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Iron(III)-modified tungstophosphoric acid
supported on silica-pillared montmorillonite as
catalysts for fructose conversion to methyl
levulinate
Fengjiao Lai,a,b* Jia Luo,a Dan Jiang,c Tongchao Suc and Fan Zhanga

Abstract

BACKGROUND: Because of the decline in conventional sources of energy and the increasing pollution, the fossil fuel based
energy structures is being replaced by renewable energy based structures such as biomass energy. Among current biodiesel
sources, methyl levulinate (ML) obtained from catalytic conversion of renewable carbohydrate with methanol has received
a great deal of attention. Silica-pillared montmorillonites (MMTSi) functionalized by iron-modified tungstophosphoric acid
(HPWFe) were prepared, and their physicochemical properties and catalytic effects on ML production studied.

RESULTS: Catalysts characterization demonstrated the high dispersion and Keggin structure of HPWFe in the framework of
MMTSi. Effects of various reaction parameters and catalyst recycling on the reaction performance were studied to optimize
fructose conversion. With 4-HPWFe-MMTSi as the catalyst, an optimized ML yield of around 74 mol% was obtained at 180∘C
for 1 h, and the recovered catalyst after calcination was found to retain high activity after being reused five times.

CONCLUSION: The prepared HPWFe-MMTSi catalysts showed high porosity, perfect Br nsted-Lewis acidity and high thermal
stability, which made their catalytic activity for fructose conversion and catalyst reusability values higher than others reported
in the literature.
© 2017 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION
Because of the increasingly serious problems of fossil energy
depletion and environmental pollution, exploiting clean renew-
able energy resources has already become urgent.1–3 Biomass
energy, as one form of renewable energy with widely available
resources, could not only help the energy crisis but also lower the
environmental pollution.2,3 Therefore, researching and developing
chemical or biological transformations converting biomass into
different biofuels and feedstock chemicals has become an impor-
tant part of exploring new energy sources in the world.4–6 Among
these explorations of biomass energy, levulinate esters, owing to
their unsaturated groups of carbonyls and esters, are versatile reac-
tion intermediates and chemical feedstocks, and are widely used
in the flavouring, fragrance, medical and plasticizer industries.7–9

Moreover, when added to biodiesel as a blending component, lev-
ulinate esters improve lubrication, low temperature fluidity and
flash point stability of biodiesel to lower the sulfur contents and
finally realize cleaner-burning.10

In previous research, using an inorganic liquid acid (espe-
cially sulfuric acid) as catalyst was the most common method
for levulinate esters production. Although the catalytic perfor-
mance was good, the utilization of inorganic liquid acid has
several problems such as separation difficulty, low recycling rate

and persistent equipment corrosion.11,12 In contrast, solid acid
catalysts could avoid these problems and have aroused many
researchers’ interest. Nevertheless, only a limited number of
solid acids such as SO3H-functionalized materials, sulfated metal
oxides, ion-exchange resin, and modified zeolites were available
for producing levulinate esters from biomass.13,14 Moreover, the
yields of levulinate esters are still unsatisfactory. Owing to these
problems, it is extremely important and necessary to develop
efficient and environmentally benign catalysts for economical
conversion of biomass feedstocks into levulinate esters.

Heteropoly acids (HPAs), owing to their strong acidity, especially
those with the Keggin structure (such as H3PW12O40, HPW) have
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shown excellent catalytic performance in both heterogeneous and
homogeneous catalytic reactions.15 HPW as a Brønsted acid has
even higher acidity than H2SO4 but HPW utilization is limited
due to its low surface area, poor thermal stability, and so on.16

According to several reports, even if HPW was loaded in porous
materials such as alumina, active carbon, titania, molecular sieve
and ordered mesoporous silica, large HPW loss from the supports
appeared in polar reaction media.17–21 Since the diameter of
Keggin heteropolyanion is about 1 nm,21 encaging HPW into the
high surface area frameworks with slightly larger size than the
heteropolyanion might be a feasible method for improving the
properties of HPW. Moreover, metal ion substituted HPW such
as HPWFe or HPWTi contains both Brønsted and Lewis acid sites
and shows better catalytic activity compared with pure HPW.22,23

Therefore, metal-modified HPW supported on suitable porous
materials might be an efficient solid acid catalyst for carbohydrates
conversion to levulinate esters.

Montmorillonite (MMT) is a typical inorganic material and very
rich clay mineral, and consists of layers of two tetrahedral silica
sheets sandwiching one octahedral alumina sheet.24–26 A series
of ordered mesoporous clay materials based on montmorillonite
known as silica pillared clay (MMTSi) materials have recently been
prepared.25,27 These inorganic porous materials have controllable
pore dimensions and have specific catalytic properties depending
on the type of silicate layers, pillaring agents and encapsulated
functional molecules, and have stimulated a great deal of interest
for potential application in a wide range of industries.25 It is
expected that the modified clay with textural mesoporosity could
provide the opportunity for high dispersion of functional acid
catalyst, as well as easy diffusion of reactants to active sites and
products out of the pores.

