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Valorisation of lignocellulosic biomass for the production of chemicals is one of the main challenges of the
21% century. Levulinic acid (LA) has been chosen as target product due to its potential as intermediate to
produce a crowd of other chemicals. The attention has been focused on the formulation of an acid active
catalyst for the hydrolysis of glucose to LA. Therefore, a dee modification of SBA-15 with sulfonic groups
using post-synthesis grafting method was performed. In particular, this work focuses on the role of different
grafting solvents. The traditional solvents are toluene or hexane, which are flammable and toxic. For this
reason, investigation on a safer and more environmentally friendly solvent, a mixture of water and NaCl,
has been carried out. It was found that the nature of the solvent highly affects morphological and chemical
features of the materials; the best catalytic results were obtained with the catalyst prepared in water and
NaCl, as this mixture allows to guarantee the best distribution of sulfonic groups over the surface, leading to
the most balanced acid catalyst.

The transformation from a fossil fuel based economy to one based on renewable resources is one of the
greatest challenges of the 21 century. Biomass utilization has gained considerable interest in this sense,
for its high potentiality as a resourceful substrate for chemical production. Levulinic acid (LA) is considered
by the USA Department of Energy, one of the top twelve bio-based building blocks! since it can be
converted in a great number of bio-chemicals such as succinic acid, resins, polymers, pharmaceuticals, food
flavouring agents, herbicides, plasticizers, solvents, and anti-freeze agents®. Historically, LA was produced
by fossil sources via maleic anhydride®; nevertheless, from the second half of the 20" century, the
production of levulinic acid has been dominated by biomasses, that is by conversion of carbohydrates or
hexose sugars®. Indeed, glucose, the most common monosaccharide existing in nature, can be converted
into LA through a complex mechanism, including isomerization to fructose followed by dehydration of the
ketose monomer to 5-(Hydroxymethyl)furfural (5-HMF) and the subsequent rehydration of the furfural
compound to form LA and an equivalent of formic acid (FA)>. The catalyst has a pivotal role in this reaction
pathway since Lewis acids catalyze the first isomerization step, dehydration of fructose is catalyzed by both
Lewis and Brgnsted acid sites, while the last step of rehydration of 5-HMF is catalyzed by Brgnsted sites®’.
Nevertheless, homogenous mineral acids still remain the industrial catalysts used in the transformation of
biomass derivatives into LA®>%0, Despite their cheap nature and their catalytic efficiency, researchers are
focusing on the development of more sustainable and recyclable heterogeneous systems!!. Several solid
acid materials have been investigated for LA production starting from ion-exchange resins, zeolite, sulfated
zirconia, ion-exchange heteropolyacids, and sulfonated solids'>3'415, Among these, ordered mesoporous
silica (OMS) materials, which have already been used in the production of other biofuels, have caught our



attention since they have a high surface area, large pore size distribution and can be easily modified in view
of the abundant silanol groups over the surface!. SBA-15, among the several OMS, has the suitable
properties for biomass exploitation since it has large pore size and thick pore walls'’. Moreover, it is
possible to increase SBA-15 acidity by introduction of acid properties via functionalization with sulfonic acid
groups. Different methods can be used to introduce sulfonic sites; the various approaches can involve
either direct synthesis, mainly consisting of co-condensations methods, or post-synthesis techniques, as the
grafting method or the incipient wetness impregnation. The direct synthesis method in many cases leads to
loss of the mesoscopic order of the pore architecture, due to the strong synthetic conditions®?,
Considering the post-synthesis approach, the introduction of sulfonic groups is usually performed in
concentrated sulfonic acid by heating, which is dangerous and unsustainable®. An effective alternative to
the direct sulfonation method is the surface alkoxysilanes grafting. It consists of a post-synthesis strategy,
by which the active functionalities are anchored on the support surface via covalent bonds. This process is
generally carried out in the presence of a grafting agent, such as 3-mercaptopropyltrimethoxysilane
(MPTMS), the silica matrix and the solvent?!. The traditional one is toluene, which is flammable, toxic and
not environmentally friendly?2. For this reason, the investigation of a safer solvent could be an attractive
alternative to make this process more sustainable. Indeed, different solvents were evaluated: toluene, as
standard reference, hexane to compare the traditional one with another apolar solvent and, a mixture of
water and NaCl since it is cheap, natural, not toxic and safe. This research focuses on the investigation of
the role of the solvent on the effectiveness of the grafting procedure. In particular, modification of the SBA-
15 material has been performed in order to increase its acidity and use this catalyst for LA production.

