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RESUMO

AVALIACAO DA COMPOSICAO QUIMICA E ACIDEZ SUPERFICIAL DE
CATALISADORES ACIDOS MESOPOROSOS NA PRODUCAO DE 5-
HIDROXIMETILFURFURAL E  FURFURAL A  PARTIR DE
MONOSSACARIDEOS. Esta tese investigou a sintese, composi¢do e acidez
superficial de varios catalisadores acidos mesoporosos € seus impactos na
desidratacdo catalitica de monossacarideos nas moléculas plataforma 5-
hidroximetilfurfural (HMF) e furfural. Fosfatos de niébio com diferentes razdes
molares P/Nb foram preparados, afetando suas razdes de sitios acidos de
Lewis/Brensted (razao L/B) e suas atividades cataliticas. Catalisadores com altas
razoes P/Nb exibiram baixas razdes L/B, enquanto que catalisadores com baixas
razoes P/Nb apresentaram altas razoes L/B. Além disso, foi demonstrada uma
correlacdo linear entre a razdo L/B ¢ as velocidades de reacdo para a produgao de
HMF e furfural a partir de glicose e xilose, respectivamente. Com base nisso,
sintetizamos um catalisador de carbono bifuncional mesoporoso controlado para
produzir de forma mais facil um catalisador com razdes L/B para a producao de
moléculas plataforma. Primeiro, preparamos carbonos sulfonados com apenas
acidez de Bronsted para a desidratagdao de frutose e xilose em HMF e furfural,
respectivamente. Eles apresentaram diferentes concentracdoes de sitios acidos
mais fortes (grupos sulfonicos) e mais fracos (grupos acido carboxilico, 4lcool,
fenol). A proporcdo entre sitios dcidos mais fortes e mais fracos (Ng/Ny) foi
encontrada como significativamente influente no desempenho catalitico, com
rendimentos ¢ nimeros de turnover 6timos observados nas razoes NNy de 2 — 4,
sugerindo um papel sinérgico de ambos os tipos de sitios 4cidos no mecanismo
catalitico. Finalmente, dois carbonos sulfonados promissores do estudo anterior
foram selecionados e passaram por troca i0nica parcial com cations metalicos com
acidez de Lewis (AI**, S¢**, Fe*', Cu*', Sn*, Yb’") para produzir carbonos

bifuncionais ionicamente trocados com diferentes razdes L/B para a desidratagao
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de glicose e xilose em HMF e furfural, respectivamente. Embora ainda nao tenha
sido realizada uma caracteriza¢do quanto a acidez superficial desses materiais, a
forca dos sitios &cidos de Lewis provavelmente desempenha um papel crucial na
conversio dos monossacarideos, com sitios mais fortes (Al**, Cu®*" e Yb*")
levando a isOmeros; sitios de forca intermediaria (Sc**) levando a isdmeros e
moléculas plataforma; e sitios mais fracos (Sn*") levando a moléculas plataforma.
O catalisador com 20 % de sitios 4cidos de Bronsted trocados por Sn*" (20%-
Sn(IV)-Amb-45) mostrou resultados promissores, alcancando seletividade de 41
% para HMF com 57 % de conversdo de glicose e seletividade de 47 % para
furfural com 65 % de conversdao de xilose, enquanto 100%-Al(III)-Amb-45,
100%-Cu(II)-Amb-45 e 100%-Yb(III)-Amb-45 foram promissores para reagdoes

de isomerizacao.
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ABSTRACT

EVALUATION OF THE CHEMICAL COMPOSITION AND SURFACE
ACIDITY OF MESOPOROUS ACIDIC CATALYSTS IN THE PRODUCTION
OF 5-HYDROXYMETHYLFURFURAL AND FURFURAL FROM
MONOSACCHARIDES. This thesis investigates the synthesis, composition, and
surface acidity of various mesoporous acidic catalysts and their impacts on the
catalytic dehydration of monosaccharides into the platform molecules 5-
hydroxymethylfurfural (HMF) and furfural. Niobium phosphates with different
P/Nb molar ratios were prepared, affecting their Lewis/Brensted acid site (L/B)
ratio and catalytic activity. Catalysts with high P/Nb ratios exhibited low L/B
ratios, whereas catalysts with low P/Nb ratios, high L/B ratios. Additionally, a
linear correlation between the L/B ratio and reaction rates for HMF and furfural
production from glucose and xylose, respectively, was demonstrated. Based on
that, we synthesize a controlled mesoporous bifunctional carbon catalyst to more
easily produce a catalyst with L/B ratios for platform molecules production. First,
we prepared sulfonated carbons with only Brensted acidity for the dehydration of
fructose and xylose into HMF and furfural, respectively. They had different
concentrations of stronger (sulfonic acid groups) and weaker acid sites
(carboxylic acid, alcohol, phenol groups). The ratio between stronger and weaker
acid sites (Ny/Ny) was found to significantly influence catalytic performance, with
optimal yields and turnover numbers observed at Ng/Ny ratios of 2 — 4, suggesting
a synergistic role of both types of acid sites in the catalytic mechanism. Finally,
two promising sulfonated carbons from the previous study were selected and
underwent partial ion-exchange with metallic cations with Lewis acidity (AI*",
Sc*, Fe**, Cu?’, Sn**, Yb*") to produce ion-exchanged bifunctional carbons with
different L/B ratios for dehydrating glucose and xylose into HMF and furfural,
respectively. Even though no characterization regarding surface acidity has been

performed yet, the strength of the Lewis acid sites likely plays a crucial role in the
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monosaccharide conversion, with stronger sites (Al**, Cu?*, and Yb**) leading to
isomers; intermediate strength sites (Sc**) leading to both isomers and platform
molecules, and weaker sites (Sn*") leading to platform molecules. The catalyst
with 20 % of Brensted acid sites exchanged with Sn*" (20%-Sn(IV)-Amb-45)
showed promising results, achieving 41 % HMF selectivity at 57 % glucose
conversion and 47 % furfural selectivity at 65 % xylose conversion, whereas
100%-Al(IIT)-Amb-45, 100%-Cu(Il)-Amb-45, and 100%-Yb(IIl)-Amb-45 were

promising for isomerization reactions.
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1- GENERALINTRODUCTION
1.1 - Strateqies for Carbon Neutrality

The world population will reach 9.9 billion by 2050, leading to an 80
% increase in energy demand and a 70 % rise in food production [1,2]. This
demand has based on non-renewable fossil fuels (petroleum, natural gas and coal),
exacerbating environmental issues such as energy scarcity, greenhouse gas
emissions, and climate change. Without intervention, for example, greenhouse gas
emissions are projected to increase by 50 % by 2050, mainly due to energy-related
CO; emissions [1,3]. In response, the Paris Agreement was signed by all nations
in 2015, aiming to limit global warming to below 2.5 °C, and striving for less than
1.5 °C by achieving carbon neutrality, the state of net-zero carbon emission, by
2050 [4]. To fulfill these targets, strategies based on carbon absorption
technologies, CO, capture, storage, and usage methods, and transitioning to
renewable energy sources are being pursued [1,3].

Carbon sinks, such as forests and oceans, are natural systems that
absorb more CO, from the atmosphere than they release, with forests alone
accounting for around 45 % of greenhouse gas absorption [1,3]. Strategies to
enhance carbon sinks and hence decrease CO, concentration in the atmosphere
include reforestation, afforestation, and innovative soil management practices
[1,3]. Additionally, CO, capture technologies, such as post-combustion, pre-
combustion, and oxygen-fuel combustion, offer methods of reducing CO,
emissions [1,3,5]. The captured CO, can then be either stored in geological
structures, such as onshore saline aquifers or saline aquifers on the seabed, or used
for producing high-value chemicals (syngas, methane, formic acid, and alcohols).
However, long-term safety and reliability remain significant challenges for the
first option, whereas thermodynamic challenges are observed for the second one
due to CO; stability and inertness [1,3,6,7].

Transitioning from non-renewable to renewable energy sources that
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produce minimal or zero net CO, emissions is considered the most promising
strategy for achieving carbon neutrality, with solar, wind, ocean, nuclear, and
hydrogen energies being one of the key players [1,3,6,7]. Wind and solar energies
have been used in recent years; however, their intermittency is a big challenge that
must be overcome. While energy storage appears to be a solution to this issue, its
scalability and cost-effectiveness are still limitations [1]. Nuclear energy plays a
significant role in clean energy, accounting for 40 % of global low-carbon
electricity generation, nevertheless it faces uncertainties due to waste disposal and
safety concerns. Hydrogen energy, in turn, is very promising since its energy
system is similar to an electricity grid, but its widespread adoption is hindered by
storage challenges [1]. For all these reasons, biomass remain as the key renewable

energy source to achieve the targets pointed out in the Paris Agreement [1,2,5,7].

1.2 - Biomass as a Renewable Enerqgy Source

Biomass is a naturally occurring, non-fossil organic material,
including agricultural and forest residues, biogenic materials in municipal waste,
animal waste, human sewage, and industrial wastes. It is estimated that biomass
could provide 3000 terawatt hours of electricity by 2050 and save 1.3 billion tons
of CO, equivalent emissions per year [2]. Biomass, as a renewable energy source,
can be utilized for bioenergy, biochar, and bio-based products. Bioenergy stands
as the oldest and largest source of renewable energy. In 2017, modern bioenergy,
excluding energy for cooking and space heating in developing countries,
accounted for 50 % (460 megatons of oil equivalent — Mtoe) of global renewable
energy consumption. Within this, bioheat represented 70 % (323 Mtoe), biofuels
19 % (86 Mtoe), and bioelectricity 11 % (51 Mtoe) [5].

Additionally, biomass can be thermo-chemical decomposed by
pyrolysis or gasification in inert atmosphere to produce a material with high

carbon content called biochar. This material can be used as soil supplement in
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agriculture, which has been seen as a promising approach to reduce CO,
concentration, since it retards the return of soil fixed carbon to the atmosphere
[1,2]. It can also hinder the emission of other greenhouse gases, such as N,O and
CH,4 from soil. Besides, it also has positive effects on physical aspects of soil such
as density, porosity, and texture; as well as chemical features, including cation
exchange capacity, pH, soil carbon, water retention, and soil carbon. Apart from
agricultural benefits, biochar has also been used as a substrate in hydrogen
formation, as a filter in pyrolysis and gasification technologies, and as a fuel when
pelletized [1,2].

Furthermore, biomass has been utilized for the production of bio-
based products, with approximately 50 million tons of bio-based and bio-polymer
materials manufactured globally [2,8], indicating a reduced dependency on fossil
sources, thus resulting in lower greenhouse gas emissions. Among the
biorefineries responsible for producing these products, 134 (42 %) have been
dedicated to generating building blocks (FIGURE 1.1), also referred to as
platform molecules [9]. These compounds are versatile molecules that serve as
crucial starting materials for synthesizing a wide range of products. Notably, 5-
hydroxymethylfurfural (HMF) and furfural are considered among the most
significant platform molecules by North American and European agencies [10],
and have received a lot of attention by the academic community since 2007
(FIGURE 1.2). The higher interest in furfural compared to HMF in the literature
is attributed to the larger global market size of furfural. In 2023, the furfural
market was valued at approximately US$ 770 million, with a projected growth
rate of 5.7 % during 2024 — 2032 [11]. In contrast, the HMF market was valued
at around US$ 62.2 million at the same year, with a projected growth rate of 1.8
% during the same period [12]. The central focus of this thesis is the production

of both platform molecules from biomass.
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to December 2023. Source: Scopus (keyword: “5-hydroxymethylfurfural”, and “furfural”).

1.3 - HMF and Furfural as Platform Molecules

HMF is a molecule with a furan ring, containing both aldehyde and

alcohol functional groups (FIGURE 1.3). It is a white solid (although commercial
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samples are often yellow) with a melting point between 30 and 34 °C, boiling
point between 114 and 116 °C, and density of 1.29 g mL!. It is highly soluble in
both water and organic solvents. Furfural, in turn, presents the furan ring with
only the aldehyde group attached to it (FIGURE 1.3). It is a colorless liquid
(although commercial samples are often brown) with a melting point of — 37 °C,
boiling point of 162 °C, and a density of 1.16 g mL"!. Furfural is also very soluble

in water and organic solvents.

HO O O
o !/ o /
\ \
S-Hydroxymethylfurfural Furfural
(HMF)

FIGURE 1.3 — Molecular structures of HMF and furfural.

Both molecules are highly reactive and can be readily transformed
into various products depending on the catalytic process applied, which explains
why they are considered excellent platform molecules. For example, in FIGURE
1.4, HMF can be oxidized with Au/TiO, to produce 2,5-furandicarboxylic acid
(FDCA), a bio-based monomer used in plastic packaging [13]. HMF can also be
transformed into chemicals typically derived from petroleum, such as terephthalic
acid. In this process, HMF must first be converted into the fuel additive 2,5-
dimethylfuran (DMF) using CuRu/C catalyst [14]. Subsequently, DMF undergoes
a Diels-Alder reaction with ethylene to form p-xylene using the WO,/ZrO;
catalyst, which exhibits both Lewis and Brensted acidity [13]. Finally, p-xylene
is oxidized to terephthalic acid, which, when combined with ethylene glycol,
produces polyethylene terephthalate (PET) for plastic packaging [15]. Another
example involves the hydrogenation of HMF with a Ru/CeOx catalyst to yield 2,5-

dihydroxymethyl tetrahydrofuran, a precursor for solvents and monomers [16].
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In a similar way, furfural can also be converted into biofuels and
biochemicals (FIGURE 1.5). The primary derivative that drives the value of the
global furfural market is furfuryl alcohol. It is used as a binder in resin-bonded
sand-casting processes for ferrous foundries and as a precursor for resins and
plastics [17]. The hydrogenation of furfural to furfuryl alcohol can be achieved
using Cu/Si10, catalysts [15]. Additionally, furfural can be transformed into
tetrahydrofuran and maleic acid, two products derived from petroleum, through
its decarbonylation with Pd/Si0; [18] and its oxidation with titanium silicate and
hydrogen peroxide as the oxidizing agent [19], respectively. These products serve
as an industrial solvent and a precursor for resins, respectively. Moreover, furfural
can undergo basic aldol condensation with acetone to generate larger molecules,
which can be fully hydrogenated to produce hydrocarbons for biofuels [20].
Another possible route is the aerobic oxidation of furfural with PtPb/C catalyst to

furoic acid, a precursor for chemical and pharmaceutical industry [21].
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1.4 - HMF and Furfural Obtainment from Biomass: A Mechanistic

Point of View

HMF and furfural are obtained from different fractions of
lignocellulosic biomass, which is derived from plants. Regardless of their
appearance, plants are composed of three fractions: cellulose, hemicellulose, and
lignin. Cellulose, the first fraction, constitutes 40 — 50 % of the plant composition
and is a crystalline polymer of the aldohexose D-glucose. The second fraction,
comprising 25 — 35 % of the total composition, is a polymer of various
monosaccharides, predominantly the aldopentose D-xylose. Lignin, constituting
15 — 20 % of the plant, is a polymer of phenolic units, including coniferyl,
coumaryl, and syringyl alcohols [15]. HMF is commonly derived from the
cellulose fraction and furfural, from hemicellulose.

For obtaining these compounds, both cellulose and hemicellulose
must first be depolymerized into their monomers: D-glucose and D-xylose,
respectively. In both cases, Bronsted homogeneous acid and basic catalysts are

often used, with sulfuric acid and hydrochloric acid being the most common



catalysts [22]. Considering these acidic catalysts, in both reactions, the oxygen
atom which links the monomers is protonated (FIGURE 1.6), resulting in the
scission of the unit linkage, followed by a nucleophilic attack of a water molecule

to produce the respective monomer [23].
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FIGURE 1.6 — Cellulose hydrolysis mechanism to glucose in acidic media.

Glucose and xylose, as well as any monosaccharide, exhibit either a
cyclic or acyclic form in solution (FIGURE 1.7). Those monosaccharides are
aldoses, thus they present a pyranose ring in their cyclic form; whereas ketoses,
such as their respective isomers D-fructose and D-xylulose, exhibit a furanosic
ring (FIGURE 1.7) [24]. To produce their platform molecules, glucose and xylose
must undergo dehydration in acidic catalysis, releasing three molecules of water.
Two different mechanisms have been accepted in the literature: one starting with

protonation at O;H for the cyclic mechanism [25], which is the most favorable
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according to DFT studies [24,26]; and another starting with protonation at oxygen
in the ring for the acyclic mechanism [24] (FIGURE 1.8). Even though
protonation at O;H is the most favorable, under the reaction conditions

(temperature between 130 °C to 160 °C), both protonations can occur [26].

0
(\O ot

Re -7 “HOH H
O - —O01 = ho _ -
QO 2 ~ 4CoH ~ ) -

OH 3 OH - ) H

E OH OH OH ™ -

R = CH,OH: D-Glucose

R = H: D-Xylose
(cyclic form)

R
R = CH,0H: D-Glucose
R = H: D-Xylose
(acyclic form)
H H

\
/O? VRS H H——OH
H ® H R '. -~ ’

CH,OH o"\ CH,OH Y 2_0

k HO % —_—— k HO # =~ HO— “H ~— Ho—3H
on 2 of i ) - H-4—oH

H— _5

R = CH,OH: D-Fructose H OH

R = H: D-Xylulose

(cyclic form) R = CH,OH: D-Fructose

R = H: D-Xylulose
(acyclic form)

FIGURE 1.7 — Cyclic and acyclic form of the aldoses glucose and xylose, as well as of their

respective ketose isomers fructose and xylulose.

The acyclic mechanism (FIGURE 1.8) involves an intramolecular
hydride shift, producing their respective isomers fructose and xylulose [24],
which are then dehydrate to their platform molecules. This mechanism is
supported by trittum labelling of glucose and xylose at the C2 position. After the
treatment of glucose-2-*H in sulfuric acid under reflux during 16 h, fructose-1-*H
is obtained [27], as well as, xylulose-1-*H was observed from the treatment of
xylose-2-*H in sulfuric acid at 100 °C during 3 h [28].

However, numerous cyclic reaction pathways are supported by
Density Functional Theory (DFT) calculations and gas phase studies [24]. The
most widely accepted pathway involves pyranose ring contraction via OH attack
on C5 [25] (FIGURE 1.8), a theory substantiated by an experiment utilizing '*O-

labelled xylose (where the label is on the ring oxygen) in aqueous HCl (at 140 °C,
9



50 mM). According to this study, 69 % of the resultant furfural contains '*O in the
ring, while 31 % exhibits '®0 at the aldehyde moiety. In the presence of NaCl (5
M), 48 % of the 30 was found at the C=0 group [29]. This oxygen transfer from
the xylose ring to the furfural aldehyde group aligns with the cyclic mechanism

1llustrated in FIGURE 1.8.
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FIGURE 1.8 — Cyclic and acyclic mechanisms of the dehydration of glucose and xylose into
HMF and furfural, respectively, in Bronsted acidic media.
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According to literature, xylose exhibits significantly higher reactivity
and selectivity towards furfural compared to glucose's conversion to HMF in
aqueous Bronsted acid solutions. For instance, in hydrochloric acid solution (5.20
mol L) at 107 °C, a furfural yield of 93 % was achieved, and 69 % yield was
obtained using sulfuric acid solution (3.75 mol L") at 106 °C from xylose [30]. In
contrast, only 44 % of HMF was obtained from glucose using HCI (pH = 2.5) at
240 °C, or 30 % using phosphoric acid (pH = 2.0) at 240 °C [31]. This lower
activity and selectivity of glucose towards HMF production are supported by the
cyclic mechanism shown in FIGURE 1.8: glucose, being more substituted at C5
compared to xylose (CH>OH group and H atom, respectively), may sterically
hinder O,H attack on CS5.

Furthermore, DFT studies have indicated that in the dehydration of
glucose under acidic conditions, protonation of O;H or O4H promotes pathways
leading to either the self-polymerization of glucose or the cross-condensation of
glucose, HMF, and intermediates into insoluble polymers known as humins [26].
This also explains its lower selectivity to HMF compared to xylose dehydration
to furfural. Experimental results corroborate those pathways; for instance, a 1 mol
L' solution of glucose containing sulfuric acid (0.01 M) can yield insoluble
humins up to 35 wt. % after 6 hours at 180 °C [32]. For this reason, new routes
for HMF production must be researched.

An effective strategy to overcome this challenge involves employing
bifunctional catalysts with both Lewis and Brensted acidity. These catalysts first
catalyze the isomerization of glucose into fructose at Lewis acid sites, producing
a more reactive intermediate that readily dehydrates into HMF at Brensted acid
sites [33]. For example, when employing Amberlyst-70, a pure Bronsted acid
catalyst, in the dehydration of glucose to HMF at 130°C, a yield of 30 % HMF
was achieved. However, when the same Bronsted acid catalyst was combined with

Sn-PB, a Lewis acid catalyst, the HMF yield increased significantly to 63 % [34].
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In a general case using Lewis acid catalysts, the isomerization
mechanism starts with the coordination of oxygen of the glucose carbonyl group
in the Lewis acid center (such as metallic cations of Al, Fe, Sn, Sc, Cu, Yb, Nb,
Cr, etc. [35-38]) (FIGURE 1.9). Simultaneously, an adjacent hydroxyl group of
the same catalyst or its support interacts with the proton of the second hydroxyl
group of the glucose, facilitating the hydride shift between C2 to C1 (rate-
determining step) and the production of the acyclic form of fructose [39]. One can
ask whether the isomerization process using Brensted acid catalysts (FIGURE
1.8) is comparable to using a Lewis acid catalyst (FIGURE 1.9). The answer is
no. This distinction arises because the Lewis acid center more effectively
withdraws electron density from the carbonyl moiety than the proton does,
rendering its carbon more electrophilic and thus more susceptible to hydride
attack [39]. For example, the production of fructose from glucose using sulfuric
acid is barely detectable [40], whereas employing Sn-containing MCM-41 (with
3.0 % metal loading) achieves a selectivity of 70 % at 20 % glucose conversion

and 110 °C [36].
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FIGURE 1.9 — Aldose isomerization mechanism to ketose using a general Lewis acid center

“M” with an adjacent hydroxyl group.

