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Abstract
Different zirconium-doped mesoporous silicas (Zr-KIT-6, Zr-SBA-15, Zr-

MCM-41 and Zr-HMS) were synthesized and evaluated in the glucose dehydration to 5-
hydroxymethylfurfural (HMF). A Si/Zr molar ratio of 5 was chosen for this purpose
after the optimization of this parameter for the KIT-6 support. These materials were
characterized by using XRD, N2 sorption, TEM, XPS, NHs-TPD and pyridine
adsorption coupled to FTIR spectroscopy. All catalysts were active in glucose
dehydration, being HMF the main product, and their catalytic performance is enhanced
after CaCl2 addition to the reaction medium. However, Zr-doped mesoporous HMS
silica showed the highest values of glucose conversion and HMF yield, mainly at short
reaction times, due to this catalyst displayed the highest surface zirconium concentration
and its 3D morphology favored the access of glucose molecules to active sites. This fact

also caused a faster deactivation due to coke deposition on the catalyst surface, although



leaching of zirconium was negligible. The Zr-HMS(5) catalyst could be reused for four
catalytic runs without any treatment and the initial catalytic activity could be recovered
after washing with water and acetone. This catalyst also demonstrated to be active for
hydrolysis of disaccharides and polysaccharides, such as sucrose, maltose, cellobiose,
inulin and cellulose, and subsequent dehydration of resulting monomers for HMF

production.

Keywords: glucose dehydration; 5-hydroxymethylfurfural, zirconium doped mesoporous
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1. Introduction

The pursuit of new carbon sources is becoming an essential aim owing to the
decrease of fossil-fuel reserves and environmental concerns associated to their
extraction, transformation and use. In this context, renewable biomass is considered a
sustainable alternative, especially lignocellulose because of its abundance in nature and
its chemical composition (40-50% cellulose, 25-30% hemicellulose and 15-30% lignin)
[1]. Moreover, most lignocellulosic biomass does not interfere with the food chain.
Cellulose and hemicellulose are mainly formed by polymerization of C6 and C5
carbohydrates, respectively, being possible their hydrolysis and transformation of the
corresponding monomers to a wide variety of high value-added chemicals, such as 5-
hydroxymethylfurfural (HMF) and furfural [2] through acid catalysis. As regards HMF,
it is considered as an important platform molecule, from which a huge amount of
valuable products can be obtained: 2,5-furandicarboxylic acid, 2,5-dimethylfuran,
levulinic acid and 5-alkoxymethylfurfural, among others [3]. These compounds can be

used, in turn, as building blocks for the manufacture of pharmaceuticals, polymers or



biofuels [4]. For this reason, in recent years, much attention is being paid to the

production of HMF from carbohydrates.

Recent research works dealing with carbohydrate dehydration have emphasized
that glucose is preferred as raw material due to its abundance and low price [3,5-7]. A
route proposed for conversion of this monosaccharide to HMF consists of two steps: the
isomerization of glucose to fructose and its subsequent dehydration to HMF. However,
the first step is more difficult, becoming a limiting factor for an efficient HMF
production. Moreover, secondary reactions, in which formic and levulinic acids as well
as humins are formed [8], negatively affect to the HMF yield, so different alternatives
have been proposed in order to avoid them. On the one hand, the use of an organic co-
solvent allows the HMF extraction in the reaction medium, generally from the aqueous
solution, reducing in this way the side reactions, being methyl isobutyl ketone (MIBK)
one of most employed [9-12] because of its recommended character [13]. On the other
hand, Garcia-Sancho et al. [14] reported that an increase in both glucose conversion and
HMF yield can be achieved after the addition of inorganic salts, specially CaClz. They
observed that Ca?* cations form complexes with two oxygen atoms of glucose,
facilitating the formation of o anomer, which seems to be prone for glucose dehydration
to HMF. In addition, according to Pallagi et al. [15], Ca?" cations give rise to stronger
M — OH bondings than Na* ones, so it means that by using Ca?* cations, the catalytic

reaction would take place more efficiently than by using alkali metal cations.

In the first studies on glucose dehydration, mineral inorganic acids, such as
sulfuric or hydrochloric acids, were employed as acid catalysts [1,2,16,17], because they
take advantage of their low price, easy accessibility and simple applicability in the
industry [4]. However, these homogeneous acid catalysts are corrosive and damaging

for environment, and consequently their replacement by heterogeneous catalysts has



demonstrated to be an interesting alternative in a desirable green chemistry scenario.
Moreover, solid catalysts facilitate their easy separation of the reaction medium,
recovery and reuse [2]. Considering these premises, several solid acid catalysts have
been previously proposed for dehydration of glucose to HMF, such as zeolites [5,6,18],

and metal oxides like TiO2, ZrO2 or Al20s [19-23], among a plethora of acid solids.

On the other hand, mesoporous materials are being extensively employed as
catalysts and supports of heteroatoms in the dehydration of different carbohydrates,
such as glucose, fructose or xylose [24-27]. These solids exhibit high specific surface
area, large pore size and thermal and hydrothermal stabilities, interesting features for
catalysis [28-30]. Among these materials, mesoporous silicas doped with heteroatoms
have been tested in the last years for dehydration of several sugars, reaching a HMF
yield of 16 wt.% in the presence of mesoporous Zr-KIT-6 [7], and a 23 and 63 wt.% by
using a mesoporous Zr- and Al-doped MCM-41 silica, respectively, in the presence of
NaCl [27,31]. The doping of these materials with metal oxides, such as TiO2z or ZrOz,
increases the amount of Lewis acid sites, which promote the limiting isomerization of
glucose to fructose, as it has been already mentioned. Therefore, Lewis and Bronsted
acid sites are required for the isomerization of glucose to fructose and the subsequent
dehydration of fructose to HMF, respectively [32]. However, the textural properties and
morphology of these heteroatom-doped mesoporous silicas could have a key role on the
catalytic performance for HMF production. Thus, mesoporous silica with different
morphologies has been proposed in the literature as support and/or catalyst. Thus, for
example, MCM-41 and SBA-15 display a hexagonally packed cylindrical pores, KIT-6
exhibits 1a3d symmetry with two channel systems interconnected and HMS shows a
homogeneous globular particles interconnected between them, with a size of 1 nm

[25,33-35].



