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This investigation is centered on the synthesis and evaluation of sulfonated carbons (SCs) employed as
catalysts in the transformation of fructose into 5-hydroxymethylfurfural (5-HMF). The sulfonated carbons
were synthesized through carbonization and in situ sulfonation in the presence of H,SO4, using glycerol
and glucose as precursors. Experimental conditions were systematically optimized to achieve an
appropriate quantity and density of surface acidic sites, primarily sulfonic and carboxylic groups, pivotal
for the fructose dehydration reaction. The catalytic performance of these sulfonated carbons was
assessed under both conventional and microwave heating. Notably, the most favorable outcomes were
observed in a microwave-assisted system, achieving an 80% conversion at 120 °C within a concise 5 min
reaction time. This feat was realized using a 5 wt% fructose solution in dimethylsulfoxide (DMSO) and
a 5 wt% catalyst, with selectivity to 5-HMF reaching values as high as 98%. The findings elucidate the
impact of the heating mode, alongside the textural properties and surface density of acid groups,
providing valuable insights for the optimization of catalysts in fructose conversion processes. This
investigation provides pertinent insights into the domain, underscored by the significance of fine-tuning
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Sustainability spotlight

Fructose dehydration stands out as an appealing method for 5-HMF production, but sustainable practices require addressing challenges in selecting envi-
ronmentally friendly solvents and catalysts. Dimethylsulfoxide (DMSO) emerges as a widely utilized solvent, prized for its low toxicity, affordability, and effective
fructose solubilization. However, DMSO's drawback lies in its potential to encourage cross-polymerization, leading to undesired humin formation and reducing
5-HMF selectivity. To counter this, we refine the preparation of acid catalysts, employing microwave heating for swift, high-activity outcomes. This optimization
is pivotal in mitigating the negative impact of DMSO, advancing sustainable 5-HMF production via fructose dehydration.
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Introduction

The dehydration of fructose emerges as an attractive approach
for synthesizing 5-hydroxymethylfurfural (5-HMF), recognized
as a carbon-neutral feedstock for the production of fuels and
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other chemicals." However, ensuring sustainable production
necessitates overcoming several challenges, notably the utili-
zation of environmentally friendly solvents and catalysts.”
Dimethylsulfoxide (DMSO) has been widely used as a solvent
due to its low toxicity, low cost, and good fructose solubilization
capacity. Typically the fructose dehydration in DMSO systems
results in high yields of 5-HMF and selectivities greater than
90%.*

The role of this solvent in the dehydration of fructose has
been extensively investigated, including in our previous work,*
resulting in the emergence of numerous fresh insights within
the literature.>® DMSO can either enhance or hinder the effi-
ciency of the reaction, depending on the catalyst and applied
conditions. This solvent plays a crucial role in stabilizing the
produced 5-HMF, preventing its rehydration and the formation
of levulinic and formic acids,”® Furthermore, it modifies the
distribution of fructose isomers, predominantly favoring the
presence of the B-p-fructofuranose isomer. This isomer is more
susceptible to the selective dehydration reaction.*

Nevertheless, our discoveries*'** and findings in the liter-
ature®" reveal that DMSO can promote cross-polymerization
among the solvent, substrate, and products, resulting in the
undesirable formation of humins and reduced selectivity
towards 5-HMF. This phenomenon proves detrimental to reac-
tion efficiency, as humins become the predominant product. In
addition to diminishing the yield of 5-HMF, humins strongly
interact with and obstruct the Brgnsted acidic sites of various
catalyst types.'**'® The higher the reaction temperature and
time, the greater the adverse contribution of DMSO. One
approach to minimize the adverse impact of DMSO is by
diminishing the reaction time, and an effective method for
achieving this is using microwave heating (MH) as opposed to
conventional heating (CH). The application of microwave-
assisted reactions not only addresses the challenges associ-
ated with DMSO but also tends to result in shorter reaction
times and higher selectivities. This reduction in reaction time
can be instrumental in mitigating issues related to product
separation from DMSO, ultimately minimizing the exposure of
the main product to conditions that could potentially lead to its
degradation.” One strategy to inhibit the catalytic activity of
DMSO is to perform the reaction under an inert atmosphere
and mild conditions (<100 °C).* Another strategy reported in our
previous work' is to perform the reaction under microwave
heating using optimized conditions to minimize the contact
time of the reaction products with DMSO. Therefore, optimizing
the reaction conditions (i.e. temperature, time, concentration of
the substrate, and amount of the catalyst) is an important step
towards obtaining a high 5-HMF yield and selectivity.

Among the catalysts employed in fructose dehydration, SCs
stand out as particularly appealing, given that carbon possesses
Bronsted acid groups. These acid functionalities on the carbon
catalyst surface play a pivotal role in facilitating the conversion
of fructose to 5-HMF, making SCs effective and environmentally
friendly catalysts in this chemical transformation.’® These
materials are commonly derived from agricultural waste,
making a significant contribution to the circular economy,**>*
especially in emerging countries. Moreover, there is compelling
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evidence suggesting that SCs do not contribute to undesirable
cross-polymerization reactions. This is attributed to the low
affinity of 5-HMF for the hydrophilic surface of these
catalysts.”>*

Progress in the synthesis methodology of SCs has enabled
the creation of a novel catalyst characterized by high acidity,
utilizing fewer reactants, shortening the required time, and
reducing energy consumption.»* Moreover, the physico-
chemical characteristics of SCs, including acidity, chemical
composition, and textural properties, can be precisely adjusted
through careful selection of the raw material and optimization
of the in situ carbonization conditions. This was emphasized in
our recent report,*> where 5-HMF was obtained from a concen-
trated fructose solution in DMSO in just 10 seconds at 120 °C
using MH. The resulting 5-HMF yield reached 93.3%, show-
casing a remarkable selectivity of up to 98%.

However, recent reports in the literature show that the
surface acidic sites of SCs, particularly carboxylic and sulfonic
groups, can synergistically collaborate to significantly enhance
the efficiency of fructose dehydration."*® Wang et al.*® investi-
gated the selectivity of the Glu-TsOH catalyst, which contains
both carboxylic and sulfonic groups, in converting fructose to 5-
HMEF. Deliberate experiments were subsequently carried out
using a mixture of Amberlyst-15 (containing only sulfonic
groups) and acetic acid to partially emulate the Glu-TsOH
catalyst. The authors demonstrated a higher 5-HMF yield in
the mixture compared to the sum of that of the individual
catalysts, indicating a synergistic effect between sulfonic and
carboxylic groups, facilitating dehydration and improving
selectivity for 5-HMF.

