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The production of long-chain carbon compounds (C9-C21) from biomass derivatives to alternate traditional fossil diesel is
sustainable, eco-friendly, and potentially economic for modern industry. In this work, phosphotungstic acid heterogenized by 3bromopyridine was achieved using a solvothermal method, which was demonstrated to be eﬃcient for trimerization of biomassderived 5-hydroxymethylfurfural (HMF) with 2-methylfuran (2-MF) to C21 fuel precursor (57.1% yield) under mild reaction
conditions. The heterogeneous acidic catalyst could be reused for four consecutive cycles without obvious loss of activity, and
diﬀerent characterization techniques (e.g., XRD (X-ray diﬀraction), TG (thermogravimetric analysis), SEM (scanning electron
microscope), FT-IR (Fourier transform infrared spectroscopy), and BET (Brunauer-Emmet-Teller)) were utilized to investigate
the performance of the catalyst. In addition, a plausible reaction pathway was postulated, on the basis of results obtained by
NMR (nuclear magnetic resonance) and GC-MS (gas chromatography-mass spectrometer). This strategy provides a facile and
eﬃcient approach to prepare a recyclable acidic catalyst for the production of diesel fuel precursor from biomass via controllable
polymerization.

1. Introduction
To relieve the increasingly severe shortage issues of energy
in modern society over the last decade, more and more
new conversion systems are established to utilize or
explore alternative energy (e.g., wind power, geothermal
energy, tidal energy, and solar power) to replace traditional mineral fuels [1–5]. Unfortunately, fossil energy still
takes a big part in our daily life especially automobile and
jet fuels [6, 7]. Therefore, it is urgent to ﬁnd a renewable
and benign matter for energy production via a new type
of synthetic approaches. The terrestrial biomass was
regarded as an environmental and sustainable feedstock
to produce various platform molecules which can be
directly employed for the synthesis of biofuels or valueadded chemicals [8–15].

Generally, the jet fuels are composed of long-chain carbon
molecules that could be produced from oligomerization of
low-carbon molecules via the C-C bond formation such as
aldol condensation and alkylation in the presence of a basic
or acidic catalyst [16–20]. In this regard, the environmental
and energy problems could be addressed eﬀectively by using
biomass-derived long-chain carbon molecules to replace the
petrochemical molecules as the fuel precursor. A C21
compound named 5-(bis(5-methylfuran-2-yl)methyl)-5 ′
-methyl-2,2 ′ -bifuran (MMBM), which is derived from condensation of biobased 2-methylfuran (2-MF) and 5hydroxymethylfurfural (HMF) with an acid catalyst, is a
cost-eﬀective and promising biochemical for producing
drop-in fuels [21] and can be directly employed to increase
the fuel combustion eﬃciency. In addition, after hydrogenolysis, MMBM can be used as high-quality fuels (Scheme 1) [22],
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Scheme 1: The production and application of biomass-based C21 compound (MMBM).

