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Abstract: Utilizing sugar compounds (such as fructose) as feedstock for conversion to HMF is very
appealing, because it makes the production processes sustainable and improves the economic viability
of platform molecules derived from biomass. Here, SBA-15 with sulfonic acid functionalization
was created as a heterogeneous base catalyst for fructose hydrolysis reactions to create significant
platform chemicals. A fructose conversion rate as high as 100%, along with a 78.7% yield of HMF,
were obtained in DMSO at 130 °C after 1 h. The excellent catalytic performance of SBA-15-SO3H in
fructose hydrolysis reactions was confirmed by the activation energy’s low value (56.99 kJ/mol). The
mild conditions, fast rate of reaction, and simple operation are worth mentioning for other catalysts.
SBA-15-SO3H has the potential to promote fructose conversion at lower temperatures.

Keywords: 5-hydroxymethylfurfural; fructose dehydration; SBA-15; sulfonic acid functionalized;
kinetic study

1. Introduction

The chemical industry is searching to develop biobased alternatives to petroleum-
based platform compounds to reduce dependence on nonrenewable fossil resources and
decrease greenhouse gas emissions [1]. Biomass, a renewable carbon resource, is being
developed to produce liquid fuels as a sustainable alternative to fossil energy. One of
the most important biomass resources is carbohydrates, which can be dehydrated to
5-hydroxymethylfurfural (HMF) through the acid-catalyzed process. HMF has been identi-
fied as one of the top 10 value-added potential platform chemicals from biomass, due to
the variety of high-value chemicals that can be synthesized from it [2].

HMF is generally obtained through the dehydration of hexose sugars (mainly fruc-
tose) [3]. Various catalysts have been developed for the high conversion efficiency of fruc-
tose into HMF. Some homogeneous acid catalysts, such as sulfuric acids [4], hydrochloric
acids [5], and phosphoric acids [6], exhibit high catalytic performance for the fructose-to-
HMF transformation. However, there are some shortcomings in using these homogeneous
acid catalysts, such as their strong corrosiveness and environmental pollution. In con-
trast, solid acid catalysts are noncorrosive and cause less environmental pollution. Many
works have tried to develop heterogeneous acid catalysts for converting fructose to HMF,
such as metal oxides [7], cation exchange resins [8], and zeolites [9]. Although significant
achievements have been obtained, these catalysts have several drawbacks, including a
tiny specific surface area (e.g., resin, Sger 50 m?/g), an immobile pore structure, poor
solubility of heteropoly acids (such as H3PW1,049 [10]) in DMSO, and a low surface area
(e.g., metal oxide catalysts). As a result, developing a novel heterogeneous catalyst for
fructose dehydration is imperative.
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In recent years, supported sulfonic acid (-SO3H) catalysts have received much in-
terest due to their remarkable performance in the fructose-to-HMF conversion [9,11,12].
Chen et al. [13] used NH>SO3H as a catalyst in the conversion of dehydrated fructose to
HMF and obtained a 94.3% yield at 110 °C. According to Morales et al. [14], employing the
sulfonic commercial resin Amberlyst-70 as a catalyst resulted in a 93% HMF yield from
fructose at 147 °C after 1 h. Wei et al. [15] used Fe30,@Si0,-SO3H as a catalyst for fructose
dehydration and obtained a 96.1% yield of HMF.

SBA-15 is a mesoporous silica characterized by hexagonally ordered, cylindrical
pores [11]. Its high surface area, well-defined porosity architecture, and capacity to in-
corporate metal atoms within the mesopores make it an attractive support material for
developing a variety of different catalysts [16]. To date, many SBA-15-based catalysts
have been developed, including SBA-15-supported zirconium [17], bifunctionalized sul-
fonated Zn-SBA-15 [18], TiO-coated SBA-15 [19], cobalt-substituted SBA-15, and alanine-
functionalized mesoporous SBA-15 [20]. Presently, functionalized SBA-15 has been suc-
cessfully used in organic synthesis for C-C coupling reactions [21] and oxidation [22],
as well as in other fields, such as adsorption [23] and drug delivery [24]. We anticipate
that a sulfonic-acid-functionalized SBA-15 catalyst based on mesoporous SBA-15 with
an increased mass transport diffusion and -SO3;H group with Brensted acidity would
demonstrate high catalytic performance for synthesizing HMF from fructose dehydration.