Moreover, when designing an efficient SC for fructose
dehydration, various characteristics such as surface area,
porosity, acidic site density, and diffusional limitations must be
considered. Catalysts featuring a well-developed porous struc-
ture can facilitate the removal of the product from the catalyst
surface.”” It is essential to highlight that a well-established pore
structure, especially with a significant presence of micropores,
poses challenges in efficiently removing the target product from
the vicinity of active sites. As a result, the probability of unde-
sirable reactions, leading to the formation of humins, tends to
increase. SCs characterized by numerous acidic sites and a high
surface area, though aligning with the attributes of a theoreti-
cally ideal catalyst, may not necessarily embody an efficient
catalyst for fructose dehydration.

This study aimed to enhance the valorisation of biomass by
producing SCs using various raw materials, such as glucose and
glycerol, via in situ carbonization. We employed modified
methodologies to optimize catalyst preparation under mild
conditions. The use of readily available and well-defined
precursors, such as glycerol and glucose, offers advantages in
terms of reproducibility while expanding the possibilities of raw
materials that can be used. Glycerol, a byproduct of the bio-
diesel industry, and glucose, a widely found monosaccharide,
provide consistent starting materials for catalyst synthesis. This
approach aims to minimize potential variations arising from
the inherent heterogeneity of naturally derived precursors,

ensuring greater control over catalyst properties and
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performance. We employed modified methodologies to opti-
mize catalyst preparation under mild conditions. The fructose
dehydration reaction was finely tuned using both CH and MH in
a DMSO system. A comprehensive characterization of the
carbon-based catalysts was conducted, and a comparative
analysis was performed with our recent studies and existing
literature reports, yielding novel insights for the intelligent
design of SCs in the context of fructose dehydration.

Experimental section
Catalyst preparation

In a standard procedure, 10 g of glycerol or glucose was blended
with the requisite volume of concentrated H,SO, in an 80 mL
Teflon-coated stainless-steel reactor. Subsequently, the reactor
was hermetically sealed and subjected to heating in an oil bath,
accompanied by magnetic stirring for a specified time interval,
thereby enabling simultaneous carbonization and sulfonation.
The resulting solids underwent successive washes with distilled
water and acetone (utilizing a Soxhlet system) before under-
going drying at 60 °C. SCs were denoted as “OL(x)y — 2” or
“OSE(x)y — z”, where “OL” and “OSE” signified the precursor
used (OL for glycerol and OSE for glucose), “x” represented the
precursor to H,SO, mass ratio, “y” indicated the carbonization
time, and “z” stood for the carbonization temperature. For
instance, a sulfonated carbon produced with glucose, with
a glucose to H,SO, mass ratio of 1: 3, a carbonization time of 1
hour, and a carbonization temperature of 180 °C, was denoted
as “OSE(3)1h-180".

Catalyst characterization

Surface acidity was measured according to the Boehm
method,*® with a modification to differentiate sulfonic and
carboxylic groups as proposed by Tamborini et al.*® Elemental
analysis was performed using a ThermoScientific Flash EA1112
elemental analyzer. The X-ray photoelectron spectroscopy (XPS)
spectra were obtained using a ThermoFisher Scientific spec-
trometer model K-alpha+. Thermogravimetric analysis (TGA/
DTA) was carried out using Netzsch TG209F1 equipment.
Micrographs and energy dispersive X-ray (EDX) spectra were
obtained using a JSM-6010LA JEOL scanning electron micro-
scope. Fourier transform infrared spectroscopy (FTIR) analyses
were performed using a Varian-Agilent 640-IR FT-IR spectrom-
eter (ATR mode). Textural properties were investigated using
a Quantachrome Autosorb 1-MP surface area analyzer.

Fructose dehydration

Catalytic tests were conducted using two distinct heating
methods: (a) MH and (b) CH (in an oil bath). For method (a), the
sealed reactor (35 mL) was heated using a CEM discover
microwave synthesizer in a power range of 20 to 40 W until the
desired temperature was reached, remaining within this power
range during the temperature study while for method (b) the
reaction was carried out in a round-bottom flask equipped with
a reflux system. In a typical run, 5 mL of a 5 wt% fructose
solution (in DMSO) and 5 wt% (Mcatalyst/Mructose) Of the catalyst

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were introduced into the reactor. The systems were maintained
under magnetic stirring (500 rpm) at the desired temperature
and time. For method (a), the reactor attained the pre-
determined temperature in approximately 120 s, while in
method (b), the oil batch had already stabilized at the set value
before introduction of the reactor. Upon completion of the
tests, the reactor was rapidly cooled using mechanical
ventilation.

To evaluate the adsorption behavior of fructose and 5-HMF
on the catalysts' surface, experiments were carried out under
the same conditions as a typical reaction at room temperature.
Upon completion of the tests, fructose and 5-HMF that
remained in the solution were quantified accordingly.

The identification and quantification of reaction products
were performed through high-performance liquid chromatog-
raphy (HPLC) using an Agilent 1220 Infinity LC liquid chro-
matograph equipped with a Rezex ROA organic acid column H+
(250 x 4.6 mm) and detectors for the refractive index and diode
array. Throughout the analysis, the column was maintained at
65 °C, and the flow rate of the mobile phase (H,SO, 5 mmol L)
was kept at 0.2 mL min~".