Experimental part:
Catalyst preparation:

SBA-15 synthesis

Mesoporous SBA-15 was synthesized according to Zhao et al.?* using TEOS (Tetraethyl orthosilicate) as silica
source, P123 (EO2-PO75-EO20) as template in acid solution. The mixture was continuously stirred for 24 h at
25 °C and crystallized in a Teflon autoclave at 90 °C for 42 h. The mixture was then filtered, washed, dried
at 80 °C for 20 h and finally calcined in air (50 mL/min) at 500 °C for 6 h.

Grafting sulfonic groups

A post-grafting method was used to functionalize the above SBA-15 material. (3-
Mercaptopropyl)trimethoxysilane (MPTMS, 95 % Merck) was used as grafting agent meanwhile three
different solutions were used as reaction solvent:

1) Toluene: 1 g of SBA-15 was dissolved in 30 mL of toluene. MPTMS was added in a SiO;/MPTMS = 2
molar ratio. The obtained suspension was refluxed at 120 °C for 24 h.
After filtration of the resulting thiol-functionalized solid, it was washed with methanol and dried for
18 h at 70 °C. After this step, thiol groups were converted to -SOsH moieties by mild oxidation with
30 wt% H,0 (molar ratio SiO,:H,0, = 2:0,11), stirring for 24 h at 30 °C. The sulfonated solid was
filtered, washed with methanol and dried at 25 °C for 18 h.
The final catalyst was labeled SBA-TO.

2) Hexane: 1 g of SBA-15 was dissolved in 30 mL of hexane. As before, MPTMS was added in a
SiO2/MPTMS = 2 molar ratio. The suspension was refluxed at 70 °C for 24 h.
After filtration of the resulting thiol-functionalized solid, it was washed with methanol and dried for
18 h at 70 °C. Then, mild oxidation with 30 wt% H,O, (molar ratio SiO,:H,0, = 2:0,11) was
performed stirring for 24 h at 30 °C. The sulfonated solid was filtered, washed with methanol and
dried at 25 °C for 18 h.
The final catalyst was labeled SBA-HEX.



3) Saline solution: 1 g of SBA-15 was dissolved in 30 mL of saline solution 0.2 M. MPTMS was added in
the proper molar ratio (2Si0, : 1IMPTMS) and stirred for 24 h at 90 °C. The solid was then washed in
water and dried for 18 h at 70 °C. Then, mild oxidation with 30 wt% H,0, (molar ratio SiO;:H,0, =
2:0,11) was performed stirring for 24 h at 30 °C. The sulfonated solid was filtered, washed with
methanol and dried at 25 °C for 18 h.

The final catalyst was labeled SBA-NacCl.

Characterization

X-ray powder diffraction (XRD) analyses were carried out by a Bruker D8 Advance diffractometer equipped -
with a Si(Li) solid state detector (SOL-X) and a sealed tube providing Cu Ka radiation at an accelerated
voltage of 40 kV and an applied current of 30 mA.

TEM images were obtained by means of a JEOL 3010-UHR Instrument equipped with a LaBs filament
(acceleration potential 300 kV) and fitted with an Oxford INCA Energy TEM 200 energy dispersive X—ray
(EDX) detector. Samples were dry dispersed onto Cu grids coated with “lacey” carbon film before the
analysis.