After the production of fructose, the dehydration mechanism in the
Bronsted acid sites initiates with a protonation at the O,H hydroxyl group
(FIGURE 1.8), which is the most favorable site due to the stability of the resulting

carbocation. The subsequent three consecutive dehydrations are
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thermodynamically favored, with a AG of - 163 kJ mol™! [26]. Furthermore, the
overall free energy of this pathway is more favorable compared to that leading to
reverse products and insoluble humins, thus explaining the observed higher
activity and selectivity relative to glucose. For example, fructose dehydration
using sulfonic carbons achieved a HMF selectivity of 70 % at 65 % fructose
conversion at 130 °C [41].

However, the utilization of bifunctional catalysts offers advantages
not only for the conversion of glucose into HMF but also for the conversion of
xylose into furfural. In this case, Lewis acid sites provide the isomerization of this
aldose to xylulose, a more reactive intermediate that is dehydrated to furfural by
Bronsted acid sites at higher reaction rates [33]. A study reported elsewhere
demonstrated that both sulfuric acid (0.02 mol L") and H-B (a bifunctional Lewis
and Brensted catalyst) yielded approximately 75 % furfural at 175 °C. However,
the former catalyst exhibited a TOF (Turnover Frequency) for furfural of 8.4 s,
whereas the latter showed a significantly higher TOF of 41.5 s, nearly five times
higher [42].

The isomerization mechanism of xylose into xylulose is very similar
to that of glucose into fructose in Lewis acid sites, also presenting the hydride
shift between C2 to C1 as a rate-determining step [43] (FIGURE 1.9). To our
knowledge, no detailed mechanistic insights have been provided for xylulose
dehydration, but it is likely to be analogous to the dehydration of fructose to HMF
(FIGURE 1.8). However, several studies have demonstrated the higher reactivity
of xylulose compared to xylose [44,45]. For example, after 45 minutes at 145 °C
in an aqueous solution of HCI (pH = 1), 66 % of xylulose is converted to furfural,
whereas under the same conditions, xylose only yields 29 % [45]. One possible
explanation for this improved result is based on theoretical studies, which have
shown that the energy barrier for xylulose dehydration is lower (23 kcal mol™)

than the energy barrier for xylose dehydration (30 — 32 kcal mol™) [45].
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In summary, it can be concluded that the most effective methods for
obtaining HMF and furfural from biomass involve the conversion of glucose and
xylose, respectively, using bifunctional catalysts with both Lewis and Brensted
acidity. However, it is worth noting that the dehydration of fructose and xylose

using only Brensted acidic catalysts also presents itself as an alternative method.

1.5 - Important Parameters for the Dehydration  of

Monosaccharides into HMF and Furfural Using Acidic Catalysts

The first important parameter is the catalyst employed. Nowadays,
many studies have been selecting solid catalysts rather than liquids; i.e.,
heterogeneous catalysts over homogeneous ones because they are easier to recycle
from the product stream and do not corrode the reactor [46]. Additionally, solid
catalysts with mesoporosity (pore diameters higher than 2 nm) are preferred over
microporous catalysts (pore diameters lower than 2 nm), in order to avoid
intraparticle transport effects, which can block either the entrance of the reactants
into the active acid sites within the pores or the exit of the products already formed
into the pores, favoring their polymerization into insoluble humins [47].

Besides, the catalyst must be a single solid, in order to catalyze the
reactions in the same reactor, minimizing the number of separation procedures
[15]. This is in contrast to using a single Lewis solid acid catalyst in one reactor
and a single Bronsted acid catalyst in another, for example. Moreover, both acid
sites in a single solid bifunctional catalyst must be well distributed so that the
isomer formed in a Lewis acid center can readily meet an adjacent Brensted acid
site to be dehydrated into furan. On one hand, if the catalyst have more Lewis acid
sites than Brensted, the isomer formed can undergo self-polymerization or cross
condensation in the same Lewis acid site, producing humins [48,49]. On the other
hand, if the catalyst have more Bronsted acid sites than Lewis, the yield of the

reaction (for glucose to HMF) or the rate of the reaction (for xylose to furfural)
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can decrease substantially [34,42]. In short, the bifunctional catalyst must have a
good balance and distribution of Lewis and Brensted acid sites to better produce
platform molecules.

Additionally, depending on the nature of Lewis or Brensted acid
sites, alternative by-product routes can be favored. For example, in addition to
catalyzing the isomerization reactions of glucose and xylose into fructose and
xylulose, respectively, Lewis acid sites also promote the epimerization of these
reactants into mannose and lyxose [33] (FIGURE 1.10). In this context, the
reaction mechanism can occur either via C2 to C1 hydride transfer to the isomer,
followed by a reverse hydride transfer to the epimer; or via the Bilik mechanism,
which involves a direct C1 to C2 intramolecular carbon shift between the reactant
and the epimer [50]. Studies have suggested that trivalent lanthanides with an
optimum radius of ~ 1 A are more likely to mediate the Bilik reaction, whereas
smaller cations such as chromium and aluminum prefer the pathway through the
1somer intermediate [50]. The formation of those epimers is undesirable because
mannose and lyxose are dehydrated to platform molecules similarly to glucose
and xylose, resulting in low selectivity for HMF and furfural production at low
reaction rates, respectively [24]. Therefore, it is crucial for the Lewis acid center
to exhibit selectivity majority to the isomerization.

The nature of the Bronsted acid site, particularly its strength, is more
crucial for the production of HMF than for the production of furfural [33], despite
in both cases the production of humins is favored in very strong acidic media
[40,51]. Studies have demonstrated that high yields of 5-HMF can be achieved
within a pH range of 1.5 to 1.9; however, no HMF is obtained when the pH is
above 3.9. Furthermore, at pH levels below 1.5, the selectivity for HMF decreases
due to its hydrolysis, producing levulinic acid and formic acid [22,52] (FIGURE
1.10). In summary, a stronger Bronsted acid site leads to lower selectivity for

HMF due to its propensity for hydrolysis, resulting in the formation of levulinic
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acid.
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FIGURE 1.10 — The products derived from glucose (A) and xylose (B) under Lewis acid
catalysis, and the by-products obtained from HMF under stronger Bronsted acid catalysis (C).

Another crucial parameter is the choice of the solvent. Solvent
selection is important not only for dissolving the substrates into the reaction
medium but also for stabilizing substrates, intermediates, and products to enhance
thermodynamic equilibrium for higher yields [53]. Additionally, the solvent must
be stable in the reaction medium, meaning it should not react with the catalyst.
Otherwise, the active sites of the catalysts may be poisoned by reacting with the
solvent, and any derivatives produced in this process must be separated from the
main products during downstream processing.

While water is often the primary choice, it provides platform
molecules at relatively low yields. For example, when using fructose as a reactant,
HMF yields are typically lower than 30 % [54]. This is primarily due to the
increased solvation of the acidic proton by water molecules (AG =- 1113 kJ mol

1, which reduces monosaccharide reactivity in this medium [55]. Furthermore, a
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pure water solvent system also promotes hydrolysis reactions that lead to the
formation of humin intermediates [22]. To overcome these limitations, aprotic
solvents such as tetrahydrofuran (THF), y-valerolactone (GVL), acetone, methyl
isobutyl ketone (MIBK) or dimethyl sulfoxide (DMSO) are often combined with
water. These solvents enhance platform molecule yields by reducing the solvation
energy of the acidic proton and protecting the furan aldehyde moiety from
polymerization and condensation reactions that lead to humin formation
[15,24,53,55,56].

Some studies have employed a biphasic solvent system consisting of
an aqueous and an aprotic organic extracting layer [57]. In this setup, the
dehydration reaction occurs within the aqueous layer, and the platform molecule
formed is subsequently extracted into the organic layer, where it is protected from
degradation. However, this system presents several drawbacks: (i) efficient
stirring 1s required to ensure proper mixing of both phases, and (i1) the aqueous
phase needs the addition of salt to prevent mixing with the organic layer, rendering
the catalysis in this layer homogeneous [15].

Another approach involves creating a monophasic system by
combining water with an aprotic organic solvent. Studies have shown that
employing a monophasic system of GVL or THF with 10 — 20 % water as a co-
solvent provides the highest HMF yield at 130 °C from fructose (higher than 70
%) [54]. Similarly, it has been found that using a monophasic mixture of GVL and
water instead of pure water, the reaction rate for furfural production from xylose
increases more than the reaction rates for formation of undesirable byproducts (31
and 8 times, respectively), explaining the higher furfural yields observed [55].
Both GVL and THF are aprotic solvents derived from biomass; however, due to
its lower cost, THF is often preferred for creating a monophasic solvent system
with 10 — 20 % water to convert monosaccharides into platform molecules.

The last two crucial parameters for favoring the dehydration of
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glucose and xylose into platform molecules are monosaccharide loading and
reaction temperature. It is well-established in the literature that monosaccharide
loadings above 3 % tend to promote self-condensation into disaccharides or
polymerization to humins [22,58]. Kinetic studies indicate that the reaction partial
order of glucose into condensation products is higher than that towards
dehydration into HMF (1.30 and 1.09, respectively), demonstrating that high
monosaccharide loading favors condensation reactions over dehydration [40].
Furthermore, furfural selectivity of 80 % was achieved from 2.4 wt. % of xylose
at 170 °C using GVL as a solvent and a sulfonic acid carbon catalyst, whereas
under the same conditions, only 20 % furfural selectivity was achieved from 9.6
wt. % xylose [58]. Therefore, monosaccharide loadings lower than 3 % are
preferred to promote platform molecule production over condensation reactions.
The reaction temperature significantly influences the yield of
platform molecules. Generally, reactions leading to humins production exhibit
higher activation energies compared to isomerization or dehydration into platform
molecules. Thus, higher reaction temperatures typically result in increased humins
production [22,51,59]. A kinetic study on the conversion of glucose to HMF using
a bifunctional HCI/CrCl; catalyst showed activation energies of 100 kJ mol™! for
glucose to fructose isomerization in Lewis acid sites and 127 kJ mol™! for fructose
to HMF dehydration in Brensted acid sites. Conversely, the activation energies
for fructose conversion to humins were found to be 114 kJ mol™ in Lewis acid
sites and 133 kJ mol! in Brensted acid sites [59]. The optimal temperature
identified in this study, as well as in other literature [33], was 130 °C. For xylose,
the activation energy for xylose dehydration to furfural in formic acid solution
was 152 kJ mol!, while for xylose polymerization to humins was 161 kJ mol"!
[51]. The literature suggests that the dehydration of xylose to furfural using either
a pure Bronsted acid catalyst or a bifunctional catalyst with Brensted and Lewis

acidity can be achieved at reaction temperatures between 130 °C and 160 °C
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[33,60].

In conclusion, the successful conversion of monosaccharides into
platform molecules depends on several key parameters. Employing a mesoporous
catalyst is crucial, with single solid catalysts preferred over liquids due to easier
recyclability and reduced need for separation procedures. The balance,
distribution, and nature of the catalyst acid sites are vital to prevent undesired side
reactions, such as self-condensation to disaccharides and polymerization to
humins, epimerization to mannose and lyxose, and HMF hydrolysis to levulinic
acid. Additionally, solvent selection is pivotal, with aprotic solvents like THF, in
combination with 10 — 20 % water in a monophasic system, offering the highest
platform molecule yields. Furthermore, controlling monosaccharide loading and
reaction temperature within optimal ranges below 3 % and between 130 °C to 160
°C, respectively, is essential for favoring platform molecule production over
undesired by-products like humins. Understanding and optimizing these
parameters are critical for achieving efficient and selective conversion of glucose

and xylose into valuable platform molecules.

1.6 - Motivation and Objectives

Much more than just producing a highly efficient catalyst for the
HMF and furfural production from monosaccharides, in this thesis, we are more
interested in understanding how the composition and surface acidity (balance,
distribution, and nature of acid sites) of the catalyst can correlate with the
production of platform molecules. Therefore, the main objective of this thesis is
to synthetize mesoporous acidic catalysts for the dehydration of monosaccharides
into HMF and furfural with the aim of studying their composition and surface
acidity and their effect on the catalytic performance.

This thesis has three chapters. In the first chapter, we synthesize

niobium phosphates, an inherent bifunctional catalyst, for dehydrating glucose
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and xylose into HMF and furfural, respectively. This study generated the paper
"Niobium Phosphates as Bifunctional Catalysts for the Conversion of Biomass-
Derived Monosaccharides," published in Applied Catalysis A, General [61]
(Impact Factor of 4.7). This chapter will show the pivotal role of the ratio between
Lewis and Bronsted acid sites (L/B ratio) in driving the dehydration of glucose
and xylose into HMF and furfural.

Based on that, we synthesize a controlled mesoporous bifunctional
carbon catalyst, to produce in an easier way a catalyst with a L/B ratio for platform
molecule production. First, we prepared sulfonated carbons with only Brensted
acidity and applied them for the dehydration of fructose and xylose to HMF and
furfural (Chapter 2). This study generated the paper "The Impact of the Ratio
Between Stronger and Weaker Acid Sites on the Production of 5-
Hydroxymethylfurfural and Furfural from Monosaccharides," published in
ChemCatChem [62] (Impact Factor 3.8). Finally, some sulfonated carbons from
this study were selected to undergo partial ion exchange with different metallic
cations with Lewis acidity, to produce the expected controlled bifunctional carbon
catalyst (Chapter 3).

As mentioned earlier, in order to optimize the production of platform
molecules instead of by-products, in all chapters, the monophasic solvent system
of THF in combination with 10 — 20 % of water was selected, with a
monosaccharide loading of 2 wt. % and reaction temperatures between 130 °C

and 160 °C.
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2- CHAPTER 1: NIOBIUM PHOSPHATES AS
BIFUNCTIONAL CATALYSTS FOR THE CONVERSION OF
BIOMASS-DERIVED MONOSACCHARIDES (APPLIED
CATALYSIS A, GENERAL - IMPACT FACTOR 4.7)

Contents lists available at ScienceDirect

Applied Catalysis A, General

-

ELSEVIER journal homepage: www.glsevier.com/locate/a

- - - - - Crock for
Niobium phosphates as bifunctional catalysts for the conversion of E
biomass-derived monosaccharides
José Lucas Vieira”, Geo Paul ", Gustavo D. Iga™“, Natalia M. Cabral®, José Maria C. Bueno ",
5 i s _b.d -
Chiara Bisio ", Jean Marcel R. Gallo™"
* Group af Renewable Energy, Nanotechnology, and Catalysis (GreenCac), (www, greencatufzearbr), Department of Chemisery, Federal Undversity of 5o Carlos, Rod.
Washington Liis, KM 235, CEP 13565905, PO Box 676, Sao Carlos, SP, Brosil
* Deparoment of Sciences and Technological Inovation and Interdisciplinary Nano-SiSTeMI Centre, University of Eastern Pledmont A. Avegadro, 15121 Alessandria,
Tialy
© Department of Chemical Engineering, Federal University of Sao Carles, Rod, Washington Luis, KM 235, CEP 13565-905, PO Box 676, Sao Carles, SP, Brozil
@ CNR-SCITEC Institute of Science and Molecular Technologies “G. Natin* via €. Golgl 19, 20133 Milane, ltaly
ARTICLE INFOQ ABSTRACT
Keywords: The direct conversion of glucose and xylose into HMF and furfural is more efficient using a combination of Lewis
Bifunctionil heterogeneous catalyst and Bronsted acids. Herein, niobium phosphates were prepared with different compositions, which affect its

Biomass conversion
Ackd catalysis

Furfural
5-Hydroxymethylfurfural

surface acidity and, consequently, the catalytic activity. The catalysts with a high P/Nb molar ratio presented a
low malar ratio between Lewls and Bransted acid sites (L/B ratio), while those with low P/Nb molar ratio dis-
played a high L/B ratio, NbP-2, the sample with the highest L/B ratio, showed the highest reaction rate for both
HMF and furfural formation. It was found, indeed, that the reaction rate for monosaccharides conversion and
furans formation correlate linearly with the L/B ratio. The results presented not only introduce niobium phos-
phates with a high L/B melar ratio as promising catalysts for HMF and furfural production but also provide
fundamental knowledge that will guide the design of other bifunctional heterogeneous catalysts,
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2.1 - Introduction

Petroleum is currently the main carbon source to produce fuels and
chemical compounds. However, as a non-renewable feedstock, the global reserves
are expected to last 70 — 130 years [15]. Also, the oil-based industry plays a big
role in the production of greenhouse gases (GHG). For instance, the petroleum
well-to-refinery GHG emissions were estimated at approximately 1.7 Gt of CO;
eq. in 2015, 42 % higher than the previously anticipated by the International
Association of Oil and Gas Producers [63].

Hence, lignocellulosic biomass appears as an alternative and
renewable source of carbon, capable of delivering fuels and chemicals through
processes with reduced CO, emission [15,64]. This source of biomass is
composed of approximately 40 — 50 % of cellulose, a crystalline polymer of the
monosaccharide glucose; 2 5 — 30 % of hemicellulose, a polymer formed mainly
by the monosaccharide xylose, and 15 — 30 % of lignin, a polymer composed of
phenolic units [15]. Therefore, monosaccharides account for 60 — 80 % of the
lignocellulosic composition, and their use is strategic for the success of the
potential biorefinery.

As for the chemical conversion, glucose and xylose can be converted
by acid catalysis to 5-hydroxymethylfurfural (HMF) and furfural, respectively.
These compounds, indicated among the most important biomass-derived
molecules [64-66], are key intermediates in a biorefinery to obtain a broad range
of chemicals, monomers to polymers, and fuels [15].

The direct conversion of glucose to HMF in high yields depends on
a combination of a Lewis acid catalyst and a Brensted acid catalyst [34,67—69].
The former is responsible for isomerizing glucose to fructose, which is then
efficiently dehydrated to HMF catalyzed by the Bronsted acid. Furfural can be
directly obtained from xylose with high yields using only a mineral acid or zeolite

[42], however, it was shown that using a combination of Lewis and Brensted acid
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catalysts, the product formation TOF increases by 5-8 times [70].

H-Beta zeolite [70], CrCIs/HCI [45], and Nb,Os/Amberlyst have
been studied as bifunctional systems for the conversion of xylose to furfural
[33,71], As for the direct conversion of glucose to HMF, catalytic systems based
on AICI;/HCI [69], (Sn-Beta or Sn-SBA-15)/HCI [67,72], and (Sn-Beta or Sn-
SBA-15)/Amberlyst [34,72] have been used. It is interesting to note that
bifunctional catalytic systems that are efficient for the conversion of one of the
monosaccharides, might not be to the other. For instance, Sn-Beta/Amberlyst
reached high product yields only for glucose conversion [34,73], while H-Beta
only for xylose conversion [70].

The direct conversion of glucose to HMF mainly relies on the
combination of two catalysts, however, using a single bifunctional catalyst would
be ideal since lower diffusion issues and higher reaction rates are expected when
both catalytic sites are nearby in the surface. In this respect, developing a
bifunctional heterogeneous Lewis and Breonsted acid catalyst is one of the major
challenges in the conversion of biomass-derived saccharides into platform
molecules [15].

Due to their inherently bifunctional nature [74], niobium oxide has
been applied as catalysts for the transformation of saccharides in recent studies
[75-83]. For the conversion of xylose, Nb,Os acts as an efficient bifunctional
catalyst using as solvent both THF (with 20 wt. % of water) or pure water. The
catalyst was shown to promote the isomerization of xylose to xylulose followed
by dehydration to furfural, reaching selectivities between 42 and 47 %.

As for the conversion of glucose in THF/H,O, Nb,Os promoted
efficiently the Lewis acid-catalyzed isomerization to fructose, whereas it
displayed very low activity towards its subsequent dehydration, indicating that the
Bronsted acid sites are not effective for this reaction. Hence, for glucose

conversion, niobium oxide should be treated as a Lewis acid catalyst, instead of a
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bifunctional catalyst [33,71].

In this context, niobium oxyphosphate (also commonly referred to as
niobium phosphates and herein named NbP) appears as a water-tolerant
bifunctional catalyst [84] and, hence, an alternative to niobium oxide. The surface
phosphate groups should be responsible for providing the Brensted acidity, while
the Lewis acid sites are still on the top of pentacoordinated Nb sites [33,85].

