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MOF-derived zirconia-supported Keggin
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catalyst for methyl oleate productiont
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In this study, a series of nanoporous HSIW@ZrO, hybrids were synthesized using a zirconium metal-organic
framework UiO-66 as a precursor towards biodiesel production. The structural and morphological
properties of the obtained hybrids were characterized by the wide-angle XRD, FTIR, SEM, TEM, N,

adsorption/desorption, and NH3-TPD methods. Moreover, their catalytic activity in terms of calcination

temperature during preparation was investigated, and the HSIW@ZrO, hybrids calcinated at 300 °C
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exhibited the highest activity and the oleic acid (OA) conversion of 94.0% owing to the presence of the

relatively high surface area, appropriate pore size and strong acidity. It was also revealed that the hybrids
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1. Introduction

Many decades ago, owing to global warming, environmental
pollution was becoming severe and fossil fuel resources were
increasingly exhausted,'® while biodiesel, an eco-friendly and
sustainable alternative fuel, with numerous favorable features
such as non-toxic, low viscosity, biodegradable, high flash
point, better lubrication, low emissions of greenhouse gases,
and direct use in diesel engines without modification, has
attracted sustained attention.* Biodiesel is usually produced
through either transesterification or esterification depending on
the various feedstocks. Among them, transesterification is a reac-
tion between various oils (e.g., soybean oil,> castor seed oil,®
Euphorbia lathyris oil,” waste cooking oil®) and short-chain alcohols
(e.g, methanol and ethanol) in the presence of a catalyst to
produce fatty acid alkyl esters and glycerol as a side product.
Esterification converts different long-chain carboxylic acids (e.g,
oleic acid,” stearic acid,’ and myristic acid") and short-chain
alcohols into esters and water as a co-product via an acid catalyst.

Nowadays, numerous catalytic systems such as homoge-
neous, heterogeneous and some enzymes are used in the
esterification/transesterification reaction for the production of
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maintained as high as 82.0% even after nine cycles. Intriguingly, the nanoporous catalysts were found to
exhibit excellent catalytic activity towards the esterification of the high acid value of Jatropha curcas oil.

biodiesel. Among these, the homogeneous catalytic systems
exhibited a fast reaction rate; however, some disadvantages in
these systems are still significant, such as corrosive nature and
nonregenerable.'” Besides, the enzymatic catalytic systems are
also commonly used in biodiesel production, but their practical
applications are always limited by the poor stability and high
cost.” Hence, the investigation of heterogeneous catalytic
systems for the production of biodiesel recently has become
a research hotspot owing to their high catalytic activity,
stability, reusability and easy regeneration,* but heterogeneous
base catalysts are not suitable for catalyzing free fatty acids and oils
with high acid values due to saponification reactions.” To this end,
several types of heterogeneous acid catalysts such as porous mixed
oxides,'® ionic liquids,"” and carbon-based catalysts'® have been
proposed for the ease of regeneration and reuse. Unfortunately,
the acid density and stability of these heterogeneous catalysts are
always unsatisfactory.” Contrarily, heteropoly acids have advan-
tages such as strong Breonsted acidity and special Keggin-type
structural properties for acid-catalyzed reactions.”* However,
unsupported heteropoly acids have high solubility in polar media
and low surface area, which limit their industrial applications.**>
Therefore, the design of heteropoly acids encapsulation into the
excellent and stable porous supported for biodiesel production is
still a great challenge.

Recently, some metal-organic frameworks (MOFs) with high
specific surface area, controlled pore size, and structural
diversity are used as precursors to prepare porous materials and
applied as catalyst supports in many catalytic applications.”***
In the present study, UiO-66, a class of Zr-MOFs, was selected as
Zr-based MOFs for the preparation of nanoporous HSiW@ZrO,
hybrids, and the textural structure of the obtained hybrids has
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been extensively investigated by comparing with different
calcination temperatures. Moreover, the catalytic performance
of these HSiW@ZrO, hybrids for methyl oleate production via
the esterification of oleic acid (OA) with methanol was also
studied as well as investigated in the esterification of the high
acid value of jatropha curcas oil.