Specific surface areas and pore size distributions were evaluated from N, adsorption/desorption isotherms
at -196 °C using a Tristal Il Plus Micromeritics. Surface area was calculated using the B.E.T. method®*
whereas pore size distribution was determined by the B.J.H. method?®, applied to the N, desorption branch
of the isotherm.

Fourier transform infrared (FTIR) spectra were obtained with a Bruker Vector 22 spectrometer equipped
with a MCT detector, at 2 cm™ resolution and accumulating 128 scans. The solid samples, in form of self-
supported pellets (~10 mg cm™), were inserted in a conventional quartz vacuum cell equipped with KBr
windows connected to a glass vacuum line (residual pressure < 10 Torr) that allows to perform in situ
adsorption/desorption runs. Prior to adsorption/desorption experiments of 2,6-dimethylpyridine (2,6-
DMP), all samples were activated at 300 °C in an oxidizing atmosphere. 2,6-DMP adsorption/desorption
tests were carried out at 25 °C. First a relatively large amount of base (~ 4 Torr) was allowed on the samples
and left in contact for 2 min in order to reach a complete 2,6-DMP monolayer formation, and then the 2,6-
DMP excess was evacuated for increasing times in the 1-15 min range in order to put into evidence only the
more strongly held fraction.

Thermal analyses (TG/DTA) were performed on a NETZSCH STA 409 PC/PG instrument in air flux (20
mL/min) using a temperature rate set at 5 °C/min in the 25—800 °C temperature range.

Raman spectra were recorded on pure samples using with a FT-Raman Instrument (Bruker Vertex 70
spectrometer, equipped with the RAMII accessory) by exciting with a 1064 nm laser, recording 3000 scans
with a resolution of 4 cm™,

Total Brgnsted -acid sites were determined by the following titration method: 50 mg of catalyst was added
to a 20 mL sodium hydroxide aqueous solution (0.002 M) and the mixture was stirred for 1 h at RT. After
solid filtration, the solution was titrated using a hydrochloric acid aqueous solution (0.002 M). The number
of Brgnsted acid sites was estimated from the difference between the total amount of base and acid used
during the titration, respectively.

Catalytic test

The catalysts were tested for glucose and fructose hydrolysis in a batch stainless still autoclave with
mechanical stirring and electric heater. Before the reaction, 500 mg of substrate, 100 mL of water and 200
mg of catalyst were loaded into the reactor and then heated to 180 °C under 10 bar of N,. The initial time of
the reaction is taken once the reaction temperature is reached. The reaction was carried out for 5 hours at



1000 rpm. After this time, the mixture was cooled down to 25 °C and separated by filtration. Reaction
mixture was analyzed by high performance liquid chromatography (HPLC) Agilent Technology 1260 Infinity
I, equipped by an Aminex HPX-87H column kept at 50 °C. The mobile phase was 5 mM H,S0,4 with a flow
rate of 0,6 mL/min. UV-Vis detector (A = 195 nm) was used for analytes’ identification and quantification.

Reactivity parameters were calculated as follows:

mmol sub in) — (mmol sub out
( )~ ( ) 100

Conversion (%) = -
mmol sub in

) mmol i out
Yield (%) = W =100

Where i represents a general product of reaction.



Results and discussion

Preliminary characterisations

Figure 1 shows the low angle XRD patterns of pristine SBA-15 and the corresponding sulfonated materials.
SBA-15 evidences three refraction peaks: the main one at 0.95 ° and two smaller at 1.64 ° and 1.85 °,
associated with (100), (110) and (200) planes, respectively. This diffraction profile is associated with the 2D-
hexagonal p6mm pore structure of SBA-15 materials. The presence of the same reflections in the promoted
materials confirms that the hexagonal structure is maintained after the incorporation of sulfonic groups as
well. Nevertheless, the reflections intensity decreases in the modified samples, especially for SBA-HEX,
suggesting that the ordered pore structure could have been affected?®.
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Figure 1 Low-angle XRD patters of pure SBA-15 and grafted SBA-15

The overall morphology of the materials was evaluated by means of both conventional C-TEM and HR-TEM
investigations: some selected images have been reported in Figure 2. Plain SBA-15 sample (see Figure 2
section a))exhibits the typical 2D periodic hexagonal structure expected or this material. In the case of all
the grafted materials, the highly-organized mesoporous channels are almost totally preserved but, as
already highlighted by XRD spectra, the morphology of sulfonated samples is somewhat altered in
comparison with pure SBA-15 and a decrease in space order is visible: seesections b, c andd in Figure 2).