The aim of the present work was to study the relation between the textural and
acidic properties and the catalytic behavior of different Zr-doped mesoporous silicas
(Zr-KIT-6, Zr-SBA-15, Zr-MCM-41 and Zr-HMS) on the dehydration of glucose to
HMF. In order to carry out the glucose dehydration, a biphasic water—MIBK solvent
system was used to prevent side reactions, and the effect of CaCl. addition on the
catalytic performance was also studied. Moreover, the influence of support morphology
and the Si/Zr molar ratio were also evaluated, as well as different reaction parameters,
such as time and temperature reaction, the amount of catalyst and, the reusability of

catalysts.
2. Experimental
2.1. Materials

Zirconium-doped mesoporous silicas were synthesized using tetraethyl
orthosilicate (TEOS) (98%, Aldrich) and zirconium(IV) n-propoxide (70 wt.% in 1-
propanol, Aldrich) as Si and Zr sources, respectively. The structure-directing agents
used for the synthesis of the different catalysts were Pluronic P123 (Mn ~ 5800 Da,
Aldrich) and dodecylamine (Merck, 98%). In the catalytic test, the reagents used were
D-(+)-glucose (99% GC, Sigma-Aldrich), D-(+)-Maltose monohydrate from potato
(>99%, Sigma-Aldrich), D-(+)-Cellobiose for microbiology (>99%, Sigma-Aldrich),
Sucrose BioXtra (>99.5%, Sigma-Aldrich), Inulin from chicory (Sigma-Aldrich) and
cellulose fibers (Sigma-Aldrich) as raw materials, calcium chloride dihydrate (Sigma-
Aldrich) and methanol (PanReac) as well as methyl isobutyl ketone (MIBK) (GPR
Rectapur, VWR) as solvents. The gases employed were N2 (Air Liquide, 99.9999%), He

(Air Liquide, 99.99%) and NHz (Air Liquide, 99.9%).

2.2. Catalyst preparation



A series of mesoporous Zr doped silica with a Si/Zr molar ratio of 5 was
synthesized by using different methods. Likewise, the effect of the Si/Zr molar ratio was
studied for mesoporous Zr-doped KIT-6. The synthetic procedures are described below.
These catalysts were denoted as Zr-X(y), being X the mesostructure type and y the Si/Zr

molar ratio.
2.2.1. Synthesis of Zr-KIT(y) catalysts

A series of Zr-doped mesoporous KIT-6 silicas with different Si/Zr molar ratio
(Si/Zr=5, 14 and 30) and without zirconium was synthesized. In a typical procedure
[36], a solution of 5.0 g of triblock copolymer Pluronic P123 and 180 mL of 0.5 M HCI
were mixed at 35°C, under stirring, until total dissolution of P123. Then, 5.0 g of n-
butanol was added, maintaining under stirring for 1 h, at the same temperature. Later,
10.6 g of TEOS and the required amount of zirconium n-propoxide were added drop by
drop to the mixture and this new solution was stirred for 24 h. Finally, the mixture was
transferred to an autoclave lined with Teflon and submitted to a hydrothermal treatment,
and thermally treated at 100 °C for 24 h. The solid product obtained was filtered off and

washed with distilled water, dried at 65 °C for 48 h and calcined in air at 550 °C for 5h.
2.2.2. Synthesis of Zr-SBA(5) and Zr-SBAHT(5) catalysts

Different Zr-doped mesoporous SBA-15 silicas have been synthesized following
the method proposed by Garcia-Sancho et al. [37]. Firstly, P-123, used as the structure-
directing agent, was dissolved in a 1.7 M HCI aqueous solution, under magnetic stirring
at 40 °C. TEOS and zirconium n-propoxide with a Si/Zr molar ratio of 5 were added
dropwise. The resulting mixture was treated by two different routes: i) magnetically
stirred at 40 °C during 72 h, and ii) at room temperature for 24 h and then transferred to
a teflon lined reactor and placed in an autoclave and aged at 120 °C for 48 h. These two

catalysts were denoted as Zr-SBA(5) and Zr-SBA-HT(5), respectively. In both cases,



the gel was filtered to recover the solid product and, subsequently, it was washed with
deionized water, dried at 60 °C and calcined in air at 550 °C for 6 h, using 1 °C-min* as

heating rate.
2.2.3. Synthesis of Zr-MCM(5) catalyst

A zirconium-doped mesoporous MCM-41 silica with a Si/Zr molar ratio of 5 has
been prepared by the method proposed by Jones et al. [38]. The synthesis was carried
out by adding the corresponding amount of TEOS and zirconium n-propoxide to an
ethanol-propanol solution, which was stirred for 15 min at room temperature. This
solution was added to an aqueous solution of hexadecyltrimethylammonium bromide
(25 wt.%), previously stirred for 30 min at 80 °C. The pH was adjusted to 10 by using a
tetramethylammonium hydroxide (25 wt.%) aqueous solution. The resulting gel was
stirred for 4 days at room temperature. The solid product obtained was recovery by
filtration, washed with water and ethanol, dried at 70 °C and, finally, calcined in air at

550 °C for 6 h using a heating rate of 1 °C-min™.
2.2.4. Synthesis of Zr-HMS(5) catalyst

The zirconium-doped HMS silica was synthesized following the procedure
proposed by Cecilia et al. [39]. Firstly, dodecylamine (3.1 g) was dissolved in 17.9 mL
of ethanol and 21.5 mL of water. Then, a solution formed by 14.8 mL of TEOS and
5.78 mL of zirconium n-propoxide with a Si/Zr molar ratio of 5 was added dropwise to
the amine solution, and the resulting solution was stirred for 24 h. Finally, the solid
obtained was filtered, washed with deionized water, dried overnight at 60 °C and

calcined at 550 °C for 6 h, with a heating rate of 1 °C min™.,

2.3. Characterization of catalysts



X-ray powder diffraction (XRPD) patterns were collected on a PANanalytical
EMPYREAN automated diffractometer. Powder XRD patterns at high angle were
recorded in Bragg-Brentano reflection configuration by using the PIXcel 3D detector
with a step size of 0.017° (260), and they were recorded between 10° and 70° in 20 with a
total measuring time of 10 min. The diffractograms at low-angle were recorded in theta-
theta transmission configuration, emplacing the sample between two kapton foils and by
using a focusing mirror and the PIXcel 3D detector (working in 1D mode) with a step
size of 0.013° (260), and data were recorded between 26 = 0.5° and 10° with a total

measuring time of 60 min.

Textural properties were determined by the nitrogen adsorption-desorption
isotherms at -196 °C, which were obtained from an automatic gas adsorption ASAP
2420 surface area and porosity analyzer model from Micromeritics. Before performing
N2 adsorption, samples were degassed at 200 °C and 10 mbar for 10 h. Specific surface
area values were determined by assuming a nitrogen molecule cross section of 16.2 A?
and using the Brunauer-Emmet-Teller (BET) method. Pore size distributions were

calculated employing the DFT and MP methods.

