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Modern life depends on polymers, from materials applied in
the manufacture of clothing, houses, cars, and airplanes to
those demonstrating complex adhibitions in medicine, diag-
nostics, and electronics. More importantly, both natural and
synthetic polymeric materials bearing versatile functionali-
ties are gaining research interest for applications in catalysis,
especially in the catalytic valorization of renewable biomass
feedstocks (the abundant, natural, and low-cost biopolymers
on the earth) to value-added chemicals and liquid biofuels
[1–3]. As an important class of heterogeneous catalysts,
functionalized polymeric materials with tailorable and attrac-
tive catalytic properties exhibit dramatic improvement of
catalytic activity and selectivity in biomass refinery to pro-
duce energy and chemicals, compared with conventional
counterparts.

The Special Issue “Functionalized Polymeric Materials
for Catalytic Upgrading of Biobased Feedstocks” focuses on
the introduction of polymer/polymeric catalysts preparation,
functionalization of polymeric materials, and applications to
guide the development and application of functionalized
polymeric materials in biomass transformation. Five eminent
research groups in the field of polymeric materials and
biomass valorization have kindly accepted our invitation to
participate in this special issue, briefly listed as follows:

In the paper entitled “Progress of Catalytic Valorization
of Bio-Glycerol with Urea into Glycerol Carbonate as a
Monomer for Polymeric Materials,” Zhang et al. summarized

the state-of-the-art accomplishments made in the efficient
transformation of bioglycerol and urea into glycerol car-
bonate as a polymer monomer. Emphasis was given to
the catalytic performance of the relevant catalysts such as
zinc, magnesium, tungsten, ionic liquid-based catalysts,
and waste-derived materials, reaction conditions, and possi-
ble pathways. Besides, how to modify the reaction conditions
that will influence the related activities and selectivity to glyc-
erol carbonate was also depicted [4].

In the paper entitled “Functionalized Metal-Organic
Framework Catalysts for Sustainable Biomass Valorization,”
Liu et al. depicted metal-organic frameworks (MOFs), also
identified as micro- and mesoporous coordination polymers
(PCPs) to be employed as versatile heterogeneous polymeric
catalysts for biomass upgrading. They highlighted recently
developed four types of MOFs like pristine MOFs and
their composites, MOF-supported metal nanoparticles,
acid-functionalized MOFs, and biofunctionalized MOFs
for the production of green, sustainable, and industrially
acceptable biomass-derived platform molecules: (1) upgrad-
ing of saccharides, (2) upgrading of furan derivatives, and
(3) upgrading of other biobased compounds [5].

In the paper entitled “Efficient Production of Methyl
Oleate Using a Biomass-Based Solid Polymeric Catalyst with
High Acid Density,” Wang et al. investigated the biomass-
based chitosan polymer acid catalyst (CS-SO3H) for biodiesel
production. The results showed that CS-SO3H morphology
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exhibited a sphere of about 10μm diameter, and the acid
density was as high as 3.81mmol/g. The catalyst demon-
strated good catalytic activity in the esterification of oleic acid
and methanol, which is a model reaction of the preesterifica-
tion process in the preparation of biodiesel from feedstocks
with high acid values. Under the optimum reaction condi-
tions (15/1 methanol/oleic acid mole ratio and 3wt% catalyst
dosage at 75°C for 3 h), the yield of methyl oleate came up to
95.7%. After four times of reuse, the yield of the catalyst
could still reach 85.7%, which indicated that the catalyst
depicted good catalytic activity and stability and showed
potential application prospects [6].

In the paper entitled “Adsorption of Chelerythrine from
Toddalia asiatica (L.) Lam. by ZSM-5,” Liu et al. performed
a study focusing on the separation and purification of active
components from biomass by using the micropolymer cata-
lyst zeolite molecular sieves ZSM-5. Batch experiments
revealed that the adsorption efficiency was affected by the
solution pH, and the optimum initial solution pH was 6.
The maximum adsorption capacity of CHE was found at a
solid-liquid ratio of 2 : 15. This material was thought to be a
promising adsorbent for purifying alkaloids (especially qua-
ternary ammonium alkaloids) frommedicinal herbs. In addi-
tion, a technique for isolating active components from the
pretreatment process of biomass was also provided [7].

In the paper entitled “3-Bromopyridine-Heterogenized
Phosphotungstic Acid for Efficient Trimerization of Biomass-
Derived 5-Hydroxymethylfurfural with 2-Methylfuran to C21
Fuel Precursor,” Xu et al. employed the halogenated pyridine-
heterogenized HPW as a heterogeneous acidic catalyst for
the conversion of biomass-derived 5-hydroxymethylfurfural
(HMF) and 2-methylfuran (2-MF) to C21 fuel precursor
(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. The 3-BrPyPW catalyst could
be reused for four cycles without a significant decrease in its
activity, which was characterized without obvious structure
change after recycles. Moreover, a dominant reaction path-
way for the synthesis of MMBM from HMF and 2-MF was
elucidated [8].
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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 3-
bromopyridine was achieved using a solvothermal method, which was demonstrated to be efficient for trimerization of biomass-
derived 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 tradi-
tional 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 value-
added 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 con-
densation of biobased 2-methylfuran (2-MF) and 5-
hydroxymethylfurfural (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 hydrogenoly-
sis, MMBM can be used as high-quality fuels (Scheme 1) [22],
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such as aviation [23, 24] and diesel fuels [25]. Therefore, the
production of such biomass-based Cn compounds for high-
quality biofuels has attracted the researchers’ interests in
recent years.

In 2011, Corma et al. [24] utilized the 2-MF as the sub-
strate to get the C15 fuel molecule precursor (5,5-bis(5-
methylfuran-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 envi-
ronment, 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 pre-
pared 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 C14-
C15 fuel precursors under relatively mild conditions, respec-
tively. These reaction systems can achieve the conversion of
biomass platform molecules into long-chain molecule pre-
cursors 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 biomass-
derived 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 envi-
ronment [35–48]. Taking the above problems into consider-
ation, 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-

version of glucose into 5-hydroxymethylfurfural (HMF) with
a good yield of 61.7% and 78.3%, respectively. Due to hetero-
geneous 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., pyri-
dine) 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 bio-
mass 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 pro-
duce 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-hydroxy-
methyl-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.

Biomass

MMBM

Gasoline

Aviation fuel

C5-C12
alkane

C14-C23
alkane

Hydrogenolysis

Fuel precursor

Scheme 1: The production and application of biomass-based C21 compound (MMBM).

MMBM

OH
O

HMF 2-MF

3-BrPyPW

100°C, 8 h

O OO

O

O

O

Scheme 2: The synthesis of C21 fuel precursor (MMBM) from the
trimerization of HMF with 2-MF catalyzed by 3-BrPyPW.
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2.2. Catalyst Preparation. 3-BrPyPWwas prepared by using a
solvothermal method. Firstly, 1.1mmol HPW and 30mL
ethanol were added into a 150mL round-bottom flask
with a magneton and stirred at 25°C to get a clear HPW
solution; then, 1mmol 3-BrPy was added into the solution
with continuous stirring for 1.5 h at 25°C. The turbid liq-
uid was poured into a 100mL Teflon reactor, followed
by transfer into a stainless steel autoclave. The sealed
stainless steel autoclave was then placed in a muffle fur-
nace set at 90°C for 12h. Upon completion, precipitation
could be obtained after filtration, and the resulting white
solid was further washed with 20mL 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 other-
wise identical conditions.

2.3. Catalyst Characterization. The FT-IR spectra of the cat-
alysts were recorded by a Fourier transform infrared spec-
trometer (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 XL-
30; Philips). The TG curves were obtained by using a thermal
gravimetric analyzer (STA409) with 10°Cmin-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 out-
gassed for 12h 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 pho-
toelectron spectroscopy) data were collected by a Physical
Electronics Quantum 2000 Scanning ESCA Microprobe
(Physical Electronics Inc., PHI, MN) equipped with a mono-
chromatic AlKα anode. ICP (inductively coupled plasma
emission spectroscopy) analysis was conducted using a
5300 DV device (PerkinElmer Inc., Waltham, MA).

The total acid density of the catalyst was determined by
the Na+ exchange method. Firstly, 50mg of solid catalyst
was added to a sodium chloride solution (2mol/L, 15mL).
The catalyst was oscillated by ultrasound for 0.5 h (2mol/L,
5mL/time), then washed three times, and the supernatant
was collected by using a centrifuge, and the resulting super-
natant was placed into a conical flask. Titrating the collected
solution with sodium oxide solution (0.08213mol/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 solu-
tion also needs to be recorded. The total acid density of the
catalyst can be expressed as

C H+ð Þ = VNaOH × CNaOHð Þ/m: ð1Þ

CðH+Þ could be used as the total acid density (mol/g) of
the catalyst, and m represents the mass (mg) of the catalyst.
CNaOH is the concentration of sodium hydroxide (mol/L).
VNaOH stands for the volume of consumed NaOH solution
(L) during the titration.

2.4. Reaction Procedures for the Synthesis of MMBM from 2-
MF and HMF. In a general reaction procedure, 3mmol 2-
MF and 1mmol HMF, 20mg 3-BrPyPW catalyst, 2mL sol-
vent (dichloromethane), and a magnetic bar were added into
a 15mL 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 quantita-
tive 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
10mg naphthalene was added as internal standard. An Agi-
lent 6890N GC/5973 MS (GC-MS (gas chromatography-
mass spectrometer)) was utilized to identify by-products.
The conversion of 2-MF and yield of MMBM were obtained
by using below calculation equations:

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

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

2 −MFconversion %ð Þ = 1 −
mole concentration of 2 −MF in product
mole concentration of initial 2 −MF

� �
× 100%,

MMBMyield %ð Þ = mole concentration of MMBM
mole concentration of initial 2 −MF

� �
× 100%:

ð2Þ
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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
HPWwas 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 cata-
lysts will absorb some organic moieties, and this phenome-
non 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 P-
Oa 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 3-
BrPyPWwere analyzed (Figure 3), it was found that each ele-
ment is well dispersed on the catalyst surface. This also later-
ally proved the successful preparation of 3-BrPyPW. This
result was further confirmed by XPS and ICP analysis. For

3-BrPyPW, 65wt% ofW species and 4wt% of P species could
be detected by ICP analysis, while 5wt% of C and 2wt% of N
could be attained by XPS analysis. On the other hand, 69wt%
of W species and 3wt% of P species could be detected by ICP
analysis, while 3wt% of C and 1wt% 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 3-
BrPyPW, 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
(120.5m2/g)>HPyPW (115.4m2/g)>HPW (4.8m2/g), with
the arrangement of BJH average pore size as follows: 3-
BrPyPW (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 (2.54mmol/g) compared to HPyPW
(0.51mmol/g) and HPW (1.54mmol/g) (Table 1). There-
fore, in comparison with HPyPW and HPW, a higher spe-
cific 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 fromHMF 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 supe-
rior 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 ste-
ric hindrance, which might improve the catalyst structure,
thus affording enhanced catalytic activity [49]. Amberlyst-
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Figure 1: XRD patterns of 3-BrPyPW, HPyPW, and HPW.
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15 and Nafion-117 were also investigated for comparison, and
37.9% and 76.4% 2-MF conversion with 12.3% and 25.8%
MMBMyield could be achieved, respectively. These experimen-
tal 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-

pared to HPyPW and HPW. Furthermore, a good acid density
may also contribute to the pronounced yield of MMBM. There-
fore, 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-

Figure 3: SEM image and elemental mappings of the 3-BrPyPW catalyst.
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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.

Catalyst
Acid density
(mmol/g)

Average pore size
(nm)

SBET
(m2/g)

3-
BrPyPW

2.54 13.5 120.5

HPyPW 0.51 5.6 115.4

HPW 1.54 3.5 4.8

Table 2: Catalytic results for the synthesis of MMBM from 2-MF
and HMF over different catalysts.

Catalyst Yield (MMBM, %) Conversion (2-MF, %)

HPW 32.9 81.7

HPyPW 0.1 21.1

3-BrPyPW 57.1 82.0

Amberlyst-15 12.3 37.9

Nafion-117 25.8 76.4

Reaction conditions: 3 mmol 2-MF, 1mmol HMF, 20mg catalyst, 2 mL
solvent, 100°C, and 8 h.
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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:
3mmol 2-MF, 1mmol HMF, 2mL CH2Cl2, 100

°C, and 8 h.
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BrPyPW catalyst dose on the conversion of HMF and 2-MF
to MMBM was examined (Figure 5). The conversion of 2-
MF 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 5mg to 20mg. When a higher amount of catalyst of
40mg and 60mg 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, 20mg 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 tempera-
tures (60, 80, 100, and 120°C) with varying reaction time
from 2 to 12h was utilized to optimize the reaction condi-
tions (Figure 6). It could be found that with increasing the
reaction temperature and time, the conversion of either 2-
MF or HMF gradually increased, and a maximum 2-MF con-
version 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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Figure 6: Influence of reaction temperature/time on the conversion of HMF and 2-MF to MMBM. Reaction conditions: 3mmol 2-MF,
1mmol HMF, 20mg 3-BrPyPW, and 2mL CH2Cl2.

0

20

40

60

80

Co
nv

er
sio

n 
or

 y
ie

ld
 (%

)

Te
tr

ah
yd

ro
fu

ra
n

D
ic

hl
or

om
et

ha
ne

2-
M

et
hy

lte
tr

ah
yd

ro
fu

ra
n

1,
4-

D
io

xa
ne

1,
2-

D
ic

hl
or

oe
th

an
e

MMBM yield
2-MF conversion

Figure 7: The influence of the solvent type on the synthesis of
MMBM from HMF and 2-MF. Reaction conditions: 3mmol 2-
MF, 1mmol HMF, 2mL solvent, 100°C, and 8 h.

1 2 3 4
0

20

40

60

80

Co
nv

er
sio

n 
or

 y
ie

ld
 (%

)

Reaction cycle

2-MF conversion
MMBM yield

Figure 8: The 3-BrPyPW catalyst recycling study. Reaction
conditions: 3mmol 2-MF, 1mmol HMF, 20mg 3-BrPyPW, 2mL
CH2Cl2, 100

°C, and 8 h.

6 Advances in Polymer Technology



10 20 30 40 50 60

In
te

ns
ity

 (a
. u

.)

2𝜃 (degrees)

Fresh
Recycle

(a)

3500 3000 2500 2000 1500 1000 500

Tr
an

sm
itt

an
ce

 (a
. u

.)

Fresh
Recycle

Wavelength (cm−1)

(b)

100 200 300 400 500 600
80

85

90

95

100

W
ei

gh
t l

os
s (

%
)

Temperature (°C)

Fresh
Recycle

(c)

Figure 9: XRD patterns (a), FT-IR spectra (b), and TGA curves (c) of the recycled (after the fourth run) and fresh 3-BrPyPW catalysts.

This work

Previous work

HMF

OH

HO

Path 2

Path 1

Intermediate 1

Intermediate 2

Intermediate 2

Intermediate 2⁎

Intermediate 2⁎

Intermediate 1⁎
Path 3

OH

OH
HO

O

O

O
OH

HMF

O

O

O

O
O

O

O
O

O O

O O

O

O

O

O

O
O

O O

O

O

O
OO

OOO

O
O

O

O
O

O O

MMBM

MMBM

HO

Scheme 3: Comparison of reaction pathways for the conversion of HMF and 2-MF to MMBM in this work and reported work.

7Advances in Polymer Technology



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 spec-
tra (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 8h 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 2-
MF. Figure 7 shows the corresponding screening results of
different reaction solvents (tetrahydrofuran, dichlorometh-
ane, 2-methyltetrahydrofuran, 1,4-dioxane, and 1,2-dichlo-
roethane). As tetrahydrofuran and dichloromethane were
used as solvent, 34.5% and 57.1% yield of MMBM with
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75.5% and 82.0% 2-MF conversion can be achieved, respec-
tively. 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 prod-
uct MMBM from the in situ formed water in the reaction sys-
tem, 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 col-
lects 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 transmit-
tance, which is a good agreement with the results obtained
from XRD patterns. The TG curves of fresh and recycled 3-
BrPyPW 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 inter-
mediate 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
13C 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 (1mmol
HMF and 3mmol 2-MF at 100°C for 8 h in 2mL CH2Cl2).
The 3-BrPyPW catalyst could be reused for four cycles with-
out significant decreasing of its activity, which was character-

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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Currently, pristine and functionalized metal-organic frameworks (MOFs) are introduced in heterogeneous catalysis for biomass
upgrading owing to the specific texture properties including regular higher-order structure, high specific surface area, and the
precisely tailored diversity.-e purpose of this review is to afford a comprehensive discussion of the most applications in biomass
refinery. We highlight recently developed four types of MOFs like pristine MOFs and their composites, MOF-supported metal
NPs, acid-functionalized MOFs, and biofunctionalized MOFs for production of green, sustainable, and industrially acceptable
biomass-derived platform molecules: (1) upgrading of saccharides, (2) upgrading of furan derivatives, and (3) upgrading of other
biobased compounds.

1. Introduction

Rapid population growth and enhanced living quality re-
quirements led to an improvement in energy demand and
fossil feedstocks containing coal, petroleum, and natural gas.
Another mainstream of the current generation is the in-
creasing motivation to protect the environment from
greenhouse gas emissions aroused by the tremendous
consumption of fossil fuels [1, 2]. -is concern is an irri-
tation for the researchers for renewable and replaces sus-
tainable resources instead of non-renewable fossil-based
fuels. Because biomass is a green, highly abundant, and
carbon-natural process available, it is served as a promising
and replacing one to be transformed through bio-refinery
and catalytic valorization into an extensive series of value-
added chemicals, which has a relatively low impact on the
environment [3–11].

Various technologies including biological, thermal, and
chemical procedures have been explored for biomass
upgrading. Among those, chemical processes (e. g., dehy-
dration, hydrolysis, esterification, alcoholysis, isomerization,
and etherification) of biomass conversion have drawn

increasing researchers' attention, which resulting in petro-
based products. While reaction rates, high yields of target
molecules depend on catalysts.

Numerous heterogeneous catalysts for the efficient
conversion of biomass feedstocks into platform molecules
and high-energy fuels have been explored [12, 13]. Solid
catalysts developed for biomass upgrading are commonly
divided into four categories: (a) porous materials [14], (b)
metal oxides [15–17], (c) immobilized metal nanoparticles,
and (d) sulfonated materials [18, 19]. Among them, high
specific surface areas, tunable acidity, porous nano-
structures, and bifunctionality such us Brønsted-Lewis
acidic, acidic-basic, and metal nanoparticle-acidic or basic
play a pivotal role in efficient heterogeneous catalytic pro-
cedures. Generally, the biomass conversion processes are
composed of a series of tandem reactions [20–24].

Metal-organic frameworks (MOFs), also identified as
micro- and mesoporous coordination polymers (PCPs), are a
class of crystalline porous materials produced by metal centers
ormetal-containing secondary building units (SBUs) and bi- or
multimodal functional organic linkers [25, 26]. MOFs are of
particular research topics for biomass valorization owing to the
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proverbial texture properties such as changeable pore/cage size,
high surface area, large cavity diameter and volume, the tunable
diversity, and high hydrothermal stability [27]. In addition, the
MOFs afford to functionalized anxious acid-base groups
(-SO3H, -NH2, etc.), excellent support of active metal nano-
particles (Ru, Pt, Cu, etc. ) on particular sites, and immobi-
lization of high-efficient homogeneous catalyst (POMs, ILs,
et al.).-e obtained functionalizedMOFs could be an arbitrary
choice application in diverse catalytic strategies with the ex-
istence of synergistic active moieties (Figure 1).

Among more than 20,000 well-known MOFs, MIL
(Material of Institut Lavoisier), consisting of rigid tere-
phthalate organic linkers and trimeric octahedral metal-oxo
clusters, possesses kinds of quasispherical mesoporous cages
(20–35 Å), with 5–20 Å windows and large surface areas
(2000–5900m2/g). UiO (UiO for University of Oslo), zir-
conium terephthalate, which has 3Dmicroporous cubic pore
system and relatively high stability (∼500°C), is combined
with large accessible pore volumes. ZIF (zeolitic imidazolate
frameworks), having 3D structural feature with nanometre
pore size and large Brunauer–Emmett–Teller (BET) surface
area (<2000m2/g), has been reported to act as a template/
precursor to give porous carbon.

