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In this work, the xylose conversion and the selectivity to furfural were assessed over mesoporous sulfonic
silica SBA-15-(X)SOsH catalysts doped with metal ions (X = Al(m), Ti(iv) or Zr(iv)). The type and amount of acid
sites were analyzed by adsorption of pivalonitrile. The SBA-15-(X)SOzH materials show Lewis acid sites (LAS)
and two types of Brensted acid sites (BAS) with different strengths. Type | (BAS I) belongs to terminal silanol
groups, type Il (BAS II) is ascribed to hydroxyl groups bonded to sulfur or transition metal, and the LAS is
related to M-0O bonds. Optimal reaction conditions for the most active catalyst (SBA-15-(Zr)SOzH) were
120 minutes of reaction at 160 °C, 20 wt% of catalyst, and 2.5% of xylose/solvent. Additionally, a kinetic

. 4 23rd A 2003 study was carried out to calculate the rate constants, the activation energy, and the pre-exponential
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Accepted 12th October 2023 factor for the xylose dehydration reaction. It was found that the selectivity to furfural in sulfonic silica

SBA-15-(X)SOzH catalysts was directly related to the BAS Il fraction. While LAS negatively impacts the

DOI: 10.1039/d3ra05774g selectivity to furfural leading to the undesired reaction between furfural and xylose obtaining humins as
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Introduction

The development of sustainable and economic processes to
produce fuels and high-value chemical products has attracted
attention in recent years to mitigate the current environmental
problem of global warming due to the excessive use of fossil
fuels and products.* An attractive strategy to lessen dependence
on fossil resources is the use of lignocellulosic biomass as a raw
material for the substitution of petroleum-derived precursors
for chemical products generated from ecological processes.”
Lignocellulosic biomass consists of three main components:
cellulose, hemicellulose, and lignin.> Furfural is produced by
the dehydration of xylose, which is obtained from the depoly-
merization of hemicellulose through a sequence of cascade
reactions®* Furfural is a valuable molecule, which could be used
for the synthesis of high value-added compounds capable of
substituting chemical products derived from petroleum®™ such
as 2-methyl furan, furfuryl alcohol, levulinic acid, tetrahydro-
furan, and y-valerolactone.

Furfural is usually obtained industrially by using HCI or
H,SO, as a monofunctional acid catalyst.”*'* A high furfural
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yield (greater than 61 mol%) can be obtained when these
mineral acids are used as catalysts.""*> However, there are some
drawbacks, the mineral acids are harmful to the environment,
are highly corrosive towards the reaction equipment,* and lead
to undesired side reactions. On the other hand, monofunctional
catalysts are not efficient when the process involves multiple-
step reactions." The conversion of xylose to furfural could
proceed in two steps the isomerization of xylose to xylulose,
which is catalyzed by the Lewis acid sites, followed by xylulose
dehydration to furfural that is promoted by the Bronsted acid
sites.'> Hence, one of the goals is to achieve economically viable
furfural production through a one-pot reactor using a hetero-
geneous catalyst system that is environmentally friendly while
controlling unwanted secondary reactions. Within this context,
bifunctional solid acid catalysts emerge as an attractive alter-
native for performing sequential-type reactions in a single pot,
due to their low corrosion, excellent selectivity, and easy
recovery,'®" their catalytic activity needs to be improved to meet
the requirements of furfural production at industrial scale.
One of the main factors to improve yields in the production
of furfural from xylose has been the implementation of new
reaction systems, employing bifunctional solid catalysts which
are designed to increase the selectivity towards desired product,
simplifying the process."* Among Brensted and Lewis acid
bifunctional catalysts, we have heterogeneous acid catalysts
such as resins, zeolites, sulfonated metals, and heteropoly
acids, among others.'*?* As well as the use of reaction media
with organic solvents from biomass*** such as y-valerolactone,
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which has shown efficiency in the production of furfural when
used as reaction medium in combination with water® reporting
an optimal mm ratio of 9:1 respectively, obtaining 80 mol%
yield of furfural from xylose.”* Bhaumik et al.>* reached 61 mol%
yields of furfural from xylan with WO;/SiO, as a catalyst in
a biphasic water/toluene solvent system at 170 °C for 8 h.

Furfural production is based on acid-catalyzed dehydration
of xylose. So, efforts have recently focused on optimizing the
balance between Lewis and Breonsted acid sites.'® Researchers
have reported modifications to SBA-15 to be used as a catalyst in
xylose dehydration reactions for furan production® since SBA-
15 is a material that exhibits high hydrothermal stability,
large surface area, adjustable pore size, and ordered meso-
porous structures.’®” It is well known that Brensted acid sites
on SBA-15 are crucial to produce furfural from xylose*® and
some previous studies have shown that the incorporation of
functional organic groups such as sulfones and phosphates, as
well as the incorporation of metal ions to SBA-15, increases the
catalytic behavior due to its acid properties.”** Otherwise, the
incorporation of Al’* leads to the formation of Brgnsted and
Lewis acidity,***> whereas the addition of Ti*" into the SBA-15 by
the condensation method mainly favors Lewis acid sites.****

Although it is known that the incorporation of transition
metals such as Al(ui) or Ti(wv), as well as the incorporation of
sulfonic groups, enhances the surface acidity of SBA-15, it is
still unknown the role of Brgnsted and Lewis of these cata-
lysts over the reaction pathway of xylose conversion to
furfural. Thus, the aim of this work is a systematic study of
physicochemical properties of the SBA-15-(X)SO;H doped
with Al(m), Ti(wv), and Zr(iv) with emphasis on the bifunc-
tionality of the catalysts on their surface acidity (Brensted and
Lewis) studied by adsorption of pivalonitrile, which is
adsorbed on strong and weak acid sites, to correlate the effect
of the metal ion on their acid properties and also, with the
xylose conversion and furfural selectivity to select the best
catalyst. The best operation conditions on a one-pot reactor
were established: temperature, reaction time, xylose, and
catalyst dosage. Then, a kinetic model was used to evaluate
the specific reaction rate, activation energy, and pre-
exponential factor of the reactions involved in the reaction
pathway from xylose conversion to furfural; where every
probable reaction was related to the presence of Brgnsted and
Lewis acid sites present in this type of catalyst.