such as aviation [23, 24] and diesel fuels [25]. Therefore, the
production of such biomass-based Cn compounds for highquality biofuels has attracted the researchers’ interests in
recent years.
In 2011, Corma et al. [24] utilized the 2-MF as the substrate to get the C15 fuel molecule precursor (5,5-bis(5methylfuran-2-group)penta-2-ketone) using H2SO4 as an
acid catalyst. A total yield of 87% Cn fuel molecule precursor
could be achieved through the hydroxyalkylation/alkylation
process. However, the shortcomings are also obvious; for
example, (1) the acid catalyst H2SO4 is harmful to the environment, and (2) the homogenous catalyst would be lost
and could not be reused after one reaction cycle. In 2017,
Dutta et al. [25] came up with a modiﬁed graphene material
to catalyze HMF and 2-MF into MMBM under 63°C for 12 h.
In 2018, Wang et al. [26] and Gebresillase et al. [27] also prepared Sn-K-10 and KCC-IAPSO3H as acidic catalysts for the
condensation of 2-MF with acetic anhydride and 2-MF with
furfural, n-butyraldehyde, or 2-pentanone into C17 or C14C15 fuel precursors under relatively mild conditions, respectively. These reaction systems can achieve the conversion of
biomass platform molecules into long-chain molecule precursors by using acid catalysts, while the main disadvantage
is that the catalyst preparation methods are too complicated
and the cost is too high.
HPAs (heteropoly acids) with superb strong acidity are
extensively used as economic and environmental catalysts
in organic synthesis [28–32]. In particular, phosphotungstic
acid (HPW, H3PW12O40) has a tetrahedral PO4 core in the
center of the anion structure, surrounded by twelve WO6
polyhedra via oxygen atoms to link each other, which
exhibits excellent catalytic activity for upgrading biomassderived compounds into diﬀerent valuable chemicals and
biofuels [33, 34]. However, it should be mentioned that
HPW is extremely soluble into most polar solvents, diﬃcult
to separate, corrosive to reactors, and polluted to the environment [35–48]. Taking the above problems into consideration, it is highly desirable to heterogenize HPW using a
high-eﬃciency method. For example, Wang et al. [50] and
Fang et al. [51] prepared electric ﬂocculation of HPW and
silica-supported HPW heterogeneous catalysts for the con-
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Scheme 2: The synthesis of C21 fuel precursor (MMBM) from the
trimerization of HMF with 2-MF catalyzed by 3-BrPyPW.

version of glucose into 5-hydroxymethylfurfural (HMF) with
a good yield of 61.7% and 78.3%, respectively. Due to heterogeneous functionalization, these catalysts could be reused at
least four or ﬁve times without signiﬁcant loss of catalytic
activity. The incorporation of organic moieties (e.g., pyridine) is also illustrated to be capable of heterogenizing
HPW, which was illustrated to be eﬃcient for the conversion
of HMF to 5-ethoxymethylfurfural (EMF) as well as fructose
to ML with 90% and 82.5% yield, respectively. In view of the
robust structure and good reactivity of the HPW-based acidic
catalyst, it is highly promising to design novel solid acid by
appropriate modiﬁcation of HPW to match the desired biomass conversion processes.
In the present study, 3-bromopyridine was found to be
eﬀective for heterogenization of HPW, and the resulting
acidic catalyst (3-BrPyPW) was active for the trimerization
of biomass-derived HMF with 2-methylfuran (2-MF) to produce C21 fuel precursor (MMBM), as shown in Scheme 2.
The reaction parameters and relevant mechanism were also
investigated.