X-ray photoelectron spectroscopy (XPS) studies were carried out by using a
Physical Electronics PHI VersaProbe Il spectrometer with non-monochromatic Al Ka
radiation (53.6 W and 1486.6 eV) with a multi-channel detector. Spectra were recorded
using a 200 pm diameter analysis area. Charge referencing was measured against
adventitious carbon (C 1s at 284.8 eV). 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. Recorded spectra were always fitted using Gaussian—
Lorentzian curves in order to determine accurately the binding energies of the different

element core levels.



The ammonia temperature-programmed desorption (NHs-TPD) was performed
to evaluate the total acidity of catalysts. Firstly, 0.08 g of the samples were pretreated
under a helium flow by heating up to 550 °C, and, after cooling, the adsorption of
ammonia was performed at 100 °C. The NHs-TPD was conducted by enhancing the
temperature from 100 °C to 550 °C with a heating rate of 10 °C min, maintaining at
this temperature for 15 minutes and using a helium flow of 40 mL min. The evolved

ammonia was analyzed by employing a TCD detector.

DRIFT spectra of adsorbed pyridine were recorded on a VERTEX 70
spectrometer coupled with an external sample chamber that enables measurements
under vacuum (Bruker, Germany). The samples were mixed with KBr and grounded
prior to the measurement. Samples were dried in situ under vacuum (around 1.5-107
mbar) for 1 h at 200°C, and later cooled down to 40°C in order to record the background
spectra. The main measurement features were a spectral range from 1800 to 1200 cm?,
200 scans, and a resolution of 2 cm™. Initially, the catalyst was put in direct contact with
pyridine at 40 °C for 8 min. Analysis were obtained by heating the samples under

vacuum (5-1-10%) up to 100, 125 or 175 °C for 15 min.

Transmission electron microscopy (TEM) was used to elucidate the catalyst
morphology. The equipment employed was a FEI Talos F200X combined with an
outstanding high-resolution STEM, TEM imaging and an energy dispersive X-ray
spectroscopy (EDS) signal detection. Moreover, a compositional mapping was done to

obtain the 3D chemical characterization.

Thermogravimetric analyses (TGA) were carried out with a SDT-Q600 analyzer
from TA instruments, under an air flow of 50 mL-min, a heating ramp of 10°C-min™
from room temperature until 900°C. Carbon content of fresh and spent catalysts was

measured by using a LECO CHNS 932 analyzer.



2.4. Catalytic test

The glucose dehydration was carried out in batch conditions, by using a glass
pressure tube with thread bushing (Ace, 15 mL) under magnetic stirring. A biphasic
water-MIBK system was used with the purpose of avoiding side reactions and,
consequently, enhancing the HMF yield [40]. Moreover, calcium chloride was added to
the reaction medium in order to improve the HMF yield. In a typical procedure, 0.15 g
of carbohydrates (glucose, disaccharides and polysaccharides in each case), 0.05 g
catalyst, 0.975 g CaClz (0.65 gcacl,Jaqueous solution™~.), 1.5 mL deionized water and 3.5 mL
MIBK were introduced into the reactor. The catalysts were poured into reactor without
previous pretreatment. Firstly, this mixture was magnetically stirred to dissolve sugar
and salt and, prior to the catalytic tests, all the reactors were always purged with
nitrogen. Subsequently, the catalytic process was performed in an oil bath with
magnetic stirring at different temperatures. After the time established, the reaction
mixture was cooled until room temperature by submerging the reactor in a cold water
bath. The liquid phases were separated and filtered, and products were analyzed in both
aqueous and organic phases by a High-Performance Liquid Chromatography (HPLC),
being glucose, fructose and HMF the unique detected products. A JASCO instrument
equipped with an autosampler (AS-2055), a quaternary gradient pump (PU-2089),
multiwavelength detector (MD-2015) and a column oven (co-2065), was employed.
Columns used were a Phenomenex Rezex ROA-Organic Acid H* (8%) (300 mm x 7.8
mm, 5 um) for the aqueous phase, which mobile phase consisted in an aqueous
dissolution 0.005 N H2SO4 with a flow rate of 0.35 mL-min! (column temperature of
40°C), and a Phenomenex Luna C18 reversed-phase column (250 mm x 4.6 mm, 5 um)
for the organic phase, which mobile phase consisted in pure methanol with a flow rate

of 0.5 mL-min? (room temperature). Both glucose and fructose were monitored



employing a refractive index detector only for aqueous phase, whereas HMF production

was monitored by a UV detector in both phases.

The reuse experiments were performed after 60 min of reaction time at 150 °C,
by using the experimental conditions previously indicated. After each catalytic cycle,
the catalyst was recovered by filtration and used without any treatment in the next cycle,
whereas liquid phases were analyzed by HPLC. After the sixth cycle, the catalyst was
washed with 50 mL of water and 50 mL of acetone to realize another cycle and evaluate

the influence of washing on the humins removal and HMF yield as well.

The glucose conversion, HMF selectivity and yield were calculated applying the

following equations:

glucose conversion (%)

_pmoles of initial glucose — pmoles of final glucose

100 1
umoles of initial glucose X M
HMF selectivity (%)
umoles of HMF obtained,q + pmoles of HMF obtained,,q 100 5
B umoles of initial glucose — pmoles of final glucose X @
_ glucose conversion x HMF selectivity
HMF yield (%) = (3)

100

Finally, different disaccharides and polysaccharides were evaluated as
feedstocks for HMF production. The procedure was the same as described above for the
glucose dehydration. The reaction conditions were T= 175°C, t= 60 min, 0.65
gcaci2- Jaqueous solution ©, MIBK:water (v/v)= 3.5:1.5 and sugar:water weight ratio= 1:10.
Sugars employed were sucrose, maltose, inulin, cellobiose and cellulose, and the chosen

proved was the Zr-HMS (5). HMF yield was calculated as follows:



HMF yield (%)

grams of HMF obtained,, + grams of HMF obtained 4

1 4
grams of initial disaccharide or polisaccharide 100 (4)

3. Results and discussion
3.1. Characterization of catalysts

All catalysts were characterized by X-ray diffraction (XRD) to confirm their
mesostructured nature. In the case of Zr-KIT(y) samples with different Si/Zr molar ratio
(Fig. 1A), a peak located between 0.79-0.90° can be observed in the low-angle region,
corresponding to (211) planes in a cubic la3d symmetry [41]. The KIT morphology
consists of a 3D cubic network with long range order and interconnectivity between
pores [36]. In addition, the X-ray diffraction patterns of KIT and Zr-KIT(30) show the
characteristic (220) reflection between 1-2°, which is indicative of a well ordered
mesoporous structure [36-44]. However, the intensity of these peaks decreases with the
amount of Zr, that is, for lower Si/Zr molar ratio, which suggests that a high percentage
of zirconium can adversely affect the KIT-6 framework, mainly for Zr-KIT(5). Thus,
the Zr addition seems to influence the silica polymerization, resulting in less ordered
structures. In this sense, the XRD patterns of the rest of mesoporous silicas with a Si/Zr
molar ratio of 5 corroborate the negative effect of Zr incorporation on the long-range
order of mesoporous framework (Fig. 1S). On the other hand, the typical broad band
associated to the amorphous silica walls can be seen in the high angle region (not
shown). However, the characteristic reflections of crystalline ZrO2 were not detected,
thus meaning that Zr species are homogenously dispersed into the siliceous framework

or are too small to be detected by XRD.

