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Abstract: An MCM-41-SO3H catalyst with 14 wt% S was successfully synthesized to be used in
furfural production from xylose and hemicellulose in a biphasic n-butanol/water system. The
precursor MCM-41 and the acid-functionalized MCM-41-SO3H catalyst were characterized by XRD,
FTIR, TEM, N2 physisorption, ICP-MS, TPD-NH3, and XPS. The characterization results indicated
that the sulfonic process partially decreased the ordered mesoporous structure and increased the acid
strength of the initial MCM-41. The catalytic performance of the xylose conversion was evaluated
in a batch-type reactor using different biphasic ecological and renewable n-butanol/water ratios
(1:1, 1.5:1, 2:1, and 2.5:1) as dissolvent at 170 ◦C. The effect of the dissolvent mixture was clearly
seen from the larger initial reaction rate and TOF values for the 1.5:1 ratio. This catalytic behavior
indicated that a proper proportion of n-butanol/water dissolvent mixture enhanced the solubility
of the substrate in the n-butanol-rich mixture and prevented the deactivation of acidic sulfonated
surface groups. To achieve transformation of lignocellulosic raw material to value-added products,
the MCM-41-SO3H catalyst was also used for the production of furfural. The recycling evaluation
tests indicated that for the recovered catalyst submitted to a sulfonation process, the yield of furfural
was closer to the fresh catalyst.

Keywords: MCM-41-SO3H; xylose; hemicellulose; furfural; biphasic

1. Introduction

The use of low-cost raw materials with low environmental impact, such as urban,
forest, or agricultural waste of lignocellulosic origin, to obtain clean energy or bioenergy as
well as platform molecules or building blocks is still a challenge. Lignocellulosic biomass is
composed of a mixture of cellulose, lignin, and hemicellulose connected through chemical
bonds [1]. These biomass fractions can be promising raw materials for energy generation
and/or biomaterials [2]. Hemicellulose is the second most abundant polysaccharide in
plant cell walls, accounting for 15 to 30% of lignocellulosic biomass by weight [3]. Due to
its nature and physicochemical properties, it is a suitable raw material to produce a wide
variety of new materials and chemicals with added value [4]. Via catalytic transformation
furfural [5], a selective solvent can be obtained from xylose, which is present as xylan in
hemicellulose, for the refining of lubricating oils and diesel fuels, plastics, and agrochemical
products. Furfural has been identified as one of the top 10 biomass-derived chemicals [6].
In the commercial sector, the furfural process is operated with a high toxicity and corrosive
homogeneous H2SO4 catalyst under batch and continuous conditions. The replacement
of this hazardous homogeneous catalyst with environmentally compatible and reusable
heterogeneous catalysts has been one of the key areas of green chemistry [7,8].

Catalysts 2023, 13, 1024. https://doi.org/10.3390/catal13061024 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13061024
https://doi.org/10.3390/catal13061024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0009-0008-9083-0580
https://orcid.org/0000-0003-2710-462X
https://orcid.org/0000-0001-8463-6361
https://doi.org/10.3390/catal13061024
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13061024?type=check_update&version=1


Catalysts 2023, 13, 1024 2 of 15

MCM-41 is a well-known ordered mesoporous silica material that is widely used as
a heterogeneous catalyst in various chemical reactions, primarily due to its hexagonal ar-
rangement of uniformly sized one-dimensional pores and its reliable synthesis. It possesses
a pore diameter ranging from 2 to 10 nm and mesoporous volume ranging from 0.7 to
1.2 cm3 g−1 and has a large, easily accessible internal area [7,9–12]. To increase the acid
strength of MCM-41 and its applications in heterogeneous catalysis, separation processes,
and nanoengineering, pure silica MCM-41 can be functionalized with SO3-H groups [13] or
partially replaced by a heteroatom (Ti-doped) [6]. The presence of sulfonic groups increases
the acid strength of MCM-41 [14,15]. Due to their several advantages, such as reusability,
environmental compatibility, non-corrosiveness, and easy separation, the sulfonated or-
dered mesoporous silica MCM-41-SO3H has been largely used as a heterogeneous catalyst
in dehydration reactions. The selective catalytic dehydration reaction of xylose to furfural
using sulfonated ordered mesoporous silica with a tunable pore structure and tailored
composition has gained much research interest [8]. For the selective catalytic dehydration
reaction of xylose and xylan to furfural, Dias et al. [16] reported 81% conversion and 47%
selectivity to furfural at a reaction temperature of 140 ◦C using DMSO/water as dissolvent
in 4 h. On the other hand, Zang et al. [17] reported 90% conversion and 40% selectivity to
furfural at a reaction temperature of 170 ◦C using MCM-41 and butanol/water as biphasic
dissolvent. In comparison, with a homogenous acid H2SO4 reaction medium, Shi et al. [15]
reported a yield of 63% of furfural from xylan in 4 h at 160 ◦C.