Experimental
Materials

Xylose (99%), vy-valerolactone (99%), poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly (ethylene glycol) =
pluronic 123 (P123), sodium chloride (NaCl), hydrogen peroxide
(H,0,) (30%) tetraethyl orthosilicate (TEOS) (98%), (3-mercap-
topropyl)trimethoxysilane (MPTMS) (95%), titanium(wv) iso-
propoxide (TiO4(i-Pr),, 97%), aluminum isopropoxide (AlO;(i-
Pr)z, 98%), zirconyl chloride octahydrate (ZrOCl,-8H,0, 99%).
All chemicals used were of analytical grade and were purchased
from Sigma Aldrich.
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Catalysts synthesis

Catalyst preparation was carried out by in situ sol-gel method,
following a procedure already reported.* The prepared catalysts
were SBA-15, SBA-15-SO;H, and SBA-15-(X)SO;H where X =
Al(m), Ti(iv) or Zr(wv). The following molar ratios were used:
0.019 : P123/0.1 : MPTMS/147 : H,0/1 : TEOS/0.54 : HC1/1.8 :
H,0,/1 : NaCl/0.1 : AlO3(iPr)3;0.1 : TiO4(i-Pr)4;

ZrOCl,- 8H,0.

To prepare SBA-15, NaCl and P123 were dissolved in an HCI
solution (0.2 mol L™%) at 40 °C and the mixture was kept at this
temperature for 3 h, then TEOS was added dropwise. In the case
of SBA-15-SO;H, the same procedure was followed, but after 2 h
of the TEOS addition, a mixture of MPTMS and H,O, was added.

The synthesis of SBA-15-(X)SO;H samples involves the same
procedure as SBA-15, but after 2 h of the TEOS addition, the
metal precursor was added (AlO;(i-Pr)s, TiO4(i-Pr), or ZrOCl,-
-8H,0) allowing it to hydrolyze for 2 h. After that, the mixture of
MPTMS-H,0, was added.

In all cases, after the last step, it allows the polymerization
and condensation reactions during 24 h with stirring at 40 °C.
Afterward, the solution was placed in polypropylene bottles and
aged at 100 °C under static conditions for 24 h. The solution was
filtered to obtain a white material which was washed with
distilled water and dried for 12 h at 80 °C. The material was then
weighed and for each gram of material obtained, 50 mL of
ethanol was added to be placed in a reflux system at 80 °C for
24 h. Finally, the above solution was filtered and dried at 80 °C
for 12 h. It is worth mentioning that all materials were dried at
100 °C before the catalytic activity tests.

0.1:

Catalysts characterization

The X-ray diffraction patterns of the samples were measured in
a PANalytical Empyrean using Ka radiation (A = 1.54056 A) at 40
kv and 30 mA. The data were recorded in a 2¢ range between 10
to 80° with a step size of 0.026° and a counting time of 0.4
seconds per step. Small angle X-ray diffractograms (SAXRD)
were obtained with an XRD Anton-Par SAXSess-Emc2 equip-
ment using Cu Ka radiation (1 = 1.54056 A), between 0.5° < 24
= 2°. The unit cell parameter a, (Table 1) was calculated from a,
= 2d400/+/3.3% Thermogravimetric analysis (TGA) was con-
ducted in a PerkinElmer TGA 4000 thermogravimetric analyzer.
TG curves were obtained under a dynamic atmosphere of
nitrogen (20 mL min~ "), a heating rate of 20 °C min~" from 30
to 800 °C, with a change of gas to oxygen (20 mL min~"') when

Table 1 Crystallographic parameters and textural properties of SBA-
15-(X)SOzH

Parameter Specific surface Pore diameter
Catalyst a (A) area (m> g™") (nm)
SBA-15 129 465 5.2
SBA-15-SO;H 134 618 6.5
SBA-15-(Al)SO;H 131 596 6.6
SBA-15-(Ti)SO;H 134 674 5.6
SBA-15-(Zr)SO;H 134 693 6.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the temperature was equal to or greater than 700 °C. The
infrared experiments were performed in a PerkinElmer Frontier
FT-IR spectrometer equipped with a diamond crystal; the
spectra were collected in a range from 4000 to 600 cm ' at
16 cm™ ' of resolution using an average of 16 scans in an
attenuated total reflectance (ATR) mode. The textural proper-
ties: surface area, and pore diameter of the catalysts were
analyzed by nitrogen physisorption at —196 °C from the BET
and the BJH method, respectively; in a Quanta Chrome Auto-
sorb iQ instrument. Before the measurements, the samples
were degassed under vacuum at 100 °C for 10 h. The SEM-EDS
analysis was performed with a JEOL JSM-7600F analytical elec-
tron microscope. At the conditions used, the depth of analysis
was 2 pm model operated at 5 kV. Surface acidity was studied by
adsorption of pivalonitrile, pressed disks of the pure catalyst
powders were made, placed into the IR cell, and then outgassed
at 200 °C for 2 h. After that, a pulse of pivalonitrile (6 Torr) was
introduced at room temperature, and IR spectra were collected
outgassing at room temperature and 120 °C for 15 min.
Experiments were performed with an FTIR Nicolet 6700 spec-
trophotometer, with a resolution of 4 cm™" and 100 scans per
spectrum. All spectra obtained were normalized to a weight of
10 mg cm 2, X-ray photoelectron spectroscopy (XPS) assess-
ments of the samples doped with Al, Ti, and Zr were carried out
on a JPS-9200 spectrometer from JEOL using a monochromatic
Al-Ka. source (1486.6 eV). Charge correction was carried out
taking the adventitious carbon signal C 1s at 285 eV. XPS data
processing was performed using the AANALYZER version 2.25
RDATAA (robust data analysis) interactive least-square software.
The elemental analysis of carbon, hydrogen, and sulfur was
done using 15 mg of fresh and used catalyst, the sample was
burned until combustion in a PerkinElmer PE2400 elemental
analyzer using as calibration compounds cystine, acetanilide,
and sulfamic acid. In addition, the microanalysis of the fresh
and used catalyst to measure the percentage of silicon, oxygen,
zirconium, and sulfur was done using energy dispersive spec-
troscopy (EDS) in an Oxford Aztec 100 instrument.