Figure 2 TEM images of a) SBA-15, b) SBA-NaCl, c) SBA-TO and d) SBA-HEX

These results suggest that the grafting approach partially affects the mesoporous ordered organization,
even though a good order degree is still preserved. Important parameters that should also be evaluated for
catalytic application of these materials are surface area and pore size distribution, therefore, the nitrogen
adsorption-desorption measurements were carried out. Isotherms and the corresponding BJH pore size
distributions for all the examined samples are reported in Figure 3, section a) and section b), respectively.
All samples exhibit IV type adsorption isotherm curves with the characteristic hysteresis loop of a
mesoporous material; in the case of SBA-15, the loop has a H1 shape, typical of ordered material with a
bottle-necked pore opening. For SBA-TO, slight modification of the hysteresis shape is visible meanwhile a
complete change in the hysteresis shape for both SBA-NaCl and SBA-HEX is evident. In the last two cases, a
H4 loop shape is present. In all the isotherms the condensation step is located in the range of 0.4-0.8 P/Po
values. SBA-NaCl and SBA-HEX present a slight shift to lower relative pressures, indicating a lights decrease
in the pore diameter. Specific surface area calculated with the BET method and mean pore diameter
obtained by BJH method are reported in Table 1. A decrease in BET surface area values, associated with a
slight narrowing of the pore diameters, is observed moving from pure SBA-15 to the grafted samples, with
the following order: SBA-TO> SBA-NaCl and SBA-HEX, respectively. As reported by other authors?®, the
decrease in surface area and pore diameter values can relate with the effectiveness of the grafting
approach and in particular to the sulfonic group amount, since grafting reactions could not only proceed at
the surface of the material but also inside the pore cavities. Moreover, the change in the hysteresis shape
for both SBA-NaCl and SBA-HEX can be a further confirmation of the introduction of alkyl chain of MPTMS
precursor inside the pore structure?’.
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Figure 3 N, adsorption-desorption isotherms (left) and pore size distribution (right) of pristine and grafted SBA-15

Table 1 Physical properties of pristine and grafted SBA-15.

Samples A (M?/g)®  Pore diameter (nm)®  Weight loss (%)°

SBA-15 866 53 -

SBA-To 655 5.4 13 %
SBA-NaCl 393 4.7 17 %
SBA-HEX 288 4.7 14 %

A Specific surface area (m?/g) calculated via BET equation
8 Pore diameter (nm) calculated via BJH equation

€ weight loss (%) determined by thermogravimetric analysis

FTIR analysis was carried out as qualitative method for the identification of the surface functionalities of
the material. Figure 4 reports FT-IR spectra of both pristine support and grafted materials after the thermal
activation:no undissociated adsorbed water is present yet, even though in the 3900-2800 cm™ spectral
range (vor) it is possible to recognize two peculiar contributions. The band at higher frequency (~3740 cm™®)
can be ascribed to the von mode of terminal silanols free from H-bonding interaction, and a broad and
unresolved envelope located at lower wavenumber due to the von of hydroxyl groups still interacting by H-
bonding.>* While the signal due to terminal silanols is well resolved in SBA-15 spectrum and the unresolved
envelope represents a minor spectral feature, for all the grafting materials this broad envelope is well
evident even after thermal activation and represents the predominant spectral component, suggesting a
major hydrated surface where many OH groups may still interact by H-bonding. Nevertheless, for SBA-NaCl
the peak of terminal silanols is less intense in comparison with the other sulfonated materials, suggesting
that a major interaction of silanos groups with MPTMS has occurred during the synthesis. Moreover, the
presence of sulfonated species is confirmed by the spectral component located at ~ 1375 cm™ (see the
inset to Figure 4), which can be ascribed to asymmetric stretching of these moieties. The intensity of this
peak is slightly higher for the SBA-NaCl sample than the corresponding one of SBA-TO and SBA-HEX,
indicating the possible presence of a larger amount of sulfonated groups for the SBA-NaCl material.
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Figure 4 FT-IR spectra of samples after thermal treatment in vacuum