2. Experimental

2.1. Materials and synthesis

All chemicals were obtained from commercial sources and used
without further purification. Zirconium(wv) chloride (ZrCl,, AR),
terephthalic acid (H,-BDC) (AR), and silicotungstic acid (HSiW,
H,SiW;,040-nH,0, HSiW, AR) were purchased from Shanghai
Aladdin Industrial Inc. Oleic acid (OA, AR), anhydrous methanol
(AR), N,N-dimethylformamide (DMF, AR), and absolute ethanol
(AR) were purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of metal-organic framework-derived zirconia-
supported Keggin heteropoly composites (HSiW@ZrO,)

In a typical synthesis, 0.51 g of ZrCl, and 0.57 g of HSiW were
completely dissolved in 18 mL of DMF under stirring at room
temperature for 1 h, and then, 0.3275 g of H,-BDC was added
under stirring. After the formation of a homogeneous solution under
stirring, the homogeneous solution was put in a 50 mL Teflon-lined
stainless-steel autoclave and heated at 120 °C in an isothermal oven
for 6 h. After air-cooling the autoclave to room temperature, the
resulting precursor was washed and centrifuged using ~60 mL of
DMF and ~60 mL of distilled water, and finally dried in a vacuum
oven at 80 °C. The resulting material is referred to as HSiW@UiO-66.
At last, the obtained precursor powders were further calcined at
300 °C, 400 °C, and 500 °C for 2 h in air to prepare the nanoporous
HSIW@ZrO,-T catalyst, which was denoted as HSiW@ZrO,-300,
HSiW@Zr0O,-400, and HSiW@?ZrO,-500, respectively.

2.3. Instrumentation

Fourier-transform infra-red (FTIR) spectra of the as-synthesized
hybrids were obtained from powdered samples on KBr pellets
using a PerkinElmer Spectrum 100 over a wavenumber scan-
ning region of 4000-400 cm ™ to identify the chemical groups
(bonds) present in the nanocomposite. The wide-angle XRD
spectra of the as-prepared composites were recorded with a D8
ADVANCE (Germany) using CuKo (1.5406 A) radiation. The BET
surface area and pore size were determined based on nitrogen
adsorption-desorption isotherms wusing a quantachrome
instrument (Quantachrome Instruments, Boynton Beach, USA).
The morphology and appearance of sample catalysts were
studied using a scanning electron microscope (SEM) at 2.0 kv
(Hitachi S4800) and transmission electron microscope (TEM) at
200 kv (FEI Tecnai G2 20). The acidic properties of the as-
synthesized HSiW@ZrO, hybrids were examined via the
temperature programmed desorption of NH; (NH3-TPD) using
a Micromeritics, AutoChem II 2920 instrument.
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2.4. Esterification experiments

The catalytic efficiency of the as-synthesized HSiW@ZrO,
hybrids was evaluated by the esterification of OA with methanol.
Initially, the OA and methanol were performed in a 50 mL
stainless-steel high-pressure autoclave reactor, and proper
amounts of catalyst were thoroughly dispersed in the mixture
system. Then, the reaction was allowed to take place in an oil
bath for an appropriate time at an appropriate temperature. Upon
the completion of the reaction, the catalyst is separated from the
liquid product via centrifugation at 8000 rpm for 5-7 min, and the
liquid product is then vaporized to remove water and residual
methanol. Finally, a small amount of the liquid product was
measured to determine the acid value, and the acid value was
determined according to the method described in ISO 660-2009
standard. The conversion of OA was estimated by measuring the
acid values of the initial reactants and final products.