This fact has been corroborated by Transmission Electron Microscopy (TEM) coupled

to EDX analysis, which have demonstrated that zirconium species were homogenously



dispersed in the mesoporous structure (Fig. 2). Moreover, it is noticeable the lack of
long-range order of catalysts with a Si/Zr molar ratio of 5, as was deduced from XRD

data.

On the other hand, textural properties of catalysts were determined from their N2
adsorption-desorption isotherms at -196 °C (Table 1). All Zr-KIT(y) catalysts display a
Type 1V isotherm (Fig. 3A), characteristic of mesoporous materials [45]. Moreover, the
hysteresis loops of Type H1 is typical of mesoporous solids and specially of templated
silicas, as observed for KIT-6, Zr-KIT(30) and Zr-KIT(14) materials, and reveals that
these catalysts possess ordered and controlled pores. However, Zr-KIT(5) displays a
hysteresis loop of Type H2, which can be associated with pore blocking [45], caused for
the incorporation of a high amount of zirconium into the framework. Regarding other
Zr-doped mesoporous silicas studied in this work, they exhibited Type IV isotherms
(Fig. 3B). In the case of Zr-doped SBA-15 catalysts, mainly for Zr-SBA-HT(5), the
hysteresis loop is shifted to higher values of relative pressures, indicating the formation
of wider pores. The Zr-SBA(5) catalyst showed a hysteresis loop Type H2a, whereas
Zr-SBA-HT(5) is between Types H2a and H2b, which is typical of less ordered
macroporous solids and it has been found for certain mesoporous ordered silicas after
hydrothermal treatment [45]. With respect to pore size distributions determined by DFT
method, all materials exhibit pore sizes centered in the range of mesopores (Figs. 4A
and 4B). In particular, the pore size decreases after the Zr incorporation for Zr-KIT(y)
catalysts, mainly for the catalyst with the highest Zr concentration (Fig. 4A), which
confirms that the presence of a high amount of Zr affects to the textural properties of
mesoporous silica. It should be noticeable that values of BET surface and pore volume
decrease with the Zr loading, which agrees with previous conclusion about the pore

blocking. In any case, high values of surface area (462-909 m?g?) and pore volume



(0.413-1.328 cm®g™) were found for all Zr-doped mesoporous silica catalysts, although
they differ depending on their structure and morphology. With respect to Zr-doped
mesoporous SBA-15 catalysts, Zr-SBA-HT(5) exhibits higher pore size than Zr-
SBA(5), since hydrothermal conditions favor an increase in pore size (Fig. 4B). As
smaller pores (< 2 nm) were detected by DFT for all catalysts (Figs. 4A and 4B), they
were evaluated by the MP method, which is more suitable for pores between 0.4815 and
1.920 nm hydraulic radius, including wide micropores and narrow mesopores. It can be
observed that high values of surface area and pore volume were found by this method in
all cases, especially for Zr-KIT(y) catalysts (Table 1). Indeed, in the case of this family
of materials, pore size distribution determined by MP-method revealed the presence of
uniform pore size between 1.5-2.2 nm (Fig. 4C), demonstrating the presence of wide
micropores for these materials. Similar pore sizes were found for Zr-SBA(5) catalyst,
but these micropores were not detected for Zr-SBAHT(5) due to hydrothermal
conditions employed for its synthesis, as it has been mentioned (Fig. 4D). Indeed, the
Zr-SBA-HT(5) catalyst displayed a very low microporosity due to the use of
hydrothermal conditions for its synthesis provoked that the distance between micelles
was bigger, in such a way that the microporosity between channels was lost after
calcination [46]. In the cases of Zr-MCM(5) and Zr-HMS(5) catalysts, lower pore size
than 1.5 nm were found for this method. Therefore, pore size distribution was not
homogeneous in any case, since different pore sizes were detected for these materials by

DFT and MP methods.

Acid properties were evaluated by ammonia temperature-programmed
desorption and adsorption of pyridine coupled to FTIR spectroscopy. The first
technique was used to ascertain the total acidity (Table 1), while the second one was

used to analyze Bronsted and Lewis acid sites. All catalysts showed a high total acidity,



especially Zr-KIT catalysts, and the total acidity enhances with the increase in the
zirconium amount incorporated to the framework. Thus, it is confirmed that the
presence of this heteroatom rises the acidity of these solids. The highest values of acid
density are for KIT-6 and hydrothermal SBA-15 materials (Table 1). Comparing for the
same Si/Zr molar ratio, the Zr-HMS(5) and Zr-MCM(5) catalysts displayed the lowest
values of total acidity and acid density. This fact could be related to their different
synthesis conditions, since both catalysts were prepared in basic conditions, whereas the
rest of catalysts (Zr-KIT(5), Zr-SBA(5) and Zr-SBA-HT(5)) were in acid medium.
Therefore, it could be thought that acid or basic synthesis conditions influence on the
hydrolysis rate, modifying the Zr environment into the siliceous framework and
subsequently their acidic properties. Thus, the faster hydrolysis rate in basic medium
would lead to a higher amount of Zr was located inside the walls of the siliceous
framework, not accessible for NHs molecules. On the other hand, FTIR spectra after
pyridine adsorption exhibit an IR vibrational band at 1445 cm, even after evacuating at
temperatures as high as 150 and 175 °C, which is assigned to the 19b vibration mode of
pyridine coordinated to strong Lewis acid sites (Fig. 5) [44]. Moreover, the band
centered at 1596 cm* is observed for all catalysts, and it can be attributed to the 8a
vibration mode of pyridine bonded by hydrogen bond to the hydroxyl groups of the
catalyst surface [47,48]. Likewise, a shoulder about 1578 cm™ can be seen mainly for
Zr-MCM(5) and Zr-SBA(5) catalysts, after evacuation at lower temperature (100 °C),
which is attributed to pyridine coordinated on weak Lewis acid sites [49]. However, this
band disappeared when the evacuation temperature increased, thus corroborating the
weakness of these Lewis acid sites. Another shoulder can be detected at 1613 cm™ for
Zr-KIT(5), Zr-SBA(5) and Zr-HMS(5) catalysts, which is also associated to the 8a

vibration mode of pyridine coordinated to strong Lewis acid sites. However, it can be



noticeable the absence of the characteristic band at 1540 cm™ attributed to pyridine
adsorbed on Bronsted acid sites. However, the formation of Bronsted acid sites in the
reaction medium cannot be discarded due to Lewis acid sites could be transformed to
Bronsted ones in the presence of water at high temperature [26,50]. With respect to the
strength of acid sites, the most intense bands detected at 1445 and 1596 cm™ were still
observed after outgassing at 150 and 175 °C, demonstrating their strong acid strength,
although their intensity decreased with respect to those obtained after outgassing at

100°C, as expected.