Recently, niobium phosphate has been suggested as a catalyst for the
conversion of monosaccharides. For instance, commercial niobium phosphate
(NbP-C) was combined with Nb,Os (both from CBMM-Brazil) for the direct
conversion of glucose to HMF, in which the former acts as Brensted acid and the
latter as Lewis acid [76,86]. In these catalytic systems, moderate yields for HMF
(between 30 — 35 %) were obtained. Comparable yields were also obtained in a
biphasic solvent system using a laboratory prepared NbP [87] and in water using
a mesoporous niobium phosphate [88]. NbP-C was also studied for the conversion
of cellobiose and glucose was obtained as a major product [84]. Low selectivity
to fructose was obtained (< 3 %) suggesting the inefficiency of the Lewis acidity,
and consequently, HMF selectivity was also low (< 10 %) [84]. As for the
conversion of xylose to furfural, NbP led to ca. 45 % yield in a biphasic solvent
system [89].

In this work, niobium phosphates were prepared by different simple
methodologies to obtain efficient bifunctional catalysts for direct conversion of
glucose and xylose to HMF and furfural using monophasic solvent systems, which
are more suitable for industrial application [34,54]. Structure and surface
properties of the most promising catalysts were also studies seeking to correlate

their properties and catalytic activities.
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2.2 - Materials and Methods

2.2.1 - Synthesis of the catalysts

Neutral and anionic surfactants have been previously used for

producing porous niobium oxyphosphates and [90-92], herein, we adapted these

methodologies to obtain NbP by eight different methodologies, as described in the

Annex and summarized in TABLE 2.1. The NbP samples were used in preliminary

catalytic activity studies for the conversion of glucose (as discussed in section

2.3.1) and the most relevant catalysts (hereafter named NbP-1, NbP-2, and NbP-

3) were characterized and further studied as for their catalytic activity. For the

sake of comparison, a commercial niobium phosphate provided by CBMM-Brazil

was also studied (sample hereafter coded NbP-C).

TABLE 2.1 — Synthetic parameters in the synthesis of NbPs.

Water volume for H3PO4 Surfactant Aging Calcination

Samples  NbCls* hydrolysis concentration Surfactant concentration temperature SOXhl?t temperature
(mL) (gL (gL °C) extraction ©C)
NbP-1 50 46> Hexadecylamine 1454 65 No 550
NbP-2 50 4ot Sodium Dodecyl 195¢ 65 Yes 550

Sulfate (SDS)

NbP-3 50 46> Hexadecylamine 145° 90 No 550
NbP-4 50 46> Hexadecylamine 145° 65 No 450
NbP-5 50 46° Hexadecylamine 145f 65 No 550
NbP-6 50 46> Hexadecylamine 145° 65 Yes 550
NbP-7 100 Concentrated® Hexadecylamine 1454 65 Yes 550
NbP-8 50 46> Hexadecylamine 145f 90 Yes 550

¥ NbCls mass of 2.73 g.
® H3PO4 mass of 2.30 g in 50 mL of water.
¢ H3PO4 mass 0of 2.30 g.

4 Surfactant mass of 2.90 g in 20 mL of water.

¢ Surfactant mass of 3.90 g in 20 mL of water.

T Surfactant mass of 1.45 g in 10 mL of water.

The NbP-1 sample was prepared by the addition of 50.0 mL of
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deionized water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 wt. %
in water) and 50.0 mL of deionized water were added under vigorous stirring. The
mixture was stirred for 30 min, followed by adjusting the pH to 2.60 with NH,OH
(27 wt. % in water). After, stirring for 5 more minutes, the white precipitate
formed was separated by filtration, washed with 1.5 L of deionized water, and
transferred (still wet due to the filtration process) to a 50 mL Beaker containing a
solution of 2.90 g of hexadecylamine in 20.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to 4.00 with concentrated
H3POj4 and the solution stirred for another 30 min. The mixture was transferred to
an autoclave and aged for 48 h at 65 °C. Finally, the white solid was filtered out
and washed with 2.0 L of deionized water, dried overnight at room temperature,
and calcined under air flow for 6 h at 550 °C (1 °C min™).

The NbP-2 sample was synthesized as described for NbP-1 except
that sodium dodecyl sulfate (SDS) was used instead of hexadecylamine.
Furthermore, before the calcination process, the sample underwent a Soxhlet
extraction process with a 0.10 mol L™! HCI ethanolic solution.

The synthesis of NbP-3 was similar to the one described for the NbP-
1 sample, with two modifications: (i) niobium chloride was added to a mixture of
10.0 mL of deionized water and 1.45 g of hexadecylamine, instead of 2.90 g of
hexadecylamine and 20.0 mL of deionized water; (ii) the aging process in an

autoclave was performed at 90 °C, instead of 65 °C.

2.2.2 - Characterizations

The powder X-ray diffraction (XRD) analyses were performed using
a Shimadzu XRD 6000, with CuK, radiation, a voltage of 30 kV, and a current of
30 mA using a scan speed of 1.5° min™'. X-ray fluorescence (XRF) analyses were
carried out in a Thermo Scientific ARL PERFORM’X, with a rhodium tube

source.
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31P solid state nuclear magnetic resonance (*'P ssNMR) spectra were
obtained on a Bruker Advance III 500 spectrometer with a wide-bore magnet of
11.75 T using a *'P operating frequency of 202.45 MHz. Before the analyses, the
samples were pretreated under vacuum (1 x 10 mbar) at 150 °C for 2 h. A triple
resonance 4 mm probe, in double resonance mode, with magic angle spinning
(MAS) was employed in all experiments and the samples were placed in a
Zirconia rotor and spun at a rate of 15 kHz. The magnitude of the *'P RF field (u,)
used was 83 kHz and the repetition time between the accumulations was 30 s.
During the acquisition, high-power proton decoupling was applied while no
decoupling was done on **Nb. Chemical shifts are reported on § scale and were
externally referenced to H;POy4 (85%). 3'P MAS NMR spectra were fitted with
DMFIT functions for quantitative deconvolution of the overlapping peaks [93].

Nitrogen physisorption at -196 °C was carried out in an Autosorb 1.
The surface area was calculated by the BET equation and the pore size distribution
by DFT method using the adsorption branch and the plot went through smoothing.
Pore volume was calculated at PPy! of 0.9. The presence of micropores was ruled

out according to the t-plot method.

2.2.3 - Study of the surface properties of solids by adsorption of

probe molecules followed by FTIR spectroscopy

FTIR analyses were performed using a Bruker Equinox 55
spectrophotometer equipped with a pyroelectric detector (DTGS) using a
resolution of 4 cm!. The samples, reduced under the form of self-supported pellets
(pressed at 3 ton cm2) with density between 4 and 8 mg cm™, were placed inside
of an infrared cell equipped with KBr windows permanently connected to a
vacuum line. Before the adsorption/desorption experiments, the samples were
dried at 150 °C (5 °C min™") under vacuum (1 x 10** mbar) for 2 h.

Ammonia, pyridine, or acetonitrile was adsorbed on the catalysts at
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room temperature with a maximum pressure of 50, 25, and 130 mbar, respectively,
for 1 h to warrant the saturation of adsorbed molecules in the catalyst surface. The
desorption of the probe molecules was performed under vacuum conditions (1 x
10* mbar) at 100°C for pyridine and acetonitrile and room temperature for
ammonia.

Analyses of ammonia and pyridine were used for quantification of
the Lewis and Brensted acid sites using the methodology reported elsewhere

[94,95]. The spectra were normalized as described in these previous works.

2.2.4 - Catalytic studies

The catalytic reactions were performed in thick-glass reactors at 130
°C. The reactors were loaded with 2.0 g of a solution of 2 wt. % of glucose or
xylose in tetrahydrofuran (THF) containing 20 wt. % of water (THF/H,O = 4/1)
or pure water. For reactions using HCI as co-catalyst, the acid was introduced in
the reaction mixture with a concentration of 0.18 mol L. The reactions were
stopped at different reaction times by cooling down the reaction in an ice bath.
Identification and quantification of the products were performed by High-
Performance Liquid Chromatography (HPLC) using standards. For the analyses,
a Shimadzu HPLC LC-10AD was coupled to a Bio-Rad Aminex® HPX-87H
column of 300.0 mm x 7.8 mm (0.005 mol L of aqueous H,SO, was used as
mobile phase) and to detectors of refraction index (Shimadzu RI20A) and diode
array (Shimadzu SP10A).

The conversion, selectivity, reaction rates, and mass balances were

calculated using the equations below:

, mol precursorinjtiql—mol precursoringg
Conversion = * 100
mol precursorinitial
.. mol product fipqi
Selectivity = fina * 100
mol precursorinjtiqr—mol precursor finqg;
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mol precursorinjtiqi—mol precursor finqgi

Reaction rate ion =
Precursor conversion (catalyst weight)*(reaction time)

mol furanging

Reaction rate jon =
Furan formation (catalyst weight)«(reaction time)

Mass balanceGlucose conversion —

(mass glucosefinq+mass fructosefinal+mass HMF finq1tmass LAginai

)*100

mass glucoseinitial

mass xyloseginqi+mass xylulosegipq+mass furfuralsing

Mass balanceXylose conversion — ( ) *100

mass xyloseinitial

2.3 - Results and Discussion

2.3.1 - Catalytic screening

The chemical composition of the niobium oxyphosphate samples
(NbP) was determined by X-ray fluorescence (XRF) analyses, revealing that the
preparation method affects the phosphorous loading and, consequently, the
sample composition (TABLE 2.2). A rationalization of the chemical composition
and the synthesis method is present in the Annex. The stoichiometric niobium
oxyphosphate [NbO(PO,)] is expected to have a P/Nb molar ratio of 1.0, whereas,
according to the literature, this class of compounds is typically formed with P/Nb
molar ratios between 0.80 and 1.00 [96-98]. Hence, NbP-1, NbP-3, NbP-5, NbP-
7, NbP-8 obtained a composition similar to the expected for niobium
oxyphosphate (TABLE 2.2). Lower P/Nb ratios indicate the presence of niobium
oxide and, indeed, the P/Nb molar ratio for a phosphated niobium oxide was found
to be 0.5 (Nb,Os-PO4, TABLE 2.2). Interestingly, NbP-2, NbP-4, and NbP-C
displayed P/Nb similar to the phosphated niobium oxide (TABLE 2.2), suggesting
that these syntheses methodologies led to a high degree of Nb-O-Nb
condensation. Based on the P and Nb loading, a molecular formula was proposed

for the NbP samples (TABLE 2.2).
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TABLE 2.2 — Quantification of niobium and phosphorus on the NbP by X-ray fluorescence.

P/Nb
Samples olar ratio Formula?
NbP-1 0.9 (NbO1.15)10(PO4)9
NbP-2 0.5 (NbO1.75)2(PO4)
NbP-3 1.0 NbO(POs)
NbP-4 0.6 (NbO1.60)5(PO4)3
NbP-5 0.8 (NbO1.30)5(PO4)4
NbP-6 0.7 (NbO1.45)10(PO4)7
NbP-7 1.0 NbO(PO)
NbP-8 0.9 (NbO1.15)10(PO4)9
NbP-C 0.4 (NbO1.90)5(PO4)2
Nb20s-PO4 0.5 (NbO 75)2(POs)

?Proposed based on the P/Nb molar ratio, considering Nb(IV) and that P is present as phosphate

species.

To identify if the catalysts were active in the direct conversion of
glucose to HMF, a first screening was performed and as shown in FIGURE 2.1A,
as glucose is converted, both fructose and 5-hydroxymethylfurfural (HMF) are
formed. SCHEME 2.1 shows a typical reaction roadmap for glucose conversion
in the presence of a combination of Bronsted and Lewis acids. Fructose is formed
from the Lewis acid-catalyzed isomerization of glucose, while HMF is obtained
from the Brensted acid-catalyzed dehydration of fructose [34,69]. These results
suggest that the NbP catalysts are indeed bifunctional.

The catalytic performance among the NbPs is significantly different
which could be associated with their composition. Indeed, by plotting the P/Nb
ratio of the different materials as a function of the reaction rate value obtained
from the data in FIGURE 2.1A, a clear trend 1s observed: reaction rate for HMF
formation increases as the P/Nb ratio decreases (FIGURE 2.1B). In particular,
NbP-2 and NbP-C, the catalysts with the lowest P/Nb ratio, displayed the highest
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reaction rate for HMF formation.
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FIGURE 2.1 — (A) Catalytic tests with 0.020g of the NbP samples (catalyst/substrate mass ratio
=0.50) in THF/H>O =4/1 for 1 h at 130 °C and (B) Correlation between P/Nb molar ratio and

reaction rate for HMF formation at 1h of reaction.
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SCHEME 2.1 — Conversion of glucose with a combination of Brensted and Lewis acids.

Thicker arrows indicate the preferential routes. Green and blue arrows indicate the reaction

steps catalyzed by Lewis and Brensted acid sites, respectively.

NbP-2 and NbP-C samples were selected for further characterization

and catalytic studies since they are the most promising samples for the direct

conversion of glucose to HMF. For sake of comparison, NbPs with different

compositions, such as NbP-1 and NbP-3, were also chosen for further studies.
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2.3.2 - Psychochemical characterization of selected solids

X-ray diffraction analyses (FIGURE A1.1) suggest that the prepared
samples and the commercial NbP-C are amorphous. Nevertheless, analyses
performed at a low angle (26 < 3°), displays poorly defined diffraction peaks,
which could indicate the formation of mesopores, for both NbP-2 and NbP-C
samples (FIGURE A1.1B).

The textural properties, such as specific surface area and porosity,
were determined by nitrogen physisorption at -196 °C and the results are shown
in FIGURE 2.2 and TABLE 2.3. NbP-2, NbP-3, and NbP-C present Type-IV
isotherms (FIGURE 2.2A), typical for mesoporous materials, endorsing that the
XRD pattern observed at a low angle (FIGURE A1.1B) could be due to poorly
organized mesopores. Isotherm for NbP-1 presents low adsorption, typical of non-
porous material, while DFT (FIGURE 2.2B) reveals the presence of mesopores.
Hence, this isotherm type could be an intermediate between Type I and Type 1V,
1.e., a predominantly non-porous material with some contribution of mesopores.
The pore size distribution (FIGURE 2.2B) reveals well-defined families of
mesopores with a broad distribution. In particular, NbP-1 and NbP-3, both
synthesized with hexadecylamine, presented a maximum in the pore size
distribution at 3.9 nm, which was similar to the commercial NbP-C. NbP-2,
prepared with sodium dodecyl sulfate as a structure-directing agent presented
larger pores, with a maximum at 4.7 nm.

NbP-C is the sample with the highest surface area (366 m? g'!),
followed by NbP-2 and NbP-3, both with similar surface areas (231 and 244 m?
g, respectively) (TABLE 2.3). NbP-1 presented a surface area significantly lower
than the other samples (44 m? g'!), as a consequence of the low porosity. The
materials did not present a microporous surface area according to the t-plot. The
total pore volume was calculated at a partial pressure of 0.9 and followed the same

tendency of the surface area.

32



500 35
—=— NbP-1 ] ( ) :
—o— NbP-2 (A) B o#b'o 0.02 cm’nm™ g*
400 —e— NbP-3 ;jl Y47
- —o—NbP-C - i 3R
o d ) ;) ,’"‘;\O\ D\
"€ 300 - gof| 3 ¢ Mt
; AR 1
) o o -4 5 ] o POOO- 00000 |
g 200 OOO'(;O‘OO’O ..,:/ e P/ /0 /D o,.bD\D 0000 (e
S 2 =<3 7 , U,
g 8§88880000 aa‘ggm[ o /. /D o, DDDDE:U'D;.‘.'.'.'.‘.-
000998 DD%EEQQEQOQ o/ %eee®® DO,
1001 000097 Jggseceee® N o,
00 ...t“i ] 538 o,
genet® Y I S o]
0 mame " . : am _M&}_.—F_,_'_,:'_,"ﬂ"_'!_l'l_','_"'_fl"_',l
0.0 0.2 04 06 08 10 1 2 3 4 5 6 7 8 9 10
Partial Pressure / PP’ Pore width / nm

FIGURE 2.2 — (A) Nitrogen physisorption isotherm at -196 °C and (B) smoothed pore width
distribution obtained by the DFT method.

TABLE 2.3 — Textural properties obtained by N> physisorption at -196 °C and the relative
proportion of the population distribution of phosphorus species in the NbP samples as estimated

by *'P MAS NMR analysis.

Textural properties 3P NMR relative contribution / wt. %
Samples  Sggr? DpP A%
H3POq4 H>POs HPO4* PO+
(m’g")  (nm) (em’g™)
NbP-1 44 3.8 0.05 1 27 29 43
NbP-2 231 4.7 0.23 1 34 38 27
NbP-3 244 39 0.27 1 21 34 44
NbP-C 366 3.6 0.44 2 36 42 20

 Specific surface area calculated by the BET equation;
® pore size distribution calculated by DFT method;

¢ total pore volume calculated at a partial pressure of 0.9.

Since XRF analyses indicate the different compositions of the
samples, solid state nuclear magnetic resonance analyses of >'P (*'P ssNMR) were
carried out seeking an understanding of the P species formed (FIGURE 2.3). As a
general feature, NMR bands in the ranges -18 —-27, -11 —-17, and -4 — -10 ppm
are due to, respectively, phosphate groups (PO4*) in the bulk of the material,
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surface hydrogenphosphate (HPO,4>), and surface dihydrogenphosphate (H,POy)
[99,100]. Moreover, a very weak band at 2 — 0 ppm is also visible and can be
attributed to hydrolyzed phosphate groups [98].

L | 1 1|
40 30 20 10 0O -10 -20 -30 -40 -50 -60 -7O
& Ippm

FIGURE 2.3 —*'P MAS NMR spectra of the NbP samples at 11.74 tesla after thermal treatment
at 150 °C for 2 h. A MAS rate of 15 kHz and high-power proton decoupling was applied during

the acquisition.

The relative area of the bands observed for the different samples is
shown in TABLE 2.3. NbP-1 and NbP-3 are the samples with the highest
contribution of PO,* (and similar between the two materials), in accordance with
the XRF results shown in TABLE 2.2. These samples, however, differ on the
composition of the surface species, i.e., NbP-3 is richer HPO,*, while NbP-1
surface displays a larger contribution of H,PO. species (TABLE 2.3).
Interestingly, in the *'P ssNMR spectra of NbP-1 and NbP-3, an up-field shift of

the resonance peaks towards more negative chemical shift values has been
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observed. This shift might indicate the presence of more internal phosphate
groups that do not interact with surface OH groups or adsorbed water [101,102].
NbP-2 and NbP-C are characterized by a large predominance of surface HPO,*
and H,POy™ species, and the relative concentrations of these species are similar in
both samples. This confirms a high degree of Nb-O-Nb condensation in the bulk,
which is characteristic of phosphated niobium oxide-like catalysts. NbP-2,
however, displays a slightly higher concentration of bulk PO4** (27 % against 20
% for the NbP-C). It is outstanding to observe that the relative concentration of
the P species obtained by *'P ssNMR and the P/Nb molar ratio calculated from the
XREF appear to correlate, as shown in FIGURE A1.2.

2.3.3 - Surface characterization by FTIR spectroscopy

Different surface acidity of the samples can be expected based on the
different structural and chemical compositions of the NbP samples. Therefore, the
overall concentration of Bronsted and Lewis acid species was determined by using
Fourier-transform infrared spectroscopy (FTIR) spectroscopy of adsorbed
pyridine and ammonia. The use of pyridine is well-established in the literature for
the quantification of acid sites in different types of materials, while ammonia is
considerably less employed due to a lack of consensus on the extinction
coefficient. Furthermore, NHj3 interacting with Lewis acid sites have a low FTIR
extinction coefficient which can lead to analytical error [103]. Hence, herein,
quantification of the acid sites was performed using pyridine as a probe molecule,
while the results obtained with ammonia adoption should be taken with parsimony
and were used for the calculation of the L/B molar ratio for sake of comparison.

Lewis acidity in niobium oxyphosphates and phosphated niobium
oxide arise from low coordination surface niobium sites, similarly to found for
niobium oxide [74]. The Brensted acid sites, as previously discussed, are provided

by the hydrogenphosphate and dihydrogenphosphate groups already
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characterized by *'P ssNMR (FIGURE 2.3).

Upon adsorption of pyridine in the NbP samples (FIGURE 2.4A),
eight bands are present in the 1700 — 1400 cm™! range. According to the literature,
the bands at 1637 and 1540 cm™ are due to the ring vibration of pyridinium ion
formed by the interaction of pyridine and the Bronsted acid sites, the bands at
1598 and 1437 cm™! related to pyridine hydrogen bond to terminal hydroxyls, and
the absorptions at 1609, 1580 and 1446 cm™! are due to molecular pyridine bond
to Lewis acid sites [84,104—106]. Finally, the formation of the band at 1489 cm!
1s assigned to both pyridine and pyridinium species. The area of bands at 1446
and 1540 cm! were used to quantify the concentrations of both Lewis and
Bronsted acid sites (TABLE 2.4), respectively, using the molar absorption
coefficients and according to the methodology described elsewhere [94]. A
schematic view of the interaction between pyridine with both Lewis and Brensted

acid sites on the NbPs surface is reported in FIGURE 2.4A.
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FIGURE 2.4 — Normalized FTIR spectra of the samples adsorbing (A) pyridine and (B)

Absorbance / a.u.

ammonia after desorption (10 mbar) at 100 °C and room temperature, respectively. In the
figure on the left, B stands for pyridine bonded to Brensted acid sites, L for pyridine bonded to
Lewis acid sites, and H for pyridine hydrogen-bonded to terminal hydroxyls.

