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Résumé

Résumé

Avec I’épuisement des réserves fossiles et les préoccupations environnementales,
I’utilisation de la biomasse lignocellulosique renouvelable apparait comme une voie
prometteuse pour la production de produits chimiques non dérivés du pétrole. L’un de ces
produits chimiques intéressants est le furfural, qui constitue un substitut viable aux
biocarburants et aux additifs. Le furfural peut étre généré efficacement par la déshydratation
acide des sucres Cs présents dans les hémicelluloses des biomasses lignocellulosiques.
L’objectif principal de cette étude est de développer un procédé durable de conversion des
sucres Cs, présents dans les hydrolysats de la biomasse (via le procédé LEEBio™), en furfural
en utilisant I’acide formique comme catalyseur. L’acide formique est trés prometteur en raison
de sa double fonction : il sert a la fois de solvant dans I’hydrolyse de la biomasse, produisant
des hydrolysats riches en sucre, et de catalyseur efficace pour la déshydratation des sucres Cs
en furfural. L’¢étude a examiné I’impact de divers parameétres opératoires sur la production de
furfural, afin d’identifier les conditions optimales par le biais d’expériences en systéme
discontinu utilisant des solutions synthétiques. Les conditions optimales ont été déterminées et
consistent en un fonctionnement isotherme a 170 °C pendant 40 min, avec 10 g/L de xylose et
10 % en poids d’acide formique. Dans ces conditions, un rendement en furfural de 58% et une
sélectivité de 62% ont été obtenus. Trois méthodes d’extraction - stripping a la vapeur, solvants
organiques dans les systémes biphasiques et extraction au dioxyde de carbone supercritique
(Sc-CO») - ont été exploitées pour extraire le furfural du milieu réactionnel, empéchant ainsi
sa dégradation et améliorant a la fois le rendement et la sélectivité. Un rendement maximal en
furfural de 68,5 % avec une sélectivité de 71,4 % a été obtenu par extraction au Sc-CO; apres
5ha 140°C et 20 MPa, avec un débit constant de 5 g/min. Ces procédés d’extraction ont facilité
la récupération de tout le furfural produit dans 1’extrait, tout en minimisant les concentrations
de xylose et de furfural dans le réacteur. De plus, un mode¢le cinétique complexe a été mis au
point afin de prédire et modéliser les performances d’un procédé complexe sur la conversion
des sucres Cs en furfural catalysée par 1’acide formique. Ce modele s’est avéré trés précis,
prédisant les rendements maximaux réalisables avec une précision de plus de 90 %. Cependant,
la présence de composés supplémentaires, tels que des éléments inorganiques et des sucres
hexosés, a affecté la précision du modéele. Néanmoins, le modele est resté applicable pour
optimiser la production de furfural a partir de matiéres premicres telles que les xylanes et les
hydrolysats de biomasse réels. Enfin, le potentiel de 1’acide formique en tant que solvant de

fractionnement et catalyseur pour la conversion des sucres Cs en furfural a été exploré en
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Résumé

utilisant des hydrolysats obtenus a partir du fractionnement de la biomasse via le procédé
LEEBio™. Dans des conditions optimisées, les rendements en furfural obtenus & partir
d’hydrolysats de biomasse réelle ont dépassé ceux rapportés dans la littérature pour tous les
systemes ¢tudiés. Dans cette ¢tude, le rendement maximal en furfural, de 83 %, a été obtenu a
partir de ’hydrolysat de grappes de fruits vides de palmiers a huile dans le systéme biphasique.

Mots clés : furfural, xylose, acide formique, procédés d’extraction
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Abstract

Abstract

Along with the depletion of fossil reserves and environmental concerns, the utilization
of renewable lignocellulosic biomass stands out as a promising avenue for the production of
non-petroleum-derived chemicals. One such chemical of interest is furfural, which serves as a
viable substitute for biofuels and additives. Furfural can be efficiently generated through the
acid dehydration of Cs sugars found in hemicelluloses within lignocellulosic materials. The
primary objective of this study is to develop a sustainable process for converting Cs sugars,
present in hydrolysates from biomass hydrolysis (via the LEEBio™ process), into furfural
using formic acid as a catalyst. Formic acid exhibits considerable promise due to its dual
functionality: serving as both a solvent in biomass hydrolysis, yielding sugar-rich hydrolysates,
and as an effective catalyst for the dehydration of Cs sugars into furfural. The study investigated
the impact of various operating parameters on furfural production, aiming to identify optimal
conditions through batch system experiments utilizing synthetic solutions. The optimal
conditions were identified as 170 °C for 40 min, with 10 g/L xylose and 10 wt% formic acid.
Under these conditions, a furfural yield of 58% and a selectivity of 62% were achieved. Three
extraction methods - steam stripping, biphasic organic solvent systems, and supercritical
carbon dioxide (Sc-CO») extraction - were employed to extract furfural from the reaction
medium, thereby preventing furfural degradation and enhancing both yield and selectivity. A
maximum furfural yield of 68.5% with 71.4% selectivity was achieved using Sc-CO»
extraction. This was accomplished after 5 h at 140°C and 20 MPa with a constant flow rate of
5 g/min. These extraction processes facilitated the recovery of all produced furfural in the
extract, while minimizing concentrations of xylose and furfural in the reactor. Additionally, a
complex kinetic model was developed to predict and model the performances of a complex
process for the conversion of Cs sugars into furfural catalyzed by formic acid. This model
proved highly accurate, predicting maximum achievable yields with over 90% precision.
However, the presence of additional compounds, such as inorganic elements and hexose sugars,
did affect the model’s accuracy. Nonetheless, the model remained instrumental in optimizing
furfural production from raw materials like xylans and real biomass hydrolysates. Furthermore,
the potential of formic acid as a fractionation solvent and catalyst for the conversion of Cs
sugars into furfural was explored using hydrolysates obtained from biomass fractionation via
the LEEBio™ process. Under optimized conditions, furfural yields from real biomass

hydrolysates surpassed those reported in the literature for all investigated systems. In this study,



Abstract

the maximum furfural yield of 83% was obtained from the hydrolysate of empty oil palm fruit

bunches in the biphasic system.

Keywords: furfural, xylose, formic acid, extraction processes
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General introduction

General introduction

In the current context where traditional chemistry tends to convert into sustainable
chemistry, “green chemistry”, the production of bio-based products, waste recovery, circular
economy and preservation of natural resources are becoming fundamental values. This shift is
necessitated by concerns over the decrease of fossil fuel reserves and increasing environmental
concerns, which are compelling industry to decrease their dependence on petroleum-based
products and adopt renewable alternatives (Mardani et al., 2015). Thus, lignocellulosic biomass
is regarded as a sustainable source material owing to its renewable nature, plentiful availability,
and widespread occurrence in the natural world (Ge et al., 2018). The composition of this
substance primarily consists of three components: hemicellulose, cellulose, and lignin (Dodds
and Gross, 2007; Vispute et al., 2010). Hemicellulose is the second most prevalent
polysaccharide in plant cell walls, making around 15 to 30% of the bulk of lignocellulosic
compounds (Tayyab, 2018). Due to its amorphous structure, it is easier to hydrolyze than
crystalline cellulose, giving mainly Cs monosaccharides, namely xylose. The utilization of
xylose has been given much attention with the development of high-value utilization of
biomass. It can be converted into many beneficial chemical compounds such as xylitol,
furfural, and xylaric acid (Narisetty et al., 2022). Among these, furfural and its derivatives are
very interesting, as pointed out in different recent reviews (Dashtban, 2012; Eseyin and Steele,

2015; Machado et al., 2016; Delbecq et al., 2018).

Furfural, or furfuraldehyde, was recognized as one of the top 10 high-value bio-based
chemicals (Bozell and Petersen, 2010). Furfural is widely utilized and in high demand in
various industries, such as oil refining for lubricating oils and biofuels, plastics for resins and
synthetic fibers, pharmaceuticals, agrochemical industries for herbicides, fungicides, and
insecticides, and food for flavoring agents. To our knowledge, there has been no synthetic route
available for furfural production in the chemical industry. The only way for furfural synthesis
involves the acid-catalyzed dehydration of Cs sugars derived from hemicellulose (W. Yang et
al., 2012). The industrial production of furfural dates back to its discovery by Quaker Oats in
1921. The original process involved acid-catalyzed hydrolysis of hemicellulose and subsequent
dehydration of pentosans in lignocellulosic feedstocks (Brownlee and Miner, 1948). The
current commercial method for furfural production uses mineral acid solutions, such as sulfuric
acid (H2SOs) or phosphoric acid (H3PO4), and involves high-pressure reactions with biomass.

However, this method has numerous disadvantages, including significant corrosion risks,
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safety concerns, extensive side reactions, and challenging separation processes, which result in

substantial volumes of acid waste.

Consequently, alternative organic acids have garnered attention to address these issues
and align with the principles of “green chemistry”. Among these, formic acid has emerged as
a prominent choice for furfural production. W. Yang et al. (2012) showed that formic acid
produced a greater amount of furfural compared to H>SO4 and H3PO4 because strong mineral
acids caused undesirable side reactions such as resinification. Through experimental
optimization, furfural yields of up to 74% and selectivity of 78% were reached.
Tongtummachat et al. (2022) further optimized furfural production from xylose utilizing
formic acid and aluminum chloride catalysts in an organic solvent-free system, achieving a
remarkable maximum furfural yield of 92.2% in a continuous setup. Moreover, formic acid has
found successful application in biorefining processes such as hemicellulose fractionation and
hydrolysis (Dussan et al., 2015). Notably, BioEB’s LEEBio™ biorefining process employs
formic acid for treating cereal straw or hardwood at low temperature and atmospheric pressure,
facilitating the extraction of a lignin- and cellulose-free hemicellulose fraction, suitable for
further applications such as furfural synthesis (Delmas, 2021). Thus, the recovered sugar-rich
juices already contain formic acid which serves as solvents for deconstructing lignocellulosic
biomass and can catalyze the dehydration of xylose into furfural under these conditions.
Moreover, cellulose and lignin, which are isolated without degradation, can be used to produce

other highly usable products, thereby maximizing the use of biomass.

Despite being industrially recognized since 1921, the yield obtained from commercial
processes of furfural production has been roughly 40-50% of the theoretical yield of 72.7%,
based on the pentosanes content of the starting material (Kamm et al., 2013). The low furfural
yield was mainly attributed to undesired reactions, including furfural condensation between
xylose or intermediates and furfural, furfural resinification, and decomposition or
fragmentation of furfural (Yan et al., 2014). In order to enhance the yield and selectivity of
furfural, it is necessary to rapidly extract the generated furfural from the reaction solution to

prevent its degradation caused by secondary loss reactions (Yang et al., 2013).

Current furfural production procedures are being developed in such a way as to
minimize side reactions in the liquid phase. Techniques such as elevating temperatures (above
230°C) in processes like Supratherm and Stake, or employing adiabatic flash distillation for
furfural isolation (SupraYield), are being explored (Zeitsch, 2000; Marcotullio and De Jong,
2010). W. Yang et al. (2012) investigated the stream stripping process to recover furfural from
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the reaction zone in a semi-batch mode, achieving the highest furfural yield of 74% with a
selectivity of 78%. Notably, (Agirrezabal-Telleria et al., 2011) found that nitrogen (N2) acted
as a more effective stripping agent than steam, removing 65% of furfural produced from xylose
in the vapor phase with a selectivity close to 100%. Another promising approach involves
utilizing a biphasic solvent system to enhance furfural yield and selectivity. In this system,
furfural is extracted by the organic phase after being generated in the aqueous phase. This leads
to the inhibition of furfural degradation reactions that occur in the aqueous phase (L. Zhang et
al., 2018). Rong et al. (2012) developed a strategy to produce furfural from xylose at
atmospheric pressure, utilizing H>SO4 as a catalyst and NaCl as a promoter. With toluene as
the organic extraction solvent, the greatest furfural yield of 83% was attained in a biphasic
system. Recently, Gobmez Millan et al. (2019) evaluated the furfural production from xylose in
auto-catalyzed conditions using a biphasic system including water-immiscible solvents,
namely isophorone, 2-methyltetrahydrofuran (2-MTHF), and cyclopentyl methyl ether
(CPME). Among them, CPME afforded the highest furfural yield of 78% for 93% selectivity
at an organic solvent to aqueous solution volume ratio of 1:1. Nevertheless, there has been no
research conducted on these extraction systems specifically for the purpose of furfural
synthesis utilizing formic acid as a catalyst (organic acid). Furthermore, based on our research,
there are limited investigations where these extraction techniques have been used for furfural
synthesis from raw biomass.

Despite its disadvantages, including expensive setup, high energy usage, and safety
issues, extraction with supercritical carbon dioxide (Sc-CO2) has recently emerged as an
interesting alternative process to efficiently separate the highly reactive product from the
reaction mixture. This process improves both the selectivity and the yield of the reaction (Oriez
et al., 2023; Shi et al., 2023). CO», when in its supercritical phase (T, =31.1 °C and P. = 7.4
MPa) is advantageous as a neutral, non-toxic, non-combustible “green” solvent. As a result, it
is commonly employed for chemical extraction (Gurgenova et al., 2013). Furthermore, CO»
exhibits utility as an acid catalyst, particularly in enhancing acid-catalyzed reactions by acting
as a Lewis acid due to its polar characteristics (Beckman, 2004). Moreover, its solubility in
water enhances water acidity through the formation of carbonic acid, functioning as a Brensted
acid and thereby expediting dehydration reactions (Magalhdes da Silva et al., 2014). Gairola
and Smirnova (2012) investigated the hydrothermal conversion of xylose to furfural with
simultaneous Sc-CO» extraction, achieving a maximum furfural production of 68% at 230 °C

and 12 MPa. Sangarunlert et al. (2007) optimized furfural production from rice husk via
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sulfuric acid hydrolysis accompanied by Sc-CO» extraction, attaining a highest furfural yield
of 90% using a two-stage process (i.e., pre-hydrolysis and dehydration) with Sc-CO,. More
recently, Sato et al. (2019) explored xylose conversion to furfural using solid catalysts, such as
an ion-exchange resin (Amberlyst-70) and zeolites (M-20 and H-ZSM-5), in batch and semi-
batch processes with Sc-COz extraction. The most favorable furfural yield, reaching 52.3%,
was achieved with Amberlyst-70 in a semi-batch reactor system over 16 h at 150 °C. While
Sc-CO; extraction has been used alongside mineral acids, solid acid catalysts, and under
catalyst-free conditions, no research has yet explored the use of organic acid catalysts,
specifically formic acid, in combination with Sc-CO» extraction for the furfural production

from xylose and raw biomass.

In the process of furfural production from raw biomass, the pretreatment of
lignocellulosic material for xylose production often requires high concentrations of formic
acid, such as the 85 wt% used in the LEEBio™ process, to effectively break down
hemicellulose into xylose (Zhu et al., 2014). Typically, the concentration of xylose obtained is
lower than that of formic acid; for instance, the syrup from the LEEBio™ process typically
yields 10-30 g/L of xylose for a formic acid concentration of 15 wt%. However, the conversion
of xylose to furfural through acid catalysis necessitates only modest concentrations of formic
acid. In fact, increasing formic acid concentrations, especially at high temperatures,
significantly reduce both yield and selectivity. Ideal conditions for maximizing furfural yields
(>70%) and selectivity (>75%) were proposed by W. Yang et al. (2012), involving xylose
concentrations ranging from 40 g/L to 120 g/L, formic acid concentrations between 5 g/L and
15 g/L, and reaction temperatures between 170°C and 190°C. Therefore, enhancing furfural
production requires a pretreatment step aimed at adjusting the xylose-to-formic acid ratio.
Nanofiltration (NF) is particularly notable among membrane processes due to its cost
competitiveness, low energy consumption, operational stability, and ease of scale-up (Pinelo
etal., 2009; Zhou et al., 2013). Considering the molecular weights of formic acid (46.03 g/mol)
and xylose (150.13 g/mol), NF shows promise in adjusting the xylose/formic acid
concentration ratio, especially under acidic conditions where both substances remain
uncharged, primarily determined by size exclusion. Wang (2010) demonstrated the feasibility
of separating xylose from acetic acid using the Desal-SDK membrane, achieving a maximum
separation factor of 5.4. This membrane was also effective in separating furans and carboxylic
acids in hydrolysates obtained from the dilute acid hydrolysis of rice straw, with a maximum

separation factor of 52 (Weng et al., 2010). With numerous references confirming its efficiency
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in separating organic acids from sugars, NF emerges as a promising tool for adjusting the

concentration ratio of sugars to formic acid in hydrolysates before furfural production.

Although there are many studies on the conversion of xylose into furfural catalyzed by
formic acid, few have investigated this process using raw biomass, which typically results in
low furfural yield. Therefore, this work aims to develop a sustainable process for transforming
pentose sugars contained in the hydrolysate from the hydrolysis of lignocellulosic biomass
using the LEEBio™ process to produce furfural with formic acid. Additionally, two extraction
methods were investigated to enhance furfural yield and selectivity: steam stripping in a semi-
batch system and employing organic solvents in a biphasic system for homogeneously
catalyzed reactions. To meet green chemistry requirements and align with sustainable
development principles, supercritical carbon dioxide was explored as an alternative extraction
agent for the dehydration of xylose into furfural. Furthermore, heterogeneous catalysts, which
offer the advantage of being reusable, were examined to improve the catalytic performance of
formic acid in converting pentose into furfural. Despite experimental studies, few have
identified a preferred reaction mechanism, and predicting results via models remains
challenging. This thesis also aims to propose a representative and predictive model of process

performance for furfural production from raw materials of varying purity levels.

The first chapter will provide a literature review on furfural production, specifically
highlighting several methods to improve the reaction yield and different kinetic model
mechanisms for the acid-catalyzed dehydration of xylose into furfural. In the second chapter,
the experimental strategy used in this work to answer of all objectives will be presented. The
third chapter is dedicated to optimizing operating parameters and simultaneously extracting
furfural through steam stripping and biphasic systems for furfural production from xylose and
real biomass hydrolysate. In addition, this chapter presents a comparison between furfural
production conducted at high pressure and that carried out under normal atmospheric pressure.
The fourth chapter exclusively discusses the development of greener routes for furfural
production. This involves incorporating supercritical carbon dioxide extraction to improve
production efficiency and use a heterogeneous catalyst in combination with formic acid as a
catalytic system for furfural production. Finally, in the last chapter, we provide a
comprehensive analysis of the kinetic modeling of xylose dehydration into furfural catalyzed

by formic acid, along with its application to biomass hydrolysate.
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I.Chapter 1

Literature review

This section provides an overview of furfural production from lignocellulosic biomass,
encompassing various aspects. Initially, it delves into the starting material for furfural
production, its physico-chemical properties, applications, and derivatives. Following this, it
thoroughly examines industrial processes and technologies involved in furfural production,
including the mechanism and kinetics of the process. Additionally, it explores factors
influencing furfural production, such as catalyst selection, reaction medium type, and operating
parameters. The paragraph also discusses potential methods for furfural recovery and
concludes by addressing the feasibility of furfural production from lignocellulosic biomass,
highlighting different technologies aimed at enhancing biomass utilization in furfural

production.
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I.1 Properties and applications of furfural from lignocellulosic
biomass

I.1.1 Valorization of lignocellulosic biomass in furfural
L.1.1.1 Biorefinery concept

Nowadays, the production of chemicals and energy from renewable resources tends to
become unavoidable due to declining reserves and rising fossil fuel prices along with
environmental concerns (Cherubini and Jungmeier, 2010). In this context, biomass—
renewable organic matter derived from biological sources—has emerged as a promising
alternative to fossil resources for the production of energy carriers and chemicals. It is the only
carbon-rich material source available on Earth (Cherubini, 2010; Shen et al., 2020).

The biorefinery concept encompasses a variety of technologies that can transform
biomass resource into their building blocks, which can further be turned into value-added

products, biofuels, and chemicals (Figure I-1) (Berntsson et al., 2012).
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Figure I-1: Diagram of the general biorefinery concept.

Biorefineries can be divided into three generations based on the raw materials used to
produce biofuels and bio-based products. As a result, typical agricultural biomass, such as corn,
maize, sugarcane, or soybean, is known as raw materials in first-generation biorefineries. The
lignocellulosic feedstock which is mainly made up of cellulose, hemicellulose, and lignin, is
used by second generation type. The third generation includes industrial facilities in which
agricultural residues, forestry, petroleum, and urban trash as feedstock biomass are found, as

well as microalgae (Julio et al., 2017).
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It is worth noting that the choice of raw materials is crucial since it influences the
selection of ultimately generated products as well as their composition due to numerous

variations, resulting in a variety of products (Figure I-2) (Cherubini, 2010).
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Figure I-2: Model of a biobased product flow-chart for biomass feedstock (Ulber and Sell,
2007).

With an annual global production of around 181.5 billion tones, lignocellulosic material,
the feedstock utilized in the second generation of biorefineries, is the most abundant biomass
on Earth (Dahmen et al., 2019). Furthermore, because it competes less directly with land usage
for food or feed animal production, it is considered as the most important type of biomass

feedstock for use in biorefineries (Berntsson et al., 2012).

I.1.1.2 Lignocellulosic Biomass (LB)

Lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin, which
together represent 75-85 wt% of the dry matter. It also contains proteins, carbohydrates, and
inorganic components, which are considered as ash (Dey et al., 1997) (Figure I-3). The
proportion of these components depends not only on the type of biomass (Kenney et al., 2013)
but also other factors such as local agronomic conditions (Templeton et al., 2009), drought
(Emerson et al., 2014), harvest season and year (Lemus et al., 2002), as well as method of
harvesting of biomass (Eisenbies et al., 2015). The composition of various lignocellulosic

biomass is shown in Table I-1.
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Figure I-3: Structure of lignocellulosic biomass and its biopolymers (Herndandez-Beltran et al.,

2019).
Table I-1: Composition of various lignocellulosic biomass (Tayyab, 2018).
Biomass Lignin Hemicellulose Cellulose Ash Ref
(%) (%) (%) (%) )
Rabemanolontsoa and Saka
Wheat straw 17-19 26-32 33-38 3.74 (2013) ; Saini et al. (2015)
. Quetal. (2011) ; Saini et
Rice straw 12-14 23-28 28-36 9.8 al. (2015)
Kim and Day (2011); Saini
Sugarcane bagasse 20-42 19-25 42-48 - etal. (2015)
Corn cob 14-15 35-39 42-45 3.53 g‘})ble;;‘am’lom“a and Saka
Bamboo 20.81 19.49 39.80 121  Rabemanolontsoa and Saka
(2013)
. Lynd et al. (1999);
Switchgrass 10-40 30-50 5-20 5-6 McKendry (2002)

Cellulose (C¢H1005)a is a crystalline structure made up of closely packed glucose
monomers connected together by B-1,4 glycosidic bonds to create tight polymer chains. Its
lateral fibers have a high amount of hydroxyl groups, which increase hydrogen bonding,
making it more durable and hence difficult to biodegrade (Abraham et al., 2020). It accounts
for 30-50% of lignocellulosic biomass (Haq et al., 2021).

Hemicellulose (CsHgO4), is an amorphous, branching polysaccharide with a low degree
of polymerization. Because of this, it is easier to degrade than cellulose by microorganisms or

by thermochemical and physical processes (Haq et al., 2021). The major structural unit is xylan,
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which is made up of randomly dispersed Cs (xylose and arabinose) or Cs (glucose, mannose
and galactose) sugars (Seidl and Goulart, 2016). Hemicellulose, like cellulose, is typically
found in plant cell walls (Abraham et al., 2020). The average hemicellulose concentration of
lignocellulosic biomass is 15-35%.

Lignin is a heteropolymer made up of three major phenolic components, namely
coniferyl, p-coumaryl, and sinapyl alcohols (Rubin, 2008). It functions as a glue, filling the
spaces between cellulose and hemicellulose fibers in lignocellulosic biomass, resulting in a 3D
cross-linked, stable molecular structure (Vanholme et al., 2010). It is rigid and resistant to
degradation because of its stability (Abraham et al., 2020). Lignocellulosic biomass has a lignin
content of 10-20%.

Due to its strong native recalcitrance, the complete utilization of the lignocellulosic
biomass feedstock is still challenged to compete economically with petroleum refineries (Sun
et al., 2016). Accordingly, a pre-treatment process is required prior to the conversion step to
(1) maximize sugar yields, (2) treat a wide range of lignocellulosic feedstocks, (3) ensure lignin
recovery for combustion, and, as a result, (4) produce a few inhibitors or co-products, and (5)
reduce operational costs and energy consumption (Prasad et al., 2016).

Various pre-treatment technologies have recently been developed which can be divided
into four main categories: physical, chemical, physico-chemical, and biological processes. The
characteristics, major advantages, and disadvantages of different pre-treatment processes for
pre-treating lignocellulosic biomass are summarized in Table I-2. Moreover, the combination
of these pre-treatment processes, where their advantages are combined, can enhance the bio-
digestibility and facilitate the recovery of isolated biomass components for producing high

value-added products as shown in Figure I-4 (Jones et al., 2013; Han et al., 2015).

XOS, furfural, Antioxidant, phenolic adhensive,
xylitol, ... polyurethane foams, ...

Alkali Alkali
Acid Oxidative

Lignocellulosic materials = Steam explosion Organosolv == Residue rich in cellulose

Hydrothermal Biological Enzymatic hydrolysis
and fermantation

Bioethanol

First step pretreatment Secend step pretreatment

Combined pretreatment process

Figure I-4.: Schematic diagram of combined pre-treatment strategies to maximize the utilization
of lignocellulosic materials (Sun et al., 2016).
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I.1.2 Applications of Hemicellulose from lignocellulosic biomass

As previously detailed, lignocellulosic biomass consists of three main fractions:
cellulose, lignin, and hemicellulose, with varying content depending on the biomass type. This
section focuses specifically on the hemicellulose fraction, which contains the Cs sugars, the

starting compound for furfural production.
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Figure I-5: Degradation products from hemicelluloses derived from acid pretreatments
(Rodrigues et al., 2023).

Hemicellulose, after cellulose, is the second most abundant polysaccharide in the plant
cell walls of nearly all terrestrial plants. It has diverse molecular structures with polar hydroxyl
groups, which result in excellent processability, including easy hydrolysis, biodegradation, and
chemical modification (Lu et al., 2021). Efficient extraction of hemicelluloses enables their
conversion into a variety of products for the food, pharmaceutical, cosmetics, and textile
industries (Figure I-5) (Rodrigues et al., 2023). The composition, chemical structure, and
quantity of hemicellulose can vary depending on the plant biomass source. For instance, the
dominant hemicellulose in hardwood is xylan (glucuronoxylan), while in softwood, it is
primarily mannan (glucomannans and galactoglucomannans). In lignocellulosic biomass,
xylan hemicelluloses are present in large quantities, which is the main focus of this work. Due
to its amorphous structure, xylan is easier to hydrolyze than crystalline cellulose, yielding
mainly C5 monosaccharides, such as xylose (pentoses). The utilization of xylose has received
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considerable attention in the development of high-value biomass applications (Chen and Wang,
2017). Xylose can be converted into various valuable chemical compounds, with furfural being
the primary molecule of interest in this study. It is thus important to examine the properties of
the target molecule, furfural, and its industrial applications to better understand and optimize

its production process.

1.1.3 Physico-chemical properties, applications and derivatives of furfural
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Furfural or furan-2-carboxaldehyde is an organic compound (heterocyclic aldehyde) with
empirical formula CsH40> and a molecular weight of 96.08 g/mol. It is a physically colorless
oily liquid with a pure almond odor, but it quickly turns yellow on contact with air. Excellent
physical properties of Furfural make it an excellent selective extractant for (1) removing
aromatics from lubricating oils to enhance the relationship of viscosity vs. temperature; (2)
removing aromatics from diesel fuels to improve ignition properties; and (3) forming cross-
linked polymers (Yan et al., 2014).

Furfural contains two strong and functional groups: a C=0 aldehyde and a C=C—-C=C
conjugated system that can undergo a variety of reactions for producing various chemical
compounds (Figure 1-6). Furfural aldehyde group can be subjected to acetalisation, acylation,
aldol and Knoevenagel condensations, reduction to alcohols, reductive amination to amines,
decarbonylation, oxidation to carboxylic acids, and Grignard reactions. Moreover,
hydrogenation, oxidation, halogenation, open-ring, and nitration processes can all be
performed on the furan ring system (C=C—C=C). As a result, furfural and two of its derivatives,
furan dicarboxylic acid and levulinic acid, were selected among the top 10 chemicals by the
US Department of Energy (DOE) to find the most promising platform chemicals (Bozell and
Petersen, 2010).
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Figure I-6: Summary of the furfural-derived chemicals and biofuels (Mariscal et al., 2016).

Furfural serves as a natural precursor to a diverse array of furan-based compounds and
solvents, which have found extensive application across various sectors including plastics,
pharmaceuticals, and agrochemicals (Bohre et al.,, 2015; Eseyin and Steele, 2015). Its
versatility extends to the global production of inks, antacids, fungicides, fertilizers, plastics,
adhesives, nematicides, and flavoring compounds. Notably, furfuryl alcohol emerges as the
most prominent derivative, constituting 80% of the overall consumption of furfural. It is widely
utilized as a solvent in petrochemical refining and in the manufacture of furan resins and
foundry sand binders. Data Bridge Market Research predicts a strong growth trajectory for the
furfural market, with a purity level of over 98.5%. The market is expected to reach USD 900.84
million by 2030, compared to USD 556.74 million in 2022. This reflects a compound annual
growth rate (CAGR) of 6.20% from 2023 to 2030 (“Furfural Market Size, Share, Growth &
Trends Report, 2030,”). Various drivers propel this growth, including the increasing demand
for furfuryl alcohol, pivotal in resin and plastic industries, the expanding utility of furfural as
an insecticide, nematicide, and fungicide in agrochemical applications, alongside its efficacy
as a weed killer in horticulture. Furthermore, the rising need for furfural as a solvent across a
spectrum of end-use industries such as paints and coatings, agriculture, chemicals, refineries,
foundries, pharmaceuticals, automotive, and construction, underscores its significance in the

global market landscape (Wood, 2019).
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1.2 Furfural production

Until now, there has been no synthetic route available for furfural production in the
chemical industry (W. Yang et al., 2012). Furfural is typically synthesised from lignocellulosic
biomass by dehydrating pentosan (mostly xylan), which is abundant in the hemicellulose of
various agricultural residues. The main route for furfural production consists of two steps as
mentioned earlier: pentosan sugars in hemicellulose are hydrolysed to obtain xylose, which is
then dehydrated to generate furfural. Besides xylose, arabinose which accounts for the second
largest proportion of the pentose units in biomass, can also be dehydrated to produce furfural.
However, arabinose is less reactive than xylose because of the different steric positioning of
the hydroxyl groups (Garrett and Dvorchik, 1969). The overall reaction can be written as

follows:

(CsHgO4)n  + nH2O — n(CsHi00s5) —  n(CsHs02) + 3nHO
pentosanes n-pentoses Sfurfural

So, the theoretical furfural yield is 72.7 wt% from pentosan and 64 wt% from pentose

on a weight-based basis (Zeitsch, 2000).

The first step proceeds rapidly with a high yield (Mansilla et al., 1998). The second step
is highly complex because of the occurrence of side reactions. These reactions can be
categorized as either resinification (self-polymerization) between furfural and itself, or
condensation (cross-polymerization) between furfural and intermediates of xylose-to-furfural.
The latter reaction produces black insoluble carbonaceous compounds or humine. Additionally,
fragmentation reactions also take place, resulting in a low yield of furfural (Figure I-7) (Jing
and Lii, 2007a). The principal furfural destruction reaction product is formic acid, which

originates from the hydrolysis of the furfural aldehyde group (Marcotullio and De Jong, 2010).

H 3H,0
Xylose == [Intermediates] =———> Furfural —— Fragmentation
l I I l (Formic acid)

Fragmentation Condensation Resinification

Furfural loss reactions

Figure I-7: Simplified scheme of the possible reaction in the xylose-to-furfural process (W.
Yang et al., 2012).
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Regarding the intermediates susceptible to be produced during the acid-catalyzed
dehydration of xylose into furfural, two primary compounds have been identified. Firstly,
lyxose, as reported by Antal et al. (1991a), manifests rapidly from open-chain xylose and
gradually transforms into furfural and other byproducts. Secondly, xylulose, observed in
various literature sources, was detected by Aida et al. (2010) during investigations into xylose
reaction pathways under high-pressure sub- and supercritical water conditions (above 40 MPa).
However, Enslow and Bell (2015) highlighted that xylulose arises from sugar isomerization
reactions catalyzed by Lewis acids or bases rather than Brensted acids like sulfuric acid, a
finding corroborated by Choudhary et al. (2011), who examined xylose isomerization to
xylulose and subsequent dehydration to furfural in aqueous media. Both lyxose and xylulose
have been identified as intermediates during xylose dehydration catalyzed by Sn-beta zeolite,
functioning as a Lewis acid. These intermediates undergo rapid dehydration to furfural through
Bronsted acid catalysis. The formation of xylulose and lyxose, a ketopentose, necessitates
either functional group rearrangement or a configuration change around the carbon atom linked
to the hydroxyl group of the xylose molecule, facilitated by Sn*" (Choudhary et al., 2011) or
Cr** (Choudhary et al., 2012).

Concerning furfural production technologies, two distinct approaches are commonly
employed. The first, known as the one-step technology, involves the simultaneous hydrolysis
of pentosans to pentose sugars (xylose and arabinose) and the concurrent dehydration of
pentose sugars into furfural within a single reactor. Conversely, the two-step process divides
the process into distinct stages: initial pentosan hydrolysis under mild conditions, followed by
the subsequent dehydration reaction in separate reactors. Notably, the two-stage technology
offers several advantages. Firstly, it leaves the residual lignocellulose essentially unaltered,
paving the way for its utilization in subsequent phases for the production of valuable chemicals
such as phenol, ethanol, and glucose. Moreover, due to the significant increase in furfural yield,
the two-stage approach is favored for furfural production (Riansa-ngawong and Prasertsan,
2011; W. Yang et al., 2012; Suxia et al., 2012).

Due to the advantages of a two-step process, different components of lignocellulosic
biomass can be utilized separately, thereby maximizing the use of raw biomass. Additionally,
by extracting the hemicellulose fraction separately, side reactions between the formed furfural
and other substances in the reaction medium can be limited. This approach results in a high
furfural yield with high purity. In this work, the concept of a two-step process is applied through
the LEEBi0o™ process, which is detailed at the end of this chapter.
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1.2.1 Industrial process for furfural manufacturing
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Quaker Oats invented the first known furfural production process, which involved
cereal production old cookers. The dried oat hulls were heated with continuous steam injection
after being digested with sulfuric acid at 153 °C for 5 h. Steam provided sufficient heat for the
process while also removing the furfural from the reaction media, avoiding its self-thermal
degradation (Zeitsch, 2000). Other novel processes, such as the Agrifurane, Rosenlew, Escher
Wyss, and Batch processes in China, used this expertise. The main differences between the
methods, as stated in Table I-3, are the operational mode (batch or continuous process) and
reaction temperature (< 200 °C). Based on the pentosanes content of the starting material, the
yield obtained from these procedures was roughly 40-50% of the theoretical yield of 72.7
%w/w (Kamm et al., 2013).

Further furfural production procedures are being developed, with a focus on higher
reaction temperatures (> 200 °C) and novel separation processes targeted at reducing side
reactions in the liquid phase. The “entropy effect” is achieved by running at a high temperature,
which limits the furfural condensation reaction (Kamm et al., 2013). The Supratherm process,
created by Krupp, the Stakes method, developed by Stake Technologies in Canada, and
Suprayield process, currently under study in Australia, are three examples of these
technologies.

The current furfural research is divided into two areas of activity: process optimization
and the search for new catalytic systems. The Biofine, Vedernikors, CIMV, and MTC methods,
all of which have been published and patented in the field of furfural synthesis, have
demonstrated promising results in the conversion of hemicellulose to furfural (Wertz and

Bédué, 2013; Fang et al., 2017).
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Table I-3: Industrial processes for the production of furfural

Process Reactor Reaction condition Fur yield Ref.
Quaker Oats Batch H>S0,, Stripping (153 °C) at high 40-52 % Brf)wnlee and
(1922) pressure at 5 bar Miner (1948)
Quaker Oats . .
Continuous H,S04, 184 °C at 11 bar 55% Zeitsch (2000)
(1997)
Agrifurane Batch H2S04,177-161 at 6-9 bar / Zeitsch (2000)
Escher Wyss Continuous H2S04,170 °C / Zeitsch (2000)
Kiminki et al.
Rosenlew Continuous Acids formed in situ, 180 °C at 10 bar 60% 1rr211r19717e) a
Supratherm . .
Continuous H,S04,200-240 °C / Zeitsch (2004)
(1988)
Acids fi in situ, 230 °C at 27.
Stake Continuous cids formed znts);t:, 30°Cat27.7 66% Zeitsch (2000)
SupraYield H;P H H,170-230 °C at high
P Batch :POJ/CH;COOR, 17 Cathig 70% Zeitsch (2008)
(1990) pressure
Biofine Continuous H>S04,220 °C at 25 bar 70% Fitzpatrick (1990)
Gravitis et al.
ikov’ Batch H =759
Vedernikov’s atc 2S04 55-75% (2001)
CIMV i HCOOH/CH;3;COOH, 230 °C, Kamm et al.
Continuous . /
(2010) pressurized (2013)
MTC Kamm et al.
Continuous H,>S04/NaCl, Stripping (200 °C 83%
(2012) 2 pping ( ) ° (2013)

Multiple methodologies at various stages of development are available for the synthesis
of furfural. Nevertheless, achieving higher yields under milder process conditions remains
challenging. Despite the differences in these procedures, the reaction processes and kinetics
involved are generally quite similar. Consequently, it is crucial to monitor and anticipate these
mechanisms using models to optimize furfural production in terms of both yield and process

Investment.
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1.2.2 Mechanism and Kkinetics for the synthesis of furfural
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1.2.2.1 Mechanism of cyclodehydration of xylose to furfural
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Figure I-8: Mechanism (a) and (b) of the furfural formation from xylose (W. Yang et al., 2012;
Agirrezabal-Telleria et al., 2014a).

The mechanism of furfural formation has been the subject of many studies in recent
years. However, the exact mechanism has not been established (Feather et al., 1972). Different
hypotheses for the mechanism of dehydration of xylose to furfural are proposed among which
mechanisms (a) and (b) shown in Figure I-8 are mostly recorded in the literature, and thus will
be detailed here (W. Yang et al., 2012).

Mechanism (a) involves the reactions getting along with open-chain intermediates.
According to Feather et al. (1972), aldose (2), which is in equilibrium with structure (1),
converts reversibly to 1,2-enediol (3). The latter is then dehydrated to enolic (4) of a 3-
deoxyglycosulose (5), which further dehydrates to structure (6) and then to the furfural (7).

Since the amount of open-chain aldehyde form is less than that of the ring form (less

than 1% of the total pentose present), the mechanism seems to start with a cyclic form of xylose
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(mechanism (b)). Furthermore, this mechanism is in agreement with kinetic studies (Antal et
al., 1991) and NMR studies (Drew et al., 1998) of the conversion of xylose into furfural.

The mechanism (b) involves two 1,2-eliminations and one 1,4-elimination of water. In
more detail, an acid catalyst’s hydrogen ion first attacks a lone (nonbonding) electron pair of a
hydroxyl oxygen, forming a trivalent positively charged oxygen atom (2). The positive charge
(electron deficiency) undergoes a fission of the C-O bond, leading to a positively charged
fragment (3) and to the liberation of water molecule. An intermediate having a double bond
will be formed by two electrons from a neighbouring C-X bond, causing a fission of the latter
and thus releasing a hydrogen atom (4). This hydrogen atom will attack another lone electron
pair of hydroxyl oxygen to generate another liberation of water (5). In the last step, which is
1,4-elimination, the trivalent positively charged carbon atom forms a ring instead of a double
bond formation (6). This is sterically facilitated by its planar structure, characterized by a bond
angle of 120° (plane trigonal orbital). After the 1,4-elimination, the hydrogen ion is removed

to provide furfural (7) (Zeitsch, 2000).

B,
H 0
(0) o L, B,
—> Xylulose —— H
OI—fy Furfural
OH

Xylose

Figure 1-9: The isomerization of xylose to xylulose and the dehydration to furfural
L: Lewis acid; B: Bronsted acid (Agirrezabal-Telleria et al., 2014a).

Recently, it was found that the mechanism can be modified depending on the type of
acidic catalyst. Furfural can be formed directly from xylose using Bronsted acids, as shown
above. Lewis acids, on the other hand, produce furfural via the intermediate xylulose as
mentioned previously, which can be converted to furfural quickly in the presence of Bronsted-
acid catalysts (Figure 1-9) (Agirrezabal-Telleria et al., 2014a). When Lewis acid sites were
present, the xylose conversion rate was shown to be faster than when Brensted sites were
present. However, a Bronsted site is necessary to produce a large increase in furfural yield

(Choudhary et al., 2012).

For this work, the manuscript will primarily focus on reaction mechanism 3, which is

the most complex as it considers all possible reactions occurring during furfural production.

20



Chapter 1: Literature review

However, studying all available mechanisms will enable the reaction mechanism for furfural

production to be validated and/or modified.

1.2.2.2 Kinetic modeling
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Figure I-10: Reaction mechanisms of xylose conversion into furfural and side products for
kinetic modeling (Kéchermann et al., 2018).

Several kinetic models for Brensted acid-catalyzed furfural synthesis have been
described in the literature (Lamminpéé et al., 2012; Dussan et al., 2015; Kochermann et al.,
2018). However, kinetic models commonly include different side reactions when describing
the dehydration of xylose to furfural (Weingarten et al., 2010; Chen et al., 2015; Dussan et al.,
2015; Kochermann et al., 2018). Figure I-10 depicts all of the models, which differ mostly in
terms of their side effects. Model 1 has a first-order reaction kinetic, in which furfural is only
degraded by self-polymerization and xylose is directly decomposed. Furfural degradation is
also regulated by cross-polymerization between xylose and furfural in Model 2. furfural
dehydration via an intermediate species and its cross-polymerization with furfural is considered
in Model 3. Models 2 and 3 have a second-order reaction kinetic for cross-polymerization

(Ko6chermann et al., 2018).

The furfural degradation reaction, being a common reaction in all models, has its
constant (kr) and activation energy (Er) computed independently from other reactions. Furfural

undergoes degradation through three distinct loss reactions: (1) furfural resinification,
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involving self-polymerization; (2) furfural condensation, where it interacts with xylose or
xylose intermediates leading to cross-polymerization; and (3) furfural fragmentation, resulting
in the breakdown into smaller molecules such as formic acid. Various studies on furfural
degradation have effectively modeled the furfural loss reaction as a first-order process, as noted
by Root (1956); Rose et al. (2000); Marcotullio and De Jong (2010) and Jing and Lii (2007a).
However, Lamminpéa et al. (2014)’s investigation into the kinetics of furfural destruction in a
formic acid medium revealed a significant finding: the overall reaction order shifts with the
concentration of formic acid catalyst. At higher acid concentrations (30 wt%), the apparent
reaction order exceeds one, while at lower concentrations (2 wt%), it falls below one. In terms
of the mechanism of furfural resinification, it is conceivable that the polymer-forming reaction
scheme begins with a second-order reaction involving two furfural molecules reacting with one
another. From there, the polymer chain is extended by adding one furfural molecule at a time.
The overall reaction would be close to one if the growth of polymers predominates over the
initiation step. When treating furfural loss as a first-order reaction, Lamminpai et al. (2012)
and Kochermann et al. (2018) observed a dependency of the rate constant on both temperature
and acid concentration. Particularly noteworthy is the significant impact of temperature
elevation on the reaction rate, with acid concentration exhibiting a pronounced effect under

such conditions.

Experimental data collected by various researchers indicates that Models 1 and 3 offer
superior accuracy in predicting furfural synthesis across diverse scenarios. Nevertheless,
Dussan et al. (2015)’s findings revealed a limitation in Model 1, as it tended to overestimate
furfural formation. This discrepancy arises from the absence of undesired side reactions
between xylose and furfural in Model 1°s reaction mechanism, which could initiate early in the
reaction process. With regard to model 2, the experimental data obtained in the presence of
furfural were higher than the concentrations of xylose predicted by this kinetic model. Due to
the assumption made in the kinetic model derived from Mechanism 2 that xylose was
consumed from the beginning of the reaction subsequent to a second-order reaction involving
furfural and xylose, the conversion of xylose was overestimated in this instance. The lack of
observed impact on xylose conversion when substantial quantities of furfural are present during
the initial stages of the reaction provides support for the hypothesis that furfural exclusively
reacts with the intermediate formed from xylose in order to produce condensation products
(Lamminpii et al., 2012; Dussan et al., 2015). Furthermore, Antal et al. (1991a) proposed that

the various forms of xylose (acyclic, furanose, and pyranose rings) undergo distinct reactions
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leading to the conversion into furfural. Consequently, Model 3 emerged as the most suitable
choice to elucidate the acid-catalyzed dehydration reaction of xylose to furfural. This is
affirmed by studies from Lamminpii et al. (2012); Dussan et al. (2015) and Kéchermann et al.
(2018) for the following reasons: (1) Model 3 is the most complex, considering all reaction
intermediates whose concentrations must be determined to accurately ascertain the kinetic
parameters, and (2) it accounts for all possible reactions occurring during the dehydration of

xylose into furfural.

Based on kinetic modeling, the rate of xylose conversion and the synthesis of furfural
were shown to be impacted by acid concentration, with higher acid concentrations resulting in
faster xylose conversion, especially at high temperatures (Dussan et al., 2015). Furthermore,
the activation energy for by-product formation from xylose is higher than all other activation
energies, indicating that the kinetics of this reaction are temperature sensitive (Jing and L4,
2007a). Rising temperatures enhanced the decomposition of both xylose and furfural
(Lamminpéa et al., 2012; Kochermann et al., 2018). Table I-4 and Table I-5 summarize the rate
constants and kinetic characteristics of the related reaction mechanism for xylose conversion

to furfural, respectively.

Considering that furfural can also be derived from Ara, another pentose sugar present
in hemicellulose, Gairola and Smirnova (2012) delved into the dehydration of arabinose to
furfural under hydrothermal conditions. According to Mechanism 1, the activation energy and
kinetic parameters closely align with those obtained for Ara degradation by Carvalheiro et al.
(2008) and are similar to values reported for xylose by various authors, including Jing and Lii
(2007a) and Oefner et al. (1992). Contrary to expectations based on the same mechanism,
Danon et al. (2014) and Dussan et al. (2015), in their studies on the kinetics of arabinose
dehydration in an acidic medium, discovered that the kinetic parameters and activation energy
of xylose were greater than those of arabinose. From their findings, it can be inferred that xylose
undergoes dehydration more rapidly and yields higher furfural quantities in an acidic medium
compared to arabinose. The kinetic characteristics of the related reaction mechanism for

arabinose conversion to furfural based on mechanism 1 are presented in Table I-6.
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Table I-4. Rate constants of the related reaction mechanism for xylose conversion to furfural.

Initial concentration (M)

Rate constants: &k

Ref. Solvent Xyl Fur  Catalyst Reactor ©C) k1 k2 k3 kr
(1/s) (I/s)  (A/MJs)  (1/s)
Jingand LU p y 0070 0034 none DSTR  180° 5.4x10° 2.1x10° / 5.5x10°
(2007a)
Weingarten 0.002- 0.1 b 10 5 7
otal 2010y O 005 0156 o DSTR  170°  2.1x10 / 9.8x107  4.1x10
Lamminpaa 0.067-  0.05- 0.12 Sealed a 3
etal 2012) 129 02 016 HCOOH tubes 00 013 0.06 [ 23x10
Dussan et al. 6.5-13.9 Sealed . 3 4 3 5
2015) H,O 0.1 0.1 PO0H  abes 1705 22x10% 58x10% 64x107  2.6x10
Kodchermann 18 . 3 3 B 5
otal (2018 B0 0.37 0.1 S0,  DSTR 180°  LIx107  46x10% 1.3x107  6.8x10

2Based on mechanism 1. "Based on mechanism 2. “Based on mechanism 3.

Table I-5: kinetic characteristics of the related reaction mechanism for xylose conversion to furfural.