3. Results and discussion

3.1. Catalyst characterization

The wide-angle XRD analysis for HSiW@Zr0,-300, HSiW@ZrO,-
400, and HSIW@Zr0O,-500 is shown in Fig. 1. XRD patterns
(Fig. S1f) of HSiW@UiO-66 samples display well-defined
diffraction peak characteristics of the UiO-66 frameworks, and
the diffraction peaks of HSiW cannot be observed from the
HSiW@UiO-66 sample, suggesting that HSiW uniform has
occupied the UiO-66 cavities.”® In the XRD analysis of
HSiW@ZrO,-300 and HSiW@ZrO,-400, a weak broad peak is
observed in the 26 range of 15-35°, which indicates the coex-
istence of amorphous ZrO, (a-ZrO,) and tetragonal ZrO, (t-
Zr0,), similar to that literature reported.?”” Notably, a strong
peak at around 7.2° was observed, but the other UiO-66 peaks
almost disappear, which could be related to the partial decom-
position of UiO-66 to a-ZrO, and t-ZrO,. In the structure of
HSiW@Zr0,-500, multiple peaks have been observed at 30.3°,
34.8°, 50.6°, and 60.0° and can be accurately assigned to the
tetragonal phase of ZrO, (JCPDS card no. 88-1007).>® It should be
noted that the calcination temperature increase would cause
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Fig. 1 Wide-angle XRD patterns of HSIW@ZrO,-300, HSIW@ZrO,-
400, HSIW@ZrO,-500, and the reused HSiW@ZrO,-300 hybrids.
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Fig. 2 FTIR spectra of the HSIW, HSiW@UIO-66, HSiW@ZrO,-300,
HSiW@ZrO,-400, HSiwW@ZrO,-500, and the reused HSIW@ZrO,-300
hybrids.

a deeper breaking of the UiO-66 structure, as confirmed by the
disappearance of the diffraction peak at around 7.2°.

Fig. 2 shows the FTIR spectra of HSiW, HSiW@UiO-66, and
the HSiW@UiO-66 at different calcination temperatures. For
HSiW@UiO-66, the absorption peak at 1660 cm ™' is attributed
to the C=O0O stretching vibrations of BDC carboxylic acid;
however, the peak disappeared in different -calcination
temperature samples due to the decomposition of the organic
ligand and the formation of zirconium oxide. The broad bands
in the range of the 450-800 cm™ ' region are assigned to the
stretching vibrations of Zr-O or Zr-O-Zr.>**° In comparison
with HSiW, HSiW@Zr0,-300 and HSiW@ZrO,-400 hybrids
display specific peaks at 884 cm ™' (W-O.~W) and 808 cm ™" (W~
O.-W) that have confirmed the existence of HSiW with the
Keggin structures.®* While the bands at 884 cm ™' and
808 cm ™' are not observed in the FT-IR spectra of HSiW@ZrO,-
500, it is implied that the Keggin structure is destroyed in the
calcination process of 500 °C. All the results confirm the
attachment of HSiW on the hybrids when the calcination

Fig. 3 SEM images for (a) HSiW@UIO-66, (b) HSiIW@ZrO,-300, (c)
HSIW@ZrO,-400, (d) HSiW@ZrO,-500.
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Fig. 4 Typical TEM images of HSiW@UiO-66 (a) and HSiW@ZrO,-300
(b, c) hybrids.

temperature is at 300 °C and 400 °C. The above-mentioned
results suggest the successful synthesis of HSiW@ZrO, hybrids.

Fig. 3a-d illustrate the SEM images of the precursor
(HSiw@Ui0-66) and the HSiW@UiO-66 at different calcination
temperatures. From Fig. 3a, the HSiW@UiO-66 sample presents
an octahedral morphology with an average crystal size of about
50-200 nm. After calcination, the obtained HSiW@ZrO,-T
catalysts exhibit unevenly distributed particles of spherical
shapes, and the overall particle size appears to be increased
from the original 0.2 um to about 1.0 um. This may be related to
the decrease in the porous structure and organic ligands, and
the atom of oxygen from the organic ligand combined with
zirconium atoms and turned into zirconium oxide in the
calcination process.**** From Fig. 3b—d, typical SEM images also
clearly show that the dispersion of HSiW@?ZrO,-300 particles is
better than that of other samples. It can be explained that the
particles tend to aggregate in the case of high-temperature
heating; then, such good dispersion of hybrids should benefit
better catalytic activity.