2. MOFs for Biomass Valorization

2.1. Pristine MOFs and &eir Composites

2.1.1. Upgrading of Saccharides. Catalytic hydrolysis of
carboxymethyl cellulose was investigated by MIL-53(Al)
[28]. -e HMF and total reducing sugar molar yielding high
up to 40.3% and 54.2% were achieved with 200°C, 4 h, re-
spectively. -e aluminum-based MOF acted as a reuse
catalyst for three cycles without obvious activity loss, and the
HMF yield (40.3%) decreased to 38.4%, which was ascribed
to MIL-53(Al) mass weightlessness in cleaning proceeds and
plugging of active sites by unexpected byproducts.

-e preparation of lactic acid and derivatives from
carbohydrates are important processes in biomass valori-
zation. Lactic acid is a worthy platform molecule for the
development of degradable bioplastic manufacture and to-
wards the preparation of multiple noticeable chemicals like
acrylic acid, propylene glycol, 1,2-propanediol, poly(lactic
acid) and linear esters (alkyl lactic acids). Two zeolitic
imidazole frameworks (ZIFs) Zn-ZIF-8 and Co-ZIF-67 were
synthesized and acted as a catalyst for the transformation of
carbohydrates (sucrose, glucose, and fructose) to lactic acid
derivatives for the first time [29]. -e ZIFs processed by
zeolite-type topology, 3D-porous rigid framework and high
chemical and thermal stability are obtained facile, providing
42%methyl lactate using the prepared Zn-ZIF-8 for the ever-
smaller crystal particles and higher content of Lewis acidic.
Reusability studies indicated the reduction of methyl lactate
yields from 34.8% to 27.2% after the fourth recycling cat-
alyzed by ZIF-8, on account of active site absence and
structural difference. Furthermore, the metal node effect of
catalysts M-MOF-74 (M=Co, Ni, Mg, and Zn) on the
performance of the transformation of carbohydrates to
methyl lactate was studied [30]. Among these, it expressed

the optimal performance for 35% and 47% yields of the
product based on glucose and sucrose under the optimal
reaction conditions with 220°C and 6 h, respectively.
Meanwhile, the Mg-MOF-74 catalyst exhibited excellent
stability that could be reused three cycles without deacti-
vation. Similarly, Huang et al. [31] revealed an efficient one-
pot conversion of fructose to lactic acid via catalyst Fe-MOF.
Lactic acid yielding high up to 32% was achieved with
fructose as the substrate, benefitting from the particular
porous feature of catalyst MIL-100(Fe), while relatively low
yields of 18% and 20% lactic acid were found with other
MOFs, such as Cu-BTC and MIL-100(Cr), respectively.
Derived from hexose-based carbohydrates including glu-
cose, sucrose, inulin, and cellobiose, moderate lactic acid
yields were effectively converted over MIL-100(Fe). -e
existed pores or active sites blockage and the absence of
partial active sites and the catalytic performance of MIL-
100(Fe) evidently reduced after the fourth recycle. Modi-
fying the regeneration method of catalyst MIL-100(Fe),
lactic acid yield maintained 28% from fructose.

In another work, the possible mechanism accounting for
the preparation of methyl lactate with glucose as the reactant
was revealed. MIL-101(Cr) combined with activated fly ash
complex was developed to be effectual for furfural synthesis
over xylose dehydration [32]. Compared to the bare MOF,
71% and 80% high yield and selectivity of furfural were
acquired at optimized reaction conditions; the excellent
performance was retained after ten times continuous
recycling. -e synergistic action of Cr Lewis acidic and –OH
Brønsted acidic belonging to composite laid the foundations
for application in other biomass valorization.

2.1.2. Upgrading of Furan Derivatives. -ecatalytic oxidation
of HMF providing a series of great value platformmolecule for
chemical engineering industries includes 2,5-diformylfuran
(DFF), 5-hydroxymethylfuran-2-carboxylic acid, 2,5-dime-
thyltetrahydrofuran, and 5-ethoxymethylfurfural. -e con-
version and selectivity of the aforementioned molecules can be
adjusted by regulating catalyst active sites’ constitutions and
experiment conditions. Lucarelli et al. [33] verified the oxi-
dation process of HMF-DFF over Ni-based MOFs including
Ni(BDP), Ni(BPEB), and Ni3(BTP)2, which were equipped
with square planar and accessible metal centers. Among the
base-free catalysts, Ni3(BTP)2 exhibited the optimal catalytic
activity, yielding 27% DFF under mild reaction conditions
(120°C, 30 bar O2, in water). -e satisfactory catalytic perfor-
mance attributed to the accessibility of themetal centers, which
depend on the crystal texture of the MOF. Following, an ef-
ficient MOF was applied in another conversion of one-pot two
steps processes, which was investigated to prepare fur-
ilydenepropanenitrile derivatives, the key polymer basic entities
[34].-e first oxidation procedure ofHMFwas explored by Fe-
based MOFs (MIL-100(Fe), Cu-based MOF, Fe-HY zeolite,
and Fe salts with 2,2,6,6-tetramethylpiperidine-1-oxide
(TEMPO) acting as cocatalyst, NaNO2 serving as an additive,
and O2 as the terminal oxidant. Post-treated by NH4F, MIL-
100(Fe) explained the highest catalytic activity, giving a full
yield of DFF converted from HMF, which ascribe to the
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existence of accessibility of Fe(III) active sites for reactants.-e
following Knoevenagel condensation step of DFF catalyzed by
malononitrile or ethyl cyanoacetate was carried out under the
basic medium.

-rough aldol condensation, aldehydes and ketones
react to provide high-value-added products from simple and
inexpensive ones. On account of which, Kikhtyanin et al.
[35] contrasted the catalytic effect of Lewis acidic MOFs
(Cu-BTC, Fe-BTC) with zeolites including both Lewis
acidity and Brønsted acidity to inquire the aldol conden-
sation reaction of furfural with acetone. As demonstrated,
acidic sites have the advantage to proceed aldol condensa-
tion rather than basic ones. It is worth noting that catalysts
possessing weak Brønsted acidity, which are obtained by the
mutual effect of Fe3+ with coordinated H2O or the presence
of structural defects, showed the best performance at 100°C.

-e oxidative condensation reaction of furfural with
alcohols-O2 can promote double-carbon molecules to syn-
thesize longer hydrocarbon chains acting as transport bio-
fuels. In recent years, furfural reacting with alcohol to
proceeding the aerobic oxidative condensation was explored
by multiple Co-MOF catalysts [36]. Generally, two tactics
were surveyed for the production of effective catalytic sites in
MOFs: (1) removal of a coordinated small organic molecule
or water molecules at 300°C, issuing in exposed and available
metal active species; (2) thermolysis at 700°C, obtaining
carbon-matrix nanometer and porous composites. Both
types of Co-MOF exhibited satisfactory catalytic activity in
the oxidative condensation with 84.9% and 99%
furfural conversion and selectivity under optimal reaction
conditions.

Except that, Zr-based MOFs (UiO-66 or UiO-66-NH2),
were further examined on the esterification reaction of
levulinic acid with the amount of biomass-derived various
alcohols [37]. -e gained catalytic performances are

comparable to have published heterogeneous acidic cata-
lysts' activities, and the data exhibit the excellent activity,
thanks to the synthesis conditions, defect sites, and particle
size in these MOFs.

2.1.3. Upgrading of Other Biobased Compounds. Because of
the consumption of petrochemical energy, the development
of transformation of biomass to biodiesel over esterification
and transesterification reaction become an attractive topic.
Larasati et al. [38] examined the catalytic performance of
the synthesized Zr4+-BTC based MOF by the solvothermal
and reflux method for the esterification of palmitic acid and
ethanol. -e solvothermal prepared MOF affords the
maximum 69.2% palmitic acid conversion with 0.6% catalyst
loading. In addition, Zr-MOFs, like UiO-66 and UiO-66-
NH2, are also inquired as heterogeneous acids for fatty acids
with short-chain alcohols to carry out the esterification
reaction [39]. With the optimized reaction condition, ex-
cellent outputs of fatty acid alkyl esters (94–99%) were
provided over the superior UiO-66-NH2, which was ascribed
to cooperative acid-base catalytic properties. -e investi-
gation further proved that Zr-MOFs possess the potential to
catalyze other biobased feedstock conversions.

2.2. MOF-Supported Metal NPs

2.2.1. Upgrading of Furan Derivatives. Implementing aer-
obic oxidative condensation with furfural combined alcohols
acts as great important techniques for stabilizing furan
derivatives and upgrading furan derivatives for desirable
components for gasoline. Pt nanoparticles supported on
MOFs like Pt@MOF-5, Pt@UiO-66, and Pt@UiO-66-NH2
were prepared by the impregnation and gas-phase reduction
process [40]. -e catalytic performance was detected in the
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oxidative process of furfural for furan-2-acrolein in
the presence of O2. Among which, material Pt@MOF-5
exhibited the optimal efficiency as furfural converted up to
84.1% and furan-2-acrolein yielded 75.7% under 150°C, 4 h.
Under the optimized reaction condition, Pt@MOF-5
demonstrated significant stability and five times reusability
without any loss in furan-2-acrolein yields. Uniform dis-
persion of Pt nanoparticles proved the synergetic effect with
the MOF-5 channel for superior catalytic performance.

In addition, for furfuryl alcohol which can be hydro-
genated to form tetrahydrofurfuryl alcohol and can further
polymerize, selective hydrogenation of readily produced
furfural has drawn increasing attention. Yuan et al. studied
the hydrogenation procedure via Ru nanoparticles immo-
bilized on a range of Zr-MOFs [41]. Among the evaluated
catalysts, such as Ru/UiO-66, Ru/UiO-67, Ru/Zr6-NDC,
MIL-140A, MIL-140B, and MIL-140C, Ru/UiO-66 provided
the maximum yield with 94.9% furfuryl alcohol, which can
reuse five consecutive times without obvious activity loss.
Similarly, Hester et al. [42] explored the PtNP@UiO-67
application in the hydrogenation and oxidation of HMF,
which are thermally stable consisting of Pt nanoparticles
embedded in the UiO-67 channel. -e results implied that
PtNP@UiO-67 catalyst was more efficient for the hydro-
genation than the oxidation of HMF with the same
conditions.

To reduce the dependence on petroleum resources,
c-valerolactone (GVL) as the sustainable production from
renewable biomass was identified as significant target
chemicals. 5 wt.% Ru/MIL-101(Cr) catalyst afforded above
99% GVL yield with 100% conversion of levulinic acid
compared to a Ru/zeolite catalyst at mild reaction conditions
(70°C, 5 h, 1.0MPa H2 pressure) [43]. -e higher catalytic
performance is due to the synergistic effect between the
MIL-101(Cr) supporter and the well-dispersed Ru sites.

2.2.2. Upgrading of Other Biobased Compounds. -e oxi-
dation of glycerol provides sustainable routes for value-added
chemicals, such as polyglycerol, glyoxylic acid, and glyceral-
dehyde [44]. Li et al. [45] studiedM-NPs/Fe-MIL-101 (M�Pd,
Pd-Ce, Ce, and Au) for the production of dihydroxyacetone by
adjusting the reaction time and metal types. Test results in-
dicated that the longer reaction time better catalytic activity of
the Pd-Ce NPs/Fe-MIL-101 for the glycerol oxidation to
produce derivative dihydroxyacetone. Intriguingly, the
modalism of Fe-MIL-101-NH2 is slightly reliance on the
preparation time, while the crystal structure maintained. With
the MOF-supported metal-particles catalysts, bimetallic ones
afforded higher yields of target compounds compared with the
monometallic Pd-based MOF.

Furthermore, palladium nanocatalyst incorporated the
hybrid support constituting the novel Pd/PRGO/Ce-MOF,
among which the supports composed of Ce-MOF crystals
and partially reduced graphene oxide (PRGO) nanosheets
[46]. Results highlighted the developed 5 wt.% Pd/PRGO/
Ce-MOF exhibited excellent catalytic performance for the
transformation of vanillin to synthesize 2-methoxy-4-
methylphenol by successive hydrogenation-deoxygenation

reactions. -e desired performance is due to the reason of
Pd nanoparticles' uniform dispersion on support and the
existence of acidic active sites.

2.3. Acid-Functionalized MOFs

2.3.1. Upgrading of Saccharides. Utilization of renewable
and abundant reserve resources like biomass caters to the
development of sustainable production of chemicals. Bio-
mass-derived saccharides (e.g., cellulose, sucrose, glucose,
and fructose) can be catalyzed into bio-platform molecules,
for instance, HMF was catalyzed and applied in medicine,
fuel additives, and various fine chemicals which were applied
to polymers and solvents [47, 48]. Generally, fructose
bearing a five-membered ring can be easily transformed into
HMF by dehydration reaction, while glucose with a more
stable six-membered ring is the direct product of ligno-
cellulosic biomass and is cost efficient; its conversion and
application remain challenging. -e transformation of
glucose-HMF process carries out through two steps, I) the
isomerization reaction of glucose over Lewis acid to fructose
and II) the dehydration process for HMF catalyzed by
Brønsted acid [49]. Considering the catalytic activity, the
catalyst combined Brønsted and Lewis acidity would be
superior over the separated ones.

In view of the situation, Oozeerally et al. [50] investi-
gated the prominent stable and strong acidic UiO-66-
MSBDC catalyst for the transformation of glucose-HMF,
among which the catalyst was prepared via partially
substituting the organic linker of UiO-66 by MSBDC. For
the obtained catalyst constructed with Lewis (Zr4+) and
Brønsted (-SO3H) acidities, the synergistic effect of the
catalyst guaranteed prominent catalytic performance for the
production of HMF in aqueous solution under optimized
reaction condition.

Considering a more stable pyranose form of glucose re-
duces the efficiency of HMF yield; Oozeerally et al. [49] and
Yabushita et al. [50] demonstrated PO4/NU as an efficient
catalyst for the production of HMF derived from glucose,
which is synthesized by partial phosphate modification of Zr-
MOFNU-1000 to provide strong acidic sites to accomplish the
glucose-to-HMF conversion. Results verified the maximum
yield of 64% HMF with 1mM glucose concentration in water/
2-propanol hybrid medium. -e high yield and selectivity
attributed to the reduced Lewis acidity combined Brønsted
acidity, which are favorable for the glucose-fructose isomeri-
zation and the followed dehydration process.

Similarly, selective products of glucose catalyzed by
nitro- or sulfo-modified functionalized MIL-101(Cr) cata-
lysts and MOF derivatives were explored in depth [48].
Research has found that the MIL-101(Cr)-SO3H catalyst
afforded the highest yield (29%) of HMF derived from
glucose with 24 h, which is the maximum value over MOF so
far. -e solvent effect was studied and it was revealed that
the distribution of the products over MIL-SO3H was dif-
ferent with sulfuric acid or Amberlyst-70 in pure THF or
THF-H2O. Furthermore, Su et al. developed a similar
functionalized MOF, MIL-101(Cr)-SO3H, possessing both
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Lewis and Brønsted acidity, which was evaluated for glucose
conversion to synthesize HMF with optimized reaction
conditions and GVL-combined 10 wt.% water acted as the
reaction medium [52]. -e HMF yield reaching up to 45%
with full conversion of glucose was achieved with Cr3+ centers
as Lewis acid and -SO3H as the Brønsted one. -e wonderful
catalytic performance ascribed to the synergistic effect of
Lewis and Brønsted acid and combined solvents, and the
solvent effect was further proved by kinetic reactions, which
revealed that the isomerization step obeyed second-order
kinetics and GVL-H2O decreased the Ea value from 114 to
100.9KJmol− 1.

With the same functionalized MOF-SO3H, Chen et al.
prepared various sulfonic acid-functionalized MOFs using
the postsynthetic modification method of functionalized
organic linkers by chlorosulfonic acid, realizing the fructose
dehydration for HMF production (Figure 2). [53]. -e
grafting level of -SO3H groups affected the Brønsted acid
density and the acidic strength of catalysts and further
determined the output of the ultimate product HMF. -e
HMF yield reached up to 90% with the full conversion of
fructose with the optimized MIL-101(Cr)-SO3H (15.0%)
catalyst, which is superior to the UiO-66 and MIL-53. About
55KJmol− 1 activation energy was achieved through kinetic
reaction, and at the same time, the fructose-HMF conversion
process possibly followed the pseudo-first-order kinetics.
Results showed that the product yields did not remain stable
after five recycles, which indicated that the catalyst channel
may accumulate oligomeric products derived from side
reaction.

Followed, Hu et al. [54] directly synthesized the high
stability and strong Brønsted acidity NUS-6, including two
types of Zr and Hf clusters with modulated hydrothermal
(MHT) approach. -e novel catalysts NUS-6(Zr) and NUS-
6(Hf) possessed high specific surface areas of 550 and
530m2 g− 1, respectively, which increases the interaction sites
between reactants and active acidic sites. As a consequence,
the NUS-6(Hf)MOF exhibited the optimal HMF yield of 98%
in the fructose dehydration process, which was also attributed
to the strong Brønsted acidity and the appropriate pore size
that suppressed secondary reactions.

Furthermore, the acidic adjustability played an increasing
remarkable role in the catalytic conversion of biomass. A
hybrid MOF-based solid acidic catalyst PVP-HNTs@UiO-66-
SO3H-x prepared with polyvinylpyrrolidone-modified hal-
loysite nanotubes incorporated in a -SO3H group-function-
alized UiO-66(Zr) revealed good catalytic property for
fructose dehydration reaction with high HMF yield (92.4%)
[55].-e acidic site density in the PVP-HNTs@UiO-66-SO3H
can be tuned by altering the dosage of support and -SO3H
groups. -e catalyst can be facilely and effectively reused for
successive five cycles without obvious loss in its activity and
stability.

2.3.2. Upgrading of Furan Derivatives. Research has shown
that c-valerolactone (GVL) can act as a plasticizer, fuel
additive for gasoline, aviation kerosene that can reduce the
dependence on the petrochemical energy, and can be further

converted to liquid long-chain hydrocarbon fuels for diesel.
Considering this situation, Kuwahara et al. [56] developed
an SO3H-functionalized Zr-MOF (UiO-66-Sx) for the
production of GVL through converted hydrogenation from
levulinic acid and its corresponding esters. Owing to the
strong connection of Brønsted acidic -SO3H groups and
Lewis-basic Zr6O4(OH)4 clusters existed in the UiO-66
framework, the highest yield of GVL reaches up to 85% at
140°C. Meanwhile, UiO-66-S60 containing 60mol% fraction
of -SO3H maintained relatively high BET surface area al-
though functionalization leads to the reduction of crystal-
linity and BET surface area.

In addition, among the various studies on biomass
valorization, the preparations of alkyl levulinates have
attracted much attention in recent years.-e transformation
of furfuryl alcohol to ethyl levulinate was investigated with
the SO3H-functionalized Cr-MOF MIL-101(Cr)-SO3H in
ethanol (Figure 3). [57] -e as-prepared catalyst materials
possessed special textural properties including high BET
surface area, porous mesopore size, high hydrothermal/
chemical stability, and increased approachability of -SO3H
Brønsted acidic sites. By the reason of the aforementioned
satisfying characteristics, the catalyst MIL-101(Cr)-SO3H
afforded good catalytic performance with a yield of 79.2%
ethyl levulinate and 100% furfuryl alcohol conversion. Re-
usability experiments further proved the material stability
with a slight loss of activity was showed.

2.3.3. Upgrading of Other Biobased Compounds. Esters, the
products of esterification, are widely applied for fragrances,
lubricants, plasticizers, drugs, pharmaceuticals, and solvents. At
the same time, dehydration of alcohol is a significant reaction to
industrial development. Based on these, novel acid-function-
alized MOF attracted numerous interests for the application in
various areas. Hasan et al. [58] published the esterification
reaction of oleic acid with MeOH to produce biodiesel using
porous and strong acidic MIL-101(Cr)-SO3H in order to
improve process efficiency and energy conservation. Re-
markably, the maximum yield of methyl oleate up to 93% was
gained within only 20min by microwave heating, which was
superior compared to the conventional heating with 10h,
resulting in similar product yield.

