxidized xylose to 5-
hydroxymethyl furfural (HMF) and furfural with 90 % yield. Molina et al. (2015) Compared

with the same mild conditions, ionic liquids exhibit higher selectivity ; for example, Tao et al.
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(2011) converted 95 % of xylose with a selectivity of 91 % after 23 min working at 150 °C.
These latter processes start from C-5 sugars derived from hemicellulose ; however, even C-6
sugars from cellulose are furfural precursors. The main advantages are its attractive price
and abundance. In a continuous flow reactor, glucose reacts with water at 400 °C and 80 MPa
to produce furfural ; maximum yield was 12 % at a residence time of 0.8s. Aida et al. (2007)
More recently, Sn- zeolite converted glucose to furfural in GVL at 180 °C, yield approached
70 % after 33 min in a batch reactor. Zhang et al. (2017) Fast pyrolysis of biomass is another
route to synthesize furfural. Chen et al. (2017b) Vanadyl pyrophosphate dehydrates xylose
to furfural in the liquid phase, Sddaba et al. (2011) while in a fluidized bed reactor opera-
ting in the gas phase mainly produces maleic anhydride and acrylic acid. Ghaznavi et al.
(2014) Fluidized bed reactors are more appropriate than fixed bed reactors Oh et al. (2013)
due to higher heat and mass transfer rates and shorter contact times (<1s). Dalil et al.
(2015) reported the dehydration of glycerol to acrolein, while Keggin type catalyst oxidized
2-methyl-1,3-propanediol to methacrylic acid, spraying the reactants directly in the cataly-
tic bed.Darabi Mahboub et al. (2016); Mahboub et al. (2018) As a first catalyst, we chose
WO, /TiO, because of its efficacy to dehydrate glycerol to acrolein operating under similar

conditions.

Here, for the first time we report that fructose reacts to furfural and diformyl furan in the
gas phase in a continuous micro fluidized bed reactor, with tungsten oxide over TiO, as
catalyst. A nozzle atomizes the C-6 sugar solution in the catalytic bed; thus, the physical
conversion from liquid to gaseous feed is faster than the chemical caramelization of sugar,
which blocks the nozzle and agglomerates the catalyst. Temperature ranged from 150 °C to
200°C, WO, loading ranged from 0% to 20 % and O,/fructose ratio varied from 20 :1 to
40 :1. This revolutionary system indicates a new pathway for the conversion of fructose to

furfural.

4.3 Experimental section

4.3.1 Materials

All the reagents are analytical grade without further purification. We acquired fructose
(>99%) from Alfa Aesar and acetone (>99 %), furfural (>99 %), acetic acid (99.7%), 4-
cyclopentene-1,3-dione (95 %), 5 - hydroxymethyl furfural (>99.7 %), 5-methyl furfural (99 %)
and 2,5-furandicarboxaldehyde (97 %) from Sigma Aldrich. Air Liquide Canada supplied the
gases : argon (> 99.7%), 10.0 % O, balance Ar, and a mixture of CO (1.04 %), CO, (1.01 %),
CH, (1.03%) balance Ar. We purchased phosphotungstic acid (H;PW,,0,,, 81 % of WO,)
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from Nippon Inorganic Colour & Chemical Co., LTD. Huntsman Corporation supplied the
titanium dioxide (Hombikat 110100) and we sieved the powder to achieve particles from

90 pm to 150 pm in diameter.

4.3.2 Catalyst preparation

We prepared four catalysts with a mass fraction of 3%, 5%, 10 % and 20 % WO, by incipient
wetness impregnation. We placed 50 g samples of dried support in a round-neck flask and
drop wise added a 22mL tungsten solution. A rotovapor operating at 300 mbar and 250
rpm mixed the catalyst thoroughly. After 3h, the temperature ramped to 80°C to remove
the solvent. A furnace calcined the catalyst with a ramp of 2.5°Cmin~! up to 550°C and
thereafter held it for 3 h.

4.3.3 Catalytic tests and analytical methods

All experiments were conducted in a 15 mm ID quartz micro fluidized bed housed in a three-
zone vertical furnace 450 mm tall. A quartz frit with a pore diameter from 150 pm to 200 pm
distributed the gas feed homogeneously. Two mass flow controllers metered gas to the bottom
of the reactor : Ar and O, /Ar for fluidization. A HPLC pump metered the sugar solution to
a 1.6 mm stainless steel tube (sparger). A third mass flow controller introduced Ar to this
stream to atomize the solution entering the fluidized bed. The gas-to-liquid ratio influenced
the homogeneity and the quality of the droplet size and spray quality Ghaznavi et al. (2014) :
in these tests, 50 mL min~! of argon atomized 0.05 mL min~—! of a mass fraction of 2 % sugar in
water solution (Figure 4.2). The pressure in the sparger was stable at 35kPa. The hot catalyst
vaporizes the solution and reacts with the resulting aerosol. Catalyst and coke agglomerated
and blocked the sparger in the early experiments; the longest run time lasted up to 3h. To
achieve continuous operation, we insulated the nozzle leading to the bed, which reduced the

injector wall temperature and so the reactor ran uninterrupted for 19 h.

A detector connected to the top and the bottom of the reactor monitored the total pressure
and the AP. A heated coil maintained the exit line temperature above 110 °C to avoid pro-
duct and solvent condensation in the exhaust line. An ice-quench trapped the products. Four
thermocouples recorded temperature in the system : 5 mm below the distributor, 15 mm above
the sparger tip (25 mm above the distributor in the catalytic bed), 20 mm above the catalytic
bed (in the freeboard), and 160 mm above the distributor, at the exit line. The tests tempe-
rature related to the catalytic bed thermocouple. The presence of the other thermocouples
measured the temperature profile in the reactor from the bed to the quench. A GC-MS with

a thermal conductivity detector analysed the liquid sample composition withdrawn from the
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quench periodically. An on-line mass spectrometer (MS), operating in the SCAN mode with a
multiple ion detection (MID), monitored the non-condensable gas concentration. We derived
response factors for each compound before an experiment with calibration gases from Air
Liquide. After each experiment, air regenerated the catalyst at 400°C. The MS monitored
CO, CO,, and O, in real time.Ghaznavi et al. (2014)

An online mass spectrometer (Pfeiffer Vacuum Thermostar™ GSD 301 T) monitored the
non-condensable gases—H,, CH,, CO, CO,, O, and Ar at a frequency of 3 Hz—during the
reaction and the regeneration of the catalyst. A GC-MS (Agilent 7890A with DB-Wax 30 m
x 0.250 mm column, connected to a 5975C VL. MSD with Triple-Axis Detector) analysed the
liquid samples collected from the quench. The auto-sampler injected 0.5 pL. of the products.
The oven holds the temperature at 40°C for 6 min, then reaches 200°C with a ramp of
3.5°Cmin~! and after 250 °C with a ramp of 8 °Cmin~!, holding it for 10 min.

The product selectivities (Eq. 4.1) is :

out

v ro
Sprod = innprOd . —prod 100 (41)

out
n nfru ﬂfru

fru —

out

out are the moles of fructose entering and coming out from the system, nou

in
where n;,, and n prod

the moles of product coming out. ¥4, and ¥p0q are the number of carbon atoms of fructose

and products.

Particle size distribution and minimum fluidization velocity

The Geldart powder classification assigns particles according to diameter and solid and fluid
density difference : Type A powders are aeratable and typical for catalytic fluidization. Type
B powders are generally larger in diameters and denser and are used in combustion type
applications. Industrial catalysts are 70 pm in diameter and have 40 % between 20 pm to
40 pm. The TiO, powder behaves like a Type A powder. The larger particles minimize wall
effects although contact between reagents and catalyst may suffer. The bulk density was
770kgm— and the minimum fluidization velocity (Upy¢) was 8mms™! (Figure 4.3) : Uy of
commercial catalysts are closer to 2mms~!. The reactor operated at 22.3mms* at 200 °C.
The contact time of the feed with the catalytic bed was 0.3s to 0.4s. At these conditions,
gas was well distributed and bubbles did not appear to channel through the bed. The flow
regime deviates more from ideal plug flow with increasing gas velocity in the bubbling flow

regime in which larger bubbles form.(Lorences et al., 2006)
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Figure 4.1 Micro-fluidized bed reactor : a furnace maintains the temperature constant in the
15mm ID reactor. MS, GC and a conductivity meter monitor the products in the quench

trap.
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Figure 4.3 8mms™! is the minimum fluidization velocity at room temperature of the

WO, /TiO, catalyst in the micro fluidized bed reactor with a internal diameter of 15mm
and argon as fluidization gas.

4.3.4 Analytical instrumentation

A laser diffractometer (Horiba, LA-950) measured the particle size distribution (PSD) based
on the Mie Theory, and we report the diq, dsg, dgp and the volume moment mean diameter

D4,3 . .
Z dz‘ - NN, i
Dys = S &N, (4.2)
where N; is the number of particles with the corresponding diameter d;. The particle refractive

index was 2.75 + 0.00i (R and Chi parameter below 0.05).

A N, physisorption instrument (Quantachrome Autosorb-1) recorded at 77 K the adsorption
and desorption isotherms, after degassing the sample under vacuum at 300°C for 6 h.Orr
and Dallavalle (1959) The Brunauer-Emmett-Teller (BET) theory regress the specific surface
area at P/Py 0.05-0.30 (C' constant 100-200). The Barrett-Joyner-Hallender (BJH) theory
estimates the mesopore size distribution over the desorption branch (P/F, 0.15-0.995). The
total pore volume is evaluated at the maximum filling pressure (P/F, 0.995), considering all

pores with a diameter smaller than 300 nm.

A Philips X’pert diffractometer scanned the catalyst samples with a Cu-Ka radiation source
(1.542 A at 50kV and 40 mA) over 2 6 (20° to 70°) to identify the crystalline structure of the
support and the metal phase.

A field emission scanning electron microscope (FE-SEM) (Jeol JSM-7600TFE) characterized
the morphology of the fresh and used catalysts. An EDX detector determined the elemental

distribution on the surface.
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A CHN analyzer (LECO CS744) measured carbon build up on the catalyst surface after each
experiment. It operated above 1000°C in an oxidizing atmosphere. The internal balance,
connected with the sample crucible, measured weight loss. The O, of the furnace environment,

in addiction to the high temperature, converts the coke to CO and CO.,.

4.4 Results and discussion

Micro fluidized bed reactors have distinct advantages compared to fixed bed reactors to
measure kinetics and develop processes relying on vaporizing liquids. Kaarsholm et al. (2007);
Darabi Mahboub et al. (2016) Heat transfer rates are an order of magnitude higher, which
ensures the reactor operates isothermally, minimize hot spots, but more importantly heat the
aerosol from the sparger rapidly. Furthermore, solids mixing minimizes radial concentration

gradients.

4.4.1 Catalyst characterization

Most of the particles (80 %) lie from 90 pm to 170 pm, thus the metal loading has mild effect
on the size distribution (Figure 4.4). The shape of the curves are asymmetrical ; particle
agglomeration in the PSD media can lead to higher scattering angles, with a consequently

elongated tail.

4.4.2 Nitrogen physisorption

The support (TiO,) dictated the specific surface area, pore size distribution and pore volume

of all analysed samples. TiO, support and used catalyst possessed a type IV isotherm with a
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Figure 4.4 Particle size distribution is independent of metal loading, d5q = 110 pm.
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type 2 hysteresis loop (Fig.4.5), indicating a mesoporous structure with a narrow distribution

of pore necks, inducing pore-blocking.Sing et al. (1985)

N2 physisorption, cm?s g1

-
N
o

-
o
o

[0
o

D
o

N
o

N
o

—e— TiO9 support

—a Fresh 5% WO3/Ti02
—v— Used 5 % WO3/TiOp
—a— Fresh 20 % WO3/TiOp

0.2 0.4 0.6 0.8

Figure 4.5 Adsorption-desorption isotherms : higher loading of catalyst on the support and
coke deposition after reaction occluded the pores and decreased the amount of N, physisorbed,
but the isotherm and hysteresis shape remained unaltered.

Indeed, Barrett-Joyner-Halenda (BJH) reported a well-defined surface and volume variation
between 4nm to 20nm diameter (dgg). The BJH dV pore volume distribution shifted to

bigger pore diameters with the WO, loading, as more catalyst filled selectively pores smaller

than 10nm (Fig. 4.6).
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Figure 4.6 The pore fraction below 10nm is filled as the WO, loading and coke formation

increases.
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Table 4.1 BET surface area by nitrogen physisorption, ¢ pore volume, A BJH dV (d) meso-
pore median, Coke carbon content (0.05 % precision, 95 % variance). The relative standard
deviation of the instrument is 1.5% (n = 3).

BET 10) A Coke

m?g~! cm3g™! nom %

TiO, 65 0.185 8.8 n/a

3% 63 0.183 9.6 n/a

5% 65 0.182 9.5 n/a

10% 58 0.160 9.6 n/a

20 % 44 0.128 10.3 n/a

Used 3% 57 0.154 9.0 1.60
Used 5% 57 0.170 9.6 0.72
Used 10 % 57 0.158 9.7 0.43
Used 20 % 44 0.127 10.0 0.18

The pore volume (PV, cm?® g™ 1) linearly decreased with the loading, as more catalyst (mass
fraction, weat, g/g WOj; :total) occupied the internal pores of the bare support and when
coke (we, g/g coke :total) layered on the surface as the reaction progresses. Assuming a
linear correlation (Eq. 4.3, R? = 0.97), the data regressed when pe,; = 3300kgm— and p¢
= 700kgm~3, which referred to the WO, and coke apparent densities (Figure 4.7). This
indicated a non-homogeneous surface coverage as the catalyst and the coke block the pores
below 10nm, decreasing the true density of the materials (true density pwo, = 7100 kg m~3,
Peoke = 1800kgm ™3 to 2100 kg m~3).

W w
P‘/'(Wcatawc) = PVTi02 - cat - 70 (43)
Pcat Pc
Similarly, the specific surface area (S4, m? g~!) proportionally decreased with respect to the
correlated pore volume (PV{, ., we), cm®g™!). Assuming a linear correlation (Eq. 4.4), the

data regressed with a R? = 0.93 (Figure 4.7) when basing the equation on the specific surface

area and pore volume of the bare support, % = 350 m? cm 3 (Table 4.1).Rigamonti et al.
(2018) ’
SA o SA,TiOg <PV o Weat WC’) (4 4)
Weat ,W - : TiO, — - .
! c) PVT102 Pcat pc
XRD

The X-ray diffraction patterns of the fresh support and the four loadings of tungsten oxide
(Figure 4.8) show spacing planes (101), (004), (200), (211) and (204). These patterns are
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Figure 4.7 Pore volume and specific surface area model fitting.

characteristic of the anatase phase of titania that form after calcination at high temperature
(550 °C).Hanaor and Sorrell (2011) The high temperature calcination step decomposes the
phosphotungstic acid leaving only the metal oxide on the surface. Two characteristic peaks at
23.5° and 33.3°, highlighted by *, appear with increasing mass fraction of the WO, phase. The
X-diffraction pattern identifies as orthorhombic (JCPDS 20-1324) the crystalline structure
of tungsten oxide intermediate between monoclinic and orthorhombic above 400 °C. Ramana
et al. (2006) These WO, peaks are too weak at 3% and 5 %.

