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Success is not final, failure is not fatal:
1t is the courage to continne that counts.

Winston Churchill
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1. Abstract

The increasing oil prices and the diminishing fossil fuel reserves, as
well as the growing concern about environmental and specially about
global warming, have made necessary the search of new sustainable
sources of energy and products from renewable materials. Wind
power, ocean and hydropower energies, solar energy, biofuels,
biomethane and biomass are together needed. Biofuels are the
alternative to fossil fuels for transportation. Biomethane is a renewable
substitute of natural gas. Biomass, derived from organic material, from
trees, plants, and agricultural and urban waste, is, as coal and oil, an
available carbon source, constituting renewable alternative resources
for energy, transport fuels, and chemicals. Biomass consists of, among
others, carbohydrates, lignin, fatty acids and lipids. Its chemical
composition is mainly cellulose, hemicellulose and lignin. Cellulose, a
polysaccharide of glucose units is the most abundant. Lignocellulosic
biorefineries breaks down biomass into different types of component
carbohydrates, and the most important sugar platforms are mainly
based on cellulose, starch, glucose and fructose. Firstly, biomass
pretreatment is needed, modifying the physical and chemical
properties of the plant cell wall, so that cellulose and hemicellulose can
be converted into fermentable carbohydrates. After pretreatment, the
polysaccharides are hydrolyzed to yield monomeric pentoses and
hexoses, such as glucose, fructose and xylose. Finally, through
fermentative or catalyzed chemical processes, monosaccharides are

transformed into platform molecules.

Glucose is an important feedstock for the production of green

platform chemicals. By glucose catalytic oxidation, many acids and
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keto acids can be produced, as gluconic acid or formic acid. Through
catalytic hydrogenation of biomass-derived sugars, many alcohols are
yielded, mostly xylitol, sorbitol and mannitol. From sugar catalytic
dehydration, hexoses produce 5-hydroxymethylfurfural (HMF), which
can also be transformed into levulinic (LA) and formic (FA) acids.
Similarly, pentoses dehydration leads to furfural through dehydration.
With respect to biofuels, HMF is solid at room temperature and has
poor fuel properties and, therefore, it is not useful as biofuel or a
biofuel additive. However, furan derivatives are being studied for
biofuel applications. As chemicals, HMF and LA have been identified
as two of the top 12 bio-based platform chemicals by the United
States Department of Energy. The reaction pathways for LA and
HMF production are similar, because HMF is the intermediate for LA
formation, as previously mentioned. HMF has numerous industrial
applications, as it can be converted into 2,5-furandicarboxyl acid, 2,5-
dihydroxymethylfuran  or  2,5-bis(hydroxymethyl)tetrahydrofuran,
among others. These molecules are considered as important building
blocks to produce polyesters, and other chemicals by oxidation,

hydrogenation, hydrogenolysis or aldol condensation.

The synthesis of HMF is based on the acid-catalyzed consecutive
triple dehydration of glucose and fructose, although sucrose,
cellobiose or inulin, as well as industrial wastes can be used after
depolymerization. Not only HMF is produced from this acid-catalyzed
dehydration, but also other products, such as levulinic and formic
acids and degradation products because of side reactions, can be
formed. Sugar dehydration chemistry is complex, and many aspects
must be considered for acceptable yields. Thus, a specific pathway for

the synthesis of HMF and derivatives has not yet been determined
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from hexoses; on the contrary, two dehydration general pathways have
been proposed: acyclic and cyclic mechanisms. Proposed acyclic and
cyclic pathways require the isomerization of glucose to fructose before
the dehydration, but other mechanisms not involving fructose have
been suggested. HMF is soluble in water and in common organic
solvents. Water is preferred as solvent for the production of HMF, but
HMF yields are low compared to organic solvents. The use of biphasic
water/organic solvent systems has become a strategy because the use
of a single liquid phase system needs extracting the dehydration
product and isolating it into a second liquid phase, increasing the
operational and economic costs. The addition of organic solvents as a
second phase leads the reaction towards higher yields, because the
HMF rehydration, decomposition and/otr condensation owing to side
reactions are avoided. Solvents, such as toluene, 2-butanol,
dimethylsulfoxide (DMSO), or tetrahydrofuran (THF), derived from
petroleum, and 1-butanol or cyclopentyl methyl ether (CPME), which
are “green solvents”, have been employed for this reaction. Methyl
isobutyl ketone (MIBK) has also been largely reported as efficient
solvent for glucose dehydration. Not only the efficient HMF
extraction (high partition coefficient) is a goal, but also the ease
separation of HMF from the organic solvent before to be supplied to

a subsequent processing.

The production of HMF from saccharides has been widely reported
and many mineral acids have been used as homogeneous catalysts,
achieving high HMF vyields, but the use of these involves several
important drawbacks, such as toxicity, corrosion, catalyst waste
generation, large amount of catalyst and difficult separation

operations. Therefore, their replacement by solid acids is preferred
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from an environmental and economic point of view. Porous materials,
with high surface areas, narrow pore size distributions and tunable
pore diameter, are suitable for catalyst, adsorption or separation
processed. They can be classified as macroporous, mesoporous and
microporous, with pores wider than 50 nm, in the range 2-50 nm or
narrowest than 2 nm, respectively. Macroporous materials are not as
useful as catalysts as micro and mesoporous materials. Microporous
catalysts are mainly zeolites, AIPO, (aluminophosphates), carbons,
clays or metal organic frameworks (MOFs). Mesoporous solids as
OMNMs (ordered mesoporous materials) are very useful due to their
homogenous mesoporosity, large pore size, high surface area, and
mesoporous channels. Mesoporous material synthesis is mostly based
on organic template molecules as structure-directing agents around
which the precursor condenses. After condensation, the organic
template is removed by extraction or calcination, resulting in the
mesopore structure. The control of the local environment and
morphology during the synthesis allows to obtain OMMs with
different properties depending on the catalytic requirements. One of
the interesting features of ordered mesoporous solids for catalysis is
the large spectrum of possibilities to modify them. Since hydrothermal
stability has been demonstrated as essential for applications of
mesoporous materials in catalysis, several approaches have been
developed to improve it, such as the addition of salts during the
hydrothermal synthesis, the modification of the surface by silylation or
post-synthesis grafting of inorganic compounds to increase the wall
thickness and/or to chemically stabilize the wall sutface of the

mesoporous structures.



Many catalyzed reactions are acid-specific, as sucrose decomposition
into glucose and fructose, others are base-specific, such as biodiesel
from triglycerides and many others are catalyzed by both acids and
bases under acid-base catalysis, as transformation of biomass-derived
furanic compounds into chemicals. With respect to the active acid
sites of catalysts, they are mainly classified into Bronsted and Lewis
type. Regarding the glucose dehydration to HMF, it is assumed that
catalysts acting as basic or Lewis acids facilitate glucose to fructose
isomerization and ones acting as Bronsted acid promote glucose
dehydration to HMF and side reactions. Bifunctional catalysts are
therefore needed. Thus, several heterogeneous catalysts have been

reported for HMF formation.

In general, HMF production from fructose, glucose or lignocellulosic
biomass have been performed in lab scale. Thus, batch stirred reactors
and continuous reactors have been used for HMF formation in mixed
solvent systems. Nevertheless, HMF production starting from sugar
cane or fructose have been performed in pilot scale. HMF production
from sugars for biofuels is not profitable but producing directly from

lignocellulosic biomass would be on the right path.

In this work, microporous and mesoporous solids were synthesized
and/or modified to obtain porous materials with suitable textural and
acid properties to enhance their activity in glucose dehydration to
HMF: mesoporous tantalum oxide; mesoporous Al-doped MCM-41
and KIT-6 silica with different Si/Al ratios; ZSM-5, Y and Beta zeolite
in protonated form and also as ion-exchanged with iron or copper
cations; and phosphorus-containing activated carbons derived from

olive stone (HA series) or lignin (L series). Mesoporous tantalum
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oxide and silica-based materials were synthesized by different
methods. Commercial zeolites (Zeolyst International) were post-
synthesis modified to enhance their acidic properties. Porous carbons
were provided by the group of Prof. T. Cordero (Dep. Chemical
Engineering, University of Malaga). After catalyst preparation, their
physico-chemical characterization was carried out through different
techniques and analysis: X-ray diffraction (XRD), X-ray photoelectron
spectroscopy  (XPS),  differential  thermal  analysis  and
thermogravimetry (DTA-TG), nitrogen sorption at -196 °C,
temperature-programmed  desorption of ammonia (NH;-TPD),
pyridine adsorption coupled to FT-Infrared spectroscopy (Pyr-FTIR),
solid-state nuclear magnetic resonance (MAS-NMR) and elemental
analysis (CHNS/O). The characterization provided data of structural
and morphological properties, chemical composition, total acidity and
strength and types (Bronsted and Lewis) of acid sites, thermal, physical

and chemical stabilities.

Once characterized, the solids were tested in the glucose dehydration
to HMF. All the catalytic experiments were performed in 15 mL thick-
walled glass reactors at temperatures in the range 155-195 °C. Standard
experiment consisted of 1.5 mL of an aqueous phase composed of
hexose (glucose or fructose, 10 wt.%) combined with 3.5 mL of an
extracting solvent, and 50 mg of catalyst. After reaction, mixture
samples analyses were performed by means of high performance
liquid chromatography (HPLC), providing reactant conversion,

selectivity, and yield of products.

Mesoporous tantalum oxide was synthesized by acid hydrolysis of

tantalum penta-ethoxide in the presence of a triblock co-polymer



Pluronic L-121, a non-ionic surfactant, at room temperature and
subsequent calcination at 550 °C for 6 h. The XRD patterns of the
mesoporous TaOs revealed its amorphous structure, not being
detected any crystalline phase of the tantalum oxide. A
thermodiffraction study was undertaken between room temperature
and 1000 °C, although its catalytic performance was tested up to 200
°C. Up to 500 °C, diffractograms do not change, but above 600 °C,
narrow and well defined diffraction peaks, corresponding to an
orthorhombic structure, are clearly visible. The use of templates with
high molecular weight such us Pluronic® P-123 led to thicker pore
walls with ordered mesostructures during the synthesis procedure. The
catalyst exhibited a N, adsorption-desorption isotherm of Type IV (a),
typical of mesoporous solids, in which hysteresis is associated to
capillary condensation. (DFT) method was used to calculate the pore
size distribution, which resulted to be extended from 2 to 6 nm. The
solid exhibited a suitable specific surface area (79 m® g ') and the
surface composition determined from XPS data was close to the
stoichiometric composition of Ta;Os. The core level regions of Ta 4f
and O 75 confirmed the oxidation states expected of the tantalum
oxide. Ammonia-TPD data (353 pmol NH; g ') confirmed that the
acidity of this catalyst was mainly originated by the presence of
coordinated water molecules and coordinated OH groups to tantalum
ions. The symmetry and oxidation state of the tantalum cation
determined the acidic properties, and the catalyst exhibited both
Bronsted and Lewis acid sites. The acidity was initially associated to
water molecules and OH groups coordinated to tantalum ions, as
Bronsted type acid sites, but Bronsted acid sites partially transformed

into Lewis acid sites. This mesoporous Ta,Os demonstrated to be
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active as heterogenous catalyst in the dehydration of glucose to 5-
hydroxymethylfurfural (HMF), in a biphasic system consisting of
water/methyl-iso-butyl ketone (MIBK). By using a glucose/catalyst
(S/C) weight ratio of 3:1, a glucose conversion of 69% and a HMF
yield of 23% were achieved at 175 °C after 90 minutes. The catalytic
process was selective towards HMF, which was preserved from
ulterior hydration to levulinic acid, which was not detected. Fructose,
from glucose isomerization, was also produced with a selectivity of
14%. The detection of fructose, mostly at lower temperatures, agreed
with a two-stages process, with a first step in which glucose
isomerized into fructose and a second step in which fructose was
dehydrated to HMF. Nevertheless, a direct dehydration from glucose
to HMF was also possible. The glucose to fructose isomerization was
carried out on Lewis acid sites, whereas the dehydration occurred on
Bronsted acid sites. After treatment with a KOH solution to reduce
the acidity, the catalyst converted 15% less glucose and the HMF
selectivity was 8% lower, showing the participation of Bronsted acid
sites in the reaction. The catalyst was also tested by using HMF as
reactant, under similar experimental conditions (biphasic water/ MIBK
system, 175 °C, 90 minutes), and after reaction, levulinic or formic
acid were not detected, and HMF was totally recovered, showing
mesoporous Ta,0s a low Lewis acidity to convert HMF. In addition,
the surface acidity was modified by treatment with phosphoric acid,
and after 120 minutes at 175 °C, glucose conversion and HMF
selectivity were improved, whereas fructose selectivity decreased.
Mesoporous tantalum oxide was thermally and chemically stable, since
no leaching of tantalum species to the liquid phase was detected. By

increasing the amount of catalyst (lowering the substrate/catalyst
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(S/C) weight ratio), glucose conversion and HMF yield did not
increase linearly, due to diffusional limitations. The used catalyst, after
a regeneration by thermal treatment at 550 °C, showed similar activity
than the fresh catalyst in a second reaction cycle, but without any
treatment, glucose conversion drastically dropped. Thus, the lifetime
of this catalyst with suitable catalytic activity, under the experimental

conditions used in the present work, was only 1 cycle.

Mesoporous aluminum-doped MCM-41 silica catalysts with different
Si/Al molar ratios (5 and 10) were prepared by a sol-gel method in
two reaction steps (acid and alkaline hydrolysis) from joint hydrolysis
of tetracthylortosilicate (TEOS) and aluminum triisoproxide, using n-
dodecylammonium chloride as surfactant, at room temperature, and
subsequent calcination at 550 °C. The XRD patterns confirmed the
hexagonal structure and amorphous silica walls without crystalline
phases. Nitrogen adsorption-desorption isotherms at -196°C were
Type IV(a), typical of mesoporous solids, and pointed out the
existence of wide pores, which were confirmed by DFT analysis,
resulting larger in 10Al-MCM-41 than in 5A-MCM-41. BET surface
areas increased with the amount of aluminum, from 587 to 734 m* g™
for 10AI-MCM-41 and 5AI-MCM-41, respectively. Ammonia-TPD
and Pyr-FTIR spectra showed strong acidity with the presence of both
Lewis and Bronsted acid sites, remaining even after pyridine
evacuation at 300 °C, mainly in 10Al-MCM-41. Bronsted acid sites,
associated to silanol and isolated Si(OH)Al hydroxyl groups, were
mainly responsible for the total acidity. XPS and *’Al NMR data
showed octahedral and tetrahedral aluminum species, because
although both materials possessed aluminum well incorporated into

the siliceous structure, some aluminum remained on the external
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surface, as aluminum oxide, especially in 5AI-MCM-41, with higher
aluminum content. By using a biphasic water/MIBK system and 10Al-
MCM catalyst (30 wt.%), at 195 °C, 87% of glucose conversion and
36% of HMF yield were achieved after 150 minutes. The reaction was
quite selective towards HMF, not finding levulinic acid or furfural, and
also fructose as byproduct. 5A1-MCM-41, under the same conditions,
displayed a reduced effectiveness, perhaps due to its lower acidity,
more extra-framework aluminum and a higher proportion of
micropores which render difficult the accessibility of reactants to acid
sites. The use of a sodium chloride aqueous solution (20 wt.%) instead
of pure water, as aqueous phase, ameliorated the partition coefficient
between the organic and the aqueous phases up to 1.9, leading to an
enhancement of glucose conversion and HMF yield, attaining values
of 98 and 63%, respectively, and shortening the reaction time to 30
minutes. The catalytic performance of 10AI-MCM-41 was well
maintained after three catalytic cycles. The increasing fructose
selectivity in subsequent reaction cycles corroborated that glucose

isomerization to fructose is the limiting step.

Three similar methods of synthesis were followed for the preparation
of KIT-6-type mesoporous silica materials (KIT6-A, KIT6-B and
KIT6-C). For A and B types, Pluronic P-123, as template, and
hydrochloric acid were employed, and n-butanol as solvent. A-type
was stirred at 35 °C for 24 hours after the addition of TEOS
(tetracthyl orthosilicate), while B-type was longer stirred, 72 hours.
After calcination at 550 °C, KIT6-A and KIT6-B were obtained.
KIT6-C used isopropanol instead of n-butanol as solvent, and, after
TEOS addition, it was stirred for 36 hours. Concerning the XRD data

and textural characterization, KIT6-C was chosen to be modified by
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two different post-synthesis treatments to incorporate aluminum in
order to enhance the acidity and consequently the catalytic activity.
The first post-synthesis method used an aluminum chloride solution in
dry ethanol, and, in the second one, tetramethylammonium hydroxide
(TMAOH) instead of ethanol. Different synthesis conditions led to
two aluminum-doped KITG6 solids: Al-KIT6-C1 and Al-KIT6-C2.
These materials did not show structural changes after the heteroatom
incorporation. XPS and XRF analysis found scarcity of Al in AI-KIT6-
C1, whereas a Si/Al ratio close to that used in the synthesis step was
found for AI-KIT6-C2. In this solid, as much tetrahedral framework
aluminum (Al") as octahedral non-framework aluminum (Al°) were
confirmed with MAS-NMR data. Thus, only Al-KIT6-C2 evidenced a
high degree of aluminum incorporation due to the most effective
synthesis procedure, and only this solid was used for the catalytic
study. In this Al-doped KIT6 catalysts, aluminum was located mostly
on the surface, whereas it was mostly detected in the mesoporous
structure of 10Al-MCM-41, giving rise to a more disorder structure
than in KIT6-based materials. Thus, AI-KIT6-C2 was tested as catalyst
under similar experimental conditions than 10Al-MCM-41, providing
a high selective towards HMF but a low activity in glucose conversion,
due mainly to its lower acidity. Considering both, strength and amount
of acid sites, among the mesoporous catalysts employed in the present
work, 10AI-MCM-41 could be considered the more acidic, followed by
mesoporous tantalum oxide and 5AI-MCM-41, prior to Al-KIT6-C2.
Moreover, at longer reaction times, the deactivation of the catalyst
occurred due deposits of reaction byproducts, without any acid

properties variation observed.



Three protonated zeolites (H-ZSM-5, H-Y and H-Beta) were prepared
from commercial zeolites through calcination of their ammonium
forms at 550 °C. ZSM-5 is a MFI-type zeolite with an intersecting and
three-dimensional channel system, with a high Si content. Thus, the
precursor of H-ZSM5-15 possessed a Si/Al ratio of 15. Y zeolite,
FAU zeolites type, possesses large internal cavities, named supercages,
linked tetrahedrally through pore openings. Their Si/ Al molar ratio are
low and can be increased by dealumination. The precursor of H-Y-6
possessed a Si/Al ratio of 6. Beta zeolites, with a BEA structure, has a
complex framework consisting of two intergrown structures, both
containing a three-dimensional network of pores. It can be
synthesized with high Si/Al molar ratios, in the range 10-100. The
precursor of H-Beta-12.5 catalyst possessed a Si/Al ratio of 12.5. The
zeolites exhibited Type I isotherms from nitrogen sorption at -196°C,
but whereas ZSM-5-type materials presented a H3 hysteresis loop due
to aggregates of particles, which creates medium and wide sized
cavities, Y-type materials showed a H4 hysteresis loop, typical of
zeolites with micro and mesopores. ZSM-5 and Beta zeolites are
considered shape selective due to their particular structures. H-Beta
zeolite-based materials showed lower crystallinity then the other
zeolite, associated with the presence of structural defects caused by the
incorporation of aluminum species. The values of total acidity of
protonated zeolites were much higher than those of mesoporous
catalysts, although the surface density of adsorbed ammonia was
similar and even the maxima desorption temperatures. H-ZSM5-15
acidity was originated by bridging hydroxyl groups, besides aluminum
atoms. These protonated zeolites were tested in glucose dehydration

to HMF under the same experimental conditions used for 10Al-MCM-
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41, in order to assess the influence of textural and acid properties on
the catalytic performance. Thus, dehydration process was carried out
in a biphasic water/methyl-isobutyl ketone (MIBK) system, at 195 °C.
H-Beta-12.5 and H-Y-6 attained glucose conversion higher than that
attained using 10A-MCM-41, but lower fructose selectivity. However,
the highest HMF selectivity of H-zeolites was lower than that of
MCM-41-based catalyst, and it was achieved with H-Beta-12.5, due to
its Lewis and Bronsted acid sites, a moderate-strong acidity, and
overall, the important developed mesoporosity. These results pointed
out the key role of textural properties in determining the catalytic
petformance of porous acid solids in glucose/fructose dehydration
reactions. The addition of NaCl (20 wt.%) to the aqueous phase
enhanced HMF selectivity and yield. Using the H-Beta zeolite in a
NaCl aqueous solution/MIBK, at 195 °C, a hich HMF yield, close to
that obtained with 10Al-MCM-41, was achieved after only 30 minutes.
Lower improvements were reached by using H-ZSM-5 and H-Y,
demonstrating the positive effect of mesoporosity in the dehydration
of glucose to HMF. The formation of undesirable products, which
diminished the HMF, was observed in every reaction, even at lower
reaction temperatures or shorter reaction times. Polymeric species
from carbohydrates and HMF condensation are formed on Lewis acid
sites, whereas degradation products of HMF are generated on
Bronsted acid sites. Levulinic acid was not detected in any case. The
influence of the organic phase was studied and its role in the HMF
extraction, favoring the equilibrium towards the formation and also
preventing from subsequent degradation reactions, was confirmed. In
the absence of organic phase, a HMF yield lower than 4% was

achieved due to rehydration of the formed HMF, which was
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evidenced by the identification of levulinic acid in the reaction
mixture. The role of others alkaline salts was also evaluated,
confirming that the most positive effect was mainly due to sodium
cations. Notably, NaCl in MFI-type zeolites, as ZSM-5, enhances the
hydrolysis of Si-O-Al bridges, releasing Al’" species which catalyze
the conversion of glucose through a homogeneous catalytic process.
The addition of CaCl, to the aqueous phase showed a different
behavior. Even in the absence of catalyst, a high activity was observed,
pointing out that this salt can be involved in glucose isomerization,
which seemed to occur very fast, as well as in sugar dehydration.
Different salts have promoted the glucose/fructose dehydration to
HMEF, but the cause and the effect were not only related to their
respective ions, but also to the particular interactions with each

catalyst and to the specific reaction conditions.

The introduction of heteroatoms in the zeolites modifies the nature
and strength of the acidity, as a function of the number, coordination
and framework position of these heteroatoms. Iron and copper were
introduced by post-synthesis methods into the three zeolites, by ion-
exchange treatment in order to modify their acidic properties. After
iron and copper incorporation in ZSM-5 zeolite, followed by thermal
treatment at 550 °C, the structure stayed well preserved, as was
deduced from XRD, with the cations preferently in extra-framework
positions. Although the incorporation of iron into zeolites reduces the
specific surface area and micropore volume due to the partial blockage
of pores by iron species, in Beta zeolite, an increase was observed due
to the presence of iron aggregates. The Si/Al ratio of Fe- and Cu-
ZSM5-15 differed from that, H-ZSM5-15, but in opposite ways: while

the aluminum content decreased on the surface of Fe-ZSM5-15, in

1-14



Cu-ZSM-15, it was enhanced, pointing out different preferential
location of these cations after ion-exchange and calcination stages.
MAS-NMR data of ZSM-5 zeolites revealed the presence of both
tetrahedrally and octahedrally coordinated aluminum atoms, mostly
tetrahedral, which corresponded to framework species. In H-Y-0, the
framework Si/Al ratio was close to the synthesis ratio, and 73% of the
aluminum was in the zeolitic framework. In Beta zeolites, the surface
Si/Al atomic ratio resulted to be very similar to the synthesis ratio in
the protonated form, although higher in the iron-exchanged zeolite
and lower in the copper-exchanged one. Fe 2p and Fe 3p core level
spectra (XPS data) of the iron-containing zeolites suggested a partial
oxidation of Fe(II) to Fe(Ill) during the post-synthesis treatment.
Si/Fe atomic ratios increased with the Si/Al ratio, as expected, thus
the zeolite with the highest aluminum content, also possessed the
highest iron content, Fe-Y-06, and Fe-ZSM5-15 had the lowest iron
content. Regarding copper-based zeolites, Cu 2ps/> (XPS) confirmed
the presence of Cu(ll), although Cu LMM Auger spectra also
indicated the presence of Cu(l), which could be produced by photo-
reduction during the X-ray exposure, but, in the case of Cu-ZSM5-15,
could be caused by the interactions between Cu cations and the zeolite
structure. There was a noticeable difference between copper- and iron-
exchanged zeolites: the enrichment of aluminum on surface compared
to the respective precursors, which were probably due to aluminum
gradients from the inner to outer regions of zeolites. In cation-
exchanged ZSM-5 zeolites, the acid sites kept constant, but diminished
in Y and Beta zeolites. In ZSM-5 zeolites, the modifications of
Bronsted acid sites stronger than Lewis ones, and, mostly, the Al

atoms, were responsible for the acidity. Although ammonia-TPD
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showed similar total acidity for H-, Fe- and Cu-ZSM5-15 catalysts,
they possessed different acidity patterns. In cation-exchanged Beta
zeolites, iron introduction lowered the total acidity and the strength,
whereas copper notably increased the Lewis acidity, although
diminished their strength. These data showed that it is feasible to
modify the nature of acid sites of zeolites by thermal or ion-exchange
treatments. The resulting acid zeolites demonstrated to be active in
glucose dehydration. The influence of different experimental variables,
such as reaction time and temperature, substrate: catalyst weight ratio,
volume of the organic solvent and aqueous phase, as well as the
density and nature of acid sites, on the catalytic behavior was
investigated. Fe-and Cu-ZSM5-15 led to higher glucose conversion
and HMF yields, lowering fructose selectivity, and thus, improving
over the H-ZSM5-15 activity. Fe-Y-6 and Fe-Beta-12.5 enhanced the
catalytic activity in comparison with the H-forms, although not as
much as in ZSM-5 catalysts. H-ZSM5-15 was calcined for
regeneration prior to reutilization, and a surface aluminum enrichment
was produced due to the generation of extra-framework aluminum,
modifying the active sites with respect to the fresh catalyst. These
changes gave rise to higher glucose conversion, but lower HMF and
higher fructose as reaction products, confirming the role of the acidity
type in selectivity. The performance in a second catalytic cycle of H-
Beta-12.5, which exhibited a similar activity than 10A-MCM-41, was
nevertheless far from the activity of 10AI-MCM-41, under similar
experimental conditions. Regenerated Fe-Beta-12.5 lost much activity
in a second catalytic cycle due to the decrease in acid sites because of

iron removal. Also regenerated Cu-Beta-12.5 showed a different
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behavior in a second catalytic cycle, due to partial dealumination, with

detrimental consequences.

Two groups of acidic porous carbons, prepared from olive stones
(HA-series) and from commercial lignin (L-series) were activated
through a chemical treatment with phosphoric acid to obtain acidic
catalysts: HA3500, 31500 and 31800, and 1.3500, 31500 and 31800. the
labels 500 and 800 indicated the activation temperature. 131500 and
HA31500, prepared by using similar impregnation method and ratio,
resulted to be the most acidic samples, followed by HA3500 and
L3500. The thermal treatment at 800 °C during the synthesis did not
improve the acidity and leading to lower acidity than samples activated
at 500 °C in their respective series (HA- or L-). Firstly, they were
compared with 10A1-MCM-41 and zeolites, under similar experimental
conditions, in glucose dehydration to HMF. No fructose and higher
HMF selectivities than glucose conversion values were detected as a
general trend. The highest activation temperature (HA31800 and
L.31800), the lowest activity. The -31500 carbons resulted the most
selective to HMF, due to their largest surface area and wider
micropores surface, with small micropores which limited the HMF
degradation reactions, and a high porosity in combination to weak and
medium acid sites. Glucose conversion was maximal by using 1.3500
and HA3500, associated to stronger Bronsted acid sites. As fructose
were not detected, HA3500 was also studied for the HMF production
directly from fructose. The results suggested a different mechanism
for glucose conversion by using these carbon-based catalysts than by
using the other reported catalysts. In this case, glucose would not
isomerize to fructose previously to the dehydration of the sugar to

HMF and be dehydrated through other intermediates. L3500 catalyst,
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under identical reaction conditions, provided similar glucose
conversion than H-ZSM5-15 catalyst and similar HMF selectivity than
10Al-MCM-41. Therefore, L3500 catalysts combine the advantage of
the other two catalysts but from the economic and environmental
point of view, as it has been obtained from biomass wastes, it would
be preferred. These data highlight that the catalytic activity is
determined by textural and acidic properties. The influence of the
proportion of MIBK in the reaction medium was also studied in order
to use as much lower amount as necessary, confirming an optimum
ratio the one used in the other reactions, with 70 vol.% of MIBK in
the reaction medium. As calcium chloride notably improved the
activity in 10AI-MCM-41 and zeolites, it was introduced in the
aqueous phase and tested with the acidic carbons as catalysts. Glucose
conversions were doubled, although HMF selectivity was slightly
increased. Cyclopentylmethyl ether (CPME), an eco-solvent,
previously tested as MIBK substitute with 10Al-MCM-41, was also
tested with HA31500, reaching higher glucose conversion after 90
minutes, but much lower HMF selectivity due to the lower partition
coefficient. By using this solvent, furfural was detected as reaction
product besides HMF. The presence of strong Bronsted acid sites
together with Lewis acid sites, favored not only HMF but also furfural
formation. A mechanism through 3-deoxyglucosone as key-
intermediate, would be responsible, as it can be twice dehydrated to
HMF, but it can also form furfural. CPME, with a lower partition
coefficient, would be able to enable both reactions, although favoring
HMF versus turfural. The formation of byproducts, such as, humins
was also observed in the reaction medium when the acidic carbons

were used as catalysts. In a second catalytic cycle, without any
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treatment for regeneration, HMF selectivity decreased due to the

deposition of byproducts, blocking active sites.
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2. Resumen

El aumento de los precios del petrdleo y la disminucién de las reservas
de combustibles fosiles, asi como la creciente preocupacion por el
medio ambiente y especialmente por el calentamiento global, han
hecho necesaria la busqueda de nuevas fuentes sostenibles de energfa y
productos a partir de materiales renovables. La energia edlica, las
energfas oceanicas e hidroeléctricas, la energia solar, los
biocombustibles, el biometano y la biomasa son necesarios en
conjunto. Los biocombustibles son la alternativa a los combustibles
fosiles para el transporte. El biometano es un sustituto renovable del
gas natural. La biomasa, derivada de la materia organica de arboles,
plantas y residuos agricolas y urbanos, es, como el carbéon y el
petrdleo, una fuente de carbono y constituye un recurso alternativo

renovables de energfa, de combustibles y de productos quimicos.

La biomasa se compone, entre otros, de hidratos de carbono, lignina,
acidos grasos y lipidos. Su composiciéon quimica es principalmente
celulosa, hemicelulosa y lignina. La celulosa, un polisacarido de
unidades de glucosa, es el mas abundante. Las biorrefinerfas
lighoceluldsicas descomponen la biomasa en diferentes tipos de
carbohidratos y las plataformas de azicares mas importantes de las
biorrefinerfas estan basadas principalmente en celulosa, almidon,
glucosa y fructosa. En primer lugar, es necesario un pretratamiento de
la biomasa, modificando las propiedades fisicas y quimicas de la pared
celular de la planta para que la celulosa y la hemicelulosa puedan ser
fermentables. Después del pretratamiento, los polisacaridos se
hidrolizan para producir pentosas y hexosas monoméricas, como

glucosa, fructosa y xilosa. Finalmente, a través de vias quimicas de
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fermentacién o catalisis, los monosaciridos se transforman en

moléculas plataforma.

La glucosa es una materia prima muy importante para la produccion
de productos quimicos. Asi, mediante oxidacién catalitica, se producen
acidos y cetoacidos como acido glucénico o acido férmico. A través
de la hidrogenacién catalitica de azucares derivados de la biomasa, se
forman alcoholes, principalmente, xilitol, sorbitol y manitol. A partir
de la deshidratacion catalitica de los azucares, las hexosas producen 5-
hidroximetilfurfural (HMF), que también se puede transformar en
acido levulinico (LA) y acido férmico (FA). Del mismo modo, la
deshidratacion de pentosas conduce a furfural mediante

deshidratacion.

Con respecto a los biocombustibles, el HMF es sélido a temperatura
ambiente y tiene propiedades de combustién deficientes y, por tanto,
no es util ni como biocombustible ni como aditivo. Sin embargo, los
derivados furanicos se estan investigando para su aplicacién como
biocombustibles. En cuanto a su utilizacién para obtener productos
quimicos, HMF y LA han sido identificados como dos de los 12
principales bioproductos quimicos plataforma por el Departamento de
Energia de los Estados Unidos. Las vias de producciéon de LA y HMF
son similares porque el HMF es el intermediario para la formacion de
LA, como se mencioné antetiormente. El HMF tiene numerosas
aplicaciones industriales, ya que se puede convertir en acido 2,5-
furandicarboxilo, 2,5-dihidroxi metil-furano o 2,5-bis(hidroximetil)
tetrahidrofurano entre otros. Estas sustancias son importantes
intermedios para producir poliésteres y otros productos quimicos por

oxidacién, hidrogenacion, hidrogenolisis o condensaciéon de aldoles.
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La sintesis de HMF se basa en la triple deshidratacién consecutiva de
glucosa y fructosa, aunque se puede utilizar sacarosa, celobiosa o
inulina, asi como desechos industriales, después de su
despolimerizacién. No sélo se obtiene HMF en la deshidratacion
catalizada por acidos, sino que también se obtienen otros productos de
deshidratacion como el acido levulinico y el férmico, asi como otros
productos de degradacion, debido a la existencia de otras reacciones

secundatias.

La quimica de deshidratacién de los azucares es compleja, y se deben
tener en cuenta muchos aspectos para obtener rendimientos
aceptables. Muestra de ello es el mecanismo de reaccién. No se ha
determinado una ruta especifica para la obtencion de HMF y
derivados a partir de hexosas, sino que, por el contrario, se han
propuesto dos vias generales de deshidratacion, basadas en
mecanismos aciclicos y ciclicos. Las vias aciclicas y ciclicas propuestas
requieren la isomerizaciéon de la glucosa a fructosa antes de la
deshidratacion, pero también se han propuesto mecanismos que no

involucran a la fructosa.

El HMF es soluble en agua y en disolventes organicos comunes.
Aunque el agua serfa el disolvente ideal por su bajo coste y no
ocasionar contaminacion, los rendimientos a HMF en reacciones con
agua como unico medio de reacciéon son bajos en comparacién a los
obtenidos en disolventes organicos. El uso de sistemas bifasicos se ha
convertido en una estrategia adecuada porque el uso de una tnica fase
liquida necesita extraer el producto de deshidrataciéon y aislarlo en una
segunda fase liquida, aumentando los costes operativos y econémicos.

Sin embargo, la adicién de disolventes organicos como una segunda



fase conduce a mayores rendimientos a HMF porque evitan su
rehidratacién, su descomposicién y/o su condensacion en reacciones
secundarias. Para esta reaccién se han empleado disolventes como
tolueno, 2-butanol, dimetilsulféxido (DMSO) o tetrahidrofurano
(THF), derivados del petrdleo, y 1-butanol o ciclopentil metil éter
(CPME), que son "disolventes verdes". La metilisobutil cetona
(MIBK) también se ha utilizado como disolvente eficiente para la
deshidratacion de glucosa. La eleccion de la fase organica no debe
basarse solo en la eficiencia en la extraccion del HMF (alto coeficiente
de particién), sino también en la facilidad de separaciéon del HMF

disuelto en la fase organica para su uso en un proceso posterior.

La producciéon de HMF a partir de sacaridos se ha evaluado
ampliamente utilizando 4acidos minerales como  catalizadores
homogéneos, logrando altos rendimientos de HMF, pero el uso de
estas sustancias implica varios problemas como la toxicidad, la
corrosion de equipos, el residuo que constituyen los catalizadores, las
grandes cantidades necesarias, y las costosas operaciones de
separacion. Es por ello que se ha tendido a su sustitucién por solidos
acidos, mejores desde el punto de vista medioambiental y econémico.
Los materiales porosos, con elevadas areas superficiales, estrecha
distribucién de tamafios de poro y didmetros de poro modulables, son
muy adecuados para su uso como catalizadores, adsorbentes o para
procesos de separacion. Los solidos porosos se pueden clasificar en
MAcroporosos, Mesoporosos y microporosos, con poros mas anchos
de 50 nm, en el rango 2-50 nm o menores de 2 nm respectivamente.
Los materiales macroporosos no son tan utiles como catalizadores.
Los catalizadores microporosos son principalmente zeolitas, AIPO,

(aluminofosfatos), carbones, arcillas o compuestos metal-organicos
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(MOFs). Los solidos mesoporosos como los materiales ordenados
mesoporosos (OMM) son muy utiles debido a su mesoporosidad
homogénea, gran tamano de poro, alta superficie y canales ademas de
poros. La sintesis de estos materiales mesoporosos se basa
principalmente en moléculas organicas que actuan como plantillas
alrededor de las cuales se condensa el precursor. Después de la
condensacion, la plantilla organica se elimina por extraccién o
calcinacién, quedando la estructura mesoporosa. El control del
entorno local y de la morfologia durante la sintesis permiten obtener
OMMs con diferentes propiedades en funcién de los requerimientos
cataliticos. Una de las caracteristicas interesantes de los solidos
ordenados mesoporosos para catalisis es la multitud de posibilidades
de modificaciéon que ofrecen. Dado que la estabilidad hidrotermal es
esencial para su uso como catalizadores, se han desarrollado
modificaciones para mejorar esta estabilidad, como la adiciéon de sales
durante la sintesis hidrotermal, la modificaciéon de la superficie por
sililacién o la insercién post-sintesis de compuestos inorganicos para
aumentar el grosor de las paredes y/o para estabilizar quimicamente la

superficie de las paredes de las estructuras mesoporosas.

Muchas reacciones cataliticas son acido-especificas, como la
descomposicion de sacarosa en glucosa y fructosa. Otras son base-
especificas, como la obtencién de biodiésel a partir de triglicéridos. Y
muchas otras son catalizadas por acidos y bases conjuntamente, como
la transformacién de compuestos furanicos derivados de la biomasa en
productos quimicos. Con respecto a los sitios acidos activos de los
catalizadores, pueden ser de tipo Bronsted y de tipo Lewis. Con
respecto a la deshidratacién de glucosa a HMF, los catalizadores que

actian como acidos de Lewis facilitan la isomerizacién de glucosa a

2-5



fructosa y los que actian como acido de Bronsted promueven la
deshidratacion de glucosa a HMF vy las reacciones secundarias. No
obstante, la reaccién también se ha llevado a cabo empleando
conjuntamente catalizadores basicos y acidos, tanto homogéneos
como heterogéneos, ya que también los sitios basicos promueven la
isomerizacion de la glucosa y los acidos favorecen las reacciones de
deshidratacion y condensacion. Por lo tanto, se necesitan catalizadores
bifuncionales. La deshidrataciéon de hexosas a HMF se ha investigado

utilizando una gran variedad de catalizadores heterogéneos.

La produccion de HMF a partir de fructosa, glucosa o de biomasa
lighoceluldsica se ha realizado principalmente a escala de laboratorio,
en reactores agitados tipo batch y en continuo, en sistemas de
disolventes mixtos. También se ha llevado a cabo la produccion de
HMF a partir de cafa de azacar o directamente de fructosa a escala
piloto. La produccién de HMF a partir de azucares directamente no es
ain rentable, y se dirige a su obtencién directamente a partir de

biomasa lignocelulésica.

En este trabajo, se han sintetizado y/o modificado sélidos, tanto

,
MICTOpPOrosOs COMO MESOpPOrosos, para obtener materiales porosos
con propiedades texturales y acidas adecuadas para potenciar la
actividad de la reacciéon de deshidratacion de glucosa a HMF: 6xido de
tantalo mesoporoso; materiales basados en silices mesoporosas MCM-
41 y KIT-6 con diferentes proporciones de Si/Al; zeolitas de tipo
ZSM-5,Y y Beta, tanto en sus formas protonadas como con hierro o
cobre, y carbones activados derivados del hueso de aceituna (serie

HA) o lignina (serie L) con grupos funcionales de fésforo. El 6xido

de tantalo y los materiales a base de silice se sintetizaron por diferentes

2-6



métodos. Las zeolitas comerciales (Zeolyst International) fueron
modificadas mediante post-sintesis para mejorar sus propiedades
acidas. Los carbonos porosos fueron proporcionados por el grupo del
profesor T. Cordero (Departamento de Ingenierfa Quimica,

Universidad de Malaga).

Tras la preparaciéon de los catalizadores, se llevé a cabo su
caracterizacion fisico-quimica mediante diferentes técnicas y analisis:
difraccién de rayos X (XRD), espectroscopia fotoelectrénica de rayos
X (XPS), analisis térmico diferencial y termogravimétrico (DTA-TG),
adsorcién-desorcion de nitrogeno a -196 °C, desorcion a temperatura
programada de amonifaco (NH;-TPD), adsorcion de piridina acoplada
a la espectroscopia infrarroja por Transformada de Fourier (Pyr-
FTIR), resonancia magnética nuclear en estado sélido (MAS-NMR) y
analisis elemental (CHNS/O). Esta caractetizacién propotciond datos
de las propiedades estructurales y morfolégicas, la composicion
quimica, la acidez total y su fortaleza y tipos (Bronsted y Lewis) de
sitios acidos, y las estabilidades térmica, fisica y quimica de los

catalizadores.

Una vez caracterizados, se investigd la actividad de los catalizadores en
la reaccién de deshidratacion de glucosa a HMF. Todos los
experimentos cataliticos se realizaron en reactores de vidrio de paredes
gruesas de 15 ml, y a temperaturas entre 155 y 195 °C. El experimento
estandar usaba 1,5 mL de fase acuosa compuesta de hexosa (glucosa o
fructosa, 10 % en peso) combinada con 3,5 mL de un disolvente
organico, asi como 50 mg de catalizador. Después de la reaccion, los
analisis de las muestras de los productos de reaccion se realizaron

mediante cromatograffa liquida de alta resoluciéon (HPLC),
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proporcionando los datos de conversion de reactivos, y de selectividad

y rendimiento de los productos.

El 6xido de tantalo mesoporoso se sintetizé6 mediante hidrélisis acida
de pentactéxido de tantalo en presencia de Pluronic L-121, un
surfactante no i6nico, a temperatura ambiente, y posterior calcinacion
a 550 °C durante 6 h. Los patrones de difracciéon de rayos-X (XRD)
confirmaron una estructura amorfa, no detectindose ninguna fase
cristalina  del o6xido de tantalo. Se realiz6 wun estudio de
termodifraccion desde temperatura ambiente hasta 1000 °C, aunque la
actividad catalitica no se estudi6 por encima de 200 °C. Hasta 500 °C,
los difractogramas permanecieron invariables, pero, por encima de 600
°C, aparecieron picos de difracciéon estrechos y bien definidos,
correspondientes a una estructura ortorrémbica. El uso de plantillas
con un eclevado peso molecular como Pluronic® P-123 originé
paredes de poros mas gruesas con mesoestructuras ordenadas durante
el procedimiento de sintesis. El catalizador presentaba una isoterma de
adsorcién-desorcion de N, Tipo IV(a), tipica de sélidos mesoporosos,
con una histéresis asociada a la condensacion capilar. Se utiliz6 el
método (DFT) para calcular la distribuciéon del tamafio de poros,
siendo entre 2 y 6 nm. El catalizador posefa una superficie especifica
adecuada (79 m* g ') y la composicién de la superficie, determinada a
partir de los datos de XPS, resulté ser cercana a la composicion
estequiométrica del 6xido de tantalo. Los espectros de las regiones del
Ta 4fy O 1s confirmaron los estados de oxidacién esperados del 6xido
de tantalo. Los valores obtenidos mediante TPD de amoniaco
confirmaron que la acidez de este catalizador residia principalmente en
la presencia de moléculas de agua coordinadas y grupos OH

coordinados a iones de tantalo. La simetria y el estado de oxidacion
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del tantalo también determinaron las propiedades acidas. Aunque la
acidez fue principalmente asociada a moléculas de agua coordinadas y
grupos OH coordinados a los iones de tantalo, como sitios acidos tipo
Bronsted, los sitios acidos de Bronsted se transformaron parcialmente

en sitios acidos de Lewis.

El TaOs mesoporoso demostré ser activo como catalizador
heterogéneo en la deshidrataciéon de glucosa a 5-hidroximetilfurfural
(HMF), en un sistema bifdsico consistente en agua/metil-iso-butil
cetona (MIBK). Con una relaciéon masica glucosa/catalizador (S/C) de
3:1 se logré una conversion de glucosa del 69% y un rendimiento en
HMF del 23%, a 175 °C después de 90 minutos. El proceso catalitico
fue selectivo hacia el HMF, ya que no se detecté acido levulinico
procedente de una posterior hidratacién del HMF. También se obtuvo
fructosa, procedente de la isomerizaciéon de la glucosa, con una
selectividad del 14%. La formacién de fructosa se vio favorecida a
temperaturas mas bajas, y supone la existencia de un proceso en dos
etapas, con una primera en la que la glucosa se isomeriza a fructosa y
una segunda en la que la fructosa se deshidrata a HMF, aunque
también cabe la posibilidad de deshidrataciéon directa de glucosa a
HMF. La isomerizacion de glucosa a fructosa se llevo a cabo sobre
sitios activos acidos de Lewis, mientras que la deshidratacion se realiza
sobre los sitios acidos de Bronsted. Después del tratamiento con una
solucién de KOH para reducir la acidez del catalizador, éste convirtid
un 15% menos de glucosa y la selectividad de HMF resulté ser un 8%
inferior, mostrando la participacion de los sitios acidos de Bronsted en
la reaccion. El catalizador también se probd en una reacciéon partiendo
de HMF, en las mismas condiciones de reaccion (sistema bifasico

agua/MIBK, 175 °C, 90 minutos), y tras la reaccién no se detectd
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acido levulinico ni férmico, y se recuperd todo el HMF inicial,
indicando que la acidez de Lewis era insuficiente para llevar a cabo
reacciones desde HMF. También se llevé a cabo la modificacion de la
acidez superficial mediante el tratamiento del catalizador con acido
fosfoérico, y tras 120 minutos de reaccion a 175 °C, se incrementaron
tanto la conversion de glucosa como la selectividad a HMF,
disminuyendo la selectividad a fructosa. El 6xido de tantalo resultd ser
térmica y quimicamente estable, ya que no se encontré lixiviacion de
especies de tantalo en un andlisis de la fase liquida. Al aumentar la
cantidad de catalizador (reduciendo la relacion sustrato/catalizador
(S/C)), la conversién de glucosa y el rendimiento a HMF no
aumentaron de forma lineal, debido a limitaciones difusionales. El
catalizador usado, después de un tratamiento térmico de regeneracion
a 550 °C, mostrd una actividad similar a la del catalizador fresco, en un
segundo ciclo de reaccién, pero cuando no se sometié a tratamiento
de regeneracién, la conversion de glucosa disminuy6 drasticamente.
Por lo tanto, la vida util de este catalizador para funcionar de forma

adecuada en las condiciones de reacciéon empleadas fue de solo 1 ciclo.