For the sake of modification of vegetable oils in a friendly
and environmentally pattern, the high catalytic activity and
excellent stability Cs2.5H0.5PW12O40@ UiO-66 were syn-
thesized by facile solvothermal approach, which method
encapsulated the Keggin-type Cs2.5H0.5PW12O40 hetero-
polyacid into microporous UiO-66 crystal with enhanced
Lewis acidity [59]. Results demonstrated that functionalized
MOF exhibited good catalytic activity for soybean oil pro-
ceeding the acidolysis reaction towards low-calorific lipids.

2.4. Bifunctionalized MOFs

2.4.1. Upgrading of Saccharides. For the purpose of un-
derstanding the effect between the acid and metal centers in
the hydrothermal stabile Ru-PTA/MIL-100(Cr) (PTA-
phosphotungstic acid), Chen et al. [60] studied catalysts
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during the conversion of cellulose and cellobiose for polyol
preparation. Adjust the incorporated PTA dosage in MIL-
100(Cr) to optimize the optimum amount of acidic sites
(Figure 4). Under the optimal parameter, the Ru-PTA/MIL-
100(Cr) catalyst supported 3.2 wt.% Ru and 16.7 wt.% PTA
exhibited a high yield of 63.2% hexitols and 57.9% selectivity
for sorbitol with 100% cellulose conversion. Meanwhile,
yielding 97.1% hexitols combined 95.1% selectivity for
sorbitol with full conversion of cellobiose. Uniform dis-
persion of metallic Ru NPs (<2 nm) played a pivotal part
during the hydrogenation conversion, whereas acidic sites of
PTA/MIL-100(Cr) are answerable for the hydrolysis course.

-e efficient transformation of cellulose for the synthesis
of polyols has attracted much attention owing to the polyols

acting as significant platform chemicals. With the similar
catalysts, Wang et al. developed the metallic Ru nanoparticles
embedded into NENU-3 (composing of PTA functionalized
HKUST-1), applied in cellulose transformation to prepared
ethylene glycol [61]. With the optimized parameters, 2.4 wt.%
Ru and 34.8 wt.% PTA, the maximum ethylene glycol yield
attained 50.2% under 4.0MPa pressure and at 245°C for 4 h.
-e best catalytic activity attributed to the synergistic effect of
acid sites and the well-dispersed Ru nanoparticles, which
promoted hydrolysis and subsequent C-C bond fragmenta-
tion and hydrogenation reaction, respectively. Leaching of
catalyst active species in the recycle reaction can be explained
by partial decomposition of NENU-3, which further affects
the decrease in product yields to a certain extent.
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A one-pot hydrogenation conversion procedure of
methyl levulinate into GVL was investigated with a bi-
functional hybrid catalyst preparing by metallic Ru nano-
particles incorporated on functionalized UiO-66-SO3H [62].
Under mild reaction conditions (0.5MPa, 80°C, 4 h), 81%
high yield of GVLwas attained owing to the synergistic effect
of Ru NPs and plenty of Brønsted acidic sites of catalysts that
promoted the intermediates converted efficiently. Reus-
ability experiments demonstrated the stability of the catalyst
with five coherent times maintained no remarkable loss of
activity, while the significantly decreased catalytic perfor-
mance of two-stage processes further confirmed the indis-
pensable role of -SO3H groups.

A hybrid Pd/UiO-66@SGO (SGO-sulfonated graphene
oxide) material was studied for the one-pot transformation
of monosaccharides into 2,5-dimethylfuran [63], which was
prepared by supporting the Pd nanoparticles on UiO-66@
SGO. -e abundant Brønsted acidity existing in UiO-66@
SGO guaranteed the high yield of HMF, while the suc-
ceeding hydrogenation/hydrogenolysis for the product 2,5-
dimethylfuran was catalyzed by uniform dispersed Pd
nanoparticles. Direct conversion from fructose afforded the
maximum 2,5-dimethylfuran yield of 70.5mol% under the
optimized reaction conditions, while surprisingly, glucose
acted as the substrate provided 45.3% mol yield for 2,5-
dimethylfuran.

2.4.2. Upgrading of Furan Derivatives. Zhang et al. [64]
introduced the ligand-based solid solution for MOF
functionalization with the insertion of -SO3H Brønsted
acidic groups into the Cr- MOF and loading of Pd
nanoparticles on MIL-101-SO3H.-e -SO3H acidic density
played a pivotal positive correlation role in the ring-open
activity of c-valerolactone and the succeeding hydro-
deoxygenation to provided ethyl pentanoate, which was
then catalyzed by the Pd NPs of bifunctional Pd/MIL-101-
SO3H to ethyl valerate (83% yield). Reusability experiments
indicated a sudden reduction in target chemical yields from

83% to only 10% after the third recycle, owing to the ag-
gregation of Pd NPs under enhanced reaction temperatures
in acidic medium.

A bifunctional Pd/MIL-101(Al)-NH2 was explored for the
selective hydrogenation of HMF to produce 2,5-dihydrox-
ymethyl-tetrahydrofuran (DHMTHF) [65]. -e catalyst was
prepared via direct anionic exchange procedure and then the
reduction step was introduced for the Pd nanoparticles
immobilized on MIL-101(Al)-NH2. -e existence of isolated
amine groups of the catalyst guaranteed the constitution of
well dispersion of Pd nanoparticles avoiding the aggregation
of Pd NPs. With the explored catalyst, the conversion process
HMF-DHMF (2,5-dihydroxymethyl- furan)-DHMTHF
afforded a 96% high yield of DHMTHF and 100% coversion
of HMF at only (30°C).-e excellent catalytic activity partially
ascribed to the hydrophilic nature of DHMF and the inter-
action of DHMF and MOF, which further promoted the
transformation of DHMF to the target product. -e inves-
tigation exploited the perspectives of functionalized Al-MOF-
NH2 for sustainable biomass valorization.

2.4.3. Upgrading of Other Biobased Compounds. As the
ordinary component of lignin-derived bio-oil, vanillin was
converted through hydrodeoxygenation reaction using bi-
functional Pd/SO3H-MIL-101(Cr), which was developed by
immobilization of Pd nanoparticles on mesoporous func-
tionalized Cr-MOF [66].-e existing Brønsted acidic groups
-SO3H of the MOF acted as the activator of the reactants
guaranteeing the catalytic efficiency. Results showed that the
2 wt.% Pd/MIL-101(Cr)-SO3H catalyst indicated excellent
capability in the hydrodeoxygenation of vanillin for the
product 2-methoxy-4-methylphenol. Meanwhile, the reus-
ability of the catalyst proved the stability that can be con-
tinuously reused for no less than seven recycles without a
decrease of catalytic effect. Comparable studies of the
hydrodeoxygenation of vanillin were published with a
similar catalyst Pd@NH2-UiO-66, which was prepared by
ultramicro Pd nanoparticles (1.5–2.5 nm) incorporated in a
basic-functionalized MOF (NH2-UiO-66) [67]. Until now,
themaximum 100% yield of 2-methoxy-4-methylphenol was
obtained higher than 2 wt.% Pd@NH2-UiO-66 with mild
reaction conditions as 0.5MPa and 100°C for 60min. -e
synergistic effect of uniform Pd sites and the NH2-UiO-66
support played a critical role in the wonderful catalytic
performance of Pd@NH2-UiO-66.

-e comparison study of Pd/UiO-66 and NH2-func-
tionalised Pd/UiO-66 catalysts was conducted for phenol
hydrogenation to prepare cyclohexanol [68]. Interestingly,
the introduction of NH2 groups verified a destroyed crys-
talline structure in UiO-66, providing weak chemical in-
teraction between Zr and Pd in prepared Pd-UiO-66-NH2.
Based on that, the Pd-UiO-66 catalyst exhibited preferable
catalytic performances in phenol hydrogenation than Pd-
UiO-66-NH2 with complete conversion of phenol for only
2 h in 120°C. Chemical kinetic results exhibited that the
activation energies with Pd-UiO-66 and Pd-UiO-66-NH2
are 50.44± 3.20 and 43.11± 5.98 kJ/mol, respectively, which
further proved the aforementioned conclusion.
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Figure 4: Metal-acid bifunctional catalyst Ru-PTA/MIL-100(Cr).
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-e presence of oxygen-containing C16-C18 fatty acids
causes polymerization, weak oxidation stability, and low
calorific value, even when cannot efficiently utilize the algae-
derived bio-oil for transportation fuel. Considering this,
Fang et al. [69] researched the facile conversion of palmitic
acid to hexadecane catalyzed by the bifunctional PTA@
PdCu@FeIII-MOF-5, which was prepared by immobilizing
phosphotungstic acid into the MOF structure. -e explored
catalyst demonstrates an enhanced acidity and efficiently
facilitates palmitic acid for hexadecane with relatively high
selectivity. -e preferable catalytic activity was explained by
its particular yolk-shell structural feature, increased acidity,
and the superior supercritical fluid medium.

2.5. Determinant of MOF Catalytic Performance in Biomass
Valorization. -e multiplicity of metal centers and func-
tional/nonfunctional organic ligands combined the chemical
interactions grants MOFs to act as active catalysts, catalyst
carriers, or catalyst precursors. Because of the stable SUB
coordinated networks, MOFs possess adjustable pore size,
high specific surface areas, and multiple topology structures
compared to traditional heterogeneous solid catalysts.

Considering the conversion of biomass feedstocks which
usually involves larger molecules, appropriate pore size, and
morphologies which are needed to be serious-minded adjusted
for the reactants, intermediates and productions efficiently
diffuse towards catalytic active sites. For example, Li et al. [45]
demonstrated that the morphology of Fe-MIL-101-NH2 can be
ameliorated by altering the preparation time, resulting in
desired catalytic activities in glycerol oxidation.

-e independent metal ions or clusters and functional/
nonfunctional organic ligands can afford required acid-base
properties. -e unsaturated or defected metal centers in
MOFs generally provide Lewis acidity. By the reason of Lewis
acidic, MOFs can act as heterogeneous acid catalysts for
glucose isomerization into fructose [50]. Owing to the ne-
cessity of Brønsted acid in various biomass-upgrading reac-
tions, several feasible approaches have been explored to
introduce Brønsted acidic functional sites onto specific sites of
the MOFs [45, 70]. Up to now, the functionalization of MOFs

with Brønsted acid mainly including the post-synthetic
modified method, [53] one-pot synthesis through organic
ligands containing substituent groups [57] and active com-
ponent supported on MOFs [60]. -e functionalized MOFs
integrate the superiorities of MOFs and encapsulated func-
tional active sites facilitating cascade catalytic conversion for
efficient biomass valorization (Scheme 1).

-e rigid coordination textural properties of frameworks
are fatal determinants used as catalyst supports to synthesize
highly stable heterogeneous catalysts. -e easily regulated
porous textures of MOFs supply strategies for the incor-
poration of catalytic metal NPs, avoiding agglomeration and
enhancing catalytic performance [40, 71].

Furthermore, MOFs have also been employed as ma-
trixes for the production of carbon matrixes over pyrolysis
procedure for supporting metal catalysts [72–75]. -e ob-
tained carbon templates can further work as a high SBET
and stability carrier, which bore the generated metal
nanoparticles, forming novel and well-dispersed active site
catalysts. Wang et al. [73], tailoring the MOF-templated
strategy, published an efficient bimetallic CuCo/C catalyst
for the furfural conversion with the maximum 96.4% yield of
furfuryl alcohol.

3. Conclusions and Perspectives

Taking the global warming impact into consideration, the
sustainable and renewable resources such as biomass have
become the hot research topic in the 21st century. With
appropriate approaches (biological, thermal, or chemical
processes), biomass can be derived into various value-added
chemicals and fuels.

Addressing challenges in MOF preparation and appli-
cation include concerns of availability, cost, toxicity, safety,
and environmental impact, which are critical to evaluate the
introduction of MOF materials for biomass upgrading. -e
exploitation of multifunctional solid catalysts with an
abundance of acidic, basic, or redox-active sites is significant
for performing superior reaction efficiency, notably in
tandem biomass procedures. Several promising approaches
investigated for the fixation of acid-base and redox
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functional groups on specific sites of the abovementioned
materials were argued at great length. Eventually, the suc-
ceeding impacts of functionalization on one-pot tandem
procedures and other procedures that generally generated in
biorefineries were thoroughly argued. More interesting re-
search endeavors are therefore needed to develop novel
functionalized solid catalysts, with multiple active sites and
particular morphologies.

Although enormous procedures have been accomplished
upon the investigation of effective functionalized hetero-
geneous catalysts for biomass upgrading, further enhance-
ments are still essential on account of continuable and
renewable manufacturing. -ere are challenges needed to be
faced towards MOF-based catalyst handy applied in biomass
valorization. For instance, (i) the fertile preparation method
for cost-efficient MOFs as one-pot synthesis precesses;
(ii) more stable MOFs and active sites; and (iii) effective
analysis of structure-function relationships. Hence, in the
future investigation, we would focus on minimizing catalyst
production costs, improving production yields and hydro-
thermal stability, tailoring the selectivity towards a target
product, and enhancing efficient reusability.
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generation of Ni nanoparticles frommetal-organic framework
precursors and their use for biomass hydrodeoxygenation,”
ChemSusChem, vol. 8, pp. 1703–1710, 2015.

[73] Y. Wang, Y. Miao, S. Li, L. Gao, and G. Xiao, “Metal-organic
frameworks derived bimetallic Cu-Co catalyst for efficient and
selective hydrogenation of biomass-derived furfural to fur-
furyl alcohol,” Molecular Catalysis, vol. 436, pp. 128–137,
2017.

[74] Y. Wang, S. Sang, W. Zhu, L. Gao, and G. Xiao, “CuNi@C
catalysts with high activity derived from metal-organic frame-
works precursor for conversion of furfural to cyclopentanone,”
Chemical Engineering Journal, vol. 299, pp. 104–111, 2016.

[75] P. Sudarsanam, R. Zhong, S. Van den Bosch, S. M. Coman,
V. I. Parvulescu, and B. F. Sels, “Functionalised heterogeneous
catalysts for sustainable biomass valorisation,” Chemical So-
ciety Reviews, vol. 47, no. 22, pp. 8349–8402, 2018.

Advances in Polymer Technology 11



Review Article
Progress of Catalytic Valorization of Bio-Glycerol with Urea into 
Glycerol Carbonate as a Monomer for Polymeric Materials

Heng Zhang ,1,2 Hu Li ,1 Anping Wang ,1 Chunbao (Charles) Xu ,2 and Song Yang 1

1State Key Laboratory Breeding Base of Green Pesticide & Agricultural Bioengineering,  
Key Laboratory of Green Pesticide & Agricultural Bioengineering, Ministry of Education,  
State-Local Joint Laboratory for Comprehensive Utilization of Biomass, Center for Research & Development of Fine Chemicals, 
Guizhou University, Guiyang, Guizhou 550025, China

2Institute for Chemicals and Fuels from Alternative Resources (ICFAR), Department of Chemical and Biochemical Engineering, 
Western University, London, Ontario N6A 5B9, Canada

Correspondence should be addressed to Hu Li; hli13@gzu.edu.cn, Chunbao (Charles) Xu; cxu6@uwo.ca,  
and Song Yang; jhzx.msm@gmail.com

Received 8 August 2019; Accepted 20 November 2019; Published 29 January 2020

Academic Editor: Leonard D. Tijing

Copyright © 2020 Heng Zhang et al. �is is an open access article distributed under the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Versatile polymers with highly adjustable characteristics and a broad range of applications are possibly developed owing to the 
contemporary industrial polymerization techniques. However, industrial production of large amounts of chemicals and polymers 
heavily depends on petroleum resources which are dwindling and unsustainable. Of particular interest is to utilize sustainable and 
green resources for the manufacture of polymeric materials. �e efficient transformation of bio-glycerol to the relevant functional 
derivatives are being widely investigated owing to the increasing demand for enhancing the value of glycerol manufactured by 
biodiesel and oleochemical industries. With respect to glycerol-based polymer chemistry and technology, considering the economy 
and environmental benefits, using effective catalysts for the selective transformation of bio-glycerol and urea into glycerol carbonate 
(GC) as a polymer monomer is of great significance. In this review, recent studies on GC synthesis involving the catalysts such as 
zinc, magnesium, tungsten, ionic liquid-based catalysts, reaction conditions, and possible pathways are primarily described. Some 
critical issues and challenges with respect to the rational development of heterogeneous catalytic materials like well-balanced acid-
base sites are also illustrated.

1. Introduction

Modern life depends on polymers, from materials applied in 
the manufacture of clothing, houses, cars, and airplanes to 
those demonstrating complex adhibitions in medicine, diag-
nostics, and electronics [1–4]. A vast majority of polymers 
have been contributing greatly to our better daily life of 
enhanced quality and cleaner living environments, for 
instance, as materials capable of purifying water or as polymers 
bearing the better fuel economy in aerospace utilizations. 
Nonetheless, most of these polymers are supplied by the tra-
ditional petrochemicals. It is reported that merely 6% of the 
oils furnished globally are used to produce polymers, but the 
raw resources and their end-of-life options will arouse the 
important environmental issues [5]. Since there is no panacea 
for these sophisticated environmental concerns, one 

alternative is to exploit more “sustainable” polymers. Research 
has been focusing basically on developing the renewable feed-
stocks to substitute fossil raw sources and on opening-up the 
end-of-life options that can provide materials that are feasible 
in recycling or biodegradation [6, 7]. As polymers are derived 
from sustainable biomass resources, they are generally deemed 
to be bioderived. It should be recognized that with respect to 
the concept of biodegradation, some petrochemical-derived 
polymers are also biodegradable, while some bioderived  
polymers will not biodegrade [8]. Generally, two procedures 
are used to prepare sustainable polymers: decreasing the envi-
ronmental influence of traditional manufacture, such as by 
employing biomass materials for the manufacture of known 
monomers or polymers like polyethylene terephthalate and 
polyethylene; and preparing the novel, and “sustainable” struc-
tures like polylactide from renewable resources that are applied 
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increasingly for preparing polymers [9, 10]. Specifically, the 
vital monomers including carbon dioxide, terpenes, vegetable 
oils, and carbohydrates are being applied in manufacturing 
various sustainable materials and products, such as elastomers, 
plastics, hydrogels, flexible electronics, resins, engineering 
polymers, and composites [11, 12]. �ere are large opportu-
nities to apply such sustainable polymers for the manufacture 
of both high-value fuels and chemicals, and for basic applica-
tions like packaging. It is worth noting that effective catalysis 
is usually demanded to generate monomers, to facilitate selec-
tive polymerizations and to enable recycling or upcycling of 
waste materials [13–15].

�e increasing demands of biofuels and fuel additives, 
among which biodiesel has caused a considerable surplus of 
glycerol to the market that will create new threats in terms of 
their sustainable exploitation [16–19]. Stoichiometrically 
(Scheme 1), for the transesterification of triglycerides with 
methanol into biodiesel and glycerol, each tonne of biodiesel 
along with 100 kg of by-product crude glycerol are simultane-
ously generated [20, 21]. It is important to recognize that the 
surplus of glycerol will not only arouse the serious disposal 
issues but also bring about the negative impact on the economy 
of the biodiesel industry. �erefore, with respect to the bio-
diesel process, the demand to use such a glycerol fraction by 
an economical approach is highly desirable [22–25]. A vast 
majority of means for the incorporation of by-product glycerol 
into the various branches of industry usually require costly 
and complicated purification courses. Among the possibilities, 
glycerol related polymer chemistry and technology has been 
bringing about increasing concerns because of the diversity of 
polymer constitutions and architectures available. �is branch 
of industry is one of the largest glycerol consumers a�er food, 
pharmaceutical, and personal care applications sectors, and 
possibly the largest branch with no requirement of complex 
purification of glycerol during the biodiesel manufacture pro-
cess [26, 27].

Glycerol carbonate (4-hydroxymethyl-2-oxo-1,3-dioxol-
ane, GC), a very versatile chemical compound, is a colorless 
protic polar liquid having the merits of nontoxic, low evapo-
ration rate, low flammability, and high boiling point [28, 29]. 
It is of great industrial interest to develop the novel approaches 
to produce GC from glycerol since GC demonstrates the large 
potential ability in numerous applications, such as reactive 
protic solvent, surfactants, and pharmaceuticals. More impor-
tantly, GC can also serve as the vital building block to prepare 
polymers, such as polycarbonates, polyglycerol esters, hyper-
branched polyols, and nonisocyanate polyurethanes [30, 31]. 