2. Experimental Section
2.1. Materials. 2-Methylfuran (2-MF, 99%), 5-hydroxymethyl-2-furaldehyde (HMF, 99%), dichloromethane
(DCM, 99%), 1,4-dioxane (99%), naphthalene (99%), ethanol
(99%), methanol (99%), phosphotungstic acid (HPW,
99.0%), 3-bromopyridine (3-BrPy) (98.0%), pyridine (Py,
98.0%), Amberlyst-15, and Naﬁon-117 were purchased from
Beijing Innochem Technology Co., Ltd. 1,2-Dichloroethane
was purchased from Sigma-Aldrich Co. LLC.
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2.2. Catalyst Preparation. 3-BrPyPW was prepared by using a
solvothermal method. Firstly, 1.1 mmol HPW and 30 mL
ethanol were added into a 150 mL round-bottom ﬂask
with a magneton and stirred at 25°C to get a clear HPW
solution; then, 1 mmol 3-BrPy was added into the solution
with continuous stirring for 1.5 h at 25°C. The turbid liquid was poured into a 100 mL Teﬂon reactor, followed
by transfer into a stainless steel autoclave. The sealed
stainless steel autoclave was then placed in a muﬄe furnace set at 90°C for 12 h. Upon completion, precipitation
could be obtained after ﬁltration, and the resulting white
solid was further washed with 20 mL ethanol for three
times to ensure the redundant reactants be removed, and
3-BrPyPW was obtained after drying at 80°C overnight.
The HPyPW catalyst was prepared using the same method
for the preparation of 3-BrPyPW, in which the organic
ligand pyridine was used instead of 3-BrPy under otherwise identical conditions.
2.3. Catalyst Characterization. The FT-IR spectra of the catalysts were recorded by a Fourier transform infrared spectrometer (Nicolet iS50) with KBr disk. An X-ray
diﬀractometer (D8 Advance) with CuKα radiation
(λ = 0:1548 nm) in the range of 5° to 80° was utilized to
record the X-ray diﬀraction (XRD) patterns of catalysts.
The SEM images and corresponding mapping images were
obtained by a scanning electron microscope (FESEM XL30; Philips). The TG curves were obtained by using a thermal
gravimetric analyzer (STA409) with 10°C min-1 heating rate
in an atmosphere of dry air. The N2 adsorption-desorption
experiment was carried out at -196°C using an ASAP 2460
equipment (Micromeritics). Firstly, the catalyst was outgassed for 12 h at 150°C. Then, the speciﬁc surface area was
got by using the Brunauer-Emmett-Teller (BET) method,
and the average pore size was obtained by using the
Barrett-Joyner-Halenda (BJH) method. The XPS (X-ray photoelectron spectroscopy) data were collected by a Physical
Electronics Quantum 2000 Scanning ESCA Microprobe
(Physical Electronics Inc., PHI, MN) equipped with a monochromatic AlKα anode. ICP (inductively coupled plasma
emission spectroscopy) analysis was conducted using a
5300 DV device (PerkinElmer Inc., Waltham, MA).

3
The total acid density of the catalyst was determined by
the Na+ exchange method. Firstly, 50 mg of solid catalyst
was added to a sodium chloride solution (2 mol/L, 15 mL).
The catalyst was oscillated by ultrasound for 0.5 h (2 mol/L,
5 mL/time), then washed three times, and the supernatant
was collected by using a centrifuge, and the resulting supernatant was placed into a conical ﬂask. Titrating the collected
solution with sodium oxide solution (0.08213 mol/L), the
solution with phenolphthalein will become red after the last
drop of sodium hydroxide solution was added. It could be
the endpoint of titration if the solution color remains for 30
seconds. The volume of consumed sodium hydroxide solution also needs to be recorded. The total acid density of the
catalyst can be expressed as
C ðH + Þ = ðV NaOH × C NaOH Þ/m:

CðH + Þ could be used as the total acid density (mol/g) of
the catalyst, and m represents the mass (mg) of the catalyst.
C NaOH is the concentration of sodium hydroxide (mol/L).
V NaOH stands for the volume of consumed NaOH solution
(L) during the titration.
2.4. Reaction Procedures for the Synthesis of MMBM from 2MF and HMF. In a general reaction procedure, 3 mmol 2MF and 1 mmol HMF, 20 mg 3-BrPyPW catalyst, 2 mL solvent (dichloromethane), and a magnetic bar were added into
a 15 mL Ace pressure tube, which was then placed into an oil
bath preheated to 100°C. After reaching the desired reaction
time, the tube was taken out from the oil bath and cooled to
room temperature with ﬂowing tap water. Prior to quantitative analyses with GC (gas chromatography), the reaction
solution was diluted with CH2Cl2 and ﬁltered to remove solid
catalyst with a ﬁlter membrane.
2.5. Product Analysis. An Agilent 7890B gas chromatography
(GC) with an HP-5 column and FID detector was used to
analyze the concentration of reactants and products, and
10 mg naphthalene was added as internal standard. An Agilent 6890N GC/5973 MS (GC-MS (gas chromatographymass spectrometer)) was utilized to identify by-products.
The conversion of 2-MF and yield of MMBM were obtained
by using below calculation equations:



mole concentration of 2 − MF in product
× 100%,
2 − MF conversion ð%Þ = 1 −
mole concentration of initial 2 − MF


mole concentration of MMBM
MMBM yield ð%Þ =
× 100%:
mole concentration of initial 2 − MF

2.6. Catalyst Recycling Study. After each cycle of the reaction,
the catalyst was removed from the reaction system by centrifugation and then washed with 20 mL ethanol for three times,
which was ﬁnally dried at 80°C for 24 h. The recovered catalyst was utilized directly for the next run under identical reaction conditions.