As for adsorption of ammonia monitored by FTIR (FIGURE 2.4B),
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in the range between 1800 and 1300 cm™, it is possible to observe the formation
of three bands located at 1678, 1608, and 1436 cm™'. As it is well known, the
absorptions at 1678 and 1436 cm™' are characteristics of the asymmetric and
symmetric bending modes, respectively, of the ammonium ion (NH;") formed in
the presence of surface Bronsted acid sites [107]. The band at 1608 cm™ is related
to the asymmetric bending mode of the ammonia coordinated with Lewis acid
sites [107]. From the intensity of the IR bands formed contacting the NbP samples
with NH; and then evacuating the probe molecule at room temperature [103], it is
possible to notice that the NbP samples contain a different amount of both
Bronsted and Lewis acid sites. The integrated intensity of the bands at 1608 and
1436 cm! (related to the presence of Lewis and Brensted acid sites, respectively)
and an extinction coefficient previously reported [95] were used to calculate the

L/B molar ratio (TABLE 2.4).

TABLE 2.4 — Quantification of the Lewis and Brensted acid sites by ammonia and pyridine
adsorption monitored by FTIR spectroscopy.

Ammonia Pyridine
Concentration / Normalized concentration of

Sample L/B L/B

pmol g! acid sites (umol m2)

ratio ratio
Bronsted Lewis Bronsted Lewis

NbP-1 0.15 182 31 0.17 4.14 0.70
NbP-2 0.38 172 155 0.90 0.74 0.67
NbP-3 0.26 134 54 0.40 0.55 0.22
NbP-C 0.34 484 314 0.65 1.32 0.86

As shown in TABLE 2.4, NbP-C is the sample with the largest overall
loading of Lewis and Brensted acid sites, followed by NbP-2. Interestingly,
although NbP-1 presents a specific surface area significantly lower than the other
NbPs, the concentration of Bronsted acid sites is comparable, thus indicating a

higher Bronsted acid site concentration by the unit of area (TABLE 2.4). The L/B
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molar ratios obtained by pyridine or ammonia adsorption differ in absolute value,
however, there is a fairly good linear correlation between them (FIGURE A1.4).
This observation is extremely important since it suggests that although the
absolute values may differ, the trend is validated by using the two probe
molecules.

Interestingly, the two samples with the highest L/B ratio (NbP-2 and
NbP-C) are the ones previously shown to have predominantly surface HPO4? and
H,PO4 groups (TABLE 2.3). Contrarily, for NbP-1 and NbP-3, structures with
nearly stoichiometric niobium oxyphosphate compositions display a higher
relative concentration of Brensted acid sites (lower L/B ratio), suggesting that the
stoichiometric niobium oxyphosphate structure [(NbO)(PO4)] shall present a low
loading of low coordination Nb sites.

Since the presence of Lewis acidity is crucial for an efficient
conversion of glucose, these sites were further studied by acetonitrile adsorption
monitored by FTIR spectroscopy (FIGURE 2.5). After adsorption of 130 mbar
(FIGURE 2.5A), the following bands are observed in the 2450 — 2100 cm™! range:
(i) atripletat 2315, 2294, and 2269 cm™! resulting from the overlap of two doublets
related to the Fermi resonance between the stretching of the C=N and the
combination mode v(C-C) + 0(CHs), wherein the doublet with lower
wavenumbers (2269 and 2294 cm™) is related to weak hydrogen bonds between
the acetonitrile and terminal hydroxyls and the doublet with higher wavenumbers
(2294 and 2315 cm™), related to the interaction of acetonitrile with Lewis acid
sites with medium strength; (ii) a doublet at 2294 and 2254 cm™ related to
acetonitrile weakly physisorbed on the surface of the catalysts [85].

Upon desorption of the excess of acetonitrile by evacuation at 100
°C (FIGURE 2.5B), the bands related to physisorbed molecules disappear and the
other bands decrease in intensity. When acetonitrile interacts with the Lewis acid

sites, a blueshift is observed in respect to its original band, due to the interaction
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with electron-withdrawing surface centers. Hence, the higher the Lewis acidic
strength, the greater the shift. The analysis of the IR bands (FIGURE 2.5B) reveals
the presence of two families of strong Lewis acid sites due to the bands at 2315
and 2340 cm’, representing shifts of ca. 20 and 45 cm!, respectively. The former
is present for all samples, while the latter, a stronger site [85], is present for NbP-
1 (FIGURE 2.5B) [108]. The presence of stronger Lewis acid sites is not
necessarily an advantage since these sites not only catalyze the isomerization of

glucose but can also promote the decomposition of fructose [59].
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FIGURE 2.5 — FTIR of the samples (A) after adsorption of 130 mbar of acetonitrile at room
temperature and (B) after subsequent desorption at 100 °C under vacuum (10 mbar). In the
figures, L stands for acetonitrile bonded to Lewis acid sites, H for acetonitrile hydrogen-bonded

to terminal hydroxyls, and P for acetonitrile weakly physisorbed on the surface of the catalysts.

2.3.4 - Glucose direct conversion to HMF
As mentioned before, the motivation for developing niobium
oxyphosphate catalysis was based on our previous work [33], in which we report
that niobium oxide Brensted acid exhibits poor performance in dehydrating
fructose. Hence, in NbP, phosphates would provide the Bronsted acidity necessary
for the reaction [33,34]. Indeed, previous studies show that phosphates provide

stronger Bronsted acids than the ones found in niobium oxide [109]. As for the
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reaction media, it has been already shown that pure water leads to a high
decomposition of the formed HMF [33,110], hence, monophasic solvent systems
composed of THF or GVL containing 10 — 20 wt. % of water as co-solvent has
gained attention due to its compatibility with industry requirements
[33,34,54,110].

Therefore, using the reaction conditions previously established by
our and other groups [33,34,54], NbP-1, NbP-2, NbP-3, and NbP-C were studied,
as a function of time, for direct conversion of glucose to HMF using THF
containing 20 wt. % of water (THF/H,O = 4/1), as shown in FIGURE 2.6. It is
important to note that NbP-1 and NbP-3 samples are significantly less active, and
hence, for the reaction, it was used twice the amount of catalyst relative to NbP-2
and NbP-C.

As expected, the glucose conversion increases along with the
reaction time, except for NbP-1 which achieves a plateau after the second hour of
reaction. In the first hour of reaction, the formation of fructose by the
isomerization of glucose promoted by Lewis acids is observed. The concentration
of fructose along the reaction is higher for reaction promoted by the catalysts with
a higher Lewis/Brensted sites ratio (TABLE 2.4), i.e. NbP-2 and NbP-C. All the
catalysts were able to convert fructose to HMF and after 5 h of reaction, the
selectivities for HMF was ca. 40 % for NbP-1 and ca. 50 % for NbP-2, NbP-3,
and NbP-C. The highest HMF yield was obtained for NbP-2 (ca. 42.5 %),
followed by NbP-3 and NbP-C (ca. 38 %), and NbP-1 reached the lowest catalyst
yield (ca. 21.6 %).

The mass balance for the reactions is shown in FIGURE A1.5. The
acid-catalyzed conversion of glucose or xylose commonly leads to the low mass
balance due to the formation of humins [111], condensation reactions,
degradation, and/or decomposition [33]. Importantly, the Lewis acid sites

necessary to isomerize glucose are also active in the decomposition of the reaction
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products [59]. Overall, the NbPs presented a similar mass balance, except for the
NbP-1 when used to convert glucose FIGURE A1l.5. Hence, developing
bifunctional catalysts for the conversion of glucose (and xylose) which leads to
high furan yield and high carbon balance in water or aprotic solvents is an

important challenge in the field.
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FIGURE 2.6 — Conversion of glucose catalyzed by NbPs as a function of reaction time at 130
°C using THF/H>O = 4/1 as a solvent system. For NbP-C and NbP-2, it was used 0.080 g of
catalyst (catalyst/substrate mass ratio = 2.00) and for the others, 0.160 g (catalyst/substrate mass
ratio = 4.00). Mass balance is shown in FIGURE A1.5.

NbP-1 is noticeably the catalyst that leads to the lowest HMF
selectivity and yield. According to the acetonitrile adsorption analysis by FTIR,

this sample was the only one to display an important contribution of strong Lewis
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acid sites (FIGURE 2.5B), which could be responsible for the poor performance
of this catalyst. It is known that for some catalysts the Lewis acid sites can also
catalyze the decomposition of fructose, as observed for niobium oxide and other
systems [33,59]. It is rather difficult to correlate the concentration of the active
sites and the activity for Lewis/Bronsted bifunctional catalysts because the nature
of these sites can be, sometimes, more important than the concentration. For
instance, the Bronsted acid sites on niobium oxide showed to be effective in the
dehydration of xylose but not for fructose [33], while the Lewis acid sites on Al-
Beta Zeolite are active in isomerizing xylose, but not for glucose isomerization
[70].

Nonetheless, previous studies for homogeneous catalysts have
shown the importance of controlling the ratio of Lewis and Brensted acid sites for
glucose conversion to HMF [59]. It is shown that if the Lewis acid concentration
i1s too high compared to the concentration of the Bronsted acid, fructose
degradation to humins can take place, while if it is too low, isomerization becomes
the rate-limiting step [59].

Indeed, for the NbP catalysts, it appears that the catalytic activity is
directly controlled by the Lewis/Bronsted acid sites (L/B) ratio and as shown in
FIGURE 2.7, the reaction rate for both glucose conversion and HMF formation
increases along with the L/B ratio. Importantly, this trend is valid for niobium
phosphate-type catalysts. Furthermore, it cannot be extrapolated, otherwise one
could conclude that the best activity would be reached when only Lewis acid sites
are present. Herein, we used catalysts with borderline compositions, i.e.,
stoichiometric niobium oxyphosphate (NbP-3) and (phosphated niobium oxide)-
like (NbP-C) as well as catalysts with an intermediate composition (NbP-1 and
NbP-2), and the correlation observed in FIGURE 2.7 is valid for this range.
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FIGURE 2.7 — Correlation between Lewis/Bronsted acid sites ratio and reaction rate for (A)
Glucose conversion and (B) HMF formation. Reaction rate calculated at ca. 50 % conversion

from the data in FIGURE 2.6.

The stability of NbP-2 and NbP-C, the catalysts with the best reaction
rate for HMF formation, were studied by reusing the catalysts, as shown in
FIGURE A1.6. NbP-2 is stable for reuse but after the 4th use, the selectivity to
HMF reduces. NbP-C, instead, was shown to be stable for all five uses. It is
interesting to mention that the activity of NbP-C increases along with the number
of uses, although the standard deviation for the conversion is pronounced and one
could argue that the activities are comparable. After the first use, NbP-2 and NbP-
C were characterized by XRD (FIGURE A1.7), XRF, and *'P ss-NMR (FIGURE
A1.8). The spent samples presented a similar XRD pattern compared to the fresh
ones, confirming that no crystallization or phase transformation took place. XRF
analyses revealed that the spend samples presented a reduction of 1.87 and 4.07
mol % of the phosphorous content (based on the total amount of P and Nb),
respectively. The phosphate leaching was also confirmed by 3'P ss-NMR, which
identified leaching of the dihydrogenphosphate (H,PO*) species (FIGURE A1.8).
The NMR spectra of the spent NbP-2 and NbP-C present a slight decrease in the
band due to dihydrogenphosphates species (ca. 2 and -7 ppm, respectively)
compared to the fresh samples. For NbP-2, these species could also be partially
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condensing with the structure, since an increase of the band at -14 ppm due to
hydrogenphosphate is observed Although phosphate leaching is observed, it
appears to be small enough not to affect significantly the catalytic activity of the
catalysts since both NbP-2 and NbP-C were shown to be successfully reused
(FIGURE A1.6).

Previous studies in the literature report that combining Nb,Os with
an additional Brensted acid catalyst can increase the HMF productivity [33]. In
order to compare NbP with the Nb,Os-HCI catalytic system, experiments
combining NbP and HCIl (0.18 mol L) were performed (FIGURE Al.9),
however, it was observed a decrease in the HMF yield compared to the reaction
catalyzed by neat NbP (ca. 29, 39, 28, and 31 %, respectively, for NbP-1, NbP-2,
NbP-3, and NbP-C). Therefore, NbP-2 and NP-C were shown to be efficient
bifunctional catalysts able to achieve HMF yields comparable to the combination
of Nb,Os/HCI. NbPs, however, are purely heterogeneous and easy to prepare, in

accordance with industrial requirements.

2.3.5 - Xylose conversion to furfural

Xylose conversion to furfural was performed in THF/H,O = 4/1 as
the solvent system and revealed that xylose is first isomerized to xylulose and then
dehydrated to furfural (SCHEME 2.2). In this case, there is a competitive
dehydration between xylose and xylulose, but the reaction is faster for xylulose
[33,45,59,70]. NbP-2 is the catalyst with the highest reaction rate and the reaction
is nearly completed after 2 h (FIGURE 2.8). The highest furfural yields obtained
after 5 h of the reaction were ca. 28, 49, 37, and 50 %, respectively, for NbP-1,
NbP-2, NbP-3, and NbP-C. Interestingly, NbP-2 presented product yield
comparable to NbP-C, whereas, with a higher reaction rate. Compared with
previous works, it seems that Nb,Os is not less efficient in producing furfural from

xylose through the isomerization/dehydration route [33], but NbP-C, NbP-2
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appears as valid alternative.
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SCHEME 2.2 — Conversion of xylose with a combination of Brensted and Lewis acids. The
thicker arrow indicates the preferential route. Green and blue arrows indicate the reaction steps

catalyzed by Lewis and Brensted acid sites, respectively.

As for the effect of the surface properties in the reaction rate, a similar
trend to the observed for glucose is also present in the conversion of xylose. The
reaction rate for xylose conversion (FIGURE 2.9A) and furfural formation
(FIGURE 2.9B) increases along with the Lewis/Bronsted acid sites ratio acids
[70]. This confirms the previous findings that state that the reaction rate for xylose
conversion to furfural increases when combining Lewis and Broensted.
Interestingly, although NbP-2 and NbP-C have L/B molar ratios significantly
different, they display similar reaction rates for furfural formation (FIGURE
2.9B). To verify if the strength of the Bronsted acids is responsible for this
behavior, the samples were characterized by CO adsorption at -176 °C monitored
by FTIR. As shown in FIGURE A1.10, upon adsorption of CO in the samples
(followed by subtraction of the spectra before adsorption) it is observed a negative
band at 3665 cm™!, corresponding to the O-H stretching of the hydrogen phosphate
terminals group (P-OH). The negative band indicates that this species was
consumed due to its interaction with CO, leading to a broad band between 3600

and 3400 cm™'. The relative strength of the Breonsted acid site is proportional to
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the shift of this band relative to the original band of P-OH (at 3665 cm™) [112].
The shifts (Avon) observed for NbP-2 and NbP-C were 175 and 198 cm’,
respectively, suggesting comparable acid site strength [112]. For sake of
comparison, the difference of Avoy for a weak acid such as silica and a medium
strength acid such as AlI-SBA-15 is higher than 100 cm™ and the difference in
Avop for AI-SBA-15 and a strong Brensted acid, such as a Zeolite, is of at least
70 cm™' [112]. Hence, due to the small difference between the acid strength of
NbP-2 and NbP-C, we were unable to confirm if this parameter is responsible for

the results observed in FIGURE 2.9B, yet, this cannot be completely ruled out.
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FIGURE 2.8 — Conversion of xylose catalyzed by NbPs as a function of reaction time at 130
°C using THF/H20 =4/1 as a solvent system. It was used 0.080 g of catalyst (catalyst/substrate
mass ratio = 2.00), except for NbP-1, with a mass of 0.160 g (catalyst/substrate mass ratio =

4.00). Mass balance is shown in FIGURE A1.5.
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FIGURE 2.9 — Correlation between Lewis/Bronsted acid sites ratio (obtained by pyridine
adsorption) and reaction rate for (A) xylose conversion and (B) furfural formation. Reaction

rate calculated at ca. 50 % conversion from the data in FIGURE 2.8 and FIGURE 2.10.

Different from glucose, xylose can be efficiently converted to
furfural using pure water as a solvent for niobium-based catalysts [33]. For Nb,Os,
for instance, the product yields in water tend to be slightly lower than in THF/H,O,
but still comparable [33]. Pure water also tends to be inadequate for phosphate
and sulfates catalysts due to hydrolysis and leaching of the inorganic anions,
however, seeking a comparison to the previously reported niobium oxide system
[33], NbPs performance in xylose conversion as a function of reaction time were
also studies in pure water (FIGURE 2.10). NbP-C and NbP-3 appear to lose
activity after a few hours of reaction, which was not observed in THF/H,0O = 4/1.
NbP-2, once again, displayed the highest reaction rate (although lower than in
THF/H,0O = 4/1) since the reaction was nearly completed after 5 h.

FIGURE 2.9 shows that, overall, the reaction rates are significantly
lower in water than in THF/H,0 = 4/1, however, the trend of activity per sample,
as well as the effect of Lewis/Bronsted acid sites in the catalytic performance is

similar.
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FIGURE 2.10 — Conversion of xylose catalyzed by NbPs as a function of reaction time at 130
°C using pure water as the solvent system. It was used 0,160 g of NbP-C or NbP-2
(catalyst/substrate mass ratio = 4.00) and 0.250 g of NbP-1 or NbP-3 (catalyst/substrate mass
ratio = 6.25). Mass balance is shown in FIGURE A1.5.

2.4 - Conclusions

By modifying synthesis parameters such as type and concentration
of the surfactant, temperature, and post-reaction treatment, niobium phosphates
were prepared with different compositions. It was obtained from materials with
the composition of stoichiometric niobium oxyphosphate [(NbO)(PO4)] until
those that resemble a phosphated niobium oxides. The overall composition
affected the surface composition and, consequently, the surface acidity.

The catalysts with a high P/Nb molar ratio (composition similar to

niobium oxyphosphate) presented a low molar ratio between Lewis and Brensted
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acid sites (L/B ratio), while those with low P/Nb molar ratio displayed a high L/B
ratio. The trend of the L/B ratio obtained from adsorption of ammonia or pyridine
monitored by FTIR was NbP-1 < NbP-3 < NbP-C < NbP-2. Acetonitrile
adsorption monitored by FTIR revealed that the samples have predominantly the
same strength of Lewis acidity, however, NbP-1 and NbP-3 also present a small
contribution of a family of stronger Lewis acid sites.

NbP-2, the sample with the highest L/B ratio, presented the highest
reaction rate for both HMF and furfural formation. It was found, indeed, that the
reaction rate for monosaccharides conversion and for furans formation correlate
linearly with the L/B ratio. The importance of the L/B ratio has been previously
observed for homogeneous catalysts, whereas, to the best of our knowledge, it is
the first time that a direct and linear correlation between the L/B ratio and the
reaction rate is found.

The results presented herein not only introduce niobium phosphates
with a low L/B molar ratio as highly promising catalysts for HMF and furfural
production but also provides fundamental knowledge that will guide the design of

other bifunctional heterogeneous catalysts.
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Sulfonated carbons and commercial Amberlyst 15 and 45
served as model catalysts to explore the impact of the ratio
between stronger and weaker acid sites (Ng/N,) on S-hydrox-
ymethylfurfural (HMF) and furfural production from fructose
and xylose. Catalysts with varying structural and surface proper-
ties, and consequently different Ny/N,, ratios, were prepared
from diverse templated mesoporous carbons and distinct
sulfonation methods. HMF or furfural yields exhibited an

exponential correlation with the MN./N,, ratio. However, the
catalytic activity per site (TON) displayed a volcanc-like plot,
reaching a maximum between Ng/N, = 2-4. Consequently, our
findings suggest the invalvement of both strong (sulfonic acid)
and weak acid (surface carboxylic acid, alcohol, and phenaol
groups) sites in monosaccharide dehydration mechanisms.
These insights may guide the development of novel catalysts.
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3.1 - Introduction

The imperative to replace oil as a source of chemicals and fuels arises
from the high levels of associated greenhouse gas emissions [8]. Lignocellulosic
biomass emerges as a promising alternative source of carbon to fossil fuels. This
feedstock primarily comprises cellulose and hemicellulose, which can be
hydrolyzed into glucose and xylose [15,64]. These monosaccharides are
precursors for important platform molecules such as 5-hydroxymethylfurfural
(HMF) and furfural, pivotal in the synthesis of various chemicals and fuels [15].

Fructose (an isomer of glucose) and xylose can be selectively
dehydrated to HMF and furfural using Bronsted acid catalysts. While metal oxides
and zeolites are commonly used as heterogeneous catalysts in the chemical
industry [113], they often exhibit limited performance or low stability in
monosaccharide dehydration [114-116]. For instance, aluminum oxide
demonstrates low selectivity to the synthesis of HMF or furfural [42,117]. Zeolites
and niobium oxide are promising for xylose dehydration; however, their
effectiveness in converting fructose to HMF is poor [33,42,70,118-120].
Moreover, in the presence of water (a typical solvent in biomass conversion),
approximately 1 — 2 wt. % of zeolite catalysts dissolve in the aqueous-phase
dehydration of fructose to HMF at 130 °C. This results in a solution of
aluminosilicate species that can catalyze side reactions of fructose and HMF to
undesirable products [121].

Sulfonated solid catalysts have often displayed outstanding
performance in fructose and xylose dehydration to furan; however, several of
these catalysts suffer from deactivation [15,42,122—124]. In contrast, sulfonated
carbons emerge as a highly stable catalyst class for monosaccharide dehydration,
even in the presence of water [41,125-128]. Studies indicate that these catalysts
exhibit 8 to 60 times lower deactivation rates than those of sulfonated silicas for

fructose dehydration at 130 °C with tetrahydrofuran containing 20 wt. % water
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[41].