�us far, some promising manners have been reported for GC 
manufacture from glycerol, as depicted in Scheme 2: (A) the 
reaction of glycerol with phosgene; (B) the transesterification 
of dialkyl carbonates with glycerol; (C) the glycerolysis of urea; 
(D) the transesterification of ethylene carbonate with glycerol; 
(E) the direct carboxylation with CO2; and (F) the oxidative 
carbonylation of glycerol with CO and O2 [32, 33]. Nonetheless, 
upon using ethylene carbonate, GC will be hard to acquire 
since the by-product ethylene glycol is very difficult to be sep-
arated. Moreover, the important environmentally friendly 
issues should also be considered because the carcinogenic, 
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acutely toxic, and highly flammable substance, oxirane is uti-
lized to prepare ethylene carbonate [34, 35]. Considering the 
sustainable development, the application of toxic reagents 
including asphosgene or CO to make GC is also certainly not 
preferable [36]. In addition, some other attempts to synthesize 
GC directly using glycerol and CO2 under a supercritical reac-
tion condition usually exhibit the low product yields (i.e., 
zeolites, 8% yield) [37]. Satisfactorily, in comparison with the 
methods mentioned above, the glycerolysis of urea can be 
deemed as a relatively green process to produce GC. �e main 
advantages of glycerolysis of urea are that both glycerol and 
urea are readily available, cheap, and nontoxic, and this simple 
procedure can be conducted without using any solvent along 
with the high selectivity and GC yield under mild reaction 
conditions [38, 39]. It is noteworthy that the GC  
production from glycerol and urea is currently drawing a mass 
of attention from a sustainable chemistry perspective: (a) uti-
lizing and reducing the undesirable CO2 via the chemical 
transformation, (b) using the biodiesel by-product glycerol, 
and (c) producing a value-added chemical GC with versatile 
practical applications [40, 41]. More importantly, as illustrated 
in Scheme 3, urea is an easily available and cheap substrate, 
while the coproduct ammonia, can be cycled back into urea 
manufacture, rendering the protocol quite atom economical [42].

�erefore, this review is dedicated to the state-of-the-art 
accomplishments made in the efficient transformation of 
bio-glycerol and urea into GC. �e emphasis would be given 
to the catalytic performance of the relevant catalysts such as 
zinc, magnesium, tungsten, ionic liquid-based catalysts, and 
waste-derived materials, reaction conditions, and possible 
pathways. In addition, how to modify the reaction conditions 
that will influence the related activities and selectivity to GC 
is also depicted.

2. Catalysts for Glycerol Carbonate Synthesis 
from Glycerol and Urea

2.1. Reaction with Zinc-Based Catalyst. As depicted in  
Table 1, zinc-based catalysts demonstrate a lot of important 
results for GC synthesis. Zinc-catalyzed (homogeneous ZnCl2, 
ZnBr2, ZnI2, ZnF2, Zn(NO3)2·6H2O, and Zn(OAc)2·2H2O) 
synthesis of GC using glycerol and urea as substrates, was 

systematically evaluated with medium to excellent GC yields. 
Of the zinc-based catalysts measured, ZnCl2 demonstrated the 
highest catalytic activity, giving a high GC yield of 80.2% with 
99.7% selectivity at 150℃ in 2 h along with the urea/glycerol 
and ZnCl2/glycerol molar ratios of 1 and 0.02, respectively 
[43]. As shown in Scheme 4(a), according to the spectroscopic 
and elemental analyses, Zn(NH3)Cl2 was produced firstly by 
the reaction of ZnCl2 with NH3, followed by reacting with 
glycerol to transform into zinc glycerolate, Zn(C3H6O3), 
and NH4Cl. However, the catalytic performance of the sole 
Zn(C3H6O3) was determined to be considerably inferior to 
that of ZnCl2. Upon combining the employment of NH4Cl, 
the activity could be greatly enhanced, indicating that the key 
catalytic active sites for glycerolysis of glycerol with urea were 
Zn(C3H6O3) and NH4Cl together. As depicted in Scheme 4(b), 
NH4Cl functioned to activate glycerol whereas Zn(C3H6O3) 
played the role in activating urea.

�e homogeneous catalysts, polymeric glycerolate com-
plexes of zinc (ZMG) and cobalt (CMG) containing a coordi-
nated isocyanate ligand were successfully developed for the 
production of GC form the mixtures of glycerol and urea [44]. 
By analyzing the parameters of reaction temperature, time, 
and glycerol to urea molar ratios, the optimized reaction con-
ditions for achieving a high GC yield of 83% were 5 wt% ZMG 
catalyst dosage referred to glycerol at 140°C for 7 h, and glyc-
erol to urea molar ratio of 1 : 1.5. More importantly, as illus-
trated in Scheme 5, the proposed reaction mechanism shows 
that the polymeric glycerolate structure firstly breaks down by 
the reaction with urea, affording the vital intermediate com-
plex involving a coordinated isocyanate complex. �en, the 
rearrangement of intermediate isocyanate ligand would gen-
erate a carbamate derivative which in turn could reversibly be 
replaced through cyclizing glycerol into GC. Meanwhile, this 
would also regenerate the metal monoglycerolate catalyst and 
the release of ammonia gas under vacuum conditions, 
accordingly.

By a coprecipitation manner at room temperature, zinc-alu-
minum hydrotalcite-like composite (Zn-Al-SO4), comprising 
sulfate anion with a molar ratio of 3, was developed and 
employed for preparing GC in one-pot [45]. To determinate 
the optimal parameters, the effects of reaction temperature, 
time, the molar ratio of glycerol to urea, and dosage of catalyst 
were investigated in detail. It was found that the synthesis of 
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(40–50 nm) were hierarchically dispersed on the ZnO micros-
cale particles (0.2–1 µm) were synthesized by a very fast, easy 
and eco-friendly (no solvent, no surfactant, no residue) dry 
nanodispersion procedure. Importantly, this room-tempera-
ture-prepared material could bring about a clear interaction 
between Co3O4 and ZnO oxides, endowing an excellent cata-
lytic activity (69% conversion and close to 100% selectivity) 
in the transformation of sustainable resources as the glycerol-
ysis of glycerol with urea at mild condition (140℃ for 4 h) 
[52]. More importantly, Raman spectroscopy evidenced the 
essence of the interphase oxides reaction whereas the forma-
tion of the spinel phase, ZnCo2O4, upon thermal treated at a 
high temperature of 400℃ was the active species. A novel 
porous ZnO was manufactured by the calcination method 
using Zn glycerolate platelets as raw materials which were 
derived from a glycerol approach, and was used for GC pro-
duction via glycerol carbonylation with urea [53]. Interestingly, 
the as-prepared catalyst displayed a porous and irregular mor-
phology along with a proper acid-base property, thus affording 
the highest GC yield of 85.97% under the optimized reaction 
conditions of 5.0 wt% catalyst amount, 1 : 1.5 molar ratio of 
glycerol to urea at 140℃ within 6 h. Interestingly, in contrast 
to [46], the porous ZnO was also found to maintain its original 
catalytic performance during 5 recycles, indicating its active, 
recyclable, and environmentally friendly nature in industrial 
settings. Zn-Al mixed oxides were synthesized through the 
coprecipitation or the hydrothermal manner and were 
employed for GC production by glycerolysis of glycerol with 
urea [54]. According to the physicochemical property inves-
tigated, the coprecipitation-prepared Zn-Al mixed-oxides 
exhibited the better catalytic performance for GC synthesis 
than that of the hydrothermal-prepared ones. However, Shin 
et al. made three important contributions to ZnAl mixed 
oxides used in synthesizing GC from glycerol and urea, espe-
cially focusing on the detailed structure-function relationships 
[55–57]. ZnO and ZnAl mixed oxides (ZnAlO) were 

GC could be better conducted using the heterogeneous cata-
lysts bearing an appropriate acidity. Accordingly, the maxi-
mum GC yield (92.8%) was determined at 140℃ for 4 h using 
the Zn-Al-SO4 catalysts with an amount ratio of 3.5 wt%, and 
5 wt% stoichiometric excess of urea. Furthermore, the as-pre-
pared catalytic material was found to be insoluble in both the 
reactants and GC product, wherein enables Zn-Al-SO4 cata-
lysts to substitute the difficult commercial ZnO or ZnSO4 
catalysts of nonreusable property, to some extent. Interestingly, 
by deeply investigating the Zn-containing solid catalysts (zinc 
oxide, smectite, hydrotalcite) along with several inorganic zinc 
salts for GC synthesis from glycerol and urea proceeded under 
solvent-free reaction conditions at 130℃, the homogeneous 
but not heterogeneous catalytic behavior was discovered [46]. 
�e constituent Zn species was found to be dissolved into the 
liquid phase even for the solid catalysts because of the action 
of both glycerol and urea, and the GC yield was determined 
to be correlated with the amount of zinc species leached into 
the liquid phase with a single relationship. As depicted in 
Scheme 6, based on the consequences of the reactions carried 
out under different reaction conditions and the detection of 
the liquid phase a�er the reaction by Fourier transform infra-
red spectroscopy (FT-IR), the possibly active Zn species were 
determined to be a complex of a Zn atom coordinated with 
N=C=O. In fact, derived from this study, the dissolved Zn 
species were the active sites for the glycerolysis of glycerol and 
urea, which have the same structure irrespective of the parent 
solid catalysts employed.

To further develop the environmentally friendly catalytic 
protocols for GC synthesis from glycerol and urea, heteroge-
neous catalysts of environmental value synthesized by an 
important preparation stratagem should be considered first 
and foremost. Motivated by the residue-free and solvent-free 
synthetic manner that can fabricate the hierarchical nano-
scaled catalyst dispersed on microparticles [47–51], the hier-
archical nano-scaled Co3O4/ZnO composites wherein CoO 

Zn
O

O

OH
H2N

O

NH2

NH2

+ HO
O

OH
Zn

NH3

NH3

NH3+H2O

NH3

NH3
NH3

NH3

NCO Zn

HO

HO

O

O

OHHO
NH

O

Zn
O

O OH

OH
OH

HO

O
O

O

HO
H2N

H2N

O

2NH3

Zn
O

O

OH

O

O OH

OH
+

Zn
O

O

OH

+

O
HN

O

OH

Zn
O

O

OH+
O O

O

OH SP3 SP2

SP1

Scheme 5: Reaction mechanism of glycerolysis of glycerol and urea using ZMG catalyst.
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decisive role in GC production efficiency [58, 59]. With respect 
to this, the novel zinc–tin composite oxide was prepared using 
three different means including coprecipitation, solid-state, 
and evaporation methods, and investigated in producing GC 
[60]. According to the relevant characterization techniques, 
three components of Zn2SnO4, ZnO, and SnO2 were deter-
mined as the main composite oxides. Upon testing in the 
selective transformation of glycerol and urea into GC, Zn-Sn 
mixed oxides synthesized by the coprecipitation manner 
(ZnSn-CoPre) performed better when compared to the others. 
Basically, the superior excellent catalytic performance of 
ZnSn-CoPre should be principally attributed to the existence 
of higher contents of acid and base active sites. Accordingly, 
the Zn/Sn molar ratio of 2 : 1 calcined at 600℃ showed a high 
96.0% glycerol conversion and 99.6% selectivity towards GC 
at 155℃ for 4 h. More importantly, the negligible marginal 
decrease in catalytic activity was also found when recycled for 
four times. Moreover, it is anticipated that the combinations 
of porous structures and metal oxides could potentially endow 
a better catalytic activity [33, 61]. Interestingly, by using an 
ingenious heterometallic metal-organic framework (MOF)-
templated preparation method of chemical transformation at 
350°C, the highly porous nanocage composite consisting well-
joined Co3O4 and ZnO nanocrystal was triumphantly manu-
factured and used for GC synthesis from glycerol and urea [62]. 
Consequently, the as-prepared Co50Zn50-350 catalyst showed 
a significantly improved catalytic activity in terms of the high 
yield of GC over 85.2% and 91% GC selectivity, which were 
superior to those of most solid catalysts. �e excellent catalyst 

developed and used in glycerol carbonylation with urea, aim-
ing to investigate the Zn-phase-dependent catalysis in detail 
[56]. It was found that the ZnAlO catalyst showed higher 
selectivity and yield of GC than those of ZnO catalyst. In 
detail, due to the reaction between Zn NCO complex and glyc-
erol, the formed zinc glycerolate (ZnGly) in the solid phase 
lowered the GC selectivity accordingly. Alternatively, by using 
the ZnAlO catalyst, the Zn isocyanate (NCO) complexes 
formed were dominant up to 2 h in both liquid and solid 
phases. For recent research, they continued to investigate the 
effect of the disordered ZnAl2O4 spinel structure on GC pro-
duction from glycerol and urea using pure ZnAl2O4 
(c-ZnAl2O4), ZnAl mixed oxides (c-ZnAlO) synthesized by a 
citrate complex manner, and ZnAl physically mixed oxides 
(p-ZnAlO) [57]. As demonstrated in detail in Scheme 7, the 
disordered bulk ZnAl2O4 phase could generate the disordered 
sites on the catalysts surface: Zn2+ cations were substituted by 
Al3+ cations at the tetrahedral sites, and the surface oxygen 
vacancy corresponding to the Zn2+ cations substituting for 
Al3+ cations at the octahedral sites. Accordingly, the disordered 
sites of AlO4 and oxygen vacancy of the partially inversed 
ZnAl2O4 spinel structure produced high surface acidity for 
c-ZnAlO and c-ZnAl2O4. c-ZnAlO showed the best catalytic 
activity because of the higher ability to absorb the liquid Zn 
NCO complexes. Based on these reports, the solid Zn NCO 
complex was determined to primarily generate GC, whereas 
the liquid Zn NCO complex generated both GC and ZnGly.

It is worth mentioning that the acid–base nature of heter-
ogeneous catalytic materials and their surface areas play a 
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Normally, the glycerolysis of urea has to be operated under 
a vacuum condition or a sweeping gas to eliminate the 
by-product ammonia, to shi� the chemical equilibrium 
towards the products [67]. Moreover, to our knowledge, pre-
vious works on the glycerolysis of urea have been performed 
in batch operation making it difficult to be applied to indus-
trial-scale [40, 68, 69]. �erefore, it is of high importance to 
develop a new procedure to prepare GC through the carbon-
ylation of glycerol with urea at atmospheric pressure and con-
tinuous operation. With the aim of reducing the by-product 
NH3 that shi�s the thermodynamic chemical equilibrium, the 
combing of the reaction and separation units in a single reac-
tive distillation column process was developed accordingly 
[70]. �rough this promising process of reactive distillation, 
the optimal design and operating variables for GC production 
were no rectifying stage, 3 reactive stage, 3 stripping stages, 
reflux ratio of 2, and reboiler heat duty of 15 kW for each 
glycerol and urea feed flow rate of 100 mol/h, giving a high 
90.0% GC yield and 100% purity of GC. Moreover, compared 
to the traditional in vacuo manner, reactive distillation 
improved the glycerol conversion of 29.1% and saved in energy 
consumption by 37.1%, accordingly. Importantly, the interest-
ing microwave irradiation technology has been developed and 
employed in various procedures, like chemical reaction [71, 
72], material synthesis [73], nanotechnology [74] and bio-
chemical processes [75, 76]. It is noteworthy that microwave 
would improve the product yield and shorten the reaction 
time in producing carbonates from CO2 and epoxide [77], 
NaHCO3 and olefins [78], CO and diols [79], and polycar-
bonates from open-ring polymerization of trimethylene car-
bonate [80]. Han et al. performed important research in the 
synthesis of GC from glycerol and urea with and without the 
microwave irradiation condition [81]. By using ZnSO4 as the 
catalyst, the glycerolysis reaction could efficiently proceed with 
the assistance of microwave, and the high GC yield reached 

performance should be attributed to (a) the abundant active 
species and remarkable mass transfer of the substrates afforded 
by the as-synthesized nanocages containing massive pores and 
(2) the more efficient catalytic roles derived from the estab-
lishment of Co3O4/ZnO hetero-interfaces. Unfortunately, the 
relevant recyclability was not presented.

As mentioned above, the immobilization of active zinc 
sites onto porous carriers is of significance for achieving high 
GC yield. With regard to this, Zn impregnated onto meso-
porous MCM-41 support catalyst, Zn/MCM-41(im), was suc-
cessfully developed and investigated the acid-base sites’ roles 
on GC yield in detail [63]. �anks to its high surface area of 
692 m2 g−1, well-dispersed ZnO phase onto the mesoporous 
framework of MCM-41, and good balanced acid (which acti-
vates urea molecules, 0.020 mmol g−1) with basic sites (which 
activates the glycerol, 1.61 mmol g−1), 75% glycerol conversion 
and 98% selectivity of GC were determined. Similarly, immo-
bilizing ZnO catalyst onto the different acid carriers (MCM-
41, SBA-15, SiO2, Al2O3, ZrO2, and s-ZrO2) (5% Zn/MCM-41, 
83% GC yield at 140℃ in 5 h) [64], Zn-exchanged zeolites 
including Zn-MOR, Zn-ZSM-5, Zn-beta, and Zn-FAU (Zn-
HY-3, 93% GC yield at 150℃ for 3 h) [65], activated red 
mud-supported Zn/Al oxide catalysts (50% Zn/Al-ARM, 
58.1% GC yield at 140℃ within 5 h) were also reported for 
efficient transformation of glycerol and urea into GC with 
relative good yields. Zinc exchanged heteropoly tungstate 
(ZnxTPA) catalysts were successfully developed and evaluated 
for selective carbonylation of glycerol with urea to manufac-
ture GC [66]. It was determined that the catalytic performance 
of ZnxTPA was mainly decided by the exchangeable Zn2+ ions 
that were loaded in the secondary structure of heteropoly 
tungstate. Exchange of protons of TPA with Zn2+ ions could 
generate acid Lewis and Bronsted sites, simultaneously. Under 
the reaction temperature of 140℃ and reaction time of 4 h, 
68.8% GC yield was achieved by using Zn1TPA catalyst.

Table 1: Catalytic glycerolysis of urea to GC using zinc-based catalyst.

aNot reported.

Entry Catalyst Acid amount (mmol/g) Base amount (mmol/g) Reaction conditions Yield of GC (%) Ref.
1 ZnCl2 -a -a 150℃, 2 h 80.2 [43]
2 ZMG -a -a 140℃, 7 h 83 [44]
3 Zn-Al-SO4 1.58 -a 140℃, 4 h 92.8 [45]
4 HT(Zn/Al) -a -a 130℃, 3 h 65.6 [46]
5 Co3O4/ZnO -a -a 140℃, 4 h 69 [52]
6 Porous ZnO Integrated area, 5414 Integrated area, 4042 140℃, 6 h 85.97 [53]
7 Zn-Al-O 3.43 2.76 160℃, 5 h 82.4 [54]
8 Zn6Al4 0.342 0.274 140℃, 3 h 73 [55]
9 ZnAlO 0.375 0.383 140℃, 3 h 68 [56]
10 ZnAl2O4 0.687 0.287 140℃, 3 h 58 [57]
11 ZnSn-CoPre 0.268 0.061 155℃, 4 h 95.6 [60]
12 Co50Zn50-350 -a -a 150℃, 3 h 85.2 [62]
13 Zn/MCM-41(im) 0.02054 1.61776 145℃, 5 h 73.5 [63]
14 5% Zn/MCM-41 0.5254 0.6177 140℃, 5 h 83 [64]
15 Zn-HY-3 2.64 -a 150℃, 3 h 93 [65]
16 Zn1TPA 2.677 -a 140℃, 4 h 68.8 [66]

17 ZnSO4 -a -a 150℃, 100 min, micro-
wave irradiation (600 W) 93.7 [81]
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Gold (Au) has attracted great attention because of its 
catalytic activity serving as the homogeneous and 
heterogeneous catalysis [92]. Especially, gold was proven to 
perform well in the selective oxidize glycerol to glyceric acid 
in aqueous solution [93], and selective solvent-free oxidation 
of alcohols [94]. More importantly, gold could also serve as 
an active Lewis acidic catalyst upon being suitably immobilized 
on the advisable oxides. �erefore, it is of great interest to 
design the supported gold catalyst for GC synthesis from 
glycerol and urea. By using a simple impregnation method, 
the Au immobilized on the supports of titania, carbon, 
niobium oxide, zinc oxide, and magnesium oxide was 
successfully developed and tested in GC synthesis [95]. It was 
reported that the most active catalyst was the 2.5 wt% Au 
deposited on MgO followed by calcined at 400℃, showing 
73% yield of GC at 150℃ which were superior to that of 
homogenous zinc sulfate salts. As evidenced in this report, the 
promotion of the intramolecular cyclization of the carbamate 
intermediate to generate GC was the key role. More 
importantly, the catalyst could maintain its catalytic reactivity 
even a�er 10 recycles. A�er this research, bimetallic gold and 
palladium nanoparticles were further supported on MgO and 
utilized as the efficient catalytic material in promoting the 
synthesis of GC using urea and glycerol as feedstocks [96]. 
�rough both of the sol immobilization and impregnation 
manners, high dispersions of the vibrant metals could be 
obtained. Interestingly, the MgO partly underwent 
transformations into magnesium carbonate upon reaction 
since the little impact on reactivity was found.