Ref. Solvent ;;iltial collzflintratigr;t(all\l/;)st Reactor (02 ) Ez?ctivszltiol_z‘l2 energylzz 3E (kJ/m;);z
Ji‘(‘goa&da)w HO 0072 0034  neme  DSTR 0 115 1431° 58.8°
SR o W s gl om0 one e
o O S S, SN we we
D“g%‘;gal' HO 01 o0l (géggﬁ) sealed D0 1403 g9 o1s sLT
Iétoglhegg?g;‘ HO 037 0.l (H218804) DSTR 12%%' 86.5°  91.8° 19.8°  44.16°

2Based on mechanism 1. "Based on mechanism 2. “Based on mechanism 3.

Table I-6: kinetic characteristics of the related reaction mechanism for arabinose conversion to furfural

based on mechanism 1.

Initial ¢

oncentration

Activation energy: E (kJ/mol)

(o]
Ref. Solvent Ara Catalyst Reactor T (°C) E Es Er
Gairola and
Smirnova H,0O 0.2-5 wt% none Sealed tubes  180-260 112 121 110
(2012)
Carvalheiro
et al. (2008) H»O - - DSTR 150-190 114 117 103
Danon et al. 0.05M
(2014) H»O 0.05M (HCI) DSTR 160-200 133.3 125.8 102.1
Z. Chen et
al. (2015) H,O 0.033 M - Sealed tubes  210-250 130-135 - -
Dussan et 6.5-13.9
al. (2015) H,O 0.02M HCOOH Sealed tubes  130-170 130.2 125.8 81.7

Three models have been developed in the literature, with two of them appearing more

suitable for modeling kinetics. However, most existing studies typically focus on a single

condition. The aim of this work is to evaluate the accuracy of these models in predicting
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furfural yield and to propose kinetic constants applicable to more complex systems beyond
single-parameter conditions.

While various kinetic models and processes for furfural production exist, it is
worthwhile to explore different synthetic solutions to establish a viable production process.
However, using real biomass, which consists of multiple components, complicates the
modeling of kinetic equations, making it challenging to identify the effect of each component

on the kinetics of xylose conversion into furfural.

1.3 Setting up the furfural production process

1.3.1 Reactor types for furfural production
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The reactors used for furfural production are divided into two types: autoclaves or batch
reactor (with or without continuous distillation of vapors formed) and continuous reactors, such
as continuously stirred tank reactors (CSTR) or plug flow reactors (PFR) (Carrasco, 1993). The
characteristics of each reactor as well as their application toward furfural synthesis will be

detailed in this section.

L.3.1.1 Batch process

The batch process, where no feed is added or product withdrawn during reaction time,
is the most commonly used industrial procedure for producing furfural since 1921 in Quaker
Oats process (X.-L. Li et al., 2015). The batch dehydration of raw lignocellulosic materials using
sulphuric acid provided typically 40-60% of the theoretical value and 50-80% when furfural is
rapidly removed from the reaction medium (Zeitsch, 2000). Beside the simplicity and minimal
attention required (Liu, 2017), batch reactor systems offer the possibility of testing different
parameters at the same time, especially when working with small volumes in laboratory-scale
operations (Keskin et al., 2019). Most of the studies in the literature on the production

of furfural from either xylose or raw materials appear to use batch systems as shown above.
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Moreover, kinetics of furfural formation using both homogeneous (Lamminpéé et al., 2012; Z.
Chen et al., 2015) and heterogeneous catalysts (O’Neill et al., 2009) in different solvent
systems (Weingarten et al., 2010; Gairola and Smirnova, 2012) are mainly carried out in batch

reactor.

1.3.1.2 Continuous process

In a continuous process (i.e., continuously stirred tank reactors (CSTR) or plug flow
reactors (PFR)), a chemical reaction is run in a constantly flowing stream and all fluid elements
have the same reactor residence time (Medeiros and Burnett, 1985). Continuous processes, as
opposed to batch processes, have reduced costs in operating and separation operations and are
better suited to large-scale manufacturing (Aellig et al., 2015; Li et al., 2015). Indeed, because
of the short residence times associated with this process, extended contact between reactants
and products could be avoided, resulting in increased product selectivity (Medeiros and
Burnett, 1985). Thus, the development of continuous process is of great significance (X.-L. Li
et al., 2015).

In recent years, Li et al. (2015) examined the reaction efficiency of xylose conversion
to furfural in biphasic systems using a solid acid tantalum-based catalyst in batch and fixed
bed reactors. The continuous process, as expected, produced a greater furfural yield of 59% for
96% xylose conversion, whereas the batch process produced a 48% furfural yield with 54%
selectivity under comparable conditions. In 1983, Kanzler and Schedler (1983) developed a
two-phase continuous reactor using sulfites to form furfural, formic acid, and acetic acid by
coupling the separation of products from acidic hydrolysates of vegetable materials. Similarly,
Lessard et al. (2010) used a biphasic plug flow reactor to develop selective catalytic processes
combining xylose dehydration to furfural and separation. This process allowed to reuse organic
solvent and catalyst, thus avoiding the problem of waste generation. The results indicated that
using toluene as the extracting solvent for 3 min at 260 °C, xylose can be dehydrated to furfural
with a very high yield and selectivity (98%) over (H") mordenite.

Later, Aellig et al. (2015) showed interest in fixed bed reactors by combining a biphasic
solvent system with a heterogeneous catalyst. The high interfacial area created in the reactor
by the Taylor flow of liquids allowed for efficient furfural extraction into the organic phase
while limiting side reactions. In addition, because the bed catalyst has less contact with water,
it is less susceptible to metal leaching, resulting in stable operation for 24h on stream. By

optimizing operating variables, furfural yields of 72% and 69% were achieved from xylose and
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xylan, respectively. Additionally, Papaioannou et al. (2019) demonstrates the use of a milli-
reactor as an intensified technology for the continuous production of furfural via acid
dehydration of xylose in a biphasic medium. Fast mass transfer rates offered by Taylor flow
enabled for a very quick extraction of furfural, preventing furfural degradation. Accordingly,
by operating at increased temperatures (i.e., 150-190 °C), it is able to retain high furfural
selectivity (about 70%) at high xylose conversion (around 80%) and very short residence times
(up to 2.5 min).

Batch reactors have proven their worth in determining optimal operating parameters,
kinetics, and reaction mechanisms. Therefore, they will also be used in this study to enhance
the current understanding of these subjects. Once a thorough investigation is conducted using
the batch system to achieve a deep comprehension of the reaction, the process can be tested in
a continuous system. Comparing the results from both systems will provide valuable
information for designing the process on a larger scale. However, due to the complex setup and
high investment required, this study will not investigate furfural production in a continuous

system.

1.3.2 Factors influencing furfural production
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Catalyst compositions, solvent systems and reaction conditions are all factors that
influence the conversion of biomass to furfural. Since the furfural synthesis involves a catalytic
reaction, catalyst choice is one of the important research approaches to achieve high biomass
conversion. The selection of a solvent system is another effective approach for increasing the
selectivity of furfural from biomass as it invariably affects the reaction’s thermodynamics and
kinetics. Also, the reaction conditions must usually be optimized according to the

characteristics of the catalytic reaction system (Luo et al., 2019; Zhao et al., 2021a).
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1.3.2.1 Catalyst categories

Since furfural is synthesized through a catalytic conversion, the high activity and
catalyst acidity, which varies depending on the catalyst type, are required to obtain the high
yield of furfural. Thus, the catalyst categories are important aspects to consider in order to
achieve an efficient and straightforward procedure for furfural production.

All catalysts are generally divided into two categories: homogeneous and
heterogeneous catalysts. This section will focus on the utilization of each type of catalyst for
furfural production.

Homogeneous catalysts

Homogeneous catalysts that can be dissolved in the reacting system facilitate the
leaching of hemicellulose from solid biomass and promote furfural formation (Cara et al., 2013;
Finore et al., 2016). They can be classified into three types: mineral acids, organic acids, and
metal salts.

Mineral acid catalyst

Mineral acids such as sulfuric acid, phosphoric acid or superphosphate were the first
homogeneous catalyst used for furfural production in traditional method established by Quaker
Oats (Brownlee and Miner, 1948). These catalysts are effective, yielding furfural yields of
40%—-60% (Zeitsch, 2000), and are still used in a variety of industrial processes as well as on a
laboratory scale (Mazar et al., 2017). Table I-7 summarizes the reported furfural yield values

testing different mineral acids for furfural production.

Table I-7: Overviews of mineral acids for furfural production

T (°C)  Substrate Solvent Catalyst Fur yield Ref.
(%)
DMSO/DCM or Chheda et al.
140 Xylose )\ 1SO/MIBK, 2-butanol Ha804 ol (2007)
170 Xylose Water/MIBK HCI 85 gg‘l%%a“e“ ctal
180 Xylose Water HCI 38 Yemis and Mazza
180 Xylan Water HCI 34 (2011)
Campos Molina et
170 Xylose Water/CPME H>S04, NaCl 80 al. (2012)
- Xylose Water/toluene H>SO4 83 Rong et al. (2012)
170 HemiCel Water/sec-butylphenol HCI 78 él(())? ;;) ctal.
) Burket and
150 Biomass Water/toluene H2S04 70 Sabesan (2013)
Vaz Jr. and Donate
200 Xylose Water HCl 64 (2015)
170 Xylose Water/MIBK H2S04 80 Mittal et al. (2017)
. Mazar et al.,
240 Wood chip Water H>SO4 76 (2017)
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Organic acids

Since mineral acids have many drawbacks, such as acid corrosiveness and high
pollution emissions, alternative, organic acids, have been developed to overcome these issues
(Mamman et al., 2008). However, in order to achieve the same conversion as mineral acid,
higher acid concentration and/or the presence of other acids are required (Zhao et al., 2021).

Among various organic acids, formic acid is mostly used for the furfural production
(Lamminpii and Tanskanen, 2009; W. Yang et al., 2012; Yang et al., 2013; Delbecq et al.,
2016). In addition, formic acid is produced during furfural production via decomposition
reactions of hemicellulose and furfural, leading to catalyst system self-production and a
reduction in production costs (W. Yang et al., 2012).

To our knowledge, the first use of formic acid as a catalyst for furfural formation was
reported by Lamminpéaid and Tanskanen (2009). At the given optimum conditions, a maximum
furfural selectivity of 70% and a yield of 60% were achieved by using xylose a starting material
at 200 °C for 20 min. Later, W. Yang et al. (2012) demonstrated that formic acid gave the
highest yield of furfural than H>SO4 and H3PO4 since strong mineral acids provoked side
reactions (i.e., resinification). By optimizing experimental conditions, the maximum achieved
furfural yield and selectivity were 74% and 78%, respectively.

Lately, Delbecq et al. (2016) accomplished 76% and 80% of furfural yield from xylan
and xylose, respectively, by using betaine and formic acid mixture in a cyclopentyl methyl
ether (CPME)-water biphasic system under microwave irradiation. Since resulted furfural was
extracted into CPME, the aqueous layer that contained the catalyst can be recovered and reused
at least ten cycles without significant drop of furfural yield. This paves the way for the reuse
of homogeneous catalysts in biphasic systems to meet the green chemistry concept.

In order to make the processes more environmentally friendly, various biobased acids
produced from degradation of biomass have been investigated as acid catalysts. Rackemann et
al. (2014) explored methanesulfonic acid (MSA) as a catalyst for furfural production from
xylose. They obtained the highest furfural yield of 65% for 15 min at 180 °C. This result was
similar to that obtained using H>SO4under the same operating conditions. Seemala et al. (2016)
investigated the use of levulinic acid (LA) as a catalyst in a biphasic solvent system. Pinewood
sawdust was found to yield higher amounts of furanic products than eucalyptus sawdust (565
mg/L at 180°C for 15 min vs. 643 mg/L at 200°C for 60 min) due to their different composition
of hemicellulose.

Maleic acid is another biobased acid catalyst used for furfural production from in a two-

step reaction under microwave heating (Kim et al., 2012). The furfural yield ranging from 29%
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to 61% was obtained with poplar, switchgrass, pine and corn stover at 200 °C for 28 min. The
recycling of the maleic acid was also investigated after the furfural extraction with
dichloromethane. The results showed that xylose conversion was retained while a slightly
decrease in furfural yield and selectivity was observed with additional reusable runs.

Metal salts

Metal salts, especially metal chloride, have gained prominence (Catrinck et al., 2020).
Zhang et al. (2013) examined the catalytic performance of various metal chloride (CrCls,
CuCl,.2H;0, LiCl, FeCl3.6H>0, CuCl, AlCI3) and mineral acids (H2SO4, HCI, and H3POs) for
furfural production in 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) under microwave
irradiation. They found that AICl; resulted in the highest furfural yield of 84.8%. The final
yield was much higher than that obtained with H2SO4, HCI, and H3POj4 at the same amount of
AICIl; (0.25 mmol). According these authors, besides the salting-out effect which enhances the
separation of furfural, chloride ions might increase reaction rate resulting in high yield.
Moreover, the addition of CrCls or FeCl3.6H2O to [Bmim]Cl/AICI3 improved the yield of
furfural compared with single AICI3 use.

In the study of Wang et al. (2014), the effects of the anions in salt catalysts on the
conversion of xylose to furfural were carried out by using chlorides, sulfates, and nitrates of
different metals. The results showed that chlorides had the highest catalytic performance and
SnCl4 was the most effective chloride, giving a furfural yield of 63% in a homogenous dimethyl
sulfoxide (DMSO)-water system. It was suggested that Cl" ions engender the transformation of
the aldose to 1,2-enediol, which can be easily dehydrated to form furfural (Marcotullio and De
Jong, 2010). Moreover, the hydrolysis of Sn** behaving Lewis acid in the aqueous solution
lowers the pH of the reactive system, promoting xylan hydrolysis to xylose. Thus, the combined
effect of Sn*" and CI" ions explained the high furfural yield in this study (Wang et al., 2015).

Sodium molybdate Mo(VI) was also used as a catalyst for transforming xylan to furfural
under microwave-assisted heating (Hricoviniova, 2013). Under identical conditions, higher
amounts of furfural (53%) were obtained than in the reaction without Mo( V1) ions (42%). The
results reveal that Mo(VI) plays a double role: it catalyzes xylose conversion and improves the
dielectric properties of solution, facilitating the energy transfer from microwave source to
solution.

In addition, the simultaneous use of metal salt with other acid catalysts improves the catalytic
performance, promoting further high yield of furfural. The HCI-CrCl3 mixture was found to

increase the furfural yield from 29% to 39%, and the reaction time was shortened by a factor
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of 5 when compared to using HCI alone (Choudhary et al., 2012). According to the authors,
the combination between Lewis acid of CrCl; and Brensted acid of HCI changed the reaction
pathway of xylose in such a way that the activation energy required for dehydration was

reduced (Figure I-11).

Bronsted acid

| s acid C .
Xylose - > Xylulose - - Furfural
. o R . 3HLO cal/mol

' Lyxose *

Figure I-11: Overall paths to produce furfural from xylose in the presence of a single Bronsted
acid catalyst and of both Lewis and Bronsted acid catalysts (Choudhary et al., 2012).

Table I-8: Comparison of some advantages and drawbacks of homogeneous catalysts.

Homogeneous catalyst Advantages Drawbacks

Higher catalytic activity -Catalytic deactivation (side reactions)

Mineral acids -Environmental impact (toxic, corrosive)
-Higher cost

-Cheaper Lower catalytic activity (need higher
Organic acids -Environmental friendliness ~ quantity)

-More stable

-Environmental friendliness  -Lower catalytic activity (need higher

Metal salts quantity)

-Lower stability (problem of leaching)

By comparing the advantages and disadvantages of different homogeneous catalysts
shown in Table I-8, organic acids emerge as a promising option for the production of furfural,
given their catalytic activity, environmental friendliness, and cost-effectiveness. Among these,
formic acid, which has already been used in several research studies, is chosen for this work.
Although much research has been conducted on producing furfural using formic acid as a
catalyst, these studies typically use synthetic solutions of Cs sugars (i.e., xylose and arabinose).
Therefore, this work will investigate the feasibility of using formic acid as a catalyst for the

production of furfural from raw biomass to address this gap in the literature.
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Heterogeneous catalysts

Because of their ease of post-separation via a simple filtration step or their ability to
operate as fixed-beds, heterogeneous catalysts have emerged as promising candidates for
overcoming the reusability issues associated with homogeneous catalysts (Karinen et al.,
2011). Furthermore, solid catalysts provide high catalytic activity and are less corrosive
compared to some homogeneous catalysts, attracting current attention in the field of catalyzed
conversion (Agirrezabal-Telleria et al., 2014b).

The details of each heterogeneous catalyst will not be presented in this chapter, as this
project focuses primarily on homogeneous catalysts, as previously mentioned. The different
heterogeneous catalysts and the corresponding furfural yield obtained from each catalyst are

summarized in Table I-9.

Table I-9: Overviews of different heterogeneous catalysts for furfural production.

T (°C) Substrate Solvent Catalyst Fur Ref.
yield
(Y0)
Metal oxide-based
170 Xylose Water/toluene Nb,Os 50 Garcia-Sancho
et al. (2014)
170 Xylose water/n-butanol SO4%/Zr0,-TiO, 54.3 Zhang et al.
(2012)
160 Xylan Water Cr-LaCo0.8Cu0.203 21.2 Lietal (2013)
Solid phosphates
170 Xylose Water ZrP-HT via the 52 Cheng et al.
hydrothermal (2013)
method
160 Xylose Water Nb3020Ps 43 Bernal et al.
(2015)
Nb,O>-nH,O 52.1
sugarcane g/kg of .
150 bagasse Water SCB Catrinck et al.
(NbOPO4-nH,O 59.3 (2020)
(SCB)
g/kg of
SCB
150 Wheat straw Water FePO,4 + NaH,PO4 92 Xia et al.
(2017)
Xylose water/tetrahydrofuran 88 Xu et al.
160 heat straw (THF) CrPO 67  (2018b)
170 Xylose Water CrPO, 52 Cheng et al.
(2013)
Heteropolyacids
140 Xylose DMSO cesium salts of 12- 45 A. S. Dias et al.
tungstophosphoric (2006)
acid (CsPW)
200 Xylose Water/DMSO (SnxCs3.4xPW) 63 Guo et al.
(2018)
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140 Xylose DMSO Hi4[NaPsW30O110] 73 Pardo Cuervo
et al. (2020)
Zeolites and other mesoporous silica-alumina
170 Xylose Water H-mordenite 21 Metkar et al.
(Si/Al=10) (2015)
200 Xylose Water H-ZSM-5 46 O’Neill et al.
(2009)
170 Xylose Water H-MCM-22 71 Jae et al., 2011
170 Xylose Water/ GVL H-mordenite 80 Girbiiz et al.
(2013a)
170 Xylose Water/toluene Delaminated H-Nu 47 Lima et al.
(S1/A1=29) (2008)
260 Xylose Water/toluene H;PO4-Mordenite 98 Lessard et al.
13 (2010)
170 HemiCel Water/N; HUSY (Si/Al=15) 12 Dhepe and
Sahu (2010)
170 Xylose Water/toluene SAPO-11 34-38  Limaetal.
(2010c)
140 Xylose Water/toluene H-Beta 25 Kim et al.
Xylose DMSO H-mordenite 24 (2011)
170 Bagasse Water/p-xylene HUSY (Si/Al=15) 18 Sahu and
Dhepe (2012)
160 Bagasse Water/toluene SAPO-44 93 Bhaumik and
Dhepe (2014)
180 Xylose SBP/NaCl-DMSO Sn-MMT 82 H. Lietal.
Corncob 54 (2015)
190 Xylose Water/GVL SAPO-34 40 Bruce et al.
Switchgrass 31 (2016)
Carbon-based catalysts
200 Xylose Water sulfonated 61 Lam et al.
graphene oxide (2012)
sulfonated
200  Corn stover GVL mesoporous 93 Lietal (2017)
carbon material
(SC-CaCi-700)
Xylose resorcinol- 80 Zhu et al
170 corn stover Water formaldehyde 68.6 ’
. (2017)
resin carbon
175 Xylose Water/CPME Starbon®450- 64.6 Gomez Millan
SOsH et al., 2019b
Supported catalysts
170 Xylose Water propylsulfonic 85 Agirrezabal-
SBA-15 Telleria et al.
(2012)
170 Xylose Water AI-TUD-1 (Si/Al 60 Lima et al.,
=21) 2010a
170 Xylose Water zeolite Beta 74 Lima et al.,
(BEA) (Si/Al = 2010b
12) TUD
silica supported
hafnium (Xu et al
180 Xylan Water (NaCl)/THF phosphide 85 2020) °
(HfP/Si0,) ’
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Polymeric solid catalysts/Sulfonated biopolymer

150 Xylose DMSO Nafion 117 60 Lam et al.,
2011b
Xylose sulfonated 69 Wane et al
190 Xylan Water (NaCl)/CPME sporopollenin 37 & '
(2017b)
(SSP)
Agirrezabal-
175 Xylose Water/toluene Amberlyst 70 70 Telleria et al.
(2011)
Arabinose, Amberlyst 15 21.1- Tuteja et al
120 rhamnose, DMEF hydrotalcite 265 (2012)
lactone
140 Xylose Water/toluene SBA-15, 5 Mlacta
Y Water/DMSO Amberlyst 70 59 ‘
(2012)
. Zhang et al.
140 Xylose [Bmim]Cl Amberlyst-5 80 (2013a)
Xylose p, 0 80 Guens
170 Arabinose Water/CPME Nafion NR-50, 0 Le Guenic et
NaCl al. (2016)
Xylan 55
Zhang et al.
175 Corncob GVL SPTPA 74 (2017)
170 Corn stover MIBK Purolite CT275 8o  Mittaletal
(2017)
190 Corn stover Water/GVL MSPFR 43.4 ;1"2 Ozllée)mg ctal.
170 Camellia Water/y-butyrolactone PDVB-SO; 613  Zhangetal

oleifera shell (2018a)

Regarding the type of acid, it was found that some heterogeneous catalysts can function
as both Lewis and Brensted acids. This contrasts with homogeneous catalysts, which are
predominantly Brensted acids, except for metal salts, which act as Lewis acids. The identified
Lewis acid heterogeneous catalysts include metal oxide-based compounds, solid phosphates,
zeolites, and other mesoporous silica-alumina. The Lewis acid properties of these
heterogeneous catalysts arise from the presence of metal ions serving as Lewis acidic sites,
such as Al, Nb, Fe, Sn, etc.

Consequently, the reaction mechanism for converting Cs sugars into furfural differs
when using Lewis acid heterogeneous catalysts compared to homogeneous catalysts or purely
Bronsted acid heterogeneous catalysts as previously explained. This difference explains the
variation in furfural yield and selectivity between different types of catalysts. Furthermore, it
was discovered that the ratio between Brensted (B) and Lewis (L) acidic sites can impact
furfural production. A higher B/L ratio results in high furfural selectivity with a low
consumption rate of xylose (Xing et al., 2016). Table I-10 presents the benefits and

disadvantages of homogeneous and heterogeneous catalysts.
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Table I-10: Benefits and disadvantages of homogeneous and heterogeneous catalysts.

Catalyst type Advantages Drawbacks
-High catalytic activity -Separation challenges
-Selective catalysis -Catalyst Deactivation (side reactions)
Homogeneous . .
-Ease of control -Environmental Impact (toxic)
-Higher solubility (easily interact) -Higher cost
-Easy separation -Lower Activity
-Higher stability (longer catalyst lifetimes) -Mass Transfer Limitations
Heterogeneous o ..
-Reusability -Selectivity Challenges
-Environmental Friendliness _Complex Catalyst Synthesis

Ultimately, the choice between homogeneous and heterogeneous catalysis depends on
the specific needs of the reaction, including cost, environmental impact, selectivity, catalytic
activity, and ease of separation. The selection of the most appropriate catalytic process will
rely on the specific requirements of the reaction under investigation, as each type of catalysis
has its own advantages and disadvantages. As previously discussed, despite the drawbacks of
homogeneous catalysts, particularly the challenges in separation, formic acid was chosen as

the catalyst for furfural production in this study.

1.3.2.2 Solvent systems

Besides the development of catalysts, which greatly affects the conversion of biomass
into furfural, the reaction environment is considered another critical factor playing a vital role
in furfural production. Due to the different properties and different functional groups of
solvents, they are not just a physical medium but can also be another reactant involved in
dispersion and conversion of xylose as well as distribution, degradation, and separation of
furfural (Zhao et al., 2021). Thus, gaining insight into various solvents will be necessary in
order to optimize the furfural synthesis. The solvent systems can be divided into two categories:

single-phase systems and biphasic systems. This section will detail each individual system.

Monophasic system

Water

Since water is an ecologically safe, cheapest, and most abundant solvent that is widely
spread throughout nature, it is revealed as an interesting solvent choice for industrial
applications. Depending on the conditions of temperature and pressure, the properties of water

will be changed, having consequences for chemical reactions. When the temperature and the
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pressure of water are under the related values defining the critical point (7. =374 °C, P. =22.1
MPa, p. = 320 kg/m?) (Kruse and Dinjus, 2007), subcritical water, also called hot compressed
water, is obtained which has two unique characteristics (Zhao et al., 2021). First, it has a low
relative dielectric constant, similar to that of ambient methanol and acetone (Eckert et al.,
2000), and can thus be used to extract hydrophobic substances from various resources
(Rodriguez-Meizoso et al., 2006). The another is a high ion product, meaning that the
concentrations of hydrogen and hydroxyl ions are high compared to ambient water. Therefore,
water can act as an acid or base catalyst for the hydrolysis and dehydration of biomass without
the use of an additional catalyst (Krammer and Vogel, 2000).

Antal et al. (1991) studied the dehydration of xylose in high temperature liquid water
(HTLW) at 250 °C. Approximately 30% of furfural yield was attained for 100 s without any
acid catalyst addition. The dehydration of xylose into furfural is possibly carried out by an
autocatalytic involving an acidic product of xylose composition like formic acid. Later, the
kinetics of non-catalyzed decompositions of xylose and its decomposition product furfural in
HTLW were studied (Jing and Lii, 2007b). Under HTLW conditions, furfural and formic acid
were the main products of xylose decomposition. In addition, furfural can degrade to formic
acid, leading to the autocatalytic reaction as mentioned in the previous study (Antal et al.,
1991).

Garcia et al. (2019) used a central composite experimental design to optimize furfural
production from southern cattail (7ypha domingensis) plants by hydrolysis with water
(autohydrolysis). Based on the response surfaces, the highest furfural concentration of 3.14 g/L
was achieved at 189 °C for 45 min, corresponding to 24% of xylan in the raw material. In spite
of the intriguing properties of subcritical water, the furfural yield achieved is moderate,
indicating that its simple use as an acidic catalyst for the dehydration of xylose cannot ensure
a high furfural yield.

lonic liquids

Ionic liquids (ILs) are salts (e.g., salts which are liquids below 100 °C) composed of
large organic cations and inorganic or organic anions (Stark, 2011). The unique properties of
ILs, including very low volatility, good dissolving capacity, as well as chemical and thermal
stability, make them attractive as a reaction medium for furfural production (Zhang et al.,
2011). Moreover, some studies shown that IL can stabilize the platform molecules and the
continuous removal could increase their yield (Sievers et al., 2009). Z. Zhang et al., 2014 also

prove that some IL could be reused several times without a significant decrease in furfural yield
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(68% after 8" runs against 75% for the first run). Although ILs show potential as solvents with
their unique properties for furfural production, challenges are encountered for their utilization
in the industry (Peleteiro et al., 2016a). The high cost of ILs is frequently highlighted in
literature as a principle economic drawback (Tadesse and Luque, 2011). Moreover, some of
them are found toxic, corrosive, and very hygroscopic, especially chloride based ILs. Anyway,
because of “tunable” or “designable” character of ILs, they can be factionalized to form acidic
ILs, either Bronsted (BAILs) or Lewis (LAILs), behaving as catalyst for xylose dehydration
into furfural (Peleteiro et al., 2016b). Thus, the limitation of ILs’ use dealing with their
drawbacks associated with high used quantity was suppressed (Matsagar et al., 2017). SOsH-
functionalized ionic liquid namely 1-propylsulfonic-3 methylimidazolium chloride was
investigated by Lin et al. (2017) and proved that due to the SOsH group behaving as a Brensted
acid, the enolization of xylose and the subsequent dehydration of the intermediate to form
furfural were effectively catalyzed. Additionally, chloride anion stabilizes the intermediates,
leading to the selective formation of furfural.

In recent years, not only Brensted acidic ionic liquids (BAILs), but also Lewis acidic
ionic liquids (LAILs) have received extensive research. S. Wang et al. (2017) developed Lewis
acidic ionic liquid 1-butyl-3-methylimidazolium chloroaluminate ([Bmim]CI-AlICls, IL) for the
furfural production from xylose and arabinose in GVL-water mixture. A maximum furfural
yield of 79.76% was gained from xylose at 140 °C which was similar to what obtained in study
of Serrano-Ruiz et al. (2012) where selected Bronsted acidic ionic liquid afforded 74% of
furfural yield from xylose in aqueous solvent. Table I-11 summarizes the reported furfural yield

values testing different ionic liquids for furfural production.

Table I-11: Overviews of different ionic liquids for furfural production

T (°O) Substrate Solvent Catalyst Fu{o}’ 1)eld Ref.
(1]
. . Zhang and Zhao
- Pine wood [Bmim]Cl CrCl; 31 (2010)
Miscanthus . . Brandt et al.
120 Giganteus [Bmim]HSO4 [Bmim]HSO4 33 (2011)
. Zhang et al.
160 Corncob [Bmim]CI AlCl; 19.1 (2013b)
. (L. Zhang et al.,
160 Corncob [Bmim]Cl H3PW 12040 15.3 2013a)
. Peleteiro et al.
160 Xylose [Bmim]Cl CrCl3 50 (2014)
161  Wheat straw [Bmim]HSO4 [Bmim]HSO4 32.2 (C;glvgho ctal
Eucalyptus . . Peleteiro et al.
160 wood [Bmim]HSO4 [Bmim]HSO4 59.1 (2016b)
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T(°C)  Substrate Solvent Catalyst Fu{o)n)eld Ref.
0
Xylose . 71 )
130 Corn stalk [Emim]Br SnCly 55 Nie et al. (2019)
Rice husk . 34 Scapin et al.
120 Soy peel Water, H>50, [Bmim]Br N (2020)
100 Xylose [Emim]HSO4/toluene [Emim]HSO4 84 %21{)12)39 ;’t al.
150 Xylose Water/MIBK [C4SO3HmMim]HSO4 91 Tao et al. (2011)
170 Xylose Water/toluene [C3SO;Hmim]HSO,4 73 ggasg)gar et al.
140 Xylose Water/toluene [Bmim] HSO4 73.8 f;éﬂitse)lro et al.
170 Beechwood Water/toluene [Bmim]HSO4 85 gg'tlsél)gar et al.
140 Xylose Water/butanone [Bmim]Cl/FeCls 75 (22%3109? al.
i ; Zhao et al.
140 Arabinose Water/butanone [Bmim]HSO4 60 (2019)

Deep eutectic solvents

Owing to poor biodegradability, biocompatibility, sustainability and deep property
understanding of ionic liquids, a special sort of IL named deep eutectic solvents (DESs) was
developed (Loow et al., 2017). The extra advantages of DESs, which are low price, low
toxicity, bio-degradability, environmental friendliness, and ease of preparation, making DESs
receive recently a great attention and tend to be use alternatively to ILs as green media (L.-X.
Zhang et al., 2014). DESs are made up by mixing two or more compounds, of which one is a
hydrogen bond acceptor (HBA) and the other is a hydrogen bond donor (HBD). A high fraction
of H-bonds which formed between HBD and the anion of HBA led to a high depression in the
melting point of DESs (Paiva et al., 2014). It was been shown that differences in effectiveness
of acid based DESs could be attributed to carbon chain lengths. Increasing the latter reduced
the strength of H-bonds formed between HBA and HBD. This leads to a decrease in H'
concentration in the system for hydrolysis and dehydration reactions (Lee et al., 2019). Table

I-12 summarizes some of the studies of deep eutectic solvent system in furfural production.

Table I-12: Deep eutectic solvent system in furfural production

Fur yield

T (°C)  Substrate Solvent Catalyst (%) Ref.
0
o ChCl-citric acid, AlCl3.6H,O 51.3 Zhang and Yu
140 Xylan — ChCl-citricacid o Giic acid, FeCly 6H0 50.1 (2013)
... ChCl-oxalic acid, AlCl5.6H,0 39.8 L.-X. Zhang et
100 Xylan — ChCl-oxalicacid - oy olic acid, FeCls.6H,0 38.4 al. (2014)
Macauba ChCl-oxalic acid, TiO da Silva
140 ChCl-oxalic acid ’ 2 14.99 Lacerda et al.
pulp (2015)
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Fur yield

T (°C)  Substrate Solvent Catalyst (%) Ref.
0
Sunflower . . . . Sert et al.
160 stalk ChCl-oxalic acid ChCl-oxalic acid 3.37 (2018)
: Chen et al.
160 Switchgrass ChCl ChCI-AICl; 48.22 (2018)
120 Rice straw  ChCl-lactic acid ChCl-lactic acid 11.51 A'-I(“é(hlge)t al.
Herbal Yu et al.
140 residues ChCI-FA ChCI-FA, SnCl4 49.6 (2019)
100 Oil palm -y 1o xalic acid ChCl-oxalic acid 9.74 Leeetal,
fronds 2019
ChCl-malic acid/ . . Morais et al.
150 Xylan GVL ChCl-malic acid 75 (2020)

Use of supercritical CO>

Since carbon dioxide (CO») is readily available, nontoxic, nonflammable, highly soluble
in various organic solvent, and has a low critical temperature (31.1 °C) and pressure (73.9 bar),
the use of supercritical COz (Sc-CO») for biomass processing is gaining interest (Relvas et al.,
2015). According to Sako et al. (1992), supercritical CO; is often used as an extraction medium.
In this study, a maximum furfural yield of 69.9% was reached in the presence of 0.05 M H2SO4
with simultaneous Sc-CO; extraction, while the furfural yield without extraction did not exceed
40%. More than 80% of furfural selectivity was also obtained due to the fact that Sc-CO-
extraction could suppress the side reaction of produced furfural. Later, (Sangarunlert et al.,
2007) applied a two-level fractional factorial design method to optimize the production of
furfural from rice husks over acid hydrolysis accompanied by Sc-CO. extraction. After
optimization of parameters, the highest furfural yield of 90% was achieved by using a two-
stage process with Sc-COs».

In the presence of water, carbonic acid can be produced in situ by the dissolution of CO»
(Magalhdes da Silva et al., 2014). The last acid dissociates due to its unstable nature, resulting
in an increase in hydronium ion concentration, which can effectively promote the hydrolysis
of biomass and further dehydration of sugars into furans (Morais et al., 2015). Since COx> is
removed during the depressurization step, this acidification does not consequently cause
corrosion problems, as encountered in industrial processes with mineral acids (Toscan et al.,
2017).

Gairola and Smirnova (2012) explored the use of Sc-CO, for furfural extraction in the
hydrothermal conversion of xylose and hemicellulose. It was observed that xylose conversion
was, in all cases, 97%, which was higher than the predicted value (95%). This phenomenon

might be attributed to a rate enhancement due to the catalytic effect of carbonic acid formed by
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dissolved CO; in water. Simultaneous Sc-CO: extraction led to high furfural yields of 68%
from xylose at 230 °C and 12 MPa, while a lower value was obtained when biomass
hydrolysates were used under the optimum conditions. Later, Morais et al. (2016) proposed a
novel method where xylose and hemicellulose from wheat straw were converted into furfural
by a CO»-catalyst in a water/THF system with MIBK as the extracting solvent. A high furfural
yield of 56.6% and selectivity of 62.3% were obtained from xylose at 180 °C and 5 MPa of
CO; pressure for 60 min. Under the same conditions, hemicellulose sugar yielded 43% of
furfural with a selectivity of 44%. Recently, Sato et al. (2019) investigated the influence of Sc-
CO» extraction on the furfural production using solid acid-catalyzed batch and semi-batch
processes. Compared to the biphasic water/toluene system, the water/CO> batch system
produced a lower furfural yield for all employed catalysts. This is explained by the fact that
furfural is less soluble in Sc-CO» than in toluene. Utilizing a semi-batch reactor with continuous
CO: flow enhanced the furfural production, reaching the highest furfural yield of 52.3% with
Amberlyst-70 and a CO2 flow rate of 3.77 g/min at 150 °C.

Green solvents

Since water is an inexpensive, green, and abundant solvent, it has been extensively used
in large-scale furfural production as a reaction medium (Kim et al., 2020). However, numerous
studies showed that water, due to its strong polarity, promotes several furfural degradation
reactions (e.g., fragmentation, resinification and condensation) resulting in low furfural yield
and selectivity (Glirbiiz et al., 2013; Hu et al., 2014). This is why other green solvents have
recently been investigated in order to overcome these obstacles and meet the development of

green reaction process.

Hu et al. (2014) investigated the acid-catalyzed conversion of xylose to furfural by
Amberlyst 70 in 20 solvents including water, alcohol, ketones, furans, ethers, esters,
hydrocarbons, and aromatics. Among them, DMSO afforded the highest furfural yield because
it can preserve furfural in an acidic medium by providing a shielding effect. However, the
separation of produced furfural from DMSO is problematic because their boiling points are
relatively closed: 162 °C and 189 °C for furfural and DMSO, respectively. 2-Butanol was
another promising solvent in this study since it could stabilize the reactive intermediates and
promote the formation of furfural with a maximum furfural yield higher than 55%. This finding
was in agreement with that reported one (Iglesias et al., 2016) where 2-propanol was the most
appropriate solvent compared to other alcohols for furfural production by using H-ZSM-5 as a

catalyst. It was also found that the formation of furfural in acetone was rapid. Nevertheless, the
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acetone can react with furfural, forming an undesired product via condensation, leading to a
low yield with prolonged reaction time.

Recently, a novel green solvent, namely y-valerolactone (GVL), has increasingly
attracted attention because of its advantages in furfural production. Alonso et al. (2013) found
that the GVL increases the stability of the furfural and the reaction rate of cellulose conversion
in the simultaneous conversion of hemicellulose to furfural and cellulose to levulinic acid (LA).
Moreover, GVL can solubilize lignin and other degradation products (i.e., humines),
eliminating plugging problems in flow reactors and solids accumulation issues in batch
reactors. Because of the higher boiling point of GVL (208 °C), desired furfural can be
continuously removed from reaction medium by distillation under elevated temperatures (137
°C) without any product degradation. Later, the reaction kinetic study on the acid-catalyzed
conversion of xylose into furfural was done by Mellmer et al. (2014). The activity energy for
furfural formation was found to be lower in GVL (114 kJ/mol) than in water (145 kJ/mol), and
the use of GVL increased the barrier for furfural degradation, leading to high selectivity.
Furthermore, the stability of acidic protons was affected by GVL, resulting in an acceleration
of the reaction rate. Indeed, a maximum furfural yield of 71.68% was obtained from corn cob
using H-ZSM-5 and GVL as the catalyst and the solvent, respectively, at 190 °C for 60 min
(X. Li et al., 2018). Table I-13 summarizes some of the studies of organic solvent system in

furfural productions.

Table I-13: Organic solvents for furfural production

T (°C) Substrate Solvent Catalyst Fur yield (%) Ref.
Alonso et al.
170 Corn stover GVL H>S04 63 (2013)
160 Corn fiber GVL H-Beta zeolite 62 g%'}‘;)et al.
Poplar wood . . Gilirbiiz et al.
175 chips GVL H-mordenite zeolite 75 (2013)
L. Zhang et al.
185 Corncob GVL FeCl; 79.6 (2014)
Grisel et al.
175 Wheat straw Methanol H>SO4 40.6 (2014)
170 Xylan 69.2
190 Com stalk GVL PTSA-POM 933 Xu et al. (2015)
280 Ol Palm Fronds Ethanol Formic acid 35.8 é%ri%)et al.
GVL Sulfonated 66 Zhang et al.
175 Corncob y-butyrolactone . . 59.9
y-undecalactone polytriphenylamine 53 (2017)
GVL 93 .
200 Corn stover y-butyrolactone Sc-CaC-700 89 Lietal. (2017)
Wang et al.
200 Xylose GVL OMC-SO;H 58.6 (2021)
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As detailed in this section, there are many types of solvents used in single-phase systems
where xylose dehydration into furfural occurs. Among them, water is the most commonly used
in the industry due to its low cost and wide availability. Green solvents such as DMSO, CPME,
GVL, and CO; have also attracted attention to support the development of environmentally
friendly reaction processes. New solvents, like ionic liquids (ILs) and deep eutectic solvents
(DESs), have been the subject of extensive research to increase process efficiency and achieve
the goals of green chemistry. In addition to their ability to dissolve biomass, ILs and DESs
have strong acidic properties, enabling them to act as both catalysts and solvents without the
need for additional catalysts, thereby fulfilling the principles of sustainable development.
Despite the advantages of these solvents, side reactions that reduce furfural yield still pose a
challenge. In this context, using a biphasic system appears to be an appealing approach to
increase process productivity by preventing secondary degradation reactions through the
continuous removal of furfural from the reaction medium. The details of this system are

provided below.

Biphasic systems

The use of a biphasic system including an aqueous phase and an organic phase is a
promising way to go for improving furfural production. In this system, desirable furfural is
extracted once it is produced from the aqueous phase into the organic phase. This leads to
suppression of furfural degradation reactions, which are carried out in the aqueous phase (L.
Zhang et al., 2018). In order to avoid the latter reactions, a suitable solvent for extracting
furfural must exhibit some properties like good chemical stability, no azeotrope formation with
furfural, a high furfural partition coefficient, and minimal mutual solubility in water (Lin et al.,
2015). The different solvents used as organic phases in biphasic systems for furfural production

are: MIBK, toluene, cyclohexanol, 2-MeTHF and THF (Xu et al., 2018).

In a two-phase system at a 1: 1 mass ratio of MIBK to aqueous xylose solution, it was
found favorable for the dehydration of xylose to furfural in acidic media (0.1 M HCI)
(Weingarten et al., 2010). Under given optimum conditions, over 80% of furfural yield was
achieved, which was two-fold more than that obtained in the single aqueous phase system.
Based on kinetic study, the addition of extracting solvent to form a biphasic system did not
alter the fundamental kinetics of its monophase analogue. Gémez Millan et al. (2019a)
evaluated the furfural production from xylose in auto-catalyzed conditions using a biphasic

system including water-immiscible solvents, namely isophorone, 2-MTHF and cyclopentyl
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methyl ether (CPME). Among them, CPME afforded the highest furfural yield of 78% for 93%
of selectivity at organic solvent to aqueous solution volume ratio of 1:1. A relative high furfural
yield (71%) was also given by using 2-MTHF under similar conditions while water-isophorone

system accomplished the lowest furfural yield (48%).

Another advantage of the biphasic systems’ use is the reusability of the homogeneous
catalyst existing in the aqueous phase, leading to an effective and environmentally friendly
furfural production process. The results indicated that the activity of FeCls contained in the
aqueous phase after removing the organic CPME phase was maintained during four
consecutive tests (Guenic et al., 2015). The corresponding furfural yield ranged from 76 to
80%. However, the furfural yield had to decrease slightly to 70% after the four consecutive

runs.

Moreover, the use of biphasic system with heterogeneous catalysis could improve the
process of furfural production by enhancing product yield, separation and recovery. Xu et al.
(2018a) used chromium phosphate (CrPOs) as a catalyst in a water/THF biphasic system for
furfural production. Under given optimum conditions, 88% and 67% of furfural yields were
afforded from xylose and wheat straw, respectively. Furthermore, it was found that the CrPO4
was easily recovered and that great catalytic activity was available where a moderate 47%
furfural yield was achieved after four cycles. Table I-14 summarizes some furfural productions

using biphasic system.

Table I-14: Biphasic solvent system for furfural production

T (°O) Substrate Solvent Catalyst Fu{ozf) 1)eld Ref.
160 Poplar Water/THF AIC15.6H,0, NaCl 64 é‘oﬁyg ctal
170 Cardoon Water/CPME H,804, NaCl > 80 Campos Molina
etal. (2012)
Rong et al.
- Xylose Water/toluene H,S0O4, NaCl 83 (2012)
170 Maple wood Water/MIBK 1804 85.3 (Tz OZlI;z;ng ctal.
160 Corn stover Water/THF v-ALO3/SO4* 359 Yietal. (2013)
140 Corncob Water/toluene CrCls.6H,0, NaCl 23.9 é‘oﬁ?ng ctal
Bhaumik and
170 Bagasse Water/toluene SAPA-44 <30 Dhepe (2014)
150 Xylan Water/2-MTHF SnCly 78.1 gg%et al.
160 Pine Water/toluene H>SOy4, ZnSO4 64.4 Lietal. (2016)
Concentrated
170 pre-hydrolysis ~ CPHL-NaCypcm  Sulfonated carbon 81.1 Deng et al.
. based (2016)
liquor-NaCl
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Fur yield

T (°C) Substrate Solvent Catalyst (%) Ref.
0
Water/MIBK 80.1 Mittal et al.
170 Con stover Water/toluene Ha804 763  (2017)
200 Pubescens Water/THF NaCl 76.9 Luo et al. (2017)
190 Corncob Water/toluene S04%/SnO;MMT 66.1 81(;11g76)3t al.
Sugarcane Wang et al.
150 bagasse Water/acetone H3PO4 45.8 (2018)
Water/2-sec- Gomez Millan et
190 Xylose butylpnol - >9 al. (2021)
Liquid Quercus .
170 mongolica Water/DMSO H,SO0, 68.2 Kim et al.
(2020)
hydrolysate

Regarding the solvent system, water was chosen for the batch system in this study due
to its advantages such as low cost, abundance, and ecological safety. Additionally, green
organic solvents, including cyclopentyl methyl ether (CPME) and ethyl butyrate (EB), were
used in a biphasic system to simultaneously extract the formed furfural. This approach avoids

the side reactions that occur in the aqueous phase, enhancing furfural yield and selectivity.

1.3.2.3 Reaction conditions
Reaction temperature, reaction duration, catalyst and sugar loading, as well as a
catalyst/xylose and solid/liquid ratio, are all frequent operational parameters examined in the
literature for catalyzed furfural production (W. Yang et al., 2012; Papaioannou et al., 2019;
Wang et al., 2021).

Reaction temperature

The reaction temperature is the most important factor in all thermochemical conversion
processes, and influential in the distribution of formed products (O’Neill et al., 2009; W. Yang
et al., 2012). In general, for industrial batch or continuous furfural production processes, the

reaction temperature ranging from 153 °C to 184 °C is investigated (Dias et al., 2010).

According to many publications, increasing the reaction temperature accelerates the
depolymerization of pentosan and the dehydration of xylose to furfural, resulting in a high
furfural yield. At 200 °C for 45 min, a 77% furfural yield and complete xylose conversion were
accomplished, while at 160 °C for 90 min, a lower furfural yield of 30% with a 60% xylose
conversion was reached (Wang et al., 2021). W. Yang et al. (2012) also reported that a high

furfural yield was obtained at elevated temperatures when optimizing furfural production from
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xylose catalyzed by formic acid. Specifically, the highest yield of 74% was achieved at 180°C,

while a lower yield of 50% was observed at 160 °C under the same reaction conditions.

A high reaction temperature, on the other hand, can enhance another competing
mechanism, namely the formation of liquid and/or solid products via repolymerization,
condensation, and cyclization of the intermediates that consume the liquid products, including
furfural. O’Neill et al. (2009) investigated the dehydration of xylose to furfural catalyzed by
ZSM-5 zeolite. They observed that furfural had degraded to half of its highest value after 10
min at 220 °C, whereas the best furfural yield was obtained at 200 °C. Furthermore, Gao et al.
(2014) found that when the temperature reached over 190 °C, which was the optimum
temperature in this investigation, not only the yield but also the selectivity of furfural declined
drastically. Yemis and Mazza (2011) also discovered that at 190 °C, the drop in furfural yield
from xylan was accompanied by an increase in solid char yield. W. Yang et al. (2012) reported
a similar observation, stating that at 160 °C, minimal resin adhered to the autoclave’s internal
wall. However, as the reaction temperature increased from 190 °C, its quantity increased
dramatically. Based on the kinetic analysis, the ratio of the rate constant of dehydration of
xylose into furfural to the rate constant of the accompanying side reactions rose with increasing
reaction temperature (W. Yang et al., 2012). As a result, a suitable temperature must be
determined to achieve a balance between the rates of creation and degradation of furfural,

leading to high yield and selectivity of furfural.