A systematic study has shown that SBA-15-propylsulfonic acid and
sulfonated carbons can achieve similar HMF selectivity at the same fructose
conversion [41]. However, the activity per site significantly differs among the
carbon-based catalysts but is higher than that obtained from SBA-15.
Furthermore, the activity of the carbons is especially influenced by the sulfonation
methodology. For instance, the activity per site of CMK-3 functionalized with
naphthalene sulfonic acid (NSA) is 1.9 times higher than the same structure
sulfonated with fuming sulfuric acid [41]. It is worth mentioning that different
functionalization methodologies require distinct pretreatments in the carbon
support. For example, functionalization with NSA is performed on carbon with
low surface oxygen, while sulfonation with sulfuric acid is only effective on
carbons pyrolyzed at low temperatures. Hence, the difference in catalytic activity
[41] could be attributed to the carbon structure, pyrolysis temperature, or
functionalization methodology.

The pyrolysis temperature also affects the degree of surface
functionalization of the carbon [129] and these functional groups can play a role
in the catalytic activity. Studies have proposed that the phenol and carboxylic acid
groups present in the support surface, when adjacent to the sulfonic acid group,
can play a role in converting monosaccharides into furans [130-136]. For
instance, phthalic acid [135] and hydroxybenzoic acid [136] were shown to be
more active when the two functional groups were in the ortho position rather than
meta or para. Additionally, fructose dehydration activity was compared using
glycolic acid, acetic acid, o-hydroxy-benzoic acid, and benzoic acid. A higher
HMF carbon yield was achieved with glycolic acid and o-hydroxy-benzoic acid,
suggesting a synergistic effect between -COOH and adjacent -OH groups in
fructose dehydration [131]. These studies provide solid evidence of the relevance

of the synergy in adjacent groups. Furthermore, DFT calculations [136] suggest
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that weaker acid sites adjacent to the strong acid sites offer additional hydrogen
bonds that increase fructose adsorption, stabilize the intermediate transition states,
and decrease the activation energy of the rate-determining step.

On the field of heterogeneous catalysis, sulfated cyclopentanone—
formaldehyde condensate resins containing adjacent SOsH and OH groups have
shown higher performance in the dehydration of fructose to HMF than Amberlyst-
15, Amberlyst-36, and Nafion-212, commercial resins with no selective presence
of adjacent groups [135]. Similarly, lignosulfonate-based resins have shown to be
more selective to HMF from fructose compared to typical commercial resins,
which was attributed to a synergism effect of the adjacent -SO;H, -COOH, and
phenolic -OH functional groups [131]. To support this claim, the authors evaluated
the activity of the combination of acetic acid and Amberlyst-15, which led to a
noticeable increase in the HMF selectivity compared to the resin alone.

Sulfonated graphene quantum dots were also shown to take
advantage of the synergistic collaboration between Brensted acid sites (-SO;H
groups) and hydroxyl groups in the production of HMF [132]. Regarding carbon-
based catalysts, a systematic study has been carried out with sulfonated carbons
prepared by carbonizing lignin and polyvinyl chloride at different temperatures.
The yield for furfural obtained from the xylose dehydration correlates with the
total number of acid sites (weak + strong) rather than with the acid sites derived
from sulfonic groups [133].

Although the synergistic effect of adjacent sites has been proposed in
different catalytic systems [130—136], there is a lack of understanding of the
optimal ratio between these sites for the catalyst activity. Furthermore, previous
studies have been carried out predominantly in low surface area carbons [133] or
resins where the swelling effect could play a role and was not considered.

Addressing the essential hurdles in catalyst design involves

considerations related to the availability, performance, and durability of acid sites.
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Sulfonated mesoporous carbon, distinguished by its elevated concentration of
robust SO;H acidic groups, meticulously arranged mesoporous structure,
distinctive surface affinity, and exceptional hydrothermal stability, emerges as a
prospective candidate for facilitating biomass conversions in the liquid phase
[137]. Therefore, periodic mesoporous carbons are reliable model catalysts due to
the high surface area (> 500 m? g'!) and efficient infusibility of large substrates
due to the mesoporosity.

This study used different methodologies to sulfonate periodic
mesoporous carbons (CMK-3, CMK-5, and CMK-8) and a nonperiodic carbon
derived from chitosan. These catalysts, in addition to commercial Amberlyst 15
and Amberlyst 45, offered a wide range of ratios between strong and weak acid
sites (Ns/Nw). This diversity allowed us to rationalize the collaborative effect
between Ns/Nw ratios and catalytic activity in the dehydration of

monosaccharides derived from biomass.

3.2 - Materials and Methods

3.2.1 - Synthesis: carbons derived from chitosan

The carbon C-Chi was synthesized from the non-periodic silica
colloid LUDOX® AS-40. In this case, 2.00 g of chitosan was firstly dissolved in
a solution of 197.92 g of water with 2.08 g acetic acid for 1 h under stirring. The
solution was then heated to 35 °C and stirred for 1 h. After that, 8.75 g of the silica
LUDOX® AS-40 were added dropwise, and the resulting slurry was stirred at the
same temperature until evaporation of the solvent. The gel obtained was further
dried under air for 24 h, resulting in a semi-transparent film [138]. The film was
pyrolyzed under argon flow at either 550 °C for 6 h or 1000 °C for 5 h (3.25 °C
min). The silica template was removed using 50 % w/w HF by mixing 0.175 g
of the composite with 1 mL of HF for 10 minutes at room temperature

(CAUTION: this step is highly exothermic). The resulting carbons were named
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C-Chi-X, where X refers to the pyrolysis temperature (either 550 °C or 1000 °C).

3.2.2 - Synthesis: carbons CMK-3 and CMK-5
For the synthesis of the carbons CMK-3 and CMK-5, the periodic

silica SBA-15 was used as a silica template, and its synthesis was reported
elsewhere [139]. For the preparation of CMK-3, 4.00 g of SBA-15 were
impregnated with a solution of 5.00 g of sucrose, 20.00 g of deionized water, and
0.56 g of sulfuric acid. The slurry was heated at 100 °C for 6 h and 160 °C for 6
h. The impregnation step was repeated with a solution containing 3.20 g of
sucrose, 20.00 g of deionized water, and 0.36 g of sulfuric acid [140]. The final
brown composite was pyrolyzed under argon flow at either 550 °C for 6 h or 1000
°C for 5 h (3.25 °C min™). The silica template was removed using 50 % w/w HF
by mixing 0.175 g of the composite with 1 mL of HF for 10 minutes at room
temperature (CAUTION: this step is highly exothermic). The resulting carbons
were named CMK-3-X, where X refers to the pyrolysis temperature (either 550
°C or 1000 °C).

For the synthesis of CMK-5, it was first necessary to aluminate SBA-
15 to produce a Bronsted acid material to catalyze the polymerization of the
carbon precursor. Thus, 4.00 g of SBA-15, previously dried at 150 °C for 3 h, was
impregnated with 25 mL of an aqueous solution 0of 0.8037 g of aluminum chloride
hexahydrate. The slurry was stirred for 30 min at room temperature and dried at
80 °C for 3 h. The final white solid was calcined for 10 h at 550 °C (1.00 °C min
1) under oxygen flow, producing AlI-SBA-15 [141]. For the carbon synthesis, 1.00
g of AI-SBA-15 was impregnated with 2.50-g of furfuryl alcohol and heated at 80
°C for 2 h and 150 °C for 8 h [142]. The unreacted furfuryl alcohol was removed
under vacuum at 80 °C for 2 h. The final brown composite was pyrolyzed under
argon flow at either 550 °C for 6 h or 1000 °C for 5 h (3.25 °C min™"). The silica

template was removed using 50 % w/w HF by mixing 0.175 g of the composite
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with 1 mL of HF for 10 minutes at room temperature (CAUTION: this step is
highly exothermic). The resulting carbons were named CMK-5-X, where X refers

to the pyrolysis temperature (either 550 °C or 1000 °C).

3.2.3 - Synthesis: carbons CMK-8 and S-CMK-8
The carbons CMK-8 and S-CMK-8 were prepared from the periodic

silica template KIT-6, which was synthesized based on a method reported
elsewhere [143].

The carbon CMK-8 was synthesized with the same methodology
employed for CMK-3 but KIT-6 as a silica template. The final brown composite
was pyrolyzed under argon flow at either 550 °C for 6 h or 1000 °C for 5 h (3.25
°C min™). The silica template was removed using 50 % w/w HF by mixing 0.175
g of the composite with 1 mL of HF for 10 minutes at room temperature
(CAUTION: this step is highly exothermic). The resulting carbons were named
CMK-8-X, where X refers to the pyrolysis temperature (either 550 °C or 1000
°C).

For synthesizing the carbon S-CMK-8, 2.00 g of KIT-6 were
impregnated with 25 mL of a 0.5 mol L' p-toluenesulfonic acid ethanolic solution
and stirred for 1 h at room temperature. The product was filtered, washed with 10
mL of ethanol 70 %, and dried at 80 °C for 2 h. A second impregnation was
performed using a solution of 1.80 g of 2-thiophenemetanol in 6.5 mL of acetone,
followed by a thermal treatment at 100 °C for 16 h [144]. The final brown
composite was pyrolyzed under argon flow at either 550 °C for 6 h or 1000 °C for
5 h (3.25 °C min). The silica template was removed using 50 % w/w HF by
mixing 0.175 g of the composite with 1 mL of HF for 10 minutes at room
temperature (CAUTION: this step is highly exothermic). The resulting carbons
were named S-CMK-8-X, where X refers to the pyrolysis temperature (either 550
°C or 1000 °C).
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3.2.4 - Sulfonation method: fuming sulfuric acid

This sulfonation was performed in templated carbons pyrolyzed at
550 °C. At room temperature and under an argon atmosphere, 1.00 g of carbon
support was added under stirring to 50 mL of fuming sulfuric acid (20 wt. % SOs).
The mixture was stirred for 15 h at 150 °C and then slowly added to 1 L of water
at 3 °C (CAUTION: this step is highly exothermic). The solid was separated by
filtration, washed with water until neutral, and dried at 100 °C for 3 h [145]. The
catalysts were named using the suffix SA, i.e., CMK-3-SA, CMK-5-SA, CMK-8-
SA, S-CMK-8-SA, and C-Chi-SA.

3.2.5 - Sulfonation method: diazonium salt method

This sulfonation was performed in templated carbons pyrolyzed at
1000 °C. For the preparation of the diazonium salt, 13.12 g of sulfanilic acid was
dispersed in 750 mL of HCI1 1.00 mol L! under vigorous stirring for 1 h at room
temperature. This dispersion was cooled to 3 °C, and 82.5 mL of NaNO, 1.00 mol
L' was added dropwise, producing a white suspension that remained stirring for
1 h at the same temperature. The white solid was filtered, washed with 20 ml of
water at 3 °C, and dried at room temperature overnight. The wet solid was
dissolved in a mixture of 200 mL of water with 200 mL of ethanol at room
temperature under stirring. After that, 1.20 g of carbon support was added to the
mixture, and the system was cooled to 3 °C. Subsequently, 200 mL of 50 wt. %
H;PO, aqueous solution was added, and the mixture was stirred for 30 min,
followed by another 200 mL of H3PO, aqueous solution and 30 min of stirring,
still at 3 °C. The final suspension was filtered and washed with distilled water
until the pH neutralization, and the solid was dried at 80 °C for 3 h [146]. The
catalysts were named using the suffix PSA, i.e., CMK-3-PSA, CMK-5-PSA,
CMK-8-PSA, S-CMK-8-PSA, and C-Chi-PSA.
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3.2.6 - Characterizations

Various analytical techniques were employed in this study. Powder
X-ray diffraction (XRD) analysis utilized a Bruker AXS X-ray Diffraction
Instrument with a Cu-k, source, operating at 25 mA current and 40 kV voltage.
Scanning Electron Microscopy (SEM) was conducted using Hitachi S-3400N
equipment. Nitrogen physisorption measurements were recorded at 77 K using a
Micro 100 series Surface Area and Pore Size Analyzer from JWGB Sci & Tech,
with an outgassing process of the powders at 413 K for 5 hours before the
reactions. Raman spectra were acquired using a Renishaw in Via spectrometer
with a 633 nm excitation wavelength (10 % laser intensity, 3 accumulations, and
10 seconds exposure time). Infrared spectroscopy (FTIR) was carried out using a
Prestige-21 infrared spectrometer with a mercury-cadmium-telluride (MCT)
detector. The samples (300 mg of KBr + 1 mg of the sample) were pressed at 5
tons into self-supported pellets. For X-Ray Photoelectron Spectroscopy (XPS), a
Thermo Fisher Scientific K-alpha photoelectron spectrometer was employed
under Ultra High Vacuum (UHV) conditions (~ 6x10° mbar) with
monochromatic Al-K, radiation (1486.68 eV) and a spot size of 400 um, using an
energy step size of 0.05 eV and a constant pass energy of 50 eV. Elemental
analysis was conducted using a PerkinElmer® 2400 Series [ CHNS/O Elemental
Analyzer. Thermogravimetric Analysis (TGA) was carried out in a TGA Q500
V20.13 Build 39, with an airflow of 60.0 mL min™ and a ramp rate of 5.00 °C
min’!.

Potentiometric titration was performed utilizing a Metrohm 827 pH
Lab pH meter. In this method, 200 mg of the acidic templated carbons or 40 mg
of the sulfonated carbons were mixed with 35 mL of a 1.00 x 10" mol L™! NaNO;
solution and stirred for 5 minutes. After that, the mixture still under stirring was
titrated with a standard solution of NaOH (9.18 x 10> mol L™'/1.00 x 10! mol L™!

NaNOs). Since the respective pH meter does not measure the data automatically,
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each point was manually noted after adding 0.2 mL of titrant and 30 seconds of
mixture stabilization.

For the quantification of active acid sites, the inflection points were
determined by the maximum center value of Gaussian deconvoluted curves in the
first derivative potentiometric titration curve (FIGURE A2.14-17). Thus, the
following formulas were used to calculate the concentration of stronger (Ns),

weaker (Nw), and total acid sites (Nr), respectively:

N. = CNaoH*YNaoH,1°1p*1000
s m

_ CNaoH*(VNaoH,221P=V NaoH,1°1P)*1000
Ny =
m

_ CNaoH*VNaoH,2°1p*1000
Ny =
m

Where Cyaon stands for the concentration of NaOH (mol L), Viuom iep for the
volume of NaOH at the first inflection point (mL), Vy,om 2ep for the volume of

NaOH at the second inflection point (mL), and m for the mass of material (g).

3.2.7 - Catalytic studies

Catalytic tests were carried out in 15 mL thick-glass reactors, each
containing 2.00 g of a solution comprising 2 wt. % fructose or xylose in
tetrahydrofuran with 20 wt. % water (THF/H,O = 4/1), along with the catalyst.
The reactors were placed in an oil bath preheated to 130 °C or 160 °C for fructose
or xylose dehydration, respectively, and stirred at 300 rpm for varying reaction
times. The reactions were quenched by cooling the reactors in an ice bath. Product
identification and quantification were accomplished using High-Performance
Liquid Chromatography (HPLC) with standards. Shimadzu HPLC LC-10AD was
coupled to a Bio-Rad Aminex® HPX-87H column (300.0 mm x 7.8 mm) using
0.005 mol L™! aqueous H,SO4 as mobile phase and equipped with refractive index

detector (Shimadzu RI20A) and diode array detector (Shimadzu SP10A) for
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analysis.
The conversion, selectivity, yield, turnover number of platform
molecule production (7ONpuan), and mass balances were calculated by the

equations:

i mol precursoriyjtiql—mol precursor finql
Conversion = * 100
mol precursorinitial
.. mol product final
Selectivity = fina * 100
mol precursorinitiqi—mol PTecursor finqi

(Conversion)*(Selectivity)
100

Yield =

mol furanging;

TONgyran =

mol of total acid sites

mass fructosefinal+mass HMF finqitmass LAfinai

Mass balancegyctose conversion = ( ) * 100

mass fructosejnitial

mass xylose fingi+mass xyluloseginqi+mass furfuralfing

Mass balanceXylose conversion — ( ) * 100

mass xyloseinitial

3.3 - Results and Discussion

3.3.1- Characterization: structural and textural properties

Periodic mesoporous carbon CMK-3, CMK-5, CMK-8, and S-CMK-
8 (p-toluenesulfonic acid and 2-thiophenemethanol were used as carbon source
for the latter) and a carbon sample derived from chitosan were prepared as
reported elsewhere [138—144]. These supports were pyrolyzed at 550 or 1000 °C
and named according to the pyrolysis temperature. Carbon-550 was sulfonated
with sulfonic acid, yielding Carbon-SA [145]. Carbon-1000 was functionalized
with phenylsulfonic acid species and named Carbon-PSA [146].

As expected for SBA-15 replicas, CMK-5-550, CMK-3-1000, and
CMK-5-1000 (FIGURE A2.1A) display X-ray diffraction (XRD) patterns with
the three expected peaks assigned to the Miller index (100), (110) and (200),
which are characteristic of the hexagonal pores array in the P6mm symmetry

[147]. The XRD pattern for CMK-3-550 exhibits only the first peak, suggesting a
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lack of long-range ordering of the mesopores [145].

CMK-8 and S-CMK-8 are negative replicas of KIT-6 and, hence, are
expected to display similar XRD patterns. As observed in FIGURE A2.1B, S-
CMK-8 and KIT-6 have typical diffractograms with peaks at 0.98° and 1.14° due
to the plans (211), (200), and a series of overlapped peaks between 1.70° — 2.10°
which can be assigned to the Miller index (321), (400), (420), (322), (422) and
(431) [143]. The XRD pattern for CMK-8 did not show the group of overlapped
peaks, indicating a lower long-range organization of the mesopores.

After the sulfonation (FIGURE 3.1A), CMK-5-PSA still displays the
characteristic XRD peaks, suggesting the structure was stable during the
functionalization procedure. On the contrary, no peak was observed in the XRD
patterns for CMK-3-SA and CMK-5-SA, indicating a loss in the periodicity in the
mesopores' organization. The CMK-8 samples were less affected by the
sulfonation methodology, particularly the S-CMK-8-PSA (FIGURE 3.1B).
Interestingly, previous studies have shown a deterioration or severe collapse in

carbon mesostructure after sulfonation with fuming sulfuric acid [138,148].
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FIGURE 3.1 — XRD diffractograms of the sulfonated carbons derived from the (A) silica SBA-

15 and (B) KIT-6.
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The Scanning Electron Microscopy (SEM) of the templated carbons
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revealed similar morphologies for the samples pyrolyzed at 550 or 1000 °C
(FIGURE A2.2 and FIGURE A2.3). C-Chi carbons exhibit rough surfaces with
abundant honeycomb-like mesopores between 10 — 25 nm. CMK-3 and CMK-5
display aggregates of worm-like morphology with lengths of 319 (+41) and 512
(£ 45) nm, respectively. CMK-8 and S-CMK-8 show aggregates without well-
defined morphology. After the sulfonation (FIGURE 3.2 and FIGURE 3.3), the
morphology remained similar, except for CMK-5-SA (FIGURE 3.2C) and CMK-
5-PSA (FIGURE 3.3C), which lost their well-defined morphology. This is
particularly interesting, considering that CMK-5-PSA is the only among the
CMK-3 and CMK-5 catalysts that retained the periodicity of the mesopores
organization.

The textural properties of the templated carbons and sulfonated
carbons were studied by nitrogen physisorption at - 196 °C (FIGURE A2.4 and
TABLE 3.1). In general, the surface areas (Sgrr) of the carbon supports are higher
when pyrolyzed at 1000 °C (except for carbons C-Chi and CMK-8). CMK-5-1000
displayed the highest surface area (1431 m? g'!). Among the samples pyrolyzed at
550 °C, CMK-8-550 achieved the highest Sgger (982 m? g!). C-Chi-550 and C-
Chi-1000 display the lowest Sger (540 and 391 m? g'!, respectively), which is
expected since they were prepared from a non-periodic silica template.

The functionalization of Carbon-1000 with PSA led to approximately
a 40 % reduction in the Sggr, except for CMK-5-PSA, which exhibited a 61 %
reduction. As discussed earlier, for this sample, functionalization also resulted in
a loosening of the morphology of the particles, although it maintained a well-
organized arrangement of micropores in a hexagonal array.

The sulfonation of Carbon-550 led either to ca. 45 % increase in Spgrt
(CMK-3-SA and CMK-8-SA) or a decrease of 13 — 32 % (C-Chi-SA, CMK-5-
SA, and S-CMK-8-SA).
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FIGURE 3.2 — SEM micrographs of the sulfonated carbons (A) C-Chi-SA, (B) CMK-3-SA, (C)
CMK-5-SA, (D) CMK-8-SA, and (E) S-CMK-8-SA.

The samples from the C-Chi group display a broad pore size
distribution ranging from ca. 3.5 — 27.0 nm (FIGURE A2.5A), which is expected
considering that they were obtained from a silica matrix without periodic
organization of the pores. For the CMK carbons (FIGURE A2.5B-D), the
pyrolysis temperature had little effect on the pore sizes, and CMK-3 and CMK-5
present higher pore sizes than CMK-8 and S-CMK-8. In most cases, the
functionalization led to less than 13 % change in the pore sizes (for more or less),
except for C-Chi-550, in which the pore reduction was almost 40 % compared to

C-Chi-SA. For C-Chi-1000, CMK-3-550, and CMK-3-1000, no significant
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change in pore size was observed upon functionalization.