93.7%. It could be believed that this green and effective process 
will show a promising prospect in GC production application.

2.2. Reaction with Magnesium-Based Catalyst. As shown in 
Table 2, magnesium-based catalysts also perform well in GC 
production from glycerol and urea. �ree catalysts involving 
ZnO/Zeolite, PbO/Zeolite, and MgO were investigated for 
biodiesel synthesis from Jatropha oil, and the highest biodiesel 
yield using ZnO/zeolite reached 93.8 %. However, for the 
utilization of biodiesel byproduct glycerol, MgO as a catalyst 
was found to perform better than ZnO for the production of 
GC via urea–glycerol [82]. Nearly 70% glycerol conversion for 
MgO at 140℃ within 5 h could be presented, which was higher 
than that of ZnO with 60% glycerol conversion. Generally, 
various protocols for the manufacture of nanocrystalline 
metal oxides such as inert gas condensation, laser ablation, 
chemical vapor deposition, sputtering, molecular beam 
epitaxy, coprecipitation [83], sol-gel process [84], thermal 
decomposition of nitrates and carbonates [85], and combustion 
synthesis [86–90] have been reported. Particularly, combustion 
synthesis was proven to improve the activity, shape selectivity, 
and to generate more active sites for acid and base catalysts. 
An eco-friendly manner has been reported in the selective 
conversion of glycerol and urea to GC using MgO that was 
prepared by the combustion method with glycerol as fuel 
[91]. Up to 71% glycerol conversion with 100% selectivity was 
determined by using the as-prepared MgO catalyst at 150°C 
for 6 h. In addition, the recoverable and reusable characters of 
the MgO catalyst during the consecutive reactions could also 
be found.
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Table 2: Catalytic glycerolysis of urea to GC using magnesium-based catalyst.

aNot reported. bGlycerol conversion.

Entry Catalyst Acid amount (mmol/g) Base amount (mmol/g) Reaction conditions Yield of GC (%) Ref.
1 MgO -a -a 140℃, 5 h 70b [82]

2 Combustion  
synthesized MgO 0.69 0.73 150 ℃, 6 h 71 [91]

3 2.5 wt% Au-MgO -a -a 150℃, 4 h 73 [95]
4 Au–Pd-MgO -a -a 150℃, 4 h 67 [96]
5 HT(Mg/Zn/Al) -a -a 130℃, 3 h 83.7 [97]
6 Mg-Al-Zr 0.119 0.261 140℃, 3 h 87.8 [98]
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pore zeolite Hβ (75% selectivity for GC, 150℃ in 8 h) [103] 
were also developed for GC synthesis with authentic and 
acceptable results.

Early transition metals formed in the metal-oxygen clus-
ters of their highest oxidation state, also known as polyoxo-
metalates (HPA), are a group of important inorganic 
compounds showing large potential application prospects in 
catalysis [104–106]. Due to their compelling features of strong 
Brønsted acidity, multistage redox activity, and remarkable 
thermal and hydrolytic stability, polyoxometalates have been 
applied in acid and oxidation catalysis. In addition, the cata-
lytic properties can be tuned by proton exchange of the HPA 
with various metal or alkali ions. For instance, the proton 
exchange of tungstophosphoric acid with Cs+ generated a 
strong acid in comparison with the pristine acid [107]. In a 
similar manner, exchanging the protons of the HPA with Sn2+ 
and Al3+ resulted in the Lewis acidic sites [108–110]. In this 
context, samarium-exchanged heteropoly tungstate catalyst 
(SmxTPA) was designed and used for GC synthesis, aiming to 
enhance the acidity thereby increasing GC yield accordingly 
[111]. �e activity of the catalysts was determined to depend 
on the Lewis and Brønsted acidity that came from the Sm 
contents, and the partially exchanged SmxTPA catalysts exhib-
ited the best performance, due to the higher amounts of Lewis 
acid sites. As illustrated in Scheme 9, the plausible reaction 
mechanism using SmxTPA catalysts was also proposed by the 
authors. In short, Lewis and Brønsted acidic sites activated the 
carbonyl group of urea, the conjugate base, and the hydroxyl 
group of the glycerol. Cs-exchanged heteropolyacid catalysts 
functionalized with Sn, Sn-CsPW (83% GC selectivity, 140℃) 
[112], tantalum exchanged tungstophosphoric acid catalysts 
(100% GC selectivity, 140℃) [113] were also developed for 
GC synthesis from glycerol and urea.

2.4. Reaction with Functional Ionic Liquid. Using ionic liquids 
(ILs) as catalysts to produce GC via urea-glycerol is also presented 
in Table 4. Acidic, basic, and neutral ILs were adopted as the 
catalysts for GC production through glycerolysis of glycerol 
with urea [114]. Interestingly, neutral ILs were determined 
to perform best while acid and base ILs exhibited the poor 
activity. �e well-balanced acid–base properties of the neutral 
ILs that were derived from the synergistic effect of the cations 
and anions, were treated as the key role in obtaining high 
GC yield. �e positively charged cation activated urea by 
attracting the electronegative oxygen of the carbonyl group 
of urea, which was similar to that of Lewis acid site. On the 
other hand, the negatively charged anion attracted the proton 
of glycerol at the same time. Moreover, the IL catalysts could be 
recycled and reused at least 5 times without significant activity 
decrease. Nonetheless, the obvious difficulty in separation 
and recovery will limit ILs to be applicated on a large scale 
[115]. Of particular interest is to immobilize ILs through 
heterogenization of ILs onto suitable solid supports like 
organic polymers and inorganic materials [116, 117]. By the 
reaction of imidazole with alkoxylated Merrifield peptide resin 
(MPR), ILs incorporated on the MPR catalysts MPR-ILs were 
successfully developed [118]. MPR-ILs with longer alkyl chains 
and fewer sterically hindered counteranions demonstrated 
better catalytic performance in GC synthesis, giving 80.9% 

�e Mg-Al hydrotalcite catalyst was investigated in GC 
production, and the hydrotalcite-like compounds containing 
Mg, Zn, and Al metals showed an excellent catalytic 
performance [97]. Consequently, 89.8% conversion of glycerol 
and 93.2% selectivity for GC were presented under 130℃ for 
3 h by using HT(Mg/Zn/Al) catalyst. Furthermore, the 
proposed reaction mechanism realized with two routes 
promoted by hydrotalcite-like compounds is depicted in 
Scheme 8. As reported in this research, Route I was deemed 
as the possible heterogeneous mechanism. Firstly, a bidentate 
ligand was formed through the coordination of glycerol with 
HT via hydrogen bond, wherein the oxygen atoms would be 
activated. �e oxygen of the primary alcohol attacked the 
carbonylic carbon of urea that might generate NH3. A�erward, 
the oxygen of the secondary hydroxyl group further attacked 
the carbonylic carbon through the intramolecular 
transesterification, which is supported because of the stable 
five-member cycle structure. �e second NH3 was also 
produced and GC would be detached from the surface of HT. 
Route II should be a plausible homogeneous mechanism. 
Initially, the metal complex was generated, wherein the two 
NH3 from urea were weakly coordinated. �en, one of the 
coordinated NH3 was exchanged with glycerol, leading to the 
intermediate to which glycerol interacted with the metal 
centers by their oxygen. Followed by this, the interacting 
hydroxyl groups of glycerol captured the adjacent isocyanate 
groups. Finally, the coordinated carbamate groups would be 
converted into GC by intracyclization, releasing NH3 and the 
catalytic active ingredients. A�er that, a sequence of Mg-Al 
hydrotalcite-like (HTl) catalysts doped with Zr bearing the 
mesoporous structures upon under heat treatment were also 
developed and employed for GC production from glycerol and 
urea [98]. As a result, the well-balanced surface acid and base 
active sites of the catalyst with Zr4+ : (Al3+ + Zr4+) = 0.3 
demonstrated the highest 87.8% yield of GC at 140℃ within 
3 h.

2.3. Reaction with Tungsten-Based Catalyst. In Table 3, 
tungsten-based catalysts also show interesting works regarding 
GC synthesis. A series of tungsten (W)-tin (Sn) mixed oxides 
with varied mole ratios were synthesized using the co-
precipitation process and evaluated for GC production from 
glycerol and urea [99]. Sn-W catalyst with a 2 : 1 molar ratio 
calcined at 500℃ showed the best catalytic performance in 
terms of 52% of glycerol conversion with >95% GC selectivity. 
Similarly, different WO3 contents supported on SnO2 catalytic 
materials were prepared and employed for GC synthesis [100]. 
In situ Raman technology revealed the existence of isolated 
monomers and polymeric species of WO3. Accordingly, the 
glycerol conversion and selectivity were found to be depended 
on the well-dispersed amorphous WO3 which in turn was 
related to the acidity of the catalysts. �e catalyst with 5 wt% 
WO3 on SnO2 calcined at 500℃ for 4 h brought about the high 
dispersions of larger contents of strong acid active sites, giving 
85.4% selectivity towards GC at 140℃ in 4 h. Following up 
these valuable studies, tungsten oxide species supported on 
titania catalysts (100% selectivity for GC, 140℃ in 4 h) [101], 
silicotungstates impregnated into MCM-41 (77% selectivity 
for GC, 150℃ in 8 h) [102], silicotungstates anchored to large 
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times with 70.1% selectivity of GC. Various quaternary 
ammonium salts (QX) ILs supported onto montmorillonite 
clay (Q-MMT) were manufactured through the ion-exchange 
method between the tetra-alkyl ammonium salts and ions in 
the clay interlayer [120]. By the detailed investigations, the 
Q-MMTs were found to perform well in the selective synthesis 
of GC from glycerol and urea, showing 80% selectivity of GC 
at 145℃ within 3 h. More importantly, Q-MMT could be 
easily reused during 4 recycles without any significant activity 
decrease. Similar to [119], polystyrene immobilized with 
different kinds (Cu, Mg, Zn) of metal-containing imidazolium 
salt [PS-(Im)2MX2] catalysts were prepared and used for GC 
production [121]. Among different metal-containing 
PS-(Im)2MBr2 catalytic materials, the yield of GC increased 

selectivity of GC at 140℃ for 3 h. High temperature, high 
degree of vacuum and the addition of co-catalyst of ZnO could 
improve the GC selectivity to 100%.

As depicted in Scheme 10, the Zn-containing ILs 
immobilized on the polymeric support polystyrene (PS) 
PS-(Im)2ZnBr2, was successfully developed and employed for 
GC production [119]. PS-(Im)2ZnBr2 was prepared through 
two steps: (1) bis[1-(2-hydroxyethyl)imidazolium]zinc 
bromide (HEIm)2ZnBr2 was synthesized via metal insertion; 
(2) the (HEIm)2ZnBr2 was incorporated into MPR by 
alkoxylation. Under the reaction temperature of 140℃ for 6 
h, 72.3% selectivity of GC was achieved using (HEIm)2ZnBr2 
catalyst because of its well-balanced acid-base properties. In 
addition, the as-synthesized catalyst could be reused for 4 
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Scheme 9: Proposed reaction mechanism using SmxTPA catalyst.

Table 3: Catalytic glycerolysis of urea to GC using tungsten-based catalyst.

aNot reported. bGC selectivity.

Entry Catalyst Acid amount (mmol/g) Base amount (mmol/g) Reaction conditions Yield of GC (%) Ref.
1 SW21 0.472 -a 140℃, 4 h 49.4 [99]
2 5 wt% WO3-SnO2 0.271 -a 140℃, 4 h 85.4b [100]
3 15% WO3/TiO2 0.554 -a 140℃, 4 h 73 [101]
4 30% SiW12/MCM-41 3.4 -a 150℃, 8 h 77b [102]
5 SiW-Hß 3.5 -a 150℃, 8 h 75b [103]
6 Sm0.66TPA 1.726 -a 140℃, 4 h 85b [111]
7 Sn-CsPW 528 -a 140℃, 4 h 85b [112]
8 Ta0.4TPA 0.128 -a 140℃, 4 h 100b [113]
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(La) based catalysts were also developed in the synthesis of 
GC, including LaCl3 [123], La2O3 [124], and La2Cu0.5Fe0.5O4 
[125]. For LaCl3 catalyzed glycerolysis, the key reaction 
mechanism is illustrated in Scheme 11. �ree oxygen atoms 
of the carbonyl group of the 2,3-dihydroxypropyl carbamate 
(HPC) coordinated with La3+ of LaCl3; the electrons of C–N 
groups redistributed wherein the proton transferred onto 
the carbon atom leading to the carbocation and nitrogen 
anion and favoring the intramolecular nucleophilic attack 
of adjoining hydroxyl group. Consequently, there was the 

Cu < Mg < Zn, which follows the order of acid-base balance of 
the catalysts wherein Zn-containing catalyst presented better 
acid/base ratio than those of Mg and Cu.

2.5. Reaction with Other Catalysts. In addition to the catalytic 
materials mentioned above, some other catalysts illustrated 
in Table 5 also demonstrate good results for GC production. 
Commercial polymeric cation resin Amberlyst-15 was 
used for GC synthesis from urea and glycerol with 62.76% 
glycerol conversion at 120℃ for 5 h [122]. �ree lanthanum 
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Scheme 10: �e synthetic route for PS-(Im)2ZnBr2.

Table 4: Catalytic glycerolysis of urea to GC using ILs-based catalyst.

aNot reported. bGC selectivity.

Entry Catalyst Acid amount (mmol/g) Base amount (mmol/g) Reaction conditions Yield of GC (%) Ref.

1 MPR[pmim][Cl] + 
ZnO -a -a 140℃, 3 h 78.6 [118]

2 PS-(Im)2ZnBr2 0.165 0.66 140℃, 6 h 72.3b [119]
3 Q-MMTs -a 0.97 145℃, 3 h 80b [120]
4 [PS-(Im)2MX2] 6.01 6.67 140℃, 6 h 60.3 [121]

Table 5: Catalytic glycerolysis of urea to GC with other catalysts.

aNot reported. bGC selectivity.

Entry Catalyst Acid amount 
(mmol/g) Base amount (mmol/g) Reaction condi-

tions Yield of GC (%) Ref

1 La2O3 -a 0.108 140℃, 1 h 90 [124]

2 La2Cu0.5Fe0.5O4
Qualitatively, not 

quantitatively
Qualitatively, not 

quantitatively 150℃, 4 h 81.9b [125]

3 Cu1Mn Qualitatively, not 
quantitatively

Qualitatively, not 
quantitatively 140℃, 6 h 99.1b [126]

4 AlCaMO Qualitatively, not 
quantitatively

Qualitatively, not 
quantitatively 145℃, 5 h 88b [68]

5 γ-Zirconium phosphate 1.49 0.18 135℃, 3 h 100b [127]
6 Waste boiler ash -a 7.1 150℃, 4 h 84.3 [128]
7 Gypsum-based catalyst 0.12 -a 150℃, 4 h 83.6 [129]
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the strong nucleophilicity of HPC and the release of NH3, 
the catalytic circulation was finished accompanied by the 
substitution of NH3 molecules with HPC.

Cu–Mn composite oxides prepared by coprecipitation 
method (99.1% GC selectivity, 140℃ for 6 h) [126], Al/
Ca-mixed oxide (AlCaMO) derived from hydrotalcite  
(88% GC selectivity, 145℃ for 5 h) [68], γ-zirconium phos-
phate (100% GC selectivity, 135℃ for 3 h) [127], waste boiler 

important bond between the electrophilic carbonyl carbon 
of complex and the lone pair of electrons of oxygen of the 
hydroxyl group. Meanwhile, the hydrogen protons broke 
away from the hydroxyl groups united with the amino groups 
leaving from the formed complexes. At last, the final product 
GC was generated by the broke of C–N bond and the new 
formation of C–O bond, while the corresponding complex 
La(NH3)3Cl3 could be also regenerated. In addition, due to 
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Scheme 11: �e proposed reaction mechanism for GC synthesis from HPC over LaCl3.
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Separation and puri�cation of active components from biomass by inorganic materials during the pretreatment process of
hydrothermal conversion are studied in this work. �e batch experiment results show that an initial solution pH of 6 favors
chelerythrine adsorption, and the optimum adsorbent dosage is 2.0 g. �e adsorption mechanism of ZSM-5 for chelerythrine is
investigated by adsorption kinetics, isotherm adsorption models, and thermodynamics analysis. �e results show that the kinetics
data �t the pseudo-second-order model well (R2� 0.9991), and the intraparticle di�usion model has 3 di�usion stages, pre-
liminarily indicating that chemisorption plays a major role in the adsorption process, and the sorption mechanism includes
intraparticle, external, and boundary di�usion. �e adsorption isotherms agree well with the Langmuir model, indicating the
occurrence of monolayer molecular adsorption during the adsorption process. Meanwhile, the maximum adsorption capacity is
2.327, 2.072, and 1.877mg/g at di�erent temperatures (288K, 298K, and 308K), respectively. �e thermodynamic data
demonstrate that the adsorption process is exothermic and spontaneous in nature. �ese observed results clearly con�rm that
ZSM-5 has potential superior properties for the enrichment and puri�cation of alkaloids during the pretreatment of biomass.

1. Introduction

Biomass, as a renewable carbohydrate found in nature, is a
promising alternative to petroleum resources for the pro-
duction of fuels, carbon-based chemicals, and materials
[1, 2]. �e pretreatment process of biomass before trans-
formation is particularly important owing to the presence of
various active components (e.g., �avonoids and alkaloids) in
biomass. �erefore, isolating and purifying the active
components from the pretreatment process of biomass are of
great signi�cance. In particular, Chelerythrine (CHE) is a
common alkaloid that is found in the pretreatment process
of Toddalia asiatica (L.) Lam., Celandine,Macleaya cordata,
et al. As shown in Figure 1, the molecular formula and
molecular weight of CHE are C21H18NO4

+ and 348.37, re-
spectively [3]. CHE has been widely used as an insecticide
because it is harmful to the nerves and heart as well as it may
cause paralysis, cardio-inhibitory activity, and even death.
Moreover, CHE has shown favorable anti-in�ammatory,
antitumor, and antiplaque activity, as well as SH-enzyme
inhibition [4–6]. �e extraction of CHE from renewable

biomass has received considerable attentions. Especially,
Toddalia asiatica (L.) Lam. represents a better starting
material to access CHE since Toddalia asiatica (L.) Lam. is
easily available in nature and contains high amount of CHE.
�erefore, it is very interesting to sustainably obtain CHE
from Toddalia asiatica (L.) Lam. Furthermore, the residue
after extraction can be used as a raw material for the pro-
duction of value-added chemicals and biofuels, which en-
ables the full utilization of Toddalia asiatica (L.) Lam. to be
possible.