Fructose conversion (%), 5-HMF yield (%), and selectivity (%)
were calculated using the following equations:

Final fructose concentration at a given time — Initial fructose concentration
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remained unchanged, except for the heating method. As illus-
trated in Fig. 1a, both SC samples exhibited a similar amount of
carboxylic + sulfonic groups (strong acid groups). The carboxylic
and sulfonic groups are recognized as strong acid sites in the
context of carbohydrate dehydration, which is related to their
Brensted acidity.>*%%

However, the SC produced in our previous work (using an
oven) exhibited a significantly higher total acid group content
compared to that produced using an oil batch. This discrepancy
suggests that the OL(3)0.25h-180-M carbon possesses a higher
concentration of phenolic + lactonic surface groups. In our
previous study, the time required to reach the operating
temperature was extended, ranging from 30 to 60 min.** In
contrast, in the present study, the oil batch had already stabi-
lized at the intended carbonization temperature before intro-
duction of the reactor. As a result, the prolonged preheating
time in the oven, as observed in our previous work, contributed
to heightened oxidation of the carbon surface, resulting in an
increased concentration of phenolic and lactonic groups.
Despite this distinction, both SCs exhibited a comparable
amount of strong acid groups, which constitute the primary
active sites for fructose dehydration. This suggests the suit-
ability of the oil batch heating method, significantly reducing
the synthesis time. Under identical synthesis conditions, OSE(3)

Conversion(%) =
Yieldprod(%) =
Concentration of the product formed at a given time <100 (2)
Initial fructose concentration

.. Yield,oq
Selectivit %) = Poc 100 3
electivity o (%) Fructose conversion (3)

Recycling tests

Recycling tests were performed under optimized conditions
determined in this work. The spent catalyst was washed with
water (2 x 30 mL) and acetone (2 x 10 mL) and then dried at
100 °C for 24 h before the next run.

Results and discussion
Surface acidity

Various synthesis parameters were investigated to optimize the
acidity of the SC under the mildest conditions possible (Fig. 1).
Preliminarily, the SC derived from glycerol were compared with
those obtained in our earlier study.* Specifically, a comparison
was made with glycerol-derived SC identified as OL(3)0.25h-180-
M in our earlier work, wherein an oven was employed as the
heating system instead of the oil batch utilized in this study for
a comparison of the CH methods. The synthesis parameters

© 2024 The Author(s). Published by the Royal Society of Chemistry

Initial fructose concentration

% 100 (1)

0.25h-180 exhibited significantly higher acidity compared to
OL(3)0.25h-180. As illustrated in Fig. 1b, there was a consistent
increase in the acidity of the SC with extended carbonization
times. This is in agreement with the recent findings from
Morais et al.,*® suggesting that extended activation times in
glucose-derived carbons contribute to heightened porosity and
larger surface areas. The prolonged contact time between the
carbon material and the activating agent led to improved
microporosity and widened pore sizes. These findings empha-
size the influence of activation duration on the structural
characteristics of carbon materials.

Carbons derived from glucose, prepared with the lowest
glucose to H,SO, mass ratio (1:1) across all investigated time
intervals, displayed reduced amounts of strong acid groups.
Interestingly, extending carbonization times did not promote
the incorporation of acid groups into the solids, suggesting that
oxidation processes in glucose-derived carbons occur more
rapidly compared to those observed with glycerol as a precursor.

The optimal conditions in this study were identified as
a carbonization time of 0.25 h and a glucose-to-acid mass ratio
of 1:1. This selection enabled the production of highly acidic
SCs with a reduced carbonization time and a lower quantity of
H,S0,. The carbonization temperature was investigated within
the range of 120-180 °C, as depicted in Fig. 1c. The total acid
groups exhibited no significant variation within the tested
temperature range. However, the quantity of carboxylic +
sulfonic groups was notably influenced by this parameter. As

RSC Sustainability, 2024, 2, 1456-1471 | 1459
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Fig.1 Amount of surface acid groups for the carbons prepared: (a) OL(3)0.25h-180 and OL(3)0.25h-180-M, (b) glucose's carbons prepared at

180 °C, (c) glucose’s carbons prepared at different temperatures, and

the temperature increased from 120 to 180 °C, there was
a decrease in the amount of strong acid groups, reaching
a maximum value (3.0 mmol g~") at 120 °C. Flores et al.*’ sug-
gested that at higher temperatures, the reduction in sulfonic
groups occurs due to biomass graphitization and carbon
structure cross-linking. Many C-H bonds are eliminated before
the fixation of these groups, resulting in a more rigid carbon
structure. As a result, introducing oxygenated acid groups
becomes more challenging when the carbon structure is already
rigid and stable. However, we observed an increase in the
amount of phenolic and lactonic groups with temperature,
contrasting the behaviour observed with sulfonic groups. The
introduction of oxygenated functional groups on the carbon
surface is favored by the presence of structural defects, such as
around empty spaces and on the edges of planes.*® Upon initi-
ation of the treatment with sulfuric acid, its oxidizing nature
facilitates the incorporation of various types of previously
observed oxygenated groups, which migrate or hop on the
surface of the basal plane. However, it should be noted that the
carbon surface undergoes gradual deterioration during direct
treatment with sulfuric acid. In this process, there is a propen-
sity to augment the amount of oxygenated functional groups,

1460 | RSC Sustainability, 2024, 2, 1456-1471

(d) selected carbons for catalytic tests.

particularly lactonic and phenolic groups. Conversely, sulfonic
groups are leached, leading to a reduction in the sulfur (S)
content in the solid. It is noteworthy that this effect is more
pronounced at a carbonization temperature close to 200 °C. In
this range, carboxylic and sulfonic groups are susceptible to
thermal decomposition, as observed through TGA/DTA and
Boehm titration.”® On the other hand, phenolic and lactonic
groups tend to decompose only at temperatures above 350-
400 °C. Consequently, the incorporation of phenolic and
lactonic groups continues to occur at temperatures close to
200 °C, while the quantity of carboxylic and sulfonic groups
tends to decrease with prolonged contact time.

The optimal conditions for producing glucose-derived SCs
were identified as 15 min of carbonization at 180 °C with
a glucose: H,SO, mass ratio of 1:1. Interestingly, the OSE(1)
0.25h-120 carbon exhibited a number of strong acid groups
comparable to that of OSE(3)6h-180, which was prepared under
the most extreme condition studied in this work. However, the
total acid group content in OSE(3)6h-180 was notably higher,
with the difference reaching 2.42 mmol g~".