In the present study, a sol–gel method and self-assembly
method were applied to incorporate iron-modified HPW (HPWFe)
into the framework of mesoporous MMTSi materials to synthe-
size a new solid acid catalyst. The resultant materials possess
higher dispersion of the acid sites due to high surface area,

Table 1. Results of XRF analysis of the samples

P2O5 WO3 Fe HPWFe
Catalyst sample (wt%) (wt%) (wt%) (wt%) P:W:Fe

1-HPWFe-MMTSi 0.18 6.41 0.14 6.88 1:10.90:0.99
2-HPWFe-MMTSi 0.27 9.75 0.21 10.46 1:11.05:0.99
3-HPWFe-MMTSi 0.48 17.15 0.39 18.41 1:10.94:1.03
4-HPWFe-MMTSi 0.83 29.61 0.64 31.78 1:10.92:0.98
5-HPWFe-MMTSi 1.01 36.23 0.86 38.88 1:10.98:1.08

and simultaneously overcome the low stability and leaching
problem of HPWFe. The structure, appearance and other proper-
ties of the catalysts were analyzed using several characterization
methods. The catalysts were applied in the conversation of car-
bohydrates to methyl levulinate (ML) to evaluate the catalytic
activity. In addition, the influence of different process parameters
including reaction temperature, reaction time, catalyst dosage
and carbohydrate type on ML production was investigated. Mean-
while, the recyclability and stability of the catalysts were also
studied for more practical applications.

EXPERIMENTAL DETAILS
Materials
Cetyltrimethylammonium bromide (CTAB), concentrated
hydrochloric acid (HCl, 36 wt%), tetraethyl orthosilicate (TEOS),
FeCl3·6H2O (98%), D-fructose (99%), Amberlite FPA53 (Type 732),
glucose (99%), starch, sucrose (98%), cellulose, ethanol (99.5%)
and methanol (99.5%) were purchased from Aladdin Industrial Inc.
Tungstophosphoric acid (H3PW12O40·8H2O, HPW) and cellulose
(microcrystalline, powder) were obtained from Sigma-Aldrich
(Shanghai). Methyl levulinate (ML, 99%) was purchased from J&K
Scientific Ltd (Beijing). All solvents and reactants are commercially
available and were used without further purification. The natural

Figure 1. (a) Low-angle XRD patterns of samples; (b) wide-angle XRD patterns of samples.
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Figure 2. (a) FT-IR spectra of the samples; (b) NH3-TPD curves of the samples.

montmorillonite clay (MMT) was obtained from the Zhejiang
Yi-Guo Technological Reagent Co., Ltd (China), and used without
any further purification or cations exchanging.

Catalysts preparation
HPWFe synthesis: first Na7PW11O39 was prepared according to ref-
erence 28. Subsequently, Na7PW11O39 (5 mmol) and FeCl3·6H2O
(5 mmol) were dissolved in 5 wt% H2SO4. The pH of the mixture
was adjusted to 5.5 by NaHCO3, followed by adding KCl (20 mmol)
to form a precipitate. The precipitate was filtrated and recrys-
tallized with water three times into potassium salt K4PW11FeO39.
Then 2 g of prepared K4PW11FeO39 was dissolved in 1000 mL of
deionized water, and strong-acid cation exchange resin (Amberlite
FPA53, Type 732) was added to replace the potassium cations to
obtain H4PW11FeO39 (denoted as HPWFe). The final HPWFe powder
was obtained by solvent evaporation at 50 ∘C and drying at 70 ∘C.
The formation of HPWFe underwent the following reactions:28

[
PW11O39

]7− + Fe3+ + 4K+ → K4PW11FeO39 (1)

K4PW11FeO39 + 4H+ → H4PW11FeO39 (2)

HPWFe supported on silica-pillared MMT (MMTSi): HPWFe and
MMT composite catalysts were prepared by the combination of
a sol–gel method and self-assembly method. A certain amount
of MMT was added in 150 mL of deionized water and stirred for
1 h at room temperature to form a suspension solution. Then
12.5 mL of 28.6 wt% CTAB solution dissolved in ethanol was added
dropwise into the suspension and stirred for 1 h, resulting in a
gel mixture. The pH of the resultant gel was adjusted to 1.0 by
dropwise addition of HCl aqueous solution. Subsequently, the
requisite amount of HPWFe was dissolved in 10.0 mL of water and
then added dropwise into the above mixture.

After stirring for 4 h, a white precipitate was obtained and then
TEOS as silicon source was added, followed by continuous stirring
for 12 h. The molar ratio of MMT, CTAB, TEOS, alcohol, water and
HPWFe was 1:0.4:1.6:6.3:258:x. Then, the above precipitate was
transferred to a PTFE-lined autoclave and aged for 24 h at 110∘C
in the mother liquor. Afterwards, the excess water was evaporated
and the catalyst obtained was dried at 110∘C and calcined at 400∘C
for 6 h in air. Finally, the HPWFe and MMT composite catalyst was
obtained and labeled 1 to 5-HPWFe-MMTSi with different weight
percentages of HPWFe in the prepared catalysts measured by
X-ray fluorescence analysis (XRF). The sample without addition
of HPWFe was also prepared following the same procedure and
labeled MMTSi.