ð1Þ

ð2Þ

3. Results and Discussion
3.1. Catalyst Characterization. In order to understand the
crystal structure of the prepared catalysts, the XRD patterns
of 3-BrPyPW, HPyPW, and HPW were recorded and are
shown in Figure 1. A Keggin anion cubic structure belonging
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Figure 1: XRD patterns of 3-BrPyPW, HPyPW, and HPW.

Figure 2: FT-IR spectra of 3-BrPyPW, HPyPW, and HPW.

to HPW with diﬀraction peaks at 9.9°, 14.1°, 17.6°, 20.3°,
22.7°, 24.8°, 29.1°, and 34.1° [50–56] could also be observed
for HPyPW and 3-BrPyPW. This result indicated that even
HPW was decorated by diﬀerent organic species; it could well
maintain the original HPW cubic basically. Moreover, due to
the introduction of organic ligands, peaks in relatively low
intensity appeared for both HPyPW and 3-BrPyPW, with
the 2θ values having a negative shift to a lower angle. This
phenomenon can be attributed to the electrostatic interaction
between HPW and ligands [48, 49]. Moreover, some
unknown diﬀraction peaks could be observed in 3-BrPyPW
and HPyPW, and the possible explanation is that two catalysts will absorb some organic moieties, and this phenomenon has been proved by a previous work [51].
The FT-IR spectra of 3-BrPyPW, HPyPW, and HPW are
shown in Figure 2. It could be clearly seen that speciﬁc peaks
of a Keggin structure appear at the ﬁngerprint region of 800
to 1100 cm-1 for each catalyst, and the characteristic peaks
at 806 cm-1, 892 cm-1, 987 cm-1, and 1082 cm-1 are attributed
to asymmetric vibrations of the W-Oc, W-Ob, W-Od, and POa bonds, respectively, with a characteristic peak at 594 cm-1
being assigned to bending vibration of the P-O bond [48]. It
means the presence of the characteristic structure of HPW in
the as-prepared 3-BrPyPW and HPyPW catalysts, which
agrees with the XRD results. In addition, the absorption
peaks of pyridine structure were observed at 1633 cm-1
(νC=C ), 1499 cm-1 (νC=N ), 1262 cm-1 (δC−H ), 1202 cm-1
(γC−H ), and 3092 cm-1 (stretching vibration of benzene C-H
bands) in both 3-BrPyPW and HPyPW catalysts, clearly
indicating the existence of pyridine moieties.
The SEM image was used to investigate the morphology
of 3-BrPyPW and is shown in Figure 3. It could be seen that
the 3-BrPyPW displayed a polyhedral block structure, which
closely agrees with the XRD results (Figure 1). In addition,
when the N, O, P, W, and Br elemental mappings of 3BrPyPW were analyzed (Figure 3), it was found that each element is well dispersed on the catalyst surface. This also laterally proved the successful preparation of 3-BrPyPW. This
result was further conﬁrmed by XPS and ICP analysis. For