It has been recognized that furfural has great commercial added value as the starting
molecule for many other products of industrial interest and also as an intermediate product
in the manufacture of solvents such as tetrahydrofuran (THF); methyl tetrahydrofuran
(MeTHF); furfuryl alcohol; and succinic, maleic, and levulinic acids. This condition makes
furfural one of the highest value-added chemical products derived from biomass [18]. To
improve the furfural yield in a green way, catalytic reactions have been carried out using
different solvents, such as dimethyl sulfoxide (DMSO) [16], toluene [19], 1-butanol [17], and
ionic liquids [20,21]. For the use of biphasic aqueous systems as dissolvent, an immiscible
mixture of water and an organic solvent can be more efficient as reaction medium because
the products produced in the aqueous phase and soluble products produced in the organic
phase can be easily extracted and separated from the organic phase.

In this study, a functionalized MCM-41-SO3H silica was synthetized according to
the method described by Marin-Astorga et al. [22] and Rostamizadeh et al. [23] to be
used in the selective dehydration reaction of xylose and hemicellulose to furfural in a
biphasic butanol/water mixture. The influence of the dissolvent mixture (different bu-
tanol/water ratios of 1:1, 1.5:1, 2:1, and 2.5:1) on the catalyst activity and selectivity for
furfural production was assessed. A full characterization of the MCM-41-SO3H catalyst
was also conducted. Furthermore, to determine industrial application, the MCM-41-SO3H
catalyst was evaluated for selective hemicellulose dehydration to furfural. Considering the
environmental requirements, recyclability tests were performed to evaluate the catalyst’s
stability, selectivity, and catalytic performance.

2. Results and Discussion
2.1. ICP

To evaluate the reproducibility of the –SO3H functionalization, the sulfonation process
was carried out twice. As shown in Table 1, synthesis was achieved with a content of
15 wt% S in the MCM-41-SO3H catalyst. The same H, N, and C contents of 5%, <2%, and
<0.1%, respectively, were observed for both MCM-41-SO3H-1 and MCM-41-SO3H-2.

2.2. N2 Physisorption

The N2 adsorption–desorption isotherms of MCM-41 and the MCM-41-SO3H catalyst
are shown in Figure 1. Both materials displayed type IV isotherms characteristic of ordered
mesoporous materials of uniform pore size with a H1 hysteresis indicating a narrow
distribution of pores [9]. The lowest amount of nitrogen adsorbed for the MCM-41-SO3H
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catalyst indicated loss of the mesoporous structure after the sulfonating process. As shown
in Table 1, the textural characterization properties showed a significant decrease in the
specific surface area (SBET) with the sulfonating process. This was attributed to the pore
surface being covered by the sulfonic groups. These SBET values are also in line with
Dias et al. [16], who reported values of 833 m2g−1 for MCM-41 and 400 m2g−1 for MCM-
41-SO3H. To remove the surface covering by the sulfonic groups, Khan et al. [24] used
a previous degassing treatment at 150 ◦C for 10 h under nitrogen flow and reported an
estimated pore size of 2.5 nm and a surface area of 889 m2 g−1 for MCM-41 and a reduction
in pore size to 2.2 nm and a surface area of 805 m2 g−1 for MCM-41-SO3H. The surface
values for MCM-41-SO3H were lower due to the pores being covered by the sulfonic
groups, which obstructed the passage of N2 molecules. In addition, a decrease in the
specific surface area (SBET) due to nonstructural porosity consisting of some irregular
cavities that permeate the entire bulk and give rise to a secondary porosity [25] cannot be
ruled out.