4.4.3 FE-SEM and EDX

The SEM images demonstrate that the particles are essentially spherical (¢ = 1); however,
some particles have agglomerated (Figure 4.9). The shape conservation and the attrition
resistance are two fundamental parameters to maintain the stability and the efficiency of the
catalyst in a fluidized bed reactor. EDX analysis confirms the tungsten is well dispersed on

the support surface (Figure 4.10a).

Coke built up on high acid spots of the catalyst. In fact, tungsten oxide shows both strong
Lewis and Bregnsted acid sites, which strongly affects the degradation of the feed on the
surface. Dalil et al. (2016)

4.4.4 Conversion of fructose to furfural

Two blank tests at 150 °C and 20 :1 O, /fructose molar ratio verified that the support is inert
(Table 4.2). Conversion was complete as the TCD signal of the GC at the fructose retention
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Figure 4.8 XRD patterns of fresh support and the 3%, 5%, 10 % and 20 % tungsten oxide
loading. The peaks in brackets show the anatase form of TiO,, while the * indicates the WO,

crystalline phase.

15.0kV LEI

Figure 4.9 SEM of particles of 20 % tungsten oxide over titania.



40

W M series C K series

O
Q
® O
@,
T Sopm R
(a) Tungsten (b) Carbon

Figure 4.10 Tungsten is homogeneously dispersed on the surface. Carbon built up on all the
surface of the catalyst, and aggregates to micro particles.

time was in the range of the noise. TiO, in oxidizing environments and high temperatures
combusts fructose : CO selectivity was 59 %, while for CO, it was 14 % (balance coke) at
150°C and a 20 :1 oxygen :fructose ratio. Coke that formed on the surface agglomerated the

particles. Increasing the loading of tungsten oxide reduced the coke formation (Table 4.1).

The experimental plan considered 4 levels of metal oxide loading, 2 levels of O,/fructose
ratio at 2 temperatures. The main compounds detected were furfural, acetic acid, diformyl-
furan (DFF), CO, CO,, and traces of formic acid, oxalic acid, 1,3-cyclopentendione and
5-methylfurfural. We calibrated the instrument for furan but its concentration was below the

detection limit.

Furfural selectivity reached a maximum of 22% at 200°C, 5% WO,, and a ratio of 20 :1
oxygen to fructose. At this condition, the catalyst also produced 15 % diformylfuran (DFF),
which translates to an overall C;* selectivity of 37 % (Table 4.2). Presumably, the high tem-
perature accelerated the desorption of the selective product. However, high WO, combined
with high temperature reduce selectivity to furfural and DFF (experiment # 9, for example).
Higher contact time and low desorption of the furfural and fructose on the catalytic sur-
face lead to degradation of the molecules to acetic acid, COx or coke. Alternatively, at low
temperature, the driving force to evaporate water/solvent was lower, which agglomerated
the catalyst but also increased the contact time of the fructose with the active phase. The
droplet wetted the surface at the sparger tip and the catalyst particle dried and reacted
as it rejoins the bulk of the catalyst in the bed. Bruhns and Werther (2005) Selectivity to
furfural dropped to 5% with the higher catalyst loading (10 % and a 40 :1 O,/fructose ra-
tio). It further decreased at the 20 % loading. We detected DFF only at low catalyst loading
(<10 %). The mass balance closed to within 80 % and it reached 90 % for many experiments
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and includes the coke build-up during the reaction (measured by CHN analysis at the end of
the 3h experiment).

As a general trend, based on a non-linear regression analysis, acetic acid selectivity increases
with temperature and oxygen/fructose ratio, and decreases with WO, loading. The highest
selectivity was 27 % and at this condition, we also detected 3 % furfural (but not DFF). The
catalyst produced acetic acid in many experiments, but the yields were predominantly below
10% (Table 4.2).

At low temperature and low oxygen, the GC-MS analysis of the liquid quench showed traces
of formic acid. Increasing temperature and oxygen content increased CO and CO, concen-

trations.

Excess oxygen minimized catalyst deactivation due to coke. Catalyst agglomerated and fruc-
tose formed carbonaceous structures on the sparger tip under anaerobic conditions and at
an oxygen to fructose molar ratio of 7 and at 200°C. At these conditions, conversion was
complete and the on-line MS only detected CO and CO,. Increasing oxygen content and tem-

perature didn’t affect the selectivity to furfural, but increased the carbon deposition (Table

4.1).

The CHN analyzer showed a carbon mass fraction of 0.04 % +0.01 % after 3h on stream. An
additional 3h on stream increased the coking rate by an order of magnitude (0.39%). The
standard deviation of the selectivity was +4 % based on repeat runs of most experiments.
The experimental error was due to condensation/degradation of products on the exit line,

analytical uncertainty, coke, and degradation on the hot reactor walls.

4.4.5 Mechanism and steady state

Fructose conversion to furfural may follow various pathways, while the conversion of fructose
to 2,5-diformyl furan has an unique mechanism. Paine et al. (2008) analyzed the glucose and
fructose mechanism to furans by pyrolysis at 1000 °C with isotopic labelling. They proposed
a mechanism involving four steps (Figure 4.11). The first step is the cyclic Grob fragmenta-
tion where a molecule of formic acid and water are lost. The C-5 compound forms a furan
type ring and dehydrates further in the second step. The third step involves a keto-enolic
equilibrium between the alcohol and aldehyde. The aldehyde dehydrates in the final step to
furfural. The second mechanism is the triple dehydration to HMF, which can decarbonylate
or oxidecarbonylate to lose a molecule of COx or formaldehyde. The latter rapidly converts
to formic acid and consequently to COx. This transformation also requires a further oxida-

tion of HMF to diformyl furan (Figure 4.12). Both these mechanisms explains the presence
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Table 4.2 Selectivities to the main products and to CO, after 180 min. Fructose conversion was
always 100 %. Pure TiO, reacted all the fructose to CO, CO,, and coke. Highest selectivity
was at 5% WO,, 200°C and 20 O, /fructose ratio.

Exp # T,°C WO;, % O,/fruct Spp, % Saa, %  Sprr  Stota, % Sco,, %

Blank 150 0 20 0 0 0 0 73
Blank 200 0 40 0 0 0 0 78
1 150 3 20 3 12 1 16 29
2 200 3 20 1 0 0 1 65
3 150 ) 20 0 7 0 7 o8
4 150 ) 40 0 ) 0 d 62
5 200 ) 20 22 1 15 38 41
6 200 ) 40 3 27 1 31 49
7 150 10 20 1 4 0 3 52
8 150 10 40 1 7 0 8 63
9 200 10 20 1 0 0 1 71
10 200 10 40 5 3 0 8 76
11 200 20 20 1 0 0 1 30
12 200 20 40 3 2 0 3 81
13 200 20 0 0 0 0 0 4
14 200 20 7 0 0 0 0 19

of furfural but only the second mechanism accounts for the presence of DFF, which is a C-6
compound. The first step of the first mechanism cleaves a carbon from fructose and all sub-
sequent compounds are C-5. We can not confirm the second mechanism unequivocally since
HMF was absent in the GC-MS chromatogram. Formic acid was detected only in particular
cases, due to the higher activity at high levels of oxygen and temperature. In fact, formic

acid easily converts to COx. Yu and Savage (1998)

Selectivity to furfural increased with time and reached a maximum after 3h; it then produces
oxygenates at a steady rate while coke continues to build up. Dalil et al. (2016) demonstrated
that the selectivity of acrolein from glycerol increased with an increasing mass fraction of coke
on the surface for over 14 h operation. They showed that the coke covered acid sites (FTIR
spectra recorded after pyridine adsorption) that were active for conversion. This behavior
may explain the increase of the furfural and the decrease of the acetic acid selectivities
(Figure 4.13).
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Figure 4.11 Fructose is triple dehydrated to produce furfural. The first step is the dehydration
and the loss of a molecule of formic acid. The reaction proceed by the secondary dehydration
and the keto-enolic equilibrium to form the aldehydic functional group. The loss of the third
molecule of water leads to furfural.
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Figure 4.12 Triple dehydration from fructose to HMF. de Melo et al. (2014) A consequent
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Figure 4.13 After 3 h, the system reaches the steady state. Decreasing the acidity leads to an
increase of the selectivity to furfural and decrease to acetic acid.
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4.5 Conclusion

We developed a micro-fluidized bed system that operates in the gas phase to convert fructose
to value-added chemicals. We demonstrated that the kinetics forming dispersed aerosols is
faster than caramelization kinetics and were able to operate 19 h continuously. Agglomeration
and blocking at the sparger tip continues to affect operability and limit the range of conditions
to test the reaction kinetics. The maximum selectivity to furfural was 22 % with 15% of
diformylfuran but in most experiments we produced acetic acid (generally < 10%). Coke
deposition has a deleterious affect on yield but may increase activity in the initial period.

Future work will consider alternative catalyst compositions and promoters to increase yield.
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CHAPTER 5 Pt-WO; OXIDEHYDRATION OF FRUCTOSE IN
u~-FLUIDIZED BED REACTOR

5.1 Fructose to furans

The elevated oxygen/carbon ratio of carbohydrates versus petroleum constitutes an advan-
tage to produce specialty chemicals and monomers. Sugar fermentation to bio-ethanol domi-
nates the market at a maximum theoretical carbon atom yield of 67 % Macrelli et al. (2012).
However, specialty chemicals command prices several-fold higher than that of bioethanol at
fuel value. Fructose dehydrates to 5-hydroxymethyl furfural (HMF), a green intermediate,
with a greater selectivity than glucose due to the similar spatial conformation and the faster
enolisation reaction (Figure 5.1) Rosatella et al. (2011). Hydrogen reacts with HMF to di-
methyl furan and dimethyl tetrahydrofuran (Figure 5.1)—a biofuel Ly et al. (2017)— while
the hydrogenolytic ring opening produces adipic acid—a monomer for nylon-6,6 Tuteja et al.
(2014). Oxygen reacts with HMF to 2,5-diformyl furan Lucarelli et al. (2016); Grasset et al.
(2013); Le et al. (2013) and further to 2,5-furandicarboxlylic acid (FDCA) Wan et al. (2014);
Zhang et al. (2015) (Figure 5.1). FDCA is the furanic substitute of terephthalic acid, which
is a promising substitute for polyethylene terephthalate. Avantium developed the YXY tech-
nology that converts HMF to an ether with methanol/ethanol followed by an oxidation step
to FDCA Avantium (2018). Acidic catalysts, ionic liquids, and supercritical water dehydrate
fructose and glucose to HMF Choudhary et al. (2013); Antonetti et al. (2017); Li et al.
(2013); Zhao et al. (2007); Cao et al. (2018); Bicker et al. (2005). Organic solvents are neces-
sary to extract the product otherwise HMF hydrolyzes to levulinic acid and formic acid, or

polymerizes to insoluble compounds—humins Patil and Lund (2011) (Figure 5.1).

Sn-Beta zeolite in tetrahydrofuran and water convert carbohydrates at 70 % selectivity. Other
organic solvents include alkylphenol Pagan-Torres et al. (2012), dimethylsulfoxide (DMSO)
and methylisobutylketone Chheda et al. (2007) and ethyl acetate Hu et al. (2009). These
processes require contact times that range from minutes to hours because of the poor mass

and heat transfer characteristic multiphasic reactors.

Metal-based catalysts Wan et al. (2014); Zhang et al. (2015); Liu et al. (2015); Yi et al.
(2016) or enzymatic processes Koopman et al. (2010); Yuan et al. (2018) oxidize HMF to
FDCA. Combination of the two steps in single reaction reduces the yield and requires special
reactor or catalyst design. Leshkov et al. (2006) developed a multiphasic reactor with methyl-
isobutyl ketone and 2-butanol as organic phase; the aqueous solution dehydrates fructose to
HMF, while the organic phase extracts it and further oxidize to FDCA. Pt/C oxidehydrates



47

fructose to FDCA in 7-valero lactone and H,O Motagamwala et al. (2018). Combination of
ionic liquids and not-noble metals avoid the organic phase and allows the one pot reaction
Yan et al. (2018). Fluidized bed reactors operate at higher temperature with superior mass
transfer and, consequently, reaction rates orders of magnitude higher. FBRs pyrolyze biomass
into energy and chemicals Kan et al. (2016). Fast pyrolysis of cellulose in FBRs approach 62 %
yields of levoglucosan, 3.5 % of HMF and 1% of furfural Shen and Gu (2010). Immobilized
anaerobic sludge produces biohydrogen and bioethanol citewu2007. A magnetically stirred
fluidized bed reactor ferments glucose to ethanol within 95 % of the theoretical yield Liu et al.
(2009).

We demonstrated the versatility of atomizing liquids into catalytic fluidized beds : VPO
partially oxidizes xylose to C2-C4 carboxylic acids Ghaznavi et al. (2014); WO, /TiO, de-
hydrates glycerol to acrolein Dalil et al. (2015, 2016) and decarbonylates fructose to furfural
Carnevali et al. (2018) ; and, Keggin-type catalyst oxidehydrates 2-methyl,1-3-propanediol to
methacrylic acid Darabi Mahboub et al. (2016). Here we investigated fructose dehydration
to HMF in a p-fluidized bed reactor. A nozzle atomized the aqueous liquid feed directly into
the catalytic bed. We screened temperature, O, concentration, catalyst loading, Pt content
on the catalyst, liquid flowrate, feed fructose mass concentration with a Plackett-Burman
experimental design. The experimental plan was based on three levels of temperature and

O, :fructose molar ratio and two levels for catalyst loading.