Catalyst characterization
Different elemental content in the samples was analyzed by X-ray
fluorescence spectrometer (XRF, Philips Magix-601, Netherlands).
The morphology of different samples was examined by scanning
electron microscopy (SEM, ZEISS EVO LS10, Cambridge, UK). The
crystalline structure was analyzed by X-ray diffraction (XRD, Rigaku
Rotaflex RAD-C, Tokyo, Japan) equipped with a Cu K𝛼 radiation
source (40 kv and 200 mA) and 2𝜃 data were collected from 2∘
to 90∘. The characteristics of the molecular structure of the sam-
ples were analyzed by Fourier transform infrared spectroscopy
(FTIR, Nicolet is10, Thermo Fisher Scientific, America) with a res-
olution of 4 cm-1 in the range 400–4000 cm-1. Ammonia temper-
ature programmed desorption (NH3-TPD, Chemisorption analyzer,
Quantachrome Instruments, Boynton Beach, FL, America) was also
used to determine the acid density. Catalyst at around 0.2 g was
treated under NH3 flow (10% NH3 and 90% He) for absorption
at 50 ∘C for 1 h after degassing and then flushed with He for 1 h
to remove the physically adsorbed NH3. The NH3-TPD data were
recorded from 50∘C to 650∘C with a ramp of 10∘C min-1. The back-
ground curve was also obtained by treating catalyst under pure

J Chem Technol Biotechnol 2018; 93: 557–568 © 2017 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 3. TG-DTA curves of the samples.
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He instead of NH3 flow during the adsorption step. Three different
volumes (0.5, 1, 1.5 mL) of standard NH3 gas (10% NH3 and 90%
He) were used to calibrate acidity. The final acidity of the catalyst
needed to subtract the acidity of the background. The thermo-
gravimetric and differential thermal analysis (TG-DTA, STA 449 C,
NETZSCH, Germany) was applied to determine thermal effect of
the samples in the range of 30–800∘C in air. The surface area, pore
size distribution and pore volume of catalysts were analyzed by
Brunauer–Emmett–Teller method (BET, Tristar II 3020, Micromerit-
ics Instruments, Atlanta, GA, America) with N2 adsorption.

Reaction test and products analysis
The experiments were carried out in a 50 mL micro high-pressure
autoclave (YZPR-50, Yanzheng Shanghai Experimental Instrument
Co., Ltd). For each experiment, fructose (0.8 g), methanol (25 mL),
and a given weight amount of solid acid catalyst were mixed to
form a suspension and were poured into the autoclave. The auto-
clave was then heated to the desired temperature with magnetic
stirring (500 rpm) and initial pressure (2 MPa N2). After running the
reaction for the desired duration, the autoclave was taken from
the stove and quenched in an ice cool water bath to terminate the
reaction. The liquid product and solid acid catalyst were separated
by filtration.

Methyl levulinate (ML) and methyl formate in the reac-
tion products were analyzed by gas chromatography (GC;
GC-2014, Shimadzu, Kyoto) with a capillary column of Rtx-Wax
(30 m×Ø0.25 mm× 0.25 μm) and a flame ionization detector.
n-butyl alcohol was added in the liquid products as an internal
standard, and the amount of ML in the reaction products was
determined using calibration curves obtained by analyzing stan-
dard solutions with known amounts. Carbohydrate conversion
was quantified by HPLC with RI detection (LC-20A, Shimadzu). The
conversions from monosaccharides (fructose and glucose) and
sucrose were calculated on a carbon-basis as the above equation

for fructose. But the conversions from polysaccharide (starch and
cellulose) also needed to subtract the concentration of unreacted
biomass (namely solid residue) after reaction.

Carbohydrate conversions and ML yields were calculated using
the following equations:

Monosaccharide conversion (%) =
[(

C0 –Ci

)
∕C0

]
× 100 (3)

Polysaccharide conversion (%) =
[(

Ch –Ci –Cj

)
∕Ch

]
× 100 (4)

ML yield (mol%) =
[(

Ck × M0

)
∕
(

C0 × Mk

)]
× 100

or
[(

Ck × Mh

)
∕
(

Ch × Mk

)]
× 100 (5)

where C0 and Ci are the initial and post-reaction concentra-
tion of monosaccharide, respectively. C0 and Ci are the initial
and post-reaction concentration of polysaccharide calculated by
monosaccharide, respectively. Ck is the concentration of ML pro-
duced by acid-catalyzed alcoholysis. The terms M0, Mh and Mk

represent the molecular weight of monosaccharide, the molecular
weight of polysaccharide calculated by monosaccharide and ML,
respectively. All the ML yields were gained from the average value
of three parallel reactions.