This work used a post-treatment approach to prepare a sulfonic-acid-functionalized
mesoporous SBA-15 catalyst (SBA-15-SOsH) for fructose dehydration. SBA-15-50;H was
characterized with FTIR, TEM, N, adsorption—-desorption, and pyridine-FTIR. We discussed
the effect of various reaction conditions, such as the reaction temperature and reaction
time. Furthermore, the kinetics of fructose transformation with or without SBA-15-SOsH
catalysts were also investigated.

2. Experimental Section
2.1. Chemicals

P123 (EO2PO70EOy), HCl (36%~38%), tetraethyl orthosilicate (SiOp > 28.4%), dimethyl
sulfoxide (DMSO, 99.5%), HMF (97%, Damas-beta), and dichloromethane (>99.5%) were
purchased from Shanghai Titan Scientific Co., Ltd, Shanghai, China. Fructose (98~102%)
was purchased from the Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. Chloro-
sulfonic acid (99.0%) was purchased from Energy Chemical Co., Ltd, Shanghai, China. All
chemicals were used as supplied without any further purification. Deionized water used in
this work was prepared using a water purification system (Heal Force, Shanghai Shengke
Equipment Co., Ltd., Shanghai, China).

2.2. Preparation of Sulfonic-Acid-Functionalized SBA-15 Catalyst

Original pure silica SBA-15 was synthesized according to Zhao et al. [11]. Briefly, P123
(4.0 g) was dissolved in deionized water (30 mL) and HCI (2 mol/L, 120 g) solution under
sufficient stirring. After P123 was completely dissolved, TEOS (8.34 g) was added dropwise
in a single step. The mixtures were continuously stirred at 40 °C for 6 h and crystallized
in a Teflon-lined hydrothermal at 100 °C. After being filtered, washed, dried at 100 °C
overnight, and calcined at 550 °C for 6 h, the pure silica SBA-15 sample was obtained as a
white solid.

The synthesis of sulfonic-acid-functionalized SBA-15 was performed according to the
previous literature [25]. Typically, 1 g SBA-15 is dispersed in 30 mL of dichloromethane in
a three-necked flask equipped with a constant-pressure dropping funnel and stirred for
6 h. In total, 0.6 mL of chlorosulfonic acid was added dropwise into the above mixture
for over 30 min in an ice bath. Afterward, the mixture was stirred for 2 h, after which
the dichloromethane was removed and washed with ethanol. The obtained SBA-15-SO3H
catalyst was dried at 60 °C for 12 h. The obtained solid was named SBA-15-SOs;H.
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2.3. Catalyst Characterization

FT-IR spectra were obtained on a Fourier transform infrared spectrometer (Nicolet-
i510, Thermo Scientific, Waltham, MA, USA) in the frequency range of 400-4000 cm L. The
catalyst morphology was studied using transmission electron microscopy (TEM, Thermo
Fisher Talos F200X, Waltham, MA, USA). The catalysts’ specific surface areas (Brunauer—
Emmett—Teller) were obtained using nitrogen adsorption-desorption measurements on
a Micro for TriStar II Plus 2.02 instrument (Atlanta, GA, USA) at —196 °C, and the mean
pore sizes and pore volumes were determined using the Barrett-Joyner-Halenda method.
Before the measurements, the samples were heated in a vacuum at 120 °C for 6 h to
eliminate moisture and volatile contaminants. A PerkinElmer Frontier FT-IR spectrometer
was used to acquire pyridine-IR data with 64 scans at an effective resolution of 1 cm™!.
A 10 mg sample was squeezed into a wafer that could stand independently. Prior to
adsorption, the materials were processed at 350 °C under vacuum and then cooled to
ambient temperature before pyridine vapor was added into the cell. The samples were
heated in a vacuum to 150 °C, and the spectra were taken at room temperature. Elemental
analysis of S-element content was qualitatively determined with Elementar Vario Micro
Cube (Elementar, Langenselbold, Germany).