To clearly quantify the number of these sulfonated groups on the silica surface, TG-DTA analysis was
performed. In Figure 5 the percentage weight loss and the exchange heat in the left and right ordinate
respectively, as a function of the temperature, have been reported. For all the samples, a weight loss
associated with an endothermic heat transfer is visible below 150 °C; this can be attributed to the removal
of adsorbed water.
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Figure 5 TG-DTA analysis of SBA-NaCl, SBA-TO and SBA-HEX catalysts.

For all the samples, it is also visible a second exothermic component in the 350 — 600 °C temperature
range. This peak is associated with the decomposition of alkyl sulfonic acid group in CsHs, SO; and H,0;
therefore, as reported by P. Zhang et al.’°, the amount of weight loss in this temperature range can be
correlated with the number of sulfonic groups grafted on the material surface. As reported in Table 1, the
catalyst prepared in saline solution (SBA-NaCl) presents the most remarkable weight loss, so the highest
amount of the sulfonated species anchored on the support. Hexane solvent makes the grafting less
effective, meanwhile the most traditional solvent, toluene, seems to be the least efficient. Thermal analysis
results also confirm the effectiveness of the oxidation step, since no peaks associated with the oxidation of
thiol species to sulfonic groups are present. In this regard, Figure 6 reports the TG-DTA analyses conducted
on the materials before the H,0, treatment. Mercaptopropyl groups decompose at 350 °C and in Figure 6 a
broad exothermic peak between 200-600 °C is visible, associated firstly with the thiol (-SH) and disulphide (-
S-S-) decomposition, followed by the decomposition of propyl sulfonic acid group above 350 °C%. The
difference between the not oxidized (Figure 6) and oxidized samples (Figure 5) is evident since, in the last
case, the range of temperature associated with the endothermic peak is sharper and located at higher
temperature.
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Further investigation was performed via Raman spectroscopy to definitively exclude the presence of
unreacted —SH groups, as Raman spectroscopy is very sensitive toward thiol vibrations. In Figure 7, the
comparison among the Raman spectra of SBA-15, SBA-SH and the sulfonated materials is reported in Figure
7.

The SBA-15 spectrum exhibits five weak signals at low wavenumbers. It is very similar to that of pure silica,
but for the intensity of the peak at 980 cm™ (see the magnified black curve in Figure 7), ascribable to
surface silanol groups, that becomes more relevant in mesoporous systems?,

On the contrary, the spectrum of grafted-MPTMS (SBA-SH) sample exhibits a strong band at ~ 2570 cm™,
ascribable to the vs.4 stretching mode of the mercaptopropyl segment present in MPTMS; moreover, it is
possible to observe a band at 651 cm™, that is assignhed to the vcs stretching mode®. The formation of
bridged disulfide groups can be excluded due to the absence of modes in the 500-550 cm™ spectral range®°.
Thus, it can be concluded that the thiol group is grafted to the SBA-15 material without any chemical
alterations.

Raman spectra relative to samples after oxidation with H,0, are very similar each other and confirmed the
complete transformation of the thiol functionality into -SO3H groups according with thermal analyses: see
the green, blue and red curves in Figure 7 .