5.2 Experimental section

A furnace heated a 15mm ID by 400 mm high quartz tube. Three thermocouples measured
the temperature along the length at 20 mm below the bed, 5mm — inside the bed, 90 mm
above the distributor, and a fourth monitored the temperature in the exit line. The reactor
operated at 1.4 bar while the AP between the inlet and outlet—0.001 bar during the reaction.
A quartz frit, with a porosity of 150 pm to 200 pm, ensured the gas was distributed uniformly
across the reactor diameter (Figure 5.2). A stream of O, in Ar fluidized the catalytic bed
and burned the coke formed during the reaction. A nozzle atomized the aqueous fructose
solution into the Pt-WO,/TiO, catalytic bed. An HPLC pump injected the liquid feed at
the desired flow, while 50 mL min~—! of argon improve the effervescent spray (Figure 5.3¢) and
a gauge recorded argon pressure in this line. A well dispersed spray with droplets less than
30 pm minimize catalyst agglomeration and blocking the nozzle. A ceramic tube enveloped
the injector to reduce the heat transfer and ensure that the solvent evaporated in the bed
rather than the injector ; when the temperature exceeded 100 °C, solvent evaporated and the

sugar crystallized and blocked it. A stream of 50 mL min~! of argon flushed the annular space
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Figure 5.1 Fructose dehydrates to HMF. Organic solvents suppress the polymerization to hu-
mins and the rehydration to levulinic acid and formic acid. Decarbonylation leads to furfural,
while the hydrogenation produces 5MF. HMF oxidation gives DFF and further FDCA, the

furanic substitute of terephthalic acid.
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between the injector and ceramic tube. The exit line (uninsulated) fed into a quench in an
ice bath The quench fluid contained 25g dimethyl sulfoxide to improve furanic solubility
and 25g H,O. An on-line mass spectrometer (MS) with a multiple ion detector analyzed
non-condensable gases — CO, CO,, O,, Ar, CH,, while an HPLC quantified the liquid
samples collected each 15 min during the first hour and then each 30 min until the end of the
experiment (Figure 5.2). Glycerol was the internal standard for the HPLC analysis. At the
end of each experiment we cleaned the exit line with 5 mL of water and analyzed this sample.

The selectivity to each product, .S;, is based on a molar balance around each component %,

out .

n;

_nout o

S — Zjni,j /ﬁm
T nin — pout
fr fr

-100 (5.1)

where njf and n@"* are the moles of fructose entering and exiting the system and ¥; is the

stoichiometric coefficient for the carbon component of each reaction j.

The following equation calculates the median drop size diameter, dsg, exiting the nozzle of

an internal mixing air-assist atomizer Nasr et al. (2013) :

0.5
dso = 20 u%f’ mOL'1 dOL'1 o02 pg_o'3 AU ll + Z;LL] (5.2)
g

where uy, is the superficial velocity, my, and m, the mass flow of the liquid and the gas, dr,
the orifice dimension, ¢ is the surface tension and the AU the relative velocity between the

liquid and the gas.

5.2.1 Materials

All the reagents are analytical grade without further purification. We acquired D-fructose(99 %)
from Alfa Aesar. We purchased 5-hydroxymethyl furfural (99 %), furfural (99 %), 5-hydroxymethyl-
2-furancarboxylic acid, 5-formyl-2-furoic acid, 2,5-furandicarboxylic acid (97 %), 2,5-furan
dicarboxaldehyde (97 %), 5-methyl-2-furaldehyde (> 98 %), and tetraammineplatinum(II)
nitrate (> 99.9 %) and ammonium (para)tungstate hydrate (>99.99 %) from Sigma Aldrich.

Air Liquide Canada supplied the gases : argon (> 99.7%), 10.0% O, balance Ar, and a
mixture of CO (1.04%), CO, (1.01%), CH, (1.03%) balance Ar. Huntsman Corporation
supplied the titanium dioxide (Hombikat 110100).
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Figure 5.2 A nozzle atomizes the fructose solution directly into the catalytic bed. A
DMSO/H,0O quench traps the products and an HPLC analyzes the trend. An online MS

monitored non-condensable gases.

Figure 5.3 1/16” (1.59 mm) stainless steel pipe filed at the top to obtain an orifice of 45 pm.
The IR camera shows that the atomization and the evaporation at the orifice decreased the
temperature at the tip, forming a full cone with an angle of 80°.
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5.2.2 Catalyst preparation

We sieved the support powder to 90 pm to 150 pm in diameter. The crystalline phase of the
titania was pure anatase. A successive wetness impregnation method deposited firstly WO,
and then Pt on the TiO, support. Initially we determined the total pore volume by dropwise
addition of water. We dissolved the ammonium paratungstate in the calculated volume. For
a more intimate contact between the active phase and the catalyst, we mixed the liquid and
the solid in a rotary evaporator for 3h at 100 rpm. After we increased the temperature to
70°C and decreased the pressure to 300 mbar for 2h to dry the catalyst. A furnace calcined
the solid : first the temperature was maintained constant at 120°C for 4h to completely
remove traces of water. With a ramp of 2.5°Cmin~! to 600 °C for 4h in air. We repeated the

same procedure for the Pt sample.

5.2.3 Analytical instrumentation

An X-ray diffractometer (Philips X’PERT) generated the XRD spectra with a monochromatic
Cu-ka beam, A = 0.154 06 nm, at 50kV and 40 mA. We scanned the gonio axis from 20° to
85°, at a rate of 0.01° s™!. The crystalline phases were identified using the ICDD database
and the Rietveld refinement (X’PERT highscore) gave a semi-quantitative characterization
for the phases’ weight composition. The Scherrer approximation defined the average cubic
crystallite size : D = 0.94\/FCosf, where A is the mentioned instrument wavelength, 3 is
the full-width at half-maximum peak height (FWHM, rad), and 6 is the Bragg angle for the
most intense peak (half of the 26 position).

The FE-SEM-JEOL JSM-7600F scanning electron microscope (SEM) acquired the catalyst
images between 5kV to 30kV, using secondary and backscattered electrons detectors (se-
condary electron image —SEI, low secondary electron image —LEI and backscatter image
—LABe). The energy dispersive X-ray detector (EDX) mapped the surface of the catalyst

and qualitatively quantified the composition and the different phase regions.

A laser diffractometer (Horiba, LA-950) evaluated the particle size distribution (PSD) based
on the Mie Theory :
> dj - N;
Dya=="1+ " 5.3
YOS d N, 3

with N; as number of particles with diameter d;. The particle refractive index was 2.75 +

0.00i (R and Chi parameter below 0.05).

A N, physisorption instrument (Quantachrome Autosorb-1) recorded at 77 K the adsorption

and desorption isotherms. A degasser, operating under vacuum at 300°C for 6 h, removed
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the gas adsorbed on the surface Orr and Dallavalle (1959). The Brunauer-Emmett-Teller
(BET) theory regress the specific surface area at P/ Py 0.05 to 0.3. The instrument estimated
the mesopore size distribution over the desorption branch (P/P, 0.15-0.995), based on the
Barrett-Joyner-Hallender (BJH) theory. The total pore volume is evaluated at the maximum

filling pressure (P/ Py 0.995), considering all pores with a diameter smaller than 300 nm.
A CHN analyzer (LECO CS744) measured carbon build up on the catalyst surface after

each experiment. An internal balance measured the sample weight loss, when heated above

1000 °C in air. A further CO trap converted the remaining carbon monoxide to CO,.

A Varian ProStar 325 HPLC, equipped with UV detector at 260 nm analyzed the filtered
liquid samples. A MetaCarb 87H column, kept at 60°C, separated the compounds. The
pump flowed a 0.05 N aqueous H,SO, solution at 0.35 mL min~!. Each analysis lasted 70 min

to ensure the products separation.

5.3 Catalyst characterization

Fluidization and particle size distribution

Geldart classified particles into 4 categories based on the catalyst diameter and the differential
of the particle density and the gas density Geldart (1973). Geldart group A particles are best
for catalytic fluidized beds with diameters (dso) on the order of 70 pm. Based on the Horiba
LA-950, the average spherical particle diameter of calcined catalyst increased from 85 pm to
95 um (Figure 5.4). Coke covered the surface (SEM-EDX) and increased the average particle
diameter by 10 pm. The bulk density was 770kgm™3, so that we classify it as a group A
powder.

The minimum fluidization velocity, ume, with 3g of catalyst in the reactor was 8 mms~!.

Catalyst attrition resistance is a major concern for fluidized beds particularly with high
velocity jets where particles collide and fragments or cleaves surface asperities. To prevent
this phenomena we opted for the catalyst synthesis by incipient wetness impregnation, which
minimizes surface defects and thus asperities. We tested the attrition rate in an air jet mill
according to the ASTM 5757 Tube et al. (2013). The high velocity simulates the mechanical
stress coming from the nozzle and the distributor. A filtered vessel collected the elutriated
fines after 24h. The catalyst attrits at 5.4mgh~!, which is well within commercial practice
Patience and Bockrath (2010).
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Figure 5.4 Catalyst particle size distribution in logarithmic scale. Coke deposits broadened
the peak and increased the average.

Table 5.1 Variation of the catalyst physical characteristics after the reaction

Property Calcined Used
dso, pm 85 95
SA, mg? 63 63
Pore volume, mL g~! 0.183 0.183
Upnf, MM s~ 8

Pbulk, kgm™? 770

Attrition resistance, mgh=! 5.4 5.4

XRD

We analyzed the calcined catalyst before reaction with a mass fraction of 5% WO, on TiO,
and 0.5% Pt or 1.5% Pt . We characterized catalyst at the end of experiment t12 that had
1.5% Pt, which had the most coke. XRD analysis detected two crystalline phases : anatase
for the titania (ref : 96-900-9087) and platinum (ref : 96-101-1114) while EDX confirmed
the presence of W. The W concentration was below the XRD detection limit Carnevali
et al. (2018). The titania support maintained a tetragonal structure during calcination and
reaction. The platinum presented a cubic structure, with a submicron crystallinity, which
increased with Pt loading and decreased by the coke deposition during the reaction. SEM
confirmed the results, providing images of crystals with several hundred nanometers size
and a round-prismatic shape. Each crystal contained several crystallites, growing in different
directions (Figure 5.9). At50kV, the X-ray penetrated the catalyst down to 35um (Pott’s
equation) Saadatkhah et al. (2017) : this surface analysis overestimated the Pt fraction with
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respect the TiO, support. As coke builds up, the intensity of the Pt signals decrease, and
become broader (Table 5.2). During calcination, WO, precursor penetrated the titania lattice
thereby reducing the tungsten signal. Calcination at 600 °C was low enough to minimize phase
segregation and so the WO, remained amorphous. A weak, unidentified peak emerged at 31.6°
after reaction. Reaction conditions may have crystallized part of the amorphous WO, in the
mesoporous titania structure however, SEM-EDX could not confirm WO, crystals on the
surface of the catalyst but N, physisorption detected a decrease in pore size after reaction.
The small crystallite size (30nm) and the strong chemical interaction with the surrounding

environment (coke and titania) shift the signal.

= Fresh, 0.5 % Pt

15 | Fresh, 1.5 % Pt

— Used, 112, 1.5 % Pt

Intensity, counts /100

20 30 40 50 60 70 80
20,°

Figure 5.5 Stacked spectra recorded with the same conditions and smoothed with an 11 points
cubic function, Cu-ka sidebands were removed : coke deposits on the used sample reduced
the signal to noise ratio. Four sharp Pt signals (39.6°, 46.0°, 67.4°, 81.2°) and their respective

planes [hkl] have been identified. The remaining peaks belong to the titania support (anatase)
Khan et al. (2018).

Table 5.2 D crystallite size (standard deviation among Pt signals); BET surface area by
nitrogen physisorption, results are within 3% precision (95 % variance); ¢ pore volume;
Agy (g BJH dV(d) mesopore median ; Coke carbon content (0.05 % precision, 95 % variance).

D BET (b AdV (d) Coke

nm m?g~! mLg™! nm %

Calcined 0.5 %Pt-WO,/TiO, 52(7) 63 0183 9.6  na
Calcined 1.5 %Pt-WO;3/TiO,  88(2) 63 0.183 9.6 na
Used, t12, 1.5%Pt-WO,/TiO, 60(10) 63  0.183 9.6 48
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BET

The TiO,, support and tungsten salt precursor contribute most to the specific surface area
(SSA), pore size distribution and pore volume (PV) of the catalyst after calcination (Figure
5.6) Carnevali et al. (2018). Calcined catalyst has a type IV isotherm and an H2 hysteresis
loop : mesoporous structure with a narrow distribution of pore necks Sing et al. (1985). A
mass fraction of 1.5% Pt decreased the SSA with respect to calcined WO,/ TiO, catalyst.
EDX images show Pt on the surface but not in the interior so the drop in SSA and PV is due
to pore-blocking. Pt obstructed pores smaller than 10 nm, which increased the characteristic
pore median (dS(d)) by 1nm. The “t12” catalyst has a type I-IV isotherm and an open H4
hysteresis : a microporous network developed as coke partially filled the internal mesoporous
structure. Despite coke deposits, furanic selectivity improved with time. The SSA increased
with respect to calcined catalyst, suggesting a selective coke deposit. This phenomenon de-
creased the reagent and product degradation, despite the pore size dropping from 11.0 nm to

0.7nm) and the lower pore volume (Table 5.2).

The BJH surface distribution shrunk in the mesopore region. The quenched solid state func-
tional theory (QSDFT) for SSA deviated less that than 5% of the BET SSA. Based on the
V' —t method, micropores in the calcined catalyst were neglighle estimated a negligible micro-
pore for the calcined samples, but for the used sample, micropores contributed almost 80 %
of the SSA and 40 % of the pore volume (QSDFT method, V' — ¢t method had 5% deviation

from those values). The higher pore-volume is strictly connected with the coke on the surface.

100 | —e— Fresh 1.5 % Pt, ads

R —e— desorption
mE —a — Used t12, ads

S50 —a — desorption
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Figure 5.6 Nitrogen physisorption isotherms. The used catalyst loses the microporous fraction
and the total pore volume decreases as a consequence. Carbon obstructing the mouth of the
micropores accounts for the large reduction at P/P, > 0.7.
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Field Emission Scanning Electron Microscopy (FE-SEM)/EDX

The tungsten oxide was homogeneously dispersed on the titania support. Pt crystals were
dispersed nonuniformly on the surface as SEM images show regions with bright spots with
Pt particles (Figure 5.7). Furthermore, some particles have much more Pt than others. The
Pt submicron crystals were 250 um on average (Figure 5.8). After reaction, Pt submicron
particles agglomerated into clusters of several hundred crystals but the powder remained free

flowing. Only at the sparger tip, solids would agglomerate at the circumference Ghaznavi
et al. (2014).

Figure 5.7 Calcined 1.5% Pt over WO,/TiO, particles. The LABe detector enhanced the
signal from heavy elements and the Pt crystals appeared as bright white spots Patience
(2017).

An EDX at 20kV probed the catalyst surface to a depth of 10 pum and confirmed that W
covered the surface uniformly. On the contrary, Pt forms submicron crystals rather than
forming a monolayer on the surface or in the interior. Titanium-oxygen molar ratios were
coherent with the TiO, composition. Pt was only in the metallic form since the EDX oxygen

image showed dark spots corresponding to the Pt crystals (Figure 5.10).