FIGURE 3.3 — SEM micrographs of the sulfonated carbons (A) C-Chi-PSA, (B) CMK-3-PSA,
(C) CMK-5-PSA, (D) CMK-8-PSA and (E) S-CMK-8-PSA.

Raman deconvoluted spectra of the templated carbons (FIGURE
A2.6) and sulfonated carbons (FIGURE 3.4) display the D*-band at 1230 cm’!,
related to defect-rich short carbon layers; the band between 1320 — 1350 cm™!, due
to defective graphene layers; the D*-band at 1500 cm™, associated to oxidized
functional groups on the carbon surface; and finally the G-band between 1580 —

1600 cm™!, related to ordered graphene layers [149,150].
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TABLE 3.1 — Textural properties and relative intensity of Raman bands for the templated and

sulfonated carbons.

Relative intensity

Textural properties of Raman bands

Samples
(mSzBS:rl)a (C%/;O;ll)b (n[r);’)c Ic/lo Ip/lo  lps/lp
C-Chi-550 540 2.30 188 088 048 0.73
C-Chi-SA 471 1.14 11.4 0.98 0.46 0.76
C-Chi-1000 391 1.84 19.7 0.95 0.23 0.41
C-Chi-PSA 228 1.05 196 093 0.18 0.32
CMK-3-550 956 0.85 4.2 131 0.36 0.33
CMK-3-SA 508 0.34 4.2 1.24 0.28 0.38
CMK-3-1000 1021 1.22 4.2 0.95 0.23 0.22
CMK-3-PSA 572 0.47 4.1 0.91 0.17 0.25
CMK-5-550 837 0.69 4.0 135 0.35 0.28
CMK-5-SA 626 0.39 4.5 128 0.23 0.30
CMK-5-1000 1431 1.40 4.2 0.96 0.20 0.19
CMK-5-PSA 555 0.43 3.9 0.91 0.14 0.20
CMK-8-550 982 0.98 3.6 126  0.37 0.35
CMK-8-SA 549 0.48 3.5 1.26 0.24 0.30
CMK-8-1000 909 1.06 34 1.00 0.9 0.19
CMK-8-PSA 534 0.54 3.7 0.95 0.14 0.22
S-CMK-8-550 743 0.91 3.2 095 020 0.52
S-CMK-8-SA 503 0.52 34 0.99 0.36 0.87
S-CMK-8-1000 870 1.11 34 0.92 0.18 0.22
S-CMK-8-PSA 519 0.56 3.0 0.81 0.17 0.24

*BET surface area. It was evaluated using adsorption data in a relative pressure range from 0.04
to 0.2.
® Total pore volume. It was estimated from the amount adsorbed at a relative pressure of about

0.99.
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¢ Pore diameter.
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FIGURE 3.4 — Raman deconvoluted spectra of the sulfonated carbons functionalized with (A)
SA and (B) PSA.

As shown in TABLE 3.1, the graphitization degree, given by the /5/Ip
ratio, decreases along with the increase in the pyrolysis temperature (except for
C-Chi-1000). However, the concomitant reduction in the Ip+/Ip ratio suggests a
favored aromatization of short carbon layers. In addition, increasing the pyrolysis
temperature also leads to a less O-functionalized surface, as evidenced by the
lowering of the Raman Ip#/Ip ratio and the CHNOS results in TABLE A2.2.
Therefore, at higher pyrolysis temperatures, deoxygenation and the aromatization
of short carbon layers occur. Yet, large carbonaceous structures may break down
into smaller structures [148].

After the functionalization with sulfonic acid groups, the Raman of
most samples indicates that the Ip*/Ip ratio decreases while the Ipw/Ip ratio
increases. This suggests that sulfonation favored the production of longer
graphene layers and increased the amount of oxidized functional groups, which is
expected due to the grafting of sulfonic and phenylsulfonic acid species. The
graphitization degrees for the Carbons-PSA decreased, while this parameter only

decreased for CMK-3-SA, CMK-5-SA, and CMK-8-SA.
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3.3.2 - Characterization: surface and composition
FTIR spectra of the templated carbons (FIGURE A2.7) reveal the

presence of alcohols and carboxylic acid functionalities. In the case of C-Chi
carbons, prepared by the pyrolysis of the nitrogen-based chitosan, a band at 1550
cm! and 1350 cm! assigned to pyridinic and graphitic groups, respectively, are
present [151]. For S-CMK-8 carbons, prepared by the pyrolysis of the sulfur-
based 2-thiophenemetanol, the FTIR analyses exhibit the presence of C-S
stretching of the thiophene ring in the at 850 cm™' [152] and sulfonic acid groups
(bands at 1380 cm™, 1120 cm™ and 1080 cm) [58,153,154], indicating an
intrinsic acidity in these materials. The templated carbons pyrolyzed at 1000 °C
(FIGURE A2.7B) present a reduced amount of oxygen surface functionality
compared to the samples pyrolyzed at 550 °C (FIGURE A2.7A), in alignment with
the Raman (TABLE 3.1) and CNHOS (TABLE A2.2) results.

The effectiveness of the sulfonation with sulfuric acid was confirmed
by FTIR (FIGURE 3.5A), evidenced by the band at ca. 1040 cm™! due to sulfonic
acid groups. Furthermore, bands due to O-H and C=0 increased in intensity, while
the band due to C-O signals became narrower. For the PSA functionalized carbon
(FIGURE 3.5B), typical FTIR bands for phenylsulfonic acid were observed (1180
cm™; 1035 cm!, 1005 cm!, and 830 cm™) [155-157].
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FIGURE 3.5 — FTIR spectra of the sulfonated carbons functionalized with (A) SA and (B) PSA.
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The sulfur species on the functionalized samples were further studied
by Sulfur XPS (FIGURE A2.8-10). Among the carbon supports, only S-CMK-8-
550 and S-CMK-8-1000 displayed sulfur species before sulfonation, since p-
toluenesulfonic acid and 2-thiophenemethanol were used as carbon sources for
their synthesis. These samples predominantly exhibit the S 2p spectrum signal at
166 — 162 ¢V, attributed to thiol or thioether [144,158]. S-CMK-8-1000 also
shows a signal at 168.0 — 170.0 eV, indicating the presence of sulfonic acid groups
(-SOsH) [159].

The sulfur XPS for Carbon-SA and Carbon-PSA (FIGURE A2.8-10)
confirmed the presence of sulfonic acid groups (BE 168.0 — 170.0 eV) [159]. The
deconvolution of the S 2p;» and S 2pi., signals provided a good fit for Carbon-
PSA (FIGURE A2.9), while for Carbon-SA, the fit was only satisfactory. Further
exploration of the deconvolution led us to seek additional bands (FIGURE A2.11-
13). A better fit was achieved with the presence of bands in the ranges of BE 167.0
—169.0 eV and 166.0 — 167.5 eV, typically attributed to sulfone (-C-(O=S=0)-C-
) and sulfoxide species (-C-(S=0)-C-) [160]. Although the presence of these
species is unlikely and has not been reported for sulfonated carbons, XPS suggests
the potential existence of other sulfur-containing species that we could not
properly identify using spectroscopic techniques.

The surface acidity of the acidic materials was evaluated by
potentiometric titration (FIGURE A2.14-17). The Gaussian deconvoluted curves
in the first derivative calculations reveal two different inflection points, indicating
the presence of distinct families of acid sites. The first inflection point is due to
the stronger acid sites, 1.e., the sulfonic acid groups. In comparison, the second
can be assigned to weaker acid sites, i.e., the surface carboxylic acid, alcohol, and
phenol groups [160]. From those curves, the concentration of total (Nr), stronger
(Ns), and weaker (Ny) acid sites, as well as the ratio between stronger and weaker

acid sites (Ng/Ny), were calculated (FIGURE 3.6).
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FIGURE 3.6 — Concentration of total (N7), stronger (Ns), and weaker (Nw) acid sites and the
ratio between stronger and weaker acid sites (Ns/Nw) for the acidic materials by potentiometric

titration.

Among the templated carbons, strong acid sites are only observed for
S-CMK-8-550 and S-CMK-8-1000 since p-toluenesulfonic acid as a carbon
source for the synthesis of these materials.

Regarding the sulfonated carbons, strong acid sites (Ns) were found
in all samples, and in general, comparing the same carbon structure, the
sulfonation with fuming sulfuric acid was more efficient. As discussed above, the
presence of weaker acid sites (Nw) arises from surface oxygenated species and is
significantly higher in the Carbon-SA samples.

For the sake of comparison, the commercial resins Amberlyst-15
(Amb-15) and Amberlyst 45 (Amb-45) were also titrated, and the results display
significantly higher acid site loading and concentration of stronger acid sites than
the catalysts prepared herein. In any case, catalysts with different Ny/Ny ratios
were observed in this study (FIGURE 3.6).

Normalizing the acid sites by the surface area (TABLE A2.1) reveals

that the sulfonation with fuming sulfuric acid can lead to a higher concentration
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of total and weaker acid sites per m?. As for the density of Ns, they vary between
1.11 and 2.64 pmol m2. Among the sulfonated carbons, S-CMK-8-SA displays
the highest and CMK-5-PSA the lowest concentration of acid sites per m?.

The chemical composition of the templated carbons and sulfonated
carbons was determined by a combination of CHN analysis, potentiometric
titration, XPS spectra for S 2p, and thermogravimetric analysis (TGA) in an
oxidant environment (TABLE A2.2). The quantification of the sulfonic acid
groups by titration and the contribution of those groups determined by XPS
allowed an estimation of the sulfur concentration in the samples. The remaining
silica template was evaluated by TGA in an oxidant environment (FIGURE
A2.18), granting the calculation of the silicon concentration (less than 6 wt. % in

all samples).

3.3.3 - Catalytic studies

The unmodified templated carbons display low activity for
converting fructose and xylose (FIGURE A2.20), except for S-CMK-8-550 and
S-CMK-8-1000. For instance, S-CMK-8-1000 produced HMF and furfural with
ca. 30 % of selectivity at ca. 30 % of conversion. It is noteworthy to mention that,
although fructose and xylose are converted by the same type of active sites,
previous studies have demonstrated that a catalyst efficient in converting one of
the monosaccharides may not necessarily be effective for the other [33,61].

As a general trend, the Carbons-PSA have comparable performance
to the Amberlysts and are more active and selective than the Carbons-SA for both

dehydration of fructose and xylose (FIGURE 3.7).
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FIGURE 3.7 — Catalytic screening of the sulfonated carbons and Amberlysts for the conversion
of (A) fructose into HMF and (B) xylose into furfural at 130 °C and 160 °C, respectively, in
THF/H>O =4/1, 1 h of reaction and 50 mg of the catalyst (catalyst/substrate mass ratio = 1.25).
Mass balance is shown in FIGURE A2.19.

FIGURE 3.8 shows a correlation between Furan Yield and the Ns/Nw
ratio. The trend is particularly relevant since it comprises catalysts with different
structures, porosity, surface areas, surface oxygen loadings, and chemical
composition. The yield for HMF increases along with the Ns/Nw ratio, reaching a
maximum at ca. 2 (FIGURE 3.8A), while the furfural yield increases along with
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the Ns/Nw, but the effect is more pronounced at Ns/Nw < 2 (FIGURE 3.8B).
Recent studies suggested a near-linear correlation between furfural yield and the
total acid site loading (Ns + Nw) [133]. Our results show that such a correlation is
only valid within a specific group of catalysts and cannot be considered general.
As shown in FIGURE A2.21, a trend is found for Carbon-SA, and a separate trend

is seen for Carbon-PSA.
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FIGURE 3.8 — Correlation of the ratio between stronger and weaker acid sites with the yields
of (A) HMF and (B) furfural of the sulfonated carbons and Amberlysts.

Therefore, the correlation between Furan Yield and the ratio between
strong and weak acid sites (Ns/Nw), in addition to previous DFT studies [136],
suggests that the reaction occurs in the interfacial region between both sites.
Indeed, previous studies for ethanol conversion suggest that for reactions taking
place in the interface between sites, the effectiveness of the catalyst should
correlate with the ratio between the two sites [161].

Further analyzing the activity per site revealed a volcano-like plot for
the turnover number of furan (TONg,,4,) as a function of the Ng/Ny ratio (FIGURE
3.9). For both HMF and furfural production, the highest TONF,,., 1s observed for
catalysts with the ratio between stronger and weaker acid sites between 2 — 4,

indicating that weaker acid sites should account for 20 — 33 % of the total acid
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sites of the catalyst to optimize the production of platform molecules per acid site.
Below these ratios, the lack of stronger acid sites, which are active in the
dehydration, reduces the TONg,.qn, as well as the absence of weaker acid sites at
higher ratios, which are adjacent to stronger sites and assist with additional
hydrogen bonds [136]. These results confirm the enhanced synergism between

these sites in the production of furan per acid site.
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FIGURE 3.9 — Correlation of the ratio between stronger and weaker acid sites with the (A)
TONuumr and (B) TONFurfirar of the sulfonated carbons and Amberlysts.

Combining the results from FIGURE 3.8 and FIGURE 3.9, one can
conclude that Ny/Ny < 2 affects both furan yield and the activity per site
(TONFyran), while Ng/Ny > 4 has impacts predominantly on the TONg,,., (although
in the xylose conversion the yield is also affected at a minor extent).

Our findings rationalize the empiric observations reported before
claiming a collaborative (or synergistic) effect between the strong and weak acid
sites for converting biomass-derived sugars into furans [130-132,135,136].
Previous studies have proposed that mainly phenol and carboxylic acids present
on the surface of acid carbon and organic resins have a synergic effect when
adjacent to the strong acid site [130-132,135,136]. Although the reaction

mechanism requires further understanding, computation studies propose that the
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weak acid sites mainly act to improve the energy of adsorption of the
monosaccharide and the stability of reaction intermediates [136]. The results
shown herein reveal the importance of the Ng/Ny ratio, and the quantitative
analysis provided shall serve as a guide for future studies on the design of catalysts

for these reactions.

3.4 - Conclusions

Sulfonated carbons were derived from various templated
mesoporous carbons using distinct sulfonation methods, resulting in catalysts with
varying concentrations of stronger acid sites (sulfonic acid groups) and weaker
acid sites (surface carboxylic acid, alcohol, and phenol groups). These catalysts,
alongside two commercial Amberlysts, were employed in producing 5-
hydroxymethylfurfural (HMF) from fructose and furfural from xylose.

Our findings reveal a critical role of the ratio between stronger and
weaker acid sites (Ns/Ny) in controlling catalytic performance. Notably, the yields
of HMF and furfural exhibit an exponential increase with Ng/Ny. Moreover, a
distinctive volcano-like plot emerges for the Turnover Number (TON) of product
formation as a function of N¢/Ny, reaching a maximum between 2 — 4. These
results provide experimental evidence supporting the involvement of weaker acid
sites in the reaction mechanism of biomass-derived monosaccharides

dehydration.
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4- CHAPTER 3: ION-EXCHANGED BIFUNCTIONAL
CARBON ACIDS FOR THE DIRECT CONVERSION OF
GLUCOSE AND XYLOSE INTO 5-
HYDROXYMETHYLFURFURAL AND FURFURAL

4.1 - Introduction

In the first chapter of this thesis, we have demonstrated that the
Lewis/Brensted acid site ratio (L/B) drives the overall catalytic activity of HMF
and furfural production from glucose and xylose, respectively. High L/B ratios
exhibit a linear correlation with increased reaction rates for HMF and furfural
production, highlighting the significance of balanced surface acidity [33]. A
promising method for controlling the L/B ratio involves the partial 1on-exchange
of the Bronsted acid sites of a pure Bronsted acid catalyst with metallic cations,
which exhibit good Lewis acidity for isomerization [35,37]. For example, in a
study elsewhere [35], a partial ion-exchange of the Brensted acid sites of
Amberlyst-15 with Fe** was performed for the production of HMF from glucose.
According to this study, the catalysts with 10 % of their Bronsted acid sites
exchanged with Fe** (10%-Fe/AR) presented the optimal L/B ratio for the
production of HMF (68 % HMEF selectivity at 160 °C in a biphasic solvent system
of water, THF, and NaCl). However, despite achieving promising results, this
catalyst demonstrated low stability in catalytic reusability tests, likely due to the
operational temperature of Amberlyst-15 being 120 °C, whereas the selected
reaction temperature was 160 °C, suggesting degradation of the resin and
consequent leaching of acid sites.

In the second chapter of this thesis, we prepared various sulfonated
carbons with varying concentrations of stronger acid sites (sulfonic acid groups)
and weaker acid sites (surface carboxylic acid, alcohol, and phenol groups) [62].
These catalysts, along with two commercial Amberlysts (15 and 45), were

employed in the production of HMF and furfural from fructose and xylose,
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respectively. Our findings reveal a critical role of the ratio between stronger and
weaker acid sites (Ng/Ny) in these reactions. The main result of this study was a
distinctive volcano-like plot for the Turnover Number (7ON) of platform
molecule formation as a function of Ny¢/Ny, reaching a maximum between 2 — 4,
indicating that weaker acid sites should account for 20 — 33 % of the total acid
sites of the catalyst to optimize the production of platform molecules per acid site.
This range was achieved for four hand-made sulfonated carbons (CMK-3-PSA,
CMK-5-PSA, CMK-8-PSA, and S-CMK-8-PSA), demonstrating superior
performance compared to the Amberlysts studied. Consequently, it would be
interesting to perform the previously mentioned partial ion-exchange technique
using one of the best hand-made sulfonated carbons, as well as, for the sake of
comparison, an Amberlyst catalyst with a higher operational temperature than
Amberlyst-15, such as Amberlyst-45, which has an operational temperature of
170 °C.

In addition to the metallic cation Fe**, another promising metallic
cations for isomerization will also be studied. For instance, Gallo et al. [36]
proposed methodologies for the direct synthesis of Sn-containing mesoporous
silicas with tin loadings between 1.5 and 4.5 % in the isomerization of glucose to
fructose. The results obtained showed that the sample containing 3.0 % of Sn
exhibited the highest selectivity to fructose (74 % at 20 % glucose conversion at
110 °C). For this reason, the Sn** cation will also be studied herein.

Another study [37] prepared various metal ion-exchanged
montmorillonite catalysts for the conversion of glucose to methyl levulinate in
methanol, a reaction dependent on both Lewis and Bronsted acid sites: the Lewis
acid sites isomerize glucose into fructose, which is dehydrated to HMF and
hydrolyzed to methyl levulinate and methyl formate by Brensted acid sites. The
results showed that the catalysts with the best balance between Lewis and

Bronsted acid sites were A’ and Cu®" exchanged montmorillonite (yielding
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about 60 % methyl levulinate at 220 °C). Additionally, the aluminum catalyst
exhibited very good stability, even after 5 cycles of reuse. Both metallic cations
AP and Cu** will also be studied herein.

Rare-earth metal triflates have been well established as potent
environmentally-benign Lewis acid catalysts with good potential for
isomerization reactions [38]. Computational studies showed that the rare-earth
metallic cations with the highest oxophilicity, 1.e., the better Lewis acidity, are
Sc** and Yb** (2.37 and 2.09, respectively), mainly due to their small ionic radii.
Both metallic cations will also be studied herein.

Therefore, the main objective of this work is to prepare ion-
exchanged carbon acid catalysts with different L/B ratios by performing a partial
ion-exchange of the Bransted acid sites of a hand-made sulfonated carbon (CMK-
8-PSA) and Amberlyst-45 (Amb-45) with the metallic cations Al**, S¢**, Fe’",
Cu?*, Sn*", and Yb*" for the conversion of glucose and xylose into HMF and

furfural, respectively.

4.2 - Materials and Methods

4.2.1 - Sulfonated carbon catalysts

The synthesis of CMK-8-PSA sulfonated carbon was detailed in
section 3.2.3, while Amb-45 was bought at Sigma-Aldrich.

4.2.2 - Synthesis of the ion-exchanged carbon acid catalysts
The calculation of exchanged Brensted acid sites of the Bronsted acid
catalysts was based on the concentration of stronger acid sites determined by
potentiometric titration (FIGURE 3.6). The synthesis of the ion-exchanged carbon
acid catalysts involved a process conducted in a boiling flask containing a mixture
of the metallic salt, the Bronsted acid catalyst, and an alcohol solvent (1 g of the
Bronsted acid catalyst per 125 mL of alcohol solvent) under stirring and reflux
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conditions for 24 hours. For the metallic cations AlI** [from AICl;-6H,0], Sc**
[from Sc(SO;CF;);], Fe*" [from FeCl;-6H,0], Cu?" [from Cu(NOs3),-2.5H,0] and
Sn*" [from SnCly-5H,0], ethanol was used as alcohol solvent. For Yb*" [from
Yb(SO;CF3);-XH,0], in turn, methanol was selected, since its salt was not well
soluble in ethanol. Subsequently, the resulting product was filtered, washed with
the respective alcohol solvent and water, and finally dried at 80 °C for 1.5 hours.
The nomenclature of the bifunctional catalyst follows the format: "Percentage of
exchanged Bronsted acid sites considering that 1 Brensted acid site turns into 1

Lewis acid site (X) — Metallic cation (M) — Brensted acid catalyst nomenclature".