In Fig. 1d, it is evident that OL(3)0.25h-180 and OSE(1)0.25h-
120 exhibit comparable levels of sulfonic groups,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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notwithstanding a higher overall presence of strong acid groups
in the glucose's carbon. As anticipated, intensifying the severity
of the acid treatment conditions led to a more substantial
incorporation of sulfonic groups. Notably, OSE(3)6h-180
demonstrates a sulfonic group concentration 22.4% higher
than that observed in OSE(1)0.25h-120. These observations
align with the expected result of increased sulfonic group
insertion under more rigorous acid treatment conditions.
Recent literature on carbons prepared through various
carbonization/sulfonation methods consistently reports total
acidity values usually below 5 mmol g ', with strong acid
groups reaching up to 2 mmol g~ *.37-*

Higher total acidity values have been achieved only under
extreme conditions, such as a precursor:acid mass ratio as
high as 1:36.* The carbon OSE(1)0.15h-120 exhibits a surface
acid group content typically higher than values reported in the
literature, achieved through a simpler one-step method under
mild conditions. Notably, the most acidic carbon derived from
glucose, OSE(3)6h-180, demonstrates a remarkable total acid
group content of 7.5 mmol g~ * and 3.0 mmol g~ for strong acid
groups. This exceeds the acidity observed in our previous work,
where kraft lignin was employed as the precursor. The relatively
simple structure of glucose, in contrast to kraft lignin, facili-
tates the incorporation of acid groups into the carbon structure,
yielding a highly acidic sulfonated carbon even under milder
conditions.

Characterization of the selected SC

For characterization and catalytic tests in the fructose dehy-
dration reaction, we utilized OL(3)0.25h-180 to make
a comparison with our previous study,** OSE(3)0.25h-180 (the
most acidic SC, produced under the more drastic conditions in
this work), and OSE(1)0.25h-120 (produced under the mildest
and optimized conditions in this work) were selected. Table 1
shows the main properties of the selected SC.

The mass yield achieved for OL(3)0.25h-180 in this study
reached 45.7%, surpassing the previously reported value of
35.0%.>* This difference is likely attributed to variations in the
heating method employed during the sulfonated carbon (SC)
preparation process, as elucidated previously.

After a 15 min washing period with acetone in a Soxhlet
system (Fig. S11), a brownish coloration, attributed to the
presence of unpolymerized organic matter in the solid, was
observed for OL(3)0.25h-180 and OSE(1)0.25h-120. In contrast,
no coloration was noted for OSE(3)6h-180. When comparing the
yields of glucose-derived carbons, acid content, and carbon-
ization time and temperature, there was an approximate 10%
variation in the obtained mass yield (Table 1). This implies that
an increase in carbonization temperature led to a more efficient
glucose carbonization process, resulting in a reduction in the
amount of less polymerized organic matter, particularly evident
as the temperature increased from 120 to 180 °C.

The quantity of sulfur incorporated into the sulfonated
carbon (SC) structure correlates with the amount of acid
employed. In a previous investigation, Mantovani et al.>* ach-
ieved the incorporation of a higher amount of sulfur (6.1%) into

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the structure. However, a significant portion was not catalyti-
cally active, manifesting as exposed sulfonic groups on the
surface. Notably, Table 1 reveals substantial disparities in mass
percentages obtained by energy dispersive X-ray spectroscopy
(EDX) and X-ray photoelectron spectroscopy (XPS) for glucose-
derived carbons, particularly concerning sulfur. It is impor-
tant to consider that EDX provides an analysis depth of 1-2 um,
depending on the material, while XPS reaches up to 10 nm.*
Therefore, glucose-derived carbons exhibited a higher sulfur
content in a more superficial layer, indicating that a significant
portion of sulfur atoms were successfully inserted on the
surface and are readily accessible for fructose interactions.

Fig. S21 shows the deconvolution of the C 1s peak in the XPS
spectra which unveiled peaks centered at 284.6, 286.3, and
288.7 eV. These can be attributed to carbon atoms in graphi-
tized regions (C=C) and those bonded to hydroxyl groups (C-
OH), and carboxylic groups (COOH), respectively. Moreover, in
the S region, two peaks centered at 163 and 168 eV were iden-
tified, corresponding to reduced sulfur forms (-SH) and
sulfonic groups, respectively.'***4%34¢ Fraga et al.*> observed
the presence of non-oxygenated sulfur compounds, such as -
SH, in carbons prepared at higher temperatures. Consistent
with this behavior, the preparation of OSE(3)6h-180 under more
drastic conditions in this work allowed the observation of the
formation of reduced forms of sulfur in this solid.

Confirming the presence of oxygenated groups, the FTIR
spectra (Fig. S31) revealed bands centered at 1043, 1173, and
1396 cm !, corresponding to symmetrical and asymmetrical
O=S=0 stretching from -SO;H groups. Additionally, bands at
1700 and 3400 cm ™" were observed, indicating the presence of
C=0 groups from carboxylic and lactonic groups, and O-H
groups from phenolic and carboxylic groups.*”~*°

SEM images (Fig. S41) unveiled irregular particle sizes and
morphologies of the SC, characteristics typically associated with
the in situ processes of carbonization and sulfonation. This
concurrent carbonization and sulfonation promoted the
precursor's transformation, resulting in the observed irregu-
larities in particle size and morphology.

Thermal analysis (Fig. S5T) revealed three primary regions of
mass loss, occurring within the temperature ranges of 50-100 °©
C, 200-300 °C, and 400-700 °C, respectively. The initial mass
loss (50-100 °C) is attributed to the release of volatile gases and
moisture adsorbed on the surface of the sulfonated carbon (SC).
The second region (200-300 °C) corresponds to the degradation
of oxygenated groups, while the third region (>400 °C) signifies
the graphitization of the material."**>** The overall mass loss
for all SCs ranged from 42% to 49%. In the temperature range of
50-150 °C, the mass losses for OL(3)0.25h-180, OSE(3)6h-180,
and OSE(1)0.25h-120 were approximately 3.68%, 4.45%, and
2.70%, respectively. This phenomenon is associated with the
hydrophilicity of the solids, influenced by the varying degrees of
incorporation of oxygenated groups on their surfaces.