According to the literature review of furfural production in different systems catalyzed
by various types of catalysts, the temperatures investigated ranged from 120 °C to 280 °C.
Most studies found that effective furfural production occurs at temperatures between 140 °C
and 200 °C. Therefore, this study focused on investigating furfural production within this

temperature range of 140-200 °C.
Reaction time

Reaction time is another important factor with great influence on the dehydration of
xylose (Guenic et al., 2015). Doiseau et al. (2014) discovered that the furfural yield increased
with reaction time when employing different solid acid catalysts in pure water. Longer reaction
periods have increased the generation of by-products for a category of catalysts, such as strong
acids. Prolonged reaction durations at 150 °C for weaker solid acids have little effect on furfural
selectivity. Later, Jaafari et al. (2019) found that regardless of catalyst type, the furfural yield
declined as reaction time rose. Agirrezabal-Telleria et al. (2011) investigated the evolution of

the furfural yield in a biphasic water/toluene system at 175 °C for non-catalyzed reaction
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systems or reaction systems catalyzed by sulfonic ion-exchange resins (Amberlyst 70). Their
results demonstrated that the furfural yield reached its maximum value at 150 min and
subsequently gradually declined. They also mentioned that the yield-loss reaction was
promoted by an extended residence time. This result was similar to one previously described
in which ethanol was utilized as an extractive phase. The furfural yield increased significantly
for the first 20 min before declining when the reaction time was increased to 30 min (Yong et
al., 2016). Based on liquid—liquid equilibrium, the furfural in the extractive phase would return
to the aqueous phase when the furfural in the aqueous phase degraded. As a result, the furfural
yield declined as the residence time increased (Yang et al., 2013).

In addition, reaction temperature and time have a significant impact on furfural
production (Riansa-ngawong and Prasertsan, 2011). According to (Lamminpai and Tanskanen,
2009), maximal selectivity and yield would be reached with shorter reaction times at higher
temperatures. Furfural resinification was increased by longer reaction periods (> 20 min) at
high temperatures (200 °C), resulting in low furfural selectivity and yield. Riansa-ngawong
and Prasertsan (2011) optimized the conditions for furfural production for furfural synthesis
from hemicellulose derived from delignified palm pressed fiber (dPPF) by using sulfuric acid
as a catalyst. It was shown that higher furfural yields (4.92-8.52 g/L) can be obtained at a higher
temperature with a shorter reaction time (140 °C/90 min) than at a lower temperature with a
longer reaction time (120 °C/150 min). Delbecq et al. (2016) studied betaine-formic acid
combination catalysts for the conversion of xylose to furfural in a cyclopentylmethyl ether
(CPME)-water biphasic system. After 20 min of stirring at 180 °C, 63% of the yield was
produced, which was higher than that obtained at 170 °C for the same period. Unfortunately,
the furfural selectivity was significantly lower, at 87% against 92% at 170 °C.

As previously discussed, in a batch system, high temperature with a short reaction time
seems preferable to low temperature with a longer reaction time, as the latter increases contact
between the formed furfural and other molecules, enhancing side reactions that lower furfural
yield. However, in semi-batch and continuous systems where furfural is extracted from the
reaction medium, a longer reaction time at moderate temperature could be beneficial. This
depends on the extraction rate, reaction rate, and the capacity of the extracting agent to

efficiently remove furfural from the reaction medium.

Initial xylose concentration

In acid catalytic dehydration of xylose, the initial xylose concentration has a significant

impact on furfural yield and selectivity (Xing et al., 2011). Tao et al. (2011) used the acidic
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ionic liquid 1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulfate as a catalyst in a
methyl isobutyl ketone (MIBK)-water biphasic system to design a catalytic process for the
conversion of xylose to furfural. With varied beginning concentrations of xylose, the rate of
xylose conversion had minimal effect, but the furfural yield decreased gradually as the initial
xylose concentration increased. When the amount of xylose was doubled (from 1 g/L to 2 g/L),
the furfural production dropped from 91.4% to 78%. The decrease in furfural yield was caused
by a higher xylose concentration, which increased the secondary loss reactions (self- or cross-
polymerization) (Dunlop, 1951). This effect is more important when employing a complex
starting material, such as oil palm biomass, as described by Yong et al. (2016). Furfural loss
processes occur not only between furfural but also with other intermediates and fragments in

the biomass, lowering furfural yield in this case.

More recently, Delbecq et al. (2016) investigated the conversion of xylose to furfural in
a biphasic system including CPME and water. They discovered that when the amount of xylose
in the mixture increased, the yield of furfural became inversely proportional to the amount of
xylose. Because of the increased viscosity of the aqueous layer, the yield began to decline after
the content reached 600 g/L. As a result, efficient furfural extraction by CPME was prevented,
resulting in a significant rate of cross-polymerization between produced furfural and xylose.
Similar findings were reported by xylose According to the authors, the viscosity of the reaction
fluid increased as the substrate concentration increased, resulting in non-uniform heating in the
microwave reactor and difficulty for the extracting solvent in accessing furfural (Weingarten
et al., 2010; Saggadi et al., 2014).

Low initial xylose concentrations, on the other hand, necessitate a larger reactor and
greater heat to produce the same amount of furfural in a commercial process. Thus, the initial
xylose concentration should not be too low for economic reasons (W. Yang et al., 2012a), as
suggested by previous studies (Yang et al., 2012; Baktash et al., 2015; Kangle et al., 2023),
with a recommended range between 50 g/L to 100 g/L. Nevertheless, the amount of xylose
obtained from untreated biomass using any method appeared to be below 50 g/L. For example,
the highest concentration of xylose achieved from raw biomass using the LEEBio™ process
was 30 g/L. This concentration will be used as the maximum concentration examined in this
study.

Catalyst dosage

In the context of catalytic conversion, catalyst dosage is a critical factor that has a

significant impact on the formation of furfural (Zhang et al., 2016). Yang et al. (2013)
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conducted a study to investigate the impact of formic acid concentration (ranging from 5 to 25
g/L) on furfural production from xylose in a water-o-nitrotoluene system. The results showed
that the furfural yield initially increased and then decreased as the formic acid concentration
increased. Additionally, there was a slight decrease in selectivity with increasing formic acid
concentration. This finding corroborated the report by Lamminpéd and Tanskanen (2009).
Under atmospheric pressure, Rong et al. (2012) examined the dehydration of xylose to
furfural in a biphasic mixture of toluene and an aqueous solution of xylose with HoSO4 as a
catalyst. They found that the yield of furfural was higher in high-concentration H2SO4 systems
than in low-concentration H2SO4 systems. The highest furfural yield, 75%, was achieved using
a 10% (w/w) acid concentration. However, increasing the H2SO4 concentration further to
12.5% (w/w) resulted in a decreased yield of 51%. Mittal et al. (2017) discovered that as the
acid concentration increased, xylose conversion increased as well, approaching total
conversion at 0.05 and 0.1 M H2S04. With increasing acid concentration, the furfural yield
also increased, reaching a maximum yield of 76% at 0.05 M H2SO4. However, increasing the
acid content (to 0.1 M) resulted in a reduction in furfural yield to 71%. Furthermore, according
to Xing et al. (2011), a high acid concentration is required to achieve good furfural selectivity.
As the HCI concentration raised from 0.22 M to 0.44 M, the furfural selectivity increased from
79.4% to 92.0%. However, when the HCI concentration was increased to 0.57 M, the furfural
selectivity dropped to 84%. This was probably due to the fact that excessive catalyst use
resulted in side reactions including xylose dehydration to various aldehydes, furfural
degradation, or furfural polymerization (Xu et al., 2018a). Furthermore, xylose generates
oligosaccharides with reactive hydroxyl groups, resulting in increased cross polymerization
rates with reactive intermediates and furfural (Rong et al., 2012). All of the findings suggest
that acidity levels higher than the optimum have a negative impact on the conversion of xylose
to furfural. To produce a high furfural yield and selectivity, the optimal acid concentration will

be necessary.

Solid/liquid ratio

When raw biomass is employed as a starting material, the solid/liquid ratio becomes
one of the most critical elements to optimize in order to achieve the highest yield (H.-L. Li et
al., 2013). The impact of the solid/liquid ratio on furfural yield was only mentioned in one
paper. Li et al. (2013) investigated the conversion of xylan to furfural in ultrapure water using
chromium-loaded perovskite-type oxides as a solid catalyst. The furfural production rose with

the weight ratio of xylan to water, reaching the highest furfural yield of 13.7% at 160 °C for 8
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hin a 1:600 weight ratio. When the weight ratio was adjusted to 1:800, however, the yield fell
to 10.5%. It is possible that this is due to the water molecule competes for available protons

with the hydroxyl groups on xylose, reducing catalytic activity.

Ratio of aqueous phase to organic phase

Aside from the nature of the organic solvent, as previously mentioned, the ratio of
aqueous and organic phases has a significant impact on extraction performance and thus
furfural selectivity when exploring biphasic system (Aellig et al., 2015; Papaioannou et al.,

2019).

According to Yang et al. (2013), the volume percentage of the extracting solvent (o-
nitrotoluene) had a substantial impact on the furfural yield and selectivity. The furfural yield
and selectivity increased from 30% to 70% and 70% to 99%, respectively, as the o-nitrotoluene
volume percentage grew from 0 to 80%. By vigorous stirring at high speed, the reactive
solution was dispersed in o-nitrotoluene. Each aqueous drop can be thought of as a mini-
reactor. Furfural was produced in aqueous droplets and then extracted into the organic phase
right away. This maintained a low concentration of furfural in aqueous solution, resulting in
good selectivity due to the elimination of several side reactions (Rong et al., 2012). At high o-
nitrotoluene volume percentage, the aqueous drop became significantly smaller which had a

distinct character and resulted in a high yield of furfural.

Gomez Millan et al. (2021) found that furfural yield builds up as the aqueous-to-organic
volume ratio rises from 1:5 to 1:1, reaching the maximum furfural production (17%) in 0.5h at
190 °C with a 1:1 aqueous-to-2-sec-Butylphenol (SBP) phase ratio. At high aqueous-to-organic
volume ratios, however, the formation of increased degradation products prevented a high
furfural yield. The furfural selectivity rose as the aqueous-to-SBP phase ratio was increased
from 1:5 to 1:2 (by volume), but decreased as the ratio was increased to 5:1. A similar
observation was made by Gomez Millan et al. (2019a), when isophorone, 2-MTHF, and CPME
were used as extraction agents. They believe this is due to the saturation of the SBP’s ability
to extract furfural; as a result, the latter remains in the aqueous phase, where degradation
reactions may occur. Even though increasing the organic to aqueous phase ratio in a biphasic
solvent system improves furfural production performance, it is not practical for industrial
applications because it increases reactor volumes, downstream separation costs, and overall

energy demand (Papaioannou et al., 2019; Gémez Millan et al., 2019¢).

As discussed above, an appropriate volume ratio between the aqueous and organic

phases is crucial for achieving high furfural yield and selectivity. A high aqueous-to-organic
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phase volume ratio is unfavorable for furfural production due to the saturation of furfural in
the organic phase. Conversely, a lower aqueous-to-organic phase volume ratio is advantageous
for furfural production. However, this ratio should not be too low due to the associated process
cost. In this study, a wide range of volume ratios between aqueous and organic phases,
including 1:1, 1:3, 1:6, and 1:13, was explored. The purpose of using a very low ratio (i.e.,
1:13) was to gain further insights into this effect, as no previous studies have investigated this
ratio.

All these operating parameters must therefore be selected carefully, as they have a
major influence on the performance of the process. Table I-15 groups together the fields of
study that seem interesting according to the state of the art and should be covered in this

manuscript.

Table I-15: value ranges of operating parameters investigated for furfural production.

Parameter Unit Value range
Reaction Temperature °C 0-200
Residence time h 0-5
Initial xylose concentration g/L 10-30
Catalyst dosage (Formic acid) wt% 0-30
Ratio of aqueous to organic phases viv 1:1-1:13

The domains have been deliberately chosen to be fairly broad to allow for more
comprehensive modeling. This approach aims to subsequently develop a robust optimization

model with a wider range of optimization options.

1.3.3 Possible separation methods of furfural
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As formed furfural can undergo the secondary loss reactions (i.e., polymerization and
condensation) due to its active aldehyde and furan groups. Separating produced furfural from
catalytic system is thus required which is very significant for its subsequent transformation and

application (Hu et al., 2020). Conventional processes for furfural separation are distillation,
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solid adsorption and liquid-liquid extraction (LLE) (Pei et al., 2008; Mao et al., 2021). The

characters and some examples of each technique are detailed below.

1.3.3.1 Distillation

The vapor-liquid equilibrium for the furfural-water system reveals an azeotrope with an
atmospheric boiling point of 97.85 °C at 36% furfural (Zeitsch, 2000). Condensation of vapors
with this composition results in two phases, allowing furfural recovery (Vila et al., 2003). As
shown in Figure I-13, a typical simple distillation plant comprises of two distillation columns.
Because the heterogeneous azeotrope of furfural-water is separated at the top of the column,
while other heavy components (such as extractives, levulinic acid, and sulfuric acid) are
discovered at the bottom, the first column is referred to as an azeotropic column. The furfural-
water azeotrope is subsequently separated into two liquid phases using a decanter. The light
aqueous phase is returned by reflux to the first column, while the heavy furfural-rich phase is
introduced to the second distillation column. Finally, high-purity furfural is collected from the
bottom of the column, while azeotrope is fed to a decanter before being recycled back to the

first column (Zeitsch, 2000; Nhien et al., 2021).

Mandalika and Runge (2012) investigated batch reactive distillation to produce furfural
with a high yield from pentosans extracted from biomass. By continually removing vapors
from the reactor headspace and condensing them to obtain a dilute furfural solution, this
technique was able to produce more than 85% of the furfural yield. Metkar et al. (2015)
developed a reactive distillation process to produce furfural from synthetic and industrial pre-
hydrolysate liquor (PHL) feeds using solid acid catalysts. Furfural was immediately removed
from the reaction zone in this procedure by steam-stripping of the furfural, yielding a maximum
furfural yield of 75% at 175 °C. In addition, by using sulfolane as an extraction solvent, an in
situ catalyst regeneration was possible, resulting in a longer catalytic life. By using a simplified
feed consisting only pentose and water, Jong and Marcotullio (2012) showed that a furfural
yield of 87.5% was achieved by a continuous reactive distillation column-assisted heat pump.
Moreover, this process reduced energy consumption by 84% compared to the conventional
process. To improve the purification process for furfural manufacturing, Nhien et al. (2021)
presented a hybrid extraction and distillation process as shown on Figure 1-12. The difference
between reactive distillation and this hybrid process is that the dilute furfural stream goes
through a liquid-liquid extraction in the extractor before being sent to the distillation columns

with solvent-rich furfural. The findings of the simulation analysis showed that high furfural
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purity of 99% was reached while saving 51.7% and 62% of the reboiler energy compared to
the conventional process by using toluene and butyl chloride as extracting solvents,

respectively.

Azeotrope of furfural-water

Cooler

Column 2

Decanter ﬂ

Column 1

Heater

Feed "
water, furfural,

acid, extractives

" . ﬁ- 99% furfural
acid, extractives

Figure I-12: Simple distillation plant for furfural recovery (Nhien et al., 2021).

1.3.3.2 Adsorption

Adsorption is a useful and energy-efficient process for purifying or bulk-separating a
wide range of materials, including biomass products, fine chemicals, and industrial wastes (Jia
et al., 2015). Furfural can easily reach adsorbent pores because it is a hydrophobic small
molecule. Activated carbon (Sahu et al., 2008); (Cuevas et al., 2014); (Manz et al., 2016),
biochar (Y. Li et al., 2013; Li et al., 2014), nanoporous materials (Anbia and Mohammadi,
2009a; Anbia and Mohammadi, 2009b), and polymeric resins (Carter et al., 2011; Sandhya et
al., 2013) have all been demonstrated to be capable of adsorbing furfural in previous adsorption
investigations (Fang and Yang, 2021).

Cuevas et al. (2014) investigated the use of commercial activated carbon to remove
furfural from liquid effluents with levels of furfural ranging from 0.1 to 2 g/L. The results
revealed that 90% of furfural removal was obtained in a batch heterogeneous reactor. In another
study, soluble cationic polyelectrolyte polyethyleneimene (PEI) was used to separate inhibitory
chemicals such as furfural, 5-HMF, and acetic acid from simple aqueous solutions (Carter et
al., 2011). Up to 89.1, 58.6, and 81.5% of acetic acid, 5-HMF, and furfural were eliminated
from simple solutions when PEI was added at a ratio of 1 mol of functional group to 1 mol
inhibitor. After removing the polyelectrolyte/inhibitor complex, furfural and 5-HMF were
recovered using a weak sulfuric acid solution to wash the polyelectrolyte/inhibitor complex.

Furfural and 5-HMF recovery rates of up to 81.0 and 97.0% were achieved, respectively.
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The polymeric sorbent and activated carbon, on the other hand, are costly. Furthermore,
it is difficult to regenerate, and the process can result in mass loss (Y. Li et al., 2013). Y. Li et
al. (2013) investigated the feasibility of removing furfural from bio-oil using bamboo charcoal
as an adsorbent. They discovered that 200 g/L of adsorbent provided over 95% removal
effectiveness in just 24 h at room temperature. For the adsorption of furfural from aqueous
solution, Anbia and Mohammadi (2009b) produced MCM-48 with cetyltrimethylammonium
bromide (CTAB) as the cationic surfactant. Batch adsorption tests showed a maximum
adsorption capacity of 196.1 mg/g (2.04 mmol/g) for the systems. Aside from the high
adsorption capacity, the equilibrium period for furfural adsorption is short (1 h), indicating a

good approach for furfural removal from aqueous solutions.

Despite the various research on furfural adsorption reported in the literature, the focus
was mostly on the recovery of low-level furfural from wastewater (Nanoti et al., 2008; Jia et
al., 2015). Only one research that we are aware of, studied the separation of furfural with a
greater concentration using an adsorption approach (Jia et al., 2015). The use of D141
macroporous resin to separate and enrich furfural from a hydrolysate containing 1 % furfural
was studied in this work. 96.97% of the ultimate recovery yield of furfural was attained under
optimal conditions. Furfural was dissolved with ethanol, resulting in an elute that was then
streamed to recover furfural using ethanol that was recycled. D141 was also reused three times

with little change in adsorption capacity, indicating that it is highly reusable.

1.3.3.3 Liquid-liquid extraction (LLE)

Extraction, along with adsorption, is a former alternative method of distillation that has
found extensive use commercially for the recovery of furfural from aqueous solutions (Dunlop,
1951). The extraction is based on the fact that furfural has different solubilities in two kinds of
immiscible solvents (Hu et al., 2020). Various organic solvents are commonly used as
extracting agents in the traditional furfural extraction procedure. Since the partition coefficient
and extraction efficiency of furfural are affected by the types of extracting agents, the
effectiveness of the furfural extraction process is heavily reliant on them (Hu et al., 2020).

Ethyl acetate was first used for extracting furfural from aqueous solutions using an
extraction column packed with porcelain Raschig rings (Dunlop, 1951). In this study, a 7%
aqueous solution of furfural was extracted with an equivalent weight of ethyl acetate. The
results indicated that 99.9% of the furfural had been extracted (Dunlop, 1951). In another study,
Pei et al. (2008) investigated imidazolium-based ionic liquids ([C4smim][PF¢], [Cemim][PFs],
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and [Csmim][PF¢]) to recover furfural from aqueous solution. The best extraction ability was
discovered in [Csmim] [PF¢], which can extract 76% of furfural from aqueous solution at room
temperature. The ILs could be reused for the next extraction stage after recovering furfural
from them by reduced pressure distillation. However, due to the high cost of ILs, this is not

cost-effective technique of recovering furfural in the industry process.

Games et al. (1997) demonstrated that carbon dioxide is an excellent alternative to
organic solvents with comparable extraction results. Indeed, continuous furfural extraction in
a counter-currently driven high-pressure extraction column (130 bar) revealed that 90.77% of
furfural can be extracted from an aqueous feed containing 1% furfural and 5% acetic acid in
3h. Recently, hydrophobic deep eutectic solvents (HDES) were used as an effective extractant
to recover furfural from aqueous condensate (Sai, 2021). The highest extraction efficiency of
97.5% was obtained with the 1-tetradecanol and thymol based HDES. Furthermore, at room
temperature and a 0.5 extractant to feed ratio, the latter may be recycled five times with

identical effectivity.

In-situ extraction is a sort of liquid-liquid extraction that has received a lot of attention
in recent years (T. Zhang et al., 2013). In contrast to the traditional extraction method, the in-
situ extraction method is frequently used in combination with biphasic systems, as previously
explained, in which furfural is first produced in various reaction solvents (such as water, ILs,
and DESs), and then transferred immediately into the appropriate extracting agents (such as
MIBK, THF, ILs, etc.) (Glirbiiz et al., 2012). This method not only minimizes furfural
degradation, but it also enhances furfural selectivity and yield (H. Li et al., 2014).

T. Zhang et al. (2013) investigated the effectiveness of the organic solvent methyl
isobutyl ketone (MIBK) in improving furfural yields from maple wood. Under identical
reaction conditions of 170 °C in 0.1 M H2SOq4 at a 1:1 organic to aqueous phase weight ratio,
furfural yield improved from 64% without extraction to 85%. Similarly, tetrahydrofuran (THF)
was used to extract furfural from the dilute acid hydrolysate of Quercus mongolica (Kim et
al., 2020). After 120 min at 170 °C, a furfural yield of 68.20% was obtained based on pentose
in the hydrolysate. With the addition of NaCl, the furfural extraction was found to be improved,
with 86.03% of the furfural produced being in the organic phase. In addition, two further
extractions with fresh THF increased the furfural extraction rate to 94.63%. Using the ionic
liquid tributyltetradecylphosphonium chloride ([P444(14)]Cl as an extracting solvent, Morais et
al. (2021) developed a new technique for integrated furfural synthesis (from xylans) and

separation. In 1 min, a maximum furfural yield of 78.8% and an extraction efficiency to the IL-
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rich phase of 85.5% were attained in the microwave reactor at 140 °C. Furthermore, while the
efficacy of furfural extraction was maintained after three reaction cycles, there was a slight

decrease in furfural yield from 78.8 to 69.9%, demonstrating the ILs’ strong reusability.

In this study, two extraction methods were investigated to simultaneously extract
furfural from the reaction medium, thereby enhancing its production. The first method is
reactive distillation or steam stripping, where the produced furfural is extracted by steam during
the reaction and recovered by condensation. The advantage of this method is that it requires no
additional chemicals, allowing the furfural solution to be directly recovered after condensation.
The second method is liquid-liquid extraction using different extracting agents, including
supercritical CO2 (Sc-CO2) and organic solvents. This method is advantageous due to the

higher partition coefficient compared to water, enabling more efficient furfural extraction.

1.4 Project CATALFUR

1.4.1 Presentation of project
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Figure I-13: Methodology of CATALFUR.

The thesis project is part of the CATALFUR project. The CATALFUR project, an
acronym for CATalytic ALkylation of FURfural with alkyl alcohols, is a research project
supported by ANR under the CNRS research federation INCREASE with a duration of 48
months. The project CATALFUR is also connected to the international scene through the
International Symposium on Green Chemistry and involved in actions towards scientific

mediation. The background of the project lies in addressing the challenge posed by the limited
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reactivity of functional groups within furfural, particularly the =C-H bonds. Thus, the potential
for furfural to generate molecular complexity and variety is significantly restricted. The
objective of this project is, therefore, to investigate the catalytic alkylation of the =C-H bond
of furfural. To reach this objective, three work packages have been established, as shown in
Figure I-13:

- WP 1: DFT Calculations, will be devoted to computational evaluation of the reaction
paths characteristics, and first-principles determination of promising furfural derivatizing
agents.

- WP 2: Catalytic alkylation of furfural, will be devoted to catalytic experiments
involving homogeneous catalyst use at first sight and further heterogeneous -catalyst

employment.

- WP 3: Process design, in which this thesis is part, will be devoted to securitization of

the furfural supply for CATALFUR.

1.4.2 WP 3: furfural production from lignocellulosic biomass waste

The group BIOSSENT, a local wine and spirits manufacturer, produces 12 tons of
lignocellulosic biomass waste each day. Thus, we will investigate the furfural production from
this local lignocellulosic biomass waste focusing on the technology LEEBio™ patented by
BioEB. The benefit of this approach is that it produces a lignin-free hemicellulose fraction
while the purity of co-produced cellulose and lignin meets industrial criteria for use in
papermaking (or textiles) and energy production, respectively. In the LEEBio™ technology,
formic acid is used as a solvent for the fractionation of the lignocellulosic biomass (Delmas,
2019). We consider in WP3 that formic acid could be also advantageously used as an acid
catalyst to further convert hemicellulose to furfural. Various fundamental studies have
confirmed this possibility, albeit with xylose chosen as a model molecule (Lamminpai et al.,

2012; Qiao et al., 2022; Tongtummachat et al., 2022).
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1.4.2.1 Extracting hemicellulose from lignocelluloic raw material (Delmas,

Lignocellulosic
Raw
Material
Primary solldfractlon (PSF) Recoverd
Primary liquid fraction (PLF) Formic acid
] t
Filtrati Evaporation + Condensation
Utration
PSF ] PLF |
rich in cellulose Hemicellulose + Lignin
Residual liquid fraction (RLF) Intermediate liquid fraction Wat
riche in Hemicellulose (ILF) ater

Lignins

Figure I-14: Main step of hemicellulose extraction from lignocellulosic raw biomass (Delmas,
2021).

The solid lignocellulosic raw material is put into a liquid mixture composed of water
and formic acid at an 85:15 weight ratio, with a ratio of solid/liquid mixture comprised of
between 1 and 15. This mixture is heated in a glass reactor at atmospheric pressure for a
predetermined period of time (4 h-6 h) under controlled temperature between 80 °C and 110
°C. At the end of the preceding extraction step, the primary solid fraction (PSF) rich in cellulose
is separated from the primary liquid fraction (PLF) containing lignin and hemicellulose by
filtration. Formic acid is recovered by evaporation-condensation at 100 mbar with a heating
range of 40 °C to 50 °C, giving an intermediate liquid fraction (ILF). To separate the lignin
from the ILF, the precipitation by adding water will be carried out, and the residual liquid

fraction (RLF) will be obtained. The whole process is schematically illustrated in Figure I-14.

57



Chapter 1: Literature review

1.4.2.2 Production of furfural from hemicellulose
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Figure I-15: Furfural production from hemicellulose.

In acidic conditions, hemicellulose can be degraded to monosaccharides, primarily
xylose. arabinose, glucose, mannose, and galactose are some of the other hydrolysis products.
xylose and other pentoses can be dehydrated further to produce furfural, while hexose sugars
(i.e., glucose, mannose, and galactose) are converted into 5S-HMF, as illustrated in Figure I-15
(Istasse and Richel, 2020). Remarkably, formic acid is one of the by-products during furfural
production, obtained from the cleavage of the formyl group or the hydrolytic fission of the
aldehyde group of furfural. So, it can realize the catalyst system’s self-production and reduce

the production costs (Yong et al., 2016).

1.5 Conclusion of the state of the art

The current state of research emphasizes several key points. Firstly, biomass recovery
is increasingly recognized as crucial from both societal and environmental perspectives. Within
the biomass fractions, hemicellulose, primarily composed of xylose or xylan, has emerged as
a promising feedstock for producing valuable compounds. While xylose and xylan molecules
themselves have limited utility, they can serve as precursors for synthesizing high-value
molecules. In this context, furfural has been selected as the focus of this study.

Furfural synthesis processes, as revealed by the state-of-the-art, remain complex and are
not yet fully industrialized. Most studies are conducted in batch mode, with few attempts to
extend findings to continuous processes. Despite the apparent simplicity of the chemical
reaction involved, the reactor environment significantly influences performance. The primary
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objective of this thesis is to build upon existing batch studies by optimizing the process. This
will involve systematically studying the impact of each operational parameter on furfural
production. The chosen synthesis route involves homogeneous catalysis using formic acid,
alongside a simultaneous extraction process that includes steam stripping and organic solvent

extraction, aimed at preventing furfural degradation within the reactor.

Current furfural production methods still rely on strong acids and toxic solvents, making
them environmentally unfriendly. To align with green chemistry principles and sustainable
development goals, this thesis aims to enhance environmental sustainability. This will be
achieved firstly by employing heterogeneous catalysts to improve the catalytic efficiency of
formic acid in dehydrating xylose to furfural. Secondly, toxic solvents will be replaced with
greener alternatives such as supercritical CO; for extracting furfural from the reaction medium,
thereby enhancing both furfural yield and selectivity.

Furthermore, the synthesis of furfural is recognized as challenging, with multiple
potential reaction mechanisms under consideration. Among these, three mechanisms are
particularly prominent, with one pathway suggesting the presence of xylose intermediates.
Therefore, another aim of this thesis is to validate or refute this favored pathway and propose
refinements to these mechanistic insights. Additionally, kinetic modeling focusing on the
preferred mechanism will be developed and utilized to optimize processes across various

reactor configurations.
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II. Chapter 2

Materials and methods

This chapter lists all the chemicals and experimental setups used throughout the project. The
methods used to collect the experimental data and quantify each substance are also provided.
Additionally, the compositions of the solutions used in various investigations are listed by
categorizing them within each segment of the experiment. Finally, the extraction of

hemicellulose from raw biomass through the LEEBio™ process is detailed.
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I1.1 Chemicals

Standard reagents of furfural (>99.0 wt%), formic acid (>98.0 wt%) and toluene (99.9
wt%) were purchased from Acros Organic (FR). Mannose (99 wt%), xylose (>99.0 wt%) and
glucose (99 wt%) were purchased from Thermoscientific (FR). Fructose (99 wt%), galactose
(99 wt%), arabinose (99 wt%), cyclopentyl methyl ether (CPME, 100 wt%), 5-
hydroxymethylfurfural (5-HMF, >99.0 wt%), ethyl butyrate (EB, 99 wt%), Aquivion-PW98
and Amberlyst-15 were purchased from Sigma Aldrich (FR). Xylulose (>95 wt%) was
purchased from VWR (US). The characteristics of the monosaccharides and desired products
as well as organic solvents were listed in Table II-1 and Table II-2, respectively. Carbon
dioxide (99.98 vol%) was supplied by Air Liquide. The solid catalyst zeolite, including H-
ZSM-5 (Si02/A1203 = 23) and H-Mordenite (Si02/Al203; = 18), was purchased from TOSOH.
All of the chemicals were analytical grade and used without further purification. All solutions
were prepared in deionized water (resistivity: 18.2 MQ.cm). The hydrolysate derived from fir
wood was provided by BioEB Company (Auzeville-Tolosane, France) and the Oil Palm Empty
Fruit Bunch (OPEFB) was kindly supplied by Universitas Indonesia (Depok, Indonesia). After
harvesting raw OPEFB, the first step involved drying them under the sun (35-38 °C) for 2 days
(moisture content ~ 15%). Following this, the dried OPEFB underwent milling to reduce
particle size to below 2 mm before being stored at room temperature until further use. The
OPEFB was treated using the LEEBio™ procedure to produce the hydrolysate rich in
hemicellulose, followed by acid hydrolysis to determine the content of sugars, lignin, acetyl

groups, and ash.
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I1.2 Production of furfural from xylose in batch system

I1.2.1 Furfural production at atmospheric pressure

Figure 1I-1: The experimental setup for synthesis at atmospheric pressure.
(1) glass reactor vessel; (2) double jacket; (3) Emptying valve; (4) glass condenser; (5) mechanical
stirrer, (6) thermometer, (7) circulation water bath

The components of the experimental system include a double jacketed glass reactor (440
mL, 630 mm inner diameter x 150 mm height) with a thermometer, a mechanical stirrer, and a
condenser as shown in Figure II-1. A series of experiments were conducted using xylose as a
reference reagent. The choice of xylose as a representative compound was based on the fact
that hemicellulose in lignocellulosic materials is predominantly composed of xylose units. The
synthetic solutions contained only xylose (10 g/L) and formic acid (10-30 wt%). Their
concentration was representative of the hemicellulose hydrolysate resulting from biomass
hydrolysis by formic acid in the LEEBio™ process. The experimental conditions are shown in

Tables II-3 and II-4 for synthesis in monophasic and biphasic solvent systems, respectively.

A typical procedure for the experiment is listed as follows: first the condenser was
turned by activated the water circulation through it, then the thermofluidic oil is circulated in
the double envelope. Once the temperature inside the reactor was 5-10 °C below the boiling
point (~100 °C), 200 mL of solution composed of xylose (10 g/L) and formic acid (10-30 wt%)
(or organic solvent and prepared xylose solution contained formic acid for biphasic solvent
systems trials) was poured into the reactor and the speed of the stirrer was fixed to 400 rpm.
The reaction time was recorded when the boiling point was reached. After the desired reaction
time, the solution was drained through the discharge valve into a container placed in an ice

batch to instantly cool the solution to room temperature. The total volume of liquid was
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measured, and a sample was taken for composition analysis with the specific analysis described
in Section IL.6.

Concerning biphasic solvent systems, reaction solutions were separated by separating
funnels after cooling to room temperature. The extractive phase and the aqueous phase were

used for the analysis of furfural and xylose quantities, respectively.

Table II-3: Experimental conditions from dehydration —Table II-4: Experimental conditions from dehydration
of xylose in monophasic system at atmospheric of xylose in biphasic solvent system at atmospheric

pressure pressure
) Compounds/Concentration Oreanic Phase aqueous
Entry ¢ (min) . Entry lg ¢ to phase organic
Xyl (g/L) FA (wt%) solven ratio (v/v)
; Zg 12 Toluene
3 300 10 A CPME 13
. 200 3a* Toluene '
s 540 10 42 Toluene
b .
6 300 30 5 Toluepe 1.1§ .
b Op Cond.: volume of the mixture = 200 mL, stirring = 400
7 300 rpm; temperature (boiling point); atmospheric pressure. a:
8¢ 300 xylose concentration (10 g/L) and formic acid concentration

@ The pure xylose solution is fed continuously for 120 min, (30 wi%), b xylose concentration (100 g/L); formic acid
similar to the semi-continuous system. concentration (30 wi%6) and 2.4 g of NaCl.

b 2.0 g of Aquivion PW98 was added. * The pure xylose solution is fed continuously for 60 min,

¢ 1.2 g of Amberlyst-15 was added similar to the semi-continuous system.

. *0. A -1 :
Op. Cond.: volume of the mixture = 200 mL; stirring = 400 0.3 g of Amberlyst-15 was added
rpm, temperature (boiling point) and atmospheric pressure.

I1.2.2 Furfural production under pressure
I1.2.2.1 Experimental set-up

Two high-pressure reactors are used for furfural production under pressure, being
determined by the maximum capacity of the reactors (90 mL and 250 mL). The compact reactor
(90 mL) was acquired from Top Industrie (FR), as depicted in Figure II-2, and its specifications
are outlined in Table II-5. The larger one (250 mL) was acquired from Equilabo (FR) as

depicted in Figure 1I-3, and its characteristics are outlined in Table I1-6.
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Figure II-2: The schematic diagram of the experimental setup of high-pressure reactor
(1) stainless-steel autoclave; (2) electric jacket; (3) expansion valve; (4) thermocouple; (5) pressure
gauge, (6) magnetic stirrer, (7) sampling device

Table II-5: Characteristic of high-pressure reactor (Top industrie)

High-pressure reactor (Top Industrie, FR)

Cylindrical tank dex=58cm, din=4.5cm, H=6.0 cm
Maximum volume 90 mL
Maximum temperature 250 °C
Maximum pressure 38 MPa
Material Inox

The “Top Industrie” reactor consists of a cylindrical tank installed on its base and
surrounded by two electric heaters (Figure 1I-2). The cover on the outside is made up of a tube
dipping into the reactor, a type K thermocouple and a pressure gauge coupled with a sensor
(Keller). The dip tube is connected to a sampling device with a maximum capacity of 2.5 mL.
It allows to take under pressure a sample of aqueous phase or gaseous phase in the biphasic
mixture studied. This system also allows the injection of reagents if necessary. The maximum
operating absolute pressure for this sampler is 35 MPa and the maximum operating temperature
is 250 °C. The thermocouple inserted in a glove finger is used to measure the temperature and
the pressure inside the reactor. The pressure gauge displays the pressure in the reactor with the
pressure range between 0 and 40 MPa. Stirring can be done magnetically using a bar magnet

which is driven in rotation by a magnetic stirring block placed under the reactor.
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Table II-6: Characteristics of the high-pressure reactor “Equilabo”

High-pressure reactor (Equilabo, FR)

Cylindrical tank dex =7.50 cm, din = 6.35 cm, H=10.16 cm
Volume Vinax = 234 mL, Vinin = 126 mL
Maximum temperature 350 °C
Maximum pressure 20 MPa
Material Inox 316 SS

Figure 1I-3: The schematic diagram of the experimental setup of high-pressure reactor
“Equilabo ™. (1) Stainless steel autoclave; (2) magnetic stirrer; (3) thermocouple; (4 and 6) condenser;
(5) Vapor bleed valve; (7) pressure gauge, (8) liquid feed valve; (9) liquid bleed valve, (10) pump; (11)
intelligent temperature controller

The “Equilabo” reactor consists of a cylindrical vessel mounted on a fixed-head frame
and surrounded by two half-shells (Figure II-3). The outer cover consists of a dip tube in the
reactor, a J-type thermocouple and a Bourdon tube pressure gauge with 3% accuracy. The dip
tube is connected to an HPLC pump (Eldex 5976 Optos 2SM 1/8”’ Head SS) for reagent
introduction. The reactor is also equipped with a sample outlet. A thermocouple inserted in a
glove finger measures temperature and pressure inside the reactor. The pressure gauge displays
the pressure in the reactor, with a range from 0 to 20 MPa. Mechanical agitation is provided
by a 316 SS hollow propeller driven by an electric motor. Speed can vary from 0 to 1700 rpm.
A statistical basket for the catalyst can be installed above this hollow propeller, to prevent
deterioration of solid catalysts. The reactor is heated by an electric furnace fitted with a
thermocouple and insulated by a stainless-steel jacket. This furnace slides along one of the
frame’s axes and can therefore be lowered quickly in the event of an exothermic reaction. This
reactor (Figure II-3, No. 4) enables both semi-continuous and continuous syntheses due to the

presence of a condenser with a liquid capacity of 150 mL.
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I1.2.2.2  Xylose dehydration catalyzed by formic acid and heterogeneous

catalysts

For this section, the reactions were carried out using “Top Industrie” reactor. In a typical
experiment, 65 mL of pure formic acid solution was introduced into a high-pressure reactor
under the magnetic stirring of 400 rpm. Then, 5 mL of pure xylose solution was injected into
the reactor using the sampling device when the temperature inside of reactor was 3 °C lesser
than the desired reaction temperature. The concentration of formic acid and xylose were
prepared in such a way that their final concentrations in the reactor reached the desired value.
The reaction time was calculated after the desired temperature was reached. At the end of the
reaction, the reactor was quenched in an ice bath to instantly cool the solution to room
temperature. A sample was taken for composition analysis by HPLC.

When using heterogeneous catalysts, the solid catalyst was added to the reactor at the
beginning of the reaction along with 65 mL of formic acid solution. The amount of solid
catalyst used for xylose was fixed at a 1:1 weight ratio. After the reaction, the reactor was
cooled down and the solid catalyst was separated from the solution by vacuum filtration using
a Buchner funnel. The filtrate was collected for composition analysis by HPLC. The solid
catalyst was then rinsed with water at least twice and dried by exposure to air. The experimental

conditions are shown in Table II-7.

Table II-7: Experimental conditions from dehydration of xylose in monophasic system under pressure

Compounds/Concentration

No. Catalyst T (°C) t (min)
Xylose (g/L) Formic acid (wt%)
1 140 180 100 -
2 140 40 & 80 10 5
3 140 40 10 10 & 30
4 140 210 10 10
5 - 170 40 10 5&10&20
6 170 0-60 10 10
7 170 40 20 & 30 10
8 200 40 10 10
9 Aquivion PW- 140 40 10 -
10 98 140 40 10 10
11 AlO3 140 40 10 -
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Compounds/Concentration

No. Catalyst T (°C) t (min)
Xylose (g/L) Formic acid (wt%)
12 140 40 10 10
ALOs
13 170 40 10 10
14 140 210 10 -
15 ZSM-5 140 40 & 210 10 10
16 170 40 10 10
17 140 40 & 80 10 5
ZSM-5%*
18 170 40 10 5
19 140 210 10 -
Mordenite
20 140 210 10 10

Op Cond.: volume of the mixture = 70 mL; stirring = 400 rpm; mass ratio catalyst/xylose =1 : 1.
*The mass ratio catalyst/xylose = 10 : 1.

I1.3 Production of furfural from xylose with simultaneous
extraction

I1.3.1 Furfural production with extraction by steam stripping in semi-batch
system

In In this section, the “Equilabo” reactor was used. The utilization of the larger volume
reactor, the “Equilabo”, facilitated the examination of the impact of flow rate on furfural
extraction. This was achievable due to the increased capacity for distillate collection over the
same duration compared to the smaller reactor “Top Industrie”. The characteristics of the high-

pressure reactor “Equilabo” are presented in Table 1I-6.

A typical experiment, 140 mL of pure formic acid solution was introduced into a reactor
under the mechanical stirring of 400 rpm (Figure II-3). Then, 10 mL of pure xylose solution
was injected into the reactor using the pump when the temperature inside of reactor was 3 °C
lesser than the desired reaction temperature (170 °C). Once the desired temperature was
attained, the vapor sampling valve (N° 5 in Figure 11I-3) was gradually opened to facilitate the
continuous liberation of the vapor phase. This gradual opening ensured the reaction system
boiled at the studied temperature. Subsequently, the vapor phase was passed through the
condenser, which was cooled using refrigerating fluid at -2 °C, and the distillate was collected
in a measuring receiver. The deionized water was pumped continuously at the same flow rate

as the vapor phase (1.5-3.5 mL/min) to maintain a constant volume in the reactor (150 mL).
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The vapor flow rate is defined by the volume of distillate recovered during a specified time,
while the valve N°5 in Figure II-3 is fixed at a specific level. The vapor phase flow rates studied
were 1.5 mL/min and 3.5 mL/min, representing the lowest and highest flow rates available
from the vapor sampling valve. The reaction time was determined subsequent to the
observation of the first droplet of vapor phase in a measuring receiver. At the end of the
reaction, the reactor was quenched in an ice bath to instantly cool the solution to room
temperature. A sample of each phase was taken to determine the composition by HPLC. The

experimental conditions are shown in Table II-8.

Table II-8: Experimental conditions from dehydration of xylose with steam stripping in semi-batch system

. Vapor flow Compounds/Concentration
No. T (°C) t (min) rate (mL/min)
Xyl (g/L) FA (Wt%)
1 1.5 10 & 20 & 30 10
170 40
2 3.5 10 & 20 & 30 10

Op Cond.: volume of the mixture = 150 mL, stirring = 400 rpm.

I1.3.2 Furfural production with extraction by organic solvent in biphasic system

The experiments of furfural production in biphasic system were carried out by using
reactor “Top Industrie” with a maximum volume of 90 mL. The experiment was carried out in
the same way as that of the batch system. Instead of introducing only formic acid solution into
the reactor, a certain volume of organic solvent was added in such a way that the studied volume
ratios between the aqueous phase and the organic phase were obtained. After cooling down the
reactor, the aqueous phase was separated from the organic phase by the separating funnel. The

composition of each phase was quantified by HPLC.

The application of organic solvent extraction in a biphasic system was also extended to
the xylose conversion catalyzed by heterogeneous catalysts. The experimental procedures
remained consistent with those without solid catalysts. In this case, the solid catalyst was added
to the reactor at the beginning of the reaction with the formic acid solution. The quantity of
solid catalyst employed for xylose conversion was maintained at a consistent 1:1 weight ratio.
Additionally, the volume ratio between the aqueous and organic phases was held at 1:3,
utilizing CPME as the organic solvent. Subsequent to the separation of the organic phase from
the aqueous phase, the catalyst was isolated from the latter through vacuum filtration using a
Buchner funnel. The resultant filtrate and organic phase were collected for composition

quantification in the aqueous and organic phases, respectively, via HPLC analysis. The solid
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catalyst was subsequently rinsed with water at least two times and then dried by exposure to

air. The experimental conditions are detailed in Table II-9.

Table II-9: Experimental conditions from dehydration of xylose in biphasic system.

Organic Aq/Org Solid Compounds/Concentration
No. T (°C) ¢ (min)

solvent (VIv) catalyst Xylose (g/L)  Formic acid (wt%)
1 1:1 170 40 10
2 1:3 170 40 10

Toluene -
3 1:6 170 40 10
4 1:13 170 40 10
5 140 40 & 210 10
6 170 40 10 & 20 & 30

10
7 140 40 10
Al,O3
8 CPME 170 40 10
1:3
9 140 40 & 210 10
ZSM-5

10 170 40 10
11 Mordenite 140 210 10
12 EB - 170 40 10

Op Cond.: volume of the mixture = 70 mL; stirring = 400 rpm.
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I1.3.3 Furfural synthesis with simultaneous extraction by Sc-CO

(k)

Figure II-4: The schematic diagram of the experimental setup for Sc-CO; extraction.
(a) water pump, (b) CO: cylinder, (c) CO; pump, (d) cooling device, (e) sampling device, (f) magnetic
stirring bar and plate, (g) porous diffuser, (h) pressure gauge and thermocouple, (i) reactor, (j) heating
collars, (k) heated back-pressure regulator, (1) ice bath

The effect of Sc-CO; extraction on furfural production from xylose was carried out
using an apparatus shown in Figure II-4. The apparatus was a semi-flow type and consisted of
four main sections: (1) a device to supply water; (2) a device to supply continuous Sc-CO»; (3)
a reactor with an inlet for Sc-CO»; and (4) a cooling trap for extract. The experiments were
divided into two parts: xylose conversion in batch and semi-batch systems with Sc-CO»

extractions.

I1.3.3.1  Xylose conversion in batch system with Sc-CO2

In a typical experiment, a high-pressure reactor (Top Industrie, inner volume 90 mL)
was charged with 33.5 mL of pure formic acid solution under magnetic stirring at 400 rpm.
Subsequently, 4 mL of pure xylose solution was injected into the reactor, followed by 2.5 mL
of water, using a sampling device once inside of reactor was 3 °C lesser than the desired
reaction temperature. Introducing water after injecting the xylose solution serves the purpose
of ensuring the complete injection of all xylose into the reactor. Formic acid and xylose
concentrations were adjusted so that their concentrations in the reactor reached the desired
values after the mixing step at high temperature. Once the temperature inside the reactor

reached the desired value, the reactor was immediately charged with CO; to the desired
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pressure (5, 10 and 20 MPa) using a piston pump with three heads (Dose HPP400-C, SFE
Process). The system was cooled with a refrigerating fluid at 2 °C, and the reaction time was
recorded. At the end of the 5-hour reaction time, the reactor was cooled to 50 °C, and the high-
pressure CO> was released by gently opening the outlet valve to return to atmospheric pressure.
The released CO> was then passed through ice-cooled water to recover the product solubilized
in the CO; phase. Samples from both phases (the liquid in the reactor and that in the cooling
trap) were taken for composition analysis by HPLC. Table 1I-10 shows the experimental

conditions of xylose conversion in batch system with Sc-COa.

Table II-10: Experimental conditions of xylose conversion in batch system with Sc-CO;.

Compounds/Concentration

No. Pcoz (MPa) T (°C) t (min)
Xyl (g/L) FA (Wt%)
1 - 10 -
2 - 10 & 20 & 30 10
3 50 10 10
4 100 140 300 10 & 20 & 30 10
5 200 10 -
6 200 10 10

Op Cond.: volume of the mixture = 40 mL; stirring = 400 rpm.

11.3.3.2  Xylose conversion with Sc-CO: extraction in semi-batch systems

The experiment was conducted similarly to the batch system described in Section 4.3.1
but was modified to incorporate a constant flow of CO», making it a semi-batch process. After
the desired reaction temperature was reached, CO2 was pumped continuously through the
reactor using a piston pump with three heads (Dose HPP400-C, SFE Process). The pump,
actively cooled by a refrigerating fluid maintained at 2 °C, facilitated the investigation of
different flow rates for the study. The system pressure was regulated at 5, 10 and 20 MPa using
a heated back-pressure regulator (TESCOM, S/N 87122M). During the reaction, the effluent
CO; gas from the back pressure valve was passed through ice-cooled water. Simultaneously,
water was consistently pumped into the reactor (at rates ranging from 0.11 to 0.21 g/min) using
a syringe pump (Model 302, GILSON) to maintain a constant water volume in the reactor (40
mL). The water flow rate was initially determined theoretically based on the value of the water
solubility in Sc-COa, calculated using the Chrastil model as mentioned Eq. 1 (Chrastil, 1982).
Subsequently, it was adjusted experimentally by weighing the extract collected at the outlet

over a given time period. At the end of the 5-hour reaction time, the CO» flow was stopped,
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and the reactor was then cooled to 50 °C. The high-pressure CO; in the reactor was gradually
released into ice-cooled water using the back pressure valve. Samples from both phases (the
liquid in the reactor and that in the cooling trap) were collected for composition analysis by
HPLC. The experimental conditions of xylose conversion in semi batch system with extraction

of Sc-CO; are presented in Table II-11.
a
c = pXexp (T + b) (1)

Where c is a solubility of compound (g/L of a gaz), p is density of CO> (g/L), T is a
temperature (K) and the calculated parameters k (-1.549), a (-2826.4) and b (-0.807) for water.