We crushed used catalyst and the SEM images of the chunks showed no coke in the interior.
As much as (20 um) of coke covered some of the particles but most of it was homogeneously
distributed on the surface (Figure 5.10). Clearly, since the carbon coverage was uniform WO,
rather than Pt initiated the growth of the coke layer. An EDX spectrum on the coke deposit

identified a molar composition of 90 % carbon and 10 % oxygen.
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15.0kV LABE

Figure 5.8 Calcined 1.5% Pt over WO, /TiO, particles. The metallic platinum crystals ap-
peared as multi-facets prisms. Considering their sizes (submicron), the crystallite size of
88nm (XRD) and the crystal structure of metallic Pt (cubic), several crystallites compose
the crystal.

5.4 Internal-mixing two-fluid nozzle

Atomizing the fructose and HMF solutions into the fluidized bed reactor caused most of the
interruptions. The large surface to volume ratio of the sparger was a contributing factor as
the water would evaporate in the tube and the fructose would then crystalize. We injected
Ar at 50mL min~! to reduce the residence time of the solution in the tube and improve the
effervescent spray of the liquid. The gas and fluid first mix at the t-junction below the sparger
tip. We reduce the internal diameter of the top part of a stainless steel pipe of 1.5875 mm
OD and 0.127mm ID (Figure 5.3a) to create an orifice of 45 pm=5pm (Figure 5.3b), which is
65 % reduction of the internal diameter. The setup produced a full cone spray with an angle

of 80°+5°, measured by infrared camera after heating the nozzle to 400 °C.

Equation 5.2 demonstrated a 0.5 median drop size of 5 pm. We calculated the results based on
room temperature and approximating the viscosity of the 2 % sugar solution as pure water.
An internal mixing increased the contact between the gas and the liquid, resulting in finer
droplet size Nasr et al. (2013).

5.5 Screening test and full factorial design

A Plackett-Burman screening design investigated the influence of six parameters on the fruc-

tose oxidehydration. We evaluated temperature (150 °C and 300 °C), O, :fructose molar ratio



o8

Figure 5.9 Used “t12” catalyst’s surface. Shiny “metallic-lookalike” coke chunks were disper-
sed around the spherical catalyst particles after mechanical breakage. Some particles broke
as well.

(2 :1 and 20 :1), mass catalyst loaded (2.5g and 5g), Pt loading (0.5% and 1.5%), feed
flowrate (50 pLmin~! and 100 pL min~!) and feed fructose mass concentration (2.5% and

5%). The design limited to 12 the number of experiments.

All the tests demonstrated total conversion of fructose. The molecule reacted with the catalyst
to form the products, or degraded to coke or COx. Due to the hard conditions some molecule

pyrolized on the walls or in the exit line, resulting in carbon loss.

The two levels of mass of catalyst loading varied the contact time, while two flowrates levels

modified the weight hour space velocity and the gaseous partial pressure of water.

We computed the results with the statistical software STATISTICA®. Low catalyst loading
is the most predominant parameter, decreasing the contact time and increasing the furanic
products selectivity. The maximum total products selectivity never exceeded 6 %, due to
the extreme conditions of the screening tests. CO, and CO rose with temperature, reaching
59% and 4% at 300°C, respectively. Furthermore, higher oxygen concentration produced
higher amount of CO,. HMF, the dehydration product, increased with higher liquid flowrate
and lower catalyst loading. Increasing the partial pressure of water rose the catalytic surface
saturation, lowering the degradation kinetic. High contact time demonstrated higher HMF
conversion. Furfural, the decarbonylation product of HMF (Figure 5.1), was dependent only
on catalyst loading, which is favored by the longer contact time. Maximizing the contact

time, determined the fructose and the intermediate degradation to coke and COx.

Oxygen reacted with HMF to HMFCA and DFF (Figure 5.1). Oxidation kinetics of the hy-



Figure 5.10 SEM and EDX mapping of the used “t12” catalyst’s surface. Carbon (C, red) par-
tially covered the surface and suppressed the underlying elements’ signals. Oxygen (O, blue)
was predominant were titanium was also present (Ti, yellow), less were carbon was present
and absent were platinum was present (Pt, violet). Tungsten (W, green) was homogeneously
distributed along with titanium.

droxyl moiety of HMF is faster than the conversion of the aldehydic functional group. DFF
reached a maximum selectivity of 1%, while HMFCA never exceeded the 0.05 %. Lower cata-
lyst loading and higher temperature increase the selectivity. This behavior can be explained
by the high energy of activation of the HMF oxidation, which increased with higher tem-
perature. Furthermore, as all the furanic compounds, lower amount of catalyst reduced the
contact time and the degradation process. A further oxidation of HMFCA and DFF formed
FDCA. We determined that any of the parameters affects the selectivity. The amount of

catalyst tested was high, leading to elevate contact time and increasing the degradation.

We developed a full factorial design, investigating temperature (300°C, 350°C and 400 °C),
O, content (0.5, 1 and 10 molar ratio with fructose), and catalyst loading (1.5g and 3g). We
kept constant Pt loading (1.5 %), increasing the liquid flowrate (300 pL. min~!) and keeping
the fructose mass percentage in the feed at 2% (Table 5.3).

The contact time 7 between the sugar injected and the catalyst varied between 0.3s to 0.4,
while the weight hour space velocity ranged between 0.1h™! to 0.25h™!. Also for this set of
experiments, the conversion was complete. We calculated the carbon balance for each expe-
riment. The results ranged between 57 % to 97 %. The carbon loss is due to the degradation

of the molecules on the reactor wall or inside the exit line.

Table 5.3 represents the selectivity to the main products, considering all the three hours

reaction.

Higher temperature and lower catalyst loading increased the selectivity for all the products
(Table 5.3). The CO, selectivity varied from almost 0 to 47 %. At higher catalyst loading — so

higher contact time — and higher oxygen concentration, fructose decomposed more frequently



Figure 5.11 Surface chart of HMF selectivity with 1.5 g catalyst loading.
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Table 5.3 Full factorial of catalyst loading, temperature and O, molar ratio. The selectivities
are calculated from time O min to 180 min. HMF : 5-hydroxymethyl furfural ; FUR : furfural;

S5MF : 5-methyl furfural ; DFF : diformyl furan.

Exp Cat T 0O, SCO2 Sco  Scu 4 Scoke  Sumr  SrUrR  SsMF SDFF
# g °C Molarratio % % % % % % % %
1 3 300 0.5 6 6 9 8 0 5 3 1
2 3 400 1 12 10 5 10 4 5 1 1
3 1.5 300 10 20 4 17 6 6 4 0 1
4 1.5 400 1 2 3 1 12 9 3 0 0
5} 3 350 10 4 3 4 55 3 2 1 1
6 3 300 1 3 12 2 43 3 1 0 0
7 1.5 350 10 0 2 0 21 1 1 0 0
8 3 350 0.5 8 5 4 54 0 5 4 3
9 1.5 300 0.5 2 0 1 13 0 1 0 0
10 1.5 300 1 4 2 3 36 5] 6 1 1
11 3 350 1 12 6 5! 57 1 5! 4 3
12 1.5 350 1 7 5! 5! 49 11 6 1 2
13 1.5 350 0.5 4 3 4 31 12 6 1 1
14 1.5 400 1 7 3 5} 48 7 3 1 3
15 3 400 10 47 1 17 43 0 0 0 0
16 3 300 10 41 1 15 66 1 2 0 1
17 3 400 0.5 4 2 2 24 1 9 6 2
18 1.5 400 10 11 8 3 20 0 7 4 2
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to CO,, which increased linearly with O, concentration. Oxidized products demonstrated
stable selectivity at higher temperature. Lower O, concentration produced lower oxidized
compounds. CH, has the maximum selectivity when the oxygen molar ratio was 0.5, achieving
17%. Coke formation relates to the decomposition of the feed or the products on the catalyst.
In all the experiments coke deposited on the catalytic surface, producing large agglomerates.
A quadratic function of temperature, presenting a maximum at 350 °C, affected the coke
formation. Furthermore, increasing the catalyst ratio increased the contact time, leading to a
higher degradation of the products and higher coke formation. Oxygen seems not affecting the
coke formation. The reason relates to the temperature, which is not high enough for activate
the carbon to react with the O, to produce COx. As demonstrated by the screening test,
HMF selectivity increased with lower contact time, reaching a maximum of 12 % at 350°C
and with 0.5 O, molar ratio. Considering low amount of O, — 0.5 :1 and 1 :1 molar ratio, and
temperature at 350 °C, the selectivity to HMF remained almost constant, demonstrating the
low impact of O, on the reaction at that temperature (Figure 5.11). To validate the results,
we repeated test 12 and test 13 (Table 5.3). We calculated the standard deviation, which
attested at 4 %

5.5.1 HMF to DFF

We investigated the oxidation of HMF to DFF with four temperatures (250 °C, 300 °C, 350 °C
and 400 °C), and two catalysts loading (1.5g and 5 g), maintaining the O, :HMF molar ratio
of 2 (Table 5.4). Pt-WO;/TiO, demonstrated a partial oxidation of HMF to DFF, and
the inefficient oxidation power to further produce HMFCA and FDCA. HMF conversion
was total with temperature above 350°C, while decreased to 92% at 300°C and to 86 %
when the temperature dropped to 250 °C. The main oxidation product was DFF, reaching
a maximum of 42 % with the lowest temperature and catalyst loading. Higher contact time
increased the degradation, resulting in lower DFF selectivity. In fact, with 5g catalyst the
maximum DFF never exceeded 4 %. On the contrary, at 1.5 %, the DFF selectivity increased

with temperature.

5MF, the main by-product of the reaction, is mainly controlled by temperature and mass
of catalyst. In fact, at higher contact time, the selectivity dropped to maximum 2 %, while
decreasing the temperature from 400°C to 250°C, the selectivity increased from 12 % to a
maximum of 18 %. Furfural, the other main by-product, remained almost stable around 6 %
for all the reactions with lowest amount of catalyst, but presented lower values —around 1%

— for 5Hg.

Coke built up on the catalyst, but seems independent of temperature and catalyst loading.
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Table 5.4 Higher contact time increase the degradation kinetic. Decreasing the temperature
decreases the conversion but enhances the DFF selectivity. CB : Carbon balance

Cat T 02 :HMF Time Conversion 5002 SCO Scoke SCH4 SFUR S5MF SDFF CB

g °C molar ratio h % % % % % % % % %
1.5 250 2 3 86 10 12 12 2 6 18 42 116
1.5 300 2 3 92 3 28 22 3 1 11 30 98
1.5 350 2 3 100 15 15 13 ) 9 11 260 94
1.5 400 2 3 100 23 6 4 4 4 12 16 69

5 400 2 3 100 36 15 12 2 1 2 4 72

5 350 2 3 100 27 15 16 10 0 1 0 69

Differently, for CO and CO, the selectivity varied with the two parameters. In fact, at low
temperature and low catalyst loading, CO was higher than CO,, but increasing the two
variables, the ratio became 1 :1 and consequently in large favor to CO,. The reason was the
higher contact time, that increased the degradation of the molecules and the temperature

than enhanced the formation of more oxidized products.

5.6 Conclusions

Fructose oxidehydration in gas-phase to DFF has a major impact on the fructose valoriza-
tion, defining a new conversion pathway. The fluidized bed reactor avoid organic solvents,
decreases the reaction time to fraction of seconds and facilitates the products separation.
Fructose dehydrates to HMF, with the highest selectivity of 12 %, with the lowest catalyst
loading (1.5g) and low O, concentration (1.5 :1 molar ratio with fructose) at 350°C. After
3h the system did not reach the steady-state. HMF as starting material demonstrated a
partial oxidation selectivity to DFF of 42 %, at 250°C and 1.5 g catalyst. Coke built up on
the catalytic surface, agglomerating the catalyst but also covering the strongest acid sites,
enhancing the selectivity to the furanic compounds. Further addition of a second transition
metal will promote the further oxidation of DFF to FDCA.
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CHAPTER 6 ARTICLE 2 - LEVULINIC ACID UPGRADE TO SUCCINIC
ACID WITH HYDROGEN PEROXIDE

Davide Carnevali, Marco G. Rigamonti, Tommaso Tabanelli, Gregory S. Patience, Fabrizio

Cavani

Article published on Applied Catalysis A : General (I.F. 4.4)

6.1 Abstract

Levulinic acid is produced from the acidic aqueous degradation of 5-hydroxymethylfurfural,
with potential applications in bio-value added chemicals synthesis. Here, we report for the
first time, the solvent-free Baeyer-Villiger oxidation of levulinic acid to succinic acid, with
hydrogen peroxide and tungstic acid. We investigated the effects of time, amount of reagent-
to-catalyst molar ratio and H,O,-to-levulinic acid molar ratio. The maximum conversion was
57 %, while the maximum selectivity was 75 % after 6 h. We propose a reaction mechanism
based on results obtained from the reactivity of the intermediates. The catalyst interacts with
the substrate, forming a cyclic species that enhances the formation of succinic acid versus

3-hydroxypropanoic acid.

Keywords

levulinic acid, succinic acid, hydrogen peroxide, Baeyer-Villiger, oxidation, tungstic acid,

H,WO,

6.2 Introduction

Biomass is a primary source of energy and a potential feedstock for bio- chemicals. Compa-
red to fossil fuels, it has an elevated oxygen - carbon ratio, which makes it more suitable for
the synthesis of highly functionalized value-added molecules, like to 5-hydroxymethylfurfural
(HMF) by fructose dehydration Antonetti et al. (2017); Bin et al. (2017) ; a further oxidation
of the intermediate forms 2,5-furandicarboxylic acid (FDCA) Pasini et al. (2011); Leshkov
et al. (2006). The dehydration of fructose occurs with high temperature or by presence of
an acidic Brgnsted catalyst. The main synthesis hurdle is that HMF degrades in aqueous

acidic condition, and forms insoluble polymers (humins), or cleaves to make levulinic acid
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(LEV) and formic acid. Most works in this area apply multi-phasic reactors Kroger et al.
(2000), membrane reactors Xie et al. (2012) or ionic liquids Kumar et al. (2017) to reduce
humins. LEV is an important bio-building block for valeric acid Upare et al. (2011), me-
thyltetrahydrofuran Manikandan and Cheralathan (2017), alkyl levulinate Guo et al. (2007),
diphenolic acid Tan et al. (2016), d-amino levulinic acid, v-valerolactone Sun et al. (2016);
Manzer (2004), a-methylene-y- valerolactone Lewkowski (2005) and succinic acid. Deriva-
tives applications regard mainly the production of rubber, plasticizers, pharmaceuticals and
textiles Szabolcs et al. (2013). Biomass is the preferred starting material to produce LEV
Antonetti et al. (2016); Pileidis and Titirici (2016); Werpy and Petersen (2004). LEV and
succinic acid are in the top 10 value added chemicals from biomass Bozell and Petersen
(2010); Zeikus et al. (1999). The succinic acid market value reached 400 billionUSD per year
Li et al. (2011). Industrially, the favored route to succinic anhydride is the hydrogenation of
maleic anhydride, derived from fossil fuel n-butane Mandelli et al. (2001). On the contrary,
the main bio-pathway is the sugars fermentation. LEV reacts with basic, acidic and metal
oxide catalysts to form succinic acid; most studies add solvent to increase product yield
(Table 6.1). One promising reaction is the Baeyer-Villiger oxidation with hydrogen peroxide
as an oxidizing agent. Adding catalyst increases the reaction rate and improves the selectivity
to the desired products. Examples of catalysts include alumina Van Der Klis et al. (2012),
tungstic acid Podolean et al. (2013), tin Xia et al. (2016), titanium silicalite-1 (T'S-1) Wang
et al. (2015), selenium Caretto and Perosa (2013) and bio-enzymes Choudhary et al. (2013).
The mechanism comprises the nucleophilic addition of a hydroperoxide anion to the carbonyl
carbon Kawasumi et al. (2017). Environmental conditions modulate the intermediate rear-
rangement ; acidic catalysts react with the substrate to form the methyl ester, while in basic
conditions it produces the acetate through an intramolecular addition. Starting from humic

acids, hydrogen peroxide achieved 93 % malonic acid or 62 % succinic acid Wu et al. (2015).