Textural property analysis revealed that the surface area
increased with both carbonization time and temperature,
consistent with data reported in the literature for other
precursors.****> As indicated in Table 1, OL(3)0.25h-180
exhibits less developed textural characteristics compared to
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Table 1 Chemical composition and textural properties of the SC
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Carbon OL(3)0.25h-180 M** OL(3)0.25h-180 OSE(1)0.25h-120 OSE(3)6h-180

Cee (%) 64.8 69.3 + 0.94 62.7 + 0.37 61.5 = 0.01

Hee (%) 3.8 4.8 £0.38 4.1 +0.15 2.6 + 0.15

Sce (%) 6.1 1.50 £+ 0.19 0.7 £ 0.02 0.4 £ 0.04

Occ (%)* 25.3 23.3 +£1.13 314 £ 0,5 34.5 £ 0.2

Ash content (%) — 0.9 £ 0.01 0.9 £ 0.01 0.9 £ 0.02

Carbon-based yield (%) — 81.0 85.9 74.5

Mass yield (%) 35.0 45.7 54.8 48.5

Cxps (%) — — 74.0 & 0.2 72.3 £ 0.3

Oyxps (%) — — 25.3 & 0.1 25.2 £ 0.4

Sxps (%) — — 0.9 +£0.3 2.6 +0.1

SEpx (%) — 1.98 4 0.08 0.4 + 0.08 1.89 =+ 0.02

Average pore diameter (A) — 30.6 27.3 22.0

Total pore volume (em® ¢! — 0.0667 0.198 0.262

BET surface area (m*>g™) — 90 290 480

Total acid groups (mmol g ) — 3.0 £ 0.1153 5.0 £ 0.0368 7.5 & 0.0056
(umol m™?) — 33 17 17

Carboxylic + sulfonic groups (mmol g7 — 1.14 + 0.1661 2.99 + 0.0514 3.00 £ 0.1069
(umol m™?) — 13 10 6

Sulfonic groups (mmol g — 0.56 £ 0.07 0.59 £ 0.08 0.76 £ 0.005
(umol m™?) — 6 2 2

Carboxylic groups (mmol g™ ) — 0.58 & 0.05 2.40 £ 0.08 2.24 £+ 0.006
(umol m™?) — 6 8 5

glucose-derived carbons. This suggests that the acidic sites of
OL(3)0.25h-180 are primarily located in the external surface area
of the catalyst, enhancing substrate contact. In contrast,
glucose-derived carbons displayed higher values for both
surface area and pore volume. As highlighted by Wang et al.,” in
catalysts with pronounced textural characteristics, a fraction of
the active sites is located within the pores, making them less
accessible to fructose molecules. It is anticipated that glucose-
derived carbons impede the internal molecular diffusion of
reagents, thereby increasing resistance to mass transfer. This
makes it difficult for fructose to reach the active sites situated
within the pores.

Evaluation of catalytic activity

The chosen SCs were employed as catalysts in the fructose
dehydration reaction to produce 5-HMF. The reactions were
conducted using two heating methods: conventional and
microwave irradiation.

Conventional heating

The initial evaluation of catalytic activity took place at 100 °C
with a 1 hour reaction time, employing DMSO as the solvent,
conducted in the presence of O,. Fig. 2 illustrates the outcomes
of fructose conversion, yield, and selectivity of 5-HMF in both
the absence (blank reactions) and presence of the catalysts.

In the blank reaction, a fructose conversion of 20% was
noted, likely attributed to the catalytic activity of the DMSO
solvent used.* However, there was no substantial production of
5-HMF, and humins were obtained with a selectivity exceeding
98%.

The catalysts demonstrated an enhancement in fructose
conversion, as well as in the yield and selectivity to 5-HMF.

1462 | RSC Sustainability, 2024, 2, 1456-1471

OSE(3)6h-180 exhibited the most favorable outcomes, achieving
a conversion of 44.8% and a 5-HMF yield and selectivity of
27.7% and 61.8%, respectively. These findings align with the
elevated content of both strong and total acid groups observed
in this solid (Fig. 1). According to the literature,**** phenolic
and lactonic groups interact with fructose and its reaction
intermediate, favoring the contact with the strong acid groups.

As observed, although the amount of strong acid groups for
glucose-derived carbons is comparable (3.0 mmol g~*), there is
a disparity in the total acid groups between these catalysts (5.0
and 7.5 mmol g, respectively, for OSE(1)0.25h-120 and OSE(3)
6h-180). This variation of approximately 2.5 mmol g~ ' likely
facilitated the interaction of the fructose intermediate (B-o-
fructofuranose) with the strong acid groups in OSE(3)6h-180,
promoting the dehydration reaction to 5-HMF. Consequently,
the conversion of fructose in the presence of OSE(1)0.25h-120
reached 42.1%, while OSE(3)6h-180 achieved a conversion of
44.8%. Concerning the OL(3)0.25h-180 carbon, it was noted that
despite exhibiting lower surface acidity than the other catalysts,
this carbon allowed a fructose conversion similar to that of
glucose-derived carbons. As previously reported, OL(3)0.25h-
180 has less developed textural properties than the other cata-
lysts. The smaller average pore diameter in the glucose-derived
carbons can make the active sites less accessible. Consequently,
even though OL(3)0.25h-180 has less acidity, its active sites may
be more accessible than those in glucose-derived carbons. The
smaller surface area and more accessible active sites favor the
interaction between acid groups, even if present in smaller
quantities. It should also be noted that the incorporation of
oxygenated sites makes the carbon surface more hydrophilic. In
this scenario, fructose adsorption becomes much more effec-
tive, reaching 11% of the initial concentration present in the
reaction medium, while the adsorption of 5-HMF remains

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00007b

Open Access Article. Published on 15 March 2024. Downloaded on 12/5/2025 1:40:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

100

View Article Online

RSC Sustainability

80

Percentage (%)

8
A&
>
Le O,
o
(o]
q
o
| o
o
-4 0
3
3
o
=2 (Q
L
0

B Fructose conversion A Total acidity

3 Humin yield
Hm 5-HMF selectivity
3 5-HMF yield

@ Carboxylic + Sulfonic acidity

Fig. 2 Catalytic activity for the OL(3)0.25h-180, OSE(1)0.25h-120, and OSE(3)6h-180 catalysts, as well as the blank reaction. Conditions: 5 wt%
fructose in DMSO, 5 wt% catalyst, 100 °C, 1 h in atmospheric air, and reactions carried out in a glass flask system under reflux.

below 1%. Consequently, it is expected that during the reaction,
fructose will be more favorably adsorbed in the vicinity of the
active sites on the catalyst's surface with a more hydrophilic
character. Conversely, the 5-HMF produced during the reaction
would be more favorably moved away from the catalyst surface.
Since the resulting 5-HMF could potentially undergo both
rehydration and cross-linking reactions leading to the forma-
tion of humins, its faster removal from the solid surface may
significantly enhance product selectivity.