XPS analysis was employed to get insights into the nature of catalyst surface
(Table 2). The values of binding energies (BE) provide useful information about the
environment of surface chemical elements. The Si 2p signal appeared at 103.1-103.8
eV, which is typical of Si in silica. On the other hand, the incorporation of Zr species
into the siliceous framework was confirmed by the binding energies for Zr 3dss2, which
were in the range of 182.8-183.4 eV, attributed to Si-O-Zr bonds in the literature
[51,52]. These BE values are higher than that of bulk ZrO: (182.2 eV) [53,54], so the
existence of segregated ZrO2 could be discarded, according to the data obtained by
XRD. In the O 1s spectral region, the catalysts with lower Zr concentration (Zr-KIT(30)
and Zr-KIT(14)), showed a symmetric band centered at 532.4-532.7 eV. However, this
band became asymmetric when the amount of Zr was increased, and it could be
deconvoluted into two components located at 530.7-530.8 eV and 532.4-533.0 eV. The
former was considerably less intense in all cases, finding the highest contribution
(7.8%) for Zr-HMS(5), and can be attributed to Si-O-Zr which would confirm the
replacement of Si by Zr atoms [33,44]. Moreover, this BE is higher than that found for
bulk ZrO2 (529.9-530.2 eV) [55]. The latter (532.4-533.0 eV) was considerably more

intense and is characteristic of Si-O-Si bonds in silica [44]. It should also be noted that



the BE of O 1s associated to Si-O-Si bonds of Zr-KIT(y) catalysts slightly increased
after incorporation of a high amount of zirconium, whereas values of BE for Si 2p
decreased. This fact could be due to the presence of zirconium decreased electronic
density of oxygen and increased for silicon, demonstrating the incorporation of Zr to the
siliceous framework. As regards the surface Si/Zr molar ratio determined by XPS, in all
cases, they are higher than the nominal ones, except for the Zr-KIT(30) catalyst where
the low loading of Zr could allow a homogeneous dispersion in the siliceous matrix.
When the catalysts with the same Si/Zr molar ratio were compared, both Zr-SBA(5) and
Zr-SBA-HT(5) exhibited the highest surface Si/Zr molar ratio, which could be
explained by their thick mesoporous walls in comparison to the other mesoporous
framework (MCM-41, HMS and KIT), where Zr can be encapsulated limiting the
amount of Zr detected by XPS. It must be taken into account that the thickness of the
outer surface analyzed by this technique is around 2-3 nm. However, Zr-MCM(5) and
mainly Zr-HMS(5) provided the lowest Si/Zr molar ratio, which could be ascribed to
the basic conditions used for their synthesis and the low thickness of their walls. In any
case, the higher surface Si/Zr molar ratios, compared with the values used in the
synthesis (labelled as bulk in Table 2), can be justified by the higher hydrolysis rate of
zirconium precursor, which provokes a progressive impoverishment in zirconium when

going from internal to external regions of mesoporous solids.
3.2. Catalytic tests

These Zr-doped mesoporous silicas have been tested as heterogeneous acid
catalyst for the glucose dehydration to HMF. Because of the instability of this product
in water, a biphasic system is often used to extract HMF from the aqueous phase and,
therefore, to minimize side reactions such as resinification and condensation reactions,

which are involved in humins formation, whom decrease the HMF yield as well [56].



Organic co-solvents have demonstrated to be an interesting option for this purpose,
being methyl isobutyl ketone one of the most reported in the literature with better

results in terms of HMF yield [14,27,44].

In a previous work, it was demonstrated that the presence of CaCl2 considerably
enhances the catalytic activity of y-Al.Os for dehydration of glucose to HMF, due to
Ca?* ions favor the a-D-glucopyranose formation [14]. Thus, firstly, the effect of CaCl.
addition in the reaction medium was evaluated at 175 °C, by using Zr-KIT(14) as
catalyst (Fig. 6A). It can be observed that glucose conversion and HMF yield are
improved after incorporation of CaCl: to the reaction medium. This positive effect was
explained to the facility of alkaline earth metal cations to form bidentate complexes by
their interaction with two oxygen atoms of glucose [57]. In this sense, Garcia-Sancho et
al. demonstrated that CaCl2 exerted a positive influence greater than NaCl, respect to
the study in the absence of inorganic salts [14]. Therefore, the rest of catalytic tests were
carried out in the presence of calcium chloride in order to maximize the HMF

production.

On the other hand, the influence of Si/Zr molar ratio for Zr-KIT(y) catalysts on
the catalytic performance was also evaluated at 175 °C (Fig. 6B). Although drastic
differences were not detected, Zr-KIT(5) was the most active catalyst, attaining a higher
glucose conversion, mainly at shorter reaction times. Regarding HMF yield, this
catalyst provided the maximum value after only 60 minutes, and then it decreased
progressively due to the side reactions consuming HMF. Thus, the highest glucose
conversion and HMF yield were obtained for the Zr-KIT(5) catalyst, achieving values
of 88% and 45%, respectively, after 60 minutes of reaction. Moreover, the results
obtained in the present study are better than those reported by Chongwen et al. [7] by

using a Zr-doped mesoporous KIT-6 with a Si/Zr molar ratio of 20 as catalyst, since,



after 3 h at 170°C, with a MIBK/water ratio of 4, a glucose conversion of 79% and
HMF yield of 34.5%, were only reached. This better catalytic performance was possibly
due to the combined use of a higher Zr concentration and the addition of CaClz. In any
case, a glucose conversion and HMF yield of 36 and 7%, respectively, were achieved
with Zr-KIT(14), without the addition of CaCl. after 60 min at 175°C (Fig. 6A),
whereas Chongwen et al. obtained less than 30% of glucose conversion and less than

4% of HMF yield at the same time and similar temperature [7].