Catalytic conversion of xylose into furfural

The reactions were carried out in a batch Parr reactor. In stan-
dard conditions, 0.23 g of xylose, GVL/H,O (mm =9:1, 10 g in
total), and 0.023 g of catalyst were charged into the reactor. The
air in the reactor was purged with nitrogen and the initial
pressure at 5 atm, followed by programmed heating up to the
target temperature (140-180 °C) for a set reaction time (60-180
min). The stirring speed was 600 rpm. After the reaction time
finished, an ice bath was used to cool the reactor to room
temperature. The liquid obtained during the process was
filtered through PVDF filters (polyvinylidene fluoride) of 0.22 p
and deposited into amber vials for GC and HPLC analysis.
Furfural concentrations were analyzed in a gas chromato-
graph equipped with a flame ionization detector (FID) and a BR-
SWax column, N, was used as the mobile phase with a flow of
0.8 mL min~?, the detector was set at 300 °C and the column
temperature was 222 °C. To determine xylose concentrations,
samples were analyzed on an HPLC instrument (Agilent 1260)
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equipped with a refractive index detector and a Hi-Plex H
column at 35 °C. As a mobile phase, a 5 mmol L' H,SO,
solution was used with a flow rate of 0.5 mL min~*. The column
oven and the RID were kept at 35 °C and 45 °C, respectively. The
xylose conversion, furfural yield, and furfural selectivity were
calculated as follows:*”*

Furfural selectivity, % = (produced moles of furfural) x 100

reactants moles of xylose

(1)
Furfural yield, % — pr(?d}léed moles of furfural <100 (2)
initial moles of xylose
Xylose conversion, % = r§a.ct'ant moles of xylose x 100 (3)
initial moles of xylose

Results and discussion

Crystal, textural, and morphological properties

Small and wide angle XRD patterns of SBA-15-(X)SO;H materials
are shown in Fig. 1a. The XRD diffractograms at small angle
showed three peaks at 260 = 0.8°, 1.4° and 1.6° related to the
planes (1 0 0) (1 1 0) and (2 0 0) which are associated with
a Pémm hexagonal arrangement (PDF 58-0344).%%*%%% The
incorporation of sulfonic groups in the SBA-15-SO;H sample
generates an XRD pattern of less intensity and a small shift of
the main peak to lower angles® suggesting a small loss of
ordered mesoporosity and an increase in the unit cell parameter
a,. In addition, the reflections (1 1 0) and (2 0 0) are not present
in SBA-15-(Ti)SO;H which is attributed to a decrease in the wall
thickness resulting in a partial destruction of the pore struc-
ture.** The wide angle XRD diffractograms (Fig. 1b) depict the
typical broad brand between 26 values at 20° and 30°, with
a maximum at 22.9° associated with the amorphous silica
walls.*"*> However, SBA-15-(Ti)SOz;H shows diffraction peaks at
20 = 25.5°, 27.6°, 36.2°, 41.2°, 48.2°, 54.4°,63.1° and 69.4°
related to TiO, nanoparticles, in anatase phase, that were not
incorporated into the SBA-15 framework (JCPDS 01-073-
1764).%4

The N, physisorption isotherms of doped SBA-15-SO;H are
depicted in Fig. 2a. In general, the adsorption-desorption
isotherms are considered type IVa, and according to IUPAC
classification belong to mesoporous materials, where the
capillary condensation is accompanied by hysteresis loop, this
characteristic is related to the adsorption system, in the case of
nitrogen adsorption, the hysteresis starts for pores wider than
4 nm.* Regarding the hysteresis loop, the SBA-15-SO;H mate-
rials doped with transitional metals showed a type I hysteresis
loop at relative pressures of around 0.6-0.8 which are related to
the narrow range of uniform cylindrical pores.*****” The addi-
tion of Ti(wv) in the SBA-15-(Ti)SO;H sample seems to modify the
hysteresis loop showing a two-step desorption brand (type II
hysteresis) associated with the existence of bottleneck meso-
porous and the pore blocking by TiO, nanoparticles reducing
the pore diameter, which is in line with the wide angle XRD

RSC Adv, 2023, 13, 30649-30664 | 30651
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(a) SAXS, and (b) WAXS patterns of SBA-15-(X)SOzH.

patterns, and the pore diameter distribution depicted in
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The specific surface area and the average pore size of doped
SBA-15-SO;H catalysts were calculated from the BET and BJH
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methods (Table 1). The incorporation of sulfonic groups and
metal ions increases the specific surface area of SBA-15 up to
30% and provokes an increment of 27% of the pore diameter
this probably obeys the substitution of silicon by the larger
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30652 | RSC Adv, 2023, 13, 30649-30664

Pore diameter, angstrom

(a) N physisorption isotherms and (b) pore diameter distribution of SBA-15-(X)SOzH.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05774g

Open Access Article. Published on 18 October 2023. Downloaded on 12/5/2025 1:38:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

covalent radius of metal ions and the enlargement of the unit
cell when isopropyl sulfonic groups replace oxygen atoms in the
SBA-15 structure. An exception is the SBA-15-(Ti)SOz;H catalyst
whose increment was only 8% possibly due to the pore blocking
by TiO, nanoparticles, as it is observed in the hysteresis loop
and the XRD results.