Concerning the selectivity of 5-HMF, there was a slight
decrease from OSE(1)0.25h-120 to OSE(3)6h-180. Despite the
arrangement of the DMSO solvent around the fructose, the
production of water molecules during the dehydration stage of
fructose can lead to the generation of by-products and humins
through the rehydration of 5-HMF, contributing to a reduction
in selectivity.”*** Given that OSE(3)6h-180 facilitated a higher
conversion of fructose, there is a greater amount of water
molecules resulting from the dehydration reaction. This

© 2024 The Author(s). Published by the Royal Society of Chemistry

increase in water content can explain the decline in selectivity
compared to that of OSE(1)0.25h-120.

Microwave heating

The effect of temperature and reaction time on fructose dehy-
dration was investigated in the range of 100 to 140 °C for
30 min. The results are shown in Fig. 3.

The use of MH promoted fructose dehydration quickly and
more selectively than the CH. In addition, the formation of
humins was strongly suppressed in the presence of the SC. An
increase in fructose conversion (Fig. 3a) and 5-HMF yield
(Fig. 3b) was observed as temperature increased for all catalysts.
The selectivity of 5-HMF remained very close to 100%
throughout the reaction, indicating that 5-HMF did not suffer
from side reactions.

The results indicate, once again, the influence of total acid
groups on the catalytic process, improving the results of fruc-
tose dehydration, besides increasing the reaction rate. In
addition, the results demonstrate that the textural
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characteristics (Table 1) also contributed to the catalytic study.
Among the prepared SCs, OSE(3)6h-180 exhibited a higher total
pore volume (0.262 cm® g~ ') and a greater surface area (480 m”
g~ ") compared to the others. Thus, OSE(3)6h-180 stands out for
presenting higher quantities of acidic groups and a consider-
ably elevated surface area compared to the other catalysts.
However, it was observed that the greater distance between
these acidic groups may result in a weakening of the synergistic
effect between catalytic sites. So, the density of acidic sites in
OSE(3)6h-180, when compared to the others, shows that its
acidic sites are more spaced out, contributing to the reduction
of synergy among the acidic groups.

When examining the other catalysts, OL(3)0.25h-180 (90 m*
g™") and OSE(1)0.25h-120 (290 m* g™ '), even though OL(3)
0.25h-180 has a smaller area, indicating that its acidic groups
are closer, the density of carboxylic acids in OSE(1)0.25h-120
reveals a greater synergy among the groups. Therefore, despite
the distance being crucial for the proximity of sites, as observed
in OSE(3)6h-180, which has many groups and a large area, its
distant groups did not act cooperatively. On the other hand, in
OL(3)0.25h-180, with a smaller area and closer sites, the insuf-
ficient number of sites prevented effective cooperative action.
Thus, there is a balance in the presence of types of acidic sites
and the size of the area, which directly influences the catalytic
outcome. According to Gan et al.,*® the textural properties can
favor the structural orientation of the fructose molecules in the
pores and quickly release the 5-HMF formed to the reaction
medium causing an increase in catalytic activity and a decrease
in side reactions. In this way, a synergistic effect between the
amount of acid groups and the textural properties can be ex-
pected, favoring the yield and selectivity to 5-HMF. In addition,
the increase in hydrophilicity on the surface of the solid is also
beneficial, as already discussed.

Unlike CH, selectivity for 5-HMF reached values higher than
98% under MH. Among the advantages provided by the use of

LY
o

Fructose Conversion (%)

Time (min)

A OSE(1)0.25h-120

@ OSE(3)6h-180
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MH, it can be mentioned that due to the uniform and fast
heating provided by this method, some substrates can be con-
verted more quickly when exposed to radiation heating,*
avoiding the production of humins. MH favors the occurrence
of effective shocks between the substrate and the catalyst,
resulting in faster conversion and greater selectivity, as the
molecules are under homogeneous chaotic movement.**>*
Several authors have reported the beneficial effects of using
microwave radiation to replace CH.>*

In all studies, the authors attribute the best results to the fast
and homogeneous heating mode, promoted by microwave
radiation, which allows the reaction to occur in less time and
with greater selectivity to the products of interest. A comparison
between the catalyst's behaviour under CH and MH must be
highlighted. Acidic sites are located mainly on the external
surface of the glycerol's carbon, while in the glucose's carbons,
the acidic sites are also located inside the pores, being less
accessible. Under CH, diffusion of the substrate throughout the
pores is difficult due to the lower kinetic energy of the mole-
cules. On the other hand, MH can favor the diffusion of the
substrate inside the pores, and, consequently, its collision with
the acidic sites located inside them. Considerations about the
relationship between surface area/porosity and acidity have
been made for several catalysts, and agree with the observations
made in this work. The performance of carbon-based catalysts
is determined not only by their structural parameters but also
by their chemical compositions and surface functional groups.
It has been linked to synergistic effects between a greater
amount of acid groups and a larger surface area of the solid.*
However, the alternative of combining a high surface area
(typically activated carbon) with a high number of acidic sites is
not feasible, since there is great difficulty in functionalizing the
surface of activated carbon. Foo and Sievers® investigated
structural and chemical modifications in the activated carbon
after oxidation by H,0, and H,SO,. The authors obtained

b)

5-HMF yield (%)

0 5 10 15 20 25 30
Time (min)

B OL(3)0.25h-180

Fig. 3 Effect of temperature tested with 5 wt% fructose in DMSO and kinetic data for selected catalysts (conditions: 5 wt% fructose in DMSO,
5 wt% catalyst, 30 min, at 100, 120 and 140 °C). (a) Fructose conversion and (b) 5-5-HMF yield.
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carbons with a surface area as high as 695 m®> ¢”* and a total
acidity of 0.89 mmol g~ (1.28 umol m™?). This reduced density
of acid groups allowed a glucose yield lower than 10 wt%. Even
under more drastic preparation conditions, in which the
number of sulfonic groups was substantially increased, there
was no improvement in the glucose yield. Wang et al.®® prepared
a series of carbons by using templates, carbonization, HF
attack, and sulfonation. The most active solid, with a density of
acid groups as high as 7.2 umol m ™2, converted 96.1% of fruc-
tose with 93.4% selectivity to 5-HMF. Weerasai et al.* prepared
SCs to investigate the hydrolysis of eucalyptus wood chips. The
density of acid groups ranged from 9.1 to 19.2 umol m™>. The
catalyst with the smallest density of acid groups presented
a restriction on the interaction of active sites with the substrate,
thus affecting their conversion. All authors reaffirmed the need
for a compromise between textural properties and the number
of acid groups (represented here as the density of surface
groups) to optimize catalyst activity.