1044

i o i MJL SBA-TO
W A\ ____|sBA-HEX

651

\ |
D——— \/\\/\N\_\/\A\/v\’/\/\\/ﬂ\\‘¥ _/} \\——\—x"/ \\NA.,,W SBA-SH

980
5x

SBA-15

T y T L] T Y L T Y T
400 800 1200 2800 3200
Wavenumber (cm™)

Figure 7 FT-Raman spectra

It is possible to observe the disappearing of the thiol stretching mode at ~ 2570 cm?® with th parallel
appearance of a new signal at 1044 cm™, ascribable to the symmetric mode of the SOs; group of the



corresponding sulfonic acid®!. On the contrary, the formation of disulphide species can be excluded also in
oxidized samples. In conclusion, the Raman technique allows to exclude the presence of unreacted thiols
group and to verifythe efficiency of H,O; oxidation treatment.

Reactivity

After preliminary characterisations, catalytic tests were carried out. All these materials were tested in the
hydrolysis reaction with two different substrates, glucose and fructose. Figure 8 reports fructose conversion
and products yield in section a) while glucose conversion and its products yield are reported in section b).
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Figure 8 Substrate conversion (Section a): Fructose, Section b): Glucose) and products yield as a function of different catalysts.
Reaction conditions: 180 °C, 10 Bar of N; for 7 h.

As reported by Ramli et al.?2, glucose isomerization to fructose is the rate determining step of the glucose
hydrolysis reaction. Therefore, as evident in section a) of Figure 8, 100% of conversion has been obtained
for all the catalysts using fructose as substrate. The main differences between them can be found in the
products yield. For pristine SBA-15, no levulinic acid production is ever obtained. SBA-15, as previously
reported, owns an intrinsic Lewis acidity given by the silanols functionalities, whereas the absence of
Brgnsted acid sites does not allow the hydration of 5-HMF, the main product, to LA. On the contrary, the
reaction is complete in the case of sulfonated materials. In particular, for both SBA-TO and SBA-HEX a very
similar behaviour can be observed, whereas SBA-NaCl reaches 30 % of LA yield, 40 % of FA yield and only 6
% of 5-HMF yield. in this last case, hydration of 5-HMF to LA is favoured in comparison with the catalysts
prepared in apolar solvents,. Similar trend has been found for glucose hydrolysis, as reported in section b)
of Figure 8. Firstly, it must be pointed out that, no complete conversion is ever achieved using glucose as
substrate. The maximum value (80 %) is obtained with SBA-NaCl . Even in this case, SBA-NaCl exhibits the
highest LA yield and the lowest amount of 5-HMF.

In order to understand the role of the solvent in the catalytic results, the acidity of the samples was
evaluated by both titration and FTIR with a basic probe molecule.

Acidic properties

Table 2 summarizes the evaluation of the acidic properties of the SBA-based materials.

Table 2 Acidic properties of pristine and grafted SBA-15

Acid capacity (mmol/g)® L/B?

SBA-15 - (o]

0

Glucose conversion (%)



SBA-NaCl 10 1,6
SBA-HEX 6.4 1,9
SBA-TO 7.8 1,8

a Ratio between Lewis and Bronsted acid sites calculated on normalized spectra using £,=1,9 and gg=7,9, as determinate by ref.[34]
b Acid capacity (mmol/g) calculated via titration method

For the total acidity, evaluated by titration method, the material prepared in saline solution (SBA-NaCl)
presents the highest value followed by the catalyst prepared by using the most traditional solvent, toluene.
It is important to underline that, this test gives only a roughly determination of acidity without properly
distinguishing between Lewis and Brgnsted acid sites. In order to evidence both kinds of acidity of the
catalysts, FTIR adsorption of 2,6-dimethylpyridine (2,6-DMP) was carried out at ambient temperature. FTIR
spectra of 2,6-DMP adsorbed on all samples are presented in figure 9, in the spectral range of signals
ascribable to 8a and 8b modes of 2,6-DMP following a well accepted procedure reported in the literature .
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Figure 9 FT-IR spectra of adsorption/desorption of 2,6-DMP (dash line under maximum pressure of 2,6-DMP, line after evaluation for
15 min) for SBA-HEX, SBA-TO and SBA-NaCl.