2.4. Catalytic Performance

In a typical catalytic reaction, 0.1 g of fructose and the 0.05 g catalyst are mixed with
10 mL of DMSO in a 15 mL pressure tube with magnetic stirring. Using an oil bath, the
reactor was heated to the necessary reaction temperature, stirring at 500 rpm. The tube was
taken out of the oil bath after a certain period, cooled to room temperature, and then the
liquid reaction mixture was passed through a 0.45 pum filter before analysis.

The HMF yield was determined using a CoMetro 6000 HPLC system (Rheodyne, Cotati,
CA, USA) with an ultraviolet-visible detector. A Waters C18 column (250 mm X 4.6 mm,
5 um) was used for chromatographic separation. A mobile phase of water and methanol
(90:10, v/v) was used for the isocratic elution. The column temperature, flow rate, and
injection volume were maintained at 30 °C, 0.6 mL/min, and 20 pL, respectively. A Shi-
madzu liquid chromatography system with a refractive index detector (RID-20A) measured
fructose conversion using a COSMOSIL packed column of D-sugars (250 mm x 4.6 mm) at
30 °C with a flow rate of 1 mL/min and a mobile phase of acetonitrile and water (75:25, v/v).

The yield of HMF and the conversion of fructose were calculated using the external
standard and are defined as follows:

mols of remaining fructose
Initial mols of fructose

Conversion (fructose, %)= (1

)

. oy mols of HMF
Yield of HMF (%) ™ Initial mols of fructose - 100 @

3. Results and Discussion
3.1. Catalyst Characterization

Figure 1 illustrates the N, adsorption-desorption isotherms of the sulfonic-acid-
functionalized SBA-15. The SBA-15 and SBA-15-SO3H exhibited a type IV adsorption
isotherm, indicating the existence of a mesoporous material, consistent with the TEM
results. All isotherms had a sharp condensation step at relative pressure in the range of
0.6-0.8. However, the SBA-15-505H samples had smaller hysteresis loops and narrower
channels than the SBA-15 samples, which also had a mesoporous feature. Information
about the BET surface area, pore volume, and pore size of SBA-15-SO3H is summarized
in Table 1. Compared with pure SBA-15 (868 m?/g), the BET surface area of sulfonic-
acid-functionalized SBA-15 was reduced to 200 m?/g. The two samples’ pore sizes and
pore volumes ranged from 5.96 to 9.96 nm and from 1.29 to 0.48 cm®/g, respectively. This
was due to the inclusion of SO3H in the SBA-15 framework (as shown in Table 1). As a
consequence of acid treatment, the sample became more porous, and the mesopore size
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increased significantly [26]. Therefore, the BET surface area decreased, the average pore
size increased, and the pore volume decreased. This indicated the successful grafting of
-SO3H onto SBA-15. The ICP-OES measurement was carried out to analyze the catalyst’s
elements, and the S-element content was 9.08 wt%.
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Figure 1. N, adsorption-desorption isotherms of SBA-15-SO3H catalysts.

Table 1. Characterization of SBA-15 and SBA-15-SO3H.

Catalvst BET Surface Area Pore Volume Pore Size S-Element L (mmol B (mmol
atalys (m2g-1)1 (em3g-1)1 (nm) ! Content (wt%) 2 Py-g 13 Py-.g—1)3
SBA-15 868 1.29 5.96 / / /
SBA-15-SO3H 200 0.48 9.66 9.08 0 0.34

1 Surface area, pore volume, and pore size were measured with N, adsorption-desorption. 2 S-element content
was determined with elemental analysis. 3 L and B acid contents were determined with pyridine-IR.