Table 1. Elemental analysis, specific surface area, and acid distribution for the synthesis of the
MCM-41 precursor and the MCM-41-SO3H-1 and MCM-41-SO3H-2 catalysts.

% S % H % N %C SBET, m2g−1 Acid Sites (mmol g−1)

Weak Medium Total

MCM41-1 <0.1 <2 <2 <0.1 1025 - - -
MCM41-SO3H-1 14.6 5.3 <2 <0.1 243 1.4 0.9 2.3
MCM41-SO3H-2 14.1 5.2 <2 <0.1 256 1.7 1.0 2.7
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Figure 1. N2 adsorption isotherms of MCM-41 and the MCM-41-SO3H catalyst. 

2.3. TPD-NH3 

Figure 1. N2 adsorption isotherms of MCM-41 and the MCM-41-SO3H catalyst.

2.3. TPD-NH3

Figure 2 displays the temperature-programmed desorption (TPD) of NH3 patterns of
the MCM-41-SO3H-1 and MCM-41-SO3H-2 catalysts. To better demonstrate the sulfonation
process, the patterns of MCM-41 are also included in the figure. As can be seen, there were
large desorption peaks for the two sulfonated catalysts with almost the same desorption
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profile, indicating the reproducibility of the sulfonating process. No desorption peaks
were detected for MCM-41, while large and well-defined peaks were observed for weak
and medium to large acid sites for MCM-41-SO3H-1 and MCM-41-SO3H-2 catalysts. The
differences between MCM-41 and the MCM-41-SO3H catalysts were attributed to acid
sites generated from the –SO3H groups, indicating a higher total number of acid sites
than the initial MCM-41. This can be also seen in Table 1, which shows the total number
of acid sites connected to the decomposition of the SO3H group compared to MCM-41.
Hermida et al. [26] reported the absence of acid sites in SBA-15 for the HSO3SBA-15
catalyst, confirming that it is a neutral material. For HSO3SBA-15, the propyl sulfonic
groups appeared as two peaks corresponding to weak and medium acid sites that began
to decompose at higher temperatures (427–527 ◦C). This result is in accordance with that
previously demonstrated by Sreevardhan et al. [27] for a similar mesoporous catalyst. For
the SBA-15-SO3H material, the authors reported a desorption signal centered on a Tmax of
600 ◦C and another small and intense signal centered on a Tmax of 380 ◦C, which led them
to conclude that there was decomposition/desorption of the SO3H groups, indicating that
SBA-15-SO3H is thermally stable up to 350 ◦C. The total number of acid sites determined
by temperature-programmed desorption of ammonia was much higher in the case of the
catalyst SBA-15-SO3H (0.125 mmol g cat−1) compared to SBA-15 (0.013 mmol g cat−1) [27].
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2.4. XRD

The low-angle X-ray diffraction patterns of MCM-41 and the MCM-41-SO3H catalyst
are shown in Figure 3. For MCM-41, the expected planes at 2θ = 2.04, 3.63, 4.23, and 5.59
corresponding to the Miller index (100), (110), (200), and (210) were clearly detected. For
the MCM-41-SO3H catalyst, a slight decrease in the intensities was seen with the first
three Bragg peaks maintained, indicating that the hexagonal symmetry of the mesoporous
material was preserved. This result is in line with those obtained by other researchers with
a similar XRD pattern of MCM-41-SO3H [8,16]. On the other hand, Dias et a [16] attributed
the attenuation of the XRD peaks to a reduction in the X-ray scattering contrast between the
silica walls and the sulfonic groups present in the pores and not to a loss of structural order.
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Figure 3. Diffraction patterns of MCM-41 and the MCM-41-SO3H catalyst.