Dutta et al. (2015) described the basic oxidation of LEV with H,O, to 3-hydroxypropionic

acid (HPA), a precursor of acrylic acid. On the contrary, hydrogen peroxide, combined with

Table 6.1 Review of the conversion with reaction parameters and yields. LEV : levulinic acid ;
M- LEV : methyl levulinate ; SUCC : succinic acid ; M-SUCC : methyl succinate ; DM-SUCC :
dimethyl succinate ; MA : maleic anhydride.

Reagent T, °C Catalyst Solvent Time, h  Products  Yield, % Ref.

LEV 300 — 400 V,04 SUCC Dunlop and Shelbert (1952)
LEV 40 - 60 V,0; + HNO;,4 1-4 SUCC Van Der Klis et al. (2012)
LEV 150 Ru-based magnetic nano particles +0, H,0 6 SUCC 78 Podolean et al. (2013)
LEV 90 Mn-based catalyst AcOAc 10 SUCC, MA 9, 26 Xia et al. (2016)
M-LEV 80 Amberlyst-15 + H,0, Methanol 6 M-SUCC 41 Wang et al. (2015)
LEV 200 K,CO,4 Dimethyl carbonate 6 DM-SUCC 21 Caretto and Perosa (2013)
Furfural 80 Amberlyst-15 + H,0, H,0 24 SUCC 4 Choudhary et al. (2013)

LEV 25 I, t-BuOH 1 SuCC 87 Kawasumi et al. (2017)




65

sulfuric acid, achieved a maximum of 48 % succinic acid selectivity. Replacing H,SO, with
trifluoroacetic acid, increased selectivity to 62 %, at 90 °C after 2h Weiss et al. (1966). Here
for the first time, we describe the acidic solvent-free Baeyer-Villiger oxidation of LEV to
succinic acid with H,O, and H,WO,. We investigated the effects of time (1h, 3h and 6h),
reagent :catalyst ratio (100, 50 and 10) and H,O, :LEV ratio (1.5, 3 and 5) on the LEV
conversion and on the main products selectivity. Furthermore, we investigated the reaction

pathway, testing the intermediates reactivity.

6.3 Experimental

6.3.1 Materials

We used all reagents without further purification. The purity of LEV was greater than =>
97 %, succinic acid > 99 %, formic acid purity varied between 95% to 97 %, propionic acid
>99.5% , a-angelica lactone purity was 98 %, malonic acid was 99 %, and stabilized hydrogen
peroxide 27 % w/w in H,0), sulfuric acid (ACS reagent, 95 % to 98 %) and potassium per-
manganate (97 %) from Sigma Aldrich. Glacial acetic acid (ACS Reag. Ph Eur) was acquired
from Carlo Erba, while oxalic acid (98 % anhydrous) from Acros Organics. We purchased the
3-hydroxypropionic acid sodium salt from Toronto Research Chemicals. The tungstic acid

(99 %) catalyst was purchased from Sigma Aldrich.

6.3.2 Catalytic experiment

We designed a full factorial set of experiments with 3 factors and 3 levels each (27 tests)
with the statistical software Mz'nz'tab@. The reactions time were at 1h, 3h, 6h, with a
LEV :H,WO, ratio of 100 :1, 50 :1, 10 :1 and H,O, :LEV ratio of 1.5 :1, 3 :1, 5 :1. An oil
bath kept the temperature constant at 90 °C. We derived the sample standard deviation, s
(Table 6.2), by repeating experiments at three different conditions.

We investigated the reaction pathway, evaluating the reactivity of the intermediates at 1h

Table 6.2 Repetition of three tests at various conditions. * H,O, :LEV molar ratio, ** LEV :
H,WO, molar ratio. Conversion (X) and Selectivities (S) are in %. Succ : succinic acid ; acet :
acetic acid ; mal : malonic acid ; oxal : oxalic acid, form : formic acid, AL : a-angelica lactone ;
HPA : 3-hydroxypropionic acid ; gly+glyox : glycolic acid and glyoxylic acid ; prop : propionic
acid.

Conv Ssucc Sacet Smal Sform SAL SHPA Sgly+glyoz Sprop
Sample standard deviation s 2 2 0.5 0.3 0.2 1 0.4 0 0.3
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and 6h, with a LEV :H,WO, molar ratio of 100 and H,O, :LEV molar ratio of 5. In a
standard reaction procedure, we added 5mmol (0.58¢) of LEV into an Erlenmeyer flask,
with the specified amount of catalyst (H,WO,, i.e. 0.124 g for a LEV :H,WO, molar ratio of
10) and H,0O,, solution (aqueous solution 27 % w/w, i.e. 0.93 g for a H,O, :LEV molar ratio of
1.5). The mixture was homogenized for few minutes, while an oil bath heated it to the desired
temperature (90°C). The flask was equipped with a reflux condenser to avoid an excessive
evaporation of the solution. By means of gas-chromatography we qualitatively analyzed the
non-condensable gases inside the flask, which turned out to contain CO,. At the end of
the test, the mixture was cooled rapidly from 90°C down to room temperature, diluted
with distilled water and filtered using a disposable syringe equipped with 0.20 pm PTFE
filter to preserve the HPLC column. Tungstic acid is insoluble in cold water (only slightly
soluble in hot water), however in the presence of H,O, the catalyst is soluble in the state of
pertungstic acid (HyWO;). This means that working at high H,O, conversion would favor
the precipitation of the catalyst facilitating its recovery by filtration Weiss et al. (1966). For
catalyst recycle tests, we put the mixture in the rotavapor, in order to completely evaporate
water and traces of residual H,O,. In order to remove the adsorbed organic compounds, the
catalyst was washed with acetone, and dried in the oven at 80 °C overnight. This procedure

allowed to recover the 70 % of the initial H,WO, amount, in the form of a yellow solid.

6.3.3 Analytical procedure

A Varian CP-3380 gas chromatography equipped with a packed Carbosieve SII column (2m
length, stationary phase of active carbons of 80 mesh to 100 mesh) was used to analyze the
non-condensable gases. A TCD monitored the concentration of CO, CO,, O, and N,, with
He as the carrier gas. The oven was maintained at 40 °C for 7min, then the temperature was
ramped up until 220 °C with a rate of 30 °C min~!, and finally left isothermal for 10 min. An
HPLC Agilent Technologies 1260 Infinity, equipped with an Aminex HPX-87H Ton Exclusion
column (300 mm x 7.8 mm), maintained at 30 °C, measured the concentration of the crude
products. The autosampler injected 10 pL of the solution, while the eluent was a 5mM H,SO,
solution, flowing at 0.4 mL min~!. The instrument monitored the response of the samples at
8 wavelengths (from 210nm to 284nm). The LEV conversion (Eq. 6.1) and the products

selectivity based on carbon (Eq. 6.2) were calculated as follows :
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where n! o\, and n{EV are the initial moles and the final LEV moles in the system, nﬁROD the
final moles of product analyzed by HPLC. 0 gy and fprop are the number of carbon atoms
of LEV and products. We evaluated the amount of unconverted hydrogen peroxide with a
0.3 N potassium permanganate solution and a diluted 1 :4 aqueous sulfuric acid solution.
The titration proceeded with the addition of distilled water and 10 mL of acidic solution
to the sample. We titrated the sample using a calibrated burette until the solution turned
permanent pink USP Technologies (2018). The mass percentage of H,O, by (Eq. 6.3) :

mLKMno4 . NKMnO4 -0.0170 - 1000

H,0,, % gg™" = (6.3)

gsample
where N is the normality of the KMnO, solution, mLxymo, is the volume of permanganate

used for the titration and 0.0170 is the mass per milliequivalent of H,O,.

6.4 Results and discussion

6.4.1 LEV reactivity and selective oxidation

Reactivity screening tests at three H,O, concentration (H,O, :LEV molar ratio of 1 :1, 1.5 :1
and 3 :1), three temperatures (50°C,70°C and 90°C) and constant H,WO, :LEV molar
ratio of 100 demonstrated a very low LEV conversion, reaching a minimum of 5% at the
lowest temperature and peroxide content (Test 31, Table 6.3). Increasing the temperature
led to an increased conversion of LEV. Therefore, all the further experiments were carried
out at 90 °C. Time, catalyst mass and H,0O, content affect succinic acid selectivity and LEV
conversion (Figure 6.1, Table 6.3). The maximum variation of conversion was recorded at
H,0, :LEV ratio of 3 and LEV :H,WO, ratio of 50; the value increased from 28 % after 1h
to 46 % after 6 h reaction time (Table 6.3, entries 13 and 15). Addition of H,O, and H,WO,
amplified the oxidative power and the acidity of the reaction media, enhancing the reactivity
of the substrate. The highest LEV conversion was shown at 6 h, reaching 57 % at the highest
hydrogen peroxide concentration and catalyst loading (Table 6.3, entry 27). Furthermore, at

these conditions, we recorded the highest conversion after 1h of reaction (Figure 6.1).

Succinic acid selectivity increased from 10% (Table 6.3, entry 1) to 49% (entry 9) with
increasing H,O, and time. Increasing the H,WO,, its behavior changed ; at 50 :1 LEV :H,WO,

molar ratio, the selectivity increased with peroxide concentration, reaching a maximum after
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3h, but then decreased (entries 10-18).

This trend was accentuated at higher catalyst loading, where the highest selectivity was
registered after 1h, and then decreased with time (entries 19-27). Figure 6.2 summarizes the

effect of the two main reaction parameters on selectivity to succinic acid at 3 h.

We measured acetic acid, malonic acid, oxalic acid, formic acid, a~angelica lactone,

3-hydroxypropionic acid, propionic acid, glycolic acid and glyoxylic acid concentration by
means of HPLC (Table 6.3). Some intermediates reacted further to CO, and volatile com-
pounds Feng et al. (2018), which were undetected. Acetic acid was the main by-product and
it formed in all tests. Many compounds decomposed to this acid, which accounts for its high
selectivity, and increased with H,WO, and H,O, concentration and longer time. Selectivity
to acetic acid approached 10 % after 1h, and rose to 20 % after 6 h. The highest selectivity
was 23 % (Table 6.3, entry 23). We detected low concentrations of oxalic acid in all the reac-
tions, but it never exceeded 5 %, and mainly remained below 1 %. Oxalic acid easily oxidizes
in the presence of acidic oxidizing environment, releasing CO, Ignaczak et al. (2017). For
LEV :H,WO, catalytic ratio higher than 50, selectivity hardly were higher than 1%, while

at ratio of 10, values increased from 2 % to 5 %.

Glycolic and glyoxylic acids showed low selectivity, which remained almost always lower than
1%. Formic acid presented a similar trend : selectivity varied between 0% to 5%, with a
general increase with time and H,WO, loading. Results at low H,0, concentration showed
that the absence of reactive oxygen stopped the Baeyer-Villiger oxidation, favouring the
dehydration of LEV to a-angelica lactone. In acidic conditions and low H,O, concentrations
(LEV :H,0, molar ratio 1 :1), selectivity to a-angelica lactone was 50 percent from LEV.
At higher H,O, concentration, a-angelica lactone degraded to acetic acid and malonic acid

(Table 6.4). a-Angelica lactone selectivity decreased with reaction time and was the greatest
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Figure 6.1 Effects of various amount of H,O, and H,WO, on the conversion at 1h, 3h and
6h. LEV :H,WO, molar ratio : 100 (left figure), 50 (middle), 10 (right)
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Figure 6.2 Succinic acid selectivity reached a maximum with the highest concentration of
H,0, and LEV :H,WO, ratio of 50, after 3h.

with low tungstic acid loading (Table 6.3, entries 1, 4 and 7) : at 1h, 3h, and 6 h, selectivity
dropped from 38 % down to 21 %, and 14 %, respectively. In experiments at a 1.5 :1 H,O, :LEV
ratio and 100 :1 LEV :H,WO, ratio, after 1h the lactone selectivity was 38 %, but dropped
to 2% after 6h (entries 1-3). This behavior could be attributed to the degradation of the
lactone, which is highly unstable in the presence of oxidizing agents and acids. Selectivity to
the lactone was very high in experiments carried out with a H,O, :LEV ratio of 0.5 (entries
28-30). The selectivity to 3-hydroxypropionic acid was always lower than 4 % with the lowest
H,0, concentration. However, the selectivity increased with H,O, concentration and reached
25% at a HyO, :LEV ratio of 5 :1 (entries 8 and 9 in Table 6.3). Generally, the selectivity
reached a maximum after 3 h, and then slowly decreased. Furthermore, higher H,WO, loading
boosted the reactivity of 3-hydroxypropionic acid, resulting in selectivity values lower than
1 %. Succinic acid may decarboxylate to propionic acid. At the highest amount of H,WO,
(low LEV :H,WO, ratio) almost no propionic acid was detected, due to its degradation to
acetic acid and CO,. The highest values of propionic acid selectivity were shown with the

lowest catalyst loading and highest hydrogen peroxide concentration, reaching a selectivity
of 6 % (Table 6.3, entries 8 and 9).

In the three experiments at H,O, :LEV ratio 0.5 :1 and LEV :H,WO, ratio 100 :1 (Table 6.3,
entries 28-30), H,O, conversion approached 100 % after 1h reaction time; in fact, LEV
conversion showed a moderate growth, passing from 15% at the first hour to 17% after

6 h. Besides the usual by-products, we also detected the formation of acrylic acid (not shown



Table 6.3 Effects of time, H,WO, and H,O, content on conversion and selectivity.
H,0, :LEV molar ratio, ** LEV :H,WO, molar ratio. Succ :
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*

succinic acid; acet : acetic
acid ; mal : malonic acid; oxal : oxalic acid, form : formic acid, AL : a-angelica lactone;
HPA : 3-hydroxypropionic acid ; gly+glyox : glycolic acid and glyoxylic acid ; prop : propio-
nic acid. *** Test 31 at 50°C, adding one drop of H,O, every 10s, and at the end leaving
the reaction run for 20 min more.