Figure 2 shows TEM images of SBA-15-SOs;H. The produced SBA-15-SO3H sample
retained well-ordered hexagonal arrays of mesopores connected by one-dimensional chan-
nels, indicating a two-dimensional hexagonal (p6 mm) mesostructure. Depending on the
transmission electron microscopy, the introduction of the sulfonic acid group may have
fractured the mesoporous structure to varying extents. However, the mesoporous structure

was clearly observed.

100 nm

(a) (b)
Figure 2. TEM images of SBA-15-SO3;H with (a) 50 nm and (b) 100 nm.
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The SBA-15 and SBA-15-SO3H chemical structures were characterized with FT-IR
analysis (Figure 3). Both spectra showed bands at 3425 cm ! that could be assigned to
the O-H stretching vibration, while the absorbances at 1089 cm~! and 807 cm~! were
attributed to the Si-O stretching vibration. The 463 cm~! band originated from the bending
vibration of the Si-O-Si groups. For SBA-15-SO3H, a band at approximately 574 cm~! was
attributed to the S-O stretching vibration. A band at approximately 3450 cm ™!, which is
typically assigned to the -O-H stretching vibration of sulfonic groups, was observed [25].
The peak at approximately 1169 cm ™! was attributed to the O=S=0 stretching vibration,
demonstrating that the SO3H groups were successfully bonded after SBA-15 was treated
with chlorosulfonic acid, in accordance with the elemental analysis results (Table 1).

SBA-15
-;5: SBA-15-50;H
<
&
-]
£
E
]
]
£
=
4000 3000 2000 1000

Wavenumber (em™)

Figure 3. FTIR of SBA-15 and SBA-15-SO3H catalysts.

Additionally, pyridine FT-IR was employed to determine acidic properties of SBA-
15-SO3H (Figure 4). In the SBA-15-SO3H sample, the distinctive bands at 1544 cm ™!
corresponded to pyridine attached to strong Brensted acid sites, revealing that the as-
prepared materials contained Brensted acid sites. Furthermore, the results indicated that
the produced SBA-15-SOsH catalyst did not contain any Lewis acid sites, represented as
the absence of characteristic absorption peaks at 1450 cm~!. This was consistent with
the findings in Table 1, columns 6—7. The Brensted acid amount was 0.34 mmol/g. A
peak at 1489 cm !, attributable to both Lewis and Brensted acid sites, was also observed.
Altogether, the results demonstrated that -SO3H was successfully grafted on the SBA-15
support.

1489

Absorbance

1400 1500 1600 1700
Wavenumber (em™)

Figure 4. Pyridine-FTIR spectra of SBA-15-SO3H samples collected after treatment at 150 °C under
vacuum.
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3.2. Catalyst Activity

To demonstrate the effect of the reaction temperature and time on the fructose-to-HMF
conversion, the reaction was conducted without any catalysts (blank sample) and with
a SBA-15-SO3H catalyst, respectively. Sixteen reaction temperatures in the range of 20
to 170 °C were examined to evaluate the temperature effect on the transformation, and
to determine the effect of the SBA-15-SO3H catalyst on the fructose-to-HMF conversion.
These temperatures (20~170 °C) were chosen as we wanted to have a temperature near
ambient conditions to minimize the energy required and the occurrence of side reactions.
The reaction temperature strongly impacted the fructose-to-5-HMF conversion, and the
results are shown in Figure 5. In the cases of blank experiments (no catalyst), no HMF
was yielded at 100 °C, indicating that the dehydration of fructose to HMF without any
catalyst was difficult at 100 °C. In contrast, under the same reaction conditions, the reaction
proceeded in the presence of SBA-15-5O3H, surprisingly exhibiting an enhanced HMF
yield, as high as 68% at 100 °C. The results showed that SBA-15-SO3H could act rapidly
(40 °C, 1 h) to promote a hydrolysis reaction at low temperatures. Therefore, SBA-15-SO3H
catalysts improved the reaction rate of the catalytic production of HMF. As a result of
higher temperatures and a long reaction time, humins and carboxylic acid degradation
products were formed, preventing the production of HMF [27]. Therefore, in noncatalyzed
reactions, 140 °C led to decreased HMF yields, whereas in catalyzed reactions, 120 °C led
to decreased yields.