In this study, TEM images are also obtained to study the
microstructure of these hybrids (Fig. 4a-c). As apparent from
Fig. 4a and b, the as-prepared samples possess the clear porous
structure due to the stacking of particles. For the HSiW@ZrO,-
300 sample, it also shows a spherical morphology (Fig. 4c), and
the nonuniform large particles were surrounded by some
smaller particles, which originate from the partial collapse of
the UiO-66 framework during the heat treatment, similar to that
reported previously.*® The obtained results from TEM matched
with the FTIR spectra and SEM images.

As shown in Fig. 5, the N, adsorption-desorption isotherms
and pore size distribution of HSiW@UiO-66 and HSiW@ZrO,-
300 hybrids have been studied. It can be found that the tested
two hybrids show a typical type-I mode, demonstrating the
presence of micropores in those samples, which may be
assigned to the stacking of particles with each other. Interest-
ingly, it should be noted that the shape of the hysteresis loop
profile of HSiW@Zr0O,-300 hybrids has no significant changes
after being calcinated at 300 °C, suggesting that the framework
structure of initial UiO-66 can be retained to a certain extent.
The measured BET surface area, pore volume and mean pore
size of HSiW@UiO-66 were 758.3 m”> g~ ', 0.438 cm® g~ *, and
2.3 nm, respectively. After calcination, the BET surface area,
pore volume and average pore size of HSiW@ZrO,-300 are
changed to 338 m” g ", 0.212 em® g, and 2.5 nm, respectively.
Based on the above-mentioned data, the BET surface area and
pore volume of HSiW@Zr0O,-300 decreases; however, it is still

RSC Adv, 2021, 11, 8117-8123 | 8119
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Fig. 5 (a) Profiles of the N, adsorption—desorption isotherm and (b)
pore size distribution of HSIW@UiO-66 and HSIW@ZrO,-300 hybrids.

a relatively high surface area, which can be explained that the
presence of HSiW inhibits the excessive shrinkage of the
precursor in the case of the calcination process and the
formation of cavity between particles, and similar phenomenon
has also been reported previously.*>*® More significantly, rela-
tively high surface area and good porosity would facilitate mass
transfer for esterification.

In general, NH;-TPD is widely used to characterize the acid
strength and acidity of the composites. Fig. 6 shows the NH;-
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Fig. 6 NH3-TPD patterns of HSiW@ZrO,-300 hybrids.
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TPD patterns of the HSiW@ZrO,-300 hybrids, and the results of
the NH;-TPD analysis show that the hybrids have one weak and
one strong acid desorption peak at 98 °C and 576 °C, respectively.
Moreover, the total acidity capacity of the HSIW@ZrO,-300
composite is calculated to be 6.2 mmol g . It can be suggested
that the strong acidity and high acidity capacity of the hybrids is
the main factor for the esterification of OA with methanol.

3.2. Catalytic performance of different catalysts

In this study, it investigates the influence of the calcination
temperature (300 °C, 400 °C, and 500 °C) on the preparation of
the HSiW@ZrO,-T catalyst, and the catalytic testing of OA
esterification was carried out for 1-4 h under the reaction
conditions: 0.15 g catalyst, 1 : 20 OA/methanol molar ratio, and
a temperature of 160 °C. As depicted in Fig. 7, for all
HSiW@ZrO, catalysts, the OA conversion can be improved by
increasing the reaction time. Moreover, it is found that
HSiW@Zr0O,-300 displays higher catalytic activity than
HSiW@Zr0,-400 and HSiW@?Zr0O,-500. When the reaction time
is 4 h, the OA conversions are 94.0%, 89.3%, and 69.8% using
HSiW@Zr0,-300, HSIW@Zr0,-400 and HSiW@Zr0,-500,
respectively. Most probably, a moderate calcination tempera-
ture towards the generation of abundant HSiW-ZrO, interfaces
for biodiesel production may also be due to the better particle
dispersion, appropriate pore size, and relatively large specific
surface area of HSiW-ZrO,-300 as well as strong acidity. More-
over, in our previous study,*® the -catalytic activity of
HSiW@UiO-66 and UiO-66 in the esterification reaction of OA
with methanol was also determined, and the results showed
that the OA conversions obtained are about 80.5% and 75.0%
for HSiW@UiO-66 and UiO-66 samples, respectively. Therefore,
the esterification parameters including the reaction tempera-
ture, catalyst amount, and OA/methanol molar ratio were eval-
uated over HSiW@ZrO,-300 hybrids in the subsequent study.