3-BrPyPW, 65 wt% of W species and 4 wt% of P species could
be detected by ICP analysis, while 5 wt% of C and 2 wt% of N
could be attained by XPS analysis. On the other hand, 69 wt%
of W species and 3 wt% of P species could be detected by ICP
analysis, while 3 wt% of C and 1 wt% of N could be obtained
by XPS analysis in the HPyPW sample. These results show
that almost equivalent HPW and ligands are connected to
each other through electrostatic interaction.
The N2 adsorption-desorption isotherms of the 3BrPyPW, HPyPW, and HPW are shown in Figure 4. Three
typical H4-type adsorption-desorption isotherm curves
could be observed. For the catalyst BET speciﬁc surface
area, it can be arranged in the following order: 3-BrPyPW
(120.5 m2/g)>HPyPW (115.4 m2/g)>HPW (4.8 m2/g), with
the arrangement of BJH average pore size as follows: 3BrPyPW (13.5 nm)>HPyPW (5.6 nm)>HPW (3.5 nm).
Moreover, the total acid density of three catalysts was also
tested. It could be found that 3-BrPyPW has a relatively
high acid density (2.54 mmol/g) compared to HPyPW
(0.51 mmol/g) and HPW (1.54 mmol/g) (Table 1). Therefore, in comparison with HPyPW and HPW, a higher speciﬁc surface area, larger pore size, and higher total acid
density may make 3-BrPyPW have a superior activity in
the conversion of 2-MF and HMF to MMBM.
3.2. Catalyst Screening for the Conversion of 2-MF and HMF
to MMBM. The synthesis of MMBM from HMF and 2-MF in
CH2Cl2 under 100°C for 8 h was investigated in the presence
of diﬀerent catalysts, and the obtained results are shown in
Table 2. HPW gave 81.7% 2-MF conversion and 32.9%
MMBM yield. After being functionalized with pyridine, it
was found that the resulting HPyPW catalyst showed poor
reactivity with 21.1% 2-MF conversion while just 0.1%
MMBM yield. To our surprise, 3-BrPyPW exhibited a superior catalytic performance with 82.0% 2-MF conversion and
57.1% MMBM yield. The introduction of the electronegative
substituent was proposed to cause an inductive eﬀect and steric hindrance, which might improve the catalyst structure,
thus aﬀording enhanced catalytic activity [49]. Amberlyst-
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Figure 3: SEM image and elemental mappings of the 3-BrPyPW catalyst.
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Table 2: Catalytic results for the synthesis of MMBM from 2-MF
and HMF over diﬀerent catalysts.
Catalyst

32.9
0.1
57.1
12.3
25.8

81.7
21.1
82.0
37.9
76.4

Reaction conditions: 3 mmol 2-MF, 1 mmol HMF, 20 mg catalyst, 2 mL
°
solvent, 100 C, and 8 h.

0.4
0.6
0.8
Relative pressure (P/P0)

1.0
80

Figure 4: The N2 adsorption-desorption isotherms of 3-BrPyPW,
HPyPW, and HPW.
Table 1: Acid density, pore size, and speciﬁc surface area
comparison of 3-BrPyPW, HPyPW, and HPW.
Acid density
(mmol/g)

Average pore size
(nm)

SBET
(m2/g)

2.54

13.5

120.5

0.51
1.54

5.6
3.5

115.4
4.8

15 and Naﬁon-117 were also investigated for comparison, and
37.9% and 76.4% 2-MF conversion with 12.3% and 25.8%
MMBM yield could be achieved, respectively. These experimental results are consistent with those of previous reports, with
respect to the BET speciﬁc surface area, average pore size, and
total acid density. By introducing the 3-BrPy ligand, the
obtained 3-BrPyPW catalyst has a larger speciﬁc surface area
and pore size, so that it can get a better reaction activity com-
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Figure 5: The inﬂuence of the 3-BrPyPW catalyst dosage on the
synthesis of MMBM from HMF and 2-MF. Reaction conditions:
3 mmol 2-MF, 1 mmol HMF, 2 mL CH2Cl2, 100°C, and 8 h.