100
—=— with catalyst
80 —e— without catalyst ./
./-" \"-.._
5 60 4 /,-0—.\.
]
=
=3
= 404
==
[ ]
204 /
0 '_’_."/:/r > Bt T T T

0 20 40 60 80 100 120 140 160 180
Temperature (°C)

Figure 5. Effect of reaction temperature on fructose-to-HMF conversion with and without SBA-15-
SO3H (reaction conditions: 0.1 g fructose, 0.05 g SBA-15-SO3H, 20-170 °C, 10 mL DMSO, 1 h).

Figure 6 displays the fructose conversion and 5-HMEF yields at different temperatures
with SBA-15-SO3H or without any catalyst. As shown in Figure 6a,b, the conversion of fruc-
tose in the presence of SBA-15-SO3H was substantially higher than without SBA-15-SO3H,
confirming the significant catalytic effect of SBA-15-SO3H. A lower temperature favored
the fructose conversion, and fructose was almost completely converted at 60 °C within 1 h
through SBA-15-5O3H catalysis. At a higher temperature (80 °C, 100 °C, and 120 °C), the
reactions decreased the HMF yield with increasing reaction time (Figure 6¢,d). This sug-
gested that the reactants already ran out, resulting in no more HMF being produced. The
most important factor causing the decline in the HMF yield in nonaqueous media is HMF’s
self-polymerization or cross-polymerization with fructose, followed by polymerization to
humins [12,28]. It is noteworthy that a higher temperature does not always favor yielding
5-HME. However, the addition of the as-synthesized catalyst, SBA-15-SO3H, accelerated
HMF generation to some extent. A lower temperature (e.g., 60 °C and 80 °C) did not favor
fructose conversion; almost no HMF was observed without SBA-15-SO3zH. At the same
temperature (60 °C and 80 °C), a large amount of HMF was produced with SBA-15-SO;H.
At low reaction temperatures, SBA-15-SO3H could also be active in fructose dehydration
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to HMF. In the absence of a catalyst, no HMF was formed under 100 °C within the first
5 h. Theoretical research demonstrated that when a Brensted acid is present, H* prefers to
interact with DMSO to generate the [DMSOH]* active species, which has catalytic activity
in removing three H,O molecules from fructose [29,30].
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_ 1004 G —— e —— e —— i — —ifi——]
£ 804 g -/
g E I—I/

B —n— 60°C £ S
E 60 4 s 80°C E - g
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Time (h) Time (h)
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Figure 6. (a) Effect of reaction temperature and time on fructose conversion without catalysts;
(b) effect of reaction temperature and time on fructose conversion with SBA-15-SO3;H; (c) effect of
reaction temperature and time on HMF yield without catalysts; (d) effect of reaction temperature
and time on HMF yield with SBA-15-SO3H (reaction conditions: 0.1 g fructose, 0.05 g SBA-15-SO3H,
10 mL DMSO).

There are two possible reasons why fructose was also hydrolyzed to HMF in DMSO
(above the 100°C) without catalysts. On the one hand, utilizing DMSO as a solvent lowers
the water concentration in the reaction system, preventing HMF rehydration or humin
production. On the other hand, the furanoid form of fructose, which dehydrates rapidly
to HME, is favored in DMSO due to its strong polarity. In general, there was only a little
HMF product appearing at the early stages (60 °C) with and/or without the catalyst at
low temperatures (below 120 °C). In other words, our catalysts took effect in the catalytic
fructose conversion.