Table 2 shows the Si/X and Si/S molar ratios obtained by EDS.
The Si/X molar ratios obtained for each metal ion indicate the
amount of each metal ion incorporated into the SBA-15 frame-
work as well as possible metal oxides deposited externally on
the surface. In agreement with the XRD results the low Si/Ti
molar ratio is mainly associated with the deposition of TiO,
nanoparticles on the material surface as the XRD results
showed, but also, to incorporation of Ti(iv) into the SBA-15
framework. In the case of SBA-15-(Al)SO;H and SBA-15-(Zr)
SO;H, the XRD results indicated that the Si/X molar ratio
calculated obeys internal metal ions of Al(ur) and Zr(wv) incor-
porated into the SBA-15 framework which is in line with the
increment in the surface area and pore diameter of these
materials. The Si/Zr molar ratio found in SBA-15(Zr)SO;H is in
good agreement with the literature.**® On the contrary, the
addition of Al(m) into the SBA-15 structure is almost ten times
lower than expected, this can be attributed to the high solubility
of Al(m) in the gel under acid conditions, where a low pH value
is beneficial for maintaining the mesostructured of SBA-15.*>*°
In the case of the Si/S molar ratio, the percentage of sulfur
incorporation in all samples is around 53% and 67%, but also,
the incorporation of ion metals enhances the addition of
sulfonic groups as previously reported.****

The SEM micrographs of SBA-15-(X)SO;H catalysts showed
that all samples possess a wheat-like structure of SBA-15
(Fig. 3),*"** composed of small cylinders or rod-shaped aggre-
gates. However, the micrograph of SBA-15-SO;H shows rod-like
aggregates of smaller size than SBA-15 material, which is
attributed to the low mesoscopic order found in the small angle
XRD pattern of this material.** The SEM micrographs of SBA-15-
(Al)SO3H and SBA-15-(Ti)SO;H also presented small spheroidal
particles due to the incorporation of metal particles,*>* in the
case of SBA-15-(Ti)SOzH, the amount of this particles is more
evident, which is in line with the XRD and N, physisorption
results. Also, the micrograph of SBA-15-(Zr)SO;H shows a more
ordered wheat-like macrostructure with elongated rod-shaped
aggregates that are systematically agglomerated to form rope-
like domains.*® The length of these particles is associated with
conditions of the synthesis process where the content of water
and polarity of micelles were reduced due to the synergistic
effect of sulfonic groups and Zr(iv) reduction.*** In addition,

Table 2 EDS analysis of SBA-15-(X)SOzH

Catalyst Si/X Si/S
SBA-15 — —
SBA-15-SO;H — 19
SBA-15-(Al)SO;H 114 17
SBA-15-(Ti)SO;H 9 15
SBA-15-(Zr)SO;H 22 18

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the micrographs of elemental mapping of Al, Ti, Zr, and S for
each sample of SBA-15-(X)SO;H are shown in Fig. 3 showing the
good distribution of these elements in the framework of SBA-15.

Thermal stability and functional groups

The thermogravimetric analysis of SBA-15-(X)SO;H materials is
plotted in Fig. 4a. The first weight loss is in the range of 30 to
100 °C which is related to the loss of water physiosorbed on the
surface. The thermogram indicates a loss percentage of around
4% to 12.5%, the SBA-15-(Ti)SO;H sample with the greater
weight loss, demonstrating a more hydrophilicity character for
this material.*® The second weight loss is around 100 °C to 280 °©
C for the SBA-15 sample, which is attributed to the surfactant
(P123) decomposition that was not removed during the washing
step with ethanol.>»** Whereas the TGA profiles of the other
materials indicated a loss weight in the range of 100 °C to 500 °
C which is first related to the residual moieties of the block
copolymer (~300 °C) and is also associated to degradation of
the propyl groups bonded to thiol (~350 °C), or sulfonic groups
(~450 °C).>** The third weight loss occurred between 300 °C to
700 °C for SBA-15 material related to the decomposition of
organic matter.** For all materials, the last weight loss (from
500 °C to 700 °C) is associated with the total decomposition of
alkyl sulfonic groups.>>>>¢

Fig. 4b shows the FTIR spectra of all catalysts, indicating
a broad band around 3400 cm™" associated with O-H stretching
vibration typical of hydrogen bonding between silanol groups
and physiosorbed water molecules.*® There is a band around
1630 cm ' related to the bending vibrations of O-H
groups.’**>* The band at about 960 cm ™" is related to uncon-
densed silanol groups (Si-OH).>**** The asymmetric stretching
vibrations of Si-O-Si appear at 1100 cm ™, while the symmetric
stretching vibrations for Si-O bonds are observed at about
800 cm ™ '.3>51%¢ The barely perceptible bands at 1380 cm™ ' and
1460 cm™ " correspond to the C-O-C vibrations as well as the
signals at 2980 and 2920 cm ™" associated with C-H stretching
vibration evidence the presence of residual copolymer in all
samples as it was found in TGA analysis.”~** In addition, the
incorporation of the propyl sulfonic groups is evidenced by the
antisymmetric and symmetric S-O vibrational modes which are
visible as a shoulder at 1125 cm™ ' and a band at 1046 cm ™ ?,
respectively, this latter is overlapped with the asymmetric
vibrations of Si-O-Si (1100 cm ') leading to a band with
a maximum at around 1070 cm™*.*® Furthermore, the absence
of the band at about 2400 cm™'
vibration of the thiol group (-SH) indicating the possible
complete oxidation of the MPTMS precursor to sulfonic
groups.”

is attributed to the weak

Surface acid properties

The study of the Lewis and Brensted surface acid sites on doped
SBA-15-SO;H materials was made through the adsorption of
pivalonitrile (PN). The FTIR spectra in the range of 2350 cm ™" to
2200 cm " of all catalysts with adsorbed PN and after a decon-
volution process are shown in Fig. 5, this region is associated
with C=N stretching vibration from pivalonitrile on Lewis and

RSC Adv, 2023, 13, 30649-30664 | 30653
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Fig. 3 SEM micrographs, and elemental mapping of SBA-15-(X)SOzH.

Brensted acid sites from zeolites and silicon oxides doped with
Al Ti** and Zr™ cations.”” The FTIR spectra of adsorbed piv-
alonitrile evacuated at 120 °C for SBA-15 and SBA-15-SO;H
materials are not shown since any vibration band of adsorbed
pivalonitrile was observed, which is indicative of the less acidic
character of these samples in comparison to materials func-
tionalized with metal ions. The SBA-15 spectrum presents
a band at about 2244 cm ™}, associated with PN interaction with
silanol groups (Si-OH, BAS I).”’~** The SBA-15-SO;H spectrum
also shows the same band at around 2245 cm™?, and a second
band at 2268 cm ' attributed to OH's groups bonded to the
silica surface with adjacent propyl sulfonic groups (S-OH, BAS
II)** as it was observed by FTIR results in Fig. 4b, and thus,
attributed to stronger Brgnsted acid sites.