Secondly, the catalytic behavior of Zr-KIT(5) was compared with other
mesostructured silicas with a similar Si/Zr molar ratio, but different framework type
(Zr-HMS(5), Zr-SBA(5), Zr-SBA-HT(5) and Zr-MCM(5)), at 175 °C, in the presence of
CaCl2 (Fig. 7). In all cases, the glucose conversion enhanced with the reaction time,
attaining full glucose conversion after 120 min in the presence of Zr-HMS(5), unlike the
rest of catalysts, with maximum values of 88 and 91% for Zr-MCM(5) and Zr-KIT(5),
after 120 min, respectively, and close to 80% for Zr-SBA(5) and Zr-SBA-HT(5), after
90 min. The lowest values of glucose conversion were found for Zr-doped mesoporous
SBA-15 silicas, which showed the highest surface Si/Zr molar ratio and consequently
the lower concentration of surface Zr species. Moreover, the adsorption study of
pyridine coupled to FTIR spectroscopy demonstrated the absence of strong Lewis acid
sites in SBA-15-based catalysts, which would difficult glucose dehydration in
comparison with the rest of catalyst. In the case of the most active catalyst, Zr-HMS(5),
the lowest surface Si/Zr molar ratio was found, that is, its surface is richer in Zr species.
Thus, Fig. 8 shows that there is a trend for surface Si/Zr molar ratio lower than 15, in
such a way that the catalytic activity was higher when this surface ratio decreased.
However, it did not decrease, as it was expected, for surface Si/Zr molar ratio higher

than 15, obtaining similar catalytic data for Zr-SBA(5) and Zr-SBA-HT(5) than Zr-



MCM(5) in spite of the important differences in their surface Zr concentration. This fact
could be due to these materials possess a hexagonally packed cylindrical pores unlike
Zr-HMS(5) and Zr-KIT(5) catalysts. Therefore, it could be concluded that the surface Zr
concentration and morphology of catalysts play a key role for HMF production by
glucose dehydration, mainly at shorter reaction times when the degradation processes
are still incipient. It is obvious that most acid sites are associated to Zr centers, and a
high surface Zr concentration favors the interaction with glucose molecules, in such a
way that the HMF production takes place more quickly. Considering that the same
alkoxides were employed in all synthetic routes, different surfactants and conditions
must be responsible of the different surface Zr contents, probably due to different
hydrolysis rates, faster in the case of Zr species and even more in basic medium,
according to XPS data previously discussed. However, the best catalytic performance of
Zr-KIT (5) compared to Zr-MCM (5), both synthesized in acidic conditions, could be
associated with its much higher specific surface area (701 versus 564 m? g%). Therefore,
it could exist a relation between the surface Si/Zr molar ratio and surface area. Thus,
values of glucose conversion after 20 min of reaction were represented as a function of
surface Zr atoms-nm, considering BET surface area values (Fig. 8B). It can be
observed that catalytic activity enhances with the surface Zr atoms-nm™, attaining the
maximum value for Zr-HMS(5) with 0.236 at. Zr-nm™. Nevertheless, worst catalytic
data were attained for Zr-MCM(5), which exhibits the highest surface Zr atoms-nm
value. This fact could be due to this catalyst possesses a hexagonally packed cylindrical
pores that would difficult the access of glucose molecules to its active sites. Therefore,
it seems that the Zr-HMS(5) catalyst possesses the best combination between textural
parameters and surface Zr concentration to maximize dehydration of glucose to HMF.

From these data, it can be supposed that the 3D structure of Zr-KIT(5) and, mainly, the



globular structure of Zr-HMS(5) would facilitate the access of glucose molecules to

surface zirconium sites.

Regarding the HMF vyield, similar trends to those observed for glucose
conversion were found in all cases. However, it must be taken into account the existence
of side reactions that decrease the HMF yield for longer reaction times, when
condensation and resinification reactions between HMF, glucose and intermediates are
more likely to occur [58]. In addition, low fructose yields were observed in all cases
owing to its fast transformation into HMF, thus confirming that isomerization of
glucose to fructose is the limiting step of HMF production from glucose and the Lewis
acidity provided by the zirconium supported on mesoporous silica has been effective to

catalyze this process, as well as the CaClz presence helps with this aim.

On the other hand, the interconnection between pores of HMS would allow
HMF molecules faster leave pores, increasing the HMF production at shorter reaction
times, as can be inferred from Fig. 7. However, this catalyst showed an important
fraction of micropores with sizes lower than 1.2 nm, which would provoke its faster
deactivation because of the pore blocking and diffusional limitation of reactant and
products. In this sense, for reaction times longer than 60 min, the HMF vyield started to
decrease more quickly than with the other Zr-doped mesoporous silicas, which could be
due to deactivation of active sites or the leaching of Zr species. For this reason, ICP-MS
was used to evaluated the presence of soluble Zr species in the reaction medium after a
catalytic test carried out at 175 °C after 90 min, with the aim to verify if it was the cause
of the Zr-HMS(5) deactivation, but this analysis showed an insignificant Zr presence
(0.06%). Therefore, it could be supposed that deactivation was due to the deposition of
organic species on active sites. To verify this assumption, the used catalyst was

recovered and CHN analysis has corroborated the existence of these species, since the C



content increased from 0.08 wt.% for the fresh catalyst until 5.92 wt.% for the spent
one. Indeed, the surface C atomic concentration of spent Zr-HMS(5) catalyst,
determined by XPS, was 67.5%, which would explain its deactivation. Likewise, the TG
analysis of the spent Zr-HMS(5) catalyst reveals a weight loss of 63.65 wt.%, quite
higher than that observed for the fresh Zr-HMS(5) (29.33 wt.%) (Fig. 9). This fact
would point to the humins formation during the catalytic reaction as responsible the

catalyst deactivation.

Due to its high catalytic performance, the following studies have been focused
on the Zr-HMS(5) catalyst. Moreover, dehydration of glucose to HMF using catalysts
based on MCM-41, SBA-15 and KIT-6 has been already reported in the literature
[7,25,27], but with lower HMF vyield than the achieved in the present work. For
example, Jiménez-Morales et al. reached a HMF yield lower than 10% after 60 minutes
and 175°C, by using ta Zr-doped mesoporous MCM-41, whereas, under similar
experimental conditions in the present work, the HMF yield obtained with the Zr-
MCM(5) was 38%. Zhang et al., with a sulfated zirconia SBA-15 catalyst, achieved a
HMF yield of 27%, after 60 min at 140°C, being lower than that achieved for Zr-
SBA(5) (32%), after 60 min and 175°C, in spite of the sulfated groups. However, it is
the first time to the best of our knowledge that Zr-doped HMS silica is employed as

catalyst for this reaction.