Table II-11: Experimental conditions of xylose conversion in semi batch system with extraction of Sc-

CO..
No. rate (g/min) Pco2 T(°C) ¢ (min) ompounds/Concentration
(MPa) Xyl (z/L) FA (Wt%)
1 5 100 10 10
2 200 10 & 20 & 30 10
140 300
3 10 100 10 10
4 200 10 10

Op Cond.: volume of the mixture = 40 mL; stirring = 400 rpm.

I1.4 Production of furfural from raw biomass by LEEBio™
process

I1.4.1 Production of hydrolysate rich in hemicellulose

FA FA

85 wt% vV, <V/10
,0
1 V> 4*V,
HemiCel l
. . . |+ Lignin . Centrifugation Residual Liquid Fraction
Biomass Fractionnation Filtration Evaporation i : HemiCel rich

Filtration

S/L=1:9 (W/w)
85°C

e Solid Fraction :

Lioni
Cellulose rich ignin

drying in oven at 65 °C, >24h drying in oven at 65 °C, >24h

! Cellulose + HemiCel { ! Cellulose + HemiCel | ! HemiCel | ! HemiCel | AR | ey € Ton )
| [ — [ A i N
! ¢ Lignin U 4Lignin i FA ] ' ! 4 Lignin + FA !  HemiCel +FA |  HemiCel +FA

Figure II-5: Experimental process for hemicellulose extraction from biomass.
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The extraction of hemicellulose from raw biomass was carried out using the LEEBio™
process, which involves two distinct steps as depicted in Figure II-5. The initial stage entailed
the fractionation of biomass into solid cellulose and a mixture of soluble lignin and
hemicellulose referred as hydrolysate. This step was exclusively performed when OPEFB was
utilized as the initial substrate, as the BioEB company conducted this step when fir wood was
used. The second step was the separation of lignin from the hydrolysate to obtain a hydrolysate
rich in hemicellulose. Ultimately, three fractions, consisting of solid cellulose, lignin, and a
hemicellulose-rich hydrolysate, were successfully recovered without any degradation (Figure

11-6).

Oil Palm Empty Fruit Bunch \

Cellulose Hydrolysate Lignin

rich in hemicellulose

Figure II-6: Three fractions obtained from biomass using LEEBio™ process.

I1.4.1.1 Hemicellulose extraction from biomass by LEEBio™ process

Figure II-7: Experimental set-up for hemicellulose extraction from biomass.
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The raw biomass was mixed with an 85 wt% formic acid solution at a ratio between the
solid and liquid fractions of 1: 9 (w/w) in the glass reactor (inner volume 1.5 L) as shown in
Figure I1-7. The mixture was heated at 85 °C while being mechanically stirred at 700 rpm for
4h before cooling to room temperature. The cellulose-rich solid fractions were separated from
the hydrolysate by filtration using a Buchner funnel with filter paper (with a pore size of 11
pum) and was washed with water at least three times before being dried in a vented oven at 65
°C. The hydrolysate rich in hemicellulose, lignin and formic acid was obtained and was stored

at 4 °C for the second step involving the separation of lignin.

I1.4.1.2  Separation of lignin from hydrolysate obtained from biomass

extraction by the LEEBio™ process

Ch:w? 1ENCR
%l [K

Figure II-8: Separation of lignin from hydrolysate.
(a) Elimination of formic acid by rotative evaporator, (b) precipitation of lignin by Ultra-Turrax type
“rotor/stator” disperser; (c) settling of lignin in the hydrolysate; (d) separation of lignin from
hydrolysate.

500 mL of the black extraction liquor (hemicellulose + Lignin + formic acid) was
thereafter transferred into the rotavapor receptacle after determining the dry matter content
(Figure 1I-8a). The whole volume of liquor containing formic acid (> 80%) and water (20%)
was evaporated by heating to approximately 40 °C, lowering the internal pressure to less than
200 mbar, and stirring moderately until a residual dry mass rate of greater than 60% was
attained in the liquor. At least two portions of hot water (50—60°C) were added to the
concentrated liquor while stirring at 60—70°C in order to precipitate the lignin particles (brown
solid) and separate them from the hydrolysate (brown liquid). To facilitate the separation of
lignin from the hydrolysate, the diluted liquor was rapidly suspended for 2-5 min using an
Ultra-Turrax type “rotor/stator” disperser, and the solid was allowed to settle for at least 1 h
(Figure II-8b). The lignin (a brown solid) was separated from the hydrolysate (a brown liquid)

using centrifugation. The hemicellulose-rich supernatants were then filtered using a Buchner-
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type vacuum filtration equipment with filter paper (with a pore size of 11 pm) (Figure 11-8d).
The recovered pellet (lignin) was washed with water and dried in a vented oven at 65 °C for at
least 24 h. Lignin was weighed and stored in an airtight container at room temperature. After
determining the hemicellulose juice’s dry matter content (Ynydrolysate), it Was divided into two
parts: one is utilized immediately for furfural synthesis without additional chemicals and the
other is used to determine the percentage of hemicellulose in biomass. To do that, the
hydrolysate rich in hemicellulose was deposited into the rotavapor container and was
evaporated by heating to approximately 60 °C. The internal pressure was reduced to less than
200 mbar, and stirring moderately until the remaining dry mass rate in the hydrolysate exceeded
50%. After the dry matter content was determined (¥syrup), @ Very viscous black syrup was stored

in a cold (20 °C) and well-ventilated chamber.

The proportion of cellulose, lignin and hemicellulose was calculated using the following
formulas:

weighed mass after 65 °C over night in the oven
Percentage of cellulose (%) = (2)
mMasSpiomass

o weighed mass after 65 °C over night in the oven
Percentage of lignin (%) = 3)
MasSpiomass

masShydrolysate X Xhydrolysate X Xsyrup

(4)

Percentage of hemicellulose (%) =
mMasSpiomass

mMasSSpjomass — (masscellulose + masslignin + masshemicel)

masSpjomass

(5)

Percentage of ash (%) =

In order to achieve economic efficiency and meet the environmentally-friendly
concepts, it is crucial to maximize the recovery of formic acid from hydrolysate. However, it
is important to note that the residual formic acid in the hydrolysate should be at a level that can
potentially convert xylose into furfural. In order to accomplish this, the hydrolysate rich in
hemicellulose underwent evaporation using a rotavapor receptacle. This involved heating the
solution to approximately 60 °C while gradually reducing the internal pressure to below 200
mbar, while stirring moderately until the final volume reached either four or nine times less
than the initial volume. The resulting concentrated hydrolysate was then diluted with deionized
water in equal quantity to the condensate. This addition of deionized water served to reduce
the viscosity of the hydrolysate. Consequently, the hydrolysate subjected to evaporation
resulting in final volumes four and nine times less than the initial volume were labeled as

hydrolysate 4/4 and 9/9, respectively.
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I1.4.1.3  Quantification of monosaccharides in hydrolysates

The hydrolysis of dissolved polysaccharides in hemicellulose hydrolysate was carried
out in a high-pressure reactor (Equi Labo) without additional chemicals. 150 mL of hydrolysate
was poured in the reactor and was heated at 120 °C for 7h, with mechanical agitation at 400
rpm. Throughout the procedure, samples were taken every 30 min for subsequent composition
analysis via HPLC. The concentration of mono-sugars in hydrolysate was recorded prior to
their conversion to furanic aldehyde molecules, at which point they decreased (after 240 min

at 120 °C).

11.4.2 Furfural production from raw biomass hydrolysates

All experiments involving hydrolysates derived from unprocessed biomass were carried

out in the “Equilabo” high-pressure reactor (Figure II-3).

I1.4.2.1 Furfural production in batch system

Before conducting the furfural synthesis with biomass hydrolysate, xylans, which are
polysaccharides made up of xylose, were utilized as the initial material for furfural production

using “Equilabo” reactor.

In a typical experiment, 1.5 g of xylan was introduced into the reactor with 150 mL
formic acid solution (10 wt%) at the beginning of reaction. Concerning the use of hemicellulose
hydrolysate obtained from raw biomass as starting material, 150 mL of the hydrolysate was
added directly in the reactor at the beginning of reaction, while subjecting it to mechanical
agitation at a speed of 400 rpm. The reaction time was calculated after the desired temperature
was reached. At the end of the reaction, the reactor was quenched in an ice bath to instantly
cool the solution to room temperature. A sample was taken for composition analysis by HPLC.
The experimental conditions of furfural production in batch system using xylans and biomass
hydrolysates as starting material are presented in Table II-12 and Table 1I-13 (No.1-4),

respectively.

97



Chapter 2: Materials and methods

Table II-12: Experimental conditions of furfural production using biomass xylans in batch system.

No. Xylan T (°C) t (min) FA (%wt)
1 Birchwood 170 40 & 60 10
2 Oat Spelts 40 & 60 10

Op Cond.: volume of the mixture = 150 mL, stirring = 400 rpm.

Table 1I-13: Experimental conditions of furfural production using biomass hydrolysate in different systems.

No. System Biomass T (°C) t (min)
1 Fir wood 40 & 60
2 OPEFB 40 & 60

Batch
3 ate Fir wood? 40
4 Fi.r wood® 170 40
5 Semi-batch® Fir wood 40
6 OPEFB 40
7 ) - Fir wood 40
8 Biphasic OPEFB 40

Op Cond.: volume of the mixture = 150 mL, stirring = 400 rpm.
“Hydrolysate used was a hydrolysate 4/4

"Hydrolysate used was a hydrolysate 9/9

“Vapor flow rate = 3.5 mL/min

“Aq/Org =1 : 3 (v/v), Org phase = CPME

11.4.2.2  Furfural production with extraction by steam stripping

The experiment followed the same procedure as the batch system described in Section
I1.2.2.3. When the desired temperature was reached, the vapor sampling valve (N° 5 in Figure
II-3) was opened to continuously liberate the vapor phase, and the water was pumped
continuously (3.5 mL/min) to maintain a constant volume in the reactor (150 mL). The vapor
phase was passed through the condenser, which was cooled using refrigerating fluid at -2 °C,
and the distillate was collected in a measuring receiver. The reaction system was kept boiling
by gradually lowering the pressure to keep it below the vapor pressure. A sample of each phase
(liquid phase and vapor phase or distillate) was taken to determine the composition by HPLC.
The experimental conditions of furfural production using biomass hydrolysates in semi-batch

system with steam stripping are presented in Table II-13 No. 5-6.
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11.4.2.3  Furfural production with extraction by organic solvents

The experiment was conducted similarly to the batch system described in Section
I1.4.2.1. A certain volume of organic solvent (CPME) was added at the beginning of reaction
in such a way that the studied volume ratio between the aqueous phase and the organic phase
was 1:3. After cooling down the reactor, the aqueous phase was separated from the organic
phase by the separating funnel. The composition of each phase was quantified by HPLC. The
experimental conditions of furfural production using biomass hydrolysates in biphasic solvent

system are presented in Table II-13 No. 7-8.

IL.5S Kinetic modeling of furfural production from xylose and
application to raw biomass hydrolysates

In this study, three distinct xylose dehydration schemes into furfural were examined as
shown in Figure II-9.

They are differing mostly in terms of their side reactions. Mechanism 1 has a first-order
reaction kinetic, in which furfural is only degraded by self-polymerization and xylose is
directly decomposed. Furfural degradation is also regulated by cross-polymerization between
xylose and furfural in Mechanism 2. Furfural dehydration via an intermediate specie which is
xylulose and its cross-polymerization with furfural is considered in Mechanism 3. Mechanisms

2 and 3 have a second-order reaction kinetic for cross-polymerization.

The kinetic modeling of the conversion of xylose into furfural was divided into two
sections. The first section specifically examines the kinetics of furfural degradation, as this
reaction was represented by the three reaction mechanisms studied in this research. The second
stage involved the modeling of the breakdown of xylose and the production of furfural. The
kinetic parameters of the furfural degradation reaction remained constant and were identical to

those determined in the initial section.
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Mechanism 1. Furfural formation with direct xylose decomposition

O
HO. Degradation products

)H o

Xylose Furfural

E

Degradation products

Mechanism 2. Furfural formation with side reaction between xylose and furfural
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Mechanism 3. Furfural formation from intermediate with xylose degradation and side reaction between intermediate and furfural
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Figure II-9: Reaction mechanisms for kinetic study of acid-catalyzed dehydration of xylose into

Sfurfural.

All experiments aimed at kinetic modeling of furfural production from xylose were

conducted using the “Equilabo” high-pressure reactor (Figure II-3).

I1.5.1 Furfural degradation reaction

In a typical experiment, 130 mL of the formic acid solution was added into the reactor
under the mechanical stirring of 400 rpm. Then, 10 mL of furfural solution was injected into
the reactor, followed by 10 mL of ultrapure water using the pump when the temperature inside
the reactor was 3 °C lesser than the desired reaction temperature. The concentrations of formic
acid and furfural were prepared in such a way that their final concentrations in the reactor
reached the desired value. The reaction time was calculated after the desired temperature was
reached. Throughout the procedure, samples were periodically taken during the reaction. The
first 0.7 mL of sample was discarded to avoid contamination with the previous sample.
Subsequently, 0.5-1.0 mL of sample was taken for composition analysis using HPLC. At the
end of the reaction, the reactor was quenched in an ice bath to instantly cool the solution to
room temperature. The experimental conditions of furfural degradation reaction are presented

in Table 11-14.
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Table II-14: Experimental conditions of furfural degradation reaction

Compounds/Concentration

No. T (°C) t (min)
Fur (g/L) FA (wt%)

1 5 5& 10 & 20
140 360

2 15 10

3 170 60 5 5& 10 & 20

4 15 10

5 5 5& 10 & 20
200 60

6 15 10

Op Cond.: volume of the mixture = 150 mL; stirring = 400 rpm.

I1.5.2 Xylose decomposition and furfural formation

In a typical experiment, 125 mL of the formic acid solution was added into the reactor
under the mechanical stirring of 400 rpm. Then, 15 mL of either xylose solution or a xylose-
furfural mixture was injected into the reactor, succeeded by the addition of 10 mL of ultrapure
water using the pump when the temperature inside the reactor was 3 °C lesser than the desired
reaction temperature. The concentrations of xylose and formic acid, as well as xylose-furfural
mixture, were prepared in such a way that their final concentrations in the reactor reached the
desired value. The reaction time was calculated after the desired temperature was reached.
Throughout the procedure, samples were periodically collected during the reaction for
subsequent composition analysis using HPLC. At the end of the reaction, the reactor was
quenched in an ice bath to instantly cool the solution to room temperature. The experimental

conditions of xylose decomposition furfural formation reactions are presented in Table II-15.

Table II-15: Experimental conditions of xylose decomposition and furfural formation reactions

Compounds/Concentration

No. T (°C) t (min)
Xyl (g/L) Fur (g/L)
1 10 & 30 -
2 10 & 30 -
3 140 360 10 & 30 5
4 10 & 30 15
5 10 & 30 -
6 10 & 30 -
1
7 70 60 10 & 30 5
8 10 & 30 15
9 10 & 30 -
10 10 & 30 -
2
11 00 60 10 & 30 5
12 10 & 30 15

FA (Wt%)
5& 10 & 20
5& 10 & 20
10
5& 10 & 20
5& 10 & 20
10
5& 10 & 20
5& 10 & 20
10

Op Cond.: volume of the mixture = 150 mL; stirring = 400 rpm.
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I1.5.3 Kinetic modeling

The reaction rate constant expression of different reactions in this study was derived
from previous research by Lamminpai et al. (2012). In the specific acid—base catalysis the rate
constant can be expressed as given in Eq. 6 (Laidler, 1979). Each term has its own activation

energy.

k = kO + kHCH + kOHCOH (6)

where ko is the rate constant for the uncatalyzed reaction; ku and kou are the rate
constants for catalysis by hydrogen ions (H") and hydroxide ions (OH), respectively; Ch is the
hydrogen ion concentration; and Con is the hydroxide ion concentration. Because Cy > Copn,
the base term has no influence on the reaction. Also, it was assumed that the activation energies
for ko and kn are the same. In addition, the common reparametrization, which used the reaction
rate constant in the reference temperature instead of the pre-exponential factor, was utilized to
reduce the correlation between the estimated parameters. Thus, the rate constant is represented

as Eq. 7.

E

i1 1
ki = (ko.i + kH,iCH)e_F(T Tmean) (7)

where ko,iis the rate constant of uncatalyzed reaction in water solvent and ku iis the rate
constant of acid catalyst (H") in the reference temperature Tmean (443 K), Cuis the hydrogen
ion concentration in reaction temperature (mol/L), 7 is reaction temperature (K), Ejis activation

energy (J/mol) and R is the universal gas constant (8.314 J/(mol.K)).

Concerning the furfural degradation reaction, it was found that as the temperature
increased, the acid concentration had a more significant impact on the reaction rate.
Consequently, separate activation energies were necessary for the uncatalyzed and acid-
catalyzed parts in the rate constant equation which was rewritten as shown in Eq. 8.

Lol L) il 1)
kizkoie R \T Tmean’/ 4 kHiCHe R \T Tmean

®
where Eoiand En ;i are the activation energy of uncatalyzed and the acid-catalyzed terms,
respectively.
In this study, the hydrogen ion concentration of formic acid was used in kinetic
modeling referred as Cu. The temperature dependence was taken into account by Eq. 9 obtained
by Kim et al. (1996) which shows the temperature dependence of dissociation constant (pKs)

for formic acid.
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)

277
pK, = —57,528 +

+9,1232InT 9)

Where T is temperature in K.

The H'-concentrations (mol/L) are calculated using a system of nonlinear equations
based on restrictions for the system from equilibrium state and ion balances as mentioned in
Eq. 10. The initial formic acid concentration, Ch,, at room temperature (23—25 °C) was
measured using HPLC from initial reactant solutions presented in Table 1I-14 and II-15. H'-
concentrations in reaction temperature were calculated using the temperature data of each
experiment, Eq. 9-10, and the initial formic acid concentration at room temperature.

—Kq+ |K3+4Cy oKq
Cy=——— (10)

- 2

Where Cuis the hydrogen ion concentration in reaction temperature, Ch,o is the initial
formic acid concentration at room temperature and K. is acidity constant of formic acid.

The reaction rate equations used for the modelling of the kinetics that follow the
mechanisms described in Figure II-9 for xylose are presented as follows:

Mechanism 1

dc,

dt = —k1Cx — kyCy (11)
dC
d_tF = k,Cx — kpCp (12)
Mechanism 2
dC.
X = —k,Cy — k,C,Cp (13)
dt
dCr
T k1Cx — kyCyCr — k2 Cp (14)
Mechanism 3
dC.
dtx = _k1CX —_ kZCX (11)
dc
d—tF = ksC; — k,Cp — kyCiCr (15)
d¢;
Frie k1Cyx — ksCp — k4 GiCr (16)
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where ki1, k2, k3, ks and ks are rate constants and Cx, Cr, and Ci are concentrations (in

mol/L) for xylose, furfural, and intermediate, respectively.

The model equations were implemented in a Python environment, and the Python codes
of kinetic modeling were provided in an appendix. The system of ordinary differential
equations (ODEs) was solved numerically by ODEINT, a solver for stiff systems that is based
on the numerical differentiation formulas. The kinetic parameters were estimated using
nonlinear regression analysis. The estimation was done by the Nelder-Mead algorithm
available within Python’s optimization function. The “fit report” function in the Python
package “Imfit” was used to generate the best-fit values for the parameters, with their

uncertainties () estimated using the statistical approach “Confidence Intervals” at 95%.

The coefficient of determination (R*) for each model, which evaluates the models’
goodness of fit was calculated according to Eq. 17 as follows:

~AN\2
(G- G)
?:1(Ci - Cm)z

R2=1- (17)

Where C; is the experimental concentration of xylose or furfural, C; is the predicted
concentration determined by the kinetic model, Cn is the mean of xylose or furfural

concentration, and n denotes the number of experimental data points.

I1.5.4 Optimization of operating parameters

Table 1I-16: Range and step for each operating parameter used for the optimization in Matlab.

Setting value

Parameter Min Max Step
Temperature (K) 413 473 1
Formic acid concentration (mol/L) 0.1 53 0.5
Reaction time (s) 0 00 10

The objective of this phase is to optimize the operational parameters, such as reaction
temperature, residence time, and formic acid concentration, while maintaining a constant
concentration of xylose. When utilizing xylose and xylan as initial materials, the concentration
of xylose remained fixed at 10 g/L, whereas both the xylose and formic acid concentrations
were fixed when employing biomass hydrolysates. In this case, the concentration of xylose was
the concentration of all pentose sugars present in the hydrolysates. The optimization process
involved implementing the kinetic equations in the MATLAB software. The numerical

optimization was performed using the fininsearch function. Table II-16 provides the specific
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range and step values for each operating parameter that were altered during the optimization
process. The resultant optimal conditions were validated through experimental trials. The
experimental conditions derived from optimization for xylose and xylan are detailed in Table

II-17, while those for hydrolysates are presented in Table II-18.

Table II-17: Experimental conditions derived from optimization for xylose and xylans.

No. Substance T(°C)  t(min) FA (%wt) Model

Xylose

& Xylan from
1 Birchwood & 153 77 20 1
Xylan from Oat
Spelts

2 Xylose 143 212 20 3

Op Cond.: initial concentration = 10 wt% of formic acid; volume of the mixture = 150 mL;
stirring = 400 rpm.

Table II-18: Experimental conditions derived from optimization for biomass hydrolysates

No. Biomass T (oC) t (mlll) Model
1 Fir wood 144 224 3
2 OPEFB 142 284 3

Op Cond.: initial concentration = 10 wt% of formic acid; volume of the mixture =
150 mL; stirring = 400 rpm.

I1.6 Analytical methods

Formic acid, furfural, 5-HMF and xylulose in the aqueous phase were determined by
using high-performance liquid chromatography, HPLC, (Thermo Accela, United States)
equipped with a Bio-Rad Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm, 9 pm),
refractive index (RI), and UV detectors. Formic acid (retention time, fr = 10.4 min) was
detected in UV detector at 210 nm while furfural (fr = 36.4 min) and 5-HMF (#r = 23.2 min)
were detected in UV detector at 280 nm. Xylulose was detected in RI detector and was
quantified using a deconvolution method. The column and detector temperatures were kept
constant at 50 °C. The separation was conducted using the isocratic technique, with 10 mM
sulfuric acid serving as the mobile phase at a flow rate of 0.8 mL/min. The injection volume is
20 pL, and the duration of the analysis is 45 min. Monosaccharides, including xylose (fr = 13.3
min), arabinose (zr = 15.7 min), mannose (fr = 16.5 min), glucose (zr = 12.2 min) and galactose
(tr = 14.3 min), and fructose (fr = 17.3 min), were measured in RI detector by HPLC (Thermo
Accela, United States) equipped with a Bio-Rad Aminex HPX-87P (300 X 7.8 mm, 9 pm)

column. Deionized water was used as the mobile phase with a 0.6 mL/min flow rate at 75 °C
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under the isocratic method. The injection volume is 20 pL and the duration of the analysis is
50 min. All standards and samples are filtered through a 0.22 pm syringe filter before being
analyzed.

Furfural (zr = 2.1 min) and 5-HMF (zr = 1.5 min) in the organic phase were analyzed
by ultra-high-performance liquid chromatography (UHPLC) with a UV detector at 280 nm.
The column used was Thermo Fisher Scientific Accucore™ C18 (150 mm x 3 mm, 2.6 um),
maintained at a temperature of 30 °C. The mobile phase used in the isocratic technique was a
mixture of water and acetonitrile at 90:10 (v/v) with a 1 mL/min flow rate. The injection

volume is 20 pL.

The quantification of inorganic elements in the biomass hydrolysate was performed
using an inductively coupled plasma (ICP). ICP measurements were carried out using Horiba’s
Ultima2 ICP-AES by Marie-Line DeSolan (SAP-LGC technician). Hence, further detail on this

analytical procedure is not provided within this report.

The concentration of the components is determined through a calibration curve where
the peak area is plotted against the corresponding quantities of each component (standard).
Regular calibration checks were performed in order to avoid any experimental errors in all
measurements presented in this work.

Conversion, yield and selectivity were calculated according to the following
expressions:

Nxyli — Nxylf

Xylose conversion : X,y (%) = x 100 (18)
Nxyli
. NFur
Furfural yield : Yg, (%) = —— X% 100 (19)
anl,i
.. Npur
Furfural selectivity : Sg,. (%) = x 100 (20)

Nxyli — Nxylf

With nxy1i and nxy1f the mole amount of xylose at initial time and at the end of reaction,

respectively. nryr 1s the mole amount of furfural produced.

The separation efficiency was defined as the ratio of the molar quantity of furfural
extracted (nFurextract) and the total amount of furfural produced (nrur) as expressed below:

Fur,extract

n
Separation efficiency : T, (%) = x 100 (21)

NFur

In the case where raw biomass was used as starting material, the furfural yield and 5-

HMF were calculated according to the following expressions:
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NEyr

Furfural yield : Yg,. (%) = CET
Xyli Ara,i

x 100 (22)

Nec_
5 — HMF yield : Ys_gur (%) = >—HMF X 100 (23)

(ng1ui + NMani + NGali)

With narai, 7Glu,i, PMan,i, and ngGali the mole amount of arabinose, glucose, mannose and

galactose at initial time, respectively. ns.uwr is the mole amount of 5-HMF produced.

107



Chapter 2: Materials and methods

I1.7 References

Chrastil, J., 1982. Solubility of solids and liquids in supercritical gases. J. Phys. Chem.
86, 3016-3021.

Kim, M.H., Kim, C.S., Lee, HW., Kim, K., 1996. Temperature dependence of
dissociation constants for formic acid and 2,6-dinitrophenol in aqueous solutions up to 175 °C.
J Chem Soc Faraday Trans 92, 4951-4956. https://doi.org/10.1039/FT9969204951

Laidler, K.J., 1979. Theories of Chemical Reaction Rates. R. E. Krieger Publishing
Company.

Lamminpdd, K., Ahola, J., Tanskanen, J., 2012. Kinetics of Xylose Dehydration into
Furfural in  Formic  Acid. Ind. Eng. Chem. Res. 51, 6297-6303.
https://doi.org/10.1021/1€2018367

108



Chapter 3: Development of a homogeneously catalyzed process for furfural production
with classical extraction system.

III. Chapter 3

Development of a homogeneously catalyzed
process for furfural production with classical
extraction system.

This chapter details the investigation of furfural production using formic acid as a
catalyst, exploring both atmospheric and pressurized conditions. It also examines simultaneous

extraction processes through steam stripping and aqueous-organic-biphasic systems.

The methods for conducting these manipulations, both analytically and experimentally, have
been previously outlined in Chapter 2. The experimental setup utilized for this part is detailed
in Section I1.2.2.1. Furthermore, specific techniques such as extraction via steam stripping in a
semi-batch system and extraction using organic solvents in a biphasic system are elaborated
upon in Sections I1.3.1 and I1.3.2, respectively. Lastly, the fractionation of raw biomass through
the LEEBio™ process, resulting in the separate recovery of solid cellulose, lignin, and a

hemicellulose-rich hydrolysate is presented in Section II1.4.

The subsequent section of this chapter outlines experimental results on furfural production from
xylose catalyzed by formic acid under pressure, followed by extraction processes and their
application to raw biomass hydrolysates. Firstly, the results of furfural production in a batch
system are introduced, highlighting the determination of optimal conditions for maximizing
furfural yield through parameter variations. Subsequently, these optimal conditions are
explored in the context of furfural production coupled with extraction methods: steam stripping
in a semi-batch system and extraction using organic solvents in a biphasic system. The
paragraph then discusses the application of the identified optimum conditions from both
extraction systems to furfural production from raw biomass hydrolysates. The study’s findings
are compared with those of other research to assess the catalytic efficacy of formic acid and the
efficiency of the investigated extraction methods. The final section of this chapter presents
complementary experimental results and a discussion on furfural production from xylose
catalyzed by formic acid at atmospheric pressure. Additionally, furfural extraction using

organic solvents in a biphasic system was explored under these conditions.

The experimental results and discussion on furfural production from xylose catalyzed by formic

acid under pressure, along with the extraction processes presented in this chapter, are extracted
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from the article entitled “Formic Acid as a Catalyst in Furfural Production by Simultaneous
Extraction Processes via Steam Stripping and Biphasic Systems”, which has been submitted to

the Journal of Biomass and Bioenergy [July 11, 2024].
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III.1 The furfural production catalyzed by formic acid with
simultaneous extraction processes via steam stripping and
biphasic systems

The following results are presented as part of the scientific article entitled “Formic Acid
as a Catalyst in Furfural Production by Simultaneous Extraction Processes via Steam Stripping
and Biphasic Systems”, which has been submitted to the Journal of Biomass and Bioenergy
[July 11, 2024]

This work examines the second role of formic acid as an efficient catalyst for pentose
sugar dehydration into furfural and as a solvent for lignocellulosic biomass depolymerization.
The effect of the reaction temperature, residence time, and initial xylose concentration on the
conversion of xylose into furfural was evaluated in batch conditions. In addition, furfural
extraction throughout the reaction medium, including the steam stripping in the semi-batch
system and the use of organic solvents in the biphasic solvent system, was investigated to
enhance the yield and selectivity of furfural. The extraction efficiency of these methods was
also evaluated. Besides conducting experiments with synthetic mixtures containing xylose and
formic acid, the furfural production using hydrolysate produced from raw biomass through the
LEEBio™ process was optimized in all investigated systems. The results achieved were then

compared with findings from other studies.

I11.1.1 Xylose dehydration in a batch system

Before using the hemicellulose hydrolysate for furfural production via dehydration, a
series of initial experiments were conducted using xylose as a model chemical. The choice of
xylose as a representative compound was based on the fact that hemicellulose in lignocellulosic
materials is predominantly composed of xylose units. The synthetic solutions contained only
xylose (10-30 g/L) and formic acid (10 wt%). Their concentration was representative of the
hemicellulose hydrolysate resulting from biomass hydrolysis by formic acid in the LEEBio™
process (Delmas, 2021). This section aims to study the effect of operating parameters on xylose
conversion to furfural: reaction temperature, residence time, and initial concentration of xylose.
The obtained optimum conditions are investigated for the steam stripping and the biphasic

solvent systems, respectively.
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II1.1.1.1 Influence of reaction temperature

Table I1I-1: Effect of reaction temperature on xylose conversion, furfural yield, and furfural selectivity.

Entry (07(; ) Xy(l 0/co(;nv Fuz‘ 0Z,i)eld Fur s(e(}z;tivity
| 100 2 / /
2 140 18 10 55
3 170 93 58 62
4 200 98 49 50

Op. Cond.. initial concentration = 10 g/L of xylose and 10 wt% of formic acid, residence time = 40 min,
volume of the mixture = 150 mL.

*The experiment was carried out at atmospheric pressure.

**Repeated three times: the standard deviation of xylose conversion, furfural yield and furfural
selectivity are 3%, 2% and 4 %, respectively.

The reaction temperature is critical in all thermochemical conversion processes,
including xylose dehydration into furfural. This study investigated the effect of different
temperatures (100, 140, 170, and 200 °C) on furfural formation from xylose using formic acid
as a catalyst (Table III-1). The experimental results showed that the maximum furfural yield of
58% and selectivity of 62% were obtained at 170 °C. However, lower (100, 140 °C) and higher
(200 °C) temperatures gave less satisfactory results. Therefore, 170 °C was selected as the

optimal reaction temperature in the subsequent experiments.

o) -0
H % \ \ /7
QO\/‘@,’;*OH = Intermediates =——— ﬂ 7
H* -3H,0 o H
Xylose Furfural
| |
Fragmentation Condensation Resinification

Furfural loss reactions

Figure IlI-1: Simplified scheme of possible reactions in xylose-to-furfural conversion.

Regarding the scheme of the furfural formation (Figure III-1), the conversion of xylose
into furfural depends on the different reaction rates. At lower temperatures, the dehydration rate
of xylose into furfural is low; hence, the furfural yield is low. Increasing the reaction
temperature accelerates not only the rate of xylose dehydration into furfural but also that of

accompanying side reactions. This means that beyond a certain temperature, the rate of furfural
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production is lower than side reactions. Raman and Gnansounou (2015) observed that the
conversion of xylose into furfural exhibited an initial increase with rising temperature, reaching
a peak and declining at extremely high temperatures. Under extreme conditions of high
temperature and prolonged reaction time, nearly all of the xylose and a notable portion of
furfural converted into humines due to furan and sugar condensation reactions. This

phenomenon ultimately resulted in a decreased furfural yield.

Moreover, the black solid particles, or humines, were observed at 200 °C. This
confirmed that high temperatures promote side-loss reactions, resulting in low yield and
selectivity of furfural. A similar observation was made in Yang et al. (2012)’s study, where the
dehydration of xylose to furfural catalyzed by formic acid in a semi-batch system was optimized
using response surface methodology. It was revealed that the drop in furfural yield was
accompanied by an increase in the quantity of resin adhered to the internal wall of the autoclave.
At 160 °C, negligible resin adhered to the internal wall of the autoclave. Nonetheless, its
quantity increased significantly once the reaction temperature rose above 190 °C. As a result,
the best temperature for converting xylose to furfural is a compromise between a high enough
temperature to achieve good reaction kinetics due to the high activation energy and a low

enough temperature to minimize product degradation reactions and reduce process costs.

I11.1.1.2 Influence of reaction time
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Figure III-2: Reaction profile for the xylose dehydration catalyzed by formic acid.
Op. Cond.: initial concentration = 10 g/L of xylose and 10 wt% of formic acid; residence time = 60
min, volume of the mixture = 150 mL, reaction temperature = 170 °C.
The experiments were conducted in triplicate.
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Next, keeping the best temperature condition, the effect of reaction time was examined.
It can be seen from Figure I1I-2 that after 40 min of stirring, both furfural yield and selectivity
increased progressively until they reached their maximum values of 59% and 66%, respectively.
The xylose conversion continued to increase beyond this point and was complete after 60 min,
whereas the yield and selectivity of furfural dropped. The decrease in yield and selectivity after
the optimum time can be explained by the fact that the produced furfural undergoes secondary
reactions. Indeed, the color of the mixture became darker after 40 min, which evidenced the
formation of humines. This was consistent with previous reports that longer reaction times
promote the generation of by-products such as levulinic acid and humines for a category of

catalysts, including strong Lewis or Brensted acids (Doiseau et al., 2014).

Note also that reaction temperature and residence time synergistically influence furfural
synthesis. Yield and selectivity are maximized at higher temperatures with shorter reaction
time, and vice versa. However, the optimal yield and selectivity of furfural achieved at 140 °C
(45%, 58% after 5 h) and 200 °C (51%, 53% after 10 min) were lower than those produced at
170 °C, which was in agreement with the reported one (Lamminpéd and Tanskanen, 2009).
This confirmed that the optimal reaction temperature in this study was 170 °C for a residence

time of 40 min.

I11.1.1.3 Influence of initial xylose concentration

Table I1I-2: Effect of initial xylose concentration on xylose conversion into furfural.

Entr Xyl Conc Xyl Conv Fur yield Fur selectivity
y (g/L) (“o) (%) (“o)
1 2 88 63 71
2" 10 93+4 54+3 59+5
3 10 93+3 58+2 62+4
4 20 95+3 57+1 60+2
5 30 95+4 54+1 57+4

Op. Cond.: initial concentration = 10 wt% of formic acid; residence time = 40 min; volume of the
mixture = 150 mL; reaction temperature = 170 °C.

The experiments were conducted in triplicate.
*The experiment was carried out with 5 wt% of formic acid

The influence of an initial xylose concentration ranging from 2 g/L to 30 g/L was
investigated at optimal reaction temperature and residence time, and the experimental results
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are reported in Table III-2. The xylose conversion was unaffected by varying xylose
concentrations; nevertheless, the furfural yield and selectivity decreased steadily as the starting
xylose concentration increased. Consequently, our study selected an initial xylose concentration
of 10 g/L for further investigation. However, the reduction of furfural yield is not particularly
obvious because the xylose concentrations in our study were not too high compared to those of
other authors. For instance, Yang et al. (2012) discovered that as xylose concentration rose from
40 g/L to 120 g/L, furfural yield and selectivity declined from 70% to 60% and 78% to 65%,
respectively, using steam stripping in a semi-batch system. Delbecq et al. (2016) found that the
furfural yield decreased from 81% to 65% as the xylose concentration increased from 100 g/L
to 600 g/L in a microwave-assisted biphasic system using CPME as the extracting solvent. The
decrease in yield and selectivity may be due to excess xylose, which promotes side reactions.
This effect is more important when employing a complex starting material, such as oil palm
biomass, as Yong et al. (2016) described. Furfural loss processes occur between furfural and
other intermediates and fragments in the biomass, lowering furfural yield. On the other hand,
low initial xylose concentrations necessitate a larger reactor and greater heat to produce the
same amount of furfural in a commercial process. The initial xylose concentration should not
be too low for economic reasons, as suggested by previous studies (Yang et al., 2012; Baktash
et al.,, 2015; Kangle et al., 2023), with a recommended range between 50 g/L to 100 g/L.
However, this study investigated xylose concentrations ranging from 10-30 g/L, as this range

is representative of Cs sugars in the real biomass hydrolysates used.

II1.1.2 Xylose dehydration with steam stripping in a semi-batch system

The decrease in furfural yield and selectivity, resulting from increased undesirable
products in the reaction media, is primarily caused by secondary loss reactions, as shown in the
previous section. This section aims to improve the process efficiency regarding furfural yield
and selectivity by continuously removing the produced furfural from the reaction medium as a
vapor mixed with steam in the semi-batch system. The dehydration of xylose into furfural was

carried out under optimal conditions identified in the batch system.
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I11.1.2.1 Influence of vapor flow rate

Table I11-3: Furfural production from xylose with steam stripping in a semi-batch system.

Entry Flow rate Xyl Conc Xyl Conv Fur yield Fur selectivity Trur (%)
(mL/min) (g/L) (%) (%) (%)
1 1.5 10 95 66 (63) 70 (66) 95
2 1.5 10 95 59 (45) 61 (47) 77
3 35 10 95 62 (54) 66 (57) 86
4 3.5 20 92 64 (60) 67 (63) 95
5% 3.5 30 95 80 (71) 87 (78) 89

The number in the bracket is the value in the vapor phase.
Op. Cond.: initial concentration = 10 wt% of formic acid, residence time = 40 min, volume of the
mixture = 150 mL, reaction temperature = 170 °C.

*The experiment was carried out without adding water.

**Repeated three times: the standard deviation of xylose conversion, furfural yield and furfural
selectivity are 2%, 2% and 1%, respectively.

The results of the influence of the vapor flow rate on xylose conversion into furfural and
furfural extraction are presented in Table I1I-3 (Entries1-3). As expected, one can see that the
yield and selectivity of furfural in the vapor phase were higher than those in the liquid phase,
with their correlation relationship determined by vapor-liquid equilibrium. In addition, the yield
and selectivity of furfural and the efficiency of separating furfural in the vapor phase increased
when the vapor flow rate was increased. Specifically, the furfural yield in the vapor phase
increased from 45% to 54% while maintaining the same total furfural yield of 60% when the
flow rate was increased from 1.5 mL/min to 3.5 mL/min. A similar trend in the furfural
production from rice husk by hydrolysis accompanying supercritical CO; extraction was
reported by Sangarunlert et al. (2007). Increasing the flow rate of CO: resulted in a higher yield,
as a greater amount of CO» facilitated the dissolution of more furfural from the reaction mixture.
When comparing it to the experiment conducted without extraction (Table III-2, Entry 3), it
was observed that the steam extraction did not substantially enhance furfural production
regarding the overall furfural yield. This phenomenon could be attributed to the formic acid
dilution process by adding water and its subsequent extraction through steam. This could be
explained by the fact that the concentration of formic acid in the reactor at the end of the reaction
was less than half its initial concentration. Consequently, the conversion rate of xylose to

furfural declined during extraction, leading to a similar furfural yield in both systems.
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A supplementary experiment was conducted without continuous water injection into the
reactor, and the results are presented in Table III-3, Entry 1. The formic acid and xylose
concentrations in this system were not diluted throughout the extraction process due to the water
addition. The experiment was performed in a high-pressure reactor with an initial volume of 70
mL. Within 40 min, 60 mL of the extract was recovered, resulting in an average flow rate of
1.5 mL/min. When no water was added, the extraction process showed nearly equal results
regarding xylose conversion, furfural yield, and furfural selectivity, even when the vapor flow

rates were the same.

Nevertheless, the system with no water added achieved a higher separation efficiency
since the extraction procedure allowed for the complete recovery of the mixture in the reactor.
These findings indicated that the formic acid concentration in the system with water addition
was high enough to sustain the reaction rate of xylose conversion into furfural. This was
supported by similar results regarding xylose conversion, furfural yield, and furfural selectivity
obtained from the experiment using 5 wt% of formic acid, as shown in Table I1I-2, Entry 2. The
low initial xylose concentration could, in this case, be a cause for the indifferent results between
the xylose dehydration in batch and semi-batch extraction systems. The following section will
examine the impact of the initial xylose concentration on furfural extraction by steam in a semi-

batch system to confirm this hypothesis.

I11.1.2.2 Influence of initial xylose concentration

The experiments with varying initial xylose concentrations were carried out to show the
efficiency of furfural simultaneous extraction by steam. A high initial reactant concentration
should provide a correspondingly high product concentration during extraction. Therefore, a
high furfural can be derived from a high xylose concentration. Table III-3 (Enties 3-5) shows
that the furfural yield achieved through simultaneous extraction rose as the initial xylose
concentration increased. The highest furfural yield in the vapor phase, reaching 71%, was

obtained with 30 g/L of xylose.

Nevertheless, the results of Telleria’s study contradicted these findings where nitrogen
was used to stripe furfural produced from xylose dehydration catalyzed by sulfonic ion-
exchange resins (Agirrezabal-Telleria et al., 2011). The study revealed a significant decrease in
furfural yield, from 70% to 25%, when the xylose concentration was increased from 1% to 10%.
Despite the continual removal of furfural from the reaction media, the by-product formation

was inevitable and even more enhanced at high initial xylose concentrations. The high initial

117



Chapter 3: Development of a homogeneously catalyzed process for furfural production
with classical extraction system.

xylose concentration investigated could explain the difference, as mentioned in Section
II1.1.1.3. The catalyst type may be another reason for these dissimilar results since the surface

of solid catalysts can serve as a place for secondary reactions.

Compared to the batch system, the semi-batch method provided better furfural yield with
optimal purity due to formic acid co-extraction. This effect was particularly pronounced when
using high initial xylose concentrations, with a yield of 54% in the batch system compared to
80% in the semi-batch system using 30 g/L of xylose. This phenomenon can be explained by
the rapid extraction of furfural by steam, preventing furfural from accumulating in the reaction
media, where side reactions occur. This discovery highlighted that steam extraction in a semi-
batch system can avoid unwanted loss reactions and improve furfural production. Additionally,
this approach allows high xylose concentrations, resulting in a larger furfural concentration in

the extract, lowering post-extraction processing requirements.

I11.1.3 Xylose dehydration in biphasic solvent system

This section investigated the utilization of a biphasic solvent system, which operates on
a similar concept to steam stripping in a semi-batch process where the furfural produced is
simultaneously extracted throughout the reaction. This prevents its degradation caused by side
reactions in an aqueous phase. The objective was to enhance the efficiency of the process in

terms of furfural yield and selectivity by implementing more selective green solvents.
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Figure IlI-3: Furfural production from xylose in a biphasic system.
Xylose conversion, furfural yield and selectivity in the organic phase (columns), furfural yield and
furfural selectivity in both phases (circles).
(a) Effect of the aqueous-to-organic volume ratio. Op. Cond.: initial concentration = 10 g/L of xylose
and 10 wt% of formic acid; residence time = 40 min; volume of the mixture = 150 mL,; reaction
temperature = 170 °C; organic solvent = toluene.
(b) Effect of the organic solvent type. Op. Cond.: initial concentration = 10 g/L of xylose and 10 wt%
of formic acid; residence time = 40 min, volume of the mixture = 150 mL; reaction temperature = 170
°C; aqueous-to-organic volume ratio = 1 : 3.
(c) Effect of initial xylose concentration. Op. Cond.: initial concentration = 10 wt% of formic acid;
residence time = 40 min; volume of the mixture = 150 mL, reaction temperature = 170 °C; aqueous-
to-organic volume ratio = 1 : 3; organic solvent = CPME.

I11.1.3.1 Influence of aqueous-to-organic volume ratio

Under the optimum conditions obtained in the previous section, the effect of three-
volume ratios of aqueous to organic (1:1, 1:3, and 1:13) was investigated using toluene as an
organic solvent. Toluene was used in this part as it exhibited a high furfural partition coefficient
and low hydrosolubility (Agirrezabal-Telleria et al., 2012a; Hua et al., 2016; Mittal et al., 2017).
Figure I1I-3a demonstrated that, as expected, the yield and selectivity of furfural in the organic
phase increased with toluene volume and reached a maximum of 54% and 58%, respectively,
at aqueous to organic volume ratio of 1:13. A recent paper using 2-sec-butylphenol (SBP) to
extract furfural produced under autocatalytic conditions confirmed comparable findings

(Gomez Millan et al., 2021). The decrease in furfural production at a high-volume ratio of water
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to organic solvent (i.e., aqueous to organic = 1:1 (v/v)) can be explained by the saturation of
toluene and its capacity to extract furfural. As a result, furfural remains in the water phase,

susceptible to degradation processes.

Despite the high recovery of furfural in the organic phase, increasing the volume of
organic solvent or decreasing the aqueous-to-organic volume ratio, particularly at 1:13 (v/v),
resulted in a low xylose-to-furfural conversion. Moreover, the overall yield and selectivity of
furfural decreased as the volume ratio of aqueous-to-organic decreased. According to Qing et
al. (2017), an excess organic solvent hindered the contact between reactants and catalyst in the
aqueous phase, resulting in a low conversion of xylose into furfural and a consequently low
furfural yield. In addition, increasing the volume of organic solvent is impractical for industrial
applications since it increases the reactor volumes, the downstream separation costs, and overall
energy requirement (Gomez Millan et al., 2019; Papaioannou et al., 2019). Subsequent
investigations were conducted utilizing a volumetric ratio of 1:3 (v/v) between organic and
aqueous solvents, which produced comparable furfural yield, selectivity, and separation

efficiency.

I11.1.3.2 Influence of organic solvent types

Even though toluene has a good affinity for furfural and a low solubility in water, it is
very toxic (Rong et al, 2012). Two eco-friendly solvents, CPME and EB, were then
investigated under optimal conditions; the results are shown in Figure III-3b. Interestingly,
CPME was the best-extracting solvent, giving the highest yield of 67% with a selectivity of
74% for the aqueous-to-organic volume ratio of 1:3. The results were consistent with the
reported one (Molina et al., 2015; Gémez Millan et al., 2019). It was also noticed that the final
concentration of formic acid in the aqueous phase was reduced more than twofold when CPME
and EB were used as organic solvents compared to toluene. Similar observations have been
reported regarding the rise in pH of the aqueous phase after each reuse cycle in the water-CPME
biphasic system (Delbecq et al., 2016). This indicates that formic acid was transported at
elevated temperatures in CPME and EB, whereas xylose was not found in these active
extraction solvents (Guenic et al., 2015). The decreased formic acid concentration in the
aqueous phase seems to be the reason for the greater furfural yield observed when using CPME
and EB instead of toluene. At the examined water-to-organic volume ratio, a fraction of the
extracted furfural migrated back from the organic phase to the aqueous phase due to the

saturation of the organic solvent, as previously mentioned. A significant amount of formic acid
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during toluene extraction facilitated its degradation, resulting in a diminished yield and
selectivity of furfural. Furthermore, the aqueous phase exhibited a deeper color when toluene
was employed as the extraction solvent, owing to the presence of humines, compared to the

combination of CPME or EB.