pared to HPyPW and HPW. Furthermore, a good acid density
may also contribute to the pronounced yield of MMBM. Therefore, 3-BrPyPW is a better catalyst for the investigated reaction,
which was thus selected for further optimization.
3.3. The Eﬀect of the Catalyst Dosage on the Synthesis of
MMBM from HMF and 2-MF. The impact of the 3-
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BrPyPW catalyst dose on the conversion of HMF and 2-MF
to MMBM was examined (Figure 5). The conversion of 2MF and yield of MMBM increased from 50.5% to 82.0%
and 27.8% to 57.1% with the increase of the catalyst dosage
from 5 mg to 20 mg. When a higher amount of catalyst of
40 mg and 60 mg was employed for the reaction, the yield
of MMBM decreased to 55.5% and 52.4%, respectively, but
no obvious change in 2-MF conversion was observed. This
result may be due to the occurrence of side reactions using
a relatively higher catalyst dosage. The possible reason is that
the substrate HMF would be converted to by-products, such

as maleic acid, as determined by NMR spectra (Figure S1),
which is in good agreement with previous works [55, 56].
Therefore, 20 mg 3-BrPyPW was chosen as the best catalyst
dosage for the trimerization reaction.
3.4. Inﬂuence of Reaction Temperature/Time on the Synthesis
of MMBM from HMF and 2-MF. The reaction temperature
and time were found to be important for the synthesis of
MMBM from HMF and 2-MF. A range of reaction temperatures (60, 80, 100, and 120°C) with varying reaction time
from 2 to 12 h was utilized to optimize the reaction conditions (Figure 6). It could be found that with increasing the
reaction temperature and time, the conversion of either 2MF or HMF gradually increased, and a maximum 2-MF conversion of 90.4% was obtained at 120°C for 12 h. The yield of
MMBM kept increasing with raising the temperature from 60
to 120°C reacting for 2 to 8 h, where 57.1% and 57.6% yield of
MMBM could be achieved at 100 and 120°C for 8 h,
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respectively. However, when the reaction time continued to
increase from 8 to 12 h, a decline in MMBM yield from
57.1% and 57.6% to 54.3% and 50.1% was detected at 100°C
and 120°C, respectively. It was indicated that the extension
of reaction time led to a decrease of MMBM yield, which
may be due to the happening of side reactions. For
example, HMF would be transformed into by-products,
like oxidation to maleic acid, as determined by NMR spectra (Figure S1) for long reaction time with an excess
amount of the 3-BrPyPW catalyst [55, 56]. So, a higher
temperature led to the increase of substrate conversion
but with no signiﬁcant contribution to raising the yield

of MMBM. On account of saving energy consumption,
100°C and 8 h were chosen as the optimum reaction
temperature and time, respectively.
3.5. The Eﬀect of the Solvent Type on the Synthesis of MMBM
from HMF and 2-MF. The reaction solvent also has a great
inﬂuence on the synthesis of MMBM from HMF and 2MF. Figure 7 shows the corresponding screening results of
diﬀerent reaction solvents (tetrahydrofuran, dichloromethane, 2-methyltetrahydrofuran, 1,4-dioxane, and 1,2-dichloroethane). As tetrahydrofuran and dichloromethane were
used as solvent, 34.5% and 57.1% yield of MMBM with
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Figure 11: 1H and 13C NMR spectra of MMBM. MMBM: 1H NMR (500 MHz, CDCl3) δ = 6:01 (d, J = 3:7 Hz, 1H), 6.00 (d, J = 3:2 Hz, 1H),
5.97 (d, J = 3:1 Hz, 2H), 5.93 (d, J = 3:0 Hz, 1H), 5.90 (d, J = 3:1 Hz, 2H), 5.87 (d, J = 2:9 Hz, 1H), 5.39 (s, 1H), 3.92 (s, 2H), 2.26 (s, 9H). 13C
NMR (126 MHz, CDCl3) δ = 151:50, 151.45, 151.28, 151.00, 150.63, 149.79, 107.97, 107.94, 107.13, 106.29, 106.20, 39.23, 27.66, 13.67, 13.57.