Los catalizadores de silice mesoporosa tipo MCM-41 dopados con
aluminio en propotciones Si/Al 5 y 10 se prepararon mediante un
método sol-gel en dos etapas (hidrélisis acida y alcalina), a partir de la
hidrélisis conjunta de tetraetilortosilicato (TEOS) y triisoproxido de
aluminio, utilizando cloruro de n-dodecilamonio como surfactante, a
temperatura ambiente, y realizando posteriormente su calcinacién a
550 °C. Los patrones de DRX confirmaron una estructura hexagonal y
paredes de silice amorfas, sin fases cristalinas. Las isotermas de
adsorcién-desorcion de nitrégeno que se obtuvieron fueron Tipo IV

(a), tipicas de solidos mesoporosos, e indicaron la existencia de poros
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anchos, que se confirmaron con el analisis DFT, resultando mas
anchos en 10AI-MCM-41 que en el catalizador 5A1-MCM-41. Las
areas superficiales BET aumentaron al hacerlo el contenido de
aluminio, de 587 a 734 m’® g' para 10AI-MCM-41 y 5AI-MCM-41,
respectivamente. Los datos de TPD de amoniaco y los espectros FTTR
de piridina adsorbida denotaron una fuerte acidez, con la presencia de
sitios acidos de Lewis y Bronsted, que permanecieron incluso después
de la evacuacién de piridina a 300 °C, principalmente en 10AI-MCM-
41. Los sitios acidos de Bronsted, asociados a silanol y grupos
hidroxilo Si(OH)ALI aislados, fueron los principales responsables de la
acidez total. Los datos de XPS y *’Al RMN mostraron la presencia de
aluminio coordinado en entornos octaédrico y tetraédrico, porque,
aunque ambos materiales posefan aluminio bien incorporado a la
estructura silicea, algo de aluminio se originé en la superficie externa
en forma de 6xido de aluminio, especialmente en el caso de 5Al-

MCM-41 que tenfa un mayor contenido de aluminio.

Mediante el empleo de un sistema bifisico agua/MIBK y con 10Al-
MCM (S/ = 3:1) a 195 °C, se alcanzé una conversion de glucosa del
87% y un rendimiento a HMF del 36%, después de 150 minutos. La
reaccién fue bastante selectiva hacia HMF, y no se detectaron acido
levulinico o furfural, tan sélo fructosa como subproducto. El
catalizador 5AI-MCM-41, en las mismas condiciones de reaccion,
mostré una efectividad menor, que pudo deberse a su menor acidez,
mas aluminio fuera de la estructura mesoporosa y una mayor
proporcién de microporos que pudieron dificultar la accesibilidad de
los reactivos a los sitios acidos. El uso de una solucién acuosa de
cloruro de sodio (20 % en peso) en lugar de agua pura, como fase

acuosa, mejord el coeficiente de reparto entre las fases organica y
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acuosa hasta un valor de 1.9, lo que elevé tanto la conversién de
glucosa como el rendimiento a HMF, alcanzando valores de 98% vy
63%, respectivamente, y acortando el tiempo de reaccién a tan sélo 30
minutos. El rendimiento catalitico de 10Al-MCM-41 se mantuvo
después de tres ciclos cataliticos. El aumento de la selectividad a
fructosa en los ciclos de reaccion posteriores al primero corrobord que
la isomerizaciéon de la glucosa a la fructosa es la etapa limitante del

proceso de deshidratacion.

Para a la sintesis de materiales de silices mesoporosas tipo KIT-6
(KIT6-A, KIT6-B y KIT6-C) se emplearon tres métodos similares.
Para los tipos A y B, se emplearon Pluronic P-123 como agente
estructurante y acido clorhidrico, y se afadié n-butanol como
disolvente. Para el tipo A se agité a 35 °C durante 24 horas después de
la adiciéon de TEOS (tetraetilortosilicato), mientras que el tipo B se
agité mas tiempo, 72 horas. Tras la calcinacion a 550 °C, se obtuvieron
los catalizadores KIT6-A y KIT6-B. Para el tercer material, KIT6-C,
se utiliz6 isopropanol en lugar de n-butanol como disolvente, y
después de la adiciéon de TEOS se agité durante 36 horas. Con los
datos que aporté el estudio de los 3 sélidos, tanto de DRX como de su
caracterizacion textural, se eligio KIT6-C para ser modificado por dos
tratamientos post-sintesis diferentes para incorporar aluminio con el
fin de mejorar la acidez y, en consecuencia, la actividad catalitica. El
primer método post-sintesis utiliz6 una solucién de cloruro de
aluminio en etanol seco, y el segundo método, en hidréxido de
tetrametilamonio (TMAOH) en lugar de etanol. Con las diferentes
condiciones de sintesis se obtuvieron dos sélidos tipo KIT6 dopados
con aluminio: Al-KIT6-C1 y Al-KIT6-C2. Estos materiales no

mostraron cambios estructurales después de la incorporacion del
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heteroatomo. Los andlisis por XPS y FRX indicaron escasez de Al en
AL-KIT6-C1, mientras que mostraron una relaciéon Si/Al cercana al
valor prefijado en el caso de AI-KIT6-C2. En este segundo catalizador
se confirmaron tanto la presencia de aluminio en coordinacién
tetraédrica (Al") como aluminio octaédrico (Al°) a partir de los datos
de MAS-NMR. Por lo tanto, sélo Al-KIT6-C2 contenia aluminio
incorporado debido a un procedimiento de sintesis mas adecuado, y
solo este solido se probo en el estudio catalitico posterior. El aluminio
se localiz6 principalmente sobre la superficie, mientras que en 10Al-
MCM-41 se encontraba principalmente en la estructura mesoporosa,
conformando una estructura mas desordenada que en los materiales

basados en KIT6.

Asi

ol

Al-KIT6-C2 se estudié como catalizador bajo las mismas
condiciones de reaccion que 10AI-MCM-41, resultando altamente
selectivo hacia HMF, pero poco activo en la conversion de glucosa,
debido principalmente a una menor acidez. Teniendo en cuenta tanto
la fortaleza como la cantidad de sitios acidos de los catalizadores
mesoporosos empleados, 10AI-MCM-41 podria considerarse el
catalizador mas acido, seguido del 6xido de tantalo mesoporoso y del
5A1-MCM-41, siendo Al-KITG6-C2 el menor. Ademas, en estudios a
mayores tiempos de reaccién se observo la desactivacion del
catalizador debido a la presencia de subproductos de reaccion, sin que

se observara ninguna variacién de sus propiedades acidas.

En cuanto a las zeolitas, se prepararon tres zeolitas protonadas (H-
ZSM-5, H-Y y H-Beta) a partir de zeolitas comerciales mediante
calcinacion de sus formas amonicas a 550 °C. ZSM-5 es una zeolita

con un sistema de canales interseccional y tridimensional, con alto
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contenido en silicio. El material comercial precursor de H-ZSM5-15
posefa una relaciéon molar Si/Al de 15. La zeolita Y, de tipo faujasita,
posee grandes cavidades internas llamadas supercavidades, unidas
tetraédricamente a través de poros abiertos. La relacion Si/Al de
zeolitas Y es baja y puede aumentarse mediante la dealuminacion. El
matetial comercial precursor de H-Y-6 posefa una relaciéon Si/Al de 6.
La zeolita Beta tiene una estructura tipo BEA, siendo una estructura
compleja que consiste a su vez en dos estructuras intercrecidas,
conteniendo ambas una red tridimensional de poros. Se pueden
sintetizar con altas relaciones molares Si/Al, entre 10 y 100. El
precursor comercial del catalizador H-Beta-12.5 posefa una relacion
Si/Al de 12.5. Las zeolitas mostraron isotermas de adsorcion-
desorciéon de nitrégeno de Tipo I, pero mientras que los materiales de
tipo ZSM-5 mostraron histéresis tipo H3 debido a agregados de
particulas que originaron cavidades medianas y anchas, los materiales
de tipo Y mostraron un tipo de histéresis H4, tipico de zeolitas con
micro y mesoporos. Las zeolitas ZSM-5 y Beta, se consideran
selectivas de forma debido a sus particulares estructuras. Los
materiales basados en zeolita H-Beta mostraron una cristalinidad
menor que los otros tipos de zeolita, que se asocia a la presencia de
defectos estructurales debido a la incorporacion de especies de
aluminio. Los valores de acidez total de las zeolitas protonadas fueron
muy superiores a los de los catalizadores mesoporosos, aunque la
densidad superficial del amoniaco adsorbido fue similar e incluso lo
fueron las temperaturas maximas de desorcion. La acidez H-ZSM5-15

se debi6 tanto a los grupos hidroxilo como a los atomos de aluminio.

Estas zeolitas protonadas se probaron en la deshidratacion catalitica de

glucosa a HMF bajo las mismas condiciones de reaccién del
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catalizador 10AI-MCM-41 con el fin de evaluar la influencia de las
propiedades texturales y acidas en el rendimiento catalitico. Asi, el
proceso de deshidrataciéon se llevé a cabo en un sistema bifasico de
agua/metil-isobutil cetona (MIBK), a 195 °C. Los catalizadores H-
Beta-12.5 y H-Y-6 alcanzaron una conversion de glucosa superior a la
lograda utilizando 10Al-MCM-41, pero menores selectividades de
fructosa. Sin embargo, la mayor selectividad a HMF de las zeolitas
protonadas fue inferior a la conseguida con el catalizador MCM-41, y
se logré empleando H-Beta-12.5. Esto se debi6 a los sitios acidos de
Lewis y Bronsted, a su acidez moderada-fuerte y, en general, a la
importante mesoporosidad desarrollada en la zeolita. Estos resultados
confirman el papel esencial que desempefian las propiedades texturales
de los catalizadores en el rendimiento catalitico de la reaccion de
deshidratacion de glucosa y fructosa a HMF. La adicién de NaCl a la
fase acuosa, como en el caso de 10Al-MCM-41, mejord tanto la
selectividad como el rendimiento a HMF. Asi, con la zeolita H-Beta-
12.5 en una solucién acuosa de NaCl/MIBK, a 195 °C, se logté un
alto rendimiento a HMF, cercano al obtenido con 10Al-MCM-41,
después de tan sélo 30 minutos de reaccion. La mejora obtenida con
H-ZSM-5 y H-Y no fue tan importante, lo que demuestra el efecto
positivo de la mesoporosidad en la deshidratacion de glucosa a HMF.
En todas las reacciones se observé la formacion de productos no
deseados, que disminuyeron la cantidad de HMF, incluso a
temperaturas de reaccién mas bajas o en tiempos de reaccién mas
cortos. Las especies poliméricas obtenidas a partir de los carbohidratos
y del HMF se forman en los sitios acidos de Lewis, mientras que los
productos de degradaciéon de HMF tienen lugar en los sitios acidos de

Bronsted. El 4cido levulinico, procedente de la rehidrataciéon de HMF,
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no se detecté en ningun experimento. También se estudio la influencia
de la fase organica en el rendimiento y se confirmé su papel en la
extraccion del HMF formado, desplazando el equilibrio hacia su
formacion y evitando también reacciones de degradacion posteriores.
En ausencia de fase organica, se logré un rendimiento de HMF
inferior al 4% debido a la rehidratacion del HMF formado, lo que se
evidencié6 mediante la identificacién de 4cido levulinico en los
productos de reacciéon. También se evalué el papel de otras sales
alcalinas ademas de NaCl en la fase acuosa, confirmando que el efecto
mas positivo se debe principalmente a los cationes de sodio. En
particular, el NaCl en zeolitas de tipo MFI, como ZSM-5, mejora la
hidrolisis de los puentes Si-O-Al, liberando especies de AI’" que
catalizan la conversion de glucosa a través de procesos cataliticos
homogéneos. La adicién de CaCl, como fase acuosa en lugar de agua,
mostrd, sin embargo, un comportamiento diferente. Incluso en
ausencia de catalizador, se observé una alta actividad, sefalando que
esta sal esta involucrada tanto en la isomerizacion de la glucosa, que
parece ser muy rapida, como en la deshidratacion de la hexosa.
Diferentes sales promueven la deshidratacion de glucosa/fructosa a
HMEF, pero la causa y el efecto de sus iones respectivos, se deben,
ademas a los tipos de iones, a las interacciones particulares de éstos

con cada catalizador y a las condiciones de reaccién especificas.

La introduccién de heteroatomos en las zeolitas modifica la naturaleza
y la fortaleza de la acidez de las mismas, en funcién del numero, la
coordinacion y la posicion de estos heteroaitomos en la zeolita. El
hierro y el cobre fueron introducidos en las zeolitas comerciales de
partida por métodos post-sintesis, en concreto mediante intercambio

i6nico, para modificar las propiedades acidas de los catalizadores
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basados en zeolitas. Después de la incorporacién de hierro y cobre y
de calcinacion a 550 °C, en las zeolitas tipo ZSM-5, las estructuras se
mantuvieron intactas segun los patrones de DRX, con los cationes
preferentemente en posiciones extra-red. Aunque la incorporaciéon de
hierro en las zeolitas reduce el area superficial especifica y el volumen
de microporos debido al bloqueo parcial de los poros por las especies
de hierro, en la zeolita Fe-Beta-12.5, ambos se incrementaron debido a
la presencia de agregados de hietro. La relacién Si/Al de Fe- y Cu-
ZSM5-15 difirié de la de la zeolita H-ZSM5-15 de manera opuesta.
Mientras que en la superficie de Fe-ZSM5-15 disminuy6 el contenido
de aluminio, en Cu-ZSM-15 aument6 el aluminio en superficie,
indicando una ubicacién preferencial diferente de estos cationes
después de las etapas de intercambio idnico y calcinacion. Los datos
de MAS-NMR de las zeolitas tipo ZSM-5 revelaron la presencia de
atomos de aluminio coordinados tetraédrica y octaédricamente, siendo
en su mayoria tetraédricos, correspondientes a especies intra-red. En
H-Y-6, la relacién Si/Al fue muy parecida a la relacion del precursor,
con el 73% del aluminio dentro de la red zeolitica. En las zeolitas Beta,
la relacién atémica Si/Al en la supetficie resulté ser muy similar a la
relacién Si/Al de la forma protonada, aunque mayor en la zeolita
intercambiada con hierro y menor en la intercambiada por cobre. Los
espectros en las regiones Fe 2p y Fe 3p (datos XPS) del hierro de las
zeolitas mostraron una oxidacion parcial de Fe (II) a Fe(III) durante la
post-sintesis. Las telaciones atémicas Si/Fe aumentaron con la
relacién Si/Al, como se esperaba, por lo tanto, la zeolita con el mayor
contenido de aluminio tenfa también la mayor proporciéon de hierro,
Fe-Y-6, mientras que Fe-ZSM5-15 tuvo el menor contenido en hierro

de los tres catalizadores. Con respecto a las zeolitas con cobre, el
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espectto Cu 2p3/2 (XPS) confirmé la presencia de Cu(Il), aunque el
Cu LMM Auger también indicé la existencia de Cu(I), que pudo
producirse por foto-reduccion durante la exposiciéon a los rayos X,
pero en el caso de Cu-ZSM5-15, también pudo ser causada por las
interacciones entre los cationes de cobre y la estructura de la zeolita,
que mantienen el cobre(l) incluso a elevadas temperaturas. Se observo
una diferencia notable entre las zeolitas intercambiadas con cobre y las
intercambiadas con hierro en cuanto al enriquecimiento de aluminio
en superficie en comparacion con sus precursores respectivos, lo que
probablemente se debi6 a la existencia de gradientes de aluminio desde
las regiones internas a las externas de las zeolitas. En las zeolitas ZSM-
5 intercambiadas con cationes, los sitios 4cidos se mantuvieron
constantes tras el intercambio, pero en las zeolitas tipo Y y Beta, éstos
disminuyeron. En las zeolitas ZSM-5, las fuertes modificaciones en los
sitios acidos de Bronsted, principalmente, y en los sitios acidos de
Lewis y, sobre todo, el aluminio, conformaban la acidez. Aunque en la
TPD de amoniaco se obtuvo una acidez total similar para los
catalizadores H-, Fe- y Cu-ZSM5-15, su acidez era de diferente tipo.
En las zeolitas intercambiadas tipo Beta, la introduccién de hierro
disminuy6 la acidez total y su fortaleza, mientras la introduccion de
cobre aument6é notablemente los sitios acidos de Lewis, aunque
disminuy6 su fortaleza. Estos datos muestran que es factible modificar
la naturaleza de los sitios acidos de las zeolitas mediante tratamientos

térmicos o de intercambio idnico.

Las zeolitas acidas resultantes demostraron ser también activas en la
deshidratacion de glucosa. Se investigd la influencia de diferentes
variables experimentales, como el tiempo de reaccion y la temperatura,

la relacion molar sustrato: catalizador, el volumen de disolvente
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organico y de fase acuosa, asi como la densidad y la naturaleza de los
sitios acidos, en el comportamiento catalitico. Fe-y Cu-ZSM5-15
condujeron a una mayor conversion de glucosa y rendimientos a
HMF, reduciendo la selectividad a fructosa y, por lo tanto, mejorando
la actividad respecto a la de H-ZSM5-15. Fe-Y-6 y Fe-Beta-12.5
mejoraron la actividad catalitica en comparacién con las formas
protonadas, aunque no tanto como en los catalizadores tipo ZSM-5.
El catalizador H-ZSM5-15 se calciné para ser regenerado previamente
a su reutilizacién. Este tratamiento produjo un enriquecimiento de
aluminio en la superficie debido a la generaciéon de aluminio extra-red,
modificando los sitios activos con respecto al catalizador fresco inicial.
Estos cambios condujeron a una mayor conversion de glucosa, pero a
una menor produccién de HMF y mayor de fructosa como productos
de reaccion, confirmando la relacion que existe entre el tipo de acidez
y las selectividades. El rendimiento catalitico en un segundo ciclo del
catalizador H-Beta-12.5, que resulté inicialmente casi tan activo como
10AI-MCM-41, fue sin embargo muy diferente a la actividad del
catalizador 10Al-MCM-41 en un segundo ciclo en condiciones
experimentales similares. El catalizador Fe-Beta-12.5 regenerado
también redujo mucho su actividad en un segundo ciclo catalitico
debido a la disminucién de los sitios acidos, lo que se debié a la
pérdida de hierro. El catalizador Cu-Beta-12.5 regenerado mostré
también un comportamiento distinto del primer al segundo ciclo, pero

debido a otros motivos, como la dealuminacién parcial.

Una vez estudiados los materiales mesoporosos y las zeolitas, dos
grupos de carbones acidos porosos, preparados a partir de huesos de
aceituna (serie HA) y de lignina comercial (serie L) se activaron

mediante un tratamiento quimico con acido fosférico para obtener
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catalizadores acidos: HA3500, 31500 y 31800, y L3500, 31500 y 31800.
Las etiquetas 500 y 800 indican las temperaturas de activacion. L.31500
y HA31500, que se prepararon utilizando un método y una proporcion
de impregnacion similares, dieron como resultado carbonos mas
acidos, seguidos de HA3500 y L3500. El tratamiento térmico a 800 °C
durante la sintesis origind materiales con menor acidez que los

activados a 500 °C en sus respectivas series (HA- o L-).

En primer lugar, se compararon con 10AI-MCM-41 y las zeolitas en
las mismas condiciones de reaccién, en la deshidratacion de glucosa a
HMF. En general, no se detectd fructosa en ningun experimento, y se
obtuvieron selectividades a HMF mas altas que los valores de
conversion de glucosa, como tendencia general. A mayor temperatura
de activacion, menor actividad catalitica (HA31800 y L31800). Los
carbones tipo -31500 resultaron mas selectivos a HMF debido a su
mayor area superficial y su mayor superficie de microporos, con
microporos pequefios que limitan las reacciones de degradacion de
HMEF, y a su alta porosidad combinada con sitios acidos de fortaleza
media y débiles adecuados también para la conversion de glucosa. Los
carbones L3500 y HA3500, resultaron los de maxima conversién de
glucosa, asociada a sitios acidos de Bronsted mas fuertes. Como no se
detectd fructosa en ningun caso, HA31500 se probé para la obtencion
de HMF directamente desde fructosa. Los resultados sugirieron un
mecanismo diferente para la conversion de glucosa sobre estos
carbones catalizadores que para los otros catalizadores estudiados. En
este caso, la glucosa no se isomerizaria a fructosa previamente a su
deshidratacion a HMF, sino que se deshidratarfa a través de otros
intermedios. Con el catalizador 13500, en idénticas condiciones de

reaccién, se alcanzé una conversion de glucosa similar a la obtenida
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con el catalizador H-ZSM5-15 y una selectividad a HMF similar a la de
10A1-MCM-41. Por lo tanto, los catalizadores L3500 aunaron las
ventajas de los otros dos catalizadores, pero, desde el punto de vista
econémico y ambiental, como estos materiales se obtuvieron a partir
de residuos biomasicos, serfan preferibles. También se estudié la
influencia de la proporcién de MIBK, la fase organica, con el fin de
utilizar la menor cantidad necesaria posible. Los resultados
confirmaron que la proporcién 6ptima es justamente la utilizada en las
otras reacciones, con un 70 vol.% de MIBK en el medio de reaccion.
Como el cloruro de calcio mejoré notablemente la actividad en el caso
de 10AI-MCM-41 y de las zeolitas, también se evalud la adicion de
cloruro de calcio al medio acuoso y la reaccién se realizé con los
carbonos 4cidos como catalizadores. En este caso, la conversion de
glucosa se duplico, aunque la selectividad a HMF sélo aumento
ligeramente, y los datos indicaron una participacion diferente de los
iones de la sal a la indicada en las reacciones con los otros
catalizadores. El ciclopentilmetil éter (CPME), un eco-disolvente, que
previamente se probé como alternativa al MIBK como fase organica
con 10AI-MCM-41, también se probé con HA31500 como
catalizador, alcanzando en este caso una mayor conversion de glucosa
después de 90 minutos, pero una selectividad a HMF mucho menor,
debido al coeficiente de particiéon, mas pequeno en CPME que en
MIBK. Mediante el uso de este disolvente, se detecté furfural como
producto de reaccion, ademas de HMF. La presencia de sitios acidos
de Bronsted fuertes, ademas de sitios dcidos de Lewis, favorecié no
s6lo el HMF sino también el furfural. Esto se deberia a un mecanismo
de reaccién no a través de fructosa sino a través de 3-desoxiglucosona

como intermedio de reaccidén, ya que ésta puede sufrir una doble
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deshidratacion para dar HMF, pero también puede formar furfural via
otro intermediario inestable. E1 CPME, con un coeficiente de reparto
menot, posibilitarfa ambas reacciones, aunque favoreciendo el HMF
sobre el furfural. La formacién de subproductos como las huminas
también se observd con el empleo de los carbones acidos como
catalizadores. En un segundo ciclo catalitico, sin ningin tratamiento
para regenerar los catalizadores, la selectividad de HMF disminuy6
debido al depésito de subproductos en los mismos, bloqueando los

sitios activos.
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3. Introduction

3.1. Current wotld energy situation

The world has become increasingly dependent on fossil-based re-
sources, mainly oil and natural gas, for the production of fuels and
chemicals. North America and Europe since the beginning, and China
and India growing strongly, demand a large amount of oil and natural
gas, while diminishing reserves. In 2019, European Union consumed
10.2% wortld energy, being China and Asia the largest consumers (21
and 25.6%, respectively). Renewable energies only account for 16.4%

as is shown in Figure 1,[1].

TOTAL 2019 = 9983 Mtoe

31% 0.1%

Petroleum & Products
Solid Fuels

Gas

Renewables

Electricity

Heat

Other

Figure 1. World total final consumption by fuel (2019) [2].

The Renewable Energy Directive sets a series of greenhouse gases
emission and sustainability criteria that EU countries must comply to
reach a 32% renewable target by 2030, in order to ensure a sustainable

growth [3]. These are also necessaty to achieve the EU's objective of
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climate neutrality by 2050. On 18 May 2022, the UE Commission
published the REPowerEU plan, including measures to reduce de
dependence on Russian fossil fuels and accelerate the green energy
transition [4]. This REPowerEU means saving energy, producing
green energy and diversifying the energy supplies. This recent plan
also proposes to increase the renewable target to 45%, which would
bring the total renewable energy generation capacity to 1236 GW in-
stead of 1067 GW proposed in 2021. A modeling analysis has been
recently taken out on the energy mix in 2030 by the European Com-
mission [5]. Different scenarios have been compared: Fit-for-55
“Ff55”, achieving the 2030 targets adopted, with 40% for the renewa-
ble energy; “Ff55 high prices” with high fossil fuel prices; REPow-
erEU “RPE” context achieving 45% renewable energy, 13% energy
efficiency and phased out Russian gas by 2027; “RPE50” including
RPE context and 50% renewable energy and “RPE56” increasing re-

newable energy target to 56% (Figure 2, [6]).

Figure 2. Energy mix in 2030 (% by fuels, total GIC in Mtoe) [6].



In the current context of a globalized and polluted world, highly de-
pendent on fossil fuels, it has been necessary the development of sus-
tainable resources for both energy and bulk chemicals. To achieve the
renewable target, wind power, ocean and hydropower energies, solar
energy, biofuels, biomethane and biomass are together needed. Biofu-
els are the alternative to fossil fuels for transports, whereas bio-
methane is a renewable substitute of natural gas. Biomass, derived
from organic material, from trees, plants, and agricultural and urban
wastes, are the main source of renewable energy in the EU (60%).
Biomass is, as coal and oil, an available carbon source, constituting
renewable alternative resources for energy, transport fuels, and chemi-

cals [7].

3.2. Biomass

Biomass consists of, among others, carbohydrates, lignin, fatty acids
and lipids, although the most important components are cellulose,
hemicellulose and lignin, which form the lignocellulose (75%), and
also includes volatiles, water and ash (Figure 3). Cellulose, which is a
polysaccharide consisting of a linear chain of several hundred to many
thousands of § (1—4) linked D-glucose units, is the most abundant.
Hemicellulose (polyose) is a heterogeneous polymer which is com-
posed of many C5 and C6 sugars such as xylose, arabinose, mannose
or galactose. Lignin, the encrusting material in which the cellulose
microfibrils are embedded, is a macromolecule composed by aromatic

polymers [8].



Feedstock =
Plant Cell =
Cell Wall =
Macrofibril =
Microfibril #=———
Lignin =———
Cellulose =—
Hemicellulose #—

OH

Figure 3. Lignocellulosic biomass composition [9].
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32.1. Biomass to energy:

Biomass can provide direct energy for electricity generation, heat and
steam, and most biomass power plants in European countries have
accomplished cogeneration. Production and operation of biomass
power plants are similar to thermal power production, but the fuel
system of biomass power plants is more complicated. Biomass materi-
als are not purely carbon, oxygen and hydrogen, but also nitrogen,
potassium, phosphorous, sulphur and chlorine elements are contained,
involving continuous challenges to combustion engineering technolo-
gy due to deposition, fouling, slagging and corrosion of equipment.
Depending on the quality of the combustion process and the pro-
duced emissions, the use of biomass can be cleaner or even dirtier

than coal (Figure 4).

Figure 4. Biomass combustion diagram [10].
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The combustion process, called pyrolysis, converts the biomass into
gases, volatile liquids and char, a carbon rich solid. An illustrative and
exampling of this use of the biomass is the European Project LIFE03
ENV/SK/00057 in Slovakia, which produced wood pellets for the

heating installations at schools ([11]).

3.2.2. Biomass to fuels:

Besides providing renewable electricity and thermal energy, biomass
can be used to produce biofuels, especially for the transportation sec-
tor. Main strategies using biomass instead of fossil fuels are aimed to
reduce the oxygen content in order to improve energy density [12] and
to increase the molecular weight of the hydrocarbons by creating new
C-C bonds. Depending on the biomass feedstock, different biofuel

generations can be produced.

eFirst generation fuels are directly produced from edible feed-
stocks, mostly sugarcane and corn, though others as barley, potato

wastes or sugar beets:

o Bioethanol is produced through fermentation and subsequent
alcohol distillation of sugars present in sucrose and starch.
Sugarcane is common in Brazil, leader country for this use,
whereas, in USA, corn is mostly used. Firstly, carbohydrates
are isolated, through biomass pretreatment and hydrolysis, to
obtain an aqueous solution of carbohydrates. These steps in-
volve higher costs, but the solutions can be selectivity pro-

cessed into other processes. Obtained bioethanol is blended



with gasoline at low percentages, because percentages around

85% would need to modify the engines [13].

o Biodiesel is obtained mainly from vegetable oils, coming from
seeds of sunflower, soybean, palm, among others, which ac-
count of around 75% process cost. Any other animal fats or
vegetable oils could be used. While bioethanol is produced
through the sugar platform, oleochemical platform is used for
biodiesel production by transesterification. This is a catalyzed
chemical reaction between triglycerides and an alcohol, giving
rise to fatty acid alkyl esters (i.e., biodiesel) and glycerol as by-
product [14,15].

oThe main drawback of first-generation biofuels is the use of edi-
ble feedstock, which rises food price. Thus, second generation biofuels
are manufactured from agricultural lignocellulosic wastes. With respect
to first generation biofuels, there are many advantages, such as no
additional fertilizer, water, or land are required to grow this feedstock,
and non-edible and cheaper feedstock is used. However, expensive

processes are needed.

o Second generation bioethanol is also obtained through hydrol-

ysis and fermentation of carbohydrates (sugar platform).

o Fischer—Tropsch bio-diesel, bio-DME (dimethyl eter) and bio-
SNG (synthetic natural gas) are obtained through thermo-
chemical conversion processes, which include direct combus-
tion, gasification, liquefaction, and pyrolysis gasification (ther-

mochemical platform)[10].



oThird generation biofuels are mostly related to algae as feedstock.
Also low lignin trees should produce better biofuels [17]. Microalgae’s
advantages as biofuel feedstock are the rapid growth rate, CO; fixation
ability, high production of lipids, non-arable lands requirement and
not competitive with food or feed crops. They can be used to produce
liquid transportation and heating fuels, such as biodiesel and bioetha-
nol. Algae cultivation can be developed through different ways: open
ponds, close-loop systems or photobioreactors. Nevertheless, large-
scale implementation to produce biofuels still need large investment
into research and investment. One such fuel-based biorefinery is called

CAP (combined algal processing), designed by the NREL [18].

eFourth generation biofuels are being researched and various
methods have already been proposed for a more efficient and sustain-
able biofuel production. Biomass feedstock consists of genomically
prepared microorganisms and genetically engineered feedstock. Bioen-
gineering implementation would allow to modify algae metabolism
and properties to enhance the oil content in the cells and to CO, miti-

gation [19].

3.2.3. Biomass to chemicals and materials:

Lignocellulosic biomass can provide very important chemical building
blocks for the manufacture of fuel additives, resins, solvents, nylon,

etc, similatly to petrochemical detived products (Figure 5, [20,21]).
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Figure 5. Lignocellulosic biomass for chemicals and products [20].

Thus, specially twelve building blocks derived from biomass has been
proposed by DOE/NREL (Top Twelve Building Blocks from Bio-

mass) [20]. Most potential products in the next years would be:

eOxygenated bulk chemicals, such as ethylene and propylene gly-

cols, iso-propanol, acetone, butylene and methyl ethyl ketone.

eBio-based production of acrylic acid and N-containing bulk

chemicals, such as acrylonitrile, acrylamide and e-caprolactam.
eBio-based production of ethylene and vinylchloride.

e Aromatic building blocks, mostly related to functionalized aro-

matics (e.g., phenols, styrene).



3.3. Biomass-based refineries: biorefineties

Depleting fossil reserves and raising environmental concerns require
to develop alternative and sustainable processes for the production of
fuels and chemicals. Since 19th century, biomass has been widely used
to obtain cellulose from wood, sugars from wood saccharification,
viscose rayon from cellulose nitration, fibers from soluble cellulose
and polymers from furfural. Several technologies were firstly used for
sugars refining, starch production, protein separation and chlorophyll
extraction in food industries and ethanol, acetic acid, lactic and citric

acids bioproduction:

eSugar refining: in 1747, a German scientific, A.S. Marggraf dis-
covered beet sugar, leading to the development of the modern sugar
industry. In 1801, his student F. C. Achard devised a process to pro-
duce sugar from sugar beets, opening the first sugar beet refinery at

Gut Kunern near Steinau, Prussia.

eStarch hydrolysis: in 1835, the Swedish chemist J.J. Berzelius de-
veloped the enzymatic hydrolysis of starch to sugar and proposed the
term catalysis: “the property of exerting on other bodies an action

which is very different from chemical affinity” [22].

eWood saccharification: acid hydrolysis of wood to glucose can be
achieved at low temperature and high acid concentrations, or at high
temperature and low acid concentrations. The first commercial pro-
cess was developed in 1901 by H. Classen using sulfuric acid [23],
though the economically viable processes were developed in the inter-

war period. One important product from wood sugars fermentation is
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ethanol, which can be used as fuel by itself, or blended with hydrocar-

bons, and it is also an important platform molecule [24].

eFurfural production: the industrial technology for furfural pro-
duction from biomass pentoses was started by Quaker Oats Company
in 1922 using agricultural by-products, such as sugarcane bagasse and
corn cobs [25]. Furfural has been the most economical aldehyde and
was used by Du Pont for nylon 6-6 manufacture until 1960, when it

was replaced by petrochemicals.

eCellulose: in 1839, the French chemist A. Payen discovered that,
treating wood with nitric acid and sodium hydroxide, a residue, which
he called cellulose, was produced. In 1900, there were about 5200 cel-
lulose production plants around the world, mainly in USA, Germany

and France.

el evulinic acid: in 1840, levulinic acid was first prepared by Dutch
chemist G.J. Mulder by heating fructose with hydrochloric acid [26].
During the 1940s, the production of levulinic acid from hexoses was
studied. In the next decade, it was considered as an important plat-

form molecule.

eLipids: they were firstly considered as raw materials for soaps
production, but also the textile industry development required them.
In 1902, the German chemist W. Normann produced stearic acid by
catalytic hydrogenation of liquid fatty acids (fats and oils hardening),
becoming an increasing popular process for the preparation of stable

oils and fats, such as margarines [27].

eVanillin: in 1874, the German chemists W. Haarmann y F. Tie-

mann first synthesized vanillin from sap conifers. The first chemical
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precursor was coniferin, a glucoside of coniferyl alcohol, being isolat-
ed from lignin and oxidized to glucovanillin and hydrolyzed to glucose
and vanillin. This led to the first vanillin industrial production and the
first use of lignin in the chemical industry. Vanillin production is cur-

rently based on lignosulfonic acid from wood pulp [28].

el actic acid: in 1895, Boehringer pharma industry developed the
industrial fermentation of lactic acid. In 1932, W.H. Carothers, inven-
tor of polyamide-6,6, prepared the poly(lactic acid) PLA, which was
marketed by NatureWorks company LLC [29].

elntegrated biorefineries: in 1940, the German chemist P. von
Walden estimated in 13 million tonnes the cellulose production in
Germany, discarding about 6 million tonnes of lignin, and he won-
dered whether it was economically reasonable. One integral use of the
resources was furfural production from oat unprofitable products by

Quaker Oats in 1922 [30].

Biorefineries are based on the utilization of the optimum energy po-
tential of organic wastes, helping to solve the problems of waste man-
agement and emissions. In the biomass derived biorefineries, biomass
wastes are converted, through appropriate enzymatic/chemical treat-

ments, into fuels or bulk chemicals.

From a biorefinery perspective, depending on the feedstocks, they can

be classified into three main generations:

efirst generation biorefineries, which use crops, edible or non edi-
ble, also needing land and water. They are pootly flexible with regards
to feedstocks and products. One example is ethanol production from

corn stover, producing ethanol, byproducts and carbon dioxide [31].
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esecond generation ones, which use agro-industrial residues, such
as sugarcane bagasse, cereal straws, bananas or oil-palm biomass. They
are more flexible tan first ones. Thus, ethanol production from straw
can also produce starch, high content fructose syrup, corn oil and corn
gluten [32]. These plants are more flexible considering the resulting
products [30]. Thus, for instance, a production plant of ethanol from
straw (wet biomass) can generate starch, corn syrup with high fructose

content, ethanol, corn oil and corn gluten.

ethird generation, which start from a variety of raw materials, es-
pecially considering algae, because they have a rapid growth rate, fix
COy, possess high production capacity of lipids, do not compete with
food and do not need arable land. Biofuels, including bioethanol, can

be produced from the same microalgae feedstock [33-30].

Feedstocks need pre-treatment processes, such as thermochemical or
chemicals, being then processed through ditferent platforms, generat-
ing biorefining products like solvents, fuel enhancers, undigested sug-
ars, etc, which are not traditionally untapped. The more variety of bi-
omass resources can be used as feedstock, ant the more integral use of
byproducts and energy, the more sustainable biorefineries. This con-
cept of sustainable biorefinery is still in eatly stages at most places in
the world. Research and technological processes are being improved
to make biorefineries profitable and sustainable in economic and envi-
ronmental terms. A general scheme of biorefinery and its different

types is shown in Figure 6.
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Figure 6. Example of a wood biorefinery scheme [37].

33.1. Biorefinety platforms

Depending on the intermediates which link feedstocks and final mar-
ketable products, there are several biorefinery platforms, similarly to
the concept used in the petrochemical industry, being the thermo-

chemical and carbohydrates ones the most important:

eThermochemical platform: also known as Syngas platform, pro-

duces gas from biomass (Syngas) for biofuels production [38].

eOleochemical platform: uses renewable fatty acids, fatty esters,
and glycerol from oil crops as raw materials. They are about 5% con-
tent of the green biomass and are used to produce biosurfactants, bio-

diesel and lubricants [39].
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eBiogas platform: biogas is produced through anaerobic digestion
of organic compounds from a broad range of feedstocks, such as bio-
wastes. It is composed of methane (50-70%), carbon dioxide (30-
40%), hydrogen sulfide, hydrogen and other gases. The methane con-
tent can be upgraded to 97-99% purity to be used as a substitute of
natural gas. This is a very versatile platform to be integrated in ad-

vanced biorefineries for waste valorization.

eCarbohydrates platform (Section 3.4).

34. Catbohydrate platform

Lignocellulosic biorefineries breaks down biomass into different types
of carbohydrates for biofuels and chemicals. The most important sug-
ar platforms are mainly based on cellulose, starch, glucose and fruc-
tose. Carbohydrates, the major renewable carbon source for chemicals,
coming from cellulose and hemicellulose, provides polysaccharides.
Firstly, pretreatment is needed, modifying the physical and chemical
properties of the plant cell walls, so that cellulose and hemicellulose
can be converted into fermentable sugars. Furthermore, another aim
would be to facilitate the recovery of lignin. After pretreatment, the
polysaccharides are hydrolyzed to yield monomeric pentoses and hex-
oses, such as glucose, fructose and xylose. After, through fermentative
or catalyzed chemical processes, these monosaccharides are trans-

formed into platform molecules such as HMF or levulinic acid ( [40]).
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Figure 7. Lignocellulosic biomass (green) to biofuels (yellow) and chemi-
cals (orange) through intermediates (furfural, levulinic acid and HMF)
from C5 and C6 sugars (blue) [40].

From sucrose, starch and lignocellulose, a variety of building blocks

molecules can be obtained, such as [41-45]:
o(C2 for ethanol.
¢(C3 for glycerol, lactic acid, malonic acid and propionic acid
¢4 for succinic acid, fumaric acid, maleic acid, aspartic acid
¢(C5 for itaconic acid, furfural, levulinic acid, glutamic acid, xylitol

¢(C6 for 5-hydroxymethylfurfural (HMF), citric acid, gluconic acid,

glucaric acid, sorbitol.

¢(C2-C4 alcohol production from biomass and other feedstocks are

shown in (Figure 8 [40]).
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Figure 8. Overview production pathways to C2-C4 alcohols including

biomass as feedstock [40].
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34.1. Biomass pretreatment

Biomass pretreatment is an essential step to release sugars and is one
of the more expensive stages in a lignocellulosic biomass refinery.
Goals are to access to each component of the lignocellulose (cellulose,
hemicellulose and lignin), reducing the particle size, weakening lignin,
solving or hydrolyzing hemicellulose, lowering cellulose crystalline
material, using low cost reagents, etc [47,48]. Many pretreatment types

have been carried out, highlighting:

oSteam explosion (SE). Lignocellulosic material is exposed to a
high-pressure saturated steam at a temperature of 160-260°C and a
pressure of 5-50 atm for a few minutes. The pressure is gradually re-
leased, and the steam expands within the lignocellulosic matrix. This
treatment causes individual fibers to separate and the cell wall struc-
ture of the lignocellulose to be disrupted. Acid catalysis can also be
carried out. More extensive lignin depolymerization can be achieved

with 1% acid treatment [49].

eAmmonia fiber expansion (AFEX). Another thermochemical
pretreatment that uses volatile ammonia as the main reactant. Its ad-
vantage is that it does not produce any black liquor stream after pre-
treatment, which may provoke loss of sugars in the waste liquors. Ex-
cess volatile ammonia is recovered, resulting in reduced waste genera-

tion and processing costs [50].

eOrganosolv process. An organic solvent, such as methanol or
ethanol, facilitates lignin solubilization, obtaining pure lignin as by-

product. External catalysts (acid) promote the efficiency and improve
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lignin and hemicellulose degradation, solvation and solubilization un-

der less severe conditions [49,51].

e Acid treatment with diluted solutions (concentrated acids are cor-
rosive and should be recovered, increasing the costs) of sulfuric acid,
hydrochloric acid, phosphoric acid or maleic acid. They produce the
hydrolysis of hemicellulose to its monomeric units. Alkali is needed to

neutralize the hydrolysate [52].

342. Hydrolysis

Hydrolysis is a process for lignocellulosic biomass saccharification,
leading to glucose and fructose. It is carried out through acids or en-
zymes, followed by a fermentation process by a bacteria or yeast. This
step can be influenced by the porosity of the biomass feedstock, con-
tent of hemicellulose and lignin, crystallinity of cellulose, etc. To im-
prove the extent of the hydrolysis process, previous pretreatments,
previously explained, should be carried out. The hydrolysis of cellu-
lose, or starch from corn, wheat or batley produces glucose. From
hemicellulose, D-galactose, D-glucose, D-manose (hexoses), D-xylose
and D-arabinose (pentoses) are obtained. Also saccharification and

fermentation can be simultaneously carried out, reducing operation

costs [53,54].

343. Bio-based platform molecules

In petroleum refineries, catalytic cracking and distillation lead to naph-

ta, gasoline, kerosene, diesel and also residues. Depending on the pro-
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cesses, conditions and petrol composition, different amounts of each
fraction can be formed. Naphta is processed for the synthesis of plat-
form molecules, which are used for the manufacture of solvents, pol-
ymers, etc. These platform molecules are mainly ethylene, propylene,
C4 olefines and BTX (benzene, toluene and xylene) [55,56]. Similatly,
in the carbohydrate platform of biorefineries, through fermentative or
catalytic ways, the production of other platform molecules is feasible.
These are after used in cosmetics, food, pharmaceutical, dyes, plastics,
adhesives or lubricants industries, among others. Bio-based platform

molecules can be, among others (Figure 9 [57,58)):
¢ 1,4 diacids (succinic, fumaric and malic acids)
2, 5-furandicarboxylic acid (2,5-FDCA)

3 hydroxipropionic acid
¢3-hydroxi-y-butyrolactone
o5-hydroxymethylfurfural (HMF)
e Aspartic acid

oCitric acid

eFurfural

eGlucaric acid

eGluconic acid

eGlutamic acid

oGlycerol

e]taconic acid

3-20



o] actic acid

o] evulinic acid
eMalonic acid
ePropionic acid
eSorbitol

e Xylitol

Figure 9. Top chemicals produced from biomass [58].

Main C6 (glucose and fructose) and C5 (xylose) sugars are trans-
formed into bio-based molecules and fuels through oxidation, reduc-
tion and dehydration [59,60]. These processes diminish the oxygen
content of carbohydrates, which is the main drawback of biomass as

feedstock.
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344. Catalytic oxidation of biomass-derived carbohydrates:

D-glucose is the most abundant natural monosaccharide, whose cata-

lytic oxidation can provide many acids and keto acids (Figure 10).

Figure 10. Glucose oxidation products [61].

There has been a great deal of scientific research on catalytic glucose
oxidation into gluconic acid, formic acid, etc [62-65]. For instance,
gluconic acid is produced from glucose through a dehydrogenation
reaction catalyzed by glucose oxidase. It is very soluble in water and
has a mild and refreshing taste. Gluconic acid is used in beverage,
food and pharmaceutical industries. Gluconic acid is used in the food,
beverage, and pharmaceutical industries. It is non-corrosive and non-

toxic. Sodium gluconate is a good chelator at high pH, better than
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commonly used chelators like EDTA. In addition, it is easily biode-
gradable (98% at 48 hours) [63].

345. Catalytic hydrogenation of biomass-detived sugars:

The hydrogenation of mono, di or polysaccharides gives rise to sugar
alcohols, such as erythritol, xylitol, sorbitol, mannitol, lactitol, isomalt
or maltitol. They are very important for food and pharmaceutical in-
dustries owing to their lower caloric value, prebiotic effect or bulking
agent capacity. Xylitol, sorbitol and mannitol are the most produced.
The direct catalytic hydrogenation of hemicellulose can lead to sorbi-

tol, as shown in Figure 11[61,66].

CH,OH

OH
o oH o OH o OH PUALO; OH HO

HO ¢ 1C OH  H, (50 bar) 0 OH
( HO ( 2 HO —

HO 0 0O —— Yo OH OH

OH n OH H,0, 190°C, 24h OH
CH,OH
Cellulose Glucose Sorbitol

Figure 11. Catalytic hydrogenation of cellulose over Pt/ALO; [61].

34.6. Catalytic dehydration of derived-biomass hexoses and pentoses

The third option for oxygen content lowering is removing water,
leading the dehydration reactions to very interesting compounds, es-
pecially furans and levulinic acid. Sucrose, starch, cellulose, hemicellu-
lose and inuline contain hexoses and pentoses. Hexoses dehydrates to

5-hydroxymethylfurfural (HMF), which is transformed into levulinic
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acid (LA) and formic acid (FA) by rehydration. Similarly, pentoses lead
to furfural through dehydration (Figure 12).