3.3. Comparison of the Activity with Other Reported Catalysts

Many different Brensted acid catalysts have been described to produce HMF from
fructose in DMSO. Among the most prevalent of Bronsted catalysts, SBA-15-SO3H proved
superior. For example, Lee et al. [31] used mesoporous silica nanoparticles functionalized
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with both sulfonic acid (HSOj3) and ionic liquids (ILs) in DMSO (at 90 °C, 1h), and the
HMEF yield was close to 35% (Table 2, line 5), while, in our system, the reaction temperature
was 80 °C for 1 h, resulting in a yield of 59% HME. Table 2 shows that by utilizing DMSO
as a solvent and at high temperatures of 140 °C, a highly sulfonated polyaniline-based
organocatalyst (5-A-PAN-H) achieved an 88.8% yield of HMF from fructose. Nevertheless,
this result was obtained under an atmosphere of nitrogen. SBA-15-SO3H could provide
HMEF in a 74% yield (140 °C, 1h) without N, compared with the yield obtained by using
the S-A-PAN-H catalytic system. However, a N, atmosphere is very costly and tedious,
and it is not suitable for the large-scale production of HMF [32]. Li et al. [33] demonstrated
that sulfonated graphene quantum dots (SGQDs) could degrade fructose with an HMF
yield of 51.7% after 2 h at 170 °C. In our system, a higher HMF yield (63.6%) at the same
temperature was achieved within 1 h. Similarly, N-methyl-2-pyrrolidonium hydrogen
sulfate ((NMP]* [HSO4] ") showed a 69.4% HMEF yield and 70.4% selectivity at 90 °C after
2 h. Nevertheless, a higher HMF yield (67.2%) was obtained at a shorter reaction time
(1 h) for the same reaction temperature, which was insignificantly different from [NMP]*
[HSO4]™ [34]. Good selectivity was obtained using H,SOj4 [35]. However, the inherent
disadvantages of H,SOj, such as high corrosivity and difficulties in separation, limit its
practical applications. Similarly, the homogeneous catalyst acid poly (4-styrenesulfonic
acid) (PSS) was obtained in a good HMF yield. However, it can pollute the environment,
so it is not recommended for practical applications. Additionally, the efficacies of SBA-
15-SO3H catalysts on the fructose conversion to HMF in a DMSO solvent were studied at
130 °C for 1 h. In the absence of a catalyst, a small amount of HMF (46.9%) was formed,
indicating fructose conversion in the absence of catalysts was difficult. The yield of 5-HMF
was small when unmodified SBA-15 was employed, suggesting that SBA-15 had no effect
on the conversion of fructose. The above results implied that the SBA-15-SO3H catalyst
hydrolysis reaction was relatively facile, with mild reaction conditions, short reaction times,
environment protection, and high yields of the products.

Table 2. Current advances in fructose-to-HMF conversion by using Brensted acid catalysts in DMSO.

Reaction Condition Catalyst Activity
Entry Catalysts : ; . Ref.
Temp (°C) Time (h) Yield (%) Selectivity (%)
1 (HSO3 + CP)-MSN 90 1 35 / [31]
2 S-A-PAN-H 140 0.75 88.8 89 [32]
3 SGQDs 170 2 51.7 56.3 [33]
4 [NMP]*[HSO4]~ 90 2 69.4 70.4 [34]
5 H,SO4 150 0.5 / 84 [35]
6 PSS 130 6 48.5 / [36]
7 SBA-15-SOsH 80 1 58.4 / This work
8 SBA-15-SOsH 130 1 78.7 / This work
9 Without catalysts 130 1 46.9 / This work
10 SBA-15 130 1 45.6 / This work

3.4. Kinetic Studies

To obtain more insight into the hydrolysis reaction of fructose over SBA-15-SO3H, we
further studied the fructose-to-HMF conversion kinetics and compared the rate constants
and activation energies for systems with SBA-15-SO3H and without any catalyst (Figure 7).
For the purpose of identifying the relationships between kinetic parameters (such as rate
constants, reaction orders, and activation energies) and the addition of a sulfonic-acid-
functionalized catalyst, we further comprehensively constructed kinetic profiles at different
temperatures for systems without catalysts and with SBA-15-SOs;H. Based on the reaction
pathways, a kinetic model was developed for fructose conversion. To develop the model,
the following assumptions were determined:
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Figure 7. (a) Kinetic profiles of fructose-to-HMF conversion without catalysts; (b) kinetic profiles of
fructose-to-HMF conversion over SBA-15-SO3H; (c) Arrhenius plot of the formation of HMF from
fructose without catalysts; (d) Arrhenius plot of the formation of HMF from fructose.