RESULTS AND DISCUSSION
Catalyst characterization
The testing results of XRF for the prepared samples are shown in
Table 1. These samples contained various HPWFe loadings (6.88,
10.46, 18.41, 31.78 and 38.88 wt%) but all showed the molar ratio
of P:W:Fe ≈ 1:11:1, confirming the formation of mono-metal sub-
stituted undeca-tungstophosphates and the successful encapsu-
lation of HPWFe into MMTSi.

To investigate the building of predesigned intercalated architec-
ture in the samples, small-angle XRD was applied by analyzing the

Figure 4. (a) N2 adsorption/desorption isotherms of the samples; (b) pore size distribution curves of the samples.
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Table 2. Textural properties of MMT, MMTSi, and different
HPWFe-MMTSi samples

Sample

Average
pore

diameter
(nm)

BET surface
area

(m2 g-1)

Pore
volume

(cm3 g-1)

Total
acidity

(mmol g-1)

MMT 4.44 68 0.14 –
MMTSi 4.56 638 1.02 0.152
1-HPWFe-MMTSi 4.36 593 0.94 0.195
2-HPWFe-MMTSi 4.18 536 0.85 0.242
3-HPWFe-MMTSi 4.01 425 0.71 0.353
4-HPWFe-MMTSi 3.82 292 0.55 0.438
5-HPWFe-MMTSi 3.71 187 0.37 0.443
HPWFe-MMTSi – – – 0.476

gallery distance. Thus small-angle XRD patterns of MMT, calcined
MMT, MMTSi and different HPWFe-MMTSi samples are shown in
Fig. 1(a). The diffraction peak (001) of MMT and calcined MMT were
centered at 2𝜃 = 5.64∘ and 2𝜃 = 9.20∘, respectively. Therefore the
interlayer spacing (d) for MMT and calcined MMT was 1.57 nm and
0.96 nm, respectively, calculated by the Bragg’s equation:

2dsin𝜃 = n𝜆 (6)

where d is the interlayer spacing, 𝜃 is the angle of incidence, 𝜆
is wavelength and n is an integer that denotes the order of the
reflection.

According to related publications, the thickness of the clay
sheet of MMT is around 0.96 nm.25 Therefore, the lamellar struc-
ture of MMT has collapsed under calcination at 400∘C. But for
MMTSi, the diffraction peak (001) centered at 2𝜃 = 2.04∘ corre-
sponds to the interlayer spacing (d) of 4.32 nm. Then the gallery
distance of MMTSi was obtained as 3.36 nm by subtracting the
thickness of clay sheet (0.96 nm) from the interlayer spacing
(3.87 nm). These results suggested that with the addition of CTAB
template and TEOS, stable mesoporous lamellar structure had
been successfully formed during the MMTSi preparation process.
For 1-HPWFe-MMTSi sample, diffraction peak (001) centered at
around 2𝜃 = 1.98∘, corresponding with interlayer spacing of
4.46 nm and gallery distance of 3.50 nm. Moreover, with the
increase of HPWFe content, the diffraction peak shifted to lower
angles, corresponding to the enlarged interlayer spacing. Herein,
it could be speculated that the encapsulation of HPWFe did not
disturb the formation of intercalated structure of MMTSi. How-
ever, the diffraction intensity reduced gradually as the amount
of HPWFe increased. This might be due to the poor dispersion
or agglomeration of excessive HPWFe. Therefore, the amount of
HPWFe loading has an appropriate value and should be obtained
from further study.

The wide-angle XRD patterns of MMT, MMTSi and various
HPWFe-MMTSi samples are presented in Fig. 1(b). The characteris-
tic peaks of MMT at 2𝜃≈19.8∘, 26.8∘, 35.1∘ and 61.9∘ were assigned
to (110), (020), (004), (130), (200), (330), and (060) diffractions.25

In addition, these characteristic peaks could also be observed in
MMTSi, and all HPWFe-MMTSi samples. This suggested that the
addition of TEOS and HPWFe did not destroy the laminated crys-
talline structure of MMT. HPW showed characteristic peaks related
to Keggin ion at 2𝜃 = 10.28∘, 18.44∘, 20.46∘, 23.22∘, 26.28∘, 30.76∘,
35.72∘ and 38.06∘,20 which could also be observed in HPWFe. This

confirmed the presence of Keggin structure in HPWFe catalyst. But
these characteristic peaks related to the Keggin ion could hardly
be seen in the 1-HPWFe-MMTSi to 4-HPWFe-MMTSi samples, but
could in 5-HPWFe-MMTSi, indicating that HPWFe could be highly
dispersed in the lamellar structure of MMTSi when the loading
was around or below 30 wt%.