Figure 12. Catalytic dehydration of hexoses and pentoses to HMF, LA
and furfural [61].

The first sugar dehydration under acidic conditions reported formic
acid production, which later was found to be LA [67]. Sugar dehydra-
tion to furfural was discovered by Dé&bereiner, catalyzed by manganese
oxide and sulfuric acid, and reported by Newth [68]. First HMF syn-
thesis publications date from 1895 [69,70]. The importance of furans
to produce important bulk chemicals and fuels has generated growing

interest and research on their synthesis.

Furfural, derived from acid hydrolysis of sugar cane bagasse, maize
cob, rice husk or any material containing C5 carbohydrates to xylose
and subsequent dehydration, is useful in the synthesis of a range of
specialized chemical products. Moreover, chemical modification of its
aldehyde functional group into nitro, imine and chalcone groups, pro-
vides different reactivity to furfural. For instance, an efficient xylose

and xylene conversion process with 72% furfural yield, using maleic
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acid as catalyst, in water at 200 °C, has been reported [71]. Furfural is a
versatile platform chemical for the production of liquid hydrocarbons
and gasoline additives, such as 2-methyltetrahydrofuran (2-MTHF).
Furan hydrogenation is the most versatile way to upgrade furan-based
molecules to fuels, leading to biofuels for gasoline blends, such as 2-
methylfuran ~ (2-MF),  2,5-dimethylfuran ~ (DMF) and  2-
methyltetrahydrofuran (2-MTHF) [30,72,73].

Levulinic acid can be upgraded to levulinate esters, which serve as a
transportation fuel and fuel additives. Moreover, hydrogenation of LA
to y-valerolactone and further to liquid alkanes with eight or more
carbon atoms, are well known. Levulinic acid is also useful for the
manufacture of resins, solvents, polymers, fungicides or pesticides,
among other applications [74—76]. Formic acid, produced in the bio-
mass hydrolysis process, can be used as a hydrogen donor for LA hy-

drogenation to produce fuel additive, such as y-valerolactone [77].

HMF and LA have been identified as two of the top 12 bio-based
platform chemicals by the United States Department of Energy. The
reaction pathways for LA and HMF production are similar because

HMTF is the intermediate for LA formation through rehydration.

The synthesis of HMF is based on the acid-catalyzed consecutive tri-
ple dehydration of glucose and fructose, although sucrose, cellobiose
or inulin, as well as industrial wastes, can be used after depolymeriza-
tion. Not only HMF is produced from the acid catalyzed dehydration,
but also other products such as LA, formic acid and insoluble and
soluble polymers, because of side reactions, are obtained. Sugar dehy-
dration chemistry is complex, and many aspects must be taken into

account for attaining acceptable yields.
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34.7. HMF as platform chemical

HMF is solid at room temperature (melting point 303-307 K), but its
poor fuel properties limit its use as fuel or fuel additive. However, its
furan derivatives are being studied for biofuel applications. Thus,
Avantium has produced derived C5 and C6 biofuels. The results have
shown that smoke and sulfur content decrease with increasing furanic
concentration in diesel-biofuel blends, and no difference in the diesel
engine operation has been observed [78]. Dumesic research group has
also researched on HMF upgrading to liquid fuels. Thus, hydrogenoly-
sis of HMF can produce 2,5-dimethylfuran, which can be used as
blender in fuels, being obtained with yields near 80% over a Cu-Ru/C
catalyst [73].

HMEF, as building block, is very important due to a wide range of pos-
sible reactions. Besides, LA from HMF rehydration (Figure 13), other
furan derivatives (such as 2,5-dimethylfuran or 2,5-furandicarboxilic
acid, FDCA) and also non-furanic ones (caprolactam, 1,6-hexanediol),
can be produced from HMF, although it is true that many difficulties
are found to achieve high yields and selectivities, resulting in high pro-
duction costs [79]. Avantium has produced PEF polyester (polyeth-
ylene furanoate) from both biobased FDCA and ethylene glycol in a
pilot-scale plant and will start a flagship plant in Delfzijl (Netherlands)
in 2021. The objective is PEF replacing PET bottles.
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Figure 13. From cellulose to LA (HMF) [80].
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In additon to FDCA monomers, HMF can produce 2,5-
bis(hydroxymethyl)furan by hydrogenation (US3083236A Patent) [81].

From HMF, via oxidation, 2,5-diformylfuran (DFF), an interesting
building block for polypinacols and polyvinyls, can be synthesized
[82]. HMF and methylated derivatives are also very useful for the

manufacture of polymers with good thermal stability [83].

HMF can also provide agrochemicals (5-amino-levulinic acid) and
flavors (alapyridaine), among other products [84,85]. HMF as platform

chemical is schemed in Figure 14.

RO O qlo @o

o}
HO _~
\_/ H Caprolactam 11 Caprolactone 12 o OH
5-Alkoxymethylfurfural 2 \ / / 1,6-Hexanediol 10
o) o ™~
W
HO \ / OH \\@/‘(H \[(\/\)j\

2,5-Furandicarboxylic acid 3
HMF 1 Adnplc acid 9

(0]
- )j\/\’r
\/
5- Hydroxymethylfurouc acid 4 L evulnmc acid 8

(0] 0
2,5-Bishydroxymethylfuran 5 2,5-Dimethylfuran 6 Bis(5-methylfurfuryl)ether 7

Figure 14. HMF as platform chemical [86].
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3.5. C6 sugars dehydration to HMF

Through hexoses dehydration, furan-type platform molecules can be
obtained, being HMF, with six carbon atoms, especially important as
chemical platform (previous Section). However, besides HMF, furfu-
ral, levulinic acid and byproducts, like humins, can be obtained. Due
to the occurrence of these side processes, experimental conditions,
reaction mechanism, separation and isolation methods and type of
acid catalysis must be specially considered, without neglecting techno-

economic aspects.

3.,51. Mechanism reaction

There has been not determined one specific route for HMF synthesis
from hexoses through dehydration; on the contrary, two general de-
hydration pathways have been proposed: acyclic and cyclic mecha-
nisms. The acyclic pathway for hexose dehydration to HMF was put
forward by Anet ef al. and Moreau ¢ al., being based on the glucose
isomerization to fructose through a 1,2-enediol, which was assumed to
be the rate-limiting step (Figure 15 [87,88]). In addition, other cyclic
pathways have been proposed by Antal ¢/ a/. and Newth [68,89], all of
them starting form cyclic ketofuranose, followed by three consecutive
dehydrations (Figure 16). This cyclic mechanism also requires glucose
isomerization to fructose. The dehydration of fructose to HMF is
more favorable than glucose, which Kuster attributed to the stability

of its ring structure [90].
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Figure 15. Formation of HMF from fructose: acyclic pathway [80].
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Figure 16. Cyclic pathway in HMF formation from fructose [86].

These factors are either related to temperature and reaction medium.
Thus, in aqueous phase and at room temperature, glucose is mostly as
pyranose (glucopyranose), while fructose is as both pyranose and
furanose (fructopyranose and fructofuranose, respectively) forms. In
other solvents as DMSO, fructofuranose is more abundant, being a
cyclic mechanism more consistent with the experimental results [91].
Despite fructose is more reactive than glucose, this latter is most
abundant and cheaper in lignocellulosic biomass, and therefore, un-
derstanding reaction mechanism from glucose is necessary. Several
studies have found that glucose to fructose isomerization coexisting
with small amounts of glucose. At high temperature in aqueous sys-
tems, fructose has been widely detected compared to glucose [89]. In
addition, in non-aqueous phase, as in DMSO, glucose isomerization to
fructose has been suggested [92]. In this reported work, catalysts were
also demonstrated to influence on the reaction mechanism. Without
catalyst, fructose dehydrated to HMF but did not glucose, and with a
bifunctional heterogeneous catalyst, fructose formation was in correla-
tion to the base sites on the catalyst, acting as an isomerization catalyst
more than a dehydration one. It could be concluded that glucose
isomerization to fructose is needed, and its efficiency would determine
the HMF selectivity. A catalyst with active sites that favor isomeriza-

tion is desirable.
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3.5.2. Reaction medium

HMF is soluble in water and in common organic solvents (methanol,
ethanol, acetone, ethyl acetate, dimethylformamide, ether, benzene,
chloroform, DMSO, DFM). Water is natural, cheap and environmen-

tal benign, but HMF yields are low compared to organic solvents.

Aqueous solutions

In pioneering studies, hexose dehydration was mainly carried out in
water, with sulfuric and hydrochloric acids as homogeneous acid cata-

lysts.

From fructose, high HMF yields (50%) and fructose conversion (95%)
were reported in aqueous system at high temperature (250 °C) and
pressure (340 bar), under homogeneous acid catalysis (2 M H.SOy) by
Antal ez al. [89]. Catlini ef al. attained high HMF selectivities (85-100%0)
in aqueous phase at 100 °C, using heterogeneous acid phosphate cata-
lysts (niobium, zirconium and titanium). However, fructose conver-

sion was very low, but it was improved extracting the formed HMF

with MIBK [93,94].

From glucose, it is important to study thermal decomposition in water,
without catalyst, because HMF can be also obtained, although yields
were low [95,96]. Therefore, the use of catalysts is needed. Li ez 4/
reached a 49% HMF yield from glucose (MW irradiation, 400 W, 1
min) using sulfuric acid (10 wt %) as catalyst, while by thermal de-
composition only 1% HMF yield was obtained. Many heterogeneous
catalysts have also been employed for glucose dehydration to HMF in
aqueous phase. Thus, Watanabe ez a/. reported 19 % HMF yield and 64
% glucose conversion using TiO, as catalyst (MW, 5 min) [97]. A
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TiO,-ZrO; catalyst showed better results than in homogenous cataly-
sis, because ZrO, also possesses basic sites, improving glucose to fruc-
tose isomerization, and TiO; catalyzes dehydration to HMF, achieving
29% HMTF yield and 44% glucose conversion [98]. Also, this bifunc-

tional catalyst was tested for lignocellulose dehydration to HMF.

Cellulose and lignocellulose lead to low yields, but after a previous

hydrolysis pre-treatment, HMF yield can be improved.

Organic solvents

Regarding the HMF yield, the use of homogeneous or heterogeneous
acid catalysts is not decisive, but the addition of organic solvents pro-
vided higher yields because HMF rehydration was avoided, as well as
decomposition and/or condensation associated to side reactions. In
this sense, DMSO has been widely used. Nakamura and Morikawa
reported 90% HMF yield from fructose, using an ion-exchange resin
[99]. Studies in DMSO with acid and basic catalysts have been carried
out, showing acid catalysts promote HMF formation whereas basic
ones inhibit. While DMSO leads to high yields, its separation from

HMF is difficult, and other organic solvents have been evaluated.

Another advantage over aqueous conditions are milder operation con-

ditions.

Moreover, DMSO has been employed as solvent when starting from
glucose. Ebitani e a/. used hydrotalcite as catalyst, obtaining fructose,
and, using hydrotalcite and Amberlyst 15 for both isomerization and
dehydration reactions, respectively, no fructose was observed, and
42% MHEF yield was reached, revealing important aspects of the glu-
cose dehydration to HMF [100].
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Biphasic reaction medium

As already indicated, hexose dehydration to HMF may result in LA
because of HMF rehydration. HMF can also react with sugars or in-
termediates leading to condensation or decomposition compounds,

such as humins (Figure 17).

Figure 17. HMF from glucose and fructose [101].

Kuster and Van der Steen studied fructose dehydration to HMF in a
MIBK/water biphasic system, using phosphoric acid as acid catalyst,
demonstrating that both high temperature and acid concentration in-
creased the reaction rate, longer residence times yielded more HMF

and higher MIBK /water ratio increased selectivity and yield [102].

Also, heterogeneous catalysis has been employed for fructose dehydra-
tion in biphasic systems. With regard to MIBK/water systems, Mo-
reau ¢ al. studied sugar dehydration using zeolites with different Si/Al
molar ratio, finding that the most active catalyst provided high conver-
sion, but low selectivity to HMF, and, when zeolites were dealuminat-

ed, a higher selectivity at lower conversion was found, which pointed
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out, as expected, the influence of aluminum on the acid-base proper-
ties of these zeolites. The best result was 69% HMF yield and 76%
fructose conversion in the presence of a H-mordenite (Si/Al= 11),
after 60 min at 165 °C in MIBK/water (volume ratio of 5) [103,104].
Ordomsky ¢ al. tested also H-mordenite (Si/Al= 11.7) for fructose
dehydration in MIBK, water and water/MIBK, and observed that,
after zeolite deactivation, higher conversion and selectivity were
achieved in water. It was explained as due to deactivation reduced
oligomerization processes and other fructose reactions. MIBK im-
proved selectivity only for high fructose conversion, and this was be-
cause this solvent suppressed the activity of some acid sites which
favored fructose side reactions [105]. They also studied glucose dehy-
dration in biphasic medium, resulting in lower HMF yields. Thus, glu-
cose dehydration to HMF in MIBK/2-butanol using HCI as catalyst,
at 170 °C for 17 min, led only to a 24% HMTF yield at 50% glucose

conversion [106].

With regard to the use of heterogeneous catalysts in biphasic systems,
a 35 % HMEF yield and 50% glucose conversion were achieved using
watet/DMSO  (volume ratio of 2:8) and extracting with MIBK/2-
BuOH (volume ratio of 7:3), at 150 °C in 3 h, using CtCl, as catalyst in
a thin immobilized ionic liquid layer [107], TiO, has also been evaluat-
ed as catalyst in water/MIBK (1:10 v:v), at 180 °C in 2 min by Fedie e
al. [108].

Despite biphasic systems lead to better results than aqueous systems,

HMF yields are low when starting from glucose.

On the other hand, dehydration of di- and polysaccharides, such as

cellulose, sucrose or starch, has been carried out in biphasic systems,
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without catalyst, with homogeneous catalysts, such as HCl, and with

heterogeneous ones, such as H-zeolites or TiO, [104,108,109].

Ionic liquids

Ionic liquids have also been widely employed as reaction medium for
sugar dehydration to HMF, because they possess organic and inorgan-
ic ions, which play key roles in these reactions, low melting points

(bellow 100 °C), low vapor pressure (barely volatile) and low viscosity.

Moreau et al. performed fructose dehydration to HMF using 1-butyl 3-
methyl imidazolium tetrafluoroborate (BMIM+BF4) and 1-butyl 3-
methyl imidazolium hexafluorophosphate (BMIM+PFG6™), reporting
faster reaction rates than with DMSO, with HMF yields around 80%
in 24 h [110]. Later, they also published a work using acidic methylim-
idazolium chloride (Bronsted acidic) for fructose dehydration, reach-
ing 92% HMTF yield at 98% fructose conversion, at 90 °C after 45 min.
This ionic liquid acted as both solvent and catalyst [111]. Heterogene-
ous catalysts combined with ionic liquids as solvents have been stud-
ied for hexose dehydration to HMF. Thus, conversion of fructose and
glucose into HMF with lignin-derived carbonaceous catalysts, under
microwave irradiation, in dimethyl sulfoxide—ionic liquid mixtures,
were studied by Zhou ez al, reporting 99% glucose conversion and
68% HMEF yield (160 °C for 50 min) and the catalyst could be used for

several catalytic cycles [112].

Several publications about glucose dehydration using ionic liquids
have shown that chromium is important for attaining high HMF yield.

Besides, studies using CrCl, and SnCly indicated that these catalysts
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were mainly isomerization catalysts, and chloride ions could be re-

sponsible for dehydration by generation of hydrochloric acid [86].

3.5.3. Opetation conditions and reactors

Operation conditions and reactors design must be defined in such a
way that higher HMF yields and lower environmental and economic
costs can be achieved. High HMF yield is hindered by instability of
HMF and side reactions, which should be avoided. Moreover, pro-
duced humins can block up and deactivate solid catalysts. In addition,
humins can be deposited on the reactor walls, reducing heat transfer,
adversely affecting maintenance and operation conditions. When cellu-
lose or lignocellulose are used as feedstock, design and operation con-

ditions must be adapted for solids.

HMF production from fructose, glucose or lignocellulosic biomass
have been performed in lab scale. Thus, batch stirred and continuous
reactors have been evaluated for HMF production in mixed solvent
systems. McNeff e 2/ have worked on continuous production of
HMEF from cellulose, starch, glucose and fructose in water/MIBK, in a

fixed bed reactor with zirconia and titania as solid catalysts [108].

Pilot scale HMF productions have been also reported. Teunissen used
1 kg sugar cane, in the presence of an acid catalysis in water, to obtain
40-50 g of HMF [113]. Suedzucker patented the pilot scale production
from 11 kg of fructose in water, obtaining a filtrate with 55% fructose
conversion and 33 % HMF yield. After chromatographic separation,

salts, unreacted fructose, HMF and other fractions were obtained. The
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HMF fraction was concentrated and crystallized to give rise 99% pure

HMEF. This process is shown in Figure 18 .

Figure 18. HMF pilot scale production [86].

Other pilot scale plants have been reported using organic solvents, or
biphasic reaction medium. Furchim patented a pilot scale batch pro-
cess for HMF production from fructose in DMSO, Cope produced
HMF from sucrose using MIBK as extracting solvent, and Roquette
Freres petformed HMF production from fructose in a water/ MIBK

system [114-116].

Figure 19 shows a continuous flow system for HMF production in

biphasic systems by using MIBK as organic phase.
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Figure 19. Continuous flow systems for HMF production in biphasic sys-
tems [86,108].

354. HMF separation and isolation

HMF produced can be solved in water, an organic solvent, an ionic
liquid or in a biphasic system. In biphasic water-organic phases, MIBK
has been suitable as in situ extraction solvent. Partition coefficient,
defined as HMF concentration in the organic phase divided by HMF
concentration in the aqueous phase, R, was determined and a relation
between R and HMF selectivity tried to be established by Dumesic e#
al. in saturated NaCl aqueous systems for fructose dehydration, using
different organic solvents (alcohols, ketones and ethers) not finding a

clear relation (Figure 20 [117]).
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HMF extraction with organic solvents must be studied considering

thermodynamic costs, which will determine operation conditions.

OH
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Figure 20. Correlation of partition coefficient (R) and HMF selectivity in
saturated NaCl aqueous systems for fructose dehydration [86,117].

On the other hand, HMF separation and purification can be carried
out by filtration, separating insoluble products from HMF. Filtration
with a pressure filter was reported by Rapp [118], who also proposed a
chromatographic process after removing solids and liquid neutraliza-
tion, by using a calcium loaded ion-exchange column to separate HMF

from sugars and other byproducts.

More recent methods are based on HMF adsorption, for instance, on
nonfunctional polymeric resins, activated carbon or activated biochars

[119-121].

Distillation under reduced pressure has been used to obtain HMF, but
the boiling point of solvents has an important impact on separation,

and besides thermal degradation of HMF can occur during the distilla-
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tion. Several patents about procedures to prevent HMF degradation

have been published [122,123].

3.5.5. Techno-economic aspects

In addition to separation and purification costs, other aspects must be

considered and evaluated from an economic point of view.

The use of acid homogeneous catalysts, such as liquid mineral acids,
for HMF production is cheap, but a neutralization step is needed with
bases, producing salts as waste. Moreover, these acids are corrosive,
deriving in maintenance and equipment replacement. Thus, heteroge-
neous catalysts are more desirable; however, they are more expensive
and their activity decreases owing to the formation of by-products, like

humins, which can deactivate the solid catalyst.

Several techno-economic studies have dealt with HMF production in
biphasic systems. Thus, Blecker ¢# a/. evaluated HMF production from
fructose with MIBK and 2-butanol as extraction solvents. They found
the fructose price as the main determining factor in production costs,
and also considered relevant the use with solvents with higher parti-

tioning coefficient (R) [124].

An interesting plant was designed by ¢/ @/ for 2,5-dimethylfuran and
HMF from fructose in a biphasic NaCl saturated water/1-butanol
system. The most important evaluated costs for HMF production

were ordered as follows [125]:

eFeedstock price (fructose)
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eHMTF yield

eByproduct price (2,5-dimethylfuran)
e(Catalyst

e quipment

HMF desirable cost must be similar to other fossil fuel-based platform

chemicals.

The most favorable properties of HMF derived bulk products, the
most favorable HMF production. As reported in Section 3.4.7, Avan-
tium will pretend to open a FDCA production plant from HMF and

biobased ethylene glycol to produce PET bottles substitutes.

In any case, HMF production from sugars for biofuels is not profita-
ble, but producing directly from lignocellulosic biomass would be on

the right path.

3.6. Solid acid catalysts for dehydration of hexoses

3.6.1. Homogeneous and heterogeneous catalysts

By using catalysts, chemical processes can occur faster through differ-
ent mechanisms and selectivity is managed. Catalysts are not con-

sumed or altered in the process.

Catalysts are classified into two groups:

ehomogeneous; catalyst is in solution and in the same state as re-
actants, thus leading to homogeneous catalysis. Main types of homo-

genceous catalysts are:
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o

O

o

Gas-phase catalysts, i.e. catalytic ozone decomposition [120]
Acid-base catalysts for cracking, alkylation... [127]

Transition metal catalysts, i.e. for autooxidation reactions [128]

eHeterogeneous: catalysts are in a different phase than the reaction

components. There are many types:

o

Dispersed metal catalysts, where the active metal component is

supported on high sutface area carriers, i.e. Pt/Al,Os [129]

Bulk metal oxides, mixed or dispersed. metal oxide catalysts.
Useful in acid-base reactions, selective partial oxidation reac-
tions, total oxidation reactions, depollution, biomass conver-
sion, photocatalysis, among others. Thus, Ni/Al,Os has been
employed for partial oxidation of methane to syngas [130];
mesoporous Nb,Os has been reported as solid acid catalyst for
dehydration of D-xylose into furfural by Garcia-Sancho e al.
[131]

Sulfides as transition metal sulfides (TMS), reported by Infan-
tes-Molina e# al. for petroleum upgrading—hydrodesulfurization

reactions [132]

Heterogeneous acid catalysts zeolites, metal oxides, clays and
zeolites. Dehydration of xylose to furfural have been carried
out with MCM-41-Supported Niobium-Oxide Catalysts by
Garcia-Sancho ez al. [133].

Heterogeneous basic catalysts, such as alkali metal oxides, alka-

li ion-exchanged zeolites, clays, supported metal alkali ion, etc.
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Albuquerque ¢7 al. reported CaO supported on mesoporous sil-

icas as basic catalysts for transesterification reactions [133].

Main properties of homogeneous and heterogeneous catalysts are

compared in Table 1.

Table 1. Homogeneous and heterogeneous catalysts comparison.

HOMOGENEOUS HETEROGENEOUS

Activity high variable
Selectivity high variable
Reaction )
. mild severe
conditions
Catalyst lifetime variable long
Catalyst iy iy
. low sensitive sensitive
deactivation
Diffusion o es
problems Y
Catalyst reuse difficult easy

Homogenous catalysis has been widely used because of easy use and
lower prices, but has disadvantages with respect to heterogeneous
catalysis, such as difficult catalyst recovery and reuse and corrosion of
the equipment. Thus, heterogeneous catalysts are preferred from envi-

ronmental and economical point of views.

Energy sector is particularly dependent on heterogeneous catalysis and
future hydrogen-based energy technologies and other sectors will re-

quire future new heterogeneous catalysts and catalytic processes.
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Solid surface working as catalyst plays three coupled functions: i), ad-
sorbing the reactants and cleaving specific bonds; ii), bringing reac-
tants close and in the required positions; and iii), desorbing the prod-
ucts. To make more efficient catalysts, determining factors in surface
behavior must be elucidated. Mechanistic insights and computational
methods can be used to reduce the number of possible catalysts for
specific reactions. Besides manipulating the performance of heteroge-
neous catalysts by modification of their composition and tuning the
structure of active sites, future research will likely go beyond the cata-
lyst itself, promoting the activity of the reagents, enabling catalyst-
adsorbate interactions and even enabling spatially and temporally vari-

able modifications of catalyst surfaces [134].

3.62. Acid-base catalysts

Many reactions are acid-specific, such as sucrose hydrolysis into glu-
cose and fructose in acid solutions [135], whereas others are base-
specific, such as biodiesel formation from triglycerides [136], and
many others are catalyzed by both acid and basic sites present on acid-
base catalysts, as Rojas-Buzo e7 al. reported for the transformation of
biomass-derived furanic compounds into chemicals using Hf-based

metal-organic frameworks as acid—base catalysts [137].

Acid sites can be classified as:

eBronsted type. There is an initial transfer of protons from the

catalyst to the reactant (proton donors)
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el ewis type. An electron pair from the reactants is accepted by the

catalyst (electron pair acceptor)

Catalytic activity does not only depend on the strength of acid-base
sites, but also their acidity types. Thus, Connell and Dumesic studied
the generation of Bronsted and Lewis acid sites on the surface of silica
by addition of doping cations, such as B(III), Fe(IIl), AIIII), Mg(1l),
as oxides, finding different Bronsted and Lewis acid sites proportions
[138]. These authors determined acidity by pyridine adsorption cou-
pled to FTIR spectroscopy, observing a correlation between the cation
electronegativity and the IR absorption frequency of adsorbed pyri-
dine on the Lewis acid sites. The cations responsible of Bronsted acid
sites were those tetrahedrally coordinated inside the silica structure,
not on its surface. They also found “anionic” Bronsted acid sites in-

duced by high electronegative cations.

Concerning glucose to HMF dehydration, both homogeneous and
heterogeneous catalysts have been employed, especially with mineral

and solid acids.

In this sense, Watanabe ¢/ a/ studied glucose dehydration through
basic (NaOH) and acid (H.SO4) homogeneous catalysts, and also
through acid and basic heterogeneous catalysts (ZrO; y TiO») in water
(200°C), concluding that bases promoted glucose isomerization and
acids are required for dehydration and condensation reactions
[139,140]. Z1O, produced similar effects to NaOH, acting as a basic
heterogeneous catalyst, and TiO, acted as basic for glucose isomeriza-
tion and as acid for glucose dehydration (bifunctional), leading to the

best results (24% HMF yield at 85% glucose conversion).
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On the other hand, Ohara e# a/. reported glucose conversion to HMF
in the presence of basic, acid and mixed basic and acid solids. Aldose—
ketose isomerization of glucose to fructose occurred preferentially
with base catalysis, and, in coexistence with a solid acid, led to the
subsequent dehydration of fructose to 5-hydroxymethylfurfural. A
combination of Amberlyst-15 and hydrotalcite, an anionic layered clay,
afforded high HMF selectivity under moderate reaction temperature in
one-pot processes, as the formation of anhydroglucose was prevented
[141]. In addition, Choudhary e# a/. investigated HMF and LA produc-
tion from glucose in cascade reactions using a Lewis acid catalyst
(CtCly) together with a Bronsted acid one (HCI) in aqueous media.
Lewis acid catalyst was active in glucose isomerization to fructose, and
the combined Lewis and Bronsted acid catalysts performed isomeriza-
tion and dehydration/rehydration processes. The hydrolyzed Cr(III)
complex [Cr(H-0)sOH]*" was the most active Cr species in glucose
isomerization and was probably acting as a Lewis acid—Bronsted base
bifunctional site. Moreover, complex interactions between the two
catalysts were revealed: Bronsted acidity retarded aldose-to-ketose
isomerization and Lewis acidity increased the overall rate of consump-
tion of fructose and HMF compared to Bronsted acid catalysis, by
promoting side reactions. This effect was produced because even in
the absence of HCI, hydrolysis of Cr(III) decreased the pH solution,
and this Bronsted acidity conducted dehydration and rehydration reac-

tions [142].

These are some examples of many focusing on glucose dehydration,
Therefore, it can be assumed that catalysts acting as basic or Lewis

acid facilitate glucose to fructose isomerization and ones acting as
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Bronsted acid promote glucose dehydration to HMF and side reac-

tions, and, in consequence, bifunctional catalysts are needed.

3.6.3. Synthesis of heterogeneous catalysts

There is such a variety of chemicals for catalyst preparation that there
is a large plethora of methods for synthesizing solid catalysts. Never-
theless, there are some common steps to be followed based on the
knowledge of the chemical and physical laws and/or empirical evi-
dence. Many industries manufacture catalysts, but the methodologies
followed are mostly confidential. A general scheme for catalyst synthe-

sis, adapted from [143], is shown in Figure 21.

The catalyst synthesis must achieve three targets: texture, attrition re-
sistance and shape for a specific reaction. Texture means pore struc-

ture, surface area and bulk density characteristics.
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Synthesis process: precipitation, sol-gel, solid-solid, vapour depositon,...

N

Hydrothermal transformation

N

Separation: decantation, filtration, centrifugation

N\

Washing

N

Grinding

N\

Forming and/or shaping

N

Calcination

N\

Impregnation

N

Mixing

N\

Activation, reduction

Figure 21. Industrial process for manufacturing catalysts [143].

Three groups of catalysts can be distinguished: bulk catalysts and the
supports, impregnated catalysts and mixed or agglomerated catalysts.
Bulk catalysts are used as prepared or with an inert binder, i.e. shaped
Beta and Y zeolites with binders has been synthesized for cyclization
of citronellal by Vajglova e al. [144]. Supported catalysts are needed
because of expensive substances, obtaining bifunctional catalysts, high
dispersion of the active phase, better mechanical resistance, among

other properties.
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Bulk catalysts can be prepared by different methods: precipitation or
co-precipitation, sol-gel methods, hydrothermal synthesis, flame hy-

drolysis, vapor deposition, grafting, etc.

Precipitation methods

Precipitation methods are usually performed from a first solution by
adding a second selected solution to reach the required precipitation
pH. Later, separation is needed. Some acid catalyst prepared by pre-
cipitation are SiO,-ALOsand AIPOy [143].

Sol-gel methods

These methods can employ monometallic alkoxides which are hydro-
lyzed to form polymeric oxide gels. Water/alkoxide ratios, nature of
alkyl groups, size and oxidation state of the cation, pH, ageing and
temperature are determinant parameters. Gao ¢f a/. synthesized a hier-
archically porous niobium phosphate monolith by a sol-gel method

for fructose dehydration to HMF [145].

Hydrothermal synthesis

It can consist of solid-solid reaction at high temperature under hydro-
thermal conditions, being used, in particular, for zeolites and other
molecular sieves. Typical syntheses are those of MFI (ZSM-5) by using
tetrapropyl ammonium hydroxide as templating agent [146], and
mesoporous materials of controlled pore size and narrow size distribu-
tion such as MCM-41, in the presence of bulky surfactant molecules

[147].
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3.64. Micro and mesoporous matetials

Porous materials, with high surface area, narrow pore size distribution
and tunable pore diameter, are suitable for catalysis, adsorption or
separation processes. The development of a large variety of porous
materials with different morphologies, structures and functionalities,
has largely contributed to the advance of material science. Novel po-
rous catalysts require the formation of relevant porous structures (mi-
cro-, meso- or hierarchical), and the structural incorporation of a par-

ticular heteroatom for specific purposes.

A complete description and classification of porous materials was re-
ported by Rouquerol ef al. [148]. According to the accessibility to an
external fluid or molecules, they were classified into two groups:
closed and open pores. First ones influence on bulk density or me-
chanical strength, but are inactive for adsorption and catalysis, thus

catalysis mainly focuses on open pores (Figure 22, [148]).

Figure 22. Schematic pore classification according to their availability: a -
closed portes, b, f - open pores only at one end, ¢, d, g - open pores, e -
open at two ends (through) pores [148].
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According to their width (diameter in cylindrical pores, smallest di-
mension in cracks and distance between two sides in slide-shape

portes), they can be classified into:

eMacroporous: width > 50 nm. For instance, macroporous AL,Os

catalyst have been used for residue oil hydrodemetallization [149].

eMesoporous: width in the range 2-50 nm. Mesoporous tantalum
phosphate were used as catalyst for glucose to HMF dehydration by

Jiménez-Morales e# al. [150].

eMicroporous: smaller than 2 nm. If they are in the range 0.7-2
nm, are called “supermicropores”, and if they are smaller than 0.7 nm,

b

they are “narrow” or “ultra” micropores. Bifunctional crystalline mi-
croporous organic polymers have been reported as catalysts for HMF

synthesis from different hexoses by Bhanja ef a/. [151].

For active carbons, pores are usually classified as follows:
eTransport pores: radius > 25nm

e Adsorbing pores: mesopores (radius 1-25 nm), micropores (0.2-1

nm) and submicropores (smaller than 0.2 nm) [152].

e Concerning micropores, it may be desirable to subdivide them
into micropores smaller than about 0.7 nm as narrow micropores, or
ultramicropores, and those micropores in the range of 0.7 to 2.0 nm,

which are called supermicropores. .

Macroporous materials possess both specific surface area and total
pore volume and greater average pore size, not being as useful as mi-
cro and mesoporous materials in catalysis. Examples of microporous

materials are zeolites, AIPO, (aluminophosphates), carbons, clays or
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metal organic frameworks (MOFs). OMMs (ordered mesoporous ma-
terials), which are very useful when large surface areas and easy diffu-
sion are needed, such as in catalysis, because of their homogeneous
mesoporosity, large pore size, high surface area, and mesoporous

channels.

3.6.5. Synthesis of mesoporous matetials

Mesoporous material synthesis is mostly based on organic template
molecules as structure-directing agents around which precursor con-
dense. After condensation, the organic template is removed by extrac-
tion or calcination, resulting in the mesoporous structure. Depending
on the nature of templates, different mesopores sizes can be obtained.
The most common templates are cationic, amphiphilic or anionic sur-
factants, but also emulsions, ot others, can be used. These are called
soft-templating methods. Another method, hard-templating method,
use a hard template (i.e., mesoporous silica) for other mesoporous
material preparations. This method is applied in mesoporous carbon

synthesis. Both methods are schematized in Figure 23.

Control of local environment and morphology during the synthesis
allows to obtain catalysts with different properties depending on the

catalytic requirements.
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Figure 23. Soft-template (A) and hard-template (B) methods for mesopo-
rous materials synthesis [153].

One of the interesting features of ordered mesoporous solids for ca-
talysis is the multitude of possibilities to modify them. Since hydro-
thermal stability has been demonstrated as an essential aspect for ap-
plications of mesoporous materials in catalysis, several approaches
have been developed to improve it, such as the addition of salts during
the hydrothermal synthesis, the modification of the surface by silyla-
tion or post-synthesis grafting of inorganic compounds to increase the
wall thickness and/or to chemically stabilize the wall sutface of the

mesoporous structure [154].

In 1992, researchers from Mobil Oil Corporation patented the synthe-

sis of a family of nanostructured mesoporous materials known as
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M41S, being the hexagonal MCM-41 phase the most studied. For its
synthesis, TEOS (tetraethyl orthosilicate) was used as silica precursor,
the structure directing agent was cetyltrimethylammonium hydroxide
and the synthesis was carried out in an alkaline medium. Another
known mesoporous silica, SBA-15, uses also TEOS as precursor, Plu-
ronic P123 as structure directing agent and is synthesized in acid me-

dium [155,156].

OMMs started with ordered mesoporous silica (M41S, SBA-15, KIT-
6), but also organosilicas, metal oxides, carbons, metal-organic
frameworks and zeolites has been synthesized as ordered mesoporous
solids. Well-developed porosity and crystallinity in these materials are

still a great challenge in their synthesis.

3.6.6. Mesoporous tantalum oxide

Tantalum pentoxide is one of the most important transition metal
oxide because of its physical and chemical properties, used in many
applications such as photovoltaic devices or antireflective materials.It

is semiconducting and has been employed as photocatalyst.

Tantalum-based catalysts also show high stability in water-containing

systems.

Nanosized Ta,Os can be obtained from tantalum pentabutoxide or

tantalum oxide gel, both expensive methods.

Mesoporous tantalum pentoxide is commonly prepared by a ligand-

assisted templating method with surfactant molecules, followed by
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precipitation or gelation. It can also be synthesized by sol-gel methods

[157].

Thus, Stodolny e# a/. synthesized Ta,Os, TiO; and both mixed photo-
catalysts by a sol-gel technique, obtaining a mesoporous tantalum
pentoxide with a relatively high surface area (100-130 m® g™") [158].
Tantalum oxide supported on ALOs, TiO,, ZrO,, and SiO, supports
were prepared by the incipient wetness impregnation method for
methanol oxidation reaction, finding a relation between the acidic sites
of tantalum oxide and the specific oxide support due to the formation

of bridging Ta—O—bonds [159].

Ushikubo and Wada prepared hydrated tantalum and niobium oxides,
demonstrating that hydrated tantalum oxide also showed strong acid

properties, even at higher temperatures [160].

Yue e# al. [161] synthesized a mesoporous tantalum oxide according to
the method of Antonelli and Ying [162], as catalyst for nitrogen activa-
tion and ammonia synthesis. The synthesized catalyst possessed a large

BET surface area (541 m* g ') and an HK (Horvath Kowazoe) pore

size of 2.3 nm. X-ray diffraction confirmed its mesoporous structure.

Yang ez al. reported in 2011 the synthesis of an hydrated tantalum ox-
ide (“tantalum hydroxide”)-based catalyst for saccharide dehydration
into HMF in a water/2-butanol biphasic system, achieving a high cata-
Iytic activity, and they also used this catalyst for HMF production

from Jerusalem artichoke juice[163].

Mesoporous tantalum phosphate was also synthesized by Jiménez-
Morales ef al. as catalyst for glucose dehydration to HMF in a wa-

ter/MIBK biphasic system. The catalyst exhibited a high specific sut-
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face area (256 m* g) and strong acidity, with both Lewis and Bronsted
acid sites [164].

3,6.7. Mesoporous ALMICM-41

The mesoporous aluminosilicate MCM-41 is the most well-known and
studied nanostructured mesoporous material of the M41S family, syn-
thesized by researchers from Mobil, as explained in Section 3.6.5.
M41S family refers to different structures: MCM-41 hexagonal, MCM-
48 cubic and MCM-50 lamellar (Figure 24).

)
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Figure 24. Formation mechanism of MCM-41 (A) and structure ar-
rangements of M41S materials (a, MCM-41 hexagonal; b, MCM-48 cubic
and ¢, MCM-50 layered)[165].
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MCM-41 possesses a hexagonal structure with ordered arrangement of
cylindrical mesopores, whose diameters are in the range 2 to 6.5 nm,
forming an one-dimensional pore system with well-defined pore dis-
tribution, large surface area and high pore volume. Since it was pro-
duced at first, more outstanding syntheses has been later reported.
Thus, MCM-41 nanoparticles with control of particle size and specific

structural properties have been reported by Castillo ez /. [160].

The introduction of heteroatoms, such as Ti or Sn, and specially Al, in
the siliceous framework is very important for catalytic purposes, be-
cause substitution of Si by a heteroatom allows tuning the acidity or
obtaining redox catalysts. The incorporation of heteroatoms can be
carried out through direct methods, or through post-treatment of a
mesoporous silica. The first ones produce more homogenous compo-
sition, while the second ones concentrate the heteroatoms on the sut-
face of the mesoporous silica. Shen ef a/. synthesized AI-MCM-41 by
hydrothermal synthesis and studied the effect of Al substitution on the
hydrothermal stability under different treatment conditions, focused
on the effect on both geometrical and chemical properties of MCM-41
[167]. Mokaya and Jones introduced aluminum into MCM-41 by a
post-synthesis method with aluminum chlorohydrate (ACH). They
found that the amount of incorporated Al into de MCM-41 frame-
work was dependent on the Al concentration in the ACH solution and
that a large proportion of the incorporated Al was into tetrahedral
positions. The obtained aluminosilicate was useful as acid catalyst

[168].

Aluminum incorporation into MCM-41 results in a broader pore size

distribution, in Bronsted acid sites and also ion-exchange sites, and
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thus, in different catalytic properties. The strength of acid sites and the
propottion of Bronsted and Lewis acid sites depend on the Si/Al ra-
tio. Chen e al. compared post-synthesis alumination and sol-gel syn-
thesis of MCM-41 with high framework aluminum content. They
found decreasing surface area, pore diameter, crystallinity and thermal
stability of Al-MCM-41 with increasing Al content. The post-
synthesized AI-MCM-41 showed better thermal stability and lower
acidity than the directly synthesized. They also reported that the total
concentration of acid sites increased linearly with the aluminum load-
ed, but, at high aluminum loading levels, it became independent due to

the agglomeration of aluminum species [154,169].

Many catalytic reactions have been carried out by using MCM-41 de-
rived materials as acid, acid-base or redox catalysts. Koh ez a/. prepared
a catalyst based on Pd supported on MCM-41, which was very active
for 1-hexene hydrogenation at 25 °C, although it was not active for
benzene hydrogenation [170]. With regard to biomass valorization,
many MCM-41-based catalysts have been reported for biomass pyrol-
ysis and gasification. Adam e7 a/. synthesized AI-MCM-41 and Cu-Al-
MCM-41 mesoporous catalysts for pyrolysis of vapors of spruce wood

[171].

On the other hand, De la Iglesia ¢f a/. prepared a mesoporous Sn-In-
MCM-41 catalysts for the selective sugar conversion to methyl lactate,
reaching a 69.4% methyl lactate yield from glucose and 73.9% in the

case of sucrose [172].

One-pot catalytic conversion of cellobiose into sorbitol has been re-
ported using nickel phosphide supported on MCM-41- and AI-MCM-
41 [172].
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Xu ¢t al. evaluated a Sn-MCM-41 heterogeneous catalyst as bifunction-
al catalyst in glucose dehydration to HMF in ionic liquid, reaching
70% HMEF yield at 110 °C after 4 h. The catalyst was more active in
fructose dehydration, reaching a 80% HMTF yield [173].

3.6.8. Mesoporous AI-KIT-6

Mesoporous MCM-41, SBA-15 and KIT-6 silicas have been widely
studied and employed as mesoporous silica-based catalysts or adsor-
bents. The mesoporous system of SBA-15 is composed of a hexagonal
arrangement of cylindrical pores surrounded by amorphous silica
walls. These walls are thicker than MCM-41"s ones, demonstrating to
be more thermally stable. The mesoporous system of cubic Ia3d in
KIT-6 material possesses an interpenetrating cylindrical pore system
with channels separated by an amorphous silica wall. This structure is
similar to that of MCM-48, but KIT-6 has larger pore sizes and thicker
walls. All of them are characterized by very well-developed specific
surface areas and large pore volumes. Hydrothermal stability is better
in SBA-15 owing to its thicker walls. The 3D network affords a highly
opened space with easy and direct access to active sites for reactants,
which can diffuse through the pore channels, being suitable as catalyst
and adsorbent. Direct imaging of surface topology and pore System of
MCM-41, SBA-15, and KIT-6 silicas have been obtained by Ttystiz e#

al., confirming the proposed arrangements [174].

This KIT-6 material was first synthesized by Kleitz e a/. and replicated
to platinum nanowires, carbon nanorods and carbon nanotubes [175].

Pore size, wall-thickness and particle size can be tunable for specific
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purposes [176]. Thus, increasing aging temperature in the KIT-6 syn-
thesis, the interconnectivity between the two channel systems is in-

creased.

As in based MCM-41 catalysts, the introduction of heteroatoms allows
tuning the acidity. Thus, Mu ¢# a/. have incorporated Zr and Mo spe-
cies through a one-pot method to improve the amount of acid sites in
mesoporous KIT-6 silica. DFT calculation have been applied to ex-
plore the formation mechanism of Bronsted acid sites, showing an
association between the experimental acidity and the structure in the

tested catalysts [177].

As other mesoporous silicas, KIT-6 materials have been used as cata-
lysts and/or catalyst supports for biomass valotization. The group of
Maireles-Torres [178] synthesized and tested different zirconium-
doped mesoporous silicas (Zr-KIT-6, Zr-SBA-15, Zr-MCM-41 and
Zt-HMS) with a Si/Al molar ratio of 5 for glucose dehydration to
HMF. They found that the presence of a high amount of Zr affected
to the textural properties of mesoporous silica. Moreover, specially Zt-
KIT catalysts possessed a high total acidity, which enhanced with in-
creasing incorporated Zr into the framework. Lewis acidity was de-
tected by pyridine adsorption coupled to FTIR spectroscopy, but they
did not detected Bronsted acid sites, although they no discarded the
formation of Bronsted acid sites from Lewis acid sites in water at high
temperature. Accordingly, Omata e/ a/ have proposed a mechanism
for explaining Lewis acid sites transformation into Bronsted ones by

adsorbed water molecules [179].

Varkolu e al. prepared and tested catalysts based on Ni supported

over 3D architecture silicas with KIT-6 and SBA-15 typologies for
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hydrogenation  of  biomass-derived  levulinic acid to  2-

methyltetrahydrofuran [180].

3.69. ZSM-5,Y and Beta zeolites

Zeolites are also aluminosilicates with a three-dimensional framework,
but unlike KIT-6 3D materials, they are crystalline with uniformly
sized pores of molecular dimensions. These pores act as sieves on a
molecular scale, thus zeolites are molecular sieves (pores of the size of
molecular dimensions, 0.3-2.0 nm diameter). The substitution of Si*"
by AI’* creates a negatively charged framework and other cations with-
in cavities contribute to electroneutrality. Some of these cations can be
exchanged, providing many properties for industrial uses, such as ca-
talysis or environment purifications. The framework is formed by cor-
ner-sharing TO, tetrahedra, where T is any tetrahedrally coordinated
cation, and this framework is relatively open, with channels and cavi-

ties.

The main aspects to be investigated for zeolite applications are the
framework type, the geometry and composition of the framework, the
location and nature of extra-framework species, and the number and
type of defects. Also, post-synthesis modifications are very important.
The presence of large cations can block or reduce the effective size of
pores, while small cations might distort the pore opening. Thus, ZSM-
5 zeolite with adsorbed neopentane has a 0.62 nm near-circular pores,
whereas after the adsorption of substituted aromatics, the pore as-
sumes an elliptical shape, 0.45 to 0.70 nm in diameter [181]. Moreover,

selectivity depends on many factors. Thus, the position of an Al atom
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and the neighboring framework O atoms influence on the transition-
state-restricted selectivity. But also, the specific spatial geometry of the
mutual approach of the reactants at the specific T site enables creation
of the most favorable transition state complex, explaining the selective
in trans-alkylation of isopropyl benzene or isopropyl toluene to n-
propyl benzene or n-propyl toluene to be possible in the intersecting
narrow 10-MR channels of ZSM-5 zeolites, but not in the wide chan-

nels of BEA or FAU zeolites [182].