(i) There were no reversible reactions and they were all pseudo-first-order reactions.

(ii) The main decomposition product of fructose was HMF. Other probable reactions
were insignificant.

(iii) Humin and other polymeric compounds were assumed to be byproducts.

(iv) All other intermediates had negligible concentrations.

In addition to this, we hypothesized that HMF degradation would not exist under our
designed conditions (60-100 °C, 5 min-3 h). We examined the kinetic data to systematically
determine the shifts of each kinetic rate parameter caused by SBA-15-SO3H, as shown in
Figure 7. A first-order kinetics model was assumed [37]. The reaction rate equation could
be shown as follows:

_ dlfru o

k[f?’lxl] - dt

where [fru] = molar concentration of fructose and k = the rate constant for fructose conver-
sion at a certain temperature. Next, we transformed this equation into a numerical form
and determined [fructose] in terms of conversion X, i.e., [fructose]; = [fructose]iy (1 — X).
After subsequent integral research and calculations, the force parameter expression of
original equation would become:

—In(1-X)=kt+C (4)
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where t = the reaction time specified in hours and C = an arbitrary constant. Results
were plotted with —In(1 — X) on the Y-axis against the time on the X-axis (Figure 7). We
fitted the data linearly and computed the reaction constants from the slopes of the linear
approximations. An obvious increase in K was observed for systems with SBA-15-SO3H,
confirming the ability of SBA-15-SOsH to promote fructose hydrolysis.

It was visually observed that the reaction rate constant increased with the increase in
reaction temperature, clearly indicating that a high reaction temperature was conducive
to promoting the hydrolysis reaction of fructose in Figure 7. This deduction was further
confirmed by the fact that the formation of HMF rate increased with increasing reaction
temperature, which, in turn, could not be too high, according to previous conclusions.

The calculated activation energy (Ea) of systems without catalysts and with SBA-15-
SOzH are shown in Table 3. The apparent Ea was obtained by fitting the results with the
Arrhenius equation. As a result, the Ea of systems with and without SBA-15-SO3H was
56.99 and 109.35 k] /mol, respectively. This finding revealed that SBA-15-5O3H altered the
reaction pathway to some extent, lowering the Ea and resulting in a greater reaction rate.
This finding agreed with the earlier result in Figure 7.

Table 3. Rate constants and reaction activation energy for fructose dehydration with and without

catalysts.
Temperature (°C) K Ea (kJ/mol) R?
60 0.018
With catalysts 80 0.0548 56.99 0.9992
100 0.1637
60 0.0048
Without catalysts 80 0.0137 109.35 0.9017
100 0.346

4. Conclusions

This study offered a preliminary finding on the possibility of sulfonic-acid-functionalized
SBA-15 (SBA-15-SO3H) as a highly active catalyst for the conversion of fructose to HMF.
The -SOsH groups served as catalytically active sites, facilitating fructose dehydration with
a 78.7% yield of HMF after 1 h at 130 °C. Several parameters (reaction time and tempera-
ture) were evaluated to determine the catalytic system with and without an SBA-15-SOzH
catalyst. Such sulfonic-acid-functionalized SBA-15 solid catalysts enhanced the yield of
HMF from fructose dehydration under mild conditions using DMSO as the solvent. A
kinetics study showed that our SBA-15-SO3H could accelerate fructose dehydration by
reducing the activation energy. We considered this an essential step towards the sustainable,
green processing of biomass in the future. It is expected that the SBA-15-SO3H solid catalyst
can also be used in other catalytic processes.
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