The FT-IR spectra of pure HPW, HPWFe, MMTSi and different
HPWFe-MMTSi samples in the region 400–1600 cm-1 are shown
in Fig. 2(a). Pure HPW showed several infrared absorption peaks at
around 1080, 980, and 890 cm-1, representing vas(P-O), vas(W=O),
and vas(W-Ob-W) in corner shared octahedral,18 respectively. And
these characteristic bands of HPW were preserved in the spec-
trum of HPWFe, suggesting that HPWFe kept the Keggin structure
of HPW. However, in the spectra of HPWFe-MMTSi samples with
low HPWFe content, the peaks at 980 and 890 cm-1 were signifi-
cantly covered by the peaks of MMTSi. When the HPWFe content
was more than that in 3-HPWFe-MMTSi, the infrared absorption
peaks of HPWFe could be clearly observed. Moreover, with the
increase of HPWFe content, the intensity of these peaks was evi-
dently strengthened and shifted to a higher wavenumber region.
In the spectra of HPWFe, the broad band around 802 cm-1 could be
attributed to vas (W-Oc-W) in the edge shared octahedral.18 In the
spectrum of MMTSi, the band at 795 cm-1 was assigned to the sym-
metric stretching frequency of Si-O-Si.29 But for HPWFe-MMTSi,
an infrared absorption band was observed at around 815 cm-1.
This might be ascribed to the formation of Si-O-W bonds between
MMTSi and HPWFe, demonstrating that HPWFe had been well
encaged into the structural framework of MMTSi.29 These results
indicated that the Keggin structure of HPWFe was successfully sup-
ported on MMTSi, as did the results of wide-angle XRD.

NH3-TPD was carried out to measure the strength and den-
sity of acid sites in MMT, MMTSi, HPW-MMTSi (contains the same
HPW content as 4-HPWFe-MMTSi without iron) and different
HPWFe-MMTSi samples (Fig. 2(b)). According to Hidalgo theory,
a desorption peak at over 350∘C corresponds with a strong
acid site; a contrary peak is related to a weak acid site. It was
observed that MMTSi possessed two desorption bands at around
200 ∘C and 470 ∘C, corresponding to weak acid site and medium
strong acid site, respectively. The total acid amount of MMTSi was
only 0.152 mmol g-1. For sample encapsulating HPWFe, namely,
HPWFe-MMTSi samples, the strong acid center shifted to around
520∘C and weak acid center barely changed. At the same time,
the strong acid intensity and the total acid amount was signif-
icantly enhanced, resulting from the fact that HPW is a strong
acid and has a strong acid center at around 550∘C.16 The reason
that the strong acid center of HPW decreased to around 520∘C
might be attributed to the interaction between partial protons of
HPW and Si-OH of MMTSi, which could obviously improve the sta-
bility of catalysts but also make some strong acid sites change
to weak acid sites. In addition, the desorption band at around
520∘C was evidently intensified with increasing HPWFe content
up to 4-HPWFe-MMTSi, while 5-HPWFe-MMTSi showed a markedly
reduced intensity. It was proposed that the deposition of exces-
sive HPWFe in 5-HPWFe-MMTSi might lead to blockage of the pore
channels, thus hindering the acid sites inside from exposure to
the NH3.17 Therefore, the acid amount of HPWFe-MMTSi increased
with the increase of HPWFe content first and reached 0.438 mmol
g-1 for 4-HPWFe-MMTSi, but 5-HPWFe-MMTSi (0.443 mmol g-1)
showed a comparable acid amount to 4-HPWFe-MMTSi. Moreover,
the total acid amount of 4-HPWFe-MMTSi (0.438 mmol g-1) was
smaller than that of HPW-MMTSi (0.476 mmol g-1), but its ML yield
from fructose was lower than that of 4-HPWFe-MMTSi under the
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Figure 5. SEM images of the samples.

J Chem Technol Biotechnol 2018; 93: 557–568 © 2017 Society of Chemical Industry wileyonlinelibrary.com/jctb



564

www.soci.org F Lai et al.

Figure 6. Conversion of fructose to methyl levulinate using various cata-
lysts (0.8 g fructose, 0.35 g catalyst and 25 mL methanol at 180∘C for 1 h).

same reaction conditions. This was because that mono-substituted
HPW performed the downward trend for Brønsted acidity23 but
the introduced Lewis acid sites could promote the alcoholysis of
fructose to ML (as the proposed reaction pathway in Fig. S1, Sup-
porting material).30