2.5. TEM

Figure 4 shows the TEM micrographs of MCM-41 and the MCM-41-SO3H catalyst. For
MCM-41, well-defined hexagonal structures were seen. After the sulfonation process, some
amorphous agglomerates with partial loss of the hexagonal arrangement corresponding to
the MCM-41 structure was observed [11]. The presence of areas with hexagonal pores in
the MCM-41-SO3H catalyst indicated that partial loss of the mesoporous structure occurred
when the mesoporous material MCM-41 was sulfonated. This result is in agreement with
XRD results and a previous study by Sarrafi et al. [8], who reported that the mesoporous
structure of the MCM-41 material remained with the addition of sulfonic groups.
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2.6. FTIR

The presence of the sulfonic groups on the MCM-41-SO3H catalyst was also confirmed
by FTIR spectra. The FTIR spectra of the materials are shown in Figure 5. The infrared
spectrum showed characteristic peaks of mesoporous silica attributed to the asymmetric
stretching of the O–H bond located at 3392 cm−1 [28], asymmetric vibrations of Si–O–Si at
1066 cm−1 [29], symmetrical stretching of the Si–O bond at 807 cm−1, and Si–O–Si bond
splitting at 463 cm−1 [30]. In the same figure, it is possible to observe two peaks at 2850 and
800 cm−1, which corresponded to signals of the Si–C and C–H bonds, characteristic of the
MCM-41 types of mesoporous materials 24. Regarding the sulfonation process (Figure 5),
the band observed at 1165 cm−1 corresponded to the stretching of the S=O bond [16,28]
and confirmed the presence of the sulfonic group on the MCM-41-SO3H catalyst. The
bands identified for the synthesized sulfonated material corresponded to those previously
reported by Sheng et al. [28] for this type of material, with the sulfonic group corresponding
to the stretching of the S=O bond at 1169 cm−1 and S–O at 574 cm−1. On the other hand,
the authors of [29] confirmed the presence of the sulfonic group by peaks attributed to the
stretching of the S–H bond at 2500 cm−1 and the S=O bond at 1180 cm−1.
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Figure 5. FTIR spectra of MCM-41 and the MCM-41-SO3H catalyst.

2.7. XPS

The XP spectra of the Si 2p, O 1s, and S 2p are shown in Figure 6, while the binding
energies (BE) are shown in Table 2. The curve fitting of the Si core-level spectrum was
performed by the 2p level for MCM-41 located at 103.7 eV. For MCM-41-SO3H, the signal
was deconvoluted with a slight contribution at large BE, indicating a more polarized
Si species. For MCM-41, only one type of oxygen was detected at 533.1 eV, which was
attributed to O1s of Si–O–Si linkages [31]. After the sulfonation process, the curve was
deconvoluted in two peaks, with the larger peak shifted 0.3 eV towards lower BE and a
new contribution at 534.3 eV attributed to the sulfonic group (SO3H). With regard to sulfur
surface species, the S 2p signal at 167.4 eV was attributed to surface species of sulfonic
acid (SO3H) [32,33], while a second signal at 169.0 eV was attributed to the presence of
surface S6+ in the SO4

2− group [34], confirming the presence of surface sulfonic species.
The decrease in the atomic Si/O surface ratio, as shown in Table 2, was an expected result
considering the lower amount of surface Si after the sulfonating process.
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Table 2. Binding energies (eV) of core levels and atomic surface ratio of the MCM-41 precursor and
the MCM-41-SO3H catalyst.