30654 | RSC Adv, 2023, 13, 30649-30664
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The FTIR spectra of SBA-15-(Al)SOz;H catalysts evacuated at
room temperature and 120 °C possess the same two bands of
SBA-15-SO;H attributed to Bregnsted acid sites, located at
around 2247 cm ™~ '(BAS I), and 2274 em ™" (BAS II), this latter is
associated to silanol groups adjacent to propyl sulfonic groups,
but also to hydroxyl groups bonded to the silica framework with
adjacent aluminum ion (Si-OH-Al).*” The third band at around
2300 cm~ ' is indicative of coordinatively unsaturated Al(m)
cations in tetrahedral coordination located into the SBA-15
framework, and thus, this band belongs to Lewis acid sites.®>*

In the case of SBA-15-(Ti)SO;H material, the FTIR spectra
evacuated at room temperature and 120 °C showed four bands.
After outgassing, a band at around 2241 cm™" which could be
assigned to the interaction of pivalonitrile with silanol groups

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and its adsorption on terminal hydroxyls of TiO,.*® When the
evacuation temperature is increased to 120 °C the intensity of
this band decreases and its maximum shifts to 2247 cm ™" (BAS
I), which denotes the low strength of Brensted acid sites of TiO,
in comparison to silanol groups of doped SBA-15. The second
band is located at around 2260 cm ™" and is assigned to silanol
groups close to titanium ions incorporated into the SBA-15
framework, then this band is related to Brensted acid sites
type II (BAS II). The third band at 2280 cm ™" can be attributed to
pivalonitrile species interacting with the Lewis acid sites (LAS)
of TiO,, this result is in line with the findings in the XRD
characterization. The last band at 2303 em ™" is related to LAS
that belongs to coordinatively unsaturated Ti(v) cations in
tetrahedral coordination located in the SBA-15 framework.***

The FTIR spectra of SBA-15-(Zr)SOz;H possess the same two
bands of SBA-15-SO;H at around 2248 cm '(BAS I) and
2270 cm™'(BAS II) associated with Brensted acid sites, whereas
the peak at 2282 cm ™ is related to CN stretching vibration of
pivalonitrile interacting with LAS related to Zr(iv) ions.*®*

The relative percentage of acid sites LAS, BAS I, and BAS II is
shown in Table 3. The LAS is related to metal ions in the SBA-15
framework in tetrahedral coordination, whereas the BAS type I
belongs to terminal silanol groups, and the BAS type II is
assigned to silanol groups nearby to propyl sulfonic groups or
metal ions, as was discussed above. It is observed in Table 3 that
SBA-15 only possesses BAS I, while the incorporation of sulfonic
groups into the framework of SBA-15-SO;H produced a small
fraction of BAS II. In general, the incorporation of the metal ion
into the SBA-15-SO;H framework provokes first the generation

© 2023 The Author(s). Published by the Royal Society of Chemistry

of LAS, and second, the metal ions act synergistically with
sulfonic groups increasing the strength of the BAS II and LAS,
this is evidenced by the greater percentage of BAS II and LAS
found when the evacuation temperature is increased from room
temperature up to 120 °C, and this occurred in all SBA-15-(X)
SO;H samples.

The relative percentage of BAS IT and LAS of SBA-15-(Al)SO;H
obtained when pivalonitrile is evacuated at room temperature
and 120 °C, indicated that the concentration of BAS II and LAS
increases 25.5% and 7.3, respectively. In the case of SBA-15-(Ti)
SO;H when the evacuation temperature changed to 120 °C, the
population of BAS I and BAS II decreased by 8.5% and 7.7%
respectively, while the percentage of LAS augmented propor-
tionally, in this material the strongest and the highest pop-
ulation of acid sites belongs to LAS related to TiO, that was not
incorporated into the SBA-15 framework (Fig. 5).

In the SBA-15-(Zr)SO;H sample when the evacuation
temperature is raised to 120 °C the BAS I and LAS decreased by
27% and 8%, respectively, whereas the BAS II augmented pro-
portionally, indicating that in this material BAS II are the
strongest acid sites.

Chemical environment: X-ray photoelectron spectroscopy

As mentioned above (surface acid properties), the acid site type
BAS 1II is associated with hydroxyl groups bonded to the silica
framework with adjacent aluminum ion (Si-OH-Al) and silanol
groups adjacent to propyl sulfonic groups. To inquire on the
extent of incorporation of the metal ions AI**, Ti*", and Zr** into

RSC Adv, 2023, 13, 30649-30664 | 30655
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the SBA-15 framework (extent of incorporation) as well as the
chemical state of S, XPS measurements were performed. The
deconvolution of the XPS Al 2p, Ti 2p, Zr 3d, and S 2p (only the
spectrum of the SBA-15-(Zr)SO;H material is shown) is exhibited
in Fig. 6. The Al 2p spectrum presents two species of aluminum,

30656 | RSC Adv, 2023, 13, 30649-30664

one located at 72.7 eV and the second one at 75.6 eV. The first is
ascribed to Al,O,, while the band at higher binding energy is
attributed to AI*" in silica framework.®> In the case of the SBA-
15-(Ti)SO;H sample two doublets were found for Ti 2p, the peak
at 457.7 eV is associated with Ti—-O bonds that are associated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Relative percentage (% rel.) of acid sites of SBA-15-(X)SOzH
materials evacuated at room temperature (RT) and at 120 °C

Material % rel. BAS I % rel. BAS II % rel. LAS”
SBA-15 ev RT 100 0 0
SBA-15-SO3;H ev RT 93.1 6.9 0
SBA-15-(Al)SO;H ev RT 76.7 17.6 5.7
SBA-15-(Al)SO;H ev 120 °C  43.9 43.1 13.0
SBA-15-(Ti)SO3H ev RT 31.6 38.2 30.2
SBA-15-(Ti)SO;H ev 120 °C  23.1 30.5 46.4
SBA-15-(Zr)SO;H ev RT 38.4 23.2 38.4
SBA-15-(Zr)SOsH 120 °C 11.4 58.1 30.4