The TG-DTA curves of the HPWFe, MMTSi, and HPW-MMTSi sam-
ple in the region 30–800∘C are shown in Fig. 3. For all the sam-
ples, the weight loss observed before 100∘C was attributed to
the loss of physically absorbed water molecules and the cor-
responding DTA curve in this region was endothermic.31,32 For
HPWFe, the weight loss (about 4.18%) between 100 and 296∘C
was assigned to the loss of crystal water of the Keggin unit, cor-
responding to the endothermic peak centered at 211∘C in the
DTA curve.29 The final step of about 3.88% weight loss in the
range of 296–570∘C was assigned to the loss of acidic protons
and the beginning of decomposition of the Keggin structure, cor-
responding to the endothermic peak centered at about 400∘C in
the DTA curve.29,32 And the endothermic peak centered at 572∘C
was attributed to the collapse of the heteropoly acid structure to
form corresponding oxides.29,32 For MMTSi sample, there was a
sharp exothermic peak in the range 210–400∘C centered at 333∘C,
accounting for the decomposition of CTAB. This result indicated
that CTAB template could be eliminated through calcination at
400∘C.33 And the last exothermic peak centered at around 715∘C
in the DTA curve was ascribed to the collapse of the mesoporous
gallery structure.34 For HPWFe-MMTSi samples, the endothermic
peak corresponding to the loss of HPW acidic protons shifted to
around 480∘C, indicating that HPW could be generated and well
encaged in the framework of MMTSi. Moreover, the endother-
mic peak accounting for the complete decomposition of the het-
eropoly acid also shifted to around 630∘C in the DTA diagrams of
HPW-MMTSi. These results suggested that the thermal stability of
HPWFe in the HPWFe-MMTSi samples was much higher than that
of merely HPWFe. Moreover, the decomposition temperature of
CTAB increased to around 340∘C, which might be ascribed to the
interation of CTAB and HPW to some extent. The exothermic peak
corresponding to the collapse of the structure of the silica-pillared
MMT could also be observed in all the DTA curves HPWFe-MMTSi
samples, suggesting that the interlayer gallery structure of MMTSi
was maintained after loading HPWFe. These were in accordance
with the results of XRD and FT-IR.

The hysteresis loops of isotherms and the pore-size distributions
of MMT, MMTSi and all the HPWFe-MMTSi samples are shown in
Fig. 4 and the textural properties such as surface area, average
pore size, and pore volume are presented in Table 2. MMTSi and
all the HPWFe-MMTSi samples showed type IV isotherm patterns
with H4-type hysteresis loop starting at about 0.45 partial pres-
sure (Fig. 4(a)), confirming their mesoporous structures with the
cylindrical pores formed in the gallery region.35 The MMT sample
presented an isotherm with adsorption at low relative pressure
(P/P0< 0.3) and a small hysteresis loop at high relative pressures
(P/P0= 0.50–0.95), corresponding to small amount of mesopores
(Type IV).35 The hysteresis loops of the isotherm of HPWFe-MMTSi
samples were obviously much larger than that of MMT, but lower
than that of the MMTSi sample. Moreover, the hysteresis loop of
the isotherm decreased as the HPWFe content increased. Figure
S2 illustrates the proposed formation mechanism of the ordered
mesoporous MMTSi and HPWFe-MMTSi materials.29 As expected,
MMTSi showed a high surface area of 638 m2 g-1, which was much
higher than that of natural MMT (68 m2 g-1), indicating that the
mesoporous silica-pillared MMT was well formed by the addition
of TEOS. For HPWFe-MMTSi samples, the surface area and pore
volume were also much larger than that of MMT, but lower than
that of MMTSi. And as the HPWFe loading was increased, sur-
face area, pore diameter (Fig. 4(b)) and pore volume all strongly
decreased. The reason being, as the HPWFe loading increased
on MMTSi, HPWFe species entered the pores of MMTSi and then
decreased the average pore diameter, and the average pore vol-
ume as well as the surface area.20 Moreover, the HPWFe loaded
in the HPWFe-MMTSi samples contributed to the sample weight
which could also affect the surface area.

The morphologies of the samples are shown in Fig. 5. It can be
seen that MMTSi kept the lamellar structure of nature MMT but
swelled a little.25 HPWFe-MMTSi also exhibited lamellar structure
and was similar to the morphology of MMTSi, indicating that
the introduction of HPWFe did not destroy the interlayer gallery
structure of MMTSi.

Catalytic performance
Effect of different catalysts
Preliminary experiments were carried out to evaluate the cat-
alytic performance of MMTSi and different HPWFe-MMTSi cata-
lysts for ML production from fructose at 180∘C for 1 h (Fig. 6).
Among the solid catalysts tested, only 61.5% fructose conver-
sion and 6.8 mol% ML yield were obtained from MMTSi cata-
lyst. For 1-HPWFe-MMTSi samples, fructose conversion and ML
yield increased significantly to above 90% and 28.1 mol%. Com-
bined with the results of NH3-TPD test in Fig. 2(b), the strong
acid intensity of 1-HPWFe-MMTSi was significantly elevated com-
pared with that of MMTSi. Therefore, the acid strength of cata-
lysts is a key factor for the formation of ML and the strong acid
sites of HPWFe could improve ML yield. For 1-HPWFe-MMTSi to
4-HPWFe-MMTSi with gradually increasing HPWFe content, ML
yield increased from 28.1 to 68.7 mol% due to the increasing acid-
ity, indicating that the acidity of catalysts is crucial for the forma-
tion of ML. But ML yield for 5-HPWFe-MMTSi was 63.4 mol% which
was lower than that of 4-HPWFe-MMTSi. This could be attributed to
the agglomeration of excessive HPWFe molecules in the interlayer
regions of 5-HPWFe-MMTSi catalyst, which could prevent reac-
tant molecules reaching acid sites in catalysts and then decrease
reaction activity. This phenomenon was consistent with the N2

adsorption–desorption test results.
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Figure 7. (a) Effect of reaction time and temperature (0.8 g fructose, 0.45 g catalyst and 25 mL methanol); (b) effect of catalyst dosage (0.8 g fructose and
25 mL methanol at 180∘C for 1 h); (c) conversion of various carbohydrates (0.8 g substrate, 0.45 g 4-HPWFe-MMTSi catalyst and 25 mL methanol at 180 ∘C
for 1 h, but at 220 ∘C for 5 h when the substrate is cellulose).