Likewise, a catalytic test by using the Zr-HMS(5) impregnated with pyridine
(pyr-Zr-HMS(5)) as catalyst was performed to complete the influence of acidity on the
catalytic performance. For this, a beaker with 3 mL of pyridine and another one with the
appropriate amount of catalyst were introduced in a desiccator for 72 h. Then, the
catalyst impregnated with pyridine vapors was evaluated in glucose dehydration, under

similar experimental conditions. The catalytic performance of pyr-Zr-HMS(5) revealed



that both the glucose conversion and the fructose selectivity were higher after
impregnation with pyridine, but the HMF yield was lower (Fig. 10). These results
demonstrate that, although Lewis acid sites were blocked by pyridine, the presence of
this base in the reaction medium would favor the isomerization step, since it is also
catalyzed by basic sites. Thus, glucose conversion and fructose selectivity were
enhanced. However, it can be noticeable that the HMF selectivity was lower in the
presence of pyr-Zr-HMS(5), because a fraction of Lewis acid sites were blocked by
pyridine and the basic medium provided by the pyridine did not facilitate the

dehydration step of fructose to HMF, which requires the presence of acid sites.

In order to decrease the side reactions which provoke the deactivation of Zr-
HMS(5), the reaction temperature was decreased at 150°C (Fig. 11). As it was expected,
glucose conversion data were lower than those attained at 175°C, in such a way that the
maximum conversion (79%) was reached after 180 min. Moreover, the fructose yield
was higher at lower reaction temperature, but decreased with the reaction time, whereas
concomitantly the HMF vyield raises, thus supporting the two-step mechanism of
glucose dehydration: isomerization of glucose to fructose and subsequent dehydration
of fructose to HMF. However, the decrease in HMF yield was not observed at 150°C,
attaining a maximum value (40%) similar to that reached at 175°C, but at longer
reaction times (180 min versus 40 min). It should be noted that the use combined of Zr-
HMS(5) and CaCl2 provided higher values of glucose conversion and HMF yield that if
only CaCl2 was employed. By considering the catalytic behavior of Zr-HMS(5), the
evaluation of the influence of other reaction parameters has been carried out at 150°C to

minimize secondary reactions, which decrease the HMF production.

The next step in the catalytic study was to evaluate the influence of the

glucose:catalyst weight ratio on the catalytic performance, modifying the amount of



catalyst employed. In previous works, it was found an optimal ratio of 3 for the glucose
conversion into HMF by using H-ZSM-5 zeolites as catalysts [59]. However, it is
important to optimize this parameter for Zr-HMS(5). In this sense, the glucose:catalyst
weight ratio was varied between 10:1 to 1:1, at 150°C after 3 h, keeping in mind the best
results attained under similar experimental conditions (79% of glucose conversion and
39% of HMF vyield) (Fig. 12A). The glucose conversion enhanced with the
glucose:catalyst weight ratio, reaching a maximum conversion value of 92% for a
glucose:Zr-HMS(5) ratio of 1:1. The HMF yield also increased with the glucose:catalyst
weight ratio, but the values attained by using 3:1 and 1:1 ratio were quite similar (39%
and 41%, respectively) in spite of glucose conversion was higher for the last ratio. This
means that selectivity is better for the 3:1 ratio, which could be explained by the
increase in the glucose conversion by using a 1:1 ratio, the HMF production also
enhanced, but this excess of HMF would favor side reactions, thus decreasing the HMF
yield. This enhancement of side reactions with the amount of catalyst employed was
also corroborated in Figure 12 B. Thus, the use of higher catalyst concentrations led to
productivity of glucose dehydration, expressed as gglucose converted - geat * and grmr formed
- gear L, was lower. This fact was probably due to a higher amount of catalyst favored the

formation of secondary products.

An important advantage of heterogeneous catalysts is their reuse, and for this
reason this catalyst was studied during seven catalytic cycles at 150 °C for 60 min,
under similar experimental conditions. In this case, the glucose:catalyst weight ratio
used was 1:1, because a higher amount of Zr-HMS(5) in the reaction medium was easier
to recover in order to carry out the subsequent cycle, without losses of catalyst. It can be
observed (Fig. 13) that the glucose conversion barely changes along the different cycles.

However, the HMF yield was maintained along four catalytic runs, but it started to



decrease from the fifth one. It should be noted that a slightly higher HMF yield was
found in the second cycle. This fact could be explained because of the existence of
HMF adsorbed on the catalyst after the first cycle, so the desorption of these HMF
molecules could take place in the next cycle, consequently increasing the HMF yield. In
order to corroborate this fact, the catalyst after the first catalytic cycle was washed with
water and MIBK to desorb HMF molecules and the resulting solutions were analyzed
by HPLC to prove qualitatively this desorption of HMF. In both cases, the presence of
HMF was detected in the corresponding chromatograms (not shown), so it could be
concluded that the increase in HMF yield after the first cycles was due to desorption of
HMF molecules formed during the first catalytic run. On the other hand, the HMF yield
maintained a progressive decay, more important after four cycles, due to catalyst
deactivation associated to the deposition of humins, which adversely affect to the
catalytic performance [60]. In order to recover the catalytic activity of Zr-HMS(5), the
catalyst was washed with water and acetone after the 6™ cycle (noted as * in Fig. 13).
Thus, the HMF yield in the seventh cycle enhanced with respect to the sixth one due to
the removal of soluble humins by washing, attaining a value similar to the first catalytic
cycle. Moreover, the TG analysis of the spent catalyst showed a weight loss of 56.39
wt.%, lower than that observed after reaction at 175 °C since the side reactions
decreased, but it was higher than the value obtained for fresh catalyst (Fig. 9).
Therefore, it is demonstrated that washing was effective to remove adsorbed organic
species, including HMF, since the weight loss of spent catalyst after washing were near
to that of the fresh one, being even lower in the case of washing with water and ketone,
demonstrating its efficiency. As a result of these tests, it can be concluded that Zr-
HMS(5) can be reused for four cycles, maintaining a similar HMF vyield, being even

able to perform some more after washing it with water and an organic solvent.



Finally, the catalytic behavior of Zr-HMS(5) for HMF production was also
studied by using different disaccharides and polysaccharides (Fig. 14). These reactions
were carried out at 175 °C because the hydrolysis reaction of disaccharides or
polysaccharides was also required. It can be observed that the Zr-HMS(5) catalyst was
active in both hydrolysis and dehydration processes. With respect to disaccharides,
values of HMF yields equal to 24%, 27% and 33% were attained for sucrose, maltose
and cellobiose, respectively. It is noteworthy to mention that higher values were
achieved with maltose and cellobiose, formed by two glucose monomers, which
demonstrates that the Zr-HMS(5) catalyst is able to carry out efficiently dehydration of
glucose, since it was even higher than that obtained for sucrose which is formed by
glucose and fructose. On the other hand, this catalyst was active for hydrolysis of
polysaccharides and subsequent dehydration of resulting monomers, attaining HMF
yields of 29% and 9% by using inulin and cellulose, respectively, under these reaction
conditions. Therefore, the Zr-HMS(5) catalyst possesses great potential to be used as
acid catalyst for HMF production from lignocellulosic biomass.