3.3. Exploring the optimum reaction condition

3.3.1 Influence of the reaction temperature and time. In
general, the esterification of OA and methanol using

100
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Fig. 7 Catalytic performances of the different catalysts in the esteri-
fication of OA.
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a heterogeneous catalyst is a three-phase system; therefore, it
is difficult for the reactant molecules to transfer from one
phase to the other. However, applying a high temperature can
accelerate the molecular movement, and thus decrease diffu-
sion resistance and increase the miscibility.*” Then, the effects
of reaction temperatures at 140 °C, 150 °C and 160 °C on OA
esterification are shown in Fig. 8, separately, when the OA/
methanol molar ratio is 1: 20 and the amount of catalyst is
0.15 g. Based on the results of Fig. 8, it shows that the
conversion of oleic acid increases with the increase in the
reaction temperature or time, and the conversion of OA
increases from 62.5% to 95.4% as the reaction temperature
increases from 140 °C to 160 °C for 5 h. This may be because
the esterification reaction is endothermic; thus, higher
temperature facilitates the esterification reaction and favors
forward direction. In addition, when the reaction time ranges
from 4 h to 5 h at 160 °C, in response, the conversion of OA
increases from 94.0% to 95.4%, and it suggests that the
excessively added reaction time has no significant effect on the
conversion. Therefore, the optimum temperature and time are
160 °C and 4 h, respectively.

3.3.2 Influence of the OA/methanol molar ratio. The
esterification of OA with methanol is a reversible process; thus,
excess methanol can be added to form more ester. The effects of
the OA/methanol molar ratio on the methyl oleate production in
the range from 1:10 to 1:30 (Fig. 9a) under the reaction
conditions such as 0.15 g catalyst amount, 160 °C of tempera-
ture for 4 h have been studied. As depicted in Fig. 9a, as the OA/
methanol molar ratio decreased from 1:10 to 1:30, the
conversion of OA increased from 63.2% to 85.9% at 2 h, indi-
cating that the OA conversion of reversible esterification could
be improved by applying excess amounts of methanol.
Surprisingly, when the reaction time is 4 h, the conversion of OA
increased from 94.0% to 98.2% with the OA/methanol molar
ratio decreased from 1 :20 to 1: 30, and it indicates that the
excessively added methanol has no significant effect on the OA
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Fig. 8 Effects of the esterification time and temperature. Reaction
conditions: the molar ratio of OA to methanol of 1: 20 and catalyst
amount of 0.15 g.
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Fig. 9 Effect of (a) the molar ratio of OA to methanol (reaction
conditions: a temperature of 160 °C, and catalyst amount of 0.15 g)
and (b) catalyst amount (reaction conditions: a temperature of 160 °C,
and the molar ratio of OA to methanol of 1: 20).

conversion because the esterification reaction has reached
a dynamic equilibrium. Moreover, the OA conversion is ob-
tained with a molar ratio of oleic acid to methanol 1 : 120 about
92-99% for the 0.07Eu**/BS30 catalyst, suggesting that the
molar ratio of OA/methanol in our reaction is lower than or
comparable to those in most reports.*® Hence, the molar ratio of
OA to methanol of 1 : 20 is the most favorable for the reaction.

3.3.3 Influence of the HSIW@Zr0,-300 loading. The
varying dosage of HSiW@ZrO,-300 hybrids from 0.09 gto 0.21 g
was observed on the methyl oleate production. From Fig. 9b,
with an increase in the hybrid amount, the OA conversion also
increases, and this may be attributed to the availability of
increasing active sites with an increase in the catalyst dosage. In
addition, when the amount of catalyst is 0.15 g at 4 h, the
conversion of OA is 94.0%, and at this time, no significant
impact on the conversion of OA is reported after a further
increase of HSiW@Zr0O,-300 hybrids, which is probable due to
the limitation of the chemical reaction equilibrium. Therefore,
0.15 g is the optimum catalyst amount.