Exp  H,0,* H,WO,** Time,h Conv, % Seucc; % Sacets %0 Smats % Sowat, %o Sgorm: % SAL, % Supa, % Sgysgiyos; % Sprop, %o
1 1.5 100 1 18 10 14 5 0.7 2 38 1 4 0.6
2 1.5 100 3 24 17 18 7 0.7 3 4 3 0.1 2
3 1.5 100 6 28 19 20 7 2 3 2 4 0.2 0.3
4 3 100 1 29 10 8 6 0.3 0.6 21 4 2 2
5 3 100 3 32 47 13 6 0.6 0.9 0.2 14 0.5 3
6 3 100 6 35 48 17 6 0.8 1 0.3 11 0.1 3
7 5 100 1 36 2 3 3 0.2 0.4 14 0.6 0.5 4
8 5 100 3 44 48 8 4 0.4 1 0.6 25 0.1 6
9 5 100 6 47 49 12 4 0.5 1 2 25 0 6
10 1.5 50 1 19 12 11 5 0.8 3 29 1 0.2 0.5
11 1.5 50 3 25 19 17 8 3 3 3 3 0.2 0.3
12 1.5 50 6 32 18 18 6 2 3 2 2 0.2 0.1
13 3 50 1 28 32 4 3 0.3 0.2 9 0 0.1 2
14 3 50 3 36 41 18 7 2 2 1 11 0.2 3
15 3 50 6 46 29 22 5 2 2 4 3 0.2 0.5
16 5 50 1 37 23 1 2 0.1 1 10 0 0 2
17 5 50 3 48 75 9 4 0.7 0.6 3 15 0.1 5
18 5 50 6 49 71 17 4 0.9 0.8 0 12 0.1 3
19 1.5 10 1 25 35 13 7 5 3 4 1 2 0.2
20 1.5 10 3 29 18 19 8 3 4 3 1 0.2 0
21 1.5 10 6 43 11 13 4 2 3 0 1 0.2 0
22 3 10 1 29 62 9 9 5 3 6 2 0 0.9
23 3 10 3 43 32 23 7 5 4 3 1 0.2 0.6
24 3 10 6 32 22 20 6 3 5 1 1 0.1 0
25 5 10 1 43 58 12 5 4 2 4 1 1 2
26 5 10 3 54 39 21 5 0.3 3 1 1 1 0.3
27 5 10 6 57 35 22 4 4 3 1 1 0 0
28 0.5 100 1 15 7 5 3 0.3 1 53 0.7 0.4 0.2
29 0.5 100 3 16 10 11 4 0.6 2 50 0.8 0.2 0
30 0.5 100 6 17 7 8 3 0.4 2 49 0.7 0.3 0.1
31HE* 3 100 0.35 5 6 2 1 0 0 24 0 0 0
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in Table 6.3); its selectivity was 8 % after 1h, slightly increasing to 13 % after 3h and then
decreasing down to 10 % after 6 h. In order to check the stability and recyclability of H,WO,,
the catalyst was recovered after reaction (see Experimental), and recycled a few times. Diffe-
rences of catalytic performance between each experiment were within the standard deviation ;
therefore, the behavior of the recycled catalyst can be considered to be the same as that one
of the fresh catalyst (Annexes B).

6.4.2 Selectivity versus time

Most of the by-products selectivity were invariant with time (Figure 6.3) : 3-HPA selectivity
was 1%, malonic acid 8 %, formic acid 4 %, oxalic acid about 2 %, whereas a-angelica lactone
varied from 0% to 5 %. Succinic acid selectivity decreased from 35 % to 11 % after 6 h. Acetic
acid, the main by-product, reached a maximum of 19% at 3h after which it dropped to
13%. LEV conversion was 25% after 1h and increased to 43% at 6h. We did not detect
the formation of propionic acid. The total carbon selectivity decreased from 75 % after 1h
down to 40-45 % after 6h reaction time. This drop is due to the product overoxidation
occurring along with the increasing LEV conversion. We did not close the carbon mass
balance due to the formation of volatile molecules (mainly CO,) that left the reactor and
the formation of insoluble polymers, which slightly changed the color of the solution during
the reaction. For short reaction times the solution was colourless. We calculated the H,O,
remaining in the reaction mixture by titration. When the hydrogen peroxide was the limiting
reagent (H,O, :LEV ratio 0.5 :1), the oxidant conversion was almost complete (98 %). When
the oxidant was in slight excess (ratio 1.5 :1), after 1h reaction time H,O, conversion was
86 % (overall selectivity to oxidized products, calculated with respect to converted H,O,,
was 56 % ; therefore, 44 % of converted H,O, decomposed), which increased up to 92 % after
3h (selectivity 54 %). Working in large oxidant excess (ratio 5 :1) and the highest catalyst
loading, the H,O, conversion dropped to 64 %.

6.4.3 The reaction network

The oxidation pathway proceeds with the formation of various by-products and intermediates.
The Baeyer-Villiger mechanism consists of the addition of an oxygen atom to convert a ketone
to an ester. Oxygen from a peroxide compound attacks the molecule with two competitive
mechanisms to form methyl succinate or 3-acetoxypropanoic acid Kawasumi et al. (2017).
Moreover, in the presence of an acidic environment or high temperature, LEV dehydrates
to a-angelica lactone Enslow and Bell (2015) (Figure 6.4). Wu et al. (2015) found that the
regioselectivity of the Baeyer-Villiger oxidation with hydrogen peroxide is pH controlled :
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Figure 6.3 Variation of the selectivity of the products with time. LEV :H,WO, = 10;
H,O, :LEV = 1.5; T 90°C.

under alkaline conditions the insertion of oxygen is favored on the secondary carbon, leading
to the 3-acetoxypropanoic acid intermediate and subsequently to 3-HPA and acetic acid,
with 50 % yield. In strong acidic conditions — trifluoroacetic acid as solvent — the migration
of the less substituted carbon is favored. This mechanism produces methyl succinate as the
intermediate, with subsequent acidic cleavage of the ether to methanol and succinic acid,
with 60 % yield. As a side reaction, 10 % 3-HPA is also recovered Dutta et al. (2015).

Methanol can further react with H,O, to form oxidized derivatives : formaldehyde, formic
acid and finally CO,, but MeOH and CH,O were absent in the HPLC chromatogram traces.
These compounds oxidize to CO, in the presence of hydrogen peroxide. 3-HPA, formed
by hydrolysis of 3-acetoxypropanoic acid, can dehydrate to acrylic acid in the absence of
oxidizing agents Dishisha et al. (2015), or can follow the retro-aldolic reaction to acetic acid
and formaldehyde. The latter, in an oxidizing environment reacts to formic acid Dutta et al.
(2015). In an alternative pathway, oxidation of the hydroxyl group of 3-HPA gives malonic
acid Shende and Levee (1999). In order to confirm that the reaction network was similar also
with our catalyst and reaction conditions, we carried out experiments by testing the reactivity
of both succinic acid and main by-products/intermediates, using the lowest level of HoWO,
and the highest of HyO,, at 1h and 6h reaction time (Table 6.4). The experiments with
succinic acid as substrate demonstrated an increase in the conversion with time, from 1%
registered after 1h reaction time to 7% after 6 h. Those low values provided evidence for the
high stability of the product in the reaction mixture. Decarboxylation of succinic acid led to

propionic acid, which further can lose a molecule of CO,, producing acetic acid. Propionic acid
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Figure 6.4 Hydrogen peroxide adds an oxygen to LEV with two competitive mechanisms. The
first leads to 3-acetoxypropanoic acid and consequently to 3-HPA | while the second produces
methyl succinate, which is in equilibrium with succinic acid.

selectivity reached 10 % after the first hour of reaction, and consequently dropped to 1% at
6h (Table 6.4). In tests carried out starting from propionic acid, the acid conversion slightly
increased from 18 % to 25% along with the increase of reaction time. The main products
were glycolic and glyoxylic acid and acetic acid. The firsts remained almost constant after
6h at 5%, while the acetic acid increased from 0.6 % to 3%. It is worth noting that in
the experiments with succinic acid we did not detect the presence of glycolic/glyoxylic acid.
Experiments carried out starting from 3-HPA confirmed the oxidizing pathways proposed in
the literature; at the end of the reaction, we detected acetic acid, malonic acid, oxalic acid
and formic acid. Formic acid selectivity attested at 7%, while acetic acid was around 22 %

and malonic acid around 6 %.

The tests on malonic acid degradation showed that at high H,O, concentration, the molecule
presented high reactivity ; in this case the conversion attested around 70 %. Malonic acid
oxidized to acetic acid, which continued the pathway to glycolic acid and oxalic acid; the
analysis showed an increase of around 15 % to glycolic acid and glyoxylic acid from 1h to 6 h.
The two experiments with glycolic acid as starting material demonstrated an high reactivity
of the substrate when in contact with H,O, (conversion around 75%). However, we were

unable to detect any key products, due to the complete degradation to volatile compounds.
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Table 6.4 Oxidation of the intermediates and the by-products at T 90 °C, reactant :H,WO,
molar ratio 100 and H,O, :reactant ratio 5. Succ : succinic acid; acet : acetic acid; mal :
malonic acid; oxal : oxalic acid, form : formic acid, AL : a-angelica lactone; HPA : 3-
hydroxypropionic acid ; gly+glyox : glycolic acid and glyoxylic acid ; prop : propionic acid

Reagent t,h Conv, %  Sguce, % Sacets % Smats % Sozar % Sfm-m-, % Sap, % Supa, % Sg[y+g[y0;p % Spmp., %
Succinic acid 1 1 - 0 0 1 0 0 0 0 10
Succinic acid 6 7 - 3 4 6 1 0 0 0 1
Malonic acid 1 72 - 1 - 17 2 - 0 6 0.4
Malonic acid 6 70 - 4 - 12 3 0 21 0
3 - HPA 1 22 - 22 6 3 7 - 0 0
3 - HPA 6 20 - 25 7 0.1 8 - 0.1 0.5
Glycolic acid 1 s - 0 - 0 0 - - -
Glycolic acid 6 74 - 0.1 - 0 6 - -

Propionic acid 1 18 - 0.6 0 0 0 0 6

Propionic acid 6 25 - 3 0 0 0 0 4

a-angelica lactone 1 47 0 52 27 10 4 0 1

a-angelica lactone 6 60 4 58 23 10 4 0 0.3 0

Three experiments of LEV oxidation at low loading of H,O, (entries 28-30, Table 6.3) showed
that under conditions of oxidant starvation LEV preferably converted to a-angelica lactone
instead of being oxidized to succinic acid or 3-HPA. The lactone is in equilibrium with the
starting material Chatzidimitriou and Bond (2015). In experiments carried out starting from

the lactone (Table 6.4), the latter was converted mainly to acetic acid and malonic acid.

6.4.4 The regioselectivity in Baeyer-Villiger oxidation of LEV

Results shown in Table 6.3 demonstrate that the H,WO, controls the regioselectivity of the
two competitive pathways from LEV to either succinic acid or 3-HPA. In fact, by modulating
the catalyst loading we obtained a selectivity ratio succinic acid :3-HPA of > 98 %, after
6 hour and at 10 % molar ratio of catalyst (Table 6.3, entry 27). Each increment of H,O, also
augmented the selectivity ratio of the two-competitive kinetics, enhancing the role of catalyst

in a proportional fashion (Figure 6.5).

Based on these results, we propose that H,WO, in an organic solvent free environment
arranges with the carboxylic group of LEV to form an octagonal cyclic adduct by hydrogen
bonding (Figure 6.6).

This conformation locks the molecule and impedes the Baeyer-Villiger migration of the se-
condary carbon by steric hindrance. Indeed, we also found that this interaction locks LEV
and impedes the dehydration and the consequent cyclization to a-angelica lactone. In fact,
selectivity to the lactone decreased with increasing the catalyst loading. The major example
is the reduction from 38 % to 4% lactone selectivity after 1h reaction time, indicating the
interaction of the H,WO, with LEV (Table 6.3, entries 1 and 19).



75

« 50

B

. e H2O3:LEVS
™ 40 e HyOz:LEV3
o v HoOz: LEV15
g 30

3

w

2 20

>

O

[1F]

T 10

wy

fe)

§ o

0.01 0.02 0.04 0.06 0.08 0.10
How0O4 : LEV

Figure 6.5 Direct correlation between the H,WO, catalyst and the selectivity ratio succinic
acid :3-HPA.

/
j\/\rOH 102 | D oH,
@)

O 0
levulinic acid ‘H-O W-0QH
(LA) 0 : o -

HO- W OH
| _ ~kig0 -
O 0
| .
/ONOH e 0. 9
O H-C W—-OH
methyl succinate &')

Figure 6.6 The H,WO, catalyst interacts with LEV, forming an octagonal cyclic adduct,
which due to sterical hindrance, reduced the migration of the most substituted carbon, and
consequently enhances the formation of the methyl succinate.
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6.5 Conclusions

Tungstic acid catalyzed the conversion of levulinic acid to succinic acid with hydrogen per-
oxide and no organic solvent. We investigated the effects of time, ratio between H,O,, and both
H,WO, and the substrate. The results confirmed an interaction mechanism of the tungstic
acid with the substrate, which indicates the regioselectivity of the catalyst and the decrease
of LEV dehydration to a-angelica lactone. Controlling the catalyst loading modulated the
selectivity of the two-competitive kinetics, achieving more than 97 % ratio between selecti-
vities of succinic acid and 3-HPA. We achieved a maximum conversion of 48 % and 75 %
selectivity to succinic acid with LEV :H,WO, molar ratio of 50 and H,O, :LEV of 5. To
investigate the decomposition pathway, we ran experiments with increasing time testing each
intermediate’s reactivity, with lowest amount of catalyst and a H,O, :LEV molar ratio of 5.
We demonstrated the decomposition pathway of succinic acid, which formed acetic acid as

main by-product, followed by malonic acid and formic acid.
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CHAPTER 7 GENERAL DISCUSSION

Sugars are outstanding sources for bio-chemicals and bio-fuels. Enzymatic fermentation to
bio-ethanol is the main valorization process, but it is limited by the low theoretical yield
and the lower market value compared to other bio-chemicals from carbohydrates. Fructose
is an excellent starting material, with an elevate oxygen-carbon ratio. This characteristic
makes it more suitable to synthesize bio-building blocks rather than fossil fuels. Dehydration
to 5-hydroxymethyl furfural (HMF) is the most attracting reaction, due to the elevate ap-
plication versatility. The main limitations are the aqueous acidic cleavage to levulinic acid
and formic acid, and the degradation to insoluble polymers called humins. HMF converts
to 2,5-dimethyl furan, a valid substitute of bio-ethanol as gasoline additive. HMF oxidation
produces 2,5-furandicarboxylic acid (FDCA), the furanic substitute of terephthalic acid for
bio-polymers. Polymerization with ethylen glycol form poly(ethylen furanoate) (PEF), a su-
perior chemical and physical plastic for bottles and packaging. One of the main hurdle on the
conversion of sugars to furanic compounds is their low solubility in water. To overcome this
limitation, application of organic solvents increases the dissolution of the products. Further-
more, products extraction minimize the degradation process and increase the final purity,

which is fundamental for the plastic industry to avoid change in the product’s colour.