“ The relative percentage of each acid site was obtained by dividing its
band area by the total area formed by the different sites (Brensted
and Lewis).

with TiO, specie.®® Another peak located at 532.8 eV was
assigned to Si-O-Ti.** The Zr 3d XPS spectrum presents two
groups of signals resultant of Si-O-Zr (184.7 eV) and ZrO, (183.7
eV) species.®**® Concerning the region of S 2p was fitted with
two doublets around 169 and 162 eV. The latter peak is char-
acteristic of -SO;H®” and another doublet is associated with the
thiol group -SH.®”* The existence of the thiol group is due to
the incomplete oxidation of the MPTMS precursor to sulfonic
groups. The binding energy and the relative percentage of each
species of Al, Ti, Zr, and S are listed in Table 4. The relative
percentage of a given element is obtained by dividing its peak
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area by the total area formed by the different species of the same
element.®

It is observed that the catalysts present metal ions extra
framework generating Al,O,, TiO,, and ZrO, interfacial respec-
tively. However, most of the metal is incorporated into the SBA-
15 framework. On the other hand, the largest amount of sulfur
(about two-thirds) is in sulfonic groups, while the rest is in the
form of thiol group (S-H). As mentioned above the extent of
incorporation of metal ions into the SBA-15 framework and the
number of sulfonic groups are important parameters for cata-
Iytic performance due to its relationship with the acid sites BAS
I In this context, the catalyst with a higher extent of incorpo-
ration and population of -SO;H groups is SBA-15-(Zr)SO3H, this
is in line with the population of acid sites BAS II in the catalyst
(see surface acid properties). On the other hand, compared
between the catalysts doped with Al and Ti, the extent of
incorporation is slightly greater in the catalyst with Al (a 2.9%)
and the contrary occurs with the population of sulfonic groups,
which is higher in the catalyst with Ti (@ 11.1%). Otherwise, the
acid site LAS is related to species of metal oxides deposited
externally on the surface, being the catalyst SBA-15-(Ti)SO;H
with higher metal oxide (TiO,).

Catalytic performance under standard conditions

To determine the catalyst with the best performance in the

transformation of xylose, furfural selectivity, and yield,
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Fig. 6 Narrow spectra of (a) Al 2p, (b) Ti 2p, (c) Zr 3d, and (d) S 2p of SBA-15(X)SOzH.
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Table 4 Binding energy (eV) and relative percentage (rel. %) of Al Ti, Zr, and S species
Al 2p/Ti 2p/Zr 3d S 2p
Catalyst Assignment BE (eV) Rel. (%) Assignment BE (eV) Rel. (%)
SBA-15-(Al)SO;H Al O, 72.7 37.4 S-H 166.8 34.1
Si-O-Al 75.6 62.6 SO;H 170.1 65.9
SBA-15-(Ti)SO;H TiO, 457.8 40.3 S-H 162.9 23
Si-O-Ti 461.2 59.7 SO;H 170.7 77
SBA-15-(Zr)SOsH ZrO, 183.7 34.3 S-H 161.9 22.2
Si-O-Zr 184.7 65.7 SO;H 169.9 77.8

reactions were carried out at common conditions (120 °C for 60
minutes, a catalyst to xylose (mm = 1:10), y-valerolactone
(GVL) to H,O (mm = 9:1).

SBA-15 is not presented in Fig. 7a, since this catalyst does not
show any xylose conversion and thus, any furfural production.
As is noticed, the small proportion of BAS II in SBA-15-SOz;H in
comparison with SBA-15 (Table 3) is enough to obtain xylose
conversion and furfural selectivity. When Al or Ti is incorpo-
rated into the SBA-15-SO;H framework the xylose conversion
and the furfural yield are slightly increased, however, when the
presence of Zr duplicates the xylose conversion and furfural
yield in comparison to SBA-15-SO;H.

= ] Xylose Conversion

I Furfural Selectivity

257

SBA-15-SO3H SBA-15-(Al)SO3H SBA-15-(Ti)SO3HSBA-15-(Zr)SO3H

Catalyst
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Fig. 7 (a) Furfural production from xylose in standard conditions, and
(b) linear correlation between furfural selectivity (mol%) and BAS II
fraction.
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A probable explanation was found when the furfural selec-
tivity was related to the BAS II fraction. The BAS II fraction was
obtained by dividing its relative percentage by the total
percentage formed by Bregnsted acid sites (BAS II/(BAS I + BAS
II)). The BAS II fraction changes when the transition metal is
incorporated in SBA-15-SO;H, increasing as Al(m) < Ti(v) <
Zr(wv). Fig. 7b shows that the furfural selectivity is a function of
the amount of BAS type II, a linear trend between the BAS II
fraction and furfural selectivity is observed. This is in line with
the results published by Weingarten et al.”® In this way, the
catalyst with Zr (SBA-15-(Zr)SO;H) has shown the best xylose
conversion and furfural yield which was related to its high
population of BAS type II (Table 3).

Influence of reaction temperature and time

Once the most active catalyst (SBA-15-(Zr)SOsH) was selected,
we proceeded to study the effect of temperature and reaction
time on the catalyst. As the reaction temperature increased from
120 to 160 °C, the xylose conversion is duplicated obtaining
100% after 150 min of reaction time (Fig. 8a). It is noticed that
the furfural selectivity first reached a maximum after 60
minutes (Fig. 8b), and then the selectivity decreased, this
behavior has been reported in literature,”* and possibly obeys to
a condensation reaction between an intermediate and furfural
or to the xylose reaction with the furfural produced in another
reaction route.”®”> On the other hand, this decrease in furfural
yield is less pronounced when the reaction temperature
increases, then the best conditions of reaction time and
temperature were 120 min and 160 °C since the highest furfural
selectivity of 28.85% was reached.

Influence of xylose/solvent mass ratio

The influence of the xylose (XL) concentration to produce
furfural was studied with 3 different amounts (xylose/solvent:
1%, 2.5%, and 5%) at reaction temperature and time of 160 °©
C and 120 minutes, respectively; with a 9 : 1 mass ratio of GVL/
H,0 and 0.023 g (10 wt%) of SBA-15-(Zr)SO;H catalyst.