Binding Energy (BE), eV Si/O

Si 2p O 1s S 2p Si/O Si/S

MCM-41 103.7(100)
100% - 533.1

100% - - - 0.18 -

MCM-41-SO3H 103.5
93%

105.4
7%

532.9
88%

534.3
12%

167.4
84%

169.0
16% 0.14 1.50

2.8. Xylose Conversion

The catalytic performance of the MCM-41-SO3H catalyst was carried out at different
butanol/water ratios (1:1, 1.5:1, 2:1, and 2.5:1). For the xylose conversion, as shown in
Figure 7a, there was clear effect of the nature of the dissolvent mixture on the total conver-
sion after 4 h of reaction. It was observed that xylose conversion in equal proportion of
solvents (1:1 ratio) reached 85% after 1 h of reaction. Furthermore, it was observed that
xylose conversion increased with the addition of n-butanol (1.5:1 ratio) until it reached a
maximum (93%). However, a further increase in the amount of n-butanol in the reaction me-
dia (2.1:1 and 2.5:1 ratios) led to a clear decrease in xylose conversion. This result suggests
that a consecutive increase in the amount of n-butanol could create a hydrophobic film over
sulfonic-functional groups, inhibiting their dehydration capability and thus decreasing
the xylose conversion. In addition, based on the octanol–water partition coefficient, log P,
xylose is more soluble in water than in n-butanol [35]. Therefore, this result points to the
fact that a proper proportion of n-butanol/water dissolvent mixture is needed to enhance
the solubility of the substrate in the n-butanol-rich mixture and to avoid the deactivation of
acidic sulfonated surface groups. Considering the total conversion of the noncatalytic reac-
tion was 68% at 4 h under the reaction conditions, the catalytic effect of the MCM-41-SO3H
catalyst was clearly detected [16]. Regarding the yield of furfural, as shown in Figure 7b,
no large effect of the butanol/water ratio was detected, and a similar trend of xylose con-
version was observed. It was observed that the catalytic yield of furfural at butanol/water
ratio of 1.5:1 mixture solvent was six times higher than the noncatalytic reaction (Figure S1).
Additionally, considering the catalytic reaction using MCM-41 as catalyst produced the
same furfural yield as the noncatalytic reaction under the reaction condition, the large
formation of furfural using the MCM-41-SO3H catalyst was obvious [16].
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Figure 7. (a) Xylose conversion and (b) yield of furfural upon time at 170 ◦C and 10 bar of nitrogen
for MCM-41-SO3H catalyst at different butanol/water ratios.

The initial reaction rate (Figure 8a) and TOF values shown in Table 3 indicate a clear
dependence with the butanol/water mixture ratio. The highest initial rate and TOF values
were obtained for butanol/water ratio of 1.5:1. The increase in the TOF values indicated
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that significantly more xylose molecules were converted over the active sites present over
the MCM-41-SO3H catalyst at butanol/water ratio of 1.5:1. It is believed that water content
in the reaction medium could have negative consequences on the catalytic activity. As a
result, it has been reported that there is 50% conversion and 25% selectivity to furfural in
the absence of solvents [16] compared to an 8% xylose conversion at 24 h when the reaction
is carried out in water.
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Table 3. Conversion, yield of furfural, initial reaction rate, pseudo-first-order constant and TOF for
xylose conversion on the MCM-41-SO3H catalyst.

Butanol/Water
Ratio

XTOTAL %
2 h

YFUR %
2 h

k
h−1gcat−1

TOF
s−1

1:1 97 42 2.6 0.12
1.5:1 100 46 3.1 0.15
2:1 92 41 2.7 0.11

2.5:1 85 42 1.9 0.09
Reaction conditions: batch reactor, 170 ◦C, 700 rpm, 10 bar N2.

Our results suggest that the nature of the organic solvent plays an important role in
the conversion and selectivity results. Furthermore, when methylisobutylketone was used
as the cosolvent, lower selectivity (55%) to furfural was obtained with 32% yield. This is
despite the better affinity of furfural for methylisobutylketone than for toluene with 40%
conversion and 85% selectivity corresponding to 34% yield [36]. It is also worth noting
that Rivalier et al. reported a large selectivity to furfural in the dehydration of fructose in
a solvent mixture consisting of water and toluene [37]. Aqueous solution of butanol is a
very attractive substrate from an industrial point of view. When comparing the yields of
furfural produced from xylose, high yields were achieved using homogeneous catalysis
with mineral acids (Table S1). The yields decreased when heterogeneous catalysis was used.
However, it is necessary to consider the advantages from an environmental point of view
and the possibility of reusing the catalyst, among others factors.

The successful fit of the experimental data to a pseudo-first-order reaction is shown in
Figure 9, allowing the global pseudo-first-order constant to be calculated. Table 3 shows the
initial reaction rate and TOF values, and it can be seen that they followed the same trend
as the global pseudo-first-order constant. The 46% yield of furfural for the butanol/water
ratio of 1.5:1 as solvent showed that this was the proper proportion of n-butanol/water
mixture needed to enhance the solubility of the substrate favoring the required number
of acid sites in the MCM-41-SO3H catalyst. Additionally, the regular and well-ordered
hexagonal array provided nanosized microreactors that favored the accessibility of the
reactant [23,38].
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2.9. Hemicellulose Conversion