In all samples, 2,6-DMP adsorption/desorption spectra suggest the presence of Brgnsted acidic centers,
whose signals at ~1650 and 1630 cm™ increase in intensity after evacuation for 15 minutes. At lower
wavenumbers, 8a and 8b modes of physisorbed and H-bonding 2,6-DMP (1604, 1595 and 1580 cm) are
detectable: only signals still present after evacuation are attributable to Lewis acid sites of medium-high
strenght, as these are more strongly held at the surface. On the contrary, 2,6-DMP adsorption on SBA-15
(not shown for the sake of brevity) reveals the presence of only Lewis acidic sites, but no signals
attributable to Brgnsted centers are detectable, in good agreement to literature data on silica-based
materials®3. As already reported in the “Reactivity” section for what concerns glucose/fruttose hydrolysis,
selectivity is influenced by both strength and number of Lewis and Brgnsted acid sites, thus the ratio
between Lewis and Brgnsted acidic sites (L/B) could play a key role in determining the best catalyst The
estimation of (L/B) ratio requires the knowledge of molar absorption coefficients (¢) values, specific for



each vibrational mode considered and influenced by the surface. Some studies suggest that a little variation
of € as a function of the type of solids and estimated ¢ values for 2,6-DMP adsorbed through H-bonding,
coordination and protonation 33>, To minimize errors deriving from average values (reported
approximately to be 18%)**%, in the present aproach the molar absorption coefficient determinated for the
8a and 8b modes on similar materials (silica and phosphate silica) have been taken into account®*
Calculated L/B ratios for the SBA-based samples (reported in Table 2) are higher than unity for all samples
suggesting a prevalence of Lewis acidity, but differences among samples are quite evident. Samples treated
with apolar solvents, present similar values while in the case of saline solution the lower value of this ratio
suggests a higher amount of Brgnsted acid sites. These results agree with the acid capacity obtained via
titration method: the L/B ratio decreases as the acid capacity increases.

Preliminary characterisations and acid properties analyses allow to discriminate the effect of solvents: the
use of saline solution, in comparison with apolar traditional solvents, increase the number of sulfonated
molecules over the surface bringing to higher Brgnsted acidity. As reported by Pirez et al.3}, since SBA-15 is
already calcined before the grafting treatment, it exhibits an insufficient number of free surface silanols.
The solvent effect can be founded in the ability of NaCl to open Si-O-Si bonds, restoring a suitable number
of free Si-OH in the presence of ClI" before the nucleophilic substitution with MPTMS. Indeed, the
modification of SBA-15 materials in saline solution increases the accessibility of silanols, leading to a higher
sulfonation. The catalytic results are in good agreement with what is obtained from acidity
characterizations as a direct correlation between catalyst acidity (L/B) and LA yield is evidenced. Indeed,
SBA-NaCl, exhibiting the highest total acid capacity, calculated via titration, besides the lowest L/B ratio,
can promote the last stage of reaction ,ruled by Brgnsted acidity, reaching the highest LA yield.

Conclusions

Herein, sulfonic acid SBA-15 materials were successfully prepared for the conversion of glucose to levulinic
acid. Materials were preprared via post-synthesis grafting using three different solvents: toluene, hexane
and water/NaCl. The effect of the solvents has been evaluated pointing the attention on morphological and
structural features and acidic properties. It was found that the grafting approach only affects, partially, the
mesoporous ordered organization, still preserving a good order degree. However, the solvent effect
strongly impacts on the success of grafting procedures. Indeed, the use of saline solution, in comparison
with apolar traditional solvents, leads to increase the number of sulfonated molecules over the surface
bringing to higher Brgnsted acidity. This fact has a direct effect on catalytic activity in the glucose and
fructose hydrolysis . Best catalytic results were obtained for both reagents using using water/NaCl as
grafting solvent. Indeed, this material favours the rehydration reaction of 5-HMF, leading to the highest LA
yield. It was therefore possible to increase the efficiency of post-synthesis grafting approach using a
sustainable, economic and environmentally friendly solvent.
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