Fig. 8c shows that the lowest yield of furfural obtained was
when the amount of xylose was 1%, it is attributed to the low
concentration of solute (xylose) in the reaction medium leading
to a lower frequency of molecular collision with the catalytic
material,” which is demonstrated by the low percentage of
xylose conversion. When 2.5% of xylose was used, 90.04% of
xylose was transformed to obtain a furfural yield of 26 mol%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Nonetheless, further increase in the xylose dosage had a nega-
tive effect on the furfural yield, this can be related to the higher
frequency of collision of xylose and furfural molecules already
produced, increasing furfural polymerization itself and poly-
merization between xylose and furfural. Therefore, the optimal
dosage of xylose turned out to be a xylose-solvent ratio of 2.5%.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Influence of catalyst dosage

The influence of the SBA-15-(Zr)SO;H catalyst dosage on the
conversion of xylose to furfural was analyzed, under the best
experimental conditions of concentration of xylose (xylose/
solvent = 2.5%), temperature (160 °C), and reaction time (120
min) resulting in the previous results.
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Fig. 8d exhibits the influence of the SBA-15-(Zr)SOsH catalyst
dosages on the yield and selectivity of furfural. When the
amount of catalyst SBA-15-(Zr)SOzH is incremented from 5 to
20 wt% the conversion of xylose increased from 75.6 to 100%,
showing the highest xylose conversion, furfural yield, and
selectivity. Nonetheless, a catalyst loading of 25 wt% slightly
decreased the yield and selectivity of furfural compared with
20 wt%, this is attributed to an excess of catalyst-substrate
which possibly hinders the mass transport (external diffusion),
also an increase in the population of Lewis acid sites, can
accelerate the degradation of furfural, as well as promoting
condensation, generating a greater amount of humins, inhib-
iting the formation of furfural.'’”’* Accordingly, the highest
efficiency of the SBA-15-(Zr)SO;H sample was reached when
20 wt% of catalyst and 2.5% of xylose/solvent were used, at 160 °©
C of reaction temperature and after 120 minutes of reaction
time.

Kinetic study

A kinetic study was made using the best reaction conditions
found (see paragraph above), and then a series of reactions were
carried out at different reaction times and temperatures, to
evaluate kinetics parameters. A previous study’ indicates that
the dehydration reaction of xylose in a system of one phase
consists of two parallel reactions. One of them is the dehydra-
tion of xylose into furfural (reaction (4)) and another reaction
involves the transformation of xylose and furfural to produce
humins (reaction (5)). The third reaction is the formation of
humins from the decomposition of furfural (reaction (6)). The
model is described as follows:

Xylose 1 furfural (4)
Xylose + furfural %, humins (5)
Furfural %> humins (6)

Reaction (4) is a pseudo-first order concerning xylose. Reac-
tion (5) is the second order based on xylose and furfural
respectively. The furfural decomposition (reaction (6)) is found
to be the first order for furfural.” found that both acid sites (LAS
and BAS) are involved in reactions (4) and (6), while reaction (5),
is predominantly catalyzed by LAS.

Based on model,”” the following system of equations was
considered. Where XL means xylose and FU is furfural:

d[XL]
dr

= —ki[XL] — ky[XL][FU] )

d[FU]
dr

= ki[XL] = &, [XL|[FU] — k3[FU] (8)

To calculate the kinetic parameters of the reaction system,
computational analysis was made using the Micro-Math
Scientist software and the Powell method for least square
adjustment. Experimental concentrations (reactant and

30660 | RSC Adv, 2023, 13, 30649-30664
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products) and the system of equations (see above) were taken as
input data, whereas the reaction rate constants were obtained
as output data. To obtain the kinetic parameters such as the
apparent activation energy (E,) and the pre-exponential factor,
A, of the three reaction pathways associated with the trans-
formation of xylose; the different temperatures, and the Arrhe-
nius equation [k = A exp(—E,/RT)] were used.

Fig. 9 shows the experimental data and calculated values of
xylose concentration of SBA-15-(Zr)SO;H catalyst at different
reaction temperatures using the kinetic model for the dehy-
dration of xylose in a system of one phase.” Although the model
presents an R> > 0.98, the slight deviations indicate that the
kinetic model does not fully describe what happens in the
reaction system, but it is a good approximation. The values of
the kinetic parameters at different reaction temperatures are
shown in Table 5. The rate constants k; and k,, involved in the
two parallel reactions for the xylose conversion, increase with
temperature as was expected. On the other hand, when the
reaction temperature goes from 140 to 180 °C the value of k, is
higher than k; respectively. Thus, the selectivity factor k,/k,,
which is ~0.063 at 160 and 180 °C, and ~0.034 at 140 °C,
indicates that in the temperature range used (140, 160, and 180
°C), the transformation of xylose is widely favored by the second
parallel reaction that is the transformation of xylose and
furfural to produce humins. No changes in the ratio k;/k,
between 160 and 180 °C were observed because at higher
temperatures the formation of humins (reaction (5)) is also
favored, as shown in the magnitude of the k,. Thus, the
adequate reaction temperature is 160 °C. Besides the low value
of the k; concerning k; and k, values, indicates that the reaction
route related to the decomposition of furfural into humins is
not favored.

The calculated Arrhenius parameters are shown in Table 6.
The activation energy value (E,) and the pre-exponential factor
(A4) related to the dehydration of xylose to produce furfural
(reaction (4)) were higher than another parallel reaction (reac-
tion (5)) which implicates the transformation between xylose

- 0.16
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Fig. 9 Profile of xylose concentration using SBA-15-(Zr)SO=H catalyst
at 140, 160 and 180 °C. Line: experimental data, symbol: calculated
data.
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Table 5 Reaction rate constants for the dehydration of xylose with
SBA-15-(Zr)SOzH catalyst

Temperature (°C)

140 160 180
k; (min ™) 7.71 x 107° 2.43 x 1072 3.70 x 1072
k, (L mol™* min™") 2.29 x 107" 3.80 x 10" 5.86 x 10"
ks (min ™) 1.00 x 107" 2.00 x 10~° 9.20 x 10~°
ki/ky 0.0336 0.0639 0.0631

Table 6 Arrhenius parameters for xylose conversion over SBA-15-(Zr)
SOzH

Reaction rate constant E, (k] mol ™) A
ky 61.40 4.95 x 10°
ks 36.53 0.11 x 10°

and furfural to generate humins. The lower activation energy of
reaction (5) indicates that it requires less energy to begin, this is
in line with the sharp decrease in furfural selectivity at 120 °C in
comparison with higher reaction temperatures (Fig. 8b).