To go one step further in using raw materials as substrate, for the two best bu-
tanol/water ratios, the catalytic performance of the MCM-41-SO3H catalyst was evaluated
in the hemicellulose conversion, as shown in Figure 10a. As can be observed, there was a
large conversion of hemicellulose reaching almost 100% of conversion at 30 min of reaction
for both butanol/water ratios. This result was almost the same as that for the noncatalytic
or the MCM-41 catalytic hemicellulose conversion. Therefore, to point out the enhance-
ment of the catalytic performance of the MCM-41-SO3H catalyst, it is important to discuss
the yield of furfural. In Figure 10b, it can be observed that the catalytic conversion of
hemicellulose on the MCM-41-SO3H catalyst produced 36% furfural at both butanol/water
ratios. This is a noteworthy result as the noncatalytic and MCM-41 catalytic hemicellulose
conversion reactions did not produce furfural (results not shown). This behavior was
previously reported by Liu et al. [39], who noted that the mechanism of the conversion
of xylan to furfural in the presence of Lewis and Brønsted type acid catalysts proceeds
through a reaction via depolymerization–isomerization–dehydration and that the more
complex the substrate, the more the acid strength required. From Table S1, it is possible to
compare the other systems that were assessed for furfural production from hemicellulose
based on a mixture of solvents with up to 50% yield. However, the disadvantages that these
entail have been widely discussed in the literature [21]. Therefore, the furfural production
in the MCM-41-SO3H catalyst deals with the acidity of the catalyst. Regarding the initial
reaction rate (Figure 8b), lower values compared to the xylose conversion were obtained
and showed the same trend, i.e., the highest initial rate was obtained for butanol/water
ratio of 1.5:1.

2.10. Catalyst Recycling

The reusability of the MCM-41-SO3H catalyst was investigated in the xylose and
hemicellulose conversion. The procedure consisted of carrying out four consecutive cycles
under the same reaction conditions to recover the catalyst by filtration. After each reaction
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cycle, the recovered catalyst by filtration from the reaction medium was washed with a
mixture of methanol with water and dried in an oven at 50 ◦C for 6 h. To study the effect of
the recovered catalyst pretreatment, a fraction of the recovered catalyst was subjected to
a new sulfonation process, and its catalytic activity was subsequently evaluated. It was
found that the conversion of xylose and hemicellulose with the recycled nonsulfonated
and recovered sulfonated catalysts did not show significant differences compared to the
fresh catalyst. Due to the 170 ◦C temperature, both substrates were converted (Figure S2).
Figure 11 shows the yield of furfural over time for the sulfonated and nonsulfonated
recovered catalysts. To make a better comparison, the values for the fresh catalyst are
also shown. The nonsulfonated catalysts displayed a negligible yield of furfural in the
conversion of xylose and did not produce furfural in the hemicellulose conversion. Dias et al.
observed a similar phenomenon when studying the same catalyst with toluene in the
solvent mixture and at 140 ◦C. They attributed the loss of selectivity to the accumulation
of reaction by-products on the catalyst surface [16]. A similar effect was reported by
Jeong et al. in aqueous solution at 170 ◦C [14]. The low hydrothermal stability of MCM-41
and the effect this could have on the leaching of –SO3H acid groups is also mentioned in
the literature [14,40]. In our case, this can be explained by the loss of approximately 70% of
the –SO3H acid groups during the reaction. The amount of sulfur in the catalyst was 14%
and decreased to 4.5% at the end of the reaction. Meanwhile when the recovered catalyst
was submitted to a sulfonation process, the production of furfural for both substrates was
recovered to values slightly lower than the fresh catalysts. This behavior indicates leaching
of the active –SO3H groups, which can be recovered with a new sulfonation process. One
of the challenges that remains evident is to find a way to strengthen the union between
MCM-41 and the SO3H acid groups to stabilize the catalyst.
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A hot filtration experiment was carried out to verify what was detected regarding
catalyst leaching during the catalytic conversion of xylose to furfural. According to the
results obtained (Figure 11a), 30 min was considered as the half-reaction time. The reaction
was stopped after 30 min, filtered while hot, and continued without the presence of the
catalyst. The yield of furfural reached in the first 30 min corresponded to 27%. The yield at
the final time of the reaction was 32.5% (Figure S3), which showed that part of the catalyst
was affected by leaching during the course of the reaction.