4.2.3 - Characterizations
So far, we have only performed Scanning Electron Microscopy with
Energy Dispersive X-Ray Spectroscopy (SEM-EDS). The instrument employed
for this purpose was a MEV INSPECT EBSD with an operating voltage of 25.0
kV. Quantification was achieved using the EDAX PhiZAF Quantification method.

4.2.4 - Catalytic studies

Catalytic tests were carried out in 15 mL thick-glass reactors, each
containing 2.00 g of a solution comprising 2 wt. % glucose or xylose in
tetrahydrofuran with 20 wt. % water (THF/H,O = 4/1), along with the catalyst.
The reactors were placed in an oil bath preheated to 130 °C or 160 °C for glucose
or xylose dehydration, respectively, and stirred at 300 rpm. The reactions were
quenched by cooling the reactors in an ice bath. The reaction mixtures were
analyzed by high-performance liquid chromatography (HPLC) in a Shimadzu LC-
10/20 chromatograph equipped with either a Phenomenex Rezex RPM
Monosaccharide (300 % 7.8 mm) column at 80 °C using H,O as the mobile phase
for the separation of glucose, mannose, fructose and HMF; or a Bio-Rad

Aminex® HPX-87H column (300.0 mm x 7.8 mm) using 0.005 mol L™ aqueous
80



H,SO4 as mobile phase for the separation of xylose, its isomers and epimers, and
furfural. Quantification of the species was performed using calibration curves
constructed with commercial standards. HMF and furfural was analyzed with a
diode array detector at 254 nm and monosaccharides, using a refraction index
detector operating at 40 °C.

The conversion, selectivity, and mass balances were calculated by the

equations:

i mol precursorinitiqi—mol Precursor finql
Conversion = * 100
mol precursorinitial
L mol product final
Selectivity = [ *100
mol precursorinitiqi—mol PTrecursor finqi

MaSS balanceGluCOS@ conversion =

(mass glucose finq+mass mannose fipq;+mass fructosefinal+mass HMF finai ) «100

mass glucoseinitial

Mass balanceXylose conversion —

(mass xylosefingitmass xylulose/lyxosefinqi+mass arabinose/ribulosefinq+mass furfuralginqg ) + 100

mass xyloseinitial

4.3 - Results and Discussion

4.3.1 - Catalytic screening

Considering that our goal is to produce catalysts with both Brensted
and Lewis acidity, we first decided to perform the partial ion exchange of 40 % of
the Bronsted acid sites of CMK-8-PSA and Amb-45. Their catalytic screening in
the conversion of glucose into HMF (FIGURE 4.1) initially showed 15 — 30 %
glucose conversion and the production of fructose and HMF, as expected, along
with mannose, an epimer of glucose that is produced by Lewis acid catalysis and
is undesired for producing HMF in low yields [36]. On the other hand, for the
conversion of xylose into furfural (FIGURE 4.2), the catalysts 40%-M-Amb-45
are more active than 40%-M-CMK-8-PSA (15 — 32 % and 18 — 45 % of xylose

conversion, respectively). The products obtained were furfural and the isomers
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xylulose + lyxose and arabinose + ribulose (our chromatography system does not
separate them), which are produced by isomerization and/or epimerization of
xylose by Lewis acid catalysis [39,162]. Unlike the glucose case, these isomers
can be converted to furfural by Brensted acid catalysis with similar selectivities.
However, the reaction rates are higher for the ketopentoses xylulose and ribulose

than for the aldoses xylose and arabinose [24].
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FIGURE 4.1 — Catalytic screening of the catalysts 40%-M-CMK-8-PSA, 40%-M-Amb-45, and
100%-M-Amb-45 in the conversion of glucose into HMF, at 130 °C, in THF/H>O =4/1, 2 h of

reaction, and 20 mg of catalyst (catalyst/substrate mass ratio = 0.50).
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min of reaction, and 10 mg of catalyst (catalyst/substrate mass ratio = 0.25).

Observing the effect of the metallic cations in both reactions, it is
clear that the catalysts containing Fe**, Cu?*, and Yb*" exhibited the worst results
compared to the pure CMK-8-PSA or Amb-45, showing lower monosaccharide
conversion and platform molecule selectivity. On the other hand, the catalysts
with AI** favored the production of the isomers fructose and xylulose + lyxose in
equal or higher conversions than the pure Brensted catalysts. In this case, 40%-
AI(IIT)-CMK-8-PSA exhibited approximately 45 % selectivity for fructose and
xylulose + lyxose, and 40%-Al(II)-Amb-45 exhibited 23 % and 32 % selectivity,
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respectively. The catalysts with Sc** were highly active, producing both isomers
and platform molecules in equal or higher conversions than the pure Brensted
catalysts. Lastly, the catalysts with Sn*" were the best for the production of
platform molecules, achieving HMF selectivities of 12 % and 21 % for 40%-
Sn(IV)-CMK-8-PSA and 40%-Sn(IV)-Amb-45, and furfural selectivities of 18 %
and 35 %, respectively. These results indicate that these materials present L/B ratio
for platform molecule production, performing initially the isomerization,
followed by the dehydration of the isomer into HMF and furfural.

As some metallic cations did not have any effect on the reaction with
40 % exchanged Bronsted acid sites, we decided to exchange 100 % of these sites.
So far, this experiment was performed only for M-Amb-45 (FIGURES 4.1 and
4.2). Interestingly, the increase in the percentage of exchanged Bronsted acid sites
did not change the conversion of glucose (with the exception of 100%-Sc(I11)-
Amb-45, achieving 47 % conversion); however, it enhanced the xylose
conversions for the catalysts with AI** (42 %), Sc** (60 %), Cu?*" (27 %), and Yb**
(38 %). It was also observed that the selectivity for fructose and xylulose + lyxose
increased for the catalysts with AI**, Cu®*, and Yb*" (41 %, 26 %, and 39 % for
fructose; and 39 %, 30 %, and 30 % for xylulose + lyxose, respectively), which
was expected due to the higher theoretical amount of Lewis acid sites added. On
the other hand, the catalysts with Sc**, Fe*", and Sn*" had practically the same
distribution of products as their respective catalysts with 40 % exchanged
Bronsted acid sites (FIGURES 4.1 and 4.2), indicating no effect from the
additional Lewis acid sites. As the catalyst 100%-Fe(I11)-Amb-45 still presented
worse results than the Amb-45, we decided not to further study this cation for the
M-Amb-45 catalysts. Interestingly, this cation in combination with Amb-15
presented very good results for HMF production (68 % HMF selectivity) [35],
contrary to the results obtained herein. More studies and characterization must be

done to investigate this.
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Cu(Il)-Amb-45, X-Sn(IV)-Amb-45, and X-Yb(III)-Amb-45 in the conversion of xylose into
furfural, at 160 °C, in THF/H,O = 4/1, 30 min of reaction, and 10 mg of catalyst



The L/B ratio can be tuned by adjusting the amount of metallic cation
exchanged during the partial ion exchange process [35]. For this reason, we
selected the most promising metallic cations from the previous screening (Al*",
Sc**, Cu?*, Sn*', and Yb®") and studied additional percentages of exchanged
Bronsted acid sites in the M-Amb-45 catalysts (FIGURES 4.3 and 4.4). For the
catalysts with AP¥*, Cu®*, and Yb**, the higher the percentage, the lower the
platform molecule selectivities and the higher the fructose and xylulose + lyxose
selectivities. In short, these catalysts can be considered only isomerization
catalysts. This result is intriguing because, even at low percentages, where the L/B
ratio may be low due to the excess of Bransted acid sites, the isomers formed are
not dehydrated into platform molecules. A possible hypothesis is that these
metallic cations provide strong Lewis acid sites, leading to a strong adsorption of
the isomers produced at those sites, which prevents them from undergoing
dehydration. Further characterization is necessary to assess the concentration and
strength of the acid sites in these catalysts.

The materials with Sc**, in turn, presented higher conversions as the
percentage increased, with an enhancement in the selectivities for fructose,
xylulose + lyxose, and HMF; and a decrease in furfural selectivity. Even though
these catalysts show activity for the isomers and platform molecules, they cannot
be considered good because they are not selective for only one product. In any
case, the best L/B ratio for HMF production was found with the catalyst 100%-
Sc(IIT)-Amb-45 (16 % HMF selectivity at 46 % glucose conversion); whereas for
furfural production, the catalyst 10%-Sc(III)-Amb-45 exhibited the best results
(30 % furfural selectivity at 36 % xylose conversion).

Lastly, the materials with Sn*" exhibited an enhancement in the
monosaccharide conversion and platform molecule selectivities as the percentage
increased up to 20 %; after that, the results reached a plateau (respectively 28 %

and 43 % glucose and xylose conversions, and 19 % and 32 % HMF and furfural
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selectivities), which may be explained by a possible saturation of the metallic
cations added. As mentioned previously, this catalyst presents a L/B ratio for
platform molecule production, and considering the earlier discussion on the
strength of Lewis acid sites, it may have weaker Lewis acid sites compared to
AI¥*, Cu?', and Yb*" catalysts, which could result in less strong adsorption of the
isomers produced at these sites, leaving them available for dehydration at the
Bronsted acid sites. Recent studies with bifunctional tin carbon-based catalysts
for these reactions have indeed shown that the most efficient catalysts for platform
molecule production, in addition to having a good balance of Brensted and Lewis
acid sites, possess acidic sites with low and medium strength [163,164].

Notably, the effect of the L/B ratio on the conversion of
monosaccharides into platform molecules is more pronounced for niobium
phosphates (Chapter 1, FIGURE 2.7 and FIGURE 2.9) than for ion-exchanged
bifunctional carbons. In the latter case, the strength of the Lewis acid sites likely
plays a crucial role in these conversions, with stronger sites (Al**, Cu®*, and Yb*")
leading to isomers; intermediate strength sites (Sc**) leading to both isomers and
platform molecules, and weaker sites (Sn*") leading to platform molecules.
Additionally, another important factor to consider is that, during the partial ion
exchange procedure, the sulfonic acid groups, responsible for monosaccharide
dehydration, have their protons exchanged with metallic cations, reducing the
number of active acid sites for dehydration and the ratio between stronger and
weaker Bronsted acid sites (Ns/Ny), which, according to FIGURE 3.9, results in
catalysts with low TONF,,.,. The concentration and strength of both Brensted and
Lewis acid sites in the ion-exchanged bifunctional carbons must be characterized
to identify the key parameter driving the conversion of monosaccharides into
platform molecules in these catalysts.

For the kinetic studies, the bifunctional catalyst 20%-Sn(IV)-Amb-
45 and the Lewis acid catalysts 100%-Al(III)-Amb-45, 100%-Cu(Il)-Amb-45,
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and 100%-Yb(II1)-Amb-45 were selected.

4.3.2 - Kinetic studies

For the kinetic studies, the catalyst mass for the dehydration of
glucose was increased from 20 mg to 150 mg to achieve faster reactions. In the
dehydration of xylose, 10 mg of catalyst was sufficient to maintain fast reaction
rates, so this amount was used for the kinetic studies. The kinetic studies of the
Amb-45 and 20%-Sn(IV)-Amb-45 (FIGURES 4.5 and 4.6) generally show that,
over the reaction time, the monosaccharide conversions increase and the isomer
selectivities decrease. The mass balance also decreases over the time, due to the
formation of humins [111], condensation reactions, degradation, and/or
decomposition [33]. Regarding the platform molecules, the furfural selectivities
also increase; however, the HMF selectivities increase up to 1 hour of reaction,
reaching a plateau. The catalyst 20%-Sn(IV)-Amb-45, in comparison with the
Amb-45, exhibited an increase in the monosaccharide conversions
(approximately 5 %) and HMF selectivities (between 5 — 10 %), with a plateau of
HMF selectivity between 40 — 45 %; nevertheless, the furfural selectivities remain
the same in both cases (approximately 45 % at 60 min of reaction). We can
conclude, therefore, that the bifunctional catalyst increased the reaction rate of
both reactions and specifically enhanced HMF production, which is in agreement
with the literature [33,34]. These results confirm the synergistic effect of Lewis
and Brensted acid sites of this catalyst in the direct production of platform

molecules from glucose and xylose.
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Bifunctional tin carbon-based catalysts have been studied for the
conversion of glucose and xylose to platform molecules in the literature. By
incorporating SnOy nanoparticles on sulfonated carbon microspheres, it was
possible to achieve 90 % HMF selectivity at 92 % glucose conversion at 180 °C
for 2 hours, and 85 % furfural selectivity at 95 % xylose conversion at 170 °C for
2 hours, using in both cases THF/H,O biphasic solvent system with 1.5 mol/L
NaCl [165]. In a similar solvent system, bifunctional tin-based silica-carbon

catalysts achieved 83 % HMF selectivity at 95 % glucose conversion at 175 °C
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for 2 hours [166], and bifunctional solid acid tin oxide/carbon catalysts achieved
91 % HMF selectivity at 92 % glucose conversion at 180 °C for 2 hours [164].
Lignin-derived carbon-supported tin oxides have shown HMF selectivity close to
86 % at 58 % glucose conversion, with a reaction temperature of 190 °C, reaction
time of 3 hours, and a THF/H,0 volume ratio of 4:1 (biphasic system according
to the authors) [163]. To the best of our knowledge, no studies using bifunctional
tin carbon-based catalysts in a monophasic THF/H,O system have been performed
yet. In any case, further studies are necessary to optimize the reaction conditions
and further improve platform molecule selectivities for the tin-exchanged
bifunctional carbons prepared herein.

On the other hand, the kinetic curves of the isomerization catalysts
(FIGURES 4.7 and 4.8) show high selectivities for fructose and xylulose + lyxose
in conversions between 15 — 30 %, which decrease over the reaction time, along
with the mass balance, while the monosaccharide conversions and platform
molecule selectivities increase. The best isomerization catalysts were 100%-
AI(III)-Amb-45 and 100%-Yb(II)-Amb-45. Although the former catalyst
exhibited 5 % less glucose conversion than the latter over the reaction time
(FIGURE 4.7), it was 5 — 10 % more selective for fructose, achieving an
impressive fructose selectivity of 59 % at 30 min of reaction. For the xylose
conversion (FIGURE 4.8), the former catalyst was more active (showing a
difference of 5 — 10 % in xylose conversion) and more selective for xylulose +
lyxose (showing a difference of 5 — 10 % in selectivity), achieving 42 %
selectivity after 15 min of reaction. For this reason, the catalyst 100%-Al(II1)-

Amb-45 can be considered the best isomerization catalyst of this study.
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FIGURE 4.7 — Kinetic studies of the isomerization catalysts in the conversion of glucose into
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3.75).

There are many studies on glucose isomerization into fructose using
aluminum carbon-based catalysts. Hydrochar microsphere-supported Al catalysts
with a hierarchically porous structure showed 93 % fructose selectivity at 35 %
glucose conversion in water at 160 °C for 20 minutes [167]. Biochar, graphitic
oxide, and graphene oxide were used as carbon supports to synthesize Al-
impregnated heterogeneous catalysts, achieving fructose selectivities of 51 %, 52
%, and 60 % at glucose conversions of 69 %, 66 %, and 49 %, respectively, in
water at 140 °C [168]. Al-loaded functional lignin biopolymer produced 69 %
fructose selectivity at 85 % glucose conversion in ethanol at 140 °C in a 30-minute
reaction time [169]. An aluminum-hydrochar catalyst in an acetone/water reaction

medium produced 93 % fructose selectivity at 43 % glucose conversion at 160 °C
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for 20 minutes [170]. In a similar solvent system, another aluminum-hydrochar
catalyst, prepared by impregnating aluminum on swollen cellulose-derived
hydrochar, achieved 72 % fructose selectivity at 23 % glucose conversion at 160
°C for 10 minutes [171]. To the best of our knowledge, aluminum carbon-based
catalysts have not yet been used for the isomerization of xylose to xylulose. In
any case, further studies are necessary to optimize the reaction conditions and

improve isomer selectivities for the aluminum-exchanged bifunctional carbons

prepared herein.
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FIGURE 4.8 — Kinetic studies of the isomerization catalysts in the conversion of xylose into
furfural, at 160 °C, in THF/H>O = 4/1, and 10 mg of catalyst (catalyst/substrate mass ratio =
0.25).

Since 100%-Al(IIT)-Amb-45, 100%-Cu(Il)-Amb-45, and 100%-

Yb(IIT)-Amb-45 are primarily isomerization catalysts, we conducted a final test
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combining these catalysts with an equal amount of pure Amb-45 to create a
bifunctional environment for producing platform molecules. The results
(FIGURE 4.9) indicated that the catalytic performance of the combination was
practically the same as that of the Amb-45, suggesting that the Lewis acid
catalysts were somehow inhibited, and only pure Amb-45 was active. An
experimental observation during these experiments was that both catalysts in the
solvent system used (THF/H,O = 4/1) agglutinated into a ball-shaped material. In
contrast, for the reactions with individual catalysts, the materials were well-
dispersed in the solvent system. Considering this, the ball-shaped material may
have consisted of a core of Lewis acid sites surrounded by a shell of Brensted acid
sites. Since the latter were the only sites in contact with the liquid reaction, they
may have been the only ones active in the dehydration of monosaccharides.
Characterizations need to be performed to confirm this hypothesis. In any case,
more Bronsted acid catalysts must be combined and studied with these Lewis acid

catalysts to promote the dehydration of the isomers into platform molecules.
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FIGURE 4.9 — Catalytic performance of the isomerization catalysts in combination with pure
Amb-45 in the conversion of glucose into HMF, at 130 °C, in THF/H,O = 4/1, and 2 h of
reaction. For the reactions with single catalysts, a mass of 20 mg of catalyst were used
(catalyst/substrate mass ratio = 0.50); for the reactions combining two catalysts, 20 mg of each

were used (catalysts/substrate mass ratio = 1.00).
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After this first study with the X-M-Amb-45 catalysts and the
preliminary results with 40%-M-CMK-8-PSA, we can conclude that the best
metallic cation to produce platform molecules is Sn*', and the best to produce
isomers is AI**. In future studies, we will prepare new bifunctional carbons of
CMK-8-PSA with Sn** and AI**. The same catalytic and kinetic studies carried

out for X-M-Amb-45 will be performed for these new catalysts.

4.3.3 - Preliminary characterization

The main characterization of this chapter, the quantification of Lewis
and Brensted acid sites, has not been performed yet. So far, we have only
performed Scanning FElectron Microscopy with Energy Dispersive X-ray
Spectroscopy (SEM-EDS) on some X-M-Amb-45 catalysts to estimate their
chemical composition (TABLE 4.1). The basic chemical composition of Amb-45
1s C, O, S, and Cl. After the partial ion exchange procedure, the respective metallic
cations were detected, with concentrations ranging between 0.1 and 2.0 mmol g™'.
In the case of X-Sc(IIT)-Amb-45 catalysts, there is indeed an observed decrease
in the Sc** concentration as the percentage of theoretical exchanged Bronsted acid
sites decreases (1.4 to 1.0 mmol g! for 100% and 40%-Sc(I1I), respectively). On
the other hand, the X-Sn(IV)-Amb-45 catalysts presented the same concentration
of Sn** (0.1 mmol g'), explaining the similar catalytic results observed for both
materials (FIGURES 4.3 and 4.4). In this case, 20 % of exchanged sites is likely
the limit of exchange; further addition of Sn*" does not exchange any more
Bronsted acid sites.

Furthermore, it is possible to compare the S/M ratio of these materials
(TABLE 4.1), since the partial ion exchange procedure considers the exchange of
the sulfonic acid protons by metallic cations [35]. The catalyst with the lowest
value is 100%-Cu(Il)-Amb-45 (S/M = 1.9), which presents the metallic cation

with the lowest valence. Indeed, the lower the metallic cation valence, the lower
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its Lewis acidity and consequently the sulfonate groups bonded to it. The catalysts
with trivalent cations (AI**, Sc** and Yb**) showed ratios between 2.1 and 2.8.
Clearly, 40%-Sc(III)-Amb-45 exhibited a higher ratio than 100%-Sc(III)-Amb-45
(2.8 and 2.3, respectively), since the former has a lower Sc** concentration than
the latter. On the other hand, the other 100%-M-Amb-45 trivalent catalysts
presented a linear correlation between their S/M ratios and their ionic radius
(FIGURE 4.10), showing that metallic cations with the same valence but larger
ionic radius can bond with more sulfonate groups. The catalysts with Sn*', in turn,
exhibited S/M ratios between 25.0 and 27.5. As this metallic cation is tetravalent,
it was indeed expected to have S/M ratios higher than those of the trivalent
catalysts; however, these results are very high. More characterizations need to be
performed to understand them. Lastly, the real exchanged percentage of Breonsted
acid sites was calculated (TABLE 4.1), showing that the partial ion exchange
procedure does not occur equimolarly, but depends on the valence and the ionic

radius of the metallic cation.

TABLE 4.1 — Chemical composition of some X-M-Amb-45 catalysts, by SEM-EDS.