Conclusion

Zirconium-doped mesoporous silicas with a Si/Zr molar ratio of 5 have
demonstrated to be active in the glucose dehydration to HMF, obtaining a more efficient
catalytic performance after CaCl. addition. Although the presence of acid sites is
required for glucose dehydration into HMF, a clear correlation between acidity and
catalytic performance was not observed. The present work has shown that textural
properties and morphology also play a key role in catalytic behavior. Thus, MCM-41
and SBA-15 morphologies, consisting of hexagonally packed cylindrical pores, are less
active due to both the steric hindrance which limits the access of glucose molecules to

active sites inside channels and their lower surface Zr concentration. However, the 3D



structure of Zr-KIT(5) and, mainly, the globular structure of Zr-HMS(5) facilitate the
access to surface zirconium sites, in addition to presenting a high surface area and
surface enrichment of Zr, as inferred from N2 sorption and XPS analysis, respectively.
Moreover, Zr-HMS(5) can be reused for four catalytic runs without any treatment
between cycles, and recovering its initial catalytic activity after washing with water and
acetone to remove carbonaceous species deposited on the catalytic surface. The Zr-
HMS(5) catalyst was also active for hydrolysis and subsequent dehydration of
disaccharides and polysaccharides, achieving similar values of HMF yield than those
observed by using glucose.
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Table 1. Textural and acidic properties of Zr-X(y) catalysts

Sample ( nS]EZT_l) (Cm\ﬁ?g_l) (mf;_l) (© g/gﬁag_l) pmoles NHs*geat?  pmoles NH3-m™
KIT-6 911 1.2 1149 1.147 n.d. n.d.

Zr-KIT(30) 825 1.313 1171 1.234 622 0.754
Zr-KIT(14) 747 1.328 1010 1.090 833 1.115
Zr-KIT(5) 701 0.540 697 0.606 817 1.165
Zr-HMS(5) 909 0.528 733 0.582 501 0.551
Zr-SBA-HT(5) 462 0.753 494 0.642 746 1.615
Zr-SBA(5) 749 0.346 744 0.525 676 0.902
Zr-MCM(5) 564 0.413 396 0.214 495 0.878

2 determined by MP method; n.d.: not detected



Table 2. XPS data of Zr-X(y) catalysts.

Catalyst Binding Energy (eV) Atomic ratio
O 1s Si2p  zr3ds, SV4rxes  SiZrbuk
Zr-KIT(30) 5324 103.8 182.9 29.1 30
Zr-KIT(14) 532.7 103.4 183.3 19.4 14

530.8 (5.1%)
Zr-KIT(5) 103.3 1832 12.1 5
532.7 (94.9%)

530.7 (7.8%)
Zr-HMS(5) 1035  182.8 9.9 5
532.8 (92.2%)

531.1 (4.5%)
Zr-SBA-HT(5) 1035 1834 32.3 5
532.9 (95.5%)

530.7 (4.6%)
Zr-SBA(5) 103.1 1829 20.8 5
532.4 (95.4%)

530.8 (4.7%)
Zr-MCM(5) 1037  182.8 13.4 5
533.0 (95.3%)




List of captions.

Figure 1. XRD patterns at low-angle region of A) Zr-KIT(y) catalysts.

Figure 2. TEM micrographs of (A) Zr-KIT(5) (B) Zr-HMS(5) (C) Zr-MCM(5) (D) Zr-
SBA(5) (E) Zr-SBA-HT(5).

Figure 3. N2 adsorption-desorption isotherms of A) Zr-KIT(y) and B) Zr-X(5) catalysts.

Figure 4. Pore size distribution curves determined by DFT method for A) Zr-KIT(y) and
B) Zr-X(5) catalysts and evaluated by MP method for C) Zr-KIT(y) and D) Zr-X(5)
catalysts.

Figure 5. FTIR of adsorbed pyridine spectra of A) Zr-KIT(5), B) Zr-MCM(5), C) Zr-
SBA(5), D) Zr-SBA-HT(5), E) Zr-HMS(5).

Figure 6. A) Effect of CaClz addition (0.650g:gaqueous solution) after 60min and B)
influence of reaction time for Zr-KIT(y) on glucose conversion and HMF yield (175°C,
H20:MIBK=1.5mL:3.5mL and a glucose:catalyst ratio of 3).

Figure 7. Influence of the reaction time on glucose conversion, fructose and HMF yields
for Zr-X(5) catalysts (175°C, H20:MIBK=1.5mL:3.5mL, 0.65 g C&C'Z'Qaqueous solution”- and
a glucose:catalyst ratio of 3).

Figure 8. Glucose conversion (squares) and HMF yield (circles) as function of A) surface
Si/Zr molar ratio determined by XPS and B) surface Zr atoms-nm? (175°C, 20 minutes
H20:MIBK=1.5mL:3.5mL, 0.65 g CaCl2gaqueous solution™* and a glucose:catalyst ratio of 3).

Figure 9. TG profiles of fresh catalysts and spent catalyst after 90 min at 175 °C and 60
min at 150 °C with/without washing with water or water/ketone.

Figure 10. Influence of the presence of pyridine on the glucose conversion and HMF and
fructose selectivity (175°C, 60 minutes and 5 mL of H20).

Figure 11. Effect of reaction temperature as function of reaction time at 150 °C and 175
°C for Zr-HMS(5) and comparison with non-catalytic process at 150 °C
(H20:MIBK=1.5mL:3.5mL, 0.65 g CaClz:Qaqueous solution™™ and a glucose:catalyst ratio of
3).

Figure 12. Glucose conversion, HMF yield and fructose yield (A) and TON values (B)
as function of glucose:catalyst weight ratio for Zr-HMS(5) (H20:MIBK=1.5mL:3.5mL,
0.15 g of glucose, 0.65 g CaCla-gagueous solution >, 150°C and 3 hours).

Figure 13. Reuse of Zr-HMS(5) (150°C, 60 minutes H20:MIBK=1.5mL:3.5mL, 0.65 g

CaCl2-Gagueous solution* and a glucose:catalyst ratio of 1).

Figure 14. Catalytic behaviour of Zr-HMS(5) for HMF production by using different
disacharides and polysacharides as raw materials (175°C, 60 minutes
H20:MIBK=1.5mL:3.5mL, 0.65 g CaCl2-Qaqueous solution™> and a glucose:catalyst ratio of 3).
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