The degradation of furfural in CPME and EB containing formic acid was examined by
heating the organic phase obtained from the previous experiment at 170 °C for 40 min. It was
discovered that the concentration of furfural in the organic phase remained nearly unchanged
(the relative gap was less than 5%), confirming that furfural in CPME and EB was stable despite

the presence of formic acid.

I11.1.3.3 Influence of initial xylose concentration

As stated previously, the furfural yield and selectivity decreased as the initial xylose
concentration increased in batch processing; the effect of the starting xylose concentration on
the performance of a biphasic system was then investigated. In this section, CPME was used as
the extracting solvent at an aqueous-to-organic volume ratio of 1:3. Figure III-3¢ showed that,
given similar xylose conversion (95%), the overall furfural yield decreased when increasing the
initial xylose concentration: the furfural yield dropped from 73% to 65% when the xylose
concentration rose from 10 g/L to 30 g/L.. The unexpected results may arise from the inadequate
volume of CPME utilized at the aqueous-to-organic volume ratio of 1:3. As stated in Section
II1.1.3.1, increasing the volume of organic solvent, which prevents furfural saturation in the
organic phase, could potentially increase the furfural yield. Similarly, Guenic et al. (2015)
discovered that furfural yield was inversely proportional to the xylose loading when
investigating the microwave-assisted dehydration of xylose into furfural by sodium chloride in
water-CPME. This was due to the increased viscosity of the aqueous layer, which caused
nonuniform heating in the microwave reactor and difficulty in extracting solvent to gain access
to furfural. Compared to the batch condition (Table III-2, Entries 3-5), the biphasic system
afforded a higher yield and selectivity of furfural at all xylose concentrations. These findings
showed that the biphasic system can inhibit secondary degradation reactions, leading to a high

yield and selectivity of furfural.

121



Chapter 3: Development of a homogeneously catalyzed process for furfural production
with classical extraction system.

II1.1.4 Furfural production from hemicellulose hydrolysate produced from

biomasses via LEEBio™ process

Table 11I-4: Biomass hydrolysate composition after hydrolysis at 120 °C for 240 min

Component Unit Fir wood OPEFB
Ara g/L 36+0.8 28+04
Galac g/L 44+038 1.6+0.3
Glu g/L 8.7+0.5 0.8+0.2
Mann g/L 30.1+£1.2 1.5+0.3
Xyl g/L 10.8+0.3 262+3.3
FA g/L 1662 +17.4 141.1+10.7
Fur g/L 0.5+0.2 2.1£0.6
5-HMF g/L 04+0.1 n.d

n.d : non-detected
The experiments were conducted in triplicate.

After optimizing the operating parameters in the batch system and validating the
beneficial effect of simultaneous extraction by steam and organic solvents using synthetic
solutions, the approach was extended to convert raw biomass hydrolysate to furfural. This study
used the hemicellulose hydrolysate without additional reactants under optimum conditions. It
is worth noting that the hydrolysate of hemicellulose obtained from raw biomass comprises
both Cs sugars (xylose and arabinose) and Cs sugars (glucose, mannose, and galactose). The
concentration of these sugars varies depending on the type of biomass, as indicated in Table
I11-4. The study utilized two categories of biomass: hardwood, represented by fir wood, and
residual biomass, exemplified by OPEFB. The purpose was to demonstrate the versatility of
this procedure with different types of biomasses. In the presence of formic acid at high
temperatures, Cs sugars underwent dehydration to produce furfural, whereas Cs sugars were

transformed into 5-HMF.
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Figure I1I-4: Scheme of the conversion of hemicellulose hydrolysate from raw biomass to
Sfurfural and 5-HMF.

Consequently, the utilization of raw biomass hydrolysate led to the production of

furfural and 5-HMF, both important platform chemicals for producing value-added fuels and

chemicals, as illustrated in Figure III-4. The results of furfural and 5-HMF production from raw

biomass hydrolysate in different systems are presented in Table III-5. The study revealed that
the furfural yield derived from OPEFB hydrolysate (70%) surpassed that of fir wood

hydrolysate (55%), mostly due to the significantly higher concentration of Cs sugars in OPEFB

hydrolysate, which was almost three times greater than that of fir wood hydrolysate.

Table III-5: Furfural and 5-HMF production from hemicellulose hydrolysate produced from raw biomass in

different systems.
Yield (%) Separation efficiency: T (%)
System Biomass
Fur 5-HMF Fur 5-HMF
Fir wood 55 38 / /
Batch
OPEFB 70 46 / /
Fi d 72 (68 39(1 93 1
Semi-batch* IO (68) ()
OPEFB 79 (74) 48 (0) 94 0
. . Fir wood 76 (70) 58 (34) 92 58
Biphasic**
OPEFB 83 (77) 62 (37) 92 60

The number in the bracket is the value in the vapor and organic phases for steam stripping in semi-
batch and biphasic systems, respectively.
Op. Cond.: residence time = 40 min, volume of the mixture = 150 mL, reaction temperature = 170 °C.

The experiments were conducted without replication.

*vapor flow rate = 3.5 mL/min, adding continuously water in the reactor

**aqueous-to-organic volume ratio = 1 : 3; organic solvent = CPME.
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When compared to the synthetic solution at an equivalent xylose concentration, it was
observed that the furfural yield derived from fir wood (55%) was inferior to that generated from
the synthetic solution (Table III-2, Entry 3, 58%). Agirrezabal-Telleria et al. (2012b) also
observed a comparable result, examining the impact of additional glucose on the conversion of
xylose to furfural. The experiment showed that combining xylose and glucose reduced furfural
production compared to utilizing only xylose solution from 66% to 42% at 175 °C despite
having the same xylose conversion (60%). The primary cause of this phenomenon is the
increased secondary reactions resulting from the interaction between the furfural generated and
the high glucose concentration. By studying the kinetics of homogeneously catalyzed xylose
dehydration to furfural in the presence of arabinose and glucose, Danon et al. (2014) found the
conversion rate of pentoses in complex saccharide solutions was comparable to that of
individual pentose solutions. Furfural, however, undergoes faster degradation in more complex
saccharide solutions, particularly at higher reaction temperatures (> 200 °C). According to these
authors, the reduced yield can be attributed to the breakdown of organic acids (i.e., levulinic
acid and formic acid) derived from glucose, which enhanced the degradation of furfural. In
contrast, the furfural yield (70%) derived from OPEFB was significantly greater than that of
synthetic solutions (Table III-2, Entry 4, 57%). The unexpected results may be attributed to (1)
the significant disparity in the concentration of Ce sugars compared to Cs sugars, which deviated
from the composition observed in fir wood hydrolysate, Agirrezabal-Telleria et al. (2012b)’s
study (mass concentration ratio of xylose/glucose = 0.66), and Danon et al. (2014)’s
investigation (concentration of xylose = glucose = arabinose = 0.05 mol/L). In this case, the
existence of Cs sugars and their by-products may facilitate the transformation of Cs sugars into
furfural; (2) the presence of different metal ions (i.e., K, Ca**, AI’*, etc.) in the raw biomass
hydrolysate, which act as Lewis acid, improving the catalytic performance of formic acid
toward the Cs sugar conversion into furfural (Lopes et al., 2015; Qiao et al., 2022). In their
study investigating the impact of chloride salts as co-catalysts for converting xylose into
furfural catalyzed by formic acid, Lopes et al. (2017) observed a substantial increase in furfural
yield. Specifically, when AICI; was introduced, the yield reached to 68%, compared to 55%
obtained solely with formic acid as the catalyst. Moreover, the results showed a significant
increase in furfural yield from 57% to 70% with the increase in AI** concentration from 0.2
mol/L to 0.8 mol/L in the presence of formic acid. Additionally, Lee et al. (2020) documented
that OPEFB exhibited notably elevated concentrations of metal ions, even higher than Fir wood
(Cutter and McGinnes, 1979). Comparatively, OPEFB exhibited a 135-fold increase in Al**
content and a 7-fold increase in Ca* content compared to fir wood. The results strongly support
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the notion that the combination of metal ions and formic acid enhances furfural production.
This elucidates why the furfural yield from OPEFB surpassed that from fir wood and pure

xylose.

The simultaneous extraction by steam stripping in a semi-batch system and using an
organic solvent in a biphasic system significantly improved furfural yield and 5-HMF yield, as
presented in Table III-5. These approaches offered an even higher yield compared to the
experiment using synthetic solutions. For instance, the furfural yield rose from 70% in the batch
system to 79% in the semi-batch system and further to 83% in the biphasic system when OPEFB
was employed as the starting material. Similarly, the yield of 5-HMF increased from 46% in
batch systems to 48% and 62% in semi-batch and biphasic systems, respectively. Besides the
overall yield, the furfural yield in the extract was also higher than that in the residue phase
(liquid phase in the semi-batch system and aqueous phase in the biphasic system) and in the
batch system using both synthetic solutions and raw biomass hydrolysate, indicating a high
level of separation efficiency. For example, when OPEFB was utilized, the furfural yield in the
batch system was 70%. In contrast, steam stripping in the semi-batch system and the biphasic

solvent system afforded furfural yields in the extract of 74% and 77%, respectively.

However, the conclusion was distinct for 5S-HMF, as it predominantly remained in the
residual phases for both extraction methods. For example, the separation efficiency achieved in
the semi-batch extraction and biphasic solvent systems was only 1% and approximately 60%,
respectively, for both biomass hydrolysates. 5-HMF possesses an additional alcohol group in
its chemical structure, resulting in a higher level of polarity than furfural. The increased
hydrosolubility of 5-HMF (364 g/L at 25°C) compared to furfural (83 g/L at 20 °C) supports
this statement. This elucidated why using a nonpolar organic solvent to extract 5-HMF was
insufficient compared to the furfural extraction, ultimately leading to a diminished separation
efficiency in a biphasic system. During the steam stripping process, the extraction of 5S-HMF
should be more efficient than furfural due to its stronger polarity and lower boiling point (Ts
=115 °C) in contrast to furfural (T, =160 °C). Nevertheless, our observations did not align with
that. Agirrezabal-Telleria et al. (2012b) also reported a comparable finding in which furfural
and 5-HMF were extracted using N2. The liquid phase exhibited a higher concentration of 5-
HMF than the vapor phase, with a concentration ratio 0.1 between the two phases. In contrast,
the concentration ratio of furfural was about 6-8. The understanding of the water-HMF and
water-furfural equilibrium was insufficient, necessitating further investigation to explain the

reported results.
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The furfural was obtained alongside 5S-HMF in the extract, leading to a low purity level
and requiring separation in subsequent steps to recover them individually. The use of membrane
methods in the pretreatment step to separate Cs sugars from Cg sugars holds potential for the
individual production of furfural and 5-HMF, enhancing the efficient utilization of biomass and
serving practical applications. Furthermore, these membrane techniques can concentrate each
variety of sugar, enhancing the production of furfural and 5-HMF while simultaneously

employing extraction methods.

I11.1.5 Comparison of furfural production in various system

This section compares our furfural production results and similar methods that utilize
formic acid as a catalyst in different systems, as detailed in Table III-6. We compared various
process and system types, operating conditions, biomass types, and production performance
regarding xylose conversion, furfural yield, and selectivity to demonstrate our production
performance.

Within the batch system, it was noted that using synthetic solutions resulted in a lower
furfural yield and a lengthier reaction time. However, our method was conducted at a reduced
temperature and lower formic acid concentration. This could substantially decrease operational
expenses and the danger associated with the high formic acid concentration utilized in previous
investigations (Lamminp&4 and Tanskanen, 2009; Lopes et al., 2017). Compared to the Lopes
et al. (2017) process, the separation or recovery of mineral salt is not required in our study since
only formic acid was used without additional reactants. As a result, the expenses associated
with post-treatment in the downstream processing of the salt-saturated aqueous phase are
reduced. However, it was evident that our approach yielded a higher amount of furfural when
using raw biomass compared to other studies that utilized high temperatures for faster reaction
times (Yong et al., 2016) and mineral salt (Qiao et al., 2022). As mentioned earlier, this rendered

the procedure uneconomical.

126



LTI

J10M SIYT, du 0L du ST (112 0L1 (1/3081) V4 Torem oiseydouojy yoreq 444940
J10M SIYT, du ss du 01 ot 0L1 (1/3081) V4 Torem orseydouoy yojeg poom 11
3
(T107) T30 Suex 8L VL 6 (1] 0TI 081 3\4«%: REILIY orseydouoly  yojeq-Twiog 14X
oM sIy 8L 1L 26 0€ or oLl Axﬂmo: 178 Jiseydouoy  Yoreq-lwag 16X
3
. %_me_ o du 08 du Sw og1 09 oLl L00) Mc_suf EM %o\mom s yoreq X
! : (13 s21) v
3 (a/agi1)
(€107) T8 30 Sue g 98 vL 98 08 SL 061 S@%@ ouanjojonIu orseydig yoreq 1£X
-0/191e A\
S10M SIYT, vL €L 86 01 o 0LT (%1 01) 8/ °€:1) orseqdrg yojeg 14X
. vd HINdD/2E M S
(1102) (N +°0) fI01TV
(10 s0do'] SL 89 06 Sv 0¢€ 0€1 + (% 69) 107e M drseydouojy yoeq 14X
vd
(6007) usueysue], . ) . (%M 0€)
pue pedapre | 9°L9 '59 L'96 01 0T 00T Vi ToreM orseqdouoy yoreq 1£X
0/ 1M
Y10Mm ST, 29 8¢ €6 01 (1) 0L1 Ca< mo: Torem o1seydouoy yoreq 18X
(%) (%) (%)
‘Jo Aranoapas pPRLe AR0D S\mwﬂwm:oU (urur) o)L sA[eje UIAJO WI)SA $S920.1 [l
gEM | amy amy 1AX IsAere) JudA[oS ISAS d Sun.eg
SIMSAY suonIpuod sunerddo pwndQ

“24NID.42]1] YIIM JSAIDIDI D SO p1ov d1uLiof Suisn uoyonpo.id jpanfinf Jo uostivduio) :9-J1J a]qv ]

“WIIISAS UONIBIIXI [BIISSB[ YIM uondnpoad [eanjinj 10j ss330.1d pazA[eied Aisnodudgowoy e jo judmdopad(q :¢ 19y3dey)



8¢CI

papiaoad uou= du

€] o
(9102) (a/agn)

du 9 du du 09 061 80°0) QuIBIdq+ arseydig yojeq ysny 901y

‘Ie 32 boaqra : 1918 : : :

e} qied (139 05) Vi HNdD/e M
YIom sy du €8 du ST % oLt (18051 Vd (/A 1) oseydig yoreg 44940
' HND/rEM ‘ ‘

oM sty du 9L du 01 or ool (Bosnva  YAED aiseydrg yoreg poom 1

’ HND/1E M ' ' ’

(Nw
(22027) 1B 32 ORID) du € ov du du 09 091 001) ﬂo.z I91e M aiseydouoy yojeq $Q09 UI0)
+(18 €19 .
vid

(ddo)

(9107) ‘1B 32 SUO & du 8°G¢ du du 1 ove Vi [oueyig+Iojepy  orseqdouoy yojeq spuoyy
wred 10

(%) (%) (%) <
Juo

A)yADIIRS pPRIA Au0) v W O ww) Q0)L [eL)EW

‘Y my my X 1AX 1s[e3e) JUIAOS wI)sAg $$3%0.14 Supaerg

SIMSAY suonIpuod sunerddo pwndQ

“WIIISAS UONIBIIXI [BIISSB[ YIM uondnpoad [eanjinj 10j ss330.1d pazA[eied Aisnodudgowoy e jo judmdopad(q :¢ 19y3dey)



Chapter 3: Development of a homogeneously catalyzed process for furfural production
with classical extraction system.

Regarding the production in a biphasic solvent system, our reaction was conducted
using an environmentally friendly solvent without additional catalysts, fulfilling the
requirement of green chemistry and the principle of sustainable development. Furthermore, it
is noteworthy that our outcomes in the biphasic batch system utilizing raw biomass were
superior to all other comparable procedures. The highest furfural yields of 76% and 83% were
obtained from fir wood and OPEFB, respectively. Additionally, the furfural yield achieved by
this system surpassed that obtained with steam stripping across all investigated conditions and
starting materials. This superiority can be attributed to the organic solvents’ (apolar) heightened
affinity for furfural compared to water steam, as previously discussed. Despite the elevated
formic acid concentration, our research yielded results comparable to those of Yang et al.
(2012) in a semi-batch system by utilizing a reduced temperature and a shorter reaction time.
As stated previously, the membrane process could reduce the concentration of formic acid
while keeping the concentration of sugars constant. Our study demonstrates that manufacturing
furfural utilizing synthetic solutions and hydrolysate obtained from raw biomass is promising.
These findings indicate that biomass residue can be effectively recycled to provide valuable

and practical products.

The above results showed that optimization of furfural production can be achieved by
selecting the appropriate study system and operating conditions (i.e., temperature and time).
However, all these studies were conducted under pressure (~15 bar at 200 °C). This raises the
question of whether working at a lower pressure, such as atmospheric pressure, could be

considered to reduce the energy and equipment costs of the process.

II1.2 Complementary study: Furfural synthesis in biphasic system
at atmospheric pressure

As far as we know, research on the dehydration of xylose to furfural at atmospheric
pressure remains limited. Early investigations centered on the use of hydrochloric acid, notably
examined by Fulmer et al. (1936). In their pioneering work, they utilized hydrochloric acid-
sodium chloride solutions within a toluene-water biphasic system, achieving a maximum
furfural yield of 53%. Subsequent studies by Hockett et al. (1943) in 1943 explored furfural
production from xylose and arabinose using 12% hydrochloric acid under atmospheric pressure
conditions. Further advancements were made by Rong et al. (2012), who optimized furfural

production from xylose in a toluene-water biphasic system employing sulfuric acid as a catalyst

129



Chapter 3: Development of a homogeneously catalyzed process for furfural production
with classical extraction system.

and inorganic salt (FeCl3) as a promoter. Remarkably, under these conditions, a best furfural
yield of 83% was attained. Despite these advancements, there remains a notable gap in research
concerning furfural synthesis from xylose using organic acids such as formic acid under
atmospheric pressure conditions. Hence, our initial investigation focuses on exploring furfural
production under mild experimental conditions, specifically using formic acid as a catalyst and

operating at atmospheric pressure.

II1.2.1 Furfural synthesis in monophasic system at atmospheric pressure

Initially, furfural production from xylose was conducted using formic acid as a catalyst

in a monophasic system. The results from these experiments are detailed in Table III-7.

Table III-7: Experimental conditions and results obtained from dehydration of xylose in monophasic system at
atmospheric pressure

Concentration Xyl conv Fur yield Fur selectivity
Entry 7 (min)
Xyl (g/L) FA (Wt%) (%) (%) (%)
1 40 10 10 1.7 - -
2 60 10 10 1.5 - -
3 300 10 10 3.7 - -
4 300 10 30 8.9 0.8 9.5
5 540 10 30 12.7 1.6 12.2
6 300 10 30 5.7 0.5 9.2
7° 300 10 30 10.3 1.1 10.5
8¢ 300 10 30 8.1 1.5 18.9

“ The pure xylose solution is fed continuously for 120 min, similar to the semi-continuous system.

b 2.0 g of Aquivion PW98 was added.

“ 1.2 g of Amberlyst-15 was added.

Op. Cond.: volume of the mixture = 200 mL; stirring = 400 rpm; temperature (boiling) and
atmospheric pressure.

Furfural was only produced under specific conditions (i.e., 10 g/L xylose and 30 wt%
formic acid for 300 min), as shown in Table III-7. Under the appropriate conditions, Furfural
yield varied from 0.5% to 1.6% for a xylose conversion range of 5.7% to 12.7% and furfural
selectivity of 9.2% to 18.9%.

When the reaction time was extended, the yield of furfural increased, just like the
conversion of xylose and the selectivity of furfural. Despite these improvements, the yield
attained in this study was considerably lower than that documented in existing literature. This

disparity in furfural yield could plausibly be attributed to the relatively low catalytic efficiency
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of formic acid, an organic acid, as opposed to the more potent mineral acids such as
hydrochloric or sulfuric acid.

To avoid secondary loss reactions (i.e., condensation), pure xylose solution was added
constantly for 2 h throughout the course of 3 h (Entry 6 in Table I1I-7), which was similar to a
semi-continuous procedure. In the end, the yield of furfural was lower than that obtained in a

batch process under the same conditions.

Furthermore, it was discovered that Brensted heterogeneous catalysts improved formic
acid catalytic performance during the dehydration of xylose to furfural (Entries 7 and 8 in Table
II1-7). Interestingly, there was no significant difference in terms of furfural yield systems
employing Brensted heterogeneous catalysts and those without. This observation could be
explained by the relatively low reaction temperature utilized to enhance the catalytic
performance of heterogeneous catalysts. Our findings align with previous research, indicating
that the majority of heterogeneous catalysts utilized for xylose conversion into furfural operate
at temperatures exceeding 120 °C (Tuteja et al., 2012).

To improve performance at atmospheric pressure, a two-phase system is proposed, as
in the previous study, to remove produced furfural during the reaction. This approach aims to

limit its degradation due to side reactions.

I11.2.2 Furfural synthesis in biphasic system at atmospheric pressure

Table I1I-8: Experimental conditions and results obtained from dehydration of xylose in biphasic solvent system
at atmospheric pressure

S P e i,
(%) (%)
1 Toluene 1:3 24.0 - _
2" CPME 13 116 ) ]
3" Toluene 13 16.0 ] ]
4 Toluene 1:3 22.7 - )
5b Toluene 1:15 64.2 30 50

Op. cond.: volume of the mixture = 200 mL, stirring = 400 rpm, temperature (boiling); atmospheric
pressure; t = 300 min.

a: xylose concentration (10 g/L) and formic acid concentration (30 wt%), b: xylose concentration (100
g/L), formic acid concentration (30 wt%) and 2.4 g of NaCl.

" The pure xylose solution is fed continuously for 60 min, similar to the semi-continuous system.

0.3 g of Amberlyst-15 was added.
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Following furfural production in the aqueous monophasic system, experimentation
extended to the biphasic solvent system. Here, furfural produced was extracted into the
extracting phase to mitigate potential side reactions in the aqueous phase and preferentially
drive the reaction towards furfural formation. The results of this part are presented in Table I1I-

8.

As demonstrated in Table III-8, xylose conversion was higher in a biphasic solvent
system than in a single aqueous system, however furfural formation was not ideal. Among the
examined organic solvents, toluene proved to have the greatest performance for extracting
produced furfural from the aqueous phase, which was consistent with previous results (Rong
et al.,, 2012; Hua et al., 2016). The dehydration of xylose into furfural was not improved by
feeding pure xylose solution into a biphasic system using toluene as an extracting solvent.
Furthermore, adding Amberlyst-15, which boosts formic acid’s catalytic activity in a single
aqueous system, had no effect on furfural synthesis in the biphasic solvent system. Increasing
the initial concentration of xylose, on the other hand, was found to increase the production of
furfural. Using 100 g/L of xylose, 30 wt% of formic acid, and a toluene/aqueous ratio of 15:1
(v/v), the best furfural yield of 3.2% for 64.2% xylose conversion was obtained.

Since toluene is toxic and derived from petrochemical sources, cyclopentyl methyl ether
(CPME), a green solvent that is less toxic than other ethers (Gomez Millan et al., 2019), was
investigated. Under the assessed conditions described herein, no improvement in the
conversion of xylose into furfural was observed. Moreover, a lower level of xylose conversion
was achieved with CPME, and furfural formation was not enhanced compared to using toluene

as the extracting solvent.

II1.3 Conclusion chapter

Regarding the conversion of xylose into furfural under atmospheric pressure, it was
found that furfural formation in both monophasic and biphasic solvent systems was suboptimal
due to the low catalytic activity of formic acid in dehydrating xylose to furfural under these
conditions. The addition of Brensted heterogeneous catalysts improved the catalytic
performance of formic acid in terms of xylose conversion, although furfural yield remained
low (< 2%). However, a significant increase in furfural yield was observed at higher
temperatures (> 140°C). Under optimal conditions (170°C for 40 minutes), successful furfural
synthesis was achieved, with 58% and 70% furfural obtained from synthetic solutions
containing 10 g/L of xylose and raw biomass hydrolysates derived from OPEFB, respectively.
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Implementation of simultaneous furfural extraction methods, including steam stripping
and the use of eco-friendly solvents within a biphasic system, resulted in notable enhancements
in furfural production. Yields consistently exceeded 70%, with separation efficiencies

surpassing 90% across all examined conditions and starting materials.

These findings underscored the versatility of formic acid, which serves both as a solvent
for lignocellulosic biomass depolymerization and as an efficient catalyst for xylose dehydration
to furfural. This integrated process facilitates the individual extraction of three biomass
fractions, optimizing resource utilization. Moreover, this environmentally friendly approach
promotes sustainability, requiring no additional chemicals for hydrolysate utilization. These
results hold promise for diverse biomass applications and provide a crucial reference for scaling
up to pilot and semi-industrial production levels.

Despite the fact that these initial results are very promising, the scalability of this
process from a green and economic perspective remains questionable. Therefore, the next
chapter is dedicated to exploring greener alternatives, such as using supercritical CO> or

heterogeneous catalysts, to minimize the use of formic acid.
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IV. Chapter 4

Towards more environmentally-friendly
processes.

This chapter focuses on environmentally-friendly processes for furfural production
from xylose. These processes include (1) using supercritical carbon dioxide (Sc-CO») as an
extracting agent to prevent the degradation of produced furfural by removing it from the
reaction medium, and (2) combining heterogeneous acid catalysts with formic acid to convert
xylose into furfural. The chapter is divided into two sections: the first section presents a study
on furfural production from xylose using formic acid as a catalyst with simultaneous extraction
using Sc-CO;. The second section addresses furfural production from xylose using a

combination of heterogeneous catalysts and formic acid.

The methods for conducting these manipulations, encompassing both analytical and
experimental approaches, have been previously delineated in Chapter 2. Specifically, the
experimental setup employed for this study is described in Section I1.2.1. Additionally, the
extraction method utilizing Sc-CO is stated upon in Section I1.3.3.

The subsequent section of this chapter presents experimental results concerning furfural
production utilizing Sc-CO» in both batch and semi-batch systems. Initially, the results of
furfural production in a batch system using Sc-CO; are detailed, emphasizing the catalytic
activity of Sc-COz in facilitating xylose conversion to furfural. Subsequently, the investigation
examines furfural production accompanied by simultaneous Sc-CO; extraction in a semi-batch
system, focusing on the identification of optimal conditions to enhance furfural yield through
parameter adjustments. Finally, the study’s findings are compared with those of other
investigations, aiming to evaluate the efficacy of Sc-CO, extraction for furfural production
across various catalyst types. The experimental results presented in this section are extracted
from the article entitled “Integrated supercritical carbon dioxide extraction for efficient furfural
production from xylose using formic acid as a catalyst”, The Journal of Supercritical Fluids,
(2024) 106274.

The second section of this chapter presents experimental results concerning furfural production
from xylose using a combination of heterogeneous catalysts and formic acid. First, the impact
of adding Lewis heterogeneous catalysts on furfural production in monophasic and biphasic
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systems is discussed. Then, the effect of temperature on xylose conversion into furfural through

heterogeneous catalysis is detailed for both monophasic and biphasic systems.
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IV.1 The production of furfural from xylose using formic acid as
a catalyst and simultaneous extraction with supercritical
carbon dioxide

The following results are presented as part of the scientific article entitled “Integrated
supercritical carbon dioxide extraction for efficient furfural production from xylose using

formic acid as a catalyst”, The Journal of Supercritical Fluids, (2024) 106274.

In this study, an extensive investigation was carried out by combining formic acid as a
catalyst and Sc-CO»> as an extraction agent for the dehydration of xylose into furfural. Firstly,
the catalytic properties of CO», as well as the synergistic effects of formic acid and CO; on
xylose dehydration to furfural, were studied in batch mode. Secondly, the performance of Sc-
CO» extraction to recover furfural from the reaction medium, while avoiding its degradation in
semi-batch processes, was also examined. Synthetic solutions, containing mainly xylose (10—
30 g/L) and formic acid (10 wt%) were used, with their concentrations representative of a juice

resulting from the hydrolysis of biomass by formic acid in the LEEBio™ process.

IV.1.1 Xylose conversion in batch system with Sc-CO:
IV.1.1.1 Catalytic effect of CO:
The objective of this section is to investigate the catalytic properties of CO; in the
dehydration of xylose to furfural catalyzed by formic acid.
Table IV-1 (Entries 2, 3, and 6) presents the results of furfural synthesis in batch mode
in a two-phase H,O-CO> medium at different pressures. It was observed that the xylose
conversion achieved in the CO2 experiments was higher than that obtained by the process using

only formic acid (Table IV-1, Entry 1) or only CO; without formic acid (9% and 5%,

respectively, at 20 MPa for conversion rate and furfural yield).
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Figure IV-1: HPLC chromatograms on a Bio-Rad Aminex HPX-87H column with a refractive
index detector: (a) standard of xylose, xylulose and their mixture; (b) the mixture remained in the
reactor after 1h of dehydration in different cases.

Op. Cond.: initial concentration = 10 g/L of xylose and 10 wt% of formic acid; residence time = 5h;
volume of the mixture = 55 mL,; temperature = 140 °C; CO; pressure = 20 MPa.

Upon analyzing the reaction mixture sampled during the dehydration of xylose to
furfural catalyzed by formic acid in the presence of CO., xylulose, an isomer of xylose, was
detected. According to Liu et al. (2021), xylulose can be formed via the isomerization of xylose
catalyzed by a Lewis acid, which in this case was likely CO», as this isomer was only found in
the presence of CO> (Figure IV-1b). Xylulose then rapidly dehydrates to furfural via a Brensted
acid, which in this study was formic acid, as illustrated in Figure IV-2. Choudhary et al. (2012)
proposed a similar reaction mechanism while investigating the conversion of xylose to furfural
using CrCls as a Lewis acid and HCI as a Brensted acid catalyst. The initial phase involves the
isomerization of xylose into xylulose via a Lewis acid, as the activation barrier for xylulose
dehydration (23.1 kcal/mol) is lower than that of xylose (30—32 kcal/mol). The subsequent step
includes the dehydration of xylulose catalyzed by a Brensted acid to produce furfural. Under
the investigated conditions, where the pH of the solution (1.86) is lower than the pKa (= 6.2) of
CO2/H2CO3, the predominant form of CO> was the dissolved CO2 molecule (CO> (aq)), which
can act as a Lewis acid (Beckman, 2004).
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Figure IV-2: The reaction pathway of the formic acid-catalyzed dehydration of xylose into
Sfurfural in the presence of formic acid and of both formic acid and CO:.

Figure  IV-3:  The  black insoluble  carbonaceous  compound  (Humines).
(a): the reactor before the reaction, (b): the reactor after the reaction, (c): the black insoluble humines.

An additional trial was carried out to compare the Lewis acid performance of CO; to
that of H-ZSM-5 (Si02/A1203 = 23, TOSOH) which possesses both Lewis and Brensted acid
sites. The results indicated that CO; (P = 5 MPa) was more effective than H-ZSM-5 (m = 0.4
g) as a Lewis acid for the conversion of xylose to furfural in the presence of formic acid. Under
identical conditions (7= 140 °C, t=5 h, Cx;1 =10 g/L, and Cra = 10 wt%), the CO> experiment
resulted in a greater furfural yield (61% vs. 33%) and selectivity (64% vs. 33%) for similar
xylose conversion (95-100%). Moreover, xylulose was found in both CO; and H-ZSM-5
experiments, confirming that CO> can indeed act as a Lewis acid catalyst. The role of CO; as
a Lewis acid could be the primary reason for the higher xylose conversion observed in the
presence of CO, compared with its absence. This observation is consistent with the findings of
Choudhary et al. (2011), who evaluated the possibility for single pot furfural synthesis from

xylose via xylulose using hydrochloric acid (HCI) and the cation exchange resin Amberlyst-15
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in an aqueous medium. They discovered that when xylulose was used as the reactant, the
conversion reached 66%, and the furfural yield was 24%, whereas xylose did not react at low
temperatures (< 120 °C) with Amberlyst-15 or HCI. This finding supports a reaction scheme

in which xylulose dehydrates more quickly to furfural than xylose via Breonsted acid catalysis.

In addition to achieving a higher conversion of xylose, the experiments involving CO>
demonstrated a higher furfural yield than those without CO». Comparable results were observed
by Choudhary et al. (2012) using the combination of Lewis (CrCl3) and Brensted acids (HCI)
in a single aqueous phase. The addition of HCl alone results in a furfural yield of 29%, while
utilizing solely CrCls led to a yield of 17%. By combining HCl and CrCls, a higher yield of
39% can be achieved under the same conditions. This can be explained by the formation of the
reactive intermediate “xylulose,” which dehydrates into furfural more rapidly and selectively
than xylose. Nevertheless, similar furfural selectivity (~60%) was observed in both the
presence and absence of CO». This phenomenon may be attributed to (i) the fact that the highly
reactive intermediate xylulose undergoes subsequent loss reactions, and (ii) the rapidly
produced furfural, which was not removed from the reaction medium, suffered from additional
side reactions (i.e., condensation reactions) with xylose. This resulted in the formation of
humins, a black insoluble carbonaceous compound observed in the reactor at the end of the
reaction (Figure IV-3) (Lyu and Botte, 2021). Consequently, the furfural yield and selectivity

were low.
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IV.1.1.2 Influence of CO: pressure

The effect of different pressures (5, 10, and 20 MPa) on the conversion of xylose to
furfural in batch systems was initially investigated, considering pressure as one of the crucial
parameters for furfural extraction by CO, (Sangarunlert et al., 2007). The results are
summarized in Table IV-1 (Entries 2, 3, and 6). Under these experimental conditions, it was
demonstrated that pressure had no effect on the conversion of xylose to furfural, resulting in
an average furfural yield of 62% and a selectivity of 66%. Using Amberlyst-70 as a catalyst,
Sato et al. (2019) observed an increase in furfural yield from 23.8% to 31.7% as CO; pressure
increased from 5 MPa to 20 MPa. According to these authors, the enhanced furfural production
was attributed to the solubility of high-pressure CO> into the water phase, generating carbonic
acid. This in turn, accelerated the acid-catalyzed reaction in water. The disparity in results can
be explained by the significantly greater catalytic activity of formic acid compared with that of
Amberlyst-70 and the generated carbonic acid, thus hiding the effect of CO; pressure.
Nonetheless, the separation efficiency increased with increasing pressure, reaching a maximum
value of 8% at 20 MPa. As expected, this low value was obtained because of the low volume
of the CO» phase in the reactor as detailed in Table IV-1. This result is consistent with a
previous study (Gamse et al., 1996) where the solubilities of furfural in supercritical CO; at
various temperatures (25-60 °C) and pressures (8—34 MPa) were measured. As stated by the
authors, the solubility of furfural in CO increases with pressure but decreases with
temperature. It is worth noting that at the lowest studied pressure (5 MPa, Entry 2 in Table IV-
1), CO; exists as a compressed gas; however, above the critical pressure (7.4 MPa, Entries 3
and 6, in Table IV-1), it exists as a supercritical fluid in which the solubility of organic

molecules increases with pressure (Games et al., 1997).

IV.1.1.3 Influence of initial xylose concentration

The purpose of this section is to investigate the extraction capability of Sc-CO; in batch
systems, inhibiting side reactions while providing high furfural yield and selectivity. In general,
a high starting concentration of the reactant should result in a high concentration of the product.
Hence, a high furfural concentration can be obtained from a high xylose concentration. The
effect of the initial xylose concentration on xylose conversion into furfural was examined and
the results are illustrated in Figure IV-4. Without Sc-CO, extraction, the furfural yield and
selectivity increased from 47.6% to 53.3% and from 57.1% to 66.5%, respectively, for a similar

xylose conversion as the initial xylose concentration increased from 10 g/L to 20 g/L. However,
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as the xylose concentration was increased further to 30 g/L, the furfural yield and selectivity

experienced a decline, reaching 44.7% and 55.2%, respectively.

® Conversion without CO2 m Yield without CO2 Selectivity without CO2
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Figure 1V-4: Effect of initial xylose concentration for xylose conversion into furfural and the
extraction in batch system.
Op. Cond.: initial concentration = 10 wt% of formic acid, residence time = 5h; volume of the mixture
= 40 mL; vreaction temperature = 140 °C; CO, pressure = 10 MPa.
The results of reaction without CO; extraction are presented in bars and those with CO; extraction are
in dots. The xylose conversion (red), furfural yield (green) and furfural selectivity (yellow).
The experiment realized with 30 g/L of xylose under 10 MPa of CO: was repeated three times: the
standard deviation of xylose conversion, furfural yield and furfural selectivity are 1.3%, 1.9% and
2.5%, respectively.

This observation aligns with a reported study of Yang et al. (2012), where it was found
that as the xylose concentration rose from 40 g/L to 120 g/L at 180 °C using 10 g/L of formic
acid as a catalyst, furfural yield and selectivity declined from 70% to 60% and 78% to 65%,
respectively. These results suggest that the high initial xylose concentration enhanced not only
the dehydration of xylose to furfural but also the occurrence of side reactions, resulting in a
lower furfural yield and selectivity. Indeed, the mixture at the end of the reaction became darker
due to the formation of humines caused by the increase in xylose concentration. This
observation confirms that, as previously stated, furfural was consumed through condensation

reactions with xylose.

The experiments with Sc-CO extraction demonstrate a similar tendency, with the
maximum furfural yield of 63.5% and the highest selectivity of 67.3% occurring at the lowest

xylose concentration (10 g/L). The system with Sc-CO; yielded superior results in terms of
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xylose conversion, furfural yield, and selectivity compared with studies conducted without Sc-
COs. By increasing the xylose concentration from 20 g/L to 30 g/L, the furfural yield (54%)
and selectivity (57%) were maintained in the Sc-CO; extraction system, while these values
decreased in the system without Sc-CO; extraction. These findings demonstrated that Sc-CO»
extraction, even with a low amount of CO» present in the reactor in batch mode, can avoid
secondary loss reactions in batch systems to a certain extent by extracting furfural from reaction

aqueous medium.

IV.1.2 Xylose conversion with Sc-CO: extraction in semi-batch system

As demonstrated in the previous section, Sc-CO» exhibits limited influence in the batch
mode of furfural synthesis. Consequently, this section aims to explore the potential of Sc-CO»
in extracting furfural within a semi-batch system, where Sc-CO; is continuously supplied

during the conversion of xylose to furfural.

IV.1.2.1 Influence of CO: flow rate
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Figure IV-5: Evolution of different compound concentration during the Sc-CO: extraction.
(a): Formic acid concentration as a function of time.
(b): Xylose and furfural concentration as a function of time.
Op. Cond.: initial concentration = 10 g/L of xylose and 10 wt% of formic acid; residence time = 5h;
volume of the mixture = 40 mL, reaction temperature = 140 °C; CO; pressure = 20 MPa,; CO; flow
rate = 5 g/min.

The results from the influence of CO> flow rate on xylose conversion into furfural and
furfural extraction are presented in Table IV-1 (Entries 4-5). Surprisingly, upon increasing the
CO; flow rate from 5 to 10 g/min, the yield and selectivity of furfural decreased and were even

lower than those achieved in batch mode for similar xylose conversion when the extraction was

146



Chapter 4: Towards more environmentally-friendly processes.

conducted under 10 MPa of CO; (Table IV-1, Entry 3). In theory, it would be expected for
yield and selectivity to be enhanced by increasing the CO flow rate, as more furfural from the
reaction mixture could be dissolved as the amount of CO> increased (Sangarunlert et al., 2007).
However, the unexpected outcome may be attributed to the co-extraction of formic acid by CO»

steam, as shown in Figure [V-5a.

Additionally, we postulate that the presence of formic acid in CO2 could reduce the
solubility of furfural, thereby decreasing the capacity of CO, to extract furfural from the
reaction medium. This explains why the influence of CO; flow rate observed in this work
differed from other studies in which a solid catalyst was used and its quantity remained
unaltered throughout the extraction (Kim and Lee, 2001; Gairola and Smirnova, 2012).
Studying the phase equilibrium of the quaternary system furfural-water-acetic acid-COz,
Games et al. (1997) has shown that the concentration of acetic acid affected the distribution
behavior of furfural between water and CO». The distribution coefficient of furfural in the CO»-
water system increased with increasing acetic acid concentrations, reaching an optimum of
0.25 at a concentration of 5 wt% acetic acid, thereby enhancing furfural extraction. This
property diminished as the acetic acid concentration continued to rise. An in-depth study of the
interaction of formic acid with CO,, water, and furfural is imperative to draw any further

conclusions.

As the CO; flow rate increased, there was a notable rise in the loss of formic acid within
the reactor. Consequently, the yield and selectivity of furfural during the semi-batch extraction
at a high flow rate exhibited a decrease compared with those at a low flow rate. Surprisingly,
the observed values were even lower than those attained in batch extraction, as observed in this
study. A similar observation was reported by Gairola and Smirnova (2012) where they noted
an increase in furfural production with an escalating CO> flow rate at 8 MPa without catalyst,
which was technically limited to a maximum of 3.6 g/min. Higher flow rates caused the
flooding of the reactor. This finding suggests that the CO> flow rates examined in our study
might have been excessively high, potentially hindering the effective conversion of xylose to
furfural and subsequent extraction. Unfortunately, the equipment used in this investigation
does not allow the introduction of CO- at a lower flow rate than 5 g/min. In contrast to a batch
system, this approach enables the recovery of all produced furfural with a portion of the formic
acid as an extract, maintaining low xylose and furfural concentrations in the reactor (Figure
IV-5b). Moreover, it facilitates the purification of furfural in the downstream step, enhancing

the overall efficiency of the process.
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IV.1.2.2 Influence of CO: pressure

The effect of CO; pressure in semi-batch mode was investigated by increasing the
pressure from 10 MPa to 20 MPa while maintaining constant CO; flow rates (5 and 10 g/min),
and the results are shown in Table IV-1 (Entries 7-8). At the same CO; flow rate, the furfural
yield and selectivity increased when the CO; pressure was increased for a similar xylose
conversion. The optimum conditions were observed at 20 MPa with a CO; flow rate of 5 g/min,
yielding the highest furfural yield of 68.5%, the highest selectivity of 71.4%, and a separation
efficiency of 99%. Therefore, the combination of 20 MPa with a flow rate of 5 g/min was
selected as the most suitable conditions for the subsequent experiments. These values are
comparable to the results of Sako et al. (1992), where the conversion of 2 wt.% xylose at 150
°C under 20 MPa, in the presence of 0.05 mol/L sulfuric acid, and simultaneous Sc-CO»
extraction of furfural was conducted. Under these conditions, the maximum furfural yield
reached 69.9%, with 85.6% of furfural being successfully recovered as an extract. It’s
noteworthy that without extraction, the furfural yield did not reach 40%. In another study,
Gairola and Smirnova (2012) revealed that increasing the pressure from 8 to 12 MPa with a
CO; flow rate of 3.6 g/min led to an increased furfural yield from 51% to 68%. This
phenomenon can be attributed to the heightened solubility of furfural with an increase in CO>
pressure, as discussed previously. Using the characteristic parameters of the Chrastil model
(Chrastil, 1982) determined by Gamse et al. (1996), it was estimated, omitting the presence of
formic acid, that the solubility of furfural in CO> increases from 0.07 mg of furfural/L of Sc-
CO2 to 38.18 mg of furfural/L of Sc-CO> when the pressure was increased from 10 MPa to 20
MPa at 140 °C.
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IV.1.2.3 Influence of initial xylose concentration
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Figure IV-6: Effect of initial xylose concentration for xylose conversion into furfural and the
extraction in semi-batch system in comparison with reaction without CO..
Op. Cond.: initial concentration = 10 wt% of formic acid; residence time = 5h; volume of the mixture
= 40 mL,; reaction temperature = 140 °C; CO; pressure = 20 MPa; CO: flow rate = 5 g/min.
The results of reaction without CO; extraction are presented in bars and those with CO; extraction are
in dots. The xylose conversion (red), furfural yield (green) and furfural selectivity (vellow).

The experiments with varying initial xylose concentrations were carried out to
demonstrate the efficiency of simultaneous furfural extraction by Sc-CO,. As depicted in
Figure IV-6, it is evident that the xylose conversion, furfural yield, and selectivity achieved
through simultaneous extraction (represented by dots in Figure [V-6) remained relatively stable
across the three investigated concentrations. In contrast, results obtained without CO»,
especially regarding furfural yield and selectivity, declined as the xylose concentration
increased. This parallels the observations made during batch extraction. In comparison with
batch extraction, the utilization of CO» in semi-batch extraction resulted in enhanced selectivity
and furfural yield, as along with improved separation efficiency and optimal purity due to the
presence of formic acid. These findings demonstrate the solvent-extracting properties of Sc-
CO», effectively inhibiting secondary degradation reactions and consequently ensuring a high

yield and selectivity of furfural.
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IV.1.3 Comparison of the extraction of furfural with Sc-CQO: using various
catalytic systems

This section discusses the advantages and drawbacks of combining an organic acid
homogeneous catalyst (i.e., formic acid) with Sc-CO; extraction for furfural production. The
analysis includes a comparative assessment against various catalyst types, encompassing
reactions without catalysts, homogeneous catalysts, and heterogeneous catalysts. Table V-2
summarizes furfural production reported with various catalyst types, alongside simultaneous
Sc-CO; extraction. It is noteworthy that the separation efficiency achieved in this study (99%)
surpassed that of Gairola and Smirnova (2012)’s experiment, despite a comparable furfural
yield (68%). Moreover, elevated temperatures were found to catalyze secondary reactions,
resulting in an overall decrease in both furfural yield and selectivity. In contrast to our findings,
the need for higher temperatures to achieve a quicker reaction time in the referenced instance
raises concerns about the economic viability of the process due to excessive energy
consumption. To evaluate these findings within the context of sustainable development, a
comprehensive energy balance must be performed. As a catalyst, formic acid emerges as a
potentially preferable choice over inorganic acid catalysts, such as H2SOs, aligning with the
objectives of green chemistry that are increasingly embraced by governments, industries, and
numerous organizations worldwide. Notably, formic acid possesses lower volatility, thereby
facilitating more straightforward recovery and separation processes. This characteristic, in turn,
leads to a reduction in operating costs. It is important to highlight that the lower catalytic
activity of formic acid necessitated a substantial quantity to attain a comparable furfural yield
and separation efficiency (Kim and Lee, 2001; Gairola and Smirnova, 2012). However, this
choice avoided many drawbacks of inorganic acid catalysts, such as acid corrosion and high
pollution emissions. In light of these findings, the use of formic acid as a catalyst in
combination with Sc-CO, extraction for the practical production and recovery of furfural
within the homogeneous catalysts category appears highly promising. Considering the use of
heterogeneous catalysts that are simple to separate and reusable, such as in Kim and Lee (2001)
and Sato et al. (2019) investigations, it was observed that these catalysts gave lower furfural
yields (~40%) and selectivity (~60%) despite achieving a similar xylose conversion (80—
100%). This may be a result of their low catalytic activity. Additionally, drawbacks such as
catalyst deactivation and reduced catalytic activity post-regeneration due to the loss of active
sites were identified in the context of heterogeneous catalysts. The utilization of formic acid as

a catalyst not only enhances furfural yield and selectivity but also significantly reduces reaction
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time by threefold and the amount of CO> by more than twofold when compared with solid
catalysts. This dual benefit makes the processes more cost-effective and environmentally
friendly. However, as previously mentioned, the furfural recovered in CO; steam is impure due
to the solubilization of formic acid in CO». The azeotropic nature of the water, formic acid, and
furfural mixture poses a challenge for further purification and separation of furfural in this case.
Nonetheless, a practicable method for recovering furfural from the azeotrope mixture has been
disclosed (Nhien et al., 2021), specifically involving the use of two distillation columns. It was
also discovered that the use of formic acid with Sc-CO> as an extracting agent is a prospective
method for the production of furfural, as this method provides greater process productivity than
biphasic solvent systems. These findings affirm the viability of utilizing Sc-CO, together with
formic acid to optimize furfural production, representing a significant step toward a greener

and more sustainable process by substituting traditional solvents and procedures.
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IV.2 Furfural production from xylose using the combination of
heterogeneous catalysts and formic acid.