The Atlas of Zeolite Framework Types (Structure Commission of the In-
ternational Zeolite Association, iza-structure.org) assigns a three-letter
code to be used for a known framework topology, such as BEA (Be-

ta), FAU (Faujasite), MFI (ZSM-5 structure) or MOR (Mordenite).

With regard to the framework Si/Al ratio, if it is in the range 1-1.5,
they are “low” silica zeolites; in the range 2-5, they are “intermediate”
and in the range 10-100, they are “high” silica zeolites. Only silicon-
containing zeolites are silica molecular sieves. Thermal stability in-
creases from 700 °C in low silica zeolites to 1300 °C in silica molecular
sieves. Surface is highly hydrophilic in low silica zeolites and hydro-
phobic in high silica zeolites and silica molecular sieves. In addition,
acidity tends to be stronger with increasing Si/Al ratio, which also
produces decreasing cation concentration and, consequently, ion-

exchange capacity (proportional to aluminum content) [181].

For acid-base and redox catalysis in the presence of high (or rich) silica
zeolites, Al species plays a key role. This involves Al location (T sites
occupied by Al atoms) and Al distribution (relation of neighboring Al
atoms in the framework which can cooperate forming active sites).

Both Al location and distribution depend on the hydrothermal synthe-
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sis conditions [182]. Variability of the location and distribution of Al
atoms in the framework represents a general feature of Si-rich zeolites,
resulting in zeolites of the same chemical Si/Al composition, but sig-

nificantly different properties.

The framework negative charge can be balanced by protons, resulting
in the formation of structural bridging Si-OH-Al groups. A substantial
difference in the acid strength is found between Si- and Al- rich zeo-
lites, which is attributed to the interaction between Si-OH-Al groups.
Calculated deprotonation energies of OH groups in faujasite, ZSM-5,
mordenite and ferrierite, showed similar values, and the acid strength

of the Al-rich zeolites decreased after zeolites dealumination.

Bronsted acid sites are constituted by bridging OH groups linking Si
to Al and depend on the Si/Al ratio as mentioned above, and on the
structure, the channels and the cage geometry. Bronsted acid sites are
influenced by synthesis conditions, but they can also be created by
different post-synthesis methods. Thus, by direct proton-exchange
methods, which can be performed in water, i.e. with inorganic acids
solutions, sodium cations of zeolites X and A can be replaced by hy-

drated hydrogen ions [183].

Another method, but under anhydrous conditions, consists of hydro-
gen reduction of a silver-exchanged NaA zeolite to metallic silver and
proton-exchanged zeolite, reported by Wolf and Frtig [184], or by
treatment of a NaA zeolite with p-toluenesulphonic acid in dioxane

solution [185].

The most common method is through ammonium-exchange, followed
by calcination which decomposes the ammonium and originate pro-

tons on the zeolite surface [1806].
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Another way is through metal cation exchange, which could be re-
duced to lower oxidation states, generating protons on the surface of
the zeolite [187]. This Bronsted acidity is responsible for many petro-

chemical reactions using zeolites as catalysts.

Lewis acid sites are produced by extra-framework aluminum species,
or by intra-framework species substituting Al or Si cations, as can

been observed in Figure 25.

@ AlO%.AIOH),". AIOH”
LAS =& o1 Al0OIH, AI(OH),, ete.

\Si/ \Al/
A N

Ga, Zn, Mo, etc
M e LAS
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Figure 25. Bronsted (BAS) and Lewis (LAS) acid sites in zeolites, down-
loaded from [18§].
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These Lewis acid sites can also be produced from dehydroxilation of
Bronsted acid sites at high temperature, originating Si and Al with
lower coordination number, and thus, Bronsted are converted into
Lewis acid sites. Moreover, at high temperature, the framework
dealumination often occurs, generating octahedral aluminum species,
associated to Lewis acidity. The concentration, type and strength of
acid sites are determined by synthesis conditions, by they can be

tuned.

Batool ¢ al. have introduced Lewis acid sites into zeolite Y (Si/Al =
30) by ion-exchange with aluminum cations followed by calcination,
increasing the total extra-framework aluminum, and preserving the

Bronsted acid sites [189].

Wu and Weitz prepared metal cation-functionalized Mn"-ZSM-5 (Mn"
= AI’", Ca*", and Ba™) and H'-ZSM-5 zeolites by a standard ion-

exchange procedure using aqueous solutions of metal nitrate salts or

nitric acid [190].

Other method is SSI (solid-state incorporation), consisting of intro-
ducing heteroatoms into the vacancies of the tetrahedral framework by

a both, a combination of chemical and thermal treatments [191].

In addition to the importance of zeolites in petrochemical processes,
these materials can also catalyze biomass conversion. Zeolites possess
the required Bronsted and Lewis acidity, but one challenge is related to
its microporosity, with too small pores to allow the diffusion of large
biopolymers. Thus, mesopores must be generated in zeolites. In this
sense, hierarchical (mesoporous) zeolites have emerging by generating

a secondary level of porosity to the intrinsic zeolitic micropores [192].
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Another challenge is to control the synthesis to obtain stable materials
under hydrothermal, acidic or basic, at ambient or more drastic condi-

tions [193].

On the other hand, H-Y zeolite has been employed by Lourvanij and
Rorrer [194] for glucose transformation in aqueous solutions, achiev-
ing a full glucose conversion at 160 °C after 8 hours, identifying sever-
al catalytic processes, such as glucose to fructose isomerization, dehy-

dration to HMF, HMF rehydration to formic and levulinic acids.

Roman-Leshkov and Davis prepared a tin-containing zeolite with large
pores (Sn-Beta), which was able to isomerize glucose into fructose in

aqueous media, showing high activity and selectivity [194].

ZSM-5 zeolites

ZSM-5 (Zeolite Socony Mobil — five) is a high siliceous zeolite with an
intersecting and three-dimensional channel system. Its chemical for-
mula is, NaaAlSioe«O192 . 160HO (n >27), whose framework is MFI
type, and thus, unit cell is orthorhombic. Channels are formed by a 10-
membered rings (10-MR) pore structure. The ZSM-5 framework con-

tains two sets of 10-MR perpendicular channels (Figure 206).
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Figure 26. ZSM-5 channels, from IZA-structure.org,

This structure is especially useful in shape selectivity applications,
which can be associated to reactant, restricted transition state and
product selectivity. In addition, this zeolite is highly resistant to coke
formation. Because of its strong acidity and well separated sites owing
to a high Si/Al molar ratio, it is very useful for a broad spectrum of
catalytic processes, such as hydrocarbon cracking or olefin oligomeri-

zation [195,196].
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Moreover, some cation-promoted ZSM-5 zeolites, (Ga-ZSM-5 and
Zn-ZSM-5) are used in aromatization reactions for both gasification

and pyrolysis [197].

Hierarchical nano-ZSM-5 zeolites with different particle sizes were
synthesized varying the hydrothermal conditions. These zeolites were
more coke resistant and exhibited higher activity and selectivity in

methanol to aromatics (BTA) reactions [198].

Ma et al. prepared Y-ZSM-5 zeolite for catalytic production of methyl
lactate from fructose-based carbohydrates, reporting 61.3 % of methyl
lactate yield from fructose, 39.6 % from sucrose and 45.6 % from inu-

lin [199].

Y zeolites

Y zeolites belong to FAU type with a structure based on a cubic unit
cell. It is characterized by large internal cavities named supercages,
tetrahedrally linked through pore openings of about 0.8 nm. Rings are
formed by twelve oxygen atoms (Figure 27). FAU-type zeolites with
different Si/Al molar ratio can be synthesized from conventional
N2a,0-Si0,—AL,O5—H,O systems, but with Si/Al molar ratio limited to
3. For catalytic purposes, higher Si/Al molar ratios must be obtained
by dealumination, usually by steam treatment, to prevent the collapse

of its framework.
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Figure 27. FAU structure, from IZA-structure.org,.

Although Y zeolite is excellent for cracking processes [200], long-
chain hydrocarbons require larger pores. In general, the generation of,
mesopores in zeolites can be carried out by different methods. In par-
ticular, in Y zeolites, desilication and dealumination can introduce
mesopores. Thus, dealumination processes influence not only the in-
tra-framework Si/Al molar ratio, but also extra-framework Si and Al

and the porosity [201].

The acidity in Y zeolites can be generated through post synthesis

methods. Afgaei ef a/ have modified NaY zeolite by a sequential
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steam-alkali-acid treatment, using NaOH, Na,CO; and CaCOs at dif-
ferent concentrations, obtaining better acid properties after alkali
treatment, and improving the heavy oil conversion and gasoline selec-

tivity [202].

Sohn ez al. prepared dealuminated Y zeolites by treatment with SiCl,
and reaction with steam, over a range of Si/ Al molar ratio from 4.7 to
255, increasing the cracking catalytic activity. The results were accord-
ed to a model in which strong Bronsted acid sites are related to struc-

tural Al atoms that have no next-nearest Al neighbors [203].

Batool e al. have introduced Lewis acidity into Y zeolite (Si/Al= 30)
by ion-exchange of aluminum cations, increasing total extra-
framework aluminum. FTIR spectroscopy of adsorbed pyridine
showed a pronounced increase in the number of Lewis acid sites,
whereas no significant change in the number of Bronsted acid sites
was observed. This acidity increased the catalytic activity in the reduc-

tion of 4-ter-butyl cyclohexanone [189].

Y zeolites have been also employed in biomass valorization. West e 4.
have used H-USY (Si/Al= 6) for lactic acid production, which is an
interesting platform chemical for the production of biodegradable
plastics or environmentally friendly solvents, among other products.
They carried out the liquid-phase conversion of the triose-sugars,
glyceraldehyde and dihydroxyacetone directly to methyl lactate and
lactic acid with good catalytic activity. Under aqueous conditions, H-
USY zeolite was easily deactivated because of coke deposition and
irreversible framework damages, but using methanol instead of water,

catalyst deactivation was suppressed [204].
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Beta zeolites

Beta zeolite was the first high-silica zeolite synthesized with organic
additives [205]. Its structure is BEA type, with a tetragonal unit cell.
Beta zeolite has a complex structure consisting of two intergrown
structures, A and B polymorphs, both containing a three-dimensional

network of 12-ring pores (Figure 28).

Figure 28. BEA structure, from IZA-structure.org,

Beta zeolite is, as ZSM-5, shape selective and its acidity can be tuned.
High Si/Al molar ratios, from 10 to 100, can be reached through dif-
ferent methods. Thus, it is very useful as catalyst in many industrial
applications. Nevertheless, micropores are not wide enough for large
molecules, and lead soon to deactivation. As in other zeolites, the de-
velopment of mesopores is needed. They can be introduced directly in

the synthesis (bottom-up methods) or post-synthesis (top-down
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methods). Similar to that was stated for Y zeolite, post-synthesis

methods are preferred, and involve dealumination and desilication.

As previously mentioned, acid strength and type are influenced by the
Si/ Al molar ratio, synthesis and post-synthesis treatments. Kiricsi ¢ a/.
studied the effect of all these parameters on H-Beta type zeolites with
different Si/Al molar ratios, synthesized by hydrothermal method and
dealuminated with diluted HCL. They found both Lewis and Brénsted
acid sites. With regard to the OH- groups, different types and distribu-

tions were detected depending on the zeolite treatment [200].

Guisnet 7 al. also studied the effect of dealumination on the acidity of
Beta zeolites. The parent H-Beta (Si/Al= 10) zeolite and the dealumi-
nated (Si/Al from 20 to 90) ones possessed fewer Bronsted acid sites
than those expected considering the Al loading, because extra-
framework Al species, such as AI-OH and Lewis acid sites were de-
tected. Dealuminated zeolites exhibited a lower amount of ex-
traframework aluminum species and, consequently, fewer Lewis acid

sites [207].

For the conversion of renewable feedstock, MFI and BEA zeolites
have been preferred, although other modified structures can be useful
as well. Moliner ez a/. prepared and compared Sn or Ti incorporated to
Beta zeolite, with large pores, TS-1 zeolite (MFI type, medium pores)
and MCM-41 (OMM). Sn-Beta and Ti-Beta showed the highest glu-
cose to fructose isomerization activity, while TS-1 was barely active
and Sn-MCM41 and Ti-MCM41 were moderately active. In addition,
the incorporation of metals into the mesoporous silica is relevant, be-
ing better into Beta zeolite than into MCM-41 structures [208]. Berme-

jo et al. also studied glucose to fructose isomerization over Sn-Beta
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zeolites and their data provided evidence that Lewis acidity associated
to Sn species, with proximal silanol groups, were active sites for the
isomerization reaction [209]. Rai ez @/ had previously reported DFT
calculations suggesting that the silanol group adjacent to the active Sn
hydroxyl (Sn(OH) sites in Sn-Beta, synergistically, promoted the hy-

dride transfer in glucose isomerization to fructose [210].

Taarning et al. [212] also tested Sn-Beta in the conversion of triose
sugars to lactic acid, in water at 125 °C, reaching a 90% lactic acid
yield, as well as in methanol, forming methyl lactate at 80 °C in quanti-
tative yields [211]. The isomerization-esterification to methyl lactate
have also been studied by Holm e# a/ using Sn-Beta zeolites, from
glucose, fructose and sucrose in methanol at 160 °C. The zeolite could
be easily recovered by filtration and reused during several catalytic
cycles after calcination, without any substantial change in the product

selectivity

Another Sn-Beta application for biomass valorization reported by the
research group of Vlachos was a one-step process for the production
of diesel fuel from biomass-derived 5-hydroxymethylfurfural (HMF),
which is converted into 2,5-bis(alkoxymethyl)furan over Lewis acid
zeolites, Sn-Beta and Zr-Beta. With Sn-Beta, 80% product yield was
achieved [213].

Lewis acid Sn-Beta type zeolites with different amounts of Brénsted
acid Al in the framework were synthesized by partial dealumination of
Beta zeolite in acid, followed by grafting with SnCly"5H,0O in dry iso-
propanol by Dijkmans e a/ [214]. Characterization data demonstrated
the existence of framework Bronsted acid (Al") and tetrahedral Lewis

acid (Sn") sites. The zeolite was tested in the catalytic conversion of

3-74



1,3-dihydroxyacetone (DHA) into ethyl lactate (ELA), proceeding via
pyruvic aldehyde, showing high activity. It was demonstrated the co-
operative effect of Lewis Sn'" and Bronsted Al acid sites by compari-
son with physical mixtures of partially dealuminated Beta zeolite and

Al-free Sn-Beta.

Choudhary e al. carried out a non-enzymatic xylose isomerization in
water over Sn-Beta zeolite, reporting 27% xylulose, 11% lyxose with
60% xylose conversion at 100 °C [215].

Relating to glucose to HMF conversion, both Bronsted and Lewis acid
sites in Beta zeolites were produced after dealumination by steam and
calcination [216]. *’Al MAS NMR measurement and FTIR spectrosco-
py showed that part of Si~O—Al bonds in the framework were cleaved
to form extra-framework Al species, which acted as Lewis acid sites.
Dealuminated Beta zeolite and calcined at 750 °C showed 55% HMF
selectivity at 78% glucose conversion. The role of Lewis and Bronsted
acidity and their relationship with glucose to fructose isomerization
was studied by an isotopic analysis starting from deuterated glucose.
The experiment revealed that glucose was isomerized to fructose
through a hybrid intermediate, and this fructose was immediately de-

hydrated to HMF over Bronsted acid sites.

3.6.10. Activated porous carbon materials

Porous carbons possess huge surface areas and hierarchical porosity,
including macro, meso and micropores. These characteristics make
these carbons suitable as adsorbents and catalysts in many industrial

applications. Not only textural properties determine their activity, but
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also the surface chemistry. These parameters can be tailored by syn-
thesis or post synthesis methods. As catalysts, porous carbons also
possess two additional advantages: inertness, facilitating the interaction
between active phases or between active phases and promoters, and
they are able to block undesirable reactions i.e., coking, which are

responsible of catalyst deactivation [217].

Porous carbon materials can be present as activated carbons, carbon
molecular sieves, high-surface-area graphite, activated carbon fiber,
among others, being the most important as catalysts or catalyst sup-

portts the high-surface-area activated carbons.

Activated carbon is mainly carbon constituting an amorphous solid
with large internal surface and pore volume. Besides carbon, it con-
tains heteroatoms, mainly oxygen, and hydrogen, nitrogen and sulfur,
either from de raw material or added. These atoms form complexes or
functional groups (carboxyl, phenol, carbonyl) on the surface and are
mainly acidic. Type and concentration of these groups determine the
application of the carbon as acid catalyst, as many of them will be ac-

tive sites.

Over another supports as silica or alumina, these carbons have many
advantages: surface resistant to acid and basic medium, structural sta-
bility at high temperatures, preparation under different physical forms
(fibers, pellets,..), active phase can be easily recovered by burning away

the support and lower costs than silica or alumina [218].

The design and control of the mesoporosity is needed for many appli-
cations. It can be developed by several methods, such as catalytic acti-
vation, carbonization of mesoporous gel, carbonization of polymer

blends and porous carbons prepared by template carbonization [219].
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Activation can be physical or chemical, both strongly affecting the

surface depending on the specific method.

Physical activation is a two-step process: firstly, raw material is pyro-
lyzed and, secondly, it is activated with oxidant gases (steam, CO,).
Carrot e al. prepared activated carbons by physical activation of cork
wood, virgin cork and adult cork in carbon dioxide. Activated cork
wood gave good results, similar to other lignocellulosic materials. Vir-
gin cork, after activation, retained the characteristic honeycomb struc-
ture and had low C/O ratios. Activation of the adult cork was 10-

times faster than the others [220].

Chemical activation consists of impregnation of the precursor carbon
with a chemical agent (dehydrating or oxidant) followed by heating
under inert atmosphere at temperatures in the range 400-800 °C. Both
physical and chemical activation can be performed simultaneously
[221]. Activation is mainly for cellulosic material degradation. The
main role of the activating agent is the degradation of the cellulosic
material and is achieved upon thermal treatment. Dehydrating com-
pounds in chemical activation inhibit the formation of tar and other
products, achieving higher carbon yields than by thermal treatment.

The higher the degree of impregnation, the larger the pore sizes.

Rosas ef al. carried out chemical activation of different lignocellulosic
materials with phosphoric acid, which had higher oxidation resistance
than free chars obtained from the same biomass at similar conditions.
They also possessed more developed porous structure because of the
presence of thermally stable phosphorus complexes on the carbon
surface, which seemed to stabilize the active carbon sites. Multiple

scanning micrographs were taken to study the modification of the
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particle size distribution of the carbons after partial gasification, show-
ing that the activated carbon suffered an important reduction of the
particle size, as is shown in Figure 29, indicating surface chemistry

modifications [222].
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Figure 29. SEM micrographs of char (a, b) and activated carbon (c, d)
before and after partial oxidation (X = 0.33) from [222].

Activated carbon fibers (ACF) are also porous carbons, with mi-
cropores, a narrow pore size distribution and high surface areas. This
is a fibrous material, light, easily moldable into a variety of physical
forms as required by the specific application, and also can be adapted
into the reactors. They are prepared by controlled carbonization of
high carbon content fibrous materials (coal tar, petroleum pitch, ray-

on, polyacrylonitrile) and then, they are activated thorough several
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treatment to develop porosity (mesoporosity). They are very useful as

adsorbents (as fibers or clothes), but also as catalysts.

Adapa ef al. studied the catalytic oxidation of NO with various ACFs
prepared from different precursors: viscose rayon, phenolic resin-
based samples and pitch-based ACF samples. The characterization
results of the activated carbon fibers showed that BET surface area,
total and micropore volumes, increased with the activation time inde-
pendent on the type of activation agent (steam or CO»), up to a limit
time, at which area and pore volume decreased. They observed that
the conversion depended on the reaction temperature, on the reac-
tants concentration, and on the ACF catalyst (types and treatments)

[223].

Garcia-Mateos e al. prepared porous carbon fibers catalysts by elec-
trospinning of Alcell lignin. They were chemically activated with
H:PO, at several mass ratios and carbonized at different temperatures,
providing acid carbon fibers which showed high catalytic activities and
selectivities in different alcohol decomposition reactions (isopropanol,

ethanol and methanol) [224].

Other interesting porous carbons for catalysis (catalyst or catalyst sup-
port) are carbon molecular sieves (CMS), which contain micropores
able to select molecules depending on their size and shape. Besides,
their narrow micropore size distribution can be modified to be
adapted for specific applications. They are produced by different
combination of methods such as: pyrolysis or carbonization of poly-
mers or coals, activation (with CO,, by oxidation...), impregnation
and thermal treatments, providing sieving capacity for adsorption or

catalysis.
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Holbrook ef al. [225] synthesized molecular sieving carbon catalysts for
liquid phase hydrogenation reactions by pyrolysis of platinum nano-
particles in polyfurfuryl alcohol (PFA) resulting in platinum embedded
in PFA-carbon nanocomposites. Through several liquid phase alkene
dehydrogenation reactions, they studied steric and conformational
restriction effects on size and shape of the catalysts, showing these

catalyst are enable to be adapted to specific reactions.

In terms of biomass valorization, porous carbon materials, mainly
activated carbons, can be obtained from biomass wastes, reducing the
cost of raw materials. Wet or dry biomass is converted by a thermo-
chemical process “hydrothermal carbonization” to carbonaceous pre-
cursors. After activation (physical, chemical), highly porous activated
carbons with tunable porosity are obtained, being useful as adsorbents,
separation or catalysts, among other applications. Sevilla e a/ pro-
duced functionalized carbonaceous materials by hydrothermal carbon-
ization of cellulose (220-250 °C) [226]. Tsoncheva ¢7 al. have prepared
catalyst supports of activated carbon from waste biomass for catalytic

methanol decomposition with copper and cobalt as active phase [227].

Beyond biomass as raw material for activated porous carbons prepara-
tion, carbon-based catalysts can be used for biomass valorization reac-
tions. Thus, Cattaneo e al. synthesized and studied Ru supported on
activated or mesoporous carbons for hydrogenation of biomass-
derived molecules: hydrogenation of levulinic acid and glycerol hydro-

genolysis [228].
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4. Research Aims and Objectives

4.1. Research Aims

5-hydroxymethylfurfural is a very versatile platform molecule for the
synthesis of chemicals and biofuels which can be produced from bio-
mass derived hexoses by heterogeneous acid-catalyzed processes. Re-
search aims of this thesis are the evaluation of different solid acid cata-
lysts (synthesized or commercial) for the production of HMF from
glucose and/or fructose dehydration, as well as the establishment of
the optimal experimental conditions for each type of heterogeneous

catalyst.

4.2. Research Objectives

eSynthesis of mesoporous tantalum oxide as catalyst for the glu-
cose to HMF dehydration reaction and optimization of the reaction

conditions.

eSynthesis of mesoporous silica-based catalysts, such as MCM-41
type, for HMF production from glucose, optimizing the reaction con-

ditions.

eModification of different H-zeolites to be used as catalysts in the
production of HMF from glucose, optimizing the reaction conditions

in each case.

oTuning Bronsted-Lewis acidity of zeolites by introducing iron
and copper ions into these solids in order to achieve better HMF

yields in the glucose dehydration to HME.



oStudy and comparison of the catalytic behavior of different
commercial zeolites in the production of HMF from glucose and fruc-

tose, optimizing the reaction conditions.

eResearch on the catalytic behavior of acid carbons in the glu-

cose/fructose dehydration to HMF.

ePhysico-chemical characterization of all the studied catalysts by
techniques such as X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), nitrogen sorption at -196°C, differential thermal
analysis and thermogravimetric (DTA, TG), solid-state nuclear mag-

netic resonance (ss-NMR), among others

oStudy of acidity (concentration, strength and type) by tempera-
ture-programmed desorption of ammonia (NH;-TPD) and pyridine

adsorption coupled to Fourier-transform infrared (FT-IR) spectrosco-
py-
eElucidation of structure-acidity-activity relations in order to op-

timize catalysts and experimental conditions.

eEvaluation of the catalyst reusability, since this is a key advantage

of the heterogeneous catalysts compared to homogeneous ones.



o ,
E Experimental Procedure
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5. Experimental Procedure

5.1. Catalysts

Tantalum oxide and silica-based materials were synthesized to obtain
mesoporous acid catalysts. Commercial zeolites (Zeolyst International)
were modified to modify their acidic properties. Porous carbons were
provided by the group of Prof. Cordero (Department of Chemical
Engineering at University of Malaga). Phosphoric acid was used as

homogeneous catalyst.

5.1.1.Mesoporous tantalum oxide

Chemicals

e Hydrochloric acid (VWR Chemicals, 37%0)

e Tantalum(V) ethoxide (Sigma-Aldrich, 99.98%)

e Ethanol (VWR Chemicals, 96%)

e DPoly(ethylene  glycol)-block-poly(propylene  glycol)-block-
poly(ethylene glycol) average MW~4400, Pluronic® 1.-121
(Sigma-Aldrich)

e Phosphoric acid (Sigma-Aldrich, 85 wt.%)

e Potassium hydroxide (Prolabo, 86.1%)

Synthesis procedure

The synthesis method was based on the work published by Xu e a/
[1], consisting of the successive addition of 8 mL of 2 M hydrochloric

acid and 4.6 mmol of tantalum (V) ethoxide to a Pluronic® I1.-121
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ethanolic solution (1 g in 40 mL) . After stirring for 30 minutes, the
obtained sol was 24 hours aged (40° C) and the resulting solid was
washed, filtered off and finally dried in vacuum at 60 °C. The white
solid was calcined at 550 °C for 6 h (heating rate of 1 °C min™) to
remove the surfactant and create the mesoporous framework.

Synthesis steps are shown in Image 1.

Image 1. Mesoporous tantalum oxide synthesis procedure.

A post-synthesis treatment was carried out in order to incorporate
phosphoric groups onto the surface of the mesoporous tantalum (V)
oxide. Thus, 300 mg of mesoporous tantalum oxide was treated, under
vigorous stirring, with 20 mL of 1 M phosphoric acid aqueous
solution for 24 hours [2]. Then, the solid was washed with deionized
water, dried and calcined at 300 °C for 2 hours. Another similar post-
synthesis treatment was performed, but omitting the calcination step.
A third post-synthesis catalyst modification was made by stirring 100
mg of mesoporous tantalum(V) oxide with 25 mL of potassium
hydroxide (aqueous solution, 0.35 mmol per g catalyst) for 24 h, and

then washing with deionized water and drying the resulting solid.



5.1.2. Al-MCM-41

Two aluminum-doped MCM-41 type silica materials with Si/Al molar

ratios of 5 and 10 were synthesized.

Chemicals

e Tetraethyl orthosilicate (Sigma-Aldrich, 98%)
e Aluminum isopropoxide (Sigma-Aldrich, 98%)
e Ethanol (VWR Chemicals, 96%)

e Dodecylamine (Sigma-Aldrich, 98%)

e Nitric acid (VWR Chemicals, 68%0)

e Hydrochloric acid (VWR Chemicals, 37%)

e Ammonia (VWR Chemicals, 28%0)

Synthesis procedure

The synthesis method, based on the paper published by Aguado ez al.
[2], consisted of a sol-gel method that involves two consecutive steps:
an acidic and an alkaline hydrolysis. The silicon and aluminum sources
were a solution of tetraecthyl orthosilicate (TEOS, 20.88 mL) and
aluminum isopropoxide respectively. This solution was mild stirred
and a dodecylamine in a hydrochloric-alcoholic solution was added
dropwise. This latter solution was prepared by dissolving 5 g of
dodecylamine in 20 mL of ethanol, adding HCl up to pH 2 and
shaking for 10 minutes. The acidic hydrolysis was carried out by
stirring  for 90 minutes and, then, the alkaline hydrolysis was
accomplished by adjusting the pH to 10 through addition of an
ammonia solution. This alkaline step favors the condensation of

silicate groups. The resulting gel was aged at room temperature for 20
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hours under static conditions and filtered, and the resulting solid was
then washed with deionized water and dried overnight at 100 °C.
Then, the structure-directing agent was extracted with nitric acid 0.1 M
ethanolic solution for 4 h , and subsequent calcination at 550 °C for 3

h (heating rate of 1 °C min™).

5.1.3. AI-KIT-6

Chemicals

e DPoly(ethylene  glycol)-block-poly(propylene  glycol)-block-
poly(ethylene glycol) average Mn~5800, PEG-PPG-PEG,
Pluronic® P-123 (Sigma-Aldrich)

e Hydrochloric acid (VWR Chemicals, 37%)

e 2-Propanol (VWR Chemicals)

e 1-Butanol (Sigma-Aldrich, 99.8% )

e Tetraethyl orthosilicate, TEOS (Sigma-Aldrich, 98%)

e FEthanol absolute (VWR Chemicals)

e Aluminum chloride hexahydrate (Sigma-Aldrich, 99%)

e Tetramethylammonium hydroxide (Sigma-Aldrich, 25wt.%

solution in water)

Synthesis procedure

Three similar methods were followed for the synthesis of KIT-6-type
mesoporous silicas (KIT6-A, KIT6-B and KIT6-C), based on the
works published by Aranda ez a/. [3] and Jo ez al. [4].



KIT6-A and KIT6-B mesoporous silica materials were synthesized by
adding Pluronic® P-123, as template (9.7 g), to an acidic solution
prepared from deionized water (850 mlL) and hydrochloric acid 35 %
(31 mL). The mixture was stirred at 35 °C for 4.5 h, until complete
dissolution of the surfactant. Then, n-butanol (24 mL) was added, and
the resulting solution was stirred for another 1 h at the same
temperature. After stirring, it was divided into two equal portions, and
27.8 mL of TEOS were added to each, being one part stirred at 35 °C
for 24 hours (A) and for 72 hours the other one (B). Both mixtures
were subjected to hydrothermal treatment at 120 °C for 24 hours,
filtrated, washed with deionized water and dried at 120 °C. Thereafter,
the obtained products were calcined at 550 °C in air for 6 hours
(heating rate 2 °C min') to obtain KIT6-A and KIT6-B silica

matetials.

The KIT-C synthesis was carried out starting from the same products
and conditions, but adding isopropanol (25 mL) instead of n-butanol
and stirring at 35 °C for 36 hours. The rest of the experimental

conditions were the same as for the other catalysts.

KIT6-C post-synthesis alumination

The synthesized KIT6-C silica was modified by two different post-
synthesis treatments to incorporate aluminum in order to enhance the
acidity and consequently the catalytic activity. In this sense, following
the procedure reported by Luan ez al. [5], 2 g of KIT6-C silica were
added under stirring to 200 mL of a dry ethanol solution containing
aluminum chloride (Si/Al molar ratio of 10), at room temperature for

12 hours. After filtration and washed with dry ethanol, the solid was
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dried at room temperature and, finally, calcined at 550 °C for 6 hours
(heating rate 10 °C min™). The obtained catalyst was labeled as Al-
KIT6-C1. The latter procedure, based on the one reported by Gémez-
Cazalilla ef al. [6], combined the KIT6-C silica (2 g) with a solution of
aluminum  chloride  (Si/Al  molar ratio of 10) into
tetramethylammonium hydroxide (20 mL), maintaining a molar ratio
[TMAOH]/[A]] molar ratio of 2.5. This ratio was chosen based on a
previous study, where it was found that the amount of incorporated Al
was higher at this value [7]. The acidic solution and the mixture were
prepared at 80 °C under stirring, taking 30 minutes and 3 hours,
respectively. After filtration and washing with deionized water, the
solid was dried overnight at 60 °C and calcined (550 °C, 6 hours, 10 °C
min™"). The obtained catalyst was named as Al-KIT6-C2.

The labels of all these synthesized catalysts are listed in Table 1.

Table 1. Synthesized materials

catalyst
Mesoporous tantalum oxide Ta:0s
Aluminum doped MCM-41 silicas  10Al-MCM-41
5A1-MCM-41
Mesoporous KIT-6 silicas KIT6-A
KITo6-B
KIT6-C
Aluminum doped KIT-6 silicas Al-KIT6-C1
Al-KIT6-C2




5.1.4. Protonated zeolites

e CBV3024E ZSM-5 type =zeolite (Zeolyst International).
Si0,/AlLOs molar ratio: 30. Nominal cation form: ammonium.

e CBV712 Y type zeolite (Zeolyst International). SiO,/AlLOs
molar ratio: 12. Nominal cation form: ammonium.

e CBV720 Y type zeolite (Zeolyst International). SiO,/AlLOs;
molar ratio: 30. Nominal cation form: hydrogen.

e CP814E Beta type zeolite (Zeolyst International). SiO,/AlLOs
molar ratio: 25. Nominal cation form: ammonium.

e (CP814C Beta type zeolite (Zeolyst International). SiO,/AlLOs
molar ratio: 38. Nominal cation form: ammonium.

e CBV21A Motdenite type zeolite (Zeolyst International).

Si0,/ Al,O3 mole ratio: 20. Nominal cation form: ammonium.

CBV3024E (ZSM-5), CBV712 (Y), CP814E (Beta), CP814C (Beta),
and CBV21A (Motdenite) zeolites, with ammonium as nominal cation
form, were calcined in air at 550°C for 6 hours (1 °C min™) to obtain
the corresponding protonated forms (H-Z). CBV720 Y, commercial as
hydrogen form, was used as supplied. These H-zeolites were labeled

according to the nomenclature shown in Table 2.



Table 2. Commercial materials

treatment Si/Al ratio catalyst
CBV3024E (NH4-ZSM-5) calcination 15 H-ZSM5-15
CBV712 (NH4-Y) calcination 6 H-Y-6
CBV720 (H-Y) - 15 H-Y-15
CP814E (NHs-Beta) calcination 12.5 H-Beta-12.5
CP814C (NHs-Beta) calcination 19 H-Beta-19
CBV21A (NHs-Mordenite) calcination 10 H-MOR-10

5.1.5. Iron-containing zeolites

Commercial zeolites were modified by incorporating Fe** ions by an
ion exchange process, using iron(Il) sulphate heptahydrate (Sigma-
Aldrich, 98%).

CBV3024E (NH4-ZSM-5) zeolite (2 g) was treated with a 0.1 M FeSO,
aqueous solution (60 mL) under a nitrogen atmosphere [8]. After
stirring for 24 hours, the resulting zeolite was filtered and washed with
deionized water, dried at 60 °C overnight and, finally, calcined at 550
°C for 5 hours (10 °C min™). The exchange process, with a duration of
24 h each, was repeated two and three times, following the same post-
treatment. The CHNS/O analysis revealed 27, 84 and 88% of
ammonium groups removed after the first, second and third exchange
process, respectively. Thus, three subsequent exchange steps with
fresh iron(Il) sulfate aqueous solutions, under the same experimental
conditions, were used for facilitating the NH,"-Fe** exchange in
CBV3024E (NH4-ZSM-5), CBV712 (NH4-Y), CP814E (NH;-Beta)
and CBV21A (NH;-Mordenite) zeolites, and also H',-Fe** exchange
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with the CBV720 (H-Y) zeolite. The adopted nomenclature is
indicated in Table 3.

Table 3. Iron-containing zeolites.

Commercial (precursors) Si/Al molar Catalyst
CBV3024E (NH4-ZSM-5) 15 Fe-ZSM5-15
CBV712 (NH4-Y) 6 Fe-Y-6
CBV720 (H-Y) 15 Fe-Y-15
CP814E (NHs-Beta) 12.5 Fe-Beta-12.5
CBV21A (NHs-Mordenite) 10 Fe-MOR-10

5.1.6. Copper-containing zeolites

Commercial zeolites were also modified by incorporation of Cu** ions,

using copper(Il) acetate monohydrate (Merk Millipore).

2 g of CBV3024E (NH4-ZSM-5) zeolite were put in contact with 20
mL of a Cu(CH3COO); 0.005 M aqueous solution [9]. The exchange
process was similar to that applied to synthesize the iron-containing
zeolites, and it was repeated twice. The CHNS/O analysis revealed 60
and 66% of ammonium groups removed after the first and second
treatment, respectively, and the treated zeolites were CBV3024E
(NH4+-ZSM-5), CBV712 (NH4+Y) and CP814E (NH4-Beta), whose

final nomenclature was as referenced in Table 4.



Table 4. Copper-containing zeolites.

Commercial (precursors) Si/Al ratio
CBV3024E (NH4-ZSM-5) 15
CBV712 (NH4-Y) 6

CP814E (NHs-Beta) 12.5

Catalyst
Cu-ZSM5-15
Cu-Y-6
Cu-Beta-12.5

5.1.7. Porous carbons

Two groups of acidic porous carbons. synthesized by the group
headed by Prof. Cordero [10], were provided to be tested for the
glucose dehydration to HMF. The first group, HA- carbons, were
prepared from olive stones from local olive manufacturers, whereas
the second group, L- carbons, from commercial lignin (ALCELL®).
All of them were activated through a chemical treatment with

phosphoric acid to obtain acidic catalysts [11,12], being labeled as

shown in Table 5.

Table 5. Carbon-based catalysts.

Catalysts

HA3500
HA31500 Olive stones derived

HA31800

1.3500
131500 Alcell lignin derived

L31800
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5.1.8. Homogeneous catalysts

The dehydration of glucose under homogeneous catalysis was also
studied by using phosphoric acid aqueous solutions (0.14 and 0.25 M),
prepared from commercial phosphoric acid (Sigma-Aldrich, 85 wt.%).

These homogeneous catalysts were labeled accordingly in Table 6.

Table 6. Homogenous catalysts

Catalyst
H;PO4-0.14M PA-0.14
H;P0O4-0.25M PA-0.25

5.2. Chemical reagents and solvents

In the different catalytic reactions, the following chemicals were used:

e  D-(+) Glucose (Sigma-Aldrich, 99%)

e D-(-) Fructose (Sigma-Aldrich, 99%)

e Methyl isobutyl ketone (Sigma-Aldrich, 98.5%)
e Cyclopentyl methyl ether (Sigma-Aldrich)

e Tetrahydrofuran (99.9%, Sigma-Aldrich)

e Silicon oils for heating baths LBSil 100 Aux (Labkem)
e Lithium chloride (Sigma-Aldrich, 99.99%)

e Sodium chloride (VWR Chemicals)

e Potassium chloride (WVR Chemicals)

e Calcium chloride dihydrate (Sigma-Aldrich)

e Sodium bromide (Sigma-Aldrich, 99%)

e Sodium sulfate (Sigma-Aldrich, 99.99%)
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Reaction products were analyzed by High Performance Liquid

Chromatography (HPLC) , and the following chemicals were needed:

e Methanol for UV, IR, HPLC, ACS (Panteac)

e 2-Propanol for HPLC (WVR Chemicals)

e  D-(+) Glucose (Sigma-Aldrich, 99%)

e D-(-) Fructose (Sigma-Aldrich, 99%)

e 5-(hydroxymethyl)furfural (Sigma-Aldrich, 99%)
e Levulinic acid (Sigma-Aldrich, 98%)

e Formic acid (Sigma-Aldrich)

Deionized water was used throughout all the experimental procedures.
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5.3. Catalyst characterization techniques

Different techniques were wused for the physico-chemical

characterization of fresh and spent catalysts.

5.3.1. X-ray diffraction analysis

X-ray diffraction (XRD) is a useful technique for the study of
polycrystalline and amorphous materials, allowing the identification of
the nature and composition of crystalline phases, the determination of
unit cell lattice parameters and average crystallite sizes, among others.
In this sense, it is also employed for the analysis of ordered

nanostructured solids.

This technique is based on the phenomenon that occurs when a
monochromatic X-ray beam (with a characteristic wavelength, 1) is
incident on the lattice planes in a crystal (distanced ) at an angle 0.
The diffraction appears only when the distance travelled by the rays
reflected from successive planes differs by a complete number n of
wavelengths (#4), Figure 1. This condition was established by Bragg in
1912 as:

nl =2dsinf

Plotting the angular positions and intensities of the resultant
diffraction peaks, a characteristic pattern of the sample is produced. If
a mixture of crystalline phases is present, the resulting diffractogram is

formed by addition of the individual patterns [13].

Powder XRD patterns of the catalysts were recorded on an

EMPYREAN  PANanalytical  diffractometer, using  strictly
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monochromatic Cul,1, radiation (A= 1.54059 A, Ge (1 1 1)) primary
monochromator and working in reflection geometry (6/26). The X-ray
tube worked at 45 kV and 40 mA. The optical configuration consisted
on a fixed divergence slit (1/2°), a fixed incident antiscatter slit (1°), a
fixed diffracted anti-scatter slit (1/2°) and a PIXCEL detector,
working in scanning mode with maximum active length. Data were

collected from 2 to 80° for 30 minutes.

Figure1l.  Bragg’s law. Adaption from the Online Dictionary of Crystallography
[42].

5.3.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful technique to
analyze the surface chemistry of materials, providing data on the
elemental composition, the chemical and electronic states of elements
present of the outer layer of a material. By irradiating the surface with
a X-ray beam, spectra are obtained, appearing electrons emission

peaks at energy values characteristic of each element and state. While
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the material is being irradiated, the kinetic energies and the amount of
emitted electrons are measured [14]. The energy values and the
intensities of the peaks enable the identification and quantification of
clements in the surface. Taking into account the importance of the
physical and chemical interactions at the catalyst surfaces, XPS can be

considered as a fundamental technique in the present PhD work.

XPS analyses were collected using a Physical Electronics PHI 5700
spectrometer with a non-monochromatic Mg K, radiation (300 W, 15
kV, 1253.6 eV) for the analysis of the core level signals. Charge
referencing was measured against adventitious carbon (C 1y, 284.8 V).
A PHI ACCESS ESCA-V6.0 F software package was used for
acquisition and data analysis. A Shirley-type background was
subtracted from the signals. The modified Auger parameter of Al (a”)

was calculated using the equation:

where KE corresponds to the kinetic energy of the Auger electron

(KLL) or the photoelectron (2p).

5.3.3. Differential thermal analysis and
thermogravimetry

The most used thermal techniques to characterize catalysts are
Differential Thermal Analysis (DTA), Thermogravimetry (TG),
Differential Thermogravimetry (DTG) and Differential Scanning

Calorimetry (DSC), used either by themselves, or combined with other
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techniques, such as TG-DSC. These techniques study the thermal
behavior of a material when it is heated at a constant rate, or by steps
of temperature, and are particularly adapted for studying the
decomposition of catalyst precursors or for desorption studies of
poisoned catalysts. The measured properties are mass, temperature
and enthalpy in TG, DTA and DSC analysis, respectively [15,16]. A
sample mass loss (T'G) can be associated to decomposition, oxidation,
vaporization, sublimation or desorption. The different temperatures
between the sample and the reference in DTA analysis indicate
chemical reactions, desorption or phase transitions. Enthalpy values
provided by DSC analysis can be useful for characterizing the

oxidation, decomposition or phase transition occurred in the material.

The TGA-DSC curves were registered with a thermobalance (Mettler
Toledo, TGA-DSC1) in synthetic air (50 mL min") with a heating rate
of 10 °C min™, in the 30-900 °C temperature range. The analyzer was
connected to a mass spectrometer (Pfeiffer Vacuum, ThermoStar
GSD 320) to determine the gas composition, and gas evolution

profiles as a function of temperature.

5.3.4. Nitrogen sorption analysis

The determination of textual parameters is a key step in the physico-
chemical characterization of catalysts, and, in this context, the
distinction between the external and the internal surface can be
relevant. The external surface includes prominences, pores, cracks and
cavities which are wider than deep, whereas the internal surface

comprises the walls of the rest of pores, cavities and cracks. The total
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surface area is the sum of the external and internal surface areas. This
porous framework can be of many different kinds. The pore width is
of special interest for the catalytic phenomenon, and solids are
classified according to them in microporous (pores up to 2 nm),
mesoporous (between 2 and 50 nm) and macroporous (wider than 50
nm). The total pore volume (specific) is the total internal volume per
unit mass of the catalyst, but it can be enclosed and inaccessible to
molecules in a catalytic process. The pore size distribution is the
distribution of pore volume with respect to pore size, and it is an
important factor controlling the diffusion of reactants and products in
the porous catalysts. Gas adsorption methods are used to determine
the surface area and pore size distribution, being the Brunauer-
Emmett-Teller (BET) method the most widely used procedure for the
determination of specific surface area [17]. There are also empirical
equations to adjust the adsorption data, such as the Freundlich model
and the Sips isotherm. About the micropore filling, Dubinin theory

and its modifications were used [17-21].

The textural parameters were obtained from the nitrogen adsorption-
desorption isotherms at -196 °C, as determined by an automatic ASAP
2020 V3.04H system from Micromeritics. Prior to nitrogen

adsorption, these samples were evacuated overnight at 0.13 Pa and

350 °C.

5.3.5. Temperature-programmed desorption of ammonia

Physisorption appears when the adsorption (attractive interaction) is

essentially due to van-der-Waals forces, and the physisorptive bonds
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are characterized by dissociation energies below 50 kJ mol™.
Nevertheless, when the overlap between the molecular orbitals of the
adsorbed molecule and the surface atoms enables the formation of
chemical bonds, which dissociation energies exceeding 50 k] mol”,
chemisorption takes place. This is often an activated process, requiring
that an activation barrier is overcome. In the TPD analysis, the probe
molecule (ammonia) is adsorbed on the material surface. The
physisorbed amount is removed by a helium flow at low temperature
(usually 100 °C), remaining the chemisorbed ammonia. This is
removed by heating the sample, and the analysis of desorbed ammonia
by GC-TCD allows the determination of the ammonia chemisorbed

and, therefore, the sample acidity.

Catalysts were heated from room temperature to 550 °C (but up to
100 °C in the case of carbon-based catalysts), with a heating rate of 10
°C min”, under a helium flow (35 mIL. min™), and this temperature was
maintained for 15 min. After cooling samples until 100 °C under a
helium flow, ammonia adsorption was undertaken. Finally, ammonia
was desorbed from 100 to 550 °C and analyzed by an on-line gas
chromatograph provided with a thermal conductivity detector

(Shimadzu GC-14A).

5.3.6. Pyridine adsorption coupled to FT-Infrared
spectroscopy

Different infrared (IR) spectroscopies (diffuse reflectance, emission,
transmission-absorption, etc.) can be applied to study functional

groups of materials. The transmission-absorption mode, with a variety
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of cells, is very useful. Infrared spectra are produced through the
absorption of infrared radiation by a molecule, caused by transitions
between vibrational energy levels. A net change in the dipole moment
of the molecule is needed to absorb the infrared radiation, and so,
molecular asymmetry is required. The most useful IR radiation

frequencies are between 4000 and 400 cm™ (wavenumber values).