Many approaches, including resin adsorption [3, 7]
and column chromatography [8–10], have been proposed
to separate CHE from organic extracts. Although the two
methods can achieve favorable CHE separation, the pre-
treatment and regeneration of the resin are complex and
consume large quantities of reagents. Moreover, the high
requirements for chromatographic equipment are not
conducive to industrial applications. �erefore, develop-
ing a suitable carrier that is e¥cient and environmentally
friendly for the enrichment and puri�cation of alkaloids is
necessary.
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Zeolite molecular sieves, as aluminosilicate crystals, are
widely used in ion exchange [11], gas adsorption [12–14],
and catalysis [15, 16] due to their regular structure, high
surface area, and large inner pores. Since zeolites have holes
connected by a plurality of pore canal structures with the
same diameter, organic molecules with smaller size than the
pore diameter can be adsorbed, while molecules with larger
size than the pore diameter can be excluded, and then the
organics can be separated. ZSM-5 is a typical representative
of zeolite molecular sieves. It contains two types of channels:
straight cylindrical channels with an oval cross section
(channel size of 0.54 nm× 0.56 nm) and Z-shaped channels
with an approximately circular cross section (channel size of
0.52 nm× 0.58 nm). Catalytic active centers and strong acid
sites of ZSM-5 are concentrated at the intersections of the
two channels [17–19]. In addition to its unique structural
properties, the regeneration process of ZSM-5 is simple
(calcinations in air for 4 h at the temperature of 873K).
Because of its mature technology and outstanding perfor-
mance, ZSM-5 is widely used in the petrochemical industry
[20], fine chemicals [21], environmental protection [22], and
adsorption [23, 24].

,e abundant acid sites and hydroxyl groups of ZSM-5
are expected to be obviously beneficial for adsorbing the
target product. It is envisioned that ZSM-5 can efficiently
purify target compounds from plant extracts on account of
its unique structure. However, there are few reports on the
application of molecular sieves in the field of separation
and purification of plant active ingredients. ,erefore, the
adsorption of lycorine and galantamine by ZSM-5 mo-
lecular sieves from Lycoris radiata Herb. was reported in
our previous study [24]; the results showed that the ad-
sorption and desorption performance of lycorine and
galantamine by molecular sieves was superior to those
obtained using resin, which indicates that the application
of molecular sieves in the separation and purification of
active components from medicinal herb ingredients is
promising. ,erefore, to clarify the adsorption perfor-
mance and mechanism of ZSM-5 towards active ingre-
dients from plants, an alkaloid (CHE) was selected for use
as a target and ZSM-5 was selected as an adsorbent. Batch
experiments were used to study the optimal adsorption
dose and initial solution pH. ,e adsorption kinetics,
isotherms, and thermodynamics were investigated to ex-
plore the adsorption performance and mechanism of CHE
on ZSM-5, and the technology described in this work is
expected to be applied to isolate and purify the active
ingredients from the pretreatment process of biomass.

2. Materials and Methods

2.1.ChemicalsandApparatus. Rhizomes of Toddalia asiatica
(L.) Lam. were obtained from the planting base in Zhang-
jiajie. ZSM-5 (Na-type: Si/Al� 25, pore size 0.54 nm, surface
area 380m2/g, and pore volume more than 0.21 cm3/g) was
purchased from Shanghai Saint Chemical Materials Co.,
Ltd., China. ,e ZSM-5 powder was placed in a muffle
furnace, heated to 873K at a heating rate of 2.4 K/min, and
then calcined for 4 h at 873K to remove organic impurities
in the molecular sieves. A standard sample of CHE (≥98%,
mass purity) was purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd., China, and chromato-
graphic-grade acetonitrile was purchased from Fisher
Scientific International Inc., America. Hydrochloric acid,
phosphoric acid, methanol, and ammonia were purchased
from Shanghai Titan Technology Co., Ltd., China; all these
chemicals were analytical-grade reagents.

An Agilent-1260 high-performance liquid chromato-
graph from Agilent Co., Ltd. (America), equipped with a
Waters C18 reverse-phase column (250× 4.6mm, 5 μm), was
used for quantitative and qualitative analysis. An ultraviolet-
visible spectrophotometer from SHIMADZU Co., Ltd.,
(Japan) equipped with a 1 cm cuvette was used for wave-
length scanning. An FE20 laboratory pH meter from
METTLER TOLEDO Co., Ltd., (Switzerland) was used for
pH analysis.

2.2. Analytical Methodologies. A sample (2.0 g) of Toddalia
asiatica (L.) Lam. powder was weighed accurately, infiltrated
with 40mL aqueous methanol (60%, v/v) for 30min, and
then ultrasonically extracted for 50min at 333K. ,e above
process was repeated 3 times, and the extracted liquid was
filtered. ,e filtrate was collected, concentrated to 20mL
under reduced pressure, and adjusted to pH� 6 with 1mol/L
HCl aqueous solution. ,e concentration of CHE in the
extracts was analyzed by high-performance liquid chro-
matography (HPLC) under the following chromatographic
conditions: a mixture of acetonitrile and 0.2% aqueous
phosphoric acid (27 : 83 v/v) was used as the mobile phase
with a flow rate of 1.0mL/min, the temperature of the
column was 303K, and the UV detector was operated at
273 nm. ,e standard curves are shown in Figure 2. Prior to
injection, the solutions were filtered through a 0.45 μm
membrane; the injection volume was 20 μL.

2.3. Determination of Optimal Adsorption Capacity. ,e
adsorption capacity is mainly determined by the initial
solution pH and adsorbent dosage.,erefore, the adsorption
of CHE was performed by using batch experiments with
different initial solution pH values and adsorbent dosages.
,e pH was carefully adjusted by using 3.65 wt.% HCl and
3.5 wt.% NH4OH to values in the range of 2 to 10. ZSM-5
with an adsorption dosage of 2.0∼10.0 g was transferred to a
conical flask containing 15mL of extract. ,e two-factor
sample solutions were vibrated for 24 h in a thermostatic
shaker bath at a constant temperature of 288K, and the
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Figure 1: ,e molecular structure of chelerythrine.
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concentration of CHE in the solution was determined by
using HPLC.

2.4.AdsorptionKinetics. A total of 2.0 g of ZSM-5 was added
to 15mL of solution at a concentration of 0.150mg/mL, as
described in Section 2.3, and the mixtures were stirred for
24 h by using a shaker at a constant temperature of 288K.
Samples were pipetted at certain intervals and determined by
HPLC; the adsorption amount of ZSM-5 adsorbed at time t
(qt, mg/g) was calculated using the following equation:

qt �
c0 − ct(  × V

m
, (1)

where c0 and ct (mg/mL) are the initial and time t con-
centrations of CHE in solution, respectively; V (mL) is the
volume of the solution; and m (g) is the mass of ZSM-5.

2.5. Adsorption Isotherm. ZSM-5 (2.0 g) was added to 15mL
solutions containing CHE at concentrations from 0.050 to
0.500mg/mL, and the mixtures were oscillated for 24 h until
reaching adsorption equilibrium by using a shaker at con-
stant temperatures of 288, 298, and 308K. Known volumes
of samples were pipetted and determined by HPLC. ,e
equilibrium adsorption capacity (qe, mg/g) of ZSM-5 was
calculated using the following equation:

qe �
c0 − ce(  × V

m
, (2)

where c0,V,m, and qe are as described above and ce (mg/mL)
is the equilibrium concentration of ZSM-5.

3. Results and Discussion

3.1. HPLC Analysis. ,e CHE contents of the standard
solutions, extracts, and eluents were determined by HPLC.
HPLC spectra of CHE are shown in Figure 3. From
Figure 3(a), the standard solution has a characteristic peak at
11.83min, while Figure 3(b) shows a characteristic peak at
10.11min for the extracts. Figure 3(c) shows the peak of
CHE at 10.53min, which was determined using 80% ethanol
solution with a pH of 2 to elute ZSM-5 at adsorption

equilibrium. In addition, Figure 3(c) preliminarily proves
that using ZSM-5 to enrich CHE from Toddalia asiatica (L.)
Lam. is feasible.

3.2. Influence of pH. ,e hydrogen ion concentration is
always considered one of the most important parameters in
the adsorption process; it influences the surface binding sites
or charges of the adsorbent and the degree of ionization/
dissociation of CHE [25]. To study the influence of the initial
solution pH on the adsorption of CHE, batch experiments at
different pH values were carried out at 288K with 15mL of
0.150mg/mL CHE and 2.0 g of adsorbent. Figure 4 shows
that the adsorption capacity slightly increased with in-
creasing initial pH and reached a maximum at pH 6. ,is
trend occurred because at low pH, ether groups are pro-
tonated, which greatly weakens the binding capability be-
tween CHE and the active sites in molecular sieves. With
further increases in pH, the adsorption capacity decreases
sharply, mainly because of competitive adsorption; similar
results have been shown in a previous study [26, 27].

3.3. Influence of Adsorbent Dosage. ,e influence of various
amounts of ZSM-5 on adsorption capacity was studied in
15mL of 0.15mg/mL CHE methanol solution. ,e results
are presented in Figure 5, which shows that the adsorption
capacity decreases from 0.31mg/g to 0.079mg/g with an
increase in adsorbent dosage from 2.0 g to 10.0 g due to the
greater number of binding sites available. ,e adsorption
rate increases substantially with increasing adsorbent dosage
from 2.0 g to 6.0 g and increases slightly from 6.0 g to 10.0 g
when CHE entirely occupies the available binding sites.
,erefore, the amount of adsorbent was maintained at 2.0 g
in the following experiments to optimize both the adsorp-
tion capacity and adsorption rate.

3.4. Adsorption Kinetics. ,e adsorption curves of ZSM-5
for CHE are plotted with adsorption capacity as the ordinate
and time as the abscissa. As shown in Figure 6, the ad-
sorption capacity increases rapidly during the initial 16 h
and then gradually becomes flat until reaching equilibrium
at 1.25mg/g.

Adsorption kinetics models were used to illustrate the
adsorption rate andmechanism of ZSM-5 [28]. Pseudo-first-
order kinetics, pseudo-second-order kinetics, and intra-
particle diffusion kinetics [29, 30] were used to evaluate the
sorption kinetics; the equations are generally written as
follows:

ln qe − qt(  � ln qe − k1t,

t

qt

�
t

qe
+

1
k2q

2
e
,

qt � kpt
0.5

+ C,

(3)

where k1 (min− 1), k2 (g·mg− 1·min− 1), and kp (g·mg− 1·min− 1/2)
are the pseudo-first-order kinetics, pseudo-second-order ki-
netics, and intraparticle diffusion kinetics rate constants of
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Figure 2: HPLC standard curve of CHE.
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adsorption, respectively; qe (mg/g) is the equilibrium ad-
sorption capacity; qt (mg/g) is the amount of CHE adsorbed at
time t; and C is the constant of adsorption.

According to the kinetics equations, the pseudo-first
order, pseudo-second order and intraparticle diffusion ki-
netics curves are given by ln(qe− qt)∼t, t/qt∼t, and qt∼t0.5,
respectively. ,e fitting curves of the three kinetics models
and their parameters are given in Figure 7 and Table 1,
respectively. From Figure 7(a) and Table 1, the CHE ad-
sorption data fit well with the pseudo-second-order kinetics

model, as indicated by the high correlation (R2 � 0.9991).
,is result indicates that chemisorption plays a major role in
the adsorption process. From the fitting curve of the particle
diffusion model in Figure 7(b), three stages exist during the
diffusion of CHE to ZSM-5. kp1, kp2, and kp3, which express
the diffusion rates of the different stages in the adsorption
process, are shown in Table 2 and follow the order

0 4 8 12 16 20

0

16

32

48

64

80

Re
sp

on
se

 (m
A

u)

Time (min)

11.83min

(a)

Re
sp

on
se

 (m
A

u)

0

50

100

150

200

250

10.11min 

10 20 30 400
Time (min)

(b)

10.53min

0

40

80

120

160

Re
sp

on
se

 (m
A

u)

10 20 30 40 500
Time (min)

(c)
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kp1> kp2> kp3. ,e first steeply sloped period is a rapid stage
during which a large amount of CHE is rapidly adsorbed by
the exterior surface of the molecular sieves. When the ad-
sorption on the exterior surface reaches saturation, CHE
molecules enter the pores of the adsorbent and are adsorbed
by the interior surface of the molecular sieves. As the CHE
molecules enter the pores, the diffusion resistance increases,
which leads to a decrease in the diffusion rate.With the rapid
decrease in CHE concentration, the intraparticle diffusion
rate gradually falls and finally reaches equilibrium; therefore,
the changes in kp1, kp2, and kp3 could be attributed to the
different adsorption behaviors in the exterior surface ad-
sorption stage, in the interior surface adsorption stage, and
at equilibrium, respectively. ,e same result was obtained in
a previous study [31]. In general, if the plot of qt against t1/2

gives a straight line and crosses the origin, intraparticle
diffusion is the only rate-controlling step in the adsorption
process. As shown in Figure 7(b), three straight lines were
obtained, suggesting that intraparticle diffusion plays a
major role but is not the only rate-controlling step in the
adsorption process: external diffusion and boundary diffu-
sion also influence the process.

3.5. Adsorption Isotherm. Adsorption isotherms are im-
portant for determining the adsorption behavior of an ad-
sorbent. To simulate the adsorption behavior of molecular
sieves for CHE, the adsorption curves of CHE on molecular
sieves at different temperatures and solution concentrations
were investigated. Figure 8 shows that the adsorption ca-
pacity increases with increasing solution concentration at a
pH of 6, indicating that a high CHE concentration in so-
lution is beneficial for adsorption by molecular sieves.
Moreover, the results demonstrate that the molecular sieves
show high affinity at lower temperatures.

To verify the adsorption process and clearly investigate
the mechanism of adsorption, the Langmuir and Freundlich
isotherms were applied to fit the experimental data in this
study. ,e Langmuir isotherm model is based on the as-
sumption that monolayer adsorption takes place onto a
completely homogeneous surface that contains a limited
number of active sites. ,e Freundlich isotherm is an em-
pirical equation that describes adsorption onto a

heterogeneous surface through a multilayer adsorption
mechanism, and the sites on the surface have different
binding energies [32]. ,e linear forms of the Freundlich
and Langmuir adsorption isotherm equations are given as
follows:

ln qe � lnKF +
1
n
ln ce,

1
qe

�
1

qm
+

1
qmKLce

,

(4)

where qe (mg/g) and qm (mg/g) are the equilibrium and
maximum adsorption capacity of CHE adsorbed by the
molecular sieve, respectively; ce (mg/mL) is the equilibrium
concentration in solution; KL (L/mg) and KF (dm3/mg) are
the Langmuir and Freundlich adsorption constants, re-
spectively; and n is the Freundlich constant, which is
temperature-dependent.

,e fitting parameters were calculated by linear plotting
and are shown in Table 3. ,e constants n and KF were
calculated from the slope and intercept, respectively, of ln qe
versus ln ce from Figure 9(a). ,e values of qm and KL can be
calculated from Figure 9(b), the linear plot of ce/qe versus ce. To
choose the best-fitting model, the correlation coefficient (R2)
was studied. Comparing the values of R2 from Table 3, we can
conclude that the Langmuir model fits well with the experi-
mental data for CHE adsorption on molecular sieves, indi-
cating that a monolayer adsorption process occurs. According
to the best fitting of the Langmuir model, the maximum
adsorption capacities of CHE at 288, 298, and 308K are
2.327mg/g, 2.072mg/g, and 1.877mg/g, respectively. More-
over, the separation factor or equilibrium parameter (RL) is
introduced to describe the favorability of the CHE adsorption
process; the formula of RL is shown as follows:

RL �
1

1 + KLc0
, (5)

where c0 (mg/dm3) is the initial concentration of CHE. ,e
favorability of the adsorption process is based on the value of
RL and can be irreversible (RL � 0), favorable (0<RL< 1),
linear (RL � 1), or unfavorable (RL> 1) [33]. ,e values of RL
shown in Table 3 are all positive; thus, the adsorption of CHE
is favorable.

3.6. Adsorption 6ermodynamics. Because the adsorption
isotherm fits well with the Langmuir isotherm model at 288,
298, and 308K, the adsorption enthalpy (∆H), adsorption
entropy (∆S), and adsorption free energy (∆G) of CHE on the
ZSM-5 molecular sieves can be calculated using the Langmuir
constant of KL based on the following equations [34]:

ΔG � − RT lnKa,

lnKa � −
ΔH
RT

+
ΔS
R

,

(6)

where Ka (dimensionless) is the thermodynamic equilibrium
constant (the Ka values were estimated from the parameters
of the Langmuir model, as presented in previous literature
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[35, 36]); R is the ideal gas constant, 8.314 J/(mol·K); and T is
the absolute temperature (K). ,e values of ∆H and ∆S are
calculated from the slope and the intercept of the linear plot
of lnKL versus 1/T, respectively. ,e results are summarized
in Table 4. ,e values of ∆G for CHE are negative, which
implies that the adsorption of CHE by molecular sieves can

happen spontaneously. Moreover, the values of ∆G increase
gradually with decreasing adsorption temperature, which
indicates that the lower the adsorption temperature is, the
greater the affinity of binding sites and the more sponta-
neous the adsorption occurs. ,e negative value of ∆H
implies that the adsorption of CHE is an exothermic process,
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Figure 7: Fitting curves of various kinetics equations.

Table 1: Parameters of the pseudo-first-order and pseudo-second-order kinetics models.

Adsorbent
Pseudo-first-order kinetics model Pseudo-second-order kinetics model

k1 (min− 1) qe (mg/g) R2 k2 (g/mg·min) qe (mg/g) R2

CHE 0.0469 0.8446 0.9911 0.1959 1.4638 0.9991

Table 2: Fitting parameters of the intraparticle diffusion model.

Adsorbent
Intraparticle diffusion model

kp1 (g/mg min1/2) R2 kp2 (g/mg min1/2) R2 kp3 (g/mg min1/2) R2

CHE 0.357 0.9969 0.238 0.9790 0.127 0.9910
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Figure 8: CHE adsorption isotherms of ZSM-5.
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which demonstrates that decreasing the temperature is
beneficial. ,e negative value of ∆S shows decreases in the
degrees of freedom of the adsorbed species and the ran-
domness at the solid/liquid interface.

4. Conclusions

,is scientific study clearly suggests that ZSM-5 is suitable
for adsorbing CHE from Toddalia asiatica (L.) Lam. Batch
experiments revealed that the adsorption efficiency was
affected by the solution pH, and the optimum initial solution
pH was 6. ,e maximum adsorption capacity of CHE was
found at a solid-liquid ratio of 2 :15. ,e pseudo-second-
order kinetics model and intraparticle diffusion model
suitably describe the kinetics of the adsorption process,
indicating that chemisorption plays a major role in the
adsorption process and that intraparticle diffusion is not the
only rate-controlling step in the adsorption process. ,e
equilibrium adsorption data of CHE by ZSM-5 fit well with
the Langmuir isotherm model, as indicated by the high

correlation coefficients. ,e maximum adsorption capacities
obtained from the Langmuir isotherm model in the tem-
perature range of 288K to 308K are 2.327, 2.072, and
1.877mg/g. ,e thermodynamic parameters show a favor-
able, spontaneous, and exothermic process in the adsorption
of CHE by molecular sieves. In conclusion, as shown by the
adsorption mechanism of the ZSM-5 molecular sieve for
CHE, this material is thought to be a promising adsorbent
for purifying alkaloids (especially quaternary ammonium
alkaloids) frommedicinal herbs. In addition, a technique for
isolating active components from the pretreatment process
of biomass is provided.
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Table 3: Langmuir and Freundlich isotherm parameters of CHE on ZSM-5 at different temperatures.

Temperature (K)
Langmuir Freundlich

Qm (mg/g) KL (L/g) R2 RL KF (dm3/g) 1/n R2

288 2.327 13.905 0.9812 0.0024 3.836 0.556 0.9362
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Table 4:,ermodynamic parameters for the adsorption of CHE on
ZSM-5 at different temperatures.

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K)
288 − 6.411

− 67.232 − 203.602298 − 5.620
308 − 4.556
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Biomass-based polymers are eco-friendly, nontoxic and biodegradable materials. In this work, in order to prepare green, low-cost 
and high-e�cient catalysts under mild conditions, we chose biomass-based chitosan as raw material and prepared a new solid acidic 
catalyst by an acid functionalization method. FT-IR, XRD, SEM, TGA, BET, neutralization titration and other analytical methods 
were used to characterize the catalyst. �e results showed that CS-SO3H morphology exhibited a sphere of about 10 μm diameter, 
and the acid density was as high as 3.81 mmol/g. �e catalyst exhibits good catalytic activity in the esteri�cation of oleic acid and 
methanol, which is a model reaction of the pre-esteri�cation process in the preparation of biodiesel from feedstocks with high acid 
values. Under the optimum reaction conditions (15/1 methanol/oleic acid mole ratio and 3 wt% catalyst dosage at 75°C for 3 h), 
the yield of methyl oleate can reach 95.7%. Even if the mass of oleic acid in the reactant increased to 20 g, solid acid showed good 
catalytic performance, and the yield of methyl oleate was 94.4%. A¤er four times of reuse, the yield of the catalyst can still reach 
85.7%, which indicates that the catalyst has good catalytic activity and stability, and has potential application prospects.