3. Materials and Methods
3.1. Synthesis of the Catalyst

The MCM-41 was synthesis by the reaction of tetramethylammonium hydroxide
(TMAOH) and cetyltrimethylammonium bromide (CTMABr) with aerosil silica with con-
tinuous stirring as in the standard procedure [22]. The resulting homogeneous gel had a
composition of SiO2:0.15CTMABr:0.26TMAOH:24.3 H2O and was dried and calcined for
1 h in flowing N2, followed by 12 h in a dynamic air flux at 500 ◦C for both calcinations.
The –SO3H functionalization was carried out post-synthetically according to the literature
report [23]. Chlorosulfonic acid was used as functionalization reagent, which was added
drop by drop by means of a funnel to a flask containing the MCM-41 under constant
agitation for 30 min. The reaction was raised in an extraction bell, and the HCl (g) was
released by a gas output tube.

3.2. Characterization Techniques

X-ray diffraction (XRD) was performed on a Rigaku X-ray Geigerflex using a Ni filter
and Cu Kα radiation at 2–90◦ in 2θ range. Fourier transform infrared spectra (FTIR) was
recorded in a Nicolet Magna-IR 550 instrument equipped with a quartz sample holder
with KBr windows using a sample/KBr ratio of 1:150. The mesoporous structure was
observed in TEM micrographs obtained in a JEOL Model JEM-1200 EX II instrument. N2
adsorption–desorption isotherms were recorded at −196 ◦C in an ASAP 2010 Micromeritics
apparatus, and the specific surface areas were determined by the BET equation. The
chemical analysis was performed by inductively coupled plasma mass spectrometry on
a PerkinElmer Elas 6000ICP-MS spectrometer. The acidity of the solid materials was
determined by temperature-programmed desorption of ammonia (TPD-NH3) using a
Micromeritics 3Flex equipment. The sample was first dried under N2 flow at 350 ◦C for
30 min and cooled to 100 ◦C under He flow for 1 min. The sample was then saturated with
30 mL min−1 of NH3 flow at 100 ◦C for 15 min. After saturation, the sample was cooled to
ambient temperature, and TPD-NH3 was performed at a heating rate of 10 ◦C min−1 up to
800 C in flowing He. X-ray photoelectron spectra (XPS) were recorded using an Escalab
200R spectrometer provided with a hemispherical analyzer operated in a constant pass
energy mode and Mg Kα X-ray radiation (hν = 1253.6 eV) operated at 10 mA and 12 kV.
Charging effects of samples were corrected by fixing the binding energy (BE) of the C1s
core-level of adventitious carbon at 284.8 eV (accuracy = ±0.1 eV).

3.3. Catalytic Activity Measurements

The catalytic assays of the xylose conversion were carried out in a stainless steel (100 mL)
Parr-type semibatch reactor with 0.6 g of substrate (hemicellulose or xylose), 0.3 g of MCM-
41-SO3H catalyst (MCM-41 was also evaluated) using 60 mL of a biphasic ecological and
renewable n-butanol/water mixture of different ratios (1:1, 1.5:1, 2:1 and 2.5:1) as solvent. In
each experiment, the substrate concentration was kept equal to 0.01 g/mL. These experimental
conditions were chosen from a previous work carried out by Zhang et al. [17] for MCM-41
and 1-butanol in water as reaction medium. The reaction temperature of 170 ◦C under
10 bar of N2 pressure was used with stirring at 700 rpm to avoid diffusion control. The
catalytic runs conducted under negligible mass transfer resistance [41] were repeated three
times for each experiment. The pseudo-kinetic constants (k) were calculated using a pseudo-
first-order kinetic model for a batch reactor under similar conditions [26]. The xylose and