Previously mentioned, heterogeneous catalysts present a promising solution to address
the reusability challenges associated with homogeneous catalysts (Karinen et al., 2011).
Additionally, they exhibit heightened catalytic activity and lower corrosiveness compared to
certain homogeneous catalysts (Agirrezabal-Telleria et al., 2014). Heterogeneous catalysts can
be categorized into three groups based on their acidity: pure Bronsted acid (BA) catalysts, such
as polymeric solid catalysts and sulfonated biopolymer (Amberlyst-15 and Nafion); pure Lewis
acid (LA) catalysts, exemplified by halide metals; and mixed BA/LA catalysts, including acid-
catalysts supported on ordered mesoporous silica materials like zeolite and modernite.
Furthermore, research indicates that both the mechanism and furfural production can be

modified depending on the acid type employed.

Takagaki et al. (2010) conducted experiments demonstrating that using Amberlyst-15
alone resulted in a negligible furfural yield (0.5%) and poor selectivity for furfural (below 1%).
When hydrotalcite was introduced, furfural production was completely absent. However, an
efficient furfural production process emerged with the concurrent use of Amberlyst-15 and
hydrotalcite, affording a furfural yield of 24% with a selectivity of 42%. Analytical
investigations revealed that, xylulose formation occurred through xylose isomerization
catalyzed by a base, hydrotalcite. This ketose was subsequently converted into furfural by the
addition of a solid acid, Amberlyst-15. This reaction pathway differed significantly from that
observed with an individual acid catalyst, where furfural formation involved a direct
intramolecular rearrangement of the protonated pyranose as proposed by quantum mechanical
calculations. This distinction in reaction pathways elucidates the variance in furfural yield

between using a singular acid catalyst and employing a combination of acid and base catalysts.

In the same year, Binder et al. (2010) proposed a similar reaction pathway utilizing
chromium halide as a catalyst along with bromide additives in N, N-dimethylacetamide
(DMA). Their findings revealed that the addition of bromide additives, such as LiBr,
significantly enhanced furfural yields up to 56%, compared to 30-40% yields achieved using
solely CrClz or CrCl; in DMA. Through deuterium-labeling experiments, Binder et al. (2010)
demonstrated that chromium facilitates xylose isomerization via a 1,2-hydride shift.
Functioning as a Lewis acid, chromium then converts the resulting xylulose into an

oxocarbenium ion. Subsequent deprotonation of this species yields an enol, which
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subsequently loses two molecules of water to yield furfural. This mechanistic pathway aligns
with the findings of Choudhary et al. (2011), who explored the synergistic effect of Sn-beta
(Lewis acid) with HCI (Brensted acid) for furfural production from xylose in a single step at

temperatures below 120 °C in an aqueous medium.

Subsequently, these researchers (Choudhary et al., 2012) explored the cascade of
reactions for xylose conversion within a single-pot reactor, employing CrCl; as a Lewis acid
to isomerize xylose into xylulose, and HCI as a Brensted acid to dehydrate xylulose into
furfural. This combined approach yielded a furfural yield of approximately 39%, compared to
approximately 29% when using HCI alone, within a single aqueous phase. Moreover,
employing these dual catalyst functionalities in a biphasic system (toluene/water = 1:1) at low
temperatures (140 °C) and short durations (120 min), yielded a significantly higher furfural
yield of 76%. By applying a first-order reaction rate expression to the initial xylulose
dehydration kinetics, the apparent activation barrier of xylulose was estimated to be 23.1
kcal/mol, notably lower than that reported in the literature for xylose dehydration (~30—32
kcal/mol) (Weingarten et al., 2010). These findings suggest that in the combined presence of
Lewis and Brensted acids, furfural production predominantly follows a cascade mechanism.
Initially, xylose undergoes isomerization to xylulose facilitated by the Lewis acid, followed by

dehydration to furfural catalyzed by the Brensted acid.

Lastly, this approach was further applied to furfural production from xylan. Yang et al.
(2017) documented a remarkable yield of up to 87.8% utilizing Al(SOs); in a y-
valerolactone/water biphasic solvent under microwave conditions. The exceptional catalytic
efficiency of Al2(SO4)s, attributed to its combined Lewis and Brensted acidity, along with its
capability to facilitate effective phase separation, contributed significantly to achieving such a
high yield.

In light of the synergistic benefits derived from the combination of Lewis and Brensted
acid catalysts in furfural production, our focus is to implement this strategy within our system,
which already includes the Bronsted acid, formic acid. Consequently, various heterogeneous
Lewis acid catalysts were examined for their potential in furfural production from xylose in
conjunction with formic acid. The experimental results and discussions regarding these

investigations are elaborated upon in this section.
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IV.3.1 Impact of heterogenous catalyst on furfural production

Initially, we conducted the experiments under optimal conditions determined in a batch
system, utilizing two distinct solid catalysts: Al,Os, renowned as a pure LA catalyst (Kim et
al., 2011), and H-ZSM-5 (Si02/A103 = 23), which exhibited both LA and BA acid sites. The
experimental findings regarding furfural production from xylose using a combination of
heterogeneous catalysts and formic acid as a catalyst, are outlined in Table IV-3. These
experiments encompassed both aqueous and biphasic solvent systems, offering insights into

the efficacy of the catalysts across varied conditions.

Table IV-3: Effect of heterogeneous catalyst on xylose conversion into furfural.

. Fur
Baryswem cuat Mg fhome g PO ey
1 - 10 10 93 58 62
2 - 10 5 90 56 62
3 Monophasic ALO; 10 10 94 58 62
4 ZSM-5 10 10 99 43 43
5 ZSM* 10 5 96 53 55
6 - 10 10 92 59 65
7 Biphasic AbLO3 10 10 93 62 67
8 ZSM-5 10 10 96 50 52

Op. Cond.: xylose/solid catalyst = 1 : 1 (w/w), residence time = 40 min; volume of the mixture = 70
mL, temperature = 170 °C.

Biphasic system: water/CPME =1 : 3 (v/v)

* xylose/solid catalyst = 10 : 1 (w/w)

In the aqueous monophasic system, we observed no discernible difference in furfural
production between using the Al,Osz-formic acid combination and solely employing formic
acid. However, when comparing the combination of ZSM-5-formic acid to the sole use of
formic acid for identical xylose conversion, we noted a decrease in furfural yield. This could
be attributed to the excess acid, which potentially intensified side-loss reactions, consequently
leading to diminished furfural yield. Furthermore, the active acid sites present in ZSM-5 may
have a propensity to facilitate the self-polymerization reaction of furfural by providing a site
for this side reaction. Evidence of this was observed in the color change of the catalyst from
white to black at the end of the reaction. The black solid deposited on the surface could also
obscure the active acidic sites of the catalyst, further contributing to reduced production.
Additionally, we observed degradation of the solid catalyst, likely attributable to the

combination of high temperature and formic acid concentration (Figure IV-7).
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(a) (b)

Figure 1V-7: Zeolite H-ZSM-5 catalyst. (a) before and (b) after the reaction in an aqueous
monophasic system at 170 °C.

Complementary experiments were conducted using a low concentration of formic acid
and a reduced quantity of solid catalyst (Entries 4 and 5, Table IV-3). Interestingly, it was
observed that the furfural yield (53%) obtained from the ZSM-5-formic acid system (Entry 5,
Table IV-3) exceeded that (43%) obtained from the same combination with a higher catalyst
quantity (Entry 4, Table IV-3). However, no significant difference was noted when compared
with the experiment using solely formic acid. This observation may be attributed to the elevated
concentration of formic acid, potentially masking the catalytic effect of LA in ZSM-5.
Additionally, it is worth noting that this catalyst exhibited both BA and LA sites, suggesting a
possible deficiency in LA sites within the combination system. Consequently, xylose was
converted into furfural without undergoing isomerization into xylulose. However, further
reductions in formic acid concentration or increases in ZSM-5 quantity were not performed in
this study and should be explored. This decision was based on the understanding that a more
substantial decrease in formic acid would not reflect conditions found in raw biomass
hydrolysate, and an excessive quantity of solid catalyst would deviate from both catalyst

principles and sustainable process considerations.

Following this, a biphasic solvent system utilizing CPME as the extracting solvent was
implemented. This approach aimed to mitigate side reactions occurring between the produced
furfural and other substances in the aqueous medium, as well as prevent catalyst deactivation
by black solid particles, known as humines. The findings from this aspect of the study are
detailed in Table IV-3, Entries 6-8. Compared with aqueous monophasic system, the biphasic
solvent system achieved higher furfural yield especially in the combination of ZSM-5 with
formic acid where the yield increased from 43 % to 50%. Moreover, the color of solid catalyst
remained unchanged at the end of reaction, indicating that the biphasic solvent system can

efficiently prohibit the deactivation of catalyst from humines (Figure IV-8). However, the
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obtained furfural yield in biphasic solvent system was still lower than that obtained in

monophasic batch system using solely formic acid.

(b)

Figure IV-8: Zeolite H-ZSM-5 catalyst. (a) before and (b) after the reaction in CPME/water
biphasic system at 170 °C.

Overall, it was noted that the utilization of Lewis acid heterogeneous catalysts in
conjunction with formic acid did not enhance the production of furfural. Despite the
introduction of simultaneous furfural extraction using organic solvents in a biphasic system,
the furfural yield remained inferior when compared to the monophasic batch system utilizing
only formic acid. As mentioned earlier, this can be ascribed to the interaction between high
temperature and excessive acid, which may have increased side-loss reactions, resulting in a
reduced furfural yield. Given the fixed amount of formic acid, future experiments will be

conducted at lower temperatures in order to enhance furfural synthesis.

IV.3.2 Impact of temperature in heterogenous catalysis on furfural production

Subsequent experiments were conducted at a lower temperature to prevent degradation
of the solid catalyst and moderate the rate of xylose dehydration into furfural using the
combination of formic acid and solid catalysts. In this part, Al,O3 was excluded from the study
as no enhancement in furfural production was observed. Instead, another type of zeolite, H-
mordenite (with a Si02/AlxO; ratio of 18), was employed. It is noteworthy that this catalyst
exhibited a higher proportion of LA sites compared to ZSM-5, attributed to its higher
percentage of Al,Os. The reaction temperature was set at 140 °C and the optimum reaction
time was determined using the combination of ZSM-5 and formic acid as a catalyst in aqueous
monophasic system. The profile of xylose conversion, furfural yield and furfural selectivity

was illustrated in Figure IV-9.
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Figure 1V-9: Profile of xylose conversion, furfural yield and furfural selectivity.
Op. Cond.: initial concentration = 10 g/L of xylose and 10 wt% of formic acid; xylose/solid catalyst =
1 : 1 (ww), solid catalyst = ZSM-5; residence time = 300 min; volume of the mixture = 70 mL;
temperature = 140 °C.

Figure 1V-9 illustrates the typical profile of xylose conversion, furfural yield, and
selectivity. It depicts an increase in xylose conversion over time, accompanied by a rise in
furfural yield and selectivity until reaching their peak values before gradually declining. Based
on this profile, the optimum residence time was determined to be 210 min, which was
consequently selected for the experiments conducted at 140°C. For further insights, detailed

experimental results can be found in Table IV-4.

Table IV-4: Effect of heterogeneous catalyst on xylose conversion into furfural.

. Fur
Entry System Catalyst Xg " F(‘:v o). Xy(lo/co‘;"v F"(r‘% ')eld sele(ﬁz)vity
1 - 10 10 96 51 54
2 ZSM-5 10 - 33 9 28
3 Monophasic ZSM-5 10 10 98 43 44
4 Mordenite 10 - 22 6 27
5 Mordenite 10 10 98 49 50
6 - 10 10 85 59 70
7 Biphasic ZSM-5 10 10 98 57 58
8 Mordenite 10 10 98 61 62

Op. Cond.: xylose/solid catalyst = 1 : 1 (w/w), residence time = 210 min; volume of the mixture = 70
mL, temperature = 140 °C.
Biphasic system: water/CPME =1 : 3 (v/v)
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Table IV-4 reveals a consistent trend in the experimental results obtained at 170 °C. In
the monophasic system, the combination of catalysts yielded a furfural output lower than when
solely utilizing formic acid. Conversely, in the biphasic solvent system, comparable furfural
yields were observed for both the combination of catalyst and sole formic acid. Furthermore,
the furfural yield obtained from the biphasic solvent system slightly exceeded that obtained in

the aqueous monophasic system.

Regarding catalyst types, Mordenite appeared to be more efficient than ZSM-5 in terms
of catalytic activity. As previously stated, Mordenite exhibits more Lewis acid (LA) sites than
ZSM-5, which likely enhances the conversion of xylose into furfural via the isomerization of
xylose to xylulose. However, the furfural yield obtained using Mordenite with formic acid
remained comparable to that obtained using only formic acid in both monophasic and biphasic
systems. These results suggest that the proportion of LA to Brensted acid (BA) sites could
affect furfural production. An appropriate ratio between Lewis acid (LA) and Brensted acid
(BA) needs to be defined to optimize furfural production. The use of pure LA catalysts with
formic acid needs further investigation to draw a definitive conclusion. As mentioned earlier,
pure LA catalysts are typically halide metals, which require significantly more downstream
processing for recovery compared to heterogeneous catalysts. Considering this, the use of pure

LA catalysts was not investigated in our study.

Table IV-5: Comparison of furfural production using a combination of heterogeneous catalyst with formic acid
at different temperatures.

Hetero
Entry System T (°C) t (min) Cxy1 (%) Yrur (%) Srur (%)
Catalyst
1 - 96 51 54
140 210
2 ZSM-5 98 43 44
Monophasic
3 - 93 58 62
170 40
4 ZSM-5 99 43 43
5 - 85 59 70
140 210
6 ZSM-5 98 57 58
Biphasic
7 - 92 59 65
170 40
8 ZSM-5 96 50 52

Op. Cond.. xylose concentration (10 g/L) and formic acid concentration (10 wt%), xylose/solid catalyst
=1: 1 (ww), volume of the mixture = 70 mL.
Biphasic system: water/CPME =1 : 3 (v/v)
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The comparison of xylose conversion into furfural catalyzed by a combination of a
heterogeneous catalyst with formic acid at different temperatures is presented in Table IV-5.
In the monophasic system, no improvement in furfural yield was observed when the reaction
temperature was decreased from 170 °C to 140 °C using ZSM-5 with formic acid. However,
in the biphasic system, the furfural yield at 140 °C was slightly higher than at 170 °C. Overall,
even with a reduction in reaction temperature from 170 °C to 140 °C, the furfural yield using
a combination of LA heterogeneous catalysts and formic acid in both monophasic and biphasic

systems was lower compared to using only formic acid.

Despite the documented success of collaboration between BA and LA in previous
literature for converting xylose into furfural, our study did not demonstrate the anticipated
synergy from combining these two catalysts to enhance furfural yield. This discrepancy could
be attributed to the high concentration of formic acid, which potentially conceals the LA
activity of solid catalysts by directly converting xylose into furfural. The synergistic effect of
LA and BA might become evident if the formic acid concentration in this study were lower.
Moreover, the heterogeneous catalysts used in this study are not pure LA, so the quantity of
LA sites is insufficient to optimize furfural production. However, as mentioned earlier, the
study refrained from examining decreases in formic acid concentration since it falls beyond the
concentration range typical of raw biomass hydrolysate. Additionally, the use of pure LA

catalysts was excluded from this study due to their complex recovery process.

IV.3 Conclusion chapter

The present study reveals that Sc-CO», in addition to functioning as an extracting
solvent, can act as a Lewis acid to enhance the dehydration of xylose to furfural. This occurs
by transforming xylose into the reactive intermediate “xylulose”, which is subsequently
converted into furfural by formic acid. The mechanistic process involves the dehydration of
xylose by combining CO> addition with the presence of and formic acid, primarily following
the reaction pathway illustrated in Figure 3. In contrast, the dehydration of xylose in the
presence of formic acid follows a direct path, as shown at the top of Figure 3. The efficiency
of Sc-CO; extraction was affected by the CO; flow rate, leading to a competition between
furfural production and extraction rate. Additionally, the solubility of formic acid may reduce
furfural solubility in CO; steam. Despite the presence of formic acid, simultaneous Sc-CO>
extraction enables the recovery of all produced furfural in the extract and minimizes furfural

degradation, maintaining a high furfural productivity even with a high initial xylose
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concentration. A maximum furfural yield of 68.5% (71.4% selectivity and 99% separation
efficiency) was achieved after 5 h at 140 °C and 20 MPa with a constant flow rate of 5 g/min

of CO; and initial concentrations of 10 g/L. of xylose and 10 wt% of formic acid.

Regarding the addition of both Brensted and Lewis acid heterogeneous catalysts, it was
observed that their combination with formic acid did not improve furfural production. In fact,
using these heterogeneous catalysts alongside formic acid resulted in lower furfural yields
compared to using formic acid alone. Additionally, decreasing the reaction temperature from
170 °C to 140 °C did not significantly impact the xylose conversion into furfural when using
the combination of heterogeneous catalysts with formic acid. Specifically, in a monophasic
system, the furfural yield decreased from 51% to 43% at 140 °C and from 58% to 43% at 170
°C. Furthermore, integrating a biphasic system did not lead to an improvement in furfural yield
either. This outcome is likely due to the excess formic acid potentially masking the catalytic

activity of the heterogeneous catalysts.

The following conditions should be chosen to produce furfural: (i) a homogeneous
catalyst of the formic acid type, and (ii) a process with simultaneous extraction to prevent the
degradation of furfural due to side reactions in the reaction medium. It is therefore essential to
understand the reaction mechanisms in order to predict the performance of the process and

subsequently propose a practical matrix process, which will be developed in the next chapter.
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V. Chapter 5

Advance process development  with
operational conditions optimization.

This chapter focuses on the development of the process for furfural production from
raw biomass, consisting of three parts. The first part deals with preliminary studies, focusing
on biomass characterization and the production of furfural from xylans. The second section
examines the kinetics of furfural production from pentose using formic acid as a catalyst, and
explores the practical application of this process to real biomass hydrolysates. The final section
addresses complementary studies on furfural production from raw biomass hydrolysates with
low formic acid concentration.

In the following part of this chapter, the experimental data on the chemical composition, the
monosaccharides determined via acid hydrolysis and the inorganic elements present in the raw
biomass utilized in this study are detailed. Subsequently, the experimental results concerning
furfural production from xylans catalyzed by formic acid are presented. First, the different
monosaccharides in xylose were quantified via acid hydrolysis. Following this, the dehydration
of xylans into furfural was conducted. In the next section, the experimental findings on the
kinetics of furfural production from pentose and raw biomass hydrolysates, catalyzed by formic
acid, are detailed. Initially, a thorough examination of furfural degradation, a common reaction
within the three investigated mechanisms in a batch system, is provided. Following this, the
investigation on the kinetics of xylose decomposition and furfural formation across these three
mechanisms. Notably, constant and kinetic parameters of various reactions were determined
and juxtaposed with findings from other studies. Ultimately, the kinetic equations derived from
the most suitable kinetic model were applied to optimize furfural yield, employing xylose,
xylans, and real biomass hydrolysates as starting materials. The results presented in this section
are extracted from the article entitled “Dehydration of Pentose to Furfural Catalyzed by Formic
Acid — Kinetics and Application to Industrial Biomass Hydrolysates,” The Journal of
Environmental Chemical Engineering, (2024) 113431. In the final section, the experimental
results of furfural production from raw biomass hydrolysate with different formic acid
concentrations are presented. The supplementary recovery of formic acid from raw biomass

hydrolysate was first investigated, yielding hydrolysates with varied formic acid
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concentrations. These resulting hydrolysates were then used to produce furfural via a

dehydration reaction.
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V.1 Preliminary studies

The preliminary studies consist of two parts: first, the characterization of raw biomass
and xylans, and second, the focus on furfural production from xylans using formic acid as a

catalyst.

V.1.1 Composition of raw biomass hydrolysates

This section aims to identify the chemical composition and inorganic elements present
in the raw biomass utilized in this study. However, it’s important to note that the
characterization process was specifically undertaken for OPEFB. Due to the internal treatment
of fir wood at the BioEB company, the identification of its chemical compositions was not

feasible and thus is omitted from this section.

V.1.1.1  Chemical compositions

The chemical compositions of OPEFB quantified in this study are detailed in Table V-

1 and are compared with values reported in the literature for comparison.

Table V-1: Chemical compositions of OPEFB

Isroi et al. Putri et al.

Component Unit (2012)* Chang (2014)* 2021)* This work**
Ash % - 3.5+0.2 - 27405
Lignin % 344402 22.3+82 20.43 122+0.3
Cellulose % 39.1+£23 44.4+20.7 49.29 57.8+0.7
HemiCel % 23.0+2.8 27.1+6.5 30.28 29.1+1.5

*The OPEFB is untreated.
** The OPEFB is treated by LEEBio™ process

The value obtained from this study aligns closely with those reported in the literature,
reflecting consistency in the findings. Furthermore, it was observed that OPEFB possesses
significant cellulose and hemicellulose content, which, upon hydrolysis, can be transformed
into diverse chemical products through various processes like chemical processing or
fermentation. For example, in this investigation, the hemicellulosic fraction underwent an acid-

catalyzed dehydration reaction, yielding furanic compounds including furfural and 5-HMF.
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V.1.1.2  Quantification of monosaccharides in raw biomass hydrolysates via
acid hydrolysis.

To quantify the monosaccharides in hydrolysates derived from both raw biomass via
the LEEBio™ process, acid hydrolysis was conducted as outlined in Section I1.4.1.3. Notably,
the hydrolysates were utilized without additional chemicals, and the hydrolysis reaction
occurred through the formic acid present in these hydrolysates. The variation in different
monosaccharides in hydrolysates is illustrated in Figure V-1, while the concentrations recorded

after 240 min at 120 °C, are detailed in Table V-2.

Table V-2: Biomass hydrolysate composition after hydrolysis at 120 °C for 240 min

Component Unit Fir wood OPEFB

Ara g/L 3.6+0.8 2.8+04

Galac g/L 44+0.8 1.6+0.3
Glu g/L 8.7+0.5 0.8+0.2

Mann g/L 30,1+ 1.2 1.5+0.3
Xyl g/L 10.8+0.3 262 +3.3
FA g/L 166.2 +17.4 141.1 £10.7
Fur g/L 0.5+0.2 2.1+0.6

5-HMF g/L 0.4+0.1 n.d

n.d : non detected
Op. Cond.: volume of the mixture = 150 mL, reaction temperature = 120 °C; hydrolysis time
= 360 min.
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Figure V-1: The evolution of monosaccharide concentration over hydrolysis reaction.
(a): hydrolysate from fir wood; (b) hydrolysate from OPEFB.

Op. Cond.. volume of the mixture = 150 mL, reaction temperature = 120 °C; hydrolysis time = 360
min.

As mentioned in the literature review, the concentration of released monosaccharides
varies depending on the type of biomass. According to Table V-2, fir wood, categorized as a
hardwood, exhibited a higher abundance of C¢ sugars (mannose, glucose, and galactose)
compared to Cs sugars (xylose and arabinose). Conversely, OPEFB, classified as residual
biomass, contained a higher proportion of Cs sugars than Ces sugars. Under acidic and high-
temperature conditions, Cs sugars undergo conversion into furfural, while Cs sugars are

dehydrated into 5S-HMF. Consequently, these differing proportions can impact the quality of

168



Chapter 5: Advance process development with operational conditions optimization.

the end product, as discussed in chapter 3. Therefore, careful consideration of the choice of raw

biomass is essential to optimize both the yield and quality of the desired end products.

V.1.1.3  Quantification inorganic elements in hydrolysates

In addition to monosaccharides, raw biomass hydrolysates may also contain inorganic
elements such as Na*, Ca?", CI', among others. The presence of these elements has the potential
to influence the reaction pathway of monosaccharide conversions and affect the yield of end
products. As previously discussed, inorganic elements, particularly cations, can act as Lewis
acids, facilitating the isomerization of monosaccharides. For example, xylose can be
isomerized into xylulose, altering the reaction pathway of xylose dehydration into furfural.
Furthermore, in biphasic solvent systems, these inorganic elements contribute to the salting-
out effect, enhancing furfural separation and ultimately leading to a higher yield. For instance,
Zhang et al. (2012) observed a substantial increase in furfural yield from 37.06% to 47.82%
with the addition of NaCl to the 1-butanol/water system for furfural production catalyzed by
MCM-41. According to the authors, NaCl modifies the solvent properties while remaining
chemically inert, thereby improving the extraction capability of 1-butanol. The various

inorganic elements and their concentrations are listed in Table V-3.

Table V-3: Different inorganic elements and their concentration in hydrolysates.

Biomass Fir wood OPEFB
Unit Cutter and
Elements McGinnes This study Lee et al. (2020) This study
(1979)
Na ppm 44 7308 - 16,448
K ppm n.d 145 11,930 2343
Mg ppm 41 56 790 214
Ca ppm 295 256 2170 203
Fe ppm - 24,714 2680 46,920
Al ppm 13 7217 1760 5024
P ppm - 12,773 750 9843
S ppm - 80,505 - 57,070
Si ppm - 1.3 760 1
Cl ppm 67 30 - 450

n.d = non detected
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When comparing the values obtained in this study with those reported in the literature,
it becomes evident that the concentrations of nearly all inorganic elements in the hydrolysates,
particularly sodium, sulfur, and iron, were significantly higher compared to literature values.
This discrepancy could be attributed to the process utilized for biomass depolymerization,
including the specific chemical reagents employed in the process. It’s important to note that
the composition of biomass can be influenced by various factors such as season-dependent
supply, geographical diversity, variability, and sparse distribution, which may also contribute
to the observed differences (Guo et al., 2019). Furthermore, upon comparing the two types of
biomass, it was observed that the OPEFB hydrolysate contained substantially higher levels of
inorganic elements than the hydrolysate derived from fir wood. This discrepancy could
potentially account for the higher furfural yield observed in the OPEFB hydrolysate compared

to the fir wood hydrolysate across all investigated systems.

V.1.2 Furfural production from xylan catalyzed by formic acid

As highlighted in the literature review, xylan emerges as a prominent heteropolymer
within the hemicellulosic component. Its composition primarily comprises xylose as the
monomeric unit, with additional traces of arabinose. Moreover, the backbone of xylan exhibits
various substituents, including acetyl, arabinosyl, and glucuronysyl groups (Bajpai, 2014). In
order to clarify the impact of the intricate structure of raw materials on furfural production,
xylan was specifically used before conducting the furfural synthesis with raw biomass

hydrolysate.

This study explores two distinct varieties of xylan: xylose sourced from Birchwood and
xylan extracted from Oat spelts. The disparity between these xylans lies in the type of
monomeric unit they contain. Birchwood-derived xylan consists solely of xylose, whereas
xylan extracted from Oat spelts undergoes depolymerization, yielding primarily xylose

alongside minor traces of arabinose and glucose.

V.1.2.1  Hydrolysis reaction of xylan

Before initiating the conversion of these xylans into furfural using formic acid as a
catalyst, a hydrolysis reaction was conducted to determine the distinct monosaccharides present
in each xylan. The experimental methodology for this procedure was detailed in Section 11.4.1.3

and the temporal evolution of various monosaccharides within each xylan is depicted in Figure
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V-2. The compositions of each xylan after hydrolysis at 120 °C for 240 min are presented in
Table V-4.

(a) 10 (b)lo
®- - Xylose ®- - Xylose
9 9 4
Furfural
8 Furfural
8 +-- Glucose
=7 Ps ® L ] ® ® ® L ® = 7 Arabinose
C ° C) o0 --0--0---@ (] rs
= 6 <z 6 o
=) =
b= o S
E S g s *
g 4 E 4l
= <
S 3 ® g 5|
&} &} [ ]
2 2
1 1
01 e ) . . ] P PR o o i Wi W 4 5 b
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (min) Time (min)
Figure V-2: Evolution of  monosaccharide concentration over time.

(a): xylan from Birchwood; (b): xylan from Oat Spelts
Op. Cond.: initial concentration = 10 g/L of xylan and 10 wt% of formic acid; volume of the mixture =
150 mL; temperature = 120 °C; hydrolysis time = 6h.

Table V-4: Xylans composition after hydrolysis at 120 °C for 240 min

Xylan from Oat Xylan from

Component Unit Spelts Birchwood
Ara g/L 0.7 nd
Glu g/lL 0.6 nd
Xyl g/L 6.6 70
Fur g/L 03 01

n.d. = non detected

V.1.2.2  Dehydration of xylans into furfural catalyzed by formic acid

Table V-5: Experimental furfural yield from xylans using formic acid as a catalyst

Substance Xy(l o/co(;nv F uz‘ 0Z’i)eld 5-Hl\(’££ )yield
Xyl 91 58 -
Xylan from Birch wood 91 68 (48) -
Xylan from Oat Spelts* 94 60 (44) 33 (2)

The number in the bracket is the value calculated using number of moles of xylans.
*Conversion of arabinose and glucose are 89% and 67%, respectively.

Op. Cond.: initial concentration = 10 g/L of xylose and xylans with 10 wt% of formic acid,
volume of the mixture = 150 mL; temperature = 170 °C; residence time = 40 min.
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Table V-5 presents the furfural yield derived from two types of xylans and pure xylose,
employing formic acid as a catalyst under the optimized conditions established in the batch
system. Remarkably, the results reveal that both xylans yielded higher furfural quantities
compared to pure xylose, despite achieving similar levels of xylose conversion. This
unexpected observation contradicts the findings commonly reported in the literature, where
furfural production from xylan typically falls below that from pure xylose. For instance,
Delbecq et al. (2016) achieved furfural yields of 76% from xylan and 80% from xylose,
respectively, using a betaine and formic acid mixture in a CPME-water biphasic system under
microwave irradiation. Similarly, Wang et al. (2017) investigated a bio-based sulfonated
sporopollenin (SSP) catalyst in the presence of NaCl within a biphasic water-CPME system
under microwave irradiation. They reported the highest furfural yield of 69% from xylose after
40 min at 190 °C, whereas xylan yielded furfural at a lower rate, reaching 37% after 50 min at
the same temperature. The lower furfural yield observed from xylan can be attributed to a two-
step mechanism. Initially, the polysaccharide backbone undergoes depolymerization into
pentose monomer units before their subsequent dehydration. However, when calculating the
furfural yield based on the number of moles of xylan, the furfural yield from xylan (yield in
the bracket) in this case was lower than that from xylose, aligning with findings in the literature.
Consequently, the interpretation of the results depends on whether xylose or xylan is used as
the mole of substance for furfural production. Nonetheless, it’s important to note that the
furfural yield is basically dependent on the real concentration of xylose liberated during the
process. From our perspective, the increased furfural yield may be attributed to the concurrent
release of pentose monomers during the depolymerization process. This phenomenon, similar
to the semi-batch system in which reactants are continuously added over the reaction time,
appears to limit to some degree the loss reaction of cross-polymerization between xylose and

the produced furfural.

When comparing the two investigated xylans, it was observed that the xylan derived
from Birchwood yielded higher furfural quantities compared to the xylan sourced from Oat
Spelts. This observation can be reasonably attributed to the composition of xylan from Oat
Spelts, which includes glucose. Under the experimental conditions, glucose was converted into
5-HMF, rendering the mixture more complex (S. Xu et al., 2020). This complexity favored
side-loss reactions, ultimately resulting in a lower furfural yield. This finding aligns with the
study conducted by Agirrezabal-Telleria et al. (2012), wherein the combination of xylose and

glucose resulted in reduced furfural production compared to using xylose alone. In their
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research, they observed heightened secondary reactions due to interactions between the
produced furfural and the increased glucose concentration when xylose and glucose were

present in equal proportions (mass concentration ratio of xylose/glucose = 0.66).

When comparing the yields of furfural and 5-HMF obtained from xylan sourced from
Oat Spelts, it was noted that the 5-HMF yield was lower than that of furfural. This observation
is consistent with findings reported by Zhang et al. (2018), where a p-hydroxybenzenesulfonic
acid-formaldehyde resin acid catalyst (MSPFR) was synthesized and utilized for furfural
production from raw corn stover. Under optimized conditions (190 °C, 100 min), a higher
furfural yield of 43.4% was achieved, with a 5S-HMF yield of 30.7%. This difference can be
attributed to the higher breakdown activation energy of hexose sugars, such as glucose,
compared to pentose sugars, including xylose and arabinose. In a study by Wei et al. (2008),
the degradation process of xylose and glucose using sulfuric acid as a catalyst in biomass
hydrolysate was investigated. The results revealed that the activation energy required for the
degradation of xylose was 114.4 kJ/mol, whereas for glucose, it was 136.8 klJ/mol.
Consequently, the conversion of pentose sugars into furfural occurred at a faster rate compared

to hexose sugars, resulting in a diminished production of 5-HMF (Istasse and Richel, 2020).

V.2 Kinetics of pentose dehydration into furfural catalyzed by
formic acid and application to real biomass hydrolysates

The following results are presented as part of the scientific article entitled “Dehydration
of Pentose to Furfural Catalyzed by Formic Acid — Kinetics and Application to Industrial
Biomass Hydrolysates,” The Journal of Environmental Chemical Engineering, (2024) 113431.

In addition to investigating the impact of operating parameters, kinetic studies offer an
alternative avenue for optimizing operational parameters in furfural production.
Mechanistically, kinetic modeling offers comprehensive insights into the xylose conversion
step to furfural including pathways and rate-limiting steps. Furthermore, this modeling
approach facilitates the design and development of efficient processes, particularly in terms of
scale-up considerations.

The purpose of this work is to develop a comprehensive kinetic model for furfural
production that is universally applicable across various conditions within our range of study.
Moreover, the model aims to be adaptable to more complex medium, enhancing its utility and

versatility. The kinetic models utilized in this study were derived from previous research by
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Lamminp4ad et al. (2012) and Dussan et al. (2015). Xylose was chosen as the model compound
because of its prevalence in hemicellulose, the main component of lignocellulosic materials.
The key parameters influencing furfural yield were assessed, such as reaction temperature
ranging from 140 to 200 °C, xylose content between 0.067 and 0.2 mol/L, and formic acid
concentration from 0 to 20 wt%. These amounts were representative of the hemicellulose
hydrolysate generated during the breakdown of biomass in the LEEBio™ process (Delmas,
2019). Three common reaction schemes were evaluated in terms of their ability to predict the
effect of various operating conditions investigated on furfural yield. Finally, the kinetic models
developed were used to optimize the conversion of xylans and raw biomass extracts into

furfural.

V.2.1 Kinetic modeling of xylose dehydration into furfural

The kinetic modeling of xylose dehydration into furfural was split into two parts: the
first part focuses on the kinetic modeling of furfural decomposition, as this reaction was
represented by the three reaction mechanisms studied in this research. The second phase
included modeling the decomposition of xylose and the formation of furfural. The kinetic
parameters of the furfural degradation reaction remained constant and were the same as those

determined in the first section.

Mechanism 1. Furfural formation with direct xylose/arabinose decomposition

: ‘1 - 2 :
Xylose/Arabinose —— Furfural —— Degradation products

| =

Degradation products

Mechanism 2. Furfural formation with side reaction between xylose/arabinose and furfural
k; =
Xylose/Arabinose Furfural Degradation products
| b

Condensation products

Mechanism 3. Furfural formation from intermediate with xylose/arabinose degradation and side reaction between intermediate and furfural

k; ks ky
Xylose/Arabinose —— [Intermediat] — Furfural ——— Dcgradation products
ks ks
Degradation Condensation
products products

Figure V-3: Reaction mechanisms for kinetic study of acid-catalyzed dehydration of
xylose/arabinose into furfural.
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V.2.1.1 Kinetic modeling of furfural degradation

In addition to its formation, furfural is susceptible to be degraded through two loss
reactions, particularly when exposed to high temperatures and acidic environments: (i) furfural
resinification, where furfural reacts with itself to form polymeric resins; and (ii) fragmentation
of furfural, where furfural breaks down into smaller molecules like formic acid (Zeitsch, 2000;
Marcotullio and De Jong, 2010). Both reaction pathways are identified in this investigation as

furfural degradation, denoted by k> in Figure V-3.

The reaction order was determined prior to estimating the rate constant of this reaction
by graphing In(Cr,o/Cr) against reaction time, as illustrated in Figure V-4. It is evident that the
degradation of furfural follows a first-order reaction, as indicated by the linear relationship
between time and In(Cr,o/Cr). This result was consistent with the findings of Lamminpaai et al.
(2014), who examined the furfural degradation at temperatures varying from 160 to 200 °C
using formic acid (2-30 wt%) as a catalyst. At high acid concentrations (30 wt%), the order of
this reaction was greater than one; at low acid concentrations (2 wt%), it was less than one; and

at acid concentrations ranging from 2 to 30 wt%, it was equal to one.

0.35

[FA] = 5 wt%, 140 °C
0.30 [FA] = 20 wt%, 140 °C
[FA] = 5wt%, 170 °C
0.25 4

¥ [FA] = 20 wt%, 170 °C
0.20 4 O[FA] = 5wt%, 200 °C

®[FA] = 20 wt%, 200 °C

In(Cpo/Cy)

0.15 4

0.10 A

0.05 4

0.00 T v v v v v v
0 1000 2000 3000 4000 5000 6000 7000

Time (s)

Figure V-4: Furfural concentration with time as In(Cr,o/Cr) versus time.

Furthermore, as illustrated in Figure V-4, this reaction exhibited a dependence on acid
concentration and temperature. The acid concentration had a more pronounced impact on the
rate of the reaction as the temperature increased, a finding that was similarly reported by

Lamminpéd et al. (2012). Thus, the rate constant equation needed separate activation energies
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for the acid-catalyzed and uncatalyzed parts. The rate constant equation (k2) for this reaction

was rewritten as shown in Eq. 14.

k2 — k(),2 e—EO/R * (/T - 1/Tmean) + k}-[,zCHC_EH/R * (1/T - 1/Tmean) (14)

Table V-6.: Determined kinetic parameters for furfural degradation reaction.

Fit to
Reaction ko (1/s) ku (L/mol/s) Eo (kJ/mol) En (kJ/mol) experimental
data R?
Fur 2.90x 107 + 2.72x 104+ 1.96
65.17 £4.62 129.50 £ 0.0 0.9968
degradation 3.17x10°° x 10

30
140°C 170°C 200°C
0.052 M, 5 wt% HCOOH
25 1 3 0.052 M, 10 wt% HCOOH
& O > 0.156M,10 wt% HCOOH
£ 20 - A 0.052 M, 20 wt% HCOOH
=
g - Esti d data by model
_.'ﬂ
g
o0 15
K3
E
-
10 4
- §
2 B e
T & gt Rt .
5 ; ghres e ees S See "
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Figure V-5: Conversion profiles of furfural degradation.

The estimation of the rate constants and kinetic parameters for furfural degradation was
performed utilizing the analytical solution of Eq. 14 and are given in Table V-6. The R* value
of 99.68% indicates that the model accurately fit the experimental data. This accuracy was
validated through the examination of Figure V-5, which illustrated the experimental and
estimated conversion profiles of furfural at varying temperatures (140-200 °C), concentrations
of formic acid (5-20 wt%), and initial concentrations of furfural (0.052—0.156 mol/L). Figure
V-5 illustrates that the degradation of furfural exhibited a range of 0.2% to 28% under our
conditions. Furthermore, it was observed that the degradation of furfural was highly influenced

by temperature but not significantly affected by the concentration of formic acid or the initial
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concentration of furfural, as reported in earlier research (Lamminpii et al., 2012; Kochermann

etal., 2018).

The activation energies determined in this study closely align with those reported in
literature utilizing formic acid as a catalyst. Moreover, these energies notably exceed those
observed in other studies employing different acid types, with variances of up to threefold, as
demonstrated in Table V-7. In comparison to studies using formic acid as a catalyst,
Lamminpéd et al. (2014) and Dussan et al. (2015) observed lower activation energy values of
81.7 kJ/mol and 110.3 kJ/mol, respectively. The discrepancy may be due to the temperature
range studied, as it greatly influenced the breakdown of furfural and the incorporation of the
initial furfural concentration’s impact in the calculation. However, our calculated activation
energy for the acid term (En = 129.5 kJ/mol) closely aligned with the values reported in studies
by Lamminpéé et al. (2012) (135 kJ/mol) and Marcotullio and De Jong (2010) (125.1 kJ/mol)
that used formic acid and sulfuric acid, respectively, as a catalyst. Similarly, our calculated
activation energy for the uncatalyzed term (Eo = 65.2 kJ/mol) closely aligned with the values
reported in experiments conducted by Jing and Lii (2007) (58.8 kJ/mol). The variation in
reported activation energies may be due to factors such as catalyst type, concentration,

operational parameters (i.e., 7, t), as well as variances in modeling approaches.

V.2.1.2 Kinetic modeling of xylose decomposition and furfural formation

Apart from the furfural degradation reaction, the xylose decomposition and furfural
production reactions were also examined for the purpose of validating the kinetic models and
comparing the results with values found in the literature. As mentioned earlier, xylose was
selected as the model compound representative of all pentoses in hemicellulose. It is
noteworthy that the kinetic data for the conversion of arabinose to furfural was found to be
comparable to the values obtained for xylose, as reported in studies by Jing and Lii (2007) and
Gairola and Smirnova (2012). The solutions of xylose and formic acid utilized in this section
were presented in Table II-15 in Chapter 2. Theirs concentration ranges were selected to
replicate the concentrations found in the hydrolysate of biomasses obtained by LEEBio™

process.

In order to determine the rate constants and kinetic parameters, Eqs. 17-22 were
employed, utilizing the parameter values acquired from the preceding part (Section V.2.1.1) on

furfural degradation. The rate constants and corresponding kinetic parameters for each reaction
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model are provided in Table V-8. Figure V-6 displays the parity plots of xylose and furfural

concentration, together with the coefficient of determination (R?) for each model.

(a) - (b)
02 - .‘.‘.:ly' ;

0.15 4

0.1 4

Predicted data
Predicted data

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

Experimental data Experimental data

(C) 02 .;: .y/ @ Concentration of Xylose
. // [ | Concentration of Furfural
£
& 015 1 i »”*
< e RrR2
T <,
= 0.1 4
- V. Cx Cr
9
oo o Mechanism 1 0.9693 0.9525
Mechanism 2 0.6497 0.3549
0 T ¥ T y Mechanism 3 0.9753 0.9565
0 0.05 0.1 0.15 0.2

Experimental data

Figure V-6 Parity  plot of  xylose and  furfural concentrations.
(a): model 1, (b): model 2 and (c): model 3
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Table V-8: Determined kinetic parameters for xylose decomposition and furfural formation reactions.

Mechanism Reaction ko (1/s) kn (L/mol/s) Ea(kJ/mol)
1 1.00x 105+ 3.88 x 1010 0.11+£0.005 174.43 £2.55
Mechanism 1
3 1.00x 10°+2.43x 1010 0.07 +£0.004 190.00 + 0.001
Reaction ko (1/s)) ku (L/mol'/s") E(kJ/mol)
1 7.17x10*+4.87x 107 0.04 +£0.004 159.11 £ 1.65
Mechanism 2
Reaction ko (1/s)) kn (L*/mol?/s") E(kJ/mol)
4 3.25x 103 +1.33x10* 1.00x 10*+ 7.01 x 10°° 132.78 £2.32
Reaction ko (1/s)) ku (L/mol'/s") E.(kJ/mol)
1 2.20x 103+ 4.80x 10 0.10+0.003 156.04 = 0.91
) 3 533x10°+3.00x 10° 0.05+£0.003 180.06 + 5.83
Mechanism 3
5 1.91x10%+6.25x 107 0.36+0.01 170.37+0.72
Reaction ko (1/s)) ku (L?/mol?/sh) E(kJ/mol)
4 8.88x 10*+4.85x 10* 0.53+£0.04 200.80 + 0.85

Regarding the parity plots of xylose and furfural concentration for the three study
models, as well as the R? values, models 1 and 3 demonstrated accurate predictions for both
xylose and furfural concentration. However, model 2 demonstrated the least precise
predictions, exhibiting a higher degree of variability. This finding was consistent with earlier
research, notably Lamminpii et al. (2012) and Dussan et al. (2015), which also used formic
acid as a catalyst. Specifically, the model predicted a lower concentration of xylose compared
to the experimental data when furfural was initially present in the reaction. This discrepancy
implies substantial consumption of xylose through the condensation reaction with furfural.
Previous studies have established that the conversion of xylose remains unaffected by the
presence or concentration of furfural. This discovery clarified the reason why model 2 yielded
less precise predictions. This supported to the hypothesis that furfural exclusively reacted with
intermediates derived from xylose, resulting in the formation of the condensation product
characterized by a kinetic constant k4 in mechanism 3, which was significantly higher than that

in mechanism 2.
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Figure V-7: HPLC chromatograms of the Bio-Rad Aminex HPX-87H column with a refractive
index detector: standard of xylose (blue date), standard of xylulose (orange date) and sample at 10 min
(green line).

Op. Cond. of sample: initial concentration = 0.067 mol/L of xylose and 10 wt% of formic acid;
residence time = 10 min; temperature = 170 °C.

Upon detailed examination of parity curves and R? values between model 1 and 3, model
3 was found more accurately depicted the profile of xylose concentration compared to model
1. Concerning the progression of furfural concentration, both models 1 and 3 appeared to be in
good agreement. It is important to highlight that mechanism 3 diverges from mechanism 1 in
that it incorporated the intermediate compound, namely xylulose, and its subsequent
decomposition. The formation of xylulose, a ketopentose, necessitates either functional group
rearrangement or a configuration change around the carbon atom linked to the hydroxyl group
of the xylose molecule, facilitated by Lewis acid or base (Ershova et al., 2015). In addition,
Aida et al. (2010) stated that this intermediate can be generated through the conversion of
xylose in water under elevated temperatures (350 and 400 °C) and pressures (40—-100 MPa).
This intermediate subsequently undergo rapid dehydration to furfural through Brensted acid
catalysis. By studying the xylulose dehydration kinetics catalyzed by HCI, Choudhary et al.
(2012) reported that the furfural production from xylulose was faster than that from xylose.
This is because the activation barrier for xylulose dehydration is lower (23.1 kcal/mol) than
that of xylose (30-32 kcal/mol). Ershova et al. (2015) confirmed the same finding, illustrating
that the process of furfural production from xylulose was almost six times quicker compared
to that from xylose. This study highlighted this point through HPLC chromatogram analysis of
the samples obtained throughout the reaction, as depicted in Figure V-7. The chromatogram
confirmed the presence of xylulose, thereby validating the use of model 3 in this investigation.
Based on this analysis, Mechanism 3 is therefore the best suitable model for describing the

xylose dehydration reaction into furfural in a solution of formic acid under our investigated
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conditions. This model will also be used to optimize furfural production from raw biomass in
the Section V.2.2.
Table V-9 displays a comparison of the activation energies with the information found
in the literature. It was found that the activation energies were consistent globally across all
three models examined. Nevertheless, the values observed in this study were greater than those
reported in previous research. Based on model 1, Lamminpdi et al. (2012) reported an
activation energy of 152.0 kJ/mol for E1 and 161.0 kJ/mol for E3, which were lower than our
estimates of 174.4 kJ/mol for E1 and 190.0 kJ/mol for £3. Dussan et al. (2015), who conducted
the experiment with formic acid as a catalyst, has calculated the values of 136.0 kJ/mol and
140.3 kJ/mol for E; and E3, respectively. Other research groups have reported activation
energies that were even lower than ours. The difference can be reasonably attributed to the
variation in the range of operating parameters studied in each research and/or the specific

catalyst (nature and concentration) and/or reactor types used.

100 pw =g g ===y — 100
OM' S 7 = B BB (b)
9 7’ - ’ P
¥ 1//% 00 °C & Cy; = 0.067 mol/L
80 /// e 80
i 1 _— @ —— 5w HCOOH
~ 7! i o ) ) R
< i - B s g’ 3 A i — 10 W% HCOOH
T wlli/s 170 L~ k|| &. Ah i -
z TR 1 o — L 20 W% HC
E o)l t Ak o - s * f w© ) 7 § A 20 wr% HCOOH
5 /] 7 3 . i £ / 7
< 10 7’ -~ . - € w0
§ ¥ v g i . /f !
= - . P’
Z o e A 140 °( “ b IS S e [} Cy; = 0.200 mol/L
™ i 4 ] § I
7/ - 200 - -
o S A t 20 4 1ij - 140 °C @ - = = 5% HCOOH
" /,,//, L el
0y 2~ N s ¥ B = = = 10 W% HCOOH
15~ N == {
5 0 - A = = = 20 wt% HCOOH
0 1200 2400 3600 4800 6000 7200 0 1000 2000 3000 1000 X 6000 7000 - .
Time () Time (s)

Figure V-8: Xylose conversion (a) and furfural yield (b) of the experimental and kinetic
modeled data obtained from Model 3.