1. Introduction

Biodiesel is a green, biodegradable and renewable fuel. As a 
competitive alternative to fossil fuels, it attracts more and 
more attention [1–3]. �e main component of biodiesel is free 
fatty acid methyl ester or ethyl ester, which is a mixture of 
various esters and determined by the composition diversity 
of raw materials [4]. Biodiesel was originally made from edi-
ble oils, such as soybean oil, rapeseed oil, and sun¨ower oil. 
However, the use of edible oil to produce biodiesel may a©ect 
food security in populous countries [5]. �erefore, researchers 
gradually explore the use of nonedible oil to synthesize bio-
diesel, such as Jatropha oil, Euphorbia lathyris oil [6], 
Koelreuteria integrifoliola oil [7] and so on. Meanwhile, waste 
cooking oils have gradually begun to recycle, which not only 
greatly reduces the cost of attractive raw materials, but also 
can solve the problem of environmental pollution [8, 9]. 
Unfortunately, nonedible oils and waste cooking oils generally 

have high acid value, which is disadvantageous in the prepa-
ration of biodiesel.

In order to convert raw materials with high acid values 
into biodiesel e�ciently and quickly, researchers have being 
explored more e©ective catalysts to deal with this problem. 
Homogeneous acids and bases, such as H2SO4, NaOH, and 
KOH, were initially used in the preparation of biodiesel [10]. 
However, homogeneous catalysts are di�cult to separate from 
the reaction products, which has an impact on the quality of 
biodiesel. Moreover, the catalyst cannot be recycled. 
Simultaneously, homogeneous catalysts can also cause corro-
sion to the reaction equipment. �erefore, heterogeneous 
catalysts have attracted the attention of researchers [11]. In 
addition, for the high acid value raw materials, alkali catalysis 
will lead to serious saponi�cation, so pre-esteri�cation is nec-
essary before transesteri�cation. �e esteri�cation and trans-
esteri�cation can be carried out simultaneously by acid 
catalysis in one pot [8]. �erefore, using acid materials to 
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catalyze the preparation of biodiesel from raw materials with 
high acid values is a good choice. Researchers reported a series 
of applications in the preparation of acidic catalysts for bio-
diesel, including SO3H-ZnO [12], SO4

2−/ZrO2 [13], supported 
acidic ionic liquids [8], HPW-PGMA-MNPs [14], C18-SiO2-
SO3H [15], carbon-based solid acids [16], MOF-supported 
heteropoly acids [17], and other heterogeneous acid catalysts. 
However, solid acid catalysts generally need higher reaction 
temperature and longer reaction time to obtain high biodiesel 
yield by high acid value raw materials. �ereby, in order to 
reduce the production cost of biodiesel, it is necessary to 
explore novel and efficient solid acid catalysts, which can 
pre-esterification oils with high acid value under mild condi-
tions or simultaneously perform esterification and transester-
ification by one-pot method.

With the development of the times, it is recognized that 
the development of renewable and biodegradable bio-
mass-based catalysts are more in line with the concept of 
green chemistry [2]. Biomass-based catalysts are mainly 
obtained by carbonization and post-modification of bio-
mass. However, high-temperature carbonization is not eco-
nomical in practical application. �erefore, it is necessary 
to prepare functionalized biomass-based catalysts directly 
in a simple approach to meet the needs of production [18]. 
Chitosan is a kind of macromolecule polymer biomass mate-
rial made from shrimp shell and crab shell, which has rich 
natural reserves. Chitosan has many advantages, such as 
biological function, compatibility, safety, and microbial deg-
radation. It is widely used in medicine, food, chemical 
industry, cosmetics, water treatment and other fields [19, 
20]. Chitosan has strong modifiability due to its active 
hydroxyl and amino groups. At the same time, chitosan is a 
cheap polymer, which makes it a natural advantage in indus-
trial production as a catalyst.

A solid acid catalyst for biomass polymer was prepared 
from chitosan and chlorosulfonic acid, to obtain high acid 
density, stability, and high-efficiency catalyst because sulfonic 
acid catalyst was a kind of relatively stable catalytic material 
[11, 21, 22]. �e preparation method is simple, mild and eco-
friendly. Because oleic acid is an important free fatty acid, it 
can be used to simulate high acid value raw materials to pro-
duce fatty acid methyl ester by esterification, which can effec-
tively detect the catalytic activity of the catalyst in the 
preparation of biodiesel by pre-esterification and one-pot 
reaction. �us, methyl oleate was synthesized by the reaction 
of oleic acid (OA) with methanol (MeOH), and the catalytic 
performance of CS-SO3H was evaluated.

2. Materials and Methods

2.1. Materials. Potassium hydroxide (KOH, AR, ≥85.0%), 
sodium chloride (NaCl, ≥99.5%), chlorosulfonic acid (AR, 
≥97%), and oleic acid (AR, ≥99%, AV = 184.52 KOH mg/g) 
were obtained from Shanghai Macklin Biochemical Co. Ltd. 
Chitosan (>99%, �e degree of deacetylation ≥95% ) was 
purchased from Shanghai Aladdin Biochemical Technology 
Co. Ltd. Methanol (AR, ≥99.5%), ethanol (AR, ≥99.7%), 
petroleum ether (AR, 60–90°C), and dichloromethane (AR, 

≥99.5%) were purchased from Chuandong Chemical Reagent 
Co. Ltd.

2.2. Preparation of Catalyst. �e preparation method of 
chitosan sulfonic acid catalyst (CS-SO3H) with high acid 
density was modified with reference to the literature [23]. 
Specifically, 5.0 g chitosan powder was added into 50 mL 
dichloromethane and stirred to form a suspension. �en, 5 mL 
chlorosulfonic acid was dispersed in 25 mL dichloromethane 
and slowly dripped into suspended chitosan (about 30 min) 
under vigorous stirring at room temperature. Subsequently, 
the mixture was stirred for 6 h at 25°C, filtered and washed 
to be neutral alternately with dichloromethane and absolute 
ethanol. Finally, the catalyst CS-SO3H was obtained a�er 
drying overnight at 80°C.

2.3. Catalyst Characterization. Fourier-transform 
infrared (FT-IR) spectrum is mainly used for functional 
characterization of catalytic materials. �rough the 
appearance of new functional groups, we can judge whether 
the catalyst has been successfully prepared. �e used infrared 
spectrometer is Nicolet 360 FT-IR apparatus. Crystallinity 
and structure of catalytic materials were characterized by 
means of the Cu Kα radiation X-ray diffractometer (XRD, 
Tongda TD-3500). Scanning electron microscopy (SEM) can 
provide morphological information of catalysts, including 
morphology, surface roughness, and voids. �e scanning 
electron microscope we used was JSM-6700F (5 kV). Physical 
properties of polymer materials were determined at 77K 
using Bruner-Emmett-Teller (BET) method and nitrogen 
adsorption-desorption device (ASAP 2460, Mcmerric 
Instruments Co. Ltd.). �e instrument used for measuring 
the contact angle of catalyst water is from Dataphysics 
Corporation (OCA15EC, Germany). �e thermal stability 
of the samples was determined by PerkinElmer TGA47 
thermogravimetric analyzer in a nitrogen atmosphere.

�e acid density is an important parameter of catalyst. It 
is generally evaluated by acid-base neutralization titration [11, 
20, 24]. In this work, the acid density of CS-SO3H is deter-
mined by the same method. In a general procedure, 40 mg 
catalyst was added into 20 mL 0.1 M NaCl solution. �e sus-
pension was stirred vigorously for 24 h, then centrifuged and 
separated. �e solution a�er the catalyst removal was titrated 
to be neutral with 0.01 M NaOH solution. Phenolphthalein is 
an indicator of neutralization titration. �e acid density of the 
catalyst was obtained by calculating the average value of the 
three parallel measurements.

2.4. Esterification of Oleic Acid. Methyl oleate was synthesized 
from OA and MeOH, and the catalytic activity of CS-SO3H 
was tested. Usually, a 15 mL pressure bottle is used as a 
reaction vessel (Beijing Synthware Glass Instrument Co. Ltd.). 
Methanol (1.70 g, 53 mmol), oleic acid (1.00 g, 3.5 mmol), and 
0.03 g CS-SO3H were added to the reaction vessel. �e reactor 
was placed into an oil bath at 75oC and lasted for 3 h under 
magnetic stirring (600 rpm). Subsequently, the mixture was 
cooled to room temperature and the catalyst was removed by 
centrifugation. Water and unreacted MeOH were removed 
by vacuum distillation. Nuclear magnetic resonance (NMR, 
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500 MHZ) was used as an instrument for measuring the yield 
of FAME, and CDCl3 is used as a solvent.

2.5. Expanded Reaction Scale for the Production of Methyl 
Oleate. In order to ensure that the catalyst has good catalytic 
performance in large-scale preparation of methyl oleate, the 
amount of oleic acid was increased to 20 g, with the temperature 
of 75°C, the MeOH to OA molar ratio of 15 : 1, and the time of 
3 h. �e yield was determined by NMR a¤er post-treatment.

2.6. Hot Filtration and Water Tolerance Tests. In order to 
study heterogeneous catalytic behavior of catalysts, thermal 
�ltration experiments were used to verify the catalytic 
performance. Under the optimal conditions, two groups of 
parallel experiments were carried out. One group continued 
to react a¤er �ltrating and removing the catalyst a¤er 0.5 h, 
then sampled and tested the yield at 0.5 h, 1 h, 2 h, and 3 h, 
respectively. �e control group did not do any treatment and 
with the yield being measured at the same time point.
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Figure 1: �e CS and CS-SO3H FT-IR spectra (a), XRD (b), SEM (c) and (d), water contact angle (e) and (f).
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adhering impurities. Subsequently, the solvent on the catalyst 
surface was removed at 80°C and applied in the next cycle.

3. Results and Discussion

3.1. Catalyst Characterization. As in Figure 1(a), the FT-IR 
spectra show that the absorption bands at 1591 and 1377 cm−1

Water tolerance tests were determined by adding a certain 
amount of water (0–10% of oleic acid mass) to the reaction 
system, and then the change of methyl oleate yield was 
detected.

2.7. Reusability. �e reusability test was still carried out 
under optimum conditions, and then the catalyst was washed 
repeatedly with MeOH and petroleum ether to remove 

Table 1: �e BET and acid density comparison di©erent catalysts.

Sample SBET (m2/g) Pore volume 
(cm3/g)

Pore diameter 
(nm)

Total acid density (mmol 
H+·g-1) Ref.

HS/C-SO3H 470 0.40 4.2 2.10 [11]
FCHC-SO3H 41.4 0.085 6.4 1.20 [18]
β-Cyclodextrin
-SO3H 0.18 - 4.74 3.00 [21]
Bamboo acid 0.25 - - 1.74 [30]
CS 2.18 0.006 11.4 - �is work
CS-SO3H 1.21 0.003 11.1 3.81 �is work

0.0 0.2 0.4 0.6 0.8

CS 2.18 m2/g

CS-SO3H 1.21 m2/g

1.0

4

3

2

1

0

-1

A
bs

or
be

d 
vo

lu
m

e 
(c

m
3 /g

)

Relative pressure (P/P0)

(a)

-10 0 10 20 30 40 50 60 70 80 90

CS

dV
/d

lo
g(

D
)

Pore size (nm)

CS-SO3H

(b)

0 100 200 300 400 500 600 700 800
0

20

40

60

80

100

W
ei

gh
t (

%
)

Temperature (ºC)

14.7%

39.9%

(c)

Figure 2: (a) Nitrogen adsorption-desorption isotherms of CS and CS-SO3H, (b) BJH pore-size distributions of CS and CS-SO3H, and (c) 
thermogravimetric analysis of the CS-SO3H catalyst.
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the water tolerance of catalyst was explored in the follow-up 
study.

Table 1, Figures 2(a) and 2(b) show that the speci�c surface 
area of CS and CS-SO3H decreases from 2.18 to 1.21 m2/g, the 
pore volume reduces from 0.006 to 0.003 cm3/g, while the 
mean pore size remains unchanged at 11 nm. �is is mainly 
due to the fact that the surface area of biomass-based polymer 
CS is relatively small. However, the pore size distribution of 
chitosan from 2 to 50 nm, while that of sulfonated chitosan 
pore diameter distribution from 2 to 20 nm, indicating that 
the sulfonation process changes the pore structure of chitosan. 
As shown in Figure 2(c), thermogravimetric analysis shows 
that the mass loss of CS-SO3H is 14.7% when the temperature 
is lower than 223°C, which may be mainly due to the loss of 
water in the catalyst. Subsequently, in the range of 223–305°C, 
the mass of catalyst decreased sharply, indicating that poly-
meric network was decomposed and carbon materials were 
gradually formed [28]. However, the mass of CS-SO3H 
decreased less a¤er 305°C, which proved that the carbon mate-
rial tended to be stable, and the decomposition of residual 
organic components reduced slightly. Overall, the thermal 
stability of CS-SO3H is acceptable and has no e©ect on catalytic 
esteri�cation.

Because the active amino and hydroxyl groups on chitosan 
can react with chlorosulfonic acid, the same unit can contain 
2–4 sulfonic groups, so CS-SO3H catalyst has high acid density. 
At the same time, because of the small speci�c surface area, 
the -SO3H are mainly concentrated on the surface of the pol-
ymer acidic materials.

3.2. Yield Analysis of Methyl Oleate. NMR 1H spectroscopy is 
an e©ective and simple method for quick detection of methyl 
oleate yields [29–32]. Generally, TMS is used as the internal 
standard marker for 0 point, and CDCl3 is used as the solvent. 
As can be seen from Figures 3(a) and 3(b), oleic acid and 
methyl oleate 1H NMR spectra are basically the same. �e only 
di©erence is that methyl oleate has a signi�cant new single 
peak at 3.66 ppm, which is -OCH3 peak a¤er esteri�cation. 
Meanwhile, the triple peaks at 2.30 ppm did not change before 

correspond to the peaks of N-H and C-O functional groups, 
respectively. �ose belong to the characteristic peaks of 
chitosan. �e peaks at 1160 and 1033 cm−1 are characteristic 
absorption bands of -SO3H group [25]. �is is consistent with 
Dawodu et al. [21] report that the absorption bands at 1178 
and 1026 cm−1 are attributed to O=S=O stretching vibrations. 
Compared with the FT-IR spectra of CS and CS-SO3H, a 
new absorption band appeared at 808 cm−1 of CS-SO3H, 
which belongs to the characteristic peak of C-O-S [26–28]. 
�is indicates that -SO3H functional group has been gra¤ed 
onto –OH of chitosan, and the preparation of the catalyst is 
successful.

XRD spectra (Figure 1(b)) show that chitosan was amor-
phous powder, and the characteristic peak of chitosan appeared 
at 19.9° [23]. �e position of the di©raction peak of CS-SO3H 
is at 20.6°, which indicates that the structure of sulfonated 
SO3H has changed.

As can be seen from Figure 1(c), CS has irregular mor-
phology and rough surface with a size of about 10–20 μm, 
which conforms to the structural characteristics of polymers. 
Figure 1(d) shows that a¤er sulfonation, CS-SO3H becomes a 
more regular spherical structure with a relatively smooth sur-
face and a size of about 10 μm. �is indicates that the sulfonic 
acid functional groups are mainly concentrated on the surface 
of the catalyst, resulting in changes in the surface 
morphology.

In the production of methyl oleate, hydrophobic materials 
can catalyze raw materials containing water. If hydrophobic 
materials are strong, the yield of methyl oleate will be higher. 
�e water contact angle of CS is 90.3° and CS-SO3H is 32.7° 
(Figures 1(e) and 1(f)). Because chitosan itself is insoluble in 
water, and the sulfonic acid group belongs to the hydrophilic 
group, which results in a smaller contact angle. When the con-
tact angle is greater than 90°, it is generally considered that 
catalyst has good hydrophobic properties. While the contact 
angle is between 30° and 90°, it is thought that the material 
has certain wettability, but the wettability is not good [8, 29]. 
However, in the process of preparing methyl oleate, a certain 
contact angle can meet the needs of production. �erefore, 
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Figure 3: �e 1H spectra of oleic acid (a), and methyl oleate (b).
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unchanged. While esteri�cation itself is a type of reversible 
reaction, more methanol can accelerate the reaction rate before 
reaching equilibrium. However, a 15 : 1 molar ratio is desirable 
in view of cost.

3.3.4. Catalyst Dosage. In the esteri�cation reaction, a 
relatively large number of active sites can promote the positive 
direction of the reaction [18]. As shown in Figure 4(d), When 
the amount of catalyst was increased from 1% to 3% the weight 
of OA, methyl oleate yield increased from 84.8 to 95.2%. 
However, when the amount of catalyst was increased to 4% 
and 5%, the yield hardly changed. �erefore, a suitable amount 
of catalyst will accelerate the reaction rate, and the yield will 
reach a certain level, and increasing the amount of the catalyst 
has no practical signi�cance for the reaction. Moreover, from 
the viewpoint of actually controlling the production cost, 3 
wt% of the catalyst is the optimal condition.

In summary, considering the cost of production, the opti-
mized reaction conditions are as follows: temperature 75°C, 
time 3 h, methanol/oleic acid molar ratio 15/1, catalyst dosage 
3 wt%, and the yield of methyl oleate is 95.7%. As a contrast, 
the yield of the blank experiment without a catalyst is only 
0.4%, while that of the control group with chitosan as a catalyst 
is 0.9% (Table 2). �erefore, it can be concluded that CS-SO3H 
catalyst has an excellent catalytic e©ect and is a simple, eco-
nomical and green catalyst for methyl oleate production.

3.4. Expanded Reaction Scale for the Production of Methyl 
Oleate. High yield could be obtained with fewer substrates, 
but when the amount of substrates multiplied, the catalytic 
activity may be a©ected by mass transfer resistance [35–37]. 
In order to ensure that the catalyst still has excellent catalytic 
performance in the presence of a large number of substrates, 
the large-scale reaction was carried out. Under the optimized 
conditions of the oleic acid amount of 20 g, the temperature 
of 75°C, the methanol to oleic acid molar ratio of 15 : 1, and 
the reaction time of 3 h, a high methyl oleate yield of 94.4% 
could be obtained. It shows that chitosan sulfonic acid catalyst 
still has a good catalytic e©ect in large scale reactions. �is 
provides a basis for the development of new polymer-based 
high-e�ciency acid catalysts.

3.5. Hot Filtration and Water Tolerance Tests. �ermal 
�ltration is a simple and easy way to distinguish the types 
of catalysts. By comparing the yields a¤er thermal �ltration, 
the homogeneous/heterogeneous solid catalysts can be 
quickly judged [38]. Generally speaking, the heterogeneous 
behavior of catalysts is measured under the same conditions 
of comparative experiments. One group �ltered the catalyst 
a¤er 0.5 h and kept the reaction for another 2.5 h, while 
the other group did not have any treatment under the same 
conditions (Figure 5(a)). �e results show that a¤er removal of 
the catalyst, the yield remains basically unchanged, that is, the 
active site of the catalyst is not lost. �is proves that CS-SO3H 
is an excellent heterogeneous biomass-based polymer catalyst.

Owing to the esteri�cation reaction is reversible, water 
will be formed in the reaction process. However, water, as a 
by-product of esteri�cation, will lead to inactivation of the 
active site of the acid catalyst with poor water resistance, thus 

and a¤er the reaction, which is a typical α-CH2 peak. �erefore, 
the yields of methyl oleate can be determined by unchanged α-
CH2 and emerging -OCH3 peak areas. �e following formula 
is used to evaluate methyl oleate yield.

where ��� represents the integral area of -OCH3 and ���2 is 
the area of α-CH2.

3.3. Esteri�cation of Oleic Acid to Methyl Oleate. �e cost 
of preparing methyl oleate is a primary consideration in 
industrial production. �erefore, the parameters of the OA and 
MeOH esteri�cation reaction were optimized. �e reaction 
temperature (55–95°C), reaction time (1–5 h), MeOH/OA 
molar ratio (5/1–25/1), and catalyst dosage (1–5 wt% oleic 
acid) were studied by single factor experiment. Under the 
optimized conditions, the yield was examined and compared 
with the results of chitosan catalysis and blank experiments 
(Table 2).