Table 3. Comparison of different catalysts for the production of ML
from fructose

Temperature Time ML yield Ref.
Catalyst (∘C) (h) (mol%)

sulfated montmorillonite 200 4 65 24
Sulfated TiO2-ZrO2 200 1 71 8
Amberlyst 15 170 15 68 4
Nafion NR50 170 15 73 4
PD-En-SO3H 170 15 78 4
4-HPWFe-MMTSi 180 1 74 This work

To investigate the effect of iron element in HPWFe, catalytic activ-
ity of 4-HPWFe-MMTSi was compared with HPWFe-MMTSi (con-
tains the same HPW content as 4-HPWFe-MMTSi without iron). The
results showed that ML yield through 4-HPWFe-MMTSi was higher
than that from HPW-MMTSi, indicating that the iron substituted

HPW supported on MMTSi was more active compared with parent
HPW supported on MMTSi. This might be due to the generation of
Lewis acid sites (Fe3+ ions), which was in line with previous research
that the combination of Brønsted acid with Lewis acid could effec-
tively promote the alcoholysis of fructose to levulinate esters.16

Combining the physiochemical properties of the catalysts with cat-
alytic results, it could be deduced that the number of accessible
active acid sites, the acid types and the accessibility of the organic
reactants to the active sites markedly effected the overall activity
resulting from the relationship of catalyst properties and catalytic
results. Above all, 4-HPWFe-MMTSi was chosen as the most appro-
priate catalyst for further experiments.

Effect of reaction time and temperature
4-HPWFe-MMTSi was applied for the study of the influence of reac-
tion time and temperature on ML yield (Fig. 7(a)). At a relatively
low temperature of 140 ∘C, around 80% fructose was converted
after 0.5 h with ML yield of only 35.7 mol%. As reaction time
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Figure 8. Recyclability of 4-HPWFe-MMTSi catalyst for fructose conversion (0.8 g fructose, 0.45 g catalyst and 25 mL methanol at 180 ∘C for 1 h) (a)
conversion and ML yield vs number of cycles as well as (b) XRD patterns, (c) FT-IR spectra, and (d) NH3-TPD profiles for fresh and recycled (after 5 cycles)
4-HPWFe-MMTSi catalysts.

rose to 3 h, fructose conversion increased to above 98% and ML
yield grew to the maximum value of 55.1 mol%. The moderate
ML yield lower than expected resulted from the stable inter-
mediates unable to proceed to downstream reactions accord-
ing to previous research.13 At a higher temperature of 160 ∘C,
a higher ML yield of 65.4 mol% with 95.2% fructose conversion
was observed within just 1 h. And ML yield gradually rose from
65.7 to 69.4 mol% with almost complete conversion when time
was increased from 1 to 3 h. These results demonstrated that
both temperature and time played an important role in the fur-
ther transformation of intermediates into the final product ML. At
a much higher temperature of 180 ∘C, ML yield increased from
57.1 to 73.8 mol% at a time from 0.5 to 1 h and then remained
nearly at a constant level, indicating that the reactants had
reached near-equilibrium conversion. At 200∘C, ML yield reached
the maximum value of 74.5 mol%, which was comparable with
ML yield at 180∘C after 1 h. With further increase of reaction
time, it was found that the reaction solution gradually turned
brown and ML yield decreased to 68.7 mol% after 3 h. This might
be due to the fact that side-reactions occur at excessively high
temperature, bringing about numerous polymers and humins.13

In addition, ML could be decomposed to other substances at high

temperature.13 Therefore, the temperature of 180 ∘C along with
1 h reaction time was selected as the optimal condition for further
experiments.