This PhD project aims to develop a new process to valorize fructose and at the same time
establish a new route to convert the dehydration by-product — levulinic acid — to a highly

value-added chemicals for environmental friendly applications.

The first part of the project identified and demonstrated the feasibility to convert fructose
into a fluidized bed reactor. We identified WO;/Ti0O, as potential catalyst for the dehydration
of fructose to HMF'. Furthermore, it ensured a spherical geometry of the particles and a high
attrition resistance. The support, TiO, was inert for the dehydration reaction of fructose.
The incipient wetness impregnation deposited the tungsten on the titania. We prepared
4 levels of WO,/TiO,. A sparger, directly inserted into the catalytic bed, atomized the
aqueous solution. Argon and oxygen flowed from the bottom of the reactor, ensuring the
fluidization of the catalyst. We improved the atomization, modulating the liquid-to-gas ratio,
and adding a ceramic tube on the injector to reduce the heat transfer. This modification
reduced the coke formation on the tip of the sparger, which causes the pressure to increase
and the consequent blockage of the nozzle. A furnace, coupled with four thermocouples in
various point of the reactor, maintained the temperature constant for all the experiences. A
water/dimethyl sulfoxide (DMSO) quench dissolved the products. An online MS monitored
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the non-condensable gases, while HPLC analysis determined the products concentration at

various intervals.

Fructose decarbonylated to furfural, with a maximum yield of 22 % after 6 h, with 5% WO,
loading on TiO,. Acetic acid was the predominant by-product, which generally accounted to
less than 10 % molar. DFF was the co-product of the reaction, demonstrating a maximum of
15 % yield. COx concentration were elevate, reaching up to 81 %. Fructose partially degraded
inside the catalytic bed, forming coke that agglomerated the particles. SEM investigated the
surface of the material, showing a well disperse tungsten on the surface and the formation
of small coke particles. After 6h the reaction reaches the steady-state. The selectivity to
furfural increases with time, while the acetic acid showed a rapid decrease for the first 3h,
to then further stabilize. Improving the heat exchanged between the sparger and the reactor
demonstrates a continuous feed injection for 19h. The main limitation of the system is the

carbon efficiency.

After demonstrated the feasibility to convert fructose in a gas-phase fluidized bed reactor,
we implemented and further optimized the setup and the reaction conditions, targeting the
oxidehydration of fructose to FDCA. Adding Pt on the surface of a 5% WO, /TiO, catalyst,
we screened six reaction variables : temperature, O, :fructose molar ratio, mass catalyst
loaded, Pt loading, feed flowrate and feed fructose mass concentration. Lower contact time
and higher temperature increased the formation of HMF and other furanic compounds. We
develop a full factorial design, with three levels of temperature (300 °C,350°C and 400°C),
and of O, concentration (0.5 :1, 1 :1 and 10 :1) and two levels for catalyst mass (1.5g and
3g). Pt loading (1.5 %), liquid flowrate (300 uL min~!) and fructose mass percentage in the
feed (2% remained constant for all the tests. Higher temperature and lower contact time
increased the selectivity of the furanic compounds. HMF selectivity reached the maximum
of 12% at 350°C, 1.5¢g catalyst and with 0.5 molar ratio of O,. The main by-products were
furfural, 5-methylfurfural and diformyl furan. The three variables investigated demonstrated
no influence on the FUR selectivity. DFF surprising remained low for all the tests, never
exceeding the 3 %. Further investigation on the HMF oxidation showed at low catalyst (1.5g)
and low temperature (250 °C) a maximum DFF selectivity of 42 %, with an HMF conversion

of 86 %. Higher contact time drastically reduced all the furanic products.

The third part of the project, developed at University of Bologna, focused on the valori-
zation of levulinic acid, the by-product of the fructose dehydration. We investigated the
Baeyer-Villiger oxidation to succinic acid with H,O, and H,WO, in the liquid phase, wi-
thout organic solvents. We designed a set of experiments, evaluating the influence of time
(Ih, 3h and 6h), levulinic acid : HyWO, molar ratio (100 :1, 50 :1 and 10 :1) and the
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H,0, :LEV molar ratio (1.5 :1, 3 :1 and 5 :1). In an Erlenmeyer flask, maintained at 90 °C,
we added the starting material with the catalyst and the hydrogen peroxide. The flask was
covered but not completely closed. HPLC measured the liquid products concentration, while
GC qualitatively analyzed the non-condensable gases. The oxidation to succinic acid follows
two possible pathways : formation of the 3-acetoxypropanoic acid or the methyl succinate.
LEV conversion increased with time and amount of H,O,. Succinic acid selectivity reached
a maximum of 75% with a levulinic acid conversion of 48 %. The main by-product of the
reaction was acetic acid, followed by malonic acid and formic acid. We further investigated
the reaction pathway, reacting the intermediates at the same conditions and evaluating the
products. The catalyst reacted with the substrate, forming an octagonal cyclic abduct. Cata-
lyst loading modulate the selectivity of the two competitive kinetics, achieving a maximum
of 97 % molar ratio between succinic acd and 3-HPA. We evaluated the recycling of catalyst ;
after reaction we purified and recovered 70 percent of H,WOQO,, and further tests with the

same material demonstrated similar results with respect to the fresh catalyst.
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CHAPTER 8 CONCLUSION

8.1 Conclusion

Sugars posses a tremendous potential to a variety of chemicals and bio-fuels. They are mainly
fermented to bio-ethanol, but bio-chemicals from carbohydrates present higher market value
and carbon efficiency. The project demonstrate the catalytic valorization of sugars, focusing
on developing a fluidized bed reactor to convert fructose in the gas-phase, and oxidizing

levulinic acid to succinic acid with hydrogen peroxide.

The main limitations for the conversion of sugars in the liquid phase are the long contact

time, and the application of organic solvents to reduce the degradation to humins.

The first step was to develop a solid-liquid-gas phase u-fluidized bed reactor, where the liquid
feed is continuously injected through a sparger, and atomized directly into the catalytic bed.
The system did not require any organic solvent and the contact time was from 0.3s to 0.4s.
We investigated the effects of O,, temperature and tungsten loading on the decarbonylation of
fructose to furfural by WO, /TiO,. The main by-products are acetic acid and diformyl furan.
After 6h reaction, the reaction reached the steady state. Protecting the sparger, increased

the continuous injection up to 19 h.

The main limitation was the low carbon atom efficiency, due to the loss of a molecule of
carbon per mole of furfural produced. We added Pt on the 5% WO,/TiO, catalyst. Mass

catalyst and temperature mainly influence the dehydration of fructose to HMF.

The catalyst mainly dehydrated fructose to HMF, reaching a maximum of 12 % after 6 h. To
further investigate the oxidation power of the catalyst, tests with HMF as starting material
and lower amount of catalyst demonstrated a maximum selectivity of 42% to DFF. The
catalyst does not possess enough oxidizing power to further convert DFF to FDCA, which
reflects the low amount of FDCA quantified during the analysis with fructose as substrate.
This technology define a new pathway for the conversion of sugars to value-added chemicals

and bio-fuels.

The last part of the project focused on the oxidation of levulinic acid to succinic acid. Le-
vulinic acid is the degradation product of HMF. Industrially is synthesized from fossil fuels,
but switching to renewable resource will reduce is appealing. We demonstrated the green
Baeyer-Villiger transformation of LEV, with H,O, and tunsgtic acid as catalyst. We inves-
tigated the effects of H,O,, H,WO, and time on the conversion of LEV. Increasing reaction

time, concentration of reagents and catalyst increased the conversion. The oxidation follows
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to possible pathways : formation of succinic acid or 3-hydroxypropionic acid. Catalyst loading
modulate the two competitive kinetics. We propose the formation of an adduct that explains
the interaction between the substrate and the tungstic acid. We obtained the maximum se-
lectivity to succinic acid of 75 % after 3h with H,O, :LEV ratio of 5 and LEV :H,WO, of
50.

8.2 Limitation of the solution proposed

In the micro-fluidized bed reactor, injection of highly concentrated liquid sugar solution may
drastically increase the coke formation and the particles agglomeration. Furthermore, higher
temperature will favor the degradation process, resulting into cleavage of the molecule and

low carbon efficiency.

8.3 Recommendations for the future research

Here we present for the first time the conversion of hexoses in micro-fluidized bed reactor,
operating in the gas-phase. Furthermore, levulinic acid is oxidized to succinic acid through

the Baeyer-Villiger mechanism, without any organic solvent at mild conditions.

Pt-WO,/TiO, demonstrated a selective dehydration of fructose to HMF, and the oxidation
of HMF to DFF. This technology is just at the beginning of its development, and many
parameters and active phases should be investigated. Noble metals (such as Au, Pd or Rh)
could improve the oxidation step, directly oxidehydrate fructose to FDCA. Furthermore,
addition of a third active phase, which will play as promoter (like K, Na or Ce), can improve
the final yield. Replacing expensive metals with low cost materials (like Mn, V or Fe) will

decrease the catalyst price, making them more affordable for a future scale-up.

Liquid injection in fluidized bed reactor is a wide technology employed to insert reagents into
the catalytic bed. Commercially there are no micro injector able to sustain high temperature
and low fluid flowrate ; for this reason we produced each injector filing a 1/16 ” stainless steel
tube. Scaling-up the system allows to equip the reactor with a commercial injector, which

will create a more reliable and similar spray between each experiment.

Finally, tests with glucose as starting material could reduce the costs of the process even
further.

For the levulinic acid oxidation to succinic acid, we tested only few catalysts (T'S-1, Al,O4
and H,WO,), but then we developed the research only on the tungstic acid. The first step
could be the screening of other type of catalyst that demonstrate good activity in the Baeyer-
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Villiger oxidation. Furthermore, the methodology to add H,O, is fundamental for the reaction
— add dropwise the peroxide, or directly include it in the reaction mixture. At the end, tests
with sugars as starting material, and addition of a second catalyst for the dehydration step

of sugar to HMF, could make a one-pot synthesis and intensify the process.
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Section B. Description sommaire de I'Invention

Voir en Annexe A ci-jointe la description détaillée de I'lnvention.

Biomass is organic matter that can be converted to fuel or energy sources. It is inexpensive, renewable and a potential substitute
for fossil fuels. Oxidation of C5 and C6 sugar feedstocks to specialty chemicals (e.g. 2,5 — furan dicarboxylic acid, cyclopentenone,
levulinic acid, glucaric acid, adipic acid and y-valero lactone) is a new promising pathway with a huge potential market value. Some
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Based on our preliminary tests, for the first time, we report the oxidation of C5 and C6 sugar feedstocks in the gas-phase to C6
carboxylic acids, ethers and ketones. We operated at ambient pressure and with temperature in the range of 300 °C - 400 °C, using
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DROITS D’AUTEUR
(TOTAL 100%)

Nom : Prénom :
Adresse résidence* :
Citoyenneté : Tél (rés):

Employeur**:

Département/Groupe de recherche :

Courriel Position :
Tél (bur) : Fax:
Nom : Prénom :

Adresse résidence* :
Citoyenneté : Tél (rés):

Employeur**:

Département/Groupe de recherche :

Courriel Position :
Tél (bur) : Fax :
Nom : Prénom :

Adresse résidence* :
Citoyenneté : Tél (rés) :

Employeur**:

Département/Groupe de recherche :
Courriel Position :
Tél (bur) : Fax :
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Nom : Prénom :
Adresse résidence* :
Citoyenneté : Tél (rés):

Employeur**:

Département/Groupe de recherche :

Courriel Position :
Tél (bur) : Fax :
Nom : Prénom :

Adresse résidence* :

Citoyenneté : Tél (rés) :

Employeur**:

Département/Groupe de recherche :

Courriel Position :
Tél (bur) : Fax :
Section E3 : Autres collaborateurs

Le terme «Collaborateur» se définit comme étant une personne qui a contribué a valider ou tester, ou encore qui a tout simplement concrétisé l'idée

d’un Inventeur de fagon matérielle en suivant les instructions de ce dernier.

*Le Collaborateur doit inscrire son adresse personnelle a la date la plus récente, soit au moment ot la déclaration d'invention est déposée au

BRCDT.

**Le nom et l'adresse de I'employeur inscrits ci-dessous sont ceux au moment de la réalisation des travaux de recherche.

Nom : Prénom : Courriel :
Adresse résidence* :

Employeur**:

Département/Groupe de recherche :

Tél (bur) : Fax : Position :

Détails de la collaboration :

Nom : Prénom : Courriel :
Adresse résidence* :

Employeur**:

Département/Groupe de recherche :

Tél (bur) : Fax: Position :

Détails de la collaboration :

Nom : Prénom : Courriel :
Adresse résidence* :

Employeur**:

Département/Groupe de recherche :

Tél (bur) : Fax : Position :

Détails de la collaboration :
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Nom : Prénom : Courriel :
Adresse résidence* :

Employeur**:

Département/Groupe de recherche :

Tél (bur) : Fax: Position :

Détails de la collaboration :

Section F : Subventions
Section F-1: MODES DE FINANCEMENT :

Liste des subventions, contrats, et autres modes de financement ayant permis, dés le début, la création de I'lnvention (dates, montants, commanditaires)
Le financement de cette recherche provient des fonds de recherche de professeur Gregory Patience.

(7]

ection F-2 : PROPRIETE INTELLECTUELLE :
oit de Polytechnique et des tierces parties sur la propriété intellectuelle lié a I'lnvention :

o

SECTION F-3: CONTRATS :

Accords d’exploitation, de développement et autres contrats existants liés a I'lnvention :

Section G : Brevets

L'Invention a fait ou fera I'objet des démarches suivantes relativement a sa brevetabilité :

Type de demande
Demandeur

Type de demande
Demandeur

Type de demande
Demandeur
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ECOLE POLYTECHNIQUE

Les Inventeurs et/ou Auteurs soussignés déclarent et garantissent qu'ils sont les seuls créateurs, inventeurs ou auteurs a l'origine de
I'Invention et que l'information fournie dans le cadre de la présente divulgation, y compris dans I'annexe A et dans les piéces qui y
sont jointes, est vraie, précise et compléte, et qu'elle fait état de toute I'information pertinente relative a I'lnvention.