Comparison of fructose dehydration under microwave
radiation

In summary, this study compared its results with existing
literature (Table 2), particularly focusing on the reaction
conditions (140 °C for 10 min, using 5 wt% catalyst OSE(1)
0.25h-120 and 5% m/v fructose in DMSO). As shown in entry
1, Qi et al® evaluated the catalytic performance of titanium
oxide in the dehydration of fructose using a homemade
microwave as the heating source for the reaction medium. As
shown in Table 2, the authors used water as a solvent and
increased the temperature to 200 °C. Despite achieving
a considerable fructose conversion, the authors obtained a low
yield of 5-HMF. Although this value was achieved in just 3 min,
it is important to consider that the temperature used was
extremely high, contributing to an increased kinetic rate of
molecules and promoting the dehydration of fructose mole-
cules. As shown i entry 2, Doan et al.®® investigated a carbon
catalyst for the dehydration of fructose, using microwave radi-
ation as a heating source. The preparation method adopted in
this study is similar to that used by them, although with
a significant difference in the synthesis temperature of the
material, which was set at 200 °C. However, it is observed, as
evidenced in this work, that temperatures close to 200 °C
initiate the decomposition of sulfonic carboxylic groups, which
are active in the dehydration of fructose. Despite achieving
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satisfactory results in terms of catalytic performance, optimal
selectivity was not achieved. Furthermore, details about the
specific temperature used in this research were neither
addressed nor clarified. The authors limited themselves to
assessing the microwave power, fixed at 80 W, without
providing information about the temperature studied. In the
study by Antonetti et al® (Entry 3), the use of phosphated
niobium in the dehydration of fructose via microwave radiation
was evaluated. Similar to the work presented in Entry 1, Anto-
netti et al. (Entry 3) also employed a high temperature, but used
a larger initial amount of fructose, as well as a more significant
quantity of catalyst. Although they achieved an optimal
conversion value, a satisfactory yield of 5-HMF was not
observed. In 8 min of the reaction, the authors obtained a 5-
HMFyield of 32.2%, despite achieving almost complete fructose
conversion. However, the selectivity result was 33%, indicating
that a selective reaction was not achieved using this catalyst. In
the study presented in Entry 4, Jia et al.®* evaluated the dehy-
dration of fructose using a zeolite under microwave radiation.

Despite achieving a satisfactory outcome with a fructose
conversion of 72.4%, a 5-HMF yield of 49.2%, and a 5-HMF
selectivity of 68%, it is worth noting the use of a high temper-
ature and a substantial amount of catalyst in relation to the
initial fructose dosage.

The analysis highlights the unique effectiveness of the
conditions and catalyst employed in this study, resulting in
a significant improvement in efficiency, measured by using the
yield of 5-HMF and fructose conversion. This research distinctly
contributes to the advancement in material synthesis, show-
casing both innovation and relevance. The potential applica-
tions arising from these findings promise to pioneer innovative
and sustainable methodologies, revealing that the catalytic
system proposed in this work is extremely efficient for fructose
dehydration.

Recycling test

The stability and recycling capacity of OSE(1)0.25h-120 were
investigated through successive catalytic runs. This was ach-
ieved by subjecting the material to consecutive cycles, as illus-
trated in Fig. 4.

OSE(1)0.25h-120 exhibited a gradual decline in catalytic
performance following the initial run. Specifically, from the first
to the second run, there was a notable decrease in fructose
conversion, dropping from around 90% to 60%, accompanied

Table 2 Outcomes of fructose dehydration in systems facilitated by microwave irradiation

Fructose dosage Catalyst dosage Temperature
Entry (%) Catalyst (% m m™) Solvent Time (min) or power C(%) Y (%) S(%) Reference
1 2 TiO2 2 Water 3 200 °C 73.1 27.4 37,5 64
2 CC-oxa 2.8 DMSO 10 80 W 76.1 60.7 79.7 65
3 10 NbPO 6 Water 8 190 °C 97.7 32.2 33 66
4 5 Ypho zeolite 40 DMSO/water 20 160 °C 72.4 49.2 68 62
5 5 OL(3)0.25h-180 5 DMSO 10 140 °C 88.1 84.3 95.6 This work
6 5 OSE(1)0.25h-120 5 DMSO 10 140 °C 93.5 86.9 92 This work
7 5 OSE(3)6h-180 5 DMSO 10 140 °C 86.9 85.2 98 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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by a 30% reduction in the percentage points of 5-HMF yield.
Interestingly, the selectivity remained constant. However,
starting from the second cycle onward, there were no significant
alterations observed in the conversion of fructose, 5-HMF yield,
and 5-HMTF selectivity. In our prior investigation, we found that
catalyst deactivation involves the loss of -COOH/-SOz;H groups
and the deactivation of acidic sites due to humins accumulating
or anchoring on the carbon surface.”

Humin polymers are formed during the acid-catalyzed
conversion of fructose to 5-hydroxymethyl furfural (5-
HMF).”*” These humins can be impregnated in sulfonated
carbon porous materials.” The formation of humins involves
the condensation of key intermediate molecules such as fruc-
tose, 5-HMF, and other derived species.” The mechanism of
humin formation includes reactions such as aldol addition and
condensation between 5-HMF and other species. The presence
of the furan ring and the hydroxy methyl group of 5-HMF in
humins suggests that aldol addition and condensation reac-
tions are the main reactions initiating humin formation.

The catalyst deactivation appears to stem from a robust
interaction between the acidic sites on the catalyst and the
firmly anchored humins on its surface.” Although Perez and
Dumont® showed that washing the catalyst can eliminate
humins, this work which attempts to remove humins through
the washing process has proven ineffective, underscoring their
strong attachment to the catalyst.”® The acidity of the catalyst
emerges as a pivotal factor influencing the strength of the
interaction with humins and active sites."* This observation
suggests that humins possess the capacity to impregnate
sulfonated carbon porous materials. In summary, the presence
of humins on a catalyst surface can significantly contribute to
deactivation, prompting the need for further research to
comprehensively understand and address this phenomenon.