3.3.1. Reaction Temperature. High temperature is conducive 
to accelerating the reaction rate and reaching equilibrium 
quickly [33]. However, excessive temperature increases the 
production cost. �erefore, it is the �rst thing to determine the 
appropriate reaction temperature through experiments. �e 
yield of methyl oleate increased from 75.2% to 95.9% due to 
the change in temperature (55–75°C) (Figure 4(a)). With the 
increase of temperature to 95°C, the yield reached 97.9%, and 
the change of yield was not obvious. �e reaction temperature 
can be determined at 75°C.

3.3.2. Reaction Time. Esteri�cation reaction needs enough 
time to ensure mass transfer, but once the equilibrium state is 
reached, increasing reaction time has little e©ect on the yield 
[34]. As shown in Figure 4(b), the yield of methyl oleate varies 
greatly with time. When the time is within 1–3 h, the yield 
ranges from 81.3% to 95.9%. However, when time is 4 h and 
5 h, the yield of methyl oleate did not increase signi�cantly 
(96.3%–97.6%). �erefore, it is more reasonable to select a 
reaction time of 3 h for the following optimization.

3.3.3. Methanol/Oleic Acid Molar Ratio. As can be seen from 
Figure 4(c), with the increase in a molar ratio of MeOH/OA, 
the yield of methyl oleate gradually increases. �e molar ratio 
of MeOH/OA has little e©ect on the yield of methyl oleate. �e 
yield of 73.3% can be obtained at the molar ratio of 5 : 1. �e 
yield of 95.8% is obtained when the molar ratio is 15 : 1. When 
the highest molar ratio is 25 : 1, the yield reaches 96.6%, almost 

(1)� = 100 × ( 2���3���2
),

Table 2: �e methyl oleate yield comparison di©erent catalysts.

Catalyst Total acid density (mmol 
H+·g−1) Methyl oleate yield (%)

Blank - 0.4
CS - 0.9
CS-SO3H 3.81 95.7
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which is bene�cial to esteri�cation [8]. We added a certain 
amount of water into the system to determine the water tol-
erance of the catalyst. At the same time, it can also achieve the 

reducing the reaction rate, resulting in a lower yield of ester 
in certain reaction time. �is will lead to poor reusability of 
the catalyst. �us, the water tolerance of the catalyst is good, 
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Figure 4: Performance optimization of oleic acid (AV = 184.52 mg KOH/g) with the CS-SO3H catalyst: (a) reaction temperature, (b) reaction 
time, (c) methanol/oleic acid molar ratio, and (d) catalyst amount.
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Figure 5: (a) Hot �ltration test of CS-SO3H in the esteri�cation of oleic acid; (b) Water tolerance study of the CS-SO3H catalyst. Reaction 
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A¤er drying overnight at 80°C, the regenerated catalyst was 
used again for the next reaction.

As can be seen from Figure 6(a), the active site of sulfonic 
acid still exists, but the characteristic infrared absorption 
band moves from 1160 and 1033 cm−1 to 1210 and 1046 cm−1. 
�is indicates that the catalyst is a©ected by impurities, and 
it is necessary to remove by repeated use of petroleum ether 
scrubbing. �e absorption band at 808 cm−1 belongs to  
C-O-S, which indicates that -SO3H is still bonded to chitosan 
[26–28]. By comparing the XRD peaks of CS-SO3H before 
and a¤er the reaction (Figure 6(b)), no signi�cant change in 
the shape of the peaks was observed, indicating that the cat-
alyst was stable. �e methyl oleate yield can still reach 85.7% 
a¤er the catalyst is reused for four times (Figure 6(c)). 
Generally speaking, the sulfonic acid catalyst prepared by 
gra¤ing method has good catalytic activity and stability, and 
the leaching amount of the active site is relatively small 
[25, 28]. For example, a¤er �ve cycles of use, the yield of 
HS/C-SO3H catalyst is still as high as 90% [11]. Moreover, 
the CS-SO3H catalyst prepared by us has a high acid density 

same e©ect for feedstocks which contain a small amount of 
water.

As can be seen from Figure 5(b), when the water content 
is 4 wt% of oil quality, the yield of methyl oleate is very close 
to 90%. When the water content is 8 wt%, the yield of methyl 
oleate can still reach 80%. With water content reaching 10 
wt%, the yield can be reduced to 72.4%. �is indicates that the 
catalyst has excellent water tolerance.

3.6. Reusability of Catalyst. For heterogeneous catalysts, their 
recyclability can not only reduce the production cost but also 
maximize environmental protection [14]. �erefore, it is 
necessary to explore the reusability of catalysts. �e reusability 
of catalysts was determined under the optimal conditions. 
A¤er each reaction cycle, the catalyst was centrifuged and 
washed alternately with petroleum ether and ethanol three 
times to remove the organic matter adhering on the catalyst. 

(2)
Oleic acid (A) + Methanol (B)

⇀↽ Methyl oleate (C) + Water (D).
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Figure 6: �e fresh and reused CS-SO3H (a) FT-IR; (b) XRD; (c) reusability of the CS-SO3H catalyst. Reaction conditions: reaction temperature 
75°C, the CS-SO3H catalyst of 3 wt%, reaction time of 3 h, and methanol/oil molar ratio 15/1.
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oleate was up to 95.7%. In addition, the catalyst has good sta-
bility and reusability. A¤er four cycles, the yield of methyl 
oleate can still as high as 85.7%. �is indicates that CS-SO3H 
has good catalytic performance in the pre-esteri�cation and 
esteri�cation of biodiesel. Moreover, the preparation of cata-
lysts from biomass raw materials not only greatly reduces the 
cost, but also can be used as a solution for the treatment of 
biomass waste. �erefore, the preparation of biomass-based 
polymer materials with high activity is of great signi�cance in 
the production of biodiesel and has good application prospects 
in the �eld of cleaner production.
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(3.81 mmol/g), which makes the catalyst maintain good 
reusability.

As can be seen from Table 3 , entry 1 and 2 are bio-matrix 
composite catalysts with good reusability. Relative to entry 3, 
4, 5, the reuse e�ciency of biomass-based catalysts is poor. 
�is is mainly due to the sulfonation reagent being generally 
sulfuric acid. Although it has a high acid density, the active 
sites are easy to leach in the reaction, resulting in a low reuse 
rate. However, CS-SO3H is a stable biomass-based polymer 
material because it is directly bonded by chlorosulfonic acid 
and CS in the form of a covalent bond, rendering the catalyst 
of strong stability. A¤er four cycles, the yield of CS-SO3H can 
still reach 85.7%. Compared with entry 1 and 2, the yield of 
CS-SO3H a¤er reuse is roughly the same, but the synthesis 
method of CS-SO3H is simpler and milder. �is is an advan-
tage for the polymer catalyst. Meanwhile, the reaction tem-
perature of CS-SO3H in esteri�cation reaction is mild, the 
reaction time is short, and the amount of catalyst needed is 
less. �is may be mainly due to the high acid density which 
provides more active sites and speeds up the reaction rate 
(Scheme 1).

4. Conclusion

In this paper, a simple method was used to prepare bio-
mass-based polymer catalyst CS-SO3H under mild conditions. 
�e results showed that the catalyst had a high acid density 
(3.81 mmol/g), good catalytic performance in the esteri�cation 
of OA and MeOH, and could e�ciently prepare methyl oleate. 
Under the optimum reaction conditions, the yield of methyl 
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Scheme 1: Synthesis of the biomass-based acid catalyst CS-SO3H.

Table 3: Comparison of the performance of di©erent heterogeneous catalysts in esteri�cation.

a�e reaction substrates are ethanol and oleic acid. bFFA denotes free fatty acids.

NO. Catalyst Feedstock Reaction conditions Methyl oleate yield 
(Conversion) (%)

Reuse cycle (Conversion 
a¤er last run) Ref.

1 HS/C-SO3H Oleic acid �=80°C, CA = 3.6 wt%, 
M/O = 10 : 1, � = 5 h 96.9 5 (90) [11]

2 FCHC-SO3H Oleic acid � = 80°C, CA = 4 wt%, 
M/O = 15 : 1, � = 3 h 96.7 5 (84.3) [18]

3 Bamboo Ph-SO3H Oleic acid �=85°C, CA = 12 wt%, 
E/O = 7:1, �  =  3ha 96.0 5 (28) [39]

4 Sugarcane bagasse 
-SO3H

Oleic acid � = 50°C, CA = 0.1 wt%, 
M/O = 20:1, � = 24 h 85.1 5 (66.6) [40]

5 Sulfonated carbon FFAb � = 68°C, CA = 6 wt%, 
M/O = 15:1, � = 3 h 94.4 5 (60) [41]

6 CS-SO3H Oleic acid � = 75°C, CA = 3 wt%, 
M/O = 15:1, � = 3 h 95.7 4 (85.7) �is work



Advances in Polymer Technology10

[17]  W. Xie and F. Wan, “Immobilization of polyoxometalate-
based sulfonated ionic liquids on UiO-66-2COOH metal-
organic frameworks for biodiesel production via one-pot 
transesterification-esterification of acidic vegetable oils,” 
Chemical Engineering Journal, vol. 365, pp. 40–50, 2019.

[18]  A. Wang, H. Li, H. Pan et al., “Efficient and green production 
of biodiesel catalyzed by recyclable biomass-derived magnetic 
acids,” Fuel Processing Technology, vol. 181, pp. 259–267, 2018.

[19]  W. L. Xie and J. L. Wang, “Immobilized lipase on magnetic 
chitosan microspheres for transesterification of soybean oil,” 
Biomass Bioenergy, vol. 36, pp. 373–380, 2012.

[20]  P. A. Russo, M. M. Antunes, P. Neves et al., “Mesoporous 
carbon–silica solid acid catalysts for producing useful bio-
products within the sugar-platform of biorefineries,” Green 
Chemistry, vol. 16, no. 9, pp. 4292–4305, 2014.

[21]  F. A. Dawodu, O. Ayodele, J. Xin, S. Zhang, and D. Yan, 
“Effective conversion of nonedible oil with high free fatty acid 
into biodiesel by sulphonated carbon catalyst,” Applied Energy, 
vol. 114, pp. 819–826, 2014.

[22]  Y. Zhang, W. T. Wong, and K. F. Yung, “Biodiesel production 
via esterification of oleic acid catalyzed by chlorosulfonic acid 
modified zirconia,” Applied Energy, vol. 116, pp. 191–198, 2014.

[23]  B. S. Reddy, A. Venkateswarlu, G. N. Reddy, and Y. R. Reddy, 
“Chitosan-SO3H: an efficient, biodegradable, and recyclable 
solid acid for the synthesis of quinoline derivatives via 
Friedländer annulation,” Tetrahedron Letters, vol. 54, no. 43, 
pp. 5767–5770, 2013.

[24]  T. C. dos Santos, E. C. Santos, J. P. Dias, J. Barreto, F. L. Stavale, 
and C. M. Ronconi, “Reduced graphene oxide as an excellent 
platform to produce a stable brønsted acid catalyst for biodiesel 
production,” Fuel, vol. 256, p. 115793, 2019.

[25]  R. S. �ombal, A. R. Jadhav, and V. H. Jadhav, “Biomass derived 
β-cyclodextrin-SO3H as a solid acid catalyst for esterification 
of carboxylic acids with alcohols,” RSC Advances, vol. 5, no. 17, 
pp. 12981–12986, 2015.

[26]  Y. Xiang, M. Yang, Z. Guo, and Z. Cui, “Alternatively chitosan 
sulfate blending membrane as methanol-blocking polymer 
electrolyte membrane for direct methanol fuel cell,” Journal of 
Membrane Science, vol. 337, no. 1–2, pp. 318–323, 2009.

[27]  Z. Yao, C. Zhang, Q. Ping, and L. L. Yu, “A series of novel 
chitosan derivatives: synthesis, characterization and micellar 
solubilization of paclitaxel,” Carbohydrate Polymers, vol. 68,  
no. 4, pp. 781–792, 2007.

[28]  C. S. Caetano, M. Caiado, J. Farinha et al., “Esterification of free 
fatty acids over chitosan with sulfonic acid groups,” Chemical 
Engineering Journal, vol. 230, pp. 567–572, 2013.

[29]  A. Wang, H. Li, H. Zhang, H. Pan, and S. Yang, “Efficient 
Catalytic Production of Biodiesel with acid-base bifunctional 
rod-Like Ca-B oxides by the sol-gel approach,” Materials,  
vol. 12, no. 1, p. 83, 2019.

[30]  H. Yu, S. Niu, C. Lu, J. Li, and Y. Yang, “Preparation 
and esterification performance of sulfonated coal-based 
heterogeneous acid catalyst for methyl oleate production,” 
Energy Conversion and Management, vol. 126, pp. 488–496, 
2016.

[31]  G. Pathak, D. Das, K. Rajkumari, and L. Rokhum, “Exploiting 
waste: towards a sustainable production of biodiesel using 
Musa acuminata peel ash as a heterogeneous catalyst,” Green 
Chemistry, vol. 20, no. 10, p. 2365, 2018.

[32]  M. C. Nongbe, T. Ekou, L. Ekou, K. B. Yao, E. Le Grognec, 
and F.-X. Felpin, “Biodiesel production from palm oil using 

References

 [1]  R. Shan, L. Lu, Y. Shi, H. Yuan, and J. Shi, “Catalysts from 
renewable resources for biodiesel production,” Energy 
Conversion and Management, vol. 178, pp. 277–289, 2018.

 [2]  S. H. S. Abdullah, N. H. M. Hanapi, A. Azid et al., “A review 
of biomass-derived heterogeneous catalyst for a sustainable 
biodiesel production,” Renewable and Sustainable Energy 
Reviews, vol. 70, pp. 1040–1051, 2017.

 [3]  A. F. Lee, J. A. Bennett, J. C. Manayil, and K. Wilson, 
“Heterogeneous catalysis for sustainable biodiesel production 
via esterification and transesterification,” Chemial Society 
Reviews, vol. 43, no. 22, pp. 7887–7916, 2014.

 [4]  I. M. Atadashi, M. K. Aroua, A. A. Aziz, and N. M. N. Sulaiman, 
“Production of biodiesel using high free fatty acid feedstocks,” 
Renewable and Sustainable Energy Reviews, vol. 16, no. 5,  
pp. 3275–3285, 2012.

 [5]  H. Zhang, Q. Zhou, F. Chang et al., “Production and fuel 
properties of biodiesel from Firmiana platanifolia Lf as a 
potential nonfood oil source,” Industrial Crops and Products, 
vol. 76, pp. 768–771, 2015.

 [6]  R. Wang, M. A. Hanna, W. W. Zhou et al., “Production and 
selected fuel properties of biodiesel from promising nonedible 
oils: Euphorbia lathyris L., Sapiumsebiferum L. and Jatropha curcas 
L,” Bioresource Technology, vol. 102, no. 2, pp. 1194–1199, 2011.

 [7]  H. Zhang, H. Li, H. Pan et al., “Efficient production of biodiesel 
with promising fuel properties from Koelreuteria integrifoliola 
oil using a magnetically recyclable acidic ionic liquid,” Energy 
Conversion and Management, vol. 138, pp. 45–53, 2017.

 [8]  H. Zhang, H. Li, H. Pan et al., “Magnetically recyclable acidic 
polymeric ionic liquids decorated with hydrophobic regulators 
as highly efficient and stable catalysts for biodiesel production,” 
Applied Energy, vol. 223, pp. 416–429, 2018.

 [9]  P. Syal, V. V. Verma, and R. Gupta, “Targeted mutations and MD 
simulations of a methanol-stable lipase YLIP9 from Yarrowia 
lipolytica MSR80 to develop a biodiesel enzyme,” International 
Journal of Biological Macromolecules, vol. 104, pp. 78–88, 2017.

[10]  W. Xie and F. Wan, “Basic ionic liquid functionalized 
magnetically responsive Fe3O4@ HKUST-1 composites used 
for biodiesel production,” Fuel, vol. 220, pp. 248–256, 2018.

[11]  Y. Wang, D. Wang, M. H. Tan et al., “Monodispersed hollow 
SO3H-functionalized carbon/silica as efficient solid acid 
catalyst for esterification of oleic acid,” ACS Applied Materials 
& Interfaces, vol. 7, no. 48, pp. 26767–26775, 2015.

[12]  S. Soltani, U. Rashid, S. I. Al-Resayes, and I. A. Nehdi, “Sulfonated 
mesoporous ZnO catalyst for methyl esters production,” Journal 
Cleaner Production, vol. 144, pp. 482–491, 2017.

[13]  L. Li, B. Yan, H. Li et al., “SO4
2−/ZrO2 as catalyst for upgrading of 

pyrolysis oil by esterification,” Fuel, vol. 226, pp. 190–194, 2018.
[14]  T. A. Ngu and Z. Li, “Phosphotungstic acid-functionalized 

magnetic nanoparticles as an efficient and recyclable catalyst 
for the one-pot production of biodiesel from grease via 
esterification and transesterification,” Green Chemistry,  
vol. 16, no. 3, p. 1202, 2014.

[15]  B. Yang, L. Leclercq, J. M. Clacens, and V. Nardello-Rataj, 
“Acidic/amphiphilic silica nanoparticles: new eco-friendly 
Pickering interfacial catalysis for biodiesel production,” Green 
Chemistry, vol. 19, no. 19, pp. 4552–4562, 2017.

[16]  K. Nakajima and M. Hara, “Amorphous carbon with SO3H 
groups as a solid Brønsted acid catalyst,” ACS catalysis, vol. 2, 
no. 7, pp. 1296–1304, 2012.



11Advances in Polymer Technology

sulfonated graphene catalyst,” Renewable Energy, vol. 106,  
pp. 135–141, 2017.

[33]  H. Pan, H. Li, X. F. Liu et al., “Mesoporous polymeric solid 
acid as efficient catalyst for trans esterification of crude Jatropha 
curcas oil,” Fuel Processing Technology, vol. 150, pp. 50–57, 2016.

[34]  Y. Ning and S. Niu, “Preparation and catalytic performance 
in esterification of a bamboo-based heterogeneous acid 
catalyst with microwave assistance,” Energy Conversion and 
Management, vol. 153, pp. 446–454, 2017.

[35]  Y. Zhou, S. L. Niu, and J. Li, “Activity of the carbon-based 
heterogeneous acid catalyst derived from bamboo in 
esterification of oleic acid with ethanol,” Energy Conversion 
and Management, vol. 114, pp. 188–196, 2016.

[36]  K. Malins, J. Brinks, V. Kampars, and I. Malina, “Esterification of 
rapeseed oil fatty acids using a carbon-based heterogeneous acid 
catalyst derived from cellulose,” Applied Catalysis A: General, 
vol. 519, pp. 99–106, 2016.

[37]  Z. Gao, S. Tang, X. Cui, S. Tian, and M. Zhang, “Efficient 
mesoporous carbon-based solid catalyst for the esterification 
of oleic acid,” Fuel, vol. 140, pp. 669–676, 2015.

[38]  R. Cano, A. F. Schmidt, and G. P. McGlacken, “Direct arylation 
and heterogeneous catalysis; ever the twain shall meet,” 
Chemical Science, vol. 6, no. 10, pp. 5338–5346, 2015.

[39]  S. Niu, Y. Ning, C. Lu, K. Han, H. Yu, and Y. Zhou, “Esterification 
of oleic acid to produce biodiesel catalyzed by sulfonated 
activated carbon from bamboo,” Energy Conversion and 
Management, vol. 163, pp. 59–65, 2018.

[40]  K. P. Flores, J. L. O. Omega, L. K. Cabatingan, A. W. Go,  
R. C. Agapay, and Y.-H. Ju, “Simultaneously carbonized and 
sulfonated sugarcane bagasse as solid acid catalyst for the 
esterification of oleic acid with methanol,” Renewable Energy, 
vol. 130, pp. 510–523, 2019.

[41]  A. B. Fadhil, A. M. Aziz, and M. H. Al-Tamer, “Biodiesel 
production from Silybum marianum L. seed oil with high FFA 
content using sulfonated carbon catalyst for esterification and 
base catalyst for transesterification,” Energy Conversion and 
Management, vol. 108, pp. 255–265, 2016.