IR spectroscopy of adsorbed probe molecules is suitable for the study
of the acid-base nature of catalysts. The determination of the acid
properties requires probe molecule with basic properties, such as
ammonia and most amines, including pyridine. Particularly, the
nitrogen center of pyridine features a basic lone pair of electrons
which interacts with Lewis acids, such as aluminosilicates or transition
metal oxides. Besides, because this lone pair of electrons is not part of
the aromatic ring, it can be protonated by reaction with protonic acids,
forming the pyridinium ion. Typical IR absorption bands of pyridine
adsorbed on Bronsted type acid sites are found around 1491, 1545,
1578, and 1640 cm™, whereas Lewis acidity gives rise to pyridine bands
around 1450, 1491, 1578, and 1612 cm”. The most characteristic
bands appear at 1545 (Bronsted acid sites) and 1450 (Lewis acid sites)
cm’'. Moreover, the exact positions of the bands located at 1450 and
1612 cm™ (L-Py bands) are sensitive to the strength of the Lewis acid
sites [22-24]. From the integral intensities of these bands, the
concentration of both types of surface acid sites can be determined by
using the Lambert-Beer law and the molar extinction coefficients (or
molar absorptivities) for pyridine adsorbed on Brénsted and Lewis

acid sites [25]:
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where A is the integrated absorbance (cm™), C is the concentration of
absorbate (umol cm?®). The molar extinction coefficient € has been
calculated in different works, depending the obtained values on the
experimental conditions. Values of 0.73 and 1.11 (cm pmol") for the
bands at 1545 cm™ (PyH") and 1455 cm™ (PyL) have been reported by
Datka ef al. [26]. Other values have been reported later and used as
well [27,28].

FTIR spectra of adsorbed pyridine were recorded on a Shimadzu
Fourier Transform Infrared Instrument (FTIR-8300). Self-supported
wafers of the samples (with weight/surface ratio in the range 10-20
mg cm”) were placed in a vacuum cell with greaseless stopcocks and
CaF, windows. Samples were previously evacuated at 250 °C and 107
Pa overnight, and then exposed to pyridine vapors at room
temperature for 15 min. Thereafter, they were outgassed at different
temperatures (100-300 °C). The IR spectra of the evacuated, exposed
to pyridine and outgassed samples, were registered and the Hyper IR
software package (LabControl®) was used for acquisition and data

analysis.

5.3.7. Solid-state nuclear magnetic resonance (MAS-
NMR)

High resolution NMR spectra of solids are useful to characterize the
structural and chemical environment of their lattice atoms. This is
because the transition frequency measured in the NMR spectrum of
an atomic nucleus in a particular chemical or structural environment is

a very sensitive probe of that environment. The Magic Angle Spinning
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(MAS) rotation application to this technique has meant its applicability
to micro and mesoporous materials. In MAS-NMR, by spinning the
sample at a very high speed and at the magic angle (54.7° with respect
to the direction of the magnetic field), dipolar, chemical shift
anisotropy and quadrupolar interactions, can be averaged, leading to

much narrower signals [29][30].

In the framework of zeolites or other aluminosilicates, silicon,
aluminum and oxygen are the main atomic constituents. ''O isotope is
lacking in natural abundance (0.037%) and it also has a nuclear
quadrupole moment which produces the line broadening, making its
application difficult. The *'Al isotope is 100% abundant, but its
nuclear quadrupole moment may give rise to broadened lines. In
contrast, the *Si isotope has no quadrupole moment, leading to
narrow resonance lines, and its natural abundance is 4.7%. Other
elements which can replace silicon or aluminum in the tetrahedral sites
of the aluminosilicate framework, such as 'V or °'P, can also be
studied by MAS-NMR [31,32]. Moreover, most of cations acting as
charge balancing species possess isotopes suitable for NMR studies,

e.g. “Na [33-35].

The chemical shift of *Si in silicates or aluminosilicates depends on
the number and type of T-atoms (tetrahedral framework atoms)
connected with a SiOy tetrahedron. Increasing the degree of SiO,
polymerization, high-field shifts are observed, whilst the degree of
tetrahedral Al substitution leads to low-field shifts of resonances. In
the particular case of zeolites and other aluminosilicates, the silicon

atoms are connected with other T atoms through oxygen bridges,
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within a 3D framework, and five types of structural units types can be

present as:

Si(OSi)4.a(OA),, n=0,1,2,3, 4

b b

and thus, the *’Si NMR spectrum may content from one to five peaks,
€ .2

and increasing “n”, the peaks shift to lower field, about 5 ppm for

each Al substitution () [36].

Si(2Al)

Si(3Al) Si(1AD)

Si(0Al)

-

Si(4Al)

-70 -80 90 -100 -110 -120

Figure 2. High-resolution *Si MAS-NMR spectrum for a Na-Y
zeolite collected at 39.75 MHz. Experimental spectrum — blue
symbols, red line corresponds to computer simulated spectrum,

fitted with pseudo-Voigt peak profiles, deconvoluted peaks, to black
dotted lines [41].

High sensitivity of *Al MAS-NMR allows the identification of
different aluminum species. Tetrahedrally coordinated Al in zeolites
and other aluminosilicates appears at about 60 ppm, whereas the
octahedrally coordinated one does at about 0 ppm. Non-framework Al

species can be identified by MAS-NMR, since they produce a broad
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“Al band between the tetrahedral and the octahedral Al signals

(shown in Figure 3, [37,38]).

Figure 3.  Z7Al 3Q MAS-NMR spectrum of an USY zeolite.
Tetrahedral framework (A), tetrahedral distorted framework (B), penta-
coordinated (non framework) (C), octahedral framework (D) and
distorted.-tetrahedral (B), octahedral framework (D) and octahedral non
tramework (E) aluminums, from Yan et al. [38].

These extra-framework Al species usually present disadvantages for the
catalysis and the transport phenomenon ought to they may compensate the
framework charge, decreasing the BrOnsted acid sites concentration, or they

can difficult the access to the acid sites by blocking the pores [39,40].

Not only are them the main components of zeolites and other
aluminosilicates or have them an important role as framework constituents,
also because of their favorable properties in MAS-NMR experiments, and
especially due to the high sensitivity of their spectra against structural effects,

281 and 27Al nuclei have an important role in MAS-NMR studies.

27Al solid-state NMR spectra were recorded under magic angle spinning at
ambient temperature on a Bruker AV 400 WB spectrometer equipped with a

4 mm MAS probe.
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5.3.8. Elemental analysis (CHNS/O)

Quantitative elemental analysis of materials allows the determination
of carbon, hydrogen, nitrogen, sulfur and oxygen contents. The most
common form of elemental analysis is accomplished by combustion,
burning the sample in an excess of oxygen and collecting the
combustion products: carbon dioxide, water, nitrogen and sulfur
dioxide. The masses of these combustion products can be used to

calculate the composition of the unknown sample.

The CHNS/O analyzes were catried out in a Leco TruSpec® Micro

analyzer, under optimal conditions (950 — 1300 °C, pure oxygen).

54. Reaction system and procedures

All the catalytic experiments were performed in 15 mL thick-walled
glass reactors (Sigma-Aldrich) provided with screw tops of poly of
polytetrafluoroethylene (PTFE), heated in temperature-controlled oil
baths placed on top of magnetic stirrer hot plates (IKA). The reaction
temperatures of the experiments were set in the temperature range
155-195 °C. In a typical experiment, 1.5 mL of an aqueous solution
composed of hexose (10 wt.%) and 50 mg of catalyst was combined
with 3.5 mL of the extracting organic solvent . When inorganic salts
were added, the aqueous-phase was saturated with the corresponding
salt. The reactor was placed in the oil bath, stirred at 600 rpm and
removed after time reaction had expired. The reaction was stopped by
cooling the reactor in an ice bath. Reaction procedure is displayed in

Image 2. .
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A B C

Image 2.  Reaction procedure: magnetic stirrer hot place (A), oil bath
(B) and glass reactors containing the extracting organic solvent, the
aqueous phase, the reactant and the catalyst (C).

After reaction, both reaction phases were handled separately before
their analysis. 116 uL. of aqueous layer were diluted to 2 mL with
deionized water, whereas 83.6 uL of the organic phase were to 10 mL
with methanol. Both were filtered through 0.45 um syringe filters
(VWR), degassed with nitrogen and bottled in glass autosampler vials
(VWR), prior to the chromatographic analysis. The procedure for the
sample analysis is displayed in Image 3.

Image 3. Sample analysis procedure.
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5.5. Reaction products analysis

Sample analyses were performed by means of high performance liquid
chromatography (HPLC) using a JASCO system equipped with a
quaternary gradient pump (PU-2089), an autosampler (AS-2055), a
column oven (CO-2065), a reversed-phase column (PHENOMENEX
LUNA C18) and a monosaccharide column (PHENOMENEX
REZEX RHM-Monosaccharide H+ 8% C18), coupled to a
multiwavelength  (MD-2015-Plus) and a refractive index (RI-2031-

Plus) detectors. HPLC equipment is shown in Image 4.

Image 4. HPLC equipment.

Sugars and their derived products (mainly, HMF) in the aqueous phase
were monitored using the monosaccharide column at 80 °C with
deionized and filtered water, as the mobile phase, at a flow rate of 0.6
mlL min" for 35 minutes. Sugar concentrations were measured with
the refractive index detector and the HMF in this aqueous phase was
measured with the multiwavelength detector at 278 nm, with an

injection volume of 6 pl.. The HMF content in the organic phase was
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monitored with the multiwavelength detector at 290 nm, with the
reversed-phase column. Methanol was the mobile phase at a flow rate

of 0.5 mL. min" for 11 minutes, also with an injection volume of 6 uL.

Reactant (R) conversion, selectivity, and yield of products (P) were

defined as follows:

) moles of R reacted
Conversion (%) = X(%) = ——— x 100
moles of R initial

Selectivity (%) = S(%) = moles of P produced % 100
erectivity 170) = 5A) = moles of R reacted

moles of P produced
Yield (%) = Y(%) = f Pproduced 00
moles of R initial
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6. Results and Discussion

6.1. Physico-chemical charactetization of the catalysts

The main parameters determining the catalytic activity of the

heterogeneous catalysts studied in the present PhD work are:

e structural and morphological properties
e chemical composition and Si/Al molar ratios
e total acidity, type (Bronsted or Lewis) and strength of acid sites

e thermal, physical and chemical stabilities

Thus, once the catalysts had been synthesized, they were characterized
to determine these parameters, by using the techniques described in
Section 5.3. Next, the characterization results are shown and
discussed to explain the catalytic performance and to stablish the
corresponding  structure-activity-stability  relationships. Thermal,
physical and chemical stabilities of the catalysts are included in Section

0.2 referred to the catalytic activity study.

6.1.1.Structural and morphological properties: XRD and
N: sorption analyses
X-ray diffraction and nitrogen sorption analysis were carried out to
determine the structural and textural properties of catalysts. XRD is a
suitable tool for the study of both mesoporous solids and crystalline
zeolites. As regards nitrogen sorption, it can be regarded as the first
stage in catalyst characterization, as the obtained isotherms as well as
the BET specific surface areas and pore sizes are very useful as

“fingerprints” of microporous and mesoporous solids.
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Mesoporous tantalum oxide

The first mesoporous tantalum oxide, synthesized by Antonelli
and Ying by a methodological approach involving the careful
hydrolysis of long-chain primary amine complexes of Ta(OEt)s,
exhibited a hexagonal array of pores, with an average pore size of
3.5 nm [1]. Yang e al. [2] prepared another mesoporous tantalum
oxide through an amphiphilic poly(alkylene oxide) block
copolymer, such as Pluronic® P-123, and TaCls, with a pootly
ordered two-dimensional hexagonal mesostructured, as deduced
from its diffraction peaks. They also used Transmission Electron
Microscopy (TEM) to confirm the proposed structure and
calculate the mean thickness of the pore/channel walls, resulting

in 4 nm. Another 3D cubic mesoporous tantalum pentoxide with

a space group I #3m was synthesized by Brezesinski ez al. [3].

To enhance the catalytic activity, crystallization of an amorphous
framework without losing the ordered mesostructured is a key

issue.

The XRD pattern of the mesoporous Ta,Os synthesized in the present
work, by following the method proposed by Xu ¢# a/. [4], shows three
broad bands at 20: 25, 33 and 55°, which reveal its low crystallinity.
Moreover, the intense band centered at 20: 1.2° (Figure 1) is

characteristic of a mesoporous structure, being 7.36 nm the

corresponding drpo interplanar distance (Bragg’s Law).



Intensity (a.u.)

26(°)

Figure 1. XRD patterns of mesoporous tantalum oxide: small-angle 26
(®)= 0-10 (left) and high-angle 26 (°)= 10-80 (right).

The tantalum oxide prepared by Xu er al [4] exhibited an
orthorhombic structure, associated to diffraction peaks located at
dus values of 3.88, 3.15, 2.45, 1.94 and 1.66 A. Aleshina ¢ a/. [5]

also reported an orthorhombic Ta2Os structure.

In order to elucidate the thermal stability of the mesoporous
tantalum oxide prepared in the present work, whose catalytic
performance would be tested up to 200 °C, a thermodiffraction
study was undertaken between room temperature and 1000 °C.
Up to 500 °C, the diffractograms do not change, but above 600
°C, narrow and well defined diffraction peaks, corresponding to

the cited orthorhombic structure [4,5] are clearly observed

(Figure 2).
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Figure 2. XRD patterns of mesoporous Ta;Os from room temperature
up to 1000 °C and that of the orthorhombic phase reported by Aleshina ez
al. [5].

Considering that the mesoporous tantalum oxide was calcined at
550 °C and assuming that a hexagonal structure was adopted,
similar to other families of mesoporous inorganic solids, such as
MCM-41 or SBA-15, the lattice parameter 2 was calculated by

using the equation:

1

dZ

a?

lZ

c?

3 4<h2+hk + k?
=/

)+

value of 8.49 nm. This periodic dimension of the unit

€c o>

obtaining “a
cell includes the pore diameter and the wall thickness, hence the wall
thickness resulted in being 4.79 nm considering the DFT pore size

distribution (vide infra). The use of templates with high molecular
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weight, such as Pluronic® P-123, led to thicker pore walls with

ordered mesostructures during the synthesis procedure.

This catalyst exhibited a N, adsorption-desorption isotherm of Type
IV(a), according to the IUPAC classification [6], typical of
mesoporous solids, in which hysteresis is associated with capillary
condensation. The shape of the hysteresis loop, classified as H2(b) by
the IUPAC, indicated pore blocking in a wide range of pore necks. In
fact, Density Functional Theory (DFT) method was used to calculate
the pore size distribution, which resulted to be extended from 2 to 6

nm () [7,8].
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Figure 3. Nitrogen adsorption-desorption isotherm and pore-size
distribution of mesoporous tantalum oxide.

The use of BJH method for this mesoporous material with pores
narrower than 10 nm tends to underestimate the pore diameter by 20-

30%, whereas DFT methods had resulted applicable and
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recommended [7]. Surface area, evaluated with the BET method [9],
was 79 m® g, with a total pore volume of 0.065 cm’ g (0.057 cm’ g
DFT datum) (Table 1).

Table 1. Textural parameters from nitrogen sorption at -196 °C of
mesoporous Ta;Os and mesoporous silica-based catalysts

Material SBET Ve Dp (nm) Smicro Vinicro
m? g1 cm?3 gl (max. DFT) t-plot t-plot
m?2g-1 cm3g-!

Ta205 79 0.065 3.3 1 0.001
10A1-MCM-41 587 1.450 1.3 197 0.112
5AI-MCM-41 734 1.700 3.3 454 0.251
KIT6-A 589 1.091 8.6 140 0.058
KIT6-B 661 1.192 8.6 126 0.049
KIT6-C 826 1.062 8.6 303 0.133
Al-KIT6-C1 714 0.953 7.4 228 0.099
Al-KIT6-C2 467 0.711 7.4 88 0.035

Mesoporous tantalum oxide synthesized by Xu ef a/. [10] possessed
wider pore diameter and pore volume (9 nm and 0.092 cm’ g") and,
consequently, a lower Sper (29.3 m’® g'), whereas the material
synthesized by Yang e a/. [11] showed the opposite tendency, with
mesopores smaller than 4 nm and larger Sper (165 m® g), providing

further evidence of the importance of the synthesis method.
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Mesoporous silica-based catalysts: Al-MCM-41 and Al-KIT-6

The low- and high-angle XRD patterns of both synthesized
aluminum-doped MCM-41 silica samples are displayed in Figure 4.

3 H
&
2
g & n
e
£ 10 2 0 % 50 5] 0
207
5AI-MCM-41 10AI-MCM-41
T T T T T T T T T T T T T T T T T T v T
0 2 4 6 8 10 0 2 4 6 8 10
20 (°) 20(°)

Figure 4. XRD patterns of aluminum-doped MCM-41silicas with Si/Al
molar ratio of 5 (left) and 10 (right).

A broad diffraction peak can be observed at 1.5°< 20< 3.5° in the
diffraction pattern of the 10AIMCM-41 catalyst, being broader in the
case of 5SAI-MCM-41 (1.5°< 20< 6°), with a higher aluminum content.
These are associated with the (100) reflection of a hexagonal structure.
Small-angle reflections reported for other aluminum-doped MCM-41
materials also appeared below 20= 2° ([12], while Aratjo et al. [13]

reported a broad peak extending up to 2.2°
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On the other hand, in the high-angle region (inset of Figure 4), only
typical broad bands associated to the amorphous silica walls are
observed, without any diffraction peak pointing out the presence of
crystalline phases, even when the aluminum content was higher (5Al-
MCM-41). The most ordered hexagonal structure for Al-MCM-41

materials has also been reported for a Si/ Al molar ratio of 10 [14].

Low-angle XRD patterns of KIT6-A, B and C samples confirmed the
formation of ordered mesostructures, resulting B and C in better long-
range ordering, due to the longer synthesis periods which favored the

condensation of silanol groups in the walls ().

—— KIT6-A, —— KIT6-B, —— KIT6-C

Intensity (a.u.)
Intensity (a.u.)

R

T T T T T T T T T T T T T T T
1 2 3 10 20 30 40 50 60 70
26 () 26 ()

Figure 5. XRD patterns of KIT6-A, B and C catalysts.

KIT-C showed a well resolved diffaction signal associated with (211)

planes in a body centered cubic [z3d structure, with a dz;; value of 10.5

nm and an unit cell parameter “a” of 25.7 nm (@ = dyq1 X V6). With



respect to the broad bands centered at 20= 22°, as previously noted,
they are typical of amorphous silica-based materials. All these values

are in good agreement with the data reported in the literature [15,16].

Considering these XRD data and textural characterization, KIT6-C
was selected to post-synthesis alumination by two different methods
(Section 5.1.3)), resulting in Al-KIT6-C1 and Al-KIT6-C2 materials.
Low-angle XRD data showed sharper diffraction peaks for the
aluminated samples, in comparison with the siliceous precursor,
maintaining the position of diffraction signal associated with (211)
planes with the body centered cubic Iz3d group. Moreover, both
catalysts exhibited a very small shoulder at 20> 1° and small peaks at
1.5< 26< 1.8° similarly to other aluminum KIT-6 silicas [16]. The
high-angle region remained unchanged, meaning nonstructural
changes and well aluminum dispersion after the heteroatom

incorporation ().

—— KIT6-C, —— AI-KIT6-C1, —— AI-KIT6-C2

Intensity (a.u.)
Intensity (a.u.)

\
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Figure 6. X-ray diffractograms of KIT6-C, AI-KIT6-C1 and Al-KIT6-C2
mesoporous silicas.
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XRD patterns of 10AI-MCM-41 and Al-KIT6-C2 silicas containing a
theoretical Si/ Al molar ratio of 10 (Figure 7), in the high-angle region,
were similar and characteristic of mesoporous silicas, whereas the low-

angle region is different, with a better long-range ordering with a body

centered cubic lz3d space group for AI-KIT6-C2.

—— 10AI-MCM-41 —AIl-KIT6-C2

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T T T T 1
1.0 1.5 10 20 30 40 50 60 70
26 (°) 26 (°)

Figure 7. XRD patterns of 10Al-MCM-41 and Al-KIT6-C2.

Aluminum was incorporated during the synthesis in the MCM-41 silica
and through post-synthesis in the KIT-6 one, and this fact could have
poduced differences concerning the ordering, as in the second case
aluminum species are mainly present on the catalyst surface, whereas,
in the first case, aluminum atoms substituting silicon could cause more
disorder. This fact is in agreement with the well-defined and sharper
peaks at low 20 angle shown for a KIT-6 silica with Si/Al molar ratios

varying from 33 to 110, where Al was incorporated by post-synthesis
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[16] in comparison with an as-synthesized Al-KIT-6 with Si/Al molar
ratios from 20 to 150 [17].

Although these silicas are mostly mesoporous, however, it should be
noted that the presence of a small contribution of microporosity
should be expected in some of them. Nitrogen adsorption-desorption
isotherms of 10Al-MCM-41 and 5AI-MCM-41 (Figure 8) can be
classified as Type IV(a), according to the IUPAC [6], typical of
mesoporous adsorbents. H1 hysteresis loop type, very narrow,

indicated delayed condensation ought to uniform cylindrical pores.
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Figure 8. Nitrogen adsorption-desorption isotherms and pore size
distributions (DFT method) of MCM-41 catalysts.

The notable increase in the adsorbed volume at high relative pressures

pointed out the existence of wide pores, which according to the DFT
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analysis, were within the interval 1-3 and 1-2 nm in 10A1-MCM-41 and
5AI-MCM-41 catalysts, respectively. BET surface areas increased with
the amount of aluminum, from 587 to 734 m* g ' for 10AI-MCM-41
and 5AI-MCM-41, respectively, which could be justified by the
presence of extra-framework amorphous alumina in the more
aluminum enriched catalyst, and endorsed by the higher abundance of
octahedral aluminum (Section 6.1.2)). The presence of alumina
increased the micropore volume to the detriment of mesoporosity,
corresponding the 33% of the surface to micropores in 10Al-MCM-
41, compared to the 66% in 5AI-MCM-41 (Table 1). MCM-41 with
high aluminum content, without loss of mesoporosity, have been
prepared through post-synthesis methods instead of direct
hydrothermal ones [18]. Both, the aluminum content and the
experimental conditions used in the synthesis, determine the textural
properties of these materials [19], but in this case, both possess
mesoporous structures which seemed to be suitable for catalytic

purposes.

The nitrogen adsorption-desorption isotherms of KIT6-A, KIT6-B
and KIT6-C silicas (previously to aluminum incorporation) are
compared in , and textural parameters are displayed in Table 1 [9,20]).
Sorption isotherms are also Type IV(a) IUPAC classification [0]),
characteristic of mesoporous materials. The surface development
undergone during the synthesis procedure in KIT6-B (stirred for
longer time) led to a higher surface than in KIT6-A (661 versus 589
m?g "), but with a very similar porosity. KIT6-C developed the largest
BET surface, 826 m*g", but different porosity. While all of them
possessed mesopores between 7 and 10 nm, and, mainly, around 8.6

nm, KIT6-C, on the contrary, developed more micropores and less
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mesoporosity. The wide mesopores in these KIT-6 materials caused
capilar condensation during the desorption, producing hysteresis. But,
even though these silicas with ordered three dimensional pore
networks use to lead to type H1 hysteresis, KIT6-A, B and C seemed
to have a wide distribution of pore sizes, according to the hysteresis
loop shapes, with steep desorption branches, which corresponded
with a H2(b) IUPAC type) [21]. Horizontal plateaus in the isotherms

at high relative pressures revealed the absence of macropores.
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Figure 9. Nitrogen adsorption-desorption isotherms and pore-size
distributions (DFT) of KIT6-A, B and C silicas.

KIT-6-10-0 silica reported by Wang e al. [22] and KIT-6-100 silica
from Vinu es al. [23], synthesized similarly to KIT6-A, but being
hydrothermal treated at 100 °C instead of 120 °C, resulted in similar

porosity but with different BET surfaces, whereas KIT-6 synthesized
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by Soni e al. [15], under similar experimental conditions to those KIT-
6-10-0 (Wang, [22]) and KIT-6-100 (Vinu, [23]), possessed narrower
pores and an intermediate surface (589 m’g"' for KIT6-A, 800 m* g
for KIT6-10-0 (Wang), 728 m”® g' KIT-6-100 (Vinu) and 625 m* g’
KIT-6 (Soni)). On the one hand, synthesis temperature affects the
hydrophilicity of the polyethylene oxide chains of the micelles in the
sense that an increase in temperature reduces the hydrophilicity,
enlarging the micelle size and, consequently, the pore diameter, but
also large micelles can be broken as temperature increases. On the
other hand, the copolymer dissolution process, which varies with the
selected solvent, modifies the structure-directing agent intervention

and thus, the textural properties of the resulting solid.

ALKIT6-C1 and Al-KIT6-C2 were prepared from KIT6-C silica by
two different methods, starting from identical amount of silica and
aluminum precursor, but providing different textural parameters
instead (Table 1). After aluminum incorporation, the narrow pore size
distribution remained, but reduced the BET surface area and pore
volume, as expected (Figure 10). Other authors have reported similar
trends for Al-KIT-6 silicas with decreasing aluminum contents [16,17].
Al-KIT6-C2 differed from KIT6-C silica in a larger extent than Al-
KIT6-C1, reducing the BET surface area in 43.5%, total pore volume
from 1.062 to 0.711 cm’ g”', micropore volume (t-plot method) from
0.133 to 0.035 cm’ g and pore width from 8.6 to 7.4 nm (Table 1).
These particularly marked differences in  Al-KIT6-C2 catalyst
suggested a higher aluminum incorporation into the structure and not
superficially deposited on this catalyst and, therefore, a more effective

post-synthesis procedure. The concentration and nature of aluminum
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species in these catalysts were also studied by XPS, MAS-NMR and

chemical analysis (Section 6.1.2.), for supporting these assumptions.
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Figure 10. Nitrogen adsorption-desorption isotherms and pore-size
distribution (DFT) of KIT6-C silica and both aluminum doped KIT6-C
silicas (AI-KIT6-C1 and AlI-KIT6-C2).

Zeolites: ZSM-5,Y, Beta

Three ZSM-5 zeolites with a theoretical Si/Al atomic ratio of 15 (H-
ZSM5-15, Fe-ZSM5-15 and Cu-ZSM5-15), as well as the commercial
NH4-ZSM-5 precursor, were characterized by powder X-ray
diffraction. ZSM-5 zeolite framework is MFI-type and contains one
set of similar 10-sided channels intersected orthogonally by a set of
nearly circular tortuous channels (5.4 A diameter). All the

diffractograms resulted similar, with main diffraction peaks at 20:

23.10, 7.8, 8.7, 23.32, 23.95, 23.72 and 24.42° ordered according to
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their intensity from high to low values (), which matched well with the

reported data of this type of zeolite [24].

NH4-ZSM5
Ao Mo ~

H-ZSM-15
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M.
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10 20 30 40 50 60
26 (9
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Figure 11. DRX patterns of ZSM-5 zeolites.

d spacing calculated from the main diffraction peak was 3.85 A.
Reported values of the unit cell of ZSM-5 zeolite, with an
orthorhombic system , were a: 20.09 A, :19.74 A, - 13.14 A, a=B=T:
90°, and channels dimensions {[100] 10 5.1 x 5.5 <-> [010] 10 5.3 x
5.6} ¥ (3-dimensional)[25]. After iron and copper incorporation,
followed by thermal treatment at 550 °C, structures stayed well
preserved. No diffraction signals associated to iron oxides, such as
hematite (Fe,Os, reference pattern 00-024-0072), burnt ochre (00-033-
0664) or iron(I) oxide (00-003-0968) were detected in the Fe-ZSM-15

diffractogram, as can be observed in [20].
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Peak List

00-024-0072

00-003-0968

Figure 12. XRD patterns of Fe-ZSM-15 zeolite and some iron
oxides.

For Cu-ZSM-15, diffractogram was just like other similar zeolites [27]
and there were not detected copper oxide either (Figure 13), in which
main CuO diffraction peaks have also been included (reference
patterns  00-005-0661, 00-041-0254, 00-044-0706 and 01-078-0428
[26]). Nevertheless, the invariability of the position of the main
diffraction peaks would suggest that these cations are predominantly

in extra-framework positions.
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00-005-0661

00-044-0706
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Figure 13. XRD patterns of Cu-ZSM-15 zeolite and some copper oxides.

On the other hand, all the Y zeolites (H-Y-6, Fe-Y-6 and Cu-Y-6 with
a Si/Al molar ratio of 6, and H-Y-15 with 15) possessed faujasite
frameworks, with a cubic structure and wider channels than ZSM-5
zeolites, with dimensions <111> 12 7.4 x 7.4*¥** (3-dimensional) [25].
In this sense, diffraction patterns showed main diffraction peaks at
0.33, 10.34 and 15.97 (20 degrees), corresponding a value for d spacing
of 13.96 A from the first and most intense peak. All these values
match well with those of a FAU structure (reference pattern 01-077-
1151) (Figure 14). Iron and copper incorporation by cationic exchange
seemed to be appropriated regarding the absence of iron or copper
oxide diffraction peaks, although the incorporation of copper oxide
nanoparticles in Cu-zeolites has demonstrated to enhance their
catalytic activity in selective catalytic reduction of nitrogen oxides by

propane (DeNO.) [28].
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Figure 14. X-ray diffraction patterns of Y zeolites.
Beta zeolites exhibit a BEA framework type, with 3D channels and
tetragonal atoms arrangement with approximate cell dimensions z = &

= 1263 A, ¢ = 26.19 A. X-ray diffraction patterns are shown in . H-

Beta-19 showed only one main peak, as data were collected from 26=
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10°, but two main peaks in the other Beta zeolites, wider than those of

the other ZSM-5 and Y zeolites, could be distinguished.

3
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Figure 15. X-ray diffraction patterns of prepared (19, 12.5) and reported
(5.2, [30]) H-Beta zeolites.

This fact means a lower crystallinity, which is associated with the
presence of structural defects due to the incorporation of aluminum
species [29], although there were no notable differences between the
diffractograms of H-Beta-12.5 and 19, with different Al content. Main
peaks at 20= 7.97 and 22.57° (Figure 15) correspond to the
characteristic reflections of the BEA topology [29,30]. Fe and Cu were
incorporated into H-Beta 12.5 zeolite for the purpose of modifying its
acidic properties. After the cation exchange, no significant differences
were observed in the diffractograms when comparing with the

precursor H-Beta-12.5, not being found evidences of formation of
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extra-framework crystalline iron or copper species, or long-range
amorphization of the zeolite (), according to the data reported by

other authors for iron- and copper-exchanged zeolites [31,32].

Cu-Beta-12.5

Intensity (a.u.)

Fe-Beta-12.5

10 20 30 40 50 60
26 ()

Figure 16. X-ray diffraction patterns of H-Beta-12.5, Fe-Beta-12.5
and Cu-Beta-12.5 (cation-exchanged) zeolites.

Regarding textural properties, ZSM-5 zeolites showed typical Type 1
isotherms, characteristic of microporous solids (jEtror! No se

encuentra el origen de la referencia.).
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Figure 17. Nitrogen adsorption-desorption isotherms of catalysts
based on ZSM-5 zeolite.

BET surfaces were slightly larger than the microporous surface areas
determined from the t-plot method, and in agreement with other
ZSM-5 zeolites [27,33]. On the one hand, the adsorbed amount of
nitrogen diminished for the cation-exchanged zeolites with respect to
the protonated form, being the isotherm moved downwards. The
presence of iron and copper as very small nanoparticles, not detected
by XRD, could be responsible for the external surface lowering [34].
On the other hand, the iron and copper contents, determined by ICP-
AES, were found to be 1.8 and 1.9 wt.% for Fe-ZSM-5 and Cu-ZSM-
5, respectively, which were low in comparison with other similar Fe-
ZSM-5 zeolites, also with Si/Al molar ratios around 15 [35]. Although
iron and copper metal cations incorporation did not affect the textural
parameters considerably, and lower amounts of metals were

incorporated into the zeolites, the nitrogen isotherms pointed out a
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small and partial blockage of micropores due to the presence of

cations.

Figure 18 shows the nitrogen adsorption-desorption isotherms of H-
Y-6, H-Y-15, Fe-Y-6, Cu-Y-6 and H-ZSM5-15, and the corresponding

textural parameters are listed in .
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Figure 18. Nitrogen adsorption-desorption isotherms of catalysts
based on Y zeolites.
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Table 2. Textural parameters (nitrogen sorption) of catalysts based on
zeolites.

Material ~ Seer (m2g?) Ve (cm’g) zm i Zm :

(mig)  (cmig)
H-ZSM-5 404 0.301 344 0.160
Fe-ZSM-5 365 0.258 327 0.153
Cu-ZSM-5 365 0.271 332 0.157
H-Y-6 595 0.349 551 0.256
H-Y-15 823 (1 AxGyumR) 0.451 727 0.244
Fe-Y-6 659 0.453 570 0.273
Cu-Y-6 627 0.418 568 0.272
H-B-12.5 441 0.853 279 0.126
Fe-B-12.5 547 1.002 380 0.173
Cu-B-12.5 465 0.855 302 0.140

B = Beta

For H-Y-15, data were fitted better to a Langmuir equation instead of
a BET one, thus providing a larger specific surface area, which is over-
estimated. Langmuir equation is based on a monolayer filling, which
cannot be exceeded, but this premise in not true in this kind of
materials in which the plateau observed in isotherms is associated to
micropore filling, and the limiting value is reached when micropores
are filled. In comparison with ZSM-5 catalyst, higher quantities were
adsorbed in the micropores by Y-type zeolites. All the Y catalysts also
exhibited Type I isotherms [6]. Nevertheless, ZSM-5 type materials
presented a H3 hysteresis loop type which could be attributed to
aggregates of particles which caused medium and wide sized cavities,

whereas Y-type materials showed a H4 (hysteresis loop) type, with a

6-24



steeper ending of the desorption branch, typical of zeolites with micro
and mesopores. Textural data of H-Y-6 and its exchanged Fe and Cu-
Y-6 zeolites resulted to be very similar and the main differences were
due to the introduction of larger cations in the zeolitic structure,

resulting in larger external surfaces and pores width enlargement.

Finally, the nitrogen adsorption-desorption isotherms for Beta zeolites
showed high-rise adsorption at high relative pressures. H-Beta-12.5
and H-Beta-19 isotherms resulted intermediate between H-Y-6 and
10Al-MCM-41 ones. BJH pore size distribution applied to the
desorption branch yielded an average diameter around 12 nm, typically
in the mesopore range, in addition to the micropores from the zeolitic
structure (Figure 19 and 20) [28,29]. H-Beta-19 possessed similar
nitrogen adsorption capacity, but a lower microporosity. With respect
to the incorporation of Fe and Cu in the Beta-12.5 zeolite (post-
synthesis), Fe cation exchange led to better textural properties with

both larger external surface area and microporosity ().
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Figure 19. Nitrogen adsorption-desorption isotherms of catalysts
based on zeolites and MCM-41.
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Figure 20. Pore size distribution of H-Beta-12.5 calculated by BJH
method.
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Copper-exchanged zeolites showed similar structures than their
precursors, which indicated that they contained very little copper and
no oxides were detected, even though they had synergic effect on the

catalytic activity of some zeolites [28].

Although the incorporation of iron into zeolites reduces the specific
surface area and micropore volume, in Beta-zeolites the addition of
iron produces the opposite effect, increasing the surface area as well as
the micropore volume. Campisi ¢f al. studied iron cation-exchanged
ZSM-5 and Beta type zeolites, observing that textural properties of
ZSM-5 decreased due to the partial blockage of the pores by iron
species, while in the Beta zeolite, they were increased, which could be
due to the presence of iron aggregates [36]. Fe-Beta-12.5 would
possess iron aggregates on surface, confirmed by a Fe/Al atomic ratio
determined by XPS higher than that obtained by XRF (18.6 »s 0.4 %).
These aggregates reduced the acidity by the presence of iron, as only a
fraction of iron loading was as isolated iron in the zeolite pores, while
in Fe-ZSM5-15, iron would be mainly as isolated in pores, and Fe/Al
was lower on surface, as observed by XPS, than the ratio measured by

XRF (0.2 »5s 0.33).

Acidic carbons

The textural parameters of carbons used as solid acid catalysts in the
present PhD work are summarized in Table 3. HA- and L-carbons
presented BET surface areas between 1269 - 2081 m’ g, with an

important contribution of micropores.
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Table 3. Textural parameters from nitrogen adsorption-desorption
isotherms of carbon-based catalysts.

Material SBET VP cm3 Vmeso Smi Vmi Smicro/ Vmicro/

mZ gl g-l Cm3 g-l cro t- cro t- SBET VP

plot plot

m? cc

g—l g—l
HA3500 1278 211 1.84 707 0.27 0.6 0.1
HA31500 2011 3.10 2.56 951 0.54 0.5 0.2
HA31800 1671 1.30 0.72 482 0.58 0.3 0.4
1.3500 1269 1.28 1.08 860 0.20 0.7 0.2
131500 2081 1.88 1.52 1407 0.36 0.7 0.2
1L.31800 1889 1.10 0.38 442 0.72 0.2 0.6

In addition to these well-developed microporous structures, a
significant contribution of mesoporosity was observed for all of them.
Specially for the carbons activated at 500 °C, volume of mesopores
were about 80% of total pore volume, whereas for the carbons
activated at 800 °C (HA31800 and 1.31800), were 54 and 34 %,
respectively. Nevertheless, external surface areas associated to
mesopores were higher than 70% in both carbons activated at 800 °C.
These facts could indicate that activation at 800 °C generates wider
pores, while activation at 500 °C favors the mesopores development.
In general, surface areas decreased with the activation temperature, in
line with previous studies (due to wider mesopores), and higher
impregnation ratios raise the external surface area and mesopore
volume [37]. Thus, HA31500 possessed a surface area of 2011 m* g,
whereas HA31800, activated at 800 °C, resulted in 1671 m* g' More

obvious relation between textural parameters and synthesis conditions
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wete found with the impregnation ratio (HsPOs/precursor mass ratio)
than with the activation temperature, comparing the HA-carbons from
the present PhD work and data previously reported [37,38]. BET
surface area increased linearly, whereas mesopore volume did
exponentially with the impregnation ratio. As previously mentioned,
the increase in the impregnation ratio resulted in carbons with a wider
porous structure due to the incorporation of a higher amount of
phosphate species, dilating the carbon structures. 1.3500, L31500 and
HA3500 possessed the highest proportion of micropores and the
smallest ones  (Smicro  tplot/Sper  a0d Vimico  plor/ Vi) Synthesis
modifications from HA3500 to HA31500 and from LA3500 to
LA31500 produced evident increases in BET surface area and better
textural parameters, having obtained really mesoporous material from

biomass.

6.1.2.

6.1.2. Chemical composition: XPS and MAS-NMR

To get insights into the surface characteristics and composition of
catalysts, X-ray photoelectron spectroscopy was employed, providing
binding energy (BE) wvalues and surface elemental composition
(including the surface Si/Al atomic ratio), which can be compared
with bulk values (obtained from X-ray fluorescence analysis) in order

to elucidate the dispersion of different species in solids.

Solid-state nuclear magnetic resonance (MAS-NMR) was used to
characterize the chemical and structural environment of the lattice
atoms. Well separated signals appear for ’Al in tetrahedral framework
and octahedral non-framework aluminum, which are associated to

different types of acid sites. Thus, Bronsted acid sites are generated by
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tetrahedrally coordinated Al forming Si-OH-Al bonds, whereas
aluminum oxide clusters inside pores may act as Lewis acid sites, but
also, may enhance Bronsted acidity. Moreover, MAS-NMR provides

Si/ Al (framework) atomic ratios.

Mesoporous tantalum oxide

Surface composition of mesoporous Ta,Os obtained from XPS
resulted in 57.2 at.% O and 24.1 at.% Ta, near to the stoichiometric
composition of Ta,Os. In the core level region of Ta 4f two peaks
were observed: Ta 4f,and Ta 4,2, at 26.1 and 28.0 eV, respectively,
with a separation of 1.9 eV. These values and the area ratio (1.30)
confirmed that tantalum was only present as Ta(V). The O 7s region
evidenced an intense band centered at 531.6 ¢V with a large tail, which
can be deconvoluted in two contributions: at 530.5 and 531.9 eV,
which could be attributed to the Ta,Os network and coordinated water

or OH groups, respectively [39] (and 22).
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Figure 21. Ta 4f core level spectrum of mesoporous tantalum oxide.
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Figure 22. O 1s core level spectrum of mesoporous tantalum
oxide.

Mesoporous silica-based catalysts: MCM-41, KIT-6

The Si/Al atomic ratio for 10Al-MCM-41 obtained from XPS

(surface) and EDX analysis were 12.3 and 10.1, respectively, whereas
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for 5AI-MCM-41, Si/Al determined by XPS was 5.4, matching very
well with the EDX data (5.7). Binding energies for Si 2p and O 1s
were very similar: 102.9-103.1 and 532.3-532.5 eV, respectively, typical
of silica and/ or alumina. Characteristic Al 2p binding energy in
aluminosilicates and alumina are around 74.6 eV, whereas in the
aluminum-doped mesoporous silica appeared at 74.9-75.0 eV, slightly
higher, but similar to other AI-MCM-41 compounds [40]. To get
information about Al coordination, Auger spectra were obtained and
the Auger parameters («”) for both catalysts were calculated [41]. Both

Al Auger spectra exhibited an asymmetric band which can be

deconvoluted in two peaks: 1383.7 and 1385.5 ¢V ().

Table 4. Core level binding energies and Auger kinetic energies of Al-
MCM-41

Binding energy (eV) Auger parameter o” (eV)

Catalyst Al 2p Si 2p O1s Al 2p. Al 2p,
10AI-MCM-41  75.0 103.3 532.5 1458.7 1460.4
5A1I-MCM-41 74.9 102.9 532.3 1458.6 1460.6

Both catalysts had two Auger parameters for Al, one nearly 1461 eV,
typical of octahedral Al and the other at lower energy, corresponding
to tetrahedral Al [42,43]. Aluminum incorporated into the siliceous
structure was supposed to be tetrahedral, but some aluminum
remained on the external surface, as aluminum oxide, in octahedral

coordination, being majority in 5A1-MCM-41.
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The presence of both tetrahedral and octahedral aluminum was
confirmed by *Al NMR of 10AI-MCM-41, with two main signals at
about 60 and 0 ppm. Strongly overlapped lines could be considered in
both signals (Figure 23). Non-framework tetrahedral aluminum has
been suggested to be responsible for these contributions, shifted to
lower chemical shifts, but they had not been studied [44]. The intensity
AI":AI® ratio gave a value of 2. These data indicated a higher
proportion of framework aluminum than in other Al-MCM-41
materials synthesized with similar methods. Vaschetto e# al. prepared
Al-MCM-41 with Si/Al molar ratios of 20 by hydrothermal synthesis,
under different experimental conditions, and achieved 19.35% Al"
(tetrahedral) at most [12]. The aluminum oxide on the pore walls (A1)
could be responsible for the X-ray scattering, which produced the

broadening of the low-angle diffraction peak (Figure 23).
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Figure 23. Auger kinetic energies for Al KLL of 10AI-MCM-41 (left-up)
and 5A1-MCM-41 (left-down) and 27Al NMR spectrum of 10Al-MCM-41
(right-up). 27Al NMR spectra of KIT6-C and Al-KIT6-C2 silicas (right-
down).

Regarding KIT-6 silicas, surface composition of KIT6-B was neatly
the stoichiometric. The surface Si/Al atomic ratios (Table 5), as
deduced from XPS data, were decisive to support the aluminum post
synthesis incorporation into the KIT6-C silica. AI-KIT6-C1 barely
contained surface aluminum, according to XPS data, and XRF analysis
confirmed the scarcity of Al, giving a Si/Al atomic ratio of 82. On the
contrary, AI-KITG-C2 possessed a Si/Al atomic ratio of 9.5, near to
the value used in the synthesis step (10) (Figure 23), as much
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tetrahedral framework aluminum (Al") as octahedral non-framework
(A1), according to the MAS-NMR data, and even other contributions,
as could be deduced from the broadness of both main peaks (Figure
23). Owing to this better incorporation of aluminum into Al-KIT6-C2
with respect to Al-KIT6-C1, this silica was chosen for the catalytic

study.

Table 5.Surface atomic composition of KIT-6-based catalysts from XPS
analysis

Material Cls O1s Al 2p Si2p Si/Al
KIT6-B 3.4 63.9 - 32.7 -
KIT6-C 0.1 72.1 - 27.8 -
Al-KIT6-C1 1.5 70.4 0.4 27.7 69.2
Al-KIT6-C2 33 69.3 2.6 24.8 9.5

Karthikeyan ¢/ 2/ made a post-synthesis alumination of KIT-6
materials with Si/Al ratios from 25 to 100, and the obtained Al NMR
spectra showed aluminum in both tetrahedral and octahedral
environments, but mainly in tetrahedral sites, with was supported by
some de-alumination occurred during the acid treatment, which
removed extra-framework aluminum species [16]. On the other hand,
Luan e al. carried out the alumination of SBA-15 silica materials by
three different post-synthesis routes: i) treatment of silica with an
aqueous solution of sodium aluminate only gave rise to a line
corresponding to tetrahedral aluminum, even before calcination, ii) the

use of aluminum isopropoxide in dry hexane produced both
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prominent signals of Al" and Al°, even broader for Al° than in Al-

KIT6-C2 silica, and iii) starting from silica and AlCl; in dry ethanol,
gave lines at 53 and 0 ppm (8) from tetrahedral and octahedral
aluminum species [45]. For AI-KIT6-C2, AICl; was also employed (in
tetramethylammonium hydroxide, [TMAOH]/[Al] molar ratio of 2.5).
Although the aluminum dissolution was tried to be completed before
the silica structure formation, both seemed to occur simultaneously at
some point of the synthesis, leaving part of the aluminum as extra-

framework species, even though the subsequent washing and

calcination produced some surface dealumination.

Zeolites: ZSM-5, Y, Beta and Mordenite

In the case of ZSM-5 catalysts, the surface Si/Al atomic ratio values
were close to that of the parent NH4-ZSM5-15 zeolite (18.6). The H-
ZSM5-15 zeolite possessed a surface Si/Al atomic ratio of 18.9, higher
than the theoretical one (15) and the value obtained from EDXRF
analysis (16). In Fe-ZSM5-15 and Cu-ZSM5-15, Si/Al ratio differed
from their precursor (H-ZSM5-15) in opposite ways: whereas the
sutface of Fe-ZSM5-15 diminished the aluminum content (Si/Al
atomic ratio= 22.8), in Cu-ZSM-15 aluminum enhanced (14.3),
pointing out different preferential location of these cations after ion-
exchange and calcination stages (, ). Si 2p binding energies values
(103.1-103.2 V) were typical of silica, whereas Al 2p core level spectra
exhibited bands at 74.5-74.7 eV, typical values of Al(III) in silicates or
oxides. For Cu-ZSM5-15 zeolite, two peaks could be observed in the
Al 2p spectrum: 74.7 and 76.2 eV. However, this was due to Cu 3p3/2
overlapped with Al 2p signal [46,47].
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Figure 24. Al 2p core level spectra of ZSM-5 zeolite-based
catalysts.
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Table 6. Photoelectron emission and Auger data from XPS analyses of
zeolite-based catalysts.