The comprehensive analysis of the stability and recycling
capacity of OSE(1)0.25h-120 highlights the gradual decline in
catalytic performance observed over successive runs. This
decline, especially notable in fructose conversion and 5-HMF
yield during the initial runs, was attributed to the accumulation
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Fig. 4 Recycling test using OSE(1)0.25n-120. (Reaction conditions:
140 °C, 10 min, 5% wt% catalyst and 5% m/v fructose in DMSO).
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or anchoring of humins on the carbon surface. The persistence
of catalyst deactivation, even with attempted washing, under-
scores the strong attachment of humins to the catalyst.

Further exploring the intricate aspects of catalyst textural
characteristics, it is crucial to consider the potential entrap-
ment of H,SO, and humins within the porous matrices due to
limited accessibility. This entrapment is closely linked to the
inadequacy of the porous structure of the OSE(1)0.25h-120
catalyst. The confined space within the pores poses challenges
for efficient removal during washing processes, potentially
leading to the retention of H,SO, and humins.

In addition to the challenges posed by the catalyst's porous
structure, the utilization of MH to enhance accessibility to
acidic sites within the pores introduces further considerations.
While MH facilitates substrate interaction with acidic sites, it
also presents diffusional challenges for 5-HMF navigating an
extensive path to exit the pores. The confined space within the
pores acts as an additional barrier, contributing to the
complexity of 5-HMF release and exacerbating humin genera-
tion within the pores. This phenomenon further obstructs
active sites, impacting the overall catalytic process.

The findings presented in this study underscore the signifi-
cance of addressing these challenges for catalyst reutilization
and recycling. Specifically, the potential entrapment of H,SO,
and humins within the porous matrices, combined with the
inadequacies of the porous structure of OSE(1)0.25h-120,
emphasizes the need for an understanding of textural charac-
teristics and their implications for catalytic performance. Inte-
grating this knowledge will contribute to advancing the
efficiency and sustainability of the proposed catalytic system,
aligning with the primary objective of minimizing environ-
mental impact in both catalyst preparation and catalytic tests.

Moreover, as previously mentioned in this work, when
designing an efficient SC for fructose dehydration, various
characteristics such as surface area, porosity, acidic site density,
and diffusional limitations must be considered. In catalysts
with pronounced textural characteristics, a fraction of the active
sites is often located within the pores, making them less
accessible to fructose molecules. It is noteworthy that carbons
derived from glucose may impede the internal molecular
diffusion of reactants, leading to increased resistance to mass
transfer. This poses challenges for fructose to effectively reach
the active sites situated within these pores. Addressing this
concern can be facilitated by the utilization of MH. MH
possesses the capacity to enhance accessibility to acidic sites
within the pores, thereby optimizing the substrate's interaction
with these sites. Nevertheless, it's crucial to acknowledge that in
microwave reactions, diffusional challenges may arise as 5-HMF
navigates an extensive path to exit the pores. The confined space
within the pores serves as an additional barrier for 5-HMF,
contributing to the complexity of its release. This prolonged
diffusion pathway not only obstructs the efficient exit of 5-HMF
but also exacerbates the generation of humins within the pores.
This phenomenon potentially obstructs active sites, further
impeding the overall catalytic process. Our findings support
this explanation, indicating that the consistent results across
various runs may be attributed to the fact that only the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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accessible surface sites may have remained unaffected by
humins. It is noteworthy to emphasize that the primary objec-
tive of this study was to implement synthesis conditions that
minimize environmental impact in both catalyst preparation
and catalytic tests. Concerning the catalyst, it is derived from
cost-effective and abundant raw materials, specifically sourced
from agro-industrial by-products. Furthermore, the procedural
steps involved in preparing the catalyst exhibit notable
simplicity, cost-effectiveness, and a reduced number of opera-
tional steps. This meticulous selection inherently aligns with
our commitment to refining the synthetic pathway, thereby
advancing the overall efficiency and sustainability of the
proposed catalytic system.

Conclusions

The preparation of carbons was carried out under milder
conditions, which made it possible to obtain high yields, both
for systems based on glycerol and glucose. Carbon OSE(3)6h-
180 presented 17 umol m ™2 of total acid groups and 6 pmol
m 2 of strong acid groups.

The evaluation of the catalytic activity indicated that the SCs
are promising catalysts in the selective fructose dehydration to
5-HMF. Reactions carried out under CH favored the formation
of humins. The use of MH made the reaction faster and more
selective, as the short reaction time prevented undesirable
cross-linking reactions. Under these conditions, a fructose
conversion of 50% by OSE(1)0.25h-120 with a selectivity for 5-
HMF higher than 98% was obtained after only 300 s at 120 °C.

This study explores the complexity of optimizing catalysts for
the selective dehydration of fructose to 5-HMF, emphasizing the
interplay between acidic site density, textural properties, and
heating methods. It underscores the significance of striking
a balance between acid group quantity and catalyst textural
characteristics, promoting an inclusive design approach to
enhance catalytic efficiency. The synergy between accessible
acid sites and textural properties emerges as pivotal for facili-
tating fructose diffusion and increasing 5-HMF production,
offering valuable insights for future catalyst design and appli-
cation in this specific context. Moreover, the high density of
acid groups on the carbon surface, expressed as pmol m™ 2,
proves influential in expediting fructose conversion, serving as
an additional parameter to enhance acid catalyst activity.

The recyclable catalyst, OSE(1)0.25h-120, emphasizes the
study's commitment to environmentally friendly synthesis
conditions. Utilizing a cost-effective catalyst derived from agro-
industrial by-products, along with a streamlined preparation
process, reflects a dedicated effort to improve overall efficiency
and sustainability.

The investigation on the OSE(1)0.25h-120 catalyst reveals
a gradual decline in catalytic performance attributed to humins’
persistent attachment, even after washing attempts. Textural
challenges, such as limited accessibility leading to H,SO, and
humin entrapment, further impact efficiency. While micro-
waves are proposed to enhance accessibility, they introduce
diffusional challenges hindering 5-HMF exit and exacerbating
humin generation within pores. Addressing these challenges is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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critical for effective catalyst reutilization and recycling, neces-
sitating a comprehensive understanding of textural character-
istics. The study aims to minimize environmental impact
through a sustainable synthesis pathway.
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