Then, our results show that not only the total of Bronsted
acid sites are involved in reaction (4), but particularly the BAS II.
Thus, the hydroxyl groups bonded to the sulfur or transition
metal (BAS II) are the ones that catalyze the dehydration of
xylose to produce furfural (reaction (4)). Otherwise, there is no
trend between furfural production and the number of LAS,
indicating these last catalyze reaction (5). Thus, LAS have been
found to negatively impact furfural production, favoring reac-
tion (5).”°

Table 7 compares the results obtained in this work with
other reported studies. As we can see, in some of them there is
a marked difference in the operation conditions, such as cata-
lyst dosage where some studies use five times the amount of
catalyst or even ~26 times higher,” as well as solvent medium,
time, and reaction temperature causing the difference in yield
and selectivity. However, the results obtained in this work are
comparable with the studies shown in Table 7, such as the
results from Jia et al.”® which used a similar reaction tempera-
ture, and the same catalyst dosage. It is important to point out
that even though the reaction conditions are similar a possible
reason for the difference in furfural selectivity between Jia et al.
results and this work might be due to greater sulfonic groups
present on the catalyst SO,>~/Sn-DM while the catalyst SBA-15-

Table 7 Literature results of furfural production from xylose
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(Zr)SOzH around 78% of the total sulfur is present as though
sulfonic group and the rest as thiol group (-SH) (see Table 4). As
mentioned before, sulfonic groups as related to strong Brensted
acid sites (BAS II).

The reusability of the catalyst

Catalyst recyclability tests were carried out in a total volume of
10 mL, a 9:1 mass ratio of GVL/H,0, 2.5 wt% of xylose, and
0.023 g (10 wt%) of SBA-15-(Zr)SO;H catalyst at 160 °C and
120 min. After the reaction, the catalyst was recovered by
centrifugation and decantation in falcon tubes of 50 mL, the
precipitate was washed with 10 mL of methanol and then rinsed
with 10 mL of distilled water, finally, it was filtered on Whatman
#1 paper and dried at 100 °C. The solid on the filter paper was
recovered and used for the next reaction, repeating the proce-
dure until the fifth cycle.

The xylose conversion is maintained during 4 cycles;
however, it decreases by 43% after the fifth cycle (Fig. 10). The
furfural yield decreases in each reaction cycle, with a notorious
decrement in the fifth cycle which may be attributed to the
deposition of carbonaceous species leading to the blockage of
some active sites of the SBA-15-(Zr)SO;H catalyst,”® which is
related to the deposition of humins, the product of reaction (5).
This was confirmed by the semi-quantitative analysis of EDS of
silicon, oxygen, zirconium, and sulfur, and also, the quantita-
tive elemental analysis of carbon and sulfur. According to Table
8, the carbon content of SBA-15-(Zr)SO;H fresh catalyst

[ Furfural Yield
100 - [T Xylose Conversion
80+
60 - |
= ]
40
20+ _

Cycle 1ICycIe 2'Cycle 3lecIe 4.Cyclle 5

Fig. 10 Recycle reactions for SBA-15-(Zr)SOzH catalyst.

Reaction time Reaction temperature Selectivity

Catalyst Catalyst dosage Xylose dosage Reaction system (min) (°C) Yield (%) (%) Ref.
SBA-15-(Zr)SO;H 45¢g1L7" 22gL7" y-Valerolactone/H,0 120 160 38.1 39.23 This work
Propylsulfonic SBA-15 120 g L™* 20gL7" Water/toluene 1200 170 82 85 77

S0,*> /Sn-DM 4gL" 20gL" Water 180 170 42.16  49.77 76
OMC-SO;H 20gL7" 16gL™" y-Valerolactone/H,O 45 200 76.7 NR 37
MC-SnO, 20gL" 20gL7" 2-MTHF 20 180 57.9 53.9 38

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Mass percentage of individual elements in SBA-15-(Zr)SOzH
before and after the fifth cycle

Catalyst Si® o° Zr° c? s?

Fresh
After 5th reaction cycle

30.90
30.72

60.06
60.71

6.56
6.35

5.13
13.74

2.90
2.13

“ Calculated by energy dispersive spectroscopy (EDS). ? Obtained from
elemental analyzer.

increases 2.7 times after the fifth reaction cycle, while the mass
percentages of zirconium, and sulfur are maintained in the SBA-
15 framework.

Conclusions

It was grafted the sulfonic groups (FTIR result) and doped with
metal ions Al(m), Ti(iv), and Zr(wv) to the silicon oxide structure
of SBA-15, maintaining the typical hexagonal arrangement of
these materials (SAXS, WASX, and XPS results).

The type of metal used to dope the structure of SBA-15-SO;H
generated significant changes in the physicochemical proper-
ties of the material. The Zr-doped catalyst had a greater surface
area, pore diameter, and pore volume than the Al and Ti-doped
catalysts. In addition, the catalyst with Zr presented a higher
number of total acid sites (see adsorption of pivalonitrile
results). Being the catalyst SBA-15-(Zr)SOs;H with the best
activity in the conversion of xylose into furfural. The furfural
selectivity of the catalysts SBA-15-(X)SO3;H (X = Al(m), Ti(iv) or
Zr(w)) is closely associated to the fraction of strongest Bronsted
acid sites type II (BAS II), ascribed to hydroxyl groups bonded
the sulfur or transition metal. Thus, to obtain high furfural
selectivity through reaction (4) is necessary to increase the
amount of acidic groups S-OH and S-M-OH. But also, decrease
the number of Lewis acid sites (LAS), since these have been
shown to have a negative impact on the production of furfural,
favoring the production of humins (reaction (5)).
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