Sample Binding energies (eV)

Si2p Al O1s Fe Cu Cuimm Si/Al Me/Al

2p 2ps;2 2pss2 (atom) (atom)

H-Z 103.2 74.5 532.5 - - - 18.9 -
Fe-7Z 103.1 74.5 532.5 710.8 - - 22.8 0.2
Cu-Z 103.2 75 532.6 - 933.5 * 14 0.2
H-Y6 102.6 74.5 5319 - - - 1.4 -
Fe-Y6 103.1 74.5 5324 710.7 - - 6.2 0.8
Fe-Y15 103.1 74.5 532.3 710.6 - - 15.2 0.5
Cu-Y6 102.9 749 532.2 - 933.3 e 4.3 0.1
H-B12.,5 103.5 75.2 532.8 - - - 12.7 -
Fe-B12.5 103.5 75 532.8 710.3 - - 15.1 0.2
Cu-B12.5 103.3 74.9 532.6 - 933.3 339.6 8.2 0.1
H-M10 103.1 74.6 5324 - - - 12.4 -
Fe-M10  103.5 74.8 5327 710.6 - - 234 0.3
Z: ZSM-5, B: BETA, M: MOR *341.1>338.6 **340.5>337

Al MAS-NMR spectra of these ZSM-5 zeolites showed both
tetrahedrally and octahedrally coordinated aluminum atoms, being
higher the tetrahedral contribution, corresponding to framework

species. These species are associated to broad resonance lines at 54

(H- and Fe-ZSM5-15) and 52 ppm (Cu-ZSM5-15), .
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Figure 25. 27A1 MAS-NMR spectrum of ZSM-5-based catalysts.

Not other environments of aluminum atoms, such as distorted
tetrahedrally coordinated or tetrahedrally coordinated but not
connected to the framework, which gives peaks in the range 30-50
ppm [48], were detected. The intensity of the peak at 54 ppm was
similar for the three ZSM-5 zeolites, indicating similar Al content, but
the slight shift from 54 to 52 ppm in Cu-ZSM5-15 could confirm a
different preferential location of metal cations in this catalyst, which
enhanced surface aluminum atoms with respect to the zeolitic
framework. Cu-ZSM5-15 possessed the most intense peak at 0 ppm,
thus, more aluminum in extra-framework positions, although these
extraframework Al atoms represented a small amount. Fe-ZSM-15
catalysts, with 0.8 wt.% Fe, showed a *’Al MAS-NMR spectrum
similar to that of a Fe-ZSM-5 zeolite with 0.64 wt.% Fe (Fe-ZSM5y)

reported by Pérez-Ramirez et al, prepared by similar ion-exchange

6-39



treatment, with small amount of extraframework Al, mainly produced

after calcination [49].

With reference to Y zeolites, the surface Si/Al atomic ratio of H-Y-6
zeolite was 1.4, indicating an aluminum enrichment, while EDXRF
analysis gave a value of 4.8. Bare ¢f a/ [50] reported that XPS of
aluminosilicates zeolites does not provide a true measurement of the
surface stoichiometry, resulting better variable kinetic energy than
binding energy results. Then, the Si/Al atomic ratio of this zeolite was
reinterpreted with complementary MAS-NMR measurement. *’Si and
“’Al MAS-NMR spectra were obtained, quantified and deconvoluted.
The majority of *’Si NMR shifts are found in a range between +50 and
-200 ppm, and particularly silicates around -100 ppm. The number of
signals in the spectrum gives the number of different structural
environments of Si atoms, and the relative (integrated) signal
intensities correspond to the relative occupancies of the different
environments. Thus, taking into account both *’Si and *’Al spectra and
the intensities of each peak, the Si/Al rato in framework were
obtained, * resulting accurate values, close to the synthesis ratios: 8.8
for H-Y-6 and 2.67 for H-Y-2.6. Whereas H-Y-6 possessed 73% of
the aluminum in the zeolitic framework, in H-Y-2.6, the 98% of the
aluminum was incorporated. Moreover, in H-Y-6, aluminum atoms
were mainly in Si(1Al) units, and, in H-Y-2.06, in Si(2Al) units, owing to

its higher aluminum content ( and 27).
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Figure 26. 27A1 MAS-NMR spectra of H-Y-2.6 and H-Y-6 catalysts.
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Figure 27. 29Si MAS-NMR spectra of H-Y-2.6 and H-Y-6 catalysts.

6-41



It has previously reported for H-Y-2.6 zeolite that aluminum was also
mainly as Si(2Al) units, but for H-Y-3.3 and H-Y-3.6, Si(1Al)
dominated [51]. The Si/ Al ratio below 3.3 seemed to be the limit from
Q', or Si(1Al), to Q* (or Si(2Al) predominance. The Si/Al atomic ratio
of Fe-Y-6 calculated by XPS resulted 6.2 and by EDXRF was 7.8,
whereas for Cu-Y-6 were 4.3 and 06, respectively (). Those values
obtained for iron zeolite were close to the precursor ratio (6), but
slightly higher, which have been observed in other Fe-Y zeolites such
as a Fe-Y zeolite obtained by sublimed FeCl; at 320 °C [52]. Al 2p core
level spectra for all these catalysts also showed the typical peak at 74.5
eV. In Cu-Y-6 zeolite, two peaks were observed in the Al 2p
spectrum, as previously observed for Cu-ZSM5-15, due to overlapping
of Cu 3p3s/2and Al 2p signals ()[46,47].
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Figure 28. Al 2p core level spectra of Y-6 zeolites.

Concerning Beta zeolites, the surface Si/Al atomic ratio of H-Beta-
12.5 resulted to be very similar to the synthesis ratio (12.7 versus 12.5),
whereas in iron-exchanged Beta zeolite (Fe-Beta-12.5) increased to
15.1 and in copper-exchanged one (Cu-Beta-12.5) decreased to 8.23.
EDXREF analysis reported a Si/Al atomic ratio of 12.2 for Fe-Beta-
12.5, and 10.4 for Cu-Beta-12.5, close to synthesis values. Al 2p core
level spectra of Beta-12.5-based zeolites were around 75 eV, typical of

AI(II) (), together with the characteristic Si 2p values around 103.1
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eV, similar to those reported for other BEA, MFI and MOR zeolites
[53—55]. These zeolites were not studied by MAS-NMR, but a H-Beta
zeolite with Si/Al atomic ratio of 13.7 (MAS-NMR) showed mainly
Q1 (Si(1Al)) units and two broad resonance lines, around 53 and -2.5
ppm in Al MAS-NMR spectrum, with mainly tetrahedral aluminum,

but also octahedral because of the calcination process [56].

O 1s core level spectra exhibited a band at 532.5 eV, which can be
deconvoluted in three contributions: i) the main around 532.6 eV,
from O-Si bounds into the zeolitic framework [57,58], ii) 531.1 eV
from O-Metal bounds [59], and iii) at highest binding energy and with
the lowest intensity, around 534.3 eV, originated by carbonaceous

contamination [60,61] (Figure 29).
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Figure 29. O 1s core level spectrum of H-Beta-12.5 zeolite.
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Iron-containing zeolites

The nature and environment of iron species can be well studied by
diffuse reflectance UV-vis and Mdssbauer spectroscopies, as well as by
MAS-NMR and XPS. In the present PhD work, XPS was used for this
purpose. Si 2p and O 1s core level spectra had similar signals to the
ones reported values for MFI, Y and MOR zeolites: O is around 532
eV and Si 2p around 108 eV, which correspond to tetrahedral silica
[62]. XPS Fe core level spectra are complex and consist of many peaks
contributions, depending on the oxidation state, and peaks can also be
deconvoluted. Fe 2p and Fe 3p photoelectronic spectra of iron
zeolites are represented in Figure 30, which show clear differences.
The Fe 2p core excitations (2ps» and 2pi» peaks) had a relative
intensity of 2:1. In Fe-ZSM5-15 zeolite, Fe 2ps/» and Fe 2pi» signals
appeared at 710.5 and 724.6 eV, respectively, and no satellite was
observed. However, a small peak at 714.3 ¢V could correspond to the
Fe®" satellite, and the Fe 3p signal, around 55.1 eV, could confirm the
presence of Fe(Il) [63,64]. Fe-Y-6 had similar binding energies for the
Fe 2p, but higher intensities due to its higher iron content. With
respect to Fe 3p spectrum, the presence of Fe(Ill) was suggested, with
signals around 55.6 ¢V [64]. Fe-Beta-12.5 spectrum matched well with
Fe 2p of Fe-ZSM5-15, but slightly more intense. Fe-Y-6, with the
narrowest Fe 2ps, confirmed the presence of Fe(Il), and Fe 3p at
55.7 eV suggested the existence of Fe(IIl). In Fe-Y-15 and Fe-MOR-
10, prepared with the same synthesis method, two small satellites
could be appreciated, one at about 718 ¢V and the other at about 729
eV, which indicated the presence of Fe(Il), whereas Fe 3p at 55.9 eV,
could correspond to Fe(Ill). Then, all these Fe 2p spectra, together Fe
3p ones, could point out the partial oxidation of Fe(Il) to Fe(III) [64—
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67], despite having exchanged Fe(Il) under a nitrogen atmosphere

during the preparation.

With regard to the Fe/Al content, the theoretical limits are up to 0.50
in Fe(II)-zeolites and 0.33 in Fe(I1I)-zeolites. The values obtained were
0.33, 0.47 and 0.41 for iron-exchanged ZSM-5, Y-6 and Beta-12.5
zeolites. The channel size and the iron type determine the final loading
in the zeolite. Fe**cation-exchange in aqueous solution at the exchange
pH could be as hydrated ferrous ion, with a similar size than Y and
Beta zeolites channels, but wider than ZSM-5 channel, diffusing less

easily and leading to lower exchange ratio.
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Figure 30. Fe 2p and Fe 3p core level spectra of iron-zeolites.
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Gurgul e al. prepared three iron-containing Beta zeolites and studied
the nature and influence of iron species by DR UV-vis, XPS and
Moéssbauer spectroscopy [31]. Fe;sSiBea, with an iron content of 3.8
wt.%, was similar to Fe-Beta-12.5 catalyst (3 wt.%). Nevertheless XPS
Fe 2ps/» signals of FeisSIBEA were around 712 eV, higher than 710.5
eV, strongly indicating the presence of Fe(IIl) species, whereas Fe
2ps/2 signals of Fe-Beta-12.5 catalysts Fe 2ps/2 signals appeared below
710.5 eV.

Pérez-Ramirez ez al. studied the influence of the preparation method
on Fe-MFT zeolites, confirming the heterogeneous distribution of iron
species and the degree of iron clustering in Al-containing Fe zeolites

[68].

Si/Fe atomic ratios increased with the Si/Al ratio, as expected. The
zeolite with the highest aluminum content possessed also the highest
iron content, so the catalyst with the highest iron loading was Fe-Y-6 ,
which possessed a Fe/Si ratio of 7.75, wheteas Fe-ZSM-5, a silicon-
rich zeolite type, possessed a Fe/Si ratio of 114.

Copper-containing zeolites

The copper in exchanged zeolites can vary its oxidation state, and
most studied Cu-Y zeolites include Cu(l) and Cu(ll), which can
occupy three different sites in the Faujasite framework structure,
which were referred as I(I), II(II') and HIIII) [69], and being the
most effective for catalysis Type III sites, because of easier

accessibility [70]. These sites are illustrated in Figure 31.
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Figure 31. I, II, III type sites for Cu cations in the Faujasite framework
[70].

Cu 2p peaks have significantly split spin-orbit components, with A=
19.75 eV, being in the range 19.3-20.1 for Cu-ZSM5-15, Y-6 and Beta-
12.5 catalysts. Cu(Il)spectra exhibited observable shake-up satellites
around 943-945 eV. In the prepared copper zeolites, satellites are near
945 eV. With respect to copper cations in Cu-ZSM5-15 zeolite, Cu
2p3/2 at 933.5 eV binding energy (shifted from 933 eV) as much as two
broader shake-off bands (around 940-945 and 960-965 eV regions),
confirmed the presence of Cu (II). A similar behavior was observed
for Cu-Y-6 and more evident for Cu-Beta-12.5 zeolites (). For copper
zeolites, Auger spectra were also obtained. In Cu-ZSM5-15, Auger Cu
LMM spectrum could be deconvolved into two bands at 338.6 and
341.1 eV ().
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Figure 32. Cu 2p core level spectra (left) and Cu LMM Auger spectra
(right) of copper containing zeolites.
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Figure 33. Cu LMM Auger spectrum in Cu-ZSM5-15 zeolite.

Taking into account the kinetic energy (KE Cu LMM) and the binding
energy of the photoelectron (BE Cu 2p3/2), the corresponding
modified Auger parameter, o, were calculated’ (x'= KE Cu LMM +
BE Cu 2ps), obtaining the values of 1853.2 and 1850.7 eV,
confirming not only the presence of Cu(Il) but also the formation of
Cu(), which, in this case, should have been produced by photo-
reduction during the X-ray exposure [71-73]. Another cause of the
presence of Cu(l) in this silicon rich zeolite could be the interaction
between Cu cations and the zeolite structure, which would be capable
to maintain at higher temperature Cu cations as Cu(l) [74]. Cu 2ps,2

binding energy and Cu LMM Kkinetic energy represented in a Wagner

3 o'= KEcuLMM + BECu 2p3/2
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plot contributed to distinguish copper oxidation states. The respective
values for the copper zeolites were represented, confirming the
presence of both Cu(l) and Cu(Il), being the amount of Cu(Il) higher
in Cu-Beta-12.5 catalyst(Figure , [71]).

The more aluminum content, the more copper content, in the same
way than in iron-exchanged zeolites. Thus, Cu-Y-6, Cu-Beta-12. 5 and
Cu-ZSM5-15 possessed Si/Cu atomic ratios of 43, 68 and 70,
respectively. There was a noticeable difference between copper- and
iron-exchanged zeolites: the enrichment of aluminum on surface
compared to the respective precursors, which were probably due to

aluminum gradients from the inner to outer regions of zeolites [47,75].
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Figure 34. Wagner plot: Cu 2ps/2 binding energy and Cu LMM kinetic
energy for copper containing zeolites.
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Acidic carbons

The surface chemistry analysis were reported by Rosas ¢ a/. [38]. Main
elements on the carbon surfaces were carbon and oxygen, and lower
amounts of phosphorous. Surface phosphorus compounds formed in
the activation step were stably bonded to carbon, as did not leach with
acids or hot water. The acidic carbons possessed high surface oxygen

from phenolic, lactonic, carboxylic and phosphorous-containing

groups.

6.1.3. Acidity characterization: NH;-TPD and Pyr-
FTIR spectroscopy measurements

The total acidity of catalysts was determined by temperature-
programmed desorption of ammonia, which also allows to determine
both the quantity and the strength of acid sites. Acidity strength was
referred to temperature at which maximum ammonia desorption
occurred, or to the amount of ammonia which remains adsorbed in a
determined temperature range. The ammonia desorption was
measured in the range 100-550 °C. The interval chosen to compare the
acid strength of different materials was 200-300 °C, because reaction
temperature was between 175 and 205 °C, but it is also necessary to
take into account that the catalytic process were carried out under
autogenous pressure due to the boiling points of water and organic

solvents, which can influence on the acidity.

Once calculated strength and total acidity of catalysts, pyridine as
probe molecule was also adsorbed to calculate available acid sites to

large sugar molecules and, coupled to FTIR spectroscopy, allows to

6-53



distinguish between Bronsted and Lewis acid sites, as both of them

condition the catalytic behavior.

Data obtained from ammonia-TPD and pyridine-FTIR analyses are

reported in and .
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Table 7. NH; temperature-programmed desorption data of catalysts

Sample Total NH; Tmax. 100-200 °C 200-400 °C 400-550 °C
desorp. (weak) (medium) (strong)

pmo 1 g °C pmo 1 g1
Ta,Os mes. 228 297 16 141 57
5A1-M-41 956 161 300 555 101
10A1-M-41 522 267 64 309 109
KITo6-C 34 164 11 12 11
10AI-KC1 146 140 132 5 9
10AI-K-C2 291 164 116 161 14
H-Z-15 1259 167 308 636 249
Fe-Z-15 1131 178 347 673 101
Cu-Z-15 1126 173 286 681 144
H-Y-6 1676 185 337 1004 273
Fe-Y-6 888 175 293 489 105
Cu-Y-6 1169 169 423 644 101
H-B-12.5 1217 160 393 634 207
Fe-B-12.5 771 172 307 459 63
Cu-B-12.5 971 171 400 527 46
HA3500 622 174 309 208 105
HA31500 534 171 253 250 31
HA31800 343 158 157 166 20
L3500 806 172 247 507 52
L31500 256 161 112 61 54
1.31800 244 155 114 115 16

M: MCM-41, Z: ZSM5, B: BETA-12.5
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Table 8. Adsorbed pyridine on Brénsted and Lewis acid sites and
adsorbed ammonia after evacuation at different temperatures on tantalum
oxide, MCM-41 types and zeolite-based catalysts.

Pyridine pmol g-! NH;
Bronsted/Lewis pmol g
Sample r.t. 100 °C 200 °C 300 °C 200 °C
T2,05 -/94 -/68 -/ 22 -/ - 142

5A1-M 193/64  213/66 136 /64 109 /60 328
10AIM  254/137 280/149  223/165  100/254 292
H-715 24/143  29/143 27 /103 21 /91 503
FeZ15 76/167  183/272  235/171  289/129 260
CuZ15  063/746  50/644 132/334 93 /80 408
H-Y-6 50/613  60/426 105/276 92 /113 726
Fe-Y-6 - /732 -/459 - /205 -/ - 292

Cu-Y6  33/1532 39/1183  161/717  252/249 317

H-B 27/833  40/772 - /742 - /236 445
Fe-B - /684 -/ 591 -/ 410 - /177 162
Cu-B - /1359 -/ 858 -/ 453 -/ - 239

M: MCM-41, Z: ZSM5, B: BETA-12.5

Mesoporous Ta;0s, MCM-41 and KIT-6

The strength of acid sites was studied by considering the desorption
temperature at which ammonia molecules are desorbed, and they were

classified into weak (below 200 °C), medium (200-350 °C) and strong
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(higher than 350 °C). Mesoporous Ta,Os and 10Al-MCM-41 exhibited
maxima desorption temperatures at 297 and 267 °C, respectively,
remaining 62% and 56% of ammonia adsorbed below 300 °C, as is

shown in Figure 34.

Ta,0,
S5AI-MCM-41

10Al-MCM-41
Al-KIT6-C1
Al-KIT6-C2

a.u.

T T T T T T T T T T
100 150 200 250 300 350 400 450 500 550
T (0

Figure 34. Ammonia-TPD of mesoporous tantalum oxide, MCM-41 and
KIT6-C based catalytsts from room temperatura to 550 °C.

Al-KIT6-C2 and 5A1-MCM-41 showed lower desorption temperatures
(161 and 164 °C, respectively), remaining less than 40% of ammonia
adsorbed above 200 °C. Al-KIT6-C2 was the weakest, loosing most of
ammonia molecules (90%) below 200 °C and with maximum
desorption at 140 °C (Figure 35). The order in total acidity was: 5Al-
MCM-41 (956 umol g, 1.3 umol m?) > 10AI-MCM-41 (528 umol g,
0.9 umol m™). The amount of ammonia increased with the aluminum
content in MCM-41 and KIT-6 catalysts, as expected [16,76,77]. Al-
KIT6-C2 and mesoporous Ta,Os desorbed 291 (0.6) and 228 umol g
(2.9 pumol m?), respectively. This high density of acid sites of
mesoporous tantalum oxide must be highlighted, having found similar

values in the literature (3.1 umol m™) [78].
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Comparing the ammonia values desorbed from AI-KIT6-C1, Al-
KIT6-C2 and other reported aluminated KIT -6 silicas [16], it was
observed that the acidity was maximum when Si/Al molar ratios were
between 10 and 33. Taking into account both, strength and amount of
acid sites (calculated from ammonia adsorption), 10Al-MCM-41 could
be considered the more acidic catalyst, due to high number of acid
sites as well as to its high strength [13], followed by mesoporous
tantalum oxide and 5AI-MCM-41. This one, despite of having the
highest aluminum content and, therefore, the highest number of acid
sites, resulted weaker. This weakness could be conditioned by the
presence of extra-framework octahedral aluminum on the outer

surface.

Considering the pretreatment at 550 °C with He gas, previous to
ammonia adsorption, the majority of the coordinated water molecules
were desorbed and the adsorbed ammonia could be coordinated to the
aluminum or tantalum atoms. The total amount of desorbed ammonia
could facilitate the calculation of available acid sites, resulting for the
mesoporous tantalum oxide a 1Ta,Os: 0.16 NH; ratio, which was a
value near to the one found for the coordinated water (1Ta,Os: 0.19
H>O), thus confirming that the acidity of this catalyst was mainly
originated by the presence of coordinated water molecules and
coordinated OH groups to tantalum ions. Acidic properties of
tantalum oxide are influenced by the symmetry and oxidation state of
metal cation, which was Ta(V) in the mesoporous tantalum oxide [79].
For 10Al-MCM-41 and 5AI-MCM-41, the ratio were 1Al : 0.3 NH;,
which meant that one third of the aluminum atoms in the MCM-41

mesoporous structure provided acid sites.
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In mesoporous tantalum oxide, the pyridine adsorbed was 94 umol g
at room temperature and 22 umol g at 200 °C, and only Lewis acid
sites were detected (Figure 35). The comparison between coordinated
water (1Ta;Os : 0.19 H,O) and adsorbed ammonia (1T2,0s : 0.16
NH;) confirmed that this acidity came mainly from coordinated water
molecules and OH groups to tantalum ions, as Bronsted acid sites.
From pyridine adsorption the ratio resulted to be 0.08 Pyr : 1Ta,
which meant that all Bronsted acid sites, after outgassing at 250 °C
under vacuum, were transformed into Lewis type acid sites because of
water and OH groups loose. The presence of these groups was also
confirmed by Raman and FTIR spectroscopies. In the range 200 —

1200 cm™, a characteristic Raman band at 660 cm™

corresponded to
Ta—O stretching vibrations of octahedral TaOs, also detected in the

FTIR spectrum at 2235 cm’™'

1

and a shoulder at 940 cm™ in the

b

Raman spectrum corresponded to the symmetric stretching mode of
terminal Ta=O bonds. Peaks at 1615 and 3400 cm™" (FTIR) could be
associated to the vibration modes of water molecules and OH groups.
Lewis character predominant in acid sites of tantalum oxide had been

previously reported by Baltes ez a/. [80].
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Figure 35. Adsorbed pyridine after evacuation at different temperatures
on mesoporous tantalum oxide.

With regard to MCM-41 silicas, the corresponding Pyr-FTIR spectra
showed both strong bands at 1450 and 1550 cm’, indicating the
presence of both Lewis and Bronsted acid sites. They remained even
after pyridine evacuation at 300 °C, primarily in 10AI-MCM-41,
evidencing the acidity strength already observed. Bronsted acid sites,
associated to silanol and isolated Si(OH)Al hydroxyl groups, were
mainly responsible for the total acidity, but it was remarkable the
presence of both Lewis and Bronsted acid sites [13] (). Several types of
surface silanol groups with different acidic properties can be present:
terminal, geminal, vicinal and nests [81-83]. Vicinal and nests,
generated at framework defect sites, had been observed around 3700
and 3590-3600 cm ™, respectively, by Vaschetto ez /. [12] in AI-MCM-
41 with Si/Al molar ratios 20 and 60, lower than the present materials,
although they did not detected terminal silanol groups (around 3740

cm H.
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Figure 36. Adsorbed pyridine after evacuation at different
temperatures on MCM-41-based catalysts.

The acidity of different silanol species were also studied by Sato ez al.
[84], who found the ease of proton escape from silanol was in the
order: nest, vicinal, geminal and terminal. Therefore, nest silanol
groups can give a proton to a basic molecule easily, providing the
strongest Bronsted acid sites. In relation to Lewis acidity on AI-MCM-
41 material, they are provided by two different species: intra-
framework Al(OSi); and extra-framework alumina, formed during
calcination. The introduction of aluminum into the framework not
only increases Lewis acidity, but also Bronsted one, because of the
increase of nest silanol groups. 5AI-MCM-41 had a higher aluminum
content, but Lewis and Bronsted acidities were lower than in 10Al-
MCM-41. Pyridine coordinated to Lewis acid sites remained around 60
umol ¢! in 5A1-MCM-41, whereas more than 150 pmol g' was
measured for 10AI-MCM-41, and even 254 umol g' at 300 °C.
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Moreover, the amount of Bronsted acid sites was higher in 10Al-
MCM-41, excepting at 300 °C, which were almost the same. This
could be due to silanol groups, whose hydroxyl groups are not capable
to protonate pyridine, but can form H bonds with it, disappearing at

200 °C.

Zeolites: ZSM-5,Y and Beta.

The values of total acidity of protonated zeolites were much higher
than those of mesoporous catalysts: 1217, 1259 and 1676 pmol NH;g''
for H-Beta-12.5, H-ZSM5-15 and H-Y-0, respectively, although the
surface density of desorbed ammonia was similar, and even the
maxima desorption temperatures, from 160 to 185 °C, and the
ammonia remaining above 200 °C (around 40%), as can be observed
in . Taking into account the surface molar ratio between adsorbed
ammonia and aluminum content, H-ZSM5-15 headed with a ratio 1Al
: 1.2 NHj3;, whereas H-Y-6 and H-Beta-12.5 showed ratios of 0.5 and
0.7, respectively. The high ratio in H-ZSM5-15 could involve acidity
from hydroxyl groups besides aluminum atoms. The acidic strength of
the bridging hydroxyl groups in H-ZSM5-15 had been previously
reported, confirming that its strength remained constant at Si/Al

molar ratios higher than 10 [85].
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Figure 37. Ammonia temperature-programmed desorption in the
range 100-500 °C of protonated zeolites and 10Al-MCM-41.

H-Y-6 zeolite (Si/Al molar ratio of 6) showed 426 Pyr umol g' of

Bronsted acid sites at 100 °C, and decreasing until 276 Pyr umol g at
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200 °C, similar to other reported H-Y zeolites [51]. Besides, in these
reported USY zeolites, Bronsted acidity increased with aluminum
content, whereas Lewis type decreased. The amount of Lewis acid
sites decreased from 613 to 566 Pyr umol g at room temperature and
from 276 to 48 Pyr umol g' at 200 °C as the aluminum content
increased (for H-Y-6 to H-Y-2.0, respectively) ().

Regarding metal-exchanged zeolites, the acidity kept constant for
ZSM-5 zeolites (1Al:1.2NHs), but diminished slightly in the other
cases: from 0.5 to 0.4 and from 0.7 to 0.6 mol NH; per atom of
aluminum, in the Y and Beta zeolites, respectively. Thus, around 50%
of the aluminum is associated with acid sites. In relation to iron-
exchanged zeolites, the presence of this transition metal lowered total
acidity, in general, but peaks were shifted to higher desorption
temperatures (). The peaks with maxima at 160-180 °C could
correspond to Lewis acid sites [86], which was confirmed by Pyr-FTIR
spectroscopy (). The observed shift had also been reported for other
iron-containing zeolites with lower iron content than Fe-ZSM5-15 (1.7
wt%) and Fe-Beta-12.5 (3 wt%) by Boron e a/[31], but they suggested
that iron ions could also adsorb ammonia molecules, which we did not
observe. With respect to copper, not only copper ions into the
framework can be considered as active sites for catalysts, but also
isolated copper ions [87,88], copper ion structures with extra-lattice
oxygen [89,90] and even copper oxide nanoparticles [91] have been

reported as so. They act mainly as Lewis acid sites.
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Figure 39. Adsorbed pyridine on ZSM-5 (above) and Y (below) zeolites,
after evacuation at different temperatures.
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Figure 40. Ammonia TPD of catalysts based on Beta, ZSM-5 and Y

zeolites.
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Figure 38. Adsorbed pyridine from r.t. to 200 °C on Lewis acid sites
in protonated, iron and cupper exchanged (H-, Fe- and Cu-)

zeolites.
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In Fe- and Cu-ZSM5-15 catalysts, Bronsted acidity increased with the
metal cation-exchange, because of nest silanol groups are generated by
modification of the zeolitic framework. These Bronsted acid sites
areassociated to bridging Al-O(H)-Si groups located at the internal
surface of channels and cavities of zeolite structure. The increase in
Bronsted acidity came from iron-exchanged cations, whereas copper
cations specially altered Lewis acidity. Acid sites concentration can be
attributed to higher proton activities due to the lower negative charge
density of the zeolitic framework after the cation-exchange processes
[92]. Lewis acid sites concentration also increased with the metal
cation. Despite H-ZSM-5 possessed protons, its Lewis to Bronsted
ratio was the highest, decreasing from 3.8 to 0.7 and 2.5 in Fe-ZSM-5
and Cu-ZSM-5, respectively (at 200 °C), because of stronger
modifications of the Bronsted acidity than on the Lewis one, and,
mostly, because of Al atoms in the ZSM-5 zeolites were responsible
for acidity (). Ammonia TPD showed similar total acidity for H-, Fe-
and Cu-ZSM5-15 catalysts, but Pyr-FTIR spectroscopy data pointed

out their different acidities ().

Regarding Beta zeolites, both ammonia TPD () and pyridine FTIR
spectroscopy data () showed lower and weaker acidity of Fe-Beta-12.5
in comparison with H-Beta-12.5, being only Lewis type. Copper
introduction increased notably Lewis acidity, but became weaker, with
only 453 umol g adsorbed at 200 °C, whereas the protonated zeolite
adsorbed 742 pumol g'. No formation of an additional amount of
Bronsted acid sites occurred. Copper in extra-framework positions,
deduced from XRD patterns, resulted in formation of more Lewis
acid centers. Similar behavior was reported for other Cu-BEA (Beta)

zeolites [32]. For Y zeolites, iron exchange affected to the acid
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character below 200 °C, weakening Lewis acid sites. Copper exchange
increased remarkably the concentration of Lewis acid sites, although

keeping the same strength, loosing 50% of them below 200 °C.

All these data show that it is feasible to modify the nature of the acid

sites of zeolites by thermal or ion-exchange treatments.

Acidic carbons

Acidity measurements of carbons can be determined by pyridine
adsorption [37], titration with NaOH [93] or ammonia TPD [94].
Similar acidic carbons impregnated with phosphoric and nitric acids
were treated under a He flow at 300 °C for 60 min., prior to ammonia
adsorption. The L- and HA- carbons exhibited low total acidities, as
inferred from desorbed ammonia (umol g'): 158 (HA3500), 225
(HA31500), 60 (L3500) and 224 (LL.31500). The ammonia TPD study
was also carried out by using a milder pretreatment (100 °C) [95]. An
evident loss of acid sites occurred after the pre-treatment at higher
temperature (). 1.31500 and HA31500, prepared by using a similar
impregnation method and ratio, resulted as the most acidic carbons,
followed by HA3500 and L3500. The thermal treatment at 800 °C
during the synthesis did not improve the acidity, and each carbon type
activated at 800 °C resulted in lower acidity than the ones activated at
500 °C in their respective series (HA- or L-). Acid sites remaining over
200 °C were around 50 % in HA3500, HA31500 and LLA31500, and
higher 1.3500, HA3500 and HA31500, and lower in the other carbons
(Figure 40). As for the acid sites surface density, L3500 and HA3500
led again, with 0.6 and 0.5 NH; pmol g
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Figure 39. Ammonia TPD on HA31500 acidic carbon without
previous gasification (black), after degasification in He at 100 °C
(red) and at 300 °C (blue).,
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Figure 40. Comparison of ammonia TPD of the acidic carbons.

In general, carbons treated with higher phosphoric acid concentrations
possessed higher concentration of acid sites [94], but in the present
phosphorylated carbons, similar acid concentrations led to different
acidities.

Zhao et al. studied sulphonated carbons, and the ones impregnated
with more concentrated sulfuric acid solutions resulted the least acidic
of all [93]. Other reported carbons from hemp residues, activated at
450 °C with impregnation ratios of 1 and 2, desorbed 1850 and 1020
NH; umol g, respectively [96]. A similar carbon to HA3500, prepared
by Bedia e al [95], also from olive stone, impregnated with
phosphoric acid with a ratio of 1 and treated at 500 °C possessed 956
NH; umol g, with 390 NH; pumol g' as weak acidity and 303 NH;

umol ¢! as moderate acidity. They assighed weak acidity to
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hydroxyphenolic groups and pointed out that surface acidity of this
type of carbons was mainly Bronsted type, being originated by the
most oxidized phosphorus groups, C—-O-PO;, (C-O);PO, C-POs and
CoPO;,. Temperatures of maximum ammonia desorption were in the
155-174 °C range, confirming weak and moderate acidity strength in
these catalysts, while L3500 showed a second maximum at 305 °C,

which indicated stronger acidity (Figure 40).

The acidity was also dependent on the amount of phosphorus retained
on the surface, then, impregnation labelled as “3” (L3500 and
HA3500) could produce better phosphorous retention than -31500 or
-31800 materials [97,98]. L3500 could be quite suitable for acid
catalysis because of a large surface BET area, wide mesopores which
represented over 80 % of the pore volume, acidity and weak, medium

and strong acid sites.

6.2. Catalytic Activity in glucose and fructose dehydration to
5-hydroxymethylfurfural.
Once the physicochemical characterization of the catalysts was carried
out, their catalytic activity was evaluated in the fructose and glucose
dehydration to 5-hydroxymethylfurfural (HMF). A large number of
reactions were carried out, varying the experimental conditions, in
order to optimize the main variables to attain HMF yields. Likewise,
the reuse capability of these catalysts, according to the principles of
heterogeneous catalysis and Green Chemistry, was evaluated. Research
was organized mostly varying the following parameters to study their

influence:
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6.2.1. Mesoporous tantalum oxide

Previous works dealing with tantalum-based catalysts have been
performed by the Research Group "Nuevos Materiales Inorganicos"
(Departamento de Quimica Inorganica, Cristalografia y Mineralogia.
Universidad de Malaga), mainly on: i) the synthesis and application of
acidic tantalum oxide supported on SBA-15 for the methanolysis of
sunflower oil for biodiesel production [99], ii) mesoporous tantalum
phosphate for the same catalytic process [100] and iii) mesoporous
tantalum  phosphate  for  glucose  dehydration to  5-
(hydroxymethyl)furfural [101]. Thus, the preparation of mesoporous
tantalum oxide, instead of supported on a mesoporous material, was
the first objective of this PhD work. Once synthesized and
characterized, mesoporous tantalum oxide was tested as catalyst in the

glucose dehydration to 5-(hydroxymethyl)furfural.
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Reaction temperature

To study the influence of the reaction temperature, the settled
experimental conditions were 150 mg of glucose in 1.5 mL of water, in
contact with 50 mg of catalyst, 3.5 mL of methyl isobutyl ketone
(MIBK) as organic phase and 90 min. as reaction time. Several
catalytic reactions were carried out at 155, 165, 175 and 185 °C. The
catalytic results (Figure 41) revealed that glucose conversion rose with
temperature, achieving a maximum value close to 76.5% at 185 °C.
Only fructose and HMF were detected and quantified as reaction
products, being fructose favored at lower temperatures (16.3%
selectivity at 155°C), whereas HMF selectivity increased up to 175 °C
(33.5%) and decreased at 185 °C (31.1%).

Fructose selectivity (%) Ta,O,
100 - m==m HMPF selectivity (%)
90 | Glucose Conversion (%)
80 4 e—HMF Yield (%)
70 | t =90 min.
60 -|
% 50
40 -
30 -
20 |
10 -
0

155 165 175 185
Temperature (2C)

Figure 41. Influence of reaction temperature on glucose conversion to
HMF over mesoporous tantalum oxide, after 90 min., in biphasic
system water/MIBK with S/C ratio 3.

6-74



Levulinic acid was not detected, but at higher temperatures, insoluble
humins could be clearly observed. The formation of these humins and
soluble polymers in the medium of reaction and on the surface of the
catalyst caused the HMF selectivity to drop slightly but in a longer
reaction time. The detection of fructose, mostly at lower temperatures,
agreed with the two-stages process proposed by Ordomsky ez a/. [102],
with a first step in which glucose isomerized into fructose and a
second step in which fructose was dehydrated to HMF. Nevertheless,
a direct dehydration of glucose to HMF cannot be ruled out. The
hexose isomerization was carried out on Lewis acid sites, whereas the
dehydration occurred on Bronsted acid sites. In the catalytic reaction
with mesoporous tantalum oxide, both acid sites types had been
previously detected and analyzed, resulting that the acidity of this
catalyst was initially and mainly from coordinated water molecules and
OH groups bonded to Ta ions, as Bronsted acid sites. The ammonia
TPD analysis gave a ratio of 0.08NH; : 1Ta, and from pyridine
adsorption, the ratio resulted 0.08Pyr : 1Ta. This difference could
mean that all Bronsted acid sites were transformed into Lewis type
acid sites because of water and OH groups loose. Moreover, Bronsted
acid sites were not detected after heating the catalyst at 125 °C under
vacuum, due to the elimination of most coordinated water molecules,

which matched well with the thermal analysis results ().
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Figure 42. DTA and TG analysis of mesoporous Ta,Os.

The detected Lewis acid sites were weak, since they diminished
considerably at 200 °C, from 98.1 to 22 mol g, and disappeared after
evacuation at 300 °C. In the catalytic reaction, both types of acid sites
were desirable to participate in. Nevertheless, the presence of OH
groups at room temperature was confirmed by FTIR spectroscopy,
with signals at 1615 and 3400 cm’ from O-H bonds and O-H
stretching, respectively, Figure 43. CO, temperature programmed

desorption was carried out, not detecting basic centers.
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Figure 43. FTIR spectrum of mesoporous T2a,Os.

Kondo et al. performed an IR spectroscopy characterization of
mesoporous tantalum oxide, neither detecting the presence of basic
centers by CO, adsorption and finding Lewis acid centers, medium

strength, by CO adsorption [103,104].

To check the participation of Bronsted acid sites in this catalytic
process, the mesoporous tantalum oxide was treated with excess of
KOH for one hour and, later, it was washed with water, in order to
neutralize all the Bronsted acid centers. The modified catalyst was
assayed in the catalytic reaction at 175 °C, and maintaining the rest of
experimental conditions, leading to a glucose conversion of 54.7% and

a 24.6% of HMF selectivity, which were lower values than those
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attained with the pristine catalyst, that is, a glucose conversion of 69%
and HMF selectivity of 33%. The different catalytic performance

could be attributed to the Bronsted acid sites participation.

Both types of acid sites taking part in this reaction with mesoporous
Ta,0s matched well with the results reported by Ordomsky e a/ [105].
They catried out the selective elimination of Bronsted acidity by Na*
treatment of phosphate catalysts (Al, Ti and Nb) and the results
showed the synergism of nearby Lewis and Bronsted acid sites in
glucose transformation to HMF. On the contrary, Nakajima ez a/. [100]
studied the HMF production using Nb,Os -nH,O and Nb.Os H,O
exchanged with Na® to block the Bronsted acid sites, and obtained
similar yields [106]. Niobic acid possesses acid strength enough to
effective hydration or dehydration reactions, but this is strongly
affected by thermal treatments due to crystallization of Nb,Os, and
phosphoric acid has been used to suppress this crystallization, and
enhance the acidity. Okazaki e @/ [107] treated the catalyst with
H:;PO4 0.05-1 M during 48 hours, evaporating it at 120 °C and
calcining from 200 to 800 °C to form an amorphous phosphate on the
surface. In a similar way, mesoporous Ta,Os (300 mg) was modified
through a chemical treatment with phosphoric acid 1 M (20 mL) for
24 hours, followed by washing, drying and calcination (300 °C). Once
prepared, it was tested in glucose dehydration to HMF at 175 °C for
120 min., not showing any catalytic improvement. When the chemical
treatment with phosphoric acid was carried out, but the catalyst was
not calcined, only dried, the glucose conversion increased up to 70 %
and the HMF selectivity resulted 40 %. This enhancement could be
explained because the modifications on the acidic active sites on the

surface after the treatment with phosphoric acid.
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Since neither levulinic acid nor furfural were never detected, the acidic
strength of the mesoporous tantalum oxide (142 umol NH; g and 22
umol Pyr g at 200 °C) was not enough to rehydrate HMF to levulinic
acid. To check it, a reaction from HMF in a biphasic system (1.5 mL
water/3.5 mL. MIBK), with 50 mg of catalyst, was carried out under
the same reaction conditions (175 °C, 90 min.), and levulinic acid was
not detected, and moreover, the HMF amount was kept. Lewis acidity
favors the HMF degradation, but it was not detected, which could
indicate that the temperature of 175 °C was not high enough to
degradate HMF [108,109]. But it could also indicate that these
byproducts did not proceed directly from the HMF degradation, but
from the condensation/polymerization of HMF with glucose, as
proposed by Dee and Bell [110]. As HMF was totally recovered
without having added glucose, the mechanism foregoing mentioned

could be supported in this case.

Understanding the different processes involved in the HMF
degradation would be desirable for HMF yield enhancement, but this

will require additional experimental and theoretical research.

Reaction time

At 175 °C, 13.9% fructose selectivity and 33.5% HMF selectivity were
achieved after 90 min. reaction for a 69% glucose conversion, whereas
at 185 °C, 9.2, 31.1 and 76.3% were, respectively, achieved. Despite
higher glucose conversion and lower fructose selectivity at 185 °C, the
HMF selectivity diminished slightly because of the temperature, which
favored the HMF degradation [108]. Thus, 175 °C was prefixed to
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study the influence of the reaction time, giving the results shown in

Figure 44.
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Figure 44. Catalytic activity of mesoporous Ta,Os at 175 °C after
different reaction times in biphasic system water/MIBK system with
S/C ratio 3..

These data revealed the fast isomerization of glucose to fructose with
respect to glucose direct dehydration, since fructose selectivity was
maximum (22.4%) after 30 min. of reaction, and diminished at longer
reaction times. This decrease was due to fructose was dehydrated to
HMEF, although a direct transformation of glucose to HMF could be
partially also considered. Longer reaction times than 90 min. led to
similar HMF selectivity and yield (33.5 and 23.1%, respectively)
because HMF production and degradation competed among them.

Consequently, 90 min. resulted to be the optimal reaction time. In the
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first 30 min., 50% of the maximum HMF yield and 70% of the highest
glucose conversion were achieved, and this time resulted enough for
isomerization to fructose, which was the limiting step in this reaction
[111]. TOF number, as mol of desired product per mol of catalyst and
hour, was calculated, and the first 30 min. displayed as the most active
time reaction and reflected that the activity dropped at longer reaction
times and that it was mostly because of the variations occurring at the
catalyst surface. In addition, a modified TOF number, referred to
mmol of desired product per m* of external surface of catalyst and
hour, was determined to consider not the whole catalyst but the active
sites. In this case, the observed tendencies considering mol of catalyst
or surface were similar (Table 9. TOF values for mesoporous Ta205

at 175 °C.

Table 9. TOF values for mesoporous Ta,Os at 175 °C.

Time (min.) 30 60 90 120 150 180
TOF

(mol ht 115 0.77 0.67 0.54 0.46 0.37
mol)

TOFm2

(mmol h?1  0.056 0.038 0.032 0.026 0.022 0.018
m-2)

Starting from fructose, the first step took 30 min. in a similar reaction
using vanadyl phosphate (VOP) at 80 °C , achieving a HMF yield of
40.2% in the first 30 min. and 41.9% after 60 min.. By increasing the
Lewis acidity with iron (FeVOP) or aluminum (AIVOP), no higher
yields were achieved in the first 30 min., resulting in 36.4 and 36.8%,

respectively [112].
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These data confirmed that Lewis acid sites were most important for
glucose isomerization to fructose than for the dehydration step, and
that glucose to fructose isomerization and dehydration from fructose
took about 30 min.. Mesoporous tantalum phosphate at 170 °C, under
similar experimental conditions, led to maximum HMF selectivity after
60 min. (near 60%), but maximum HMF yield (near 35%) needed 120
min., due to higher glucose conversion [101]. The difference between
mesoporous tantalum phosphate and mesoporous tantalum oxide
related to specific surface area (255 vs. 79 m* g) led to longer reaction

times for maximum activity for the phosphate.

When niobium phosphate were used as catalyst in fructose
dehydration to HMF, maximum catalytic activity was found between
20 and 40 min. [113]. From 150 to 180 min., a 1% lowering of HMF
and glucose could support the possibility of reaction among them,
producing humins [110]. In the range 30-120 min., the glucose
conversion was linear, whereas a change of trend occurred at longer
reaction times. The glucose conversion standstill starting up 120 min.
of reaction time was caused by the presence of soluble polymers in the
reaction medium and by the humins deposition on the catalyst surface,
making difficult and even blocking the access of the reactants to the

catalyst.

Catalyst loading

The initial experimental test was carried out with a catalyst loading
consisting of a substrate (S) /catalyst (C ) weight ratio of 3.
Experimental seties with others S/C ratios were done to study the

influence of the catalyst loading, at 175 °C and 90 min. ().
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Figure 45. Influence of the substrate/catalyst ratio (S/C) with mesoporous
Ta,0s within 90 min. and 175 °C, in biphasic system water/MIBK.

As expected, the glucose conversion and the HMF yield rose with the
catalyst loading (lower S/C). On the contrary, the selectivity towards
HMF remained constant for S/C ratios lower than 2. It was due to
with such amount of catalyst, more activity was possible, not only
towards the desirable dehydration products, but also towards the
direct decomposition of hexoses or the cross-reaction between the

tormed HMF and hexoses, both producing humins.

Patil et al. [114] studied humin formation from glucose, fructose and
HMF under acid catalysis, and concluded that the most likely

pathways for humins formation wetre dehydration of glucose and/or
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fructose to HMF, formation of 2,5-dioxo-6-hydroxyhexanal (DHH)
from HMF, and aldol addition/condensation polymerization of DHH
to humins. The direct conversion of cellobiose, glucose, or fructose to

humins did not appear to be significant in their results.