Les Inventeurs et/ou Auteurs soussignés consentent par les présentes a ce que leurs noms et le titre de I'Invention puissent étre

diffusés publiquement par Polytechnique Montréal.

EN FOI DE QUOI, les Inventeurs et/ou Auteurs ont signé la présente divulgation, aux dates et lieux indiqués ci-dessous.

Nom : Gregory S. Patience Nom : Davide Carnevali

Signé a Montréal le Signé a Montréal le
Nom : Nom :

Signé a le Signé a le
Nom : Nom :

Signé a le Signé a le
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ANNEXE A

Description détaillée de I'Invention

Comprenant notamment les informations suivantes:

1. Description sommaire de I'Invention (environ 5 lignes)

For the first time we report the gas-phase oxidation of C5 and C6 sugars to C6 carboxylic acids, ethers and ketones over
Pt/WO3/Al203 and Mo/V/TiO2, at ambient pressure and temperatures in the range of 300°C — 400 °C.

An aqueous solution of C5 or C6 sugars is injected into a fluidized bed reactor, operating at high temperature and ambient
pressure. The feed is atomized with a carrier gas through a nozzle to obtain an aerosol in the catalytic bed. The small droplets
instantaneously vaporize and the feed reacts with the catalyst to produce value-added chemicals (e.g. 2,5 — FDCA, furfural , y -
valero lactone and cyclopentenone). The catalytic bed may be fluidized by inert gases or air, and by-products such as hydrogen,
carbon oxides and water are detected.

This technology relies on the ability to vaporize sugars and to react instantaneously with catalysts, minimizing the thermal
decomposition or the caramelization, reducing the production of humins and undesirable by-products.

2. Contexte et définition du probléme

Biomass, and more specific carbohydrates feedstocks, are potential raw materials for the production of specialty chemicals and
fuels. Generally, reactions occur in the liquid phase and mainly in multiphasic reactors, using both homogeneous and
heterogeneous catalysts. Those technologies led to high-cost processes, due to multiple steps reactions, use of particular
solvents and products separation.

Here, for the first time, we report the gas-phase oxidation of C5 and C6 sugar feedstocks to value-added C6 and C5 molecules,
including carboxylic acids, ketones and esters, producing an aerosol of the liquid feed in a designed catalytic bed, operating in
a high temperature and an ambient pressure fluidized bed reactor.

3.  Etatactuel des connaissances

We have as of yet found no references related to gas phase, oxidation of C5 and C6 sugar feedstocks to C6 molecules in a
fluidized bed at ambient pressure or the like. Liquid phase reactions, in a single or a multiphase reactor, are common but no
references have been found citing gas phase. In our previous patent applications, we claimed an oxidation process that partially
cracked the sugars to make carboxylic acids and we also claimed a hydrogenation process to make molecules by injecting
sugars with hydrogen in a fluidized bed.

4.  Description détaillée de I'Invention (aspects importants, éléments nouveaux et originaux, etc ...)

This innovation is related to the gas phase heterogeneous catalytic oxidation of C5 and C6 feedstocks (in particular glucose,
fructose and xylose) in a fluidized bed reactor. This technology is designed to operate at high temperatures and ambient pressure,
using selected catalysts e.g. Pt/WOs/Al203 or Mo/V/TiO2 to produce selectively a variety of chemical classes (carboxylic acids,
ethers and ketones).

We have demonstrated the feasibility of the process by performing preliminary experiments in a micro fluidized bed reactor (1.5
cm ID). The catalyst is added on the grid plate and fluidized with a mixture of Ar and O2. The flowrates are set by Bronkhorst
mass flow controllers (MFC). A furnace maintains the reactor at the desired temperature. An HPLC pump injects the aqueous
sugar solution through a nozzle, from the bottom of the reactor, directly inside the catalytic bed. Co-feeding Ar increases and
improves the quality of the aerosol. Atomization of the feed is fundamental, because inhomogeneity or high sized of the droplets
agglomerate the catalysts, blocking the injector. Thermocouples monitored the catalytic bed and the exit temperatures. The exit
line is heated in order to avoid the condensation of the products. A quench, directly connected to a recirculation pump, trap all
the condensable products. An online mass spectroscopy (MS) measures the non-condensable products (CO, CO2, Ar and H20).
The products trapped in the quench are analyzed offline by a high performance liquid chromatography (HPLC) and gas
chromatography — mass spectroscopy (GC-MS). Liquid chromatography — mass spectroscopy (LC-MS) of the quench were also
carried out to minor products and validate the products.
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5. Date et lieux de conception et de premiére divulgation publique

The idea has not been published. We first had the idea before August 5, 2016 at Polytechnique Montreal.

6. Avantages et limites de I'Invention

Vaporizing and reacting carbohydrates has the following advantages:

1)
2)
3)
4)
5)
6)
7)
8)

)

(
(
(
(
(
(
(
(
9
(

Higher through put rates — higher reaction rates
Lower catalyst inventory

Smaller reaction vessels

Higher selectivities

Lower yield losses

Lower number of unit operations

Superior economics

New classes of compounds

Ability to react pentose sugars directly

10) Reduces the number of process steps

Limitations:

Currently yields need to be improved

Contacting liquid with the solids can form agglomerates if the solids are hydrophilic
Vaporizing the entire liquid solution increases operational costs

High temperature of the injector causes blocking

High sugar concentrations are preferred to minimize cost to vaporize the feed gas

Higher selective catalyst may be required for increasing the selectivity of the desired products

7.  Etat de développement de I'lnvention (tests, prototypes, démonstrations, photos et enregistrements, travaux terminés, en cours
et prévus, améliorations, etc... dates et lieux s'y rapportant)

Here are presented the preliminary results obtained starting from glucose and fructose and a dehydrating/oxidizing catalyst.
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Feedstock Catalyst Reagents Products
Glucose VPP Oxygen Maleic anhydride,
Acrylic acid, Succinic
acid
Glucose H - ZSM5 Oxygen Maleic anhydride,
Acrylic acid, Levulinic
acid
Glucose WOs/TiO2 Oxygen Maleic anhydride,
Acrylic acid, Levulinic
acid
Glucose 2 % Pt/ 20 % WOs / Oxygen, Hydrogen Glucaric acid, 2,5 —
TiO2 Furan dicarboxylic
acid
Glucose 2 % Pt/ 20% WOs3/H Oxygen, Hydrogen Gluconic acid, Adipic
- ZSM-5 acid
Glucose 2% Pt/H-ZSM-5 Oxygen, Hydrogen Gluconic acid, Adipic
acid
Glucose 2 % Pt/ 30 % WOs / Oxygen Cyclopentenone,
Al203 Methylfurfural,
Furfural
Fructose 2 % Pt/ 30 % WOs / Oxygen Cyclopentenone,
Al203 Methylfurfural,
Furfural

Demonstration of the products obtained from the reactions:

Al

HPLC analysis of the oxidation of glucose with VPP

& & g

125+

1.00 -

050

§

/ Maleic anhydride

HPLC analysis of the final products after 60 minutes of the reaction of glucose and oxygen with Pty / WO3 30% / Al203 at

different conditions:
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GC-MS analysis of the sample of fructose with Ptag, / WO3 30% / Al203

300000 <

250000 —

Acetic acid

150000 - Furfural
2 — cyclppenten -1 one
ool / 5 — methyl furfural

AL

T T
Time— 6.00 7.00 800 10.00

Conclusion

For the first time we present a technology able to convert C5 and C6 sugars to carboxylic acids, ethers and ketones in the gas-
phase, using a continuous fluidized bed reactor. Preliminary results confirm the synthesis of the desired products.

8. Référence(s) citée(s)

CONFIDENTIEL / DIV-747 Fluid bed reactor Page 11 de 13



123

Déclaration d’invention ECOLE POLYTECHNIQUE

ANNEXE B

Données relatives a la commercialisation de I'Invention

Pouvant comprendre notamment les informations suivantes:

1. Application(s) commerciale(s) possible(s).
Biomass conversion
Polymer industry

Biofuels

2. Bénéfices commerciaux possibles.

Relatively low cost production of biobased monomer and biofuels

3. Démarches de commercialisation entreprises (incluant les contacts établis).

No conflict of interest with any industry.
4. Coordonnées de tiers présentement ou probablement intéressés a commercialiser I'Invention.
5. Recommandations et suggestions quant a I'exploitation commerciale de I'Invention.

File a patent immediately then apply for additional funding (INNOV, for example) to explore different reactions including yields.
Then approach third party to participate in the commercialization.
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ANNEXE C

ENTENTE DE CONFIDENTIALITE RELATIVE A LA DECLARATION D’INVENTION

EN CONSIDERATION de la présente déclaration d’invention
faite ce jour par:

UNTEL,
UNTEL, et
UNTEL

(ci-apres appelés les «Inventeurs» et/ou «Auteursy),

et se rapportant aux travaux et développements faits par eux-
mémes concernant le projet désigné sous le nom de
« Oxidation of C5 and C6 sugar feedstocks to carboxylic
acids, ethers and ketones» (ci-aprés appelé « I'Invention »), la
corporation de Polytechnique Montréal
(« POLYTECHNIQUE ») et POLYVALOR, société en
commandite, représentée aux présentes par son commandité
Univalor inc. (« UNIVALOR ») sont autorisées a examiner ou a
faire examiner toute information pertinente a I'Invention tel
qu'entendu entre les parties.

Les Inventeurs et/ou Auteurs s'engagent a transmettre a
POLYTECHNIQUE et a UNIVALOR toute information relative a
I'lnvention pertinente et utile & son évaluation et sa valorisation,
et toute information relative a I'lnvention que pourra requérir
POLYTECHNIQUE ou UNIVALOR de temps a autre.

Les Inventeurs et/ou Auteurs s'engagent, pour une période
maximale de deux ans, a maintenir confidentielle et a ne pas
divulguer a des tiers, par quelque moyen que ce soit, en partie
ou en totalité, [Iinformation ainsi communiquée a
POLYTECHNIQUE et UNIVALOR ou toute autre information
relative a I'Invention, sans l'autorisation préalable expresse et
par écrit de POLYTECHNIQUE.

Par ailleurs, POLYTECHNIQUE et UNIVALOR s'engagent, pour
une période d'évaluation d'au maximum deux (2) ans, a utiliser
I'information recue et relative a I'Invention uniquement dans le
but d'évaluer I'Invention et d'effectuer des démarches de
valorisation de cette Invention en accord avec les Inventeurs.

Cette information ne sera utilisée ni par POLYTECHNIQUE, ni
par UNIVALOR, ni par les Inventeurs et/ou Auteurs d'une
maniere quelconque qui pourrait affecter négativement
I'exploitation commerciale de I'Invention ou les droits et intéréts
de UNIVALOR, ses successeurs ou ayants droits, de
POLYTECHNIQUE, et des Inventeurs et/ou Auteurs ou d'un tiers
ayant des droits ou intéréts dans ou sur cette information.

Les obligations de confidentialité et de non-utilisation imposées
a POLYTECHNIQUE et UNIVALOR ci-haut mentionnées ne
s'appliqueront pas a toute information qui:

(a) au moment de ladite divulgation 8 POLYTECHNIQUE et
UNIVALOR par les Inventeurs est, ou apres la divulgation
tombe, dans le domaine public par publication, ou
autrement sans la faute de POLYTECHNIQUE ou de
UNIVALOR de l'une ou l'autre des parties ou sans un
manguement a leurs obligations de confidentialité;

(b) était en possession ou était déja connue de
POLYTECHNIQUE et de UNIVALOR avant de leur avoir
été divulguée ou transmise par les Inventeurs;

(c) a été regue par POLYTECHNIQUE ou UNIVALOR d'une
tierce partie qui n'avait pas acquis cette information
directement des Inventeurs.

EN FOI DE QUOI, les Inventeurs et/ou Auteurs ont signé la présente divulgation, aux dates et lieux indiqués ci-dessous.

Nom : Gregory S. Patience Nom : Davide Carnevali

Signé a Montréal le Signé a Montréal le
Nom : Nom :

Signé a le Signé a le
Nom : Nom :

Signé a le Signé a le

LA CORPORATION DE L'ECOLE POLYTECHNIQUE

Signé a  Montréal le
Par Augustin BRAIS

Directeur (BRCDT)

Dament autorisé

POLYVALOR, SOCIETE EN COMMANDITE

Agissant par son commandité Gestion Univalor, s.e.c., elle-méme agissant par
son commandité Univalor inc.

Signéa  Montréal le
Par Marc LEROUX

Président-directeur général

Ddment autorisé
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Electronic supplementary information

Levulinic acid upgrade to succinic acid with hydrogen peroxide

Davide Carnevali*®, Marco G. Rigamonti?, Tommaso Tabanelli®, Gregory S. Patience?, Fabrizio

Cavani® *

Polytechnique Montreal, Chemical Engineering department, 2900 Edouard Montpetit Blvd,

Montreal, H31 1J4, QC, Canada

bDipartimento di Chimica Industriale “Toso Montanari”, Alma Mater Studiorum Universita di

Bologna, Viale del Risorgimento, 4, 40136, Bologna, Italy
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Catalyst characterisation

Powder X-ray diffraction analyses (XRD).

XRD powder patterns of the catalysts were recorded with Ni-filtered Cu Ko radiation (A = 1.54178 A) on a
Philips X'Pert vertical diffractometer equipped with a pulse height analyser and a secondary curved graphite-
crystal monochromator.

Counts (AU) H,WO,, Tungstite, ref code: 01-084-0886

L AL L B ey L L L Ly IR S
10 20 30 40 50 60 70

Position [°2Theta] (Copper (Cu))

BET specific surface area.

The BET surface area of catalysts was determined by means of N, absorption—desorption at liquid N
temperature, using a Sorpty 1750 Fison instrument. 0.3 g of the sample was used for the measurement, and
the sample was outgassed at 150°C before N, absorption.

H,WO,4 SSA: 12 m?/g

Table S1: Results obtained recycling the catalyst. Reaction conditions: T 90 °C, LEV:H,WO. molar ratio 10
and H,0O,:LEV ratio 5. LEV: levulinic acid; succ: succinic acid; acet: acetic acid; mal: malonic acid; oxal:
oxalic acid; form: formic acid; AL: a-angelica lactone; HPA: 3-hydroxypropionic acid; gly+glyox: glycolic

acid and glyoxylic acid; prop: propionic acid.

Catalytic cycle . Ssucer Sacety Saiyeglyors  Sprop,
H.0.*  HWO,** Time,h Conv, % Sral, % Soxat, % Storm, % SaL, % Skea, %

n° % % % %
Entry 25

10 1 43 58 12 5 4 2 4 1 1 2
Table 3

1 5 10 1 42 56 12 5 4 2 4 1 0 0

2 5 10 1 38 54 10 8 3 2 3 1 0 0

3 5 10 1 40 58 10 8 4 3 6 1 0 0
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