RSC Adv, 2021, 1, 8117-8123 | 8121
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3.4. Catalytic reusability of HSiW@Zr0,-300

The reusability test of the as-prepared HSiW@ZrO,-300 hybrids
in the esterification reaction of OA with methanol was examined
at the reaction temperature of 160 °C, the molar ratio of OA/
methanol of 1:20, and the reaction time of 4 h. After each
cycle, the hybrids were separated and recovered by centrifuga-
tion, and rinsed with methanol two times. Then, the catalyst
was directly used in the next cycle. As displayed in Fig. 10a, the
conversion of OA after nine cycles was maintained above 82.0%.
Obviously, no significant decrease in conversion can be
observed, suggesting the good stability and reusability of
HSiW@Zr0,-300 hybrids used as a heterogeneous catalyst. It
can also be proven that the crystallinity and chemical structure
(XRD and FTIR spectra, Fig. 1 and 2) of HSiW@Zr0,-300 remain
almost stable, even after nine cycles, indicating the significant
catalytic stability of HSiW@ZrO,-300 hybrids.

Undoubtedly, the conversion was slightly decreased from the
first run (94.0%) to ninth run (82.6%). To further test if the
active sites impregnated into the reaction medium leads to
a decrease in the catalyst activity, the hot filtration experiment was
performed. The hybrids were separated from the reaction medium
by filtration after 2 h (with 70.5% conversion of OA), and the
filtrate was continued to react under the same reaction conditions,
and the experimental results are shown in Fig. 10b. From Fig. 10b,
the OA conversion remained almost consistent with the removal of
the hybrids in the hot filtration experiment, which indicated that

90-++++++—;—}— @
80 R

50 4

nversion (%)

< 40
]

4 5 6 7 8 9
Reaction cycles

With catalyst (b)
9() - —®— Catalyst separation after 2 h

L
S
1

_———

»

=1
=]
1

60 4

Filtration

Conversion (%)

20 T T T T T T T

1.0 1.5 2.0 25 3.0 3.5 4.0
Time (h)

Fig. 10 (a) The OA conversion obtained by HSiW@ZrO,-300 at nine
consecutive cycles of esterification reaction; (b) hot filtration test of
esterification.
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Fig. 11 Catalyst performance for the esterification of the high acid
value of the Jatropha curcas oil. Reaction conditions: an OA-meth-
anol molar ratio of 1 : 50, reaction temperature of 160 °C with catalyst
amount of 0.15 g.

the hybrids were not the leaching active sites. Thus, a slight
reduction in conversion may be due to the active sites being
covered by unreacted OA and could block the active sites. Based on
the results, the HSiW@Zr0O,-300 hybrids had good catalytic reus-
ability, which is comparable to that from our previous study.*®

3.5. Catalytic activity of HSiW@Zr0,-300 hybrids towards
the esterification of the high acid value jatropha curcas oil

Furthermore, the catalytic activity of the HSiW@ZrO,-300
hybrids for the esterification of the high acid value of Jatropha
curcas oil is studied, and the catalytic results are displayed in
Fig. 11. The high acid value of the Jatropha curcas oil conversion
over HSiW@Zr0O,-300 reached 81.8% after 4 h, indicating that
the hybrids also exhibited excellent catalytic activities towards
the pretreatment processing (esterification process) of cheap
non-edible oil.

4. Conclusions

To sum up, nanoporous HSiW@ZrO, hybrids were successfully
fabricated via a facile hydrothermal reaction and subsequent
calcination of a HSiW-impregnated UiO-66 precursor and
introduced in the esterification of OA with methanol. It was
observed that the HSiW@ZrO, catalyst calcinated at 300 °C
showed excellent catalytic activity compared to other catalysts in
the conversion of OA into methyl oleate, providing a conversion
of 94.0% under optimum reaction conditions. Further, the
catalyst reusability study showed that the hybrids can success-
fully be reused in nine cycles with sufficiently high OA conver-
sion. Interestingly, it was also found that the hybrids were
effective for the esterification of the high acid value of jatropha
curcas oil. Overall, this study concludes that the HSiW@ZrO,
hybrids can be used as an efficient, sustainable, prospective
catalyst for the production of biofuels.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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