Upon comparing the kinetic parameters of various reactions, it was found that the
kinetic constant of xylose decomposition (k3) in accordance with model 1, and that of side
reactions (k4) in accordance with model 3, specifically the condensation reaction involving
xylose or xylulose and furfural, were higher than the kinetic constant of the furfural formation
reaction (k1). This observation suggested that the rate at which the side reaction occurred was
far faster than the rate at which furfural was formed. This provides a clear explanation for why
a high yield of furfural is never achieved in a batch system. Figure V-8 illustrates xylose
conversion (Figure V-8a) as well as furfural yield (Figure V-8b) versus reaction time. Analysis
reveals that both reaction temperature and initial xylose concentration are key factors

influencing furfural yield, whereas the concentration of formic acid appears to have minimal
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impact, especially at high temperatures. Remarkably, furfural yield decreases notably at
extremely high and low reaction temperatures despite identical reaction times, xylose and acid
concentrations. Additionally, increasing the initial concentration of xylose results in a decrease
in furfural yields across all tested temperatures. This phenomenon can be attributed to the
accelerated reaction rate of furfural degradation, particularly the condensation reaction, under
conditions of elevated temperature and xylose concentration. These observations align with the
previously discussed high kinetic constants associated with the condensation reaction.
According to the results of our investigation, the maximum furfural yield of 63% was obtained.
In contrast, Dussan et al. (2015) reported a furfural yield ranging from 50% to 55% at a
temperature of 190 °C. Kochermann et al. (2018) found that using H>SOj4 as a catalyst resulted
in a maximum furfural yield of 53.7%. In a separate study, Marcotullio and De Jong (2010)
observed a maximum yield of 61.4% at a temperature of 200 °C.

In overall, our investigations have determined that the obtained results are consistent
with the values reported in earlier studies. Different simulation methodologies and constant
rate expressions can potentially yield distinct results. Moreover, the variations might also be
ascribed to the examined ranges of operating conditions (i.e., temperature and reaction time),

as previously stated
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V.2.2 Application of kinetic model to furfural production

The aim of this section is to maximize furfural yield by applying the kinetic equations
of the model 3. The selection of model 3 was based on its better ability to accurately represent
the concentrations of xylose and furfural, as well as the furfural yield, compared to the other
models investigated, as demonstrated in the previous section. The confirmation of the furfural
yield was achieved through experimentation using xylose and xylan (the polysaccharide of
xylose) as initial substances, followed by the optimization of the operational parameters. The
method was subsequently applied to the transformation of hydrolysates derived from native

biomass into furfural.

V.2.2.1 Optimal operating conditions

Table V-10: The range and step for each operating parameter used for the optimization in Matlab.

Setting value

Parameter Min Max Step
T (K) 413 473 1
FA concentration (mol/L) 0.1 53 0.5
t(s) 0 o0 10

The important variables for xylose conversion and furfural production were determined
to be temperature, reaction time, and formic acid concentration. In order to optimize these
parameters, the kinetic equations of model 3 were implemented in a MATLAB software. The
numerical optimization was performed using the fiminsearch function. Table V-10 provides the
specific range and step values for each operating parameter that were altered during the
optimization process.

Figure V-9 depicts the correlation between temperature and concentration of formic
acid for model 3. The high furfural yield (yellow area) is achievable at a moderate temperature
(413-450 K) and a high formic acid concentration (> 15 wt%), as shown in this figure.
Conversely, increased temperatures and reduced formic acid concentrations led to a diminished
furfural yield. The observed phenomenon can be explained by the fact that high temperatures
promote side reactions and the breakdown of furfural and xylose. The optimal conditions and
highest furfural yield were determined by positioning in the yellow area of Figure V-9, as

detailed in Table V-11.
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Figure V-9: Effect of temperature and formic acid concentration on furfural yield provided
from model 3.

Table V-11: Optimum conditions and the corresponding furfural yield as well as the experimental furfural

yield.
Concentration (mol/L) Optimum conditions by Model 3
Case .
Cu,o Fur yield 5-HMF
Cs Cs T oy 'O (%)  yield (%)
Model using Xyl 0.067 - 63 -
Xyl* 0.067 - 58+2 -
Xylan from 416 53 12720
Birchwood 0.047 i 63 )
Xylan from Oat 0.049 0.003 51 16

Spelts

*The experiment was repeated three times.

V.2.2.2  Furfural production from xylose and xylan

To confirm the optimum furfural yield determined by the optimization process for a
xylose concentration of 0.067 mol/L, the experiments were conducted under optimum
conditions (7=416 K, Cuo= 5.3 mol/L, t=12720 s and Cs = 0.067 mol/L), and the results are
presented in Table V-11. The experimental furfural yields closely approximated the anticipated

value, with a relative deviation of less than 10%. The results clearly supported the previous
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section’s conclusion that our kinetic equations can reliably forecast the conversion of xylose

into furfural, catalyzed by formic acid.

Upon comparing our furfural production to that of other investigations employing
formic acid as a catalyst in batch systems, it was observed that the utilization of synthetic
solutions led to a prolonged reaction time (212 min) and a lower furfural yield of 58%. As an
illustration, the highest furfural concentration of 65.4% was attained by Lamminpédd and
Tanskanen (2009) using 30 wt% formic acid at 200 °C for 20 min. Similarly, Lopes et al. (2017)
documented a furfural yield peak of 68% when a 0.4 M solution of AlICI; and 55 wt% formic
acid was combined at 130 °C for 30 min. However, our methodology operated at a reduced
temperature and lower formic acid concentration, potentially leading to a notable decrease in
operational costs and mitigating the hazards associated with high formic acid concentrations
utilized in prior investigations (Lamminpdd and Tanskanen, 2009; Lopes et al., 2017) .
Moreover, unlike the process described by Lopes et al. (2017), our study does not necessitate
the separation or recovery of mineral salts since only formic acid was utilized without
additional reactants. Consequently, this approach reduces expenses linked to post-treatment in

downstream processing of the salt-saturated aqueous phase.

Prior to utilizing raw biomass hydrolysate, these conditions were also employed on two
variants of xylan, a polysaccharide composed of xylose to clarify the impact of the intricate
structure of raw materials on furfural production. The purpose of using two different xylan
types—one composed solely of Cs sugars (xylan from birchwood) and the other containing Cs
sugar (xylan from oat spelts)—is to examine the influence of Cs sugars on furfural production.
When comparing xylan to xylose, it was seen that xylan derived from Birchwood (63%)
produced furfural at a similar level as xylose (58%) and the predicted value (63%). In contrast,
xylan from Oat Spelts (51%) produced furfural with a significantly lower yield than both xylose
and xylan from Birchwood, and even further from the predicted value. The results were
consistent with the findings of Delbecq et al. (2016), who investigated the conversion of xylose
and xylan into furfural through dehydration using betaine-formic acid as a catalyst in a water-
CPME biphasic system. Under identical conditions, xylose produced the highest furfural yield
of 80%, whereas Birchwood xylan only yielded 58%. In a study conducted by Zhang et al.
(2014), comparable findings were reported when examining the synthesis of furfural from
xylose and xylan derived from Birchwood in a deep eutectic solvent consisting of ChCl-oxalic
acid. The use of xylan from Birchwood resulted in a reduced furfural yield of 34.9% compared

to the 39.1% yield achieved with xylose. This can be reasonably explained by the high
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concentration of pentose and hexose monomers that are released when the polysaccharide

backbone in xylan is broken down, as further detailed in the following paragraph.

Table V-12: Xylans and biomass hydrolysate composition after hydrolysis at 120 °C for 240 min

Xylan from Oat Xylan from

Component Unit Spelts’ Birchwood" Fir wood OPEFB
Ara g/L 0.7 n.d 3.6+£0.8 2.8+04
Galac g/L n.d n.d 44+0.8 1.6+£0.3

Glu g/L 0.6 n.d 87+0.5 0.8+0.2

Mann g/L n.d n.d 30.1+1.2 1.5+03
Xyl g/L 6.6 7.0 10.8 0.3 262+33
FA g/L n.d n.d 166.2+17.4 141.1+10.7
Fur g/L 0.3 0.1 0.5+0.2 2.1£0.6

5-HMF g/L n.d n.d 0.4+0.1 nd

n.d: non detected
* The mixture contains 1.5 g of xylan with 10 wt% formic acid

Remarkably, unlike xylan from Birchwood, which consists solely of xylose, xylan
extracted from Oat Spelts contains xylose, glucose, and arabinose, as indicated in Table V-12.
Under conditions of high temperature and in an acidic medium, arabinose underwent
conversion into furfural, while glucose was subjected to dehydration, resulting in the formation
of 5-HMF (C. Xu et al., 2020). This increased the complexity of the mixture and promoted the
occurrence of the side reaction, leading to a decrease in the furfural yield. Furthermore, the
presence of xylo-oligomers with varying lengths and quantities within each xylan molecule
could significantly influence overall furfural production. Indeed, Agirrezabal-Telleria et al.
(2012) demonstrated that the combination of xylose and glucose resulted in decreased furfural
production compared to using xylose alone. In their study, the presence of additional glucose,
in equal proportions with xylose (mass concentration ratio of xylose/glucose = 0.66),
heightened secondary reactions due to interactions between the produced furfural and elevated

concentration of glucose.
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V.2.2.3  Furfural production from biomass raw biomass hydrolysate

Table V-13: Optimum conditions and the corresponding highest furfural yield as well as the experimental
furfural yield using raw biomass hydrolysates.

Concentration Optimum conditions by Model 3
(mol/L)
Biomass Study
Cu,o Fur yield  5-HMF
Cs G TK oy 1O (%) yield (%)

Model 0.096 - 61 -

Fir wood ) 417 3.61 13440
Experiment 0.096  0.240 57 32

Model 0.193 - 57 -

OPEFB 415 3.06 17040

After confirming the accuracy of the kinetic equations derived from the study’s model
through the optimization of operational parameters to enhance furfural yield, the approach was
expanded to convert raw biomass hydrolysates into furfural. The biomass hydrolysate obtained
from the LEEBio™ process was used without the need for any supplementary chemicals. The
study focused on two types of biomasses: residual biomass, namely OPEFB which has a high
amount of Cs sugars, and hardwood, represented by fir wood which is rich in C¢ sugars. As
previously stated, the objective is to analyze the effect of C¢ sugars on the production of
furfural. In this section, the concentrations of xylose and formic acid were the same for each
experiment and were denoted by the values in hydrolysates that are provided in Table V-12.
The xylose concentration represents the combined concentration of all pentose sugars,
including xylose and arabinose, in the hydrolysates. The optimal conditions and corresponding
maximum furfural yields predicted by Model 3, along with the experimental furfural yield
obtained from raw biomass hydrolysates, are presented in Table V-13. As with the utilization
of xylan as the starting material, there was no significant difference between the experimental
furfural yield derived from both biomasses and the predicted value of model 3, with a relative
gap of less than 10%.

As expected, the furfural yield obtained from fir wood (57%) was lower than the
predicted yield (61%). This exhibited a comparable trend when xylan derived from Oat Spelts
was utilized in comparison to a solution containing xylose. The rationale behind this

observation can be attributed to the composition of fir wood, which primarily consists of Cs
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sugars, exceeding the concentration of Cs sugars by more than two-fold. As previously stated,
the presence of Cs sugars that convert to 5S-HMF can intensify secondary loss reactions,

ultimately leading to a reduced furfural yield.

Although Cs sugars were present, the furfural yield (62%) produced from OPEFB was
higher than that from fir wood (57%) and even surpassed the predicted yield (57%). Yemis and
Mazza (2011) also made a comparable observation. Under microwave-assisted conditions, the
quantity of furfural generated from straw biomass exceeded the quantity generated from pure
xylose and xylan. These authors suggest that the probability of a cross-polymerization reaction
between furfural and xylose is higher in conversions that use pure xylose and xylan.

Additionally, the presence of various metal ions (such as K*, Ca**, AI**

, etc.) in the biomass
hydrolysate may contribute to this phenomenon by acting as Lewis acids, thereby enhancing
the catalytic efficiency of formic acid in the conversion of pentose sugars into furfural (Yemis
and Mazza, 2011; Lopes et al., 2017). Furthermore, Lopes et al. (2017) reported a significant
increase in furfural yield from 57% to 70% with the increase in AI** concentration from 0.2
mol/L to 0.8 mol/L in the presence of formic acid. Indeed, a comparison of the quantity of
various inorganic elements in fir wood and OPEFB, as reported by Cutter and McGinnes (1979)
and Lee et al. (2020) respectively, revealed that OPEFB contained significantly higher levels
of metal ions. For example, in their studies, OPEFB contained 135 times more A" and 7 times
more Ca*" compared to fir wood. These findings strongly support the hypothesis that furfural
production is enhanced by the presence of metal ions along with formic acid, explaining why

the furfural yield achieved from OPEFB surpassed that from fir wood and exceeded the
predicted yield.

The furfural yield achieved in our study using the LEEBio™ process notably surpassed
that of other studies employing formic acid as a catalyst. For instance, Yong et al. (2016)
obtained the highest furfural yield of 35.8% from Oil palm fronds (OPF) using a water-ethanol
mixture at 240 °C. Huang et al. (2019), on the other hand, combined formic acid with solid
acid SO4 7/SnO> montmorillonite to attain a maximum furfural yield of 40.2% from corncob
at 180°C for 10 min under microwave irradiation (600W). Recently, Qiao et al. (2022) reported
achieving the highest furfural yield of 49.3% from corn cobs at 160 °C for 60 min with the
assistance of AlCIz. These findings demonstrate the superior efficiency of our approach and
catalytic activity of formic acid, which not only offered higher furfural yields but also could be

performed without the need for additional chemicals
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In addition to furfural, both biomass hydrolysates generated 5S-HMF (32%) as a result of
the existence of hexose sugars, including glucose, mannose, and galactose (Yang et al., 2023;
Zhu et al., 2023). The conversion of hexose to 5-HMF involves two distinct steps: firstly, the
1somerization of hexose sugars to fructose, followed by the dehydration of fructose to S-HMF
(Shao et al., 2022). The chemical composition of 5S-HMF, characterized by a furan ring with an
aldehyde group and an alcohol group, makes it highly suitable for the synthesis of various
chemicals such as 5-hydroxymethyl furfural acid, levulinic acid, furfuryl alcohol, etc. through
reactions such as oxidation, hydrogenation, hydration, decarbonylation and etherification (Tao
etal., 2023). Moreover, 5-HMF has been recognized for its significance in biomass conversion,
earning a spot alongside furfural in the “Top 10” list of chemicals derived from biomass, as
reported by the U.S. Department of Energy (Wozniak et al., 2019). However, the yield of 5-
HMF from these sugars was significantly lower compared to furfural, which had a yield of
approximately 60%. This can be attributed to the greater breakdown activation energy of
hexose sugars compared to pentose sugars. In a study conducted by Wei et al. (2008), the
process of breaking down xylose and glucose using sulfuric acid as a catalyst in biomass
hydrolysate was examined. The results showed that the activation energy required for the
degradation of xylose was 114.4 kJ/mol, while for glucose it was 136.8 kJ/mol. The pre-
exponential factor (ko) of xylose and glucose were 2.38x10'! and 4.83x10'3, respectively.
Consequently, the conversion of pentose sugars into furfural occurred at a higher rate compared

to hexose sugars, leading to a reduced production of 5-HMF (Istasse and Richel, 2020).
When considering the findings reported in other literature, the 5S-HMF yield (32%)

obtained in this study was found to be comparable. For instance, Scapin et al. (2020) developed
a sustainable process for furfural and 5-HMF production from lignocellulosic biomass using
an ionic liquid. Operating at 120 °C for 3h, they attained the best furfural yield of 59% and
maximum 5-HMF yield of 8.7% from rice husks. Hoang and Cuong (2021), employing porous
HSOs3-ZSM-5 as a catalyst in water, reported the highest furfural yield of 40% with a 5S-HMF
yield of 19% from corncob biomass. In another study, AICl3.6H>O was utilized in a biphasic
medium of water/tetrahydrofuran (THF) to convert various lignocellulosic biomass types (corn
stover, pine wood, grass, and poplar) into furanic compounds. While the yields of HMF were
modest (20-35%), high concurrent yields of furfural were observed (51-66%). This comparison
underscores the efficacy of the formic acid utilized in the LEEBio™ process as a catalyst for

converting biomass into furfural and 5-HMF. Furthermore, it highlights the effectiveness of
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kinetic equations in optimizing the process parameters, demonstrating the potential for

enhanced efficiency in biomass conversion.

However, furfural can be effectively generated from the real biomass hydrolysate acquired
by the LEEBio™ method. It was discovered to be present in the combination along with by-
products, particularly 5-HMF. It is observed that the amount of 5-HMF collected varies
depending on the type of biomass. For instance, the hydrolysate from fir wood yielded 5.71
g/L of furfural (57%) and 8.96 g/L of 5-HMF (32%). On the other hand, the hydrolysate from
OPEFB produced 10.43 g/L of furfural (62%) and 0.45 g/LL of 5-HMF (32%). The results
demonstrated that the selection of raw biomass is essential in determining the final output.
Therefore, to achieve a large amount of furfural with the best possible purity, it may be
preferable to use biomass that is abundant in Cs sugars, such as OPEFB in this study. To
enhance the quality of the produced furfural, one can employ separation techniques like
distillation, liquid-liquid extraction, etc. In a study conducted by Wang et al. (2021), it was
found that furfural may be extracted with selectivity from furfural-HMF combinations using
dichloromethane or toluene. The extraction process resulted in a yield of 79% for furfural,
while only 11% of 5-HMF was extracted at 150 °C. Fele Zilnik et al. (2023) conducted a study
on the extraction of furfural from the furfural-5-HMF mixture using a combination of an
extractor and a distillation column. When tetrahydrofuran (THF) was used as the extracting
solvent, the recovery efficiency for 5-HMF was 98.5% with a purity of 90.1 wt%, and for
furfural it was 99.7% with a purity of 96.2 wt%. Zhao et al. (2020) demonstrated that the
process of separating furfural and 5-HMF could be achieved by dynamic column adsorption.
Upon utilizing a MAF-5 packed column to separate furfural/5-HMF (2/2 wt%), it was observed
that the eluent included negligible amounts of 5-HMF, while the furfural component could be
enriched up to a maximum of 21.4 wt%. The results indicated that by employing the separation
technique during the downstream purification process, along with the utilization of raw
biomass containing a significant amount of Cs sugars, it is possible to achieve a solution of
furfural with a high level of purity. Nevertheless, it is essential to conduct a thorough energy
assessment in order to design the complete process, including downstream separation and
purification, along with the reaction step, within the context of sustainable development and

the economic feasibility of the process.
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V.3 Complementary study: Furfural production from raw
biomass hydrolysates with low formic acid concentration.

As delineated in Section I1.4.1.2, the formic acid present in the raw biomass
hydrolysates was recovered by undergoing an additional evaporation process to meet the
principles of green chemistry and sustainable processes. This part focused only on hydrolysates
originating from fir wood due to constraints posed by the availability of hydrolysates from
OPEFB. The experimental results of furfural production from fir wood hydrolysates, varying

in formic acid concentrations, are presented in Table V-14.

Table V-14: Furfural production from fir wood hydrolysates with different formic acid concentrations.

FA Xyl Ara Glu Mann Galac Fur 5-HMF
Hydrolysate Conc conv conv conv conv conv yield yield
(g/L) (%) (%) (%) (%) (%) (%) (%)
Fir wood 168.5 97 91 33 91 77 55 34
Fir wood 4/4 63.4 91 59 12 44 30 52 25
Fir wood 9/9 28.7 43 40 1 22 7 42 22

Op. Cond.: volume of the mixture = 150 mL, reaction temperature = 170 °C; residence time
= 40 min.

According to the findings presented in Table V-14, the optimal method for recovering
formic acid involved evaporating until the final volume was reduced by a factor of 4, leading
to a decrease in formic acid concentration to 63.4 g/L. This recovered formic acid can be reused
in the biomass fractionation process through the LEEBio™ method, aligning with the
principles of sustainable chemistry. Furthermore, the reaction was successfully conducted
using lower concentrations of formic acid while still achieving comparable furfural yields, thus
demonstrating progress towards the goals of green chemistry. However, further recovery of
formic acid with a factor of 9, resulting in a concentration of 28.5 g/L, significantly diminished
both furfural and 5-HMF yields. This decline is attributed to the insufficient quantity of formic
acid to facilitate the depolymerization of polysaccharides and the subsequent dehydration
reaction of monosaccharides, as evidenced by the notable decrease in monosaccharide
conversion. Despite the high quantity of recovered formic acid solution, extending the reaction
duration at elevated temperatures is necessary to attain higher furfural and 5-HMF yields.

Nonetheless, this finding presents an opportunity for the incorporation of heterogeneous
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catalysts, particularly Lewis acid heterogeneous catalysts, which can enhance the catalytic
activity of formic acid. Finally, conducting an energy balance analysis could distinguish
between the three cases outlined in Table V-14, providing insight into their alignment with the

principles of sustainable development.

V.4 Conclusion chapter

Before employing real biomass hydrolysates, xylans derived from Birchwood and Oat
Spelts were utilized to investigate the influence of the complex structure of raw materials on
furfural production. Surprisingly, it was observed that xylans yielded higher furfural yields
compared to pure xylose solutions (58%), based on the number of moles of xylose. This
phenomenon could be attributed to the simultaneous liberation of pentose monomers during
the depolymerization process, which may limit the cross-side reaction between xylose and
furfural, resulting in a higher yield. Specifically, xylan from Birchwood, consisting solely of
xylose, yielded a furfural yield of 68%, higher than that from Oat Spelts, which contains
various sugar types (i.e., xylose, arabinose, and glucose), yielding 60%. Additionally, the
presence of 5S-HMF, a dehydration product of glucose, was observed when using xylan from
Oat Spelts as a starting material, thereby reducing the purity of furfural compared to when

xylan from Birchwood was employed.

The study also involved synthesizing furfural from raw biomass hydrolysates with a
lower concentration of formic acid. This aimed to recover formic acid from the hydrolysate
obtained via hydrolysis for reuse. The optimal condition was achieved by reducing the volume
by a factor of 4 through evaporation, resulting in a formic acid concentration of 63.4 g/L.
Further decreasing the concentration of formic acid significantly reduced furfural formation,
likely due to insufficient formic acid to break down polysaccharides and convert

monosaccharides into furfural through dehydration.

Regarding the kinetic modeling, statistical analysis and validation with further
experimental data indicated that the most appropriate kinetic model was model 3. The
mechanism of this model encompasses first-order reaction kinetics, where a part of
xylose/arabinose undergoes reaction to form a degradation product, while another part converts
into an intermediate. This intermediate subsequently undergoes dehydration to produce
furfural. Furthermore, furfural degrades through self-polymerization and cross-polymerization
with the xylose/arabinose intermediate, constituting a second-order reaction process. Model 3
was employed to optimize parameters for furfural production. The applicability of this model
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across a wide range of operating parameters underscores the novelty of this study compared to
existing literature. Through the optimization of operational parameters using kinetic equations
derived from model 3, it was demonstrated that a high furfural yield (up to 63%) could be
attained with a higher formic acid concentration (> 15 wt%) within a moderate temperature
range (413-450 K) and over a reaction duration of 3.5 h. The robustness of the developed
kinetic model was further evidenced by its successful application in studies concerning furfural
production from raw materials such as xylans and hemicellulose-rich hydrolysates obtained
through fractionation processes. The results demonstrated that the developed model accurately
predicted maximum achievable yields with a precision exceeding 90%. These raw materials
exhibited remarkable performance, yielding furfural in the range of 57% to 62%. However, the
study also identified limitations of the model, particularly regarding the presence of additional
compounds, such as inorganic elements and hexose sugars, which could potentially

compromise the accuracy of predicted values.
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General conclusions

The current state of the art highlights that lignocellulosic biomass recovery is emerging
as a key solution to various societal issues. One way to upgrade biomass is to convert it into
valuable products. Lignocellulosic material mainly consists of cellulose, hemicellulose, and
lignin. Notably, hemicellulose can be converted into furfural, a versatile platform molecule
essential for synthesizing numerous value-added products, including fuels and additives.
However, few industrial processes have been established due to limited furfural yield, primarily
caused by undesirable reactions between generated furfural and other molecules in the aqueous
phase. Research indicates that while catalysts like homogeneous acids (such as sulfuric acid)
and heterogeneous catalysts (such as zeolites) are used for synthesis from pure raw materials,
formic acid is gaining attention. Formic acid offers a solution to the corrosiveness issues
associated with mineral acid catalysts traditionally used in industrial furfural production. It also
addresses challenges such as the deactivation of solid catalysts in aqueous media and the
limited acidity of acids generated by water at high temperatures. Moreover, formic acid is
successfully applied in biorefining processes, acting as a medium for treating lignocellulosic
biomass. This treatment extracts a hemicellulose/pentose fraction free of lignin and cellulose,

enabling furfural production without additional chemicals.

The objective of this thesis was to establish the viability of formic acid's dual role: as a
solvent for lignocellulosic biomass depolymerization and as an efficient catalyst for pentose
sugar dehydration into furfural. The study initially focused on optimizing furfural production
using xylose and real biomass hydrolysate, employing extraction methods to prevent furfural
degradation. Various operating parameters were investigated, including reaction temperature
(100-200 °C), residence time (0—60 minutes), initial xylose concentration (2-30 g/L), and
formic acid concentration (5-30 wt%), to determine the optimal conditions for the process.
Xylose dehydration into furfural was conducted under different conditions: either at
atmospheric pressure (boiling point of the mixture) or under pressure at high temperatures
(>140 °C).

Under the atmospheric pressure and boiling temperature of the mixture, the furfural
formation in both monophasic and biphasic solvent systems was not optimal. This was due to
the low catalytic activity of formic acid in dehydrating xylose to furfural under these
conditions. However, a significant increase in furfural yield was observed when the reaction
was conducted at higher temperatures (> 140 °C). Analysis of the influence of operating

parameters under pressure revealed that furfural production was highly dependent on
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temperature, which correlates with residence time. Higher reaction temperatures necessitated
shorter residence times, and vice versa. Interestingly, the concentration of formic acid had a
lesser impact on furfural production, possibly due to its excess quantity compared to xylose.
Optimal conditions were determined to be 170 °C, 40 min, 10 g/L xylose, and 10 wt% formic
acid, resulting in a 58% furfural yield. Regarding simultaneous extraction, both steam stripping
and the use of organic solvents in a biphasic system exhibited significant advantages in furfural
production. The highest furfural yields of 80% and 70% were achieved by steam stripping and
the water/cyclopentyl methyl ether biphasic system, respectively, at 170 °C for 40 min using
30 g/ xylose and 10 wt% formic acid. This surpasses the 54% yield achieved in batch

processing under identical conditions.

The furfural yield obtained from real biomass hydrolysates exceeded that of a pure
xylose solution. Specifically, under optimized conditions (170 °C for 40 min), fir wood
hydrolysate yielded 50%, 72%, and 76% furfural in batch, semi-batch, and biphasic systems,
respectively. Similarly, hydrolysate derived from OPEFB yielded 70%, 79%, and 83% furfural
in the corresponding systems. This higher furfural yield may be attributed to the presence of
inorganic elements such as Na*, AI**, CI, etc., acting as Lewis acids. These elements facilitate
the conversion of xylose into furfural by isomerizing xylose into a reactive intermediate known
as xylulose. Furthermore, these inorganic elements contribute to the salting-out effect, thereby
enhancing furfural separation and ultimately resulting in a higher yield in a biphasic solvent
system. Additionally, the presence of 5-HMF, a dehydration product of hexose sugars in the
hemicellulose fraction, was observed when using real biomass hydrolysate as a starting
material. However, the 5S-HMF yield (38%—62%) was lower than the furfural yield (55%—83%)
due to the higher activation energy required for the breakdown of hexose sugars compared to

pentose sugars.

In the second part, the process was further developed to be more environmentally
friendly by incorporating simultaneous extraction of furfural through supercritical CO> (Sc-
CO2) and using heterogeneous catalysts such as Amberlyst-15, Al,O3;, H-ZSM-5, and H-
mordenite. The findings revealed that under our experimental conditions, Sc-CO> not only
served as an extracting agent but also exhibited Lewis acid properties, catalyzing the
isomerization of xylose into a reactive intermediate termed “xylulose”. In the presence of Sc-
COg,, this mechanism involved a secondary reaction pathway comprising two steps: first, the
Sc-CO;-catalyzed isomerization of xylose into xylulose, followed by furfural production from

xylulose, catalyzed by formic acid. Dehydration of xylose with Sc-CO» in both batch and semi-
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batch systems resulted in higher furfural yield and selectivity compared to systems without Sc-
CO». However, the efficiency of Sc-CO> extraction in the semi-batch system was influenced
by the CO, flow rate, leading to a competition between furfural formation and extraction rate.
Furthermore, the solubility of formic acid might decrease furfural solubility in the CO; stream.
Nevertheless, simultaneous Sc-CO- extraction enabled the recovery of all produced furfural in
the extract, minimizing furfural degradation and maintaining high furfural productivity, even
with a high initial xylose concentration. A maximum furfural yield of 68.5% (with 71.4%
selectivity and 99% separation efficiency) was attained after 5 h at 140°C and 20 MPa, with a
constant CO; flow rate of 5 g/min, and initial concentrations of 10 g/L xylose and 10 wt%
formic acid. Regarding the addition of both Brensted and Lewis acid heterogeneous catalysts,
it was found that the combination of these catalysts with formic acid did not enhance furfural
production. This outcome is possibly due to the excess formic acid masking the catalytic

activity of the heterogeneous catalysts.

Finally, a comprehensive investigation was conducted on the kinetic modeling,
encompassing all reactions, including the formation of furfural and side-loss reactions. The
kinetic parameters were determined using synthetic solutions containing xylose (10-30 g/L),
formic acid (5-20 wt%), and furfural (5-15 g/L). Three different schemes of xylose
dehydration into furfural were investigated in this study. The kinetic parameters were
determined through nonlinear regression analysis, utilizing the Nelder-Mead algorithm within
Python’s optimization function for estimation. Subsequently, the most suitable kinetic model
was analyzed and applied to raw material of varying purity levels for furfural production using
the fminsearch function in MATLAB software.

According to the statistical evaluation, kinetic model 3 emerged as the most suitable for
predicting xylose and furfural concentrations, along with furfural yield, boasting an R?
exceeding 95%. The mechanism underlying this model encompasses first-order reaction
kinetics. Here, a part of pentose undergoes a reaction to form a degradation product (k3), while
another part converts into an intermediate (k1). Subsequently, this intermediate undergoes
dehydration to produce furfural (ks). Moreover, furfural degrades through self-polymerization
(k2) and cross-polymerization with the pentose intermediate (k4), constituting a second-order
reaction process. This model was used to optimize parameters for furfural production using
synthetic solutions, leading to the highest furfural yield of 58% at a xylose concentration of 10
g/L. Similarly, Birchwood and Oat Spelts xylans yielded maximum furfural yields of 63% and

51%, respectively, under identical conditions. Furthermore, hydrolysates from OPEFB and fir
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wood exhibited the best furfural yields of 62% and 57%, respectively, alongside an equivalent
5-HMF yield of 32%. These results underscored the accuracy of the developed model in
predicting maximum achievable yields, achieving a precision exceeding 90%. Nonetheless, the
study also highlighted limitations of the model, particularly concerning the presence of
additional compounds such as inorganic elements and hexose sugars, which could potentially

compromise the accuracy of predicted values.

Perspectives

Some perspectives can be highlighted from this work:

Firstly, simultaneous extraction during the reaction allows to constrain side reactions
and maintain a high furfural productivity, even with a high initial xylose concentration.
Additionally, literature reports suggest that achieving a high furfural yield (>60%) is feasible
from concentrated xylose solutions (40-120 g/L) with low formic acid concentrations (5—15
g/L) via steam stripping in a semi-batch system. Moreover, the high xylose concentration meets
industrial requirements for economic furfural production. Therefore, adjusting the
concentrations of pentose (xylose and arabinose) and formic acid in real biomass hydrolysates
to match these levels would be advantageous. As previously mentioned, this adjustment could
be achieved using the NF process. The strategy involves diluting the hydrolysate in the initial
stage to decrease the formic acid concentration. Subsequently, concentration step is carried out
using NF with a membrane exhibiting a molecular weight cutoff (MWCO) higher than that of
formic acid but lower than that of pentose sugars. In this process, xylose is retained by the
membrane while formic acid passes through, resulting in a mixture with high concentration of
pentose, while maintaining constant formic acid concentration. This resulting mixture could
potentially integrate a Lewis acid heterogeneous catalyst to enhance formic acid’s performance

in pentose dehydration into furfural.

Utilizing xylans as a starting material for furfural production revealed a higher furfural
yield compared to that from a pure xylose solution. This enhancement could be attributed to
the simultaneous release of pentose monomers during the reaction, which effectively limits
cross-side reactions between xylose and furfural. This phenomenon aligns with the semi-batch
principle, wherein the reactant is introduced during the reaction. Therefore, exploring a
continuous system where xylose is added during the reaction while furfural is simultaneously

removed from the reaction medium to prevent its degradation would be intriguing. Such a
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process holds promise for industrial applications, offering heightened productivity alongside

consistent product quality and reduced operational expenses.

Regarding the extraction of furfural by Sc-COz, the study observed that the efficiency
of Sc-CO; extraction was influenced by the CO> flow rate, resulting in a competition between
furfural production and extraction rate. Furthermore, the solubility of formic acid may decrease
furfural solubility in CO; steam. Investigating the phase behavior of the CO,-water-furfural-
formic acid system and the kinetics involved in simultaneous Sc-CO» extraction would yield
valuable insights into identifying optimal operating conditions for furfural recovery while
minimizing formic acid concentration. Once these optimal conditions are determined, they
should be applied alongside real biomass hydrolysates obtained through the LEEBio™ process
to demonstrate the feasibility of scaling up the approach to a larger industrial setting.

Upon analyzing the raw biomass hydrolysates, it was consistently observed that a
mixture comprising furfural, 5-HMF, and formic acid was obtained. This occurrence is
attributed to the presence of hemicellulose, a polysaccharide that yields both pentose and
hexose sugars. The concentration of these sugars influences the production of furfural and 5-
HMEF, thereby affecting the quality of each product. Given that these products hold significant
value and serve as excellent starting materials for producing various molecules, it becomes
imperative to devise separation methods for their recovery with high purity. Interestingly,
during steam stripping, an unexpectedly high separation efficiency between 5-HMF and
furfural was achieved. This prompts the need for further investigation into the phase behavior
of the furfural-5-HMF-water-formic acid system to elucidate these phenomena and facilitate

the design of an efficient separation process.

As last, the assessment of investment cost and energy for three systems with extraction
including steam stripping in semi-batch system, the use of organic solvents in biphasic system
and the use of Sc-CO> would be interesting to be realized for selecting the best process with
cost effectiveness. This would be a useful data for the companies to design the whole process
Also, the life cycle assessment (LCA) would be interesting, regarding the principle of
sustainable development, for assessing environmental impacts associated with all the stages of
furfural production staring from the biomass cultivation until the recovery of pure furfural.

This assessment is required more and more to companies for greater corporate sustainability
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Appendix 1

Setting up of reactor

Before carrying out preliminary furfural synthesis tests, reactor start-up tests are carried
out. These tests consist of measuring the saturation vapor pressure of pure water for the
temperature range of 100 to 200 °C with a step of 10 °C. The reactor has a set minimum volume
of 32 mL (Top Industrie, FR) and 126 mL (Equilabo, FR), ensuring that the 5 cm of
thermocouple is submerged in the solution. The curve of pressure measured as a function of
temperature is then plotted and compared with the curve of the vapor pressure of water

(according to the NIST database) as illustrated below:

Pressure (MPa)

— = Theoretical value

0\2 L -
/ ' Experimental value
0 L 1 "

100 120 140 160 180 200
Temperature (°C)

Water vapor pressure curve, comparison between the theoretical value provided by the NIST database
and the experimental measurements.

The sample test is performed by default at 140 °C which is the first temperature studied.
For the “Top Industrie” reactor, the V1 valve is initially opened, followed by the subsequent
opening of the > valve. The sample is collected in the vial soaked in an ice bath. After the
sample process, the V1 valve is subsequently closed, followed by the closing of V. It is noted
that when taking a sample, it is necessary to rinse the sampler before each new sample.
Therefore, the first 0.5 mL of sample is discarded to avoid contamination with the previous
sample. For the “Equilabo” reactor, sampling is performed via a liquid bleed valve (No. 9 in
Figure II-3).

Concerning introduction of solution into the “Top Industrie” reactor via the sampling
device, the V1 valve is in a closed position while the /2 valve is in an open position. The solution
is taken by gently rotating the piston (P) while respecting the volume scale (2.5 mL max.).
Subsequently, the V> valve is closed, and then the V7 valve is opened. The solution is introduced

into the reactor by placing the piston (P) in its initial state and thereafter closing the V7 valve.
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For the “Equilabo” reactor, in the injection of solution into the reactor is conducted by pump

through liquid feed valve (N° 8 in Figure II-3).

Appendix 2
The vapor pressure of water (according to the NIST database)
Data NIST Experimental data 17/03/2022
T (°C) Pref (bar) ‘ P (bar) P (MPa)
99.85 0.10088 165.85 0.71583 100 0.5 1.5 0.15
101.85 0.1083 167.85 | 0.75186 105 0.7 1.7 0.17
103.85 0.11617 169.85 | 0.78932 110 0.9 1.9 0.19
105.85 0.1245 171.85 0.82824 115 1 2 0.2
107.85 0.13333 173.85 | 0.86866 120 1.3 2.3 0.23
109.85 0.14266 175.85 | 0.91063 125 1.5 2.5 0.25
111.85 0.15252 177.85 | 0.95418 130 1.8 2.8 0.28
113.85 0.16293 179.85 0.99936 135 2.1 3.1 0.31
115.85 0.17393 181.85 1.0462 140 2.5 35 0.35
117.85 0.18552 183.85 1.0948 145 2.9 3.9 0.39
119.85 0.19773 185.85 1.1451 150 3.4 4.4 0.44
121.85 0.2106 187.85 1.1972 155 39 49 0.49
123.85 0.22414 189.85 1.2511 160 4.5 5.5 0.55
125.85 0.23838 191.85 1.3069 165 5.2 6.2 0.62
127.85 0.25335 193.85 1.3647 170 6.1 7.1 0.71
129.85 0.26907 195.85 1.4245 175 7.1 8.1 0.81
131.85 0.28558 197.85 1.4862 180 8.1 9.1 091
133.85 0.30289 199.85 1.5501 185 9.3 10.3 1.03
135.85 0.32105 190 10.5 11.5 1.15
137.85 0.34008 195 12 13 1.3
139.85 0.36001 200 13.3 14.3 1.43
141.85 0.38087
143.85 0.40269
145.85 0.42551
147.85 0.44935
149.85 0.47425
151.85 0.50025
153.85 0.52738
155.85 0.55567
157.85 0.58516
159.85 0.61588
161.85 0.64787
163.85 0.68118
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Appendix 3

HPLC chromatograms
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The sample after 1h of xylose dehydration into furfural catalyzed by H-ZSM-5, Biorad Aminex HPX-
87H, 0.7 ml/min, 50 °C, 10 mM H,SOs.
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The xylan from Birchwood after 6h of acid hydrolysis, Biorad Aminex HPX-87H, 0.8 ml/min, 50 °C,
10 mM H,SOs4.
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The xylan from Oat Spelts after 6h of acid hydrolysis, Biorad Aminex HPX-87H, 0.8 ml/min, 50 °C,
10 mM HzSO4.
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The standards of mixed sugars with formic acid, Biorad Aminex HPX-87P, 0.6 ml/min, 75 °C,
deionized water.
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The OPEFB hydrolysate after 8h of acid hydrolysis, Biorad Aminex HPX-87P, 0.6 ml/min, 75 °C,
deionized water.
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The fir wood hydrolysate after 8h of acid hydrolysis, Biorad Aminex HPX-87P, 0.6 ml/min, 75 °C,
deionized water.
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Appendix 4

Python code of kinetic modeling

Furfural degradation reaction

1 from 1mfit import minimize, Parameters, fit_report
2 import matplotlib.pyplot as plt

3 import numpy as np

4 from scipy.integrate import odeint

S from time import time

6
7 T_REF = 443 =
8R = 8.314 # J/nc
9

1e
1lexp = {}
12

13 # expl

14 exp['expl73'] ={

15 : 413 #

16 T)me np.array([@, 3600, 7200, 10800, 14400, 18000, 21600]),

17 "He': np array([0.80973453661855815, ©.00973453661855815, ©.00973453661855815, ©.00973453661855815, ©.8@973453661855815, ©.00973453661855815, ©.080973453661855815]),
18 ‘dHe/dt': lambda t: ©.88973453661855815* np.ones_like(t),

19 'Ce': @.e536557,

20 'FF': np.array([8.8536557, ©.0502805, ©.2481812, ©.8476235, ©.8463626, ©.8445180, 0.8443643]),

21}

22 # expl77

23 exp['exgl77'] = {

24 .413, #

25 ‘Time': np.array([@, 3600, 7200, 10800, 14400, 18000, 21600]),

26 ‘He': np array([@.0137815857064403, ©.0137815857064403, ©.0137815857064403, ©.0137815857064403, ©.0137815857064403, ©.0137815857064403, ©.0137815857064403]),
27 ‘dH+/dt': lambda t: ©.0137815857064403* np.ones_like(t),

28 ‘ce': @.e53883e,

29 ‘FF': np.array([@.053883@, ©.8517252, ©.0504765, ©.0488335, ©.8478910, 0.0463099, 0.8453202]),

3e}

312

32 exp[ ex9175 1=t

33 : 41 , #

34 nme np.array([@, 3600, 7200, 10800, 14400, 18000, 21600]),

35 ‘He': np array([0.0195849911630922, ©.0195049911630922, ©.0195049911630922, ©.0195049911630922, ©.0195049911630922, ©.0195049911630922, ©.0195049911630922]),
36 ‘dH+/dt': lambda t: ©.019504991163@922* np.ones_like(t),

37 ‘Ce': ©.8555927,

38 ‘FF': np.array([@.0555927, ©.0534714, ©.8525069, ©.8519274, ©.8508806, ©.8497562, ©.8482107]),

393

40 # ¢

41 exp[ expln ]= (

42 : 443

43 T)me np. array([e, 600, 1200, 1800, 2400, 3000, 3600]),

44 'He': np array([©.00787273281446994, ©.00787273281446994, ©.00787273281446994, ©.00787273281446994, ©.00787273281446994, ©.00787273281446994, ©.80787273281446994]),
45 ‘dH+/dt’: lambda t: ©.00787273281446994* np.ones_like(t),

46 ‘Ce’: 8.0526842,

47 ‘FF': np.array([@.0526842, ©.0501859, ©.8496206, ©.8489213, ©.0487729, ©.0484019, ©.04809]),

48}

49 #expl78

50 exp['expl78']) = {

51 ‘T': 443, =

52 ime': np.array([@, 600, 1200, 180@, 2400, 3000, 36€0]),

53 ‘H+': np.array([@.0111434448957653, ©.0111434448957653, ©.0111434448957653, ©.0111434448957653, 0.0111434448957653, 0.0111434448957653, ©.0111434448957653]),
54 dHo/dt : lambda t: ©.8111434448957653* np.ones_like(t),

S5 : ©.8543176,

56 FF : np.array([@.8543176, ©.0528328, ©.0523958, ©.0510797, ©.8509000, ©.0500861, ©.8495585]),

57}

58 2¢

59 exp[ expl?é ] = (

61 Tl "8 np array([a, 600, 1200, 1800, 2400, 3000, 3600]),
62 'H+': np.array([@.0157689375371582, ©.0157689375371582, ©.8157689375371582, ©.8157689375371582, ©.8157689375371582, ©.0157689375371582, ©.0157689375371582]),
63 ‘dH+/dt': lambda t: ©.8157689375371582* np.ones_like(t),

64 ‘Ce': @.0549713,
65 'FF': np.array([@.8549713, ©.8537313, ©.8527128, ©.0518866, 0.0514747, ©.0508487, ©.0502610]),
66}
67 % e
58 exp[* explBl 1=4
69 : 473, #
70 'n'me': np.array([@, 60, 1200, 180@, 2400, 3000, 3600]),
71 ‘He': np array([0.00625216210439607, ©.00625216210439607, ©.00625216210439607, ©.00625216210439607, ©.00625216210439607, ©.00625216210439607, ©.00625216210439607])),
72 ‘dH+/dt': lambda t: ©.00625216210439607* np.ones_like(t),
73 ‘ce 6.0483382272681584,
74 'FF': np.array([@. 72081584, ©. , ©.2425147415114017, ©.0407526085224711, ©.0390172560340836, ©.0379830817062608, ©.8377679197413918]),
75}
76 # 18
77 exp[ explsz 1={
: 473, #
79 'Tin-.e‘: np.array([@, 6@, 120@, 1809, 2400, 3000, 3600]),
80 ‘H+': np.array([@ 79 ) 1795290226, @ 1795290226, @ 1795290226, @ 1795290226, @ 795290226, ©.00884801795290226]),
81 ‘dH+/dt’': lambda t: @. 00884801795296226‘ np.ones_like(t),
82 8 ©.849260091061275,
83 np.array([0.249260091061275, ©.8462470173442997, @ 7322, e.e41 5 @. 2223795, ©.0375157@41003617, ©.0360188138096553]),
843
85 #
86 exp[ expl&S 1= {
: 473, #
88 Tllre np.array([@, 600, 1200, 1800, 2400, 3000, 3600]),
89 THe': np array([e ©125191161280647, ©.0125191161280647, ©.0125191161280647, ©.0125191161280647, ©.0125191161280647, ©.8125191161280647, ©.8125191161280647]),
9e "dH+/dt': lambda t: ©.8125191161288647* np.ones, llke(t),
91 ‘cet: 0.0521756454413998,
92 . : np.array([@.8521756454413998, ©.048989013327016, ©.8462245233202967, ©.8433949299566688, ©.8408510697666432, ©.0378413086898245, ©.0359585955991945]),
93}
94 # exp
95 exp[ epoes 1= {
96 : 413,
97 'Time': np. array([a, 3600, 7200, 10800, 14400, 18000, 21600]),
98 ‘He': nn array([@.2137815857064403, ©.0137815857064403, ©.0137815857064403, ©.01378158570644083, ©.0137815857064403, ©.0137815857064403, ©.0137815857064403]),
99 ‘dHe/dt” lambda t: @.81378158570644@3* np.ones_like(t),
100 ‘i 0. 1344915429
101 : np.array([@.1344915429, ©.1259975504, ©.1238493805, ©.1209234637, ©.1156933238, ©.1167678325, ©.1161345994]),
102}
103 = «
1e4 exp[ expzu 1= {
1e5 1 443,
186 ‘i onp. array([e, 600, 1200, 1800, 2400, 3000, 3600]),
1e7 : np.array([@.0111434448957653, ©.0111434448957653, ©.0111434448957653, ©.0111434448957653, ©.0111434448957653, ©.0111434448957653, ©.0111434448957653]),

108 ‘dre/at’: lambda t: ©.0111434448957653% np.ones_like(t),

109 : 0.129286004,
110 : np.array([0.129286004, ©.125118128, ©.124603384, 0.121958987, ©.120850857, ©.118405889, 0.116046284]),
11}
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112 # e 214

113 exp('exp214'] = {

114 ‘T': 473, 2 &

115 ‘Time': np.array([@, 600, 1200, 1800, 2400, 3000, 3600]),

116 ‘He': np.array([@ 1795290226, @ 1795290226, © 1795290226, @ 795290226, ©
117 ‘dH+/dt': lambda t: ©.00884801795290226* np.ones_like(t),
118 ‘Ce’: ©.133040095,

119 'FF': np.array([@.133@40095, ©.117496023, ©.11373149@, ©.106361960, ©.099787127, ©.092201612, ©.088268080]),
120}

121

122

123 exp_names = [

124 ‘expl73°,

125 ‘expl74’,

126 ‘expl75°,

127 ‘expl76’,

128 ‘expl77°,

129 ‘expl78°,

130 ‘expl8l’,

131 ‘expl82’,

132 ‘expl8d3’,

133 ‘exp2es’,

134 ‘exp211’,

135 ‘exp214’,

136 ]

137

138 ## L d t e e

139

140 def system_of_equations(t, cf, k@2, kh2, e82, eH2, exp_name):

141

142 CH = exp[exp_name]['H+"][@]
143 T = exp[exp_name]['T"]

Appendix

144

145 # £ 2*C P 2 1 1 f

146

147 return -((k@2*np.exp((-e@82/R)*(1/T - 1/T_REF))) +(kh2*CH*np.exp((-eH2/R)*(1/T - 1/T_REF))))*cf
148

149 def solve_ODE(params, t, exp_name):

150

151 try:

152 parvals = params.valuesdict()

153 k@2, kh2, e@2, eH2 = list(params[par_val] for par_val in parvals)
154 except:

155 k@2, kh2, e@2, eH2 = params

156

157 y@ = exp[exp_name]['Ce'])

158

159 return odeint(system_of_equations, y@, t, args=(k@2, kh2, e@2, eH2, exp_name), tfirst=True)

160
161 def fun(params):
162

163 diff = lambda exp_name: solve_ODE(params, exp[exp_name]['Time'], exp_name).reshape(-1) - exp[exp_name]['FF']
164

165 return np.array([ diff(exp_name) for exp_name in exp_names])
166

167 ## Cycle d'estimatic

168

169 vk@2 = le-3

170 vkh2 = le-2

171 ve@2 = led

172 veH2 = 1e5

173

174 params = Parameters()

175 params.add('Ke2',
176 params.add( 'KH2',
177 params.add('£@2’,
178 params.add('EH2",
179
18e

value=vk@2,
value=vkh2,
value=ve@2,
value=veH2,

min=8, max=le-2)
min=le-6, max=4.8e-2)
min=5@e3, max=10@e3)
min=10@e3, max=129.5e3)

181 resl = minimize(fun, params, method ='nelder')
182 print(fit_report(resl))

183
194

210

795290226, ©

1795290226,

1795290226]),



Appendix

Model 1

1 from handle import * ## module personnalisé créé p
2 from 1lmfit import minimize, Parameters, fit_report
3 import matplotlib.pyplot as plt

4 import numpy as np

5 from os import walk

6 from scipy.integrate import odeint

7 from time import time

8

9 path = *../Data/model_1°

10

11 T_REF = 443

12R = 8.314

13 k@2 = 2.8986e-05 #

14 kH2 = 2.7213e-04 # n

15 E02 = 65170.6917 # mJ

16 EH2 = 129500.000 +

22 exp_names = list(walk(path + '/'))[@][2] ## enre er y

23 exp_names = [name.split('.’)[@] for name in exp_names] ## s

24

25 exp = load_and_format(path, exp_names) ## charger tous les fichiers ave eurs donnée
26

27 ##% Défini

28

29 def system_of_equations(t, y, k01, k@3, kH1, kH3, E1, E3, exp_name):
30

31 CH = exp[exp_name][ ‘H+"][0]

32 T = exp[exp_name]['T"][@]

34 Cx, Cf =y
36 cl = (k01+kH1*CH)*np.exp((-E1/R)*(1/T - 1/T_REF))

37 <2 = (k82*np.exp((-E@2/R)*(1/T - 1/T_REF))) +(kH2*CH*np.exp((-EH2/R)*(1/T - 1/T_REF)))
38 3 = (k@3+kH3*CH)*np.exp((-E3/R)*(1/T - 1/T_REF))

39

40 return -c1*Cx-c3*Cx, c1*Cx-c2*Cf
41

42 def solve_ODE(params, t, exp_name):
43

44 parvals = params.valuesdict()

45 k@1, k@3, kH1, kH3, E1, E3 = list(params[par_val] for par_val in parvals)

47 y0 = exp[exp_name]['CxCF ][0, :]

49 return odeint(system_of_equations, y@, t, args=(k@1, k@3, kH1, kH3, E1, E3, exp_name), tfirst=True)
51 def fun(params):

53 diff = lambda exp_name: solve_ODE(params, exp[exp_name][ Time'], exp_name) - exp[exp_name]['CxCF']

55 return np.array([ diff(exp_name) for exp_name in exp_names])

58

59vk0l = le-4

60 vke3 = le-4

61 vkhl = le-2

62 vkh3 = le-2

63 vel = 150000.