Catalysts 2023, 13, 1024 12 of 15

xylose from hemicellulose concentrations were determined by HPLC (Merck Hitachi, Hitachi
High-Technology Corpotation, Tokio, Japan) equipped with a refractive index detector and an
Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) at 45 ◦C, eluted at 0.6 mL/min with
5 mM H2SO4. To determine the hemicellulose concentration, a solution with 5 g/L of wheat
straw hemicellulose, it was subjected to hydrolysis with 3% H2SO4 for 30 min at 120 ◦C in an
autoclave. The obtained sample was analyzed by HPLC to determine the xylose content in the
initial sample. To convert the concentration of monomeric xylose to xylan, the factor 0.88 was
used, calculated based on the water molecules gained during the hydration of the xylans [42].
Furfural was analyzed by gas chromatography (GC-FID) and mass spectrometry using a
GC–MS instrument (Shimadzu GCMS-QP5050) with helium as the carrier gas. The recycling
assays were performed by filtering the catalyst from the reaction medium. The filtered catalyst
was washed three times consecutively with ethanol (50 mL × 3) to clean the surface and was
then dried at 100 ◦C for 24 h. The conversion was calculated using Equation (1), and selectivity
conversion was obtained according to Equation (2):

X(%) = ([(x)xylose]0 − [(x)xylose]t)/([(x)xylose]0)·100 (1)

YFUR(%) = [(x)FUR]t(molL−1)/([(x)FUR] + [Intermediates(x)]t) + [by products(x)]t))·100 (2)

where [(x)xylose]0 is the initial concentration of xylose, and [(x)xylose]t is the concentration
at different times. [(x)FUR]t corresponds to the furfural production, and [Intermediates(x)]t
and [by-products(x)]t are the concentrations of intermediaries and by-products during the
conversion reaction, respectively.

The initial reaction rate of the total xylose conversion was calculated from the initial
slope of the xylose conversion as a function of time graphic according to Equation (3):

ro = (b * n)/m (3)

where ro is the initial reaction rate (mol gcat−1 min−1), b is the initial slope of the xylose
conversion vs time, n is the initial moles of xylose, and m the weight mass of the catalyst.
Additionally, to better determine the catalytic behavior, the initial rate was normalized by
the number of acid sites (mol g−1) to calculate the turnover frequency (TOF, h−1) according
to Equation (4):

TOF = ro/total number of acid sites (4)

The average number of acid sites for the MCM-41-SO3H catalyst was 2.5 mmol/gcat
for the conversion of 0.6 g of xylose, whereas the molar ratio substrate/acid site was
5.3 (molar).

4. Conclusions

This study investigated catalytic furfural production from the renewable resources xy-
lose and hemicellulose in a batch-type reactor using an MCM-41-SO3H catalyst in biphasic
ecological and renewable n-butanol/water (1:1, 1.5:1, 2:1, and 2.5:1 ratios) as the dissolvent.
For xylose conversion, an enhanced catalytic performance and the largest initial reaction
rate, pseudo-first-order constant, and TOF were obtained using a butanol/water ratio
of 1.5:1 as solvent. This is the first time such a high xylose conversion (100%) and 46%
selectivity has been reported on the MCM-41-SO3H catalyst in the presence of a mixture
of butanol/water as a solvent medium. The catalytic production of furfural from hemicel-
lulose on the MCM-41-SO3H catalyst was also studied. The recycling evaluation test of
the MCM-41-SO3H catalyst indicated that the recovered catalyst needs to be submitted to
a sulfonation process to reach a furfural yield closer to that of the fresh catalyst. Despite
the results obtained for conversion and selectivity to furfural, the recycling of the catalyst
showed that there was leaching of the –SO3H groups from the active sites. This was mainly
determined based on the presence of sulfur detected in the reaction medium, which was
less than 0.03 g S. It is necessary to continue working on the optimization of the develop-
ment conditions of sulfonated acid catalysts as well as the regeneration conditions in order
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to use this type of material in practical applications, thus allowing the transformation of
lignocellulosic raw material into value-added products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13061024/s1, Figure S1: Yield of furfural upon time at
different butanol:water ratio for the non-catalytic and MCM-41 and MCM-41-SO3H catalytic xylose
conversion; Figure S2: Xylose and hemicellulose conversion for fresh and recycles MCM-41-SO3H
catalyst at a butanol:water ratio= 1.5:1; Figure S3. Furfural yield in MCM-41-SO3H catalyzed reaction
(red) and compared to furfural yield during hot filtration experiment. The reaction was stopped after
30 min, filtered while hot and continued without the presence of the catalyst (blue); Table S1: Xylose
and xylan conversion to furfural in different catalysis conditions.
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