75.5% and 82.0% 2-MF conversion can be achieved, respectively. When 2-methyltetrahydrofuran, 1,4-dioxane, and 1,
2-dichloroethane were employed, the yield of MMBM is
27.3%, 21.0%, and 36.0% which can be attained under the
same reaction conditions, respectively. It is proposed that
CH2Cl2 may act as an extractant to separate the target product MMBM from the in situ formed water in the reaction system, thus hindering its further degradation. According to this

solvent screening experiment, dichloromethane was chosen
as the best solvent for the reaction system.
3.6. Catalyst Recycling Study. The recyclability of 3-BrPyPW
was tested in the synthesis of MMBM from HMF and 2-MF
under optimum reaction conditions. Figure 8 shows that
the MMBM yield decreased gradually from 57.1% to 41.8%
while 2-MF conversion decreased from 82.0% to 68.5% after
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four consecutive cycles, showing that the 3-BrPyPW catalyst
is relatively stable for the trimerization reaction. Figure 9 collects the XRD patterns (Figure 9(a)), FT-IR spectra
(Figure 9(b)), and TGA curves (Figure 9(c)) of the fresh
and recycled 3-BrPyPW catalysts. For XRD patterns, it is
not diﬃcult to see that the intensity of fresh 3-BrPyPW was
higher than that of the recycled counterpart, indicating that
organic residues might be absorbed into the catalyst after
four reaction cycles [56]. Moreover, the ICP analysis of
reused 3-Br-PyPW shows that there has no leaching of W
species. Compared to fresh 3-BrPyPW, the FT-IR spectrum
of the reused catalyst showed a relatively lower transmittance, which is a good agreement with the results obtained
from XRD patterns. The TG curves of fresh and recycled 3BrPyPW revealed that organic species might adhere to the
catalyst after four consecutive reactions, which can be well
supported by the result that recycled 3-BrPyPW has a drastic
decline in weight loss compared to the fresh counterpart.
This further indicated that the deposition of organic moieties
is most likely to be the major factor that caused the loss of the
catalyst activity. From above experiments, by comparing with
previous studies [25, 57], 3-BrPyPW was demonstrated to
show superior reactivity and stability in the production of
MMBM from HMF and 2-MF under the examined reaction
conditions in our work.
3.7. Reaction Mechanism Study. In order to investigate the
reaction pathways for the trimerization of HMF with 2-MF
to MMBM, the reaction mixture was recorded by GC-MS
and NMR. Based on the experimental results, the possible
reaction pathways were proposed and are shown in
Scheme 3. The proposed reaction path was also compared
with that of previous work reported by Dutta et al. [25] and
Shinde et al. [57]. As identiﬁed by GC/MS, a compound with
a molecular weight of 272.1 was formed during the reaction
process. It is preliminarily assumed that its structure is intermediate 1, which was further conﬁrmed by 1H and 13C NMR
(Figure 10). On the other hand, MMBM was also detected by
GC-MS (molecular weight 336.2) and conﬁrmed by 1H and
13
C NMR (Figure 11). This result revealed that intermediate
1∗ was formed from HMF and 2-MF, which further rapidly
converted intermediate 1 and subsequently aﬀorded the fuel
precursor MMBM. However, both intermediates 2∗ and 2
were not detected by GC-MS, implying the reaction pathway
might be neither path 1 nor path 2, and path 3 was most
likely the dominant reaction pathway.

4. Conclusion
In summary, a halogenated pyridine-heterogenized HPW
was prepared by a simple solvothermal method and used as
a heterogeneous acidic catalyst for the conversion of HMF
and 2-MF to MMBM. Single-factor optimization was utilized
to test the catalytic performance of 3-BrPyPW; a good
MMBM yield of 57.1% with 82.0% 2-MF conversion could
be obtained under optimum reaction conditions (1 mmol
HMF and 3 mmol 2-MF at 100°C for 8 h in 2 mL CH2Cl2).
The 3-BrPyPW catalyst could be reused for four cycles without signiﬁcant decreasing of its activity, which was character-
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ized without obvious structure change after recycles.
Moreover, a dominant reaction pathway for the synthesis of
MMBM from HMF and 2-MF was elucidated.
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