Glucose conversion and HMF yield did not increase linearly in
comparison to mesoporous tantalum phosphate used in glucose
dehydration to HMF, with almost lineal increments with the catalyst
weight. It means that there was some diffusional limitation in the
glucose dehydration process, probably owing to a higher temperature
of reaction and. moreover, to a longer reaction time (1 hour at 170° C
for tantalum phosphate and 90 min. at 175 °C for tantalum oxide) in
which more glucose was transformed. S/C ratio of 6 consisted on 25
mg of catalyst with 150 mg of glucose and could be considered the
most optimal because the double ratio (S/C = 3) did not lead to
double catalytic activity, but for higher activity and low S/C ratios, a

S/C ratio of 3 was fixed as optimum value.

Catalyst reusability and deactivation

As the reusability of the catalysts is one of the main advantages of the
heterogeneous catalysis, it was studied in this PhD work. In these
liquid-solid processes, reusability is conditioned by deactivation, which
can be produced by different factors, such as physical (e.g. fouling),
chemical (e.g. poisoning) or thermal (sintering) [115,116]. A second
catalytic cycle with mesoporous tantalum oxide was carried out at 175
°C for 90 min.. Previously, the spent catalyst was washed with water

and calcined at 550 °C for 2 hours (preheating rate 10 °C min™). In
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this second cycle, glucose conversion resulted only 4% lower than in
the first cycle (64.9%), HMF selectivity 3% lower (30.4%) and HMF
yield reached 20%. When this catalyst was tested in a second cycle but
as spent, without any chemical or physical treatment, glucose
conversion dropped by 60%. These meant catalyst lifetime for suitable

work under the tested conditions was only 1 cycle.

In general, the acid catalyzed conversion of biomass gives rise to the
formation of humins, which are complex carbonaceous materials, dark
brown, insoluble in water at all pH's and non-homogeneous. Thus,
fouling, which involves the deposition of chemicals on the surface of
the catalyst, could be the main deactivation process in this reaction ,
because the mentioned humins as by-products were insoluble in the
reaction medium and, besides, easily adsorbable on the catalyst
surface, as could be checked visually with a turbid aqueous phase

medium and a brown catalyst (white initially).

Lund ef al. [117] considered that these humins are formed by the
rehydration of HMF and that levulinic acid is not involved in the
formation of them, whereas Zandvoort e al. [118] suggested that
humins are formed from condensation reactions between sugar, HMF
and dehydration intermediates. Tsilomelekis ez a/. [119] observed that
humin formation are also influenced by the solvent, and that DMSO
minimizes them. Eliminating or adding value to these humins are

challenges in these catalytic processes starting from biomass.
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6.2.2. Mesoporous silica: AI-MCM-41 and Al- KIT-6.

Both mesoporous silicas containing aluminum were tested in the
dehydration reaction of glucose to HMF. The influence of several
experimental variables, such as reaction temperature, reaction time and
catalyst loading, was also studied, as well as other parameters such as
the nature of the organic solvent, the addition of NaCl in the aqueous

phase and the aluminum content in the synthesized catalysts.

Reaction temperature

Firstly, 10AI-MCM-41 was used to evaluate the influence of the
reaction temperature, using 150 mg of glucose in 1.5 mL of water, in
contact with 50 mg of catalyst, and 1.5 mL of methyl isobutyl ketone
(MIBK) as organic phase, and 150 min. as reaction time. The reaction
temperature was varied between 155 and 195 °C. Glucose conversion
resulted greatly dependent on the reaction temperature and achieved a
maximum value of 86.5% at 195 °C. Fructose, glucose and HMF were
detected, being fructose favored at lower temperatures, achieving
selectivities of 33% at 155 and even at 165 °C, and decreasing above
165 °C, whereas HMF selectivity increased specially from 175 °C,
being maximum at 195 °C (41%) (Figure 40).
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Figure 46. Glucose dehydration to HMF at different temperatures,
using 10Al-MCM-41 in biphasic system water/MIBK with S/C ratio 3.

Maximum slope for glucose conversion and HMF yield occurred from
165 to 175 °C, revealing the important effect of the reaction
temperature, mainly between 165 and 185 °C. At higher reaction
temperatures, a lower rate was obtained, although slightly better
catalytic results, indicating that other secondary reaction products

affected the activity.

HMF yield far exceeded the one achieved with mesoporous tantalum
oxide (35.6% versus 25.6%), demonstrating the better catalytic
properties of 10Al-MCM-41, which can be attributed to its high
concentration of Bronsted acid sites. Levulinic acid was not detected
among the reaction products, revealing that the acid sites present on
the catalyst surface were not strong enough to produce the HMF

hydration. This fact was verified by putting in contact the same moles
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of HMF as glucose used in previous studies with 10AI-MCM-41, also
at 195 °C for 150 min, and in the same biphasic system. Any levulinic
acid was detected, pointing out that 10AI-MCM-41 was unable to
rehydrate HMF. However, only 91% of HMF was recovered and thus
a 9% of the HMF was transformed in other substances, such as
soluble polymers or aldol condensation products, excluding humins,
since the color of the catalyst remained. Image 1 shows two reactors
after reaction with different conversion values, where the presence of

humins is easily perceptible at first sight.

Wif

Image 1. Reaction medium after using 10AI-MCM-41 catalyst at 195
°C (left) and at 155 °C (right).

Al-KIT6-C2 mesoporous aluminosilicate, with a similar Si/Al ratio
than 10AI-MCM-41 was also evaluated for glucose dehydration to
HMF, showing remarkable differences. This KIT-6-based catalyst
provided very low glucose conversion at different temperatures, while
resulted to be very selective towards HMF (Figure 47). Its specific
surface area was 20% smaller and acidity resulted even lower than in
the MCM-41-based catalyst. These parameters were mainly

responsible for the low conversion. Barely fructose formation and the
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high selectivity towards HMF would agree with the Bronsted acidity

and some synergy between Lewis and Bronsted acid sites.

Al-MCM-41 and Al-KIT6 aluminosilicates with similar Si/Al content
have been synthesized and characterized by Kim et al., finding more
Lewis acid sites in AI-MCM-41 and a high Bronsted acididty in Al-
KIT6 materials [120].

Figure 47. Comparison of glucose conversion and HMF selectivity
between MCM-41 and KIT6-based catalyst with Si/Al ratio of 10 in
biphasic reaction medium after 150 min with S/C ratio 3.

Reaction time

The reaction temperature with maximum HMF yield, 195 °C, was
fixed to study the kinetic of the reaction, from 30 to 150 min. with
10AI-MCM-41. The results revealed that glucose conversion and HMF

yield increase linearly with the reaction time till 120 min. From 120 to
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150 min., conversion and yield rose slightly, reaching maxima values

of 86.5 and 31.9%, respectively (Figure 48).
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Figure 48. Influence of the reaction time on the catalytic activity using
10AI-MCM-41 at 195 °C in biphasic system water/MIBK with
Substrate/Catalyst ratio 3.

At longer reaction time, 180 min., these values diminished as the
catalytic performance did not improve, possibly as a consequence of
the deposition of insoluble polymers on the active sites of the catalyst.
This different behavior would mean that secondary products, such as
humins and soluble polymers become harmful for the catalytic process
above 120 min., so this time could be considered as optimal. Within
respect to mesoporous tantalum oxide, this catalyst reached much
better selectivity towards HMF and its acidic properties did not favor

the fructose presence, promoting its dehydration towards HMF. If

6-90



TOF wvalues are considered (Table 10), also 120 min. could be

considered as optimum under these experimental conditions.

Table 10. TOF values of 10AI-MCM-41 catalyst at 195 °C

Time (min.) 30 60 90 120 150 180

TOF

(mol h! mol) 0.08 0.12 0.12 0.14 0.14 0.11

TOFm2

0.0023  0.0034  0.0034 0.0040 0.0040  0.0030
(mmol h' m2)

The obtained values were lower than those attained with mesoporous
tantalum oxide, but they could not be compared at all because the
other has a higher molecular weight and much lower specific surface

area.

Marianou e al. [121] tested Sn10/Al-MCM-41 with similar aluminum
content than 10A1-MCM-41 (4 and 4.5 wt.%, respectively) in glucose
dehydration to HMF and lactic acid, in DMSO/water. Supporting
SnO; on AI-MCM-41 increased the conversion of glucose (to 100%)
and the HMF yield (from 8 to 18%) with respect to AI-MCM-41 at
150 °C, with a substrate/catalyst ratio 1:1, after 60 min.. They also
obtained lactic acid, but 10AI-MCM-41 possessed higher Bronsted
acidity, which favored the formation of HMF over lactic acid,

achieving higher HMF yields.

Jiménez-Morales e/ al. [122] carried out a similar catalytic process,
using Zr-MCM-41 as catalyst, at 175 °C. From 30 to 90 min. of

reaction time, they attained higher conversion than the one achieved
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with 10AI-MCM-41, but lower values from 120 min.. These results
suggested the catalyst with Zr species would present lower activation
energy requirements. HMF selectivity and yield resulted higher for
10A1-MCM-41 at the same reaction times, but it has to be taken into
account that the experiments were carried out at higher temperatures:
195 °C for 10AI-MCM-41 and 175 °C for Zr-MCM41-550. In any
case, similar fructose and HMF selectivities were observed for both

MCM-41-based catalysts ().

| I HMF =— fructose
—a— Glucose conversion (%)
80 | HMF yield (%)

90

70 -

60 -

50 -

40 -

150 mg glucose, 50 mg catalyst, 3.5 mL MIBK, 1.5 mL H,0, 175 °C
15 30 45 60 75 90 105 120 135 150 165 180
time (min)

Figure 49. Catalytic activity along time of Zr-MCM-41 in a
biphasic water/MIBK system, at 175 °C. From reference [122].

Fructose selectivity decreased almost linearly with reaction time, while
HMF selectivity enhanced (Figure 50). This could indicate the most of
HMF was produced from fructose dehydration after glucose
isomerization and also pointed out the formation of secondary

products.
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Figure 50. HMF and fructose selectivity values, after different reaction
times, using 10Al-MCM-41 catalyst, at 195 °C.

iError! No se encuentra el origen de la referencia. shows the
quasi-linear dependency of HMF yield on glucose conversion along
the reaction time, supporting this assumption. On the contrary, with
respect to the reaction temperature, there was no linear dependency of
HMF yield on glucose conversion, because glucose conversion was

very sensitive to the temperature.

With regard to Al-KIT6-C2 aluminosilicate, it was also tested under
the same conditions as 10Al-MCM-41, at 195 °C, leading to a higher
conversion. This catalyst also showed a very different behavior. While
using 10Al-MCM-4, longer reaction times produced higher HMF yield
and conversion, being optimum after 150 min., glucose conversion

decreased when time increased while HMF yield kept at high values
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using Al-KIT6-C2 as catalyst under the same experimental conditions
(Figure 52). This behavior suggested a fast deactivation of the catalyst
due to byproducts, mainly affecting the access of reactants, but

without acidity variation because aluminum did not leach considerably.

Figure 51. HMF yield (red) and glucose conversion (blue) at different
temperatures, after 150 min. (left) and variation with time at 195 °C (right)
in biphasic system water/MIBK with S/C ratio 3.
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Figure 52. Influence of the reaction time on the catalytic activity of Al-
KIT6-C2 catalyst in biphasic system water/MIBK with S/C ratio 3.

Karthikeyan ¢# al. synthesized AI-KIT6 with different Si/Al ratios,
whose textural properties were similar to those of AI-KIT6-C1 and -
C2 catalysts and studied their catalytic performance in the synthesis of
carbonitriles and carboxylates, also including their recovery and
reusability. ICP analysis barely showed aluminum leaching, still

existing a strong interactions between aluminum and silica [10].
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Biphasic systems

In biphasic systems, the organic solvent acts extracting the HMF
immediately after its formation and thus, its lower concentration in the
aqueous phase limits side reactions, achieving higher HMF yields. The
partition coefficient (R), which is the ratio of HMF (concentration) in
the organic phase to that in the aqueous phase, allows to assess the
effectiveness of a particular biphasic media. MIBK as organic solvent
in a water:organic solvent volume ratio (mL/mL) of 1.5:3.5 had been
previously used as biphasic systems with other catalysts [101,122], as
well as in reactions with mesoporous tantalum oxide. Thus, with 10Al-
MCM-41, reaction temperature and time studies were carried out with
the above-mentioned volume ratio (1.5 mL water and 3.5 mL. MIBK).
At 195°C, after 150 min., at which the highest conversion and yield
values were reached, partition coefficient R resulted 2, and 72% of the
HMF (mol) was in the organic phase. Maintaining the reaction
conditions and the nature of the biphasic system, the volume of
organic solvent MIBK was increased from 3.5 to 6.5 mL. The
partition coefficient resulted to be similar, indicating almost the same
solubility in both phases, and the catalytic results were kept almost
invariable (88% glucose conversion »s 86.5% and 40% HMF selectivity
vs 41%), with 81% of the HMF remained in the organic phase. When
MIBK was increased from 3.5 to 5 ml, the partition coefficient
increased, the HMF selectivity reached 40.1%, and 81% of the
produced HMF remained in the organic phase, and for a subsequent
supply in a biofuel production process or for HMF extraction, this
higher quantity of HMF would be better. The whole catalyst always
stayed in the aqueous phase, which makes its reutilization better. Thus,

the ratio MIBK:water 5/1.5 mL could be considered as optimal under
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these experimental conditions (Figure 53). This value would
cotrespond to a Vo/Vag = 3.3, which is near the one reported by
Dumesic ¢# al. [123] of 3.2.

Figure 53. Catalytic activity using 10Al-MCM-41 in biphasic
water/MIBK systems with S/C ratio 3, at 195 °C after 150 minutes.

MIBK, with a low-boiling point (117 °C), was compared with DMSO,
with a high boiling point (189 °C), through an Aspen model simulation
for predicting the energy requirement for the separation of HMF. The
vacuum evaporation method would evaporate 99.5% MIBK at 13
mbar and 70 °C with a 2.5% loss of HMF, whereas DMSO caused
30% HMF loss. The simulation also predicted that HMF separation
from DMSO with minimal loss would require a more expensive
vacuum distillation process and 40% more energy than that from

MIBK [124].
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A scheme of the HMF production via concurrent extraction and
evaporation step from biphasic reactor reported by Saha e a/ [125] is

shown in Figure 54.

Figure 54. Schematic production of HMF via concurrent extraction
and evaporation steps in a biphasic reactor [125].

De et al. [120] tested AICl; as Lewis acid catalyst for glucose
dehydration in a biphasic water/MIBK system, under microwave
irradiation, with a volume ratio 1:2 (mL) and, under oil-bath heating,
with a volume ratio of 2:8 (mL). Dutta e a/ [127] also employed a
biphasic water:MIBK system for fructose dehydration under
microwave irradiation with a hierarchical macro/meso titanium

phosphate, with a volume ratio 1:1, 0.5 mL for 50 mg substrate.

Other solvents such as toluene, 2-butanol, dimethylsulfoxide (DMSO),
tetrahydrofuran (THF), and 1-butanol or cyclopentyl methyl ether
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(CPME), which are “green solvents”, have been employed for this
reaction. Not only the highest HMF extraction (high partition
coefficient) is a goal, but also, the ease of separation of HMF in the

organic solvent for its supply to a subsequent processing.

In this way, AICl; and a Bronsted acid (HCI), in a biphasic reactor
consisting of water and an alkylphenol compound (2-sec-butylphenol),
as organic phase, were used for glucose conversion, through a tandem
pathway involving isomerization of glucose to fructose, followed by
dehydration of fructose to HMF. The organic phase extracted 97% of
the HMF produced, while both acid catalysts remained in the aqueous
phase [128].

Dumesic et al. [123] used homogeneous catalysts (HCI, H,SO,) in
biphasic systems with organic solvents, such as 2-pentanol and 2-
methyltetrahydrofuran, for fructose dehydration at 150°C, for 20 min.,
obtaining partition coefficients of 1.3 and 1.5, and HMF selectivities

of 74 and 57%, respectively.

Ohara e al. [129] carried out the glucose dehydration to HMF with
two catalysts, Amberlyst-15 to facilitate glucose dehydration and
hydrotalcite to favor glucose to fructose isomerization. At 100 °C,
after 3 h, using only dimethylformamide (DMF) as solvent, 72%
glucose conversion, 57% HMF selectivity and 4% fructose selectivity
were reached. Adding water in a ratio organic:water of 3, HMF

selectivity reached 64% and fructose diminished to 0%.

A promising eco-friendly solvent, stable under acidic and basic
conditions, with a boiling point of 106 °C, low solubility in water (1.1
g CPME/100 g) and applicable in biotechnology, biorefineties,
bioeconomy or chromatography, is cyclopentyl methyl ether (CPME)
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[130]. It is currently produced by petrochemical, but it could be
produced from cyclopentanol or cyclopentanone derived from furfural
or from adipic acid, respectively, both bio-based precursors. Its
properties are suitable for reactions in biphasic media, such as furfural
and HMF syntheses. Thus, cellulose from raw corncob has been
simultaneously hydrolyzed to glucose and then catalytically converted
to HMF in biphasic water/CPME and water/toluene systems, under
heterogeneous catalysis by Qing ez a/. [131]. At 200 °C, a HMF yield of
15.90% was reached in 20 min.. As this solvent is very suitable for the
present reaction and bio-processes, it was tested as biphasic
water/CPME medium (1.5 mL:3.5 mL) in glucose dehydration with
10AI-MCM-41, at 195 °C and 150 min.. However, HMF selectivity
resulted lower than with MIBK (22.5%) and fructose selectivity
higher, 24.1% vs. 10.1%, at 52.9% glucose conversion. Partition

coefficient resulted very low, 0.46, which disfavored HMF selectivity.

Biphasic system with sodium chloride

The partition coefficient not only depends on the nature of the
solvents, but also on the presence of inorganic salts, such as NaCl,
that improves the R wvalue, as observed by Roman-Leshkov and
Dumesic in fructose dehydration to HMF [132]. They even observed
that it is possible to form biphasic systems with solvents that are
completely miscible with water in the absence of salt. Previously,
Tytlik ez al. [133] studied glucose dehydration to levulinic acid in water

solutions saturated with alkaline and alkaline earth metal salts.

Concentrated but unsaturated solutions of NaCl in water, by

considering NaCl solubility in water (20 °C) = 359 g/, with
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concentrations of 15 and 20 wt.% were employed as aqueous phase in
glucose dehydration with 10Al-MCM-41, with the aim of reaching
higher HMF yield through a higher partition coefficient. At 195 °C,
after only 30 min., very remarkable differences were observed:
conversion changed from 37.7% with only water to 96.4% with
NaCl,q. 20 wt.%, HMF vyield reached the greatest value of 62.9% and
fructose strongly diminished from 31.3 to 0.8% with NaCl,q 20 wt.%
(). These results are explained by the fast extraction of HMF from the
aqueous phase to the organic phase promoted by the presence of
sodium and chloride ions, which shifted the equilibrium of the
reaction towards fructose dehydration to HMF. Partition coefficient,
after 30 min. of reaction time, rose from 0.66 with pure water, as
aqueous phase in the biphasic medium, to 1.92 with NaCl,q 20 wt.%
instead. The equilibrium shift promoted by the presence of ions was
remarkable even when a test without any catalyst was carried out
under similar experimental conditions, since 27.6% glucose conversion

and 22% HMTF selectivity were attained.
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Figure 55. Catalytic activity of 10AI-MCM-41 in biphasic
MIBK/sodium chloride aqueous solution systems, at 195 °C after
30 min. with S/C ratio 3.

Observing the kinetic of the reaction (), glucose and fructose
dehydration occurred in 15-30 min. period, and longer reaction times
favored HMF degradation to secondary products, decreasing HMF
yields. A test starting from HMF in the same biphasic medium, at 195
°C and 30 min., was carried out and all the initial HMF stayed at the
end of the reaction, which suggested HMF degradation needed other
intermediates also produced in hexoses dehydration reactions. Besides,
the same reaction medium was employed to dehydrate fructose
directly at similar reaction conditions (195 °C and 30 min.), achieving
99.4 % fructose conversion and 73.7 % HMTF yield, which pointed out
that glucose dehydration to HMF occurred preferentially to glucose to

fructose isomerization. Starting from fructose, HMF yield resulted 85
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% HMF, supporting the statement that the isomerization step is

limitant.

Figure 56. Kinetics of glucose dehydration to HMF with 10Al-
MCM-41 in a biphasic MIBK/NaCl,, system at 195 °C with S/C
ratio 3.

Other biphasic systems consisting of CPME (3.5 mL)/NaCl (aq., 20
%wt.) and THF (3.5 mL)/NaCl (aq., 20 %wt.) were also employed
with T0AI-MCM-41 at 195 °C, achieving higher catalytic activity values
than without NaCl solutions, but lower than those achieved with
MIBK after 30 min., owing to lower partition coefficient, which

facilitate subsequent side reactions (Figure 57).
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Figure 57. Catalytic activity using 10AI-MCM-41 in biphasic systems, at
195 °C after 30 min. with S/C ratio 3.

In the same way that the volume of the organic phase was increased in
previous experiments, finding 5 mL as optimal, additional experiments
were carried out with 5 mL. MIBK in the presence of NaCl,q 20 wt.%
solutions instead of water as aqueous phase. Glucose conversion
resulted 98.7%, HMF selectivity 61.1% and fructose selectivity 0.37%,
essentially similar to those rose with 3.5 mlL, and with a similar
partition coefficient of 1.9, pointing out a preferential effect of the
presence of ions from the salt than the effect of the volume increase

on the partition coefficient (R).

Besides alkaline salts such as NaCl, alkaline earth metal chlorides have
been evaluated in glucose dehydration to HMF. Tyrlik ez al [133]
studied saturated and very concentrated alkaline and alkaline earth

metal chlorides in glucose dehydration to HMF and levulinic acid,
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concluding that simultaneous presence of magnesium chloride with
hydrochloric acid in saturated water solution of salt provided the best
catalyst for glucose dehydration, and that protons were not unique as
catalysts for HMF, but complexes of magnesium-glucose were also

active.

Garcia-Sancho e 4/ used alumina with different acid-base properties
for the dehydration of glucose to HMF and demonstrated that the
presence of calcium chloride in the reaction medium notably
improved the catalytic activity at shorter reaction times, which related
to the interaction between Ca®* cations and glucose molecules. They
employed different calcium chloride concentrations, from 0.193 to 0.9
g salt per gram of aqueous solution, achieving the best results with the

value of 0.65 [134].

Biphasic system with calcium chloride

Considering these previous studies, a CaCl, solution with the same
cation concentration than in the tested NaCl solution, where used as
aqueous phase in combination with MIBK for glucose dehydration to
HMEF, with 10AI-MCM-41 at 195°C for 30 min.. Convetsion resulted
similar as the one achieved with NaCl,q, but HMF yield increased with
respect to the use of water as aqueous phase but not as much as with
NaCl.q (35.1 %), resulting less effective. Identical reaction conditions
were fixed in another reaction, with calcium chloride solution but
without catalyst, and a high HMF selectivity was achieved, better than
with catalyst, at lower glucose conversion (). This result agreed with

the previous cited ones, which attributed to calcium a key role in
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glucose conversion to HMF by interactions Ca-glucose instead of Ca-

catalyst surface.

Figure 58. Catalytic activity in glucose conversion in biphasic
MIBK and water or salts systems at 195 °C after 30 min. with
S/C ratio 3.

The maximum HMF selectivity and the minimum fructose selectivity
also pointed out a main role of glucose instead fructose toward HMF
production. The high activity observed in CaCl; (aq.)/MIBK reaction
medium without catalyst would indicate completely different reaction
pathways, competing the surface of the catalyst with calcium ions.
CaCly(aq.) enhancement glucose conversion (100 %) was also studied
without MIBK as organic solvent, only using the salt solution (195°C)

for 30 min., also achieving 100 % glucose conversion and not being
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detected fructose. Nevertheless, HMF was barely found, supporting
the role of calcium cations in the reaction mechanism through Ca-
glucose species, specifically forming bidentate complexes involving the
C-1 and C-3 hydroxyl groups of glucose, and further enhancing
subsequent HMF degradation, according to Yang ef al. [135]. The
effect of calcium chloride does not seem to be only because of the Ca
cation interactions, but also chloride anions seem to play an important
role, donating electron density to glucose C-1, C-3, and C-5, also
enhancing glucose conversion. Nevertheless the anion effect should
be less determinant that calcium cation effect, as can be deduced by
varying anions and cations, such as comparing NaCl and CaCl,. The
introduction of an organic phase to stabilize HMF is evidenced. The
presence of alkaline or alkaline earth salts, although through different
mechanisms of reaction, leads to better results than only water, but an
organic phase is required to avoid subsequent reactions. The presence
of salts also affect the organic phase by enhancing the partitioning

coefficient of HMF. Thus, salt ions participate effectively in reactions.

Catalyst loading

All the previous studies have been performed with a substrate/catalyst
(S/C) weight ratio of 3, but the effect of this ratio was also studied, by
varying from 1.5 to 6, in a biphasic water/MIBK medium, at 195 °C
for 150 min., as well as in biphasic NaCl,,/MIBK medium, at 195 °C
for 30 min. (Figure 59).
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Figure 59. Effect of the substrate/catalyst ratio (S§/C) ) in glucose
dehydration to HMF over 10AI-MCM-41, in biphasic water/MIBK
(above) and NaCl (aq.)/MIBK (below) medium at 195 °C.

Conversion increased notably from S/C ratios of 6 to 3, but
decreasing when the amount of catalyst was increased to S/C= 1.5,
while HMF selectivity was maximum with a S/C= 3, decteasing for a

higher catalyst content. Thus, external diffusional limitations could be
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the rate controlling step, limiting the adsorption and promoting the
HMF reaction and degradation. This limitation is frequent at high
reaction temperatures, with very small particles of catalysts. The
reaction rate at the catalyst surface depend on the mass transfer
coefficient 4. between fluid-solid phase, being the reaction rate

expressed as follows:

(1) = = (5) 9a = ke (Cay = Ca) [kenol 57 m?

Sex: external surface of the catalyst particle, m”
ga: generation, kmol s™!

kc: individual mass transfer coefficient, (kmol s' m?) /(kmol
m”)

Car: concentration in the fluid, kmol m™

Cas: concentration at the surface, kmol m™

The amount of catalyst was also modified with NaCl 20% as aqueous
phase instead of water, in the biphasic medium, resulting a full glucose
conversion with more catalyst content than 50 mg (S/C = 3), but
HMF selectivity was the highest with S/C of 3 (Figure 59). These
results indicated more external diffusional control owing to the
presence of the salt ions, supporting that external diffusion was the

limiting step.

Jiménez-Morales ¢f al. synthesized Zt-MCM-41 with a Si/Zr ratio of 5
for glucose dehydration to HMF reaction, which resulted quite
selective and achieved 23 % HMF yield at 175 °C after 150 min.. TOF
expressed as mmol HMF per gram of catalyst and per hour, varied
between 1.3 and 1.8 [136]. For 10Al-MCM-41, TOF expressed in

similar terms, varied from 1.22 by employing a substrate/catalyst
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(S/C) ratio of 1.5, to 2.36 with S/C = 3, being around 1.4 with S/C
ratios of 2 and 6. When NaCl (aq. 20 %wt.) was incorporated and S/C
ratio was set at 3 and the time at 30 min., HMF yield went up by a
factor of 1.77, but in terms of TOF, the factor was 7.8 (TOF = 20.68),

providing an important enhancement of activity and savings in time.

Therefore, 10AI-MCM-41 in a substrate/catalyst weight ratio of 3

resulted very effective as catalyst.

The decreasing glucose conversion at decreasing S/C ratios with 10Al-
MCM-41 was also observed when Al-KIT6-C2 catalyst was used. By
doubling the amount of catalyst, fructose and HMF selectivity
increased while glucose conversion decreased, indicating external
diffusional limits with contributed to slow down the glucose to
fructose isomerization rate, which was the limiting step of the reaction

(Table 11).

Table 11. Catalytic activity of AI-KIT6-C2 in glucose to HMF conversion
at 195 °C, after 150 min., in water/MIBK, varying S/C weight ratio.

Glucose HMF fructose

Glucose / Al- conversion  selectivity  selectivity HME yield
KIT6-C2 (%) %) (%) (%)
3 18.5 49.4 0.0 9.2
1.5 16.2 065.5 23.9 10.6
1 8.6 79.0 28.0 6.8

Influence of the aluminum content: 5A1-MCM-41

5AI-MCM-41 possessed larger BET surface area (25%), different

porosity and higher acidity (44% referred to surface area), which was
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supposed as more suitable for glucose dehydration to HMF. However,
the catalytic performance of 5AI-MCM-41, under similar experimental

conditions, provided worst results, as shown in Table 12.

Table 12. Catalytic activity of 5A1-MCM-41, after 150 min. at 195 °C, with
a §/C weight ratio of 3, in water/ MIBK.

Glucose — Fructose HME  HMF yield
conversion  selectivity  selectivity v,
%) %) %) )
5A1-MCM-41 71.8 211 31.0 22.6
10A1-MCM-41 86.5 10.1 41.2 35.6

This reduced effectiveness may be due to 5AI-MCM-41 possessed
lower Bronsted and Lewis acidity, despite containing more aluminum
but mainly in extra-framework positions (Section 6.1.3). The existence
of a higher proportion of micropores (Section 6.1.2) could difficult the
accessibility of reactants to acid sites, also contributing to the activity

worsening [122].

5AI-MCM-41 resulted more selective towards fructose, which required
mainly Lewis acidity. Liu e/ 2/ have studied the catalytic mechanism
for the isomerization of glucose into fructose over an aluminium-
MCM-41 framework, finding that the catalytic activity of the Al-
containing active sites originates from three factors, and not only by
the Lewis acidity associated to Al sites (although mainly), but also
from a proton donor in the form of an AI-O(H)-Si group and from

proton acceptor in the form of an Al-OH group. 5AI-MCM-41
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containing lower Lewis acidity should be less selective towards
fructose than 10Al-MCM-41. Higher presence of fructose after
reaction could point out those contributions, but it can also be
suggested that a higher fructose formation did not mean only a higher
selectivity to fructose but also lower dehydration of fructose into

HMF because of lower Bronsted acidity.

Catalyst reusability

Recovery and reusability of catalysts without complex and/or high

expensive operations is an essential aspect in heterogeneous catalysis.

10AI-MCM-41 reusability in subsequent glucose to HMF dehydration
runs was studied at the same operation conditions: biphasic NaCl (aq.,
20 %wt.)/MIBK medium, 195 °C, 30 min., S/C weight ratio of 3.
Fresh catalyst was white after synthesis but turned brown after first
use due to adsorption of undesirable reaction products. Reusability of
the catalyst was carried out without any regeneration treatment. Along
four runs, glucose conversion decreased, although HMF selectivity
kept almost invariable during 3 runs. Fructose was significant from the
third run (Figure 60). These results indicated Lewis and Bronsted acid
sites kept unmodified. The species adsorbed on the catalyst reduced
both the available active area and mesopores allowing the access of
reactants. The increasing fructose selectivity constituted another
evidence that glucose isomerization to fructose is the limiting step, and
from the third run, the catalyst, worked under non optimal conditions.
Thus, the catalyst could be reused for three catalytic runs without any

treatment after reaction, achieving high HMF yields.
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Figure 60. 10A-MCM-41 catalyst reusability along 4 runs in biphasic
system NaCl/MIBK with S/C ratio 3 at 195 °c after 30 minutes.

MCM-41 based catalyst has been used for Knoevenagel condensation

reaction along three catalytic cycles with only 4 % yield loss.

In this case, the catalyst was previously regenerated by separation
through centrifugation, washed several times with distillated water and

dried [137].

On the other hand, the effect of the Fe/MCM-41 catalyst synthesis
method was studied and the catalyst was tested in the green synthesis
of xanthene derivatives. The catalyst reusability was also evaluated, for
which it was filtered and washed with ethyl acetate to remove any

unreacted precursor and organic products. The catalyst showed only

6-113



minor deactivation after five catalytic runs (from 91 % to 86 % yield)

with small loss of iron [138].

Zr-MCM-41, synthesized by Jiménez-Morales ¢f a/. and studied in the
glucose to HMF dehydration reaction, was also reused without any
treatment along several runs, showing glucose conversion and HMF
yield trends similar to 10AI-MCM-41. Zr-MCM-41 used in four runs
was separated by filtration and calcined (500 °C, 2 hours), showing
significant recovery. Nevertheless, Zr-MCM-41 catalyst was also
calcined after only one catalytic run, achieving almost fully initial

catalytic activity [122].

10Al-MCM-41 reusability was also tested after separation by filtration
and calcination (550 °C, 2 hours), not showing as high catalytic activity
as initially, in contrast to the cited Zr-MCM-41. Glucose conversion
decreased (from 96.4 to 54.9 %) and HMF yield fell by half, indicating
structural and textural changes after a second calcination, probably

moving aluminum to extra-framework positions.

6.2.3. Zeolites (ZSM-5, Y, Beta)

H-zeolites (ZSM-5, Beta and Y), with Si/Al molar ratios of 15, 12.5
and 6, respectively were tested as acid heterogeneous catalysts for
glucose to HMF dehydration under the optimal reaction conditions
previously determined using 10A1-MCM-41: 195 °C , S/C weight ratio
of 3 and 150 min. in biphasic water/MIBK medium. H-Beta-12.5 and
H-Y-6 attained glucose conversion higher than the 86 % achieved
using 10AI-MCM-41, and fructose selectivities under 10 % produced
with the MCM-41 catalyst (Figure 61).
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Figure 61. Catalytic activity using H-zeolites and comparison with 10Al-
MCM-41 catalyst, in water/MIBK, at 195 °C after 150 min. with S/C
ratio 3.

However, the highest HMF selectivity of H-zeolites was lower than
30%, by using H-Beta-12.5. The H-ZSM5-15 zeolite presented the
lowest activity, which can be explained taking into account its lowest
Lewis and Bronsted acidities. In addition, H-ZSM5-15 had more
micropores and acid sites than the other H-zeolites, locating the
acidity mostly in its micropores, which makes difficult for glucose
molecules to access. H-Beta-12.5 zeolite achieved similar glucose
conversion than 10Al-MCM-41, although a lower HMF selectivity
(29.2 »s 41.2 %), which can be explained by considering the high
concentration of acid sites, specially Lewis ones, of moderate-strong

acidity, and overall, the important developed mesoporosity, pointing
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out the key role of the textural properties in the catalytic performance

of porous acid solids in glucose and fructose dehydration reactions.

The effect of NaCl (20 wt.%) addition to the aqueous phase with
10AI-MCM-41 as catalyst, allowed to attain glucose conversion over
95%, high selectivity towards HMF and barely fructose, and, extremely
important, shortening the reaction time from 150 to 30 min. Thus,
similar experimental conditions were stablished to test the H-zeolites.
Higher glucose conversion values were achieved in all cases, fructose
selectivities became lower and HMF resulted higher than 42 % ().
Under these conditions, also H-Beta-12.5 produced the best results,
quite similar to those with 10Al-MCM-41, mostly due to its

mesoporosity.

w3 Fructose selectivity (%) 3 oC 4 :
s HMF selectivity (%) I\IaCIlzg:)S/M(i’BtK 30 min.
-Glucose conversion (%)
100 - w===HMF yield (%) -
90 - T ——
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Figure 62. Influence of the NaCl aq. addition in the reaction medium
using H-zeolites and comparison with 10AI-MCM-41 at 195 °C after 30
minutes in water/ MIBK system with S/C ratio 3.
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By using H-ZSM5-15 and starting from fructose, complete sugar
conversion was achieved, although HMF selectivity was slightly lower,
which can be explain by the lowest proportion of Bronsted acid sites.
Moreau et al. studied H-zeolites for fructose conversion to HMF in
biphasic water/MIBK systems, at 165°C, finding conversion and
HMF selectivity dependent on acid and structural properties of
catalysts, achieving the maxima fructose conversion with H-Y faujasite
(Si/Al= 15) and H-mordenite (Si/Al= 11) [139]. Thus, H-zeolites
possessed low, but enough Bronsted acidity to dehydrate fructose to

HMF.

The positive effect of NaCl, as in 10Al-MCM-41, increased the
partition coefficient (from 1.1 to 1.9 in H-ZSM5-15), preserving HMF
from other transformations. After reaction, all the catalysts turned into
brown, due to the formation of undesirable products which
diminished the HMF yield. The formation of polymeric species from
carbohydrates and HMF condensation takes place on Lewis acid sites
[140], and the formation of products from HMF rehydration [117], on

Bronsted acid sites. Levulinic acid was not detected.

These results can be compared to other reported in literature, although
considering that different experimental conditions are used in this
particular case. Nikolla e7 a/ [141] used Sn-Beta and Ti-Beta zeolites
for glucose dehydration to HMF, achieving a 18% HMTF selectivity at
75% glucose conversion, after 90 min. in a biphasic H,O/1-
butanol/NaCl system, at 160 °C, and obtaining a 55% HMF selectivity
after addition of HCL

Lourvanij et al. employed a H-Y zeolite, reaching full glucose
conversion after 8 hours, at 160 °C [142]. Ordomsky et al [102]
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employed also a biphasic water/MIBK system with a H-MOR, H-
ZSM5 and H-BEA zeolites starting from fructose. With H-ZSM-5, a
conversion of 80 % and a HMF selectivity over 60 % were achieved,

higher than with H-BEA.

Reaction temperature (H-zeolites)

The influence of the reaction temperature on the H-ZSM5-15 zeolite
activity was studied from 175 to 205 °C (operational limitation),
obtaining the results showed in . Glucose conversion increases with
the reaction temperature, existing a direct dependence of glucose
conversion with the temperature, as expected. A strong rise was
produced from 185 to 195 °C, where conversion increased from 37 to

80 %, and, consequently, the HMF yield from 18 to 42 %.

Figure 63. Influence of the temperature on glucose dehydration to
HMF in NaCl (aq.)/MIBK, after 30 min., with H-ZSM5-15 with
S/C ratio 3.
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The influence of the temperature with H-Beta-12.5 as catalyst was also
studied from 175 to 195 °C, showing similar trends to those with H-
ZSM5-15, but with high fructose selectivity under 195 °C, due to its
high Lewis acidity, which quickly isomerized glucose, and a low

amount of Bronsted acid sites needed for dehydration ().

Figure 64. Influence of the temperature on glucose dehydration to
HMEF, in NaCl (aq.)/MIBK, after 30 min., with H-Beta-12.5 with
S/C ratio 3.

Otomo e¢f al. [140] studied different Beta zeolites in the glucose to
HMEF reaction, and with the most active zeolite, Beta-ST600, at 170 °C
after 15 min,, fructose was obtained as main product with 71%

selectivity, due to the role of Lewis acid sites.

At every temperature, soluble and insoluble byproducts, such as
humins were formed, as could be inferred from the change of color of
the H-ZSM5-15 catalyst from the first 15 min. of reaction, which
diminished the HMF yield.
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Reaction time

The kinetic study was carried out with H-ZSM5-15 as catalyst, in a
biphasic NaCl (aq., 20 %wt.)/MIBK system, at 195 °C, according to
the previous results. It was revealed that maxima HMF selectivity and
yield were attained after only 30 min., although glucose conversion
improved at longer reaction times, indicating that, from 30 min., HMF
was exposed to secondary reactions generating insoluble polymers
which blocked active sites of the catalyst, decreasing the HMF

selectivity from 53 to 28% between 30 and 75 min. ().

Figure 65. Kinetic study using H-ZSM5-15 in biphasic
NaCl,y/MIBK medium, at 195 °C after 30 minutes with S/C ratio
3.

Catalytic activity with H-Beta-12.5 was also compared after 15 and 30
min., showing important differences in this time range than H-ZSM5-

15, achieving lower glucose conversion and HMF selectivity (52.6 and
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29.9%, respectively) than with H-ZSM5-15 (60.1 and 40.4%) after 15
min., but leading to 97.2 % »s 79.7 % glucose conversion and similar
HMF selectivities after 30 min., which could be explained by the
highest Lewis acidity of Beta zeolite, which could quickly isomerize
glucose, but similar Bronsted acidity for both zeolites, which are

responsible for dehydration to HMF.

Biphasic systems

Previous catalytic studies were cartied out in a biphasic water/otrganic
solvent, with a volume ratio of 0.43, which resulted optimal with other
tested catalysts. After determining 195 °C and 30 min. as standard
experimental conditions, the influence of the organic phase volume
(MIBK as solvent) in biphasic system with NaCl (aq., 20 wt.%) was

evaluated ().

A low aqueous to organic phase (high volume of MIBK) ratio
improved not only the HMF selectivity, but also the glucose
conversion, resulting in a significant increase in HMF yield, neartly
triple. These data confirmed the role of the organic phase for HMF
extraction, favoring the equilibrium towards its formation and also
preventing from subsequent degradation reactions. The achievement
by the use of a biphasic system was supported also by the results
obtained in the absence of MIBK, with high glucose conversion but
only 3.6 % of HMF yield, due to rehydration of the formed HMF
evidenced by the identification of levulinic acid in the aqueous phase

after reaction (not quantified).
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Figure 66. Influence of the organic phase volume, using H-ZSM5-
15, with NaCl as aqueous phase, at 195 °C after 30 min.

The presence of salt ions in the aqueous phase favored a high glucose
conversion (81.6 %), but the introduction or the absence of an organic
phase modified the HMF yield (42.2 »s 3.6 %). The high glucose
conversions due to the presence of NaCl sustained the role of the
alkaline and alkaline earth salts, not only by increasing the partition
coefficient when an organic phase exists, but also taking part in the
reaction mechanism [143,144]. This latter became more evident when
glucose dehydration was studied at 195 °C, in the absence of catalyst,
in biphasic water/MIBK medium and also with NaCl (aq.) instead of
water. After 30 min., HMF yield resulted 6.3% with NaCl and 1.9%
with water, due to higher glucose conversion and HMF selectivity in

the presence of salts (Figure 67).
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Figure 67. Catalytic activity in the absence of catalyst, in biphasic
NaCl,q/MIBK and water/MIBK systems.

Yu et al. have studied zeolites as catalysts for sugar valorization
processes. Regarding glucose/fructose dehydration to HMF, the
participation of cations and anions in the reaction has been stated
using NaCl and ionic liquid. Thus, by using the ionic liquid BMIMCI,
the cation can be exchanged with the Bronsted acid sites of the zeolite,
releasing the proton and favoring the diffusion of the Bronsted acid
sites. Moreover, the nucleophilicity of chloride anion is favorable for

isomerization of glucose to fructose over Lewis acid sites [145].

In order to gain more in-depth knowledge on the role of ions of the
inorganic salts into the glucose dehydration to HMF, several salts with

different monovalent and divalent ions were evaluated.

Gorgényi had previously studied the salting-out effect of inorganic
cations and ions, concluding that, with respect to cations, the strongest

effect was produced by the smallest hydrated ions, Na" and K, while,
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regarding to anions, the double charged ones, as sulphate, were more

effective than the simple charged ions [1406].

Morte studies using a biphasic watet/1-butanol medium with different
inorganic salts for fructose dehydration to HMF had been reported by
Romién-Leshkov and Dumesic [123]. They found Na® and K' from
chlorides showed the best combination of extracting power and HMF
selectivity. As regards anion effect, changing CI' to Br’, the partition
coefficient (R) and the HMF selectivity resulted similar to non-salt
systems, but changing to SO4”", a high R value was obtained, while a

low HMF selectivity was reached.

Glucose reaction was tested in a biphasic aqueous salt solution/ MIBK
system, with H-ZSM5-15 as catalyst, at 195 °C for 30 min.. First
comparison was in the presence of chloride anions. The glucose
conversion followed the trend: Na' > Li* > K", whereas the
selectivity values were very close, between 40 and 47% (). These
results were consistent with those previously reported [132,146]. By
maintaining the counterion (Na") and varying the nature of the anion,
there were no significant differences in glucose conversions or HMF
selectivities. The best catalytic performance was achieved with NaCl.
These results also corroborated the previous results about the
improvement of catalytic activity in glucose dehydration to HMF using
alkali and alkaline earth metal chloride [147]. The role of NaCl in MFI
type zeolites, as ZSM-5, has been explained by Gardner ¢# a/. through
the enhancement of the hydrolysis of Si—-O-Al bridges, releasing A’
species that catalyze the conversion of glucose under homogeneous

conditions [148].
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Figure 68. Effect of the cation (above) and the anion (below) in
biphasic aqueous/MIBK medium, with H-ZSM5-15 at 195 °C
after 30 minutes with S/C ratio 3.

Thus, heterogeneous catalysis on the ZSM-5 zeolite and homogeneous

one by aluminum cations seemed to occur simultaneously.

CaCl, addition to the aqueous phase in the absence of catalyst led to

higher HMF selectivity than with 10AI-MCM-41 as catalysts, and
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glucose conversion resulted in similar values. By using H-ZSM5-15 as
catalyst, better results than without catalyst were achieved, starting
from glucose or fructose, but also higher conversion and HMF
selectivity were obtained in the absence of catalyst, from both
carbohydrates. These results suggested that CaCl, was involved in
both glucose isomerization, occuring very fast, and in sugar
dehydration. After the addition of the acid catalyst, more sugar can be

converted.

Roéman-Leshkov studied different biphasic systems with saturated salt
solutions as aqueous phase for fructose dehydration to HMF [132] and
using 1-butanol as organic phase, at 180 °C, similar fructose
conversion and HMF selectivity were achieved in the absence of salt
and in the presence of calcium chloride, after 35 min.. Nevertheless,
the addition of NaCl produced higher fructose conversion and HMF
selectivity. In comparison with these reported results, but at different
experimental conditions (temperature, time, solvent), the results in
aqueous salt solution/MIBK, at 195 °C, followed a different trend,
with higher activity in the presence of salts, and the highest conversion

and HMF selectivity with calcium chloride.

Rasrendra ef al. studied glucose conversion catalyzed by inorganic salts
of aluminum, zinc and chromium. At 140 °C, HMF was also relevant
by using zinc salts, and, observing the reactivitty and the chemo-
selectivity changes by using salt solutions, they concluded metal ions

of the salts played a key role [144].

Torres-Olea ef al. studied the influence of Lewis acidity and CaCl, on
the glucose dehydration to HMF with Nb-Zr oxides. They analyzed

the catalysts after reaction, finding that Ca** cations interacted with
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the catalysts, but specially with the catalyst with high Nb
concentration. They suggested cation exchange between Ca** and
protons in the Bronsted acid sites of these catalysts. Except with
Nb,Os as catalyst, they did not find fructose, pointing out another
pathway for glucose conversion to HMF, not involving glucose to

fructose isomerization [149].

The addition to CaCl, in the aqueous phase with H-ZSM5-15 was as
effective as the addition to NaCl in the aqueous phase with 10Al-
MCM-41, in terms of glucose conversion and HMF yield. Thus, the

main role was suggested to be played by the cations.