Chemical Composition (mmol g!)
Real
Amb-45
S/M Exchanged
Catalysts C (0] S Cl | Al | Sc | Cu | Sn | Yb
Ratio | Percentage?
(%)
Amb-45 446 | 102 | 33 | 55 - - - - - - -
100%-Al(IIT) | 432 | 9.6 | 34 | 49 | 1.7 - - - - 2.1 71.2
100%-Sc(III | 383 | 11.6 | 3.2 | 5.3 - 1.4 - - - 23 59.6
40%-Sc(I1I) 433 | 10.5 | 3.0 | 4.8 - 1.0 - - - 2.8 45.1
100%-Cu(I) | 332 | 10.5 | 3.7 | 5.6 - - 1.9 - - 1.9 81.5
100%-Sn(IV) | 424 | 9.7 | 3.6 | 5.7 - - - 0.1 - 25.1 6.3
20%-Sn(IV) | 445 | 9.1 | 35| 55 - - - 0.1 - 274 5.5
100%-Yb(II) | 31.8 | 88 | 3.1 | 53 - - - - 1.1 2.8 47.7
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? The Amb-45 concentration of stronger acid sites by potentiometric titration, which is 2.31

mmol g, is considered 100 %.
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FIGURE 4.10 — Correlation between S/M ratio with the M ionic radius, for 100%-M-Amb-45

catalysts.

4.4 - Conclusions

In this chapter, we focused on performing the partial ion-exchange of
two sulfonated carbons (hand-made CMK-8-PSA and commercial Amb-45) with
metallic cations possessing good Lewis acidity for isomerization (Al**, S¢**, Fe**,
Cu?*, Sn**, Yb*") to produce ion-exchanged bifunctional carbons with different
L/B ratios for dehydrating glucose and xylose into HMF and furfural, respectively.
From the catalytic screening of the materials prepared herein, the strength of the
Lewis acid sites likely plays a crucial role in the monosaccharide conversion, with
stronger sites (Al**, Cu?*, and Yb**) leading to isomers; intermediate strength sites
(Sc**) leading to both isomers and platform molecules, and weaker sites (Sn*")
leading to platform molecules.

The catalyst 20%-Sn(IV)-Amb-45 has the best L/B ratio for platform
molecule production, exhibiting HMF selectivity of 41 % at 57 % glucose

conversion after 3 h of reaction, and furfural selectivity of 47 % at 65 % xylose
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conversion after 1 h of reaction. On the other hand, the catalysts 100%-Al(III)-
Amb-45, 100%-Cu(Il)-Amb-45, and 100%-Yb(IIl)-Amb-45 were promising for
isomerization reactions, with 100%-Al(II[)-Amb-45 presenting outstanding
results: fructose selectivity of 59 % at 23 % glucose conversion after 30 min of
reaction, and xylulose + lyxose selectivity of 42 % at 25 % xylose conversion
after 15 min of reaction.

We also conducted a test combining these isomerization catalysts
with an equal amount of pure Amb-45 to create a bifunctional environment for
producing platform molecules; however, the Lewis acid catalysts were somehow
inhibited, and only pure Amb-45 was active in the dehydration, producing HMF
in low yields. More Bronsted acid catalysts must be combined and studied with
this Lewis acid catalyst to promote the dehydration of the isomers into platform
molecules.

The metallic cations were indeed detected by SEM-EDS, and their
concentrations ranged from 0.1 to 2.0 mmol g™!. The results also showed that
lower valence metallic cations resulted in a lower bond with sulfonate groups (low
S/M ratio), and as the metallic valence increases, the S/M ratio also increases,
indicating more sulfonate group interaction. Moreover, with trivalent cations, a
linear correlation between S/M ratio and ionic radius was found, suggesting that
metallic cations with the same valence but larger ionic radius can bond with more
sulfonate groups. The unexpectedly high S/M ratios for Sn*" (between 25.0 and
27.5) suggest the need for further investigation.

In future studies, we will prepare new bifunctional carbons of CMK-
8-PSA with Sn*" and AI**. The same catalytic and kinetic studies carried out for
X-M-Amb-45 will be performed for these new catalysts. More characterization
regarding the concentration and strength of both Brensted and Lewis acid sites
must be done to identify the key parameter driving the conversion of

monosaccharides into platform molecules in these catalysts.
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5- THESIS CONCLUSIONS
Much more than just producing a highly efficient catalyst for the

dehydration of monosaccharides into HMF and furfural, we have thoroughly
investigated the catalyst composition and/or surface acidity of different
mesoporous acidic catalysts, and their impacts on catalytic performance for the
production of platform molecules.

In the first chapter, with niobium phosphates, it was demonstrated
that altering synthesis parameters affects the P/Nb molar ratio, which in turn
influences the Lewis/Bransted acid site (L/B) ratio and overall catalytic activity.
High L/B ratios correlate linearly with reaction rates for HMF and furfural
production from glucose and xylose, respectively, indicating the importance of
tuning the surface acidity balance.

Based on that, we tried to synthesize a controlled bifunctional carbon
catalyst with the best L/B ratio for those reactions. First, we prepared sulfonated
carbons with varying concentrations of stronger (sulfonic acid groups) and weaker
acid sites (carboxylic acid, alcohol, phenol groups) for the dehydration of fructose
and xylose into HMF and furfural, respectively. From this study, it was found that
the ratio between stronger and weaker acid sites (Ng/Nw) crucially impacts
catalytic performance, with optimal yields and turnover numbers achieved at
Ng/Ny ratios of 2 — 4, suggesting a synergistic role of both types of acid sites in
the catalytic mechanism.

Finally, we selected two sulfonated carbons and performed ion-
exchange with various metallic cations to produce ion-exchanged bifunctional
carbons with different L/B ratios. Even though no characterization regarding
surface acidity has been performed yet, the strength of the Lewis acid sites likely
plays a crucial role in the monosaccharide conversion, with stronger sites (Al**,
Cu®*, and Yb*") leading to isomers; intermediate strength sites (Sc**) leading to

both isomers and platform molecules, and weaker sites (Sn*") leading to platform
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molecules. The catalyst with 20 % of Bronsted acid sites exchanged with Sn**
(20%-Sn(IV)-Amb-45) showed promising results for HMF and furfural
production, achieving an HMF selectivity of 41 % at 57 % glucose conversion,

and a furfural selectivity of 47 % at 65 % xylose conversion.
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7 - ANNEX

7.1- Chapter 1
7.1.1 - Synthesis of the Catalyst

7.1.1.1 -  Synthesis of NbP-1

The NbP-1 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 % in water) and
an additional 50 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a
solution of 2.90 g of hexadecylamine in 20.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to a value between 3.90 and
4.00 with concentrated H3PO4, and the solution stirred for another 30 min. The
mixture was transferred to an autoclave and aged for 48 h at 65 °C. Finally, the
white solid was filtered out and washed with 2.0 L of deionized water, dried

overnight at room temperature, and calcined under air for 6 h at 550 °C (1 °C min-

1).

7.1.1.2-  Synthesis of NbP-2

The NbP-2 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 % in water) and
an additional 50 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a

solution of 3,90 g of sodium dodecyl sulfate (SDS) in 20.0 mL of deionized water.
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The dispersion was stirred for 30 min, the pH adjusted to a value between 3.90
and 4.00 with concentrated NH4,OH, and the solution stirred for another 30 min.
The mixture was transferred to an autoclave and aged for 48 h at 65 °C. Finally,
the white solid was filtered out, washed with 2.0 L of deionized water, and dried
overnight at room temperature. For the organic agent extraction method, it
underwent a Soxhlet extraction process with a 0.10 mol L-! HCI ethanolic solution

for 22 h at 110 °C, followed by calcination under air for 6 h at 550 °C (1 °C min
1
).

7.1.1.3-  Synthesis of NbP-3

The NbP-3 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 % in water) and
an additional 50 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a
solution of 1.45 g of hexadecylamine in 10.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to a value between 3.90 and
4.00 with concentrated H3PO4, and the solution stirred for another 30 min. The
mixture was transferred to an autoclave and aged for 48 h at 90 °C. Finally, the
white solid was filtered out and washed with 2.0 L of deionized water, dried

overnight at room temperature, and calcined under air for 6 h at 550 °C (1 °C min

1).

7.1.1.4 -  Synthesis of NbP-4

The NbP-4 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H3;PO4 (85 % in water) and
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an additional 50.0 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a
solution of 1.45 g of hexadecylamine in 10.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to a value between 3.90 and
4.00 with concentrated H3PO4, and the solution stirred for another 30 min. The
mixture was transferred to an autoclave and aged for 48 h at 65 °C. Finally, the
white solid was filtered out and washed with 2.0 L of deionized water, dried

overnight at room temperature, and calcined under air for 6 h at 450 °C (1 °C min

b,

7.1.1.5-  Synthesis of NbP-5

The NbP-5 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 % in water) and
an additional 50.0 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a
solution of 1.45 g of hexadecylamine in 10.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to a value between 3.90 and
4.00 with concentrated H;PO,4, and the solution stirred for another 30 min. The
mixture was transferred to an autoclave and aged for 48 h at 65 °C. Finally, the
white solid was filtered out and washed with 2.0 L of deionized water, dried

overnight at room temperature, and calcined under air for 6 h at 550 °C (1 °C min
1).
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7.1.1.6 -  Synthesis of NbP-6

The NbP-6 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 % in water) and
an additional 50.0 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a
solution of 1.45 g of hexadecylamine in 10.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to a value between 3.90 and
4.00 with concentrated H3PO4, and the solution stirred for another 30 min. The
mixture was transferred to an autoclave and aged for 48 h at 65 °C. Finally, the
white solid was filtered out, washed with 2.0 L of deionized water, and dried
overnight at room temperature. For the organic agent extraction method, it
underwent a Soxhlet extraction process with a 0.10 mol L-! HCI ethanolic solution

for 22 h at 110 °C, followed by calcination under air for 6 h at 550 °C (1 °C min"
1
).

7.1.1.7-  Synthesis of NbP-7

The NbP-7 was prepared by the addition of 100.0 mL of deionized
water in 2.73 g of NbCls under stirring and 2.30 g of H3;PO4 (85 % in water). The
mixture was stirred for 30 min, followed by adjusting the pH to 2.60 with NH,OH
(27 % in water). Then, the mixture was stirred for 5 min and the precipitate was
separated by filtration. The solid was washed with 1.5 L of deionized water and
transferred (still wet with the residual water of the filtration process) to a 50 mL
Beaker containing a solution 0of 2.90 g of hexadecylamine in 20.0 mL of deionized
water. The dispersion was stirred for 30 min, the pH adjusted to a value between

3.90 and 4.00 with concentrated H;PO4 and the solution stirred for another 30
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min. The mixture was transferred to an autoclave and aged for 48 h at 65 °C.
Finally, the white solid was filtered out, washed with 2.0 L of deionized water,
and dried overnight at room temperature. For the organic agent extraction method,
it underwent a Soxhlet extraction process with a 0.10 mol L' HCI ethanolic
solution for 22 h at 110 °C, followed by calcination under air for 6 h at 550 °C (1

°C min™).

7.1.1.8 -  Synthesis of NbP-8

The NbP-3 was prepared by the addition of 50.0 mL of deionized
water in 2.73 g of NbCls under stirring, then 2.30 g of H;PO4 (85 % in water) and
an additional 50.0 mL of water deionized were added. The mixture was stirred for
30 min, followed by adjusting the pH to 2.60 with NH4OH (27 % in water). Then,
the mixture was stirred for 5 min and the precipitate was separated by filtration.
The solid was washed with 1.5 L of deionized water and transferred (still wet with
the residual water of the filtration process) to a 50 mL Beaker containing a
solution of 1.45 g of hexadecylamine in 10.0 mL of deionized water. The
dispersion was stirred for 30 min, the pH adjusted to a value between 3.90 and
4.00 with concentrated H3PO4 and the solution stirred for another 30 min. The
mixture was transferred to an autoclave and aged for 48 h at 90 °C. Finally, the
white solid was filtered out, washed with 2.0 L of deionized water, and dried
overnight at room temperature. For the organic agent extraction method, it
underwent a Soxhlet extraction process with a 0.10 mol L-! HCI ethanolic solution

for 22 h at 110 °C, followed by calcination under air for 6 h at 550 °C (1 °C min"
1).

7.1.1.9-  Synthesis of Nb,OsP
The phosphated niobium oxide was prepared by the addition of 200

mL of water in 5.0 g of niobium pentachloride and stirred vigorously for 10 min.

118



The pH was adjusted to 2.0 with concentrated ammonium hydroxide and the
mixture stirred for 3 h. The solid was separated by centrifugation, washed
thoroughly with water, and dried overnight. For phosphonation, 1.5 g of Nb,Os
prepared was dispersed in 30 mL of 1.0 mol L™ of H;POy4 (85 % in water) and
stirred for 48 h at room temperature. The solid was separated by centrifugation,

washed thoroughly with water, and dried overnight.

7.1.2 - Rationalization of the synthesis methods

NbP-4, a sample prepared using hexadecylamine (HDA) as the
surfactant, aged at 65 °C, and calcined at 400 °C displayed a P/Nb molar ratio of
0.64 (TABLE 2.2). Since the sample was brownish due to incomplete combustion
of the organic surfactant, the calcination temperature was increased to 550 °C,
leading to NbP-5, which presented a higher P/Nb molar ratio (0.76). A similar
P/Nb ratio was obtained by extracting HDA Soxhlet before calcination at 500 °C
(NbP-6). Therefore, higher temperatures of calcination promote a better reaction
between NbOy species and phosphate.

Since there is a clear effect of the temperature for an efficient
introduction of phosphates in the final material, NbP-3 and NbP-8 were prepared
similarly to NbP-5 and NbP-6 respectively, however, the aging temperature was
performed at 90 °C (instead of 65 °C). In both cases, the P/Nb increased reaching
nearly the values expected for a stoichiometric niobium oxyphosphate
[NbO(PO,)], as shown in TABLE 2.2.

Hence, from this set of synthesis, it was possible to conclude that
increasing both temperatures of aging and calcination improves the introduction
of phosphates in the final material, although, the increase in the aging temperate
was more effective.

NbP-1 was prepared similarly to NbP-5 but increasing by two-fold
the loading of HDA and water, which led to an increase in the P/Nb molar,
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indicating that higher surfactant concentration might facilitate the nucleation of
the phosphate species. NbP-7 synthesis differed from NbP-1 by the addition of
twice more water for the niobium chloride hydrolysis. Surprisingly, this sample
reached the highest P/Nb molar ratio (1.03), although its yield was very low.

To test a different surfactant, NbP-2 was prepared like NbP-1 but
replacing HDA with sodium dodecyl sulfate (SDS). The material was the one with
the lowest P/Nb ratio among the prepared herein. HDA is a neutral surfactant, but
in reaction conditions, it protonates (HDA-H"), while SDS is an anionic
surfactant. Since phosphates are also negatively charged, it is possible that when
the materials are nucleated by HDA-H', phosphate groups are attracted, while
particles nucleated with SDS are less effective in attracting phosphate species.

NbP-2 presented P/Nb ratio similar to the commercial catalyst NbP-C.
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7.1.3 - Supplementary graphics

26/ Degree

FIGURE A1.1 — Diffractograms of the samples at low (A) and high (B) angles.
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7.2 - Chapter 2
7.2.1 - Supplementary graphics and tables

7.2.1.1 - Characterizations
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FIGURE A2.1 — XRD diffractograms of the templated carbons derived from the silica SBA-15

(A) and KIT-6 (B).
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FIGURE A2.2 — SEM micrographs of the templated carbons C-Chi-550 (A), CMK-3-550 (B),
CMK-5-550 (C), CMK-8-550 (D) and S-CMK-8-550 (E).
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FIGURE A2.3 — SEM micrographs of the templated carbons C-Chi-1000 (A), CMK-3-1000
(B), CMK-5-1000 (C), CMK-8-1000 (D) and S-CMK-8-1000 (E).
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FIGURE A2.4 — Nitrogen physisorption isotherms of the templated carbons and sulfonated

carbons of the groups C-Chi (A), CMK-3 (B), CMK-5 (C), CMK-8 (D), and S-CMK-8 (E).
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FIGURE A2.6 — Raman deconvoluted spectra of the templated carbons pyrolyzed at 550 °C (A)

and 1000 °C (B).
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FIGURE A2.8 — High-resolution XPS spectra of S 2p with new deconvolutions for the

sulfonated carbons functionalized with SA species.

138



S C-Chi-PSA - CMK-3-PSA

® (4v]

> P

‘D ‘B

[ c

a3 3

= =

= \ =

0: \\\ D:

I T I I\\\\.‘T 'T — T I T I \\ T
174 171 168 165 174 171 168 165
B.E./eV B.E./eV

=) CMK-5-PSA 5 CMK-8-PSA

cd .
-~ @®
2 N

= p=
g =
IS c |

2 > i

© !
% T |

T T T T T T T _ T \’\‘:‘
174 171 168 165 174 171 168 165
B.E./eV B.E./eV

FIGURE A2.9 — High-resolution XPS spectra of S 2p with new deconvolutions for the

sulfonated carbons functionalized with PSA species.

139



S-CMK-8-550

Raw Intensity / a.u.

173 170 167 164 161

S-CMK-8-SA

Raw Intensity / a.u.

T T T T 3
173 170 167 164 161

B.E./ eV B.E./ eV
S S-CMK-8-1000 S S-CMK-8-PSA
(qv] (4v]
> >
‘B ‘B
C C
(D) (¢D]
IS =
= =
4 04

I ' I ' I ' ' I
173 170 167 164 161
B.E./ eV

173 170 167 164 161
B.E./ eV
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FIGURE A2.14 — Potentiometric titration and first derivative curves for the acidic templated
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TABLE A2.1 — Concentration of acid sites normalized by the surface area of the catalysts.

Normalized concentration

of acid sites (umol m™)

Catalysts
Total Stronger  Weaker

C-Chi-SA 2.50 1.16 1.34
C-Chi-PSA 2.68 1.49 1.19
CMK-3-SA 3.81 2.04 1.77
CMK-3-PSA 2.35 1.85 0.50
CMK-5-SA 2.64 1.34 1.30
CMK-5-PSA 1.60 1.11 0.49
CMK-8-SA 3.98 2.14 1.85
CMK-8-PSA 2.57 1.82 0.74
S-CMK-8-SA? 445 2.64 1.81
S-CMK-8-PSA?  2.36 1.67 0.70

? It was determined by ignoring the Poly-Th contribution.
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TABLE A2.2 — Chemical composition determined by a combination of CHN analysis,

potentiometric titration, and XPS spectra for S 2p and TGA in an oxidant environment.

Chemical composition (%0)

Catalysts

C H N S2 SiP o°
C-Chi-550 69.44 174 944 - 1.82 17.57
C-Chi-SA 56.11 223 819 299 182 28.67
C-Chi-1000 4127 0.08 215 - 5.90 50.61
C-Chi-PSA 38.37 0.77 1.87 1.68 590 5141
CMK-3-550 62.26 2.28 - - 438 31.09
CMK-3-SA 48.88 2.43 - 520 438 39.12
CMK-3-1000 8335 0.46 - - 3.02 13.17
CMK-3-PSA 55.47 3.25 - 453 3.02 3373
CMK-5-550 80.82 3.48 - - 0.66 15.05
CMK-5-SA 5731 3.32 - 521 0.66 33.50
CMK-5-1000 86.59 0.35 - - 0.64 12.43
CMK-5-PSA 57.21 2.56 - 273 0.64 36.86
CMK-8-550 77.34 2.05 - - 0.72 19.89
CMK-8-SA 53.03 284 - 539 0.72 38.02
CMK-8-1000 81.64 1.10 - - 112  16.15
CMK-8-PSA 55.71 3.18 - 4.63 112 35.37
S-CMK-8-550 71.62 0.96 - 1.67 0.12 2563
S-CMK-8-SA 4352 246 - 1851 0.12 3540
S-CMK-8-1000 76.53 0.72 - 215 399 16.62
S-CMK-8-PSA  55.37 2.77 - 428 399 33.60

It was estimated from XPS spectra for S 2p and potentiometric titration.
® It was obtained from TGA analysis in an oxidant environment.

¢ It was calculated from the equation: 0 = 100 — (C+ H + N + S + Si)
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FIGURE A2.18 — Thermograms of the templated carbons pyrolyzed at 550 °C (A) and 1000 °C
(B).

The stage of mass loss between 400 °C — 600 °C for the carbons
pyrolyzed at 550 °C (FIGURE A2.18A) and between 450 °C — 700 °C for the
carbons pyrolyzed at 1000 °C (FIGURE A2.18B), is due to the combustion of
their carbon matrices [172]. The CMK carbons pyrolyzed at 1000 °C exhibit a
maximum combustion temperature (represented by the maximum derivative
weight) approximately 100 °C higher than those pyrolyzed at 550 °C; and C-Chi-
1000 only 50 °C higher than C-Chi-550. These results firstly indicate that the
carbons treated at higher pyrolysis temperature present more stable carbon
matrices, due to their higher aromatization and lower susceptibility to oxidation
[173]. Secondly, CMK carbons pyrolyzed at 1000 °C have a more stable carbon
matrix than C-Chi-1000.

After the carbon matrix combustion, the remaining material can be
assigned to the silica template [174]. The remaining silicon obtained for the

templated carbons is less than 6 wt. % (TABLE A2.2).
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7.2.1.2-  Catalytic studies
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FIGURE A2.19 — Mass balance in the conversion of fructose into HMF (A) and xylose into

furfural (B) for the sulfonated carbons and Amberlysts.
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FIGURE A2.21 — Correlation of the concentration of total (A-C) and stronger (B-D) acid sites
with the yield of HMF (A-B) and furfural (C-D) of the sulfonated carbons and Amberlysts.
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