64 ve3 = 150000.

65

66 params = Parameters()

67 params.add('K81', value=vk@l, min=le-5, max=0.001)
68 params.add('K@3', value=vk@3, min=le-5, max=0.001)
69 params.add('KH1', value=vkhl, min=le-4, max=1)

70 params.add('KH3", value=vkh3, min=le-4, max=1)

71 params.add('E1’, value=vel, min=100@e3, max=250e3)
72 params.add('E3", value=ve3, min=190e3, max=250e3)
73

74

75 resl = minimize(fun, params, method='nelder') # hiip
76

77 print(fit_report(resl))

78
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Model 2

1 from handle import * &% L i S ur une gestion agréable
2 from 1mfit import minimize, Parameters, fit report

3 import matplotlib.pyplot as plt

4 import numpy as np

5 from os import walk

6 from scipy.integrate import odeint

7 from time import monotonic

8 import sys

10 path = *../Data/model_2' ##

12 T_REF = 443

13R = 8.314 #J/» K
14 k02 = 2.8986e-05 #
15kH2 = 2.7213e-04 #
16 E02 = 65170.6917
17 EH2 = 129500.000 # nJ

21 exp = {}

23 exp_names = list(walk(path + '/'))[@][2] # gistrer
24 exp_names = [name.split('.')[@] for name in exp, names]
25

26 exp = load_and_format(path, exp_names) ## charger tous les fichiers ave eurs donnée
27

28 ##

29

30 def system_of_equations(t, y, k01, k@4, kH1, kH4, E1l, E4, exp_name):

32 CH = exp[exp_name]['H+'][@]
33 T = exp[exp_name]['T"][@]

34

35 Cx, C(f =y

36

37 cl = (k@1+kH1*CH)*np.exp((-E1/R)*(1/T - 1/T_REF))
38

39 c2 = (k@2*np.exp((-E@2/R)*(1/T - 1/T_REF))) +(kH2*CH*np.exp((-EH2/R)*(1/T - 1/T_REF)))
40 c4 = (k4+kHA*CH)*np.exp((-E4/R)*(1/T - 1/T_REF))

41

42 return -c1*Cx-c4*Cx*Cf, c1*Cx-c4*Cx*Cf-c2*Cf
43

44 def solve_ODE(params, t, exp_name):

45

46 parvals = params.valuesdict()

47 k01, k@4, kH1, kH4, E1, E4 = list(params[par_val] for par_val in parvals)

49 y@ = exp[exp_name]['CxCF'][0, :]

51 return odeint(system_of_equations, y@, t, args=(k0l, k@4, kH1, kH4, E1, E4, exp_name), tfirst=True)
53 def fun(params):

55 diff = lambda exp_name: solve_ODE(params, exp[exp_name]['Time'], exp_name) - exp[exp_name]['CxCF']

57 return np.array([ diff(exp_name) for exp_name in exp_names])

61vkol = le-3

62 vke4 = le-3

63 vkhl = le-2

64 vkh4 = le-4 “an

65 vel = 160000

66 ved4 = 160000

67

68 params = Parameters()

69 params.add('K@1', value=vk@l, min=1le-6, max=le-2)
70 params.add( 'K@4', value=vk@4, min=le-6, max=le-2)
71 params.add( 'KH1', value=vkhl, min=le-4, max=le-1)
72 params.add('KH4', value=vkh4, min=le-4, max=le-2)
73 params.add('E1’, value=vel, min=100e3, max=250e3)
74 params.add('E4', value=ve4, min=100e3, max=250e3)

75

76 start = monotonic()

77

78 resl = minimize(fun, params, method='nelder') # https://Lmfit.githul
79

80 print(f'Total time: {monotonic() - start}')
81 print(fit_report(resl))
82
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Model 3

1 from handle import * ## module personnalisé créé pour une gestion agréable de
2 from lmfit import minimize, Parameters, fit_report

3 import matplotlib.pyplot as plt

4 import numpy as np

5 from os import walk

6 from scipy.integrate import odeint

7 from scipy.interpolate import interpld

8 from time import monotonic

9 import sys

10

11 path = 'Data/model_3' ##

12

13 T_REF = 443 #

14R = 8.314 #»

15k02 = 2.8986e-05 #

16 kH2 = 2.7213e-04 #

17 €02 = 65170.6917 Kn
18 EH2 = 129500.000 # mJ K»

19

20 ## ‘) en rt fick expéri
21

22exp = {}

23

24 exp_names = list(walk(path + '/'))[@][2] ## enregistres
25 exp_names = [name.split(’.')[@] for name in exp_names] ## /
26

27 exp = load_and_format(path, exp_names) ## charger tous les fichiers ave eurs donr

28

29 ##

30

31 def system_of_equations(t, y, k01, k@3, k@4, k@5, kH1, kH3, kH4, kHS, E1, E3, E4, ES, exp_name):
32

83 CH = exp[exp_name]['H+'][@] # »

34 T = exp[exp_name]['T"][0]

35

36 Cx; Cf; CI = y.

37

38 €1 = (k@1+kH1*CH)*np.exp((-E1/R)*(1/T - 1/T_REF))

39 €2 = (k@2*np.exp((-E02/R)*(1/T - 1/T_REF))) +(kH2*CH*np.exp((-EH2/R)*(1/T - 1/T_REF)))
40 €3 = (k@3+kH3*CH)*np.exp((-E3/R)*(1/T - 1/T_REF))

41 c4 = (k@4+kH4*CH)*np.exp((-E4/R)*(1/T - 1/T_REF))

a2 ¢5 = (k@S+kHS*CH)*np.exp((-ES/R)*(1/T - 1/T_REF))

43

44 return -(cl+c3)*Cx, c5*CI-c2*Cf-c4*CI*Cf, c1*Cx-c5*CI-c4*CI*CF

45
46 def solve_ODE(params, t, exp_name):

47

48 parvals = params.valuesdict()

49 ko1, ko3, ko4, ko5, kH1, kH3, kH4, kHS5, E1, E3, E4, ES5 = list(params[par_val] for par_val in parvals)
50

51 y@ = np.hstack((exp[exp_name]['CxCF'][@, :], exp[exp_name]['CI'][@]))**

52

53 return odeint(system_of_equations, y@, t, args=(kol, k03, k@4, k@5, kH1, kH3, kH4, kHS, E1, E3, E4, ES5, exp_name), tfirst=True)
54
55 def fun(params):
56
57 diff = lambda exp_name: solve_ODE(params, exp[exp_name]['Time'], exp_name) - np.hstack((exp[exp_name][ 'CxCF'], exp[exp_name]['CI'].reshape(-1, 1)))
58
59 return np.array([ diff(exp_name) for exp_name in exp_names])
60
61
62
63
64 vk@l1 = 2e-5
65vk@3 = 2e-5
66 vk@4 = 2e-2
67 vk@5 = 2e-3
68 vkhl = 0.36
69 vkh3 = 0.36
70 vkh4 = 1.5
71vkhS = 1.5
72 vel = 160000
73 ve3 = 160000
74 ved = 210000
75 ve5 = 140000
76
77 params = Parameters()
78 params.add('K01', value=vk0l,
79 params.add('Ke3", value=vk@3,
80 params.add('Ke4', value=vke4,
81 params.add( ‘K85, value=vk@5, min=0)
>
>

82 params.add('KH1', value=vkhl, min=0)
83 params.add('KH3", value=vkh3, min=0)
84 params.add('KH4', value=vkh4, min=0)
85 params.add( 'KH5", value=vkh5, min=0)+, max-.

86 params.add('E1", value=vel, min=100e3, max=200e3)
87 params.add('E3°, value=ve3, min=100e3, max=200e3)
88 params.add('E4', value=ved, min=200e3, max=250e3)
89 params.add('ES’, value=ve5, min=100e3, max=200e3)
90

91 start = monotonic()

92

93 #resl minimize(fun, params, method
94 resl = minimize(fun, params, method='nelder")
95

96 print(f'Total time: {monotonic() - start}')
97 print(fit_report(resl))

98
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Appendix

Parity curve of model 1

1from handle import * ## module perso
2 import numpy as np

3 import matplotlib.pyplot as plt
4 from scipy.integrate import odeint
5 from os import walk

6 from textwrap import wrap

7 import pandas as pd

8

9 path = 'Data Model 1' ##

10

11 T_REF = 443 #K

12R = 8.314 #J mol”-1 k

13 k@2 = 2.8986e-05 #s

14kH2 = 2.7213e-04 #L mo

15 E02 = 65170.6917 # J

16 EH2 = 129500.000 + .

17

18 ## Rassembler tou
19

20exp = {}

21

22 exp_names = list(walk(path + '/'))[@][2] ## enregistrer
23 exp_names = [name.split('.')[@] for name in exp_names]
24

25 exp = load_and_format(path, exp_names) ## charger tous les fichiers ave eurs donnée
26

27 ## Définition des f
28k01 = 1.0e-05 # fi
29k03 = 1.0e-05 # fi
30kH1 = 0.10729208 # fi
31kH3 = 0.07196120 ~
32 E1 = 174427.382 # fi
33 E3 = 190000.0 # f

34

35 def system_of_equations(t, y, k@1, k@3, kH1, kH3, E1, E3, exp_name):
36

37 CH = exp[exp_name][ 'H+'][@]

38 T = exp[exp_name]['T'][0]

39

40 Cx, Cf =y

42 1 = (k@1+kH1*CH)*np.exp((-E1/R)*(1/T - 1/T_REF))
43 2 = (k82*np.exp((-E@2/R)*(1/T - 1/T_REF))) +(KH2*CH*np.exp((-EH2/R)*(1/T - 1/T_REF)))
44 3 = (k@3+kH3*CH)*np.exp((-E3/R)*(1/T - 1/T_REF))

45

46 return -c1*Cx-c3*Cx, c1*Cx-c2*Cf
47

48 def solve_ODE(t, exp_name):

49

50 y@ = exp[exp_name][ CxCF'][0, :]
51

52 return odeint(system_of_equations, y@, t, args=(k0l, k@3, kH1, kH3, E1, E3, exp_name), tfirst=True)
53

54 exp_plot_10 = {

55 '413": ['expl62’, 'expl64’, 'expl65', ‘expl66'],
56 '443': ['exp56°', 'exp55', 'exp6l’, ‘expl60'],

57 '473": ['expl79', ‘expl84°', ‘'expl85', 'expl86°]
58 }

59

60 exp_plot_30 = {

61 ‘413': ['expl63', ‘expl67', 'expl68', ‘expl69'],
62 '443': ['expl61’, ‘expl70', ‘expl71', ‘expl72'],
63 '473': ['expl8@°, 'expl87', 'expl88', ‘expl89']
64 }

65

66 exp_plots = {key: exp_plot_10[key] + exp_plot_3@[key] for key in exp_plot_10.keys()}
67

68 mse_cx = []

69 mae_cx = []

70 mse_cf = []

71 mae_cf = []

72

73 computations_Cx = []

74 computations_CF = []

75

76 maxes = []

77

78 experimental_data_Cx = []
79 experimental_data_Cf = []
80 model_predictions_Cx = []
81 model_predictions_Cf = []

82

83i =20

84 for key in exp_plots.keys():

85 prev_maxes = []

86 for EXP in exp_plots[key]:

87 t_1 = exp[EXP]['Time']

88 computation = solve_ODE(t_1, EXP)

89 computations_Cx.append(computation[:, @])
92 computations_CF.append(computation[:, 1])
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91
92 square_cx = (exp[EXP]['CxCF']J[:, @] - computations_Cx[i])**2
93 mse_cx.append( square_cx )
94 square_cf = (exp[EXP]['CxCF'][:, 1] - computations_CF[i])**2
95 mse_cf.append( square_cf )
96
97 mae_cx.append( abs(exp[EXP]['CxCF*][:, @] - computations_Cx[i]) )
98 mae_cf.append( abs(exp[EXP]['CxCF'][:, 1] - computations_CF[i]) )
99

100 prev_maxes.append(max(computations_Cx[i]))

101 prev_maxes.append(max(computations_CF[i]))

102

103 experimental_data_Cx.append(exp[EXP]["CxCF'][:, @])

104 experimental_data_Cf.append(exp[EXP]['CxCF'][:, 1])

105 model_predictions_Cx.append(computation[:, ©])

106 model_predictions_Cf.append(computation[:, 1])

107

108 i+=1

109

110 maxes.append(max(prev_maxes))

111

112 # Save e t jel predict cel f

113 df_exp_Cx = pd.DataFrame(experimental_data

_0;) to Ex

114 df_exp_Cf = pd.DataFrame(experimental_data_Cf)
115 df_pred_Cx = pd.DataFrame(model_predictions_Cx)
116 df_pred_Cf = pd.DataFrame(model_predictions_Cf)

117

118 df_exp_Cx.to_excel("experimental_data_Cx.x1sx", index=False)
119 df_exp_Cf.to_excel("experimental_data_Cf.xlsx", index=False)
120 df_pred_Cx.to_excel("model_predictions_Cx.x1sx", index=False)
121 df_pred_Cf.to_excel("model_predictions_Cf.x1sx", index=False)

122
123 plt.figure(figsize=(8, 6))
124 for key in exp_plots.keys():

125 plt.plot([@, 100_000], [0, 100_000], linestyle='--', color='gray’)

126 for EXP in exp_plots[key]:

127 t_1 = exp[EXP]['Time']

128 if i == 0:

129 plt.scatter(exp[EXP]['CxCF'][:
130 plt.scatter(exp[EXP]['CxCF'][:
131 else:

132 plt.scatter(exp[EXP]["CxCF'][:
133 plt.scatter(exp[EXP]['CxCF'][:
134

135 i+=1

136

137 plt.x1im(@, 1.1*max(maxes))

138 plt.ylim(0, 1.1*max(maxes))

139

140 plt.title('\n'.join(wrap(f"Parity plot of
141 plt.xlabel("Experimental”, fontsize=15)
142 plt.ylabel("Model 1", fontsize=15)

143 plt.legend()

144

145 print('Cx:")

146 print(f'RMSE: {np.sqrt(np.mean(mse_cx))}")
147 print(f'MAE: {np.mean(mae_cx)}')

148 print(f'R*2: {1 - (np.sum(mse_cx)/R2_den_cx)}")

149 print (' --------cmmmmmmeaen =

150 print('Cf:")

151 print(f'RMSE: {np.sqrt(np.mean(mse_cf))}')
152 print(f'MAE: {np.mean(mae_cf)}')

153 print(f'R*2: {1 - (np.sum(mse_cf)/R2_den_cf)}")

154 print('-----=-=-mmmmmmmaae )
155 print(‘Total: ")

>

>
>

Xylose and Furfural concentrations™

o],
1]1

0]1
1],

computations_Cx[i],
computations_CF[i],

computations_Cx[i],
computations_CF[i],

156 print(f'RMSE: {np.sqrt(np.mean([mse_cx, mse_cf]))}")

157 print(f'MAE: {np.mean([mae_cx, mae_cf])}')

158 print(f'R*2: {1 - (np.sum([mse_cx, mse_cf])/R2_den_glob)}")

159
160 plt.show()
161

marker="
marker="

marker="
marker="
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Parity curve of model 2

1 from handle import * ## module personnalisé créé pour une gestion agréable de [tous les fichiers
2 import numpy as np

3 import matplotlib.pyplot as plt

4 from scipy.integrate import odeint

5 from os import walk

6 from textwrap import wrap

7

8 path = 'Data Model 1' ##

9

10 T_REF = 443 #¢

11R = 8.314 #mJ Kmol

12 k02 = 2.8986e-05 #:
13kH2 = 2.7213e-04 #

14 €02 = 65170.6917 # mJ Kn
15 EH2 = 129500.000 #

19exp = {}

20

21 exp_names = list(walk(path + '/'))[@][2] ## enregistrer tou

22 exp_names = [name.split('.')[@] for name in exp_names] ## reformater
23

24 exp = load_and_format(path, exp_names) ## charger tous les fichiers ave eurs donnée
25

26 ## Définition des fonction
27k01 = 7.1653e-04 # /i aleur 9.
28 k04 = 0.00324739 # fix re
29kH1 = ©.04735912 *
30kH4 = 1.0025e-04 fix
31E1 = 159108.031 # fi
32E4 = 132784.301 # £
33

34 def system_of_equations(t, y, k01, k@4, kH1, kH4, E1, E4, exp_name):
35

36 CH = exp[exp_name][ 'H+"][@]

37 T = exp[exp_name][ T ][@]

38

39 Cx, Cf =y

40

41 ¢l = (k@1+kH1*CH)*np.exp((-E1/R)*(1/T - 1/T_REF))
42

43 c2 = (k@2*np.exp((-E@2/R)*(1/T - 1/T_REF))) +(kH2*CH*np.exp((-EH2/R)*(1/T - 1/T_REF)))
44 c4 = (k@4+kHA*CH)*np.exp((-E4/R)*(1/T - 1/T_REF))

46 return -c1*Cx-c4*Cx*Cf, c1*Cx-c4*Cx*Cf-c2*Cf

48 def solve_ODE(t, exp_name):

‘513 y0@ = exp[exp_name][ 'CxCF'][@, :]

zi return odeint(system_of_equations, y@, t, args=(k@1, k@4, kH1, kH4, E1, E4, exp_name), tfirst=True)
2131exp_plot_16 = {'413": ['exp162’', 'expl64', 'expl65', ‘expl66'],

55 ‘443': ['exp56', 'exp55', 'exp6l’', ‘expl60'],

56 '473': ['expl79', 'expl84', 'expl85', 'expl86']}
57

58 exp_plot_30 = {'413': ['expl63’, 'expl67‘, 'expl68’', 'expl69'],
59 ‘443': ['expl6l’, ‘expl70', ‘expl71‘, ‘expl72'],
60 '473': ['expl80@°', 'expl87', 'expl88', 'expl89']}
61

62 exp_plots = {key: exp_plot_10[key] + exp_plot_3@[key] for key in exp_plot_10.keys()}
63

64mse_cx = []

65 mae_cx = []

66 mse_cf = []

67 mae_cf = []

68 R2_nom_cx =

(]
69 R2_den_cx = []

70 R2_nom_cf = []

71 R2_den_cf = []

72

73 computations_Cx = []
74 computations_CF = []

75

76 maxes = []

77

78i =10

79 for key in exp_plots.keys():

80 prev_maxes = []

81 for EXP in exp_plots[key]:

82 t_1 = exp[EXP]['Time']

83 computation = solve_ODE(t_1, EXP)

84 computations_Cx.append(computation[:, ©])

85 computations_CF.append(computation[:, 1])

86

87 square_cx = (exp[EXP]['CxCF'][:, @] - computations_Cx[i])**2

88 mse_cx.append( square_cx )

89 square_cf = (exp[EXP]['CxCF'][:, 1] - computations_CF[i])**2

90 mse_cf.append( square_cf )

91

92 mae_cx.append( abs(exp[EXP]['CxCF'][:, @] - computations_Cx[i]) )
93 mae_cf.append( abs(exp[EXP]['CxCF'][:, 1] - computations_CF[i]) )
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94
95 prev_maxes.append(max(computations_Cx[i]))
96 prev_maxes.append(max(computations_CF[i]))
97
98 i+=1
99

100 maxes . append(max(prev_maxes))

101

102 glob_mean_cx = np.mean([exp[EXP]['CxCF'][:, @] for key in exp_plots.keys() for EXP in exp_plots[key]])
103 glob_mean_cf = np.mean([exp[EXP]['CxCF'][:, 1] for key in exp_plots.keys() for EXP in exp_plots[key]])
104 glob_mean = np.mean([exp[EXP][CxCF"][:, :] for key in exp_plots.keys() for EXP in exp_plots[key]])

105

106 R2_den_cx = np.sum([(exp[EXP][CxCF'][:, @] - glob_mean_cx)**2 for key in exp_plots.keys() for EXP in exp_plots[key]])
107 R2_den_cf = np.sum([(exp[EXP]['CxCF'][:, 1] - glob_mean_cf)**2 for key in exp_plots.keys() for EXP in exp_plots[key]])
108 R2_den_glob = np.sum([(exp[EXP]['CxCF'][:, :] - glob_mean)**2 for key in exp_plots.keys() for EXP in exp_plots[key]])

109

110i =0

111 plt.figure(figsize=(8, 6))
112 for key in exp_plots.keys():

113 plt.plot([0, 100_00e], [0, 100_000], linestyle='--', color='gray')

114 for EXP in exp_plots[key]:

115 t_1 = exp[EXP][ ' Time']

116 if i == 0:

117 plt.scatter(exp[EXP]['CxCF'][:,
118 plt.scatter(exp[EXP]['CxCF'][:,
119 else:

120 plt.scatter(exp[EXP]['CxCF*][:,
121 plt.scatter(exp[EXP]['CxCF'][:,
122

123 i+=1

124

125 plt.x1im(@, 1.1*max(maxes))
126 plt.ylim(@, 1.1*max(maxes))

0])
1])

e])
11,

computations_Cx[i],
computations_CF[i],

computations_Cx[i],
computations_CF[i],

marker='0', color='blue’, label='Xylose')
marker='s’, color='orange’, label='Furfural')

marker='0', color="blue’)
marker="s', color='orange")

128 plt.title('\n'.join(wrap(f"Parity plot of Xylose and Furfural concentrations”, 60)), fontsize=15)

129 plt.xlabel("Experimental”, fontsize=15)
130 plt.ylabel("Model 2", fontsize=15)
131 plt.legend()

133 print("Cx: ")
134 print(f'RMSE: {np.sqrt(np.mean(mse_cx))}")
135 print(f'MAE: {np.mean(mae_cx)}")

136 print(f'R*2: {1 - (np.sum(mse_cx)/R2_den_cx)}')

137 print(‘------mmmmmme e )

138 print('Cf:")

139 print(f'RMSE: {np.sqrt(np.mean(mse_cf))}")
140 print(f'MAE: {np.mean(mae_cf)}')

141 print(f'R*2: {1 - (np.sum(mse_cf)/R2_den_cf)}')

142 print("---------mmmmmm e -
143 print('Total:")

144 print(f'RMSE: {np.sqrt(np.mean([mse_cx, mse_cf]))}")

145 print(f'MAE: {np.mean([mae_cx, mae_cf])}')

146 print(f'R*2: {1 - (np.sum([mse_cx, mse_cf])/R2_den_glob)}")

147
148
149 plt.show()
150
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Parity curve of model 3

1 from handle import * ## module personnalisé créé pour une ge

2 import numpy as np

3 import matplotlib.pyplot as plt

4 from scipy.integrate import odeint

5 from os import walk

6 from textwrap import wrap

7

8 path = 'Data’ ## Le chemin d’accé

9

10 T_REF = 443 #K

11R = 8.314 # 1

12 k02 = 2.8986e-05 #

13 kH2 = 2.7213e-04 ~I

14 E@2 = 65170.6917 # 1 mo

15 EH2 = 129500.000 # J

16

17 ## F

18

19exp = {}

20

21 exp_names = list(walk(path + '/'))[@][2] ## enregistrer tou

22 exp_names = [name.split('.')[@] for name in exp_names] ## refor

23

24 exp = load_and_format(path, exp_names) ## charger tous les fichiers ave eurs donr
25

26 ## Définition

27ke1 = 2
28k@3 = 5
29ke4 = 8
30k05 = 1.
31kH1 = @
32kH3 = 0
33kH4 = 0. #
34 kH5 = 0.35759123#
35E1 = 156037.112
36 E3 = 180057.759
37 E4 = 200799.902
38 E5 = 170366.180
39

40 def system_of_equations(t, y, k01, k@3, k@4, k@5, kH1, kH3, kH4, kH5, E1, E3, E4, ES, exp_name):
41

42 CH = exp[exp_name]['H+"][0] # »

43 T = exp[exp_name]['T'][@]

45 Cx, Cf, CI =y

47 c1 = (k@1+kH1*CH)*np.exp((-E1/R)*(1/T - 1/T_REF))
48 c2 = (k@2*np.exp((-E02/R)*(1/T - 1/T_REF))) +(kH2*CH*np.exp((-EH2/R)*(1/T - 1/T_REF)))
49 c3 = (k@3+kH3*CH)*np.exp((-E3/R)*(1/T - 1/T_REF))
50 c4 = (k@4+kHA*CH)*np.exp((-E4/R)*(1/T - 1/T_REF))
51 c5 = (k@5+kHS*CH)*np.exp((-ES/R)*(1/T - 1/T_REF))

53 return -(cl+c3)*Cx, c5*CI-c2*Cf-c4*CI*Cf, c1*Cx-c5*CI-c4*CI*CF

gg def solve_ODE(t, exp_name):

57 y@ = np.hstack((exp[exp_name]['CxCF'][@, :], exp[exp_name]['CI'][@]))## initia

59 return odeint(system_of_equations, y@, t, args=(k0l, k@3, ko4, k05, kH1, kH3, kH4, kHS, E1, E3, E4, ES5, exp_name), tfirst=True)

61 exp_plot_10 = {'413"': ['expl62', 'expl64', ‘'expl65', 'expl66'],

62 '443': ['exp56', 'exp55', ‘exp6l’, ‘expl6@'],

63 '473"': ['expl79', 'expl84’, 'expl85', 'expl86']}

64

65 exp_plot_30 = {'413": ['exp163", 'expl67', 'expl68', 'expl69'],

66 ‘443': ['expl6l’, ‘expl70‘', ‘expl71‘, ‘expl72‘],

67 *473": ['expl80@', 'expl87', 'expl88‘, 'expl89']}

68

69 exp_plots = {key: exp_plot_10[key] + exp_plot_3@[key] for key in exp_plot_10.keys()}
70

71mse_cx = []

72 mae_cx = []

73 mse_cf = []

74 mae_cf = []
75R2_nom_cx = []

76 R2_den_cx = []

77 R2_nom_cf = []

78 R2_den_cf = []

79

80 computations_Cx = []
81 computations_CF = []

82

83 maxes = []

84

85i =20

86 for key in exp_plots.keys():

87 prev_maxes = []

88 for EXP in exp_plots[key]:

89 t_1 = exp[EXP]['Time']

90 computation = solve_ODE(t_1, EXP)

91 computations_Cx.append(computation[:, @])
92 computations_CF.append(computation[:, 1])
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93

94 square_cx = (exp[EXP]['CxCF'][:, @] - computations_Cx[i])**2

95 mse_cx.append( square_cx )

96 square_cf = (exp[EXP]['CxCF'][:, 1] - computations_CF[i])**2

97 mse_cf.append( square_cf )

98

99 mae_cx.append( abs(exp[EXP]['CxCF'][:, @] - computations_Cx[i]) )
100 mae_cf.append( abs(exp[EXP]['CxCF'][:, 1] - computations_CF[i]) )
101

102 prev_maxes .append(max(computations_Cx[i]))

103 prev_maxes.append(max(computations_CF[i]))

104

105 i+=1

106

107 maxes.append(max(prev_maxes))

108

109 glob_mean_cx = np.mean([exp[EXP]['CxCF'][:, @] for key in exp_plots.keys() for EXP in exp_plots[key]])

110 glob_mean_cf = np.mean([exp[EXP][ 'CxCF'][:, 1] for key in exp_plots.keys() for EXP in exp_plots[key]])

111 glob_mean = np.mean([exp[EXP]['CxCF'][:, :] for key in exp_plots.keys() for EXP in exp_plots[key]])

112 R2_den_cx = np.sum([(exp[EXP]['CxCF'][:, @] - glob_mean_cx)**2 for key in exp_plots.keys() for EXP in exp_plots[key]])
113 R2_den_cf = np.sum([(exp[EXP]['CxCF'][:, 1] - glob_mean_cf)**2 for key in exp_plots.keys() for EXP in exp_plots[key]])
114 R2_den_glob = np.sum([(exp[EXP]['CxCF'][:, :] - glob_mean)**2 for key in exp_plots.keys() for EXP in exp_plots[key]])
115

1161 = 0

117 plt.figure(figsize=(8, 6))

118 for key in exp_plots.keys():

119 plt.plot([0, 100_000], [0, 100_000], linestyle='--', color='gray')

120 for EXP in exp_plots[key]:

121 t_1 = exp[EXP][ ' Time']

122 if i == 0:

123 plt.scatter(exp[EXP]['CxCF'][:, @], computations_Cx[i], marker='0', color='blue’, label='Xylose')
124 plt.scatter(exp[EXP]['CxCF'][:, 1], computations_CF[i], marker='s', color='orange’, label='Furfural')
125 else:

126 plt.scatter(exp[EXP]['CxCF'][:, @], computations_Cx[i], marker='0', color='blue')

127 plt.scatter(exp[EXP]['CxCF'][:, 1], computations_CF[i], marker='s', color='orange’)

128

129 i+=1

130

131 plt.x1im(@, 1.1*max(maxes))

132 plt.ylim(@, 1.1*max(maxes))

133 plt.title('\n'.join(wrap(f“Parity plot of Xylose and Furfural concentrations”, 60)), fontsize=15)
134 plt.xlabel("Experimental”, fontsize=15)

135 plt.ylabel("Model 3", fontsize=15)

136 plt.legend()

137

138 print('Cx: ")

139 print(f'RMSE: {np.sqrt(np.mean(mse_cx))}")

140 print(f'MAE: {np.mean(mae_cx)}')

141 print(f'R*2: {1 - (np.sum(mse_cx)/R2_den_cx)}")

142 print("---------mmmmmmmm oo =)

143 print('Cf: ")

144 print(f'RMSE: {np.sgrt(np.mean(mse_cf))}")

145 print(f'MAE: {np.mean(mae_cf)}"')

146 print(f'R*2: {1 - (np.sum(mse_cf)/R2_den_cf)}")

147 print('--------mmmmmm e )

148 print(‘Total: ")

149 print(f'RMSE: {np.sqrt(np.mean([mse_cx, mse_cf]))}")
150 print(f'MAE: {np.mean([mae_cx, mae_cf])}")

151 print(f'R*2: {1 - (np.sum([mse_cx, mse_cf])/R2_den_glob)}")
152

153 plt.savefig( ‘parity-3.png")

154 plt.show()
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Appendix 6

Matlab code: optimization by model 3

function mafoﬁrf = objectif_modeleB(tf,T,Cform_bona,cinit,par,up_Cform)

Cform = up_Cform/(1 + Cform_bond"2);

pKa = -57.528 + 2773.9/T + 9.1232 * log(T);
CH = -10"-pKa + sqrt( (10"-pKa)~2 + 4 * Cform * 10"-pKa );
deltat = 10;

t = transpose(@:deltat:tf);

f = @(t,C) reaction_xylose_3(C,par,T,CH);
[t,€] = odelSs(f;t,Cinit);

maxYfurf = -100 * C(length(t),3) / Cinit(1,1);

end

function dC = reaction_xylose_3(C,par,T,CH)
dC = zeros(6,1);

kol = par.ko1l;
kH1 = par.kH1;
k02 = par.ke2;
kH2 = par.kH2;
ko3 = par.ke3;
kH3 = par.kH3;
k@4 = par.ko4;
kH4 = par.kH4;
k@S = par.kos;
kHS5 = par.kHS;

E1l = par.El;
EQ2 = par.EQ2;
EH2 = par.EH2;

E3 =uparvE3:;
E4 = par.E4;
ES5:= par.Ed;

Tref = par.Tref;

rl = (k01 + kH1*CH) * exp(-(E1/8.314) * ((1/T) - (1/Tref))) * C(1);
r2 = (k02 * exp(-(E02/8.314) * ((1/T) - (1/Tref))) + ...
kH2 * exp(-(EH2/8.314) * ((1/T) - (1/Tref))) * CH) * C(3);
r3 = (k03 + kH3*CH) * exp(-(E3/8.314) * ((1/T) - (1/Tref))) * C(1);
r4 = (k04 + kH4*CH) * exp(-(E4/8.314) * ((1/T) - (1/Tref))) * C(3) * C(2);
r5 = (k05 + kHS*CH) * exp(-(ES5/8.314) * ((1/T) - (1/Tref))) * C(2);
dC(1) = - rl - r3; % Xylose

dC(2) =rl - r5 - r4; % Intermédiaire
dC(3) = r5 - r2 - r4; % Furfural
dC(4) = r3; % Sous-p. xylose

dC(5) = r2; % Sous-p. furfural

dC(6) = 2*r4; % Sous-p. condensation

end
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% Concentrations initiales [mol/1]
Cinit = zeros(6,1); % Lignes : produits, colones : conditions de concentration

Cinit(1l) = 0.06667; % Xylose (a changer)
Cinit(2) = 0; % Intermédiaire

Cinit(3) = 0; % Furfural

Cinit(4) = o; % Sous-produits xylose
Cinit(5) = 0; % Sous-produits furfural
Cinit(6) = 0; % Sous-produits condensation

% Volume du réacteur [1]
V = 0.150;

% Paramétres cinétiques

par.kol = 1.2907*10"-5; % s™-1
par.kH1 = 0.10237668; % L.mol”-1.s”-1
par.k02 = 2.8986*10"-5; % s™-1

par.kH2 = 2.7213*10"-4; % L.mol™-1.s”-1
par.ko3 = 7.1580%10"-6; % s~-1
par.kH3 = 0.07441137; % L.mol”-1.s”-1
par.k04 = 7.3922*%10"-4; % s™-1
par.kH4 = 0.19850481; % L.mol™-1.s”-1
par.k05 = 0.00124656; % s0-1
par.kH5 = 0.13366125; % L.mol”-1.s”-1
par.E1l = 160880.322; % J/mol

par.EQ2 = 65170.6917; % J/mol

par.EH2 = 129500; % J/mol

par.E3 = 200057.225; % J/mol
par.E4 = 201279.619; % J/mol
par.E5 = 142667.492; % J1/mol

% Température de référence [K]
par.Tref = 443;

% Visualisation du rendement en furfural en fonction de la température et
% de la concentration en acide formique

T_inf = 413; % Limite inférieure de température [K]

T_sup = 473; % Limite supérieure de température [K]

intervalle T = 1; %

Cform_inf = 0.1; % Limite inférieure de concentration en acide formique [mol/1]
Cform_sup = 5.3; % Limite supérieure de concentration en acide formique [mol/1]

intervalle_Cform = 0.05;
[X,Y] = meshgrid(T_inf:intervalle_T:T_sup,Cform_inf:intervalle_Cform:Cform_sup);

% Temps final d'intégration [s]
tf = 50000;

% Pas de temps [s]
deltat = 10;
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% Calcul des profils au cours du temps
t = transpose(0:deltat:tf);

Y_fur = zeros(length(t),1);
Z = zeros(size(X));

for 1 = 1:size(X,1)
for j = 1:size(X,2)

pKa = -57.528 + 2773.9/X(1,3) + 9.1232 * log(X(1,3));
CH = -10"-pKa + sqrt( (10%-pKa)*2 + 4 * Y(i,1) * 10*-pKa );

f = @(t,C) reaction_xylose_3(C,par,X(1,3),CH);
[t,C] = odel5s(f,t,Cinit(:,1));

% Rendement en furfural [%]
Y_fur = 100 .* C(:,3) / Cinit(1,1);

% Rendement maximum
Z(i,3) = max(Y_fur);

% % Trouver le temps correspondant au rendement maximum

% idx_max = find(Y_fur == max(Y_fur));

% t_max = t(idx_max);

%

% % Afficher le temps correspondant au rendement maximum

% fprintf('Pour T=%d K, Cform=%0.2f mol/L, Y_fur max atteint a t=%d s\n', X(i,3j), Y(i,1), t_max);

end
end

surf(X,Y,Z)

title 'Rendement en furfural ([Xylose] = 30 g/L)'
xlabel('Temperature [K]')

ylabel('Concentration acide formique [mol/1]")
zlabel('Rendement en furfural [%]')

colorbar
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Titre : Etude d'un procédé durable de production de furfural a partir des résidus hémicellulosiques issus de la biomasse
Mots clés : Biomasse, Furfural, Membrane, Procédé durable, Réacteur, Catalyse

Résumé : Avec I'épuisement des réserves fossiles et les préoccupations environnementales, I'utilisation de la biomasse lignocellulosique renouvelable
apparait comme une voie prometteuse pour la production de produits chimiques non dérivés du pétrole. L'un de ces produits chimiques intéressants
est le furfural, qui constitue un substitut viable aux biocarburants et aux additifs. Le furfural peut étre généré efficacement par la déshydratation
acide des sucres C5 présents dans les hémicelluloses des biomass lignocellulosiques. L'objectif principal de cette étude est de développer un procédé
durable de conversion des sucres C5, présents dans les hydrolysats de la biomasse (via le procédé LEEBioTM), en furfural en utilisant 'acide formique
comme catalyseur. L'acide formique est trés prometteur en raison de sa double fonctionnalité : il sert a la fois de solvant dans I'hydrolyse de la
biomasse, produisant des hydrolysats riches en sucre, et de catalyseur efficace pour la déshydratation des sucres C5 en furfural. L'étude a examiné
I'impact de divers paramétres opératoires sur la production de furfural, afin d’identifier les conditions optimales par le biais d’expériences en systéme
discontinu utilisant des solutions synthétiques. Trois méthodes d'extraction - stripping a la vapeur, solvants organiques dans le systéme biphasiques
et extraction au dioxyde de carbone supercritique (Sc-CO2) - ont été exploitées pour extraire le furfural du milieu réactionnel, empéchant ainsi sa
dégradation et améliorant a la fois le rendement et la sélectivité. Ces procédés d’extraction ont facilité la récupération de tout le furfural produit dans
I'extrait, tout en minimisant les concentrations de xylose et de furfural dans le réacteur. En outre, le potentiel de I'acide formique en tant que solvant
de fractionnement et catalyseur pour la conversion des sucres C5 en furfural a été exploré en utilisant des hydrolysats obtenus a partir du
fractionnement de la biomasse via le procédé LEEBioTM. Dans des conditions optimisées, les rendements en furfural obtenus a partir d’hydrolysats
de biomasse réelle ont dépassé ceux rapportés dans la littérature pour tous les systémes étudiés. De plus, un modéle cinétique a été mis au point
pour fournir des informations détaillées sur la conversion des sucres C5 en furfural catalysée par I'acide formique. Ce modéle s’est avéré trés précis,
prédisant les rendements maximaux réalisables avec une précision de plus de 90 %. Cependant, la présence de composés supplémentaires, tels que
des éléments inorganiques et des sucres hexosés, a affecté la précision du modele. Néanmoins, le modele est resté applicable pour optimiser la
production de furfural a partir de matiéres premieéres telles que les xylanes et les hydrolysats de biomasse réels.

Title: Study of a green process for the production of furfural from hemicellulosic residues of biomass
Key words: Biomass, Green process, Furfural, Reactor, Catalysis, Membrane

Abstract: Along with the depletion of fossil reserves and environmental concerns, the utilization of renewable lignocellulosic biomass stands out as a
promising avenue for the production of non-petroleum-derived chemicals. One such chemical of interest is furfural, which serves as a viable
substitute for biofuels and additives. Furfural can be efficiently generated through the acid dehydration of C5 sugars found in hemicelluloses within
lignocellulosic materials. The primary objective of this study is to develop a sustainable process for converting C5 sugars, present in hydrolysates
from biomass hydrolysis (via the LEEBioTM process), into furfural using formic acid as a catalyst. Formic acid exhibits considerable promise due to its
dual functionality: serving as both a solvent in biomass hydrolysis, yielding sugar-rich hydrolysates, and as an effective catalyst for the dehydration
of C5 sugars into furfural. The study investigated the impact of various operating parameters on furfural production, aiming to identify optimal
conditions through batch system experiments utilizing synthetic solutions. Three extraction methods - steam stripping, biphasic organic solvent
systems, and supercritical carbon dioxide (Sc-CO2) extraction - were employed to extract furfural from the reaction medium, thereby preventing
furfural degradation and enhancing both yield and selectivity. These extraction processes facilitated the recovery of all produced furfural in the
extract, while minimizing concentrations of xylose and furfural in the reactor. Furthermore, the potential of formic acid as a fractionation solvent and
catalyst for the conversion of C5 sugars into furfural was explored using hydrolysates obtained from biomass fractionation via the LEEBioTM
process. Under optimized conditions, furfural yields from real biomass hydrolysates surpassed those reported in the literature for all investigated
systems. Additionally, a kinetic model was developed to offer detailed insights into the conversion of C5 sugars into furfural catalyzed by formic acid.
This model proved highly accurate, predicting maximum achievable yields with over 90% precision. However, the presence of additional compounds,
such as inorganic elements and hexose sugars, did affect the model’s accuracy. Nonetheless, the model remained instrumental in optimizing furfural
production from raw materials like xylans and real biomass hydrolysates.



	Acknowledgement
	Scientific productions
	Contents
	Liste of figures
	Liste of tables
	Nomenclature
	Résumé
	Abstract
	General introduction
	I. Chapter 1, Literature review
	I.1 Properties and applications of furfural from lignocellulosic biomass
	I.1.1 Valorization of lignocellulosic biomass in furfural
	I.1.2 Appliocations of Hemicellulose from lignocellulosic biomass
	I.1.3 Physico-chemical properties, applications and derivatives of furfural

	I.2 Furfural production
	I.2.1 Industrial process forfurfural manufacturing
	I.2.2 Mechanism and kinetics for the synthesis of furfural

	I.3 Setting up the furfural production process
	I.3.1 Reactor types for furfural production
	I.3.2 Factors influencing furfural production
	I.3.3 Possible separation methods of furfural

	I.4 Projet CATALFUR
	I.4.1 Presentation of projet
	I.4.2 WP3 : furfural production from lignocellulosic biomass waste

	I.5 Conclusion of the state of art
	I.6 References

	II. Chapter 2, Materials and methods
	II.1 Chemicals
	II.2 Production of furfural from xylose in batch system
	II.2.1 Furfural production at atmospheric pressure
	II.2.2 Furfural production under pressure

	II.3 Production of furfural from xylose with simultaneous extraction 
	II.3.1 Furfural production with extraction by steam stripping in semi-batch system
	II.3.2 Furfural production with extraction by organic solvent in biphasic system 
	II.3.3 Furfural synthesis wit simultaneous extraction by Sc-CO2

	II.4 Production of furfural from raw biomass by LEEBioTM process
	II.4.1 Production  of hydrolisate rich in hemicellulose
	II.4.2 Furfural production from raw biomass hydrolysates 

	II.5 Kinetic modeling of furfural production from xylose and application to raw bioimass hydrolysates
	II.5.1 Furfural degradation reaction
	II.5.2 Xylose decomposition and furfural formation
	II.5.3 Kynetic modeling
	II.5.4 Optimization of operating parameters

	II.6 Analytical methods
	II.7 References

	III. Chapter 3, Developpement of a homogeneously catalyzed process for furfural production with classical extraction system
	III.1 The furfural productioncatalysed by formic acid with simultaneous extraction processe via steam stripping and biphasic systems
	III.1.1 Xylose dehydration in a batch system
	III.1.2 Xylose dehydration with steam stripping in a semi-batch system
	III.1.3 Xylose dehydrationin biphasic solvent system
	III.1.4 Furfural production from hemicellulose produced from biomasses via LEEBioTM process
	III.1.5 Comparison of furfural production in various system

	III.2 Complementary study : Furfural synthesis in biphasic system at atmospheric pressure
	III.2.1 Furfural synthesis in monophasic system at atmospheric pressure
	III.2.2 Furfural synthesis in biphasic system at atmosperic pressure

	III.3 Conclusion chapter
	III.4 References 

	IV. Chapter 4, Towards more environmentally-friendly processes
	IV.1 The production of furfural from xylose using formic acid as a catalyst and simultaneous extraction with supercritical carbon dioxide
	IV.1.1 Xylose conversation in batch system with Sc-CO2
	IV.1.2 Xylose conversation with Sc-CO2 in semi-batch system
	IV.1.3 Comparison of the extraction of furfural with Sc-CO2 using various catalytic systems

	IV.2 Furfural production from xylose using the combination of heterogeneous catalysts and formic acid
	IV.2.1 Impact of heterogeneous catalyst of furfural production
	IV.2.2 Impact of temperature in heterogeneous catalysis on furfural production

	IV.3 Conclusion chapter
	IV.4 References

	V. Chapter 5, Advance process development with operational conditions optimization
	V.1 preliminary studies
	V.1.1 Composition of raw biomass hysrolysates
	V.1.2 Furfural production from xylan catalyzed by formic acid 

	V.2 Kinetics of pentose dehydration into furfural catalyzed by formic acid and applivation to real biomass hydrolmysates
	V.2.1 Kinetic modeling of xylose dehydration into furfural
	V.2.2 Application of kinetic model to furfural production

	V.3 Complementary study : Furfural production from raw biomass hydrolisates with low formic acid concentration
	V.4 Conclusion chapter
	V.5 References

	General conclusions
	Perspectives
	Appendix