It can be concluded that alkaline and alkaline earth salts can promote
the glucose/fructose dehydration to HMF, but the cause and the
effect of the salt cations and ions is not only related to the type of
ions, but also to the interactions with each catalyst and to the specific

reaction conditions.

Catalyst loading

The influence of the catalyst loading was previously studied in
water/ MIBK systems with Ta,0s and 10A1-MCM-41 catalysts and in
NaClaq/MIBK systems with 10Al-MCM-41, providing an optimum
substrate/catalyst (S/C) weight ratio of 3 in any case. H-ZSM5-15
catalyst was loaded for having S/C weight ratios of 6, 3 and 2 in
NaCl/MIBK ,in order to study the influence of the catalyst loading,
finding that the glucose conversion increased from 46 to 80% when
the glucose/catalyst weight ratio decreased from 6 to 3, but not

varying from 3 to 2, that is, by increasing the amount of catalyst.
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However, the HMF selectivity did not vary from 6 to 3 and slightly
diminished from S/C weight ratio of 3 to 2 (50 % mote of catalyst),
due to the excess of active sites catalyzed also secondary reactions

with HMF (Figure 69).

mm HMF selectivity (%)
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Figure 69. Influence of the catalyst loading at 195 °C, in biphasic
NaClaq/MIBK system, with H-ZSM5-15 at 195 °C after 30 minutes.

External surface area and pore volume of the previously reported
catalysts were very different, ranging between 79 and 587 m* g and
0.06 and 1.45 cm’g’, respectively, but a S/C weight ratio of 3 resulted
optimum for all of them, with 1.5 mL of aqueous phase and 3.5 mL of
MIBK, which indicated that external diffusion would be the rate

controlling step which limited the glucose adsorption.
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Influence of the nature of the acid sites

Purely siliceous zeolites are not acidic, although structural defects in
the lattice can origin acid sites. In zeolites with aluminum in
isomorphous substitution of silicon, Brénsted acid sites are generated
by protons which compensate the negative charge of the lattice. There
are different types of hydroxyl groups in zeolites: bridged Si-O(H)-Al
associated to Bronsted acidity; silanols (Si-OH), which can act as
Bronsted acid sites and interact with penta-coordinated aluminum
(Section 5.3.7. Figure 4) and sometimes, extra-framework Al-OH
species. The strength of the O-H bonds determines inverse
proportionally the strength of Bronsted acid sites, but, in zeolites, the
location of the Bronsted acid sites into channels and defects in the
crystalline structure are also factors controlling the acidity [149]. Lewis
acidity, related to coordinatively unsaturated cations, is originated by
extra-framework aluminum, but also by tetrahedral framework
aluminum, as in resonant SIOH-->Al [150,151] that can accept
electrons. Moreover, interconversion between Bronsted and Lewis

acid sites can occur in zeolites [152].

The introduction of heteroato—modifies the nature and strength of
the acidity, as a function of the number, coordination and framework
position of these atoms. In this sense, it is an effective way for tuning
the acidity. Cations(III) in the framework (Fe, B, Ga...) also provide
Bronsted acid sites, as Al, and others such as Zr, Nb, Ti, Ta...provide
Lewis acid sites. These cations provide more hydrophobicity and,
consequently, more hydrothermal stability compared to zeolites with
only Al and Si. Moreover, the heteroatoms together with the

aluminum atoms are responsible of the overall acidity and can display
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cooperative effects. Besides this, the structure of the zeolite
determines preferential positions for Al or heteroatoms in the
framework, and, in some zeolite crystals, a gradient of Al

concentration throughout the crystal has been observed [150].

Concerning Fe-zeolites, iron can be present as isolated iron species
(mononuclear or binuclear oxygen-bridged iron species), oligomeric
iron oxide clusters and/or iron oxide nanopatticles, located in the
framework, pores, extra-framework and also external surface,
modifying the properties of the zeolites in different ways. In addition,
isolated iron species can exist as isolated entities into the framework or
extra-framework bounded to silicon hydroxyl “nests”, as iron species
coordinated with extra-framework aluminum, and as iron species at
cation exchange sites [153]. By using ion-exchange method for iron
introduction, this would be mainly deposited at the cation-exchange
sites, although small clusters of iron species in the pores, coordinated
unsaturated iron species, extra-framework and agglomerates of iron
oxides on the surface, could also be formed [154]. The Si/Al ratio also
influences on the iron dispersion, as the lower ratio, the more ionic

sites and the better dispersion.

Once catalytic conditions for maximum activity were established for
the zeolite-based catalysts, the influence of the nature of the acid
properties was evaluated, by comparison of H-zeolites with Fe- and
Cu-zeolites, with lower acidity, but, particularly, with Lewis acidity
(Section 6.1.3). Firstly, ion-xchanged ZSM-5 zeolites (Fe-ZSM5-15
and Cu-ZSM5-15) were tested in biphasic water/MIBK medium at
195 °C and after 150 min. Both Lewis catalysts led to higher glucose

conversions (nearly 100 %), higher HMF selectivity and much lower

6-130



fructose selectivity, increasing the HMF yield from 1.6% (H-ZSM-5)
to 30% (Fe-ZSM-5) and 26% (Cu-ZSM-5) (). Weak to moderate Lewis
acid sites are considered to play the main role in the formation of
HMEF, as strong acidity promotes the formation of other byproducts
[155]. Fe-ZSM5-15 and, specially, Cu-ZSM5-15 possessed more
Bronsted and Lewis acid sites than the protonated form. Y and Beta-
type zeolites were also tested and compared under similar reaction
conditions (). Fe-Y-6 and Fe-Beta-12.5 enhanced the catalytic activity
in comparison with the H-forms, although not as much as in the case
of ZSM-5 catalysts. Iron in the Y zeolite highly increased the Lewis
acidity with respect to H-Y-6, which favored the HMF selectivity. Fe-
Beta-12.5 led to similar catalytic activity than H-Beta-12.5, which had
resulted more active than the other H-zeolites. Lewis acidity resulted
50 % lower in Fe-Beta than in H-Beta, as well as total acidity, although
external surface area and pore volume were larger. Synergistic effect
between Bronsted and Lewis acid sites in Fe-Beta zeolites has been
reported for glucose conversion to HMF [153,1506]. Thus, cooperation
between Fe and Al and better textural parameters would be
responsible of the activity of Fe-Beta-12.5 despite possessing lower
Lewis acidity. Cu-Y-6 and Cu-Beta-12.5 had much more Lewis acidity
than the respective H-zeolites and even than the Fe-zeolites, which
would reduce the HMF selectivity by the enhancement of secondary
reactions with HMF, despite a lower fructose selectivity. Thus, not
only Bronsted and Lewis acid sites should be taken into account, but

also the possible Lewis-Bronsted acid sites synergy.
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Figure 70. Catalytic activity at 195 °C after 150 min. of H-, Fe- and
Cu- zeolites in a biphasic water/MIBK system with S/C ratio 3.

Direct cooperation between Lewis acid sites and the neighboring
proton donors influences on the catalytic properties of Lewis acid
zeolites, such as Sn, Ti and Zr-containing aluminosilicates. Sn-Beta

zeolites have been reported as very effective catalysts for selective
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glucose isomerization to fructose, due not only to the higher Lewis
acidity but also to secondary effects produced by neighboring proton-
donating [157,158].

Co, Fe and Cu-BEA zeolites were prepared by Sobus ef al. for the
synthesis of acrylic acid from lactic acid [159], showing Co— and Cu—
BEA zeolites the best catalytic properties for the direct dehydration of
lactic acid to actylic acid. Dimeric M—O—M species, such as [Cu*-O*—

Cu®"]. Were essential for this reaction [159].

A significant improvement by the introduction of metal transition
cations (Fe(II) and Cu(II)) was only achieved for ZSM-5 zeolites. All
the Fe-zeolites resulted more active than the H-form, reaching HMF
yields around 30%, and also than Cu-zeolites. Thus, these zeolites
were tested at a lower temperature, although the catalytic activity
resulted lower than at 195 °C, as expected. From 185 to 195 °C,
fructose selectivity decreased around 13% for all the Fe-zeolites, but
HMF did not improve proportionally, especially in Fe-ZSM5-15
zeolite, with the strongest acidity, which favored secondary HMF

reactions ().

Secondly, only the most effective cation-exchanged zeolites in
comparison with the H-form (Fe- and Cu-ZSM-5) were tested in NaCl
aqueous solution, at 195 °C, under similar operation conditions at
which H-ZSM5-15 catalyst showed a high activity, that is, after 30
min. (glucose conversion and HMF yield were 80 and 42%,
respectively). HMF selectivity values resulted very close, and the main
differences were found in terms of glucose conversion, which were
similar with Cu- and H-ZSM5-15 zeolites and the half with Fe-ZSM5-
15 ().
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Figure 71. Catalytic activity of Fe-zeolites at different reaction
temperatures in a biphasic water/MIBK system, after 150 min.
with S/C ratio 3.
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Figure 72. ZSM-5-type catalyst comparison in a biphasic
NaCl,,/MIBK system, at 195 °C after 30 min. with S/C ratio 3.

In this sense, it was previously reported the role of NaCl in MFI type
zeolites, as ZSM-5, hydrolyzing the Si-O-Al bridges and releasing A’
species that catalyzed the conversion of glucose through
homogeneous catalytic processes [148]. Fe- and Cu-ZSM5-15
possessed very similar textural properties, but very different Lewis
acidity, probably due to the aluminum enrichment on the surface of
Cu-ZSM5-15, which was about the 25 % of the aluminum. This
increase in surface produced an aluminum decrease into the
framework, which could hinder the Al promotion by Na* cations.
Another cause could be a cation exchange occurring between
Fe(ILII) or Cu(Ill) ions with Na cations, reducing the number of
Lewis acid sites available for the glucose reaction, since these iron and
copper cations would be in solution as anionic chlorocomplexes, due

to the high concentration of chloride ions.
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In order to get insights into this possible cation-exchange process, the
sutface of the spent catalysts was analyzed by XPS, resulting in Na/Al
atomic ratios of 0.47 (Fe-ZSM5-15) and 0.1 (Cu-ZSM5-15), while
chloride ions were not detected. In addition, the surface M/Al atomic
ratios were compared in fresh and spent catalysts. Fe/Al decreased
from 0.2 to 0.13 and Cu/Al decreased from 0.08 to 0.05, resulting in
both catalysts a metal (Fe, Cu) decrease around 35 % after reacting in
the presence of NaCl aqueous solution. Thus, these data confirmed an
exchange between Na and Fe or Cu cations. Hydrolyzed cations in the
channels are weakly electrostatically bonded to the aluminum-silicate
structure and have easy mobility and are able to be exchanged with the

cations of the salt solution.

NaCl, as well as other inorganic salts, has been demonstrated to
improve the zeolite adsorption properties when high concentration of
salts are used. In the large cavities and channels of the zeolite
structure, the exchangeable cations contact with cations of the salt
solution, such as Na', producing chemical modifications. These

modifications are essential in some processes, as in water treatment

ones [160].

Catalyst reusability

Catalyst reusability is important not only for economical as also for
environmental reasons. After separation from the reaction mixture,
the used catalyst must be useful in a subsequent catalytic cycle, several
times. Nevertheless, carbon deposition, thermal degradation, leaching,

poisoning, among other factors, would lead to lower activity and,
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finally, to deactivation. In glucose dehydration to HMF, humins and
insoluble polymers were formed in every reaction test, as was clearly

visible.

Oftenly, the loss of activity is reversed by regeneration processes for
poison or deposition removal, being the most common the calcination
[161]. Mesoporous tantalum oxide reutilization was tested without any
treatment, and it was concluded that only one catalytic cycle was
possible at reasonable catalytic activity. After washing with water and
regenerated by calcination at 550 °C (2 hours), the activity was well
maintained for two additional catalytic cycles. 10AI-MCM-41 catalyst
was reused without regeneration for four catalytic cycles, showing high

catalytic activity along three cycles.

Spent H-ZSM5-15 was analysed by thermogravimetry in order to
clucidate the calcination temperature required to regenerate it by
decomposing the organic matter present in the catalyst. The weight
loss from room temperature to 500 °C resulted 11.3%, attributed to
organic species removal. Thus, a thermal treatment at 550 °C (2 houts)
was fixed in the calcination program to regenerate the used catalyst.
After calcination, the acid characterization by Pyr-FTIR was carried
out to get information about the catalyst modification. Fresh H-
ZSM5-15 possessed 103 umol g™' of Lewis acid sites, while spent H-
ZSM-15 increased until 345 pmol g ', which suggested the weakening
of aluminum bonds in the framework and the generation of extra-
framework aluminum. XPS analysis provided a Si/Al atomic ratio for
the spent catalyst of 13, showing a surface aluminum enrichment as

Si/ Al ratio of the fresh catalyst was 18.
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After regeneration and analysis, spent H-ZSM5-15 catalyst was tested
in biphasic water/MIBK reaction medium at 195 °C, showing an
important glucose conversion increase, from 58.5 (fresh) to 81.9%
(spent) while fructose selectivity diminished from 14.6 (fresh) to
10.3% (spent). Thus, glucose conversion was directly related to the
Lewis acidity. HMF yield was kept, as HMF selectivity slightly

decreased due to the loss of some Bronsted acid sites.

H-Beta-12.5 was also regenerated by calcination and tested in biphasic
water/ MIBK and in NaCl (aq., 20 wt.%)/MIBK in a second catalytic
cycle, respectively. Besides XPS, which did not provide changes in the
Si/Al ratio, XRD analysis were catried out of the spent catalysts, not
showing important structural changes after reaction and calcination

(Figure 73).

In water/MIBK (195 °C, 150 min.), the results revealed a decrease in
HMF yield, from 26 to 18%, mainly associated to the HMF selectivity
decrease, as occurred in H-ZSM5-15, as expected for spent catalysts
(Figure 74). With respect to the reuse of H-Beta-12.5 with NaCl
solution as aqueous phase, the high glucose conversion achieved with
the fresh catalyst experimented an important decrease, by about half,
and the HMF selectivity was similarly reduced, leading to a lower
HMF yield (31% instead of 56%). Pyr FTIR spectroscopy analysis of
the spent catalyst showed reduction of both Bronsted and Lewis
acidity with respect to the fresh catalyst. The low HMF yield could be
due to a partial cation exchange of mobile acidic protons by sodium
ions, due to the presence of NaCl in high concentration and weaker
bonds in the framework, originating an important reduction of the

Bronsted acidity. The performance in a second catalytic cycle of H-
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Beta-12.5 was far from the activity of 10A-MCM-41catalyst under
similar experimental conditions, which after thermal regeneration still

attained 49 % of HMF yield.
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Figure 73. XRD patterns of H-Beta-12.5 catalyst fresh, calcined after
reaction, and calcined after reaction in NaCl,,/MIBK medium.
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Figure 74. Catalytic activity of fresh (cycle 1) and used (cycle 2) H-
Beta-12.5 catalyst at 195 °C with S/C ratio 3.

Spent Fe-zeolites were also evaluated after calcination at 550 °C (two
hours) in biphasic water/MIBK system, leading to the catalytic results
shown in . Fe-ZSM5-15 kept the activity from the first to second
catalytic cycle, exhibiting high stability. Nevertheless, Fe-Y-6 and Fe-
Beta-12.5 highly worsens glucose conversion, mostly Fe-Beta-12.5,
which also decreased HMF selectivity and highly increased fructose

selectivity. XPS data of spent Fe-Beta-12.5 barely indicated iron on the
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surface. Analysis atomic spectrometry of the after reaction mixture
revealed the presence of iron, indicating leaching from the catalyst.
This fact would remove the acid sites, being responsible of the loss of

activity.

Figure 75. Catalytic activity of iron-containing zeolites as fresh (cycle 1)
and used (cycle 2) catalysts at 195 °C after 150 minutes in biphasic system
water/MIBK with S/C ratio 3.

Cu-Beta-12.5 as fresh had previously shown lower activity than H- and
Fe-Beta-12.5. The spent catalyst was regenerated by calcination and
tested in biphasic water/MIBK system, at 195 °C (). The results
mostly indicated an increase in fructose selectivity, but also HMF
selectivity increased. Si/Al atomic ratio determined by XPS increased
from 9 (fresh) to 16.3 (spent). This partial dealumination could occur

after reaction in hot water and calcination, and would increase the
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hydrophobicity, preventing HMF from secondary reactions in the
zeolite channels. The substitution of Al by Cu reduces Si-OH-Al
groups, more hydrophilic. Also copper was barely found after
reaction, which would be responsible of the glucose conversion
decrease and the fructose selectivity increase, by the alteration of the

acidic properties of the catalyst.

Figure 76. Catalytic activity of Cu-Beta-12.5 catalyst for two catalytic
cycles at 195 °C after 150 minutes in biphasic system water/MIBK
with S/C ratio 3.

Thus, in a second catalytic cycle, also Fe-Y-06 resulted the most active.

6.2.4. Acidic carbons

Acidic carbons, chemically activated with phosphoric acid, with totally

different structures and properties than the tested mesoporous oxides,
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mesoporous aluminosilicates and zeolites, were also tested in the
catalytic dehydration of glucose to HMF, under similar experimental

conditions and procedures.

Firstly, acidic carbons derived from olive stones (HA series) and from
lignin (L seties) were evaluated in a biphasic water/ MIBK medium, at
195 °C for 150 min., optimal conditions for 10AI-MCM-41 and
zeolites, maintaining a substrate/catalyst weight ratio of 3. The
catalytic data reveal the absence of fructose and higher HMF

selectivity and glucose conversion values were detected as general

trend ().

m HMF selectivity (%) T=195¢2C, t=150 min.
100 - Glucose conversion (%) water/MIBK )
9 | A HMF yield (%) I
80 - L
70 - I
60 - L
% 50 - i

40 -
30
20
10
0 . . . . .

L3500 L31500 L31800 HA3500 HA31500 HA31800

Figure 77. Catalytic activity of acidic carbons in glucose
conversion to HMF in a biphasic water/MIBK system, at 195 °C
after 150 min. with S/C ratio 3.
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Activated carbons at 800 °C, with lowest porosity and acidity,
converted less glucose than the corresponding carbons activated at
500 °C, and also provided lower amounts of HMF. HMF selectivity
was in the range 42 — 51% in the carbons activated at 500 °C, being
L.31500 and HA31500 the most selective. These carbons possessed the
largest specific surface area and wider micropores surface, with small
micropores which limited the HMF degradation, and high porosity in
combination to weak and medium acid sites for glucose conversion.
Glucose conversion was maximal by using 1.3500 and HA3500, which
possessed the smallest surface area and micropores, but large

mesopores and the strongest acidity, associated to Bronsted acid sites .

Reaction temperature

To ensure maximum activity at the mildest reaction conditions, 1.3500,
with the maximum glucose conversion, was also tested at 180 °C, but
only 38.2 % glucose conversion was achieved and HMF selectivity
resulted 15.8 % after 150 min, giving a HMF yield of 6.1 %, lower to
the one attained at 195 °C (21.5 %)).

As fructose was not detected in any catalytic reaction, HA31500 was
studied under similar experimental conditions, but starting from
fructose. At 160 °C, HMF selectivity was similar than the ones
achieved starting from glucose at 195 °C. When reaction temperature
was Increased to 195 °C, almost complete fructose conversion was
achieved and HMF yield resulted to be 78%, much higher than
starting from glucose (). These results and the absence of fructose in

the reaction mixture when starting from glucose suggested a different
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mechanism for glucose conversion by using these carbon-based
catalysts, which did not isomerize glucose to fructose previously to the
dehydration of the sugar to HMF. This hypothesis matches well with
the detection (not quantification or identification) of a substance in
the analysis (by HPLC) of the aqueous phase, which would be an

intermediate of reaction.
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Figure 78. Catalytic activity of HA31500 acidic carbon starting from
fructose or glucose, at different reaction temperatures after 90 minutes in
biphasic system water/MIBK with S/C ratio 3.

Activated carbon had been reported as efficient adsorbent in the
fructose dehydration to HMF, in order to suppress the formation of

side-products such as levulinic acid [162].
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Kuster and Van Steen, using a biphasic water/MIBK system, obtained
similar results under similar experimental conditions than those used
with HA31500, over 90% fructose conversion and around 70%
fructose selectivity by using phosphoric acid as homogeneous catalyst
(0.1 M) [163]. As the acidic carbons used as catalysts had been
previously activated with phosphoric acid, it could be possible partial
leaching of phosphoric acid groups, acting as Bronsted catalyst in the
glucose dehydration to HMF. Thus, different concentrations of
phosphoric acid were used as catalyst at 195 °C for the glucose
dehydration in water/MIBK. Catalytic data, shown in Figure 79, were
worse than those reached by using acidic carbons, even at high
concentration of phosphoric acid, and a possible partial contribution

would be very low.
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Figure 79. Catalytic activity of phosphoric acid at different
concentrations in glucose dehydration to HMF in biphasic water/MIBK
system, at 195 °C after 90 min. with S/C ratio 3.
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Reaction time

As L3500 was the most effective in terms of glucose conversion at 150
min., it was also studied at shorter reaction times. Glucose conversion
rose with the reaction time, as expected, and HMF selectivity
increased to a maximum value at 120 min.. Longer reaction times
seemed to favor secondary reactions with the formed HMF, as is

shown in .
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Figure 80. Kinetic of the reaction with L3500 acidic carbon
catalyst in a biphasic water/MIBK system, at 195 °C with S/C
ratio 3.

This catalyst, under identical experimental conditions, provided similar
glucose conversion than H-ZSM5-15 catalyst (41%) and similar HMF
selectivity than 10AI-MCM-41. Therefore, 1.3500 would combine the

advantage of the other two catalysts, but from the economic and
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environmental point of view, as it has been obtained from biomass
wastes, it would be preferred. These data highlight that the catalytic

activity is driven by both textural characteristics and acidic properties.

L31500 and HA31500, which reached the highest HMF selectivity,
were tested at shorter reaction time, 90 min., at which mesoporous
tantalum oxide resulted more active, also in biphasic water/MIBK
system, at 195 °C. Both activated carbons showed lower glucose
conversion at shorter reaction times, as expected, but the same HMF
selectivity, around 50 % (Figure 81), due to a longer reaction time
favored HMF subsequent reactions, also catalyzed by weak and
medium acid sites. Thus, a time of 90 min. could be considered as

optimal, recovering back glucose for another reaction cycle.
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L31500 90 min. L31500 150 min. HA31500 90 min. HA31500 150
min.

Figure 81. Catalytic activity in a biphasic water/MIBK system, at 195 °C
after 90 and 150 min. with S/C ratio 3.
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As fructose conversion resulted lower than 40% at 160 °C, but
fructose is more reactive than glucose and more selective to HMF
[164], a kinetic test was carried at this temperature. Catalytic activity
increased with the time as expected, but HMF selectivity remained
between 120 and 150 min., which indicated secondary reactions at

longer reaction times.

Biphasic systems

The influence of the reaction medium was also studied with 131500
and HA31500 as catalysts. Water/MIBK has demonstrated to prevent
HMF for further reactions and selectivity in the range 40-52% had
been achieved. They were also tested in water, with only the aqueous

phase, and selectivity were lower than 13 % (Figure 82).
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Figure 82. Catalytic activity of 131500 and HA31500 acidic carbons in
different reaction medium, at 195 °C after 90 min. with S/C ratios 3.
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The influence of the proportion of MIBK in the reaction medium was
studied in order to use as much lower amount as necessary, but
maximum HMF yield. Previous catalytic tests were carried out with 1.5
mL water and 3.5 mL MIBK, which represented 70% of organic
phase. Experiments with lower organic phase percentages (Figure 83),

did not lead to better HMF yield.

mm HMF selectivity (%) HA31500
Glucose conversion (%)
100 1 oot 1=s0min
90 - ! ’
80 -
70 -
60 -
% 50 -
40 -
30 - i—
20 - : "—l
10 -
0 T T
30 50 70
% organic phase

Figure 83. Influence of the organic phase proportion in biphasic
water/MIBK systems, at 195 °C after 90 minutes, using HA31500 with a
S/C ratio 3.

With the lowest amount of MIBK, glucose conversion was very low as
partition coefficient resulted only 0.15, not shifting towards reaction
products. When the proportion of MIBK was increased to 30, 50 and
70%, the partition coefficient improved to 0.45, 1 and 2.1 respectively.

At 70 % of organic phase, HMF resulted maximum, although glucose
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conversion decreased, due to diffusional limitations in a small volume

of aqueous phase.

As a biphasic medium consisting of aqueous CaCl, solution/MIBK
with other studied catalysts (10Al-MCM-41 and H-ZSM5-15) led to
high activity values, the acidic carbons were also tested in this biphasic

b

system. The obtained results, in , showed the importance of the
organic phase, which retains the major part of the formed HMF,
avoiding degradation reactions. In only water, HMF selectivity were
around 12% and glucose conversion under 25%. The introduction of
MIBK increased HMF selectivity over 50% for both catalysts. When
calcium and chlorine ions are introduced, glucose conversion was
doubled, although HMF selectivity was slightly increased. These ions
participated mainly in the mechanism of glucose conversion. In the
reactions with H-ZSM5-15 catalyst, they seemed to favor the glucose
isomerization to fructose. Nevertheless, in other reported studies,
where fructose was not detected, another pathway from glucose
conversion to HMF not involving isomerization to fructose was
suggested [149]. With the acidic carbons, isomerization to fructose did
not occur. Calcium ions could interact with hydroxyl group of glucose
and with phosphate groups of activated carbons, facilitating the
glucose conversion, or could only shift the reaction towards the

products due to the improvement of the partition coefficient between

the organic and the aqueous phase.

Cyclopentylmethyl ether (CPME), an eco-solvent [165] tested in the
catalyzed dehydration of glucose using 10Al-MCM-41, was also used
with HA31500 acidic carbon, as catalyst, at 195 °C in a biphasic

water/organic solvent medium. After 90 min., glucose conversion was
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higher than with MIBK as organic solvent (34% vs 24%), but HMF
selectivity was much lower (Figure 84). A similar effect was observed
when water/CPME was employed with 10AI-MCM-41, which was

due to a very low partition coefficient. R was calculated and resulted

2.1 in water/MIBK and only 0.61 in water/CPME.

Figure 84. Catalytic activity by using HA31500 acidic carbon in biphasic
system, using MIBK or CPME as organic phase at 195 °C after 90
minutes with S/C ratio 3.

When CPME was used as organic phase with HA31500 catalyst,
furfural was detected. Ouwen ¢ al [160] studied the glucose
conversion in HMF and furfural in the presence of Bronsted acids
(H2SO4, HCL, HNOj and H3PO4) and Lewis acids (SnSO4, CuSO4 and
MnSOy), as co-catalysts. Maximum HMF selectivity (47%) was

achieved by using the HCI-SnSO, system, with selectivity towards
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furfural of 19%, while maximum furfural selectivity (30%) was
achieved with H,SO4SnSO,, with a HMF selectivity of 14%. A
weaker Bronsted acid as H;PO4 only produced HMF and furfural with

a selectivity of 1%.

These results suggested that the presence of strong Bronsted acid sites
together with Lewis acid sites, such as in HA31500, favored not only
HMF formation but also furfural. A proposed mechanism [167] when
fructose is not detected is that glucose dehydrates through 3-deoxy-
glucosone as key-intermediate, which can be twice dehydrated to
HMEF, but also 3-deoxyglucosane could be dehydrated to an unstable
intermediate, which would loss carbon as formaldehyde, forming
furfural. MIBK, with a high partition coefficient, retains much HMF,
displacing the reaction towards its production, but CPME, with a
lower partition coefficient, enable both reactions, although favoring

HMF versus furfural.

Wang ef al. studied the catalytic conversion of glucose and also directly
from corncob residues with mixtures of AICl;-HCl as catalyst,
reaching 54.5% HMF yield at 175 °C after 20 min., in a biphasic
system NaCl,,/CPME (ratio 1:3) system, starting from glucose. In
biphasic watet/CPME system, glucose conversion reached 60%, and
HMF vyield resulted lower than 10%. The influence of the
CPME /water ratio was also studied, finding that ratios higher than 3
decreased glucose conversion values, explained by a possible
competition between water and CPME, due to its character dipolar

and alkaline character, affecting the acid strength [168].
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The biphasic system for highest catalytic activity was CaCly
(aq.)/MIBK, although in the absence of CaCly, some HMF selectivity

was achieved.

Catalyst loading

The influence of the substrate/catalyst weight ratio of 131500 and
HA31500 acidic catbons in a biphasic water/MIBK system was
studied, as performed for mesoporous tantalum oxide and 10Al-
MCM-41. For zeolites, it was also studied but the aqueous phase
consisted of a NaCl aqueous solution instead of pure water. For both
catalysts, glucose conversion increased from S/C ratio of 6 to 3,
decreasing with a higher proportion of catalyst (Figure 88). This trend
was also observed with 10AI-MCM-41, and was explained by external
diffusional as controlling step, which limited the glucose adsorption,
leading to lower conversion. The larger pores and surface acidity
promoted the glucose reaction, increasing notably the HMF yield from
S/C of 6 to 3. At higher amount of catalyst, despite lower glucose
conversion, HMF selectivity notably increased, due to the presence of
many active sites for the reduce adsorbed glucose molecules, especially
in 131500, with the better textural-acidic properties tandem for HMF
selectivity, as demonstrated in every catalytic test. The trend for these
acidic carbons was similar to that of 10Al-MCM-41, which pointed out

more physical than chemical causes.
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Figure 85. Comparison of catalytic activity of HA31500 of fresh
catalyst (cycle 1) and used catalyst (cycle 2) in biphasic system
water/MIBK with S/C ratio 3 at 195 °C after 90 minutes.

Catalysts reusability

The formation of reaction byproducts, such as humins, was also
observed in the reaction medium, which in subsequent catalytic cycles
deactivate the catalyst. HA31500 was essayed without any treatment in
a second catalytic cycle. The achieved HMF yield resulted very similar
(Figure 86), but whereas with the fresh catalyst glucose conversion
resulted 24% and HMF selectivity over 50%, with the used catalyst in
a second cycle, HMF selectivity decreased under 30%, but glucose

conversion increased to 36%.
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Figure 86. Influence of the substrate/catalyst ratio of HA- and L-31500
catalysts in a biphasic water/MIBK system, at 195 °C after 90 minutes.
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These data, also considering the previous catalytic test with
homogeneous phosphorous-based catalyst, suggested that if partial
leaching could have occurred, which would have acted as homogenous
catalyst not only for glucose conversion, achieving higher values, but
also for HMF degradation reactions. But analysis of phosphorous
were not carried out. Thus, the decrease in HMF formation was
considered as related to the deposition of byproducts, blocking active

sites.

Villa e# al. investigated phosphorylated mesoporous carbons (PMCs)
for fructose conversion to HMF [94]. They found that the
concentration of P-O groups was directly related with the activity, but
inversely with the HMF selectivity and also with the degradation of
HMF. Regarding the reusability of the catalyst, they reused it without
any treatment and P/N-0.25 catalyst reduced only the activity after the
first cycle, but not in the subsequent cycles, but other catalysts P/N-
0.50 and P/N-0.75, decteased the activity in every catalytic cycle. P
was analyzed but not detected, and the deactivation was related to the
coverage of the surface and blocking of the pores by carbonaceous

material. The morphology of the catalyst did not change.

Rechia-Goracy e al. [169] synthesized acidic carbons by different
methods and tested in transesterification of rapeseed oil to biodiesel.
Carbons with sulphonic groups resulted appropriate as catalysts. They
found the catalytic activity of AW-BDS-20 to drop considerably after
the first reaction cycle, being the yield very low in the fourth cycle.
The analysis reported only a small number of sulfonic functional
groups having leached out from the catalyst surface, but after four

cycles, partial removal of -SO3H groups.
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6.3. List of Figures

Figure 1. XRD patterns of mesoporous tantalum oxide: small-angle

26 (°)= 0-10 (left) and high-angle 26 (°)= 10-80 (right).
gh-ang g

Figure 2. XRD patterns of mesoporous Ta,Os from room
temperature up to 1000 °C and that of the orthorhombic phase

reported by Aleshina e al. [5].

Figure 3. Nitrogen adsorption-desorption isotherm and pore-size

distribution of mesoporous tantalum oxide.

Figure 4. XRD patterns of aluminum-doped MCM-41silicas with
Si/Al molar ratio of 5 (left) and 10 (right).

Figure 5. XRD patterns of KIT6-A, B and C catalysts.

Figure 6. X-ray diffractograms of KIT6-C, Al-KIT6-C1 and Al-
KIT6-C2 mesoporous silicas.

Figure 7. XRD patterns of 10AI-MCM-41 and Al-KIT6-C2.

Figure 8. Nitrogen adsorption-desorption isotherms and pore size

distributions (DFT method) of MCM-41 catalysts.

Figure 9. Nitrogen adsorption-desorption isotherms and pore-size

distributions (DFT) of KIT6-A, B and C silicas.

Figure 10. Nitrogen adsorption-desorption isotherms and pore-size
distribution (DFT) of KIT6-C silica and both aluminum doped KIT6-
C silicas (AI-KIT6-C1 and Al-KIT6-C2).
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Figure 11. DRX patterns of ZSM-5 zeolites.
Figure 12. XRD patterns of Fe-ZSM-15 zeolite and some iron oxides.

Figure 13. XRD patterns of Cu-ZSM-15 zeolite and some copper

oxides.
Figure 14. X-ray diffraction patterns of Y zeolites.

Figure 15. X-ray diffraction patterns of prepared (19, 12.5) and
reported (5.2, [30]) H-Beta zeolites.

Figure 16. X-ray diffraction patterns of H-Beta-12.5, Fe-Beta-12.5

and Cu-Beta-12.5 (cation-exchanged) zeolites.

Figure 17. Nitrogen adsorption-desorption isotherms of catalysts

based on ZSM-5 zeolite.

Figure 18. Nitrogen adsorption-desorption isotherms of catalysts

based on Y zeolites.

Figure 19. Nitrogen adsorption-desorption isotherms of catalysts

based on zeolites and MCM-41.

Figure 20. Pore size distribution of H-Beta-12.5 calculated by BJH

method.
Figure 21. Ta 4f core level spectrum of mesoporous tantalum oxide.

Figure 22. O 1s core level spectrum of mesoporous tantalum oxide.

Figure 23. Auger kinetic energies for Al KLL of 10Al-MCM-41 (left-
up) and 5AI-MCM-41 (left-down) and *’Al NMR spectrum of 10Al-
MCM-41 (right-up). ’Al NMR spectra of KIT6-C and Al-KIT6-C2

silicas (right-down).

Figure 24. Al 2p core level spectra of ZSM-5 zeolite-based catalysts.
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Figure 25. *’ Al MAS-NMR spectrum of ZSM-5-based catalysts.

Figure 26. *’ Al MAS-NMR spectra of H-Y-2.6 and H-Y-6 catalysts.

Figure 27. *Si MAS-NMR spectra of H-Y-2.6 and H-Y-6 catalysts.

Figure 28. Al 2p core level spectra of Y-6 zeolites.

Figure 29. O 1s core level spectrum of H-Beta-12.5 zeolite.

Figure 30. Fe 2p and Fe 3p core level spectra of iron-zeolites.

Figure 31. I, II, IIl type sites for Cu cations in the Faujasite

framework [70].

Figure 32. Cu 2p core level spectra (left) and Cu LMM Auger spectra

(right) of copper containing zeolites.

Figure 33. Al 2p core level spectra of Y-6 zeolites.

Figure 34. Wagner plot: Cu 2p;,» binding energy and Cu LMM kinetic

energy for copper containing zeolites.

Figure 35. Adsorbed pyridine after evacuation

temperatures on mesoporous tantalum oxide.

Figure 36. Adsorbed pyridine after evacuation

temperatures on MCM-41-based catalysts.

Figure 37. Adsorbed pyridine after evacuation

temperatures on MCM-41-based catalysts.

at different

at different

at different

Figure 38. Adsorbed pyridine from r.t. to 200 °C on Lewis acid sites

in protonated, iron and cupper exchanged (H-, Fe- and Cu-) zeolites.

Figure 39. Adsorbed pyridine on ZSM-5 (above) and Y (below)

zeolites, after evacuation at different temperatures.
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Figure 40. Comparison of ammonia TPD of the acidic carbons.

Figure 41. Influence of reaction temperature on glucose conversion

to HMF over mesoporous tantalum oxide, after 90 min.
Figure 42. DTA and TG analysis of mesoporous T2a,Os.
Figure 43. FTIR spectrum of mesoporous Ta;O:s.

Figure 44. Catalytic activity of mesoporous Ta,Os at 175 °C after
different reaction times in biphasic system water/MIBK system with

S/C ratio 3..

Figure 45. Influence of the substrate/catalyst ratio (S/C) with
mesoporous Ta,Os within 90 min. and 175 °C, in biphasic system

water/ MIBK.

Figure 46. Glucose dehydration to HMF at different temperatures,
using 10Al-MCM-41 in biphasic system water/MIBK with S/C ratio
3.

Figure 47. Comparison of glucose conversion and HMF selectivity
between MCM-41 and KIT6-based catalyst with Si/Al ratio of 10 in

biphasic reaction medium after 150 min with S/C ratio 3.

Figure 48. Influence of the reaction time on the catalytic activity using
10AI-MCM-41 at 195 °C in biphasic system water/MIBK with

Substrate/Catalyst ratio 3.

Figure 49. Catalytic activity along time of Zr-MCM-41 in a biphasic
water/ MIBK system, at 175 °C. From reference [122].

Figure 50. HMF and fructose selectivity values, after different

reaction times, using 10Al-MCM-41 catalyst, at 195 °C.
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Figure 51. HMF yield (red) and glucose conversion (blue) at different
temperatures, after 150 min. (left) and variation with time at 195 °C

(right) in biphasic system water/MIBK with S/C ratio 3.

Figure 52. Influence of the reaction time on the catalytic activity of

Al-KIT6-C2 catalyst in biphasic system water/MIBK with S/C ratio 3.

Figure 53. Catalytic activity using 10AI-MCM-41 in biphasic
water/ MIBK systems with S/C ratio 3, at 195 °C after 150 minutes.

Figure 54. Schematic production of HMF via concurrent extraction

and evaporation steps in a biphasic reactor [125].

Figure 55. Catalytic activity using 10AI-MCM-41 in biphasic
water/ MIBK systems with S/C ratio 3, at 195 °C after 150 minutes.

Figure 56. Kinetics of glucose dehydration to HMF with 10AI-MCM-
41 in a biphasic MIBK/NaCl,q system at 195 °C with S/C ratio 3.

Figure 57. Catalytic activity using 10AI-MCM-41 in biphasic systems,
at 195 °C after 30 min. with S/C ratio 3.

Figure 58. Catalytic activity in glucose conversion in biphasic MIBK

and water or salts systems at 195 °C after 30 min. with S/C ratio 3.

Figure 59. Effect of the substrate/catalyst ratio (S/C) ) in glucose
dehydration to HMF over 10A1-MCM-41, in biphasic water/MIBK
(above) and NaCl (aq.)/MIBK (below) medium at 195 °C.

Figure 60. 10Al-MCM-41 catalyst reusability along 4 runs in biphasic
system NaCl/MIBK with S/C ratio 3 at 195 °c after 30 minutes.

Figure 61. Catalytic activity using H-zeolites and comparison with

10Al-MCM-41 catalyst, in water/MIBK, at 195 °C after 150 min.
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Figure 62. Influence of the NaCl aq. addition in the reaction medium
using H-zeolites and comparison with 10AI-MCM-41 at 195 °C after

30 minutes in water/MIBK system with S/C ratio 3.

Figure 63. Influence of the temperature on glucose dehydration to
HMEF in NaCl (aq.)/MIBK, after 30 min., with H-ZSM5-15 with S/C

ratio 3.

Figure 64. Influence of the temperature on glucose dehydration to
HMEF, in NaCl (aq.)/MIBK, after 30 min., with H-Beta-12.5 with S/C

ratio 3.

Figure 65. Kinetic study using H-ZSM5-15 in biphasic NaCl,o/MIBK

medium, at 195 °C after 30 minutes with S/C ratio 3.

Figure 66. Influence of the organic phase volume, using H-ZSM5-15,
with NaCl as aqueous phase, at 195 °C after 30 min.

Figure 67. Catalytic activity in the absence of catalyst, in biphasic

NaCl,,/MIBK and water/MIBK systems.

Figure 68. Effect of the cation (above) and the anion (below) in
biphasic aqueous/MIBK medium, with H-ZSM5-15 at 195 °C after 30

minutes with S/C ratio 3.

Figure 69. Influence of the catalyst loading at 195 °C, in biphasic
NaClaq/MIBK system, with H-ZSM5-15 at 195 °C after 30 minutes.

Figure 70. Catalytic activity at 195 °C after 150 min. of H-, Fe- and
Cu- zeolites in a biphasic water/MIBK system with S/C ratio 3.

Figure 71. Catalytic activity of Fe-zeolites at different reaction
temperatutes in a biphasic water/MIBK system, after 150 min. with

S/C ratio 3.
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Figure 72. ZSM-5-type catalyst comparison in a biphasic
NaCl,,/MIBK system, at 195 °C after 30 min. with S/C ratio 3.

Figure 73. XRD patterns of H-Beta-12.5 catalyst fresh, calcined after

reaction, and calcined after reaction in NaCl,q/ MIBK medium.

Figure 74. Catalytic activity of fresh (cycle 1) and used (cycle 2) H-
Beta-12.5 catalyst at 195 °C with S/C ratio 3.

Figure 75. Catalytic activity of iron-containing zeolites as fresh (cycle
1) and used (cycle 2) catalysts at 195 °C after 150 minutes in biphasic
system water/MIBK with S/C ratio 3.

Figure 76. Catalytic activity of Cu-Beta-12.5 catalyst for two catalytic
cycles at 195 °C after 150 minutes in biphasic system water/MIBK
with S§/C ratio 3.

Figure 77. Catalytic activity of acidic carbons in glucose conversion to
HMEF in a biphasic water/MIBK system, at 195 °C after 150 min. with
S/C ratio 3.

Figure 78. Catalytic activity of HA31500 acidic carbon starting from
fructose or glucose, at different reaction temperatures after 90 minutes

in biphasic system water/MIBK with S/C ratio 3.

Figure 79. Catalytic activity of phosphoric acid at different
concentrations in glucose dehydration to HMF in biphasic

water/ MIBK system, at 195 °C after 90 min. with S/C ratio 3.

Figure 80. Kinetic of the reaction with L3500 acidic carbon catalyst in

a biphasic water/MIBK system, at 195 °C with S/C ratio 3.

Figure 81. Catalytic activity in a biphasic water/MIBK system, at 195
°C after 90 and 150 min. with S/C ratio 3.
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3.

Figure 83. Influence of the organic phase proportion in biphasic
water/ MIBK systems, at 195 °C after 90 minutes, using HA31500
with a S/C ratio 3.

Figure 84. Catalytic activity by using HA31500 acidic carbon in
biphasic system, using MIBK or CPME as organic phase at 195 °C

after 90 minutes with S/C ratio 3.

Figure 85. Comparison of catalytic activity of HA31500 of fresh
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7. Conclusions

Heterogeneous acid catalysts were prepared and/or modified to be

active in the glucose dehydration to 5-(hydroxymethil)furfural.

Mesoporous tantalum oxide was active as catalyst or the dehydration
of glucose to HMF in a biphasic water/MIBK system, reaching under
moderate temperature (175 °C) a high HMF selectivity of 33 % after
only 90 min.. Levulinic and formic acid, degradation products of HMF
rehydration, were not detected. The catalytic activity could be
correlated with the mesoporous structure (surface area of 79 m? g-1)
and a suitable acidity (353 pmol NHsg!) with the presence of both
types of acid sites, Lewis and Bronsted, which were active sites for the

reaction.

Mesoporous Al-doped MCM-41 and KITG6 silica catalysts were
prepared by a sol-gel method, with Si/Al molar ratios of 5 and 10.
They possessed high specific surface areas, moderate acidity with
Bronsted and Lewis acid sites. Al-KIT6-C2 was highly selective
towards HMF, but 10Al-MCM-41 catalyst resulted the most active, in
a biphasic water/MIBK medium at 195 °C, reaching 87% of glucose
conversion and 36% of HMF yield after 150 min of reaction time. The
reaction was quite selective towards HMF, since only fructose was
detected as by-product. The influence of the reaction medium was
studied, as in the organic phase as in the aqueous phase, showing that
the use of a NaCl aqueous solution instead of water, in a biphasic
system with MIBK, led to an enhancement of the glucose conversion

and HMF yield, attaining the high values of 96% and 63%,



respectively, after only 30 min.. The catalytic performance was well

maintained after three catalytic cycles.

The positive effect of the addition of inorganic salts on the catalytic
performance of acid catalysts based on ZSM-5 was corroborated,
being especially effective NaCl, which also enhanced the activity of Y
and Beta zeolites. H-Beta can be compared in terms of catalytic
activity to 10AI-MCM-41, since the existence of mesopores in its
hierarchical meso/microporous system led to an excellent HMF yield
of 56% at 195°C, after only 30 min of reaction. Besides the
advantageous biphasic water/MIBK system, salts shifts the
equilibrium towards the HMF formation, whereas ionic species in the
aqueous phase are involved in glucose conversion reaction mechanism
and also ameliorate the HMF migration from the aqueous to the
organic phase, by increasing its partition coefficient and then avoiding
secondary reactions which produce humins and soluble polymers,
leading to higher HMF yields. Moreover, in the absence of inorganic
salts, the modification of the acidic properties of the zeolites by
introducing Lewis acid sites, increased the HMF yield specially in
ZSM-5 from 2 to 29%, with almost a total glucose conversion. The

catalytic activity was related to the suitable acid and textural properties.

Phosphorous-containing activated carbons showed high HMF
selectivity in biphasic water/MIBK system at 195 °C, reaching 53%
starting from glucose and 78% from fructose, after 90 min. The
reaction mechanism did not involve glucose to fructose isomerization.
In comparison with acid homogenous H;PO, catalyst, HMF selectivity
and glucose conversion were increased. Partial deactivation due to a

physical blocking of active sites by deposition of humins decreased the

7-2



HMF selectivity in a second catalytic cycle. L3500 acidic carbon
catalyst combine the advantage of 10Al-MCM-41 and H-ZSM5-15
catalysts in terms of activity, but from the economic and
environmental point of view, as it was obtained from biomass wastes,

it would be preferred.

The textural and acid properties of porous materials play a key role in
glucose dehydration to HMF. The presence of meso and micropores
and Bronsted and Lewis acid active sites, as well as their synergy and

interactions with the reaction medium determine the catalytic activity.
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