Effect of catalyst dosage
Catalyst dosage determines the availability of the acidic sites, and
its influence on ML production from fructose was evaluated by
using 4-HPWFe-MMTSi as catalyst (Fig. 7(b)). It was found that with
increasing catalyst dosage from 0.15 to 0.45 g, fructose conver-
sion increased from 95% to nearly 100% and ML yield increased
from 51.26 to 73.8 mol%. These could be explained by low cat-
alyst dosage containing low acid density and not reaching reac-
tion equilibrium in 1 h. With the increase of catalyst loading, the
increased total number of acid sites led to a faster reaction rate to
promote fructose conversion and a higher ML yield in a given time.
But for catalyst dosage of 0.6 g, ML yield decreased to 71.3 mol%.
It could be deduced that a proper catalyst dosage with enough
active sites produced good catalytic effect on the reaction and ML
yield reached maximum, but excessive catalyst only contributed to
additional side-reactions. Taking the cost and efficiency into con-
sideration, 0.45 g catalyst was chosen as an optimal amount in sub-
sequent experiments.
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Conversion of various carbohydrates
To explore the scope of application of HPWFe-MMTSi for ML
production from other reaction substrates, fructose, sucrose,
starch and cellulose were employed in alcoholysis reactions using
4-HPWFe-MMTSi catalyst under the same reaction conditions
except for cellulose. As shown in Fig. 7(c), a much lower ML yield of
22.5 mol% was obtained from glucose. The distinction of catalytic
effect on both hexoses might be ascribed to the higher stabiliza-
tion of the ring structure of glucose, and the reaction pathway
from glucose also contains isomerisation to fructose to form
ML.30 The disaccharide sucrose, consisting of one glucose and
one fructose unit,30 gave a medium amount of ML (52.2 mol%),
between those from fructose and glucose. When starch was used
as substrate, 20.6 mol% ML yield was obtained, which was close
to that from glucose. This might be due to the solubility state
of starch at high temperature,13 which facilitated the conversion
of starch to methyl glucoside intermediate to form ML. The ML
yield from cellulose (15.9 mol%) was significantly lower than
that from glucose even when improving temperature to 220∘C
and prolonging the time to 5 h. Since cellulose consists solely of
1-4-𝛽-linked anhydro- -glucose, the hydrogen bonding and Van
der Waals forces in the cellulose molecules is relatively more dif-
ficult to break down than other carbohydrates.24 In addition, the
insolubility of cellulose in near-critical methanol also contributes
to the difficulty of cellulose conversion.13

Research on fructose conversion to ML was compared with
other reported heterogeneous acids under respective optimized
reaction conditions (Table 3). It is observed that 65 mol% and
71 mol% of ML yield were obtained by sulfated montmorillonite
and sulfated TiO2-ZrO2, respectively, but a high temperature of
200∘C was required and their catalytic activity was found to be
greatly reduced after each run.8,24 For Amberlyst 15, Nafion NR50
and PD-En-SO3H, a very long reaction time (15 h) was necessary to
achieve high ML yield (68–78 mol%) from fructose.4 In this work,
4-HPWFe-MMTSi catalyst remarkably improved the reactions in
terms of reaction temperature (down to 180 ∘C) and reaction time
(down to 1 h) with a comparable ML yield (around 74 mol%).

Catalyst recycling
For future industrial application, the long-term stability and
reusability of HPWFe-MMTSi catalyst was investigated by reusing
4-HPWFe-MMTSi for ML production under the same reaction
conditions. After each recycling, the recovered catalyst was
washed with ethanol three times and dried at 110 ∘C overnight
before it was reused in a new experiment. The results (Fig. 8(a))
showed that the catalytic activity had no significant decrease
after five runs. Combining the previous results of XRD (Fig. 1),
FT-IR (Fig. 2(a)) and SEM (Fig. 5) analysis, the excellent reusability
of 4-HPWFe-MMTSi catalyst was because the HPWFe had been
well encaged in the silica-pillared framework of MMTSi, resulting
in high stability and negligible loss of HPWFe after each run.
Moreover, the XRD pattern (Fig. 8(b)) and FT-IR spectrum (Fig. 8(c))
of the recovered 4-HPWFe-MMTSi were well consistent with those
of the fresh material, proving that the silica-pillared and Keggin
structured 4-HPWFe-MMTSi catalyst remained intact in recycles.
Thus, 4-HPWFe-MMTSi could easily restore catalytic activity. Based
on the NH3-TPD measurement (Fig. 8(d)), it was obvious that
the acid sites (0.414 mmol g-1) of catalyst reused five times also
showed no dramatic changes in comparison with acid sites of
fresh 4-HPWFe-MMTSi catalyst (0.438 mmol g-1). In conclusion,
4-HPWFe-MMTSi catalyst was stable and active for high yield ML
production.

CONCLUSIONS
In this research, a series of mesoporous HPWFe-MMTSi catalysts
with HPWFe content of 6.88–38.88 wt% were successfully pre-
pared by sol–gel synthesis and the self-assembly method. Cata-
lysts characterization confirmed that HPWFe was highly dispersed
in the framework of mesoporous silica-pillared MMT, and also
retained the Keggin structure. 4-HPWFe-MMTSi catalysts showed
excellent catalytic activity for glucose conversion to ML with bal-
anced content of MMT, Fe and HPW and reached around 74 mol%
ML yield at 180∘C for 1 h. In addition, after being recycled five
times, 4-HPWFe-MMTSi catalyst retained its structure and high
acidity, leading to only a small decrease in ML yield. Therefore, the
prepared HPWFe-MMTSi samples can be considered as potential
solid acid catalysts for the production of levulinate esters from cel-
lulosic biomass and deserve further studies.
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